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New Year is a time for reflection on the past and resolu-
tions for the future. This year this editorial will cover the
past year but also take a look to the future.

2005 was again a good year for the European Journal of
Inorganic Chemistry. Although the number of submissions
continue to rise (ca. 7% more by September), which kept
all of us in the editorial office on our toes, we concentrated
this year on reducing publication times. As a start in this
ongoing effort, we have reduced the time from submission
to online publication by 25�30%, depending on the type of
article. The Short Communications, which are defined as
brief reports on topics of high significance and urgency,
have benefited the most and appear online about 100 days
after submission, but on average only about a month faster
than the other categories. By far the most time-consuming
process is the peer review and revision. In this area a bal-
ance between speed and diligence will serve our science
best. More on this topic later.

The number of downloads has also steadily increased over
2005. This statistic not only reflects the attention that a par-
ticular group has attracted to its work � this attention be-
comes concrete later when the articles are cited in the pap-
ers of other researchers. More reliably it shows the areas
which are topical at present. Chart 1a lists the five Microre-
views that were downloaded most often by mid November.
In addition I would like to mention two from the issues that
became available late in the year and which therefore have
not had the opportunity to appear in the “Top 5” stakes
(Chart 1b), but within one month of publication jumped
into the top 50. Chart 2a and b (see page 6) give the Short
Communications and Full Papers the same honours. Thus
the hot topics range from supramolecular chemistry, molec-
ular recognition and biomimetic ligands to catalysis, nano-
science and ionic ligands. Properties useful for applications,
such as magnetism, porosity, electrochemistry and lumi-
nescence feature prominently. On these topics EurJIC will
also be publishing Microreviews in the near future. In this
issue you can read about triazine-based ligands in supra-
molecular chemistry. Coming are Microreviews on
host�guest and intercalation chemistry of C60, catalysis in
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ionic liquids, mesoporosity and model complexes for metal-
loenzymes.

Two projects, started as a result of the urging of readers,
have been completed in 2005. Most often I have been asked
at conferences about the online accessibility of predecessor
journals to EurJIC. I am therefore pleased to announce that
in January all issues from the inception of Liebigs Annalen
and Chemische Berichte will become available electronically
as part of the Chemistry Societies Backfile Collection:
27,100 articles from Liebigs Annalen (from 1832 to 1997)
and 57,270 articles from Chemische Berichte (from 1868 to
1997) will be fully searchable. In addition the reference sec-
tion has been tagged so that CrossRef allows jumping to
the full-text of the citation, if the publisher is a member of
CrossRef and the backfile is available (to find out more
about CrossRef, see www.crossref.org). The other journals

Chart 1a. Most downloaded Microreviews published in 2005
(* indicates the correspondence author).

1. Stabilization of Organometallic Species Achieved by the Use
of N-Heterocyclic Carbene (NHC) Ligands; N. M. Scott,
S. P. Nolan*, Eur. J. Inorg. Chem. 2005, (10), 1815�1828.

2. Ordered Meso- and Macroporous Binary and Mixed Metal
Oxides; M. A. Carreon, V. Guliants*, Eur. J. Inorg. Chem.
2005, (1), 27�43.

3. Molecular Recognition: Use of Metal-Containing Molecular
Clefts for Supramolecular Self-Assembly and Host-Guest
Formation; J. D. Crowley, B. Bosnich*, Eur. J. Inorg. Chem.
2005, (11), 2015�2025.

4. Luminescence from Lanthanide(3�) Ions in Solution; A.
Døssing*, Eur. J. Inorg. Chem. 2005, (8), 1425�1434.

5. Ionic Liquids with Fluorine-Containing Cations; H. Xue, J.
M. Shreeve*, Eur. J. Inorg. Chem. 2005, (13), 2573�2580.

Chart 1b. Microreviews from later issues that attracted a high
number of downloads within one month.

1. Magnetic Nanoparticle Superstructures; M. Giersig, M. Hil-
gendorff, Eur. J. Inorg. Chem. 2005, (18), 3571�3583.

2. Continuous Homogeneous Catalysis; D. Vogt et al., Eur. J.
Inorg. Chem. 2005, (20), 4011�4021.
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Chart 2a. Most downloaded Short Communications (SC) and Full
Papers (FP) published in 2005.

1. SC: CoII Complexes of Triazine-Based Tridentate Ligands
with Positive and Attractive CoII/III Redox Couples; G. S.
Hanan et al., Eur. J. Inorg. Chem. 2005, (7), 1223�1226.

2. FP: A New Ligand for the Formation of Triangular Buil-
ding Blocks in Supramolecular Chemistry; I. M. Müller, D.
Möller, Eur. J. Inorg. Chem. 2005, (2), 257�263.

3. FP: Solvothermal Synthesis of NiS 3D Nanostructures; Y
Qian et al., Eur. J. Inorg. Chem. 2005, (4), 653�656.

4. FP: N-Ferrocenyl-Substituted Planar-Chiral N-Hetero-
cyclic Carbenes and Their PdII Complexes; A. Togni et al.,
Eur. J. Inorg. Chem. 2005, (2), 347�356.

5. FP: Carbon-Rich Ruthenium Complexes Containing Bis-
(allenylidene) and Mixed Alkynyl-Allenylidene Bridges; S.
Rigaut, D. Touchard, P. H. Dixneuf et al., Eur. J. Inorg.
Chem. 2005, (3), 447�460.

6. SC: Preparation and Characterization of Ag@TiO2 Core-
Shell Nanoparticles in Water-in-Oil Emulsions; F. Liu et al.,
Eur. J. Inorg. Chem. 2005, (9), 1643�1648.

7. FP: Three-Dimensional Lanthanoid-Containing Coordina-
tion Frameworks: Structure, Magnetic and Fluorescent
Properties; X.-Z. You, S. Gao et al., Eur . J. Inorg. Chem.
2005, (4), 766�772.

8. FP: Synthesis, Structure, and Photophysical and Electro-
chemical Properties of Cyclometallated Iridium(iii) Com-
plexes with Phenylated Bipyridine Ligands; K. Kam-Wing
Lo, V. Guerchais et al., Eur. J. Inorg. Chem. 2005, (1),
110�117.

9. FP: A Structural and Magnetic Investigation of Ferroma-
gnetically Coupled Copper(ii) Isophthalates; P. Cheng et
al., Eur. J. Inorg. Chem. 2005, (12), 2297�2305.

10. FP: Bis(1-methylimidazol-2-yl)propionates and Bis(1-me-
thylbenzimidazol-2-yl)-propionates: A New Family of Bio-
mimetic N,N,O Ligands � Synthesis, Structures and CuII

Coordination Complexes; R. J. M. Klein, G. van Koten et
al., Eur. J. Inorg. Chem. 2005, (4), 779�787.

Chart 2b. Short Communications (SC) and Full Papers (FP) from
later issues that attracted a high number of downloads within one
month.

1. SC: Self-Assembly of 1-D Coordination Polymers Using Or-
ganometallic Linkers and Exhibiting Argentophilic Interac-
tions AgI···AgI; H. Amouri et al., Eur. J. Inorg. Chem. 2005,
(19), 3808�3810.

2. FP: Structures, Photoluminescence and Theoretical Studies
of Two ZnII Complexes with Substituted 2-(2-Hydroxyphe-
nyl)benzimidazoles; S.-L. Zheng, X.-M. Chen et al., Eur. J.
Inorg. Chem. 2005, (18), 3734�3741.

3. FP: Multiple Regulated Assembly, Crystal Structures and
Magnetic Properties of Porous Coordination Polymers with
Flexible Ligands; L. P. Jin, S. Gao et al., Eur. J. Inorg. Chem.
2005, (20), 4150�4159.

4. FP: Self-Assembly and Characterization of Grid-Type Cop-
per(I), Silver(I), and Zinc(II) Complexes; V. Patroniak, J. M.
Lehn et al., Eur. J. Inorg. Chem. 2005, (20), 4168�4173.

included in the Chemistry Societies Backfile Collection are
Angewandte Chemie and the first three volumes of Chemis-
try � A European Journal. In total the Chemistry Societies
Backfile Collection comprises more than 872,000 pages (see
http://www3.interscience.wiley.com/cgi-bin/collectionhome/
CSCOL/HOME).
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Thus retrospective literature researches can be performed
from the convenience of your office desk. But forward-look-
ing searches are useful, too. Often the quickest way to be-
come aware of new research is to check the citations to an
important paper in the field. Now with “Citation Tracking”
in Wiley InterScience you can do just that with ease. From
the Abstract or Reference link of any article you find a new
link “Citation Tracking” (see Figure 1, page 7). A click pro-
vides a list of papers that cite the article. Not only articles
in Wiley InterScience are found, but also articles from all
CrossRef member publishers. And the lesson to be learned
from these two projects? Continue to tell us what you would
like to have from our journals � we take you seriously!

An important reaction to the reflection on the past year is
gratitude to our Editorial and Advisory Board members,
and our peer reviewers. Their expertise and sound advice is
much appreciated. To all of them, and to our readers and
authors, we wish every success in your research and good
ideas from reading EurJIC.

Reminiscences on the less common events uncover areas
where resolutions more substantial than the usual New
Year’s Resolution are required. This year brought a dis-
heartening number of cases of plagiarism. Coincidence
plays a large part in its discovery before publication. Two
editors select the same referee, or a referee checks a citation
or looks up a reference that appears pertinent. My sincerest
thanks go to those referees whose conscientious review
brought unacceptable behaviour to light. Such care takes
time. In the interests of all involved in chemical research,
peer review must not be rushed more than expedient. On
the other hand, authors have the right to know the fate of
their manusacript in a timely fashion. Informing an editor
if the referee report will be delayed is also an ethical tenet.

Editors, societies and publishers cooperate closely to stamp
out unethical practices. All steps directed at keeping the
communication of our Science fair but efficient in these
times of sharp competition must be welcomed. The Amer-
ican Chemical Society was pioneer and their Ethical Guide-
lines are prominent online as a link on all their journal
pages. The initiative of the many European Chemical So-
cieties to formulate unified Guidelines including measures
to be taken against offenders is praiseworthy.

On confronting the problem of plagiarism in 2005 I was
reminded of an experience of mine. After my degree in
Chemistry I took an elective in the Humanities with several
hundred fellow students at first semester level. I was ex-
pected to cite the same reference several times in one para-
graph, although to me it was obvious from the context that
the text was explaining one idea. The measures taken for
failure to do so could not be overlooked by any student �
zero credit for the assignment. The nature of the assign-
ments in the Humanities lends itself far more readily than
in the experimental sciences to education in this aspect es-
sential to academia. Nevertheless, the difference is striking.
Nowhere in my academic career in Chemistry did I receive
as clear a message in the ethics of citation and the severity
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Figure 1. Abstract page of an article in Wiley InterScience showing the Citation Tracking link.

of the measures for omission. Only at a much later stage in
my studies did I become conscious of the importance of
references, more through my exposure to the chemical lit-
erature than through mentoring. Yet I am sure my pro-
fessors are convinced that they instilled into their students
the culture of citation.

At the latest when the research of a student is included in
a manuscript for publication, that student must be formally
educated in the ethics of publishing and the consequences
of violation. All senior authors need to take this responsi-
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bility seriously, not only as an educational aim, but also
as self-protection. No editor considers as excuse, or even
extenuating circumstances, that the text was taken from the
notes of a PhD student, although it is a fact that plagiarism
has become more likely than in the days when “Copy and
Paste” meant getting sticky with glue.

Changed circumstances always require an appraising reac-
tion. This is as true in publishing as Newton’s third law of
motion. Let us make 2006 a turning point in awareness
towards the ethics of our science.
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COVER PICTURE

The cover picture shows that addition of lanthanum() triflate
to the red solution of a fluorescent “Nile Red” derivative re-
sults in a bathochromic shift of the intense charge-transfer
band due to the formation of a chelate lanthanum() com-
plex, as shown by a structure determination of crystals iso-
lated from the resulting blue solution. details are discussed in
the Short Communication by A. Døssing et al. on p. 43ff.

MICROREVIEW Contents

P. Gamez,* J. Reedijk*29

1,3,5-Triazine-Based Synthons in Supramolecular
Chemistry

Keywords: Supramolecular chemistry / Self-assembly /
Crystal engineering / N ligands / Cyanuric
chloride / 1,3,5-Triazine
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SHORT COMMUNICATIONS

A. Døssing,* M. Magnussen, A. M. Frey43

Crystal Structure and Optical Properties of a
Lanthanum() Complex of the Solvatochromic
Dye “Nile Red”

Keywords: Lanthanum / Heterocycles / N,O ligands /
Chelates

C. Ornelas, V. Vertlib, J. Rodrigues,*47
K. Rissanen*

Ruthenium Metallodendrimers Based on Nitrile-
Functionalized Poly(alkylidene imine)s

Keywords: Ruthenium / Dendrimers / N ligands /
Sandwich complexes

FULL PAPERS

J. Andrieu,* J.-M. Camus, P. Richard,51
R. Poli, L. Gonsalvi, F. Vizza, M. Peruzzini*

Amino-phosphanes in RhI-Catalyzed Hydro-
formylation: Hemilabile Behavior of P,N Ligands
under High CO Pressure and Catalytic Properties

Keywords: Rhodium / Amino-phosphane ligands /
Hemilability / Hydroformylation catalysis

J. Andrieu,* J.-M. Camus, C. Balan,62
R. Poli*

Amino-phosphanes in RhI-Catalyzed Hydro-
formylation: New Mechanistic Insights Using
D2O as Deuterium-Labeling Agent

Keywords: Rhodium / Amino-phosphane ligands /
H/D isotopic exchange / Hydroformylation
catalysis / Enantioselectivity

J. Oláh, F. Blockhuys, T. Veszprémi,69
C. Van Alsenoy*

On the Usefulness of Bond Orders and Overlap
Populations to Chalcogen�Nitrogen Systems

Keywords: Bond order / Overlap population / Hirshfeld
partitioning / Chalcogen�nitrogen systems /
Bonding
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J. Dı́ez, M. P. Gamasa,* J. Gimeno,78
E. Lastra,* A. Villar

Synthesis of New Half-Sandwich Ruthenium(II)
Complexes Bearing Alkenyl- and Alkynylphos-
phane Ligands

Keywords: Indenyl complexes / Phosphane ligands /
Ruthenium / Sandwich complexes

C. G. Hrib, F. Ruthe, E. Seppälä,88
M. Bätcher, C. Druckenbrodt, C. Wismach,
P. G. Jones, W.-W. du Mont,* V. Lippolis,
F. A. Devillanova, M. Bühl

The Bromination of Bulky Trialkylphosphane
Selenides R2R�PSe (R, R� � iPr and/or tBu)
Studied by Physical and Computational Methods

Keywords: Phosphane selenide dibromides / Hetero-
nuclear NMR / Raman spectroscopy /
X-ray structures / Bromine exchange / Ab
initio calculations

B. Wrackmeyer,* B. H. Kenner-Hofmann,101
W. Milius, P. Thoma, O. L. Tok,
M. Herberhold*

Ferrocenylethynyltin Compounds � Characteri-
zation and Reactivity towards Triethylborane

Keywords: Alkynes / Boranes / Ferrocenes / NMR
spectroscopy / Tin

F. Wang, G. Xu,* Z. Zhang, X. Xin109

Synthesis of Monodisperse CdS Nanospheres in
an Inverse Microemulsion System Formed with a
Dendritic Polyether Copolymer

Keywords: Monodisperse nanopheres / Semiconduc-
tors / Dendrimers / X-ray diffraction /
Microemulsion
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J. Vicente, P. González-Herrero,*115
Y. Garcı́a-Sánchez, P. G. Jones, D. Bautista

Copper Complexes with (2,7-Di-tert-butylfluo-
ren-9-ylidene)methanedithiolate: Oxidatively Pro-
moted Dithioate Condensation

Keywords: Copper / Dithiolates / Phosphane ligands /
S ligands

J. Sánchez-Nieves, P. Royo,*127
M. E. G. Mosquera

η2-Iminoacyl and η2-Acyl Monocyclopentadi-
enyl Tantalum Complexes Bearing Oxo and
Oxo-Borane Ligands

Keywords: Tantalum / Oxo ligands / Insertion reactions /
Isocyanide / Carbon monoxide

J. Mathieu, B. Fraisse, D. Lacour,133
N. Ghermani, F. Montaigne, A. Marsura*

An Original Supramolecular Helicate from a
Bipyridine�Bipyrazine Ligand Strand and NiII by
Self-Assembly

Keywords: Magnetic properties / N ligands / Nickel /
Self assembly / Supramolecular chemistry

L. Weber,* P. Bayer, S. Uthmann, T. Braun,137
H.-G. Stammler, B. Neumann

Reactivity of the Inversely Polarized Arsaalkenes
R�As�C(NMe2)2 {R � [(η5-C5Me5)(CO)2Fe],
tBuC(O), 4-Et�C6H4C(O)} towards Phospha-
vinylidene Complexes [η5-(C5H5)(CO)2M�P�C-
(SiMe3)2] (M � Mo, W)

Keywords: Arsaalkenes / Heteroallyl ligands / Molyb-
denum / Phosphavinylidene complexes /
Tungsten
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V. Patroniak,* A. R. Stefankiewicz,144
J.-M. Lehn, M. Kubicki, M. Hoffmann

Self-Assembly and Characterization of Homo-
and Heterodinuclear Complexes of Zinc(II) and
Lanthanide(III) Ions with a Tridentate Schiff-
Base Ligand

Keywords: Dinuclear complexes / Lanthanides / Tri-
dentate Schiff-base ligand / Self-assembly /
Zinc

K. Binnemans,* K. Lodewyckx,150
T. Cardinaels, T. N. Parac-Vogt,
C. Bourgogne, D. Guillon, B. Donnio*

Dinuclear Lanthanide Schiff-Base Complexes
Forming a Rectangular Columnar Mesophase

Keywords: Columnar mesophases / Lanthanides /
Liquid crystals / Metallomesogens / Rare
earths

M. Paas, B. Wibbeling, R. Fröhlich,158
F. E. Hahn*

Silver and Rhodium Complexes of Stable,
Monomeric Imidazolidin-2-ylidenes: Synthesis,
Reactivity and Decomposition Pathway

Keywords: Carbenes / Carbene ligands / Nitrogen
heterocycles / Silver / Sulfur

Y. Sakai, A. Shinohara, K. Hayashi,163
K. Nomiya*

Synthesis and Characterization of Two Novel,
Mono-Lacunary Dawson Polyoxometalate-
Based, Water-Soluble Organometallic Ruthe-
nium(II) Complexes: Molecular Structure of
[{(C6H6)Ru(H2O)}(α2-P2W17O61)]8�

Keywords: Arene ligands / Polyoxometalates / Ruthe-
nium / X-ray diffraction
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S. Panda, S. S. Zade, H. B. Singh,*172
R. J. Butcher

The Ligation Properties of some Reduced Schiff
Base Selena/Telluraaza Macrocycles: Versatile
Structural Trends

Keywords: Chalcogenaaza macrocycles / Selenium
tellurium ligands / Nickel / Palladium /
Platinum

S. Triki,* J. Sala-Pala, F. Thétiot,185
C. J. Gómez-Garcı́a, J.-C. Daran

New, Multi-Dimensional Cu(tn)-[M(CN)6]n�

Cyano-Bridged, Bimetallic Coordination Mate-
rials (M � FeII, CoIII, CrIII and tn � 1,3-Diami-
nopropane)

Keywords: Bridging ligands / Cyanides / Heterometal-
lic complexes / Magnetic properties

M. C. Aragoni, M. Arca, M. B. Carrea,200
F. Demartin, F. A. Devillanova, A. Garau,
M. B. Hursthouse, S. L. Huth, F. Isaia,*
V. Lippolis, H. R. Ogilvie, G. Verani

Copper(I) Complexes with a Cu4S6- and CuS4-
Type Core Obtained from the Reaction of
Copper(0) with HN(SPPh2)2·I2

Keywords: Cluster compounds / Copper / Coordina-
tion chemistry / Phosphanes / S ligands

S. Xiong, L. Fei, Z. Wang, H. Y. Zhou,207
W. Wang, Y. Qian*

Preparation of Semiconductor/Polymer Coaxial
Nanocables by a Facile Solution Process

Keywords: Hydrothermal synthesis / Nanostructures /
Photoluminescence / Semiconductors /
Tellurium
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M. Piacenza, J. Rakow, I. Hyla-Kryspin,*213
S. Grimme*

Theoretical Study of the Effects of Phosphane
Substituents on the Bonding Properties of
Acetylene with Ni(PR3)2 (R � H, CH3, F, CF3,
C6H5)

Keywords: Alkyne ligands / Density functional calcu-
lations / Nickel / Phosphane ligands

Y. Obora, Y. K. Liu, S. Kubouchi,222
M. Tokunaga, Y. Tsuji*

Monophosphanylcalix[6]arene Ligands: Synthe-
sis Characterization, Complexation, and Their
Use in Catalysis

Keywords: Calixarenes / Heterogeneous catalysis /
Phosphanes / Platinum / Rhodium

L. Quebatte, R. Scopelliti, K. Severin*231

Synthesis, Structure and Reactivity of Homo-
and Heterobimetallic Complexes of the General
Formula [Cp*Ru(µ-Cl)3ML] [LM � (arene)Ru,
Cp*Rh, Cp*Ir]

Keywords: Heterometallic complexes / Iridium /
Rhodium / Ruthenium

L. Lakiss, A. Simon-Masseron, F. Porcher,237
J. Patarin*

Mu-34: a New Porous Layered Fluorogallophos-
phate Material Obtained by in Situ Generation
of Ethylamine

Keywords: Fluorogallophosphate / Ethylformamide /
Solvothermal synthesis / Ethylamine /
Porous layered solids / Microporous
materials
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I. Janser, M. Albrecht,* K. Hunger, S. Burk,244
K. Rissanen

Formation of Triple-Stranded Dinuclear Helica-
tes with Dicatecholimine Ligands: The Influence
of Steric Hindrance at the Spacer

Keywords: Dinuclear complexes / Helicates / Meso-
helicates / Self-assembly / Titanium /
Bulky ligands
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1. General Information

The European Journal of Inorganic Chemistry (EurJIC) is pub-
lished twice monthly.

Manuscripts should be submitted online using our online submission
service at http://www.manuscriptXpress.org. You should prepare a
single file containing all tables, graphics, supporting information
(where appropriate) etc. Acceptable file formats are Microsoft Word,
Rich Text Format, Postscript and PDF. Avoid the use of page breaks
even between the title page and the introduction. If graphics are
included at the end of the manuscript, try to fit as many as possible
onto a single page. The file should have margins of 2 cm and be
1.5-line spaced.

Authors can follow the progress of their manuscript on their per-
sonal homepage, which is created automatically upon initial regis-
tration. This homepage is the same for the family of Wiley-VCH
European journals and can be used to store the latest version of a
submitted paper and to upload the document file after acceptance.
Your referee reports for the family of Wiley-VCH European jour-
nals are also archived here.

No paper copies of the manuscript are required when using this sys-
tem.

• The author must inform the editor of all manuscripts submitted,
soon to be submitted, or in press at other journals that have a
bearing on the manuscript being submitted.

• The correspondence author of a Microreview will receive a com-
plimentary copy of the journal along with a PDF file of his/her
paper restricted to 50 printouts; the correspondence author of
other articles will receive a PDF file restricted to 25 printouts.
Colour figures can be reproduced. Unless the editor deems col-
our to be essential for the understanding of a paper, authors will
be requested to make a contribution towards the costs of colour
reproduction. Details will be provided after acceptance of the
manuscript.

• We encourage authors to submit pictures for the cover page. A
template of our cover page, eurjiccover.pdf, can be reached by
clicking the link “For Authors” on our journal homepage (http://
www.eurjic.org), to help you visualize the final effect of your de-
sign.

IMPORTANT: Any manuscript already available on personal/
group web pages will be considered by the editors as already pub-
lished and will not be accepted.

On behalf of our authors who are also US National Institutes of
Health (NIH) grantees, we will deposit in PubMed Central (PMC)
and make public after 12 months the peer-reviewed version of the
author’s manuscript. By assuming this responsibility, we will ensure
that our authors are in compliance with the NIH request, and make
certain that the appropriate version of the manuscript is deposited.
We await the release by PMC of the protocols regarding manuscript
submission. We reserve the right to change or rescind this policy.
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2. Types of Contributions

EurJIC publishes articles on inorganic, organometallic, bioinorganic,
physical inorganic and solid-state chemistry. All contributions un-
dergo peer review. An author may appeal against the decision on his/
her manuscript, in writing. Three types of contributions are accepted
for publication:

� Full Papers are articles with an Experimental Section that de-
scribe a significant contribution to the development of an area
of research of importance. There are no restrictions placed on
the length of a Full Paper.

� Short Communications are brief reports on results of high sig-
nificance and urgency. Generally, they are no longer than 12�16
double-spaced pages or 3�4 typeset pages. An Experimental
Section (as a separate paragraph or as part of the references) is
desirable; if it is not included in the paper, the experimental data
should be submitted as Supporting Information for refereeing
purposes, and marked as such. A justification for urgent publi-
cation should accompany submission.

� A Microreview introduces the reader to a particular area of an
author’s research through a concise overview of a selected topic.
As a rule, Microreviews are written on invitation, although un-
solicited articles are also welcome. It is recommended, however,
to contact the editor before submitting an unsolicited Microre-
view. The content should balance scope with depth; it should
be a focused review of 25�30 double-spaced pages or 6�8 type-
set pages. Reference to important work from others that is sig-
nificant to the topic should be included. Microreviews will be
refereed but will have no Experimental Section.

3. Manuscript Preparation

3.1 General

The whole of the manuscript should be 1.5-line spaced and in a
large script (Times New Roman, 12 pt). We recommend that you
prepare your text with Microsoft Word (PC or Macintosh versions)
(see Section 3.2). Page numbers are essential: use the automatic
pagination function incorporated in your word processing software.
Leave a 2-cm margin around the perimeter of each page. Consult
a current issue of the journal for an overview of the format. A
manuscript should comprise: � Title Page � Keywords � Abstract
� Main Text including Introduction, Results and Discussion etc.
� Experimental Section � Acknowledgments (optional) � Cap-
tions � Tables � References � Schemes and Figures � Graphical
Abstract � For Microreviews only: Biographical sketches and a
portrait-quality photograph of all authors (when several authors
from one institution are involved, group photographs are pre-
ferred).
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3.2 Text

The text should be typed with carriage returns (hard returns) only
at the end of a paragraph, title, heading and similar features. Avoid
end-of-line word divisions.

Abbreviations and acronyms should be used sparingly and consist-
ently. Where they first appear in the text, the complete term —
apart from the most common ones such as NMR, IR, THF, tBu
etc. — should also be given.

In the Experimental Section, quantities of reactants, solvents etc.
should be included in parentheses [e.g. A solution of triphenylphos-
phane (500 mg, 1.91 mmol) in dichloromethane (15 mL) was ad-
ded to...].

NMR spectroscopic data should be quoted as in the following ex-
ample: 1H NMR (300 MHz, C6D6, 25 °C): δ � 1.3 (s, 18 H, SiMe3),
0.9 (d, 3JH,H � 5.7 Hz, 2 H, 2-H) ppm. For each chemical shift,
additional information should be given in the order: multiplicity,
coupling constant, number of protons, assignment.

The purity of all new compounds should be verified by elemental
analysis to an accuracy within ±0.4 %. In special cases, for instance
when the compound is unstable or not available in sufficient quan-
tities for complete analysis, the exact relative molecular mass ob-
tained from a high-resolution mass spectrum and a clean 13C NMR
spectrum (as additional material for inspection by the referees)
should be supplied.

Symbols of physical quantities, but not their units (e.g. T for tem-
perature, J, λ), stereochemical information (cis, trans, Z, R), locants
(N-methyl), symmetry and space groups (P21/c), and prefixes in
formulas or compound names (tBu, tert-butyl) must be in italics.
Latin phrases, such as “in situ”, should not.

Stereochemical descriptors, such as D- and L-, and molar (M) or
normal (N) should be in small capitals. Use character formatting
for italic and bold characters. Avoid any special style sheets to for-
mat these features. Write capital letters using the keyboard (shift �
letter key), not the format “Capital letter” in Word.

Use only characters from the Symbol and Normal Text character
sets, especially when inserting Greek letters and characters with
umlauts, accents, tildes, etc.: α, ä, à, ã, Å.

There are three types of hyphens: normal dashes (-), en dashes (�),
and em dashes (—). Use these as illustrated — spacing is important
too — in the following examples:

well-known reaction C�H bond
six-membered ring Tables 2�4
3-position of the ring carbon�oxygen bond
signal-to-noise ratio C�N stretch
Mo-Kα Diels�Alder reaction
1,2-dicyanobutane structure�activity relationship
p-tert-butylphenol 80�100 mg
(�)-tartaric acid carried out at �10 °C
[M� � CH3] cm�1

Use the symbol � where appropriate, rather than the letter x:
... washed with water (2 � 150 mL) ...
Use the double quotation marks “...” rather than „...“, "..." or «...».
Graphics (including structural formulas, schemes, figures, equations
and small graphical items that appear in captions) must be submitted
camera-ready on separate pages after acceptance of the manuscript
(see Section 3.5).

Lines or arcs, for example to indicate ring compounds, cannot be
used within the text. Another method for indicating such com-
pounds must be devised. Please contact the Editorial Office if any
help is needed.

If practical, authors should use a systematic name (IUPAC or
Chemical Abstracts) for each title compound in the Experimental
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Section. Please try to avoid complicated, multi-line names if a sim-
pler version (e.g. alcohol 4, ketone 5, compound 6) could be used
instead.

3.3 Tables

Use the Insert Table command from the Table menu or use the
Insert Table button on the Standard toolbar for creating tables, and
use tabs ONLY to move between cells.

3.4 References

We strongly recommend the use of the Endnotes feature of Word.
If you prefer not to use this function, references should be indicated
by numbers in square brackets as superscripts and, if applicable,
after punctuation (example: text.[1]). Use the Format Font menu.
Journal titles should be abbreviated according to the Chemical Ab-
stracts Service Source Index (CASSI).

The Author is responsible for correct citations. The European Jour-
nal of Inorganic Chemistry is a member of Cross Ref. (http://
www.crossref.org), a service which links reference citations to the
online content that those references cite. This can only function if
the citations are accurate. Please ensure that only one reference is
cited under each reference number or that a composite reference is
subdivided into parts a), b) etc. For example:

[1] A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1�15.
[2] R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.
or
[1] a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1�15; b)
R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.
but not
[1] a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1�15;
R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

3.5 Graphics

Graphics are schemes, figures, equations and small graphical items
that appear in captions. Graphics differ fundamentally from the
text portion of your manuscript in that they must be scanned or
electronically processed. Schemes should be self-explanatory: reac-
tion conditions should therefore be given above the arrows rather
than in the caption.

In the revised version please submit each graphic in its own file
within a graphic folder. For good reproduction, the following for-
mats are preferred: *.cdr, *.cdx, *.tif, *.pdf, *.psd, *.ai, *.fh, *
.qxd,*.pct, *.eps. The resolution should be a minimum of 300 dpi
and 600 dpi for bitmap graphics.

Consult the following table for the appropriate size of lettering.
Lettering smaller than 3.0 mm will reproduce poorly. Please use
only one size of lettering per graphic and the same letter font for
all graphics.

Table 1. Guide for preparing graphics

Maximum Graphic Width[a]

Letter Size Font 1-Column Format 2-Column Format

Times New Roman
3.0 mm 12 13 cm 26 cm
3.5 mm 14 15 cm[b] �
4.0 mm 16 17 cm[b] �
4.5 mm 18 19 cm �

[a] Most graphics are in 1-column format. [b] We prefer lettering of 3.5 or
4.0 mm with maximum graphic widths of 15 or 17 cm, respectively.
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The settings for one-column graphics constructed with Chem Draw
are: Print Setup: Orientation Portrait. Caption and Label Settings:
Font Times New Roman, Font Style Standard, Size 12.

Note that the graphical abstract must be in one-column format and
in black-and-white.

These settings help ensure the correct letter-size-to-graphic-width
ratio for best reproduction.
Use abbreviations such as R1, R2 (not R2), R�, R�, Ph, Me, Et, iPr,
tBu, Ph, Bn (benzyl), Bz (benzoyl), Hal, L, M (metal), X (het-
eroatom).

4. Crystallographic Data

Authors must deposit the data of X-ray structure analyses in a
crystallographic database before submitting their manuscript, so
that referees can access the information electronically. The two data-
bases, the Cambridge Crystallographic Data Centre (CCDC) and
the Fachinformationszentrum Karlsruhe (FIZ) have the same pro-
cedure for the deposition of data and both will be pleased to pro-
vide help. In general, you will receive a depository number from
the database two working days after electronic deposition. Send
your data to the appropriate address below and quote the standard
text, including the depository number, in your manuscript.

• For all compounds without C�H bonds:
Fachinformationszentrum Karlsruhe (FIZ)
76344 Eggenstein-Leopoldshafen, Germany
Phone: �49-(0)7247/808-205
Fax: �49-(0)7247/808-666
E-mail: crysdata@fiz-karlsruhe.de
FTP: ftp.fiz-karlsruhe.de (under path /pub/csd)
WWW: http://www.fiz-karlsruhe.de (under “Products and Ser-
vices”)

Further details of the crystal-structure investigation(s) may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository num-
ber(s) CSD-....

• For all compounds with at least one C�H bond:
Cambridge Crystallographic Data Centre (CCDC)
12 Union Road, Cambridge CB2 1EZ, UK
Phone: �44-(0)1223/336-408
Fax: �44-(0)1223/336-033
E-mail: deposit@ccdc.cam.ac.uk
WWW: http://www.ccdc.cam.ac.uk

CCDC-****** contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
datarequest/cif.

NOTE: Please use the free online Checkcif service provided by the
International Union of Crystallography and submit the Checkcif
report along with your manuscript: http://journals.iucr.org/services/
cif/checkcif.html.
Finally, before you return your revised manuscript, please update
your database entry if necessary.

5. Electronic Supporting Information

A manuscript may include Electronic Supporting Information
which will be accessible only on the WWW. Authors must keep a
copy to make available to readers who do not have access to the
internet. As this material [text, tables, schemes, figures but not crys-
tallographic (CIF) data, which must be submitted to either the FIZ
or the CCDC] undergoes the peer review process, it must be in-
cluded, clearly marked as “Supporting Information to be published
electronically”, when the paper is submitted. The following file for-
mats are accepted: MS Winword or ASCII (*.doc, *.txt), MS Excel
(*.xls), Encapsulated Postscript (*.eps), Portable Document Format
(*.pdf), graphics embedded in MS Winword; if you wish to submit
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other formats, please consult the Editorial Office. When preparing
such material, authors should keep in mind that — once ac-
cepted — it will be made available as provided by the author and
not edited. Material accepted for electronic publication will be
available mostly as PDF files (Adobe Acrobat Reader required) by
following the Table of Contents link of EurJIC’s WWW home page.
A standard text will be added on the first page of the article in the
printed version:

• Supporting information for this article is available on the WWW
under http://www.eurjic.org or from the author.

The supporting information file must start with the title of the
paper, the authors and the CASSI abbreviation of the journal to
which it was submitted (e.g. Eur. J. Inorg. Chem.).

6. Basic Keyword List

To increase the relevance of articles found by search engines of
Wiley InterScience, we have compiled a keyword catalogue com-
mon to our chemistry journals that is printed here and is also avail-
able online (http://www.eurjic.org).

To assist you in finding keywords they are listed according to categ-
ories. You may choose keywords from any category. As with all
such records, a few guidelines facilitate the catalogue’s use, and
these are briefly explained below:

1. As many as possible, but at least two, of the maximum of five
keywords assigned to an article must come from this list.

2. Named reactions will be incorporated only in exceptional cases.
Generally the reaction type is selected instead. For example,
Diels�Alder reactions will be found under “Cycloadditions” and
Claisen rearrangements under “Rearrangements”.

3. Heteroanalogues of compounds are mainly classified under the
C variants, for example, (hetero)cumulenes, (hetero)dienes. A few
aza and phospha derivatives are exceptions.

4. Compounds with inorganic components that are central to the
article are listed under the element, for instance, iron complexes
under “Iron”. Some group names like “Alkali metals” exist along-
side the names of important members of the group like “Lithium”.
In such cases the group name is used for these members only when
comparative studies are described. The members not appearing
separately are also categorised under the group name.

5. A keyword in the form “N ligand” is only chosen if a consider-
able portion of the paper deals with the coordination of any ligand
ligating through the atom concerned.

6. Spectroscopic methods are assigned as keywords only if the
article is about the method itself, or if the spectroscopic technique
has made an important contribution to the problem under investi-
gation.

7. “Structure elucidation” is intended only if the crux of the paper
is a structural elucidation or if a combination of several spectro-
scopic techniques were needed for conclusive solution of the struc-
ture.

8. An attempt has been made to avoid synonyms and to select more
general concepts rather than specialized terms. Thus, the term
“Double-decker complexes” is excluded in favour of “Sandwich
complexes”.

This list will be a “living” catalogue to be flexible enough to absorb
the new developments in chemistry. We therefore welcome all
suggestions from our authors that might improve its user-friendli-
ness.
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Analytical Chemistry and Spectroscopic Methods

Analytical methods
Circular dichroism
Cyclic voltammetry
Electron diffraction
Electron microscopy
Electrophoresis
ENDOR spectroscopy
EPR spectroscopy
EXAFS spectroscopy
Fluorescence spectroscopy

Biological Chemistry and Chemical Biology (including Biochemistry, Bioinorganic Chemistry, Bioorganic Chemistry,
Medicinal Chemistry and Molecular and Cell Biology)

Allosterism
Amino acids
Angiogenesis
Antibiotics
Antibodies
Antifungal agents
Antigens
Antisense agents
Antitumor agents
Antiviral agents
Azapeptides
Azasugars
Bioinformatics
Bioinorganic chemistry
Biological activity
Biomimetic synthesis
Bioorganic chemistry
Biophysics
Biosensors
Biosynthesis
Biotransformations
C-Glycosides
Carbohydrates
Carbon dioxide fixation
Carotenoids
Cell adhesion
Cell recognition
Cerebrosides
Chaperone proteins
Cobalamines
Cofactors
Combinatorial chemistry
Cyclitols
Cyclodextrins
Cytokines
DNA

Catalysis

Asymmetric catalysis
Autocatalysis
Biphasic catalysis
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Gas chromatography
High-throughput screening
Ion chromatography
Ion exchange
IR spectroscopy
Isotopic labeling
Laser spectroscopy
Liquid chromatography
Luminescence
Mass spectrometry

DNA cleavage
DNA damage
DNA methylation
DNA recognition
DNA replication
DNA structures
Dopamines
Drug delivery
Drug design
Electron transport
Enzyme models
Enzymes
Fibrous proteins
Fluorescent probes
Gene expression
Gene sequencing
Gene technology
Genomics
Glycoconjugates
Glycolipids
Glycopeptides
Glycoproteins
Glycosides
Glycosylation
Growth factors
Helical structures
Heme proteins
Hormones
Hydrolases
Immobilization
Immunoassays
Immunochemistry
Immunology
Inhibitors
Ion channels
Ionophores

Catalytic antibodies
Enzyme catalysis

Moessbauer spectroscopy
Neutron diffraction
NMR spectroscopy
Photoelectron spectroscopy
Plasma chemistry
Raman spectroscopy
Rotational spectroscopy
Scanning probe microscopy
Sensors

Isomerases
Ligases
Lipids
Lipophilicity
Lipoproteins
Liposomes
Lyases
Medicinal chemistry
Membrane proteins
Membranes
Metabolism
Metalloenzymes
Metalloproteins
Micelles
Molecular evolution
mRNA
Mutagenesis
Natural products
Neurochemistry
Neurotransmitters
Nitrogen fixation
Nitrogenases
Nucleic acids
Nucleobases
Nucleosides
Nucleotides
Oligonucleotides
Oligosaccharides
Oxidoreductases
Peptide nucleic acids
Peptides
Peptidomimetics
Pheromones
Phospholipids
Photoaffinity labeling
Photosynthesis

Heterogeneous catalysis
Homogeneous catalysis

Surface analysis
Surface plasmon resonance
Trace analysis
UV/Vis spectroscopy
Vibrational spectroscopy
Water chemistry
X-ray absorption spectroscopy
X-ray diffraction
ZEKE spectroscopy

Phytochemistry
Polyketides
Polymerase chain reaction
Prodrugs
Prostaglandins
Protein design
Protein engineering
Protein folding
Protein models
Protein modifications
Protein structures
Proteins
Proteomics
Proton transport
Radiopharmaceuticals
Receptors
Redox chemistry
Ribonucleosides
Ribozymes
RNA
RNA recognition
RNA structures
Sensitizers
Sequence determination
Sialic acids
Siderophores
Signal transduction
Sphingolipids
Steroids
Structure�activity relationships
Terpenoids
Toxicology
Transferases
tRNA
Vesicles
Vitamins

Phase-transfer catalysis
Supported catalysts
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Coordination Chemistry: Compound Classes

Cage compounds
Chelates
Clathrates
Cluster compounds

Coordination Chemistry: Ligand Classes

Alkene ligands
Alkyne ligands
Allyl ligands
Arene ligands
As ligands
Bridging ligands
Carbene ligands
Carbonyl ligands

Coordination Chemistry: Methodology and Reactions

Carbon dioxide fixation
Chemical vapor deposition
Chiral resolution
Crystal engineering
Ligand design

Coordination Chemistry: Structure

Agostic interactions
Aurophilicity
Charge transfer
Cooperative effects
Coordination modes
Donor�acceptor systems
Electron-deficient compounds

Elements and Element Groups

Actinides
Alkali metals
Alkaline earth metals
Aluminum
Antimony
Argon
Arsenic
Barium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Carbon
Cerium
Cesium
Chalcogens
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Cuprates
Dendrimers
Heterometallic complexes

Carboxylate ligands
Carbyne ligands
Cyclopentadienyl ligands
Diene ligands
Dioxygen ligands
Fluorinated ligands
Hydride ligands
Isocyanide ligands

Matrix isolation
Metathesis
Neighboring-group effects
Nitrogen fixation
O�O activation

Electronic structure
Electrostatic interactions
Fluxionality
Helical structures
Host�guest systems
Hydrogen bonds

Chlorine
Chromium
Cobalt
Copper
Deuterium
Fluorine
Gallium
Germanium
Gold
Group 13 elements
Group 14 elements
Hafnium
Halogens
Helium
Hydrogen
Indium
Iodine
Iridium

Metallacycles
Metallocenes
Nitrogen oxides

Macrocyclic ligands
N ligands
N,O ligands
N,P ligands
O ligands
Oxo ligands
Peroxo ligands

Oxidation
Radical reactions
Reduction
Ring-opening polymerization
Solvent effects

Inclusion compounds
Isolobal relationship
Jahn�Teller distortion
Ligand effects
Metal�metal interactions
Multiple bonds

Iron
Krypton
Lanthanides
Lanthanum
Lead
Lithium
Magnesium
Manganese
Mercury
Molybdenum
Neon
Nickel
Niobium
Nitrogen
Noble gases
Osmium
Oxygen
Palladium

Polyoxometalates
Sandwich complexes
Ylides

Phosphane ligands
P ligands
S ligands
Si ligands
Tridentate ligands
Tripodal ligands
Vinylidene ligands

Solvolysis
Substituent effects
Template synthesis

Noncovalent interactions
Pi interactions
Stacking interactions
Structure elucidation
Through-bond interactions
Through-space interactions

Phosphorus
Platinum
Pnicogens
Potassium
Rare earths
Rhenium
Rhodium
Rubidium
Ruthenium
Samarium
Scandium
Selenium
Silicon
Silver
Sodium
Strontium
Sulfur
Tantalum
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Technetium
Tellurium
Thallium
Tin

Environmental and Atmospheric Chemistry

Anions
Atmospheric chemistry
Cations
Chlorine
Computer chemistry
Crop protection agents
Cycloaddition
Denitrification
Desulfurization

Inorganic Chemistry

Alanes
Allotropy
Alloys
Aluminosilicates
Amalgams
Amorphous materials
Anions
Automerization
Autoxidation
Azides
Bond theory
Boranes
Borates
Carbene homologues
Carbides
Carboranes
Cations
Chain structures
Chromates
Clathrates
Cluster compounds

Materials Science: General

Alloys
Amorphous materials
Automerization
Block copolymers
Ceramics
Charge-carrier injection
Chemical vapor deposition
Chemical vapor transport
Clays
Cluster compounds
Colloids
Conducting materials
Copolymerization
Crystal engineering
Crystal growth
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Titanium
Tungsten
Uranium

Environmental chemistry
Fluorine
Gas-phase reactions
Green chemistry
Halogenation
Kinetics
Molecular dynamics
Molecular modeling
Nitrogen oxides

Cyanides
Electron-deficient compounds
Fluorides
Halides
High-pressure chemistry
Host�guest systems
Hydrates
Hydrides
Hydrothermal synthesis
Hypervalent compounds
Inclusion compounds
Intercalations
Intermetallic phases
Isoelectronic analogues
Isomers
Layered compounds
Lewis acids
Lewis bases
Main group elements
Metal�metal interactions
Mixed-valent compounds

Cyclooligomerization
Cyclotrimerization
Dendrimers
Doping
Energy conversion
Fullerenes
Gels
Glasses
Holography
Imprinting
Intercalations
Interfaces
Intermetallic phases
Ladder polymers
Layered compounds

Vanadium
Xenon
Ytterbium

Oxidation
Ozone
Peroxides
Photochemistry
Photolysis
Photooxidation
Radical ions
Radical reactions
Radicals

Nitrides
Nonstoichiometric compounds
Organic�inorganic hybrid

composites
Perovskite phases
Peroxides
Phosphaalkenes
Phosphaalkynes
Phosphanes
Phosphazenes
Platinates
Pnictides
Polyanions
Polycations
Polychalcogenides
Polyhalides
Polymorphism
Polyoxometalates
Radical ions
Radicals
Silanes

Liquid crystals

Materials science

Mechanical properties

Membranes

Mesophases

Mesoporous materials

Metal�metal interactions

Metallomesogens

Micelles

Microporous materials

Monolayers

Nanostructures

Nanotechnology

Nanotubes

Yttrium
Zinc
Zirconium

Reaction mechanisms
Reactive intermediates
Sensors
Toxicology
Trace analysis
Waste prevention
Water chemistry

Silicates
Sol�gel processes
Solid-phase synthesis
Solid-state reactions
Solid-state structures
Spinel phases
Stannanes
Subvalent compounds
Synthesis design
Titanates
Topochemistry
Transition metals
Transuranium elements
Valence isomerization
Vanadates
Zeolite analogues
Zeolites
Zincates
Zintl anions
Zintl phases

Nonlinear optics
Polymerization
Polymers
Ring-opening polymerization
Scanning probe microscopy
Semiconductors
Sensitizers
Sensors
Superconductors
Surface chemistry
Thin films
Vesicles
Zeolite analogues
Zeolites
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Miscellaneous

History of science

Organic Chemistry: Compound Classes

Alcohols
Aldehydes
Alkaloids
Alkanes
Alkenes
Alkynes
Allenes
Allylic compounds
Amides
Amines
Amino acids
Amino alcohols
Amino aldehydes
Amphiphiles
Anhydrides
Anions
Annulenes
Arenes
Arynes
Azides
Azo compounds
Azomethine ylides

Organic Chemistry: Methodology and Reactions

Acylation
Aldol reactions
Alkylation
Allylation
Amination
Annulation
Aromatic substitution
Aromaticity
Asymmetric amplification
Asymmetric catalysis
Asymmetric synthesis
Automerization
Autoxidation
Biomimetic synthesis
C�C activation
C�C coupling
C�H activation
C1 building blocks
Carbonylation
Carboxylation
Chiral auxiliaries
Chiral pool
Cleavage reactions
Combinatorial chemistry
Cracking
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Betaines
Biaryls
Calixarenes
Carbanions
Carbenes
Carbenoids
Carbocations
Carbocycles
Carbohydrates
Carboxylic acids
Carotenoids
Catenanes
Cations
Cavitands
Crown compounds
Cryptands
Cumulenes
Cyanides
Cyanines
Cyclodextrins
Cyclophanes
Dendrimers
Diazo compounds
Dyes/Pigments

Cross-coupling
Cyclization
Cycloaddition
Cyclotrimerization
Dehydrogenation
Dihydroxylation
Dimerization
Domino reactions
Electrocyclic reactions
Electrophilic addition
Electrophilic substitution
Elimination
Ene reaction
Epoxidation
Flash pyrolysis
Glycosylation
Grignard reaction
Halogenation
Heck reaction
High-pressure chemistry
Hydroamination
Hydroboration
Hydroformylation
Hydrogen transfer
Hydrogenation

Enols
Enones
Enynes
Fatty acids
Fragrances
Fullerenes
Fused-ring systems
Heterocycles
Hydrazones
Hydrides
Hydrocarbons
Ketones
Lactams
Lactones
Ladder polymers
Macrocycles
Mannich bases
Medium-ring compounds
Metallacycles
Natural products
Nitrogen heterocycles
Oxygen heterocycles

Hydrolysis
Hydrosilylation
Hydrostannation
Hydroxylation
Immobilization
Insertion
Ionic liquids
Isomerization
Lithiation
Metalation
Michael addition
Molecular diversity
Multicomponent reactions
Nucleophilic addition
Nucleophilic substitution
Olefination
Oligomerization
Oxidation
Oxygenation
Ozonolysis
Perfluorinated solvents
Pericyclic reaction
Phosphorylation
Photooxidation
Polymerization

Peroxides
Pheromones
Phosphorus heterocycles
Phthalocyanines
Polycycles
Polymethines
Porphyrinoids
Quinodimethanes
Quinones
Radical ions
Radicals
Rotaxanes
Schiff bases
Small ring systems
Spiro compounds
Steroids
Sulfonamides
Sulfur heterocycles
Surfactants
Terpenoids
Ylides
Zwitterions

Protecting groups
Protonation
Radical reactions
Rearrangement
Reduction
Retro reactions
Ring contraction
Ring expansion
Sigmatropic rearrangement
Solid-phase synthesis
Solvent effects
Solvolysis
Steric hindrance
Substituent effects
Synthesis design
Synthetic methods
Template synthesis
Topochemistry
Total synthesis
Transesterification
Umpolung
Wittig reactions
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Organic Chemistry: Stereochemistry and Structures

Atropisomerism
Chemoselectivity
Chiral resolution
Chirality

Physical Chemistry and Chemical Physics (including Electrochemistry, Kinetics, Photochemistry, Radiochemistry,
Thermodynamics and Theoretical Chemistry)

Ab initio calculations
Absorption
Acidity
Adsorption
Basicity
Biophysics
Bond energy
Bond theory
Calorimetry
CARS (Coherent

Anti-Stokes Raman Scattering)
Charge-carrier injection
Charge transfer
Chemisorption
Chromophores
Colloids
Computer chemistry
Conducting materials
Conical intersections
Crystal engineering
Crystal growth
Cyclic voltammetry
Density functional calculations
Donor�acceptor systems
Doping
Electrochemistry
Electron microscopy

Supramolecular Chemistry

Aggregation
Host�guest systems
Molecular devices
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Configuration determination
Conformation analysis
Conjugation
Diastereoselectivity

Electron transfer
ELF (Electron Localization

Function)
Energy conversion
Exchange interactions
Femtochemistry
Fluorescence
Fluorescent probes
Fractals
FRET (Fluorescence Resonance

Energy Transfer)
Gas-phase reactions
Gels
Glasses
Group theory
Heats of formation
High-pressure chemistry
High-temperature chemistry
Hot-atom chemistry
Hydrophobic effect
Imaging agents
Ion pairs
Ion�molecule reactions
Ionization potentials
Isotope effects
Isotopes
Kinetics

Molecular evolution
Molecular recognition
Nanostructures

Enantioselectivity
Hyperconjugation
Kinetic resolution
Regioselectivity

Langmuir�Blodgett films
Laser chemistry
Lewis acids
Lewis bases
Linear free energy relationships
Liquid crystals
Liquids
Low-temperature studies
Magnetic properties
Matrix isolation
Mesophases
Metallomesogens
Metastable compounds
Microreactors
Molecular dynamics
Molecular electronics
Molecular modeling
Monolayers
Nanotechnology
Neighboring-group effects
Nonequilibrium processes
Phase diagrams
Phase transitions
Photochemistry
Photochromism
Photolysis
Physisorption

Pi interactions
Receptors

Strained molecules
Structure elucidation
Tautomerism
Valence isomerization

Plasma chemistry
Polarized spectroscopy
Quantum chemistry
Radiochemistry
Radiopharmaceuticals
Reaction mechanisms
Reactive intermediates
Redox chemistry
Salt effect
Semiempirical calculations
Single-molecule studies
Singlet oxygen
Sol�gel processes
Solvatochromism
Spin crossover
Statistical mechanics
Statistical thermodynamics
Structure�activity relationships
Superacidic systems
Supercritical fluids
Thermochemistry
Thermodynamics
Time-resolved spectroscopy
Transition states
Viruses
Voltammetry

Self-assembly
Supramolecular chemistry
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Interest in supramolecular chemistry has grown significantly
during the past two decades. In this context, hydrogen bond-
ing and/or coordinative interactions have been extensively
used to generate self-assembled one-, two- or three-dimen-
sional polymeric networks. Crystal structure prediction has
progressed tremendously, and the challenge for the contem-
porary supramolecular chemist is now to produce custom-
made functional (and multifunctional) materials involving
intermolecular interactions. Since the early 1990s, 1,3,5-tri-
azine derivatives have shown their potential as building

1. Introduction

Supramolecular chemistry is one of the topical fields of
contemporary chemistry and has first been defined in 1978
by Jean-Marie Lehn as the “chemistry of molecular as-
semblies and of the intermolecular bond”.[1] Supramolec-
ular chemistry is a vast interdisciplinary field of research
and technology, where noncovalent bonding may be a com-
mon ground. A rapidly developing branch of supramolec-
ular chemistry is crystal engineering, in which synthetic
control is particularly required.[2,3] Nowadays, the main fo-
cus of crystal engineering is the design and synthesis of
molecular building blocks whose intermolecular interac-
tions[4] with other synthons would allow some degree of
predictability regarding the form and/or function of the re-
sulting materials.[5] For instance, the chemistry of hybrid
nanostructured organic–inorganic solids involving metal–li-
gand coordination units is emerging as a primary research
area,[6] since it offers the possibility of combining different
properties at the molecular level and leading to new com-
posite materials with unprecedented behaviour.[7,8] Further-
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blocks for the preparation of such materials. In this microre-
view, a selection of outstanding examples of supramolecular
networks involving the 1,3,5-triazine unit are discussed, il-
lustrating the possibility of forming remarkable architectures
by means of coordination and/or hydrogen bonds and their
applications in host–guest chemistry, catalysis, anion re-
cognition, sensoring, electronics and magnetism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

more, the combination of coordination chemistry with non-
covalent contacts, such as hydrogen bonding[9,10] or π-inter-
actions,[11,12] provides a powerful method for generating
supramolecular networks from simple building blocks.
These three types of bond are indeed important in conceiv-
ing unique frameworks, since they all involve directional in-
teractions.[13] From the perspective of crystal engineering,
the benefit of using transition-metal ions is that the shape
of the coordination building unit can be controlled by
choosing the coordination geometries of the metal ions
properly. A more specific geometry can then be obtained
by judiciously attaching suitable functional substituents to
the ligands, which will act as intra- and/or intermolecular
connectors. Thus inorganic–organic hybrid supramolecular
assemblies with unusual network topologies should be ac-
cessible through noncovalent interactions,[14] i.e. H-bonding
and π-interactions.

1,3,5-Triazine derivatives have proven their great poten-
tial in this rising area of material chemistry, both for their
π-interaction abilities,[15] and for their aptitude to be in-
volved in intricate H-bond networks.[16]

The present review deals with the background on supra-
molecular architectures involving the 1,3,5-triazine ring as
the central building moiety. A number of triazine-contain-
ing molecules have been used in crystal engineering and
have allowed outstanding new developments in the arena of
tailored functional materials.[17]
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2. Preparation of 1,3,5-Triazine-Based Organic
Building Blocks

1,3,5-Triazine-containing compounds have found a
number of applications in medicinal chemistry,[18] herbi-
cides,[19] catalysis[20] or polymer chemistry.[21] Sophisticated
s-triazine derivatives can be easily prepared from the cheap,
readily available cyanuric chloride, i.e. 2,4,6-trichloro-1,3,5-
triazine.[22] Cyanuric chloride is definitely an excellent syn-
thon for the straightforward preparation of highly struc-
tured multitopic molecules.[23] Indeed, each chloride atom
of 2,4,6-trichloro-1,3,5-triazine can be substituted by any
nucleophile (Figure 1). The first substitution is exothermic
and so the reaction mixture must be cooled down to 0 °C.
The second chloride substitution can be performed at room
temperature. Finally, the third position is functionalized un-
der solvent reflux.

Figure 1. Differential reactivity of 2,4,6-trichloro-1,3,5-triazine.[23]

Therefore, by carefully controlling the temperature, 2,4,6-
trisubstituted triazines can be synthesized by sequential,
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very selective addition of all kinds of nucleophiles, namely
amines, alcohols, thiols or Grignard reagents (Figure 2).
The yield of each substitution often exceeds 95% and the
symmetric trisubstituted derivatives can even be obtained
in a one pot synthesis. Various solvents can be used such as
tetrahydrofuran, 1,2-dimethoxy ethane, acetonitrile, diethyl
ether, and so on.

Figure 2. Preparation of polyfunctional triazine derivatives.

Numerous triazine derivatives have been prepared fol-
lowing this versatile synthetic pathway.[24–27]

3. Melamine Derivatives as Synthons for the
Preparation of H-Bonded Self-Assemblies

Hydrogen bonds play a fundamental role in nature where
they are particularly responsible for controlling the struc-
ture and function of many proteins, recognition of sub-
strates by various enzymes and for the double-helix struc-
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ture of DNA (Figure 3). Consequently, hydrogen bonding
has become one of the most important noncovalent interac-
tions in supramolecular chemistry.[28,29]

Figure 3. Watson–Crick base pairing in DNA.

Fifteen years ago, Whitesides and coworkers have shown
that melamine derivatives could be used to generate out-
standing aggregates.[30,31] The reaction of cyanuric acid
(CA) with melamine (M) leads to the formation of an insol-
uble very stable (it can be heated to 450 °C without any
alteration of the structure) H-bonded 2D network (Fig-
ure 4, CA·M),[30] which has been first reported in 1979 by
Junichi and coworkers.[32]

In the earlier 1990s, Whitesides and coworkers have im-
proved the preparation of this type of self-assemblies by
using both substituted melamines and barbituric acids.[31]

In that way, it is possible to control, by steric hindrance, the
formation of the 2D frameworks. Reaction of 5,5-diethyl-
barbituric acid with 2-amino-4,6-(N-p-tolylamino)-1,3,5-tri-
azine yields a linear tape (Figure 5a). If 2-amino-4,6-(N-p-
methylbenzoatoamino)-1,3,5-triazine is combined with 5,5-
diethylbarbituric acid, a crinkled tape is obtained (Fig-
ure 5b). Finally, with a bulkier group on the phenyl ring,
i.e. tert-butyl, a rosette motif is achieved (Figure 5c).

Figure 4. Self-assembly network by means of hydrogen bonds.[16,32]
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Figure 5. Structures of linear tape, crinkled tape, and rosette mo-
tifs.[16]

It has thus been evidenced that a competition takes place
between nonbonded steric interactions (para-substituents)
and a tendency for a high packing coefficient which is im-
portant in determining which type of structural motif is re-
alized between the melamine derivative and 5,5-diethylbar-
bituric acid.[16] As a result, a small para-substituent like a
methyl or a chloride group leads to a linear tape. If this
substituent becomes larger than a trifluoromethyl unit, ste-
ric interactions between adjacent melamines prevent the lin-
ear structure and favour the crinkled motif where the hin
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drance is minimized. When the size of the para-substituent
is further increased, to a tert-butyl group for example, then
the steric interactions are relieved in the rosette type as-
sembly.[16]

More recently, Reinhoudt and coworkers have beautifully
developed the above concept to design and prepare more
intricate H-bonded networks.[33,34] Thus, molecular cage
hosts can be generated by self-assembly of calixarene-based
melamine derivatives and diethylbarbituric acid.[35] A non-
covalent phenolic receptor has been successfully prepared
by hydrogen-bonding directed association of a calixa[4]rene
dimelamine compound with diethylbarbituric acid (Fig-
ure 6).[36]

For instance, the simple mixing of the building blocks 1
(1 equivalent) and DEB (2 equivalents) in an apolar solvent
like chloroform or toluene produces the double rosette 23·
(DEB)6 (Figure 7). The formation of this calixarene-
bridged supramolecular structure can be followed by solu-
tion 1H NMR spectroscopy.

23·(DEB)6 holds six H-donor/acceptor side-arms which
can act as phenol binding sites by means of H-bonds be-
tween a urea function [Figure 6, R1 = R2 = CONH(CH2)2-
CH3] and the phenolic guest (Figure 7, G). The complex-
ation of 4-nitrophenol by 23·(DEB)6 has been investigated
by proton NMR spectroscopy at room temperature in
CDCl3. This comprehensive study clearly demonstrates that

Figure 6. Building blocks for the formation of a double rosette assembly.[36]

Figure 7. Schematic representation of the formation of the host–guest supramolecular double rosette system.[36]
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the double rosette is an exo-receptor able to accommodate
six molecules of phenolic guest (one phenol unit per ureido
group).

Last year, Meijer and coworkers reported another re-
markable supramolecular rosette motif which has been evi-
denced by scanning tunnelling microscopy (STM).[37] For

Figure 8. a) Melamine-based π-conjugated ligand OPVT4 and b)
its schematic representation.[37]
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Figure 9. OPVT4 rosette.[37]

this purpose, the triazine-based ligand OPVT4 has been
synthesized according to a reported procedure (Fig-
ure 8).[38] In solution in heptane, six OPVT4 molecules give
a giant helical rosette with a width of about 10 nm (Fig-
ure 9).[37] This exceptional aggregation process has been fol-
lowed by UV/Vis and circular dichroism (CD) in heptane
and temperature-dependent measurements show that the
rosette is dissociated at elevated temperature (T = 305 K).

In addition, the hydrogen-bonded hexamer is chiral as
proven by CD and by the counterclockwise rosette structure
clearly visible in the STM images.[37] These rosettes can be
stacked together to form fibres with lengths up to 10 µm

Figure 10. Rosette stacks leading to a tubular fibre.[37]
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as revealed by atomic force microscopy (AFM). The self-
assembled tubular aggregates 6.4 nm in diameter are still
soluble in heptane owing to the peripheral apolar alkyl
chains (Figure 10).

The cavity generated by the formation of the hexameric
rosette is about 1 nm wide and contains amine groups
which would therefore find application as an ideal channel
for transportation. Furthermore, the tubular stacks exhibit
a well-defined and ordered π-conjugated outside shell with
probable electronic properties.

Figure 11. Sodium tetrakis[4-(2,4-diamino-[1,3,5]triazin-6-yl)-
phenyl]borate (2·Na).[39]
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Figure 12. a) Anionic H-bonded network 2. b) Interconnected channels.[39]

Very recently, Wuest and coworkers designed and synthe-
sized a 3D triazine-based synthon, i.e. the tetraphenylborate
Na·2 (Figure 11).[39] The tetraphenylphosphanium salt of 2
is obtained quantitatively from the sodium salt by cation
exchange. Single crystals of tecton PPh4·2 have been grown
from a DMSO/toluene solution of the compound, whose
solid-state structure reveals an aesthetic three-dimensional
network, connected by multiple hydrogen bonds as expected
(Figure 12). This anionic supramolecular architecture is ex-
tremely porous (Figure 12b), since 74% of the volume of
the crystals is available for cations and guest molecules
(DMSO in the present study). Materials with such great
porosity are very important in the field of gas storage,[40]

especially for fuel-cell applications.[41,42]

In addition, the cation can be exchanged within the crys-
talline solid compound. Thus, the same anionic framework
is achieved when using phenazinium cation 3 (Figure 13)
instead of tetraphenylphosphonium. These crystals of tec-
ton 2 with phenazinium 3 as the counterion have been ex-
posed to a solution of an excess of PPh4Br in DMSO for
24 h at room temperature. The resulting material remains
transparent and crystalline, and diffracts with unit cell pa-
rameters analogous to those of PPh4·2. This is an important
result as a larger cation, 3, has been replaced by a smaller
one, namely tetraphenylphosphanium. Indeed, such ex-
change releases space within the porous material, which is
available for additional neutral guest molecules. This find-
ing gives rise to a novel approach of crystal engineering
where new ionic host–guest materials can be produced by
substitution of the initial cations to increase their porosity
and/or physical properties without modification of their
molecular arrangement.

Figure 13. Phenazinium cation 3.
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4. 1,3,5-Triazine Derivatives as Ligands for the
Preparation of Coordination Self-Assemblies

Coordination compounds from 1,3,5-triazine-based li-
gands are increasingly reported in the literature.[43–48] This
is undoubtedly due to the ease of preparing intricate poly-
dentate star-shaped ligands using simple and high-yielding
reactions.[23] Especially one ligand, namely 2,4,6-tri(4-pyri-
dyl)-1,3,5-triazine (Figure 14, tpt), has been extensively
used in the field of crystal engineering during the past ten
years.[47,49] However, novel and attractive supramolecular
architectures continue to be obtained with this simple tridi-
rectional N-donor ligand.[50] Robson’s group[49] published
the first crystallographically characterized coordination
polymer based on tpt 24 years after it was primarily re-
ported by Yasumoto and coworkers.[51]

Figure 14. 2,4,6-tri(4-pyridyl)-1,3,5-triazine ligand (tpt).[49,51]

In 1996, Robson and coworkers described a unique sys-
tem of two interpenetrating coordination networks based
on tpt and copper() building blocks (Figure 15a).[52] The
infinite (3,4)-connected network is built from repeated
structural motifs with six copper centres at the corners of a
regular octahedron (Figure 15b), each copper ion being
shared by two adjacent motifs. This arrangement results in
an infinite cubic collection of 18-Å-wide octahedral cavities
filled with solvent molecules.

Almost at the same time, Fujita and coworkers reported
a similar octahedral cage assembled from tpt and palladi-
um() nodes.[53] The reaction of six equivalents of the PdII

complex 4 with four equivalents of tpt leads, in water, to
the exclusive and quantitative formation of the supramolec-
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Figure 15. a) Cubic (3,4)-connected net. b) Octahedral host chamber.[52]

Figure 16. Self-assembly of a nanometer-scale octahedral cage.[53]

ular cage 5 (Figure 16).[53] The assembly of complex 5 has
been followed by 1H NMR spectroscopy, which clearly
demonstrated that the M6L4 compound is the thermo-
dynamic product since its formation is not affected by the
presence of an excess of 4.

It has been shown that this coordination cage can bind
efficiently various organic guest molecules[54,55] including
radicals[56] as well as a water cluster[17] in its cavity. For
example, o-carborane, an icosahedral carbon–boron cage
molecule with a diameter of 8 Å, can be encapsulated in
5.[57] This spherical, neutral molecule is apolar and insolu-
ble in water. However, when a hexane solution of o-carbor-
ane is stirred with a D2O solution of 5, four equivalents of
o-carborane are transferred into the D2O phase to form
5·(o-carborane)4, as evidenced by 1H NMR spectroscopy.
This host–guest complex has never been crystallized, but
the analogous compound having 2,2�-bipyridine as cis-pro-
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tecting ligand in place of ethylene diamine is easily crys-
tallized in water (Figure 17).[54]

Fujita and coworkers then tried to use these cavities to
perform catalytic reactions.[58] The palladium-catalyzed
Wacker oxidation of styrene has been carried out in water
with 5, which can accommodate three molecules of styrene
(6) in its cavity.[58] If the reaction is achieved at 80 °C with
4 or with 5, only 4% of acetophenone (7) is detected. If the
oxidation is performed in the presence of both 4 and 5, then
the yield in acetophenone is significantly increased to 86%
(Figure 18a). Similarly, the ability of 5 to promote the isom-
erization of allylbenzene (8) has been examined. Once
again, while the reaction does not occur in the absence of
either 4 or 5, 50% of β-methylstyrene (9) is obtained when
a 2:1 mixture of 4 and 5 is used (Figure 18b).[59] Complex
5 acts as a phase-transfer reagent which brings the sub-
strate, i.e. the organic molecule 6 or 8, into the aqueous
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Figure 17. Encapsulation of four o-carborane in an M6L4 cage.[57]

phase where the palladium-mediated chemical transforma-
tion takes place. These outstanding results represent good
examples of solvent-free organic reactions.

More recently, we have undertaken research investi-
gations on coordination networks involving s-triazine-based

Figure 18. a) Wacker oxidation in the M6L4 cage.[59] b) isomerisation of an alkene in the M6L4 cage.[58]

Figure 19. s-Triazine-based ligands used to prepare supramolecular coordination compounds.[61,64,66]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 29–4236

N-donor ligands. For this purpose, a series of polydentate
ligands have been prepared[23,60,61] according to the syn-
thetic pathway depicted in Figure 2, and some of them are
reported in Figure 19.

The simple dpyatriz ligand arises from the substitution
of the three chlorides of cyanuric chloride by 2,2�-dipyridyl-
amine and has been reported by some of us[23] and by Wang
and coworkers.[62,63] Reaction of CuII nitrate with dpyatriz
in acetonitrile at room temperature produces a 1D ladder
coordination polymer, whose crystal structure is depicted
in Figure 20.[61] The polymeric compound is built up from
pentanuclear copper units which are bridged by bidentate
nitrate anions (Figure 20b). This uncommon molecular net-
work[3] possesses large rectangular guest cavities with di-
mensions of approximately 10×5.5 Å, which are filled with
seven acetonitrile molecules.[61] Thus, the uncoordinated
solvent molecules cover 25% (652 Å3) of the unit cell vol-
ume.

Thermogravimetric analysis (TGA) of the polymeric ma-
terial shows 11.1% loss in weight, which exactly matches
seven acetonitrile molecules. A second TGA experiment on
the acetonitrile-free crystalline material left in air shows a
decrease of 18.8% in weight. This decrease is attributed to
the loss of water molecules rapidly taken up by the initial



1,3,5-Triazine-Based Synthons in Supramolecular Chemistry MICROREVIEW

Figure 20. a) 1D ladder coordination polymer obtained from the ligand dpyatriz and Cu(NO3)2; and b) its schematic representation.[61]

material after removal of the acetonitrile molecules. This
result demonstrates the possibility of using this 1D ladder
coordination polymer in host–guest molecular recognition.

Another attractive coordination compound has been ob-
tained by our group from the extended ligand opytrizediam
(Figure 19). Indeed, the reaction of copper() chloride with
this ligand in methanol leads to the formation of a 1D zig-
zag coordination polymer (Figure 21).[64] The polymeric
compound is composed of trinuclear copper units that are
connected by means of chloride bridges in a zigzag fashion,
since the ligands are up and down alternated (Figure 21b).
Despite its unusual arrangement,[3] this material exhibits
interesting physical properties. First, a large amount of sol-
vent molecules is present in the crystal lattice (29% of the
unit cell volume, 1016 Å3). The removal of these molecules
may create space for the sorption of gases such as dinitro-
gen and dihydrogen. This is a vital feature in the field of
fuel cell chemistry.[41,42,65] Second, the coordination poly-
mer possesses ferromagnetic properties [J = 6.4(1) cm–1] in-

Figure 21. a) 1D zigzag coordination polymer obtained from the ligand opytrizediam and CuCl2; and b) its schematic representation.[64]
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herent to the doubly chloro-bridged dicopper moieties link-
ing the complexes to generate the infinite chain.

Recently, a very important finding in the field of anion
recognition has been achieved by using the dendritic li-
gand azadendtriz (Figure 19).[66] Indeed, anions are ubiq-
uitous in biochemical structures.[67,68] Contrary to that of
cations, the binding of anions has received little attention.
However, during the past two decades, an increasing
number of anion receptors have been developed,[69,70] most
likely because of their potential applications in medicine,
biology, catalysis, or for the elimination of anionic pollut-
ing wastes.[71]

A number of recent publications have reported theoreti-
cal investigations on the binding of halides with the elec-
tron-deficient s-triazine ring.[72] All calculations clearly indi-
cate energetically favourable noncovalent interactions be-
tween the halide and the electron-poor aromatic ring.[73,74]

Consequently, s-triazine-based compounds are perfect can-
didates for the development of anion host chemistry. This
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property was recently evidenced by the first crystallographic
proof of such interactions.[75]

Reaction of copper() chloride with the ligand azadend-
triz (Figure 19) in dichloromethane/water yields the tetra-
copper complex depicted in Figure 22a, where the triazin-
yl groups are stacked two by two in a parallel mode. This
is often observed in triazine rings and is known as the Pied-
fort effect.[76] As a result, the copper ions are coordinated
by two 2,2�-dipyridylamino units from two different s-tri-
azine rings, generating two aromatic baskets, each formed
by four pyridines (Figure 22b). These open cavities act as
anion receptors for two chlorides through anion-π interac-
tions. In addition, the chloride ions are close to the neigh-
bouring triazine rings (Figure 22a), suggesting electrostatic
interactions between the guest and the electron-deficient tri-
azine moieties. Thus, the combination of both electronic ef-
fects produces the first non-hydrogen-bonding artificial an-
ionic receptor.

Figure 22. a) [CuCl2–azadentriz] complex showing anion-binding
properties; b) guest chloride anion embraced between four pyridine
rings.[66]

Finally, the influence of the temperature and the pressure
on the nature of the coordination framework obtained has
been clearly demonstrated by using the ligand dpyatriz (Fig-
ure 19).[77] The reaction of zinc() nitrate with dpyatriz in
acetonitrile at room temperature gives a tetranuclear zinc
complex accommodating two triazine-based ligands (Fig-
ure 23).[78]

Figure 23. Tetrazinc complex obtained from the ligand dpyatriz
and Zn(ⁿ⁾ at room temperature.[78]

However, if the same reaction is performed in a sealed
tube at 105 °C under autogenous pressure, a 1D polymeric
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chain is obtained (Figure 24).[77] The significantly different
crystal packing observed at different crystallisation condi-
tions illustrate the difficulty of anticipating a crystal struc-
ture. Crystal engineering involves various interactions be-
tween the synthons (ligand, metal ion, anion, solvent). In
addition, the temperature and the pressure applied during
the experiment are obviously important and hence should
be considered for a better prediction of the crystal structure.

Figure 24. Coordination polymer obtained from the ligand dpyatriz
and Zn(NO3)2 at 105 °C under autogenous pressure.[77]

A closely related 1D coordination polymer is achieved
with copper() nitrate [in place of Zn(NO3)2] using the
same crystallisation process, while a 1D ladder network is
obtained at room temperature and normal pressure (Fig-
ure 20 and Figure 24).[61,77]

5. 1,3,5-Triazine Derivatives Combining Both H-
Bonding and Coordination Interactions

There are only a few examples reported in the literature
where the H-bonding ability of melamine derivatives has
been used in combination with coordination bonds. Lehn
and coworkers have described, in 1995, an ion-labelling sys-
tem to detect by mass spectroscopy the formation of H-
bonded networks by the binding of a metal ion, namely
potassium().[79] The triazine 10 (Figure 25a) has been syn-

Figure 25. a) Benzocrown-containing triazine-based ligand 10. b)
Formation of the rosette assembly.[79]
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thesized in 76% yield by reaction of two equivalents of 4�-
aminobenzo[18]crown-6 with one equivalent of 6-amino-
2,4-dichloro-1,3,5-triazine. The H-bonded self-assembly of
10 with 5,5-dibutylbarbituric acid (DBB) can lead to the
formation of various architectures, namely linear tape,
crinkled tape or rosette (Figure 5 and Figure 25b).

Equimolar 10–2  solutions of 10 and DBB in dichloro-
methane are combined and treated with KPF6. The re-
sulting mixture is then analysed by electrospray mass spec-
trometry (ESMS), which shows ion compositions character-
istic for the free ligand 10 and for the self-assemblies
102·(DBB)3, 103·(DBB)2 and 103·(DBB)3. The addition of
methanol (which is known to disrupt H-networks) to this
reaction mixture causes the disappearance of all peaks due
to 10x·(DBB)y complexes, supporting their presence in the
initial solution, since no additional assembly is observed in
the gas phase (after addition of methanol). These ESMS
studies clearly demonstrate the possibility of using this tech-
nique with weakly associated self-assemblies which are de-
stroyed by protonation. The ingenious stratagem consists
then of introducing a charge through cation binding to a
well-designed synthon such as 10. In that way, a component
like 10 in the presence of a salt forms a neutral supramolec-
ular coordination species that cannot be otherwise charac-
terised by ESMS.[79]

In 1998, Reinhoudt and coworkers developed a similar
labelling method for the characterisation of double rosette
assemblies, comparable to 23·(DEB)6 (Figure 7), by
MALDI-TOF mass spectrometry.[80] For this purpose, the
ligand 11 has been prepared (Figure 26).

Figure 26. Components used to prepare the double rosette as-
sembly.[80,81]

The 113·(DEB)6 adduct obtained by mixing 11 and DEB
is then stirred with 1.5 equivalents of Ag(CF3COO) in chlo-
roform for 24 h. Afterwards, the solution is analysed by
MALDI-TOF mass spectrometry which shows an intense
signal at m/z = 4278.3 (calculated value: 4276.1), ascribed
to the silver() complex of 113·(DEB)6 (Figure 27).[80] More-
over, these MS data are in perfect accordance with the 1H
NMR spectra of the hydrogen-bonded supramolecules in
solution.
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Figure 27. Proposed structure for the silver() complex of
113·(DEB)6. Only a small part of the double rosette is shown for
clarity.[80]

This silver() labelling technique has been extended to a
variety of hydrogen-bonded assemblies and can be consid-
ered as a powerful tool to characterise noncovalent as-
semblies or host–guest complexes.[81]

In 1998, Bernhardt and coworkers[82] have reported the
synthesis of a remarkable ditopic triazine-based ligand,
namely [6-(4�,6�-diamino-1�,3�,5�-triazinyl)-1,4,6,8,11-penta-
azacyclotetradecane] (12, Figure 28).

Figure 28. [6-(4�,6�-Diamino-1�,3�,5�-triazinyl)-1,4,6,8,11-penta-
azacyclotetradecane] (12).[82,83]

As expected, this ligand can both bind a metal ion and
be involved in the formation of a hydrogen network.[82,83]

More recently, Bernhardt and coworkers have used this li-
gand to obtain a redox-active receptor for neutral guests.[84]

The H-bonding abilities of the complex [Cu(12)]2+ are obvi-
ously due to the presence of a melamine unit that can act
as a donor–acceptor–donor entity (Figure 4). This intrinsic
property has been used by Bernhardt and coworkers who
have prepared a [Cu(12)]2+/barbiturate adduct whose crys-
tal structure is depicted in Figure 29.

H-bonded assemblies with barbitone and thymine (Fig-
ure 30) have also been obtained and crystallographically
characterised. Solution electrochemical studies have been
carried out in order to check the possibility of using
[Cu(12)]2+ as a redox-active receptor. The electrochemical
detection is based on a shift of the redox potential of the
host [Cu(12)]2+ complex upon binding of the neutral guest
molecule, i.e. barbitone, thymine, biuret or cytosine (Fig-
ure 30). These investigations have shown that the addition
of complementary guests such as barbitone or biuret, which
have an acceptor–donor–acceptor H-bonding pattern, leads
to a significant shift in the CuII/CuI redox potential. On the
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Figure 29. [Cu(12)]+2/barbiturate H-bonded network.[84]

contrary, no significant shift has been observed with cyto-
sine, which has a donor–acceptor–acceptor H-bonding
pattern, mismatched with the donor–acceptor–donor
pattern of [Cu(12)]2+. The communication between the H-
bonded element and the coordination unit of the triazine-
based molecule has thus been clearly established and a
host–guest selectivity has been evidenced. This type of ma-
terial may be used as a sensor to detect specific polar or-
ganic compounds in solution.

Figure 30. Guest molecules used with the complex [Cu(12)]+2.[84]

6. Concluding Remarks

The vast development of supramolecular chemistry over
the past twenty years has led to a huge diversity of chemical
assemblies, obtained both by design[5] and serendipitous
formation.[85] Tremendous progress has been made in the
field of crystal structure prediction, using well-designed li-
gands and the reticular synthesis approach.[5] 1,3,5-Tri-
azine-based synthons have proven their huge potential in
this area, and the present microreview reports on some of
the most remarkable examples published so far. The ability
of melamine derivatives to generate H-bond networks has

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 29–4240

been elegantly applied by several research groups to pro-
duce host–guest or porous materials. The straightforward
synthetic routes to generate sophisticated star-shaped po-
lydentate N-ligands have allowed the preparation of mol-
ecular cages with applications in catalysis or separation, co-
ordination polymers with magnetic properties or host–guest
cavities, and anion hosting materials. Finally, the judicious
combinations of H-bonding and coordinative interactions
through the use of well-designed 1,3,5-triazine building
blocks have generated functional materials with applica-
tions in mass spectrometry labelling and in sensoring. As
summarized above, triazine-based supramolecules are
highly promising synthons for the design and synthesis of
exciting new polyfunctional compounds. The controlled
preparation of hybrid inorganic–organic materials has re-
markably improved since the late 1990s, and the important
challenge of the contemporary supramolecular chemist is
now to control the functionalization of such solids.[5] This
includes the capacity to design intricate ligands which will
act both as structural and functional buildings blocks to
prepare custom-made materials possessing one or more spe-
cific properties, which can certainly be envisaged starting
from the inexpensive, readily available 2,4,6-trichloro-1,3,5-
triazine.
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A carbethoxy derivative of the push-pull chromophore
benzo[a]phenoxazin-5-one (Nile Red) forms chelate com-
plexes of the trivalent lanthanide ions that are stable in coor-
dinating solvents with a bathochromic shift of the intense
charge-transfer band in the Nile Red chromophore as a re-
sult. The complex formation results in quenching of the fluo-

Introduction

The benzo[a]phenoxazine compound Nile Red (nr) is a
widely used fluorescent laser dye (Figure 1). The intense ab-
sorption band (εmax � 35000 cm–1 –1), located in the VIS
range,[1] displays some charge transfer character in which
electron density is moved from the diethylamino group to
the carbonyl group, and nr is, accordingly, often referred to
as a so-called push-pull chromophore. The positions of the
absorption and emission bands are highly sensitive to the
nature of the solvent (polarity and hydrogen-bond acidity),
and the absorption maximum ranges from 484 nm in pen-
tane to 629 nm in trifluoroacetic acid.[2] This solvato-
chromic effect has its origin in the fact that the molecule in
the first excited singlet state is geometrically distorted with
a significantly higher dipole moment than in the ground
state. Exhibiting such twisted intramolecular charge trans-
fer (TICT) properties nr has thus been used extensively as a
polarity probe in chemical and biophysical environments.[3]

Moreover, Verhoeven found recently that nr was able to
sensitize a metal-centred NIR emission from the complexes
[Ln(fod)3(nr)] (Ln = Er or Yb, fod = 6,6,7,7,8,8,8-hep-
tafluoro-2,2-dimethyloctane-3,5-dione) in benzene solu-
tion.[4] However, complex formation between the Lewis ac-
ids [Ln(fod)3] and nr, that occurs through the carbonyl oxy-
gen atom in nr, is weak and does not take place in more
coordinating solvents such as acetonitrile (MeCN). In an
attempt to overcome this obstacle we have, during our in-
vestigations in this field,[5] used a derivative of nr, namely
nr-C(O)OEt shown in Figure 1. The attached carbethoxy
group makes the formation of a chelate metal complex
[LnIII{nr-C(O)OEt}] possible, resulting in enhanced sta-
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rescence from the free Nile Red ligand. Single crystals of a
lanthanum(III) complex have been grown and the X-ray crys-
tal structure showed that two Nile Red ligands are coordi-
nated to the metal centre.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bility of the metal complexes of nr-C(O)OEt. We present
here results that show that nr-C(O)OEt forms complexes
with lanthanide() (LnIII) ions in coordinating solvents.
Single crystals of a lanthanum() complex of nr-C(O)OEt
have been grown, and the crystal structure of this complex
has been determined. Despite the fact that nr has been
widely used as a polarity probe and that the electronic
structure of nr has been subject to numerous theoretical
studies,[6] this contribution describes the first example of a
crystal structure determination of a compound that in-
cludes an nr chromophore.

Results and Discussion

The synthesis of nr-C(O)OEt has been described by
Meng,[7] who prepared a whole series of nr derivatives.
From an MeCN solution of nr-C(O)OEt and La(OSO2-
CF3)3, single crystals of [La{nr-C(O)OEt}2(OSO2CF3)3-
(OH2)2]·H2O (1) were grown. Figure 2 shows the molecular
structure of 1. The lanthanum() centre in 1 is coordinated
by two molecules of nr-C(O)OEt (each bidentately coordi-
nated as shown in Figure 1), two water molecules, and three
triflate anions that are monodentately bound through the
oxygen atoms. The coordination geometry is best described
as tricapped trigonal prismatic. The La–O bond lengths are
normal for these types of ligators. Of special note is the
bonding geometry around the aliphatic, tertiary N1 and N3
atom. Firstly, the geometry is close to trigonal planar, and
the C–N–C angles range from 115° to 122°, and the C–C8–
N1–C and C–C31–N3–C dihedral angles range from 2° to
6° and from –170° to –178°, respectively. Secondly, the N1–
C8 and N3–C31 bond lengths of 1.353(3) and 1.330(3) Å,
respectively, are significantly shorter than expected for a
N(sp3)–C(sp2) bond (1.467(2) Å in 4-aminobenzonitrile hy-
drochloride).[8] This can be rationalized if we take the ionic
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Figure 1. Structure of the ligands nr and nr-C(O)OEt; the latter ligand is chelated to a lanthanide() ion (LnIII).

resonance structure shown in Figure 3 into account. Here,
the lone pairs of electrons on N1 and N3 reside in a pure
p orbital which is conjugated with the aromatic ring; this
results in an increased order of the N1–C8 and N3–C31
bond and delocalization of a negative charge on the β-keto
ester group, as shown in Figure 3. Similar behaviour was
seen in other acceptor-substituted aromatic amines such as
4-(dimethylamino)benzonitrile[9] and 4-nitroso-N,N-dieth-
ylaniline[10] in which the analogous C–N bond length was
1.366(2) and 1.358(4) Å, respectively. Han et al. calculated,
by density functional methods, the bond lengths of nr in
the ground state and the first excited singlet state both in
the gas phase and in H2O solution.[6b] It is worth noting
that the bond lengths of the nr-C(O)OEt ligand in 1 agree
(within 0.01 Å) with the calculated bond lengths of nr in the
ground state in H2O solution. With regard to other metal
complexes of nr, it should be noted in this context that
Ghedini isolated the cyclometalated, square-planar com-
plexes of the type [Pd(nr)(acac)] (acac = acetylacetonate or
derivatives thereof) in which the nr ligand supposedly bi-
dentately coordinates through the N12 and deprotonated
C1 atoms (the atom numbering is taken from Figure 1).[11]

No crystal structures were, however, reported.

Figure 2. Molecular structure of the complex [La{nr-C(O)-
OEt}2(OSO2CF3)3(OH2)2] with the hydrogen atoms omitted for
clarity. The thermal ellipsoids are shown at the 50% probability.
Ranges of bond lengths: La–O(triflate) 2.5623(16)–2.5985(16) Å,
La–O(water) 2.5331(15)–2.5903(16) Å, La–O{nr-C(O)OEt}
2.4482(15)–2.5507(15) Å.

For the recording of the 1H NMR spectra excess
La(CF3SO3)3 was added to an acetonitrile solution of nr-
C(O)OEt in order to ensure that all nr-C(O)OEt was com-
plexed. In the 1H NMR spectrum of such a solution there
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Figure 3. A resonance form of a lanthanum() chelate complex of
nr-C(O)OEt.

are no peaks originating from free nr-C(O)OEt, and only
one type of complexed nr-C(O)OEt is seen. The chemical
shift values (δ) for complexed and free nr-C(O)OEt are
shown in Table 1. It should be noted that the chemical shifts
move downfield on complexation owing to the electron-
withdrawing inductive effect of the metal ion, with the ex-
ception of those for 2-H, 3-H, and 4-H. The excess
La(CF3SO3)3 in the solution favours a 1:1 stoichiometry for
La/nr-C(O)OEt, but it is worth noting that the crystals that
separate out from the solution after long-term storage have
a stoichiometry of 1:2.

Table 1. Chemical shift (δ/ppm) assignment of the 1H NMR spectra
of nr-C(O)OEt and [LaIII{nr-C(O)OEt}] in CD3CN at 298 K.

Nuclei nr-C(O)OEt La{nr-C(O)OEt}

N(CH2CH3)2 1.21 1.40
OCH2CH3 1.41 1.52
N(CH2CH3)2 3.48 3.73
OCH2CH3 4.45 4.65
1-H 8.19 8.38[a]

2-H 7.68 7.62
3-H 7.78 7.62
4-H 8.57 8.28[a]

8-H 6.55 6.59
10-H 6.83 7.38
11-H 7.61 7.81

[a] May be interchanged.

Stužka et al.[12] studied the IR spectra of various substi-
tuted benzo[a]phenoxazine compounds, and on the basis of
that work, we assign the bands at 1640 and 1733 cm–1 in
the IR spectrum of nr-C(O)OEt as carbonyl vibrations in
the keto and ester groups, respectively. An IR spectrum of
a solid with the formula [La{nr-C(O)OEt}3](CF3SO3)3·
3H2O (2) shows that metal complexation to the ester car-
bonyl oxygen atom results, in accordance with the reso-
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nance form in Figure 3, in a significant decrease in the ester
carbonyl stretching frequency; this band appears as a shoul-
der (at ν̃ = 1694 cm–1) on the other (keto) carbonyl vi-
brational band at 1658 cm–1.

The optical spectra of nr-C(O)OEt and its lanthanum()
complex in solution can be seen in Figure 4. The pink col-
our of a MeCN solution of nr-C(O)OEt (λabs

max = 553 nm)
changes to blue (λabs

max = 622 nm) upon addition of
La(CF3SO3)3. This bathochromic shift of the charge-trans-
fer band is a result of the interaction between the electron-
rich carbonyl group and the electron-withdrawing lantha-
num() ion that lowers the diethylamino to carbonyl oxy-
gen charge-transfer energy. A similar behaviour with other
LnIII ions and in other solvents is observed. With regard to
the luminescence properties, solutions of nr-C(O)OEt dis-
play strong fluorescence with the emission maximum in
MeCN located at λem

max = 627 nm (λex
max = 553 nm). Addition

of La(CF3SO3)3 reduces the fluorescence intensity to about
10% of the original, and the emission maximum shifts to
λem

max = 654 nm. Earlier studies of nr[13] have shown that the
fluorescence lifetime and quantum yield is reduced signifi-
cantly with increasing hydrogen-bond donating power of
the medium, because hydrogen bonding that involves the
electrons around the carbonyl oxygen atom will promote
the nonradiative deactivation pathway by vibrational exci-
tation of the resulting O–H group. However, coordination
of a lanthanum() ion to the carbonyl oxygen atom cannot
lead to deactivation through that mechanism. Instead, in-
tersystem crossing to a triplet state promoted by the heavy
metal ion could be a possible pathway for fluorescence
quenching.

Figure 4. Optical absorption spectra of a 1.00×10–5  MeCN solu-
tion of nr-C(O)OEt before (–) and after addition of a ten-fold ex-
cess of La(CF3SO3)3 (---).

In summary, we have shown that the present derivatis-
ation of nr ensures that complex formation with lantha-
nide() ions does take place in solution. An nr chromo-
phore might thus serve as a VIS absorbing sensitizer for the
NIR emitters NdIII, ErIII, and YbIII. Such systems might
find use as luminescent tags in biological systems and have
accordingly attracted interest in recent years.[14] Our investi-
gations in this field are ongoing, and the results will be pub-
lished in due time.
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Experimental Section
Physical Methods and Materials: The starting material 6-car-
bethoxy-9-diethylamino-5H-benzo[a]phenoxazin-5-one [nr-C(O)-
OEt] was prepared as described in the literature.[7] Infrared spectra
were obtained with a FT-IR 1760X spectrometer. 1H NMR studies
were carried out with a Bruker 250 MHz instrument at room tem-
perature with the δ values referenced to residual 1H impurities in
the solvent. Optical absorption spectra were recorded with a Cary
5E UV/Vis-NIR spectrophotometer. Fluorescence spectra were re-
corded on a Spex Fluorolog FL3-22. Elemental analyses (C, H,
N) were performed at the Department of Chemistry, University of
Copenhagen.

Single Crystals of Diaquabis(6-carbethoxy-9-diethylamino-5H-
benzo[a]phenoxazin-5-one)tris(triflato-O)lanthanum(III) Monohy-
drate, [La{nr-C(O)OEt}2(OSO2CF3)3(OH2)2]·H2O (1): A mixture
of La(CF3SO3)3 (50 mg, 0.085 mmol), nr-C(O)OEt (10 mg,
0.026 mmol), and CD3CN (2 mL) was stirred, and undissolved
La(CF3SO3)3 was removed by centrifugation. The resulting blue
solution was used for 1H NMR spectroscopy. After several months
at 298 K, green plate crystals of 1 separated out from this solution.
The crystals were isolated by decantation and dried under a flow
of nitrogen.

Tris(6-carbethoxy-9-diethylamino-5H-benzo[a]phenoxazin-5-one)lan-
thanum(III) Triflate Trihydrate, [La{nr-C(O)OEt}3](CF3SO3)3·
3H2O (2): La(CF3SO3)3 (200 mg, 0.34 mmol) was dissolved in dry
acetonitrile (50 mL) with stirring. Then nr-C(O)OEt (50 mg,
0.13 mmol) was added, and the solution immediately turned dark
blue. Slow evaporation of the solvent at room temperature over two
weeks resulted in precipitation of a green microcrystalline material.
The remaining mother liquor was decanted away, and the solid was
washed thoroughly with water to remove excess La(CF3SO3)3 and
finally air-dried. Yield 40 mg (17%). C72H72F9LaN6O24S3

(1811.48): calcd. C 47.74, H 4.01, N 4.62; found C 47.81, H 3.69,
N 4.63.

X-ray Crystallography: X-ray crystallographic study of 1:
C49H50F9LaN4O20S3, M = 1421.02, triclinic, P1̄, a = 8.9240(9), b
= 13.0080(12), c = 24.217(3) Å, α = 95.333(11), β = 93.696(9), γ =
90.493(9)°, V = 2793.2(5) Å3, Z = 2, µ(Mo-Kα) = 0.987 mm–1,
83979 reflections measured with a Nonius KappaCCD area-detec-
tor system at 122(1) K in the θ range 1.57–27.99°, 13422 unique
reflections [R(int) = 0.0588] were used in the data analysis. The
structure was solved using SHELXS-97 and refined using
SHELXL-97.[15] During the refinement of 1 disorder was observed
that involved one of the ethyl groups in one of the nr ligands. The
disorder was resolved by refining the ethyl group in two conforma-
tions. The refinement converged at R1 = 0.0293 for 12035 observed
reflections with I � 2σ(I), wR2 = 0.0671 for all unique reflections,
S = 1.150, and an occupancy of 66% for the cis conformation of
the disordered ethyl group. The anisotropic displacement param-
eters for all non-hydrogen atoms were refined. All hydrogen atoms
were located in the difference Fourier map and included in the re-
finement riding on their parent atoms. The hydrogens on carbon
were refined at idealised positions. Fourier peaks after the refine-
ment were equal to 0.794 and –0.770 e/Å3. CCDC-276918 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The preparation of the first- and second-generation of nitrile-
functionalized poly(alkylidene imine) dendrimers with the
organometallic ruthenium complex [Ru(η5-C5H5)(PPh3)2Cl]
peripherally attached is described. The reaction of N,N�-bis-
(cyanomethyl)piperazine (1), N,N�-bis[N��,N���-bis(cyano-
ethyl)aminoethyl]piperazine (2), or N,N,N�,N�-tetrakis(cyano-
ethyl)ethylenediamine (3) with [Ru(η5-C5H5)(PPh3)2Cl] (4) in
the presence of TlPF6 gives the new air-stable ruthenium
metallodendrimers 5, 6, and 7, respectively. These stable
metallodendrimers are easily prepared and represent a novel

Introduction

Coordination-chemistry-based dendrimers can be easily
prepared by straightforward synthetic methods by an ap-
propriate choice of metals and ligands.[1] One of the most
promising aspects of metallodendrimers[1–4] is their applica-
bility as renewable metallodendritic catalysts,[5–7] as well as
nanoscale molecular materials[8] with unusual physical or
optical properties to be used as nonlinear optics (NLO) ma-
terials.[9–12]

Even though poly(propylene imine) derivatives are well
known building blocks for the preparation of dendri-
mers,[13] the direct use of nitrile-functionalized poly(alkylid-
ene imine) as a core for the preparation of metallodendri-
mers has not been reported prior to this work. In a previous
work[14] we succeeded in the preparation of hexa- and non-
aruthenium star-shaped complexes by using [Ru(η5-
C5H5)(PPh3)2Cl] as the organometallic ruthenium reagent.
The same reasoning was followed in this work and we ex-
plored the use of nitrile-functionalized poly(alkylidene
imine)s (generation 0 and 1) for the coordination to the
organometallic fragment [Ru(η5-C5H5)(PPh3)2]. The aim
was the development of novel methods for the preparation
of new nanoscopic molecular materials (metallodendrimer-
based) with particular physical (NLO) and/or chemical
properties (catalytic activity).

[a] Centro de Química da Madeira, LQCMM, Departamento de
Química da Universidade da Madeira, Campus Universitário
da Penteada,
9000-390 Funchal, Portugal

[b] NanoScience Center, Department of Chemistry, University of
Jyväskylä,
P. O. Box 35, 40014 Jyväskylä, Finland
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quantitative method to solidify and chromatographically pu-
rify the otherwise semi-liquid nitrile-functionalized poly(alk-
ylidene imine) dendrimers. The compounds were fully char-
acterized by IR and 1H, 13C, and 31P NMR spectroscopy, and
mass spectrometry. These dendrimers represent the first ex-
ample of the utilization of nitrile-functionalized poly(alkylid-
ene imine)s as cores in the preparation of metallodendrimers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion
The core nitrile-functionalized poly(alkylidene imine)s

N,N�-bis(cyanomethyl)piperazine (1), N,N�-bis[N��,N���-bis-
(cyanoethyl)aminoethyl]piperazine (2), and N,N,N�,N�-tet-
rakis(cyanoethyl)ethylenediamine (3) were obtained in good
yields by reaction of piperazine with chloroacetonitrile (1).
The precursor amine for 2 was obtained by reduction of
nitrile 1 with LiAlH4. The piperazine and ethylenediamine
were then treated with acrylonitrile under classic Michael
reaction conditions.[15] The exact synthetic details of the
preparation of 1–3 will be reported elsewhere.

These organic cores were quantitatively coordinated to
the ruthenium reagent [Ru(η5-C5H5)(PPh3)2Cl] (4) by sub-
stitution of chloride and coordination to the nitrile nitro-
gen, using a slight excess of TlPF6 in methanol, resulting in
the bis- and tetrakisruthenium-bonded dendrimers
(Schemes 1 and 2).

These organometallic dendrimers were isolated in good
yields as air-stable, yellow powders and were characterized
by UV/Vis, IR, and 1H, 13C, and 31P NMR spectroscopy,
and mass spectrometry.

The IR spectra of 5, 6, and 7 show, besides the character-
istic band of the PF6

– counterion at 840 and 521 cm–1, the
nitrile band shifted to higher energies by 5, 14, and 21 cm–1,
respectively, when compared with the free nitrile, thus indi-
cating similar coordination of all termini of the cores to the
ruthenium fragment. These results are in accordance with
the 1H NMR spectra, which show only one signal for
CH2CN shifted downfield and good relation/integrations
between the protons of the ruthenium fragment and the
protons of the cores. The 13C NMR spectra also show the
expected signals, except for the nitrile carbon, which could
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Scheme 1. First- and second-generation ruthenium metallodendrimers with piperazine cores.

Scheme 2. A ruthenium metallodendrimer with an imine core.

not be detected due to slow relaxation. The appearance of
only one Cp-ring signal at around δ = 4.5 ppm in the 1H
NMR spectrum and only one phosphorus signal in the 31P
NMR spectrum (δ � 42 ppm) for all products is due to the
equivalence of the ruthenium fragments coordinated to the
cores and confirms the bis and the tetra coordination.

Clean mass spectra were obtained for all products, show-
ing the characteristic [M+] peaks at m/z = 1691 (5), 3583 (6,
Figure 1), and 3471 (7) and some peaks of typical fragmen-
tations of the molecule in this technique (TOF-MS; see Ex-
perimental Section).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 47–5048

All the UV/Vis electronic spectra of the ruthenium den-
drimers, recorded in ca. 10–5  solutions of CH2Cl2, show
a shoulder at around 351 nm with ε values in the range 0.7–
1×104 –1 cm–1. This behavior is probably due to a metal-
to-ligand charge-transfer (MLCT) transition, since a similar
transition is absent both in [Ru(η5-C5H5)(PPh3)2Cl] and in
the uncoordinated cores.

Although there is not sufficient literature data for 1:4
complex salts,[16] the conductivity measurements, together
with the spectroscopic data, indicate that the assumption of
1:2 and 1:4 complex salts is correct.
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Figure 1. Mass spectrum of compound 6 showing the [M+] peak at m/z = 3583.

Several attempts to obtain crystals of these metallodend-
rimers for the elucidation of their structures in the solid
state failed, producing only microcrystals unsuitable for X-
ray diffraction.

Conclusions

We have reported the preparation and characterization
of the first- and second-generation poly(alkylidene imine)
ruthenium dendrimers using nitrile-functionalized poly(alk-
ylidene imine)s as cores and the organometallic fragment
[Ru(η5-C5H5)(PPh3)2] at the periphery. The easy prepara-
tion of these stable metallodendrimers represents a novel
quantitative method to solidify and chromatographically
purify the otherwise amorphous or semi-liquid nitrile-func-
tionalized poly(alkylidene imine) dendrimers. The chroma-
tographic purification of dendritic compounds is still rare
and our method could be of help for purification of other
dendritic nitriles. Our efforts are currently focused on the
synthesis of higher generations of metallodendrimers and
on the use of different metallic fragments to obtain dendri-
mers with different properties and applications.

Experimental Section
General: All experiments were carried out under vacuum or nitro-
gen atmosphere by use of standard Schlenk techniques. With the
exception of absolute methanol, which was used without further
purification and degassed before use, all the solvents used were
dried according to the usual published methods[17] and distilled
prior to use. The compound [Ru(η5-C5H5)(PPh3)2Cl] (4) was pre-
pared and characterized as described in the literature.[18,19]
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Physical Measurements: The UV/Vis spectra were recorded with a
GBC-Cintra 40, UV/Vis spectrometer using 1-cm optical-path
quartz cells with freshly prepared solutions of approximately 10–5 

concentration in CH2Cl2. The mass spectra (TOF-MS) were re-
corded on a Micromass LCT. FT-IR spectra were recorded with a
Nicolet Avatar 360 FTIR spectrometer, calibrated with polystyrene,
as KBr pellets; only significant bands are cited in the text. 1H,
13C{1H}, and 31P{1H} NMR spectra were recorded on a Bruker
AM500 spectrometer at 500.13, 125.77, and 202.44 MHz, respec-
tively, at 293.15 K (probe temperature). The 1H chemical shifts (δ),
reported in parts per million (ppm) downfield, are referenced to
residual chloroform (δ = 7.24 ppm). The 13C{1H} chemical shifts
were reported in ppm relative to the carbon resonance of the deu-
terated NMR solvent (CDCl3: δ = 77.00 ppm). The 31P{1H} NMR
spectra are reported in ppm downfield from external 85% H3PO4

(δ = 0.00 ppm). The elemental analysis of the complexes did not
give satisfactory results after several tries and is not reported. The
probable reasons for these irreproducible results are the evapora-
tion of the possible lattice solvent molecules (MeOH, CH2Cl2,
CHCl3, or diethyl ether) and/or the adsorption/desorption of
moisture. Conductivity measurements were made at 273.15 K on
freshly made 10–3  solutions of the complexes in nitromethane
using a CRISON-microCM 2200. The cell constant was deter-
mined by measuring the resistance of an aqueous solution of KCl
(0.0100 , σ = 0.001413 Ω–1 cm–1 at 273.15 K). Molar conductivi-
ties (ΛM) are given in units of Ω–1 cm2 mol–1. The accepted ranges
for 1:2- and 1:4-type electrolytes under these conditions are 100–
160 and 290–330 Ω–1 cm2 mol–1, respectively.[16]

Synthesis of 5: [Ru(η5-C5H5)(PPh3)2Cl] (4; 0.4509 g, 0.620 mmol)
and the dinitrile 1 (0.051 g, 0.310 mmol) were introduced with
MeOH (30 mL), under nitrogen, into a flame-dried Schlenk flask.
TlPF6 (0.250 g, 0.713 mmol) was added and, after stirring the mix-
ture for 13 h, the solvent was removed under vacuum. The product
was extracted with CH2Cl2 and, after filtration, the solvent was
removed under vacuum. The green product was dissolved in 10 mL
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of CH2Cl2 and precipitated with n-hexane, the solution was filtered,
and the yellow precipitate was washed twice with 10 mL of n-hex-
ane. The yellow powder was dried under vacuum. Yield: 0.2853 g
(51%). 1H NMR (500 MHz, CDCl3): δ = 7.40–7.07 (m, PPh3), 4.48
(s, 10 H, C5H5), 3.77 (s, 8 H, CNCH2), 2.08 (s, 4 H, NCH2CH2N)
ppm. 13C NMR (126 MHz, CDCl3): δ = 135.7–133.3 (PPh3), 83.8
(C5H5), 51.0 (CNCH2), 48.1 (NCH2CH2N) ppm. 31P NMR
(202 MHz, CDCl3): δ = 42.2 (s, PPh3), –143 (m, PF6) ppm. FT IR
(KBr): ν̃ = 2236 (νCN), 839 and 522 cm–1(νPF6

). TOF MS (ES+):
m/z (%) = 691 (100) [RuCp(PPh3)2]+, 855 (60) [RuCp(PPh3)2(1)]+,
1691 (10) [M]+. UV/Vis (CH2Cl2): λmax [nm] (ε [–1 cm–1]) = 351
(0.8×104). ΛM = 157 Ω–1 cm2 mol–1.

Synthesis of 6: [Ru(η5-C5H5)(PPh3)2Cl] (4; 0.3667 g, 0.505 mmol)
and the ligand N,N�-bis[N��,N���-bis(cyanoethyl)aminoethyl]pipera-
zine (2; 0.047 g, 0.120 mmol) were introduced with MeOH (45 mL),
under nitrogen, into a flame-dried Schlenk flask. TlPF6 (0.2024 g,
0.579 mmol) was added and, after refluxing for 5 h, the mixture
was stirred at room temperature for 16 h. The solvent was removed
under vacuum and the product was extracted with CH2Cl2. After
filtration the solvent was removed and the solid was washed twice
with diethyl ether. The product was dissolved in 10 mL of CH2Cl2
and precipitated with diethyl ether. The yellow powder was dried
under vacuum. Yield: 0.1933 g (45%). 1H NMR (500 MHz,
CDCl3): δ = 7.35–7.05 (m, PPh3), 4.47 (s, 20 H, C5H5), 2.55 (s, 4
H, NCH2CH2N), 2.43 (s, 8 H, NCCH2CH2) 2.35 (s, 16 H, NCH2)
ppm. 13C NMR (CDCl3, 126 MHz): δ = 135.7–127.1 (PPh3), 83.5
(C5H5), 55.4 (NCH2CH2N piperazine center), 53.1 (inner
NCH2CH2), 52.3 (inner NCH2CH2), 43.5 (outer NCH2CH2), 17.9
(CH2CN) ppm. 31P NMR (202 MHz, CDCl3): δ = 42.4 (s, PPh3),
–143 (m, PF6) ppm. FT IR (KBr): ν̃ = 2259 (νCN), 840 and
521 cm–1(νPF6

). TOF MS (ES+): m/z (%) = 691 (100) [RuCp-
(PPh3)2]+, 813 (20) [RuCpPPh3(2)]+, 1075 (25) [RuCp(PPh3)2(2)]+,
1649 (15) [Cp(PPh3)2CpRu(2)RuCpPPh3][PF6], 1911 (20)
[{RuCp(PPh3)2}2(2)][PF6], 2746 (60) [{RuCp(PPh3)2}3(2)][PF6]2,
3583 (10) [M]+. UV/Vis (CH2Cl2): λmax [nm] (ε [–1 cm–1]) = 350
(1.1×104). ΛM = 279 Ω–1 cm2 mol–1.

Synthesis of 7: [Ru(η5-C5H5)(PPh3)2Cl] (4; 0.2505 g, 0.345 mmol)
and the ligand N,N,N�,N�-tetrakis(cyanoethyl)ethylenediamine (3;
0.0245 g, 0.177 mmol) were introduced with MeOH (35 mL), under
nitrogen, into a flame-dried Schlenk flask. TlPF6 (0.1482 g,
0.424 mmol) was added and, after refluxing for 12 h, the mixture
was stirred at room temperature for 12 h. The solvent was removed
under vacuum and the product was extracted with CH2Cl2. After
filtration the solvent was removed and the solid was washed twice
with diethyl ether. The product was dissolved in 10 mL of CH2Cl2
and precipitated with diethyl ether. The yellow powder was dried
under vacuum. Yield: 0.1804 g (60%). 1H NMR (500 MHz,
CDCl3): δ = 7.31–7.06 (m, PPh3), 4.47 (s, 20 H, C5H5), 2.57 (s, 8
H, NCCH2CH2N), 2.47 (s, 8 H, NCCH2), 2.31 [s, 4 H, N(CH2)2N]
ppm. 13C NMR (126 MHz, CDCl3): δ = 136.1–128.6 (PPh3), 83.8
(C5H5), 52.4 [N(CH2)2N], 49.0 (NCH2CH2CN), 18.9 (CH2CN)
ppm. 31P NMR(202 MHz, CDCl3): δ = 42.5 (s, PPh3), –143 (m,
PF6) ppm. FT IR (KBr): ν̃ = 2264 (νCN), 840 and 521 cm–1(νPF6

).
TOF MS (ES+): m/z = 691 (100) [RuCp(PPh3)2]+, 963 (7)
[RuCp(PPh3)2(3)]+, 1799 (20) [{RuCp(PPh3)2}2(3)][PF6], 2110 (18)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 47–5050

[RuCp(PPh3)2(3)(RuCpPPh3)2][PF6]2, 2372 (75) [{RuCp(PPh3)2}2-
(3)RuCpPPh3][PF6]2, 2634 (70) [{RuCp(PPh3)2}3(3)][PF6]2, 3471
(18) [M+]. UV/Vis (CH2Cl2): λmax [nm] (ε [–1 cm–1]) = 351
(0.7×104). ΛM = 313 Ω–1 cm2 mol–1.
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The catalytic properties of rhodium complexes containing the
α-, β-, or γ-amino-phosphane ligands Ph2PCH2NEt2 (α-P,N-
1), Ph2PCH(Ar)NHPh [α-P,N-2; Ar = η6(o-C6H4Cl)Cr(CO)3],
Ph2PCH2NPh2 (α-P,N-3), Ph2PCH2CH(Ph)NHPh (β-P,N),
Ph2PCH2(o-C6H4–NMe2) (γ-P,N-1), Ph2PCH(o-C6H4–
CH2NHPh) (γ-P,N-2), and the α,β-diamino-phosphane ligand
Et2NCH2P(Ph)CH2CH(Ph)NHPh (α,β-N,P,N), in styrene hy-
droformylation have been examined. The results show that
the activity increases when the number of backbone carbon
atoms linking P and N decreases from 3 to 1. IR and 31P
HPNMR studies in solution show that all P,N ligands adopt
exclusively a κ1-P coordination mode in rhodium chloride

Introduction

Bifunctional P,N ligands are being intensively investi-
gated because they present advantages compared to com-
mon trialkyl phosphanes in the catalytic applications of
their corresponding Pd, Ni, Ru, and Ir complexes.[1–8] These
ligands can be either κ1-P or κ2-P,N coordinated and each
coordination mode can modify the catalytic properties. For
example, the chelating coordination mode enhances the nu-
cleophilic character of the metal center and subsequently
promotes hydrogen oxidative addition.[7,9,10] A comparative
study between α- and β-amino-phosphanes in rhodium-cat-
alyzed hydroformylation has led to the proposal that a bi-
dentate coordination mode accelerates aldehyde reductive
elimination from RhH2(acyl)(P,N).[11] The authors con-
clude that uncoordinated amino functions do not act as
bases. In contrast, the dangling amine function in a PdII-
coordinated κ1-P-pyridinylphosphane acts as a “proton
messenger” in catalytic alkyne methoxycarbonylation.[1] In
another study of rhodium-catalyzed hydroformylation, it
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carbonyl complexes under high CO pressure. In the solid
state a κ1-P-α-amino-phosphane coordination has been as-
certained by X-ray methods in trans-[RhCl(CO)(γ-P,N-1)2]. In
contrast, an equilibrium between the κ2-P,N and κ1-P-coordi-
nation modes has been observed as a function of the CO
pressure for the complex containing the β-P,N ligand. The
basicity of the dangling amino group also plays an important
role on the catalytic activity and a mechanism involving the
nitrogen function in the catalytic cycle is proposed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

was shown that the P,N,P type, Ph2PCH2N(Ar)CH2PPh2,

ligand is much more active than its analogous Ph2P(CH2)3-
PPh2. However, a rationalization for the latter observation
was not proposed.[12]

One of the key questions related to the use of bifunc-
tional ligands, particularly those associating soft and hard
donor atoms, is whether there is reversible association/
dissociation of one labile function during the catalytic cycle
(hemilability concept). In our laboratory, we have developed
different pathways to chiral α- or β-P,N and mixed α,β- and
β,γ-N,P,N ligands and their coordination properties have
been explored in palladium() and rhodium() com-
plexes.[13–16] Particularly, we have reported that β-P,N li-
gands adopt a chelating mode whereas α-P,N ligands are
only P-coordinated in CuI or in RhI complexes.[17,18] Sepa-
rate work has shown that β-P,N ligands in RhI complexes
can adopt a monodentate κ1–P-[19] or a κ2-P,N-coordination
mode.[15,20] Nevertheless, no direct evidence for a hemilabile
character has been reported so far for β-P,N ligands in RhI

complexes. This behavior was only suggested for a few cat-
ionic complexes of type [Rh(COD)(β-P,N)]+ in order to ra-
tionalize a rapid fluxional process.[21] Nor is it known
whether the coordinated N donor in these RhI complexes
and in related complexes with γ-amino-phosphanes is dis-
placed by CO under catalytic conditions. A hemilabile be-
havior for related chiral P,N ligands could explain the low
enantioselectivities observed in asymmetric Rh-catalyzed
hydroformylation.[22,23] On the other hand, an optically
pure RuII β-amino-phosphane complex led to higher ee for
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the asymmetric reduction of ketones, whereas a related Ru-
γ-amino-phosphane complex led to the same product in ra-
cemic form.[6]

We now wish to provide new information on the effect
of a dangling vs. a coordinated nitrogen function of chiral
P,N ligands in rhodium hydroformylation catalysis, thus
helping to clarify a few previously obscure points.[11,12]

Consequently, we have (i) investigated the mono- or biden-
tate coordination mode of P,N ligands in rhodium com-
plexes under CO pressure by 31P HPNMR and IR spec-
troscopy, (ii) examined the catalytic properties of various
RhI–P,N complexes in styrene hydroformylation in order to
establish a relation with the coordination modes, and (iii)
evaluated the effect of the N basicity in P,N ligands on the
formation and properties of the catalytic species.

Results

Coordination, IR, and 31P{1H} HPNMR Studies of Amino-
Phosphanes in RhI Complexes

We first examined whether the nitrogen donor in dif-
ferent P,N ligands (see Scheme 1) is coordinated under cata-
lytic conditions. This investigation completes our recent
studies on the RhI coordination chemistry of P,N li-
gands.[15,18] Indeed, we have already reported that complex
RhCl(COD)(α-P,N-2) (complex 1) adopts a κ1-P coordina-
tion mode both in the solid state and in solution and that
an analogous monodentate coordination mode is also
adopted in the dicarbonyl complex RhCl(CO)2(α-P,N-2)
(IIα, see Scheme 2).[18] The latter was obtained by ligand
exchange from RhCl(COD)(α-P,N-2) (COD = 1,5-cyclooc-
tadiene) under high CO pressure. Lowering the CO pressure
did not result in the formation of a κ2-P,N mononuclear
product (Iα), but rather induces a ligand redistribution to
yield RhCl(CO)(α-P,N-2)2 (IIIα) where both α-P,N ligands
are once again κ1-P coordinated.

Scheme 1.

The behavior of RhI complexes containing the β-P,N and
γ-P,N-1 ligands was first studied by IR in CH2Cl2 solution
under CO (see Figure 1). Irrespective of the amino-phos-
phane, the IR spectrum shows two absorption bands at
2092 and at 2010 cm–1, corresponding to the type-II dicar-
bonyl rhodium complex (named IIγ and IIβ, with the γ-
P,N-1 and β-P,N ligands, respectively) where the amino-
phosphane is κ1-P coordinated. However, the IR spectrum
of IIβ shows an additional absorption band at 1986 cm–1

corresponding to Iβ, as will be discussed in detail below.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 51–6152

Scheme 2.

Figure 1. IR spectra of [Rh(CO)2Cl]2 + P,N ligand mixtures in 1:2
ratio prepared in CH2Cl2 under CO at room temperature, (a) with
the γ-P,N-1 ligand and (b) with the β-P,N ligand.

We then carried out 31P{1H} high pressure (HP) NMR
studies for both dicarbonyl rhodium complexes IIγ and IIβ
in order to confirm the IR results and to obtain additional
information on their stability. When a solution of
[RhCl(COD)(γ-P,N-1)] (complex 2) was pressurized with
CO, its doublet resonance at δ = 29.5 ppm [1J(Rh,P) =
150 Hz] was replaced by a new one at δ = 26.9 ppm [1J(Rh,P)

= 126 Hz] (see Figure 2). The presence of a single complex
is consistent with the IR data. After depressurization, com-
plex IIγ evolved to complex IIIγ, [doublet at δ = 30.5 ppm
with 1J(Rh,P) = 126 Hz] which became the only detectable
product after flushing the solution for a few minutes with
a dinitrogen stream (see Figure 2). The assignment of this
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Figure 2. 31P{1H} HPNMR spectra under CO pressure for complex
2 in CDCl3 solution. (a) Under N2, (b) under CO, (c) under 20 bar
of CO, (d) after depressurization, (e) solution after flushing 5 min
with N2.

Figure 3. ORTEP view of complex IIIγ. Thermal ellipsoids are drawn at the 50% probability level. H atoms are omitted for clarity.
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signal to the monocarbonyl-bis-amino-phosphane rhodium
complex IIIγ was confirmed by an X-ray structure analysis.
Crystals of complex IIIγ (see Figure 3) were obtained upon
attempting to crystallize complex IIγ, and their redissol-
ution in CDCl3 led to a 31P NMR spectrum identical to
spectrum (e) in Figure 2. Therefore, the final product of the
NMR experiment in Figure 2 is unambiguously identified
as a monocarbonyl-bis-amino-phosphane rhodium com-
plex.

The evolution of IIγ to IIIγ must be accompanied by the
formation of undefined organometallic CO-free by-prod-
ucts, as described previously for the analogous evolution of
the α-P,N-2 rhodium complex.[18] The νCO value at
1974 cm–1 for IIIγ is close to that found for
[RhCl(CO)(PPh3)2] (1965 cm–1),[24] thus suggesting similar
electronic properties for the γ-P,N-1 ligand and tri-
phenylphosphane. Table 1 shows quite typical geometrical
features and metric parameters for a complex of type
RhCl(CO)L2 (i.e.: L = trialkyl-, dialkyl-N-pyrrolidinyl-, or
α-amino-phosphanes), namely a nearly ideal square-planar
geometry around the rhodium atom with mutually trans
phosphorus atoms.[18,24]

Table 1. Selected bond lengths [Å] and angles [deg] for IIIγ.

Rh–P 2.3199(7)
Rh–C(1) 1.800(4)
Rh–Cl 2.3681(9)
C(1)–O 1.161(5)

P–Rh–P# 172.83(3)
C(1)–Rh–P 93.584(17)
C(1)–Rh–Cl 180.0
P–Rh–Cl 86.416(17)
O–C(1)–Rh 180.0
Symmetry transformations used to generate equivalent atoms:
# –x, y, –z + 1/2
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Worth noting in the structure is that the γ-P,N ligand

does not chelate the rhodium center, contrary to what has
been reported for a variety of Cu, Ru, Pd, and Rh com-
plexes with the related ligands Ph2PCH2[o-C6H4–N(Me)-
CH2CH2OH], Ph2P(o-C6H4–CH2NHtBu), Ph2P(o-C6H4–
CH2NMe2), and PhP[o-C6H4–CH(Me)NMe2]2, respec-
tively.[25–28] All the above results show that the α- and γ-
P,N ligands adopt the same coordination mode in rhodium
chloride complexes and undergo an identical ligand redistri-
bution process (see Scheme 3).

A different situation was observed in the case of rhodium
complexes containing the β-P,N ligand. Indeed, as men-
tioned above, the infrared spectrum recorded under CO
shows an absorption band at 1986 cm–1 (see Figure 1), in
addition to the two carbonyl bands at 2092 and 2011 cm–1

attributed to IIβ. This band corresponds to complex Iβ, as
proven by its independent preparation and characterization
(see Exp. Sect.). The simultaneous presence of Iβ and IIβ
suggests the existence of an equilibrium between the two
complexes under CO. This equilibrium could be followed
by running two dedicated 31P{1H} NMR experiments.

The first experiment was carried out under CO on a
CDCl3 solution containing [RhCl(CO)2]2 and the β-P,N li-
gand. The 31P{1H} NMR spectrum showed two doublets
at δ = 56 ppm [1J(Rh,P) = 168 Hz] and at δ = 21 ppm [1J(Rh,P)

= 122 Hz] in ca. 1:2.5 ratio. The signal at δ = 56 ppm corre-
sponds to complex Iβ, as verified by comparison with an
authentic sample. Following the evidence provided by the
IR spectrum (vide supra), the second resonance is assigned
to the dicarbonyl complex IIβ. The second experiment was
carried out under a higher CO pressure (20 bar) on a
CDCl3 solution containing complex [RhCl(COD)(β-P,N)],
3, readily formed in situ from [RhCl(COD)]2 and β-P,N. In
this case, we observed only the doublet related to complex

Figure 4. 31P{1H} HPNMR spectra under CO pressure of complex 3 in CDCl3 solution. (a) Under N2, (b) under 20 bar of CO, after
3 min, (c) under 20 bar of CO, after 14 h, (d) after depressurization. The asterisk denotes a small amount of a unidentified rhodium
compound.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 51–6154

Scheme 3.

IIβ and no signal at δ = 56 ppm [see spectra (a) and (b),
Figure 4].

After keeping the NMR solution pressurized with CO
for 14 h, it was surprising to observe a new broad doublet
at δ = 19 ppm [with 1J(Rh,P) = 168 Hz], named II�β, [see
spectrum (c), Figure 4]. Tentatively, we attribute this broad
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resonance to a pentacoordinate RhI complex resulting from
a further rhodium carbonylation of IIβ at this high CO
pressure, although we have no further spectroscopic evi-
dence to support this assignment at the moment. Depres-
surization of the NMR tube and purging the solution from
dissolved CO with a dinitrogen stream removed the signal
due to II�β and restored the equilibrium between complexes
Iβ and IIβ [see spectrum (d), Figure 4]. The above IR and
NMR observations are summarized in Scheme 4.

Scheme 4.

Both experiments confirm the occurrence of an equilib-
rium between Iβ and IIβ depending on the CO pressure as
well as the hemilabile character of the β-P,N ligand in RhI

complexes. The combined IR and HPNMR experiments
unambiguously prove the preference for keeping the amino
group uncoordinated, under high CO pressure, in both β-
and γ-P,N RhI complexes, as previously shown for the re-
lated α-P,N RhI complexes, resulting in a selective κ1-P co-
ordination mode. We now wish to examine the effects of
the dangling amine group on the catalytic properties of the
Rh-P,N hydroformylation.

Catalytic Styrene Hydroformylation with Rh-Amino-
Phosphane Complexes

The catalytic properties of different systems obtained
from either [RhCl(COD)]2 or [Rh(acac)(CO)2] and a variety

Table 2. Activity of RhI-P,N complexes in styrene hydroformylation catalysis.

Run[a] Catalytic precursor Ligand (1 equivalent) TOF[b] [h–1] b/l ratio[c]

1 [RhCl(COD)]2 PPh3 �1 –
2a [RhCl(COD)]2 PPh3 + Ph2NH 4±0.2 88:12
2b [RhCl(COD)]2 PPh3 + NEt3 10±0.5 87:13
3a [RhCl(COD)]2 Ph2P(o-C6H4–CH2NHPh) (γ-P,N-2) 4±0.2 91:9
3b [RhCl(COD)]2 Ph2PCH2 (o-C6H4–NMe2) (γ-P,N-1) 8±0.4 92:8
4 [RhCl(COD)]2 Ph2PCH2CH(Ph)NHPh (β-P,N) 13±1 91:9
5 [RhCl(COD)]2 Ph2PCH2NPh2 (α-P,N-3) 15±1 89:11
6 [RhCl(COD)]2 Ph2PCH(Ar)NHPh[d] (α-P,N-2) 42±2 89:11
7 [RhCl(COD)]2 Ph2PCH2NEt2 (α-P,N-1) 230±12 91:9

[a] Conditions: [RhCl(COD)]2 (2.62×10–2 mmol) or [Rh(acac)(CO)2] (5.23×10–2 mmol), styrene/Rh = 1000, CHCl3 (35 mL), 55 °C,
p(syngas) = 600 psi. [b] TOF calculated from the slope of the conversions as a function of time. [c] Regioselectivity determined after
complete conversion or from initial conversion rate for the faster catalytic reactions. [d] Ar = η6(o-C6H4Cl)Cr(CO)3.
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of amino-phosphane ligands (see Scheme 5) in styrene hy-
droformylation tests are shown in Table 2.

Scheme 5.

All catalytic runs were monitored by periodical with-
drawal of aliquots from the autoclave. The conversion was
found to be essentially linear with time, without any induc-
tion period. Thus, each reported TOF is obtained from a
plot obtained by using several data points and is affected
by a small error (ca.±5%, see experimental section for de-
tails). All investigated catalysts afforded complete chemose-
lectivities (no product other than aldehydes are observed)
and essentially the same regioselectivity, namely ca. 9:1 in
favor of the branched product, which is standard for styrene
hydroformylation with rhodium catalysts.[29]

A blank experiment carried out with [RhCl(COD)]2 and
PPh3 (run 1) showed no activity whatsoever under our mild
catalytic conditions. As previously reported,[30] the transfor-
mation of the chloride precursor to the catalytically active
hydride complex requires an external base to trap the HCl
equivalent which forms as a by-product during the initial
H2 activation step. The addition of one equivalent of
Ph2NH or NEt3 as an external base to the previous PPh3-
based catalyst led to a weak catalytic activity (run 2). When
an amino group, on the other hand, is incorporated into
the tertiary phosphane ligand (runs 3 to 7), a similar or
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higher (quite substantial in some cases) increase of catalytic
activity resulted. Although the formation of a very active
phosphane-free carbonyl species could be envisaged during
the ligand scrambling process for the γ-amino-phosphane
complexes IIγ (see Scheme 3), the lower activities observed
with the complexes (runs 3a,b) indicate that either this
scrambling process does not take place under the catalytic
conditions (high CO pressure) or that the species formed
by such a process does not possess a very high catalytic
activity. The conversion rate became progressively greater
as the number of carbon atoms in the ligand backbone
bridging the P and N donor ends decreased from 3 to 1. A
jump in activity was particularly evident on going from the
γ- (3 carbon atoms) to the α-P,N ligand (1 carbon atom),
with essentially identical Brønsted basicities for the dan-
gling amino groups (runs 3a, 4, and 6). The effects of the
amine basicity on the catalyst activity were then investi-
gated.

Nitrogen Basicity

A comparison between runs 5 and 7 shows that when the
uncoordinated NPh2 moiety in the α-P,N ligand is replaced
by the more basic NEt2 unit, the activity (TOF) increases
dramatically from 15 to 230 h–1. A similar, albeit more
moderate, effect is also observed for a similar change in γ-
P,N ligands in which the amino group is farther from the
metallic center (see run 3a and 3b). These observations
highlight the fact that the presence of an uncoordinated ba-
sic function in proximity to the metal center has a beneficial
effect on the overall catalytic activity. A similar activity/ba-
sicity relationship for an uncoordinated amine function was
pointed out by Reetz et al.,[12] who reported that the activity
of rhodium cationic complexes in styrene or octene hydro-
formylation increased significantly when the dppp ligand
[dppp = Ph2P(CH2)3PPh2] was replaced by an amino-di-
phosphane ligand [Ph2PCH2N(Ph)CH2PPh2], in which the
nitrogen atom remains uncoordinated. It is to be noted that
this conclusion is exactly opposite to that of Abu-Gnim and
Amer, although both the ligands and conditions employed
by them are apparently quite similar to ours.[11] It is pos-
sible that such a divergence comes from Amer’s conclusion,
which is based on the TON values. Such data are obviously
less significant than the related TOF and, in addition, have
been calculated from only one catalytic experiment per li-
gand used, with different reaction times as a function of the
ligand.[11] Our straightforward interpretation of the activity
results presented in Table 3 is based on the fact that all P,N

Table 3. Activity of α-P,N-based RhI complexes in styrene hydroformylation catalysis.

Run[a] Catalytic precursor Ligand (1 equivalent) TOF[b] [h–1] b/l ratio

8 Rh(acac)(CO)2 PPh3 130±7 93:7
9 Rh(acac)(CO)2 Ph2PCH(Ar)NHPh[b] 170±9 88:12
10 Rh(acac)(CO)2 Ph2PCH2NPh2 285±13 90:10
11 Rh(acac)(CO)2 Ph2PCH2NEt2 325±16 92:8
12 [RhCl(COD)]2 Ph2PCH2NPh2 + NEt3

[c] 220±11 90:10

[a] Conditions described in Table 2. [b] Ar = η6(o-C6H4Cl)Cr(CO)3. [c] 1 Equivalent relative to the rhodium complex.
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ligands display an uncoordinated amine function under
catalytic conditions, as demonstrated above. Additionally,
the presence of the free internal base is not devoid of conse-
quence for the catalytic efficiency because the whole system
becomes more efficient as the P–N distance decreases,
respectively going from γ-, β- to α-P,N ligands, and as its
basicity increases.

Rhodium Acetylacetonate Catalyst

Under the assumption that the HCl molecule originating
from the chloride catalyst precursor and H2 is scavenged by
the dangling amine function, the latter would be converted
into an ammonium function. Thus, the active catalyst
would turn over in the ammonium form, rather than in the
free amine form. In order to check the effect of this proton-
ation process on the catalytic activity, experiments have also
been carried out using [Rh(acac)(CO)2] as the catalytic pre-
cursor. This allows the uncoordinated amine to remain in
the neutral form during the catalytic cycle, since the active
hydride species forms with elimination of acetylacetone
rather than HCl. These experiments were only carried out
with the α-P,N ligands, and the results are collected in
Table 3. Generally, [Rh(acac)(CO)2] is known to be a better
catalytic precursor than [RhCl(COD)]2 and, indeed, a com-
parison between runs 1 (Table 2) and 8 (Table 3) shows that
this is true also in our case.

The activity in the presence of PPh3 (see run 8, Table 3)
remains nevertheless lower than in the presence of the α-
P,N ligands (see runs 9, 10, and 11, Table 3), highlighting
the beneficial effect of the free amine on the catalysis rate-
determining step. We then ran an additional catalytic ex-
periment which consisted of the addition of one equivalent
of NEt3 into the α-P,N-3 rhodium chloride catalytic system.
This led to better conversions (TOF = 220 h–1, run 12) than
the NEt3-free system (TOF = 15 h–1, run 5), and rather
close to those obtained with the Rh-acetylacetonate cata-
lytic precursor (TOF = 285 h–1, run 10).

Discussion

The new results reported in this contribution show that
all P,N ligands are κ1-P coordinated to RhI under hydrofor-
mylation conditions, no matter the distance between the N
and P atoms, and that the catalytic activity is enhanced by
the proximity of the amine function and by its basicity. The
role of the free amine group can be proposed at two dif-
ferent levels. First, we recall that no induction time is ob-
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Scheme 6.

served for the generation of the catalytically active species.
In order to generate the active Rh–H species, rhodium()
chloride precursors typically show induction periods in the
catalytic process because of the need to eliminate HCl after
the dihydrogen oxidative addition to rhodium. The addition
of an external amine favors this process and reduces or even
eliminates the induction time.[30] In our own hands,
[RhCl(COD)]2 still affords a very active catalyst in the ab-
sence of any added phosphane ligand under the same con-
ditions given in Table 3, but only after quite a long induc-
tion period (�3 h). It seems therefore reasonable to us that
the dangling nitrogen function plays an important role in
assisting the rapid formation of the Rh–H active species.
We see two possible ways by which this “assistance” effect
can operate. A first possibility involves, after the initial H2

oxidative addition, the N-assisted promotion of HCl elimi-
nation from the intermediate RhIII dihydride (see Scheme 6,
path a). On the other hand, an alternative mechanistic path-
way could involve heterolytic cleavage of H2 (see Scheme 6,
path b). Indeed, many authors have proposed a base-as-
sisted H2 heterolytic splitting in relation to other catalytic
processes (i.e. involving Ru,[31–34] Ir,[35] Pd,[36] and Rh[37])
over the last few years. Heterolytic splitting of H2 is also
shown by computational methods to be kinetically and
thermodynamically more favorable than the classical dihy-
drogen oxidative addition for the interaction with the rho-
dium complex Rh(PH3)2(HCO2) in the presence of NH3.[38]

Consequently, a similar H2 heterolytic activation process
seems a reasonable possibility also for the rhodium hydro-
formylation catalytic systems here described, in particular
with the basic Ph2PCH2NEt2 ligand (see Scheme 6). In
either case, the HCl produced during the activation step is
likely to be trapped by the nearby amine function. However,
this activation step cannot be enhancing the activity, be-
cause the chloride precursor is not the resting state of the
catalytic cycle.

The second level where the external base is likely to have
an effect concerns the rate-determining step of the catalytic
cycle (rds), namely the hydrogenolysis of the rhodium acyl
intermediate. Detailed kinetic and mechanistic studies car-
ried out by van Leeuwen et al. have shown that the rate-
determining step in rhodium catalyzed hydroformylation
may be either the olefin insertion into the Rh–H bond or
the Rh-acyl hydrogenolysis, depending on the ligand nature
and on the conditions.[29,39] In the cases at hand, we have
collected preliminary evidence, via H/D isotopic exchange

Eur. J. Inorg. Chem. 2006, 51–61 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 57

experiments, that the hydrogenolysis is rate determining.
Details of these studies are provided in a separate paper[40]

In addition, no evidence for the accumulation of a hydride
intermediate (as required if the olefin insertion step were
rate determining) was obtained by HPNMR (vide infra).

We must now attempt to rationalize two different obser-
vations: (i) a proximal free amine function has a beneficial
effect (i.e. see the experiments carried out with the acetyl-
acetonate catalyst or with the chloride in the presence of an
external base, cf. runs 12 and 2b); (ii) the beneficial effect
is observed even when the dangling amine function is likely
turned into an ammonium derivative (i.e. see all the experi-
ments carried out with the chloride catalyst, without the
use of an external base, runs 3–7).

Concerning the first point, we assume that the action of
the uncoordinated amine function on the rds is similar to
that proposed above for the activation of the chloride pre-
cursor, see Scheme 7. The greater activity could in principle
be interpreted on the basis of two possible mechanistic
routes. The first one (path a, Scheme 7) involves H2 oxidat-
ive addition followed by aldehyde reductive elimination. On
the basis of this mechanism, we would argue that the free
amine ligand somehow helps either one or both of these
elementary steps. However, the lack of interaction between
the rhodium-acyl species and the dangling nitrogen moiety
does not allow an obvious rationalization of the observed

Scheme 7.
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effect. The second pathway (path b, Scheme 7) involves a
base-assisted heterolytic H2 splitting, leading to a zwitter-
ionic rhodium monohydride intermediate. The latter would
be stabilized by a P,N-ligand bearing a uncoordinated am-
monium end. According to this mechanism, increasing the
amine basicity could lower the activation barrier leading to
the zwitterionic intermediate, thereby accelerating the rds.
The aldehyde would then be formed by protonolysis of the
rhodium-acyl bond by the dangling ammonium group,
rather than by a reductive elimination process.

Clearly, the accelerating effect just discussed cannot be
provided when the amine function is protonated. However,
it is possible to envisage a proton exchange process,
whereby the ammonium hydride derivative B formed during
the catalyst activation step may equilibrate with the amine–
chloride precursor A to yield an inactive ammonium chlo-
ride species D and an active amine–hydride complex C,
identical to that obtained from the acetylacetonate precur-
sor (see Scheme 8). Consequently, the different accelerating
effect that is observed for the chloride systems in the ab-
sence of external base (runs 3–7) may be attributed to the
presence of the equilibrium species D, which would again
operate through the same mechanism of Scheme 7, the ex-
tent of the effect being a function of the equilibrium
amount of that species. Acyl complexes are known to give
hydrogenolysis even without the assistance of an internal
amine function. However, the presence of an internal base
increases the activity of the rhodium catalyst, to a growing
extent as its basicity increases (see runs 8 through 11) and
could then promote the hydrogenolysis step through a
mechanism encompassing the H2 heterolytic splitting.

Scheme 8.

In order to obtain further mechanistic information, we
have carried out a 1H HPNMR study of the [RhCl(COD)]2-
Ph2PCH2NPh2 mixture in CDCl3 under syngas (20 atm),
approaching the experimental conditions of the catalytic
runs. No Rh–H species could be observed under these con-
ditions. This observation suggests that the A/B equilibrium
proposed in Scheme 8 is only weakly shifted to the Rh–H
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hydride species B. The most active species C would then
form only in minor proportion, leading to a low catalytic
activity. According to Scheme 8, the amount of C could be
increased only upon addition of a strong external base. On
the other hand, the catalytic formation of aldehyde was im-
mediately observed after the styrene introduction into the
HPNMR tube, although the hydride resonance remained
undetected. The latter result is consistent with the proposi-
tion that the olefin insertion step is not the rds for this sys-
tem.

Conclusions

The IR and 31P HPNMR studies reported in this contri-
bution have shown that the coordination properties of a
variety of amino-phosphane ligands in RhI complexes de-
pend on the length of the P,N backbone. The γ-P,N ligands
behave as κ1-P-α-amino-phosphanes, whereas the β-P,N
amino-phosphane leads to a solution equilibrium between
κ2-P,N and κ1-P-coordination modes, depending on the CO
pressure. Under hydroformylation conditions, however, all
the investigated Rh-amino-phosphane precatalysts exist as
monodentate [RhCl(CO)2(κ1-P-P,N)] complexes with a
noncoordinated nitrogen function. The reported catalytic
runs demonstrate that the dangling amino group favors the
formation of the Rh–H active species when using
[RhCl(COD)]2 as the catalytic precursor and that both the
basicity of the nitrogen end and its distance from the metal
center have a crucial effect on the turnover frequency. The
hydride formation could occur either by H2 heterolytic
splitting (assisted by the nearby amino group) or by a classi-
cal oxidative addition (with the amino group assisting the
subsequent HCl reductive-elimination). Theoretical calcula-
tions are currently in progress in order to elucidate the pre-
ferred mechanistic pathway. We also suggest that the dan-
gling amino group could take an additional mechanistic
function as promoter of the hydrogenolysis step through a
second heterolytic H2 splitting. Isotopic H/D exchange
studies under catalytic conditions using chiral P,N ligands,
which are reported in a separate contribution,[40] provide
additional mechanistic details in hydroformylation catalysis
via rhodium amino-phosphane systems.

Experimental Section
All manipulations were carried out under purified argon using
standard Schlenk techniques. All solvents were dried and deoxy-
genated prior to use by standard methods. Standard pressure NMR
measurements [1H, 13C{1H}, and 31P{1H}] were carried out with a
Bruker DRX300 spectrometer in CDCl3 at room temperature. The
peak positions are reported with positive shifts in ppm downfield
of TMS as calculated from the residual solvent peaks [1H and
13C{1H}] or downfield of external 85% H3PO4 (31P). The high-
pressure NMR (HPNMR) spectra were recorded by using a stan-
dard 10-mm probe tuned to 31P and 1H nuclei on a BRUKER AC
200 spectrometer operating at 81 MHz. The HPNMR experiments
were performed in a 10-mm sapphire tube (Saphikon Inc., NH)
charged with a solution of precatalyst (10 mg of P,N ligand, plus
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0.5 equiv. of Rh precursor) in CDCl3 (2 mL) under nitrogen, after
which the first spectrum (reference) was recorded at room temp.
The tube was then pressurized with CO 20 atm at room temp. The
variable temperature experiment was started on a Bruker AC 200
spectrometer, recording a sequence of spectra up to 80 °C. After a
chosen time, the probe was cooled to room temperature and an-
other spectrum was recorded. The last spectrum was taken after
venting the tube and flushing with nitrogen. The coordinated 1,5-
COD (1,5-cyclooctadiene) C and H nuclei are labeled from 1 to 8,
C1 and C2 being trans to P.

CAUTION: All manipulations involving high pressure are potentially
hazardous. Safety precautions must be taken at all stages of NMR
studies involving high pressure tubes.

All IR spectra were recorded in CH2Cl2 solution with a Bruker
IFS 66 V spectrophotometer with KBr optics and the absorption
vibration bands are given in cm–1. Elemental analyses were carried
out by the analytical service of the L.S.E.O. with a Fisons Instru-
ments EA1108 analyzer. The commercial compounds PPh3,
Ph2NH, [RhCl(COD)]2, [Rh(acac)(CO)2], and [Rh(CO)2Cl]2 were
used as received. The ligands Ph2PCH2NEt2, Ph2PCH2NPh2,
Ph2PCH(Ar)NHPh {Ar = o-C6H4Cl or o-C6H4Cl[Cr(CO)3]},
Ph2PCH2CH(Ph)NHPh, Ph2PCH2(o-C6H4–NMe2) (γ-P,N-1), and
Ph2P(o-C6H4–CH2NHPh) (γ-P,N-2) were prepared according to lit-
erature.[13,14,17,41–44] The synthesis of complex [RhCl(COD)(α-P,N)]
1 with α-P,N=Ph2PCH(o-C6H4Cl[Cr(CO)3])NHPh has previously
been described.[18]

Synthesis of [RhCl(COD)(P,N)] Complexes

The syntheses of the [RhCl(COD)(P,N)] complexes were generally
carried out as follows. A mixture of [RhCl(COD)]2 and P,N ligand
were dissolved in CH2Cl2 (5 mL). The yellow solution obtained
was stirred for 1 h. Addition of pentane afforded yellow or orange
microcrystals which were isolated and dried in vacuo.

[RhCl(COD)(γ-P,N-1)] (2): [RhCl(COD)]2 (84.4 mg, 0.171 mmol),
γ-P,N-1 (109 mg, 0.341 mmol) gave 144 mg of 2, yield 75%. 1H
NMR: δ = 8.81–7.12 (m, 14 H, arom.), 5.61 (s, 2 H, C8H12, olefinic
protons, trans to P), 4.21 [d, 2J(P,H) = 11.6 Hz, 2 H, PCH2], 2.93 (s,
2 H, C8H12, olefinic protons, cis to P), 2.48 (s, 3 H, NCH3), 2.49–
1.86 (m, 8 H, C8H12, aliph. H) ppm. 31P{1H} NMR: δ = 30.1 [d,
1J(Rh,P) = 150 Hz] ppm. 13C{1H} NMR: δ = 154.1–120.2 (m, 18 C,
arom.), 104.3 (m, 2 C, C1,2), 70.9 (s, 1 C, C5), 70.7 (s, 1 C, C6), 45.3
(s, 2 C, NCH3), 33.3 (s, 2 C, C3,8), 29.3 (s, 2 C, C4,7), 28.5 [d, 2J(P,C)

= 21 Hz, 1 C, PCH2] ppm. C29H34ClNPRh (565.92): calcd. C 61.55,
H 6.05, N 2.48; found C 61.09, H 5.66, N 3.09.

[RhCl(COD)(β-P,N)] (3): [RhCl(COD)]2 (85 mg, 0.172 mmol) and
β-P,N (131 mg, 0.344 mmol) gave 152 mg of 3, yield 80%. 1H
NMR: δ = 8.09–6.72 (m, 20 H, arom.), 7.02 [d, 3J(P,H) = 7 Hz, 1
H, NH, exchange with D2O], 4.78 (m, 1 H, NCHc), 3.36 [dt, 2J(P,Ha)

= 3J(Ha,Hb) = 14, 3J(Ha,Hc) = 4 Hz, 1 H, PCHa], 2.64 [t, 2J(P,Hb) =
3J(Hb,Ha) = 14 Hz, 1 H, PCHb], 2.38–1.75 (m, 6 instead of 8 H,
C8H12, aliph. H) ppm. The olefinic protons were not observed at
room temp. due to an olefin rotation dynamic process. 31P{1H}
NMR: δ = 21.7 [d, 1J(Rh,P) = 150 Hz] ppm. 13C{1H} NMR: δ =
147.1–114.9 (m, 24 C, arom.), 105.0 (s, very br., 2 C, C1,2 of COD),
71.0 (s, very br., 2 C, C5,6 of COD), 57.1 (s, 1 C, NCH), 37.7 [d,
J(P,C) = 22 Hz, 1 C, PCH], 31.3 (br. s, 4 C, C3,4,7,8 of COD) ppm.
IR: ν̃ = 3324 (m, νNH) cm–1. C34H36ClNPRh·0.5CH2Cl2 (670.45):
calcd. C 61.75, H 5.52, N 2.09; found C 62.15, H 5.77, N 2.23.

[RhCl(CO)(β-P,N)] (Iβ): [RhCl(CO)2]2 (36.1 mg, 0.093 mmol) and
β-P,N (71 mg, 0.186 mmol) gave 76 mg of Iβ, 57% yield. 1H NMR:
δ = 8.22–6.83 (m, 20 H, arom.), 6.84 [d, 3J(P,H) = 10.8 Hz, 1 H,
NH, exchange with D2O], 3.91 (m, 1 H, NCHc), 3.58 [dt, 2J(P,Ha) =
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3J(Ha,Hb) = 14, 3J(Ha,Hc) = 4 Hz, 1 H, PCHa], 2.86 [dt, 2J(P,Hb) =
3J(Hb,Ha) = 14, 3J(Hb,Hc) = 2 Hz, 1 H, PCHb] ppm. 31P{1H} NMR: δ
= 56.4 [d, 1J(Rh,P) = 168 Hz] ppm. 13C{1H} NMR: δ = 188.5 [dd,
1J(Rh,C) = 74, 2J(P,C) = 18 Hz according to CO cis to P,[45] 1 C,
C=O], 145.7–125.5 (m, 24 C, arom.), 8.51 [d, 2J(P,C) = 8.6 Hz, 1 C,
NCH], 38.8 [d, J(P,C) = 26 Hz, 1 C, PCH] ppm. IR: ν̃ = 1986 cm–1

(vs, νCO) and νNH not observed. C27H24ClNOPRh·0.5CH2Cl2
(590.28): calcd. C 55.90, H 4.24, N 2.37; found C 55.64, H 4.38, N
2.54.

trans-[RhCl(CO)(γ-P,N-1)2] (IIIγ): [RhCl(CO)2]2 (39 mg,
0.098 mmol) and γ-P,N-1 (125 mg, 0.392 mmol) gave 113 mg of
IIIγ, yield 71%. 1H NMR: δ = 8.39–6.93 (m, 28 H, arom.), 4.40 (t
not resolved, 4 H, PCH2), 2.30 (s, 6 H, NCH3). 31P{1H} NMR: δ
= 31.20 [d, 1J(Rh,P) = 126 Hz] ppm. 13C{1H} NMR: δ = 188.0 [dt,
1J(Rh,C) = 76, 2J(P,C) = 14 Hz according to CO cis to both P,[45] 1
C, C=O], 154.2–120.1 (m, 36 C, arom.), 45.2 (s, 4 C, NCH3). 26.8
[t, J(P,C) = 27 Hz, 2 C, PCH2] ppm. IR: ν̃ = 1974 (vs, νCO) cm–1.
C43H44ClN2OP2Rh (805.13): calcd. C 64.15, H 5.51, N 3.48; found
C 64.46, H 5.55, N 3.34.

Formation of the Unstable cis-[RhCl(CO)2(γ-P,N-1)] (Iiγ). Method
A: A mixture of [RhCl(CO)2]2 (19.5 mg, 0.050 mmol) and γ-P,N-1
(32 mg, 0.098 mmol) was dissolved in CDCl3 (0.7 mL). After
10 min, the mixture was analyzed by 1H and 31P{1H} spectroscopy
showing IIγ as the major complex. 1H NMR: δ = 7.75–7.03 (m, 14
H, arom.), 4.27 [d, 2J(P,H) = 12 Hz, 2 H, PCH2], 2.34 (s, 6 H,
NCH3) ppm. 31P{1H} NMR: δ = 31.1 [14%, d, 1J(Rh,P) =
125 Hz] ppm for IIIγ and 27.4 [86%, d, 1J(Rh,P) = 126 Hz] ppm for
IIγ. After ca. 0.75 h and 12 h, the 31P{1H} NMR gave 1:4.5 and
1:2 ratios respectively for the IIIγ/IIγ mixture complexes. The above
procedure was repeated in CH2Cl2 instead of chloroform. The at-
mosphere was then purged with CO and monitored by infrared.
After 2 min, the pure dicarbonyl was formed. No 13C NMR spec-
trum was recorded due to the increase of the ratio IIIγ/IIγ with
time. The above procedure was repeated in CH2Cl2 and a slow dif-
fusion of pentane to the yellow solution afforded poor quality yel-
low crystals which were identified as the complex IIIγ.

Method B: CO was introduced into a solution of [RhCl(COD)(γ-
P,N-1)], 1a (35 mg, 0.061 mmol) in CH2Cl2 (4 mL). Under CO and
after 2 min, the IR spectrum showed only the pure dicarbonyl com-
plex IIγ at 2092 and 2010 cm–1 (both vs, νCO), and this had not
changed after two days under CO.

Formation of the Unstable cis-[RhCl(CO)2(β-P,N)] (Iiβ). Method A:
CO was introduced into a solution of [RhCl(COD)(β-P,N)] 1b
(42 mg, 0.071 mmol) in CH2Cl2 (4 mL). An IR spectrum was re-
corded after 2 min and showed a mixture of monocarbonyl com-
plex Iβ at 1986 cm–1 and dicarbonyl complex [RhCl(CO)2(κ-P-
P,N)] IIβ at 2011 and 2092 cm–1. The ratio between the two com-
plexes did not change after two days under CO.

Method B: A mixture of [RhCl(CO)2]2 (25.6 mg, 0.066 mmol) and
β-P,N (54 mg, 0.131 mmol) was dissolved in CDCl3 (1 mL). After
10 min, CO was introduced into the solution and the mixture was
analyzed by 1H and 31P{1H} NMR spectroscopy. The NMR spec-
tra show a mixture of IIβ and Iβ in 1:2.5 ratio. 1H NMR of IIβ: δ
= 8.12–5.63 (m, 28 H, arom.), 5.78 [d, 3J(P,H) = 6 Hz, 2 H, NH,
exchange with D2O], 4.14 (m, 2 H, NCH), 3.58 (m, 2 H, PCHa),
2.45 (m, 2 H, PCHb) ppm. 31P{1H} NMR of IIβ: δ = 21.11 [d,
1J(Rh,P) = 122 Hz] ppm. No 13C{1H} NMR spectrum was recorded
due to the low solubility of IIβ in CDCl3 and (CD3)2CO.

Crystal Structure Determination of Complex IIIγ: Intensity data
were collected with a Nonius Kappa CCD at 230 K. The structure
was solved by the heavy atom method and refined by full-matrix
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least-squares methods[46] with the aid of the WINGX program.[47]

Non-hydrogen atoms were anisotropically refined. Hydrogen atoms
were included in calculated positions and refined with a riding
model. Crystallographic data for compound IIIγ are reported in
Table 4.

Table 4. Crystal data and structure refinement for IIIγ.

Compound IIIγ

Formula C43H44ClN2OP2Rh
M 805.1
T [K] 230(2)
Crystal system monoclinic
Space group C2/c
a [Å] 13.9791(4)
b [Å] 17.7355(8)
c [Å] 17.4564(8)
β [°] 110.320(2)
V [Å3] 4058.6(3)
Z 4
F(000) 1664
Dcalc [g/cm3] 1.318
Diffractometer Enraf–Nonius KappaCCD
Scan type mixture of φ rotations and ω scans
λ [Å] 0.71073
µ [mm–1] 0.599
Crystal size [mm3] 0.6×0.5×0.5
sin(θ)/λ max. [Å–1] 0.65
Index ranges h: –17; 18

k: –22; 22
l: –18; 22

Absorption correction SCALEPACK
RC = reflections collected 11009
IRC = independent RC 4587 [R(int) = 0.05]
IRCGT = IRC and [I � 2σ(I)] 3262
Refinement method full-matrix least squares on F2

Data / restraints / parameters 4587 / 0 / 228
R for IRCGT R1

[a] = 0.0444, wR2
[b] = 0.0934

R for IRC R1
[a] = 0.0779, wR2

[b] = 0.1044
Goodness-of-fit[c] 1.021
Largest diff. peak and hole [e·Å–3] 0.47 and –1.02

[a] R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. [b] wR2 = {Σw(Fo
2 – Fc

2)2/Σ[w(Fo
2)2]1/2}

where w = 1/[σ2(Fo
2) + (0.053P)2], P = [max(Fo

2,0) + 2×Fc
2]/3.

[c] Goodness of fit = [Σw(Fo
2 – Fc

2)2/(No – Nv)]1/2.

CCDC-250351 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Catalytic Runs: The hydroformylation reactions were carried out in
a 300-mL stainless-steel Parr autoclave equipped with a magnetic
drive, an internal glass vessel, and an immersion tube connected to
a valve for solution withdrawals under pressure. The temperature
was controlled by a rigid heating mantle and a single loop cooling
coil. The autoclave was purged three times under vacuum/argon
before introducing the catalytic solution. The 1:1 CO/H2 mixture
was prepared by mixing the pure gases in a 500-mL stainless-steel
cylinder before introduction into the autoclave at the desired pres-
sure (see Table 1 and Table 2). The zero time for kinetic runs was
considered as the time at which the desired pressure was reached
inside the autoclave. In order to maintain temperature and pressure
conditions as constant as possible during each kinetic run, only a
few mL of catalytic solution mixture were carefully withdrawn each
time from the autoclave. The CHCl3 or THF solvent was then ro-
tary evaporated at room temperature and the yellow-orange residue
was analyzed by 1H and 13C{1H} NMR spectroscopy. The experi-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 51–6160

mental error on the TOF determination was carried out from the
TOF values obtained from three successive runs using three times
the same solution for two different catalytic systems (run, 5 and
10). The experimental error for other catalytic runs has been esti-
mated on the basis of the determination as above.
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In previous work, we have demonstrated that the dangling
amino group in amino-phosphane ligands increases the rate
of Rh-catalyzed styrene hydroformylation as a function of the
amino group basicity and of the distance between the P and
N functions. We now report additional stereochemical and
mechanistic insights resulting from new catalytic experi-
ments performed with Rh-α-P,N catalytic systems in the pres-
ence of D2O. In addition to the expected D0 product, the for-
mation of the β-D1 aldehyde, PhCH(CH2D)CHO was ob-
served in all cases by 1H and 13C NMR spectroscopy, indicat-
ing that H/D exchange occurs for the rhodium-hydride com-
plex. Minor amounts of a β-D2 product, PhCH(CHD2)CHO,
were also formed under certain conditions, demonstrating
the reversibility of the olefin coordination step. The composi-
tion of the aldehyde mixture is slightly affected by the nature
of the catalytic precursor or the P,N ligand used. In the spe-
cific case of the α-P,N ligand [α-P,N = (SAr,SC)-Ph2PCH-

Introduction

Metal complexes containing P,N bifunctional phos-
phanes have attracted considerable attention in the field of
homogeneous catalysis, in particular with transition metals
like Ni,[1] Pd,[2,3] Pt,[4] Ru,[5,6] Rh,[3,7] and Ir.[8–10] These li-
gands can be either κ1:P or κ2:P,N coordinated and each
coordination mode can modify the catalytic properties. For
example, when a pyridinylphosphane is only P-coordinated
in a PdII complex, the dangling amine function acts then
as a “proton messenger” in alkyne methoxycarbonylation
catalysis,[2] whereas a selective P,N chelation of a chiral
phosphanediamine induces an effective chiral field in the
rhodium complex leading to a higher selectivity in asym-
metric hydrogenation of acrylic acid.[7]

In our laboratory, we have developed different access
ways to chiral α-[11] or β-P,N[12,13] and mixed α,β- and β,γ-
P,P,N[14] ligands and their coordination properties have
been explored in copper(),[15] palladium(),[13,16] and rhodi-
um() complexes[14,17,18] Recently, we have examined the co-
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{o-C6H4Cl(Cr(CO)3)}NHPh], in combination with the
[RhCl(COD)]2 precatalyst, products PhCD(CH3)CHO (α-D1)
and PhCD(CH2D)CHO (α,β-D2) were also produced. This re-
sult suggests a reversible deprotonation assisted by an intra-
molecular H-bonding interaction between the dangling am-
monium function and the carbonyl moiety. This isotopic ex-
change process decreases the asymmetric induction from 14
to 7% ee when using the enantiopure version of this ligand.
Aldehydes bearing a D atom on the formyl group, e.g.
PhCH(CH3)CDO, were never observed. The latter observa-
tion excludes protonolysis of the rhodium-acyl intermediate
as the aldehyde forming step. In addition, it also excludes a
bimolecular reaction involving the rhodium-acyl and rho-
dium-hydride intermediates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ordination properties of various P,N ligands in rhodium-
catalyzed hydroformylation and demonstrated the hemilab-
ile character of β or γ-P,N ligands under CO pressure.
Therefore, under these conditions, these ligands behave like
their related α-P,N monophosphane ligands, for which the
chelating mode is not observed under any operating condi-
tions.[18] The presence of a dangling nitrogen group close to
the rhodium metal center could promote the activation of
dihydrogen by heterolytic cleavage (see Scheme 1). In this
interaction, the Rh center acts as a Lewis acid, accepting
H–, whereas the nearby amine function acts as a Lewis base,
capturing the proton.

Scheme 1.

Nevertheless, even in the presence of chiral α-,[17] β-
P,N[12] or other P,N ligands,[19,20] the enantioselectivity of
branched aldehydes formed in styrene hydroformylation
were very low (�14%). We decided to further investigate
the mechanistic details of the enantioselective process by
additional experiments based on H/D isotopic exchanges
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using D2O as a deuterium source. Indeed, deuterioformyla-
tions performed in the presence of D2 instead of H2 have
been most effective for elucidating mechanistic details in
catalytic processes, for instance the degree of reversibility
for the olefins insertion reactions into the Rh–H bond,[21–23]

or the different behavior of primary, secondary, and tertiary
Rh–alkyl intermediates under hydroformylation condi-
tions.[24] In addition, the use of deuterated reagents like D2,
EtOD, or (S)-CH3–CH(Ph)OD have also provided mechan-
istic information, respectively, in iridium-catalyzed alkane
dehydrogenation,[25] in palladium-catalyzed styrene hydroa-
lkoxycarbonylation,[26] or in metal-catalyzed hydrogen
transfer from alcohols to ketones.[27] Our choice of heavy
water, D2O, as the source of the deuterium label was sug-
gested by the proposed implication of ammonium function-
alities, with potentially exchangeable protons, near the cata-
lytic center, as shown in Scheme 1. Furthermore, its use
would allow us not only to follow the -incorporation into
organic compounds during the catalysis, but also to obtain
useful information on the stability and/or reactivity of our
Rh-P,N catalysts in aqueous media.[28–30] We could then
evaluate their potential for extension to biphasic condi-
tions.[31]

Results and Discussion
The catalytic runs were carried out using [RhCl(COD)]2

or [Rh(acac)(CO)2] as precatalyst, with an equimolar
amount of the α-P,N ligands Ph2PCH2NR2 (R = Me, Ph)
or Ph2PCH(Ar)NHPh [Ar = η6(o-C6H4Cl)Cr(CO)3], in the
presence of 1000 equivalents of D2O and styrene. Control
experiments were also carried out with PPh3 and in the ab-
sence of phosphane ligand. In a previous contribution, we
have reported the catalytic activity and linear/branched se-
lectivity of the above systems in dry CHCl3.[18] The hydro-
formylation experiments in the presence of D2O, reported
in this paper, were carried out under similar conditions with
the exception of the solvent, which was changed from
CHCl3 to THF in order to insure homogeneous conditions
in the presence of water. In Figure 1, we compare the ac-
tivity of the same Rh-P,N precatalyst under the two dif-
ferent solvent conditions.

Neither the branched/linear regioselectivity (91/9),[18] nor
the turnover frequency at the beginning of the catalytic pro-
cess are affected by this solvent change. However, the cata-
lyst starts to lose activity after ca. 5 h. Conversions of 65
and 100% were obtained respectively after one and two
days, whereas a complete conversion was achieved in CHCl3
after only one day (see Figure 1). Therefore, the loss of ac-
tivity seems related to catalyst decay due to the presence of
the large excess of water. Since a complete conversion was
achieved after two days, we decided to analyze the crude
aldehyde mixture by NMR spectroscopy after this period
for all catalytic runs. The nature and relative proportions of
the branched aldehydes are summarized in Table 1. The
small relative amounts of linear aldehyde did not permit the
analysis of the deuterium incorporation and these data are
therefore excluded from Table 1.
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Figure 1. Conversion for the catalyzed styrene hydroformylation as
a function of time: �, in THF/D2O, �, in CHCl3. Both experi-
ments were performed using the catalytic conditions described for
run 5, Table 1.

The incorporation of the deuterium atoms either in the
terminal methyl group or in the internal methyne group of
the branched aldehydes was determined unambiguously by
careful analysis of the primary and secondary isotope shifts
and of the J(CD) patterns for the α- and β-C resonances
in the 13C{1H} NMR spectrum (see Table 2). The relative
amounts of the various products were quantified by inte-
gration of the 13C{1H} resonances affected by the second-
ary isotope shift, since the Overhauser effect does not de-
pend on the substitution pattern at the adjacent C
atom.[32–34] Thus, for instance, the relative proportion of
compounds PhCH(CH3)CHO and PhCH(CH2D)CHO
were obtained by integration of the two proton-decoupled
methyne signals, whereas the relative proportions of com-
pounds PhCH(CH3)CHO and PhCD(CH3)CHO were ob-
tained by integration of the two proton-decoupled methyl
signals.

Figure 2 shows the 13C NMR spectra for three represen-
tative product mixtures. The mixture obtained from run 7
(Figure 2, a), as well as most other runs (see Table 1) shows
only the β-D1 compound in addition to the regular D0

product, whereas run 5 produces a more complex mixture
of deuterated aldehydes (Figure 2, c). The spectrum in Fig-
ure 2 (b) corresponds to a control mixture of D0 and α-D1

products, which was obtained by direct isotopic exchange
between the D0 aldehyde and [PhND3]+[BF4]–. It is to be
remarked that in none of the runs was any deuterium atom
found on the aldehyde function, i.e. PhCH(CH3)CDO.

The ubiquitous formation of the β-D1 derivative is a
clear indication that D+ finds its way into the hydride posi-
tion during the catalytic cycle. Since the decayed catalyst
(Figure 1) yields no (or a much lower amount of) new alde-
hyde, and since the aldehyde does not incorporate D under
these conditions in the absence of the catalyst (vide infra),
we can conclude that the isotopic distribution measured at
the end of the experiment is not affected by the catalyst
decomposition process. As this β-D1 incorporation phe-
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Table 1. Effect of the P,N ligand on the composition of deuterated aldehydes.

[a] Conditions: [RhCl(COD)]2 (2.62×10–2 mmol) or [Rh(acac)(CO)2] (5.23×10–2 mmol), styrene/Rh and D2O/Rh = 1000, plus ligand,
THF (35 mL), 55 °C, p(syngas) = 600 psi, two days. [b] Ar = η6(o-C6H4Cl)Cr(CO)3. [c] P,N/NEt3 ratio = 1.

Table 2. Selected 13C-NMR spectroscopic data and J(CD) coupling
constants of deuterated compounds.

Compounds Cα Cβ

δ [ppm] (J(CD) in Hz)

D0 51.82 13.43
β-D1 51.77 13.18 (19)
β-D2 51.72 very weak signal
α-D1 51.41 (20) 13.34
α,β-D2 51.36 (20) 13.08 (19)

nomenon occurs also when the phosphane ligand carries no
amine function (runs 2 and 3) and even in the absence of
any phosphane (run 1), a direct acid dissociation of the hy-
dride intermediate in the protic medium or a reversible pro-
tonation to generate a dihydrogen complex or a classical
dihydride intermediate (Scheme 2) appear as the most logi-
cal mechanisms for this H/D exchange.

The observation that all experiments where a phosphane
ligand is present (runs 2–9) provided a greater D0/β-D1 ratio
(�3) than run 1 appears to be in better agreement with the
hypothesis of acid dissociation. Note that the D0/β-D1 ratio
is not greatly affected by the phosphane nature. For other
processes, on the other hand, the amount of D incorpora-
tion by exchange with D2O was shown to greatly depend
on the nature of the phosphane ligand and substrate.[30,35]

The formation of the β-D2 product is observed only in
the absence of phosphane ligand (run 1) and for run 4,
using the Ph2PCH2NPh2 ligand. The presence of this prod-
uct must be the consequence of reversibility for the styrene
insertion step. It is to be remarked that H elimination from
the β-D1-1-phenylethyl insertion product should be favored
over D elimination by a kinetic isotope effect, since the C–

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 62–6864

H/D vibrational modes are stronger than those of the
C···H/D and Rh···H/D interactions in the transition
state.[36] The reversibility of the styrene coordination step is
further confirmed by the recovery of free β-D1-styrene, i.e.
PhCH=CHD, when a catalytic experiment carried out un-
der the same condition of run 1 was quenched and the or-
ganic phase analyzed after 30% conversion. The absence of
α-D1-styrene, i.e. PhCD=CH2, indicates that the 1,2 inser-
tion leading to the η1-2-phenylethyl rhodium complex (pre-
cursor of the linear aldehyde) is irreversible. This is consis-
tent with other previously reported results.[22,37,38] Revers-
ible 2,1 styrene insertion has previously been evidenced for
hydroformylation experiments carried out under D2 with
Rh4(CO)12 as the catalyst (without phosphane ligands) or
with [Rh(acac)(CO)2] in the presence of the mono-, di-
phosphane, or (R,S)-binaphos ligand.[21,23,37,38] With the
latter Rh–binaphos catalytic system, the amount of α-plus
β-D1-styrene was observed to increase significantly from 2
to 30% when the syngas pressure was increased from 1 to
100 atm. Our results indicate that the styrene insertion be-
comes less reversible in the presence of phosphane ligands,
with the exception of run 4. The latter leads to quite com-
parable results to those of run 1 and to those of the process
conducted with tetranuclear rhodium precatalysts in the ab-
sence of phosphane ligands.[38] In other previous work
based on the use of mono or di-phosphane ligands, the
amount of deuterium label found in styrene was reported
to be very minor and to vary only slightly (from 0.1 to a
few %) as a function of the phosphane nature.[21] The un-
usually high proportion of β-d2 in run 4 could be due to a
ligand dissociation, but we have no further evidence to con-
firm or refute this assumption at this time.



Amino-phosphanes in RhI-Catalyzed Hydroformylation FULL PAPER

Figure 2. 13C{1H} NMR spectra of partially deuterated aldehyde mixtures. Only the peaks of the branched aldehydes are shown for
clarity. Cα and Cβ correspond respectively to the methyne and methyl carbon atoms. (a) From run 7, after complete conversion. (b) From
the reaction between D0 aldehyde and 0.3 equivalent of [PhND3

+](BF4
–), after 24 h, under catalytic conditions described in Table 1

without rhodium catalyst. (c) From run 5, after complete conversion.

Scheme 2.

The absence of any observable deuterium incorporation
into the formyl group has very important implications. As
discussed above, an HCl equivalent is generated during the
catalyst activation process when using the [RhCl(COD)]2
precursor. This by-product will presumably be trapped by
the internal amine function (see Scheme 1), since amines are
more basic than water (pKa � 4.8 for PhNH2Me+ and 10.7
for NHEt3

+). The ammonium protons of the resulting Rh–

Eur. J. Inorg. Chem. 2006, 62–68 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 65

ammonium species are likely to be exchanged by D+ in the
presence of D2O, see Scheme 3.

Scheme 3.

Therefore, the outcome of the catalytic runs in the pres-
ence of D2O excludes Rh–acyl protonolysis by the ammo-
nium function as the aldehyde forming step (see Scheme 4).
In other words, the amino-phosphane ligand does not act
as a “proton messenger”, unlike the pyridinylphosphane li-
gand in the palladium catalyzed alkyne methoxy-carbon-
ylation process.[2] Furthermore, this result also excludes the
possibility of a binuclear aldehyde elimination process be-
tween a rhodium acyl and a rhodium hydride species,[39,40]

for this system. These observations are summarized in
Scheme 4.

The hydrogen atom that becomes part of the formyl
group must derive from the H2 molecule involved in the
hydrogenolysis step. As discussed in our recent contri-
bution,[18] hydrogenolysis could occur either by H2 oxidat-
ive addition followed by aldehyde reductive elimination
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Scheme 4.

with a RhIII dihydride intermediate (A), or by H2 hetero-
lytic splitting via a zwitterionic ammonium-hydride com-
plex (B), see Scheme 5. In either case, the aldehyde release
from the intermediate must be faster than the H/D ex-
change at the site that ultimately delivers the H atom to the
formyl unit.

Scheme 5.

The most unexpected result of our investigation, how-
ever, is the observation of the α-D1 and α,β-D2 products
for the [RhCl(COD)]2/Ph2PCH(Ar)NHPh catalytic system
(Table 1, runs 5 and 6). A possible pathway for the D incor-
poration from D2O at the α-position could in principle in-
volve a β-elimination reaction from the Rh–acyl complex
leading to a ketene-hydride intermediate. After Rh–H/Rh–
D isotopic exchange with D2O and subsequent ketene inser-
tion, the Rh–acyl complex with the deuterium atom at the
α-position could be obtained. However, this mechanism is
unlikely for three different reasons. The first one is that the
high reactivity of ketene towards water[41] should lead to
the related acid, which is not detected in NMR spectra.
The second reason is that such a mechanism should lead to
aldehydes without any ee.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 62–6866

Additional catalytic runs were performed with complexes
RhCl(COD)(S,S-α-P,N) and Rh(acac)(CO)(S,S -α-P,N)
prepared in situ from the chiral ligand [S,S-α-P,N =
(SAr,SC)-Ph2PCH{o-C6H4Cl(Cr(CO)3)}NHPh][17] and the
rhodium precatalysts [RhCl(COD)]2 and Rh(acac)(CO)2,
respectively. These tests, run either with RhCl(COD)(S,S-α-
P,N) in CHCl3 or with Rh(acac)(CO)(S,S-α-P,N) in C6H6,
gave (S)-2-phenylpropanal with 7 and 14% ee, respectively.
In order to verify that the low ee are not merely the conse-
quence of racemization under our catalytic conditions, (R)-
2-phenylpropanal was heated at 55 °C in CHCl3 for one
day. No significant change of the ee was observed. Thirdly,
it is not possible to easily rationalize why the H/D exchange
at the α position via the ketene intermediate would only be
promoted by the [RhCl(COD)]2/Ph2PCH(Ar)NHPh combi-
nation. Note that changing the P,N ligand to a more basic
one (run 8), or changing the precursor to the acetylace-
tonate complex (run 7) suppresses this phenomenon.

The catalyst modifications alluded to above have an ef-
fect on the state of protonation of the dangling nitrogen
atom, thus suggesting a direct role of this function in the
H/D exchange at the α position. Therefore, a possible path-
way for the formation of the α-D1 and α,β-D2 products in
runs 5 and 6 could be based on the equilibrium between
the Rh–acyl intermediate and its related enolate form (A
and B in Scheme 6), with assistance from the ammonium
function via hydrogen bonding. This assistance requires the
presence of a proton-bearing ammonium functionality with
sufficient acidity, thereby explaining the absence of this phe-
nomenon when using the acetylacetonate precatalyst (the
dangling amine is not protonated) or a more basic P,N li-
gand (insufficient acidity for the resulting ammonium func-
tion). The decreased amount of α-D1 aldehyde from 15 to
4% when an addition external base is added to this catalytic
system (from run 5 to run 6) is also consistent with this
mechanistic proposal. A control experiment carried out un-
der the same temperature and pressure conditions of run 5,
in the presence of a catalytic amount of [PhND3][BF4]
(0.1% vs. the aldehyde), but without the rhodium complex
and the phosphane, shows no observable α-D incorpora-
tion. However, ca. 50% conversion to the α-D1 aldehyde
occurred when a higher amount of deuterated ammonium
salt (20% vs. the aldehyde) was used under similar condi-
tions (see Figure 2,b). Thus, H/D exchange at the α position
can indeed occur in the presence of a sufficiently strong
acid. Note that PhND3

+ is a stronger acid than the dan-
gling Ph2PCH(Ar)NPhH2

+ function and yet it is a less ef-
fective H/D exchange catalyst that the protonated, rho-
dium-coordinated amino-phosphane. This suggests cooper-
ativity between the ammonium function and the metal cen-
ter.

At this point, the enolate anion B can be protonated by
either H+ or D+, originating from water or from the
-ND2Ph+ fragment, leading to A or C. Further hydro-
genolysis liberates the D0 and α-D1 aldehydes, respectively.
On the basis of the basic properties of the dangling amine
function, one would expect that the [RhCl(COD)]2/
Ph2PCH2NPh2 (run 4) should also lead to H/D exchange
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Scheme 6.

at the α position, whereas no α-D1 product is observed in
this case. This result is probably associated with the insuf-
ficient basicity of the N atom (e.g. the pKa of Ph2NH2

+ is
0.8 vs. 4.85 for PhNH2Me+). Thus, the liberated HCl would
be trapped by the aqueous solvent in this case, rather than
by the dangling amine group.

It is to be noted that Rh-enolate intermediates have also
been proposed in catalytic aldolization reactions or in one-
pot catalytic tandem/aldol condensation, but in both cases
the enolate moiety adopts a η1-O coordination mode rather
than a η1-C one.[42,43] The H/D exchange process on the
Rh–acyl, according to the proposed Scheme 6, must neces-
sarily be associated to an intramolecular racemization be-
fore the aldehyde liberation by hydrogenolysis. In this re-
spect, there is a correlation between the production of
α-D1 aldehyde for run 5 (and its absence for run 7) in
Table 1 and the reduced enantioselectivity observed with
the RhCl(COD)(S,S-α-P,N) precatalyst vs. the Rh(acac)-
(CO)(S,S-α-P,N) precatalyst in chloroform (discussed
above).

Conclusions

The isotopic composition of aldehyde, obtained by sty-
rene hydroformylation using Rh-α-P,N catalytic systems in
the presence of D2O, allows us to obtain new stereochemi-
cal and mechanistic information for this catalytic reaction.
Specifically, the absence of PhCH(CDO)CH3 in all cases
shows that the rhodium-acyl intermediate does not release
the aldehyde product by a protonolysis process, nor by
bimetallic reductive elimination. The presence of
PhCD(CHO)CH3 in only one catalytic experiment shows,
for the first time, that a Rh–acyl racemization may be cata-
lyzed in the presence of certain ligands. An intramolecular
H-interaction between the ammonium and Rh-enolate moi-
eties is proposed to be responsible for this process, leading
to M–acyl racemization before the reductive elimination
step. This is a new phenomenon to be considered for the
design of new ligands for use in the efficient and highly
enantioselective branched hydroformylation process. It
should also be considered for the extension of existing rho-
dium catalyzed asymmetric hydroformylation processes to
ionic liquid media such as imidazolium or ammonium salts.
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Experimental Section

General Procedures: All manipulations were carried out under puri-
fied argon and in the dark using standard Schlenk techniques. All
solvents were dried and deoxygenated by standard methods and
distilled under dinitrogen prior to use. 1H and 13C{1H} NMR mea-
surements were carried out with a Bruker AC300 spectrometer. The
peak positions are reported with positive shifts in ppm downfield of
TMS as calculated from the residual solvent peaks. The commercial
compounds PPh3, Ph2NH, [RhCl(COD)]2, [Rh(acac)(CO)2], and
[Rh(CO)2Cl]2 were used as received without further purification.
The ligands Ph2PCH2NEt2, Ph2PCH2NPh2, Ph2PCH(Ar)NHPh
[Ar = o-C6H4Cl{Cr(CO)3}], were prepared according to the litera-
ture.[11,15,44,45] The preparation of the optically pure version of the
latter ligand, (S,S)-1, has been previously reported[11] The synthesis
of complex [RhCl(COD)(α-P,N)] 1 with α-P,N=Ph2PCH(o-
C6H4Cl[Cr(CO)3])NHPh has previously been described.[17] The
(R)-2-phenylpropanal was prepared by an oxidation reaction using
the Dess–Martin reagent[46] from commercially available (R)-2-
phenyl-1-propanol (Aldrich) according to a previously described
procedure[47] (ee = 93% by use of the NMR chiral shift reagent
[Eu(hfc)3], according to the literature[48]).

Catalytic Runs: The hydroformylation reactions were carried out in
a 300-mL stainless-steel Parr autoclave equipped with a magnetic
drive, an internal glass vessel, and an immersion tube connected to
a valve for solution withdrawals under pressure. The temperature
was controlled by a rigid heating mantle and a single loop cooling
coil. The autoclave was purged three times under vacuum/argon
before introducing the catalytic solution (see Table 1). The 1:1 CO/
H2 mixture was prepared by mixing the pure gases in a 500-ml
stainless steel cylinder before introduction into the autoclave at the
desired pressure (see Table 1). The zero time for kinetic runs was
considered as the time at which the desired pressure was reached
inside the autoclave. In order to maintain temperature and pressure
conditions as constant as possible during each kinetic run, only a
few mL of catalytic solution mixture were carefully withdrawn each
time from the autoclave. The THF solvent was then rotary evapo-
rated at room temperature and the yellow-orange residue was ana-
lyzed by proton and carbon NMR spectroscopy. For the product
obtained in the presence of the optically active catalyst, the ee as
well as the absolute configuration of the enantiomer were deter-
mined by use of the NMR chiral shift reagent [Eu(hfc)3], according
to the literature.[48]
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Bond orders calculated using the Mayer, Wiberg or NAO
methodologies are incompatible with the observed bond
lengths in chalcogen–nitrogen systems. To study this discrep-
ancy four types of bond orders and three types of (scaled)
overlap populations have been used to determine the bond-
ing in these systems. A new overlap population based on the
Hirshfeld partitioning of the electron density is compared to
the Mayer, Wiberg, NAO and Fuzzy bond order schemes and

Introduction

There has been an increasing interest in low-molecular-
weight derivatives of (SN)x polymer since the latter’s met-
allic properties[1] and low-temperature superconductivity[2]

were discovered in the 1970�s. In our earlier work we have
dealt with various compounds containing an (SN)2 frag-
ment such as 1,3λ4δ2,2,4-benzodithiadiazine (1),[3] its fluori-
nated derivatives[4] and Roesky’s ketone (4).[5] 3λ4δ2,1,2,4-
Benzothiaselenadiazine (2) and 1,3λ4δ2,2,4-benzodiselenad-
iazine (3), the mono- and diselena analogues of 1, are also
of considerable interest and are presently targets for synthe-
sis.[6] Figure 1 presents structural formulas of these com-
pounds. According to single-crystal X-ray diffraction
(XRD) studies,[7] the structure of 1 is planar in the solid
state, whereas both gas-phase electron diffraction (GED)
and quantum chemical calculations indicate a bent struc-
ture in the gas phase.[3] Compound 1 possesses a cyclic 12π-
electron system, and the deviation from the planar structure
was attributed to a pseudo-Jahn–Teller distortion to mini-
mize the antiaromaticity.[3,8] Furthermore, the energy bar-
rier to planarity is low (1.17 kJ·mol–1 at the HF/6-31G*
level) and in the crystal phase the molecule can be flattened
without great effort.
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the Mulliken and Fuzzy overlap population schemes. The
correlation between the investigated bond orders and over-
lap populations is excellent for common organic molecules,
but the (scaled) Hirshfeld and Fuzzy overlap population
schemes produce the best results for a series of chalcogen-
nitrogen systems.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Structural formulas and atomic numbering of the chal-
cogen–nitrogen compounds under consideration. For compound 4
the formal Lewis structure is given.

Despite the different conformations in the two phases the
measured (by XRD and GED) and calculated geometrical
parameters of 1 reflect similar bonding. In the heteroatomic
part there are two virtually equally short N=S bonds (bond
length about 1.55 Å) and one longer N–S bond (bond
length about 1.70 Å). On the basis of a comparison between
the average bond lengths for the N=S and N–S bonds, the
two short bonds could be identified as being double bonds
while the longer one fell within the range for a single bond.
Indeed, according to the analysis of the Cambridge Struc-
tural Database by Allen et al.,[9] an average N–S single bond
lies between 1.64 and 1.70 Å, while a N=S double bond is
approximately 1.54 Å long [we note that the N=S bond
length is only tabulated for conjugated N=S=N systems].

In many cases, conclusions on the structures of com-
pounds are based on bond order considerations, and there-
fore, it is essential to obtain reliable values for it. According
to the IUPAC Compendium of Chemical Terminology, a
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bond order is a “theoretical index of the degree of bonding
between two atoms relative to that of a single bond, i.e. the
bond provided by one localized electron pair”.[10] However,
there exists no unique formula to calculate the bond order.
Every bond order is partly arbitrary since it is based on a
population analysis scheme which is arbitrary itself: dif-
ferent schemes for the partitioning of the electron density
give rise to different definitions of bond orders.

Regardless of the differences between the various bond
order methodologies, it is important that each one of them
produces consistent results, and this is often the case for
common organic molecules. This requirement is, however,
not fulfilled in the case of compound 1 for which the
Mayer,[11–13] Wiberg[14] and NAO (atom-atom-overlap-
weighted Natural Atomic Orbital bond order)[15,16] meth-
odologies predict a bond order value for the NS double
bond which is much smaller than expected on the basis of
the bond length. The same controversy is observed in the
case of compounds 2, 3 and 4.

Since the early definition of Wiberg[14] there has been a
long debate on the appropriate quantum chemical defini-
tion of bond orders (see ref.[17] and refs. 1–18 therein). Re-
cently, Mayer and Salvador[18] have proposed bond orders
based on ‘fuzzy’ atoms which are characterized by soft
overlapping boundaries and defined using the Becke par-
titioning scheme. Clark and Davidson proposed a method
for controlling the region of overlap between atoms and
thoroughly examined the effect of the shape and sharpness
of the interatomic boundaries on the obtained fuzzy atomic
populations.[19] Mayer’s fuzzy atom bond order, together
with several other methods, was used by Clark et al.[20] in
their investigation of the bonding properties of a number
of actinide complexes. It was found that the fuzzy atom
method[18] performed well for these compounds, even
though the Natural Population Analysis (NPA) method ex-
hibited the best performance of all the orbital-based par-
titioning schemes for these molecules.

Pauling was the first to suggest that bond orders can be
related to bond lengths, and since then several relationships
have been proposed.[21–24] These curves have found wide-
spread applications. Among others, Lendvay[25] has recon-
firmed the exponential relationship between the bond
length and bond order using Equation (1),

n = exp[–(r – r0)/b] (1)

where n is the bond order, r0 the equilibrium bond length
of a single bond, r the real bond length in the compound
considered, and b is a constant.

It is the purpose of this paper to address the discrepanc-
ies between observed bond lengths and the corresponding
bond orders calculated using different methodologies, in
particular for NS and NSe bonds in chalcogen-nitrogen
compounds. For this purpose we have calculated and com-
pared the Mulliken, Fuzzy and Hirshfeld overlap popula-
tions with the Mayer, Wiberg, NAO and Fuzzy bond or-
ders. We have also investigated the relationship between
these bond orders, overlap populations and the correspond-
ing bond lengths. It has been known for decades that Mul-
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liken overlap populations correlate reasonably well with
Mayer bond orders,[26] even though Mayer insists that over-
lap populations and bond orders reflect different aspects of
bonding, i. e. charge accumulation and exchange interac-
tions, respectively. In the recent past the Hirshfeld par-
titioning scheme[27,28] has received considerable interest in
relation to the calculation and interpretation of a variety
of molecular quantities such as charges and dipoles,[28–33]

enthalpies of formation,[34–36] global QMSI (quantum mol-
ecular similarity index) values[37] and Fukui functions (see
ref.[38] and refs. therein).

Theory and Computational Details

In the Hirshfeld Scheme[27,28] the number of electrons at-
tributed to an atom A in a molecule, NA, is defined as in
Equation (2),

(2)

in which ρM(r) is the molecular density at position r, ρA(r)

is the atomic density and �
X

ρX(r) constitutes the pro-mo-

lecular density. In a way similar to the definition of the
atomic charge,[28–33] the Hirshfeld overlap population
(HOP), BAB, can be defined by Equation (3),

(3)

which is the special case of the fuzzy atom overlap popula-
tion defined earlier[18] in which the weight factors have been
replaced by those specified by Hirshfeld. Full geometry op-
timisations of the structures of all the molecules studied in
this work were performed using the Gaussian 03 program
package[39] applying Density Functional Theory (DFT)
with the hybrid B3LYP functional[40] and the cc-pVTZ basis
set; the basis set was used as it is implemented in the pro-
gram. The Wiberg and NAO bond orders and the NPA
charges were calculated using the NBO 3.0 program[41] as
it is implemented in the Gaussian 03 program package.
Mayer and Fuzzy bond orders and Mulliken and Fuzzy
charges were calculated using the program Fuzzy.[42] The
Hirshfeld overlap populations and stockholder charges
were calculated using the BRABO program package.[43]

Results and Discussion

Comparison of Overlap Populations and Bond Orders for
Homodiatomic and Simple Organic Molecules

In order to evaluate our new Hirshfeld overlap popula-
tions (HOP) as they are defined by Equation (3), the values
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were compared to the corresponding Mulliken and Fuzzy
overlap populations and to the Mayer, Wiberg, NAO and
Fuzzy bond orders for a set of simple organic and inorganic
molecules. The results have been compiled in Table 1. The
values of the overlap populations are considerably smaller
than those of the bond orders. In order to make compari-
son of the data easier, we have scaled the overlap popula-
tions in such a way that they are in line with the formal
bond orders of 1, 1.5, 2, and 3 for the CC bonds in ethane,
benzene, ethene, and ethyne, respectively. Therefore, these
four compounds and their bond order values were used to
construct a linear function between the calculated and for-
mal bond orders and this has been presented graphically in
Figure 2; the relevant data of the trendlines have been given
in Table 2. Although this scaling is arbitrary it does have
the advantage that it produces numbers comparable to the
bond orders expected by chemical intuition. For reasons of
comparison similar linear regression curves were calculated
for the bond order schemes as well. Figure 2 and Table 2
indicate that the slopes of the regression lines for the
Wiberg, Mayer and Fuzzy bond orders are close to 1, pre-
cluding any form of scaling. The values of the NAO bond
orders and of the three overlap populations are lower in
absolute value, but correlate very well linearly with the for-
mal bond orders as can be seen from the R2 values given in
Table 2. On the basis of the equations of the regression lines
obtained for the three overlap populations and the NAO
bond orders, scaled equivalents of these were calculated,
and these are also given in Table 1 as sHOP (scaled Hirsh-
feld overlap population), sMOP (scaled Mulliken overlap
population), sFOP (scaled Fuzzy overlap population) and
sNAO (scaled NAO bond order).

The bond orders and overlap populations of the different
bonds in a series of substituted ethynes (RC�CH), ethenes
(RHC=CH2) and ethanes (RH2C–CH3) were calculated
and the changes of the bond order or overlap population
as a function of the substituents (R = H, CH3, F, Cl and
CHO) were examined. All schemes used reflect the expected
trends. For the homodiatomic molecules, basic chemical

Table 1. Calculated bond lengths (re in Å), the corresponding Hirshfeld (HOP), Fuzzy (FOP) and Mulliken (MOP) overlap populations
together with their scaled equivalents (sHOP, sFOP and sMOP), and the NAO (NAO), scaled NAO (sNAO), Wiberg (WBO), Mayer
(MBO) and Fuzzy (FBO) bond orders for a number of organic and diatomic compounds. See text for details. * These compounds were
used for scaling.
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knowledge suggests that there is a single bond in H2, F2

and Cl2, a double bond in O2 and a triple bond in N2;
the respective bond orders are then 1, 2 and 3. The scaled
Hirshfeld overlap population of 1.91 for O2 is remarkable,
as is the value of 1.87 obtained with the Mayer scheme; the
other methods show much lower or higher values, despite
the commonly accepted bond order value of 2. In contrast,
the values of sHOP for both H2 and F2 are quite low. It is
important to note that there is a significant difference be-
tween the Wiberg and Mayer bond orders on the one hand,
and the Hirshfeld and Fuzzy overlap populations and the
NAO bond order on the other. In each case, the Wiberg/
Mayer values are very close to the formal bond order of 1
but are independent of the strength of the bond, while the
Hirshfeld/NAO/Fuzzy values seem to provide additional in-
formation on the bond strength (i. e. they give larger num-
bers for stronger single bonds and smaller values for weaker
single bonds). The Wiberg bond order of the F–F bond is
1.01 and virtually equal to that of the H–H bond, while
both sNAO and sHOP suggest a weaker bond in F2 which
is in accordance with the small dissociation energy of the
F–F bond.[44] Table 1 also contains a number of negative
values which are clearly due to the scaling procedure. Even
though these values have lost their quantitative meaning
they are still useful on a qualitative level.

In order to compare the values of the scaled Hirshfeld
overlap population with those of the other investigated
quantities, the latter were plotted against the scaled Hirsh-
feld overlap populations in Figure 3; all carbon–carbon
bonds compiled in Table 1 have been included. As can be
seen from Figure 3 the Hirshfeld overlap population corre-
lates quite well with all the other bond order and overlap
population schemes except with the Mulliken overlap pop-
ulation. The correlation with NAO is the best.

As mentioned in the introduction, since Pauling’s origi-
nal suggestion several authors have confirmed the bond or-
ders’ exponential decrease with the bond length. In Figure 4
the values of the bond orders and overlap population calcu-
lated using the different methods were plotted against the
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Table 1. (continued)
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Figure 2. Calculated bond orders within the NAO (�), Mayer (�), Fuzzy (*) and Wiberg (�) schemes and calculated overlap populations
within the Hirshfeld (�), Fuzzy (+) and Mulliken (∆) schemes for ethane, ethene, ethyne and benzene plotted against their formal bond
orders of 3, 2, 1 and 1.5. The relevant data regarding the trendlines is given in Table 2.

Table 2. Relevant data regarding the trendlines in Figure 2.

Equation R2

Bond orders NAO (�) y = 1.814 x – 0.607 1.000
Wiberg (�) y = 1.005 x – 0.020 0.996
Mayer (�) y = 1.110 x – 0.058 0.998
Fuzzy (*) y = 1.113 x – 0.163 0.985

Overlap populations Hirshfeld (�) y = 4.518 x – 0.686 0.999
Fuzzy (+) y = 10.55 x – 1.900 0.977
Mulliken (∆) y = 4.005 x – 0.410 0.989

bond length for the carbon–carbon bonds presented in
Table 1. The function in Equation (4),

n = A·exp[–r/b] (4)

was then fitted to the data. Compared to Equation (1) a
parameter A was introduced which results from two consid-

Figure 3. The scaled Hirshfeld overlap population vs. the Wiberg (�), the Fuzzy (*), the Mayer (�) and the scaled NAO (�) bond orders
and the scaled Fuzzy (+) and scaled Mulliken (∆) overlap populations for the carbon–carbon bonds in the compounds of Table 1.
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erations. First, instead of plotting (r – r0) against n, only r
was, which resulted in a right-shift of the curve by r0. This
does not effect the goodness of the exponential fit, the cor-
relation coefficients or the decay parameter b. Secondly, the
non-scaled bond orders and overlap populations were used
in these fits in order to avoid confusion because of the scal-
ing, taking into account that the latter values are much
lower than the formal bond orders, which are present in
Equation (1). Table 3 contains the parameters A and b used
in the different fits. Our results are in accordance with the
earlier findings: with the exception of the Mulliken overlap
population all investigated quantities decrease exponen-
tially with the bond length, with R2 values above 0.97 (ex-
cept for the fuzzy overlap population). The R2 values are
largest for the NAO bond order and the Hirshfeld overlap
population. For the Wiberg and Mayer bond orders, the
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Figure 4. Exponential fit of the Wiberg (�), the Fuzzy (*), the Mayer (�) and the NAO (�) bond orders and the unscaled Hirshfeld (�),
Fuzzy (+) and Mulliken (∆) overlap populations vs. the r(C–C) of Table 1. See Table 3 for the values of the fitting parameters and the
correlation coefficients.

Table 3. Parameters A and b (in Å) used in the exponential fits in the bond length vs. bond order/overlap population curves in Figure 4
and Figure 5, combined with the correlation coefficients of these fits.

r(C–C) r(N–S)
A b R2 A b R2

Bond orders NAO (�) 42.11 0.389 0.994 112.6 0.337 0.859
Wiberg (�) 162.10 0.297 0.973 3878 0.198 0.797
Mayer (�) 157.67 0.293 0.962 2674 0.211 0.878
Fuzzy (*) 88.88 0.341 0.965 2309 0.220 0.902

Overlap populations Hirshfeld (�) 13.83 0.419 0.994 54.32 0.344 0.989
Fuzzy (+) 3.117 0.607 0.872 35.57 0.342 0.921
Mulliken (∆) 26.22 0.336 0.605 54.46 0.321 0.367

value of the b parameter is about 0.29 Å, which is close to
Pauling’s “universal” value of 0.26 Å.

Chalcogen–Nitrogen Compounds

For common organic compounds, all methodologies ex-
cept the Mulliken overlap population give virtually equally
good results. Consequently, it is logical to investigate their
performance for more exotic systems, in particular com-
pounds 1–4, which are of special interest to our re-
search.[3–6] First, a number of simple compounds which
contain formal single, double and triple NS and NSe bonds
were studied. The results are given in Table 4. On the basis
of these the values, the bond orders and overlap popula-
tions calculated for compounds 1–4 can be interpreted in
the second part of this discussion.

It is important to note that while the values of the scaled
Hirshfeld overlap population (sHOP) and the Wiberg and
Mayer bond orders correspond to a single NX (X = O,S,Se)
bond in NH2OH, NH2SH and NH2SeH and a double NX
bond in HN=O and HN=S, the values of the scaled NAO
bond order and the Mulliken overlap population are lower,
and those of both the scaled Fuzzy overlap population and
the Fuzzy bond order are larger. In every case the sulfur–
nitrogen bonds have a larger bond order/overlap population

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 69–7774

than the corresponding selenium–nitrogen bonds (except in
the case of the scaled Mulliken overlap population) which
can be explained by the fact that heavier elements do not
prefer to form double or triple bonds. Furthermore, the
weakening of the double bond in the N=O � N=S � N=Se
series is confirmed by all except the Mayer and Mulliken
schemes.

While the NS bond length is considerably shorter in
HN=S=NH and HN=Se=NH than in HN=S and HN=Se,
respectively (in both cases by about 0.03 Å), the Wiberg,
Mayer and Fuzzy bond orders are smaller in the diimino
species. The Hirshfeld and NAO methods, on the contrary,
show approximately the same bond order for the di- and
monoimino species. As there seems to be a contradiction
between the conclusions based on bond orders and bond
lengths, we calculated the ellipticity and the electron density
in the bond critical points of the N=X (X = S,Se) bonds of
these four molecules with the Atoms In Molecules (AIM)
theory.[45,46] Table 5 collects the results. The relatively large
ellipticity values for all four compounds indicates the pres-
ence of NS and NSe double bonds in the compounds, but
the values obtained for HN=X=NH are particularly large.
The increase of the electron density in the bond critical
point upon going from the monoimino to the diimino species
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Table 4. Calculated bond lengths (re in Å), the corresponding Hirshfeld (HOP), Fuzzy (FOP) and Mulliken (MOP) overlap populations
together with their scaled equivalents (sHOP, sFOP and sMOP) and the NAO (NAO), scaled NAO (sNAO), Wiberg (WBO), Mayer
(MBO) and Fuzzy (FBO) bond orders for a number of systems containing NS and NSe bonds and compounds 1–4. See text for details.

indicates a strengthening of the N=S and N=Se bonds as
well. A possible explanation for the decrease of the values
of the Wiberg, Mayer and Fuzzy bond orders and the Mul-
liken and Fuzzy overlap populations is that these methods
are much more sensitive to the valence state of the atom
than the other methods; after all, HN=X contains a di-
valent and HN=X=NH a tetravalent chalcogen atom. As a
further possibility, we checked whether there is any bonding
between the two nitrogen atoms in these molecules. The
Mayer bond order value of about 0.24 shows weak bonding
between these atoms, but none of the other methods sup-
ports this. The overlap-population-based methodologies
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can not be used for non-bonded atoms as the overlap pop-
ulations in theses cases are always very low if not zero.

Table 5. Ellipticity (ε) and electron density in the bond critical point
(ρBCP) of the N=S and N=Se bonds in HN=S, HN=S=NH,
HN=Se and HN=Se=NH.

ε ρBCP

HN=S 0.083 0.250
HN=S=NH 0.392 0.275
HN=Se 0.125 0.206
HN=Se=NH 0.244 0.220
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Figure 5. Exponential fit of the Wiberg (�), the Fuzzy (*), the Mayer (�) and the NAO (�) bond orders and the unscaled Hirshfeld (�),
Fuzzy (+) and Mulliken (∆) overlap populations vs. the r(N–S) of Table 4. See Table 3 for the values of the fitting parameters and the
correlation coefficients.

In the second part of this discussion we will consider the
bonding in compounds 1–4 with the above conclusion in
mind. The calculated geometrical parameters and confor-
mation of 1 are in accordance with earlier results.[3] An iso-
lated molecule of 1 has a bent geometry and two short and
one long NS bonds (see Table 4). Compounds 2 and 3 have
the same conformation as 1 in the gas phase, and the bond
lengths indicate similar bonding patterns in all three mole-
cules. The scaled Hirshfeld and Fuzzy overlap populations
and the Fuzzy bond orders in Table 4 are much larger than
the other values for the N=S double bonds and they are in
accordance with the conclusions based on the bond lengths.
Only the Hirshfeld, Fuzzy bond order and NAO schemes
suggest that the N=S bonds in 1 are of similar strength as
those in HN=S=NH. In contrast, the Wiberg and Mayer
bond orders are even smaller for the ring compounds than
for HN=S=NH. As the NAO values are too small, only the
scaled Hirshfeld overlap populations and Fuzzy bond or-
ders are consistent with the conclusion based on the bond
lengths. As was shown above, the AIM theory showed that
for these compounds a shorter bond length indicates a
stronger bond, and we can conclude that 1 contains two
double and one single NS bonds. It is clear from Table 4
that the same conclusions can be drawn for compounds 2
and 3. For the latter the bond order values have decreased
in agreement with the observations made on the model
compounds.

Comparison of the bond orders and bond lengths calcu-
lated for Roesky’s ketone (4) further supports π-electron de-
localisation and the aromaticity of Roesky’s ketone. It was
shown earlier that Roesky’s ketone (4) is aromatic which is
indicated by both the NICS value and the equalisation of
the bond lengths within the ring.[5] When going from 1 to
Roesky’s ketone (4) the N=S double bond lengths increase
from about 1.55 Å to about 1.58 and 1.59 Å, while the N–
S single bond shortens from about 1.70 Å to about 1.64 Å.
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In accordance with this, the scaled Hirshfeld overlap pop-
ulations of the double bonds in 4 are only 1.69 and 1.77,
compared to 1.93 and 1.96 in 1; the bond order of the single
NS bond is 1.52 in 4, while only 1.32 in 1. The same trends
can be seen in the Fuzzy, the Wiberg, the NAO and the
Mayer bond orders, although the differences are far less
pronounced.

Although it is known that for inorganic systems the rela-
tionship between bond order and bond length is much
weaker than in organic molecules, we investigated whether
Pauling’s curve is applicable to our chalcogen-nitrogen sys-
tems. The calculated NS bond lengths were plotted against
the values obtained from the different methodologies in
Figure 5 for the tetravalent sulfur atoms; Table 3 contains
the data relevant to the plots. The divalent sulfur atoms
were not included in the fit, as the valence state of the atom
may seriously influence this type of relationship. From Fig-
ure 5 and Table 3 it is clear that for these systems the ex-
ponential relationship between bond length and bond or-
der/overlap population holds, but that the best correlation
was found in the case of the Hirshfeld and Fuzzy overlap
populations. The correlation in the case of bond orders is
definitely inferior.

Conclusions

Several types of overlap populations and bond orders
were compared for a large set of common organic and di-
atomic molecules and applied to the description of chal-
cogen-nitrogen systems. It has been shown that the different
overlap populations (with the exception of Mulliken) and
bond orders correlate very well with bond lengths. In ad-
dition, the values obtained from the different methodolo-
gies correlate well amongst themselves. The particular use-
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fulness of these schemes was demonstrated by examining
the bonding in a set of chalcogen-nitrogen compounds
which exhibit unusual bonding between heteroatoms. Only
the (scaled) Hirshfeld and Fuzzy overlap population
schemes produce results that are compatible with the ob-
served bond lengths.

Acknowledgments

This work was supported by the Flemish-Hungarian Scientific and
Technological Joint Fund (TeT B-2/01, BIL 01/72 and BIL 01/17).
J. O. and T. V. acknowledge financial support from OTKA Grant
T048796.

[1] V. V. Walatka, M. M. Labes, J. H. Perlstei, Phys. Rev. Lett.
1973, 31, 1139–1142.

[2] R. L. Greene, G. B. Street, L. J. Suter, Phys. Rev. Lett. 1975,
34, 577–579.

[3] F. Blockhuys, S. L. Hinchley, A. Yu. Marakov, Yu. V. Gatilov,
A. V. Zibarev, J. D. Woollins, D. W. H. Rankin, Chem. Eur. J.
2001, 7, 3592–3602.

[4] A. Y. Makarov, I. Y. Bagryanskaya, F. Blockhuys, C. Van Al-
senoy, Y. V. Gatilov, V. V. Knyazev, A. M. Maksimov, T. V. Mi-
khalina, V. E. Platonov, M. M. Shakirov, A. V. Zibarev, Eur. J.
Inorg. Chem. 2003, 77–88.

[5] J. Van Droogenbroeck, K. Tersago, C. Van Alsenoy, S. M. Auc-
ott, H. L. Milton, J. D. Woollins, F. Blockhuys, Eur. J. Inorg.
Chem. 2004, 3798–3805.

[6] A.Yu. Makarov, K. Tersago, K. Nivesanond, F. Blockhuys, C.
Van Alsenoy, M. K. Kovalev, I.Yu. Bagryanskaya, Yu. V. Gati-
lov, M. M. Shakirov, A. V. Zibarev, Inorg. Chem. submitted for
publication.

[7] A. W. Cordes, M. Hojo, H. Koenig, M. C. Noble, R. T. Oakley,
W. T. Pennington, Inorg. Chem. 1986, 25, 1137–1145.

[8] A. Y. Makarov, I. Y. Bagryanskaya, Y. V. Gatilov, T. V. Mikhal-
ina, M. M. Shakirov, L. N. Shchegoleva, A. Zibarev, Heteroat.
Chem. 2001, 12, 563–576.

[9] F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J. Chem. Soc., Perkin Trans. 2 1987, S1–S19.

[10] Compendium of Chemical Terminology, 2nd edition, 1997.
[11] I. Mayer, Chem. Phys. Lett. 1983, 97, 270–274.
[12] I. Mayer, Int. J. Quantum Chem. 1986, 29, 73–84.
[13] I. Mayer, Int. J. Quantum Chem. 1986, 29, 477–483.
[14] K. B. Wiberg, Tetrahedron 1968, 24, 1083–1096.
[15] A. E. Reed, F. Weinhold, J. Chem. Phys. 1983, 78, 4066–4073.
[16] A. E. Reed, R. B. Weinstock, F. Weinhold, J. Chem. Phys. 1985,

83, 735–746.
[17] R. C. Bochicchio, L. Lain, A. Torre, Chem. Phys. Lett. 2003,

374, 567–571.
[18] I. Mayer, P. Salvador, Chem. Phys. Lett. 2004, 383, 368–375.
[19] A. E. Clark, E. R. Davidson, Int. J. Quantum Chem. 2003, 93,

384–394.
[20] A. E. Clark, J. L. Sonnenberg, P. J. Hay, R. L. Martin, J. Chem.

Phys. 2004, 121, 2563–2570.
[21] L. Pauling, L. O. Brockway, J. Y. Beach, J. Am. Chem. Soc.

1935, 57, 2705–2709.
[22] L. Pauling, J. Am. Chem. Soc. 1947, 69, 542–553.
[23] W. Gordy, J. Chem. Phys. 1947, 15, 305–310.
[24] J. P. Paolini, J. Comput. Chem. 1990, 11, 1160–1163.

Eur. J. Inorg. Chem. 2006, 69–77 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 77

[25] G. Lendvay, J. Mol. Struct. (THEOCHEM) 2000, 501–502,
389–393.

[26] I. Mayer, Int. J. Quantum Chem. 1984, 26, 151–154.
[27] F. L. Hirshfeld, Theor. Chim. Acta 1977, 44, 129–138.
[28] B. Rousseau, A. Peeters, C. Van Alsenoy, Chem. Phys. Lett.

2000, 324, 189–194.
[29] E. N. Maslen, M. A. Spackman, Austr. J. Phys. 1985, 38, 273–

287.
[30] E. R. Davidson, S. Chakravorty, Theor. Chim. Acta 1992, 83,

319–330.
[31] F. De Proft, C. Van Alsenoy, A. Peeters, W. Langenaeker, P.

Geerlings, J. Comput. Chem. 2002, 23, 1198–1209.
[32] F. De Proft, R. Vivas-Reyes, A. Peeters, C. Van Alsenoy, P.

Geerlings, J. Comput. Chem. 2003, 24, 463–469.
[33] M. Zwijnenburg, S. Bromley, C. Van Alsenoy, T. Maschmeyer,

J. Phys. Chem. A 2002, 106, 12376–12385.
[34] A. Ruzsinszky, C. Van Alsenoy, G. I. Csonka, J. Phys. Chem.

A 2002, 106, 12139–12150.
[35] G. I. Csonka, A. Ruzsinszky, J. Oláh, C. Van Alsenoy, J. Mol.

Struct. (THEOCHEM) 2002, 589–590, 1–5.
[36] A. Ruzsinszky, C. Van Alsenoy, G. I. Csonka, J. Phys. Chem.

A 2003, 107, 736–744.
[37] G. Boon, C. Van Alsenoy, F. De Proft, P. Bultinck, P. Geerlings,

J. Phys. Chem. A 2003, 107, 11120–11127.
[38] J. Oláh, C. Van Alsenoy, A. B. Sannigrahi, J. Phys. Chem. A

2002, 106, 3885–3890.
[39] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pom-
elli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Revision B.05,
Gaussian, Inc., Pittsburgh, PA, 2003.

[40] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, J.
Phys. Chem. 1994, 98, 11623–11627.

[41] E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold,
NBO, version 3.1.

[42] I. Mayer, P. Salvador, FUZZY, version 1.01; Girona (Italy),
October 2003 and Budapest (Hungary), August 2004.

[43] C. Van Alsenoy, A. Peeters, J. Mol. Struct. (THEOCHEM)
1993, 286, 19–34.

[44] Handbook of Chemistry and Physics (53rd edition), (Ed.: R. C.
Weast), The Chemical Rubber Co., Cleveland, USA, 1972–
1973.

[45] R. F. W. Bader, Atoms in Molecules: A quantum theory; Oxford
University Press: Oxford, 1990.

[46] R. F. W. Bader et al., AIMPAC: A suite of programs for the
AIM theory; McMaster University: Hamilton, Ontario,
Canada, 2000.

Received: May 31, 2005
Published Online: November 15, 2005



FULL PAPER

DOI: 10.1002/ejic.200500569

Synthesis of New Half-Sandwich Ruthenium(II) Complexes Bearing Alkenyl-
and Alkynylphosphane Ligands

Josefina Díez,[a] M. Pilar Gamasa,*[a] José Gimeno,[a] Elena Lastra,*[a] and Amparo Villar[a]

Keywords: Indenyl complexes / Phosphane ligands / Ruthenium / Sandwich complexes

Carbonyl substitution of the complex [RuI(η5-C9H7)(CO)2]
with the activated phosphanes Ph2PR (R = CH2CH=CH2,
CH2CH2CH=CH2, and C�CPh) affords the complexes
[RuI(η5-C9H7)(CO)(Ph2PR-κP)] [R = CH2CH=CH2 (1a),
CH2CH2CH=CH2 (1b), C�CPh (1c)]. The reaction of the
complex [RuCl(η5-C9H7)(PPh3)2] with the corresponding
phosphanes, in refluxing THF, gives the complexes [RuCl(η5-
C9H7)(PPh3)(Ph2PR-κP)] [R = CH2CH2CH=CH2 (2b), C�CPh
(2c)] by substitution of PPh3. The cationic derivatives [Ru(η5-
C9H7)(L)(Ph2PR-κ3P,C,C)][X] [L = CO, X = SbF6, R =
CH2CH=CH2 (3a), CH2CH2CH=CH2 (3b); L = PPh3, X = PF6,
R = CH2CH2CH=CH2 (4b)] have been prepared by treatment
of the complexes 1a,b and 2b with a halide abstractor such
as AgSbF6 or NaPF6, respectively. Deprotonation reactions of

Introduction

Functionalized phosphanes bearing a multiple carbon–
carbon bond display a versatile behavior as ligands in coor-
dination chemistry and have been reasonably well explored
to date. Thus, alkenylphosphanes,[1] R2P(CH2)nCH=CH2 (n
= 0–2), and alkynylphosphanes,[2] R2PC�CR�, have been
used in coordination chemistry with a wide range of transi-
tion metals. Moreover, a number of ruthenium() com-
plexes bearing different alkenylphosphanes, such as dicyclo-
hexylvinylphosphane (DCVP),[3] vinyldiphenylphosphane
(DPVP),[4] and allyldiphenylphosphane (ADPP)[5] have also
been described and their ligand hemilabile properties have
been repeatedly shown. However, the coordination proper-
ties and the hemilabile character of homoallylphosphanes
have been much less exploited in the area of ruthenium
chemistry. Recently, Kirchner and co-workers have studied
the reactions of olefins and acetylenes with the complex
[Ru(η5-C5H5)(MeCN)(Ph2PCH2CH2CH=CH2-κ3P,C,C)]-
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the complexes 3b and 4b with cesium carbonate have been
carried out, giving rise to the neutral complexes [Ru(η5-C9H7)-
(L)(Ph2PCH2CH=CHCH2-κ2P,C)] [L = CO (5a), PPh3 (5b)].
The reaction of complex 3a with MeCN generates the com-
plex [Ru(η5-C9H7)(MeCN)(CO)(Ph2PCH2CH=CH2-κP)][SbF6]
(6). The vinylidene [Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)-
{C=C(Ph)H}][PF6] (7) and allenylidene [Ru(η5-C9H7)(PPh3)-
(Ph2PC�CPh-κP)(C=C=CPh2)][PF6] (8) derivatives have been
synthesized by reaction of complex 2c with phenylacetylene
or 1,1-diphenylprop-2-yn-1-ol, respectively. The structures of
the derivatives 1c, 3a, and 4b have been determined by
single-crystal X-ray diffraction analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

[PF6], which give rise to interesting coupling products.[6] On
the other hand, examples of complexes of ruthenium()
with alkynylphosphanes[7] are also scarce, even though alky-
nylphosphanes have been extensively used in the synthesis
of polynuclear complexes[2f,8] and have been reported to
participate in interesting rearrangement processes, some of
them involving phosphorus–carbon bond cleavage[9] or car-
bon–carbon bond formation.[10]

We have previously reported the synthesis and charac-
terization of the ruthenium() complexes [Ru(η5-
C9H7)(PPh3)(Ph2PCH2C(R)=CH2-κ3P,C,C)][PF6] (R = H,
Me), which feature a κ3P,C,C coordination mode of the
allyldiphenylphosphane as well as a diastereofacial coordi-
nation of the olefin at the ruthenium center.[11] Moreover,
these complexes have been demonstrated to be useful for
further transformations, particularly as substrates in stereo-
selective nucleophilic addition[11] and intramolecular cyclo-
addition reactions,[12,13] which lead to interesting ruthena-
phosphacyclopentane and ruthenaphosphabicycloheptene
complexes, respectively. The progress of the latter reaction
confirms the hemilabile character of the allyldiphenylphos-
phane ligand, a fact that has been corroborated by kinetic
studies.[14] Continuing with these studies, we report here the
synthesis of new half-sandwich indenyl complexes of ruthe-
nium() containing alkenyl and alkynylphosphanes as well
as some preliminary results on their reactivity.
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Results and Discussion

Complexes with Alkenyl and Alkynylphosphanes (Ph2PR)
Acting as κP Monodentate Ligands

Synthesis of [RuI(η5-C9H7)(CO)(Ph2PR-κP)] [R =
CH2CH=CH2 (1a), CH2CH2CH=CH2 (1b), C�CPh
(1c)]

The addition of the corresponding phosphane to a
dichloromethane solution of the complex [RuI(η5-
C9H7)(CO)(NMe3)] (prepared in situ by reaction of the
complex [RuI(η5-C9H7)(CO)2] with freshly sublimed tri-
methylamine oxide) generates the complexes [RuI(η5-
C9H7)(Ph2PR-κP)(PPh3)] [R = CH2CH=CH2 (1a),
CH2CH2CH=CH2 (1b), C�CPh (1c)], which were isolated
as air-stable red solids (78–97% yield) (Scheme 1).

Scheme 1.

Complexes 1a–c are soluble in CH2Cl2, THF, and diethyl
ether and slightly soluble in hexane. Analytical and spectro-
scopic data (IR and 1H, 13C{1H}, and 31P{1H} NMR spec-
troscopy) support the proposed formulation (see Experi-
mental Section for details). In particular, the IR spectra
show the strong characteristic ν(CO) absorption at 1940 (1a
and 1c) and 1930 cm–1 (1b) as well as the ν(C�C) absorp-
tion at 2176 cm–1 (1c), a singlet resonance is observed at δ
= 45.0 (1a), 44.0 (1b) and 22.5 ppm (1c) for the phosphanes
in the 31P{1H} NMR spectra, and a low-field doublet signal
is observed in the 13C{1H} NMR spectra due to the car-
bonyl group at δ = 203.0 (1a), 203.5 (1b) and 202.4 ppm
(1c) [2JC,P � 20.7–21.3 Hz]. The 13C{1H} NMR spectrum
of 1c also shows two doublet signals for the alkynyl carbon
nuclei at δ = 84.1 (JC,P = 93.6 Hz) and 108.9 ppm (2JC,P =
14.4 Hz).

Slow diffusion of hexane into a solution of 1c in diethyl
ether allowed the isolation of crystals suitable for X-ray dif-
fraction studies. An ORTEP-type representation of the
molecule is shown in Figure 1. Selected bonding data are
collected in the caption.

The molecule exhibits a pseudooctahedral three-legged
piano-stool geometry. The η5-indenyl ligand displays the
usual allylene coordination mode with the benzo ring ori-
ented trans to the carbonyl group, as shown by the dihedral
angle (1.14°) between the planes C*–C**–Ru and C*–Ru–
C(10).[15]

The Ru–C(10) [1.840(4) Å] and C(10)–O(1) [1.132(5) Å]
bond lengths are comparable to those found in other in-
denyl carbonyl ruthenium() complexes such as [RuI-
(η5-C9H7)(CO)(PCy3)] [1.817(13) and 1.142(15) Å][16]
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Figure 1. Molecular structure and atom-labelling scheme for com-
plex 1c. Non-hydrogen atoms are represented by their 10% prob-
ability ellipsoids. Hydrogen atoms and phenyl rings have been omit-
ted for clarity. Selected bond lengths [Å]: Ru(1)–I(1) = 2.7224(4),
Ru(1)–P(1) = 2.3087(9), Ru(1)–C(10) = 1.840(4), Ru(1)–C* =
1.9170, C(10)–O(1) = 1.132(5), P(1)–C(11) = 1.755(4), C(11)–C(12)
= 1.210(6). Selected bond angles [°]: P(1)–Ru(1)–I(1) = 90.17(3),
P(1)–Ru(1)–C(10) = 87.53(12), I(1)–Ru(1)–C(10) = 92.42(13), C*–
Ru(1)–I(1) = 121.81, C*–Ru(1)–P(1) = 129.53, C*–Ru(1)–C(10) =
124.44, P(1)–C(11)–C(12) = 172.0(4), C(11)–C(12)–C(18) =
176.9(4). C* represents the centroid of atoms C(1), C(2), C(3), C(4),
and C(5).

and [Ru(η5-1,2,3-Me3C9H4)(CO)(PPh3)(C=C=CPh2)][BF4]
[1.83(1) and 1.15(1) Å].[17]

The alkynyl carbon–carbon bond length C(11)–C(12)
[1.210(6) Å] is in the typical range for a carbon–carbon tri-
ple bond (1.205 Å in the free acetylene) and slightly longer
than in other alkynylphosphaneruthenium complexes[7a]

such as [RuCl2(η6-p-cymene)(Ph2PC�CC6H4-4-CH3-κP)]
[1.198(3) Å] or [RuCl(η6-p-cymene)(Ph2PC�CtBu-κP)]-
[OTf] [1.196(6) Å]. The alkynyl fragment of the phosphane
displays a nearly linear geometry [C(11)–C(12)–C(18) =
176.9(4)°].

Both enantiomers are present in equal numbers in the
crystal, as the crystal belongs to the centric space group P1̄.
The (R) enantiomer is shown in Figure 1.

Synthesis of [RuCl(η5-C9H7)(Ph2PR-κP)(PPh3)] [R =
CH2CH2CH=CH2 (2b), C�CPh (2c)]

The reaction of the complex [RuCl(η5-C9H7)(PPh3)2]
with the corresponding phosphane in refluxing THF results
in the formation of the complexes [RuCl(η5-C9H7)(Ph2PR-
κP)(PPh3)] [R = CH2CH2CH=CH2 (2b), C�CPh (2c)],
which were isolated as air-stable, red solids in 60% yield
(Scheme 2). Complexes 2b,c are soluble in dichloromethane
and diethyl ether and insoluble in hexane, and were charac-
terized by analytical and spectroscopic techniques (See Ex-
perimental Section for details).
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Scheme 2.

The most remarkable features of those complexes are (a)
the ν(C�C) absorption at 2168 cm–1 in the IR spectrum for
complex 2c, (b) the expected doublets in the 31P{1H} NMR
spectra at δ = 49.0 and 45.6 ppm (2JP,P = 42.9 Hz) for 2b
and δ = 48.1 and 29.1 ppm (2JP,P = 45.0 Hz) for 2c, and (c)
the 13C{1H}NMR spectrum of 2c shows two doublets at δ
= 109.1 (2JC,P = 11.5 Hz) and 87.2 ppm (2JC,P = 80.7 Hz)
for the acetylene carbons. One olefinic carbon appears at δ
= 113.8 ppm in the 13C{1H}NMR spectrum of 2b, while
the other one is overlapped by aromatic carbons.

Complexes with Alkenylphosphanes Ph2P(CH2)nCH=CH2

(n = 1, 2) Acting as κ3P,C,C Chelate Ligands: Synthesis of
the Complexes [Ru(η5-C9H7)(L)(Ph2PR-κ3P,C,C)][X] [L =
CO, X = SbF6, R = CH2CH=CH2 (3a), CH2CH2CH=CH2

(3b); L = PPh3, X = PF6, R = CH2CH2CH=CH2 (4b)]

Due to the interest of the reactions carried out with the
complex [Ru(η5-C9H7)(PPh3)(Ph2PCH2CH=CH2-κ3P,C,C)]-
[PF6],[11–13] our interest focused on the synthesis of novel
complexes with allyl- and homoallylphosphanes coordi-
nated in a κ3P,C,C mode, which can be formed from com-
plexes 1a,b and 2b by halide abstraction and subsequent
olefin coordination to the metal. Thus, the treatment of
complexes 1a,b with AgSbF6 in dichloromethane leads al-
most quantitatively to the complexes [Ru(η5-
C9H7)(CO)(Ph2PR-κ3P,C,C)][SbF6] [R = CH2CH=CH2

(3a), CH2CH2CH=CH2 (3b)]. Similarly, the reaction of the
complex 2b with NaPF6 in refluxing ethanol affords the
complex [Ru(η5-C9H7)(PPh3)(Ph2PCH2CH2CH=CH2-
κ3P,C,C)][PF6] (4b) in 67% yield (Scheme 3).

Scheme 3.
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Complexes 3a,b and 4b were isolated as air-stable, yellow
solids that are soluble in dichloromethane and insoluble in
diethyl ether and hexane. They were characterized analyti-
cally and spectroscopically (IR and 1H, 31P{1H}, and
13C{1H} NMR spectroscopy; see Experimental Section for
details).

The 31P{1H} NMR spectra show a singlet resonance for
the complexes 3a (δ = –56.4 ppm) and 3b (δ = 74.6 ppm),
while two doublet signals at δ = 69.3 [Ph2P(CH2)2CH=CH2]
and 47.3 ppm (PPh3; 2JP,P = 29.5 Hz) are found for complex
4b. The phosphorus resonance of the allyldiphenylphos-
phane is clearly shifted upfield in the complex 3a (δ =
74.6 ppm) in comparison with its precursor 1a (δ =
45.0 ppm) wherein the allylphosphane acts as a mono-
dentate ligand. However, the phosphorus resonances of the
homoallyldiphenylphosphane in complexes 3b and 4b are
shifted downfield with respect to those of the corresponding
monodentate phosphanes in the complexes 1b (δ =
44.0 ppm) and 2b (δ = 45.6 ppm). The formation of five-
(3a) and six-membered (3b, 4a) ruthenaphosphacycles may
account for the observed shift differences.[18]

Although the two olefin faces are diastereotopic when
the alkenylphosphane ligands are bound in a didentate
manner, the coordination to the metal is found to be com-
pletely selective, affording a sole diastereoisomer, as re-
vealed by the analysis of the 31P{1H} NMR spectra of com-
plexes 3a,b and 4b. Such a selectivity has also been reported
previously for the complexes [Ru(η5-C9H7)(PPh3)-
(Ph2PCH2CH=CH2-κ3P,C,C)][PF6][11] and [Ru(η5-C5H5)-
(PPh3)(Ph2PCH2CH=CH2-κ3P,C,C)][PF6].[13] In addition,
the 31P{1H} NMR spectra remain unchanged over a wide
temperature range, thus ruling out a dynamic process be-
tween the two diastereoisomers on the NMR time scale.
Contrary to these results, the analogous derivative
[Ru(η5-C5Me5)(Ph2PCH2CH=CH2-κP)(Ph2PCH2CH=
CH2-κ3P,C,C)][PF6] was found to be fluxional, giving rise
to a rapid equilibrium between the two diastereomeric con-
formations present in solution.[5c]

The relatively large difference of the 1H NMR chemical
shifts for the CH2 geminal protons of the olefin in com-
plexes 3a,b and 4 points to a parallel orientation of the
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olefin with respect to the indenyl ring. Similar data have
been reported in other cyclopentadienyl and indenyl π-ole-
fin complexes.[19]

In order to compare the structure of the derivatives 3a
and 4b with that of the complex [Ru(η5-C9H7)-
(PPh3)(Ph2PCH2CH=CH2-κ3P,C,C)][PF6],[11] and to find
out which of the two olefin faces in the Ph2P(CH2)n-
CH=CH2-κP ligand is most favored for coordination, an
X-ray diffraction study was carried out. Single crystals suit-
able for X-ray diffraction analysis were obtained by slow
diffusion of diethyl ether into a solution of complexes 3a
and 4b in dichloromethane. The crystals belong to the cen-
trosymmetric space groups P1̄ (3a) and P21/c (4b), thereby
indicating the presence of a racemic mixture.

In both cases, the asymmetric unit consists of two mole-
cules. For complex 4b, the two molecules are conformers
with identical stereochemistry, the relative configuration at
the ruthenium center being RRu and the olefin being coordi-
nated through the re face (RRure). However, in the case of
complex 3a the two molecules in the asymmetric unit are a
pair of diastereoisomers with relative configuration (RRusi)
and (SRure) (Figure 2). For both 3a and 4b the more rel-
evant structural parameters are similar in both mole-
cules,[20] and thus only the data corresponding to one mole-
cule will be discussed.

Figure 2. The two diastereoisomers found in the asymmetric unit
for the cation of complex 3a with configurations RRusi and SRure.
Non-hydrogen atoms are represented by their 20% probability el-
lipsoids. Hydrogen atoms and phenyl rings have been omitted for
clarity.

ORTEP-type representations of the cations of one of the
molecules for complexes 3a and 4b are shown in Figures 3
and 4, respectively. Selected bonding data are collected in
Table 1.
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Figure 3. Molecular structure and atom-labelling scheme for the
cation of complex 3a. Non-hydrogen atoms are represented by their
10% probability ellipsoids. Hydrogen atoms and phenyl rings have
been omitted for clarity.

Figure 4. Molecular structure and atom-labelling scheme for the
cation of complex 4b. Non-hydrogen atoms are represented by their
10% probability ellipsoids. Hydrogen atoms and phenyl rings have
been omitted for clarity.

Both structures exhibit a three-legged piano-stool geom-
etry with the η5-indenyl ligand displaying the usual allylene
coordination mode. The Ru(1)–C(10) and Ru(1)–C(11)
bond lengths reflect the coordination of the olefin to the
metal center[20] [2.276(11) and 2.230(11) (3a) and 2.228(7)
and 2.245(9) (4b)]. The C(10)–C(11) bond length is
1.389(17) Å in 3a and 1.363(11) Å in 4b, similar to that
found in the complex [Ru(η5-C9H7)(PPh3)(Ph2-
PCH2CH=CH2-κ3P,C,C)][PF6].[11] It is also interesting to
note that the benzo ring of the indenyl ligand is oriented
almost trans to the CO group for complex 3a and trans to
the PPh3 ligand for complex 4b, as is shown by the dihedral
angle between the planes C**–C*–Ru(1) and C*–Ru(1)–
C(25) of 12.45° (3a) and C**–C*–Ru(1) and C*–Ru(1)–P(2)
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Table 1. Selected bond lengths [Å] and bond angles [°] for 3a and
4b.[a]

3a 4b

Ru(1)–C(10) 2.276(11) Ru(1)–C(10) 2.228(7)
Ru(1)–C(11) 2.230(11) Ru(1)–C(11) 2.245(9)
C(10)–C(11) 1.389(17) C(10)–C(11) 1.363(11)
Ru(1)–C* 1.9117 Ru(1)–C* 1.9298
Ru(1)–P(1) 2.322(3) Ru(1)–P(1) 2.344(2)
Ru(1)–C(25) 1.860(14) Ru(1)–P(2) 2.301(2)
C(25)–O(1) 1.148(15)
C(25)–Ru(1)–P(1) 90.1(3) P(1)–Ru(1)–P(2) 102.45(8)
C(25)–Ru(1)–C(10) 94.62(2) P(2)–Ru(1)–C(10) 88.2(2)
C(25)–Ru(1)–C(11) 103.8(5) P(2)–Ru(1)–C(11) 96.5(3)
P(1)–Ru(1)–C(10) 94.0(3) P(1)–Ru(1)–C(10) 107.0(2)
P(1)–Ru(1)–C(11) 65.5(3) P(1)–Ru(1)–C(11) 71.5(3)
C(25)–Ru(1)–C* 124.65 P(2)–Ru(1)–C* 121.41
P(1)–Ru(1)–C* 129.62 P(1)–Ru(1)–C* 119.18
C(10)–Ru(1)–C* 122.73 C(10)–Ru(1)–C* 113.8
C(11)–Ru(1)–C* 125.76 C(11)–Ru(1)–C* 133.40

[a] C* = centroid of C(1), C(2), C(3), C(4), and C(5).

11.94° (4b).[15] The Ru(1)–C(25) [1.860(14) Å] and C(25)–
O(1) [1.148(15) Å] bond lengths for complex 3a are similar
to those found in complex 1c.

Reactivity of the Complexes [Ru(η5-C9H7)(L)(Ph2PR-
κ3P,C,C)][X]

Deprotonation Reactions: Synthesis of [Ru(η5-C9H7)(L)-
(Ph2PCH2CH=CHCH2-κ2P,C)] [L = CO (5a), PPh3

(5b)]

The complexes [RuCl(η5-C9H7)(L)(Ph2PCH2CH2CH=
CH2-κ3P,C,C)][X] [X = SbF6, L = CO (3b); X = PF6, L =
PPh3 (4b)] undergo deprotonation reactions in the presence
of base. Thus, the treatment of 3b and 4b with KOtBu or
Cs2CO3 in CH2Cl2 gives the neutral allylruthenium com-
plexes [Ru(η5-C9H7)(L)(Ph2PCH2CH=CHCH2-κ2P,C)] [L
= CO (5a), PPh3 (5b)], which were isolated as yellow solids
in 80–86% yield (Scheme 4).

Scheme 4.

Their analytical and spectroscopic data support the pro-
posed formulations (see Experimental Section for de-
tails).[21] The most significant spectroscopic features are (a)
the IR spectrum of 5a shows the ν(CO) absorption at
1920 cm–1, (b) the 31P{1H} spectra of 5a and 5b show the
resonance of the chelate-ring phosphorus atom at δ = 101.3
(singlet) and 91.8 ppm (doublet, 2JP,P = 33.7 Hz), respec-
tively, and (c) the 13C{1H} NMR spectra show a high-field
signal for the Ru–CH2 carbon (δ = –4.1 ppm for 5a; δ =
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–0.7 ppm for 5b) and two signals for the olefinic carbons of
5a (δ = 116.4 and 146.0 ppm; 2JC,P = 14.4 Hz) and 5b
(δ = 115.3 and 147.0 ppm; 2JC,P = 13.6 Hz). Moreover, the
analogous complexes [Ru(η5-C9H7)(L)(Ph2PCH2CH=CH2-
κ3P,C,C)][X] [L = CO, X = SbF6 (3a); L = PPh3, X =
PF6

[11]] do not suffer deprotonation and are recovered un-
altered after treatment with KOtBu or Cs2CO3 under sim-
ilar reaction conditions.

π-Olefin Exchange Reactions: Synthesis of the Complex
[Ru(η5-C9H7)(CO)(MeCN)(Ph2PCH2CH=CH2-κP)]-
[SbF6] (6)

The complex 3a reacts with acetonitrile to generate the
complex [Ru(η5-C9H7)(CO)(MeCN)(Ph2PCH2CH=CH2-
κP)][SbF6] (6), which was isolated as a yellow solid in 91%
yield (Scheme 5).

Scheme 5.

Complex 6 was characterized analytically and spectro-
scopically (see Experimental Section for details). In particu-
lar, its IR spectrum shows a strong ν(CO) absorption at
1977 cm–1, a broad singlet resonance is observed at δ =
2.2 ppm for the methyl group of the acetonitrile ligand in
the 1H NMR spectrum, a singlet signal appears in the
31P{1H} NMR spectrum at δ = 46.9 ppm, which is in the
typical range for monodentate coordination of the phos-
phane and in agreement with the value found for complex
1a (δ = 45.0 ppm), and the 13C{1H} NMR spectrum shows
a singlet signal at δ = 3.7 ppm for the methyl group of the
acetonitrile and a low-field doublet signal at δ = 200.2 ppm
(2JC,P = 18.9 Hz) for the CO ligand.

This result agrees with that reported recently for the de-
rivative [Ru(η5-C9H7)(PPh3)(Ph2PCH2CH=CH2-κ3P,C,C)]-
[PF6], which reacts with acetonitrile to generate a
Ph2CH2CH=CH2-κP complex, thus emphasizing the hemi-
labile character of the allylphosphane.[11,14] However, all
attempts to open the Ph2PCH2CH2CH=CH2-κ3P,C,C che-
late ring of derivatives 3b and 4b by treatment with acetoni-
trile were unsuccessful, probably due to the higher stability
of the six-membered ring.

Reaction of [RuCl(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)]
(2c) with Alkynes: Synthesis of Vinylidene [Ru(η5-C9H7)-
(PPh3)(Ph2PC�CPh-κP){C=C(Ph)H}][PF6] (7) and
Allenylidene [Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)-
(C=C=CPh2)][PF6] (8) Derivatives

Complex 2c reacts with terminal alkynes to give cumu-
lenylidene complexes. Thus, the reaction of 2c with
PhC�CH or Ph2C(OH)C�CH in the presence of NaPF6

in refluxing ethanol leads to the expected vinylidene [Ru(η5-
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Scheme 6.

C9H7)(PPh3)(Ph2PC�CPh-κP){C=C(Ph)H}] (7; 82% yield)
and allenylidene complexes [Ru(η5-C9H7)(PPh3)(Ph2P-
C�CPh-κP)(C=C=CPh2)] (8; 76% yield) as orange and
purple solids, respectively (Scheme 6).

Complexes 7 and 8 are soluble in CH2Cl2 and THF and
insoluble in diethyl ether and hexane. Both complexes were
characterized analytically and spectroscopically (see Experi-
mental Section for details). In particular, some data should
be noted: (a) the IR spectra show the ν(C�C) absorption
at 2171 (7) and 2169 cm–1 (8) and the ν(C=C=C) absorp-
tion at 1931 cm–1; (b) the 31P{1H} NMR spectra show two
doublets at δ = 20.6 and 41.7 ppm (2JP,P = 27.2 Hz) for
complex 7 and δ = 26.0 and 48.3 ppm (2JP,P = 28.7 Hz) for
complex 8; (c) the 13C{1H} NMR spectra show two signals
for the alkynyl carbons at δ = 112.9 and 81.6 (7) and 111.3
and 81.7 ppm (8). A low-field pseudotriplet signal (2JC,P =
18.5–16.4 Hz) is observed for the Cα nuclei of the cumulenic
group at δ = 355.4 (7) and 293.2 ppm (8).

Conclusions

In summary, the present work describes the synthesis of a
series of chiral-at-ruthenium indenyl complexes containing
alkynyl- and alkenylphosphane ligands. In the case of alk-
enylphosphane complexes both κP and κ3P,C,C coordina-
tion modes have been shown to occur. In complexes with
κ3P,C,C-alkenylphosphane coordination, an effective chiral
recognition of a prochiral allyl group has been achieved, the
olefin being coordinated to the metal in a diastereoselective
way.[22]

The X-ray structure analysis of representative derivatives
showing the κ3P,C,C coordination mode has been per-
formed and their structure compared with that of the pre-
viously described allylphosphane complexes [Ru(η5-
C9H7)(PPh3){Ph2PCH2CR=CH2-κ3P,C,C}][PF6] (R = H,
Me).[11] Moreover, these complexes can be used as model
systems to study the diastereoselective coordination found
for the alkenylphosphane ligand in Ph2P(CH2)nCH=CH2-
κ3P,C,C complexes.
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The reactivity of the alkenylphosphane ligand is highly
dependent on the size of the chelate ring. Thus, the com-
plex 3a, which contains the allylphosphane ligand
Ph2PCH2CHCH2-κ3P,C,C, undergo ring opening upon re-
action with two-electron ligands, thus emphasizing the
hemilabile character of the ligand, while complexes 3b and
4b, with the six-membered chelate ring Ph2PCH2CH2-
CHCH2-κ3P,C,C, undergo no transformation in acetoni-
trile.

The alkynylphosphane complex 1c is able to activate ter-
minal alkynes, leading to the formation of vinylidene
[Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-κP){C=C(Ph)H}][PF6]
(7) and allenylidene [Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-
κP)(C=C=CPh2)][PF6] (8) derivatives.

Experimental Section
General: All manipulations were performed under an atmosphere
of dry nitrogen using vacuum-line and standard Schlenk tech-
niques. All reagents were obtained from commercial suppliers and
used without further purification. Solvents were dried by standard
methods and distilled under nitrogen before use. The compounds
[RuCl(η5-C9H7)(PPh3)2],[23] [RuI(η5-C9H7)(CO)2],[24] Ph2PCH2-
CH=CH2,[25] Ph2PCH2CH2CH=CH2,[26] and Ph2PC�CPh[27] were
prepared by previously reported methods. Infrared spectra were re-
corded with a Perkin–Elmer 1720-XFT or a Perkin–Elmer 599 IR
spectrometer. The C, H, and N analyses were carried out with a
Perkin–Elmer 240-B microanalyzer. NMR spectra were recorded
with Bruker AC 300 and 300 DPX instruments at 300 (1H), 121.5
(31P), or 75.4 MHz (13C) or a Bruker AC 400 instrument at 400.1
(1H), 161.9 (31P), or 100.6 MHz (13C) with SiMe4 or 85% H3PO4

as standards. DEPT experiments were carried out for all the com-
plexes. The following atom labels have been used for the 1H and
13C{1H} NMR spectroscopic data.
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Synthesis of [RuI(η5-C9H7)(CO)(Ph2PR-κP)] [R = CH2CH=CH2

(1a), CH2CH2CH=CH2 (1b), C�CPh (1c)]: Previously sublimed
Me3NO (188 mg, 2.50 mmol) was added to a solution of [RuI(η5-
C9H7)(CO)2] (500 mg, 1.25 mmol) in CH2Cl2 (5 mL), and the mix-
ture was stirred for 10 min at room temperature. After this time,
the initial orange solution turned nearly black, and the complex
[Ru(η5-C9H7)(NMe3)(CO)] had formed (checked by IR spec-
troscopy in solution). The corresponding phosphane ligand was
then added (1.5 mmol) and the reaction mixture stirred for 15–
30 min. The resulting solution was evaporated to dryness and the
residue extracted with toluene (2×20 mL) and vacuum-dried. The
solid residue was then recrystallized from CH2Cl2/hexane and com-
plexes 1a–c were obtained as red solids.
1a: Time: 15 min. Yield: 596 mg (80%). IR (KBr): ν(CO) =
1940 cm–1. 1H NMR (300 MHz, CDCl3, 18 °C): δ = 3.33 (m, 1 H,
P–CH2), 3.51 (m, 1 H, P–CH2), 3.58 (s, 1 H, 1-H or 3-H), 4.92 (m,
2 H, =CH2), 5.28 (m, 1 H, 2-H), 5.58 (m, 2 H, =CH, 1-H or 3-H),
7.29 (m, 14 H, 4,5,6,7-H, Ar) ppm. 13C{1H} NMR (75.4 MHz,
CDCl3, 18 °C): δ = 38.1 (d, JC,P = 30.3 Hz, P–CH2), 70.4 (s, C-1
or C-3), 71.3 (d, 2JC,P = 7.1 Hz, C-1 or C-3), 89.4 (s, C-2), 110.5,
111.9 (s, C-3a, C-7a), 119.3 (d, 2JC,P = 11.1 Hz, =CH2), 123.0–
137.4 (=CH, C-4,5,6,7, Ar), 203.0 (d, 2JC,P = 21.2 Hz, CO) ppm.
31P{1H} NMR (121.5 MHz, CDCl3, 18 °C): δ = 45.0 ppm (s).
C25H22IOPRu (597.39): calcd. C 50.26, H 3.71; found C 51.38, H
3.95.
1b: Time: 30 min. Yield: 596 mg (78%). IR (KBr): ν(CO) =
1930 cm–1. 1H NMR (300 MHz, CDCl3, 18 °C): δ = 1.85 (m, 1 H,
CH2), 2.07 (m, 1 H, CH2), 2.52 (m, 1 H, P–CH2), 2.74 (m, 1 H, P–
CH2), 4.57 (s, 1 H, 1-H, 2-H or 3-H), 4.91 (m, 2 H, =CH2), 5.28
(s, 1 H, 1-H, 2-H or 3-H), 5.60 (s, 1 H, 1-H, 2-H or 3-H), 5.69 (m,
1 H, =CH), 6.69 (d, JH,H = 8.26 Hz, 1 H, 4-H, 5-H, 6-H, or 7-H),
6.86 (t, JH,H = 7.4 Hz, 1 H, 4-H, 5-H, 6-H, or 7-H), 7.14–7.63 (m,
12 H, 4-H, 5-H, 6-H, or 7-H, Ar) ppm. 13C{1H} NMR (75.5 MHz,
CDCl3, 18 °C): δ = 28.4 (s, CH2), 32.1 (d, JC,P = 30.5 Hz, P–CH2),
70.6 (s, C-1 or C-3), 72.0 (d, 2JC,P = 7.4 Hz, C-1 or C-3), 89.7 (s,
C-2), 111.0, 112.3 (s, C-3a, C-7a), 114.8 (s, =CH2), 123.2–137.5
(=CH, C-4,5,6,7, Ar), 203.5 (d, 2JC,P = 21.3 Hz, CO) ppm. 31P{1H}
NMR (121.5 MHz, CDCl3, 18 °C): δ = 44.0 ppm (s). C26H24IOPRu
(611.42): calcd. C 51.08, H 3.96; found C 52.47, H 4.44.
1c: Time 30 min. Yield: 797 mg (97%). IR (KBr): ν(C�C) = 2176,
ν(CO) = 1940 cm–1. 1H NMR (300 MHz, CDCl3, 18 °C): δ = 4.82
(br. s, 1 H, 1-H or 3-H), 5.57 (pseudo t, JH,H = 2.6 Hz, 1 H, 2-H),
5.79 (br. s, 1 H, 1-H or 3-H), 6.95–7.73 (m, 19 H, 4,5,6,7-H, Ar)
ppm. 13C{1H} NMR (75.4 MHz, CDCl3, 18 °C): δ = 71.0 (s, C-1
or C-3), 73.7 (d, 2JC,P = 9.9 Hz, C-1 or C-3), 84.1 (d, JC,P =
93.6 Hz, P–C�C), 90.0 (s, C-2), 108.9 (d, 2JC,P = 14.4 Hz, P–C�C),
111.0, 111.7 (s, C-3a, C-7a), 121.2–134.1 (C-4,5,6,7, Ar), 202.4 (d,
2JC,P = 20.7 Hz, CO) ppm. 31P{1H} NMR (121.5 MHz, CDCl3,
18 °C): δ = 22.5 ppm (s). C30H22IOPRu (657.44): calcd. C 54.81, H
3.37; found C 53.26, H 2.90.

Synthesis of [RuCl(η5-C9H7)(PPh3)(Ph2PCH2CH2CH=CH2-κP)]
(2b): A solution of [RuCl(η5-C9H7)(PPh3)2] (500 mg, 0.64 mmol)
and homoallyldiphenylphosphane (168 mg, 0.70 mmol) in THF
(40 mL) was refluxed for 20 min. It was then concentrated to about
10 mL and CuI (183 mg, 0.96 mmol) was added. After 30 min at
room temperature, the solution was evaporated to dryness and the
residue extracted with diethyl ether (2×20 mL), vacuum-dried, and
recrystallized from diethyl ether/hexane (1:10) to obtain complex
2b as a red solid. Yield: 290 mg (60%). 1H NMR (300 MHz,
CDCl3, 18 °C): δ = 0.81 (m, 1 H, CH2), 0.97 (m, 1 H, CH2), 1.50
(m, 1 H, CH2), 2.56 (m, 1 H, CH2), 4.67 (m, 4 H, 1-H, 3-H, =CH2),
4.84 (t, JH,H = 2.0 Hz, 2-H), 5.33 (m, 1 H, =CH), 6.30 (d, JH,H =
8.2 Hz, 1 H, 4-H, 5-H, 6-H, or 7-H), 6.81–8.00 (m, 28 H, 4-H, 5-
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H, 6-H, or 7-H, Ar) ppm. 13C{1H} NMR (75.4 MHz, CDCl3,
18 °C): δ = 20.3 (d, JC,P = 22.9 Hz, P–CH2), 28.7 (d, 2JC,P = 8.3 Hz,
CH2), 61.6 (s, C-1 or C-3), 69.4 (d, 2JC,P = 11.4 Hz, C-1 or C-3),
90.6 (s, C-2), 109.8, 111.3 (s, C-3a, C-7a), 113.8 (s, =CH2), 123.3–
138.2 (=CH, C-4,5,6,7, Ar) ppm. 31P{1H} NMR (121.5 MHz,
CDCl3, 18 °C): δ = 45.6 (d, 2JP,P = 42.9 Hz), 49.0 (d, 2JP,P =
42.9 Hz) ppm. C43H39ClP2Ru (754.24): calcd. C 68.47, H 5.21;
found C 67.05, H 4.30.

Synthesis of [RuCl(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)] (2c): A solu-
tion of [RuCl(η5-C9H7)(PPh3)2] (500 mg, 0.64 mmol) and phenylal-
kynyldiphenylphosphane (161 mg, 0.77 mmol) in THF (55 mL) was
refluxed for 10 min. The solution was then evaporated to dryness
and the solid residue extracted with diethyl ether (2×20 mL). The
solution was concentrated under vacuum and the product precipi-
tated as a red solid upon addition of hexane; it was vacuum-dried.
Yield: 307 mg (60%). IR (KBr): ν(C�C) = 2168 cm–1. 1H NMR
(300 MHz, C6D6, 18 °C): δ = 3.80, 4.29, 4.87 (s, 4 H, 1,2,3-H and
4-H, 5-H, 6-H, or 7-H), 6.84–7.87 (m, 33 H, 4-H, 5-H, 6-H, or 7-
H, Ar) ppm. 13C{1H} NMR (75.4 MHz, C6D6, 18 °C): δ = 66.6 (s,
C-1 or C-3), 69.5 (d, 2JC,P = 9.5 Hz, C-1 or C-3), 87.2 (d, JP,C =
80.7 Hz, P–C�C), 91.8 (s, C-2), 109.1, (d, JC,P = 11.5 Hz, P–C�C),
110.5 (s, C-3a or C-7a), 111.8 (d, 2JC,P = 3.8 Hz, C-3a or C-7a),
122.5–134.7 (C-4,5,6,7, Ar) ppm. 31P{1H} NMR (121.5 MHz,
C6D6, 18 °C): δ = 29.1 (d, 2JP,P = 45.0 Hz), 48.1 (d, 2JP,P = 45.0 Hz)
ppm. C47H37ClP2Ru·CH2Cl2 (800.27): calcd. C 65.13, H 4.44;
found C 66.41, H 4.04.

Synthesis of [Ru(η5-C9H7)(CO)(Ph2PR-κ3P,C,C)][SbF6] [R =
CH2CH=CH2 (3a), CH2CH2CH=CH2 (3b)]: A solution of the
complex [RuCl(η5-C9H7)(Ph2PR-κ1P)(CO)] [R = CH2CH=CH2

(1a), CH2CH2CH=CH2 (1b)] (0.82 mmol) and AgSbF6 (337 mg,
0.98 mmol) in CH2Cl2 (80 mL) was stirred for 1 h at room tempera-
ture in the absence of light. A change of color from red to yellow
was observed. After this time, the suspension was exposed to light
for 1 h, then filtered through kieselguhr and the solvents evapo-
rated to dryness. The solid residue was recrystallized from CH2Cl2/
hexane (1:10), washed with hexane (2×20 mL), and vacuum-dried.
3a: Yield: 562 mg (97%). IR (KBr): ν(CO) = 2012, ν(SbF6) =
658 cm–1. Conductivity (acetone): 123 Ω–1 cm2 mol–1. 1H NMR
(400.1 MHz, CD2Cl2, 18 °C): δ = 2.36 (m, 1 H, =CH2), 2.82 (m, 1
H, P–CH2), 3.47 (m, 1 H, =CH2), 3.92 (m, 1 H, =CH), 4.43 (m, 1
H, P–CH2), 5.47 (pseudo t, JH,H = 2.5 Hz, 1 H, 2-H), 5.85, 6.05 (s,
1 H each, 1-H, 3-H), 6.78 (d, JH,H = 8.6 Hz, 1 H, 4-H, 5-H, 6-H,
or 7-H), 7.16–7.71 (m, 13 H, 4-H, 5-H, 6-H, or 7-H, Ar) ppm.
13C{1H} NMR (100.6 MHz, CD2Cl2, 18 °C): δ = 34.0 (d, JC,P =
38.2 Hz, P–CH2), 55.1 (d, JC,P = 20.1 Hz, =CH), 57.0 (d, JC,P =
6.0 Hz, =CH2), 73.8, 76.3 (s, C-1, C-3), 93.9 (s, C-2), 106.9, 108.9
(s, C-3a, C-7a), 122.6–134.7 (C-4,5,6,7, Ar), 202.0 (d, 2JC,P =
16.1 Hz, CO) ppm. 31P{1H} NMR (161.9 MHz, CD2Cl2, 18 °C): δ
= –56.4 ppm (s). C25H22F6OPRuSb (706.24): calcd. C 42.52, H,
3.14; found C 42.12, H 3.09.
3b: Yield: 561 mg (95%). IR (KBr): ν(CO) = 2001, ν(SbF6) =
659 cm–1. Conductivity (acetone): 144 Ω–1 cm2 mol–1. 1H NMR
(400.1 MHz, CD2Cl2, 18 °C): δ = 1.73 (m, 1 H, CH2), 2.11 (d, JH,H

= 8.6 Hz, 1 H, =CH2), 2.66 (m, 2 H, CH2 and P–CH2), 3.06 (m, 1
H, P–CH2), 3.13 (d, JH,H = 13.0 Hz, 1 H, =CH2), 4.48 (m, 1 H,
=CH), 5.61 (m, 1 H, 2-H), 5.87 (s, 1 H, 1-H or 3-H), 6.27 (s, 1 H,
1-H or 3-H), 6.60 (dd, JH,H = 8.6, JH,H = 1.0 Hz, 1 H, 4-H, 5-H,
6-H, or 7-H), 7.27–7.69 (m, 13 H, 4-H, 5-H, 6-H, or 7-H, Ar) ppm.
13C{1H} NMR (100.6 MHz, CD2Cl2, 18 °C): δ = 28.1 (d, JC,P =
6.0 Hz, CH2), 38.8 (d, JC,P = 34.2 Hz, P–CH2), 54.9 (s, =CH2),
74.6, 77.8 (s, C-1, C-3), 85.2 (d, JC,P = 5.0 Hz, =CH), 94.7 (s, C-
2), 107.5, 110.0 (s, C-3a, C-7a), 121.7–134.7 (C-4,5,6,7, Ar), 200.2
(d, 2JC,P = 18.1 Hz, CO) ppm. 31P{1H} NMR (162.0 MHz,
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CD2Cl2, 18 °C): δ = 74.6 ppm (s). C26H24F6OPRuSb·CH2Cl2
(720.26): calcd. C 40.28, H 3.25; found C 40.18, H 2.78.

Synthesis of [Ru(η5-C9H7)(PPh3)(Ph2PCH2CH2CH=CH2-
κ3P,C,C)][PF6] (4b): A solution of the complex [RuCl(η5-
C9H7)(PPh3)(Ph2PCH2CH2CH=CH2-κP)] (500 mg, 0.66 mmol)
and NaPF6 (222 mg, 1.32 mmol) in EtOH (30 mL) was refluxed for
5 min. After this time, the solution was evaporated to dryness and
the residue extracted with CH2Cl2 (2×20 mL). The solvent was
then concentrated to about 2 mL and diethyl ether (20 mL) was
added. The yellow solid obtained was washed with diethyl ether
(2×10 mL) and vacuum-dried. Yield: 382 mg (67%). IR (KBr):
ν(PF6) = 838 cm–1. Conductivity (acetone): 97 Ω–1 cm2 mol–1. 1H
NMR (300.1 MHz, CD2Cl2, 18 °C): δ = 1.78 (d, JH,H = 8.8 Hz, 1
H, =CH2), 2.24 (m, 2 H, CH2), 2.54 (m, 2 H, CH2), 3.57 (m, 1 H,
=CH2), 5.10 (s, 1 H, 1-H, 2-H or 3-H), 5.30 (m, 1 H, =CH), 5.37
(s, 1 H, 1-H, 2-H or 3-H), 5.51 (s, 1 H, 1-H, 2-H or 3-H), 6.79–
7.69 (m, 29 H, 4,5,6,7-H, Ar) ppm. 13C{1H} NMR (75.4 MHz,
CD2Cl2, 18 °C): δ = 24.4 (d, 2JC,P = 6.7 Hz, P–CH2), 40.0 (d, JC,P

= 33.5 Hz, CH2), 79.3 (s, C-1 or C-3), 82.1 (d, 2JC,P = 12.0 Hz, C-
1 or C-3), 87.6 (s, C-2), 97.5, 103.6 (s, C-3a, C-7a), 107.4 (d, JC,P

= 3.4 Hz, =CH2), 122.5–133.6 (=CH, C-4,5,6,7, Ar) ppm. 31P{1H}
NMR (121.5 MHz, CD2Cl2, 18 °C): δ = 47.3 (d, 2JP,P = 29.5 Hz),
69.3 (d, 2JP,P = 29.5 Hz) ppm. MS (FAB+): m/z = 719 [M+].

Synthesis of [Ru(η5-C9H7)(L)(Ph2PCH2CH=CHCH2-κ2P,C)] [L =
CO (5a), PPh3 (5b)]: A solution of [Ru(η5-C9H7)(L)-
(Ph2PCH2CH2CH=CH2-κ3P,C,C)][X] [X = SbF6, L = CO (3b); X
= PF6, L = PPh3 (4b)] (0.14 mmol) and Cs2CO3 (228 mg, 0.7 mmol)
in CH2Cl2 (20 mL) was stirred for 1 h at room temperature. After
this time the solution was filtered through kieselguhr and the sol-
vents evaporated to dryness. The solid residue was extracted with
20 mL of diethyl ether and precipitated with hexane. The yellow
solid obtained was washed with hexane (2×10 mL) and vacuum-
dried.
5a: Yield: 46 mg (86%). IR (KBr): ν(CO) = 1920 cm–1. 1H NMR
(400.1 MHz, C6D6, 18 °C): δ = 2.19 (m, 1 H, Ru–CH2) 2.35 (m, 1
H, Ru–CH2), 2.69 (m, 2 H, P–CH2), 4.82 (s, 1 H, 1-H or 3-H), 5.04
(s, 1 H, 2-H), 5.34 (s, 1 H, 1-H or 3-H), 5.51 (m, 1 H, =CH), 6.46
(d, JH,H = 8.1 Hz, 1 H, 4-H, 5-H, 6-H, or 7-H), 6.78 (m, 1 H,
=CH), 6.97–7.27 (m, 13 H, 4-H, 5-H, 6-H, or 7-H, Ar) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 18 °C): δ = –4.1 (d, JC,P =
8.8 Hz, Ru–CH2), 26.8 (d, JC,P = 22.4 Hz, CH2), 72.0 (d, 2JC,P =
7.2 Hz, C-1 or C-3), 74.3 (s, C-1 or C-3), 98.3 (s, C-2), 108.1 (s, C-
3a, C-7a), 116.4 (s, =CH), 122.5–141.6 (C-4,5,6,7, Ar), 146.0 (d,
JC,P = 14.4 Hz, =CH), 205.4 (d, 2JC,P = 16.8 Hz, CO) ppm.
31P{1H}(162.0 MHz, C6D6, 18 °C): δ = 101.3 ppm (s). MS (FAB+):
m/z = 485 [M+ + 1].
5b: Yield: 80 mg (80%). 1H NMR (400.1 MHz, CD2Cl2, –50 °C): δ
= 0.79 (m, 1 H, Ru–CH2), 1.62 (m, 1 H, P–CH2), 2.43 (m, 1 H,
Ru–CH2), 3.30 (m, 1 H, P–CH2), 3.99 (s, 1 H, 1-H or 3-H), 4.19
(s, 1 H, 1-H or 3-H), 5.15 (s, 1 H, 2-H), 5.51 (m, 1 H, =CH), 6.67
(m, 1 H, =CH), 6.92–7.66 (m, 29 H, 4,5,6,7-H, Ar) ppm. 13C{1H}
NMR (100.6 MHz, CD2Cl2, –50 °C): δ = –0.7 (br. s, Ru–CH2), 25.8
(d, JC,P = 20.4 Hz, P–CH2), 71.1 (s, C-1 or C-3), 74.0 (d, 2JC,P =
5.4 Hz, C-1 or C-3), 93.5 (pseudo t, 2JC,P = 4.7 Hz, C-2), 103.8,
109.7 (s, C-3a, C-7a), 115.3 (s, =CH), 121.0–144.9 (C-4,5,6,7, Ar),
147.0 (d, JC,P = 13.6 Hz, =CH) ppm. 31P{1H} NMR (162.0 MHz,
CD2Cl2, 18 °C): δ = 56.2 (d, 2JP,P = 33.7 Hz), 91.8 (d, 2JP,P =
33.7 Hz) ppm. MS (FAB+): m/z = 719 [M+ + 1].

Synthesis of [Ru(η5-C9H7)(MeCN)(CO)(Ph2PCH2CH=CH2-κP)]-
[SbF6] (6): A solution of [Ru(η5-C9H7)(CO)(PPh2CH2CH=CH2-
κ3P,C,C)][SbF6] (500 mg, 0.7 mmol) in MeCN (100 mL) was stirred
at room temperature for 2.5 h. The solution was then evaporated
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to dryness and the residue extracted with CH2Cl2 (2×20 mL). The
solvent was then concentrated to about 2 mL and hexane (20 mL)
was added. The yellow solid obtained was washed with hexane
(2×10 mL) and vacuum-dried. Yield: 530 mg (91%). IR (KBr):
ν(CO) = 1977, ν(SbF6) = 658 cm–1. Conductivity (acetone):
123 Ω–1 cm2 mol–1. 1H NMR (300 MHz, CDCl3, 18 °C): δ = 2.23
(br. s, 3 H, CH3), 3.35 (m, 2 H, P–CH2), 5.15 and 5.28 (2×m, 5
H, =CH2 and 1,2,3-H), 5.48 (m, 1 H, =CH), 7.22–7.68 (m, 14 H,
4,5,6,7-H, Ar) ppm. 13C{1H} NMR (75.5 MHz, CDCl3, 18 °C): δ
= 3.7 (s, CH3), 36.6 (d, JC,P = 30.2 Hz, P–CH2), 65.8, 67.1 (s, C-1,
C-3), 93.3 (s, C-2), 109.3, 112.9 (s, C-3a, C-7a), 121.4 (d, JC,P =
12.1 Hz, =CH2), 123.5–132.3 (C-4,5,6,7, Ar), 200.2 (d, 2JC,P =
18.9 Hz, CO) ppm. 31P{1H} NMR (121.5 MHz, CDCl3, 18 °C): δ
= 46.9 ppm (s). C27H25F6OPNRuSb (747.29): calcd. C 43.40, H
3.37, N 1.87; found C 42.48, H 3.67, N 1.90.

Synthesis of [Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-κP){=C=C(Ph)H}]-
[PF6] (7): A solution of [RuCl(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)]
(50 mg, 0.07 mmol), NaPF6 (23 mg, 0.14 mmol), and phenylacety-
lene (36 mg, 0.35 mmol) in EtOH (8 mL) was refluxed for 15 min.
After this time the solution was evaporated to dryness and the resi-
due was extracted with CH2Cl2 (2×10 mL). The solvent was then
concentrated to about 2 mL and hexane (20 mL) was added. The
orange solid obtained was washed with hexane (2×10 mL) and
vacuum-dried. Yield: 58 mg (82%). IR (KBr): ν(C�C) = 2171,
ν(PF6) = 838 cm–1. Conductivity (acetone): 96 Ω–1 cm2 mol–1. 1H
NMR (300 MHz, CD2Cl2, 18 °C): δ = 5.30, 5.54, 5.74 (s, 1 H each,
1,2,3-H), 5.94 (d, JH,H = 8.3 Hz, 1 H, 4-H, 5-H, 6-H, or 7-H), 6.21
(s, 1 H, =CH), 6.37 (d, JH,H = 8.3 Hz, 1 H, 4-H, 5-H, 6-H, or 7-
H), 6.78–7.58 (m, 37 H, 4-H, 5-H, 6-H, or 7-H, Ar) ppm. 13C{1H}
NMR (75.5 MHz, (CD3)2CO, 18 °C): δ = 81.6 (d, JC,P = 95.0 Hz,
P–C�C), 82.5 (s, C-1 and C-3), 100.6 (s, C-2), 112.9 (d, 2JC,P =
12.3 Hz, P–C�C), 115.1 (s, C-3a or C-7a), 117.2 (s, Cβ), 120.9 (d,
JC,P = 2.6 Hz, C-3a or C-7a), 123.9–135.2 (Ar), 355.4 (pseudo t,
2JC,P = 16.4, Cα) ppm. 31P{1H} NMR (121.5 MHz, CD2Cl2,
18 °C): δ = 20.6 (d, 2JP,P = 27.2 Hz), 41.7 (d, 2JP,P = 27.2 Hz) ppm.

Synthesis of [Ru(η5-C9H7)(PPh3)(Ph2PC�CPh-κP)(=C=C=CPh2)]-
[PF6] (8): A solution of [RuCl(η5-C9H7)(PPh3)(Ph2PC�
CPh-κP)] (50 mg, 0.07 mmol), NaPF6 (23 mg, 0.14 mmol), and 1,1-
diphenylprop-2-yn-1-ol (72 mg, 0.35 mmol) in EtOH (8 mL) was
refluxed for 20 min. After this time the solution was evaporated to
dryness and the residue was extracted with CH2Cl2 (2×10 mL).
The solution was concentrated under vacuum and the product pre-
cipitated and washed with hexane (2×10 mL). The violet solid ob-
tained was vacuum-dried. Yield: 59 mg (76%). IR (KBr): ν(C�C)
= 2169, ν(C=C=C) = 1931, ν(PF6) = 837 cm–1. Conductivity (ace-
tone): 133 Ω–1 cm2 mol–1. 1H NMR (300 MHz, CDCl3, 18 °C): δ =
5.24, 5.66, 5.72 (s, 3 H, 1,2,3-H), 6.22 (d, JH,H = 8.0 Hz, 1 H, 4-H,
5-H, 6-H, or 7-H), 6.88–7.84 (m, 43 H, 4-H, 5-H, 6-H, or 7-H, Ar)
ppm. 13C{1H} NMR (75.5 MHz, CD2Cl2, 18 °C): δ = 80.8 (d, JC,P

= 5.8 Hz, C-1 or C-3), 81.7 (dd, JC,P = 92.5, 3JC,P = 3.5 Hz, P–
C�C), 82.6 (d, JC,P = 7.0 Hz, C-1 or C-3), 98.4 (s, C-2), 111.3 (d,
2JC,P = 10.4 Hz, P–C�C), 113.5 (s, C-3a or C-7a), 119.5 (d, 2JC,P

= 2.3 Hz, C-3a or C-7a), 122.6–142.8 (Ar), 158.5 (s, Cγ), 204.9 (s,
Cβ), 293.2 (pseudo t, 2JC,P = 18.5 Hz, Cα) ppm. 31P{1H} NMR
(121.5 MHz, CDCl3, 18 °C): δ = 26.0 (d, 2JP,P = 28.7 Hz), 48.3 (d,
2JP,P = 28.7 Hz) ppm.

X-ray Crystal Structure Determination of Complexes 1c, 3a, and 4b:
Crystals suitable for X-ray diffraction analysis were obtained by
slow diffusion of hexane (1c) or pentane (3a and 4b) into a satu-
rated solution of the complexes in dichloromethane. The most rel-
evant crystal and refinement data are collected in Table 2. Diffrac-
tion data for 1c were recorded with a Bruker Smart 6k CCD area-
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Table 2. Crystal data and structure refinement for 1c, 3a, and 4b.

1c 3a 4b

Chemical formula C30H22IOPRu C25H22F6OPRuSb C43H39F6P3Ru
Mol. mass 657.42 706.22 863.72
T [K] 296(2) 293(2) 293(2)
Wavelength [Å] 1.54184 1.54184 0.71073
Crystal system triclinic triclinic monoclinic
Space group P1̄ P1̄ P21/c
a [Å] 8.71010(10) 12.1110(9) 10.8581(13)
b [Å] 17.1308(3) 13.2257(8) 36.732(4)
c [Å] 17.7376(3) 16.0508(10) 19.627(2)
α [°] 81.6670(10) 80.581(4) 90
β [°] 77.1680(10) 86.865(4) 105.209(2)
γ [°] 83.3500(10) 89.774(4) 90
V [Å3] 2543.69(7) 2532.5(3) 7553.9(14)
Z 4 4 8
ρcalcd. [g cm–3] 1.717 1.852 1.519
µ [mm–1] 15.268 14.442 0.603
F(000) 1288 1376 3520
Crystal size [mm] 0.25×0.15×0.12 0.125×0.05×0.025 0.25×0.21×0.19
θ range [°] 2.57 to 70.62 2.79 to 70.06 1.54 to 26.12
Index ranges –13 � h � 12 –14 � h � 14 –13 � h � 12

0 � k� � 45 –15 � k � 16 0 � k � 45
0 � l � 24 0 � l � 19 0 � l � 24

No. of reflns. collected 16413 50571 37632
No. of unique reflns. 8462 [R(int) = 0.0295] 9308 [R(int) = 0.066] 14418 [R(int) = 0.10]
Completeness to θmax 86.6% 96.7% 95.8%
No. of parameters/restraints 613/0 616/0 955/0
Goodness-of-fit on F2 0.984 0.959 0.998
Weight function (a, b) 0.0546,13.5440 0.0694, 0.1691
R1

[a] [I � 2ρ(I)] 0.0312 0.0619 0.0916
wR2

[a] [I � 2ρ(I)] 0.0772 0.1544 0.1061
R1 (all data) 0.0360 0.1074 0.2105
wR2 (all data) 0.0800 0.1977 0.1283
Largest diff peak and hole [eÅ–3] 1.218 and-0.565 2.668 and –1.042 0.6166 and –1.115

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}½.

detector three-circle diffractometer (Cu-Kα radiation, λ =
1.5418 Å). The data were collected using 0.3°-wide ω scans with a
crystal-to-detector distance of 40 mm. The diffraction frames were
integrated using the SAINT package[28] and corrected for absorp-
tion with SADABS.[29] For 3a diffraction data were recorded with
a Nonius Kappa CCD single crystal diffractometer using Cu-Kα

radiation (λ = 1.5418 Å) − the crystal-to-detector distance was
fixed at 29 mm − and using the oscillation method, with 2° oscilla-
tion and 40 s exposure time per frame. The data collection strategy
was calculated with the program Collect.[30] Data reduction and
cell refinement were performed using the programs HKL Denzo
and Scalepack[31] and absorption correction was applied by means
of SORTAV.[32] Data for 4b were collected on a Bruker Smart CCD
diffractometer using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å). The data were collected using 0.3°-wide ω scans with
a crystal-to-detector distance of 40 mm. The diffraction frames
were integrated using the SAINT package[28] and corrected for ab-
sorption with SADABS.[29]

The software package WINGX was used for space group determi-
nation, structure solution, and refinement.[33] The structures were
solved by Patterson interpretation and phase expansion using
DIRDIF.[34] Isotropic least-squares refinement on F2 using
SHELXL97 was performed.[35] For all the complexes, during the
final stages all non-hydrogen atoms were refined with anisotropic
displacement parameters and the H atoms were geometrically lo-
cated and their coordinates were refined riding on their parent
atoms. The maximum residual electron density is located near to
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heavy atoms (Ru, I) for 1c and near to the disordered PF6
– ions

for 3a.
The function minimized was [Σw(Fo

2 – Fc
2)/Σw(Fo

2)]1/2 where w =
1/[σ2(Fo

2) + (aP)2 + bP] (a = 0.0512 and b = 0 for 1c, a = 0.0899
and b = 0 for 3a, a = 0.0228 and b = 0 for 4b) with σ(Fo

2) from
counting statistics and P = [Max(Fo

2,0) + 2Fc
2]/3. Atomic scat-

tering factors were taken from the International Tables for X-ray
Crystallography.[36] Geometrical calculations were made with
PARST.[37] The crystallographic plots were made with PLATON.[38]

CCDC-276224 (1c), -276225 (3a), and -276226 (4b) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Bulky trialkylphosphane selenides tBu3PSe (1a), iPr3PSe (1b),
tBu2(iPr)PSe (1c) and tBu(iPr)2PSe (1d) react with one equiv.
of bromine providing “T-shaped” products R2R�P–SeBr2 (2a–
d), which contain three-coordinate selenium atoms (10-Se-
3). The solid compounds 2b (bimorphic), 2c and 2d exhibit
different extents of distortions of the PSeBr2 moieties and dif-
ferent patterns of intermolecular soft–soft interactions. In
mixtures containing 1 and 2, exemplified by the “NMR-
titration” of 1c with molecular bromine, averaged 31P NMR
singlets and their 77Se satellites indicate rapid intermolecular
bromine exchange reactions (kinetic lability of the Se–Br
bonds). Calculations modelling such bromine transfer sup-
port nucleophilic attack of R3PSe (Se � Br) on an electro-
philic Br atom of R3PSeBr2. Among the phosphane selenides
1a–d, tBu(iPr)2PSe (1d) gives the largest 77Se NMR upfield
shift and tBu2(iPr)PSe (1c) the lowest, that is, 77Se NMR shifts

Introduction

Phosphane chalcogenides R2R�P=Y (Y = S, Se) are
known to act as donors towards dihalogen molecules.[1–4]

From phosphane selenides, which are stronger donors than
the sulfides, a considerable number of 1:1 adducts
R2R�PSeX2 have been isolated.[5–8] Molecular structures
have recently been determined for R2R�PSeI2 (type A, [10-
I-2], R, R� = C6H5, NMe2, NEt2,[6] and R = tBu, R� = I)[7]

and for R3PSeBr2 (type B, [10-Se-3] R, R� = NMe2,
C6H11).[8] Ionic structures of solid 1:1 adducts of phos-
phane selenides with iodine involve (R3PSe)2I+ cations with
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do not correlate with increasing numbers of tert-butyl
groups. GIAO-HF/962+(d) calculations on the 77Se NMR
shifts of compounds 1 allow correlation of surprising relative
deshielding of 1c, compared with 1b and 1d, with its particu-
lar population of rotamers (excluding a rotamer with anti ar-
rangement of the SePCH moiety in 1c). Bromine addition to
compounds 1 leads to line broadening and extreme deshield-
ing in the 77Se NMR spectroscopy. Reaction of 2b with bro-
mine leads – inter alia – to P–Se cleavage with P-bromination.
The structures of 1b, 2b–d and tBu2(iPr)PBr2 (3c) were deter-
mined by X-ray crystallography. In compounds 2b–d, intra-
molecular C–H···Br interactions determine the conformation
to a large extent.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

I3
– (type C, [10-I-2]),[5,9,10] whereas R3PSeI+ cations (type

D) are formed as polyiodide salts (Scheme 1).[3,9,11]

Scheme 1. Various structures of halogen adducts of phosphane sel-
enides.
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Averaged 1H-, 13C- and 31P-solution NMR singlet signals

(including their 77Se satellite doublets) and spectra, how-
ever, suggest that equilibrium mixtures of several species are
present in solutions of such 1:1 adducts.[5,7,9] Until now, no
reports on 77Se NMR spectra of phosphane selenide halo-
gen adducts have appeared in the literature. It was observed
that addition of a few percent of iodine to a phosphane
selenide solution leads to extreme broadening of the 77Se
NMR doublet signal and after further addition of iodine,
the 77Se NMR signal is no longer resolvable. In the context
of the present discussion on theoretical descriptions of the
addition of halogens and interhalogens to P=Se or C=Se
bonds, it would be desirable to study hypervalent selenium
products and their dynamics in solution by 77Se NMR spec-
troscopy. The present study was undertaken to follow for
the first time the course of stepwise bromination of three
related bulky trialkylphosphane selenides in solution by 31P
and 77Se NMR spectroscopy and to elucidate the role of
steric effects that might determine the nature of the prod-
ucts. In the case of phosphane selenide–iodine reactions,
slight variations of the substituents attached to phosphorus
determined – in an surprising way – the nature of the 1:1
adducts (molecular vs. ionic)[5,8,9] and the particular supra-
molecular structures of polyiodide salts from [R2R�PSeI]+

cations.[9,11]

Reactions

Formation of “1:1 Adducts”

Adding Br2 in titration-like fashion to solutions of phos-
phane selenides R2R�P=Se (1a: R, R� = tBu; 1b: R, R� =
iPr; 1c: R = tBu, R� = iPr; 1d: R = iPr, R� = tBu) in dichlo-
romethane leads to only one averaged 31P NMR signal,
with a pair of 77Se satellites, in all 31P NMR spectra of such
solutions. The magnitude of 1J(77Se,31P) decreases with in-
creasing amounts of Br2; in CD2Cl2 the magnitudes of
1J(77Se,31P) are smaller than in comparable C6D6 solutions.
77Se NMR resonances of bromination products cannot be
resolved as easily as those of the parent phosphane selen-
ides. Adding less than 5% Br2 to the solution of any of the
trialkylphosphane selenides 1 leads to severe broadening of
the 77Se NMR doublet signal, which is shifted slightly to a
lower field compared with pure 1. With larger amounts of
Br2 the 77Se NMR signal becomes too broad to be resolved.
CD2Cl2 solutions of pure iPr3PSeBr2 (2b) and tBu(iPr)2-
PSeBr2 (2d), however, allow resolution of 77Se NMR doub-

Table 1. Addition of bromine to 1b and to 1c followed by NMR (J values are in italics).

Solution (CD2Cl2) δ 31P [ppm] δ 77Se [ppm]
1J(77Se,31P) [Hz] 1J(77Se,31P) [Hz]

iPr3P=Se 70.6 692 –481.5 690
iPr3P=Se + Br2 69.8 521 409.0 521
iPr3P=Se + 5Br2 72.7 499 –
tBu2iPrP=Se 84.4 696 –399 692
tBu2iPrP=Se + 0.05 Br2 83.7 687 –381 689
tBu2iPrP=Se + 0.10 Br2 83.6 682 –358, – (broad, �700±40)
tBu2iPrP=Se + Br2 82.9 520 –
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let signals, and tBu2iPrPSeBr2 (2c) gives a single broad 77Se
resonance (all about 900–1000 ppm downfield from the par-
ent phosphane selenides) (Table 1). These observations sug-
gest kinetic lability of R3PSe/Br2 systems, involving ex-
change reactions that are fast at the 1H, 13C and 31P NMR
timescales (and medium at the 77Se NMR timescale). Crys-
tallisation of products from 1 with Br2 provides solids
R2R�PSeBr2 (2a–d). In each of these compounds, bromine
has been oxidatively added to selenium, which becomes
“hypervalent” (structure type B, 10-Se-3) (vide infra).

Reactions with Excess Bromine

Addition of another equivalent of molecular bromine to
the dibromides 2b and 2c led to their complete consump-
tion in favour of unselective formation of new species. 31P
NMR spectra of such a reaction mixture recorded immedi-
ately after addition of Br2 to solutions of 2b allowed the
detection of a singlet (δ 31P = 72.7 ppm) with satellites exhi-
biting a coupling constant 1J(77Se,31P) of ±499 Hz (5%
smaller than that of 2b). Isolating crystals from such a solu-
tion led, however, to a second polymorph of compound 2b,
and to crystals that apparently contain iPr3PBr+ cations,
accompanied by severely disordered cationic P–Se species,
and by bromoselenato() anions (SeBr6

2– and Se2Br9
–).

The CH2Cl2 solution from these crystals gives a 31P NMR
signal (δ = 71 ppm) with 1J(77Se,31P) = ±506 Hz, ac-
companied by the singlet signal of iPr3PBr+ (δ = 113.9, no
77Se satellites).[12,13] As reference compounds for the bromi-
nation products, iPr3PBr2 (3b)[12,13] and tBu2(iPr)PBr2 (3c)
were prepared and characterised. Solid 3c consists of ion
pairs with weak Br···Br interactions. An attempt to generate
the iPr3PSeBr+ cation from 2b by bromide abstraction with
HgBr2 in CH2Cl2 solution led after two days to a mixture
of products (δ 31P 75 [very broad, W1/2 about 85 Hz], δ 31P
= 80.0 [satellite doublet J = ±430 Hz], 94.2 and 113.8).
From this solution a single crystal of [iPr3PSe3PiPr3]2+

[Hg2Br6]2– (4) was obtained.[13b]
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31P and 77Se NMR Spectra

Trialkylphosphane selenides (R3P=Se) exhibit increasing
31P downfield shifts with increasing α-branching of the
alkyl groups to a lesser extent than do their parent trialkyl-
phosphanes (R3P) (Table 2).[15b] As expected, the 31P signal
of the mixed-substituted compounds tBu2(iPr)PSe (1c)
[δ 31P = 79.2 and tBu(iPr)2PSe (1d) (δ = 85.8 ppm)] appears
downfield from 1b (δ = 72.2 ppm) but upfield from 1a (δ =
94.7 ppm). Compared with their parent phosphanes R2R�P,
the 31P resonances of phosphane selenides 1a–d appear 30–
50 ppm downfield, but the bromine addition products
R2R�PSeBr2 (2a–d) appear slightly upfield from their re-
spective selenides 1. Stepwise addition of bromine to 1a–d
does not lead to new 31P NMR signals of reaction products;
the singlet signals are only shifted slightly upfield towards
those of pure 2a–d.

More indicative of the reaction course of phosphane sele-
nides with electrophiles are coupling constants 1J(77Se,31P),
which are determined from satellite doublets in the 31P
NMR spectra. The magnitudes of 77Se,31P coupling con-
stants of 1a–c are comparable to those of Me3P=Se or
Et3P=Se.[14,15b] These couplings are solvent-dependent, be-
ing about 2–3% smaller in polar solvents (e.g. acetonitrile,
dichloromethane) than in benzene.[16,17]

With increasing amounts of added bromine, the 1J values
decrease continuously from about 700±15 Hz (in the start-
ing materials) to about 525 Hz in the 1:1 products with bro-
mine.

In the 77Se NMR spectra (Table 3), a straightforward
correlation (like that of δ 31P) between chemical shifts of

Table 2. 31P NMR shifts [ppm] and coupling constants 1J (77Se,31P) [Hz] (J values are in italics) of phosphane selenides R2R�PSe (R, R�
= iPr or tBu) 1a–d and of phosphane selenide dibromides 2a–d.

R2R�PSe (1) R2R�PSeBr2 (2)R2R�P
δ 31P δ 31P |1J(77Se,31P)| δ 31P |1J(77Se,31P)|

tBu3P a 62.0[a] 93.8[a] 709[a] 83.0[c] 514[c]

93.3[b] 693[b]

tBu2(iPr)P c 46.9[a] 84.6[a] 706[a] 82.9[b] 520[b]

70.6[b] 692[b]

tBu(iPr)2P d 33.3[a] 79.9[a] 713[a] 77.4[b] 526[b]

84.4[b] 688[b]

iPr3P b 19.3[a] 71.1[a] 709[a] 69.8[c] 521[c]

79.5[b] 696[b]

[a] C6D6. [b] CD2Cl2. [c] CH2Cl2/C6D6.

Table 3. 77Se NMR shifts [ppm] of phosphane selenides tBun(iPr)3–nPSe.

n = 3 n = 2 n = 1 n = 0
tBu3PSe tBu2(iPr)PSe tBu(iPr)2PSe iPr3PSe
1a 1c 1d 1b

Experimental
In C6D6 –420 –400 –499 –490
In CH2Cl2 –417 –394 –493 –482
In CH3CN –421 –398 –497 –485

Calculated (see Scheme 2)
Most stable rotamer –427 –408 –567 –480
Second most stable rotamer (E) –391 (0.5) –492 (0.3) –568 (0.7)
Boltzmann-averaged –403 –500 –519
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R3P=Se and increasing α-branching of the alkyl groups in
1a–d does not exist. From comparison of Me3P=Se (δ 77Se
= –235[14]) via Et3P=Se (δ 77Se = –428[15b]) to iPr3P=Se (1b,
δ 77Se = –484[15b]), upfield shifts may be correlated with in-
creasing α-branching. However, exchanging two iPr groups
of 1b for two tBu groups (in 1c) does not lead to a further
monotonic increase of δ 77Se (see Table 1). A comparable
unexpected 125Te NMR deshielding of tBu3P=Te,[15a] com-
pared with iPr3P=Te, has already been recognised,[15b,16] but
a conclusive explanation has not yet been given; as in the
above R3P=Se series, the 125Te resonance of tBu(iPr)2P=Te
appears further upfield than that of iPr3P=Te, whereas the
125Te signals of the following members of the series (tBu2-

iPrP=Te and tBu3P=Te) appear at significantly lower
fields.[18]

Calculations of 77Se NMR Shifts

For a deeper understanding of the unexpected variation
of magnitudes of δ 77Se and of δ 125Te in these sterically
crowded phosphane chalcogenides, we carried out GIAO-
HF/962+(d) ab initio calculations on various conformers of
the known symmetric phosphane selenides 1a and 1b and
of the new mixed-substituted compounds 1c and 1d.[19–22]

Qualitatively, the experimentally observed range of 77Se
NMR shieldings (1c � 1a �� 1b � 1d) reflects fairly well
the calculated shift values of their energetically most
favourable rotamers (1cA � 1a �� 1bA � 1dA)
(Scheme 2). The range is similar (1c, a �� 1b, d) when the
77Se NMR shifts are averaged according to a Boltzmann
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distribution of the respective rotamers at 298 K (1c: –403,
1a: –427, 1b: –519, 1d: –500). Compound 1c, showing the
“abnormally deshielded” 77Se signal (compared with naive
expectations from linear interpolation between 1a and 1b)
is apparently the only compound among the isopropyl de-
rivatives in which no rotamer with anti arrangement of the
SePCH moiety (which would be 1cC) contributes to the rot-
amer-population averaged 77Se NMR shift. Our theoretic-
ally determined energies and shifts may still involve signifi-
cant inaccuracies because of the approximate nature of the
methods used.[21,22] Nevertheless, the good qualitative ac-
cord between the current computational and experimental
results is encouraging. In addition, the MP2/962(d) relative
stabilities of rotamers of 1c correlate fairly well with those
calculated previously by an empirical force field (MM2) on
the parent phosphane tBu2iPrP.[22] It was confirmed by
NMR studies on tBu2iPrP and its RhI and IrI complexes
that the preferred “GA conformation” (gauche/anti CH3

groups, corresponding to 1cA/1cB)[23] of tBu2iPrP is essen-
tially retained in its metal complexes.[24,25] Another interest-
ing result from the calculated 77Se NMR shifts is the obser-
vation that the shieldings relative to 1a increase with in-
creasing number of anti hydrogen atoms (anti arrangement
of the SePCH moieties [1cC � 1dB � 1bC]) and decrease
with increasing number of gauche hydrogen atoms (1cA �
1dC � 1bD) in the isopropylphosphorus groups. Direct evi-
dence on these questions can be expected from structure
determinations (vide infra) combined with forthcoming so-
lid state 77Se NMR studies.

Scheme 2. Optimised rotamer structures of 1a–1d (in italics: MP2-
based relative energies [kcal/mol]; in boxes: GIAO-HF computed
77Se chemical shifts).
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Structure Determinations

Phosphane Selenide Structures

The molecular structure of tBu3PSe (1a) has been deter-
mined recently,[26] but the structures of iPr3PSe (1b) and of
the mixed substituted compounds 1c and 1d were not yet
known. Differently from 1a, which displays crystallographic
C3 symmetry implying twisted tert-butyl groups,[26] both
crystallographically independent molecules of solid 1b ex-
hibit Cs symmetry (Figure 1). Se,P and the C–H bond of
one of the isopropyl groups lie within the mirror plane, and
the H–C–P–Se moiety is in a trans arrangement. This struc-
ture is related to that of the telluride iPr3PTe.[15b] The fact
that only one of the C–H bonds of the three isopropyl
groups is in a transoid arrangement with respect to the PSe
bond, and the two other groups display gauche type confor-
mations, is in agreement with the calculated lowest-energy
gas phase structures (1bA and 1bB), but the symmetric ori-
entation of the two twisted isopropyl groups with respect
to the mirror plane is not in agreement with calculation.
The increase of “1,3 dimethyl strain”, also shown by the
short contacts H(2A)···H(2A�) 224, H(3C)···H(3C�) 215,
H(7A)···H(7A�) 220, H(8C)···H(8C�) 217 pm between the
two symmetry-equivalent isopropyl groups in solid 1b, is
reflected by the expanded angle C(1)P(1)C(1�) 112° and
C(6)P(1)C(6�) 113° compared with C(1)P(1)C(4) 105° and
C(6)P(2)C(9) 105°. The P–C and C–C distances, however,
are apparently not affected by this distortion. The related
cell constants of 1b and iPr3PTe (7.630, 11.856, 13.750 Å, β
= 100.29°) would suggest some similarity of packing. Fig-
ure 2 (a and b) shows the packing projected down the short-
est axis in each case. Within the horizontal rows of mole-
cules, the heights are however different; for 1b, consecutive
molecules lie at about 0, ¼, ½, ¼, 0… and for iPr3PTe at
0, ½, 0, ½… (in both cases for the upper row within the
cell). One short methine C–H···Se interaction is observed
for 1b, namely H9···Se1 294 pm (within the asymmetric
unit).

Figure 1. Structure of 1b, molecule 1 (molecule 2 is very similar),
selected bond lengths [pm] and angles [°]: P(1)–Se(1) 212.44(9),
C(1)#1–P(1)–C(1) 112.20(15), C(1)#1–P(1)–C(4) 105.56(9), C(1)–
P(1)–C(4) 105.56(9). Carbon atoms numbered 6–10 (see text) refer
to molecule 2.

Single crystals of suitable quality for structure determi-
nations have not yet been obtained from the mixed-substi-
tuted phosphane selenides 1c and 1d. A crystalline sample
of tBu(iPr)2PSe (1d) was investigated, but poor crystal qual-
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Figure 2. (a) Packing diagram in projection of iPr3PSe (1b). (b)
Packing diagram in projection of iPr3PTe.

ity precluded a satisfactory refinement. The data indicate
qualitatively that one of the isopropyl groups adopts a con-
formation with a transoid H–C–P–Se arrangement (as in
calcd. structures 1dA, 1dB).

The crystalline bromophosphonium salt tBu2(iPr)-
PBr+Br– (3c) contains a cation that is isoelectronic with 1c.

Figure 3. Structure of two ion pairs of 3c. Selected bond lengths [pm] and angles [°]: P(1)–Br(1) 218.55(7), Br(1)–Br(2) 342.27(4), P(2)–
Br(3) 218.62(6), Br(3)–Br(4) 336.79(4), P(1)–Br(1)–Br(2) 175.146(18), P(2)–Br(3)–Br(4) 174.451(18).
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Figure 4. (a) Packing diagrams of the individual formula units of
3c at y � 0. (b) Packing diagrams of the individual formula units
of 3c at y � ½.
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Within the asymmetric unit are two independent cation–

anion pairs tBu2(iPr)PBr+ Br– (Figure 3). Both pairs display
approximately linear P–Br···Br moieties (175.5±1°) with
weak (n � σ*) Br···Br interactions (336.8 and 342.3 pm).
Br(1)···Br(2) is roughly parallel to the c and Br(3)···Br(4) to
the a axis. Within both tBu2(iPr)PBr+ cations, the H–C–P–
Br moiety involving the C–H bond of the isopropyl group
is in a gauche conformation, as predicted for selenide 1c
(calcd. structures 1cA, 1cB) and for the parent phosphane
and its Rh and Ir complexes.[24,25] The ion pairs tBu2(iPr)-
PBr+ Br– exhibit intermolecular C–H···Br contacts involv-
ing the bromide ions. Considering only contacts H···Br �
300 pm, Br(2) exhibits three and Br(4) four contacts, of
which the shortest by far involve the methine protons [C(1)–
H(1)···Br(2) 277 pm; C(12)–H(12)···Br(4) 273 pm]. Packing
diagrams of the individual formula units (Figure 4, a and
b) show that they occupy different regions of the cell at y
� 0 and y � ½ respectively.

Phosphane Selenide Dibromides

The discussion in the sequence 2b, 2d, 2c follows the in-
creasing steric strain with an increasing number of tert-bu-
tyl groups in the molecules.

From iPr3PSeBr2 (2b), two different crystalline phases
were isolated. The intended preparation of 2b led by
recrystallisation of the crude product from dichlorometh-
ane/pentane (vapour diffusion method) to monoclinic crys-
tals (P21/n, Z = 4; 2b#1). Bromination of 1b with an excess
of bromine led to a mixture of products from which two
types of single crystals were collected by crystallisation
from dichloromethane: about 50% of a complex material
that is apparently [(iPr3PSeH+)2(iPr3PSeBr+)(SeBr6

2–)-
(Se2Br9)–] (partially disordered),[13b] and a few single crys-
tals of 2b#2 (monoclinic, P21/n, Z = 8).

All molecules in both phases of 2b contain iPr3P coordi-
nated to the central selenium atoms of approximately linear
BrSeBr groups (“10-Se-3” according to the J. C. Martin
count).[10] The T structures around Se are distorted by un-
equal Se–Br bond lengths and by PSeBr angles that are
larger than 90° (in the opposite sense to the distortion of
the “classic” ClF3 structure). The latter distortion, as in
previously known R3PSeBr2 structures, is attributed to ste-
ric repulsion between the PR3 substituent and the bromine
atoms.

In the monomeric molecule 2b#1 (Figure 5, a and b) the
BrSeBr group differs from linearity by nearly 13° (angles
PSeBr 95.5 and 96.8°) and from Se–Br equidistance by
about 12 pm (252.52 and 264.35 pm). The PSe bond length
is extended from 212.2 pm (1b) to 226.8 pm, which is very
similar to that of known R3PSeBr2 structures.[8] The confor-
mation of the iPr3PSe group differs from that of solid free
1b by lacking the formal mirror plane, but the mirror sym-
metry is maintained to a good approximation (r.m.s. devia-
tion of molecular halves: 0.08 Å). One of the isopropyl
groups adopts a conformation with a transoid H–C(1)–P–
Se arrangement (as in the calculated structure 1bA); the
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other two are twisted, leading to gauche type H–C–P–Se
conformations. The orientation of the P–C(1) bond is or-
thogonal to the BrSeBr vector; the approximate mirror
symmetry is also shown by the torsion angles [Br(1)
SePC(7) –28.46(7)° and Br(2)SePC(4) 29.90(8)°]. As in solid
1b, CPC angles involving the C atom of the transoid HCPSe
moiety are significantly smaller (107.8, 108.7°) than that of
the two other isopropyl groups [C(4)PC(7) 114.7°]. An ex-
planation for this phenomena is the C–H···Br intramolecu-
lar interactions (see below; Figure 6, a). Three short H···Br
(296–305 pm) and one short H···Se (3.02 Å) from H(1) link
the molecules to form layers parallel to the ac plane.

Figure 5. (a) Structure of 2b#1, Z = 4, selected bond lengths [pm]
and angles [°]: P–Se 226.81(5), Se–Br(1) 264.35(3), Se–Br(2)
252.52(3), P–Se–Br(1) 96.734(16), P–Se–Br(2) 95.485(16), Br(1)–
Se–Br(2) 167.209(11), C(1)–P–C(7) 107.77(10), C(1)–P–C(4)
108.66(10), C(7)–P–C(4) 114.73(10). (b) Intermolecular interac-
tions (CH···Se and CH···Br) in the packing diagram of 2b#1.

Molecule 2b#2 (Figure 7, a and b) involves two crystallo-
graphically independent molecules that are similar to each
other (r.m.s. deviation 0.14 Å) and again display approxi-
mate mirror symmetry. The SeBr2 moieties are more regular
than in 2b#1, with Se···Br 257.56, 260.18 and 254.23,
260.55 pm. In contrast to 2b#1, which has no significant
short contacts of the type Se···Br and Br···Br, there are two
such contacts in 2b#2; Se(1)···Br(3) 346.23(8) within the
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Figure 6. (a) Structure of iPr3PSeBr2, 2b#1, Z = 4; H···Br intramo-
lecular interactions: H(4)···Br(2) 272, H(7)···Br(1) 280 pm. (b)
Structure of tBu(iPr)2PSeBr2 (2d); H···Br intramolecular interac-
tions: H(5)···Br(1) 299, H(8)···Br(2) 267 pm. (c) Structure of tBu2-
(iPr)PSeBr2 (2c); H···Br intramolecular interactions: H(1)···Br(1)
262, H(9C)···Br(2) 271 pm.
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asymmetric unit and Br(4)···Br(4�) 361.22(15) pm. The
packing also involves the contact H(1)···Se(2) 303 pm and
eight H···Br contacts under 315 pm. The net effect is to
form layers parallel to 101.

Figure 7. (a) Structure of 2b#2, Z = 8, selected bond lengths [pm]
and angles [°]: P(1)–Se(1) 227.34(14), Se(1)–Br(1) 257.56(9), Se(1)–
Br(2) 260.18(9), P(1)–Se(1)–Br(1) 94.36(4), P(1)–Se(1)–Br(2)
95.49(4), Br(1)–Se(1)–Br(2) 169.18(3), P(2)–Se(2) 227.15(14), Se(2)–
Br(3) 260.55(9), Se(2)–Br(4) 254.23(9), P(2)–Se(2)–Br(3) 96.59(5),
P(2)–Se(2)–Br(4) 95.10(5), Br(3)–Se(2)–Br(4) 168.19(3), C(4)–P(1)–
C(1) 108.6(3), C(4)–P(1)–C(7) 113.2(2), C(1)–P(1)–C(7) 107.1(3),
C(13)–P(2)–C(10) 109.1(3), C(13)–P(2)–C(16) 107.5(3), C(10)–
P(2)–C(16) 114.8(2). (b) Intermolecular contacts involving the two
types of molecules of 2b#2.

Formal exchange of one isopropyl group by one tert-bu-
tyl group in 2b affords 2d. Compound 2d crystallises as cen-
trosymmetric Se–Br···Se-bridged dimers. Two T-shaped
PSeBr2 groups associate so that the bridging Br atom of
one molecule exhibits contacts to the Se atom (382 pm) and
to the bridging Br atom (388 pm) of the neighbouring mole-
cule (Figure 8, a and b). The shorter Se–Br bond is involved
in these intermolecular interactions (253.64, cf. 264.95 pm).
Compound 2d deviates significantly from mirror symmetry
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[e.g. torsion angles C(5)–P–Se–Br(1) –36.9, C(8)–P–Se–
Br(2) 24.3°]. The conformation of the tBu(iPr)2PSe group
within 2d differs from that calculated for 2d in the gas
phase. The additional methyl group in 2d formally replaces
the H atom that was part of the trans-H–C–P–Se moiety of
2b; that is, both remaining isopropyl group methine protons
are part of synclinal H–C–P–Se conformations [H(5)C(5)
PSe, Θ = 73.3°; H(8)C(8)PSe, Θ = –49°] (Figure 6, b). Com-
pared with 2b, the additional methyl group at C(1) [transoid
C(4)–C(1)–P–Se] enhances the 1,3-dimethyl strain towards
C(6) and C(9) of the isopropyl groups leading to approxi-
mately equal CPC bond angles (110.6, 111.24, 112.9°), com-
pared with 105/112° in 1b and 108/115 in 2b#1. In case of
1d, such a conformation is expected to be about 1.2 kcal
above ground state (1dC in Scheme 2). Compounds 2d and
2b#1 are not isostructural, despite the similarity of cell con-
stants; 2d displays four H···Br contacts �315 pm but no
H···Se contacts.

Figure 8. (a) Structure of 2d, selected bond lengths [pm] and angles
[°]: P–Se 228.67(4), Se–Br(1) 253.64(3), Se–Br(2) 264.95(3), P–Se–
Br(1) 95.032(12), P–Se–Br(2) 97.462(12), Br(1)–Se–Br(2)
167.104(9), C(8)–P–C(5) 112.93(7), C(8)–P–C(1) 110.60(7), C(5)–
P–C(1) 111.24(7). (b) Intermolecular interactions in the packing
diagram of 2d, selected contact distances [pm]: H(5)–Br(2) 305.3,
H(2)–Br(1) 298.2, Se–Br(1) 381.68(3), Br(1)–Br(1) 388.02(4).
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The structure of tBu2(iPr)PSeBr2 is imprecisely deter-
mined for reasons given in the experimental section; the
heavy atoms correspond closely to crystallographic mirror
(pseudo)symmetry, but the light atoms do not (Figure 9, a).
The reason is clearly the intramolecular hydrogen bond
H(1)···Br(1) of 262 pm, cf. H(9C)···Br(2) 271 pm, from a
methyl hydrogen of a butyl group (Figure 6, c). This leads
to torsion angles [°] H(1)–C(1)–P–Se 42, C(1)–P–Se–Br(1)
–15.8, cf. C(8)–P–Se–Br(2) 49.2; the bromine Br(1) is thus
approximately synperiplanar with the isopropyl carbon
C(1). The tert-butyl carbon C(6) is antiperiplanar to the
selenium, with C(6)–C(4)–P–Se 168.2°.

Figure 9. (a) Structure of 2c, selected bond lengths [pm] and angles
[°]: P–Se 230.39(19), Se–Br(1) 262.93(11), Se–Br(2) 255.49(11), P–
Se–Br(1) 101.57(6), P–Se–Br(2) 99.22(6), Br(1)–Se–Br(2) 159.16(4),
C(4)–P–C(1) 110.6(5), C(4)–P–C(8) 115.2(5), C(1)–P–C(8) 109.0(5).
(b) Intermolecular interactions in the packing diagram of 2c, array
of molecules with Br···Br contacts, selected contact distances [pm]:
Br(1)–Br(2) 358.90(11).

In view of inaccuracies associated with the pseudosym-
metry, it would be unwise to regard light atom bond lengths
and angles as reliable in detail. Among the heavy-atom di-
mensions, Se–Br(1) is appreciably longer than Se–Br(2)
[262.93(11), 255.49(11) pm], but the angles BrSeP are al-
most equal [Br(2)–Se–P 99.22(6)°, Br(1)–Se–P 101.57(6)°],
if rather wide.

The PSe bond is longer (230.39 pm) and the deviation of
the BrSeBr group from linearity (BrSeBr 159.16°) larger
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Table 4. Intramolecular interactions C–H···Br and important torsion angles in solid phosphane selenide dibromides [pm, °].

(2b#1) iPr3PSeBr2 H(4)···Br(2) 272 C(4)–P–Se–Br(2) 29.9
H(7)···Br(1) 280 C(7)–P–Se–Br(1) –28.5

(2b#2) iPr3PSeBr2 (mol1) H(4)···Br(1) 283 C(4)–P–Se–Br(1) –33.2
H(7)···Br(2) 267 C(7)–P–Se–Br(2) 26.8

(2b#2) iPr3PSeBr2 (mol2) H(10)···Br(3) 276 C(10)–P–Se–Br(3) –28.6
H(16)···Br(4) 274 C(16)–P–Se–Br(4) 27.4

(2c) tBu2iPrPSeBr2 H(1)···Br(1) 262 C(1)–P–Se–Br(1) –15.8
H(9C)···Br(2) 271 C(8)–P–Se–Br(2) 49.2

(2d) tBuiPr2PSeBr2 H(5)···Br(1) 299 C(5)–P–Se–Br(1) –36.9
H(8)···Br(2) 267 C(8)–P–Se–Br(2) 24.3

than in any other R3PSeBr2 structure. Intermolecular
Br···Br contacts (358.90 pm) between T-shaped moieties of
2c lead, as in solid c-Hex3PSeBr2,[8] to wave-like chains
(Figure 9, b) that are packed into layers in the crystal. Ad-
ditionally, the contact H(7b)···Se 302 pm and four H···Br
contacts �315 pm lead to a complex three-dimensional
packing.

The observation of the intramolecular C–H···Br interac-
tion in 2c prompted us to re-assess the other structures; in
most cases, the isopropyl C–H groups, the most effective
donors available, form a short intramolecular contact to the
bromine. Compounds with two such donors thus tend to
display exact or approximate mirror symmetry (Figure 6, a
and b, Table 4). Hydrogen bonds of the type C–H···halogen
have previously been adduced by us as conformation-de-
termining factors.[27]

In summary, steric strain from tert-butyl groups corre-
lates with increasing deviation from linearity of the Br–Se–
Br groups and with increasing P–Se distances (Table 5). We
do not observe, however, a straightforward correlation of
intermolecular Se···Br and Br···Br interactions, steric effects
and nonequidistance of Se–Br bonds in our series of related
trialkylphosphane selenide dibromides. Intramolecular hy-
drogen bonds of the type C–H···Br determine, to a large
extent, the local molecular symmetry.

Table 5. Important bond lengths (P–Se, Se–Br) and intermolecular
contacts (Br···Br, Se···Br) in solid phosphane selenide dibromides.

P–Se Se–Br Br···Br Se···Br

(1a) tBu3PSe[25] 213.3 – – –
(1b) iPr3PSe 212.4 – – –
(2b) iPr3PSeBr2#1 226.8 252.5, 264.4 – –
iPr3PSeBr2#2 (mol1) 227.3 257.6, 260.2 361.2 346.2
iPr3PSeBr2#2 (mol2) 227.2 254.2, 260.6 361.2 346.2
(2c) tBu2iPrPSeBr2 230.4 255.5, 262.9 358.9 –
(2d) tBuiPr2PSeBr2 228.7 253.6, 264.9 388.0 381.7

Bromine Exchange Reactions
The NMR phenomena in solutions containing selenides

1 together with the dibromides 2 can be explained by bro-
mine exchange reactions (rapid on the 31P NMR timescale,
however in coalescence on the 77Se timescale) that involve
Se–Br bond breaking, but do not involve P–Se bond break-
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ing, because 1J(77Se,31P) can be observed at all times from
the 31P NMR satellites.

Bromine exchange between selenium atoms has been ob-
served in bromine adducts of bis(arylselanyl)benzenes,[28]

but the kinetic lability (bromine exchange) of phosphane
chalcogenide dibromides has apparently not yet been recog-
nised in the literature. We suppose that the mode of halogen
exchange will be related to that in phosphane–dihalogen
equilibrium systems (R3PX2/R3P; X = Br, I).[29] The latter
involve nucleophilic attack at halogen atoms in α position
(R3PX+�PR3), whereas for the phosphane selenides the
same should occur in β position (R3PSeX+�SePR3) from
the onium centres. As shown previously, [R3PSeISePR3]+

cations can be stable species in such equilibria.[9] Cations
[R3PSeBrSePR3]+, however, have not yet been observed as
ground state species.

Support for these interpretations is provided by compu-
tations for the model compound Me3PSe and its bromi-
nated derivatives. Both types of “1:1 adducts” with Br2 are
minima on the potential energy surface, namely the weak
donor–acceptor complex 5A and T-shaped 5B, the oxidative
addition product (Scheme 3). The latter is computed to be
more stable than the former by 13.6 kcal/mol and is charac-
terised by a 77Se resonance (δcalc = 454) downfield from that
of free Me3PSe. The large stabilisation of 5B over 5A is
consistent with the exclusive occurrence of type B adducts
with Br2 (see above). Heterolytical cleavage of 5A or 5B into
Me3PSeBr+ (6) and Br– is highly unfavourable in the gas
phase (109.3 and 123.2 kcal/mol, respectively), but may well
be facilitated by polar solvents. The halogen transfer dis-
cussed above can proceed via complex 7A. On the HF/
641(d) potential energy surface (PES), 7A, with its asym-
metrical Se–Br···Se arrangement (distances 2.37 and
3.17 Å), is a shallow minimum, about 2 kcal/mol below the
C2h symmetric transition state 7B with equal Se···Br dis-
tances (2.65 Å). Inclusion of electron correlation effects by
the MP2 single-point energies stabilises 7B, to 8.7 kcal/mol
below the apparent minimum 7A. It is thus very likely that
the symmetrical form is the actual minimum on the true
PES (a notion which is supported by an MP2/962+(d) op-
timisation of 7A, which afforded symmetrical 7B); in any
event, the proposed halogen transfer reaction by the se-
quence 7A h 7B h 7A� (Scheme 3) is indicated to be a
facile process.
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Scheme 3. Bromine transfer between Me3PSe molecules.

Vibrational Spectra
It is well known that “T-shaped” adducts featuring a lin-

ear and symmetric Br–E–Br group (E = S, Se) show in their
Raman spectra only one strong peak at around 160 cm–1,
because of the symmetric stretching vibration of the Br–E–
Br system. A second lower peak at around 190 cm–1, be-
cause of the antisymmetric vibration, appears when the Br–
E–Br system is asymmetric.[30,31] This vibrational behaviour
strictly resembles that observed for [Br–X–Br]– (X = I, Br)
anions,[30,31] which are characterised by a very strong Ra-
man peak at around 160 cm–1 accompanied by a weaker
one at 190 cm–1 when these anions are slightly asymmetric.
The FT-Raman spectra of 2b and 2c confirm the vi-
brational analogy between the aforementioned trihalides
and the hypervalent Se adducts with Br2. In fact, they are
dominated by very strong peaks, at 169 and 163 cm–1 for
2b and 2c, respectively, accompanied by weaker peaks at
about 190 cm–1, agreeing with the slight asymmetry of the
Br–Se–Br groups observed for the two compounds by X-
ray analysis. The Raman spectrum of 2d also shows a peak
at 163.9 cm–1 accompanied by a weaker one at 190 cm–1

with the difference that compared to 2b and 2c the intensity
of the peak at 163.9 is much lower. In the FTIR spectra of
2b and 2c two broad bands at about the same frequencies
of those observed in the Raman spectra are present with an
increased intensity for the band because of the antisymmet-
ric stretching of the Br–Se–Br group. For 2d, the quality of
the FTIR spectra does not provide any additional infor-
mation.

The Raman spectrum of the ionic pair 3c show a very
weak peak at 180 cm–1, which cannot be attributable to a
Br–Br stretching vibration, the Br···Br distance being very
long. Therefore, we think that this peak might be originated
by vibration modes involving the P–Br bond and the re-
maining organic framework of the cation in the ionic pair.

Discussion
GIAO-HF/962+(d) calculations on the 77Se NMR shifts

of related trialkylphosphane selenides 2a–d allow an expla-
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nation of the differences between their 77Se NMR shifts on
the basis of particular conformations of their Se–P–C–H
groups. The surprising 125Te deshielding of tBu3PTe relative
to iPr3PTe[15] can be explained in a similar way.

All known phosphane selenide dibromides contain three-
coordinate selenium in distorted T-shaped environments.
Similar to related bromine adducts from precursors with
C=Se bonds,[30] solid phosphane selenide dibromides tend
to exhibit intermolecular Se···Br and/or Br···Br “soft–soft
interactions”. Small variations in the alkyl groups at phos-
phorus lead to large differences in the pattern of intermo-
lecular contacts. In solution, phosphane selenide dibro-
mides 2a–d are kinetically labile with respect to reversible
bromine transfer to their parent phosphane selenides
(averaged 1H, 13C and 31P NMR signals, coalescing 77Se
signals in R3PSeBr2/R3PSe mixtures). Calculations show
that nucleophilic attack of R3PSe at the Br atom of a
R3PSeBr+ cation (Br+ transfer) is a low-energy pathway for
bromine exchange. 77Se NMR signals of pure compounds
R3PSeBr2 appear about 900–1000 ppm downfield from
R3PSe, and their 1J(77Se,31P) coupling constants are 30%
smaller than those of R3PSe. Addition of electrophiles to
dissolved compounds R3PSeBr2 led to a further decrease of
1J(77Se,31P) to less than 500 Hz, but isolation of salts with
R3PSeBr+ cations was not achieved.

Experimental Section
NMR Spectra: NMR spectra were recorded using Bruker spec-
trometers AC 200, Avance 200, Avance 400 and AMX 300, with
85% H3PO4, (CH3)2Se and SiMe4 as external or internal standards.
For the measurements of 1a–d compounds we used 10% solution
of (CH3)2Se in C6D6 and CD2Cl2 as standards.

FT-Raman Spectra: FT-Raman spectra in the range 500–50 cm–1

were recorded with a resolution of 2 cm–1 on a Bruker RFS100
FT-Raman spectrometer, fitted with an In-Ga-As detector (room
temperature) operating with a Nd-YAG laser (excitation wave-
length 1064 nm; 100 mW), with a 180° scattering geometry. Infra-
red spectra were recorded with a Bruker IFS55 spectrometer at
room temperature, purging the sample cell with a flow of dried air.



W.-W. du Mont et al.FULL PAPER
Polythene pellets with a mylar beam-splitter and polythene win-
dows (500–50 cm–1, resolution 2 cm–1) were used.

2a: Bromine (330 mg, 2.1 mmol) was added slowly through a drop-
ping funnel to a solution of tBu3PSe (1b) (590 mg, 2.1 mmol) in
dichloromethane (10 mL) in a Schlenk tube. The red-orange solu-
tion was stirred for a further 2 h at room temperature, whereafter
the crude product 2a was isolated by vacuum evaporation of the
solvent and purified by washing with pentane, drying by vacuum
evaporation. Yield: approx. 89%; m.p. 92 °C; elemental analysis:
C12H27Br2PSe (281.28): calcd. C 32.68, H 6.17; found C 30.62, H
5.94. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 57
[100, (tBu)+], 361 [78, (tBu3PSeBr)+], 226 [17, (tBu2PSe)+], 282 [33,
(tBu3PSe)+], 305 [31, (tBu2PSeBr)+], 169 [28, (tBuPSe)+], 89 [25,
(tBuP)+]; m/z, neg. (%) = 294 [100, {(NBA – NH2) + SeBr}–], 375
[85, {(NBA – NH2) + SeBr2}–], 234 [36, (NBA + Br)–], 79 [34,
(Br)–]; EI-MS: m/z (%) = 57 [100, (tBu)+], 170 [43, (tBuPSe)+], 282
[17, (tBu3PSe)+], 226 [17, (tBu2PSe)+], 160 [10, (Br2)+], 111 [3,
(PSe)+]. 31P NMR (CH2Cl2/C6D6): δ = 83.0 (s, 1JP,Se = 514 Hz)
ppm.

2b: Bromine (330 mg, 2.1 mmol) was added slowly through a drop-
ping funnel to a solution of iPr3PSe (1b) (500 mg, 2.1 mmol) in
dichloromethane (10 mL) in a Schlenk tube. The red-orange solu-
tion was stirred for a further 60 min at room temperature, whereaf-
ter the crude product 2b was isolated by vacuum evaporation of the
solvent and purified by washing with pentane, drying by vacuum
evaporation and recrystallised by gas diffusion from dichlorometh-
ane/pentane. Yield: approx. 78%; m.p. 72 °C; elemental analysis:
C9H21Br2PSe (239.20): calcd. C 27.09, H 5.30; found C 27.04, H
5.32. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 177
[100, (iPr3POH)+], 319 [47, (iPr3PSeBr)+], 353 [32, (iPr3PO)2H+],
240 [8, (iPr3PBr)+]; m/z, neg. (%) = 232 [77, (NBA·Br)–], 79 [45,
(Br)–]; EI-MS: m/z (%) = 160 [100, (Br2)+], 79 [10, (Br)+], 240 [2,
(iPr3PSe)+], 43 [2, (iPr)+]. IR (50–500 cm–1): 93 (s), 119 (m), 143
(s), 172 (s), 186 (s), 279 (vw), 340 (w), 417 (m), 433 (m); Raman
(500–50 cm–1): 418 (vw), 385 (vw), 270 (vw), 187 (m), 169 (vs), 145
(m), 94 (m). 31P NMR (CH2Cl2/C6D6): δ = 69.8 (s, 1JP,Se = 521 Hz)
ppm. 77Se NMR (CH2Cl2/C6D6): δ = 409.0 (d, 1JP,Se = 521 Hz)
ppm.

2c: Di-tert-butylisopropylphosphane selenide (0.82 g, 3.07 mmol)
was dissolved in dichloromethane (40 mL) and a solution of bro-
mine (0.50 g, 3.07 mmol) in dichloromethane (40 mL) was added.
The reaction mixture was stirred at room temperature for one day.
Solvent was removed in vacuo and the powdery bright orange (di-
tert-butylisopropylphosphane selenide)–Br2 complex was obtained.
Yield: 1.24 g (94%); m.p. 111 °C; elemental analysis: C11H25Br2PSe
(267.25): calcd. C 30.94, H 5.90; found: C 28.64, H 5.64. MS (FAB,
o-nitrobenzylamine matrix): m/z, pos. (%) = 77 [100, (C6H5)+ or
(C3H10P)+], 57 [88, (tBu)+], 136 [65, (NBA – OH)+], 107 [61,
(NBA – CH2OH – O)+], 189 [30, (tBu2iPrP + H)+], 154 [28,
(NBA + H)+], 269 [25, (tBu2iPrPSe + H)+], 212 [23, (tBuiPrPSe +
H)+]; m/z, neg. (%) = 232 [100, (NBA+Br)–], 153 [88, (NBA)–], 81
[50, (Br)–], 168 [49, (NBA + CH3)–], 122 [41, (NBA + H2O)–], 305
[35, (2NBA – H)–]; EI-MS: m/z (%) = 268 [100, (tBu2iPrPSe)+], 57
[95, (tBu)+], 156 [76, (iPrPSe + 2H)+], 212 [40, (tBuiPrPSe + H)+],
160 [31, (Br2)+], 43 [10, (iPr)+], 81 [5, (Br)+]. 1H NMR (CD2Cl2): δ
= 3.97 [m, CH(CH3)2], 1.76 [d, 3JH,P = 16.7 Hz, C(CH3)3], 1.67 [dd,
3JH,H = 7.3, 3JH,P = 16.4 Hz, CH(CH3)2] ppm. 13C NMR (CD2Cl2):
δ = 44.5 [d, 1JC,P = 13.2 Hz, C(CH3)3], 31.8 [d, 1JC,P = 18.5 Hz,
CH(CH3)2], 30.1 [s, C(CH3)3], 21.1 [d, 2JC,P = 3.5 Hz, CH(CH3)2]
ppm. 31P NMR (CD2Cl2): δ = 82.9 (s, 1JP,Se = 520.2 Hz) ppm.

2d: tert-Butyldiisopropylphosphane selenide (0.50 g, 1.97 mmol)
was dissolved in dichloromethane (30 mL) and a solution of
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bromine (0.31 g, 1.97 mmol) in dichloromethane (30 mL) was
added. The reaction mixture was stirred at room temperature for
one day. The solvent was removed in vacuo and the solid orange
(tert-butyldiisopropylphosphane selenide)–Br2 complex was ob-
tained. Yield: 0.76 g (93.39%); m.p. 74 °C; elemental analysis:
C10H23Br2PSe (253.23): calcd. C 29.08, H 5.61; found C 29.32, H
5.66. MS (FAB, o-nitrobenzylamine matrix): m/z, pos. (%) = 57
[100, (tBu)+], 333 [90, (tBuiPr2PSeBr)+], 154 [70, (NBA + H)+], 191
[65, (tBuiPr2POH)+], 136 [60, (NBA – OH)+], 255 [38, (tBuiPr2-
PSe)+], 307 [15, (2NBA + H)+], 413 [4, (tBuiPr2PSeBr2)+]; m/z, neg.
(%) = 153 [100, (NBA)–], 232 [95, (NBA + Br)–], 306 [75,
(2NBA)–], 168 [42, (NBA + CH3)–], 122 [22, (NBA + H2O)–], 79
[18, (Br)–], 414 [6, (tBuiPr2PSeBr2)–]; EI-MS: m/z (%) = 156 [100,
(iPrPSe + 2 H)+], 57 [95, (tBu)+], 254 [50, (tBuiPr2PSe)+], 198 [40,
(iPr2PSe + H)+], 111 [12, (PSe)+], 80 [10, (Br)+]. 1H NMR
(CD2Cl2): δ = 3.48 [m, CH(CH3)2], 1.55 [dd, 3JH,H = 6.6, 3JH,P =
16.9 Hz, CH(CH3)2], 1.52 [d, 3JH,P = 16.6 Hz, C(CH3)3] ppm. 13C
NMR (CD2Cl2): δ = 28.6 [d, 1JC,P = 26.3 Hz, C(CH3)3], 25.9 [d,
1JC,P = 26.4 Hz, CH(CH3)2], 24.8 [s, C(CH3)3], 19.8 [d, 2JC,P =
3.5 Hz, CH(CH3)2], 17.5 [d, 2JC,P = 3.1 Hz, CH(CH3)2] ppm. 31P
NMR (CD2Cl2): δ = 77.4 (s, 1JP,Se = 526.2 Hz) ppm. 77Se NMR
(CDCl3): δ = 537.0 (d, 1JSe,P = 521.6 Hz) ppm.

1a1: 1H NMR (C6D6): δ = 1.32 [d, 3JH,P = 13.9 Hz, C(CH3)3] ppm.
13C NMR (C6D6): δ = 40.9 [d, 1JC,P = 26.4 Hz, C(CH3)3], 30.5 [s,
CH(CH3)2] ppm. 31P NMR (C6D6): δ = 93.8 (s, 1JP,Se = 708.5 Hz)
ppm. 77Se NMR (C6D6): δ = –420.3 (d, 1JSe,P = 707.0 Hz) ppm.

1a2: 1H NMR (CD2Cl2): δ = 1.41 [d, 3JH,P = 14.2 Hz, C(CH3)3]
ppm. 13C NMR (CD2Cl2): δ = 41.0 [d, 1JC,P = 26.2 Hz, C(CH3)3],
30.5 [s, CH(CH3)2] ppm. 31P NMR (CD2Cl2): δ = 93.3 (s, 1JP,Se =
692.9 Hz) ppm. 77Se NMR (CD2Cl2): δ = –417.0 (d, 1JSe,P =
692.8 Hz) ppm.

1b1: 1H NMR (C6D6): δ = 1.89 [m, 3JH,H = 7.0, 2JH,P = 10.0 Hz,
CH(CH3)2], 1.03 [dd, 3JH,H = 7.1, 3JH,P = 16.0 Hz, CH(CH3)2]
ppm. 13C NMR (C6D6): δ = 26.8 [d, 1JC,P = 38.7 Hz, CH(CH3)2],
18.2 [d, 2JC,P = 2.1 Hz, CH(CH3)2] ppm. 31P NMR (C6D6): δ =
71.1 (s, 1JP,Se = 709.2 Hz) ppm. 77Se NMR (C6D6): δ = –489.9 (d,
1JSe,P = 707.9 Hz) ppm.

1b2: 1H NMR (CD2Cl2): δ = 2.17 [m, 3JH,H = 7.1, 2JH,P = 10.1 Hz,
CH(CH3)2], 1.16 [dd, 3JH,H = 7.1, 3JH,P = 16.2 Hz, CH(CH3)2]
ppm. 13C NMR (CD2Cl2): δ = 26.8 [d, 1JC,P = 38.6 Hz, CH-
(CH3)2], 18.0 [d, 2JC,P = 2.2 Hz, CH(CH3)2] ppm. 31P NMR
(CD2Cl2): δ = 70.6 (s, 1JP,Se = 691.9 Hz) ppm. 77Se NMR (CD2Cl2):
δ = –481.5 (d, 1JSe,P = 692.8 Hz) ppm.

1c1: 1H NMR (C6D6): δ = 2.06 [m, 3JH,H = 7.3, 2JH,P = 11.9 Hz,
CH(CH3)2], 1.29 [dd, 3JH,H = 7.3, 3JH,P = 14.9 Hz, CH(CH3)2], 1.24
[d, 3JH,P = 14.2 Hz, C(CH3)3] ppm. 13C NMR (C6D6): δ = 38.6 [d,
1JC,P = 30.1 Hz, C(CH3)3], 30.7 [d, 1JC,P = 31.6 Hz, CH(CH3)2],
29.2 [d, 2JC,P = 1.0 Hz, C(CH3)3], 21.4 [d, 2JC,P = 2.7 Hz, CH-
(CH3)2] ppm. 31P NMR (C6D6): δ = 84.6 (s, 1JP,Se = 706.2 Hz) ppm.
77Se NMR (C6D6): δ = –399.8 (d, 1JSe,P = 705.8 Hz) ppm.

1c2: 1H NMR (CD2Cl2): δ = 2.26 [m, 3JH,H = 7.3, 2JH,P = 12.2 Hz,
CH(CH3)2], δ = 1.45 [dd, 3JH,H = 7.3, 3JH,P = 15.6 Hz, CH-
(CH3)2], 1.34 [d, 3JH,P = 14.4 Hz, C(CH3)3] ppm. 13C NMR
(CD2Cl2): δ = 38.8 [d, 1JC,P = 29.8 Hz, C(CH3)3], 31.0 [d, 1JC,P =
31.7 Hz, CH(CH3)2], 29.2 [d, 2JC,P = 0.5 Hz, C(CH3)3], 21.4 [d,
2JC,P = 2.9 Hz, CH(CH3)2] ppm. 31P NMR (CD2Cl2): δ = 84.4 (s,
1JP,Se = 687.7 Hz) ppm. 77Se NMR (CD2Cl2): δ = –393.8 (d, 1JSe,P

= 688.2 Hz) ppm.

1d1: 1H NMR (C6D6): δ = 2.0 [m, 3JH,H = 7.0, 2JH,P = 9.1 Hz,
CH(CH3)2], 1.10 [d,d, 4JH,H = 0.2, 3JH,P = 14.5 Hz, C(CH3)3], 1.09
[dd, 3JH,H = 7.1, 3JH,P = 15.7 Hz, CH(CH3)2], 1.07 [dd, 3JH,H =
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7.0, 3JH,P = 15.4 Hz, CH(CH3)2] ppm. 13C NMR (C6D6): δ = 35.3
[d, 1JC,P = 34.3 Hz, C(CH3)3], 28.2 [d, 2JC,P = 0.9 Hz, C(CH3)3],
26.6 [d, 1JC,P = 36.3 Hz, CH(CH3)2], 19.5 [d, 2JC,P = 1.9 Hz,
CH(CH3)2], δ = 18.8 [d, 2JC,P = 2.1 Hz, CH(CH3)2] ppm. 31P NMR
(C6D6): δ = 79.9 (s, 1JP,Se = 712.7 Hz) ppm. 77Se NMR (C6D6): δ
= –499.2 (d, 1JSe,P = 711.5 Hz) ppm.

1d2: 1H NMR (CD2Cl2): δ = 2.3 [m, 3JH,H = 7.0, 2JH,P = 9.1 Hz,
CH(CH3)2], 1.22 [d,d, 4JH,H = 0.4, 3JH,P = 14.6 Hz, C(CH3)3], 1.21
[dd, 3JH,H = 6.9, 3JH,P = 15.9 Hz, CH(CH3)2], 1.19 [dd, 3JH,H =
7.0, 3JH,P = 15.5 Hz, CH(CH3)2] ppm. 13C NMR (CD2Cl2): δ =
35.5 [d, 1JC,P = 34.1 Hz, C(CH3)3], 28.2 [s, C(CH3)3], 26.7 [d, 1JC,P

= 36.3 Hz, CH(CH3)2], 19.4 [d, 2JC,P = 2.0 Hz, CH(CH3)2], 18.4 [d,
2JC,P = 2.2 Hz, CH(CH3)2] ppm. 31P NMR (CD2Cl2): δ = 79.5 (s,
1JP,Se = 695.8 Hz) ppm. 77Se NMR (CD2Cl2): δ = –493.2 (d, 1JSe,P

= 694.8 Hz) ppm.

Computational Details: The same methods and basis sets as in two
former computational studies on 77Se chemical shifts were em-
ployed.[19] Specifically, geometries were fully optimised at the re-
stricted Hartree–Fock (HF) level employing the 641(d) basis set,
that is, Binning and Curtiss’ contracted [6s4p1d] basis on Se and
Br,[19a] a contracted [2s] double-zeta Huzinaga basis on H (DZ),[20b]

and standard 6-31G* basis on P and C.[20c,20d] All minima were
characterised as such by computation of the harmonic vibrational
frequencies. Single-point energy calculations for these geometries
were performed at the electron-correlated second-order Møller–
Plesset (MP2) level using the larger 962(d) basis, that is, a decon-
tracted version of the 641(d) basis on Se and Br,[20a] DZ basis on
H, Dunning’s polarised (αd = 0.75) [5s3p] basis on C,[20e] and
McLean and Chandler’s polarised (αd = 0.465) [6s5p] basis on P.[20f]

Relative energies are reported at the MP2/962(d)//HF/641(d) level
(in the “level of energy evaluation // level of geometry optimis-
ation” notation), corrected for the HF/641(d) zero-point energies
(scaled by 0.9).

Table 6. Crystallographic data.

1b 2b#1 2b#2 2c 2d 3c

Formula C9H21PSe C9H21Br2PSe C9H21Br2PSe C11H25Br2PSe C10H23Br2PSe C11H25Br2P
Mr 239.19 399.01 399.01 427.06 413.03 348.10
Habit colourless prism pale orange prism yellow tablet red tablet red tablet red tablet
Crystal size [mm] 0.6×0.6×0.5 0.27×0.2×0.13 0.6×0.5×0.18 0.4×0.3×0.2 0.45×0.3×0.3 0.3×0.2×0.1
Crystal system orthorhombic monoclinic monoclinic orthorhombic monoclinic monoclinic
Space group Pnma P21/n P21/n Pna21 P21/n P2/c
a [pm] 2619.0(5) 838.65(6) 750.38(10) 1586.82(15) 755.56(6) 1111.95(8)
b [pm] 1193.13(14) 1380.23(10) 2301.7(4) 849.82(10) 1412.97(12) 1172.06(8)
c [pm] 744.74(15) 1219.81(9) 1639.7(2) 1157.33(10) 1351.63(10) 2220.46(16)
β [°] 90 97.397(2) 91.806(10) 90 95.837(3) 90.00(2)
V [nm3] 2.3271 1.40022 2.8306 1.5607 1.4355 2.8939
Z 8 4 8 4 4 8
Dx [Mg/m3] 1.365 1.893 1.873 1.818 1.911 1.598
µ [mm–1] 3.3 8.5 8.4 7.6 8.3 5.7
F(000) 992 776 1552 840 808 1408
T (°C) –100 –130 –100 –100 –140 –130
2θmax 50 57.1 50 50 61 60
Refl. measured 4303 14840 9982 2743 30282 34805
Refl. indep. 2160 3559 4974 2743 4374 8849
Transmissions 0.696–0.823 0.208–0.406 0.272–0.994 0.151–0.312 0.479–0.862 0.601–1.000
Rint 0.043 0.031 0.069 0.0 0.032 0.039
Parameters 115 125 248 137 134 269
Restraints 0 45 90 161 0 0
wR (F2, all refl.) 0.072 0.048 0.066 0.089 0.051 0.075
R [F, �4σ(F)] 0.027 0.021 0.034 0.098 0.020 0.049
S 1.04 0.97 0.71 0.855 1.04 0.99
Max. ∆ρ (e/nm3) 368 1496 574 839 703 1649
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Magnetic shieldings were computed at the HF level with the
Gauge-Including-Atomic-Orbitals (GIAO) method, as im-
plemented[21] in the Gaussian 98 program,[22] employing the HF/
641(d) geometries and 962+(d) basis, that is, the same as 962(d),
but augmented with a set of diffuse s and p functions on Se (αs =
αp = 0.022),[20a] which were shown to be beneficial in many ca-
ses.[19a] δ 77Se chemical shifts are reported relative to Me2Se, the
experimental standard, for which an absolute shielding constant of
1905 ppm is obtained at the same level.

X-ray Structure Determinations: Numerical details are presented in
Table 6. Data collection and reduction: Crystals were mounted in
inert oil on glass fibres and transferred to the cold gas stream of
the diffractometer (1b: Stoe STADI-4; 2b#2, 2c: Siemens P4; 2b#1,
2d, 3c: Bruker SMART 1000 CCD). Measurements were performed
with monochromated Mo-Kα radiation. Absorption corrections for
the area detector were performed with the program SADABS, and
for the serial diffractometers on the basis of ψ-scans. The crystal
of 2c decomposed appreciably even at low temperature and data
were scaled accordingly. Structure solution and refinement: The
structures were refined anisotropically against F2 (program
SHELXL-97, G.M. Sheldrick, University of Göttingen). H atoms
were included with a riding model or as rigid methyl groups. Spe-
cial features of refinement: Compound 2c was refined as an enantio-
meric twin, with Flack parameter 0.46(3); it is severely pseudosym-
metric, with P, Se and Br atoms lying in a pseudomirror plane
corresponding to the higher symmetry space group Pnma, but the
alkyl groups clearly rotated out of the mirror-symmetric positions.
Methyl hydrogens were placed in ideally staggered positions. De-
spite the use of distance restraints, the light atom bond lengths and
angles were distorted and of limited reliability. CCDC-282196
(for 1b), -282197 (for 2b#1), -282198 (for 2b#2),
-282199 (for 2c), -282200 (for 2d) and -282201 (for 3c) contain the
supplementary crystallographic data for this paper. These data can
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be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Ferrocenylethynyl(trimethyl)tin (1), bis(ferrocenylethynyl)di-
methyltin (2), tetrakis(ferrocenylethynyl)tin (3), and chloro-
(ferrocenylethynyl)dimethyltin (4) have been prepared and
characterized in solution by 1H, 13C, and 119Sn NMR spec-
troscopy. Solid-state MAS 13C and 119Sn NMR spectra were
measured for 2 and 3, and the molecular structure of one of
the modifications of 2 was determined by X-ray analysis. The
reactivity of 1–4 towards triethylborane has been explored.
1,1-Organoboration takes place in all cases, and the reac-
tions are stereoselective for 1 and 4 to give the alkenes 5 and
6, respectively, in which the stannyl and the boryl groups are
in cis-positions at the C=C bond. In the case of 2, the final

Introduction

The synthetic potential of the C�C bond in alkynes can
be further enhanced by organometallic substituents.[1] This
is well known for stannyl groups,[2] and the polar Sn–C�
bonds in alkyn-1-yltin compounds are useful for various
transformations. The reactivity of such alkyn-1-yltin com-
pounds can be modified by the nature of other substituents

Scheme 1. The ferrocenylethynyltin compounds studied.
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products are the 1-stannacyclopenta-2,4-diene 7a and the 1-
stanna-4-boracyclohexa-2,5-diene 8a, whereas the reaction
of 2 with triisopropylborane leads selectively to the six-mem-
bered ring 8b. Zwitterionic intermediates 9a,b, in which the
tin atom is coordinated side-on to the C�C bond of an alkyn-
ylborate, have been detected by NMR spectroscopy. Com-
pound 3 reacts with triethylborane to give a mixture of three
spirotin compounds 10–12 as the final products, where the
tin atom connects five- and six-membered rings.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

at the tin atom and also by the second substituent at the
C�C bond, which may be hydrogen, an alkyl or aryl group,
or another organometallic substituent. In the present work,
we describe the synthesis and characterization of the ferro-
cenylethynyltin compounds 1–4 (Scheme 1) and report their
reactivity towards triethylborane (BEt3) and, in the case of
2, triisopropylborane (BiPr3).

Results and Discussion

Synthesis and NMR Spectroscopic Characterization of the
Ferrocenylethynyltin Compounds

The most convenient synthesis of 1–3 starts from ethynyl-
ferrocene,[3] which is first converted into the alkynyllithium
reagent and then treated with tin halides. (Scheme 2). Alter-
natively, the reaction of ethynylferrocene with the respective
tin amides[4] [e.g. Me3SnNEt2, Me2Sn(NEt2)2 and Sn-
(NEt2)4] can be used to obtain 1–3. The reaction of 2 with
one equivalent of dimethyltin dichloride at 110 °C in the
presence of a small amount of toluene leads to 4. A slight
excess (10%) of Me2SnCl2 helps to convert 2 into 4 quanti-
tatively. Compounds 1–4 are orange-red solids that are well
soluble (1, 2, 4) or rather insoluble (3) in hydrocarbons. Sin-
gle crystals of complex 2 suitable for X-ray structural analy-
sis were isolated after recrystallization from hexane. The
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Scheme 2. Synthesis of the ferrocenylethynyltin compounds (Fc = Ferrocenyl).

Table 1. 13C and 119Sn NMR spectroscopic data[a] of the ferrocenylethynyltin compounds 1–4.

δ13C2,5
δ13C3,4

δ13C1
δ13CCp

δ13C�C–Sn
δ13C�C–Fc

δ13CMe
δ119Sn

1[b] 71.6 68.4 65.6 70.1 89.3 107.6 –7.4 –65.4
[12.8] [433.2] [94.4] [404.6]

{–58.5} {–14.1} {+2.7}
2 72.6 69.5 66.3 71.0 87.8 109.6 –5.7 –152.8[c]

[5.0] [15.5] [625.9] [134.3] [495.1]
{–26.7} {–2.2} {+20.2}

3 72.4 69.7 63.5 70.7 82.7 109.8 –- –342.2
[23.4] [1167.3] [241.8]

4 72.8 69.9 65.0 71.1 89.7 111.3 –0.1 +21.7
[5.0] [563.6] [133.3] [493.4]

[a] In CD2Cl2 at 296 K; coupling constants J119Sn,13C ±0.5 Hz are given in brackets; isotope-induced chemical shifts
n∆12/13C(119Sn)±0.5 ppb in braces with a negative sign for the shift of the more heavy isotopomer to lower frequency. [b] In CDCl3
at 296 K. [c] Solid-state MAS 119Sn NMR: δ119Sn = –144.0 (minor) and –150.5 ppm (major).

identity of the compounds 1–4 in solution follows from a
consistent set of NMR parameters (Table 1). Even in the
case of the sparingly soluble complex 3, the 13C NMR spec-
tra could be recorded for determination of the J117/119Sn,13C

coupling constants (Figure 1). The large magnitude of the
nJ119Sn,13C coupling constants is typical of tetraalkyn-1-yltin
derivatives.[5,6] In the cases of 1 and 2, the 119Sn NMR spec-
tra were recorded in order to measure isotope-induced
chemical shifts n∆12/13C(119Sn) (Figure 2). Both the
nJ119Sn,13C coupling constants and isotope-induced chemical
shifts n∆12/13C(119Sn) are observed in the expected ranges
of the data previously determined for other alkyn-1-yltin

Figure 1. 13C{1H} NMR spectrum (100.5 MHz) of tetrakis(ferro-
cenylethynyl)tin (3; saturated solution in CD2Cl2) showing the
117/119Sn satellites (marked by asterisks) for spin-spin coupling ac-
ross one, two, three, and four bonds.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 101–108102

compounds.[5–7] This indicates that the ferrocenyl group
does not exert a special influence on the bonding situation
in the Sn–C�C–Fc fragment.

Figure 2. 119Sn{1H} NMR spectrum (refocused INEPT[25];
186.5 MHz) of ferrocenylethynyl(trimethyl)tin (1; 5% in CDCl3 at
296 K; acquisition time 5 s, repetition delay 2.5 s; 64 transients).
The 13C satellites are marked, and coupling constants and isotope-
induced chemical shifts ∆12/13C(119Sn) are given. The 13C satellites
indicated by asterisks correspond to 3J119Sn,13CFc

= 12.8 Hz.

Structural Studies of Bis(Ferrocenylethynyl)Dimethyltin (2)
and Tetrakis(Ferrocenylethynyl)tin (3)

The molecular structure of 2 in the solid state, deter-
mined by X-ray analysis, is shown in Figure 3. All bond
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lengths and angles are close to the expected values, when
compared with other alkynes[1a] or ferrocenyl derivatives.[8,9]

The cyclopentadienyl rings are almost exactly parallel to
each other, and deviate by 6.3° from the eclipsed positions.
The C2–C3 bond forms an angle of 2.7° (pointing away
from the iron atom) with the C5H4 plane. There are no ap-
preciable intermolecular interactions (dFe···Fe = 956.6 pm).
The literature does not contain structural data on compar-
able di(alkyn-1-yl)dimethyltin compounds.

Figure 3. ORTEP representation (50% probability; hydrogen atoms
have been omitted) of the molecular structure of bis(ferrocenyl-
ethynyl)dimethyltin (2). Selected bond lengths [pm] and angles [°]:
Sn–C1 211.3(8), Sn–C13 211.3(12), Sn–C14 210.0 (12), C1–C2
119.0(9), C2–C3 141.3(9), C3–C4 143.0(8)m, C3–C7 142.2(9), C4–
C5 146.1(8), C5–C6 149.2(9), Fe–centroid(C5H4) 165.6, Fe–
centroid(C5H5) 164.4; C1–Sn–C1A 107.0(4), C1–Sn–C13 108.5(3),
C1–Sn–C14 109.2(3), C13–SnC14 114.3(5), Sn–C1–C2 174.0(6),
C1–C2–C3 177.1(7), centroid–Fe–centroid 178.7.

The symmetry in the solid-state structure of 2 is remark-
able, and would be somewhat surprising if this structure is
the sole modification of 2. Therefore, solid-state MAS
13C{1H} and 119Sn{1H} NMR spectra were recorded (Fig-
ure 4). These measurements clearly show that the bulk ma-
terial of crystalline 2 contains a second modification. There

Figure 4. Solid-state VACP[27] MAS 13C{1H} (100.5 MHz) and 119Sn{1H} (149.1 MHz) NMR spectra of 2, showing the presence of two
modifications in the crystalline state. The signals for the isotropic δ119Sn values are marked by filled circles. The alkynyl 13C NMR signals
for the modification that is not represented by the crystal structure (Figure 3) are marked by arrows.

Eur. J. Inorg. Chem. 2006, 101–108 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 103

are two sites for tin with rather similar isotropic 119Sn
chemical shifts, close to the value for solutions of 2. The
solid-state MAS 13C NMR spectrum reveals one set of al-
kynyl 13C resonances, corresponding to the symmetric mol-
ecular structure found by X-ray analysis, and there are two
additional sets of alkynyl 13C resonances which can be ex-
pected for a less symmetric arrangement of the ferrocenyl-
ethynyl units in the second crystalline modification.

In the case of 3, we have not been able to obtain single
crystals so far. Only one tin site was detected in the solid-
state MAS 119Sn NMR of the microcrystalline powder of
3, and this site shows an expectedly small chemical shift
anisotropy.[10] Similarly, only one set of alkynyl 13C reso-
nances is observed in the solid-state MAS 13C NMR spec-
trum. If there are several modifications of 3 present, it can
be assumed that their structures are very similar.

Reactivity of the Ferrocenylethynyltin Compounds Towards
Triethylborane

The reactivity of Sn–C� bonds in alkyn-1-yltin com-
pounds towards triorganoboranes is well documented.[11,12]

The results of the reactions of 1 and 4 with triethylborane
(BEt3) are fully consistent with previous observations for
1,1-organoboration reactions, all of which proceed by cleav-
age of the Sn–C� bond via a borate-like zwitterionic inter-
mediate.[12] The 1,1-ethylboration is regio- and stereospec-
ific, and affords the alkenyltin compounds 5 and 6 in essen-
tially quantitative yield (Scheme 3). The proposed struc-
tures follow from the NMR spectroscopic data (Table 2),
and the cis-positions of the stannyl and boryl groups are
confirmed by selective 1H/1H NOE experiments.[13]

The reaction of 2 with BEt3 leads to a mixture of the
stannacyclopenta-2,4-diene 7a and the 1-stanna-4-boracy-
clohexa-2,5-diene 8a in a ratio close to 1:2. This ratio was
reproduced in several experiments in different solvents (tol-
uene or CH2Cl2). The structural assignment follows conclu-
sively from the NMR spectroscopic data (Table 3 and
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Scheme 3. 1,1-Ethylboration of the (ferrocenlyethynyl)tin com-
pounds 1 and 4.

Table 2. 11B, 13C, and 119Sn NMR spectroscopic data[a] of the alkenyltin compounds 5 and 6.

δ13C δ13C δ13C δ13C δ13C δ119Sn δ11B
(Sn–C=) (B–C=) (Et) (SnMe) (BEt2)

5[b] 134.1 165.3 (br) 29,7 –5.7 21.9 (br), –54.1 82.0
[543.5] [87.3] [321.6] 9.2

14.0
[10.2]

6[c] 136.0 170.0 (br) 26.4 2.4 21.8 (br) +46.4 76.0
[650.1] [65.0] [104.7] [348.4] 10.7

14.6
[12.9]

[a] In CD2Cl2 at 296 K; coupling constants J119Sn,13C ±0.5 Hz are given in brackets; br. denotes 13C NMR signals of carbon atoms bonded
to boron. [b] Other 13C NMR spectroscopic data: δ = 90.5 [64.9] (C1), 70.0 (C2,5), 67.4 (C3,4), 69.2 ppm (C5H5). [c] Other 13C NMR
spectroscopic data: δ = 90.1 [98.3] (C1), 68.9 [5.0], 70.0 (C5H4), 68.4 ppm (C5H5).

Table 3. 11B, 13C, and 119Sn NMR spectroscopic data[a] of the intermediates 9a and 9b.

δ13C δ13C δ13C δ13C δ13C δ13C δ13C δ11B δ119Sn
(B–C�) (Fc-C�) (Sn–C=) (B–C=) (R) (SnMe) (BR2)

9a[b] 103.6 128.2 134.5 183.9 27.5 1.4 20,5 +0.2 147.0
(br) [21.7] [679.1] (br) [137.8] [264.7] (br)

16.1 13.5
[16.1]

9b[b,c] 106.7 127.4 134.7 192.7 34.4 (CH) 1.9 [c] +34 66.0
(br) [21.4] [708.5] (br) [145.4] [272.8]

[a] In CD2Cl2 at 296 K; coupling constants J119Sn,13C ±0.5 Hz are given in brackets; br. denotes 13C NMR signals of carbon atoms bonded
to boron. [b] Other 13C NMR spectroscopic data: δ = 69.0–75.0 ppm (numerous overlapping signals, not assigned, for C5H5 and C5H4).
[c] Other 13C NMR signals were not assigned.

Table 4. 11B, 13C, and 119Sn NMR spectroscopic data[a] of the stannacyclopenta-3,5-diene 7a and the 1-stanna-4-boracyclohexa-2,5-dienes
8.

δ13C δ13C δ13C δ13C δ13C δ13C δ13C δ119Sn δ11B
[Sn–C(2)] [Sn–C(5)] (B–C=) (=C-Et) (R) (SnMe) (BR)

7a[b] 138.1 136.2 165.8 152.5 28.7 –5.5 22.7 (br) +11.7 82.0
[446.0] [489.0] (br) [115.8] [55.9] [302.1] 10.3

14.7
[9.5]

8a[c] 147.7 – 165.7 – 27.9 –3.9 18.1 (br) –145.7 71.4
[472.0] (br) [63.5] [327.7] 10.4

[33.8] 16.2
[9.5]

8b[d] 133.6 – 174.9 – 32.9 –3.8 [d] –131.7 76.0
[452.2] (br) (CH)[d] [313.7]

[66.1]

[a] In CD2Cl2 at 296 K; coupling constants J119Sn,13C ±0.5 Hz are given in brackets; br. denotes 13C NMR signals of carbon atoms bonded
to boron. [b] Other 13C NMR signals: δ = 91.1 [71.6], 88.3 [69.0] (C1), 68–75 ppm (numerous overlapping signals for C5H4 und C5H5).
[c] δ = 89.3 [58.9], 68–75 ppm (numerous overlapping signals for C5H4 und C5H5). [d] Other signals were not assigned owing to strong
overlap.
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Table 4), and in particular from the 119Sn and 13C NMR
spectra (Figure 5).

The formation of a mixture is reminiscent of the results
of the 1,1-ethylboration of bis(phenylethynyl)dimeth-
yltin.[14] Monitoring of the reaction of 2 with BEt3 by NMR
spectroscopy shows that there is a fairly stable intermediate
9a which must be regarded as the immediate precursor of
the heterocycles. Zwitterionic complexes similar to 9a have
been observed before,[12] and they have been fully charac-
terized by NMR spectroscopic data in solution,[15] in the
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Figure 5. 13C{1H} NMR spectrum (100.5 MHz) of the mixture of products 7a and 8a showing the assigned 13C NMR signals in the
ranges expected for the olefinic and the aliphatic carbon atoms. 117/119Sn satellites are indicated and J119Sn,13C coupling constants are given
in brackets.

solid state,[16] and also by X-ray analysis.[15,17,18] In such
related derivatives, with alkyl instead of the ferrocenyl
groups, the 119Sn resonances[15] (δ119Sn = +160 to +215 ppm)
are found at slightly higher frequencies than for 9a (δ119Sn =
+147 ppm at 23 °C and +159 ppm at –20 °C). It is known,
that the ferrocenyl group can stabilize a vinyl-cationic struc-
ture,[19] which may be considered for 9a as an extreme case
of unsymmetrical bridging. It should also be noted that
triorganostannyl groups in the β-position to the carbo-
cationic center exert a stabilizing effect.[20] The NMR spec-
troscopic evidence indicates that the ferrocenyl group stabi-
lizes the bridged structure in 9a much better than a phenyl
group. In previous work, where the ferrocenyl was replaced
with phenyl groups, the equilibrium shown for the interme-
diate 9a in Scheme 4 was found, even at –10 °C, to be much
more on the side of the nonbridged species[15] (cf. δ119Sn =
+11.6 ppm and δ11B = +33.3 ppm at –10 °C[15] with δ119Sn =
+147 ppm and δ11B = +0.2 ppm for 9a at 23 °C).

Scheme 4. 1,1-Organoboration of the bis(ferrocenylethynyl)dimeth-
yltin (2).

When the reaction of 2 with triisopropylborane (BiPr3)
was studied under similar conditions, the formation of the
intermediate 9b took place more slowly than that of 9a. The
rearrangement of 9b was also slow (several days at room
temperature); however, in contrast to the behavior of 9a,
the six-membered ring 8b was formed selectively. The 119Sn
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and 11B NMR spectroscopic data for 9b at room tempera-
ture (δ119Sn +66 ppm and δ11B +34 ppm) indicate that the
equilibrium is shifted towards the nonbridged species.

The reaction of 3 with BEt3 proceeds slowly to give a
mixture of three final products, the spirotin compounds 10–
12 (in a ratio of 45:50:5). When the progress of the reaction
was monitored by 119Sn NMR spectroscopy (see Figure 6),
the 119Sn NMR signals for various intermediates were ob-
served. In analogy to previous work,[17,21] these were as-
signed to the zwitterionic intermediates 13–15, which have
to be considered as precursors of the final products
(Scheme 5). The structural assignment of the final products
is based on the δ119Sn values together with the observation
of relevant 13C NMR signals in the olefinic region. The
latter correspond closely to those for compounds 7a and
8a (see Figure 5). The 119Sn resonances differ significantly,
depending on whether the tin atom is part of a five- or six-
membered ring. 119Sn nuclei as part of five-membered rings
are typically deshielded.[22]

Figure 6. 119Sn{1H-inverse-gated} NMR spectra (149.1 MHz) of
the CD2Cl2 solution from the reaction of tetrakis(ferrocenylethy-
nyl)tin (3) with an excess of BEt3. 119Sn NMR signals of the zwit-
terionic intermediates 13–15 are observed in the beginning, and
after 10 h at room temperature only 119Sn NMR signals of the spi-
rotin compounds 10, 11 and 12 (ratio 45:50:5) are left.



B. Wrackmeyer, M. Herberhold et al.FULL PAPER

Scheme 5. 1,1-Ethylboration of tetrakis(ferrocenylethynyl)tin (3).

Conclusions

All structural and spectroscopic data indicate that the
ferrocenyl group does not exert any special effects on the
C�C bond in ferrocenylethynyltin compounds. This is also
supported by the results of the 1,1-organoboration reac-
tions. Novel organometallic-substituted alkenes with stan-
nyl and boryl groups in cis-positions are accessible by 1,1-
ethylboration of the mono(ferrocenylethynyl)tin com-
pounds 1 and 4. Fairly stable zwitterionic intermediates
were detected in the course of 1,1-organoboration reactions
of bis(ferrocenylethynyl)dimethyltin (2) and tetrakis(ferro-
cenylethylnyl)tin (4). These reactions give access to 1-stan-
nacyclopenta-2,4-diene or 1-stanna-4-boracyclohexa-2,5-
diene derivatives and the corresponding spirotin com-
pounds. The product distribution is apparently dependent
on the nature of the trialkylborane.

Experimental Section
General Procedures: All reactions were carried out using the usual
techniques to exclude oxygen and moisture. The starting materials
ethynylferrocene,[3] tin amides,[23] and triisopropylborane[24] were
prepared following literature procedures. BuLi, tin chlorides, and
triethylborane were used as commercial products without further
purification. Melting points were measured (Büchi 510 melting
point apparatus) in sealed capillaries under argon and are uncor-
rected. Mass spectra (EI ionization, 70 eV) were obtained using a
Finnigan MAT 8500 spectrometer with direct inlet. IR spectra: Per-
kin–Elmer, Spectrum 2000 FTIR instrument. NMR spectra:
Bruker ARX 250, Bruker DRX 500 (both for 1H, 11B, 13C and
119Sn NMR spectra of solutions), and Varian Inova 400 (for solu-
tions and for solid-state MAS 13C and 119Sn NMR spectra). 119Sn
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NMR spectra of solutions were measured by using the refocused
INEPT pulse sequence[25] for methyltin compounds, and by 1H in-
verse-gated decoupling for all other cases. The chemical shifts are
given relative to SiMe4 [δ1H(C6D5H) = 7.15 ppm; δ1H(CHCl3)/
CDCl3 = 7.23 ppm; δ1H(CHDCl2/CD2Cl2) = 5.33 ppm; δ13C(C6D6)
= 128.0 ppm; δ13C(CDCl3) = 77.0 ppm; δ13C(CD2Cl2) = 53.8 ppm],
SnMe4 [δ119Sn = 0 ppm for Ξ(119Sn) = 37.290665 MHz], or
BF3·OEt2 [δ11B = 0 ppm for Ξ(11B) = 32.083971 MHz]. For solid-
state MAS NMR spectra, the δ13C and δ119Sn NMR spectroscopic
data are given relative to external adamantane and Sn(chex)4,
respectively, and recalculated to the SiMe4 and SnMe4 scales.

Ferrocenylethynyltrimethyltin (1): [26] 1H NMR (250 MHz,
CD2Cl2): δ [J119Sn,1H] = 0.31 [60.0] (s, 9 H, SnMe3), 3.39, 4.13 [2m,
2×2 H, H(3,4,2,5)], 4.11 (s, 5 H, Cp) ppm. MS: m/z (%) = 374
(100) [M+], 344 (82) [M+ – 2Me], 329 (19) [M+ – 3Me].

Bis(ferrocenylethynyl)dimethyltin (2): A THF (5 mL) solution of
Me2SnCl2 (0.98 g, 4.46 mmol) was added, at 0 °C, to a solution
of the Li salt of Fc-C�C–H [prepared from 1.87 g of Fc-C�C–H
(8.92 mmol and an equimolar amount of BuLi (1.6  in hexane)]
in THF (15 mL). The mixture was kept stirring overnight, THF
was removed under reduced pressure, and the residue was taken up
in hexane (15 mL). After filtration, the product 2 was crystallized
at –30 °C to give 1.21 g (48%) of orange crystals (m.p. 140–144 °C).
1H NMR (400 MHz, C6D6, 296 K): δ [J119Sn,1H] = 0.30 [68.6] (s, 6
H, Me2Sn), 3.84 (m, 4 H, C5H4), 4.05 (s, 10 H, C5H5), 4.41 (m, 4
H, C5H4) ppm. IR (toluene): ν̃ = 2140, 2114 cm–1 (C�C). MS:
m/z (%) = 598 (80) [M+], 418 (100) [M+ – SnMe2].

Tetrakis(ferrocenylethynyl)tin (3): A hexane (5 mL) solution of
SnCl4 (0.205 g, 1.74 mmol) was added, at 0 °C, to a solution of the
Li salt of Fc-C�C–H (prepared as above; 1.46 g, 6.94 mmol) in
THF (15 mL). After stirring for 12 h at room temperature, insolu-
ble materials were filtered off, and the solid was washed with tolu-
ene and dried to give the product 3 as an orange-yellow powder
(0.877 g, 52%; m.p. 210–214 °C). 1H NMR (400 MHz, CD2Cl2,
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296 K): δ = 4.26 (m, 8 H, C5H4), 4.27 (s, 20 H, C5H5), 4.56 (m, 8
H, C5H4) ppm. IR (toluene): ν̃ = 2147 cm–1 (C�C).

Chloro(ferrocenylethynyl)dimethyltin (4): A mixture of the stannane
2 (213 mg, 0.376 mmol) and Me2SnCl2 (90.1 mg, 0.414 mmol) in
toluene (1 mL) was heated at for 1 h. After removal of the solvent
and the excess of Me2SnCl2 in vacuo, the tin chloride 4 was left as
a brownish-red solid that could be used without additional purifi-
cation. The purity of 4 (according to NMR spectroscopic data) was
� 95%. 1H NMR (400 MHz, C6D6, 296 K): δ [J119Sn,1H] = 0.55
[69.1] (s, 6 H, Me2Sn); 4.20 (m, 2 H, C5H4); 4.22 (s, 5 H, C5H5);
4.45 (m, 2 H, C5H4) ppm.

Organoboration the of Stannanes 1–4 with Triethylborane (General
Procedure): A twofold excess of BEt3 (four equivalents were used
in the case of 3) was added, at –78 °C, to a solution of the respec-
tive alkyn-1-yltin compound 1–4 (0.2–0.4 mmol) in CH2Cl2 and the
reactions were monitored by 119Sn NMR spectroscopy. For multi-
nuclear NMR characterization of the zwitterionic intermediates 9a
and 9b the same reactions were carried out with 0.1 mmol of 2 in
CD2Cl2. The reaction of 2 with BiPr3 was also done on a small
scale (0.05 mmol) in CD2Cl2 for NMR studies.

5: Orange-red oil. 1H NMR (500.1 MHz. CDCl3, 296 K): δ
[J119Sn,1H] = 0.05 [53.0] (s, 9 H, Me3Sn), 2.19, 0.85 (q and t, 2 H
and 3 H, =C-Et), 1.30, 1.11 (m and t, 10 H, BEt2), 3.85–4.00 (m,
4 H. C5H4), 3.83 (s, 5 H, C5H5) ppm.

6: Orange-red, waxy solid.: 1H NMR (400 MHz, 296 K, CD2Cl2):
δ [J119Sn,1H] = 0.59 [55.0] (s, 6 H, Me2Sn); 2.21 [8.5], 0.86 (q and t,
2 H nd 3 H, =C-Et), 1.36, 1.16 (m and t, 4 H and 6 H, BEt2), 3.87
(s, 5 H, C5H5), 3.9–4.0 (m, 4 H, C5H4) ppm.

7a: Obtained as a mixture with 8a. 1H NMR (400 MHz, 296 K,
CD2Cl2): δ [J119Sn,1H] = 0.73 [52.6] (s, 6 H, Me2Sn), 0.9 1.1 (m, 9 H,
Et, BEt2), 1.5 (q, 3J119Sn,1H = 7.6 Hz, 4 H, BEt2), 2.2 (q, 3J119Sn,1H =
7.6 Hz, 2 H, Et), 4.18 (s, 10 H, C5H5), 4.1–4.3 (m, 8 H, C5H4) ppm.

8a: Obtained as a mixture with 7a. 1H NMR (CD2Cl2, 296 K): δ
[J119Sn,1H] = 0.53 [52.6] (s, 6 H, Me2Sn), 0.9–1.1 (m, 9 H, Et, BEt),
1.5 (q, 2 H, BEt), 2.2 (q, 4 H, Et), 4.18 (s, 10 H, C5H5), 4.1–4.3
(m, 8 H, C5H4) ppm.

10: Obtained as a mixture with 11 and 12. 13C{1H} NMR
(125.8 MHz, CD2Cl2, 296 K): δ [J119Sn,13C] = 22.9 (br), 9.9 (BEt2).
28.3 [67.3], 16.2 [9.6] (Et), 68.9–69.9 (overlapping signals for C5H4

and C5H5), 87.6 [71.4] [C5H4-(1)], 89.9 [72.8] [C5H4-(1)], 134.2
[454.7] (C-1), 165.3 [43.6] (br) (C-2), 152.3 [117.8] (C-3), 139.0
[473.8] (C-4) ppm. 119Sn{1H inverse-gated} NMR (149.1 MHz,
CD2Cl2, 296 K): δ = 10.3 ppm.

11: Obtained as a mixture with 10 and 12. 13C{1H} NMR
(125.8 MHz, CD2Cl2, 296 K): δ [J119Sn,13C] = 22.3 (br), 9.9 (BEt2);
18.4 (br), 8.3 (BEt); 28.5 [57.6], 13.6 [10.1] (3-Et), 28.4 [56.4], 14.4
[9.5] (7-Et), 68.9–69.9 (overlapping signals for C5H4 and C5H5),
87.5 [79.7], 88.2 [71.0] [1,4-C5H4-(1)], 89.7 [76.1] [6-C5H4-(1)], 137.1
[409.0] (C-1), 164.5 [44.4] (br) (C-2), 153.7 [117.6] (C-3), 141.1
[428.8] (C-4), 150.0 [441.5] (C-6), 167.3 [36.6] (br) (C-7) ppm.
119Sn{1H inverse-gated} NMR (149.1 MHz, CD2Cl2, 296 K): δ =
–139.6 ppm.

12: A small amount as a mixture with 10 and 11. 13C NMR
(125.8 MHz, CD2Cl2, 296 K): δ = 18.6 (br), 8.2 (BEt), 28.5, 14.3
(2-Et), 68.9–69.9 (overlapping signals for C5H4 and C5H5), 87.9
[1-C5H4-(1)], 152.4 (C-1), 166.1 (br) (C-2) ppm. 119Sn{1H} NMR
(149.1 MHz, CD2Cl2, 296 K): δ = –275.7 ppm.

X-ray Crystallography: An orange-colored crystal of compound 2
of dimensions 0.18 ×0.16×0.12 mm3 was sealed in a glass capillary
under argon and measured on a Siemens P4 four-circle dif-
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fractometer at 293(2) K with Mo-Kα radiation (graphite monochro-
mator). The structure was solved by direct methods and refined by
a full-matrix least-squares procedure. A numerical absorption was
carried out. The positions of the hydrogen atoms were calculated
and refined isotropically by applying the riding model. All non-
hydrogen atoms were refined anisotropically revealing wR2 = 0.124
and R1 = 0.056 as final R values. The final difference map had no
peaks of chemical significance (min./max. residual electron den-
sity –0.76/0.62 e10–6 pm–3).
CCDC-275737 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Synthesis of Monodisperse CdS Nanospheres in an Inverse Microemulsion
System Formed with a Dendritic Polyether Copolymer
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Nanosized CdS spheres with diameters of about 25, 40, and
50 nm have been synthesized in three inverse microemul-
sions formed with a dendritic amphiphilic copolymer (H2O/
SD31/n-butanol/n-heptane) through the reaction of cadmium
chloride (CdCl2) with the S2– ions that were slowly released
from thioacetamide (TAA). X-ray powder diffraction (XRD),
transmission electron microscopy (TEM), and UV/Vis absorp-
tion and photoluminescence (PL) spectroscopy were used to
characterize the CdS nanospheres obtained. TEM and XRD
studies showed that monodisperse CdS nanospheres with the
zinc blende structure were produced, and the size of the CdS
spheres increased with increasing water-core size because of

Introduction

Nanocrystals have attracted broad attention from re-
searchers in various disciplines.[1] They exhibit size-depend-
ent characteristics and often display novel electronic, mag-
netic, optical, chemical, and mechanical properties that
cannot be obtained in their bulk counterparts. Among the
various nanocrystals, semiconductor nanocrystals, repre-
sented by Group II–IV nanocrystals with either zinc blende
or wurtzite structures, have been the most studied because
of their nonlinear optical and luminescence properties,
quantum size effect, and other important physical and
chemical features.[2,3] Altering the size of the particles
changes the degree of the confinement of the electrons and
affects the electronic structure of the solid, especially the
bandgap edges, which can be tuned by varying the particle
size. Chalcogenides such as CdS,[4–14] ZnS,[15–21] HgS,[22–24]

PdS,[25–29] and MnS,[30,31] have been intensively investigated.
Among these inorganic nanoparticles, CdS nanoparticles
have received great attention. CdS, as an important Group
II–IV semiconductor compound with a wide bandgap (en-
ergy = 2.53 eV), has attracted much research interest due to
its excellent properties of luminescence and photochemistry.

To date, various methods have been developed to synthe-
size nanoparticles of CdS semiconductors. Recently, solvo-
thermal or hydrothermal methods,[32] evaporation pro-
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the increasing [water]/[dendrimer] mass ratio (ω). The blue-
shift of the maxima in the UV/Vis absorption and PL spectra
indicated that the CdS spheres consisted of primary CdS
nanocrystals showing a quantum confinement effect. The
viscosities of the three microemulsions were also determined
by rheological measurements. The viscosity of the inverse
microemulsion system decreased as ω increased. The water
core of the inverse microemulsion provided a soft template
for the precipitation of CdS spheres.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cesses,[33] mesoporous silica and monoliths,[34] and sol–gel
methods[35] have been utilized to prepare CdS. Other meth-
ods involve arrested precipitation from simple inorganic
ions using polyphosphate and low-molecular-weight thiols
as stabilizers.[36–38] Surfactants,[39] block copolymers,[40] and
dendrimers[41] have also been used as specific stabilizers and
soft templates for the synthesis of CdS nanoparticles in
solution. However, water-in-oil microemulsions with nano-
meter-sized water cores are well-suited for nanoparticles. As
the method that uses such microemulsions works in mild
and normal environments, it is advantageous and consid-
ered to have good viability. No special conditions of pres-
sure, irradiation, etc. are required.[42] Many kinds of CdS
nanoparticles have been synthesized by this method.[43] The
nanowater core acts as a nanoreactor, and the size of the
prepared nanoparticles can be controlled.[44]

In previous studies, microemulsions were generally com-
posed of low-molecular-weight surfactants. However, am-
phiphilic macromolecules, in particular amphiphilic dendri-
mers, can also be used to prepare microemulsions. Dendri-
mers are defined as macromolecules containing highly
branched and dimensional structures with a large number
of reactive terminal groups.[45] Water-soluble amphiphilic
dendrimers have attracted considerable attention due to
their unique properties and as new polymeric materials for
applications in many areas such as the preparation of mi-
celles, liquid crystals, microemulsions, and molecular encap-
sulation.[46,47] The synthesis of an amphiphilic dendritic
polyether copolymer and its demulsification on crude oil
were studied in our previous work.[48]
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In this article, we prepared water-in-oil microemulsions

with an amphiphilic dendritic polyether copolymer SD31 as
a microreactor to synthesize CdS nanoparticles and tested
the feasibility of this method. As a result, nanosized mono-
disperse CdS spheres with diameters of 25–50 nm were ob-
tained. The dimension of the CdS nanospheres encapsu-
lated in microemulsion droplets could be controlled by
varying the water-core size, i. e., varying the [water]/[den-
drimer] mass ratio (ω). The effects of the variation of ω on
the synthesis were carefully examined and found to shed
light on the mechanism of formation.

Results and Discussion

Typical TEM images of CdS spheres with different sizes
obtained in three different microemulsions are presented in
Figure 1, which shows that the shape of all the products is
spherical. However, the size is varied. The diameter of the
spheres synthesized in microemulsion A is around 25 nm
(Figure 1a and b), while the sphere diameters of other two
samples synthesized in microemulsions B and C are about
40 and 50 nm, respectively (Figure 1c and d, e and f). It
could be concluded that the size of the products increased
as the [water]/[dendrimer] mass ratio (ω) increased. The size
of w/o microemulsion droplets is highly dependent on the
concentration of each constituent in the microemulsion.
However, it is recognized that the water-core size is domi-
nantly characterized by the [water]/[surfactant] ratio, rather
than the actual concentration. The radius of the water core
is found to follow an approximately linear relationship with
the [water]/[surfactant] ratio,[49] because the size of the
water core of the microemulsion increases as ω increases.

Figure 1. TEM images of CdS spheres obtained in three micro-
emulsions with different [water]/[dendrimer] mass ratios (ω): (a and
b) products from microemulsion A (ω = 0.19); (c and d) products
from microemulsion B (ω = 0.21); (e and f) products from micro-
emulsion C (ω = 0.24).
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The larger water core acts as a nanoreactor that induces
larger particle growth.[50] These properties and their reasons
are discussed in detail below.

The wide-angle XRD patterns for the CdS nanospheres
prepared in the three microemulsions are shown in Fig-
ure 2. Diffraction peaks assigned to the (111), (200), (220),
and (311) planes of bulk cubic CdS are observed for sam-
ples produced from microemulsions B and C. For the small-
est sample produced from microemulsion A, the diffraction
peaks are not obvious except for that of the (111) plane,
which indicates incomplete crystallization of CdS and lat-
tice defects. The diffraction peaks are fairly broad. We esti-
mated roughly the average crystallite sizes of the primary
particles by line-width analysis of the (111) diffraction
peaks. Applying the Scherrer formula yielded particle sizes
of 1.2, 1.6, and 2.7 nm for syntheses carried out in micro-
emulsions A, B, and C, respectively.

Figure 2. XRD patterns of CdS spheres obtained in the three mi-
croemulsion systems.

Figure 3 shows the intensities and wavelengths of the
UV/Vis absorption peaks of the CdS spheres at various
times during the process of formation. After addition of
TAA, the mixture was kept at constant temperature (50 °C),
and UV/Vis spectra were recorded at various time intervals.
In the beginning, the solution was colorless, and there was
no obvious peak in the absorption spectrum. After 30 min,
the solution became slightly yellow, and an absorption peak
appeared in the spectrum along with a considerable increase
in absorbance. In Figure 3a, curves A�, B�, and C� show
that the absorption intensity increased with time, indicating
a gradual formation of CdS particles accompanying the re-
lease of S2– ions from TAA. However, the position of the
absorption peak was different in the three systems (Fig-
ure 3a, curves A, B, and C). The absorption peak of CdS
synthesized in microemulsion A was at about 420 nm and
the peak was obvious and sharp. With increasing time, the
wavelength of the absorption peak remained essentially un-
changed, even though the absorption intensity increased
continuously, suggesting the formation of more and more
CdS particles and the possible presence of large aggregates
of the primary CdS particles, but the size of the primary
CdS particles remained unchanged. The absorption of CdS
obtained in microemulsion B displayed a shoulder peak
close to 410 nm, and the absorption band of CdS obtained
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in microemulsion C was at wavelengths no longer than
about 390 nm in the beginning. Curves B and C (Figure 3a)
show that the absorption peaks continuously shifted
towards higher wavelengths upon further heating of the
solutions. This red-shifting phenomenon indicates that the
primary CdS particles grew gradually and then aggregated
to form larger particles due to the quantum confinement
effect. From the changes in the UV/Vis spectra of the three
microemulsions, it can be deduced that the mechanism of
formation of the CdS spheres was different in each system.
In microemulsion A, once the CdS particles nucleated, the
particles ceased growing, but more CdS particles formed or
aggregated. In microemulsions B and C, although the CdS
particles initially nucleated were smaller than those in mi-
croemulsion A, the primary particles grew gradually and
also aggregated to form larger particles.

Figure 3. (a) Graphs of the wavelengths and intensities of the UV/
Vis absorption peaks of the CdS products formed in the three mi-
croemulsions at earlier stages: curves A, B, and C show wavelength
vs. time; curves A�, B�, and C� show intensity vs. time. (b) UV/Vis
absorption spectra of the final CdS products in the three micro-
emulsions after eight hours. A and A� represent microemulsion A
(ω = 0.19); B and B� represent microemulsion B (ω = 0.21); C and
C� represent microemulsion C (ω = 0.24).

Figure 3b shows the UV/Vis absorption spectra of the
CdS products in the three microemulsions after eight hours.
As shown in Figure 3b, the absorption spectra of the final
products have peaks at 420 (microemulsion A), 440 (micro-
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emulsion B), and 450 nm (microemulsion C), which are all
considerably blue-shifted relative to the absorption onset of
bulk CdS (ca. 515 nm) because of the quantum confine-
ment effect. It was interesting that CdS particles in micro-
emulsions B and C were larger than those in microemulsion
A in the end, so that the wavelength of the absorption maxi-
mum increased from A to C. The absorption peaks of B and
C are obviously red-shifted relative to their initial positions,
indicating the growth of the primary particles. The spectra
of B and C also show a long absorption tail due to scat-
tering by the particles in the dispersion. The absorption in-
tensity increased with increasing particle size because of
light scattering in the presence of bigger particles. From the
experimental correlation between the onset of absorption
and the particle diameter for CdS, the particle size of CdS
nanocrystals was estimated to be about 2–3 nm and to in-
crease from A to C.[36] These values follow the same trend
as the results of XRD, which exhibit a quantum confine-
ment effect.

The PL spectra of the CdS spheres are shown in Fig-
ure 4. The broad emission beginning around 430 nm is sig-
nificantly blue-shifted from the emission of bulk CdS (ca.
520 nm). The broad PL peak observed is commonly attrib-
uted to the recombination of charged carriers trapped in
the surface states and is related to the size of the CdS nano-
particles; that is, the PL bands of smaller nanoparticles ap-
pear at shorter wavelengths. Therefore, the PL emission of
the CdS spheres indicates that they actually consist of pri-
mary CdS nanocrystals showing a quantum confinement
effect.

Figure 4. Photoluminescence spectra of CdS spheres obtained in
three microemulsions after 8 h (λex = 400 nm).

Figure 5, which shows the stress at different shear rates,
depicts the key results from steady-shear rheological mea-
surements. During the experiments of shear rates, the three
microemulsion systems were all Newtonian fluids. The rela-
tively high viscosity was due to amphiphilic dendrimer con-
tent. It can be seen that shear stress increased as shear rate
increased. In addition, the viscosity of the three microemul-
sions decreased with increased [water]/[dendrimer] mass ra-
tio (ω). This property of the microemulsion can be used to
explain the different size of the products. High viscosity led
to low ion flow and ion exchange, which affected the growth
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of CdS particles in the water core and further reduced the
possibility of large aggregates of the primary CdS particles.
The larger particles were obtained for microemulsion C
with lower viscosity. This result is consistent with the obser-
vations of the TEM images and the UV/Vis absorption
spectra.

Figure 5. Shear stress vs. shear rate curves for the three microemul-
sion systems without CdS particles. (A) microemulsion A (ω =
0.19), (B) microemulsion B (ω = 0.21), (C) microemulsion C (ω =
0.24).

On the basis of the above observations and the monodis-
perse nanosphere structure we were able to propose a pos-
sible mechanism, as shown in Scheme 1. In the inverse mi-
croemulsion H2O/SD31/n-butanol/n-heptane, the hydrophil-
ic PEO of the amphiphilic dendritic polyether copolymer
SD31 formed the water core, and the hydrophobic PPO and
arom parts were oriented outwards. The cadmium ions that
were initially dissolved in the water core reacted with the
S2– ions that were slowly released from thioacetamide
(TAA). Monodisperse CdS nanospheres were obtained be-
cause the reaction was restricted to the nanowater core.

Scheme 1. Proposed mechanism for the formation of monodisperse
CdS nanospheres; PEO = poly(ethylene oxide), PPO = poly(propyl-
ene oxide), arom = bisphenol A.[48]

Conclusions

Nanosized CdS spheres were facilely synthesized in
water-in-oil microemulsions prepared by amphiphilic den-
drimers through the slow release of S2– ions from thioacet-
amide under heating. It was shown that the nanometer-
sized water cores are well-suited for nanoparticle synthesis.
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Particle growth occurs within the water core of the micro-
emulsion, and the precursors of the semiconductor particles
are water-soluble. The sizes of the CdS spheres obtained
in three different systems are diverse, but all spheres are
composed of cubic CdS crystals of the zinc blende struc-
ture. It was revealed that the diameter of the CdS spheres
increased as the [water]/[dendrimer] mass ratio (ω) in-
creased, i. e., as the water-core size increased. The viscosity
of the three microemulsions decreased with increased ω,
which affected the flow and exchange of the ions. High vis-
cosity led to low ion flow and induced small particles to
form, preventing the particles from aggregating. It is ex-
pected that this convenient synthetic route to CdS spheres
may be readily extended to the fabrication of other metal
chalcogenide semiconductor nanoparticles.

Experimental Section
Materials: Unless otherwise noted, all chemicals were reagent grade
and were used as received without purification. Amphiphilic den-
dritic polyether copolymer SD31 (MW = 10600 gmol–1) was syn-
thesized as per ref.[48] and the molecular structure is shown sche-
matically in Figure 6. Thrice distilled water was used in all experi-
ments.

Determination of the Phase Diagram: The quasiternary phase dia-
gram was constructed at room temperature (25±1 °C). SD31 and
the cosurfactant, n-butanol, were combined in the mass ratio1:2.
Then n-heptane was combined with the above mixture in the mass
ratios 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 and shaken vigor-
ously. Water was gradually added dropwise to the above 10 samples
under shaking, and then the samples were left to settle for two
days. The formation of water-in-oil microemulsions was determined
through visual observation, which revealed the phase transforma-
tion or phase separation of the ternary system. The quasiternary
phase diagrams of the systems are given in Figure 7.

Synthesis of CdS Nanoparticles: In the water-in-oil microemulsion
region, three systems (see Figure 7 A, B, and C) with the same
amount of water (6% wt.) but different [water]/[dendrimer] mass
ratios (ω) were selected as nanometer-sized reaction cores to syn-
thesize CdS. In a typical experiment, microemulsion A, containing
CdCl2 solution (1.44 mL, 0.1 ), dendrimer SD31 (7.5 g), and n-
butanol (15 g), was prepared. Thioacetamide (TAA) solution
(1.44 mL, 0.1  in ethanol) was added to microemulsion A whilst
stirring until a homogeneous mixture formed. Then the final micro-
emulsion was sealed and placed under constant temperature
(50 °C) for 8 h, where the slow release of S2– ions from TAA led to
the formation of CdS particles. The resulting solution was centri-
fuged at 12000 rmp, washed with ethanol under sonication, and
separated by repeated centrifugation. The final product was dried
to yield a powder at 50 °C. Microemulsion B was composed of
CdCl2 (1.60 mL, 0.1 ), dendrimer SD31 (7.5 g), n-butanol (15 g),
and n-heptane (2.5 g), while microemulsion C was composed of
CdCl2 (1.68 mL, 0.1 ), dendrimer SD31 (7 g), n-butanol (14 g),
and n-heptane (5.3 g).

Characterization: Transmission electron microscopy (TEM,
JEM100-CXII) was used to directly observe the morphology and
size of products. Powder X-ray diffraction (XRD) patterns were
recorded with a Rigaku D/Max 2200-PC diffractometer with Cu-
Kα radiation (λ = 1.5418 Å) and a graphite monochromator at am-
bient temperature. UV/Vis absorption spectra were obtained with
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Figure 6. The molecular structure of the amphiphilic dendrimer SD31.

Figure 7. Ternary phase diagram of the H2O/SD31/n-butanol/n-
heptane system. Inset shows the water-in-oil (w/o) inverse micro-
emulsion region. A (ω = 0.19), B (ω = 0.21), and C (ω = 0.24) were
the three microemulsions used in nanoparticle synthesis.

a Hitachi U-4100 dual-beam grating spectrophotometer with a 10-
mm quartz cell. PL spectra were obtained with a Perkin-Elmer LS-
55 fluorescence spectrophotometer. The excitation wavelength λex

was 400 nm, and the bandwidths of excitation and emission were
both 10 nm. Fluorescence measurements were obtained on suspen-
sions in quartz cuvettes. Shear stress versus shear rate rheological
data was measured with an NXS-11A rotary viscometer.
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Copper Complexes with (2,7-Di-tert-butylfluoren-9-ylidene)methanedithiolate:
Oxidatively Promoted Dithioate Condensation[‡]

José Vicente,[a] Pablo González-Herrero,*[a] Yolanda García-Sánchez,[a] Peter G. Jones,[b]

and Delia Bautista[c]
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The reaction of [Cu(NCMe)4]PF6 with piperidinium 2,7-di-
tert-butyl-9H-fluorene-9-carbodithioate (pipH)[S2C(tBu-
Hfy)] (1; tBu-Hfy = 2,7-di-tert-butylfluoren-9-yl), affords
[Cun{S2C(tBu-Hfy)}n] (2), which reacts with various P ligands
to give [Cu{S2C(tBu-Hfy)}L2] [L = PPh3 (3a), PCy3 (3b), PiPr3

(3d); L2 = 1,1�-bis(diphenylphosphanyl)ferrocene (dppf, 3c),
bis(diphenylphosphanyl)methane (dppm, 3e)]. Compounds
3a–c react with atmospheric oxygen and moisture in the pres-
ence of NEt3 to give the dinuclear complexes [Cu2{[SC=(tBu-
fy)]2S}L2] [tBu-fy = 2,7-di-tert-butylfluoren-9-ylidene; L =
PPh3 (4a), PCy3 (4b); L2 = dppf (4c)], which contain a new
dithiolato ligand formally resulting from the condensation of
two dithioato ligands with loss of a sulfide ion and two pro-
tons. Neutral CuI dithiolate complexes of the type
[Cu4{S2C=(tBu-fy)}2L4] [S2C=(tBu-fy) = [2,7-di-tert-butyl-
fluoren-9-ylidene)methanedithiolate; L = PPh3 (5a),

Introduction

The importance of copper complexes and clusters with
thiolato ligands is associated with their use as models for
the understanding of the structure, bonding, and function
of the active sites of copper–sulfur enzymes and pro-
teins,[1–6] which perform crucial functions such as electron-
transfer and dioxygen transport to redox systems and cop-
per transport and delivery.[7–11] Among the variety of sulfur
ligands employed for the synthesis of copper complexes,
1,1-ethylenedithiolates (XYC=CS2

2–) and related dithio li-
gands have received special attention because of their ability
to form high-nuclearity clusters, some of which have found
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P(C6H4OMe-p)3 (5b), PiPr3 (5d) or L2 = dppf (5c)] were ob-
tained by treating 1 with [Cu(NCMe)4]PF6, the correspond-
ing phosphane, and piperidine in a 1:2:2:1 molar ratio. The
reaction of 1 with Cu(ClO4)2·6H2O and (Pr4N)OH in a 2:1:2
molar ratio gives the CuII complex (Pr4N)2[Cu{S2C=(tBu-
fy)}2] [(Pr4N)26], which readily oxidizes to the CuIII complex
Pr4N[Cu{S2C=(tBu-fy)}2] (Pr4N7) in the presence of atmo-
spheric oxygen and moisture. The salt PPN7 [PPN+ =
(Ph3P)2N+] was obtained from 1, CuCl2·2H2O, PPNCl, and pi-
peridine in a 2:1:1:2 molar ratio under aerobic conditions.
The crystal structures of 3a, 3c·CH2Cl2, 4a·4Me2CO, and
4c·CH2Cl2 have been determined by X-ray diffraction stud-
ies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

industrial applications as antioxidant additives for lubricant
oils.[12–20] Previously described 1,1-ethylenedithiolates that
have been used for the preparation of copper complexes are
limited to those with X = Y = CN (i-mnt), CO2R [R =
Me (dmd), Et (ded), tBu (tBu-ded)] and X = CN and Y =
P(O)(OEt)2 (cpdt). The anionic CuI clusters [Cu8-
(i-mnt)6]4–,[12,13,19] [Cu8(ded)6]4–,[14] and [Cu8(tBu-
ded)6]4–[15,16] stand out as the best-studied 1,1-ethylenedithiol-
ato complexes of copper, and theoretical calculations have
been carried out in order to understand the bonding in the
Cu8S12 core.[21,22] The tetranuclear cluster [Cu4(i-mnt)4]4–

has been obtained from the reaction of the sulfur-rich dithi-
olato cluster [Cu6{S3C=C(CN)2}6]6– with triphenylphos-
phane.[19] Clusters of higher nuclearities have been obtained
by protonation of [Cu8(ded)6]4– and [Cu8(tBu-ded)6]4–.[15,16]

A series of clusters of CuI with the cpdt ligand and bis(di-
phenylphosphanyl)methane (dppm) has also been prepared
from the reaction between [Cu2(dppm)2(NCMe)2](PF6)2

and K2cpdt.[23] The CuII complexes are represented by the
mononuclear species [Cu(i-mnt)2]2–,[12,24] [Cu(ded)2]2–,[25,26]

and [Cu(i-mnt)(N–N)] (N–N = 1,2-ethanediamines).[27] The
CuIII complex [Cu(ded)2]– has also been prepared by the
oxidation of [Cu(ded)2]2– with H2O2, I2, or Cu2+ ions.[25,26]

Part of our recent research in this field has been devoted
to the coordination chemistry of the (fluoren-9-ylidene)me-
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thanedithiolato ligand and its 2,7-disubstituted derivatives.
These ligands have revealed remarkable differences with re-
spect to the previously used 1,1-ethylenedithiolates; these
differences are largely attributable to the absence of strongly
electron-withdrawing substituents and affect the photo-
physical properties and redox behavior of their metal com-
plexes.[28,29] Given the multiple coordination possibilities
and stoichiometries observed for copper/dithiolate systems,
we thought it of interest to carry out an initial exploration
of the chemistry of copper complexes with (2,7-di-tert-bu-
tylfluoren-9-ylidene)methanedithiolate [(tBu-fy)=CS2

2– (I)
Scheme 1], and to study the effects of the strongly electron-
donating character of this ligand on their structures and
reactivity. In this paper, we describe the preparation of a
series of CuI complexes with 2,7-di-tert-butyl-9H-fluorene-
9-carbodithioate [(tBu-Hfy)CS2

– (II), the protonated pre-
cursor of I] obtained from the piperidinium salt
(pipH)[(tBu-Hfy)CS2] (1), which, upon deprotonation in
the presence of an oxidizing agent, afford dinuclear com-
plexes with the new ligand S[(tBu-fy)=CS]22– (III), formally
resulting from the condensation of two dithiolates with loss
of a sulfide ion and two protons. The direct syntheses of
CuI, CuII, and CuIII complexes containing the (tBu-
fy)=CS2

2– ligand from 1 and suitable copper precursors are
reported.

Scheme 1.

Results and Discussion

Copper(I) Complexes with the (tBu-Hfy)CS2
– Ligand

The previously described metal complexes with the (flu-
oren-9-yliden)methanedithiolato ligand and its 2,7-disubsti-
tuted analogs were obtained by treating appropriate metal
precursors with the corresponding piperidinium fluorene-9-
carbodithioate in the presence of a base. The deprotonation
of the dithiolato ligand to form the corresponding dithiol-
ate takes place after its coordination to the metal center,
which increases the acidity of the H9 atom on the fluoren-
9-yl moiety. In some cases, dithioato complexes have been
obtained when the reactions are carried out in the absence
of a base.[28] The synthesis of CuI complexes with (tBu-Hfy)-
CS2

– was undertaken in order to use them as precursors for
the preparation of complexes with the dithiolato ligand
(tBu-fy)CS2

2–.
The reaction of the piperidinium dithioate 1 with

[Cu(NCMe)4]PF6 in a 1:1 molar ratio in MeCN gave the
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dark brown complex [Cun{S2C(tBu-Hfy)}n] (2; Scheme 2),
which precipitated in almost quantitative yield. Complex 2
is scarcely soluble in most organic solvents and all attempts
to grow crystals suitable for X ray diffraction studies were
unsuccessful. Its 1H NMR spectrum displays only one set
of signals for the dithioato ligand, suggesting a highly sym-
metrical oligomeric structure. A tetrameric structure has
been found for the related copper() dithioate
[Cu4(S2CC6H4Me-p)4][30] (Figure 1, a). Compound 2 was

Scheme 2. (i) [Cu(NCMe)4]PF6; (ii) 2L; (iii) NEt3, O2 (air) or 1/2
1,4-benzoquinone; (iv) 2 [Cu(NCMe)4]PF6, 2L, pip; (v) 1/2
Cu(ClO4)2·6H2O, (Pr4N)OH or 1/2 CuCl2, PPNCl, pip; (vi) O2 (air).

Figure 1. Structures of the Cu4S8 core in [Cu4(S2CC6H4Me-p)4] (a)
and the Cu4S4P8 core in [Cu4(cpdt)2(dppm)4] (b).
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employed as starting material for the preparation of the
series of complexes [Cu{S2C(tBu-Hfy)}L2] with L = PPh3

(3a), PCy3 (3b), PiPr3 (3d), or L2 = dppf (3c), dppm (3e).
The products were obtained as salmon-pink or orange sol-
ids from the reactions of 2 with the corresponding phos-
phane (1:2) or diphosphane (1:1) and isolated in moderate
to high yields.

Deprotonation and Oxidation of Dithioato Complexes.
Dithiolate Condensation

The deprotonation of the dithioato ligand (tBu-Hfy)CS2
–

in complexes 2 and 3a–e was attempted by using NEt3 as
the base. The expected results of these reactions included
the formation of anionic clusters. In the case of 3a–e, an-
ionic complexes of the type [Cu{S2C=(tBu-fy)}(PR3)2]–

were expected as the primary products, since an analogous
mononuclear complex with the i-mnt ligand has been de-
scribed.[31] However, complexes 2 and 3a–e were recovered
unchanged after treatment with NEt3 in MeCN or THF
under an inert atmosphere. A different, unexpected result
was obtained when the reactions were carried out in the
presence of atmospheric oxygen and moisture. Thus, under
these conditions, treatment of 3a with NEt3 in a 1:1 molar
ratio in MeCN led to the gradual formation of a green solu-
tion from which a yellowish orange solid precipitated after
4 h. The X-ray structure analysis of a single crystal of this
product revealed the formation of the dinuclear complex
[Cu2{[SC=(tBu-fy)]2S}(PPh3)2] (4a), which contains only
one PPh3 per Cu and a new dithiolato ligand that formally
results from the condensation of two (tBu-Hfy)CS2

– ligands
with loss of a sulfide ion and two protons (Scheme 2). The
yield of 4a was 67% after recrystallization. The oily residue
obtained by evaporation of the supernatant contained
Ph3P=S, Ph3P=O, and free PPh3 as the major components,
as determined by 1H and 31P NMR spectroscopy. Addition-
ally, a very small amount of the dithiolato complex
[Cu4{S2C=(tBu-fy)}2(PPh3)4] (5a; see below) was produced.
The formation of 4a also took place when stirring 3a in
MeCN under aerobic conditions in the absence of NEt3,
but the reaction was much slower. It is therefore clear that
an oxidant is required for this reaction to take place and
that the deprotonation does not require an added base. Fi-
nally, the reaction of 3a with the oxidant base 1,4-benzoqui-
none in a 2:1 molar ratio was carried out under a nitrogen
atmosphere in MeCN at room temperature. Under these
conditions, the gradual formation of a yellowish orange
precipitate of 4a was observed within seven hours. The
product was isolated in 73% yield after recrystallization and
the compounds Ph3P=S, 1,4-hydroquinone, and free PPh3

were identified by 1H and 31P NMR spectroscopy as the
major components present in the supernatant.

The analogous complexes [Cu2{[SC=(tBu-fy)]2S}L2] with
L = PCy3 (4b) or L2 = dppf (4c) were similarly obtained by
stirring suspensions of 3b or 3c, respectively, in MeCN in
the presence of NEt3 and atmospheric oxygen. The yield of
4b (75%) was appreciably higher than of 4c (51%) because
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of the formation of considerable amounts of the dithiolato
complex [Cu4{S2C=(tBu-fy)}2(dppf)2] (5c; see below). Un-
der the same conditions, compound 2 or the dppm deriva-
tive 3e did not give products of definite composition, while
in the case of the PiPr3 derivative 3d a mixture that con-
tained the corresponding dithiolato complex 5d as the main
component was obtained.

A possible reaction path leading to the formation of 4a–
c is outlined in Scheme 3. It is very likely that in the initial
steps the deprotonation and oxidation of the dithioato com-
plexes 3a–c to give a CuII intermediate (A) take place, which
would account for the green color of the initial reaction
mixtures. This species can be considered an oxidized analog
of the reported CuI complex [Cu(i-mnt)(PR3)2]–.[31] It is
well known that the combination of CuII with thiolates usu-
ally results in reduction to CuI and formation of disul-
fides.[10,32,33] Such a process would cause intermediate A to
dimerize and form a disulfide-bridged dinuclear species
such as B, which would subsequently undergo sulfur ab-
straction by one of the phosphanes to give the final monos-
ulfide-bridged dithiolate. Tetraalkylthiuram disulfides
R2NC(S)SSC(S)NR2 have been reported to undergo a sim-
ilar reaction when treated with CuI halides in the presence
of PPh3, which leads to the formation of complexes con-
taining the corresponding monosulfide R2NC(S)SC(S)-
NR2.[34] The formation of the condensed ligand in 4a–c is
also related to the well-established reactions of organic di-
sulfides with phosphanes, which afford thioethers and phos-
phane sulfide, although they usually require more vigorous
reaction conditions, such as refluxing in high boiling point
solvents.[35–37]

Scheme 3. Proposed reaction path for the formation of 4a–c from
3a–c. tBu-fy groups have been omitted for clarity.

In contrast, similar sulfide-bridged dithiolato ligands
have not been produced from previously described dithioato
complexes of the type [Cu(S2CR)(PR�3)2] containing a hy-
drogen atom in the β position, such as those with R =
Me,[38] or CH=C(OH)C6H4Me-p.[39] Both the presence of
the relatively acidic H9 hydrogen atom in (tBu-Hfy)CS2

–

and the electron-donating ability of (tBu-fy)=CS2
2– appear

to be crucial for the initial deprotonation/oxidation steps
leading to 4a–c.
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Copper(I) Complexes with the (tBu-fy)=CS2

2– Ligand and
Phosphanes

The neutral CuI complexes [Cu4{S2C=(tBu-fy)}2L4] [L =
PPh3 (5a), P(C6H4OMe-p)3 (5b) and PiPr3 (5d) or L2 = dppf
(5c)] were obtained by treating 1 with [Cu(NCMe)4]PF6, the
corresponding phosphane, and piperidine in a 1:2:2:1 molar
ratio in MeCN (Scheme 2). The products precipitate in this
solvent as bright yellow (5a,b,d) or yellowish orange (5c)
microcrystalline solids and can be isolated in moderate to
high yields. Compounds 5a–d display a moderate stability
in solution, which depends on the phosphane; thus, the
PiPr3 complex 5d is the least stable and decomposes in
CDCl3 within 2 h, while the CDCl3 solutions of the
P(C6H4OMe-p)3 complex 5b are stable for more than 24 h.
The preparation of analogous complexes with PCy3 or
dppm did not succeed under similar conditions, probably
because of their lower stabilities.

The structures of 5a–d could not be determined by X-ray
diffraction studies because the crystals were not of sufficient
quality or presented severe twinning problems. However,
their composition and the copper/dithiolate/phosphane ra-
tio were unambiguously determined by means of elemental
analyses and 1H NMR spectroscopy (see Experimental Sec-
tion for details). The 1H, 13C, and 31P NMR spectroscopic
data are consistent with highly symmetrical structures con-
taining equivalent dithiolato ligands and phosphanes.
Given the preference of CuI for a trigonal planar or tetrahe-
dral coordination geometry and its tendency to form high
nuclearity thiolato complexes with extensive cuprophilic in-
teractions, a dinuclear formulation for 5a–d is unlikely. Evi-
dence for a tetranuclear formulation was obtained from
their positive-ion FAB mass spectra. The tetranuclear [M+]
ions are observed with very low relative abundances for 5b
(m/z = 2368) and 5c (m/z = 2068). Heavier ions are not
observed, except for the [M + Cu]+ ions. All four complexes
undergo very extensive fragmentations in FAB, which result
in the loss of phosphane ligands and CuL+ units and/or the
cleavage of C–S bonds to form sulfide complexes, most of
which are tetranuclear. Significantly abundant fragments
that support the tetranuclear formulation are
[Cu4{S2C=(tBu-fy)}2L3]+ for 5b, [Cu4S{S2C=(tBu-fy)}L]+

and [Cu4S{S2C=(tBu-fy)}2L]+ for 5a,b, [Cu4{S2C=(tBu-
fy)}2L]+ and [Cu4{S2C=(tBu-fy)}2]+ for 5a,d, and
[Cu4S{S2C=(tBu-fy)}(dppf)2]+ for 5c (see Supporting Infor-
mation). Tetranuclear structures have been found for the
related complexes [M4(cpdt)2(dppm)4] (M = Cu[23] and
Ag[40]), [Ag4(i-mnt)2(dppm)4],[41] and [Cu4(CS3)2-
(dppm)4],[42] which have their metal atoms in a nearly
planar arrangement and the dithiolato ligands acting as
bridging tetradentate ligands above and below the M4 core
(Figure 1, b). The structures of 5a–d probably have similar
Cu4S4 cores but with four phosphane groups instead of
eight (Scheme 2), which would be consistent with their
NMR spectroscopic data.

Complexes 5a–d are luminescent at room temperature
in the solid state and also in solution at 77 K. Their
excitation and emission properties are currently under
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investigation and a complete study will be reported else-
where.

Copper(II) and Copper(III) Complexes with the (tBu-
fy)=CS2

2– Ligand

The poorly soluble CuII complex (Pr4N)2[Cu{S2C=(tBu-
fy)}2] [(Pr4N)26] precipitated as a brown solid upon treat-
ment of the dithioate 1 with Cu(ClO4)2·6H2O and (Pr4N)-
OH in a 2:1:2 molar ratio in MeCN under an inert atmo-
sphere, (Scheme 2). Although [(Pr4N)26] is air stable in the
solid state, it is slowly oxidized by atmospheric oxygen to
the CuIII complex [Cu{S2C=(tBu-fy)}2]– (7) when sus-
pended in MeCN or CH2Cl2. Thus, the green salt Pr4N7
was obtained almost quantitatively by bubbling air through
an MeCN suspension of (Pr4N)26. Alternatively, Pr4N7 was
obtained in high yield when the reaction of 1 with Cu-
(ClO4)2·6H2O and (Pr4N)OH was carried out under atmo-
spheric conditions. The salt PPN7 was similarly obtained
from 1, CuCl2·2H2O, PPNCl, and piperidine in a 2:1:1:2
molar ratio. The only previously reported CuIII complex
with a 1,1-ethylenedithiolato ligand is [Cu(ded)2]–, which
was prepared from the oxidation of [Cu(ded)2]2– with H2O2,
I2, or Cu2+ ions.[25,26] In comparison, the formation of the
CuIII complex 7 takes place under milder conditions and
represents an uncommon example of aerobic oxidation of
a CuII complex. We have previously observed that the (flu-
oren-9-ylidene)methanedithiolato ligand and its 2,7-disub-
stituted derivatives facilitate the oxidation of AuI to
AuIII [28] and PtII to PtIV,[29] which can be attributed to their
stronger electron-donating character as compared with
other, more commonly studied 1,1-ethylenedithiolato li-
gands.

Crystal Structures of the Complexes

The crystal structures of 3a (Figure 2), 3c·CH2Cl2 (Fig-
ure 3), 4a·4Me2CO (Figure 4), and 4c·CH2Cl2 (Figure 5)
were solved by X-ray diffraction studies. Selected bond
lengths and angles are listed in Tables 1, 2, and 3. The mol-
ecular structures of 3a and 3c show the copper atom in
a distorted tetrahedral environment. The main distortion
originates from the constraints imposed by the four-mem-
bered chelate ring, which lead to S–Cu–S angles of
74.48(2)° (3a) and 74.38(3)° (3c). The steric hindrance of
the PPh3 ligands leads to a relatively wide P(1)–Cu–P(2)
angle of 129.25(3)° in 3a. The chelating dppf ligand in 3c
adopts a staggered conformation leading to a bite angle of
112.76(4)°, which is closer to the ideal value for a tetrahe-
dral geometry. Similar coordination environments around
the Cu atom and Cu–S bond lengths have been found in
the analogous dithioato complexes [Cu(S2CR)(PPh3)2] [R =
Me,[38] Ph,[43] p-To,[30] C5Me5

[44] CO2Me[45] and
CH=C(OH)C6H4Me-p].[39]
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Figure 2. Thermal ellipsoid plot (50% probability) of complex 3a.
H atoms have been omitted for clarity.

Figure 3. Thermal ellipsoid plot (50% probability) of complex 3c.
H atoms have been omitted for clarity.

Complexes 4a and 4c exhibit essentially the same struc-
tural arrangement for the Cu2{[SC=(tBu-fy)]2S} unit as the
condensed dithiolato ligand coordinates to the two copper
atoms in different ways. The atom Cu(1) is bonded to the
two terminal sulfur atoms S(1) and S(2) and one PPh3 li-
gand (or one of the PPh2 units of dppf), resulting in a
slightly distorted trigonal planar geometry, whereas the
atom Cu(2) is attached to the other PPh3 ligand or the sec-
ond PPh2 unit, and to the dithiolato ligand through the
C(29)=C(30) double bond and the terminal S(1) atom,
which thus bridges the two copper atoms. The coordination
around Cu(2) is also trigonal planar if we consider the
atoms S(1), P(1), and the C(29)=C(30) bond centroid. The
Cu(1)–S(2) and Cu(2)–S(1) bond lengths are very similar
[range 2.2156(10)–2.2659(9) Å] and slightly shorter than the
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Figure 4. Thermal ellipsoid plot (30% probability) of complex 4a.
H atoms and tBu groups have been omitted for clarity.

Figure 5. Thermal ellipsoid plot (50% probability) of complex 4c.
H atoms and tBu groups have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for 3a and
3c·CH2Cl2.

3a 3c·CH2Cl2

Cu(1)–S(1) 2.3901(8) 2.4196(9)
Cu(1)–S(2) 2.4357(8) 2.3806(10)
Cu(1)–P(1) 2.2449(7) 2.2433(9)
Cu(1)–P(2) 2.2413(8) 2.2325(10)
S(1)–C(1) 1.674(3) 1.680(4)
S(2)–C(1) 1.693(3) 1.694(3)
C(1)–C(2) 1.520(4) 1.520(5)
S(1)–Cu(1)–S(2) 74.48(2) 74.38(3)
P(1)–Cu(1)–P(2) 129.25(3) 112.76(4)
S(1)–C(1)–S(2) 120.30(16) 118.7(2)

Cu(1)–S(1) distance [2.3413(10) (4a) or 2.3298(11) Å (4c)].
There is also an appreciably longer Cu(2)–S(2) distance of
2.7336(9) (4a) or 2.7878(11) Å (4c), which is indicative of
a much weaker interaction. The distance of Cu(1) to the
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Table 2. Selected bond lengths [Å] and angles [°] for 4a·4Me2CO.

Cu(1)–P(2) 2.2053(9) Cu(2)–S(2) 2.7336(9)
Cu(1)–S(2) 2.2576(9) S(1)–C(10) 1.773(3)
Cu(1)–S(1) 2.3413(10) S(2)–C(30) 1.763(3)
Cu(1)–Cu(2) 2.6999(5) S(3)–C(10) 1.769(3)
Cu(2)–C(30) 2.087(3) S(3)–C(30) 1.773(3)
Cu(2)–P(1) 2.2069(8) C(9)–C(10) 1.360(4)
Cu(2)–C(29) 2.255(3) C(29)–C(30) 1.401(4)
Cu(2)–S(1) 2.2659(9)
P(2)–Cu(1)–S(2) 128.30(4) C(10)–S(1)–Cu(1) 89.29(11)
P(2)–Cu(1)–S(1) 128.92(3) Cu(2)–S(1)–Cu(1) 71.73(3)
S(2)–Cu(1)–S(1) 102.76(3) C(30)–S(2)–Cu(1) 98.61(10)
P(1)–Cu(2)–S(1) 124.26(3) Cu(1)–S(2)–Cu(2) 64.68(2)
P(1)–Cu(2)–S(2) 124.23(3) C(10)–S(3)–C(30) 103.78(14)
S(1)–Cu(2)–S(2) 91.42(3) S(3)–C(10)–S(1) 115.50(16)
C(10)–S(1)–Cu(2) 105.47(10) S(2)–C(30)–S(3) 116.71(16)

Table 3. Selected bond lengths [Å] and angles [°] for 4c·CH2Cl2.

Cu(1)–P(2) 2.1821(10) Cu(2)–S(2) 2.7878(11)
Cu(1)–S(2) 2.2156(10) S(1)–C(10) 1.757(3)
Cu(1)–S(1) 2.3298(11) S(2)–C(30) 1.774(4)
Cu(1)–Cu(2) 2.7568(6) S(3)–C(10) 1.772(3)
Cu(2)–C(30) 2.114(3) S(3)–C(30) 1.790(3)
Cu(2)–P(1) 2.2172(10) C(9)–C(10) 1.369(5)
Cu(2)–S(1) 2.2529(9) C(29)–C(30) 1.396(5)
Cu(2)–C(29) 2.256(3)
P(2)–Cu(1)–S(2) 137.20(4) C(10)–S(1)–Cu(1) 92.13(12)
P(2)–Cu(1)–S(1) 118.41(4) Cu(2)–S(1)–Cu(1) 73.94(3)
S(2)–Cu(1)–S(1) 103.77(4) C(30)–S(2)–Cu(1) 98.77(11)
P(1)–Cu(2)–S(1) 118.84(4) Cu(1)–S(2)–Cu(2) 65.71(3)
P(1)–Cu(2)–S(2) 127.88(4) C(10)–S(3)–C(30) 104.51(15)
S(1)–Cu(2)–S(2) 89.76(3) S(1)–C(10)–S(3) 117.10(18)
C(10)–S(1)–Cu(2) 106.48(11) S(2)–C(30)–S(3) 115.10(19)

C(29)=C(30) bond centroid of 2.056 (4a) or 2.072 Å (4c) is
close to the upper limit of the range found for the majority
of alkene complexes of copper() in the Cambridge Struc-
tural Database (1.840–2.110 Å).[46] The bond length of the
uncoordinated C(9)=C(10) double bond [1.360(4) (4a) or
1.369(5) Å (4c)] is similar to the corresponding distances
found for 1,1-ethylenedithiolato ligands,[28] which are usu-
ally close to the higher limit of the range found for
C(sp2)=C(sp2) double bonds (1.294–1.392 Å),[47] whereas
the C(29)–C(30) distance of 1.401(4) (4a) or 1.396(5) Å (4c)
is slightly longer, as expected for a coordinated C=C bond.
The Cu(1)–Cu(2) distance of 2.6999(5) (4a) or 2.7568(6) Å
(4c) is slightly shorter than the sum of the van der Waals
radii for Cu (2.80 Å[48]) and typical of the cuprophilic inter-
actions found in numerous di- or polynuclear copper()
complexes with bridging thiolato ligands.[49–53] The planes
S(1)–C(10)–S(3) and S(3)–C(30)–S(2) form an angle of 75°
(4a) or 77° (4c). The fluoren-9-ylidene fragments are nearly
planar, with their respective mean planes being perpendicu-
lar to each other [89° (4a) or 90° (4c)] and slightly rotated
with respect to the corresponding S–C–S planes. The dppf
ligand in 4c adopts an eclipsed conformation, with the
P(1)–C(81) and P(2)–C(86) bonds rotated by 79° with re-
spect to each other. This results in a large distance between
both phosphorus atoms (5.275 Å) and allows the flexible
dppf ligand to bridge the copper atoms in such a way that
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the PPh2 groups occupy the same positions as the two inde-
pendent PPh3 ligands in 4a (P···P = 5.438 Å).

NMR Spectra

The 1H and 13C{1H} NMR spectra of complexes 2 and
3a–e show one set of signals for the protons and carbon
atoms of the dithioato ligand, which are slightly modified
with respect to those of the free dithioate 1,[54] with the 9-
H resonance in the range δ = 5.35–5.68 ppm and the CS2

resonance in the range δ = 251.5–259.3 ppm. On the basis
of these data, complex 2 most probably has a highly sym-
metrical oligomeric structure (see above).

The crystal structures of 4a and 4c show that the con-
densed ligand contains two tBu-fy groups in different envi-
ronments. Because the rotation around the C9=CS2 double
bonds is expected to be hindered at room temperature, the
two halves of each of these groups are not equivalent.
Therefore, if their solid-state structures were retained in
solution, the 1H and 13C{1H} NMR spectra of 4a–c should
display the resonances corresponding to four different tBu
groups, four sets of signals for the aromatic H and C atoms,
and two signals for both the C9 and CS2 atoms. Addition-
ally, two different resonances should be expected in the 31P
NMR spectra. However, the 1H, 13C{1H}, and 31P{1H}
NMR spectra of 4a–c reveal that the tBu-fy groups are
equivalent in solution, as are the two PPh3 or PCy3 ligands
in 4a,b or the PPh2 groups of the dppf ligand in 4c. Thus,
the 1H NMR spectra show only two singlets for the tBu
groups and two sets of resonances for the aromatic protons;
the two signals corresponding to the 1-H and 8-H atoms
are considerably downfield-shifted, as is the case for coordi-
nated (fluoren-9-ylidene)methanedithiolato ligands,[28] and
also the most affected by the lack of symmetry of the tBu-fy
groups, appearing at very different chemical shifts (ranges δ
= 9.61–9.71 and 8.55–8.69 ppm, respectively). The 13C{1H}
NMR spectra show two sets of resonances for the carbon
atoms of the ligand except for the C-9 and CS2 atoms, each
of which gives rise to only one resonance; the CS2 reso-
nance appears as a slightly broad signal for 4a,b, but in the
case of 4c resolves as a triplet because of coupling with two
equivalent phosphorus atoms. The 31P NMR spectra show
a relatively broad singlet. The dppf ligand in 4c gives rise to
six multiplets in the room temperature 1H NMR spectrum
corresponding to the two inequivalent Ph rings of each
PPh2 group, and four broad resonances corresponding to
the protons of the two equivalent Cp rings. This means that
the diphosphane is essentially rigid in solution and does not
undergo the fluxional process observed in 5c (see below)
and other metal complexes with bridging dppf,[55–60] which
involves a conformation change leading to the equivalence
of the phenyl groups and the two Hα and Hβ atoms of the
Cp rings on the NMR timescale. The absence of any dy-
namic process affecting the dppf ligand was further con-
firmed by a variable-temperature NMR study of 4c, which
revealed no changes in the 1H and 31P resonances arising
from this diphosphane between –65 and +50 °C in CDCl3.
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Scheme 4. tBu-fy groups have been omitted for clarity.

In view of these observations, the two possible explanations
for the NMR spectroscopic data of 4a–c are: (i) the exis-
tence of a dynamic process mainly affecting the
Cu2{[SC=(tBu-fy)]2S} unit that causes the copper atoms to
interchange their coordination environments, or (ii) a dif-
ferent, symmetrical structure of the complexes in solution.
The possible dynamic process is represented in Scheme 4
for 4c. The transition from the solid state form C (or its
equivalent C�) to the intermediate, C2-symmetrical form D
requires only minor rearrangements of the molecules in-
volving the rupture of the relatively weak coordination of
C(29)=C(30) to Cu(2) and the strengthening of the Cu(2)–
S(2) interaction to form a symmetrical bridge, while retain-
ing the conformation of the dppf ligand. However, the 1H
and 31P NMR spectra of 4a–c show that the signals arising
from the condensed ligand and the phosphorus atoms do
not split, even at –90 °C in CD2Cl2, which could be due to
a very low activation energy and/or to negligible differences
in the chemical shifts of the H nuclei of the inequivalent
tBu-fy groups (or the P nuclei of the phosphanes) in form
C. The possibility that the actual structure in solution is
form D would also be consistent with the experimental ob-
servations; in this case, the arrangement found in the solid-
state structures would most probably be a consequence of
packing forces in the crystals.

The 1H and 13C{1H} NMR spectra of complexes 5a–d
display very similar sets of resonances for the protons and
carbon atoms of the (tBu-fy)=CS2

2– ligand, which indicate
that all of them have similar structures with equivalent and
symmetrical dithiolates. The resonances of the 1-H and 8-
H atoms are typically downfield-shifted (range δ = 9.37–
9.54 ppm). The resonances of the Ph and Cp protons of the
dppf ligand in 5c are observed as broad signals at room
temperature, suggesting fluxional behavior. At –40 °C, the
Cp resonances resolve into four signals, while the Ph rings
give rise to five broad signals, indicating that the two Cp
rings and PPh2 groups of each dppf are equivalent, while
the two Ph rings of each PPh2 group are not. The fluxional
behavior of a bridging dppf ligand has been observed pre-
viously and thoroughly described for other di- or polynu-
clear complexes.[55–60] The opposite twisting of the two
halves of the ferrocene fragment around the Cp centroid–
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centroid axis, together with the concerted twist around the
P–Cipso(Cp) and P–Cu bonds, causes the two Hα and Hβ

atoms and the Ph rings on each PPh2 group to exchange
their positions. The resonances of the protons of the dithiol-
ato ligands in 5c remain practically unchanged between
–40 and 25 °C.

The 1H NMR spectrum of the CuII complex (Pr4N)26 in
CDCl3 shows broad signals for the Pr4N+ cation, while the
resonances corresponding to the ligand protons are not ob-
served, which can be attributed to its paramagnetic nature.
The 1H and 13C NMR spectroscopic data of the Q7 salts (Q
= Pr4N+, PPN+) are fully consistent with a square-planar
structure. The chemical shifts of the H and C resonances of
the dithiolato ligand are very similar to those observed for
the analogous AuIII complex.[28]

IR Spectra

The solid-state infrared spectrum of the dithioato com-
plex 2 displays one band at 975 cm–1 assignable to one of
the two ν(CS2) modes,[43] while for the phosphane com-
plexes 3a–e the corresponding absorption appears around
1010 cm–1. The dinuclear complexes 4a–c give rise to one
band associated with the C=CS2 double bonds at around
1500 cm–1. The expected ν(C=CS2) band[61] arising from the
(tBu-fy)=CS2

2– ligand in complexes 5a–d occurs in the
range 1482–1490 cm–1, while for the CuII complex (Pr4N)26
it is observed at 1480 cm–1 and for the CuIII salts Q7 at
1548 (Pr4N+) or 1552 cm–1 (PPN+). We have previously
shown that the variations in the energies of the ν(C=CS2)
bands can be attributed to the oxidation state of the metal
center and the nature of the ligands attached to it, which
affect the strength of the π component of the C=CS2

bond.[28] Usually, a higher oxidation state and/or the pres-
ence of weaker donor ligands increase the energy of the
ν(C=CS2) band, which is consistent with the high energy
observed for the CuIII complex. The spectra of the salts Q7
also show one intense band at 416 (Pr4N+) or 420 cm–1

(PPN+) assignable to the ν(Cu–S) mode.
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Electronic Absorption Spectra

The UV/Visible absorption spectra of compounds 2–7
were measured in the range 200–700 nm in CH2Cl2 at
298 K. All of them display the bands arising from the aro-
matic part of the dithioato or dithiolato ligands at around
230, 260–270 and 300 nm.[28] The bands above 300 nm are
listed in Table 4. The low intensity band centered at about
360 nm for dithioato complexes 3a–d is probably the result
of the modification of the band observed for the free dithio-
ate 1b at 346 nm, which arises from n–π* transitions within
the CS2

– group. In the case of 3e (L2 = dppm) this band
appears at 391 nm. The spectrum of compound 2 shows
two very broad bands at 393 and 438 nm, which are proba-
bly also related to these transitions.

Table 4. Electronic absorption data for compounds 2–7 in CH2Cl2
solution (ca. 5×10–5 ) at 298 K (λ � 300 nm).

Compound λ [nm] (ε [–1 cm–1])

2 393, 438[a]

3a 353 (5200)
3b 360 (6000)
3c 356 (6800)
3d 357 (6100)
3e 391 (4100)
4a 369 (20900), 409 (24600), 467 (sh, 9000)
4b 372 (sh, 20700), 407 (22700), 500 (sh, 7800)
4c 367 (19800), 403 (29100), 452 (sh, 9300)
5a 415 (sh, 36300), 435 (42200)
5b 418 (sh, 36900), 440 (48000)
5c 411 (sh, 31700), 442 (37400)
5d 423 (sh, 63800), 442 (76800)

(Pr4N)26 399 (36800), 430 (62500)
Pr4N7 376 (16200), 397 (43600), 451 (64100)
PPN7 377 (29900), 397 (51300), 451 (67100)

[a] Accurate concentration and ε values could not be measured for
this compound because of its very low solubility.

The absorptions of complex 4a above 300 nm occur as
broad, medium-intensity bands at 369 and 409 nm, with a
shoulder at 467 nm. The analogous complexes 4b and 4c
show a very similar pattern. The probable origins of these
bands are intraligand transitions associated with the C=CS2

units and ligand-to-metal charge-transfer transitions
(LMCT), which are usually observed in this region for CuI

complexes with sulfur donor ligands.[62]

The spectra of the dithiolato complexes 5a–d display a
very intense absorption band at around 440 nm, with a
shoulder on the higher energy slope between 411 and
420 nm. Very similar absorptions have been observed for
neutral AuI–phosphane complexes containing the (fluoren-
9-yliden)methanedithiolato ligand or its substituted deriva-
tives (415 nm), which are assignable to LMCT transi-
tions.[28]

The absorption spectra of the CuIII salts Q7 are almost
identical and show two medium intensity bands at 377 and
397 nm and a very intense band at 450 nm. The two higher
energy bands appear with very little differences from those
in the spectra of other square-planar AuIII and PtII com-
plexes containing the (tBu-fy)=CS2

2– ligand and can be as-
signed to intraligand transitions associated with the C=CS2
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unit. The lowest-energy band can be assigned to a metal-to-
ligand charge-transfer (MLCT) transition by analogy with
other isoelectronic bis(dithiolato) complexes.[24] The AuIII

and PtII complexes with the same dithiolato ligand show
this band at 410[28] or 490 nm,[29] respectively. The absorp-
tion spectrum of the CuII complex (Pr4N)26 is similar to
those of the Q7 salts, except for the lowest-energy band,
which is observed at 430 nm.

Conclusions

The series of complexes [Cu{S2C(tBu-Hfy)}L2] [L =
PPh3 (3a), PCy3 (3b), PiPr3 (3d); L2 = dppf (3c), dppm (3e)]
were prepared by the reaction of the oligomeric compound
[Cun{S2C(tBu-Hfy)}n] (2) with different P ligands. Com-
pounds 3a–c react with atmospheric oxygen in the presence
of NEt3 to give the dinuclear complexes [Cu2{[SC=(tBu-fy)]2-
S}L2] [L = PPh3 (4a), PCy3 (4b); L2 = dppf (4c)], containing
a novel, sulfide-bridged dithiolato ligand, formally resulting
from the condensation of two dithioato ligands with loss of
a sulfide ion and two protons. The proposed reaction path
for the formation of 4a–c involves the initial deprotonation
and oxidation of 3a–c, the formation of a disulfide-bridged
dinuclear species and the subsequent sulfur abstraction by
one of the phosphane ligands. The first family of Cu
complexes with the (2,7-di-tert-butylfluoren-9-ylidene)-
methanedithiolato ligand has been prepared, including a
series of CuI complexes of the type [Cu4{S2C=(tBu-fy)}2L4]
[L = PPh3 (5a), P(C6H4OMe-p)3 (5b), PiPr3 (5d) or L2 =
dppf (5c)] and salts of the CuII complex [Cu{S2C=(tBu-
fy)}2]2– (6) and the CuIII complex [Cu{S2C=(tBu-fy)}2]– (7).

Experimental Section
General Considerations, Materials, and Instrumentation: All reac-
tions were carried out at room temperature under an atmosphere
of nitrogen using Schlenk techniques, except in the cases indicated.
Solvents were dried by standard methods and distilled under nitro-
gen before use. The compounds [Cu(NCMe)4]PF6

[63] and
(pipH)[(tBu-Hfy)CS2][54] (1) were prepared following published
procedures. All other reagents were obtained from commercial
sources and used without further purification. NMR spectra were
recorded on Bruker Avance 200, 300, or 400 spectrometers at
298 K, unless otherwise indicated. Chemical shifts are referenced
to internal TMS (1H and 13C{H}) or external 85% H3PO4

(31P{H}). The assignments of the 1H and 13C{H} NMR spectra
were made with the help of HMBC and HSQC experiments.
Scheme 1 shows the atom numbering of the dithiolato ligand. Melt-
ing points were determined on a Reichert apparatus and are uncor-
rected. Elemental analyses were carried out with a Carlo Erba 1106
microanalyzer. Infrared spectra were recorded in the range 4000–
200 cm–1 on a Perkin–Elmer 16F PC FT-IR spectrophotometer as
Nujol mulls between polyethylene sheets or KBr pellets. UV/Visible
absorption spectra were recorded on an Unicam UV500 spectro-
photometer. FAB mass spectra were recorded on a VG Autospec
500 mass spectrometer using 3-nitrobenzyl alcohol as matrix.

[Cun{S2C(tBu-Hfy)}n] (2): Dithioate 1 (473 mg, 0.99 mmol) was
added to a solution of [Cu(NCMe)4]PF6 (359 mg, 0.96 mmol) in
MeCN (20 mL). An immediate reaction was observed, with forma-
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tion of a dark brown precipitate. The mixture was stirred for 30 min
and the solid collected by filtration, washed with MeCN (2×2 mL),
and vacuum-dried to give 2. Yield: 389 mg (97%), m.p. 184 °C
(dec.). IR (Nujol): ν̃ = 975 cm–1 (CS2). 1H NMR (400.9 MHz,
CDCl3): δ = 7.61 (d, 3JH,H = 8.0 Hz, 2 H, 4-H, 5-H), 7.47 (br., 2
H, 1-H, 8-H), 7.42 (dd, 3JH,H = 8.0, 4JH,H = 1.5 Hz, 2 H, 3-H, 6-
H), 5.68 (s, 1 H, 9-H), 1.29 (s, 18 H, tBu) ppm. 13C{1H} NMR
(50.3 MHz, CDCl3): δ = 259.3 (CS2), 150.5 (C-2, C-7), 144.6 (C-
8a, C-9a), 138.5 (C-4a, C-4b), 125.4 (C-3, C-6), 121.6 (C-1, C-8),
119.2 (C-4, C-5), 71.3 (C-9), 35.0 (CMe3), 31.5 (CMe3) ppm.
C22H25CuS2 (417.12): calcd. C 63.35, H 6.04, S 15.37; found C
62.95, H 6.06, S 15.21.

[Cu{S2C(tBu-Hfy)}(PPh3)2] (3a): PPh3 (90 mg, 0.34 mmol) was
added to a suspension of 2 (64 mg, 0.15 mmol) in CH2Cl2 (15 mL)
and the mixture was stirred for 1 h. Partial evaporation of the re-
sulting orange solution and addition of methanol (15 mL) led to
the precipitation of a pale-pink solid, which was filtered off, washed
with methanol (2×2 mL), and vacuum-dried to give 3a. Yield:
104 mg (72%), m.p. 120 °C (dec.). IR (Nujol): ν̃ = 1011 cm–1 (CS2).
1H NMR (400.9 MHz, CDCl3): δ = 7.84 (s, 2 H, 1-H, 8-H), 7.63
(d, 3JH,H = 8.0 Hz, 2 H, 4-H, 5-H), 7.40 (d, 3JH,H = 7.8 Hz, 2 H,
3-H, 6-H), 7.28–7.22 (m, 18 H, o-H + p-H, Ph), 7.10 (m, 12 H, m-
H, Ph), 5.38 (s, 1 H, 9-H), 1.26 (s, 18 H, tBu) ppm. 13C{1H} NMR
(50.3 MHz, CDCl3): δ = 256.4 (CS2), 149.3 (C-2, C-7), 144.7 (C-
8a, C-9a), 138.5 (C-4a, C-4b), 133.6 (C-1 + C-2, C-6, Ph), 129.3
(C-4, Ph), 128.3 (C-3, C-5, Ph), 124.4 (C-3, C-6), 123.2 (C-1, C-8),
118.8 (C-4, C-5), 71.3 (C-9), 34.9 (CMe3), 31.6 (CMe3) ppm.
31P{1H} NMR (162.3 MHz, CDCl3): δ = 0.66 ppm (br).
C58H55CuP2S2 (941.70): calcd. C 73.98, H 5.88, S 6.81; found C
73.79, H 5.94, S 6.47.

[Cu{S2C(tBu-Hfy)}(PCy3)2] (3b): This salmon-pink compound was
prepared as described for 3a, from 2 (198 mg, 0.47 mmol) and PCy3

(270 mg, 0.96 mmol). Yield: 391 mg (84%), m.p. 120 °C (dec.). IR
(Nujol): ν̃ = 1014 cm–1 (CS2). 1H NMR (400.9 MHz, CDCl3): δ =
7.89 (br., 2 H, 1-H, 8-H), 7.57 (d, 3JH,H = 8.0 Hz, 2 H, 4-H, 5-H),
7.35 (d, 3JH,H = 8.0 Hz, 2 H, 3-H, 6-H), 5.35 (s, 1 H, 9-H), 1.87–
1.55 (m, 30 H, Cy), 1.37 (br. s, 30 H, tBu + Cy), 1.18 (br. s, 24 H,
Cy) ppm. 13C{1H} NMR (300.1 MHz, CDCl3): δ = 251.5 (CS2),
148.8 (C-2, C-7), 145.2 (C-8a, C-9a), 138.5 (C-4a, C-4b), 124.1 (C-
3, C-6), 123.1 (C-1, C-8), 118.5 (C-4, C-5), 71.7 (C-9), 34.9 (CMe3),
33.5 (C-1, Cy), 31.6 (CMe3), 30.1 (C-2, C-6, Cy), 27.8 (C-3, C-5,
Cy), 26.4 (C-4, Cy) ppm. 31P{1H} NMR (162.3 MHz, CDCl3): δ =
12.64 ppm. C58H91CuP2S2 (977.99): calcd. C 71.23, H 9.38, S 6.56;
found C 71.12, H 9.20, S 6.26.

[Cu{S2C(tBu-Hfy)}(dppf)] (3c): dppf (351 mg, 0.63 mmol) was
added to a suspension of 2 (262 mg, 0.63 mmol) in CH2Cl2 (15 mL)
and the mixture was stirred for 1 h. Partial evaporation of the re-
sulting orange solution (5 mL) and addition of pentane (30 mL)
led to the precipitation of an orange solid, which was filtered off,
washed with pentane (2×5 mL), and vacuum-dried to give 3c.
Yield: 541 mg (89%), m.p. 198 °C (dec.). IR (Nujol): ν̃ = 1010 cm–1

(CS2). 1H NMR (400.9 MHz, CDCl3): δ = 7.87 (br. s, 2 H, 1-H, 8-
H), 7.63 (d, 3JH,H = 8.0 Hz, 2 H, 4-H, 5-H), 7.56 (m, 8 H, o-H,
Ph), 7.39 (dd, 3JH,H = 8.0, 4JH,H = 1.3 Hz, 2 H, 3-H, 6-H), 7.32
(m, 4 H, p-H, Ph), 7.23 (m, 8 H, m-H, Ph), 5.48 (s, 1 H, 9-H), 4.27
(br., 4 H, 3-H, 4-H, Cp), 4.14 (br., 4 H, 2-H, 5-H, Cp), 1.21 (s, 18
H, tBu) ppm. 13C{1H} NMR (75.4 MHz, CDCl3): δ = 256.5 (CS2),
149.5 (C-2, C-7), 145.1 (C-8a, C-9a), 138.5 (C-4a, C-4b), 134.8 (vt,
N = 31.0 Hz, C-1, Ph), 133.9 (vt, N = 16.8 Hz, C-2, C-6 Ph), 129.6
(C-4, Ph), 128.3 (vt, N = 9.6 Hz, C-3, C-5, Ph), 124.4 (C-3, C-6),
122.8 (C-1, C-8), 118.7 (C-4, C-5), 77.8 (vt, N = 37.7 Hz, C-1, Cp),
73.9 (vt, N = 10.8 Hz, C-2, C-5, Cp), 71.6 (br., C-9), 71.5 (br., C-
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3, C-4, Cp), 34.8 (CMe3), 31.5 (CMe3) ppm. 31P{1H} NMR
(75.5 MHz, CDCl3): δ = –13.33 ppm. C56H53CuFeP2S2 (971.51):
calcd. C 69.23, H 5.50, S 6.60; found C 69.03, H 5.57, S 6.32.

[Cu{S2C(tBu-Hfy)}(PiPr3)2] (3d): PiPr3 (167 µL, 0.88 mmol) was
added to a suspension of 2 (182 mg, 0.44 mmol) in MeOH (8 mL)
and the mixture was stirred for 2 h. A salmon-pink precipitate
formed, which was filtered off, washed with methanol (2×2 mL),
and vacuum-dried to give 3d. Yield: 269 mg (84%), m.p. 110 °C
(dec.). IR (Nujol): ν̃ = 1012 cm–1 (CS2). 1H NMR (400.9 MHz,
CDCl3): δ = 7.72 (s, 2 H, 1-H, 8-H), 7.58 (d, 3JH,H = 7.9 Hz, 2 H,
4-H, 5-H), 7.36 (d, 3JH,H = 7.9 Hz, 2 H, 3-H, 6-H), 5.46 (s, 1 H, 9-
H), 2.13 (m, 6 H, CHMe2), 1.35 (s, 18 H, tBu), 1.22 (m, 36 H,
CHMe2) ppm. 13C{1H} NMR (75.5 MHz, CDCl3): δ = 252.8
(CS2), 149.1 (C-2, C-7), 145.9 (C-8a, C-9a), 138.4 (C-4a, C-4b),
124.4 (C-3, C-6), 122.1 (C-1, C-8), 118.7 (C-4, C-5), 72.4 (C-9), 34.9
(CMe3), 31.6 (CMe3), 23.6 (CHMe2), 20.1 (CHMe2) ppm. 31P{1H}
NMR (162.3 MHz, CDCl3): δ = 21.93 ppm. C40H67CuP2S2

(737.60): calcd. C 65.14, H 9.16, S 8.69; found: C 65.01, H 9.23, S
8.56.

[Cu{S2C(tBu-Hfy)}(dppm)] (3e): This orange compound was pre-
pared as described for 3c, from 2 (262 mg, 0.63 mmol) and bis(di-
phenylphosphanyl)methane (251 mg, 0.65 mmol). Yield: 415 mg
(82%), m.p. 151 °C (dec.). IR (Nujol): ν̃ = 1010 cm–1 (CS2). 1H
NMR (400.9 MHz, CDCl3): δ = 7.70 (br., 2 H, 1-H, 8-H), 7.59 (d,
3JH,H = 8.0 Hz, 2 H, 4-H, 5-H), 7.35 (d, 3JH,H = 8.0 Hz, 2 H, 3-H,
6-H), 7.20 (br. m, 8 H, o-H, Ph), 7.13 (br. m, 4 H, p-H, Ph), 6.96
(br. m, 8 H, m-H, Ph), 5.61 (s, 1 H, 9-H), 3.00 (s, 2 H, CH2), 1.23
(s, 18 H, tBu) ppm. 13C{1H} NMR (75.5 MHz, CDCl3): δ = 256.1
(CS2), 149.3 (C-2, C-7), 145.8 (C-8a, C-9a), 141.8 (C-4a, C-4b),
138.4 (C-1, Ph), 135.0 (C-2, C-6 Ph), 129.1 (C-4, Ph), 128.1 (C-3,
C-5, Ph), 124.2 (C-3, C-6), 122.4 (C-1, C-8), 118.7 (C-4, C-5), 71.4
(C-9), 34.8 (CMe3), 31.6 (CMe3) (CH2 of dppm not observed) ppm.
31P{1H} NMR (162.3 MHz, CDCl3): δ = –12.42 ppm.
C47H47CuP2S2 (801.52): calcd. C 70.43, H 5.91, S 8.00; found C
70.18, H 6.21, S 7.76.

[Cu2{[SC=(tBu-fy)]2S}(PPh3)2] (4a). Method A: NEt3 (22 µL,
0.17 mmol) was added to a suspension of 3a (160 mg, 0.17 mmol)
in MeCN (10 mL) and the mixture was stirred under atmospheric
conditions for 4 h. The poorly soluble starting material slowly re-
acted to give a green solution, from which a yellowish orange solid
gradually precipitated. The suspension was cooled to –15 °C and
the solid collected by filtration and washed with cold MeCN
(3×4 mL). Recrystallization from CH2Cl2/MeCN gave orange
crystals of 4a, which turned red upon drying under vacuum. Yield:
76 mg (67%).
Method B: A solid mixture of 3a (203 mg, 0.22 mmol) and 1,4-
benzoquinone (12 mg, 0.11 mmol) was suspended in MeCN
(10 mL) and stirred for 7 h under an atmosphere of nitrogen. The
reaction took place gradually to give a yellowish orange precipitate,
which was isolated and purified as described for method A to give
red crystals of 4a. Yield: 104 mg (73%), m.p. 145 °C (dec.). IR (Nu-
jol): ν̃ = 1506 cm–1 (C=CS2). 1H NMR (400.9 MHz, CDCl3): δ =
9.64, 8.66 (both d, 4JH,H = 1.4 Hz, 2 H each, 1-H, 8-H), 7.48, 7.40
(both d, 3JH,H = 8.0 Hz, 2 H each, 4-H, 5-H), 7.24–7.16 (m, 10 H,
3-H, 6-H + C-4, Ph), 7.06 (m, 12 H, C-2, C-6, Ph), 6.94 (m, 12 H,
C-3, C-5, Ph), 1.25, 1.14 (both s, 18 H each, tBu) ppm. 13C{1H}
NMR (75.45 MHz, CDCl3): δ = 148.9, 148.8 (C-2, C-7), 140.1,
139.1 (C-8a, C-9a), 138.8 (br., CS2), 136.4, 136.2 (C-4a, C-4b),
133.5 (d, 2JC,P = 15.0 Hz, C-2, C-6, Ph), 132.0 (C-9), 130.9 (d, 1JC,P

= 38.4 Hz, C-1, Ph), 129.8 (C-4, Ph), 128.4 (d, 3JC,P = 10.0 Hz, C-
3, C-5, Ph), 123.8, 123.7, 123.0, 122.9 (C-1, C-8, C-3, C-6), 118.1,
117.9 (C-4, C-5), 34.9, 34.8 (CMe3), 31.6, 31.4 (CMe3) ppm.
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31P{1H} NMR (162.3 MHz, CDCl3): δ = 7.38 ppm. C80H78Cu2P2S3

(1324.7): calcd. C 72.53, H 5.94, S 7.26; found C 72.56, H 5.88, S
7.03.

[Cu2{[SC=(tBu-fy)]2S}(PCy3)2] (4b): NEt3 (30 µL, 0.24 mmol) was
added to a suspension of 3b (215 mg, 0.22 mmol) in MeCN (8 mL)
and the mixture was stirred under atmospheric conditions for 4 h.
A red precipitate gradually formed, which was filtered off and
washed with MeCN (3×4 mL). The crude product was recrys-
tallized from CH2Cl2/MeCN and vacuum-dried to give 4b as a red
microcrystalline solid. Yield: 113 mg (75%), m.p. 134 °C (dec.). IR
(KBr): ν̃ = 1498, 1486 cm–1 (C=CS2). 1H NMR (400.9 MHz,
CDCl3): δ = 9.61, 8.55 (both d, 4JH,H = 1.5 Hz, 2 H each, 1-H, 8-
H), 7.61, 7.57 (both d, 3JH,H = 8.0 Hz, 2 H each, 4-H, 5-H), 7.33,
7.20 (both dd, 3JH,H = 8.0 Hz, 4JH,H = 1.5 Hz, 2 H each, 3-H, 6-
H), 1.67 (br. m, 6 H, CH, Cy), 1.60 (br. m, 24 H, CH2, Cy), 1.42,
1.19 (both s, 18 H each, tBu), 1.16–0.99 (br. m, 36 H, CH2, Cy)
ppm. 13C{1H} NMR (75.45 MHz, CDCl3): δ = 148.9, 148.7 (C-2,
C-7), 140.9 (C-8a, C-9a), 140.6 (br., CS2), 139.5 (C-8a, C-9a), 136.5,
135.8 (C-4a, C-4b), 131.7 (C-9), 123.8, 123.5, 122.9, 122.5 (C-1, C-
8, C-3, C-6), 117.9, 117.8 (C-4, C-5), 35.1, 34.9 (CMe3), 32.1 (d,
1JC,P = 16.8 Hz, C-1, Cy), 31.8, 31.6 (CMe3), 30.1 (vdd, N =
44.1 Hz, C-2, C-6, Cy), 27.4 (d, 3JC,P = 11.0 Hz, C-3, C-5, Cy), 25.9
(C-4, Cy) ppm. 31P{1H} NMR (162.3 MHz, CDCl3): δ = 21.9 ppm.
C80H114Cu2P2S3 (1361.0): calcd. C 70.60, H 8.44, S 7.07; found C
70.37, H 8.63, S 7.84.

[Cu2{[SC=(tBu-fy)]2S}(dppf)] (4c): NEt3 (21 µL, 0.17 mmol) was
added to a suspension of 3c (160 mg, 0.16 mmol) in MeCN (8 mL)
and the mixture was stirred for 24 h. The reaction took place grad-
ually to give a brown suspension. The solvent was removed under
vacuum and the residue was stirred in CH2Cl2 (10 mL) for 7 h. The
dark-brown solution was filtered through Celite and concentrated
to about 4 mL. Addition of acetone (12 mL) led to the slow precipi-
tation of an orange solid, which was filtered off, washed with ace-
tone (3 ×2 mL), and vacuum-dried to give 4c. Yield: 57 mg (51%),
m.p. 200 °C (dec.). IR (Nujol): ν̃ = 1504 cm–1 (C=CS2). 1H NMR
(400.9 MHz, CDCl3): δ = 9.71, 8.69 (both d, 4JH,H = 1.5 Hz, 2 H
each, 1-H, 8-H), 7.77 (m, 4 H, o-H, Ph), 7.46–7.37 (m, 8 H, 4-H,
5-H + m-H, p-H, Ph), 7.27 (d, 3JH,H = 8.0 Hz, 2 H, 4-H, 5-H), 7.23
(dd, 4JH,H = 1.7, 3JH,H = 8.0 Hz, 2 H, 3-H, 6-H), 7.14–7.09 (m, 4
H, 3-H, 6-H + p-H, Ph), 6.83 (m, 4 H, m-H, Ph), 6.52 (m, 4 H, o-
H, Ph), 5.34 (br., 2 H, Cp), 4.22 (br., 2 H, Cp), 3.94 (br., 2 H, Cp),
3.47 (br., 2 H, Cp), 1.25, 1.24 (both s, 18 H each, tBu) ppm.
13C{1H} NMR (100.8 MHz, CDCl3): δ = 149.0, 148.6 (C-2, C-7),
140.2 (t, 3JC,P = 4.1 Hz, CS2), 140.0, 139.1 (C-8a, C-9a), 136.3 (C-
4a, C-4b), 134.4 (d, 2JC,P = 15.5 Hz, C-2, C-6, Ph), 132.4 (d, 1JC,P

= 38.5, C-1, Ph), 131.0 (d, 2JC,P = 14.5 Hz, C-2, Ph), 130.65 (C-4,
Ph), 130.63 (C-9), 128.9 (C-4, Ph), 128.4 (d, 3JC,P = 10.4 Hz, C-3,
C-5, Ph), 128.2 (d, 3JC,P = 9.7 Hz, C-3, C-5, Ph), 123.7, 123.6,
123.2, 123.0 (C-1, C-8, C-3, C-6), 118.3, 117.9 (C-4, C-5), 80.2 (br.
d, JC,P = 27.8 Hz, CH, Cp), 72.9 (d, JC,P = 3.4 Hz, CH, Cp), 72.7
(d, 1JC,P = 44.1 Hz, C-1, Cp), 71.9 (d, JC,P = 9.9 Hz, CH, Cp),
71.4 (br., CH, Cp), 34.94, 34.89 (CMe3), 31.62, 31.60 (CMe3) ppm.
31P{1H} NMR (162.3 MHz, CDCl3): δ = –1.39 ppm. C78H76Cu2-
FeP2S3 (1354.5): calcd. C 69.16, H 5.66, S 7.10; found C 69.28, H
5.77, S 6.91.

[Cu4{S2C=(tBu-fy)}2(PPh3)4] (5a): A solid mixture of [Cu-
(NCMe)4]PF6 (239 mg, 0.64 mmol), PPh3 (177 mg, 0.67 mmol),
and 1 (163 mg, 0.34 mmol) was suspended in MeCN (15 mL) and
treated with piperidine (36 µL, 0.36 mmol). The resulting orange
suspension was stirred for 1 h, whereupon a yellow precipitate
formed, which was filtered off, washed with MeCN (3×5 mL), and
vacuum dried to give 5a as a bright-yellow microcrystalline solid.
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Yield: 228 mg (71%), m.p. 123 °C (dec.). IR (KBr): ν̃ = 1482 cm–1

(C=CS2). 1H NMR (400.9 MHz, CDCl3): δ = 9.37 (d, 4JH,H =
1.4 Hz, 4 H, 1-H, 8-H), 7.60 (d, 3JH,H = 7.9 Hz, 4 H, 4-H, 5-H),
7.25–7.18 (m, 28 H, 3-H, 6-H + o-H, Ph), 6.97 (t, 3JH,H = 7.3 Hz,
12 H, p-H, Ph), 6.72 (t, 3JH,H = 7.0 Hz, 24 H, m-H, Ph), 1.03 (s,
36 H, tBu) ppm. 13C{1H} NMR (75.4 MHz, CDCl3): δ = 157.9
(br., CS2), 147.7 (C-2, C-7), 140.9 (C-8a, C-9a), 135.7 (C-4a, C-4b),
133.8 (d, 2JC,P = 14.6 Hz, C-2, C-6, Ph), 133.3 (C-9), 132.6 (d, 1JC,P

= 30.7 Hz, C-1, PPh3), 129.3 (C-4 PPh3), 128.2 (d, 3JC,P = 9.1 Hz,
C-3, C-5, PPh3), 124.8 (C-1, C-8), 121.3 (C-3, C-6), 116.9 (C-4, C-
5), 34.8 (CMe3), 31.8 (CMe3) ppm. 31P{1H} NMR (162.3 MHz,
CDCl3): δ = –4.04 ppm. C116H108Cu4P4S4 (2008.5): calcd. C 69.37,
H 5.42, S 6.39; found C 69.16, H 5.56, S 6.25.

[Cu4{S2C=(tBu-fy)}2{P(C6H4OMe-p)3}4] (5b): This yellow com-
pound was obtained as described for 5a, from [Cu(NCMe)4]PF6

(235 mg, 0.63 mmol), 1 (152 mg, 0.32 mmol), and tri-p-methoxy-
phenylphosphane (227 mg, 0.64 mmol). Yield: 331 mg (89%), m.p.
167 °C (dec.). IR (KBr): ν̃ = 1498 cm–1 (C=CS2). 1H NMR
(400.9 MHz, CDCl3): δ = 9.53 (d, 4JH,H = 1.4 Hz, 4 H, 1-H, 8-H),
7.63 (d, 3JH,H = 7.9 Hz, 4 H, 4-H, 5-H), 7.19 (m, 28 H, 3-H, 6-H
+ o-H, C6H4OMe-p), 6.24 (d, 3JH,H = 7.8 Hz, 24 H, m-H,
C6H4OMe-p), 3.45 (s, 36 H, OMe), 1.02 (s, 36 H, tBu) ppm.
13C{1H} NMR (100.8 MHz, CDCl3): δ = 160.2 (C-4, C6H4OMe-
p), 148.0 (C-2, C-7), 141.3 (C-8a, C-9a), 135.4 (C-4a, C-4b), 135.2
(d, 2JC,P = 16.2 Hz, C-2, C-6, C6H4OMe-p), 132.6 (C-9), 125.2 (C-
1, C-8), 124.5 (d, 1JC,P = 35.0 Hz, C-1, C6H4OMe-p), 120.9 (C-3,
C-6), 117.0 (C-4, C-5), 113.9 (d, 3JC,P = 10.2 Hz, C-3, C-5,
C6H4OMe-p), 54.8 (OMe), 34.8 (CMe3), 31.7 (CMe3) ppm; CS2

not observed. 31P{1H} NMR (162.3 MHz, CDCl3): δ = –8.26 ppm.
C128H132Cu4P4S4 (2176.8): calcd. C 64.90, H 5.62, S 5.41; found C
64.66, H 5.68, S 5.36.

[Cu4{S2C=(tBu-fy)}2(dppf)2] (5c): This yellowish orange microcrys-
talline compound was obtained as described for 5a, from
[Cu(NCMe)4]PF6 (234 mg, 0.63 mmol), dithioate 1 (154 mg,
0.32 mmol), and dppf (177 mg, 0.32 mmol). The product was puri-
fied by recrystallization from CH2Cl2/acetone and dried at 60 °C
for 4 h. Yield: 255 mg (78%), m.p. 198 °C (dec.). IR (KBr): ν̃ =
1490 cm–1 (C=CS2). 1H NMR (400.9 MHz, CDCl3): δ = 9.54 (d,
4JH,H = 1.5 Hz, 4 H, 1-H, 8-H), 7.71 (d, 3JH,H = 7.9 Hz, 4 H, 4-H,
5-H), 7.46 (br., 16 H, o-H, Ph), 7.23 (dd, 3JH,H = 7.9, 4JH,H =
1.5 Hz, 4 H, 3-H, 6-H), 7.12 (br., 8 H, p-H, Ph), 6.91 (br., 16 H,
m-H, Ph), 4.80 (br., 8 H, Cp), 3.86 (br., 8 H, Cp), 1.06 (s, 36 H,
tBu) ppm. 13C{1H} NMR (100.8 MHz, CDCl3): δ = 157.5 (app t,
3JC,P = 8.5 Hz, CS2), 148.1 (C-2, C-7), 141.1 (C-8a, C-9a), 135.8
(C-4a, C-4b), 134.3 (br., C-1, Ph), 133.9 (C-9), 133.2 (br., C-2, C-
6, Ph), 129.2 (C-4, Ph), 128.2 (d, 3JC,P = 9.3 Hz, C-3, C-5, Ph),
124.9 (C-1, C-8), 121.6 (C-3, C-6), 117.3 (C-4, C-5), 74.1 (d, 2JC,P

= 36.6 Hz, C-1, Cp), 71.6 (d, 3JC,P = 5.2 Hz, CH, Cp), 34.9 (CMe3),
31.9 (CMe3) ppm. 31P{1H} NMR (162.3 MHz, CDCl3): δ =
–14.49 ppm. C112H104Cu4Fe2P4S4 (2068.1): calcd. C 65.05, H 5.07,
S 6.20; found C 65.01, H 5.22, S 6.05.

[Cu4{S2C=(tBu-fy)}2(PiPr3)4] (5d): This bright-yellow microcrystal-
line compound was obtained as described for 5a, from [Cu-
(NCMe)4]PF6 (335 mg, 0.90 mmol), 1 (214 mg, 0.45 mmol), and
PiPr3 (172 µL, 0.90 mmol). Yield: 241 mg (67%), m.p. 171 °C
(dec.). IR (KBr): ν̃ = 1482 cm–1 (C=CS2). 1H NMR (400.9 MHz,
CDCl3): δ = 9.61 (s, 4 H, 1-H, 8-H), 7.60 (d, 3JH,H = 7.8 Hz, 4 H,
4-H, 5-H), 7.18 (d, 3JH,H = 7.8 Hz, 4 H, 3-H, 6-H), 1.98 (m, 12 H,
CHMe2), 1.35 (s, 36 H, tBu), 1.14 (m, 72 H, CHMe2) ppm. 31P{1H}
NMR (162.3 MHz, CDCl3): δ = 22.85 ppm. C80H132Cu4P4S4

(1600.27): calcd. C 60.04, H 8.31, S 8.01; found C 59.86, H 8.32, S
7.69.
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Table 5. Crystallographic data for 3a, 3c·CH2Cl2, 4a·4Me2CO, and 4c·CH2Cl2.

3a 3c·CH2Cl2 4a·4Me2CO 4c·CH2Cl2

Formula C58H55CuP2S2 C57H55Cl2CuFeP2S2 C92H102Cu2O4P2S3 C79H78Cl2Cu2FeP2S3

Mol. wt. 941.62 1056.36 1556.94 1439.36
T [K] 100(2) 100(2) 133(2) 133(2)
λ [Å] 0.71073 0.71073 0.71073 0.71073
Cryst syst orthorhombic orthorhombic triclinic monoclinic
Space group P212121 Pbca P1̄ P21/n
a [Å] 9.9445(5) 15.2475(4) 13.901(2) 16.998(2)
b [Å] 19.6841(9) 18.7570(5) 17.245(2) 18.785(2)
c [Å] 24.5657(12) 35.9456(11) 18.922(2) 21.544(2)
α [°] 90 90 103.664(5) 90
β [°] 90 90 96.463(5) 96.539(4)
γ [°] 90 90 100.832(5) 90
V [Å3] 4808.7(4) 10280.3(5) 4270.0(9) 6834.8(13)
Z 4 8 2 4
ρcalcd. [Mgm–3] 1.301 1.365 1.211 1.399
µ [mm–1] 0.646 0.980 0.657 1.087
R1

[a] 0.0414 0.0584 0.0495 0.0558
wR2

[b] 0.1046 0.1321 0.1372 0.1374

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo| for reflections with I � 2σ(I). [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}0.5 for all reflections; w–1 = σ2(F2) + (aP)2 +

bP, where P = (2Fc
2 + Fo

2)/3 and a and b are constants set by the program.

(Pr4N)2[Cu{S2C=(tBu-fy)}2] [(Pr4N)26]: A previously degassed
1.0  solution of (Pr4N)OH in water (0.60 mL, 0.60 mmol) and a
solution of Cu(ClO4)2·6H2O (85 mg, 0.23 mmol) in MeCN (5 mL)
were added successively to a solution of 1 (234 mg, 0.49 mmol) in
MeCN (10 mL). Reaction was observed to give a dark-brown sus-
pension, which was stirred for 5 min. The supernatant was de-
canted and the precipitate was washed with MeCN (3×5 mL) and
vacuum-dried to give (Pr4N)26 as a brown powder. Yield: 208 mg
(79%), m.p. 237 °C (dec.). IR (KBr): ν̃ = 1480 cm–1 (C=CS2).
C68H104CuN2S4 (1141.4): calcd. C 71.56, H 9.18, N 2.45, S 11.24;
found C 71.36, H 9.23, N 2.50, S 11.45.

Pr4N[Cu{S2C=(tBu-fy)}2] (Pr4N7): A solution of 1 (607 mg,
1.27 mmol) in MeCN (15 mL) was treated successively with a 1.0 

solution of (Pr4N)OH in water (1.4 mL, 1.4 mmol) and Cu-
(ClO4)2·6H2O (228.7 mg, 0.617 mmol). The resulting brown sus-
pension was stirred for 2.5 h under atmospheric conditions, where-
upon a green precipitate formed, which was filtered off, washed
with MeCN (3×3 mL), and vacuum-dried to give Pr4N7. Yield:
544 mg (92%), m.p. 233 °C (dec.). IR (Nujol): ν̃ = 1548 cm–1

(C=CS2), 416 (Cu–S). 1H NMR [400.9 MHz, (CD3)2CO]: δ = 8.46
(d, 4JH,H = 1.3 Hz, 4 H, 1-H, 8-H), 7.68 (d, 3JH,H = 8.0 Hz, 4 H,
4-H, 5-H), 7.29 (dd, 3JH,H = 8.0, 4JH,H = 1.7 Hz, 4 H, 3-H, 6-H),
3.31 (m, 8 H, NCH2), 1.78 (m, 8 H, CH2), 1.39 (s, 36 H, tBu),
0.95 (t, 3JH,H = 7.2 Hz, 12 H, Me, Pr4N+) ppm. 13C{1H} NMR
[75.5 MHz, (CD3)2CO]: δ = 154.1 (CS2), 149.6 (C-2, C-7), 140.2
(C-8a, C-9a), 135.7 (C-4a, C-4b), 128.2 (C-9), 122.8 (C-3, C-6),
120.7 (C-1, C-8), 119.2 (C-4, C-5), 35.4 (CMe3), 32.1 (CMe3) ppm.
C56H76CuNS4 (955.03): calcd. C 70.43, H 8.02, N 1.47, S 13.43;
found C 70.66, H 8.29, N 1.50, S 13.79.

PPN[Cu{S2C=(tBu-fy)}2] (PPN7): Piperidine (46 µL, 0.46 mmol)
and CuCl2·2H2O (34 mg, 0.20 mmol) were added successively to a
solution of 1 (212 mg, 0.45 mmol) and PPNCl (130 mg, 0.23 mmol)
in MeCN (15 mL). The resulting red solution was stirred for 1 h
under atmospheric conditions, after which time a green solid pre-
cipitated. The product was filtered off, washed with ethanol
(3×2 mL) and diethyl ether (2 mL), and vacuum-dried to give
PPN7. Yield: 184 mg (63%), m.p. 238 °C (dec.). IR (Nujol): ν̃ =
1552 cm–1 (C=CS2), 420 (Cu–S). 1H NMR [400.9 MHz, (CD3)2-
CO]: δ = 8.46 (d, 4JH,H = 1.4 Hz, 4 H, 1-H, 8-H), 7.72–7.65 (m, 22
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H, 4-H, 5-H + PPN+), 7.56–7.51 (m, 12 H, PPN+), 7.28 (dd, 4JH,H

= 1.7, 3JH,H = 8.0 Hz, 4 H, 3-H, 6-H), 1.38 (s, 36 H, tBu) ppm.
13C{1H} NMR [75.5 MHz, (CD3)2CO]: δ = 154.3 (CS2), 149.6 (C-
2, C-7), 140.3 (C-8a, C-9a), 135.7 (C-4a, C-4b), 128.2 (C-9), 122.7
(C-3, C-6), 120.7 (C-1, C-8), 119.1 (C-4, C-5), 35.4 (CMe3), 32.1
(CMe3) ppm. C80H78CuNS4 (1245.3): calcd. C 73.50, H 6.01, N
1.07, S 9.81; found: C 73.50, H 5.80, N 1.10, S 9.52.

X-ray Structure Determinations: Crystals of 3a, 3c·CH2Cl2,
4a·4Me2CO, and 4c·CH2Cl2 suitable for X-ray diffraction studies
were obtained from chloroform/pentane (3a), CH2Cl2/hexane (3e),
acetone/hexane (4a), or CH2Cl2/pentane (4c). Numerical details are
presented in Table 5. The structures of 3a and 3c were measured
on a Bruker Smart APEX diffractometer, and those of 4a and 4c
on a Bruker SMART 1000 CCD diffractometer. Data were col-
lected using monochromated Mo-Kα radiation in ω-scan mode.
The structures were solved by direct methods and refined aniso-
tropically on F2 using the program SHELXL-97 (G. M. Sheldrick,
University of Göttingen, Germany). Restraints to local aromatic
ring symmetry or light-atom displacement factor components were
applied in some cases. The methyl groups were refined using rigid
groups, and the other hydrogen atoms were refined using a riding
model. Special features of refinement: For compound 3a, the Flack
parameter is 0.047(10). For compounds 3c, 4a, and 4c the Me
groups of one tBu group are disordered over two positions. The
solvent in the crystals of 4a was so badly resolved that no sensible
refinement model could be developed. For this reason the program
SQUEEZE (A. L. Spek, University of Utrecht, Netherlands) was
used to remove the effects of the solvent mathematically. The sol-
vent content of four acetone molecules is only an approximate esti-
mate. The dichloromethane molecule in 4c is disordered over two
positions.
CCDC-277675 (3a) -277674 (3c·CH2Cl2), -277676 (4a·4Me2CO),
and -277673 (4c·CH2Cl2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Positive ion FAB mass spectra of 5a–d.
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Alkyl-chloro ligand exchange by the reaction of
[TaCp*R2{O·B(C6F5)3}] (R = CH2Ph, Me) with Ph3CCl gave
the monoalkyl compounds [TaCp*RCl{O·B(C6F5)3}] (R =
CH2Ph, Me). Insertion of CNAr (Ar = 2,6-Me2C6H3) and CO
into a Ta–C bond of the mono- and dialkyl complexes gave
the iminoacyl compounds [TaCp*X{η2-C(R)=NAr}{O·B-
(C6F5)3}] (X = R = CH2Ph, Me; X = Cl, R = CH2Ph) and the
acyl compounds [TaCp*X{η2-C(R)=O}{O·B(C6F5)3}] (X = R =
CH2Ph, Me; X = Cl, R = CH2Ph), respectively. The related
chloro compound [TaCp*Cl{η2-C(Me)=NAr}{O·B(C6F5)3}]
was isolated from the reaction of the oxo derivative

Introduction

The formation of C–C bonds through insertion of isocy-
anides (CNR) and carbon monoxide (CO) into M–C bonds
is well-documented, and this reaction initially affords imi-
noacyl and acyl complexes, respectively.[1] For a given metal
atom, the stability and further evolution of these com-
pounds are determined by the nature of the ancillary li-
gands. Many reaction pathways may follow to give a broad
variety of products:[1] (a) migratory insertion of a second
alkyl or aryl group to give η2-imine or η2-ketene com-
plexes;[2–5] (b) intra- or intermolecular coupling of imi-
noacyl or acyl units affording diaza- or dioxobutene com-
plexes;[6,7] (c) transfer of the NR or O moieties to the metal
centre;[8–11] (d) insertion of a second CNR[12–16] or CO[17]

molecule into the new M–C bond formed after the first in-
sertion process and (e) hydrogen migration.[18,19]

We reported the results of our studies on the insertion
reactions of CNR into the Ta–C(methyl) bond of monocy-
clopentadienyl complexes of the type [TaCp*ClxMe4–x][8–10]

for which processes (a) and (c) were observed. Similar
reactions with imido compounds of the type
[TaCp*MeX(NtBu)] (X = Cl, Me, OR, NHtBu) gave
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28871 Alcalá de Henares, Madrid, Spain
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[‡] X-ray diffraction studies.
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[TaCp*Cl{η2-C(Me)=NAr}(O)] with the Lewis acid B(C6F5)3.
Addition of CNAr or pyridine to [TaCp*(CH2Ph){η2-
C(CH2Ph)=NAr}{O·B(C6F5)3}] afforded the borane-free com-
plex [TaCp*(CH2Ph){η2-C(CH2Ph)=NAr}(O)] and the acid-
base adduct L·B(C6F5)3 (L = py, CNAr). The molecular struc-
tures of [TaCp*Cl{η2-C(Me)=NAr}{O·B(C6F5)3}] and
[TaCp*(CH2Ph){η2-C(CH2Ph)=O}{O·B(C6F5)3}] were ob-
tained from X-ray diffraction studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the imine-η2-iminoacyl derivatives [TaCp*(NtBu)X{η2-
C[C(Me)=NR]=NR}].[20] With regard to the CO insertion
reactions, double migration of the alkyl group [process (a)]
was observed for [TaCp*Cl2Me2],[10] whereas the coupling
of the acyl groups [process (b)] occurred for
[TaCp*Me2(NR)] (R = 2,6-Me2C6H3) to give the dinuclear
compound [TaCp*(NR)Me]2{µ-η2-OC(Me)=C(Me)O},[10]

and ligand exchange [process (c)] for complexes
[TaCp*ClMe(NR)] (R = 2,6-Me2C6H3,[10] tBu)[11] led to the
oxo compounds [TaCp*Cl(O){η2-C(Me)=NR}]. Further-
more, the η2-(methyl)acyl complexes remained elusive and
were only detected as intermediates by NMR spectroscopy,
whereas the related η2-iminoacyl complexes are stable.

It was observed that for monocyclopentadienyl imido
tantalum derivatives addition of a second CNR molecule
into the iminoacyl compounds [TaCp*(NR)X{η2-
C(Me)=NR}] (R = 2,6-Me2C6H3, tBu; X = Cl, Me) re-
sulted in differing behaviours depending on the R group
of the imido ligand. No reaction was found for R = 2,6-
Me2C6H3,[10] whereas a second insertion occurred for R =
tBu.[20] Conversely, the imido complexes [TaCp*MeX(NR)]
(R = 2,6-Me2C6H3, tBu; X = Cl, Me) reacted with CO to
give the dinuclear compound [TaCp*(NR)Me]2{µ-η2-OC-
(Me)=C(Me)O} for X = Me[10] and one of the few mononu-
clear derivatives [TaCp*Cl(O){η2-C(Me)=NR}] containing
a terminal tantalum-oxo double bond for X = Cl.[10,11]

The versatility and potential applications of all these re-
sults determined by the R and X substituents of the imido
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complexes [TaCp*MeX(NR)] led us to extend our studies
to similar insertion reactions of CNR and CO into the Ta–
alkyl bonds of the related oxo-borane compounds
[TaCp*X2{O·B(C6F5)3}] that have recently been isolated.[21]

Results and Discussion

The monoalkyl oxo-borane compounds
[TaCp*RCl{O·B(C6F5)3}] (R = CH2Ph 1c, Me 1d) were
synthesised by an alkyl-chloro metathesis reaction of
[TaCp*R2{O·B(C6F5)3}] (R = CH2Ph 1a, Me 1b) with
one equiv. of Ph3CCl as chlorinating agent (Scheme 1). The
reaction for 1c proceeded smoothly at room temperature to
give a pale yellow solid in good yield, whereas complex 1d
could not be isolated in the solid state. The formation of 1d
was demonstrated on a small scale by 1H NMR spec-
troscopy with a C6D6 solution of 1b that was treated with
Ph3CCl and heated to 40 °C. All attempts made to obtain
the monomethyl complex through alkylation of
[TaCp*Cl2{O·B(C6F5)3}] and redistribution reactions
between [TaCp*Cl2{O·B(C6F5)3}] and [TaCp*Me2{O·B-
(C6F5)3}] failed. The 11B and 19F NMR spectra of com-
plexes 1c and 1d are consistent with the presence of a tetra-
coordinate boron atom,[21–31] and the 1H NMR spectra
with the monosubstitution of only one of the alkyl ligands.

Scheme 1.

The alkyl complexes [TaCp*R2{O·B(C6F5)3}] (R =
CH2Ph 1a, Me 1b) and [TaCp*(CH2Ph)Cl{O·B(C6F5)3}]
(1c) immediately reacted at room temperature with
one equiv. of the isocyanide CNAr (Ar = 2,6-Me2C6H3)
to give the corresponding η2-iminoacyl compounds
[TaCp*X{η2-C(R)=NAr}{O·B(C6F5)3}] (X = R = CH2Ph
2a, Me 2b; X = Cl, R = CH2Ph 2c) in high yields by inser-
tion of the isocyanide ligand into a Ta–C bond (Scheme 1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 127–132128

These pale yellow complexes are air and thermally stable in
solution. The 13C NMR resonance at ca. δ = 240 ppm is
the most apparent spectroscopic feature and confirms the
presence of the η2-iminoacyl ligand in complexes 2.

We previously reported[10] on the isolation of the related
oxo complex [TaCp*Cl{η2-C(Me)=NAr}(O)] from the re-
action of the monomethyl compound [TaCp*ClMe(NAr)]
with CO through a process that involved insertion of CO
into the Ta–Me bond and further rearrangement of the η2-
acyl intermediate with intramolecular oxo-imido exchange.
Since the starting oxo-borane chloro-methyl complex could
not be isolated, thus preventing access to the oxo-borane
compound [TaCp*Cl{η2-C(Me)=NAr}{O·B(C6F5)3}] (2d)
by insertion of CNAr into the Ta–C bond of the corre-
sponding alkyl-chloro compound, we tried to obtain this
compound by an alternative route. With this aim, we inves-
tigated the reaction of the oxo iminoacyl compound
[TaCp*Cl{η2-C(Me)=NAr}(O)] with B(C6F5)3, which af-
forded 2d in high yield. The formation of 2d was confirmed
by 13C and 19F NMR spectroscopy. The 13C NMR spec-
trum shows the resonance corresponding to the Csp2 atom
of the η2-iminoacyl ligand (δ = 240.1 ppm) to be slightly
low-field shifted with respect to that of the starting com-
pound [TaCp*Cl{η2-C(Me)=NAr}(O)] (δ = 236.8 ppm). An
analogous behaviour was observed in the 1H NMR spec-
trum for the methyl-iminoacyl group, which was shifted
from δ = 2.65 ppm in [TaCp*Cl{η2-C(Me)=NAr}(O)] to δ
= 2.94 ppm in 2d.

The molecular structure of compound [TaCp*Cl{η2-
C(Me)=NAr}{O·B(C6F5)3}] (Ar = 2,6-Me2C6H3) (2d) was
obtained by X-ray diffraction studies. Figure 1 depicts an
ORTEP drawing of 2d with selected bond lengths and
angles. Compound 2d exhibits the typical geometry known
for group 5 half-sandwich iminoacyl compounds with a tet-
rahedral coordination environment around the tantalum
atom. Considering the centroid of the Cp* ring and the
midpoint of the C(10)–N bond as coordination sites, the
other two positions are occupied by the chloro and oxo li-
gands. The N atom of the η2-iminoacyl group is located in
a trans position with respect to the oxo ligand, as in analo-
gous half-sandwich imido complexes and in [TaCp*Cl{η2-
C(Me)=NAr}(O)]. Furthermore, the oxygen atom is at-
tached to the boron atom of the B(C6F5)3 group.

All the values of the bond lengths and angles of com-
pound 2d are very close to the corresponding bond lengths
and angles found for the parent compound [TaCp*Cl{η2-
C(Me)=NAr}(O)][10] except for the Ta–O bond, which is
longer in [TaCp*Cl{η2-C(Me)=NAr}(O)] [1.731(7) Å] than
in 2d [1.809(5) Å] as a consequence of the coordination of
the oxygen atom to the B(C6F5)3 ligand.[21,23–28,30,31] The
linear Ta–O–B angle [174.4(6)°] and the B–O bond length
[1.52(1) Å] are typical of oxo-borane compounds.[21–31] The
Ta–O bond in 2d is longer than that in the oxo-borane com-
pound [TaCp*Cl2{O·B(C6F5)3}][21] [1.784(2) Å]. This bond
length is similar to the lower end of the range of Ta–O bond
lengths for compounds with Ta–O–Ta bridges (1.82–2.10 Å)
[32–35] and with terminal Ta–OH bonds (1.85–1.97 Å).[36–38]

However, the single bond Ta–O distances are ca. 2.18 Å,
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Figure 1. ORTEP diagram of the X-ray structure of compound 2d.
Thermal ellipsoids are drawn at the 50% level, and hydrogen atoms
and C6F5 groups have been omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ta–O 1.809(5), Ta–N 2.127(7), Ta–C(10)
2.120(9), Ta–Cl 2.392(2), B–O 1.525(11), N–C(10) 1.26(1), N–Ta–
C(10) 34.5(3), C(10)–N–Ta 72.4(5), N–C(10)–Ta 73.1(5), B–O–Ta
174.4(6).

and thus a bond order of two should be considered for the
Ta–O bond in 2d.

The reaction of the dialkyl [TaCp*R2{O·B(C6F5)3}] (R
= CH2Ph 1a, Me 1b) and the monobenzyl [TaCp*(CH2Ph)-
Cl{O·B(C6F5)3}] (1c) complexes with CO in toluene gave
the η2-acyl compounds [TaCp*X{η2-C(R)=O}{O·B-
(C6F5)3}] (X = R = CH2Ph 3a, Me 3b; X = Cl, R = CH2Ph
3c) after ca. 24 h at room temperature in moderate yields
(Scheme 1). These pale yellow compounds were air and
thermally stable below 120 °C for several hours. The 13C
NMR spectra showed a resonance at ca. δ = 305 ppm corre-
sponding to the Csp2 atom of the η2-acyl fragment. The
slowness of the insertion reactions of CO is in contrast with
the rapid transformations observed for complexes 1 with
isocyanide and the behaviour observed[10,11] for the reac-
tions of the imido compounds [TaCp*MeX(NR)] (R = 2,6-
Me2C6H3, tBu; X = Cl, Me) with CO. This difference may
be attributed to the lower oxophilicity of the tantalum atom
in compounds 1 that is caused by the presence of the oxo
ligand.

The X-ray structure of compound 3a is shown in Fig-
ure 2. The environment around the Ta atom is analogous
to that described for compound 2d (see above) with the oxy-
gen atom of the acyl group located trans to the oxo-borane
ligand, as expected. The Ta–O(1) bond length of 1.816(2) Å
is similar to that observed for compound 2d, and the O(1)–
B bond length [1.512(4) Å] and Ta–O(1)–B angle [173.0(2)°]
have values that are normally seen for these types of com-
pounds.[21–31]

The whole set of angles and bond lengths of the [Ta-(η2-
acyl)] group is in line with compounds of this type[1] and
is similar to those found in the other two tantalum-acyl
complexes for which X-ray structures are known,
[TaCp*Me{η2-C(CH2CMe2Ph)=O}{N(2,6-Me2C6H3)}][39]

and [TaCp*Cl3{η2-C(CH2CMe3)=O}].[40] However, in the
particular case of the isostructural imido derivative
[TaCp*Me{η2-C(CH2CMe2Ph)=O}{N(2,6-Me2C6H3)}], the
Ta–O bond [2.21(1) Å] is slightly longer than the corre-
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Figure 2. ORTEP diagram of the X-ray structure of compound 3a.
Thermal ellipsoids are drawn at the 50% level, and hydrogen atoms
and C6F5 groups have been omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ta–O(1) 1.816(2), Ta–O(2) 2.110(3), Ta–
C(1) 2.229(4), Ta–C(2) 2.011(3), B–O(1) 1.512(4), O(2)–C(2)
1.209(4), O(2)–Ta–C(2) 34.02(12), C(2)–O(2)–Ta 68.5(2), O(2)–
C(2)–Ta 77.5(2), B–O(1)–Ta 173.02(19).

sponding bond in compound 3a [2.110(3) Å], because of the
different trans effect and higher donor capacity of the imido
ligand.

The insertion of a second CNAr or CO molecule into
these new acyl and iminoacyl oxo-borane complexes was
not observed, in contrast with the behaviour observed for
the analogous tert-butyl imido complexes.[20] Rather, all
complexes 2–3 released the acid-base adduct L·B(C6F5)3 (L
= py, CNAr) in the presence of donor ligands such as isocy-
anide or pyridine.[41] Only in the case of compound 2a were
we able to isolate the borane-free 18-electron compound
[TaCp*(CH2Ph){η2-C(CH2Ph)=NAr}(O)] (4a), with a ter-
minal oxo-tantalum bond. The remaining oxo-borane com-
plexes decomposed under similar conditions. The 13C NMR
spectrum of the new oxo iminoacyl compound 4a showed
the η2-iminoacyl Csp2 resonance at δ = 240.3 ppm. A com-
parison of this 13C resonance and that assigned to the CH2–
iminoacyl group in the 1H NMR spectrum with the corre-
sponding resonances in the parent compound 2a, showed
a behaviour that is opposite to that observed for 2d and
[TaCp*Cl{η2-C(Me)=NAr}(O)].

Conclusions

The dialkyl oxo-borane compounds [TaCp*R2{O·B-
(C6F5)3}] can be transformed into the monoalkyl deriva-
tives [TaCp*RX{O·B(C6F5)3}] by alkyl-chloro exchange
with Ph3CCl. All of these complexes reacted with one mole-
cule of isocyanide or carbon monoxide to give the η2-imi-
noacyl or η2-acyl compounds, respectively. No further in-
sertion processes have been observed. This behaviour is
analogous to that observed for the imido compounds
[TaCp*MeX(NR)] (R = 2,6-Me2C6H3; X = Cl, Me), al-
though in the oxo-borane compounds the insertion of CO
gave stable η2-acyl derivatives because of the presence of a
Ta–O multiple bond, which prevents further rearrangement.
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Experimental Section
All manipulations were carried out under argon, and solvents were
distilled from appropriate drying agents. NMR spectra were re-
corded at 300.13 (1H NMR), 188.31 (19F NMR), 75.47 (13C NMR)
and 128.38 Hz (11B NMR) at room temperature with a Varian
Unity 300 (1H, 13C, 19F) or Bruker Advance 400 (11B NMR) instru-
ment. Chemical shifts (δ, CDCl3) are given in ppm, relative to in-
ternal TMS (1H and 13C NMR), and external CFCl3 (19F NMR)
and BF3·OEt2 (11B NMR). Elemental analyses were performed
with a Perkin–Elmer 240C instrument. Compounds
[TaCp*Me4],[42] [TaCp*(CH2Ph)2{O·B(C6F5)3}],[21] [TaCp*Me2-
{O·B(C6F5)3}],[21] [TaCp*Cl{η2-C(Me)=NAr}(O)][10] and B-
(C6F5)3

[43] were prepared by literature methods, and H2O·B-
(C6F5)3

[44] was prepared from H2O and B(C6F5)3 in toluene at
room temperature and used in situ without further purification.

[TaCp*Cl(CH2Ph){O·B(C6F5)3}] (1c): A suspension of Ph3CCl
(0.14 g, 0.50 mmol) and [TaCp*(CH2Ph)2{O·B(C6F5)3}] (1a)
(0.50 g, 0.49 mmol) in toluene (5 mL) was stirred overnight at room
temperature, with a colour change from yellow to brown. Later, all
volatile components were removed under vacuum until the volume
was ca. 1 mL, leaving a dark oil that was washed with hexane
(2×10 mL) to yield 1c as a brownish solid (0.36 g, 76%).
C35H22BClF15OTa (970.75): calcd. C 43.31, H 2.28; found C 42.99,
H 2.25. 1H NMR: δ = 2.14 (s, 15 H, C5Me5), 2.52 (d, 2JH,H =
14.0 Hz, 1 H, CH2Ph), 2.80 (d, 2JH,H = 14.0 Hz, 1 H, CH2Ph), 6.74
(m, 2 H, C6H5), 7.02 (m, 3 H, C6H5) ppm. 11B NMR: δ = 0.10
[O·B(C6F5)3] ppm; 13C NMR{1H}: δ = 11.5 (C5Me5), 82.3
(CH2Ph), 125.7 (C5Me5), 127.1 (C6H5), 128.2 (C6H5),128.3 (C6H5),
131.4 (C6H5), 135.0 (C6F5), 138.3 (C6F5), 145.9 (C6F5), 149.1
(C6F5) ppm; 19F NMR: δ = –132.9 (o-C6F5), –157.7 (p-C6F5),
–163.3 (m-C6F5) ppm.

[TaCp*ClMe{O·B(C6F5)3}] (1d): A solution of Ph3CCl (0.080 g,
0.028 mmol) and [TaCp*Me2{O·B(C6F5)3}] (1d) (0.025 g,
0.028 mmol) in C6D6 was heated at 45 °C for 18 h. Total transfor-
mation of 1b to 1d was then observed. 1H NMR (C6D6): δ = 1.26
(s, 3 H, Ta–Me), 2.13 (s, 15 H, C5Me5) ppm. 11B NMR (C6D6): δ
= 0.05 [O·B(C6F5)3] ppm. 19F NMR (C6D6): δ = –133.0 (o-C6F5),
–157.2 (p-C6F5), –163.3 (m-C6F5) ppm.

[TaCp*(CH2Ph){η2-C(CH2Ph)=NAr}{O·B(C6F5)3}] (Ar = 2,6-
Me2C6H3) (2a): A solution of [TaCp*(CH2Ph)2{O·B(C6F5)3}] (1a)
(0.50 g, 0.49 mmol) in toluene (5 mL) was treated with CNAr
(0.065 g, 0.50 mmol), and the mixture was stirred for 1 h at room
temperature. All volatile components were removed under vacuum,
and the remaining solid was washed with hexane (2×10 mL) to
give 2a as a white solid (0.49 g, 87%). C51H38BF15NOTa (1157.59):
calcd. C 52.91, H 3.31, N 1.21; found C 52.67, H 3.21, N 1.09. 1H
NMR: δ = 1.34 (s, 3 H, Me2C6H3), 1.41 (s, 3 H, Me2C6H3), 1.93
(s, 15 H, C5Me5), 2.78 (d, 2JH,H = 12.5 Hz, 1 H, Ta–CH2Ph), 2.93
(d, 2JH,H = 12.5 Hz, 1 H, Ta–CH2Ph), 4.46 (d, 2JH,H = 17.4 Hz, 1
H, C–CH2Ph), 4.56 (d, 2JH,H = 17.4 Hz, 1 H, C–CH2Ph), 6.47–
7.03 (m, 13 H, C6H3 and C6H5) ppm. 13C NMR{1H}: δ = 11.1
(C5Me5), 17.6 (Me2C6H3), 18.8 (Me2C6H3), 42.2 (C–CH2Ph), 54.8
(Ta–CH2Ph), 120.1 (C5Me5), 123.5–149.2 (C6H5, Me2C6H3 and
C6F5), 237.7 (Ta–C=N) ppm. 19F NMR: δ = –130.7 (o-C6F5),
–158.3 (p-C6F5), –163.8 (m-C6F5) ppm. IR (KBr): ν̃ = 1601
(C=N) cm–1.

[TaCp*Me{η2-C(Me)=NAr}{O·B(C6F5)3}] (Ar = 2,6-Me2C6H3)
(2b): The procedure used for 2a, but starting from
[TaCp*Me2{O·B(C6F5)3}] (1b) (0.50 g, 0.57 mmol) and CNAr
(0.079 g, 0.060 mmol), gave 2b (0.52 g, 91%). C39H30BF15NOTa
(1005.41): calcd. C 46.59, H 3.09, N 1.39; found C 46.40, H 3.00,
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N 1.28. 1H NMR: δ = 0.79 (s, 3 H, Ta–Me), 1.48 (s, 3 H, Me2C6H3),
1.69 (s, 3 H, Me2C6H3), 1.95 (s, 15 H, C5Me5), 2.72 (s, 3 H, C–
Me), 7.06 (m, 2 H, Me2C6H3), 7.13 (m, 1 H, Me2C6H3) ppm. 13C
NMR{1H}: δ = 11.0 (C5Me5), 17.2 (Me2C6H3), 18.6 (Me2C6H3),
20.0 (Ta–Me), 31.6 (C–Me), 118.7 (C5Me5), 127.6–148.8 (Me2C6H3

and C6F5), 238.3 (Ta–C=N) ppm. 19F NMR: δ = –131.7 (o-C6F5),
–158.4 (p-C6F5), –163.8 (m-C6F5) ppm. IR (KBr): ν̃ = 1629
(C=N) cm–1.

[TaCp*Cl{η2-C(CH2Ph)=NAr}{O·B(C6F5)3}] (Ar = 2,6-Me2C6H3)
(2c): The procedure used for 2a, but starting from
[TaCp*Cl(CH2Ph){O·B(C6F5)3}] (1c) (0.50 g, 0.52 mmol) and
CNAr (0.072 g, 0.55 mmol), gave 2c (0.51 g, 89%).
C44H31BClF15NOTa (1101.91): calcd. C 47.96, H 2.84, N 1.27;
found 47.00, H 2.75, N 1.24. 1H NMR: δ = 1.55 (s, 3 H, Me2C6H3),
1.64 (s, 3 H, Me2C6H3), 2.09 (s, 15 H, C5Me5), 4.59 (d, 2JH,H =
18.5 Hz, 1 H, C–CH2Ph), 4.72 (d, 2JH,H = 18.5 Hz, 1 H, C–
CH2Ph), 6.76–7.06 (m, 8 H, C6H3 and C6H5) ppm. 13C NMR{1H}:
δ = 11.4 (C5Me5), 17.8 (Me2C6H3), 21.4 (Me2C6H3), 43.3 (C–
CH2Ph), 123.2 (C5Me5), 125.3–149.2 (C6H5, Me2C6H3 and C6F5),
236.7 (Ta–C=N) ppm. 19F NMR: δ = –130.6 (o-C6F5), –157.9 (p-
C6F5), –163.4 (m-C6F5) ppm. IR (KBr): ν̃ = 1644 (C=N) cm–1.

[TaCp*Cl{η2-C(Me)=NAr}{O·B(C6F5)3}] (Ar = 2,6-Me2C6H3) (2d):
A solution of [TaCp*Cl{η2-C(Me)=NAr}(O)] (0.25 g, 0.49 mmol)
and B(C6F5)3 (0.28 g, 0.51 mmol) in toluene (5 mL) was stirred at
room temperature for 1 h. Later, the solution was filtered, layered
with hexane (5 mL) and cooled to –10 °C, obtaining 2d as yellow
crystals (0.40 g, 74%). C38H27BClF15NOTa·(C7H8)2 (1210.09):
calcd. C 51.61, H 3.58, N 1.16; found C 51.01, H 3.22, N 1.19. 1H
NMR: δ = 1.62 (s, 3 H, Me2C6H3), 1.91 (s, 3 H, Me2C6H3), 2.18
(s, 15 H, C5Me5), 2.94 (s, 3 H, C–Me), 7.13 (m, 2 H, Me2C6H3),
7.20 (m, 1 H, Me2C6H3) ppm. 13C NMR{1H}: δ = 11.5 (C5Me5),
17.6 (Me2C6H3), 19.2 (C–Me), 21.1 (Me2C6H3), 113.3 (C5Me5),
128.7–149.4 (Me2C6H3 and C6F5), 240.1 (Ta–C=N) ppm. 19F
NMR: δ = –131.5 (o-C6F5), –158.4 (p-C6F5), –164.0 (m-C6F5) ppm.
IR (KBr): ν̃ = 1638 (C=N) cm–1.

[TaCp*(CH2Ph){η2-C(CH2Ph)=O}{O·B(C6F5)3}] (3a): A flask con-
taining a solution of [TaCp*(CH2Ph)2{O·B(C6F5)3}] (1a) (0.50 g,
0.49 mmol) in toluene (10 mL) was charged with CO, and the mix-
ture was stirred for 24 h at room temperature. The solution was
then filtered, all volatile components were removed under vacuum
to leave ca. 4 mL of solution and the solution was layered with
hexane (4 mL) and cooled to –10 °C to give 3a as yellow crystals
(0.39 g, 70%). C43H29BF15O2Ta·C7H8 (1146.56): calcd. C 52.38, H
3.25; found C 52.43, H 3.17. 1H NMR: δ = 1.88 (s, 15 H, C5Me5),
2.54 (d, 2JH,H = 12.1 Hz, 1 H, Ta–CH2Ph), 2.70 (d, 2JH,H =
12.1 Hz, 1 H, Ta–CH2Ph), 4.59 (d, 2JH,H = 19.4 Hz, 1 H, C–
CH2Ph), 4.88 (d, 2JH,H = 19.4 Hz, 1 H, C–CH2Ph), 6.70–6.90 (m,
6 H, C6H5), 7.20–7.45 (m, 4 H, C6H5) ppm. 13C NMR{1H}: δ =
10.8 (C5Me5), 49.2 (C–CH2Ph), 60.0 (Ta–CH2Ph), 120.0 (C5Me5),
123.5–148.9 (C6H5 and C6F5), 306.9 (Ta–C=O) ppm. 19F NMR: δ
= –133.0 (o-C6F5), –157.7 (p-C6F5), –163.4 (m-C6F5) ppm. IR
(KBr): ν̃ = 1643 (C=O) cm–1.

[TaCp*Me{η2-C(Me)=O}{O·B(C6F5)3}] (3b): The procedure used
for 3a, but starting from [TaCp*Me2{O·B(C6F5)3}] (1b) (0.50 g,
0.57 mmol) and CO, gave 3b as a white solid (0.41 g, 80%).
C31H21BF15O2Ta (902.23): calcd. C 41.27, H 2.35; found C 40.87,
H 2.30. 1H NMR: δ = 0.81 (s, 3 H, Ta–Me), 1.90 (s, 15 H, C5Me5),
3.23 (s, 3 H, C–Me) ppm. 13C NMR{1H}: δ = 10.6 (C5Me5), 28.7
(Ta–Me), 37.6 (C–Me), 119.4 (C5Me5), 134.3–149.8 (C6F5), 313.8
(Ta–C=O) ppm. 19F NMR: δ = –133.2 (o-C6F5), –157.7 (p-C6F5),
–163.4 (m-C6F5). IR (KBr): ν̃ = 1644 (C=O) cm–1.
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[TaCp*Cl{η2-C(CH2Ph)=O}{O·B(C6F5)3}] (3c): The procedure
used for 3a, but starting from [TaCp*Cl(CH2Ph){O·B(C6F5)3}] (1c)
(0.50 g, 0.52 mmol) and CO, gave 3c as a yellowish solid (0.40 g,
78%). C36H22BClF15O2Ta (998.76): calcd. C 43.29, H 2.22; found
C 43.17, H 2.24. 1H NMR: δ = 2.05 (s, 15 H, C5Me5), 4.41 (d,
2JH,H = 19.0 Hz, 1 H, C–CH2Ph), 4.91 (d, 2JH,H = 19.0 Hz, 1 H,
C–CH2Ph), 7.05–7.40 (m, 5 H, C6H5) ppm. 13C NMR{1H}: δ =
10.5 (C5Me5), 49.2 (C–CH2Ph), 123.7 (C5Me5), 127.8–130.0
(C6H5), 135.8, 138.3, 139.2, 141.7, 146.8 and 150.1 (C6F5), 310.5
(Ta–C=O) ppm. 19F NMR: δ = –132.5 (o-C6F5), –156.9 (p-C6F5),
–162.9 (m-C6F5) ppm. IR (KBr): ν̃ = 1658 (C=O) cm–1.

[TaCp*(CH2Ph){η2-C(CH2Ph)=NAr}(O)] (Ar = 2,6- Me2C6H3)
(4a): A solution of [TaCp*(CH2Ph){η2-C(CH2Ph)=NAr}-
{O·B(C6F5)3}] (2a) (0.25 g, 0.22 mmol) in toluene (5 mL) was
treated with pyridine (0.026 g, 0.33 mmol), and the mixture was
stirred for 2 h at room temperature. All volatile components were
removed under vacuum until ca. 1 mL remained, and hexane
(10 mL) was added to precipitate a white solid that was washed
with a hexane/toluene mixture (2×10 mL, 9:1) to give 4a (0.10 g,
72%). C33H38NOTa (645.62): calcd. C 61.39, H 5.93, N 2.17; found
C 61.00, H 5.83, N 2.21. 1H NMR: δ = 1.25 (s, 3 H, Me2C6H3),
1.72 (d, 2JH,H = 11.9 Hz, 1 H, Ta–CH2Ph), 1.80 (s, 3 H, Me2C6H3),
1.99 (s, 15 H, C5Me5), 2.77 (d, 2JH,H = 11.9 Hz, 1 H, Ta–CH2Ph),
3.75 (d, 2JH,H = 17.6 Hz, 1 H, C–CH2Ph), 4.25 (d, 2JH,H = 17.6 Hz,
1 H, C–CH2Ph), 6.50–7.26 (m, 13 H, C6H3 and C6H5) ppm. 13C
NMR{1H}: δ = 10.9 (C5Me5), 17.2 (Me2C6H3), 18.4 (Me2C6H3),
39.3 (C–CH2Ph), 48.8 (Ta–CH2Ph), 121.1 (C5Me5), 126.1–149.8
(C6H5 and Me2C6H3), 240.3 (Ta–C=N) ppm. IR (KBr): ν̃ = 1631
(C=N) cm–1.

Crystal Structure Determination for 2d and 3a: Selected crystals
were covered with perfluoropolyether oil and mounted on a Nonius
KAPPA-CCD single crystal diffractometer. The crystal structure
was solved by direct methods and refined using full-matrix least-
squares on F2 (SHELXL-97). All non-hydrogen atoms were aniso-
tropically refined. Hydrogen atoms were geometrically placed and
left riding on their parent atoms. Two molecules of toluene crystal-

Table 1. Crystallographic data for compounds 2d and 3a.

Compound 2d 3a

Empirical formula C52H43BClF15NOTa C50H37BF15O2Ta
Formula mass 1210.08 1146.56
λ [Å] 0.71069 0.71069
Crystal system triclinic triclinic
Space group P1̄ P1̄
T [K] 200(2) 150(2)
a [Å] 9.565(1) 12.739(2)
b [Å] 13.7547(3) 13.171(2)
c [Å] 19.545(3) 15.104(2)
α [°] 77.483(7) 88.20(1)
β [°] 79.50(1) 82.58(2)
γ [°] 71.389(4) 63.20(1)
V [Å3] 2361.1(5) 2242.1(6)
Z 2 2
Calcd. density [mgm–3] 1.572 1.698
Absorption coefficient [mm–1] 2.478 2.555
θ range [°] 3.52–27.50 3.61–27.50
Reflections collected/unique reflections 13375/8067 19150/10201
R(int.) 0.0863 0.0228
Data/restraints/parameters 8067/3/586 10201/239/622
GOF 1.101 1.042
Final R indices R1 = 0.0575 R1 = 0.0292
[I � 2σ(I)] wR2 = 0.1211 wR2 = 0.0678
Largest diff. peak/hole [eÅ–3] 1.596/–1.899 1.303/–1.364
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lised with every molecule of 2d; both solvent molecules were found
in the difference Fourier map but one of them was very disordered
and it was not possible to get a chemically sensible model for it, so
the Squeeze procedure[45] was used to remove its contribution to
the structural factors. In 3a some restraints on the solvent molecule
were applied. Crystal data for both compounds are given in
Table 1. CCDC-272817 (for 2d) and CCDC-272818 (for 3a) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A new discrete supramolecular pseudo-helicate has been ob-
tained from a saturated heterotopic methylbipyrazyl–methyl-
bipyridyl ligand strand and NiCl2. The X-ray structure of the
dinuclear complex shows the 2-oxapropylene bridge oxygen
atoms are engaged in coordination to the octahedral metal
centre and a selective ligand inter-strand orientation is pro-
moted in the complex. The crystal packing shows a perfect
regular linear arrangement of the asymmetric units giving a

Introduction

Over the last ten years of intensive research, numerous
supramolecular architectures obtained by self-assembly
processes have been reported in the literature, and several
reviews[1–6] give an overview of these compounds and their
properties. Looking at exploratory investigations, one can
see that the didentate heterocyclic 2,2�-bipyridine ligand has
played a central role in the spontaneous formation of the
main, from simple to sophisticated, supramolecular inor-
ganic architectures.[7,8] A variety of discrete and highly or-
ganised species have been obtained by means of ligands de-
signed to afford a well-defined architecture of a single type
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packing of interacting molecules having well-defined rect-
angular and polygonal open channels. Although a paramag-
netic behaviour is observed above 10 K, below this tempera-
ture a significant deviation of this behaviour suggests the
presence of an NiII–NiII magnetic coupling.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

with given metal ions.[7,8] Famous examples in the literature
involve oligobipyridine strands, which lead to double-
stranded, triple-stranded or circular helical complexes de-
pending on the metal ion coordination geometry and the
nature of the spacer between the bipyridine nuclei.[9–12] Re-
cently, we have studied the self-assembly of sequential 2-
oxapropylene-bridged bipyridine–bidiazine ligand strands
with tetracoordinate metal ions into selectively oriented H-
H (head-to-head) or H-T (head-to-tail) double-stranded
helicates.[13,14]

Results and Discussion

As far as we know no supramolecular inorganic architec-
tures obtained by spontaneous self-assembly of sequential
2-oxapropylene-bridged bipyridine–bidiazine ligand strands
with an NiII cation have been reported in the literature. The
formation of the metal complexes was monitored by UV/
Vis spectrophotometric titration of a solution of the hetero-
topic bipyridine–bipyrazine ligand 1[13,14] at room temp.
with NiCl2 (Figure 1) in dry acetonitrile.
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Figure 1. Spectrophotometric titration of the ligand 1 (10–4 ) with NiCl2 (6×10–3 ) in MeCN: (A) UV/Vis absorption spectra; (B) plot
of absorbance vs. added salt at 330 nm; (C) calculated ligand speciation curves in CH3CN for ligand 1 and [NiII/ligand 1] in the range
0.1–3.0.

The titration spectra of ligand 1 display two successive
isosbestic points between 220 and 400 nm over the complete
titration range. On the addition of NiCl2, a red shift of the
absorption spectrum occurs, and a strong absorption and a
marked shoulder appear distinctly and successively at λmax

= 315 (ε = 21500) and 333 nm (ε = 12600), thereby indicat-
ing the effective coordination of the NiII ions. The titration
plot [Figure 1(B)] shows the formation of a first species
with a composition of approximately one Ni ion for 1 equiv.
of 1, in agreement with the X-ray structure of the isolated
nickel complex 2. This is followed by the appearance of a
second species upon addition of a second equivalent of NiII

to reach a composition of about two Ni atoms for every
equivalent of 1. UV titration and analysis of the data indi-
cate that the second species could be the complex [Ni4(1)2-
Cl8], which corresponds to coordination of the remaining
nitrogen sites (Figure 2). The binding constants log(βml) for
the species MmLl were calculated with the SPECFIT pro-
gram:[15] [Ni2(1)2Cl4] log(β22) = 34.5±0.5; [Ni3(1)2Cl6]
log(β32) = 41.6±1.4; [Ni4(1)2Cl8] log(β42) = 51.0±2.3. The
distribution curves computed from the formation constants
show that the [Ni2(1)2Cl4] and [Ni4(1)2Cl8] complexes are
formed quantitatively for M/L = 1 and 2, respectively. Ac-
cording to the speciation [Figure 1(C)], the formation of
[Ni3(1)2Cl6] can be neglected.

Figure 2. Proposed structure of the complex [Ni4(1)2Cl8].

ES-MS studies of the MeCN or CH2Cl2 solutions re-
vealed the presence of ions that could be assigned to

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 133–136134

[{Ni2(1)2Cl2}]2+, [{Ni2(1)2Cl3}]+ and [{Ni3(1)2Cl5}]+ (all
charges were confirmed by partial mass isotopomer distri-
butions and corresponding simulated profiles). This shows
unambiguously that the discrete complex 2 contains two
ligands and two NiII ions.

The Ni complex 2 crystallises in the centrosymmetric P1̄
space group. The asymmetric unit contains one nickel ion,
one bipyridine (bpy) and one bipyrazine (bpz) ligand. The
two parts of the dinuclear Ni helicate are related by a centre
of inversion, as shown in the ORTEP[16] diagram (Figure 3).
In this double-stranded complex, each Ni ion is in a
pseudo-octahedral coordination that involves two chlorine
anions, two nitrogen atoms of the bipyridine ligand, one
nitrogen atom of the bipyrazine molecule and the bridging
oxygen atom, which means that the bpz N4, N5 and N6
nitrogen atoms are not connected to any metal centre. The
metal–ligand bonds are Ni–N1 = 2.010(6), Ni–N2 =
2.113(5), Ni–N3 = 2.242(7), Ni–O1 = 2.290(5), Ni–Cl2 =
2.327(2) and Ni–Cl1 = 2.369(2) Å.

Figure 3. ORTEP drawing of the NiII complex (H atoms have been
omitted for clarity). Thermal ellipsoids are at the 50% probability
level.

The distorted octahedra of Ni are characterised by in-
ternal angles varying from 74.9(2)° (N1–Ni–O1) to 94.7(1)°
(Cl1–Ni–Cl2). In comparison, Ni–N bonds with bpy li-
gands are found in the range from 2.060 to 2.078 Å in the
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bis[3,6-(dipyrid-2-ylmethyl)pyridazine]nickel dinuclear hel-
icate,[17] where the metal ion is also octahedrally coordi-
nated. In our Ni complex, the bpy ligand is rigorously
planar whereas the bpz one has an N5–C–C–N4 torsion
angle of –162.4(7)° (see Figure 3). The metal–metal distance
in our Ni complex is 6.96 Å and is much longer than those
found in our previous Ag and Cu helicate structures.[13,14]

Figure 4 depicts the crystal packing of the (bpy–bpz)Ni
complex. The regular linear arrangement of the helicates

Figure 4. Crystal packing viewed along the b axis (Ni bonds are in
bold).

Figure 5. (A, left) DC magnetic susceptibility temperature product vs. temperature. The straight line corresponds to the behaviour expected
in a paramagnetic regime. (B, right) Magnetic moment vs. applied field/temperature ratio for different temperatures. The lines between
dots are guides for the eyes. The continuous line corresponds to a Brillouin function calculated for two isolated S = 1 nuclei (see text).
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along the b axis gives rise to open rectangular and polygo-
nal channels in the structure. The closest ligand distances
found are between two bpy moieties (5.96 Å).

Monocrystal Magnetic Properties

Both the magnetic moment and the AC and DC mag-
netic susceptibility (χ) of single crystals of the nickel com-
plex 2 were investigated from 2 K to room temperature.
Above 100 K the sample magnetic moment is lower than
the diamagnetic signal originating from the sample holder
and so is close to zero (� 2×10–7Am2). A plot of the χT
product vs. T is shown in Figure 5(A) for temperatures be-
tween 2 K and 100 K. Figure 5(B) presents the measured
magnetic moment vs. the field/temperature ratio for dif-
ferent applied fields and temperatures. The χT product is
constant from 100 K to about 10 K and the magnetic mo-
ment vs. the field/temperature ratio curves are superim-
posed. This suggests a simple paramagnetic behaviour in
this temperature range. Below 10 K, χT varies strongly with
the temperature, indicating that the sample is not in a para-
magnetic regime anymore. This is confirmed by the data set
presented in Figure 5(B). Indeed, the magnetic moment vs.
the field/temperature curves are not superimposed anymore
below 10 K. The continuous line presented in Figure 5(B)
is the Brillouin function calculated for two isolated S = 1
nuclei with a Landé factor of g = 2.57. Below 10 K, the
measured magnetic moment is always smaller than ex-
pected, suggesting an antiferromagnetic interaction.

Recently, weak magnetic exchange between two NiII me-
tal centres operating in some diazine complexes over six
bonds and over large Ni–Ni internuclear distances up to
6.6 Å has been reported.[18] It is interesting to note that
such a weak coupling is maintained at higher internuclear
distances in our case, with values of 6.9 Å for the intra-
helicate Ni–Ni distance and up to 9.4 Å for the inter-helic-
ate distance.
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Conclusions

In contrast to previously reported double-stranded hel-
icates, afforded by the self-assembly of tetracoordinate cat-
ions and homotopic or heterotopic bis(didentate) ligands,
the nickel cation gives a new discrete assembly involving
oxygen atoms of the 2-oxapropylene bridges and two chlo-
rine atoms in a hexacoordinate mode with the metal ion,
and so satisfies the “maximum occupation of sites” prin-
ciple. Moreover, as observed previously with the same het-
erotopic sequence,[13,14] one can notice a selective inter-
strand orientation which promotes exclusively NiII coordi-
nation between a bipyrazine and a bipyridine unit in the
system. From a magnetic point of view, both observation
of a simple paramagnetic behaviour and the deviation from
this behaviour below 10 K suggest the presence of a weak,
antiferromagnetic NiII–NiII interaction. In light of these
first results, and in order to build a new library of supramo-
lecular systems, complexation studies with other ligands
and potentially hexacoordinated metal centres along with
deeper investigations of their physical properties are now
underway.

Experimental Section
General Remarks: The synthesis of heterotopic ligand 1 has been
described by us previously.[13] UV/Vis spectra were recorded with a
UVmC2 Safas spectrometer. Mass spectra (ES) were recorded with
a Micromass Platform spectrometer. Elemental analyses were ob-
tained with a Perkin–Elmer 240C CHN-O-S analyser.

[Ni2(1)2Cl4] (2): NiCl2·6H2O (31 mg, 0.13 mmol) was added to the
ligand 1 (50 mg, 0.13 mmol) in anhydrous CH3CN (10 mL) under
argon. The green solution was stirred at room temp. and, after
evaporation of the solvent, the solid residue was crystallised by
slow diffusion of diethyl ether into an acetonitrile/chloroform solu-
tion. After 2 d, suitable green crystals were obtained. UV/Vis
(CH3CN): λmax (ε) = 298 nm (28300), 315 (23500), 333 (shoulder)
(12600). ESI MS: m/z = 1122.2 [{Ni3(1)2Cl5}]+, 992.6 [{Ni2(1)2-
Cl3}]+, 478.6 [{Ni2(1)2Cl2}]2+. C44H40Cl4N12Ni2O2 (1029.4): calcd.
C 51.29, H 3.88, N 16.32; found C 50.85, H 3.95, N 15.97.

Magnetic Measurements: Both the magnetic moment and the DC
magnetic susceptibility (χ) of single crystals of the Ni2+ pseudo-
helicate were investigated from 2 K up to room temperature. The
sample mass was 2.4 mg. The magnetic moment evolution with
temperature (denoted T as mentioned above) was monitored by
SQUID magnetometry in a magnetic field of 0.1 T. The small mag-
netic contribution originating from the substrate holder was sub-
tracted from the analysed data.

X-ray Crystallographic Study: The crystal structure of
C44H40Cl4N12Ni2O2 [ρcalcd. = 1.61 gcm–3, µ(Mo-Kα) = 1.19 mm–1]
was determined from a single-crystal X-ray diffraction experiment
performed with an Enraf–Nonius CAD-4F diffractometer (Mo-Kα

radiation, λ = 0.71073 Å) at room temperature. A large crystal
(green, 0.60×0.50×0.30 mm) was chosen for the experiments. The
compound crystallised in the triclinic space group P1̄, Z = 1. The
unit-cell parameters were obtained by least-squares fit to setting
angles of 25 reflections in the range 8° � 2θ � 30°. Cell parameters:
a = 8.647(2), b = 10.063(8), c = 13.658(4) Å, α = 106.78(4)°, β =
106.76(2)°, γ = 96.98(4)°, V = 1062(1) Å3. The ω-2θ scan mode was
used to record the diffraction intensities. Three standard reflections

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 133–136136

were monitored every 2 h in order to control the intensity decay,
which did not occur significantly. 6409 reflections were collected
up to 2θmax = 59.96°. Lorentz-polarisation corrections and data
reduction were performed using the WINGX package[19] for CAD4
collected intensities. The structures were solved by direct methods
using the SIR92 program[20] and refined by the full-matrix least
squares based on F2 using SHELX97.[21] Thermal displacements of
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included at their idealised positions. During the last cycles of
refinement, the best results were obtained with empirical absorp-
tion corrections using the XABS2 program in the WINGX pack-
age.[19] The final statistical factors were R1(all data) = 0.214, wR2
= 0.308 for 6166 data and 289 parameters, R1[F2 � 2σ(I)] = 0.0906
for 3009 data with F2 � 2σ(I) and the final residual densities in the
unit cell were +1.47 and –1.66 eÅ–3. CCDC-234807 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reaction of the phosphavinylidene complexes [Cp(CO)2-
M=P=C(SiMe3)2] [Cp = C5H5, M = Mo (2), W (3)] with the
ferrioaarsaalkene [Cp*(CO)2Fe–As=C(NMe2)2] (1a) (Cp* =
C5Me5) afforded the novel η3-2-phospha-1-arsaallyl com-
plexes [η3-{[Fe]–As–P–C(SiMe3)2}M(CO)2Cp] {M = Mo, [Fe] =
[Cp*(CO)2Fe] (4a);W (5a)}. Similarly, treatment of equimolar
amounts of 3 with arsaalkene tBu–C(O)–As=C(NMe2)2 (1b)
gave rise to the formation of [η3-{tBuC(O)–As–P–C(SiMe3)2}-
W(CO)2Cp] (5b) by an arsinidene transfer process. In contrast
to this, the more reactive arsaalkene 4-Et–C6H4C(O)–

Introduction

The search for novel ligand systems remains an impor-
tant target for both academic and industrial reasons. Promi-
nent examples are N-heterocyclic carbenes, which, as ancil-
lary ligands in transition-metal complexes, have signifi-
cantly improved the efficiency of a number of catalyzed pro-
cesses.[1] Other remarkable examples concern phosphaalk-
enes, phospholyl compounds, and phosphinines, which have
recently emerged from the status of laboratory curiosities
to become valuable ligands in complex catalysis.[2] Com-
pared to a plethora of synthetically useful η3-allyl com-
plexes[3,4] only a few coordination compounds with η3-1-
phosphaallyl ligands such as I[5] or η3-1,3-diphosphaallyl
ligands such as II[6] and III[7] have been described. In the
dinuclear complexes of type IV the 1,3-diphosphaallyl unit
is incorporated in a 2,4-phospha-1-metallabutadiene ligand
(Scheme 1).[8]

Complex III exhibits catalytic activity in ethylene poly-
merization.[7] Whereas 1,2-diphosphaallyllithium com-
pounds[9] and η1-complexes of the isomeric 1,2-diphos-
phaallyl ligand V have been known for some years,[10] a
paper concerning η3-complex VI was only recently pub-
lished.[11]
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Fax: +49-521-106-6146
E-mail: lothar.weber@uni-bielefeld.de
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As=C(NMe2)2 (1c) and complex 3 underwent reaction to give
the cyclic phosphenium complex [Cp(CO)2W=P–O–Ca(4-Et–
C6H4)=As–Cb(SiMe3)2(P–Cb)] (6). The novel compounds 4a,
5a, 5b, and 6 were characterized by elemental analyses and
by means of spectroscopy (IR, 1H, 13C, 31P NMR). Moreover,
the molecular structures of 4a, 5b, and 6 were elucidated by
X-ray diffraction analyses.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. (Heteroallyl)transition-metal complexes.
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In this paper we report on the reactivity of inversely pol-

arized arsaalkenes R–As=C(NMe2)2 [1: a: R = Cp*(CO)2-
Fe, b: tBuC(O), c: 4-Et–C6H4C(O)] with phosphavinylidene
complexes [Cp(CO)2M=P=C(SiMe3)2] (2: M = Mo; 3: M =
W),[12] whereby the first complexes with η3-2-phospha-1-
arsaallyl ligands are formed. Part of this work has pre-
viously been published in a short communication.[13]

Results and Discussion

Treatment of complexes [Cp(CO)2M=P=C(SiMe3)2] (2:
M = Mo; 3: M = W) with an equimolar amount of ferrioar-
saalkene [Cp*(CO)2Fe–As=C(NMe2)2] (1a)[14] in toluene
solution over a temperature range of –30 °C to ambient
temperature afforded the deep red crystalline η3-2-phospha-
1-arsaallyl complexes 4a (35% yield) and 5a (52% yield).
Purification of the products was effected by column
chromatography on Florisil with a mixture of hexane/di-
ethyl ether (2:1, v/v) (4a) or pentane/diethyl ether (5:1, v/v)
(5a) as eluents. The air- and moisture-sensitive complexes
are well soluble in saturated hydrocarbons, ethereal and
aromatic solvents. Analogously, reaction of compound 1b
with an equimolar amount of 3 gives rise to the formation
of heteroallyl complex 5b as an orange solid in 63% yield
(Scheme 2). Tetrakis(dimethylamino)ethene is formed as a
by-product. After removal of toluene from the reaction
mixture, a few drops of the alkene were distilled off and
identified by comparison of the 1H and 13C NMR spectra
with those of an authentic sample.

Scheme 2. Formation of the 2-phospha-1-arsaallyl complexes 4a,
5a, 5b.

A singlet at δ = 4.1 ppm in the 31P{1H} NMR spectrum
of 4a, a doublet in the 13C{1H} NMR spectrum at δ =
49.9 ppm (JP,C = 105 Hz), and singlets in the 1H NMR
spectrum for two different trimethylsilyl groups (δ = 0.26,
0.61 ppm), the pentamethylcyclopentadienyl (δ = 1.46 ppm)
and the cyclopentadienyl ligands (δ = 5.10 ppm) as well as
the absence of resonances due to the C(NMe2)2 fragment
indicate the combination of the phosphavinylidene unit of
2 and the arsanediyl group of 1a to a novel ligand system
in complex 4a. Accordingly, the tungsten analogue 5a and
the (pivaloylphosphaarsaallyl)tungsten complex 5b display
singlets at δ = –18.7 and –8.9 ppm in the 31P{1H} NMR
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spectrum. This high-field position is typical for 31P{1H} res-
onances of η3-phosphaallyl complexes of tungsten as evi-
dent from [η3-(2,4,6-tBu3C6H2PCHCH2)W(CO)2Cp] (δ =
–48.9 and –28.0 ppm for both isomers).[15] In the η3-1,2-
diphosphaallyl complex VI the resonances for the central P
atom were observed at δ = –6.8 ppm (M = Mo, R = tBu)
and δ = –61.6 ppm (M = W, R = tBu).[11] In the 13C{1H}
NMR spectra of 4a, 5a, and 5b the carbon atoms of the 2-
phospha-1-arsaallyl ligands appear as doublets at δ =
49.9 ppm (JP,C = 105.0 Hz), 35.7 (JP,C = 101.2 Hz), and 31.8
(JP,C = 98.5 Hz) ppm. The 13C NMR resonances of the car-
bonyl ligands were observed at δ = 234.0 (s), 236.0 (s) (Mo–
CO); 216.7 (s), 218.65 (d, JP,C = 11.5 Hz) (Fe–CO) for 4a,
at δ = 222.7 (s), 224.6 (s) (W–CO); 217.1 (s), 219.0 (s) (Fe–
CO) for 5a, and at δ = 222.8 (s), 223.9 (s) for 5b. A 13C
NMR doublet at δ = 233.5 (JP,C = 4.1 Hz) ppm in the spec-
trum of 5b was attributed to the acylic carbonyl group.
These resonances are shifted to a lower field relative to
those of precursors 2 (δ = 230.4 ppm)[12b] and 3 (δ =
218.9 ppm)[12b] indicating the improved donor capacity of
the η3-2-phospha-1-arsaallyl ligands over the phosphavinyl-
idene system. Similar observations were made with the η3-
1,2-diphosphaallyl complexes of type VI [e.g., M = Mo, R
= tBu; δ13CO = 234.3 (s), 235.5 (s) ppm]. This is also mir-
rored by the carbonyl stretching frequencies in the IR spec-
tra of 4a, 5a, and 5b, which are observed as intense bands
at ν̃= 1929, 1850 cm–1 (4a), at ν̃= 1923, 1843 cm–1 (5a), and
at ν̃= 1941, 1874 cm–1 (5b). The differences between the
ν(CO) absorptions of 5a and 5b are due to the electron-
donating iron substituent in 5a and the electron-with-
drawing pivaloyl group in 5b. The corresponding bands in
the precursors 2 and 3 appear at ν̃= 1944, 1882 cm–1 (KBr)
and 1952, 1880 cm–1 (n-hexane).[12b] In the IR spectrum of
1,2-diphosphaallyl complexes VI ν(CO) bands were regis-
tered at ν̃= 1943, 1877 cm–1 (M = Mo; R = tBu) and at ν̃=
1938, 1851 cm–1 (M = W; R = tBu).[11]

Single crystals of 4a and 5a suitable for an X-ray diffrac-
tion analysis were grown from a 1:9 mixture of diethyl
ether/n-pentane at –30 °C. Compound 5a is isostructural to
4a, and only the latter will be discussed in detail.

The analysis (see Figure 1) displays a molecule with a
distorted piano-stool geometry [As(1)–Mo(1)–C(20) =
63.87(7)°, C(20)–Mo(1)–C(21) = 80.83(11)°, C(21)–Mo(1)–
C(13) = 69.07(9)°], with two nearly linear carbonyl ligands
[Mo(1)–C(20)–O(3) = 170.9(2)°, Mo(1)–C(21)–O(4) =
175.7(2)°]. The most interesting part of the molecule is the
unprecedented 2-phospha-1-arsaallyl ligand which is un-
symmetrically linked to the metal atom in an η3-fashion
through bonds Mo(1)–As(1) [2.7644(3) Å], Mo(1)–P(1)
[2.4940(6) Å], and Mo(1)–C(13) [2.420(2) Å]. The latter
bond length significantly exceeds the Mo(1)–C distances of
the [CpMo] part of the molecule [2.316(2)–2.371(2) Å]. In
the (1,2-diphosphaallyl)molybdenum complex VI the corre-
sponding Mo–C bond length was determined to be
2.437(1) Å.[11] The distances between the Mo atom and the
terminal carbon atom in 4a as well as in VI clearly exceed
the corresponding Mo–C bond lengths in 1-phosphaallyl
complex VII [2.357(3) Å].[5c]
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Figure 1. Molecular structure of 4a in the crystal. Selected bond
lengths [Å] and angles [°]: Mo(1)–C(20) 1.953(2), Mo(1)–C(21)
1.959(2), Mo(1)–C(13) 2.420(2), Mo(1)–P(1) 2.4940(6), Mo(1)–
As(1) 2.7644(3), P(1)–As(1) 2.2507(7), P(1)–C(13) 1.791(2), As(1)–
Fe(1) 2.4098(4), C(13)–Si(1) 1.898(2), C(13)–Si(2) 1.895(2), C(20)–
Mo(1)–C(21) 80.83(11), C(21)–Mo(1)–C(13) 69.07(9), C(20)–
Mo(1)–As(1) 63.83(7), As(1)–P(1)–C(13) 99.15(7), P(1)–As(1)–
Fe(1) 106.59(2), P(1)–C(13)–Si(1) 120.88(12), P(1)–C(13)–Si(2)
108.67(11).

The metal–phosphorus distances in both complexes 4a
[2.4940(6) Å] and VI (M = Mo) [2.4960(3) Å] are identical,
and intermediate between the Mo–P bond lengths Mo(1,2)–
P(1) [2.466, 2.470 Å] and Mo(1,2)–P(2) [2.542, 2.546 Å] in
VIII.[16] The Mo(1)–As(1) bond in 4a is lengthened when
compared with the Mo–As contacts in tetrahedrane IX
[2.531(3), 2.645(3) Å].[17]

Due to the π-interaction with a metal atom, the As–P
distance within the 2-phospha-1-arsaallyl ligand in 4a
[2.2507(7) Å] is longer than the unsupported As=P double
bonds in the structurally characterized compounds
{(Me3Si)2CH}As=P(2,4,6-tBu3C6H2) [2.124 Å][18] or [Cp*-
(CO)2FeAs{Cr(CO)5}=P(2,4,6-tBu3C6H2)] [2.155(1) Å].[19]

The bond length P(1)–C(13) in 4a [1.791(2) Å]−as is also
found in VI (M = Mo) [1.7875(12) Å]−is elongated with
respect to a localized and unsupported P=C double bond
(1.65–1.72 Å),[20] but is clearly shorter than a P–C single
bond (av. 1.85 Å).[21] In VII the corresponding bond length
was determined to be 1.755(3) Å.[5c] The atoms Fe(1) and
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Si(2) in 4a are directed towards the phosphorus atom en-
closing angles Fe(1)–As(1)–P(1) [106.59(2)°], As(1)–P(1)–
C(13) [99.15(7)°], and P(1)–C(13)–Si(2) [108.67(11)°]. Sub-
stituent Si(1)(CH3)3 at C(13) is located above the plane de-
fined by the atoms As(1), P(1), and C(13) with an angle
P(1)–C(13)–Si(1) of 120.88(12)°.

From the view-point of the Wade–Mingos rules molecule
4a as well as the related compounds 5a and 5b possess four
skeleton atoms and 14 skeleton electrons and thus have to
be regarded as arachno clusters.[22] Orange single crystals
of the (η3-2-phospha-1-arsaallyl)tungsten complex 5b were
grown from diethyl ether/n-pentane (1:5) at –30 °C (see Fig-
ure 2). The analysis shows a molecule, the core of which is
similar to that of 4a with the pivaloyl substituent and the
group Si(1)Me3 directed towards the central atom P(1) of
the η3-heteroallyl ligand. The bonds As(1)–P(1) [2.269(1) Å]
and P(1)–C(8) [1.806(2) Å] within the 2-phospha-1-arsaallyl
ligand of 5b are slightly longer than in 4a. The bond As(1)–
C(15) to the carbonyl carbon atom of the pivaloyl substitu-
ent [2.063(2) Å] is markedly elongated when compared with
the As–C(O) contact in the precursor arsaalkene
[1.938(4) Å].[23] The sum of single bond radii of As and C
is 1.98 Å.[24] The formal As=C double bond of precursor
1b was elongated to 1.924(5) Å[23] [in Cp*(CO)2Fe–
As=C(NMe2)2: As–C = 1.876(8) Å].[14] The bond length
C(15)–O(3) is that of a localized carbonyl group.[24] The
atoms C(15) and Si(1) are located in the plane defined by
the atoms C(8), P(1), and As(1). These atoms are attached
to the tungsten center by bonds W(1)–As(1) [2.759(1) Å],
W(1)–P(1) [2.498(1) Å], and W(1)–C(8) [2.439(2) Å]. They
are all well comparable to those in 5a: W(1)–As(1)
[2.7854(2) Å], W(1)–P(1) [2.4955(5) Å], and W(1)–C(8)

Figure 2. Molecular structure of 5b in the crystal. Selected bond
lengths [Å] and angles [°]: W(1)–C(6) 1.968(2), W(1)–C(7) 1.977(2),
W(1)–C(8) 2.439(2), W(1)–P(1) 2.498(1), W(1)–As(1) 2.759(1),
P(1)–C(8) 1.806(2), P(1)–As(1) 2.269(1), As(1)–C(15) 2.063(2),
C(8)–Si(1) 1.912(2), C(8)–Si(2) 1.922(2), O(3)–C(15) 1.214(2),
C(15)–C(16) 1.541(2), C(6)–W(1)–C(7) 80.30(8), C(6)–W(1)–C(8)
67.13(7), C(7)–W(1)–As(1) 67.62(6), C(8)–P(1)–As(1) 97.66(6),
P(1)–As(1)–C(15) 93.86(5), As(1)–C(15)–O(3) 122.37(13), O(3)–
C(15)–C(16) 122.47(16), As(1)–C(15)–C(16) 115.07(12), P(1)–C(8)–
Si(1) 107.49(9), P(1)–C(8)–Si(2) 122.05(10), Si(1)–C(8)–Si(2)
114.60(9).
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[2.411(2) Å]. The W–As π-bonds in [η1:η2-PhAs=
AsPhW(CO)5]2 [2.728(4) and 2.769(4) Å] are similar to the
W–As bond length in 5b. The W–P π-bond length in η3-
{2,4,6-tBu3C6H2–P(O)CHCH2}W(CO)2Cp [2.488(1) Å] is
also in good agreement with the respective atom distance
in 5b.[25] The W(1)–C(8) bond in 5b [2.439(2) Å], however,
is markedly lengthened in comparison to those in η3-{2,4,6-
tBu3C6H2P(O)CHCH2}W(CO)2Cp [2.344(5), 2.335(4) Å].[25]

To the best of our knowledge compounds 4a, 5a, and 5b
are the first η3-2-phospha-1-arsaallyl complexes. One η1-2-
phospha-1-arsaallyl complex (η5-C5Me5)(CO)2FeAs-
(SiMe3)–P=C(SiMe3)2 was recently described.[26] 2-Phos-
pha-1-arsapropenes are rare compounds. To the best of our
knowledge there are two accounts in the literature of such
species. Thermolabile Ph2As–P=C(Ph)SiMe3

[27] decom-
poses within 1 d to Ph4As2 and a diphosphabicyclobutane,
whereas tBu2As–P=C(SiMe3)2 is stable at ambient tempera-
ture.[28]

Reaction of phosphavinylidene complex 3 with the more
reactive arsaalkene 4-Et–C6H4C(O)As=C(NMe2)2 (1c) in
diethyl ether took a completely different course. Here the
cyclic phosphenium complex 6 was isolated as red crystals
in 41% yield. (Scheme 3).

Scheme 3. Formation of the phosphenium complex 6.

The 31P{1H} NMR spectrum of 6 displays a singlet at δ
= 313.2 ppm with 183W satellites (JP,W = 728 Hz), which
indicates the presence of a W=P double bond. The data are
comparable with the 31P NMR spectra of complexes Xa, b
(δ = 306.4 ppm; 244.8 ppm, JP,W = 604 Hz)[29] and IV (M =
Mo: δ = 304 ppm; M = W: δ = 246.8 ppm, JP,W = 638 Hz).[8]

Both silyl groups are chemically and magnetically equiv-
alent giving rise to a singlet at δ = 0.47 ppm in the 1H NMR
spectrum and a singlet at δ = 1.9 ppm in the 13C{1H} NMR
spectrum of the compound. A doublet of low intensity at δ
= 60.1 ppm (JP,C = 50.3 Hz) is due to a quaternary carbon
atom adjacent to the P atom. The two chemically and mag-
netically equivalent carbonyl ligands give rise to a singlet at
δ = 226.9 ppm with 183W satellites (JW,C = 183 Hz). A sing-
let at δ = 222.8 ppm is assigned to the 13C nucleus of an
As=C double bond. This value falls in the range of δ =
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200.6 ppm in MesAs=CHNMe2 to δ = 241.5 ppm in Me3Si-
As=C(OSiMe3)tBu.[30] The IR spectrum in the region of the
CO stretching modes is characterized by two intense bands
at ν̃ = 1938, 1859 cm–1. No bands are found for the ν̃(CO)
mode of an acylarsane (e.g., ν̃ = 1660 cm–1 in 5b). Yellow
single crystals of compound 6 (Figure 3) were obtained
from a diethyl ether solution at –30 °C. The analysis dis-
plays a molecule with a distorted piano-stool geometry
[P(1)–W(1)–C(1) 95.1(1)°, P(1)–W(1)–C(2) 96.2(1)°, C(1)–
W(1)–C(2) 84.6(1)°] with two nearly linear carbonyl ligands
[W(1)–C(1)–O(1) 177.8(3)°, W(1)–C(2)–O(2) 175.1(2)°].

Figure 3. Molecular structure of 6 in the crystal. Selected bond
lengths [Å] and angles [°]: W(1)–C(1) 1.976(3), W(1)–C(2) 1.960(3),
W(1)–P(1) 2.232(1), P(1)–O(3) 1.698(2), O(1)–C(1) 1.159(3), O(2)–
C(2) 1.164(3), O(3)–C(15) 1.372(3), C(15)–C(16) 1.472(3), As(1)–
C(15) 1.832(2), As(1)–C(8) 2.023(2), C(8)–Si(1) 1.932(3), C(8)–Si(2)
1.941(3), C(1)–W(1)–C(2) 84.6(1), C(1)–W(1)–P(1) 95.1(1), C(2)–
W(1)–P(1) 146.0(1), W(1)–P(1)–O(3) 114.2(1), W(1)–P(1)–C(8)
146.0(1), O(3)–P(1)–C(8) 99.8(1), P(1)–C(8)–As(1) 106.7(1), C(8)–
As(1)–C(15) 92.1(1), As(1)–C(15)–O(3) 118.5(2), P(1)–O(3)–C(15)
118.7(1), O(3)–C(15)–C(16) 114.5(2), As(1)–C(15)–C(16) 127.0(2).

The third leg is represented by a 1,2,4-oxaphospharsolen-
ium ligand which is linked to the metal atom through a
W=P double bond of 2.232(1) Å. The bond length lies be-
tween those in [Cp(CO)2W=POa–CMe2–CMe2–Ob(P–Ob)]
[2.181 Å][31] and Cp(CO)2W=P(tBu)2 [2.284(4) Å].[32] This
ring ligand without precedent features an As–C(15) double
bond of 1.832(2) Å, which is well comparable to the As–C
separation in the metalloarsaalkene [Cp(CO)2Fe–As=C(O-
SiMe3)tBu] [1.821(2) Å].[33] The bond length C(15)–O(3)
[1.372(3) Å] is similar to the one in the metalloarsaalkene
[1.356(3) Å], both being shorter with respect to an sp2 C–O
single bond (ca. 1.41 Å).[34] The contacts P(1)–O(3)
[1.698(2) Å] and P(1)–C(8) [1.814(2) Å] are markedly
shorter than the sum of the covalent radii (1.76 and 1.87 Å)
but still reflect bond orders of unity. The five-membered
ring is slightly puckered (sum of endocyclic angles 535°).
The plane defined by the atoms P(1), O(3), and C(8) bisects
the angle C(1)–W(1)–C(2), enclosing angles of 43° with vec-
tor W(1)–C(1) and 41° with vector W(1)–C(2).
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Mechanisms

It is conceivable that the formation of complexes 4a, 5a,
and 5b is initiated by the nucleophilic attack of the arsaalk-
ene through its As atom on the phosphorus center of pre-
cursors 2 and 3 to give adduct A. Extrusion of C(NMe2)2

would lead to intermediate B. A σ/π-type rearrangement of
B affords the final products (see Scheme 4).

Scheme 4. Proposed mechanism for the formation of 4a, 5a, and
5b.

The formation of the functionalized phosphenium com-
plex 6 may be initiated by the nucleophilic attack of arsaal-
kene 1c through its electron-abundant arsenic atom at the
phosphorus center of 3 affording zwitterion C, which col-
lapses to phospharsirenium complex D. Incorporation of
the carbonyl group into the As–P bond of the strained ring
leads to the observed product 6 (Scheme 5).

Scheme 5. Proposed mechanism for the formation of 6.
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Conclusions

Transition-metal-induced cleavages of inversely polarized
arsaalkenes to give cyclotriarsanes[35] or an η2-diarsene
complex[36] were observed. Here the smooth generation of
η3-2-phospha-1-arsaallyl complexes 4a, 5a, 5b, and complex
6 featuring the 1,2,4-oxaphospharsolenium ligand under-
lines the ability of arsaalkenes to act as convenient sources
for arsanediyl (arsinidene) units under mild conditions.

Experimental Section
General: All manipulations were performed under dry, oxygen-free
nitrogen using standard Schlenk techniques. Solvents were rigor-
ously dried with an appropriate drying agent and freshly distilled
under N2 before use. The following compounds were prepared ac-
cording to literature procedures: [Cp(CO)2M=P=C(SiMe3)2] [M =
Mo (2), W (3)],[12] [Cp*(CO)2Fe–As=C(NMe2)2] (1a),[14] Me3Si–
As=C(NMe2)2.[14] IR: Bruker FT-IR VECTOR 22. 1H-, 13C-, and
31P NMR (C6D6, room temp.): Bruker AM Avance DRX 500 (1H:
500.13 Hz; 13C: 125.75 MHz; 31P: 202.46 MHz); references: SiMe4

(1H, 13C), 85% H3PO4 (31P). Florisil (Merck), pivaloyl chloride,
and 4-ethylbenzoyl chloride were purchased commercially.

tBuC(O)As=C(NMe2)2 (1b): A solution of pivaloyl chloride (0.18 g,
1.50 mmol) in n-pentane (10 mL) was added dropwise to a chilled
solution (–30 °C) of Me3SiAs=C(NMe2)2 (0.37 g, 1.50 mmol) in n-
pentane (30 mL). A yellow precipitate separated. Stirring was con-
tinued for 30 min, and the solvent was decanted. The precipitate
was washed twice with cold n-pentane (30 mL, –30 °C) and dried
in vacuo to afford 0.27 g (69%) of 1b as a pale yellow solid. IR
(Nujol): ν̃= 1584, 1530 cm–1. 1H NMR: δ = 1.40 (s, 9 H, tBu), 2.65
(s, 12 H, NCH3) ppm. 13C{1H} NMR: δ = 27.9 [s, C(CH3)3], 43.5
(s, NCH3), 49.8 [s, C(CH3)3], 210.7 (s, CN2), 240.1(s, CO) ppm.
Because of the pronounced thermolability of the compound it was
not possible to obtain reliable elemental analyses.

[Cp(CO)2Mo{η3-[Cp*(CO)2Fe]AsPC(SiMe3)2}] (4a): A solution of
1a (0.76 g, 1.81 mmol) in toluene (20 mL) was added dropwise to
a well-stirred chilled solution (–30 °C) of 2 (0.72 g, 1.81 mmol) in
toluene (25 mL). It was slowly warmed to ambient temperature and
stirring was continued for 12 h. The reaction mixture was freed
from solvent and volatile components. The black residue was dis-
solved with diethyl ether (10 mL), then Florisil was added (5 g) and
the slurry was concentrated to dryness. The coated Florisil was
transferred to the top of a column (d = 1.5 cm, l = 6 cm) charged
with Florisil (20 g). A dark red zone was eluted with a 2:1 mixture
of diethyl ether/n-pentane. Removal of solvents from the eluate af-
forded 0.46 g (35%) of dark red crystalline 4a. IR (KBr): ν̃= 1850,
1929, 1977 cm–1 (C�O). 1H NMR: δ = 0.26 (s, 9 H, SiMe3), 0.61
(s, 9 H, SiMe3), 1.46 (s, 15 H, C5Me5), 5.10 (s, 5 H, Cp) ppm.
13C{1H} NMR: δ = 4.27 (s, SiCH3), 4.35 (s, SiCH3), 9.4 [s, C5-
(CH3)5], 49.9 (d, JP,C = 105 Hz, PCSi2), 91.2 (s, Cp), 95.6 [s,
C5(CH3)5], 216.7 (s, FeCO), 218.65 (d, JP,C = 11.5 Hz, FeCO), 234.3
(s, MoCO), 236.8 (s, MoCO) ppm. 31P{1H} NMR: δ = 4.1 (s) ppm.
C26H38AsFeMoO4PSi2 (728.44): calcd. C 42.87, H 5.26; found C
43.17, H 5.29.

[Cp(CO)2W{η3-[Cp*(CO)2Fe]AsPC(SiMe3)2}] (5a): Analogously,
the combination of 1a (0.76 g, 1.81 mmol) in toluene (20 mL) with
3 (0.89 g, 1.81 mmol) in toluene (25 mL) at –30 °C and identical
workup [Florisil, diethyl ether/n-pentane (5:1)] afforded 0.77 g
(52%) of dark red crystalline 5a. IR (KBr): ν̃= 1843, 1923,
1975 cm–1 (C�O). 1H NMR (C6D6): δ = 0.25 (s, 9 H, SiMe3), 0.66
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Table 1. Crystal data and data collection parameters.

Compound 4a 5b 6

Empirical formula C26H38AsFeMoO4PSi2 C19H32AsO3PSi2W C23H32AsO3PSi2W
Mr [gmol–1] 728.42 654.37 702.41
Crystal dimensions [mm] 0.25 × 0.25 × 0.24 0.28 × 0.22 × 0.22 0.38 × 0.32 × 0.20
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/c C2/c
a [Å] 12.9620(1) 12.9170(18) 25.798(4)
b [Å] 18.3280(2) 10.7550(6) 16.597(2)
c [Å] 13.7430(2) 17.904(3) 15.674(3)
β [°] 104.2460(8) 93.036(13) 126.137(8)
V [Å3] 3164.49(6) 2483.8(6) 5420.0(15)
Z 4 4 8
ρcalcd. [g cm–3] 1.529 1.750 1.722
µ [mm–1] 2.047 6.150 5.643
F(000) 1480 1280 2752
θ [°] 2.95–30.00 3.30–30.00 3.02–27.50
No. refl. collected 18141 87578 81627
No. refl. unique 9224 7234 6231
R (int) 0.0186 0.0501 0.0453
No. refl. [I � 2σ(I)] 7859 6307 5302
Refined parameters 336 253 287
GOF 1.035 1.061 1.141
RF [I � 2σ(I)] 0.0318 0.0167 0.0173
wRF2 [I � 2σ(I)] 0.0757 0.0326 0.0364
∆ρmax/min [e·Å–3] 0.970/–0.829 0.652/–0.573 0.979/–0.790

(s, 9 H, SiMe3), 1.47 (s, 15 H, C5Me5), 5.13 (s, 5 H, Cp) ppm.
13C{1H} NMR (C6D6): δ = 4.4 (d, JP,C = 9.2 Hz, SiCH3), 9.5 [s,
C5(CH3)5], 10.1 (s, SiCH3), 35.7 (d, JP,C = 101.2 Hz, PCSi2), 89.6
(s, Cp), 95.6 [s, C5(CH3)5], 217.1 (s, FeCO), 219.0 (s, FeCO), 222.7
(s, WCO), 224.6 (s, WCO) ppm. 31P{1H} NMR (C6D6): δ = –18.7
(s) ppm. C26H38AsFeO4PSi2W (816.35): calcd. C 38.26, H 4.49;
found C 38.68, H 4.90.

[Cp(CO)2W{η3-{tBuC(O)}AsPC(SiMe3)2}] (5b): A chilled solution
(–30 °C) of arsaalkene 1b (1.81 mmol) in diethyl ether (20 mL) was
added dropwise to a well-stirred cold solution (–30 °C) of complex
3 (0.89 g, 1.81 mmol) in diethyl ether (25 mL). Stirring at –30 °C
was continued for 4 h before the reaction mixture was slowly
warmed to room temp. After 12 h of stirring, solvent and volatile
components were removed in vacuo. The black residue was dis-
solved in diethyl ether (10 mL). Florisil (5 g) was added and the
slurry was concentrated to dryness. As described earlier, the crude
material was chromatographed on a Florisil column (d = 1.5 cm, l
= 6 cm) charged with Florisil (20 g). An orange-red zone was eluted
with a diethyl ether/pentane mixture (5:1). Removal of solvents
from the eluate afforded 0.75 g (63%) of orange crystalline 5b. IR
(KBr): ν̃= 1941, 1874 (C�O), 1660 (C=O) cm–1. 1H NMR: δ =
0.16 (d, JP,H = 1.6 Hz, 9 H, SiMe3), 0.45 (s, 9 H, SiMe3), 1.05 (s, 9
H, tBu), 4.96 (s, 5 H, Cp) ppm. 13C{1H} NMR: δ = 4.0 (d, JP,C =
9.7 Hz, SiCH3), 8.5 (s, SiCH3), 26.2 [s, C(CH3)3], 31.8 [d, JP,C =
98.5 Hz, C(SiMe3)2], 50.1 [s, C(CH3)3], 90.1 (s, Cp), 222.8 (s,
WCO), 223.9 (s, WCO), 233.53 (d, JP,C = 4.1 Hz, AsCO) ppm.
31P{1H} NMR: δ = –8.9 (s) ppm. C19H32AsO3PSi2W (654.38):
calcd. C 34.87, H 4.93; found C 34.82, H 4.92.

[Cp(CO)2W=POCa(4-Et–C6H4)=AsCb(SiMe3)2(P–Cb)] (6): A solu-
tion of 4-ethylbenzoyl chloride (0.61 g, 3.62 mmol) in diethyl ether
(10 mL) was added dropwise to a chilled solution (–30 °C) of Me3S-
iAs=C(NMe2)2 (0.89 g, 3.62 mmol). Stirring was continued for
30 min to give 1c. A solution of complex 3 (0.89 g, 1.81 mmol) in
diethyl ether (20 mL) was slowly added with vigorous stirring. It
was slowly warmed to room temp. and stirring was continued for
12 h. It was concentrated to dryness and the black residue was
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dissolved in diethyl ether (10 mL). Florisil (5 g) was added and the
slurry was freed from solvent. The coated Florisil was transferred
onto the top of a column (d = 1.5 cm, l = 6 cm) charged with
Florisil (20 g). A red zone was eluted with pentane. Removal of
solvents in vacuo afforded 0.52 g (41%) of deep red crystalline 6.
IR (KBr): ν̃= 1859, 1938 (C�O) cm–1. 1H NMR: δ = 0.47 (s, 18
H, SiMe3), 1.01 (t, JH,H = 7.5 Hz, 3 H, CH3CH2), 2.30 (q, JH,H =
7.5 Hz, 2 H, CH3CH2), 5.15 (s, 5 H, Cp), 6.87 (d, JH,H = 8.2 Hz,
2 H, Ph), 7.77 (d, JH,H = 8.2 Hz, 2 H, Ph) ppm. 13C{1H} NMR: δ
= 1.9 (s, SiMe3), 15.4 (s, CH3CH2), 29.2 (s, CH3CH2), 60.1 [d, JP,C

= 60.3 Hz, C(SiMe3)2], 89.6 (s, Cp), 124.4 (s, Ph), 128.3 (s, Ph),
128.7 (s, Ph), 147.4 (s, Ph), 222.8 (s, As=C), 226.9 (s, JW,C = 183 Hz,
C�O) ppm. 31P{1H} NMR: δ = 313.2 (JP,W = 728 Hz) ppm.
C23H32AsO3PSi2W (702.42): calcd. C 39.33, H 4.59; found C 39.47,
H 4.69.

X-ray Crystallography: Crystallographic data were collected with a
Nonius Kappa CCD diffractometer with Mo-Kα (graphite mono-
chromator, λ = 0.71073 Å) at 100 K. Crystallographic programs
used for the structure solution and refinement were SHELXS-
97,[37] SIR-97,[38] and SHELXL-97.[37] The structures were solved
by direct methods and were refined by using full-matrix least
squares on F2 of all unique reflections with anisotropic thermal
parameters for all non-hydrogen atoms. Hydrogen atoms were in-
cluded at calculated positions with U(H) = 1.2 Ueq for CH2 groups,
U(H) = 1.5 Ueq for CH3 groups. Crystal data for the compounds
are listed in Table 1. CCDC-250373 (4a), -279437 (5b), and -279438
(6) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.
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Tridentate Schiff-base ligand HL (L = C12H9N2O) reacts with
lanthanide(III) nitrates to give complexes of formulae
[M2L3(NO3)3], where M = Y3+ (1), La3+ (2), Nd3+ (3), Sm3+ (4),
Eu3+ (5), Gd3+ (6), Tb3+ (7), Dy3+ (8), Ho3+ (9), Lu3+ (10), and
[MM1L3(NO3)x], where M = Eu3+, and M1 = Dy3+ (11), Zn2+

(12); x = 3 for 11 and 2 for 12. The structures of the complexes
have been assigned on the basis of the spectroscopic data
(solution analysis) and microanalyses. In the case of com-
plexes 3, 5, 8 and 12 the structures have been confirmed by
X-ray crystallography. The structural analysis of the dinu-
clear complexes showed the presence of two metal atoms

Introduction
Schiff-base ligands with N,O-donor sets may be em-

ployed in the metal ion directed assembly of coordination
architectures.[1,2] These ligands are fascinating and versatile
complexing agents because their metal complexes are
known to serve as luminescent probes in the visible and
near-IR spectral domains,[3,4] as precursors for doped mate-
rials where the metal centers must be at fixed distances from
each other, as catalysts for specific DNA[5] and RNA[6]

cleavage reactions, and as analytical sensors for the in vivo
mapping of Ca2+ concentration.[7,8] The complexes of para-
magnetic ions have been tested as contrast enhancement
agents, especially the complexes of gadolinium().[9–15] Di-
nuclear lanthanide complexes are continuing to attract con-
siderable research interest due to their potential bio-
logical,[16–18] medical,[19] chemical and technological impor-
tance.[20] A dinuclear terbium() complex containing
phthalocyanines is very good example of the effect of f-f
interactions on dynamic magnetism.[21,22]

There is increasing interest in heterometallic 3d-4f com-
plexes because of their magnetic[23,24] and luminescent
properties.[25–29] Thermodynamic assembly processes lead
to the strongly luminescent triple-helical heterodinuclear
complexes of lanthanides (Ln = La to Lu) and zinc.[30,31]

Dinuclear d-f complexes with Schiff-base ligands have been
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[M(1) and M(2)] and three ligands, L. Each lanthanide atom
is coordinated to by 9 donor atoms with typical Ln–N and Ln–
O distances. Zinc(II) is coordinated to by two oxygen atoms
and four nitrogen atoms from two ligands. The metal ions are
bridged by the phenoxo oxygen atoms of the ligands. We
have obtained a heterodinuclear complex by a rapid one-
step reaction. Quantum mechanical calculations indicated
that the formation of heterodinuclear complex 12 is slightly
favored energetically over the homodinuclear complex 5.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

reported.[32–34] A novel synthetic approach for a (3d)2(4f)
heterotrinuclear complex by transmetallation has been de-
scribed.[35] We have obtained the heterodinuclear complex
by a rapid one-pot reaction.

In view of the successful synthesis of the ZnII, CdII,[36]

and MnII [37] complexes with HL (Figure 1), we attempted
to prepare an analogous series of lanthanide complexes.
Previously obtained complexes with zinc and cadmium had
the M/L stoichiometry of 1:2. However, all of the syntheses
that we attempted using lanthanides resulted in compounds
with a M/L stoichiometry of 2:3 in the solid state, which
was confirmed by X-ray analyses of complexes 3, 5, 8, and
12. The ESI-MS spectra of all the complexes included the
[ML2]n+ and [L]+ signals, which means that in solution sig-
nificant dissociation of the M2L3 complexes to mononul-
cear species and ligand molecules occurs. We also per-
formed quantum mechanical calculations to gain an insight
into the factors that affect the stability of heterodinuclear
and homodinuclear complexes.

Figure 1. Structure of ligand HL – (E)-2-[(pyridin-2-yl)methyl-
eneamino]phenol.
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Herein we report that our investigations into the lantha-

nide coordination chemistry of the ligand HL have success-
fully demonstrated that this ligand is able to form novel
dinuclear complexes. We describe and compare the struc-
tures of the complexes formed.

Results and Discussion

Synthesis and Characterization of the Complexes

Schiff-base ligands with N,O-donor type sets have been
employed infrequently in the metal ion directed assembly
of coordination architectures.[38] Ligand HL leads to the
generation of [M2L3(NO3)3], where M = Y3+ (1), La3+ (2),
Nd3+ (3), Sm3+ (4), Eu3+ (5), Gd3+ (6), Tb3+ (7), Dy3+ (8),
Ho3+ (9), Lu3+ (10), and [MM1L3(NO3)x], where M = Eu3+,
M1 = Dy3+ (11), Zn2+ (12); x = 3 for 11 and 2 for 12. The
structures of the complexes have been assigned on the basis
of the spectroscopic data (solution analysis), microanalyses,
and in the case of complexes 3, 5, 8 and 12, confirmed by
X-ray crystallography.

ESI-MS is a highly sensitive and accurate analytical tool
widely used for the characterization of large charged biom-
olecules, such as proteins and DNA. The technique has also
been found to be particularly suited for the identification
of large metallosupramolecular architectures present in
solution, in which multiply charged ions are generated by
the sequential loss of counterions resulting in characteristic
isotopic patterns in the spectrum.[39] The ESI-MS investi-
gations were performed with the complexes dissolved in
acetonitrile at an approx concentration of 10–4 M. For the
samarium() complex (4) the ESI mass spectrum showed a
mixture of the following complexes: 1171 (5%)
[Sm2L3(NO3)3(H2O)5 + H]+, 1153 (5%) [Sm2L3(NO3)3-
(H2O)4 + H]+, 546 (100%) [SmL2]+, 450 (30%) [SmL-
(NO3)(H2O)2]+, 413 (5%) [SmL(NO3)]+, 341 (5%) [Sm2L-
(NO3)3]2+, 253 (5%) [Sm2L2(NO3)]3+, 199 (20%) [L]+. This
result confirmed the previously observed behavior of lan-
thanide complexes in solution.[40]

Crystallographic Characterization of Complexes 3, 5, 8,
and 12

Crystals of complexes 3, 5, 8, and 12 were obtained by
diffusion of diethyl ether into a solution of the complex in
acetonitrile. Compounds 3 (Figure 2), 5, and 8 are iso-
structural. In all three complexes both lanthanide ions are
nine-coordinate, albeit unsymmetrically; one of the ions is
coordinated by two ligand molecules and one nitrate ion,
while the other lanthanide ion binds to one ligand and two
nitrate ions. The ligand molecules are tridentate, and they
coordinate to the metal ions by the pyridine nitrogen atom
N1, the N8 atom and by the hydroxy oxygen atom. The
latter bridges the two metal ions. The bond lengths and
angles are quite typical. There are also molecules of solvent
(acetonitrile) in the crystal structures. In the mixed complex
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12 (Figure 3), the EuIII ion is nine-coordinate, while the
ZnII ion is six-coordinate and has distorted octahedral ge-
ometry.

Figure 2. Anisotropic-ellipsoid representation of molecule 3 to-
gether with numbering scheme. The ellipsoids are drawn at the 50%
probability level; hydrogen atoms are represented by spheres of ar-
bitrary radii.

Figure 3. Anisotropic-ellipsoid representation of molecule 12 to-
gether with numbering scheme. The ellipsoids are drawn at the 50%
probability level; hydrogen atoms are represented by spheres of ar-
bitrary radii.

Stability of Heterodinuclear and Homodinuclear Complexes

In order to assess the energy difference between heterodi-
nuclear complex 12 and homodinuclear complex 5, the
energetics of the fictitious reaction of complex 12 with Zn-
(NO3)2, leading to the complex 5 with Eu(NO3)3, was calcu-
lated. Table 1 presents absolute energies for these species
calculated with a SDD basis set. The energy difference be-
tween the species on both sides of the fictitious reaction is
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small, about 1.8 kcal/mol, and favours the reaction leading
to the heterodinuclear complex. This seems to indicate that
the formation of the heterodinuclear Eu/Zn complex 12 is
slightly preferred over the formation of the homodinuclear
complex 5, due to larger energy gain and thus larger
thermodynamic stability of the complex 12. This is further
supported by an experimental observation − the heterodin-
uclear complex 12 is formed in a rapid one-step reaction.

Table 1. Absolute energies (in Hartrees) for the species involved in
the fictitious reaction connecting complexes 5 and 12.

Molecule Energy

[Eu2L3(NO3)3] –1779.179268
Zn(NO3)2 –342.946213
[EuZnL3(NO3)2] –1238.050066
Eu(NO3)3 –884.078243

Conclusions

We were able to synthesize homo- and heterodinuclear
zinc() and lanthanide() complexes comprising a triden-
tate Schiff-base ligand. The complexes were characterized
in solution by ESI-MS spectroscopy. The molecular struc-
tures of complexes 3, 5, 8, and 12 were investigated by X-
ray crystallography, which confirmed that the coordination
number is 9 for the lanthanide() ions, and 6 for the zinc()
ions. Quantum mechanical calculations indicated that ener-
getic factors slightly favour the formation of heterodinu-
clear as opposed to homodinuclear complexes, at least for
Eu and Zn. The present results provide a facile and rapid
synthetic protocol for the preparation of heterodinuclear
complexes by a one-pot reaction.

In conclusion, the investigated complexes may be of use
in several fields of lanthanide coordination chemistry, in
nanotechnology, and as functional components of molecu-
lar electronic devices. Hydroxo-bridged Zn complexes are
attractive because of their potential relevance as models for
sugar-metabolizing enzymes.[41]

Experimental Section
General: CH3CN was freshly distilled under argon over CaH2. Li-
gand HL was prepared according to a published method.[37,42] The
metal salts were used as supplied by Aldrich without further purifi-
cation. Mass spectra were recorded by a Waters Micromass ZQ
spectrometer in positive-ion mode. The samples were dissolved in
acetonitrile (10–4 mol dm–3). Sample solutions were introduced into
the mass spectrometer source with a syringe pump at flow rate of
40 µL min–1 with a capillary voltage of +3 kV, and a desolvation
temperature of 300 °C. The source temperature was 120 °C. The
cone voltage (Vc) was set to 30 V to allow transmission of ions
without fragmentation occuring. Scanning was performed from
m/z = 200 to 1000 for 6 s, and 10 scans were summed to obtain the
final spectrum. Microanalyses were obtained using a Perkin–Elmer
2400 CHN microanalyzer. IR spectra were obtained with a Perkin–
Elmer 580 spectrophotometer, and are reported in cm–1.
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Y Complex (1): A mixture of Y(NO3)3·6H2O (40 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 1 as an orange solid in
quantitative yield. ESI-MS: m/z = 893 (5%) [Y2L3(NO3)2]+, 483
(100%) [YL2]+, 366 (25%) [YL(NO3)(H2O)]+, 348 (45%)
[YL(NO3)]+, 288 (75%) [Y2L(NO3)3(H2O)]2+, 199 (5%) [L]+. IR
(KBr [cm–1]): ν̃ = 3609 (OH), 3210 (OH), 3066 (CH arom), 3029
(CH imin), 1733 (NO3

–), 1652 (CN), 1596 (py), 1587 (py), 1489
(py), 1470 (py), 1384 (NO3

–), 1299 (py), 1272 (py), 1153 (py), 1032
(py), 870 (OH), 809 (NO3

–), 750 (py), 592 (py), 536 (py). Y2(L)
3(NO3)3·H2O (973.48): calcd. C 44.25, H 3.00, N 12.95; found C
44.13, H 2.98, N 12.87.

La Complex (2): A mixture of La(NO3)3·6H2O (44 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The orange solution was evaporated
under reduced pressure to give complex 2 as a yellow solid in quan-
titative yield. ESI-MS: m/z = 533 (100%) [LaL2]+, 466 (20%)
[La2L3(NO3)]2+, 398 (20%) [LaL(NO3)]+, 290 (10%) [La2L3]3+, 199
(5%) [L]+. IR (KBr [cm–1]): ν̃ = 3421 (OH), 3066 (CH arom), 3021
(CH imin), 1638 (CN), 1586 (py), 1567 (py), 1552 (py), 1486 (py),
1470 (py), 1451 (py), 1384 (NO3

–), 1300 (py), 1265 (py), 1180 (py),
1148 (py), 868 (OH), 801 (NO3

–), 748 (py), 587 (py), 526 (py).
La2(L)3(NO3)3·H2O (1073.48): calcd. C 40.28, H 2.72, N 11.74;
found C 40.27, H 2.63, N 11.57.

Nd Complex (3): A mixture of Nd(NO3)3·6H2O (45 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The orange solution was evaporated
under reduced pressure to give complex 3 as a yellow solid in quan-
titative yield. ESI-MS: m/z = 1138 (5%) [Nd2L3(NO3)3·4H2O]+,
1004 (10%) [Nd2L3(NO3)2]+, 540 (50%) [NdL2]+, 471 (20%)
[Nd2L3(NO3)]2+, 199 (35%) [L]+, 155 (100%) [Nd2L(NO3)-
(H2O)]4+. IR (KBr [cm–1]): ν̃ = 3591 (OH), 3382 (OH), 3061 (CH
arom), 3020 (CH imin), 1728 (NO3

–), 1588 (py), 1569 (py), 1486
(py), 1465 (py), 1384 (NO3

–), 1312 (py), 1182 (py), 1111 (py), 868
(OH), 803 (NO3

–), 777 (py), 751 (py), 588 (py). Nd2(L)3(NO3)3·
4H2O (1138.19): calcd. C 37.99, H 3.10, N 11.08; found C 37.87,
H 2.89, N 11.01.

Sm Complex (4): A mixture of Sm(NO3)3·6H2O (45 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 4 as an orange solid in
quantitative yield. ESI-MS: m/z = 1171 (5%) [Sm2L3(NO3)3-
(H2O)5], 1153 (5%) [Sm2L3(NO3)3(H2O)4], 557 (100%) [SmL2]+,
450 (30%) [SmL(NO3)(H2O)2]+, 413 (5%) [SmL(NO3)]+, 341 (5%)
[Sm2L(NO3)3]2+, 253 (5%) [Sm2L2(NO3)]3+, 199 (20%) [L]+. IR
(KBr [cm–1]): ν̃ = 3345 (OH), 3068 (CH arom), 3021 (CH imin),
1623 (CN), 1586 (py), 1570 (py), 1559 (py), 1487 (py), 1469 (py),
1442 (py), 1384 (NO3

–), 1297 (py), 1271 (py), 1185 (py), 1153 (py),
869 (OH), 808 (NO3

–), 750 (py), 591 (py), 534 (py). Sm2(L)3-
(NO3)3·5H2O (1168.45): calcd. C 37.01, H 3.19, N 10.79; found C
37.55, H 3.67, N 11.02.

Eu Complex (5): A mixture of Eu(NO3)3·5H2O (43 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 5 as a red solid in quantita-
tive yield. ESI-MS: m/z = 1155 (5%) [Eu2L3(NO3)3(H2O)4], 547
(15%) [EuL2]+, 450 (100%) [EuL(NO3)(H2O)2]+, 253 (10%)
[Eu2L2(NO3)]3+, 199 (30%) [L]+. IR (KBr [cm–1]): ν̃ = 3608 (OH),
3342 (OH), 3068 (CH arom), 3025 (CH imin), 1728 (NO3

–), 1596
(py), 1586 (py), 1570 (py), 1488 (py), 1467 (py), 1441 (py), 1384
(NO3

–), 1297 (py), 1269 (py), 1185 (py), 1155 (py), 868 (OH), 807
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(NO3

–), 778 (py), 751 (py), 590 (py). Eu2(L)3(NO3)3·4H2O
(1153.64): calcd. C 37.48, H 3.06, N 10.93; found C 37.43, H 2.98,
N 10.87.

Gd Complex (6): A mixture of Gd(NO3)3·6H2O (45 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 6 as a red solid in quantita-
tive yield. ESI-MS: m/z = 552 (100%) [GdL2]+, 484 (30%)
[Gd2L3(NO3)]2+,435 (25%) [GdL(NO3)H2O]+, 417 (80%)
[GdL(NO3)]+, 199 (5%) [L]+. IR (KBr [cm–1]): ν̃ = 3609 (OH), 3313
(OH), 3064 (C Harom), 3025 (C Himin), 1733 (NO3

–), 1595 (py),
1586 (py), 1569 (py), 1487 (py), 1468 (py), 1384 (NO3

–), 1296 (py),
1270 (py), 1249 (py), 1154 (py), 868 (OH), 807 (NO3

–), 778 (py),
751 (py), 590 (py). Gd2(L)3(NO3)3·H2O (1110.17): calcd. C 38.95,
H 2.63, N 11.36; found C 38.11, H 2.21, N 11.19.

Tb Complex (7): A mixture of Tb(NO3)3·6H2O (45 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 7 as a yellow solid in quan-
titative yield. ESI-MS: m/z = 553 (100%) [TbL2]+, 418 (80%)
[TbL(NO3)]+, 199 (20%) [L]+. IR (KBr [cm–1]): ν̃ = 3611(OH), 3368
(OH), 3066 (CH arom), 3026 (CH imin), 1732 (NO3

–), 1594 (py),
1586 (py), 1492 (py), 1469 (py), 1384 (NO3

–), 1297 (py), 1184 (py),
1108 (py), 869 (OH), 807 (NO3

–), 777 (py), 750 (py), 590
(py).Tb2(L)3(NO3)3·H2O (1113.52): calcd. C 38.83, H 2.63, N
11.32; found C 38.95, H 2.69, N 11.45.

Dy Complex (8): A mixture of Dy(NO3)3·6H2O (44 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The orange solution was evaporated
under reduced pressure to give complex 8 as an orange solid in
quantitative yield. ESI-MS: m/z = 1141 (5%) [Dy2L3(NO3)2]+, 558
(35%) [DyL2]+, 339 (10%) [Dy2L3]3+, 261 (100%) [Dy2L2(NO3)]3+,
199 (30%) [L]+, 146 [Dy2L(NO3)]4+. IR (KBr [cm–1]): ν̃ = 3554
(OH), 3470 (OH), 3103 (CH arom), 3027 (CH imin), 1725 (NO3

–),

Table 2. Crystal data collection and structure refinement details.

Compound 3 5 8 12

Formula C36H27N9Nd2O12·C2H3N C36H27N9Eu2O12·C2H3N C36H27N9Dy2O12·C2H3N C36H28EuN8O9Zn·2(CH4O)
Formula weight [g mol-1] 1107.20 1122.64 1143.72 997.07
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n Cc
a [Å] 12.418(1) 12.383(1) 12.382(1) 20.764(2)
b [Å] 23.921(1) 23.959(1) 23.975(1) 10.891(1)
c [Å] 14.702(1) 14.524(1) 14.599(1) 17.298(2)
β [°] 111.69(1) 111.61(1) 111.64(1) 93.01(1)
V [Å3] 4058.1(8) 4005.9(8) 4028.5(8) 3906.6(8)
Z 4 4 4 4
Dx [g cm–3] 1.81 1.86 1.89 1.70
µ [mm–1] 2.61 3.18 3.76 2.28
Crystal size [mm] 0.18×0.15×0.12 0.2×0.2×0.1 0.2×0.2×0.1 0.2×0.15×0.1
Θ range [°] 2–30 2–30 2–30 2–30
hkl range –17 � h � 16 –17 � h � 11 –16 � h � 16 –29 � h � 28

–31 � k � 31 –32 � k � 32 –31 � k � 31 –14 � k � 7
–20 � l � 17 –17 � l � 19 –17 � l � 20 –23 � l � 23

Reflections:
measured 38181 36004 26034 18429
unique (Rint) 10602 (0.038) 10463 (0.063) 10144 (0.036) 9339 (0.086)
with I � 2σ(I) 7267 9263 7160 4577
Number of parameters 559 559 559 536
R(F) 0.036 0.063 0.041 0.060
wR(F2) 0.064 0.144 0.096 0.093
Goodness of fit 0.98 1.13 1.00 0.82
max./min. ∆ρ [eÅ–3] 1.67/–0.88 2.68/–3.50 1.53/–0.95 1.12/–0.66
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1555 (py), 1530 (py), 1486 (py), 1467 (py), 1384 (NO3
–), 1297 (py),

1202 (py), 1106 (py), 868 (OH), 819 (NO3
–), 778 (py), 751 (py), 588

(py). Dy2(L)3(NO3)3·2H2O (1138.68): calcd. C 37.97, H 2.74, N
11.07; found C 37.99, H 2.78, N 11.28.

Ho Complex (9): A mixture of Ho(NO3)3·5H2O (44 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 9 as a yellow solid in quan-
titative yield. ESI-MS: m/z = 559 (70%) [HoL2]+, 489 (5%)
[Ho2L3(NO3)]2+, 460 (100%) [HoL(NO3)(H2O)2]+, 420 (15%)
[HoL(NO3)]+, 260 (40%) [Ho2L2(NO3)]3+, 199 (30%) [L]+. IR
(KBr [cm–1]): ν̃ = 3609 (OH), 3375 (OH), 3067 (CH arom), 3027
(CH imin), 1722 (NO3

–), 1586 (py), 1530 (py), 1487 (py), 1469 (py),
1384 (NO3

–), 1297 (py), 1185 (py), 1109 (py), 869 (OH), 808
(NO3

–), 772 (py), 750 (py), 591 (py). Ho2(L)3(NO3)3·2H2O
(1143.54): calcd. C 37.81, H 2.73, N 11.02; found C 37.06, H 2.68,
N 11.23.

Lu Complex (10): A mixture of Lu(NO3)3·xH2O (36 mg, 0.1 mmol)
and ligand HL (40.0 mg, 0.2 mmol) in MeCN (15 mL) was stirred
at room temperature for 24 h. The red solution was evaporated
under reduced pressure to give complex 10 as an orange solid in
quantitative yield. ESI-MS: m/z = 569 (100%) [LuL2]+, 452 (15%)
[LuL(NO3)(H2O)]+, 434 (20%) [LuL(NO3)]+, 331 (5%)
[Lu2L3(NO3)]3+, 199 (5%) [L]+. IR (KBr, [cm–1]): ν̃ = 3611 (OH),
3335 (OH), 3055 (CH arom), 3024 (CH imin), 1732 (NO3

–), 1594
(py), 1588 (py), 1570 (py), 1483 (py), 1472 (py), 1383 (NO3

–), 1297
(py), 1272 (py), 1250 (py), 1154 (py), 868 (OH), 806 (NO3

–), 777
(py), 752 (py), 590 (py). Lu2(L)3(NO3)3·H2O (1145.60): calcd. C
37.74, H 2.55, N 11.00; found C 38.01, H 2.34, N 10.89

Eu-Dy Complex (11): A mixture of Eu(NO3)3·5H2O (36 mg,
0.084 mmol), Dy(NO3)3·6H2O (37 mg, 0.084 mmol) and ligand HL
(50.0 mg, 0.25 mmol) in MeCN (15 mL) was stirred at room tem-
perature for 24 h. The red solution was evaporated under reduced
pressure to give complex 11 as an orange solid in quantitative yield.
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ESI-MS: m/z = 1166 (5%) [EuDyL3(NO3)]2+, 556 (100%) [DyL2]+,
547 (80%) [EuL2]+, 199 (30%) [L]+. IR (KBr [cm–1]): ν̃ = 3636
(OH), 3367 (OH), 3085 (CH arom), 3025 (CH imin), 1731 (NO3

–),
1564 (py), 1543 (py), 1483 (py), 1459 (py), 1384 (NO3

–), 1301 (py),
1248 (py), 1102 (py), 866 (OH), 805 (NO3

–), 780 (py), 751 (py), 592
(py). EuDy(L)3(NO3)3·2H2O (1128.15): calcd. C 38.33, H 2.77, N
11.17; found C 38.06, H 2.54, N 10.99.

Eu-Zn Complex (12): A mixture of Eu(NO3)3·5H2O (36 mg,
0.084 mmol), Zn(NO3)2·6H2O (16 mg, 0.084 mmol) and ligand HL
(50.0 mg, 0.25 mmol) in MeCN (15 mL) was stirred at room tem-
perature for 24 h. The red solution was evaporated under reduced
pressure to give complex 12 as an orange solid in quantitative yield.
ESI-MS: m/z = 1155 (5%) [Eu2L3(NO3)3(H2O)4+H]+, 870 (5%)
[EuZnL3(NO3)]+, 545 (15%) [EuL2]+, 459 (100%) [ZnL2]+, 199
(15%) [L]+. IR (KBr [cm–1]): ν̃ = 3612 (OH), 3348 (OH), 3069 (CH
arom), 3027 (CH imin), 1733 (NO3

–), 1569 (py), 1487 (py), 1468
(py), 1383 (NO3

–), 1296 (py), 1250 (py), 1107 (py), 868 (OH), 807
(NO3

–), 778 (py), 750 (py), 590 (py). EuZn(L)3(NO3)2·4H2O
(1067.07): calcd. C 40.52, H 3.31, N 11.81; found C 40.21, H 3.23,
N 12.02.

Crystal Structure Determination of Complexes 3, 5, 8 and 12: Data
were collected by the ω-scan technique in the θ range of 2–30° on
a KUMA KM4CCD four-circle[43] diffractometer equipped with a
CCD detector, using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å). Accurate cell parameters were determined by the le-
ast-squares fit of 10137 (for 3), 13161 (for 5), 8403 (for 8) and 2785

Table 3. Selected geometrical parameters.

M Nd (3) Eu (5) Dy (8)

M1–O10A 2.436(2) 2.392(4) 2.411(3)
M1–O10B 2.467(2) 2.428(4) 2.442(3)
M1–O10C 2.408(2) 2.363(5) 2.367(3)
M1–N1A 2.674(3) 2.628(6) 2.649(4)
M1–N1B 2.689(3) 2.654(6) 2.666(4)
M1–N8A 2.567(3) 2.518(5) 2.542(4)
M1–N8B 2.581(3) 2.534(5) 2.547(4)
M1–O2D 2.585(2) 2.551(5) 2.557(4)
M1–O3D 2.542(3) 2.489(5) 2.514(4)
M2–O10A 2.493(2) 2.452(5) 2.466(3)
M2–O10B 2.461(2) 2.399(4) 2.414(3)
M2–O10C 2.428(2) 2.396(5) 2.404(3)
M2–N1C 2.652(3) 2.626(6) 2.633(4)
M2–N8C 2.575(3) 2.530(6) 2.555(4)
M2–O2E 2.560(3) 2.524(6) 2.537(4)
M2–O3E 2.529(3) 2.489(6) 2.505(4)
M2–O2F 2.494(2) 2.446(5) 2.466(3)
M2–O3F 2.547(2) 2.503(6) 2.526(4)

M1–O10A–M2 95.49(7) 95.0(1) 95.0(1)
M1–O10B–M2 95.53(7) 95.5(1) 95.6(1)
M1–O10C–M2 97.96(8) 97.3(2) 97.9(1)

12

Eu1–O10A 2.406(7) Zn1–O10A 2.126(8)
Eu1–O10B 2.409(6) Zn1–O10N 2.115(6)
Eu1–O10C 2.326(6) Zn1–N1A 2.282(8)
Eu1–N1C 2.622(9) Zn1–N1B 2.190(7)
Eu1–N8C 2.547(7) Zn1–N8A 2.075(8)
Eu1–O1D 2.476(6) Zn1–N8B 2.119(7)
Eu1–O2D 2.480(7)
Eu1–O1E 2.579(7)
Eu1–O2E 2.510(7)

Eu1–O10A–Zn1 102.1(3)
Eu1–O10B–Zn1 102.3(2)
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(for 12) reflections of highest intensity chosen from the complete
dataset. Data were corrected for Lorentz-polarization effects[44] and
for absorption.[45] The structure was solved by direct methods with
SHELXS-97[46] and refined with SHELXL-97.[47] Non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed at
calculated positions and refined with a ‘riding model’ with their
isotropic thermal parameters set to 1.2 times the Ueq of the appro-
priate carrier atom. Relevant crystal data and refinement details
are listed in Table 2. Selected geometrical parameters for complexes
3, 5, 8 and 12 are listed in Table 3.

CCDC-274721 (for 8), -274722 (for 5), -274723 (for 3), and -274724
(for 12) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Quantum Mechanical Calculations: The set of Cartesian coordi-
nates determined by X-ray diffraction for the atoms in complexes
5 and 12 served as a starting point for geometry optimization utiliz-
ing the density functional theory (DFT). The B3LYP method[48,49]

was utilized, and a composite basis set in which Eu, and Zn were
treated with a SDD basis set in which Stuttgart-Dresden pseudopo-
tentials[50,51] substituted for the innermost electrons to account for
relativistic effects was applied. Ligands atoms from the first coordi-
nation sphere were treated with a 6-31G basis set,[52] while the re-
maining atoms were treated with a STO-3G basis set.[53] Single
point energies were calculated with a SDD basis set[50,51] for all
atoms. All calculations were preformed with Gaussian 03.[54]

Acknowledgments

This work was partially supported by grant No. 4T09A 049 24
from the Polish Ministry of Scientific Research and Information
Technology.

[1] P. A. Vigato, S. Tamburini, Coord. Chem. Rev. 2004, 248, 1717–
2128.

[2] W. Radecka-Paryzek, V. Patroniak, J. Lisowski, Coord. Chem.
Rev. 2005, 249, 2156–2175.

[3] D. Imbert, S. Comby, A.-S. Chauvin, J.-C. Bünzli, Chem. Com-
mun. 2005, 1432–1434.

[4] V. W.-W. Yam, K. K.-W. Lo, Coord. Chem. Rev. 1999, 184, 157–
240.

[5] A. Mukherjee, S. Dhar, M. Nethaji, A. R. Chakravarty, Dalton
Trans. 2005, 349–353.

[6] R. Häner, J. Hall, Antisense Nucleic Acid Drug Dev. 1997, 7,
423–430.

[7] W. H. Li, S. E. Fraser, T. J. Meade, J. Am. Chem. Soc. 1999,
121, 1413–1414.

[8] D. M. J. Doble, M. Melchior, B. O’Sullivan, C. Siering, J. Xu,
V. C. Pierre, K. N. Raymond, Inorg. Chem. 2003, 42, 4930–
4937.

[9] D. E. Reichert, J. S. Lewis, C. J. Anderson, Coord. Chem. Rev.
1999, 184, 3–66.

[10] S. Aime, L. Calabi, C. Cavallotti, E. Gianolio, G. B. Gioven-
zana, P. Losi, A. Maiocchi, G. Palmisano, M. Sisti, Inorg.
Chem. 2004, 43, 7588–7590.

[11] J. B. Livramento, E. Tóth, A. Sour, A. Borel, A. E. Merbach,
R. Ruloff, Angew. Chem. Int. Ed. 2005, 44, 1480–1484.

[12] J. Rudovský, P. Cígler, J. Kotek, P. Hermann, P. Vojtíšek, I.
Lukeš, J. A. Peters, L. Vander Elst, R. N. Mueller, Chem. Eur.
J. 2005, 11, 2373–2384.

[13] L. Vander Elst, I. Raynal, M. Port, P. Tisnès, R. N. Muller, Eur.
J. Inorg. Chem. 2005, 1142–1148.



Complexes of ZnII and LnIII Ions with a Tridentate Schiff-Base Ligand FULL PAPER
[14] A. Facchetti, A. Abbotto, L. Beverina, S. Bradamante, P. Mari-

ani, Ch. L. Stern, T. J. Marks, A. Vacca, G. A. Pagani, Chem.
Commun. 2004, 1770–1771.

[15] J. Xu, D. G. Churchill, M. Botta, K. N. Raymond, Inorg.
Chem. 2004, 43, 5492–5494.

[16] J.-C. G. Bünzli, C. Piguet, Chem. Rev. 2002, 102, 1897–1928.
[17] C. Liu, M. Wang, T. Zhang, H. Sun, Coord. Chem. Rev. 2004,

248, 147–168.
[18] A. P. Basset, S. W. Magennis, P. B. Glover, D. J. Lewis, N. Spen-

cer, S. Parsons, R. M. Williams, L. De Cola, Z. Pikramenou, J.
Am. Chem. Soc. 2004, 126, 9413–9424.

[19] M. K. Thomson, D. M. J. Doble, L. S. Tso, S. Barra, M. Botta,
S. Aime, K. N. Raymond, Inorg. Chem. 2004, 43, 8577–8586.

[20] P. M. T. Piggot, L. A. Hall, A. J. P. White, D. J. Williams, Inorg.
Chem. 2003, 42, 8344–8352.

[21] R. Gheorghe, V. Kravtsov, Y. A. Simonov, J.-P. Costes, Y. Jour-
naux, M. Andruh, Inorg. Chim. Acta 2004, 357, 1613–1618.

[22] N. Ishikawa, S. Otsuka, Y. Kaizu, Angew. Chem. Int. Ed. 2005,
44, 731–733.

[23] J.-P. Costes, F. Dahan, G. Novitchi, V. Arion, S. Shova, J. Lip-
kowski, Eur. J. Inorg. Chem. 2004, 1530–1537.

[24] R. Koner, G.-H. Lee, Y. Wang, H.-H. Wei, S. Mohanta, Eur. J.
Inorg. Chem. 2005, 1500–1505.

[25] C. Piguet, G. Bernardinelli, G. Hopfgartner, Chem. Rev. 1997,
97, 2005–2062.

[26] W.-K. Lo, W.-K. Wong, J. Guo, W.-Y. Wong, K.-F. Li, K.-W.
Cheah, Inorg. Chim. Acta 2004, 357, 4510–4521.

[27] M. Cantuel, G. Bernardinelli, G. Muller, J. P. Riehl, C. Piguet,
Inorg. Chem. 2004, 43, 1840–1849.

[28] P. Coppo, M. Duati, V. N. Kozhevnikov, J. W. Hofstraat, L.
De Cola, Angew. Chem. Int. Ed. 2005, 44, 1806–1810.

[29] X. Yang, R. A. Jones, V. Lynch, M. M. Oye, A. L. Holmes,
Dalton Trans. 2005, 849–851.

[30] C. Piguet, G. Bernardinelli, J.-C. Bünzli, S. Petoud, G. Hopf-
gartner, J. Chem. Soc., Chem. Commun. 1995, 2575–2577.

[31] C. Piguet, J.-C. Bünzli, G. Bernardinelli, G. Hopfgartner, S.
Petoud, O. Schaad, J. Am. Chem. Soc. 1996, 118, 6681–6697.

[32] R. E. P. Winpenny, Chem. Soc. Rev. 1998, 27, 447–452.
[33] M. Sakamoto, K. Manseki, H. Ōkawa, Coord. Chem. Rev.
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The Schiff base LH3 obtained by condensation of 3-formyl-
4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate with 1,3-
diamino-2-propanol reacts with lanthanide(III) acetate salts
to form dinuclear complexes of the type Ln2L2 with the tri-
valent ions from the first half of the lanthanide series (Ln =

Introduction

N,N�-Bis(salicylidene)ethylenediamine (salen) and similar
Schiff-base ligands derived from diamines other than ethyl-
enediamine have often been used as building blocks for me-
tal-containing liquid crystals.[1] This work was focused
mainly on copper(), nickel() or oxovanadium() (vana-
dyl) complexes that exhibit smectic mesophases,[2,3] essen-
tially smectic A and smectic C phases, but also the more
ordered smectic E phase.[2e] Similar mesomorphic proper-
ties were also observed in calamitic cobalt() complexes,[2g]

and the enhancement of the molecular anisotropy of such
NiII, CuII and VOIV salen complexes by the use of alkyl-
phenylazo groups results in new mesomorphic systems
showing a high temperature SmC phase, and in some cases,
the nematic phase.[4] Binnemans et al. reported the first
mesomorphic lanthanide complexes of salen-type Schiff
base, but owing to the elevated transition temperatures, un-
equivocal identification of the mesophase formed was not
possible.[5] Swager and co-workers studied vanadyl com-
plexes derived from such Schiff bases, possessing a hexaca-
tenar structure, that exhibit a rich columnar mesomor-
phism,[6] whereas Binnemans et al. synthesized mixed f-d
metallomesogens, derived form the related hexacatenar li-
gand, that contain both a transition metal ion and a lantha-
nide() ion.[7] These compounds showed a hexagonal co-
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Nd, Sm, Gd). These stable and neutral metallomesogens ex-
hibit a rectangular columnar mesophase over a broad tem-
perature range.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lumnar phase over a broad temperature range. Depending
on the radius of the lanthanide() ion, either dinuclear f-
d[7] or trinuclear f-d-f complexes were formed.[7,8] Note that
all these complexes can be considered as adducts of a me-
sogenic Cu(salen) or Ni(salen) complex of a trivalent lan-
thanide ion. Because the Cu(salen) and Ni(salen) complexes
are electrically neutral, three nitrate groups are necessary to
compensate for the positive charge of the lanthanide ion in
the resulting mixed f-d complexes. Additionally, if such a
doubly negatively charged ligand is to be used to prepare
purely lanthanide complexes, a further small inorganic
anion (e.g. X = Cl, NO3) has to be present to obtain electric
neutrality in the corresponding LnXL complexes, otherwise
neutral complexes with a different stoichiometry such as
Ln2L3 type may be formed instead. By modifying the salen-
type Schiff-base ligand, it should be possible to obtain an
organic species that contains three deprotonable OH groups
and which can be used as triply negatively charged anionic
ligand to form neutral complexes with the trivalent lantha-
nide cations. Such a ligand can be obtained by condensing
the aldehyde that is used to prepare the salen-type Schiff
base, with 1,3-diamino-2-propanol instead of 1,2-diaminoe-
thane.

In this paper, we show that the chemical modification of
the salen-type Schiff base by using 1,3-diamino-2-propanol
instead of 1,3-diaminopropane in the reaction with the ap-
propriate 3-formyl-4-hydroxyphenyl-3,4,5-tris(tetradecyl-
oxy)benzoate appears to be a judicious approach to prepare
neutral dinuclear complexes of the type Ln2L2 with tri-
valent lanthanide ions. Moreover, these complexes are
mesomorphic and exhibit a rectangular columnar meso-
phase over a large temperature range, as shown by small-
angle X-ray diffraction. With the help of molecular me-
chanics, a model for the organization of these compounds
in the columns is proposed.
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Results and Discussion

The Schiff-base ligand LH3 was obtained by condensa-
tion of the aldehyde 3-formyl-4-hydroxyphenyl-3,4,5-tris(te-
tradecyloxy)benzoate (1 equiv.) and 1,3-diamino-2-propa-
nol (0.5 equiv.) in toluene, with azeotropic removal of the
water. The three dinuclear lanthanide() complexes (Ln =
Nd, Sm, Gd) were synthesized by reaction between the lan-
thanide acetate salt Ln(CH3COO)3·xH2O (1.1 equiv.) and

Scheme 1. Synthesis of the Schiff-base ligand and the corresponding dinuclear Ln–Ln complexes 1–3. Reagents and conditions: (a) RBr
(3 equiv.), K2CO3 (6 equiv.), DMF, KI (catalytic amount), reflux overnight; (b) NaOH, ethanol, reflux for 4 hours; acidification by dilute
HCl solution; (c) DCC, DMAP, dichloromethane, 24 hours at room temp.; (d) 1,3-diamino-2-propanol (0.5 equiv.), glacial acetic acid
(catalyst), toluene, Dean–Stark trap, 3 hours at reflux; (e) Ln(CH3COO)3·xH2O (1.1 equiv.), chloroform, reflux overnight.

Eur. J. Inorg. Chem. 2006, 150–157 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 151

the Schiff base (0.5 equiv.) in chloroform at refluxing tem-
perature. The synthesis of ligand and complexes 1–3 is out-
lined in Scheme 1.

A schematic representation of the dinuclear lantha-
nide() complexes is given in Scheme 1 (compounds 1, 2,
3). Because each ligand carries a triple negative charge, the
positive charge of the two trivalent lanthanide ions is coun-
terbalanced and the dinuclear complexes are neutral; there-
fore no counterions are necessary. This is in contrast with
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the f-d complexes with salen-type ligands,[7,8] the lanthanide
complexes with salicylaldimine Schiff bases which have
counterions such as nitrate groups.[1f,9,10] or lipophilic
bis(benzimidazole)pyridine-based ligands.[11] The reasons
why a dinuclear complex is formed instead of a mononu-
clear species are due to the tendency of the lanthanide()
ions to achieve a high coordination number and to the na-
ture of the ligand itself, auspicious to such a coordination
mode (fused chelating parts). Typically, the coordination
number of the trivalent lanthanide ions in coordination
compounds is eight or nine. Also six-coordinate lantha-
nide() complexes are known, for example the tris(β-dike-
tonato)lanthanide() complexes. When the ligand does not
offer a sufficient number of donor atoms to the lantha-
nide() ion to achieve a high coordination number, some
of the donor atoms can coordinate in a bridging mode. Al-
ternatively, adducts can be formed with Lewis bases, such
as water molecules. Unfortunately, we were unable to obtain
single crystals, so that the structure of the complex is still
unknown. It was also not possible to grow single crystals
of similar complexes with shorter alkyl chains and due to
the presence of paramagnetic ions, 1H NMR spectra of the
complexes were not resolved. It is however unlikely to con-
sider the structure of the dinuclear lanthanide() complex
as totally flattened and planar (as drawn in Scheme 1) by
simply considering the coordination chemistry of d and f
elements and entropic phenomena. The geometric prefer-
ences of lanthanides to adopt coordination numbers higher
than six support that such extended planarity is absent, and
that the ligands are wrapped around the metallic centers.
Thus, a more energetically favorable structure for these di-
nuclear species would imply the ligand to be bent or V-
shaped (due to the flexible spacer), and that they are either
entwined around the two metal ions as in helicates[12–14]

(Figure 1a, D2 symmetry) or coordinated to the two cations
in such a way that a sandwich complex with a mesocate
structure is formed (part b in Figure 1, C2h symmetry).[13]

Whatever the exact structure is, it has been shown recently
for some M2L3 complexes, that both species exist in equilib-
rium in solution, and the helicate to mesocate isomerization
only requires inversion at one metal center,[15] and that this
low-energy cost equilibrium may be generalized to other
systems. The driving forces for the formation of helicates
and/or mesocates result from the minimization of energy of
the ultimate self-assembly. Such a formation depends on the
metal-imposed (number and coordination geometry) and li-
gand-imposed constraints (type, nature of the spacer and
distance between bridging units), as well as to some degree
of pre-organization of the ligand. In the case of lanthanides,
helicates mainly possess a three-stranded helicate Ln2L3

structure (in such case, the two lanthanide ions are wrapped
by three ligands), while mesocate complexes of the type
M2L2 – schematically shown in Figure 1, b – are common
for both d and f elements.[13] For instance, Gelasco and Pe-
coraro described the crystal structure of a closely related
dimeric manganese() complex of the Schiff base 1,3-bis(5-
nitrosalicylidenimino)-2-propanol:[16] this dimeric manga-
nese complex has a µ2-alkoxy core with a symmetric envi-
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ronment for the manganese() ions. The authors showed
that the ligands adopt a hairpin conformation and that two
of them wrap the two metallic ions in an antiparallel mode
to form the neutral mesocate Mn2L2 complex as schemati-
cally drawn in Figure 1, b. This particular dimeric structure
could be representative of the chelating mode of this type
of ligand with two metallic nuclei and generalized to other
dinuclear species. We have thus extrapolated this mode of
chelation to the presently studied dinuclear lanthanide()
complexes, the close proximity of the two sets of donor
atoms of the bidentate bridging ligand, and the presence of
the central hydroxy coordinating group slightly disfavoring
the formation of the helicate structure at the expense to
the mesocate one; this assumption is comforted by some
molecular calculations, too (vide infra).

Figure 1. Schematic representation of the two possible structures
given by the Ln2L2 complexes. The two bischelate bent-like ligands,
may entwine the two metallic species to form a double-stranded
helicate (a, D2 symmetry) or sandwich the metal ions to form a
non-helical meso structure or mesocate instead (b, C2h symmetry).

In this model, the two lanthanide() ions are in a six-
coordinate environment, with the coordination polyhedron
being a (distorted) octahedron. The two coordinating octa-
hedral cages of the two lanthanide ions share a common
edge, and the alkoxide group bridges the two lanthanide()
centers (Figure 2). For a further investigation of the confor-
mation of this dinuclear complex and to support the mesoc-
ate structure, molecular simulations were performed on
both mesocate and helicate conformers (Gaussian 03,
rb3lyp/3-21g**). For compatibility with the calculation
bases, the lanthanide() cations were replaced in these
models by yttrium(), chosen because of its great proximity
to the lanthanide series (located just above the lanthanum
in the periodic table of elements) and for the similarity of
the ionic radius between YIII and LnIII. The minimization
yielded two stable structures with an energetic gap of
44.9 kJ·mol–1 in favor of the mesocate conformation. For
both conformers in these theoretical structures (taken as
isolated molecule in the gas phase), the angle formed by the
phenyl groups of the ligands is quite wide in comparison
with the manganese complex just mentioned,[16] but a se-
arch in the Cambridge Crystallographic Database shows
that the very flexible salen-type ligand can be very distorted
by packing constraints in condensed phase. It is then rea-
sonable to propose that the present dinuclear lanthanide()
complexes adopt preferentially a mesocate form, with the
ligands in the hairpin conformation. Furthermore, with this
assumption, the pinched ligand structure could be even
more stabilized by intramolecular π-stacking of the benzo-
ate rings (vide infra).
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Figure 2. Minimized structure of the dinuclear diligand species (see text; purple: lanthanide cation; blue: nitrogen atom; red: oxygen
atom, green: carbon atom. Hydrogen atoms have been omitted for clarity.).

The Schiff-base ligand LH3 is itself mesomorphic, not
totally unexpected, because of its polycatenar-like molecu-
lar structure, a priori compatible with mesophase forma-
tion.[17] Observation by polarizing optical microscopy
(POM) indicated a monotropic liquid-crystalline phase be-
havior. On heating the sample, an isotropic liquid is ob-
tained at 82 °C, which was confirmed by an intense endo-
thermic peak transition (82 kJ·mol–1) in the first heating
run of the DSC curve. Heating was continued above 100 °C
without detecting additional thermal events, and the sample
was then cooled down. At 62 °C, a phase transformation is
detected by the growth of birefringent dendritic features
from the isotropic liquid, remembering one of the typical
texture of the hexagonal columnar phase (Figure 3). A peak
of –2.50 kJ·mol–1 in the DSC curve corresponds to this
monotropic phase transition. The phase remained stable
down to room temperature. On second heating, the com-
pound cleared straight into the isotropic liquid at 62 °C,
that is 20 °C lower than during the first heating. Subsequent
cooling and heating repeated the behavior of the second
cycle so crystallization from a solvent must result in a crys-
talline form that needs to rearrange on heating before it
clears into the isotropic liquid. The X-ray diffractogram of
the mesophase registered on cooling the sample from the
isotropic liquid does not contradict the mesophase assign-
ment made by POM, nor gives conclusive information
about the mesophase symmetry, and so the mesophase re-
mains assigned from its optical texture alone. The pattern
recorded at 50 °C on cooling showed only one single, but
sharp and intense small-angle diffraction peak at ca. 38 Å,
which was indexed as the [10] reflection of a 2D hexagonal
lattice. The liquid-like order of the aliphatic chains was con-
firmed by the presence of the broad scattering at ca. 4.5 Å.
To conclude, the optical texture shows enough evidence that
a hexagonal columnar phase was formed (Figure 3), and
the thermal properties of the ligand can be summarized as
follows: Cr 82 (Colh 62) I.

The lanthanide() complexes 1–3 are also mesomorphic,
and exhibit a mesophase over a temperature range of more
than 100 °C. The clearing temperatures of the complexes
could not be determined due to extensive decomposition
well above 200 °C. The transition temperatures are summa-
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Figure 3. Optical texture of hexagonal columnar phase formed by
the Schiff-base ligand LH3 at 58 °C.

rized in Table 1. At room temperature, the complexes are in
a semi-crystalline or condis (conformationally disordered)
phase as revealed by XRD: only broad and diffuse scat-
terings were observed in the angular range of study (0 � 2θ
� 35°). The halo in the wide angle part at 4.5 Å corre-
sponds to the liquid-like order of the molten chains,
whereas those in the small angle part, obtained within the
ratio 1:2:3 (at ca. 30.5, 15.3, and 10.2 Å) indicate some
short-range layering correlations of the system. This lam-
ellar structure is formed again on subsequent cooling/heat-
ing runs, proving the high reversibility of the phase trans-
formation and the good thermodynamic stability of this
phase. Above 100 °C, and for the three dinuclear complexes,
a change in the optical texture concomitant to a phase
transformation was detected. However, the optical textures
observed by microscopy were not sufficiently characteristic
to permit the unambiguous identification of the mesophase.
With regards to the molecular structure of the complexes,
which resembles to that of related dinuclear complexes con-
structed from hexacatenar ligands, the mesophase is likely
columnar.[18] The definitive mesophase identification was
achieved by temperature-dependent X-ray diffraction. The
XRD pattern of the neodymium() complex 1 at 200 °C,
chosen as representative example for the three complexes, is
shown in Figure 4 and the relevant data are summarized in
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Table 2. The X-ray pattern recorded at 200 °C was chosen
instead of those recorded at lower temperatures as it pro-
vided the most suitable information. Indeed, the reflections
appear to sharpen and to become more intense as the tem-
perature was raised, a result of the temperature-induced
micro-segregation. The pattern reveals two diffuse scat-
tering halos (5 and 6) observed in the mid and wide-angle
region. The halo at 4.5 Å (6), corresponds to the liquid-
like order of the aliphatic chains and to the loose lateral
interactions between rigid parts of the complex, whereas the
other diffuse halo (5), corresponding to an average distance
of ca 10 Å, very likely conveys to the existence of dimeric
species (vide infra). In the small angle region, four large
reflections were observed and indexed into a rectangular
2D lattice with the pairs of Miller’s indices [hk] = [11], [20],
[22] and [40] (Table 2). This pattern is typical for a centered
rectangular lattice with a c2mm plane group. Since two in-
dexations of the reflections are possible (only harmonics of
the fundamental reflections were measured), we have cho-
sen the most likely one (Table 2). The first option consists
of chosing [11] = 26.0 Å and [20] = 38.25 Å, but this yields
to a highly anisometric rectangular lattice, the parameters
of which (a = 76.5 Å and b = 27.45 Å) are highly incompat-
ible with the molecular dimensions (length, width and
thickness) of the dinuclear complexes. In contrast, the other
option ([11] = 38.25 Å and [20] = 26.0 Å), leads to lattice
parameters that are more relevant here (a = 52.0 Å and b
= 56.45 Å) and in agreement with the size of the complexes.

Table 1. Transition temperatures of the dinuclear lanthanide com-
plexes.

Compound Ln Transition temperatures[a] [°C]

1 Nd X · 116 · Colr-c2mm · 257 (dec.)
2 Sm X · 108 · Colr-c2mm · 227 (dec.)
3 Gd X · 106 · Colr-c2mm · 236 (dec.)

[a] X: semi-crystalline lamellar solid or condis (conformationally
disordered) phase; Colr-c2mm: rectangular columnar phase with
the centered c2mm symmetry; dec.: decomposition.

Figure 4. X-ray diffractogram of neodymium() complex 1 at
200 °C.

The similarity of the lattice parameters a and b in this
case expresses that the rectangular lattice is in fact nearly
square-like, that is that the cross-section of the columnar
hard core (i.e. constituted of the rigid molecular parts) is
not so elliptic, but rather more circular instead. In order to
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Table 2. XRD data of the neodymium() complex 1 at 200 °C.[a]

Reflection no.[b] dexp
[c] [hk] I[d] dtheo

[c] Cell parameters[c,e]

1 38.25 [11] vs 38.25 Colr – c2mm
2 26.0 [20] vs 26.0 a = 52.0 Å
3 19.1 [22] m 19.1 b = 56.45 Å
4 13.15 [40] m 13.0 S = 2.935 Å2

5 10.0 – broad – Vcell = 14.675 Å3

6 4.5 broad – Ncol = 2

[a] For complexes 2 and 3, similar data were obtained: Sm complex
2: a = 52.2 Å, b = 56.3 Å, Vmol = 7360 Å3, Ncol = 2; Gd complex
3: a = 52.4 Å, b = 56.1 Å, Vmol = 7380 Å3, Ncol = 2. [b] The num-
bering of X-ray reflections corresponds to the one in Figure 4.
[c] dexp and dtheo are the experimentally measured and theoretical
diffraction spacings. Distances are given in Å. a, b are the param-
eters of the Colr phase, S is the lattice area and Vcell the volume of
the rectangular cellule 10 Å thick. [d] Intensity of the reflection. vs:
very strong, m: medium. [e] a, b are deduced from the measured

spacings d11 and d20: a = 2d20; b = A, with ;

dtheor is deduced from the following mathematical expression and

the lattice parameters a and b: . S = a×b, and Vcell

= ½×S×10. Ncol is the aggregation number or the number of mol-
ecular equivalents per stratum of column 10 Å thick, Ncol = Vcell/
Vmol.

understand the molecular packing of the complexes in the
columns and to propose a model, we first compared the
molecular dimensions and volume with the columnar cross-
section and rectangular cell volume of the Colr phase, and
followed the methodology explained elsewhere[19] to evalu-
ate the number of molecules per a given length of column,
h. Of course, h can be chosen arbitrarily, but in the follow-
ing calculation a value of 10 Å has been assumed, corre-
sponding to the broad signal 5 seen in the X-ray pattern
(vide supra), which suggests that there is a periodicity at
this distance and the breadth of the signal that there is a
correlation which persists over several molecules. The mini-
mization of the complex also showed a thickness of about
10 Å, concordant with this assumption. Thus, from the
molecular volumes Vmol of the Ln2L2 complexes (for Ln =
Nd, Vmol = 7340 Å3 at 200 °C), it was found that two com-
plexes molecular equivalents occupy the rectangular cell,
10 Å thick. Similar data were obtained for the correspond-
ing dinuclear gadolinium and samarium complexes (see
Table 2).

On the basis of the molecular minimization shown above
(Figure 2), it is possible to consider the formation of a di-
meric species which takes an overall “bow-tie” conforma-
tion, with a thickness of approximately 10 Å, and be stabi-
lized by lateral intermolecular interactions between the
phenyl rings of the ligand strands as shown in the Figure 5.
This interaction, which depends on the molecular structure,
is short range and is limited in the plane to a dimeric species
only because of the important number of irradiating ali-
phatic chains (‘bow-tie’-like dimer, Figure 5), which results
in the strong curvature of the hard-flexible interface and
disfavors molecular associations higher than in pairs. The
formation of columnar stacking is mainly driven by the
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micro-segregation between the hard and flexible parts (Fig-
ure 6). The hard part of the dimer forms the rigid spine of
the column, and the voids between these “hard” columns is
filled by the homogeneous matrix of aliphatic chains. The
stability of the edifice is mainly ensured by weak van der
Waals interactions and by inter-dimeric interactions along
the columnar axis (Figure 6). These columns then self-orga-
nize into the 2D rectangular lattice (Figure 7). A molecular
dynamics model has been built from two dimers disposed
respectively on the edge and at the center of a rectangular
cell based on the parameters determined by XRD. Due to
the incompatibility of the lanthanide ions with common
forcefields used for organic compounds, and according to
our previous discussion about the shape of these salen-type
dimetallic complexes, the geometry of the central part of
the complex was tethered to a template structure obtained
from the crystallographic data of the dinuclear manganese
complex mentioned above.[15] Nevertheless, each molecule
was allowed to move freely from each other within the cell

Figure 5. The ‘bow-tie’-like dimeric species viewed along the co-
lumnar axis (i.e. cross-section of column).

Figure 6. View of the stacking along the columnar axis, with the
stacking periodicity, h, also representing the molecular thickness.
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during the simulation. This model led to a consistent result,
with a density of the packing very close to unity, similar to
that of the mesophase.

Figure 7. Arrangement of the ‘bow-tie’-like dimers within the 2D
rectangular lattice.

Conclusions

In this paper, we report the first examples of neutral,
liquid-crystalline dinuclear f-f complexes, i.e. complexes
that contain two lanthanide ions. The ligand was designed
in such a way that the resulting complexes are electrically
neutral, so that no additional inorganic or organic counteri-
ons are needed to counterbalance the electric charges of
the complex. Due to the synthetic methodology specifically
elaborated here, only homodinuclear f-f complexes were
prepared. The complexes exhibit a rectangular columnar
mesophase, and a model, based on X-ray diffraction data
and molecular modelling, is proposed for the molecular
self-organization.

Experimental Section
Techniques: The nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance 300 spectrometer (operating at
300 MHz) and on a Bruker AMX-400 (operating at 400 MHz),
using CDCl3 as solvent and tetramethylsilane (TMS) as internal
standard. The NMR shifts were assigned with the help of 13C
DEPT spectroscopy, two dimensional correlation spectroscopy
(COSY) and proton-carbon heteronuclear multiple-quantum co-
herence (HMQC) spectroscopy. FTIR spectra were recorded on a
Bruker IFS-66 spectrometer, using the KBr pellet method. Elemen-
tal analyses were obtained on a CE-Instrument EA-1110 elemental
analyzer. MALDI-TOF mass spectra were measured on a VG Tof-
spec SE (Micromass, UK) equipped with a N2-laser (337 nm). Op-
tical textures of the mesophases were observed with an Olympus
BX60 polarizing microscope equipped with a LINKAM THMS600
hot stage and a LINKAM TMS93 programmable temperature-con-
troller. DSC traces were recorded with a Mettler- Toledo DSC821e
module. The XRD patterns were obtained with two different exper-



K. Binnemans, B. Donnio et al.FULL PAPER
imental set-ups, and in all cases, the powdered sample was filled in
Lindemann capillaries of 1 mm diameter. A linear monochromatic
Cu-Kα1 beam (λ = 1.5405 Å) obtained with a sealed-tube generator
(900 W) and a bent quartz monochromator were used (both gener-
ator and monochromator were manufactured by Inel). One set of
diffraction patterns was registered with a curved counter Inel CPS
120, for which the sample temperature is controlled within
±0.05 °C; periodicities up to 60 Å can be measured. The other set
of diffraction patterns was registered on Image Plate. The cell pa-
rameters are calculated from the position of the reflections at the
smallest Bragg angle, which are in all cases the most intense. Peri-
odicities up to 90 Å can be measured, and the sample temperature
is controlled within ±0.3 °C. The molecular modeling calculations
were performed on a SGI Origin 2800 20 CPU computer and on
an SGI Octane² calculators using Insight II and Discover 3 soft-
ware from Accelrys (www.accelrys.com) with the cvff forcefield. For
all models, prior to the dynamics, the systems were minimized to a
gradient of 0.05 kcalmol–1. The simulation then consisted of a 200
ps isotherm at 473 K in the NVT-PBC ensemble and with a 1 fs
time step.

Synthesis of the Schiff-Base Ligand LH3: The aldehyde 3-formyl-
4-hydroxyphenyl-3,4,5-tris(tetradecyloxy)benzoate was synthesized
as described elsewhere.[7] To a solution of 3-formyl-4-hy-
droxyphenyl-3,4,5-tris(tetradecyloxy)benzoate (1.33 g, 0.002 mol)
in 200 mL of toluene was added 1,3-diamino-2-propanol (90 mg,
0.001 mol) and 5 drops of glacial acetic acid (as the catalyst). The
mixture was heated for 3 hours at reflux and water formed by the
reaction was removed azeotropically (Dean–Stark trap). After al-
lowing the solution to cool down to room temperature, the solvent
was removed at reduced pressure. The crude product was purified
by crystallization from absolute ethanol. Yield: 80% (1.11 g). 1H
NMR (CDCl3): δ = 0.89 (m, 18 H, CH3), 1.20–1.40 (m, 120 H,
CH2), 1.49 (m, 12 H, CH2–CH2–CH2–O), 1.70–1.90 (m, 12 H,
CH2–CH2–O), 3.70–3.95 (m, 4 H, N–CH2), 4.05 (m, 12 H, CH2–
O), 4.30 (m, 1 H, CH), 7.01 (d, 2 H, Harom), 7.14 (s, 2 H, Harom),
7.16 (d, 2 H, Harom), 7.39 (s, 4 Harom), 8.40 (s, 2 H, CH=N), 13.0
(br., OH) ppm. 13C NMR (CDCl3): δ = 14.1 (CH3), 22.7 (CH2),
26.1 (CH2), 29.3–30.3 (CH2), 31.9 (CH2), 63.3 (CH2–N), 69.3
(CH2–O), 70.5 (CH), 73.6 (CH2–O), 108.7 (Carom), 117.9 (Carom),
118.5 (Carom), 123.7 (Carom), 123.9 (Carom), 126.2 (Carom), 158.8
(C=O), 166.7 (C=N) ppm. IR (KBr): ν̃ = 1641 (C=N), 1201 (C–
O) cm–1. C115H194N2O13 (1812.78): calcd. C 76.19, H 10.79, N 1.55;
found C 76.18, H 10.99, N 1.42.

Synthesis of the Lanthanide(III) Complexes: The dinuclear lantha-
nide complexes (Ln = Nd, Sm, Gd) of the Schiff-base ligand LH3

were synthesized by reaction between the lanthanide acetate salt
Ln(CH3COO)3·xH2O (1.1 equiv.) and the Schiff base (1 equiv.) in
chloroform at refluxing temperature overnight. The acetate ions act
as the base to deprotonate the ligand. The complexes were purified
by crystallization from a water/ethyl acetate mixture, and were ob-
tained in moderate yields: 74% for the Nd complex 1, 62 % for
the Sm complex 2 and 49% for the Gd complex 3. MALDI-TOF
measurements show a molecular peak that corresponds to the dinu-
clear species with the stoichiometry [Ln2L2] for the neodymium()
and samarium() complexes.

Nd Complex 1: C230H382N4Nd2O26 (3907.99): calcd. C 70.69, H
9.85, N 1.43; found C 70.79, H 9.84, N 1.44. MALDI-TOF:
Mw(isotopic) = 3907.68 m/e; Mw(found) = 3909.30 m/e. IR (KBr):
ν̃ = 1633 (C=N) cm–1.

Sm Complex 2: C230H382N4O26Sm2 (3920.23): C 70.47, H 9.82, N
1.43; found C 69.97, H 9.69, N 1.41. MALDI-TOF: Mw(isotopic)
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= 3920.71 m/e; Mw(found) = 3921.65 m/e. IR (KBr): ν̃ = 1633
(C=N) cm–1.

Gd Complex 3: C230H382Gd2N4O26 (3934.01): C 70.22, H 9.79, N
1.42; found C 69.67, H 9.96, N 1.34. IR (KBr): ν̃ = 1633 (C=N)
cm–1.
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Silver(I) complexes of the freely stable carbenes 1,3-bis(2,4,6-
trimethylphenyl)imidazolidin-2-ylidene (3) and 1,3-bis(2,6-
diisopropylphenyl)imidazolidin-2-ylidene (4) were prepared
from the imidazolinium chlorides 1 and 2, respectively, and
silver oxide. These two air-stable and light-sensitive carbene
complexes [AgCl(3)] (5) and [AgCl(4)] (6) were characterized
by NMR spectroscopy, and the molecular structure of 6 was
confirmed by X-ray diffraction. The imidazolidin-2-thiones 7
and 8 were obtained by reaction of the silver carbene com-
plexes 5 and 6, respectively, with elemental sulfur at ambient

Introduction

Metal complexes of N-heterocyclic carbenes have
emerged as an important class of compounds with wide-
spread applications in homogeneous catalysis.[1,2] For exam-
ple, such complexes represent efficient catalysts for palla-
dium-catalyzed carbon–carbon coupling reactions,[3,4] ru-
thenium-catalyzed olefin metathesis reactions,[5–7] or iridi-
um-catalyzed transfer hydrogenation reactions.[8] In general,
metal complexes of “saturated” (nonaromatic) imid-
azolidin-2-ylidenes[9] reveal higher catalytic activity than
the analogous complexes of “unsaturated” (aromatic) imid-
azolin-2-ylidenes[10] or benzannulated benzimidazol-2-ylid-
enes.[11] This is regarded as a consequence of the stronger
basicity and nucleophilicity of the nonaromatically stabi-
lized carbene ligands. However, in contrast to unsaturated
N-heterocyclic carbenes, imidazolidin-2-ylidenes can occur
as carbene dimers (enetetramines) if the steric demand of
their N-substituents is small (e.g. N-methyl,[12] N-ethyl,[12]

and N-phenyl[13]) and the kinetic barrier for dimerization is
low. Imidazolidin-2-ylidenes with bulky N-substituents [e.g.
N-tert-butyl,[12] N-(2,4,6-trimethylphenyl),[14] and N-(2,6-di-
isopropylphenyl)[14]] showed no tendency to dimerize and
could be isolated and characterized as monomeric com-
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temperature. Spectroscopic evidence for the formation of the
rhodium(I) complex [(cod)Rh(Cl)(10)] (11) with the sterically
demanding 1,3-di-tert-butyl-imidazolidin-2-ylidene ligand
10 obtained in situ from 1,3-di-tert-butyl-imidazolinium tet-
rafluoroborate 9 is presented. Because of the steric demand
of the carbene ligand 10, complex 11 decomposed rapidly in
solutions of chlorinated or polar solvents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pounds. Recently, a simple procedure for the formation of
unsymmetrical N,N�-substituted imidazolidin-2-ylidenes
was described, and it was demonstrated that only one steri-
cally demanding N-substituent is sufficient to prevent the
dimerization of the carbene.[15]

Initially, transition metal complexes with imidazolidin-2-
ylidene ligands were synthesized by cleavage of the enetetra-
mines under forceful conditions.[16,17] The direct formation
of such carbene-metal complexes by utilization of mono-
meric saturated carbenes is less attractive since the free li-
gands are extremely sensitive towards oxygen and moisture.
However, preparation of the free carbenes by in situ depro-
tonation of imidazolinium salts with strong bases and sub-
sequent reaction with suitable transition-metal precursors
produced an improvement. In contrast to this, transmetal-
ation has emerged as an interesting alternative for the syn-
thesis of numerous transition-metal carbene complexes.[18]

Silver()-carbene complexes have turned out to be the trans-
metalation agent of choice and were first employed by
Wang and Lin in order to prepare rhodium and palladium
complexes of benzimidazol-2-ylidene ligands.[19] The analo-
gous silver complexes of imidazolidin-2-ylidene ligands
were prepared by Pytkowicz et al. from silver() oxide and
imidazolinium salts.[20]

In this contribution we report on the preparation and
characterization of silver complexes 5 and 6 (Scheme 1),
along with the sterically demanding imidazolidin-2-ylidene
ligands 3 and 4. We demonstrate that complexes 5 and 6 do
not react in the transmetalation reaction with PdI2 and [(p-
cymene)RuCl(µ-Cl)]2, most likely because of the steric de-
mand of the carbene ligands, which shows the limitations
of the transmetalation reaction. Furthermore, the rhodium
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complex 11 with the N-tert-butyl-substituted carbene 10 is
described (Scheme 3). These three complexes contain li-
gands that are also stable as monomeric imidazolidin-2-
ylidenes when they are not coordinated to a metal center.
In addition, the reaction of the complexes 5 and 6 with
elemental sulfur to give imdazolidin-2-thiones is described
(Scheme 2).

Results and Discussion

The preparation of the silver complexes 5 and 6 was car-
ried out in an analogous procedure to that described by
Wang and Lin for the preparation of silver complexes with
benzimidazolin-2-ylidene ligands.[19] The reaction of the
imidazolinium salts 1 and 2 with 0.5 equiv. silver oxide in
dichloromethane afforded the monocarbene complexes af-
ter a reaction time of 24 h (Scheme 1).

Scheme 1. Preparation of the silver carbene complexes 5 and 6.

During the reaction, the dark suspension of silver oxide
and the imidazolidinium salt became a clear and colorless
solution as the silver oxide was consumed. The reaction did
not require an exclusion of oxygen or moisture. This repre-
sents a substantial advantage compared with the complex
synthesis using air-sensitive free carbenes and silver() pre-
cursors. However, complexes 5 and 6 decompose under the
influence of light, as expected for silver complexes, giving
the free carbenes 3 and 4 and silver chloride. Nevertheless,
both novel silver carbene complexes could be fully charac-
terized by NMR and mass spectroscopy.

Single crystals of 6·4CH2Cl2 suitable for an X-ray diffrac-
tion analysis were obtained by layering n-pentane over a
saturated dichloromethane solution of complex 6. The mol-
ecular structure of the silver carbene complex 6 is depicted
in Figure 1.[21] The X-ray diffraction data led, even after
application of an absorption correction,[22–25] only to a
poor structure model which, however, confirmed the overall
composition and geometry of 6. The quality of the X-ray
data does not allow a detailed discussion of molecular pa-
rameters of 6. Complex 6 resides on a crystallographic two-
fold axis that bisects the C4–C4* bond. The Ag–C2 bond
in complex 6 [2.059(9) Å] is slightly shorter than the analo-
gous bond in the silver() bromide complex with an
N,N�-benzyl-substituted imidazolidin-2-ylidene ligand
[2.09(2) Å].[20] However, the Ag–C2 bond length in 6
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has a value that is similar to that found for the com-
plex [AgCl(NHC)] (NHC = imidazolin-2-ylidene)
[2.056(7) Å].[26]

Figure 1. Molecular structure of one molecule of 6 in crystals of
6·4CH2Cl2. Hydrogen atoms and solvent molecules have been omit-
ted for clarity. Selected bond lengths [Å] and bond angles [°]: Ag–
Cl 2.306(2), Ag–C2 2.059(9), N1–C2 1.324(7), N1–C4 1.457(8),
C4–C4* 1.538(14); C2–Ag–Cl 173.5(2), C2–N1–C4 114.2(6), C2–
N1–C6 123.1(5), Ag–C2–N1 125.9(4), N1–C2–N1* 107.8(8).

The transmetalation reactions with selected complexes of
ruthenium and palladium {PdI2, [(p-cymene)RuCl(µ-Cl)]2}
that use 5 and 6 as transmetalation agents were unsuccess-
ful, most likely owing to the steric demand of the carbene
ligands. We also studied the reactions of the complexes 5
and 6 with elemental sulfur. The imidazolidin-2-thiones 7
and 8 were obtained by simple addition of sulfur to a solu-
tion of the silver carbene complexes 5 and 6, respectively,
in dichloromethane at ambient temperature (Scheme 2).

Scheme 2. Preparation of the thiones 7 and 8.

The formation of a carbene intermediate during the reac-
tion of complexes 5 and 6 with sulfur is very likely. This
transformation represents the reverse reaction of the se-
quence thione reduction[27] and reaction of the free carbene
with a transition metal to give transition-metal carbene
complexes. The 13C NMR spectrum of 8 reveals the charac-
teristic resonance signal for the carbon atom of the thiocar-
bonyl group at δ = 184.1 ppm. Furthermore, the spectrum
shows the resonance signal for the methylene carbon atom
of the N-heterocyclic ring at δ = 50.2 ppm. The cyclic thio-
ureas 7 and 8 were characterized by X-ray diffraction to
confirm the assigned structures. Crystals of 7 and 8 were
obtained by diffusion of n-hexane into saturated dichloro-
methane solutions of the thiones. Figure 2 (7) and Figure 3
(8) depict the molecular structures of the thiones.[21–25]
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Figure 2. Molecular structure of one molecule of 7 in the crystal.
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å]
and bond angles [°]: S–C1 1.666(2), N1–C1 1.355(2), N1–C2
1.460(2), N1–C3 1.428(2), C2–C2* 1.513(4); C1–N1–C2 112.3(1),
C1–N1–C3 125.3(1), C2–N1–C3 121.96(12), S–C1–N1 126.12(9),
N1–C1–N1* 107.8(2).

Figure 3. Molecular structure of one molecule of 8 in the crystal.
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å]
and bond angles [°]: S–C2 1.6611(15), N1–C2 1.347(2), N1–C4
1.453(2), N1–C11 1.440(2), N3–C2 1.353(2), N3–C5 1.457(2), N3–
C31 1.425(2), C4–C5 1.495(3); C2–N1–C4 112.61(13), C2–N1–C11
124.75(13), C4–N1–C11 122.63(13), C2–N3–C5 112.45(13), C2–
N3–C31 126.25(13), C5–N3–C31 121.15(12), S–C2–N1 126.54(11),
S–C2–N3 125.77(11), N1–C2–N3 107.69(13).

The carbon–sulfur bond lengths in both thioureas are
similar to those reported for symmetrically N,N�-substi-
tuted[28] or unsymmetrically substituted spirocyclic imid-
azolidin-2-thiones.[15b] The N–C–N angles in thiones 7 and
8 are similar to those observed in the carbene complexes.[15]

Imidazolidin-2-thiones can act as ligands by using the
sulfur atom for coordination. The molecular structure of
the complex cis-[PdCl2(7)2] has been determined. The struc-
ture analysis reveals that coordination of the thiourea to a
transition metal leaves the C–S bond length as well as the
N–C–N angles of the ligand unchanged within experimen-
tal error.[29]

Complexes with N-tert-butyl-substituted imidazolidin-2-
ylidenes are rare because of the steric demand of the N-
substituents of the carbene ligand that hampers coordina-
tion and facilitates ligand dissociation from the metal cen-
ter.[30] However, we found that the rhodium carbene com-
plex 11 can be synthesized from the imidazolidinium tetra-
fluoroborate 9, potassium tert-butoxide, and the dinuclear
complex [(cod)Rh(Cl)]2 by heating to reflux in THF
(Scheme 3).
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Scheme 3. Synthesis of the carbene complex 11.

The rhodium atom in 11 is coordinated by carbene li-
gand 10, which is stable in the free state and was previously
isolated as such by Denk et al.[12] The N,N�-tert-butyl-sub-
stituted imidazolinium salt 9 is easily obtained from N,N�-
di-tert-butylethylenediamine, triethylorthoformate, and am-
monium tetrafluoroborate.[31] The 13C NMR spectrum of
11 exhibits a resonance signal for the carbene carbon atom
at δ = 212.1 ppm with a 103Rh-13C coupling constant of
1JRh,C = 45 Hz. This constitutes clear evidence for complex
formation. Both spectroscopic parameters are in good
agreement with the analogous parameters for rhodium cod
[(1Z,5Z)-1,5-cyclooctadiene] complexes with unsymmetri-
cally N,N�-substituted carbene ligands.[15a] In comparison
with rhodium complexes with benzannulated[32] and “unsat-
urated” (imidazolin-2-ylidene)[33] carbene ligands, the car-
bene carbon resonance in the 13C NMR spectrum of 11 is
shifted to a lower field, whereas compared to acyclic car-
bene ligands,[34] a small upfield shift is observed for the car-
bene carbon resonance in 11. This corroborates the expecta-
tion that the σ-donor capability of carbenes with a satu-
rated five-membered ring is higher than that for unsaturated
carbenes of the imidazolin-2-ylidene type.

Complex 11 exhibits only two resonance signals for the
olefinic carbon atoms of the cod ring (δ = 68.7 ppm, 1JRh,C

= 15 Hz, and δ = 93.0 ppm, 1JRh,C = 8 Hz). In contrast to
this, the 13C NMR spectra of the rhodium complexes with
unsymmetrically N,N�-substituted imidazolidin-2-ylidene li-
gands exhibit four signals for the olefinic carbon atoms of
the cod ring, each with a 1J coupling to the 103Rh nucle-
us.[15a] This is attributed to the loss of symmetry in the rho-
dium() complexes with unsymmetrically N,N�-substituted
carbene ligands.

Rhodium complex 11 is air stable when stored as a solid,
but it decomposes in solutions of dichloromethane. This la-
bility can be rationalized by the weak bond between the
rhodium atom and the carbene carbon atom, which is pre-
sumably caused by the steric demand of the N-tert-butyl
substitutents of the carbene ligand. Similar observations
have been made with nickel complexes of ligand 10.[30]

Conclusions

We have prepared the silver() complexes 5 and 6 along
with the two monomeric imidazolidin-2-ylidenes 3 and 4[14]

starting from the imidazolinium salts 1 and 2, respectively.
The reaction of the silver complexes 5 and 6 with elemental
sulfur gave the imidazolidin-2-thiones 7 and 8, respectively.
These thioureas were characterized by X-ray diffraction
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analysis. It was shown that the rhodium() complex with the
N,N�-tert-butyl-substituted imidazolidin-2-ylidene ligand 10
can be synthesized in spite of the steric bulk of this carbene
ligand.

Experimental Section
General: Reactions with air- and moisture-sensitive compounds or
reagents were carried out in dry argon by using Schlenk and vac-
uum techniques. Solvents were dried by standard methods and
freshly distilled prior to use. NMR spectra were recorded with a
Bruker AC 200 (200 MHz) spectrometer and are reported relative
to TMS as an internal standard. Mass spectra (EI) were measured
with a Varian MAT 212 or a Bruker Reflex IV (MALDI) instru-
ment. Elemental analyses (C, H, N) were obtained by using a Vario
EL III elemental analyzer at the Westfälische Wilhelms-Universität
Münster. The following compounds were prepared according to
published procedures: 1,3-bis(2,4,6-trimethylphenyl)imidazolinium
chloride (1),[14] 1,3-bis(2,6-diisopropylphenyl)imidazolinium chlo-
ride (2),[14] 1,3-di-tert-butyl-imidazolinium-tetrafluoroborate (9),[31]

and {[(cod)Rh(Cl)]2}.[35] All other compounds were used as pur-
chased without further purification.

[AgCl(3)] (5): Silver() oxide (0.348 g, 1.5 mmol) was added to a
solution of the imidazolinium salt 1 (1.029 g, 3.0 mmol) in dichlo-
romethane (50 mL). The mixture was stirred at room temperature
until the solid was completely consumed (24 h). The resulting solu-
tion was filtered through Celite and concentrated under vacuum.
After recrystallization from dichloromethane/n-hexane, the silver
carbene complex was obtained as a colorless solid (1.28 g, 95%).
C21H26N2AgCl (449.8): calcd. C 56.08, H 5.83, N 6.23; found C
55.77, H 5.95, N 6.38. 1H NMR (200.1 MHz, CD3CN): δ = 2.31
(s, 12 H, o-Ar–CH3), 2.37 (s, 6 H, p-Ar–CH3), 4.05 (s, 4 H,
NCH2CH2N), 6.90, 7.08 (2×s, 4 H, Ar–H) ppm. 13C NMR
(50.3 MHz, CD3CN): δ = 18.1 (o-Ar–CH3), 21.1 (p-Ar–CH3), 51.8
(NCH2), 130.1, 135.6, 137.0, 139.2 (Ar–C) ppm. The resonance for
the carbene carbon atom was not observed. MS (MALDI): m/z =
719 [Ag(3)2]+.

[AgCl(4)] (6): Silver() oxide (0.348 g, 1.5 mmol) was added to a
solution of 2 (1.281 g, 3.0 mmol) in dichloromethane (50 mL). The
mixture was stirred at room temperature until the solid was com-
pletely consumed (24 h). It was then filtered through Celite and
concentrated under vacuum. After recrystallization from dichloro-
methane/n-hexane, the silver carbene complex was obtained as a
colorless solid (1.47 g, 92%). C27H38N2AgCl (533.9): calcd. C
60.74, H 7.17, N 5.25; found C 60.51, H 7.29, N 5.43. 1H NMR
(200.1 MHz, CD3CN): δ = 1.19, 1.27 [2×d, 3J(H,H) = 6.6, 7.6 Hz,
24 H, CH(CH3)2], 3.17 [sept, 4 H, CH(CH3)2], 4.11 (s, 4 H,
NCH2CH2N), 7.31–7.46 (m, 6 H, Ar–H) ppm. 13C NMR
(50.3 MHz, CD3CN): δ = 23.9, 25.5 [CH(CH3)2], 29.2 [CH(CH3)2],
54.7 (NCH2), 125.4, 130.7, 134.4, 148.1 (Ar–C) ppm. The reso-
nance for the carbene carbon atom was not observed.

1,3-Bis(2,4,6-trimethylphenyl)imidazolidin-2-thione (7): A mixture
of the silver complex 5 (0.450 g, 1 mmol) and sulfur (0.032 g,
1 mmol) was suspended in dichloromethane (50 mL) and stirred
for 24 h at room temperature. After removal of silver chloride by
filtration, the solvent was evaporated in vacuo. The crude product
was purified chromatographically [silica gel, n-hexane/diethyl ether
(5:1, v:v)] to give a yellow solid (0.269 g, 80%). C21H26N2S (338.5):
calcd. C 74.51, H 7.74, N 8.28; found C 75.32, H 7.48, N 8.29. 1H
NMR (200.1 MHz, CDCl3): δ = 2.25 (s, 18 H, p-Ar–CH3, o-Ar–
CH3), 4.00 (s, 4 H, NCH2CH2N), 6.99 (s, 4 H, Ar–H) ppm. 13C
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NMR (50.3 MHz, CDCl3): δ = 17.5 (o-Ar–CH3), 21.0 (p-Ar–CH3),
47.5 (NCH2), 129.3, 134.4, 136.3, 138.0 (Ar–C), 180.8 (C=S). MS
(EI, 70 eV): m/z (%) = 338 (48) [M]+.

1,3-Bis(2,6-diisopropylphenyl)imidazolidin-2-thione (8): A mixture
of the silver complex 6 (0.534 g, 1 mmol) and sulfur (0.032 g,
1 mmol) was suspended in dichloromethane (50 mL) and stirred
for 24 h at room temperature. After removal of silver chloride by
filtration, the solvent was evaporated in vacuo. The crude product
was purified chromatographically [silica gel, n-hexane/diethyl ether
(5:1, v:v)] to give a yellow solid (0.262 g, 62%). C27H38N2S (422.7):
calcd. C 76.73, H 9.06, N 6.63; found C 76.99, H 8.68, N 6.65. 1H
NMR (200.1 MHz, CDCl3): δ = 1.33, 1.37 [2×d, 3JH,H = 4.4,
5.2 Hz, 24 H, CH(CH3)2], 3.10 [sept, 4 H, CH(CH3)2], 4.05 (s, 4 H,
NCH2CH2N), 7.24–7.41 (m, 6 H, Ar–H) ppm. 13C NMR
(50.3 MHz, CDCl3): δ = 24.3 [CH(CH3)2], 28.9 [CH(CH3)2], 50.2
(NCH2), 124.2, 129.1, 134.7, 147.3 (Ar–C), 184.1 (C=S) ppm. MS
(EI, 70 eV): m/z (%) = 422 (85) [M]+, 407 (6) [M – CH3]+.

[(cod)Rh(Cl)(10)] (11): A solution of {[(cod)Rh(Cl)]2} (0.098 g,
0.20 mmol) in THF (20 mL) was added to a suspension of the imid-
azolinium tetrafluoroborate 9 (0.108 g, 0.40 mmol) and potassium
tert-butoxide (0.045 g, 0.40 mmol) in THF (20 mL). The resulting
mixture was heated under reflux for 90 min. After cooling and
evaporation of the solvent, the residue was suspended in toluene
(10 mL) and filtered. The solvent of the filtrate was removed under
vacuum, and the crude product was purified chromatographically
[silica gel, hexane/ethyl acetate (5:1, v:v)] to give a yellow solid
(0.067 g, 78%). C19H34N2RhCl (428.9): calcd. C 53.21, H 7.99, N
6.53; found C 53.56, H 7.78, N 6.59. 1H NMR (200.1 MHz,
CDCl3): δ = 1.64–1.93 [m, 8 H, cod(CH2)], 1.84 (s, 18 H, CH3),
3.61 (s, 4 H, NCH2CH2N), 3.43–3.61 [m, 2 H, cod(CH)], 4.85 [m,
2 H, cod(CH)] ppm. 13C NMR (50.3 MHz, CDCl3): δ = 28.2
[cod(CH2)], 30.8 (CH3), 31.8 [cod(CH2)], 45.6 (NCH2CH2N), 57.4
[C(CH3)3], 68.7 [d, 1JRh,C = 15 Hz, cod(CH)], 93.0 [d, 1JRh,C =
8 Hz, cod(CH)], 212.1 (d, 1JRh,C = 45 Hz, NCN) ppm.
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The synthesis and structural characterization of a novel class
of mono-lacunary Dawson polyoxometalate-(POM-)based,
water-soluble organometallic complexes, which are expected
to be effective homogeneous oxidation catalyst precursors in
water, is described. The organometallic complexes
K8[{(C6H6)Ru(H2O)}(α2-P2W17O61)]·12H2O (1) and K8[{(p-cy-
mene)Ru(H2O)}(α2-P2W17O61)]·16H2O (2) were successfully
prepared by direct reactions of the mono-lacunary Dawson
POM K10[α2-P2W17O61]·19H2O with the organometallic pre-
cursors [(C6H6)RuCl2]2 and [(p-cymene)RuCl2]2, respectively,
in aqueous media and characterized by complete elemental
analysis, thermogravimetric and differential thermal analy-

Introduction

Polyoxometalates (POMs) are molecular metal oxide
clusters that are of current interest as soluble metal oxides
and for their application in catalysis, medicine, and materi-
als science.[1] It has been stressed that it is important to
discover more reliable and efficient procedures of synthesis
before exploration of any possible new reactivity patterns.[2]

The incorporation of transition metal ions into mono-la-
cunary Keggin and Dawson POMs has been found to give
inorganic analogs of metalloporphyrin complexes[1a] and,
in fact, metalloporphyrin-like catalysts that promote olefin
epoxidation and aliphatic and aromatic hydroxylations have
been realized.[3] The 4d or 5d transition metal ion substi-
tuted Keggin and Dawson POMs have been pointed out
from the viewpoints of anticipated catalysis, in which the
lacunary POM species work as π-acceptor ligands.[2]

In a separate area, water-soluble organometallic com-
plexes that work as oxidation catalysts in water at ambient
temperature are interesting from the viewpoint of green
chemistry based on homogeneous catalysis by organometal-
lic complexes.[4]
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ses (TG/DTA), and FT-IR and solution (1H, 13C, 31P, and 183W)
NMR spectroscopy. The molecular structure of [{(C6H6)-
Ru(H2O)}(α2-P2W17O61)]8– (1a), in which the binding of the
cationic organometallic group {(C6H6)Ru(H2O)}2+ occurs
through two oxygen atoms of the four available oxygen
atoms in the mono-lacunary site of the POM, resulting in
overall C1 symmetry, was successfully determined by single-
crystal X-ray analysis. Interestingly, the hydrophilicity of the
organometallic precursors is greatly enhanced by binding to
a mono-lacunary Dawson POM with higher hydrophilicity.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Recently, we have prepared the mono-RuIII-substituted
Dawson POM K7[α2-P2W17O61RuIII(H2O)]·19H2O as a
black crystalline solid from the reaction of the mono-la-
cunary Dawson POM K10[α2-P2W17O61]·19H2O with cis-
[RuCl2(DMSO)4] as the ruthenium source.[5] The purity of
the POM obtained here was less than 95%, which has been
attributed to a serious issue involving the starting ruthe-
nium source, i. e. some of the coordinating DMSO mole-
cules are difficult to remove because of their strong bonding
to the RuII atom. Ruthenium complexes without coordi-
nated DMSO molecules are also desirable because these
DMSO molecules act as a catalyst poison during the homo-
geneous catalysis by the ruthenium center. POM-supported
ruthenium() complexes such as [Ru(DMSO)3(H2O)-
XW11O39]6– (X = Ge, Si)[6a] and [HW9O33Ru2-
(DMSO)6]7–,[6b] prepared from cis-[RuCl2(DMSO)4], have
been reported and also contain some DMSO molecules co-
ordinated to the RuII atoms. For preparation of POMs that
do not contain any coordinated DMSO molecules, we
therefore sought other ruthenium() precursors without
DMSO molecules, and selected the organometallic rutheni-
um() complexes [(C6H6)RuCl2]2 and [(p-cymene)RuCl2]2.

In this work, we have obtained the novel, POM-based,
diamagnetic ruthenium() complexes K8[{(C6H6)Ru(H2O)}-
(α2-P2W17O61)]·12H2O (1) and K8[{(p-cymene)Ru(H2O)}-
(α2-P2W17O61)]·16H2O (2) by the direct reaction of [α2-
P2W17O61]10– with the organometallic ruthenium() com-
plexes in aqueous media, and unexpectedly found that the
products 1 and 2 are water-soluble. The molecular structure
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of the polyoxo anion [{(C6H6)Ru(H2O)}(α2-P2W17O61)]8–

(1a) was successfully determined by single-crystal X-ray
analysis. The cationic organometallic group {(C6H6)-
Ru(H2O)}2+ was found to be attached to two oxygen atoms
of the four available oxygen atoms in the mono-lacunary
site of the POM, resulting in overall C1 symmetry.

Organometallic complexes supported on mono-lacunary
Keggin and Dawson POMs have until now only been re-
ported without X-ray structure analysis, such as [(CpTi)-
PW11O39]4– (Cp = C5H5),[8a,8b] [{(C6H5)Sn}PW11O39]4–,[8b]

[{(RSi)2O}SiW11O39]4– {R = C2H5, C6H5, NC(CH2)3,
C3H5},[8b] [(C6H5Sn)P2W17O61]7–,[8b] metal–metal bonded
derivatives[8c] such as [{CpFe(CO)2Sn}SiMo11O39]5–,
[{[(OC)3CoGe]2OSiW11O39}5–]n, and [{(C7H8)2RhSn}-
PW11O39]4–, and water-soluble organometallic complexes
supported on tri-lacunary Keggin POM [(CpTi)3-
XW9O37]7– (X = Si, Ge).[8e]

As for X-ray structure analysis, POM-supported (η6-ar-
ene)Ru2+ complexes have been recently reported by Proust
and co-workers,[7] including (η6-arene)Ru2+ complexes (ar-
ene = benzene, toluene, p-cymene, hexamethylbenzene) sup-
ported on mono-lacunary Keggin POMs such as [{[Ru(η6-
arene)]PW11O39}2(WO2)]8– and [{Ru(η6-arene)(H2O)}-
PW11O39]5–.[7e]

On the other hand, several saturated POMs, for example
the triniobium()- and trivanadium()-substituted Keggin
and Dawson POMs [XW9M3O40]n– (M = Nb, V; X = Si,
P) and [P2W15M3O62]9–, have been used as molecular oxide
supports for various cationic organometallic groups such as
CpTi3+, Cp*Rh2+, (C6H6)Ru2+, (cod)Pt2+, (cod)Ir+, (cod)-
Rh+, Re(CO)3

+, Ir(CO)2
+, Rh(CO)2

+, etc.[9–12] However,
only a few successful X-ray structure analyses have been
reported, such as (Bu4N)6Na[(Cp*Rh)(α-1,2,3-
P2W15Nb3O62)]·10CH3CN·10Me2CO[9a] and [{[Ag(2,2�-
bpy)]2[Ag2(2,2�-bpy)3]2}α-PW9V3O40].[10e]

Herein we report full details of the synthesis and un-
equivocal characterization of 1 and 2, with complete ele-
mental analysis, thermogravimetric and differential thermal
analyses (TG/DTA), and FT-IR and solution (1H, 13C, 31P,
and 183W) NMR spectroscopy, and the molecular structure
of 1a.

Results and Discussion

Synthesis and Compositional Characterization

The two novel 1:1-type complexes of the cationic organo-
metallic groups with the POM (1 and 2) were formed by
direct reaction of the organometallic precursors [(L)-
RuCl2]2 (L = C6H6, p-cymene) with the mono-lacunary
POM K10[α2-P2W17O61], in aqueous solution, at room tem-
perature, under air. They were isolated as analytically pure,
orange and yellow-brown powders in 24.5% (0.49 g scale)
and 33.2% (0.67 g scale) yields, respectively.

The formation of 1 and 2 is represented in Equation (1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 163–171164

1/2 [(L)RuCl2]2 + K10[α2-P2W17O61] + H2O �
K8[{(L)Ru(H2O)}(α2-P2W17O61)] + 2 KCl (1)

Although the organometallic precursors [(L)RuCl2]2 are
insoluble in water, complexes 1 and 2 containing the orga-
nometallic fragments are water-soluble.

The molecular formulae and the 1:1-type compositions
of 1 and 2 were established by complete elemental analyses
(all elements, including oxygen, 100.06 and 99.7% total ob-
served, respectively), which were carried out for the samples
dried at room temperature at 10–3–10–4 Torr overnight. The
weight losses observed during drying before analysis were
3.79% for 1, which corresponds to 10–11 adsorbed and/or
hydrated water molecules, and 4.2% for 2, which corre-
sponds to 11–12 water molecules. In the TG/DTA measure-
ments under atmospheric conditions, the weight loss of
3.90% observed below 124 °C in 1 corresponds to 12 water
molecules and that of 6.24% observed below 189 °C in 2
corresponds to 17 water molecules, in accordance with the
findings of elemental analyses plus the weight losses found
before analysis (see Exp. Sect.). In these complexes, the Cl
analysis (calcd. 0; found �0.1% for 1 and �0.05% for 2)
indicated no contamination by Cl atoms, thus suggesting
that the reaction of Equation (1) progresses completely;
complexes 1 and 2 were isolated with high purity. The dia-
magnetic nature of 1 and 2 was supported by solution (1H,
13C, 31P, and 183W) NMR spectra; all signals were found in
the region usually observed in the diamagnetic POMs.

The solid-state FT-IR measurements of K10[α2-
P2W17O61], 1, and 2 (Figures 1a, 1b, and 1c, respectively)
show the spectral patterns characteristic of the Dawson
POM framework.[13] The FT-IR spectra of 1 and 2 in the
polyoxometalate region are very similar to that of K10[α2-
P2W17O61], especially with regards to the multiple P–O
bands (1086, 1054, and 1017 cm–1 for 1; 1086, 1055, and

Figure 1. FT-IR spectra in the polyoxo anion regions, measured as
KBr disks, of (a) K10[α2-P2W17O61]·19H2O, (b) K8[{(C6H6)-
Ru(H2O)}(α2-P2W17O61)]·12H2O (1), and (c) K8[{(p-cymene)-
Ru(H2O)}(α2-P2W17O61)]·16H2O (2).
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1016 cm–1 for 2; 1085, 1052, and 1016 cm–1 for K10[α2-
P2W17O61]), the bands assignable to M–Oterminal oxygen
atoms (940 cm–1 for 1, 941 cm–1 for 2, and 939 cm–1 for
K10[α2-P2W17O61]) and in the bands assignable to edge-
sharing M–O–M oxygen atoms (810 and 741 cm–1 for 1;
809 and 742 cm–1 for 2; 810 and 737 cm–1 for K10[α2-
P2W17O61]). No change was seen in the bands assignable to
corner-sharing M–O–M oxygen atoms (885 cm–1 for 1, 2,
and K10[α2-P2W17O61]). Compared with the spectrum of
K10[α2-P2W17O61], the FT-IR spectra of 1 and 2 show
weaker bands due to the presence of the coordinating aro-
matic rings at 1434 cm–1 for 1 and 1473 and 1389 cm–1 for
2. The aromatic–Ru vibrational data of the precursors are
observed at 1433 cm–1 for [(C6H6)RuCl2]2 and at 1496,
1471, 1458, 1448, 1408, 1389, and 1362 cm–1 for [(p-cy-
mene)RuCl2]2.

Solution NMR Spectra

The 31P NMR spectra in D2O show clean, two-line spec-
tra with resonances at δ = –8.36 and –14.02 ppm for 1 (Fig-
ure 2b) and at δ = –8.28 and –14.08 ppm for 2 (Figure 2c),
which are different from those of K10[α2-P2W17O61] at δ =
–7.00 and –14.17 ppm (Figure 2a). The upfield resonance is
known to be due to the phosphorus P(1) atom closer to the
W3O6 cap (Figure 6b), whereas the downfield resonance is
assigned to the phosphorus P(2) atom closest to the oppo-
site site. The two-line, impressively clean 31P NMR spectra
strongly suggest the presence of a single species in solution,
thereby precluding the presence of even minor, phosphorus-
containing impurities in 1, 2, and K10[α2-P2W17O61]. Fur-
ther, the observed 31P chemical shifts are in the usual region
for diamagnetic species of various Dawson POMs,[5,9,12b,12c]

supporting the suggestion that 1 and 2 are diamagnetic RuII

complexes.

Figure 2. 31P NMR spectra (in D2O) of (a) K10[α2-P2W17O61]·
19H2O, (b) K8[{(C6H6)Ru(H2O)}(α2-P2W17O61)]·12H2O (1), and
(c) K8[{(p-cymene)Ru(H2O)}(α2-P2W17O61)]·16H2O (2). In each
case a very high level of purity is indicated (i. e., with respect to
any other P-containing polyoxo anions or other materials).

The 183W NMR spectrum of K10[α2-P2W17O61] in D2O
(Figure 3a) shows nine primary resonances at δ = –117.1,
–140.4, –151.7, –181.0, –183.1, –218.1, –220.5, –224.0, and
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–242.6 with integration intensities of 2:2:2:2:1:2:2:2:2, con-
sistent with the overall Cs symmetry of the mono-lacunary
Dawson structure. The 183W NMR measurements of 1 in
D2O were unsuccessful because of an insufficient concen-
tration of the aqueous solution (see Exp. Sect.). On the
other hand, the 183W NMR spectrum of 2a, which was de-
rived by cation exchange of the potassium salt 2 with an
excess of NaClO4 (see Exp. Sect.), in D2O consists of vir-
tually 17 lines at δ = –117.6, –125.1, –138.6, –139.0,
–163.8, –177.1, –177.3, –186.5, –207.6, –217.3 (1 + 1),
–218.2, –219.5, –220.6, –221.9, –239.6, and –241.6. The rel-
ative intensity of all signals, except the signals at δ =
–217.3 ppm, is one (Figure 3b), thus suggesting its overall
C1 symmetry. These resonances are substantially different
from those of [α2-P2W17O61]10–.

Figure 3. 183W NMR spectra (in D2O) of (a) K10[α2-P2W17O61]·
19H2O and (b) [{(p-cymene)Ru(H2O)}(α2-P2W17O61)]8– (2a), which
was prepared by cation exchange of 2 using an excess amount of
NaClO4.

The 1H (Figure 4a) and 13C NMR (Figure 5a) spectra of
1 in D2O show single peaks at δ = 6.18 and 82.98 ppm,
respectively, due to the benzene ring coordinated to the Ru
atom. On the other hand, the 13C NMR spectrum of 2 in
D2O (Figure 5b) shows 10 lines due to the p-cymene ring
coordinated to the Ru atom, thus suggesting that all carbon
atoms of the coordinated p-cymene are inequivalent, i. e. C1

symmetry. Correspondingly, the 1H NMR spectrum of 2 in
D2O (Figure 4b) shows that the ring protons (H2, H3, H5,
H6) are inequivalent; they were actually observed as appar-
ent three-line signals with a 1:2:1 intensity ratio. The 1H
and 13C NMR spectra show the local symmetry around the
coordinated benzene and the coordinated p-cymene,
whereas the 31P and 183W NMR spectra show the overall
symmetry of 1a and 2a. In the coordinated p-cymene li-
gand, all the carbon atoms are inequivalent (local symmetry
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C1) as its rotational movement is probably restricted,
whereas in the coordinated benzene all the carbon atoms
seem equivalent because of its free rotation on the NMR
timescale. Similar observations have recently been made by
the Proust group.[7e] On the other hand, the overall sym-
metry of 1a is C1, as revealed by single-crystal X-ray struc-
ture analysis, and that of 2a should also be C1, as suggested
by the 17-line 183W NMR spectrum.

Figure 4. 1H NMR spectra (in D2O) of (a) K8[{(C6H6)Ru(H2O)}-
(α2-P2W17O61)]·12H2O (1), with an internal reference of DSS, and
(b) K8[{(p-cymene)Ru(H2O)}(α2-P2W17O61)]·16H2O (2) with an in-
ternal reference of TSP. The proton signals denoted by an asterisk
in (a) are from the methylene groups of the DSS, and in both (a)
and (b) the proton signals denoted by a dagger are from H2O.

Figure 5. 13C NMR spectra (in D2O) of (a) K8[{(C6H6)Ru(H2O)}-
(α2-P2W17O61)]·12H2O (1), with an internal reference of DSS, and
(b) K8[{(p-cymene)Ru(H2O)}(α2-P2W17O61)]·16H2O (2), with an
internal reference of TSP. The carbon signals denoted by an aster-
isk in (a) are from the methylene groups of the DSS.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 163–171166

Molecular Structure of 1a

The crystal of 1 contains discrete cluster anions, potas-
sium cations, and lattice water molecules, all at general posi-
tions in the triclinic space group (P1̄), except for three water
oxygen atoms at special positions with a site occupancy fac-
tor fixed at 0.5. The solid-state packing of the polyoxo
anion 1a is shown in Figure 6a. The observed electron
densities of the Ru and W atoms are quite different, and
the data unequivocally distinguished and defined the Ru
and W atoms. The 17 tungsten atoms, the one ruthenium
atom, and the two P atoms were clearly identified. Thus,
the main features of the molecular structure of the POM
were clarified. However, the resolution obtained for the
structure of the salt was limited by the poor quality of the
available crystals and by the considerable disorder of the
countercations and the solvent of crystallization. These fea-
tures are all too common in POM crystallography.[14]

The molecular structure of 1a is composed of the mono-
lacunary Dawson POM unit α2-P2W17O61 and the {(C6H6)-
Ru}2+ unit, to which one oxygen atom is bonded in the
form of a water molecule [Ru1A–O62A = 2.067(17) Å]. The
benzene ring is disordered [C–C distances: 1.35(4)–
1.47(4) Å; Ru–C distances: 2.12(3)–2.20(3) Å]. The [(C6H6)-
Ru(H2O)]2+ group is coordinated to only two [Ru1A–O56A
(cap W) = 2.090(17) Å; Ru1A–O52A (belt W) =
2.056(18) Å] of the four available oxygen atoms (O47A,
O52A, O55A, O56A) in the lacunary site of the POM sup-
port, resulting in the chiral configuration of 1a based on
C1 symmetry. Thus, the polyoxo anion is found as a set of
enantiomeric pairs in the unit cell (Figure 6a). As a matter
of fact, there are four polyoxo anion units, denoted as units
A, A�, B, and B�, in the unit cell (Z = 4). The relative con-
figurations of the benzene ring and the water molecule co-
ordinated to the ruthenium() center are somewhat dif-
ferent between units A and B, although their polyoxo anion
moieties have the same structure. Thus, the units A/A� and
B/B� are actually the different set of enantiomeric pairs,
respectively, and therefore the unit cell contains two types
of the racemic mixture.

The molecular structure of unit A is depicted in Fig-
ure 6b, and that of unit B is deposited in the Supporting
Information as Figure S1. Figure 6c shows a polyhedral
representation of the polyoxo anion 1a.

A few examples where only two of the four available oxy-
gen atoms in the mono-lacunary site in the Keggin POM
are utilized for coordination to the organometallic center
are known. These include [{C6H5P(O)}2PW11O39]3–,[15]
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Figure 6. (a) Solid-state packing of the polyoxo anion [{(C6H6)Ru(H2O)}(α2-P2W17O61)]8– (1a) (Z = 4). (b) Molecular structure of unit
A in 1a with 50% probability ellipsoids. (c) Polyhedral representation of the polyoxo anion 1a. In (a), the units (A, A�) and (B, B�) are
the different sets of enantiomeric pairs, and the relative configurations of the benzene ring and the water molecule coordinated to the
ruthenium() center are somewhat different between the units (A and B), although their polyoxo anion moieties take the same structure.
Thus, the unit cell contains two types of the racemic mixture. The molecular structure of unit A is depicted in (b); that of unit B is
deposited in Supporting Information as Figure S1. In (c), the internal yellow tetrahedra represent the PO4

3– core, while the white octahe-
dra represent the WO6 fragment with a tungsten atom in the center of the octahedra and oxygen atoms at each corner. The cationic
[(C6H6)Ru(H2O)]2+ group binds to two terminal oxygen atoms in the lacunary site. The two phosphorus atoms, P(2) and P(1), are defined
as “close to Ru (north)” and “far from Ru (south)”, respectively.

[Ru(DMSO)3(H2O)XW11O39]6– (X = Ge, Si),[6a] and
[{Ru(η6-arene)(H2O)}PW11O39]5–.[7e]

Selected bond lengths and angles around the rutheni-
um() atom in 1a are given in Table 1 and Table S1, with
average bond lengths and angles for the Dawson POM unit
in Table S2.

In the lacunary site, the W–O distances should be noted:
W15A–O52A (bonding to Ru atom) = 1.775(18) Å; W15A–
O40A (terminal) = 1.739(17) Å; W17A–O56A (bonding to
Ru atom) = 1.772(17) Å; W17A–O54A (terminal) =
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1.738(17) Å; W10A–O47A (terminal) = 1.767(17) Å;
W10A–O35A (terminal) = 1.714(16) Å; W16A–O55A (ter-
minal) = 1.728(16) Å; W16A–O53A (terminal) =
1.743(17) Å. These bond lengths indicate the double-bond
character of the W–O (terminal) bonds. It is likely that the
coordination of the Ru atom to the two oxygen atoms
(O52A, O56A) in the lacunary site influences the W–O dis-
tances less than the distances W10A–O47A and W16A–
O55A. On the other hand, the W–O distances in the W3

cap and the two W6 belts, i. e. the W–Ot (Ot: terminal oxy-
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Table 1. Selected bond lengths [Å] and angles [°] around the ruthenium() atom in the unit A of 1a.

Ru1A–O62A (H2O) 2.067(17) W15A–O52A (bonding Ru) 1.775(18)
Ru1A–O56A (bonding cap W) 2.090(17) W10A–O47A (terminal) 1.767(17)
Ru1A–O52A (bonding belt W) 2.056(18) W17A–O56A (bonding Ru) 1.772(17)

W16A–O55A (terminal) 1.728(16)
Ru1A–C1A 2.15(3) C1A–C2A 1.44(4)
Ru1A–C2A 2.16(3) C2A–C3A 1.37(4)
Ru1A–C3A 2.20(3) C3A–C4A 1.47(4)
Ru1A–C4A 2.15(3) C4A–C5A 1.35(4)
Ru1A–C5A 2.12(3) C5A–C6A 1.42(4)
Ru1A–C6A 2.15(3) C6A–C1A 1.41(4)
O52A–Ru1A–O56A 83.4(7) O47B–Ru1B–O57B 83.6(6)
O62A–Ru1A–O52A 79.7(7) O62B–Ru1B–O47B 85.1(7)
O62A–Ru1A–O56A 84.0(7) O62B–Ru1B–O57B 79.5(7)
W15A–O52A–Ru1A 149.7(10) W10B–O47B–Ru1B 145.3(9)
W17A–O56A–Ru1A 148.3(10) W16B–O57B–Ru1B 150.6(10)

gen atom), W–Oe (Oe: edge-sharing oxygen atom), W–Oc
(W belt) (Oc: corner-sharing oxygen atom), and W–Oa (Oa:
oxygen atom coordinated to P atom) distances, are in the
normal range.[1b] The Dawson unit contains two central P
atoms in an almost regular tetrahedral environment of PO4:
the PO4 unit closest to the lacunary site [P–O distances:
1.534(19)–1.571(17) Å; O–P–O angles: 107.7(9)–111.3(9)°]
and the PO4 unit closest to the W3 cap [P–O distances:
1.516(17)–1.568(17) Å; O–P–O angles: 106.3(9)–112.6(9) °].

The bond valence sums (BVS),[16] calculated using the
observed bond lengths for 1a, are in the range of 5.97–6.33
for the 17 W atoms and 4.84–5.00 for the two P atoms,
which reasonably correspond to the formal valences of W6+

and P5+. Furthermore, the BVS values (2.17–1.50) of all
oxygen atoms, except the O(62A) atom (0.45), which is
bonded to the RuII atom, show that they are not proton-
ated. The BVS value of the O(62A) atom (0.45) suggests
that this oxygen atom is part of a water molecule. These
results are in good agreement with those of the related com-
pounds, [Ru(DMSO)3(H2O)XW11O39]6– (X = Ge, Si)[6a]

and [{Ru(p-cymene)(H2O)}PW11O39]5–.[7e]

The molecular structure of 1a is consistent with the re-
sults of the solution NMR spectra, and suggests that the
solid-state structure of 1a is maintained in aqueous solu-
tion.

Bonding of the Organometallic Groups to the Mono-
Lacunary POM

The [α2-P2W17O61]10– POM support, the formula of
which can also be rewritten as [(PO4

3–)2(W17O53
4–)], sug-

gests that it possesses enough basicity of the surface oxygen
atoms, i. e. an extra four-minus negative charge in compari-
son with the saturated Dawson POM [P2W18O62]6– [(PO4

3–)2-
(W18O54

0)], and, therefore, the cationic organometallic
groups can be covalently bonded to this POM. The present
work shows that the higher hydrophilicity of the mono-la-
cunary POM is kept even after attachment of the cationic
organometallic groups.

These features can be compared with the formation of
the previously reported cationic organometallic complexes
supported on the trivanadium()- and triniobium()-substi-
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tuted Dawson POMs [P2W15M3O62]9– (M = VV and NbV;
[P2W15M3O62]9– = [(PO4

3–)2(W15M3O54
3–)]), which have an

extra three-minus negative charge in comparison with the
parent POM [P2W18O62]6–.[9,10] It should be noted that the
all-sodium salts of organometallic complexes supported on
Dawson and Keggin POMs, namely Na7[(Cp*Rh)(α-1,2,3-
P2W15Nb3O62)]·7DMSO·5H2O[9c] and Na5[(Cp*Rh)(β-
1,2,3-SiW9Nb3O40)]·3DMSO·2H2O,[11d] have been prepared
by crystallization from aqueous media. However, these
compounds are relatively unstable in water.

The present complexes 1 and 2 can also be compared
with our previous [α2-P2W17O61]-based 1:2-type RuII com-
plex K18[RuII(DMSO)2(α2-P2W17O61)2], which was ob-
tained from the reaction of cis-[RuCl2(DMSO)4] with
K10[α2-P2W17O61] in ice-cooled, aqueous HCl solution.[5]

Oxidation of the 1:2-type compound with Br2 gave the 1:1-
type RuIII compound K7[P2W17RuIII(H2O)O61], without
DMSO molecules. There are several factors in the forma-
tion of the 1:2- and 1:1-type complexes: (1) the ionic radius
of the RuII atom is much larger than that of the RuIII atom
(0.82 Å for the six-coordinate, low-spin geometry[17]), and
(2) the binding of several DMSO molecules to the RuII

atom is so strong that removal of all DMSO molecules is
not easy.

Conclusions

The cationic organometallic groups {(C6H6)Ru(H2O)}2+

and {(p-cymene)Ru(H2O)}2+ have been covalently bound to
the lacunary site of the mono-lacunary Dawson POM [α2-
P2W17O61]10–. These complexes are water-soluble and stable
in water. The molecular structure of [{(C6H6)Ru(H2O)}(α2-
P2W17O61)]8– (1a) was successfully determined. These POM
complexes can be compared with the previously reported
organometallic complexes supported on the multicenter
active sites in the triniobium()- and trivanadium()-substi-
tuted Dawson POMs [α-1,2,3-P2W15M3O62]9– (M = Nb,
V).[9–12] The formation of complexes K8[{(C6H6)Ru(H2O)}-
(α2-P2W17O61)]·12H2O (1) and K8[{(p-cymene)Ru(H2O)}-
(α2-P2W17O61)]·16H2O (2) brings up several interesting
points: (1) the hydrophilicity of the organometallic precur-
sors is greatly enhanced by binding to the mono-lacunary
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Dawson POM with higher hydrophilicity, (2) the mono-la-
cunary POM has enough basicity of the surface oxygen
atoms for the cationic species, suggesting the possible for-
mation of other water-soluble organometallic complexes,
(3) the mono-lacunary POM works as a bidentate O-donor
ligand to the ruthenium centers, resulting in the formation
of a chiral configuration (overall C1 symmetry), and (4) the
catalytic oxidation behaviors of the ruthenium() centers
can be anticipated in water at ambient temperature. Thus,
POMs 1 and 2 will be of interest as water-soluble, organo-
metallic ruthenium() complexes, oxidation catalysis by
which is anticipated in water.[3n] Studies in this direction are
in progress and the data will be reported in due course.

Experimental Section
Materials: The following were obtained as reagent grade and used
as received: KCl, 85% aq. H3PO4, Na2WO4·2H2O, KHCO3,
CH3CN, MeOH, EtOH, Et2O (all from Wako); D2O (Isotec); [(p-
cymene)RuIICl2]2 and [(C6H6)RuCl2]2 (both from Aldrich). The
mono-lacunary POM K10[α2-P2W17O61]·19H2O was prepared ac-
cording to the literature and characterized accordingly.[3b,18]

Instrumentation/Analytical Procedures: Complete elemental analy-
ses were carried out by Mikroanalytisches Labor Pascher (Re-
magen, Germany). The samples were dried at room temperature at
10–3–10–4 Torr overnight before analysis. The C,H,N analyses were
performed with a Perkin–Elmer PE2400 series II CHNS/O Ana-
lyzer (Kanagawa University). Infrared spectra were recorded with
a Jasco 300 FT-IR spectrometer in KBr disks at room temperature.
TG/DTA data were acquired with a Rigaku TG8101D and TAS
300 data-processing system. TG/DTA measurements were run un-
der air with a temperature ramp of 4 °C/min between 30 and
500 °C. 1H (399.65 MHz), 13C{1H} (100.40 MHz), and 31P{1H}
(161.70 MHz) NMR spectra in solution were recorded in 5-mm
outer-diameter tubes with a Jeol JNM-EX 400 FT NMR spectrom-
eter using a Jeol EX-400 NMR spectroscopic data processing sys-
tem. 31P{1H} (202.47 MHz) NMR spectra in solution were also
recorded in 5-mm outer-diameter tubes with a Jeol ECP 500 FT
NMR spectrometer using a Jeol ECP-500 NMR spectroscopic data
processing system. 1H and 13C{1H} NMR spectra of the complexes
were measured in D2O solution with reference to internal DSS or
TSP {sodium [2,2,3,3-D4]-3-(trimethylsilyl)propionate}. Chemical
shifts are reported as positive for resonances downfield of DSS or
TSP (δ = 0 ppm). 31P{1H} NMR spectra were measured in D2O
solution with reference to an external standard of 25% H3PO4 in
H2O in a sealed capillary. Chemical shifts are reported as negative
for resonances upfield of H3PO4 (δ = 0 ppm). 183W NMR
(16.50 MHz) spectra were recorded in 10-mm outer-diameter tubes
with a Jeol JNM-EX 400 FT NMR spectrometer equipped with a
Jeol NM-40T10L low-frequency tunable probe and a Jeol EX-400
NMR spectroscopic data-processing system. These spectra, mea-
sured in D2O, were referenced to an external standard of a satu-
rated Na2WO4/D2O solution. Chemical shifts are reported as nega-
tive for resonances upfield of Na2WO4 (δ = 0 ppm).

Preparation of K8[{(C6H6)RuII(H2O)}(α2-P2W17O61)]·12H2O (1):
[(C6H6)RuCl2]2 (0.10 g, 0.20 mmol) was added to a stirred solution
of K10[α2-P2W17O61]·19H2O (2.00 g, 0.41 mmol) in 50 mL of water.
The brown suspension was stirred at room temperature for 1 h and
then the brown powder was filtered off through a folded filter paper
(Whatman No. 2). The clear brown filtrate was concentrated to a
volume of about 15 mL in a rotary evaporator at 35 °C, and then
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placed in a refrigerator at 5 °C overnight. The brown powder
formed was collected on a membrane filter (JG, 0.2 µm) and
washed with CH3CN (2 ×5 mL) and then Et2O (3×50 mL). At this
stage the yield was 1.0–1.5 g. All the brown powder was suspended
in 15 mL of water at 60 °C. The suspension was cooled to room
temperature and then placed in a refrigerator at 5 °C for 1 h. The
yellow-brown powder that deposited was filtered off through a
membrane filter (JG, 0.2 µm) and the clear brown filtrate was con-
centrated to about 7 mL in a rotary evaporator at 30 °C. After
standing at room temperature for 30 min, the solution was passed
through a folded filter paper (Whatman No. 2). The filtrate was
slowly concentrated at room temperature in the dark. The orange
plate-like crystals formed were collected on a membrane filter (JG,
0.2 µm), washed with CH3CN (2 ×5 mL) and Et2O (3×50 mL),
and dried in vacuo for 2 h. The orange powder, obtained in 24.5%
(0.49 g scale) yield, was soluble in water and DMSO, but insoluble
in CH3CN, MeOH, EtOH, and Et2O. K8[{(C6H6)Ru(H2O)}-
P2W17O61]·2H2O = C6H12O64K8P2W17Ru (4709.4): calcd. C 1.53,
H 0.26, Cl 0.00, K 6.64, O 21.74, P 1.32, Ru 2.15, W 66.37; found
(repeat trials for C,H analysis) C 1.49 (1.47), H 0.33 (0.41), Cl �

0.1, K 6.26, O 22.1, P 1.25, Ru 2.23, W 66.4; total 100.06%. A
weight loss of 3.79% was observed during the course of drying
at room temperature at 10–3–10–4 Torr overnight before analysis,
suggesting the presence of 10–11 weakly solvated or adsorbed water
molecules. TG/DTA data under atmospheric conditions: weight
losses of 3.90% below 124 °C and 3.12% between 124 and 500 °C
were observed with endothermic peaks at 30, 101, 147, and 185 °C
and an exothermic peak at 481 °C; calcd. 3.71% for x = 12 in
K8[{(C6H6)Ru(H2O)}P2W17O61]·xH2O. FT-IR (KBr disk, polyoxo-
metalate region): ν̃ = 1434w, 1086s, 1054m, 1017m, 940vs, 885s,
810s, 741s, 601w, 528w cm–1. 31P NMR (D2O, 22.9 °C): δ = –8.36
(1 P), –14.02 (1 P) ppm. 1H NMR (D2O, 23.7 °C): δ = 6.18 (s, 6
H, C6H6) ppm. 13C NMR (D2O, 24.5 °C): δ = 82.98 ppm. Prepara-
tion of an aqueous solution of 1a for 183W NMR measurements
was attempted by methods (1)–(3) described below, but a sufficient
concentration of the pure form of 1a was not attained. (1) A satu-
rated D2O solution of 1 was prepared at 70 °C and the 183W NMR
spectrum was measured at this temperature over about 12 h. Clean
signals of 1a were not observed because of partial decomposition.
Decomposition of 1 after 12 h at this temperature was also con-
firmed by a 31P NMR measurement at room temperature. (2) The
sodium salt of 1a was generated in situ by reaction of the potassium
salt of 1a in aqueous solution with an excess amount of NaClO4.
After filtering the KClO4 produced, the 31P NMR spectrum of the
filtrate was measured, which showed the two signals of 1a as well
as those due to the mono-lacunary POM [P2W17O61]10–. Partial
dissociation of the supported organometallic group takes place
during the metathesis reaction. On the other hand, complex 2a was
stable during the metathesis and a clean, two-line 31P NMR spec-
trum of the in situ generated sodium salt of 2a was observed. (3)
The sodium salt of [P2W17O61]10– was generated by a metathesis
reaction of the potassium salt, K10[P2W17O61]·19H2O, with an ex-
cess amount of NaClO4. Thus, an excess amount of [(C6H6)-
RuCl2]2 was added to a stirred solution of the in situ generated
sodium salt in water. The brown suspension was stirred at room
temperature. for 1 h After filtration, the 31P NMR spectrum of the
filtrate was measured, which showed four signals due to 1a and
unreacted [P2W17O61]10–.

Preparation of K8[{(p-cymene)RuII(H2O)}(α2-P2W17O61)]·16H2O
(2): [(p-cymene)RuCl2]2 (0.125 g, 0.20 mmol) was added to a stirred
solution of K10[α2-P2W17O61]·19H2O (2.00 g, 0.41 mmol) in 50 mL
of water and the brown suspension was stirred at room temperature
for 1 h. The greenish powder was then filtered off through a folded
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filter paper (Whatman No. 2). The clear brown filtrate was concen-
trated to a volume of about 10 mL in a rotary evaporator at 30 °C
and then placed in a refrigerator at 5 °C overnight. The yellow-
brown powder formed was collected on a membrane filter (JG,
0.2 µm) and washed with CH3CN (3 ×30 mL) and then Et2O
(3×50 mL). All the yellow-brown powder was suspended in 10 mL
of ice-cooled water. The suspension was stirred for 30 min and then
placed in a refrigerator at 5 °C for 30 min. The gray powder that
deposited was filtered off through a membrane filter (JG, 0.2 µm)
and the clear brown filtrate was added dropwise to 500 mL of ice-
cooled MeOH. After stirring for 30 min, the yellow-brown powder
was collected on a membrane filter (JG, 0.2 µm), washed with
MeOH (3 ×50 mL) and then Et2O (3×50 mL), and dried in vacuo
for 2 h. The yellow-brown powder, obtained in 32.7% (0.67 g scale)
yield, was hygroscopic, soluble in water, but insoluble in MeOH,
CH3CN, and Et2O. K8[{(p-cymene)Ru(H2O)}P2W17O61] =
C10H16O62K8P2W17Ru (4729.5): calcd. C 2.54, H 0.34, Cl 0.00, K
6.61, O 21.0, P 1.31, Ru 2.14, W 66.1; found C 2.64, H 0.32, Cl �

0.05, K 6.49, O 20.6, P 1.29, Ru 2.07, W 66.3; total 99.7%. A
weight loss of 4.2% was observed during the course of drying at
room temperature at 10–3–10–4 Torr overnight before analysis, sug-
gesting the presence of 11–12 weakly solvated or adsorbed water
molecules. TG/DTA data under atmospheric conditions: a weight
loss of 6.24% below 189 °C with exothermic peaks at 206 and
265 °C; calcd. 6.11% for x = 16 in K8[{(p-cymene)Ru(H2O)}-
P2W17O61]·xH2O. FT-IR (KBr disk, polyoxometalate region): ν̃ =
1086s, 1055m, 1016m, 941vs, 885s, 809vs, 742s, 670w, 661w,
601w, 527m, 420w cm–1. 31P NMR (D2O, 21.9 °C): δ = –8.28 (1
P), –14.08 (1 P) ppm. 1H NMR (D2O, 23.3 °C): δ = 1.40 (d, J =
6.87 Hz, 3 H), 1.48 (d, J = 6.87 Hz, 3 H) (H7 and H9), 2.51 (H10),
3.07 [m (7), J = 6.87 Hz 3 H] (H8), 5.73 (d, J = 5.96 Hz, 1 H), 5.88
(d, J = 6.42 Hz, 2 H), 6.32 (d, J = 5.96, 1 H) (relative intensity
ratio 1:2:1, H2, H3, H5 and H6) ppm. 13C NMR (D2O, 25.8 °C):
δ = 21.5, 23.5, 25.2 (C7, C9, C10), 33.6 (C8), 80.2, 81.5, 81.6, 82.9
(C2, C3, C5, C6), 99.9, 103.5 (C1, C4) ppm. 183W NMR of 2a as
the sodium salt (D2O, 22.6 °C): δ = –117.6, –125.1, –138.6,
–139.0, –163.8, –177.1, –177.3, –186.5, –207.6, –217.3 (1 + 1),
–218.2, –219.5, –220.6, –221.9, –239.6, –241.6 ppm; the relative in-
tensity of all signals, except the signals at δ = –217.3 ppm, is one.
The sodium salt of 2a was prepared in 70.6% yield (0.56 g scale)
by a cation-exchange reaction of the potassium salt 2 in aqueous
solution with an excess amount of NaClO4, followed by concentra-
tion of the filtrate in a rotary evaporator after filtering off the pro-
duced KClO4 and then re-precipitation with ice-cooled ethanol.
The characterization data of the sodium salt (IR and 1H and 31P
NMR spectra) are in good agreement with those of 2. On the other
hand, for 183W NMR measurements, a cation-exchange reaction of
2 performed using an excess amount of LiClO4 was unsuccessful
because of partial dissociation of the supported organometallic
group.

X-ray Crystallography of 1: An orange plate crystal
(0.18×0.06×0.02 mm) was surrounded by liquid paraffin (Para-
tone-N) to prevent its degradation. Data collection was performed
with a Bruker SMART APEX CCD diffractometer at 90 K in the
range 1.86° � 2θ � 56.42°. The intensity data were automatically
corrected for Lorentz and polarization effects during integration.
The structure was solved by direct methods (SHELXS-97)[19a] fol-
lowed by subsequent difference Fourier calculation and refined by a
full-matrix, least-squares procedure (SHELXL-97).[19b] Absorption
correction was performed with SADABS (empirical absorption
correction).[19c] Crystal data for C6H30K8O74P2RuW17: M =
4887.56, triclinic, space group P1̄, a = 18.972(3), b = 19.175(4), c
= 24.569(6) Å, α = 67.522(3)°, β = 76.297(5)°, γ = 88.825(3)°, V =
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7999(3) Å3, Z = 4, Dc = 4.058 gcm–3, µ(Mo-Kα) = 25.080 mm–1.
R1 = 0.1093, wR2 = 0.1779 (for all data). Rint = 0.0595, R1 =
0.0773, wR2 = 0.1651, GOF = 1.160 [85964 total reflections, 39013
unique reflections where I � 2σ(I)]. The maximum and minimum
residual densities (7.075 and –4.137 eÅ–3) were located at 0.61 Å
from K8 and 0.61 Å from K10, respectively. Three water oxygen
atoms (O1S, O2S and O3S) were in special position and their site
occupancy factors were fixed at 0.5. The site occupancy factors of
five water oxygen atoms (O24S, O25S, O26S, O27S, and O28S) and
eight potassium atoms (K11, K12, K13, K14, K15, K16, K17, and
K18) were also fixed at 0.5. CCDC-270035 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Molecular structure (Figure S1) of unit B of 1a shown
in Figure 6a in the text, and its bond lengths and angles around
the ruthenium() atom (Table S1) and average bond lengths and
angles for 1a (Table S2).
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The chalcogenaaza macrocycles 4, 5 and 6 show versatility
in ligation properties towards various transition metal ions.
The structure of the reduced 22-membered selenaaza macro-
cycle 4 (C32H36N4Se2) has been determined. The NiII com-
plex 7 exhibits coordination by the N4Se2 donor sites. The
PdII complexes 8, 9, 10, and 14 have been structurally charac-
terized. The molecular structures of these complexes reveal
interesting versatile ligating behaviors of the ligands. The Pd
complexes 8, 9, and 14 display coordination by hard nitrogen
donor atoms only, whereas the complex 10 showed coordina-

Introduction
The mixed donor macrocycles have attracted consider-

able interest due to their high selective nature for complex-
ation of ions. Amongst the chalcogenaaza macrocycles,
oxaaza and thiaaza have been well studied[1] relative to their
heavier counterparts. Incorporation of the larger Se and Te
would lead to a change in the size of the cage cavity and
hence allow for some interesting coordination behavior.
There are only a few reports on homodonor selenium- and
tellurium-containing macrocycles and their ligating behav-
ior towards the metal ions.[2,3] Only recently, some mixed
donor macrocycles incorporating selenium and tellurium
have been reported.[4–7]

As part of our research on the design and synthesis of
heavier chalcogenaaza macrocycles, we recently reported
the synthesis and complexation studies of the selenaaza and
telluraaza Schiff base macrocycles 1–3.[5–7] However, these
Schiff base macrocycles are prone to transmetallation and
hydrolysis on treatment with metal salts, which leads to
cleavage of the macrocycle. The selenaaza Schiff base
macrocycle 1 forms the hydrolyzed product with the PdII

cation,[7] whereas the telluraaza Schiff base macrocycle 2
forms transmetallated products with PtII and HgII cations.[5]

The hydrolysis of the selenaaza macrocycle 1 may be due
to excessive strain on the ring, which is forced by the metal
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tion by N2Te2 donor centers. The PtII complex 11 shows the
formation of a cationic metallamacrocycle with C–Pt–Se link-
age. The crystal structures suggest that the coordination of
metal atoms to donors is determined by the geometrical ar-
rangement around the metal and by the conformation of the
macrocycle rather than by the HSAB (hard/soft acid/base)
principle.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

to adopt a planar geometry. The facile cleavage of the C–
Te bond in 2 is due to strong N�Te intramolecular interac-
tions, which activate the trans C–Te bond. This strong intra-
molecular interaction is mainly due to the presence of the
sp2 nitrogen atom. To synthesize stable complexes of chal-
cogenaaza macrocycles, we are now interested in the lig-
ation behavior of the reduced forms of the Schiff base
macrocycles 4–6. The reduced forms of the macrocycles are
more flexible. Also these macrocycles have only sp3 hy-
bridized atoms and can accommodate a larger range of
shapes and sizes than the Schiff base macrocycles that have
sp2 hybridized donor atoms. In the reduced forms, the
macrocycles have weaker E···N (E = Se, Te) interactions as
evidenced from the multinuclear NMR spectra and single-
crystal X-ray structures (vide infra). We reported, in a pre-
liminary communication, the ligation properties of 4 and 5
with PdII and PtII.[8] It was found that the macrocycle 4
forms a 23-membered metallamacrocycle on ligation with
PtII, in which a C–Se bond is oxidatively added to the PtII

center to form a hexacoordinate PtIV complex (11). Com-
plexes 8 and 10 show contrasting ligation behavior of the
macrocycles 4 and 5 with PdII. In 8, the coordination sites
are hard nitrogen donors only, whereas in 10 the coordina-
tion sites are occupied by N2Te2. In this paper, we now
report a systematic study of the ligation properties of the
reduced selena/telluraaza macrocycles with transition metal
ions. The ligation properties of the reduced selenaaza
macrocycle 4 with a series of transition metal cations (NiII,
PdII, PtII CuII, and HgII), the ligation properties of the tel-
luraaza macrocycle 5 with PdII, and the ligation properties
of the 28-membered selenaaza macrocycle 6 with PdII have
been investigated.
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Result and Discussion

The ligands 4–6 were prepared by following known pro-
cedures.[5–7] The molecular structure of the ligand 4 (Fig-
ure 1, Table 1) is centrosymmetric, and only half of the
molecule represents the asymmetric unit. The structure con-
firms the complete reduction of the Schiff base macrocycle.
Of two possible nitrogen atoms available for interaction,
only one interacts weakly with the Se atom. The Se···N(1A)
distance (3.01 Å) is shorter than the sum of the van der
Waals radii of Se (1.99 Å) and N (1.53 Å). The transannular
Se···Se distance (4.75 Å) is longer than the Se···Se distance
(3.808 Å) in the parent Schiff base 1.[7] The geometry
around Se is V-shaped. The C(1B)–Se–C(1A) bond angle is
98.04°, which is smaller than that in the parent Schiff base
(100.2°). The macrocycle framework is puckered so as to
suit the bonding pattern of the individual atoms.

Figure 1. ORTEP diagram of the ligand 4.
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Table 1. Significant bond lengths [Å] and angles [°] for 4.

Se–C(1A) 1.926(2) Se–C(1B) 1.938(3)
N(1A)–C(8A) 1.459(3) N(1A)–C(7A) 1.464(3)
N(1B)–C(8B) 1.460(3) N(1B)–C(7B) 1.475(3)
C(1A)–Se–C(1B) 98.03(10) C(8A)–N(1A)–C(7A) 113.1(2)
C(8B)–N(1B)–C(7B) 114.0(2) C(2A)–C(1A)–Se 120.6(2)
C(6A)–C(1A)–Se 119.16(18) N(1A)–C(7A)–C(6A) 111.1(2)
C(6B)–C(1B)–Se 120.95(19) N(1B)–C(7B)–C(6B) 117.1(2)
N(1B)–C(8B)–C(8A)# 1110.6(2)

Equimolar amounts of 4 and Ni(OCOCH3)2 in MeOH
were heated to reflux for 30 min, and subsequent addition
of NH4PF6 yielded a purple complex 7, which was crys-
tallized by slow diffusion of diethyl ether into the acetoni-
trile solution of the complex at room temperature
(Scheme 1). The complex was soluble in MeCN, MeNO2,
acetone, DMSO, and DMF, and stable in air. The elemental
analysis data of the complex suggest the formation of the
1:1 product. The molecular ion peak was not observed in
the FAB mass spectrum of the complex, however, there are
peaks centered at m/z = 838 for M – PF6 and at m/z = 693
for M – 2PF6. The IR spectrum shows peaks at 840 and
557 cm–1 corresponding to ν(P–F) and ν(F–P–F), respec-
tively. The solution phase electronic spectrum (�200 nm) of
the complex consists of three bands centered at 304 (ε =
2400 dm3 mol–1 cm–1), 699 (15 dm3 mol–1 cm–1), and 895 nm
(29 dm3 mol–1 cm–1). The solid-state absorption spectrum of
the complex exhibits the same type of bands centered at
316, 564, and 894 nm. This indicates that the complex is
stable in solution and in the solid state and has the same
structure in both states. The µeff (B.M.) is 3.39, which is
larger than the value usually observed. Larger values are
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Scheme 1. Reagents: MeOH (reflux), (i) Ni(OCOCH3)2, NH4PF6; (ii) Pd(C6H5CN)2Cl2, NH4PF6; (iii) PdCl2, (iv) PtCl2; (v) Cu(CH3CN)4-
ClO4, NH4PF6; (vi) Hg(OCOCH3)2, NH4PF6.

generally observed as a result of orbital contributions de-
rived from the mixing of low-lying excited states into the
ground state or because the ground state is orbitally degen-
erate. As expected for octahedral NiII complexes, complex
7 is EPR silent.[9,10] The cyclic voltammogram of the NiII

Figure 2. ORTEP diagram for 7.
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complex 7 shows a quasi-reversible oxidation peak at
–0.211 V and a reduction peak at –0.092 V. There is a sub-
stantial shift to a more negative potential on changing from
imine to amine nitrogen donors,[7] as expected, given that
this change results in a reduction of π-acceptor ability.[11]
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There are very few reports on the molecular structures

of Ni complexes of selenium-containing macrocycles. This
is the third example of the molecular structure of a nickel
complex with a selenium-containing macrocycle.[7] The
molecular structure (Figure 2, Table 2) is centrosymmetric
and is similar to that of the NiII complex of the parent
ligand. The structure shows that the NiII ion occupies the
macrocyclic cavity and is bonded to all four nitrogen and
two selenium donors of the macrocycle thus adopting an
octahedral geometry. The bond lengths are: Ni–N(1B)
2.104(2) Å, Ni–N(2B) 2.104(2), Ni–N(1A) 2.115(2), Ni–
N(2A) 2.115(2), Ni–Se 2.6189(4) Å. The Ni–Se bond length
is comparable to Ni–Se distances in trans-[NiCl2(Me-
SeCH2CH2SeMe2)][12] and is also comparable to that ob-
served for the parent Schiff base Ni complex.[7] The C–Se–
C bond angle is 101.73(10)°, which is larger than that of
the parent Schiff base Ni complex [97.1(7)°]. The two Se
atoms are cis to each other in the distorted octahedral ge-
ometry as they are in the parent Schiff base Ni complex.

Table 2. Significant bond lengths [Å] and angles [°] for 7.

Ni–N(1B) 2.104(2) Ni–N(1A) 2.115(2)
Ni–Se 2.6189(4)
N(1B)#1–Ni–N(1B) 173.22(12) N(1B)–Ni–N(1A)#1 83.53(8)
N(1B)–Ni–N(1A) 91.81(8) N(1A)#1–Ni–N(1A) 93.54(12)
N(1B)#1–Ni–Se 96.36(6) N(1B)–Ni–Se 88.74(5)
N(1A)#1–Ni–Se 170.30(6) N(1A)–Ni–Se 92.56(6)
Se–Ni–Se#1 82.435(18)

The corresponding palladium complexes 8 and 9 were
obtained by the reaction of Pd(C6H5CN)2Cl2 and PdCl2,
respectively, with 1 mol of ligand 4 in refluxing methanol,
followed by the addition of excess NH4PF6 in the case of 8
(Scheme 1). The complexes are soluble only in DMSO. The
elemental analysis data suggest the formation of a 1:1 com-
plex. The crystals were grown from DMSO/ether. The
peaks at 843 and 558 cm–1 in the IR spectrum confirms the
presence of a PF6

– ion. The molecular ion peak of complex
8 is not observed in its FAB mass spectrum; peaks at m/z
= 886 and 735 correspond to M – PF6 and M – 2 PF6,
respectively. The ESI-MS spectrum of 9 exhibits a peak at
m/z = 840, which corresponds to M + 2H2O, and a peak at
m/z = 741, which corresponds to M – 2Cl. The 1H- and
13C NMR spectra for both 8 and 9 are too complicated for
complete analysis. The 77Se NMR spectra of 8 and 9 display
peaks at 869 and 787 ppm, respectively. As the 77Se NMR
spectra of both complexes exhibit single signals, which were
shifted downfield relative to that of the free ligand (δ =
329 ppm), it is possible that metal coordination to selenium
occurs in solution. Variable-temperature 1H NMR spec-
troscopy was carried out on 8 at higher temperatures
(20 °C–120 °C) in DMSO solution (Figure 3). As the tem-
perature was increased, line broadening resulted in the co-
alescence of the peaks. Upon cooling to room temperature,
the original spectrum was restored. The coalescence phe-
nomena of the spectra may occur as a result of the fluxional
behavior of the complex in solution. The only fluxional pro-
cess that achieves this result is one in which the metal effec-
tively hops between the six donor sites of the macrocycle,
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as illustrated in Scheme 2. This hopping of the PdII center
between the N4Se2 coordination sites is similar to that re-
ported by McAuley et al.,[13] where, in a square-planar pal-
ladium complex, the PdII center hops between any four of
the six donor sites. However, an N3Se coordination is ruled
out, since the 77Se NMR spectrum shows a single peak. The
1H NMR spectra at ambient and high temperatures do not
exhibit any resonances that could be assigned to the free
ligand in solution, which suggests that the interconversion
does not proceed though a dissociative mechanism.

Figure 3. Variable-temperature 1H NMR ([D6]DMSO, 300 MHz)
spectra of 8.

Since complexes 8 and 9 are isostructural (Figure 4, Fig-
ure 5, Table 3, Table 4), the crystal structure of only 8 will
be discussed, and major differences between the structures
will be highlighted. Both structures are centrosymmetric
like the parent macrocycle 4, and only half of the molecule
represents the asymmetric unit. The cation adopts a square-
planar geometry and is coordinated to the four nitrogen
atoms. The N–Pd–N bond angles are ca. 180° and ca. 90°.
The Pd–N bond lengths are in good agreement with the
sum of the single-bond covalent radii of Pd (1.31 Å) and N
(0.75 Å).[14] However, these bond lengths are slightly longer
than that observed for the hydrolyzed parent Schiff base
[2.019(6) Å],[7] which has sp2 hybridized N donor atoms. In
the solid-state molecular structures, the palladium atom



S. Panda, S. S. Zade, H. B. Singh, R. J. ButcherFULL PAPER

Scheme 2. Fluxional process for 8 in solution.

does not coordinate to the Se atom. This is in contrast to
the solid-state structures of PdII complexes of the mixed
donor Se/Te macrocycles that contain O or P, in which PdII

coordinates to the soft Se/Te donor centers.[4] This anoma-
lous behavior may be due to the formation of stable five-
membered chelate rings rather than to the formation of six-
membered chelate rings that would result in coordination
to the Se donors. In this case, the absence of any interaction
between the Se and PdII atoms probably results from the
conformational requirement of the ligand around the cen-
tral PdII atom for coordination with donor atoms, as well
as the chelate ring effect. Complex 9 crystallizes with two

Figure 4. ORTEP diagram for 8.
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waters of crystallization; however, there is no hydrogen
bonding between the water molecules and the chloride
counterions. The transannular Se···Se bond length of 8 is
9.310 Å and that of 9 is 9.670 Å.

Equimolar amounts of 5 and PdCl2 in MeOH were
heated to reflux for 15 min to yield a clear solution of the
complex 10; brown crystals were obtained by slow diffusion
of diethyl ether into the reaction mixture at room tempera-
ture (Scheme 1). Complex 10 is not very soluble in CH3CN
and CH3NO2 but highly soluble in DMSO. The elemental
analysis data confirm the formation of a 1:1 complex. The
molecular ion peak of complex 10 is not observed in its ESI
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Figure 5. ORTEP diagram of 9.

Table 3. Significant bond lengths [Å] angles [°] for 8.

Pd–N(1B) 2.063(2) Pd–N(1A) 2.066(3)
N(1B)–Pd–N(1B)#1 180.000(1) N(1B)–Pd–N(1A)#1 83.73(10)
N(1B)#1–Pd–N(1A)#1 96.27(10) N(1B)–Pd–N(1A) 96.27(10)

Table 4. Significant bond lengths [Å] and angles [°] for 9.

Pd–N(1) 2.072(4) Pd–N(2) 2.060(5)
N(2)#1–Pd–N(2) 180.0(2) N(2)#1–Pd–N(1) 96.90(18)
N(2)–Pd–N(1) 83.10(18)

mass spectrum; the highest peak at m/z = 838 corresponds
to the M – 2Cl fragment. The 125Te NMR spectrum of com-
plex 10 in [D6]DMSO shows a peak at δ = 710 ppm, which
disappeared after half an hour due to decomposition of the
complex. A complex pattern of signals that were difficult to
assign was observed in the 1H and 13C NMR spectra.

An ORTEP diagram of compound 10 is shown in Fig-
ure 6, and selected bond lengths and angles are given in
Table 5. The molecule crystallizes with seven waters of
crystallization. The PdII cation adopts a square-planar ge-
ometry and is coordinated to the two nitrogen and two tel-
lurium atoms. The tellurium atoms are slightly disordered.
The Pd–N(1A) [2.114(6) Å] and Pd–N(2A) [2.118(8) Å] are
slightly longer than the sum of the single bond covalent
radii of Pd (1.31 Å) and N (0.75 Å).[14] However, these bond
lengths are well within the sum of van der Waals radii. The
Te–Pd bond lengths [Te(1A)–Pd 2.5770(16) Å, Te(2A)–Pd
2.5675(12) Å, Pd–Te(1B) 2.480(7) Å, and Te(2B)–Pd
2.431(4) Å] are significantly shorter than the sum of coval-
ent radii (2.68 Å) and are comparable to those in the parent
Schiff base macrocycle Pd complex.[5] The N–Pd–N, Te–
Pd–Te, and N–Pd–Te bond angles are close to 90° and 180°.
The coordination to Te in 10 may be due to the greater σ-
donor property of the Te than Se, which leads to a stronger
soft–soft interaction and stabilization of the six-membered
chelate ring. The packing diagram (Figure 7) shows that the
water molecules are sandwiched between the complexes and
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that there is extensive hydrogen bonding between the N–H
hydrogen atom, chloride counterion, and the water mole-
cules.

Equimolar amounts of 4 and PtCl2 in MeOH were
heated to reflux for 15 min to yield a clear solution of the
complex 11; brick-red crystals were obtained by slow dif-
fusion of diethyl ether into the reaction mixture at room
temperature (Scheme 1). The complex formed was not very
soluble in most of the organic solvents and only partially
soluble in MeOH. The elemental analysis data suggest the
formation of a 1:1 complex. The molecular ion peak of
complex 11 is absent in its ESI mass spectrum; the highest
peak observed at m/z = 863 corresponds to M – (Cl + 2
H2O). The 1H and 13C NMR spectra of complex 11 are too
complicated for complete analysis. As complex 11 is only
partially soluble in MeOH, no satisfactory 77Se NMR spec-
trum could be recorded even after overnight data acqui-
sition.

The X-ray crystal structure of 11 (Figure 8, Table 6)
clearly suggests the formation of a novel 23-membered
metallamacrocyclic complex. The geometry around PtIV is
octahedral.[8] The Pt–N bond trans to Pt–Se is longer (ca.
0.15 Å) than the other two Pt–N bonds because of the
strong trans influence of –SePh.[15] The Pt–C bond length
[2.010(4) Å] is shorter than those of the reported PtIV sele-
nolate compounds,[15–17] whereas the Pt–Cl bond length
[2.4291(12) Å] is longer than those in related compounds.[16]

This lengthening of the Pt–Cl bond and the shortening of
the C–Pt bond may be ascribed to the stronger trans influ-
ence of phenyl ring than of Cl. The behavior of the macro-
cycle to form the cationic PtIV complex by oxidative ad-
dition of the C–Se bond to the PtII center is in contrast to
those of the reported stable PtII and PtIV complexes with
homodonor and mixed donor cyclic selenoether li-
gands.[4,18] The facile oxidative addition in this case may be
facilitated by the more polar nature of C–Se bond that re-
sults from the N�Se intramolecular interaction present in
the parent macrocycle (vide supra). Though the oxidative
addition of halogens and alkyl halides to the PtII center are
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Figure 6. ORTEP diagram of 10.

Table 5. Significant bond lengths [Å] and angles [°] for 10.

Te(1A)–Pd 2.5770(16) Te(2A)–Pd 2.5675(12)
Pd–Te(1B) 2.480(7) Pd–Te(2B) 2.431(4)
Pd–N(1A) 2.114(6) Pd–N(2A) 2.118(8)
Te(1A)–Pd–Te(2A) 89.67(5) N(1A)–Pd–Te(1A) 94.34(18)
N(1A)–Pd–N(2A) 83.9(3) N(2A)–Pd–Te(2A) 94.0(2)
N(2A)–Pd–Te(1A) 164.18(19) N(1A)–Pd–Te(2A) 172.18(18)

Figure 7. Packing diagram of 10.
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common,[19] this is the second example of oxidative ad-
dition of C–Se bond to PtII.

Complex 12 was obtained by the reaction of Cu(CH3-
CN)4ClO4 with 1 mol of ligand 4 in refluxing methanol, fol-
lowed by the addition of excess NH4PF6. The complex is
soluble in DMSO, MeCN, and MeNO2. The crystals ob-
tained from DMSO lose luster after removal of the solvent.
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Figure 8. ORTEP diagram of 11.

Table 6. Significant bond lengths [Å] and angles [°] for 11.

Pt–C(16B) 2.010(4) Pt–N(2B) 2.039(4)
Pt–N(2A) 2.050(4) Pt–N(1A) 2.180(3)
Pt–Se(2) 2.4165(6) Pt–Cl(1) 2.4291(12)
Se(1)–C(1A) 1.917(4) Se(1)–C(1B) 1.924(5)
Se(2)–C(16A) 1.897(5)
C(16B)–Pt–Se(2) 88.53(11) C(16B)–Pt–N(2B) 81.51(17)
N(2A)–Pt–Se(2) 93.87(9) N(2A)–Pt–N(1A) 82.37(12)
N(2B)–Pt–N(1A) 97.26(13)

The elemental analysis data confirm the formation of a 1:1
complex. Complex 12 was found to be a 1:2 electrolyte in
acetonitrile (ΛM, 393 Ω–1 cm2 mol–1). The infrared spectrum
of the complex exhibits two NH stretching vibrations at
3301 and 3235 cm–1 as sharp singlets and a bending vi-
bration at 1629 cm–1 as a broad singlet, while the IR spec-
trum of the ligand shows the stretching vibrations at 2794–
3323 cm–1 (sharp multiplets) and the bending vibration at
1687 cm–1(sharp singlet). This implies that N–H of the li-
gand is involved in coordination to the metal center. The
peaks at 843 and 557 cm–1 confirm the presence of PF6 in
the complex. The solution-phase electronic spectrum
(�200 nm) of the complex consists of two intense bands
centered at 298 (ε = 2485 dm3 mol–1 cm–1) and 583 nm
(148 dm3 mol–1 cm–1), which can be assigned to the intrali-
gand π–π* transitions. The reflectance spectrum of the solid
sample exhibits the same type of bands centered at 315 and
584 nm. This indicates that the complex is stable in solu-
tion. The observed magnetic susceptibility value for the
complex is 1.79 BM. This value is close to that for the
square-planar copper complexes (1.84 BM).[20] The electron
spin resonance spectrum further confirms the square-planar
geometry of the complex. The spectrum of the powdered
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form is not well resolved; however, at the temperature for
liquid nitrogen, an anisotropic ESR spectrum is obtained.
The spectrum exhibits a line shape that is typical for a mo-
nonuclear CuII complex with a dx2–y2 ground state. The g�

value for the complex is 2.052. The value for A� was calcu-
lated from the difference between the peak positions i.e.
180G. The gz value is 2.24. This gz value is greater than that
of g�. The anisotropic value for gx and gy has not been
resolved and no A� hyperfine constant was observed. The
quotient (gz ×104)/A� is an indication of the stereochemistry
of the chelates in solution.[21] It has been suggested that this
quotient may be an empirical index of tetrahedral distor-
tion from tetragonal geometry, i.e. values that are lower
than 140 are observed for square-planar structures and
those that are higher than 150 for tetrahedral complexes. A
value of 124 for 12 indicates a square-planar geometry. The
CuII complexes of tetraaza macrocyclic ligands generally
exhibit irreversible redox processes. The CuII complex 12 is
reduced directly to Cu0 by a single two-electron process at
–0.524 V. Such behavior may stem from the higher flexibil-
ity of the ligand, which does not allow the CuI complex to
be kinetically stable and enables the reduction of the CuII

center directly to Cu0.[22]

The reaction of HgCl2 with ligand 4 gave an insoluble
white product, which was not soluble in any of the common
solvents. However, when the reaction was performed with
Hg(OCOCH3)2, a white product 13 was obtained, which is
soluble in MeCN and MeNO2, and decomposes in DMSO.
The elemental analysis data suggest the formation of a 1:1
complex. The IR spectrum shows a broad multiplet in the
region of NH stretching (2911–3671 cm–1). The peaks at
841 and 558 cm–1 correspond to ν(P–F) and ν(F–P–F),
respectively. The molecular ion peak of complex 13 is not
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observed in the ESI mass spectrum, as is the case for the
other complexes; the peak observed at m/z = 981 is assigned
to M – PF6, and the peak at m/z = 834 corresponds to M –
2 PF6. This indicates the formation of the complex with two
PF6 counterions, and the peak at m/z = 635 shows that the
macrocycle remains intact. The broadening of the 1H NMR
signal in the aliphatic region indicates the presence of mol-
ecular motion, which is somewhat slow on the NMR time
scale. The existence of isomeric species in solution is also a
possibility. The 13C NMR shows the expected number of
peaks. The 77Se NMR spectrum exhibits a single signal at
δ = 315 ppm, which indicates that there is no interaction
between Se and HgII. The HgII complex 13 shows two
irreversible reduction peaks at 0.505 and 0.032 V, which im-
plies the sequential reduction of HgII to HgI and then to
Hg0.

Reaction of ligand 6 with 1 and 2 equiv. Pd(COD)Cl2,
followed by the addition of NH4PF6 afforded the complexes
14 and 15 in a 1:1 and 1:2 (ligand/metal) ratio, respectively
(Scheme 3).

Complex 14 is light yellow, whereas complex 15 is yellow.
The complexes are not very soluble in all solvents even on
prolonged heating. Due to the partial solubility of the com-
plexes, complete characterization of the complexes was dif-
ficult. The elemental analysis data for 14 and 15 suggest the
formation of 1:1 and 1:2 (ligand/metal) complexes respec-
tively. The IR spectra exhibit peaks in the range 840–849
and at 556 cm–1, which correspond to ν(P–F) and ν(F–P–
F), respectively. In the ESI mass spectrum of complex 14,
the molecular ion peak is observed at m/z = 1116.88, and
the peaks for [M – PF6], [M – 2 PF6], and [M – (Pd + 2

Figure 9. ORTEP diagram of 14.
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Scheme 3. Reagents: MeOH (reflux), (i) 6:Pd(COD)Cl2 (1:1),
NH4PF6; (ii) 6:Pd(COD)Cl2 (1:2), NH4PF6.

PF6)] are observed at m/z = 971.9, 826.9, and 719, respec-
tively. However, for complex 15, no molecular ion peak is
observed; peaks at m/z = 1148.96, 1112.95, 1075.95, and
928.98 are observed for [M – PF6], [M – (PF6 + Cl)], [M –
(PF6 + 2 Cl)], and [M – 2 (PF6 + Cl)]. Due to the poor
solubility of complexes, it was challenging to record the 77Se
NMR spectrum of the complexes. The 77Se NMR spectrum
of complex 14 was recorded in 50% CD3CN/CD3OD solu-
tion and shows one peak at δ = 303 ppm after long data
accumulation. However, the 77Se NMR spectrum of com-
pound 15 could not be recorded. The PdII complexes did
not show well-defined redox processes that could be inter-
preted.
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The ORTEP view of compound 14 is shown in the Fig-

ure 9, and selected bond lengths and angles are given in the
Table 7. The molecule is centrosymmetric: only half of the
molecule represents the asymmetric unit, and there is one
molecule per unit cell. The cation adopts a square-planar
geometry and coordinates to four nitrogen atoms out of the
possible N6Se2 coordination sites. The N(1)–Pd–N(1)# and
N(2)–Pd–N(2)# bond angles are 180°. The N(1)–Pd–N(2)
bond angle is 84.05(13)°, and these atoms are part of a five-
membered ring containing two nitrogen donor atoms. The
N(1)–Pd–N(2)#1 bond angle is 95.95(13)°, and these atoms
are part of a 13-membered ring containing an Se atom. The
Pd–N(1) and Pd–N(2) bond lengths are 2.067(3) and
2.081(3) Å, respectively, and are marginally longer than the
sum of the covalent radii of Pd (1.31 Å) and N (0.75 Å);
however, they are much shorter than the sum of the van der
Waals radii. The phenyl rings and the two selenium atoms
bend away from the square plane that contains the Pd cat-
ion. The transannular distance between the two Se atoms is
10.422 Å.

Table 7. Significant bond lengths [Å] angles [°] for 14.

Pd–N(1) 2.067(3) Pd–N(2) 2.081(3)
N(1)–Pd–N(1)#1 180.0 N(1)–Pd–N(2) 84.05(13)
N(1)#1–Pd–N(2) 95.95(13)

The synthesis of the PtII analogues of 14 and 15 has been
attempted. Though elemental analysis, and IR and ESI
mass spectrometry show the formation of the desired com-
plexes, no satisfactory NMR spectra could be obtained be-
cause of the highly insoluble nature of the complexes.
Attempts to get suitable crystals were also unsuccessful.

Conclusions

In conclusion, macrocycle 4 shows versatile coordination
behavior towards the metal cations NiII, PdII, PtII, CuII,
and HgII. In general, molecular structures of the complexes
show that the coordination behavior of the metal ions
towards the donors is determined by the geometrical ar-
rangement of the ligands around the metal atom, by the
stability of the chelate ring formed by metal coordination,
and to a lesser extent, by the HSAB principle.

Experimental Section
General: All reactions were carried out under nitrogen or argon
using standard vacuum line techniques. Solvents were purified and
dried by standard procedures[23] and were freshly distilled prior to
use. Melting points were recorded in capillary tubes and are uncor-
rected. The 1H (299.4), 13C (75.42), and 77Se (57.22) NMR spectra
were recorded in [D6]DMSO or CD3CN on a Varian VXR 300S
spectrometer. Chemical shifts cited were referenced to TMS (1H,
13C) as internal and Me2Se (77Se) as external standards. The ele-
mental analysis was performed on a Carlo–Erba model 1106 and
Eager 300 EA1112 elemental analyzers. The IR spectra were re-
corded as KBr pellets with a Thermo Nicolet Avatar 320 FTIR
spectrometer. The UV/Vis spectra in solution were recorded with
3-cm path length quartz cells on a UV-260 Shimadzu spectropho-
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tometer, and reflectance spectra were recorded with a UV-160A
spectrophotometer. The electronic spectra of all the complexes were
recorded at room temperature in acetonitrile. The spectra were re-
corded in the range 200–1100 nm. The FAB mass spectra were re-
corded on a JEOL SX 102/DA-6000 mass spectrometer/data system
using Argon/Xenon (6 KV, 10 mA) as the FAB gas. The ESI mass
spectra were recorded at room temperature with a Q-Tof micro
(YA-105) micromass spectrometer. The magnetic susceptibility of
the complexes 7 and 12 was studied at room temperature. Complex
Hg[Co(SCN)4] was used as the standard. The EPR spectra were
recorded at room temperature and at the temperature for liquid
nitrogen. TCNQ was taken as the standard. Cu(CH3CN)4ClO4,
Pd(C6H5CN)2Cl2, and Pd(COD)Cl2 were prepared by literature
procedures.[24] All the complexes were vacuum dried after prepara-
tion. The solution electrical conductivity was measured using a El-
ico CM-180 Conductivity meter with KCl solution in water as stan-
dard. Cyclic voltammetric (CV) experiments were performed on
a CH instruments electrochemical analyzer with a three-electrode
device. The experiments were performed with a glassy carbon
working electrode, a platinum counter electrode, and a standard
Ag/AgCl reference electrode. Tetrabutylammonium perchlorate
(Aldrich) was used as the supporting electrolyte. All solutions were
purged with nitrogen before the CV data were recorded. Measure-
ments were recorded with 0.1  NBu4ClO4 in acetonitrile with a
sample concentration 0.05 m. Ferrocene was taken as the stan-
dard.

Syntheses

Ligands 4, 5, and 6 were prepared following known procedures.[6,7]

[NiC32H36N4Se2P2F12] (7): Ni(OCOCH3)2 (0.026 g, 0.15 mmol) was
added to ligand 4 (0.1 g, 0.15 mmol) in methanol (20 cm3). The
reaction mixture was then heated to reflux for 30 min. The resulting
reaction mixture was filtered, and to the filtrate excess NH4PF6

was added to give the complex as a purple powder. Crystallization
from an acetonitrile solution by diffusion of diethyl ether afforded
purple crystals of the complex. Yield: 0.078 g, 52%. M.p. 269 °C
(d.). Magnetic susceptibility: 3.39µB. IR (KBr): ν̃max = 3286 (m),
2923 (s), 1641 (b), 1461 (m), 1308 (w), 1083 (m), 951 (w), 840 (s),
760 (s), 557 (s) cm–1. λmax (MeCN; ε/dm3 mol–1 cm–1): 304 (2400),
699 (15) and 895 (29) nm. FAB MS: m/z = 839 [M – PF6], 693 [M –
2 PF6]. C32H36N4Se2NiP2F12 (983.2): calcd. C 39.09, H 3.69, N
5.69; found C 38.41, H 3.60, N 7.05.

[PdC32H36N4Se2P2F12] (8):[8] Complex 8 was prepared in a manner
similar to that of 7, but with the metal precursor Pd(C6H5CN)2

Cl2. Cream-coloured crystals were obtained from a DMSO/ether
solution. Yield: 0.087 g, 56%. M.p. 247–249 °C (d.). IR (KBr): ν̃max

= 3426 (b), 3220 (m), 2924 (w), 1631 (w), 1449 (m), 1020 (w), 843
(s), 764 (s), 558 (s) cm–1. 77Se NMR ([D6]DMSO): δ = 869 ppm.
FAB MS: m/z = 886 [M – PF6], 738 [M – 2 PF6].
C32H36N4Se2PdP2F12: calcd. C 37.28, H 3.52, N 5.43; found C
36.88, H 3.68, N, 5.02.

[C32H40Cl2N4O2PdSe2] (9): PdCl2 (0.027 g, 0.15 mmol) was added
to 4 (0.1 g, 0.15 mmol) in MeOH (20 cm3), and heated to reflux for
30 min. The reaction mixture was filtered. The solvent volume was
reduced to 2 cm3 in vacuo, followed by diffusion of diethyl ether to
afford yellowish crystals of the complex. Yield: 0.075 g, 61%. M.p.
225 °C (d.). IR (KBr): ν̃max = 3426 (s), 3226 (s), 3052 (m), 2849 (s),
1632 (s), 1464 (s), 1440 (s), 1340 (w), 1199 (w), 1025 (s), 755 (s),
633 (w), 452 (w) cm–1. 77Se ([D6]DMSO): δ = 787 ppm. ESI-MS:
m/z = 840 [M + 2 H2O], 741 [M – 2 Cl]. C32H40Cl2N4O2PdSe2

(847.9): calcd. C 45.34, H 4.76, N 6.61; found C 45.58, H 5.05, N
6.27.
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[PdC32H36N4Te2Cl2] (10):[8] This complex was prepared in a man-
ner similar to that described for 9 and was isolated as brownish red
crystals from a methanol/ether solution. Yield: 0.2 g, 78%. M.p.
196 °C (d.). IR (KBr): ν̃max = 3417 (s, br), 3320 (s), 3049 (m), 2881
(s), 2850 (s), 1621 (m), 1439 (s), 1205 (m), 1120 (m), 837 (s), 752
(s) cm–1. ESI-MS: m/z = 838 [M – 2 Cl]. C32H36N4Te2PdCl2H2O:
calcd. C 41.45, H 4.13, N 6.04; found C 40.88, H 4.22, N 5.77.

[PtC32H40N4O2Se2Cl2] (11):[8] This complex was prepared in a
manner similar to that described for 9 and was isolated as red crys-
tals by the slow diffusion of diethyl ether. Yield: 0.074 g, 52%. M.p.
252 °C (d.). IR (KBr) ν̃max = 3429 (br), 2923 (s), 2848 (s), 1635 (s),
1439 (s), 1327 (s), 1105 (w), 1026 (s), 751 (s) cm–1. ESI-MS: 863.2
[M – Cl], 827.21 [M – 2 Cl]. C32H40N4O2Se2PtCl2: calcd. C 41.05,
H 4.30, N 5.98; found C 41.93, H 3.46, N 6.41.

[CuC32H36N4Se2P2F12] (12): This complex was prepared by follow-
ing the method used for preparing complex 7 but with Cu-
(CH3CN)4ClO4. Yield: 0.050 g, 33%. M.p. 212–214 °C (d.). Mag-
netic susceptibility: 1.79µB. IR (KBr): ν̃max = 3434 (m), 3301 (s),
2941 (w), 1629 (w), 1465 (s), 1347 (w), 1302 (w), 1199 (w), 1106
(m), 1042 (m), 927 (s), 843 (s), 622 (s), 760 (s), 577 (s) cm–1. λmax

(MeCN; ε/dm3 mol–1 cm–1): 298 (2485), 583 (148). Molar conductiv-

Table 8. Crystal data and structure refinement of 4, 7, 8, and 9.

4 7 8 9

Empirical formula C32H36N4Se2 C32H36F12N4P2NiSe2 C32H46F12N4P2PdSe2 C32H40Cl2N4O2Pd Se2

Mw 635.7 983.22 1030.91 847.90
Crystal system Monoclinic Tetragonal Triclinic Monoclinic
Space group P2/n P4(2)/n P1̄ P21/n
a [Å] 16.3985(14) 15.5381(8) 9.9501(14) 11.4547(18)
b [Å] 5.0714(4) 15.5381(8) 10.5010(15) 11.4404(18)
c [Å] 18.2454(15) 15.2794(15) 10.6403(16) 12.864(2)
α [°] 90 90 103.622(2) 90
β [°] 104.4830(10) 90 117.296(2) 95.428(3)
γ [°] 90 90 103.042(3) 90
V [Å3] 1469.1(2) 3688.9(5) 885.6(2) 1678.2(5)
Z 2 4 1 2
Temperature [K] 293(2) 168(2) 168(2) 103(2)
Abs. coeff. [mm–1] 2.544 2.678 2.765 2.917
Observed reflections [I � 2σ] 3581 4501 5787 4083
Final R(F) [I � 2σ][a] 0.0416 0.0297 0.0330 0.0688
wR(F2) indices [I � 2σ] 0.0669 0.0568 0.0442 0.1462

[a] R(Fo) = ∑||Fo| – |Fc||/∑|Fo| and wR(Fo
2) = [∑w(Fo

2 – Fc
2)2/∑w(Fc

2)2]1/2.

Table 9. Crystal data and structure refinement of 10, 11, and 14.

10 11 14

Empirical formula C32H50Cl2N4O7PdTe2 C32H39Cl2N4O2Pt Se2 C36H46F12N6P2PdSe2

Mw 1035.26 935.58 1117.05
Crystal system Triclinic Triclinic Triclinic
Space group P1̄ P1̄ P1̄
a [Å] 12.072(6) 9.9635(19) 10.3868(1)
b [Å] 13.264(6) 10.210(2) 10.4193(1)
c [Å] 14.527(7) 17.427(3) 10.9246(1)
α [°] 104.235(8) 94.196(3) 108.532(1)
β [°] 107.668(9) 105.466(3) 95.200(1)
γ [°] 110.244(8) 106.808(4) 108.573(1)
V [Å3] 1912.6(16) 1613.7(5) 1038.110(17)
Z 2 2 1
Temperature [K] 293(2) 103(2) 294(2)
Abs. coeff. [mm–1] 2.169 6.806 7.152
Observed reflections [I � 2σ] 8797 7802 3127
Final R(F) [I � 2σ][a] 0.0771 0.0360 0.0433
wR(F2) indices [I � 2σ] 0.1788 0.0820 0.1172

[a] R (Fo) = ∑||Fo| – |Fc||/∑|Fo| and wR(Fo
2) = [∑w(Fo

2 – Fc
2)2/∑w(Fc

2)2]1/2.
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ity (acetonitrile, 298 K): ΛM = 393 Ω–1 cm2 mol–1. FAB MS: m/z =
697 [M – 2 PF6], 637 [M – (2 PF6 + Cu)]. C32H36N4Se2CuP2F12

(988.1): calcd. C 38.90, H 3.67, N 5.67; found C 39.38, H 3.87, N
6.27.

[HgC32H36N4Se2P2F12] (13): This complex was prepared in a man-
ner similar to that described for 7 but with the metal precursor
Hg(OCOCH3)2. Yield: 0.066 g, 38%. M.p. 180 °C (d.). IR (KBr):
ν̃max = 3671 (w), 3271 (w), 2928 (w), 1587 (w), 1461 (s), 1439 (s),
1204 (w), 1018 (w), 841 (s), 760 (s), 558 (s) cm–1. 13C NMR
(CD3CN): δ = 47.1 (CH2NH), 54.3 (CH2Ar), 129.6, 131.3, 131.6,
135.2, 136.9 (Aromatic C) ppm. 77Se NMR (CD3CN): δ = 315
ppm. ESI-MS: m/z = 981 [M – PF6], 835 [M – 2 PF6].
C32H36N4Se2HgP2F12 (1125.1): calcd. C 34.16, H 3.22, N 4.98;
found C 33.93, H 3.31, N 4.86.

[PdC36H46N6Se2P2F12] (14): Pd(COD)Cl2 (0.057 g, 0.2 mmol) was
added to 6 (0.15 g, 0.2 mmol) in MeOH (20 cm3) and was heated
to reflux for 30 min. The reaction mixture was filtered, and to the
filtrate excess NH4PF6 was added. The solvent volume was reduced
to 2 cm3 in vacuo, followed diffusion of diethyl ether to afford col-
orless crystals. Yield: 0.15 g, 32%. M.p. 220 °C (d.). IR (KBr): ν̃max

= 3343 (br), 3236 (s), 2927 (br), 840 (s), 557 (s) cm–1. 77Se NMR
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(300 MHz, CD3CN/CD3OD (1:1), 25 °C): δ = 307 ppm. ESI-MS:
1117 [M], 972 [M – PF6], 827 [M – 2 PF6]. C36H46N6Se2PdP2F12

(1117.1): calcd. C 38.71, H 4.151, N 7.52; found C 38.95, H 3.81,
N 6.56.

[Pd2C36H46N6Se2P2F12Cl2] (15): The complex was prepared in a
manner similar to that described for 14 and was separated as a
yellowish white powder. Yield: 0.18 g, 34%. M.p. 230 °C (d.). IR
(KBr): ν̃max = 3409 (br), 3205 (w), 1625 (w), 1441 (s), 840 (s), 758
(s), 558 (s) cm–1. ESI-MS: 1148.96 [M – PF6], 1112.95 [M – (PF6

+ Cl)], 1075.95 [M – (PF6 + 2 Cl)], 966.95, 928.98 [M – 2 (PF6 +
Cl)], 825.07 [M – (2 PF6 + 2 Cl + Pd)]. C36H46N6Se2Pd2P2F12Cl2
(1294.4): calcd. C 33.41, H 3.58, N 6.49; found C 32.72, H 3.44, N
6.52.

X-ray Crystallography: The diffraction measurements for the ligand
as well as for the complexes were performed at room temperature
on a Bruker P4 diffractometer with graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å) (Table 7 and Table 8) The data were
corrected for Lorentz, polarization, and absorption effects The
structures were determined by routine heavy-atom with SHELXS
97[25] and Fourier methods, and were refined by full-matrix least-
squares by means of the SHELEXL 97[26] program with anisotropic
non-hydrogen atoms and a fixed isotropic thermal parameter of
0.07 Å2 for hydrogen. The hydrogen atoms were partially located
from difference electron-density maps and the rest were fixed at
predetermined positions. Scattering factors were obtained from
common sources.[27] Some details of the data collection and refine-
ment are given in Table 8 and Table 9. CCDC-221526 (11), -221527
(8), -241757 (4), -241758 (7), -241759 (9), -241760 (10), and -241761
(14) contain the supplementary data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac/uk/data_request/cif.
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Reaction of the [FeIII(CN)6]3– anion with [CuII(tn)(H2O)n]2+ (tn
= 1,3-diaminopropane) affords the compounds [{CuII(tn)}2-
{FeII(CN)6}]·KCl·5H2O (1), [{CuII(tn)}2{FeII(CN)6}]·4H2O (2),
and [{CuII(tnH)2(H2O)2}{FeII(CN)6}]·2H2O (3). Each iron cen-
ter in 1 and 2 is linked to six copper(II) ions by six cyanide
bridges, while each copper ion is linked to three equivalent
iron(II) ions. Despite these resemblances, the two compounds
present large structural differences caused by two different
orientations of the Cu–NC–Fe bridges: compound 1 has a 2D
structure which can be described as successions of “Cu4Fe3”
defective cubane units, while compound 2 displays a 3D ar-
rangement. Compound 3, in which only two trans-CN groups
are bridging, displays a 1D structure. The tn ligand is chelat-
ing in 1, as is usually observed in several parent compounds,
but is unexpectedly a bridging ligand in 2 and a terminal
protonated tnH+ ligand in 3. Thus, the dimension of the three
compounds seems to depend on the tn coordination modes.

Introduction

Bimetallic cyano-bridged assemblies based on polycyan-
ometalates have attracted a great deal of attention because
of their remarkable magnetic, photomagnetic, electric-field-
induced conductance, catalytic, and porous properties.[1–6]

Prussian blue analogs, derived from hexacyanometalate
anions and hexa-solvated metal complexes, exhibit novel
magnetic and electronic properties, and some of them pres-
ent magnetic ordering at a critical temperature (Tc) as high
as 376 K.[1] However, the difficulty of obtaining crystals
suitable for X-ray structure determination precludes a thor-
ough magneto-structural correlation of these 3D systems of
high symmetry.[7] In order to tailor their dimensionality and
connectivity, and to tune their properties, a different syn-
thetic strategy involving two different families of cyano-
bridged coordination assemblies was envisaged. The first

[a] UMR CNRS 6521, Université de Bretagne Occidentale,
B. P. 809, 29285 Brest Cedex, France
Fax: +33-298-017001
E-mail: triki@univ-brest.fr

[b] Instituto de Ciencia Molecular, Universitat de Valencia,
Dr. Moliner 50, 46100 Burjasot, Spain

[c] Laboratoire de Chimie de Coordination, UPR CNRS 8241,
205 route de Narbonne, 31077 Toulouse Cedex, France

Eur. J. Inorg. Chem. 2006, 185–199 © 2006 Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim 185

For the three iron compounds 1–3, the synthetic processes
involve the spontaneous reduction of the paramagnetic [FeIII-
(CN)6]3– anion into the diamagnetic [FeII(CN)6]4– anion. In
order to avoid such diamagnetic building blocks, the para-
magnetic [Cr(CN)6]3– anion was used instead of the iron(III)
analog, leading to [{CuII(tn)}3{CrIII(CN)6}2]·3H2O (4), which is
the first 2D ferromagnet containing “-Cu–NC–Cr-” linkages.
A similar study was performed using the diamagnetic
[Co(CN)6]3– anion, leading to [{CuII(tn)}3{CoIII(CN)6}2]·3H2O
(5), which is the Co analog of 4. The magnetic properties of
compounds 1–3 and 5 show the presence of isolated CuII ions
with weak ferromagnetic (1) or antiferromagnetic (2, 3, and
5) interactions. Compound 4 presents a long-range ferromag-
netic ordering below Tc = 9.5 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

family associates [M(CN)6]n– building-block anions (M =
divalent or trivalent first-row transition metal ion) and cat-
ionic assembling units of the general formula [M�Lx-
(H2O)m]n+ (M� = divalent first row transition metal ion; L
= polyamine, macrocyclic ligand, Schiff base, ...) having se-
lected free coordination sites, instead of simple hexa-sol-
vated complexes;[8–11] the second one involves anionic com-
plexes of general formula [ML�(CN)y]m– as building blocks
instead of the potentially hexadentate [M(CN)6]n–

anions.[12,13] In both families, a large number of such low-
symmetry cyano-bridged assemblies display rich and fasci-
nating structural architectures ranging from discrete poly-
nuclear complexes[11,13] to extended 3D networks,[8–10,12]

and in some cases exhibit interesting properties such as high
Tc magnets, high-spin molecules, or single-molecule mag-
nets. For the first family built on [M�Lx(H2O)m]2+ and
[M(CN)6]n– units, most of the materials are extended bime-
tallic compounds having a three- or four-coordinate
[M�Lx]2+ assembling block which constrains the number of
adjacent hexacyanometalate building blocks to two and/or
a limited dimensionality of two.[8–10] In contrast, examples
in which the assembling block acts as a µ4-bridging “com-
plex ligand” are very rare. In order to explore such extended
bimetallic assemblies with higher connectivities and/or
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higher dimensionalities, we decided to focus on the use of
two-coordinate assembling units containing the CuII ion,
whose versatility as regards to coordination number and
geometry is well known. Reactions of the [FeIII(CN)6]3–

anion with the [CuII(tn)(H2O)n]2+ ion (tn = 1,3-diaminopro-
pane) afford the compounds [{CuII(tn)}2{FeII(CN)6}]·
KCl·5H2O (1), [{CuII(tn)}2{FeII(CN)6}]·4H2O (2) and
[{CuII(tnH)2(H2O)2}{FeII(CN)6}]·2H2O (3). Compounds
1–3 display 2D, 3D, and 1D structures, respectively, gener-
ated by Cu–NC–Fe bridges. For all three compounds the
synthetic processes involve the spontaneous reductions of
the paramagnetic [FeIII(CN)6]3– anion into the diamagnetic
[FeII(CN)6]4– anion, as previously observed for some parent
complexes.[14] Therefore, despite the original structural fea-
tures of these three compounds, their magnetic properties
only show weak exchange couplings between CuII ions
through the diamagnetic [FeII(CN)6]4– anion. In order to
avoid this reduction, the paramagnetic [Cr(CN)6]3– anion
was used instead of the iron() analog, leading to the new
compound [{Cu(tn)}3{Cr(CN)6}2]·3H2O (4), which is the
first 2D ferromagnet involving “-Cu–NC–Cr-” linkages. In
order to compare with a diamagnetic [M(CN)6]3– building
block, similar attempts were made using the [Co(CN)6]3–

anion; this leads to 5, the CoIII analog of 4. Herein we re-
port the syntheses, a detailed structural discussion, and the
magnetic properties of these five cyano-bridged bimetallic
materials. Note that compounds 1 and 4 have recently been
briefly communicated by us.[9c,10d]

Results and Discussion

Syntheses and Characterization

The reaction of CuCl2 with K3[FeIII(CN)6] and KOH in
aqueous solution in the presence of 1,3-diaminopropane
(tn) affords [{CuII(tn)}2{FeII(CN)6}]·KCl·5H2O (1) as
brown crystals. A similar reaction with (Et4N)3[FeIII(CN)6]
and Et4NOH instead of K3[FeIII(CN)6] and KOH results
in the formation of [{CuII(tn)}2{FeII(CN)6}]·4H2O (2) as
prismatic black crystals. Further concentration of the fil-
trate afforded [{CuII(tnH)2(H2O)2}{FeII(CN)6}]·2H2O (3)
as hexagonal, dark-green crystals after several weeks under
aerobic conditions. It is likely that the synthetic procedure
leading to the slow formation of 3 corresponds to a de-
crease of the pH by slow aerobic carbonation of the basic
solution after several weeks; this allows formation of the
tnH+ unit since the pKa of the tnH+/tn couple is around
10.5 (the pH of the solution is about 10.0).[15] Finally, the
reaction of CuCl2 and tn with CrIII or CoIII hexacyanomet-
alate anions in basic aqueous solution afforded compounds
[{CuII(tn)}3{CrIII(CN)6}2]·3H2O (4) and [{CuII(tn)}3-
{CoIII(CN)6}2]·3H2O (5). The crucial role of the base
(KOH, Et4NOH) in these experimental processes must be
pointed out: the presence of this base curiously avoids the
immediate precipitation of insoluble species and provides
the stable two-coordinate aqueous [Cu(tn)]2+ unit, which
can then react with the hexacyanometalate anions. It is also
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worthy to note that all the above reactions with [FeIII-
(CN)6]3– involve, as shown by the crystal structures and
magnetic measurements, its reduction into the diamagnetic
[FeII(CN)6]4– anion. The reason for this reduction is not
clear for the moment. However, on the basis of our observa-
tions during this work and careful examination of the litera-
ture, we suggest a mechanism that successively involves (i)
partial decomplexation of CN– ligands from the [FeIII-
(CN)6]3– complex which, although kinetically inert, is more
reactive with regard to ligand substitution than its FeII ana-
log,[16] (ii) reduction of the aqueous CuII moiety into the
corresponding CuI unit by the CN– ions with formation of
cyanogen or cyanate,[17] and (iii) reduction of [FeIII(CN)6]3–

into [FeII(CN)6]4– by the CuI species with formation of the
CuII species.[18] Such a [FeIII(CN)6]3– to [FeII(CN)6]4– re-
duction has been observed previously for some parent MII–
L–[FeIII(CN)6]3– (M = CuII, NiII, MnII) systems.[14]

The infrared spectra of 1–5 exhibit the bands expected
for compounds built from [Cu(tn)]2+ and [M(CN)6]n– units,
the presence of the latter being clearly indicated by strong
absorption bands assignable to νCN stretching vibrations in
the 2000–2200 cm–1 range. Previous studies have shown that
the positions of these absorption bands in [Fe(CN)6]n–-con-
taining derivatives can be used as a diagnostic tool for iden-
tifying the oxidation state of the metal ion and detecting
the presence of cyanide bridges.[19] Terminal CN ligands are
typically characterized by absorption bands at around
2120 cm–1 when bonded to FeIII and around 2040 cm–1

when bonded to FeII, the shift to lower wavenumbers upon
reduction resulting from greater π back-bonding from the
FeII ion to the CN π* antibonding orbital.[20] Coordination
of the CN ligand to a second metal ion through its nitrogen
atom results in an increase of these values to around 2150–
2180 cm–1 for [Fe(CN)6]3– and 2050–2110 cm–1 for [Fe-
(CN)6]4–.[19–21] The νCN stretching vibrations are found at
2091 and 2079 cm–1 for 1 and 2085 and 2056 cm–1 for 2;
although unambiguous assignments are difficult, it is likely
that these compounds are built from [FeII(CN)6]4– units
that have their six CN ligands acting as bridging units with
Cu ions. For compound 3, three absorption bands are
found at 2095, 2060, and 2032 cm–1; this is in good agree-
ment with the presence of [FeII(CN)6]4– units having at last
one terminal CN ligand, as indicated by the lower wave-
number band. Similarly, compound 4 exhibits a strong ab-
sorption band at 2175 cm–1 and two weaker ones at 2149
and 2128 cm–1 for the bridging and terminal cyanide
groups, respectively. For compound 5, which contains the
[Co(CN)6]3– unit, the strongest νCN absorption is observed
at 2175 cm–1; the increase of this value with respect to the
Fe compound is normal since the CN bond is strengthened
as the Co–CN bond involves σ-donation from an antibond-
ing orbital.[22] Finally, the 1,3-diaminopropane ligand is
easily characterized by the presence in the IR spectrum of
bands due to νNH stretching vibrations of the NH2 groups
in the 3350–3150 cm–1 region and to νCH stretching vi-
brations of the CH2 groups in the 2980–2800 cm–1 re-
gion.[23a] For compound 3, the supplementary weak bands
observed in the 2700–2500 cm–1 region could be tentatively
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assigned to νNH stretching vibrations of the uncoordinated
NH3

+ group.

Crystal Structures

Pertinent bond lengths and angles for compounds 1–5
are given in the tables below. Crystallographic data and
structure-refinement parameters are given in the Experi-
mental Section.

The crystal structure of compound 1 has been recently
communicated;[9c] thus, we limit ourselves to discussing
some structural features that are relevant for structural dis-
cussion of compound 2 since both present some interesting
similarities despite their large structural differences. The
asymmetric unit of 1 consists of one [FeII(CN)6]4– anion,
two [CuII(tn)]2+ cations, one K+, one Cl–, and five H2O
molecules, all in general positions. Figure 1 shows an OR-
TEP drawing of this asymmetric unit with the atom-label-
ing scheme and the metal-ion environments; pertinent bond
lengths and bond angles are given in Table 1. The two non-
equivalent copper() ions (Cu1 and Cu2) exhibit a CuN5

geometry (Figure 1), which arises in both cases from two
nitrogen atoms of the chelating tn ligand (N7 and N8 for
Cu1 and N9 and N10 for Cu2) and from three nitrogen
atoms of the cyano groups [N3, N4(f), and N5(d) for Cu1
and N1(a), N2, and N6(c) for Cu2]. The Cu2 ion is located
in an approximately square-pyramidal geometry, as indi-
cated by the low value of the trigonality index, τ,[24] of 0.18
[τ = (β – α)/60, where α and β are the two greatest basal

Figure 1. ORTEP view showing the atomic labeling scheme and the metal ion (M = Fe, Cu1 and Cu2) environments in compound 1
(40% probability ellipsoids). Codes of equivalent positions: (a) –x, –y, 1 – z; (b) –x, –y, 2 – z; (c) –x, –1/2 + y, 3/2 – z; (d) –x, 1/2 + y,
3/2 – z; (e) x, 1/2 – y, 1/2 + z; (f) x, 1/2 – y, –1/2 + z.
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plane angles (β � α) when the polyhedron is viewed as a
square pyramid; for a perfectly square-pyramidal geometry
τ is equal to zero, and it becomes unity for a perfectly trigo-
nal bipyramidal geometry. For Cu2, α = N6(c)–Cu2–N10 =
162.3(2)° and β = N2–Cu2–N9 = 173.3(2)°]. This slightly
distorted square-pyramidal geometry is in good agreement
with the structural data, which indicate that the four equa-
torial bond lengths are equivalent [Cu2–N2 = 2.005(4),
Cu2–N6(c) = 2.008(4), Cu2–N9 = 2.011(4), Cu2–N10 =
2.004(4) Å], while the Cu2–N1(a) apical bond length
[2.230(5) Å] is significantly longer. For the Cu1 ion, the cor-
responding τ value of 0.55 [α = N4(f)–Cu1–N8 = 141.4(2)°,
β = N3–Cu1–N7 = 174.2(2)°] indicates that the coordina-
tion geometry of the Cu1 ion is intermediate between the
two ideal geometries. This coordination geometry can be
described as trigonal bipyramidal distorted square-based
pyramidal in which one of the equatorial bond lengths is
significantly longer [Cu1–N5(d) = 2.122(4) Å] than the
other two [Cu–N4(f) = 2.027(6) and Cu1–N8 = 2.039(5) Å]
and the apical bond lengths [Cu1–N3 = 2.002(4) and Cu–
N7 = 2.009(4) Å].

Each iron ion, which has an almost regular octahedral
geometry, is linked to six copper() ions by six cyanide brid-
ges, while each copper ion is linked to three equivalent
iron() ions. The Fe–C–N units are essentially linear while
the C–N–Cu angles deviate significantly from linearity (see
Table 1). This leads to an infinite [{Cu(tn)}2{Fe(CN)6}]
lamellar structure, which can also be described as a 2D lay-
ered structure generated by the defective cubane units
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Table 1. Pertinent bond lengths [Å] and bond angles [°] in compound 1.

Fe–C–N–Cu Fe–C C–N N–Cu Fe–C–N C–N–Cu Fe···Cu

Fe–C1–N1–Cu2(a) 1.929(6) 1.138(8) 2.230(5) 175.4(4) 156.0(4) 5.194(1)
Fe–C2–N2–Cu2 1.918(5) 1.145(6) 2.005(4) 175.3(5) 161.2(5) 4.980(1)
Fe–C3–N3–Cu1 1.899(4) 1.159(6) 2.002(4) 178.3(4) 162.0(5) 4.997(1)
Fe–C4–N4–Cu1(e) 1.895(6) 1.147(8) 2.027(6) 178.5(4) 160.1(4) 4.991(1)
Fe–C5–N5–Cu1(c) 1.931(4) 1.137(6) 2.122(4) 176.7(5) 159.0(5) 5.114(1)
Fe–C6–N6–Cu2(d) 1.919(5) 1.138(6) 2.008(4) 175.8(5) 163.0(5) 4.998(1)

Figure 2. View of the structure of compound 1 showing the 2D arrangement generated by the square-pyramidal units of CuII and a view
of the “Cu4Fe3” cubane unit. The chelating tn ligands have been omitted, in the 2D arrangement, for the sake of clarity.

“Cu4Fe3”, as shown in Figure 2. The distance between two
neutral eclipsed parallel sheets is the a parameter
[15.1478(3) Å], which gives rise to a large interlayer space
where the chloride anions, the potassium ions, and the
water molecules are accommodated. The shortest Cu···Cu
distance is 6.845(1) Å.

Compound 2 crystallizes in the monoclinic system (space
group P21/n); the asymmetric unit consists of one [FeII-
(CN)6]4– anion, located at the special position (0,0,0), one
[CuII(tn)]2+ ion, and two H2O molecules, all in general posi-
tions. The copper() ion (Cu1) exhibits a CuN5 geometry
(Figure 3) arising from two nitrogen atoms of two equiva-
lent tn ligands (N1, N5) and from three nitrogen atoms of
the cyano groups (N11, N12, and N13). As for the Cu1 ion
of compound 1, the corresponding τ[24] value of 0.57 [α =
N12–Cu1–N13 = 142.9(2)°, β = N1–Cu1–N5 = 177.0(2)°]
indicates that the coordination geometry of the Cu1 ion is
a trigonal bipyramidal distorted square-based pyramid with
almost equivalent Cu–N bond lengths except for one of the
equatorial ones [Cu–N11 = 2.228(4) Å], which is signifi-
cantly longer than the other four [equatorial: Cu1–N12 =
2.001(4) and Cu1–N13 = 1.987(3) Å; apical: Cu1–N1 =
2.035(3) and Cu–N5 = 2.001(3) Å]. Examination of the N–
Cu–N angles in the pseudo base plane [101.8(2), 115.3(2),
142.9(2)°] also indicates that the Cu environment deviates
strongly from the ideal trigonal-bipyramidal geometry.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 185–199188

Figure 3. View of the copper ion environment in compound 2.

As in compound 1, the iron ion, which has an almost
regular octahedral geometry, is linked to six copper() ions
by six cyanide bridges, while the copper ion is linked to
three equivalent iron() ions (Figure 4). This leads to a 3D
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Figure 4. Projections of the structure of compound 2 in the ab, ac, and bc planes. In all cases, the tn ligands have been omitted for the
sake of clarity.

Table 2. Pertinent bond lengths [Å] and bond angles [°] in compound 2.

Fe–C–N–Cu Fe–C C–N N–Cu Fe–C–N C–N–Cu Fe···Cu

Fe1–C11–N11–Cu1 1.930(6) 1.157(6) 2.228(4) 177.5(4) 151.8(4) 5.149(1)
Fe1–C12–N12–Cu1 1.884(5) 1.155(6) 2.001(4) 179.1(4) 175.2(4) 5.036(1)
Fe1–C13–N13–Cu1 1.925(4) 1.154(4) 1.987(3) 177.1(5) 168.4(5) 5.034(1)

arrangement in which the Fe–C–N units are essentially lin-
ear, while one of the Cu–N–C units deviates significantly
from linearity (Table 2). Careful examination of this 3D ar-
rangement shows two interesting structural features. The
first one concerns the projections along the [001] and [010]
directions; as shown in Figure 4, they seem to give the same
lamellar structure as observed for the 2D structure of 1.
The second one concerns the unexpected coordination
mode of the tn ligand; usually chelate, this unit acts in com-
pound 2 as a bridging ligand.

To clearly describe this sophisticated structure, these two
structural characteristics are detailed below. The extended
structures of compounds 1 and 2 present important struc-
tural similarities: (i) they have the same chemical formula
[{CuII(tn)}2{FeII(CN)6}]n, (ii) in both structures each CuII

ion is linked to three FeII ions while each FeII ion is linked
to six CuII ions, and (iii) the projections of 2 along the [001]
and [010] directions (parts a, b in Figure 4) seem similar to
that of compound 1 along the [100] direction (Figure 2).

Figure 5. Schematic view showing that the 2D arrangement described as a succession of defective cubane units in compound 1 is not
possible in the case of compound 2.
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Despite these common features, large structural differences
are observed and the question now is why compound 1 dis-
plays a 2D layered structure while the structure of com-
pound 2, generated only by the cyanide bridges, is 3D. To
clarify these differences, the best way seems to be to de-
scribe the structural arrangement of 2 on the basis of that
of 1. To simplify such complicated arrangements, the tn li-
gands are initially omitted. Thus, the extended arrange-
ments of both compounds can be viewed as two different
successions of the elemental units depicted in Figure 5 (trig-
onal pyramid for 1 and trigonal plane for 2).

For compound 1, the 2D structure of the “Cu4Fe3” de-
fective cubane units depicted in Figure 2 can be easily
viewed as a succession of the trigonal-pyramidal units de-
picted in Figure 5, while for compound 2 the trigonal pla-
nes do not allow such a structural arrangement. Thus, the
projections of 2 along the [001] and the [010] directions (see
a, b in Figure 4) are misleading since they are not appropri-
ate to explain clearly the large differences between the two
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structural arrangements. A correct description of this 3D
arrangement is obtained after rotation of the unreal defec-
tive cubane unit around the a axis, as shown for this struc-
ture in Figure 6 (b); such a rotation shows the real geometry
of this unit (Figure 6, c).

The bimetallic cyano-bridged units of 2 differ markedly
from the defective cubane units observed in compound 1,
as shown by the schematic view of these units in both com-
pounds (Figure 7).

Slight rotation around the Fe(A)–Fe(A) axis shows a ne-
arly similar view for the structural unit and generates the
2D structure of 1; the Cu(A) atoms are linked to the Fe(B)
atoms by the CN bridges of the same unit leading, as de-

Figure 6. Careful examination of the 3D structure of compound 2: a) scheme for the copper environment; b) projection of the structure
on the ac plane; c) the clear structure of fragment unit after rotation around the a axis. In (b) and (c), the tn ligands have been omitted
for the sake of clarity.

Figure 7. Fragment of the structure showing similarities and differences between compounds 1 and 2: a) similar projections for both
compounds; b) illustration of the structural differences after rotation around the Fe(A)–Fe(A) axis. The tn ligands have been omitted for
the sake of clarity. A and B notations are used to indicate more clearly [Cu(B)]4 and the [Fe(A)]4 planes.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 185–199190

scribed above, to the 2D structure parallel to the [Cu(B)]4
plane. For compound 2, a similar slight rotation around the
Fe(A)–Fe(A) axis shows that the structural unit is not dis-
crete since the Cu(A) atoms are not linked to Fe(B) atoms
as observed for 1, but linked to the Fe(A) atoms in a third
direction that is orthogonal to the [Cu(B)]4 plane. Finally,
it is worthy to note that the unusual coordination mode of
the tn ligand in compound 2 leads to a helical chain run-
ning along the [010] direction with a Cu···Cu distance of
6.719(1) Å (Figure 8). These bridges have no consequences
for the structural dimension since compound 2 was de-
scribed above as having a 3D structure only on the basis of
the cyanide bridges.
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Figure 8. The bridging tn ligand in the 3D structure of compound
2: a) projection on the ac plane; b) the helical chain running along
the [010] direction.

Compound 3 crystallizes in the monoclinic system (space
group P21/n); the asymmetric unit consists of one [Cu-
(tnH)2(H2O)2]4+ and one [Fe(CN)6]4– unit, both localized at
special positions[ (1/2,0,0) and (0,0,0) respectively], and a
water molecule in a general position. Figure 9 shows this
asymmetric unit with the atom labeling scheme and the co-
ordination mode of the [tnH]+ ligand. The CuII ion presents
a strongly elongated centrosymmetric CuN4O2 environment
with four almost equivalent CuN bonds involving two N
atoms of CN groups [Cu–N3 and Cu–N3(b): 1.961(4) Å],
two N atoms of tn [Cu–N4 and Cu–N4(d): 2.044(4) Å], and
two elongated CuO bonds [Cu–O2(e) and Cu–O2(f):
2.633(4) Å] (Figure 10). The FeII ion presents an almost
perfect octahedral FeC6 coordination [Fe–C bond lengths
from 1.914(5) to 1.921(4) Å]. The structure can be described
as being formed by linear chains with alternating [Cu(tnH)2-
(H2O)2]4+ and [Fe(CN)6]4– units linked by a CN bridge
(Figure 9). Within a chain, each [Fe(CN)6]4– is bonded to
two Cu ions by two CN groups in a trans configuration
while each [Cu(tnH)2(H2O)2]4+ acts as a µ2 ligand and not
µ3 as described above for compounds 1–2; the shortest
Cu···Fe and Cu···Cu intrachain distances correspond to the
a/2 and a parameter [a = 10.0586(4) Å], respectively. It is
worthy to note that the tn unit in 3 is protonated; the tnH+

ligand presents a monodentate coordination mode, with the
protonated amine group being uncoordinated (Figure 9).

Compounds 4 and 5 are isostructural and crystallize in
the orthorhombic system (space group Pbcn). The asym-
metric unit contains one [M(CN)6]3– anion, located at a ge-
neral position, and two [Cu(tn)]2+ (Cu1 and Cu2) ions at
special positions (1/2,y,1/4). Figure 10 shows an ORTEP
drawing of this asymmetric unit with the atom-labeling
scheme and the coordination polyhedra of the metal ions;
pertinent bond lengths and bond angles of 4 and 5 are given
in Table 3. In both structures, the Cu1 atom exhibits a dis-
torted CuN5 coordination environment (Figure 10) arising
from two nitrogen atoms of a chelating tn ligand (N7, N8)
and three nitrogen atoms from CN groups [N1, N2(a), and
N3(f)]. The value of the trigonality index τ[24] is 0.22 for 4
[α = N3(f)–Cu1–N7 = 159.2(3)°, β = N1–Cu1–N8 =
172.4(3)°] and 0.20 for 5 [α = N3(f)–Cu1–N7 = 159.1(2)°, β
= N1–Cu1–N8 = 171.0(2)°]. In agreement with these low
values, the coordination geometry of the Cu1 environment
can be described in both cases as distorted square-pyrami-
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Figure 9. 1D structure of compound 3 showing the atomic labeling
scheme and the terminal protonated [tnH]+ ligand (30% prob-
ability ellipsoids). Codes of equivalent positions: (a) –x, –y, –z; (b)
–1 + x, y, z; (c) 2 – x, –y, –z; (d) –1 – x, –y, –z; (e) –1/2 + x, –1/2
– y, –1 + z; (f) –1/2 – x, 1/2 + y, 1/2 – z.

dal, with an apical bond length 0.15–0.18 Å longer than the
four equatorial ones. The coordination polyhedron of the
Cu2 atom differs strongly from that of Cu1 and can be de-
scribed as a CuN4N2 elongated octahedron generated by a
CuN4 equatorial plane arising from two nitrogen atoms of
the chelating tn ligand [N9 and N9(a)] and two equivalent
nitrogen atoms of CN groups [N4 and N4(a)], and two axial
positions defined by two equivalent nitrogen atoms [N5(b)
and N5(c)] of CN groups, the two axial Cu–N5 bond
lengths being approximately 0.6 Å longer than the other
four in both cases, as shown in Figure 10 and Table 3.

Each MIII ion, although bound to six carbon atoms aris-
ing from one terminal and five bridging CN ligands, pres-
ents an almost regular octahedral coordination geometry,
the Cr–C bond lengths being, as usually observed, 0.15–
0.18 Å longer than the Co–C ones. In both cases, the ex-
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Figure 10. ORTEP view showing the atomic labeling scheme and the metal ion (Cr, Cu1, and Cu2) environments in compound 4 (40%
probability ellipsoids). Codes of equivalent positions: (a) 1 – x, y, 1/2 – z; (b) 1 – x, 1 – y, – z; (c) –x, 1 – y, 1/2 + z; (d) x, 1 – y, –1/2 +
z; (e) 1 – x, y, –1/2 – z; (f) 1 – x, –y, –z; (g) x, –y, –1/2 + z; (h) x, –y, 1/2 + z.

Table 3. Pertinent bond lengths [Å] and bond angles [°] in 4 and 5.

M–CN–Cu M–C C–N M–C–N Cu1–N Cu2–N Cu1–N–C Cu2–N–C M···Cu

Cr–C1–N1–Cu1 2.047(7) 1.126(9) 173.6(6) 2.014(7) 171.0(6) 5.153(1)
Co–C1–N1–Cu1 1.885(5) 1.141(6) 176.5(4) 1.977(4) 167.2(4) 4.965(1)
Cr–C2–N2–Cu1(a) 2.071(7) 1.144(9) 174.7(6) 2.195(7) 147.9(5) 5.164(1)
Co–C2–N2–Cu1(a) 1.893(5) 1.149(6) 177.0(4) 2.204(4) 145.1(4) 4.989(1)
Cr–C3–N3–Cu1(f) 2.049(6) 1.141(8) 173.7(6) 2.028(6) 172.2(6) 5.187(1)
Co–C3–N3–Cu1(f) 1.893(5) 1.141(6) 175.1(4) 2.011(4) 170.8(4) 5.015(1)
Cr–C4–N4–Cu2 2.042(7) 1.164(8) 173.3(6) 2.005(6) 174.7(6) 5.190(1)
Co–C4–N4–Cu2 1.894(5) 1.135(6) 175.7(5) 2.011(4) 170.7(4) 5.013(1)
Cr–C5–N5–Cu2(b) 2.059(8) 1.14(1) 177.2(7) 2.569(8) 140.0(6) 5.392(1)
Co–C5–N5–Cu2(b) 1.884(5) 1.152(6) 178.5(5) 2.617(5) 140.7(4) 5.312(1)
Cr–C6–N6 2.070(8) 1.12(1) 176.3(10)
Co–C6–N6 1.888(5) 1.153(7) 177.1(5)

tended structure can be more clearly described by taking
the twelve-membered tetrametallacycle M–CN–Cu–NC–
M–CN–Cu–NC as the elemental unit. The molecular ar-
rangement can be seen as a zig-zag “chain” of such
“MCuMCu” cycles sharing alternatively one side (Cu1M)
and one vertex (Cu1), as shown in Figure 11 (a). The adja-
cent “chains” are connected to each other through the CN
bridges (M–C5–N5–Cu2) to lead to the neutral 2D struc-
ture depicted in part b of Figure 11.
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As shown in Figure 12, the chelating tn ligands are ori-
ented out of the plane of the bimetallic layers; this imposes
a large separation between adjacent layers (adjacent layer
distance: a/2; shortest Cu–M interlayer distance: ca. 7.0 Å),
which is responsible for the presence of the nonbridging
C(6)N(6) nitrile group. Careful examination of the 3D
structure of [Mn(en)}3{Cr(CN)6]2·4H2O (6), reported by
Okawa et al.,[25] shows remarkable structural similarities
with the 2D structures of 4 and 5. Despite important differ-
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Figure 11. Structure of compounds 4 and 5: a) schematic view of
a zigzag chain unit; b) 2D arrangement. The tn chelating ligands
have been omitted for clarity. Codes of equivalent positions: (a) 1 –
x, y, 1/2 – z; (e) 1 – x, y, –1/2 – z; (f) 1 – x, –y, –z; (g) x, –y, –1/2
+ z; (h) x, –y, 1/2 + z; (i) x, y, 1 + z; (j) 1 – x, –y, 1 – z.

ences related essentially to their dimensionalities, the 3D
structure of 6 can be easily described from the 2D structure
of 4 and 5 by taking into account that the cyano group,
which is terminal in the latter [C(6)N(6)], adopts a bridging
coordination mode in 6 (see Figures 10 and 12). This sup-

Figure 12. a) Schematic view of two adjacent layers in compounds 4 and 5 showing the nonbridging CN groups and the chelating tn
ligands; b) view of the 3D arrangement of compound 6 (obtained from crystal data given in the cif file of ref.[25]); the nonbridging CN
group observed in 4 and 5 is bridging here.
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plementary cyano bridge may be explained by the presence
of the en ligand in 6, which has a lower steric hindrance
than the tn ligand.

Magnetic Properties

The magnetic properties for compounds 1–3 and 5 are
displayed in Figure 13 as the thermal variation of the χmT
product (χm being the molar magnetic susceptibility per for-
mula unit). Compounds 2, 3, and 5 show similar behaviors,
with a constant χmT value from room temperature down to
low temperatures (20–30 K); below this temperature, they
show smooth decreases of the χmT product due to weak
antiferromagnetic interactions between CuII ions through
the diamagnetic hexacyanometalate building block anions
in the d6 low-spin configuration {[FeII(CN)6]4– for com-
pounds 2 and 3 and [CoIII(CN)6]3– for compound 5}. Com-
pound 1 displays the same behavior in the high-temperature
range but shows an increase in the χmT value at low tem-
peratures, which is characteristic of weak, but significant,
ferromagnetic interactions between CuII ions through the
diamagnetic building block anion.

Figure 13. Thermal variation of χmT for compounds 1, 2, 3, and 5.
Solid lines are the best fits to the Curie–Weiss law (see text).

These behaviors indicate that the four compounds behave
essentially as paramagnets with weak CuII–CuII magnetic
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interactions, as expected from the structural data that show
that the CuII ions are quite well isolated due to the diamag-
netic building blocks that preclude the existence of signifi-
cant exchange interactions between the CuII ions. Thus, for
each of these four compounds, the magnetic data can be
very well reproduced with a simple Curie–Weiss law: χm =
C/(T – θ). In all cases, this expression gives a very satisfac-
tory agreement with the experimental data in the whole
temperature range (solid lines in Figure 13) with the sets of
parameters displayed in Table 4; these results corroborate
the presence of weak ferromagnetic interactions in 1 and
weak antiferromagnetic interactions in 2, 3, and 5.

Table 4. Magnetic parameters for compounds 1–3 and 5.

CuII
nM C [emuKmol–1] g Θ [K]

1 CuII
2FeII 0.869(1) 2.152 +0.515(3)

2 CuII
2FeII 0.866(1) 2.149 –1.76(2)

3 CuIIFeII 0.435(1) 2.153 –0.97(2)
5 CuII

3CoIII 1.218(3) 2.081 –0.98(2)

A confirmation of the spin ground-state and the weak
magnetic interactions in compounds 1, 2, 3, and 5 comes
from the isothermal magnetization of these compounds at
2 K. In all cases, the magnetization can be well reproduced
with a Brillouin function for one (3), two (1 and 2), or three
(5) independent S = 1/2 ions with reduced (2, 3, and 5) or
increased (1) g values accounting for the weak interactions
observed at low temperatures. The magnetic behavior of 1
is similar to that observed in the previously reported com-
pound [CuII(en)(H2O)}2{FeII(CN)6]·4H2O, which contains
Cu–NC–FeII–CN–Cu bridges.[23b] In this compound, the
nature of the ferromagnetic coupling was explained as hav-
ing two possible origins: (i) intrachain interactions through
the diamagnetic -NC–FeII–CN- bridges, or (ii) interchain
interactions through double end-on cyanide bridges. As
shown above, the crystal structure of 1 involves infinite 2D
sheets that are eclipsed and about 15.0 Å apart. This large
distance means that the adjacent sheets are well isolated
and precludes consideration of any inter-sheet interaction.
Thus, the weak magnetic coupling in 1 can be attributed to
the interaction between CuII ions through the diamagnetic
-NC–FeII–CN- bridges. Note that such an assignment needs
more experimental support but examples involving ex-
tended and discrete cyano-bridged compounds with similar
diamagnetic -NC–M–CN- bridges (M = FeII in [Fe-
(CN)6]4–, M = FeIII in [Fe(CN)5(NO)]2–, and M = CoIII

in [Co(CN)6]3–) between CuII ions are very rare.[13e,23,26,27]

However, such diamagnetic bridges lead to the same situa-
tion in some NiII–FeII and MnII–FeII bimetallic com-
pounds;[14a,14b,26d,28] taking into consideration the elec-
tronic configuration of NiII(t2g

6eg
2) or MnII (t2g

3eg
2) and

FeII (t2g
6eg

0), a σ-superexchange pathway between NiII (or
MnII) ions through the empty dσ orbital of the FeII ion was
proposed to explain the ferromagnetic exchange coupling.
Thus, it seems likely that a similar ferromagnetic behavior
occurs in compound 1 even if the CuII ion presents a nonoc-
tahedral environment. Consequently, such ferromagnetic
behavior should also occur in compounds 2 and 3 instead
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of the weak antiferromagnetic or the paramagnetic behav-
ior actually observed. For compound 5, which also involves
diamagnetic bridges between CuII, the weak antiferromag-
netic behavior observed is similar to those of a few exam-
ples recently reported.[27] Finally, on the basis of this study
and on some reported examples involving diamagnetic
-NC–M–CN- bridges between CuII ions, we can conclude,
as expected from the structural data (Cu···Cu � 6.7 Å), that
weak magnetic interactions occur through such diamagnetic
bridges. In contrast, a clear exchange mechanism concern-
ing the nature of the magnetic coupling needs more exam-
ples of M–CuII cyano-bridged bimetallic compounds.

As expected, substitution of the diamagnetic [Co-
(CN)6]3– anion by the paramagnetic S = 3/2 [Cr(CN)6]3–

anion results in a drastic modification of the magnetic
properties, as will be shown below. The thermal variation
of the molar magnetic susceptibility (χm) of compound 4
shows an abrupt increase below about 15 K (maximum
slope at about 11 K) followed by an almost saturation at
low temperatures (Figure 14). This behavior suggests the
presence of a long-range ordering in this compound below
about 10 K. The thermal variation of the χmT product (per
“Cu3Cr2” formula unit) shows a room-temperature value of
about 5.0 emuKmol–1, which is close to the expected value
(4.875 emuKmol–1) for three noninteracting CuII (S = 1/2)
and two CrIII (S = 3/2) ions with g = 2 (inset in Figure 14).
On cooling the sample, the χmT product shows a con-
tinuous increase, which is indicative of a ferromagnetic
coupling between the CrIII and CuII ions in 4. In fact, the
magnetic susceptibility of 4 follows a Curie–Weiss law
above about 100 K with C = 4.97(1) emuKmol–1 and θ =
+46.0(2) K; note that the positive sign of θ confirms the
presence of dominant ferromagnetic interactions between
neighboring CrIII and CuII ions. On cooling the sample fur-
ther, the χmT product shows a maximum of about
58 emuKmol–1 at about. 11 K; below this temperature the
χmT product decreases sharply, due to saturation effects of
the χm at low temperatures, to reach a value of around
15 emuKmol–1 at 2 K (inset in Figure 14).

Figure 14. Thermal variations of χm and χmT (inset) for compound
4.

To confirm the ferromagnetic nature of the long-range
order transition and to determine the exact transition tem-
perature, we performed magnetic susceptibility measure-
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ments in an alternating field (AC susceptibility, Figure 15).
These measurements show: (i) a frequency-independent
peak at about 9.0 K and an additional frequency-dependent
shoulder at lower temperatures in the in-phase susceptibility
(χ�m) ,and (ii) a non-zero frequency-independent out-of-
phase susceptibility (χ��m) below about 9.5 K that presents
a frequency-dependent broad maximum at lower tempera-
tures (3.6–4.7 K). From these data, we can conclude that
compound 4 presents a ferromagnetic long-range ordering
and that the ordering temperature is about 9.5 K. Further-
more, the presence of the frequency-dependent shoulders
(in χ�m) and broad maxima (in χ��m) suggests that the move-
ment of the domain walls in the ferromagnetically ordered
phase is strongly hindered below about 5 K. A possible ex-
planation is that the magnetic transition at 9.5 K corre-
sponds to a ferromagnetic ordering within the layer (which
is frequency independent, as observed in the χ�m peak at
about 9.0 K), and that at lower temperatures (below ca.
5 K) the dipolar coupling induces a 3D ferromagnetic or-
dering in which the domain walls are anchored.

Figure 15. Thermal variation of the in-phase (χ�m, filled symbols,
left scale) and out-of-phase (χ��m, empty symbols, right scale) sig-
nals of compound 4 at 1, 10, 110, 332, and 997 Hz (circles, squares,
rhombs, up-triangles and down-triangles, respectively).

In this case, the frequency dependence of χ�m can be re-
lated to the activation energy required to unlock these do-
main walls. This activation energy (Ea) can be deduced from
the frequency dependence of the maximum of χ��m, which
follows an Arrhenius la w, as Ea = 112(2) K. An additional
proof comes from the fact that the application of increasing
DC fields in the AC measurements reduces the shoulder in
χ�m and the broad maximum in χ��m; both features disap-
pear when the DC field is above about 100 mT (Figure 16).
Furthermore, the temperature of these two features de-
creases as the DC field increases (Figure 16), indicating, as
expected, that the magnetic field helps the unlocking of the
domain walls. A very similar behavior has recently been ob-
served in [Ni(trans-C6H14N2)2}3{Fe(CN)6]2·2H2O, a similar
layered cyanide-bridged bimetallic ferromagnet (Tc =
14.0 K, Ea = 111.6 K) with the same stoichiometric MII

3-
MIII

2 ratio[8g] and in the two pure enantiomeric derivatives
of the same compound obtained with trans-(1S,2S)-
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C6H14N2 and trans-(1R,2R)-C6H14N2 (Tc = 13.8 K, Ea =
156 K).[8h] Note that the ordering temperature of 4 (Tc =
9.5 K) is lower than that reported for the 3D compound
[Cu(EtOH)2][Cu(en)}2{Cr(CN)6]2 (Tc = 57 K),[10e] which
was previously the only known example of a cyano-bridged
Cu3Cr2 ferromagnet. The difference in the ordering tem-
perature can be related to the lower dimensionality and/or
to the lower Cr–Cu exchange interactions of 4 as a result

Figure 16. Thermal variation of the in-phase (a) and out-of-phase
(b) signals of compound 4 at 3000 Hz with different applied DC
magnetic fields.

Figure 17. Hysteresis cycles at 2 K for compound 4. The inset
shows the low-field region.
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of the different Cu–CN–Cr angles observed in both com-
pounds.

An additional proof of the ferromagnetic nature of the
long-range ordering comes from the isothermal magnetiza-
tion of 4 at 2 and 5 K, which shows (i) a rapid saturation
of the magnetization for magnetic fields above about 0.5 T
(Figure 17), (ii) a saturation value of around 9.2 µB, which
is the expected value for the parallel alignment of three S
= 1/2 plus two S = 3/2 spins with a g value close to 2, and
(iii) a hysteresis with small and similar coercive fields of
1.0 mT at 2 and 5 K, indicating that 4 is a soft ferromagnet.

Conclusions

This study involves the design of some new bimetallic
materials that contain a hexacyanometalate [M(CN)6]n–

ion and a two-coordinate [CuL]2+ unit (L =
H2NCH2CH2CH2NH2). With [Fe(CN)6]3–, spontaneous Fe
reduction was observed to afford the [Fe(CN)6]4– ion. This
diamagnetic building block leads to three new Cu–Fe com-
binations corresponding to different diamine coordination
modes: chelating, bridging, and terminal, with protonation
of one of the NH2 groups. These three bimetallic com-
pounds, for which magnetic properties only show weak ex-
change couplings between CuII ions through diamagnetic
hexacyanometalate bridges, have original 1D or 2D struc-
tures whose dimensionalities seems to be related to the co-
ordination mode of the diamine unit. In order to obtain
interesting magnetic behavior with paramagnetic building
blocks, similar studies were performed using the S = 3/2
[Cr(CN)6]3– building block; this leads to the first 2D ferro-
magnet involving Cr–CN–Cu linkages. Despite important
differences related essentially to their dimensionality,
this compound, [Cu(H2NCH2CH2CH2NH2)}3{Cr(CN)6]2·
3H2O, and the recently reported [Mn(H2NCH2CH2NH2)]-
[Cr(CN)6]·4H2O show some remarkable structural similari-
ties. These results, associated with some others already re-
ported in the literature, show the ability of the [M(CN)6]n–/
[CuL]2+ system to afford a wide variety of bimetallic combi-
nations depending not only on the nature of M and L but
also on other parameters such as the pH and the nature of
the counteranions. Extension of this study to other amine
ligands and to other experimental conditions is in progress
in order to obtain a more unified view of the structural
data/magnetic behavior relationship in these bimetallic
combinations.

Experimental Section
General: All reagents were purchased from commercial sources and
used as received. (Et4N)3[FeIII(CN)6] and (Et4N)3[CoIII(CN)6] were
prepared from the corresponding potassium hexacyanometalate in
two steps via the corresponding silver salt with a procedure adapted
from that reported by Le Magueres,[29] using acetonitrile as solvent
instead of water. Elemental analyses were obtained from the Service
Central d’Analyses (Vernaison) and Service de Micro-analyses de
ICSN-CNRS (Gif-sur-Yvette). Infrared spectra were recorded in
the range 4000–200 cm–1 as KBr pellets on a FT-IR Nexus Nicolet
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spectrometer. Variable temperature susceptibility measurements
were carried out in the temperature range 2–300 K with applied
magnetic fields of 0.1 T on polycrystalline samples for all the com-
pounds with a Quantum Design MPMS-XL-5 SQUID magnetom-
eter. The susceptibility data were corrected for the sample holders
previously measured using the same conditions and for the diamag-
netic contributions of the salt, as deduced by using Pascal’s con-
stant tables. For 4, the AC susceptibility measurements were per-
formed in the temperature range 2–20 K with an alternating field
of 0.395 mT at different frequencies in the 1–1000 Hz range with
the SQUID susceptometer and with an alternating field of 1.7 mT
at different frequencies in the 1–10 kHz range applying different
DC magnetic fields (between 0 and 100 mT) with a Quantum De-
sign Physical Properties Measurement System, PPMS-9.

Synthesis of [{CuII(tn)}2{FeII(CN)6}]·KCl·5H2O (1) (tn = 1,3-diami-
nopropane): This compound was prepared as brown crystals by a
procedure similar to that given below for 2, from K3[FeIII(CN)6]
(0.66 g, 2.0 mmol) and KOH (0.67 g, 12.0 mmol) instead of
(Et4N)3[FeIII(CN)6] and Et4NOH. This procedure and the analyti-
cal and IR data of 1 have been previously communicated.[9c] Yield:
0.52 g (40%).

Synthesis of [{CuII(tn)}2{FeII(CN)6}]·4H2O (2) and [{CuII(tnH)2-
(H2O)2}{FeII(CN)6}]·2H2O (3): 1,3-Diaminopropane (1.0 mL,
12.0 mmol) was added under aerobic conditions to a concentrated
aqueous solution (5 mL) of CuCl2·2H2O (2.05 g, 12.0 mmol) with
continuous stirring, leading to the immediate precipitation of a
green powder. An aqueous solution of Et4NOH (0.52 g, 3.5 mmol)
was then added with stirring and the resulting dark-blue solution
was warmed (ca. 60 °C for about 5 min) and then filtered in order
to remove the small amount of precipitate that remained. An aque-
ous solution (20 mL) of (Et4N)3[FeIII(CN)6] (3.62 g, 6.0 mmol) was
then added with continuous stirring. Slow concentration of the re-
sulting solution at room temp. afforded prismatic black crystals of
2, which were filtered and air-dried. Further evaporation afforded
hexagonal dark green crystals of 3 after several weeks under aero-
bic conditions; these were filtered and air-dried.

2: Yield: 0.84 g (25%). C12H28Cu2FeN10O4 (559.38): calcd. C 25.77,
H 5.05, Cu 22.72, Fe 9.98, N 25.04; found C 25.68, H 5.02, Cu
22.61, Fe 9.85, N 25.13. IR: ν̃ = 3588 m cm–1, 3517 br, 3388 br,
3300 m, 3285 m, 3251 m, 3169 m, 2950 w, 2936 w, 2884 w, 2085 s,
2056 s, 1608 m, 1471 m, 1228 w, 1190 w, 1136 w, 1104 w, 1068 w,
1047 w, 1030 w, 667 br, 583 m, 462 br, 398 br.

3: Yield: 0.90 g (30%). C12H30CuFeN10O4 (497.82): calcd. C 28.95,
H 6.07, Cu 12.76, Fe 11.22, N 28.14; found C 28.83, H 6.18, Cu
12.90, Fe 10.99, N 28.07. IR: ν̃ = 3519 m cm–1, 3384 br, 3277 s,
3235 s, 3166 m, 3014 br, 2979 m, 2888 m, 2819 m, 2705 w, 2613 w,
2526 w, 2492 w, 2095 s, 2060 s, 2032 s, 1685 w, 1660 w, 1618 w,
1604 m, 1497 m, 1477 w, 1411 w, 1335 w, 1242 w, 1214 m, 1144 w,
1102 w, 1062 w, 1038 w, 1004 w, 950 w, 754 m, 659 w, 584 m, 493 br,
419 w.

Synthesis of [{CuII(tn)}3{CrIII(CN)6}2]·3H2O (4): This compound
was prepared as blue crystals by a procedure similar to that given
below for 5, from (Et4N)3[CrIII(CN)6] (3.59 g, 6.0 mmol) instead of
(Et4N)3[CoIII(CN)6]. This procedure and analytical data have been
previously communicated.[10d] Yield: 1.06 g (40%). IR: ν̃ = 3627 m
cm–1, 3482 br, 3359 m, 3323 m, 3243 m, 3159 m, 2952 w, 2892 w,
2175 s, 2149 w, 2128 w, 1595 m, 1462 w, 1445 w, 1407 w, 1278 w,
1250 w, 1161 s, 1143 m, 1106 w, 1075 w, 1033 w, 1013 m, 914 m,
885 w, 677 w, 614 w, 493 s, 466 s, 378 m, 354 m.

Synthesis of [{CuII(tn)}3{CoIII(CN)6}2]·3H2O (5): Under aerobic
conditions, 1,3-diaminopropane (1.0 mL, 12.0 mmol) was slowly
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Table 5. Crystallographic data and structural refinement parameters for compounds 1–5.

1 2 3 4 5

Empirical formula C12H30ClCu2FeKN10O5 C12H28Cu2FeN10O4
[a] C12H30FeCuN10O4

[a] C21H36Cr2Cu3N18O3
[a] C21H36Co2Cu3N18O3

[a]

Formula mass 651.92 559.38 497.82 883.30 897.13
Crystal system monoclinic monoclinic monoclinic orthorhombic orthorhombic
Space group P21/c P21/n P21/n Pbcn Pbcn
a [Å] 15.1478(3) 7.5721(11) 10.0586(4) 23.1148(4) 22.5404(3)
b [Å] 14.6941(4) 10.7215(14) 9.0189(3) 11.1692(6) 10.9865(5)
c [Å] 12.6533(4) 12.9266(18) 11.9833(6) 14.650(1) 14.2610(8)
α [°] 90 90 90 90 90
β [°] 109.95(9) 90.013(12) 104.2(1) 90 90
γ [°] 90 90 90 90 90
V [Å3] 2647(1) 1049.4(3) 1053.8(6) 3782.2(3) 3531.6(4)
Dc [gcm–3] 1.64 1.77 1.57 1.55 1.69
Z 4 2 2 4 4
µ [cm–1] 27.31 17.38 27.54
Refl. measured 7909 4772 17553
Refl. unique/Rint 2150/0.039 2665/0.044 5888/0.063
Refl. with I � nσ(I) 1706 (n = 2) 1030 (n = 2.5) 2345 (n = 4)
Nv 147 190 218
R[b] 0.033 0.036 0.032
Rw

[c] 0.060(Fo
2) 0.039(Fo) 0.038(Fo)

GooF[d] 0.915 1.024 1.122
∆ρmax/∆ρmin [eÅ–3] +0.779/–0.556 +0.311/–0.536 +0.440/–0.747

[a] The asymmetric unit contains 0.5 of the chemical formula. [b] R = Σ||Fo| – |Fc||/ΣFo|. [c] Rw(Fo) = {Σ[w(Fo – Fc)2]/Σ[w(Fo)2}]1/2, Rw(Fo
2)

= wR2 = {Σ[w(Fo
2 – Fc

2)2]/ Σ[w(Fo
2)2}]1/2. [d] GooF = S = {Σ[w(Fo

2 – Fc
2)2]/ (Nobsd. – Nvar)}1/2.

added with stirring to a concentrated aqueous solution of
CuCl2·2H2O (2.05 g, 12.0 mmol). A concentrated aqueous solution
of NaOH (0.48 g, 12.0 mmol) was then added leading to a clear
solution, which was boiled for five minutes and then filtered. An
aqueous solution of (Et4N)3[CoIII(CN)6] (3.63 g, 6.0 mmol) was
then added to the resulting blue filtrate. Slow concentration of this
solution at room temp. afforded 5 as blue crystals, which were fil-
tered and air dried. Yield: 1.48 g (55%). C21H36Co2Cu3N18O3

(897.13): calcd. C 28.11, H 4.04, Co 13.14, Cu 21.25, N 28.10;
found C 27.98, H 4.22, Co 12.97, Cu 21.32, N 28.01. IR: ν̃ =
3618 w cm–1, 3466 br, 3366 m, 3321 m, 3232 m, 3154 m, 2953 w,
2892 w, 2175 s, 2135 m, 2125 w, 1586 m, 1458 w, 1447 w, 1407 w,
1278 w, 1259 w, 1162 s, 1143 w, 1109 w, 1077 w, 1036 w, 1013 m,
913 m, 885 w, 681 w, 668 w, 493 s, 463 s, 447 m, 433 m, 418 br.

X-ray Crystallography: Data for 2 were collected on an Xcalibur 1
diffractometer (Oxford Diffraction) at 180 K whereas the data for
all other compounds were collected at 288 K on an Xcalibur 2 Dif-
fractometer (Oxford Diffraction). The structures were solved by
direct methods and successive Fourier difference syntheses, and
were refined on F2 by weighted anisotropic full-matrix least-squares
methods.[30] The crystal used for compound 2 presented a pseudo-
merohedral twinning with a monoclinic cell having a β angle of
nearly 90°, which emulates an orthorhombic cell with possible
space group Pmn21. The structure was solved and refined using the
P21/n monoclinic space and the following twinning law: 1 0 0 0 –1
0 0 0 –1. The two components were in the ratio 0.53/0.46, which
explains the pseudo-orthorhombic symmetry.

The hydrogen atoms of 1, 2, 4, and 5 were calculated [d(C–H) =
0.95 Å], except for the hydrogen atoms of the water molecules of
1, 4, and 5; the thermal parameters were taken as Uiso = 1.3Uequ(C)
and therefore included as isotropic fixed contributors to Fc. For
compound 3, all hydrogen atoms were located in the difference
Fourier map and were refined isotropically. Scattering factors and
corrections for anomalous dispersion were taken from the Inter-
national Tables for X-ray Crystallography.[31] The thermal ellipsoid
drawings were made with the ORTEP program.[32] All calculations
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were performed on an Alphastation 255 4/233 computer. Pertinent
crystallographic data and structural refinement parameters are
listed in Table 5. CCDC-175834, -274145, -275481, -175842, and
-275482 (for 1–5, respectively) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The copper(I) compounds [CuI
4(L)3]I3 (1) and [CuI(HL)2]-

I3·CH3CN (2) [HL = HN(SPPh2)2] have been obtained from
the reaction of the adduct HL·I2 with copper(0) powder in
diethyl ether solution. Compound 1 contains a tetrahedron
of Cu atoms with three anionic L ligands coordinated to the
coppers through the sulfur atoms to build a Cu4S6 core. The
mean Cu–Cu and Cu–S bond lengths related to the Cu4S6

core in copper-loaded transcription factors CuAce1 and Cu-
Mac1, and in the model compound [Cu4(SPh)6]2–, have been
compared with those of the [Cu4(L)3]+ cation, and the geo-
metric volumes of the Cu4 cores have been evaluated. The
results suggest that the cation [Cu4(L)3]+ is a possible struc-
tural model compound for the metal site in Ace1 and Mac1
transcription factors. In compound 2, two neutral HL ligands
bind a CuI ion in an S,S�-isobidentate chelating fashion to

Introduction

The tetraphenyldithioimidodiphosphanic acid ligand
HL, and its deprotonated derivative L, have been exten-
sively used in coordination chemistry[1] since they feature a
flexible SPNPS skeleton along with a large S···S bite that
enables the formation of an unstressed six-membered,
MSPNPS chelate ring with a great variety of metal ions.[1]

A literature survey reveals that there have been some studies
on the reaction of L with CuII salts, and these have led to
the synthesis of complexes [CuI,II

3L4], [CuI
3L3], [CuI

4L3]-
[CuICl2]·CCl4[2a] and, more recently, [CuI

4L3][BF4].[2b]

Furthermore, the ability of L to form a tetrahedral CuS4

core with the CuII ion has been used by Bereman et al.[3] to
propose the complex [Cu(L)2] as a potential model for type-
I CuII sites in metalloenzymes; unfortunately, the complex
was not stable for more than a few days at room tempera-
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form a slightly distorted tetrahedral CuS4 core. The 31P NMR
spectroscopic data of compound 1 are consistent with the
maintenance of its structure in solution. Moreover, phospho-
rus variable-temperature measurements indicate a change
from a two-spin coupled AB system at 0 °C to an A2 spin
system at 40 °C. The reaction of [Cu4(L)3]+ with HI, moni-
tored by 31P NMR spectroscopy, leads to the protonation of
the complexed ligands at the Cu4 core and formation of the
cation [Cu4(HL)3]4+. The protonation reaction is reversible:
increasing the amount of organic base 1,8-bis(dimethylam-
ino)naphthalene (DMAN) regenerates the starting cation
[Cu4(L)3]+.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ture, either in the solid state or in solution, due to auto-
reduction to CuI. Recently, Woollins et al. have described
three other complexes of general stoichiometry [CuI

3D3] (D
= [N(SPiPr2)2]–, [N(SPiPr2)(SPPh2)2]– and [N{SP(EtO)2}-
{SP(OPh2)}2]–) obtained from the reaction of either CuII or
CuI ions with the corresponding anionic ligand D.[4] The
X-ray crystal structures of these complexes revealed that the
molecules contain a six-membered CuI

3S3 ring in their core,
with each copper atom being tricoordinate in an approxi-
mately trigonal geometry resulting from the coordination
of one terminal and two bridging S-donors.

The CuI
xSy cores[5] may be of interest as structural model

compounds for the active-sites in copper()-containing en-
zymes and proteins, which are far less known or studied
than the copper() analogues. For example, the CuI

4S6 core
is currently generating great interest since two copper-regu-
lated transcription factors central to yeast copper homeo-
stasis, Ace1 and Mac1, in Saccharomyces cerevisiae, have
revealed the presence of a remarkably similar polycopper
cluster in these two proteins.[6]

In this paper, we have delved into the synthesis of new
copper complexes of HL and/or L using the well-tested
route based on the iodine adduct of HL, HL·I2, as oxidis-
ing/complexing agent towards metal(0) powders. In fact,
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this kind of reaction has proved to be an interesting and
promising synthetic route, as it has often led to the prepara-
tion of complexes with unusual stoichiometries and geomet-
rical features.[7] The reaction between the HL·I2 adduct and
copper(0) powder has been investigated, and the X-ray crys-
tal structures of complexes [Cu4(L)3]I3 (1) and [Cu(HL)2]-
I3·CH3CN (2) are reported. The CuI

4S6 core in complex 1
has been studied by solid-state 31P NMR spectroscopy and
solution variable-temperature NMR spectroscopy as well.
The results, along with the structural data, suggest that
[Cu4(L)3]+ is a possible structural model compound for the
metal site in Ace1 and Mac1 transcription factors. The re-
activity of complex 1 to form the cationic complex
[CuI

4(HL)3]4+ has also been evaluated as a dependence on
the acid/base behaviour of the metal-complexed ligands L
and HL (Scheme 1).

Scheme 1.

Results and Discussion

Syntheses and Crystal Structures of [CuI
4(L)3]I3 (1) and

[CuI(HL)2]I3·MeCN (2)

The reaction between the adduct HL·I2 and Cu powder
(1:1 molar ratio) was carried out in diethyl ether at room
temperature for two days. During this time the dark-red col-
our of the mixture turned to pale-orange with separation
of an orange powder. 31P NMR spectroscopic analysis of
the solution after two days indicated that the reaction was
quantitative since no signal related to HL was detectable.
The 31P MAS NMR spectrum of the solid remaining after
removal of the solvent revealed resonances at δ = 52.4, 32.9,
31.4, 30.4, 28.9 and 26.6 ppm, which are indicative of the
presence of metal-complexed ligands both in their proton-
ated, HL, and deprotonated, L, forms. Resonances in two
specific ranges of the spectrum, namely δ = 60–50 and 40–
20 ppm, can be considered highly diagnostic in identifying
the species HL and L, respectively.[8] Treatment of the crude
precipitate with CHCl3 caused a partial dissolution of the
solid; after slow evaporation of the solvent, orange crystals
of stoichiometry [CuI

4(L)3]I3 (1) were isolated. The remain-
ing crude precipitate was then dissolved in MeCN to pro-
duce orange crystals of [CuI(HL)2]I3·MeCN (2) on slow
evaporation of the solvent. From the 31P MAS NMR reso-
nances of compounds 1 and 2 it was possible to confirm
that both copper complexes are present in the orange pow-
der separated from the ethereal reaction solution. The sepa-
ration of the two complexes is, therefore, attributable to
their markedly different solubility in the solvents employed.
The structure of the cation of 1 has been reported before
as its CuCl2 and BF4 salts; however, it was re-determined,
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and is briefly reported here, to provide a solid basis for the
interpretation of the 31P NMR measurements.

Compound 1 consists of discrete [CuI
4(L)3]+ cations and

I3
– anions separated by normal van der Waals contacts. The

molecular structure of the cation [CuI
4(L)3]+ is shown in

Figure 1, while selected bond parameters are reported in
Table 1. The cation consists of a tetrahedron of copper()
atoms surrounded by three didentate L ligands coordinated
to the copper atoms through the sulfur atoms. The arrange-
ment of the ligands around the metal core resembles that
found in [CuI

4(L)3]+[CuCl2]–·CCl4 (3),[2a] i.e. it conforms to
a pseudo-trigonal idealised symmetry, with the threefold
symmetry axis passing through the unique Cu(4) and the
mid-point of the three remaining copper atoms (Figure 1).
One sulfur atom of each ligand binds the Cu(4) atom and
one of the three remaining copper atoms [Cu(1), Cu(2) and
Cu(3)], while the second sulfur atom binds a couple of cop-
per atoms of the basal plane. Thus, each copper of the basal
plane is coordinated by two S atoms of the same ligand and
by the sulfur atom of a different ligand. The distances of
the unique Cu(4) atom to the remaining copper atoms are,
on average, slightly shorter than those found between the
other couples of copper atoms (2.787 vs. 2.812 Å). These
values compare well with those found in the analogous
complex 3 (mean values of 2.777 vs. 2.806 Å), although sig-
nificant variations in the single copper–copper distances are
observed in the two compounds due to local packing effects
associated with different counteranions and with the pres-
ence of a solvent molecule. In 3, the Cu–S bond lengths
involving the unique Cu(4) atoms are not significantly dif-
ferent from each other and range from 2.257 to 2.278 Å.
This range is wider in 1 (2.256–2.291 Å), with the larger
Cu–S bonds being those with Cu(4). Very small changes are
observed in the P–S and P–N bonds of the two compounds,

Figure 1. ORTEP drawing of the [Cu4(L)3]+ complex cation of 1.
Thermal ellipsoids are drawn at 30% probability.
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while a significant increase in the P–N–P angle occurs on
passing from 1 to 3 (133.5° and 138.0°, respectively). The
triiodide anion is slightly asymmetric and almost linear
[174.60(2)°], and no I···I contacts between different anions
are observed.

Table 1. Selected interatomic distances [Å] and angles [°] for com-
pound 1.

Cu(1)–Cu(2) 2.7679(8) Cu(1)–Cu(4) 2.8033(8)
Cu(1)–Cu(3) 2.8370(9) Cu(2)–Cu(4) 2.7994(8)
Cu(2)–Cu(3) 2.8306(8) Cu(3)–Cu(4) 2.7578(8)
S(1)–Cu(2) 2.270(1) S(1)–Cu(1) 2.280(1)
S(2)–Cu(2) 2.261(1) S(2)–Cu(4) 2.285(1)
S(3)–Cu(3) 2.272(1) S(3)–Cu(2) 2.283(1)
S(4)–Cu(3) 2.269(1) S(4)–Cu(4) 2.291(1)
S(5)–Cu(1) 2.256(1) S(5)–Cu(3) 2.280(1)
S(6)–Cu(1) 2.263(1) S(6)–Cu(4) 2.291(1)
P(1)–S(1) 2.055(2) P(2)–S(2) 2.043(2)
P(3)–S(3) 2.056(2) P(4)–S(4) 2.058(2)
P(5)–S(5) 2.051(2) P(6)–S(6) 2.052(2)
P(1)–N(1) 1.588(4) P(2)–N(1) 1.593(4)
P(3)–N(2) 1.585(4) P(4)–N(2) 1.593(4)
P(5)–N(3) 1.586(4) P(6)–N(3) 1.585(4)
I(1)–I(2) 2.9436(9) I(2)–I(3) 2.8911(8)
Cu(2)–Cu(1)–Cu(4) 60.32(2) Cu(2)–Cu(1)–Cu(3) 60.65(2)
Cu(4)–Cu(1)–Cu(3) 58.54(2) Cu(1)–Cu(2)–Cu(4) 60.46(2)
Cu(1)–Cu(2)–Cu(3) 60.88(2) Cu(4)–Cu(2)–Cu(3) 58.66(2)
Cu(4)–Cu(3)–Cu(2) 60.11(2) Cu(4)–Cu(3)–Cu(1) 60.12(2)
Cu(2)–Cu(3)–Cu(1) 58.47(2) Cu(3)–Cu(4)–Cu(2) 61.24(2)
Cu(3)–Cu(4)–Cu(1) 61.34(2) Cu(2)–Cu(4)–Cu(1) 59.21(2)
Cu(2)–S(1)–Cu(1) 74.92(4) Cu(2)–S(2)–Cu(4) 76.00(4)
Cu(3)–S(3)–Cu(2) 76.82(4) Cu(3)–S(4)–Cu(4) 74.40(4)
Cu(1)–S(5)–Cu(3) 77.40(4) Cu(1)–S(6)–Cu(4) 75.97(4)
P(1)–N(1)–P(2) 133.5(2) P(3)–N(2)–P(4) 134.2(2)
P(6)–N(3)–P(5) 132.9(2) I(1)–I(2)–I(3) 174.60(2)

The molecular structure of [CuI(HL)2]I3·MeCN (2) is
shown in Figure 2 and selected bond lengths and angles are

Figure 2. ORTEP plot of compound [Cu(HL)2]I3·CH3CN (2) showing the N(2)–H···N(3) hydrogen bond. Thermal ellipsoids are drawn
at 30% probability.
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collected in Table 2. In the complex cation [CuI(HL)2]+ the
copper is coordinated by two neutral HL ligands in an S,S�-
isobidentate chelating fashion, resulting in the formation of
two six-membered CuS2P2N rings; the charge is balanced
by a slightly asymmetric I3

– ion. One solvent molecule
(MeCN) per formula unit is also present in the structure,
giving rise to weak hydrogen bonding with an imido group
[N(2)–H(N2)···N(3) = 2.925 Å; N(2)–H···N(3) = 166.63°].
The [CuI(HL)2]+ cation contains a slightly distorted tetra-
hedral CuS4 core, with S–Cu–S angles ranging from
101.10(8)° to 117.92(8)°. The four Cu–S interatomic dis-
tances are slightly different and range from 2.338(2) [Cu(1)–
S(3)] to 2.376 Å [Cu(1)–S(2)]. The CuSPNPS metallacycles
display a pseudo-boat conformation with a P and an S
atom of the ring acting as the stern and bow of the boat,

Table 2. Selected interatomic distances [Å] and angles [°] for com-
pound 2.

Cu(1)–S(1) 2.363(2) Cu(1)–S(2) 2.376(2)
Cu(1)–S(3) 2.338(2) Cu(1)–S(4) 2.352(2)
P(1)–S(1) 1.962(3) P(2)–S(2) 1.959(3)
P(3)–S(3) 1.961(3) P(4)–S(4) 1.963(3)
P(1)–N(1) 1.666(7) P(2)–N(1) 1.689(6)
P(3)–N(2) 1.670(7) P(4)–N(2) 1.675(7)
I(1)–I(2) 2.9486(9) I(2)–I(3) 2.8786(9)
S(1)–Cu(1)–S(2) 112.96(8) S(3)–Cu(1)–S(4) 112.62(8)
S(2)–Cu(1)–S(4) 101.10(8) S(1)–Cu(1)–S(4) 117.92(8)
S(1)–Cu(1)–S(3) 101.40(8) S(2)–Cu(1)–S(3) 111.22(9)
I(1)–I(2)–I(3) 175.52(3)
P(1)–N(1)–P(2) 127.4(4) P(3)–N(2)–P(4) 126.9(5)
N(1)–P(1)–C(1) 102.7(3) N(1)–P(1)–C(7) 109.6(3)
C(1)–P(1)–C(7) 106.5(4) N(1)–P(1)–S(1) 112.7(3)
C(1)–P(1)–S(1) 113.6(3) C(7)–P(1)–S(1) 111.2(3)
N(1)–P(2)–S(2) 114.6(2) N(2)–P(3)–S(3) 113.9(3)
N(2)–P(4)–S(4) 115.0(3) P(1)–S(1)–Cu(1) 96.45(10)
P(2)–S(2)–Cu(1) 96.60(11) P(3)–S(3)–Cu(1) 98.98(11)
P(4)–S(4)–Cu(1) 98.01(11)



Copper() Complexes with a Cu4S6- and CuS4-Type Core FULL PAPER
respectively. As a result of metal complexation, some degree
of π-electron delocalisation over the [Cu(SP)2N] ring can be
recognised from the slight increase in P–S bond lengths:
from 1.937(1)–1.950(1) Å in the free ligand[9] to 1.959(3)–
1.963(3) Å in 2. Conversely, the P–N bond lengths remain
substantially similar to those found in free HL [HL:[9]

1.672(2)–1.683(2) Å; 2: 1.666(7)–1.689(6) Å].

Solution and Solid-State 31P NMR Spectroscopy

The solid-state 31P NMR spectrum of complex 1 shows
resonances at δ = 32.9 (∆ν½ = 168 Hz), 31.4 (∆ν½ =
134 Hz), 30.4 (∆ν½ = 159 Hz), 28.9 (∆ν½ = 183 Hz) and
26.6 ppm (∆ν½ = 213 Hz), indicative of different crystallo-
graphically independent phosphorus atoms in the complex.
Conversely, complex 2 shows the presence of a single reso-
nance at δ = 52.4 ppm with a spectral line-width of 410 Hz,
suggesting that the phosphorus atoms in the asymmetric
unit have a closely similar environment. The variable-tem-
perature 31P NMR spectra of 1 in CHCl3 are shown in Fig-
ure 3. The spectrum recorded at 25 °C shows two distinct

Figure 3. Variable-temperature 31P NMR spectra of complex 1
(1.0×10–2 , CDCl3).
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signals (δ = 28.5 and 28.1 ppm) with an intensity ratio of
1:1, also consistent with the maintenance of the solid struc-
ture in solution. (For [CuI

4L3][BF4] in CD3CN, a single
broad peak at δ = 27.05 ppm has been reported, although
no temperature is given).[2b] As the temperature of the solu-
tion is lowered from 25 °C to 0 °C, the 31P NMR spectra
reveal two interesting spin-coupled doublets (AB system)
with a 2JP,P coupling constant of 11.0 Hz; the spectrum at
–40 °C shows that this coupling constant is temperature-
invariant. The appearance of two spin-coupled doublets
confirms that both phosphorus resonances are from the
same complex molecule rather than from different isomers
present in solution, and that the most likely explanation for
this observation is the stabilisation of a conformer of the
CuS2P2N rings. As the temperature of the solution is in-
creased to 37.5 °C, the two well-separated resonances at δ
= 28.5 and 28.1 ppm coalesce (kcoal = 126 s–1),[10] and at
40 °C, the highest temperature reached, the phosphorus
atoms become equivalent and the spectrum degenerates to
an A2 system. At this point, a fast exchange process on the
NMR timescale makes the four copper atoms equivalent.
The dynamic process that averages the phosphorus NMR
resonances seems to be non-dissociative, since the reaction
of 1 with HL, or with the mixed sulfur/oxygen ligand
HN(SPPh2)(OPPh2), in the 25–40 °C (CHCl3) range results
in no ligand exchange. Moreover, the conductivity mea-
sured in CHCl3 does not show changes in the range 25–
40 °C.

Reactivity of the [Cu4(L)3]+ Cluster

Several studies have demonstrated that Cu activation of
Ace1 and Mac1 involves formation of a tetracopper cluster
within the Cu-regulatory domain. EXAFS data for CuAce1
and CuMac1[6b] suggests the presence of a distorted tetra-
nuclear copper cluster; the CuI ions are trigonally coordi-
nated with Cu–S distances of about 2.25 Å and a Cu–Cu
distance of 2.7 and 2.9 Å when two different Cu···Cu inter-
actions were considered (Table 3). In this context, the Cu4S6

core in the cation [Cu4(L)3]+ might represent a useful model
compound for the metal centres in CuAce1 and CuMac1,
since the mean Cu–S and Cu–Cu bond lengths (Table 3)
compare well with those reported for these clusters. More-
over, unlike the copper thiolate model compound[11]

[Cu4(SPh)6]2–, in which the CuI ions are chemically equiva-
lent, the cation [Cu4(L)3]+ contains two chemically different
sets of CuI ions [Cu(1)/Cu(2)/Cu(3) and Cu(4), respectively]
that might structurally better represent the distorted tet-
racopper cluster within the Cu-regulatory domain. Al-
though the two ionic complexes [Cu4(L)3]+ and [Cu4(SPh)6]2–

feature the same Cu4S6 core type, a significant differ-
ence in the “volume” of the Cu4 cages is calculated from
the mean Cu···Cu bond lengths (Table 3). Interestingly, the
Cu4 volume in the CuAce1 and CuMac1 transcriptions fac-
tors proves to be intermediate between those found in the
ionic model compounds. The possibility of the Cu4 cluster
expanding or contracting as a result of the nature of the
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ligands forming the Cu4S6 cores and of the charge transfer-
red by the ligands upon it seems to be a peculiar character-
istic of this species.

Table 3. Mean Cu–Cu and Cu–S bond lengths in selected copper
complexes with a Cu4S6 core, and Cu4 cluster volume.

Sample Interaction N[a] Interatomic Cu4 volume[b]

distances [Å] [Å3]

CuAce1[c] Cu····Cu 2 2.704(2) 2.50
Cu····Cu 1 2.902(6)
Cu–S 3 2.251(1)

CuMac1[c] Cu····Cu 2 2.705(4) 2.50
Cu····Cu 1 2.891(9)
Cu–S 3 2.251(2)

1[d] Cu····Cu[e] 2.8118(8) 2.60
Cu····Cu[f] 2.7868(8)
Cu–S[g] 3 2.2751(1)

(Ph4P)2[Cu4(SPh)6][h] Cu····Cu[i] 3 2.744(4) 2.43
Cu–S[j] 3 2.261(6)

[a] Number of Cu–Cu and Cu–S interactions of specified distance
for each copper atom. [b] Calculated as geometrical volume of the
Cu4 tetrahedron. [c] Interatomic distances from EXAFS data
analysis, ref.[6b] [d] This work. [e] Interatomic distance calculated as
the mean of the Cu(1)–Cu(2), Cu(1)–Cu(3) and Cu(2)–Cu(3) bond
lengths. [f] Interatomic distance calculated as the mean of the
Cu(1)–Cu(4), Cu(2)–Cu(4) and Cu(3)–Cu(4) bond lengths.
[g] Value calculated as the mean of all Cu–S bond lengths. [h] Data
from ref.[11] [i] Value calculated as the mean value of all Cu–Cu
bond lengths. [j] Value calculated as the mean value of all Cu–S
bond lengths.

Dance et al.[5,6c] have reported on the stability of CuI

tetracopper Cu4S6 clusters with small thiolate ligands and
have shown that the clusters are held together by bridging
thiolates and that the Cu···Cu bonding is a minor energetic
factor in the stability of the clusters. In this regard, since
both ligands L and HL can act as chelating agents towards
a copper() ion, although a substantial difference in nucleo-
philicity is to be taken into account,[12] we thought of ver-
ifying the ability of the Cu4 core to remain stable even if
coordinated by a set of neutral HL ligands.

The treatment of 1 with the acid HI (55 wt.-% in water)
in a mixture of MeCN and CDCl3 (1:10 v:v) at 25 °C until
a 1:2.8 molar ratio was reached resulted in a considerable
change in the 31P NMR spectrum of the complex (Fig-
ure 4a–d): the two distinct signals of 1 at δ = 28.5 and
28.1 ppm are lower in intensity, while a new signal at low-
field (δ = 52.9 ppm) increases with the amount of HI. The
latter value is strongly indicative of the formation of a new
complex with all the ligands in their N-protonated form;
interestingly, no other resonances due to copper complexes
bearing L and HL ligands at the same time were detected
for any molar ratio of the reagents used. Values for the
δ(PS) in the 60–50 ppm range have, in fact, been observed
previously in the neutral complexes [Pd(HL)I2][13] [δ(PS) =
56.5 ppm (MeCN/CHCl3, 1:1 v:v) and [Hg(HL)I2][14] [δ(PS)
= 57.8 ppm, CH2Cl2]. To rule out that ligand protonation
has caused the dismantling of the Cu4 core, we also verified
that the protonation reaction is reversible. The reaction of
the acidic mixture with a strong base like 1,8-bis(dimethyla-
mino)naphthalene (DMAN) causes the deprotonation of
the coordinated ligands and the regeneration of the cation
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[Cu4(L)3]+, as shown by the 31P NMR peaks at δ = 28.5
and 28.1 ppm. (Figure 4, e and f). The overall reactions in-
volving the protonation/deprotonation of the ligands in the
cationic complexes [Cu4(L)3]+ and [Cu4(HL)3]4+ are sum-
marised in Scheme 2.

Figure 4. 31P NMR spectra of (a) 1 (3.4×10–3 ); (b), (c), and (d)
solution of 1 after the addition of HI to realise 1/HI molar ratios
of 1:1, 1:2 and 1:2.8, respectively; (e) the solution of (d) after ad-
dition of DMAN (1/HI/DMAN = 1:2.8:0.65); (f) the solution from
(e) after addition of more DMAN (1/HI/DMAN, 1:2.8:1.3), all in
MeCN/CDCl3 (1:10 v:v) at 25 °C.

Scheme 2.

Although we were not able to isolate any solid com-
pound from the reaction of 1 with HI, the reported results
point to the ability of the Cu4 cluster to be stabilised by
neutral and anionic ligands.

Conclusions

The reaction of the adduct HL·I2 with copper(0) powder
under mild conditions affords complexes [CuI

4(L)3]I3 (1)
and [CuI(HL)2]I3·CH3CN (2). The latter compound repre-
sents a rare example of a structurally characterised complex
of HL. To the best of our knowledge, only two other com-
plexes are known in the literature, namely [Hg(HL)I2][14]

and [Ag(HL)2BF4][2b]. The copper() ion is coordinated by
two neutral HL ligands in an S,S�-isobidentate chelating
fashion to give a CuS4 core. Compound 1 features a dis-
torted tetrahedral Cu4 cluster encapsulated by three biden-
tate anionic L ligands where only three of the four copper
atoms of the Cu4S6 core are chemically equivalent. 31P
NMR variable-temperature measurements have confirmed
that the solid structure is retained in solution and highlight
a fast exchange process that makes all coppers equivalent
(Tcoal = 37.5 °C). Interestingly, the Cu4S6 core in the cation
[CuI

4(L)3]+ might be considered as a new structural model
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compound for the distorted tetranuclear copper() cluster
within the Cu-regulatory domain in proteins Ace1 and
Mac1. Moreover, it constitutes a valid alternative to the
higher symmetric Cu4S6 core found in the anionic copper
thiolate compound [Cu4(SPh)6]2–. A comparison of the
“volume” of the Cu4 cluster in 1 and in the anion [Cu4-
(SPh)6]2– reveals a significant difference that can be related
to the different set and charge of the ligands complexing
the Cu4 unit. The stability of the Cu4S6 core in the species
[Cu4(HL)3]4+, obtained from the reaction of 1 with HI, was
also established by 31P NMR measurements. The expan-
sion/contraction of the Cu4 cluster may be important as
regards the activation of Ace1 and Mac1 transcription fac-
tors. The electronic charge-modulation by cysteinyl residues
at the metal sites in the proteins might reasonably act as a
regulating device in building up, modifying or dismantling
the Cu4 cluster structural unit.[6b,15]

Experimental Section
Materials and Instrumentation: Reagents were used as purchased
from Aldrich. Diethyl ether was distilled from over LiAlH4 shortly
before use. Hydroiodic acid: ACS reagent, 55 wt.-% in water.
31P{1H} NMR spectra were recorded with a Varian Unity Inova
400 spectrometer operating at 161.9 MHz. The 31P chemical shifts
are referenced to an external standard of H3PO4 85% peak (δ =
0.0 ppm). Variable-temperature 31P NMR spectroscopic data for
compound 1 were collected for a 1.0×10–2  solution in CHCl3.
31P MAS NMR spectra were calibrated indirectly through the
H3PO4 85% peak (δ = 0.0 ppm). IR spectra were measured as KBr
(4000–400 cm–1) or polyethylene pellets (400–50 cm–1) on a Bruker
IFS 55 FT-IR spectrometer. FT-Raman spectra were measured as
solid samples on a Bruker IFS 100 spectrometer. Conductometric
measurements on compound 1 (1.0×10–3  in CHCl3) were carried
out at 20, 30 and 40 °C.

Synthesis: Compound HL was prepared according to ref.[16] The
adduct HL·I2 was prepared in situ in freshly distilled Et2O from
equimolar amounts of HL and I2.

[Cu4(L)3]I3 (1): A mixture of HL (0.100 g, 0.222 mmol) and I2

(0.0565 g, 0.223 mmol) in Et2O (100 mL) was stirred at room tem-
perature until complete dissolution of the reagents. Copper powder
(submicron; 0.0141 g, 0.226 mmol) was then added while stirring
and the mixture was allowed to react at room temperature for
about 2 days. The resulting air-stable orange solid (149 mg) was
isolated by suction filtration, then treated with 10 mL of CHCl3
for 1 h. The mixture was filtered, and the resulting solution evapo-
rated to dryness to give 0.100 g of 1 (5.05×10–2 mmol; yield 89%,
based on metal). C72H60Cu4I3N3P6S6 (1980.3): calcd. C 43.67, H
3.05, N 2.12, S 9.71; found C 44.0, H 3.1, N 2.0, S 9.6. FT-IR
(KBr): ν̃ = 3435 cm–1 br. m, 3118 br. m, 3054 m, 1587 w, 1572 w,
1479 s, 1436 w, 1288 ms, 1106 vs, 1026 w, 998 w, 900 s, 788 s, 735 vs,
721 ms, 687 s, 636 m, 613 ms, 551 vs, 528 ms, 495 m, 413 w. FT-
Raman (500–50 cm–1): ν̃ = 114 cm–1. 31P NMR (CHCl3, 25 °C): δ
= 28.5 and 28.1 ppm.

[Cu(HL)2]I3·MeCN (2): A mixture of HL (0.100 g, 0.222 mmol)
and I2 (0.0565 g, 0.223 mmol) in Et2O (100 mL) was stirred at room
temperature until complete dissolution of the reagents. Copper
powder (submicron; 0.0141 g, 0.226 mmol) was then added while
stirring and the mixture was allowed to react at room temperature
for about 2 days. The resulting air-stable orange solid was isolated
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by suction filtration, then treated with 10 mL of CHCl3 for 1 h.
The mixture was filtered, the separated solid compound washed
with CHCl3 and then dissolved in CH3CN (5 mL); slow evapora-
tion of the solution afforded orange crystals of 2 (0.030 g,
2.08×10–2 mmol; yield 10%, based on metal). C50H45CuI3N3P4S4

(1348.3): calcd. C 43.38, H 3.28, N 3.04, S 9.26; found C 43.5, H
3.2, N 3.1, S 9.0. FT-IR (KBr): ν̃ = 3435 cm–1 br. vs, 3052 w,
1477 m, 1435 vs, 1385 m, 1205 vs, 1177 s, 1106 vs, 1026 w, 998 w,
913 w, 874 w, 743 m, 721 m, 693 vs, 550 vs, 531 m, 493 m, 414 w.
FT-Raman (500–50 cm–1): ν̃ = 135 cm–1 (2.8), 112 (10), 79br (1.6)
(relative intensities in parentheses, highest value: 10). 31P NMR
(MeCN): δ = 52.9 ppm.

X-ray Crystallography: Crystal data and details of the refinement
for compounds 1 and 2 are reported in Table 4. Diffraction data
were collected on a Bruker SMART CCD diffractometer at room
temperature for compound 1 and at 120(2) K on a Bruker–Nonius
area-detector diffractometer for compound 2, using graphite-mo-
nochromated Mo-Kα radiation (λ = 0.71073 Å). Cell parameters
and orientation matrix were obtained from least-squares refine-
ment of reflections measured in the range 2.23 � θ � 22.41° for 1
and 2.91 � θ � 27.48° for 2. An absorption correction was applied
using the SADABS routine[17] for 1 and the SORTAV algorithm[18]

for 2. The structures were solved by direct methods and refined on
F2 by using the SHELX[19] program implemented in the WinGX
suite.[20] Anisotropic displacement parameters were assigned to all
non-hydrogen atoms. Hydrogen atoms were included in the struc-
ture using the riding model.

Table 4. Crystal data and details of refinements for complexes 1
and 2.

Compound 1 2

Chemical formula C72H60Cu4I3N3P6S6 C50H45CuI3N3P4S4

Mol. wt. 1980.27 1348.25
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 14.139(1) 16.9869(5)
b [Å] 16.847(1) 17.0247(6)
c [Å] 32.955(2) 20.6025(7)
β [°] 98.24(1) 112.858(2)
V [Å3] 7768.8(9) 5490.3(3)
Z 4 4
ρcalcd [Mgm–3] 1.693 1.675
µ(Mo-Kα) [mm–1] 2.599 2.390
Transmission factors 0.714–1.000 0.9538–0.6730
Collected reflections 70186 65960
Unique refl. with I � 2σ(I) 10022 12392
Final R and wR2 indices 0.0493–0.1291 0.0850–0.1054
Max. and min. final ∆ρ –1.244, 1.555 –0.802, 0.723

CCDC-271849 (for 1) and -271850 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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We report on the preparation of ultralong semiconductor tel-
lurium/cross-linked PVA coaxial nanocables with a core 20–
30 nm in diameter and a surrounding sheath about 5–20 nm
in thickness by a simple hydrothermal process. The length of
these nanocables can be up to 500–800 µm. In the present
synthesis PVA was used as the reducing agent to react with
Na2TeO3, and it also serves as the capping reagent and the

Introduction

Nanomaterials with a core/sheath structure as another
new type of one-dimensional nanostructures have, in recent
years, been attracting more and more interest since these
heterostructured nanostructures are constructed of cores
and shells of different chemical compositions, which could
further improve their functions by the preparation of the
core and sheath from different materials.[1–5] In particular,
coaxial nanocables with a wire/sheath structure are a kind
of potentially useful 1D nanostructure. Recently, some
methods have been developed to synthesize nanocables hav-
ing coaxial structures. For example, Si/SiO2 nanocables and
three-layered nanocables consisting of silicon carbide (SiC)
cores, amorphous silica intermediate layers, and sheaths of
boron nitride and carbon (BNC) have been prepared by a
laser ablation method,[6] and a β-SiC/SiO2 nanocable has
been obtained by a carbothermal reduction method.[7] In
addition, several solution-based methods have also been de-
veloped to generate polymer/polymer, semiconductor/poly-
mer, and metal/polymer nanocables at relatively low tem-
peratures. For instance, polypyrrole/poly(methyl methacry-
late) coaxial nanocables have been synthesized by sequential
polymerization of monomers within the channels of meso-
porous silica, followed by dissolution of the template.[8]

CdSe/poly(vinyl acetate) hybrid nanocables have been ob-
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source of the sheaths. The synergistic effects of the interac-
tion of cross-linked PVA with the tellurium nanowires could
play an important role in the formation of the morphology of
the resulting products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tained by growing the semiconductor nanowires inside
polymer tubules.[9] Gold nanorods have recently been
coated with polystyrene or silica to form cable-like struc-
tures,[10] and layer-by-layer deposition of oppositely
charged species on nickel nanorods has been adopted to
prepare nickel/composite nanocable structures.[11] Ag/SiO2

nanocables can be formed by using a sol–gel method to coat
Ag nanowires with amorphous silica,[12] and silver/carbon
nanocables can be synthesized by a hydrothermal carbon-
ization co-reduction (HCCR) technique.[13] Very recently, a
one-step synthesis of silver/cross-linked PVA nanocables by
in situ reduction of Ag+ and Ag+-catalyzed cross-linking of
PVA chains under hydrothermal conditions inspired us to
evaluate whether such a simple route can be applied to
semiconductor/polymer nanocables.[14] Our experimental
results are in good agreement with our expectations.

Based on the above idea and strategy, we successfully
synthesized ultralong and uniform semiconductor tel-
lurium/polymer nanocables with a 25–35 nm core and 30–
40 nm diameter sheath and lengths of 500–800 µm by a fac-
ile hydrothermal reduction process using PVA and Na2TeO3

as starting material at relatively low temperature via a solid
solution-solid transformation and the synergistic soft–hard
template mechanism. Surprisingly, we found that the aspect
ratio of the nanocables with semiconductor tellurium as
core and polymer as shell is between 10 and 20000, which
may stem mainly from their geometry-dependent proper-
ties, and may suggest their use as attractive basic building
blocks that can be applied in a variety of applications.[15] In
addition, an interesting feature of some nanocables is their
tendency to entangle with each other to form raft-like cable
bundles in a parallel fashion. The mechanism of formation
of these tellurium nanostructures is discussed. To the best
of our knowledge, the synthesis of flexible tellurium/poly-
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mer nanocables has not yet been reported. Meanwhile, this
synthetic method may be applied to the fabrication of other
semiconductor/polymer nanostructures.

Results and Discussions

The panoramic morphology of tellurium was observed
by field-emission scanning electron microscopy (FESEM),
in which the solid samples were mounted on a copper mesh
without any dispersion treatment. Parts a and b in Figure 1
show that the final product is composed of nanowires in
high yields (close to 100%), with lengths up to 500–800 µm
and a uniform morphology. Higher magnification FSEM
images (Figure 1, b) indicate that the average diameter of
an individual nanowire is about 25–35 nm. TEM images
(Figure 1, c–e) reveal that all wires are actually a composite
comprised of a smooth core about 25–35 nm in diameter
and a surrounding sheath about 5–10 nm in thickness, from
which the contrast between surrounding polymer and inner
core can be easily observed. One can see that the sheath has
a relatively uniform thickness over the entire surface of each
nanowire, including both ends, as shown in Figure 1 (c–e).
FESEM and TEM both demonstrate that some bundles of
cables are formed, and each bundle is composed of several
nanocables packed in a parallel fashion (Figure 1, b–d).
More-detailed TEM observations revealed that the nano-
cables structures have a closed end, as shown in Figure 1,
e. It is clear that the uniformity in lateral dimension, the
level of perfection, and the richness in quantity are obvi-
ously due to a good growth environment for the tellurium
nanostructures in the current system (see part a in Fig-
ure 1).

The as-obtained samples were also examined by XRD
(Figure 2). All the reflection peaks in a 2θ range from 20°
to 70° can be readily identified with the hexagonal phase of
tellurium, with calculated lattice parameters a = 4.457 and

Figure 1. FESEM and TEM images of the nanocables: (a) general view of the cables; (b) magnified FESEM image of the cables; (c–e)
TEM images of the cables, clearly revealing the inner core–shell structure.
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c = 5.927 Å, which shows good consistency with the re-
ported data (JCPDS 36-1452).

Figure 2. XRD patterns of the nanocables obtained at 180 °C for
24 h.

Further evidence for the surface composition of the sam-
ples was obtained from the X-ray photoelectron spectra of
the products. The results are shown in Figure 3. The spectra
of the nanocables show two strong peaks at 284.60 and
532.10 eV corresponding to the C1s and O1s binding ener-
gies of the obtained sample, respectively. However, the bind-
ing energy at 573.6 and 583.8 eV for Te0 3d5/2 and 3d3/2,
respectively, are quite weak and almost cannot be detected.
These XPS results confirm that the tellurium nanowires are
confined within shells of the cross-linked PVA. The IR spec-
trum for the as-obtained nanocables is shown in Figure 4.
Several absorption peaks located at about 3449, 2923, and
1461 cm–1 in Figure 4 correspond to the O–H stretching vi-
bration [ν(O–H)], the C–H stretching vibration [ν(C–H)],
and the C–H bending vibration [δ(C–H)], respectively, as in
the IR spectrum of pure PVA, while the wide absorption
peak at about 1097 cm–1 can be assigned to the νas(C–O–
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C) absorption of cross-linked PVA. These results confirm
that coating of the tellurium nanowires with cross-linked
PVA has been achieved using the current hydrothermal
method.

Figure 3. XPS spectrum of the nanocables obtained at 180 °C for
24 h.

Figure 4. FTIR spectra: (a) pure PVA; (b) the nanocables obtained
after reaction at 180 °C for 24 h.

The structure and morphology of the as-obtained nano-
cables were further observed by high-resolution TEM
(HRTEM) and selected-area electron diffraction (SAED),
in which the sample was treated by ultrasonic dispersion in
ethanol for 15 min and then put onto a copper mesh. Fig-
ure 5 (a) shows a typical TEM image of the nanostructures,
which confirms that they are composed of a very uniform
diameter of the crystalline core surrounded by an amorph-
ous coating. The average diameter of the core of this
nanowire is about 25 nm, and the total diameter including
the amorphous sheath is about 35 nm. The HRTEM image
in Figure 5 (c) recorded from the core tellurium nanowires
reveals that the core nanowire shown in the image is about
0.20 nm, which agrees with the (003) lattice planes of t-Te.
Figure 5 (b) shows the corresponding ED pattern of the
core tellurium nanowires, which was obtained by focusing
the electron beam along the [11̄0] zone axis of an individual
cable. Moreover, the SAED patterns taken from various re-
gions of the core nanowire are essentially the same. The
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HRTEM image and ED pattern both demonstrate that the
core tellurium nanowire is single-crystalline, with the
growth direction along [001]. The perfect diffraction pattern
and lattice fringes indicate that the core nanowire is well-
crystallized.

Figure 5. The electron diffraction pattern and HRTEM image of a
typical nanocable. HRTEM image (c) taken from the edge of the
core tellurium nanowire (a) with growth direction [001], fringe
spacing d = 0.2 nm, showing that the core tellurium nanowire is
structurally uniform, dislocation free, and single-crystalline. The
corresponding ED pattern (b) was obtained from the same tel-
lurium nanostructure, indicating the growth direction and the sin-
gle-crystalline nature of the core tellurium nanowire.

Further advancement of this approach to nanocables’
synthesis requires a clear understanding of the nucleation
and growth mechanism. We therefore investigated the evol-
ution of Te nanostructures (taken at the early stages) by
TEM. Figure 6 shows the scenarios for the formation of Te
nanostructures prepared by the hydrothermal treatment at
different times. These images clearly show the evolution of
tellurium nanostructures from nanoparticles to nanowires
(cables) over time at 180 °C. After heating for 3.5 h, a gray
precipitate was formed. The TEM results demonstrated that
a large number of irregular nanoparticles with sizes of 10–
20 nm and their larger aggregates had formed (Figure 6, a).
The SAED patterns (insets of Figure 6, a) clearly reveal that
the initial product of the reduction reaction was a mixture
of amorphous Te (a-Te) colloids and t-Te nanocrystals. In
addition, the colorless solution changed to a yellow-brown
color, which implies that PVA has been oxidized by Na2-
TeO3 into cross-linked PVA, which is insoluble in water. Af-
ter 5 h, the products were composed of a mixture of spheri-
cal nanoparticles and a small fraction of nanowires. Fig-
ure 6 (b) is a typical TEM image of the sample taken from
the solution at this stage. It is clear that these nanowires
have diameters of about 30 nm and lengths of several hun-
dreds of nanometers. The ED pattern (insets of Figure 6, b)
shows that these nanowires are single crystalline t-Te and
that the spherical nanoparticles are composed of a mixture
of a-Te and t-Te nanoparticles (marked by arrow). After
heating for 8 h, nanowires with diameters of about 30 nm
and lengths of up to several micrometers can be distinctly
observed (Figure 6, c). In addition, at this stage the prod-
ucts also contain a small quantity of nanparticles (less than
10%). Further extending the heating time led to the forma-
tion of ultralong nanowires. Figure 6 (d) is a typical TEM
image of a sample prepared after heating for 24 h, indicat-
ing that the obtained products are dominated by the ul-
tralong wire-like nanostructures. These nanowires are uni-
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Figure 6. TEM images of Te nanostructures generated by the hydrothermal process after different times: (a) 3.5 h [the insets in Figure 6,
part a, show the ED patterns, which indicate that both t-Te (bottom left) and a-Te nanoparticles (upper right) coexist in the initial
products]. (b and e) 5 h, a few short nanowires can be observed. (c and f) 8 h and (d and g) 24 h. The insets in Figure 6, part b, are the
ED patterns, which reveal that both t-Te nanowires/nanoparticles (upper left) and a-Te nanoparticles (bottom left) coexist in this product
(as indicated by arrows).

form in diameter (25–35 nm) and their lengths extend to
hundreds of micrometers. From Figure 6 (b–d) one can see
that the growth of these nanowires along the longitudinal
direction is quite quick, while the growth of their lateral
dimensions is very slow and the diameter of nanowires al-
most does not change during the whole reaction. In ad-
dition, one can see that all these nanowires are actually a
composite comprised of a core–sheath structure (see Fig-
ure 6, e–g), which suggests that the growth of wires and the
formation of core–sheath structures occurs simultaneously.
Furthermore, the lengths of these nanocables are mainly
determined by the original tellurium nanowires and can be
as long as several hundreds of micrometers.

As we all know, PVA chains crosslink after treatment at
high temperature (250 °C); however, in the absence of Na2-

TeO3, we found that hydrothermal treatment of a PVA solu-
tion cannot make it cross-linked at 180 °C or even 200 °C,
while the cross-linking reaction occurs at 160–180 °C in the
presence of Na2TeO3. These results clearly demonstrate that
the current hydrothermal process is an efficient method for
promoting the cross-linking reaction. In this hydrothermal
process, PVA can be oxidized by Na2TeO3 at 160–180 °C
into cross-linked PVA, which is insoluble in water. As a re-
sult, the presence of Na2TeO3 is essential for the formation
of cross-linked PVA and the formation of cables. In ad-
dition, when PVA was not added to the reaction system, we
found that the reaction could not be initiated at all. In fact,
PVA could serve as both reducing reagent and capping rea-
gent in the present synthesis. Na2TeO3 can be reduced by
PVA at 180 °C into tellurium nanoparticles and further
grow into nanowires with the assistance of PVA; in turn,
the tellurium nanowires serve as a hard template on which
the core–sheath structures will form. It is reasonable to as-
sume that, under the present hydrothermal conditions, the
formation of the hybrid nanostructures is by synergistic
growth, as both the growth of wires and the formation of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 207–212210

core–sheath structures occur at the same time and are
tightly linked to each other. The good agreement between
the experimental data and our expectations suggests that it
should be possible to rationally choose appropriate reaction

Scheme 1.
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Figure 7. TEM images of tellurium/PVA coaxial nanocables obtained after the coating reaction had processed for (a) 8, (b) 24, (c) 36,
and (d) 48 h, clearly showing that the thickness of the sheath increases from 2 to 10–20 nm.

systems for the synthesis of nanocables. In addition, it is
worth pointing out that the pH value remains almost the
same (10.40 for the starting initial solution to 9.42 for the
residual solution) during reaction, thus suggesting that the
solution after reaction is still more basic. According to the
above results, the reaction that occurs under the current hy-
drothermal conditions can be formulated as shown in
Scheme 1.

The final morphology of the tellurium nanostructures
synthesized by the hydrothermal process is highly reliant on
the amount of PVA added to the reaction solution. A
number of experiments were performed with a procedure
similar to that mentioned in the Experimental Section, and
we found that the amount of PVA was crucial for the for-
mation of nanocables, with the amount of PVA (5 mL) be-
ing suitable for the formation of cables. When the amount
of PVA was relatively high (10 mL), no cables and only
short tellurium nanorods were obtained as the final prod-
ucts (data not shown). The absence of nanowires (or cables)
in the final product could be attributed to the high concen-
tration of PVA, which might lead to the formation of a
thick coating over the surface of the nanoparticles. There-
fore, the selectivity of the interaction between PVA and
various crystallographic planes is weakened, and aniso-
tropic growth can essentially not be induced.

The thickness of the sheath can also be controlled by
changing the reaction time. Figure 7 (a–d) show a set of
TEM images of the cables that were obtained after different
periods of time, and reveal that the thickness of the sheath
can be increased by up to 10–20 nm by increasing the reac-
tion time to 48 h. In addition, the amount of PVA and con-
centration of Na2TeO3 also play a key role in the formation
of tellurium nanostructures. The reaction of Na2TeO3

(2 mmol) with less PVA (1 mL), with the other conditions
remaining the same, gives only tellurium nanoparticles; no
nanocables were observed. Moreover, if less Na2TeO3

(0.5 mmol) was used, with the other conditions remaining
unchanged, no cables were obtained.

On the basis of the above results, we propose that the
formation of tellurium nanocables follows the PVA-assisted
solid solution-solid (SSS) transformation and the syner-
gistic soft–hard template (SSHT) mechanism. It is clear that
PVA is responsible for both the formation of tellurium
nanoparticles and the subsequent oriented growth of tel-
lurium nanowires. Firstly, the a-Te and t-Te nanoparticles
a produced by the reduction of TeO3

2– by PVA at 180 °C.
The colloids of a-Te would dissolve into the solution due
to their higher free energies than those of t-Te nanocrystals.
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This dissolved Te (at the expense of a-Te) colloid sub-
sequentlyforms crystalline nanowires on the seeds of t-Te
due to the assistant of PVA and the anisotropic nature
along the [001] direction.[16] In turn, the tellurium wires
serve as a template on which cross-linked PVA forms. In
addition, the newly formed cross-linked PVA will act as an
effective bridge to connect nearby single cables to form raft-
like cable bundles in a parallel fashion. It is worth men-
tioning that the growth of nanowires and the formation of
core–sheath structures occur at the same time (see Figure 6,
e–g).

Conclusions

In conclusion, we have demonstrated a facile hydrother-
mal synthesis of ultralong nanocables with tellurium as
cores and cross-linked PVA as sheaths in high yield. In the
present system, the synergistic actions of both the stabiliza-
tion of PVA and the binding interaction of cross-linked
PVA with the tellurium nanowires could play a key role in
the formation of the morphology of the resulting products.
The current elegant nanocables with a high aspect ratio may
have potential technological applications in nanoscience
and nanotechnology. Meanwhile, we believe that the present
convenient method could be extended to prepare other
semiconductor/polymer or metal/polymer coaxial cables by
an appropriate choice of reaction system and experimental
conditions. Further work in this area is in progress.

Experimental Section
Synthesis: In a typical experimental procedure, analytically pure
Na2TeO3 (2 mmol) and 5 mL of PVA (5 wt.-%) solution were put
into 40 mL of distilled water at room temperature to form a clear
solution, which was then stirred strongly for about 0.5 h and trans-
ferred into a 50-mL Teflon-lined stainless-steel autoclave. The auto-
clave was sealed and maintained at 180 °C for 24 or 48 h and then
air-cooled to room temperature naturally. A large quantity of
black-gray, wire-like flocculent material was found floating on the
top of the solution. This material was collected and washed with
distilled water and anhydrous alcohol several times to remove ions
and possible remnants in the final product. It was then dried in a
vacuum oven at 60 °C for 4 h.

Characterization: The X-ray powder diffraction (XRD) analysis
was performed with a Japanese Rigaku D/max-γA rotating anode
X-ray diffractometer equipped with monochromatic, high-intensity
Cu-Kα radiation (λ = 1.54178). The X-ray photoelectron spectra
(XPS) were collected on an ESCALab MKII X-ray photoelectron
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spectrometer, using nonmonochromatized Mg-Kα X-rays as the ex-
citation source. Field emission scanning electron microscope
(FESEM) images were taken on a JEOL JSM-6300F SEM. Trans-
mission electron microscopy and electron diffraction (ED) patterns
were taken with a Hitachi Model H-800 instrument using an acce-
lerating voltage of 200 kV with a tungsten filament. TEM and high-
resolution TEM (HRTEM) were obtained on a JEOL-2010 trans-
mission electron microscope at an acceleration voltage of 200 kV.
Infrared (IR) analysis of the precursor was conducted on a Magna
IR-750FT Spectrometer ranging from 400 to 4000 cm–1 at room
temperature with the samples mulled in KBr wafer.
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The bond-formation processes between the d10 metal frag-
ments Ni(PR3)2 (R = H, CH3, F, CF3, Ph) and acetylene have
been studied by density functional theory with the BP86
functional and large TZV(2df,2pd) basis sets. The Ni–acety-
lene bonds have been analyzed in terms of distortion and
intrinsic interaction energies within the Dewar–Chatt–Dun-
canson model of bonding. The intrinsic interaction energies
have been corrected for basis set superposition error (BSSE).
Linear relationships have been found between the intrinsic
interaction energies and the distances of the Ni–C and C�C
bonds as well as with the acetylene–nickel π-backbonding.
No linear relationship with respect to the total interaction en-
ergies was found. Despite using large basis sets, BSSE still

Introduction

Alkynes and tertiary phosphanes coordinated to transi-
tion metals (TM) have been the subject of extensive experi-
mental and theoretical studies.[1,2] This can be attributed to
the specific reactivities of these species, which in the field
of organometallic synthesis and catalysis give rise to a wide
variety of products.[3,4] Because of the early work of Reppe
et al.,[5] it is well known that nickel complexes promote the
reactivity of the acetylene triple bond in several catalytic
processes such as carbonylation, cyclooligomerization, and
cooligomerization. Common to these processes is the pres-
ence of acetylene complexes with low-valent Ni(PR3)2 frag-
ments, where R is mostly a bulky alkyl or aryl group.[3i,6]

In general, the reactivities of coordinated ligands are dis-
cussed in terms of steric and electronic effects, although the
distinction between them is not always straightforward be-
cause both effects are interconnected. The steric properties
of PR3 ligands are usually measured by the cone angle, θ,
introduced by Tolman.[7] The steric effects for acetylene are
less important, but in the case of alkynes with bulky substit-
uents they may also influence the bonding.[8] The electronic
effects of alkynes and phosphanes are inherently connected
with the Dewar–Chatt–Duncanson (DCD) model,[9] i. e.,
with the ability of ligands to act as electron density donors

[a] Organisch-Chemisches Institut der Universität Münster,
Corrensstr. 40, 48149 Münster, Germany
E-mail: ihk@uni-muenster.de
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contaminates the interaction energies by 5–10%. For the PR3

ligands, the BSSE-corrected intrinsic interaction energies of
acetylene bonding increase in the order P(CF3)3 � PF3 �

PPh3 � PH3 � P(CH3)3 from 58.9 to 77.9 kcalmol–1, while the
total interaction energies range from 32.9 to 42.4 kcalmol–1

in the order PPh3 � P(CF3)3 � P(CH3)3 � PH3 � PF3. These
results reveal that the total influence of PH3 and PPh3 on the
thermodynamics of the acetylene bonding is different and
therefore in this sense PH3 is not a good model of PPh3 in
theoretical calculations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and acceptors. Thus, the electronic contribution to a TM–
P bond stems from two factors: a σ-donation from the
phosphorus lone-pair orbital to empty metal orbitals, and
a π-back-donation from occupied metal orbitals to the vir-
tual σ* P–R MOs of the PR3 ligands.[10] It is clear that
electron-withdrawing substituents change the basicity of the
PR3 ligands and consequently their ability for σ-donation.
The classification of donor/acceptor properties of PR3 li-
gands has long been of interest in both experimen-
tal[7,10b,10c,11] and theoretical studies.[2f,2h,12] Due to the
presence of a double π-system in alkyne ligands, two donor
and two acceptor interactions are possible. As a result, al-
kynes exhibit a remarkable flexibility of coordination
modes, and are able to act as two- or four-electron donors
and to occupy up to four coordination sites.[13,14]

In the present work we are interested in the structural,
electronic, and energetic properties of the bond-formation
processes shown in Scheme 1.

The chosen phosphane substituents offer a broad variety
of steric and electronic effects. While theoretical investi-
gations of the effects of phosphane substituents on direct
TM–PR3 bonds are more common,[2f,h,12] investigations of
the inductive effects on bonding of other ligands are
scarce.[2l] To the best of our knowledge, a systematic study
of the inductive effect of phosphane substituents on acety-
lene bonding in complexes c, including electron with-
drawing and sterically demanding substituents, has not
been reported so far. Furthermore, our chosen substituents
should provide insight into the question of whether the PH3
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Scheme 1.

ligand, which is frequently used in theoretical studies as a
model for bulky organophosphanes,[2,4a,15] is a good substi-
tute for the PPh3 ligand, which is more common in experi-
mental studies.

Results and Discussion

Before we discuss our results in more detail, we present
a simplified picture (Figure 1) of the well known DCD
model for the donor–acceptor interactions between the val-
ence π-MOs of acetylene (a) and the metal fragments
Ni(PR3)2 (b).

Figure 1. Simplified representation of the DCD model for synergic
donor–acceptor interactions between valence MOs of acetylene
and Ni(PR3)2.

Since the nickel 3d levels are fully occupied in complexes
b, the donation of electron density from acetylene in-plane
(π�) and out-of-plane (π�) MOs can take place to the empty
nickel levels with predominant 4s and 4p character (Fig-
ure 1 top). In these L � TM donation interactions the oc-
cupied nickel 3d levels can participate due to second-order
mixing only, i.e., due to three-orbital two-electron interac-
tions.[16] In complexes c two occupied Ni 3d levels may be
involved in backbonding interactions with the empty π�*
and π�* MOs of acetylene (Figure 1 bottom). From pre-
vious investigations it is well known that the contributions
from the out-of-plane L � TM π-donation and M �L δ-
back-donation are by far less important than those from
the in-plane σ-donation and π-back-donation interac-
tions.[2]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 213–221214

Contrary to homoleptic acetylene–nickel com-
pounds,[13d–13f] complexes c prefer a planar molecular struc-
ture over a twisted one (Scheme 2).[6,8] In structure c the
acetylene, nickel, and phosphorus atoms are placed in the
same plane while in the twisted structure c� the acetylene is
rotated by 90° around the C2 axis. Previous calculations on
the model complex 1c have shown that backbonding inter-
actions from the nickel 3dπ orbital to the acetylene in-plane
π�* MO account for the stability and preferred molecular
geometry of this class of compounds.[2a–2e,2i,2k] In the
planar geometry c the acetylene–nickel in-plane π-back-
bonding interaction is enforced by electron density do-
nation from a phosphorus lone-pair out-of-phase combina-
tion, which in the twisted geometry c� is not possible
(Scheme 2).

Scheme 2.

In order to find out the preferred arrangements of the
phosphane ligands in the planar molecular structure of the
acetylene complexes 1c–5c and their molecular fragments
1b–5b we first investigated the rotation of the PR3 ligands
around the Ni–P bond. For 1b–4b and 1c–4c we considered
one Cs-symmetric and two C2v-symmetric rotamers
(Scheme 3). Complexes 5b and 5c were optimized in Cs and
C1 symmetry. For the sake of clarity the lowest energy
structures of 5b and 5c are shown in Figure 2; the relative
energies of the optimized conformers are presented in
Table 1 and selected optimized parameters of the lowest en-
ergy structures are collected in Table 2. The energetics for
the bond formation between acetylene (a) and Ni(PR3)2 (b)
are summarized in Table 3 and the results of NBO popula-
tion analyses in Tables 4 and 5.

From Table 1 it is evident that the different rotamers of
1b–4b and 1c–4c are energetically almost equivalent and the
lowest energy structures adopt C2v symmetry. For 1b–4b,
1c, and 3c the energy differences are below 0.3 kcalmol–1

and for 2c and 4c they are only slightly larger [0.7 kcalmol–1

(2c), 0.9 kcalmol–1 (4c)]. Due to the steric requirements of
the PPh3 ligands, 5b and 5c prefer nonsymmetric over Cs-
symmetric structures, which are less stable by 9.5 and
2.2 kcalmol–1, respectively (Table 1).

From Table 1 it is also evident that the lowest energy rot-
amers of the complexes 2c–5c and the metal fragments 2b–
5b are characterized by the same conformation of the phos-
phane ligands. Although the preferred conformation of the
phosphane ligands in the metal fragment 1b-2 differs from
that in the complex 1c-1, the energy difference between 1b-1
and 1b-2 (0.1 kcalmol–1) is not relevant for our discussion.

The experimental molecular structures of 1c–4c are not
known and only that of 5c has been determined by X-ray
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Scheme 3.

Figure 2. Optimized unsymmetrical molecular structures of 5b and 5c.

Table 2. Selected optimized parameters of the most stable rotamers of the metal fragments Ni(PR3)2 (b), the acetylene complexes
C2H2Ni(PR3)2 (c), and acetylene (a) in comparison with experimental data, where available.

R Structure Ni–P [Å] Ni–C [Å] C�C [Å] P–Ni–P (β) [°] H–C–C (α) [°]

H 1b-2 2.084 148.4
1c-1 2.145 1.903 1.278 107.8 148.4

CH3 2b-1 2.113 167.2
2c-1 2.161 1.879 1.286 114.8 145.2

F 3b-2 2.054 131.2
3c-2 2.094 1.914 1.269 108.1 152.5

CF3 4b-1 2.080 144.7
4c-1 2.130 1.931 1.266 121.1 152.2

C6H5 5b-4 2.132 179.9
5c-4 2.185/2.189 1.902/1.911 1.279 115.6 148.5/149.2
5c-4(exp)[a] 2.153/2.166 1.873/1.882 1.239 148.0
C2H2 1.207 180.0
C2H2(exp) 1.203 180.0

[a] X-ray data from ref.[6]
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Table 1. Relative energies [kcalmol–1] of the BP86/TZV(2df,2pd)-
optimized rotamers of the metal fragments Ni(PR3)2 (b) and the
acetylene complexes C2H2Ni(PR3)2 (c).

R = H R = CH3 R = F R = CF3 R = C6H5

Symm. n 1b-n 1c-n 2b-n 2c-n 3b-n 3c-n 4b-n 4c-n 5b-n 5c-n

C2v 1 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.0
C2v 2 0.0 0.2 0.0[a] 0.7 0.0 0.0 0.0[a] 0.9
Cs 3 0.3 0.2 0.3 0.1 0.1 0.0[a] 0.0[a] 0.2 9.5 2.2
C1 4 0.0 0.0

[a] Relative energies ∆E � 0.02 kcalmol–1.
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Table 3. Calculated energies [kcalmol–1] for the reaction of acety-
lene (a) with Ni(PR3)2 (b) to give the complexes c, together with
counterpoise corrected ∆E3

CP and ∆ECP values.[a]

R Compl. ∆E1 ∆E2 ∆E3 ∆E ∆E3
CP ∆ECP

H 1c-1 +18.4 +13.1 –78.6 –47.1 –71.1 –39.6
CH3 2c-1 +22.1 +16.8 –84.0 –45.1 –77.9 –39.0
CH3

[b] 2c-1 +22.5 +15.7 –126.3 –88.1 –108.8 –70.6
F 3c-2 +14.6 +7.6 –70.2 –48.0 –64.6 –42.4
CF3 4c-1 +14.1 +8.3 –62.6 –40.2 –58.9 –36.5
C6H5 5c-4 +18.1 +16.9 –71.0 –36.0 –67.9 –32.9

[a] See Experimental Section for definition of the particular energy
components. [b] Results obtained with the SV(d) basis set.

Table 4. Calculated occupancies of acetylene π, phosphorus lone-
pair [Lp.(P)] and σ*(P–R) NBOs in complexes 1c–5c.

C2H2 PR3

R Compl. π� π� π�* π�* Lp.(P) σ*(P–R)

H 1c-1 1.838 1.965 0.509 0.032 1.694 0.244
CH3 2c-1 1.840 1.967 0.587 0.037 1.576 0.322
F 3c-2 1.836 1.956 0.456 0.024 1.505 0.653
CF3 4c-1 1.826 1.957 0.418 0.026 1.617 0.682
C6H5 5c-4 1.842 1.963 0.520 0.039 1.581 0.380

crystallography.[6] Although the optimized bond lengths of
5c-4 are slightly longer than the experimental values
(Table 2) the differences are not large (0.03–0.04 Å), and the
most important geometrical features are well reproduced by
the calculations. Taking into account that the theoretical
data refer to the gas phase and are not subject to crystal-
packing forces, such small deviations are understandable
and are not considered relevant. Furthermore, it is well
known that the BP86 functional usually slightly overesti-
mates the bond lengths. The optimized bond lengths and
angles of 1c-1 and 2c-1 are in good agreement with results
obtained at different levels of theory in previous calcula-
tions.[2e,2i,2l]

The Ni–P bonds of 3c-2 (2.094 Å) and 4c-1 (2.130 Å) are
shorter than those of 1c-1 (2.145 Å), 2c-1 (2.161 Å), and 5c-
4 (2.185/2.189 Å). An opposite effect is observed for the
nickel–acetylene bonds, where for complexes with electron-
withdrawing substituents in the phosphane ligands the Ni–
C bonds are longer [1.914 (3c-2) and 1.931 Å (4c-1)] than
in the other investigated compounds (1.897–1.903 Å). The
shortening of the Ni–P bonds as well as the lengthening of
the Ni–C bonds of 3c-2 and 4c-1 vs. 1c-1, 2c-1, and 5c-4
can be well understood in the framework of the DCD
model. The calculated occupancy of the σ*(P–R) NBOs of

Table 5. Change of NBO occupancies in 1c–5c relative to those of acetylene (d) and the corresponding molecular fragments 1e–5e.[a]

R Compl. π� π� π�* π�* 3s+3dσ
[b] 3dπ

[b] 3dδ
[b] Lp σ*(P–R)

H 1c-1 –0.16 –0.04 +0.51 +0.03 +0.14 –0.33 +0.01 –0.16 –0.04
CH3 2c-1 –0.16 –0.03 +0.58 +0.04 +0.09 –0.34 +0.01 –0.12 –0.04
F 3c-2 –0.16 –0.04 +0.46 +0.02 +0.16 –0.27 +0.02 –0.14 –0.06
CF3 4c-1 –0.17 –0.04 +0.42 +0.03 +0.12 –0.24 +0.02 –0.10 –0.02
C6H5 5c-4 –0.16 –0.04 +0.52 +0.04 +0.09 –0.30 +0.02 –0.06 –0.03

[a] Positive sign means an increase of NBO population due to complexation. [b] For the placement of the acetylene, nickel, and phosphorus
atoms in the yz-plane, dσ, dπ, and dδ mean the dz2 dyz, and dxy NBOs, respectively.
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3c-2 (0.653) and 4c-1 (0.682) is significantly higher than in
the remaining compounds (0.244–0.380; Table 4). Thus,
with respect to 1c-1, 2c-1, and 5c-4, the Ni–σ*(P–R) back-
bonding interactions of 3c-2 and 4c-1 are stronger. It is
clear that an enhancement of Ni–σ*(P–R) backbonding
shortens the Ni–P bonds and diminishes the competitive
Ni–acetylene backbonding, which, in turn, leads to longer
Ni–C bonds. Indeed, the occupancy of acetylene π* NBOs
of 3c-2 and 4c-1 is significantly lower than that of 1c-1, 2c-
1, and 5c-4 (Table 4).

Our results are consistent with the experimental observa-
tion that π-acceptor phosphanes normally exhibit shorter
TM–P bonds.[17] Furthermore, Table 2 shows that substitu-
tion of PH3 by P(CH3)3 and PPh3 results in an elongation
of the Ni–P bonds. It is interesting to note that similar
properties have been observed in theoretical studies of
[Fe(CO)4PR3] compounds.[2f]

The coordination of acetylene (a) with Ni(PR3)2 (b) re-
sults in molecular deformations, which are obviously endo-
thermic processes (Scheme 4, Table 3). Independent of the
phosphane ligands, the deformation of acetylene (∆E1) re-
quires more energy than that of the metal fragments
Ni(PR3)2 (∆E2) (Table 3).

In complexes c acetylene is no longer linear and adopts
a cis bent structure d with a significantly elongated C�C
bond (Table 2). The reasons for the deviation from linearity
of coordinated alkynes are similar to those for the pyrami-
dalization of complexed alkenes and have been discussed in
detail in the literature.[14a,14b,18] Since, according to NBO
population analyses, the electron-density distributions in
acetylene with a deformed geometry d are the same as for
the equilibrium geometry a, one can ask whether the defor-
mation energy, ∆E1, as well as the geometrical changes of
the HC�C bond angle, ∆α, and the C�C bond length,
∆RC�C, are influenced by the chemical nature of the phos-
phane ligands. In Figure 3 we present the deformation ener-
gies, ∆E1, as a function of ∆α and ∆RC�C. From this figure
it is evident that almost perfect linear correlations are
found.

The ∆E1 values increase in the order: P(CF3)3 � PF3 ��
PPh3 � PH3 �� P(CH3)3. Thus, phosphanes with electron-
withdrawing substituents cause the smallest deformation of
the acetylene ligand. Furthermore, the above ordering of
the phosphane ligands essentially agrees with the predicted
decrease of π-backbonding and an increase of σ-bonding
contributions to the Fe–PR3 bonds.[2f] It should also be
noted that the inductive effects from the PH3 and PPh3 li-
gands on acetylene deformation are very similar, as re-
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Figure 3. Deformation energy of acetylene (∆E1) as a function of
the changes in the HC�C bond angle ∆α (top) and the C�C bond
length ∆RC�C (bottom) for the transformation from the equilib-
rium geometry a to the geometries d of the [C2H2Ni(PR3)2] com-
plexes c (R = H, CH3, F, CF3, and Ph).

flected by the very close ∆E1, ∆α, and ∆RC�C values (Fig-
ure 3).

The optimized structures of the metal fragments 1b–4b
are bent, where the P–Ni–P bond angles, β, range from 131°
to 167°, while 5b prefers a linear arrangement of the P–Ni–
P unit (Table 2, Figure 2). Our bent structures of 1b–4b
agree well with those obtained in an all-electron B3LYP
study,[19] but are in disagreement with previous BP86/TZV
and B3LYP/LANL2DZ calculations, where linear arrange-
ments were found for the equilibrium geometries of 1b and
2b.[2e,2l] Nevertheless, the deformation energies, ∆E2, of 1b-
2 (+13.1 kcalmol–1) and 2b-1 (+16.8 kcalmol–1) are very
close to those reported for the linear structures (12.7 and
16.4 kcalmol–1, respectively).[2l] This suggests that the ener-
gies of 1b-2 and 2b-1 with a linear P–Ni–P unit should be
close to those of the global-minimum bent structures with
β angles of 148.4° and 167.2°, respectively (Table 2).

In Figure 4 we show the correlation between the defor-
mation energies, ∆E2, and the ∆β values for the transforma-
tion of the Ni(PR3)2 equilibrium structures b into geome-
tries e, i.e., to those that they adopt in the corresponding
complexes c (Scheme 4). Although the Ni(PPh3)2 fragment
bends more strongly upon coordination with acetylene than
the Ni[P(CH3)3]2 one, the deformation energies, ∆E2, are
the same for both molecular units. This can be attributed to
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the fact that the distortion from the equilibrium structures b
to geometries e leads not only to geometrical changes but
also to different electron-density distributions. For the same
reasons, no correlation was found between the ∆E2 values
and the changes in the Ni–P bond lengths. Similar to the
∆E1 values of acetylene, the lowest ∆E2 values are obtained
for metal fragments with electron-withdrawing substituents
(F and CF3).

Figure 4. Deformation energy, ∆E2, as a function of the change in
the P–Ni–P bond angle, ∆β, for the transformation of the Ni-
(PR3)2 (R = H, CH3, F, CF3, Ph) metal fragments from the equilib-
rium geometries b to complex geometries e.

Despite using large and flexible basis sets in our studies,
the intrinsic interaction energies, ∆E3, suffer from signifi-
cant BSSE (Table 3). The BSSE contamination differs from
one complex to the other. Thus, in the case of 3c-2 and
5c-4, for example, the counterpoise corrections increase the
difference of the bond-formation energies [∆∆E3 = ∆E3(3c-
2) – ∆E3(5c-4)] from 0.8 to 3.3 kcalmol–1, while an opposite
effect is observed for 5c-4 and 1c-1. The ∆∆E3 values of
5c-4 and 1c-1 diminish from 7.6 to 3.2 kcalmol–1 due to
counterpoise corrections. Since relative energies are impor-
tant for our discussion, in the following we will only con-
sider the counterpoise corrected interaction energies. (Note
that in theoretical investigations on TM compounds BSSE
corrections are rather rarely taken into account, and when
low-quality basis sets are used this may lead to wrong con-
clusions.) As an example, we recalculated the bond-forma-
tion process of 2c-1 by using the SV(d) basis set (Table 3).
Although the use of the SV(d) basis set does not signifi-
cantly change the distortion energies ∆E1 and ∆E2, the in-
trinsic interaction energy ∆E3 (–126.3 kcalmol–1) is largely
overestimated as compared with the TZV(2df,2pd) value
(–84.0 kcalmol–1) and the BSSE contamination increases
from 7.2% [TZV(2df,2pd)] to 13.9% [SV(d)] (Table 3).

In accord with the DCD model from Scheme 1, the
bond-formation processes between acetylene (d) and the
metal fragments Ni(PR3)2 (e) are accompanied by donor–
acceptor interactions between both molecular fragments
(Table 5).

The data from Table 5 confirm the very weak nature of
the acetylene–nickel out-of-plane π-donation and δ-back-
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donation interactions. The change in occupancy of acety-
lene π� and π�* NBOs is much smaller than that of the
π� and π�* NBOs. In complexes 1c–5c, the decrease of the
occupancy of the acetylene π� NBO is of the same magni-
tude and, consequently, the acetylene–nickel σ-donation in-
teraction cannot be responsible for the different bond
strengths. However, sufficiently large differences in NBOs’
occupancies are discernible for acetylene–nickel π-back-
bonding interactions (Table 5). The increase of the occu-
pancy of the acetylene π�* NBO as well as the decrease of
the occupancy of the relevant Ni3dπ level shows a linear
correlation with the intrinsic interaction energies, ∆E3

CP

(Figure 5). It should also be noted that analogous corre-
lations of the entire interaction energies, ∆ECP, are not
found.

The changes of bond lengths during bond-formation or
bond-breaking processes are often correlated with the bond
strengths, i. e., with the corresponding ∆E or, more rigor-
ously, ∆ECP values. From the bottom of Figure 6, it is evi-
dent that such correlations do not exist either for the newly
formed Ni–C bonds or for the elongation of the acetylene
triple bond. However, a linear relationship is found with the
intrinsic interaction energies ∆E3

CP (Figure 6, top) for
which the ordering of the PR3 ligands [P(CF3)3 � PF3 �
PPh3 � PH3 � P(CH3)3] is the same as found for acetylene
deformation energies ∆E1 (Figure 3) or acetylene–nickel in-
plane π-backbonding (Figure 5).

In agreement with the opinion of other authors,[2l] these
findings point to the conclusion that the intrinsic interac-
tion energies provide a better insight into the chemical na-
ture of the ligand–metal bonds than the usually used ∆E
(∆ECP) or De values. We are aware that the DCD model
represents a simplified picture of the acetylene bonding as
well as that the intrinsic interaction energies may be fur-
ther decomposed into contributions from Pauli repulsion
and electrostatic and orbital interaction terms. Nonethe-
less, the correlations from Figures 5 and 6 support the

Figure 5. Correlation between intrinsic interaction energies, ∆E3
CP, and changes of the occupancy of acetylene π�* NBO and the Ni3dπ

level in complexes 1c–5c relative to C2H2 (d) and the metal fragments Ni(PR3)2 (e) (R = H, CH3, F, CF3, Ph).
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DCD bonding model for the nickel compounds investi-
gated here.

The thermodynamics of bond-formation or bond-break-
ing processes depend upon the total interaction energies
(∆ECP or De). In the case of the PH3 and PPh3 ligands the
∆ECP values for acetylene bonding differ by 6.7 kcalmol–1

and therefore PH3 cannot be considered as a good model
for PPh3. It is evident from Table 3 that this difference
stems from the deformation energies, ∆E2, of the Ni(PH3)2

and Ni(PPh3)2 fragments and the corresponding intrinsic
interaction energies, ∆E3

CP. Upon going from 5c-4 to 1c-1
the deformation energy, ∆E2, decreases by 3.8 kcalmol–1,
the intrinsic interaction energy ∆E3

CP increases by
3.2 kcalmol–1, and the deformation energy of acetylene,
∆E1, changes by only –0.3 kcalmol–1 (Table 3). On the
other hand, similar ∆ECP values to those of 1c-1 and 2c-1
do not necessarily indicate a very similar chemical nature
of the acetylene bonding. 1c-1 and 2c-1 have almost the
same ∆ECP values (–39.6 and –39.0 kcalmol–1, respectively),
but their ∆E3

CP values differ by 6.8 kcalmol–1 (Table 3). Fi-
nally, it should be noticed that the influence of phosphanes
on the bonding properties of other ligands is not necessarily
the same as in cases involving cleavage or formation of
TM–P bonds. Thus, for example, the ∆ECP values calcu-
lated for the cleavage of the Fe–PH3 and Fe–P(CH3)3 bonds
differ by about 10 kcalmol–1, but with respect to PPh3 the
Fe–PH3 bond is only 0.5 kcalmol–1 stronger.[2f] Since the
computational advantage of using H instead of Ph is clear,
one can ask whether the change of the cone angle of PH3

may lead to a better model for PPh3. Unfortunately, such
changes affect the electronic structure and all energy com-
ponents. Test calculations on 1c-1 with various cone angles
of the PH3 ligands have shown that it is not possible to
predict whether and which contributions add up or cancel
out without computational knowledge about the PPh3 com-
pound. Therefore, computational model systems should
rather be avoided. In our case, calculations on the PH3 com-
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Figure 6. Correlation of the Ni–C bond lengths and the elongation of the C�C bonds with the interaction energies ∆E3
CP (top) and

∆ECP (bottom) for the complexes (C2H2)Ni(PR3)2 (c) (R = H, CH3, F, CF3, Ph).

pound 1c-1 with the cone angles of PPh3 from 5c-4 did not
improve the model character of the PH3 substitute.

Concluding Remarks

In this study we have investigated the structures and
energetics for the bond-formation processes between acety-
lene and the metal fragments Ni(PR3)2. We were interested
in the question of how the substituents R (H, CH3, F, CF3

and Ph) in the phosphane ligands influence the nickel–acet-
ylene bonding as well as whether the PPh3 ligand may be
modeled in computational studies by smaller, i. e., computa-
tionally less demanding, phosphanes. The bond-formation
processes were analyzed in terms of distortion energies of
acetylene (∆E1) and Ni(PR3)2 (∆E2), intrinsic interaction
energies (∆E3), and the DCD model. We have shown that
despite using large TZV(2df,2pd) basis sets, BSSE still con-
taminates the ∆E3 values by 5–10% and therefore should
be considered in accurate studies, especially in cases where
double-� basis sets with only a single polarization function
are used. The effects of phosphane substituents on nickel–
acetylene bonding cannot be correlated with total interac-
tion energies (∆ECP or De), although linear correlations
were found between the intrinsic interaction energies ∆E3

CP

and (i) the acetylene–nickel in-plane π-backbonding inter-
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actions, (ii) the distances of the newly formed Ni–C bonds,
and (iii) the elongation of the acetylene triple bond. In these
correlations the ∆E3

CP values change in the order P(CF3)3

� PF3 � PPh3 � PH3 � P(CH3)3. The total interaction
energies increase in the order PPh3 � P(CF3)3 � P(CH3)3

� PH3 � PF3. The effects of the phosphane ligands PPh3

and PH3 on the thermodynamics of acetylene bonding are
different and therefore PH3 cannot be regarded as a good
substitute of PPh3. The differences stem in an almost equal
footing from the deformation energies of the metal frag-
ments (∆E2) and the intrinsic interaction energies (∆E3

CP).

Experimental Section
Calculational Details: The geometry optimizations of the complexes
C2H2Ni(PR3)2 (c) and their molecular fragments C2H2 (a) and
Ni(PR3)2 (b) were carried out with the TURBOMOLE 5.6 suite of
programs.[20] As a quantum chemical method we have used density
functional theory (DFT)[21] with the gradient-corrected BP86 func-
tional[22] and the RI approximation which takes advantage of den-
sity fitting for the calculations of the Coulomb integrals.[23] All
atoms were described with an all-electron valence triple-� basis set
augmented with polarization functions: (17s11p6d1f)/[6s4p3d1f]
for Ni, (14s9p2d1f)/[5s5p2d1f] for P, (11s6p2df)/[5s3p2df] for C and
F, and (6s2pd)/[3s2pd] for H, which we denote as TZV(2df,2pd).
These basis sets, together with the corresponding auxiliary basis
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Scheme 4.

sets for the RI approximation, were taken from the TURBOMOLE
basis set library.[24] Note that the TZV(2df,2pd) basis sets used here
are of significantly higher quality than those employed in many
previous theoretical studies on TM compounds of similar size.

The nature of ligand–metal bonds is usually discussed in terms of
bond dissociation energies, De. It is obvious that the bond-forma-
tion energy of acetylene (a) with fragments Ni(PR3)2 (b) to give the
complexes c, ∆E, is equal to the negative of the dissociation energy
De, see Equation (1).

–De = ∆E = E(c) – [E(a) + E(b)] (1)

E(c), E(a), and E(b) are the total energies of the corresponding
equilibrium structures. In order to obtain deeper insight into acety-
lene–nickel bonding, the bond-formation energy, ∆E, was parti-
tioned into deformation (also called preparation) energies (∆E1 and
∆E2) and the intrinsic interaction energy (∆E3), as shown in
Scheme 4.

∆E1 and ∆E2 are the energies that are necessary to transform acety-
lene (a) and Ni(PR3)2 (b) from their equilibrium geometries into
the geometries that they adopt in the complexes c. ∆E3 represents
the intrinsic interaction energy between the two “prepared” frag-
ments d and e in the complex c. This partitioning scheme allows
us to correct the intrinsic interaction energy (∆E3) and, conse-
quently, the bond-formation energy, ∆E, for basis set superposition
error (BSSE). The BSSE was calculated according to the counter-
poise method[25] and the corrected energies are denoted as ∆E3

CP

and ∆ECP. The bond-formation processes were calculated for the
closed-shell singlet states of the complexes c and their molecular
fragments a,d and b,e. The electron-density distributions in com-
plexes c and the molecular fragments a,d and b,e were investigated
with the help of natural bond orbital (NBO) procedures.[26] Calcu-
lations of the harmonic frequencies for the equilibrium structures
were carried out with the SNF program.[27]
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Novel phosphanylcalix[6]arenes having mono-O-diphenyl-
phosphanylmethyl (3) and mono-O-(4-diphenylphosphanyl-
phenyl)methyl substituents (5) have been synthesized. The
structures of these monophosphanylcalix[6]arenes were de-
termined by NMR spectroscopy, mass spectrometry, and X-
ray crystal structure analysis. The X-ray structure reveals
that 3 adopts a flattened 1,2,3-alternate conformation in the
crystalline state, while the NMR spectra show that 3 and 5
have a cone conformation in solution. Structure optimization
and energy calculations for 3 and 5 at the B3LYP/LANL2DZ-
CONFLEX5/MMFF94s level of theory show that the cone

Introduction

Calixarenes are macrocyclic compounds having well-de-
fined cavities, and a number of synthetic procedures for
their selective functionalization have been developed.[1] In
particular, phosphanylcalixarenes,[2] namely phosphanes
bearing calixarene moieties, have received considerable at-
tention. Phosphane ligands in general play an important
role in transition-metal-catalyzed reactions, and a wide vari-
ety of phosphanes have been prepared to realize high cata-
lytic activity and selectivity.[3,4] The phosphanylcalixarenes
are attractive ligands since they integrate the strong coordi-
nation ability of phosphanes and the unique cavity of the
calixarenes to create a spatially confined environment upon
complexation with transitional metals.[2]

As far as the size of the cavity is concerned, major atten-
tion has been paid to phosphanylcalix[4]arenes[5] due to
their rigid conformations. As for the phosphanylcalix[4]ar-
enes, we have reported PtII and PdII complexes of a bis(di-
phenylphosphanyl)calix[4]arene,[6a] solid-state and solution
structures of a tetrakis(diphenylphosphanyl)calix[4]ar-

[a] Catalysis Research Center and Division of Chemistry, Graduate
School of Science Hokkaido University, CREST, Japan Science
and Technology Agency (JST),
Sapporo 001-0021, Japan
Fax: +81-11-706-9156
E-mail: tsuji@cat.hokudai.ac.jp
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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conformation is slightly more stable than the 1,2,3-alternate
conformation by 0.36 kcalmol–1 for 3 and 0.96 kcalmol–1 for
5. Complexation of 3 with [PtCl2(COD)] and [Rh(COD)2]BF4

gives cis-coordinated [PtCl2(3)2] and [Rh(COD)(3)2]BF4,
respectively. The X-ray analysis of [PtCl2(3)2] shows that 3
adopts a cone conformation upon complexation. Combina-
tion of 3 and 5 with [Rh(COD)2]BF4 provides an active cata-
lyst for the hydroformylation of a variety of terminal alkenes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ene,[6b] and an RuII complex of a tetrakis(diphenylphos-
phanylmethyl)calix[4]arene.[6c] Calix[6]arenes having larger
cavities generally display more flexible and variable confor-
mations[7] than calix[4]arenes. Therefore, the chemistry of
phosphanylcalix[6]arenes[8] is essentially unexplored owing
to their intricacy. We recently synthesized 1,3,5-triphos-
phanylcalix[6]arene, which functions as a tripodal phos-
phane ligand to afford novel, capsule-shaped IrI and RhI

complexes.[9]

In the present study, we describe the synthesis and char-
acterization of novel phosphanylcalix[6]arenes having
mono-O-diphenylphosphanylmethyl (3) and mono-O-(4-di-
phenylphosphanylphenyl)methyl substituents (5) as the first
examples of a calix[6]arene moiety bearing monodentate
phosphane ligands.[10] The monodentate phosphanes are an
important class of ligands in transition-metal-catalyzed re-
actions.[3,11] Furthermore, we have synthesized PtII and RhI

complexes of 3, and found that the RhI complexes of 3 and
5 are active catalysts in the hydroformylation of terminal
alkenes.

Results and Discussion

The monophosphanylcalix[6]arene ligands 3 and 5 were
prepared as shown in Scheme 1. According to the reported
synthetic procedure for phosphanylcalix[4]arenes[5n,12] and
triphosphanylcalix[6]arenes,[9] 3 was prepared as follows.
Reaction of 1[13] with Ph2P(O)CH2OTs[14] with NaH as a
base, in toluene at 90 °C for 2 d, gave the phosphane oxide
2 in 95% yield. Reduction of 2 was carried out with PhSiH3
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in toluene under reflux to afford 3 in 90% yield. With re-
gard to the synthesis of 5, the corresponding phosphane
oxide (4) was prepared from 1, Ph2P(O)C6H4CH2Br,[15] and
NaH in DMF at 50 °C for 20 h by modifying the reported
procedure for mono-O-benzylation of calix[6]arenes.[16] The
desired phosphane (5) was obtained in 82% yield after re-
duction of 4 with PhSiH3.

Scheme 1.

These phosphane compounds (3 and 5) were charac-
terized by means of NMR spectroscopy, mass spectrometry,
elemental analysis, and X-ray crystal structure analysis. The
31P{1H} NMR spectra (in CDCl3) of 3 and 5 at 25 °C dis-
play single resonances at δ = –16.5 and –5.6 ppm assignable
to alkyldiaryl- and triarylphosphanes, respectively. The ESI
or FD mass spectra of 3 and 5 show peaks at m/z = 1264 [M
+ Na]+ (for 3) and 1318 [M+] (for 5). The X-ray structure of
3 is shown in Figure 1. The crystallographic data are listed
in the Experimental Section and selected atom distances
and bond angles of 3 in Table 1. The X-ray structure shows
that 3 adopts a 1,2,3-alternate conformation in which three
pairs of diametrically opposite phenyl rings (A vs. D, B vs.
E, and C vs. F) orient anti to each other.[17] Four of these
aromatic rings (A, C, D, and F) almost stand up in pinched
positions whereas the other two aromatic rings (B and E)
splay outwards in flattened positions. Thus, the dihedral
angles between the aromatic rings (A–F) and the calixarene
reference plane (the average plane defined by the six bridg-
ing methylene carbon atoms; the maximum deviation is
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0.2162 Å) are 84.3(1)°, 137.2(1)°, 66.9(1)°, 73.4(1)°,
136.2(1)°, and 68.7(1)°, respectively. This structure can also
be designated as a (u,uo,u,d,do,d) conformation, as sug-
gested by Gutsche.[18] Similar 1,2,3-alternate conformations
in the crystalline state have also been reported for several
hexasubstituted calix[6]arene derivatives.[19]

Figure 1. ORTEP drawing of the molecular structure of 3 with
thermal ellipsoids at 50% probability levels. Hydrogen atoms have
been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for 3.

P(1)–C(1) 1.863(6) P(1)–C(7) 1.825(6)
O(1)–C(1) 1.420(6) O(2)–C(2) 1.431(7)
O(3)–C(3) 1.436(6) O(4)–C(4) 1.440(6)
O(5)–C(5) 1.413(7) O(6)–C(6) 1.433(7)
C(7)–P(1)–C(8) 102.2(2) P(1)–C(1)–O(1) 105.8(3)

To elucidate the structures of 3 and 5 in solution, 1H and
13C{1H} NMR spectra of 3 and 5 were measured in CDCl3
at 25 °C. All the 1H and 13C resonances were completely
assigned by means of HMBC[20] 2D NMR spectroscopy. In
solution, both compounds 3 and 5 show quite similar NMR
spectra in terms of the conformation of calix[6]arene moie-
ties. The 1H NMR spectrum of 3 exhibits axial bridging
methylene proton resonances as three doublets at δ = 4.03,
4.19, and 4.35 ppm in a 1:1:1 ratio, and the corresponding
equatorial proton resonances as three doublets at δ = 3.85,
3.70, and 3.48 ppm in a 1:1:1 ratio, with geminal couplings
(J = 14–15 Hz). Similarly, the 1H NMR spectrum of 5 dis-
plays signals of three axial bridging methylene protons at δ
= 4.04, 4.16, and 4.43 ppm and of three equatorial protons
at δ = 3.81, 3.68, and 3.51 ppm as doublets. With regard to
the bridging methylene resonances in the 1H NMR spectra,
the difference of the chemical shift (∆δ) between the axial
and the equatorial pairs is dependent on the orientation of
the two adjacent aromatic rings.[21] The ∆δ values (0.87,
0.49, and 0.18 ppm for 3 and 0.92, 0.48, and 0.23 ppm for 5)
are quite similar to the values reported for mono-O-benzyl-
substituted calix[6]arene (0.94, 0.50, and 0.21 ppm), which
was assigned a cone conformation in solution.[22] Further-
more, the tert-butyl protons appear as four singlet peaks in
a 1:1:2:2 ratio (δ = 0.92, 1.27, 1.06, and 1.30 ppm for 3 and
δ = 0.97, 1.23, 1.02, and 1.24 ppm for 5), and the methoxy
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protons as three singlet peaks in a 1:2:2 ratio (δ = 2.81,
2.50, and 3.26 ppm for 3 and δ = 2.76, 2.49, and 3.22 ppm
for 5) in the 1H NMR spectra. It is well known that a signal
arising from the bridging methylene carbon atoms (Ar-
CH2-Ar) appears at δ � 31 ppm in the 13C{1H} NMR spec-
trum when two adjacent aryl rings are in the syn orienta-
tion, and close to δ = 37 ppm for the anti orientation.[22,23]

Here, the bridging methylene carbon resonances appear at
δ = 30.38, 30.48, and 30.64 ppm for 3 and δ = 30.42, 30.76,
and 30.80 ppm for 5 in 1:1:1 ratios, with no methylene reso-
nances at δ = 36–38 ppm. The ROESY spectrum of 3 at
25 °C shows that all the equatorial protons have ROE corre-
lations with one of the aromatic protons of the calixarene
moiety; no ROE correlation was observed between the axial
protons and the aromatic protons (see Figure S2 in the Sup-
porting Information). Variable-temperature 13C{1H}NMR
spectra of 3 in the range from –50 to 25 °C showed that the
bridging methylene carbon signals (δ = 29–31 ppm) re-
mained virtually unchanged, whereas the 1H NMR spectra
showed that two pairs of bridging methylene doublets (δ
= 4.19/3.70 and 4.03/3.85 ppm) became slightly broadened,
while the remaining pair (δ = 4.35/3.48 ppm) remained as a
sharp peak on lowering the temperature to –50 °C. All these
NMR spectroscopic data clearly indicate that 3 and 5 adopt
a cone conformation[22–24] in solution.[25]

The CPMAS solid-state 13C{1H} NMR spectra of 3
(Figure 2) and 5 (as a powder, not a single crystal) show
comparable chemical shifts to the solution spectra, al-
though the resonances in the solid state are considerably
broader (∆ν1/2 = 50–180 Hz). The diagnostic bridging meth-
ylene carbon resonances appear at δ � 30.5 ppm (∆ν1/2 =
172 Hz) for 3 and δ � 31.1 ppm (for 5), rather than at δ =
36–38 ppm, thus indicating that 3 and 5 have the same cone
structure in the solid state as in solution.

The structural differences between the solution (cone),
powder (cone), and the single crystal (1,2,3-alternate) sug-
gest that the energy difference between these conformations
is very small. Thus, an MO calculation was carried out for
the 1,2,3-alternate (Figure 3a for 3; Figure 3d for 5) and the
cone conformations (Figure 3b for 3; Figure 3e for 5) as
well as a common 1,3,5-alternate[18] conformation (Fig-
ure 3c for 3; Figure 3f for 5). In each conformation, confor-
mational analysis of 3 and 5 was carried out by CON-
FLEX5[26]/MMFF94s[27] to find the lowest-energy struc-
ture. The structures were then further optimized by DFT
calculations at the B3LYP[28]/LANL2DZ[29] level. The opti-
mized structures are shown in Figure 3a–f, which reproduce
the characteristic structural features: (u,uo,u,d,do,d) for the
1,2,3-alternate (Figure 3a and d), (u,u,u,u,u,u) for the cone
(Figure 3b and e), and (u,di,u,d,ui,d)[18] for the 1,3,5-alter-
nate conformation (Figure 3c and f). The energy calcula-
tions on these optimized structures at the same level
(B3LYP/LANL2DZ) revealed that the energy difference be-
tween the 1,2,3-alternate and the cone conformations is
very small: the latter is slightly more stable than the former
but only by 0.36 (for 3) and 0.96 kcalmol–1 (for 5). How-
ever, the 1,3,5-alternate conformation is considerably less
stable (11.93 kcalmol–1 for 3 and 12.67 kcalmol–1 for 5)
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Figure 2. 13C{1H} NMR spectra of 3 at 25 °C: (a) measured in
CD2Cl2; (b) measured in the solid state (CPMAS). *ssb: spinning
side-band.

than the cone conformation. This result can explain why no
1,3,5-alternate conformations were observed for 3 and 5
and that facile conformational interconversion between the
1,2,3-alternate and the cone takes place to afford the 1,2,3-
alternate conformation in the crystal structure, possibly by
a preferential crystallization of this conformation.[30]

The 13C NMR chemical shifts of 3 were calculated by
the GIAO (Gauge-Independent Atomic Orbital)[31] method
at the HF/6-31G(d) level of theory for the optimized cone
(Figure 3b) and the 1,2,3-alternate (Figure 3a) structures.
As shown in Table 2 and Figure 4, the calculated chemical
shifts of the cone structure are in good correlation with the
values observed in CD2Cl2 (r2 = 0.996), thereby indicating
that the calculation is reliable, although the calculated val-
ues are smaller than the observed ones by 1.5–5 ppm. It is
noteworthy that among the six bridging methylene carbon
atoms of the 1,2,3-altenate structure, the calculated chemi-
cal shifts of the four carbon atoms (δ = 28.04, 28.44, 28.45,
and 28.46 ppm) of the syn orientation are definitely smaller
than those of the two carbon atoms of the anti orientation
(δ = 32.40 and 32.42 ppm). Such explicit differences would
warrant the aforementioned diagnostic bridging methylene
carbon resonances of the syn and anti orientations.
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Figure 3. Conformers and optimized structures (B3LYP/LANL2DZ–CONFLEX5/MMFF94s) of 3 [(a) 1,2,3-alternate, (b) cone, (c) 1,3,5-
alternate] and 5 [(d) 1,2,3-alternate, (e) cone, (f) 1,3,5-alternate].

Table 2. GIAO calculation of 13C NMR chemical shifts [ppm] of 3
at the HF/6-31G(d) level for the cone and the 1,2,3-alternate con-
formers.

Cone 1,2,3-Alternate
Calculated Experimental[a] Calculated

Ar–CH2–Ar 27.24 (syn) 30.81 (–3.57) 28.04 (syn), 28.44 (syn)
28.65 (syn) 30.44 (–1.79) 28.45 (syn), 28.46 (syn)
29.05 (syn) 30.53 (–1.48) 32.40 (anti), 32.42 (anti)

(CH3)3C–Ar 28.12 31.48 (–3.36)
28.23 31.38 (–3.15) 28.32, 28.33, 28.36
28.68 31.68 (–3.00) 28.46, 28.68, 28.72
28.69 31.63 (–2.94)

(CH3)3C–Ar 31.21 34.34 (–3.13)
31.28 34.34 (–3.06) 31.38, 31.40, 31.41
31.43 34.43 (–3.00) 31.43, 31.47, 31.65
31.43 34.43 (–3.00)

CH3O–Ar 55.18 60.20 (–5.02) 54.09, 54.20
55.76 60.24 (–4.48) 55.09, 55.31
55.86 60.37 (–4.51) 55.33

O–CH2–PPh2 73.18 75.02 (–1.84) 70.80

[a] In CD2Cl2 at 25 °C (Figure 2a). The figures in parentheses show
the difference between the calculated and experimental chemical
shifts.
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Figure 4. Correlation plots of the calculated vs. experimental 13C
NMR chemical shifts for the cone conformer.

Preparation of Platinum(II) and Rhodium(I) Complexes of 3

PtII and RhI complexes of 3 were prepared. Compound
3 (2 equiv.) was treated with [PtCl2(COD)] (COD = 1,5-
cyclooctadiene) to afford [PtCl2(3)2] in 78% yield [Equa-
tion (1)]. Characterization of [PtCl2(3)2] was performed by
NMR spectroscopy, mass spectrometry, elemental analysis,
and X-ray crystal structure analysis. The ESI mass spec-
trum of [PtCl2(3)2] exhibits an intense signal for [M + Na]+
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(m/z = 2770). The structure of [PtCl2(3)2] was unequivocally
confirmed by X-ray diffraction. Figure 5 shows the molecu-
lar structure of [PtCl2(3)2]. The crystal data and selected
bond lengths and angles are summarized in the Experimen-
tal Section and Table 3, respectively. In contrast to the
structure of 3 (Figure 1), the two calix[6]arene moieties in
[PtCl2(3)2] adopt a cone conformation. The platinum atom
is cis-coordinated by two phosphane groups and the P1–
Pt–P2 bond angle is 97.6(5)°, which is comparable to the
value of 98.1(3)° found in cis-[PtCl2(PMePh2)2].[32] The
Cl(1)–Pt(1)–P(1) and Cl(2)–Pt(1)–P(2) angles are 170.82
(5)° and 172.15 (6)°, respectively. Thus, the geometry of the
platinum center is approximately square-planar with a
slightly tetrahedral distortion. The Pt–P bond lengths
[2.255(1) and 2.247(2) Å] and the Pt–Cl bond lengths
[2.359(2) and 2.349(1) Å] are similar to those in cis-
[PtCl2(PMePh2)2][32] and other phosphanylcalixarene-based
PtII complexes.[33]

(1)

Figure 5. ORTEP drawing of [PtCl2(3)2] with thermal ellipsoids at
50% probability levels. Hydrogen atoms have been omitted for clar-
ity.

Table 3. Selected bond lengths [Å] and angles [°] for [PtCl2(3)2].

Pt(1)–P(1) 2.255(1) Pt(1)–P(2) 2.247(2)
Pt(1)–Cl(1) 2.350(2) Pt(1)–Cl(2) 2.359(2)
P(1)–C(1) 1.847(7) P(2)–C(2) 1.857(7)
O(1)–C(1) 1.430(8) O(7)–C(2) 1.424(7)
P(1)–Pt(1)–P(2) 97.57(5) Cl(1)–Pt(1)–Cl(2) 87.28(6)
Cl(1)–Pt(1)–P(1) 170.82(6) Cl(2)–Pt(1)–P(2) 172.15(6)
O(1)–C(1)–P(1) 108.9(3) O(7)–C(2)–P(2) 109.0(4)

In solution, the 1H NMR spectrum of [PtCl2(3)2] shows
the bridging methylene protons as five distinct doublets
with geminal couplings of 15 Hz; the other doublet is over-
lapped by the methoxy proton resonances. The tert-butyl
protons appear as four singlets in a 1:1:2:2 ratio and the
methoxy protons exhibit three distinct resonances with a
1:2:2 ratio. The 13C NMR resonances of the bridging meth-
ylene carbon atoms appear at δ = 29.84, 30.33, and
30.54 ppm in a ratio of 1:1:1. All these NMR spectroscopic
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data indicate that the calixarene moieties of [PtCl2(3)2] re-
main in the cone conformation in solution, as is also the
case in the crystalline state (Figure 5). The 31P{1H} NMR
spectrum displays a singlet peak at δ = 6.0 ppm with a 1JPt,P

coupling constant of 3611 Hz, which indicates the cis coor-
dination of the phosphane ligand.[5a,34] When the cis com-
plex was heated at 60 °C for 24 h, no cis/trans isomeriza-
tion[35] was observed.

Treatment of 3 with [Rh(COD)2]BF4 in CH2Cl2 afforded
[Rh(COD)(3)2]BF4 in 68% yield [Equation (2)]. The ESI
mass spectrum of this complex shows an intense peak at
m/z = 2694 ([M – BF4

–]+). In the 1H and 13C{1H} NMR
spectra of [Rh(COD)(3)2]BF4 (see Experimental Section),
the resonances for the bridging methylene protons and car-
bon atoms and the tert-butyl and methoxy protons indicate
that the calix[6]arene moieties also maintain the cone con-
formation in the complex. The 31P NMR spectrum of the
complex shows a resonance at δ = 20.8 ppm (1JRh,P =
141 Hz), which is consistent with a cis-planar structure as
was reported for [Rh(COD)(DPPB)]BF4 [DPPB = 1,4-
bis(diphenylphosphanyl)butane; δ =23.5 ppm (1JRh–P =
144 Hz)].[36]

(2)

Hydroformylation Experiments

It is known that (phosphanylcalix[4]arene)rhodium com-
plexes have been found to be active catalysts for the hydro-
formylation of olefins.[5c,5g,5k,5n,5o] Phosphanylcalix[6]arenes
have a larger cavity than phosphanylcalix[4]arenes; there-
fore, in order to examine the catalytic performance (cata-
lytic activity and regioselectivity) of the novel monophos-
phanylcalix[6]arene ligands 3 and 5, RhI-catalyzed hydro-
formylations of four different terminal olefins were exam-
ined [Equation (3) and Table 4]. The hydroformylation reac-
tions were carried out with a 1:1 mixture of CO/H2 (10 atm)
in the presence of [Rh(COD)2]BF4 combined with 3 or 5
(olefin/Rh/P ratio = 2000:1:4) in benzene at 70 °C. When 1-
hexene was employed as substrate, 1-heptanal (linear) and
2-methylhexanal (branched) were formed in 79% (with 3)
and 85% (with 5) total yields (Entries 1 and 2). The present
catalysts also show high activity in hydroformylation of sty-
rene to afford the branched aldehyde as the major product
(Entries 3 and 4). These regioselectivities (linear/branched
ratios) are similar to those reported with phosphanylcalix[4]-
arene ligands[5c,5g,5k,5o,5n] and conventional phosphanes.[37]

In the hydroformylation of vinyl acetate and vinyl benzoate,
the rhodium catalyst with 3 shows a better catalytic activity
than that with 5 and affords branched aldehydes exclusively
(Entries 5–8). Thus, the rhodium catalyst system combined
with 3 or 5 displays a high catalytic activity for the hydro-
formylation of various terminal alkenes.
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(3)

Table 4. RhI-catalyzed hydroformylations of terminal olefins.[a]

Entry Olefin Ligand Aldehydes [%] Linear/branched[b]

1 1-hexene 3 79 66:34
2 5 85 71:29
3 styrene 3 81 8:92
4 5 91 10:90
5 vinyl acetate 3 67 –[c]

6 5 24 –[c]

7 vinyl benzoate 3 96 –[c]

8 5 57 –[c]

[a] Olefin (1.0 mmol), [Rh(COD)2]BF4 (0.005 mmol), ligand (3 or
5) (0.02 mmol) in benzene (2 mL) at 70 °C under 10 atm CO/H2

(1:1). [b] Determined by GC. [c] No linear adduct was detected.

In conclusion, novel monophosphanylcalix[6]arene li-
gands having mono-O-diphenylphosphanylmethyl (3) and
mono-O-(4-diphenylphosphanylphenyl)methyl (5) moieties
have been prepared, and complexation of 3 with PtII and
RhI complexes has been carried out. Conformational analy-
sis of the ligands and complexes suggests that the cone is
the most stable conformer in both solution and the solid
state. However, in the crystalline state, due to a small energy
difference between the cone and 1,2,3-alternate conforma-
tions, facile interconversion between these conformations
takes place to afford the 1,2,3-alternate conformation by
preferential crystallization of this conformer.

Experimental Section
General: All reactions were performed under argon using standard
Schlenk techniques. Solvents were dried and purified before use by
usual methods.[38] [Rh(COD)2]BF4,[39] [PtCl2(COD)],[40] and
5,11,17,23,29,35-hexa-tert-butyl-38,39,40,41,42-pentamethoxycalix-
[6]aren-37-ol (1)[15] were prepared according to literature pro-
cedures. Medium-pressure column chromatography (Yamazen
YFLC-540) was performed on silica gel (Wakogel C-400HG; par-
ticle size 20–40 µm) with a UV detector (Yamazen UV-10V). Pre-
parative-scale GPC was carried out with a Japan Analytical Indus-
try LC-9104 instrument equipped with Jaigel-1H-40 and Jaigel-2H-
40. 1H (400 MHz), 13C{1H} (100 MHz), and 31P{1H} NMR
(162 MHz) spectra were recorded with a Bruker ARX 400 instru-
ment. The 1H NMR spectroscopic data are referenced relative to
residual protonated solvent (δ = 5.32 and 7.26 ppm in CD2Cl2 and
CDCl3, respectively). 13C NMR chemical shifts are reported rela-
tive to either CD2Cl2 (δ = 53.1 ppm) or CDCl3 (δ = 77.0 ppm). The
31P NMR spectroscopic data are given relative to external 85%
H3PO4. HMBC[20] 2D NMR spectra were recorded with a JEOL α-
500 or a JEOL ECX-400 instrument. CPMAS solid-state 13C{1H}
NMR (100 MHz) spectra were recorded with a JEOL CMXP400
or a JEOL ECX-400 instrument with magic-angle spinning at
8 kHz (for 3) or 5 kHz (for 5); the 13C NMR spectroscopic data
are referenced relative to hexamethylbenzene (δ = 17.4 ppm). FD
and ESI mass spectra were recorded with a JEOL JMS-SX102A
instrument at the GC-MS & NMR Laboratory of the Faculty of
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Agriculture at Hokkaido University. Elemental analysis was per-
formed at the Center for Instrumental Analysis of Hokkaido Uni-
versity. Molecular-orbital calculations were performed with the
Gaussian 03 program[41] on a HIT HPC-IA642/SS 1.3/3D-4G.

5,11,17,23,29,35-Hexa-tert-butyl-37-(diphenylphosphanylmethoxy)-
38,39,40,41,42-pentamethoxycalix[6]arene (2): Ph2P(O)CH2OTs[14]

(0.44 g, 1.1 mmol) was added to a suspension of 1[13] (1.04 g,
1.0 mmol) and NaH (24 mg, 10 mmol) in 24 mL of toluene. The
reaction mixture was heated to 90 °C and stirred at this tempera-
ture for 2 d. After cooling, the unreacted NaH was neutralized
carefully by adding aq. 3% HCl. The crude product was extracted
with chloroform and dried with MgSO4. Analytically pure product
was obtained by medium-pressure column chromatography with
ethyl acetate as an eluent, followed by recrystallization from dichlo-
romethane/ethanol (1:5). Yield: 1.20 g (95 %). M.p. 172–174 °C.
ESI-MS: m/z = 1256 [M]+. 1H NMR (CDCl3): δ = 0.83 (s, 9 H),
0.98 (s, 18 H), 1.26 (s, 9 H), 1.29 (s, 18 H), 2.23 (s, 6 H, OCH3),
2.70 (s, 3 H, OCH3), 3.32 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 3.37
(s, 6 H, OCH3), 3.62 (d, 2JH,H = 14 Hz, 2 H, ArCH2Ar), 3.76 (d,
2JH,H = 14 Hz, 2 H, ArCH2Ar), 4.12 (d, 2JH,H = 14 Hz, 2 H, Ar-
CH2Ar), 4.16 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.25 (d, 2JH,H =
14 Hz, 2 H, ArCH2Ar), 4.74 [d, 2JP,H = 7 Hz, 2 H, OCH2P(O)Ph2],
6.68 (s, 2 H), 6.77 (s, 2 H), 6.86 (s, 2 H), 7.13 (s, 2 H), 7.15 (s, 4
H), 7.45–7.58 (m, 6 H), 8.03–8.10 (m, 4 H) ppm. 13C{1H} NMR
(CDCl3): δ = 29.90, 30.14, 30.19, 31.05, 31.25, 31.48, 31.52, 33.97,
34.00, 34.13, 59.73, 59.86, 60.00, 71.20 [d, 1JP,C = 96 Hz,
OCH2P(O)Ph2], 124.23, 124.47, 124.87, 126.78, 127.15, 127.43,
128.70 (d, 2JP,C = 11 Hz), 130.84 (d, 1JP,C = 110 Hz), 131.70 (d,
2JP,C = 9 Hz), 132.30, 132.86, 133.20, 133.24, 133.52, 133.58,
145.60, 145.64, 146.56, 151.95 (d, 3JP,C = 13 Hz), 153.34, 154.14,
1 5 4 . 3 2 p p m . 3 1 P { 1 H } N M R ( C D C l 3 ) : δ = 2 7 . 9 p p m .
C84H105O7P·H2O (1275.7): calcd. C 79.08, H 8.45; found C 79.44,
H 8.40.

5,11,17,23,29,35-Hexa-tert-butyl-37-(diphenylphosphanylmethoxy)-
38,39,40,41,42-pentamethoxycalix[6]arene (3): PhSiH3 (2.78 g,
25.8 mmol) was added to a solution of 2 (1.08 g, 0.86 mmol) in
20 mL of toluene. The reaction mixture was refluxed for 2 d and
then cooled down. After evaporation of the volatiles, an analyti-
cally pure product was obtained by recrystallization from dichloro-
methane/ethanol (1:5). Yield: 0.96 g (90%). M.p. 117–119 °C. ESI-
MS: m/z = 1264 [M + Na]+. 1H NMR (CDCl3): δ = 0.92 (s, 9 H),
1.06 (s, 18 H), 1.27 (s, 9 H), 1.30 (s, 18 H), 2.50 (s, 6 H, OCH3),
2.81 (s, 3 H, OCH3), 3.26 (s, 6 H, OCH3), 3.48 (d, 2JH,H = 15 Hz,
2 H, ArCH2Ar), 3.70 (d, 2JH,H = 14 Hz, 2 H, ArCH2Ar), 3.85 (d,
2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.03 (d, 2JH,H = 15 Hz, 2 H, Ar-
CH2Ar), 4.19 (d, 2JH,H = 14 Hz, 2 H, ArCH2Ar), 4.35 (d, 2JH,H =
15 Hz, 2 H, ArCH2Ar), 4.74 (d, 2JP,H = 4 Hz, 2 H, OCH2PPh2),
6.78 (s, 2 H), 6.87 (s, 2 H), 6.93 (s, 2 H), 7.11 (s, 2 H), 7.15 (s, 2
H), 7.24 (s, 2 H), 7.34–7.38 (m, 6 H), 7.60–7.63 (m, 4 H) ppm.
13C{1H} NMR (CDCl3): δ = 30.38, 30.48, 30.64, 31.15, 31.30,
31.49, 31.53, 33.99, 34.04, 34.15, 59.88, 59.92, 60.00, 74.74 (d, 1JP,C

= 9 Hz, OCH2PPh2), 124.20, 124.82, 125.11, 126.62, 126.78,
127.42, 128.50 (d, 2JP,C = 6.3 Hz), 128.83, 133.18, 133.30, 133.42,
133.45, 133.62, 136.37 (d, 1JP,C = 11 Hz), 145.57, 145.90, 153.25 (d,
3JP,C = 5 Hz), 153.56, 154.20, 154.38 ppm. 13C{1H} NMR (CDCl3):
δ = 30.38, 30.48, 30.64, 31.15, 31.30, 31.49, 31.53, 33.99, 34.04,
34.15, 59.88, 59.92, 60.00, 74.74 (d, 1JP,C = 9 Hz, OCH2PPh2),
124.20, 124.82, 125.11, 126.62, 126.78, 127.42, 128.50 (d, 2JP,C =
6.3 Hz), 128.83, 133.18, 133.30, 133.42, 133.45, 133.62, 136.37 (d,
1JP,C = 11.4 Hz), 145.57, 145.90, 153.25 (d, 3JP,C = 5 Hz), 153.56,
154.20, 154.38 ppm. 13C{1H} NMR (CD2Cl2): δ = 30.44, 30.53,
30.81, 31.38, 31.48, 31.63, 31.68, 34.34, 34.43, 60.20, 60.24, 60.37,
75.02 (d, 1JP,C = 9 Hz, OCH2PPh2), 124.60, 125.09, 125.41, 127.19,
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127.40, 127.89, 128.90 (d, 2JP,C = 6 Hz), 129.30, 133.57, 133.69,
133.88, 133.99, 136.83 (d, 1JP,C = 11 Hz), 146.06, 146.37, 153.50 (d,
3JP,C = 5 Hz), 153.85, 154.54, 154.70 ppm. 31P{1H} NMR (CDCl3):
δ = –16.5 ppm. C84H105O6P·CH2Cl2 (1326.6): calcd. C 76.95, H
8.13; found C 76.91, H 8.14.

5,11,17,23,29,35-Hexa-tert-butyl-37-{(4-diphenylphosphanylphenyl)-
methoxy}-38,39,40,41,42-pentamethoxycalix[6]arene (4): Ph2P(O)
C6H4CH2Br[15] (0.782 g, 1.17 mmol) was added to a suspension of
1 (1.00 g, 0.95 mmol) and NaH (46 mg, 1.90 mmol) in DMF
(25 mL). The reaction mixture was heated to 50 °C and stirred for
20 h. After cooling to room temperature, the unreacted NaH was
slowly quenched with MeOH and H2O. The crude product was
extracted with Et2O/toluene (3:1) and dried with MgSO4. After fil-
tration, the solvent was removed in vacuo and analytically pure
product was obtained as a light-yellow solid by preparative GPC
using chloroform as an eluent. Yield: 1.19 g (94%). FD-MS: m/z =
1334 [M]+. 1H NMR (CDCl3): δ = 0.97 (s, 9 H), 1.01 (s, 18 H),
1.23 (s, 27 H), 2.50 (s, 6 H, OCH3), 2.76 (s, 3 H, OCH3), 3.21 (s, 6
H, OCH3), 3.51 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 3.66 (d, 2JH,H

= 15 Hz, 2 H, ArCH2Ar), 3.79 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar),
4.05 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.16 (d, 2JH,H = 15 Hz, 2
H, ArCH2Ar), 4.41 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.90 (s, 2
H), 6.82 (d, 4JH,H = 2 Hz, 2 H), 6.88 (s, 2 H), 6.89 (d, 4JH,H =
2 Hz, 2 H), 7.08 (d, 4JH,H = 3 Hz, 2 H), 7.11 (s, 2 H), 7.19 (d, 4JH,H

= 3 Hz, 2 H), 7.44–7.72 (m, 14 H) ppm. 13C{1H}NMR (CDCl3): δ
= 30.38, 30.79, 31.36, 31.43, 31.62, 31.70, 34.18, 34.22, 34.26, 59.95,
60.06, 60.11, 73.55, 124.84, 125.06, 125.31, 126.83, 127.07, 127.27,
127.37 (d, 2JP,C = 12 Hz), 128.63 (d, 2JP,C = 12 Hz), 131.27, 132.03,
132.22 (d, 3JP,C = 10 Hz), 132.45 (d, 3JP,C = 11 Hz), 133.11, 133.33,
133.52, 133.63, 133.69, 133.89, 142.17, 142.19, 145.76, 145.87,
146.34, 151.78, 153.68, 154.30, 154.38 ppm. 31P{1H}NMR
(CDCl3): δ = 29.6 ppm. C90H109O7P·CHCl3 (1453.2): calcd. C
75.21, H 7.63; found C 75.12, H 7.77.

5,11,17,23,29,35-Hexa-tert-butyl-37-{(4-diphenylphosphanylphenyl)-
methoxy}-38,39,40,41,42-pentamethoxycalix[6]arene (5): A suspen-
sion of 4 (800 mg, 0.60 mmol) in toluene (12 mL) was refluxed in
the presence of PhSiH3 (2.2 mL, 18.0 mmol) for 2 d. The solvent
was then removed under reduced pressure and the residue dissolved
in CH2Cl2 (2 mL). Reprecipitation with MeOH afforded the prod-
uct as a white solid. Analytically pure product was obtained by
recrystallization from dichloromethane/MeOH (2:5). Yield: 646 mg
(82%). FD-MS: m/z = 1318 [M]+. 1H NMR (CDCl3): δ = 0.97 (s,
9 H), 1.02 (s, 18 H), 1.23 (s, 9 H), 1.24 (s, 18 H), 2.49 (s, 6 H,
OCH3), 2.76 (s, 3 H, OCH3), 3.22 (s, 6 H, OCH3), 3.51 (d, 2JH,H

= 15 Hz, 2 H, ArCH2Ar), 3.68 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar),
3.81 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.04 (d, 2JH,H = 15 Hz, 2
H, ArCH2Ar), 4.16 (d, 2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.43 (d,
2JH,H = 15 Hz, 2 H, ArCH2Ar), 4.86 (s, 2 H, CH2), 6.82 (d, 4JH,H

= 2 Hz, 2 H), 6.87 (s, 2 H), 6.90 (d, 2JH,H = 2 Hz, 2 H), 7.08 (d,
2JH,H = 2 Hz, 2 H), 7.11 (s, 2 H), 7.22 (d, 2JH,H = 2 Hz, 2 H), 7.30–
7.34 (m, 12 H), 7.49–7.52 (m, 2 H) ppm. 13C NMR (CDCl3): δ =
30.42, 30.76, 30.80, 31.32, 31.39, 31.59, 34.15, 34.16, 34.24, 59.91,
60.01, 60.09, 73.94, 124.66, 125.02, 125.23, 126.86, 127.01, 127.38,
127.81 (d, 2JP,C = 8 Hz), 128.59 (d, 2JP,C = 7 Hz), 128.78, 130.19,
133.32, 133.44, 133.67, 133.72, 133.90, 133.93, 134.13, 145.71,
145.79, 146.10, 151.95, 153.64, 154.30, 154.39 ppm. 31P NMR
(CDCl3): δ = –5.62 ppm. C90H109O6P·CH3OH (1349.8): calcd. C
80.97, H 8.44; found C 80.63, H 8.32.

[PtCl2(3)2]: A solution of ligand 3 (200 mg, 0.16 mmol) in CH2Cl2
(10 mL) was added to a solution of [PtCl2(COD)] (29.9 mg,
0.08 mmol) in 6 mL of CH2Cl2 over a period of 15 min. The solu-
tion was stirred at room temperature for 2 h. The resulting solution
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was then concentrated to about 0.5 mL under vacuum and the
product was precipitated with ethanol (3 mL). The solid obtained
was filtered and washed with ethanol to afford a pure product.
Yield: 172 mg (78%). ESI-MS: m/z = 2770 [M + Na]+. 1H NMR
(CDCl3): δ = 0.76 (s, 18 H), 0.88 (s, 36 H), 1.31 (s, 18 H), 1.32 (s,
36 H), 2.03 (s, 12 H, OCH3), 2.43 (s, 6 H, OCH3), 3.05 (d, 2JH,H =
15 Hz, 4 H, ArCH2Ar), 3.47–3.57 (m, 16 H, OCH3 overlapped with
ArCH2Ar), 3.66 (d, 2JH,H = 15 Hz, 4 H, ArCH2Ar), 3.72 (d, 2JH,H

= 15 Hz, 4 H, ArCH2Ar), 4.23 (d, 2JH,H = 15 Hz, 4 H, ArCH2Ar),
4.30 (d, 2JH , H = 15 Hz, 4 H, ArCH2Ar), 5.07 (br. s, 4 H,
OCH2PPh2), 6.51 (br. s, 4 H), 6.69 (br. s, 4 H), 6.74 (br. s, 4 H),
7.06 (br. s, 4 H), 7.10–7.23 (m, 16 H), 7.27–7.37 (m, 4 H), 7.78–
7.90 (m, 8 H) ppm. 13C{1H} NMR (CDCl3): δ = 29.84, 30.33,
30.54, 31.40, 31.60, 31.98, 34.33, 34.38, 34.57, 59.82, 60.34, 77.27,
77.59, 124.24, 124.63, 125.40, 126.53, 127.49, 127.66, 128.22,
128.76, 131.90, 133.14, 133.44, 133.55, 133.93, 134.05, 135.06,
135.15, 136.37 145.87, 146.01, 146.91, 153.47, 154.70 ppm. 31P{1H}
N M R ( C D C l 3 ) : δ = 6 . 0 ( 1 J P t , P = 3 6 1 1 H z ) p p m .
C168H210Cl2O12P2Pt·CH2Cl2 (2834.3): calcd. C 71.62, H 7.54;
found C 71.45, H 7.57.

[Rh(COD)(3)2]BF4: A solution of ligand 3 (100 mg, 0.08 mmol) in
CH2Cl2 (12 mL) was added to a solution of [Rh(COD)2]BF4

(17.2 mg, 0.04 mmol) in 6 mL of THF over a period of 15 min. The
solution was stirred at room temperature for 3 h. Removal of the
solvent gave a crude product as yellow solid, which was purified by
reprecipitation from CH2Cl2 solution with hexane. Yield: 72.4 mg
(68%). ESI-MS: m/z = 2694 [M – BF4

–]+. 1H NMR (CDCl3): δ =
0.76 (s, 18 H), 0.91 (s, 36 H), 1.30 (s, 18 H), 1.34 (s, 36 H), 2.09 (s,
12 H, OCH3), 2.24–2.41 (m, 8 H), 2.46 (s, 6 H, OCH3), 2.58 (br.,
4 H), 2.66 (d, J = 15 Hz, 4 H, ArCH2Ar), 3.51 (s, 12 H, OCH3),
3.61 (d, J = 14 Hz, 4 H, ArCH2Ar), 3.66 (d, 2JH,H = 15 Hz, 4 H,
ArCH2Ar), 4.23 (d, 2JH,H = 15 Hz, 4 H, ArCH2Ar), 4.30 (d, 2JH,H

= 15 Hz, 4 H, ArCH2Ar), 4.54 (br., 4 H, OCH2PPh2), 5.10 (br., 4
H), 6.46 (br., 4 H), 6.72 (br., 4 H), 6.78 (br., 4 H), 6.99 (br., 4 H),
7.16 (br., 4 H), 7.19 (br., 4 H), 7.34–7.47 (m, 12 H), 7.86–7.98 (m,
8 H) ppm. 13C{1H} NMR (CDCl3): δ = 30.04, 30.27, 30.45, 31.16,
31.42, 31.62, 31.96, 32.00, 34.32, 34.40, 34.61, 60.01, 60.39, 77.62,
99.10, 124.40, 124.84, 127.60, 127.92, 128.56, 129.60, 132.02,
132.78, 132.92, 133.53, 133.88, 133.97, 134.93, 146.09, 146.78,
152.45, 153.47, 154.60 ppm. 31P{1H} NMR (CDCl3): δ = 20.8 (d,
1JRh,P = 141 Hz) ppm. C176H222BF4O12P2Rh·CH2Cl2 (2866.2):
calcd. C 74.17, H 7.88; found C 74.27, H 7.91.

Hydroformylation: In a typical experiment, [Rh(COD)2]BF4 (2 mg,
0.005 mmol) and 3 (25 mg, 0.02 mmol) were introduced into a 50-
mL stainless-steel autoclave (Toyo koatsu) under argon. Benzene
(2 mL), decane (71 mg, 0.5 mmol, as an internal standard), and 1-
hexene (84 mg, 1 mmol) were then added and the resulting solution
was stirred under argon for 1 h. The autoclave was then pressurized
to 10 atm with H2/CO (1:1) and the reaction mixture was stirred at
70 °C for 16 h. The products were analyzed by GC and GC-MS
and the structures were confirmed by spectral comparison with au-
thentic aldehydes. The GC yields were determined by the internal
standard method.

X-ray Crystallography: Details of the crystal data and a summary
of intensity data collection parameters for 3 and [PtCl2(3)2] are
given in Table 5. Single crystals of 3 and [PtCl2(3)2] were grown by
slow diffusion of ethanol into a toluene solution of 3 and diffusion
of methanol into a toluene solution of [PtCl2(3)2]. Data were col-
lected with a Rigaku Saturn CCD diffractometer area detector with
graphite-monochromated Mo-Kα radiation (λ = 0.7107 Å) to a
maximum 2θ value of 55.0°. The structures were solved by direct
methods using the program SIR2002[42] and expanded using Fou-



Monophosphanylcalix[6]arene Ligands FULL PAPER
Table 5. Crystal and structure refinement data for 3 and [PtCl2(3)2].

Param 3 [PtCl2(3)2]

Empirical formula C84H105O6P·C7H8·0.5C2H6O C168H210Cl2O12P2Pt·4C7H8

Formula mass 1356.90 3182.09
Temperature [°C] –160(1) –160(1)
Wavelength [Å] 0.71070 0.71070
Crystal system triclinic triclinic
Space group P1̄(#2) P1̄(#2)
a [Å] 11.557(2) 21.50(7)
b [Å] 12.946(6) 24.63(10)
c [Å] 28.47(3) 18.83(7)
α [°] 81.4(1) 100.61(8)
β [°] 79.01(12) 106.98(5)
γ [°] 84.89(10) 97.96(7)
V [Å3] 4126.7(46) 9174.8(60)
Z 2 2
Dcalcd. [g cm–3] 1.092 1.152
µ [cm–1] 0.85 8.66
Crystal size [mm] 0.30×0.10×0.06 0.30×0.20×0.16
No. of reflections measured 33429 90674
No. of unique reflections, Rint 16706, 0.045 90564, 0.085
R1

[a] 0.099[b] 0.098[c]

wR2 0.107[d] 0.223[e]

GOF 1.145 1.164

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] I � 2.3σ(I). [c] I � 2.0σ(I). [d] wR2 [I � 2.3σ(I)] = [Σw(|Fo| – |Fc|)2/ΣwFo
2]1/2, w = [0.0010Fo

2 + 3.0000σ(Fo
2)

+ 0.5000]–1. [e] wR2 (all data) = [Σ{w(Fo
2 –Fc

2)2}/Σw(Fo
2)2]1/2, w = [σ2(Fo

2) + (0.0713P)2 + 43.3300P]–1 where P = [Max(Fo
2,0) + 2Fc

2]/3.

rier techniques.[43] For 3, non-hydrogen atoms except some of the
solvent molecules were refined anisotropically. Hydrogen atoms
were included in fixed positions. The final cycle of full-matrix least-
squares refinement on F was based on 8953 observed reflections [I
� 2.3σ(I)] and 881 variable parameters. A Sheldrick weighting
scheme was used. For [PtCl2(3)2], non-hydrogen atoms except some
tert-butyl carbon atoms and solvent molecules were refined aniso-
tropically. Some tert-butyl carbon atoms were disordered over mul-
tiple positions, which were refined isotropically at fixed positions
with appropriate occupation factors without hydrogen atoms. Hy-
drogen atoms were refined using the riding model. The final cycle
of full-matrix least-squares refinement on F2 was based on 41459
observed reflections (using all data) and 1785 variable parameters.
Neutral-atom scattering factors were taken from Cromer and
Waber.[44] Anomalous dispersion effects were included in Fc.[45] All
calculations were performed with the CrystalStructure[46] crystallo-
graphic software package except for the refinement of [PtCl2(3)2],
which was performed with SHELXH-97.[47] CCDC-278415 (3)
and -278416 [PtCl2(3)2] contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray structure of 2 and ROESY spectrum of 3.
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The homo- and heterobimetallic complexes [Cp*Ru(µ-Cl)3-
ML] [LM = (C6H6)Ru, (cymene)Ru, (1,3,5-C6H3iPr3)Ru,
Cp*Rh, Cp*Ir] were prepared by reaction of [Cp*Ru(µ-
OMe)]2 with Me3SiCl and subsequent addition of [LMCl2]2.
The complexes [Cp*Ru(µ-Cl)3Ru(cymene)] and [Cp*Ru(µ-Cl)3-
IrCp*] were characterized by single-crystal X-ray analyses.
In crossover experiments with [Cp*Rh(µ-Cl)3RuCl(PPh3)2]
and [Cp*Ru(µ-Cl)3Ru(1,3,5-C6H3iPr3)] in CD2Cl2, a dynamic

Introduction

Bimetallic complexes, in which two different metal frag-
ments are connected by either two or three halogeno brid-
ges, have been employed as catalyst precursors for ring-
opening and ring-closing metathesis reactions,[1] for the Op-
penauer-type oxidation of alcohols,[2] and for atom-transfer
radical reactions.[3] The heterobimetallic RhI–RuII complex
1, for example, can be used as an efficient catalyst for the
oxidation of secondary alcohols under mild conditions,[2a]

whereas the RhIII–RuII complex 2[3c] and the RuII–RuII

complex 3[3a] are among the most active catalysts available
for the atom-transfer radical addition of CCl4 and CHCl3
to olefins.

The synthesis of mixed, halogeno-bridged complexes can
be accomplished by several synthetic routes.[4] Mixed com-
plexes with two halogeno bridges are most conveniently ob-
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equilibrium with the complexes [Cp*Rh(µ-Cl)3RuCp*] and
[(1,3,5-C6H3iPr3)Ru(µ-Cl)3RuCl(PPh3)2] was rapidly estab-
lished, demonstrating the kinetic lability of the triple chloro
bridge. Upon reaction of [Cp*Rh(µ-Cl)3RuCp*] with ben-
zene, the ionic complex [Cp*Ru(C6H6)][Cp*RhCl3] was
formed, which was characterized by X-ray crystallography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tained in metathesis reactions starting from the correspond-
ing homodimeric compounds. Reactions of this kind were
first described by the groups of Stone[5] and Masters[6] in
the 1970s. More recent investigations have shown that this
method is quite general.[7,8] Mixed complexes with three
halogeno-bridges can likewise be obtained in metathesis re-
actions[9,10] but alternative pathways such as ligand-trans-
fer[11] or substitution[3a,3b,12] reactions have also been ex-
plored.[4] The various methods allow the synthesis of a
structurally diverse set of homo- and heterobimetallic com-
plexes in relatively short time. This is of interest for the
generation of catalyst libraries in combinatorial catalysis.[3c]

In the following, we introduce a new procedure that allows
the synthesis of complexes of the general formula
[Cp*Ru(µ-Cl)3ML] [LM = (arene)Ru, Cp*Rh, Cp*Ir] in ex-
cellent yields.

Results and Discussion
For the synthesis of mixed complexes containing the

Cp*RuCl fragment, the tetrameric complex [Cp*RuCl]4 (4)
seemed to be well suited as it is known that the chloro
bridges of 4 can be easily cleaved.[13–16] The reaction of 4
with two equivalents of the dimeric half-sandwich complex
[(π-ligand)MCl2]2 was thus expected to give the mixed com-
plex [Cp*Ru(µ-Cl)3M(π-ligand)] in an entropically favored
reaction. Complex 4 can be obtained by reduction of
[Cp*RuCl2]2 with LiHBEt3

[14] or with Zn.[15] Alternatively,
it can be obtained by reaction of the methoxy-bridged com-
plex [Cp*Ru(µ-OMe)]2 (5) with Me3SiCl.[16] We chose the
latter method for our reactions.

For the synthesis of the homo- and heterobimetallic com-
plexes 6–10, the tetramer 4 was generated in situ by ad-
dition of Me3SiCl to complex 5 in CH2Cl2. Subsequent ad-
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dition of [(π-ligand)MCl2]2 gave the mixed products 6–10
(Scheme 1). Complex 4 displays a high solubility in a vari-
ety of nonpolar organic solvents and even in hydrocarbons
such as pentane. It was thus possible to use a slight excess
of 5 (1.2×) with respect to the dimer [(π-ligand)MCl2]2 be-
cause additional 4 could easily be removed by washing with
pentane. The homobimetallic product 10, on the other
hand, is itself soluble in pentane. We therefore used a slight
excess of [(1,3,5-C6H3iPr3)RuCl2]2 (1.2×) and purified the
product 10 by extraction with pentane.

Scheme 1. Synthesis of the complexes 6–10.

The new complexes 6–10 were characterized by 1H and
13C NMR spectroscopy and by elemental analysis. In ad-
dition, complexes 7 and 9 were analyzed by single-crystal
X-ray analysis (Figures 1 and 2, respectively). The crystallo-
graphic analyses confirmed that the two metal fragments
are connected by three chloro bridges. The planes defined
by the π-ligands and the plane defined by the three bridging
chloro ligands are nearly parallel to each other. For com-
plex 7, the distances of the chloro atoms to the Ru atom
attached to the cymene π-ligand (Ru–Cl = 2.42–2.45 Å) are
shorter than those to the Ru atom attached to the Cp* li-
gand (Ru–Cl = 2.50–2.56 Å). A likely explanation for this
difference is the increased Lewis acidity of the (cymene)-
Ru2+ fragment compared to the Cp*Ru+ fragment. The two
Ru atoms in 7 are 3.344(8) Å apart from each other. This is
longer than what is found for the cationic dimer [(cymene)-
Ru(µ-Cl)3Ru(cymene)]+ [Ru···Ru = 3.283(3) Å].[17]

In the highly symmetrical dimer 9, a Cp*Ru+ fragment
is connected by three chloro bridges to a Cp*Ir2+ fragment.
As was observed for 7, the M–Cl bond lengths are shorter
for the more Lewis-acidic metal fragment: the Ir–Cl dis-
tances range from 2.41 to 2.45 Å, whereas the Ru–Cl dis-
tances range from 2.50 to 2.52 Å. Complex 9 is isoelectronic
with the mixed-valence RuII–RuIII complex [Cp*Ru(µ-Cl)3-
RuCp*] described by Koelle et al.,[16a,19] although due to
the lack of structural data for the latter a direct comparison
was not possible.

The prevalence of polynuclear ruthenium complexes with
the Ru(µ-Cl)3M structural motif suggests that the connec-
tion by three chloro bridges is thermodynamically very
stable. In fact, it has been shown that some catalysts can be

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 231–236232

Figure 1. ORTEP[18] drawing of the molecular structure of 7 in the
crystal. The hydrogen atoms have been omitted for clarity. Selected
bond lengths [Å] and angles [°]: Ru1–Cl1 2.5591(13), Ru1–Cl2
2.5024(14), Ru1–Cl3 2.5075(14), Ru2–Cl1 2.4521(13), Ru2–Cl2
2.4222(13), Ru2–Cl3 2.4205(13); Ru1–Cl1–Ru2 83.70(4), Ru1–Cl2–
Ru2 85.53(4), Ru1–Cl3–Ru2 85.45(4), Cl1–Ru1–Cl2 76.70(4), Cl1–
Ru2–Cl2 80.23(5).

Figure 2. ORTEP[18] drawing of the molecular structure of 9 in the
crystal. Only one of the two crystallographically independent mole-
cules is shown. The hydrogen atoms have been omitted for clarity.
Selected bond lengths [Å] and angles [°]: Ru1b–Cl1b 2.516(3),
Ru1b–Cl2b 2.509(3), Ru1b–Cl3b 2.523(3), Ir1b–Cl1b 2.413(3),
Ir1b–Cl2b 2.410(3), Ir1b–Cl3b 2.428(3); Ru1b–Cl1b–Ir1b 85.32(8),
Ru1b–Cl2b–Ir1b 85.54(8), Ru1b–Cl3b–Ir1b 84.86(8), Cl1b–Ru1b–
Cl2b 77.90(10), Cl1b–Ir1b–Cl2b 81.85(11).

deactivated by the formation of face-bridged dimers.[20] In
order to investigate the kinetic stability of the bimetallic
complexes described above, crossover experiments were per-
formed. Thus, a solution of complex 2 was mixed with a
solution of complex 10 (both in CD2Cl2) and a 1H NMR
spectrum was recorded immediately after mixing. Apart
from signals of the complexes 2 and 10, the signals of two
other complexes were observed (Figure 3). These were iden-
tified as the mixed complexes 8 and 11 by comparison with
the 1H NMR spectra of authentic samples (Scheme 2). The
time-invariant integrals of the respective signals showed a
nearly equimolar distribution of the four species. This sug-
gests that a dynamic equilibrium between the four com-
plexes is rapidly established after the mixing process.
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Figure 3. Part of the 1H NMR spectrum of a) complex 10, b) com-
plex 2, and c) an equimolar mixture of complex 2 and 10, for which
the additional signals of the complexes 8 and 11 are visible.

Scheme 2. In solution (CD2Cl2), complexes 2 and 10 are in a dy-
namic equilibrium with complexes 8 and 11.

The results described above are in agreement with a re-
port by Stephenson et al. in which they show that upon
mixing of [(C6H6)Ru(µ-Cl)3Ru(C6H6)]+ and [(C6H6)Os(µ-
Cl)3Os(C6H6)]+, the heterobimetallic complex [(C6H6)Ru(µ-
Cl)3Os(C6H6)]+ is obtained in equilibrium with the two
homobimetallic starting materials.[21] We have previously
shown that the triply bridged complex [(dcypb)(N2)Ru(µ-
Cl)3RuCl(dcypb)] reacts rapidly with doubly bridged com-
plexes of the general formula [LMCl2]2 [LM = (cymene)-
Ru, Cp*Rh, Cp*Ir] to give the mixed complexes [(dcypb)-
ClRu(µ-Cl)3ML].[9b] Taken together, these results point to
the fact that [LnRu(µ-Cl)3ML�n] complexes are generally
very labile, despite their apparent thermodynamic stability.

Complexes 6–10 are soluble in a variety of organic sol-
vents such as acetone, THF, CH2Cl2, and Et2O. The very
lipophilic 10 can even be dissolved in pentane. Aromatic
solvents, on the other hand, are not suited because of the
very high tendency of the Cp*Ru+ fragment to form sand-
wich complexes of the general formula [Cp*Ru(arene)]-
X.[14–16,22] When complex 8 was dissolved in benzene, crys-
tals of the ionic complex [Cp*Ru(C6H6)][Cp*RhCl3] (12)
formed after a few hours (Scheme 3). Larger amounts of 12
could be obtained by slow diffusion of hexane into a solu-
tion of 8 in benzene.
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Scheme 3. The ionic complex 12 is obtained by reaction of complex
8 with benzene.

The structure of complex 12 was analyzed by single-crys-
tal X-ray analysis (Figure 4). The bond lengths found for
the cation [Cp*Ru(C6H6)]+ (Ru–Cbenzene = 2.21–2.22 Å;
Ru–CCp* = 2.18–2.19 Å) are very similar to those reported
for related [Cp*Ru(arene)]+ complexes.[22a,22d,23] The corre-
sponding anion [Cp*RhCl3]– displays a typical “piano-
stool” geometry, with Rh–Cl bond lengths of 2.4114(14)
and 2.420(2) Å, respectively. The formation of this anion is
rather unusual[24] given the thermodynamic stability of the
[Cp*Rh(µ-Cl)3RhCp*]+ cation,[11,25] and underlines the fact
that the generation of [Cp*Ru(C6H6)]+ is the driving force
for the reaction.

Figure 4. ORTEP[18] drawing of the molecular structure of 12 in
the crystal. The hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [Å] and angles [°]: Rh1–Cl1 2.4114(14), Rh1–
Cl2 2.420(2); Cl1–Rh1–Cl2 90.97(5), Cl1–Rh1–Cl1� 91.15(7). �: x,
1/2 – y, z.

Conclusions

Bimetallic complexes, in which two different metal frag-
ments are connected by either two or three halogeno
bridges, have recently emerged as a promising new class of
catalysts.[1–3] New synthetic routes to generate such com-
plexes are thus highly warranted. In this report, we have
described the homo- and heterobimetallic complexes
[Cp*Ru(µ-Cl)3ML] [LM = (C6H6)Ru, (cymene)Ru, (1,3,5-
C6H3iPr3)Ru, Cp*Rh, Cp*Ir]. They can be prepared in ex-
cellent yield by reaction of [Cp*Ru(µ-OMe)]2 with Me3SiCl
and subsequent addition of [LMCl2]2. Crossover experi-
ments have demonstrated that these complexes undergo fast
scrambling reactions with other triply bridged complexes.
The dimers are thus kinetically very labile, a fact which is
of importance for possible catalytic applications. In a reac-
tion with benzene, the chloro bridge of the complex
[Cp*Ru(µ-Cl)3RhCp*] is cleaved in a completely asymmet-
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ric fashion to give the cation [Cp*Ru(C6H6)]+ and the anion
[Cp*RhCl3]–. This type of reactivity is unusual for [LnRu(µ-
Cl)3ML�n] complexes but can be explained by the high in-
trinsic affinity of the Cp*Ru+ fragment for aromatic com-
pounds.

Experimental Section
General: All reactions were performed under an atmosphere of dry
dinitrogen. The solvents and Me3SiCl were distilled from appropri-
ate drying agents and stored under dinitrogen. The complexes
[Cp*Ru(OMe)]2,[26] [(cymene)RuCl2]2,[27] [(C6H6)RuCl2]2,[28]

[Cp*RhCl2]2,[29] [Cp*IrCl2]2,[29] [(1,3,5-C6H3iPr3)RuCl2]2,[30] and
[Cp*Rh(µ-Cl)3RuCl(PPh3)2] (2)[2b] were prepared according to lit-
erature procedures. An authentic sample of complex 11 was synthe-
sized by mixing equimolar amounts of [(PPh3)2ClRu(µ-Cl)3Ru(ace-
tone)(PPh3)2] and [(1,3,5-C6H3iPr3)RuCl2]2 in CH2Cl2.[9b] The 1H
and 13C NMR spectra were recorded on a Bruker Advance DPX
400 spectrometer with the residual protonated solvent as internal
standards. All spectra were recorded at room temperature.

General Method for the Synthesis of Complexes 6–9: Me3SiCl
(71 µL, 561 µmol) was added to a solution of [Cp*Ru(OMe)]2
(100 mg, 187 µmol) in CH2Cl2 (10 mL). After addition of the re-
spective dimer [(π-ligand)MCl2]2 (156 µmol), the solution was
stirred for 20 min. The solvent was then removed in vacuo and the
resulting powder was suspended in pentane (10 mL) in order to
dissolve the excess of complex [CpRuCl]4. The product was isolated
by filtration, washed with additional pentane (3×2 mL) and dried
under vacuum (yield: 88–96%).

Complex 6: Red powder. 1H NMR (400 MHz, CD2Cl2): δ = 1.50
(Cp*), 5.60 (benzene) ppm. 13C NMR (101 MHz, CD2Cl2): δ =
10.4 (CH3, Cp*), 70.9 (C, Cp*), 80.5 (benzene) ppm.

Table 1. Crystallographic data for complexes 7, 9, and 12.

7 9 12

Empirical formula C20H29Cl3Ru2 C20H30Cl3IrRu C26H36Cl3RhRu
Molecular weight [gmol–1] 577.92 670.06 658.88
Crystal size 0.17×0.12×0.10 0.30×0.28×0.11 0.19×0.12×0.11
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c I2/a Pnma
a [Å] 11.3160(6) 27.9257(14) 19.069(3)
b [Å] 17.108(3) 10.6205(3) 12.2265(7)
c [Å] 11.617(2) 30.1330(14) 11.346(3)
α [°] 90 90 90
β [°] 100.473(10) 91.031(4) 90
γ [°] 90 90 90
Volume [Å3] 2211.4(6) 8935.6(7) 2645.2(7)
Z 4 16 4
Density [gcm–3] 1.736 1.992 1.654
Temperature [K] 140(2) 140(2) 140(2)
Absorption coefficient [mm–1] 1.730 6.987 1.510
Θ range [°] 3.00 to 25.02 3.19 to 25.03 3.25 to 25.03
Index ranges –12� 12, –20 � 20, –13 � 13 –33 � 33, –11 � 11, –35 � 35 –22� 22, –13 � 13, –13 � 13
Reflections collected 13083 24673 16451
Independent reflections 3714 (Rint = 0.0362) 7445 (Rint = 0.0333) 2352 (Rint = 0.0444)
Absorption correction semi-empirical semi-empirical semi-empirical
Max. and min. transmission 0.8179 and 0.6935 0.4376 and 0.2545 0.8633 and 0.7484
Data / restraints / parameters 3714 / 0 / 226 7445 / 0 / 451 2352 / 0 / 152
Goodness-of-fit on F2 1.114 1.061 1.151
Final R indices [I � 2σ(I)] R1 = 0.0365, wR2 = 0.0880 R1 = 0.0422, wR2 = 0.0965 R1 = 0.0410, wR2 = 0.0853
R indices (all data) R1 = 0.0470, wR2 = 0.0955 R1 = 0.0522, wR2 = 0.1001 R1 = 0.0501, wR2 = 0.0896
Largest diff. peak/hole [eÅ–3] 0.739 and –0.646 1.778 and –1.723 0.941 and –0.745

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 231–236234

C16H21Cl3Ru2·1/6C5H12 (533.9): calcd. C 37.87, H 4.34; found C
37.96, H 4.51.

Complex 7: Red powder. Crystals suitable for X-ray analysis were
obtained by slow diffusion of pentane into a solution of 7 in dichlo-
romethane. 1H NMR (400 MHz, CD2Cl2): δ = 1.29 [d, 3J = 7.1 Hz,
6 H, CH(CH3)2], 1.51 (s, 15 H, CH3, Cp*), 2.18 (s, 3 H, CH3,
cymene), 2.82 [sept, 3J = 7.1 Hz, 1 H, CH(CH3)2], 5.21 (d, 3J =
6.0 Hz, 4 H, CH), 5.43 (d, 3J = 6.0 Hz, 4 H, CH) ppm. 13C NMR
(101 MHz, CD2Cl2): δ = 10.4 (CH3, Cp*), 19.0, 22.4 (CH3, cy-
mene), 31.6 [CH(CH3)2], 70.6 (C, Cp*), 77.8, 78.9 (CH, cymene),
95.3, 100.3 (C, cymene) ppm. C20H29Cl3Ru2 (577.9): calcd. C 41.56,
H 5.06; found C 41.56, H 5.23.

Complex 8: Red powder. 1H NMR (400 MHz, CD2Cl2): δ = 1.52
(Cp*Ru), 1.61 (Cp*Rh) ppm. 13C NMR (101 MHz, CD2Cl2): δ =
9.5, 10.5 (CH3, Cp*), 70.0 (C, Cp*Ru), 93.6 (d, 1JC,Rh = 10.1 Hz,
C, Cp*Rh) ppm. C20H30Cl3RhRu (580.0): calcd. C 41.36, H 5.21;
found C 41.51, H 5.26.

Complex 9: Orange powder. Crystals suitable for X-ray analysis
were obtained by slow diffusion of pentane into a solution of 9 in a
mixture of dichloromethane and hexane (1:9). 1H NMR (400 MHz,
CD2Cl2): δ = 1.57 (Cp*), 1.58 (Cp*) ppm. 13C NMR (101 MHz,
CD2Cl2): δ = 9.5, 10.5 (CH3), 70.3, 85.2 (C) ppm. C20H30Cl3IrRu
(670.1): calcd. C 35.85, H 4.51; found C 35.99, H 4.57.

Synthesis of Complex 10: Me3SiCl (30 µL, 240 µmol) was added to
a solution of [Cp*Ru(OMe)]2 (43 mg, 80 µmol) in CH2Cl2 (5 mL).
After addition of [(C6H3iPr3)RuCl2]2 (72 mg, 96 µmol), the solution
was stirred for 20 min. The solvent was then removed in vacuo and
the product was extracted with pentane (2×5 mL). The product
was isolated by evaporation of the pentane and drying under vac-
uum. Yield: 94 mg (92%). 1H MNR (400 MHz, CD2Cl2): δ = 1.31
[d, 3J = 7.1 Hz, 18 H, CH(CH3)2], 1.50 (s, 15 H, CH3, Cp*), 2.90
[sept, 3J = 7.1 Hz, 3 H, CH(CH3)2], 5.09 (s, 3 H, CH) ppm. 13C
NMR (101 MHz, CD2Cl2): δ = 10.5 (CH3, Cp*), 22.5 [CH(CH3)2],
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32.0 [CH(CH3)2], 70.3 (CH), 70.4 (C, Cp*), 106 (C, C6H3iPr3) ppm.
C25H39Cl3Ru2 (648.1): calcd. C 46.33, H 6.07; found C 46.30, H
6.13.

Exchange Reactions: Complex 10 (5.5 mg, 8.6 µmol) was dissolved
in CD2Cl2 (500 µL) and a 1H NMR spectrum of the solution was
recorded (400 MHz). A sample of complex 2 (8.7 mg, 8.6 µmol)
was analyzed in the same fashion. The two solutions were sub-
sequently mixed and immediately analyzed by 1H NMR spec-
troscopy (400 MHz).

Synthesis of Complex 12: Complex 8 (15.0 mg, 25.8 µmol) was dis-
solved in benzene (2 mL). The resulting mixture was allowed to
react for 2 h, after which small crystals of complex 12 could already
be observed. Slow addition of hexane (5 mL) by diffusion over 12 h
resulted in the formation of crystalline 12, which was isolated by
filtration. Isolated yield: 12.5 mg (73%). The reaction was quantita-
tive, as evidenced by 1H NMR analysis of the remaining solution.
1H NMR (400 MHz, CD2Cl2): δ = 1.57, 2.07 (Cp*), 6.05 (benzene)
ppm. 13C NMR (101 MHz, CD2Cl2): δ = 9.4, 11.3 (CH3, Cp*),
87.7 (benzene), 94.4 (d, 1JC–Rh = 14 Hz, C, Cp*Rh), 97.1 (C,
Cp*Ru) ppm. C26H36Cl3RhRu (658.9): calcd. C 47.39, H 5.51;
found C 47.55, H 5.12.

X-ray Crystallography: Details of the crystals and their structure
refinement are listed in Table 1; relevant geometrical parameters
are given in the respective figure captions. Data collection was per-
formed at 140(2) K on a four-circle goniometer having kappa ge-
ometry and equipped with an Oxford Diffraction KM4 Sapphire
CCD (9) or a mar345 imaging plate detector (7 and 12). Data re-
duction was carried out with CrysAlis RED, release 1.7.0.[31] An
absorption correction was applied to all data sets. Structure solu-
tion and refinement were performed with the SHELXTL software
package, release 5.1.[32] The structures were refined using the full-
matrix least-squares on F2 with all non-H atoms anisotropically
defined. H atoms were placed in calculated positions using the “ri-
ding model”.

CCDC-279177 to -279179 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A new two-dimensional microporous fluorogallophosphate
with porous layers, named Mu-34, has been synthesized by
in situ generation of ethylamine as the structure-directing
agent, the latter arising from the decomposition of ethyl-
formamide. The fluorogallophosphate Mu-34, Ga6-
P8O32FC14N7H56 (Z = 2), crystallizes in the triclinic space
group P1̄ with the following unit cell parameters: a =
11.0832(6), b = 11.393(6), c = 21.335(1) Å, α = 100.62(4), β =
99.66(5), γ = 108.34(5)°. The structure was solved from single

Introduction

Since the discovery of the microporous aluminophos-
phates by Wilson et al.,[1] research in the field of micro-
porous materials has attracted considerable interest, owing
to their potential uses as molecular sieves, heterogeneous
catalysts, or ion exchangers.[2] The family of crystalline
microporous phosphates is not limited to aluminophos-
phates; it also includes in particular zincophosphates and
gallophosphates. These latter compounds allow a wide vari-
ety of structures to be formed, because gallium atoms can
adopt 4-, 5-, and 6- coordinations. A main advance in the
synthesis of these solids was achieved when fluoride anions
were introduced in the starting mixture.[3] Thus, numerous
fluorogallophosphates were obtained[4,5] such as cloverite,
which was until now the molecular sieve with the largest
3D pore channel system.[6] In most cases F– was found to
be present in the inorganic framework as terminal Ga-F
groups, bridging gallium atoms or trapped into small build-
ing units such as the so-called double four rings (D4R
units). In the latter case it seems that fluorine, besides its
mineralizing role, plays a templating role stabilizing these
units.[5–8] To date, a large number of metallophosphates
with 0D, 1D, 2D, or 3D frameworks have been re-
ported.[3–13] Some of these solids were obtained through a
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crystal XRD data. This new fluorogallophosphate displays
porous layers with apertures delimited by 12-membered
rings intercalated by protonated ethylamine molecules. Mu-
34 was also characterized by powder XRD, SEM, elemental
and thermal analyses, and 13C, 19F, and 31P MAS solid state
NMR spectroscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

newly developed synthesis route that consists of the in situ
formation of the structure-directing agent (SDA).[9–13] In
this synthesis route, alkylformamides are introduced as the
main solvents in the starting mixture and during the synthe-
sis they partly decompose into the corresponding amine
which acts as a template and is occluded in the final mate-
rial. With this method, it was possible to produce the two-
layered aluminophosphates, Mu-4,[9] Mu-7[10] and, more re-
cently, the three new gallophosphates MIL30,[11] Mu-30,[12]

and Ea-TREN-GaPO.[13]

In this paper, we report the synthesis, structure determi-
nation, and characterization of a new porous 2D fluorogal-
lophosphate named Mu-34 (Mu standing for Mulhouse),
which was prepared in a quasi nonaqueous medium using
ethylformamide (EFD) as the main solvent. As for the other
solids described above, in this case too, the in situ formation
of ethylamine seems to play a key role in the formation of
this solid.

Results and Discussion

Synthesis and Crystal Morphology

The synthesis results are summarized in Table 1. The
fluorogallophosphate Mu-34 crystallizes after 4 days at
200 °C (Table 1, sample A). With a similar starting molar
composition but with a longer heating period (50 days) the
gallophosphate ULM-3 was obtained as a pure phase (sam-
ple B). Such a result reveals the instability of Mu-34 in this
reaction medium. Under these experimental conditions, it
appears that the pH has to be high enough otherwise, what-
ever the gallium source (GaOOH or Ga2O3), the gallophos-
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Table 1. Syntheses performed in the system GaOOH/H3PO4/HF/ethylformamide (EFD)/Tripropylamine (TPA)/H2O.[a]

Sample Molar composition of the starting mixture XRD results
(Heating time) GaOOH H3PO4 HF EFD H2O[a] TPA T [°C]

A (4 days) 2 2 1 10 4.7 1 200 Mu-34
B (50 days) 2 2 1 10 4.7 1 200 ULM-3
C (2 days) 2 2 1 10 4.7 – 200 Ea-TREN-GaPO + GaPO4–C4

[b]

D (2 days) 2* 2 1 10 4.7 – 200 Ea-TREN-GaPO + GaPO4–C4
[b]

E (50 days) 2 2 2 10 6.3 – 200 ULM-4 + impurity[c]

[a] H2O arising from the orthophosphoric acid (85% H3PO4) and hydrofluoric acid (40% HF). [b] The two phases crystallize with the
same proportion. [c] Unknown phase. * The gallium source was Ga2O3.

Figure 1. Scanning electron micrographs of the fluorogallophosphate Mu-34.

phates Ea-TREN-GaPO[13] and GaPO4–C4[14] co-crys-
tallize. This is clearly reflected by the experiments C and D
performed in the absence of tripropylamine as a pH modi-
fier. The presence of fluorine is also crucial. In its absence
no crystalline phase is obtained. However, too large an
amount leads to the formation of the gallophosphate
ULM-4[15] (see sample E).

As can be seen in Figure 1, the crystals of Mu-34 display
a pseudo-hexagonal shape. A close-up view shows that the
crystals are in fact stacks of plate-like crystallites. This is
indicative of a lamellar material.

XRD Analysis

The experimental powder diffraction pattern of the fluo-
rogallophosphate Mu-34 is reported in part a of Figure 2
(a). From the single crystal XRD analysis, it has been in-

Figure 2. XRD patterns of the fluorogallophosphate Mu-34: (a)
experimental pattern; (b) simulated pattern (radiation Cu-Kα1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 237–243238

dexed in a triclinic symmetry with the following unit cell
parameters: a = 11.0832(6), b = 11.393(6), c = 21.335(1) Å,
α = 100.62(4), β = 99.66(5), γ = 108.34(5)°. For comparison,
the simulated XRD pattern of Mu-34 is reported in Fig-
ure 2 (b).

Chemical and Thermal Analyses

According to the elemental analyses, the as-synthesized
Mu-34 sample has the following composition (wt.-%): Ga
27.46; P 15.56; F 1.57; N 6.19; C 10.74. Such results are in
agreement with the composition obtained from the struc-
ture determination (wt.-%) Ga 27.20; P 16.11; F 1.26; N
6.37; C 10.93. The experimental C/N molar ratio equal to
2 is different from the value expected for ethylformamide
(3C:1N), suggesting that the solvent partly decomposed
into carbon monoxide and ethylamine (EA) during synthe-
sis. This was later confirmed by 13C NMR spectroscopy (see
below). As previously shown for other phosphate-based
materials synthesized in the presence of alkylfor-
mamide,[9–13] the in situ release of the corresponding pro-
tonated amine during the synthesis appears to be a key step
in the crystallization of this lamellar gallophosphate. In-
deed, experiments using ethylamine directly in the starting
mixture led to the crystallization of the fluorogallophosph-
ate ULM-3 with a nonidentified impurity.

The Ga/P molar ratio smaller than one (0.78 from chemi-
cal analyses, 0.75 from the structure determination) would
indicate the presence of an interrupted framework, and
more precisely the presence of terminal P=O and/or P–OH
groups.

The thermal behavior of the fluorogallophosphate Mu-
34 was investigated by TG/DTA thermal analyses. The TG
and DTA curves of the as-synthesized fluorogallophosphate
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Mu-34 are reported in Figure 3. The total weight loss oc-
curs mainly in one step. However, a small weight loss close
to 0.8 wt.-% appears before 200 °C. It might correspond to
the loss of water molecules or fluorine (probably under the
form of HF) since a weak and broad endothermic peak is
observed on the DTA curve. The main weight loss (20.2
wt.-%), between 200 and 800 °C, is associated with at least
three endothermic components on the DTA curve. This
probably corresponds to desorption and decomposition of
the organic template, to the removal of fluorine, and to the
collapse of the gallophosphate framework. The exothermic
signal, which is expected from the oxidation of the EA, is
probably masked by the overwhelming endothermic col-
lapse of the structure. The latter is confirmed by the XRD
analysis of the residue left after heating to 800 °C, which
shows that the starting material is transformed via an amor-
phization-recrystallization process into a cristobalite-type

Figure 3. Thermal analysis (TG and DTA) under air of the fluoro-
gallophosphate Mu-34.

Figure 4. Projection of the structure of the fluorogallophosphate
Mu-34 along the [–111] direction, showing the inorganic layers with
the 12 MR openings. (For clarity, the oxygen atoms are omitted).
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gallophosphate. This recrystallization might occur in two
steps as reflected by the presence of two exothermic peaks
on the DTA curve at 600 °C and 750 °C. Such a thermal
behavior is often observed for microporous gallophos-
phates.[16] All of these analyses are in good agreement with
the unit cell formula found by structure analysis:
[Ga12(PO4)16F2(C2H8N)14].

Structure Description

The fluorogallophosphate Mu-34 displays a 2D structure
composed of porous macroanionic layers, parallel to the
{–111} faces of the crystal and containing 12-membered
ring apertures (12MR) arranged in a pseudo-hexagonal way
(Figure 4). The asymmetric unit (not reported) contains six
crystallographically distinct Ga-sites, three in fourfold coor-
dination with oxygen atoms (Ga1, Ga5, and Ga6) and three
in fivefold coordination with four oxygen atoms and one
fluorine (Ga2, Ga3, and Ga4). The GaO4 tetrahedra exhibit
a regular geometry, with an average Ga–O bond length of
1.81(±1) Å. The GaO4F trigonal bipyramids have more dis-
perse Ga–O bond lengths [�Ga–O� = 1.84(±3) Å] with
three shorter bonds in the basal plane and a larger apical
one, opposite to the Ga–F bond. Eight crystallographically
distinct P-sites are also present: each phosphorus atom
shares three of its oxygen atoms (labeled O1–O24) with gal-
lium neighbors whereas the fourth oxygen atom (O25–O32)
points towards the layer (Figure 5). The P–O distances in-
volving these nonbonding oxygen atoms, 1.50(±1) Å, are
typical of P=O bonds. They are significantly shorter than
those involving bridging oxygen atoms [�P–O� =
1.54(±1) Å], except for O12 and O15 whose interaction with
phosphorus is increased [P3–O12 = 1.503(6) Å, P4–O15 =
1.516(8) Å] as their bonding with gallium is weakened by

Figure 5. Projection of the structure of the fluorogallophosphate
Mu-34, showing the localization of the protonated amine. (For
clarity, the framework oxygen atoms are omitted except the ter-
minal ones).
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the presence of the supplementary fluoride ion. The crystal
structure shows that all the terminal oxygen atoms act as
hydrogen-bond acceptors for the seven crystallographically
distinct protonated ethylamine molecules located in the
interlayer space (Figure 5 and Figure 6). The positive
charges of the organic molecules (see section 13C NMR)
compensate exactly the global negative charge of the layers
if one considers formal P+5, Ga+3, O2–, F– ions. As ex-
pected, in protonated ethylamine molecules, the displace-
ment parameters are smaller for the nitrogen atoms which
are precisely in interaction with O=P groups. The water
molecules, which might be observed by thermal analysis,
were not detected by XRD, which is not surprising con-
sidering their predictable high mobility and low site occu-
pancy factors.

The 12-membered ring porous anionic layers can be de-
scribed as resulting from the connection of two types of
building units, encircled in Figure 4, via four-membered
rings (Ga2P2O4). The first type of these building units (Fig-
ure 7, left) has already been observed in other 12 MR po-
rous layered aluminophosphates.[17–19] It is a phosphate-
capped six-membered ring (Ga3P3O6) containing three tet-
racoordinate gallium atoms and four tetracoordinate phos-
phorus ones. The second building unit is original (Figure 7,
right) and consists of a phosphate and fluorine (F1) capped
six-membered ring. The six-membered ring is composed of
three gallium and three phosphorus atoms located on crys-
tallographic sites Ga2, Ga3, Ga4 and P6, P7, P8, respec-
tively. These three gallium atoms are also connected to flu-

Figure 6. Hydrogen bonding scheme (dotted lines) for each phosphorus site.
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orine F1 and phosphorus P1 and adopt a distorted trigonal
bipyramidal geometry, the angle between apical O–Ga–F
angles ranging from 177.0(3) to 178.8(3)°. Fluorine is three-
coordinate to gallium atoms with one short bond [d(Ga3–
F) = 2.080(5) Å] and two long bonds [d(Ga4–F) =
2.274(5) Å and d(Ga2–F) = 2.402(6) Å]. Such bond lengths
are larger than those previously found in other fluorogal-
lophosphates[16] [typically 1.94 � d(Ga–F) � 2.04 Å] but
the presence of the third interaction could explain the dif-
ference between these values and those reported for ideal
bonds.

Figure 7. The two basic building units of the fluorogallophosphate
Mu-34. (For clarity, the framework oxygen atoms are omitted).

13C CP MAS NMR Spectroscopy

The 13C CP MAS NMR spectrum of the fluorogal-
lophosphate Mu-34 reported in Figure 8 shows two main
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peaks situated at δ = 15.0 and 36.4 ppm. They are assigned
to the CH3 and CH2 groups of the ethylamine molecule,
respectively.[20] No carbonyl group is observed on this spec-
trum (line expected at δ � 160 ppm),[9] which means that
EFD is decomposed into ethylamine (EA) and carbon
monoxide under our experimental conditions. The 13C iso-
tropic chemical shifts for protonated and nonprotonated
EA in the liquid state are at δ = 13 and 18 ppm, respectively
for the methyl group, and at δ = 37 and 36 ppm, respectively
for the CH2 group. Thus, as suggested in the previous sec-
tion, the EA occluded in Mu-34 appears to be protonated.

Figure 8. 13C CP MAS NMR spectrum of the fluorogallophosph-
ate Mu-34.

19F MAS NMR Spectroscopy

The 19F MAS NMR spectrum of the as-synthesized
product, reported in Figure 9, exhibits one signal located at
δ = –82 ppm. As observed for the gallophosphate Mu-28[16]

Figure 9. 19F MAS NMR spectrum of the fluorogallophosphate
Mu-34.
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and in good agreement with the crystal structure analysis,
such a chemical shift value could be assigned to the three-
coordinate fluorine atoms.

31P MAS NMR Spectroscopy

The 31P MAS NMR spectrum of the fluorogallophos-
phate Mu-34, shown in Figure 10, displays six signals at δ
= 2, –2.3, –4.4, –6.6, –7.7, and –9.9 ppm. After decomposi-
tion, the relative areas are close to 1:1:1:2:1:2 respectively,
indicating, in agreement with the structure determination,
the existence of eight crystallographically distinct phospho-
rus sites. 1H-31P CP MAS NMR experiments have also been
performed (spectrum not reported) and whatever the con-
tact time (0.1, 0.05 ms) no significant difference was ob-
served between the MAS and CP MAS spectra which me-
ans that all the atoms have the same proton environment.
According to the structure and despite the low field chemi-
cal shift values observed no terminal P–OH group is pres-
ent. Such a result is quite expected since all P atoms are
hydrogen bonded via their P=O group (see Figure 6). A ten-
tative assignment of the NMR peaks might be proposed
on the basis of the empirical relationship between the 31P
isotropic chemical shift and the bond valence sum of the
oxygen atoms connected to the phosphorus atom.[21] From
the equation developed by Brown[22] and using the P–O and
Ga–O bond lengths, the total oxygen bond valences [Σs(O)]
including the contribution of the hydrogen bonds[23] for the
phosphorus atoms P1, P2, P3, P4, P5, P6, P7, and P8 are
equal to 8.04, 8.23, 8.27, 8.48, 8.35, 8.64, 8.29, and 8.27,
respectively. Consequently, the assignment of the eight
NMR peaks might be made as follows. The most highfield
signal is attributed to the phosphorus atom, which has the
highest oxygen bond valence. Therefore, the peak at δ =
–9.9 ppm, which has a relative area close to 2, could be
assigned to P6 and P4 respectively [Σs(O) = 8.48 for P4 and

Figure 10. 31P MAS NMR spectrum of the fluorogallophosphate
Mu-34 and its decomposition.
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8.64 for P6], the signal at δ = –7.7 ppm to P5 [Σs(O) = 8.35],
and the signal at δ = 2 ppm to P1 [Σs(O) = 8.04]. Due to
similar Σs(O) (8.23, 8.27, and 8.29), the other remaining
signals are more difficult to assign.

Conclusions

In this paper the synthesis and characterization of a
novel fluorogallophosphate Mu-34, with a rather unusual
structure, has been reported. It was prepared in a quasi
nonaqueous medium using ethylformamide as the main sol-
vent. As in several similar syntheses, the solvent decom-
posed during the synthesis, and the corresponding amine
was found to be occluded in the final structure. The in situ
release of the protonated amine during the synthesis ap-
pears to be a key step in the crystallization of this lamellar
gallophosphate. Indeed, experiments using ethylamine in
the starting mixture directly did not lead to the crystalli-
zation of this material.

The fluorogallophosphate Mu-34 displays porous layers
built up from 4-, 6-, and 12-membered rings and resulting
from the connection of two types of building units: a phos-
phate-capped six-membered ring and a phosphate and flu-
orine capped six-membered ring. It is noteworthy that in
this latter unit, the fluorine atom is three-coordinate to gal-
lium atoms. In order to compensate the negative charges
of the anionic layers protonated ethylamine molecules are
intercalated between. These molecules interact strongly
with the inorganic layers via hydrogen bonds.

Experimental Section
Synthesis: The fluorogallophosphate Mu-34 was prepared in a
quasi nonaqueous fluoride medium at 200 °C from a mixture con-
taining the ethylformamide as a precursor of the SDA (ethylamine).
The molar composition of the starting mixture was 2 GaOOH : 2
H3PO4 : 1 HF : 10 ethylformamide (EFD) : 4.7H2O. The amount
of water arises from the phosphorus and fluoride sources. The pH
value of the reaction mixture was adjusted to 4.5 with tripropylam-
ine (TPA, Fluka 98 wt.-%), the latter presenting no structure-di-
recting effect in the fluorine-containing gallophosphate system.[24]

The amorphous gallium oxyhydroxide GaOOH was prepared by
heating a gallium nitrate aqueous solution at 250 °C for 24 h. The
other reactants were orthophosphoric acid (Labosi H3PO4 85 wt.-
%), hydrofluoric acid (Prolabo HF 40 wt.-%), and EFD (Fluka
99 wt.-%). The starting mixture was prepared by adding the

Table 2. Recording conditions of the NMR spectra.

13C CP MAS 31P MAS 31P CP MAS 19F MAS

Chemical shift reference TMS 85% H3PO4 85% H3PO4 CFCl3
Frequency [MHz] 75.47 161.98 161.98 376.5
Pulse width [µs] 3.7 3.5 4.5 2
Flip angle π /2 π /2 π /2 π /2
Contact time [ms] 1 / 0.05–0.1 /
Recycle time [s] 8 30 10 20
Spinning rate [Hz] 5000 25000 25000 25000
Number of scans 80 64 64 32

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 237–243242

amorphous gallium source (1.13 g) to the ethylformamide (3.65 g)
under magnetic stirring. Then orthophosphoric acid (1.15 g) and
hydrofluoric acid (0.25 g) were introduced. In order to increase the
pH value, tripropylamine was added (0.72 g) and the mixture was
stirred until it was homogeneous. Then, it was transferred to a
20 mL PTFE-lined stainless-steel autoclave and heated at 200 °C
for 4 days. The product was filtered, washed with distilled water
and dried at 60 °C overnight.

Characterization: The as-synthesized product was characterized by
powder X-ray diffraction (XRD) with a STOE STADI-P dif-
fractometer equipped with a curved germanium (111) primary
monochromator and a linear position-sensitive detector using Cu-
Kα1 radiation (λ = 1.5406 Å). The morphology and average size of
the crystals were determined by scanning electron microscopy
(SEM) with a Philips XL30 microscope. Elemental analyses were
carried out with the Induced Coupled Plasma technique using
Atomic Energy Spectroscopy (ICP AES) for Ga and P, and by
coulometric and catharometric methods for C and N quantifica-
tions, respectively. Thermogravimetric (TGA) and differential ther-
mal (DTA) analyses were performed under air with a Setaram Lab-
sys thermoanalyser with a heating rate of 5 °Cmin–1 up to 1000 °C.
The 13C CP MAS NMR spectrum was recorded with a Bruker
MSL 300 spectrometer and the 19F MAS, 31P MAS, and 31P CP
MAS spectra with a Bruker DSX 400 spectrometer. The recording
conditions are reported in Table 2. For the structure determination,
a crystal plate was cut out of a larger aggregate and selected after
optical examination under crossed polars. The single-crystal X-ray
diffraction experiment was carried out at room temperature with an
Oxford diffraction Xcalibur diffractometer equipped with a CCD
detector. A full redundant Ewald sphere was collected with Mo-Kα

radiation up to the maximum resolution sinθ/λmax. = 0.78 Å–1.
Bragg intensities were integrated with CrysAlis software,[25] and
averaged in Laue group P1̄ with the SORTAV program[26] after an
absorption correction (µ = 3.633 mm–1) based on the crystal shape.
Data collection details are summarized in Table 3. The crystal
structure was solved by direct methods using SHELXS[27] and re-
fined with JANA2000.[28] The positions of all non-H atoms were
found straightforwardly on successive Fourier maps. Hydrogen
atoms were introduced in the structural model assuming ideal con-
formations for all protonated ethylamine molecules. Atomic dis-
placement parameters of H atoms were restrained to 1.5 times the
value of that of the heavy atom they were attached to. All bond
lengths and bond angles of protonated ethylamine molecules were
also restrained to the expected values observed in CH3 (methyl),
CH2 (methylene), and NH3 (amine) groups.

[29] The refinement con-
verged to R = 0.0575 (R = Σ||Fo| – |kFc||/Σ|Fo|) and Rw = 0.0591
[Rw = {Σw(|Fo| – |kFc|)2/Σw(|Fo|2)}1/2] for 6644 reflections [I �

3σ(I)]. The supplementary crystallographic data are available online
via http://www.fiz-karlsruhe.de (the reference file number is CSD-
415650).
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Table 3. Experimental single crystal XRD data and structure analysis of the fluorogallophosphate Mu-34.

Mu-34

Chemical formula (asymmetric unit) [Ga6(PO4)8F(C2H8N)7]
Cell parameters a = 11.0832(6) Å, b = 11.393(6) Å, c = 21.335(1) Å

α = 100.62(4)°, β = 99.66(5)°, γ = 108.34(5)°
V [Å3] 2438.7(2)
Space group P1̄
Z 2
Crystal size [µm] 40 ×100×120
Diffractometer Oxford diffraction Xcalibur 2 + Sapphire CCD
Radiation source, wavelength Mo-Kα, λ = 0.71073 Å
Absorption coefficient [mm–1] 3.633
Temperature [K] 293
Reflections measured, independent 90333, 17034
Observed reflections [I � 3σ(I)] 6644
Overall completeness (sinθ/λmax. = 0.78 Å–1) 88.7%
Rint 0.076
Structure refinement [I � 3σ(I)] R = 0.0575, Rw = 0.0591, goof = 2.42

w = 1/σ2(Fobsd.), m is the number of reflections used, n the number of parameters

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1–S3 of atomic coordinates, displacement parameters,
selected bond lengths and angles.
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[28] V. Petříček, M. Dušek, The Crystallographic Computing System

JANA2000, Institute of Physics, Praha, Czech Republic, 2000.
[29] International Tables for X-ray Crystallography, Kluwer Aca-

demic Publishers, Dordrecht, vol. C, 1992.
Received: August 5, 2005

Published Online: November 17, 2005



FULL PAPER

DOI: 10.1002/ejic.200500711

Formation of Triple-Stranded Dinuclear Helicates with Dicatecholimine
Ligands: The Influence of Steric Hindrance at the Spacer

Ingo Janser,[a] Markus Albrecht,*[a] Katharina Hunger,[a,b] Simon Burk,[a] and
Kari Rissanen[b]

Keywords: Dinuclear complexes / Helicates / Meso-helicates / Self-assembly / Titanium / Bulky ligands

A series of new imine-bridged dicatechol ligands 3a–f-H4

with sterically demanding groups at the spacers are used for
the formation of titanium(IV) complexes M4[(3)3Ti2]. All three
ligands 3a–c-H4 form triple-stranded dinuclear helicates.
When the bulky ligands 3a-H4 or 3c-H4 are used with potas-
sium as the countercation, oligomeric or polymeric side prod-
ucts are also observed. The imine-bridged ligand 3e-H4

quantitatively forms helicates M4[(3e)3Ti2] and not a M4L6

Introduction
In the last two decades double- and triple-stranded hel-

icates have been investigated very intensely as model com-
pounds in metallosupramolecular chemistry.[1] In order to
perform a systematic study on the influences of different geo-
metric factors on the helicate formation we needed an easy
way of preparing a variety of different ligands with different
geometric constraints and demands. Several groups[2,3] have
shown that bis(iminopyridine) ligands can be obtained by
simple imine condensation from readily available starting
materials. These ligands form double- or triple-stranded hel-
icates with a series of different metal ions. Recently, we[4,5]

and others[6] introduced imine condensation to obtain dicate-
chol ligands for the formation of helicates.[7–11]

Herein we use this concept to obtain several new ligands
with different steric demands at the spacer, which can then
be used for the self-assembly of triple-stranded dinuclear
helicates and meso-helicates.

Results and Discussion

Synthesis and Characterisation of the Dicatechol Ligands
3a–f-H4

The dicatechol ligands 3a–f-H4 were prepared in two dif-
ferent ways (Scheme 1): (i) The diamines 1a–1d and 2 equiv.
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tetrahedron as observed with Raymond’s analogous amide-
bridged dicatechol ligand 3i-H4. NMR spectroscopic investi-
gations at variable temperature show that ligand 3f-H4,
which possesses a spiro fluorenyl group at the central unit of
the spacer, forms the meso-helicate M4[(3f)3Ti2].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

2,3-dihydroxybenzaldehyde (2) were dissolved in toluene
and heated to reflux in a Dean–Stark apparatus overnight
in the presence of catalytic amounts of p-TosOH. Water was
removed by continuous distillation of the water/toluene azeo-
trope. After cooling to room temperature, the precipitated
product was isolated by filtration, washed with toluene, and
the derivatives were obtained in 86% (3a-H4, yellow solid),
81% (3b-H4, red solid), 91% (3c-H4, red solid) and 72%
(3d-H4, orange solid) yield. (ii) The diamines 1e and 1f and
2 equiv. 2,3-dihydroxybenzaldehyde (2) were dissolved in
methanol. After 12 h at room temperature, the precipitated
diimines were isolated by filtration in 99% (3e-H4, red so-
lid) or 93% (3f-H4, red solid) yield, respectively.

The compounds were characterised by MS, elemental
analysis and 1H NMR spectroscopy, and selected examples
were also characterised by 13C NMR spectroscopy. The res-
onance of the imine proton is a characteristic signal in the
1H NMR spectra ([D6]DMSO), which appears for the li-
gands 3a–f-H4 in the region of δ = 8.45–9.03 ppm. In two
of the cases we were able to observe the signals for the two
OH protons of the catechol moieties. For 3e, two signals at
δ = 13.17 and 9.37 ppm are detected. For 3f, the two reso-
nances of the OH protons can be found at δ = 13.21 and
9.23 ppm. The signal that appears downfield is assigned to
the 2-hydroxy group, which forms an unsymmetric intra-
molecular hydrogen bond to the imine with a transfer of a
proton to the nitrogen atom. At low temperatures form A
is favoured, while form B is observed at higher temperatures
(Scheme 2). The resonance of the 2-hydroxy group appears
downfield because of shielding.[5]
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Scheme 1. Preparation of the dicatechol ligands 3a–f-H4 by imine condensation.

Scheme 2. Hydroxy-imine (A)/keto-amine (B) tautomerisation in
Schiff base.

Formation of Dinuclear Triple-Stranded Helicates
M4[(3a–f)3Ti2] (M = Li, Na, K)

For the preparation of the titanium() complexes
M4[(3a–f)3Ti2], the ligands 3a–f-H4 (3 equiv.), [TiO(acac)2]
(2 equiv.) and the corresponding alkali metal carbonate
M2CO3 (2 equiv., M = Li, Na, K) were mixed in DMF
(Scheme 3). Within a few minutes the solution turned
orange-red and was stirred overnight at room temperature.
Volatile components were removed in vacuo to obtain the
complex salts M4[(3a–f)3Ti2] as red solids.

Scheme 3. Synthesis of the triple-stranded dinuclear helicates
M4[(3a–f)3Ti2].
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Formation and Characterisation of M4[(3a)3Ti2] (M = Li,
Na, K)

Ligands 3a–c were introduced to study the influence of
sterically demanding ligands on the self-assembly of hel-
icates. The dinuclear complex salts M4[(3a)3Ti2] (M = Li,
Na, K) of the phenyl-type ligand 3a were characterised by
elemental analysis, FAB MS and 1H NMR spectroscopy.
Positive FAB MS (3-NBA) reveals characteristic peaks at
m/z = 1305 {H2Li[(3a)3Ti2]+}, 1343 {HNa2[(3a)3Ti2]+}, or
1337 {H2K[(3a)3Ti2]+}. Upon complex formation, the imine
proton, which appears in the 1H NMR spectrum of 3a-H4

in [D6]DMSO at δ = 8.45 ppm, is shifted upfield to δ =
8.10–8.16 ppm. The signals of the methyl groups of the
spacer appear as a singlet at δ = 1.91 (Li), 1.91 (Na), and
1.89 ppm (K), and the catechol resonances [detected at δ =
7.03, 6.36 and 6.17 ppm (M = Li); 7.03, 6.37 and 6.19 ppm
(M = Na); 6.93, 6.37 and 6.19 ppm (M =K)] appear as a
doublet, triplet and doublet, respectively. No significant dif-
ferences are observed for the NMR shifts of different salts
of [(3a)3Ti2]4–.

In earlier studies we investigated the complexation of li-
gand 3g-H4 with titanium() ions (Figure 1). Ligand 3g-H4

possesses a phenyl spacer that is similar to that of ligand
3a-H4 but with protons instead of the four methyl groups.
It could be shown that this ligand leads in a quantitative
self-assembly process to the triple-stranded dinuclear helic-
ate M4[(3g)3Ti2].[5]

Ligand 3a-H4 with four methyl groups at the phenyl
spacer also leads to the triple-stranded dinuclear helicates
M4[(3a)3Ti2] (M = Li, Na, K). However, in the case of the
potassium salt K4[(3a)3Ti2], additional broad signals appear
in the 1H NMR sprectra ([D6]DMSO) at δ = 8.28, 8.18,
7.20, 7.08, 6.17 ppm, which indicate the presence of poly-
meric or oligomeric species besides the triple-stranded dinu-
clear helicate as the main product. As can be seen from
the X-ray analysis of K4[(3g)3Ti2] (Figure 1),[5] the complex
possesses the structure of a triple-stranded dinuclear helic-
ate. The long imine–aryl–imine spacers lead to a large sepa-
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Figure 1. Ligand 3g-H4 and part of the X-ray structure of
K4[(3g)3Ti2].[5]

ration of the titanium centres, and a big internal cavity is
formed. As we know from other catechol-derived helicates,
alkaline metal countercations are encapsulated in the inte-
rior and bind to the internal oxygen atoms of the cate-
cholate ligands.[12,13] The coordination sphere at the cations
is saturated by binding solvent molecules. It seems that the
alkali cations act as a template in stabilising the formation
of a triple-stranded dinuclear helicate. In the case of ligand
3a-H4, the potassium cation is not able to stabilise this for-
mation quantitatively. The reason for this is the steric influ-
ence of the methyl groups that are probably directed into
the interior of the complex, and this influence therefore
suppresses the binding of big potassium cations. The lith-
ium or sodium cations are smaller and because of this they
fit into the cavity and stabilise the triple-stranded dinuclear
complex more effectively.

Formation and Characterisation of M4[(3b–c)3Ti2] (M =
Li, Na, K)

In ligands 3b and 3c with elongated aromatic spacers,
methyl groups are introduced at the ortho position of the
imine spacers. In the presence of lithium, sodium or potas-
sium cations, the two ligands 3b-H4 and 3c-H4 form triple-
stranded helicates M4[(3b/c)3Ti2]. The dinuclear complexes
were characterised by elemental analysis, FAB MS and 1H
NMR spectroscopy. In the 1H NMR spectrum of 3b-H4,
the resonance for the imine proton appears at δ = 8.95 ppm
and in the complexes at δ = 8.61 (Li), 8.65 (Na), and
8.60 ppm (K). The upfield shift of the resonance indicates
that the conformation at the imine unit changes upon metal
complexation (vide supra). The signals of the spacer can be
detected for Li4[(3b)3Ti2] at δ = 7.43 (s, 6 H), 7.34 (d, J =
7.5 Hz, 6 H), 7.00 (d, J = 7.5 Hz, 6 H) and 2.30 ppm (s, 18
H) , for Na4[(3b)3Ti2] at δ = 7.44 (s, 6 H), 7.32 (d, J =
8.0 Hz, 6 H), 7.05 (d, J = 8.0 Hz, 6 H) and 2.30 ppm (s, 18
H) and for K4[(3b)3Ti2] at δ = 7.43 (s, 6 H), 7.33 (d, J =
8.0 Hz, 6 H), 7.03 (d, J = 8.0 Hz, 6 H) and 2.30 ppm (s, 18
H).

For the TiIV complexes of ligand 3c-H4, similar MS and
NMR spectroscopic results can be obtained (see Experi-
mental Section). However, in the case of the potassium salt
K4[(3c)3Ti2], additional signals appear in the 1H NMR
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spectra ([D6]DMSO) at δ = 8.57, 7.26 (br), 7.10 (br), 6.45
(br), 6.15 ppm (br), which indicate that some polymeric or
oligomeric species are formed besides the triple-stranded di-
nuclear helicate as the main product.

In earlier studies we already investigated the coordina-
tion chemistry of the sterically less demanding ligand 3h-H4

(Figure 2) with titanium() ions. Ligand 3h-H4 possesses a
biphenyl spacer that is similar to ligand 3c-H4 but without
the methyl substituents.[14] As we have shown, ligand 3h-H4

leads quantitatively to the formation of a triple-stranded
dinuclear helicate M4[(3h)3Ti2]. The X-ray structure of the
complex Na4[(3h)3Ti2] shows (Figure 2) that the linear rigid
ligands form a triple-stranded helicate with two similar-
configured titanium() complex units. Three ligands 3h-H4

wrap around the metals and adopt a conformation with the
imine hydrogen atoms that point into the interior, directed
towards the catecholate oxygen atoms, and therefore form
a big cavity. In the solid state, two sodium cations are
bound in the interior of the helicate, each binding to the
internal catecholate oxygen atoms and to three DMF mole-
cules.[14] Following this, it is reasonable to suggest that li-
gand 3b-H4 with its two additional methyl groups is able
to form triple-stranded dinuclear complexes with lithium,
sodium or potassium cations. The situation changes some-
what by using ligand 3c-H4. In the case of potassium as
the countercation, the four additional methyl groups of the
spacer are too big to fit into the cavity. In this case, potas-
sium is not able to form the triple-stranded dinuclear helic-
ate quantitatively, and therefore some oligomers and poly-
mers are formed as side products, as is the case with ligand
3a-H4.

Figure 2. Ligand 3h-H4 and part of the X-ray structure
Na4[(3h)3Ti2].[14]

These three examples demonstrate the influence of the
spacer on the formation of the complexes. Ligand 3a-H4,
with four methyl groups at the phenyl spacer, exclusively
forms triple-stranded dinuclear helicates with lithium and
sodium only. When potassium is the countercation both
oligomeric and polymeric species can be observed. The size
dependence is also observed in the yields of the three com-
plexes M4[(3a)3Ti2]. Upon coordination, the oligomeric or
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polymeric species precipitate and the triple-stranded dinu-
clear helicates can be isolated by filtration in 66% (M =
Li), 60% (M = Na), 37% (M =K) yield. Ligand 3b-H4, with
an elongated spacer and two methyl groups in the ortho
position of the imine spacers, forms a triple-stranded helic-
ate in good yields (�75%) with all three countercations.
Ligand 3c-H4, with four methyl groups in the ortho position
of the imine-spacers, leads to the formation of side products
upon complexation with titanium()ions and potassium as
the countercations, which indicates that the cavity is too
small for the four methyl groups and the big potassium cat-
ions.

Coordination Studies with Ligand 3d-H4

Ligand 3d possesses two CF3 groups that can act as a
stereochemical probe for 19F NMR spectroscopy. Unfortu-
nately, we were not able to obtain triple-stranded dinuclear
helicate-type compounds with ligand 3d-H4. Upon complex
formation, residual water in the solvent hydrolyses the im-
ine bond. 1H NMR spectra in [D6]DMSO show only reso-
nances of the products from the cleavage reaction.

Formation of M4[(3e)3Ti2] (M = Li, Na)

The imine-bridged dicatechol ligand 3e-H4 with a steri-
cally demanding naphthyl spacer was introduced to study
the differences from the amide-bridged dicatechol ligand 3i-
H4 (Figure 3). With ligand 3i-H4, Raymond and coworkers
obtained a molecular M4L6 tetrahedron, [Ga43i6]12–, and no
helicate was observed.[15]

Figure 3. Ligand 3i-H4.[15]

In contrast, we obtained the triple-stranded dinuclear
complexes M4[(3e)3Ti2] (M = Li, Na) in quantitative yield.
Elemental analyses show the correct composition for the
compounds, and characteristic peaks are observed in the
positive FAB mass spectra for the dinuclear triple-stranded
helicate. 1H NMR spectroscopy in [D6]DMSO reveals the
resonances for the imine proton at δ = 8.26 (M = Li) and
8.34 ppm (M = Na), for the spacer at δ = 7.60, 7.18, and
7.02 (M = Li) and 7.65, 7.25, and 7.11 ppm (M = Na), and
for the catecholate units at δ = 6.68, 6.36, and 6.12 (M =
Li) and 6.78, 6.44, and 6.21 ppm (M = Na). No significant
differences are observed when comparing the spectra of the
complex salts M4[(3e)3Ti2] with those of different cations
M+. This shows that the formation of Raymond’s tetrahe-
dron in comparison to our helicate depends on the orienta-
tion of the amide versus the imine C–N group. In the case
of the amide ligand 3i, overcrowding of the spacers prevents
the formation of the helicate. To explain this, we have to
consider the different orientations of the imine- or amide-
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bridged dicatechol ligands 3e-H4 and 3i-H4 (Figure 4). We
have reported earlier that the imine moiety possesses a pre-
ferred conformation B. In this conformation the C=N
double bond is directed towards the outside of the cavity of
the complex.[14] This conformation is preferred because
there are electrostatic attractions between the internal cate-
cholate oxygen atoms and the imine proton. Additional re-
pulsion takes place between the oxygen and the imine-nitro-
gen lone pairs. The situation in Raymond’s amide-bridged
dicatechol ligand 3i-H4 is “reversed”. Here an inward orien-
tation of the amide nitrogen atom occurs (D), which forms
an intramolecular hydrogen bond. Therefore, upon com-
plexation of ligand 3e with titanium(), a much bigger cav-
ity is formed. In the case of the ligand 3i-H4, hydrogen
bonding forces the sterically demanding naphthyl spacers
into an orientation facing towards the interior of the com-
plex. This prevents the formation of the helicate because
the spacers would be forced “into each other”. To prevent
this, a molecular M4L6 tetrahedron is formed.[16]

Figure 4. Possible orientations of the imine moiety in the free li-
gand (A) or in the catecholato metal complex (B) and of the amino
moiety in the free ligand (C) or in the catecholato metal complex
(D).

Formation of M4[(3f)3Ti2] (M = Li, Na, K)

Ligand 3f-H4 possesses a big group at the central unit
of the spacer and is therefore not as flexible as the related
compound 3j-H4 (Figure 5). We investigated this ligand 3f-
H4 in order to determine whether it is able to form meso-
helicates with titanium() and the corresponding alkali me-
tal counterions as ligand 3j-H4 does.[14] Reaction of titani-
um() ions with ligand 3f-H4 in the presence of an alkali
metal carbonate in DMF leads to the assembly of dinuclear
complex salts M4[(3f)3Ti2] in quantitative yield. The com-
plexes M4[(3f)3Ti2] (M = Li, Na, K) were characterised by
elemental analysis, ESI-MS, IR and NMR spectroscopy. In
the ESI mass spectra, characteristic peaks can be detected
at m/z = 1869 {Li3[(3f)3Ti2]–}, 1918 {Na3[(3f)3Ti2]–}, 1928
{HK2[(3f)3Ti2]–}. The lithium salt Li4[(3f)3Ti2] in [D6]
DMSO shows peaks in the 1H NMR spectrum at δ = 8.53
(s, 6 H, imine), 7.89 (br., 6 H, spacer-fluorenyl), 7.48 (d, J =
7.3 Hz, 6 H, spacer-fluorenyl), 7.42–7.32 (m, 12 H, spacer-
fluorenyl), 7.14 (d, J = 8.0 Hz, 12 H, spacer-phenyl), 7.04
(d, J = 8.0 Hz, 12 H, spacer-phenyl), 6.93 (d, J = 7.7 Hz, 6
H, cat), 6.30 (t, J = 7.7 Hz, 6 H, cat), 6.06 ppm (d, J =
7.7 Hz, 6 H, cat). Complex Na4[(3f)3Ti2] as well as
K4[(3f)3Ti2] show similar spectra. For all three complexes,
the signals for the spacer appear at room temperature as
half a set of signals.

Recently, we described the formation of a triple-stranded
dinuclear meso-helicate M4[(3j)3Ti2] with ligand 3j-H4, tita-
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Figure 5. Ligands 3j-H4 and 3f-H4.

nium() ions and the corresponding countercations (Li+,
Na+, K+).[14] The relative stereochemistry of the complex
units of M4[(3j)3Ti2] was shown by X-ray diffraction as well
as by NMR spectroscopy at variable temperature.

Temperature-Dependent NMR Spectroscopic Investigations
of Na4[(3f)3Ti2]

For dinuclear helicate-type complexes with an odd
number of CH2 units in the spacer, NMR spectroscopy is a
powerful tool for distinguishing between the helicate and
the meso-helicate form.[17–22]

Figure 6 shows schematic representations of the situation
that is found for dinuclear complexes with a C1 unit incor-
porated into the spacer of either a helicate or a meso-helic-
ate. In the case of the helicate, one set of signals is expected,
whereas two diastereotopic groups are present in the meso-
helicate. Therefore, we can expect two sets of signals for the
substituents at the C1 unit of the meso-helicate
[(3f)3Ti2]4–.[17–19,22]

Figure 6. Schematic representation of the orientation of ligands
with a C1 spacer in the helicate and meso-helicate. Diasterotopic
substituents are indicated.

As shown in Figure 5, spiro compound 3f-H4 (like 3j-
H4) possesses a “C”-shaped conformation, and the meso-
helicate should therefore be formed upon complexation
with titanium() ions. Thus, a full set of signals is expected
for the protons of the fluorenyl group. The 1H NMR spec-
trum of Na4[(3f)3Ti2] in [D4]methanol at room temperature
shows only half a set of signals (two doublets and two trip-
lets) for the protons of the diastereotopic fluorenyl phenyl
rings. Upon cooling of the NMR sample, the signals
broaden and start to split. At 273 K, a full set of signals is
observed, which reveals that the meso-helicate Na4[(3f)3Ti2]
is present in solution (Figure 7).
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Figure 7. Temperature-dependent NMR spectrum of Na4[(3f)3Ti2]
in [D4]methanol at room temperature (298 K) and at 273 K. The
signal of the H2 proton is covered by a signal of the phenyl ring.
(Two additional catechol protons are observed at δ = 6.44 and
6.51 ppm.)

Conclusions

In this paper we demonstrated the influence of steric hin-
drance at the spacer of triple-stranded helicates for the self-
assembly process. Therefore, a series of imine-bridged dicat-
echol ligands 3a–f-H4 with sterically demanding groups at
the spacer were synthesised. The complexation of the li-
gands with titanium()ions and the corresponding alkaline
metal carbonate M2CO3 (M = Li, Na, K) has shown that
the groups influence the formation of the complexes. In ge-
neral, triple-stranded dinuclear complexes were formed.
However, in some cases oligomeric and polymeric species
could be observed as side products. In the case of a ligand
with a high steric demand, it is possible that the groups of
the spacer do not fit into the cavity and suppress the bind-
ing of the countercation. In this case, the cation cannot act
as a template to stabilise the formation of a triple-stranded
complex, and therefore oligomers or polymers are formed.
The ligands 3a-H4 and 3c-H4 are bulky, and triple-stranded
dinuclear helicates K4[(3a)3Ti2] or K4[(3c)3Ti2] are not ob-
tained in quantitative yields.

Ligand 3e-H4 quantitatively formed a triple-stranded di-
nuclear helicate [(3e)3Ti2]4–. The corresponding amide-
bridged dicatechol ligand 3i-H4 leads to a molecular M4L6
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tetrahedron, K5[Et4N]7[Ga43i6]·8H2O, and no helicate is
observed. Here, hydrogen bonding of the amide group
forces the sterically demanding naphthyl spacers to be ori-
ented towards the interior of the complex. This prevents the
formation of the helicate because the spacers would be
forced “into each other”. With ligand 3e, the spacers are
oriented “outwards”, and the dinuclear complex can be
formed.

Ligand 3f-H4 with a sterically demanding group at the
central unit of the spacer quantitatively formed a meso-hel-
icate. To prove this result, we used temperature-dependent
NMR spectroscopy as a tool for distinguishing between the
helicate and the meso-helicate form. This shows that the
big fluorenyl group does not influence the formation of the
complexes because the group is not directed into the cavity
of the complex but is rather oriented outwards.

Experimental Section
General Remarks: NMR spectra were recorded with a Bruker DRX
500, WM 400 or a Varian Inova 400 spectrometer. FT-IR spectra
were recorded by diffuse reflection (KBr) with a Bruker IFS spec-
trometer. Mass spectra (EI 70 eV, FAB with 3-NBA as matrix) were
recorded with a Finnigan MAT 90, 95 or 212 mass spectrometer.
Elemental analyses were obtained with a Heraeus CHN-O-Rapid
analyser.

General Procedure for the Preparation of the Ligands 3a–f-H4

Method A: The corresponding diamine 1a–d (1 mmol, 1 equiv.) and
2,3-dihydroxybenzaldehyde (2, 2 mmol, 2 equiv.) were heated in tol-
uene in the presence of catalytic amounts of p-TosOH. Water was
removed by azeotropic distillation. After cooling to room tempera-
ture, the precipitated product was isolated by filtration, washed
with toluene and dried in vacuo.

Method B: The corresponding diamine 1e–f (1 mmol, 1 equiv.) and
2,3-dihydroxybenzaldehyde (2, 2 mmol, 2 equiv.) were dissolved in
methanol. After a few minutes, the product started to precipitate,
and was then isolated by filtration after standing overnight, washed
with ice-cold methanol and dried in vacuo.

Ligand 3a-H4 (Method A): Yield: 86% of a yellow solid. 1H NMR
([D6]DMSO): δ = 8.45 (s, 2 H), 7.07 (d, J = 8.0 Hz, 2 H), 6.97 (d,
J = 8.0 Hz, 2 H), 6.79 (t, J = 8.0 Hz, 2 H), 2.09 (s, 12 H) ppm. MS
(EI, 70 eV): m/z = 404 (100) [M]+. C24H24N2O4·1/2H2O (413.47):
calcd. C 69.72, H 6.09, N 6.78; found C 69.92, H 5.74, N 6.87.

Ligand 3b-H4 (Method A): Yield: 91% of a red solid. 1H NMR
([D6]DMSO): δ = 8.95 (s, 2 H), 7.70 (s, 2 H), 7.60 (d, J = 8.5 Hz,
2 H), 7.48 (d, J = 8.5 Hz, 2 H), 7.13 (d, J = 7.5 Hz, 2 H), 6.94 (d,
J = 7.5 Hz, 2 H), 6.77 (t, J = 7.5 Hz, 2 H), 2.44 (s, 6 H) ppm. MS
(EI, 70 eV): m/z = 452 (100) [M]+. C28H24N2O4·1/3H2O (458.52):
calcd. C 73.35, H 5.42, N 6.11; found C 73.31, H 5.17, N 6.11.

Ligand 3c-H4 (Method A): Yield: 72% of an orange solid. 1H NMR
([D6]DMSO): δ = 8.62 (s, 2 H), 7.48 (s, 4 H), 7.09 (d, J = 8.0 Hz,
2 H), 6.97 (d, J = 8.0 Hz, 2 H), 6.80 (t, J = 8.0 Hz, 2 H), 2.24 (s,
12 H) ppm. MS (EI, 70 eV): m/z = 480 (100) [M]+. C30H28N2O4·
1/4toluene (503.60): calcd. C 75.72, H 6.00, N 5.56; found C 75.68,
H 5.99, N 5.15.

Ligand 3d-H4 (Method A): Yield: 81% of a red solid. 1H NMR
([D6]DMSO): δ = 8.95 (s, 2 H), 7.53–7.44 (m, 8 H), 7.12 (d, J =
8.0 Hz, 2 H), 6.96 (d, J = 8.0 Hz, 2 H), 6.80 (t, J = 8.0 Hz, 2
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H) ppm. MS (EI, 70 eV): m/z = 574 (100) [M]+. C29H20F6N2O4·
1/4H2O (578.98): calcd. C 60.16, H 3.57, N 4.84; found C 60.19, H
3.63, N 4.54.

Ligand 3e-H4 (Method B): Yield: quantitative of a red solid. 1H
NMR ([D6]DMSO): δ = 13.17 (s, 2 H), 9.37 (s, 2 H), 9.03 (s, 2 H),
8.15 (d, J = 7.9 Hz, 2 H), 7.71 (t, J = 7.9 Hz, 2 H), 7.55 (d, J =
7.9 Hz, 2 H), 7.23 (dd, J = 7.4, 1.4 Hz, 2 H), 7.03 (dd, J = 7.4,
1.4 Hz, 2 H), 6.86 (t, J = 7.4 Hz, 2 H) ppm. MS (EI, 70 eV): m/z
= 398 (100) [M]+. IR (KBr): ν̃ = 1616, 1460, 1407, 1360, 1273,
1209, 1071, 1026, 981, 928, 781, 734, 522 cm–1. C24H18N2O4

(398.42): calcd. C 72.35, H 4.55, N 7.03; found C 71.65, H 4.46, N
6.73.

Ligand 3f-H4 (Method B): Yield: 93% of a red solid. 1H NMR ([D6]-
DMSO): δ = 13.21 (br., 2 H), 9.23 (br., 2 H), 8.88 (s, 2 H), 7.98 (d,
J = 7.2 Hz, 2 H), 7.52 (d, J = 7.4 Hz, 2 H), 7.47–7.39 (m, 4 H),
7.34 (d, J = 8.7 Hz, 4 H), 7.24 (d, J = 8.7 Hz, 4 H), 7.08 (dd, J =
7.8, 1.4 Hz, 2 H), 6.97 (dd, J = 7.8, 1.4 Hz, 2 H), 6.79 (t, J =
7.8 Hz, 2 H) ppm. 13C NMR ([D6]DMSO): δ = 164.3 (CH), 150.8
(C), 149.8 (C), 147.0 (C), 146.1 (C), 144.6 (C), 140.0 (C), 129.2
(CH), 128.5 (CH), 128.4 (CH), 126.5 (CH), 123.3 (CH), 121.9
(CH), 121.2 (CH), 119.8 (C), 119.5 (CH), 119.3 (CH), 64.9
(C) ppm. MS (EI, 70 eV): m/z = 588 (100) [M]+. IR (KBr): ν̃ =
3410, 1621, 1583, 1501, 1464, 1366, 1271, 1211, 1016, 873, 827,
735 cm–1. C39H28N2O4 (588.66): calcd. C 79.57, H 4.79, N 4.76;
found C 79.14, H 4.80, N 4.42.

General Procedure for the Preparation of the Complexes
M4[(3a–f)3Ti2]

Ligand 3a–f-H4 (3 equiv.), TiO(acac)2 (2 equiv.) and M2CO3

(2 equiv., M = Li, Na, K) were dissolved in DMF, and the orange
mixture was stirred overnight. Volatiles were removed in vacuo to
obtain the dinuclear complexes M4[(3a–f)3Ti2] as red solids.

Complex Li4[(3a)3Ti2]: Yield: 66% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.16 (s, 6 H), 7.03 (d, J = 7.0 Hz, 6 H), 6.36 (t, J =
7.0 Hz, 6 H), 6.17 (d, J = 7.0 Hz, 6 H), 1.91 (s, 36 H) ppm. MS
(pos. FAB, 3-NBA): m/z = 1305 {H2Li[(3a)3Ti2]+}, 1299
{H3[(3a)3Ti2]+}, 649 {H2[(3a)3Ti2]2+}. C72H60Li4N6O12Ti2·
6(C3H7NO)·10H2O (1943.59): calcd. C 55.62, H 6.33, N 8.65;
found C 55.64, H 5.63, N 8.86.

Complex Na4[(3a)3Ti2]: Yield: 60% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.16 (s, 6 H), 7.03 (d, J = 7.0 Hz, 6 H), 6.37 (t, J =
7.0 Hz, 6 H), 6.19 (d, J = 7.0 Hz, 6 H), 1.91 (s, 36 H) ppm. MS
(pos. FAB, 3-NBA): m/z = 1343 {HNa2[(3a)3Ti2]+}, 1299
{H3[(3a)3Ti2]+}, 649 {H2[(3a)3Ti2]2+}. C72H60Na4N6O12Ti2·
6(C3H7NO)·7H2O (1953.74): calcd. C 55.33, H 5.98, N 8.60; found
C 55.15, H 5.38, N 8.86.

Complex K4[(3a)3Ti2]: Yield: 37% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.10 (s, 6 H), 6.93 (d, J = 7.0 Hz, 6 H), 6.37 (t, J =
7.0 Hz, 6 H), 6.19 (d, J = 7.0 Hz, 6 H), 1.89 (s, 36 H) ppm. MS
(pos. FAB, 3-NBA): m/z = 1337 {H2K[(3a)3Ti2]+}, 1299
{H3[(3a)3Ti2]+}, 649 {H2[(3a)3Ti2]2+}. C72H60K4N6O12Ti2·
6(C3H7NO)·7H2O (2018.17): C 53.56, H 5.79, N 8.33; found C
53.61, H 5.30, N 8.69.

Complex Li4[(3b)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.61 (s, 6 H), 7.43 (s, 6 H), 7.34 (d, J = 7.5 Hz,
6 H), 7.08 (d, J = 7.0 Hz, 6 H), 7.00 (d, J = 7.5 Hz, 6 H), 6.38 (t,
J = 7.0 Hz, 6 H), 6.16 (d, J = 7.0 Hz, 6 H), 2.30 (s, 18 H) ppm.
MS (pos. FAB, 3-NBA): m/z = 1443 {H3[(3b)3Ti2]+}, 721
{H2[(3b)3Ti2]2+}. C84H60Li4N6O12Ti2·4(C3H7NO)·10H2O (1941.53):
calcd. C 59.39, H 5.61, N 7.21; found C 59.09, H 4.90, N 7.32.

Complex Na4[(3b)3Ti2]: Yield: 75% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.65 (s, 6 H), 7.44 (s, 6 H), 7.32 (d, J = 8.0 Hz, 6 H),
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7.12 (d, J = 7.5 Hz, 6 H), 7.05 (d, J = 8.0 Hz, 6 H), 6.39 (t, J =
7.5 Hz, 6 H), 6.18 (d, J = 7.5 Hz, 6 H), 2.30 (s, 18 H) ppm.
MS (pos. FAB, 3-NBA): m/z = 1443 {H3[(3b)3Ti2]+}, 721
{H2[(3b)3Ti2]2+}. C84H60Na4N6O12Ti2·5(C3H7NO)·8H2O (2042.79):
calcd. C 58.21, H 5.48, N 7.54; found C 58.15, H 4.94, N 7.78.

Complex K4[(3b)3Ti2]: Yield: 84% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.60 (s, 6 H), 7.43 (s, 6 H), 7.33 (d, J = 8.0 Hz, 6 H),
7.10 (d, J = 7.5 Hz, 6 H), 7.03 (d, J = 8.0 Hz, 6 H), 6.38 (t, J =
7.5 Hz, 6 H), 6.17 (d, J = 7.5 Hz, 6 H), 2.30 (s, 18 H) ppm.
MS (pos. FAB, 3-NBA): m/z = 1443 {H3[(3b)3Ti2]+}, 721
{H2[(3b)3Ti2]2+}. C84H60K4N6O12Ti2·4(C3H7NO)·6H2O (1998.10):
calcd. C 57.71, H 5.04, N 7.01; found C 57.64, H 4.86, N 6.94.

Complex Li4[(3c)3Ti2]: Yield: 75% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.30 (s, 6 H), 7.29 (s, 12 H), 7.06 (d, J = 8.0 Hz, 6
H), 6.37 (t, J = 8.0 Hz, 6 H), 6.17 (d, J = 8.0 Hz, 6 H), 2.06 (s, 36
H) ppm. MS (pos. FAB, 3-NBA): m/z = 1533
{H2Li[(3c)3Ti2]+}, 1527 {H3[(3c)3Ti2]+}, 763 {H2[(3c)3Ti2]2+}.
C90H72Li4N6O12Ti2·5(C3H7NO)·16H2O (2206.88): calcd. C 57.15,
H 6.35, N 6.98; found C 57.25, H 5.52, N 7.27.

Complex Na4[(3c)3Ti2]: Yield: 65% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.30 (s, 6 H), 7.20 (s, 12 H), 7.06 (d, J = 7.5 Hz, 6
H), 6.38 (t, J = 7.5 Hz, 6 H), 6.20 (d, J = 7.5 Hz, 6 H), 2.06 (s, 36
H) ppm. MS (pos. FAB, 3-NBA): m/z = 1549
{H2Na[(3c)3Ti2]+}, 1527 {H3[(3c)3Ti2]+}, 763 {H2[(3c)3Ti2]2+}.
C90H72Na4N6O12Ti2·5(C3H7NO)·17H2O (2289.09): calcd. C 55.09,
H 6.21, N 6.73; found C 54.97, H 5.27, N 7.00.

Complex K4[(3c)3Ti2]: Yield: 56% of a red solid. 1H NMR ([D6]-
DMSO): δ = 8.29 (s, 6 H), 7.20 (s, 12 H), 7.05 (d, J = 7.5 Hz, 6
H), 6.36 (t, J = 7.5 Hz, 6 H), 6.18 (d, J = 7.5 Hz, 6 H), 2.06 (s, 36
H) ppm. MS (pos. FAB, 3-NBA): m/z = 1566
{H2K[(3c)3Ti2]+}, 1527 {H3[(3c)3Ti2]+}, 763 {H2[(3c)3Ti2]2+}.
C90H72K4N6O12Ti2·4(C3H7NO)·18H2O (2298.45): calcd. C 53.30,
H 5.96, N 6.09; found C 53.29, H 5.12, N 6.37.

Complex Li4[(3e)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.26 (s, 6 H), 7.60 (d, J = 8.0 Hz, 6 H), 7.18 (t,
J = 8.0 Hz, 6 H), 7.02 (d, J = 8.0 Hz, 6 H), 6.68 (d, J = 7.4 Hz, 6
H), 6.36 (t, J = 7.4 Hz, 6 H), 6.12 (d, J = 7.4 Hz, 6 H) ppm. MS
(pos. ESI-MS, methanol): m/z = 1299 {Li3[(3e)3Ti2]+}, 646
{Li2[(3e)3Ti2]2+}, 643 {HLi[(3e)3Ti2]2+}. IR (KBr): ν̃ = 3412, 1664,
1608, 1551, 1501, 1445, 1286, 1250, 1099, 1053, 924, 855, 789, 742,
712, 671, 617, 519 cm–1. C72H42Li4N6O12Ti2·7(C3H7NO)·7H2O
(1944.50): calcd. C 57.45, H 5.44, N 9.36; found C 57.71, H 5.11,
N 9.27.

Complex Na4[(3e)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.34 (s, 6 H), 7.65 (d, J = 7.8 Hz, 6 H), 7.25 (t,
J = 7.8 Hz, 6 H), 7.11 (d, J = 7.8 Hz, 6 H), 6.78 (d, J = 7.4 Hz, 6
H), 6.44 (t, J = 7.4 Hz, 6 H), 6.21 (d, J = 7.4 Hz, 6 H) ppm. MS
(pos. ESI-MS, methanol): m/z = 1347 {Na3[(3e)3Ti2]+}, 686
{H2Na4[(3e)3Ti2]2+}, 662 {Na2[(3e)3Ti2]2+}, 640 {H2[(3e)3Ti2]2+}.
IR (KBr): ν̃ = 2927, 1665, 1610, 1551, 1501, 1446, 1388, 1250,
1213, 1095, 1053, 1006, 923, 854, 789, 741, 711, 666, 617, 519 cm–1.
C72H42Na4N6O12Ti2·7(C3H7NO)·5H2O (1972.66): calcd. C 56.63,
H 5.16, N 9.23; found C 56.99, H 4.55, N 9.14.

Complex Li4[(3f)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.53 (s, 6 H), 7.89 (br., 6 H), 7.48 (d, J = 7.3 Hz,
6 H), 7.42–7.32 (m, 12 H), 7.14 (d, J = 8.0 Hz, 12 H), 7.04 (d, J =
8.0 Hz, 12 H), 6.93 (d, J = 7.7 Hz, 6 H), 6.30 (t, J = 7.7 Hz, 6 H),
6.06 (d, J = 7.7 Hz, 6 H) ppm. MS (neg. ESI-MS, methanol): m/z
= 1869 {Li3[(3f)3Ti2]–}, 1864 {HLi2[(3f)3Ti2]–}, 1852
{H3[(3f)3Ti2]–}, 932 {Li2[(3f)3Ti2]2–}. IR (KBr): ν̃ = 3444, 1666,
1618, 1590, 1501, 1446, 1386, 1252, 1209, 744, 666, 599, 514 cm–1.
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C117H72Li4N6O12Ti2·6(C3H7NO)·9H2O (2478.17): calcd. C 65.43,
H 5.37, N 6.78; found C 65.38, H 5.31, N 7.36.

Complex Na4[(3f)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.57 (s, 6 H), 7.91 (br., 6 H), 7.44–7.31 (m, 18
H), 7.17 (d, J = 8.7 Hz, 12 H), 7.06 (d, J = 8.7 Hz, 12 H), 6.99 (dd,
J = 7.9, 1.5 Hz, 6 H), 6.34 (t, J = 7.9 Hz, 6 H), 6.12 (dd, J =
7.9, 1.5 Hz, 6 H) ppm. MS (neg. ESI-MS, methanol): m/z = 1918
{Na3[(3f)3Ti2]–}, 1896 {HNa2[(3f)3Ti2]–}, 1874 {H2Na[(3f)3Ti2]–},
1852 {H3[(3f)3Ti2]–}. IR (KBr): ν̃ = 3442, 1666, 1615, 1588, 1499,
1445, 1386, 1252, 1211, 1093, 743, 664, 595, 513 cm–1.
C117H72Na4N6O12Ti2·7(C3H7NO)·8H2O (2597.44): calcd. C 63.81,
H 5.32, N 7.01; found C 63.60, H 5.35, N 7.10.

Complex K4[(3f)3Ti2]: Yield: quantitative of a red solid. 1H NMR
([D6]DMSO): δ = 8.59 (s, 6 H), 7.92 (d, J = 6.9 Hz, 6 H), 7.46–
7.30 (m, 18 H), 7.16 (d, J = 8.7 Hz, 12 H), 7.10 (d, J = 8.7 Hz, 12
H), 7.04 (d, J = 7.7 Hz, 6 H), 6.34 (t, J = 7.7 Hz, 6 H), 6.12 (d, J
= 7.7 Hz, 6 H) ppm. MS (neg. ESI-MS, methanol): m/z = 1928
{HK2[(3f)3Ti2]–}, 923 {H2[(3f)3Ti2]2–}, 617 {H[(3f)3Ti2]3–}. IR
(KBr): ν̃ = 3430, 1666, 1616, 1587, 1499, 1444, 1386, 1252, 1212,
1094, 781, 742, 663, 511 cm–1. C117H72K4N6O12Ti2·6(C3H7NO)·
6H2O (2552.75): calcd. C 63.52, H 4.98, N 6.58; found C 63.50, H
5.04, N 6.62.
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COVER PICTURE
The cover picture shows that Raman spectroscopy can reveal
drastically different N�N stretching frequencies in dinuclear,
dinitrogen-bridged titanium complexes. In the article
by F. Tuczek et al. on p. 291ff., the recently synthesized com-
plex [{(η5-C5Me5)Ti[η6-C5H4C(p-tolyl)2]}2(μ-η1:η1-N2)] (1;
R. Beckhaus et al., Eur. J. Inorg. Chem. 2005, 1003) is com-
pared to the dinuclear (dinitrogen)titanium complex
[{(Me3Si)2NTiCl(TMEDA)}2(μ-η1:η1-N2) (3; R. Duchateau
et al., J. Am. Chem. Soc. 1991, 113, 8986). With respect to 3
[ν(NN) � 1284 cm�1], 1 exhibits an unusually high N�N
stretching frequency [ν(NN) � 1749 cm�1]. These spectro-
scopic differences reflect different degrees of dinitrogen
activation, which are explained by the fact that only one of
the N2 π*-orbitals is occupied in 1, whereas both π*-orbitals
are occupied in 3.
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Inspired by the proposed role of secondary hydrogen-bond-
ing interactions in modulating the chemistry of mononuclear
zinc centers in metalloenzymes, zinc complexes supported
by tetradentate tripodal ligands having one or more internal
hydrogen-bond donors have been prepared, characterized,
and investigated for biologically relevant reactivity. Com-
plexes of this class have been examined in terms of water
activation and CO2 reactivity, alcohol/alkoxide coordination,
and amide methanolysis and phosphate ester hydrolysis re-
activity. The results of these studies indicate that the pres-
ence of internal hydrogen-bond donors will lower the pKa of

Introduction

Secondary hydrogen-bonding interactions are suggested
to play important roles in modulating the chemistry of mo-
nonuclear zinc centers in metalloenzymes.[1,2] For example,
as outlined below for specific enzymes, these interactions
have been proposed to: (1) influence the pKa of a zinc-
bound water molecule, (2) orient a substrate or nucleophile
for catalysis, (3) stabilize a transition state or reactive spe-
cies, or (4) activate a substrate for a reaction (e.g. hydroly-
sis). Over the past few years, several laboratories have
worked toward understanding the influence of hydrogen
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a zinc-bound water molecule, stabilize zinc alkoxide species
with respect to hydrolysis, and enhance the phosphate ester
cleavage reactivity of mononuclear zinc complexes. In ad-
dition, use of tripodal ligands having a single internal hydro-
gen-bond donor has enabled the isolation of a novel cad-
mium hydroxide complex and examination of its CO2 chem-
istry, as well as the identification of a novel amide cleavage
reaction which proceeds by initial formation of a deproton-
ated amide intermediate.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bonding on the chemistry of zinc centers by examining
the chemistry of synthetic zinc complexes supported by
novel tripodal tetradentate chelate ligands containing in-
ternal hydrogen-bond donors. In an approach akin to metal
ion substitution studies of zinc enzymes, in some cases ana-
log complexes of the heavier group 12 metals have also been
prepared, characterized, and examined for biologically rel-
evant reactivity. Overall, these studies have provided impor-
tant new fundamental chemical insight with which to evalu-
ate the proposed role of secondary hydrogen bonding in the
catalytic cycles of zinc enzymes.

Carbonic anhydrases (CAs) catalyze the reversible hy-
dration of carbon dioxide to form hydrogen carbonate.
These enzymes are classified in four distinct classes, desig-
nated α-, β-, γ- and δ-CAs.[3] In the first three classes, a
mononuclear zinc center mediates the hydrolysis of CO2 by
a two-step mechanism.[4] In the first step, a zinc-bound hy-
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droxide serves as a nucleophile for attack on CO2. The sec-
ond step involves regeneration of the active site Zn–OH
moiety through water activation. In the active site of a typi-
cal mammalian α-type carbonic anhydrase (e.g. carbonic
anhydrase II), the resting state tetrahedral zinc center, lig-
ated by three histidine ligands and one hydroxide/water li-
gand [(NHis)3Zn–OH], acts as a hydrogen-bond donor to an
active-site threonine residue (Thr-199, Figure 1). This inter-
action is suggested to be important toward determining the
pKa of the Zn–OH2 moiety and orienting the hydroxide
lone pair for attack on CO2.[5,6] Hydrogen bonding involv-
ing Thr-199 is also suggested to be important for stabiliza-
tion of the transition state and product-bound forms of the
enzyme. Notably, an X-ray structure of carbonic anhydrase
II shows that the zinc-bound hydroxide oxygen atom also
accepts hydrogen bonds from the surrounding water mole-
cules (Figure 1).[7]

Figure 1. Active-site primary and secondary coordination environ-
ments of α-, β-, and γ-type carbonic anhydrases.

The β-type CAs contain a mononuclear zinc center li-
gated by two conserved cysteine residues, one conserved
histidine residue, and an aspartate or water ligand (Fig-
ure 1).[8–12] On the basis of the X-ray structure of the P.
sativum β-CA, secondary hydrogen-bonding interactions in-
volving active site aspartate, glutamine, and glycine residues
are suggested to be involved in catalysis.[9] In the γ-CA
“Cam” from the archaeon Methanosarcina thermophila, a
trigonal-bipyramidal zinc center is ligated by three histidine
residues and two water/hydroxo ligands (Figure 1).[13,14]

Hydrogen-bonding interactions are present between the
water/hydroxo ligands and two active-site residues (Gln-75
and Glu-62). The glutamate residue has also been impli-
cated in proton transfer and in stabilization of a hydrogen
carbonate bound form of the enzyme. Finally, a δ-type
carbonic anhydrase, TWCA1, from the marine diatom

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 273–283274

Thalassiosira weissflogii, has been identified as having an
(NHis)3Zn–OH2/OH motif akin to α-type CAs.[15] Notably,
under conditions wherein the level of TWCA1 is low in T.
weissflogii, a putative naturally occurring, cadmium-con-
taining carbonic anhydrase (CDCA1) has been iden-
tified.[16] The sequence of CDCA1 is significantly different
from those of all other classes of CAs.[17] X-ray absorption
spectroscopic studies suggest that the cadmium center in
CDCA1 is tetrahedral and is ligated by two or more cyste-
ine thiolates and a water molecule.[17]

Liver alcohol dehydrogenase (LADH) catalyzes the oxi-
dation of alcohols to aldehydes and ketones using NAD+

as a cofactor.[18] The resting state form of the enzyme con-
tains a tetrahedral (NHis)(SCys)2Zn–OH2 center, with a ne-
arby serine residue (Ser-48) positioned to form a hydrogen-
bonding interaction with the zinc-bound water molecule
(Figure 2).[18] In a proposed catalytic cycle for LADH, the
active-site water molecule is replaced by the alcohol sub-
strate.[19] An X-ray crystallographic study of C6F5CH2OH
bound to the active-site zinc center of LADH suggests the
presence of a hydrogen-bonding interaction between the hy-
droxy proton of the zinc-bound alcohol and the oxygen
atom of Ser-48.[20] Following deprotonation of the zinc-
bound alcohol, Ser-48 is proposed to form a strong hydro-
gen-bonding interaction with the alkoxide oxygen
atom.[21,22] This interaction is then proposed to weaken
upon hydride transfer and formation of a zinc-bound alde-
hyde or ketone product.[22] Notably, X-ray crystallographic
studies of formamide-[23–25] and sulfoxide-inhibited[26,27]

forms of LADH also indicate the presence of hydrogen
bonding between the zinc-bound oxygen atom of the inhibi-
tor and Ser-48.

Figure 2. Hydrogen-bonding interactions proposed in the catalytic
cycle of liver alcohol dehydrogenase.

Zinc enzymes that catalyze the hydrolysis of amide bonds
in many cases have active-site residues within hydrogen-
bonding distance of the metal-bound water and/or the sub-
strate carbonyl group.[28,29] For example, in the active site
of carboxypeptidase A, hydrogen-bonding interactions in-
volving several residues (Glu-270, Arg-71, Arg-127, Asn-
144, Arg-145, and Tyr-248) have been identified (Fig-
ure 3).[30,31]
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Figure 3. Proposed secondary interactions in the active site of car-
boxypeptidase A in the presence of substrate.

Similary, within the active site of several metalloenzymes
that catalyze the hydrolysis of phosphate ester linkages, are
positively charged amino acid side chains that are proposed
to stabilize the transition state by hydrogen bonding and/or
provide a proton for the leaving group. For example, in the
catalytic cycle of alkaline phosphatase, phosphate mono-
ester hydrolysis involves substrate interactions with arginine
guanidinium and histidine imidazolium groups.[32]

In this Microreview, I summarize recent advances in the
use of tripodal tetradentate ligand systems having internal
hydrogen-bond donors in studies directed at evaluating the
influence of secondary interactions on chemical reactions
of relevance to carbonic anhydrase, liver alcohol dehydroge-
nase, and amide and phosphate ester hydrolyzing enzymes.
In an ideal scenario, such studies would be performed using
a tetrahedral enforcing ligand having internal hydrogen-
bond donors, as this type of ligand would provide the most
accurate mimic of both the primary and secondary coordi-
nation environment of the biological metal centers de-
scribed above. However, despite recent attempts to incorpo-
rate secondary hydrogen-bond donors into tetrahedral en-
forcing ligands,[33] little coordination chemistry of such sys-
tems has been reported.

Water Activation: (Aqua)- and (Hydroxo)zinc
Complexes

A key step in the catalytic cycle of several zinc enzymes,
including carbonic anhydrases, is the activation of a water
molecule to produce a reactive Zn–OH moiety. To gauge
the influence of secondary hydrogen bonding on the acidity
of a metal-bound water molecule, Mareque-Rivas and co-
workers have examined the acidity of a Zn–OH2 moiety
supported by a variety of tripodal N4-donor ligands having
internal hydrogen-bond donors.[34,35] For ligands having a
primary amine hydrogen-bond donor [bpapa, bapapa, tapa;
Figure 4 (left)], the acidity of the Zn–OH2 moiety increases
by ca. 0.7–0.9 pKa units per hydrogen-bond donor present
in the chelate ligand. This can be rationalized by the fact
that the formation of hydrogen-bonding interactions with
the zinc-bound water molecule withdraws electron density
from the water molecule, thus lowering the pKa value. No-

Eur. J. Inorg. Chem. 2006, 273–283 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 275

tably, a parallel study involving neopentylamine-appended
ligands [bpnpa, bnpapa, tnpa; Figure 4 (right)] yielded a
different result. Specifically, the ligand system having the
largest number of internal hydrogen-bond donors (tnpa)
was found to produce an (aqua)zinc complex that was inter-
mediate in acidity between complexes supported by ligands
having one (bpnpa) or two (bnpapa) internal hydrogen-
bond donors. This difference may be due to steric effects
involving the bulkier neopentylamine hydrogen-bond do-
nors. In this regard, X-ray structures of zinc hydroxide com-
plexes of both the bnpapa and tnpa ligands have been re-
ported (Figure 5).[35,36] In [(bnpapa)Zn–OH]ClO4, the zinc-
bound hydroxide oxygen atom accepts two hydrogen bonds
from the neopentylamine donors. These secondary interac-
tions are characterized by a heteroatom N···O distance of
ca. 2.73 Å. In [(tnpa)Zn–OH]ClO4, the hydroxide oxygen
atom also accepts two hydrogen bonds from the supporting
chelate ligand. However, in this complex the average hetero-
atom distance is longer [N···Oavg 2.82 Å; N···Oavg 2.88 Å
(two independent X-ray structures reported)].[35,36] Notably,
this change in the secondary hydrogen-bonding interactions
does not produce a significant difference in the Zn–O(H)
bond length {[(bnpapa)Zn–OH]ClO4, 1.941(3) Å; [(tpna)-
Zn–OH]ClO4 [1.9315(8) Å, 1.957(2) Å]}.

Figure 4. Tetradentate, tripodal chelate ligands having internal hy-
drogen-bond donors. The pKa values for the [(ligand)Zn–OH2]2+

complexes are given.

Chin and co-workers have determined the acidity of a
zinc-bound water molecule in complexes supported by
tetradentate tripodal N3O-type ligands having internal hy-
drogen-bond donors.[37] A ZnII complex of the L2 ligand
(Figure 6), which has two internal primary amine hydrogen-
bond donors, has more acidic pKa values than a ZnII com-
plex of the L1 ligand. These values, determined by potentio-
metric titration, are for ionization of the pendant alcohol
of the chelate ligand and a zinc-bound water molecule, al-
beit the individual values have not been definitively as-
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Figure 5. Mononuclear zinc hydroxide complexes of tripodal li-
gands having internal hydrogen-bond donors.

signed. As with the ligand systems described above, the en-
hanced acidity for the zinc-bound water molecule is attrib-
uted to secondary hydrogen-bonding interactions involving
the ligand amine groups. To date, no X-ray structural char-
acterization data has been reported for (aqua)- or (hydroxo)-
zinc derivatives of the L1 or L2 ligands.

Figure 6. N3O-donor ligands. pKa values are given for the [(ligand)-
Zn–OH2]2+ complexes.

Metal Hydroxide/CO2 Chemistry

As noted above, studies of both α- and γ-carbonic
anhydrases suggest that HCO3

– binding to the zinc ion is
stabilized by hydrogen-bonding interactions.[14,38] Interest-
ingly, several isolated mononuclear metal hydrogen carbon-
ate complexes also demonstrate both hydrogen-bond-donor
and -acceptor interactions involving the metal-bound hy-
drogen carbonate ligand.[39–43] To date, a mononuclear zinc
hydrogen carbonate complex of relevance to carbonic anhy-
drase has not been structurally characterized. However,
Masuda and co-workers recently reported that a zinc
hydroxide complex of the tnpa chelate ligand {[(tnpa)Zn–
OH]ClO4, Figure 5} undergoes reaction in the presence of
CO2 to produce a putative zinc hydrogen carbonate com-
plex, which has been characterized by 1H and 13C NMR
and electrospray mass spectrometry.[36] In the proton NMR
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spectrum in [D6]DMSO, evidence for the formation of the
hydrogen carbonate complex is derived from a shift of the
neopentylamine proton resonance from δ = 9.21 ppm in the
hydroxide complex to δ = 7.71 ppm in the hydrogen carbon-
ate complex. In the 13C NMR spectrum in CD3OD, a new
resonance at δ = 160.8 ppm has been assigned as the sp2

carbon atom of the coordinated hydrogen carbonate ligand.
The strongest evidence for the formation of [(tnpa)-
Zn(HCO3)]ClO4 comes from electrospray mass spectrome-
try where a new isotope cluster is found at m/z = 670.3.
This value corresponds to the cationic formula [(tnpa)-
Zn(HCO3)]+. The reaction to produce [(tnpa)Zn(HCO3)]-
ClO4 is reversible, as purging with argon results in the re-
generation of the spectroscopic signals associated with
[(tnpa)Zn–OH]ClO4. Recently, the same laboratory re-
ported that [(bnpapa)Zn–OH]ClO4

[35,44] (Figure 5) under-
goes reaction with CO2 to produce a zinc hydrogen carbon-
ate species, [(bnpapa)Zn(HCO3)]ClO4.[45] Though not rel-
evant to carbonic anhydrases, we note that in the presence
of H2O2, this hydrogen carbonate complex undergoes fur-
ther reaction with a zinc hydroperoxide intermediate,
[(bnpapa)Zn–OOH]ClO4, to produce a novel dinuclear zinc
peroxocarbonate complex, [(bnpapaZn)2(O3CO)](ClO4)2.[45]

X-ray crystallographic studies of this peroxocarbonate com-
plex indicate stabilization of peroxocarbonate dianion coor-
dination by hydrogen-bonding interactions involving the
bnpapa supporting chelate ligand.

In reactions with relevance to β-type CAs and the novel
cadium-containing carbonic anhydrase that was recently re-
ported,[16,17] we have examined the CO2 reactivity of dinu-
clear zinc and cadmium hydroxide complexes, [(benpaZn)2-
(μ-OH)2](ClO4)2

[46] and [(bmnpaCd)2(μ-OH)2](ClO4)2, sup-
ported by tripodal N2S2 chelate ligands containing a single
internal hydrogen-bond donor (Scheme 1).[47,48] For the
zinc complex, the reaction with CO2 leads to the formation
of a bridging carbonate complex, [(benpaZn)2(μ-CO3)]-
(ClO4)2, having bidentate carbonate coordination to both
zinc centers. The reaction of [(bmnpaCd)2(μ-OH)2](ClO4)2

with CO2 leads to the formation of [(bmnpaCd)2(μ-CO3)]-
(ClO4)2, a dinuclear complex wherein the carbonate ligand
is coordinated in a bidentate fashion to one CdII center and
in an anisobidentate mode to the other CdII ion. Notably,
while addition of water to the zinc carbonate complex re-
sults in the release of CO2 and the regeneration of
[(benpaZn)2(μ-OH)2](ClO4)2, the cadmium carbonate com-
plex exhibits no reaction in the presence of water. This dif-
ference in reactivity may be due to several factors, including
the weak nature of thioether ligation to ZnII.[49,50] In
[(benpaZn)2(μ-CO3)](ClO4)2, long Zn–S interactions
[2.561(1) Å and 2.594(1) Å] suggest the possibility that a
coordinated thioether may dissociate or could possibly be
displaced in favor of a water ligand. Water coordination
could facilitate the hydrolysis of the bridging carbonate
moiety and the release of CO2. Subtle differences in hydro-
gen-bonding interactions involving the bridging carbonate
ligands in [(benpaZn)2(μ-CO3)](ClO4)2 and [(bmnpaCd)2(μ-
CO3)](ClO4)2 may also contribute to the observed differ-
ences in CO2 release reactivity.
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Scheme 1. CO2 reactivity of N2S2-ligated zinc and cadmium hydroxide complexes.

Nitrogen/Sulfur-Ligated Zinc–Alcohol,
–Aryloxide, and –Alkoxide Complexes

Comparative structural studies of mononuclear zinc–
alcohol, –formamide, and –sulfoxide complexes, supported
by the N2S2-donor chelate ligands bmapa {[(6-amino-2-
pyridyl)methyl]bis[2-(methylthio)ethyl]amine} and bmpa {bis-
[2-(methylthio)ethyl][(2-pyridyl)methyl]amine} (Figure 7),
revealed, in some cases, differences as a consequence of the
presence of a hydrogen-bond-donor amine group in the for-
mer ligand.[51,52] For example, while mononuclear bmapa-
and bmpa-ligated zinc–methanol complexes showed no dif-
ference in the Zn–O(alcohol) distance, a subtle elongation
(ca. 0.025 Å) was identified for the Zn–O(formamide)
distances in [(bmapa)Zn(DMF)](ClO4)2 and [(bmapa)-
Zn(NMF)](ClO4)2 relative to their bmpa-ligated analogs.
This bond lengthening may be due to the removal of elec-
tron density from the formamide carbonyl unit through the
intramolecular hydrogen-bonding interaction, which would
make the formamide a weaker donor to the cationic zinc
center. However, alternative rationales for the Zn–O bond
elongation in the bmapa-ligated zinc–formamide derivatives
must also be considered. For example, the presence of the
secondary amine group may impart additional steric hin-
drance that is responsible for the slight Zn–O(formamide)
bond elongation. In addition, the amine substituent on the
pyridyl ring of the bmapa ligand makes this heterocycle a
slightly better base (pyridine: pKa = 5.14; 2-aminopyridine:
pKa = 6.71) and thus a better donor to the zinc center.[53,54]

This could result in a slightly decreased Lewis acidity for
the zinc center in the bmapa-ligated derivatives. Overall, the
degree to which each of these factors influences the neutral
oxygen-donor binding properties of the N2S2-ligated zinc
center remains to be fully elucidated.

As noted above, a mononuclear nitrogen/sulfur-ligated
zinc–alkoxide derivative is proposed as the active species
for hydride transfer in the catalytic cycle of liver alcohol
dehydrogenase.[19] To examine the influence of hydrogen
bonding on the formation and reactivity of nitrogen/sulfur-
ligated zinc–aryloxide and –alkoxide complexes, two new
tetradentate tripodal ligand systems containing one or
more internal hydrogen-bond donors were employed
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Figure 7. Zinc–alcohol, –formamide, and –sulfoxide complexes of
the bmapa and bmpa ligands. All complexes have perchlorate
counteranions.

(Figure 8).[46,55] Using the bmnpa and benpa ligands, a
series of mononuclear N2S2-ligated zinc–aryloxide com-
plexes were prepared and characterized.[46] In each com-
plex, a hydrogen-bonding interaction is present between the
zinc-bound aryloxide oxygen atom and the secondary
amine moiety of the supporting chelate ligand. 1H NMR
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studies of this family of complexes indicated that this hy-
drogen-bonding interaction is perturbed upon change in the
basicity of the aryloxide ligand. Specifically, whereas in the
p-methoxyphenolate complex [(benpa)Zn(p-OC6H4OCH3)]-
ClO4 the secondary amine N–H resonance is found at δ =
9.97 ppm (CD3CN, ambient temperature), in the p-nitro-
phenolate complex [(benpa)Zn(p-OC6H5NO2)]ClO4 the
same resonance is found at δ = 8.93 ppm. The downfield
position of the N–H resonance in the p-methoxyphenolate
derivative relative to the p-nitrophenolate analog indicates
that a stronger hydrogen-bonding interaction is present in
[(benpa)Zn(p-OC6H4OCH3)]ClO4. This is consistent with
the relative basicity of the two anions (p-methoxyphenol:
pKa = 10.2; p-nitrophenol: pKa = 7.14).

Figure 8. Top: Tripodal tetradentate nitrogen/sulfur ligands con-
taining internal hydrogen-bond donors. Bottom: Mononuclear
zinc–aryloxide and –methoxide/hydroxide complexes.

Particularly interesting results were obtained using the
tripodal N3S-donor ebnpa {[2-(ethylthio)ethyl]bis[(6-neo-
pentylamino-2-pyridyl)methyl]amine} ligand (Figure 8).[55]

The mononuclear zinc–methoxide and –hydroxide com-
plexes, [(ebnpa)Zn–OCH3]ClO4 and [(ebnpa)Zn–OH]ClO4,
were isolated and characterized. Notably, determination of
the equilibrium constant for the methanolysis of the hy-
droxide derivative revealed a value [KMe (304 K) = 0.30(8)]
that is orders of magnitude greater than that of an equilib-
rium involving Zn–OH and Zn–OCH3 derivatives of the
hydrophobic TptBu,Me ligand [TptBu,Me = tris(3-tBu-5-
Me-pyrazolyl)hydroborate, Scheme 2] [KMe (300 K) =

Scheme 2. Zinc–hydroxide/methoxide equilibria.
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1.4(2)·10–3].[56,57] Examination of the temperature depen-
dence of the equilibrium constants for the ebnpa- and
TptBu,Me-ligated systems yielded ΔHMe = –0.9 kcal/mol and
1.2(1) kcal/mol, respectively. The negative ΔHMe value for
the ebnpa-ligated system indicates that spontaneous alk-
oxide formation will occur from a zinc hydroxide precursor
at low temperature. In contrast, the positive ΔHMe value for
the TptBu,Me-ligated system indicates that alkoxide forma-
tion from a zinc hydroxide species is thermodynamically un-
favorable at all temperatures. Overall, this work has impli-
cations for the catalytic cycle of LADH as it suggests that
active-site ligand effects, including hydrogen-bonding inter-
actions involving Ser-48, likely influence the hydrolytic sta-
bility of the proposed zinc–alkoxide moiety in the catalytic
cycle.

Amide Cleavage

Secondary hydrogen-bonding interactions are proposed
to play important roles in the amide hydrolysis reactions
mediated by carboxypeptidase A and other metalloamid-
ases. For example, hydrogen bonding may be involved in
the activation of the amide carbonyl moiety, and/or in tran-
sition-state stabilization. To probe the influence of hydrogen
bonding on amide cleavage reactivity, Mareque-Rivas and
co-workers have examined the amide cleavage properties of
tripodal N4-ligated systems having one internal amide
substrate and from zero to two internal hydrogen-bonding
interactions involving the zinc-bound amide carbonyl
oxygen atom (Figure 9).[58–60] X-ray crystallographic studies
of [(ppbpa)Zn](ClO4)2, [(amppa)Zn](ClO4)2 (amppa =
[(6-amino-2-pyridyl)methyl]{[6-(pivaloylamido)-2-pyridyl]-
methyl}[(2-pyridyl)methyl]amine) and [(bampa)Zn](ClO4)2

(bampa = bis[(6-amino-2-pyridyl)methyl]{[6-(pivaloyl-
amido)-2-pyridyl]methyl}amine) revealed that each com-
plex contains a distorted trigonal-bipyramidal zinc center
with the tertiary amine and the amide oxygen donors of the
chelate ligand in the axial positions.[59,61] Comparison of
the zinc–ligand distances in this series of complexes indi-
cated that as the number of internal hydrogen-bonding in-
teractions involving the coordinated amide oxygen atom in-
creased, the Zn–O(amide) bond elongated by ca. 0.02 Å
and the Zn–N(tert-amine) shortened by ca. 0.02–0.03 Å
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(Figure 9). Notably, the magnitude of this elongation of the
Zn–O bond in this series of complexes per hydrogen-bond
donor is identical to that found upon comparison of the
Zn–O bond lengths in the N2S2-ligated zinc–formamide
complexes {[(bmapa)Zn(DMF)](ClO4)2, [(bmapa)Zn(NMF)]-
(ClO4)2, Figure 7} vs. structurally similar compounds lack-
ing the internal hydrogen-bond donor {[(bmpa)Zn(DMF)]-
(ClO4)2, [(bmpa)Zn(NMF)](ClO4)2, Figure 7}.[52] The hy-
drogen-bonding interactions for the complexes shown in
Figure 7 and Figure 9 may all be classified as moderate hy-
drogen bonds.[62]

Figure 9. Amide-appended complexes containing zero to two in-
ternal hydrogen-bond donors.[63]

Treatment of the amide-appended zinc complexes shown
in Figure 9 with 1 equiv. of Me4NOH·5H2O in methanol at
50(1) °C results in amide alcoholysis to produce 1 equiv.
each of methyl trimethylacetate and Me4NClO4, and one or
more zinc complexes of a modified chelate ligand having a
new primary amine appendage derived from the cleavage of
the amide moiety. For example, the reaction of [(ppbpa)-
Zn](ClO4)2 under the conditions cited above produces a
mixture of zinc–hydroxide and –methoxide complexes of
the ambpa {[(6-amino-2-pyridyl)methyl]bis[(2-pyridyl)-
methyl]amine}. Mareque-Rivas and co-workers have shown
that the half-life for the amide methanolysis reaction in the
series of complexes shown in Figure 9 increases dramati-
cally with the addition of each internal hydrogen-bond do-
nor. Specifically, the half-life for the amide bond in
[(ppbpa)Zn](ClO4)2 is ca. 0.4 h, whereas for [(amppa)-
Zn](ClO4)2 and [(bampa)Zn](ClO4)2, the half-life is ca. 9 h
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and ca. 320 h, respectively.[59] To interpret these results, as
well as other amide cleavage studies involving similar com-
plexes reported in the literature, we thought it essential to
further investigate the reaction mechanism of amide cleav-
age operative in these systems. In this regard, we recently
completed kinetic and mechanistic studies of the amide
methanolysis reaction of [(ppbpa)Zn](ClO4)2.[61] As de-
picted in Scheme 3, these studies revealed that the treatment
of [(ppbpa)Zn](ClO4)2 with 1 equiv. of Me4NOH·5H2O in
methanol/acetonitrile solution at ambient temperature re-
sults in the stoichiometric formation of a deprotonated
amide intermediate complex, [(ppbpa–)Zn]ClO4, which was
isolated and characterized (1H and 13C NMR, FTIR, and
elemental analysis). Heating of analytically pure [(ppbpa–)-
Zn]ClO4 in methanol/acetonitrile solution at 65(1) °C re-
sults in amide methanolysis. Kinetic studies of this reaction
revealed a first-order dependence on both [(ppbpa–)Zn]-
ClO4 and methanol in the rate-determining step. Analysis
of the rate of decay of a 1H NMR signal of [(ppbpa–)Zn]-
ClO4 as a function of time yielded activation parameters
that are consistent with an intramolecular amide-cleavage
process [ΔH‡ = 15.0(3) kcal/mol, ΔS‡ = –33(1) eu].[63] On
the basis of this data and other experiments, a reaction
mechanism was proposed in which the deprotonated amide
species [(ppbpa–)Zn]ClO4 is an intermediate produced prior
to the rate-limiting step.[61] The reaction of this intermediate
with methanol is proposed to produce a Lewis activated
type structure from which amide cleavage is initiated. The
rate-determining step in this reaction pathway should be
either the attack of the zinc-bound alkoxide nucleophile at
the amide carbonyl carbon atom or the breakdown of the
resulting tetrahedral intermediate. On the basis of these kin-
etic and mechanistic studies, we suggest that the slowing of
the rate of amide methanolysis for the series of complexes
shown in Figure 9 results from steric hindrance imparted
by the hydrogen-bond donor amine groups, which limits the
approach of the nucleophile to the amide carbonyl carbon
atom, or from stabilization of the tetrahedral intermediate
by hydrogen-bonding interactions. Further experiments di-
rected at differentiating between these possibilities are un-
derway.

Notably, a ZnII complex of the N2S2 donor ligand
bmppa (Scheme 4) also undergoes amide methanolysis in
the presence of Me4NOH·5H2O in methanol-containing
solutions.[64] In addition, we have discovered that CdII and
HgII analogs, [(bmppa)Cd(ClO4)]ClO4 and [(beppa)-
Hg(ClO4)]ClO4, also undergo amide methanolysis under
similar conditions.[64,65] The X-ray structures of these heav-
ier group 12 analogs provide evidence that simultaneous
amide oxygen and anion coordination can occur. Specifi-
cally, in the solid-state structures of [(bmppa)Cd(ClO4)]-
ClO4 and [(beppa)Hg(ClO4)]ClO4 (Figure 10) a weak per-
chlorate interaction yields a six-coordinate cation having a
distorted trigonal-prismatic geometry. Interestingly, the me-
tal-bound oxygen atom of the coordinated perchlorate
anion is positioned adjacent to the amide carbonyl oxygen
atom in an arrangement that may be relevant to the pro-
posed active form of the metal complexes for amide meth-
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Scheme 3. Proposed mechanistic pathway of the amide methanolysis for [(ppbpa)Zn](ClO4)2.

anolysis (Scheme 3, “A”). Preliminary mechanistic studies
indicate that the amide-cleavage reactions of [(bmppa)-
Cd(ClO4)]ClO4 and [(beppa)Hg(ClO4)]ClO4 also proceed
by the formation of an intermediate deprotonated amide
complex.

Scheme 4. Amide methanolysis reaction of [(bmppa)Zn](ClO4)2.

Figure 10. Drawing of the cationic portions of [(bmppa)M(ClO4)]-
ClO4 (M = CdII or HgII).

The studies outlined above indicate that group 12 com-
plexes supported by tripodal ligands having a single internal
amide appendage exhibit novel amide-cleavage reactivity in
basic methanol solution. This is interesting in that amide-
appended tetradentate tripodal ligands have been used to
stabilize a variety of 3d-metal complexes of relevance to
biological systems, including metal hydroxide complexes,
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without any reported amide-cleavage side reactions. For ex-
ample, Borovik has used amide-appended tripodal, tri-
anionic ligands to stabilize a variety of terminal M–X (M
= Fe, Mn; X = O, OH, S, Se, NHR, NR) complexes.[66,67]

Masuda has also demonstrated that amide-appended tetra-
dentate tripodal N4-donor ligands can be used to stabilize
a variety of novel copper– and/or iron–hydroxo, –hydroper-
oxo, and –alkylperoxo species.[68–73] These latter complexes
are particularly interesting in that each contains the {[6-
(pivaloylamido)-2-pyridyl]methyl}amine structural compo-
nent within the supporting chelate ligand. Further studies
are clearly needed to determine how changes in the nature
of the metal ion influence the amide-cleavage reactivity.

Phosphate Ester Coordination and Hydrolysis

There is considerable current interest in the development
of synthetic compounds that catalyze the selective and/or
catalytic hydrolysis of phosphate esters.[74–90] In this contri-
bution, discussion in this area is limited to recent studies of
phosphate ester coordination and hydrolysis mediated by
zinc complexes of tetradentate tripodal ligands having in-
ternal hydrogen-bond donors.

Mareque-Rivas and co-workers recently compared the
phosphate monoester binding properties of [(bapapa)-
Zn(OHn)]2+ (n = 1 or 2; pKa = 6.7) and [(tpa)Zn(OH2)]2+

(Figure 11).[91] In aqueous solution at pH = 7, the former
compound exhibits a higher affinity for PhOPO3

2– coordi-
nation (log K = 3.6±0.1) than the tpa-ligated analog com-
plex (log K = 4.4±0.1). Although an X-ray structure of a
phosphate monoester adduct was not reported for either
system, X-ray crystallographic characterization of a zinc ni-
trate complex of the bapapa ligand, [(bapapa)Zn(NO3)]-
NO3, showed that the zinc-bound oxygen atom of the anion
can participate in two moderate hydrogen-bonding interac-
tions [O(1)···N(amine)avg 2.93 Å] with the supporting che-
late ligand. Presumably, the bound phosphate ester
monoanion can coordinate in a similar fashion.
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Figure 11. Mononuclear zinc complexes used to evaluate the influ-
ence of hydrogen bonding on the phosphate ester coordination.

A dinuclear zinc–phosphate diester complex, [{(bpapa)-
Zn}2(μ-DMP)2](PF6)2 (DBP = dibenzyl phosphate) having
one internal hydrogen-bond donor per chelate ligand has
been characterized by X-ray crystallography.[92] At each
zinc center in [{(bpapa)Zn}2(μ-DMP)2](PF6)2, a bound
phosphate diester oxygen atom accepts one hydrogen-bond-
ing interaction from the amine group of the supporting che-
late ligand. In solution [CD3CN/D2O (pD = 7.4)], using 31P
NMR spectroscopy as a detection method, it was found
that the affinity of the [(bpapa)Zn(OH/H2O)]2+ cation for
DBP– was higher than that of [(tpa)Zn(H2O)]2+, which is
similar to the reactivity found for the phosphate monoester
binding studies described above.

In further investigations of the impact of secondary hy-
drogen-bonding interactions on the phosphate ester reactiv-
ity of zinc complexes, Mareque-Rivas and Williams recently
reported a comparative study of the transesterification of
2-hydroxypropyl 4-nitrophenyl phosphate catalyzed by
[(tapa)Zn(H2O)]2+ (Figure 12) and [(tpa)Zn(H2O)]2+ (Fig-
ure 11).[93] Notably, the rate of cyclization of the substrate
is accelerated 3·106-fold by [(tapa)Zn(H2O)]2+ and 4·103-
fold by [(tpa)Zn(H2O)]2+. The significant rate enhancement
found for [(tapa)Zn(H2O)]2+ was attributed to enhanced
stabilization of the dianionic intermediate that is formed
in the rate-limiting step of the transesterification reaction,
presumably by hydrogen-bonding interactions.

Studies of phosphate ester transesterification and hydrol-
ysis have also been reported using tripodal N3O-donor li-
gands having a variable number of internal hydrogen-bond
donors.[37] Treatment of ZnII complexes of the L1–L3 li-
gands (Figure 6 and Figure 13) with bis(p-nitrophenyl)
phosphate (BNP) results in the production of either phos-
phate ester transesterification or hydrolysis products, de-
pending on the identity of the supporting chelate ligand.
For L1 and L2 (Figure 6), p-nitrophenol and the O-phos-
phorylated chelate ligand are generated, indicating a trans-

Eur. J. Inorg. Chem. 2006, 273–283 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 281

Figure 12. Top: Drawing of [(tapa)Zn(H2O)](X)2. Bottom: Intra-
molecular transesterification reaction of 2-hydroxypropyl 4-ni-
trophenyl phosphate.

esterification reaction pathway involving the alkoxide moi-
ety of the chelate ligand. For L3 (Figure 13), only phos-
phate ester hydrolysis products are produced.

Figure 13. L3 ligand.

Comparison of the reactivity of the zinc complex of L2
(second-order rate constant: 9.7·10–2 m–1 s–1) vs. the sponta-
neous hydrolysis of BNP at pH = 7.0 and 25 °C reveals an
acceleration of approximately six orders of magnitude. This
rate acceleration was attributed to the involvement of an
alkoxide (vs. hydroxide) nucleophile and the presence of sec-
ondary hydrogen-bonding interactions. The presence of the
hydrogen-bond donors may provide additional Lewis acid
activation for the zinc-bound substrate, or as suggested
above, may stabilize a dianionic intermediate in the transes-
terification reaction. Further evidence for the impact of sec-
ondary hydrogen bonding is derived from the comparison
of the second-order rate constants for BNP transesterifica-
tion mediated by the zinc complex of L1 (4.2·10–4 m–1s–1)
vs. that of L2, which reveals a 230-fold reactivity increase.
For the phosphate ester hydrolysis reaction catalyzed by the
zinc complex of L3, which includes two internal hydrogen-
bond donor groups, the rate acceleration is ca. 105 over that
of the uncatalyzed reaction.
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Conclusions

Through studies of synthetic zinc complexes supported
by tetradentate tripodal ligands containing one or more in-
ternal hydrogen-bond donors, chemical precedent has been
elucidated which can be used to interpret the proposed roles
for secondary hydrogen bonding in modulating the chemis-
try of mononuclear zinc centers in biological systems. For
example, by using synthetic complexes, it has been deter-
mined that the presence of hydrogen-bond donors to a zinc-
bound water molecule reduces the pKa of the bound water
by 0.7–0.9 pKa units per secondary interaction. This result
has relevance to carbonic anhydrases (CAs), where the for-
mation of a zinc hydroxide moiety is required for CO2-hy-
dration reactivity. Hydrogen-bonding interactions are also
likely important toward influencing the hydroxide and hy-
drogen carbonate anion coordination within the active site
of CAs. In regard to the latter, spectroscopic evidence has
been recently reported for the formation of a novel mono-
nuclear zinc hydrogen carbonate complex supported by a
tripodal ligand having three internal hydrogen-bond do-
nors. Use of an N2S2-donor chelate ligand having one in-
ternal hydrogen-bond donor has enabled the isolation of a
novel Cd–OH complex. This complex is reactive toward
CO2, thus providing the first chemical precedent relevant
to the reactivity of a recently reported naturally occurring
cadmium-containing carbonic anhydrase. The catalytic
cycle of liver alcohol dehydrogenase is proposed to involve
hydrogen-bonding interactions between a zinc-coordinated
neutral oxygen donor or an alkoxide ligand and a nearby
serine residue. Comparative structural studies of tripodal
N2S2-ligated zinc–alcohol, –formamide, and –sulfoxide
complexes revealed only minor perturbations in Zn–O
bonding as a consequence of the presence of an internal
hydrogen-bond donor. However, studies of the meth-
anolysis reactivity of an N3S-ligated zinc–hydroxide com-
plex revealed that the presence of internal hydrogen-bond
donors enhances the stability of a zinc–methoxide species
with respect to hydrolysis. This result indicates that hydro-
gen bonding involving Ser-48 in LADH may play an
important role in stabilizing the proposed zinc–alkoxide
species.

Amide methanolysis reactivity has been identified for
group 12 complexes of tetradentate tripodal N4- and N2S2-
donor ligands having one internal amide appendage. Kin-
etic and mechanistic studies of the amide methanolysis re-
action of one N4-ligated system indicate a novel reaction
pathway involving initial formation of a deprotonated
amide intermediate. Incorporation of hydrogen-bond do-
nors into this N4-donor ligand, such that they interact with
the zinc-bound amide oxygen atom, significantly slows the
rate of amide methanolysis. This may be the result of steric
hindrance and/or hydrogen-bond stabilization of a tetrahe-
dral intermediate. Importantly, these systems now provide
a unique opportunity to systematically examine an amide-
cleavage process as a function of both supporting ligand
and metal ion present in the complex. Such studies are ex-
pected to provide additional insight into how secondary in-
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teractions, including hydrogen bonding, influence amide-
cleavage reactions.

The presence of hydrogen-bond donors in a tetradentate
tripodal N4-ligated zinc complex enhances the affinity of
the zinc center for coordination of a phosphate ester
monoanion. In terms of phosphate ester hydrolysis reactiv-
ity, zinc complexes having internal hydrogen-bond donors
have been found to exhibit significant rate enhancement
over analogs lacking such secondary interactions. These
combined results provide chemical precedent to support the
notion that hydrogen bonding interactions play an impor-
tant role in modulating biological phosphate ester cleavage
reactions.
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The vinyliminium complex [Fe2{μ-η1:η3-C(Me)=C(Me)-
C=N(Me)(Xyl)}(μ-CO)(CO)(Cp)2][SO3CF3] (1; Xyl = 2,6-
Me2C6H3) reacts with LiC�CR [R = C6H4Me = Tol, Ph, H,
nBu, SiMe3, C(Me)=CH2] affording the amido-functionalized
allylidene complexes [Fe2{μ-κ1(O):η1(C):η3(C)-C(C�CR)-
C(Me)C(Me)C(O)N(Me)(Xyl)}(μ-CO)(Cp)2] [R = C6H4Me =
Tol, 2; R = Ph, 3; R = H, 4; R = nBu, 5; R = SiMe3, 6; R =

Introduction

Recently, we described the successful preparation of
bridging vinyliminium diiron complexes[1] and demon-
strated the electrophilic character of the bridging ligand.
Regio- and stereoselective additions of hydride (NaBH4) to
the μ-vinyliminium have been described in detail.[2] With
the aim of extending our investigations to the addition of
carbon nucleophiles, we have examined the reaction with
lithium acetylides. Here, we report on the rearrangement
occurring at the bridging ligand as a consequence of ace-
tylide attack. This involves a terminally coordinated car-
bonyl, which undergoes CO cleavage and incorporation in
the bridging ligand.

Result and Discussion

Complex cis-[Fe2{μ-η1:η3-C(Me)=C(Me)C=N(Me)(Xyl)}-
(μ-CO)(CO)(Cp)2][SO3CF3] (1) rapidly reacts with an excess
of lithium acetylide (LiC�CR), affording the air-stable
compounds cis-[Fe2{μ-κ1(O):η1(C):η3(C)-C(C�CR)C(Me)-
C(Me)C(O)N(Me)(Xyl)}(μ-CO)(Cp)2] (2–7), in about 60–
70% yield (Scheme 1).

The molecular structure of 2 has been determined by X-
ray diffraction: two different views of the molecule are
shown in Figure 1, whereas relevant bond lengths and bond
angles are reported in Table 1; the structure of the bridging
ligand is also shown in Scheme 2.

The molecule is composed by a Fe2(μ-CO)(Cp)2 core
with a bridging amido-functionalized allylidene μ-κ1-
(O):η1(C):η3(C)-{C(C�CR)C(Me)C(Me)C(O)N(Me)(Xyl)}
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C(Me)=CH2, 7] in good yields. Labelling experiments with
13CO-enriched 1 indicate that formation of 2–7 occurs
through cleavage of the carbon–oxygen bond of a coordi-
nated CO ligand. The molecular structure of 2 has been de-
termined by an X-ray diffraction study.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

ligand, which is σ-coordinated to Fe(1) [Fe(1)–C(12)
1.923(4) Å] and η3-coordinated to Fe(2) [Fe(2)–C(12)
2.004(4) Å; Fe(2)–C(21) 2.030(4) Å; Fe(2)–C(23)–
2.157(4) Å], in an allyl-like fashion (see structure A in
Scheme 2). The Fe(2)–C(23) interaction is significantly
longer than that of Fe(2)–C(12) and Fe(2)–C(21), suggest-
ing that an alternative description of the bridging ligand
is possible (Scheme 2, B). The Cβ–Cγ–Cδ sequence [C(23)–
C(21)–C(12)] can be considered as a vinyl-substituted μ-alk-
ylidene, which corresponds to a coordination mode com-
monly found in diiron[2] and diruthenium[3] complexes.
However, because the C(12)–C(21) interaction [1.417(5) Å]
is shorter than in C(21)–C(23) [1.455(6) Å] a description of
the ligand as η1:η2-vinyl connected to an alkynyl and an
amido-functionality also appears possible (structure C).
The coordination of the amido group to Fe(1) is presum-
ably crucial in determining the observed geometry of the
bridging ligand. The oxygen atom O(2) coordinates to Fe(1)
forming a five-membered oxadimetallacycle with a Fe–O
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Figure 1. Different views of the molecular structure of 2 (hydrogen
atoms are omitted for clarity). Displacement ellipsoids are at the
30% probability level.

bond length [Fe(1)–O(2) 1.941(3) Å] slightly shorter than in
[Fe2(CO)5(μ-PPh2)(μ-η1(O):η1(C):η2(C)-{O=C(NtBuH)-
CH2}C=CH2)] [2.017(5) Å][4] and [Fe2(CO)4(μ-PPh2)(μ-
dppm){C(CO2–Me)=CHC(OMe)=O}] [2.024(3) Å],[5]

which contain a diiron five-membered oxametallacycle.
The spectroscopic data of 2 are in agreement with its

structure: the IR spectrum (in CH2Cl2 solution) exhibits
one band for the bridging carbonyl group, at 1753 cm–1,
whereas weaker absorptions at 2169 cm–1 and 1511 cm–1 are
attributable to the C�C and to the amide C–O interactions,
respectively. NMR assignments, based on gs-HSQC, gs-
HMBC and NOE experiments evidence a single 1H NMR
resonance for each of the six different Me groups present
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Table 1. Selected bond lengths [Å] and angles [°] for complex 2.

Fe(1)–Fe(2) 2.5131(8) C(13)–C(14) 1.191(6)
Fe(1)–C(11) 1.858(5) C(14)–C(15) 1.443(6)
Fe(2)–C(11) 1.938(5) C(12)–C(21) 1.417(5)
Fe(1)–C(12) 1.923(4) C(21)–C(22) 1.506(6)
Fe(2)–C(12) 2.004(4) C(21)–C(23) 1.455(6)
Fe(2)–C(21) 2.030(4) C(23)–C(24) 1.529(5)
Fe(2)–C(23) 2.157(4) C(23)–C(25) 1.464(6)
Fe(1)–O(2) 1.941(3) C(25)–O(2) 1.267(4)
C(11)–O(1) 1.205(5) C(25)–N(1) 1.363(5)
C(12)–C(13) 1.440(6) C(26)–N(1) 1.477(5)
Fe(1)–C(11)–Fe(2) 82.9(2) C(22)–C(21)–C(23) 120.7(4)
Fe(1)–C(12)–Fe(2) 79.56(16) C(21)–C(23)–C(24) 118.8(4)
Fe(1)–C(12)–C(21) 121.1(3) C(21)–C(23)–C(25) 115.7(4)
C(13)–C(12)–C(21) 119.0(4) C(24)–C(23)–C(25) 119.1(4)
C(12)–C(13)–C(14) 172.9(5) C(23)–C(25)–O(2) 121.6(4)
C(13)–C(14)–C(15) 174.9(5) C(23)–C(25)–N(1) 124.4(4)
C(12)–C(21)–C(23) 118.1(4) O(2)–C(25)–N(1) 114.0(4)
C(12)–C(21)–C(22) 121.1(4) C(25)–O(2)–Fe(1) 121.1(3)

Scheme 2.

in 2 (at δ = 2.75, 2.42, 2.40, 2.30, 1.55 and 0.47 ppm, as-
signed to CγMe, NMe, C6H4Me, Me2C6H3, CβMe, respec-
tively). In particular, assignments of the CγMe and CβMe
resonances are based on observed NOE effects between
C6H3Me2 (Xyl) and CβMe. 13C NMR resonances at δ =
179.7 and 155.5 ppm, are assigned to Cα and Cδ, respec-
tively. The attribution of these two signals is crucial in the
later described experiment and deserves some comments:
the gs-HMBC spectrum evidences correlation between the
1H NMR resonance at δ = 2.42 ppm (NMe) and the 13C
resonance at δ = 179.7 ppm, while the 13C NMR signal fall-
ing at δ = 155.5 ppm presents only one correlation, i.e. with
the 1H NMR resonance at δ = 2.75 ppm (CγMe). It is worth
noting that the CO resonance, in other analogous iron-co-
ordinated amido functionalities, is reported at ca.
182 ppm.[4] Moreover, the Cγ and Cβ carbon atoms give ra-
ise to signals at δ = 96.6 and 52.3 ppm, whereas the sp
carbon atoms of the acetylenic group typically fall at δ =
104.5 and 101.6 ppm.

The reaction sequence leading to 2–7 is far from being
obvious. One possibility is that the reaction proceeds



CO Cleavage Promoted by Acetylide Addition to Vinyliminium Diiron Complexes SHORT COMMUNICATION
through initial attack of the acetylide to the terminal car-
bonyl group of 1, originating an acyl intermediate, which
further rearrange involving the μ-vinyliminium ligand. Sup-
port for this hypothesis comes from the observation that
acetylides selectively attack the terminal CO in the related
complexes [Fe2(μ-CNMe2)(μ-CO)(CO)2(Cp)2][SO3CF3].[6]

Moreover, nucleophilic attack to CO is often followed by
coupling with the bridging ligands. For instance, LiC�CPh
addition to the CO in the thiocarbyne complex [Fe2(μ-
CSMe)(μ-CO)(CO)2(Cp)2][SO3CF3] is followed by the mi-
gration of the acyl ligand, leading to the formation of the
μ-carbene complexes [Fe2{μ-C(SMe)C(O)CCPh}(μ-CO)-
(CO)(Cp)2].[7] Similarly, the allenyl [Fe2{μ-PPh2}(μ-η1:η2-
(H)C=C=CH2)(CO)6] undergoes amine addition to the ter-
minal CO, with consequent migration of the resulting
amide to the allenyl moiety.[4] The unexpected formation of
2–7 does not simply concern the coupling between acyl- and
vinyliminium ligands: if we assume that the Cδ–C�C–R
moiety in the bridging ligand of 2–7 originates from an acyl
intermediate [C(O)C�C–R], this implies the cleavage of the
C=O.

Alternatively, the Cα=O moiety in the bridging ligand of
2–7 could be originated from a migration of the terminal CO
group, and acetylide addition at the Cα of the vinylimi-
nium ligand. This, in turn, would require a considerable re-
arrangement of the iminium moiety, with 1,2 shifts of the Me
and NR2 groups, in order to explain the formation of 2–7.

With the aim of obtaining more evidence for the reaction
mechanism, we have prepared a 13CO-enriched sample of
1, which has been reacted with Li–C�C–Tol (see Exp. Sec-
tion). The reaction yielded compound 2, as expected, and
the corresponding 13C NMR spectrum exhibited two clearly
enhanced signals at δ = 291.6 (μ-CO) and 155.8 ppm (Cδ),
and doublets at δ = 96.1 (1JCC, 50.7 Hz, Cγ), 52.4 (2JCC,
11.9 Hz, Cβ), and 20.9 ppm (2JCC, 4.5 Hz, CγMe). More-
over, the IR spectra showed an isotopic effect for the bridg-
ing CO group and not for the Cα=O of the bridging ligand.
The above mentioned experiment indicates that the Cδ in 2
is originated from a carbonyl ligand, and implies that CO
cleavage must occur at some stage of the reaction, as sug-
gested in the former hypothesis. Interestingly, in the conver-
sion of 1 to 2, the three-carbon-atom chain of the bridging
ligand grows by several units as a consequence of the in-
clusion of both the alkynyl (C�C–Tol) group and the Cδ

carbon atom, the latter originating from a CO.
Finally, it is to be remarked that reactions of organome-

tallic complexes involving CO cleavage are of great interest,
because this is considered an early and fundamental step in
the heterogeneous conversion of carbon monoxide to hy-
drocarbons (Fischer–Tropsch process).[8] Examples, so far
reported, mainly concerns: carbonyl clusters, which gen-
erally provide metal carbides,[9] polynuclear early transition-
metal complexes, that take advantage of the oxophilic char-
acter of these metals for promoting CO dissociation,[10] and
dinuclear tungsten complexes, with multiple metal–metal
bonds.[11] Our results further support the conviction[8b] that
dinuclear complexes are effective organometallic models for
studying CO cleavage and C–C bond formation.
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Experimental Section
General Remarks: All reactions were routinely carried out under
nitrogen, using standard Schlenk techniques. Solvents were distilled
immediately before use under nitrogen from appropriate drying
agents. Infrared spectra were recorded at 298 K with a Perkin–
Elmer Spectrum 2000 FT-IR spectrophotometer and elemental
analyses were performed with a ThermoQuest Flash 1112 Series
EA Instrument. All NMR measurements were performed at 298 K
with a Mercury Plus 400 instrument. The chemical shifts for 1H
and 13C were referenced to internal TMS. The spectra were fully
assigned by 1H,13C correlation measured by means of gs-HSQC
and gs-HMBC experiments.[12] NOE measurements were recorded
using the DPFGSE-NOE sequence.[13] All the reagents, included
13CO, were commercial products (Aldrich) of the highest purity
available and used as received. Compound 1 was prepared by pub-
lished methods.[1a]

Synthesis of [Fe2{μ-κ1(O):η1(C):η3(C)-C(C�CR)C(Me)C(Me)C-
(O)N(Me)(Xyl)}(μ-CO)(Cp)2] [R = C6H4Me = Tol, 2; R = Ph, 3; R
= H, 4; R = nBu, 5; R = SiMe3, 6; R = C(Me)=CH2, 7]. General
Procedure: A solution of cis-[Fe2{μ-η1:η3-C(Me)=C(Me)-
C=N(Me)(Xyl)}(μ-CO)(CO)(Cp)2][SO3CF3] (1) (0.150 mmol), in
THF (10 mL) was treated with LiC�CR (0.350 mmol), freshly pre-
pared from nBuLi and HC�CR. The mixture was stirred for
30 min, and then it was filtered through a Celite pad. The solvent
was removed under reduced pressure; hence the residue was dis-
solved in diethyl ether and filtered through alumina. The final
product was obtained as a red powder upon removal of the solvent.
Crystals of 2 suitable for X ray analysis were obtained from a hex-
ane solution at –20 °C.

2: C35H35Fe2NO2 (613.35): calcd. C 68.54, H 5.75, N 2.28; found:
C 68.46, H 5.64, N 2.33. Yield: 57 mg, 62%. 1H NMR (CDCl3): δ
= 7.61–6.81 (m, 7 H, Me2C6H3 and C6H4Me), 4.55, 4.08 (s, 10 H,
Cp), 2.75 (s, 3 H, CγMe), 2.42 (s, 3 H, NMe), 2.40 (s, 3 H,
C6H4Me), 2.30, 1.55 (s, 6 H, Me2C6H3), 0.47 (s, 3 H, CβMe) ppm.
13C NMR{1H} (CDCl3): δ = 291.3 (μ-CO), 179.7 (Cα), 155.5 (Cδ),
143.1 (ipso-Me2C6H3), 136.8–123.5 (Me2C6H3 and C6H4Me),
104.5, 101.6 (C�C), 96.6 (Cγ), 85.1, 83.5 (Cp), 52.3 (Cβ), 39.5
(NMe), 22.2 (CβMe), 21.5 (C6H4Me), 20.9 (CγMe), 18.2, 17.3
(Me2C6H3) ppm. IR (CH2Cl2): ν̃ = 2169 w (C�C), 1753 vs. (μ-
CO), 1511 w (CαO) cm–1.

3: C34H33Fe2NO2 (599.32): calcd. C 68.14, H 5.55, N 2.34; found
C 68.19, H 5.57, N 2.39. Yield: 68 mg, 76%. 1H NMR (CDCl3): δ
= 7.71–6.82 (m, 8 H, Me2C6H3 and C6H5), 4.56, 4.09 (s, 10 H, Cp),
2.76 (s, 3 H, CγMe), 2.43 (s, 3 H, NMe), 2.30, 1.56 (s, 6 H,
Me2C6H3), 0.48 (s, 3 H, CβMe) ppm. 13C NMR{1H} (CDCl3): δ =
291.0 (μ-CO), 179.7 (Cα), 154.9 (Cδ), 143.1 (ipso-Me2C6H3), 135.4–
126.6 (Me2C6H3 and C6H5), 105.2, 101.4 (C�C), 96.8 (Cγ), 85.1,
83.5 (Cp), 52.4 (Cβ), 39.5 (NMe), 22.2 (CβMe), 20.9 (CγMe), 18.2,
17.3 (Me2C6H3) ppm. IR (CH2Cl2): ν̃ = 2170 w (C�C), 1751 vs.
(μ-CO), 1511 w (CαO) cm–1.

4: C28H29Fe2NO2 (523.23): calcd. C 64.27, H 5.59, N 2.68; found
C 64.19, H 5.57, N 2.62. Yield: 56 mg, 71%. 1H NMR (CDCl3): δ
= 7.55–6.77 (m, 3 H, Me2C6H3), 4.48, 4.05 (s, 10 H, Cp), 3.15 (s,
1 H, C�CH), 2.70 (s, 3 H, CγMe), 2.41 (s, 3 H, NMe), 2.28, 1.53
(s, 6 H, Me2C6H3), 0.46 (s, 3 H, CβMe) ppm. IR (CH2Cl2): ν̃ =
1762 vs. (μ-CO) cm–1.

5: C32H37Fe2NO2 (579.33): calcd. C 66.34, H 6.44, N 2.42; found
C 66.30, H 6.52, N 2.36. Yield: 49 mg, 56%. 1H NMR (CDCl3): δ
= 7.20–6.82 (m, 3 H, Me2C6H3), 4.47, 4.02 (s, 10 H, Cp), 2.65 (s,
3 H, CγMe), 2.41 (s, 3 H, NMe), 2.33 (m, 2 H, C�CCH2), 2.29,
1.53 (s, 6 H, Me2C6H3), 1.68 (m, 2 H, C�CCH2CH2), 1.51–1.35
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(m, 2 H, C�CCH2CH2CH2), 1.03 (t, 3 H, 3JHH = 7 Hz,
C�CCH2CH2CH2CH3), 0.44 (s, 3 H, CβMe) ppm. 13C NMR{1H}
(CDCl3): δ = 291.5 (μ-CO), 179.2 (Cα), 155.8 (Cδ), 143.1 (ipso-
Me2C6H3), 136.8–124.3 (Me2C6H3 and C6H4Me), 110.5, 105.7
(C�C), 96.5 (Cγ), 85.2, 83.5 (Cp), 52.4 (Cβ), 39.5 (NMe), 32.5
(C�CCH2), 23.0 (C�CCH2CH2), 22.2 (CβMe), 20.8 (CγMe), 19.2
(C�CCH2CH2CH2), 18.3, 17.4 (Me2C6H3), 14.2 (C�CCH2-
CH2CH2CH3) ppm. IR (CH2Cl2): ν̃ = 2206 w (C�C), 1754 vs. (μ-
CO) cm–1.

6: C31H37Fe2NO2Si (595.41): calcd. C 62.53, H 6.26, N 2.35; found
C 62.48, H 6.39, N 2.44. Yield: 63 mg, 71%. 1H NMR (CDCl3): δ
= 7.24–6.80 (m, 3 H, Me2C6H3), 4.45, 4.02 (s, 10 H, Cp), 2.68 (s,
3 H, CγMe), 2.40 (s, 3 H, NMe), 2.28, 1.52 (s, 6 H, Me2C6H3), 0.45
(s, 3 H, CβMe), 0.39 (s, 9 H, SiMe3) ppm. 13C NMR{1H} (CDCl3):
δ = 291.0 (μ-CO), 179.5 (Cα), 155.1 (Cδ), 143.0 (ipso-Me2C6H3),
135.4, 134.8, 128.5, 127.8, 127.3 (Me2C6H3), 120.2, 104.3 (C�C),
97.3 (Cγ), 85.4, 83.7 (Cp), 52.3 (Cβ), 39.4 (NMe), 22.1 (CβMe), 20.7
(CγMe), 18.2, 17.3 (Me2C6H3), 1.21 (SiMe3) ppm. IR (CH2Cl2): ν̃
= 2101 w (C�C), 1758 vs. (μ-CO), 1515 w (CαO) cm–1.

7: C31H33Fe2NO2 (563.29): calcd. C 66.10, H 5.91, N 2.49; found
C 65.99, H 5.94, N 2.50. Yield: 55 mg, 65%. 1H NMR (CDCl3): δ
= 7.23–6.80 (m, 3 H, Me2C6H3), 5.47, 5.31 (m, 2 H, CH2), 4.50,
4.05 (s, 10 H, Cp), 2.68 (s, 3 H, CγMe), 2.41 (s, 3 H, NMe), 2.28,
1.53 (s, 6 H, Me2C6H3), 2.23 (s, 3 H, C�CCMe), 0.45 (s, 3 H,
CβMe) ppm. 13C{1H} NMR (CDCl3): δ = 327.8 (μ-C), 253.9 (μ-
CO), 208.1 (t-CO), 133.5–129.5 (Me2C6H3), 91.4, 89.9 (Cp), 56.3
(NMe), 19.3, 18.2 (Me2C6H3) ppm. IR (CH2Cl2): ν̃ = 2160 w
(C�C), 1757 vs. (μ-CO), 1514 w (CαO) cm–1.

Synthesis of 13CO-Labelled 2: The aminocarbyne complex [Fe2{μ-
CN(Me)(Xyl)}(μ-CO)(CO)(Cl)(Cp)2] (450 mg, 0.938 mmol), pre-
pared by published method,[14] was dissolved in CH2Cl2 (10 mL).
13CO was bubbled through the solution, then AgSO3CF3 (289 mg,
1.12 mmol) was added. The mixture was stirred for 20 minutes,
then it was filtered through an alumina column. Elution with meth-
anol gave [Fe2{μ-CN(Me)(Xyl)}(μ-CO)(13CO)2(Cp)2][SO3CF3].
13CO enrichment occurred exclusively at the terminally coordinated
CO.

Conversion of 13CO labelled [Fe2{μ-CN(Me)(Xyl)}(μ-CO)(13CO)2-
(Cp)2][SO3CF3] into 13C-labelled 2 was performed in further five
steps, according to known procedures,[1,14] including the reaction
described in this paper. The sequence included: [Fe2{μ-
CN(Me)(Xyl)}(μ-13CO)(13CO)(NCMe)(Cp)2][SO3CF3], [Fe2{μ-
CN(Me)(Xyl)}(μ-13CO)(13CO)(Cl)(Cp)2], 13CO-enriched 1 and
13C-labelled 2. At each step the products were isolated and charac-
terized to reveal the enhanced signals.

13C-Labelled 2: 1H NMR (CDCl3): δ = 7.61–6.81 (m, 7 H,
Me2C6H3 and C6H4Me), 4.56, 4.08 (s, 10 H, Cp), 2.76 (d, 3JCH =
3.66 Hz, 3 H, CγMe), 2.42 (s, 3 H, NMe), 2.40 (s, 3 H, C6H4Me),
2.30, 1.56 (s, 6 H, Me2C6H3), 0.48 (s, 3 H, CβMe) ppm. 13C{1H}
NMR (CDCl3): δ = 291.6 (μ-CO), 179.7 (Cα), 155.8 (Cδ), 143.1
(ipso-Me2C6H3), 136.8–123.5 (Me2C6H3 and C6H4Me), 104.5,
101.6 (C�C), 96.1 (d, 1JCC = 50.7 Hz, Cγ), 85.4, 82.9 (Cp), 52.4
(d, 2JCC = 11.9 Hz, Cβ), 39.7 (NMe), 22.2 (CβMe), 21.4 (C6H4Me),
20.9 (d, 2JCC = 4.5 Hz, CγMe), 18.5, 17.3 (Me2C6H3) ppm. IR
(CH2Cl2): ν̃ = 2169 w (C�C), 1750 vs. (μ-CO), 1717 s (μ-13CO),
1511 w (CαO) cm–1.

X-ray Crystallographic Study: Crystal data and collection details
for 2 are reported in Table 2. The diffraction experiments were car-
ried out with a Bruker SMART 2000 diffractometer equipped with
a CCD detector using Mo-Kα radiation. Data were corrected for
Lorentz polarization and absorption effects (empirical absorption
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correction SADABS).[15] Structures were solved by direct methods
and refined by full-matrix least-squares based on all data using
F2.[16] Hydrogen atoms were fixed at calculated positions and re-
fined by a riding model. All non-hydrogen atoms were refined with
anisotropic displacement parameters.

Table 2. Crystal data and experimental details for 2.

Complex 2

Formula C35H35Fe2NO2

Mol. mass 613.34
T [K] 293(2)
λ [Å] 0.71073
Crystal system triclinic
Space group P1̄
a [Å] 9.5614(6)
b [Å] 10.2070(6)
c [Å] 16.7137(11)
α [° 104.786(2)
β [° 98.907(2)
γ [° 101.339(2)
Cell volume [Å]3 1509.76(16)
Z 2
Dc [g·cm–3] 1.349
μ [mm–1] 0.992
F(000) 640
Crystal size, mm 0.26×0.23×0.13
θ limits [°] 1.29–26.37
Reflections collected 15228
Independent reflections 6171 (Rint = 0.0665)
Data / restraints / parameters 6171 / 0 / 367
Goodness on fit on F2 0.900
R1 [I � 2σ(I)] 0.0578
wR2 (all data) 0.1531
Largest diff. peak and hole, e·Å–3 0.733 / –0.618

CCDC-276446 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Acknowledgments

We thank the Ministero dell’Università e della Ricerca Scientifica
e Tecnologica (M.I.U.R.) (project: “New strategies for the control
of reactions: interactions of molecular fragments with metallic sites
in unconventional species”) and the University of Bologna for fin-
ancial support.

[1] a) V. G. Albano, L. Busetto, F. Marchetti, M. Monari, S. Zac-
chini, V. Zanotti, Organometallics 2003, 22, 1326–1331; b) V. G.
Albano, L. Busetto, F. Marchetti, M. Monari, S. Zacchini, V.
Zanotti, J. Organomet. Chem. 2004, 689, 528–538.

[2] a) V. G. Albano, L. Busetto, F. Marchetti, M. Monari, S. Zac-
chini, V. Zanotti, Organometallics 2004, 23, 3348–3353; b) V. G.
Albano, L. Busetto, F. Marchetti, M. Monari, S. Zacchini, V.
Zanotti, J. Organomet. Chem. 2005, 690, 837–846.

[3] R. E. Colborn, A. F. Dyke, B. P. Gracey, S. A. R. Knox, K. A.
Macpherson, K. A. Mead, A. G. Orpen, J. Chem. Soc., Dalton
Trans. 1990, 761–771.

[4] S. Doherty, M. R. J. Elsegood, W. Clegg, M. Waugh, Organo-
metallics 1996, 15, 2688–2691.

[5] G. Hogarth, M. H. Lavender, J. Chem. Soc., Dalton Trans.
1994, 3389–3396.

[6] V. G. Albano, L. Busetto, C. Camiletti, C. Castellari, M. Mon-
ari, V. Zanotti, J. Chem. Soc., Dalton Trans. 1997, 4671–4676.



CO Cleavage Promoted by Acetylide Addition to Vinyliminium Diiron Complexes SHORT COMMUNICATION
[7] S. Bordoni, L. Busetto, C. Camiletti, V. Zanotti, V. G. Albano,

M. Monari, F. Prestopino, Organometallics 1997, 16, 1224–
1232.

[8] a) P. M. Maitlis, J. Organomet. Chem. 2004, 689, 4366–4374; b)
M. L. Turner, N. Marsih, B. E. Mann, R. Quyoum, H. C.
Long, P. M. Maitlis, J. Am. Chem. Soc. 2002, 124, 10456–
10472; c) M. J. Overett, R. O. Hill, J. R. Moss, Coord. Chem.
Rev. 2000, 206–207, 581–605; d) M. W. Roberts, Chem. Soc.
Rev. 1977, 6, 373–391.

[9] a) D. F. Shriver, M. J. Sailor, Acc. Chem. Res. 1988, 21, 374–
379; b) C. P. Horwitz, D. F. Shriver, J. Am. Chem. Soc. 1985,
107, 8147–8153; c) C. P. Horwitz, D. F. Shriver, Adv. Or-
ganomet. Chem. 1984, 23, 219–305; d) E. L. Muetterties, J.
Stein, Chem. Rev. 1979, 79, 479–490; e) B. E. Kahn, R. D.
Rieke, Chem. Rev. 1988, 88, 733–745.

[10] a) D. R. Neithamer, R. E. LaPointe, T. A. Wheeler, D. S. Riche-
son, G. D. Van Duyne, P. T. Wolczanski, J. Am. Chem. Soc.
1989, 111, 9056–9072; b) F. Calderazzo, U. Englert, A. Guar-
ini, F. Marchetti, G. Pampaloni, A. Segre, Angew. Chem. Int.

Eur. J. Inorg. Chem. 2006, 285–289 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 289

Ed. Engl. 1994, 33, 1188–1189; c) R. L. Miller, R. Toreki, R. E.
LaPointe, P. T. Wolczanski, G. D. Van Duyne, C. Roe, J. Am.
Chem. Soc. 1993, 115, 5570–5588.

[11] a) R. L. Miller, P. T. Wolczanski, J. Am. Chem. Soc. 1993, 115,
10422–10423; b) M. H. Chisholm, C. E. Hammond, V. J. John-
ston, W. E. Streib, J. C. Huffman, J. Am. Chem. Soc. 1992, 114,
7056–7065.

[12] W. Wilker, D. Leibfritz, R. Kerssebaum, W. Beimel, Magn. Re-
son. Chem. 1993, 31, 287–292.

[13] K. Stott, J. Stonehouse, J. Keeler, T. L. Hwang, A. J. Shaka, J.
Am. Chem. Soc. 1995, 117, 4199–4200.

[14] V. G. Albano, L. Busetto, M. Monari, V. Zanotti, J. Or-
ganomet. Chem. 2000, 606, 163.

[15] G. M. Sheldrick, SADABS, Program for empirical absorption
correction, University of Göttingen, Germany, 1996.

[16] G. M. Sheldrick, SHELX97, Program for crystal structure de-
termination, University of Göttingen, Germany, 1997.

Received: October 19, 2005
Published Online: December 1, 2005



FULL PAPER

DOI: 10.1002/ejic.200500693

Spectroscopic Comparison of Dinuclear Ti+ and Ti2+ μ-η1:η1 Dinitrogen
Complexes with Cp*/Pentafulvene and Amine/Amide Ligation: Moderate versus

Strong Activation of N2

Felix Studt,[a] Nicolai Lehnert,[a] Beatrix E. Wiesler,[a][‡] Axel Scherer,[b]

Rüdiger Beckhaus,*[b] and Felix Tuczek*[a]

Keywords: Metallocenes / Nitrogen fixation / Titanium / Raman spectroscopy / Density functional calculations

The two dinuclear, end-on dinitrogen-bridged titanium com-
plexes with cp*/pentafulvene ligation, [{(η5-C5Me5)Ti(η6-
C5H4CR2)}2(μ-η1:η1-N2)], R = p-tolyl (1) and �CR2 = ada-
mantylidene (2), are compared to an analogous titanium dini-
trogen complex with a mixed amine/amide/chloride ligand
set, [{(Me3Si)2NTiCl(TMEDA)}2(μ-η1:η1-N2)] (3; TMEDA =
tetramethylethylenediamine). The N–N stretching vibrations
of complexes 1 and 2 are observed at 1749 and 1755 cm–1,
respectively, indicative of a moderate activation of the dini-
trogen ligand. In contrast, the N–N stretch of 3 is located at
1284 cm–1, reflecting a much more highly activated N2 li-
gand. These findings are in qualitative agreement with N–N

Introduction

The bonding and activation of N2 by early transition-
metal complexes is of continued interest.[1–4] In titanium
systems dinitrogen is usually coordinated in an end-on
bridging geometry.[5] The activation of the N2 ligand can
generally be determined by considering N–N bond lengths
obtained from X-ray diffraction data and N–N stretching
frequencies obtained from vibrational spectroscopy. These
data allow titanium dinitrogen compounds to be divided
into moderately and strongly activated species.[6] Moder-
ately activated dinitrogen complexes are generally found for
titanocene-based systems with N–N bond lengths in the
range of 1.15–1.20 Å.[7–12] Strong activation, on the other
hand, is observed for titanium complexes with ligand sets
that are different from cyclopentadienyl, exhibiting N–N
bond lengths of 1.25–1.30 Å.[13–15] A collection of N–N
bond lengths of different dinitrogen complexes is given in
Table 1. The two complexes with cp*/pentafulvene ligation,
[{(η5-C5Me5)Ti(η6-C5H4CR2)}2(μ-η1:η1-N2)], R = p-tolyl
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bond lengths that have been observed experimentally. DFT
calculations reveal that the major difference in the electronic
structures of 1, 2, and 3 is the fact that only one of the N2 π*
orbitals is (doubly) occupied in the case of 1 and 2, whereas
both π* orbitals are (doubly) occupied in the case of 3. The
reason for this finding is that in 1 and 2 two of the three
electrons of each Ti+ are involved in back-bonding interac-
tions with the terminal fulvene ligands, whereas no such in-
teractions exist between the Ti2+ centers of 3 and its terminal
set of donor ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(1) and �CR2 = adamantylidene (2), both have N–N bond
lengths of 1.160 Å and thus can be considered to be moder-
ately activated.[7] On the other hand, the complex [{(Me3Si)2-
NTiCl(TMEDA)}2(μ-η1:η1-N2)] (3; TMEDA = tetra-
methylethylenediamine) that exhibits a mixed amine/amide/
chloride set of coligands has an N–N bond length of 1.29 Å
and therefore activates N2 to a higher degree (cf.
Scheme 1).[13] This would indicate that the activation of N2

is higher in compound 3, formally a Ti2+–Ti2+ species, than
in compounds 1 and 2, formally Ti+–Ti+ complexes. At first
sight this observation appears to be contradictory.

Table 1. Comparison of N–N bond lengths of different dinitrogen
complexes.

N–N bondCompound Ref.lengths [Å]

1 1.160(3) [7]

2 1.160(5) [7]

[{(η5-C5Me5)2Ti}2(μ-η1:η1-N2)] 1.165(14) [8]

[{(η5-C5Me4H)2Ti}2(μ-η1:η1-N2)] 1.170(4) [9]

[{(η5-C5H5)2Ti(PMe3)}2(μ-η1:η1-N2)] 1.191(8) [10]

[{(η5-C5H5)2Ti(p-tolyl)}2(μ-η1:η1-N2)] 1.162(12) [11]

[{[η5-C5H3(SiMe3)2]2Ti}2(μ-η1:η1-N2)] 1.164(5) [12]

3 1.289(9) [13]

[{(Me3Si)2NTiCl(py)2}2(μ-η1:η1-N2)] 1.263(7) [14]

[{[(Me2N)C(NiPr)2]2Ti}2(μ-η1:η1-N2)] 1.280(8) [15]

In order to address the above statement we investigated
compounds 1, 2, and 3 with resonance Raman spec-
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Scheme 1.

troscopy. The vibrational analysis was assisted by DFT cal-
culations performed on structures I and III, which are mod-
els of complexes 1/2 and 3, respectively. The UV/Vis spectra
of 1/2 and 3 were interpreted on the basis of MO schemes
of models I and III. The electronic-structural features lead-
ing to the observed differences in N2 activation were iden-
tified through this combined spectroscopic-theoretical ap-
proach. The general implications of this result are discussed
below.

Figure 1. Top: Raman spectrum of 1. Middle: Raman spectrum of 2. Bottom: Raman spectrum of 3. All Raman spectra were recorded
with an excitation wavelength of 514.5 nm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 291–297292

Results and Analysis

Vibrational Spectra and Analysis

Solid-state resonance Raman spectra of complexes 1–3,
recorded with an excitation wavelength of 514.5 nm, are
shown in Figure 1. The most intense peak in the Raman
spectrum of 1 is located at 1749 cm–1. This feature is as-
signed to the N–N stretching mode of the Ti–N2–Ti unit
on the basis of its high intensity and energetic position. The
first and second overtones of this mode are found at 3475
and 5173 cm–1, respectively. In the Raman spectrum of 2
the N–N stretching mode is identified at 1755 cm–1 by the
same arguments. The overtones are located at 3490 and
5185 cm–1. The most prominent feature in the Raman spec-
trum of 3 is observed at 1284 cm–1. Again, this peak is as-
signed to the N–N stretching frequency of the Ti–N2–Ti
unit because of its high intensity and energetic position.

DFT calculations were performed for structures I and
III. In structure I the ligands of 1 and 2 are replaced by
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unsubstituted cyclopentadienyl and fulvene groups, thus
providing a model system for both complexes 1 and 2.
Note, however, that in model I the dihedral angle between
the Ct*–Ti vectors of the two halves of the dimers is ap-
proximately zero (Ct* is the center of the cp* ligand). This
reproduces the structure of complex 1 but not that of com-
plex 2, which exhibits a twisted configuration (dihedral
angles between the Ct*–Ti vectors are 19.1° and 20.0°,
respectively, for the two independent molecules in the asym-
metric unit). Model III has been simplified with respect to
complex 3 by approximating the TMEDA and (Me3Si)2N
ligands through coordinated NH3 and NH2 groups, respec-
tively. Structural parameters resulting from the DFT geom-
etry optimizations are compared with the experimental val-
ues in Table 2; a comparison between the experimentally
determined frequencies (see above) and the values derived
from DFT (B3LYP) is given in Table 3. The calculated fre-
quencies qualitatively reproduce the experimentally ob-
served trend. The N–N stretching frequency of I is calcu-
lated at 1806 cm–1, in good agreement with the experimen-
tally determined value of 1749 cm–1. The N–N stretching
mode of the model complex III is theoretically predicted to
be at a much lower energy (1371 cm–1), in fair agreement
with the corresponding peak in the Raman spectrum of 3
(1284 cm–1). In this case the larger deviation from the ex-
perimental data probably results from the greater simplifi-
cation of the terminal ligands employed in the calculation.

Table 2. Comparison of structural parameters of 1, 2, and I.

Com- N–N Ti–N Ti–Ct* Ti–CtFv Ti–N–N θplex

1 1.160 1.999 2.056 1.965 170.0 28.3
2 1.160 2.008 2.064 1.986 169.8 31.6
I 1.204 1.916 2.087 2.043 176.9 35.7

Table 3. Comparison of the observed and calculated frequencies of
complexes 1–3 with model systems I and III.

Mode Experimental B3LYP
1 2 3 I III

νNN 1749 1755 1284 1806 1371
2 νNN 3475 3490 – – –
3 νNN 5173 5185 – – –

Electronic Structure

An understanding of the electronic structure of com-
plexes 1/2 and complex 3 is achieved on the basis of the MO
schemes of the corresponding models I and III, respectively
(Figure 2). Model I is oriented such that the x axis is di-
rected along the N–N vector and the y axis along the ful-
vene/cyclopentadienyl ligands. Figure 2 (left) shows contour
plots of important molecular orbitals of I. The HOMO of
I represents a bonding combination between the πz* orbital
of dinitrogen and the metal dxz orbitals, forming a metal–
dinitrogen π bond; this orbital has nearly equal contri-
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butions from the nitrogen p orbitals and the d functions of
titanium. The LUMO of I is the bonding combination of
the N2 πy* orbital and the metal dxy functions. The corre-
sponding orbital has 19% metal and 40% nitrogen charac-
ter. The LUMO+1 of I is an antibonding combination of
the metal dxz orbitals with the dinitrogen πz orbital having
6% nitrogen character. As only one π* orbital of the dini-
trogen ligand is occupied, the N2 ligand has been formally
reduced by the Ti+ centers of I to an N2

2– oxidation state.
The remaining electrons of the two titanium atoms are lo-
cated in the two sets of dz2 orbitals (in-phase and out-of-
phase combinations) both of which interact in a bonding
fashion with fulvene π* orbitals to form two dz2_Fv orbit-
als. Both MOs have 61% fulvene character, indicative of
a significant back-bonding from the metals to the fulvene
ligands.

Model III is also oriented such that the x axis is along
the N–N vector; the y axis lies in the plane of the paper,
between the amino and amido ligands on the one side and
the amido and chloro ligands on the other side of the dinu-
clear complex. The π* orbitals of the dinitrogen ligand (π*z

and π*y) form the two dinitrogen–metal π bonding combi-
nations π*z_dxz and π*y_dxy, respectively, which have nearly
equal charge contributions from dinitrogen and metal d
functions (Figure 2, right). Both of these orbitals are now
occupied, corresponding to the HOMO–1 and the HOMO
of III, respectively. Model III therefore has two metal–dini-
trogen π bonds, and the dinitrogen ligand of 3 is formally
reduced by its two Ti2+ centers to a (–4) charge state. In
Figure 2 the orbitals of I and III are arranged in a way that
clarifies the relationship between the electronic structures
of 1/2 and 3. Evidently, the dinitrogen parts of the frontier
orbitals are very similar; the major difference between the
two systems lies in the fact that both π* orbitals of dinitro-
gen are occupied for 3, whereas for 1 and 2 one dinitrogen
π* orbital (the HOMO) is occupied and the other (the
LUMO) is empty.

Table 4 summarizes the atomic charges obtained for
models I and III by natural population analysis (NPA). As
already inferred from the preceding orbital analysis, a sig-
nificant amount of electronic charge is transferred from the
titanium centers of both I and III to the bridging dinitrogen
ligand. However, the negative charge on this ligand is much
larger for III (–0.80) than for I (–0.24), in qualitative agree-
ment with the fact that both π* orbitals of N2 are occupied
in III whereas only one π* orbital is occupied in I. As the
π*_dπ orbitals of I and III have roughly equal contributions
from the metal d orbitals and the dinitrogen π* functions,
the formal charges of –2 and –4 are approximately halved,
leading to approximate descriptions of the N2 ligand as
N2

1– in 1/2 and N2
2– in 3. The actual charges determined

by NPA (–0.24 for I and –0.80 for III; vide supra) reflect a
further charge donation from lower-energy π and σ bond-
ing orbitals of N2 back into the unoccupied metal d orbit-
als. The titanium atoms, in turn, are calculated to have
charges of +0.34 for model I and +1.00 for model III, in
qualitative agreement with the different formal oxidation
states obtained after interaction with N2 (Ti2+ for I and
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Figure 2. MO diagram of models I and III together with contour plots of important molecular orbitals of I and III.

Ti4+ for III). The actual charges on the metal atoms are
further influenced by donor/acceptor interactions with the
terminal ligands. It can be inferred from Table 4 that the
cp* ligands of I donate 0.93 charge units to the metal cen-
ters (resulting charge –0.07), whereas the (formally neutral)
fulvene ligands act as charge acceptors (resulting charge
–0.16).

Figure 3. UV/Vis spectrum of 2 (left) and 3 (right).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 291–297294

Table 4. NPA charges of model systems I and III.

Complex Atom
Ti[a] N[a] Cp[b] Fu[b] NH3

[b] NH2
[b] Cl[a]

I 0.34 –0.12 –0.07 –0.16 – – –
III 1.00 –0.40 – – 0.15 –0.39 –0.51

[a] Charge for each atom. [b] Charge for the corresponding ligand.
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UV/Vis Spectroscopy

The UV/Vis spectra of 1 and 2 are very similar. The ab-
sorption spectrum of 2 (Figure 3, left) exhibits two bands
at 970 (ε = 900 m–1 cm–1) and 650 nm (ε = 6700 m–1 cm–1).
As there is no band at lower energies, the 970-nm band is
assigned to the lowest energy transition of 2, which corre-
sponds to the HOMO–LUMO transition of model I. This
transition is intrinsically of low intensity, as it involves two
π*_dπ orbitals that are perpendicular to each other. The
intense band at 650 nm in the UV/Vis spectrum of 2 is as-
signed to the symmetry- and orbital-allowed π�π* transi-
tion from the πz*_dxz orbital (HOMO) to the dxz_πz orbital
(LUMO+1) of I. The UV/Vis spectrum of complex 3 exhib-
its two weak absorptions at 465 (ε = 500 m–1 cm–1) and
630 nm (ε = 100 m–1 cm–1), which are assigned to orbital-
forbidden (π�σ) transitions from the πy*_dxy and πz*_dxz

orbitals (HOMO and HOMO–1) to unoccupied orbitals at
the Ti centers. The absorption edge at 380 nm probably re-
sults from symmetry- and orbital-allowed π�π* transitions
from the central dinitrogen ligand to the Ti d functions
which are therefore at a higher energy than the π�π* tran-
sitions of 1 and 2.

Discussion

In the preceding section resonance Raman spectra of the
moderately activated dinitrogen complexes 1 and 2 were
measured and compared with the Raman spectrum of the
strongly activated complex 3. In order to theoretically de-
termine N–N stretching frequencies and evaluate the elec-
tronic structure, DFT calculations were performed on struc-
turally simplified models. The UV/Vis spectra of 1/2 and 3
have been interpreted on the basis of the corresponding
MO schemes. The N–N stretching frequencies of complexes
1 and 2 were assigned to peaks at 1749 and 1755 cm–1,
respectively, which is supported by a DFT frequency calcu-
lation predicting the position of this mode at 1806 cm–1.
The N–N stretching mode of the strongly activated dinitro-
gen complex 3, on the other hand, was identified with a
peak at 1284 cm–1 in the Raman spectrum, which is sup-
ported by a DFT prediction of 1371 cm–1 for this mode.
The difference in N–N stretching frequency between com-
plexes 1/2 and 3 is thus large (ca. 500 cm–1), which is in
agreement with the markedly different N–N bond lengths
of these compounds (1.16 Å for 1/2 and 1.29 Å for 3). The
reduction of the N–N stretching frequency of free N2 at
2231 cm–1[16] to the value observed for complexes 1 and 2
(ca. 1750 cm–1) implies a slight elongation of the N–N bond
in these compounds. The N–N stretching frequency of
1284 cm–1 found for 3, on the other hand, corresponds to
a significant decrease of the N–N bond order which is com-
parable to that of a related end-on dinitrogen-bridged zirco-
nium complex for which an N–N stretching frequency of
1211 cm–1 and an N–N bond length of 1.30 Å have been
determined.[17]
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The electronic structure of strongly activated end-on N2

bridged complexes was described earlier in terms of interac-
tions of dinitrogen π and π* orbitals with metal dπ func-
tions. It was shown that the metal centers primarily interact
with the empty π* orbitals of the N2 to form two metal–
dinitrogen π bonding MOs, leading to a significant charge
transfer from the metals to this ligand.[18–20] This would
agree with the electronic structure of 3 where both π* orbit-
als of the dinitrogen ligand are occupied (HOMO and
HOMO–1), explaining the high degree of activation found
for this complex. The electronic structures of the moder-
ately activated complexes 1 and 2 differ from this scheme
since only one π* orbital of the dinitrogen ligand is doubly
occupied. The two remaining electrons of each titanium
center are involved in strong back-bonding interactions
with the fulvene ligands and are nonbonding with respect
to the bridging dinitrogen ligand. The second π* orbital of
the dinitrogen ligand thus remains unoccupied, forming the
LUMO of complexes 1 and 2.

Further information on the electronic structures of 1–
3 can be inferred from electronic absorption spectroscopy.
Inspection of the UV/Vis spectra of 2 leads to the assign-
ment of the 970-nm band to the lowest energy transition of
I, the HOMO–LUMO transition. On the basis of overlap
considerations the intensity of this absorption band should
be weak, which is in agreement with the experimental data.
The 650-nm transition, on the other hand, is assigned to an
electric-dipole-allowed transition from the HOMO to the
LUMO+1. In complex 3 the electric-dipole-allowed transi-
tions involving the dinitrogen ligand are located at higher
energies. The MO schemes of I and III further explain the
experimental findings that 1, 2 and 3 are diamagnetic. In
model I, which exhibits a dihedral angle of about 0° be-
tween the Ct*–Ti vectors, the two electrons in the Ti dxz

orbitals are strongly coupled via the dinitrogen π*z orbital.
This is an accurate picture for complex 1 but has to be
slightly modified for complex 2, which exhibits a twisted
configuration (dihedral angle between the neighboring Ct*–
Ti bonds = 19.1° and 20.0° for the two independent mole-
cules in the asymmetric unit). This reduces the interaction
between the two unpaired electrons in the dxz orbitals via
the dinitrogen π*z orbital, leading in the extreme case, i.e.
for a dihedral angle of 90°, to a ferromagnetic coupling (S
= 1 ground state).[21] Nevertheless, compound 2 is found to
be diamagnetic, i.e. the same as compound 1, demonstrat-
ing that the coupling is predominantly antiferromagnetic
(ground state S = 0).

To conclude, the activation of the dinitrogen ligand in 3
is found to be much larger than in 1 and 2, in contrast to
what is expected on the basis of formal oxidation states
(Ti+–Ti+ for 1 and 2 vs. Ti2+–Ti2+ for 3). It is shown in this
paper that this discrepancy can be attributed to the donor/
acceptor properties of the set of coligands: whereas 3 has a
set of purely electron-donating ligands, strong back-bond-
ing interactions exist between the titanium d orbitals and
the fulvene π* orbitals in 1 and 2 which take up four metal
d-electrons, preventing them from interacting with the
bridging N2 ligand. This exemplifies once again that the
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actual degree of dinitrogen activation in transition-metal
complexes depends equally on the set of ancillary ligands
and the nature and oxidation state of the metal centers.[22]

Experimental Section
Synthesis of 1, 2, and 3: Compounds 1,[7] 2,[7] and 3[13] were synthe-
sized by literature methods.

Resonance Raman Spectroscopy: Resonance Raman spectra of 1
and 2 were measured with a Dilor XY Raman spectrograph with
triple monochromator and CCD detector. An Ar/Kr mixed-gas la-
ser with a maximum power of 5 W was used for excitation. The
spectra were recorded with an excitation wavelength of 514.5 nm.
The spectra were measured on KBr pellets cooled to 10 K with a
helium cryostat. The spectral bandpass was set to 2 cm–1.

Resonance Raman spectra of 3 were measured on a setup involving
the following components: Spectra Physics 2020 5 W Ar+-laser;
SPEX 1404 0.85 double monochromator equipped with a CCD
camera (PI Instruments, 1024×256 pixels EEV chip) and a Peltier
cooled RCA 31034 detector connected to a Stanford Research SR
400 photon counter allowing spectra to be recorded in spectrograph
or scanning modes; liquid helium cryostat (Cryovac) for measure-
ments from 4.2 to 300 K. The spectra were recorded at 20 K with
an excitation wavelength of 514.5 nm and with the spectral band-
pass set to 4.5 cm–1.

UV/Vis Spectroscopy: Optical absorption spectra of 2 were ob-
tained from the neat compound pressed between two sapphire
plates. The spectra were recorded at 10 K on a Varian Cary 5 UV/
Vis/NIR spectrometer. Extinction coefficients were determined by
comparison with UV/Vis spectra of 2 in solution. Optical absorp-
tion spectra of 3 were obtained from a toluene solution of 3 in
an ESR tube. The spectra were recorded with a Bruins Omega10
Spectrophotometer.

Density Functional Theory Calculations: Spin-restricted DFT calcu-
lations using Becke�s three-parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3LYP)[23–25] were
performed for the singlet ground state of model complexes I and
III. Model I was optimized in C1 symmetry. For DFT frequency
calculations, model III was also optimized in C1 symmetry, whereas
the structure of model III used for the single point calculation was
derived from the X-ray structure. The LanL2DZ basis set, which
applies Dunning/Huzinaga full double-zeta (D95) basis func-
tions[26] on first-row atoms and Los Alamos effective core poten-
tials plus DZ functions on all other atoms, [27,28] was used for the
calculations. Convergence was reached when the relative change in
the density matrix between subsequent iterations was less than
1×10–5 for single points and 1×10–8 for optimizations. Charges
were analyzed by using the natural bond orbital (NBO) formal-
ism.[29–32] All of the computational procedures were used as im-
plemented in the G98 package.[33] Wave functions were plotted with
the visualization program Gaussview 2.1.
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The interaction of aqueous solutions of octahedral cluster
anions [Re6Q8(CN)6]4– with rare earth cations in the presence
of glycerol resulted in the formation of a new family of com-
pounds [Ln2(H2L)2(H3L)4][Re6Q8(CN)6] (where Ln = La, Nd,
and Gd; Q = S, Se; H3L = glycerol; H2L– = glycerolate anion).
All compounds are isostructural and crystallize in the P1̄

Introduction

The chemistry of octahedral cyanocluster complexes of
the type [Re6Q8(CN)6]4– (where Q = S, Se, Te) has been
extensively studied over the past decade. The reactions of
these anions with transition metal cations lead to the for-
mation of cluster polymers that have Re–CN–M brid-
ges.[1–5] The use of 3d metal complexes with chelating N-
donor ligands resulted in formation of low dimensional
structures [en,[6,7] trien,[8] 1,2S,3S,4-butanetetramine (threo-
tab),[9] N,N�-bis(salicylidene)ethylenediamine (salen)[2]]. Up
to now, all the compounds formed by [Re6Q8(CN)6]4–

anions and rare earth cations have 3D polymeric struc-
tures.[10–12] Attempts to use N-donor ligands were unsuc-
cessful because of their basicity in aqueous solutions and
precipitation of rare earth hydroxides.

In search of appropriate chelating ligands that are able
to bind the rare earth cations, we have examined polyatomic
alcohols. They are good candidates for such complexation
because of their high affinity to coordinate rare earth cat-
ions, their variable steric requirements and their ability to
bridge more then one metal center. The possibility of par-
tial or full deprotonation allows the adjustment of the
charge balance of the complexes. In the present work we
examined glycerol, a simple, potentially tridentate ligand
that may demonstrate variable chelating/bridging modes.
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space group. Crystal structures are built from octahedral
cluster anions [Re6Q8(CN)6]4– and centrosymmetrical dimers
[Ln2(H2L)2(H3L)4]4+ that have three different binding modes
of glycerol.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Here we report the synthesis, crystal structure and prop-
erties of a series of new compounds of composition
[Ln2(H2L)2(H3L)4][Re6Q8(CN)6] (Ln = La, Nd, Gd; Q = S,
Se; H3L = glycerol; H2L– = glycerolate anion), which con-
tain [Ln2(H2L)2(H3L)4]4+ dimers. These dimeric structures
contain three different modes of chelating glycerol mole-
cules: bidentate, tridentate, and bridging/chelating.

Results and Discussion

X-ray single crystal analysis shows that compounds 1–6
are isostructural. Their structures contain [Re6Q8(CN)6]4–

(Q = S, Se) anions and binuclear [Ln2(μ-H2L)2(H3L)4]4+

cations. Both anion and cation lie in the centers of sym-
metry of the unit cell with the space group P1̄.

The [Re6Q8(CN)6]4– (Q = S, Se) anions have the typical
M6Q8L6 structure (Figure 1). The rhenium octahedron is
surrounded by eight chalcogen atoms to form the cube Q8.
Additionally, each rhenium atom is coordinated by a ter-
minal CN group. Bond lengths and angles are given in
Table 1.

The new centrosymmetric binuclear cation [Ln2(H2L)2-
(H3L)4]4+ is shown in Figure 2, Figure 3 and Figure 4.
Binding modes of H2L– and H3L are schematically pre-
sented in Scheme 1. Two lanthanide atoms are connected
by two deprotonated glycerol molecules (C9, C10, C12, O7,
O8, O9) (Scheme 1a).

In structures 1, 3, 4, and 6, all ligands are ordered, while
in 2 and 5 one of the carbon atoms of a bridging glycerolate
ligand is disordered over two positions with equal weights.
Each of the Ln atoms are additionally coordinated by two
glycerol molecules as tridentate (C1, C2, C3, O1, O2, O3)
and bidentate (C4, C5, C6, O4, O5, O6) ligands (Scheme 1b
and c). The Ln–O bond lengths (for OH groups) lie within
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Figure 1. Structure of [Re6Q8(CN)6]4– anions.

Figure 2. Structure of [La2(μ-H2L)2(H3L)4]4+ cation. Hydrogen
atoms are omitted for clarity.

2.540–2.706, 2.485–2.664, and 2.440–2.631 Å for Ln = La,
Nd, and Gd, respectively. The Ln–(μ-O) bonds are dis-
tinctly shorter. The mean distances are equal to 2.397,
2.346, and 2.312 Å for Ln = La, Nd, and Gd, respectively
(see Table 2). The coordination number of the LnIII ion in
the complexes is nine, and the coordination polyhedron of
lanthanide(iii) may be described as a distorted tricapped
trigonal prism.

In the crystal packing, there is an extensive system of
hydrogen bonds between the nitrogen atoms of the CN
groups and the OH groups of glycerol and glycerolate li-
gands (Figure 5). The shortest contacts lie within the range
2.70–3.00 Å.

Table 1. Selected bond lengths [Å] in [Re6Q8(CN)6]4– cluster anions in 1–6.

1 2 3 4 5 6

Re–Re 2.5988(5)–2.6055(5) 2.5971(5)–2.6055(5) 2.6012(4)–2.6089(4) 2.6319(7)–2.6368(6) 2.6310(4)–2.6364(4) 2.6312(6)–2.6356(6)
mean 2.602(3) mean 2.601(4) mean 2.606(3) mean 2.634(2) mean 2.635(2) mean 2.634(2)

Re-Q 2.404(2)–2.414(2) 2.408(2)–2.4166(19) 2.4095(15)–2.4217(14) 2.5184(12)–2.5372(11) 2.5174(8)–2.5319(8) 2.5169(13)–2.5292(13)
mean 2.407(3) mean 2.414(5) mean 2.415(4) mean 2.525(6) mean 2.523(5) mean 2.523(4)

Re–C 2.113(9)–2.126(9) 2.108(8)–2.132(8) 2.114(7)–2.118(6) 2.099(12)–2.119(13) 2.105(8)–2.127(9) 2.114(15)–2.128(15)
mean 2.118(7) mean 2.116(14) mean 2.115(2) mean 2.108(10) mean 2.112(13) mean 2.120(7)

C–N 1.132(12)–1.149(12) 1.113(11)–1.136(10) 1.122(9)–1.139(8) 1.110(16)–1.143(15) 1.122(10)–1.153(10) 1.104(17)–1.125(17)
mean 1.143(9) mean 1.123(12) mean 1.133(10) mean 1.129(17) mean 1.136(16) mean 1.114(11)
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Figure 3. Centrosymmetric [La2(μ-H2L)2]4+ fragment.

Figure 4. Environment of La in the structure of 1. Hydrogen atoms
are omitted for clarity.

Scheme 1. Coordination modes of the glycerol molecule to lantha-
nide(iii) cations in compounds 1–6.

According to the Cambridge Structural Database (CSD
V.5.25), there are no known examples of lanthanide(iii)
complexes bearing glycerol or glycerolate anions. Scheme 2
presents the coordination modes of glycerol and glycerolate
anions (H2L–, HL2–, and L3–) in structurally characterized
complexes of transition metals.
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Table 2. Ligand environment of Ln atoms for 1–6.

1 2 3 4 5 6

Ln–O(OH) [Å] 2.540(6)–2.690(8) 2.485(5)–2.637(6) 2.440(4)–2.602(5) 2.546(8)–2.706(10) 2.474(5)–2.664(7) 2.425(8)–2.6310(7)
mean 2.595(49) mean 2.540(51) mean 2.509(58) mean 2.605(52) mean 2.558(67) mean 2.510(79)

Ln–(μ2-O) [Å] 2.383(6), 2.405(6) 2.330(5), 2.349(5) 2.300(4), 2.315(4) 2.388(7), 2.410(8) 2.342(5), 2.362(5) 2.301(8), 2.333(8)
mean 2.394 mean 2.340 mean 2.308 mean 2.349 mean 2.352 mean 2.317

Ln–(μ2-O)–Ln [°] 111.8(2) 112.2(2) 112.2(2) 111.8(3) 112.2(2) 112.5(3)

Figure 5. Crystal packing in the structure of 1. Hydrogen atoms
are omitted for clarity. Shortest N···O(OH) contacts are shown.

Scheme 2. Coordination modes of the glycerolate anions (H2L–,
HL2–, and L3–) to transition metals in structurally characterized
complexes; a) chelating coordination of H2L–;[13] b) chelating coor-
dination of HL2–;[14–17] c) chelating/bridging coordination of
HL2–;[18,19] d) chelating/bridging coordination of L3–.[17,20]

There is only one crystal structure in which glycerol ex-
ists in the form of [H2L]–. Coordination of this ligand to a
vanadium atom by one oxo- and one hydroxo group was
found in oxo(propane-1,3-diol-2-olato)(salicylaldehyde hy-
droxyphenylmethylenehydrazonato-N,O,O�)vanadium(v)[13]

(Scheme 2a). As in the cases of 1–6, deprotonation of glyc-
erol also occurred during crystallization in the presence of
excess glycerol. The chelating coordination of HL2–

(Scheme 2b) has been reported for several molecular com-
plexes of platinum,[14,15] vanadium,[16] and copper.[17] The
glycerolate anions HL2– and L3– often served as both che-
lating and bridging ligands (Scheme 2c and d). These coor-
dination modes were encountered in numerous complexes
of transition metals, e.g. CoHL,[18] ZnHL,[19] Li3[Cu3L3]·
19H2O,[20] Na3[Cu3L3]·7H2O, and Na10[Cu3L3]3(NO3)·
30H2O.[17]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 298–303300

Mass Spectra

In the ESI (positive mode) mass spectra of complex 1
in glycerol/water solution several peaks appear that clearly
support the proposed structure. Specifically, an intense
signal at m/z = 207.2 (75%) is assigned to [La2(μ-H2L)2-
(H3L)4]4+. In addition, several mass peaks consistent with
the association of this cation with glycerol molecules
{[La2(μ-H2L)2(H3L)4]4+·(H3L)n}, n = 2, 4, 6, 8 [m/z = 253.3
(96%), 299.1 (100%), 345.1 (47%), 391.3 (10%)] are ob-
served. The spectrum also contains minor peaks belonging
to unidentified species. These data unequivocally confirm
the presence of the [La2(μ-H2L)2(H3L)4]4+ cations in solu-
tion that were observed in the solid state.

IR Spectra

The different coordination modes of glycerol molecules
and the presence of the deprotonated H2L– species lead to
changes in the vibrational frequencies of the ligand in com-
plexes 1-6 relative to those of pure glycerol. In complexes
1–6 νCO vibrations are shifted to lower frequencies relative
to those of the free ligand. For example, in complex 1 the
νCO vibrations are shifted to 1095 and 1029 cm–1, while in
pure glycerol these vibrations are located at 1109 and
1034 cm–1. The δCOH vibrations centered at 1331 cm–1 in
glycerol are shifted to higher frequencies and are split into
several well-defined peaks. Although the vibrational fre-
quencies of the glycerol ligand change upon coordination
in compounds 1–6, these frequencies are almost insensitive
to nature of lanthanide(iii) ions.

The νCN vibrations of [Re6Q8(CN)6]4– are split into three
peaks and are shifted to higher frequencies relative to those
of K4[Re6S8(CN)6] (2117 cm–1)[21] and K4[Re6Se8(CN)6]·
3.5H2O (2107 cm–1).[22] The νOH vibrations in 1–6 gave
broad bands in the range 3500–3250 cm–1 with no resolved
lines in the spectra.

Magnetic Data

Magnetic measurements carried out in the range 5–
300 K show that La compounds 1 and 4 are diamagnetic,
while Nd and Gd compounds 2, 3, 5, and 6 are paramag-
netic.

Neodymium-containing compounds 2 and 5 demonstrate
complex temperature dependence of the magnetic suscep-
tibility and effective magnetic moments. The effective mag-
netic moments for these complexes at 300 K are 4.61 and
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3.91 B.M. per Nd3+ cation (6.53 and 5.61 B.M. per
[Nd2(H2L)2(H3L)4]4+ dimer), and 4.40 and 3.48 at 5 K – the
moments gradually increase with an increase in tempera-
ture. The room-temperature values per ion appreciably ex-
ceed the usual value of 3.62 B.M. known for NdIII.[23]

Moreover, as illustrated in Figure 6a, even at 300 K the
magnetic moment does not reach a plateau but continues to
grow. Further studies are needed to interpret this behavior.

The effective magnetic moments for 3 and 6 at 300 K are
8.05 and 7.71 B.M. per GdIII cation (11.38 and 10.9 B.M.
per [Gd2(H2L)2(H3L)4]4+ dimer), which are close to the us-
ual value of 7.9 B.M. for isolated GdIII ions.[23] The behav-
ior of the susceptibility upon a decrease in temperature of
these complexes for gadolinium-containing compounds 3
and 6 is very similar. Magnetic susceptibility for these com-
plexes can be satisfactorily described with Curie–Weiss law
χM = C/(T – θ). Fitting of the experimental data gave equa-
tions χM = 18.0/(T + 1.20) and χM = 14.83/(T + 1.10) for 3
and 6, respectively. Such dependence is typical for GdIII

ions having a half-filled shell, 4f7. The values of θ are com-
parable to those found in other O-bridged GdIII di-

Figure 6. Magnetic susceptibility (solid circles) and effective mag-
netic moments (open circles) for 5 (a) and 6 (b).
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mers.[24,25] The temperature-dependent magnetic data for 6
are shown in Figure 6b.

Using equation

θ =
2S(S + 1)

3kB
�
n

i

ziJex,i

for the case of two magnetic centers, we may estimate the
exchange interactions in these dimers.[26] The values of J
are –0.079 and –0.073 cm–1 for 3 and 6, respectively, which
correspond to very weak antiferromagnetic interactions
between the two gadolinium cations in the [Gd2(H2L)2-
(H3L)4]4+ dimers.

Conclusions

Glycerol molecules effectively coordinate with rare earth
cations resulting in the formation of a new dimeric moiety
[Ln2(μ-H2L)2(H3L)4]4+. The observation of three different
binding modes of glycerol in these structures demonstrates
that this ligand is very attractive and potentially may form
numerous complexes with rare earth cations.

Experimental Section
The Materials and Methods

General: Elemental analyses for C, H, N, and S (Carlo Erba 1106)
were performed in the Laboratory of Microanalysis of the Institute
of Organic Chemistry, Novosibirsk. IR spectra were recorded on
KBr disks with a Scimitar FTS 2000c spectrometer in the range
4000–375 cm–1. Magnetic susceptibility measurements for powder
samples were carried out in the temperature range from 5 to 300 K
in an applied magnetic field of 100 G using a Quantum Design
MPMS-5 SQUID magnetometer. The starting cluster compounds
K4[Re6S8(CN)6][21] and K4[Re6Se8(CN)6]·3.5H2O[22] were synthe-
sized as described previously. Other reagents were used as pur-
chased.

Synthesis of [La2(H2L)2(H3L)4][Re6S8(CN)6] (1): To a solution of
LaCl3·7H2O (150 mg, 0.404 mmol) in H2O (20 mL) were added
KOH (0.3 mL of a 0.1 m solution) and glycerol (3 mL), and the
mixture was boiled for 15 min. The obtained clear solution was
mixed with a solution of K4[Re6S8(CN)6] (80 mg, 0.0474 mmol) in
H2O (10 mL) and boiled (evaporated under heating) until the pre-
cipitation of yellow-orange compound 1. The crystals were filtered,
washed with ethanol (4×10 mL), and dried in air. Yield: 75.5 mg
(67.5%). C24H46La2N6O18Re6S8: calcd. C 12.22, H 1.97, N 3.56;
found C 12.42, H 2.00, N 3.66%. IR: νCN = 2118, 2129, 2141 cm–1;
νCO = 1095, 1029 cm–1; δCOH = 1361, 1348, 1334 cm–1.

Synthesis of [Nd2(H2L)2(H3L)4][Re6S8(CN)6] (2): Compound 2 was
prepared using the same procedure, though NdCl3·6H2O (150 mg,
0.418 mmol) was used instead of LaCl3·7H2O. Yield: 63.0 mg
(56.1%). C24H46Nd2N6O18Re6S8: calcd. C 12.17, H 1.96, N 3.55;
found C 12.22, H 2.06, N 3.45%. IR: νCN = 2118, 2129, 2141 cm–1;
νCO = 1095, 1028 cm–1; δCOH = 1359, 1346, 1332 cm–1.

Synthesis of [Gd2(H2L)2(H3L)4][Re6S8(CN)6] (3): Compound 3 was
prepared using the same procedure as for 1, though GdCl3·6H2O
(150 mg, 0.404 mmol) was used instead of LaCl3·7H2O. Yield:
66.1 mg (58.2%). C24H46Gd2N6O18Re6S8: calcd. C 12.04, H 1.94,
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Table 3. Crystal data and structure refinement for 1–6.

1 2 3 4 5 6

Empirical formula C24H46La2N6O18Re6S8 C24H46N6Nd2O18Re6S8 C24H46Gd2N6O18Re6S8 C24H46La2N6O18Re6Se8 C24H46N6Nd2O18Re6Se8 C24H46Gd2N6O18Re6Se8

Formula mass 2358.17 2368.83 2394.85 2733.37 2744.03 2770.05
Crystal system triclinic triclinic triclinic triclinic triclinic triclinic
Space group, Z P1̄, 1 P1̄, 1 P1̄, 1 P1̄, 1 P1̄, 1 P1̄, 1
a [Å] 10.0978(9) 10.0906(14) 10.1319(10) 10.2163(10) 10.2295(6) 10.2521(4)
b [Å] 10.8864(10) 10.8001(15) 10.7506(12) 10.9502(11) 10.8649(6) 10.7892(4)
c [Å] 11.8475(11) 11.6978(16) 11.7590(14) 11.8852(12) 11.8240(6) 11.8388(5)
α [°] 105.868(2) 105.917(5) 105.889(4) 105.343(5) 105.234(2) 104.975(1)
β [°] 97.791(1) 97.405(4) 97.354(4) 97.756(5) 97.445(2) 97.315(2)
γ [°] 94.010(1) 93.980(4) 93.793(4) 93.614(5) 93.566(2) 93.411(1)
V [Å3] 1233.3(2) 1208.4(3) 1214.9(2) 1263.7(2) 1250.9(1) 1248.90(9)
Dx [g/cm3] 3.175 3.255 3.273 3.592 3.643 3.683
μ [mm–1] 16.756 17.483 17.982 21.785 22.375 22.987
Crystal size [mm] 0.15× 0.10× 0.10 0.20× 0.15× 0.14 0.33× 0.20× 0.15 0.28× 0.16× 0.15 0.05× 0.06× 0.10 0.10× 0.10× 0.15
2θ range [°] 1.81–25.00 3.39–25.00 1.82–25.00 2.91–25.00 1.81–25.00 1.80 to 25.00
Reflections collected/ 6373/4254 10141/4154 16883/4217 19948/4229 21168/4317 10800/4257
unique
Rint 0.0178 0.0296 0.0228 0.0408 0.0265 0.0334
Refined parameters 280 298 281 280 290 281
Tmin./Tmax. 0.345 0.349 0.500 0.455 0.536 0.470
R1/wR2 [I � 2σ(I)] 0.0321/0.0761 0.0333/0.0854 0.0211/0.0532 0.0353/0.0834 0.0294/0.0793 0.0407/0.1058
R1/wR2 (all data) 0.0372/0.0793 0.0370/0.0873 0.0233/0.0539 0.0529/0.0925 0.0364/0.0894 0.0533/0.1137
GoF 1.030 1.037 1.074 1.015 1.117 1.057

N 3.51; found C 12.00, H 1.90, N 3.43%. IR: νCN = 2118, 2131,
2143 cm–1; νCO = 1093, 1022 cm–1; δCOH = 1359, 1344 cm–1.

Synthesis of [La2(H2L)2(H3L)4][Re6Se8(CN)6] (4): Compound 4 was
prepared using the same procedure as for 1, though K4[Re6Se8-
(CN)6]·3.5H2O (100 mg, 0.0471 mmol) instead of K4[Re6S8(CN)6]
was used. Yield: 78.8 mg (61.2%). C24H46La2N6O18Re6Se8: calcd.
C 10.55, H 1.70, N 3.07; found C 10.70, H 1.90, N 3.00%. IR:
νCN = 2102, 2118, 2127 cm–1; νCO = 1095, 1031 cm–1; δCOH = 1359,
1346, 1332 cm–1.

Synthesis of [Nd2(H2L)2(H3L)4][Re6Se8(CN)6] (5): Compound 5 was
prepared using the same procedure as for 2, though K4[Re6Se8-
(CN)6]·3.5H2O (100 mg, 0.0471 mmol) instead of K4[Re6S8(CN)6]
was used. Yield: 89.4 mg (69.2%). C24H46Nd2N6O18Re6Se8: calcd.
C 12.17, H 1.96, N 3.55; found C 10.50, H 1.69, N 3.06%. IR:
νCN = 2102, 2118, 2127 cm–1; νCO = 1095, 1029 cm–1; δCOH = 1359,
1346, 1332 cm–1.

Synthesis of [Gd2(H2L)2(H3L)4][Re6Se8(CN)6] (6): Compound 6 was
prepared using the same procedure as for 3, though K4[Re6Se8-
(CN)6]·3.5H2O (100 mg, 0.0471 mmol) instead of K4[Re6S8(CN)6]
was used. Yield: 92.0 mg (70.5%). For C24H46Gd2N6O18Re6Se8:
calcd. C 10.41, H 1.67, N 3.03; found C 10.10, H 1.80, N 2.90%.
IR: νCN = 2104, 2120, 2129 cm–1; νCO = 1095, 1028 cm–1; δCOH =
1357 cm–1.

X-ray Structural Studies: Diffraction measurements were carried
out by standard technique on a Bruker SMART AXS dif-
fractometer equipped with a CCD area detector (1) and a Buker-
Nonius X8Apex CCD (2–6) using graphite-monochromated Mo-
Kα radiation. Details of diffraction experiments, structure solution
and refinement parameters are given in Table 3. Absorption correc-
tions were applied using the SADABS program.[27,28] The crystal
structures were solved independently by direct methods and then
refined using the SHELX package.[29] Hydrogen atoms of CH and
CH2 groups were refined geometrically. Hydrogen atoms of OH
groups were located from last different electron density maps and
fixed. Our attempts to refine them were unsuccessful. Final refine-
ment was done by full-matrix least-squares method. All non-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 298–303302

hydrogen atoms were refined anisotropically. CCDC-269462
to -269467 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The thermodynamics of complex formation of CoII and CdII

ions with the triaza macrocyclic ligand 1,4,7-triazacyclo-
nonane (tacn) and its N-methylated derivative 1,4,7-tri-
methyl-1,4,7-triazacyclononane (Me3tacn) has been studied
in dimethyl sulfoxide (DMSO) at 298.1 K and in an ionic me-
dium (0.1 M Et4NClO4) by means of potentiometric, UV/Vis,
calorimetric and FT-IR techniques. The results are discussed
by taking into account electronic and steric effects as well as
solvation of the species concerned. Computational methods
based on density functional theory (DFT) have been used to

Introduction

In the last few years a wide variety of polyamines have been
investigated in water[1–11] and in non-aqueous solvents[12–16]

with the aim of studying how basicities and steric effects
affect the selectivity pattern in metal coordination and for
making direct comparison with the corresponding macro-
cyclic ligands.

As examples of these ligands’ great interest and applica-
tion, their potential use as sequestering agents for metals of
environmental importance,[10] both toxic and essentials, and
their employment as models for small molecules carri-
ers,[16–21] such as in CuI or CoII complexes, should be re-
membered.

In this context, previous studies of our group[16] on the
complexation of divalent transition metal ions such as CdII

and CoII with differently N-alkylated linear di-, tri- and
tetraamines in aprotic media have shown that: (i) the sta-
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obtain structural information about the ligands and their
complexes in order to provide further, independent insights
into the effect of N-methylation on the coordination affinity
of the ligands towards the metal ions. The computational
suggestions are of great help to correlate steric effects and
thermodynamic results. The kinetics of dioxygen uptake for
the formation of the Co(tacn)2O2 superoxo adduct has also
been studied by means of UV/Vis measurements.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bilities of the species formed decrease strongly with the in-
crease of N-alkylation, with the enthalpy term being more
responsible for that;[16a,16c] (ii) nitrogen functionalisation
also strongly influences the stoichiometry and the nature of
the metal complexes formed and, very interestingly, also the
selectivity of these ligands (a higher affinity for CoII than
for CdII is displayed by primary and secondary polyamines,
whereas the opposite is true when tertiary ones are invol-
ved);[16d] (iii) as far as cobalt(ii) complexes are concerned,
different N-alkylation of polyamines also has important ef-
fects on the behaviour of these complexes as better or worse
dioxygen carriers:[16c,16e] in fact, electron transfer between
the metal centre and the dioxygen depends on the electron
density available at the central metal ion which, in turn, is
greatly affected by the ligands;[17,20,21] (iv) steric effects due
to N-alkylation inhibit the solvent exchange when dioxygen
binding is considered, thus slowing down the oxygenation
rate in the formation of the final adducts.

As an extension of this work we present here a study
in the aprotic solvent dimethyl sulfoxide (DMSO) on the
complex formation of CoII and CdII ions with the simplest
polyaza macrocyclic ligand 1,4,7-triazacyclononane (tacn)
and its N-methylated derivative 1,4,7-trimethyl-1,4,7-triaza-
cyclononane (Me3tacn), whose bulky methyls cause the li-
gand to change both its electronic and steric properties.

Despite its small cavity size, tacn is known to show an
effective, strong macrocyclic effect which is manifested in its
increased thermodynamic stability with respect to chelated
acyclic triamines, for example in water. In addition, a
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stronger ligand field has been observed with respect to lin-
ear analogous.[22,23] These cyclic ligands also show interest-
ing properties as potential oxidation catalysts[24,25] due to
their ability in stabilizing reaction intermediates,[24] and
they influence the electron-transfer rates, which are ac-
companied by a change in spin-state, such as in the CoII/
CoIII couple.[26]

Finally, tacn is ideally suited to coordinate[22,23,27] the
metal-ion coordination sphere facially, thus functioning as
a blocking group for three coordination sites.[22,28] More-
over, in the presence of suitable pendant arms the deriv-
atised ligands are also very interesting as they can open-up
a variety of fields of investigation, such as those of inor-
ganic crystal engineering,[29] biological tracers,[30] MRI con-
trast agents[31] and the selective extraction and sequestering
of metal ions.[1,23,32–34]

The aim of this work is mainly related to gaining infor-
mation on the behaviour of simple triaza macrocycles that
do not yet bear pendant arms and, in particular, on: (i) the
macrocyclic effect in complex formation in solvating media
other than water; (ii) the influence of N-methylation; (iii)
the specific match of metal-ion size and the coordination
requirements of the cyclic ligands; (iv) the effects of these
preorganised ligands and of their N-methylation on the di-
oxygen affinity of their CoII complexes.

The effect of N-methylation on the coordination affinity
of the ligands towards CoII and CdII, characterised by dif-
ferent types of electron configuration (d7 and d10), is also
investigated here by computational methods using density
functional theory (DFT). DFT provides an excellent frame-
work to obtain structural information and a number of
chemical reactivity indices about ligands and their com-
plexes and is able to give results of quality comparable to
those obtainable by correlated ab initio calculations. DFT
has previously been used to study the influence of N-meth-
ylation on the structural[35] and electrochemical properties
of transition-metal complexes with cyclic polyaza ligands[8]

and to describe the properties of polyamines, such as their
basicity, both in the gas phase[36] and in solvent models.[37]

The kinetics of dioxygen uptake is also studied by means
of UV/Vis measurements as far as the Co(tacn)2 species is
concerned as this is the only complex capable of binding
O2.

Results

The structures of the ligands were optimised by DFT cal-
culations (see Supporting Information) and were compared
with X-ray data available in the literature only for Me3tacn
(although in its protonated forms).[38] Some of the calcu-
lated and experimental parameters of this ligand are sum-
marised in Table 1, and show that a good match exists be-
tween optimised and available X-ray data for Me3tacn. This
correlation is of interest as it can be taken as a proof of
the reliability of these computational results and thus gives
confidence in the initial calculated structure of tacn.
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Table 1. Experimental[38] and calculated values for selected struc-
tural parameters of the ligand Me3tacn.

Distances [Å] Angles [°]
Exp. Calcd. Exp. Calcd.

N–C 1.356–1.458 1.457 C–N–C 112.4–115.1 113.4
N–C(methyl) 1.450 1.451 C–N–C(methyl) 110.5–115.2 116.4
C–C 1.403–1.488 1.542

The optimised structures of the ML2+ complexes in the
gas phase, together with calculated M–N distances, are re-
ported in Figure 1: as far as the M(tacn)2+ structures are
concerned (Figure 1a and b), the M–N distances are shorter
than the X-ray ones (Cd–N = 2.351–2.382 Å;[39] Co–N =
2.127–2.157 Å[40]), and this is true especially in the case of
the CoII complexes. This may be due to the simplified mod-
els chosen, to the limited basis sets and also because repul-
sive interactions present in the experimental structures are
absent in the model complexes. As a matter of fact, when
optimised structures of M(tacn)2

2+ are considered (Fig-
ure 1c and d) the M–N distances are longer and very close
to the experimental data.

The calculated binding energies (Ebind = EML2+ – EM2+ –
EL) for the complex formation in vacuo are reported in
Table 2, and the energies of the ligands in their “free” form
and at the coordinates in the optimised complexes are given
in Table 3.

The overall stability constants obtained after the analysis
of the potentiometric (for Cd2+) and UV/Vis data (for
Co2+) are listed in Table 4 for metal(ii)–tacn and –Me3tacn
systems. In the same table the whole of the thermodynamic
functions, with the corresponding error limits, are also
reported together with the available data in water.[41]

Previously published data[16a,16b] hare given for the same
metal(ii)–N,N��-dimethyldiethylenetriamine (dmdien) and
–N,N,N�,N��,N��-pentamethyldiethylenetriamine (pmdien)
systems, which were chosen as examples of comparable sec-
ondary and tertiary linear triamines.

The spectral changes observed during reactions between
CoII and the ligands in the presence of CdII as a competitive
ion,[42] under anaerobic conditions, in terms of molar ab-
sorptions of the j species vs. wavelengths, are similar to the
previous ones[16a] and are therefore not reported. The ab-
sorption maximum for Co(ClO4)2 in DMSO occurs at
535 nm (ε = 11.9 m–1 cm–1) and is shifted to lower wave-
lengths after ligand addition, in line with an increase in the
ligand field strength when CoLj species are formed.

Δhv, the total molar enthalpy change, is plotted as a func-
tion of Rc (= CL/CM, total ligand/total metal concentration)
for the CdII– and CoII–ligand systems in Figure 2.

The shape of the curves confirms the formation of con-
secutive, stable MLj complexes when L = tacn (j = 1,2),
whereas the absence of heat evolved after Rc = 1 clearly
indicates that no other species are formed beyond ML when
L = Me3tacn. The fit between experimental and calculated
(full lines) data is good.



S. Del Piero, A. Melchior, P. Polese, R. Portanova, M. TolazziFULL PAPER

Figure 1. Optimised structures of a) Cd(tacn)2+, b) Co(tacn)2+, c) Cd(tacn)2
2+, d) Co(tacn)2

2+, e) Cd(Me3tacn)2+ and f) Co(Me3tacn)2+.
Selected bond lengths are given in angstroms.

Table 2. Calculated binding energies (Ebind = EML2+ – EM2+ – EL)
for ML2+ (M = Cd2+, Co2+) complex formation in vacuo.

Binding energy [kJmol–1]

Cd(tacn)2+ –973.2
Cd(Me3tacn)2+ –989.7
Co(tacn)2+ –1145.2
Co(Me3tacn)2+ –1196.5

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 304–313306

The oxygenated spectra of a Co(tacn)2 solution at dif-
ferent times are displayed in part a of Figure 3, while part
b shows the experimental data and fitting curves for the
oxygenation of Co(tacn)2

2+ as a plot of absorbance at
336 nm vs. time. In particular, maxima at 528, 400 and
336 nm appear initially due to the fast formation of an oxy-
genated species and grow in intensity until about 20 min.
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Table 3. Calculated energies [Hartree] of the optimised ML structures, free (Efree) and frozen (Ebound) at the coordinates found in the Cd
and Co complexes, and strain energies ΔEstrain [kJmol–1].

Cd(Me3tacn)2+ Ebound –519.801513 Co(Me3tacn)2+ Ebound –519.797987
Efree –519.814060 Efree –519.814066
ΔEstrain –32.9 ΔEstrain –42.2

Cd(tacn)2+ Ebound –401.8754428 Co(tacn)2+ Ebound –401.8718334
Efree –401.8839462 Efree –401.8839619
ΔEstrain –22.3 ΔEstrain –31.8

Table 4. Overall stability constants and thermodynamic functions for the reactions Mn+ + jL h MLj
n+ (M = Cd2+, Co2+) in DMSO

(0.1 m NEt4ClO4, 298.15 K) and in water; the errors quoted correspond to three standard deviations.

[a] Ref.[16b] [b] Ref.[16a] [c] Ref.[41a] [d] Ref.[41b]

This species then evolves and decreases in concentration
very slowly, as can be seen from curve 3 in Figure 3a.

The best fit of the analysed experimental data reported
in Figure 3b is consistent with the reaction mechanism
(charges omitted) proposed in Equation (1).

Degradation reactions appear to be negligible in the time
range investigated, as can also be seen from the above-de-
scribed analysis of the curves (Figure 3a).
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The kinetics of the process obey a second-order rate law
and the values of the obtained kinetic constants, calculated
by the computer treatment of the absorbance values at
336 nm, are given in Table 5 together with the equilibrium
constant for the overall reaction relative to the formation
of species A. This is calculated by combining the rate con-
stants of the direct and reverse reactions at 298.1 K, which
is the standard state for O2 in 1 m solution.
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Figure 2. The total molar enthalpy changes, Δhv, as a function of
Rc (= CL/CM) for CdII/L (open symbols) and CoII/L (filled sym-
bols) systems in DMSO: (�,�) L = tacn; (Δ,�) L = Me3tacn. The
solid lines were calculated from the log βj and ΔHβj° values in
Table 1.

Figure 3. a) Electronic spectra of [Co(tacn)2
2+] (0.5 mm) in the pres-

ence of PO2
= 38 Torr after 1) 10 s, 2) 15 min, 3) 4 h; b) experimen-

tal data and fitting curves for the oxygenation of Co(tacn)2
2+ in

the presence of PO2
= 760 Torr: (+) [Co2+] = 0.21, [tacn] = 0.46 mm;

(�) [Co2+] = 0.34, [tacn] = 0.72 mm; (�) [Co2+] = 0.58, [tacn] =
1.2 mm; (Δ) [Co2+] = 0.68, [tacn] = 1.4 mm. Calculated molar ab-
sorbance at 336 nm: εML2O2

= 2.5(3)×103 m–1 cm–1.
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Table 5. Kinetic parameters for the oxygenation reactions reported
in Equation (1) and thermodynamic stability constants for the reac-
tion: CoL2(solv) + O2(solv) h (CoL2)O2(solv) (L = tacn) in DMSO at
298.1 K and I = 0.1 m. The errors in parentheses are one standard
deviation.

Complex k1 [m–1 s–1] k–1 [s–1] log KO2

[Co(tacn)2O2]2+ 32(5) 0.22(3) 2.15

Discussion

DFT Calculations

The distances reported in Figure 1 show that the intro-
duction of a methyl group on the tacn secondary nitrogens
results in an elongation of the calculated M–N bond lengths
(Figure 1e and f), which is more evident in the CoII–L com-
plexes (approx. 0.02 Å) than in the CdII–L complexes (ap-
prox. 0.005 Å). A similar elongation has been observed in
the solid state for dinuclear CoII complexes of formula
[Co2(Me3tacn)2X3][43] for which X-ray data are available.
This finding is in agreement with previous observations
which show that the metal–N bond lengths increase with
N-methylation as a consequence of steric effects in the gas
phase,[44] and also of solvation effects in solution, thus lead-
ing to a stabilisation of the lower oxidation state in the
MLj

n+1/MLj
n redox couples.[10]

As far as the binding energies in Table 2 are concerned,
it should be underlined that they are important only as far
as their relative trends are conscerned: the high values
found (Ebind � –970 to –1200 kJmol–1) cannot be com-
pared to experimental values as environmental effects are
not taken into account in the calculations, which means
that additional energy terms, such as breaking of M–dmso
bonds, are not considered.

Some interesting points can be outlined: i) Co2+ binds
much more strongly than Cd2+ to the two polyamines, ii)
the binding energies are higher for Me3tacn than tacn for
both metal ions, and iii) the difference between Me3tacn
and tacn is much higher when CoII is concerned [ΔEbindCoII

= Ebind(Co–Me3tacn) – Ebind(Co–tacn) = –51.3 kJmol–1;
ΔEbindCdII = –16.5 kJmol–1].

Point i) may be reasonably explained by taking into ac-
count that CoII, given its higher charge density, is a stronger
Brønsted acid than CdII.

The higher affinity of the methylated amine for the two
ions [point ii)] reflects the gas-phase basicity order of
amines, which has been shown to be higher for tertiary
amino groups than for secondary ones both experimen-
tally[45] and theoretically.[35,36a,37] The effect of methyl
groups on gas-phase basicity has been explained not only
by the inductive effect of the CH3 groups but also consider-
ing that, in the interaction of the amines with the H+ ion,
methyl groups are responsible for a better redistribution of
the positive charge,[46] thus stabilizing the resulting cation.
Even though in this case dipositive metal ions and not pro-
tons are involved, the same factors should be considered to
be governing the energy trends found here.
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As far as point iii) is concerned, the enhancement of sta-

bilisation is probably due to a synergistic action that is ef-
fective when the stronger Brønsted acid CoII reacts with the
stronger base Me3tacn.

Steric effects due to N-methylation are investigated here
with a particular attention to the fact that they are also
reflected in the reorganisation of the ligands when they bind
the metal ion, which influences their stability. Therefore, the
energies of the ligands have been calculated in their “free”
form and at the coordinates in the optimised complexes
(Table 3): their difference ΔEstrain = Efree – Ebound can be
considered a measure of this reorganisation. Although these
differences are relatively low (ΔEstrain � 20–40 kJmol–1),
they are nevertheless very important as these values are in-
trinsic in the ligands and therefore act in the gas phase as
well as in solution.

The data for ML complexes in Table 3 mean that both
ligands have to spend more energy to reorganize around
CoII than CdII (ΔΔEstrain(L) = ΔEstrain(Cd–L) – ΔEstrain(Co–L)

= 9.3 and 9.5 kJmol–1 for L = Me3tacn and tacn, respec-
tively); this is reasonable due to the larger ionic radius of
CdII, which allows longer bond lengths and therefore lower
strain, both of which imply lower steric repulsions and
minor energy costs for the reorientation of the dipoles rep-
resented by N–H/CH3 bonds.

To sum up, the DFT results for the gas phase forecast a
higher affinity of both polyamines for CoII than for CdII,
the higher difference found for Me3tacn than for tacn being
rationalised in terms of their gas-phase basicities. In ad-
dition, the importance of steric strain in the reorganisation
of the ligands around the metals is pointed out.

Thermodynamics

General Remarks

The complex formation is accompanied by negative en-
thalpy values, typical of reactions between metal ions and
neutral ligands in aprotic solvents.[12] The negative entropy
terms found here are in line with the fact that the release of
solvent molecules from the coordination sphere of the metal
ions does not compensate the decrease in internal entropy
of the ligand and the loss of translational entropy by the
reagents upon complexation.

Thermodynamic data are available in water[41] for tacn
systems, and these are also reported in Table 1. Although
the enthalpy data are referred to a slightly different experi-
mental ionic medium (0.2 m), this value nevertheless reflects
different, significant effects of the two solvent media on
complex formation: in water the stability with tacn is
mainly due to a less favourable enthalpy term (ΔH°1 =
–31.8 kJmol–1), whereas the entropy term is positive. This
trend has already been observed for other primary and sec-
ondary polyamines and generally results in a lower complex
stabilisation in water than in DMSO.[16]

In polar solvents, where ion-pairing of counterions with
metal cations and their complexes is negligible, the equilib-
rium constant for the complexation reaction varies with the
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solvation energies of the reactants (cations and ligands) and
products (complexes). In many cases, the free-energy
changes for ligand and complex solvation cancel each other
out and the free-energy term for cation solvation is largely
dominant.[12] The free-energy changes for metal-ion
transfer from water to DMSO available for CdII

(ΔG°tr(water�dmso) = –60.4 kJmol–1),[47] and reasonably hy-
pothesized to be negative for CoII,[16a] show that these metal
ions are more strongly solvated in DMSO than in water.
This is in agreement with the different electron-donating
abilities of the two solvent molecules, as measured by the
empirical Gutmann’s donor number (DN = 29.8 for DMSO
and 18 for H2O).[48]

In the hypothesis that the solvation energies of CdII and
CoII are the dominating solvation terms in our complex-
ation reactions, we should expect a greater complex stability
in water than in DMSO. As this does not occur, this sug-
gests that amine solvation, rather than metal-ion solvation,
plays a major role in determining the stability of tacn com-
plexes in the two solvents. Indeed, it is known that primary
and secondary amines are more solvated in water than in
DMSO[15,49] and, consequently, are stronger bases in
DMSO than in water. Tacn is more solvated in water, there-
fore complexation is a more expensive desolvation process,
in terms of enthalpic contribution, but produces a greater
gain in translational entropy. Accordingly, the enthalpic
contribution available for the CdII–tacn system in water is
largely less favourable than in DMSO, while the entropic
one shows an opposite trend.

Complex Formation with Cyclic Triamines in DMSO

Cyclisation of linear polyamines affects the stabilities and
selectivities of their metal complexes: in particular, an extra
stability is observed when complex formation with cyclic
rather than linear polyamines is concerned. Although en-
thalpic and entropic arguments have been presented to ac-
count for this effect, it does not appear that one factor is
unequivocally more important than the other.[3]

The results reported here show that an increase of the
complex stability with both CdII and CoII ions is effective
when tacn (but also its methylated analogues) is considered
with respect to the linear dmdien. This is true even if the
comparison is extended to the more σ-donating primary
linear triamine diethylenetriamine (dien).[16a]

This effect can be better understood by a separate analy-
sis of the ΔH° and ΔS° contributions, which, in turn, are
associated with metal, ligand and/or complex structural fea-
tures.

It should be remembered that when macrocyclic rings
such as 9-aneX3 (X = N,O,S) are concerned, the metal ions
do not enter the cavity of these small macrocycles, so that
these do not represent examples of classical size-match se-
lectivity. Rather, the metal ions are responding to the geo-
metrical requirements for coordination out of the plane of
the three donor atoms,[50] that is, the mode of coordination
imposed by these ligands is stereorestrictive as they steri-
cally constrained to facial coordination, whereas linear tria-
mines may coordinate either facially or meridionally.
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1:1 Complexes

Some important considerations can be made: (i) for the
CdII system with tacn, especially in the first complexation
step, the extra stability with respect to the linear dmdien
arises mainly from the entropy term as ΔH°β1 is almost the
same [the entropy term is far less unfavourable also when
Cd(Me3tacn)2+ formation is considered vs. Cd(pmdien)2+];
(ii) the opposite occurs when CoII complexation by the cy-
clic vs. the linear triamines is analysed. It must be under-
lined that both CdII and CoII are octahedrally coordinated
by six DMSO molecules in solution and that this coordina-
tion mode is retained in their 1:1 complexes, as indicated
by UV/Vis measurements. In addition, from FT-IR spectra
recorded for solutions where Rc − the tacn-to-metal ratio −
is varied up to 2, it can be seen that only the bands due to
the bonded amine (at 3233 cm–1) are present and no bands
for free secondary (at 3345 cm–1) amino groups could be
detected, thus showing that the N-donor groups are all
bonded to the central metal ion both in ML and ML2 species.

The restricted conformational freedom of the cyclic tacn
(but also Me3tacn) before coordination, and hence the
lower entropy loss on coordination, with respect to the lin-
ear one is one of the factors affecting this trend but cer-
tainly not the only one, as this should also influence the
CoII system. The constraining nature of the rigid ligand,
which forces a distorted octahedral structure in its facial
coordination, is probably also responsible for this behav-
iour: in fact, with the larger CdII ion (octahedral Shannon
radius = 0.95 Å)[51] the steric strains of the three coordi-
nated nitrogen atoms should be better minimised with re-
spect to the small CoII ion (octahedral Shannon radius,
high spin = 0.74 Å) and this may explain the great differ-
ence in entropy terms. These conclusions are also supported
by the computational results in the gas phase, which show
lower ΔΔEstrain values for Cd complexes than Co ones
(Table 3). As a matter of fact, a special disorder has also
been shown to be present in a Cd(tacn)2

2+ solid struc-
ture,[39] and has been explained by observing that the li-
gands have two alternative positions which are twisted by
about 56° with respect to each other.

The enthalpy values are, on the contrary, much more
favourable when the CoII–tacn system is considered with
respect to CdII and this should reflect stronger coordination
bonds when the more (Brønsted) acidic CoII centre inter-
acts with the ligands. This agrees with observed data which
propose that, for metal ions which have considerable ten-
dency for covalent bond formation, the enthalpic contri-
bution to chelate formation can be important if their elec-
tronegativities are appreciable.[3]

Some additional points are outlined when the metal(ii)–
Me3tacn systems are considered: (i) a huge drop occurs in
the complex stability with respect to the tacn system, and
(ii) a huge gain in stability is observed as far as the com-
plexation of the same ions with the tertiary, linear pmdien
ligand are considered.

Point (i) may be explained as being due to several main
reasons, especially: the different basicity of the amino
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group, which decreases in the order NH2 � NHR � NR2,
in DMSO,[52] opposite from what occurs in gas phase; the
elongation of the M–N bonds, due to the steric hindrance
of the ligands[10] and the decreased solvation of the com-
plexes as a consequence both of their increased radii and
of the minor extent of hydrogen bonding brought about by
the N-alkylated amines.[10]

The great importance of steric effects in the stability of
the metal complexes formed is again clearly evident from
the computational results in Table 3: the relative strain ener-
gies, in other words the repulsive forces in the MII com-
plexes, are higher for Me3tacn complexes than for tacn itself
(ΔΔEstrain(tacn�Me3tacn) = 10.6 and 10.4 kJmol–1 for Cd and
Co respectively). This destabilisation must be overcome in
complex formation and thus is one of the causes of the de-
crease in complex stability.

As far as point (ii) is concerned, it should be remembered
that data relative to pmdien agree with a bidentate behav-
iour of the ligand due to steric repulsions between the
methyl groups.[16a,16b] In the case of Me3tacn, the thermo-
dynamic data suggest that the three nitrogens are all in-
volved in coordination: the preorganisation of the cyclic li-
gand “drives” the N atoms towards the metal centre and
evidently prevails over the steric repulsions between the
methyl groups.

It is interesting to note that in the formation of the 1:1
complexes, ΔΔH°1, which is the difference between
ΔH°β1

CdII
and ΔH°1

CoII
is less markedly positive for CdII in

the case of Me3tacn (Table 4, ΔΔH°1 = 19.8 kJmol–1) than
in the case of tacn (ΔΔH°β1 = 26.4 kJmol–1). This should
once more be due to the better ability of the large CdII to
minimise steric hindrances. In addition, the increasingly
soft nature of the tertiary amino groups should cause a less
marked preference for CoII than for CdII with respect to
the secondary ones.

1:2 Complexes

N-Methylation is also responsible for the inability of
Me3tacn to form an M(Me3tacn)2

2+ species: in fact, strong
intramolecular repulsive forces would be exerted by the two
rings due to non-bonding Me–Me interactions. Only one
example of an ML2 structure exists in the literature for this
methylated ligand, namely the Ag(Me3tacn)2

+ complex.[53]

In this case the Ag–N bond lengths are much greater (ap-
prox. 2.6 Å) and therefore the methyl groups are distant
enough to allow a stabilisation of the ML2 compound.

The thermodynamic data for M(tacn)2
2+ systems show

that the formation of the second complex is accompanied
by a great stability (log K2 = 9.03 and 9.2 for Cd and Co,
respectively), which once more overcomes that relative to
M(dmdien)2

2+ complex formation. The presence of a
stronger ligand-field for cyclic vs. linear triamines is evident
from a comparison between the experimental UV/Vis spec-
tra for the Co(dmdien)2 and Co(tacn)2 complexes: the value
of λmax in the former is shifted from 535 [λmax for Co-
(ClO4)2 in DMSO solution] to 490 nm, whereas in the latter
it is centred at 471 nm.
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If we examine the values of the stepwise enthalpy and

entropy data for M–tacn systems more deeply we can ob-
serve that the trend with both metals is in agreement with
desolvation effects being more extensive in the first com-
plexation step, and more markedly for CdII than for CoII.
This desolvation effect should also play a role in explaining
the low unfavourable entropy value found in the first step
for Cd.

Kinetics in Aerobic Conditions

The k1 value found here for reaction (1) is slightly lower,
although of the same order of magnitude, as that found for
the formation of the saturated superoxo species [Co(dien)2-
O2]2+ (k1 = 69 m–1 s–1), higher than that found for the for-
mation of [Co(dmdien)2O2] 2+ (k1 = 0.035 m–1 s–1)[16h] and
much lower than those found for [CoL2O2]2+ [L =
ethylenediamine (en), N,N�-dimethylethylenediamine
(dmen)].[16e] The trend in k1 values is therefore in agreement
with a dissociative mechanism,[54] where a higher activation
energy is required for the Co–N bond cleavage due to O2

coordination in Co(tacn)2
2+ than for the Co–O(dmso) bond

cleavage in unsaturated CoL2 complexes, the Co–N interac-
tion being stronger than the Co–O(dmso) one.

The presence of steric interactions due to the methyl
groups in dmdien makes the O2 coordination slower[55] and
this is in agreement with the k1 value found for the
Co(dmdien)2 system with respect to Co(tacn)2.

The stability constant for O2 uptake is similar to that
found when the secondary dmdien ligand is used
[log KO2

Co(dmdien)2 = 2.8] and lower than that
found for dien [log KO2

Co(dien)2 = 4.6]. The value of log KO2

has been related[17] to the sum of log Ka of the ligands in
water, which is a measure of the simple σ-donor ability of
a ligand and therefore of the consequent electron density
on the metal centre. When tacn is considered, a strongly
acidic behaviour is observed for the first dissociation step
due to the close proximity of the NH2

+ groups, which re-
sults from the cyclic nature of the amine. Therefore, Σlog Ka

of tacn is not available for a direct comparison with dmdien
(Σlog Ka = 22.59) or with dien (Σlog Ka = 23.22). In a pre-
vious work the huge difference in stability of the dioxygen
complexes of dmdien and dien systems was explained
mainly by taking into account the statistical presence of a
primary amino group (in dien) trans to the coordinated
O2,[16h] and this argument can also be used to explain the
lower log KO2

value found for the [Co(tacn)2O2]2+ system
with respect to [Co(dien)2O2]2+. As far as the tacn and
dmdien systems are compared, both possess only secondary
amino groups, thus similar log KO2

values are expected, as
is the case. In light of the fact that the repulsion between
the methyl groups in the dmdien system should lower the
thermodynamic stability of the O2 adduct with respect to
tacn, the opposite result found here can be explained by
supposing that the opening of a Co–N bond in [Co(tacn)2-
O2]2+ causes the over-stability gained thanks to effects of
“preorganisation” to partially drop.
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Conclusions

Some interesting features emerge from the combination
of thermodynamic and DFT investigations. The extra sta-
bility of tacn complexes with respect to tridentate dmdien
is mainly due to entropic effects for Cd, whereas the en-
thalpy term plays a fundamental role when Co is con-
cerned.

This is an example of the great influence of the metal’s
ionic radius in satisfying the out-of-plane, facial coordina-
tion requirements of the cyclic triamine: in fact, the larger
CdII can better minimize steric strain, as clearly emerges
from the values of the calculated strain energies in the gas
phase for the same systems. On the other hand, the smaller
CoII is more acid and achieves stronger coordination bonds
than CdII, as confirmed by calculated binding energies of
their complexes and by quite lower metal–N bond lengths
in the Co–ligand systems. The enthalpy and entropy terms
are therefore the result of a subtle interplay of steric and
electronic effects. The N-methylation of tacn does not pre-
vent Me3tacn from behaving as a terdentate ligand, as oc-
curs when linear pmdien is considered, due to a “preorgan-
isation” of the ligand, which prevails over Me–Me steric
repulsions. On the other hand, N-methylation, which is re-
sponsible for a less basic character of Me3tacn than tacn in
DMSO, causes a less marked preference for CoII than for
the softer, larger CdII with respect to tacn.

Finally, N-methylation strongly influences the stoichiom-
etry of the species formed, as the M(Me3tacn)2

2+ (M = Co,
Cd) species do not exist. As a consequence, only in the
Co(tacn)2

2+· complex does the central metal ion achieve
sufficient electron density to be able to take up dioxygen.

Experimental Section
Materials: [Co(DMSO)6(ClO4)2] and [Cd(DMSO)6(ClO4)2] were
prepared as described previously.[16a] Tetraethylammonium per-
chlorate (TEAP; �97%, Aldrich ) was recrystallised from methanol
and then dried under vacuum at 110 °C. The ligands tacn and Me3-
tacn (Aldrich) were used without further purification. Dimethyl
sulfoxide (99%, Aldrich) was purified by distillation according to
the described procedures[16a] and stored under nitrogen over 4-Å
molecular sieves. Perchlorate stock solutions of CdII and CoII ions
were prepared by dissolving weighed amounts of the adducts in
anhydrous degassed DMSO; their concentrations were checked by
titration against EDTA.[56]

Solutions of the ligands were prepared by dissolving weighed
amounts in DMSO and standardised by thermometric titration
with standard HClO4 solutions. All standard solutions were pre-
pared and stored in an MB Braun 150 glovebox under a controlled
atmosphere containing less than 1 ppm of water and less than
1 ppm of oxygen. The water content in the solutions, typically 10–
20 ppm, was determined with a Metrohm 684 KF Coulometer.

Potentiometric Measurements: All measurements employed for the
determination of the stability constants of the CdII complexes with
tacn and Me3tacn were carried out in 0.1 m NEt4ClO4 by using a
thermostatted cell maintained at 298.1±0.1 K, and kept under in-
ert atmosphere in an MB Braun 150 glovebox. The concentrations
of CdII were obtained from the emf data of a galvanic cell measured
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with an Amel 338 pHmeter equipped with a Weiss WCD1001 Cd
ion selective electrode as working electrode and a Metrohm
6.0718.000 silver electrode as reference electrode. Aliquots of ligand
solutions of known concentrations were added to solutions of cad-
mium(ii) perchlorate only ([Cd2+] = 2.00–10.00 mm) of known con-
centration and the free-metal concentration was measured. Equilib-
rium was reached typically in 2–5 min. The Nernstian response of
the Cd electrode was obtained in the range 10–7–10–2 m.

The computer program Hyperquad[57] was used for the calculation
of the stability constants.

Calorimetric Measurements: A Tronac model 87–558 precision cal-
orimeter was checked by titration of tris(hydroxymethyl)amino-
methane (tham) with a standard solution of HCl in water and used
to measure the reaction heats. The experimental value of the heat
of neutralisation of tham was found to be ΔH° = –47.58 kJmol–1,
in good agreement with the accepted value of
–47.53±0.13 kJmol–1.[1b]

The calorimetric titrations were performed at 298.15±0.02 K by
adding known volumes of ligand solutions ([L] = 20–50 mm) to
20 mL of metal (CdII, CoII) solutions ([M] = 2.00–5.00 mm). The
measured heats were corrected for the dilution heat of the ligands.

The least-squares computer program Letagrop Kalle[58] was used
for the calculation of the enthalpy changes.

FT-IR Spectroscopy: The FT-IR spectra were obtained using a Bio-
Rad FTS 40 spectrometer (maximum resolution 4 cm–1; 16 scans).
Cells with barium fluoride windows (thickness of 25 μm) were
used. The cells were filled and closed in a glovebox and quickly
transferred to the spectrometer. Spectra were also collected for
solutions containing the ligand alone.

UV/Vis Spectrophotometric Measurements: UV/Vis spectra were re-
corded with a Varian Cary 50 Spectrophotometer directly inside
the glovebox when the anaerobic CoLj (j = 1, 2, L = tacn; j = 1, L
= Me3tacn) complex formation was studied. Optic fibre probes and
a quartz cuvette with a path length of 1 cm (117.100 Bracco cell)
were used. The data were recorded over the wavelength range 300–
650 nm.

The formation constants of the CoLj complexes were obtained by
performing different titrations with varying CoII and CdII concen-
trations in order to obtain the best competition between the two
metal ions for the same ligand and/or provide evidence of possible
formation of mixed or polynuclear species, and treating the data
with the Hyperquad program.[57]

The kinetics of oxygenation reactions of Co(tacn)2 species were
studied using an analogous apparatus by means of optic fibre
probes (Hellma) of 1 cm length dipped directly into the reaction
vessel. The appearance of the MLCT band(s) associated with the
formation of the dioxygen adduct/s[16,17a,20,21] was followed.

The whole of the apparatus and the automatic procedure used to
collect the kinetic runs, in the range 270–670 nm, were as described
previously.[16e] The concentration of dissolved O2 in solution was
calculated assuming the validity of Henry’s law[59] and a value of
2.1×10–3 m for the equilibrium concentration of O2 in DMSO +
TEAP solution at 298 K with a partial pressure of 760 Torr of O2

in the gas phase.[60] The data were analysed with the DYNAFIT
program.[61]

Computational Details: The acyclic systems were not considered for
calculations as they are flexible and give many possible coordina-
tion isomers, especially as far as the dmdien ligand is concerned.
On the other hand, DFT calculations were performed on the cyclic
triamines, which are more suitable to gain information about N-
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methylation effects, and on their MLj
2+ complexes (M = Co, Cd).

For this purpose, the program PC GAMESS version 6.5[62] was
used with the B3LYP three-parameter hybrid density functional,[63]

which has been shown to be reliable for the description of metal
complexes. The split-valence basis set 6-31G+(d) was employed for
the atoms of the ligands, while a 3-21G basis set was employed for
the metal ions. For the Co2+ complexes the unrestricted formalism
was employed with three unpaired electrons (S = 4).

All the geometries were optimised without symmetry constraints,
except the M(tacn)2

2+ complexes, which were optimised within the
Ci point group, until the maximum component of the gradient of
the energy was below 0.0001 Hartree/Bohr and the rms gradient
below 1/3 of the latter. After the optimisations, stationary points
were characterised by the calculation of the vibrational frequencies
in order to confirm they were local minima.

The binding energies (E = EML2+ – EM2+ – EL) were corrected for
the basis set superposition error (BSSE) by the counterpoise correc-
tion.[64]

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 shows the DFT-optimised structures of tacn and
Me3tacn with the numbering scheme and Table S1 contains the dis-
tances between all the ligands’ numbered atoms.
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The new, tridentate, facially coordinating ligand 1,4-di-
azepan-6-amine (daza) has been prepared from ethane-1,2-
diamine and 2,3-dibromo-1-propanol in a seven-step pro-
cedure with an overall yield of 22%. The conformation of
the free ligand has been elucidated by pH- and temperature-
dependent 1H NMR spectroscopy and by a single-crystal X-
ray structure analysis of H3dazaCl3·H2O. A twisted chair with
a predominantly equatorial orientation of the primary amino
group has been established for daza and its protonation prod-
ucts Hxdazax+ (1 � x � 3). The formation constants of
[M(daza)]2+ and [M(daza)2]2+ have been determined in aque-
ous solutions for M = NiII, CuII, ZnII, CdII, and CoII by
potentiometric and spectrophotometric measurements, and a
remarkably high stability has been found for the bis com-
plexes ML2 in comparison to the mono complexes ML. This
effect is discussed in terms of the particular steric require-
ments of the daza ligand. [Cu(daza)Cl2], [Ni(daza)2]Cl2·

1. Introduction

Triamines with a cyclic backbone and a restriction to fa-
cial coordination such as all-cis-1,3,5-cyclohexanetriamine
(cis-tach),[1] 1,3,5-triamino-1,3,5-trideoxy-cis-inositol
(taci),[2–4] or 1,4,7-triazacyclononane (tacn)[5,6] have re-
ceived considerable attention in coordination chemistry. In
particular, these ligands have been used to model the active
site of metalloenzymes and to stabilize catalytically active
metal centers.[7,8] In contrast to their open-chain aliphatic
analogs, the restricted and well-defined coordination modes
of the cyclic representatives allow a straightforward design
of a specific coordination sphere, and the amino groups can
readily be substituted with moieties carrying additional do-
nor groups to give tetra-, penta-, or hexadentate chela-
tors.[9–11]

The two triamines cis-tach and tacn may be regarded as
the corner points of an entire series of triamine ligands con-
taining a specific number of endocyclic (secondary) and
exocyclic (primary) amino groups (Scheme 1). In view of
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3.2H2O and [Zn(daza)2]SO4·5H2O have been characterized
by single-crystal X-ray analyses. Aerial oxidation of Co2+ in
the presence of daza results in the formation of the inert
[Co(daza)2]3+, which was isolated as a mixture of the cis
and trans isomers. These two isomers were separated by
chromatographic methods and identified by NMR spec-
troscopy and single-crystal X-ray structure analysis of cis-
[Co(daza)2][ZnBr4]Br·H2O and trans-[Co(daza)2]3[ZnBr4]2-
Br5·4H2O. The redox potentials of [Ni(daza)2]3+/2+ (1.04 V vs.
NHE) and [Co(daza)2]3+/2+ (–0.21 V vs. NHE) were deter-
mined by cyclic voltammetry. The values are slightly more
positive than for corresponding complexes with related cyclic
triamines. This effect is again discussed in terms of the par-
ticular steric requirements of these ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the rich and interesting coordination chemistry opened up
by cis-tach and tacn, it is rather remarkable that the inter-
mediate members of this series have not received more at-
tention as metal binding agents in coordination chemis-
try.[12–16] This is particularly surprising because asymmetric
substitution of such species would easily open-up conve-
nient routes to chiral derivatives and consequently to prom-
ising building blocks for new, enantioselective catalysts.

In two previous contributions,[14,15] we described the co-
ordination chemistry of the two triamines cis-3,4-diami-
nopyrrolidine (cis-dap) and cis-3,5-diaminopiperidine (cis-
dapi) and suggested that the seven-membered ring deriva-
tive 1,4-diazepan-6-amine (daza) would be a further, inter-
esting member of this series. The use of cis-dapi as a build-
ing block for the construction of coordination polymers has
meanwhile been described.[13] Substituted derivatives of 1,4-
diazepan-6-amine are known as serotonine and dopamine
receptor antagonists.[17] Moreover, a preliminary communi-
cation, proposing a 6-methyl-N,N�,N��,N���-tetraacetic acid
derivative of this compound as a potential Gd chelator for
MRI applications, appeared very recently.[16] However, the
unsubstituted 1,4-diazepan-6-amine ligand appears to be
unknown, and to the best of our knowledge its coordina-
tion chemistry has hitherto not been investigated. We report
here an efficient synthetic pathway for this interesting tri-
amine and discuss its coordination properties with a range
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Scheme 1. Triamine ligands with a cyclic backbone.

of divalent and trivalent metal cations. The coordinating
properties of the new ligand will be compared with the
other cyclic triamines shown in Scheme 1, and characteris-
tic differences will be analyzed in terms of the specific steric
requirements of these compounds.

2. Results and Discussion

2.1. Preparation and Characterization of the Ligand

In previous protocols, construction of the 1,4-diazepane
ring was achieved by a nitro-Mannich-type reaction.[16] We
used a different approach (Scheme 2), however, and ob-
tained the seven-membered ring by the reaction of an acti-
vated diaminoethane derivative with 2,3-dibromo-1-propa-
nol.[18] The resulting 1,4-ditosyl-1,4-diazepan-6-ol was then
transformed into the corresponding azide by converting the
alcoholic OH group into a suitable leaving group followed
by substitution with N3

–.[19] Solutions of the azide were di-
rectly transferred into an autoclave and were hydrogenated
to give the amine. Due to its potentially explosive nature,
the isolation of the pure azide was usually avoided and only
a small quantity of this compound was separated for char-
acterization. The two remaining tosyl groups were finally
removed in concd. aqueous hydrobromic acid, and the pure
triamine was obtained as the trihydrochloride from a cat-
ion-exchange resin.

As expected, H3daza3+ reacts as a triprotic acid. The cor-
responding pKa values were determined at 25 °C by pH-
metric titrations in aqueous solution for an ionic strength
of 0.1 and 1 m (Table 1). The values for 0.1 m KCl and 0.1 m

KNO3 are closely related and an individual, direct interac-
tion between the polyammonium cation and Cl– or NO3

–

appears therefore not to be significant. The cyclic H3daza3+

is more acidic than the triply protonated, open-chain 3-aza-
pentane-1,5-diamine (H3den3+), as shown in Table 2.[20] In
particular, the second pKa value of the cyclic triamine is

Eur. J. Inorg. Chem. 2006, 314–328 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 315

Scheme 2. Synthetic pathway for 1,4-diazepan-6-amine (daza).

considerably lower than that of the aliphatic triamine. This
result is clearly a consequence of the steric constraints
within the cyclic structure and can be understood in terms
of simple electrostatic interactions between the positive
charges located at the protonated amino groups.[15] It is also
noteworthy that H3daza3+ is a stronger acid than H3(cis-
dapi)3+ (Scheme 1), with a particularly pronounced effect
for the first and the second deprotonation steps. The exocy-
clic amino groups of such ring systems preferentially adopt
an equatorial orientation,[14,21] and in terms of electrostatic
repulsion, it is therefore more difficult to protonate the en-
docyclic amino groups. These considerations are consistent
with the observation that the triply protonated 1,4,7-triaza-
cyclononane (H3tacn3+), where exocyclic amino groups are
not present, is a strong acid that is not stable in H2O.[22]

Table 1. pKa (= –log Ka)[a] values of H3daza3+ at 25 °C.

0.1 m KCl 0.1 m KNO3 1.0 m KNO3

pKa,1 3.20 3.18 3.73
pKa,2 6.47 6.44 6.78
pKa,3 9.24 9.24 9.42

[a] Ka,i = [LH3–i] × [H] × [LH4–i]–1. The estimated standard devia-
tions are less than 0.01.

Structural changes of polyamines in the course of pro-
tonation can be conveniently followed by 1H NMR spec-
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Table 2. Comparison of pKa values (25 °C, μ = 0.1 m) of representative triamines.

H3den3+ [a] H3tacn3+ [a] H3(cis-dapi)3+ [b] H3(cis-dap)3+ [c] H3daza3+ [d]

pKa,1 4.3 � 2 4.2 2.4 3.2
pKa,2 9.0 6.8 7.6 6.3 6.5
pKa,3 9.9 10.4 9.5 9.7 9.2

[a] From ref.[20] [b] From ref.[14] [c] From ref.[15] [d] This work, Table 1.

Figure 1. pH*-dependence[24] of the 1H NMR resonances of Hxdazax+ (0 � x � 3); squares correspond to experimental values; the lines
were calculated (minimization of [δobsd. – δcalcd.]2). Inset: boat and chair conformations with averaged Cs symmetry of Hxdazax+, compati-
ble with the NMR spectroscopic data (see text); the H1–C–C–H2ax fragment responsible for the large vicinal coupling constant is
highlighted in bold.

troscopy.[23] A series of spectra of daza as a function of
pH* was recorded at 28 °C (Figure 1).[24] Assignments were
established by 1H-1H and 1H-13C 2D correlation experi-
ments, and the δ vs. pH* curves were evaluated using a le-
ast-squares procedure. The resulting apparent pKa values
are 3.4, 6.8, and 9.7. Considering the different media (D2O,
no inert electrolyte vs. H2O, 0.1 or 1 m KCl) these values
agree well with the pKa’s obtained from the potentiometric
measurements (Table 1). It is well known that C–H protons
near a basic site are deshielded in the course of protonation
and this effect increases with a decreasing number of bonds
between the basic site and the hydrogen atom under con-
sideration.[25] It is possible to model this effect with a suit-
able set of deshielding constants and this information can
then be used to identify the different tautomeric forms that
are possible for the partially protonated species.[14,15] Based
on such considerations, we showed that the first proton-
ation step of daza is rather unspecific, with the proton of
Hdaza+ almost equally distributed over the three amino
groups. For H2daza2+, however, the tautomer with a pro-
tonated primary amino group is strongly predominant (�
90%).

The determination of coupling constants as a function
of pH* proved helpful to follow conformational changes in
the course of deprotonation.[26] At pH* � 3, H1 appears
as a well-resolved, sharp triplet of triplets with two vicinal
coupling constants (Ja = 10.5 and Jb = 3.1 Hz), indicative
of an axial orientation of the hydrogen atom and thus an
equatorial orientation of the primary amino group. Such a
conformation of H3daza3+ was also observed in the crystal
structure of daza·3HCl·H2O (Figure 2), where the di-
azepane ring adopts a twisted chair conformation (pucker-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 314–328316

ing parameters: q2 = 0.522 Å, q3 = 0.670 Å, θ2 = 41.4°, and
θ3 = 193.5°).[27] The coupling constants also allowed an un-
ambiguous identification of H2eq and H2ax. As expected,
the hydrogen atom with an equatorial orientation appears
at higher frequency. The coupling constants change slightly
with increasing pH* (pH* 4: Ja = 8.4, Jb = 3.7 Hz; pH* 6:
Ja = 7.4, Jb = 4.1 Hz). As is well known, the cycloheptane
ring is flexible and a variety of twisted chair and twisted
boat conformations of similar energy could account for the
solution structure. However, the coupling constants clearly
indicate that the equatorial orientation of the primary
amino group is maintained in the course of deprotonation.
This assumption is also supported by the observation that
an intercrossing of H2eq and H2ax in the pH* range investi-
gated has not been noted.[14,21] Moreover, recording the
spectra in MeOH/H2O (5:1) at low temperature showed
only slight line broadening at 243 K, and individual signals
for different conformers could not be observed.

Figure 2. Molecular structure of H3daza3+ showing the twisted
chair conformation of the seven-membered diazepane ring. The
thermal ellipsoids are drawn at the 50% probability level; hydrogen
atoms are shown as spheres of arbitrary size. All bond angles and
bond lengths fall in the expected ranges.
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2.2. Preparation and Structural Characterization of Metal
Complexes

Bis complexes of CoIII were prepared conventionally by
aerial oxidation of the CoII precursors in aqueous solution.
As is well established for CoIII–hexaamine complexes, the
resulting species proved highly inert towards ligand substi-
tution, and they could thus be used as illustrative models
for studying the properties of individual isomers. Separation
of different components of the reaction mixture by means
of chromatographic methods yielded two major orange
products, an achiral, C2h-symmetric trans-[Co(daza)2]3+

(13+, 25%) and a chiral, C2-symmetric cis-[Co(daza)2]3+

(23+, 20%). The two isomers could unambiguously be iden-
tified by their NMR spectra, and this assignment was fur-
ther confirmed by single-crystal X-ray structure analysis
(Figure 3). The crystal structures of both complexes suf-
fered from some disorder. In the structure of the trans iso-
mer, three crystallographically independent complex mole-
cules (1a3+, 1b3+, 1c3+) were located, with their metal cen-
ters Co1, Co2, and Co3 all placed on twofold rotational
axes. As mentioned above, the complex cation itself is cen-
trosymmetric. It is thus noteworthy that the three complex
cations are not placed on a crystallographic center of inver-
sion, even though the compound crystallizes in a centro-
symmetric space group. In the complex of Co1, the ligand
adopts a major and a minor orientation having occupancies
of 80% and 20%, respectively. In the structure of the cis
complex 23+, the three atoms N17, C2, and C13 are placed
on a crystallographic mirror plane. All other atoms are
doubled, and the entire molecule was thus found to be dis-
tributed equally over two symmetry-related positions with
the above-mentioned three atoms in common.

[Ni(daza)2]2+ (32+) and [Zn(daza)2]2+ (42+) form immedi-
ately by the simple combination of aqueous solutions of the
ligand and the hydrated metal salt. Both complexes are la-
bile. The equilibrium between individual isomers is thus ra-
pid and it was not possible to isolate the different isomeric
species in the form of solid compounds. The two complexes
32+ and 42+ were crystallized as their chloride and sulfate
salts, respectively. A single crystal structure analysis showed
the trans form for both complexes, and two crystallographi-
cally independent complex cations (4a2+ and 4b2+) were lo-
cated in the structure of the Zn complex. All three complex
cations 32+, 4a2+, and 4b2+ lie on crystallographic centers
of inversion, and we attribute the exclusive observation of
the trans form to better packing of the centrosymmetric iso-
mer.

A comparison of bond lengths and bond angles within
the coordination spheres of the bis complexes 1a3+–1c3+,
23+, 32+, 4a2+, and 4b2+ indicates some characteristic devia-
tion from an ideal octahedral geometry. Intraligand N–M–
N angles are generally smaller than 90° and interligand N–
M–N angles are larger than 90°. This effect increases with
the increasing ionic radius of the metal center. Moreover,
the M–N bonds of the primary (exocyclic) amino groups
are somewhat shorter than the M–N bonds of the second-
ary (endocyclic) amino groups (Table 3). We regard this ef-
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Figure 3. Molecular structure of a) the trans- and b) the cis-isomer
of [Co(daza)2]3+ (13+ and 23+). Color code: Co brown, N blue; the
carbon skeleton is shown as a stick model (black); hydrogen atoms
have been omitted for clarity. [Ni(daza)2]2+ (32+) and [Zn(daza)2]2+

(42+) adopt virtually the same trans structure as shown for the CoIII

complex 13+ (a).

fect as a consequence of the steric constraints of the ligand
framework rather than a result of the different donor ca-
pacity of the two types of nitrogen donors (the secondary
nitrogen donor is usually considered to be a stronger nu-
cleophile).

The reaction of hydrated CuCl2 with an excess of daza
in aqueous solution resulted in the formation of a mononu-
clear, neutral 1:1 complex [Cu(daza)Cl2] (5). A crystal-
structure analysis of this compound revealed a coordination
number of five with a distorted square-pyramidal geometry
(τ = 0.04).[28] Again, the intraligand N–Cu–N angles are
significantly smaller than 90° and this effect mainly contrib-
utes to the deviation of the complex geometry from an ideal
square pyramid. Complex 5 and the previously reported
[Cu(cis-dapi)Cl2] have closely related structures. In both
complexes, the two chloro ligands and two of the nitrogen
donors form the basal plane of the square pyramid. The
third nitrogen donor is placed at the apex and has a con-
siderably longer Cu–N bond (Table 3). In both structures,
it is the endocyclic (secondary) nitrogen donor which forms
this long bond to the apical position (Figure 4). With re-
gard to the number of endocyclic and exocyclic nitrogen
donors, the two triamine ligands cis-dapi (two exocyclic one
endocyclic nitrogen atoms) and daza (one exocyclic, two en-
docyclic nitrogen atoms) are complements, and this is
clearly reflected in the molecular structures of [Cu(daza)-
Cl2] and [Cu(cis-dapi)Cl2]. The free ligands cis-dapi and
daza are both bisected by a mirror plane (Cs symmetry);
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Table 3. Synopsis of structural parameters of H3daza3+, cis-[Co(daza)2]3+, trans-[Co(daza)2]3+, [Ni(daza)2]2+, [Cu(daza)Cl2], and
[Zn(daza)2]2+.

M–Nexo M–Nendo Nendo–C–C–Nendo Puckering parameters[27]

(min., max., mean) (min., max., mean) torsional angles q2 q3 θ2 θ3 Q
[Å] [Å] [°] [Å] [Å] [°] [°] [Å]

H3daza3+ 88.4 0.52 0.67 41 194 0.85
cis-Co-daza 1.946(8) 1.977(8) 0.5 0.59 0.72 337 50 0.93

1.971(7) 2.002(6) 4.9 0.60 0.71 341 52 0.93
1.959 1.985

trans-Co-daza[a] 1.947(3) 1.956(3) 6.3 (Co2) 0.61 0.70 341 53 0.93
1.952(3) 2.004(3) 0.3 (Co3) 0.60 0.70 336 51 0.92
1.950 1.980

Ni-daza 2.136(3) 0.1 0.57 0.68 334 52 0.88
2.137(2)

2.108(3) 2.137
Cu-daza 2.117(9) 9.8 0.56 0.69 345 54 0.89

2.376(9)
1.970(11) 2.247

Zn-daza 2.147(3) 2.194(2) 2.2 (Zn1) 0.56 0.67 332 51 0.87
2.148(3) 2.234(2) 1.4 (Zn2) 0.55 0.66 336 52 0.86
2.148 2.215

[a] Only the nondisordered ligands are considered.

however, this mirror plane is only retained in the cis-dapi
complex, while the daza complex is devoid of any symmetry
(C1).

Figure 4. Molecular structure of a) [CuII(daza)Cl2] (5) and b) [CuII-
(cis-dapi)Cl2] (from ref.[14]). Color code: Cu brown, N blue, Cl
green; the carbon skeleton is shown by a stick model (black); hy-
drogen atoms have been omitted for clarity.

In all the complexes reported here the seven-membered
diazepane ring adopts a regular chair conformation as indi-
cated by the four puckering parameters q2, q3, θ2, and θ3

(Table 3).[27] This structural type is imposed by the triden-
tate coordination mode and implies an almost eclipsed ori-
entation of the N–CH2–CH2–N fragment (Table 3). It is
noteworthy that the conformation of the corresponding
five-membered chelate rings differs markedly from the well
known λ/δ conformation observed in complexes with the
open-chained ethane-1,2-diamine (Scheme 3), and also
from the conformation that has been found for the nonco-
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ordinated ligand (Figure 2). It is thus obvious that a triden-
tate coordination mode of daza enforces some torsional
strain within the metal complex.

Scheme 3. Conformation of five-membered chelate rings in a metal
complex with daza (a) and the open-chained ethane-1,2-diamine
(b).

2.3. Stability of the Metal Complexes

The formation constants of daza complexes with CoII,
NiII, CuII, ZnII, and CdII were measured in aqueous media
by potentiometric methods (Figure 5). A summary of these
results is presented in Table 4. The main species formed in
solution are [M(daza)]2+ and [M(daza)2]2+. For CuII, how-
ever, formation of the protonated [Cu(Hdaza)]3+ and [Cu-
(daza)(Hdaza)]3+ was also verified unambiguously. As shown
by their pKa values of 3.82 and 4.67, the two protonated
complexes behave as acids of moderate strength.
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Figure 5. Titration curves (25 °C, 0.1 m KCl) of daza in the pres-
ence and absence of divalent metal cations as indicated. The total
daza concentration is 2×10–3 m, and (if present) the total metal
concentration is 10–3 m. Squares refer to experimental values, the
lines were calculated using the formation constants listed in
Tables 1 and 4. The curve of the Zn complex is similar to the Co
complex and has been omitted for clarity.

Table 4. Formation constants (log βxyz)[a] of daza (= L) complexes
(25 °C, μ = 0.1 m).

M(L)2+ M(HL)3+ M(L)2
2+ M(L)(HL)3+

log β110 log β111 log β120 log β121

Co 7.85(1) – 15.29(1) –
Zn 7.44(1) – 14.21(1) –
Cu 11.07(2) 14.89(2) 20.45(1) 25.12(4)
Ni 10.53(1) – 20.53(1) –
Cd[b] 6.49(2) – 11.65(2) –
Cd[c] 6.47(2) – 12.22(2) –

[a] βxyz = [MxLyHz] × [M]–x ×[L]–y ×[H]–z. The uncertainties given
in parentheses correspond to 3σ. [b] 0.1 m KCl; the expression [M]
and [ML] in the previous footnote should be interpreted as Σ[MCli]
and Σ[MLCli], i = 0, 1, respectively, see Section 2.3. [c] 0.1 m KNO3.

It is well known that complexes with rigid ligands, having
a cyclic backbone, often undergo ligand-exchange reactions
that are slow relative to related ligands that do not have
the same steric constraints. Moreover, comparatively slow
substitution characteristics are well established for the NiII

center. Consequently, NiII–amine complexes such as [Ni(cis-
tach)]2+ are inert,[29] and equilibration during a titration ex-
periment is slow. In our previous investigations, a series of
batch titrations were performed to investigate the NiII-cis-
dapi, NiII-tmca, and NiII-taci system in aqueous solu-
tion.[14,21,30] In the NiII-daza system reported here, we
therefore checked for complete equilibration by performing
back titrations. To our surprise, the NiII-daza complexes
proved to be labile, and an equilibration time of a few min-
utes after addition of an increment of titrant was sufficient
even in the acidic range of the titration curve! It is well
known that seven-membered rings readily undergo confor-
mational changes, whereas six-membered chair structures,
such as those observed in cis-dapi or taci, are rigid. The
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different flexibility of these ligand backbones obviously ac-
counts for the variable lability of these tridentate systems.

In some of the titration experiments of the NiII and CuII

complexes, the titration cell was equipped with an immer-
sion probe, which was connected to a spectrophotometer
with a diode array detector. This allowed the acquisition
of additional spectrophotometric data, which were used to
confirm the applied model and to evaluate the formation
constants by an independent method (Figure 6). Moreover,
the spectra of the individual species, which were calculated
from the data, provided valuable information about the na-
ture of the coordinated donor set. Due to the low intensity
of the observed d–d transitions, the total metal concentra-
tion was increased to 10 mm and the inert electrolyte con-
centration was set at 1.0 m.

Figure 6. Determination of the formation constant log βxyz of
[Cux(daza)yHz]2x+z by spectrophotometric methods: a) the sample
spectra of the spectrophotometric titration with total Cu/total daza
= 1:2 in the range 3.0 � pH � 6.8; b) calculated spectra of the
individual [Cux(L)yHz]2x+z species (L = daza). The spectra of Cu2+

was measured separately and was imported without refinement.
The free ligand and its protonation products were considered as
colorless.

As shown in Table 5, the agreement between the
potentiometric and spectrophotometric measurements is
generally good. [Ni(daza)]2+ and [Ni(daza)2]2+ both exhibit
the well-known three bands of a d8 electron configuration,
with maxima of the middle band [3A2g–3T1g(F) transition]
at 590 and 513 nm, respectively. These values strongly sup-
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port an octahedral triamine-triaqua-NiII and hexaamine-
NiII chromophore, respectively (Figure 7),[31] and confirm
that the tridentate coordination mode of daza observed in
the crystal structure of [Ni(daza)2]Cl2·3.2H2O is retained in
solution. The CuII complexes all show a single, broad, unre-
solved band. For [Cu(daza)(Hdaza)]3+, the maximum of
this band is found at 566 nm. Such a value is characteristic
of a CuN4 chromophore with all four nitrogen donors occu-
pying equatorial positions, and one or two additional,
weakly bonded H2O molecules in apical positions.[32] [Cu-
(daza)2]2+ exhibits a maximum at 596 nm. The corresponding
red shift of about 30 nm, which follows from deprotonation
of [Cu(daza)(Hdaza)]3+, is very characteristic of the coordi-
nation of one additional nitrogen donor in one of the apical
positions (“pentaamine effect”).[23,33] Coordination of a
sixth nitrogen donor obviously does not take place, because
the maximal absorption for a tetragonally elongated CuN6

chromophore would appear at even higher wavelength
(around 620–640 nm).[31] As a result, we have assigned a
bis-didentate coordination mode to the protonated [Cu(da-
za)(Hdaza)]3+ and a combination of a didentate and triden-
tate coordination mode to [Cu(daza)2]2+. The protonated
mono complex [Cu(Hdaza)]3+ also absorbs at somewhat
shorter wavelength than the nonprotonated [Cu(daza)]2+.
For these two species, the difference in wavelength is, how-
ever, relatively minor. For Hdaza+, only didentate coordina-
tion is reasonable, and the red shift observed upon depro-
tonation is again indicative of a tridentate coordination
mode for daza. Such a coordination mode is the same as
that which has been observed in the solid-state structure
of [Cu(daza)Cl2] (Figure 4). However, a comparison of the
stability constants of [Cu(en)]2+ (log β = 10.5) and [Cu-
(daza)]2+ (log β = 11.1) reveals only a minor increase in sta-
bility upon going from the didentate to the tridentate ligand
systems (Δlog β = 0.6). Obviously, the third nitrogen donor
of daza undergoes only weak binding to the CuII center.
This is in marked contrast to the NiII system, where [Ni-
(daza)]2+ is considerably more stable than [Ni(en)]2+ (Δlog β
= 3.2).[15]

Table 5. Comparison of formation constants[a] of NiII– and CuII–
daza complexes derived either from potentiometric (pot) or spec-
trophotometric (spec) titrations (25 °C, 1 m KNO3) together with
spectrophotometric data. Estimated standard deviations (3σ) are
given in parentheses.

x,y,z log βxyz (pot/spec) λmax [nm]/ε
[m–1 cm–1]

[Cu(daza)]2+ 1,1,0 11.19(3)/11.33(9) 682/45
[Cu(Hdaza)]3+ 1,1,1 15.43(1)/15.52(6) 674/44
[Cu(daza)2]2+ 1,2,0 20.76(1)/20.91(6) 596/49
[Cu(Hdaza)(daza)]3+ 1,2,1 25.95(2)/26.06(6) 566/108
[Ni(daza)]2+ 1,1,0 10.72(1)/10.7(1) 590/8
[Ni(daza)2]2+ 1,2,0 20.85(1)/20.9(1) 513/11

[a] βxyz = [MxLyHz] × [M]–x ×[L]–y ×[H]–z.

As noted previously for cis-dapi,[14] the formation con-
stants measured for the bis complex [Cd(daza)2]2+ are sig-
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Figure 7. Correlation of the observed λmax values of the individual
a) NiII– and b) CuII–daza complexes formed in aqueous solution
with the λmax values of some chromophores reported in the litera-
ture.[31] Only complexes with a defined coordination environment
containing a set of sp3-nitrogen donors as indicated and H2O as
additional ligands were considered. The data of the NiII complexes
refer to the 3A2g–3T1g(F) transition. Open boxes refer to the entire
range reported, black boxes represent the averages ± one standard
deviation.

nificantly different in 0.1 m KCl or 0.1 m KNO3, whereas
the formation constants of the mono complex are virtually
the same in the two media. This result can be explained in
terms of the formation of the chloro complexes [CdCl]+ and
[Cd(daza)Cl]+. The formation constant of [CdCl]+ is known
to be KCl = [CdCl+]× [Cd2+]–1 × [Cl–]–1 = 33 m–1.[20] Condi-
tional constants of the type βi

cond = {[CdLi] + [CdLiCl]}
×{[Cd]+[CdCl]}–1 × [L]–i may be used to describe the equi-
libria in the chloride medium, and β1

cond = β1 is thus indica-
tive of approximately the same affinity of Cd2+ and CdCl+

for the binding of one daza ligand. The difference between
β2 and β2

cond corresponds to the value of KCl × [Cl–] within
experimental error, and this result demonstrates that
[Cd(daza)2]2+ does not interact directly with Cl– to a signifi-
cant extent, which lends strong support for a coordination
number of six within the hexaamine complex.

A synopsis of the formation constants for some represen-
tative cyclic triamine ligands is given in Figure 8. The fol-
lowing general trends are noteworthy:
(i) With the exception of tacn, all the ligands shown have a
remarkably low affinity for CuII in comparison to NiII. For
cis-tach, daza, and cis-dapi, [CuIIL]2+ is only of slightly
higher stability than [NiIIL]2+ (Figure 8a). For 1,3,5-triami-
no-1,3,5-trideoxy-cis-inositol (taci), and its O-methylated
derivative all-cis-2,4,6-trimethoxycyclohexane-1,3,5-tri-
amine (tmca), the Irving–Williams order is even inverted,
and the Ni complex is more stable. This effect is markedly
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Figure 8. Survey of formation constants for complexes with divalent cations and various cyclic triamine ligands as indicated. Note that
the values of the individual formation constants (K1 = [ML]×[M]–1 × [L]–1 and K2 = [ML2]× [ML]–1 × [L]–1) rather than overall constants
(β1 and β2) are shown. The constants of the daza complexes are from this work (Table 4), the formation constants of the other ligands
are from refs.[3,14,20,21,36]

more pronounced for the addition of a second ligand
moiety (Figure 8b), where a distinct maximum is now ob-
served at NiII for all the ligands. The preferred binding of
NiII is obviously due to the exclusive facial coordination
mode of these ligands, which results in the above-mentioned
weak binding of the third amine donor to the CuII center.
(ii) In comparison to the other cyclic triamine ligands, the
stability of the [M(daza)]2+ species is generally low. As a
matter of fact, only cis-tach forms 1:1 complexes of slightly
lower stability. The relatively poor stability of the cis-tach
complexes, and to a lesser extent of the cis-dapi complexes,
is readily understood in terms of the high-energy conforma-
tion (primary amino groups all in axial positions), which is
required for complex formation.[34] For taci and tmca, both
chair conformations are destabilized by 1,3-diaxial repulsive
interactions and metal binding does thus not require such
an additional amount of energy. For daza, the primary
amino group in the free ligand also has a preferred equato-
rial orientation (see Section 2.1), however, compared to cis-
tach and cis-dapi, one would expect that much less energy
is needed to bring it into an axial position. As already out-
lined in Section 2.2, it is the enforcement of the unfavorable
chair conformation of the diazepane ring (local Cs sym-
metry) with the eclipsed arrangement of the Nendo–CH2–
CH2–Nendo fragment that accounts for the low stability.
(iii) In contrast to the relatively low stability of the
[M(daza)]2+ complexes, the binding of a second ligand moi-
ety (formation of [ML2]2+) is a highly favored process (Fig-
ure 8b). The ratio log K1/K2 for the cyclohexane-based li-
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gands cis-tach, taci, and tmca (excluding CuII) lies in the
range of 2.0–4.1, whereas for daza it is 0.4–0.7. A similar
behavior has previously been reported for cis-dapi
(log K1/K2 � 1.4),[14] although the ratio observed for daza
is even smaller. A purely statistical approach would require
that K1/K2 = 16 (log K1/K2 = 1.2),[35] and thus it is evident
that the two ligands in the [M(daza)2]2+ complexes show
some cooperativity. As discussed previously,[14,36] the dif-
ferent behavior of the ligands with three exocyclic amino
groups on the one hand and of cis-dapi and daza on the
other can be explained by means of steric requirements,
which result in different interligand interactions (Scheme 4).
Moreover, some symbiotic behavior appears to further en-
large the binding of the second ligand.[37] The high cooper-
ativity between the two ligand moieties in the [M(daza)2]2+

complexes results in some effects that are rather unusual in
solution chemistry (Figure 9). For example, for ligands such
as tmca, with “normal” behavior, [ML]2+ is usually the only
species that is present to a significant extent in solutions
with equal concentrations of total ligand and total metal,
and formation of [ML2]2+ is generally negligible. Further-
more, in solutions with a total metal/total ligand concentra-
tion of 1:2, the mono complex appears as the dominant
species in the acidic range. In contrast, for daza, significant
amounts of [ML2]2+ already form up to 30% in solutions
with equal concentrations of total M and total L according
to 2ML � M + ML2, and in solutions with excess ligand
[ML]2+ appears only as a minor species within a narrow pH
range.
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Scheme 4. Interligand repulsion in bis complexes ML2 [L = cis-tach
(a) and daza (b)].

Figure 9. Illustration of the different solution properties for triamine complexes with a low (left side) and a high (right side) cooperativity
between the two ligand moieties in a 1:2 complex. The species distribution was calculated for a total metal concentration of 10–3 m and
a total ligand concentration of 10–3 m (top) and 2×10–3 m (bottom). The formation constants used for the NiII–daza system are from
this work (Table 4), the formation constants of 2,4,6-trimethoxy-1,3,5-cyclohexanetriamine are from ref.[21]
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2.4. Redox Properties

The redox properties of [Co(daza)2]3+/2+ and [Ni-
(daza)2]3+/2+ were investigated by means of cyclic voltam-
metry. For comparison, corresponding complexes with cis-
dapi and taci were also studied. All the complexes investi-
gated revealed quasi-reversible redox behavior (Figure 10),
and the peak current was found to be linearly dependent on
the square root of the scan rate, as expected for a diffusion-
controlled process (Table 6). For the investigation of the
[Co(daza)2]3+/2+ couple, crystalline samples of the distinct
CoIII complexes were used for the preparation of the test
solutions. The cis- and the trans-isomers were investigated

Figure 10. Cyclic voltammogram of [Co(daza)2]3+/2+ in aqueous
solution (referenced against NHE, pH 10, 25 °C, v = 50 mVs–1).
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separately; however, the cyclic voltammograms of the two
isomers did not differ to a significant extent. A similar ob-
servation has previously been reported for the [Co(cis-
dapi)2]3+/2+ system.[14]

Table 6. Electrochemical data from cyclic voltammetry for the
[CoL2]3+/2+ and [NiL2]3+/2+ couples in aqueous solution.

[ML2]3+/2+ E1/2 [V][a] ΔEp [mV][b] R[c]

[Co(daza)2]3+/2+ –0.21 74, 95 0.9998
[Co(taci)2]3+/2+ –0.35 75, 114 0.9995
[Co(cis-dapi)2]3+/2+ –0.38 69, 91 0.9999
[Ni(daza)2]3+/2+ 1.04 86, 132 0.9978
[Ni(taci)2]3+/2+ 0.95 76, 98 0.9999
[Ni(cis-dapi)2]3+/2+ 0.92 72, 94 0.9999

[a] Reduction potentials relative to NHE. [b] Peak separation for a
scan rate of 20 mVs–1 and 1000 mVs–1, respectively. [c] Correlation
coefficients for the linearity of I vs. √(v) in the range 20 mVs–1 �
v � 1000 mVs–1 with a total of eight data points for each couple.

In general, the reduction potentials of corresponding cis-
dapi and taci complexes are in close agreement, whereas the
redox potentials of the daza complexes are all somewhat
more positive (Table 6). Obviously, the taci- and cis-dapi-
(= La) complexes with divalent cations are stronger reduc-
ing agents than corresponding daza (= Lb) complexes, and
this means that in a taci- or cis-dapi complex the trivalent
cation is stabilized according to

ΔE1/2 = E1/2(La) – E1/2(Lb) = –RT/F×{ln[β2
III(La)/β2

II(La)] –
ln[β2

III(Lb)/β2
II(Lb)]} = –RT/F×Δln(β2

III/β2
II)

where β2
III and β2

II stand for the formation constants
of the bis complexes with the trivalent and divalent
cations, respectively. For cis-dapi and daza, one obtains
Δlog(β2

III/β2
II) = 2.9 for CoIII/II and 2.0 for NiIII/II. It is

interesting to note that Hancock has proposed some char-
acteristic size selectivity for five- and six-membered chelate
rings. The steric constraints of five-membered chelate rings
are more suited for the binding of a large metal cation,
whereas formation of six-membered chelate rings is more
favorable for small cations.[38] Since the higher oxidation
state generally implies a smaller ionic size, one would thus
expect a less-negative redox potential for a ligand forming
exclusively five-membered chelate rings, and that is indeed
what we observe. The somewhat smaller Δlog(β2

III/β2
II)

value of Ni (in comparison to Co) can be attributed to the
well-known Jahn–Teller distortion caused by the low-spin
d7 electron configuration. This type of distortion would de-
stabilize the NiIII complex with a cyclic triamine ligand in
a similar way as described for CuII (see Section 2.3),[23] and
this effect is obviously more pronounced for the rigid taci
or dapi than for daza.

3. Conclusions

In this paper, we have shown that 1,4-diazepan-6-amine
(daza) readily forms 1:1 and 1:2 complexes with divalent
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transition metal cations in aqueous solution and exhibits
mainly a tridentate facial coordination mode. The specific
coordinating properties of daza are as follows:

a) In contrast to the C3v-symmetric representatives such
as tacn or cis-tach (Scheme 1), the Cs-symmetric ligand
daza (similar to cis-dapi) is of lower symmetry and thus
gives rise to a more complex stereochemistry. In particular,
bis complexes exist in the form of cis- and trans-isomers.
Due to the labile nature of most of the metal centers used,
the different forms equilibrate rapidly and cannot be iso-
lated. For the inert CoIII, we obtained approximately equal
amounts of cis-[Co(daza)2]3+ and trans-[Co(daza)2]3+ which
indicates that the energy of the two isomers does not differ
significantly.

b) In comparison with other triamine ligands, the sta-
bility of the complexes is not exceptionally high. As an ex-
ample, the open-chained 3-azapentane-1,5-diamine (den)
forms a NiL2+ complex with a formation constant, log β1,
of 10.55,[20] which corresponds closely to the value (10.53)
found for daza (Table 4). This result was somewhat unex-
pected because the donor set of the daza ligand has a much
higher degree of pre-orientation. In comparison to other
cyclic ligands (Scheme 1), the stability of daza complexes is
relatively poor. We attribute the lower stability to the unfa-
vorable, eclipsed conformation of the Nendo–CH2–CH2–
Nendo moiety, which is enforced in the course of coordina-
tion. In making comments about apparent stability, how-
ever, one should note that daza is a much weaker base than,
for instance, the open-chained den, and although the for-
mation constants of the two triamines are similar, daza is a
much more effective chelator in neutral or slightly acidic
media.[15]

c) The cooperativity between two daza moieties of a bis
complex is even higher than for cis-dapi, and, as a conse-
quence, a significant amount of the bis complex is formed
already if the ligand and the metal are added in a 1:1 ratio.
With regard to possible applications (catalysis, modeling
of the active site of a metalloenzyme), as outlined in the
introduction, this high cooperativity is disadvantageous −
binding of a substrate requires at least one free coordina-
tion site and the formation of the bis complexes should
thus be avoided.[39] This problem can, however, be solved
by adding additional substituents to some of the nitrogen
donors in such a way that the steric demands, and thus
interligand repulsion, disfavor the binding of a second
ligand entity. This topic will be the issue of a subsequent
paper.[40]

d) Compared to the cis-tach and cis-dapi backbone, the
daza backbone appears to be rather flexible and this results
in fast ligand-substitution behavior. The kinetics of ligand
formation, although not yet studied in detail, resemble that
of an open-chained ligand system.

e) The daza ligand exclusively forms five-membered che-
late rings and this favors complex formation with relatively
large cations. As a consequence, the redox potential of MIII-
(daza)x/MII(daza)x couples is somewhat more positive (less
negative) than corresponding couples with cis-dapi or taci
complexes.
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Experimental Section
General: The commercially available chemicals used for the syn-
thetic work were of reagent grade quality and were used as ob-
tained. DMSO was from Fluka (puriss., p. a.). MeOH and EtOH
were purified by distillation prior to use. Dowex 50 W-X2 (100–
200 mesh, H+ form) and Dowex 2-X8 (50–100 mesh, Cl– form)
were from Fluka. The anion resin was converted into the OH– form
by treatment with 0.3 m aqueous NaOH. For the potentiometric
and spectrophotometric titrations, metal salts of highest available
quality (�99.95%) were used. H2O was distilled twice (quartz ap-
paratus). UV/Vis spectra of the CoIII complexes were measured
with an Uvikon 941 spectrophotometer (H2O, 25±3 °C). IR spec-
tra were recorded with a Bruker Vector 22 FT IR spectrometer
equipped with a Golden Gate ATR unit. Semi-quantitative deter-
minations of CoII in solution were performed with Merckoquant
10002 test strips (Merck). C,H,N analyses were performed by H.
Feuerhake (Universität des Saarlandes).

NMR: 1H and 13C{1H} NMR spectra were measured in [D6]-
DMSO, CD3OD, or D2O at 28 °C using a Bruker DRX Avance
400 MHz NMR spectrometer (resonance frequencies: 400.13 MHz
for 1H and 100.6 MHz for 13C{1H}). Chemical shifts are given in
ppm relative to [D4]sodium (trimethylsilyl)propionate (D2O) or tet-
ramethylsilane ([D6]DMSO and CD3OD) as internal standards (δ
= 0 ppm). A Hamilton SPINTRODE glass electrode, which was
calibrated with aqueous (H2O) buffer solutions, was used to mea-
sure pH* directly in the NMR tube.[24] The pH* of each sample
was adjusted with appropriate solutions of DCl and NaOD in D2O.

Cyclic Voltammetry: Cyclic voltammograms were recorded at ambi-
ent temperature (25±2 °C) in a BAS C2 cell (0.5 m KCl), using a
BAS 100B/W2 potentiostat, a gold (for the Co complexes) or glassy
carbon (for the Ni complex) working electrode, a platinum counter
electrode, and an Ag/AgCl reference electrode. Sample solutions of
the Co complexes were made up using solid [CoL2]3+ salts. The
total Co concentration was 0.004 m and the pH was adjusted to 10
(KOH). Ni samples were prepared in situ using a NiII salt and the
trihydrochloride of the ligands (total NiII = 0.012 m, total L =
0.03 m, L = daza, taci, cis-dapi). 0.5 m KOH was then added to
bring the pH to a value of 7.

Potentiometric and Spectrophotometric Measurements: The titration
experiments were performed at 25.0 °C under N2 or Ar (for the
Co complexes) as described previously.[41] Simple potentiometric
titrations were carried out with total M/total daza ratios of 1:1 and
1:2 in 0.1 m KCl or 0.1 m KNO3 (Figure 5). Titration experiments,
which were followed by potentiometric and spectrophotometric
methods, were performed in 1 m KCl. A Metrohm 665 piston bu-
rette was used for addition of the titrant (KOH, HCl or HNO3),
and the pH was recorded using a Metrohm glass electrode with an
incorporated Ag/AgCl reference, connected to a Metrohm 713 pH/
mV meter. For spectrophotometric measurements, the titration cell
was equipped with an immersion probe (HELLMA), which was
connected to a spectrophotometer equipped with a diode array de-
tector (J&M, TIDAS-UV/NIR/100-1). The titrations were per-
formed with a total metal concentration of 0.01 m and a total daza
concentration of 0.02 m. A PC was used to trigger recording of a
spectrum just prior to the addition of each new aliquot of base.[41]

Calculations of Equilibrium Constants: Equilibrium constants were
generally calculated as concentration quotients (pH = –log[H+])
using the computer programs HYPERQUAD and SPECFIT.[42,43]

The total concentrations of the reactants and the pKw (13.78 for μ
= 0.1 m, 13.77 for μ = 1.0 m)[20] were not refined. The protonation
constants of the diazepane ligand were evaluated separately and
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were kept fixed when refining formation constants of the metal-
containing species. The UV/Vis spectra of the free Ni2+ and Cu2+

were recorded separately and were imported as fixed data sets for
the evaluation of the formation constants of the metal complexes.
The free ligand and its protonation products were treated as nonab-
sorbing species.

N1,N2-Ditosyl-1,2-ethanediamine:[44] Toluene-4-sulfonyl chloride
(95 g, 0.5 mol) was suspended in diethyl ether (200 mL). The sus-
pension was cooled with an ice bath, and a mixture of NaOH (20 g,
0.5 mol) and ethane-1,2-diamine (15 g, 0.25 mol, dissolved in
200 mL of H2O) was added dropwise. The resulting white suspen-
sion was stirred overnight at room temperature. The residue was
filtered off and recrystallized from MeOH (white crystals, 86.2 g,
94%). C16H20N2O4S2 (368.5): calcd. C 52.15, H 5.47, N 7.60; found
C 52.66, H 5.41, N 7.46. 1H NMR (DMSO): δ = 2.39 (s, 6 H), 2.72
(s, 4 H), 7.38 (d, J = 8.2 Hz, 4 H), 7.61 (d, J = 8.2 Hz, 4 H) ppm.
13C NMR (DMSO): δ = 21.0, 42.2, 126.5, 129.7, 137.4, 142.8 ppm.
IR: ν̃ = 664, 709, 748, 818, 875, 1020, 1058, 1092, 1153, 1188, 1240,
1292, 1307, 1330, 1404, 1452, 1496, 1598, 3282 cm–1.

Disodium N1,N2-Ditosyl-1,2-ethanediamide: Sodium metal (4.6 g,
0.2 mol) was allowed to react with water-free MeOH (150 mL),
then N1,N2-ditosyl-1,2-ethanediamine (36.8 g, 0.1 mol) was added.
The white suspension was refluxed for half an hour, the solvent
evaporated completely and the remaining white residue dried in
vacuo (40.0 g, 97%). C16H18N2Na2O4S2 (412.4): calcd. C 46.60, H
4.40, N 6.79; found C 46.76, H 4.77, N 6.70. 1H NMR (DMSO):
δ = 2.32 (s, 6 H), 2.58 (s, 4 H), 7.18 (d, J = 8.0 Hz, 4 H), 7.50 (d,
J = 8.0 Hz, 4 H) ppm. 13C NMR (DMSO): δ = 20.9, 46.3, 126.4,
128.6, 139.2, 142.6 ppm. IR: ν̃ = 658, 708, 811, 844, 884, 982, 1072,
1117, 1153 cm–1.

1,4-Ditosyl-1,4-diazepan-6-ol:[18] Powdered KOH (1.9 g, 0.034 mol)
was dissolved in absolute EtOH (250 mL) and 2,3-dibromo-1-pro-
panol (3.5 mL, 0.034 mol) was added dropwise to this solution. The
resulting white suspension was refluxed and disodium N1,N2-dito-
syl-1,2-ethanediamide (14 g, 0.034 mol) was added. The mixture
was refluxed for an additional six hours and the remaining solid
was removed from the boiling solution by filtration. The clear solu-
tion was then cooled to 4 °C, yielding 10.1 g (70%) of colorless
crystals, which were filtered off and dried in vacuo. C19H24N2O5S2

(424.5): calcd. C 53.75, H 5.70, N 6.60; found C 53.38, H 5.52, N
6.31. 1H NMR (DMSO): δ = 2.39 (s, 6 H), 2.85 (dd, J = 13.9,
8.1 Hz, 2 H), 3.11 (m, 2 H), 3.48 (m, 4 H), 3.75 (sept, J = 4.2 Hz,
1 H), 5.28 (br., 1 H), 7.42 (d, J = 8.2 Hz, 4 H), 7.67 (d, J = 8.1 Hz,
4 H) ppm. 13C NMR (DMSO): δ = 20.9, 49.0, 53.0, 68.4, 126.6,
129.8, 135.5, 143.3 ppm. IR: ν̃ = 610, 653, 722, 805, 911, 972, 1036,
1086, 1151, 1266, 1330, 1400, 1442, 1493, 1598, 2922, 3502 cm–1.

1,4-Ditosyl-1,4-diazepan-6-mesylate: 1,4-Ditosyl-1,4-diazepan-6-ol
(10 g, 0.024 mol) was dissolved in anhydrous pyridine (50 mL) and
cooled to 0 °C with an ice bath. Methanesulfonyl chloride
(1.87 mL, 0.024 mol) was then added dropwise to this solution. A
yellow solid precipitated, and the suspension was stirred for an ad-
ditional 2 h at 0 °C. 3 m HCl (200 mL) was then added and the
solid turned white. Stirring was continued for a further 2 h at 0 °C.
The residue was then filtered off and washed with H2O. The solid
was extracted with boiling EtOH and dried in vacuo. Yield: 10.6 g
(88%). C20H26N2O7S3 (502.6): calcd. C 47.79, H 5.21, N 5.57;
found C 47.77, H 5.19, N 5.63. 1H NMR (DMSO): δ = 2.39 (s, 6
H), 3.23 (m, 2 H), 3.27 (s, 3 H), 3.37 (m, 2 H), 3.53 (d, J = 5.1 Hz,
4 H), 4.87 (quint, J = 5.1 Hz, 1 H), 7.42 (d, J = 8.2 Hz, 4 H), 7.69
(d, J = 8.2 Hz, 4 H) ppm. 13C NMR: δ = 20.9, 37.8, 50.4, 51.2,
76.7, 126.7, 129.9, 135.3, 143.6 ppm. IR: ν̃ = 570, 619, 652, 702,
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715, 743, 807, 904, 916, 949, 974, 1001, 1074, 1090, 1148, 1161,
1282, 1310, 1331, 1347, 1442, 1496, 1598 cm–1.

6-Azido-1,4-ditosyl-1,4-diazepane: Caution: Organic azides are po-

tentially explosive. These must be handled with care and should not

be isolated in large amounts![19] Solid 1,4-ditosyl-1,4-diazepan-6-me-
sylate (5 g, 0.01 mol) was added to a solution of NaN3 (1.95 g,
0.03 mol) in absolute DMF (100 mL). The resulting white suspen-
sion was heated to 100–110 °C for 48 h. A white solid was removed
by filtration, yielding a clear, yellow solution of the desired product.
A small sample to be used for IR and NMR characterization was
precipitated by the addition of H2O to a few milliliters of the DMF
solution. The resulting white solid was separated by filtration and
air-dried. 1H NMR (DMSO): δ = 2.40 (s, 6 H), 3.19 (m, 2 H), 3.39
(m, 6 H), 3.89 (m, 1 H), 7.43 (d, J = 8.3 Hz, 4 H), 7.69 (d, J =
8.3 Hz, 4 H) ppm. 13C NMR (DMSO): δ = 20.9, 50.1, 50.9, 58.6,
127.0, 130.1, 135.5, 143.7 ppm. IR: ν̃ = 656, 696, 720, 813, 860,
909, 958, 1036, 1090, 1158, 1245, 1306, 1332, 1381, 1455, 1494,
1599, 2110 cm–1. The crystal structure has been published in a pre-
vious communication.[45]

1,4-Ditosyl-1,4-diazepan-6-amine: The experiment reported in the
previous section was repeated one more time and the resulting
DMF solutions of the azide were combined to one single solution.
This solution was then transferred into an autoclave and hydroge-
nated (5 atm H2) using 10% Pd/C (500 mg) as catalyst. After 48 h
the catalyst was removed by filtration and the resulting solution
(300 mL) was diluted with 1 L of H2O. The white solid that precipi-
tated was filtered off and dried in vacuo. This product proved to
be of sufficient purity to be used for the next step, however the
elemental analysis was not satisfactory. The product could be iso-
lated as analytically pure hydrobromide by dissolving the amine
in EtOH (100 mL) and adding aqueous concd. HBr (10 mL). The
resulting yellow solution was filtered through Celite and the sol-
vents evaporated to dryness. A colorless solid was obtained which
was dried in vacuo (7.1 g, 70%). C19H25N3S2O4·HBr (504.5): calcd.
C 45.24, H 5.19, N 8.33; found C 45.34, H 5.38, N 8.06. 1H NMR
(DMSO): δ = 3.40 (m, 3 H), 3.45 (m, 4 H), 3.63 (dd, J = 14.4, J =
4.1 Hz, 2 H), 7.47 (d, J = 8.2 Hz, 4 H), 7.72 (d, J = 8.2 Hz, 4 H)
ppm. 13C NMR (DMSO): δ = 20.9, 48.9, 49.4, 50.0, 126.6, 130.1,
134.9, 143.8 ppm. IR: ν̃ = 571, 653, 721, 813, 905, 967, 1030, 1089,
1152, 1330, 1449, 1494, 1597 cm–1. The crystal structure of the free
amine has been published in a previous communication.[46]

1,4-Diazepan-6-amine·3HBr: 1,4-Ditosyl-1,4-diazepan-6-amine
(5 g, 0.012 mol) was refluxed in concd. aqueous HBr (150 mL) for
3 h. The solution was cooled to room temperature and was then
concentrated to a volume of 50 mL on a rotary evaporator. A white
solid crystallized which was filtered off and washed with cold
EtOH. Drying in vacuo yielded 3.2 g of the trihydrobromide salt
(75%). C5H16Br3N3 (357.9): calcd. C 16.78, H 4.51, N 11.74; found
C 16.87, H 4.58 N 11.74. 1H NMR (D2O, pH � 3): δ = 3.67 (dd,
J = 14.1, J = 10.5 Hz, 2 H), 3.77 (m, 4 H), 3.89 (dd, J = 14.1, J =
3.1 Hz, 2 H), 4.26 (tt, J = 10.5, J = 3.1 Hz, 1 H) ppm. 13C NMR
(D2O, pH � 3): δ = 45.9, 47.1, 49.3 ppm. IR: ν̃ = 767, 844, 864,
882, 910, 991, 1020, 1050, 1127, 1180, 1265, 1298, 1326, 1392, 1429,
1447, 1465, 1524, 1548, 2781 cm–1.

1,4-Diazepan-6-amine·3HCl·1.5H2O: This compound was obtained
from the trihydrobromide by ion-exchange chromatography on
Dowex 50. C5H16N3Cl3·1.5H2O (251.6): calcd. C 23.87, H 7.61, N
16.70; found C 23.45, H 7,88, N 17.09. The 1H and 13C NMR
spectra were identical with those of the trihydrobromide. IR: ν̃ =
773, 852, 868, 890, 1000, 1055, 1092, 1135, 1199, 1234, 1271,
1396, 1435, 1539, 2718 cm–1. Single crystals of composition
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H3dazaCl3·H2O, suitable for X-ray analysis were grown by slow
evaporation of an aqueous solution.

[Co(daza)2]Cl3: 1,4-Diazepan-6-amine·3HBr (2.5 g, 7.0 mmol) was
dissolved in H2O (50 mL), and the pH of the solution was adjusted
to 8.5 by adding NaOH (1 m). Solid CoCl2·6H2O (0.83 g,
3.5 mmol) was then added, resulting in a red-orange solution,
which was stirred in an open beaker for 3 d. The solution was tested
for Co2+ (negative), and sorbed onto Dowex 50. The column was
washed successively with H2O (500 mL), aqueous 0.5 m HCl
(500 mL), and aqueous 1 m HCl (500 mL). The product was then
eluted from the column with aqueous 3 m HCl (500 mL). The last
fraction was evaporated to dryness, and the resulting orange solid
was dissolved in a small amount of H2O and sorbed onto a column
of SP-Sephadex C-25 (column length: 2 m). The column was eluted
with trisodium citrate (0.2 m). Beside several minor bands, two
major orange bands (13+, 23+) were observed. The two major bands
were collected separately, desalted on Dowex 50 (3 M HCl), and
the solvents evaporated to dryness.

trans-[Co(daza)2]Cl3·4H2O (1Cl3·4H2O): Yield: 25%.
C10H26CoCl3N6·4H2O (467.7): calcd. C 25.68, H 7.33, N 17.97;
found C 25.75, H 7.11, N 18.52. 1H NMR (D2O): δ = 2.69 (d, J =
13.4 Hz, 4 H), 2.88 (d, J = 8.3 Hz, 4 H), 3.42 (br. s, 2 H), 3.43 (m,
4 H), 3.62 (d, J = 13.4 Hz, 4 H) ppm. 13C NMR (D2O): δ = 55.7,
56.9, 62.3 ppm. IR: ν̃ = 626, 780, 884, 981, 1044, 1092, 1128, 1183,
1231, 1314, 1379, 1417, 1614, 2114, 3032 cm–1. UV/Vis: λmax (ε) =
335 nm (75), 470 (79).

cis-[Co(daza)2]Cl3·1.5H2O (2Cl3·1.5H2O): Yield: 20%.
C10H26Cl3CoN6·1.5H2O (422.7): calcd. C 28.42, H 6.92, N 19.88;
found C 28.21, H 6.85, N 19.91. 1H NMR (D2O): δ = 2.71 (d, J =
13.5 Hz, 4 H), 3.04 (m, 4 H), 3.44 (m, 4 H), 3.49 (br. s, 2 H), 3.56
(d, J = 13.5 Hz, 2 H), 3.78 (m, 2 H) ppm. 13C NMR (D2O): δ =
55.6, 56.3, 57.4, 61.9 (two C atoms) ppm. IR: ν̃ = 886, 988, 1048,
1092, 1151, 1230, 1285, 1316, 1356, 1444, 1496, 1590, 1981, 2051,
2165, 2323, 2430, 2754, 2875, 3030 cm–1. UV/Vis: λmax (ε) = 345 nm
(140), 470 (157).

Single crystals: 1Cl3·4H2O (24 mg) and 2Cl3·1.5H2O (24 mg) were
separately dissolved in H2O. ZnBr2 (59 mg, 0.26 mmol) was added
to each of the solutions. The solutions were acidified with 3 m aque-
ous HBr to pH � 1. Slow evaporation yielded orange crystals of
composition [1]3(ZnBr4)2Br5·4 H2O and [2](ZnBr4)Br·H2O, suitable
for X-ray analysis.

[Cu(daza)Cl2]: 1,4-Diazepan-6-amine·3HCl·H2O (100 mg, 0.41
mmol) was dissolved in 1 mL of H2O. CuCl2·2H2O (35 mg,
0.21 mmol) was added to this solution, and the pH was adjusted
to 7 with 0.5 m NaOH (2 mL). The solution was then diluted with
EtOH and was allowed to stand at 4 °C for a few days, yielding a
small number of blue crystals which were suitable for the single
crystal analysis. IR: ν̃ = 666, 768, 853, 872, 966, 1041, 1098, 1149,
1319, 1444, 1605, 2848, 2871, 3167, 3242, 3300, 3322 cm–1.

[Ni(daza)2]Cl2·3.2H2O: 1,4-Diazepan-6-amine·3HCl·H2O (100 mg,
0.41 mmol) was dissolved in 1 mL of H2O. Solid NiCl2·6H2O
(50 mg, 0.21 mmol) was then added and the pH was adjusted to 8
with 0.1 m KOH (12 mL). The resulting purple solution was al-
lowed to evaporate slowly over a period of several days at room
temperature, yielding a small number of purple crystals suitable for
the X-ray analysis. IR: ν̃ = 628, 914, 965, 1043, 1064, 1099, 1143,
1614 br, 2875, 3166, 3227, 3313 cm–1.

[Zn(daza)2]SO4·5H2O: 1,4-Diazepan-6-amine·3HBr (200 mg,
0.56 mmol) was deprotonated on Dowex 2 (OH– form). The vol-
ume of the resulting solution was reduced to 10 mL. Solid
ZnSO4·7H2O (81 mg, 0.28 mmol) was added, and the solution was
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Table 7. Crystallographic data for daza·3HCl·H2O, [CuLCl2], [Ni(L)2]Cl2·3.2H2O, [Zn(L)2]SO4·5H2O, trans-[Co(L)2]3(ZnBr4)2Br5·4H2O,
and cis-[Co(L)2](ZnBr4)Br·H2O.

daza·3HCl·H2O [Ni(L)2]Cl2·3.2H2O [CuLCl2] [Zn(L)2]SO4·5H2O 13(ZnBr4)2Br5·4H2O 2(ZnBr4)Br·H2O

Formula C5H18Cl3N3O C10H32.4Cl2N6NiO3.2 C5H13Cl2N3Cu C10H36N6O9SZn C30H86Br13Co3N18O4Zn2 C10H28Br5CoN6OZn
Mw 242.57 417.63 249.62 481.88 2109.54 772.23
T [K] 200(2) 293(2) 200(2) 293(2) 100(2) 100(2)
Crystal system monoclinic monoclinic orthorhombic triclinic orthorhombic orthorhombic
Space group P21/n P21/n Pna21 P1̄ Pbcn Pnma

a [Å] 12.500(2) 8.708(2) 16.715(3) 8.366(2) 15.8270(4) 26.8941(12)
b [Å] 6.8580(10) 8.826(2) 6.9430(10) 9.065(2) 23.5711(6) 8.4372(4)
c [Å] 14.061(3) 12.480(2) 7.918(2) 15.450(3) 16.0633(5) 9.5817(4)
α [°] 90.00 90.00 90.00 91.09(3) 90.00 90.00
β [°] 112.56(3) 97.59(3) 90.00 101.97(3) 90.00 90.00
γ [°] 90.00 90.00 90.00 115.54(3) 90.00 90.00
V [Å3] 1113.1(3) 950.8(3) 918.9(3) 1026.4(4) 5992.6(3) 2174.19(17)
Z 4 2 4 2 4 4
ρcalcd. [gcm–3] 1.447 1.459 1.804 1.559 2.338 2.359
μ [mm–1] 0.788 1.322 2.899 1.352 10.322 11.067
min./max. transm. – – – 0.5931/0.9977 0.0769/0.4783 0.2882/0.5960
Crystal size [mm] 0.3×0.3×0.2 0.4×0.3×0.2 0.20×0.15×0.15 0.30×0.25×0.15 0.34×0.26×0.07 0.16×0.10×0.05
θ range [°] 1.86–24.06 2.69–25.00 2.44–24.06 2.51–25.00 3.68–29.00 2.61–28.04
hkl ranges –14/13 –10/10 –18/18 –9/9 –21/21 –35/35

–7/7 0/10 –7/7 –10/10 –32/32 –11/11
–15/15 0/14 –9/9 0/18 –20/14 –12/12

Measured refl. 6690 1674 5321 3603 30240 21318
Unique refl. 1682 1674 1385 3603 7545 2796
Obsd. refl.[a] 1177 1533 879 3381 6405 2550
Parameters 181 162 100 383 343 188
R1,wR2 [I � 2σ(I)] 0.0295, 0.0575 0.0550, 0.1277 0.0539, 0.1166 0.0402, 0.1031 0.0364, 0.0799 0.0491, 0.0946
R1,wR2 (all data) 0.0535, 0.0629 0.0579, 0.1334 0.0904, 0.1265 0.0427, 0.1062 0.0467, 0.0850 0.0556, 0.0967

[a] For I � 2σ(I).

layered with acetone, yielding single crystals suitable for X-ray
analysis.

Single Crystal X-ray Diffraction Studies:[47] Data sets were collected
on the following diffractometers: STOE IPDS (daza·3HCl·H2O
and [Cu(daza)Cl2]), STOE STADI-4 ([Ni(daza)2]Cl2·3.2H2O and
[Zn(daza)2]SO4·5H2O), Nonius Kappa-CCD (trans-[Co(daza)2]3-
(ZnBr4)2Br5·4H2O, and cis-[Co(daza)2](ZnBr4)Br·H2O). Graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) was used
throughout. The data for the two Co complexes were collected at
100(2) K, daza·3HCl·H2O and [Cu(daza)Cl2] were measured at
200(2) K, and the other data sets were collected at ambient tem-
perature. An absorption correction was performed for cis-[Co-
(daza)2](ZnBr4)Br·H2O (face-indexed numerical), trans-[Co-
(daza)2]3(ZnBr4)2Br5·4H2O (faced-indexed numerical), and
[Zn(daza)2]SO4·5H2O (empirical). Further details of data collection
and structure solution are summarized in Table 7. The structures
were solved by direct methods (SHELXS-97) and refined by full-
matrix, least-squares calculations on F2 using SHELXL-97.[48] An-
isotropic displacement parameters were refined for all non-hydro-
gen atoms. The hydrogen atoms of daza·3HCl·H2O, [Zn(daza)2]-
SO4·5H2O, and [Ni(daza)2]Cl2·3.2H2O were located and refined
isotropically. The H-atom positions of the other complexes were
calculated (riding model). The disorder problems of the Co com-
plexes 1a3+ and 23+ are described in detail in Section 2.2. In the
structure of 23+, a total of 21 restraints was used to adjust corre-
sponding bond lengths and angles of the two ligands to the same
value within suitable limits (SAME instruction of SHELXL-97).
Puckering parameters were calculated using the computer program
PLATON.[49]
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A rare example of a mono-aqua-bridged copper(II) dimer,
namely [Cu2(μ2-H2O)L2(H2O)2](ClO4)2·2H2O (1), has been
synthesised and its structure determined by single-crystal X-
ray diffraction. Each CuII centre is in a square-pyramidal sur-
rounding formed by a Schiff base and a terminal H2O ligand;
a second H2O ligand, which acts as a bridge, is common to
two metal ions. Hydrogen bonds between the H2O ligand
and the Schiff base of the adjacent centre complete the intra-

Introduction

CuII centres coordinated by an O,N,N-tridentate Schiff
base derived from 2-hydroxyacetophenone and 2-(dimeth-
ylamino)ethylamine can form a variety of chelates by filling
out the coordination environment, resulting in a square-
planar, square-pyramidal or distorted square-bipyramidal
polyhedron. Depending on the proportions and physico-
chemical properties of the co-ligands, monomeric, dimeric,
oligomeric or polymeric crystal structures are formed. Se-
veral copper(ii) dimeric complexes containing a singly hy-
droxo-bridged system[1,2] reveal that the hydroxo group acts
commonly in the μ2-O or μ3-O bridging modes. The aqua
ligand almost invariably exhibits the terminal mode in cop-
per(ii) complexes, although complexes for which H2O acts
as a bridge have been reported.[3–6]

There are only two CuII complexes having a single aqua
bridge in the CSD (July 2004). Interestingly, it has been
shown that such a bridge can induce spin-exchange interac-
tions between the linked CuII centres.[3]
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dimer linkages. This compound exhibits an antiferromag-
netic behaviour (J = –13.2 cm–1, H = –JS1·S2), and density
functional calculations clearly establish that the main ex-
change does not proceed through the bridging H2O but is
mediated by the intra-dimer H-bonds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In our earlier articles, we have reported a mononuclear
CuII complex, its ferrocyanide-bridged pentanuclear com-
plex[7] and a mononuclear CoII complex,[8] all containing
the same Schiff base (LH), where the Schiff base acts as a
tridentate chelating ligand. Here, the synthesis, structure,
spectral properties and the magneto-structural correlation
studies of the complex [Cu2(μ2-H2O)L2(H2O)2](ClO4)2·
2H2O (1) are reported. An exchange interaction between
the CuII ions was found, and density functional calculations
clearly establish that the main exchange does not proceed
through the bridging H2O but is mediated by the intra-di-
mer H-bonds.

Results and Discussion

The complex [Cu2(μ2-H2O)L2(H2O)2](ClO4)2·2H2O (1)
was synthesised by mixing an aqueous solution of copper(ii)
perchlorate with a methanolic solution of the Schiff-base
ligand LH, which was obtained by the condensation of 2-
hydroxyacetophenone and 2-(dimethylamino)ethylamine.

Crystal Structure of Complex 1

Complex 1 contains a cationic dimeric unit consisting of
two {Cu(L)(H2O)}+ moieties bridged by one water mole-
cule. The dinuclear cation is positioned on the twofold rota-
tion axis of the unit cell (orthorhombic, Fdd2), which is
shown in Figure 1. The two perchlorate counterions present
in the lattice show threefold disorder. The unique CuII atom
adopts a (4+1) square-pyramidal geometry, formed by an
O,N,N-tridentate Schiff base and an O atom of a water
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molecule in the basal plane. The apical position is occupied
by the oxygen atom (O3) of the bridging water molecule.
The resulting dimer, which contains one bridging water
molecule, is reinforced by intra-dimer H-bonds between the
H2O ligand (O2) in an equatorial position and the phenol-
ate O atom (O1) of the adjacent CuII unit [O1···O2 =
2.627(9) Å; Figure 2 and Table 1]. A number of intermo-
lecular hydrogen bonds are also formed between the di-
meric cations, the solvate H2O molecules and the ClO4

–

ions. The coordination polyhedra of the two central CuII

atoms in 1 are uniformly square-pyramidal. The equatorial
Cu1–O2(water) bond length in the basal plane of the pyra-
mid is decreased to 1.980(8) Å (see Table 2) and the apical
Cu1–O3 bond length is increased to 2.496(7) Å, resembling
a Jahn–Teller effect. The Cu–O(water) lengths are compar-
able to the average lengths (1.95 and 2.43 Å) of these bonds
in related Cu complexes reported in the Cambridge Struc-
tural Database (version 5.25.3). The Cu1–N2(imine) bond
is shorter [1.959(8) Å] than the Cu1–N1(amine) bond
[2.018(9) Å].

Figure 1. ORTEP view of the dinuclear cation of 1 positioned on
the twofold axis of the unit cell.

The phenoxo oxygen atom (O1) is deprotonated, produc-
ing a negative charge on the Schiff-base moiety. The square
base of each polyhedron is nearly planar, with the Cu atoms
being shifted by 0.1171 Å from the mean plane containing
the four basal atoms in the direction of the oxygen atom
(O3) of the bridging water molecule. The least-squares devi-
ations of the basal atoms from their mean plane are
–0.0414, 0.0421, –0.0420 and 0.0414 Å for N1, N2, O1 and
O2, respectively. The benzene ring and the six-membered
metallochelate ring are puckered. The dihedral angle be-
tween the planes of the six-membered and five-membered
metallochelate rings is 6.32°. The Cu–Cu distance in the
dimer is 4.079 Å.

The perchlorate counterion shows threefold disorder.
The disordered perchlorate counterion, the two lattice
waters as well as the coordinated terminal and bridging

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 329–333330

Figure 2. View of the hydrogen bonding (thin lines) in compound
1 (ClO4

– is threefold disordered).

Table 1. Hydrogen bonds for complex 1.

D–H···A[a] d(D–H) d(H···A) d(D···A) �(DHA)
[Å] [Å] [Å] [°]

O(2)–H(2A)···O(8) 0.85 2.13 2.644(14) 118.9
O(2)–H(2B)···O(1)#1 0.85 1.81 2.627(9) 161.1
O(3)–H(3)···O(4A)#1 0.85 2.27 3.101(18) 165.9
O(3)–H(3)···O(4B)#1 0.85 2.09 2.72(5) 129.7
O(3)–H(3)···O(4C)#1 0.85 2.04 2.88(2) 168.0
O(8)–H(8D)···O(4B)#2 0.85 2.66 3.24(12) 127.2
O(8)–H(8D)···O(6A)#2 0.85 1.91 2.76(14) 178.8
O(8)–H(8D)···O(6B)#2 0.85 2.19 3.04(14) 177.3
O(8)–H(8D)···O(6C)#2 0.85 1.66 2.46(13) 156.2
O(8)–H(8E)···O(4B)#3 0.85 2.48 3.25(9) 152.3
O(8)–H(8E)···O(7A)#3 0.85 1.75 2.54(10) 152.5
O(8)–H(8E)···O(7C)#3 0.85 2.21 2.90(11) 137.5
O(8)–H(8E)···O(5B)#3 0.85 2.65 3.34(11) 140.0

[a] Symmetry transformations used to generate equivalent atoms:
#1: –x + 2, –y, z; #2: –x + 2, –y, z – 1; #3: x, y, z – 1. The O atoms
belonging to ClO4

– are O(4), O(5), O(6) and O(7).

Table 2. Selected bond lengths [Å] and angles [°] for complex 1.

Cu(1)–O(1) 1.870(7) O(1)–C(2) 1.322(11)
Cu(1)–N(2) 1.959(8) O(2)–H(2A) 0.850
Cu(1)–O(2) 1.980(8) Cl(1)–O(5C) 1.383
Cu(1)–N(1) 2.018(9) Cl(1)–O(4B) 1.394
Cu(1)–O(3) 2.496(7) Cl(1)–O(5A) 1.396

Cl(1)–O(7A) 1.400
O(1)–Cu(1)–N(2) 92.9(3) O(2)–Cu(1)–N(1) 89.7(4)
O(1)–Cu(1)–O(2) 90.2(3) O(1)–Cu(1)–O(3) 87.4(3)
N(2)–Cu(1)–O(2) 170.2(3) N(2)–Cu(1)–O(3) 96.5(3)
O(1)–Cu(1)–N(1) 175.6(4) O(2)–Cu(1)–O(3) 93.0(3)
N(2)–Cu(1)–N(1) 86.5(4) N(1)–Cu(1)–O(3) 97.1(3)
Cu(1)–O(3)–H(3) 108.0 Cu(1)–O(3)–Cu(1)#1 109.6(4)

water molecules are extensively hydrogen-bonded. The mul-
tiple hydrogen bonds are shown in Figure 2 and the interac-
tions are listed in Table 1.
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Spectroscopic Properties

The IR spectrum of complex 1 shows a sharp band at
1600 cm–1 assigned to the δ(H–OH) mode. Again, a band
at 410 cm–1 may be assigned to the ρW(H2O) mode and the
bands at 846 and 857 cm–1 to the ρr(H2O) vibrations,
thereby showing presence of both coordinated and uncoor-
dinated lattice water in the complex.[9] This also confirms
the presence of hydrogen bonding in the complex.[10] The
strong νC=N band occurring at 1635 cm–1, which is shifted
considerably towards lower frequencies compared to that of
the free Schiff base (1650 cm–1), suggests coordination of
the imino nitrogen atom. The phenolic stretching band is
found at 1258 cm–1. The band at 1160 cm–1 for the ν3(F2)
ClO4

– mode is broadened and split, thus indicating the in-
volvement of this anion in hydrogen bonding, as established
from the X-ray analysis.[11] Ligand coordination to the me-
tal centre is substantiated by two bands appearing at 405
and 332 cm–1 for νM–N and νM–O, respectively.

The electronic spectroscopic data for 1 in acetonitrile sol-
vent are in good agreement with its geometry. A charge-
transfer transition (CT) in the range 400–360 nm may be
assigned to a ligand-to-metal charge-transfer transition.
Much weaker, less well-defined shoulders are found in the
lower energy region and are associated with d–d transitions.
The d–d bands generally fall below 700 nm and are more
consistent with a square-pyramidal geometry for 1, as in
certain related CuII complexes.[12]

Magnetic Properties

The temperature dependence of the molar magnetic
susceptibility, χM, for compound 1 was measured on a poly-
crystalline sample in the temperature range 2–300 K. The
plot of χMT vs. T for the dinuclear CuII compound is shown
in Figure 3. At 300 K the value of χMT is 0.76 cm3 Kmol–1,
in good agreement with the value expected for two non-
interacting CuII ions. This value decreases very slightly as
the temperature is lowered to 100 K, and below this tem-
perature it decreases rapidly to reach 0.03 cm3 Kmol–1 at
2 K, thereby revealing the occurrence of antiferromagnetic
interactions between the CuII centres. A classical Bleaney–
Bowers law, using the phenomenological Hamiltonian H
= –JS1·S2, is suitable to simulate the magnetic behaviour
for compound 1, the resulting expression for χMT is given
below. The best fit of this expression to the experimental
data yields the exchange parameter J = –13.23±0.01 cm–1

with g = 2.03.

χMT =
2Ng2β2

k[3 + exp(–J/kT)]

The structural data for compound 1 indicate that the bridg-
ing H2O ligand is connected in an apical position to both
the linked Cu ions. As a consequence, there is no overlap
with the magnetic orbitals of the metal centres and the ex-
change interaction through this bridging ligand is expected
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Figure 3. Experimental (�) and calculated (−) temperature depen-
dence of χMT for compound 1.

to be very weak.[13] The magnitude found for J is thus sur-
prisingly high and suggests the occurrence of alternative ex-
change pathways. In order to clarify the origin of this mag-
netic coupling, density functional calculations were carried
out.

Computational Methodology for the Density Functional
Calculations

The calculated coupling constant, J, was deduced from
two separate density functional computations carried out
for the highest-spin state (triplet state for compound 1) and
for the broken-symmetry state. The hybrid B3LYP[14] func-
tional was used, as implemented in Gaussian98.[15] The ba-
sis set used in all calculations was the triple-ζ basis-set pro-
posed by Ahlrichs et al.[16] for transition metals and the
double-ζ basis set proposed by the same authors for the
other atoms.[17] The obtained J values were deduced from
the energy difference EHS – EBS = –J, where EHS and EBS

are the energies of the high-spin and broken-symmetry
states, respectively. We consider that the energy of the
broken-symmetry state is a good approximation of the low-
spin state energy, according to Ruiz et al.[18] The spin densi-
ties on the atoms were calculated according to the NBO
method.[19]

DFT Calculations for Compound 1

Sets of calculations were carried out for the whole Cu
dimer of compound 1 and for the same dimer but without
the bridging H2O molecule. The isotropic interaction pa-
rameters that were obtained in both cases were very similar
(J = –8.1 and –7.9 cm–1, respectively), in rather good agree-
ment with the experimental exchange parameter. The spin



P. Talukder, S. Sen, S. Mitra, L. Dahlenberg, C. Desplanches, J.-P. SutterFULL PAPER

Figure 4. Localised magnetic orbitals issuing from the broken symmetry of the dehydrated compound.

density found on the two equivalent copper atoms is
+0.577, whereas that located on the oxygen atoms is +0.116
for O1, +0.051 for O2 and –0.0007 for O3.

The negligible spin density on the bridging oxygen atom
is in line with the very small difference in the calculated J
values for a dimer with and without a bridging H2O ligand.
This result clearly confirms that the bridging water mole-
cule is in no way responsible for the magnetic behaviour
exhibited by the complex. In order to rationalise this behav-
iour, the localised magnetic orbitals issuing from the
broken-symmetry state were scrutinised. These orbitals are
represented in Figure 4 for the complex without the bridg-
ing H2O ligand (those of the H2O-bridged system have ex-
actly the same shapes). As expected from simple ligand-field
models, the magnetic orbitals are directed towards the four
short Cu–N/O distances. Indeed, in a square-pyramidal en-
vironment (C4v point group), the five d orbitals split into
four sets: dxz and dyz (e); dyx (b2); dz2 (a1); and dx2–y2 (b1).
As it is the only orbital involved in four bonds, the dx2–y2

orbital has the highest energy and is singly occupied in a d9

configuration. This explains the negligible influence of the
bridging water molecule, which is in an apical position and
therefore has no overlap with the magnetically active orbit-
als of the CuII ions. Conversely, a significant amount of
spin density is found on the oxygen atoms located in the
equatorial positions (O1 and O2). The hydrogen bonds link-
ing these atoms within a dimer (dashed lines in Figure 4)
may thus provide an alternative pathway for the magnetic
interaction between the two CuII centres.[20] As a matter of
fact, doubly H-bridged copper dimers can exhibit experi-
mental coupling constants between limiting values of –4[21]

and –94 cm–1.[22] Different intermediate values have also
been reported,[23] as well as density functional calculations
on these dimers.[24] For compound 1, the relatively weak
exchange interaction is essentially due to the fact that the
two basal planes of the copper geometry are not coplanar.
This reduces the overlap of the magnetic orbitals, which
causes decreased interactions between the two coppers
centres.

This study clearly establishes that the main exchange in-
teraction for compound 1 proceeds through the hydrogen
bonds existing within the dimer, whereas the H2O ligand
bridging the two Cu ions has a poor contribution.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 329–333332

Conclusions

A rare example of a [(Schiff-base)CuII] dimer with a sin-
gle H2O ligand bridging the two metal ions has been char-
acterised. A striking feature of this compound is the ab-
sence of the μ2-coordination of the phenolato oxygen atoms
often observed for such compounds. Instead, these atoms
are involved in hydrogen bonds with the adjacent Cu unit,
which reinforce the cohesion of the dimer. These hydrogen
bonds are also the pathway for the antiferromagnetic inter-
action (J = –13.2 cm–1) between the Cu centres of the di-
mer. This is strongly supported by density functional calcu-
lations, which show that the contribution of the H2O bridge
is negligible.

Experimental Section
Materials: 2-Hydroxyacetophenone, 2-(dimethylamino)ethylamine
and copper perchlorate were used as supplied by Aldrich. All other
chemicals or solvents used were of reagent or analytical grade and
used without further purification.

Synthesis of the Ligand and Complex: Caution! Perchlorate salts of

metal complexes with organic ligands are potentially explosive. Only

a small amount of the material should be prepared and should be

handled with caution. The ligand LH was prepared by refluxing 2-
hydroxyacetophenone (0.60 mL, 5 mmol) and 2-(dimethylamino)-
ethylamine (0.545 ml, 5 mmol) in methanol (30 mL) for 0.5 h. The
resulting mixture gave a yellow solution containing the tridentate
ligand (LH). The ligand was used without further purification. The
complex [Cu2(μ2-H2O)L2(H2O)2](ClO4)2·2H2O (1) was prepared by
slowly adding 10 mL of a methanolic solution of LH (2 mmol) to
20 mL of an aqueous solution of copper(ii) perchlorate (0.740 g,
2 mmol). The mixture was kept at room temperature. After a few
days, green crystals of 1 had formed on slow evaporation of the
solvent. Crystals suitable for X-ray diffraction were collected.
Yield: 0.541 g (65%). C24H44Cl2Cu2N4O15 (826.61): calcd. C 34.9,
H 5.4, N 6.8; found C 34.2, H 5.3, N 6.1.

Physical Measurements: Elemental analyses were carried out using
a Perkin–Elmer 2400 II elemental analyser. The IR spectrum was
recorded with a Perkin–Elmer Spectrum RX FTIR instrument in
the range of 4000–350 cm–1 as KBr pellets. The electronic spectrum
was measured with a Perkin–Elmer Lambda-40 (UV/Vis) spectro-
photometer in dichloromethane. Magnetic susceptibility measure-
ments were carried out with a Quantum Design MPMS-5S SQUID
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magnetometer under an applied magnetic field of 5000 Oe. Mag-
netic data were corrected for diamagnetic contributions estimated
from Pascal tables and for the sample holder contribution.

X-ray Data Collection and Structure Refinement: Single crystals of
the copper complex (0.29×0.22×0.04 mm) were grown from a
methanol/water medium. Diffraction measurements were carried
out at 153(2) K with an Enraf–Nonius CAD-4 MACH 3 dif-
fractometer using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å): orientation matrices and unit-cell parameters from the
setting angles of 25 centred medium-angle reflections; collection of
the diffraction intensities by ω scans. The structure was solved by
direct methods and subsequently refined by full-matrix least-
squares procedures on F2 with allowance for anisotropic thermal
motion of all non-hydrogen atoms by employing the WinGX pack-
age[25] and the relevant programs (SIR-97,[26] SHELXL-97,[27] OR-
TEP-3[28]) implemented therein. All hydrogen atoms were posi-
tioned geometrically and allowed to ride on their parent atoms with
isotropic displacement parameters fixed at 1.2-times Ueq of their
parent atoms. C24H44Cl2Cu2N4O15 (826.61); orthorhombic, Fdd2,
a = 18.853(4), b = 36.452(8), c = 9.816(2) Å, V = 6746(2) Å3, Z =
8, dcalcd. = 1.628 Mgm–3, μ(Mo-Kα) = 1.493 mm–1; F(000) = 3424;
2.23° � Θ � 25.56°, 2482 reflections collected (–2 � h � 22, –2 �

k � 44, –2 � l � 11; including Friedel pairs), 2075 independent
reflections (Rint = 0.0988); Completeness to θ = 25.56°: 100.0%;
absorption correction: none; 267 parameters and 121 restraints
(ClO4

– anion as geometrically idealised tetrahedron); final R in-
dices [I � 2σ(I)]: R1 = 0.0629, wR2 = 0.1738; R indices (all data):
R1 = 0.0825, wR2 = 0.1853; absolute structure parameter x =
–0.01(4);[29] largest difference peak/hole: 0.844/–1.478 eÅ–3.
CCDC-279057 (1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Novel copper(I) mixed-ligand complexes containing 1,2-
bis(diphenylphosphanyl)benzene (dppbz) and 2,4-dithioura-
cil (2,4-dtucH2) ligands have been synthesised by addition of
the thione ligand to the dinuclear [Cu(μ-X)(dppbz)]2 interme-
diate in acetonitrile/methanol or acetone solution. The mo-
lecular structures of both the precursor [Cu(μ-Br)(dppbz)]2

and the [CuBr(dppbz)(2,4-dtucH2)] complexes were estab-
lished by single-crystal X-ray diffraction. Interestingly, the
structure of the thione-free dimer involves two diphosphane-
chelated CuI centres bridged by two bromide ligands, thus
forming a non-planar Cu2Br2 core. The structure of
[CuBr(dppbz)(2,4-dtucH2)] corresponds to a four-coordinate
CuI centre in a tetrahedral coordination environment with
the heterocyclic dithione ligand being coordinated to the me-
tal centre in a unidentate fashion through its exocyclic sulfur
donor atom. The structural, bonding and electronic proper-

Introduction

The coordination chemistry of heterocyclic thiones has
grown enormously in the recent past, mainly because of
their relevance to biological systems.[1,2] The salient feature
of these heterocyclic thioamides is their ability to bind to a
metal centre in a variety of coordination modes. Along
these lines a wealth of complexes exhibiting variable nu-
clearities and often unusual geometries have been synthe-
sised and studied so far.[1–7] A large number of mixed-li-
gand complexes of the univalent coinage metals, particu-
larly those of CuI, incorporating tertiary arylphosphanes
as a second, bulky soft donor ligand have been thoroughly
investigated in an attempt to understand the factors that
may affect the stoichiometric and geometrical preferences

[a] Aristotle University of Thessaloniki, Faculty of Chemistry, In-
organic Chemistry Laboratory,
P. O. Box 135, 54124, Thessaloniki, Greece
E-mail: aslanidi@chem.auth.gr

[b] School of Pharmacy, The Robert Gordon University,
Schoolhill, Aberdeen AB10 1FR, Scotland
E-mail: p.j.cox@rgu.ac.uk

[c] Section of Inorganic and Analytical Chemistry, Department of
Chemistry, University of Ioannina,
45110 Ioannina, Greece
E-mail: attsipis@cc.uoi.gr

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 334–344334

ties of the model complexes [Cu(μ-X)(dppbz)]2 and
[CuX(dppbz)(2,4-dtucH2)] (X = Cl, Br, or I) are adequately
described by DFT/B3LYP computational techniques. All
model dinuclear [Cu(μ-X)(dppbz)]2 complexes exhibit π-type
MOs delocalised over the entire four-membered Cu(μ-X)2Cu
ring, thereby accounting for the near equivalency of the Cu–
X bonds. Moreover, the [Cu(μ-X)(dppbz)]2 dimers possess a
σ-type MO corresponding to weak Cu···Cu bonding interac-
tions, which further stabilize the Cu(μ-X)2Cu ring. According
to our calculations, the interaction energies of the 2,4-dtucH2

ligand with the CuI centre are predicted to be about 13–
16 kcalmol–1. The coordination of the 2,4-dtucH2 ligand is
further stabilized by an X···H–N hydrogen bond that is per-
pendicular to the plane of the dppbz ligand.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of these compounds.[3] In this context, some examples of
three-coordinate CuI complexes, where the steric require-
ments of the phosphane ligands exert an influence on the
coordination number, have also been reported.[4] Moreover,
a number of halo- or thione-S-bridged dinuclear mixed-li-
gand complexes have been synthesised and structurally well
characterised.[3,5] In contrast to the monodentate triaryl-
phosphanes, didentate P-donor ligands, especially the oligo-
methylene-backboned symmetric diphosphanes formulated
as Ph2P(CH2)nPPh2 (n = 1, 2 or 4), favour the formation of
dinuclear complexes.[6] On the other hand, the rigid cis-1,2-
bis(diphenylphosphanyl)ethane (cis-dppen) and 1,3-bis(di-
phenylphosphanyl)propane (dppp) have been found to che-
late at a single metal centre, yielding mononuclear pseudo-
tetrahedral CuI species.[7] Another didentate P-donor ligand
capable of forming chelate five-membered symmetric rings
is the sterically demanding 1,2-bis(diphenylphosphanyl)-
benzene, hereafter abbreviated as dppbz. Although dppbz
has already been used extensively as a chelating ligand for
many metal centres,[8] no structurally characterised CuI or
AgI derivatives of this rigid diphosphane, as far as we know,
are currently known.

Among the heterocyclic thiones, the coordination prop-
erties of the thio derivatives of uracil, such as 2-thiouracil
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(2-tucH2), 4-thiouracil (4-tucH2) and 2,4-dithiouracil (2,4-
dtucH2) are of particular interest as these ligands have sig-
nificant biological interest.[9] Very recently, the gas-phase
reactivity of uracil, 2-tucH2, 4-tucH2, and 2,4-dtucH2

towards Cu+ and Cu2+ cations has been thoroughly investi-
gated using electronic structure calculation methods.[10] In
this work we report on the synthesis, characterisation and
electronic structure calculations of new copper(i) coordina-
tion compounds bearing dppbz and/or 2,4-dtucH2 as li-
gands. In effect, what we want to address here is the coordi-
nation bonding mode of the versatile 2,4-dtucH2 ligand
(Scheme 1), which has two exocyclic sulfur donor atoms of
different basicity that are capable of coordinating to CuI

metal centres.

Scheme 1. Resonance structures of 2,4-dtucH2.

Results and Discussion

Synthesis

The new compounds were prepared following a synthetic
pathway that has already produced a number of mixed-li-
gand copper(i) halide complexes. Thus, 1 mmol of CuCl or
CuBr was first treated with an equimolar quantity of dppbz
to yield an intermediate adduct formulated as
[CuX(dppbz)] (X = Cl, Br). This intermediate was then al-
lowed to react with one equivalent of 2,4-dtucH2 in re-
fluxing dry acetonitrile for 2 h to afford the corresponding
pure mixed-ligand complexes [CuX(dppbz)(2,4-dtucH2)] (X
= Cl: 1; Br: 2) in good yields. During the reaction of 2,4-
dtucH2 with CuBr, a small quantity of greenish yellow crys-
tals was separated at the initial stages of the evaporation of
the diluted acetonitrile mother liquid; their analytical and
spectroscopic data were identical to those of the
[CuBr(dppbz)] intermediate. In this way we were able to
characterise the intermediate by X-ray crystallography as
the thione-free dimer [CuBr(dppbz)]2 (3). It should be
noted that 3 is inert in the reactions with a number of het-
erocyclic thiones [e.g. 5-methyl-1,3,4-thiadiazole-2-thione
(mtdztH) or 4-methyl-5-trifluoromethyl-4H-1,2,4-triazol-
ine-3(2H)-thione (mftztH)]. Treatment of CuI with equi-
molar quantities of dppbz readily yielded the intermediate
1:1 adduct [CuI(dppbz)]x (4) as a white microcrystalline so-
lid, which, however could not be converted into the corre-
sponding [CuI(dppbz)(2,4-dtucH2)] (5). Compound 5 was
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obtained following a reverse synthetic procedure, i.e., by
adding a twofold excess of the 2,4-dtucH2 ligand to a CuI

solution, followed by addition of dppbz. The orange-red
precipitate formed before adding dppbz probably corre-
sponds to the polymeric species [CuI(2,4-dtucH2)]x (6),
which depolymerises upon addition of dppbz to give 5 as an
orange solid. The analogous polymeric species [CuBr(2,4-
dtucH2)]x (7) was also isolated as an orange-red powder
following the same synthetic procedure. To investigate the
ability of 2,4-dtucH2 for further coordination to CuX
through both exocyclic thione-S donor atoms, a series of
reactions using variable stoichiometries and reaction condi-
tions were carried out, but in all cases CuI complexes in-
volving 2,4-dtucH2 coordination in the mono-hapto or μ2-
coordination mode via the S donor atom at the 4-position
were isolated.

All new complexes are diamagnetic, air-stable, microcrys-
talline solids that are moderately soluble in acetonitrile and
only marginally soluble in chloroform and acetone. Their
solutions in acetone and chloroform are non-conducting.
The stoichiometry and structure of the complexes were
confirmed by elemental analysis and spectroscopic
measurements. Moreover, the molecular structures of
[CuBr(dppbz)(dtucH2)] (2) and [CuBr(dppbz)]2 (3) were de-
termined by X-ray crystallographic analyses.

Spectroscopy

The electronic absorption spectra of the new compounds
in chloroform solution at room temperature show an in-
tense, broad band with maxima in the region of 243–
255 nm, which can be attributed, with reference to the ab-
sorption bands of the uncoordinated dppbz, to intraligand
π*�π transitions on the phenyl groups of the phosphane
ligand. Moreover, the spectra of compounds 1, 2 and 5–7
display an additional broad band in the region of 285–
310 nm, where the free thiones normally absorb. This band
experiences a small red-shift as a consequence of the coor-
dination to CuI and may be ascribed to a thione-originating
intraligand transition. The IR spectra of compounds 1–3, 6
and 7, recorded in the range 4000–250 cm–1, all show the
expected strong phosphane bands, which remain practically
unshifted upon coordination. Moreover, the spectra of
compounds 1, 2 and 4–7 contain all of the bands required
by the presence of the heterocyclic thione ligand, with shifts
due to coordination indicative of an exclusive S-coordina-
tion mode.

X-ray Structural Investigations

The X-ray crystal structures of [CuBr(dppbz)(dtucH2)]
(2) and [Cu(μ-Br)(dppbz)]2 (3) corroborate the spectro-
scopic results discussed above. Selected bond distances and
angles of complexes 2 and 3 are listed in Tables 1 and 2,
respectively.
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Table 1. Selected bond lengths [Å] and angles [°] for 2.

Cu(1)–Br(1) 2.4366(3) S(2)–C(2) 1.650(2)
Cu(1)–P(1) 2.2953(6) P(1)–C(5) 1.838(2)
Cu(1)–P(2) 2.2393(6) P(2)–C(6) 1.833(2)
Cu(1)–S(1) 2.2921(6) C(5)–C(6) 1.408(3)
S(1)–C(1) 1.679(2)
P(1)–Cu(1)–P(2) 86.73(2) C(1)–S(1)–Cu(1) 105.24(7)
P(1)–Cu(1)–S(1) 108.37(2) C(5)–P(1)–Cu(1) 99.68(7)
P(2)–Cu(1)–S(1) 120.10(2) C(6)–P(2)–Cu(1) 101.34(7)
P(1)–Cu(1)–Br(1) 115.586(18) P(1)–C(5)–C(6) 117.21(16)
P(2)–Cu(1)–Br(1) 118.836(18) P(2)–C(6)–C(5) 118.10(16)
S(1)–Cu(1)–Br(1) 106.015(18)
Hydrogen bonds
N(1)–H(1) 0.8800 Br(1)···N(1) 3.3175(16)
NH(1)···Br(1) 2.5100 Br(1)···H(1)–N(1) 152°
N(2)–H(2) 0.8800 Br(1)···N(2) 3.1994(19)
NH(2)···Br(1) 2.4300 Br(1)···H(2)–N(2) 146°

Table 2. Selected bond lengths [Å] and angles [°] for 3.

Cu(1)–Br(1) 2.4556(6) Cu(1)–P(1) 2.2586(10)
Cu(2)–Br(1) 2.4958(6) Cu(1)–P(2) 2.2549(11)
Cu(2)–Br(2) 2.4279(6) Cu(2)–P(3) 2.2600(11)
Cu(1)–Br(2) 2.5317(6) Cu(2)–P(4) 2.2546(11)
Cu(1)–Cu(2) 2.8410(6)
Cu(1)–Br(1)–Cu(2) 70.022(17) P(4)–Cu(2)–Br(2) 118.14(3)
Cu(2)–Br(2)–Cu(1) 69.859(17) P(3)–Cu(2)–Br(1) 108.96(3)
P(1)–Cu(1)–P(2) 90.50(4) P(3)–Cu(2)–Br(2) 121.41 (4)
P(2)–Cu(1)–Br(1) 120.66(3) P(4)–Cu(2)–Br(1) 110.55(3)
P(1)–Cu(1)–Br(1) 121.08(3) Br(2)–Cu(2)–Br(1) 108.425(19)
P(2)–Cu(1)–Br(2) 107.09(3) C(13)–P(1)–Cu(1) 102.10(12)
P(1)–Cu(1)–Br(2) 109.88(3) C(14)–P(2)–Cu (1) 102.04(12)
Br(1)–Cu(1)–Br(2) 106.417(19) C(43)–P(3)–Cu(2) 100.75(13)
P(4)–Cu(2)–P(3) 87.86(4) C(44)–P(4)–Cu(2) 101.48(13)

Compound 2 crystallises in the monoclinic space group
P21/c with four formula units in the unit cell. Figure 1 de-
picts a perspective of the molecule showing the atom-label-
ling scheme.

Figure 1. Structure of complex 2 together with the atom-labelling scheme (50% probability ellipsoids with hydrogen atoms omitted for
clarity).
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The tetrahedral environment of the copper atom formed
by the two P atoms of the chelating dppbz unit, one Br and
one of the two exocyclic S donor atoms of the dithione
ligand is considerably distorted, with the largest deviation
from the ideal geometry being reflected by the P(1)–Cu(1)–
P(2) and P(1)–Cu(1)–Br(1) angles of 86.61(2)° and
122.05(19)°, respectively, which are markedly different from
the ideal tetrahedral value of 109.4°.

As expected, the carbon atoms of the phenylene back-
bone and the two adjacent phosphorus atoms are coplanar
and the CuPCCP five-membered ring adopts an envelope
conformation with the metal atom out of the plane contain-
ing the four diphos ligand donor atoms by 1.034(1) Å. The
two phenyl rings on each phosphorus atom are nearly per-
pendicular to each other. However, the C(17)–C(22) and
C(29)–C(34) phenyl rings have their planes in an almost
parallel arrangement, with a π-stacking interaction of
3.827(1) Å between them. Likewise, the inclination of the
pyrimidine ring to the C(11)–C(16) phenyl ring results in a
π-stacking interaction of 4.116(1) Å. The two Cu–P dis-
tances [2.2393(6) and 2.2953(6) Å] are significantly dif-
ferent, but are within the limits of the range expected for
tetrahedrally coordinated CuI.

The coordinated 2,4-dithiouracil ligand, which adopts its
most stable dithione tautomeric form (a, Scheme 1) is coor-
dinated to the CuI metal centre in a monodentate coordina-
tion mode through the S atom in the 4-position. Consider-
ing that the corresponding carbon–sulfur bond of the unco-
ordinated 2,4-dtucH2 has been found to be significantly
longer than that in the 2-position [1.684(6) vs.
1.645(6) Å],[11] the favourable coordination of that specific
sulfur atom can be interpreted as the inevitable conse-
quence of its strong polarisation towards the amidic
[–HN+=C(S–)–] configuration (b). However, coordination
to CuI does not affect these two bond lengths significantly.
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Figure 2. Structure of complex 3 together with the atom-labelling scheme (50% probability ellipsoids with hydrogen atoms omitted for
clarity).

Likewise, the structural parameters within the heterocyclic
backbone remain practically unaffected upon coordination.

Light-green single crystals of 3 were grown from the ace-
tonitrile/methanol mother liquid of 2 during the earlier
stages of the slow evaporation. Complex 3 crystallises in the
monoclinic space group P21 with two formula units in the
unit cell. The structure of 3, together with the atom-label-
ling scheme, is shown in Figure 2.

The crystal structure features a dinuclear unit in which
the two copper(i) centres are joined by two bromine bridges
to form a four-membered Cu2Br2 core with a Cu···Cu sepa-
ration distance of 2.8410(6) Å, which is suggestive of a
weak metal–metal interaction, as further substantiated by
the electronic structure calculations (vide infra). The
strongly distorted tetrahedral coordination around each
copper(i) central atom is completed by the two P donor
atoms of the chelating dppbz unit.

The most salient, and quite unexpected, feature of the
structure is the remarkable non-planarity within the Cu2Br2

central core. Unlike in other bromide-bridged dinuclear
complexes that exhibit a strictly planar Cu2Br2 core, such as
[Cu(μ2-Br)(tmtp)(tzdtH)]2 (tmtp = tri-m-tolylphosphane),[5]

the two main planes in 3 through Br(1), Cu(1), Br(2) and
Br(1), Cu(2), Br(2) form a dihedral angle of 150.10(2)°, with
Br(2) being displaced from the mean plane defined by
Cu(1), Br(1) and Cu(2) by 0.7201(8) Å. The same uncom-
mon non-planarity adopted by the Cu2I2 moiety previously
observed in [Cu(μ2-I)(dppet)]2 [dppet = cis-1,2-bis(diphen-
ylphosphanyl)ethane] is noteworthy.[7b]

Each of the two CuPCCP five-membered chelate rings
adopts the envelope conformation with the metal atoms out
of the plane containing the four diphos ligand donor atoms
by 0.665(3) and –0.951(2) Å for Cu(1) and Cu(2), respec-
tively. Consequently, the bite angles of the two diphosphane
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units (Table 2) are clearly different, with the larger intrali-
gand P–Cu–P angle belonging to the more distorted
C2P2Cu ring. The four individual Cu–P bonds lie in the
narrow range of 2.2546(11)–2.2600(11) Å and match those
observed in [Cu(dppet)2]PF6,[12] as well as in other cop-
per(i)–diphosphane complexes having a tetrahedral coordi-
nation environment.[6,7] Moreover, there are four clearly dif-
ferent Cu–Br bond lengths within the Cu2Br2 backbone, ly-
ing in the range 2.4279(6)–2.5316(6) Å.

Computational Studies Using DFT

In an attempt to understand some marked structural fea-
tures of the complexes under investigation, we performed
electronic structure calculations based on density functional
theory for compounds 2 and 3, as well as for some related
model species. To obtain a computationally convenient size
for the compounds, we used models resulting from substitu-
tion of the phenyl groups of the diphosphane ligands by H
atoms. The use of such models does not alter the descrip-
tion of the “core” region of the compounds and is ulti-
mately the most efficient and productive route to modelling
the electronic structure and related properties of relatively
big-sized copper(i) complexes. In particular, we sought an
explanation for the exclusive coordination of 2,4-dithioura-
cil through the thione-S atom at C(4) and explored the ori-
gin of the unexpected bend of the Cu2Br2 central core in
compound 3.

Equilibrium Geometries, Electronic Structure and Bonding
Mechanism in the Series of Model Mononuclear Complexes
[CuX(dpbz)] [X = Cl, Br, or I; dpbz = 1,2-bis(diphos-
phanyl)benzene]

Selected structural and electronic properties of the mo-
nonuclear complexes [CuX(dpbz)] (X = Cl, M1; Br, M2; I,
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M3) computed at the B3LYP/DGDZVP level of theory are
given in Table 3.

All [CuX(dpbz)] species are three-coordinate CuI com-
plexes that adopt a trigonal planar structure with the cen-
tral copper(i) atom and the three donor atoms lying in a
plane. As is to be expected, the Cu–X bond lengths increase
upon going from the chloro to bromo to iodo derivative,
which is compatible with the computed ν(Cu–X) stretching
vibrational frequencies at 354, 260 and 235 cm–1, respec-
tively. However, no other significant structural differences
could be observed for the [CuX(dpbz)] (X = Cl, Br or I)
complexes. Based on the HOMO–LUMO energy gap − the
hardness values (η) are shown in Table 3 − one would ex-
pect the tendency for dimerisation to follow the order M3
� M2 � M1.

The most relevant molecular orbitals of the mononuclear
complexes [CuX(dpbz)] related to the bonding mechanism
are depicted schematically in Scheme 2. According to the
natural bond orbital (NBO) population analysis, the CuI

centre acquires a positive natural atomic charge of about
0.61–0.7 |e|. Moreover, the natural electron configuration
(nec) indicates that the electron density is mainly transferred
to the 4s orbital of the copper(i) atom. The nature of the

Table 3. Selected structural parameters and electronic properties of the mononuclear complexes [CuX(dpbz)] (X = Br or Cl) computed
at the B3LYP/DGDZVP level.

Property [CuCl(dpbz)] (M1) [CuBr(dpbz)] (M2) [CuI(dpbz)] (M3)

Re(Cu–X) [Å] 2.175 2.307 2.500
Re(Cu–P1) [Å] 2.314 2.316 2.317
θe(P–Cu–X) [°] 135.9 135.8 135.8
θe(P–Cu–P) [°] 88.6 88.6 88.6
μe [D] 11.09 11.34 11.75
η [eV][a] 1.78 1.70 1.59
qCu

[b] 0.70 0.67 0.61
qX –0.78 –0.75 –0.70
qP 0.23 0.23 0.23
bop(Cu–X)[c] 0.25 0.26 0.28
bop(Cu–P) 0.21 0.21 0.21
nec(Cu)[d] 4s0.413d9.84 4s0.433d9.86 4s0.463d9.87

nec(X) 3s1.963p5.80 4s1.964p5.78 5s1.955p5.74

nec(P) 3s1.453p3.24 3s1.453p3.24 3s1.453p3.24

[a] Hardness η = (εLUMO – εHOMO)/2. [b] Natural charges. [c] Mulliken bond-overlap population. [d] Natural electron configuration.

Scheme 2. The most relevant molecular orbitals of the mononuclear complex [CuBr(dpbz)] (isodensity contours of 0.03 a.u.). The relevant
MOs for [CuCl(dpbz)] and [CuI(dpbz)] are analogous.
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halide ligand does not affect the natural electron configura-
tion of the central CuI atom significantly. Interestingly, the
computed bond overlap populations (bop) of the Cu–Br,
Cu–Cl and Cu–I bonds are of almost equal size.

It can be seen that the Cu–X bond is a composite bond
that acquires a partial double-bond character involving
both σ and π components. The HOMO corresponds to a
π*-antibonding Cu–X interaction that is strongly polarized
towards the halide ligand X. Below the HOMO there is a
set of σ- (HOMO–2) and π-bonding MOs (HOMO–3 and
HOMO–6) that correspond to Cu–X interactions as well as
describing the σ and π dative bonding of the halide ligands.
Finally, the LUMO is delocalised over the benzene ring of
the diphosphane ligand.

Equilibrium Geometries, Electronic Structure and Bonding
Mechanism of the Dinuclear Compounds [Cu(μ-X)-
(dpbz)]2 (X = Cl, Br or I)

Selected structural parameters and electronic properties
of the dinuclear compounds [Cu(μ-Cl)(dpbz)]2 (M4), [Cu(μ-
Br)(dpbz)]2 (M5) and [Cu(μ-I)(dpbz)]2 (M6) computed at
the B3LYP/DGDZVP level of theory are compiled in
Table 4.
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Table 4. Selected structural parameters and electronic properties of the dinuclear model compounds [Cu(μ-X)(dpbz)]2 (X = Cl, Br or I)
computed at the B3LYP/DGDZVP level.

Property [Cu(μ-Cl)(dpbz)]2 (M4) [Cu(μ-Br)(dpbz)]2 (M5) [Cu(μ-I)(dpbz)]2 (M6)

Re(Cu–X) [Å] 2.402 2.525 2.720
Re(Cu–P1) [Å] 2.316 2.327 2.335
Re(Cu···Cu) [Å] 2.972 2.948 2.887
θe(P–Cu–X) [°] 116.2 114.7 112.4
θe(P–Cu–P) [°] 89.1 88.8 88.5
θe(Cu–X–Cu) [°] 76.4 71.5 64.1
θe(X–Cu–X) [°] 103.6 108.5 115.9
μe [D] 0.00 0.00 0.00
η [eV][a] 2.02 2.00 2.40
qCu

[b] 0.75 0.70 0.62
qX –0.78 –0.75 –0.67
qP 0.24 0.24 0.24
bop(Cu–X)[c] 0.13 0.15 0.16
bop(Cu–P) 0.12 0.13 0.12
nec(Cu)[d] 4s0.343d9.86 4s0.393d9.87 4s0.423d9.90

nec(X) 3s1.953p5.82 4s1.954p5.78 5s1.945p5.72

nec(P) 3s1.463p3.22 3s1.463p3.22 3s1.463p3.22

[a] Hardness η = (εLUMO – εHOMO)/2. [b] Natural charges. [c] Mulliken bond-overlap population. [d] Natural electron configuration.

As is to be expected, the dicopper(i) compounds adopt a
“diamond like” structure of C2h symmetry with the plane
of the Cu(μ-X)2Cu “rhombus” bisecting the P–Cu–P bond
angles and being perpendicular to the plane of the diphos-
phane ligands. The four equivalent Cu–X bonds defining
the Cu(μ-X)2Cu “rhombus” are elongated by about 0.2 Å
compared to the corresponding Cu–X bonds of the mono-
mers. The calculated structural parameters are in line with
those of the “real” complex 3 derived from the X-ray struc-
tural analysis. However, the non-planarity of the Cu2Br2

central core of complex 3 is not observed for the Cu2X2

core in the optimised structures of the model compounds
M4, M5, and M6, thus indicating that steric and/or crystal-
packing effects in the solid state should be responsible for
the Cu2Br2 folding across the Br···Br line and the non-
equivalent coordination spheres around the two CuI metal
centres.

To verify this hypothesis, the rigid and relaxed PES of
the “real” complex 3 and the model compound M5 were
calculated at the B3LYP/DGDZVP level of theory. It was
found that the bending of the Cu2Br2 core in the “real”
complex 3 and the model compound M5 demands only 0.6
and 0.4 kcalmol–1, respectively, thus indicating a very flat
potential energy surface for both complexes. Therefore, fac-
tors such as the 4.298-Å π-stacking interaction between two
almost parallel phenyl groups of the dppbz ligand could
enforce the bending of the Cu2Br2 core in the real complex
3. It should be noted that in an analogous dinuclear AgI

complex containing bulky diphosphane or diarsane ligands
the folding of the Ag(μ-Br)2Ag core has been attributed to
steric strain in the crystal.[13] The intermetallic Cu···Cu dis-
tance follows the order M4 � M5 � M6, in line with our
previous results[7a] on analogous systems with general for-
mula [Cu(μ-X)(PH3)2]2 (X = Cl, Br or I), as well to the
observations made by Soloveichic et al.[14] in the framework
of EHMO theory for the complexes [LnCu(μ-X)CuLn] (n =
1 or 2, L = PR3). Alvarez et al.[15] have also found from
MP2 and B3LYP calculations that the Cu···Cu distance in
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a series of [CuXL]2 (X = Cl, Br or I) complexes decreases
upon increasing the size of the bridging halide ligand. The
X–Cu–X bond angle in M6 was found to be more obtuse
relative to that found for M5 or M4, while the opposite
holds true for the Cu–X–Cu bond angle (Table 4).

The computed νsym(X–Cu–X) stretching vibrational fre-
quencies at 140, 110 and 87 cm–1 for the chloro, bromo and
iodo derivatives, respectively, are compatible with the elon-
gated Cu–X bonds in the dimers. The same also holds true
for the computed νsym(Cu–X–Cu) stretching vibrational fre-
quencies at 202, 172 and 160 cm–1 for M4, M5 and M6,
respectively.

All [Cu(μ-X)(dpbz)]2 (X = Cl, Br, or I) molecules are
predicted to be thermodynamically more stable than the
corresponding monomers; the calculated heat of reaction
ΔRH for the dimerisation process was found to be 25–
26 kcalmol–1 at the B3LYP/DGDZVP level of theory. In
addition, both M4 and M5 exhibit almost equal HOMO–
LUMO energy gaps as well as hardness values, indicating
comparable stability. On the other hand, M6 exhibits the
highest HOMO–LUMO energy gap and hardness value,
and is expected to be the most stable amongst the [Cu(μ-
X)(dpbz)]2 (X = Cl, Br, or I) complexes.

No significant differences could be observed between the
natural and net atomic charges on the CuI bridging halide
and phosphorus donor atoms of M4, M5 and M6 (Table 4).
The CuI metal centres acquire positive natural charges of
about 0.6–0.8 |e|, while the halide bridging ligands acquire
negative natural charges of around –0.7 |e|. According to
the natural electron configurations, the electron density is
mainly transferred from the valence p atomic orbitals of the
bridging halide ligands to the 4s orbitals of the CuI metal
centres.

The most important MOs of the [Cu(μ-X)(dpbz)]2 di-
mers are depicted in Scheme 3. The HOMO corresponding
to π* antibonding Cu–X interactions is polarized towards
the bridging halide ligands, while the LUMO is delocalised
over the benzene rings of the diphosphane ligands. There
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Scheme 3. The most important molecular orbitals of the dinuclear complex [Cu(μ-Br)(dppbz)]2 (isodensity contours of 0.03 a.u.). The
relevant MOs for [Cu(μ-Cl)(dppbz)]2 and [Cu(μ-I)(dppbz)]2 are analogous.

are σ-type MOs (HOMO–17 and HOMO–18) delocalised
over the entire four-membered Cu(μ-X)2Cu ring. The de-
localisation of the σ-electron density over the Cu(μ-X)2Cu
rhombus having eight framework electrons[16] could proba-
bly account for the almost equivalent Cu–X bonds. Interest-
ingly, all [Cu(μ-X)(dpbz)]2 dimers exhibit a σ-type MO
(HOMO–10), which suggests the existence of weak inter-
metallic Cu···Cu interactions.

Equilibrium Geometries, Electronic Structure and Bonding
Mechanism of Mononuclear [CuX(dpbz)(2,4-dtucH2)]
(X = Cl, Br or I) Complexes

Selected structural parameters and electronic properties
of the model compounds mononuclear [CuCl(dpbz)(2,4-
dtucH2)] (M7), [CuBr(dpbz)(2,4-dtucH2)] (M8) and [Cu-
I(dpbz)(2,4-dtucH2)] (M9) computed at the B3LYP/
DGDZVP level of theory are summarised in Table 5.

Table 5. Selected structural parameters and electronic properties of the mononuclear model compounds [CuX(dpbz)(2,4-dtucH2)] (X =
Cl, Br or I) computed at the B3LYP/DGDZVP level.

Property [CuCl(dpbz)(2,4-dtucH2)] (M7) [CuBr(dpbz)(2,4-dtucH2)] (M8) [CuI(dpbz)(2,4-dtucH2)] (M9)

Re(Cu–X) [Å] 2.324 2.451 2.647
Re(Cu–P1) [Å] 2.341 2.348 2.356
Re(Cu–S) [Å] 2.336 2.346 2.349
θe(P–Cu–X) [°] 105.2 105.4 105.7
θe(P–Cu–P) [°] 88.0 87.8 87.4
θe(P–Cu–S) [°] 120.0 118.8 116.3
θe(S–Cu–X) [°] 114.6 116.7 120.3
μe [D] 6.62 7.14 8.11
η [eV][a] 3.31 3.12 2.77
qCu

[b] 0.71 0.69 0.65
qX –0.77 –0.75 –0.71
qP 0.23 0.24 0.23
qS –0.21 –0.20 –0.20
bop(Cu–X)[c] 0.17 0.19 0.21
bop(Cu–P) 0.15 0.15 0.15
bop(Cu–S) 0.20 0.21 0.20
nec(Cu)[d] 4s0.373d9.86 4s0.393d9.87 4s0.413d9.88

nec(X) 3s1.963p5.80 4s1.964p5.78 5s1.965p5.75

nec(P) 3s1.463p3.23 3s1.463p3.22 3s1.463p3.23

nec(S) 3s1.733p4.44 3s1.733p4.44 3s1.733p4.43

[a] Hardness η = (εLUMO – εHOMO)/2. [b] Natural charges. [c] Mulliken bond-overlap population. [d] Natural electron configuration.
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The complexes are four-coordinate with a tetrahedral co-
ordination environment. The calculated structural param-
eters of M8 are in excellent agreement with those obtained
from the X-ray structural analysis of the “real” complex 2.
The most remarkable structural difference between M8 and
2 is the orientation of the 2,4-dithiouracil ring − in M7, M8
and M9 the plane of the 2,4-dithiouracil ring is perpendicu-
lar to the plane of the diphosphane ligand and bisects the
P–Cu–P bond angle. The 2,4-dithiouracil ligand in M7, M8
and M9 is further stabilized by a hydrogen bond between
the halide ligand and an H atom of the 2,4-dithiouracil.
The calculated X···H distances are predicted to be 2.113,
2.302 and 2.597 Å for M7, M8 and M9, respectively. The
H-bond formation is reflected in the computed X···H bop
values, which were found to be 0.16, 0.14 and 0.12 for M7,
M8 and M9, respectively, as well as in the existence of a
MO, with a σ component (Scheme 4, b), describing the
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Scheme 4. The most important molecular orbitals of 2,4-dithiouracil (a) and the mononuclear compound [CuBr(dpbz)(2,4-dtucH2)] (b)
(isodensity contours of 0.03 a.u.). the relevant MOs for [CuCl(dpbz)(2,4-dtucH2)] and [CuI(dpbz)(2,4-dtucH2)] are analogous.

X···H interaction. The latter introduces an elongation to the
N–H bond only about 0.03–0.02 Å in the 2,4-dithiouracil
ligand with respect to that of the “free” ligand.

The computed unscaled ν(N–H) stretching vibrational
frequencies appear at 3002, 3068 and 3160 cm–1 for M7, M8
and M9, respectively, while in the “free” 2,4-dithiouracil li-
gand it appears at 3564 cm–1. The strong shift of the ν(N–
H) stretching vibrational band towards lower frequencies
upon coordination of the 2,4-dithiouracil ligand to the CuI

centre is indicative of the involvement of the H atom in H-
bond formation with the halide ligand. In all
[CuX(dpbz)(2,4-dtucH2)] (X = Cl, Br, or I) complexes the
X···H–N moiety is almost linear, the calculated X···H–N
bond angle being equal to 175–177°. On the other hand,
the S–Cu–X and Cu–S–C bond angles were found to be
smaller, ranging from 114–120° and 110–114°, respectively.
Coordination of 2,4-dithiouracil to the CuI centre does not
alter its structure significantly. However, in the
[CuX(dpbz)(2,4-dtucH2)] (X = Cl, Br, or I) complexes the
coordination of the 2,4-dithiouracil through the S donor
atom in the 4-position lengthens the C=S bond by about
0.03 Å. This could be attributed to electron-density transfer
from the C=S group of the 2,4-dithiouracil ligand to the
CuI centre, leading to formation of the Cu–S coordination
bond. The latter has a composite nature and exhibits both
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σ and π components, as can be seen from the corresponding
MOs shown in Scheme 4b. The electron density is transfer-
red from the HOMO of the 2,4-dithiouracil ligand, which
is a non-bonding (lone pair) p-type MO localised mainly
on the S donor atom at the 4-position and to a lesser extent
on the S atom at the 2-position (Scheme 4a), to a vacant
orbital of the CuI metal centre, thus forming the σ(Cu�S)
dative coordination bond. Obviously, the nature of the
HOMO accounts well for the inability of the S atom at the
2-position to act as a second donor atom coordinated to
another CuI metal centre. In addition, there is π back-bond-
ing through the interaction of an occupied orbital of the
CuI centre with the LUMO of the 2,4-dithiouracil ligand,
which is a delocalised π*-type MO having a high contri-
bution from the 3p orbitals of the S(4) acceptor atom
(Scheme 4a). The Cu–S coordination bond is relatively
weak, with a predicted bond-dissociation energy (BDE) of
16.2, 14.8 and 13.2 kcalmol–1 for M7, M8 and M9, respec-
tively, at the B3LYP/DGDZVP level.

Upon coordination of the 2,4-dithiouracil ligand to the
[CuX(dpbz)] (X = Cl, Br, or I) fragment the Cu–X bond is
elongated by about 0.14–0.15 Å. This elongation is ac-
companied by a decrease of the bop values compared to
those found for the [CuX(dpbz)] fragments. The coordina-
tion of the 2,4-dithiouracil to the CuI centre of the
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[CuX(dpbz)] fragments does not affect the natural atomic
charges significantly, while the same holds true for the natu-
ral electron configurations of the respective atoms.

Conclusions

We have described the synthesis and structural character-
isation of copper(i) coordination compounds bearing 1,2-
bis(diphenylphosphanyl)benzene (dppbz) and/or 2,4-dithio-
uracil (2,4-dtucH2) as ligands. The reaction of 1,2-bis(di-
phenylphosphanyl)benzene (dppbz) with copper(i) halides
yields [CuX(dppbz)] adducts, which for X = Br corresponds
to a dimer of the formula [Cu(μ-Br)(dppbz)]2 containing a
non-symmetrical, bent Cu2Br2 core structure. The Cu···Cu
separation distance of 2.8410(6) Å is indicative of weak in-
termetallic interactions. The latter is further corroborated
by DFT calculations on the model dinuclear compound
[Cu(μ-Br)(dpbz)]2, which exhibits a characteristic σ-type
MO (HOMO-10) describing these weak intermetallic
Cu···Cu interactions. However, the non-planarity of the
central Cu2Br2 core is not observed for the Cu2X2 core in
the optimised model structures, thus indicating that π-
stacking interactions between the two almost parallel
phenyl groups of the diphosphane ligand are probably re-
sponsible for the Cu2Br2 folding across the Br···Br axis. The
presence of σ-type MOs delocalised over the entire four-
membered Cu(μ-X)2Cu ring containing eight framework
electrons accounts for the equivalent Cu–X bonds of the
rhombus. The dimerisation energy of the [Cu(μ-X)(dpbz)]2
(X = Cl, Br, or I) dimers is predicted to be 25–26 kcalmol–1

at the B3LYP/DGDZVP level. The [CuBr(dppbz)]2 dimer
and its chloride and iodide analogues prove to be good pre-
cursors for the preparation of other derivatives and are
used, in the course of the present study, for the synthesis of
heteroleptic complexes which contain, besides the chelating
dppbz, a 2,4-dithiouracil ligand. In line with theoretical
predictions, the 2,4-dithiouracil ligand, which adopts the di-
thione form as its stable conformation, acts as a mono-
dentate ligand that is coordinated to the metal ion exclu-
sively through its thione-S atom at the 4-position. The na-
ture of the HOMO − a non-bonding, lone-pair, π-type MO
localised mainly on the S donor atom at the 4-position −
accounts well for the inability of the S atom at the 2-posi-
tion to act as a second donor to another CuI centre. More-
over, the 2,4-dithiouracil ligand in the [CuX(dpbz)(dtucH2)]
complexes is predicted to be loosely associated with the CuI

centre, the interaction energies being 13–16 kcalmol–1 at the
B3LYP/DGDZVP level.

Experimental Section
Materials and Instrumentation: Commercially available copper(i)
chloride, bromide and iodide, and 1,2-bis(diphenylphosphanyl)ben-
zene were used as received, while pyrimidine-2,4-dithione (Aldrich)
was recrystallised from hot ethanol prior to use. All the solvents
were purified by standard methods and stored over molecular
sieves. IR spectra in the region of 4000–200 cm–1 were obtained in
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KBr discs with a Perkin–Elmer 1430 spectrophotometer, while a
Perkin–Elmer–Hitachi 200 spectrophotometer was used to obtain
the electronic absorption spectra. Melting points were measured in
open tubes with a STUART scientific instrument and are uncor-
rected. Molar conductivities, magnetic susceptibility measurements
and elemental analyses for carbon, nitrogen and hydrogen were per-
formed as described elsewhere.[17]

Computational Details: The structural, electronic and energetic
properties of all compounds were computed with Becke’s three-
parameter hybrid functional[18] combined with the Lee–Yang–Parr
correlation functional,[19] abbreviated as B3LYP, using the
DGDZVP basis set.[20] We used the all-electron, double-zeta val-
ence DGDZVP basis set, which is comparable with the 6-31G(d)
level,[21] because it has been found previously[22] that it provides a
satisfactory description of the structural and energetic properties
of analogous CuI complexes (overall closer to the experiment) but
it is less time consuming for computations with such big-sized tran-
sition metal complexes than the larger 6-31G(d,p) basis set. No
constraints were imposed on the geometry in any of the calcual-
tions. Full geometry optimisation was performed for each structure
using Schlegel’s analytical gradient method[23] and the attainment
of the energy minimum was verified by calculating the vibrational
frequencies that result in an absence of imaginary eigenvalues. All
calculations were performed using the Gaussian 03 suite of pro-
grams.[24]

Crystal Structure Determination: Single crystals suitable for crystal-
structure analysis were obtained by slow evaporation of acetoni-
trile/methanol solutions of the complexes at room temperature. X-
ray diffraction data were collected on an Enraf–Nonius Kappa
CCD area-detector diffractometer. The programs DENZO[25] and
COLLECT[26] were used for data collection and cell refinement,
respectively. Details of crystal and structure refinement are shown
in Table 6. The structures were solved using the program SIR97[27]

and refined with SHELX-97.[28] Molecular plots were obtained
with the program ORTEP-3.[29]

CCDC-243707 (for 2) and -269670 (for 3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Complexes 1 and 2: 1,2-Bis(diphenylphosphanyl)ben-
zene (223.2 mg, 0.1 mmol) was added to a suspension of CuCl or
CuBr (0.5 mmol) in 30 mL of dry acetonitrile and the mixture was
stirred for 2 h at 50 °C, during which time a greenish precipitate
was formed. A solution of pyrimidine-2,4-dithione (0.5 mmol) in a
small amount (�20 mL) of methanol was then added and the reac-
tion mixture was stirred under reflux for two hours, whereupon the
precipitate gradually disappeared. The resulting clear solution was
filtered off and left to evaporate at ambient temperature. The
microcrystalline solid, which was deposited upon standing for se-
veral days, was filtered off and dried in vacuo.

[CuCl(dppbz)(2,4-dtucH2)] (1): Orange-red solid (125 mg, 70%),
m.p. 261 °C. C34H28ClCuN2P2S2 (689.70): calcd. C 59.21, H 4.09,
N 4.06; found C 59.75, H 4.05, N 3.93. IR: ν̃ = 3446m, 3050m,
1599s, 1570vs, 1532vs, 1480m, 1435m, 1342s, 1215s, 1198s, 1100s,
859m, 741s, 692s, 520s, 493s, 467m cm–1. UV/Vis (CHCl3): λmax

(log ε) = 262 nm (3.68), 298 (3.69), 392 (3.31).

[CuBr(dppbz)(2,4-dtucH2)] (2): Orange-red crystals (130 mg, 70%),
m.p. 265 °C. C34H28BrCuN2P2S2 (734.15): calcd. C 55.63, H 3.84,
N 3.82; found C 55.91, H 3.88, N 3.79. IR: ν̃ = 3457m, 3147w,
3070m, 1618m, 1599vs, 1531vs, 1479s, 1435s, 1341m, 1215s,
1196vs,1099vs, 1068m, 768s, 740s, 692vs, 519vs, 492s, 441s cm–1.
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Table 6. Crystal data and structure refinements for 2 and 3.

2 3

Molecular formula C34H28BrCuN2P2S2 C60H48Br2Cu2P4

Formula weight 734.09 1179.76
Temperature [K] 120(2) 120(2)
Wavelength [Å] 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P21/c P21

Unit cell dimensions a = 13.5328(4) Å, α = 90° a = 11.2105(3) Å, α = 90°
b = 14.4864(5) Å, β = 92.407(2)° b = 18.7290(6) Å, β = 97.6364(17)°
c = 16.3381(4) Å, γ = 90° c = 12.1317(2) Å, γ = 90°

Volume [Å3] 3200.12(17) 2524.60 (11)
Z 4 2
Density (calculated) [Mgm–3] 1.524 1.552
Absorpt. coefficient [mm–1] 2.189 2.592
F(000) 1488 1192
Crystal size [mm] 0.52×0.45×0.10 0.10×0.10×0.08
θ range for data collection [°] 2.97 to 27.47° 3.39 to 27.48
Index ranges –17 � h � 17 –14 � h � 14

–18 � k � 18 –22 � k � 24
–21 � l � 19 –15 � l � 15

Reflections collected 46486 30939
Independent reflections 7284 [R(int) = 0.0538] 10626 [R(int) = 0.0571]
Completeness to θ 99.4% (θ = 27.47°) 99.7% (θ = 27.48°)
Data / restraints / parameters 7284 / 0 / 380 10626 / 1 / 613
Max. and min. transmission 0.8108 and 0.3957 0.8195 and 0.7816
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Goodness-of-fit on F2 1.025 0.973
Final R indices [I � 2σ(I)] R1 = 0.0313, wR2 = 0.0680 R1 = 0.0374, wR2 = 0.0613
R indices (all data) R1 = 0.0530, wR2 = 0.0739[a] R1 = 0.0569, wR2 = 0.0666[b]

Largest diff peak and hole [eÅ3] 0.355 and –0.415 0.428 and –0.610

[a] w = 1/[σ2(Fo
2) + (0.0379P)2 + 0.3987P], where P = (Fo

2 + 2Fc
2)/3. [b] w = 1/[σ2(Fo

2) + (0.0184P)2], where P = (Fo
2 + 2Fc

2)/3.

UV/Vis (CHCl3): λmax (log ε) = 248 nm (4.09), 284 (4.31), 358
(3.94).

Synthesis of Complexes 3 and 4: 1,2-Bis(diphenylphosphanyl)ben-
zene (446.5 mg, 1 mmol) was added to a suspension of copper(i)
bromide or iodide (1 mmol) in 50 mL of dry acetonitrile, and the
mixture was heated under reflux for 4 h. Slow evaporation of the
resulting light-green solution at room temperature gave a crystal-
line solid, which was filtered off and dried in vacuo.

[Cu(μ2-Br)(dppbz)]2 (3): Light-green powder (550 mg, 93%), m.p.
295 °C. C30H24BrCuP2 (589.93): calcd. C 61.08, H 4.10; found C
60.86, H 3.97. IR: ν̃ = 3415m, 3049w, 1637w, 1585m, 1480m,
1435s, 1184m, 1096m, 1027m, 750m, 744s, 695s, 518s, 497m,
482m cm–1. UV/Vis (CHCl3): λmax (log ε) = 258 nm (3.71), 293
(3.68), 351 (3.63).

[CuI(dppbz)]x (4): Light-green powder (541 mg, 85%), m.p. 298 °C.
C30H24CuIP2 (636.94): calcd. C 61.08, H 4.10; found C 56.15, H
3.89. IR: ν̃ = 3437m, 3048w, 1637m, 1585w, 1480m, 1434s, 1184w,
1156w, 1094m, 1027w, 759m, 741s, 691vs, 518vs, 496m, 480m
cm–1 UV/Vis (CHCl3): λmax (log ε) = 248 nm (4.35), 293 (4.16), 328
(4.07).

Synthesis of [CuI(dppbz)(2,4-dtucH2)] (5): 1,2-Bis(diphenylphos-
phanyl)benzene (112 mg, 0.25 mmol) was added in small portions
to a suspension of 4 (83 mg, 0.25 mmol) in 60 mL of dry acetone
and the mixture was stirred for 1 h at 50 °C. The resulting clear
solution was filtered and left to evaporate at ambient. The micro-
crystalline solid that was deposited upon standing for several days
was filtered off and dried in vacuo. Orange powder (105 mg, 53%),
m.p. 305 °C. C34H28CuIN2P2S2 (781.16): calcd. C 52.28, H 3.61, N
3.59; found C 52.47, H 3.59, N 3.46. IR: ν̃ = 3216w, 3048m,
1610m, 1531s, 1480s, 1435s, 1185m, 1112m, 1095vs, 759m, 742vs,
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692vs, 518vs, 496s, 480m cm–1. UV/Vis (CHCl3): λmax (log ε) =
248 (4.36), 330 (4.04).

Synthesis of Complexes 6 and 7: A solution of 2,4-dithiouracil
(144 mg, 1 mmol) in a small amount (�20 mL) of methanol was
added to a suspension of CuI or CuBr (0.5 mmol) in 30 mL of dry
acetonitrile and the mixture was stirred for 2 h. The orange-yellow
precipitate that deposited upon cooling was filtered off, washed
with small amounts of THF and dried in vacuo.

[CuI(2,4-dtucH2)]x (6): Orange-red powder (155 mg, 93%), m.p.
295 °C. C4H4CuIN2S2 (334.68): calcd. C 14.36, H 1.20, N 8.37;
found C 14.23, H 1.12, N 7.85. IR: ν̃ = 3212m, 3096w, 2975w,
1609vs, 1528vs, 1466m, 1260s, 1220s, 1195s, 1110vs, 983m, 856m,
789m, 692m, 671m, 462m, 395w cm–1 UV/Vis (DMF): λmax (log ε)
= 284 (4.07), 352 (3.75), 397 (3.04).

[CuBr(2,4-dtucH2)]x (7): Orange-red powder (120 mg, 84%), m.p.
280 °C. C4H4BrCuN2S2 (287.67): calcd. C 16.70, H 1.40, N 9.74;
found C 17.62, H 1.49, N 9.50. IR: ν̃ = 3198w, 3070m, 2985m,
2883m, 1616s, 1575s, 1551vs, 1481m, 1220m, 1125s, 744w, 693m,
518w cm–1 UV/Vis (DMF): λmax (log ε) = 284 (4.18), 354 (3.88),
403 (3.45).
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The reaction of PhSeSiMe3, CuCl, InCl3, and Ph4AsCl in
CH2Cl2 results in crystals of the structurally closely related,
ionic clusters (AsPh4)2[Cu6In4Cl4(SePh)16] and (AsPh4)-
[Cu7In4(SePh)20], with product ratios dependent on the initial
PhSeSiMe3 concentration. Both molecules display a fused
four-adamantoid structure related to the solid-state structure
of CuInSe2. Since the crystallographic analysis for [Cu7In4-

Introduction

There has been considerable interest in the synthesis and
properties of ternary transition metal chalcogenide and
chalcogenolate cluster molecules. Examples for different
classes of compounds include [Cu6In3(SEt)16](PPh4),[1]

[MI
6MIII

8Cl4E13(PPh3)6] (MI = Cu, Ag; MIII = Ga, In;
E = S, Se),[2] [Cu11In15Se16(SePh)24(PPh3)4],[3] [Ag26In18S36-
Cl6(dppm)10(THF)4][InCl4(THF)]2,[4] [Hg15Cu20S25(P-
nPr3)18],[5,6] [Cu4Nb2Se6(PMe3)8],[7] [Ta4Cu12Cl8S12(PMe3)12][8]

and [(N,N,N�,N�-tmeda)5Zn5Cd11Se13(SePh)6(THF)2].[9]

Interest in these compounds arises for several reasons: (a)
investigation of the structural build-up of a certain compo-
sition of elements with respect to existing and nonexisting
bulk phases, (b) development of precursor compounds for
the production of thin films of ternary materials and (c)
investigation of the properties of nano-sized species. With
respect to (a), it was found that most of the cluster struc-
tures formed by elements of group 11–13–16 have, at this
stage of growth, no resemblance to the bulk chalcopyrite
structure of these materials. On the other hand, stable com-
pounds such as [Hg15Cu20S25(PnPr3)18] could be formed for
compositions of elements that have no stable counterpart
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(SePh)20]– remained ambiguous with respect to the assign-
ment of one of the copper atoms, we performed a high-reso-
lution mass spectrometric analysis as well as DFT computa-
tions to address this problem.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

in the bulk phase. Kanatzidis et al. studied the suitability
of mixed copper indium chalcogenolates as precursor mate-
rials for the photovoltaic materials CuInE2 (E = S, Se).[1,10]

Corrigan et al. observed room-temperature fluorescence for
the ternary 12–12�–16 cluster (12 = Zn; 12� = Cd; 16 = Se),
[(N,N,N�,N�-tmeda)5Zn5Cd11Se13(SePh)6(THF)2],[9] while
binary cadmium or zinc selenide clusters showed weak lu-
minescence only at temperatures below 50 K. During recent
studies, it was found that the investigation of these com-
pounds containing complex mixtures of elements needs a
combination of various investigative approaches to reach
conclusions with confidence.[4]

We report herein the synthesis, structural characteriza-
tion, and theoretical investigation of [As(C6H5)4]2[Cu6In4-
(SeC6H5)16Cl4] and [As(C6H5)4][Cu7In4(SeC6H5)20].

Results and Discussion

Synthesis and Structure Determination by X-ray
Crystallography

Depending on the amount of PhSeSiMe3 used, the reac-
tion of CuCl, InCl3 and Ph4AsCl in CH2Cl2 results in the
formation of crystals of either (AsPh4)2[Cu6In4Cl4(SePh)16]
(1) or (AsPh4)[Cu7In4(SePh)20] (2), as outlined in Scheme 1.

Scheme 1.
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Compound 1 crystallizes in the triclinic space group P1̄

(Table 1). The tetrahedrally shaped core of the cluster anion
in 1 (Figure 1) is composed of four fused distorted
{InCu3Se6} adamantoid cages. In this way, all six copper
atoms (Cu1–Cu6) and four μ3-SePh– ligands (Se1–Se4)
build a central adamantoid cage [Cu6(SePh)4]2+, which is
face-capped by four [(μ2-SePh)3InCl]– (In1–In4, Cl1–Cl4)
units through μ2-SePh ligands (Se5–Se16). All copper and
indium atoms display a distorted tetrahedral coordination
environment [bond angles: Se–Cu–Se 95.88(6)–124.33(7)°;
Se–In–Se 100.35(4)–122.44(4)°; Cl–In–Se 102.44(8)–
110.71(8)°]. The Cu-μ2-Se bonds {246.16(18) [Cu(2)–Se(6)]
to 252.0(2) pm [Cu(1)–Se(8)]} are found to be slightly
longer than the corresponding Cu-μ3-Se bonds ranging
from 239.42(12) (Cu6–Se4) to 245.13(19) pm (Cu3–Se2).
The In-μ2-SePh bond lengths range from 256.07 (In2–Se14)
to 258.30(14) pm (In4–Se9), and the In–Cl bond lengths
from 240.5 to 242.8 pm. The so-formed tetrahedral cluster
cage is isostructural to known binary and ternary cluster
molecules like [Cd10(SCH2CH2OH)16]4+,[11] [M10E4-
(SPh)16]4– (M = Zn, Cd; E = S, Se)[12,13] [M10E4-
(E�Ph)12(PR3)4] (M = Zn, Cd, Hg; E, E� = S, Se, Te; R =
organic group)[14–19] and [In10Se16]6–.[20]

Table 1. Crystallographic data for [As(C6H5)4]2[Cu6In4(SeC6H5)16-
Cl4] (1) and [As(C6H5)4][Cu7In4(SeC6H5)20] (2).

1·3.5CH2Cl2 2·4CH2Cl2

Molecular mass [g/mol] 4712 4780.3
Crystal system triclinic tetragonal
Space group P1̄ I4̄
a [Å] 17.660(4) 19.428(3)
b [Å] 18.290(4)
c [Å] 28.029(6) 21.037(4)
α [°] 88.16(3)
β [°] 79.96(3)
γ [°] 82.72(3)
V [Å3] 8842(3)) 7940(2)
Z 2 2
T [K] 190 190
dcalcd. [g cm–3] 1.770 2.097
μ(Mo-Kα) [mm–1] 5.152 6.460
F[000] 4524 4560
2θmax [°] 50 50
Measured reflexions 54957 20827
Unique reflexions 27884 6891
Rint 0.0822 0.0762
Reflexions with I � 2σ(I) 21130 6136
Refined parameters 1661 406
R1[I � 2σ(I)][a] 0.0655 0.0394
wR2(all data)[b] 0.2299 0.1109
Absolute structure parameter 0.012

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

Compound 2 crystallizes in the tetragonal space group
I4̄ with a crystallographic 4̄ axis running through As(1) of
the Ph4As+ cation and Cu(2)/Cu(2�) of the cluster anion.
The molecular structure of the anion core, [Cu7In4-
(SePh)20]–, is, with the exception of two differences, very
similar to the structure of 1 (Figure 2). First, the use of an
excess of PhSeSiMe3 leads to an exchange of the terminal
chloro ligands with SePh– groups. The second, and more
remarkable, difference concerns the stoichiometry and
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Figure 1. Molecular structure of the cluster anion [Cu6In4Cl4-
(SePh)16]2– in (AsPh4)2[Cu6In4Cl4(SePh)16] (1). C and H atoms are
omitted for clarity. Selected bond lengths [pm]: Cu(1)–Se(1)
243.81(17), Cu(1)–Se(2) 244.02(17), Cu(1)–Se(5) 248.25(18), Cu(1)–
Se(8) 252.0(2), Cu(2)–Se(1) 242.26(18), Cu(2)–Se(4) 244.24(17),
Cu(2)–Se(6) 246.16(18), Cu(2)–Se(9) 249.52(17), Cu(3)–Se(4)
2.4274(17), Cu(3)–Se(2) 245.13(19), Cu(3)–Se(10) 248.88(18),
Cu(3)–Se(7) 251.0(2), Cu(4)–Se(3) 242.96(17), Cu(4)–Se(2)
244.83(18), Cu(4)–Se(16) 247.3(2), Cu(4)–Se(15) 247.86(18), Cu(5)–
Se(1) 242.72(17), Cu(5)–Se(3) 243.48(17), Cu(5)–Se(11) 246.69(19),
Cu(5)–Se(12) 249.57(18), Cu(6)–Se(4) 239.42(18), Cu(6)–Se(3)
241.50(19), Cu(6)–Se(13) 246.40(19), Cu(6)–Se(14) 247.37(19),
In(1)–Cl(1) 240.5(3), In(1)–Se(7) 256.57(15), In(1)–Se(5)
257.27(16), In(1)–Se(6) 257.90(14), In(2)–Cl(2) 242.6(3), In(2)–
Se(14) 256.07(15), In(2)–Se(15) 256.07(16), In(2)–Se(10) 257.02(16),
In(3)–Cl(3) 242.8(3), In(3)–Se(16) 256.14(15), In(3)–Se(11)
256.33(14), In(3)–Se(8) 257.91(15), In(4)–Cl(4) 241.3(3), In(4)–
Se(13) 256.16(15), In(4)–Se(12) 257.20(16), In(4)–Se(9) 258.30(14).

charge of the cluster anion. In the difference Fourier map,
we found additional electron density on four symmetry-
equivalent sites of the cluster, which were initially refined
as one fourfold degenerated copper atom Cu(3). Compared
to the cluster anion of 1, this results in a reduction of the
overall charge of the cluster anion from –2 to –1 if we assign
the metal atoms as In3+ and Cu+. In agreement with this,
we found only one tetraphenylarsonium countercation in
the crystal structure. However, the observed density could
also be the result of four real atoms of roughly a quarter of
the atomic number and weight (e.g. oxygen). In order to
maintain the overall charge of the cluster at –1, the elec-
tronic structure of the cluster must be significantly altered.
Mass spectrometry and DFT computations were performed
to address this problem (see further below). The additional
copper atom [Cu(3)] is located in the middle of a six-mem-
bered ring [Se(4), In(1), Se(2), Cu(1�), Se(5��) and Cu(1��)]
and has a nearly trigonal-planar coordination environment
[Se–Cu–Se: 118.62(18) to 120.8(2)°]. The other copper
atoms [Cu(1), Cu(2) and symmetry-equivalent positions]
and indium atoms [In(1) and symmetry-equivalent posi-
tions] are all coordinated in distorted tetrahedral form by
the selenium atoms of the SePh ligand [bond angles: Se–
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Cu–Se 98.92(6)–123.55(5)°; Se–In–Se 103.23(3)–110.72(3)°].
As a consequence of the incorporation of an additional
copper atom, the selenium atoms of the SePh ligands dis-
play a different set of bridging modes in 2 compared to
those in 1. Se(1), Se(1�), Se(1��) and Se(1���) are terminally
bonded to In(1) and its symmetry-equivalent positions.
Eight SePh ligands [Se(2), Se(2�), Se(2��), Se(2���), Se(4),
Se(4�), Se(4��) and Se(4���)] are μ3-bridging between two
copper and one indium atom, whereas Se(3), Se(3�), Se(3��)
and Se(3���) act as μ2 bridges between two copper atoms.
Se(5), Se(5�), Se(5��) and Se(5���) function as μ4 bridges be-
tween four copper atoms. The Cu–SePh bond lengths range
from 241.99(12) (Cu1–Se5) to 263.8(5) pm (Cu3–Se2) and
the In–SePh bond lengths vary from 253.46(10) (In1–Se1)
to 260.32(10) pm (In1–Se2).

Figure 2. Molecular structure of the cluster anion [Cu7In4-
(SePh)20]– in (AsPh4)[Cu7In4(SePh)20] (2). C and H atoms are omit-
ted for clarity. Selected bond length [pm] (solid lines): In(1)–Se(1)
253.46(10), In(1)–Se(3) 259.29(10), In(1)–Se(4) 260.25(9), In(1)–
Se(2) 260.32(10), Cu(1)–Se(5) 241.99(12), Cu(1)–Se(5���)
243.92(12), Cu(1)–Se(2�) 246.77(14), Cu(1)–Se(4���) 250.26(14),
Cu(2)–Se(5) 245.96(12), Cu(2)–Se(5�) 245.96(12), Cu(2)–Se(3�)
247.40(12), Cu(2)–Se(3) 247.40(12), Cu(3)–Se(5��) 235.3(5), Cu(3)–
Se(4) 251.5(5), Cu(3)–Se(2) 263.8(5), Se(2)–Cu(1�) 246.77(14),
Se(4)–Cu(1��) 250.26(14), Se(5)–Cu(3���) 235.3(5), Se(5)–Cu(1��)
243.92(12). Weak contacts [pm] (dashed lines): Cu(1)–Cu(3�)
227.4(6), Cu(1)–Cu(3���) 228.4(5), In(1)–Cu(3) 261.0(5). Symmetry
transformations for the generation of equivalent atoms: �: –x, –y –
1, z; ��: –y – 0.5, x – 0.5, –z + 0.5; ���: y + 0.5, –x – 0.5, –z + 0.5.

Kanatzidis et al. reported the structure of a closely re-
lated singly charged cluster anion, [Cu6In3(SEt)16]–, in
which one [(μ2-SEt)3InSEt]– cap, which is needed to form
the ideal four-fused adamantoid structure of [Cu6In4-
(SEt)20]2–, is missing.[1] Apparently, the hypothetical species
of [Cu6In4(ER)20]2– (E = S, Se) is unstable as the dianion.

The solid-state UV/Vis spectra of 1 and 2 (Figure 3, bot-
tom part) are quite similar, with a first shoulder at 400 nm
(3.1 eV) and a broad maximum at 310 nm (4.0 eV). In solu-
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tion, one observes similar absorption features with the
bands shifted to 370 nm (3.4 eV) and 265 nm (4.7 eV),
respectively. As mass spectrometry indicates the existence
of the intact cluster anions in solution, the shift between
solid-state and solution spectra likely arises from inhomo-
geneities of the crystal-oil mull between the quartz plates,
which has been observed for other samples.[21]

Figure 3. UV/Vis spectra of (AsPh4)2[Cu6In4Cl4(SePh)16] (1) and
(AsPh4)[Cu7In4(SePh)20] (2) in solution (CH2Cl2) and in the solid
state (mull in nujol between two quartz plates).

Mass Spectrometry

The additional charge density found in the X-ray diffrac-
tion analysis of compound 2, leading to the proposed sev-
enth (and fourfold degenerate) copper atom Cu(3), ren-
dered another experimental technique desirable which
might give further proof of the stoichiometry and charge
state. Electrospray mass spectrometry, which has been
proven very powerful for this class of compounds,[22,23] was
employed here in conjunction with collision-induced disso-
ciation. The negative-ion mass spectrum of 2 (Figure 4) is
governed by several strong ion signals which are all singly
charged and can be clearly assigned as indicated in the
graphic. The highest mass peak observed (m/z � 4025) is
in complete agreement with the expected isotopomer distri-
bution of the singly charged cluster anion [Cu7In4-
(SePh)20]–, as can be seen from the inset in Figure 4. We
note in passing that the two small peaks marked with an
asterisk and shifted by 120 amu to lower mass are due to
known ligand-exchange reactions of an SePh– group with a
Cl– ion in solution, as has been observed previously.[24,25]

In order to answer the question whether the other strong
ion signals next to the parent ion [Cu7In4(SePh)20]– could
be explained as fragments of the gas-phase ion [Cu7In4-
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(SePh)20]–, we performed a collision-induced dissociation
study on the [Cu7In4(SePh)20]– cluster anion (Figure 5).
Interestingly, the observed fragment ions differ significantly
from the ion signals obtained by direct spraying of 2. The
fragmentation pattern indicates that the parent ion [Cu7In4-

(SePh)20]– first looses sequentially two In(SePh)3 units from
the corner sites of the tetrahedral cluster cage (see Figure 2)
with further dissociation of Cu(SePh) units. On the other
hand, the four major ion peaks of Figure 4 can be formally
added up pairwise {namely [Cu6In3(SePh)19]–/[In(SePh)4]–

and [Cu3In3(SePh)13]–/[Cu3In(SePh)7]–} to give a [Cu6In4-

Figure 4. Negative-ion electrospray mass spectrum of 2. The inset
shows a high-resolution mass spectrum of the ion peak at m/z �
4025 displaying the isotopomer splitting in comparison to the cal-
culated distribution expected for [Cu7In4(SePh)20]–.

Figure 5. Mass spectrum of [Cu7In4(SePh)20]– isolated in the ICR
cell (top panel) and after collision-induced dissociation with argon
(bottom panel). The fragmentation pattern can be fully described
by sequential loss of In(SePh)3 and Cu(SePh) units consistent with
the structure shown in Figure 2.
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(SePh)20]2– entity which would rather point towards a solu-
tion-phase dissociation of 2, i.e., loss of Cu+.

However, the fragmentation pattern of 2 strongly sup-
ports the identity of the parent ion as [Cu7In4(SePh)20]– rul-
ing out other possibilities like the incorporation of oxygen.

DFT Calculations

For the Cu7 compound, the X-ray structure has some
ambiguities in assignment. The crystallographically im-
posed 4̄ symmetry distributes the effective electron density
of the seventh copper atom over four identical sites, but
the observed density could conceivably be due to four full-
occupancy oxygen atoms. There should be, however, signifi-
cant structural differences between the postulated Cu7 and
Cu6O4 cluster cores due to the vastly different electronic
structure needed to maintain the –1 overall cluster charge.

Density functional theory has been successfully applied
to similar cluster compounds,[26] and should allow us to dif-
ferentiate between these two putative assignments, as well
as confirming that either are physically reasonable. The
Cu6O4 case was quickly eliminated as it was highly unstable
to geometry optimization and the electronic structure indi-
cated a highly paramagnetic system, with essentially no
HOMO–LUMO gap, contradicting the observed pale yel-
low color of the compound. The Cu7 system was not, how-
ever, obviously the correct assignment. If addition of the
seventh copper atom altered the rest of the cluster signifi-
cantly from S4 symmetry, the compound would be strongly
disfavored from crystallizing in the observed space group.

Initial geometry optimization of the [Cu7In4(SeR)20]–

anion was simplified by replacing the phenyl rings of the
selenium ligands with methyl groups.[27] Addition of a Cu+

ion to one of the adamantoid faces caused strong deviations
in the geometry, the seventh copper atom having burrowed
into the cluster, resulting in a related structure with C2 sym-
metry. Geometry optimization of the fully phenylselenolate-
ligated cluster proceeded successfully, with the extra copper
atom remaining in the center of an external adamantoid
face, and no major (e.g. bond-breaking) changes when com-
pared to the crystal structure.

To test the assumption that the observed crystal structure
is indeed the superposition of four orientations of [Cu7In4-
(SePh)20]–, the DFT structure must be symmetrized under
S4 before comparison to experiment. The symmetrization
procedure produced an averaged structure almost identical
to that from the crystal, with an RMS distance of 13.7 pm
between corresponding atoms in the superimposed struc-
tures, and well within the expected thermal motion. Calcu-
lated bonds in the cluster core tend to be consistently
slightly longer than their respective distances in the crystal
{calc – obs [pm]: In–Se: 4.30±1.59; Cu–Se: 4.93±2.01;
Cu“7”–(Cu,Se): 5.15±4.35}, as is expected when compar-
ing gas-phase to solid-state structures. The final electronic
structure (diamagnetic, HOMO–LUMO gap = 1.7 eV) is
also in agreement with observations.
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Experimental Section
General: All experiments were carried out under dry nitrogen.
CH2Cl2 and CH3CN were dried with CaH2, followed by distillation
under nitrogen. Anhydrous InCl3 and Ph4AsCl hydrate were ob-
tained from Aldrich. Se(SiMe3)2 was prepared as reported in the
literature.[28] CuCl was subsequently washed with HCl, CH3OH,
and diethyl ether to remove traces of CuCl2, and dried under vac-
uum. Ph4AsCl·xH2O was dissolved in CH3CN, dried with molecu-
lar sieves, and obtained as a white solid after filtration and removal
of the solvent.

(AsPh4)2[Cu6In4Cl4(SePh)16] (1): CuCl (55 mg, 0.56 mmol), InCl3
(82 mg, 0.37 mmol), and Ph4AsCl (78 mg, 0.19 mmol) were dis-
solved in CH2Cl2 (50 mL). After the solution was cooled to –20 °C,
PhSeSiMe3 (0.47 mL, 1.9 mmol) was added. The final mixture was
warmed to room temperature whilst stirring to give a yellow solu-
tion. Careful evaporation of the solvent yielded 1 as yellow crystal-
line needles. Yield: 263 mg; 67%. C144H120Cl4Cu6In4Se16As2

(4246.1): calcd. C 40.73, H 2.85; found C 40.93, H 2.92.

(AsPh4)[Cu7In4(SePh)20] (2): CuCl (43 mg, 0.43 mmol), InCl3
(63 mg, 0.29 mmol), and Ph4AsCl (60 mg, 0.14 mmol) were dis-
solved in CH2Cl2 (75 mL) and cooled to –20 °C. PhSeSiMe3

(0.52 mL, 2.15 mmol) was added to give a clear, orange solution.
After stirring at room temperature for 24 h, the volume was re-
duced to 15 mL and left to stand. A few days later, orange blocks of
2 started to crystallize. Yield: 117 mg; 43%. C144H120Cu7In4Se20As
(4408.8): calcd. C 39.23, H 2.74; found C 38.23, H 2.73.

Crystallography: Crystals suitable for single-crystal X-ray diffrac-
tion were taken directly from the reaction solution of the com-
pound and then selected in perfluoroalkylether oil. Single-crystal
X-ray diffraction data of 1 and 2 were collected using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å) with a STOE
IPDS II (Imaging Plate Diffraction System) equipped with a
Schneider rotating anode. The structures were solved with the di-
rect-methods program SHELXS[29] of the SHELXTL PC suite of
programs, and were refined with the use of the full-matrix least-
squares program SHELXL.[29] Molecular diagrams were prepared
using SCHAKAL 97.[30] All Cu, In, Se, As, Cl, and C atoms of
the cluster molecules were refined with anisotropic displacement
parameters, while Cl and C atoms of the solvent molecules were
refined isotropically. CCDC-281603 (1) and -281604 (2) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. X-ray pow-
der diffraction patterns (XRD) were measured with a STOE
STADI P diffractometer (Cu-Kα1 radiation, germanium monochro-
mator, Debye–Scherrer geometry) in sealed glass capillaries. Simu-
lated powder diffraction patterns for 1 and 2 were calculated on
the basis of the atom coordinates obtained from single-crystal X-
ray analysis by using the program package STOE WinXPOW.[31]

Mass Spectrometry: Mass spectrometry was performed with a 7T-
Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer (Bruker Daltonics, Billerica, MA, USA), equipped with
an electrospray ionization source (Analytica of Branford, Branford,
CT, USA) which has been modified by us for improved ion sensitiv-
ity by means of home-built ion optics. Solutions of 1 and 2 in
CH2Cl2 were prepared at a concentration of ca. 0.1 mmol/ L under
nitrogen and sprayed at typical flow rates of 300μL/h. Collision-
induced dissociation experiments were taken in an MS/MS mode,
i.e., the parent ion of interest was first mass-selected in the ICR
cell by standard ICR techniques (resonant ejection sweeps) and
subjected to collisions with argon (p = 5·10–8 mbar) at elevated kin-
etic energies to induce fragmentation.
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Physical Measurements: UV/Vis absorption spectra of cluster mole-
cules in solution were measured with a Varian Cary 500 spectro-
photometer in quartz cuvettes. Solid-state reflection spectra were
measured as micron-sized crystalline powders between quartz
plates with a Labsphere integrating sphere.

Calculation Technical Details: Density functional theory calcula-
tions were performed with the TURBOMOLE program package[32]

employing the BP86 functional with the very efficient MARI-J
approximation,[33] and TZVP basis set.[34] Starting geometries were
adapted from the crystal structure, and then optimized with default
convergence criteria. Due to electronic convergence problems, the
[Cu6O4In4(SePh)20]– cluster was calculated spin-unrestricted with
Fermi electronic occupation smearing. The metal–chalcogen core
of the seven-copper cluster was symmetrized while ignoring the sev-
enth copper atom. The pseudo-S4 axis was determined by a simple
linear combination of symmetry-related (in the ideal case) atom
position vectors, and was then re-oriented to bring the axis in line
with +z. The symmetry-equivalent coordinates were averaged, and
the cluster was rotated about the z axis to minimize differences
with the X-ray data.
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Heating NdI2 (1) or DyI2 (2) with vanadocene (3) in benzene
at 85 °C led to the formation of bis(benzene)vanadium in 10
and 24% yields, respectively. The lanthanide products were
isolated in the form of CpLnI2(THF)3 after crystallization from
THF. The interaction of 2 with 3 in isopropylbenzene at 90 °C
yielded a mixture of (arene)2V complexes from which a small
amount of bis(isopropylbenzene)vanadium was isolated. The
same reaction did not occur in mesitylene. From the reaction
of 2 with 3 in molten naphthalene at 100 °C, the heterobimet-
allic cluster {[CpDy(μ-I)2]7Cp2V(μ-I)}(4) was isolated in low
yield. The reaction of Cp2Cr with 1 or 2 in benzene at ambi-
ent temperature afforded the dimer [CpCr(μ-I)]2 (5) and a

Introduction

The diiodides NdI2 (1), DyI2 (2), and TmI2, which re-
cently became available for broad chemical investigations,
have proven themselves as powerful reducing reagents in
reactions with various organic substrates.[1] The reactivity
of these salts towards organometallic compounds has been
studied. Most of the examples are metathesis reactions of
TmI2 with alkali-metal derivatives to give the corresponding
divalent thulium complexes, R2Tm(solv.)n, or the products
of their oxidation by the solvent and disproportionation.[2]

The reactions of LnI2 with RM {R = 2,6-tBu2C6H3O,[3]

[(Me3Si)2]2N,[3] C5Me5,[2b] (Me3Si)C5H4,[2b] (Me3Si)2-
C5H3;[2a,2b] M = Na, K} in THF or ether, conducted in
nitrogen, yielded the corresponding nitrogen-containing
complexes of the type [(R2Ln)2(μ2-N2)]. The addition of
Ph2Hg, Ph3GeH, Ph3GeGePh3, or Ph4Sn to a solution of 1
or 2 in THF caused the formation of the triiodide
LnI3(THF)3 and a mixture of monoiodide complexes of the
type LnIRR� containing fragments of split solvent.[4,5] Re-
action of 1 with Me3SiCl in THF proceeds vigorously to
give Me3SiH, Me3SiSiMe3, and Me3SiOBu.[6] Pentafluo-
rophenyl germanes (C6F5)3GeH and (C6F5)3GeBr react
with 1 in THF to produce a hyperbranched polymer
[(C6F5)2Ge(C6F4)]n.[5] The reactivity of 1 and 2 (as well as
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dysprosium complex, Cp2DyI (6) (in the reaction with 2).
When the reaction with 2 was carried out at 80 °C, along with
compound 6, the -ate complex {[Cp2DyI2]–[Cp2Cr]+}(7) was
crystallized from the reaction solution. Nickelocene was re-
duced by 2 in benzene at 80 °C to nickel metal. The dyspro-
sium product was isolated as solvent-free complex 6. Ferro-
cene and cobaltocene did not react with 1 and 2 in benzene.
The molecular structures of compounds 4, 5, and 7 were
characterized by X-ray diffraction analysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

all other LnI2) towards organometallic compounds of d-
transition metals has never been studied. In an effort to fill
this gap, we have investigated the reactions of 1 and 2 with
metallocenes of vanadium, chromium, iron, cobalt, and
nickel. The second aim of this work was to develop a new
way to arene complexes of these metals; therefore, the reac-
tions were carried out in aromatic solvents. Neodymium
and dysprosium diiodides were selected because they are the
most active reductants among all the LnI2.

Results and Discussion

The main preparative route to bis(arene) complexes of d-
transition metals is still Fischer’s method – the reflux of a
mixture of the metal halide, AlCl3, and aluminum powder
in the appropriate aromatic solvent and subsequent hydro-
lysis of the formed intermediates.[7] We have found that
bis(benzene)vanadium can be obtained by the reaction of 1
or 2 with vanadocene (3) in benzene at 80 °C.[8] When the
mixture was heated for 10 h, the yield of (C6H6)2V was 10%
for 1 and 24% for 2. An increase in reaction time did not
lead to greater yields of bis(benzene)vanadium. Changing
the molar ratio 2/3 from 2 to 4 increased the yield of
(C6H6)2V from 15% to 24%. Despite a great excess of LnI2

most of the vanadocene could be isolated from the reaction
mixture. This can be explained by the heterogeneous nature
of the processes: the formed lanthanide product CpLnI2,
sparingly soluble in benzene, covers the surface of iodide 2
and prevents it from reacting further with 3. The neodym-
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ium derivative has especially low solubility; therefore, only
a few crystals of it were isolated as the solvated
CpNdI2(THF)3 after crystallization from THF.

An attempt to use VCl4 instead of 3 in this synthesis
failed: the reduction of vanadium with 2 proceeds rapidly
but stops at the formation of the benzene-insoluble VCl3.

The mechanism of (C6H6)2V formation from 3 and LnI2

remains unclear, but taking into account the generation of
lanthanide–naphthalene–vanadium(0) complexes [CpLn-
(THF)(μ-C10H8)VCp]n (Ln = Sm, Eu, Yb)[9] or the triple-
decker vanadium compound CpV(μ-C10H8)VCp[9a] in the
reactions of 3 with other strong reductants such as lantha-
nide(ii) naphthalenides (C10H8)Ln(THF)x suggests that re-
duction of 3 by 1 and 2 also proceeds via intermediates of
the type CpV(μ-C6H6)LnI2, probably generated on a sur-
face of LnI2. However, in the reaction of 2 with 3 in molten
naphthalene, where the formation of naphthalene–vana-
dium derivatives seemed very plausible, we were unable to
isolate any arene–vanadium product although almost all of
the vanadocene was consumed. The reaction readily pro-
ceeds at 100 °C to give a black solution from which only
heterobimetallic cluster 4 has been isolated by crystalli-
zation from benzene. The black insoluble pyrophoric pre-
cipitate, remaining after the removal of the reaction solu-
tion, contained (according to elemental analysis and IR
spectroscopy) dysprosium, vanadium, cyclopentadienyl,
and arene groups. This is consistent with above supposition.
Note that naphthalene–ytterbium, –samarium, and –euro-
pium are also pyrophoric.

The molecule 4 (Figure 1) is a bimetallic polynuclear
complex. The metal atoms [Dy(1–3), V(1) and Dy(4–7)] are
positioned at the apexes of distorted tetrahedrons and are
bonded to each other by the bridging iodine atoms that
form a distorted octahedron around each dysprosium atom.
The iodine atoms occupy equatorial positions and the one
apical position inside the cluster. The apical positions out-
side of the cluster are occupied by Cp ligands. The Dy(1–
3) atoms, μ2-I [I(12), I(13), and I(23)] atoms, and the μ3-
I(123), and μ3-I(321) atoms are located at the apexes of a
distorted hexagonal bipyramid. The deviation of the Dy(1–
3) and I (12, 13, and 23) atoms from the plane are 0.079 Å.
The Dy(1–3)–μ2-I distances in the Dy(1–3),V(1) metallo-
fragment vary in the range 3.0568(4)–3.1269(4) Å and are
shorter than the Dy(1–3)–μ3-I distances [3.1544(4)–
3.2248(4) Å]. The Dy(4, 6, 7), I(47, 67, 456) (planar loca-
tion) and I(467, 654) (apical location relative to the plane)
atoms in the Dy(4–7) metallofragment are also located at
the apexes of a distorted hexagonal bipyramid. However
there is a significant difference between the Dy(4, 6, 7)–
I(47, 67, 456,467, 654) and Dy(1–3)–I (12, 13, 23, 123, 321)
fragments of the cluster. The Dy(5) atom in the Dy(4, 5, 6,
7) fragment is positioned under the I(456)···I(654) edge and
it interacts with these iodine atoms, whereas the vanadium
atom has no additional V–I interactions. As a result, the
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I(654) atom is a bridging four-coordinate atom. The Dy(5,
7)–μ4-I(654) distances [3.3609(4), 3.3381(4) Å] are signifi-
cantly longer than the Dy(4–7)–μ2-I [3.0407(4)–3.1261(5) Å]
and Dy(4–7)–μ3-I [3.1420(4)–3.1816(5) Å] distances. It
should be noted that the Dy(4, 6)–μ4-I(654) bonds
[3.2191(4) and 3.2406(4), respectively] are shorter than the
Dy(5, 7)–μ4-I(654) bonds. The Dy–Cpcenter and V–Cpcenter

distances vary in the range 2.309(6)–2.331(6) Å and
1.934(6)–1.939(6) Å, respectively, and are typical for similar
fragments ([Cp2DyBr]2, 2.327–2.360 Å;[10] Cp2V,
1.918 Å;[11] Cp2VCl, 1.944, 1.946 Å[12]).

Figure 1. Molecular structure of {[CpDy(μ-I)2]7Cp2V(μ-I)} (4). Hy-
drogen atoms have been omitted for clarity. Relevant bond lengths
[Å] and angles [°]: Dy(1)–I(12) 3.1077(4), Dy(1)–I(13) 3.0568(4),
Dy(1)–I(17) 3.1451(4), Dy(1)–I(123) 3.1544(4), Dy(1)–I(321)
3.2248(4), Dy(1)–C(11–15) 2.592(5)–2.609(5), Dy(7)–I(17)
3.0583(4), V(1)–I(21) 2.8203(10), V(1)–I(1–10) 2.259(6)–2.297(6);
I(13)–Dy(1)–I(12) 149.595(12), I(13)–Dy(1)–I(17) 95.692(12),
I(12)–Dy(1)–I(17) 92.424(12), I(12)–Dy(1)–Cpcenter 103.5, Cpcenter–
V(1)–Cpcenter 142.3, I(21)–V–Cpcenter 108.6 (109.0).

No changes were observed when a mixture of 2 and 3
was heated in mesitylene at 90 °C. The same reaction in
isopropylbenzene afforded a mixture of bis(arene)vanadium
complexes [arene = C6H6, C6H5C3H7, C6H4(C3H7)2] iso-
lated as a dark brown oily liquid. A similar mixture of
arene–vanadium products is formed in the reaction of VCl3
with AlCl3 and Al in i-C3H7C6H5.[13] From the reaction
mixture, we were able to isolate a small amount of bis(iso-
propylbenzene)vanadium as yellow crystals.

Chromocene reacted with 1 in benzene at ambient tem-
perature but did not give the expected bis(benzene)chro-
mium. Instead, from the cherry solution, the dimer 5 was
isolated as an air-sensitive, dark cherry-red crystalline solid
soluble in benzene and hexane. Single crystals of 5 suitable
for X-ray analysis were obtained by crystallization from
hexane.

The centrosymmetric molecule 5 (Figure 2) consists of
two CpCrI fragments bonded by iodine bridges. The four-
membered Cr(1)I(1)Cr(1A)I(1A) cycle has a butterfly shape
characteristic of similar fragments.[14] The dihedral angles
between the Cr(1)I(1)I(1A) and Cr(1A)I(1)I(1A) fragments
is 87.6°. The Cr(1)–I and Cr(1)–C(Cp) distances are
2.6678(5)–2.6592(5) Å and 2.242(2)–2.295(2) Å, respectively,
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and are typical for the same type of complexes [2.671–
2.707 Å for Cr–μ-I and 2.192–2.241 Å[15] for Cr–C(Cp)]. A
short Cr···Cr contact [2.4921(7) Å] in the molecule indicates
the existence of bonding between the two metal atoms. Sim-
ilar Cr–Cr bonding has been found before in the complexes
[Cp*Cr(μ-Cl)]2 [2.642(2) Å], [Cp*Cr(μ-Me)]2 [2.263(3) Å],
and [(Cp*Cr)2(μ-Me)(μ-Ph)] [2.289(4) Å].[14]

Figure 2. Molecular structure of [CpCr(μ-I)]2 (5). Hydrogen atoms
have been omitted for clarity. Relevant bond lengths [Å] and angles
[°]: Cr(1)–Cr(1A) 2.4921(7), Cr(1)–I(1) 2.6678(5), Cr(1A)–I(1)
2.6592(5), Cr(1)–C(Cp) 2.242(2)–2.295(2); Cr(1A)I(1)Cr(1)
55.787(2), I(1A)Cr(1)I(1) 94.905(2).

Increasing the reaction temperature to 80 °C did not lead
to the formation of (C6H6)2Cr. In this case, extensive trans-
formations resulted in the formation of a green intractable
mixture from which no definite products were isolated.

Similar to the neodymium salt, dysprosium iodide (2) re-
acted with Cp2Cr in benzene at room temperature to give
dimer 5 and dysprosium(iii) complex 6. When the reaction
was carried out at 80 °C the dimer 5 was not found in the
mixture but product 6 was isolated in 34% yield. Its forma-
tion was confirmed by elemental analysis and IR spectro-
scopic data; however, the single crystal selected for X-ray
diffraction analysis quite unexpectedly turned out to be
the -ate complex {[Cp2DyI2]–[Cp2Cr]+}(7), which can be
considered as a combined product of Cp2DyI and Cp2CrI.

According to X-ray data, molecule 7 contains the coun-
terions [Cp2DyI2]– and [Cp2Cr]+ (Figure 3). The dyspro-
sium and chromium atoms are located on the C2 axis and
the mirror plane, respectively. The bond angles Cpcent–
Dy(1)–Cpcent and I(1)–Dy(1)–I(1A) are 128.3 and 95.4°,
respectively, and the distances Dy(1)–C(Cp) and Dy(1)–I
vary in the ranges 2.615(4)–2.648(4) Å and 2.9818(5)–
2.9926(5) Å, respectively. The Dy(1)–C(Cp) bond length in
7 is similar to the bond lengths in 4 [2.566(6)–2.637(6) Å]
but the Dy–I bonds in 7 are somewhat shorter than the
analogous bonds in 4. The shortening of the Dy–I bonds
in 7 probably reflects a different type of coordination of the
iodine atoms in these two compounds. The iodine atoms in
7 are terminal, whereas all I atoms in 4 are bridging. The
[Cp2Cr]+ cation has an ordinary geometry. To the best of
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our knowledge, the structure of only one complex contain-
ing the [(Me5C5)2LnI2]– anion (Ln = Yb) has been pub-
lished previously.[16]

Figure 3. Molecular structure of [Cp2DyI2]–[Cp2Cr]+ (7). Hydrogen
atoms have been omitted for clarity. Relevant bond lengths [Å] and
angles [°]: Dy(1)–I(1) 2.9926(5), Dy(1)–I(2) 2.9818(5), Dy(1)–C(Cp)
2.615(4)–2.648(4), Cr(1)–C(Cp) 2.188(4)–2.201(4); I(1)–Dy(1)–I(2)
95.41(1), Cpcenter–Dy–Cpcenter 128.3, Cpcenter–Cr–Cpcenter 179.0.

The only definite product isolated from the reaction of 2
with nickelocene in benzene at 80 °C was the dysprosi-
um(iii) complex 6. Reduced nickel was deposited as a mir-
ror on the walls of the reaction flask.

No transformations were observed when Cp2Fe and
Cp2Co were heated with 1 or 2 in benzene at 80 °C for 10 h.
Interestingly, addition of Cp2Fe to a THF solution of 2
caused immediate formation of DyI3 and DyIRR’ (R,R� =
fragments of THF). Ferrocene was isolated unchanged from
the reaction mixture. As it was mentioned above, similar
transformations have been observed before in the reactions
of 1 and 2 with aromatic compounds or phenyl derivatives
of mercury, germanium and tin in THF or DME.[4]

Conclusions

The study revealed that the iodides 1 and 2 could react
with metallocenes of vanadium, chromium, and nickel in
nonsolvating aromatic solvents, but only in the reactions
with vanadocene in benzene was the expected bis(arene)
complex obtained in noticeable amounts indicative of the
redox character of the transformations. In all other cases,
the isolated products CpLnI2, 4, 5, and 7 were arene-free.
Formation of dimer 5 and cluster 4 reveals that most of
these reactions are accompanied by Cp/I exchange. Ferro-
cene and cobaltocene turned out to be inert toward iodides
1 and 2 in benzene.

Experimental Section
General Remarks: All procedures were performed under vacuum
using standard Schlenk-tube techniques. Benzene, cumene, and me-
sitylene were dried by refluxing over sodium and treated with 1 for
30 min before use. Diiodides 1 and 2 were purchased from Synor
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(Nizhny Novgorod) and used without additional purification. Va-
nadocene and cobaltocene were prepared according to published
procedures.[17,18] Ferrocene, nickelocene, and chromocene were pur-
chased from Aldrich. The ESR spectra were recorded with a Bruker
200D-SRC instrument. The IR spectra of the samples, prepared
as Nujol mulls, were recorded with a Specord M-75 spectrometer.
Melting points were determined in sealed capillaries.

Reaction of DyI2 (2) with Cp2V (3) in Benzene: A solution of 3
(0.2 g, 1.10 mmol) in benzene (10 mL) was added to a powder of 2
(1.89 g, 4.54 mmol), and the mixture was stirred at 80 °C for 10 h.
The resultant dark brown solution was separated from the precipi-
tate by decantation, the solvent was removed by evaporation in
vacuo, and the residue was extracted with hexane (2×10 mL). The
extract was placed into an apparatus for sublimation, hexane was
evaporated in vacuo, and the solid residue was heated gradually up
to 110 °C. The sublimed mixture of violet and dark brown crystals
was sublimed again. At 50–60 °C (0.1 Torr) violet crystals of 3
(0.11 g, 54%) were collected and separated [ESR (77 K): g� = 4.0,
A� (51V) = 2.8 mTs, g = 2.0]. Sublimation of the remaining sub-
stance at 100–110 °C (0.1 Torr) gave dark brown crystals of
(C6H6)2V. Yield 55 mg (24%); m.p. 275–277 °C; ESR (293 K):
Ai(51V) = 6.35 mT, gi = 1.986. The solid residue after extraction
with hexane was recrystallized from THF to give CpDyI2(THF)3

(75 mg, 5%). Decomposition temperature, IR spectrum and results
of elemental analysis of the product were identical to those of the
previously synthesized compound.[19]

Reaction of NdI2 (1) with Cp2V (3) in Benzene: Compound 1 (3.46 g,
8.69 mmol) reacted with compound 3 (0.35 g, 1.93 mmol), under
the conditions of the previous experiment, to give (C6H6)2V
(42 mg, 10%). The sublimation of the solid products gave unre-
acted 3 (0.24 g, 69%). From the solid residue after hexane extrac-
tion, a few crystals of CpNdI2(THF)3 were isolated by recrystalli-
zation from THF. Characteristics of the product were identical to
those of the complex obtained in the reaction of 1 with cyclopenta-
diene.[19]

Reaction of DyI2 (2) with Cp2V (3) in Isopropylbenzene: A mixture
of 2 (1.01 g, 2.43 mmol), 3 (0.2 g, 1.11 mmol), and isopropylben-
zene (7 mL) was stirred at 90 °C for 20 h. The resultant red-brown
solution was separated from the precipitate by decantation, and
cumene was removed in vacuo. A waxy residue was extracted with
hexane (10 mL), and the extract was transferred into a sublimation
apparatus. After evaporation of hexane, the solid products were
sublimed in vacuo by gradually increasing the temperature from
20 °C to 150 °C. Unreacted 3 (57 mg, 29%), which sublimed at 50–
60 °C, was collected in the top part of the apparatus. At 100–
120 °C, yellow needle crystals of (iPrC6H5)2V (4 mg, 1%) sublimed;
ESR (300 K): αi(51V) = 6.29 mT, gi = 1.988, Ai(H) = 5 G.

Reaction of DyI2 (2) with Cp2V (3) in Naphthalene: A mixture of 2
(1.6 g, 3.84 mmol), 3 (0.26 g, 1.44 mmol), and naphthalene (2.5 g)
was stirred at 110–120 °C in a sealed ampoule. After 20 h, the re-
sultant black mixture was cooled to room temperature to give a
black solid from which a mixture of naphthalene and unreacted 3
was separated by sublimation in vacuo at 50–60 °C. The black resi-
due was extracted with benzene (3×30 mL), the greenish solution
obtained was concentrated to 8 mL and cooled to 8–10 °C to give
violet crystals of 4. The product was separated by decantation and
dried in vacuo at room temperature. A sample of 4 isolated under
these conditions contained three molecules of benzene. Yield 0.28 g
(5%); m.p. �240 °C (dec.). C63H63Dy7I15V (3910.94): calcd. C
19.20, H 1.81; found C 19.33, H 1.61. IR (nujol, KBr): ν̃ = 1010
(s), 796 (s), 673 (m) cm–1. The black residue after separation of the
benzene extract was dried in vacuo at room temperature to give a
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black pyrophoric powder (1.35 g). IR (nujol, KBr): ν̃ = 1600 (w),
1011 (m), 842 (sh), 800 (s), 677 (w), 619 (w) cm–1.

Reaction of NdI2 (1) with Cp2Cr in Benzene (at 20 °C): A solution
of Cp2Cr (0.34 g, 0.19 mmol) in benzene (10 mL) was added to a
powder of 1 (1.53 g, 0.38 mmol), and the mixture was stirred for
10 h at ambient temperature. The resultant dark-cherry solution
was separated from the precipitate, and the solvent was removed in
vacuo. The waxy residue was extracted with hexane (2×10 mL).
Slow evaporation of hexane from the extract afforded 5 (0.18 g,
39%) as dark cherry-red crystals with m.p. 84–87 °C (dec.).
C10H10Cr2I2 (487.90): calcd. C 24.60, H 2.05, Cr 21.32; found C
25.01, H 2.50, Cr 21.05. IR (nujol, KBr): ν̃ = 3088 (w), 1011 (s),
815 (s), 784 (s), 720 (m), 665 (m), 561 (m) cm–1.

Reaction of DyI2 (2) with Cp2Cr in Benzene (at 20 °C): Under the
conditions of the previous experiment, compound 2 (1.12 g,
2.69 mmol) was treated with Cp2Cr (0.24 g, 1.32 mmol) in benzene
(8 mL). The resultant dark-cherry solution was separated from the
precipitate, the solvent was removed in vacuo, and the residue was
extracted with pentane. Cooling the extract to 0 °C gave 5 (0.142 g,
44%). The residue after pentane extraction was recrystallized from
toluene to give 6 (0.146 g, 26%) as light yellow crystals. C10H10DyI
(739.02): calcd. Dy 38.74; found Dy 38.72. IR (nujol, KBr): ν̃ =
1008 (s), 890 (w), 781 (s), 727 (m), 661 (m) cm–1.

Reaction of DyI2 (2) with Cp2Cr in Benzene (at 80 °C): A mixture
of 2 (0.537 g, 1.29 mmol) and Cp2Cr (0.14 g, 0.77 mmol) in ben-
zene (8 mL) was stirred at 80 °C for 12 h. The initial orange-red
color of the solution gradually turned pale green. The solution was
decanted from the black precipitate, and the solvent was evaporated
in vacuo to leave behind a greenish powder, which was extracted
with toluene. Cooling of the toluene extract in a refrigerator yielded
yellow crystals of 6 (92 mg, 34%). C10H10DyI (739.02): calcd. C
26.61, H 2.38, Dy 38.74; found C26.35, H 2.56, Dy 38.56. The IR
spectrum was identical to that of the compound from the previous
experiment. Among the isolated yellow crystals of 6, a few green-
ish-yellow crystals were found. X-ray diffraction investigation of
one of them revealed the compound to be -ate complex 7. The
amount of isolated 7 was not enough for elemental and spectro-
scopic analyses.

Reaction of DyI2 (2) with Cp2Ni in Benzene: A solution of Cp2Ni
(0.12 g, 0.64 mmol) in benzene (15 mL) was added to a powder of
2 (0.56 g, 1.34 mmol), and the mixture was stirred at 70 °C for 12 h.
Formation of a nickel mirror on the walls of the reactor was ob-
served. The resultant wine-colored solution was separated from the
precipitate, and the latter was washed with benzene (15 mL). The
reaction solution and benzene wash were combined, and the sol-
vent was evaporated in vacuo. The solid residue was recrystallized
from benzene to give 6 (0.11 g, 42%).

X-ray Diffraction Study: The X-ray diffraction data were collected
with a SMART APEX diffractometer (graphite-monochromated,
Mo-Kα-radiation, φ-ω-scan technique, λ = 0.71073 Å). The inten-
sity data were integrated by the SAINT program.[20] SADABS[21]

was used to perform area-detector scaling and absorption correc-
tions. The structures were solved by direct methods and refined on
F2 using all reflections with the SHELXTL package.[22] All non-
hydrogen atoms were refined anisotropically. The H atoms in 5 and
7 [except H(2)] were found from Fourier synthesis and refined iso-
tropically. The H atoms in 4 and the H(2) atom in 5 were placed
in calculated positions and refined in the “riding-model”. In the
unit cell of 4 were found the solvated molecules of benzene. The
details of crystallographic, collection, and refinement data for 4, 5,
and 7 are shown in the Table 1. The selected geometric characteris-
tics for 4, 5, and 7 are given in the captions to Figure 1, Figure 2,
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Table 1. The details of crystallographic, collection, and refinement data for 4, 5, and 7.

4 5 7

Empirical formula C69H69Dy7I15V C10H10Cr2I2 C20H20CrDyI2

Formula mass 3990.18 487.98 728.66
Temperature [K] 100 100 100
Crystal system monoclinic monoclinic monoclinic
Space group P21/n C2/c C2/m
a [Å] 17.9963(9) 15.562(2) 15.632(1)
b [Å] 25.845(1) 6.9458(11) 16.618(1)
c [Å] 19.965(1) 12.763(2) 8.2121(5)
β [°] 105.674(1) 111.680(3) 102.599(1)
Volume [Å3] 8940.5(8) 1282.0(3) 2081.8(2)
Z 4 4 4
Density (calculated) [g cm–3] 2.964 2.528 2.325
Absorption coefficient [mm–1] 11.086 6.472 7.048
F(000) 7052 896 1344
Crystal size [mm] 0.15×0.12×0.10 0.16×0.12×0.08 0.07×0.07×0.03
θmax range for data collection [°] 25.00 29.00 25.00

–21 � h � 21 –21 � h � 15 –18 � h � 18
Index ranges –30 � k � 30 –9 � k � 7 –19 � k � 19

–23 � l � 23 –16 � l � 17 –9 � l � 9
Reflections collected 70375 4506 8265
Independent reflections 15743 (Rint = 0.0400) 1696 (Rint = 0.0158) 1910 (Rint = 0.0295)
Absorption correction SADABS
Max/min transmission 0.4036/0.2871 0.6255/0.4241 0.8164/0.6382
Refinement method full-matrix least squares on F2

Data/restraints/parameters 15743/31/829 1696/0/84 1910/2/150
Goodness-of-fit on F2 1.118 1.099 1.085
Final R indices R1 = 0.0261 R1 = 0.0209 R1 = 0.0287
[I � 2σ(I)] wR2 = 0.0609 wR2 = 0.0461 wR2 = 0.0673
R indices (all data) R1 = 0.0297 R1 = 0.0245 R1 = 0.0342

wR2 = 0.0622 wR2 = 0.0473 wR2 = 0.0690
Largest difference peak/hole [e·Å–3] 1.835/–1.124 0.999/–0.405 1.388/–0.621

and Figure 3. CCDC-275720 (4), 275721 (5), and 275722 (7) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Tetra- and Decanuclear Iron(II) Complexes of Thiacalixarene Macrocycles:
Synthesis, Structure, Mössbauer Spectroscopy and Magnetic Properties
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Two iron(II) complexes, namely [Fe4(L)2]·H2O (1) and [Fe10-
(L)4Cl4]·2H2O (2), have been synthesised under solvothermal
conditions by treating p-tert-butylthiacalix[4]arene (LH4)
with FeCl2 in methanol. Compound 1 crystallises in the or-
thorhombic system (space group Immm) with the unit-cell
parameters a = 17.8308(4), b = 19.1372(3), c = 28.8391(6) Å
and V = 9840.8(3) Å3 (Z = 2). Compound 2 crystallises in the
triclinic system (space group P1̄) with the unit-cell param-
eters a = 13.8036(4), b = 18.8373(4), c = 20.1978(6) Å, α =
65.772(2)°, β = 74.120(1)°, γ = 71.922(1)° and V = 4487.6(2) Å3

(Z = 1). Compound 1 is a neutral tetranuclear complex and
is best described as an iron(II) square sandwiched between
two thiacalixarene macrocycles. Each iron centre is six-coor-
dinate in a trigonal-prismatic geometry made up of four
phenoxy oxygen atoms plus two sulfur atoms. Compound 2
is a neutral centrosymmetric decanuclear complex and may
be viewed as a dimer of double chloro-bridged pentanuclear

Introduction

As part of our involvement in molecular magnetism[1,2]

we are interested in molecular polymetallic species. One of
our motivations lies in the so-called single-molecule mag-
nets (SMMs),[3,4] which behave as single-domain magnetic
particles. Their relevance as potential components of quan-
tum computing[5] has triggered much of the recent progress
in the field of molecular magnetism, as well as in those of
the polynuclear complexes.[6] Many polynuclear complexes
have been isolated but few exhibit SMM properties, or at
temperatures that are too low for applications. Therefore,
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complexes. Mössbauer spectra of compounds 1 and 2 have
been recorded at different temperatures between 80 and
298 K. Each sub-spectrum can be characterised by a quadru-
polar doublet corresponding to different iron environments
where all iron ions are in high-spin state (S = 2). The hyper-
fine parameters (quadrupole splitting, isomer shift and line
width) as well as the Mössbauer spectra area-ratios are in
good agreement with the crystallographic data. The two
compounds exhibit magnetic behaviours indicating that anti-
ferromagnetic interactions occur between the iron(II) centres.
The simulation of the magnetic susceptibility was done in the
case of compound 1 with a single exchange coupling con-
stant (J = –4 cm–1 and g = 2.02) between the iron(II) ions
[H = –J(S1S2 + S2S3 + S3S4 + S1S4)].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

there is a real need for discovering new systems. Another
motivation lies simply in the chemical point of view, where
there is a general interest in finding rational routes for syn-
thesising molecular polymetallic species in the frame of the
emerging nanosciences. Up to now many clusters have been
obtained serendipitously, but as more examples become
available we may be expected to find some rules for prede-
termination.[7] The main difficulty in the formation of mo-
lecular polymetallic aggregates is to avoid the polyconden-
sation of the metal ions, which is generally afforded by
using multidentate and bulky organic capping ligands.[8]

With this in mind, we have investigated the coordination
chemistry of thiacalixarene macrocycles, whose chemistry is
well known by some of us.[9–12] Compared to the related
calixarenes, the chemistry of thiacalixarenes is recent as the
synthesis of thiacalixarenes and their sulfinyl and sulfonyl
derivatives has been known only since the late 90’s.[13–20]

These early reports pointed out the high complexation abil-
ity of thiacalixarene macrocycles.[16,17,21,22] This was then
proved by the isolation and structural characterisation of
complexes of p-tert-butylthiacalix[4]arene with CoII,[23,24]

NiII,[23] CuII,[25] ZnII,[24,26] UO2,[27] NdIII,[28] and also with
the alkali metals.[29] These complexes are either mononu-
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clear (UO2 and ZnII),[26,27] dinuclear (CoII and NiII),[23] tri-
nuclear (CoII and ZnII)[24] or tetranuclear (CuII and
NdIII).[25,28] Higher nuclearities have even been found for
complexes of p-tert-butylthiacalix[6]arene,[30,31] with exam-
ples of tetranuclear NiII,[30] pentanuclear CoII,[30] dec-
anuclear CuII[31] and also some pentanuclear hetero-
metallic[30] NiII

4MII (M = Mn, Co, Cu) complexes. In a few
cases the magnetic properties of these complexes were also
reported.[24–26,31] Despite these attractive results, thiacalix-
arene complexes are still somewhat scarce, which may be
attributed to complications when crystallising them follow-
ing conventional methods.[24] In contrast, we found that,
under solvothermal conditions, p-tert-butylthiacalix[4]arene
and its sulfonyl and sulfinyl derivatives give polynuclear
complexes with most d- and f-block transition-metal ions.
We recently reported the synthesis, crystal structures and
magnetic properties of two tetranuclear manganese(ii) com-
plexes that we synthesised under solvothermal conditions
in methanol with p-tert-butylthiacalix[4]arene and p-tert-
butylsulfinylthiacalix[4]arene.[32]

In this paper we describe the syntheses, crystal structures
and Mössbauer and magnetic properties of a tetranuclear
complex [FeII

4(L)2] (1) and a decanuclear complex
[FeII

10(L)4Cl4] (2), both of which were obtained with p-tert-
butylthiacalix[4]arene (L).

Results and Discussion

Synthesis

Most previously reported thiacalixarene complexes were
synthesised and crystallised under conventional conditions,
that is in an open vessel and below the boiling point of
the solvent.[24–31] Typical solvents are CHCl3 or CH2Cl2, in
which the thiacalixarenes are very soluble,[15] or DMF or
DMSO, where they dissolve quickly upon adding a base
such as triethylamine. The down side is that the resulting
complexes are also generally very soluble in those solvents,
which complicates the growth of single crystals. This is gen-
erally achieved with help of a second solvent in which the
thiacalixarene complexes are not or sparingly soluble, such
as CH3CN, EtOH or MeOH. After trials we found that
these conditions and solvents did not afford a strong con-
trol of the formation of the clusters and their crystallisation.
Water or alcohol are generally better solvents as regards the
solubility of the metal salts. Unfortunately, under normal
conditions the thiacalixarene macrocycles are sparingly sol-
uble in these solvents This caused us to try the solvothermal
synthesis method, which is known to be particularly suited
for the reaction and crystallisation of materials with poor
solubility as it allows high temperatures with a large panel
of solvents in a way that generally favour solubili-
sation.[33,34] The advantage of this method is that not only
is it a way to synthesise new compounds but it is also a way
to get them in a crystalline form, which is generally not an
easy task under normal conditions. During the last decade
this method, which has long been restricted to water (hydro-
thermal), has undergone a real renaissance with the increas-
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ing use of non-aqueous solvents and has also proved to
be particularly efficient in coordination chemistry for the
synthesis of polyoxometallates,[35,36] metal clusters[37–42] or
extended compounds.[43–46]

Under standard conditions we were unable to isolate any
iron(ii) complexes of the thiacalixarene. In contrast, under
solvothermal conditions in methanol, as described in the
Experimental Section, we were able to synthesise the two
iron(ii) compounds (1 and 2) reported in this paper repro-
ducibly, in good yields and in the form of single crystals.
No base was required for the deprotonation of the phenol
groups for either complex. In both cases the compounds
were obtained by treating FeCl2 with p-tert-butylthiacalix[4]-
arene (LH4). The difference in the synthesis of compounds
1 and 2 lies in the use of a different thiacalixarene/Fe ratio:
for ratios from 1:2 up to 1:3 only the tetranuclear complex
1 is obtained, while compound 2 is obtained only when the
thiacalixarene/Fe ratio becomes greater than 1:4. Ascorbic
acid was used to avoid possible oxidation of the iron(ii)
ions. This was particularly required for compound 2, which
is better kept under argon. Indeed, when the reaction is
carried without ascorbic acid then the isolated crystals al-
ways show some dark zones due to some oxidation of the
iron(ii) ions. When ascorbic acid is used no oxidation oc-
curs, as demonstrated by the Mössbauer spectra. In con-
trast, compound 1 is insensitive to oxygen and can be han-
dled without any particular care.

Description of the Crystal Structures

[FeII
4(L)2]·H2O (1)

The crystal structure of compound 1 comprises two crys-
tallographically independent entities called hereafter M1
and M2 and exemplified for M1 in Figure 1. One water
molecule crystallises per [Fe4(L)2] entity. A selection of in-
teratomic distances and angles is given in Table 1.

The asymmetric unit of the M1 entity is built from two
independent iron(ii) ions (Fe1 and Fe2), two tert-butylphen-
oxy groups and two sulfur atoms (S1 and S2). These latter
play the role of linker between the p-tert-butylphenoxy
groups (four in total) to form the thiacalixarene macrocycle.
The asymmetric unit of the M2 entity is built from only
one crystallographically independent iron(ii) ion (Fe3), two
independent p-tert-butylphenoxy groups and one sulfur
atom (S3). As above, these sulfur atoms link the phenoxy
groups to form the thiacalix[4]arene macrocycle. Thus, each
of the M1 and M2 entities is built from an iron square sand-
wiched between two p-tert-butylthiacalix[4]arene macro-
cycles. All phenoxy oxygen atoms are doubly bridging. The
complex molecules are neutral. A similar molecular struc-
ture [MII

4(L)2] has been reported previously for a tetranu-
clear copper(ii) complex[24] and by us with manga-
nese(ii).[32]

In both entities (M1 and M2) the eight phenoxy oxygen
atoms lie at the corner of a compressed square-based paral-
lelepiped. The edges of the parallelepiped are nearly orthog-
onal [89.5(1)° and 90.0° for M1 and M2, respectively]. The
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Figure 1. Molecular structure of one [Fe4(L)2] tetranuclear iron(ii)
entity (M1) for compound 1; Fe: black; S: grey; O: white.

Table 1. Selected interatomic distances [Å] and angles [°] for 1.[a]

Fe1···Fe2 3.187(3) Fe3···Fe3 3.192(4)
Fe1–O1 2.04(1) [×4] Fe2–O1 2.04(1) [×4]
Fe3–O2 2.03(1) [×2] Fe3–O3 2.04(1) [×2]
Fe1–S1 2.639(4) [×2] Fe2–S2 2.623(4) [×2]
Fe3–S3 2.621(3) [×2]
Fe1–O1–Fe2 102.5(6) Fe3–O2–Fe3 103.36(6)
Fe3–O3–Fe3 103.6(8)

[a] Numbers in square brackets indicate the number of identical
bonds due to symmetry.

parallelepiped is capped above and below by the two thiaca-
lixarene macrocycles on the square bases (Figure 1). The
iron(ii) ions are located in the middle and above each of
the four lateral faces of the parallelepiped (Figure 1). The
deviations of the iron(ii) ions from the [O4] mean plane
made by the four phenoxy oxygen atoms are 0.7511 (Fe1),
0.7617 (Fe2) and 0.8032 Å (Fe3).

Each iron(ii) ion exhibits the same six-coordinate [O4S2]
environment (Figure 2) made by four phenoxy oxygen
atoms [Fe1–O1 = 2.04(1), Fe2–O1 = 2.04(1), Fe3–O2 =
2.03(1) and Fe3–O3 = 2.04(1) Å] and two sulfur atoms
[Fe1–S1 = 2.639(4), Fe2–S2 = 2.623(4) and Fe3–S3 =
2.621(3) Å]. The Fe–O bond lengths are in agreement with
previously reported FeII–O(phenoxy) distances.[47–54] The
FeII–S bond lengths are longer than the few previously re-
ported for thioether complexes of high-spin iron(ii) (2.20–
2.29 Å).[55] This should be due to the rigidity of the macro-
cycle, which does not allow the sulfur atoms to come closer
to the iron(ii) ions. Careful analysis of the interatomic dis-
tances and angles around the iron(ii) ions reveals that the
coordination polyhedrons are distorted trigonal-prismatic,
as shown in Figure 2. The triangular faces of the trigonal
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prism are defined by two phenoxy oxygen atoms and one
sulfur atom belonging to the same thiacalixarene macrocy-
cle and are equilateral. The trigonal twist angles[56] are zero
but the triangular faces are not parallel and make angles of
42.16°(Fe1), 42.35°(Fe2) and 41.44°(Fe3). The four coordi-
nation polyhedra are orthogonal to each other (Figure 2).
The Fe–O–Fe angles are in the range 102.5(6)–103.6(8)°
(Table 1).

Figure 2. Representation of the iron(ii) coordination polyhedra in
[Fe4(L)2] (1); dotted lines indicate the trigonal prism.

In the crystal the [Fe4(L)2] entities are packed in infinite
molecular chains running parallel to the b axis of the unit-
cell in such a way that two successive molecules are rotated
by 90° with respect to each.

[Fe10(L)4Cl4]·2H2O (2)

The crystal structure of compound 2 is made up of neu-
tral, centrosymmetrical decanuclear iron(ii) moieties which
are dimers of two pentanuclear [FeII

5 (L)2Cl2] units linked
by a bis-chloro bridge, as shown in Figure 3. A selection of
interatomic distances and angles is given in Table 2.

Figure 3. Molecular structure of the [Fe10(L)4Cl4] decanuclear
iron(ii) entities in compound 2; Fe: black; Cl: dark grey; S: grey;
O: white.

Each asymmetric [FeII
5 (L)2Cl2] unit comprises five

iron(ii) ions sandwiched between two thiacalixarene macro-
cycles. The coordination scheme is drastically different from
that found for compound 1, where the two thiacalixarene
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Table 2. Selected interatomic distances [Å] and angles [°] for 2.[a]

Fe1–O7 2.079(7) Fe1–O8 2.087(7)
Fe1–O1 2.231(6) Fe2–O4 2.005(7)
Fe2–O3 2.034(7) Fe2–O5 2.287(7)
Fe3–O8 2.012(7) Fe3–O4 2.045(6)
Fe3–O1 2.218(7) Fe3–O5 2.230(7)
Fe4–O3 2.032(6) Fe4–O6 2.058(7)
Fe4–O2 2.064(7) Fe4–O5 2.202(7)
Fe5–O7 1.996(7) Fe5–O6 2.009(7)
Fe5–O2 2.213(7) Fe5–O1 2.223(7)
Fe1–S7 2.520(3) Fe2–S4 2.492(3)
Fe3–S6 2.633(3) Fe3–S3 2.648(3)
Fe4–S5 2.532(3) Fe4–S1 2.688(3)
Fe5–S2 2.502(3) Fe5–S8 2.782(3)
Fe1–Cl2 2.409(3) Fe1–Cl2#1 2.442(3)
Fe2–Cl1 2.225(4)
Fe1···Fe5 3.310(2) Fe1···Fe3 3.353(2)
Fe1···Fe1 3.488(3) Fe2···Fe4 3.254(2)
Fe2···Fe3 3.308(2) Fe3···Fe5 3.608(2)
Fe3···Fe4 3.752(2) Fe4···Fe5 3.258(2)
Cl2–Fe1–Cl2#1 88.10(1) Fe1–Cl2–Fe1#1 91.9(1)
Fe3–O1–Fe5 108.7(3) Fe4–O5–Fe3 115.7(3)
Fe3–O1–Fe1 97.8(3) Fe4–O5–Fe2 92.9(3)
Fe5–O1–Fe1 96.0(2) Fe3–O5–Fe2 94.2(3)
Fe5–O2–Fe4 99.2(3) Fe4–O6–Fe5 106.5(3)
Fe2–O3–Fe4 106.3(3) Fe1–O7–Fe5 108.6(3)
Fe3–O4–Fe2 109.5(3) Fe1–O8–Fe3 109.8(3)

[a] Symmetry transformations used to generate equivalent atoms:
#1 –x, –y, –z.

macrocycles bring eight μ2-oxygen phenoxy atoms and eight
sulfur atoms equally shared between the four iron(ii) ions.
This is sufficient to provide the charge and coordination
number required by the four iron(ii) centres with an iden-
tical environment. The situation is completely different for
compound 2. As in 1 there are two thiacalixarenes but they
have to accommodate five iron(ii) ions. The eight sulfur
atoms and the eight phenoxy oxygens are not sufficient to
fulfil both electro-neutrality and the iron(ii) coordination.
So in this case this is assumed by two extra chloride ions
(Cl1 and Cl2) coordinated to Fe2 and Fe1, respectively, and
by μ3-phenoxy oxygen atoms. What may seem messy at first
glance, however, does show some symmetry (Figure 4). Let
us consider only the asymmetric [FeII

5(L)2Cl2] unit (Fig-
ure 4). Fe1 and Fe2 have practically the same environment
of three phenoxy oxygen atoms, one sulfur atom and one
chloro ligand. The difference between the two is that in the
case of Fe1 the chloride ion is bridging a symmetric Fe1 ion
such that Fe1 is six-coordinate with a distorted octahedral
polyhedron. In the case of the Fe2 ion, however, the chloro
ligand is not bridging and the Fe2 ion is only five-coordi-
nate. It may seem surprising that Cl1 is bridging but Cl2 is
not, therefore the structure was checked for possible links
to neighbouring iron(ii) centres; none was found. The five-
coordinate geometry of Fe2 was determined by means of
the geometric parameter τ = (β – α)/60, where β and α are
the two largest ligand–metal–ligand bond angles and β �
α.[57] In the case of Fe2 β is 149.3(2)° (O5–Fe2–S4 angle)
and α is 144.1(2)° (O3–Fe2–Cl1), which gives a τ parameter
of 0.09, in agreement with a square-pyramidal geometry.
The Fe4 and Fe5 ions are both six-coordinate to two sulfur
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atoms, three phenoxy μ2-oxygen atoms and one phenoxy
μ3-oxygen atom. The Fe3 ion is also six-coordinate but is
bound to two sulfur atoms, two μ2-oxo phenoxy atoms and
two μ3-oxo phenoxy atoms (Figure 4). The six-coordinate
geometry around Fe5 and Fe4 is a distorted octahedron.
Fe3 is connected through the phenoxy oxygen atoms to the
four other iron(ii) ions (Fe1, Fe2, Fe4, Fe5). Fe3 and Fe1
and Fe3 and Fe2 are μ2-O and μ3-O bridged, respectively,
while Fe3 and Fe4 and Fe3 and Fe5 are μ3-O bridged. Fe1
and Fe5 and Fe2 and Fe4 are μ2-O and μ3-O bridged,
respectively, while Fe4 and Fe5 are doubly μ2-O bridged.
Fe1 and Fe1# are doubly μ2-Cl bridged.

Figure 4. Representation of the coordination environment in com-
pound 2.

The mean value for the Fe–O(μ2) bond length
[2.11(10) Å] in 2 is slightly longer than that for 1 [2.04(1) Å]
(Tables 1 and 2). The Fe–O(μ3) bond length [2.202(7)–
2.287(7) Å] and Fe–O–Fe bond angles [92.9(3)–115.7(3)°]
are in the range of those previously reported.[51]

Mössbauer Spectroscopy

[FeII
4(L)2]·H2O (1)

Mössbauer spectra of compound 1 recorded at 80 and
293 K are shown in Figure 5. The Mössbauer parameters
are given in Table 3. The spectra exhibit one quadrupolar
doublet with characteristics of an iron(ii) species in a high-
spin state (S = 2). The four crystallographically slightly dif-
ferent iron centres (identical microenvironments: four oxy-
gen and two sulfur donor atoms) are not distinguishable.
The high value of the quadrupole splitting corresponding
to a singlet orbital level (2.83 mms–1 at 80 K) can be well
explained by the trigonal-prismatic geometry of these sites,
which represents a very low symmetry compared to the
highest, octahedral one. In addition, the relative indepen-
dence of the quadrupole splitting with the temperature sug-
gests that the ground state is well isolated.
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Figure 5. Mössbauer spectra of compound 1 at 80 and 293 K.

Table 3. Mössbauer parameters for compound 1.

T [K] δ[a] [mms–1] Δ[b] [mms–1] Γ[c] [mms–1]

80 0.877(1) 2.829(3) 0.321(4)
293 0.7568(7) 2.733(2) 0.271(2)

[a] Isomer shift relative to natural iron at room temperature.
[b] Quadrupole splitting. [c] Full line width at half maximum.

[Fe10(L)4Cl4]·2H2O (2)

Mössbauer spectra of compound 2, shown in Figure 6,
were recorded at 80, 150 and 298 K. The Mössbauer pa-
rameters are given in Table 4. The shape of these spectra
could indicate some texture effect (asymmetrical spectra).
In order to clarify this point, another measurement was car-
ried out at 80 K after thoroughly grinding the sample. The
resulting spectrum (not shown) revealed no difference com-
pared to the previous one. The most evident fit of these
spectra would be two doublets referring to the sites with
five- and sixfold coordination. Possible reasons for this be-
haviour are as follows: 1) a large difference in their isomer
shift, 2) a large difference in their quadrupole splitting, and
3) a quadrupole splitting distribution (if the isomer shifts
are the same). However, none of these hypotheses describes
the global spectra properly, therefore either the molar ratio
of the different sites is not in good agreement with the crys-
tallographic data or the hyperfine parameters cannot be
correlated with the X-ray structure. Fitting by three Lo-
rentzian functions was found to describe the spectra reason-
ably well. The preliminary assumptions for finding the best
fits were the following:
the sub-spectrum corresponding to the iron centre with
fivefold coordination shows the largest quadrupole split-
ting;[58]

the molar ratios of the different iron microenvironments
Fe1, Fe2 and (Fe3, Fe4, Fe5), as given from the X-ray struc-
ture (Figure 4), are 20, 20 and 60%;
the sub-spectrum representing three different iron centres at
the same time (Fe3, Fe4 and Fe5; Figure 4) has the largest
line-width because of the slight differences between these
sites.
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Figure 6. Mössbauer spectra of compound 2 at 80, 150 and 298 K.
The sub-spectra A (solid lines), sub-spectra B (dotted lines) and
sub-spectra C (dashed lines) hold for the fit of the data as explained
in the text.

Table 4. Mössbauer parameters for compound 2 (fixed parameters
for the fit are shown in italics).

T A/Atot
[b] δ[c]

Fe[a] Δ[d] [mms–1] Γ[e] [mms–1][K] [%] [mms–1]

1 18.74(4) 1.180(2) 2.02(7) 0.30(1)
80 2 21.21 1.177(2) 2.909(4) 0.247(3)

3, 4, 5 60.05(5) 1.121(1) 2.503(5) 0.419(6)
1 16.69(2) 1.145(3) 2.004(8) 0.29

150 2 21.95 1.142(2) 2.856(5) 0.258(5)
3, 4, 5 61.36(3) 1.093(1) 2.466(6) 0.405(7)
1 19.13 1.042(5) 2.00(1) 0.26(1)

298 2 19.13 1.038(4) 2.70(1) 0.22(1)
3, 4, 5 61.73(1) 1.004(2) 2.401(7) 0.34(1)

[a] Iron site(s) in compound 2 (see Figure 4). [b] A/Atot: Mössbauer
spectrum area ratio. [c] Isomer shift relative to natural iron at room
temperature. [d] Quadrupole splitting. [e] Full line width at half
maximum.

The temperature dependence of the isomer shift of every
sub-spectrum representing different iron microenviron-
ments must be linear, following the second-order Doppler
shift.[59]

The best fit is displayed in Figure 6. Each doublet repre-
sents iron(ii) species in a high-spin state (S = 2). Sub-spec-
tra A represent the Fe2 iron centre within a fivefold coordi-
nation (Figure 4) because it displays the largest quadrupole
splitting, sub-spectra B represent the Fe1 iron centre (Fig-
ure 4) with the apparently low molar ratio (Table 4) and
sub-spectra C represent the Fe3, Fe4 and Fe5 (Figure 4)
iron centres, which have the same neighbouring atoms in
the ligand sphere (four oxygen and two sulfur atoms). The
Mössbauer parameters of these sub-spectra should be dif-
ferent because of the slight differences in the crystallo-
graphic environments, although these are not resolved in
the spectra. However, this doublet has a higher line-width
than the other doublets (see Table 4). The isomer shift of
each doublet is relatively low despite the high electronega-
tivity of the coordinating atoms. This is due to the bridging
oxygen atoms, which are coordinated to three (O1, O5) or
to two (O2, O3, O4, O6, O7 and O8) different iron centres
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at the same time, and therefore the donated electron density
decreases. The relative independence of the quadrupole
splitting with the temperature suggests that the electronic
excited states are not populated at 298 K.

Magnetic Properties

The results are displayed in the form of the product of
the magnetic susceptibility and the temperature (χT) in Fig-
ures 7 and 8. For both compounds, all features of the curves
were reproducible with different samples and no loss of
water occurred during the measurements (see Experimental
Section).

Figure 7. Temperature dependence of the product of the molar
magnetic susceptibility (χ) with temperature (χT) for compound 1
(circles). The solid line shows the best fit of the data.

Figure 8. Temperature dependence of the product of the molar
magnetic susceptibility (χ) with temperature (χT) for compound 2
(squares).

[FeII
4(L)2]·H2O (1)

At 300 K the χT product is 11.4 cm3 Kmol–1 for 1 (Fig-
ure 7). This value is close to that expected for four uncou-
pled iron(ii) ions (12.0 cm3 Kmol–1). Upon cooling the χT
product decreases continuously down to zero while the
magnetic susceptibility (χ) shows a maximum at 5 K. Lin-
earisation of the 1/χ vs. T curve in the range 100–300 K
shows Curie–Weiss regimes with a Curie constant, C, of
12.9 cm3 mol–1, which is also close to the value expected for
four uncoupled iron(ii) ions (12.0 cm3 Kmol–1). This behav-
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iour indicates that antiferromagnetic interactions occur be-
tween the iron(ii) ions. Intermolecular interactions can be
ruled out because the tetranuclear cores are well separated
from each other due to screening by the bulky thiacalixar-
ene ligands. The shortest intermolecular Fe–Fe distances
are longer than 16.95(3) Å.

As shown in the structural section, the four iron centres,
independently of the entities M1 and M2, have identical
environments, which is also in agreement with the Möss-
bauer study. Moreover, the Fe–O(phenoxy) bond length
and the Fe–O–Fe bond angles, which are relevant to mag-
netic exchange couplings, do not show any striking differ-
ences. Accordingly, the magnetic data of compound 1 were
analysed by considering one iron(ii) square with the four
exchange couplings on the edges as equal (i.e. J = J12 = J13

= J34 = J14) and no diagonal interactions (J13 = J24 = 0),
based on the Heisenberg Hamiltonian H = –J(S1S2 + S2S3

+ S3S4 + S1S4).
The energy levels of this Hamiltonian can be expressed

as E = –J[S(S + 1) – S13(S13 + 1) – S24(S24 + 1)], where S
is the total spin and S13 and S24 are the intermediate spins.
The S13 and S24 values vary from 0 to 4, and for each pair
of intermediate spins the total spin takes values from
|S13 – S24| to S13 + S24.

The best least-square fitting of the χT vs. T data with the
van Vleck equation based on the above energy levels gives
a poor fit, with J = –4 cm–1 and g = 2.02. However, the
value of the exchange coupling is in the range of those pre-
viously reported for other FeII–O–FeII systems.[47,48,60–62]

The discrepancy between the fit with the experimental data
at low temperatures is due to the fact that no zero-field
splitting terms were taken into account. The apparent pla-
teau between 100 and 120 K, which is not accounted for by
the calculated curve, cannot yet be explained.

[Fe10(L)4Cl4]·2H2O (2)

The χT product for this complex is 32.8 cm3 Kmol–1.
This value is slightly larger than that expected for ten un-
coupled iron(ii) ions (spin only 30.0 cm3 Kmol–1) as is nor-
mally observed for high-spin iron(ii) complexes. Upon cool-
ing, χT decreases slowly while the magnetic susceptibility
(χ) increases continuously without any maximum in the
temperature range 300–2 K. At 9 K there is a small shoul-
der on the χT curve (with a value of 18.4 cm3 Kmol–1), then
χT decreases rapidly. Linearisation of the 1/χ vs. T curve in
the range 100–300 K shows Curie–Weiss regimes with a Cu-
rie constant of 34 cm3 mol–1. This behaviour indicates that
antiferromagnetic interactions also occur between the
iron(ii) ions in 2 that are weaker than in compound 1. One
explanation for the shoulder at 9 K is that the magnetic
interaction (Fe1···Fe1#) through the bis-chloro bridge is
weaker than those within the pentanuclear moieties through
the phenoxy and oxo bridges. Therefore, the antiferromag-
netic coupling of the FeII ions within each pentanuclear
moiety leads to a non-zero resultant spin, which explains
the shoulder; the decrease at lower temperatures is due to
the coupling through the bis-chloro bridge. We did not try
to fit the magnetic data owing to the large number of mag-
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netic interactions between the iron(ii) centres in 2. Indeed,
the fitting of such a system by matrix-diagonalizing tech-
niques is very complicated due to the high nuclearity of the
cluster and its low symmetry. The Monte Carlo technique
has previously been used for the magnetic data analysis of
a decanuclear iron(iii) cluster,[63] but the corresponding Hei-
senberg Hamiltonian contained only three parameters. In
our case we have at least five exchange parameters to take
into account and a zero-field splitting parameter must
probably also be added.

Concluding Remarks

The two iron(ii) complexes reported here, which were ob-
tained by a solvothermal route, confirm the high coordina-
tion ability of the thiacalixarene macrocycles. They are
among the very few iron(ii) polynuclear complexes of high
nuclearities. Indeed, there are less than ten FeII

4 clus-
ters[51,64–68] and, to the best of our knowledge, compound
2 is the first iron(ii) decanuclear complex. It should be
noted that compound 1 is particularly stable as it appears
to be insensitive to oxidation by air. Both compounds exhi-
bit weak Fe···Fe intramolecular antiferromagnetic exchange
couplings. We are now engaged in a program to synthesise
clusters of higher nuclearities with mixed-valence or dif-
ferent metals.

Experimental Section
All chemicals and solvents were used as received; all preparations
and manipulations were performed under aerobic conditions. The
p-tert-butylthiacalix[4]arene ligand was synthesised by the pub-
lished procedures.[13,14]

Table 5. Crystal data and structure-refinement parameters for compounds 1 and 2.

[FeII
4(L)2]·H2O (1) [Fe10(L)4Cl4]·2H2O (2)

Formula C80H90Fe4O9S8 Fe10C160H180Cl4S16O18

Fw (g mol–1) 1675.5 3604.4
T [K] 293 293
λ(Mo-Kα) [Å] 0.71069 0.71069
Crystal system orthorhombic triclinic
Space group Immm (no. 71) P1̄ (no. 2)
a [Å] 17.8308(4) 13.8036(4)
b [Å] 19.1372(3) 18.8373(4)
c [Å] 28.8391(6) 20.1978(6)
α [°] 90 65.772(2)
β [°] 90 74.120(1)
γ [°] 90 71.922(1)
V [Å3] 9840.8(3) 4487.6(2)
Z 2 1
D [g cm–3] 1.130 1.320
μ [mm–1] 0.680 1.083
Crystal size [mm] 0.015×0.015×0.025 0.015×0.020×0.060
Reflections collected 11680 26194
Independent reflections 6353 15841
Goodness of fit on F 1.06 1.20
R[a] [I � 3σ(Io)] 0.1114 0.0578
Rw

[b] 0.1206 0.0665
Res. electron density [eÅ–3] –0.98, 2.24 –0.66, 1.09

[a] R = Σ(|Fo – Fc|)/Σ|Fo|. [b] Rw = {Σ[w(|Fo – Fc|)2]/Σ[w|Fo|2]}½.
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Synthesis of [FeII
4(L)2]·H2O (1): Compound 1 was isolated in the

form of pale-yellow, needle-shaped crystals from the reaction of p-
tert-butylthiacalix[4]arene (LH4; 0.15 g, 0.2 mmol) with FeCl2
(0.050 g, 0.4 mmol), ascorbic acid (0.07 g, 0.4 mmol) and methanol
(23 mL) in a 43-mL, Teflon-lined autoclave under autogenous pres-
sure at 170 °C for 3 d. The crystals were isolated by filtration then
washed with methanol and dried in vacuo. Compound 1 is stable
in air and is insoluble in common organic solvents. Yield: 66%.
C80H90Fe4O9S8 (1675.5): calcd. C 57.34, H 5.41, Fe 13.33, S 15.32;
found C 57.77, H 5.4, Fe 13.05, S 15.6.

Synthesis of [Fe10(L)4Cl4]·2H2O (2): Compound 2 was obtained in
the form of pale-yellow, irregular, parallelepiped-shaped crystals
from the reaction of p-tert-butylthiacalix[4]arene (LH4; 0.15 g,
0.2 mmol) with FeCl2 (0.10 g, 0.8 mmol), ascorbic acid (0.07 g,
0.4 mmol) and methanol (23 mL) in a 43-mL, Teflon-lined auto-
clave under autogenous pressure at 170 °C for 3 d. The crystals
were isolated by filtration then washed with methanol and dried in
vacuo. Compound 2 is best kept under argon and was found to be
soluble in most common organic solvents (CHCl3, CH2Cl2, etc.).
Yield: 52%. C160H180Cl4Fe10O18S16 (3604.4): C 53.31, H 5.03, Cl
3.93, Fe 15.50, S 14.23; found C 53.03, H 4.87, Cl 4.05, Fe 16.05,
S 14.57.

X-ray Crystallography

Data Collection: Experimental details for [Fe4(L)2]·H2O (1) and
[Fe10(L)4Cl4]·2H2O (2) are given in Table 5. Data processing was
performed with the KappaCCD analysis software[69] and the lattice
constants were refined by a least-squares refinement using 6303
reflections (1.0° � θ � 27.9°) and 12035 reflections (1.0° � θ �

27.5°) for 1 and 2, respectively.

Structure Solution and Refinement: [FeII
4(L)2]·H2O (1) crystallises

in the orthorhombic system. According to the observed systematic
extinctions, the structure was solved in the Immm space group (no.
71). [FeII

10(L)4Cl4]·2H2O (2) crystallises in the triclinic system and
the structure was solved in the P1̄ space group (no. 2). The unit-
cell parameters, crystal system, space group and refinement details
for both of them are summarised in Table 5. Both structures were
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solved by direct methods using SIR97[70] in combination with Fou-
rier difference syntheses and then refined against F using reflections
with [I � 3σ(I)] with the CRYSTALS program.[71] Hydrogen atoms
were not refined and were placed either theoretically or found in
the Fourier difference maps. All the thermal atomic displacements
for non-hydrogen atoms and non-oxygen atoms from water mole-
cules were successfully refined anisotropically.
CCDC-278036 (for 1) and -278037 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements: The magnetic susceptibilities were mea-
sured on bulk polycrystalline samples placed in a Teflon-capped
basket, in the range 2–300 K, with a Quantum Design MPMS
SQUID magnetometer operating at a field strength of 0.5 T. The
data were corrected for the sample holder, the diamagnetism of the
previously measured thiacalixarene macrocycle and the diamagne-
tism of other constituent atoms using Pascal’s constants. As the
compounds described in the paper contain water of crystallisation,
which may be lost during the measurements, every sample was
weighed before and after measurement and did not show any lost
of weight. For both compounds, the magnetic measurements were
also performed on several samples from different preparations.

Mössbauer Spectroscopy: Mössbauer spectra were recorded using a
constant acceleration type spectrometer equipped with a 57Co
source (15 mCi). The spectra of compounds 1 and 2 were recorded
at 80 and 293 K and at 80, 150 and 298 K, respectively. Mössbauer
isomer shifts are given relative to natural iron at room temperature.
Least-squares fitting of the Mössbauer spectra was carried out with
the assumption of a Lorentzian line-shape using MossWinn 3.0.[72]

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1. Representation of the two asymmetric moieties (M1
and M2) in compound 1.
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The N,O-chelate ligands 2-(iminoethyl)pyridine N-oxide (2a)
and 2-(iminoethyl)-6-isopropylpyridine N-oxide (2b) were
prepared by conventional synthetic routes, the latter involv-
ing a variant of the Reissert–Henze reaction. Treatment of 2a
with FeCl2 resulted in a deoxygenation reaction of the ligand
and formation of the salt [bis{2-(iminoethyl)-
pyridine}FeCl]+[FeCl4]– (18a). In contrast, the reaction of 2a
with PdCl2 or CoCl2 cleanly furnished the six-membered
chelate [κN,O-2(iminoethyl)pyridine N-oxide]MCl2 com-
plexes (19a, M = Pd) or (20a, M = Co), respectively, which
were both characterised by X-ray diffraction. Treatment of
2b with [NiBr2(dme)], followed by crystallisation from THF,

Introduction

Chelating ligand systems are of considerable importance
in metal-catalysed organic reactions[1] and in polymerisa-
tion catalysis.[2] Among the various chelating ligand types,
many salicylaldimine-derived bi- and multidentate ligands
have been found to be very useful. The monoanionic biden-
tate systems 1, which feature various types of substituent
patterns at the central framework, have been employed ex-
tensively in homogeneous Ziegler–Natta-type polymerisa-
tion catalysis[3–5] as well as in asymmetric organic reac-
tions,[6] and they form the basis of the many salen-type li-
gands whose metal complexes have found extensive catalytic
uses.[7]

The neutral pyridine N-oxide aldimines or ketimines 2
(see Scheme 1) are the neutral analogues of the ubiquitous
anionic ligand systems 1. A variety of such examples and
their metal complexes have been described so far[8–12] but
overall much less is known about these interesting bidentate
ligand systems than their phenolic counterparts, especially
with a bulky alkyl substituent (R1) in the 6-position. We
have therefore prepared several examples of metal com-
plexes of this class of neutral bidentate ligand systems 2
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gave the complex [(κN,O-2b)NiBr2(THF)] (21b), which fea-
tures a distorted trigonal-bipyramidal coordination geometry
of the central metal atom. The reaction of 2a with
[NiBr2(dme)] gave the structurally related complex [(κN,O-
2a)NiBr2(κO-2a)] (21a). The N,O-chelate Pd complex 19a was
shown to be an active catalyst for the Suzuki coupling reac-
tion. The ligand systems 2a,b and their related 2-(iminoethyl)-
pyridines 3a,b and a variety of metal complexes of ligands 3
were also prepared and characterised for comparison by X-
ray diffraction.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and compared their structural features with those of the
related [2-(iminoethyl)pyridine]metal complex systems 3.

Scheme 1.

Results and Discussion

Preparation of the Chelating Ligand Systems

For this study two general lines of acetylpyridine (R2 =
CH3) derived ligands were employed, namely the parent
systems (R1 = H) and the 6-isopropyl analogue (R1 = iPr).
We also briefly investigated the corresponding tert-butyl
system (R1 = tBu), but encountered some difficulties that
will be described below. All the imine systems of this study
were derived from 2,6-diisopropylaniline as the coupling
component of the Schiff-base synthesis. 2-Acetylpyridine
(4) was, thus, condensed with 2,6-diisopropylaniline to yield
the Schiff-base product 3a (see Scheme 2).[13] Oxidation of
4 with m-chloroperbenzoic acid in chloroform gave the cor-
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responding 2-acetylpyridine N-oxide (5a),[14] which was
then treated with diisopropylaniline to yield 2a.

Scheme 2.

The synthesis of the 6-isopropyl and 6-tert-butyl deriva-
tives of 2 and 3 started from 2-ethylpyridine (6, see
Scheme 3). Deprotonation of 6 with n-butyllithium at
–30 °C followed by treatment with methyl iodide at –50 °C
furnished 2-isopropylpyridine (7b, 67%).[15] Subsequent α-
deprotonation of 7b was achieved by treatment with the
stronger base potassium diisopropylamide (generated in
situ from isopropylamine, KOtBu and nBuLi) at –50 °C.
Quenching with MeI at –75 °C then gave 7c in 68% yield.[15]

The 2-cyano substituent was introduced by a modified Reis-
sert–Henze reaction.[16] For that purpose, compounds 7b
and 7c were first converted into their respective pyridine N-
oxides 8b and 8c by treatment with m-chloroperbenzoic
acid in chloroform at 0 °C.[17] The selective CN introduc-
tion was achieved by treatment of compounds 8 with
Me3SiCN in the presence of dimethylcarbamoyl chloride in
CH2Cl2 at ambient temperature. Distillation gave the prod-

Scheme 3.
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ucts 9b (61%) and 9c (65%) in good yield. The products 9
were then converted into the corresponding 2-acetyl-6-
alkyl-pyridines 10b (25%) and 10c (36%) by treatment with
methyllithium in diethyl ether (–25 °C), followed by aque-
ous workup and distillation. Subsequent treatment of com-
pounds 10 with 2,6-diisopropylaniline (MeOH, catalysed by
formic acid) eventually gave the 6-alkyl-substituted 2-(imino-
ethyl)pyridine ligands 3b (R = iPr) and 3c (R = tBu),
respectively.

2-Acetyl-6-isopropylpyridine (10b) was converted into
the corresponding pyridine N-oxide product 11b. First
attempts to achieve the selective oxidation by treatment
with m-chloroperbenzoic acid were unsuccessful, and
stronger oxidation conditions, such as 30% H2O2 at 80 °C
in acetic acid for 20 h, were required to achieve the conver-
sion of 10b into 11b (61% isolated). The tert-butyl-substi-
tuted analogue 10c even proved inert under these forcing
oxidation conditions and could not be converted into the
corresponding N-oxide under the applied reaction condi-
tions. Eventually, condensation of 11b with 2,6-diisopro-
pylaniline gave the N-aryl-2-(iminoethyl)-6-isopropylpyri-
dine N-oxide system 2b, which was used as a sterically more
hindered chelate ligand in this study.

The chelate ligands 3a, 3b and 3c and the pyridine N-
oxide systems 2a and 2b were characterised by X-ray dif-
fraction. Details of 3c are given in the Supporting Infor-
mation. The structures of the chelate ligand pairs 3a/2a and
3b/2b are depicted for comparison in Figures 1 and 2,
respectively.

In the crystal, the ligand system 3a features a close to
planar central (iminoethyl)pyridine framework with an s-
trans arrangement of the pyridyl and the imino subunits
[dihedral angle θ1 = –177.1(1)° (see Table 1)]. The C7–N9
bond length [1.280(2) Å] is in the typical C=N double bond
range,[18] which is (E)-configured in 3a, i. e. the bulky pyri-
dyl and 2,6-diisopropylphenyl substituents are oriented
trans to each other. The plane of the 2,6-diisopropylphenyl
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Figure 1. Comparison of the molecular structures of the ligand systems 3a (left) and 2a (right).

Figure 2. Comparison of the conformational arrangements of the chelating ligand systems 3b (left) and 2b (right).

Table 1. Selected structural parameters of the chelate ligands 2 and 3.[a]

3a 2a 3b 2b[b]

C7–N9 1.280(2) 1.278(2) 1.274(2) 1.283(4) 1.276(4)
C2–C7–N9–C10 [θ1] –177.1(1) 174.3(1) –179.0(1) 177.4(3) –177.7(2)
N1–C2–C7–N9 [θ2] –177.9(1) 143.2(1) 173.0(1) 133.7(3) –137.4(3)
C7–N9–C10–C15 (C11) [θ3] 104.0(2) 93.1(2) 98.0(2) 88.1(3) 97.2(4)

–81.9(2) –92.5(2) –88.5(2) –96.9(3) –90.0(4)
pyridyl vs. aryl plane 74.2 128.8 91.0 143.1 135.6

[a] Bond lengths in Å and angles in °. [b] Two independent molecules.

ring is rotated close to normal from the central C=N plane
[θ3 = 104.0(2)/–81.9(2)°].

The conformational arrangement of the corresponding
N-aryl[2-(iminoethyl)]pyridine N-oxide system 2a is related.
The attachment of the oxygen atom to the pyridyl nitrogen
atom [N1–O = 1.301(1) Å] causes the adjacent imino moi-
ety to rotate away from the central plane by about 140° (θ2,
see Table 1 and Figure 1). This conformational arrange-
ment appears to be the best compromise between compet-
ing repulsive interactions between the bulky =N-aryl group
attached at the (sp2) carbonyl carbon atom C7 or its CH3

group, respectively, with the newly introduced N–O func-
tionality. Again, the 2,6-diisopropylphenyl plane is oriented
close to normal [θ3 = 93.1(2)/–92.5(2)°] to the C=N plane
in 2a.

In the ligand system 3b the bulky isopropyl substituent
is attached to the pyridyl 6-position. The framework con-
formation in 3b is s-trans [θ1 = –179.0(1)°; see Table 1]. The
central trisubstituted imino C=N double bond [1.274(2) Å]
remains (E)-configured and the 2,6-diisopropylphenyl plane

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 366–379368

is close to normal to the C=N plane [θ3 = 98.0(2)/–88.5(2)°;
see Table 1].

In the pyridine N-oxide derivative 2b the C=N double
bond is again substantially rotated away from planarity. Ac-
tually, the observed dihedral angle θ2 in 2b [averaged abso-
lute value 135.6(3)°] is very close to that observed in 2a (see
above and Table 1). Thus, compound 2b has almost the
same optimal rotational angle around the C2–C7 vector,
which probably leads to an optimal compensation of the
N–O vs. C7–CH3 and C7–N9(Ar) steric interactions. Again,
the 2,6-diisopropylphenyl substituent plane is oriented close
to normal to the C=N substituent plane [averaged θ3 =
–93.1(4)°; see Table 1].

The ligand systems 2 and 3 seem to adopt similar confor-
mational structures in solution. A perpendicular arrange-
ment between the C=N and 2,6-diisopropylphenyl planes
would create an axially prochiral subunit in all these com-
pounds. This would be monitored by the occurrence of
pairwise diastereotopic methyl groups of the isopropyl sub-
stituents of the N-aryl substituent. For 3b, the iPr2C6H3
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methyl resonances in the 1H NMR spectrum are, by chance,
isochronous in CDCl3 at ambient temperature, but they
split upon cooling of the sample to –65 °C {1H NMR: δ =
2.74 [sept, 2 H, CH(CH3)2ar], 1.12 and 1.10 [each d, 6 H,
CH(CH3)2ar] ppm; 13C NMR: δ = 27.7 [CH(CH3)2ar], 23.1,
23.0 [CH(CH3)2]ar ppm}. The 1H NMR resonances of the
remaining isopropyl group at C6 of the pyridyl ring occur
at δ = 3.08 [sept, 1 H, CH(CH3)2py] and 1.32 [d, 6 H,
CH(CH3)2py] ppm {13C NMR: δ = 36.2 [CH(CH3)2py], 22.7
[CH(CH3)2py] ppm}.

The corresponding pyridine N-oxide derivative 2b also
shows a single CH(CH3)2py

1H NMR resonance even at
–60 °C in CDCl3 [δ = 1.28 (d, 6 H) ppm; 13C: δ = 20.5
(25 °C) ppm]. In contrast, the CH(CH3)2ar methyl groups
of 2b are diastereotopic at room temperature [1H: δ = 1.23,
1.16 (each d, each 6 H) ppm; 13C: δ = 23.5, 22.9 ppm] which
indicates that the rotation around the imino =N–C(aryl)
vector is “frozen” on the NMR timescale under these con-
ditions and that the N-aryl substituent plane is oriented
substantially out of the N=C plane in solution, as was ob-
served in this and the related systems in the crystal.

Metal Complex Formation and Structural Characterisation

First, we treated the ligand system 3b (R = iPr) with
FeCl2, CoCl2, and NiBr2(dme). In clean reactions the corre-
sponding 1:1 chelate complexes [(3b)MX2] were obtained in
high yields. Single crystals were obtained from all the three
complexes 12b [(3b)FeCl2], 13b [(3b)CoCl2] and 14b [(3b)
NiBr2], and their molecular structures in the solid state de-
termined (see Table 2 and Scheme 4). Since the three com-
pounds are structurally analogous, we will briefly describe
only the nickel system 14b (see Figure 3 for the structure).
The structural data of 12b, 13b and 14b are listed in Table 2.
For additional information see the Supporting Information.

Table 2. Selected structural data of the [2-(iminoethyl)pyridine]metal complexes 12–16.[a]

12b (Fe)[b] 13b (Co)[b] 14b (Ni)[c] 15a (Fe)[b] 16a (Co)[b]

C2–C7 1.497(5) 1.484(5) 1.474(4) 1.483(11) 1.482(2)
C7–N9 1.271(5) 1.288(4) 1.286(3) 1.294(10) 1.290(2)
M–N1 2.108(3) 2.034(3) 1.994(2) 2.126(7) 2.093(1)
M–N9 2.111(3) 2.044(3) 1.995(2) 2.201(6) 2.123(1)
M–Hal1 2.209(1) 2.200(1) 2.3577(5) 2.385(2) 2.3419(5)
M–Hal2 2.223(1) 2.209(1) 2.3169(5) 2.278(3) 2.2878(6)
M–Hal1* – – – 2.484(2) 2.4589(5)
N1–M–N2 77.3(1) 81.1(1) 81.7(1) 74.8(2) 76.64(5)
Hal1–M–Hal2 118.68(5) 113.78(5) 123.64(2) 105.3(1) 103.42(2)
Hal1–M–Hal1* – – – 84.9(1) 86.01(2)
C2–C7–N9–C10 –179.0(3) –178.6(3) –178.0(2) –175.4(7) 175.2(1)
C7–N9–C10–C11 (C15) –89.1(5) –89.7(5) 97.7(3) –89.0(9) 89.8(2)

94.3(5) 94.5(4) –84.0(3) 90.3(9) –88.8(2)
pyridyl vs. aryl plane 93.1 85.9 99.7 98.6 97.9

[a] Bond lengths in Å; angles and dihedral angles in °. [b] Hal = Cl. [c] Hal = Br.
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Scheme 4.

Figure 3. Molecular structure of the nickel chelate complex 14b.

In complex 14b the ligand system adopts a cisoid confor-
mation [θ(N1–C2–C7–N9) = 2.8(3)°] that allows both the
nitrogen centres N1 and N9 to coordinate to the nickel
atom. The C7–N9 bond length in the ligand system is not
affected by the coordination and retains its value of
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1.286(3) Å. The metal–nitrogen bond lengths amount to
1.994(2) Å (Ni–N1) and 1.995(2) Å (Ni–N9). In complex
14b the nickel atom has a pseudo-tetrahedral coordination
geometry with a small N1–Ni–N9 angle of 81.7(1)° inside
the five-membered chelate ring and, consequently, a much
larger complementary Br1–Ni–Br2 angle of 123.64(2) Å.
Again, an (E)-trisubstituted C=N unit is found and the 2,6-
diisopropylphenyl substituent at the imine nitrogen atom is
rotated close to perpendicular to the plane of the central
(iminoethyl)pyridine moiety (angle between the planes:
99.7°).

The less bulky parent ligand system 3a also reacts readily
with the metal dihalides FeCl2 or CoCl2. In both cases we
were able to obtain single crystals and characterise the
structures of the products (15a and 16a, respectively) by X-
ray diffraction. The coordination of the cisoid chelate ligand
in 15a and 16a (see Scheme 4) is very similar to that in 12b
and 13b (see Table 2). However, use of the less bulky ligand
3a results in the formation of a chloro-bridged dimer.[19] In
both 15a and 16a the coordination geometry of the central
metal atom can best be described as distorted trigonal-bipy-
ramidal with two equivalent half molecules in an overall
C2-symmetric framework. The pyridyl nitrogen atom (N1)
and Cl1 mark the apical centres of the distorted trigonal
bipyramid {15a: N1–Fe–Cl1 = 155.6(2)° [163.77(4)°]; the
value in brackets is the corresponding value of the iso-
structural cobalt complex 16a}. The angles between the
three equatorial ligands amount to 126.0(2)° (N9–Fe–Cl1*)
[122.86(4)°], 116.7(2)° (N9–Fe–Cl2) [114.03(4)°] and
115.5(1) (Cl1*–Fe–Cl2) [119.79(2)°], which amounts to a
sum of the three bonding angles of 358.2° in the iron com-
plex 15a [356.68° in the cobalt complex 16a]. Most angles
between the apical and basal ligands are rather close to the
expected value of 90° [Fe complex 15a: between 84.1(2)°
and 99.1(2)°; Co complex 16a: between 83.18(4)° and
99.41(4)°] with the exception of the smaller chelate nitrogen
angle [N1–Fe–N9 = 74.8(2)°; N1–Co–N9 = 76.64(5)°] and
the correspondingly enlarged angle between the bridging
halide ligands [Cl1–Fe–Cl2 = 105.3(1)°; Cl1–Co–Cl2 =
103.42(2)°]. The structure of the dimeric (chelate ligand)
FeCl2 complex 15a is depicted in Figure 4 (for further de-
tails of the isostructural cobalt system 16a see the Support-
ing Information).

The reaction of 3a with [NiBr2(dme)] in dichloromethane
at room temperature takes a slightly different course. We
isolated the 2:1 reaction product 17a (see Scheme 5) of the
composition [(3a)2NiBr]+Br– as a green-yellow solid.[20] The
general trigonal-bipyramidal structural type of 17a with the
pyridyl nitrogen atoms was determined by X-ray diffraction
but the quality of the X-ray crystal structure analysis of 17a
was too poor to allow for any detailed discussion.

Let us now turn to the reactions of the chelate pyridine
N-oxide ligands with the metal halides. The reaction of 2a
with FeCl2 did not give an (iminoethyl)pyridine N-oxide
complex as one might have expected. Instead, it turned out
that the N-oxide is reduced by part of the iron. Crystallisa-
tion of the crude reaction product furnished single crystals
of the FeII/FeIII salt of the deoxygenated (iminoethyl)pyri-
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Figure 4. View of the molecular structure of the dimeric iron com-
plex 15a.

Scheme 5.

dine ligand [(3a)2FeCl]+[FeCl4]– (18a; see Scheme 6 and
Figure 5). The X-ray crystal structure analysis of 18a, al-
though of a rather poor quality, shows a distorted trigonal-
bipyramidal coordination geometry around the FeII centre
in the cation (the FeIII centre in the [FeCl4]– ion is tetrahe-
drally coordinated) with the pyridine nitrogen atoms ori-
ented trans to each other at the apical positions [N1A–Fe1–
N1B = 159.5(3)°] and a sum of the basal ligand angles [Cl1–
Fe1–N9A = 117.2(2)°; Cl1–Fe–N9B = 117.8(2)°; N9A–Fe–
N9B = 124.9(3)°] of 359.9°.

Scheme 6.

The reaction of the N,O-chelate ligand 2a with PdCl2
gave complex 19a (see Scheme 7), which was isolated as a
yellow solid in 75% yield. The X-ray crystal-structure
analysis showed a six-membered chelate structure where
both the pyridine N-oxide oxygen atom and the imino ni-
trogen atom are coordinated to the palladium atom [Pd–O1
= 2.029(1) Å; N9–Pd = 2.035(2) Å]. In complex 19a both
the N–O [1.343(2) Å] and the C7–N9 [1.284(2) Å] bond
lengths are almost unchanged relative to the free ligand (see
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Figure 5. Molecular structure of the salt [(3a)2FeCl]+[FeCl4]– (18a).

Table 3 and Table 1). The palladium atom in complex 19a
features a square-planar coordination geometry with Pd–Cl
bond lengths of 2.2945(5) Å (Cl1) and 2.2678(5) Å (Cl2).
The bond angles at Pd amount to 91.52(2)° (Cl1–Pd–Cl2),
90.46(4)° (Cl1–Pd–O1), 84.92(6)° (O1–Pd–N9) and
93.12(4)° (N9–Pd–Cl2) (sum of bonding angles at Pd:
360.02°). In contrast to the free ligand 2a, the chelate core
of complex 19a is markedly rotated away from planarity,
with central dihedral angles of 40.7(3)° (N9–C7–C2–N1)
and –1.5(3)° (C7–C2–N1–O1). The six-membered core of
complex 19a features a twist-boat-like conformation (see
Figure 6), and the 2,6-diisopropylphenyl substituent at the
imine nitrogen centre N9 is rotated almost as far out of the
adjacent imine C=N plane as in the free ligand 2a [C7–N9–
C10–C11 = –77.3(2)° in 19a and –92.5(2)° in 2a].

Scheme 7.

Complex 19a is one of the few diamagnetic chelate sys-
tems obtained in this study, and could thus be characterised
by NMR spectroscopy. Its most prominent feature is the
observation of pair-wise diastereotopic methyl groups of
the 2,6-diisopropylphenyl substituent at the C=N nitrogen

Table 3. Selected structural data of the metal complexes 19–23.[a]

19a (Pd) 20a (Co) 21b (Ni) 21a (Ni) 22a (Zn) 23a (Cu)

C2–C7 1.489(3) 1.496(4) 1.486(4) 1.485(5) 1.491(5)[b] 1.499(6) 1.500(6) 1.490(4)
C7–N9 1.284(2) 1.291(4) 1.285(4) 1.284(4) 1.272(4)[b] 1.282(5) 1.285(6) 1.281(4)
N1–O1 1.343(2) 1.340(3) 1.336(3) 1.332(4) 1.337(3)[b] 1.340(5) 1.332(5) 1.340(3)
N9–M 2.035(2) 2.020(2) 2.041(3) 2.073(3) – 2.072(4) 2.076(4) 1.985(2)
O1–M 2.029(1) 1.957(2) 2.005(2) 2.049(2) 2.055(2)[b] 1.976(3) 2.005(3) 1.919(2)
C7–N9–M 121.8(1) 123.7(2) 123.6(2) 123.8(2) – 121.6(3) 121.6(3) 123.2(2)
N9–M–O1 84.92(6) 87.84(9) 82.9(1) 81.7(1) – 84.3(1) 83.7(1) 87.07(9)
M–O1–N1 109.9(1) 118.2(2) 113.8(2) 113.6(2) – 113.0(3) 113.2(3) 115.4(2)
C2–C7–N9–C10 175.9(2) 174.4(2) –175.3(3) –179.3(4) –176.6(3)[b] –174.1(4) 174.2(4) –179.8(3)
C2–N1–O1–M –54.9(2) 40.8(4) 57.6(3) 53.5(4) – –52.3(5) 50.4(5) 49.0(3)
N1–C2–C7–N9 40.7(3) –22.6(4) –32.0(4) –32.4(6) –126.8(4)[b] 26.8(7) –26.9(7) –29.7(4)

[a] Bond lengths in Å and angles and dihedral angles in °. [b] κO-coordinated ligand 2a.
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Figure 6. Molecular structure of palladium complex 19a.

atom [1H NMR: δ = 1.59, 1.19 (each d, each 6 H) ppm;
13C: δ = 24.9, 23.8 ppm].

The [2-(N-aryliminoethyl)pyridine N-oxide]cobalt com-
plex 20a was obtained from the reaction of 2a with CoCl2
(see Scheme 7). The X-ray crystal structure analysis of 20a
features a pseudo-tetrahedral coordination geometry of the
central transition metal atom. The intact chelate ligand is
again N,O-coordinated, with the 2,6-diisopropylphenyl sub-
stituent oriented close to normal to the C=N plane (see
Table 3 and Figure 7). The complex framework also fea-
tures a twist-boat-type six-membered ring conformation
with dihedral angles of –22.6(4)° (N1–C2–C7–N9) and
2.2(4)° (C7–C2–N1–O1).

Figure 7. View of the molecular structure of the cobalt complex
20a.

The reaction of the N,O-chelate ligand 2b with
[NiBr2(dme)] takes a different course. Again, a 1:1 addition
product (21b, see Scheme 8) was obtained. Single crystals
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were obtained from THF solution. In 21b (see Figure 8)
the (iminoethyl)pyridine N-oxide ligand coordinates to the
nickel atom through both the oxygen atom and the imino
nitrogen atom to form a favoured six-membered chelate
ring. The ring conformation is twisted, with the core atoms
N1–C2–C7–N9 deviating from coplanarity by about –32°
(see Table 3). The corresponding dihedral angles amount to
57.6(3)° (C2–N1–O1–Ni), 5.9(4)° (C2–C7–N9–Ni), 31.8(2)°
(C7–N9–Ni–O1) and –62.2(2)° (N1–O1–Ni–N9). The N1–
O1 bond length in complex 21b is 1.336(3) Å, which is sim-
ilar to that found in the free ligand 2b. The nickel atom in
complex 21b features a distorted trigonal-bipyramidal coor-
dination geometry, with the pyridine N-oxide oxygen atom
O1 [Ni–O1 = 2.005(2) Å] and the oxygen atom of a coordi-
nated THF ligand [Ni–O25 = 2.160(2) Å] being at the apical
positions [O1–Ni–O25 = 174.1(1)]. The imino-nitrogen
atom N9 [Ni–N9 = 2.041(3) Å] and the pair of bromide
ions [Ni–Br1 = 2.4407(6) Å; Ni–Br2 = 2.4173(6) Å] are ori-
ented in the central plane [N9–Ni–Br1 = 96.17(7)°; N9–Ni–
Br2 = 126.67(8)°; Br1–Ni–Br2 = 136.84(3)°]. The 2,6-di-
isopropylphenyl substituent at N2 is rotated almost normal
to the C=N imine plane [C7–N9–C10–C11 = –94.3(4)°] as
is the bulky CHMe2 group at the α-position of the pyridine
N-oxide ring.

Scheme 8.

The reaction of the less bulky chelate pyridine N-oxide
ligand 2a with [NiBr2(dme)] takes a similar course, except
that a 2:1 adduct (21a, see Scheme 8 and Figure 9) was ob-
tained after recrystallisation. The X-ray crystal-structure
analysis of 21a revealed the presence of a six-membered
chelate ring that is very similar to the corresponding sub-
structural unit in 21b (see above and Table 3), but instead
of the THF solvent the nickel atom in 21a has picked up
a second (iminoethyl)pyridine N-oxide ligand (2a) and is
coordinated to it only through the N–O oxygen atom (κO)
to complete its distorted trigonal-bipyramidal coordination
sphere [Ni–O1a = 2.055(2) Å; N1a–O1a–Ni = 123.2(2)°].
The κO-coordinated ligand 2a in 21a features a conforma-
tion that is similar to that of the free ligand [N1a–C2a–
C7a–N9a = –126.8(4)°].
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Figure 8. Molecular geometry of the nickel(ii) complex 21b.

Figure 9. View of the molecular structure of complex 21a.

In addition to the metal complexes described above, we
also prepared a zinc and a copper complex of the unsubsti-
tuted N,O-ligand 2a (see Scheme 9).

Scheme 9.

The reaction of ligand 2a with ZnBr2 in acetonitrile at
room temperature yielded a bright yellow solid (22a). The
molecular structure is depicted in Figure 10 and shows a
monomeric complex with a four-coordinate zinc atom. The
geometry around the metal centre can be described as dis-
torted tetrahedral with an N9–Zn–O1 angle of 84.3(1)° and
a Br1–Zn–Br2 angle of 121.60(4)°. Again, the six-mem-
bered metallacycle features a twist-boat-type conformation
[dihedral angles C2–N1–O1–M = –52.3(5)° and N1–C2–
C7–N9 = 26.8(7)°; all values for molecule A].
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Figure 10. View of the molecular structure of complex 22a.

Compound 23a was obtained from the reaction of Cu-
(OTf)2 with 2a in dichloromethane (see Figure 11). In this
case the metal centre is five-coordinate. The geometry can
be regarded as distorted square-pyramidal, with the nitro-
gen atom of the imino bridge, the pyridine N-oxide oxygen
atom, the oxygen atom of one triflate group and the oxygen
atom of an additional water molecule as the four basal
atoms [O2–Cu–N9 = 167.5(1)°; O1–Cu–O6 = 168.1(1)°].
The oxygen atom of the second triflate group occupies the
axial coordination site.

Figure 11. View of the molecular structure of complex 23a.

We have only begun to investigate the chemistry of the
(iminoethyl)pyridine N-oxide chelate metal complexes. In a
first experiment, the (N,O-chelate)PdCl2 system 19a was
employed as a catalyst in the Suzuki coupling reaction of
bromobenzene with phenylboronic acid to yield biphenyl.
With 3 mol-% of 19a in the presence of the base K2CO3

(toluene, 80 °C, 8 h) a practically quantitative yield of the
Ph-Ph coupling product was obtained, which is superior to
the reaction catalysed by PdCl2 alone in the absence of a
supporting ligand, which gives only a 62% yield of biphenyl
under these general reaction conditions. This makes it prob-
ably worthwhile to explore the catalytic potential of the
[(iminoalkyl)pyridine N-oxide]metal complexes described in
this article and related systems.
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Conclusion

We have shown that pyridine N-oxide systems can readily
be obtained in a straightforward synthetic way. The systems
2a and 2b in many cases serve as rather stable chelate li-
gands, cleanly forming the respective κN,O-coordinated
complexes with a variety of metal systems. Only in an ex-
ceptional case did we observe a redox reaction that resulted
in loss of the pyridine N-oxide oxygen atom with concur-
rent formation of a corresponding (iminoethyl)pyridine che-
late metal complex. The (iminoethyl)pyridine N-oxide com-
plexes are structural analogues of the ubiquitous (salicylimi-
no)metal complexes. However, the (iminoethyl)pyridine N-
oxides are neutral ligands in contrast to their negatively
charged salicylimino ligand analogues. Therefore, one
might envision a variety of complementary use of these che-
lating ligand systems, both in coordination chemistry and
catalysis.

Experimental Section
General: All reactions involving air- or moisture-sensitive com-
pounds were carried out under an inert gas using Schlenk-type
glassware or in a glovebox. Solvents were dried and distilled prior
to use. The following instruments were used for physical characteri-
sation of the compounds: melting points: DSC 2010 TA-instru-
ments; elemental analyses: Foss–Heraeus CHNO-Rapid; MS:
Micromass Quattro LC-Z electrospray mass spectrometer; NMR:
Bruker AC 200 P (1H: 200 MHz; 13C: 50 MHz), ARX 300 (1H:
300 MHz; 13C: 75 MHz), Varian UNITY plus NMR spectrometer
(1H: 600 MHz; 13C: 151 MHz). 2-Isopropylpyridine (7b),[15] 2-tert-
butylpyridine (7c),[15] 2-acetylpyridine N-oxide (5a)[14] and (2,6-di-
isopropylphenyl)(1-pyridin-2-ylethylidene)amine (3a)[13] were syn-
thesised according to methods published elsewhere. Compounds 8b
and 8c were synthesised by a general procedure for the preparation
of amine N-oxides.[17] Compounds 9b and 9c were synthesised ac-
cording to a modified Reissert–Henze reaction.[16]

X-ray Crystal Structure Determinations: Data sets were collected
with Enraf Nonius CAD4 and Nonius KappaCCD diffractometers,
with Mo-Kα radiation, equipped with a rotating anode generator.
Programs used: data collection EXPRESS (Nonius B.V., 1994) and
COLLECT (Nonius B.V., 1998); data reduction MolEN (K. Fair,
Enraf–Nonius B.V., 1990) and Denzo-SMN;[21] absorption correc-
tion for CCD data SORTAV[22] and Denzo;[23] structure solution
SHELXS-97;[24] structure refinement SHELXL-97;[25] graphics XP
(BrukerAXS, 2000). CCDC-277028 to -277044 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2-Isopropylpyridine N-Oxide (8b): A solution of 7b (70.0 g,
578 mmol) in chloroform (700 mL) was cooled to 0 °C and m-chlo-
roperbenzoic acid (143 g, 578 mmol), dissolved in chloroform
(400 mL), was added dropwise. The resulting mixture was warmed
to ambient temperature within 3 h, then passed through a column
of alkaline alumina. Evaporation of the solvent yielded the product
as a yellow oil (63.0 g, 79%). 1H NMR (200 MHz, CDCl3, 25 °C):
δ = 8.19 (d, 3J = 6.4 Hz, 1 H, 6-H), 7.18 (m, 2 H, 3-H/5-H), 7.12–
7.01 (m, 1 H, 4-H), 3.74 [sept, 3J = 6.8 Hz, 1 H, CH(CH3)2], 1.24
[d, 3J = 6.9 Hz, 6 H, CH(CH3)2] ppm. 13C{1H} NMR (75 MHz,
CDCl3, 25 °C): δ = 157.7 (C-2), 139.6 (C-6), 125.5 (C-5), 122.9 (C-
4), 122.6 (C-3), 27.4 [CH(CH3)2], 20.1 [CH(CH3)2] ppm.
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2-tert-Butylpyridine N-Oxide (8c): In an analogous procedure, reac-
tion of 7c (33.0 g, 244 mmol) in chloroform (750 mL) with m-chlo-
roperbenzoic acid (60.2 g, 244 mmol) yielded 8c as a yellow oil
(29.0 g, 79%). 1H NMR (200 MHz, CDCl3, 25 °C): δ = 8.15 (dd,
3J = 6.1, 4J = 1.8 Hz, 1 H, 6-H), 7.29 (dd, 3J = 7.9, 4J = 2.4 Hz, 1
H, 3-H), 7.15 (dt, 3J = 7.9, 4J = 1.8 Hz, 1 H, 4-H), 7.11–7.02 (m,
1 H, 5-H), 1.48 [s, 9 H, C(CH3)3] ppm. 13C{1H} NMR (75 MHz,
CDCl3, 25 °C): δ = 157.9 (C-2), 141.6 (C-6), 125.3 (C-5), 123.5 (C-
4), 123.4 (C-3), 36.1 [C(CH3)3], 26.8 [C(CH3)3] ppm.

6-Isopropylpyridine-2-carbonitrile (9b): Dimethylcarbamoyl chlo-
ride (52.7 mL, 574 mmol) was added dropwise to a solution of 8b
(62.3 g, 454 mmol) and trimethylsilyl cyanide (71.8 mL, 574 mmol)
in dichloromethane (400 mL). The resulting mixture was stirred at
room temperature for 2 d and the progress of the reaction was mon-
itored by TLC (pentane/chloroform/triethylamine, 20:5:1). Then, a
10% aqueous K2CO3 solution was added and stirring continued
for 15 min. The organic phase was separated and the aqueous layer
extracted with dichloromethane. The combined organic layers were
dried (MgSO4), the solvent was evaporated and the crude product
distilled to give the 9b as a bright-yellow oil (40.2 g, 61%). 1H
NMR (200 MHz, CDCl3, 25 °C): δ = 7.71 (t, 3J = 7.9 Hz, 1 H, 4-
H), 7.47 (dd, 3J = 7.9, 4J = 1.0 Hz, 1 H, 3-H), 7.36 (dd, 3J = 7.9,
4J = 1.0 Hz, 1 H, 5-H), 3.06 [sept, 3J = 7.0 Hz, 1 H, CH(CH3)2],
1.25 [d, 3J = 7.0 Hz, 6 H, CH(CH3)2] ppm. 13C{1H} NMR
(75 MHz, CDCl3, 25 °C): δ = 169.3 (C-6), 137.1 (C-4), 133.0 (C-2),
125.8 (C-3), 124.3 (C-5), 117.5 (CN), 36.2 [CH(CH3)2], 22.1
[CH(CH3)2] ppm.

6-tert-Butylpyridine-2-carbonitrile (9c):[26] Analogously to the prep-
aration of 9b, reaction of 8c (29.0 g, 192 mmol), trimethylsilyl cya-
nide (30.4 mL, 243 mmol) and dimethylcarbamoyl chloride
(22.3 mL, 243 mmol) in dichloromethane (200 mL) yielded 9c as a
bright-yellow oil (20.0 g, 65%). 1H NMR (200 MHz, CDCl3,
25 °C): δ = 7.72 (t, 3J = 7.9 Hz, 1 H, 4-H), 7.53 (dd, 3J = 7.9, 4J =
1.1 Hz, 1 H, 3-H), 7.46 (dd, 3J = 7.9, 4J = 1.1 Hz, 1 H, 5-H), 1.32
[s, 9 H, C(CH3)3] ppm. 13C{1H} NMR (75 MHz, CDCl3, 25 °C): δ
= 171.4 (C-6), 137.0 (C-4), 132.7 (C-2), 125.3 (C-3), 122.7 (C-5),
117.7 (CN), 37.9 [C(CH3)3], 29.8 [C(CH3)2] ppm.

2-Acetyl-6-isopropylpyridine (10b): A solution of 9b (38.0 g,
260 mmol) in diethyl ether (400 mL) was cooled to –25 °C and
methyllithium (179 mL, 286 mmol, 1.6 m solution in diethyl ether)
was added dropwise. The reaction mixture was warmed to ambient
temperature within 2 h and then quenched with a mixture of aque-
ous ammonium chloride solution and hydrochloric acid. The or-
ganic phase was separated and the aqueous phase extracted with
diethyl ether. The ethereal solution was dried (Na2SO4) and the
solvent evaporated. Distillation yielded the product as a colourless
oil (10.6 g, 25%). 1H NMR (200 MHz, CDCl3, 25 °C): δ = 7.79
(dd, 3J = 7.7, 4J = 1.2 Hz, 1 H, 5-H), 7.67 (t, 3J = 7.7 Hz, 1 H, 4-
H), 7.28 (dd, 3J = 7.7, 4J = 1.2 Hz, 1 H, 3-H), 3.07 [sept, 3J =
7.0 Hz, 1 H, CH(CH3)2], 2.68 (s, 3 H, COCH3), 1.29 [d, 3J =
7.0 Hz, 6 H, CH(CH3)2] ppm. 13C{1H} NMR (75 MHz, CDCl3,
25 °C): δ = 200.8 (CO), 166.6 (C-6), 153.0 (C-2), 136.8 (C-4), 124.2
(C-3), 118.6 (C-5), 36.0 [CH(CH3)2], 25.5 (COCH3), 22.4
[CH(CH3)2] ppm. C10H13NO (163.22): calcd. C 73.59, H 8.03, N
8.58, found C 73.30, H 8.21, N 8.94.

2-Acetyl-6-tert-butylpyridine (10c): Analogously to the preparation
of 10b, 10c was prepared from the reaction of 9c (18.4 g, 115 mmol)
with methyllithium (79.4 mL, 127 mmol, 1.6 m solution in diethyl
ether) in diethyl ether (180 mL). After aqueous workup and distil-
lation, the product was obtained as a colourless oil (7.33 g, 36%).
1H NMR (200 MHz, CDCl3, 25 °C): δ = 7.79 (dd, 3J = 7.7, 4J =
1.3 Hz, 1 H, 3-H), 7.69 (t, 3J = 7.7 Hz, 1 H, 4-H), 7.46 (dd, 3J =
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7.7, 4J = 1.3 Hz, 1 H, 5-H), 2.69 (s, 3 H, COCH3), 1.36 [s, 9 H,
C(CH3)3] ppm. 13C{1H} NMR (75 MHz, CDCl3, 25 °C): δ = 201.0
(CO), 168.7 (C-6), 152.4 (C-2), 136.8 (C-4), 122.4 (C-5), 118.1 (C-
3), 37.6 [C(CH3)3], 30.5 [C(CH3)3], 25.6 (COCH3) ppm. C11H15NO
(177.24): calcd. C 74.54, H 8.53, N 7.90; found C 74.30, H 8.64, N
7.85.

2-Acetyl-6-isopropylpyridine N-Oxide (11b): Compound 10b
(6.00 g, 36.8 mmol), dissolved in glacial acetic acid (25 mL), was
treated with hydrogen peroxide solution (5.6 mL, 30%). The mix-
ture was allowed to react at 70–80 °C for 10 h. Additional hydrogen
peroxide solution (4.6 mL, 30%) was then added and the mixture
was heated for another 10 h. After cooling to room temperature,
the solvent was evaporated and the crude residue was treated with
sodium carbonate solution. The aqueous phase was extracted with
dichloromethane, the combined organic layers dried (Na2SO4) and
the solvent evaporated. The product was obtained as a yellow oil
(3.99 g, 61%). 1H NMR (200 MHz, CDCl3, 25 °C): δ = 7.40 (dd,
3J = 7.8, 4J = 2.2 Hz, 1 H, 3-H), 7.30 (dd, 3J = 7.8, 4J = 2.2 Hz, 1
H, 5-H), 7.21 (t, 3J = 7.8 Hz, 1 H, 4-H), 3.72 [sept, 3J = 7.1 Hz, 1
H, CH(CH3)2], 2.71 (s, 3 H, COCH3), 1.26 [d, 3J = 7.1 Hz, 6 H,
CH(CH3)2] ppm. 13C{1H} NMR (75 MHz, CDCl3, 25 °C): δ =
196.1 (CO), 158.6 (C-6), 147.5 (C-2), 124.9 (C-4), 124.3 (C-5), 123.4
(C-3), 30.2 (COCH3), 27.2 [CH(CH3)2], 20.1 [CH(CH3)2] ppm.
C10H13NO2 (179.22): calcd. C 67.02, H 7.31, N 7.82; found C
66.63, H 7.49, N 8.11.

General Procedure for the Preparation of the Ketimines 3a, 3b, 2a,
2b: A mixture of the appropriate 2-acetylpyridine compound
(12 mmol), 2,6-diisopropylaniline (16 mmol), a catalytic amount of
formic acid and sodium sulfate in methanol was refluxed for several
hours. The progress of the reaction was monitored by TLC. After
cooling to room temperature, the precipitate was removed by fil-
tration, the solvent was evaporated and the crude product purified
by column chromatography on silica gel. In most cases crystals
suitable for the X-ray crystal structure analysis were grown from
pentane at room temperature by means of solvent evaporation.

(2,6-Diisopropylphenyl)[1-(pyridin-2-yl)ethylidene]amine (3a): For-
mula C19H24N2, M = 280.40, light yellow crystal
0.50×0.30×0.10 mm, a = 8.469(1), b = 9.503(1), c = 11.790(1) Å,
α = 108.47(1), β = 103.82(1), γ = 100.68(1)°, V = 838.1(2) Å3, ρcalcd.

= 1.111 gcm–3, μ = 0.65 cm–1, no absorption correction (0.968 �

T � 0.994), Z = 2, triclinic, space group P1̄ (no. 2), λ = 0.71073 Å,
T = 198 K, ω and φ scans, 5134 reflections collected (±h, ±k, ±l),
[(sinθ)/λ] = 0.62 Å–1, 3372 independent (Rint = 0.019) and 2651 ob-
served reflections [I � 2σ(I)], 195 refined parameters, R = 0.047,
wR2 = 0.124, max. residual electron density 0.18 (–0.16) eÅ–3, hy-
drogen atoms calculated and refined as riding atoms.

(2,6-Diisopropylphenyl)[1-(6-isopropylpyridin-2-yl)ethylidene]amine
(3b): Reaction of 2-acetyl-6-isopropylpyridine (10b; 3.51 g,
21.5 mmol) with 2,6-diisopropylaniline (5.4 mL, 28.7 mmol)
yielded a yellow solid (5.87 g, 85%) after column chromatography
(SiO2; pentane/ethyl acetate, 20:1). M.p. 81 °C. 1H NMR
(600 MHz, CDCl3, 25 °C): δ = 8.18 (br. d, 1 H, 3-Hpy), 7.71 (t, 3J

= 7.7 Hz, 1 H, 4-Hpy), 7.25 (d, 3J = 7.7 Hz, 1 H, 5-Hpy), 7.16 (m,
2 H, 3-/5-Har), 7.09 (m, 1 H, 4-Har), 3.12 [sept, 3J = 6.9 Hz, 1 H,
CH(CH3)2py], 2.77 [sept, 3J = 6.9 Hz, 2 H, CH(CH3)2ar], 2.22 (s, 3
H, CNCH3), 1.35 [d, 3J = 6.9 Hz, 6 H, CH(CH3)2py], 1.15 [d, 3J =
6.9 Hz, 12 H, CH(CH3)2ar] ppm. 1H NMR (600 MHz, CDCl3,
–65 °C): δ = 8.14 (d, 3J = 7.6 Hz, 1 H, 3-Hpy), 7.75 (t, 3J = 7.6 Hz,
1 H, 4-Hpy), 7.29 (d, 3J = 7.6 Hz, 1 H, 5-Hpy), 7.19 (m, 2 H, 3-/5-
Har), 7.14 (m, 1 H, 4-Har), 3.08 [sept, 3J = 6.7 Hz, 1 H, CH-
(CH3)2py], 2.74 [sept, 3J = 6.7 Hz, 2 H, CH(CH3)2ar], 2.22 (s, 3 H,
CNCH3), 1.32 [d, 3J = 6.7 Hz, 6 H, CH(CH3)2py], 1.12 [d, 3J =
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6.7 Hz, 6 H, CH(CH3

ACH3
B)ar], 1.10 [d, 3J = 6.7 Hz, 6 H,

CH(CH3
ACH3

B)ar] ppm. 13C{1H} NMR (150 MHz, CDCl3,
–65 °C): δ = 167.7 (CN), 165.9 (C-6py), 154.7 (C-2py), 145.9 (C-1ar),
136.7 (C-4py), 135.8 (C-2/–6ar), 123.1 (C-4ar), 122.7 (C-3/–5ar), 121.7
(C-5py), 118.2 (C-3py), 36.2 [CH(CH3)2py], 27.7 [CH(CH3)2ar], 23.1
[CH(CH3

ACH3
B)ar], 23.0 [CH(CH3

ACH3
B)ar], 22.7 [CH(CH3)2py],

17.5 (CNCH3) ppm. MS (ESI): m/z (%) = 345.3 (100) [M + Na]+,
323 (12) [M + H]+. C22H30N2 (322.49): calcd. C 81.94, H 9.38, N
8.69; found C 81.75, H 9.32, N, 8.64.

X-ray Crystal Structure Analysis of 3b: Formula C22H30N2, M =
322.48, colourless crystal 0.45×0.30×0.20 mm, a = 11.486(1), b =
17.360(1), c = 11.529(1) Å, β = 117.34(1)°, V = 2042.1(3) Å3, ρcalcd.

= 1.049 gcm–3, μ = 4.59 cm–1, no absorption correction (0.820 �

T � 0.914), Z = 4, monoclinic, space group P21/c (no. 14), λ =
1.54178 Å, T = 223 K, ω and φ scans, 11145 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1, 3444 independent (Rint = 0.022)
and 2708 observed reflections [I � 2σ(I)], 225 refined parameters,
R = 0.046, wR2 = 0.133, max. residual electron density 0.28
(–0.18) eÅ–3, hydrogen atoms calculated and refined as riding
atoms.

2-[1-(2,6-Diisopropylphenylimino)ethyl]pyridine N-Oxide (2a): Reac-
tion of 2-acetylpyridine N-oxide (5.77 g, 42.1 mmol) with 2,6-diiso-
propylaniline (10.6 mL, 56.0 mmol) yielded a yellow solid (8.36 g,
67%) after column chromatography (SiO2; pentane/chloroform/tri-
ethylamine/methanol, 4:1:1:1). M.p. 80 °C. 1H NMR (600 MHz,
CDCl3, 25 °C): δ = 8.23 (m, 3J = 6.4 Hz, 1 H, 6-Hpy), 7.62 (dd, 3J

= 7.6, 4J = 2.3 Hz, 1 H, 3-Hpy), 7.35 (dt, 3J = 7.6, 4J = 1.3 Hz, 1
H, 4-Hpy), 7.32 (ddd, 3J = 7.6, 3J = 6.4, 4J = 2.3 Hz, 1 H, 5-Hpy),
7.16 (m, 2 H, 3-/5-Har), 7.10 (m, 1 H, 4-Har), 2.88 [sept, 3J = 6.8 Hz,
2 H, CH(CH3)2ar], 2.19 (s, 3 H, CNCH3), 1.22 [d, 3J = 6.8 Hz, 6
H, CH(CH3

ACH3
B)ar], 1.16 [d, 3J = 6.8 Hz, 6 H, CH-

(CH3
ACH3

B)ar] ppm. 1H NMR (600 MHz, CDCl3, –60 °C): δ =
8.27 (d, 3J = 6.3 Hz, 1 H, 6-Hpy), 7.66 (d, 3J = 7.6 Hz, 1 H, 3-Hpy),
7.46 (t, 3J = 7.6 Hz, 1 H, 4-Hpy), 7.41 (m, 1 H, 5-Hpy), 7.19 (m, 2
H, 3-/5-Har), 7.16 (m, 1 H, 4-Har), 2.82 [sept, 3J = 6.8 Hz, 2 H,
CH(CH3)2ar], 2.17 (s, 3 H, CNCH3), 1.19 [d, 3J = 6.8 Hz, 6 H,
CH(CH3

ACH3
B)ar], 1.13 [d, 3J = 6.8 Hz, 6 H, CH(CH3

ACH3
B)ar]

ppm. 13C{1H} NMR (150 MHz, CDCl3, 25 °C): δ = 164.9 (CN),
149.4 (C-2py), 144.4 (C-1ar), 140.1 (C-6py), 136.1 (C-2/–6ar), 128.0
(C-4py), 126.9 (C-5py), 126.1 (C-3py), 124.3 (C-4ar), 123.1 (C-3/–5ar),
28.1 [CH(CH3)2ar], 23.4 [CH(CH3

ACH3
B)ar], 22.9 [CH-

(CH3
ACH3

B)ar], 19.8 (CNCH3) ppm. MS (ESI): m/z (%) = 319
(100) [M + Na]+, 297 (85) [M + H]+. C19H24N2O (296.41): calcd.
C 76.99, H 8.16, N 9.45; found C 76.87, H 8.10, N 9.37.

X-ray Crystal Structure Analysis of 2a: Formula C19H24N2O, M =
296.40, yellow crystal 0.35×0.25×0.15 mm, a = 8.698(1), b =
8.800(1), c = 11.502(1) Å, α = 103.05(1), β = 95.07(1), γ = 97.15(1)°,
V = 844.8(2) Å3, ρcalcd. = 1.165 gcm–3, μ = 5.62 cm–1, empirical
absorption correction (0.828 � T � 0.920), Z = 2, triclinic, space
group P1̄ (no. 2), λ = 1.54178 Å, T = 223 K, ω/2θ scans, 3610
reflections collected (±h, ±k, -l), [(sinθ)/λ] = 0.62 Å–1, 3433 inde-
pendent (Rint = 0.023) and 2840 observed reflections [I � 2σ(I)],
205 refined parameters, R = 0.043, wR2 = 0.126, max. residual elec-
tron density 0.20 (–0.20) eÅ–3, hydrogen atoms calculated and re-
fined as riding atoms.

2-[1-(2,6-Diisopropylphenylimino)ethyl]-6-isopropylpyridine N-Oxide
(2b): Reaction of 2-acetyl-6-isopropylpyridine N-oxide (3.21 g,
17.9 mmol) with 2,6-diisopropylaniline (4.5 mL, 23.9 mmol)
yielded, after column chromatography (SiO2; pentane/chloroform/
methanol, 20:3:1), 2.47 g (41%) of a yellow solid. M.p. 117 °C. 1H
NMR (600 MHz, CDCl3, 25 °C): δ = 7.46 (br. m, 1 H, 3-Hpy), 7.31
(m, 2 H, 4-/5-Hpy), 7.16 (m, 2 H, 3-/5-Har), 7.10 (m, 1 H, 4-Har),
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3.85 [sept, 3J = 6.9 Hz, 1 H, CH(CH3)2py], 2.92 [sept, 3J = 6.9 Hz,
2 H, CH(CH3)2ar], 2.17 (s, 3 H, CNCH3), 1.31 [d, 3J = 6.9 Hz, 6
H, CH(CH3)2py], 1.23 [d, 3J = 6.9 Hz, 6 H, CH(CH3

ACH3
B)ar], 1.16

[d, 3J = 6.9 Hz, 6 H, CH(CH3
ACH3

B)ar] ppm. 1H NMR (600 MHz,
CDCl3, –60 °C): δ = 7.46 (dd, 3J = 7.7, 4J = 2.1 Hz, 1 H, 3-Hpy),
7.41 (t, 3J = 7.7 Hz, 1 H, 4-Hpy), 7.37 (dd, 3J = 7.7, 4J = 2.1 Hz, 1
H, 5-Hpy), 7.19 (m, 2 H, 3-/5-Har), 7.15 (m, 1 H, 4-Har), 3.84 [sept,
3J = 6.8 Hz, 1 H, CH(CH3)2py], 2.87 [sept, 3J = 6.8 Hz, 2 H,
CH(CH3)2ar], 2.15 (s, 3 H, CNCH3), 1.28 [d, 3J = 6.8 Hz, 6 H,
CH(CH3)2py], 1.19 [d, 3J = 6.8 Hz, 6 H, CH(CH3

ACH3
B)ar], 1.14

[d, 3J = 6.8 Hz, 6 H, CH(CH3
ACH3

B)ar] ppm. 13C{1H} NMR
(150 MHz, CDCl3, 25 °C): δ = 165.8 (CN), 158.3 (C-6py), 149.5 (C-
2py), 144.2 (C-1ar), 136.3 (C-2/–6ar), 125.4 (C-4py), 124.2 (C-4ar),
123.2 (C-3py), 123.1 (C-3/–5ar, C-5py), 28.0 [CH(CH3)2ar], 27.2
[CH(CH3)2py], 23.5 [CH(CH3

ACH3
B)ar], 22.9 [CH(CH3

ACH3
B)ar],

20.5 [CH(CH3)2py], 19.9 (CNCH3) ppm. MS (ESI): m/z (%) = 361
(45) [M + Na]+, 339 (100) [M + H]+. C22H30N2O (338.49): calcd.
C 78.06, H 8.93, N 8.28; found C 77.92, H 9.05, N 8.16.

X-ray Crystal Structure Analysis of 2b: Formula C22H30N2O, M =
338.48, colourless crystal 0.40×0.25×0.20 mm, a = 8.534(1), b =
14.593(1), c = 16.546(1) Å, β = 92.64(1)°, V = 2058.4(3) Å3, ρcalcd.

= 1.092 gcm–3, μ = 5.14 cm–1, empirical absorption correction
(0.821 � T � 0.904), Z = 4, monoclinic, space group P21 (no. 4),
λ = 1.54178 Å, T = 293 K, ω/2θ scans, 4517 reflections collected
(±h, –k, +l), [(sinθ)/λ] = 0.62 Å–1, 4369 independent (Rint = 0.035)
and 3210 observed reflections [I � 2σ(I)], 466 refined parameters,
R = 0.045, wR2 = 0.136, Flack parameter 0.0(4), max. residual
electron density 0.21 (–0.16) eÅ–3, hydrogen atoms calculated and
refined as riding atoms.

General Procedure for the Preparation of Metal Complexes: The me-
tal precursor (1 mmol) was suspended in the appropriate solvent
(20 mL), stirred, and a solution of the ligand (1 mmol) in the same
solvent (10 mL) was added. The resulting mixture was stirred for
several hours. For workup, the mixture was filtered, the solvent
evaporated, the crude product washed with pentane and dried in
vacuo. In most cases crystals suitable for X-ray analyses were
grown from a concentrated solution of the complex in a mixture
of acetonitrile/dichloromethane/THF layered with pentane.

Reaction of Ligand 3b with FeCl2; Synthesis of Compound 12b: A
suspension of anhydrous FeCl2 (393 mg, 3.1 mmol) in THF was
heated to 70 °C and a solution of 3b (1.00 g, 3.1 mmol) in THF
was added. The resulting mixture was stirred for 2 h. After workup
and drying, the product was obtained as brown powder (1.22 g,
87%). MS (ESI): m/z (%) = 535.3 (100) [FeCl2(3b) + BF4]–.
C22H30Cl2FeN2 (449.24): calcd. C 58.82, H 6.73, N 6.24; found C
57.01, H 6.67, N, 5.71.

X-ray Crystal Structure Analysis of 12b: Formula
C22H30Cl2FeN2·C4H8O, M = 521.33, red crystal
0.30×0.25×0.15 mm, a = 8.701(1), b = 15.738(1), c = 20.229(1) Å,
β = 97.33(1)°, V = 2747.4(4) Å3, ρcalcd. = 1.260 gcm–3, μ =
7.63 cm–1, empirical absorption correction (0.803 � T � 0.894), Z

= 4, monoclinic, space group P21/c (no. 14), λ = 0.71073 Å, T =
198 K, ω and φ scans, 16643 reflections collected (±h, ±k, ±l),
[(sinθ)/λ] = 0.66 Å–1, 6533 independent (Rint = 0.047) and 4332 ob-
served reflections [I � 2σ(I)], 282 refined parameters, R = 0.069,
wR2 = 0.226, max. residual electron density 1.19 (–0.74) eÅ–3, sol-
vent molecule disordered, refined with split positions, geometrical
restraints, fixed occupancies (0.67:0.33) and one common isotropic
displacement parameter, hydrogen atoms calculated and refined as
riding atoms.

Reaction of Ligand 3b with CoCl2; Synthesis of Compound 13b:
Complex 13b was prepared in an analogous procedure. Reaction
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of CoCl2 (402 mg, 3.1 mmol) and 3b (1.00 g, 3.1 mmol) in THF
yielded a green-blue powder (1.05 g, 74%). MS (ESI): m/z (%) =
451.1 (100) [CoCl2(3b)]+. C22H30Cl2CoN2 (452.33): calcd. C 58.42,
H 6.69, N 6.19; found C 58.63, H 7.00, N 5.25.

X-ray Crystal Structure Analysis of 13b: Formula
C22H30Cl2CoN2·0.5CH2Cl2·0.5C4H8O, M = 530.83, turquoise crys-
tal 0.40×0.05×0.05 mm, a = 8.679(1), b = 15.655(1), c =
20.196(1) Å, β = 97.93(1)°, V = 2717.8(4) Å3, ρcalcd. = 1.297 gcm–3,
μ = 9.42 cm–1, empirical absorption correction (0.704 � T �

0.954), Z = 4, monoclinic, space group P21/c (no. 14), λ =
0.71073 Å, T = 198 K, ω and φ scans, 15372 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1, 4789 independent (Rint = 0.091)
and 2800 observed reflections [I � 2σ(I)], 323 refined parameters,
R = 0.056, wR2 = 0.116, max. residual electron density 0.33
(–0.45) eÅ–3, solvent molecules sharing same side refined with split
positons and fixed occupancies (0.5), hydrogen atoms calculated
and refined as riding atoms.

Reaction of Ligand 3b with [NiBr2(dme)]; Synthesis of Compound
14b: A suspension of [NiBr2(dme)] (948 mg, 3.1 mmol) in dichloro-
methane was treated with a solution of 3b (1.0 g, 3.1 mmol) in
dichloromethane. The resulting mixture was stirred at room tem-
perature for 24 h. After workup, the product was isolated as a light-
brown powder (1.19 g, 71%). MS (ESI) m/z (%) = 461.3 (83)
[NiBr(3b)]+, 323.4 (25) [3b + H]+, 189.1 (100). C22H30Br2N2Ni
(540.99): calcd. C 48.84, H 5.59, N 5.18; found C 48.81, H 5.51, N
5.04.

X-ray Crystal Structure Analysis of 14b: Formula C22H30Br2N2Ni,
M = 541.01, yellow crystal 0.50×0.30×0.08 mm, a = 8.685(1), b =
19.351(1), c = 27.866(1) Å, V = 4683.3(6) Å3, ρcalcd. = 1.535 gcm–3,
μ = 42.50 cm–1, empirical absorption correction (0.225 � T �

0.727), Z = 8, orthorhombic, space group Pbca (no. 61), λ =
0.71073 Å, T = 198 K, ω and φ scans, 10395 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.66 Å–1, 5573 independent (Rint = 0.036)
and 4039 observed reflections [I � 2σ(I)], 251 refined parameters,
R = 0.038, wR2 = 0.079, max. residual electron density 0.91
(–0.89) eÅ–3, hydrogen atoms calculated and refined as riding
atoms.

Reaction of Ligand 3a with FeCl2; Synthesis of Compound 15a: Re-
action of FeCl2 (1.00 g, 7.89 mmol) in THF with 3a (2.21 g,
7.89 mmol) at 80 °C yielded a black solid (1.99 g, 62%).

X-ray Crystal Structure Analysis of 15a: Formula C19H24Cl2FeN2,
M = 407.15, red crystal 0.30×0.25×0.15 mm, a = 14.151(1), b =
10.073(1), c = 14.431(1) Å, β = 109.97(1)°, V = 1933.4(3) Å3, ρcalcd.

= 1.399 gcm–3, μ = 10.59 cm–1, empirical absorption correction
(0.742 � T � 0.857), Z = 4, monoclinic, space group P21/n (no.
14), λ = 0.71073 Å, T = 198 K, ω and φ scans, 6709 reflections
collected (±h, ±k, ±l), [(sinθ)/λ] = 0.62 Å–1, 3913 independent (Rint

= 0.043) and 2907 observed reflections [I � 2σ(I)], 222 refined pa-
rameters, R = 0.096, wR2 = 0.291, max. residual electron density
1.97 (–0.62) eÅ–3, the remaining electron density is located around
x,0,z, all attempts to refine these in a chemically meaningful way
failed, analysis only done to confirm the geometry of the complex,
hydrogen atoms calculated and refined as riding atoms.

Reaction of Ligand 3a with CoCl2; Synthesis of Compound 16a: In
an analogous procedure, complex 16a was obtained by treating
CoCl2 (1.0 g, 7.70 mmol) with compound 3a (2.16 g, 7.70 mmol) in
THF and collected as a green powder (2.10 g, 66%). MS (ESI):
m/z (%) = 496.1 (100) [CoCl2(3a) + BF4]–. C19H24Cl2CoN2

(410.25): calcd. C 55.63, H 5.90, N 6.83; found C 56.96, H 6.90, N
5.10.

X-ray Crystal Structure Analysis of 16a: Formula C19H24Cl2CoN2,
M = 410.23, pink crystal 0.30×0.25×0.10 mm, a = 14.132(1), b =
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10.132(1), c = 14.308(1) Å, β = 110.48(1)°, V = 1919.2(3) Å3, ρcalcd.

= 1.420 gcm–3, μ = 11.75 cm–1, empirical absorption correction
(0.719 � T � 0.892), Z = 4, monoclinic, space group P21/n (no.
14), λ = 0.71073 Å, T = 198 K, ω and φ scans, 21540 reflections
collected (±h, ±k, ±l), [(sinθ)/λ] = 0.66 Å–1, 4559 independent (Rint

= 0.044) and 3700 observed reflections [I � 2σ(I)], 222 refined pa-
rameters, R = 0.031, wR2 = 0.070, max. residual electron density
0.30 (–0.32) eÅ–3, hydrogen atoms calculated and refined as riding
atoms.

Reaction of Ligand 3a with [NiBr2(dme)]; Synthesis of Compound
17a: A suspension of [NiBr2(dme)] (680 mg, 2.22 mmol) in dichlo-
romethane was treated with a solution of 3a (622 mg, 2.22 mmol)
in dichloromethane. The resulting mixture was stirred at room tem-
perature for 2 d, then another 300 mg of 3a (1.07 mmol) was added,
and stirring was continued for 2 d. After workup, compound 17a
was isolated as a green solid (1.46 g, 84%). MS (ESI): m/z (%) =
699.4 (100) [NiBr(3a)2]+. C38H48Br2N4Ni (779.32): calcd. C 58.57,
H 6.21, N 7.19; found C 57.46, H 6.48, N 6.82.

Reaction of Ligand 2a with FeCl2; Synthesis of Compound 18a: The
reaction of FeCl2 (107 mg, 0.84 mmol) with 2a (500 mg,
1.69 mmol) in THF at room temperature yielded a black powder
(0.52 mmol, 62%). MS (ESI): m/z (%) = 651.4 (100) [FeCl(3a)]+,
102.0 (45). C38H48Cl5Fe2N4 (849.77): calcd. C 53.71, H 5.69, N
6.59; found C 53.02, H 5.78, N 6.58.

X-ray Crystal Structure Analysis of 18a: Formula
C38H48ClFeN4·FeCl4, M = 849.76, red crystal
0.30×0.30×0.10 mm, a = 8.835(1), b = 15.414(1), c = 15.138(1) Å,
β = 95.31(1)°, V = 2052.7(3) Å3, ρcalc = 1.375 gcm–3, μ =
10.64 cm–1, empirical absorption correction (0.741 � T � 0.901),
Z = 2, monoclinic, space group P21 (no. 4), λ = 0.71073 Å, T =
198 K, ω and φ scans, 17177 reflections collected (±h, ±k, ±l),
[(sinθ)/λ] = 0.59 Å–1, 6886 independent (Rint = 0.064) and 6040 ob-
served reflections [I � 2σ(I)], 452 refined parameters, R = 0.099,
wR2 = 0.267, Flack parameter 0.01(4), max. residual electron den-
sity 2.42 (–0.56) eÅ–3, very poor, partly amorphous crystal leads to
an analysis of limited accuracy, hydrogen atoms calculated and re-
fined as riding atoms.

Reaction of Ligand 2a with PdCl2; Synthesis of Compound 19a: A
suspension of PdCl2 (500 mg, 2.82 mmol) in acetonitrile was
treated with a solution of 2a (836 mg, 2.82 mmol) in acetonitrile.
After workup, the product was obtained as an orange solid (1.0 g,
75%). 1H NMR (600 MHz, CH3CN, 25 °C): δ = 8.68 (dd, 3J = 6.5,
4J = 1.3 Hz, 1 H, 6-Hpy), 8.18 (dd, 3J = 8.0, 4J = 1.8 Hz, 1 H, 3-
Hpy), 8.08 (dt, 3J = 8.0, 4J = 1.3 Hz, 1 H, 4-Hpy), 7.82 (ddd, 3J =
8.0, 3J = 6.5, 4J = 1.8 Hz, 1 H, 5-Hpy), 7.33 (m, 2 H, 3-/5-Har), 7.28
(m, 1 H, 4-Har), 3.32 [sept, 3J = 6.8 Hz, 2 H, CH(CH3)2ar], 2.23 (s,
3 H, CNCH3), 1.59 [d, 3J = 6.8 Hz, 6 H, CH(CH3

ACH3
B)ar], 1.19

[d, 3J = 6.8 Hz, 6 H, CH(CH3
ACH3

B)ar] ppm. MS (ESI): m/z (%)
= 561.0 (100) [PdCl2(2a) + BF4]–. C19H24Cl2N2OPd (473.73): calcd.
C 48.17, H 5.11, N 5.91; found C 47.94, H 5.49, N 5.97.

X-ray Crystal Structure Analysis of 19a: Formula
C19H24Cl2N2OPd·C2H3N, M = 514.76, red crystal
0.50×0.40×0.30 mm, a = 9.307(1), b = 17.942(1), c = 13.611(1) Å,
β = 97.51(1)°, V = 2253.4(3) Å3, ρcalcd. = 1.517 gcm–3, μ =
10.77 cm–1, empirical absorption correction (0.615 � T � 0.738),
Z = 4, monoclinic, space group P21/n (no. 14), λ = 0.71073 Å, T =
198 K, ω and φ scans, 14417 reflections collected (±h, ±k, ±l),
[(sinθ)/λ] = 0.66 Å–1, 5323 independent (Rint = 0.034) and 5074 ob-
served reflections [I � 2σ(I)], 259 refined parameters, R = 0.026,
wR2 = 0.068, max. residual electron density 1.04 (–0.83) eÅ–3, hy-
drogen atoms calculated and refined as riding atoms.
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Reaction of Ligand 2a with CoCl2; Synthesis of Compound 20a: Re-
action of CoCl2 (1.0 g, 77 mol) with 2a (2.28 g, 77 mmol) in THF
yielded a blue powder (3.12 g, 95%). C19H24Cl2CoN2O (426,25):
calcd. C 53.54, H 5.68, N 6.57; found C 54.79, H 6.65, N 5.95.

X-ray Crystal Structure Analysis of 20a: Formula
C19H24Cl2CoN2O·C5H12, M = 498.38, green crystal
0.60×0.10×0.05 mm, a = 32.646(1), b = 10.395(1), c =
13.788(1) Å, β = 93.73(1)°, V = 4669.1(6) Å3, ρcalcd. = 1.418 gcm–3,
μ = 9.83 cm–1, empirical absorption correction (0.590 � T �

0.953), Z = 8, monoclinic, space group C2/c (no. 15), λ =
0.71073 Å, T = 198 K, ω and φ scans, 24564 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.67 Å–1, 5836 independent (Rint = 0.054)
and 3644 observed reflections [I � 2σ(I)], 251 refined parameters,
R = 0.052, wR2 = 0.166, max. residual electron density 0.48
(–0.41) eÅ–3, solvent molecule refined as pentane with geometrical
restraints, hydrogen atoms calculated and refined as riding atoms.

Reaction of Ligand 2a with [NiBr2(dme)]; Synthesis of Compound
21a: A solution of the ligand 2a (0.77 g, 26 mmol) in dichlorometh-
ane was added to a suspension of [NiBr2(dme)] (1.0 g, 26 mmol) in
dichloromethane. The resulting mixture was refluxed for 2 h. After
workup, compound 21a was obtained as a brown solid (1.17 g,
54%). MS (ESI): m/z (%) = 731.3 (40) [NiBr(2a)2]+, 325.2 (80),
297.2 (100), 178.0 (70), 101.9 (70).

X-ray Crystal Structure Analysis of 21a: Formula
C38H48Br2N4NiO2, M = 811.33, red crystal 0.35×0.30×0.20 mm,
a = 11.156(1), b = 30.146(1), c = 12.011(1) Å, β = 109.81(1)°, V =
3800.4(5) Å3, ρcalcd. = 1.418 gcm–3, μ = 26.50 cm–1, empirical ab-
sorption correction (0.457 � T � 0.619), Z = 4, monoclinic, space
group P21/c (no. 14), λ = 0.71073 Å, T = 198 K, ω and φ scans,
22711 reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 0.62 Å–1, 7688
independent (Rint = 0.059) and 4718 observed reflections [I �

2σ(I)], 434 refined parameters, R = 0.047, wR2 = 0.103, max. resid-
ual electron density 0.63 (–0.52) eÅ–3, hydrogen atoms calculated
and refined as riding atoms.

Reaction of Ligand 2b with [NiBr2(dme)]; Synthesis of Compound
21b: [NiBr2(dme)] (453 mg, 1.48 mmol) was suspended in dichloro-
methane and 2b (500 mg, 1.48 mmol) in dichloromethane was
added. After workup compound 21b was isolated as dark-brown
solid (610 mg, 74%). MS (ESI) m/z (%) = 477.3 (100) [NiBr(2b)]+,
339.4 (61) [2b + H]+. C22H30Br2N2NiO (556.99): calcd. C 47.44, H
5.43, N 5.03; found C 48.02, H 5.40, N 4.83.

X-ray Crystal Structure Analysis of 21b: Formula
C26H38Br2N2NiO2, M = 629.11, red crystal 0.75×0.15×0.10 mm,
a = 8.744(1), b = 33.910(1), c = 9.367(1) Å, β = 95.39(1)°, V =
2765.1(4) Å3, ρcalcd. = 1.511 gcm–3, μ = 36.16 cm–1, empirical ab-
sorption correction (0.172 � T � 0.714), Z = 4, monoclinic, space
group P21/n (no. 14), λ = 0.71073 Å, T = 198 K, ω and φ scans,
19041 reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 0.68 Å–1, 6690
independent (Rint = 0.054) and 5100 observed reflections [I �

2σ(I)], 305 refined parameters, R = 0.045, wR2 = 0.115, max. resid-
ual electron density 1.20 (–1.30) eÅ–3, hydrogen atoms calculated
and refined as riding atoms.

Reaction of Ligand 2a with ZnBr2; Synthesis of Compound 22a: Re-
action of ZnBr2 (0.76 g, 3.37 mmol) with ligand 2a (1.0 g,
3.37 mmol) in acetonitrile yielded after workup a bright yellow
powder (1.70 g, 97%).

X-ray Crystal Structure Analysis of 22a: Formula
C19H24Br2N2OZn·0.5C4H8O M = 557.64, colourless crystal
0.30×0.12×0.08 mm, a = 15.943(1), b = 10.254(1), c =
28.396(1) Å, β = 97.36(1)°, V = 4603.9(6) Å3, ρcalcd. = 1.609 gcm–3,
μ = 45.54 cm–1, empirical absorption correction (0.342 � T �
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0.712), Z = 8, monoclinic, space group P21/c (no. 14), λ =
0.71073 Å, T = 198 K, ω and φ scans, 29515 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.68 Å–1, 11531 independent (Rint = 0.075)
and 5668 observed reflections [I � 2σ(I)], 506 refined parameters,
R = 0.062, wR2 = 0.144, max. residual electron density 1.34
(–1.25) eÅ–3, hydrogen atoms calculated and refined as riding
atoms.

Reaction of Ligand 2a with Cu(OTf)2; Synthesis of Compound 23a:
Cu(OTf)2 (1.0 g, 2.76 mmol) was treated with ligand 2a (0.82 g,
2.76 mmol) at room temperature in dichloromethane. After workup
a green powder was isolated (1.38 g, 76%).

X-ray Crystal Structure Analysis of 23a: Formula C19H24CuN2O-
(H2O)(CF3SO3)2·CH2Cl2, M = 761.02, green crystal
0.40×0.15×0.05 mm, a = 8.881(1), b = 19.970(1), c = 18.480(1) Å,
β = 97.77(1)°, V = 3247.4(4) Å3, ρcalcd. = 1.557 gcm–3, μ =
10.44 cm–1, empirical absorption correction (0.680 � T � 0.950),
Z = 4, monoclinic, space group P21/n (no. 14), λ = 0.71073 Å, T =
198 K, ω and φ scans, 22468 reflections collected (±h, ±k, ±l),
[(sinθ)/λ] = 0.68 Å–1, 8157 independent (Rint = 0.052) and 5356 ob-
served reflections [I � 2σ(I)], 399 refined parameters, R = 0.052,
wR2 = 0.132, max. residual electron density 0.71 (–0.51) eÅ–3, hy-
drogen atoms at water from difference Fourier calculations, other
calculated and all refined as riding atoms.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystal structure analyses of 3c, 12b, 13b and 16a, and
additional spectroscopic information for 2a,b, 3b,c and 19a.

Acknowledgments

Financial support from the Fonds der Chemischen Industrie and
the Deutsche Forschungsgemeinschaft is gratefully acknowledged.
V. V. K. thanks the Alexander von Humboldt-Stiftung for a sti-
pend.

[1] a) Ferrocenes: Homogenous Catalysis, Organic Synthesis Mate-
rials Science (Eds.: A. Togni, T. Hayashi), VCH, Weinheim,
Germany, 1995; b) T. P. Yoon, E. N. Jacobsen, Science 2003,
299, 1691–1693.

[2] For reviews see: a) G. J. P. Britovsek, V. C. Gibson, D. F. Wass,
Angew. Chem. Int. Ed. 1999, 38, 428–447; b) S. D. Ittel, L. K.
Johnson, M. Brookhart, Chem. Rev. 2000, 100, 1169–1203; c)
V. C. Gibson, S. K. Spitzmesser, Chem. Rev. 2003, 103, 283–
315; d) S. Park, Y. Han, S. K. Kim, J. Lee, H. K. Kim, Y. Do,
J. Organomet. Chem. 2004, 689, 4263–4276.

[3] For representative examples see: a) M. Mitani, J. Mohri, Y.
Yoshida, J. Saito, S. Ishii, K. Tsuru, S. Matsui, R. Furuyama,
T. Nakano, H. Tanaka, S. Kojoh, T. Matsugi, N. Kashiwa, T.
Fujita, J. Am. Chem. Soc. 2002, 124, 3327–3336; b) H. Makio,
N. Kashiwa, T. Fujita, Adv. Synth. Catal. 2002, 344, 477–493;
c) Y. Suzuki, H. Terao, T. Fujita, Bull. Chem. Soc. Jpn. 2003,
76, 1493–1517; d) M. Mitani, J. Saito, S.-I. Ishii, Y. Nakayama,
H. Makio, N. Matsukawa, S. Matsui, J. Mohri, R. Furuyama,
H. Terao, H. Bando, H. H. Tanaka, T. Fujita, Chem. Rec. 2004,
4, 137–158; e) H. Makio, T. Fujita, Bull. Chem. Soc. Jpn. 2005,
78, 52–66.

[4] a) P. A. Cameron, V. C. Gibson, C. Redshaw, J. A. Segal, M. D.
Bruce, A. J. P. White, D. J. Williams, Chem. Commun. 1999, 18,
1883–1884; b) J. Strauch, T. H. Warren, G. Erker, R. Fröhlich,
P. Saarenketo, Inorg. Chim. Acta 2000, 300, 810–821; c) D. J.
Jones, V. C. Gibson, S. M. Green, P. J. Maddox, Chem. Com-
mun. 2002, 10, 1038–1039; d) R. K. O’Reilly, V. C. Gibson,
A. J. P. White, D. J. Williams, J. Am. Chem. Soc. 2003, 125,
8450–8451.

[5] a) C. Wang, S. Friedrich, T. R. Younkin, R. T. Li, R. H.
Grubbs, D. A. Bansleben, M. W. Day, Organometallics 1998,



K. Nienkemper, V. V. Kotov, G. Kehr, G. Erker, R. FröhlichFULL PAPER
17, 3149–3151; b) T. R. Younkin, E. F. Conner, J. I. Henderson,
S. K. Friedrich, R. H. Grubbs, D. A. Bansleben, Science 2000,
287, 460–462.

[6] For representative examples see: a) B. M. Cole, K. D. Shimizu,
C. A. Krueger, J. P. A. Harrity, M. L. Snapper, A. H. Hoveyda,
Angew. Chem. Int. Ed. Engl. 1996, 35, 1668–1671; b) J. R. Por-
ter, J. F. Traverse, A. H. Hoveyda, M. L. Snapper, J. Am. Chem.
Soc. 2001, 123, 984–985; c) C. A. Luchaco-Cullis, H. Mizutani,
K. E. Murphy, A. H. Hoveyda, Angew. Chem. Int. Ed. 2001,
40, 1456–1460; d) H. Deng, M. P. Isler, M. L. Snapper, A. H.
Hoveyda, Angew. Chem. Int. Ed. 2002, 41, 1009–1012; e) K. E.
Murphy, A. H. Hoveyda, J. Am. Chem. Soc. 2003, 125, 4690–
4691; f) N. S. Josephsohn, M. L. Snapper, A. H. Hoveyda, J.
Am. Chem. Soc. 2004, 126, 3734–3735.

[7] a) Reviews: Comprehensive Asymmetric Catalysis I–III (Eds.:
E. N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer, New York,
1999; b) L. Canali, D. C. Sherrington, Chem. Soc. Rev. 1999,
28, 85–93; c) M. Bandini, P. G. Cozzi, A. Umani-Ronchi, Pure
Appl. Chem. 2001, 73, 325–329; d) E. N. Jacobsen, Acc. Chem.
Res. 2000, 33, 421–431; e) T. Katsuki, Adv. Synth. Catal. 2002,
344, 131–147; f) T. Katsuki, Chem. Soc. Rev. 2004, 33, 437–
444; g) A. Fürstner, A. Leitner, M. Mendez, H. Krause, J. Am.
Chem. Soc. 2002, 124, 13856–13863.

[8] For reviews of N-oxides see: a) N. M. Karayannis, Coord.
Chem. Rev. 1973, 11, 93–159; b) A. Albini, Synthesis 1993, 263–
277; c) M. Nakajima, J. Synth. Org. Chem. Jpn. 2003, 61, 1081–
1086; d) G. Chelucci, G. Murineddu, G. A. Pinna, Tetrahedron:
Asymmetry 2004, 15, 1373–1389.

[9] For crystal structures of pyridine N-oxide aldimines see: a) Z.
Jan, L. Qin, Y. Zhanfeng, Z. Cheng, D. Anbang, Z. Zhon-
gyuan, Gaodeng Xuexiao Huaxue Xuebao (Chin.) (Chem. J.
Chin. Uni.) 1989, 10, 1–5; b) L. Qin, W. Guo-Xiong, Z. Yan,
Y. Zhan-Feng, Z. Cheng, Z. Zhong-Yuan, Huaxue Xuebao
(Chin.) (Acta Chim. Sinica) 1989, 47, 1065; c) W. Guo-Xiong,
L. Qin, Z. Cheng, Jiegou Huaxue (Chin.) (Chin. J. Struct.
Chem.) 1989, 8, 278–282; d) D. C. Craig, D. J. Phillips, F. M. Z.
Kaifi, Inorg. Chim. Acta 1989, 161, 247; e) Y. Zhanfeng, W.
Guoxiong, Y. Ling, W. Fengshan, F. Yuguo, Nanjing Daxue
Xuebao, Ziran Kexue (Chin.) (J. Nanjing Univ., Nat. Sci.)
1990, 26, 256–262; f) Y. Zang, Z. Yin, G. Wang, C. Zeng, A.
Dai, Z. Zhou, Inorg. Chem. 1990, 29, 560–563; g) S. Gou, X.
You, Z. Xu, K. Yu, Z. Zhou, Polyhedron 1990, 9, 2981–2985;
h) Z. Zhongyuan, Y. Zhanfeng, Z. Yan, W. Guoxiong, Z.
Cheng, D. Anbang, Wuli Huaxue Xuebao (Chin.) (Acta Phys.-
Chim. Sin.) 1990, 6, 556–561; i) S.-H. Gou, X.-Z. You, Z. Xu,
S.-X. Liu, C.-C. Lin, Acta Crystallogr., Sect. C 1991, 47, 708–
711; j) S. H. Gou, Z. Xu, X. Z. You, K. B. Yu, Chin. Chem.
Lett. 1991, 2, 801; k) Z. Zhou, K. Yu, S. Gou, X. You, Z. Xu,
Polyhedron 1991, 10, 37–40; l) S. Gou, X. You, Z. Xu, Z. Zhou,
K. Yu, Polyhedron 1991, 10, 1363–1366; m) Z. Xu, E. C. Alyea,
G. Ferguson, M. C. Jennings, Polyhedron 1991, 10, 1625–1629;
n) S. Gou, X. You, Z. Xu, Z. Zhou, K. Yu, Polyhedron 1991,
10, 2659–2663; o) S.-P. Yan, Z.-H. Jiang, D.-Z. Liao, G.-L.
Wang, R.-J. Wang, H.-G. Wang, X.-K. Yao, Gaodeng Xuexiao
Huaxue Xuebao (Chin.) (Chem. J. Chin. Uni.) 1992, 13, 1355–
1357; p) S.-P. Yan, G.-L. Wang, H.-G. Wang, Jiegou Huaxue
(Chin.) (Chin. J. Struct. Chem.) 1992, 11, 160–162; q) S. Gou,
X. You, K. Yu, J. Lu, Inorg. Chem. 1993, 32, 1883–1887; r) C.
Aili, W. Fengshan, Y. Ying, Jilin Daxue Ziran Kex. Xue.
(Chin.) (Acta Sci. Nat. Univ. Jil.) 1994, 5, 81–82; s) G. Yuqui,
C. Chenggang, H. Xiaofeng, Synth. React. Inorg. Met.-Org.
Chem. 1994, 24, 877; t) A. B. Blake, E. Sinn, A. Yavari, B.
Moubaraki, K. S. Murray, Inorg. Chim. Acta 1995, 229, 281–
290; u) L. Xiaozeng, W. Genglin, L. Daizheng, Y. Shiping, J.
Zonghui, W. Honggen, Y. Xinkan, Polyhedron 1995, 14, 511–
514; v) R. E. Marsh, Acta Crystallogr., Sect. B 1997, 53, 317–
322; w) Fariati, C. C. Craig, D. J. Phillips, Inorg. Chim. Acta
1998, 268, 135–140; x) M. Boča, P. Baran, R. Boča, G. Kickel-
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Valko, G. Kickelbick, M. Ďurík, W. Linert, Inorg. Chim. Acta
2003, 349, 111–122; al) P. Cheng, L. Z. Zhang, W.-M. Bu, J.-
H. Peng, S.-P. Yan, D.-Z. Liao, Z.-H. Jiang, Z. Anorg. Allg.
Chem. 2003, 629, 1996–1999.

[10] For crystal structures of pyridine N-oxide ketimines see ref.[9w]

and: a) G. C. Chiumia, D. C. Craig, I. Phillips, D. J. Phillips,
Inorg. Chim. Acta 1993, 209, 213–217; b) G. C. Chiumia, D. J.
Phillips, A. D. Rae, Inorg. Chim. Acta 1995, 238, 197–201; c)
T. Maekawa, S. Yamamoto, Y. Igata, S. Ikeda, T. Watanabe,
M. Shiraishi, Chem. Pharm. Bull. 1997, 45, 1994; d) A. Murug-
kar, R. Bendre, A. Kumbhar, S. Padhye, R. Pritchard, C. A.
McAuliffe, Indian J. Chem. Sect. A 1999, 38, 977; e) E.
Bermejo, R. Carballo, A. Castineiras, R. Dominguez, C.
Maichle-Mossmer, J. Strahle, D. X. West, Polyhedron 1999, 18,
3695–3702; f) E. Bermejo, A. Castineiras, R. Dominguez, R.
Carballo, C. Maichle-Mössmer, J. Strähle, A. E. Liberta, D. X.
West, Z. Anorg. Allg. Chem. 2000, 626, 878–884.

[11] See also: a) M. Hamana, B. Umezawa, Y. Goto, K. Noda,
Chem. Pharm. Bull. 1960, 8, 692–697; b) M. Hamana, B. Ume-
zawa, S. Nakashima, Chem. Pharm. Bull. 1962, 10, 961–968; c)
G. R. Bedfor, A. R. Katritzk, H. M. Wues, J. Chem. Soc. 1963,
4600–4602; d) M. Hamana, B. Umezawa, S. Nakashima,
Chem. Pharm. Bull. 1962, 10, 969–974; e) G. Queguiner, P.
Pastour, Bull. Soc. Chim. Fr. 1969, 10, 3655–3659; f) K. Kloc,
J. Mlochowski, Pol. J. Chem. 1980, 54, 917–923; g) A. K. El-
Shafei, K. M. Hassan, Current Science 1983, 52, 633–635; h) J.
Mlochowski, E. Kubicz, K. Kloc, M. Mordarski, W. Peczyn-
ska, L. Syper, Liebigs Ann. Chem. 1988, 5, 455–464; i) Z. Yin,
G. Wang, L. Ye, F. Wang, Y. Fan, Nanjing Daxue Xuebao, Ziran
Kexue 1990, 26, 256–262; j) C. Zeng, Y. Zang, G. Wang, A.
Dai, Huaxue Xuebao 1990, 48, 678–685; k) B. Wang, S. Zhang,
D. Sun, Y. Liu, C. Zeng, Wuji Huaxue Xuebao 1993, 9, 244–
248; l) H. Song, X. Wang, Y. Cong, H. Liang, Guangxi Shifan
Daxue Xuebao, Ziran Kexueban 1997, 15, 56–60; m) Z. Chen,
X. Wang, H. Liang, Guangxi Shifan Daxue Xuebao, Ziran Kex-
ueban 1998, 16, 79–81; n) H.-H. Song, X.-J. Wang, Y.-L. Cong,
H. Liang, Hecheng Huaxue 1998, 6, 188–190; o) Q. Yu, R.-X.
Hu, Guangxi Shifan Daxue Xuebao, Ziran Kexueban 1999, 17,
68–70; p) M. Boča, D. Valigura, W. Linert, Tetrahedron 2000,
56, 441–446; q) Q. Yu, R.-X. Hu, H. Liang, Guangxi Shifan
Daxue Xuebao, Ziran Kexueban 2001, 19, 63–66; r) Q. Yu, K.
Chen, M. Y. Tan, Pol. J. Chem. 2003, 77, 917–921; s) M. Boča,
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Bis(stannyl)phosphanyl-Substituted Dichlorosilanes/Germanes − Potential
Precursors for a Novel Strategy Toward P–Si/Ge Multiple Bonds?

Marion Bender,[a] Edgar Niecke,*[a] Martin Nieger,[a] and Rudolf Pietschnig*[b]

Keywords: Silicon / Tin / Phosphorus / Hyperconjugation

A general synthetic route to bis(stannyl)phosphanyl-substi-
tuted dichlorosilanes/germanes of the type R–SiCl2–
P(SnMe3)2 and R–GeCl2–P(SnMe3)2 is reported. For R = Cp*
(= 1,2,3,4,5-pentamethylcyclopentadienyl) crystal structures
for the corresponding silane and germane could be obtained.
These compounds are the first structurally characterized bis-

Introduction

After the recent success of preparing stable disilynes,[1–3]

the synthesis of triple-bonded systems of silicon and germa-
nium towards other elements remains one of the major
challenges in main group chemistry. While examples for
transition-metal complexed silylynes and germylynes have
been reported,[4–6] triple bonds of silicon and germanium
towards other main group elements have not to date been
stabilized, despite theoretical predictions.[7,8] In this respect,
1,2-chlorosilane elimination has proven to be unsuccessful,
while the analogous chlorostannane elimination has not
been exploited for this purpose to date. This prompted us
to investigate whether chlorostannane elimination might be
a better alternative for generating unsaturated PSi and PGe
units.

In this contribution we report on the synthesis and struc-
tural characterization of Cp*–SiCl2–P(SnMe3)2 and Cp*–
GeCl2–P(SnMe3)2 (Cp* = 1,2,3,4,5-pentamethylcyclopen-
tadienyl). They are the first structurally characterized bis-
(stannyl)phosphanyl-substituted dichlorosilanes/germanes.
Owing to their functionalities, they should be ideal precur-
sors for the generation of unsaturated PSi and PGe units
and possibly phosphasilynes and phosphagermynes.

Results and Discussion

To synthesize Cp*–SiCl2–P(SnMe3)2 (3a) and Cp*–
GeCl2–P(SnMe3)2 (4), we started from the corresponding
trichlorosilane Cp*–SiCl3 (1) and trichlorogermane Cp*–

[a] Institut für Anorganische Chemie, Rheinische Friedrich-
Wilhelms-Universität Bonn,
Gerhard-Domagk-Str. 1, 53121 Bonn, Germany

[b] Institut für Chemie, Karl-Franzens-Universität Graz,
Schubertstraße 1, 8010 Graz, Austria
E-mail: rudolf.pietschnig@uni-graz.at
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(stannyl)phosphanyl-substituted dichlorosilanes/germanes
that due to their functionalities should be ideal precursors for
the generation of unsaturated PSi and PGe units and possibly
phosphasilynes and phosphagermynes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

GeCl3 (2), respectively. In order to introduce the bis-
(stannyl)phosphanyl group we reacted 1 and 2 with tris-
(trimethylstannyl)phosphane P[Sn(CH3)3]3 neat in the ab-
sence of any solvent. At elevated temperature the reaction
proceeds under chlorotrimethylstannane elimination, which
is continuously sublimed out of the reaction mixture. This
approach is necessary to avoid further exchange reactions
of the stannaphosphanes.[9,10] In both cases the desired
products (3a) and (4) are obtained in high yield. In addition
the related bis(stannyl)phosphanyl dichlorosilanes R-SiCl2–
P(SnMe3)2 [R = Mes (3b) (Mes = 2,4,6-trimethylphenyl),
Tip (3c) (Tip = 2,4,6-triisopropylphenyl)] have been pre-
pared which underlines the generality of this method
(Scheme 1).

Scheme 1. Synthesis of bis(stannyl)phosphanyl dichlorosilanes/ger-
manes 3a–c [E = Si; R = Cp* (3a), Mes (3b), Tip (3c)], 4 (E = Ge;
R = Cp*) from 1 (E = Si) and 2 (E = Ge).

Compounds 3a–c and 4 show an NMR signal in the high
field region of the 31P NMR spectra (Table 1), which is typi-
cal for stannylated phosphanes.[11] Due to the presence of
the isotopes 117/119Sn in the molecules, the 1JP,Sn coupling
constants can be determined directly from the satellite tran-
sitions in these spectra. These coupling constants provide
valuable information about the P–Sn bond situation which
is significantly affected by the electronic behavior of the
other substituents at the phosphorous atom. In principle,
changing to a more electron-withdrawing substituent (R)
should decrease the s-character of the P–Sn σ-bond in com-
pounds of this constitution and therefore the 1JP,Sn coupling
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constants. Surprisingly at first sight, we observe just the op-
posite trend in our series of compounds (Table 1). In the
same direction the 31P NMR shift values were found to be
shifted downfield. Similar observations have been made for
other stannylphosphanes.[9–11] A notable feature is the rela-
tively high 1JP,Si coupling constant observed in 3a–c, which
can be interpreted as an indication of strong electronic in-
teraction within the silylphosphane unit. This is also sup-
ported by the short Si–P bond length found in the crystal
structure of 3a. Usually typical 1JP,Si values for silylphos-
phanes range between 16 and 53 Hz [exception LiP-
(SiH3)2, 256 Hz].[12] This strong electronic interaction
within the silylphosphane unit can be understood assuming
hyperconjugative interaction of occupied states at the phos-
phorus atom with vacant σ*-states derived from the Si–Cl
bonds.[13,14] The decrease of 1JP,Si on going from 3a to 3b,c
might be explained by the reduced phosphorus s-character
of the P–Si bond due to an increase of the electron demand
at the silicon atom. In line with these interpretations, the
31P chemical shift of 4 appears at a lower field than that of
3a, since germanium is more electronegative than silicon.
Similarly, the formal sp2 centers attached to silicon in 3b,c
should be more electron withdrawing than the formal sp3

carbon atoms in 3a resulting in a deshielding of the phos-
phorus center. Somewhat more subtle is the situation for
the 1JP,Sn coupling constants for which an increase is ob-
served with increasing electron demand at the E(IV) center.
This trend is most likely a result of two counteracting tend-
encies. Again a higher electron demand on E(IV) should
result in reduced phosphorus s-character of the P–Sn bond
and therefore lower 1JP,Sn coupling constants. This however,
is not observed, and therefore this effect is obviously not
the dominant mechanism. The dominant effect leading to
the observed increase of the 1JP,Sn coupling constants
might, however, be attributed to the above-mentioned hy-
perconjugative interaction of occupied states at the phos-
phorus atom with vacant σ*-states derived from the Si–Cl
bonds. Such occupied states could involve the σ-P–Sn
bonds or alternatively the phosphorus lone pair. Increasing
the electron demand on the E(IV) center should also in-
crease this hyperconjugative interaction. Therefore, the si-
multaneous interaction of the phosphorus lone pair (pre-
dominant s-character) and the σ-P–Sn bonds with the σ*-
states at the E(IV) atom might be responsible for an in-
crease of the 1JP,Sn coupling that even overcompensates the
decrease expected for more electron-withdrawing groups.

Table 1. Characteristic NMR spectroscopic data of 3a–c and 4.

δ(31P) [ppm] 1J(P,117Sn) [Hz] 1J(P,119Sn) [Hz] 1J(P,Si) [Hz]

3a –272.1 669.2 721.0 116.1
3b –242.5 681.2 713.4 99.0
3c –235.0 692.9 724.7 101.4
4 –242.4 718.4 751.5 –

We were able to obtain single crystals of 3a and 4 that
were suitable for X-ray diffraction. The crystal structure
analysis of 3a confirms that one chlorine atom in 1 has been
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displaced by a bis(stannyl)phosphanyl group (Figure 1).
The phosphorus atom shows a pyramidal coordination en-
vironment with an angular sum of 309.83(7)°. The silicon
atom shows a slightly distorted tetrahedral environment
with a Cl–Si–Cl angle of 100.6(1)° and a Cl(2)–Si–P angle
of 114.31(9)°. The central Si–P bond is at 2.209(2) Å short
compared to standard bond lengths (2.24–2.28 Å) and the
sum of the covalence radii (2.28 Å).[15,16] Again this con-
traction can be understood assuming hyperconjugative in-
teraction of occupied σ-states assigned to the P–Sn bond
with vacant σ*-states derived from the Si–Cl bonds.[13,14]

This interaction should be concomitant with an elongation
of the Si–Cl bonds, which in fact is observed. The Si–Cl
distances are at 2.078(2) and 2.080(2) Å longer than the
standard bond length of 2.02 Å.[15] As a consequence of
such hyperconjugative interaction also the Sn–P bond
length should be affected. However, the values are at
2.505(1) and 2.510(1) Å for 3a in the typical range for P–
Sn single bonds.[23] The significant elongation of the Si–Cl
bonds with no structural change of the P–Sn bonds might
be an indication that the hyperconjugative interaction of the
phosphorus lone pair with σ*-states derived from the Si–Cl
bonds might in fact be more significant in this case. From
a Newman projection along the Si–P bond, the eclipsed
conformation becomes obvious (Figure 2). The lone pair of
the phosphorus atom points towards the Cp* moiety. The
almost perfect synperiplanar arrangement of the stannyl
groups relative to the Cl atoms deviates only slightly, with
dihedral angles Sn–P–Si–Cl of 0.2° and 7.4°. Within these
planes the Sn···Cl distances are at 3.639 and 3.706 Å shorter
than the sum of the van der Waals radii (Figure 3).[17]

Figure 1. ORTEP plot of 3a (thermal ellipsoids at 30% probability
level).

A similar situation is found in the crystal structure of
dichlorogermane 4 (Figure 4). The P–Ge distance is at
2.274(2) Å in the short range of single bond lengths ob-
served for this element combination (2.30–2.36 Å).[18,19]

Again, the substituents flanking this central bond show an
eclipsed conformation concomitant with attractive Sn···Cl
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Figure 2. Newman projection and selected bond lengths of 3a and
4 (in brackets).

Figure 3. Relevant intramolecular distances of 3a and 4 (in brack-
ets).

interaction. The Sn···Cl distances are at 3.701 and 3.784 Å
close to those found in 3a. The Ge–Cl distances show values
of 2.189(2) and 2.192(2) Å. As in 3a, the P–Sn distances in
4 show with values of 2.511(2) and 2.519(2) Å no peculiari-
ties. The dihedral angles, by which the Sn–P–Ge–Cl planes
differ from a perfect synperiplanar arrangement, are 1.1°
and 6.2°.

In both structures the short Si–P or Ge–P bond lengths
in addition to the attractive Sn···Cl interaction seem to
underline the tendency of both molecules to eliminate chlo-
rostannane. Interestingly in the mass spectra of 3a and 4,
the molecular ions both lose one equivalent of chlorotri-
methylstannane. The elimination of a second equivalent of
chlorotrimethylstannane from the resulting phosphasilene
and phosphagermene cations is not observed, however.

While solutions of these compounds in aprotic solvents
are stable at room temperature, heating of 3a or 4 as neat
substances up to 200 °C leads to elimination of trimeth-
ylchlorostannane. During this process polymeric materials
are formed which we have not been able to characterize yet.
Preliminary results suggest that intermolecular condensa-
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Figure 4. ORTEP plot of 4 (thermal ellipsoids at 30% probability
level).

tion processes via chlorostannane elimination are favored
over intramolecular elimination under these conditions.[20]

As outlined earlier, the structural and spectroscopic pa-
rameters of 3a–c and 4 suggest significant hyperconjugative
interaction in this type of molecules. To get further insight
into the bonding situation we performed quantum chemical
calculations on the germanium compound 4 which shows
the largest hyperconjugative effect. As a result we find good
agreement of the theoretical with the experimental struc-
tural data. Moreover, a population analysis provides evi-
dence that bonding states at the phosphorus atom as well
as the lone pair interact with σ*-states derived from the
Ge–Cl bonds. The HOMO-1 of 4 is mainly located at the
phosphorus atom but shows some mixing with the Ge–Cl
bonds (Figure 5). Quite similar is the situation for the Cp*–
centered HOMO-2 that also partially involves the phospho-
rus atom. In the HOMO-3 the antibonding Ge–Cl σ*-states
mix with bonding Sn–P σ-states (Figure 6).

Figure 5. Surface plot of the HOMO-1 (left) and the HOMO-2
(right) in 4.

In summary, we presented a general synthetic route to
bis(stannyl)phosphanyl-substituted dichlorosilanes and ger-
manes that should allow a novel approach towards the first
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Figure 6. Surface plot of the HOMO-3 in 4.

generation of hypothetical phosphasilylynes and phosphag-
ermylynes. The molecular structures of two representative
examples show substantial hyperconjugative interaction be-
tween the stannylphosphanyl and the chlorosilyl/germyl
units, which are ideally preorganized for chlorostannane eli-
mination.

Experimental Section
All chemical experiments were performed under argon using stan-
dard Schlenk techniques or a glovebox. Solvents were dried with
sodium/potassium alloy and stored under argon. 1H, 13C, 31P, 29Si,
and 119Sn NMR spectra were recorded with a Bruker AMX 300 at
room temperature. Chemical shift values are given in ppm and were
referenced to external standards. Mass spectra were measured on
Kratos MS-50 and Masslab VG 12–250 spectrometers using the EI
ionization technique. Compounds 1, 2, and P(SnMe3)3 were pre-
pared according to published procedures.[21,22]

Synthesis of 3a–c and 4: Tris(trimethylstannyl)phosphane (1.05 g,
2 mmol) was placed in a sublimation apparatus together with an
equimolar amount of the corresponding trichlorosilanes 1a–c or
trichlorogermane 2. The mixture was heated to 150 °C until all the
chlorotrimethylstannane sublimed off (approximately 1 h). The re-
maining residue was dissolved in pentane (10 mL) and stored at
–20 °C. After 12 h, 3a–c precipitated as colorless (3a) to slightly
yellow (3b,c; 4) crystalline solids in 95% (3a), 92% (3b), 94% (3c)
and 95% (4) yield.

3a: M.p. 181 °C. 31P NMR (C6D6): δ = –272.1 (1JP(119),Sn = 721.0,
1JP(117),Sn = 669.2 Hz) ppm. 29Si NMR (C6D6): δ = 33.1 (d, 1JSi,P

= 116.1 Hz) ppm. 119Sn NMR (C6D6): δ = 36.6 (d, 1JSn,P = 721.0,
1JSn,C = 320.4, 2JSn,Si = 36.7, 2J(119)Sn,(117)Sn = 219.3 Hz) ppm. 1H
NMR (C6D6): δ = 1.90 (12 H), 1.85 (3 H), 0.44 (d, 18 H, 3JH,P =
2.39, 2JH(119),Sn = 54.9, 2JH(117),Sn = 52.7 Hz) ppm. 13C NMR
(C6D6): δ = 140.0, 134.5, 33.0 (d, 2JC,P = 12.0 Hz), 12.7, 12.2, –3.1
(d, 2JC,P = 7.6 Hz; 1JC(119),Sn = 320, 1JC(117),Sn = 305 Hz) ppm. MS
(EI): m/z = 589.9510 (δ = 0.67 ppm dev.) [M]+, 12%, 394 [M –
ClSn(CH3)3]+, 40%, 379 [M – ClSn(CH3)3 – CH3]+, 60 %, 165
[Sn(CH3)3]+, 100%, 135 [Cp*]+, 50%. C16H33Cl2PSiSn2 (592.82):
calcd. C 32.42, H 5.61; found C 32.60, H 5.72.

3b: 31P NMR (C6D6): δ = –242.5 (1JP(119),Sn = 713.4, 1JP(117),Sn =
681.2 Hz) ppm. 29Si NMR (C6D6): δ = 25.3 (d, 1JSi,P =
99.0 Hz) ppm. 13C NMR (C6D6): δ = 156.0, 152.1, 147.6, 122.8,
25.6, 24.0, 7.9 (d, 2JC,P = 7.2 Hz) ppm. C15H29Cl2PSiSn2 (576.78):
calcd. C 31.24, H 5.07; found C 31.38, H 5.18.

3c: 31P NMR (C6D6): δ = –235.0 (1JP(119),Sn = 724.7, 1JP(117),Sn =
692.9 Hz) ppm. 29Si NMR (C6D6): δ = 24.4 (d, 1JSi,P =
101.4 Hz) ppm. 1H NMR (C6D6): δ = 6.93 (s, 2 H), 4.13 (2 H, sept,
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3JH,H = 6.9 Hz), 2.73 (1 H, sept, 3JH,H = 10.3 Hz), 1.23 (d, 12 H,
3JHH = 6.9 Hz), 1.17 (d, 6 H, 3JH,H = 10.3 Hz), 0.29 (d, 18 H, 3JH,P

= 2.3 Hz) ppm. 13C NMR (C6D6): δ = 155.9, 152.2, 129.7, 122.7,
34.6, 33.3, 25.6, 24.0, –4.1 (d, 2JC,P = 7.0 Hz) ppm. MS (EI): m/z
= 662.0136 (δ = 2.6 ppm dev.) [M]+, 50%, 447 [M – ClSn(CH3)3 –
CH3]+, 70%, 278 [TipSiPCH4]+, 100%, 262 [TipSiP]+, 5%.
C21H41Cl2PSiSn2 (660.93): calcd. C 38.16, H 6.25; found C 38.34,
H 6.36.

4: 31P NMR (C6D6): δ = –242.4 (1JP(119),Sn = 751.5, 1JP(117),Sn =
718.4 Hz) ppm. 1H NMR (C6D6): δ = 1.94 (15 H), 0.50 (d, 18 H,
3JH,P = 2.5 Hz) ppm. 13C NMR (C6D6): δ = 12.1 (m), –3.01 (d,
2JC,P = 7.5 Hz; 1JC(119),Sn = 160.9, 1JC(117),Sn = 153.6 Hz) ppm. MS
(EI): m/z = 635.8953 (δ = 0.57 ppm dev.) [M]+, 12%, 438 [M –
ClSn(CH3)3]+, 35%, 423 [M – ClSn(CH3)3 – CH3]+, 58%, 165
[Sn(CH3)3]+, 100%. C16H33Cl2GePSn2 (637.34): calcd. C 30.15, H
5.22; found C 30.26, H 5.28.

Crystallographic Details for 3a: A colorless crystal of 3a with di-
mensions 0.40×0.35×0.35 mm was sealed in a glass capillary. The
measurements were performed with a Nicolet R3M diffractometer
using graphite-monochromatized Mo-Kα radiation at 273 K. A to-
tal of 4578 reflections were collected (Θmax = 25.00°), from which
4383 were unique (Rint = 0.0361), with 4380 having I � 2σ(I). The
structure was solved by direct methods and refined by full-matrix
least-squares techniques against F2 with SHELXTL-Plus[28]. The
non-hydrogen atoms were refined with anisotropic displacement
parameters without any constraints. For 210 parameters final R

indices of R = 0.0573 and wR2 = 0.1048 (GOF = 0.989) were ob-
tained.

Crystallographic Details for 4: A yellow crystal of 4 with dimen-
sions 0.55×0.55×0.25 mm was sealed in a glass capillary. The mea-
surements were performed with a Nicolet R3M diffractometer
using graphite-monochromatized Mo-Kα radiation at 293 K. A to-
tal of 4549 reflections were collected (Θmax = 25.00°), from which
4399 were unique (Rint = 0.0780), with 4396 having I � 2σ(I). The
structure was solved by direct methods and refined by full-matrix
least-squares techniques against F2 with SHELX-97.[28] The non-
hydrogen atoms were refined with anisotropic displacement param-
eters without any constraints. For 210 parameters final R indices
of R = 0.0744 and wR2 = 0.1174 (GOF = 0.946) were obtained
(Table 2).

Table 2. Crystal data and structure refinement for 3a and 4.

Reference 3a 4

Formula C16H33Cl2PSiSn2 C16H33Cl2GePSn2

Formula weight 592.8 637.3
Temp. [K] 293 293
Wavelength 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P21/c P21/c
Unit cell dimensions
a [Å] 10.004(3) 10.027(2)
b [Å] 14.326(2) 14.325(2)
c [Å] 17.908(3) 17.916(3)
α [°] 90 90
β [°] 103.56(2) 102.95(1)
γ [°] 90 90
Volume [Å3] 2495.0(9) 2508.0(1)
Z 4 4
Density (calcd.) [Mg/m3] 1.578 1.688
μ [mm–1] 0.710 3.440
Goodness-of-fit on F2 0.989 0.946
R1 (obsd. data) 0.0573 0.0744
wR2 (all data) 0.1048 0.1174
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CCDC-183386 (for 3a) and -183388 (for 4) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: Ab initio quantum chemical calculations
were performed for compound 4 using the program Gaussian 03[23]

on Hartree–Fock and DFT(B3LYP) level, employing a Dunning/
Huzinaga full double zeta basis set on first row elements,[24] and
Los Alamos ECP plus DZ on Na-Bi.[25–27] The harmonic vi-
brational frequencies and their infrared intensities for all of the
optimized structures were evaluated by the B3LYP method to de-
termine if a structure is a genuine minimum. Representations of
the molecular orbitals are shown at a contour value of 0.04.
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From Molecular Double-Ladders to an Unprecedented Polycatenation: A
Parallel Catenated 3D Network Containing Bicapped Keggin Polyoxometalate

Clusters
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A new three-dimensional coordination polymer, {Cu3(4,4�-
bpy)3(H2O)[PMo12O40(VO)2]·5H2O}n (1) (4,4�-bpy = 4,4�-bi-
pyridine), which represents the first example of 3D poly-
catenation generated by unprecedented parallel catenation

Introduction

Self-assembly of entangled network structures based
upon the principle of crystal engineering has attracted
much attention not only because of their promising poten-
tial applications in catalysis, ion exchange, photochemistry,
and electromagnetism, but also because of their intriguing
architectures and topologies.[1] Up to now, a number of en-
tangled networks have been reported, however, the “true”
engineering is still a great challenge because of the existence
of numerous weak interactions in crystal packing. Recently,
thanks to the work of Robson, Batten, Ciani and
others,[1a,2] many entangled networks have been engineered
under a strategy of “network approach”. Success in produc-
ing such structures depends on understanding and con-
trolling the topological and geometric relationships between
molecular modules, along with the coordination character-
istics of the metal ions. Of the many reported entangled
network structures, those constructed from molecular lad-
der motifs are very attractive, while relatively rare.[1a] The
main reason is probably attributed to the difficulty of ob-
taining T-shaped building blocks, which are essentially used
to build up the ladder structures. So far two kinds of en-
tanglement modes have been found in polycatenated lad-
ders, namely, inclined catenation and parallel catenation
(Scheme 1). Usually, inclined catenation of 1D ladders can
generate 1D�2D and 1D�3D arrays,[3] while parallel cate-
nation can produce 1D�1D, 1D�2D,[4] and 1D�3D ar-
rays. To the best of our knowledge, no 3D polycatenation
produced by parallel catenation of 1D ladders (1D�3D
parallel) has been reported.
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of the 1D double ladders, has been hydrothermally synthe-
sized.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Schematic representation of two kinds of entanglement
modes of 1D molecular ladders: (top) inclined catenation, (bottom)
parallel catenation.

Polyoxometalate (POM) clusters, known to have large
sizes and interesting properties for medicine and nonlinear
optics, are an outstanding class of linkers for the construc-
tion of interpenetrating networks.[1f] They have capabilities
similar to those of organic ligands in linking metal centers,
as evidenced in the recently reported literature.[5] Hence, di-
rectly utilizing POM clusters as linkers promises to be an
appealing route to design new entangled network structures.
Unfortunately, this strategy remains unexplored owing to
the difficulties in choosing suitable POM clusters as a linker
whose skeleton can be fully maintained during preparation.
Our previous work has proved that bicapped Keggin POM
clusters can function as rigid bidentate bridging ligands.[6]

Thus, our synthetic strategy is to introduce two kinds of
bidentate bridging ligands, i.e. Keggin clusters and 4,4�-bpy,
as linkers into the metal centers with potential T-type coor-
dination sites in order to construct new molecular ladders.

Herein, we report a new compound, {Cu3(4,4�-bpy)3-
(H2O)[PMo12O40(VO)2]·5H2O}n (1) (4,4�-bpy = 4,4�-bipyr-



Z. Shi, X. Gu, J. Peng, X. Yu, E. WangFULL PAPER
idine), which is based on a new motif 1D double ladder.
The polycatenation of 1D double ladders in 1 gives a 3D
polycatenation (1D�3D parallel). In comparison with
other catenated ladders, 1 has several unique features: (i) a
bicapped Keggin cluster {PMo12O40(VO)2} is utilized as a
linker, (ii) the new motif, 1D double ladder, is introduced
into an entangled system for the first time, and (iii) the 3D
architecture is generated by unusual 1D�3D parallel cate-
nation.

Results and Discussion

The successful isolation of compound 1 relies on the ex-
ploitation of hydrothermal techniques and the choice of or-
ganic reductant species. So far hydrothermal synthesis has
become a powerful method for the preparation of organic-
inorganic hybrid materials because of its advantages over
other methods (e.g., diffusion and sol-gel techniques), such
as the effective use of inorganic and organic reagents with
low solubility. Although in most cases the reaction mecha-
nisms under hydrothermal conditions remain elusive and
the control and prediction of crystal structures are very dif-
ficult, the architecture of the final product depends directly
on the interplay of starting materials, pH value, reaction
temperature, and pressure. Our interest is to construct new
molecular ladders by using 4,4�-bpy and presynthesized
Keggin clusters as linkers. Experiments demonstrated that
triethylamine was crucial for obtaining compound 1. Under
hydrothermal conditions, triethylamine with moderate abil-
ity to reduce can activate the Keggin cluster by reducing
MoVI to MoV without metal-exchange or decomposition.
On the other hand, CuII ions can also be reduced by it to
CuI ions with potential T-type coordination sites.[6c]

Single crystal X-ray diffraction reveals that 1 is a polycat-
enated 3D molecular double ladder. As shown in Figure 1,
the 1D double ladder is composed of three crystallographi-
cally unique CuI atoms as nodes linked by bicapped Keggin
clusters {PMo12O40(VO)2} and 4,4�-bpy molecules. Each
CuI atom displays T-shaped trigonal geometry. Atoms Cu1
and Cu2 are coordinated by two nitrogen atoms from two
4,4�-bpy ligands and one oxygen atom from one {VO}
group belonging to a [PMoVI

8MoV
4O40(VIVO)2]3– poly-

anion, while the Cu3 atom is coordinated by two nitrogen
atoms from two 4,4�-bpy ligands and one oxygen atom from
a water molecule. All the Cu2 atoms are joined together by
4,4�-bpy to form a middle rail of the double ladder. The
alternate Cu1 and Cu3 atoms are also linked together by
4,4�-bpy to form the edge rails. The polyanion [PMoVI

8MoV
4-

O40(VIVO)2]3– functions as a rung of the double ladder,
linking the two adjacent atoms Cu1 and Cu2 together. The
structure of the polyanion [PMoVI

8MoV
4O40(VIVO)2]3–,

similar to that of [PMoV
6MoVI

6O40(VIVO)2]5–,[7] can best be
described as a bicapped Keggin structure that is essentially
built on an α-Keggin core {PMo12O40} capped by two{VO}
units. The central atom P in the polyanion is located at the
inversion center, which results in a disordered PO4 tetrahe-
dron, that is, the central atom P is surrounded by a cube of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 385–388386

eight oxygen atoms, and each oxygen site is half-occupied.
The valence sum calculations,[8] ESR and XPS spectra show
that all the vanadium atoms are in the +4 oxidation state,
while the four molybdenum atoms are in the +5 oxidation
state, which confirms the molecular formula of 1.

Figure 1. (top) View of part of the infinite 1D double ladder; (bot-
tom) the schematic representation of the 1D double ladder.

In 1, each rectangle (size ca. 17×14 Å) of the double
ladder is penetrated by two other parallel double ladders
that are staggered with each other (Figure 2). Although all
the ladders run in the same direction (b axis), the staggered
interpenetration by the parallel ladders increases the dimen-
sionality of the whole polymeric system and thus leads to
the 1D�3D expansion (Figure 3). To the best of our
knowledge, among the few examples of polycatenated 3D
molecular ladders (1D�3D), this is the first example of 3D
structures generated by parallel catenation. Interpenetration
in nature is a space-filling effect to produce a dense frame-
work, but, surprisingly, the multiple catenation of the 1D
double ladder does not occupy all the voids formed by one
independent ladder. As shown in Figure S1 (Supporting In-
formation), there are 1D channels running along the c axis
direction that are filled by the guest water molecules. Hy-
drogen-bonding interactions between the ladders and clath-
rate water molecules generate a 3D complex supramolecular
architecture (Figure S2).

Compared with recently reported Keggin-based com-
pounds with 4,4�-bpy ligands, whose structures are very
interesting but noninterpenetrated,[5] compound 1 is a poly-
catenated 3D molecular double ladder. The formation of
such catenation may be ascribed to the bigger sizes of the
rectangle grids.
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Figure 2. Schematic illustration of entanglement modes of the
double ladder in compound 1.

Figure 3. Schematic view of the 3D structure of compound 1 gener-
ated by parallel catenation of 1D double ladders.

The IR spectrum exhibits the characteristic peaks of the
α-Keggin structure at 1060, 945, 860, and 775 cm–1 in 1,
which are attributed to ν(P–Oa), ν(M–Ot), ν(M–Ob–M), and
ν(M–Oc–M) (M = V or Mo). The peaks at 1640, 1515, and
1462 cm–1 are characteristic of the 4,4�-bpy molecules. In
the UV spectrum of 1, there is a strong absorption peak at
206 nm and a weaker absorption band at 236 nm, which are
consistent with the characteristic absorption bands of the
Keggin skeleton. The EPR spectrum of 1 exhibits the VIV

signal at 293 K with g = 1.9704 (Figure S3). The XPS spec-
tra give a peak at 516.2 eV for 1, which is attributed to VIV,
and two overlapped peaks at 232.4 and 231.0 eV attributed
to MoVI and MoV, respectively (Figure S4). All of these re-
sults further confirm the structure analysis.

Thermogravimetric analysis in N2 indicates three steps of
weight loss. The first two stages of weight loss of 3.98%
occur in the temperature range 45–320 °C and correspond
to the release of the guest water molecules. The third weight
loss of 17.51% occurs from 360 to 570 °C, because of the
release of the 4,4�-bpy ligands (Figure S5).

In order to study the redox property of 1, a 1-bulk-modi-
fied carbon paste electrode (1-CPE) was fabricated as the
working electrode because of its insolubility in water and
most organic solvents. The cyclic voltammetric behavior of
1-CPE was measured in an aqueous solution of NaCl and
HCl (0.2 m, pH = 2.3). In the potential range from +600
to –350 mV, there are three pairs of reversible redox peaks,
and the average peak potentials, E1/2 = (Ecp + Eap)/2, are
+370, +50, and –150 mV (Figure S6). Each pair of redox
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peaks can be ascribed to a two-electron process involving
molybdenum.[9]

In conclusion, using the Keggin cluster and 4,4�-bpy li-
gand as linkers, we have successfully isolated the first exam-
ple of polycatenated 3D molecular double ladders gener-
ated from parallel catenation. This method may lead to a
new family of interpenetrated networks that can be ob-
tained by using suitable POM clusters as linkers.

Experimental Section
Materials: All reagents and solvents for syntheses were purchased
commercially and used as received.

Physical Methods: Elemental analyses (C, H, and N) were per-
formed with a PerkinElmer 2400 CHN Elemental Analyzer. P, Mo,
V, and Cu were determined with a Leaman inductively coupled
plasma (ICP) spectrometer. IR spectra were obtained with an Al-
pha Centaurt FT/IR spectrometer with KBr pellets in the 400–
4000 cm–1 region. XPS analyses were performed with a VG ESCA-
LAB MK II spectrometer with a Mg-Kα (1253.6 eV) achromatic X-
ray source. The vacuum inside the analysis chamber was main-
tained at 6.2×10–6 Pa during analysis. The ESR spectrum was re-
corded with a Japanese JES-FE3AX spectrometer at room tem-
perature. UV/Vis spectra were recorded with a 756 CRT UV/Vis
spectrophotometer made in Shanghai, China. The TG analyses
were performed with a Perkin–Elmer TGA7 instrument in flowing
N2 at a heating rate of 10 °Cmin–1. Cyclic voltammograms were
obtained with a CHI 660 electrochemical workstation at room tem-
perature. Platinum gauze was used as the counter electrode and an
Ag/AgCl was used as the reference electrode. A chemically bulk-
modified carbon paste electrode (CPE) was used as the working
electrode.

Synthesis of {Cu3(4,4�-bpy)3(H2O)[PMo12O40(VO)2]·5H2O}n (1):
The starting materials Cu(NO3)2·4H2O (0.1298 g, 0.5 mmol),
H3[PMo12O40]·xH2O (0.4658 g, 0.25 mmol), NH4VO3 (0.0585 g,
0.5 mmol), 4,4�-bpy (0.0961 g, 0.5 mmol), triethylamine (0.14 mL),
and H2O (9 mL) were mixed together. The resulting suspension was
stirred for 1 h, sealed in a Teflon-lined reactor, and heated at 160 °C
for 72 h. Then the autoclave was cooled at 5 °Ch–1 to room tem-
perature. Black prism crystals of compound 1 were filtered, washed
with water, and dried at room temperature. Yield: 0.395 g (58%
based on molybdenum). C30H36Cu3Mo12N6O48PV2 (2723.46):
calcd. C 13.23, H 1.33, Cu 7.00, Mo 42.27, N 3.08, P 1.14, V 3.74;
found C 13.31, H 1.22, Cu 7.09, Mo 42.13, N 3.01, P 1.03, V 3.81.
IR (KBr): 1640 (w), 1515 (m), 1462 (w), 1060 (w), 945 (m), 860
(w), 775 (m) cm–1.

Preparation of 1-CPE: Graphite powder (90 mg) and 1 (15 mg)
were mixed and ground together by an agate mortar and pestle to
achieve an even, dry mixture. Nujol (0.12 mL) was added to the
mixture and stirred with a glass rod. The homogenized mixture was
then packed into a 1.2 mm inner diameter glass tube, and the sur-
face was wiped with paper. Electrical contact was established with
a copper rod through the back of the electrode.

X-ray Crystallography: Crystal data for the compound were col-
lected with a Rigaku R-AXIS RAPID IP diffractometer, with Mo-
Kα monochromated radiation (λ = 0.71073 Å) at 293 K. The struc-
ture was solved by direct methods and refined by full-matrix least-
squares on F2 using the SHELXTL crystallographic software pack-
age.[10] The positions of the hydrogen atoms on carbon atoms were
calculated theoretically. Crystal data: C30H36Cu3Mo12N6O48PV2,
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orthorhombic, Pnma, Mr = 2723.46 gmol–1, a = 27.962(6), b =
21.174(4), c = 11.802(2) Å, V = 6988(2) Å3, T = 293 K, Z = 4, Dc =
2.577 gcm–3, F(000) = 5128, θ range 3.07–25.00°. A total of 47481
reflections were collected and 6009 were independent (Rint =
0.0940). The final refinement including hydrogen atoms converged
to R = 0.0753, wR = 0.1705.

CCDC-271165 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): The detailed bond valence sum calculations and the figures
illustrating the 3D structures, ESR, XPS, TG spectra, and electro-
chemical behavior of compound 1 are provided.
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Crystal structure determinations on the hydrated forms of the
complexes M2UO2(dipic)2, M = H, Rb, Cs, dipic = dipicolinate
= pyridine-2,6-dicarboxylate, all of which show strong solid-
state luminescence from the uranyl centre, have as a com-
mon feature extended π-stacking arrays of the dipicolinate
ligands. Comparisons with related but non-luminescent com-

Introduction

Pyridine-2,6-dicarboxylic acid (dipicolinic acid, dipicH2)
is a widely employed and versatile complexing agent known
to bind in its singly, doubly and even non-deprotonated and
diester forms, often as mixed-ligand species.[1–5] Related li-
gands such as chelidamic acid (4-hydroxypyridine-2,6-di-
carboxylic acid) and benzimidazole derivatives of dipicolin-
ate also display interesting coordination properties.[6,7] Di-
picolinic acid and its anions appear to bind well to all met-
als in the periodic table, though specific properties such as
the strong luminescence of EuIII and TbIII[8] and the bio-
logical activity of transition-metal complexes[3,9,10] have led
to a strong focus in certain areas and to a relative neglect
of actinide complexation. Nonetheless, in the specific case
of the uranyl ion, a variety of species,[11–14] including the
remarkable helical polymer, [UO2(dipic)(OH2)]n,[15] has
long been known and has recently been significantly ex-
panded, principally through the characterisation of several
binuclear complexes.[16] During a structural study, reported
herein, of further members of the dipicolinate family, we
noted that one property of these compounds that varies
strikingly is their solid-state luminescence and hence we
have attempted to rationalise this through an analysis of the
different lattices.
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plexes indicate that these stacking arrays may be associated
with efficient energy transfer from the dipicolinate “anten-
nae” to the uranyl unit.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

A particularly useful technique for the production of
crystals of rather insoluble metal complexes has proven to
be the “branched tube” method[17] of diffusion along a ther-
mal gradient.[18] In the extension of this procedure used
here to uranyl complexes of dipicolinic acid, the product
obtained from a mixture of reagents with a 1:2 ratio of UVI/
acid was found to be a mixture of crystalline materials, one
of which was a complex containing the metal and ligand in
this ratio but the other a 1:1 species. Both can also be ob-
tained by direct reaction of [UO2(OH2)5]2+ with the appro-
priate ligand species in these different ratios in aqueous
solution; the 1:2 complex appears to be of very low solubil-
ity and crystallising readily, whereas the 1:1 complex ap-
pears to be more soluble and deposits rather slowly. Struc-
ture determinations (Table 1) on crystals selected from the
mixed product showed the 1:1 species, which crystallises as
clusters of very fine, pale yellow needles, to be the known
helical polymer, [UO2(dipic)(OH2)]n,[15] and the 1:2 species,
which crystallises as obviously greenish-yellow plates, to be
[UO2(dipicH)2]·4H2O. The dipicolinate units function as
tridentate ligands in both cases, the uranium coordination
environment being close to pentagonal bipyramidal UNO6

in the 1:1 complex and close to hexagonal bipyramidal
UN2O6 in the 1:2 complex.

The lattice of [UO2(dipicH)2]·4H2O is similar to that of
[NH(C2H5)3]2[UO2(dipic)2]·2H2O[16] (both crystals being
monoclinic, space group C2/c, though they are not iso-
morphous) as is emphasised by a view down c (Figure 1).
Hydrogen bonding in the lattice of the latter compound has
been analysed in detail and the protons of the triethylam-
monium groups appear to form near-symmetrical bridges
between the coordinated oxygen atoms of opposite dipicol-
inate units within the one complex unit. The complex can
thus be considered to have a “pseudo-macrocyclic” form
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Table 1. Crystal data and structure refinement details.

Empirical formula C14H16N2O14U C7H5NO7U C14H12N2O13Rb2U C14H14Cs2N2O14U
Formula weight 674.32 453.15 825.23 938.12
T [K] 180(2) 180(2) 100(2) 100(2)
Crystal system monoclinic hexagonal monoclinic triclinic
Space group C2/c P61 C2/c P1̄
a [Å] 18.5189(9) 14.7245(7) 19.1824(8) 6.7725(3)
b [Å] 6.8384(3) 14.7245(10) 14.7980(6) 8.4145(5)
c [Å] 15.4943(9) 9.2583(9) 7.5167(2) 10.8428(7)
α [°] 90 90 90 99.127(3)
β [°] 94.353(4) 90 111.114(3) 106.607(4)
γ [°] 90 120 90 110.102(3)
V [Å3] 1956.53(17) 1738.4(2) 1990.45(13) 532.93(6)
Z 4 6 4 1
Dcalcd. [Mg·m–3] 2.289 2.597 2.754 2.923
μ(Mo-Kα) [mm–1] 8.375 14.024 13.089 11.057
F(000) 1272 1212 1520 426
Crystal size [mm3] 0.26×0.24×0.10 0.64×0.09×0.07 0.17×0.11×0.09 0.15×0.12×0.06
θ Range for data collection 3.18–32.09 3.20–32.00 3.04–25.68 3.39–25.68
Index ranges –26 � h � 27 –21 � h � 21 0 � h � 23 0 � h � 8

–10 � k � 10 –21 � k � 19 0 � k � 18 –10 � k � 9
–22 � l � 18 –13 � l � 13 –9 � l � 8 –13 � l � 12

Reflections collected 19458 18751 22423 16850
Independent reflections 3188 3833 1884 2020
Rint 0.039 0.092 0.034 0.049
Completeness to θmax (%) 92.9 97.6 99.8 99.8
Absorption correction analytical semi-empirical empirical empirical
Tmax./Tmin. 0.462/0.118 0.349/0.090 0.308/0.086 0.515/0.106
Restraints/parameters 0/142 1/145 0/147 0/151
Goodness-of-fit on F2 1.043 1.086 1.287 1.294
R1/wR2 [I � 2σ(I)] 0.023/0.054 0.039/0.089 0.026/0.103 0.028/0.121
R1/wR2 (all data) 0.025/0.055 0.045/0.092 0.028/0.104 0.028/0.121
Δρmax./Δρmin. [e·Å–3] 0.98/–2.23 2.10/–1.68 0.93/–1.30 1.12/–0.88
Flack parameter 0.01(2)

somewhat like that well-known in MII complexes of the di-
methylglyoxime monoanion.[19] In [UO2(dipicH)2]·4H2O,
while a water molecule bridges the coordinated oxygen
atoms to give a similar form (Figure 2), in addition the re-
sidual acid protons appear to be located on the outer (unco-
ordinated) carboxylate oxygen atoms, O(3), and to be in-
volved in H-bonding chains involving two water molecules
and the confronting O(3�) atoms, defining another mode of
formation of a “pseudo-macrocycle”. The potentially more
rigid resulting structure is associated with a closer approach
to planarity of the U(dipicH)2 unit, although it is both
slightly bowed [N–U–N 174.05(8)°] and twisted into a chi-
ral configuration, as is the case for the U(dipic)2 unit in
[NH(C2H5)3]2[UO2(dipic)2]·2H2O, but there the bowing is
more marked [N–U–N 165.21(10)°]. The H-bonded water
molecule pairs which bridge complex ion units intramolecu-
larly are also within H-bonding distances of carboxylate
oxygen atoms of other complex units, so linking the lattice
in at least two dimensions.

Perhaps significantly, H-bonding is not the only form of
extended interaction apparent in the lattice. Parallel to c,
the complex units can be considered to form undulating
columns [for example, within the ovoid entities apparent in
the view down c (Figure 1)] in which there is considerable
overlap of parallel dipicolinate rings of adjacent complexes
of alternating chirality. This stacking[20,21] extends down b,
so that there are two types of ring projections (Figure 3),
describable as intra- and inter-ovoid, contributing to the
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formally infinite array. While projection of one ring onto its
parallel neighbour in a given stack does not involve eclips-
ing of all atoms, there are numerous C···C contacts of
�3.5 Å, associated in the case of the more strongly over-
lapped intra-ovoid array with an inter-centroid distance of
3.63 Å and a centroid offset of 1.35 Å. It is especially in this
regard that the lattice differs from the remarkably beautiful
lattice of [UO2(dipic)(OH2)]n.[15] In the present redetermi-
nation of this structure, the crystal chosen was one in which
the helical polymer units (Figure 4) present were all right-
handed, with the pitch of the helices [9.26(1) Å] being such
that projecting dipicolinate units are very remote. These hel-
ices interlock to some extent in a way which involves no
short contacts between constituent atoms of the dipicolin-
ate rings (shortest inter-centroid distance 5.54 Å), though
there are some involving C and O of the carboxylate units.
Instead, there is a rather short contact [3.04(1) Å] of one
uranyl-O to ring atom C2 [as well as UO···N of 3.09(1) Å].
Such uranyl group interactions are seen in other systems[22]

and indeed in [UO2(dipicH)2]·4H2O, there are longer
UO···C(aromatic) approaches of 3.17(1) Å, though essen-
tially in the plane of the ring.

Such points of difference between [UO2(dipicH)2]·4H2O
and [UO2(dipic)(OH2)]n may be the cause of their marked
difference in solid-state luminescence. Thus, 354 nm (Hg
lamp) irradiation of [UO2(dipicH)2]·4H2O produces bright
green luminescence characteristic of a uranyl centre[23] (and
the greenish colour of the crystals under solar illumination
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Figure 1. A view, down c, of the lattice of [UO2(dipicH)2]·4H2O
which displays the columnar structures of ovoid cross-section pres-
ent. Displacement ellipsoids are drawn at the 50% probability level.
H atoms are shown with arbitrary radii of 0.1 Å.

may be explained as of the same origin), with the principal
emission maxima at 487, 509, 532 and 558 nm (Figure 5)
being a much closer match to those of hexagonal bipyrami-
dal UVI as in [UO2(NO3)2(OH2)2][24] than to those of pen-
tagonal bipyramidal UVI as in [UO2(OH2)5]2+[23]. [UO2(di-
pic)(OH2)]n is not luminescent by eye under the same condi-
tions, though very weak luminescence, with maxima at 465,
490, 515 and 535 nm can be detected by use of a fluorime-
ter. Obviously, issues such as the presence of two dipicolin-
ate ligands in the first and of a possibly electronically deac-
tivating aqua ligand in the second (though even in the case
of [UO2(OH2)5]2+, [23b] this does not seem to apply) must
be considered, and then it is important to note that neither
complex is strongly luminescent in aqueous solution. Fur-
ther, deprotonation of [UO2(dipicH)2] with [NBu4][OH] to
produce a chloroform-soluble species, for which the electro-
spray mass spectrum (Supporting Information; for Supp.
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Figure 2. The hydrogen-bonding array present in the lattice of [UO2-
(dipicH)2]·4H2O (displacement ellipsoids at the 50% probability
level).

Inf. see also the footnote on the first page of this article) in
this solvent shows a parent peak of the dianion, also results
in loss of emission (thus excluding the possibility that the
negligible luminescence in water is a consequence of deacti-
vation by bound water after ligand hydrolysis), though
evaporation of this solution produces a luminescent solid.
Thus, even if dipicolinate units as “antennae” for energy
absorption and transfer to the uranyl emissive state are only
efficient when there are at least two per uranium atom, this
efficiency must be associated with the solid-state structure.
This is true also for [NH(C2H5)3]2[UO2(dipic)2]·2H2O,
which is luminescent as the solid,[25] again differing in this
regard from several binuclear species having a single dipico-
linate ligand per uranium.[16] In the lattices of these binu-
clear species, it is possible to discern parallel arrays of dipic-
olinate entities indicative of stacking interactions but, sig-
nificantly, these all involve either relatively remote
atom···atom contacts (�3.5 Å) or limited overlaps or pair-
wise interactions in one-dimensional arrays, unlike the ex-
tended two-dimensional arrays described above for [UO2-
(dipicH)2]·4H2O and which can also be discerned in
[NH(C2H5)3]2[UO2(dipic)2]·2H2O. [In the first complex,
there are also O(carboxylate)···C(aromatic) contacts ca.
3.3 Å which produce a third dimension to the interactions
between the aromatic entities.] In all the complexes pres-
ently discussed, there are UO···C(aromatic) contacts be-
tween 3.0 and 3.4 Å which vary in a way which seems unre-
lated to the luminescence properties of the solids. Thus, it
would seem plausible that strong uranyl emission in these
complexes is an indicator of extended stacking interactions
with significant electronic consequences

An indication of the utility of the branched-tube method
for crystal formation was provided in efforts to extend char-
acterisation of the M2UO2(dipic)2 family to the cases where
M is an alkali metal cation. All (M = Li, Na, K, Rb, Cs)
these compounds are of low water solubility and precipitate
very rapidly as green, luminescent materials, of very similar
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Figure 3. A view, perpendicular to the mean ring planes, showing the two types of dipicolinate stacks (“intra-” and “inter-ovoid”) in the
lattice of [UO2(dipicH)2]·4H2O. The greater degree of ring overlap corresponds to the intra-ovoid stacks (displacement ellipsoids at the
50% probability level).

Figure 4. A view down the axis of one of the (right-handed) infinite
helices present in the lattice of [UO2(dipic)(OH2)]n (displacement
ellipsoids at the 50% probability level).

appearance to the M = H complex, when hot solutions are
cooled. Despite numerous attempts at careful recrystalli-
sation, the only members of this series obtained in a form
suitable for X-ray structure determinations in this way were
the Rb and Cs species (Table 1). While the Rb complex re-
tains the same space group (C2/c) as the triethylammonium
and proton compounds, the Cs complex crystallises in P1̄,
though this has only rather minor consequences in terms of
the structure and self-interactions of the U(dipic)2 entities.
In both the Rb and Cs complexes, the U(dipic)2 units are
planar, with N–U–N 180° due to the location of the ura-
nium atom on a symmetry centre. Perhaps as a reflection
of this move to coplanarity, the U–N bond lengths (Table 2)
are the longest of any in a uranyl dipicolinate. Their exten-
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Figure 5. The room-temperature luminescence spectrum of pow-
dered [UO2(dipicH)2]·4H2O. Excitation wavelength 320 nm.

sion, however, is slight, and U–O bond lengths (Table 2)
fall essentially within the range of those in other U(dipic)2

species.
However, the Rb and Cs complexes do differ most obvi-

ously in the orientation of chains of the alkali metal atoms
with respect to the array of [UO2(dipic)2]2– units. (Figure 6).
Viewed down c, for example, both lattices can be regarded
as containing sheets of uranium atoms lying parallel to
[100], each U atom visible in the view down c being the
head of a column of such atoms lying parallel to c. Using
the two shortest (and nearly equal) M···M separations [M
= Rb, 4.0926(12) and 4.4260(12); M = Cs, 4.3109(9) and
4.9406(9) Å] to define association between M atoms, these
can be considered to form zig-zag columns which, in the
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Table 2. Selected bond lengths [Å] and angles [°].

[UO2(dipicH)2]·4H2O[a] U(1)–O(1) 2.441(2) O(1)–U(1)–N(1) 60.77(7)
U(1)–O(4) 2.499(2) N(1)–U(1)–O(4) 60.42(7)
U(1)–O(5) 1.769(3) O(1)–U(1)–O(4�) 60.45(7)
U(1)–O(6) 1.782(3) O(5)–U(1)–O(6) 180
U(1)–N(1) 2.641(2)

[UO2(dipic)(OH2)][b] U(1)–O(1) 2.380(6) O(1)–U(1)–N(1) 63.30(19)
U(1)–O(4) 2.416(5) N(1)–U(1)–O(4) 63.66(19)
U(1)–O(5) 1.775(6) O(4)–U(1)–O(7) 73.9(2)
U(1)–O(6) 1.768(6) O(7)–U(1)–O(3�) 77.5(2)
U(1)–O(7) 2.423(6) O(3�)–U(1)–O(1) 81.9(2)
U(1)–N(1) 2.520(6) O(5)–U(1)–O(6) 178.4(3)
U(1)–O(3�) 2.340(6)

[UO2Rb2(dipic)2(H2O)3][c] U–O(1) 2.445(5) O(1)–U–N(1) 59.64(14)
U–O(3) 2.466(5) N(1)–U–O(3) 59.65(16)
U–O(5) 1.783(6) O(1)–U–O(3�) 60.72(15)
U–N(1) 2.657(5) O(5)–U–O(5�) 180
Rb–O(1) 3.129(5) Rb–O(5) 3.035(6)
Rb–O(2��) 3.046(4) Rb–O(6) 2.849(5)
Rb–O(3�) 3.006(5) Rb–O(6$) 2.914(5)
Rb–O(4#) 2.927(5) Rb–O(7) 2.813(5)

[UO2Cs2(dipic)2(H2O)4][d] U–O(1) 2.435(5) O(1)–U–N(1) 59.67(16)
U–O(3) 2.466(5) N(1)–U–O(3) 60.01(16)
U–O(5) 1.765(5) O(1)–U–O(3�) 60.33(15)
U–N(1) 2.669(6) O(5)–U–O(5�) 180
Cs–O(1) 3.143(5) Cs–O(6) 3.211(5)
Cs–O(2) 3.439(5) Cs–O(6$) 3.390(5)
Cs–O(2��) 3.115(5) Cs–O(6��) 3.426(6)
Cs–O(3�) 3.207(5) Cs–O(7) 3.037(5)
Cs–O(4#) 3.307(5) Cs–O(7*) 3.399(6)
Cs–O(4�) 3.717(5)

[a] Symmetry code: � for –x – 1, y, –z – 1/2. [b] Symmetry code: � for y + 1, –x + y + 1, z – 1/6. [c] Symmetry codes: � for 1/2 – x, 3/2 –
y, –z; �� for x, 1 – y, z + 1/2; # for x – 1/2, 3/2 – y, z – 1/2; $ for –x, y, 1/2 – z. [d] Symmetry codes: � for 1 – x, –y, –z; �� for 2 – x, 1 – y,
1 – z; # for 1 + x, y, 1 + z; $ for 3 – x, 1 – y, 1 – z; * for 2 – x, –y, 1 – z.

case of M = Rb, lie along c and so define sheets for which
the mean plane is parallel to those of the U atoms, i.e. to
[100], whereas in the case of M = Cs these zig-zag columns
lie parallel to b, forming undulating sheets with their mean
planes parallel to [001]. An explanation of the difference in
these alkali metal arrays may be that only Rb is involved in
coordinative interaction with uranyl-O [Rb–O 3.035(6) Å].
As seems to be commonly the case with heavy and appar-
ently weakly coordinating metals, [6,21,27–31] it is difficult to
define a precise cutoff distance for interactions considered
to be bonding but the coordination numbers of both Rb
and Cs here appear to be high, involving O-donors only,
with rather irregular geometry about the metals. Interest-
ingly, the extreme M···O separations approach those of
M···U, which, if they are correctly considered as contacts
of closed-shell species of similar charge, would be regarded
as involving negligible interactions, thus indicating that the
extreme M···O contacts must also be of little significance.

In relation to development of the argument presently
that uranyl luminescence in solid dipicolinate complexes
may be associated with extended interactions of the dipicol-
inate “antennae”, it is important to note that both the Rb
and Cs complexes share with other luminescent uranyl di-
picolinate species an essentially infinite stacked array of di-
picolinates involving numerous relatively short C···C ap-
proaches (ca. 3.4 Å), corresponding in both compounds to
a shortest centroid···centroid distance of 3.76 Å and
centroid offsets of 1.37 and 1.62 Å for the Rb and Cs com-
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plexes, respectively. In the Rb complex, this stacking is ap-
parent in the view down c, this axis being close to perpen-
dicular to the mean ring planes, whereas in the Cs complex,
it is a view down a, which exposes a similar array.

Conclusions

If indeed it is true that stacking within the lattices of
uranyl dipicolinates can produce efficient population of
uranyl excited states, then these generally rather insoluble
materials may have applications as solid photocatalysts, as
recently described for some mixed U/Ag compounds also
characterised by extended ligand stacking within the crys-
tals.[26] Even more recently,[32] some uranyl complexes of
isomeric (2,4- and 3,4-)pyridine dicarboxylates, though of
different stoichiometry to the present materials, have also
been described as luminescent due to uranyl centre emis-
sion. Though stacking of the pyridine units is extended in
these solids, the ring atom separations are relatively large
(ca. 3.7 Å) and the compounds are described as yellow, indi-
cating that their luminescence is weak and that their polyur-
anate cores may not be as effective as [UO2(dipic)2]2– in
creating lattices which may be considered to contain “an-
tenna” units of the ligands. The stoichiometry of bis(dipico-
linato)dioxouranium(vi) derivatives is obviously open to
straightforward variations which may result in useful con-
trol of their photoreactivity and we are presently investiga-
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Figure 6. (top) The lattice of [UO2Rb2(dipic)2(H2O)3], viewed down c. (bottom) The lattice of [UO2Cs2(dipic)2(H2O)4], viewed down a
(displacement ellipsoids at the 50% probability level).

ting lanthanide(iii) species in which it appears possible to
switch between uranyl and lanthanide ion luminescence.

Experimental Section
Synthesis: [UO2(dipicH)2]·4H2O and [UO2(dipic)(OH2)] (mixed):
[UO2(O2CCH3)2(OH2)]·H2O (212 mg) and dipicolinic acid
(167 mg) were placed in one arm of an inverted Y-tube (“branched
tube”[17]) and the apparatus then carefully filled with water. The
arm containing the partially soluble reactants was heated at 45 °C,
with the other arm kept at ambient temperature. After 1 week, the
cooler arm contained greenish-yellow plates mixed with clusters of
pale yellow needles. Samples of both crystals were withdrawn for
structure determinations, these showing the plates to be the new
complex [UO2(dipicH)2]·4H2O.
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[UO2(dipicH)2]·4H2O: A solution obtained by mixing dipicolinic
acid (34 mg) and Na2CO3 (11 mg) in water (2 mL) and heating to
90 °C was mixed with a solution of [UO2(dmso)5](ClO4)2

[22]

(86 mg) in water (2 mL, 90 °C). The clear, pale yellow solution was
allowed to stand at ambient temperature as plate-like crystals
slowly deposited in essentially quantitative yield. After air-drying
only, analysis of the sample was consistent with a higher degree of
hydration than that of the single crystal taken for the structure
determination. [UO2(dipicH)2]·7H2O: calcd. C 23.09, H 3.04, N
3.85; found: C 22.9, H 2.8, N 3.5.

M2UO2(dipic)2·nH2O (M = Li, Na, K, Rb, Cs): Clear solutions,
obtained by mixing dipicolinic acid (2·10–4 mol) and M2CO3

(2·10–4 mol) in water (2 mL) and heating at 90 °C until CO2 evol-
ution was complete, were mixed separately with solutions of
[UO2(dmso)2(NO3)2] (10–4 mol; 55 mg) in hot (90 °C) water (2 mL).
Cooling of the mixtures led to rapid and essentially quantitative
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precipitation of microcrystalline greenish-yellow solids. Partial pre-
cipitation resulting when the initial solutions were allowed to slowly
evaporate at 90 °C provided larger but still generally rather small
crystals. On collection and washing with acetone, the crystals ap-
peared to undergo some efflorescence, and analyses of the Rb and
Cs compounds indicated a lower degree of hydration than found
from the structure solutions. Li2UO2(dipic)2·2H2O: calcd. C 25.86
(26.0); H 1.55 (2.0); N 4.31 (4.3); found C 26.0, H 2.0, N 4.3. Na2U-
O2(dipic)2: calcd. C 26.02, H 0.94, N 4.33; found C 25.9, H 1.8, N
4.3. K2UO2(dipic)2·1.5H2O: calcd. C 23.84, H 1.28, N 3.97; found
C 23.9, H 2.0, N 3.9. Rb2UO2(dipic)2: calcd. C 21.80, H 0.85, N
3.63; found C 21.8, H 1.3, N 3.5. Cs2UO2(dipic)2·H2O: calcd. C
19.02, H 0.91, N 3.17; found C 19.4, H 1.3, N 2.9.

Luminescence Measurements: To obtain luminescence spectra for
solid samples, the powdered complexes were pressed between two
quartz plates with a spacing of ca. 0.1 mm. The plates were
mounted in the normal cell holder of an AMINCO-Bowman Series
2 fluorimeter with the faces at 45° to the incident beam.

Crystallography: Intensities for both [UO2(dipicH)2]·4H2O and
[UO2(dipic)(OH2)] were collected at 180(2) K with an Oxford Dif-
fraction Xcalibur diffractometer using graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å). Cell refinement and data pro-
cessing were performed using Crysalis RED.[33] All subsequent cal-
culations were carried out using the WinGX system.[34] The struc-
tures were solved by using the SIR92 program,[35] which revealed
in each instance the position of most of the non-hydrogen atoms.
All remaining non-hydrogen atoms were located by the usual com-
bination of full-matrix least-squares refinement and difference elec-
tron density syntheses by using the SHELXL97 program.[36]

Atomic scattering factors were taken from the usual tabulations.
Anomalous dispersion terms for U atoms were included in Fc. Ana-
lytical[37] ([UO2(dipicH)2]·4H2O) or semi-empirical[38] ([UO2-
(dipic)(OH2)]) absorption corrections were applied.

The data for [UO2Rb2(dipic)2(H2O)3] and [UO2Cs2(dipic)2(H2O)4]
were collected at 100(2) K with a Nonius Kappa-CCD area detec-
tor diffractometer[39] using graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å). The data were processed with HKL2000.[40]

The structures were solved by direct methods or Patterson map
interpretation for the two compounds, respectively, with SHELXS-
97 and subsequent Fourier-difference synthesis and refined by full-
matrix least-squares on F2 with SHELXL-97.[41] Absorption effects
were corrected empirically with the program DELABS in PLA-
TON.[42]

In all compounds, all non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Hydrogen atoms attached to the
pyridine ring were introduced at idealised positions and were
treated as “riding” atoms with C(sp2)–H = 0.93 Å and Uiso(H) =
1.2 times that of the parent atom. The hydrogen atoms of the water
molecules (and hydroxy group when present) in the structures of
[UO2(dipicH)2]·4H2O, [UO2Rb2(dipic)2(H2O)3] and [UO2Cs2-
(dipic)2(H2O)4] were located from Fourier-difference maps and
their position was refined using a constrained model (O–H =
0.86 Å or left as found; Uiso = 1.2 times that of the parent atom).
The final Fourier-difference map for [UO2(dipic)(OH2)] showed
randomly distributed residual peaks all located in the vicinity of
the U atom. No attempts were further made to locate the hydrogen
atoms attached to the coordinated water molecule in this case. The
molecular plots were drawn with ORTEP3[43] and SHELXTL.[41]

CCDC-279058 to -279061 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Supporting Information (see footnote on the first page of this arti-
cle): Solid-state luminescence spectra for M2UO2(dipic)2, M = Li,
Na, K, Rb, Cs, NBu4; ESMS results for [NBu4]2[UO2(dipic)2] in
CHCl3.
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Hybrid Inorganic–Organic 1D and 2D Frameworks with [As6V15O42]6–

Polyoxoanions as Building Blocks

Shou-Tian Zheng,[a] Yong-Mei Chen,[b] Jie Zhang,[a] Ji-Qing Xu,[c] and Guo-Yu Yang*[a,d]

Keywords: Polyoxometalate / Vanadium / Arsenic

Three novel heteropolyoxovanadates, [Ni(2,2�-bpy)3]2[{Ni-
(en)2}As6V15O42(H2O)]·9.5H2O (1), [Zn2(dien)3(H2O)2]1/2-
{[Zn2(dien)3]As6V15O42(H2O)}·2H2O (2), and [Co(enMe)2]3-
[As6V15O42(H2O)]·2H2O (3), were hydrothermally synthe-
sized and characterized by single-crystal X-ray diffraction.
Crystal data: 1, monoclinic, P21/n, a = 14.0324(9) Å, b =
13.9900(8) Å, c = 30.5785(19) Å, β = 102.861(1)°, Z = 2; 2, mo-
noclinic, P21/c, a = 13.361(5) Å, b = 23.979(8) Å, c =
22.873(8) Å, β = 102.459(4)°, Z = 4; 3, triclinic, P1̄, a =
13.2976(1) Å, b = 15.0583(1) Å, c = 20.1661(2) Å, α =
85.620(8)°, β = 79.553(9)°, γ = 65.087(9)°, Z = 2. Compound 1

Introduction

Since the first polyoxometalates (POMs) were reported
over 150 years ago, attention has been focused on their syn-
thesis and various structural topologies, as well as their un-
expected properties in such diverse fields as catalysis, mate-
rials science, and medicine.[1–3] To date, hundreds of POMs
based on Mo–O clusters, V–O clusters, and W–O clusters
and so on have been synthesized and described.[4,5] They
provide a wide variety of robust structural motifs of dif-
ferent sizes and topologies ranging from closed cages and
spherical shells to basket-, bowl-, barrel-, and belt-shaped
structures. Those intriguing structures and potential appli-
cations attract more and more researchers and make the
chemistry of POMs of continuous interest.[6] The prepara-
tion of extended structure solids with controllable and de-
sirable properties and functions is of both fundamental and
practical interest.[7] Now one of the challenging tasks in
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consists of 1D [{Ni(en)2}As6V15O42(H2O)]4– chains and
[Ni(2,2�-bpy)3]2+ cations, in which the chain host has a mo-
lecular recognition ability for the chiral guest cations. Com-
pound 2 is constructed from linking of the [As6V15O42]6– poly-
oxoanions and novel dinuclear [Zn2(dien)3]4+ cations into the
first 1D helical As–V–O cluster chain. Compound 3 is the first
2D framework based on [As6V15O42]6– polyoxoanions as
building blocks.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

POM chemistry is to find some bridging units and then to
link POM building units up into extended solid frame-
works.[8,9] This approach is quite attractive and appears to
hold the key to the development of rational approaches for
tailor-made materials based on POMs with desirable fea-
tures. During the past few years, a lot of research efforts
have been focused on the application of secondary transi-
tion-metal complexes (TMCs) as bridging ligands linking
POM clusters into 1-, 2-, and 3D networks under hydro-
thermal conditions.[10–13] Compounds [{Cu(enMe)2}7-
{V16O38(H2O)}2]·4H2O[14] and [Co(en)2][Co(2,2�-bpy)2]2-
[PMo8V8O44]·4.5H2O[15] are recent examples. The former is
made up of the hexadecavanadate clusters linked by the
[Cu(enMe)2]2+ complex fragments into a rare 3D open
framework, while the latter exhibited a novel 2D Mo–V–O
polyoxometalate with two types of cobalt complex frag-
ments as bridges. More recently, Khan et al. reported three
novel 2D frameworks that consist of spherical {V18O42(X)}
shells linked by bridging {M(en)2} groups (X = H2O, Br–,
Cl–; M = Zn, Cd).[16]

An important subclass of the large POM family is As–
V–O clusters with arsenic and vanadium in low oxidation
states, which often act as cryptates encapsulating neutral
molecules or anions. Since the first As–V–O cluster K6[As6-

V15O42(H2O)]·8H2O was presented by Müller and Döring
in 1988,[17] a number of As–V–O clusters have been
synthesized,[18–27] such as K7[AsV14O40]·12H2O,[18]

Na5[V12As8O40(HCO2)]·18H2O,[19] [As8V14O42(X)]6– (X =
SO3

2– or SO4
2–),[20] [N(Me)4]4[As8V14O42(0.5H2O)],[21] and

[NBun
4]4[As8V6O26].[23] However, most of them are discrete

clusters; the linking of As–V–O clusters into extended
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structures remains largely unexplored and a rewarding chal-
lenge. The aim of our work is to synthesize extended solids
based on As–V–O clusters in the presence of TMCs. By
this means, we recently successfully prepared a novel 2D
sinusoidal layer structure constructed from [As8V14O42-
(SO4)]6– clusters and [Ni(en)2]2+ fragments.[28] As a part of
continuing work in this system, here we describe the hydro-
thermal synthesis and structural characterization of the fol-
lowing three extended POMs based on [As6V15O42(H2O)]6–

clusters as building blocks: [Ni(2,2�-bpy)3]2[{Ni(en)2}-
As6V15O42(H2O)]·9.5H2O (1), a 1D straight chain, [Zn2-
(dien)3(H2O)2]1/2{[Zn2(dien)3]As6V15O42(H2O)}·2H2O (2), a
1D helical chain, and [Co(enMe)2]3[As6V15O42(H2O)]·2H2O
(3), which is the first 2D [As6V15O42(H2O)]6– framework.

Figure 1. Structural contrast between normal [As6V15O42]6– anion and disordered [As6V15O42]6– anion in 1. (a, b) Two V3 triangles and
one As6V3 ring in the normal [As6V15O42]6– anion, respectively. (c) The normal [As6V15O42]6– anion. (d, e) Two V3 triangles and one
disordered As6V3 ring in the disordered [As6V15O42]6– anion in 1. (f) The disordered [As6V15O42]6– anion in 1. (The thermal ellipsoids
are shown at 50% probability.)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 397–406398

Results and Discussion

Compounds 1–3 are made of the [As6V15O42(H2O)]6–

(As6V15) clusters linked by corresponding TMCs into ex-
tended structures. The structure of the As6V15 anion, which
has crystallographic D3 symmetry, was first reported by
Müller and Döring in K6[As6V15O42(H2O)]·8H2O.[17] It
consists of fifteen VO5 square pyramids and three handle-
like As2O5 units. As shown inpart a of Figure 1, twelve VO5

square pyramids form two triangles by sharing edges and
sharing corners. In addition, another three VO5 square
pyramids and three As2O5 units are alternately joined to-
gether to form a ring (Figure 1, b). Then the two triangles
are coordinated to each face the ring through sharing O
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atoms, and form a ball-like As6V15 anion (Figure 1, c). In
the structure of the As6V15 cluster in 1, twelve VO5 square
pyramids form two identical triangles as described above
(Figure 1, d). However, an interesting phenomenon is that
the ring in the As6V15 anion of 1 was found to be disor-
dered. As shown in Figure 1 (e), three positions occupied
by As2O5 units are disordered over six positions with free
refined occupancy of 0.5 for each position. At the same
time, three positions occupied by VO5 square pyramids are
also disordered over six positions (V1, V2, V3, V1A, V2A,
and V3A atoms) with free refined occupancy of 0.5 for each
position. Then, similarly, the two triangles are coordinated
to each face of the disordered ring through sharing O
atoms, and form a disordered As6V15 anion (Figure 1, f).
The structure of the disordered As6V15 anion in 1 can also
be described as a well-known {V18O42} rhombicuboctahed-
ron[29] embedded with an arsenic ring (Figure S1). The
As6V15 anion in 2 and 3 is essentially identical to that of
the isolated cluster in K6[As6V15O42(H2O)]·8H2O[17] and is
not disordered. In 1–3, all V=O, V–O, and As–O bond
lengths fall in the ranges 1.520(5)–1.631(6), 1.817(10)–
2.107(9), and 1.748(6)–1.887(5) Å, respectively. On the basis
of bond valence sum (Σs) calculations,[30] the oxidation
states of all V atoms are +4 (Σs = 4.04–4.48, 1; Σs = 4.02–
4.15, 2; Σs = 4.03–4.16, 3) and the As atoms are +3 (Σs =

Figure 2. A view of the infinite straight chain in 1. Half of the disordered atoms and H atoms were omitted for clarity.

Figure 3. Packing diagrams of 1 along the a axis showing host chains have a molecular recognition ability for the guest metal complexes.
All H atoms were omitted for clarity.
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2.73–2.99, 1; Σs = 3.05–3.20, 2; Σs = 3.04–3.18, 3). The oxi-
dation states of the V atoms and the As atoms are consis-
tent with the formulas of 1–3. The EPR spectra of 1 and 2
at room temperature show the g values are 1.9591 and
1.9493, corresponding to the signal of V4+, respectively. For
3, no EPR signal of V4+ was observed in 3 at room tem-
perature. But at liquid nitrogen temperature, the EPR spec-
trum of 3 shows the g value is 1.9631, corresponding to the
signal of V4+.

The extended structure of 1 consists of disordered
As6V15 sphere-like clusters. Each one is linked to two other
neighboring clusters by two [Ni2(en)2]2+ bridges, generating
a 1D straight chain of [–As6V15–μ2-Ni2(en)2–As6V15–]� ar-
rays (Figure 2). The bridging Ni2 atom shows an octahe-
dron with four nitrogen donors of two en ligands [Ni2–N:
2.040(2)–2.061(18) Å] and two trans terminal oxo oxygen
atoms coming from two adjacent VO5 groups [Ni2–O:
2.199(11) Å, O–Ni2–O: 180(8)°]. An interesting feature is
that another kind of TMC [Ni1(2,2�-bpy)3]2+ rather than
[Ni(en)3]2+ occupies the interchain regions as charge com-
pensation. As shown in Figure 3, the {[Ni(en)2]As6V15O42-
(H2O)}4– chains are aligned to the b axis and parallel
packed beside each other along the a axis, generating a cluster
anion layer along the ab plane, while the [Ni(2,2�-bpy)3]2+

cations are exactly deposited between cluster anion layers
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to form the cation layer along the ab plane. The [Ni(2,2�-
bpy)3]2+ cations in 1 present both Δ and Λ enantiomers. An
unusual feature is that the Δ and Λ enantiomers of [Ni(2,2�-
bpy)3]2+ are separated orderly and deposited in alternate
cluster anion layer regions, that is, the isolated [Ni(2,2�-
bpy)3]2+ cations are separated into Δ configuration layers
and Λ configuration layers by cluster chain layers. The
orderly separation of the enantiomers of [Ni(2,2�-bpy)3]2+

indicates that the inorganic host has a molecular recogni-
tion ability for the guest TMCs.[31] Such a phenomenon is
rarely reported in the POM system. The shortest inter-ring
separation of 2,2�-bpy ligands along the a axis is 12.27 Å,
hence, there is no notable π–π interaction in 1.

POMs with helical or chiral structures are of particular
interest.[32] For instance, a spiral-shaped chain has been de-
scribed in [H2en]2[{Cu(en)(OH2)}Mo5P2O23]·4H2O[33] and
a double helical chain in [(CH3)2NH2]K4[V10O10(H2O)2-
(OH)4(PO4)7]·4H2O.[34] Single-crystal X-ray diffraction
analysis revealed that compound 2 presents the first helical
chain made of As–V–O clusters. As shown in Figure 4, the
As6V15 clusters are connected to each other through novel
[(dien)Zn1(dien)Zn2(dien)]4+ dimeric cations by corner-
sharing interactions of the type V=O–Zn1 to form an infi-
nite 1D chain along the b axis, which arranged about a
twofold screw axis and formed a left-hand helical array. Be-
cause compound 2 crystallizes in a centric space group P21/
c, there are an equal number of right-handed (Figure S2)
and left-handed helices (Figure 4) in the structure. As illus-
trated in Figure 5, it is interesting that the right-handed he-
lical chains and the left-handed helical chains are aligned
parallel to the ab plane to give right-handed helical chain
layers and left-handed helical chain layers, respectively.
Furthermore, these right-handed helical chain layers and
left-handed helical chain layers are alternatively stacked
along the c axis with another kind of novel dimeric cation,
[Zn2(dien)3(H2O)2]4+, occupying the interlayer regions (Fig-

Figure 4. A ball-and-stick (a) and a space-filling (b) view of the left-hand helical chain of 2 showing the connectivity between the
[As6V15O42(H2O)]6– clusters and [Zn2(dien)3]4+ complexes and orientation of the chain. (Structure of right-hand helical chain of 2 can be
seen in Figure S2.) All H atoms were omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 397–406400

ure 5, Figure 6). Hydrogen bonds play important roles in
stabilizing the crystal structure of 2. The isolated [Zn2-
(dien)2(H2O)5]4+ cations link the chains through three pairs
of hydrogen bonds [N10–O40a (a: –x, y + 1/2, –z + 1/2),
3.01(2) Å; N10–O37b (b: –x, –y + 1, –z), 3.25(3) Å; and
N11–O41 3.02(2) Å, respectively] generating 2D networks
along the bc plane, while [Zn2(dien)3]4+ bridging cations in-
teract with the chains along the a axis through strong hy-
drogen bonds [N···O: 2.835(10)–3.175(10) Å, listed in Table
S1]. These hydrogen bonds force the structure of compound
2 to extend into a 3D supramolecular array.

Figure 5. Packing diagram of 2 viewed along the b axis showing
alternative right-hand and left-hand helical chain layers. All H
atoms, water molecules, and isolated [Zn2(dien)3(H2O)2]4+ cations
are omitted for clarity.

The second unusual feature of 2 is that each Zn1(dien)
bridging fragment hangs a [Zn2(dien)]2+ complex linked
through a tridentate dien ligand to form a novel dinuclear



Hybrid Inorganic–Organic Frameworks with Polyoxoanions as Building Blocks FULL PAPER

Figure 6. View of the 2D networks of 2 along the a axis showing the hydrogen bonds between helical chains and discrete [Zn2(dien)3-
(H2O)2]4+ cations.

[(dien)Zn1(dien)Zn2(dien)]4+ cation (Figure 7, b). Two N
atoms of the bridging dien ligand coordinate to the Zn2
center, while the third N atom coordinates to the Zn1 cen-
ter. Each Zn atom in dinuclear TMC is bound to two dien
ligands in different coordination modes, respectively. Thus
the Zn1 center is defined by four N donors from two dien
ligands and two trans terminal oxo oxygen atoms from two
adjacent arsenic–vanadium clusters to form a distorted oc-
tahedron [Zn1–N: 1.981(7)–2.155(9) Å; Zn1–O: 2.142(5) Å],
whereas the five-coordinate Zn2 center is best described as
a distorted trigonal bipyramidal configuration, with the
atoms N5 and N8 occupying the axial positions [Zn2–N5:
2.265(8) Å; Zn2–N6: 2.049(6) Å; Zn2–N7: 2.081(7) Å; Zn2–
N8: 2.187(7) Å; Zn2–N9: 2.017(9) Å]. Khan et al. has re-
cently reported an unexpected binuclear [Zn2(en)5]4+ cation
(Figure 7, a) in compound [Zn2(en)5][{Zn(en)2}2V18O42-
(H2O)]·9H2O.[16] One striking difference between [Zn2-
(dien)3]4+ and [Zn2(en)5]4+ cations is that the former act as
μ2-bridging units that link As6V15 clusters to form a 1D
chain, while the latter just act as balance cations. Another
distinct difference is that the [Zn2(en)5]4+ cation is a centro-
symmetric ion and the two zinc sites display the same coor-
dination environments: distorted ZnN5 trigonal bipyrami-
dal configuration, while the [Zn2(dien)3]4+ cation is a
noncentral ion and two independent zinc sites display two
kinds of different coordination environments: distorted
N4Zn1O2 octahedron and distorted Zn2N5 trigonal
bipyramid. The average Zn–N distance (2.120 Å) in
[Zn2(dien)3]4+ is somewhat shorter than that of the [Zn2-
(en)5]4+ cation (2.134 Å). The Zn1···Zn2 separation distance
[6.492(7) Å] in the [Zn2(dien)3]4+ cation is obviously shorter
than that of the [Zn2(en)5]4+ cation [7.592(2) Å].

Eur. J. Inorg. Chem. 2006, 397–406 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 401

Figure 7. (a) Structure of binuclear TMC in ref.[16]. (b, c) Structures
of binuclear TMCs in 2, showing two unique coordination modes.
All the H atoms are omitted for clarity.
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The third unusual feature of 2 is that the structure con-

tains another kind of novel isolated binuclear [Zn2(dien)3-
(H2O)2]4+ cation providing charge compensation (Figure 7,
c). The structure of the [Zn2(dien)3(H2O)2]4+ cation can be
described as two [Zn(dien)(H2O)]2+ moieties linked across
an inversion center by a bridging dien ligand. The two ter-
minal N13 and N13A atoms of bridging dien exhibit strong
attachment to the Zn3 and Zn3A atoms, respectively, with
Zn–N distances of 2.036(18) Å, while the middle N14 atom
occupies the central site of the binuclear cation and exhibits
weak attachment to both Zn3 and Zn3A atoms with Zn–N
distances of 2.398(3) Å, which are much longer than the
usual Zn–N values (about 1.90–2.20 Å) observed in many
reported studies.[16,35,36] Such a coordination mode between
the Zn atoms and the bridging dien ligand is peculiar. The
Zn3–O distance [2.430(2) Å] and the bond valence sum[30]

value (0.17) identify the O atom coordinated to the Zn3
center as H2O (denoted as OW4 in this paper). The
Zn3···Zn3A separation distance [4.796(10) Å] is even
shorter than that of Zn1···Zn2 [6.493(7) Å].

The solid architectures of 1 and 2 provide examples of a
different way of connecting As6V15 clusters and TMCs
groups. This suggests that further condensation of As6V15

clusters into higher dimensional solids through the linkage
of TMCs groups could be feasible. Suitable modification of
the synthetic conditions results in the successful crystalli-
zation of solid 3, which is the first 2D As6V15 framework.
As shown in Figure 8, the As6V15 cluster acts as a hexaden-
tate ligand coordinating to six Co2+ ions through the ter-
minal oxo oxygen atoms with Co–O distances ranging from
2.180(6) to 2.278(6) Å, such that each As6V15 cluster is con-
nected with six others through trans-{Co(enMe)2O2}

Figure 9. View of the 2D structure of 3 along the [111] direction. All the H atoms and water molecules are omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 397–406402

groups to generate a 2D framework (Figure 9). Each Co
atom in 3 acts as a bridge and is located at a distorted
octahedral center, being coordinated by two O atoms from
the arsenic–vanadium polyoxoanion and four N atoms
from two enMe ligands with Co–N bond lengths ranging
from 2.049(8) to 2.110(9) Å. These layers are stacked along
the [11̄0] direction in AAAA sequence with an interlamellar
separation of approximately 9.0 Å (see Figure S3 in the
Supporting Information), forming pseudo-1D channels
along the c axis, which are occupied by lattice water mole-
cules and organic ligands (Figure S4).

Figure 8. View of coordination mode of the [As6V15O42(H2O)]6–

cluster in 3.
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The infrared spectrum of 1 exhibited features characteris-

tics of v(M–O–M) (M = V or As) in the 480–800 cm–1 re-
gions. The strong bands at 983 can be assigned to the
stretching vibrations of V=O bonds. The region of interest
in determining the mode of 2,2�-pyridine binding and the
bending bands of the NH2 and CH2 are from 1161–
1599 cm–1. The infrared spectrum of 2 shows the bending
bands of the NH2 and CH2 present at around 1583, 1458,
and 1362 cm–1. While the strong peak 980 cm–1 is attributed
to the vibrations of V=O bands, a series of bands in the
480–760 cm–1 region is characteristic of v(M–O–M) (M =
V or As) and v(As–O). The infrared spectrum of 3 exhibits
a number of absorption bands in the 1100–1600 cm–1 re-
gion. Many of these bands are attributed to the fundamen-
tal vibration modes of enMe. The strong and sharp bands
at 973 cm–1 are assigned to the vibrations of V=O bands.
Furthermore a broad band between 833 and 500 cm–1 with
maximum at 701 cm–1 is attributed to asymmetric and sym-
metric {M–O–M} (M = V or As) stretching. These posi-
tions of the bands and their assignments of 1–3 are consis-
tent with literature reports.[16,24,37]

The thermogravimetric analyses were carried out in flow-
ing N2 with a heating rate of 10 °C·min–1 in the temperature
range 30–1000 °C for compounds 1–3 (Figure 10). Three
distinct weight-loss stages are observed on the TGA curve
of compound 1. The first stage, which occurs from 46 to
109 °C, is attributed to the loss of 10.5 water molecules;
the observed weight loss (4.84%) is in agreement with the
calculated value (5.71%). The remaining two stages occur
between 156 and 847 °C, and are due to the loss of two en
molecules and six 2,2�-bpy molecules, and the sublimation
of three As2O3 molecules; the observed weight loss
(49.68%) is consistent with the calculated value (49.89%).
Assuming that the residue corresponds to VO2 and NiO,
the observed total weight loss (54.52%) is also in agreement
with the calculated value (55.59%). The TG curve of 2
shows two major mass losses in the regions 46–132 °C and
178–776 °C. The first step corresponds to the loss of four
water molecules (exp. 2.01%, calcd. 2.75%). The second
huge mass loss can be assigned to the loss of 4.5 dien mole-

Figure 10. TGA curves of compounds 1–3.
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cules and the sublimation of three As2O3 molecules (exp.
41.19%, calcd. 40.41%). Assuming that the residue corres-
ponds to VO2 and ZnO, the observed total weight loss
(43.20%) is in good agreement with the calculated value
(43.16%). The TG curve of 3 indicates that the weight loss
of 1 cannot be completely divided into distinct stages. The
whole stage, which occurs from 58 to 786 °C, is attributed
to the loss of H2O and enMe, and the sublimation of
As2O3. Assuming that the residue corresponds to VO2 and
CoO, the observed weight loss (43.29%) is in good agree-
ment with the calculated value (42.74%).

The variable temperature magnetic susceptibilities of 1
and 2 were measured between 2 and 300 K. Figure 11
shows the magnetic behaviors of 1 and 2 in the form of
the product χMT versus temperature, where χM is the molar
magnetic susceptibility. The χMT value of complex 1 at
300 K is 3.33 cm3·mol–1·K, much smaller than the expected
value (8.40 cm3·mol–1·K) for the fifteen uncoupled S = 1/2
spins of V4+ atoms (5.40 cm3·mol–1·K, g = 1.9591 for V4+

from EPR result) and three uncoupled S = 1 spins of the
Ni2+ atoms (3.0 cm3·mol–1·K, g = 2.0). Upon cooling, the
χMT value decreases nearly linearly to 2.48 cm3·mol–1·K at
50 K, and then decreases rapidly from 50 K and reaches a
minimum value of 1.74 cm3·mol–1·K at 2 K. Such magnetic
behavior is characteristic of the combination of zero-field
splitting of Ni2+ in distorted octahedral environments and
strong antiferromagnetic couplings between adjacent para-
magnetic centers. The short V···V distance (� 3.006 Å) and
structural disorder of V4+ ions are probably mainly respon-
sible for the strong magnetic interaction at high tem-
perature.[38–40] For 2, χMT at room temperature is
1.83 cm3·mol–1·K, which is also much lower than the value
expected for 15 uncoupled electrons (5.34 cm3·mol–1·K, g =
1.9493 for V4+ from EPR result). As the temperature de-
creases, the χMT value decreases rapidly until 150 K to sta-
bilize approximately at 1.08 cm3·mol–1·K. Below 25 K an-
other faster decrease of χMT is observed, with about
0.47 cm3·mol–1·K at 2.0 K. Because the Zn2+ ion is non-
magnetic, the magnetic behavior of 2 can be attributed to
the exchange interactions between V4+ ions in [As6V15O42]6–

Figure 11. The temperature dependences of the product χMT for 1
and 2.
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polyoxoanions. The short neighboring V···V distances of
V1···V3 (2.846 Å), V2···V4 (2.834 Å), V5···V6 (2.839 Å),
V10···V11 (2.868 Å), V12···V13 (2.885 Å), and V14···V15
(2.882 Å) pairs with double O bridges lie in the range ex-
pected for strong antiferromagnetic coupling,[29,38–40] thus
resulting in a low χMT value at high temperature. The re-
maining three vanadium ions are largely uncorrelated at
high temperature. When temperature is lowered further, a
weak antiferromagnetic coupling occurs between these
three vanadium centers through the [As2O5]4– bridge, which
corresponds to the second decrease below 25 K. The value
(1.08 cm3·mol–1·K) of the plateau of χMT in the range 150–
25 K is in agreement with the calculated value for three un-
coupled V4+ ions.

The temperature dependences of χMT for 1 and 2 demon-
strate the existence of strong antiferromagnetic coupling in-
teractions, which are a common feature for most polyoxo-
vanadate clusters.[29,41] Unfortunately, it is too difficult to
fit the experimental magnetic data of these extended high-
nuclearity heteropolymetallic spin systems using a suitable
theoretical model.[42]

Conclusions

In this paper, we have described three extended As–V–
O compounds synthesized by a hydrothermal method, all
constructed from [As6V15O42(H2O)]6– cluster units. These
results emphasize the potential of [As6V15O42(H2O)]6– clus-
ters as building blocks for constructing new materials and
demonstrate that the hydrothermal techniques are a vital
tool for the realization of materials design. Moreover, the
construction of these new materials may facilitate the for-
mation of unexpected species[16] such as the novel
[Zn2(dien)3]4+ and [Zn2(dien)3(H2O)2]4+ cations observed
during the course of this work. Linking discrete POMs to
build solid-state materials is of great interest not only from
a structural point of view, but also because they are poten-
tially interesting for applications in different areas. Further
research will concentrate on the suitable modification of the
synthetic conditions to obtain 3D As–V–O cluster architec-
ture, which has never been reported to date to the best of
our knowledge and is a challenging task.

Experimental Section
General Remarks: All reagents were purchased commercially and
used without further purification. The contents of V, Ni, Zn, Co,
and As were determined with an Utlima2 spectrometer. Elemental
analyses (C, H, and N) were performed on an Elementar Vario III
analyzer. IR spectra were recorded with an ABB Bomem MB102
spectrometer in KBr pellet. Thermal analyses were performed in a
dynamic nitrogen atmosphere with a heating rate of 10 °C·min–1,
using a METTLER TGA/ SDTA851e thermal analyzer. EPR spec-
tra were carried out on powder samples at X-band frequency with
a Bruker ER-420 spectrometer at room temperature. Variable tem-
perature susceptibility measurements were carried out in the tem-
perature range 2–300 K at a magnetic field of 1 T on polycrystalline
samples with a SQUID MPMS-7 magnetometer manufactured by
Quantum Design. Background corrections for the sample holder
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assembly and diamagnetic components of the compound were
applied.

Synthesis of [Ni(2,2�-bpy)3]2[{Ni(en)2}As6V15O42(H2O)]·9.5H2O (1):
A mixture of V2O5 (0.30 g, 1.65 mmol), As2O3 (0.10 g, 0.51 mmol),
Ni(CH3COO)2·4H2O (0.05 g, 0.20 mmol), 2,2�-bpy (0.05 g,
0.32 mmol), en (0.30 mL), and H2O (12 mL, 0.67 mol) was heated
to 160 °C for 3 days and then cooled to room temperature. The
product was isolated as brown blocks (0.473 g, 65.1% yield based
on V). C64H85As6N16Ni3O52.50V15 (3308.23): calcd. C 23.21, H
2.59, As 13.59, N 6.77, Ni 5.32, V 23.10; found C 22.96, H 2.71,
As 13.16, N 6.58, Ni 5.09, V 22.94. IR (KBr) for 1: ν̃ = 1632 (m),
1599 (s), 1491 (w), 1471 (m), 1442 (s), 1318 (m), 1161 (w), 1020
(m), 983 (s), 778 (s), 754 (s), 738 (s), 633 (m), 488 (w), 464 (m)
cm–1.

Synthesis of [Zn2(dien)3(H2O)2]1/2[{Zn2(dien)3}As6V15O42(H2O)]·
2H2O (2): A mixture of V2O5 (0.20 g, 1.10 mmol), As2O3 (0.24 g,
1.21 mmol), dien (0.40 mL), Zn(CH3COO)2·2H2O (0.54 g,
2.10 mmol), and H2O (15 mL, 0.83 mol) was sealed in a Teflon-
lined steel autoclave and heated to 160 °C for 3 days and then co-
oled to room temperature. The product was isolated as brown
blocks (0.220 g, 57.3% yield based on V). C18H66.5As6-
N13.5O46V15Zn3 (2618.08): calcd. C 8.25, H 2.56, As 17.17, N 7.22,
V 29.19, Zn 7.49; found C 7.64, H 2.63, As 16.75, N 6.77, V 30.16,
Zn 7.06. IR (KBr) for 2: ν̃ = 1583 (s), 1458 (m), 1386 (w), 1362
(w), 1326 (w), 1285 (w), 1144 (m), 1092 (m), 980 (s), 738 (s), 633
(s), 541 (m), 484 (m), 460 (m) cm–1.

Synthesis of [Co(enMe)2]3[As6V15O42(H2O)]·2H2O (3): A mixture
of V2O5 (0.55 g, 3.02 mmol), As2O3 (0.20 g, 1.01 mmol), H2C2O4·
2H2O (0.382 g, 3.04 mmol), enMe (0.30 mL), CoSO4·4H2O (0.34 g,
1.50 mmol), and H2O (10 mL, 0.55 mol) was sealed in a Teflon-
lined steel autoclave and heated to 160 °C for 6 days and then
cooled to room temperature. The product was isolated as brown
blocks (0.282 g, 27.3% yield based on V). C18H72As6Co3N12O45V15

(2567.29): calcd. C 8.44, H 2.83, As 17.51, Co 6.89, N 6.55, V
29.76; found C 8.25, H 2.96, As 16.92, Co 6.80, N 6.38, V 29.05.
IR (KBr) for 3: ν̃ = 1633 (m), 1578 (s), 1448 (m), 1300 (w), 1267
(m), 1081 (m), 1020 (s), 973 (s), 701 (s), 510 (s), 446 (m) cm–1.

X-ray Crystallography: Crystal structure determinations by X-ray
diffraction were performed with a Siemens SMART CCD dif-
fractometer with graphite-monochromated Mo-Kα (λ = 0.71073 Å)
radiation in the ω scanning mode at room temperature. The pro-
gram SADABS was used for the absorption correction. The struc-
tures were solved by the direct methods and refined by full-matrix
least-squares on F2. All calculations were performed using the
SHELX97 program package. For 1, in the cluster structure, three
positions occupied by As2O5 dimers and three positions occupied
by VO5 square pyramids were disordered. Each of the six disor-
dered positions was occupied either by an As2O5 dimer or a VO5

square pyramid. The ratios [As2O5]/[VO5] were refined to 0.5:0.5
for all six disordered positions. The respective occupancies of those
disordered As and V atoms were fixed finally according to the value
of free refined occupancies. Although the final residuals (R1 =
0.1122, wR2 = 0.1967) were relatively large, the molecular anion
and transition-metal complexes were well behaved, and there were
no unusual temperature factors or excursions of electron density in
these regions of the structure. The space group was unambiguous.
For 2, the Zn1 atom was disordered over two positions (Zn1 with
SOF = 0.60 and Zn1A with SOF = 0.40). In addition, difference
Fourier maps showed two significant regions (7.95 and 2.70 e·Å–3)
of electron density close to the Zn3 atom. A disordering effect of
the Zn3 atom over three adjacent positions with occupancy of 0.57,
0.38, and 0.05 was therefore modeled. In each structure, hydrogen
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Table 1. Crystallographic data for compounds 1–3.

Compound 1 2 3

Formula C64H85As6N16Ni3O52.5V15 C18H66.5As6N13.5O46V15Zn3 C18H72As6Co3N12O45V15

Mr 3308.23 2618.08 2567.29
Crystal system monoclinic monoclinic triclinic
Space group P21/n P21/c P1̄
Crystal size [mm] 0.38×0.22×0.22 0.20×0.20×0.20 0.32×0.40×0.44
a [Å] 14.0324(9) 13.361(5) 13.2976(14)
b [Å] 13.9900(8) 23.979(8) 15.0583(12)
c [Å] 30.5785(19) 22.873(8) 20.1661(17)
α [°] 90 90 85.620(8)
β [°] 102.861(1) 102.459(4) 79.553(9)
γ [°] 90 90 65.087(9)
V [Å3] 5852.4(6) 7155.7(4) 3601.6(6)
Z 2 4 2
Dcalcd [g·cm–3] 1.877 2.430 2.367
μ [mm–1] 3.378 5.697 5.348
Reflections collected 16866 43070 18415
Unique data (Rint) 9624(0.0741) 12225(0.0437) 16313(0.0432)
F(000) 3256 5080 2496
θ range [°] 2.00–25.08 2.49–25.03 1.71–27.50
Goodness of fit 1.087 1.075 0.992
R1, wR2 [I � 2σ(I)][a] 0.1122, 0.1967 0.0580, 0.1434 0.0649, 0.1279
Δρmax, Δρmin [e·Å–3] 1.622, –1.848 1.784, –1.343 1.767, –1.204

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|; wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2.

atoms of organic ligands were geometrically placed and refined
using a riding model. These above-mentioned disordered atoms
and several disordered C atoms (C31 and C32 in 1, C6, C7, and
C9 in 2, and C12 in 3) were refined isotropically; the other atoms
were refined anisotropically. Experimental details for the structural
determinations of 1–3 are presented in Table 1. Ranges of selected
bond lengths of 1–3 are listed in Table 2.

Table 2. Ranges of some important bond lengths [Å] for com-
pounds 1–3.[a]

1

V=Ot 1.520(5)–1.624(11) Ni1–N 2.039(17)–2.110(15)
V–Ob 1.817(10)–2.107(9) Ni2–N 2.040(2)–2.061(18)
As–O 1.767(5)–1.887(5) Ni2–O 2.199(11)

2

V=Ot 1.600(5)–1.623(5) Zn2–N 2.017(9)–2.265(8)
V–Ob 1.913(4)–2.045(6) Zn3–N 2.021(16)–2.398(3)
As–O 1.748(6)–1.811(6) Zn1–O 2.142(5)
Zn1–N 1.981(7)–2.155(9) Zn3–O 2.430(2)

3

V=Ot 1.590(6)–1.631(6) Co4–N 2.095(11)–2.102(11)
V–Ob 1.887(6)–2.042(7) Co1–O 2.180(6)
As–O 1.750(6)–1.797(6) Co2–O 2.257(6)–2.278(6)
Co1–N 2.097(8)–2.099(8) Co3–O 2.221(6)–2.263(6)
Co2–N 2.049(8)–2.080(8) Co4–O 2.273(7)
Co3–N 2.055(9)–2.110(9)

[a] Ot, terminal oxygen atoms; Ob, oxygen atoms in basal plane of
VO5 pyramids.

CCDC-254404 (for 1), -254405 (for 2), and -259395 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: Two Tables of hydrogen bonds of com-
pounds 2 and 3, and four additional plots for compounds 1–3.
This material is available free of charge via the Internet at http://
www.eurjic.org or from the authors.
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Three azido-bridged coordination polymers, namely [Mn(L1)-
(N3)2]n (1), [Mn(L2)(N3)2]n (2), and [Mn(L3)(N3)2]n (3) [L1 = N-
(2-pyridylmethylene)methylamine, L2 = N-(2-pyridylmethyl-
ene)ethylamine, and L3 = N-(2-pyridylmethylene)octyl-
amine], have been synthesized with Schiff-base co-ligands
with flexible tails, and their structures and magnetic proper-
ties characterized. Complex 1 is composed of one-dimen-
sional, uniform chains with double end-on (EO) azido brid-
ges, complex 2 consists of (6,3) net layers in which double

Introduction

Magnetic coordination polymers have attracted intense
interest due not only to fundamental research into magnetic
interactions but also the need for new molecule-based mate-
rials. Their magnetic properties depend on the nature of the
interacting metal ions, and can be tuned by the nature of
the bridging ligand and by the whole structural arrange-
ment.[1] In recent years, an increasing number of azidoman-
ganese(ii) coordination polymers with different co-ligands
have been reported that present a remarkable diversity in
bridging topology, polymeric dimensionality, and bulk mag-
netic properties.[2–6] The main factors causing such diversity
are the extreme versatilities of the azido ligating mode in
bridging metal ions and in transmitting magnetic interac-
tions. The azido bridge transmits mainly ferromagnetic
(FM) interactions for the end-on (EO) binding mode and
antiferromagnetic (AFM) interactions for the end-to-end
(EE) mode.

Despite the large number of manganese azide complexes,
no general correlation has been found so far between the
properties of the co-ligand and the coordination mode of
the azido bridge. Recently, we have reported a series of azi-
domanganese(ii) complexes with didentate Schiff bases de-

[a] State Key Lab of Rare Earth Materials Chemistry and Applica-
tions & PKU-HKU Joint Lab on Rare Earth Materials and
Bioinorganic Chemistry, Peking University,
Beijing 100871, China
Fax: +86-10-6275-4179
E-mail: yan@pku.edu.cn

[b] Shanghai Key Lab of Green Chemistry and Chemical Pro-
cesses, Department of Chemistry, East-China Normal Univer-
sity,
Shanghai 200062, China
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EO azido-bridged dimers are interlinked by single end-to-
end (EE) azido bridges, and complex 3 contains chains of
MnII ions bridged by alternating double EO and double EE
azido bridges. Magnetically, 1 is a metamagnet built of ferro-
magnetic chains, 2 exhibits weak ferromagnetism due to spin
canting, and 3 shows alternate ferro- and antiferromagnetic
intrachain interactions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

rived from 2-pyridylaldehyde and aniline derivatives, which
exhibit similar one-dimensional (1D) structures with alter-
nating double EO and double EE azido bridges despite the
different substituents on the aniline moiety.[3i] Along this
line, we decided to extend this study to similar didentate
Schiff bases derived from aliphatic amines to investigate the
correlation between the polymeric structures and the co-
ligands. Here, we report the structural and magnetic proper-
ties of three new azidomanganese(ii) complexes with diden-
tate Schiff-base co-ligands derived from methylamine, ethyl-
amine, and octylamine (Scheme 1). As will be shown, al-
though they have the same [Mn(Li)(N3)2]n stoichiometry,
the structures vary from a 1D uniform chain with double
EO azido bridges {[Mn(L1)(N3)2]n, 1}, through a two-di-
mensional (2D) layer with double EO, and single EE azido
bridges {[Mn(L2)(N3)2]n, 2}, to a 1D chain with alternating
double EO and double EE azido bridges {[Mn(L3)(N3)2]n,
3} with increasing steric demand of the co-ligands L1, L2,
and L3, respectively. Consequently, these complexes exhibit
different magnetic properties.

Scheme 1.
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Results and Discussion

Complex 1 was prepared as crystals by slow interdif-
fusion between a methanol solution containing Mn(ClO4)2·
6H2O and L1 and a methanol solution of NaN3. Crystals
of 2 and 3 were obtained by slow concentration of methanol
solutions containing Mn(ClO4)2·6H2O, NaN3, and the ap-
propriate Schiff-base ligands.

IR Spectra

The IR spectra of the three complexes display character-
istic bands for the azido bridges and the C=N group. A
sharp and strong band at 2067 cm–1 in the spectrum of
complex 1 is attributed to νas(N3) in the EO mode. For
complex 2, a very strong band at 2067 cm–1 with a small
shoulder at the higher-frequency side indicates the presence
of two different azido groups. Two sharp and strong bands
at 2064 and 2095 cm–1 indicate the presence of two different
azido groups in complex 3.[3a,7] The characteristic ν(C=N)
absorption of the Schiff-base ligands in these complexes ap-
pears at around 1595 cm–1 as a medium-intensity band.

X-ray Structures

Selected bond lengths and bond angles for the three com-
plexes are summarized in Table 1. The three crystal struc-
tures exhibit different hydrogen-bonding patterns, and all
the hydrogen-bonding parameters are given in Table 2.

Table 1. Selected bond lengths [Å] and angles [°] for complexes
1–3.

Complex 1[a]

Mn(1)–N(1) 2.284(2) Mn(2)–N(3) 2.294(2)
Mn(1)–N(2) 2.272(2) Mn(2)–N(4) 2.276(2)
Mn(1)–N(5) 2.225(2) Mn(2)–N(5) 2.212(2)
Mn(1)–N(8) 2.199(2) Mn(2)–N(8) 2.192(2)
Mn(1)–N(11) 2.204(2) Mn(2)–N(14) 2.230(2)
Mn(1)–N(11A) 2.221(2) Mn(2)–N(14B) 2.198(2)
N(8)–Mn(1)–N(5) 78.06(8) Mn(1)–N(11)–Mn(1A) 103.96(9)
N(8)–Mn(2)–N(5) 78.49(8) Mn(2)–N(5)–Mn(1) 100.85(9)
N(11)–Mn(1)–N(11A) 76.04(9) Mn(2)–N(8)–Mn(1) 102.33(9)
N(14)–Mn(2)–N(14B) 77.5(1) Mn(2)–N(14)–Mn(2B) 102.5(1)

Complex 2[b]

Mn(1)–N(1) 2.299(4) Mn(1)–N(6) 2.172(3)
Mn(1)–N(2) 2.276(4) Mn(1)–N(3A) 2.213(3)
Mn(1)–N(3) 2.256(3) Mn(1)–N(8B) 2.209(4)
N(1)–Mn(1)–N(2) 72.5(1) N(6)–Mn(1)–N(8B) 90.9(2)
N(3)–Mn(1)–N(3A) 76.5(1) Mn(1)–N(3)–Mn(1A) 103.5(1)

Complex 3[c]

Mn(1)–N(1) 2.287(1) Mn(1)–N(6) 2.190(1)
Mn(1)–N(2) 2.277(1) Mn(1)–N(5A) 2.221(2)
Mn(1)–N(3) 2.200(1) Mn(1)–N(6B) 2.245(1)
N(1)–Mn(1)–N(2) 72.66(5) N(6)–Mn(1)–N(6B) 78.29(5)
N(3)–Mn(1)–N(5A) 88.75(5) Mn(1)–N(6)–Mn(1B) 101.71(5)

[a] Symmetry codes: A: –x, –y, 2 – z; B: 1 – x, –y, 2 – z. [b] Sym-
metry codes: A: –x, 2 – y, 1 – z; B: 0.5 + x, 1.5 – y, 1 – z. [c] Sym-
metry codes: A: 1 – x, –y, –z; B: –x, –y, –z.
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Table 2. Hydrogen-bonding distances [Å] and angles [°] for com-
plexes 1–3.

Complex D–H···A[a] D–H D···A H···A �D–H···A

1 C8–H···N7B 0.93 3.301 2.62 131
C3–H···N16C 0.93 3.326 2.51 146
C6–H···N13D 0.93 3.439 2.62 147
C13–H···N10E 0.93 3.277 2.43 152

2 C7–H···N7A 0.97 3.418 2.47 164
C6–H···N5C 0.93 3.352 2.56 143

3 C7–H···N3B 0.97 3.477 2.56 157
C6–H···N8C 0.93 3.392 2.52 157

[a] Symmetry codes for 1: B: 1 – x, –y, 2 – z; C: –x, –y, 1 – z; D:
x, 0.5 – y, –0.5 + z; E: x, –0.5 – y, 0.5 + z. For 2: A: –x, 2 – y, 1 –
z; C: 0.5 + x, y, 0.5 – z. For 3: B: –x, –y, –z; C: x, –1 + y, z.

Complex 1 contains neutral 1D chains constructed by
double EO azido bridges linking MnII ions along the a di-
rection. The asymmetric unit consists of a binuclear unit
involving two independent MnII ions, each of which is octa-
hedrally coordinated by six N atoms from a chelating L1

and four azido ligands in the EO mode [Figure 1(a)]. The
binuclear unit is further linked to its two neighbors through
two pairs of double EO azido bridges, giving rise to a 1D
chain with a Mn(2B)–Mn(2)–Mn(1)–Mn(1A) sequence
with three different pairs of bridges between them [Fig-
ure 1(b)]. The Mn–N–Mn bridging angles in the centrosym-
metric Mn(2B)···Mn(2) and Mn(1)···Mn(1A) pairs are
102.5(1)° and 103.96(9)°, respectively, and those for the
noncentrosymmetric Mn(2)···Mn(1) pair are 100.85(9)° and
102.33(9)°. The three different Mn···Mn distances spanned
by double EO azido bridges are in the range of 3.420 to
3.486 Å. All the azido ligands are essentially linear, with
asymmetric N–N distances. In the lattice, a weak intrachain
C–H···N hydrogen bond (Table 2) is formed between the
pyridyl group (C8–H) of L1 and the uncoordinated terminal
nitrogen (N7) of the bridging EO azido ligands. Weak in-
terchain C–H···N hydrogen bonds also exist between the
azomethine and pyridyl C–H in L1 and the uncoordinated
terminal N atom of the bridging azido ligands [Figure 1(c)].
Neighboring pyridine rings from different chains are paral-
lel to and overlap each other with an interplanar distance
of 3.54 Å and a centroid–centroid distance of 4.00 Å; the
displacement angle, as defined by Janiak, is about 27.7°.[8]

These features indicate a weak π–π stacking interaction be-
tween neighboring chains. The nearest interchain Mn···Mn
distance is 9.267 Å.

Complex 2 has a 2D layer structure constructed by binu-
clear units interconnected through single EE azido bridges.
A perspective view of the binuclear unit of complex 2 is
shown in Figure 2(a). Each MnII ion is ligated by two N
atoms from a chelating L2 ligand and four azido N atoms,
with Mn–N distances ranging from 2.172(3) to 2.299(4) Å.
Two neighboring MnII ions related by an inversion center
are linked by double EO azido bridges, the Mn–N–Mn an-
gle and the Mn···Mn distance being 103.5(1)° and 3.509 Å,
respectively. Each binuclear unit is linked to four neighbor-
ing equivalent units through four single EE azido bridges
to form a neutral 2D layer with a pseudo-honeycomb (6,3)
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Figure 1. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), chain plot (b),
and packing of the chains along the a direction (c) in 1.

topology [Figure 2(b)]. The neighboring Mn2N2 units are
interrelated by a 21 screw operation, with an acute dihedral
angle (α) between their Mn2N2 planar rings (79.5°).

Just like the structures we reported previously,[4i] the
structure can also be described as a layer consisting of EE
azido-bridged Mn–N3 helical chains interlinked by double
EO azido bridges. The helical chain runs around a twofold
screw axis along the a direction, and neighboring chains are
related by inversion centers and hence have opposite chiral-
ity. Within the chain, the Mn–N–N angles are 146.0(3)° and
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Figure 2. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), 2D (6,3) net
layer (b), and interactions of neighboring layers (c) in 2.

136.2(3)°, the N–Mn–N angle is 90.9(2)°, and the Mn–N3–
Mn torsion angle (τ) is 7.1°. The Mn···Mn distance spanned
by the EE azido bridge is 6.332 Å, and the helical pitch is
10.672 Å.

In the crystal packing, a weak intralayer C–H···N hydro-
gen bond (Table 2) is formed between the methylene C7–H
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of L2 and the N7 atom of the bridging EE azido ligand.
Weak interlayer C–H···N hydrogen bonds also exist be-
tween the azomethine C–H of L2 and the uncoordinated
terminal nitrogen of the bridging EO azido ligand from
neighboring layers [Figure 2(c)]. The 2D layers are stacked
down the c direction, with the minimum interlayer Mn···Mn
distance being 9.257 Å, which is significantly shorter than
the distances found in most 2D Mn–azido systems. This
short interlayer separation in 2 may be a consequence of
deep complementary interdigitation between the consecu-
tive layers. As can be seen from Figure 2(c), the pyridine
groups of the L2 ligands on each side of a layer extend
deeply into the “empty” space of neighboring layers.

Figure 3. Thermal ellipsoid plot (30% probability), with atom-la-
beling scheme and H atoms omitted for clarity (a), chain plot (b)
and packing of the chains along the a direction (c) in 3.
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In complex 3, each MnII center exhibits a distorted octa-
hedral MnN6 coordination sphere and is bonded by two
EO and two EE azides with two N atoms from the chelate
Schiff-base L3 (Figure 3). Neighboring MnII ions are linked
alternately by double EO and double EE azido bridges to
form an alternate chain running along the a direction. All
the Mn–N distances are in the range of 2.190(1) to
2.287(1) Å. The small chelate angle [N1–Mn1–N2 =
72.66(5)°] indicates the severe distortion of the MnII coordi-
nation geometry. The EO azido bridges possess asymmetric
N–N distances, while the EE bridges are essentially sym-
metric. In the EO bridging moiety, the Mn1–N6–Mn1B an-
gle and the Mn···Mn distance are 101.71(5)° and 3.440 Å,
respectively. In the EE bridging moiety, the Mn–N–N
angles are 126.1(1)° and 141.3(1)° and the Mn–N3–Mn
torsion angle is 15.9°. The dihedral angle between the
(EE–N3)2 plane and the N5–Mn1–N3A plane is only 7.6°,
thereby indicating a slight chair conformation for the
Mn–(N3)2–Mn ring. The Mn···Mn distance separated by
EE bridges is 5.466 Å.

In the crystal packing, a weak intrachain C–H···N hydro-
gen bond (Table 2) exists between the methylene C7–H of
L3 and the coordinated nitrogen (N3) of the bridging EE
azido ligand. The azomethine C–H group of the L3 also
forms a weak interchain C–H···N hydrogen bond with the
uncoordinated terminal N atom of the bridging EO azido
ligands from neighboring chains along the b direction [Fig-
ure 3(c)]. The long tails of the L3 ligands from neighboring
chains interdigitate one another and separate the chains by
12.007 Å. Neighboring pyridine rings from different chains
parallel and overlap each other with an interplanar distance
of 3.52 Å and a centroid–centroid distance of 3.80 Å; the
displacement angle is about 22.0°.[8] These features indicate
weak π–π stacking interactions between neighboring chains.
The minimum interchain Mn···Mn distance is 8.556 Å
along the b direction.

Magnetic Properties

Complex 1

The magnetic susceptibility of 1 was measured at a field
of 5 kOe in the temperature range 2–300 K [Figure 4(a)].
The temperature dependence of χM

–1 above 21 K obeys the
Curie–Weiss law with a positive Weiss constant (θ =
15.91 K), indicating an intrachain ferromagnetic interac-
tion, as expected for the azido bridges in the double EO
mode. The room-temperature χMT value is around
4.41 emuKmol–1 per MnII ion, which is close to the spin-
only value (4.38 emuKmol–1) for a high-spin MnII ion.
Upon cooling, χMT increases smoothly to a maximum at
about 6 K, and then decreases rapidly. This may indicate an
overall intrachain ferromagnetic interaction and an in-
terchain antiferromagnetic interaction. The magnetic be-
havior of 1 was analyzed by fitting the experimental suscep-
tibility to Fisher’s calculation[9] for a classical or infinite
spin chain, scaled to a real spin of 5/2.[10] The expression for
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Figure 4. (a) χMT vs. T plot of 1. The solid line was plotted accord-
ing to the fit parameters given in the text. Inset: fc magnetization
curves at 500 and 2000 Oe. (b) Temperature-dependence of the ac
magnetic susceptibility at zero applied dc field and an ac field of
2 Oe and 277 Hz. (c) Field dependence of the magnetization. The
solid line was plotted according to the Brillouin function for an S
= 5/2 system with g = 2. The inset is the hysteresis loop at 1.8 K.

the magnetic susceptibility is given by Equation (1), where u
= (T/To) – coth(To/T) with To = JS(S + 1)/k.

χchain = [Ng2β2S(S + 1)/(3kT)][(1 – u)/(1 + u)] (1)

The J parameter is based on the spin-Hamiltonian H =
–JΣSiSi+1. The interchain interaction (zJ�) was accounted
for by the molecular-field approximation [Equation (2)].[14]
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χM = χchain/[1 – (zJ�/Ng2β2)χchain] (2)

The best fit leads to J = 2.54(2) cm–1 and zJ� = –0.41(5)
cm–1, with the g-value fixed at 2.0.

Although double EO azido bridges have been found in
many metal azide complexes, chains with exclusive double
EO azido bridges are still rare. One such compound, [Mn(2-
bzpy)(N3)2]n (2-bzpy = 2-benzoylpyridine), which also exhi-
bits ferromagnetic intrachain interactions, has been re-
ported previously.[3d] Compared with EO azido-bridged
complexes with similar structures, it has been suggested that
the M–N–M bridging angle (θ) is the main factor that con-
trols the magnetic interaction between metal ions. The fer-
romagnetic intrachain interaction (J = 2.54 cm–1) for 1, in
which the bridging angles average to 102.4°, is stronger than
that (J = 0.8 cm–1) for [Mn(2-bzpy)(N3)2]n, in which the
average bridging angle (100.5°) is smaller. This trend is con-
sistent with the density functional calculations on model
MnII compounds performed by Ruiz et al.[12] This calcula-
tion predicts that a crossover between ferro- and antiferro-
magnetic interactions occurs at θ = 98°, and that the ferro-
magnetic interaction increases when the Mn–N–Mn bridg-
ing angle increases above 98°.[12]

To investigate further the magnetic behavior of 1, field-
cooled (fc) magnetization at different fields was measured
and the plot is given in Figure 4(a, inset). At 500 Oe, the
magnetization presents a maximum at around 3.7 K, sug-
gesting the onset of 3D antiferromagnetic ordering among
the ferromagnetic chains. However, the magnetization at
2 kOe shows no maximum and tends to saturate at lower
temperature, thus indicating that the interchain antiferro-
magnetic interaction is overcome by the external field.
These features are indicative of a metamagnet built of ferro-
magnetic chains. The temperature dependence of the ac
magnetic susceptibility was also measured at zero dc field
and confirmed the occurrence of the magnetic ordering,
with TN = 3.9 K, at which both χ� (the in-phase compo-
nent) and χ�� (the out-of-phase component) reach maxi-
mum values [Figure 4(b)].

The metamagnetic behavior was confirmed by the field
dependence of the magnetization, as shown in Figure 4(c).
The sigmoid shape of the M vs. H curve at 1.8 K clearly
indicates a field-induced transition from an antiferromag-
netic to a ferromagnetic state, which is characteristic of a
metamagnet. The critical field is about 2 kOe, estimated as
the field at which a maximum �M/�H value is reached.
Upon increasing the field, the magnetization increases
rapidly and saturates at 5.0 Nβ, and the saturation is much
more rapid than that predicted by the Brillouin function.
This definitely confirms the presence of ferromagnetic inter-
actions. Hysteresis loop measurements revealed that 1 is a
metamagnet with a typical crossover magnetic hysteresis
[Figure 4(c, inset)].

In contrast to 1, the previous compound [Mn(2-
bzpy)(N3)2]n does not exhibit long-range magnetic ordering
above 2 K. This may be due to its longer interchain
Mn···Mn distance of 9.931 Å than that of 1 (9.267 Å),
which weakens the interchain interactions.
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Complex 2

The magnetic susceptibility of 2 was measured in the
range 2–300 K at 5 kOe and is shown as χM vs. T and χMT
vs. T plots in Figure 5(a). The χMT value at 300 K is about
3.91 emuKmol–1. Upon cooling, χMT decreases monotoni-
cally and vanishes when T approaches zero, indicating an
overall antiferromagnetic interaction. As the temperature is
lowered, χM value increases first to a rounded maximum of
0.045 emumol–1 at about 36 K, then decreases to a mini-
mum value of 0.044 emumol–1 at 21 K, and finally increases
to 0.045 emumol–1 at 2 K. The behaviors above 20 K are
typical of 1D and 2D MnII complexes with dominant anti-
ferromagnetic interactions, and the increase of χM below
20 K may be due to the presence of a spin-canted structure
(see below).

To evaluate the magnetic interactions via the azido brid-
ges in 2, we used an approximate approach that has been
used for similar compounds.[4e,4i] This approach treats the
2D layer as EE azido-bridged antiferromagnetic chains in-
teracting ferromagnetically through the double EO azido
bridges. Consequently, Equations (1) and (2) are applicable,
where J is the interaction through the EE azido bridge and
zJ� is the interaction through the double EO azido bridges.
The least-squares fit of the experimental data above 26 K
to the above expressions led to J = –4.85(4) cm–1 and zJ� =
2.5(4) cm–1 with g = 2.0. These values are comparable to
those for related compounds and confirm that the interac-
tions mediated by the single EE and the double EO bridges
are antiferro- and ferromagnetic, respectively. Selected
structural and magnetic parameters for 2 and similar 2D
MnII–azido complexes are collected in Table 3 for compari-
son. EHMO calculations have shown that the antiferromag-
netic interactions through the single EE azido bridge should
maximize as the Mn–N–N bond angle approaches 110° and
the Mn–N3–Mn torsion angle (τ) approaches 0 or 180°.[4b]

The data listed in Table 3 suggest that the influence of the
torsion angle dominates in these systems: the strongest in-
teraction is observed for compound I, in which the torsion
angle is 180°, although the compound has the largest Mn–
N–N angles. On the other hand, compound III, which has
a torsion angle close to 90°, exhibits the lowest |J| value,
although the Mn–N–N angles are the closest to 110°. Other

Table 3. Structural and magnetic parameters for double EO and single EE 2D MnII–azido complexes containing a (6,3) network.

Complex[a] [Mn(dmbpy)(N3)2]n, I [Mn(2-bphz)(N3)2]n, II [Mn(mpci)(N3)2]n, III [Mn(4-Etpy)(N3)2]n, IV [Mn(L2)(N3)2]n, 2

JEE [cm–1] –5.4 –5.1 –4.6 –5.3 –4.85
M–N–N [°][b] 163.8, 153.9 158.1, 150.9 131.7, 132.3 150.3, 143.9 136.2(3), 146.0(3)
τ [°][c] 180 21.5 92.4 17.6 7.1
M···M(EE) [Å] 6.611, 6.537 6.496 5.810 6.083 6.332
JEO [cm–1] 1.7 3.1 1.1 2.9 2.5
M–N–M [°][d] 102.2 101.9 100.8 102.2 103.5(1)
M···M(EO) [Å] 3.533 3.459 3.426 3.523 3.509
α [°][e] 0 78.9 83.7 86.7 79.5
Canting no yes yes yes yes
Ref. [4e] [4i] [4i] [4g] this work

[a] Dmbpy = 4,4�-dimethyl-2,2�-bipyridine; 2-bphz = 2-benzoylpyridine hydrazone; mpci = methyl pyrazinecarboximidate; 4-Etpy = 4-
ethylpyridine; L2 = N-(2-pyridylmethylene)ethylamine. [b] For the EE azido bridging moiety. [c] The M–N–N–N–M torsion angle. [d] For
the EO azido bridging moiety. [e] The dihedral angle between the neighboring planar Mn2N2 rings.
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Figure 5. (a) χM and χMT vs. T plots for 2. The solid line was
plotted according to the fit parameters given in the text. (b) zfc
and fc magnetization at 200 Oe.

compounds, including 2, have in-between angles (the tor-
sion angles are between 90 and 180 or 0°) and J values. The
interaction parameters of the double azido bridges for these
complexes fall in the range 1.1–3.1 cm–1, with the Mn–N–
Mn angles in the narrow range of 100.8–103.5°. Apparently,
the general trend whereby the ferromagnetic interaction in-
creases with increasing bridging angle is not well followed:
the largest J value is obtained for the compound that has a
relatively small angle (compound II, 101.9°), and the com-
pound that has the largest angle exhibits a relatively small
J value (compound 2, 2.5 cm–1). This may be due to the
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operation of other factors such as Mn–N bond lengths and
coordination environments, which should influence the
magnetic orbitals around the metal center.

It has been shown that, except for compound I in
Table 3, all the previous layered compounds with double
EO and single EE bridges exhibit spin-canting behavior,
which is consistent with the structural observation that the
coordination polyhedra (or the double EO bridged Mn2N2

moieties) linked by the single EE azido bridges are slanted
with respect to each other.[4b,4d,4g,4i] The absence of spin-
canting in I has been related to the crystallographic centro-
symmetry of the single EE azido bridges.[4e,4i] According to
the structural data, 2 should exhibit a spin-canted structure.
To confirm this point, the field-cooled and zero-field-cooled
(zfc) magnetizations were measured at an applied field of
200 Oe [Figure 5(b)]. It is evident that the complex exhibits
weak spontaneous magnetization below 22 K, which is
characteristic of weak ferromagnets due to the spin-canting.
Field-dependent magnetizations at 2 K were also measured,
and the magnetization at 50 kOe is 0.46 Nβ, far below the
saturation value expected for an S = 5/2 system (5.0 Nβ
with g = 2.0). No hysteresis was detected.

Complex 3

The magnetic susceptibility of 3 was measured in the
temperature range 2–300 K at 20 kOe. The χM and χMT vs.
T plots are shown in Figure 6. The experimental χMT value
at 300 K is 3.63 emuKmol–1. Upon cooling, the χMT prod-
uct decreases monotonically, indicating a dominant antifer-
romagnetic interaction. The χM value increases monotoni-
cally, and a rapid increase below 17 K may be caused by
the presence of a small amount of paramagnetic impurities.

Table 4. Structural and magnetic parameters for alternating double EE and double EO 1D MnII–azido complexes.

Complex[a] Mn–N–Mn [°] JF [cm–1] δ [°] JAF [cm–1] Ref.

[Mn(bipy)(N3)2]n 101.0 9.6 22.7 –11.9 [3a]

[Mn(3-bzpy)2(N3)2]n 100.4 3.5 26.6 –12.3 [3d]

[Mn(3-Et,4-Mepy)2(N3)2]n 99.7 2.4 31.7 –13.7 [3c]

[Mn(bpm)(N3)2]n 102.9 1.8 20.5 –7.3 [3e]

(15.7)[b] (–63.7)[b] [3e]

[Mn(dpa)(N3)2]n 102.9 5.2 35.1 –6.1 [3h]

(45.3)[b] (–53.3)[b] [3h]

[Mn(L1)(N3)2]n 99.6 3.8 9.8 –15.4 [3i]

[Mn(L2)(N3)2]n 101.6 5.2 – –11.8 [3i]

101.1 [3i]

[Mn(L3)(N3)2]n 103.9 7.2 19.5 –13.7 [3i]

[Mn(L4)(N3)2]n 100.6 4.1 9.8 –13.3 [3i]

[Mn(L5)(N3)2]n 104.0 8.0 12.0 –14.4 [3i]

[Mn(L)(N3)2]n 102.0 5.6 19.6 –11.9 [3j]

[Mn(TaiEt)(N3)2]n 103.5 2.7 1.8 –14.5 [3k]

{[Mn(N3)2(3-Clpy)2](3-Clpy)0.5}n 100.5 6.0 9.8 –16.7 [3n]

[{Mn(N3)2}2L�]n 77.2 3.8 2.9 –8.1 [6e]

[Mn(L3)(N3)2]n (3) 101.7 1.6 7.6 –13.9 this work

[a] Bipy = 2,2�-bipyridine; 3-bzpy = 3-benzoylpyridine; 3-Et,4-Mepy = 3-ethyl-4-methylpyridine; bpm = bis(pyrazol-1-yl)methane; dpa
= 2,2�-dipyridylamine; L1 = N-phenyl-2-carbaldimine; L2 = N-(p-tolyl)-2-carbaldimine; L3 = N-(m-tolyl)-2-carbaldimine; L4 = N-(p-
chlorophenyl)-2-carbaldimine; L5 = N-(m-chlorophenyl)-2-carbaldimine; L = 2-(pyrazol-1-ylmethyl)pyridine; TaiEt = 1-ethyl-2-(p-tol-
ylazo)imidazole; 3-Clpy = 3-chloropyridine; L� = 4,5-diazafluoren-9-one azine; L3 = N-(2-pyridylmethylene)octylamine. [b] The recalcul-
ated values are indicated in bold and the values in parentheses are those reported in the references. After checking the data carefully, we
believe that the J values reported in refs.[3e,3h] are actually for JS(S + 1).
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Figure 6. χM and χMT vs. T plots of 3. The solid line was plotted
according to the fit parameters given in the text.

According to the structural data, complex 3 should pos-
sess alternating ferro- and antiferromagnetic interactions
mediated by double EO and double EE azido bridges,
respectively.[3a,3d,3i] To simulate the experimental magnetic
behavior, we used a theoretical model proposed by Cortés
et al. for alternating S = 5/2 chains.[3a] The nearest-neighbor
exchange interactions are described by the spin-Hamilto-
nian given in Equation (3). The expression of the molar
susceptibility is given by Equation (4).

H = �J1ΣS2iS2i + 1 � J2ΣS2i + 1S2i + 2 (3)

χM = [Ng2β2S(S + 1)/3kT]{[(1 + u1 + u2 + u1u2)/(1 – u1u2)](1 – ρ)
+ ρ} (4)

where ui = coth[JiS(S + 1)/kT] – kT/[JiS(S + 1)] (i = 1, 2).
In this expression we have included a ρ parameter, which is
related to the amount of paramagnetic impurities (presum-
ably a monomeric MnII complex), to account for the in-
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crease of χM below 17 K. The best fit of the experimental
data led to J1 = 1.6(2) cm–1, J2 = –13.9(1) cm–1, and ρ =
0.01 with g fixed at 2.0. The J1 and J2 parameters verify the
alternating ferro- and antiferromagnetic interactions, with
the antiferromagnetic one dominating.

A chain structure with alternating double EO and double
EE azido bridges is the most frequently encountered Mn–
azido motif. In our previous work,[3i] this class of MnII

compounds follows the general trend that the ferromagnetic
interaction through the double EO bridge increases with
the Mn–N–Mn angle, and that the antiferromagnetic inter-
action through the double EE bridge decreases with the in-
crease of the dihedral angle (δ) between the (N3)2 plane and
the N(EE azido)–Mn–N(EE azido) plane. Since then, se-
veral new compounds have been characterized structurally
and magnetically. Relevant structural and magnetic data for
the known compounds, along with 3, are collected in
Table 4 for comparison. As can be seen, the general trends,
which have also been demonstrated by theoretical stud-
ies,[3a,12] are followed by most compounds, but it should be
noted that there are some evident deviations. The most re-
markable example is [{Mn(N3)2}2L�]n, in which MnII chains
with alternating double EO and double EE azido bridges
are linked into a 3D network by 4,5-diazafluoren-9-one az-
ine (L�):[6e] the double EO bridge with a much smaller Mn–
N–Mn angle (77°) than the AF–F crossover angle (98°) pre-
dicted by density functionl calculations mediates a ferro-
magnetic interaction, instead of antiferromagnetic interac-
tion, and the double EE bridge with a very small δ angle
(2.9°) mediates a relatively weak antiferromagnetic interac-
tion. For 3 and [Mn(TaiEt)(N3)2]n,[3k] the JEO values seem
to be too small for their medium and large M–N–M angles,
respectively. These deviations may be due to the influence
of other structural parameters. Further pragmatic but la-
borious studies are therefore needed to get more accurate
magneto-structural correlations.

Conclusions

We have presented the syntheses, structures, and mag-
netic properties of three new azido-bridged MnII coordina-
tion polymers with flexible tail co-ligands. With increasing
steric demand of the co-ligands L1, L2, and L3, the struc-
tures vary from a double EO azido-bridged uniform chain
(1), through a double EO and single EE azido-bridged 2D
layer (2), to a double EO and double EE azido-bridged
alternate chain (3), respectively. Magnetically, 1 is a meta-
magnet built of ferromagnetic chains, 2 exhibits a weak
ferromagnetism due to spin-canting, and 3 shows alternate
ferro- and antiferromagnetic intrachain interactions. We are
currently working with other flexible tail co-ligands by
varying their substituents to get more information about
the relationship between the final structures and the co-li-
gands and to study their magnetic behaviors towards the
preparation of molecule-based magnetic materials.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 407–415414

Experimental Section
Materials and Physical Measurements: All the starting chemicals
were of A.R. grade and were used as received. The Schiff-base li-
gands L1, L2, and L3 were prepared according to literature pro-
cedures.[13] Elemental analyses (C,H,N) were performed on an Ele-
mentar Vario EL analyzer. IR spectra were recorded with a Nicolet
Magna-IR 750 spectrometer equipped with a Nic-Plan Microscope.
Temperature- and field-dependent magnetic measurements were
carried out on an Oxford MagLab 2000 magnetometer. Diamag-
netic corrections were made with Pascal’s constants.[14]

Caution! Azide and perchlorate complexes of metal ions are poten-

tially explosive. Only a small amount of the materials should be pre-

pared, and it should be handled with care.

[Mn(L1)(N3)2]n (1): A methanol solution (10 mL) containing
Mn(ClO4)2·6H2O (0.181 g, 0.5 mmol) and L1 (0.061 g, 0.5 mmol),
and a methanol solution (10 mL) of NaN3 (0.065 g, 1.0 mmol) were
added respectively to the two arms of an H-tube, then methanol
was carefully added to both arms until the bridge of the tube was
filled. Slow interdiffusion of the two solutions afforded yellow crys-
tals of 1 after two weeks. Yield: 0.042 g (32%). C14H16Mn2N16

(518.31): calcd. C 32.45, H 3.11, N 43.24; found C 32.48, H 3.30,
N 43.50. IR: ν̃ = 2067 vs, 1595 m, 1441 m, 1334 m, 1305 m, 1283 m,
1014 m, 775 m cm–1.

[Mn(L2)(N3)2]n (2): A methanol solution (10 mL) of Mn(ClO4)2·
6H2O (0.181 g, 0.5 mmol) was added to a solution of L2 (0.068 g,
0.5 mmol) in the same solvent. The mixture was stirred for 5 min,
then a methanol (10 mL) solution of NaN3 (0.065 g, 1 mmol) was
added with continuous stirring. Slow evaporation of the resulting
orange solution at room temperature yielded yellow crystals after
two weeks. Yield: 0.080 g (59%). C8H10MnN8 (273.18): calcd. C
35.18, H 3.69, N 41.02; found C 35.14, H 3.85, N 41.42. IR: ν̃ =
2067 s, 1595 m, 1479 m, 1475 m, 1443 m, 1339 m, 1305 m, 1156 m,
1106 m, 1013 m, 779 m cm–1.

[Mn(L3)(N3)2]n (3): This complex was prepared in the same way as
2, using L3 instead of L2. Yield: 0.043 g (24%). C14H22MnN8

(357.34): calcd. C 47.06, H 6.21, N 31.36; found C 47.07, H 6.27,
N 31.79. IR: ν̃ = 2095 vs, 2064 vs, 1595 m, 1467 m, 1442 m, 1334 m,
1013 m, 775 m cm–1.

X-ray Crystallographic Study: Diffraction intensity data for single
crystals of 1, 2, and 3 were collected at room temperature on a
Nonius Kappa CCD area detector equipped with graphite-mono-

Table 5. Summary of crystallographic data for complexes 1–3.

1 2 3

Empirical formula C14H16Mn2N16 C8H10MnN8 C14H22MnN8

Formula mass 518.31 273.18 357.34
Crystal system monoclinic orthorhombic triclinic
Space group P21/c Pbca P1̄
a [Å] 12.016(2) 10.6725(2) 8.1436(2)
b [Å] 16.589(3) 12.6390(3) 9.4498(2)
c [Å] 11.867(2) 17.6030(5) 12.3898(4)
α [°] 90 90 72.8132(9)
β [°] 103.51(3) 90 76.3392(9)
γ [°] 90 90 82.161(1)
V [Å3] 2300.0(8) 2374.5(1) 882.84(4)
Z 4 8 2
Dcalcd. [g cm–3] 1.497 1.528 1.344
μ [mm–1] 1.135 1.103 0.759
R1 [I � 2σ(I)] 0.0352 0.0529 0.0328
wR2 (all data) 0.0822 0.1663 0.0795
GOF 0.880 0.947 0.990
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chromated Mo-Kα radiation (λ = 0.71073 Å). Empirical absorption
corrections were applied using the Sortav program.[15] The struc-
tures were solved by direct methods and refined by full-matrix le-
ast-squares on F2 with anisotropic thermal parameters for all non-
hydrogen atoms.[11] Hydrogen atoms were placed geometrically and
refined isotropically. Pertinent crystallographic data and structure
refinement parameters are summarized in Table 5.

CCDC-279815 (for 1), -279816 (for 2), and -279817 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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Zeng Xiaoqing,[a,b] Wang Weigang,[a,b] Liu Fengyi,[a] Ge Maofa,*[a] Sun Zheng,[a] and
Wang Dianxun*[a]

Keywords: Phosphorus / Arsenic / Triazides / Photoelectron spectroscopy / Ionization potentials

Two highly explosive binary triazides of the group 15 ele-
ments P(N3)3 and As(N3)3 have been obtained in the gas
phase through the heterogeneous reaction of PCl3 and AsCl3,
respectively with AgN3 at room temperature. The electronic
structures of both triazides have been characterized by
photoelectron spectroscopy, combined with quantum chemi-
cal calculations. This represents the first electronic study of
covalent triazides. The first experimental vertical ionization

Introduction
The first synthesis of a covalent azide HN3 was reported

by Curtius more than 100 years ago.[1] However, the chemis-
try of covalent azides received little attention until the early
1960s, presumably because of their explosive nature and
shock sensitivity.[2] Especially the synthesis, isolation, and
structural characterization of high-energy compounds are
an experimental challenge for chemists.[3] Binary azides of
group 15 elements belong to this class of compounds, and
little is known about their synthesis, structure, and proper-
ties.[4] For nitrogen azides, most studies are focused on theo-
retical predictions, such as the structures and stabilities of
the azidamines N(N3)3 and HN(N3)2, the N(N3)2

– anion,
and the N(N3)4

+ cation.[5] However, the successful synthesis
of the novel N5

+ cation[6] by Christe et al. has greatly en-
couraged more research on polynitrogen compounds.[7] The
binary phosphorus azides P(N3)3, P(N3)4

+, P(N3)5, P(N3)6
–,

and N5
+[P(N3)6]– have been characterized by vibrational

methods and 31P NMR spectroscopy, but no structural in-
formation is available.[8,9] For arsenic azides, much research
has been devoted to the preparation and characterization
of these compounds:[10] the first preparation of As(N3)3 and
As(N3)4

+ was reported by Klapötke et al. in 1995;[10a,10c]

the crystal structure of As(N3)3 was determined by Christe
et al. in 2004;[11] and the crystal structure of As(N3)6

– was
determined by Klapötke et al. in 2000.[10c]
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potentials for P(N3)3 and As(N3)3 are 9.74 and 9.98 eV, with
the contribution primarily from the lone pairs of the azido
moiety and the arsenic atom, respectively. The results indi-
cate the relative “isolation” of azido moieties in triazides and
less stability of these highly explosive compounds in com-
parison to monoazides and diazides.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The electronic and molecular structures of many azides
(unstable molecules) have been studied with theoretical and
spectroscopic methods.[12] Recently, photoelectron spec-
troscopy in combination with high-level quantum chemical
calculations has been successfully performed for elucidating
many interesting aspects of monoazides[13] and diazides.[14]

The focus of these studies is the interaction taking place
between the off-the-axis substituent group and the nearly
linear N3 moiety, as well as the interaction between the N3

moieties. In 1994, Novak et al. studied the electronic struc-
tures of (CF3)2AsN3 and CF3As(N3)2.[15] However, reports
on the electronic structure of triazide are rare because of
their explosiveness. Herein, we report the experimental and
calculated electronic structures of binary phosphorus and
arsenic triazides.

Results and Discussion

Molecular Structures

Geometry optimizations were performed for P(N3)3 and
As(N3)3 using the DFT method (B3LYP). All stationary
points were verified as local minima by vibrational analysis.
Three local minima were located for both triazides (see Fig-
ure 1 and Table 1). The relative energies for the stable con-
formers are listed in Table 2. Zero-point vibrational-energy
corrections for these minima of P(N3)3 and As(N3)3 differ
by less than 0.4 and 0.2 kcalmol–1, respectively. The most
stable structure at the B3LYP/6-311++G(3df) level is the
conformer b with Cs symmetry, in which two azido ligands
adopt an approximate gauche orientation relative to the ste-
reochemically active lone pair on the P/As atom, with the
remaining azido ligand in an anti orientation. For P(N3)3,
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the calculated P–N bond length, 1.73–1.74 Å, is slightly
shorter than a typical P–N single bond with 1.76 Å,[16]

while longer than a typical P=N double bond with 1.55 Å
in iminophosphane (HP=NH).[17] Meanwhile, the azido
moiety lies in an almost planar environment with the cen-
tral P atom (see Table 1); this may provide an opportunity
for interactions between the lone pair on the P atom with
the three azido ligands to stabilize this conformer. The sec-
ond most stable conformer of phosphorus triazide, a, with
C3 symmetry, is 1.46 kcalmol–1 higher in energy than con-
former b and has all three azido ligands in a gauche orienta-

Figure 1. Local minima calculated for M(N3)3 (M = P, As) at the
B3LYP/6-311++G(3df) level of theory. (The geometric parameters
are given in Table 1.).

Table 1. Calculated bond lengths [Å], bond angles [°], and torsion angles [°] for the local minima (a–c; see Figure 1) of P(N3)3 and
As(N3)3 (given in parentheses) at B3LYP/6-311++G(3df) level.

Conformer a Conformer b
E[a] = +1.46 kcal mol–1 (2.06) E = 0.00 kcal mol–1 (0.00)

M–N1 1.732 (1.884) M–N1 1.740 (1.888)
N1–N2 1.229 (1.229) N1–N2 1.229 (1.229)
N2–N3 1.125 (1.128) N2–N3 1.126 (1.128)

M–N4 1.730(1.889)
N1–M–N1� 96.5 (94.1) N4–N5 1.234 (1.231)
N2–N1–M 119.3 (117.6) N5–N6 1.123 (1.126)
N3–N2–N1 174.3 (174.5)

N3–N2–N1–M 176.9 (179.1) N1–M–N1� 91.8 (88.2)
N2–N1–M–N1� 106.2 (96.7) N2–N1–M 119.2 (117.6)

Conformer c N3–N2–N1 174.4(174.4)
E = +2.90 kcal mol–1 (0.94) N1–M–N4 101.4(99.9)

M–N1 1.744 (1.898) N5–N4–M 121.3 (119.0)
N1–N2 1.228 (1.228) N6–N5–N4 175.4 (175.7)
N2–N3 1.125 (1.127)

N1–M–N1� 101.8 (99.8) N3–N2–N1–M 178.4 (178.1)
N2–N1–M 123.0 (120.1) N2–N1–M–N1� 157.1 (166.7)
N3–N2–N1 175.8 (176.0) N6–N5–N4–M 180.0 (180.0)

N5–N4–M–N1 47.1 (45.0)
N3–N2–N1–M 155.6 (169.0) N2–N1–M–N4 100.9 (99.5)
N2–N1–M–N1� 95.1 (94.0)

[a] Relative energy including ZPE corrections.

Table 2. Total energies (hartree) of conformers of P(N3)3 at different levels of theory, relative energies (kcal/mol) at the B3LYP/6-
311++G(3df) level of theory, and the values for As(N3)3 at the B3LYP/6-311++G(3df) level of theory are given in parentheses.

Conformer B3LYP/6-31+G(d) B3LYP/6-311++G(3df) CCSD(T)/6-31G(d) RE[a]

a –833.9572663 –834.1622444 –832.1959352 1.46
(–2728.6537522) (2.06)

b –833.9601526 –834.1647579 –832.1995274 0.00
(–2728.6572297) (0.00)

c –833.9548009 –834.1596547 –832.1953666 2.09
(–2728.6554279) (0.94)

[a] Relative energies with zero-point vibrational-energy corrections included.
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tion. This energy gap may be the result of the interactions
between the sterically active lone pair on the phosphorus
atom and the three azido ligands. Finally, the least stable
structure, c (C3 symmetry), has all three azido ligands
pointing away from the phosphorus lone-pair, and is
2.90 kcalmol–1 higher in energy than conformer b. This
structure was calculated to be a real local minimum at the
B3LYP/6-311++G(d) level of theory,[18] however, the dis-
tances between N2 and N2�, and N3 and N3� are 3.38 and
4.37 Å, respectively, which are much shorter than those in
conformer a (4.41 and 6.21 Å, respectively). Also, the natu-
ral atomic population (NAO)[19] net charges calculated for
this conformer are QP = +1.11 e on phosphorus, QN1 =
–0.68 e on the adjacent nitrogen atom, QN2 = +0.43 e on
the second nitrogen atom, and QN3 = –0.12 e on the last
nitrogen atom, indicating that the interactions between N1
and N1�, N2 and N2�, as well as N3 and N3� might de-
crease the stability of this conformer.

For As(N3)3, three similar stable conformers were lo-
cated, with conformer b being the most stable structure.
However, the most stable conformer previously reported by
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using second-order perturbation theory (MP2), which had
C1 symmetry with two azido ligands adopting an anti orien-
tation and the third azido ligand in a gauche-like orienta-
tion,[11] was calculated to be not a real local minimum at
the B3LYP/6-311++G(3df) level of theory, and the relative
energies for the two less stable conformers a and c here
were calculated to be 2.06 and 0.94 kcalmol–1 higher than
conformer b, including the zero-point energy (ZPE) correc-
tions.

Photoelectron Spectroscopy

The He I photoelectron spectra of P(N3)3 and As(N3)3

are shown in Figure 2. Table 3 lists photoelectron spec-
troscopy (PES) experimental vertical ionization energies (IP
in eV), theoretical vertical ionization energies (Ev in eV),
molecular orbital symmetries, and characters of outer val-
ence shells for the most stable conformers by OVGF calcu-

Figure 2. Full He I photoelectron spectra of P(N3)3 and As(N3)3.

Table 3. Experimental and calculated [ROVGF/6-311G(d)] ionization energies [eV].

IEexp. IEcalcd. Assignment

P(N3)3 a (C3) b (Cs) c (C3)

9.74 9.34 9.81 9.58 14a�� LpN3 [a]

10.14 9.83 10.44 25a� P3p [b]

10.37 10.77 10.43 11.66 24a� LpN3
11.08 10.77 10.79 12.38 13a�� LpN3

11.75 11.93 12.76 12a�� πP-N4, σP-N1, σP-N1�

12.17 11.75 12.19 16.07 23a� πN1-P-N1�, πN5-N6

13.59 14.47 13.82 16.34 22a� P3p
15.6 15.88 15.82 17.11 11a�� σN1-N2-N3, σN1�-N2�-N3�

As(N3)3

9.98 9.44 9.73 9.65 17a��As4p [c]

9.87 31a� LpN3
10.22 10.28 10.18 10.11 30a� As4p, LpN3
10.7 10.31 10.36 11.17 16a�� LpN3
11.43 11.39 11.61 11.17 15a�� πAs-N4, σAs-N1, σAs-N1�

11.91 14.49 11.72 11.88 29a� πN1-As-N1�, πN5-N6

12.95 15.64 13.99 13.2 28a� As4p
15.2 15.87 15.54 15.77 14a�� σN1-N2-N3, σN1�-N2�-N3�

[a] Lp is the abbreviation of lone pair electrons. [b] 3p lone-pair on the phosphorus atom. [c] 4p lone-pair on the arsenious atom.
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lations for both triazides. The ionization potentials calcu-
lated for the other two stable conformers are also included.
Because the three conformers with comparable energies are
possible in some cases, first we should investigate whether
the spectra can originate from a mixture of all three con-
formers or some of them dominate. However, in compari-
son to the calculated orbital energies, we limit our dis-
cussions to the analysis of the slightly more stable Cs-con-
former b for P(N3)3 and As(N3)3.

P(N3)3

The photoelectron (PE) spectrum of P(N3)3 is much
more complicated than that of HN3,[20] owing to the partici-
pation of the phosphorus lone-pair. In the low ionization
region (�15 eV) there are five bands with no obvious vi-
brational structure. From the calculated orbital characters
shown in Table 3 and Figure 3, it can be easily concluded
that all five bands originate from the removal of the lone
pair on the phosphorus or the nitrogen atoms of the azido
moieties. The first broad band centered at 9.74 eV matches
well with the calculated value 9.81 eV, which is attributed
to the ionization of lone pairs from the three azido moieties
with almost equal contributions. Similar ionization pro-
cesses also occur in other azides, such as CH3N3 (9.81 eV)[21]

and SO(N3)2 (10.18 eV).[14] However, as we know, the
removal of lone pair electrons or degenerate π orbital elec-
trons leads to sharp peaks and lower ionization potentials
in the PE spectrum of the molecule studied. This indicates
that the peak caused by removing electrons from 25a�, with
a calculated energy of 9.83 eV, overlaps with the peak
caused by removing electrons from HOMO 14a��. The cal-
culated MO character of the second highest occupied or-
bital (SHOMO) 25a� indicates that it has the dominant at-
tribution from the P lone-pair (P3p) (Figure 3). The ioniza-
tion of similar P lone-pairs actually happens in the low ion-
ization region as well, such as PH3 (10.59 eV)[22] and
(CH3O)3P (9.30 eV).[23] The second observed band with
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vertical ionization energy of 10.37 eV agrees well with the
calculated value 10.43 eV for orbital 24a�, as can be seen in
Figure 3; it has the character of nitrogen lone-pairs on the
three azido moieties. The third kind of linear combination
is embodied in the third broad band (11.08 eV), which ran-
ges from 10.50 to 11.70 eV. Based on the calculated results
and experimental intensity of this band, it is assigned to the
removal of electrons from 13a�� and 12a�� orbitals. The
πP–N4 formed by the interaction of P3p with the N4 lone-
pair is also attributed. The fourth band with experimental
vertical ionization energy of 12.17 eV, corresponding to the
calculated 12.19 eV for 23a�, has the character πN1–P–N1�,
πN5–N6 (Figure 3). The next band with a vertical ionization
of 13.59 eV corresponds to MO 22a�, which has the domi-
nant character of the P3p lone-pairs. A similar band also
occurs in PH3 (13.6 eV).[22] The band centered near 15.6 eV
in the high ionization region (�15.0 eV) is considered to be
the ionization of electrons from several deep-shell orbitals
in P(N3)3.

Figure 3. Characters of the six highest occupied molecular orbitals
(HOMOs) of Cs: P(N3)3 (isovalue = 0.04).

As(N3)3

The electronic structures of two arsenic azides (CF3)2-
AsN3 and CF3As(N3)2 have been reported previously.[15]

The main interest in the analysis was the interactions taking
place between the off-the-axis substituent and the linear (or
nearly so) azido group. It was concluded that the larger
bandwidth in their PE spectra may signify greater delocal-
ization and bonding interaction between the azido moieties
and the rest of the molecule. Compared with the PE spectra
of the two above-mentioned azides, the bands in the PE
spectrum of As(N3)3 are clearer and narrower in the low
ionization region (�15.0 eV). The calculated MO charac-
ters (Figure 4) of this triazide reveal that the lone pair elec-
trons on the azido moieties are more pronounced than in
the monoazide and diazide, and imply weaker azido–azido
interactions. These weaker interactions also lead to the
lower stability of triazide.

In the low ionization region (�15.0 eV), six bands are
clearly displayed. Because of the electronic similarity of
phosphorus and arsenic, most outer valence shells for
As(N3)3 are similar to that of P(N3)3. However, the HOMO
in arsenic triazide is primarily the attribution of the 4p lone-
pair from the As atom (As4p). The vertical ionization po-
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Figure 4. Characters of the six highest occupied molecular orbitals
(HOMOs) of Cs: As(N3)3 (isovalue = 0.04).

tential is 9.98 eV, which is slightly smaller than that of
(CF3)2AsN3 (10.40 eV) and CF3As(N3)2 (10.23 eV),[15] and
it corresponds to the calculated 9.73 eV for conformer b.
Similar to the first band in the PE spectrum of P(N3)3, the
ionization of electrons in the SHOMO 31a� also happens in
this region, with the contribution of the lone pair on nitro-
gen atoms of the three azido moieties being calculated as
9.87 eV. The second band at 10.22 eV originates not only
from the lone pair of the nitrogen atoms on the azido li-
gands, but also the As4p lone-pair. The third band at
10.70 eV mainly comes from the ionization of the 16a��
LPN3 (azido lone-pair) electron, and the fourth band at
11.43 eV should be from the 15a�� πAs–N4, σAs–N1, σAs–N1�

(see Figure 4). In P(N3)3, the bands caused by removal of
electrons from these two orbitals overlap. The main charac-
ters for the remaining two bands at 11.61 and 12.95 eV are
similar to those of P(N3)3 (Figure 4). In the high ionization
region (�15.0 eV), there also exist several broad bands,
ranging from 15.00 to 17.50 eV, which might be the ioniza-
tion of electrons from inner molecular orbitals.

Conclusions

The electronic structures of two similar triazides, P(N3)3

and As(N3)3, were studied by means of PES and ab initio
calculations. Three stable conformers for P(N3)3 and
As(N3)3 were located at the B3LYP/6-311++G(3df) level of
theory. It was found that the conformer b with Cs symmetry
is the most stable for both triazides. The first ionization
potentials of these two stable conformers for P(N3)3 and
As(N3)3 are 9.74 and 9.98 eV respectively, with the primary
characters being the azido lone-pairs for P(N3)3 and the
As4p lone-pairs for As(N3)3. The SHOMO for the two
compounds mainly comes from the P3p lone-pair for
P(N3)3, in comparison to the lone pairs of the azido group
for As(N3)3. Another interesting aspect is that the PES
bands for both triazides are almost all sharp without recog-
nizable vibrational structure. And it is known that triazides
are usually much less stable than the corresponding di- and
mono- derivatives. The relative “isolation” of azido groups
and less delocalization in triazides may account for this ex-
perimental fact.
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Experiment and Calculation
Recently, many azide-containing compounds have been successfully
prepared and characterized,[13,14] and it was found that AgN3 is an
ideal precursor for the in situ preparation of highly explosive azides
through the heterogeneous reactions with reactive halogen-contain-
ing molecules. P(N3)3 and As(N3)3 were prepared in a similar man-
ner by the heterogeneous reactions of gaseous PCl3 and AsCl3 with
AgN3 at low pressure (10–5 Torr). Both reactants were purchased
from ACROS and distilled before the PES experiment, and their
PE spectra were identical with those in the literature.[23,24] Solid
AgN3 was prepared as reported.[14] For efficient reaction, freshly
prepared AgN3 was loosely dispersed on the surface of quartz wool
and filled the quartz inlet tube. After the vacuum reached 10–5 Torr,
the vapor of the PCl3 or AsCl3 was passed through the solid AgN3

at ambient temperature. The reactions [Equation (1) and Equa-
tion(2)] proceeded smoothly without the evolution of the possible
decomposition product N2. The He I PE spectra of P(N3)3 and
As(N3)3 were recorded with a double-chamber machine[25] that was
built specifically to detect transient species at a resolution of about
30 meV as indicated by the Ar+ (2P3/2) photoelectron band. Experi-
mental vertical ionization energies (Iv in eV) were calibrated by
simultaneous addition of a small amount of argon to the sample.

(1)

(2)

Geometric optimizations of all possible conformers for phosphorus
triazide were performed using density functional theory methods,
and three stable conformers for each triazide were located. The
calculations were carried out at the B3LYP level of theory with a
6-311++G(3df) basis set. The B3LYP is a hybrid functional method
based on Becke’s three-parameter nonlocal exchange functional,[26]

with Lee et al.’s nonlocal correlation.[27] For the arsenic triazide,
geometry optimization was carried out according to the reported
stable conformers[11] at the same level of theory. To assign the PES
bands of both triazides, OVGF calculations were performed for
those three stable conformers of P(N3)3 and As(N3)3 using the 6-
311G(d) basis set based on optimized structures. The vertical ion-
ization energy (Ev) was calculated at the ab initio level according
to Cederbaum’s outer valence Green’s function (OVGF) method,[28]

which includes the effect of electron correlation and reorganization
beyond the Hartree–Fock approximation. The self-energy part was
expanded up to the third order, and contributions of higher orders
were estimated by means of a renormalization procedure. All calcu-
lations were performed using the Gaussian 98 program.[29]
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This paper reports the synthesis, characterization, and some
properties of transition metal–fullerene complexes contain-
ing trans-1,1�-bis(diphenylphosphanyl)ethylene (dppet,
trans-Ph2PCH=CHPPh2) and N,N,N�,N�-tetra(diphenylphos-
phanylmethyl)ethylene diamine (dppeda, [(Ph2PCH2)2-
NCH2]2), including [(η2-C60M)(dppet)2] (M = Pt 1, Pd 2), [(η2-
C60M)(dppet)]2 (M = Pt 3, Pd 4), [(η2-C60Pd)(η2-C60Pt)(dppet)2]
(5), [(η2-C60Pd)(η2-C70Pd)(dppet)2] (6), [(η2-C70Pd)(dppet)]2

(7), [(η2-C60M)(dppeda)] (M = Pt 8, Pd 9), and [(η2-C60M)2-
(dppeda)] (M = Pt 10, Pd 11). Interestingly, while complexes

Introduction

Since the isolation and characterization of the first tran-
sition metal–fullerene complex [(η2-C60)Pt(PPh3)2],[1] a
large number of such complexes with unique structures and
novel properties have been prepared and structurally char-
acterized.[2–6] Previously, we have reported several series of
transition metal–fullerene complexes that contain various
phosphane ligands, such as Ph2PCH2CH2PPh2 (dppe),[7]

1,2-(Ph2P)2C6H4 (dppb),[8] DIOP,[9] Ph2PCH2(CH2OCH2)n-
CH2PPh2,[10] [(η5-Ph2PC5H4)2Fe] (dppf),[11] and [(η5-
Ph2PC5H4)2Ru] (dppr).[12] Now, as a continuation of this
research program, we report other types of transition me-
tal–fullerene complexes that contain either the diphosphane
ligand trans-1,1�-bis(diphenylphosphanyl)ethylene (dppet)
or the tetraphosphane ligand N,N,N�,N�-tetra(diphenyl-
phosphanylmethyl)ethylene diamine (dppeda). It should be
noted that although some of the dppet-containing com-
plexes were preliminarily reported in our recent communi-
cation,[13] this paper systematically describes both the
dppet- and dppeda-containing fullerene complexes and in-
cludes new results, such as the crystal structure of [(η2-
C60Pd)(η2-C60Pt)(dppet)2], the electrochemical properties of
[(η2-C60Pd)(dppet)]2 and [(η2-C60Pd)(η2-C60Pt)(dppet)2], as
well as the synthesis and characterization of the dppet-con-

[a] Department of Chemistry, State Key Laboratory of Elemento-
Organic Chemistry, Nankai University,
Tianjin 300071, China
Fax: +86-22-2350-4853
E-mail: lcsong@nankai.edu.cn

[b] Dipartimento di Chimica dell’ Università di Siena,
Via Aldo Moro, 53100 Siena, Italy

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 422–429422

1, 2, 8, and 9 are the first examples of metallacyclopropaful-
lerene diphosphane ligands containing fullerene cores, com-
plexes 3–7, 10, and 11 are the first group 10 metal-contain-
ing, dumbbell-shaped bisfullerenes. All the complexes 1–11
were characterized by elemental analysis, spectroscopy, and,
particularly for 4 and 5, by X-ray crystallography and cyclic
voltammetry. Pathways for the formation of 1–11 are sug-
gested.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

taining [70]fullerene complexes [(η2-C60Pd)(η2-C70Pd)-
(dppet)2] and [(η2-C70Pd)(dppet)]2 along with the dppeda-
containing [60]fullerene complexes [(η2-C60M)(dppeda)]
and [(η2-C60M)2(dppeda)] (M = Pt, Pd).

Results and Discussion

Synthesis and Characterization of Dppet-Containing
Fullerene Complexes

A toluene solution of C60 was treated with [M(dba)2] or
[Pt2(dba)3] (M = Pt, Pd; dba = dibenzylideneacetone) and
dppet in a 1:1:2 molar ratio at room temperature to give
the metallacyclopropa[60]fullerene complex [(η2-
C60Pt)(dppet)2] (1) in 35–58% yield and complex [(η2-
C60Pd)(dppet)2] (2) in 75% yield. The two different starting
materials [Pt(dba)2] and [Pt2(dba)3] can be used inter-
changeably, although [Pt2(dba)3] is much more reactive than
[Pt(dba)2], as judged by the rapidity of the development of
the green color characteristic of product 1, and when used
in a slight excess this starting material gives the highest
yield. Similarly, a toluene solution of C60 was treated with
[Pt(dba)2] and dppet in a 1:1:2 ratio or with [Pd(dba)2] and
dppet in a 1:2:1 molar ratio at room temperature to give
the homodinuclear bismetallacyclopropa[60]fullerene com-
plexes [(η2-C60M)(dppet)]2 (M = Pt 3, Pd 4) in 82% and
92% yields, respectively (Scheme 1).

We further found that treatment of a toluene solution of
C60 with [Pd(dba)2] and dppet in a 1:1:2 molar ratio at
room temperature, followed by treatment with a mixture of
C60 and [Pt2(dba)3] in a 2:1 molar ratio or C70 and [Pd-
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Scheme 1.

Scheme 2.

(dba)2] in a 1:1 molar ratio, gave the heterodinuclear bis-
metallacyclopropa[60]fullerene complex [(η2-C60Pd)(η2-
C60Pt)(dppet)2] (5) and the homodinuclear bismetallacyclo-
propa[60]/[70]fullerene complex [(η2-C60Pd)(η2-C70Pd)-
(dppet)2] (6) in 65% and 37% yields, respectively
(Scheme 2).

Similarly, the homodinuclear bismetallacyclopropa[70]-
fullerene complex [(η2-C70Pd)(dppet)]2 (7) could be pre-
pared by treatment of C70 in toluene with [Pd(dba)2] and
dppet in a 1:1:2 molar ratio at room temperature in 44%
yield (Scheme 3).

Scheme 3.

Interestingly, the above-mentioned dinuclear bisfullerene
complexes 3–6 can be also prepared by another method in
which the [60]fullerene-derived diphosphanes 1 and 2 were
used as starting materials. Thus, treatment of 1 in toluene
with C60 and [Pt(dba)2] in a 1:1:1 molar ratio at room tem-
perature gave 3 in 59% yield, whereas treatment of 2 with
C60 and [Pd(dba)2] under similar conditions gave 4 in 53%
yield. In addition, while 2 reacts with C60 and [Pt(dba)2] in
toluene at room temperature to produce the heterodinuclear
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bisfullerene 5 in 55% yield, the reaction of 2 with C70 and
[Pd(dba)2] under similar conditions gives rise to the homo-
dinuclear bisfullerene complex 6 in 38% yield.

It follows that the possible pathways for the formation
of 1–7 might be as suggested in Scheme 4. That is: (i) 1 and
2 are produced by η1-coordination of two molecules of
dppet with the polymeric species [C60Mx] (M = Pt, Pd; x =
1) formed in situ from C60 and [Pd(dba)2], [Pt(dba)2], or
[Pt2(dba)3],[14,15] (ii) subsequent chelation of 1 as a biden-
tate ligand with [C60Ptx] gives 3, (iii) subsequent chelation
of 2 with [C60Mx] affords 4 and 5, and (iv) subsequent che-
lation of 2 with the polymeric species [C70Pdx] formed in
situ from C70 and [Pd(dba)2][14,15] produces 6. Apparently,
7 can be formed through similar elementary steps to those
indicated in Scheme 4.

The dppet-containing fullerene complexes 1–7 were char-
acterized by elemental analysis and spectroscopic methods.
For example, the IR spectra of 1–5 display four absorption
bands in the range 1434–513 cm–1 for their C60 cores,[16]

whereas the IR spectrum of 6 exhibits nine absorption
bands in the region 1433–456 cm–1 for its C60 and C70

spheres,[16] and that of 7 shows nine absorption bands in
the range 1432–457 cm–1[16] for its C70 cores. In addition,
the 31P NMR spectra of 1 and 2 show one singlet and one
triplet or two singlets at δ � –7 and 20 ppm for their two
identical uncoordinated P atoms and two identical coordi-
nated P atoms, respectively, whereas the spectra of 3–7 dis-
play the corresponding signals for their four coordinated P
atoms. That the chemical shifts of the coordinated P atoms
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Scheme 4.

lie at much lower field relative to the corresponding free P
atoms can be ascribed to transfer of electron density from
the P atom to the metal center, which is consistent with
other phosphane-coordinated fullerene complexes.[1,9,12] It
is well-known that in single addition of a transition metal
to fullerenes the C60 ligand is bonded to the metal center
in an η2-fashion through its single C–C 6:6 bond, whereas
the C70 ligand is preferentially bonded to a metal center in
an η2-manner through one Ca–Cb 6:6 bond at the poles of
the C70 ligand.[3] Therefore, the structures of 1–7 are most

Figure 1. ORTEP drawing of 4 (30% thermal ellipsoids).

Figure 2. ORTEP drawing of 5 (30% thermal ellipsoids).
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likely as shown in Schemes 1, 2, and 3. The structures of 4
and 5 were unequivocally confirmed by X-ray crystal dif-
fraction analysis.

Crystal Structures of 4 and 5

The molecular structures of 4 and 5, as determined by
X-ray diffraction techniques, are presented in Figures 1 and
2, respectively; selected bond lengths and angles are given in
Tables 1 and 2, respectively. The X-ray diffraction analysis
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revealed that 4 (Figure 1) and 5 (Figure 2) are isostructural;
they both consist of two C60 spheres that are ligated to two
metal centers of a ten-membered metallacycle in which two
trans-dppet ligands are coordinated to Pd/Pd or Pd/Pt me-
tal centers, respectively. It is worth pointing out that the
Pd/Pt atoms in the structure of 5 are 50% disordered and
therefore the geometric parameters associated with Pd/Pt
atoms cannot be distinguished. In addition, the solvent
molecules C6H5Cl and C6H5Me present in the crystal of
5 are also disordered, which might be responsible for the
relatively high R value for the structure of 5. Interestingly,
4 and 5 are the first structurally characterized group 10 me-
tal-containing homo- and heterodinuclear fullerene com-
plexes. The fullerene center-to-center separations of
16.869 Å for 4 and 16.807 Å for 5 are close to that of
16.559 Å in the dinuclear Ir2 complex. However, the non-
bonded metal-to-metal distances (6.83 Å for 4 and 6.82 Å
for 5) are much shorter than the corresponding intermet-
allic distance of 8.104 Å in the Ir2 complex.[17] The two C–
C double bonds [C(73)–C(74) = C(73A)–C(74A) =
1.290(14) Å for 4 and C(73)–C(86A) = C(73A)–C(86) =
1.26(2) Å for 5] are slightly shorter than the common C–C
double bond (1.34 Å). Each of the zero-valent metal centers
has a square-planar geometry. For example, all the five
atoms Pd(1), C(1), C(2), P(1), and P(2A) in 4 and Pt(1A),
C(1A), C(2A), P(1A), and P(2A) in 5 are nearly coplanar,
with a mean deviation of 0.0528 and 0.0483 Å, respectively.
The η2-coordinated 6:6 bonds [C(1)–C(2) = 1.473(14) Å for
4 and C(1)–C(2) = 1.50 (2) Å for 5] are obviously longer
than the other 58 uncoordinated 6:6 bonds in each C60

sphere due to the metal-to-C60 π back-donation.[5]

Table 1. Selected bond lengths [Å] and angles [°] for 4.

Pd(1)–C(1) 2.137(11) P(1)–C(73) 1.826(11)
Pd(1)–C(2) 2.130(9) C(73)–C(74) 1.290(14)
Pd(1)–P(1) 2.326(3) P(2)–C(74) 1.820(10)
Pd(1)–P(2A) 2.323(3) C(1)–C(2) 1.473(14)
C(2)–Pd(1)–C(1) 40.4(4) P(2A)–Pd(1)–P(1) 109.06(10)
C(2)–Pd(1)–P(2A) 147.0(3) C(73)–P(1)–Pd(1) 123.9(4)
C(1)–Pd(1)–P(2A) 107.4(3) C(74)–P(2)–Pd(1A) 118.4(4)
C(2)–Pd(1)–P(1) 101.8(3) C(2)–C(1)–Pd(1) 69.5(5)
C(1)–Pd(1)–P(1) 141.9(3) C(1)–C(2)–Pd(1) 70.1(6)

Table 2. Selected bond lengths [Å] and angles [°] for 5.

Pd(1)–C(1) 2.169(17) P(1)–C(73) 1.822(17)
Pd(1)–C(2) 2.115(17) C(73)–C(86A) 1.26(2)
Pd(1)–P(1) 2.311(5) C(86)–P(2) 1.846(18)
Pd(1)–P(2) 2.309(5) C(1)–C(2) 1.50(2)
C(2)–Pd(1)–C(1) 41.1(6) P(2)–Pd(1)–P(1) 108.99(17)
C(2)–Pd(1)–P(2) 101.7(4) C(73)–P(1)–Pd(1) 118.4(6)
C(1)–Pd(1)–P(2) 142.5(4) C(86)–P(2)–Pd(1) 124.0(6)
C(2)–Pd(1)–P(1) 147.6(4) C(2)–C(1)–Pd(1) 67.5(9)
C(1)–Pd(1)–P(1) 107.1(4) C(1)–C(2)–Pd(1) 71.4(9)

Synthesis and Characterization of Dppeda-Containing
Fullerene Complexes

More interestingly, the first examples of a tetraphos-
phane ligand-containing metallacyclopropafullerene com-
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plexes [(η2-C60M)(dppeda)] (M = Pt 8, Pd 9) and bismetal-
lacyclopropafullerene complexes [(η2-C60M)2(dppeda)] (M
= Pt 10, Pd 11) were synthesized by treatment of a toluene
solution of C60 with [Pt2(dba)3] and the tetraphosphane li-
gand dppeda or with [Pd(dba)2] and dppeda in 1:1:1 molar
ratio at room temperature in ca. 26% and 45% yields,
respectively (Scheme 5).

Scheme 5.

It is apparent that complexes 8–11 are produced through
similar pathways to those mentioned above for the pro-
duction of 1–7. Complexes 8–11 are air-stable, green solids,
which were characterized by elemental analysis and IR, 1H
NMR, and 31P NMR spectroscopy. For example, the IR
spectra of 8–11 show four absorption bands in the range
1434–526 cm–1 characteristic of their C60 spheres.[16] In ad-
dition, the 31P NMR spectra of 8 and 9 display one singlet
and one triplet or two singlets at δ � –28 and 6 ppm for
their two identical uncoordinated P atoms and two identical
coordinated P atoms, respectively, whereas the spectra of 10
and 11 exhibit one triplet and one singlet at δ � 6 ppm for
their four identical coordinated P atoms. In fact, the 31P
NMR behavior of the tetraphosphane-containing com-
plexes 8–11 is very similar to that of the diphosphane-con-
taining complexes 1–7, as well as that of the other phos-
phane-containing fullerene complexes.[1,9,12] Interestingly,
while the 1H NMR spectrum of the free ligand dppeda
shows one singlet at δ = 3.50 ppm for its four CH2 groups
attached to P atoms and one singlet at δ = 2.88 ppm for its
two CH2 groups attached to N atoms, the spectra of 8–11
display two broad singlets or multiplets at δ = 3.75–
3.35 ppm for their CH2 groups attached to P atoms and one
multiplet at δ = 2.45–2.28 ppm for their CH2 groups bound
to N atoms.

Electrochemical Study of 4 and 5

In order to ascertain if the presence of the p-π conjugated
P–C=C–P structural units in the dppet ligands of the dinu-
clear bisfullerenes 3–7 could trigger inter-fullerene elec-
tronic communication, we examined the electrochemical be-
havior of the representative complexes 4 and 5. Figure 3
shows the cyclic voltammetric profiles exhibited by com-
plexes 4 and 5 in 1,2-dichlorobenzene solution.[l8]
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Figure 3. Cyclic voltammograms recorded at a platinum electrode
in 1,2-Cl2C6H4 solutions of (a) complex 4 (1.1×10–3 m) and (b)
complex 5 (1.1×10–3 m). (c) Osteryoung square-wave voltammog-
ram of 5 (1.1×10–3 m). nBu4NClO4 (0.2 m) supporting electrolyte.
Scan rates: (a, b) 0.2 Vs–1; (c) 0.1 Vs–1.

As Figure 3a illustrates, the homodinuclear complex 4
exhibits four fullerene-centered reductions possessing fea-
tures of chemical reversibility on the cyclic voltammetric
timescale (E°� = –0.48, –0.87, –1.34, and –1.85 V, vs. SCE).
Controlled potential coulometry (Ew = –0.65 V) proved that
the first cathodic process involves two electrons per mole-
cule, thus indicating that the stepwise addition of four elec-
trons to each fullerene moiety proceeds simultaneously. As
happens for most bisfullerene systems,[19] this suggests that
no mutual electronic interaction exists between the two
metallofullerene subunits. It should be noted that the men-
tioned processes take place at potential values essentially
coincident with those of free fullerene. Cyclic voltammetry
in chlorobenzene solution affords a quite similar profile
(E°� = –0.52, –0.93, and –1.46 V vs. SCE), but in such a
solvent the difference with respect to free fullerene is better
defined (E°� = –0.49, –0.86, and –1.35 V, vs. SCE). There-
fore, since the instantaneous complete decomposition of the
original complex can be reasonably ruled out − the original
green color of the solution (λmax = 602 and 656 nm) does
not change with time − such an uncommon result can be
likely accounted for by assuming that the cathodic shift in-
duced by the η2-coordinated C–C double bond of the [60]-
fullerene, which is directly linked to the coordinating power
of the metal ion, is just compensated by the anodic shift
caused by the electron-withdrawing effects of the phos-
phane substituents.[19]

As Figure 3 (b) shows, a different reduction pattern is
displayed by the heterodinuclear complex 5. In fact, the se-
quential reductions appearing in correspondence of the pre-
ceding profile (E°� = –0.49, –0.88, and –1.33 V, respectively)
are followed by an interposed series of further cathodic
steps (E°� = –0.71, –1.08, and –1.6 V, respectively). Coulo-
metric measurements showed that the first two processes
involve one-electron additions (exhaustive electrolysis at Ew

= –0.75 V consumed 1.8 electrons per molecule). The fact
that the height of the starred peak-systems is somewhat
higher than that of the respective interposed peak-systems
(as better seen from the square-wave voltammogram shown
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in Figure 3c) has to be attributed to slow release of free
fullerene (two mols per mol of decomposed complex) fol-
lowing the concomitant addition of the first electron to
each metallofullerene subunit, which is reflected in the high
peak-height of the return peak associated with the first step.
It seems that the appearance of separate sequential re-
ductions in 5 has to be attributed to the higher coordination
ability of Pt with respect to Pd towards fullerene, which
renders the two metallofullerene subunits inequivalent,
rather than the eventual presence of intramolecular elec-
tronic communication, as, in contrast, happens in [Rh6-
(CO)5(dppm)(CNR)(μ3-η2,η2,η2-C60)2] (dppm = diphenyl-
phosphanylmethane; R = CH2C6H5).[20]

It follows that complexes 4 and 5 display no intramolecu-
lar electronic communication even though two p-π-conju-
gated P–C=C–P structural units are present in the sand-
wiched metallacycle. However, it can be expected that bi-
smetallofullerenes having electronic communication could
be obtained by variation of the spacer between the two
metallofullerene subunits.

In summary, we have prepared the first diphosphane
(dppet)- and tetraphosphane (dppeda)-containing transi-
tion metal–fullerene complexes 1–11 by simple and conve-
nient synthetic methods in satisfactory yields. While com-
plexes 1, 2, 8, and 9 are diphosphane ligands with fullerene
cores, complexes 3–7, 10, and 11 are bisfullerene complexes
in which either a 10-membered metallacycle or two six-
membered metallacycles are sandwiched between two fuller-
ene spheres. Possible pathways for production of complexes
1–11 have been preliminarily proposed, and the crystal
structures of 4 and 5 along with their electrochemical prop-
erties have been determined by X-ray diffraction and cyclic
voltammetry. It is worth pointing out that in view of the
widespread uses of phosphorus-donor ligands in transition
metal chemistry,[21] the fullerene-containing diphosphane li-
gands 1, 2, 8, and 9 can be expected to play an important
role in the development of transition metal and fullerene
chemistry.

Experimental Section
General: All reactions were carried out under highly purified nitro-
gen using standard Schlenk or vacuum-line techniques. Toluene
and hexane were distilled from Na/benzophenone ketyl. Other sol-
vents were bubbled with nitrogen for at least 15 min before use.
[Pd(dba)2],[22] [Pt(dba)2],[23] [Pt2(dba)3],[23] and [(Ph2PCH2)2NCH2]2
(dppeda)[24] were prepared according to literature methods. C60

(99.9%) and trans-Ph2PCH=CHPPh2 (dppet) were available com-
mercially. 1H and 31P NMR spectra were recorded with a Bruker
Avance 300 spectrometer, whereas IR spectra were taken on a Bio-
Rad FTS 135 spectrophotometer. Elemental analysis was per-
formed with an Elementar Vario EL analyzer. Melting points were
determined on a Yanaco MP-500 apparatus.

Preparation of [(η2-C60Pt)(dppet)2] (1): A 100-mL, three-necked
flask equipped with a magnetic stir-bar, a rubber septum, and a
nitrogen inlet tube was charged with C60 (0.072 g, 0.10 mmol),
[Pt(dba)2] (0.066 g, 0.10 mmol) or [Pt2(dba)3] (0.056 g, 0.10 mmol),
and toluene (50 mL) to form a brown solution. trans-Dppet
(0.078 g, 0.20 mmol) was added to this solution and then the mix-
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ture was stirred at room temperature for 1.5 h. The resulting green
mixture was filtered and the green filtrate was layered with 60 mL
of hexane overnight to give a green precipitate. The precipitate was
washed with hexane (2×5 mL) and diethyl ether (2×5 mL) sequen-
tially, and then was dried in vacuo to afford 0.060 g (35%) of 1
from [Pt(dba)2] or 0.098 g (58%) of 1 from [Pt2(dba)3] as a green
solid. M.p. � 300 °C. 1H NMR (300 MHz, CS2/CDCl3): δ = 7.24–
7.60 (m, 44 H, 8 C6H5 + 4 CH) ppm. 31P NMR (121.48 MHz, CS2/
CDCl3, H3PO4): δ = –7.24 (s, 2 P, 2 PPh2), 19.88 (t, JPt,P = 3682 Hz,
2 P, 2 PPt) ppm. IR (KBr disk): ν̃ = 1434 (s), 1184 (m), 577 (m),
524 (vs) (C60), 1571 (m), 967 (m) (C=C) cm–1. C112H44P4Pt
(1708.6): calcd. C 78.73, H 2.60; found C 78.75, H 2.41.

Preparation of [(η2-C60Pd)(dppet)2] (2): The same procedure as that
for the preparation of 1 was followed, but [Pd(dba)2] (0.057 g,
0.10 mmol) was used instead of [Pt(dba)2] or [Pt2(dba)3] to give
0.123 g (75%) of 2 as a green solid. M.p. � 300 °C. 1H NMR
(300 MHz, CS2/CDCl3): δ = 7.09–7.63 (m, 44 H, 8 C6H5 + 4 CH)
ppm. 31P NMR (121.48 MHz, CS2/CDCl3, H3PO4): δ = –7.48 (s, 2
P, 2 PPh2), 20.21 (s, 2 P, 2 PPd) ppm. IR (KBr disk): ν̃ = 1434 (s),
1183 (m), 578 (m), 513 (vs) (C60), 1570 (m), 966 (m) (C=C) cm–1.
C112H44P4Pd (1619.9): calcd. C 83.04, H 2.74; found C 82.87, H
2.75.

Preparation of [(η2-C60Pt)(dppet)]2 (3). Method (i): The flask de-
scribed above was charged with C60 (0.072 g, 0.10 mmol), [Pt(dba)2]
(0.066 g, 0.10 mmol), trans-dppet (0.078 g, 0.20 mmol), and toluene
(50 mL). The mixture was stirred at room temperature for 5 h to
give a green precipitate. The precipitate was washed with toluene
(2×10 mL), hexane (2×10 mL), and diethyl ether (2×10 mL), and
finally dried in vacuo to afford 0.108 g (82%) of 3 as a dark-green
solid. M.p. � 300 °C. 1H NMR (300 MHz, CS2/CDCl3): δ = 6.90–
7.60 (m, 44 H, 8 C6H5 + 4 CH) ppm. 31P NMR (121.48 MHz, CS2/
CDCl3, H3PO4): δ = 19.71 (t, JPt,P = 3794 Hz, 4 P) ppm. IR (KBr
disk): ν̃ = 1434 (s), 1183 (m), 577 (m), 524 (vs) (C60), 1571 (m), 969
(m) (C=C) cm–1. C172H44P4Pt2 (2624.3): calcd. C 78.72, H 1.69;
found C 78.71, H 1.70.

Method (ii): A mixture of diphosphane 1 (0.086 g, 0.05 mmol), C60

(0.036 g, 0.05 mmol), and [Pt(dba)2] (0.034 g, 0.05 mmol) in tolu-
ene (20 mL) was stirred at room temperature for 5 h to give a pre-
cipitate. The same workup as that in method (i) gave 0.078 g (59%)
of 3.

Preparation of [(η2-C60Pd)(dppet)]2 (4). Method (i): The flask de-
scribed above was charged with C60 (0.072 g, 0.10 mmol), [Pd-
(dba)2] (0.114 g, 0.20 mmol), trans-dppet (0.039 g, 0.10 mmol), and
toluene (50 mL). The mixture was stirred at room temperature for
5 h. The resulting mixture was filtered to give a green precipitate,
which was purified by the same method used above for 3 to afford
0.112 g (92%) of 4 as a dark-green solid. M.p. � 300 °C. 1H NMR
(300 MHz, CS2/CDCl3): δ = 7.20–7.66 (m, 44 H, 8 C6H5 + 4 CH)
ppm. 31P NMR (121.48 MHz, CS2/CDCl3, H3PO4): δ = 20.22 (s, 4
P) ppm. IR (KBr disk): ν̃ = 1432 (m), 1183 (m), 577 (m), 524 (vs)
(C60), 1571 (m), 964 (m) (C=C) cm–1. C172H44P4Pd2 (2447.0): calcd.
C 84.43, H 1.81; found C 84.16, H 2.00.

Method (ii): A mixture of diphosphane 2 (0.080 g, 0.05 mmol), C60

(0.036 g, 0.05 mmol), and [Pd(dba)2] (0.029 g, 0.05 mmol) in tolu-
ene (20 mL) was stirred at room temperature for 5 h to give a pre-
cipitate. The same workup as that in method (i) produced 0.064 g
(53%) of 4.

Preparation of [(η2-C60Pd)(η2-C60Pt)(dppet)2] (5). Method (i): A
mixture of C60 (0.036 g, 0.05 mmol), [Pd(dba)2] (0.029 g,
0.05 mmol), trans-dppet (0.039 g, 0.10 mmol), and toluene (25 mL)
was stirred at room temperature for 1 h to give a green solution.
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C60 (0.036 g, 0.05 mmol) and [Pt2(dba)3] (0.028 g, 0.025 mmol)
were added to this solution. The new mixture was stirred at room
temperature for 5 h to give a green precipitate. The precipitate was
purified by the same method used for 3 to give 0.085 g (65%) of 5
as a green solid. M.p. � 300 °C. 1H NMR (300 MHz, CS2/CDCl3):
δ = 7.08–7.60 (m, 44 H, 8 C6H5 + 4 CH) ppm. 31P NMR
(121.48 MHz, CS2/CDCl3, H3PO4): δ = 19.79 (s, 2 P, 2 PPd), 20.12
(t, JPt,P = 3848 Hz, 2 P, 2 PPt) ppm. IR (KBr disk): ν̃ = 1434 (s),
1183 (m), 579 (m), 523 (vs) (C60), 1571 (m), 967 (m) (C=C) cm–1.
C172H44P4PdPt (2535.6): calcd. C 81.47, H 1.75; found C 81.40, H
2.00.

Method (ii): A mixture of diphosphane 2 (0.080 g, 0.05 mmol), C60

(0.036 g, 0.05 mmol), and [Pt(dba)2] (0.034 g, 0.05 mmol) in tolu-
ene (20 mL) was stirred at room temperature for 5 h to give a pre-
cipitate. The same workup as that in method (i) afforded 0.070 g
(55%) of 5.

Preparation of [(η2-C60Pd)(η2-C70Pd)(dppet)2] (6). Method (i): A
mixture of C60 (0.036 g, 0.05 mmol), [Pd(dba)2] (0.029 g,
0.05 mmol), and trans-dppet (0.039 g, 0.10 mmol) in toluene
(25 mL) was stirred at room temperature for 1 h to give a green
solution. C70 (0.042 g, 0.05 mmol) and [Pd(dba)2] (0.029 g,
0.05 mmol) were then added to this solution. The new mixture was
stirred at room temperature for 5 h to give a green precipitate. The
precipitate was purified by the same method as that utilized for 3
to give 0.048 g (37%) of 6 as a brown solid. M.p. � 300 °C. 1H
NMR (300 MHz, CS2/CDCl3): δ = 7.09–7.54 (m, 44 H, 8 C6H5 +
4 CH) ppm. 31P NMR (121.48 MHz, CS2/CDCl3, H3PO4): δ =
25.64–27.50 (m, 4 P) ppm. IR (KBr disk): ν̃ = 1433 (s), 1183 (m),
576 (m), 510 (vs) (C60), 1130 (w), 1097 (m), 793 (m), 673 (m), 640
(w), 456 (s) (C70), 1569 (w), 967 (m) (C=C) cm–1. C182H44P4Pd2

(2567.09): calcd. C 85.15, H 1.72; found C 84.95, H 1.88.

Method (ii): A mixture of diphosphane 2 (0.080 g, 0.05 mmol), C70

(0.042 g, 0.05 mmol), and [Pd(dba)2] (0.029 g, 0.05 mmol) in tolu-
ene (20 mL) was stirred at room temperature for 5 h. The same
workup as that in method (i) afforded 0.049 g (38%) of 6.

Preparation of [(η2-C70Pd)(dppet)]2 (7): A mixture of C70 (0.042 g,
0.05 mmol), [Pd(dba)2] (0.029 g, 0.05 mmol), and trans-dppet
(0.039 g, 0.10 mmol) in toluene (25 mL) was stirred at room tem-
perature for 1.5 h. The resulting mixture was filtered to give a
brown precipitate, which was purified by the method used for puri-
fication of 3 to afford 0.023 g (44%) of 7 as a dark-green solid.
M.p. � 300 °C. 1H NMR (300 MHz, CS2/CDCl3): δ = 7.15–7.67
(m, 44 H, 8 C6H5 + 4 CH) ppm. 31P NMR (121.48 MHz, CS2/
CDCl3, H3PO4): δ = 21.15, 22.77 (2s, 4 P) ppm. IR (KBr disk): ν̃
= 1432 (vs), 1129 (w), 1097 (m), 794 (m), 673 (s), 641 (w), 577 (m),
534 (s), 457 (s) (C70), 1567 (m), 967 (m) (C=C) cm–1. C192H44P4Pd2

(2687.2): calcd. C 85.82, H 1.65; found C 85.60, H 1.73.

Preparation of [(η2-C60Pt)(dppeda)] (8) and [(η2-C60Pt)2(dppeda)]
(10): A brown mixture of C60 (0.036 g, 0.05 mmol) and [Pt2(dba)3]
(0.028 g, 0.05 mmol) in toluene (25 mL) was stirred at room tem-
perature for 15 min, and then dppeda (0.043 g, 0.05 mmol) was
added to cause an immediate color change from brown to green.
The green mixture was stirred at room temperature for 5 h and was
then filtered to give a green filtrate and a green precipitate. Whereas
the green filtrate was treated by a procedure similar to that used in
the preparation of 1 to afford 0.025 g (28%) of 8, the precipitate
was purified by the method used for purification of 3 to afford
0.033 g (49%) of 10.

8: Green solid. M.p. 300 °C (dec.). 1H NMR (300 MHz, CS2/
CDCl3): δ = 2.37–2.45 (m, 4 H, NCH2CH2N), 3.35–3.47, 3.70–3.75
(2m, 8 H, 4 CH2P), 7.27–7.74 (m, 40 H, 8 C6H5) ppm. 31P NMR
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(121.48 MHz, CS2/CDCl3, H3PO4): δ = –27.68 (s, 2 P, 2 PPh2), 6.67
(t, JPt,P = 3575 Hz, 2 P, 2 PPt) ppm. IR (KBr disk): ν̃ = 1434 (s),
1184 (m), 577 (m), 526 (vs) (C60) cm–1. C114H52N2P4Pt (1768.7):
calcd. C 77.42, H 2.96, N 1.58; found C 77.49, H 2.77, N 1.72.

10: Green solid. M.p. 290 °C (dec.). 1H NMR (300 MHz, CS2/
CDCl3): δ = 2.28–2.33 (m, 4 H, NCH2CH2N), 3.39–3.42, 3.71–3.75
(2m, 8 H, 4 CH2P), 7.23–7.59 (m, 40 H, 8 C6H5) ppm. 31P NMR
(121.48 MHz, CS2/CDCl3): δ = 6.66 (t, JPt,P = 3571 Hz, 4 P) ppm.
IR (KBr disk): ν̃ = 1434 (s), 1184 (m), 577 (m), 526 (vs) (C60) cm–1.
C174H52N2P4Pt2 (2684.4): calcd. C 77.85, H 1.95, N 1.04; found C
77.75, H 2.04, N 1.11.

Preparation of [(η2-C60Pd)(dppeda)] (9) and [(η2-C60Pd)2(dppeda)]
(11): Similar to the preparation of 8 and 10, 0.021 g (25%) of 9 and
0.027 g (43%) of 11 were prepared from C60 (0.036 g, 0.05 mmol),
[Pd(dba)2] (0.029 g, 0.05 mmol), dppeda (0.043 g, 0.05 mmol), and
toluene (20 mL).

9: Green solid. M.p. 295 °C (dec.). 1H NMR (300 MHz, CS2/
CDCl3): δ = 2.30–2.34 (m, 4 H, NCH2CH2N), 3.54, 3.71 (2 br.s, 8
H, 4 CH2P), 7.13–7.63 (m, 40 H, 8 C6H5) ppm. 31P NMR
(121.48 MHz, CS2/CDCl3): δ = –28.01 (s, 2 P, 2 PPh2), 5.39 (s, 2 P,
2 PPd) ppm. IR (KBr disk): ν̃ = 1434 (s), 1184 (m), 578 (m), 526
(vs) (C60) cm–1. C114H52N2P4Pd (1680.00): calcd. C 81.50, H 3.12,
N 1.67; found C 81.70, H 3.16, N 1.69.

11: Green solid. M.p. 280 °C (dec.). 1H NMR (300 MHz, CS2/
CDCl3): δ = 2.29–2.34 (m, 4 H, NCH2CH2N), 3.57, 3.72 (2 br.s, 8
H, 4 CH2P), 7.09–7.65 (m, 40 H, 8 C6H5) ppm. 31P NMR
(121.48 MHz, CS2/CDCl3): δ = 5.55 (s, 4 P) ppm. IR (KBr disk): ν̃
= 1434 (s), 1183 (m), 576 (m), 527 (vs) (C60) cm–1. C174H52N2P4Pd2

(2507.1): calcd. C 83.36, H 2.09, N 1.12. found C 83.25, H, 2.08,
N 1.15.

Table 3. Crystal data and structural refinements details for 4
and 5.

4 5

Empirical formula C172H44P4Pd2·3C6H5Cl· C172H44P4PdPt·3C6H5Cl·
0.5C6H5Me·H2O C6H5Me

Formula mass 2848.49 2965.23
Crystal system monoclinic monoclinic
Space group P21/c P21/n
a [Å] 13.9731(13) 13.941(7)
b [Å] 13.6933(13) 13.638(7)
c [Å] 34.671(3) 32.772(16)
α [°] 90 90
β [°] 109.149(5) 94.634(10)
γ [°] 90 90
V [Å3] 6266.8(10) 6210(5)
Z 2 2
Dcalcd. [g cm–3] 1.510 1.586
μ (Mo-Kα) [mm–1] 0.469 1.454
Crystal size [mm] 0.26 × 0.20 × 0.16 0.32 × 0.20 × 0.16
F(000) 2874 2968
2θmax [°] 45.00 50.00
Unique reflections 18461 30013
Observed reflections 8160 10922
Index ranges –10 � h � 15 –15 � h � 16

–14 � k � 11 –15 � k � 16
–37 � l � 36 –38 � l � 35

Goodness of fit on F2 1.082 1.139
R 0.0803 0.1544
Rw 0.1855 0.3186
Largest diff. peak 0.886 and –0.804 1.086 and –1.513
and hole [e Å–3]
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X-ray Crystal Structure Determinations of 4 and 5: Single-crystals
of 4 and 5 suitable for X-ray diffraction analyses were obtained by
slow diffusion of hexane into their C6H5Cl/CS2 solutions at room
temperature. A single crystal of 4 or 5 was glued to a glass fiber
and mounted on a Bruker SMART 1000 automated diffractometer.
Data were collected using graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å) at room temperature in the ω–2θ scanning
mode. Absorption corrections were performed using the SADABS
method. The structures were solved by direct methods using the
SHELXS-97 program[25] and refined by full-matrix least-squares
techniques (SHELXL-97)[26] on F2. Hydrogen atoms were located
by a geometric method. All calculations were performed on a
Bruker Smart computer. Details of the crystals, data collections,
and structure refinements are summarized in Table 3. The calcula-
tions were performed using the TEXSAN crystallographic software
package.[27]

CCDC-232273 (for 4) and -232274 (for 5) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A novel RuII complex of [Ru(bpy)2(cpipH)](ClO4)2 (where bpy
= 2,2�-bipyridine, cpipH = 2-[4-(9H-carbazol-9-yl)phenyl]-
1H-imidazol[4,5-f][1,10]phenanthroline) was synthesized.
The binding of the complex to calf thymus DNA was investi-
gated with UV/Vis absorption and luminescence titrations,
steady-state emission quenching by [Fe(CN)6]4–, DNA com-
petitive binding with ethidium bromide, and thermal dena-
turation. The pH effects on the UV/Vis absorption and emis-
sion spectra of the complex were also studied, and the

Introduction

Over the past two decades ruthenium(ii) polypyridyl
complexes have attracted much attention with regard to
DNA interaction studies because of their potential applica-
tions as nonradioactive structural probes of nucleic acids,
in DNA cleaving, and as chemotherapeutic agents.[1,2] The
results have shown that the subtle changes in the molecular
structures of RuII complexes might bring about substantial
effects on binding modes, sites, and affinities, and provide
a chance to explore valuable information on conformation-
or site-specific DNA probes. The various factors of ligand
planarity, the charge carried on the complex, enantio-
selectivity, the formation of intramolecular hydrogen bond-
ing, and the hydrophobicity of ancillary ligands, etc., have
been effectively explored, but the new RuII complexes are
still needed to establish the DNA binding property-struc-
ture relationships.[1,2] On the other hand, the RuII com-
plexes that append protonatable/deprotonatable groups, e.g.
hydroxy, carboxyl and amino groups may respond sensi-
tively to the changes in environmental pH, providing a
chance to make pH sensing or switching molecular de-
vices,[3] and to greatly modulate their biological functionali-
ties.[4] The ruthenium(ii) complexes containing imidazole
groups have been well studied with respect to their interac-
tion with DNA[5–8] or reversible acid-base interconver-
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ground- and excited-state ionization constants were derived.
The results indicated that the complex intercalatively bound
to the DNA, with an intrinsic binding constant of
(8.2±0.8)×105 M–1 in buffered 50 mM NaCl, is stronger than
the parent complex, [Ru(bpy)2(pip)]2+ (pip = 2-phenylimid-
azo[4,5-f][1,10]phenanthroline), and its excited states are
0.7–0.8 pKa units more basic than those of the ground states.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sion.[6a,9–12] However, studies of the RuII complexes with
both the DNA-binding and acid-base interconversion prop-
erties remain relatively scarce. We have been interested in
the syntheses and studies of the acid-base and DNA bind-
ing properties of both mononuclear and dinuclear imid-
azole-containing RuII complexes.[6,13]

In this paper we wish to report on a novel RuII complex,
[Ru(bpy)2(cpipH)](ClO4)2, in which cpipH was synthesized
by grafting an N-substituted carbazole group to 2-phenyl-
imidazo[4,5-f][1,10]phenanthroline (pip). Attention was
paid to the effects of the peripheral carbazole group on the
acid-base and DNA binding properties of this complex by
comparison with the parent complex, [Ru(bpy)2(pip)]2+.
2,2�-Bipyridine (bpy) was chosen as the ancillary ligand for
the complex since the “parent” complex [Ru(bpy)3]2+ was
reported to bind extremely weakly to double-stranded
DNA.[14] Hence, it is reasonable for us to examine the “in-
spected” ligand on the DNA binding properties of the com-
plex. We demonstrate here the interesting findings regard-
ing this novel RuII complex, [Ru(bpy)2(cpipH)]2+, interca-
lated to the DNA with a binding constant of
(8.2±0.8)×105 m–1 in buffered 50 mm NaCl, which is
greater than that for [Ru(bpy)2(pip)]2+. The excited states
of this new complex are 0.7–0.8 pKa units more basic than
those of the ground states.

Results and Discussion

Synthesis and Common Spectral Characteristics

The synthetic route to the complex is summarized in
Figure 1. CpipH was synthesized by coupling 1,10-phenan-
throline-5,6-dione with 4-(carbazol-9-yl)benzaldehyde ac-
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cording to protocols reported by Steck and Day.[15] The
complex [Ru(bpy)2(cpipH)](ClO4)2 was synthesized by di-
rect reaction of Ru(bpy)2Cl2·2H2O with cpipH in EtOH/
H2O (4:1, v/v), and purified by column chromatography on
silica gel with CH3CN/H2O/saturated aqueous KNO3

(400:7:1, v/v/v) as eluent. The complex was obtained in sat-
isfactory purity, which was verified by elemental analysis
and 1H NMR spectroscopy.

Figure 1. The synthetic route to the RuII complex.

The complex, in aqueous solution, showed the lowest-
energy metal-ligand charge transfer (MLCT) transition ab-
sorption band at 462 nm. The energy in the MLCT band
increased in the order: [Ru(bpy)2(cpipH)]2+ (462 nm) �
[Ru(bpy)2(pip)]2+ (458 nm) � [Ru(bpy)2(ip)]2+(455 nm).[5a]

The high-energy absorption bands at 285 and 338 nm are
attributed to the intraligand (IL) π-π* transition by com-
parison with those of [Ru(bpy)3]2+.[16] The order of energies
in the IL bands parallels that of the MLCT bands: [Ru-
(bpy)2(cpipH)]2+ (285 nm) � [Ru(bpy)2(pip)]2+ (283 nm) �
[Ru(bpy)2(ip)]2+(280 nm), indicating enhanced π delocaliza-
tion upon grafting carbazole to [Ru(bpy)2(pip)]2+. The
complex, in TRIS buffer at room temperature, was strongly
emitting under visible light excitation at 465 nm with emis-
sion maxima occurring at 608 nm, which is characteristic
of MLCT luminescence,[17] and is assigned to the 3MLCT
[dπ(Ru) � π* (ligand)] state. An emission quantum yield
for the complex in aerated H2O was determined to be
0.0497 by comparison with [Ru(bpy)3]2+ (φstd = 0.033) in
aerated aqueous solution.[18,19] The MLCT emission max-
ima were bathochromically shifted on going from [Ru-
(bpy)2(cpipH)]2+ to [Ru(bpy)2(ip)]2+: [Ru(bpy)2(cpipH)]2+

(λem = 608 nm) � [Ru(bpy)2(pip)]2+ (λem = 615 nm) �
[Ru(bpy)2(ip)]2+(λem = 625 nm).[5a]

DNA-Binding Studies

UV/Vis Spectra

The electronic absorption spectra traces of the complex
that was titrated with DNA are given in Figure 2. With in-
creasing DNA concentrations, the hypochromisms for the
bands at 285, 338 and 462 nm were found to be 54.2%,
37.3% and 23.7%, respectively, and the bathochromisms
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were found to be 4, 2 and 6 nm, respectively. The hypochro-
mism of 23.7% for the MLCT band for the complex is
larger than 15.5% for [Ru(bpy)2(ip)]2+ and 21.9% for
[Ru(bpy)2(pip)]2+.[5a] The hypochromism observed for the
IL transition of 54.2% (285 nm) for our complex appreci-
ably prevailed over the 3.8% (280 nm) observed for
[Ru(bpy)2(ip)]2+ and 20% (283 nm) for [Ru(bpy)2(pip)]2+.[5a]

The spectroscopic changes suggest that the complex has a
stronger interaction with DNA than [Ru(bpy)2(ip)]2+ and
[Ru(bpy)2(pip)]2+.

Figure 2. UV/Vis absorption spectra of the RuII complex (4.6 μm),
in the absence and presence of increasing concentrations of ct-
DNA (0–25 μm).

To further illustrate the binding strength of the complex
quantitatively, the intrinsic DNA binding constant of the
complex was determined by monitoring the changes in ab-
sorbance at 285 nm with increasing concentrations of
DNA, according to Equation (1),[20] where [DNA] is the
concentration of DNA in base pairs; the apparent absorp-
tion coefficients εa, εf and εb correspond to the extinction
coefficients at a given DNA concentration, the free complex
in solution and the complex that is fully bound to DNA,
respectively; and Kb is given by the ratio of the slope to the
intercept.

[DNA]/(εa – εf) = [DNA]/(εb – εf) + 1/Kb(εb – εf) (1)

An intrinsic binding constant was derived to be
(8.2±0.8)×105 m–1 for [Ru(bpy)2(cpipH)]2+, and ca. twice
that for [Ru(bpy)2(pip)]2+ (4.7×105 m–1).[20] The hypochro-
mism (H%) and the intrinsic DNA binding constant of
[Ru(bpy)2(cpipH)]2+ are compared with those reported for
representative DNA intercalators in Table 1. The Kb value
of the complex is larger than those for most of the DNA
intercalators collected in Table 1, while smaller than those
for the strong DNA intercalators of Δ-[Ru(phen)(dppz)]2+

(3.2×106 m–1), Λ-[Ru(phen)(dppz)]2+ (1.7×106 m–1)[21] and
[Ru(bpy)2(ebipcH2)(bpy)2Ru]2+ (1.3×106 m–1).[6a] The H%
value listed in Table 1 for [Ru(bpy)2(cpipH)]2+ is even larger
than those for the typical DNA intercalators mentioned
above. The large hypochromism and clear red shifts, as well
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Table 1. A comparison of DNA binding data for [Ru(bpy)2(cpipH)]2+ with those for analogous Ru(ii) complexes.

Complex[a] Hypochromism[b] Kb ×105 R[c] Ref.
Hb/% (λmax/nm) [m–1]

[Ru(bpy)2(ip)]2+ 15.5 (455) – 0.25 [5a]

[Ru(bpy)2(pip)]2+ 21.9 (458) 4.7 0.051 [5a,20a]

[Ru(bpy)2(taptp)]2+ 34.8 (248) 1.7 �0 [20a]

[Ru(bpy)2(ipbp)]2+ 17.4 (458) 0.42 3.43 [20b]

[Ru(bpy)2(cpipH)]2+ 54.2 (285) 8.2 0.0093 this work
[Ru(bpy)2(ebipcH2)(bpy)2Ru]2+ 36.6 (288) 13.1 �0 [15]

Δ-[Ru(phen)2(dppz)]2+ 32.1 (372) 32 – [21]

Λ-[Ru(phen)2(dppz)]2+ 29.8 (372) 17 – [21]

[a] ip = imidazo[4,5-f][1,10]phenanthroline; pip = 2-phenylimidazo[4,5-f][1,10]phenanthroline; taptp = 4,5,9,18-tetraazaphen-
anthreno[9,10-b]triphenylene; ipbp = 3-(1H-imidazo[4,5-f][1,10] phenanthrolin-2-yl)-4H-1-benzopyran-4-one; ebipcH2 = N-ethyl-4,7-
bis([1,10]phenanthroline[5,6-f]imidazo-2-yl)carbazole; dppz = dipyrido[3,2-a:2�,3�-c]-phenazine. [b] The maximum hypochromism selected
from the UV/Vis absorption peaks. [c] R is the ratio of the Stern–Volmer quenching constant by using [Fe(CN)6]4– as the quencher, and
obtained from the ratio of the presence of DNA to that obtained in the absence of DNA.

as a relatively large Kb value observed for the interaction
of the RuII complex with the DNA, indicate that complex
[Ru(bpy)2(cpipH)]2+ might bind to the DNA by intercal-
ation.

Luminescence Studies

Steady-state emission quenching experiments for the
complex, using [Fe(CN)6]4– as the quencher, further support
the intercalation interaction. As illustrated in Figure 3, in
the absence of DNA, the emission of [Ru(bpy)2(cpipH)]2+

is efficiently quenched by [Fe(CN)6]4–, resulting in a slope
of 92.6 for a linear Stern–Volmer plot, but in the presence
of DNA the slope of the quenching plot decreases remarka-
bly to 0.49. The positively charged free complex ions should
be readily quenched by [Fe(CN)6]4–, but when bound to
DNA, the complex can be protected from the quencher be-
cause the highly negatively charged [Fe(CN)6]4– would be
repelled by the negative DNA phosphate backbone, hinder-
ing quenching of the emission of the bound complex. A
ratio (R) of Stern–Volmer quenching constants, using
[Fe(CN)6]4– and obtained from the ratio of the presence of
DNA to that of the absence of DNA, can be taken as a
measure of the binding affinity. A large R value corre-
sponds to a poorer protection and a weaker binding to
DNA. As anticipitated, an R value of 0.0093 found for the
complex we studied in this paper, is smaller than a value
0.051 reported for [Ru(bpy)2(pip)]2+, and 0.25 for [Ru(bpy)2-
(ip)]2+,[5a] providing further evidence that the binding af-
finity to the DNA is in the order of [Ru(bpy)2(cpipH)]2+ �
[Ru(bpy)2(pip)]2+ � [Ru(bpy)2(ip)]2+,[5a] and the interaction
mode between the complex and the DNA is intercalative.

The fluorescence of ethidium bromide (EB) itself in
aqueous solution is very weak, but when it intercalates be-
tween adjacent DNA base pairs of double-stranded DNA
(Kb = 1.4×106 m–1),[22] the fluorescence is greatly enhanced.
If a second DNA intercalator is added to the EB–DNA
system, it will compete with EB for the DNA binding site,
and the fluorescence of the EB–DNA system will be
quenched.[23,24] So, the quenching extent of fluorescence of
the EB–DNA system can reflect the DNA binding strength
of the second molecule. Otherwise, if the second added
molecule is not a DNA intercalator, its addition will not

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 430–436432

Figure 3. Emission quenching of the RuII complex with increasing
concentrations of [Fe(CN)6]4– in the absence (�) and presence (�)
of ct-DNA:[Ru] = 4.6 μm, [DNA]/[Ru] = 9.

cause the evident reduction in emission intensities of the
EB–DNA system. The changes in the emission spectra of
the EB–DNA system in the absence and presence of the
complex are shown in Figure 4. The emission of the EB–
DNA system was efficiently quenched by the complex, re-
sulting in a linear Stern–Volmer plot according to Equa-
tion (2), where I0 and I represent the fluorescence intensities
in the absence and presence of complex, respectively; K is a
linear Stern–Volmer quenching constant dependent on the
ratio of the bound concentration of EB to the concentration
of DNA; and r is the ratio of the total concentration of the
complex to that of DNA ([Ru]/[DNA]).

I0/I = 1 + Kr (2)

As shown in the inset of Figure 4, the Stern–Volmer plot
has of a slope of K = 6.17, which is larger than 2.72 for
[Ru(dmp)2(obpip)]2+ (dmp = 2,9-dimethyl-1,10-phenan-
throline; obpip = 2-(2-bromophenyl)imidazo[4,5-f]-1,10-
phenanthroline), and 5.98 for [Ru(dmp)2(pbip)]2+(pbip =2-
(4-bromophenyl)imidazo[4,5-f]-1,10-phenanthroline),[25]

but smaller than a K value of 19.3 for [Ru(bpy)-
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Figure 4. Emission quenching of the EB–DNA system with in-
creasing concentration of the RuII complex. [EB] = 20 μm, [DNA]
= 100 μm, [Ru]:[DNA] = 0–0.25.

(pp[2,3]p)2]2+ (bpy = 2, 2�-bipyridine, pp[2,3]p = pyr-
ido[2�,3�:5,6]pyrazino[2,3-f][1,10]phenanthroline), and 31.2
for [Ru(phen)(pp[2,3]p)2]2+ (phen = 1,10-phenan-
throline).[13a] From the data in Figure 4, we also know
that 50% of EB was replaced by [Ru(bpy)2-
(cpipH)]2+ from the DNA bound EB at a concentration
ratio of [Ru]/[EB] � 0.8. Hence, an apparent DNA binding
constant of 1.8×106 m–1 was derived [Kb(EB)/0.8].

Thermal Denaturation Studies

The thermal melting study of the DNA is a technique
used to evaluate the stability of a DNA double helix. When
a complex intercalates into DNA base pairs, the base stack-
ing will be more stable and hence the melting temperature
of the double-stranded DNA will rise. So the DNA melting
temperature (Tm) is useful in establishing the extent of inter-
calation.[26] The melting curves of ct-DNA in the absence
and presence of the complex are presented in Figure 5. Tm

of ct-DNA was found to be 66.3 °C. In the presence of the
complex at a concentration ratio [Ru]/[DNA] = 1:10, Tm of
ct-DNA was raised to 73.5 °C. The large increase of 7.2 °C
in Tm is comparable to that observed for a classical DNA
intercalator.[22–29]

The DNA intrinsic binding constant at 73.5 °C can be
obtained from the McGhee equation [Equation (3)], where
Tm

0 is the melting temperature of ct-DNA alone, Tm is the
melting temperature in the presence of the RuII complex,
ΔH is the enthalpy of DNA (per base pair), R is the gas
constant, K is the DNA binding constant at Tm, L is the
free complex concentration (approximated at the Tm by the
total complex concentration), and n is the size of the bind-
ing site.

1/Tm
0 – 1/Tm = (R/ΔH)ln(1 + KL)1/n (3)

For the ct-DNA used in these studies, under identical
solution conditions, a melting enthalpy of 6.9 kcalmol–1

was determined by differential scanning calorimetry.[30]
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Figure 5. Melting curves of ct-DNA in the absence (�) and pres-
ence (�) of the RuII complex. [Ru] = 5.8 μm, [DNA] = 58 μm.

And on the basis of the neighbor exclusion principle the n
value for the complex was assumed to be 2.0 base pairs. As
a result K was calculated to be 9.14×104 m–1 at 73.5 °C. As
the complex binds to ct-DNA, the changes in standard en-
thalpy, standard entropy and standard free energy can be
determined according to Equations (4), (5), and (6), where
K1 and K2 are the DNA intrinsic binding constants of the
complex at temperature T1 and T2, respectively; ΔG°, ΔH°,
and ΔS° are the corresponding standard free energy change,
standard enthalpy change and standard entropy change,
respectively.

ln(K1/K2) = (ΔH°/R)(T1 – T2)/T1T2 (4)

ΔG°
T = –RTlnK (5)

ΔG°
T = ΔH° – TΔS° (6)

By substituting K1 = 8.21×105 m–1 (T1 = 298 K) and K2

= 9.14×104 m–1 (T2 = 346.5 K) into Equations (4)–(6), the
values of ΔH°, ΔG°

298 and ΔS° were found to be –
38.9 kJmol–1, –33.8 kJmol–1 and –17.1 Jmol–1 K–1 at 25 °C,
respectively. The negative ΔG° value suggests that the en-
ergy of the adduct is lower than the sum of the energies of
the free complex and DNA. The negative ΔH° suggests that
the binding of the complex to DNA at 25 °C is exothermic
and enthalpically driven.

Spectrophotometric pH Titrations

UV/Vis Absorption Spectra

As shown in Figure 6, [Ru(bpy)2(cpipH)]2+ underwent
two successive deprotonation processes upon increasing the
pH from –0.08 to 11.23. When the pH was increased from
0.10 to 3.73, the bands at 286 and 342 nm increased in in-
tensity and an isosbestic point appeared at 360 nm. These
spectral changes resulted from the dissociation of the pro-
ton on the protonated imidazole ring. The second depro-
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tonation step, which takes place over the pH range of 7.00–
10.45, is assigned to the deprotonation of the proton on the
neutral imidazole ring, accompanying the following spectral
features: the band at 342 nm and the wave valley at 490 nm
increase, and the band at 286 nm is red-shifted from 286 nm
to 289 nm without any changes in the intensities. The
changes in absorbance at the fixed wavelengths as a func-
tion of pH are shown in the insets of Figure 6. Two ground-
state ionization constants of pKa1 = 0.31±0.06, pKa2 =
8.24±0.03 were obtained by nonlinear sigmoidal fits of the
data, shown in the insets of Figure 6(a) and Figure 6(b).
As compared with the two ionization constants of the
protonated imidazole ring on some representative RuII

analog complexes, the complex we studied in this paper
is more acidic than [Ru(bpy)2(ip)]2+ (pKai = 1.97,
10.46) and [Ru(bpy)2(ebipcH2)(bpy)2Ru]2+ {ebipcH2 =
N-ethyl-4,7-bis([1,10]phenanthroline[5,6-f]imidazo-2-yl)-
carbazole} (pKai = 4.16, 9.65).[6a,10]

Figure 6. The changes of electronic absorption spectra of the RuII

complex upon raising the pH: (a) pH = –0.08 to 3.73; (b) pH =
6.21 to 10.45.
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Luminescence Spectroscopic Studies

As shown in Figure 7, the emission spectra of the com-
plex are sensitive to pH. When the pH is increased from
0.10 to 3.31, the emission maxima are blue-shifted from 628
to 613 nm and the intensities decrease by about 13.9%. As
the pH increases from 6.21 to 10.45, the emission maxima
become red-shifted from 610 to 622 nm, and the intensities
decrease by about 38.1%. The insets of Figure 7, which are
the changes of relative emission intensities vs. pH, clearly
show that the profiles consist of two sigmoidal curves of
opposite gradients, indicative of two deprotonation pro-
cesses. This is the same result as that described in the sec-
tion on UV/Vis absorption spectral titrations. The proton-
ation/deprotonation processes are summarized in Figure 8.

Figure 7. The changes in the emission spectra of the RuII complex
upon raising the pH: (a) pH = 0.10–3.31; (b) pH = 6.21–10.45.

Excited-state ionization constants, pKa*, could be
roughly evaluated on the basis of the Förster cycle,[3] which
thermodynamically correlates pKa* with pKa according to
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Figure 8. The acid–base equilibria of the RuII complex.

Equation (7), where νB and νHB are pure 0–0 transitions in
cm–1 for the basic and acidic species, respectively.

pKa* = pKa + (0.625/T)(νB – νHB) (7)

In practice, νB and νHB are often difficult or even imposs-
ible to obtain. A good approximation is obtained by using
the emission maxima for νB and νHB, since protonation
equilibrium is almost certainly established between the
3MLCT states.[18]

By using the emission band maxima from both the pro-
tonated and deprotonated forms of the ruthenium complex
for νB and νHB in Equation (7), two pKa* values of pKa1*
= 1.1±0.1 and pKa2* = 8.9±0.1, were obtained. The ex-
cited state pKa* values are 0.7–0.8 pKa units more basic
than the respective ground-state ones, indicating that the
excited electron was delocalized on the cpipH moiety rather
than on that of the bpy moiety.

Conclusions

In summary, a newly synthesized RuII complex of
[Ru(bpy)2(cpipH)](ClO4)2 was demonstrated to be a DNA
intercalator by evident hypochromism and clear batho-
chromic shifts of the band at 286 nm, and protection from
emission quenching by [Fe(CN)6]4– upon binding to the
DNA, as well as comparable competitive binding to the
DNA with the proven DNA intercalator EB and the large
increase of 7.2 °C in the melting temperature of the double-
stranded DNA at a concentration ratio [Ru]/[DNA] = 1:10.
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Its interesting DNA-binding and pH responsive spectro-
scopic properties make it attractive for applications involv-
ing molecular optical devices.

Experimental Section
Physical Measurements: Elemental analyses were performed with a
Vario EL elemental analyzer. Infrared spectra were measured with
a Nicolet–Avatar 360 FT-IR spectrometer using KBr disks. 1H
NMR spectra were obtained with a Bruker DRX-500 spectrometer.
UV/Vis absorption spectra were determined with a GBC Cintra 10e
UV/Vis spectrophotometer. Emission spectra were recorded with a
Shimadzu RF-5301PC spectrofluorimeter. The interaction of the
complex with DNA was conducted in buffer A (5 mm TRIS, 50 mm

NaCl, pH = 7.1). A solution of ct-DNA gave ratios of UV ab-
sorbance at 260 and 280 nm of about 1.8–1.9:1 indicating that the
DNA was sufficiently free of protein. The DNA per nucleotide was
determined spectrophotometrically by assuming ε260 =
6600 m–1 cm–1. Thermal denaturation experiments of the DNA were
performed on a GBC Cintra 10e UV/Vis spectrophotometer in
Buffer B (1.5 mm Na2HPO4, 0.5 mm NaH2PO4, 1 mm Na2EDTA).
Using the thermal melting program, the temperature of the cell
containing the cuvette was increased from 50 °C to 90 °C and the
absorbance at 260 nm was measured every 0.5 °C. The data were
smoothed at 0.5 °C intervals with a filter of 5, and the derivative
of the resulting curve was taken at a data interval of 0.5 °C. The
pH effects on the UV/Vis and emission spectra of the complex were
carried out in DMF/Britton–Roberson buffer (4 mm H3BO3, 4 mm

H3PO4, 4 mm CH3COOH) (1:1, v/v).

Materials: 4-(Carbazol-9-yl)benzaldehyde,[31] 1,10-phenanthroline-
5,6-dione[32] and cis-Ru(bpy)2Cl2·2H2O[33] were prepared according
to literature methods.

2-[4-(9H-Carbazol-9-yl)phenyl]-1H-imidazol[4,5-f][1,10]phenanthro-
line (cpipH):[34] A solution of 1,10-phenanthroline-5,6-dione
(0.21 g, 1 mmol), 4-(carbazol-9-yl)benzaldehyde (0.27 g, 1 mmol),
and ammonium acetate (1.62 g, 21 mmol) dissolved in acetic acid
(30 mL) was refluxed at 110 °C for 5 h under nitrogen. The solution
was cooled to room temperature, and H2O (60 mL) was added.
The suspension was then neutralized with concentrated aqueous
ammonia. The yellow precipitate that formed was washed with
water, dichloromethane and ethanol, and then dried at 100 °C in
vacuo. Yield 0.185 g (40%). IR (KBr): ν̃max = 3435 (s), 1610 (m),
1525 (m), 1482 (m), 1452 (s), 1352 (m), 739 (s), 720 (m) cm–1. 1H
NMR ([D6]DMSO): δ = 13.95 (s, 1 H), 9.07 (s, 2 H), 8.98 (d, J =
7.7 Hz, 2 H), 8.59 (d, J = 8.4 Hz, 2 H), 8.30 (d, J = 7.8 Hz, 2 H),
7.94 (d, J = 8.4 Hz, 2 H), 7.88 (m, 2 H), 7.56 (d, J = 8.2 Hz, 2 H),
7.50 (t, J = 7.3 Hz, 2 H), 7.35 (t, J = 7.2 Hz, 2 H) ppm.
C31H19N5·0.2C2H5OH (470.7): calcd. C 80.13, H 4.29, N 14.87;
found C 81.90, H 4.61, N 14.63.

Caution! All the perchlorate salts are potentially explosive and there-

fore should be handled in small quantities with care.

[Ru(bpy)2(cpipH)](ClO4)2: A mixture of cis-[Ru(bpy)2Cl2]·2H2O
(0.052 g, 0.1 mmol), cpipH·0.2C2H5OH (0.046 g, 0.98 mmol), etha-
nol (8 mL), and H2O (2 mL) was refluxed at 100 °C for 9 h under
nitrogen. The solution was cooled to room temperature and was
filtered to remove the insoluble substance. An orange precipitate
was obtained by dropwise addition of a fourfold excessive of aque-
ous NaClO4 solution. The product was purified by column
chromatography on silica gel with CH3CN/H2O/saturated aqueous
KNO3 (400:7:1, v/v/v) as eluent followed by reprecipitation with
aqueous NaClO4 solution. Red crystals were obtained. Yield
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0.064 g (60%). C51H35Cl2N9O8Ru (1073.9): calcd. C 57.04, H 3.28,
N 11.92; found C 56.60, H 3.55, N 11.86. IR (KBr): ν̃max = 3431
(s), 1624 (m), 1603 (m), 1479 (m), 1447 (s), 1359 (w), 1121 (s), 1090
(s), 754 (m), 726 (m), 623 (s) cm–1. 1H NMR ([D6]DMSO): δ =
14.55 (s, 1 H), 9.15 (t, J = 9.1 Hz, 2 H), 8.90 (d, J = 8.2 Hz, 2 H),
8.87 (d, J = 8.2 Hz, 2 H), 8.62 (d, J = 8.4 Hz, 2 H), 8.32 (d, J =
7.8 Hz, 2 H), 8.24 (t, J = 7.9 Hz, 2 H), 8.13 (t, J = 7.8 Hz, 2 H)
8.11 (d, J = 5.2 Hz, 2 H), 8.02 (d, J = 8.4 Hz, 2 H), 7.97 (m, 2 H),
7.87 (d, J = 5.4 Hz, 2 H), 7.66 (s, 2 H), 7.60 (m, 4 H), 7.51 (t, J =
7.6 Hz, 2 H), 7.37 (m, 4 H) ppm.
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Ionic liquids are currently attracting considerable interest
from chemists, partly due to their potential as “green” alter-
natives to volatile molecular organic solvents. Phosphonium
ionic liquids have received much less attention than ammo-
nium salts in the past, but the situation is changing. The salts
are applied in the liquid state but in this work, salts with
higher melting points than is generally the case are investi-
gated. They are solid at room temperature, thus enabling fac-
ile separation of liquid reaction products. Nine triphenyl-

Introduction

Although ionic liquids were first described as long ago
as 1914,[1] it is only relatively recently that they have re-
ceived much attention from chemists.[2–5] The last few dec-
ades have witnessed increased application, initially as media
for organic synthesis and later on with multiple uses. A
number of properties make ionic liquids particularly suited
to application as solvents; they have high thermal stability,
low vapour pressure and the ability to dissolve a large range
of inorganic, organic and polymeric materials. In addition,
they have a wide liquid range and are relatively cheap and
easy to prepare.

The terms “ionic liquid” and “room temperature ionic
liquid” often refer to ionic salts with melting points below
ca. 100 °C. Many ionic liquids studied to date fall within
this category and, in particular, salts containing quaternary
nitrogen cations have been investigated extensively. A
number of phosphonium salts also fall within this low melt-
ing point class. A factor in the growing interest in these
materials is their potential as “green” alternatives to mol-
ecular organic solvents; replacement of volatile organic sol-
vents by ionic liquids, which are involatile, would signifi-
cantly reduce their detrimental impact on the environment.
This aspect will undoubtedly become increasingly impor-
tant as the level of awareness and concern for the habitat
intensifies.

Although phosphonium salts have attracted much less
interest in the literature than quaternary nitrogen salts to
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phosphonium tosylates have been prepared and character-
ised; their crystal structures have been determined and their
melting points have been scrutinized, showing some sensitiv-
ity to the duration of drying. The structural information is
expected to be invaluable in the understanding of the prop-
erties of the molten state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

date, their potential as ionic solvents has been recognized
for a long time. For example, the first palladium-catalysed
reaction in an ionic liquid was carbon–carbon coupling in
tributylhexadecylphosphonium bromide.[6] Tetrabutylphos-
phonium halides (TBPHs) featured prominently in the ear-
lier application of phosphonium salts as ionic solvents. One
of the first reported uses of a phosphonium salt as a solvent
in an organic reaction was of TBPHs in regioselective o-
alkylation leading to an efficient and recyclable catalytic
system.[7] Several years earlier, in 1981, TBPHs had been
used in the ruthenium-catalysed hydrogenation of carbon
monoxide to ethyleneglycol.[8] Hydroformylation of olefins
in TBPHs and other quaternary phosphonium salts has
also been demonstrated.[9,10] Interest in application as alter-
native solvents and co-catalysts continues to grow.[11]

In this investigation, we consider triphenylphosphonium
salts with higher melting points than conventional ionic li-
quids, focusing exclusively on the tosylates shown in
Scheme 1. The efficacy of some of the tosylates has already
been demonstrated. The first reported use of a phospho-
nium molten salt with a tosylate counterion was as the sol-
vent for catalytic hydroformylation of hex-1-ene to heptanal
and 2-methylhexanal using 1, 3, 5 and 9.[12] This established
that alteration of the substituents in the cation could affect
product distribution. Diels–Alder reactions of isoprene with
methyl acrylate, but-3-en-2-one and acrylonitrile have also
been performed in phosphonium tosylates, including 1, 3, 5
and 9.[13] The results indicate that product selectivity varies
with cation substituent and also that the solvents are more
suitable for the reactions of oxygen-containing dienophiles
than for nitrogenous ones, showing high regioselectivity.
Phosphonium salts including 1 and 9 have also been re-
ported to be good co-catalysts for the Baylis–Hillman reac-
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tion with the results showing that neither modification of
the cation substituents nor a change in the anion has a
major effect on the yield.[14] The tosylates have also been
used in rhodium-catalysed transfer hydrogenation of aceto-
phenone.[15]

Scheme 1. The phosphonium tosylates under investigation.

In addition to the general properties of ionic liquids men-
tioned above, phosphonium salts have a number of other
advantages. They can be prepared without halide contami-
nation and therefore be used with no adverse effect on me-
tal catalysts. They are also more thermally stable than qua-
ternary nitrogen salts and thus can be applied under more
demanding reaction conditions. The tosylates are relatively
inexpensive, easily available, noncorrosive and are stable in
air as well as in moisture. A high melting point has been
found to be beneficial for the following reason. At the reac-
tion temperature (above the melting point of the salt), the
phosphonium salts act as solvents (for catalysts and rea-
gents), allowing homogeneous conditions. On cooling, the
salts crystallise out and trap the catalyst thereby enabling
easy separation of liquid products. For example, in the hy-
droformylation,[12] Diels–Alder[13] and hydrogenation[15] re-
actions mentioned above, product separation involved fil-
tration or decantation of the liquid organic product. The
catalyst system or ionic solvent was subsequently reusable.

The growing interest in these materials as well as their
potential as alternatives to other ionic and volatile organic
solvents makes more fundamental research into their prop-
erties imperative. The properties of triphenylphosphonium
salts can be affected by a change in the nature of both cat-
ion and anion; as a consequence, solvents can be tailor-
made for a specific reaction by tuning their properties. For
this to be achievable, the correlation between the physico-
chemical properties of the solvents and the molecular struc-
ture needs to be established.[4] This is a sizeable challenge
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as the number of available cations and anions is immense.
Any investigation, therefore, needs to be performed system-
atically.

Melting points, which are an indication of the lower tem-
perature limit of application of ionic solvents, can be related
to the crystal structures and are looked at in some detail in
this study. However, ionic salts are applied in the liquid
state, where the challenge is to understand properties such
as viscosity and ion diffusion. The more ordered crystalline
state can provide important information (such as molecular
geometry, intra- and intermolecular contacts) to assist in
the process of beginning to understand and possibly model
the properties of the liquid state. This is a realistic approach
as shown by studies of imidazolium ionic liquids in which
a correlation has been found between the structural proper-
ties of the solid state and those of the liquid state.[16–20] To
the best of our knowledge, no structural information has
been published for any triphenylphosphonium tosylates. An
aim of this study has been to obtain this information, and
to this end, the salts shown in Scheme 1 have been synthe-
sised and characterised.

Results and Discussion

Melting Points

Melting points are invaluable in the characterisation of
materials. In the case of ionic liquids, accurate melting
points (along with boiling points and decomposition tem-
peratures) are essential as they give an indication of the
range of application. Melting points are also sensitive to
the purity of the material – an important consideration as
impurities may change the nature of ionic solvents. The
melting points determined during this study are shown in
Table 1. The “initial” values in the Table were obtained af-
ter sample preparation and some showed significant devia-
tions from previously reported values. There were also some

Table 1. Melting points (Tmp) for the triphenylphosphonium tosyl-
ates.

Tmp [°C]Salt n

initial after additional drying literature

– 0 – – 137–139[21]

147–149[22]

1 1 118–120 139–141 94–95[12]

82–83[21]

2 2 142–143 143–145 141–143[21]

3 3 130–131 132–134 116–117[12]

139–140[21]

4 4 120–122 123–125 –
5 7 – 129–131[a] 70–71[12]

70–78[21]

– 9 – – 94–96[23]

6 154–156 164–166 –
7 173–175 175–176 –
8 – – –
9 74–76 74–75 81–83[12]

[a] Solvate.
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discrepancies between the various reports,[12,21–23] and
hence further examination was undertaken.

The initial samples were rinsed using a volatile solvent
and did not appear to be wet, but additional drying was
found to raise the melting points significantly for some. The
drying process was repeated until no further change was
observed. Thus, for example, the melting point of 1 rose
from 118–120 °C to 139–141 °C on storage under vacuum
for several days and that of 6 increased from 154–156 °C to
164–166 °C under the same treatment. With the exception
of 5, which is a solvate, none of the analytical techniques
indicated the presence of significant amounts of solvent in
the initial samples and powder X-ray diffraction confirmed
that no observable change in phase or crystallinity occurred
during the drying process.

The final values of melting points obtained are also
shown in Table 1. One literature value for 3 and that for 9
are significantly higher than the final values from this study,
suggesting that even higher melting points might be ob-
tained by further treatment. The final values from this
study, along with the literature values for the n-alkyltri-
phenylphosphonium tosylates, are plotted in Figure 1. The
need for reliable values is clearly illustrated by 1. Going
by the previously reported melting point, 1 falls within the
conventional definition of ionic liquids (i.e. m.p. � 100 °C),
whereas a considerably higher value has been obtained dur-
ing this study. It is noted in passing, however, that 1, 3 and
5 have been used at temperature as low as 80 °C, 40 °C and
60 °C[13] respectively although the melting points obtained
for the pure phases are ca. 140 °C, 133 °C and 130 °C,
respectively. This is attributable to the “impurity” effect of
the reagents on the ionic solvents.

Table 2. Crystallographic data for the alkyltriphenylphosphonium tosylates.

Salt 1 2 3 4 5

Formula C20H20P+ C7H7O3S– C21H22P+ C7H7O3S– C22H24P+ C7H7O3S– C23H26P+ C7H7O3S– C26H32P+ C7H7O3S–

CH2Cl2
FW 462.52 476.54 490.57 504.59 631.60
T [K] 296 296 296 296 296
λ [Å] 0.71069 0.71069 0.71069 1.54178 1.54178
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/c P21/a P21/a P21/a
a [Å] 13.663(2) 8.7830(8) 12.672(1) 12.6695(5) 12.782(3)
b [Å] 12.695(2) 16.244(2) 17.227(2) 17.2562(7) 17.906(4)
c [Å] 13.811(2) 17.643(2) 12.451(2) 12.6892(5) 15.554(4)
β [°] 90.967(5) 93.975(4) 97.426(9) 98.347(2) 104.553(7)
V [Å3] 2395.2(7) 2511.0(4) 2695.1(5) 2744.82(19) 3446(1)
Z 4 4 4 4 4
Dcalcd. [Mg·m–3] 1.283 1.261 1.209 1.221 1.218
μ [mm–1] 0.228 0.220 0.207 1.819 2.940
F(000) 976 1008 1040 1072 1336
Crystal size [mm] 0.50×0.15×0.10 0.50×0.15×0.10 0.10×0.08×0.01 0.34×0.10×0.04 0.24×0.12×0.06
Total reflections 13305 12967 12939 27287 8675
Unique reflections 4380 4319 4377 4917 2313
Rint 0.042 0.034 0.065 0.096 0.094
S 1.048 1.047 1.047 1.007 1.037
R1 [I � 2σ(I)] 0.052 0.054 0.063 0.045 0.096
wRp 0.123 0.136 0.089 0.097 0.26
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Figure 1. Melting points for the alkyltriphenylphosphonium tosyl-
ates.

Incorporation of solvent of crystallisation is clearly a
consideration when selecting a salt for use as a solvent. Un-
like the other samples investigated, the structure of 5 (n =
7) included the solvent (dichloromethane). Two values have
been reported previously for the melting point of 5, and it
is noteworthy that although they are close to each other,
the range is quite large for one (8 °C). If an assumption is
made that melting points decrease gradually with increasing
n for nonsolvated triphenylphosphonium tosylates (the
dashed line in Figure 1), then a possible discrepancy is ap-
parent for 5, with the reported values falling well below that
predicted.

The DSC results obtained indicate that endothermic pro-
cesses occur at temperatures consistent with the melting
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Table 3. Crystallographic data for the tosylates of triphenylphosphonium esters.

Salt 6 7 8 9

Formula C21H20O2P+ C7H7O3S– C22H22O2P+ C7H7O3S– C28H26O2P+ C7H7O3S– C14H32P+ C7H7O3S–

FW 506.53 520.55 596.64 402.55
T [K] 296 293 296 296
λ [Å] 0.71069 0.71069 0.71069 0.71069
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group Cc P212121 Cc P21/n
a [Å] 9.9121(9) 13.048(1) 17.752(2) 8.137(3)
b [Å] 16.843(1) 18.379(2) 9.6829(7) 13.249(6)
c [Å] 14.8464(9) 10.9741(8) 18.935(2) 22.652(9)
β / ° 90.844(5) – 109.629(2) 96.594(7)
V [Å3] 2478.3(3) 2631.8(3) 3065.6(4) 2426(2)
Z 4 4 4 4
Dcalcd. [Mg·m–3] 1.358 1.314 1.293 1.102
μ [mm–1] 0.233 0.221 0.199 0.215
F(000) 1064 1096 1256 880
Crystal size [mm] 0.30×0.20×0.02 0.40×0.10×0.05 0.50×0.40×0.40 0.40×0.30×0.10
Total reflections 7224 15070 9088 6127
Unique reflections 4006 4636 4630 2702
Rint 0.072 0.047 0.030 0.103
S 1.078 1.192 1.041 1.045
R1 [I � 2σ(I)] 0.056 0.064 0.039 0.118
wRp 0.132 0.126 0.101 0.305
x (Flack) 0.01(13) –0.04(12) 0.08(7) –

points. The peaks are sharp for the alkyltriphenyl com-
pounds (1–4 and 9), and there is no indication of thermal
instability within the timescale and temperature range of
the experiment. These salts have high thermal stability, are
tolerant toward air and are reusable as solvents.[12,13] On
the other hand, DSC shows broader features in the cases of
5–7; loss of the solvent is clearly a factor in 5, whereas the
results may be an indication of thermal transformation
close to the melting point for the esters 6 and 7.

Structural Characterisation

Crystallographic data for 1–5 are shown in Table 2 and
data for 6–9 are shown in Table 3. The asymmetric units
are shown in Figure 2(a) to Figure 10(a).

Alkyltriphenylphosphonium Tosylates

In the structure of 1, tosylate ions are linked by C(3)–
H(3)···O(2) interactions (with a H···O distance of 2.4 Å, a
C–H···O angle of 170°) to form zigzag chains along the b-
axis. These chains are arranged side-by-side to form sheets
parallel to the (1,0,–1) plane, leading to a layered structure
(Figure 2, b). In the structure, a number of edge-to-face in-
teractions with “nonideal” geometry are observed. For ex-
ample, an aromatic ring of the cation is the donor to two
anion rings with planes at ca. 60° and 70° to it and both
with CH···π(ring-plane) distances of ca. 3 Å. In the anion,
the oxygen closest to the plane of the aromatic ring forms
a torsion angle [O(3)–S(1)–C(1)–C(6)] of 16.9(3)°.

For 2, the propyl chains of the cations are in trans con-
formation relative to the phosphorus atoms to which they
are attached. In the crystal, the cations form channels,
which run parallel to the a-axis and are occupied by pairs
of anion chains (Figure 3, c). The two closest C–H···O con-
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Figure 2. (a) The asymmetric unit and (b) the crystal structure of
1 viewed down the b-axis. Hydrogen atoms have been omitted for
clarity.

tacts involve aryl hydrogen atoms [with angles C(26)–
H(26B)···O(3) = 160.9(4)° and C(13)–H(13)···O(1) =
164.0(3)° and distances O(3)···H(26B) = 2.39(1) Å and O(1)···
H(13) = 2.33(1) Å]. In the crystal structure, pairs of cations
are linked by edge-to-face interactions involving all six
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phenyl rings as shown in Figure 3, (b) and, in addition,
close CH···π contact occurs between a proton from a ring
of the anion and one cation ring. For these interactions, the
C–H···π(ring-plane) distances are in the 2.9–3.3 Å range.
The oxygen closest to the plane of the aromatic ring of the
anion forms a torsion angle O(2)–S(1)–C(1)–C(2) of
–16.2(4)°.

Figure 3. (a) The asymmetric unit, (b) a pair of cations and (c) the
crystal structure of 2 viewed down the a-axis. Hydrogen atoms have
been omitted from (a) and (c) for clarity.

The butyl chain in the crystal structure of 3 is also all-
trans in conformation. In the structure (Figure 4, c), the
tosylate anions are isolated from each other, with no direct
contact between them. Pairs of symmetry related cations
interact through edge-to-face contacts as shown in Figure 4,
b. Each cation acts as both a donor and acceptor, with C–
H···π(ring-centre) distance of ca. 2.64 Å. The two ions are
also involved in π···π contact with a distance of ca. 3.5 Å
between the planes of rings showing ca. 50% overlap. In the
structure, a second type of π···π interaction occurs between
phenyl rings of neighbouring cations with a separation dis-
tance of ca. 4.1 and an overlap of about 1/3 of a ring. The
closest C–H···O contacts involve aryl–H and HC–H from
the cation [with angles C(16)–H(16)···O(2) = 168.6(5)°,
C(24)–H(24)···O(1) = 175.2(5)° and C(26)–H(26B)···O(1) =
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173.4(4)° and contact distances O(2)···H(16) = 2.43(1) Å,
O(1)···H(26B) = 2.29(1) Å, O(1)···H(24) = 2.37(1) Å]. The
oxygen closest to the plane of the aromatic ring of the anion
forms a torsion angle O(2)–S(1)–C(1)–C(2) of 12.8(4)°.

Figure 4. (a) The asymmetric unit of 3, (b) a pair of cations with
the dashed lines showing CH···π contacts and (c) the crystal struc-
ture viewed down the c-axis. Hydrogen atoms have been omitted
from (a) and (c) for clarity.

In the structure of 4, (Figure 5, c) the pentyl group of
the cation is disordered with two components of 63% and
37% occupancy. For the major component, the chain
adopts an all-trans conformation, except for the terminal
methyl group which is gauche. As suggested by the similar-
ity in the cell parameters and symmetry, the crystal struc-
tures of 3 and 4 are almost identical. Thus pairs of mole-
cules interact in a manner similar to those discussed for 3,
with C–H···π(ring-centre) distance of ca. 2.67 Å and π···π
contact interplanar distance of ca. 3.5 Å for rings showing
50% overlap (Figure 5, b). The separation between the pla-
nes of the pair of rings involved in the second type of π···π
interaction (1/3 ring overlap) is also 4.1 Å. Aryl and CH2
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hydrogen atoms from the cation involved in the closest C–
H···O contacts have CH···O distances: O(1)···H(19B) =
2.4(1) Å, O(1)···H(11) = 2.4(1) Å, O(2)···H(19A) = 2.4(1) Å
and C–H···O angles: C(11)–H(11)···O(1) = 174.9(5)°,
C(19)–H(19B)···O(1) = 170.6(5)°, C(19)–H(19A)···O(2) =
156.9(5)°. The oxygen closest to the plane of the aromatic
ring of the anion forms a torsion angle O(3)–S(1)–C(24)–
C(29) of 11.5(4)°.

Figure 5. (a) The asymmetric unit of 4, (b) a pair of cations with
the dashed lines showing CH···π contacts and (c) the crystal struc-
ture viewed down the c-axis. Hydrogen atoms have been omitted
from (a) and (c) for clarity.

Unlike the other salts, the crystals of 5 included the
dichloromethane solvent (Figure 6, b). The structure con-
sists of channels, parallel to the a-axis, which are occupied
by the anions. The closest C–H···O contacts have distances:
O(1)···H(26B) = 2.2(2) Å, O(1)···H(10) = 2.4(2) Å, O(2)···
H(34A) = 2.4(2) Å and C–H···O angles: C(26)–H(26B)···
O(1) = 178.7(9)°, C(10)–H(10)···O(1) = 176.0(9)°, C(34)–
H(34A)···O(2) = 135.3(9)°. The oxygen closest to the plane
of the aromatic ring of the anion forms a torsion angle
O(2)–S(1)–C(1)–C(6) = 16.6(9)°. Interactions of π···π type
also occur for a pair of cations (Figure 6, b), with an in-
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terplanar distance of ca. 3.5 Å for rings showing an overlap
of ca. 1/3 of a ring. The rings involved are also donors in
C–H···π interactions with –H···π distances of ca. 2.7 Å.

Figure 6. (a) The asymmetric unit, (b) a pair of cations with the
dashed lines showing CH···π contacts and (c) the crystal structure
of 5 viewed down the a-axis. Hydrogen atoms have been omitted
from (a) and (c) for clarity.

Tosylates of Triphenylphosphonium Esters

In the crystal structure of 6, the cations form channels,
parallel to the a-axis, which are occupied by straight chains
of tosylate anions (Figure 7, b). A number of edge-to-face
interactions are observed with the tosylate anion as the do-
nor and the cation as the acceptor. However, the planes of
the rings involved are not perpendicular. For example, a C–
H···π(ring-plane) distance of 2.9 Å is observed between
rings with planes oriented ca. 60° relative to each other. The
closest CH···O contacts involve cation methylene groups
and tosylate oxygen atoms, with distances O(1)···H(26A) =
2.24(1) Å, O(2)···H(26B) = 2.26(1) Å, and angles C(26)–
H(26A)···O(1) = 153.3(6)°, and C(26)–H(26B)···O(2) =
164.6(6)°. The oxygen closest to the plane of the aromatic
ring of the anion forms a torsion angle O(1)–S(1)–C(1)–
C(6) is –19.4(6)°.



Ionic Liquids: Synthesis and Characterisation of Triphenylphosphonium Tosylates FULL PAPER

Figure 7. (a) The asymmetric unit and (b) the crystal structure of
6 viewed down the a-axis. Hydrogen atoms have been omitted for
clarity.

In the crystal structure of 7, the cations also form chan-
nels, running parallel to the a-axis (Figure 8, b), which are
occupied by zigzag chains of tosylate anions. In the crystal
structure, the closest C–H···π distance for an edge-to-face
type of interaction involves a cation donor and anion ac-
ceptor with a distance of ca. 3.1 Å for rings oriented ca.
100° apart. The shortest C–H···O contact involves the terti-
ary proton of the cation and one tosylate oxygen with a
distance O(2)···H(10) of 2.17(4) Å and angle C(10)–H(10)···
O(2) of 175(3)°. The oxygen closest to the plane of the aro-
matic ring of the anion forms a torsion angle O(3)–S(1)–
C(1)–C(2) of –11.7(4)°.

The crystal structure of 8 (Figure 9, b) does not contain
channels. The cations pack in layers, parallel to the ab
plane, between which isolated anions are located. Edge-to-
face interactions are found and involve one cation ring act-
ing as donor to two rings of two neighbouring cations. The
two acceptor rings are almost perpendicular to the donor
ring, with a C–H···π(ring-plane) distance of ca. 3 Å. The
shortest CH···O contact involves an aryl proton and a tosyl-
ate oxygen with a distance O(3)···H(17) of 2.40(1) Å and
angle C(17)–H(17)···O(3) of 141.5(4)°. The oxygen closest
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Figure 8. (a) The asymmetric unit and (b) the crystal structure of
7 viewed down the a-axis. Hydrogen atoms have been omitted for
clarity.

to the plane of the aromatic ring of the anion forms a tor-
sion angle O(2)–S(1)–C(1)–C(2) of –29.2(8)°.

Tributyl(ethyl)phosphonium Tosylate

In the crystal structure of 9, the methyl group of one
butyl chain of the cation is disordered with two components
of 60% and 40% occupancy. Considering just the major
component, all the alkyl chains adopt trans conformation,
apart from one, in which the methyl group is gauche. In the
structure, the tosylate anions are isolated from each other,
each being surrounded by cations. The structure can be
visualised as being composed of sheets parallel to the ab
(Figure 10, b), with intermolecular C–H···O contacts occur-
ring within the sheets. The shortest CH···O contacts involve
one tosylate oxygen with distances: O(1)···H(18A) =
2.4(3) Å, O(1)···H(12A) = 2.4(2) Å and angles: C(18)–
H(18A)···O(1) = 173(1)°, C(12)–H(12A)···O(1) = 153(1)°.
The oxygen closest to the plane of the aromatic ring of the
anion forms a torsion angle O(1)–S(1)–C(1)–C(2) of
–15.1(2)°.
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Figure 9. (a) The asymmetric unit and (b) the crystal structure of
8 viewed down the b-axis. Hydrogen atoms have been omitted for
clarity.

Conclusions

The observations made during this study show that some
care needs to be exercised when determining and using the
melting points of these materials. The values obtained sug-
gest that minute amounts of solvent can have a significant
effect on the melting points, a possible explanation for the
inconsistencies in the previously reported values.

Being ionic, coulombic interactions obviously exist in all
these materials. Another feature common to all nine salts is
the absence of strong hydrogen-bond donors. There is thus
no single strong directional interaction to influence crystal
packing. Despite this, a number of structural patterns,
which may be valuable when modelling their liquid proper-
ties, are evident. In the tosylate anion the angles between
the ring and the plane through the C–S–O group containing
the oxygen atom closest to the ring fall within the range
11–20° (except for 8 in which the angle is ca. 30°). Apart
from 5, none of the salts contains solvent of crystallisation,
a desirable characteristic in ionic solvents. All structures (1–
9) show some degree of C–H···O contact with the tosylate
ion acting as the acceptor. In addition, ring edge-to-face C–
H···π interactions of variable geometry are also observed
(the exception in the C–H···π case is 9, in which the cation
has no phenyl groups). C–H···X interactions (e.g. with X =
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Figure 10. (a) The asymmetric unit and (b) the crystal structure of
9 viewed down the a-axis. Hydrogen atoms have been omitted for
clarity.

halide or π) are a recurring theme in the field of ionic li-
quids and have been described extensively for, for example,
imidazolium salts.[16–20]

The cations in the n-alkyltriphenylphosphonium salts 1–
5 tend to pack in pairs (with the exception of 1, in which
the short alkyl chain may allow more favourable alternative
packing in the crystal). This motif involving pairs of
(phenyl)3P groups is not unusual and has been observed in,
for example, neutral triphenylphosphane oxides.[24] In the
structures of 3–5, the pairs of rings involved in C–H···π in-
teractions are almost perpendicular, with interplanar angles
of 86°, 85° and 81° respectively. The C–H···π distances (ca,
2.7 Å) in these three structures are also the shortest ob-
served during this study and are similar to the average value
obtained in a survey of organometallic materials
(2.79 Å).[25] The donor rings in the ion pairs in 3–5 are also
involved in π···π contacts, clearly leading to a stable motif.
Although only a few structures have been determined, some
clear differences are observed between the n-alkyl salts on
the one hand and ester salts on the other. In the case of the
esters, cation pairs are not observed and, in addition, the
three structures are noncentrosymetric.

We believe that as in the case of imidazolium salts re-
ported before, the structural information from this study
will be important in future attempts to gain insight into the
structural characteristics of ionic liquids of this type and
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will aid in the understanding of the nature of interactions
with solutes.

Experimental Section
Techniques: NMR spectra were recorded with a Bruker AC-300
(1H, 300 MHz; 13C, 75.5 MHz) and a Bruker AV-300 (1H,
300 MHz; 13C, 75.5 MHz). Chemical shifts are described in parts
per million (ppm) downfield shift from SiMe4 and are reported
consecutively as position (δH or δC), multiplicity (s = singlet, d =
doublet, t = triplet, q = quadruplet, m = multiplet, dd = doublet
of doublet), coupling constant (J/Hz), relative integral and assign-
ment. Proton NMR spectra were referenced to the chemical shift
of residual proton signals (CHCl3 δ = 7.27 ppm). Carbon spectra
were referenced to a 13C resonance of the solvent (CDCl3 δ =
77.16 ppm). 31P NMR spectra were referenced internally on H2PO4

5%/D2O (δ, 0.00). Mass spectra were recorded with a VG Zabspec
spectrometer. LSIMS (ceasium ionisation) was performed using 3-
nitrobenzyl alcohol as the matrix. DSC results for 1–7, 9 were ob-
tained using a Perkin–Elmer Pyris 1 instrument between 25 and
200 °C at a heating rate of 20°/min with nitrogen purge gas and
aluminium sample pans.

Single crystals were obtained by slow diffusion of diethyl ether into
a dichloromethane solution of the salt. Single-crystal diffraction
data for 1–3, 6–9 were recorded at ca. 296 K with a Rigaku R-
axis II diffractometer equipped with a molybdenum rotating anode
source and an image plate detector system. Data for 4 and 5 were
recorded with a Bruker Smart 6000 diffractometer equipped with
a CCD detector and a copper-tube source. Structures were solved
and refined using SHELXL.[26] During final refinement, aromatic
C–H atoms were riding on the atoms they are bonded to with a
bond length of 0.93 Å. Powder diffraction data confirm that the
crystal structures obtained are representative of the bulk samples,
except for 8, where the amount of crystalline material obtained was
too small for powder diffraction.

CCDC-277854 to -277862 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Syntheses: All manipulations were performed under argon using
standard Schlenk techniques. All solvents were dried with the ap-
propriate drying agent and distilled under dinitrogen: sodium
benzophenone ketyl (diethyl ether, toluene) or calcium hydride
(dichloromethane). Unless otherwise stated, all reagents were pur-
chased from Aldrich, Acros or Lancaster and used as supplied. All
the p-toluenesulfonates were obtained in good yield and high purity
using known literature methods.[27]

The same method was used for all salts. Salts 1–5 were obtained
by refluxing a 1:1 molar ratio solution of the alkyl p-toluenesul-
fonate (ca. 4 g) and triphenylphosphane (ca. 5 g) in toluene (ca.
50 mL) for 18 hours under argon. The solvent was then removed
under reduced pressure and the residual was washed with diethyl
ether. The resulting solid was recrystallised from dichloromethane/
diethyl ether to a crystalline white solid.

The appropriate methoxycarbonylalkyl p-toluenesulfonate was
used for 6 and 7. The recrystallised product obtained for 6 had a
pale brown colouration. For 8, methyl 3-phenyl-2-(tolyl-4-sul-
fonyloxy)propionate was used and the solution was refluxed for
42 hours. The final recrystallised product was pale yellow in colour.
A solution of ethyl p-toluenesulfonate and tributylphosphane was
refluxed as described above to yield 9.
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Ethyltriphenylphosphonium Tosylate (1): Ethyl p-toluenesulfonate
(3.8 g, 19.0 mmol) and triphenylphosphane (5.0 g, 19.1 mmol) af-
forded a crystalline white solid (8.1 g, 92%). M.p. 139–141 °C
(ref.[21] 82–83 °C, ref.[12] 94–95 °C). FAB+: m/z (%) = 291 (100)
[M – C7H7SO3]+, 753 (8) [2M – C7H7SO3]+. 1H NMR (CDCl3,
300 MHz): δ = 1.34 (dt, 3JH,H = 7.4, 3JP–H = 20.1 Hz, 3 H,
CH2CH3), 2.31 (s, 3 H, CCH3), 3.60 (m, 2 H, CH2), 7.08 (d, 3JH,H =
8.0 Hz, 2 H, tosylateAr-H), 7.63–7.79 (m, 17 H, Ar-H) ppm. 13C{1H}
NMR (CDCl3, 75.5 MHz): δ = 5.6 (d, 2JP,C = 5.2 Hz, CH2CH3),
14.8 (d, 1JP,C = 52.3 Hz, CH2), 20.3 (CCH3), 116.8 (d, 1JP,C =
86.2 Hz, phosphoniumAr-Cipso), 125.1, 127.3 (tosylateAr-CH), 129.4,
129.5, 132.4, 132.5, 134.0 (phosphoniumAr-CH), 137.6, 143.5
(tosylateAr-Cipso) ppm. 31P NMR (D2O, 121 MHz): δ = 26.3
(phosphoniumP) ppm.

Triphenyl(propyl)phosphonium Tosylate (2): Propyl p-toluenesul-
fonate (4.0 g, 18.7 mmol) and triphenylphosphane (4.9 g, 18.7 mmol)
afford a crystalline white solid (8.4 g, 94%). M.p. 143–145 °C
(ref.[21] 141–143 °C). FAB+: m/z (%) = 305 (100) [M – C7H7SO3]+,
781 (5) [2M – C7H7SO3]+. 1H NMR (CDCl3, 300 MHz): δ = 1.18
(m, 3 H, CH2CH3), 1.61 (m, 2 H, CH2CH3), 2.33 (s, 3 H, CCH3),
3.52 (m, 2 H, PCH2), 7.04 (d, 3JH,H = 8.0 Hz, 2 H, tosylateAr-H),
7.62–7.84 (m, 17 H, Ar-H) ppm. 13C{1H} NMR (CDCl3,
75.5 MHz): δ = 14.7 (d, 3JP,C = 17.2 Hz, CH2CH3), 16.0 (d, 2JP,C

= 4.0 Hz, CH2CH3), 20.9 (CCH3), 23.1 (d, 1JP,C = 50.6 Hz, PCH2),
117.9 (d, 1JP,C = 85.6 Hz, phosphoniumAr-Cipso), 125.8, 127.8
(tosylateAr-CH), 130.0, 130.2, 133.0, 133.2, 134.5 (phosphoniumAr-
CH), 137.8, 144.5 (tosylateAr-Cipso) ppm. 31P NMR (D2O,
121 MHz): δ = 23.9 (phosphoniumP) ppm.

n-Butyltriphenylphosphonium Tosylate (3): n-Butyl p-toluenesul-
fonate (3.5 g, 15.3 mmol) and triphenylphosphane (4.0 g, 15.3 mmol)
afforded a crystalline white solid (7.0 g, 93%). M.p. 132–134 °C
(ref.[21] 139–140 °C, ref.[12] 116–117 °C). FAB+: m/z (%) = 319 (100)
[M – C7H7SO3]+, 809 (11= [2M – C7H7SO3]+. 1H NMR (CDCl3,
300 MHz): δ = 0.86 (t, 3JH,H = 7.1 Hz, 3 H, CH2CH3), 1.52 (m,
4 H, CH2CH2CH3), 2.28 (s, 3 H, CCH3), 3.50 (m, 2 H, PCH2), 7.01
(d, 3JH,H = 7.9 Hz, 2 H, tosylateAr-H), 7.57–7.79 (m, 17 H, Ar-H)
ppm. 13C{1H} NMR (CDCl3, 75.5 MHz): δ = 13.3 (CH2CH3), 20.9
(CCH3), 21.3 (d, 1JP,C = 50.6 Hz, PCH2), 23.2 (d, 2JP,C = 16.7 Hz,
PCH2CH2), 24.5 (d, 3JP,C = 4.0 Hz, CH2CH3), 118.0 (d, 1JP,C =
85.6 Hz, phosphoniumAr-Cipso), 125.9, 127.8 (tosylateAr-CH), 130.1,
130.2, 133.1, 133.2, 134.6 (phosphoniumAr-CH), 137.9, 144.5
(tosylateAr-Cipso). 31P NMR (D2O, 121 MHz): δ = 24.2 (phosphoniumP)
ppm.

n-Pentyltriphenylphosphonium Tosylate (4): n-Pentyl p-toluenesul-
fonate (3.8 g, 15.6 mmol) and triphenylphosphane (4.1 g,
15.6 mmol) afforded a crystalline white solid (6.9 g, 87%). M.p.
123–125 °C. FAB+: m/z (%) = 333 (100) [M – C7H7SO3]+, 837 (9)
[2M – C7H7SO3]+. 1H NMR (CDCl3, 300 MHz): δ = 0.76 (t, 3JH,H

= 7.1 Hz, 3 H, CH2CH3), 1.24 (m, 2 H, CH2CH3), 1.53 (m, 4 H,
PCH2CH2CH2CH2), 2.31 (s, 3 H, CCH3), 3.61 (m, 2 H, PCH2),
7.08 (d, 3JH,H = 8.0 Hz, 2 H, tosylateAr-H), 7.62–7.84 (m, 17 H, Ar-
H) ppm. 13C{1H} NMR (CDCl3, 75.5 MHz): δ = 13.2 (CH2CH3),
20.8 (CCH3), 21.3 (d, 1JP,C = 48.9 Hz, PCH2), 21.6 (CH2CH3), 21.7
(d, 3JP,C = 4.6 Hz, CH2CH2CH3), 31.8 (d, 2JP,C = 15.5 Hz,
PCH2CH2), 117.9 (d, 1JP,C = 85.6 Hz, phosphoniumAr-Cipso), 125.7,
127.7 (tosylateAr-CH), 130.0, 130.1, 133.0, 133.1, 134.5
(phosphoniumAr-CH), 137.8, 144.4 (tosylateAr-Cipso) ppm. 31P NMR
(D2O, 121 MHz): δ = 24.1 (phosphoniumP) ppm.

n-Octyltriphenylphosphonium Tosylate (5): n-Octyl p-toluenesul-
fonate (2.5 g, 8.8 mmol) and triphenylphosphane (2.3 g, 8.8 mmol)
afforded a crystalline white solid (3.1 g, 65%). M.p. 129–131 °C,
(ref.[12] 70–71 °C, ref.[21] 70–78 °C). FAB+: m/z (%) = 375 (100)
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[M – C7H7SO3]+, 922 (6) [2M – C7H7SO3]+. 1H NMR (CDCl3,
300 MHz): δ = 0.79 (t, 3JH,H = 6.6 Hz, 3 H, CH2CH3), 1.11 (m, 8
H, CH2CH3), 1.48 (m, 4 H, PCH2CH2CH2CH2), 2.26 (s, 3 H,
CCH3), 3.46 (m, 2 H, PCH2), 7.00 (d, 3JH,H = 8.1 Hz, 2 H,
tosylateAr-H), 7.62–7.76 (m, 17 H, Ar-H) ppm. 13C{1H} NMR
(CDCl3, 75.5 MHz): δ = 13.6 (CH2CH3), 20.8 (CCH3), 21.4 (d,
1JP,C = 50.6 Hz, PCH2), 22.0, 28.4, 28.6 (PCH2CH2CH2CH2CH2),
22.1 (CH2CH3), 29.8 (d, 2JP,C = 15.5 Hz, PCH2CH2), 31.2
(CH2CH2CH3), 117.8 (d, 1JP,C = 85.6 Hz, phosphoniumAr-Cipso),
125.8, 127.7 (tosylateAr-CH), 129.9, 130.1, 133.0, 133.1, 134.5
(phosphoniumAr-CH), 137.9, 144.1 (tosylateAr-Cipso) ppm. 31P NMR
(D2O, 121 MHz): δ = 24.3 (phosphoniumP) ppm.

[(Methoxycarbonyl)methyl]triphenylphosphonium Tosylate (6):
(Methoxycarbonyl)methyl p-toluenesulfonate (2.9 g, 11.9 mmol)
and triphenylphosphane (3.1 g, 11.9 mmol) afforded a crystalline
pale brown solid (4.7 g, 78%). M.p. 164–166 °C. FAB+: m/z (%) =
335 (100) [M – C7H7SO3]+, 841 (9) [2M – C7H7SO3]+. 1H NMR
(CDCl3, 300 MHz): δ = 2.32 (s, 3 H, CCH3), 3.59 (s, 3 H, OCH3),
5.30 (d, 2JP–H = 13.5 Hz, 2 H, PCH2), 7.08 (d, 3JH,H = 8.0 Hz, 2
H, tosylateAr-H), 7.62–7.87 (m, 17 H, Ar-H) ppm. 13C{1H} NMR
(CDCl3, 75.5 MHz): δ = 21.2 (CCH3), 31.3 (d, 1JP,C = 58.0 Hz,
PCH2), 53.2 (OCH3), 117.9 (d, 1JP,C = 89.1 Hz, phosphoniumAr-Cipso),
126.1, 127.1 (tosylateAr-CH), 130.1, 130.3, 133.7, 133.8, 135.0
(phosphoniumAr-CH), 138.3, 144.3 (tosylateAr-Cipso), 165.3 (d, 2JP,C =
3.4 Hz, CO) ppm. 31P NMR (D2O, 121 MHz): δ = 20.8
(phosphoniumP) ppm.

[1-(Methoxycarbonyl)ethyl]triphenylphosphonium Tosylate (7): 1-
(Methoxycarbonyl)ethyl p-toluenesulfonate (1.4 g, 5.4 mmol) and
triphenylphosphane (1.42 g, 5.4 mmol) in toluene (50 mL) afforded
crystalline white needles (1.8 g, 64%). M.p. 175–176 °C. FAB+: m/
z (%) = 349 (100) [M – C7H7SO3]+, 869 (4) [2M – C7H7SO3]+. 1H
NMR (CDCl3, 300 MHz): δ = 1.67 (dd, 3JH,H = 7.0, 2JP–H =
18.6 Hz, 3 H, CHCH3), 2.33 (s, 3 H, CCH3), 3.54 (s, 3 H, OCH3),
6.36 (m, 1 H, PCH), 7.11 (d, 3JH,H = 7.7 Hz, 2 H, tosylateAr-H),
7.64–7.96 (m, 17 H, Ar-H) ppm. 13C{1H} NMR (CDCl3,
75.5 MHz): δ = 13.0 (d, 2JP,C = 13.1 Hz, CHCH3), 21.2 (CCH3),
36.2 (d, 1JP,C = 48.2 Hz, PCH), 53.3 (OCH3), 118.0 (d, 1JP,C =
79.7 Hz, phosphoniumAr-Cipso), 126.1, 128.2 (tosylateAr-CH), 130.0,
130.2, 134.0, 134.1, 134.7 (phosphoniumAr-CH), 138.7, 144.5
(tosylateAr-Cipso), 166.1 (d, 2JP,C = 3.2 Hz, CO). 31P NMR (D2O,
121 MHz): δ = 28.0 (phosphoniumP) ppm.

[1-(Methoxycarbonyl)-2-phenylethyl]triphenylphosphonium Tosylate
(8): Methyl 3-phenyl-2-(tolyl-4-sulfonyloxy)propionate (0.5 g,
1.5 mmol) and triphenylphosphane (0.4 g, 1.5 mmol) in toluene
(20 mL) afforded a crystalline pale yellow solid (0.5 g, 56%). The
material was the most difficult to obtain and it was not possible to
carry out full characterisation.

Tributyl(ethyl)phosphonium Tosylate (9): Ethyl p-toluenesulfonate
(2.0 g, 10.0 mmol) and tributylphosphane (2.0 g, 10.0 mmol) in tol-
uene (50 mL) afforded a crystalline white solid (3.7 g, 93%). M.p.
74–76 °C (ref.[12] 81–83 °C). FAB+: m/z (%) = 231 (100) [M –
C7H7SO3]+. 1H NMR (CDCl3, 300 MHz): δ = 0.97 (m, 9 H,
CH2CH2CH3), 1.22 (m, 3 H, PCH2CH3), 1.46 (m, 12 H,
PCH2CH2CH2), 2.28 (m, 6 H, PCH2CH2), 2.31 (s, 3 H, CCH3),
2.42 (m, 2 H, PCH2), 7.10 (d, 3JH,H = 8.0 Hz, 2 H, tosylateAr-H),
7.78 (d, 3JH,H = 8.0 Hz, 2 H, tosylateAr-H) ppm. 13C{1H} NMR
(CDCl3, 75.5 MHz): δ = 5.1 (d, 2JP,C = 5.7 Hz, CH2CH3), 11.5 (d,
1JP,C = 48.9 Hz, PCH2CH3), 12.6 (CH2CH2CH3), 17.2 (d, 1JP,C =
47.7 Hz, PCH2CH2), 20.4 (CCH3), 22.7 (d, 3JP,C = 4.6 Hz,
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CH2CH2CH3), 23.0 (d, 2JP,C = 15.5 Hz, PCH2CH2), 125.2, 127.5
(tosylateAr-CH), 137.8, 144.1 (tosylateAr-Cipso) ppm. 31P NMR (D2O,
121 MHz): δ = 34.6 (phosphoniumP) ppm.
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The properties of PdII complexes containing hemilabile pyr-
azole-derived ligands (L) of the form BPz-(CH2)x-
A(CH2)yA(CH2)x-PzB, with A being a donor atom and B a
substituent group at the pyrazole ring, have been investi-
gated through quantum-chemical calculations. The geome-
tries of the [PdLCl2] and [PdL]2+ complexes have been opti-
mized and the reaction free energy of [PdLCl2] � [PdL]2+ +
2 Cl– computed for 32 different ligands, using the hybrid
B3LYP density functional method. The formation of the tetra-
coordinate [PdL]2+ complexes is more favorable for the

Introduction

The study of hemilabile ligands has received an increas-
ing interest in recent years. The main reason for this atten-
tion is the capability of hemilabile ligands to generate vac-
ant coordination sites and to stabilize reaction intermedi-
ates which result in promising chemical properties. The rele-
vance and utility of this concept gave rise to the publication
of excellent reviews which cover all the aspects of these li-
gands.[1] The term “hemilabile” was first introduced by Jef-
frey and Rauchfuss in 1979, and it refers to polidentate co-
ordination ligands which possess at least one substitution-
ally labile donor function.[2] There are several examples in
the literature about the influence of transition-metal com-
plexes with hemilabile ligands in the activation of small
molecules[3–6] and in the activity of homogeneous cataly-
sis.[7–9] Furthermore, hemilability probably occurs also in
other disciplines such as bioinorganic chemistry or surface
phenomena. A very useful classification of hemilabile situa-
tions was reported by Braunstein and Naud in an excellent
review.[10] According to these authors three general types of
hemilability can be visualized (see Scheme 1). Hemilability
of type I is found when the labile donor group coordinates
and decoordinates spontaneously. In hemilability of type II
there is an intramolecular competition between the donor
groups in the same ligand (a) or between donor groups of
two identical ligands (b). Finally, hemilability of type III
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longer (eight- and nine-membered) chains than for the
shorter (six- and seven-membered) ones. Moreover, results
show the nature of the donor atom A influences significantly
the formation of [PdL]2+, the process becoming more favor-
able according to the order PH � NH � S � O. Finally, elec-
tron-donor substituents at the pyrazole ring enhance the for-
mation of [PdL]2+, whereas electron-acceptor groups hinder
the process.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

refers to a situation where there is a competition between a
labile donor center and an external solvent molecule. Al-
though this phenomenon was first studied in mononuclear
complexes, it has been expanded to dinuclear[11] and poly-
nuclear ones, particularly to metal clusters.[12] It should be
pointed out that, although homofunctional bidentate li-
gands such as R2N(CH2)nNR2 or R2P(CH2)nPR2 could co-
ordinate in monodentate or bidentate forms, they are not
considered hemilabile since their coordination mode de-
pends on the metal center and the effects of the coordinated
ligands. In fact, hybrid ligands containing very different do-

Scheme 1.
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nor functions, such as hard and soft donor atoms, are the
basis of most of hemilabile ligands.

Pyrazole-derived ligands are potential hemilabile ligands
since steric and electronic properties of both the pyrazole
and the ancillary donor groups can be easily tuned.[13] In
recent years our research group has reported the synthesis,
the characterization and the coordinating properties of pyr-
azolic ligands containing additional donor groups: N,N,[14]

N,O,[15] N,P[16] and N,S.[17] NMR studies of complexes in
solution have shown that some of them display hemilability;
pyrazole is the stronger (inert) donor group, except in the
case of N,P and N,S for which it can also behave as a labile
group. Previous studies with Pz-(CH2)xS(CH2)yS(CH2)x-Pz
tetradentate ligands and PdII have shown that both N,N
bicoordination and N,S,S,N tetracoordination are obtained
and can be interconverted in solution (see Scheme 2).[17c]

Moreover, the formation of the N,S,S,N coordinating mode
in PdII complexes appears to be controlled by the geometry
imposed by the PdNNCS ring in such a manner that li-
gands Pz-(CH2)xS(CH2)yS(CH2)x-Pz with x = 1 did not
lead to the formation of the tetradentate coordination.
However, the N,S,S,N complex was obtained for different
lengths of the alkyl chain between S atoms (y = 1, 2). This
interesting observation can be visualized as a recognition
phenomenon of the planar PdII ion by the N,S,S,N ligand
which would act as a chemical receptor. Given that the se-
lective metal ion recognition plays a fundamental role in
the search of chemical and biochemical sensors[18] the com-
bination of both strong and weak donor centers found in
the same pyrazole–thioether receptor might open new per-
spectives in the applications of hemilabile ligands. Some
molecular recognition processes involving PdII complexes
were described in the literature.[19,20]

Scheme 2.

The main goal of this paper is to perform a comprehen-
sive theoretical study on the properties of pyrazole-contain-
ing ligands (L) of the form BPz-(CH2)xA(CH2)yA(CH2)x-
PzB, with A being a donor atom and B a substituent group
at the pyrazole ring, through quantum-chemical calcula-
tions (Scheme 3). For that, we have optimized the geometry
of the [PdCl2L] and [PdL]2+ complexes and computed the
reaction free energy of [PdCl2L] � [PdL]2+ + 2 Cl–, for 32
different ligands. This study has allowed us to analyze the
influence of the number of –CH2– groups that join the two
pyrazole rings, the nature of donor atoms directly bonded
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to Pd in the products, and the electronic effects induced by
substituent groups at the pyrazole rings.

Scheme 3.

Results and Discussion

As mentioned, the labile behavior of the ligands exposed
in the introduction is given by the thioether groups, the in-
ert groups being the pyrazole rings. This labile behavior var-
ies depending on the number of –CH2– groups that join the
two pyrazole rings (variables x and y), but it can also be
modified by other factors, such as the nature of the donor
atom that is directly bonded to Pd in the products (variable
A), and the electronic effects induced by substituent groups
at the pyrazole rings (variable B). All these variables, la-
beled in Scheme 3, affect the electronic and the structural
properties of the complexes and, consequently, the hemila-
bile equilibrium [PdCl2L] i [PdL]2+ + 2 Cl–. Free-energy
calculations for this reaction with all ligands built with
these variables show that there is a clear relationship be-
tween the energetic results and the structural factors.

I. Chain Length

Ligands with different chain lengths have been built by
changing the values of variables x and y. We have consid-
ered six- (x = 1, y = 2), seven- (x = 1, y = 3), eight- (x = 2,
y = 2), and nine-membered (x = 2, y = 3) chains. To make
the discussion less tedious, hereafter, these systems will be
referred to as hexane-, heptane-, octane-, and nonane-chain
systems. In all cases, the other variables have been kept
fixed to A = S and B = CH3. Since the length of the chain
mainly influences the geometry of the reaction products,
only the optimized structures of [PdL]2+ complexes are
shown in Figure 1.

It can be observed that the bond lengths of the newly
formed Pd–S bonds show significant deviations (about
0.06 Å) upon increasing the chain length. More import-
antly, the square-planar coordination of Pd in [PdL]2+ can
be significantly distorted depending on the length of the
ligand. In particular, it is observed that hexane- and hep-
tane-chain systems present N–Pd–N cis angles (102°–108°)
that are much larger than the N–Pd–S cis ones (81°–82°),
whereas in octane and nonane structures the computed N–
Pd–N cis angles (90°–95°) are much closer to the N–Pd–S
ones (88°–89°). On the other hand, the N–Pd–S trans angles
tend to 180° and the deviation from planarity decreases[21]
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Figure 1. Main geometry parameters optimized at the B3LYP level. Distances are in Å and angles in degrees. Standard numbers corre-
spond to distances, italic numbers to cis angles, and bold and italic numbers to trans angles.

as the chain length is increased. Therefore, we can conclude
that, compared to the ideal square-planar geometry, prod-
ucts with six- and seven-membered chains are more dis-
torted than those with eight- and nine-membered chains.
This can be related to the type of rings formed in products.
In the hexane-chain products, we obtain three five-mem-
bered rings, in the heptane-chain ones two five-membered
rings and one six-membered ring, in the octane-chain com-
plexes one five and two six-membered rings and, finally,
in nonane-chain products all three rings are six-membered.
These results seem to suggest that formation of five-mem-
bered rings introduce important strain in the complex that
leads to quite distorted structures with respect to the ideal
square-planar geometry. Computed structural parameters
are in a good agreement with the crystallographic data of
related complexes synthesized.[17c]

Reaction free energies have been calculated both in the
gas phase and in solution. Calculations in solution have
been performed using the conductor-like COSMO contin-
uum model[27] with three different solvents: CH3OH (ε =
32.63), acetone (ε = 20.70), and CH2Cl2 (ε = 8.93). Results
are given in Figure 2. As expected, the computed free en-
ergy of the [PdLCl2] � [PdL]2+ + 2 Cl– reaction is much
smaller in solution than in the gas phase and decreases
when the dielectric constant of the solvent increases due to
the enhanced stability of the charged species. Nevertheless,
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in all cases the trends observed upon enlarging the chain
length are the same; i.e the reaction is favored from the
hexane- to the nonane-chain ligand, the reaction energy
decreasing by 23–29 kcal/mol. Since product complexes are
the ones that suffer larger structural changes due to the
length of the chain, the reaction free energies are expected
to be governed by the stability of the products. In principle,
it is possible to distinguish two different groups: i) the six-

Figure 2. Computed reaction free energies (ΔG298) of [PdLCl2] �
[PdL]2+ + 2 Cl– in the gas phase and in solution. In kcal/mol. Effect
of chain length.
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and seven-membered chain complexes, and ii) the eight-
and nine-membered ones, the reaction energies for the latter
species being energetically more favorable. These two
groups are the same observed when the structural factors
were considered. So, there is a clear trend: the more dis-
torted the products are, the more the equilibrium favors the
reactants. These theoretical results agree with the experi-
mental data which show that product complexes with oc-
tane- and nonane-chain ligands can be synthesized, whereas
those with hexane- and heptane-chain ligands are not ob-
served[17c].

II. Donor Atom

The changes produced on the structural parameters have
been analyzed for four different donor atoms A = O, S,
NH, and PH. We have optimized all the structures built
with the values x = 1, 2; y = 2, 3; and B = CH3. Table 1
shows the optimized Pd–Nazine and Pd–A distances, both
for reactants and products.

For reactants, all Pd–Nazine distances are similar (2.06–
2.07 Å). This is not surprising considering that the chain
length does not affect the Pd–NH interaction and that the
donor atoms are not interacting with Pd in the reactant
complexes [PdLCl2]. In contrast, the Pd–Nazine distances
range from 2.01 to 2.15 Å in the product complexes
[PdL]2+. The longest Pd–Nazine distances appear for species
with PH, followed by those with S, NH, and finally O,
which shows the shortest distance. Furthermore, for ligands
with PH and S, the Pd–Nazine bond lengths increase as the
reaction proceeds, whereas for ligands with NH and O,
these distances decrease. That is, the formation of the two
new Pd–A bonds weakens the Pd–Nazine interaction for A
= PH and S and strengthens it for A = O and NH. The
other structural parameters such as cis and trans angles are
not affected by the effects of the different donor atoms.

In order to obtain a deeper insight into the hemilabile
character of these ligands we have used Bader’s theory of

Table 1. Pd–Nazine and Pd–A distances in [PdLCl2] and [PdL]2+. Distances are in Å.

Hexane chain Heptane chain Octane chain Nonane chain

Reactant Product Reactant Product Reactant Product Reactant Product

O Pd–Nazine 2.063 2.030 2.065 2.019 2.061 2.014 2.062 2.024
Pd–A 2.060 2.097 2.096 2.125

N Pd–Nazine 2.061 2.056 2.064 2.044 2.058 2.045 2.062 2.064
Pd–A 2.057 2.096 2.104 2.113

S Pd–Nazine 2.069 2.092 2.066 2.077 2.058 2.071 2.061 2.071
Pd–A 2.319 2.344 2.353 2.380

P Pd–Nazine 2.059 2.153 2.070 2.127 2.057 2.122 2.062 2.119
Pd–A 2.244 2.264 2.285 2.308
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“Atoms in Molecules”.[22] In this work we have computed
the values of ρ(r) (electron charge density at the bond criti-
cal point, bcp), the values of �2ρ(r) (Laplacian of the elec-
tron charge density at the bcp that coincides with the sum
of the three curvatures of the Hessian matrix), and the ratio
|λ1/λ3| (λi being the curvatures of the Hessian matrix) at the
Pd–Nazine and Pd–A bcp. According to this theory, values
of �2ρ(r) � 0 address regions where the charge density is
concentrated. In contrast, regions in which �2ρ(r) � 0, the
charge density is depleted. The ratio of |λ1/λ3| is a measure
of the covalency between two atoms. Ratios greater than
unity indicate covalent or polar interactions, usually re-
ferred to as shared interactions. Ratios lower than 0.2 imply
closed-shell interactions, such as those given in noble gas
repulsive states, in ionic bonds, in hydrogen bonds, and in
van der Waals molecules.[22b]

The ρ(r) values at the Pd–Nazine bcp, both in reactants
and products, are shown in Figure 3. In agreement with the
computed Pd–Nazine distances, the computed electron den-
sity values in the reactants remain similar (between 0.093
and 0.096), regardless of the donor atom. However, in the
products these values range from 0.111 to 0.081 and follow
the sequence O � NH � S � PH. On the other hand, it
can be observed in Figure 3 that when S is a donor atom,
the electron density value at the Pd–Nazine bcp is similar in
reactants and products. Considering that in the reactants
the Pd–Nazine bond is in trans position with another Pd–
Nazine bond, and that in the products the Pd–Nazine bonds
are in trans position with the newly formed Pd–S bonds,
this seems to suggest that the Nazine and S donor atoms
have a similar donor character and that the Pd–Nazine and
Pd–S bonds are similar in strength. For NH and O, the
electron density values of Pd–Nazine at the bond critical
points increase as the reaction proceeds. Therefore, the
Nazine atoms exert a trans influence on NH and O donor
atoms. In contrast, when PH acts as donor atom, the elec-
tron density values of Pd–Nazine bond critical points de-
creases along the reaction because PH exerts a trans influ-
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ence on Nazine. According to these results, the strength of
the Pd–A bonds seems to follow the order Pd–PH � Pd–S
� Pd–NH � Pd–O.

Figure 3. ρ(r) density values at the Pd–Nazine bond critical points
in reactants, PdLCl2, and products, PdL2+. Effect of donor atoms.

The computed values of ρ(r), �2ρ(r), and |λ1/λ3| at the
Pd–Nazine and Pd–A bond critical points as well as the net
atomic charge of PdII for nonane-chain products are sum-
marized in Table 2. The fact that the values obtained for
�2ρ(r) at the bcp for Pd–Nazine are positive and relatively
large evidence a closed-shell interaction. This fact is rein-
forced by the values of |λ1/λ3|, which are lower than 0.2.
Regarding the Pd–A bcp, it is worth to note an interesting
tendency in the nature of the interaction. From the begin-
ning to the end of the series O, NH, S, PH, the values of
�2ρ(r) decrease and the |λ1/λ3| ratio increases. This fact me-
ans that the shared interaction between Pd and the donor
atoms follows the order Pd–O � Pd–NH � Pd–S � Pd–
PH. This tendency is confirmed by the values of the net
atomic charge of Pd, which indicate that the charge transfer
from the donor atoms to Pd increases according to the same
order. These results agree with the trends observed by the
trans influence. According to them one would expect that
the formation of the new Pd–A bonds would become ener-
getically more favorable as we go from O to NH, from NH
to S, and from S to PH.

Table 2. Electron density, ρ(r), Laplacian, �2ρ(r) and |λ1/λ3| values
at the Pd–Nazine and Pd–A bond critical points, and Pd net atomic
charge.

Pd–Nazine Pd–A Charge

ρ �ρ2 λ1/λ3 ρ �ρ2 λ1/λ3 qPd

O 0.108 0.449 0.176 0.074 0.390 0.139 0.92
N 0.100 0.432 0.170 0.081 0.334 0.175 0.79
S 0.095 0.410 0.173 0.086 0.174 0.224 0.58
P 0.086 0.372 0.169 0.100 0.092 0.331 0.43

The computed reaction free energies of [PdLCl2] �
[PdL]2+ + 2 Cl– are given in Figure 4. We only report the
values in the gas phase since both results in the gas phase
and in solution follow the same trends (see above). It can
be observed that the computed free energies do not follow
the expected order as shown in Figure 4: ΔG(O) � ΔG(S)
� ΔG(NH) � ΔG(PH). That is, the reaction appears to be
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more favorable for ligands with NH than for those with S.
To obtain a deeper insight into the reaction driving force,
we have split the reaction energy (ΔEreaction) in two terms:
i) the difference between the interaction energies in reac-
tants and products (ΔEint) and ii) the reorganization energy
(ΔEreorg) of the ligand. The interaction energy in the reac-
tants (Eint(REACT)) corresponds to E(PdLCl2) – E(PdII)
– E(L) – 2 E(Cl–), whereas that in the products (Eint(PROD))
is E(PdL2+) – E(PdII) – E(L). The term ΔEreorg can be
understood as the energy cost associated to the conforma-
tional change of the ligand along the reaction, and corre-
sponds to the energy difference between single-point calcu-
lations of the ligand at the geometry of reactants and prod-
ucts. The values of these terms are shown in Table 3 for the
nonane chains. Since Eint(REACT) is quite constant for all
systems and variations in ΔEreorg are small, the main contri-
bution on the reaction energy comes from Eint(PROD), which
follows the same trend of ΔEreaction and ΔG298 (see Fig-
ure 4). It is worth noting that the largest reorganization en-
ergy is obtained for PH ligands. This is probably related to
the higher barrier for inversion at P. Despite that, reactions
with this donor atom are the most favored ones. The order
obtained for the interaction energies in the products (PH �
NH � S � O; in absolute values) is the same as that found
for the interaction between PdII and the smallest donor-
atom-containing entities H2O, H2S, NH3, and PH3

(–141.6, –180.5, –192.1, and –211.8 kcal/mol, respectively)
and arises from different factors: electrostatic interaction,
metal–ligand repulsion, and charge transfer. As expected,
population analysis indicates that the charge transfer from
the ligand to Pd is larger for S and PH species than for O
and NH ones. However, a point-charge model assuming a
2+ charge at the Pd position shows that the electrostatic
stabilization is larger for NH3 and PH3 than for H2O and
H2S. As a consequence, the preference of PdII to interact
with donor atoms follows the order PH � NH � S � O.
These results agree with the experimental fact that the inert
groups of hemilabile ligands contain P atoms while the la-
bile ones contain O atoms.[1]

Figure 4. Computed reaction free energies (ΔG298) of PdLCl2 �
PdL2+ + 2 Cl– in the gas phase. In kcal/mol. Effect of donor atoms.
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Table 3. Contribution of metal-ligand interaction energies and re-
organization energy of the ligand to the [PdLCl2] � [PdL]2+ + 2
Cl– reaction energy. In kcal/mol.

Eint(REACT)
[a] Eint(PROD)

[b] ΔEint
[c] ΔEreorg

[d] ΔEreaction

O –692.3 –437.4 254.9 25.5 280.4
S –692.1 –454.5 237.6 22.8 260.4
N –692.6 –478.4 214.2 25.9 240.0
P –692.6 –501.3 191.4 40.8 232.2

[a] Eint(REACT) = E(PdLCl2) – E(PdII) – E(L) – 2 E(Cl–).
[b] Eint(PROD) = E(PdL2+) – E(PdII) – E(L). [c] ΔEint = Eint(PROD) –
Eint(REACT). [d] ΔEreorg = E(L)PROD – E(L)REACT.

C. Ring Substituents

Substituents with different electronic properties (B =
CF3, F, H, CH3, and NH2) are introduced at position 5 of
pyrazole rings in order to analyze their influence on the
structural parameters of Pd complexes and on the [PdLCl2]
� [PdL]2+ + 2 Cl– reaction. Calculations have been per-
formed for different chain lengths (x = 1, 2 and y = 2, 3)
and assuming S as donor atom. Table 4 shows the opti-
mized Pd–Nazine bond lengths, both for reactants and prod-
ucts.

It can be observed that changing the substituent at the
pyrazole ring does not induce a significant variation on the
Pd–Nazine bond length of the reactant complexes. This is
due to the fact that ring pyrazoles are in the trans configu-
ration, and thus the electronic effects of the substituents
are mutually compensated. However, the Pd–Nazine bond
lengths in the products are longer when substituents have a
global electron-withdrawing character. The contrary occurs
if substituents have a global electron-donor character, the
Pd–Nazine distances becoming shorter. Nevertheless, the
Pd–S bonds are not affected by the type of substituent.

We have also calculated the electron density values of the
Pd–Nazine bond critical points in the products, and the re-
sults are shown in Figure 5. The observed trends agree with
the observed changes on the Pd–Nazine distances; that is,
products with electron-withdrawing substituents (and
longer Pd–Nazine bonds), present smaller electron density
values at the bond critical points than product complexes

Table 4. Pd–Nazine distances in [PdLCl2] and [PdL]2+. Distances are in Å.

Hexane chain Heptane chain Octane chain Nonane chain

B Reactant Product Reactant Product Reactant Product Reactant Product

CF3 2.071 2.111 2.071 2.094 2.059 2.087 2.063 2.084
F 2.066 2.105 2.067 2.088 2.056 2.080 2.059 2.079
H 2.067 2.098 2.067 2.082 2.058 2.075 2.060 2.075
NH2 2.071 2.093 2.065 2.077 2.060 2.075 2.059 2.074
CH3 2.069 2.092 2.066 2.077 2.058 2.071 2.061 2.071
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with electron-donor substituents (and shorter Pd–Nazine

distances). Based on these results the variation on the Pd–
Nazine bond strength, due to the effects of substituents, is
expected to follow the order CH3 � NH2 � H � F � CF3.

Figure 5. ρ(r) density values at the Pd–Nazine bond critical points
in products, [PdL]2+. Effect of ring substituent.

The induced structural and electronic changes will influ-
ence the stability of the products and consequently, the
[PdLCl2] � [PdL]2+ + 2 Cl– reaction energy. Gas-phase re-
action free energies calculated for the different ligands con-
sidered are given in Figure 6. As expected, reactions are
more favored when substituents have an electron-donor
character, in agreement with the changes observed for the
Pd–Nazine bond lengths and electron density values at the
bond critical point. However, the trends on Pd–Nazine bond
length or electron density values do not perfectly agree with
the observed trends in reaction free energies. That is,
whereas with CH3 as substituent the Pd–Nazine distances
are shorter than with NH2, the reaction is more favorable
if the substituent is NH2. This may be understood consider-
ing that, in addition to the σ-donor electronic character,
NH2 has a π-donor resonant character that enhances more
the global stability of the products. It is worth noting that
the reaction free energy can change by as much as 27–
29 kcal/mol by introducing substituents of different charac-
ter in the pyrazole ring.
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Figure 6. Computed reaction free energies (ΔG298) of [PdLCl2] �
[PdL]2+ + 2 Cl– in the gas phase. In kcal/mol. Effect of ring substit-
uents.

Conclusions

The properties of PdII complexes containing pyrazole-
derived hemilabile ligands BPz-(CH2)xA(CH2)yA(CH2)x-
PzB (with x = 1,2; y = 2,3; A = O, NH, S and PH; and B
= CF3, F, H, CH3, NH2) have been investigated through
quantum-chemical calculations. Optimal geometries for
[PdLCl2] and [PdL]2+ complexes and the reaction free en-
ergy of [PdCl2L] � [PdL]2+ + 2 Cl– have been determined
for 32 different ligands using the hybrid B3LYP density
functional method. Compared to the ideal square-planar
geometry, products with six- (x = 1, y = 2) and seven-mem-
bered (x = 2, y = 3) chains are more distorted than those
with eight- (x = 2, y = 2) and nine-membered (x = 2, y =
3) chains. Thus, formation of tetracoordinate [PdL]2+ com-
plexes is more favorable for the longer chains. This is in
agreement with the experimental results, which show that
only octane and nonane ligand complexes can be isolated
and characterized. Results for different donor atoms A
show that the [PdCl2L] � [PdL]2+ + 2 Cl– reaction is fav-
oured according to the order PH � NH � S � O. This
seems to contradict the electron density analysis which
shows a larger L�PdII charge transfer for A = S than for
A = NH. The reaction energy decomposition and point
charge calculations show, however, that the electrostatic +
polarization stabilizing term is larger when A = NH. Fi-
nally, the introduction of substituents at the pyrazole ring
can modulate the strength of the Pd–Nazine bond and mod-
ify the reaction energy, the electron-donor substituents en-
hancing the formation of [PdL]2+.

Theoretical Details
Molecular geometries were optimized using the non-local hybrid
three-parameter B3LYP[23] density functional method with the
Gaussian98 program package.[24] Frequency calculations were also
performed to confirm that each stationary point is an actual mini-
mum. For Pd we used the quasi-relativistic effective core potential
(ECP) of Hay and Wadt[25] to represent the 28 innermost electrons
of the palladium atom. The basis set used for the valence and out-
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ermost core orbitals is the standard double-ζ LANL2DZ set associ-
ated to the ECP. For atoms directly attached to the metal atom (Cl,
Nazine, and the heteroatoms O, N, S, and P from the ligand chain)
we used the 6-31++G(d,p) basis,[26] whereas the remaining atoms
were described with the smaller 6-31G basis.[27] In order to analyze
the influence of further enlarging the basis set on the PdLCl2 �
PdL2+ + 2 Cl– reaction energy, we have also performed (for a few
cases) single-point calculations by adding an f function to the Pd
basis,[28] and using the 6-311++G(2d,2p) basis sets for the atoms
directly bonded to the metal center. Results showed that the reac-
tion energies differ by less than 1 kcal/mol and thus, we expect
computed reaction energies with the small basis set to be reason-
ably accurate. Thermodynamic corrections have been obtained by
standard statistical methods, assuming the harmonic/rigid rotor
approximation.[29] Solvent effects have been introduced using the
Conductor-like Screening Model (COSMO) method,[30] by per-
forming single-point calculations at the gas-phase-optimized geom-
etries. Net atomic charges have been obtained using the natural
population analysis (NPA) method of Weinhold et al.[31] while the
topological properties of the electron density have been studied em-
ploying Bader’s theory of “Atoms In Molecules” (AIM)[22] by me-
ans of the Xaim software.[32]

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometries (Cartesian coordinates) of all consid-
ered [PdLCl2] and [PdL]2+ complexes.
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Cyclohexylbis(hydroxymethyl)phosphane: A Hydrophilic Phosphane Capable of
Forming Novel Hydrogen-Bonding Networks
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The cyclohexyl-substituted (hydroxymethyl)phosphane CyP-
(CH2OH)2 (1) has been prepared by reaction of the corre-
sponding primary phosphane CyPH2 with aqueous formalde-
hyde. Compound 1 has been used as building block for the
synthesis of new functionalized water-soluble phosphorus
compounds. Thus, Mannich-type condensation of 1 with ex-
cess glycine affords the air-stable amino acid phosphane con-
jugate CyP[CH2N(H)CH2COOH]2 (2). Simple oxidation of 1
with hydrogen peroxide and elemental sulfur leads to the
crystalline chalcogenide derivatives CyP(O)(CH2OH)2 (3)
and CyP(S)(CH2OH)2 (4). X-ray diffraction analyses of the
latter revealed distinct intermolecular hydrogen bonding mo-
tifs and possess different types of hydrogen bond networks
to each other due to the different proton acceptor ability of
the chalcogen atom X of the P=X group (X = O, S): while the
oxygen atom of the P=O moiety in 3 serves as proton ac-

Introduction

(Hydroxymethyl)phosphanes [P(CH2OH)xR3–x; R = H,
alkyl, aryl; x = 1, 2, 3] constitute an important class of
functionalized hydrophilic phosphanes, which have gained
considerable prominence in recent years. They are accessible
by insertion of formaldehyde into the P–H bonds of sec-
ondary and primary phosphanes or PH3 and combine the
chemical properties of common organophosphane donor li-
gands with that of hydrophilic alcohols. In other words,
such phosphanes are excellent precursors for the synthesis
of a variety of water-soluble organic and organometallic
phosphorus compounds. Since the P–CH2OH moieties can
easily be re-transformed into P–H bonds by liberation of
formaldehyde molecules, (hydroxymethyl)phosphanes can
be considered as masked primary or secondary organopho-
sphanes (RPH2, R2PH; R = alkyl, aryl) which are less sensi-
tive against air but more water-soluble in contrast to the
latter. Therefore (hydroxymethyl)phosphanes can partici-
pate in a number of chemical reactions, which are typical
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ceptor, affording a P=O–HO bifurcated network, the sulfur
atom of the P=S group denies hydrogen bonding interactions.
In addition, the ligand ability of 1 has been studied towards
Pt(+2) and Cu(+1) ions: Reaction of 1 with Pt(COD)Cl2 (COD
= cycloocta-1,5-diene) furnishes the air-stable complex cis-
[PtCl2{CyP(CH2OH)2}2] (5), while the crystalline dimeric
Cu(+1) complex [CuI{CyP(CH2OH)2}2]2 (6) results from the
reaction of CuI with two molar equivalents of 1. The complex
6 shows a intermolecular hydrogen bonding pattern different
from that of 1, 3 and 4, respectively. The new coordination
compounds 5 and 6 represent metal-phosphane labelled
alcohols which are promising building blocks for the synthe-
sis of metal-based drugs.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of PH3 or organophosphanes, including oxidation reac-
tions,[1,2] nucleophilic substitution and addition reactions to
activated multiple bonds[1,3] or formation of phosphonium
salts via nucleophilic addition to alkylhalides.[2] Another
well established type of reactions of (hydroxymethyl)phos-
phanes represents the Mannich-type condensation with
amino-functionalized compounds like amines,[4] amino ac-
ids[5] or enzymes,[6] which leads to the formation of (ami-
nomethyl)phosphanes containing a �P–CH2–N� moiety.
As Henderson and co-workers have demonstrated, the
Mannich-type condensation is, for example, a feasible
method for the immobilization of phosphanes to amino-
functionalized polymer supports[7] and also render covalent
linkage of enzymes to insoluble supports by using multi-
functional (hydroxymethyl)phosphanes like P(CH2OH)3 as
coupling reagent.[6] Such immobilized supports are of high
interest for the development of a new class of catalysts,[6]

which may find diverse application, for imagine. In this con-
text, metal complexes of phosphane-derived biomolecules[8]

as well as the coordination chemistry of water-soluble (hy-
droxymethyl)phosphane ligands have attracted considerable
interest in the last decade for the design and development
of new water-soluble catalysts[9] or metal-based drugs.[8]

(Hydroxymethyl)phosphane ligands, especially the parent
system P(CH2OH)3, have been employed to synthesize
stable water-soluble complexes with catalytic active metals
(e.g. Rh and Ir)[10] – for their use in biphasic catalysis[11] –
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or with cytotoxic transition metals such as Pt and Au[12] for
potential medical application. In addition, hydroxymethyl-
functionalized phosphanes deserve not only attention as
versatile phosphane ligands but also as versatile candidates
for crystal engineering studies. Especially multifunctional
bis(hydroxymethyl)phosphanes RP(CH2OH)2 and their
chalcogenide derivatives RP(X)(CH2OH)2 (X = O, S) ap-
pear as potential building blocks for different hydrogen
bonding pattern in solid state. However, there are only a
few examples known, demonstrating that (hydroxymethyl)
phosphanes and their chalcogenides[1] are able to form
intermolecular hydrogen bonds. To our surprise, structural
investigations are rather rare and only available for
(HOCH2)2P–CH2CH2–P(CH2OH)2,[13] ferrocenyl (Fc)-sub-
stituted (hydroxymethyl)phosphanes,[2,14,15] and their
derivatives FcP(X)(CH2OH)2 (X = O, S),[14,15]

FcCH2P(S)(CH2OH)2
[2] and FcCH(CH3)P(S)(CH2OH)2,[16]

respectively. We report here the synthesis and characteriza-
tion of a variety of new cyclohexyl-derived bis(hydroxyme-
thyl) phosphane compounds. The versatile chemistry of the
readily accessible phosphane CyP(CH2OH)2 (1) is demon-
strated by several characteristic reactions, including Man-
nich-type condensation with glycine to form the amino acid
phosphane conjugate 2 and simple oxidation reactions of
the phosphorus atom with H2O2 and elemental sulfur, af-
fording the new phosphane chalcogenides CyP(X)-
(CH2OH)2 (3) (X = O) and 4 (X = S), respectively. Ad-
ditionally, initial studies on the coordination chemistry of
ligand 1 were carried out towards Pt(+2) and Cu(+1) ions
which lead to the new complexes 5 and 6 and represent
metal-phosphane modified alcohols as potential precursors
for metal-based drugs. In order to learn more about the
molecular association of different bis(hydroxymethyl) phos-
phorus moieties with and without P=X functions (X = O,
S) via hydrogen bonds, the structures of 1, 3, 4 and 6 were
also established by X-ray diffraction analyses.

Results and Discussion

Synthesis and Characterization of 1–6

All reactions described in this work, that include the
preparation of the starting compound CyP(CH2OH)2 (1) as
well as the various syntheses performed with this precursor,
are summarized in Scheme 1. A general procedure for the
synthesis of hydroxymethyl-functionalized phosphanes in-
volves hydrophosphanylation of the formyl group by ad-
dition of primary or secondary phosphanes to formalde-
hyde.[17] For the preparation of the title compound 1 we
used CyPH2

[17] as starting material, which can easily be syn-
thesized from commercially available and inexpensive chem-
icals. The formylation reaction of CyPH2 with slight excess
of aqueous formaldehyde solution (36.5%) at room tem-
perature produced the bis(hydroxymethyl)phosphane (1) in
almost quantitative yield (Scheme 1). The isolation of com-
pound 1 can easily be achieved by removal of the solvent
and excess formaldehyde in vacuo. The latter synthesis
turned out to be much more efficient than the reported

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 455–463456

patent procedure,[18] by which 1 was obtained from the cor-
responding phosphonium salt by treatment with a base at
50 °C. However, no data concerning characterization of 1
were previously reported.

Scheme 1. Synthesis and reactions of CyP(CH2OH)2 1.

CyP(CH2OH)2 is an air-stable crystalline solid with an
unpleasant odour, which is soluble in organic solvents as
well as in water, due to its amphiphilic character. It was
characterized by mass spectrometry, elemental analysis,
NMR spectroscopy and X-ray diffraction analysis. The EI
mass spectrum revealed the [M]+ peak at m/z = 176 (19%)
and respective fragment ions due to the elimination of
formaldehyde and decomposition of the cyclohexyl group.
The 31P–NMR spectrum of 1 shows a broad singlet at δ =
–11.4 ppm similar to the chemical shifts observed for related
hydroxymethyl-functionalized phosphanes.[4] As expected,
the 1H-NMR spectrum of 1 reveals that the CH2 protons
of the PCH2OH groups are chemically inequivalent (dia-
stereotopic) and represent the AB part of an ABX spin sys-
tem (A, B = 1H; X = 31P). The inequivalence of the methyl-
ene protons is caused by the pyramidally coordinated, pro-
chiral phosphorus center. Simulation of the AB region of
the 1H NMR spectrum of 1 confirmed the observed eight-
line pattern of higher order with partially overlapping sig-
nals for the CH2 protons and their geminal coupling of JAB

= 13 Hz and two different 2JP,H coupling constants of 5.4
(P,A) and 3.9 Hz (P,B), respectively (Figure 1). Similar
coupling patterns were also observed for other bis(hydroxy-
methyl) phosphanes like cam-P(CH2OH)2 (cam = 8-cam-
phanyl)[19] and FcP(CH2OH)2,[14] which exhibit bulky
groups directly bonded to the phosphorus atom.

As suggested previously[15] the close proximity of these
bulky groups may cause restricted rotation around the P–
CH2 and/or CH2–O bonds. The ability of 1 to associate
via hydrogen bonds was confirmed by an X-ray diffraction
analysis, showing that the molecules constitute a two-di-
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Figure 1. 1H NMR-spectrum of 1; a) measured; b) simulated.[20]

mensional hydrogen bond network with the OH groups
serving as proton donors and acceptors (see next section).
The apparently activated OH group of the hydroxymethyl-
functionalized phosphane 1 can be used to synthesize vari-
ous new phosphorus ligands in biomedical applications.
Since phosphanyl-containing amino acids or peptides repre-
sent new carrier ligands for the development of novel metal-
containing drugs, the synthesis of bio-compatible phospho-
rus compounds is of increasing interest. A possible syn-
thetic route to such systems offers the Mannich-type con-
densation of the OH groups in (hydroxymethyl)phosphanes
with the NH2 groups in amino acids and peptides, respec-
tively.[5] In fact, the Mannich-type condensation of CyP-
(CH2OH)2 with 3.5-fold excess of glycine in oxygen-free
water/ethanol at room temperature affords the phosphane-
glycine conjugate CyP[CH2N(H)CH2COOH]2 (2), in which
each hydroxymethyl group was reacted with one glycine
molecule (Scheme 1). Addition of excess molar amounts of
glycine was necessary in order to prevent disubstitution re-
actions at the nitrogen centers. The glycine-derived phos-
phane 2 was obtained as an air-stable, colorless crystalline
solid, which is moderately soluble in water, but insoluble in
organic solvents. Due to the expected protonation of the
amino functions and deprotonation of the COOH groups,
2 shows excellent solubility in aqueous Brønstedt acids and
bases. The new conjugate 2 was characterized by NMR
spectroscopy and ESI mass spectrometry. Solutions of N-
protonated 2 in DCl/D2O show one 31P NMR resonance
signal at δ = –24.4 ppm, similar to the values observed for
related amino acid-functionalized phosphanes in acidic
solutions.[5] The 1H NMR spectrum exhibits two different
sets of methylene protons: one for the methylene protons
of the P–CH2–N part and one for the NH2

+–CH2–COOH
moiety. The first represents the AB part of an ABX spin
system (A, B = 1H; X = 31P; JAB = 14.1, 2JP,A = 1.0 and
2JP,B = 2.2 Hz), while the other is an AB spin system with-
out 31P coupling with a geminal A,B coupling of 17.2 Hz.
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In basic aqueous solutions (NaOD/D2O), 2 is converted
into the corresponding carboxylate with chemical equiva-
lent methylene protons for the NH–CH2–COO- moiety due
to fast inversion of configuration at the nitrogen atom on
the NMR time scale. However, this does not affect the AB
pattern for the methylene protons of the P–CH2–N moiety.
The composition of 2 is proven by ESI mass spectrometry,
recorded in negative mode, showing the [M – H+]-ion peak
at m/z = 289.3 as base-peak.

Oxidation of the phosphorus atom in 1 furnished the
new crystalline chalcogenides CyP(X)(CH2OH)2 (3) (X =
O) and (4) (X = S). The phosphane oxide 3 results by
controlled oxidation of 1 with one equimolar amount of
hydrogen peroxide in 81% yield (Scheme 1). The prepara-
tion of the phosphane sulfide homolog 4 was achieved in
quantitative yield by stirring a solution of 1 in toluene
with elemental sulfur at room temperature (Scheme 1).
Both compounds are colorless crystalline solids, which are
soluble in water and protic organic solvents like alcohols,
but insoluble in apolar organic solvents in contrast to the
parent phosphane 1. The chalcogenides 3 and 4 were
characterized by means of NMR spectroscopy and mass
spectrometry. Their molecular structures were additionally
confirmed by single-crystal X-ray diffraction analyses (see
next section). As expected, the 31P NMR chemical shifts
of 3 (δ = 55.7 ppm) and 4 (δ = 54.5 ppm) are quite
similar to values of related phosphane chalcogenides,[2,15]

which usually appear at relatively low field. The 1H NMR
spectra of both compounds show unresolved overlapping
multiplets for the methylene protons of the PCH2OH
groups, which indicate the expected chemical inequiva-
lence (AB part of an ABX spin system; A, B = 1H; X
= 31P) of the latter. The 13C nucleus of the PCH2OH
groups exhibits a doublet in the 13C{1H} NMR spectra of
3 and 4, respectively, with characteristically large 1J(P,C)
coupling constants (3: 75.6 Hz; 4: 66.7 Hz) for phosphane
chalcogenides.
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In order to probe the coordination ability of 1, the

monodentate phosphane ligand was allowed to react with
Pt(+2) and Cu(+1) compounds, since such metal complexes
are of interest because of their important cytotoxic proper-
ties. In fact, the well established precursor Pt(COD)Cl2 re-
acts with 1 in the molar ratio of 1:2 in dichloromethane at
25 °C, affording solely cis-[PtCl2{CyP(CH2OH)2}2] (5)
which can be isolated in 82% yield (Scheme 1). Complex 5
is an air-stable colorless crystalline solid, which is soluble
in alcohols and moderate soluble in water. Its characteriza-
tions are based on multi-nuclear NMR spectroscopy, ESI-
mass spectrometry and combustion analysis. Especially di-
agnostic is the 195Pt{1H} NMR spectrum of 5, which shows
one triplet at δ = –4523 ppm according to the coupling of
the platinum nucleus with two chemically equivalent phos-
phorus atoms. The resulting 1JPt,P coupling constant of
3490 Hz clearly indicates that the platinum atom has the
cis-configuration.[21] This is evident by the fact that the corre-
sponding trans-isomers of similar Pt complexes exhibit 1JPt,P

coupling constants which are around 1000 Hz lower than
the values for cis complexes (e.g., cis-[Pt{P(CH2OH)3}2I2]:
1JPt,P = 3227 Hz vs. trans-[Pt{P(CH2OH)3}2I2]: 1JPt,P =
2162 Hz).[21] This trend can be simplified explained by the
higher trans-influence of phosphorus compared to halide
ligands, which weakens a Pt–P bond and hence lowers the
Pt,P coupling constant. The 31P NMR spectrum of complex
5 in CD3OD shows one resonance signal at δ = 15.8 ppm
for the two equivalent phosphorus nuclei. Additionally,
195Pt-satellites can be observed, with the identical 1JPt,P

coupling constant as already observed in the corresponding
195Pt NMR spectrum. In the 13C{1H} NMR spectrum of
complex 5 two unresolved multiplets were observed at δ =
36.0 ppm and δ = 54.8 ppm. Due to potential coupling with
the adjacent phosphorus and platinum nuclei these signals
are assigned to the carbon atoms, which are directly bonded
to the phosphorus (C1–Cy and CH2OH). As expected and
similar to the “free” ligand 1 and its chalcogenides 3 and
4, the methylene protons of the PCH2OH groups of the
complex 5 are chemically inequivalent. Thus, the 1H NMR
spectrum of 5 exhibits two broad multiplets at δ = 4.43 and
4.67 ppm for the inequivalent CH2 protons, showing gemi-
nal coupling of 14 Hz and 3JPt,H coupling constants of
18.6 Hz and 29.4 Hz, respectively, for the respective 195Pt-
satellites. The ESI mass spectra show the characteristic peak
for the [M – Cl]+ ion at m/z = 583.8 in positive mode and
one for the [M + Cl]– ion peak at m/z = 653.8 in negative
mode, which are typical for related platinum chloride com-
plexes (e.g. cis-[PtCl2{P(FcCH2)(CH2OH)2}2]).[15]

Similar reaction of CyP(CH2OH), ligand 1 with CuI in
molar ratio of 1:2 in dichloromethane at room temperature
(Scheme 1) furnished air-stable, colorless crystals of 6,
which are soluble in alcohols and moderate soluble in water.
According to an X-ray structure analysis, compound 6
forms a dimer with two iodo-bridges between the Cu atoms
and the dimers are associated via hydrogen bonds in a dif-
ferent motif than 1, 3 and 4 (see next section). Complex 6
was also characterized by NMR spectroscopy, mass spec-
trometry and elemental analysis. Its 31P NMR spectrum in
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CD3OD shows one resonance signal at δ = –7.9 ppm for
the four chemically equivalent phosphorus atoms which is
broadened (h1/2 ca. 25 Hz) due to the presence of the
63/65Cu-quadrupole nuclei. Broadening of the resonance sig-
nals is also observed in the 1H NMR spectrum of 6 which
limits stereochemical information. While ESI-MS investi-
gations of 6 were in contrast to 5 unsuccessful, FAB mass
spectromeric measurements revealed at least the fragment-
ion [Cu{CyP(CH2OH)2}2]+ at m/z = 415.2 as the largest
fragment.

X-ray Crystal Structure Determinations

Crystal structure elucidations were performed for the
compounds 1, 3, 4 and 6. Because hydroxymethyl-function-
alized phosphorus compounds represent oligoalcohol mole-
cules, they have a large tendency to associate via hydrogen
bonding which makes them to versatile building blocks for
the construction of new architectures by molecular recogni-
tion for crystal engineering. In fact, the compounds show a
different variety of hydrogen bonding networks. Single crys-
tals of 1 suitable for an X-ray diffraction analysis were
grown in EtOH/nBu2O. (Table 1). However, the hydrogen-
bonding network of 1 could not be analyzed by X-ray dif-
fraction studies due to the moderate crystal quality. The
compound crystallizes monoclinic with two independent
molecules 1A and 1B in the unit cell (Figure 2). Their
atomic distances and angles are practically identical and re-
semble the respective values observed for the related bis(hy-
droxymethyl) phosphanes (Fc-P(CH2OH)2,[15] FcCH2P-
(CH2OH)2

[2] or (HOCH2)2P–CH2CH2–P(CH2OH)2
[13].

Table 1. Selected bond lengths [Å] and angles [°] for CyP-
(CH2OH)2 (1).

Molecule 1A Molecule 1B

lengths [Å]
P(1)–C(7) 1.879(1) P(2)–C(14) 1.896(9)
P(1)–C(15) 1.778(9) P(2)–C(12) 1.790(9)
P(1)–C(13) 1.778(6) P(2)–C(3) 1.770(5)
C(7)–O(4) 1.355(9) C(14)–O(1) 1.362(1)
C(15)–O(3) 1.389(4) C(12)–O(2) 1.333(2)
angles [°]
C(7)–P(1)–C(15) 98.3(6) C(14)–P(2)–C(12) 98.0(6)
C(7)–P(1)–C(13) 102.2(6) C(14)–P(2)–C(3) 104.8(6)
C(15)–P(1)–C(13) 101.1(6) C(12)–P(2)–C(3) 101.9(6)
P(1)–C(7)–O(4) 116.0(9) P(2)–C(14)–O(1) 113.0(9)
P(1)–C(15)–O(3) 110.3(8) P(2)–C(12)–O(2) 113.2(8)
O(1)···O(3) 2.620
O(3)···O(4) 2.584
O(4)···O(2) 2.651

In contrast to the limited geometrical analysis of 1, the
crystal structure determinations of the phosphane deriva-
tives CyP(O)(CH2OH)2 3 and CyP(S)(CH2OH)2 4 afforded
better data sets (see Table 5) suitable for a topological
analysis of the hydrogen-bonding networks. The latter re-
vealed other types of hydrogen-bonding networks than that
of the related ferrocenyl-substituted compounds [FcP(X)-
(CH2OH)2 (X = O, S),[15] FcCH2P(S)(CH2OH)2,[2] and
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Figure 2. Molecular structure (without hydrogen atoms) of the two
independent molecules of CyP(CH2OH)2 1 in the unit cell.

FcCH(CH3)P(CH2OH)2
[16]] and presumably that of 1. The

molecular structures of compounds 3 and 4 are shown in
the Figure 3 and Figure 6, respectively, while selected bond
lengths and angles are given in the Table 2 and Table 3,
respectively. The P–O bond length of 1.512 (4) Å in 3 is
identical with that in FcP(O)(CH2OH)2 [1.510 (1) Å],[15]

which represents the hitherto only known structure for this
class of compounds. (Hydroxymethyl)phosphane oxides ex-
hibit P=O groups which are favorable hydrogen-bond ac-
ceptors and therefore are predestined to form hydrogen
bonds with proton donors like hydroxy groups. The hydro-
gen-bonding arrangement of compound 3 is shown in Fig-
ure 4, while Figure 5 depicts the crystal packing. In 3 each
P=O group forms bifurcated hydrogen bonding interactions
to the O–H groups of one neighboring molecule, with dis-
tances between hydrogen bonded oxygen atoms of 2.717
(6) Å for O(3)···O(1A) and 2.709 (6) Å for O(2)···O(1A),
respectively. This leads to an arrangement of linked mole-
cules via P=O···HO hydrogen bonds, where each molecule
has solely two connected neighbors. As it is shown in the
crystal packing of 3 (Figure 5), the one-dimensional chains
are not linked to each other. The P=O···HO motif was also
observed for the related compound FcP(O)(CH2OH)2.[15]

but in contrast to 3, FcP(O)(CH2OH)2 possesses a hydro-
gen-bonding network between three neighboring molecules,
where each P=O unit forms hydrogen bonds to OH groups
of different adjacent molecules.

As expected, the distances and angles around the P atom
in the phosphane sulfide 4 (Table 3) are identical with that
of the related compound FcP(S)(CH2OH)2.[7] The structure
of 4 (Figures 6 and 7) shows a completely different hydro-
gen-bonding pattern compared to that of the oxide 3. The
hydrogen-bonding network and crystal packing of the sul-
fide 4 are presented in Figure 7 and Figure 8, respectively.
Interestingly and in contrast to the oxygen atom in 3, the
sulfur atom in 4 is not involved in hydrogen-bonding. Hy-
drogen bonds are formed exclusively between the hydroxy
groups, with each OH functionality acting as a donor in
one and as an acceptor in another hydrogen bond. This
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Figure 3. Molecular structure of CyP(O)(CH2OH)2 (3).

Table 2. Selected bond lengths [Å] and angles [°] for CyP(O)-
(CH2OH)2 (3).

P(1)–C(8) 1.808(6) C(8)–P(1)–C(7) 107.9(3)
P(1)–C(7) 1.800(6) C(8)–P(1)–C(1) 107.2(3)
P(1)–C(1) 1.795(6) C(7)–P(1)–C(1) 107.7(3)
P(1)–O(1) 1.512(4) C(8)–P(1)–O(1) 109.8(2)
C(8)–O(3) 1.422(6) C(7)–P(1)–O(1) 109.4(2)
C(7)–O(2) 1.435(6) C(1)–P(1)–O(1) 114.6(2)
O(3)–H(1) 0.71(5) P(1)–C(8)–O(3) 114.0(4)
O(2)–H(2) 0.77(5) P(1)–C(7)–O(2) 113.4(4)
H(1)···O(1A) 2.01(6) C(8)–O(3)–H(1) 108(5)
H(2)···O(1A) 2.02(5) C(7)–O(2)–H(2) 90(4)
O(3)···O(1A) 2.717(6) O(3)–H(1)···O(1A) 171(6)
O(2)···O(1A) 2.709(6) O(2)–H(2)···O(1A) 149(5)

Table 3. Selected bond lengths [Å] and angles [°] for CyP-
(S)(CH2OH)2 (4).

P(1)–C(7) 1.828(2) C(7)–P(1)–C(8) 103.6(1)
P(1)–C(8) 1.833(2) C(7)–P(1)–C(1) 106.02(9)
P(1)–C(1) 1.815(2) C(8)–P(1)–C(1) 104.27(9)
P(1)–S(1) 1.954(8) C(7)–P(1)–S(1) 111.33(7)
C(7)–O(2) 1.419(2) C(8)–P(1)–S(1) 113.84(7)
C(8)–O(1) 1.415(3) C(1)–P(1)–S(1) 116.56(7)
O(2)–H(2) 0.72(3) P(1)–C(7)–O(2) 112.5(1)
O(1)–H(1) 0.77(2) P(1)–C(8)–O(1) 110.9(1)
H(1)···O(2) 1.94(2) C(7)–O(2)–H(2) 112(2)
H(2)···O(1) 1.98(3) C(8)–O(1)–H(1) 109.(3)
O(1)···O(2) 2.686(2) O(1)–H(1)···O(2) 164(3)
O(2)···O(1) 2.679(2) O(2)–H(2)···O(1) 168(3)

Figure 4. Intermolecular hydrogen bonds between 3 in the crystal.

leads to the formation of a two-dimensional hydrogen
bonding network between three adjacent molecules, in
which each molecule is crosslinked to four neighboring
molecules.

Remarkably, the network of 4 with hydrogen bonded ten-
membered rings is practically identical with that observed
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Figure 5. Crystal packing of CyP(O)(CH2OH)2 (3).

Figure 6. Molecular structure of CyP(S)(CH2OH)2 (4).

Figure 7. Two-dimensional network of 4 via hydrogen bonds.

Figure 8. Crystal packing of CyP(S)(CH2OH)2 (4).

for the sulfur-free phosphane FcP(CH2OH)2
[15] and remi-

niscent of that in the related sulfide FcP(S)(CH2OH)2.[15] In
contrast to 4, the hydrogen bonds in FcP(S)(CH2OH)2 are
formed between three neighboring molecules with a net-
work of alternating eight- and twelve-membered rings.
However, in contrast to the sulfide 4 and FcP(S)-
(CH2OH)2, the structures of other related ferrocenyl-
derived compounds FcCH2P(S)(CH2OH)2

[2] and
FcCH(CH3)P(CH2OH)2

[16] show a hydrogen-bonding
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pattern with hydrogen bonds formed between the sulfur
atom and hydroxy groups as well as between OH groups.
The formation of O–H···S hydrogen bonds in
FcCH2P(S)(CH2OH)2 and FcCH(CH3)P(CH2OH)2 on the
one hand and the lack of O–H···S interactions in
FcP(S)(CH2OH)2 and 4 on the other hand is rather pecu-
liar. As already suggested previously,[15] the proximity of the
bulky groups to the phosphorus centers in FcP(S)-
(CH2OH)2 and 4 may effectively shield the sulfur atoms and
prevent hydrogen bonding interactions of the P=S group.
Additionally, the sulfur atom of the P=S group is a much
weaker hydrogen-bond acceptor compared to the P=O
functionality.

As shown in the crystal packing diagrams of the com-
pounds 3 (Figure 5) and 4 (Figure 8), the hydrophobic cy-
clohexyl groups have also an important influence on the
aggregation behaviour of the molecules. Due to van der
Waals interactions, the cyclohexyl groups are effectively
stacked on each other, which leads to the formation of alter-
nating hydrophobic and hydrophilic regions in the crystal
packing.

The structural elucidation of the copper complex 6 re-
vealed another new type of hydrogen-bonding network. The
molecular structure and the hydrogen-bonding pattern of
complex 6 are represented in the Figure 9 and Figure 10,
respectively, while selected distances and angles are given
in Table 4. The centrosymmetric complex 6 is a dimer and
possesses two iodo-bridges in a planar Cu2I2 ring. There
are other CuI–phosphane complexes known, having a four-
membered Cu2I2 core and terminal coordinated mono-
dentate phoshane ligands (e.g. [CuI(PPh2Me)2]2·SO2,[22]

[CuI(PH2Ph)2]2[23] and [CuI(PMe3)2]2[24]). Complex 6 repre-
sents the first example of a Cu(+1) complex containing
functionalized monodentate phosphane ligands coordi-
nated to a CuI dimer. The distances and angles of com-
pound 6 are unexceptional and similar to that of [Cu-
I(PMe3)2]2.[24]

Figure 9. Molecular structure of [CuI{CyP(CH2OH)2}2]2 (6).

As expected, the crystal structure of 6 shows intermo-
lecular hydrogen bonding interactions due to the presence
of OH groups in the phosphane ligand. There exist two dif-
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Figure 10. Hydrogen-bonding network in and crystal packing of
[CuI{CyP(CH2OH)2}2]2 (6).

Table 4. Selected bond lengths [Å] and angles [°] of complex 6.

Cu(1)–I(1) 2.716(4) Cu(1)–I(1)–Cu�(1) 78.5(1)
Cu(1)–I�(1) 2.722(5) I(1)–Cu(1)–I�(1) 101.4(1)
Cu(1)–P(1) 2.258(4) P(1)–Cu(1)–P(2) 123.45(7)
Cu(1)–P(2) 2.257(4) P(1)–Cu(1)–I(1) 109.0(1)
P(1)–C(7) 1.839(7) P(1)–Cu(1)–I�(1) 105.70(7)
P(1)–C(8) 1.851(7) P(2)–Cu(1)–I�(1) 111.7(1)
P(1)–C(1) 1.851(7) P(2)–Cu(1)–I(1) 103.3(1)
P(2)–C(15) 1.843(7) Cu(1)–P(1)–C(7) 114.2(2)
P(2)–C(16) 1.830(7) Cu(1)–P(1)–C(8) 115.0(2)
P(2)–C(9) 1.838(7) Cu(1)–P(2)–C(15) 113.2(2)
C(7)–O(1) 1.416(8) Cu(1)–P(2)–C(16) 112.2(2)
C(8)–O(2) 1.412(8) P(1)–C(7)–O(1) 114.4(5)
C(15)–O(3) 1.439(7) P(1)–C(8)–O(2) 112.7(4)
C(16)–O(4) 1.449(8) P(2)–C(15)–O(3) 113.1(4)

P(2)–C(16)–O(4) 114.0(4)
O(1)···O(4B) 2.702(8) O(1)–H(1)···O(4B) 155.9(4)
O(3A)···O(1) 2.684(8) O(3A)–H(3A)···O(1) 164.2(4)

ferent types of intermolecular hydrogen bonds with the dis-
tances between the hydrogen bonded oxygen atoms O(1)···
O(4B) of 2.702(8) Å and O(3A)···O(1) of 2.684(8) Å,
respectively (Figure 10). The hydroxy group O(1)–H(1) of
phosphane ligand 1 [with P(1)] acts as a donor in one hy-
drogen bond and as an acceptor in a second hydrogen bond
with two adjacent molecules 6. The hydroxy groups O(3)–
H(3) and O(4)–H(4) of phosphane ligand 2 [with P(2)] are
each involved in only one hydrogen bonding with two
neighboring molecules. At least each dimer molecule is as-
sociated via six hydrogen bonds with four adjacent mole-
cules, with the neighboring dimers are oriented about 90°
to the observed molecule. This leads to the formation of
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two-dimensional networks, which are parallel stacked on
each other.

Conclusion

The amphiphilic cyclohexyl (hydroxymethyl)phosphane 1
is a valuable building block for designing novel hydrogen
bonding networks. Using the versatile reactivity of phos-
phane 1 a variety of functionalized phosphorus compounds
can be synthesized. Thus, Mannich-type condensation of 1
with glycine produced the air-stable amino acid function-
alized phosphane 2, and the crystalline derivatives 3 and 4
were prepared by simple oxidation reactions. The X-ray
crystal structure diffraction analyses revealed completely
different hydrogen bonding pattern for the oxide 3 and the
sulfide 4. While 3 shows intermolecular bifurcated hydrogen
bonding interactions between the strong P=O acceptor and
the O–H donor groups, the sulfur atom of 4 was not in-
volved in any hydrogen bond. The hydrogen bonding net-
work in 4 was exclusively formed by O–H···O–H interac-
tions and was similar to that observed for the related phos-
phane FcP(CH2OH)2.[14,15] In addition, the coordination
chemistry of 1 was studied which led to the air-stable
complexes cis-[PtCl2{CyP(CH2OH)2}2] (5) and
[CuI{CyP(CH2OH)2}2]2 (6), respectively. The crystal struc-
ture of the latter revealed another new type of hydrogen-
bonding network where one OH group of phosphane ligand
2 [with P(2)] is not involved in any hydrogen bond.

Experimental Section
General Remarks: All manipulations were performed under dry and
oxygen-free argon. Solvents were dried according to standard
methods and saturated with argon or degassed, respectively. The
NMR spectra were recorded on a Bruker Avance DPX 250 MHz
spectrometer at room-temperature. Chemical shifts δ are given in
ppm and were referenced against Me4Si (1H, 13C; using residual
protonated solvent peak or the carbon resonance, respectively),
85% H3PO4 (31P) and H2PtCl6 in D2O (195Pt). ESI-mass spectro-
metric analysis were performed in the positive and the negative
mode using a Bruker Esquire 3000 instrument. The EI- and FAB-
mass spectra were recorded at a VG instruments Autospec/EBEE
spectrometer. Elemental analyses were carried out on a VarioEL
(CHN) elemental analyzer. CyPH2

[25] and PtCl2(COD)[26] were pre-
pared according to published procedures. All other chemicals used
as starting materials were obtained commercially and without fur-
ther purification.

Preparation of CyP(CH2OH)2 (1): Aqueous formaldehyde (36.5%,
4.23 mL, 56.0 mmol) was placed in oxygen-free ethanol (10 mL)
and purged with argon at room temperature for 30 min. Then a
solution of CyPH2 (2.60 g, 22.4 mmol) in 10 mL of oxygen-free eth-
anol was added dropwise and the mixture was stirred overnight at
25 °C. After removal of the solvent in vacuo the residual colorless
solid is recrystallized from ethanol/di-n-butyl ether at –15 °C. Yield:
3.86 g, (98%). C8H17O2P (176.2): calcd. C 54.6, H 9.7; found C
54.4, H 10.1. 1H NMR (250.13 MHz, D2O): δ = 1.00–1.40 (m, 5
H, Cy), 1.44–1.98 (m, 6 H, Cy), 3.98 (dd, 2JP,H = 5.4, 2JH,H =
13.0 Hz, 2 H, PCH2), 4.05 (dd, 2JP,H = 3.9, 2JH,H = 13.0 Hz, 2 H,
PCH2) ppm. 13C NMR (62.90 MHz, D2O): δ = 26.2 (s, C4-Cy),
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26.4 (d, 3JP,C = 10.6 Hz, C3-, C5-Cy), 29.2 (d, 2JP,C = 12.0 Hz, C2-,
C6-Cy), 29.4 (d, 1JP,C = 13.8 Hz, C1-Cy), 57.3 (d, 1JP,C = 10.4 Hz,
PCH2) ppm. 31P NMR (101.25 MHz, D2O): δ = –11.4 (br. s) ppm.
EI-MS: m/z (%) = 176 [M+ (19)], 146 [M+ – CH2O (18)], 115
[CyPH+ (17)], 83 [Cy+ (70)], 55 [C4H7

+ (100)] 41 [C3H5
+ (74)].

Preparation of CyP[CH2N(H)CH2COOH]2 (2): A solution of gly-
cine (0.83 g, 11.38 mmol) in degassed water (3.5 mL) was added via
a syringe to phosphane 1 (0.57 g, 3.24 mmol) in 1.5 mL oxygen-
free ethanol and stirred overnight at 25 °C. The formed solid was
filtered off and the filtrate evaporated giving the product as a color-
less crystalline solid. Yield: 808 mg (86%). 1H NMR (250.13 MHz,
DCl/D2O): δ = –0.92 to –0.80 (m, 5 H, Cy), –0.31 to –0.05 (m, 6
H, Cy), 1.61 (br. d, 2JH,H = 14.1 Hz, 2 H, PCH2), 1.76 (dd, 2JP,H

= 2.2, 2JH,H = 14.1 Hz, 2 H, PCH2), 2.16 (d, 2JH,H = 17.2 Hz, 2 H,
CH2COOH), 2.20 (d, 2JH,H = 17.2 Hz, 2 H, CH2COOH) ppm. 13C
NMR (62.90 MHz, DCl/D2O): δ = 24.9 (s, C-4-Cy), 25.9 (d, 3JP,C

= 11.3 Hz C-3-, C-5-Cy), 27.8 (d, 2JP,C = 10.8 Hz, C-2-,C-6-Cy),
32.8 (d, 1JP,C = 4.6 Hz, C-1-Cy), 43.6 (d, 1JP,C = 18.8 Hz, PCH2),
48.4 (d, 3JP,C = 7.6 Hz, CH2COOH), 168.0 (s, COOH) ppm. 31P
NMR (101.25 MHz, DCl/D2O): δ = –24.4 (br. s) ppm. ESI-MS
(negative mode): 289.3 [M – H+].

Preparation of CyP(O)(CH2OH)2 (3): Aqueous hydrogen peroxide
(0.3%, 6 mL) was added to a solution of compound 1 (100 mg,
0.568 mmol) in 20 mL methanol and stirred in air for 10 min. The
solvent was removed at a rotor vapour, co-evaporated twice with
water (2×10 mL) and washed with dry ether (10 mL). After drying
in vacuo the product 3 was obtained as colorless crystalline solid.
Yield: 87 mg (81%). C8H17O3P (192.2): calcd. C 50.0, H 8.9; found
C 50.4, H 9.3. 1H NMR (250.13 MHz, D2O): δ = 1.10–1.41 (m, 4
H, Cy), 1.58 –1.85 (m, 6 H, Cy) 1.98 (m, 1 H, H1–Cy) 4.02 (m, 4
H, PCH2) ppm. 13C NMR (62.90 MHz, D2O): δ = 24.4 (d, 4JP,C =
1 Hz, C-4-Cy), 25.7 (d, 3JP,C = 3.4 Hz, C3-, C-5-Cy), 25.9 (d, 2JP,C

= 12.7 Hz, C-2,C-6-Cy), 32.2 (d, 1JP,C = 61.8 Hz, C-1 Cy), 54.8 (d,
1JP,C = 75.6 Hz, PCH2) ppm. 31P NMR (101.25 MHz, D2O): δ =
55.7 (br. s) ppm. ESI-MS (negative mode): 191.3 [M – H+].

Table 5. Crystallographic data for compounds 1, 3, 4 and 6.

1 3 4 6

Empirical formula C8H17O2P C8H17O3P C8H17O2PS C8H17Cu2I2O8P4

Formula mass 179.19 192.19 208.25 1085.62
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2/c P21/c P21/c P21/n
Cell constants
a [Å] 34.28(2) 6.613(3) 15.882(5) 9.48(2)
b [Å] 5.161(4) 31.132(16) 6.4485(16) 17.39(3)
c [Å] 22.210(5) 5.4195(19) 11.102(3) 13.99(2)
β [°] 110.21(2) 114.014(14) 108.740(5) 107.81(8)
Volume [Å3] 3687(5) 1019.2(8) 1076.7(5) 2196(7)
Z 16 4 4 2
Density (calculated) [Mg·m–3] 1.269 1.252 1.285 1.642
Absorption coefficient [mm–1] 0.251 0.239 0.412 2.562
Crystal size [mm] 0.3 x0.2×0.2 0.3×0.2×0.1 0.2×0.1×0.1 0.3×0.2×0.2
Theta range for data collection 1.93 to 22.50 2.62 to 25.01 2.71 to 30.01 2.31 to 25.07
Reflections collected 2644 3799 5351 7412
Independent reflections 1974 (Rint = 0.1165) 1486 (Rint = 0.0879) 2730 (Rint = 0.0309) 3572 (Rint = 0.0337)
Goodness-of-fit on F2 1.069 1.033 1.028 1.028
R indices [I � 2σ(I)] R1 = 0.1167, R1 = 0.0790, R1 = 0.0452, R1 = 0.0468,

wR2 = 0.2390 wR2 = 0.1874 wR2 = 0.1061 wR2 = 0.1194
R indices (all data) R1 = 0.2223, R1 = 0.1250, R1 = 0.0672, R1 = 0.0616,

wR2 = 0.2664 wR2 = 0.2142 wR2 = 0.1140 wR2 = 0.1302
Largest diff. peak/hole [e·Å–3] 0.474/–0.448 0.443/–0.518 0.438/–0.305 2.456/–0.850
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Preparation of CyP(S)(CH2OH)2 (4): Elemental sulfur (86 mg,
2.670 mmol) was added to a solution of phosphane 1 (470 mg,
2.670 mmol) in 10 mL toluene at room temperature. While stirring
for 30 min the sulfur disappeared and a colorless solid was formed.
After evaporation of the solvent the residue was re-dissolved in
ethanol (8 mL) and filtered. The solvent was again partly removed
in vacuo and diethyl ether was added causing the product to pre-
cipitate. The solid was filtered off and dried in vacuo yielding 4
as a colorless crystalline solid. Yield: 555 mg (100%). C8H17O2SP
(208.2): calcd. C 46.15, H 8.23; found C 45.9, H 8.15. 1H NMR
(250.13 MHz, D2O): δ = 1.10–1.81 (m, 11 H, Cy), 4.18 (m, 4 H,
PCH2) ppm. 13C NMR (62.90 MHz, D2O): δ = 25.1 (s, C-4 Cy),
25.5 (d, 3JP,C = 3.8 Hz, C3-, C5-Cy), 26.5 (d, 2JP,C = 16.7 Hz, C-
2,C-6 Cy), 32.8 (d, 1JP,C = 52.3 Hz, C-1Cy), 58.1 (d, 1JP,C =
66.7 Hz, PCH2) ppm. 31P NMR (101.25 MHz, D2O): δ = 54.5 (s)
ppm. EI-MS: m/z (%) = 208 [M+ (69)], 178 [M+-CH2O (9)], 127
[M+ – Cy + H (47)], 126 [M+ – Cy + 2 H (38)], 108 [M+ – Cy –
OH (100)], 83 [Cy+ (39)], 78 [HP(S)CH2

+ (84)], 55 [C4H7
+ (82)], 41

[C3H5
+ (70)].

Preparation of cis-[PtCl2{CyP(CH2OH)2}2] (5): Phosphane 1
(218 mg, 1.236 mmol) and Pt(COD)Cl2 (231 mg, 0.618 mmol) were
dissolved in CH2Cl2 (10 mL) and stirred for 2 h at room tempera-
ture. After standing for another 4 h at 25 °C the formed solid was
filtered off and dried in vacuo giving the product as a colorless
crystalline solid, which may be recrystallized from hot methanol.
Yield: 313 mg (82%). C16H34Cl2O4P2Pt (618.4): calcd. C 31.1, H
5.5; found C 31.2, H 5.8. 1H NMR (250.13 MHz, [D4]MeOH): δ =
1.21 –1.79 (m, 12 H, Cy-H3,–H4,–H5), 1.83 (br. m, 4 H, Cy-H2,-
H6), 2.21 (br. m, 4 H, Cy-H2,-H6), 2.58 (br. m, 2 H, Cy-H1), 4.43
(m, 2JH,H = 14.0, 2JP,H = 0.8, 3JPt,H = 18.6 Hz, 4 H, PCH2), 4.67
(m, 2JH,H = 14.0, 2JP,H = 2.0, 3JPt,H = 29.4 Hz, 4 H, PCH2) ppm.
13C NMR (62.90 MHz, [D4]MeOH): δ = 26.2 (br. s, C-4 Cy), 27.2/
27.4 (d, 3JP,C = 6.0 Hz, C-3, C-5 Cy), 29.8 (br. s, C2-,C6-Cy), 36.0
(m, C-1 Cy), 54.8 (m, PCH2) ppm. 31P NMR (101.25 MHz, [D4]-
MeOH): δ = 15.8 [s; Pt-satellites (d), 1JPt,P = 3490 Hz] ppm.
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195PtNMR (53.52 MHz, [D4]MeOH): δ = –4523 (t, 1JPt,P =
3502 Hz) ppm. ESI-MS (positive mode): 583.8 [M – Cl]. ESI-MS
(negative mode): 653.8 [M + Cl].

Preparation of [CuI{CyP(CH2OH)2}2]2 (6): A solution of phos-
phane 1 (107 mg, 0.61 mmol) in 3 mL of CH2Cl2 was added drop-
wise to a suspension of CuI (58 mg, 0. 305 mmol) in 3 mL of
CH2Cl2 at room temperature. After stirring for 4 h at 25 °C the
solvent was removed under reduced pressure and the solid re-dis-
solved in 2 mL hot degassed methanol. Colorless crystals of prod-
uct 6 were formed during 1 day standing at 25°, which were filtered
off and dried in vacuo. Yield: 152 mg (92%). C32H68Cu2I2O8P4

(1085.7): calcd. C 35.4, H 6.3; found C 34.9, H 6.0. 1H NMR
(250.13 MHz, [D4]MeOH): δ = 1.10–1.88 (m, 40 H, Cy), 2.01–2.20
(m, 4 H, 1-H Cy), 4.11 (br. s, 16 H, PCH2) ppm. 31P NMR
(101.25 MHz, [D4]MeOH): δ = –7.97 (br. s, w1/2 = 35 Hz) ppm.
FAB-MS: m/z (%) = 415.2 [Cu{CyP(CH2OH)2}2

+ (30)], 239.3 [Cu-
CyP(CH2OH)2

+ (24)], 176.2 [CyP(CH2OH)2
+ (34)].

X-ray Crystallographic Study: Crystals of 1, 3, 4 and 6 were
mounted on top of a thin glass fiber. Data were collected with a a
Bruker-AXS SMART1000 diffractometer with graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The crystal data are sum-
marized in Table 5. Structures were solved by direct methods
(SHELX-97) and refined (SHELXL-97) by full-matrix least-
squares methods. Except for 1, the positions of the O–H hydrogen
atoms were localized in the difference Fourier map and refined. All
other hydrogen atoms were introduced at calculated positions
(riding model), included in structure factor calculations,
and not refined. CCDC-260936 to -260938 (for 3, 4, 6) and
-283461 (for 1) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The reaction of the heteronuclear cluster [Cp*IrRu3(μ-H)2-
(CO)10] (1) with the symmetrical alkynes RCCR (R = Ph, Et)
afforded the butterfly clusters [Cp*IrRu3(CO)9(RCCR)] (2)
and the trinuclear clusters [Cp*IrRu2(CO)7(RCCR)] (3) and
[Ru3(CO)8(C4R4)] (4). The clusters 2 and 3 have the alkyne
aligned parallel to an Ru–Ir bond. The reaction of 1 with un-
symmetrical alkynes also afforded stereoselective binding of

Introduction
Mixed-metal alkyne clusters have been of interest be-

cause of their catalytic potential in hydrogenation reac-
tions,[1] as models for the carbon–carbon triple bond acti-
vation on metal surfaces and for chemisorption of small
molecules on metal surfaces,[2] as well as precursors to bi-
metallic particles.[3] The reaction of tetrahedral clusters with
alkynes often results in cluster opening to give “butterfly”
structures,[4] where the M3M� skeleton takes the form of a
butterfly and the alkyne C2 unit binds to the metal frame-
work in a μ4-η2 fashion to form a quasi-octahedral
M3M�C2 skeleton.[5] The total electron count for these clus-
ters are best considered using the Wade’s system, i.e., as
octahedral M3M�C2 clusters, with each CR unit donating
three electrons to the skeletal bonding. They are therefore
62-electron “electron precise” butterfly or 14-electron closo
octahedral clusters;[6] use of the EAN rule predicts unsatu-
ration, which is not in agreement with their reactivity and
hence discouraged.[7]

Three isomers are possible for the M3M�C2 skeleton and
for the coordinated alkynes (Figure 1). The alkyne can be
disposed parallel to a heterometallic MM� bond (a) or to a
homometallic MM bond (b); these are related as hinge-apex
isomers. The orientation of the alkyne with respect to the
hinge bond can also be different, such as in (a) and (c),
which are related as (cis,trans) alkyne isomers.

Most reactions of heterometallic tetrahedral clusters with
alkynes afforded butterfly clusters exhibiting either hinge-
apex or alkyne, or both types of isomerism. In some cases,
however, the reactions were found to be highly stereoselec-
tive. For example, the reaction of [CpMRu3(CO)12]– (M =
W, Mo), [IrRu3(μ-H)(CO)13] and [IrRu3(CO)13]– towards in-

[a] Department of Chemistry, National University of Singapore,
Kent Ridge, Singapore 119260

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 464–472464

the alkyne such that the bulkier substituent was pointing
away from the Cp*Ir moiety; with PhCCH, however, all three
stereoisomers were obtained. With the bis-silylated alkynes
(R = SiMe3, SiEt3), loss of one trialkylsilyl group occurred to
give [Cp*IrRu3(CO)9(HCCR)] and [Ru3(CO)9(μ-H)(CCR)] (5).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Isomers in M3M�C2 clusters.

ternal alkynes afforded �M–Ru (M = W, Mo and Ir) clusters
with alkyne insertion into the Ru–Ru bond as the only
product.[8] However, the reaction of [CpMRu3(CO)12]– (M
= W, Mo) clusters with phenyl acetylene afforded �M–Ru
cis and trans isomers,[8a] while the reaction of [FeRu3(μ-H)2-
(CO)13] with alkynes afforded hinge-apex as well as alkyne
isomers; isomerisation of the �Fe–Ru to the �Ru–Ru isomer
occurred on heating.[9] In the reaction of [Cp*RhRu3(μ-H)4-
(CO)9] with alkynes, the isomer with the heterometal atom
at the wingtip (�Ru–Ru) was obtained as the only isomer,
while the Cp analogue afforded both hinge-apex isomers
(�Rh–Ru and �Ru–Ru). However, it was observed that the
�Rh–Ru isomer converted into the �Ru–Ru isomer during
purification of the product on TLC plates.[10] In both the
FeRu and RhRu systems, the reverse isomerisation was not
facile. This suggested that for these two systems, the isomer
with the heterometal atom in the hinge was the kinetically
favored product and that with the heterometal atom in the
wingtip was the thermodynamically more stable product.

Heterometallic clusters like the previously reported
[CpRhRu3(μ-H)4(CO)9] are attractive as they allow for the
study of site selectivity in the binding of alkynes, particu-
larly unsymmetrical alkynes; the Cp serves as a ligand
which allows for stereoelectronic influence on the cluster.
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However, this cluster was known to fragment readily under
the reaction conditions,[10] and we thus sought to examine
the reactivities of some heavier relatives, viz., [Cp*IrM3(μ-
H)2(CO)10] [M = Ru (1) or Os], which we have recently
synthesised,[24] in the hope that the third-row elements
would lend stability to the cluster core. Our investigations
with the cluster 1 are reported here.

Results and Discussion

Reactions of 1 with Alkynes: The thermal reaction of 1,
with the symmetrical alkynes RCCR (R = Ph, Et) in hexane
afforded a dark red solution from which three compounds,
viz., [Cp*IrRu3(CO)9(RCCR)] (2), [Cp*IrRu2(CO)7-
(RCCR)] (3), and [Ru3(CO)8(C4R4)] (4) were isolated
(Scheme 1).

All the products have been completely characterised, in-
cluding by single-crystal X-ray crystallographic studies. The
clusters 4a and 4b have been reported previously,[11] includ-
ing the X-ray crystal structure in the case of the former.[12]

The ORTEP plots for 2a, 3a and 4b are shown in Figure 2,
Figure 3 and Figure 4, respectively. The alkyne butterfly
clusters 2 have the alkyne C�C bond parallel to an Ru–Ir
hinge; their structural discussion will follow later.

The gross structural features of 4b are very similar to
those of 4a.[11a] As has been observed there, the Ru3C4 unit
is in an approximately pentagonal bipyramidal arrange-
ment, the Ru–Ru bonds are rather short and attributable to
the two bridging carbonyl groups, and the double bonds of
the butadiene-1,4-diyl moiety are delocalised over the three
C–C bonds although the central bond is marginally longer.
However, the asymmetry observed in 4b is statistically more
significant than those observed in 4a because of the lower
e.s.d.s. Thus the two Ru–Ru bonds are different and the
difference in bond lengths between the central C–C bond
of the butadiene-1,4-diyl moiety compared to the other two
is now statistically significant.

A common atomic numbering scheme and selected bond
parameters for 3a and 3b are given in Table 1. Both the
clusters 3 are Ru2Ir clusters with an electron count of 48;
their structural features are similar. There is an asymmetri-
cal carbonyl bridge, and the alkyne ligand is coordinated in

Scheme 1.
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Figure 2. ORTEP diagram of 2a. Thermal ellipsoids are drawn at
the 50% probability level. The phenyl hydrogen atoms are omitted
for clarity.

Figure 3. ORTEP diagram of 3a. Thermal ellipsoids are drawn at
50% probability level. The phenyl hydrogen atoms are omitted for
clarity.

a μ3-η2 fashion over the Ru2Ir triangle, with the alkyne C–
C bond parallel to the Ru–Ir bond bridged by the carbonyl.
This type of bonding mode of an alkyne has been observed
in a number of clusters.[13] The longest metal–metal bond
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Figure 4. ORTEP diagram and selected bond parameters of 4b.
Thermal ellipsoids are drawn at 50% probability level. Organic hy-
drogen atoms are omitted for clarity. Ru(1)–Ru(2) = 2.6646(4) Å;
Ru(2)–Ru(3) = 2.6741(4) Å; Ru(1)–C(41) = 2.275(3) Å; Ru(1)–
C(51) = 2.297(3) Å; Ru(1)–C(61) = 2.300(3) Å; Ru(1)–C(71) =
2.317(3) Å; Ru(2)–C(41) = 2.192(3) Å; Ru(2)–C(71) = 2.188(3) Å;
Ru(3)–C(41) = 2.315(3) Å; Ru(3)–C(51) = 2.363(3) Å; Ru(3)–C(61)
= 2.352(3) Å; Ru(3)–C(71) = 2.252(3) Å; C(41)–C(51) = 1.440(5) Å;
C(51)–C(61) = 1.479(5) Å; C(61)–C(71) = 1.444(5) Å; Ru(1)–
Ru(2)–Ru(3) = 88.967(11)°.

is Ir(1)–Ru(2), which is bridged by the carbonyl and is also
parallel to the alkyne C–C bond; this bond is significantly
longer than the other two. The alkyne C–C bond lengths at
ca. 1.40 Å have clearly lost their triple bond character; the
bond order is less than two.[14]

Table 1. Common atomic numbering scheme and selected bond pa-
rameters for 3a and 3b.

3a (R = Ph) 3b (R = Et)

Bond lengths [Å]
Ir(1)–Ru(2) 2.7977(5) 2.8034(5)
Ir(1)–Ru(3) 2.7091(5) 2.7022(5)
Ru(2)–Ru(3) 2.6852(6) 2.6892(7)
Ir(1)–C(1) 2.090(6) 2.067(6)
Ru(2)–C(2) 2.116(5) 2.094(7)
Ru(3)–C(1) 2.196(5) 2.196(6)
Ru(3)–C(2) 2.250(5) 2.214(6)
Ir(1)–C(12) 1.880(6) 1.893(7)
Ru(2)–C(12) 2.422(6) 2.362(7)
C(1)–C(2) 1.393(8) 1.402(9)
C(12)–O(12) 1.160(7) 1.164(8)
Bond angles [°]
Ru(2)Ir(1)Ru(3) 58.342(14) 58.443(16)
Ir(1)Ru(2)Ru(3) 59.178(14) 58.896(15)
Ir(1)Ru(3)Ru(2) 62.481(15) 62.660(16)
Ir(1)C(12)O(12) 153.0(5) 150.6(6)
Ru(2)C(12)O(12) 126.9(5) 127.8(5)
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The yields of the clusters 3 increased at the expense of
that for clusters 2 when the reaction time was prolonged.
This suggested that 3 were derived from the butterfly alkyne
clusters 2. This was also supported by the observation that
thermolyses of 2a and 2b afforded 3a and 3b, respectively.
Furthermore, we have also found that the UV photolyses
of solutions of 2 yielded 3. Thus the butterfly alkyne clus-
ters were not very stable at high temperatures or under
photolytic conditions, and were prone to undergo fragmen-
tation to yield the stable triangular clusters. However, nei-
ther thermolysis nor photolysis yielded the triruthenium
clusters 4, which indicated that 2 were not the precursors.
Similarly, we have found that [Cp*Ir(CO)2] did not react
with 4a or 4b under thermolytic or photolytic conditions.
Thus the formation of clusters 4 involved a different path-
way from that leading to 2 and 3.

The reaction of 1 with the unsymmetrical alkynes
tBuCCMe, 1-hexyne and Me3SiCCH, however, gave only
very low yields of the alkyne butterfly clusters 2 (Scheme 2).
The reaction with 1-hexyne was particularly poor, and the
amount of material obtained was very little, although the
IR spectral profile suggested that it had a similar structure
to 2c.[15] For Me3SiCCH, the known triruthenium cluster
[Ru3(CO)9(μ-H)(C2SiMe3)] (5a) was also obtained.[16] With
the exception of 2d, the molecular structures of all the prod-
ucts have been determined by single-crystal X-ray crystallo-
graphic studies, albeit that for 5a has already been re-
ported.[17,18] The ORTEP plot for 2c is shown in Figure 5,
and it shows that the C�C bond of the alkyne is again
parallel to an Ru–Ir hinge, and the less bulky group of the
alkyne is cis to the Cp*Ir. The 1H NMR spectrum of 2c did
not show the presence of isomers. Hence the binding of the
unsymmetrical alkyne appeared to be highly stereoselective.
Monitoring of the reaction using infrared spectroscopy
showed that strong peaks attributable to [Cp*Ir(CO)2] were
formed, suggesting fragmentation of the cluster.

Scheme 2.
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Figure 5. ORTEP diagram of 2c. Thermal ellipsoids are drawn at
50% probability level. Organic hydrogen atoms are omitted for
clarity.

Somewhat surprisingly, the thermal reaction of 1 with the
bis-silylated alkynes R3SiCCSiR3 (R = Me, Et) in hexane
afforded two products which were analogous (or identical
for R = Me) to those for Me3SiCCH (Scheme 3). The ident-
ity of the clusters 2e and 2f have been confirmed by com-
plete characterisation, including by single-crystal X-ray
crystallographic studies; the ORTEP plot for 2f is shown in
Figure 6.

Scheme 3.

The replacement of one trialkylsilyl group by hydrogen
was also clearly supported by the 1H NMR and FAB MS
data; the singlets at δ � 10.5 ppm corresponded to the alk-
enic hydrogen atoms on the alkynes and were in agreement
with similar compounds reported in the literature.[18] Moni-
toring of the reaction with Me3SiCCSiMe3 by 1H NMR
spectroscopy showed that the trimethylsilyl group was lost
during the reaction and not during workup. GC analysis of
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Figure 6. ORTEP diagram of 2f. Thermal ellipsoids are drawn at
50% probability level. Organic hydrogen aotms are omitted for
clarity.

an aliquot of the crude reaction mixture suggested that the
trimethylsilyl group was lost as octamethyltrisiloxane,
which suggested that the hydrogen may have originated
from trace amounts of water. However, the desilylation
product was observed in almost similar yields even when
the reaction was carried out with thoroughly dried solvents
and glassware. Since [Cp*Ir(CO)2] is known to bring about
C–H activation of hydrocarbons, it is also possible that the
Cp*Ir(CO) fragment in these clusters may be responsible
for the hydride exchange with SiMe3 group.

Desilylation has been reported by Schneider and co-
workers in their attempt to synthesize Fe–Ni heteronuclear
clusters by the vaporisation of nickel atoms into a solution
of (bistrimethylsilyl)acetylene and [Fe(CO)5]; the reaction
had unexpectedly afforded the cluster [Fe3(CO)9(μ-
H)(C�CSiMe3)], and it was suggested that cleavage might
have occurred during chromatographic work-up.[19] Vahren-
kamp and co-workers have also reported desilylation in the
reaction of [RuCo2(CO)11] with Me3SiC�CMe. The initial
product, [RuCo2(CO)9(μ3-Me3SiC�CMe)], formed in the
reaction underwent subsequent desilylation to give [Ru-
Co2(CO)9(μ3-HC�CMe)].[20]

In contrast to the highly stereoselective reactions with
the other unsymmetrical alkynes above, the reaction of 1
with phenylacetylene afforded three isomeric alkyne butter-
fly clusters as red crystalline products (Scheme 4). The
major product, obtained in 28% yield, was identified as
[Cp*IrRu3(CO)9(PhCCH)] (2g3); it has been characterised
spectroscopically and analytically, as well as by a single-
crystal X-ray structure analysis. The ORTEP plot of 2g3 is
shown in Figure 7, and it shows that the alkyne C�C bond
is parallel to an Ru–Ru hinge. The other two products were
obtained in very low yields. A single-crystal X-ray struc-
tural study on 2g2 showed it to be a hinge-apex isomer of
2g3 in which the bulkier Ph group of the alkyne is oriented
cis to the Cp*Ir; the ORTEP plot for 2g2 is shown in Fig-
ure 8. The IR spectrum of the third product, 2g1, shows a
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Scheme 4.

pattern similar to that of 2a–f. The 1H NMR characteristics
are consistent with the assumption of a cluster-bound
PhCCH. The multiplet between δ = 7.00 and 7.77 ppm is
due to aromatic protons, the singlet at δ = 1.82 ppm can
be assigned to Cp* methyl protons, and the singlet at δ =
10.58 ppm corresponds to the alkyne C–H. The MS is also
consistent with structures like those observed for 2g2 and
2g3. Based on these spectroscopic characteristics it was thus
tentatively identified as a third isomer in which the alkyne
C�C bond is parallel to an Ru–Ir hinge, and the bulkier
Ph group of the alkyne is trans to the Cp*Ir, i.e., similar to
2c–f.

Figure 7. ORTEP diagram of 2g3. Thermal ellipsoids are drawn
at 50% probability level. Organic hydrogen atoms are omitted for
clarity.

In the reaction of 1 with internal alkynes, only the �Ru–
Ir isomers were observed; prolonged heating of this isomer
did not lead to isomerisation but to cluster fragmentation
instead. In contrast, the reaction with phenylacetylene
yielded the �Ru–Ru isomer 2g3 as the major product; the
�Ru–Ir cis and �Ru–Ir trans isomers were obtained as minor
products. It was observed by IR spectroscopy that a solu-
tion of 2g3 converted slowly to 2g1 and 2g2 on standing.
Likewise, monitoring of a deuterated benzene solution of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 464–472468

Figure 8. ORTEP diagram of 2g2. Thermal ellipsoids are drawn
at 50% probability level. Organic hydrogen atoms are omitted for
clarity.

2g3 by 1H NMR at ambient temperature indicated the slow
formation of two new singlets at δ = 1.82 and 1.87 ppm,
assignable to the Cp* signals of 2g1 and 2g2, respectively,
as well as singlets at δ = 10.58 and 11.37 ppm, due to the
respective C–H protons of the phenylacetylene. However,
complete conversion to either 2g1 or 2g2 was not observed
even after a month. Prolonged heating of 2g3 finally af-
forded a 1.2:1.0:5.4 equilibrium mixture of 2g1/2g2/2g3. This
indicated clearly that the equilibrium lies towards the �Ru–
Ru isomer 2g3, i.e., that it was the thermodynamically most
stable isomer. This is in agreement with the earlier observa-
tions on the [FeRu3(μ-H)2(CO)13] and [Cp/Cp*RhRu3(μ-H)4-
(CO)9] systems.[9,10]

As a natural extension from the above reactions with al-
kynes, we attempted the reaction of 1 with 1-hexene to see
if cluster-olefin complexes may be prepared, but none could
be isolated. Instead, we found that the cluster-catalysed iso-
merisation of 1-hexene gave a mixture of 2- and 3-hexenes.
However, we have monitored the reaction by 1H NMR
spectroscopy and found that complete isomerisation was
not achieved even after many hours.
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Structural Discussions on 2

The clusters 2 have been studied crystallographically; se-
lected bond parameters using a common atomic numbering
scheme were presented in Table 2. With the exception of
2g3, the alkyne is disposed parallel to the hinge hetero-
metallic bond, with the torsion angle between the carbon–
carbon backbone and the Ir(1)–Ru(3) edge close to 0° [tor-
sion angles ranging between –0.7 to 1.9°]. This hinge Ir–Ru
bond is also the longest of the metal–metal bonds, as has
been generally found in M4C2 butterfly clusters.[21] The Ir–
Ru bond lengths in general are, however, comparable to Ir–
Ru bond lengths reported in the literature [Ir–Ru = 2.4972–
2.9882 Å].[22] Also evident is the loss of multiple-bond char-
acter in the alkyne C–C bond; this length is surprisingly
consistent across the different clusters, averaging 1.45 Å and
with the range of values well within the experimental errors,
despite the variation in substituents. However, there is a
clear trend that the alkyne is closer to the iridium than to
the ruthenium, as has been observed for clusters 3 above;
this is consistent with the difference in the metal–metal
bond lengths of [Ir4(CO)12] and [Ru3(CO)12] (mean of 2.693
and 2.853 Å, respectively).[23] The effect of asymmetry in
the alkyne is also evident in the Mwingtip–Calkyne bond
lengths; the M–C distance to the Calkyne carrying the bulk-
ier substituent is longer than that to the Calkyne carrying the
less bulky group. This difference ranges from 0.04 to 0.08 Å,
with the exception of 2c, while for the symmetrical alkynes
2a and 2b, the difference in this bond length is less than
0.03 Å. The effect of asymmetry in the alkyne is also appar-
ent in 2g3.

Table 2. Common atomic numbering scheme and selected bond lengths [Å] for 2a–c, 2e, 2f, 2g2 and 2g3.

2a 2b 2c 2e 2f 2g2 2g3
[a]

R = R� = Ph R = R� = Et R = tBu R = SiMe3 R = SiEt3 R = H R = Ph
R� = Me R� = H R� = H R� = Ph R� = H

Ir(1)–Ru(2) 2.6858(5) 2.6542(3) 2.6699(3) 2.6734(4) 2.6836(8) 2.6545(10) 2.7360(8)
Ir(1)–Ru(3) 2.7997(5) 2.8019(3) 2.8078(3) 2.7964(3) 2.7864(8) 2.7865(11) 2.7890(9)
Ir(1)–Ru(4) 2.6435(5) 2.6594(3) 2.6456(3) 2.6840(4) 2.6845(8) 2.6980(10) 2.7380(10)
Ru(2)–Ru(3) 2.7011(7) 2.6979(4) 2.6903(4) 2.7054(4) 2.7033(10) 2.7266(14) 2.7136(7)
Ru(3)–Ru(4) 2.7075(7) 2.6921(4) 2.6947(4) 2.7132(5) 2.6987(11) 2.7071(13) 2.7571(9)
Ir(1)–C(1) 2.059(6) 2.057(3) 2.053(3) 2.023(4) 2.026(9) 2.047(11) 2.163(10)
Ru(2)–C(1) 2.258(6) 2.270(3) 2.246(3) 2.202(4) 2.197(9) 2.236(11) 2.147(10)
Ru(4)–C(1) 2.261(6) 2.242(3) 2.286(3) 2.186(4) 2.203(9) 2.240(11) 2.237(10)
Ru(2)–C(2) 2.230(5) 2.260(3) 2.312(3) 2.241(4) 2.257(9) 2.220(12) 2.103(8)
Ru(4)–C(2) 2.265(6) 2.254(3) 2.296(3) 2.259(4) 2.255(9) 2.214(11) 2.203(9)
Ru(3)–C(2) 2.170(6) 2.184(3) 2.224(3) 2.178(4) 2.203(9) 2.139(12) 2.148(9)
C(1)–C(2) 1.470(8) 1.458(5) 1.457(5) 1.454(5) 1.444(2) 1.477(16) 1.477(13)

[a] For 2g3, interchange Ir(1) with Ru(2).

Eur. J. Inorg. Chem. 2006, 464–472 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 469

Conclusions

The cluster [Cp*IrRu3(μ-H)2(CO)10] reacts with alkynes
under thermal activation to yield butterfly clusters of the
general formulae [Cp*IrRu3(CO)9(RCCR�)], but with sub-
stantial cluster fragmentation. The reactions did not pro-
ceed under photochemical or chemical activation with
TMNO (trimethylamine N-oxide). However, the thermal
activation also led to cluster fragmentation to [Cp*Ir(CO)2]
and alkyne substituted triruthenium clusters such as 4 and
5, or the iridium-diruthenium clusters 3. The yields of these
decomposition products can be quite high; over 50% in the
case of the combined yields of 3a and 4a, and accounted
for the observed low yields of the clusters 2.

The binding of the alkyne also appears to be highly ster-
eoselective, with a general preference towards the stereoiso-
mer in which the alkyne is aligned parallel to an Ru–Ir
hinge, and with the bulkier substituent oriented away from
the Cp*Ir moiety in the case of unsymmetrical alkynes. A
notable exception is observed in the case of phenylacetylene,
for which all three possible isomers are observed to be in
equilibrium, with the isomer in which the alkyne is aligned
parallel to an Ru–Ru hinge being the thermodynamically
most stable.

Our results thus represent a map of the possibility of
stereoselective binding of alkynes in such heteronuclear
clusters. The high stereoselectivity exhibited in some cases
suggests that such clusters may be useful in the stereocon-
trol of reactions with alkynes, and our future work will be
directed towards that.
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Experimental Section
All reactions were carried out using standard Schlenk techniques
under nitrogen. Solvents used in reactions were of AR grade, and
were dried, distilled and kept under argon in flasks fitted with Tef-
lon valves prior to use. The products were generally separated by
thin-layer chromatography (TLC), using plates coated with silica
gel 60 F254 of 0.25 mm or 0.5 mm thickness and extracted with
hexane or dichloromethane. Infrared spectra were recorded as hex-
ane solutions unless otherwise stated with a Bio-Rad FTS 165
FTIR spectrometer at a resolution of 1 cm–1 using a solution cell
with NaCl windows of path length 0.1 mm. NMR spectra were
acquired with a Bruker ACF 300 MHz as CDCl3 solutions unless
otherwise stated. Chemical shifts reported are referenced to resid-
ual protons of the solvent. Mass spectra were collected using the
Fast Atom Bombardment (FAB) technique and were carried out
with a Finnigan MAT95XL-T mass spectrometer normally with 3-
nitrobenzyl alcohol matrix at the National University of Singapore
mass spectrometry laboratory. Microanalyses were carried out by
the microanalytical laboratory at the National University of Singa-
pore. GC analyses were carried out with an Agilent GC-MS con-
sisting of a GC 6890 MS 5973 equipped with an HP-1 column
(300 mm×0.25 mm×0.25 μm). In photochemical reactions, UV ir-
radiation was performed with a Hanovia 450 W UV lamp (λmax =
254 nm). The cluster 1 was prepared according to published pro-
cedures.[24]

Table 3. Spectroscopic and analytical data for the reaction products.

IR, ν(CO) [cm–1] 1H NMR, δ [ppm] Elemental analysis MS, M+

calculated (found) found
(calcu-
lated)

2a 2067 m, 2046 vs, 2023 s, 1994 7.13–6.85 (m, 10 H, Ph), 2.07 (s, 15 H, Cp*) C 37.32 (37.59), H 2.36 (2.04) 1060.8
s, 1973 m (1060.9)

2b 2062 m, 2038 vs, 2018 s, 1988 (C6D6) 2.85 (q, 3JHH = 7.4 Hz, 2 H, C 31.09 (31.25), H 2.59 (2.51) 964.8
s, 1971 m CH3CH2CCCH2CH3), 2.61 (q, 3JHH = 7.4 Hz, 2 H, (964.9)

CH3CH2CCCH2CH3), 1.76 (s, 15 H, Cp*), 1.21 (t,
3JHH = 7.4 Hz, 3 H, CH3CH2CCCH2CH3), 0.97 (t,
3JHH = 7.4 Hz, 3 H, CH3CH2CCCH2CH3)

2c 2060 m, 2037 vs, 2027 (sh), 2.73 (s, 3 H, CH3), 2.08 (s, 15 H, Cp*), 1.45 (s, 9 H, C 31.87(32.33), H 2.69 (1.98) 980.9
2015 s, 1986 s, 1968 m tBu) (978.9)

2e 2064 m, 2041 vs, 2016 s, 1991 10.53 (s, 1 H, �CH), 2.07 (s, 15 H, Cp*), 0.25 (s, 9 C 29.36 (29.54), H 2.55 (2.44) 979.5
s, 1973 m H, SiMe3) (980.9)

2f 2062 m, 2039 vs, 2015 s, 1989 (C6D6) 10.51 (s, 1 H, �CH), 1.72 (s, 15 H, Cp*), C 32.18 (31.70), H 3.05 (3.16) 1023.6
s, 1972 m 1.09 (q, 6 H, CH2), 0.92 (t, 9 H, CH3) (1023.0)

2g1 2070 m, 2048 vs, 2024 vs, 1996 (C6D6) 10.58 (s, 1 H, �CH), 7.00–7.77 (m, 5 H, low yield 987.7920
s, 1960 w Ph), 1.82 (s, 15 H, Cp*) (987.7945)

2g2 2069 vs, 2048 vs, 2036 s, 2024 (C6D6) 11.37 (s, 1 H, �CH), 7.00–7.77 (m, 5 H, low yield 987.7908
s, 2016 m, 1995 s Ph), 1.87 (s, 15 H, Cp*) (987.7945)

2g3 2071 vs, 2048 vw, 2031 vs, (C6D6) 9.44 (s, 1 H, �CH), 7.75–6.60 (m, 5 H, Ph), C 32.93 (33.04), H 2.15 (2.09) 986.0
2019 vs, 2001 m, 1991 m, 1981 1.16 (s, 15 H, Cp*) (987.8)
w, 1973 mw, 1960 m, 1950 w

3a 2065 s, 2032 vs, 1992 m, 1963 7.12–6.88 (m, 10 H, Ph), 1.87 (s, 15 H, Cp*) C 41.19 (40.71), H 2.79 (2.71) 905.8
m, 1846 br. (903.9)

3b 2060 s, 2027 vs, 1989 vs, 1962 (C6D6) 2.65 (dq, 3JHaHc = 3JHbHc = 7.4 Hz, 2 H, C 34.20 (34.45), H 3.12 (2.99) 807.9
m, 1834 br. CH3cCHaHbCCCHa� Hb�CH3c�), 2.47 (dq, (807.8)

CH3cCHaHbCCCHa� Hb�CH3c�, 3JHa�Hc� = 7.4 Hz, 1
H), 2.27 (dq, 3JHb�Hc� = 7.4 Hz, 1 H,
CH3cCHaHbCCCHa� Hb�CH3c�), 1.67 (s, 15 H, Cp*),
1.24 (t, 3JHH = 7.4 Hz, 3 H, CH3cCHaHbCCCHa�

Hb�CH3c�), 1.15 (t, 3JHH = 7.4 Hz, 3 H,
CH3cCHaHbCCCHa�Hb�CH3c�)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 464–472470

Reaction of 1 with Alkynes: In a typical reaction, cluster 1 (10.0 mg,
10.0 μmol), PhCCPh (2.5 mg, 10 μmol) and hexane (20 mL) were
placed in a Carius tube fitted with a teflon valve, and the solution
degassed by three freeze-pump-thaw cycles. The reaction was then
heated in an oil-bath at 90 °C for 6 h. After removal of the solvent
and volatiles under reduced pressure, the residue was redissolved
in a minimum volume of dichloromethane and chromatographed
on silica-gel TLC plates with 100% hexane as eluent. The analytical
and spectroscopic data for the products are given in Table 3. Dif-
fraction quality crystals were grown from hexane by slow cooling.

Thermolysis of 2a and 2b: Cluster 2a (6.7 mg, 6.0 μmol) and hexane
(20 mL) were placed in a Carius tube fitted with a Teflon valve,
and the reaction mixture degassed by three freeze-pump-thaw cy-
cles. The mixture was then heated at 90 °C for 7 h. Chromato-
graphic separation of the mixture on silica-gel TLC plates using
hexane as eluent afforded three bands. These were, in order of elu-
tion, unreacted 2a (2.0 mg, 30%), 3a (2.5 mg, 40%), and 1 (0.5 mg,
8%), identified by their IR spectra.

Heating 2b (8.4 mg, 8.0 μmol) under the same conditions followed
by a similar work-up afforded 2b (3.3 mg, 40%), 3b (2.4 mg, 35%),
and 1 (0.6 mg, 7%).

Photolysis of 2a and 2b: A hexane solution of 2a (6 mg, 6.0 μmol)
was photolysed in a quartz Carius tube under UV light for 7 h.
Chromatographic separation of the mixture on silica-gel TLC
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Table 4. Crystal and refinement data for 2a–c, 2e and 2f.

Compound 2a 2b 2c 2e 2f

Empirical formula C33H25IrO9Ru3 C25H25IrO9Ru3 C26H27IrO9Ru3 C24H25IrO9Ru3Si C27H31IrO9Ru3Si
Formula mass 1060.94 964.86 978.89 980.94 1023.02
Crystal system monoclinic monoclinic monoclinic monoclinic orthorhombic
Space group P21/c P21/n P21/n P21/c Pbca

Unit cell dimensions [Å, °] a = 14.0776(5) a = 9.6671(4) a = 10.7358(3) a = 9.3772(4) a = 16.5440(7)
b = 9.6907(3) b = 15.1800(7) b = 14.8779(4) b = 15.5636(7) b = 17.7258(8)
c = 23.9906(9) c = 19.4979(9) c = 18.1779(5) c = 20.0285(9) c = 21.6281(9)
α = 90 α = 90 α = 90 α = 90 α = 90
β = 92.603(2) β = 99.6300(10) β = 92.2750(10) β = 93.4090(10) β = 90
γ = 90 γ = 90 γ = 90 γ = 90 γ = 90

Volume [Å3] 3269.5(2) 2820.9(2) 2901.20(14) 2917.8(2) 6342.6(5)
Z 4 4 4 4 8
ρcalcd. [Mg/m3] 2.155 2.272 2.241 2.233 2.143
Absorption coefficient [mm–1] 5.470 6.326 6.153 6.157 5.670
F(000) 2016 1824 1856 1856 3904
Crystal size [mm] 0.22 × 0.16 × 0.10 0.32 × 0.24 × 0.20 0.34 × 0.26 × 0.14 0.30 × 0.22 × 0.08 0.12 × 0.04 × 0.01
θ range for data collection [°] 2.18–26.37 2.12–26.37 2.17–30.01 2.04–29.55 2.25–26.37
Reflections collected 25711 41944 24638 22671 49894
Independent reflections 6683 [R(int) = 0.0444] 5761 [R(int) = 0.0303] 8188 [R(int) = 0.0277] 7440 [R(int) = 0.0326] 6478 [R(int) = 0.1287]
Data/restraints/parameters 6683/0/420 5761/0/350 8188/0/361 7440/0/355 6478/0/381
Goodness-of-fit on F2 1.107 1.090 1.050 1.036 1.034
Final R indices [I � 2σ(I)] R1 = 0.0399, R1 = 0.0213, R1 = 0.0277, R1 = 0.0307, R1 = 0.0504,

wR2 = 0.0842 wR2 = 0.0520 wR2 = 0.0621 wR2 = 0.0645 wR2 = 0.0870
R indices (all data) R1 = 0.0460, R1 = 0.0231, R1 = 0.0318, R1 = 0.0363, R1 = 0.0898,

wR2 = 0.0867 wR2 = 0.0528 wR2 = 0.0637 wR2 = 0.0666 wR2 = 0.0996
Largest diff. peak/hole [e·Å–3] 1.836/–0.755 1.141/–0.575 1.570/–0.847 1.127/–0.796 1.276/–0.871

Table 5. Crystal and refinement data for 2g2, 2g3, 3a, 3b and 4b.

Compound 2g2 2g3 3a 3b 4b

Empirical formula C27H21IrO9Ru3 C27H21IrO9Ru3 C31H25IrO7Ru2 C23H25IrO7Ru2 C20H20O8Ru3

Formula mass 984.85 984.85 903.85 807.77 691.57
Crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic
Space group P21/c Cc P21/n Pbca P21/n
Unit cell dimensions [Å, °] a = 16.2320(8) a = 19.9566(11) a = 10.0663(3) a = 9.9869(3) a = 9.7768(5)

b = 13.0498(7) b = 9.9529(4) b = 19.1058(6) b = 16.0665(4) b = 18.1206(9)
c = 13.5375(7) c = 16.6241(7) c = 15.2570(6) c = 30.8922(8) c = 12.9616(6)
α = 90 α = 90 α = 90 α = 90 α = 90
β = 90.843(2) β = 119.6740(10) β = 97.0130(10) β = 90 β = 93.1270(10)
γ = 90 γ = 90 γ = 90 γ = 90 γ = 90

Volume [Å3] 2867.3(3) 2868.9(2) 2912.34(17) 4956.8(2) 2292.88(19)
Z 4 4 4 8 4
ρcalcd. [Mg/m3] 2.281 2.280 2.061 2.165 2.003
Absorption coefficient [mm–1] 6.227 6.223 5.628 6.599 1.993
F(000) 1856 1856 1728 3072 1344
Crystal size [mm] 0.13 × 0.12 × 0.02 0.20 × 0.08 × 0.06 0.22 × 0.10 × 0.08 0.18 × 0.16 × 0.02 0.34 × 0.24 × 0.04
θ range for data collection [°] 2.00–26.37 2.35–28.28 2.13–24.71 2.49–26.37 2.25–26.37
Reflections collected 36509 42704 23408 40378 31805
Independent reflections 5864 [R(int) = 0.0848] 3553 [R(int) = 0.0777] 4960 [R(int) = 0.0449] 5060 [R(int) = 0.0593] 4682 [R(int) = 0.0335]
Data/restraints/parameters 5864/1/370 3553/8/369 4960/0/375 5060/0/305 4682/0/284
Goodness-of-fit on F2 1.386 0.929 1.064 1.195 1.128
Final R indices [I � 2σ(I)] R1 = 0.0733, R1 = 0.0297, R1 = 0.0333, R1 = 0.0405, R1 = 0.0298,

wR2 = 0.1350 wR2 = 0.0810 wR2 = 0.0746 wR2 = 0.0776 wR2 = 0.0722
R indices (all data) R1 = 0.0826, R1 = 0.0302, R1 = 0.0374, R1 = 0.0487, R1 = 0.0330,

wR2 = 0.1383 wR2 = 0.0817 wR2 = 0.0765 wR2 = 0.0803 wR2 = 0.0739
Largest diff. peak/hole [e·Å–3] 2.152/ –2.267 1.623/–1.490 2.138/–0.488 1.214/–1.151 1.041/–0.341

plates using hexane as eluent afforded 2a (2.3 mg, 40%), 3a (2 mg,
30%), and 1 (0.4 mg, 6%).

Irradiation of 2b (8.5 mg, 9.0 μmol) under the same conditions, fol-
lowed by a similar work-up, afforded 2b (3.4 mg, 40%), 3b (2.5 mg,
38%), and 1 (0.5 mg, 6%).
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Reaction of 1 with 1-Hexene: Cluster 1, (5 mg, 5.0 μmol) and 1-
hexene (10 μL, 80 μmol) in deuterated toluene (0.5 mL) were stirred
in an NMR tube and the reaction monitored by 1H NMR over a
period of 7 h. Signals due to a mixture of 2- and 3-hexene were
observed in the 1H NMR spectrum, suggesting isomerisation of the



P. Srinivasan, W. K. LeongFULL PAPER
alkene. The infrared spectrum of the reaction mixture showed that
cluster 1 remained mainly unchanged.

X-Ray Crystal Structure Determinations: Crystals were mounted on
quartz fibres. X-ray data were collected with a Bruker AXS APEX
system, using Mo-Kα radiation, at 223 K with the SMART suite of
programs.[25] Data were processed and corrected for Lorentz and
polarisation effects with SAINT,[26] and for absorption effects with
SADABS.[27] Structural solution and refinement were carried out
with the SHELXTL suite of programs.[28] Crystal and refinement
data are summarised in Table 4 and Table 5.

The structures were solved by direct methods to locate the heavy
atoms, followed by difference maps for the light, non-hydrogen
atoms. All non-hydrogen atoms were generally given anisotropic
displacement parameters in the final model. Organic hydrogen
atoms were placed in calculated positions and refined with a riding
model. Compound 2g3 was refined as a racemic twin.

CCDC-283339 to -283350 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Tris(β-diketonato)europium(III) with a series of variably fluo-
rinated ligands derived from 3,5-heptanedione were synthe-
sised with the aim of determining their hydration state under
extraction conditions. The number of coordinated water
molecules was determined by measuring the lifetime of the
Eu(5D0) excited level in water and deuterated water. The hy-
dration gain (Δq = q – q0) after shaking chloroform solutions
during 10 min with 0.1 M NaClO4 aqueous solutions depends
on the fluorination extent of the diketonates: fluorination of
one methyl group leads to a decrease in Δq of ca. 0.5 unit,
while fluorination of one ethyl group results in a decrease of

Introduction

Tris and tetrakis (β-diketonato)lanthanides(iii) are the
most widely studied complexes of the 4f-element series be-
cause of their potential use in several applications,[1] from
NMR shift reagents to electroluminescent materials for
light-emitting diodes, trace analysis, and separation/extrac-
tion systems.[2,3] Lanthanide β-diketonates are easily syn-
thesised from the parent β-diketones, they possess large
thermodynamic stability and, in addition, some of them are
commercially available. The introduction of fluorine sub-
stituents on β-diketones produces large changes in the prop-
erties of the resulting LnIII complexes. For instance, while
the separation factor between LaIII or PrIII and LuIII by
solvent extraction drops from almost 4·107[4] with acetyl-
acetone (Hacac) to 3000[5,6] with 2-thenoyltrifluoroacetone
(Htta), and less than 100 with hexafluoroacetylacetone
(Hhfa),[7] the complexes become more volatile and can be
used to separate trivalent lanthanide ions by gas
chromatography.[8,9] Moreover, due to the heavy atom ef-
fect,[10] which facilitates intersystem crossing, the metal-
centred luminescent properties are enhanced, for instance
in the case of SmIII and EuIII electroluminescent devices.[11]

As a consequence, ternary complexes of the tris(β-diketon-
ato)LnIII with tta and 1,10 phenanthroline are routinely
used to produce luminescent resins[12] and liquid crystals.[13]
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[b] Department of Chemistry, Faculty of Science, Science Univer-
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ca. 1.3 units. Highly fluorinated complexes (i.e with hexa-
fluoroacetylacetonate and related ligands) display a hy-
dration number close to one while poorly fluorinated com-
pounds (or nonfluorinated ones, such as the acetylacetonate
complex) have a hydration state close to two. Photophysical
properties of the EuIII β-diketonates are also described and
the synthesis of the fluorinated β-diketones is re-investigated
and discussed in details.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The stability of lanthanide β-diketonates in aqueous
solutions decreases with fluorination since the electron-
withdrawing effect of the fluorine atoms reduces the charge
density on the oxygen atoms. This decrease in stability
could influence the extraction and separation efficiency of
lanthanides with β-diketones. The relationship between ex-
tractability and stability of aqueous complexes is presently
investigated in one of our laboratories.[7] On the other hand,
synergistic extraction of lanthanides(iii) with β-diketonate
and a Lewis base improves the extractability and also de-
pends on the fluorination of β-diketonates. For instance, in
CHCl3 [Eu(acac)3] forms a 1:1 ternary complex with tribu-
tylphosphate (tbp) having logβ1 = 1.90, while trifluoroace-
tonate (tfa) forms both 1:1 and 1:2 ternary complexes with
logβ1 and log β2 equal to 3.32 and 4.64, respectively, where
βn = [EuA3(tbp)n]O/[EuA3]O[tbp]On with A = β-diketonate
ion while the subscript O indicates concentrations in the
organic solvent.[14] Similarly, benzoylacetonate forms only
the 1:1 adduct (log β1 = 1.60) but benzoyltrifluoroacetonate
leads to both 1:1 and 1:2 ternary complexes (log β1 = 3.64
and log β2 = 5.28).[14]

Two opposite effects will compete as far as the hydration
state of the tris(β-diketonates) is concerned: the smaller
complexation power of the fluorinated ligands is expected
to foster interaction with water whereas the presence of the
fluorine substituents will create a protective, repulsive shell
around the metal centre. We determine here the hydration
state q of the europium β-diketonates with the fluorinated
ligands depicted in Scheme 1, using the luminescent lifetime
method, to unravel the relationship between q and the ex-
tent of fluorination. We also re-investigate the synthesis of
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the fluorinated β-diketones since published literature pro-
cedures are sometimes imprecisely described. The acronyms
used here for β-diketonates (see Scheme 1) are relative to
partially fluorinated methyl (acac, hfa) or ethyl groups
(F5H3, F5H5, F5F5, F3H5, F3F5); β-diketones are indicated
by an additional H in front of the acronym.

Scheme 1. Ligands used in this study. Acronyms refer to the
number of fluorine atoms present in the β-diketonates.

Results and Discussion

Syntheses of the Ligands

Two different pathways can be envisaged for the synthesis
of fluorinated β-diketones. The most common synthetic
route consists in methoxide-mediated acylation of the ap-
propriate ketones with fluorinated esters (route I, see
Scheme 2), for which the yields are generally good because
fluorinated esters have electrophilic carbonyl moieties that
are highly reactive in Claisen condensations. On the other
hand, there are few reported examples of the condensation
of alkyl perfluoroalkyl ketones with nonfluorinated esters
under basic conditions (route II, see Scheme 2), due to the
lack of reactivity or even the decomposition of the reac-
tants. The presence of fluorine atoms is known to reduce
intermolecular interactions (van der Waals forces and hy-
drogen bonding) and therefore fluorinated β-diketones are
highly volatile (as well as their complexes, used in the chro-
matographic separation of lanthanides).[1,8] As a conse-
quence, special care has to be exercised during the synthesis
and subsequent isolation of the fluorinated β-diketones
which are easily lost by co-evaporation with the solvent:
several ketones form azeotropes with the reaction solvent
[for example H(F3F5) or H(F5F5), either in ether, THF, or
hexane] or extraction solvent (CHCl3) after acidic treat-
ment. Surprisingly, experimental details pertaining to the
synthesis of some of the ligands used in this study could
not be found in the literature, even though complexes have
been isolated. In other cases, the reported synthesis could
not be reproduced and/or the starting materials used are no

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 473–480474

more commercially available. For instance, the synthesis of
H(F5F5) reported in the literature simply refers to that
of 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedione
H(fod), without any experimental detail nor characterisa-
tion of the final H(F5F5) product.[15] For these reasons and
because lanthanide β-diketonates are presently stirring a re-
newed interest,[1,12,13] we discuss in detail the synthesis of
all the ligands described in Scheme 1.

Scheme 2. Pathways for the synthesis of fluorinated β-diketones.

S. N. Misra et al. have reported the synthesis of 1,1,1-
trifluorohexane-2,4-dione, H(F3H5)5, in hexane and its
subsequent isolation by distillation.[16] We found, however,
that an azeotropic mixture forms upon carrying out the re-
action in hexane or ether. Therefore, this ligand was isolated
as its sodium salt. Further treatment to convert it into its
neutral form was unsuccessful. After a methanolic solution
of the sodium salt was passed through an ion exchange col-
umn (Amberlite 120), subsequent distillation yielded a
colourless oily liquid. Although the latter displayed 19F
NMR signals, elemental analysis showed it to contain only
5% of carbon. 1,1,1,2,2-Pentafluoro-3,5-heptanedione
H(F5H5) was synthesised by addition of the enolate of 2-
butanone to methyl pentafluoropropionate (route I). To en-
sure that all the 2-butanone was converted under its enolate
form, more than two equivalents of base were added; other-
wise, the 2-butanone enolate reacts with the fluorinated
ketone, the enolate ion of which is formed preferentially if
only one equivalent of base is added.[17,18] The synthesis can
be conducted either in ether or in THF, but a higher yield
is obtained with the former solvent. Moore et al.[19] re-
ported an analogous synthesis, in which the ketone was
added to a mixture of sodium methoxide and methyl penta-
fluoropropionate. However, the product was only character-
ised by IR so that we report its full analytical data. Two
reports describe the isolation of the hydrated form of
1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedione, H(F5F5),
by distillation.[20,21] Again, we observed the formation of
azeotropic mixtures when ether or CH2Cl2 were used as sol-
vents, as mentioned for H(F3H5). As a consequence, this
ligand has been isolated as its sodium salt. Alternatively, for
large scale synthesis, removal of H(F5F5) from the reaction
mixture can be achieved by complexation with CuII, the
metal being then released under acidic conditions and the
ligand purified by distillation.[22] The synthesis of
1,1,1,2,2,7,7,7-octafluoro-3,5-heptanedione, H(F3F5), was
the most troublesome. First attempts using either route I or
II were unsuccessful, the product being only isolated in
trace amounts. In case of route I, this possibly arises from
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the low boiling point of the starting ketone
CF3CH2COCH3 (41 °C), which can be easily evaporated
from the reaction mixture either by the N2 flux used to keep
the conditions anhydrous or because deprotonation of this
ketone is exothermic, which favours evaporation. The reac-
tion was consequently conducted in presence of an excess
of ketone and in a sealed tube. Finally, it was found that
treating the resulting sodium salt Na(F3F5) with sulfuric
acid led to a partial decomposition of the product into
CF3CF2COCH2COCH3. Therefore, F3F5 was also isolated
in the form of its sodium salt Na(F3F5). The yield of the
reaction remains low, although it can be somewhat im-
proved by using diethyl ether as solvent instead of hexane
(37 vs. 25%, respectively).

The absence of spectroscopic feature, such as the single
carbonyl vibration band in the spectral range 1740–
1780 cm–1, the 1H NMR signal in the range 5.6–6.2 ppm
arising from the CH=C proton, and the 13C NMR reso-
nances occurring for both C=CO and C=O, point to all the
ligands, except Na(F3F5), being exclusively under the enol
form. This was expected in view of the presence of the elec-
tron-withdrawing CF2 and CF3 groups:[23] indeed, literature
data based on 1H NMR evidences show that the only de-
tected form for β-diketones with more than four fluorine
atoms is the enol isomer. A noticeable exception is
1,1,1,5,5,5-hexafluoro-3-(trifluoromethyl)pentane-2,4-di-
one, which is reported to exist under its keto form.[24] In
our case, Na(F3F5), which features a nonfluorinated α-car-
bon, has structural similarity with the latter compound. An
enol-ketone equilibrium was found, displaced in favour of
the enol form, 70%. The occurrence of the keto form for
these two diketones is however difficult to explain.

Syntheses of the Complexes

The neutral ligand was deprotonated (alternatively, its
sodium salt was used) and the resulting β-diketonate easily
reacted with europium acetate, giving in most cases a solid
or a viscous oil which could be recrystallised either in meth-
anol or in a mixture of methanol and water. The complexes
were characterised by elemental analyses and in most cases
they were found to be mono- or di-hydrated. Since the β-
diketonates are hygroscopic, all the solutions for the lumi-

Table 1. Ligand-centred absorption of the ligands and their [Eu(L)3]·(H2O)n (n = 0–3.8) complexes. Molar absorption coefficients (log ε)
are reported within parentheses.

E / cm–1 E / cm–1 E / cm–1

Hacac [H(H3H3)][a] 33690 (4.4) Na(acac)[b] 34700 (4.3)
Hhfa [H(F3F3)][a] 36360 (5.0) Na(hfa)[b] 33140 (4.4) Eu(hfa)3

[a] 32895 (4.4), sh 30490 (4.1)
H(F5H3)[a] 38460 (4.8), 26 620 (sh, 4.4) Na(F5H3)[b] 33700 (4.4) Eu(F5H3)3

[a] 39215 (4.4), sh 30960 (4.0),
26380 (3.6), 25380 (3.4)

H(H5H5)[a] 34720 (4.8) Na(H5H5)[b] 34650 (4.3) Eu(H5H5)3
[a] 36365 (4.2)

H(F5H5)[a] 35210 (4.8) Na(F5H5)[b] 34250 (5.4) Eu(F5H5)3
[a] 34130 (4.4)

Na(F5F5)[b] 32470 (4.8) Eu(F5F5)3
[a] 32787 (4.6), sh 30400 (4.3)

Na(F3H5)[b] 39250 (4.4) Eu(F3H5)3
[a] 38 000 (4.4), sh 30900 (4.0)

Na(F3F5)[b] 36360 (4.7) Eu(F3F5)3
[a] 34485 (4.5), sh 30760 (4.1)

[a] In chloroform. [b] In water.
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nescence studies were prepared in a glove-box and care was
taken to keep them free of water. In the case of EuF3H5,
the microanalysis was not reproducible, with a very low
proportion of carbon (less than 10 percent), which is proba-
bly due to the high volatility of the β-diketone. For the same
reasons, care had to be taken when preparing the 10–5 m

solutions to avoid evaporation of the compound upon
weighting. The tris(β-diketonates) were all studied in chlo-
roform, the usual extraction solvent, for comparison
reasons.

Photophysical Properties

Absorption data for some of the ligands (in chloroform),
their sodium salts (in water) and their EuIII complexes (in
chloroform) are reported in Table 1. The ligands, except
H(F5H3), and the sodium salts feature one main absorption
band located in the range 32500–39000 cm–1 which is as-
signed to π�π* transitions. According to calculations per-
formed with the CAChe Pro 6.0 program package for
Microsoft Windows® (Fujitsu Ltd., 2000–2002), the enol
forms should yield π�π* transitions located at lower
energy than the bands arising from the keto form
(� 40000 cm–1). In addition, Na(F5H3) displays a shoulder
at 26620 cm–1. For the neutral ligands, shifts of the
maximum of the main absorption band seem to depend on
two factors, the length of the alkyl substituent and the ex-
tent of fluorination. For instance, H(F5H5) has one more
carbon atom compared with H(F5H3), and the resulting
inductive effect materialises in a bathochromic shift of ca.
–3250 cm–1. On the other hand, fluorination induces hyp-
sochromic shifts: +2670 cm–1 for the replacement of the two
methyl groups of acac by trifluoromethyl groups in hfa,
while fluorination of an ethyl group of H(H5H5) leads to a
small shift of +490 cm–1 only. These trends are inverted for
the sodium salts in water. A small hypsochromic shift
(+550 cm–1) occurs in going from Na(F5H3) to Na(F5H5)
while fluorination leads to bathochromic shifts: –1560 cm–1

between Na(acac) and Na(hfa), –400 cm–1 and –2180 cm–1

in going from Na(H5H5) to Na(F5H5) and Na(F5F5),
respectively. Substitution of the ethyl group in Na(F3H5) by
a pentafluoroethyl group in Na(F3F5) unexpectedly results
in quite a large energy shift (–2890 cm–1). Even larger red
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shifts are observed when fluorinating the methylene group
in Na(F3H5) to yield Na(F5H5), –5000 cm–1 or in Na(F3F5)
to generate Na(F5F5), –3890 cm–1. Upon complexation
with trivalent europium, both batho- and hypso-chromic
shifts are seen with respect to the de-protonated ligands
(Figure 1). The coordinated ligands are under their enol
form, as ascertained by IR data. In addition to the shift
undergone by the main absorption band, most of the EuIII

complexes display a shoulder located at smaller energy, in
the range 30400–30900 cm–1.

Figure 1. UV/Vis absorption spectra of europium complexes 10–5 m
in chloroform.

Excitation of EuIII β-diketonates either into the f-f or
ligand-centred absorption bands at room temperature re-
sults in a line-like emission characteristic of the Eu(5D0)
level. At lower temperature (77 K) and upon enforcement

Figure 2. Luminescence spectra of Eu(F5F5)3 (black line) and
Eu(F5H5)3 (dotted line) 10–5 m in CHCl3, at 295 K, without time
delay, with excitation at 32785 cm–1 and 31130 cm–1, respectively.

Table 3. Lifetimes of the Eu(5D0) level and hydration numbers q of the β-diketonate complexes 10–5 m in water-saturated chloroform.

τH2O [ms][a] kH2O [ms–1] τD2O [ms][a] kD2O [ms–1] q±0.1 q0 ±0.1[b]

Eu(hfa)3 0.365±0.006 2.74 0.78±0.06 1.28 1.3 0.7
Eu(F5H3)3 0.48±0.04 2.08 1.30±0.30 0.77 1.1 0.0
Eu(H5H5)3 0.28±0.05 3.57 0.57±0.06 1.75 1.7 0.0
Eu(F5H5)3 0.40±0.01 2.50 1.08±0.01 0.93 1.4 1.0
Eu(F5F5)3 0.41±0.01 2.44 0.82±0.07 1.22 1.0 0.8
Eu(F3H5)3 0.33±0.01 3.03 0.83±0.08 1.20 1.7 0.5
Eu(F3F5)3 0.43±0.03 2.33 0.83±0.07 1.20 0.9 0.3

[a] Average of data obtained by monitoring the 5D0�7F2 and 5D0�7F4 transitions. [b] q0 Is the hydration number in the chloroform
solution (before mixing with the aqueous solution).
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of a time delay, no broad emission band corresponding to
a triplet state of the ligand is seen, thus reflecting an ef-
ficient ligand-to-metal energy transfer. Spectra are very sim-
ilar whatever the ligand is, pointing to a similar structure
for all the complexes; the 5D0�7F1 emission band is com-
prised of three regularly spaced components, indicative of
a low symmetry of the metal ion environment in solution.
Two typical spectra are presented in Figure 2 and relative
intensities of the 5D0�7FJ transitions (J = 1–4), are com-
pared in Table 2.

Table 2. Intensities of the 5D0�7FJ transitions, relative to the mag-
netic dipole 5D0�7F1 transition and measured at 295 K on 10–5 m
solutions of the Eu complexes in CHCl3.

7F0
7F1

7F2
7F3

7F4

Eu(hfa)3 0.11 1.00 17.50 0.48 1.58
Eu(F5H3)3 0.28 1.00 14.98 0.47 1.86
Eu(H5H5)3 0.15 1.00 11.87 0.63 2.43
Eu(F5H5)3 0.06 1.00 10.20 0.35 1.48
Eu(F5F5)3 0.11 1.00 16.29 0.42 1.85
Eu(F5H3)3 0.12 1.00 18.25 0.55 1.82
Eu(F5F3)3 0.05 1.00 13.23 0.47 1.95

Hydration Numbers in Water-Saturated Chloroform

In solvent extraction systems, the aqueous solutions con-
taining the lanthanide ions are mixed with a nonmiscible
organic solvent, e.g. chloroform containing the organic li-
gand. Therefore the organic phase is saturated with water
which interacts directly with the europium complex, affect-
ing the hydration number of the extracted species.[25,26] In
order to determine the efficiency of the β-diketonate com-
plexes towards extraction of EuIII, the number of water
molecules present in the first coordination sphere, q, has
been determined under extraction conditions (see Exp. Sec-
tion). Results are listed in Table 3. To make sure that the
calculated q values are connected with the extraction pro-
cess, hydration of the complexes was also measured before
putting the chloroform solution in contact with the aqueous
solution (q0). In all cases, the hydration q0 was found to be
less than 1.

The hydration gains (q – q0) upon shaking the solutions
during ten minutes with the aqueous solution of sodium
perchlorate are plotted vs. the number of fluorine atoms in
Figure 3. As expected, ligands bearing fluorine atoms pro-
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vide complexes with a smaller increase in the number of
coordinated water molecules than, for instance, H5H5. The
data reported in Figure 3 allow us to differentiate three
types of compounds. The first series comprises the com-
plexes with ligands having one completely hydrogenated
ethyl substituent, H5H5, F3H5 and F5H5. Fluorination of
the methyl group corresponds to a decrease of 0.5 in (q –
q0) and complete fluorination of the ethyl substituent to a
decrease of 1.3. A similar behaviour is seen in the second
series, having one completely fluorinated ethyl substituent,
with a decrease in (q – q0) of 0.4 between the complexes
with F3F5 and F5F5. In the last series, with hfa and F5H3,
q – q0 = –0.5. Altogether, the highest fluorinated complex
with F5F5 tends to remain non hydrated (Δq = 0.2±0.2)
while the nonfluorinated compound with H5H5 tends to ac-
quire two water molecules (Δq = 1.7±0.1), in line with the
usual composition [Ln(L)3·2H2O] exhibited by lanthanide
tris(β-diketonates).[1] However, larger hydration numbers
have sometimes been reported, for instance for [Ln(tta)3]
and [Ln(pta)3] (pta: pivaloyltrifluoroacetone) in CHCl3,[27]

and for [Eu(tta)3] in benzene (q = 3).[28] The water uptake
does not vary linearly with the number of fluorine atoms
and steric effects also play an important role, as seen for
the complexes with hfa and F5H3 which display a larger
hydration increase upon shaking the chloroform solution
with aqueous sodium perchlorate than the other complexes
with ligands bearing two C2 substituents.

Figure 3. Increase in the number of water molecules in the inner
coordination sphere (q – q0) of the europium tris(β-diketonates)
upon shaking the solution with aqueous NaClO4.

Furthermore, 1,10-phenanthroline was added to the
solutions after the extraction processes, and the lifetimes
were measured again: the corresponding q values were in
the range 0–0.1. In the case of Eu(H5H5)3, further mixing
of the phenanthroline-containing solution with aqueous so-
dium perchlorate resulted in a q value equal to 0.3, confirm-
ing the strength of the o-phen-Eu interaction.

Conclusion

From the results reported in this paper, the extent of β–
diketone fluorination changes the ratio between the keto
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and enol forms. Increasing fluorination favours the presence
of the keto form in organic solvent. It may be one of the
reasons why more fluorinated β-diketones form more stable
ternary complexes with Lewis bases in organic solvents. On
the other hand, the hydration number of the “extracted”
species in CHCl3 decreases with fluorination, which seems
to be in contradiction with the previous statement. Our un-
derstanding is that fluorine substituents form a repulsive
shell around the metal centre reducing, via potentially
strong F···H bonds, the metal–water interaction.

Experimental Section
Synthesis and Characterisations: Starting materials were purchased
from Narchem, Apollo Scientific, Acros, or Fluka and were of ana-
lytical grade. Reactions were conducted under inert atmosphere
with standard Schlenk and dry box techniques. Tetrahydrofuran
and diethyl ether were freshly distilled from sodium and benzophe-
none, respectively. Elemental analyses were performed by Dr. Eder.
(Microchemical Laboratory, University of Geneva). When fluori-
nated compounds were analyzed, CeO2 was added to the samples
to avoid evaporation and to improve burning conditions; the ratio
of oxygen introduced into the burner was also increased. 1H NMR
and 13C NMR spectra were recorded on a Bruker Avance DRX
400 spectrometer at 298 K and their assignment was based on 1H
coupling. Chemical shifts are given in part par million with respect
to TMS. 19F NMR spectra were recorded at 298 K on a Bruker AV
200 MHz. ES-MS spectra of 10–5–10–4 m solutions in acetonitrile or
MeOH/H2O were obtained with a Finningan SSQ 710C spectrome-
ter using a capillary temperature of 200 °C, an acceleration poten-
tial of 4.5 kV and an ion spray voltage of 4.6 kV. The instrument
was calibrated using the horse myoglobin standard and the analyses
were conducted in positive mode. Analyses by MALDI-Tof MS
were performed in the positive ion mode on an Axima CFR plus
mass spectrometer (Kratos, Manchester, UK) equipped with a
337 nm nitrogen laser and pulsed extraction. Analyses were carried
out in the reflectron mode at a mass range of m/z = 600–3000 with
an accelerating voltage of 20 kV. The instrument was externally
calibrated with a mixture of Angiotensin II and ACTH (18–39).
The resulting compounds were loaded onto the target plate by mix-
ing 1μL of sample solution with the same volume of a matrix solu-
tion (10 mg/mL α-cyano-4-hydroxycinnammic acid in 50% 0.1%
TFA plus 50% acetonitrile) and left to dry in the drying box at
room temperature. Electron impact ionisation spectra were re-
corded on a Nermag R10–10C mass spectrometer with an ionis-
ation potential of 70 V. IR spectra were recorded in ATR mode
with a Perkin–Elmer FT-IR Spectrum One spectrometer fitted with
a universal ATR sampling accessory featuring a diamond/ZnSe
crystal. UV/Vis absorption spectra were measured on a Perkin–
Elmer Lambda 900 spectrometer using quartz Suprasil® cells of 0.1
and 1 cm path length.

Low-resolution luminescence data (spectra and lifetimes) were re-
corded at room temperature (298±0.1 K) with a Fluorolog FL3–
22 spectrometer from Horiba-Jobin–Yvon-Spex using 1-cm path
length quartz Suprasil® cells. The temperature was kept constant by
using a FL-1027 thermostated cell holder. Emission and excitation
spectra were corrected for the instrumental function. The com-
plexes were dissolved in CHCl3 or CDCl3, the concentration being
adjusted to 1·10–5 m. Phosphorescence lifetimes of frozen solutions
at 77 K in quartz capillaries or in 1-cm Suprasil® cells were deter-
mined with the instrument in time-resolved mode. Solutions for the
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determination of the number of coordinated water molecules were
prepared as follows. The organic CHCl3 phase containing the Eu
β-diketonate (3.3 mL, 10–5 m) was mixed with the aqueous phase
(0.1 m NaClO4, 0.1 mL) and stirred during 10 minutes before ex-
traction (this span of time is necessary to get a constant lifetime
value). A similar solution in CDCl3/D2O was prepared in parallel
in a glove-box to avoid moisture contamination. The solutions were
then centrifuged and the organic phase was recovered and further
analysed by luminescence enforcing a 0.03–0.05 ms delay to avoid
interference with fluorescence emission from the ligand. Lifetimes
were determined upon ligand excitation and monitoring the
5D0�7F2 and the 5D0�7F4 transitions; they are the average of at
least three independent measurements. All luminescence decays
proved to be single exponential and were analysed using Origin
7.0®. The number of coordinated water molecules was determined
by using Horrock’s equation q = 1.11 (Δk –0.31).[29]

Syntheses of the Ligands: 1,1,1,5,5,5-Hexafluoropentane-2,4-dione
H(hfa), and heptane-3,5-dione H(H5H5) were commercial products
(Aldrich).

Synthesis of 5,5,6,6,6-Pentafluorohexane-2,4-dione H(F5H3): So-
dium methoxide (2.16 g, 39 mmol) was suspended in hexane
(10 mL). Methyl pentafluoropropionate (1.78 g, 10 mmol) was
added with stirring and cooling to 0 °C. After further stirring dur-
ing 1 h under N2, acetone (0.4 g, 7 mmol) was added dropwise
which resulted in an orange solution. The mixture was further
stirred during 3 days, then the solution was cooled to 0 °C and
sulfuric acid (7.0 mL, 6.0 m) was slowly added. Two phases formed,
which were separated, the hexane phase being orange. The aqueous
phase was washed 5 times with hexane and the combined organic
phases were dried with Na2SO4 before distillation of the solvent.
The residue was further distilled to give the desired product as pale
oil (580 mg, yield: 40%). IR (cm–1, ATR): ν̃ = 738, 798, 845, 942,
1019, 1117, 1166, 1198, 1329 (aliphatic C–F), 1411, 1440, 1596,
1653, (C=C), 1745 (C=O), 2854, 2963, 3130 (sp3 C–H). 1H NMR
(400 MHz, CDCl3): δH = 3.77 (s, 3 H, –CH3), 6.14 (s, 1 H, –CH)
ppm. 13C NMR (400 MHz, CDCl3): δH = 44.9 (–CH3), 99.0
(–CH=C), 110–130 (CFx), 166 (C=O) 176.0 (C=C–O) ppm. 19F
NMR (200 MHz, CDCl3): δF = –82.08 (3F, -CF3), –123.40 (2F,
–CF2) ppm. Maldi-MS (negative mode): m/z = 203.55 [(F5H3)–,
calcd. 203.01]. CI-MS (CHCl3): m/z = 84 [CH3COCHC+(OH)], 119
[CF3CF2

+], 189 [CF3CF2COCHC+(OH)]. C6H5F5O2·0.3H2O
(209.4): calcd. C 34.40, H 2.69; found C 34.34, H 2.67.

Sodium Salt of 1,1,1-Trifluoro-3,5-heptanedione Na(F3H5): Sodium
methoxide (0.78 g, 15 mmol) was dissolved in diethyl ether (2 mL)
and introduced into a tube equipped with a magnetic stirrer. Propa-
noic acid methyl ester (0.62 g, 7.00 mmol) was added with stirring
and the solution was cooled to 0 °C. 4,4,4-Trifluorobutane-2-one
(1.06 g, 8.4 mmol) was added dropwise to the stirred mixture and
an orange solution resulted. The tube was sealed and the mixture
was further stirred during 3 days. The ether was removed by rotary
evaporation and a deep orange residue was obtained (570 mg, yield:
36%). IR (cm–1, ATR): ν̃ = 668, 742 815, 912 1039, 1133, 1144,
1200, 1257, 1320, 1361 (aliphatic C–F), 1378, 1408, 1437, 1530,
1633, (C=C), 1712 (C=O), 2840, 2956, 2997 (sp3 C–H). 1H NMR
(400 MHz, CDCl3 + DCl 0.1 m, 10 μL): δH = 0.96 (s, 3 H, –CH3),
2.28 (q, 2 H, –CH3CH2), 3.57 (s, 2 H, –CF3CH2), 5.67 (s, 1 H,
–CH), 8.33 (s, OH) ppm. 19F NMR (200 MHz, D2O): δF = –121.0
ppm. Maldi-MS (negative mode, 34 mV): m/z = 181.44 [(F3H5)–,
calcd. 181.14].

1,1,1,2,2-Pentafluoro-3,5-heptanedione (F5H5): Sodium methoxide
(1.98 g, 33 mmol) was suspended in diethyl ether (40 mL). 2-But-
anone (1.08 g, 15 mmol) was added to the mixture which was
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stirred during 1 h under N2 at room temp., whereupon a white
slurry resulted. A solution of methyl pentafluoropropionate (1.60 g,
9 mmol) in diethyl ether (25 mL) was added whilst stirring, which
resulted in the formation of a pale pink slurry. The mixture was
further stirred during 16 h, then sulfuric acid (100 mL, 1.5 m) was
slowly added whilst stirring and the ether phase turned orange. The
aqueous phase was extracted with freshly distilled diethyl ether (4×
100 mL), and the resulting organic phases were dried with Na2SO4.
The solvent was partially removed and the product was purified by
distillation at 133 °C to give a colourless yellow liquid (880 mg,
yield 45%). IR (cm–1, ATR): ν̃ = 738, 815, 889, 984, 1021, 1064,
1120, 1168, 1203, 1329, 1384 (aliphatic C–F) 1417, 1459, 1594,
(C=C), 1779, (C=O) 2890, 2988, 2949 (sp3 C–H). 1H NMR
(400 MHz, CDCl3): δH = 1.20 (t, 3 H, J = 7.6 Hz, –CH3), 2.55 (q,
2 H, J = 7.6 Hz, –CH2), 5.99 (s, 1 H, –CH) ppm. 13C NMR
(400 MHz, CDCl3): δC = 9.55 (–CH3), 32.19 (–CH2), 80–130
(–CFx),176–180 (C=C–O, –CH=C), 199.0 (C=O) ppm. 19F NMR
(200 MHz, DMSO): δF = –81.4, –81.6 (–CF3), –120.0, –122.3
(–CF2) ppm. CI-MS (CHCl3): m/z = 99 [CH3CH2COCHC(OH)]+,
119 [CF3CF2]+, 189 [CF3CF2COCHC(OH)]+, 218.46 [(F5H5 + H)+,
calcd. 218.04]. C7H7F5O2·0.3H2O (223.4): calcd. C 37.62, H 3.43;
found C 37.82, H 3.43.

Sodium Salt of 1,1,1,2,2,7,7,7-Octafluoro-3,5-heptanedione
Na(F3F5): Sodium methoxide (0.78 g, 15.4 mmol) was placed with
diethyl ether (2 mL) in a tube containing a magnetic stirrer. Methyl
pentafluoropropionate (1.25 g, 7.00 mmol) was added with stirring
and cooling to 0 °C. 4,4,4-Trifluorobutane-2-one (1.06 g,
8.40 mmol) was added to the stirred mixture dropwise and an
orange solution resulted. After sealing the tube, the mixture was
further stirred during 3 days. The ether was removed by rotary
evaporation and an orange residue was obtained (756 mg, yield:
37%). IR (cm–1, ATR, as Na salt): ν̃ = 742, 813, 874, 924, 943,
959, 994, 1040, 1066, 1113, 1032, 1149, 1174, 1208, 1265, 1319,
1362 (aliphatic C–F), 1407, 1438, 1600, 1669, 1713, 1743 (C=O),
2958, 3008 (sp3 C–H) ppm. 1H NMR (400 MHz, D2O): δH = 2.34
(s, 2 H, CH2COCH2CF3), 3.70 (s, 2 H, CH2COCH2CF3), 4.02 (s,
2 H, CH2CF3), 5.88 (s, 1 H, CH=C) ppm. 19F NMR (200 MHz,
DMSO): δF = –81.14 (–CF3), –82.32 (–CF3), –119.71 (–CF2) ppm.
Maldi-MS (positive mode): m/z = 252.4 [(NaF3F5 – NaF)+, calcd.
252.00]; 294.1 [(NaF3F5)+, calcd. 293.99].

Sodium Salt of 1,1,1,2,2,6,6,7,7,7-Decafluoro-3,5-heptanedione
Na(F5F5): Sodium methoxide (0.76 g, 14.2 mmol) was suspended
in diethyl ether (40 mL). 3,3,4,4,4-Pentafluorobutane-2-one (1.13 g,
7.00 mmol) was added and the mixture was stirred at room temp.
during 1 h under N2 atmosphere, whereupon a colourless solution
resulted. A solution of methyl pentafluoropropionate (1.25 g,
7.00 mmol) in diethyl ether (10 mL) was added whilst stirring,
which resulted in a pale orange solution. After further stirring dur-
ing 16 h the mixture turned orange. The ether was removed by dis-
tillation and a brown residue was obtained together with an oily
liquid. The latter was removed and the residue was washed 5 times
with dichloromethane. The resulting brown powder was dried un-
der vacuum (960 mg, yield 42%). IR (cm–1, ATR, Na salt): 736,
821, 922, 1019, 1103, 1139, 1165, 1192, 1322, 1368 (aliphatic C–F),
1427, 1521, 1582, 1661, (C=O), 2967 (sp3 C–H). 1H NMR
(400 MHz, CDCl3 + DCl 0.1 m, 10 μL): δH = 5.03 (s, 1 H, –CH).
13C NMR (400 MHz, D2O): δC = 90.0 (–CH=C), 110–130 (broad
bands due to coupling with 19F), 170–175 (C=O), 177.00 (C=C–O)
ppm. 19F NMR (200 MHz, DMSO): δF = –80.81 (–CF3), –81.17
(–CF3), –117.71 (–CF2), –121.14 (–CF2) ppm. Maldi-MS (negative
mode): m/z = 307.59 [(F5F5 + H)–, calcd. 307.08].

Synthesis of the Europium Complexes: Europium acetate solutions
were prepared just before being used, by dissolution of europium
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oxide (0.16 g, 0.45 mmol) in CH3COOH (3 mL, 0.9 m). After stir-
ring during 1 h, the solutions were filtered and the resulting filtrate
cooled to 0 °C.

Tris(hexafluoroacetonato)europium(III), Eu(hfa)3·3H2O: A solution
of hfa (0.30 g, 1.44 mmol) in methanol (3 mL) was added dropwise
at 0 °C to the europium acetate solution. After stirring overnight,
a white yellow precipitate formed, which was removed by filtration,
and recrystallised from methanol, giving Eu(hfa)3·3H2O (280 mg,
yield: 70%) as a pale yellow solid. IR (cm–1, ATR): ν̃ = 659, 677,
742, 772, 804, 855, 956, 1011, 1104, 1133, 1194, 1211, 1252, 1351
(aliphatic C–F), 1464, 1532, 1561, 1613, 1650, (C=O), 2968 (sp3 C–
H), 3160, 3314, 3642 (O–H). 19F NMR (200 MHz, DMSO): δF =
–75.35 (–CF3) ppm. C15H3EuF18O6·3H2O·0.5MeOH (843.99):
calcd. C 22.08, H 1.32; found C 22.07, H 1.68.

Tris(3,5-heptanedionato)europium(III), Eu(H5H5)3·2H2O: A solu-
tion of H5H5 (0.19 g, 1.44 mmol) in methanol (3 mL) was added
dropwise to at 0 °C to the europium acetate solution. After a few
minutes, a precipitate formed. The pH of the mixture, which was
4, was then adjusted at 6.5 by addition of NaOH 1 m. After stirring
overnight, the mixture was filtered. The resulting precipitate was
recrystallised from methanol yielding Eu(H5H5)3·2H2O as white
yellow powder (160 mg, yield: 60%). IR (cm–1, ATR): ν̃ = 759, 806,
854, 898, 947, 980, 1005, 1068, 1175 (C=O), 1219, 1243, 1306, 1330
(=C–O), 1371, 1398, 1511 (C=C), 1587, (C=O), 2877, 2936, 2968
(sp3 C–H), 3079, 3346, 3576 (O–H). C21H33EuO6·2H2O (570.17):
calcd. C 44.29, H 6.55; found C 44.79, H 6.59.

Tris(1,1,1,2,2-pentafluoro-3,5-heptanedionato)europium(III),
Eu(F5H5)3·3.8H2O: A solution of F5H5 (0.31 g, 1.44 mmol) in
methanol (5 mL) was added dropwise at 0 °C to the europium ace-
tate solution. After stirring overnight, a white powder was filtered
and recrystallised from methanol to provide Eu(F5H5)3·3.8H2O
(185 mg, yield 44%). IR (cm–1, ATR): ν̃ = 679, 721, 753, 811, 943,
1021, 1067, 1133, 1157, 1191, 1325 (aliphatic C–F), 1408, 1461,
1512, 1627 (C=O), 2983 (sp3 C–H), 3301 (O–H). 19F NMR
(200 MHz, DMSO): δF = –82.46 (–CF3), –82.75 (–CF3), –125.76
(–CF2), –125.95 (–CF2) ppm. C21H24EuF15O6·3.8H2O (894.53):
calcd. C 28.93, H 2.96; found C 28.95, H 2.81.

Tris(1,1,1,2,2,6,6,7,7,7-decafluoro-3,5-heptanedionato)europium(III),
Eu(F5F5)3·2H2O: The sodium salt of F5F5 (0.3 g, 0.91 mmol) was
introduced into a flask in which water (10 mL) and methanol
(1 mL) were added and the solution warmed at 60 °C until com-
plete dissolution. The europium acetate solution was then added
dropwise, which induced a precipitate. After stirring overnight, the
mixture was filtered and the filtrate recrystallised from methanol
to give Eu(F5F5)3·2H2O (140 mg, yield: 43%). IR (cm–1, ATR): ν̃
= 658, 744, 766, 796, 924, 1027, 1121, 1145, 1175, 1195, 1289, 1327
(aliphatic C–F), 1476, 1520, 1542 (C=C), 1646 (C=O), 3388
(O–H). 19F NMR (200 MHz): δF = –78.49 (–CF3), –82.52 (–CF3),
–121.13 (–CF2) ppm. C21H3EuF30O6·2H2O (1109.19): calcd. for C
22.74, H 0.64; found C 22.96, H 0.44.

Tris(5,5,6,6,6-pentafluoro-2,4-hexanedionato)europium(III),
Eu(F5H3)3: A solution of 5,5,6,6,6-pentafluoro-2,4-hexanedione
(0.3 g, 1.44 mmol) in methanol (5 mL) was added dropwise at 0 °C
to the europium acetate solution. A white precipitate formed and,
after stirring overnight, methanol was removed to give a yellow oily
residue which was recrystallised from methanol/water (50:50 v/v)
to give Eu(F5H3)3 (153 mg, yield: 42%). IR (cm–1, ATR): ν̃ = 738,
798, 845, 942, 1019, 1118, 1166, 1198, 1329 (aliphatic C–F), 1411,
1440, 1596, 1653 (C=C), 1745 (C=O), 2854, 2963 (sp3 C–H), 3130
(O–H). 19F NMR (200 MHz, CDCl3): δF = –82.90 (–CF3), –126.96
(–CF2) ppm. C18H12EuF15O6 (761.96): calcd. for C 28.67, H 1.84;
found C 28.40, H 1.59.
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Tris(1,1,1,2,2,7,7,7-octafluoro-3,5-heptanedionato)europium(III),
Eu(F3F5)3: The sodium salt of F3F5 (0.2 g, 0.67 mmol) was dis-
solved in a mixture water (5 mL) and methanol (1 mL). The euro-
pium acetate solution was then added dropwise at 0 °C. After stir-
ring overnight, the product was extracted with 3×20 mL of dichlo-
romethane then the solvent was removed to give a solid which was
recrystallised from water/methanol (50:50 v/v) to provide a pale
yellow compound (80 mg, yield: 37%). IR (cm–1, ATR): ν̃ = 681,
743, 771, 789, 844, 872, 896, 960, 998, 1024, 1049, 1067, 1084, 1120,
1156, 1185, 1206, 1267, 1328, 1370, (aliphatic C–F), 1439, 1521,
1576, 1626, 1664 (C=C), 1732 (C=O), 2854, 2958, 3003 (sp3 C–H).
19F NMR (200 MHz, CDCl3): δF = –81.36 (–CF3), –82.72 (–CF3),
–119.78 (–CF2) ppm.

Tris(1,1,1-trifluoro-3,5-heptanedionato)europium(III), Eu(F3H5)3:
This compound was synthesised similarly to Eu(F3F5)3, but start-
ing from the sodium salt of F3H5 (0.3 g, 0.97 mmol). Eu(F3H5)3

was obtained as a pale yellow solid (92 mg, yield: 38%). IR (cm–1,
ATR, as Na salt): ν̃ = 753, 833, 869, 945, 989, 1114, 1167, 1210,
1249, 1278, 1325, 1389 (aliphatic C–F), 1427, 1498, 1630, 1699,
1725, 1748 (C=O), 2968, 3037 (sp3 C–H). 19F NMR (200 MHz,
DMSO): δF = –121.9 (–CF3) ppm.
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Three new carboxylato-bridged polymeric networks of MnII

havingmolecular formula [Mn(ox)(dpyo)]n (1), {[Mn2(mal)2-
(bpee)(H2O)2]·0.5(bpee)·0.5(CH3OH)}n (2) and {[Mn3(btc)2-
(2,2�-bipy)2(H2O)6]·4H2O}n (3) [dpyo, 4,4�-bipyridine N,N�-
dioxide; bpee, trans-1,2 bis(4-pyridyl)ethylene; 2,2�-bipy,
2,2�-bipyridine; ox = oxalate dianion; mal = malonate di-
anion; btc = 1,3,5-benzenetricarboxylate trianion] have been
synthesized and characterized by single-crystal X-ray dif-
fraction studies and low temperature magnetic measure-
ments. Structure determination of complex 1 reveals a coval-
ent bonded 2D network containing bischelating oxalate and

Introduction

Metal-organic frameworks (MOFs) containing paramag-
netic metal ions represent a new class of materials for their
intriguing network topologies and for their potential appli-
cations in the area of catalysis, separation, sorption, sen-
sors, but also as electronic and magnetic devices.[1,2] More-
over, such MOFs have compositional/structural diversities
which may be tuned by the suitable choice of ligands as well
as metal ions. Thus, the construction of target molecules
with the properties mentioned above is a challenge for syn-
thetic chemists.[3] To achieve the desired networks, various
carboxylates have been used due to their wide variety of
coordination modes,[4] resulting in efficient superexchange
pathways. Several groups as well as our labs[5–8] reported
the syntheses and characterizations of a large number of
carboxylato-bridged multidimensional networks. Oxalate,
malonate, succinate, fumarate, maleate, terephthalate, 1,3,5-
benzenetricarboxylate etc. are among the more employed
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bridging dpyo; complex 2 is a covalent bonded 3D polymeric
architecture, formed by bridging malonate and bpee ligands,
resulting in an open framework with channels filled by unco-
ordinated disordered bpee and methanol molecules.
Whereas complex 3, comprising btc anions bound to three
metal centers, is a 1D chain which further extends its dimen-
sionality to 3D via π-π and H-bonding interactions. Low tem-
perature magnetic measurements reveal the existence of
weak antiferromagnetic interaction in all these complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

carboxylates to build up the framework. Moreover, combi-
nation of nitrogen donor co-/bridging- ligands i. e. pyrazine,
piperazine, 1,2-bis(4-pyridyl)ethane, 4,4�-trimethylenedipyr-
idine, 4,4�-bipyridyl disulphide, hexamethylenetetramine
etc. with carboxylates may enhance the dimensionality of
the molecular frameworks.[7] But evaluation of magnetic in-
teraction of these coordination polymers as a function of
geometry and electronic configuration of the individual me-
tal ion is the most important issue in the current re-
search.[9,10] Manganese-carboxylates are well recognized
from the magnetic point of view[11,12] as these systems often
possess a large number of unpaired electrons. Literature
survey reveals[13] that there are several manganese-contain-
ing networks showing single molecular magnetism, ability
of individual molecules to function as magnetizable mag-
nets in the absence of an external magnetic field and with
no long-range ordering from intermolecular interactions.
Due to these novel properties, increasing attention has been
devoted to the construction of manganese–carboxylate
frameworks in order to assess the correlation between struc-
ture and magnetism.

While manganese–oxalate frameworks are rare,[14] there
are some reports[15] on the molecular-based magnets
formed by bimetallic three-dimensional oxalate networks.
On the other hand, there are some reports by our group
using malonate,[6] showing antiferromagnetic coupling only,
besides interesting networks. Our studies till date did not
investigate the effect of coligand on the magnetic property
in the manganese-malonate frameworks. In addition, metal
carboxylates, alone and in combination with nitrogen donor
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coligands, are of particular interest for the possibility to
form open-framework structures[4b] besides the existence of
magnetic interactions. The above mentioned facts have
driven us to pursue the design and syntheses of manganese–
carboxylates varying the carboxylate anion as well as the
coligand.

The present contribution reports the syntheses, crystal
structures and low-temperature magnetic measurements of
three new carboxylato-bridged polymeric architectures of
manganese(ii) using three different carboxylates,
[Mn(ox)(dpyo)]n (1), {[Mn2(mal)2(bpee)(H2O)2]·0.5(bpee)·
0.5(CH3OH)}n (2) and {[Mn3(btc)2(2,2�-bipy)2(H2O)6]·
4H2O}n(3) [dpyo = 4,4�-bipyridine N,N�-dioxide; bpee =
trans-1,2-bis(4-pyridyl)ethylene; 2,2�-bipy = 2,2�-bipyridine;
ox = oxalate dianion; mal = malonate dianion; btc = 1,3,5-
benzenetricarboxylate trianion].

Results and Discussion

Description of the Structures

Complex 1

The X-ray diffraction analysis of complex 1 displays a
2D layered structure of composition [Mn(ox)(dpyo)]n, as
depicted in Figure 1. In the framework of (4,4) topology,
the manganese ions occupy the 4-connecting nodes while
double chelating oxalate and dpyo ligands form the rhom-
boid grid, with the latter spacers arranged in a herringbone
pattern with respect to the –Mn–ox– arrays. The metals are
separated by 5.657(2) Å (axis b) along the oxalate and by
12.537(3) Å through the dpyo linkers. Each manganese(ii)
center is arranged on a twofold axis and the coordination
sphere comprises of trans-located dpyo oxygen atoms and
four oxalate donors in the equatorial plane (Figure 2). All
the Mn–O bond lengths are comparable in length within
their e.s.d.’s. (Table 1). The dpyo ligand, positioned on a
center of symmetry, presents coplanar pyridine rings and
is connected to the metal with a N(1)–O(1)–Mn angle of
119.8(2)°.

Figure 1. Ball and stick drawing of the 2D sheet of complex 1.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 481–490482

Figure 2. ORTEP drawing of the manganese coordination sphere
in complex 1. The metal is located on a twofold axis passing in
between the oxalate C–C bond.

Table 1. Selected coordination bond lengths [Å] and angles [°] of
complex 1.

Mn–O(3) 2.175(2) Mn–O(2) 2.185(2)
Mn–O(1) 2.180(2) O(1)–N(1) 1.332(4)
O(2)–Mn–O(2�) 75.64(11) O(3)–Mn–O(1) 87.63(9)
O(3�)–Mn–O(3) 77.40(12) O(3)–Mn–O(2) 103.48(8)
O(1)–Mn–O(1�) 178.60(14) O(3)–Mn–O(2�) 179.12(9)
O(1)–Mn–O(2) 88.81(9) C(7)–O(2)–Mn 115.70(19)
O(1�)–Mn–O(2) 92.30(9) C(7�)–O(3)–Mn 113.49(19)
O(3�)–Mn–O(1) 91.28(9) N(1)–O(1)–Mn 119.8(2)

The packing shows well-separated layers and the shortest
intermetallic distance is 7.648(2) Å. The shortest contact of
3.315(4) is detected between C(1) and O(2) that can be in-
terpreted as a CH···O interaction.

Complex 2

The structure of 2 reveals covalently bonded
[Mn(mal)(H2O)]n layers connected by bpee ligands to form
a 3D polymer (Figure 3 and Figure 4). The malonate anion,
in its frequently found coordination mode[6,16,17] acts as a
chelating and a bis(monodentate) ligand towards three me-
tal ions. A selection of bond lengths and angles is reported
in Table 2, and the metal coordination sphere with atom
labeling Scheme is shown in Figure 5. The octahedral coor-
dination geometry of the metal atom consists of four planar
equatorial carboxylate oxygen atoms [range of Mn–O bond
lengths of 2.165(3)–2.183(3) Å], while the axial positions are
occupied by a water molecule and a bpee nitrogen donor
with slightly longer bond lengths [Mn–O(1w) 2.263(3), Mn–
N(21) 2.297(3) Å, Table 2].

In the (4,4) square grid (Figure 3) of side dimensions
5.419×5.614 Å (Mn–Mn distances), the coordinated water
molecule forms two intra-layer hydrogen bonds with oxygen
atoms of the neighboring chelating anions [O(1w)–O(17)
2.719(5) Å, O(1w)–O(11) 2.748(4) Å].
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Figure 3. Corrugated [Mn(H2O)(mal)]n layers in complex 2 down
axis b (only nitrogen donor of bpee shown, dotted lines indicate H-
bonds).

Figure 4. 3D crystal packing of complex 2 viewed down axis a
showing layers connected by bpee ligands.

Table 2. Selected coordination bond lengths [Å] and angles [°] of
complex 2.

Mn–O(13) 2.165(3) Mn–O(11) 2.183(3)
Mn–O(16) 2.172(3) Mn–O(1w) 2.263(3)
Mn–O(17) 2.173(3) Mn–N(21) 2.297(3)
O(13)–Mn–O(16) 99.24(12) O(13)–Mn–N(21) 86.28(12)
O(13)–Mn–O(17) 90.15(12) O(16)–Mn–N(21) 93.51(12)
O(16)–Mn–O(17) 170.60(11) O(17)–Mn–N(21) 86.81(13)
O(13)–Mn–O(11) 173.19(12) O(11)–Mn–N(21) 91.99(13)
O(16)–Mn–O(11) 87.43(12) O(1w)–Mn–N(21) 172.13(13)
O(17)–Mn–O(11) 83.17(11) C(12)–O(11)–Mn 127.9(2)
O(13)–Mn–O(1w) 88.59(11) C(15)–O(17)–Mn 128.1(2)
O(16)–Mn–O(1w) 93.19(12) C(12)–O(13��)–Mn�� 132.6(3)
O(17)–Mn–O(1w) 87.25(12) C(15)–O(16�)–Mn� 127.6(3)
O(11)–Mn–O(1w) 92.41(12)
Symmetry operations: (�) ½ + x, ½ – y, ½ + z, (��) ½ + x, ½ – y, ½ – z
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Figure 5. ORTEP drawing showing the coordination pattern of ma-
lonate anion in complex 2.

The present structure is close comparable to those de-
tected in analogous derivatives [Mn2(mal)2(4,4-bipy)-
(H2O)2]n,[6a] and [Mn2(mal)2(hmt)(H2O)2]n,[6b] where
[Mn(mal)(H2O)]n layers are connected by 4,4�-bipy and hmt
spacers, respectively. However, in the present complex 2, the
sheets are separated by 11.944 Å (half b axis), a longer value
than that measured in closer packed layers of the 4,4�-bipy
and hmt derivatives (9.386 and 8.029 Å, respectively). The
intermetallic distance spaced by the bpee ligand is 14.052 Å,
which is evidently longer than the value of 11.727 Å found
in the 4,4�-bipy derivative.

A view of the packing along axis a evidences channels,
accounting for 26.2% of the unit cell,[18] that are filled by
disordered uncoordinated bpee and methanol molecules.

Complex 3

Complex 3, of composition [Mn3(btc)2(bipy)2(H2O)6]·
4(H2O), forms a ladder-like ribbon built up of Mn(H2O)-
(bipy) and Mn(H2O)4 units bridged by btc anions as de-
picted in Figure 6. Of the two crystallographically indepen-
dent manganese ions, Mn(1) possesses a distorted trigonal
bipyramid coordination geometry (Figure 7). The equato-
rial plane encloses bipy nitrogen N(2) and btc oxygen do-
nors O(2), O(4) [coordination distances of 2.289(8),
2.203(6), 2.204(6) Å, respectively], while bipy N(1) and
aqua O(1w) are located at the axial sites [Mn(1)–N(1) =
2.242(9), Mn(1)–O(1w) = 2.132(7) Å]. However, oxygens
O(1) and O(3) from different btc carboxylate groups at
longer distance [Mn–O of 2.513(6), 2.528(6) Å] appear also
to interact with the metal. This epta coordination pattern
observed for Mn(1) is not novel, and, among other struc-
tures, it was reported in various Mn(EDTA) derivatives.[19]

On the other hand, Mn(2) is located on a center of sym-
metry and attains the usual octahedral coordination geome-
try through four aqua ligands [Mn–OH2 of 2.189(7),
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2.206(8) Å] and two btc oxygens [Mn–O 2.156(6) Å]. A se-
lection of coordination bond lengths and angles is reported
in Table 3. Thus each btc ligand bridges three metal ions
and the Mn3 triangle have dimensions 10.096(4) Å along

Figure 6. Double-stranded chain of complex 3 viewed down axis c.
O(2w) forms an intrachain hydrogen bond, dotted lines Mn(1)–
O(1) and Mn(1)–O(3) represent long coordination distances.

Figure 7. Detail of the coordination sphere of Mn(1) ion in com-
plex 3 (ORTEP drawing, 40% probability level).

Table 4. Hydrogen bonding in complex 3.

D–H d(D–H) d(H–A) � D–H–A d(D–A) A[a]

O1w–H1 0.846 1.888 158.22 2.692(9) O5 [–x + 1, –y + 2, –z + 1]
O1w–H2 0.838 1.994 154.91 2.776(12) O4w [x + 1, y, z]
O2w–H1 0.851 2.048 145.75 2.793(9) O5 [–x + 1, –y + 2, –z + 1]
O2w–H2 0.844 2.126 130.31 2.748(9) O3 [–x + 1, –y + 1, –z + 1]
O3w–H1 0.849 1.977 147.18 2.730(10) O1
O3w–H2 0.855 2.042 150.78 2.820(14) O5w [–x + 1, –y + 1, –z + 2]

[a] The acceptor atoms O4w, O5w are lattice water molecules for which hydrogen atoms were not located.
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the Mn(1)–Mn(1) edge, 8.594(3) and 10.450(3) Å for the
Mn(1)–Mn(2) edges. All the atoms of btc are coplanar
within±0.14 Å, and the max deviation of metal ions from
the best-fit-plane through the dianion is displayed by Mn(2)
(Figure 6), being displaced by 0.34 Å. The distance mea-
sured between the btc centroids forming the (btc)-Mn(H2O)4-
(btc) rungs of the stairlike chain is 11.59 Å.

Table 3. Selected coordination bond lengths [Å] and angles [°] of
complex 3.

Mn(1)–N(1) 2.242(9) Mn(1)–O(1) 2.528(6)
Mn(1)–N(2) 2.289(8) Mn(1)–O(3) 2.513(6)
Mn(1)–O(1w) 2.132(7) Mn(2)–O(2w) 2.189(7)
Mn(1)–O(2) 2.203(6) Mn(2)–O(3w) 2.206(8)
Mn(1)–O(4) 2.204(6) Mn(2)–O(6) 2.156(6)
N(1)–Mn(1)–N(2) 72.1(3) O(2)–Mn(1)–O(3) 137.5(2)
O(1w)–Mn(1)–N(1) 165.6(3) N(1)–Mn(1)–O(3) 96.6(2)
O(2)–Mn(1)–N(1) 93.0(3) N(2)–Mn(1)–O(3) 84.3(2)
O(4)–Mn(1)–N(1) 92.1(3) O(6)–Mn(2)–O(6�) 180.0
O(1w)–Mn(1)–N(2) 93.6(3) O(3w)–Mn(2)–O(3w) 180.0
O(2)–Mn(1)–N(2) 137.7(2) O(2w)–Mn(2)–O(2w�) 180.0
O(4)–Mn(1)–N(2) 135.2(3) O(6)–Mn(2)–O(2w) 89.0(2)
O(1w)–Mn(1)–O(2) 96.9(3) O(6�)–Mn(2)–O(2w) 91.0(2)
O(1w)–Mn(1)–O(4) 99.4(3) O(6)–Mn(2)–O(3w) 88.4(3)
O(2)–Mn(1)–O(4) 83.1(2) O(6�)–Mn(2)–O(3w) 91.6(3)
O(2)–Mn(1)–O(1) 55.3(2) O(2w)–Mn(2)–O(3w) 87.4(3)
O(4)–Mn(1)–O(3) 55.3(2) O(2w�)–Mn(2)–O(3w) 92.6(3)
O(3)–Mn(1)–O(1) 165.73(19) C(21)–O(1)–Mn(1) 84.1(5)
O(1w)–Mn(1)–O(1) 89.4(2) C(21)–O(2)–Mn(1) 98.9(5)
O(4)–Mn(1)–O(1) 138.3(2) C(23)–O(3)–Mn(1) 84.3(4)
N(1)–Mn(1)–O(1) 87.8(3) C(23)–O(4)–Mn(1) 98.5(5)
N(2)–Mn(1)–O(1) 84.1(2) C(25)–O(6)–Mn(2) 130.8(5)
O(1w)–Mn(1)–O(3) 83.0(2)

In the crystal packing the 1D chains are connected by a
H-bonding Scheme that occurs among coordinated and lat-
tice water molecules with carboxylate groups (Table 4). The
shortest interchain Mn–Mn distance is 6.306(2) Å. The
framework is locked through π-π interactions between the
peripheral bipyridine ligands (Figure 8), enhancing the di-
mensionality of the complex to 3D. The [Mn3(btc)2(bipy)2-
(H2O)6] framework shows an accessible porosity that ac-
counts for 20.4% of the unit cell volume (Platon pro-
gram[18]): this space is occupied by lattice water molecules
(four per metal unit). The present compound is isomorph-
ous with that of cobalt derivative,[8k] where the uncoordi-
nated water molecules were found disordered over different
locations.
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Figure 8. Top: packing diagram down axis a of complex 3 showing
the π-π interactions between bipy ligands (ellipsoids represent lat-
tice water oxygens). Bottom: detail of adjacent polymers with
stacking bipy.

Magnetic Properties

Complex 1

Although the structure is two-dimensional, from a mag-
netic point of view the system can be considered as one-
dimensional owing to the long Mn–Mn distance created by
the linker dpyo, for which we can assume a negligible over-
lap between the magnetic orbitals of the MnII ions.

The temperature dependence of χMT (χM being the mag-
netic susceptibility for one MnII ion) for complex 1 is shown
in Figure 9 (from 300 K to 2 K). At 300 K χM is 0.018 cm3

mol–1, and decreasing the temperature the χM value in-
creases in a monotonous form up to 0.13 cm3 mol–1 at
18 K, where the curve presents a maximum, and then de-
creases to 0.09 cm3 mol–1 at 2 K. The value of χMT at 300 K
is 4.6 cm3 mol–1 K, which is as expected for an “isolated”
MnII ion (Figure 9). Decreasing the temperature χMT grad-
ually decreases reaching 0.2 cm3 mol–1 K at 2.00 K. The
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shape of these curves is characteristic of the occurrence of
antiferromagnetic interactions between the MnII centers
and the presence of a maximum in the χM curve (Figure 9)
indicates that the AF coupling is not negligible. The plot of
the reduced magnetization (M/Nβ) at 2 K from 0 to 5 T is
also indicative of the antiferromagnetic coupling (Figure 9,
inset). The curve reaches the value of 1.2 Nβ, instead of 5.0
for an isolated S = 2.5 ion at 2 K, assuming g = 2.00. The
X-band powder EPR spectrum at room temperature gives
an isotropic signal centered at g = 2.00, typical for manga-
nese(ii) ions (Figure 1S).

Figure 9. Plots of χM and χMT vs. T for complex 1. Solid lines
represent the best fit by using the expression cited in the text. Inset:
plot of the reduced magnetization at 2 K.

This kind of magnetism for one-dimensional MnII sys-
tem has been theoretically studied mainly by Fisher.[20] His
approach allows to analyze the magnetic data by means of
an analytical expression assuming an infinite number of
classical spins (S = 5/2).[20] The best fit was obtained for J
= –1.89±0.01 cm–1, g = 2.00±0.004 and R = 5.4×10–5 (R
is the agreement factor defined as Σi[(χMT)obs –(χMT)calc]2/
Σi[(χMT)obs]2]. The value of g = 2.00 perfectly agrees with
that expected for a manganese(ii) ion (S = 5/2).

Scarce J data for manganese ions bridged by the oxalate
ligand have been reported. In an excellent paper of Glerup
et al.,[14] comparing the coupling in μ-oxalate complexes
with manganese, iron, cobalt, and nickel, the mean value of
J for three different Mn–oxalato complexes is –2.14 cm–1,
analogous to that found in complex 1.

Complex 2

Before describing the features of complex 2, we would
like to recall that carboxylate functionality is among the
most widely used bridging groups for designing polynuclear
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complexes with interesting magnetic properties. Its versatil-
ity as a linker is illustrated by the variety of its coordination
modes while acting as a bridge,[21] the most common being
indicated as syn-syn, syn-anti and anti-anti. Usually the ex-
change coupling through the carboxylate moiety is highly
dependent on the conformation of the bridge between the
interacting metal centers.[22] The syn-anti bridge for carbox-
ylate ligands appears to be a rather common binding mode
for MnII complexes,[23] and a little is known about the mag-
netic properties of such complexes. In general, these bridges
induce much smaller J values because of the expanded met-
allic core and the mismatch in the orientation of magnetic
orbitals.[23] The magnetic properties for syn-anti MnII-car-
boxylato bridged complexes have been studied for some
two-dimensional polymers such as [Mn(MCPA)2(H2O)2]n
(MCPA = 2-methyl-4-chlorophenoxyacetic acid),[24] for
some one-dimensional polymers such as [Mn(μ-3-
ClPhCOO)2(2,2�-bipy)2]n·nH2O,[25] with two syn-anti car-
boxylate bridges and for discrete MnII homodinuclear com-
plexes involving either only one syn-anti carboxylate bridge,
[Mn(2,2�-bipy)2(H2O)2(Me2NCH2COO)](ClO4)[26] or two
syn-anti carboxylate bridges, [Mn2(μ-PhCOO)2(2,2�-
bipy)4](ClO4)2.[25] The antiferromagnetic coupling is always
very small. In the presence of two carboxylate bridges[25]

the coupling parameter J is slightly greater than that de-
rived for a single bridge.[25,26] All these exchange coupling
constants are of the same order (between –0.5 and –2 cm–1).

The temperature dependence of χMT (χM being the mag-
netic susceptibility for one MnII ion) for complex 2 is shown
in Figure 10 (top; from 300 K to 2 K). At 300 K χM is
0.0012 cm3 mol–1 (Figure 2S) and it increases in a monoto-
nous form to 0.65 cm3 mol–1 at 2 K as the temperature is
lowered. At 300 K χMT is 4.35 cm3 mol–1 K, a value which
is as expected for an “isolated” MnII ion. χMT is almost
invariable up to 100 K and gradually decreases on cooling
to reach the value of 1.3 cm3 mol–1 K at 2.00 K. The shape
of these curves is characteristic of the occurrence of weak
antiferromagnetic interactions between the MnII centers.
The lack of a maximum in the χM curve (Figure 2S) indi-
cates that the AF coupling is very small. The plot or the
reduced magnetization (M/Nβ) at 2 K from 0 to 5 T is also
indicative of small antiferromagnetic coupling (Figure 10,
bottom). The curve reaches the value of 4.7 Nβ, but the
shape is different from the Brillouin function for an isolated
S = 2.5 ion at 2 K, assuming g = 2.00.

Taking into account the structure of 2 in which Mn(mal)
layers are linked together by the long bpee ligands, the
susceptibility data were fitted by the expansion series of
Lines[27] for a S = 5/2 antiferromagnetic quadratic layer,
based on the exchange Hamiltonian H = –Σnn J Si Sj, where
Σnn runs over all pairs of nearest-neighbor spins i and j,
Equation (1).

Ng2β2/χ|J| = 3θ + (ΣCn/θn–1) (1)

θ = kT/|J|S(S + 1), C1 = 4, C2 = 1.448, C3 = 0.228, C4 =
0.262, C5 = 0.119, C6 = 0.017 and N, g and β in Equa-
tion (1) have their usual meanings. The best fit is obtained
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for the superexchange parameters J = –0.20±0.02 cm–1 and
g = 2.00±0.003 (Figure 10) with R = 2.6×10–4.

Figure 10. Top: plot of the χMT vs. T for complex 2. Solid line
represents the fit with the expression given in the text. Bottom:
plot of the reduced magnetization at 2 K. Solid line represents the
Brillouin function for S = 2.5 and g = 2.00.

The magnetic properties of 2 may be compared with
those observed of other two-dimensional manganese(ii) sys-
tems showing low antiferromagnetic coupling and for which
possible antiferromagnetic ordering is not yet achieved at
the lowest limit of the measurement temperature. For exam-
ple, in [{Mn(SCN)2(EtOH)2}2],[27b] the superexchange pa-
rameter J was reported to be –1.22 cm–1 and the low-tem-
perature EPR spectra show an increase in the line width at
low temperature, but the susceptibility plot does not show
important deviations from the theoretical two-dimensional
susceptibility plot even not at low temperature. Room tem-
perature X-band EPR spectrum (Figure 3S) shows an iso-
tropic signal centered at g = 2.00, typical for manganese(ii)
ions.

Complex 3

Plot of χMT vs. T for complex 3 is shown in Figure 11
(top). At 300 K χMT starts at 4.36 cm3 mol–1 K, which is
the typical value for one isolated MnII ion (g = 2.00). This
value is almost constant up to 50 K, then it decreases
rapidly to 3.62 cm3 mol–1 K at 2 K, a trend indicative of
very weak antiferromagnetic coupling among the manga-
nese(ii) ions. The reduced magnetization curve (M/Nβ) vs.
H at 2 K corroborates this very weak antiferromagnetic
coupling. The experimental data are slightly smaller than
those corresponding to the Brillouin function for S = 5/2
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and g = 2.00 (Figure 11, bottom). This almost negligible
antiferromagnetic coupling is due to the extended benzene-
tricarboxyalate bridging ligand, which cannot create any
significant coupling.[28]

Figure 11. Top: plot of χMT vs. T for complex 3 with the best fit
calculation represented by the solid line. Bottom: plot of the re-
duced magnetization vs. H at 2 K. Solid line corresponds to the
Brillouin function for g = 2.00.

The magnetic fit for complex 3 is impracticable, due to
its intrinsic complication. Considering the structure as a
pseudo-one-dimensional MnII systems (S = 5/2) it is pos-
sible to try to fit the experimental susceptibility data by
using the formula given by Fisher for a model with classical
spin.[20,22] The best fit parameters were J = –0.05 cm–1, g =
2.00 and R = 1.8×10–3. However, J value must be taken
cautiously, being the one-dimensionality only a drastic esti-
mate, and thus the Fisher’s formula would not be com-
pletely valid. Furthermore, the asymmetry of one of the
manganese ions could give a g value different from 2.00,
likely indicative that the hypothesis of the g = 2.00 in the
reduced magnetization is not fully accurate, and the AF
coupling is even lower than –0.05 cm–1. The X-band pow-
der EPR spectrum at room temperature shows an isotropic
signal centered at g = 2.00. (Figure 4S).

Thermal Analysis

Complex 1 upon heating does not show any mass change
up to 300 °C and on further heating its frame work grad-
ually collapses. The thermogravimetric analysis of complex
2 shows desolvation within the temperature range of 70–
200 °C (Figure 5S). The behavior suggests the loss of lattice
methanol and dehydration of coordinated water molecules
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(vide infra) takes place in sequence without showing any
intermediate species. This also corroborates the involve-
ment of H-bonding between the malonate oxygens and
water molecules. The lattice bpee cannot leave the system
upon heating up to 200 °C, then the framework of the com-
plex collapses. On the other hand complex 3, that comprises
of ten water molecules per trinuclear unit, loses water in
multi steps upon heating (Figure 6S). The first step (60–
125 °C) accounts for the release of four guest water as well
as two coordinated water molecules. This upon further
heating starts to lose coordinated water molecules showing
a non isolable intermediate at ca. 200 °C and then the
framework appears to collapse on continuation of heating.
Through careful heating we have been able to isolate the
intermediate, [Mn3(btc)2(2,2�-bipy)2(H2O)4] (3a) which re-
verts on exposure to humid atmosphere (� 70%) for 2–
3 hours. The formation of 3a is not unlikely as elimination
of one water molecule from each terminal metal center re-
sults in a six coordinated geometry for Mn(1) (see Fig-
ure 7), but further elimination of coordinated water mole-
cules leads to an unstable system and to the collapse of the
metal organic framework. Thus the thermal analyses of
these three complexes hint that the MOF of 1 is thermally
more stable than those of 2 and 3.

Conclusions

In this paper we have presented the syntheses, the crystal
structures, variable temperature magnetic studies and ther-
mal behaviors of three carboxylato-bridged polymeric net-
works of manganese(ii). The above discussion shows that
the use of different carboxylates, namely oxalate, malonate
and 1,3,5-benzenetricarboxylate, in combination with neu-
tral coligands, dpyo, bpee, and 2,2�-bipy, has made feasible
the construction of coordination polymers of different di-
mensionality. Complexes 2 and 3 are 3D open frameworks,
the former contains channels filled up by disordered unco-
ordinated bpee and methanol and the latter is achieved
through π-π and H-bonding interactions. On the other
hand, complex 1 is a covalent bonded 2D network.

Experimental Section
Materials: High purity manganese chloride tetrahydrate; 4,4�-bipy-
ridyl N,N�-dioxide; 2,2�-bipyridine and trans-1,2-bis(4-pyridyl)eth-
ylene were purchased from Aldrich chemical Company. All other
chemicals used were of analytical grade.

Physical Measurements: Elemental analyses (carbon, hydrogen and
nitrogen) were performed using a Perkin–Elmer elemental analyzer.
IR spectra (4000–600 cm–1) were taken in KBr pellets using a Jasco
FT-IR (model 300E). The magnetic measurements were carried out
on polycrystalline samples with a Quantum Design MPMS SQUID
magnetometer (applied field 0.1 T) working in the temperature
range 300–2 K. Diamagnetic corrections were estimated from Pas-
cal’s tables. EPR spectra were recorded on powder samples at X-
band frequency with a BRUKER 300E automatic spectrometer,
varying the temperature between 4–300 K. Thermal analysis were
done on a Pyris Diamond system.
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Table 5. Crystal data and refinements details of complexes 1, 2 and 3.

1 2 3

Formula C12H8MnN2O6 C24.50H25Mn2N3O10.50 C38H42Mn3N4O22

Mr [gmol–1] 331.14 639.35 1071.58
Crystal system monoclinic monoclinic triclinic
Space group C2/c P21/n P1̄
a [Å] 14.231(3) 7.413(4) 10.096(4)
b [Å] 5.657(2) 23.889(5) 10.756(4)
c [Å] 15.189(3) 7.467(4) 12.167(5)
α [°] 74.097(10)
β [°] 94.59(2) 92.224(10) 76.083(10)
γ [°] 81.210(10)
Volume [Å3] 1218.9(6) 1321.3(10) 1228.0(8)
Z 4 2 1
Dcalcd. [g cm–3] 1.805 1.607 1.449
μ, Mo-Kα [mm–1] 1.115 1.020 0.840
θmax [°] 26.41 25.73 26.21
Reflections collected 5256 7634 6091
Unique reflections 1187 2338 3560
Rint 0.0710 0.0314 0.0418
Refined parameters 96 223 323
Goodness of fit (F2) 0.923 1.129 1.082
R1 [I � 2σ(I)][a] 0.0365 0.0529 0.0983
wR2

[a] 0.0823 0.1225 0.2602

[a] R1(Fo) = Σ ||Fo| – |Fc||/Σ|Fo|, wR2(Fo
2) = [Σw(Fo

2 – Fc
2)2/Σw(Fo

2)2]½.

Crystallographic Data Collection and Refinement: Crystal data and
details of data collections and refinements for the structures re-
ported are summarized in Table 5. Diffraction data set of complex
1 was carried out on a Nonius DIP-1030H system with Mo-Kα

radiation. For complexes 2 and 3, reflections were collected on a
STOE four–circle diffractometer equipped with MAR–research im-
age plate system and Mo-Kα radiation. Cell refinement, indexing
and scaling of the data sets were carried out using Denzo and Sca-
lepack,[29] and XDS.[30] All the structures were solved by Patterson
and Fourier analyses[31] and refined by the full-matrix least-squares
method based on F2 with all observed reflections.[31] Two lattice
water molecules were detected in the ΔF map of complex 3. Disor-
dered peaks in the electron-density map of complex 2 were interpre-
ted as a bpee ligand and a methanol (both arranged over a center
of symmetry), each accounting for 0.25 molecule per metal unit.
The contribution of H atoms at calculated positions were included
in the final cycles of refinement, except those of lattice water and
disordered molecules. All the calculations were performed using the
WinGX System 1.64.05.[32]

[Mn(ox)(dpyo)]n (1): A methanolic solution (10 mL) of 4,4�-bipyri-
dine N,N�-dioxide (1 mmol, 0.188 g) was added dropwise to an
aqueous solution (5 mL) of MnCl2·4H2O (1 mmol, 0.197 g) with
constant stirring for 10 min. To the resulting reaction mixture an
aqueous solution of disodium oxalate (1 mmol, 0.134 g) was added
whilst stirring condition. After 30 minutes a bright red compound
separated. Single crystals suitable for X-ray analysis were obtained
by diffusing a methanolic solution (10 mL) of MnCl2·4H2O and
4,4�-bipyridine N,N�-dioxide on an aqueous solution (10 mL) of
disodium oxalate in a tube. Bright red crystals deposited at the
junction of two solutions after one week. Yield: 80%.
C12H8MnN2O6 (331.14): C 43.48, H 2.41, N 8.45; found C 43.47,
H 2.42, N 8.46. IR: ν̃ = 3114 (w), 3085 (w), 2929 (vw), 1619 (vs),
1468 (s), 1222 (s), 1176 (w), 844 (w), 792 (vw), 553 (vw) cm–1.

{[Mn2(mal)2(bpee)(H2O)2]·0.5(bpee)·0.5(CH3OH)}n (2): An aque-
ous solution (5 mL) of disodium malonate (1 mmol, 0.148 g) was
added to an aqueous solution (5 mL) of MnCl2·4H2O (1 mmol,
0.197 g) whilst stirring condition. To this reaction mixture a meth-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 481–490488

anolic solution (10 mL) of trans-1,2-bis(4-pyridyl)ethylene
(1 mmol, 0.182 g) was added. The resultant reaction mixture was
stirred for 1 h and filtered. The filtrate was kept in a desiccator
(CaCl2) and after a few days bright yellow single crystals of X-ray
diffraction quality were obtained. Yield 75%.
C24.50H25Mn2N3O10.50 (639.35): C 45.98, H 3.91, N 6.56; found C
46.01, H 3.90, N 6.57. IR: ν̃ = 3436-3190 (s, v br), 1675 (w), 1611
(vs), 1558 (vs), 1467 (w), 1436 (s), 1372 (vs), 1314 (w), 1104 (w),
1016 (w), 830 (w), 761 (s), 731 (s), 628 (w), 542 (w) cm–1.

{[Mn3(btc)2(2,2�-bipy)2(H2O)6]·4H2O}n (3): An aqueous solution
(5 mL) of MnCl2·4H2O (1 mmol, 0.197 g) was added to a meth-
anolic solution of (10 mL) of 2,2�-bipyridine (1 mmol, 0.156 g)
dropwise whilst stirring condition. The resultant yellow colored
solution was mixed to an aqueous solution (5 mL) of btc
(0.66 mmol, 0.184 g) and stirred for 1 h and filtered. The filtrate
was kept in a desiccator (CaCl2). After one week bright yellow
crystals suitable for X-ray diffraction were obtained. Yield 70%.
C38H42Mn3N4O22 (1071.58): C 42.55, H 3.91, N 5.22, found C
42.57, H 3.93, N 5.20. IR: ν̃ = 3475–3025 (s, v br) 1671 (w), 1611
(vs), 1557 (vs), 1437 (s), 1372 (s), 1314 (w), 1247 (w), 1157 (w),
1016 (w), 932 (w), 761 (s), 731 (s), 650 (w), 541 (w) cm–1.

CCDC-276231, -276232 and -276233 (for complexes 1, 2 and 3,
respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): X-band EPR spectra for complexes 1–3, the
χM plot vs. T for 2, and the thermogravimetric analysis of 2 and 3
(Figures 1S–6S).
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Pristine fullerene C60 has a fcc structure. Crystallisation of
the fullerene in a variety of solvents can lead to inclusion
complexes, as well as discrete host–guest complexes in the
presence of cavitands and porphyrins, and related molecules.
The complexes retain varying degrees of fullerene···fullerene
interactions at the van der Waals limit, except in a limited
number of cases where the fullerenes are completely
shrouded by one or more included/host molecule. Analysis
of the fullerene···fullerene interactions in these complexes re-
veals a diverse structural arrangement of the fullerenes.
They can be organised into dimers, single linear columns or

Introduction

Icosahedral fullerene C60 readily forms intercalation
complexes affording materials that contain small molecules
such as haloforms[1,2] through to larger molecules like ferro-
cene,[3] curved- or bowl-shaped receptor molecules includ-
ing modified calixarenes,[4] cyclotriveratrylene and related
molecules,[5] porphyrins and metal macrocycles.[6] Some of
these complexes have the fullerene completely shrouded by
other molecules whereby the structures are devoid of
fullerene···fullerene interactions, although most of them
have fullerene···fullerene interactions to varying degrees.
Herein, we analyse the structures of these complexes that
were previously established using X-ray diffraction tech-
niques, focusing on the nature of the fullerene···fullerene
interactions (closest contacts), on any geometrical align-
ment of the polyhedral faces from adjacent fullerenes and
on any disorder of the fullerenes. Such aspects of the struc-
tures are often overlooked or oversimplified despite their
fundamental importance in developing the supramolecular
chemistry of C60 and, ultimately, in devising ways of con-
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zigzag chains, double columns, spectacular fivefold Z-
shaped columnar arrays, hexagonal close-packed layers, cor-
rugated sheets, honeycomb motifs, non-close-packed layers
and complex three-dimensional networks. Disorder of the
fullerenes in the solid state is common, although structures
with close-packed planar arrangements of C60 molecules
and/or with symmetry matching between the host molecule
and the fullerene (two-, three- and fivefold symmetry) tend
to have less disorder of the fullerene.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

trolling the interplay of C60 molecules as a paradigm in
crystal engineering in building up new materials with novel
function. Indeed, the supramolecular chemistry of fuller-
enes has been used to control the interplay of fullerenes in
the solid state, and fullerenes have been covalently linked
under high pressure and temperature[7] and advances have
been made in the building up of arrays of C60 that involve
complexation with calix[5]arene.[8] Typically, the structure
determination of fullerene complexes is carried out at ca.
150 K with no distinction between dynamic or static disor-
der.

General aspects of the supramolecular chemistry of full-
erenes feature in various review articles;[9] these reviews in-
clude aspects of chemically modified C60, which is beyond
the scope of this review, although it is noteworthy that there
have been some spectacular findings. The organization of
the potassium salt of a pentasubstituted fullerene into �17-
nm spherical bilayer vesicles,[10] the assembling of fullerenes
on surfaces,[11] the binding of porphyrins[12] and assembling
of 64 C60

– anions on the surface a dendrimer with terminal
ferricinium moieties[13] are particular noteworthy. Dendri-
mers can also bind fullerenes within their internal cavi-
ties;[14] these include porphyrin-containing systems.[15] In
addition, self-assembly processes can stabilise nanoparticles
of fullerenes, such as a diblock polymer shrouding, which
involves approximately 1010 fullerene molecules.[16] Fuller-
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enes can also be taken up in the pores of mesoporous silica,
with aggregation of the fullerenes in the presence of cavit-
and molecules. This process is the basis of a qualitative test
for host–guest chemistry between the fullerene and cavit-
ands in solution,[17] and confinement of the fullerene can
be used to form hydrated C60 at 350 °C, i.e. by controlling
the synthesis in a confined space.[18] Fullerenes, including
metallofullerenes such as Sm@C82,[19] and C60O can also
be drawn inside carbon nanotubes.

The formation of inclusion complexes of C60 with small
molecules such as solvent molecules has limited scope in
building up new arrays since the relatively large fullerene
molecules can still interact with several fullerenes, and
fullerene···fullerene interactions dominate the extended
structure. Inclusion complexes involving larger molecules
tend to have less fullerene···fullerene interactions because
the molecules can cover a larger part of the surface of the
fullerene. The limiting case is when the fullerene is com-
pletely shrouded by other molecules, and clearly the
greater the attraction between other molecules and
the electron deficient C60, the less likelihood of multiple
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fullerene···fullerene interactions or any such interactions.
Optimising the complementarity of curvature and size of
C60 with host molecules such as bowl-shaped cavitands and
saddle-shaped molecules has been used to good effect in
forming assemblies of host–guest complexes as part of ex-
tended structures with fullerene···fullerene interactions, al-
though the origins of such work relate to the use of cavitand
molecules as a means of purifying the fullerene through
host–guest/molecular-recognition chemistry.[4]

Matching the curvature of C60 with that of potential host
molecules is not an essential strategy for forming com-
plexes, since planar porphyrins readily form complexes in
the solid state with spheroidal fullerenes, often with the
structures possessing fullerene···fullerene interactions.[20] In
addition, the choice of solvent can effect the formation of
host–guest complexes, tipping the balance from complex-
ation to complexation with aggregation of the fullerenes
through to little or no complexation. Even the presence of
C70 can affect the nature of the host–guest complex of C60

with a host molecule.[23] Figure 1 summarises the main
types of “host” molecules that have been used for the for-
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Figure 1. Types of molecules that form complexes with fullerenes with a specific example for 5 shown in space filling.

mation of complexes of C60 and includes cavitands 1–4, 7[21]

and 9,[22] saddle-shaped molecules 5, porphyrins 6, silox-
anes 8, curved-faced tryptophanes 10,[23] and β- and γ-
cyclodextrins (n = 7, 8) 11, although not all of these lead
to crystalline material and structure authentication by using
diffraction data. When complexation is not prevalent, the
addition of other synthons can be effective. For example,
group 1 ions bind to modified calixarenes (R� = ester), re-
sulting in the complexation of C60.[24] Seemingly, most
molecules with aromatic-ring systems and electron-rich
moieties can form complexes with C60, including benzene

Table 1. Structural types for the arrangement of C60 molecules in the solid state.

Number of Number of structures Number of fullerenes Closest centroid···centroid fullerene
Structural types examples with ordered C60 with close contacts distances [Å]

Pure C60
[26] 8 0 12 9.940

Encapsulated/Isolated fullerenes[27] 37 8 0 –
Dimers[28] 7 1 2 9.93–10.20
Single, linear columns[29] 6 1 2 9.90–10.10
Zigzag chains[30] 11 3 3 9.90–10.20
Double columns[31] 4 0 4 9.90–10.00
Fivefold Z-shaped columns[32] 1 0 4–6 9.90
Close-packed layers[33] 10 5 6 9.80–10.30
Nonclose-packed layers[34] 6 4 6 9.80–10.30
Corrugated sheets[35] 11 8 5 9.90–10.30
Honeycomb motif[36] 6 0 4 9.90–10.00
3D continuous networks[37] 23 10 4–6 9.90–10.20

Total[a] 126 40 60

[a] Note that there are also twelve compounds in the appendix for which the structure is unknown because of lack of coordinate data or
extreme disorder, and accordingly, are not included in the Table.
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and extended aromatic systems and tetrathiafulvalenes,[25]

but the conditions to effect complexation can vary.
While the solid-state structures of many fullerene host–

guest complexes of C60 have been determined, the focus of
the structures has usually been on the nature of the host–
guest interplay, often with little regard to the nature of the
extended structure dealing with fullerene···fullerene
interactions and to the nexus to the structure of fcc C60. In
analysing the extended structures, the indicator for
fullerene···fullerene interactions is any centroid-to-centroid
distance that is close to 10.0 Å (the van der Waals limit of
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the fullerene). Fullerene C60 molecules can be positioned
with different combinations of five- and six-membered rings
facing each other, an edge facing a ring face, or two edges
facing each other. The type of positioning affects the closest
carbon-to-carbon distance – and to a certain extent the
centroid···centroid distance. In general, for fullerene mole-
cules at the van der Waals limit, the closest carbon-to-car-
bon distances are between 3.1–3.4 Å, depending on how the
fullerene molecules are oriented. Thus, analysing different
C60 arrangements also involves considering the state of or-
der/disorder of the fullerenes. Table 1 summarises the sali-
ent information, including the number of compounds that
exhibit a particular arrangement of C60 molecules, the pro-
portion of each arrangement in which C60 is ordered and
the proportion of each arrangement in which fullerene
centroid···centroid distances are �10.30 Å. While this is
slightly beyond the van der Waals limit, it nevertheless is a
guide for the packing of the fullerenes in building up con-
tinuous structures.

The Extreme Cases – Pristine fcc and
Encapsulated C60

In pure fcc C60 (Figure 2), the centroid···centroid dis-
tance is 9.94 Å, and this is a reference point to compare
centroid···centroid distances with complexes of the fuller-
ene. Pure C60 contains disordered molecules, which is not
surprising given the spheroidal nature of the fullerene in the
absence of any directional contacts beyond the 12
fullerene···fullerene interactions for each fullerene.[26]

Figure 2. Space filling fcc for pristine C60.[26]

In some complexes, each C60 molecule is completely en-
capsulated with no intimate contact with other C60 mole-
cules, for example, in complexes of calix[5]arenes with p-
substituted pendant arms (phenyl or benzyl) in which two
calixarenes shroud each fullerene. For calix[5]arenes, the
complementarity of size and shape of the fullerene with the
cavity defined by the phenol moieties is striking. Calix[5]-
arene with H atoms in the p-positions can also form a com-
plex in which two calixarenes interact with a central fuller-
ene, but there is still enough room on the surface of the
fullerene to allow close contacts with other fullerenes. This

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 507–517510

is part of a one-dimensional array of five columns of close-
packed fullerenes in a Z-shaped array (see below).[8] This is
a spectacular example of a simple change in substitution
of calixarene that dramatically changes the nature of the
complex.

p-Benzylcalix[5]arenes 1 form a 2:1 complex with C60 in
which the fullerene is shrouded by two staggered trans host
molecules in the cone conformation with dangling benzyl
groups [Figure 3(a)].[38,39] Interestingly, the symmetry axis
of the calixarene is aligned with a C5 symmetry-element of
C60. However, in the case of the related C60 complex of p-
phenylcalix[5]arene,[40] the rigid extended arms interdigitate
in one hemisphere of the 2:1 supermolecule such that sym-
metry matching for both calixarenes is not possible, and the
“confused” fullerene is now completely disordered.[40]

Other authenticated structures in which C60 is encapsulated
by two calix[5]arenes such that there are no interfullerene
contacts include a calix[5]arene complex with three methyl
and two iodo groups (1,3-disposition) in the p-positions of
the upper rim.[41]

Figure 3. Encapsulation of single fullerene C60. Structure of
(a) [C60�{p-benzylcalix[5]arene}2] and (b) [C60�{p-benzyloxacalix-
[3]arene}2].[38]

Oxacalix[3]arenes 2 also have complementarity of curva-
ture with C60, and p-benzyloxacalix[3]arene similarly forms
a 2:1 complex in which two calixarenes shroud the fullerene.
Here, a C3 symmetry-axis of C60 lines up with the symmetry
axis of the two host molecules in the trans arrangement, i.e.
the fullerene is not disordered at the temperature at which
the diffraction data were acquired, ca. 173 K.[38] The benzyl
groups are edge-on to the fullerene, with C–H···fullerene
interactions [Figure 3(b)], rather than face-on for π···π in-
teractions, or the benzyl groups are directed away from the
fullerene such as in the structure of the analogous p-ben-
zylcalix[5]arene complex.[38] Clearly, symmetry matching is
a worthwhile endeavour to afford ordered fullerene mole-
cules in the solid state, at least at low temperature (ca.
173 K).

Dimeric Arrangement of C60 Molecules

In a few cases, C60 molecules are confined as pairs at the
van der Waals limit (9.93–10.20 Å).[28] Only one compound
has ordered fullerenes at the temperature of the X-ray dif-
fraction studies. A striking feature of the 1:1 p-bromo-
homooxocalix[3]arene C60 complex is the relatively small
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Figure 4. Inclusion complex C60 as van der Waals dimers sandwiched by two p-bromo-homooxocalix[3]arene molecules.[43]

calixarene that disrupts the interfullerene interactions. Iso-
lated pairs of fullerenes have π···π interactions with the ca-
lixarenes, with distances between the centroids within the
pairs of fullerenes of 9.93 Å. The cup shape of the calixar-
ene and possible polarization effects from the bromine sub-
stituents presumably impact on the overall structure, which
consists of the stacking of the dimeric columns as repre-
sented by the top view projection with no other
fullerene···fullerene close contact other than that of the di-
mers, Figure 4.[43] While a trimeric aggregate of C60 mole-
cules have been proposed for the structure of the 1:1 com-
plex of C60 with p-tBu-calix[8]arene,[42] its solid-state struc-
ture authentication remains elusive, and the same can be
said of higher arrays. For the dimeric arrangement, there
are only a couple of structures in which the fullerene mole-
cules are ordered.

Single Linear Columns

A common arrangement of C60 molecules is as single lin-
ear columns with each fullerene in close contact to two full-
erenes and the dihedral angle set at 180°. All structures have
disordered fullerene molecules, and the fullerenes are at the
van der Waals limit (10.1 Å) (Figure 5).[44]

Figure 5. Single column arrays of C60 found in the structure of
bis(1,3,5-triphenylbenzene)chlorobenzene clathrate; fullerene
centroid-to-centroid distances: 10.10 Å.[44]

Figure 6. Zigzag fullerene arrangement in the structure of [C60{calix[5]arene}]; fullerene centroid-to-centroid distances: 10.03 Å.[8]
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Zigzag Chains

C60 molecules can be organised into continuous zigzag
chains, with varying C60–C60 close contacts (9.90–10.20 Å).
These chains are similar to linear columns, but with the C60

molecules offset with respect to each other and with the
dihedral angle �180°. The dihedral angle ranges from 118
to 172° thus presenting the intermediate structures between
linear-chains and double-column arrangements. There are
more zigzag-chain structures than linear-column structures
of C60, and the proportion of ordered structures is much
higher (Table 1). It is interesting that the zigzag chains (and
corrugated sheets, see below) contain higher proportions of
C60 centroid-to-centroid distances that are at the lower end
of the van der Waals limits than linear columns and planar
layers. This suggests that the zigzag arrangement of fuller-
enes encourages fullerene···fullerene interactions more than
the linear counterparts.

The 1:1 complex between C60 and CTV (cyclotrivera-
trylene; 4, R = R� = Me), and the recent structure of the
1:1 complex of calix[5]arene and C60 (Figure 6), form zigzag
structures. It is interesting to note that the CTV complex
forms in toluene in the presence of a saturated solution of
CTV (approximately 20-fold excess of CTV relative to the
fullerene), whereas a fivefold excess of CTV gives a 3:2 com-
plex that is rich in C60 and the fullerenes are arranged in
close-packed, hexagonal sheets (see below).

Double Columns (Close Packed)

A few examples of C60 complexes crystallising with the
fullerenes arranged into two close-packed columns have
been authenticated. This is the limiting case for zigzag
chains in which the dihedral angle between the fullerenes is
60° and each fullerene is in close contact with four other
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fullerenes rather than with two (Figure 7). All of the com-
plexes have some level of disorder, and the fullerene ar-
rangement is depicted for the siloxane/C60-fullerene com-
plex in which each fullerene is surrounded by four others
with centroid···centroid distances of 9.85–10.10 Å.[45]

Figure 7. The double-columnar array in a siloxane/C60-fullerene
complex; centroid···centroid distances: 9.85–10.1 Å.[45]

Fivefold Z-Shaped Columns (Close Packed)

Calix[5]arene 1, n = 5, R = R� = H, forms a unique
complicated complex with C60, [(C60)5{calix[5]arene}4],[32]

in which the fullerenes assemble into five columns in a
Z-arrangement [Figure 8(a)], which are surrounded by a
sheath of calixarenes. The fullerenes are close packed in the
columns with three different fullerene environments [Fig-
ure 8(b)]: (i) those on the outer columns, and each fullerene
is in contact with four other fullerenes (cf. the environment
the fullerene in the double-column arrangement, Figure 7),
(ii) those in the two nearest columns of the bend of the “Z”
shape, where the fullerenes have six close contacts, and (iii)
the central column where each fullerene also has six close
fullerenes, albeit now in a flat hexagonal arrangement. On
the basis of analytical data, prior to the structure determi-
nation, the complex was thought to be a 1:1 complex rather
than a 5:4 complex, and in this context, care needs to be
exercised in establishing the stoichiometry of fullerene host–
guest complexes in the absence of structural elucidation.
Moreover, the presence of other fullerenes, and other globu-
lar molecules in solution, dramatically changes the nature
of the complex that crystallises from solution. In the pres-
ence of C70, which is the other major fullerene in fullerite,

Figure 8. (a) Projection of the fivefold Z-shaped arrangement of fullerenes in [(C60)5{calix[5]arene}4], and (b) the projection normal to
this; closest centroid-to-centroid distances: 9.88 Å.[32]
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a 1:1 calixarene: C60 complex forms (see above).[8] Remark-
ably no C70 is incorporated into the structure, but it still
predetermines the nature of the C60 complex formed. This
is despite the solution binding constants that favour C70

complexation over that of C60, and thus crystal packing
forces must be more important. The same 1:1 complex in-
volving C60 also forms in the presence of C84 and 1,2-dicar-
borane (1,2-C2B10H12), an icosahedral molecule, which in
the absence of C60 is drawn into the cavity of the calixar-
ene.[46]

Close-Packed Layers
The structure of these 2D arrays takes on some aspects

of the structure of fcc for pure C60. Hexagonal close pack-
ing of the fullerene molecules occurs in several structures
with fullerene···fullerene centroid-to-centroid distances of
10.0–10.2 Å (Figure 9). In comparison to other C60 arran-
gements, the proportion of structures in this category is rel-
atively low, despite the fact that hexagonal close packing
is a common arrangement for two-dimensional arrays of
spheroidal moieties. Within these structures, the C60 mole-
cules tend to be ordered, and in some cases, this relates to
the interplay of the fullerenes with inclusion/host molecules
on either side of the hexagonal arrays, as in the complex
with CTV (see below).[47]

Figure 9. Hexagonal close-packed C60 fullerenes in (C60)1.5(CTV);
centroid-to-centroid distances: 10.00 –10.2 Å.[47]
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Complexation of C60 in toluene solutions of CTV (4, R

= R� = Me) results in polymeric structures in the solid state,
with either a fullerene-rich phase (C60)1.5(CTV) or a 1:1
phase (C60)(CTV)[47,48] (Figure 9); both complexes were
studied electrochemically (solution and solid state). The
structures are dominated by fullerene···fullerene interac-
tions, and each CTV has a C60 that is associated within the
cavity of the CTV as a “ball and socket” nanostructure. For
(C60)1.5(CTV), the fullerenes collectively comprise a two-di-
mensional, close-packed array with half of the fullerenes
devoid of CTV (Figure 9).[47] Disorder is found for the full-
erenes that are not capped by CTV, while the fullerenes in-
cluded in the cavity of CTV are stabilised and show order.
Solvated host–guest species of (CTV)(C60) are formed first
in solution, and this results in the polarisation of the fuller-
ene that promotes aggregation, which is evident by a reso-
nant interfullerene transition band as 475 nm. Interestingly,
C70 does not form an isolable complex with CTV, yet re-
markably in the presence of 1,2-dicarborane, a ternary com-
plex forms, with each fullerene in the cavity of a CTV mole-
cule and with each of these supermolecules linked by bifur-
cated H-bonding to two carborane molecules, thus forming
a helical arrangement. Therefore, additional synthons can
encourage host–guest chemistry.[49]

Corrugated Sheets

C60 molecules can also form corrugated sheets in a man-
ner that is similar to layering. In this arrangement, the C60

molecules form layers, but these layers are not planar. From
a side-on view, these sheets look like zigzag arrangements.
Corrugated sheets are also a common arrangement for C60

molecules, and a very high proportion of the compounds
that exhibit this structure exhibit fullerene···fullerene close
contacts, and this fact indicates that these molecules are at
the van der Waals limits. Hence, it can be concluded that
when C60 molecules are arranged in corrugated layers, as
opposed to planar layers, close contact between the fuller-
enes is encouraged. Corrugated-sheet structures also have a
high proportion of ordered compounds.

Non-aromatic macrocycles 5 have two divergent concave
surfaces in a saddle-shape arrangement that arises from the
otherwise unfavourable interactions between the methyl
groups and the adjacent H-atoms on the aromatic rings.
This arrangement can act as a divergent heterotopic recep-
tor towards C60. In the structure of (C60)Ni(TMTAA) (5,
R = H, R� = R�� = Me), two host molecules shroud the
fullerene such that a fullerene is in the saddle of one
Ni(TMTAA) molecule with the methyl groups directed
towards it and in the opposite saddle of another
Ni(TMTAA) molecule; the overall host–guest contacts
form a continuous zigzag array in which the fullerenes form
a corrugated two-dimensional sheet (Figure 10).[50] CuII

and ZnII TMTAA molecules bind C60 in a similar fashion
and are isostructural with the NiII analogue. OMTAA (5, R
= Me) forms a 1:1 complex with C60 in which the extended
supramolecular array is based on linear chains of close-con-
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tact C60 molecules and on linear chains of π-stacked alter-
nating molecules of C60 and Ni(OMTAA) in which the ad-
jacent chains run in opposite directions and thus cancel out
the dipole moments. The same macrocycle forms a 1:1 com-
plex with C70, which is isostructural with the C60 complex
of Ni(TMTAA). In all of these NiII macrocyclic structures,
there are no significant contacts between the metal centres
and the fullerenes. As in other systems, there is evidence for
the formation of 1:1 solvated supermolecules in solution,
which then go on to form micelle-like species.[50] The un-
symmetrical macrocycle 5 (R = H, R� = Me, R�� = Ph) also
forms a 1:1 complex with C60.[51]

Figure 10. The corrugated array of fullerenes in the Ni(TMTAA)/
C60 complex; centroid-to-centroid distances: 9.99 to10.07 Å.[50]

Honeycomb Motif
An unusual arrangement of the C60 molecules is one in

which the fullerene molecules form a honeycomb motif as
shown in Figure 11.[52] Few compounds exhibit this type
of arrangement, and in most cases, these structures have
disordered fullerenes.[36]

Figure 11. The honeycomb arrangement of C60 molecules in
5,10,15,20-tetraphenylporphyrin bis(C60-fullerene) benzene solvate;
centroid-to-centroid distances: 9.98 Å.[52]

3D Continuous Networks of C60

The arrangement of fullerenes in fullerene-C60 complexes
can have continuous three-dimensional networks. Some are
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simply analogues of the fcc packing of pristine C60. Indeed,
the simplest structure is one in which the fcc packing is
maintained and small molecules are included in the inter-
stices, for example ethene (Figure 12).[53] For larger mole-
cules, other arrangements are possible. Alternatively, other
close-packed arrangements can result, notably bcc packing
found in the ethane complex.[53]

Figure 12. The fcc arrangement in the ethene inclusion complex
with C60; centroid-to-centroid distances: 10.03 Å.[53]

Other continuous three-dimensional arrangements are
more complex, often, with more included molecules, for ex-
ample, the carbon disulfide complex C60·1.5CS2 (Fig-
ure 13).[54]

Figure 13. Continuous array in the C60-fullerene carbon disulfide
solvate (C60·1.5CS2); closest centroid-to-centroid distances:
9.96 Å.[54]

From Table 1, it is evident that three-dimensional arran-
gements are more prevalent and by their very nature have
more interfullerene contacts at the van der Waals limits.
Intersecting sheets of fullerenes with moderately sized mole-
cules creating channels are possible; this is exemplified by
the structures in Figure 14.[55]

Figure 14. Structure of C60-fullerene/tetramethyltetraselenafulva-
lene benzene solvate; centroid-to-centroid distances: 9.80 Å.[55]
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Higher Complexity Structural Motifs

The structures here are based on complexes containing
large host/included molecules. The fullerene rich calix[6]ar-
ene complexes, (C60/C70)2calix[6]arene, have been structur-
ally authenticated as isomorphous complexes,[56] and exhi-
bit the calixarene in a double-cone conformation and a ful-
lerene perched in each of the shallow cavities – this arrange-
ment resembles the jaws of a pincer acting on two adjacent
cage molecules; the extended structures have continuous
three-dimensional interplay of the fullerenes that is close to
the van der Waals limit. In the case of the C70 complex, the
principle axis of the fullerene is aligned such that the end
of the fullerene that is close to this axis, where the curvature
of the cage is similar to that of C60, resides in the cavity.

Calix[4]arenes and Calix[4]resorcinarenes have cavities
that are too small to accommodate fullerenes. Nevertheless,
some calix[4]arenes have been shown to form stable crystal-
line complexes with C60 with the fullerene exo to the ca-
lixarene cavity, and include: (i) p-phenyl-calix[4]arene,
which has a toluene molecule in the cavity; the overall struc-
ture is dominated by fullerene–fullerene and exo-calixar-
ene–fullerene interactions,[57] (ii) p-bromo-calix[4]arene pro-
pyl ether – the structure shows very close interfullerene con-
tacts in a columnar structure, which most likely results in
opposing induced dipoles from the unidirectionally aligned
calixarenes,[58] and (iii) p-iodo-calix[4]arene benzyl ether –
the fullerenes are ordered without appreciable interfullerene
interactions.[59] There is also calix[4]resorcinarene 3 (R =
CH2CH2Ph), which has a molecular capsule derived from
head-to-head hydrogen bonding of two resorcinarene and
propan-2-ol molecules – the fullerenes are also arranged in
columns.[60] Biscalix[4]resorcinare is effective in binding C60

(cf. biscalixarenes, Figure 4),[61] and calix[4]resorcinarenes
(3) that bear dithiocarbamate groups between the oxo
groups, with R = alkyl chains and with methylene groups
between adjacent oxo groups form torus-shaped complexes
that comprise three calixarenes with divalent cadmium and
zinc ions, which effectively bind C60.[62]

The fourfold symmetry of calixarenes and resorcinarenes
relates to complexation of siloxane 8 with C60 in tolu-
ene.[49,59,60] Here, the fullerenes are arranged in double-co-
lumnar arrays and are shrouded by edge-on siloxanes – the
siloxanes are interlocked by one of the phenyl groups of
one molecule residing in the cavity of another.

Bulky groups incorporated into porphyrin 6 [R = H, R�
= C6H3-3,5-(tBu)2] result in a 1:1 complex with C60, but
there is a fullerene on either side of the porphyrin such that
the continuous structure has the fullerene encapsulated.[63]

Conclusion and Prospects

Structural analysis reveals a diverse range of structures;
in some cases, these structures appear regularly, whilst
others are represented by a single example. Even with prior
knowledge on the composition of fullerene C60 complexes,
it is difficult to predict the arrangement of fullerenes given
the inherently weak interactions between the components
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and the delicate balance between fullerene···fullerene inter-
actions and host···fullerene interactions. Predicting the out-
come of crystallization with respect to host/guest ratios and
the arrangement between the components is even more
problematic, and this is compounded by the effect of other
solutes on the complexes formed that are still not an inte-
gral part of the structure. Greater structural diversity is an-
ticipated along with higher complexity of the structures, al-
though full characterization of such complexes using dif-
fraction data will be a major challenge. Compounds in
which the C60 molecules are arranged in planar layers con-
tain the highest levels of order of the fullerenes, and, in
general, structures in which there is symmetry matching be-
tween the host and the fullerene reduces the disorder of the
fullerene at low temperature. Arrays of fullerenes can be
completely shrouded by a sheath of host molecules. The
reverse is possible whereby the “host molecules” can reside
in channels formed by a continuous array of fullerenes at
the van der Waals limit. Clearly designing host molecules
to bind fullerenes in cavities is now well established, but
unless the fullerene is completely shrouded by host mole-
cules, predicting the interplay of the fullerenes has serious
limitations.
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One-dimensional (1D) titanium trisulfide (TiS3) nanobelt
bundles up to 4 cm in length have been successfully synthe-
sized through an easy and common chemical vapor transition
(CVT) process. The as-synthesized samples were charac-
terized by X-ray powder diffraction (XRD), polarized light
microscopy, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). All microscopic observa-
tions indicated a belt-like morphology. Powder XRD patterns
showed that TiS3 crystallized in the monoclinic system with
a = 4.958(1) Å, b = 3.393(1) Å, c = 8.793(3) Å and β = 97.27(5)°.
TEM images revealed a nanostructure with an interplanar
spacing of 0.87 nm. The ED pattern and HRTEM images con-

I. Introduction

Recently, there is a growing interest in the synthesis,
characterization, and application of one-dimensional (1D)
nanomaterials such as nanobelts, nanowires, etc. because of
their low dimensionality and high aspect ratio, as well as
their unusual physical properties. The synthesis and func-
tionality of 1D nanomaterials have become one of the most
highly energized research areas. During the past two dec-
ades, various sulfide nanomaterials have been synthe-
sized.[1–12] However, the preparation of sulfide nanobelts re-
mains poorly studied, and only a few successful examples
have been reported. For example, ZnS nanobelts with
wurtzite structure have been prepared by simple thermal
evaporation of ZnS powder in the presence of Au catalysts
at 970 °C.[13] PbS nanobelts have been successfully synthe-
sized in the mixed solution of PbCl2 and Na2S2O3.[14]

Titanium trisulfide TiS3 is of interest to us because of its
potential application in CuO-based cathodes of non-aque-
ous alkali metal batteries. Measurements of the electrical
conductivity and the Hall coefficient at 15–300 K and of
the thermal EMF at 80–400 K indicate that TiS3 is semi-
conducting with extrinsic n-type conductivity. The mobility
of the carriers is approximately 30 cm2/V at room tempera-
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firmed the [014] elongated direction and the [001] dilated di-
rection of the bundle of TiS3 nanobelts. Its tensile strength
(TS) was further examined with a universal testing machine
with 20 N as the biggest strength: the maximum stress and
the break strain were 111.027 MPa and 97.1%, respectively.
Because the TiS3 nanocrystals are up to 4 cm in length and
flexible enough to be cut into small pieces, they should be
used directly in electrical and electronic applications. Also,
these nanomaterials are synthesized and prepared by a sim-
ple one-step process.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ture, and increases up to approximately 100 cm2/V at 100 K,
and then drops at lower temperatures.[15] Thin films of TiS3

have been prepared by thermal chemical vapor deposition
(CVD), by reacting TiCl4 and a series of sulfur sources,[16]

but the nanoscale synthesis of TiS3 has few successful re-
sults reported. Only Dong-Kyun Seo synthesized the TiS3

material in the same size with TiO2 powder and the mix-
tures of boron and sulfur as starting materials by a solid-
gas metathetical reaction,[17] but there was neither SEM nor
TEM image to indicate its nanosize. Furthermore, the bo-
ron powder could not adsorb all the oxygen completely dur-
ing this oxidation–deoxidization process, and the remained
TiO2 would reduce the purity of the sample, some other
peaks of the mixture from its XRD pattern also confirmed
that.

It is well known that the synthesis and preparation gen-
erally require two separate steps in the fabrication of func-
tional materials, e.g., firstly the phase is obtained in powder
form using different synthesis methods, and then the pow-
der product is processed into different functional forms ac-
cording to specific applications, with hot pressing being the
most common method used to work the powders. However,
for nanomaterials, the particle size increases when the nano-
powders are hot-pressed, which results in the loss of physi-
cal properties associated with the small-size effect (high spe-
cific surface area, surface conductivity, etc.). The retention
of small particle size while processing the powders into dif-
ferent shapes is a very important issue in the field of nano-
materials. We presently report the synthesis and preparation
of high-purity TiS3 with nanobelt structure by an easy and
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common one-step CVT process, which yields a product that
can be used directly in electrical and electronic applications.

II. Results and Discussion

The products were characterized by X-ray diffraction
(XRD, with a SIEMENS D5005 diffractometer with a
graphite monochromator), scanning electron microscopy
(SEM JEOL.LTD JSM-6700F), transmission electron mi-
croscopy (TEM, Jeol Ltd., JEM-3010), polarized-light mi-
croscopy (Olympus BX51), universal testing machine (Shi-
madzu AG-I).

The XRD pattern of the bulk samples (e.g., Figure 1)
was consistent with pure TiS3 (JCPDS No. 36–1337). The
product crystallized in the monoclinic system with a =
4.958(1) Å, b = 3.393(1) Å, c = 8.793(3) Å and β =
97.27(5)°. The structure calculations were optimized by le-
ast-squares refinement. The diffraction peaks were sharp
and strong, confirming that the products were well crys-
tallized. This XRD pattern also proved that the [001] direc-
tion should be the direction of growth of TiS3 nanobelts
bundle either elongated direction or dilated direction. Using
polarized-light microscopy, the TiS3 crystals were seen to
be dark grey with a metallic shine and belt-like habit (Fig-
ure 2). The nanocrystals were up to 4 cm in length and,
thus, apparently suitable without further treatment as func-
tional material in electrical devices. Figure 2 (c and d) reveal
a layered structure in agreement with the strong preferred
orientation indicated by the bulk XRD pattern (Figure 1)
and the habit of TiS3 crystals deduced in previous stud-
ies.[18,19]

Figure 1. Bulk XRD pattern of the bundle of TiS3 nanobelts. The
numbers above the peaks are the Miller indices for the monoclinic
structure.

The morphology of the nanobelt crystals was further in-
vestigated by SEM. A typical SEM image of the TiS3 prod-
ucts (Figure 3, a) shows smooth laminar crystal faces and
a layered structure. Figure 3 (b, c and d), shows a more
massive habit with individual TiS3 nanobelts up to 100 μm
in length.

TEM images (Figure 4) provide further insight into the
morphology of these materials. TiS3 nanobelts with length

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 519–522520

Figure 2. The appearance of the bundle of TiS3 nanobelts in polar-
ized-light microscopy (Olympus BX51). a) and b) show the dark
grey belt-like appearance. c) and d) reveal the layered microstruc-
ture.

Figure 3. Low-magnification SEM images of TiS3 nanobelt bundles
synthesized by a simple CVT process of Ti and S at 600 °C; a) is
taken from the centre of a TiS3 nanobelt bundle; b) shows the typi-
cal appearance of TiS3 nanobelt bundles; c) and d) show details of
massive nanobelts.

up to 4 cm were first comminuted by grinding in ethanol,
then the mixed solution was pulsed by ultrasonic cleaner
for ca. 10 min. In order to sample the smallest size fraction
of TiS3 crystals, the clear solution on top of the sedimented
column was pipetted onto a holey carbon grid, and the eth-
anol allowed to evaporate. Typical TEM images at low mag-
nification (Figure 4, a and b) show that the ground crystal
products are nanobelts, and that the yield of nanobelts is
quite high (�95%). The selected-area electron diffraction
pattern taken from a single TiS3 nanobelt confirms the sin-
gle-crystal nature of the sample and can be indexed on a
monoclinic unit cell, consistent with the powder XRD re-
sults presented above (JCPDS No. 36–1337). The [014] di-
rection of the ED pattern is parallel to the elongated axis
of the belt, showing that the elongated growth might occur
along the [014] direction. Furthermore, the [001] direction
of the ED pattern is parallel to the dilated axis of the belt,
showing that the dilated growth might occur along the [001]
direction which corresponds to the XRD result. High-reso-
lution TEM images (Figure 4, c and d) show that the nano-
belts are single crystals and free of dislocations and defects.



One-Step Synthesis and Preparation of TiS3 Nanomaterials SHORT COMMUNICATION
From Figure 4 (c), we can see that the nanobelts are struc-
turally uniform with an interplanar spacing of 0.87 nm; it
should be elongated along the [014] direction and dilated
along the [210] direction which is consonant with the ED
pattern. The TiS3 nanobelts were not sensitive to electron
beam irradiation during the HRTEM investigation.

Figure 4. TEM and HRTEM images of the TiS3 nanobelts reveal-
ing details of their geometry; a) and b) are images of several over-
lapped TiS3 nanobelts, (inset) The corresponding electron diffrac-
tion pattern confirms the single-crystal nature of the sample and
can be indexed to a monoclinic unit cell consistent with the XRD
results presented above; c) and d) are HRTEM images of a TiS3

nanobelt, showing that the nanobelts are single crystals and free
from dislocations and defects, also, the nanobelts are structurally
uniform with an interplanar spacing about 0.87 nm.

Figure 5 shows that in the structure of monoclinic tita-
nium trisulfide TiS3, two of the three S atoms per formula
unit are present as a single-bonded disulfide ion (S2

2–; S–S
= 2.04 Å), and the third S atom is formally sulfide (S2–).[16]

The Ti atom is in irregular eightfold coordination with S
atoms. Six shorter Ti–S distances (2.45 to 2.49 Å) form TiS6

trigonal prisms, which are linked through shared faces into
an infinite chain parallel to the b-axis, that makes the struc-
ture quasi one-dimensional. Neighboring chains are offset
by b/2 and connected laterally by longer Ti–S bonds (2.63
and 2.64 Å) into sheets parallel to the crystal face (001).
Individual (001) sheets are bounded above and below by a
layer of disulfide groups, and held together in the resulting
two-dimensional structure by only van der Waals’ forces.
Extensive bulk and powder XRD[16,18] (Figure 1) and
microfocus single-crystal XRD[18] show that the acicular
(needle-shaped) and blade- or belt-like crystals of TiS3 are
elongated in a gradient direction, and that the layer surface
(i.e., the prominent growth surface) is (001), which is also
concluded from HRTEM images and ED pattern. In ad-
dition, the TiS3 nanobelts bundle can be broken into 1D
needles, having a parting or cleavage parallel to the (100)
direction. This parting is believed to be responsible for the
belt-like morphology of the nanocrystals shown in Figure 2
(d) and Figure 4, and requires the severing of the long (2.63
and 2.64 Å) Ti–S bonds. Thus, the broad surface of the
nanobelts (Figure 4, a) is a cleavage or parting surface pop-
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ulated by broken bonds, although the strong bonds of the
monoclinic TiS3 structure remain in tact. The nanobelts
tend to separate into 1D needles by cleavage along (001),
which requires the breaking of the weak van der Waals’
bonds. On the basis of this orientational relationship, one
would expect that the lattice fringes of Figure 4 (c and d)
should correspond to the interlayer spacing d001

(0.8706 nm). The 1D TiS3 needles should get widen layer
by layer along the [100] direction which is consistent with
the HRTEM results.

Figure 5. Structure of titanium trisulfide TiS3; (a) monoclinic struc-
ture of titanium trisulfide TiS3 shows that the Ti atom is in irregu-
lar eightfold coordination with S atoms. Six shorter Ti–S distances
(2.45 to 2.49 Å) form TiS6 trigonal prisms, which are linked by
shared faces into an infinite chain parallel to the b-axis, making
the structure quasi one-dimensional; (b) schematic pattern of the
layer structure of titanium trisulfide (TiS3) shows that the crystals
of TiS3 are elongated in the b-axis direction and that the layer sur-
face is (001). Also, the crystals have a cleavage parallel to (100).

In order to prove that these bundles of TiS3 are not ex-
tremely fragile, we use an universal testing machine with
20 N as the biggest strength to examine the tensile strength
of this material. Figure 6 showed that the maximum stress
was 111.027 MPa, the break strain 97.1% and the average
stress 100–110 MPa. The maximum stress value of a
bundle of TiS3 is nearly the same with that of aluminum
(� 100 MPa),[20] and much higher than those of some
widely used engineering plastics such as PVC (� 25 MPa),
poly(propylene) (25.48 MPa)[21] and poly(vinyl acetate)
(29.4 MPa),[21] even some films used in conducting applica-
tion. For example, a poly(p-phenylene) (PPP) film was elec-
trochemically deposited onto a stainless steel electrode sur-
face by direct oxidation of benzene in BF3–diethyl ether
solution at an applied potential of 1.7 V (vs. Ag/AgCl), and
the as-grown PPP film had a tensile strength of 53.9–
63.7 MPa;[22] a crystalline polythiophene (Pth) film was
electrochemically deposited onto a nickel substrate from
freshly distilled BF3–diethyl ether (BFEE) solution contain-
ing 15 mm thiophene, and the crystalline film had a tensile
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strength of 73.5–83.3 MPa.[23] So we believe these TiS3

nanobelts bundles should be flexible enough to be used in
applications directly.

Figure 6. Tensile strength (TS) of the TiS3 nanobelts bundle.

III. Conclusions

Nanobelt crystals of TiS3 with sufficient length (� 4 cm)
and tensile strength (the average stress is 100–110 MPa) to
be used directly in electrical devices without further treat-
ment have been produced by a one-step reaction process.
The successful synthesis of TiS3 nanobelts encourages us to
investigate the synthesis and preparation of other nanos-
tructured metal sulfides by this easy and common CVT
method, which does not require the use of organic (organic
sulfur, organometallic) reagents. For the synthetic process,
reaction temperature and length of the quartz-glass tube
are of great importance. Therefore, establishing these pa-
rameters and the relationship between them are key points
to the synthesis of metal sulfides with nanostructures.
Moreover, the TiS3 semiconductor nanobelts are expected
to present more novel physical properties and applications
in practice, and further research is now in progress in our
laboratory.

IV. Experimental Section
TiS3 nanobelt crystals were prepared by the direct reaction of tita-
nium and sulfur within evacuated sealed quartz-glass tubes with a
diameter of 10 mm and a length of 130 mm. In order to ensure the
purity of the sample, titanium sponge (99.7%; Alfa Aesar) and
sulfur sublimate (99.99%; Aldrich) instead of oxides were used as
the titanium and sulfur sources, respectively. Charges, consisting of
about 1 g of starting composition in the stoichiometric proportion
of TiS3, were loaded in a quartz-glass tube closed at one end using
a long-stemmed funnel. Then the tube with the starting materials

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 519–522522

was evacuated and sealed, and heated in a horizontal-tube furnace.
The synthesis was achieved by establishing a temperature gradient
of 80–100 °C along the tube with the starting mixture at the hot
end. TiS3 fibers were obtained at the cool end when charges were
heated at 600 °C for 15 days. When the temperature was set below
600 °C, the sulfur did not react completely with titanium, and an
excess amount of it was deposited at the cool end. Temperatures
above 600 °C tended to produce unwanted powder and crystals of
TiS2: TiS3 undergoes peritectic decomposition (to TiS2 + native
sulfur) at 632 °C, 8.95 atm. The optimum reaction duration was
15 days.
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ATP stabilizes trivalent nickel complexes which suggests that
another plausible role of ATP in biological systems is the sta-
bilization of high-valent transition metal complexes.

Anionic ligands, which are hard acids e.g. SO4
2– or

CH3CO2
–, are known to stabilize, through axial coordina-

tion, NiIII complexes with tetraazamacrocyclic ligands, e.g.
(cyclam)NiIII (cyclam = 1,4,8,11-tetraazacyclotetra-
decane).[1–4] Thus, good stabilizing anionic ligands are
needed in order to synthesize stable high-valent nickel com-
plexes. It has been observed that phosphate[4] and its deriva-
tives are good axial ligands and therefore the effect of
P2O7

4– as a ligand was studied. The electrochemical results
(CV) of the oxidation of NiIIL2+ in the presence of pyro-
phosphate on a glassy carbon electrode (Figure 1) point out
that pyrophosphate forms a very stable complex; the forma-
tion constant of the pyrophosphate complex NiIIIL-
(P2O7)2

5– at pH = 7.0 is calculated from the intercept of the
line in the inset of Figure 1 (Nernst equation) to be Keq =
9.6·1010 m–2 {the stability constants were calculated using
the total concentration of pyrophosphate in the solution,
relative to E1/2[NiL(H2O)2

3+/NiL2+] at pH = 2.0[4b]}. One
obtains E1/2 = 0.44 V (vs. SCE), for the NiIII/IIL couple in
solutions containing 0.016 m pyrophosphate (as pKa4 of
H4P2O7 is 8.66, it is reasonable to assume that at pH = 7.0,
due to the inductive effect of the central NiIII ion,[4] the
ligand is P2O7

4–). The electrochemical results are indepen-
dent of the presence of dioxygen in the solution. Further-
more, the cyclic voltammogram at pH = 3.0, consists of two
pseudo-reversible oxidation waves (Figure 1). The first wave
is the oxidation of divalent nickel to trivalent nickel (one-
electron oxidation) and the second wave might be attributed
to the oxidation of trivalent nickel to tetravalent nickel. In
order to characterize the electrochemical oxidation product,
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preparative electrolysis at 640 mV (vs. SCE) was performed
and the resulting oxidized complex was characterized by
EPR. The results point out that it is indeed a trivalent
nickel complex (the measured g values are typical for tri-
valent (cyclam)nickel: g� = 2.220; g� = 2.022; gav = 2.154,
at 200 K).[5] In order to determine whether an NiIV complex
is formed during the second oxidation wave, a second pre-
parative electrolysis (vs. SCE) was performed by applying a
controlled voltage of 800 mV to a solution containing
NiIIIL(P2O7)2

5–, and the resulting oxidized solution was
characterized by EPR. However, formation of tetravalent
(cyclam)nickel was not observed, probably due to the fast
decomposition of the unstable NiIV complex. A similar re-
sult was obtained when a CV experiment was performed
using the electrolyzed solution, beginning the cycle at
+0.9 V. The electrochemical results were corroborated by
pulse radiolysis experiments which show that NiIVL-
(P2O7)n

4–4n (n = 1 or 2) can be formed, but indeed is short-
lived. The reaction of NiIIIL(P2O7)2

5– with the N3
· radical,

which is an outer-sphere oxidizing agent[6] with E0 = 1.3 vs.
NHE,[6] was studied by pulse radiolysis: NiIIIL(P2O7)2

5–

was prepared by oxidation of NiIIL2+ with Na2S2O8 at pH
= 3.0[7] in a solution containing 0.016 m Na4P2O7. To this
solution 0.1 m NaN3 was added, which did not affect the
spectrum of the NiIIIL(P2O7)2

5– complex. Upon exposure
to ionizing radiation, N3

· radicals were formed accoding to
Equations (1), (2) and (3) in less then 5 μs.

H2O �
e–, γ

·OH, H·, e–
aq, H2, H2O2, H3O+, OH–

G(·OH) = 2.65; G(H·) = 0.60; G(e–
aq) = 2.65; G(H2) =

0.45; G(H2O2) = 0.75[8] (1)

e–
aq + N2O + H2O � ·OH + OH– + N2; k = 9.1·109 m–1 s–1[9] (2)

·OH + N3
– � ·N3; k = 1.0·1010 m–1 s–1[10] (3)

The reaction of ·N3 with NiIIIL(P2O7)2
5– results in the for-

mation of an intermediate with a strong absorption band
shifted to the red (450 nm relative to that of NiIIIL-
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Figure 1. Electrochemical oxidations of NiIIL2+ in the presence of Na4P2O7. Solution composition: 0.1 m NaClO4, pH = 3.0, 0.001 m
NiIIL2+, 0.016 m pyrophosphate, scan rate 50 mV/s; b: the same performed only for the 1st oxidation wave. Inset: Dependence of ΔE1/2

on log (1/[P2O7
4–]), where ΔE1/2 is the difference between E1/2 for NiL2+ in the absence of P2O7

4– and the measured E1/2.

(P2O7)2
5– at 380 nm; Figure 2), which plausibly represents

the NiIVL complex. The kinetics of formation of the inter-
mediate obey a pseudo-first-order rate law, i.e. the observed
rate is proportional to [NiIIIL(P2O7)2

5–]. The rate of the re-
action is independent of (i) [N3

–], (ii) [N2O], (iii) pH in the
range 6–11 and wavelength, and the rate constant is
k{LNiIII(P2O7)2

5– + N3
·} = (3.1±0.4)×108 m–1 s–1. Thus, it

is suggested that the reaction observed occurs between the
trivalent nickel complex and the azide radical to produce
the tetravalent nickel complex according to Equation (4).

[LNiIII(P2O7)2]5– + N3
· � [LNiIV(P2O7)2]4– + N3

– (4)

The formation of the transient is followed by three time-
separated processes which obey first-order rate laws. The
first two are probably isomerisation processes, with rate
constants of ca. 2·103 and 90 s–1 respectively; similar rates
were reported for the isomerisation reactions of NiIIIL com-
plexes.[1] The third reaction is the decomposition of the tet-
ravalent complex in which the absorption spectrum due to
the transient disappears. The suggestion that the transient

Figure 2. Pulse radiolysis of NiIIIL2+ in the presence of Na4P2O7. Solution composition: 4·10–4 m NiIIIL(SO4)2
–, 0.1 m pyrophosphate,

0.02 m NaN3, pH = 8.0; λmax = 450 nm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 523–525524

is [LNiIV(P2O7)2]4– is corroborated by its long life time (Fig-
ure 2). The rate of decomposition of the transient is ca.
0.25 s–1 and is nearly independent on pH, in the range 6 �
pH � 10, complex concentration and the presence of di-
oxygen; all these properties point out that the transient
formed is not a ligand-based radical.

As P2O7
4– was found to stabilize the NiIIIL complexes, it

was decided to study the effect of ATP as a ligand, which
might form the stable complex NiIIIL(ATP)2

5–. It is indeed
observed that ATP reacts with NiIIIL(H2O)2

3+ to form a
stable NiIIIL(ATP)2

5– complex. From the electrochemical
results (Figure 3), which point out that ATP forms a very
stable complex, one calculates the formation constant of the
ATP complex NiIIIL(ATP)2

5– to be Keq = 1.2·1011 m–2 and
E1/2 = 0.41 V (vs. SCE) for the NiIII/IIL couple in solutions
containing 0.016 m ATP (the stability constants were calcu-
lated using the total concentration of ATP in the solution).
As expected, the electrochemical results also point out that
the cathodic shift (compared to NiIIL) at pH = 7.0 is higher
than that at pH = 5.0 (Keq = 2.0·108 m–2 and E1/2 = 0.51 V
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for the NiIII/IIL couple in solutions containing 0.016 m ATP
at pH = 5.0). This pH effect is attributed to the pKa values
of ATP (pKa1 = 1.77; pKa2 = 3.96; pKa3 = 6.24).[11] Prepara-
tive electrolysis of a solution containing NiIIL in the pres-
ence of ATP at 420 mV (vs. SCE) yields an NiIIIL(ATP)2

5–

complex which is stable for hours in Ar- or air-saturated
solutions (as in the P2O7

4– system it is assumed that due to
the inductive effect of the central NiIII ion the ligand is
ATP4–). The EPR spectrum at 200 K (g� = 2.209; g� =
2.025; gav = 2.148, 200 K) is in agreement with this assign-
ment. However, the electrochemical oxidation of NiIIL2+ in
aerated solutions containing ATP is an irreversible process
(Figure 3). This observation suggests that the NiIIIL-
(ATP)2

5– complex formed is synergistically oxidized by the
electrode and by O2 causing a decomposition of the com-

Figure 3. Electrochemistry of NiIIL2+ in the presence of ATP. Solu-
tion composition: 0.1 m NaClO4, pH = 6.0; a: Ar-saturated; 0.01 m
ATP, 0.001 m NiIIL2+; b: O2-saturated; 0.01 m ATP, 0.001 m
NiIIL2+; scan rate 50 mV/s. Inset: Dependence of ΔE1/2 on log (1/
[ATP]), where ΔE1/2 is the difference between E1/2 for NiL2+ in the
absence of ATP and the measured E1/2.

Eur. J. Inorg. Chem. 2006, 523–525 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 525

plex. The results demonstrate that pyrophosphate and ATP
stabilize high-valent transition metal complexes. Thus, it is
reasonable to suggest that another role of ATP in biological
systems is the stabilization of high-valent transition metal
complexes, e.g. FeIII and MnIII.
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Reactions of the p-sulfonatothiacalix[4]arene salt
(Na4H4TCAS) and MSO4 (M = Co, Cu) in the presence of
2,2�-bipyrazine (2,2�-bpz) generated 2D coordination net-
works formed by tetranuclear cluster subunits, namely
{[Co(2,2�-bpz)(H2O)4]2+�[Co4(TCAS)(μ4-SO4)(H2O)4]2–·
10.75H2O}n (1) and {[Cu(2,2�-bpz)(H2O)3]2+�[Cu4(TCAS)(μ4-

Introduction

Recently, both the fields of host–guest chemistry and co-
ordination polymers have seen rapid progress and continue
to receive wide attention in the chemical sciences.[1,2] The
overlapping of these two diverse fields occurs when host
molecules are employed as building blocks to construct co-
ordination polymers.[3] The incorporation of host molecules
into coordination frameworks, which have well-documented
inclusion properties, brings out a number of special aspects
not necessarily achievable with conventional ligands, such
as multiple inclusion behaviors, unusual topologies, and a
vast range of intermolecular interactions. In addition, the
coordination polymers formed from host molecules may
lead to the development of useful chemoselective materials.
Water-soluble calixarenes, which show a wide variety of in-
clusion properties and coordination abilities to both main-
group and transition-metal ions,[4–5] are potentially versatile
synthons for the syntheses of coordination polymers.
Though there are several examples of coordination poly-
mers constructed from water-soluble calixarenes exhibiting
the inclusion of large guest molecules, such as [2.2.2]cryp-
tand and crown ether,[3a,3b] coordination polymers of ca-
lixarenes incorporating transition-metal complexes as
guests are rarely reported.[3g] Recently, p-sulfonatothiaca-
lix[4]arene (TCAS), a new member of the calixarene family,
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SO4)(H2O)4]2–·16H2O}n (2). X-ray diffraction analyses reveal
that both these complexes include metal–2,2�-bipyrazine
complexes into the hydrophobic cavities of p-sulfonatothia-
calix[4]arenes as guests through supramolecular interactions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

has attracted considerable interest in the broad field of
supramolecular chemistry.[6] Like its classic counterpart p-
sulfonatocalix[4]arene (CAS), p-sulfonatothiacalix[4]arene
possesses strongly hydrophilic upper and lower rims and a
strongly hydrophobic conelike cavity that is bound by four
phenyl rings. It can change its conformation from C4v to a
cleftlike C2v symmetry while keeping a cone conformation
to better accommodate many kinds of ionic and neutral
guests. However, the introduction of four sulfur atoms into
the calix[4]arene skeleton leads to at least two significant
changes. Firstly, the electron-rich cavity of thiacalix[4]arene
is larger than that of the classic calix[4]arene. Thus, regard-
less of electron-density effects, p-sulfonatothiacalix[4]arene
shows a higher inclusion ability to encapsulate aromatic
moieties than classic calix[4]arene, which suggests that the
size of the cavity is more important in determining the in-
clusion ability.[7] Secondly, p-sulfonatothiacalix[4]arene can
bind metal ions not only at the upper and lower rims but
also at the linker positions,[8] which makes it a good candi-
date for constructing polymers. As reported previously, it
tends to form tetranuclear bivalent anions with transition
metal ions, capture small guests such as water and the pyri-
dinium cation in its hydrophobic pocket, and further extend
its structure through metal–sulfonate oxygen bonds into a
2D layer.[9] Based on the above discussion, we reason that
divalent metal complexes with aromatic ligands such as
2,2�-bipyrazine are likely to be incorporated into the 2D
cavities of thiacalixarenes for the balance of the charge and
interactions with aromatic rings,[10] as shown in Scheme 1.
Herein, we wish to report two coordination polymers de-
rived from p-sulfonatothiacalix[4]arenes, 2,2�-bipyrazine
(2,2�-bpz), and MSO4 (M = Co, Cu), namely, {[Co(2,2�-
bpz)(H2O)4]2+�[Co4(TCAS)(μ4-SO4)(H2O)4]2–·10.75H2O}n
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(1) and {[Cu(2,2�-bpz)(H2O)3]2+�[Cu4(TCAS)(μ4-SO4)-
(H2O)4]2–·16H2O}n (2), with an unusual incorporation of
the metal–2,2�-bpz complexes into the cavities of the p-sul-
fonatothiacalix[4]arenes.

Scheme 1. Schematic representation of the incorporation of the di-
valent metal complex with aromatic ligands into the bivalent an-
ionic cavity of the p-sulfonatothiacalix[4]arene.

Results and Discussion

Crystals of complexes 1 and 2 suitable for X-ray diffrac-
tion were obtained by slow diffusion of an MeOH solution
of 2,2�-bpz into an aqueous solution of Na4H4TCAS and
CoSO4, and Na4H4TCAS and CuSO4, respectively. Com-
plexes 1 and 2 crystallize in space group C2/c and P21/c,
respectively. They display a very similar structure of a 2D,
up–down bilayer arrangement built from [M4(TCAS)(μ4-
SO4)]2–(M = Co for 1, Cu for 2) subunits, with inclusion of
metal–2,2�-bpz cations into the cavities of the p-sulfonato-
thiacalix[4]arenes as counterions.

In the bowl-like anion subunit, a trapezoid-like tetranu-
clear cluster is sandwiched between one TCAS unit and one
sulfate ligand (Figure 1). The fully deprotonated TCAS8–

unit maintains a conventional cone conformation and uti-
lizes its phenoxy groups as μ2-phenoxy bridges to bind four
MII ions. The average M–O(phenoxy) distances are 2.105 Å in
1 and 2.072 Å in 2. Interestingly, at the lower rim of
TCAS8–, the SO4

2– anion binds to the four MII ions in a
rare tridentate coordination mode to complete the base of

Figure 1. The X-ray asymmetric units of 1 (left) and 2 (right). Hydrogen atoms and solvent molecules omitted for clarity.
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the bowl.[9] Two oxygen atoms of the sulfate anion ligate to
two metal centers and one acts as a bridge linking the other
two metal centres. All of the four cobalt(ii) ions in 1 and
three of the copper(ii) ions (Cu1, Cu2, Cu3) in 2 are in
an O5S octahedral geometry. The oxygen atoms from aqua
ligands and the sulfonate groups of adjacent p-sulfonatothi-
acalix[4]arenes complete the six-coordination spheres. Ex-
ceptionally, in 2, Cu4 is in an O4S square-pyramidal geome-
try, with an aqua ligand in the equatorial plane. Notably,
each [M4(TCAS)(μ4-SO4)]2– subunit acts as a three-connec-
tor and extends the structure of 1 or 2 into an interesting
molecular brick-wall architecture (Scheme 2). Though the
aggregation of the tetranuclear clusters in both complexes
is directed by the coordination of the sulfonate groups of

Scheme 2. Schematic representation of the brick-wall networks of
1 and 2.
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TCAS8–, there is a slight difference in the coordination
modes. In 1, two sulfonate groups monodentately link the
subunits into an infinite chain along the crystallographic b
axis (Figure 2). Along the crystallographic a axis, two sulfo-
nate groups adopt an O,O�-η1:η1:μ2 bridging bidentate
mode to connect the two adjacent linear chains into an up–
down bilayer structure (Figure 2). In 2, one sulfonate group
adopts an O,O�-η1:η1:μ2 bridging bidentate mode (Fig-
ure 3) to join the subunits into an infinite chain along the
crystallographic b axis. Along the crystallographic c axis,
two sulfonate groups bind in a monodentate coordination
mode and act as chain linkers (Figure 3). Along the third
crystallographic axis (c axis for 1, a axis for 2), the layers
lie directly above one another to give 1D channels. Large
numbers of lattice water molecules (10.75 and 16 in the
asymmetric units of 1 and 2, respectively) fill the channels
and interstices between the layers (Figure S1 and Figure S2
in the Supporting Information).

Figure 2. The extended structure of 1 with the incorporation of
cobalt–2,2�-bpz cations into the cavities of p-sulfonatothiacalix[4]-
arenes.

Figure 3. The extended structure of 2 with the incorporation of
copper–2,2�-bpz cations into the cavities of p-sulfonatothiacalix[4]-
arenes.

Despite being fixed by the four metal centers and the
SO4

2– anion at the lower rim, the p-sulfonatothiacalix[4]ar-
ene shows versatility in displaying various conformations

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 526–530528

and splays its opposite aromatic rings into a cleftlike C2v

symmetry to accommodate the guest. Comparatively, the
separation distance between the opposite phenyl ring
centroids of each p-sulfonatothiacalix[4]arene in 1 is much
larger (7.5 Å) than that of 2 (6.2 Å). Accordingly, the dihe-
dral angles between the aromatic rings and the plane of the
phenolic oxygen atoms are 137.9° (in 1) and 136.9° (in 2),
which are larger than that of the corresponding coordina-
tion polymer that encapsulates the pyridinium cation
(133.8°).[9a] The metal–2,2�-bpz cation, as expected, is pre-
cariously held in the shallow hydrophobic pocket of the
TCAS8– anion as the counterion (Figure 1) by cooperative
supramolecular interactions. In 1, the [Co(2,2�-bpz)(H2O)4]2+

moiety is held by two CH···π interactions, one involving a
meta pyridyl hydrogen atom and a phenyl ring of the p-
sulfonatothiacalix[4]arene with a C–H···Ar centroid dis-
tance of 2.926 Å, and the other involving a para pyridyl
hydrogen atom and the same phenyl ring of the p-sulfonato-
thiacalix[4]arene with a C–H···Ar centroid distance of
3.164 Å, as shown in Figure 1 left. However, in 2, the
[Cu(2,2�-bpz)(H2O)3]2+ cation uses one of its meta pyridyl
hydrogen atoms to form a CH···π interaction with a phenyl
ring of the p-sulfonatothiacalix[4]arene, with a C–H···Ar
centroid distance of 2.700 Å (Figure 1 right). Additionally,
other intermolecular interactions such as electrostatic at-
tractions, hydrophobic–hydrophobic interactions, and hy-
drogen bonding may also play important roles in the re-
cognition process between metal–2,2�-bpz cations and
TCAS8– anions. The closest O···O separations of the aqua
ligands in the metal–2,2�-bpz cations and the oxygen atoms
of the sulfonate groups are 2.703 Å in 1 and 2.705 Å in 2,
which shows rather strong hydrogen-bonding interactions
between the hosts and guests.

In summary, we have successfully synthesized two tetra-
nuclear cluster coordination polymers, which both include
metal–2,2�-bpz complexes as guests through a combination
of supramolecular interactions. It further demonstrates that
p-sulfonatothiacalix[4]arene is a good host molecule with
the flexibility to accommodate a range of guests through
self-adjustment and that it is a good ligand to construct
coordination polymers. Because of the thermal stability of
the skeleton, the layer coordination networks built from tet-
ranuclear clusters may prove to be of high interest in sepa-
ration/absorption applications.[11] Further research is under
way and systematic results will be reported later.

Experimental Section
Syntheses of Complexes 1 and 2: A solution of 2,2�-bipyrazine
(8 mg, 0.05 mmol) in CH3OH (4 cm3) was carefully layered on a
solution of Na4H4TCAS (45 mg, 0.05 mmol) and CoSO4·6H2O
(66 mg, 0.25 mmol) or CuSO4·5H2O (63 mg, 0.25 mmol) in water
(4 cm3, pH = 3.8) using an H2O/CH3OH (3 cm3) buffer. Over a
period of about three weeks, red (1) or orange (2) prism crystals
formed, which were suitable for X-ray diffraction analyses. Yield:
26 mg for 1 (30.67%, based on Na4H4TCAS) or 24 mg for 2
(26.95%, based on Na4H4TCAS). 1, C32H51.50Co5N4O38.75S9

(1695.46): calcd. C 22.67, H 3.06, N 3.30; found C 22.81, H 2.98,
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N 3.36%. 2, C32H46Cu5N4O43S9 (1780.97): calcd. C 21.58, H 2.60,
N 3.15; found C 21.69, H 2.53, N 3.19%.

X-ray Structure Determination: Crystal data for 1:
C32H51.50Co5N4O38.75S9 (1695.46), monoclinic, space group C2/c,
T = 173(2) K, a = 22.764(4), b = 18.334(4), c = 30.170(6) Å, β =
95.057 (7), V = 12543(4) Å3, Z = 8, dcalcd. = 1.796 Mgm–3, F(000)
= 6884, μ (Mo-Kα) = 1.695 mm–1, red, 0.20×0.13×0.06 mm, θ
range 3.05–27.49°, 46748 reflections collected, 14025 unique (Rint

= 0.0381). Final GooF = 1.074, R1 = 0.0546, wR2 = 0.1301, R

indices based on 12226 reflections with I � 2σ(I) (refinement on
F2), 838 parameters, (Δρ)max = 1.802, (Δρ)min = –0.767 e/Å–3. Crys-
tal data for 2: C32H46Cu5N4O43S9 (1780.97), monoclinic, space
group P21/c, T = 173(2) K, a = 14.981(3), b = 18.407(4), c =
23.447(5) Å, β = 100.571(2), V = 6356(2) Å3, Z = 4, dcald. =
1.861 Mgm–3, F (000) = 3596, μ = 2.049 mm–1, orange,
0.40×0.15×0.60 mm, θ range 2.32–27.48°, 47791 reflections col-
lected, 14314 unique (Rint = 0.0457), Final GooF = 1.161, R1 =
0.0659, wR2 = 0.1342, R indices based on 12550 reflections with I

� 2σ(I) (refinement on F2), 895 parameters, (Δρ)max = 1.495,
(Δρ)min = –0.848 e/Å–3. Data collections for the two compounds
were performed with a Rigaku Mercury-CCD diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The
data sets were collected at 173(2) K (ω-scan mode). The structures
of the two compounds were solved by direct methods and refined
by full-matrix least-squares techniques with the SHELXTL-97 pro-
gram package.[12] All non-hydrogen atoms were refined anisotropi-
cally except for several disordered solvent molecules. The organic
hydrogen atoms were located at geometrically calculated positions
and refined using a riding model [C–H = 0.95 Å Uiso(H) =
1.2Ueq(C)]. The hydrogen atoms on the water molecules were lo-
cated in difference density maps and were refined as riding using
the instruction AFIX 3,[12] and no attempt was made to locate the
hydrogen atoms of disorder water molecules.

CCDC-266331 and CCDC-266330 (for 1 and 2, respectively) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: (see footnote on the first page of this arti-
cle). Figure S1 – Lattice water molecules occupying the channels
and the interstices between the layers in 1, and Figure S2 – Lattice
water molecules occupying the channels and the interstices between
the layers in 2.
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Two exo-bidentate pyridyl ligands containing diamides as
spacers were shown to form non-interpenetrated 2D-coordi-
nation networks of (4,4)-geometry upon treatment with
Cu(NO3)2 and NaSCN. The crystal structures reveal that both
structures contain intralayer β-sheet hydrogen bonds. In one
of these structures nitrobenzene occupies 60% of the crystal

The design and syntheses of novel coordination networks
is currently an interesting area of research in chemistry as
it offers novel materials with functional properties.[1] One
of the interesting aspects of coordination networks is that
they offer intriguing possibilities for the inclusion and ag-
gregation of guest molecules. The exploration of the geome-
try of such aggregates of small molecules in different sur-
roundings is the most significant aspect as it helps in delin-
eating and updating the principles of crystal engineering
and supramolecular chemistry. The structure and character-
istic properties of those aggregates are distinctly different
from the properties of the parent molecules.[2] There are
several instances in which weak intermolecular interactions
have led to the formation of a variety of aggregations of
small molecules in different surroundings.[2] We report here
the C–H···O hydrogen-bonded hexameric aggregate of
nitrobenzene that is trapped between the layers of a (4,4)-
metal-organic network formed by CuII and bis(3-pyridyl-
carboxamido)ethane (1). Ligand 1 contains two pyridine
moieties for the formation of extended coordination net-
works, an alkyl moiety for providing the flexibility and two
amide moieties for the formation of N–H···O hydrogen
bonds.[3] Recently, ligand 1 was shown by us to form doubly
interpenetrated and non-interpenetrated (4,4)-coordination
networks upon reaction with CuI.[4] In both cases the net-
works are propagated by CuI clusters, secondary building
units, and are joined together by β-sheet hydrogen bonds.
Here we report another interesting variation of a (4,4)-net-
work which is formed by the reaction of ligand 1 with
Cu(SCN)2. The salient feature of the network is that the β-

[a] Department of Chemistry, Indian Institute of Technology,
Kharagpur 721302, West Bengal, India
Fax: +91-3222-282252
E-mail: kbiradha@chem.iitkgp.ernet.in
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 531–534 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 531

volume included between the coordination networks. The
nitrobenzene molecules form a layer which has the hexa-
meric C–H···O hydrogen bonded aggregate as a basic build-
ing block.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sheet hydrogen bonds exist within the layer of the (4,4)-
network but not between the layers. As a result, the (4,4)-
networks have no cavities and the aromatic guest molecules
are included between the layers. The Cambridge Structural
Database (CSD)[5] analysis on nitrobenzene complexes re-
veals that the C–H···O hydrogen-bonded nitrobenzene ag-
gregate observed here is unique and unprecedented.

The careful layering of an MeOH solution of Cu(NO3)2

and NaSCN onto a nitrobenzene solution of ligand 1 re-
sulted in single crystals of complex {Cu(1)2(SCN)2·
6(nitrobenzene)}n (3). An X-ray structure analysis reveals
that complex 3 exhibits a (4,4)-coordination network and
includes six nitrobenzene molecules per metal atom. The
asymmetric unit of 3 contains a Cu atom with half occu-
pancy (on inversion center), two half units of 1, one SCN
anion and three nitrobenzene molecules. Furthermore, the
Cu atom has a highly distorted octahedral geometry as four
units of 1 occupy the equatorial positions [Cu–N:
2.048(5) Å and 2.642(5) Å] and two SCN [Cu–N:
1.953(5) Å] anions occupy the axial positions. Each loop of
the (4,4)-network has a rhomboidal shape with two Cu–Cu
diagonal distances of 31.2 and 10 Å (Figure 1a). The li-
gands in the sheet recognize each other through β-sheet hy-
drogen bonds [N–H···O: 2.989(7) Å, 164°; 2.933(7) Å, 157°]
and edge-to-edge aromatic C–H···π interactions. The inter-
layer separation between the coordination networks is as
high as 11 Å as one layer of nitrobenzene molecules occu-
pies the space between the layers (Figure 1b).
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Figure 1. a) (4,4)-Network in the crystal structure of 3. Note the
intralayer β-sheet hydrogen bonds; b) entrapment of a nitrobenzene
layer between (4,4)-coordination networks (view along the short
diagonal).

The layer of nitrobenzene consists of C–H···O hydrogen-
bonded hexameric aggregates of nitrobenzene molecules
(Figure 2a). In the aggregate all the molecules lie in a plane
and interact with each other through six C–H···O hydrogen
bonds [C···O, C–H···O: 3.221(12) Å, 144°; 3.340(18) Å,
132°; 3.303(15) Å, 129°]. Furthermore, the aggregate has a
distorted hexagon shape with the length and width dimen-
sions of 25.8 and 11.4 Å, respectively. These aggregates
stack on each other in a slipped fashion through aromatic
π–π interactions to form a layer which interacts with the
host framework through C–H···O hydrogen bonds and aro-
matic interactions (Figure 2b).

The repetition of the reaction by using other aromatic
guests such as benzene, xylene, toluene, naphthalene and
benzoic acid in place of nitrobenzene resulted in precipi-
tates but not single crystals. Furthermore, the change of
spacers from ethyl to butyl/hexyl/octyl did also not result
in single-crystal formation. However, use of bromobenzene
instead of nitrobenzene resulted in single crystals in very
low yield (5%) which are very unstable for data collection.[6]

In 3, nitrobenzene occupies as much as 61% of the unit-
cell volume. The analysis of the CSD shows that this aggre-
gate is the first of its kind among the 135 nitrobenzene sol-
vates that are present in the database. However, the struc-
tural motif I, which is part of the aggregate, was found to
exist in 23 structures out of the 4607 structures of the nitro-
aromatic derivatives.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 531–534532

Figure 2. a) C–H···O hydrogen-bonded hexameric aggregate of
nitrobenzene molecules; b) layer of hexameric aggregates formed
through π–π interactions.

In TGA, a gradual weight loss (8%) of 3 occurred from
50–96 °C which may correspond to the loss of one of the
nitrobenzene molecules bound by only one C–H···O hydro-
gen bond in the hexamer. From 90–141 °C, 40% weight loss
occurred which corresponds to five nitrobenzene molecules.
The network is stable up to 260 °C. Guest exchange reac-
tions were tried by immersing crystals of 3 in benzene, tolu-
ene or naphthalene in CHCl3. TLC of these crystals indi-
cated the absence of nitrobenzene. From the elemental and
powder X-ray diffraction analysis of the immersed crystals,
it can be concluded that the nitrobenzene molecules are ex-
pelled, but the new guest molecules are not included. The
TGA plots and XRPD spectra are included in the Support-
ing Information.

Ligand 2 was then considered as it has a phenyl spacer
which makes the host network self-sufficient to interact
with neighboring layers. The layering of an MeOH solution
of Cu(NO3)2 and NaSCN onto a nitrobenzene solution of
ligand 2 resulted in single crystals of the complex {Cu(2)2-
(SCN)2} (4). The X-ray diffraction analysis revealed that
complex 4 also contains a (4,4)-network similar to 3. The
unit-cell contents are the same as for 3 but without nitro-
benzene molecules, and the coordination geometry of the



Hexamer of Nitrobenzene Molecules SHORT COMMUNICATION
Cu atom is a distorted octahedron [Cu–N: 2.060(4),
2.494(4) Å; Cu–NCS: 1.965(4) Å]. Within the (4,4)-network
the ligands recognize each other through β-sheet hydrogen
bonds [N–H···O: 2.924(5) Å, 150°; 3.154(5) Å, 152°] as well
as aromatic edge-to-face interactions which form between
the phenyl spacers and also between the pyridyl groups of
adjacent ligands (Figure 3). The Cu atoms in the network
are joined together by ligand 2 with a distance of 17.272 Å
and each loop has a rhomboidal shape with diagonal-to-
diagonal distances of 33.7 and 10.5 Å. These layers stack
on each other with an interlayer separation of 5.2 Å which
suggests strong aromatic edge-to-face interactions between
the layers. The use of other solvents, such as CHCl3 or tolu-
ene, in place of nitrobenzene also resulted in single crystals
of complex 4, which indicates that the crystallization of
complex 4 does not depend on the nature of the solvents.
These reactions emphasize the fact that the host–host (aro-
matic) interactions are robust enough to allow crystal for-
mation of complex 4.

Figure 3. (4,4)-Coordination network of crystal structure 4. Note
the intralayer β-sheet hydrogen bonds and edge-to-face aromatic
interactions between the ligands.

Experimental Section
General: FTIR spectra were recorded with an NEXUS-870 instru-
ment, Thermo Nicolet Corporation. UV/Vis spectra were recorded
with a Shimadzu UV-1601. Elemental analyses were obtained with
a Perkin Elmer instrument, series II, CHNS/O analyzer 2400. TGA
data were recorded with a Perkin Elmer instrument, Pyris
Diamond TG/DTA (air). Powder XRD data were recorded with a
Philips PW 1710 diffractometer.

Synthesis of Complex 3: Methanol (1.0 mL) was layered onto a
nitrobenzene (5.0 mL) solution of N,N�-bis(3-pyridinecarboxa-
mido)-1,2-ethane (1) (40.0 mg, 0.148 mmol). Onto this solution was
layered a Cu(SCN)2 solution, which was obtained by mixing a
methanolic solution (0.5 mL) of Cu(NO3)2 (17.8 mg, 0.074 mmol)
and a methanolic solution (0.5 mL) of NaSCN (11.9 mg,
0.148 mmol). Green crystals formed in 70% yield (300 mg) after 3–
4 d. C66H58CuN16O16S2 (1458.94): calcd. C 54.33, H 3.97, N 15.35;
found C 53.48, H 3.71, N 15.02. IR: ν̃ = 3317 (N–H stretch), 3071
(aromatic C–H stretch), 2064 (thiocyanate CN stretch), 1632
(amide C=O stretch), 1601(amide II), 1519 (asym. N–O stretch),
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1342 (sym. N–O stretch), 849.46 (C–N stretch) cm–1. UV: λmax (ε)
= 205.67 (816097), 260.27 (616248 dm3 mol–1 cm–1) nm.

Synthesis of Complex 4: A methanolic solution of Cu(SCN)2,
formed by addition of an MeOH (0.5 mL) solution of Cu(NO3)2

(15.2 mg, 0.063 mmol) to an MeOH (0.5 mL) solution of NaSCN
(10.2 mg, 0.126 mmol), was carefully layered onto an ethanol
(1 mL)/CHCl3 (5.0 mL) solution (6 mL) of 1,4-bis(3-pyridinecar-
boxamido)benzene (2) (40.0 mg, 0.126 mmol). Light-green crystals
formed in 20% yield (40.8 mg) after a week. C38H28CuN10O4S2

(816.36): calcd. C 55.9, H 3.4, N 17.1; found C 55.0, H 2.9, N 16.8.
IR: ν̃ = 3326 (N–H stretch), 3066 (aromatic C–H stretch), 2068
(thiocyanate, CN), 1645 (C=O stretch), 1610 (amide) cm–1. UV:
λmax (ε) = 204 (45314), 295.71 (27043 dm3 mol–1 cm–1) nm.

X-ray Structure Analysis of Complexes 3 and 4: The single-crystal
data sets were collected at room temperature for both complexes
with a Bruker-Nonius Mach3 CAD4 X-ray diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) in the
ω-scan mode. The crystals of complex 3 were immersed in oil and
covered with glue in order to prevent loss of guest molecules. The
structure was solved by direct methods and refined by least-squares
methods on F2 using SHELX-97.[7] Non-hydrogen atoms were re-
fined anisotropically and hydrogen atoms were fixed at calculated
positions and refined using a riding model. In complex 4, the S
atom of the NCS anion was disordered over two sites and hence
the occupancies were refined (61 and 39%). Crystal data for 3:
Triclinic, P1̄, a = 9.967(2), b = 12.950(3), c = 14.945(3) Å, α =
106.90(3), β = 102.94(3), γ = 102.11, V = 1718.9(6) Å3, Z = 1,
Dcalcd. = 1.409 gcm–3, 3111 reflections out of 5858 unique reflec-
tions with I � 2σ(I), 1.50° � θ � 25.06°, final R values: R1 =
0.0778, wR2 = 0.1724. Crystal data for 4: Triclinic, P1̄, a = 8.259(2),
b = 9.613(2), c = 12.656(3) Å, α = 85.70(3), β = 74.66(3), γ = 71.18,
V = 917.1(3) Å3, Z = 1, Dcalcd. = 1.478 gcm–3, 2292 reflections out
of 3231 unique reflections with I � 2σ(I), 1.67° � θ � 25.00°, final
R values: R1 = 0.0522, wR2 = 0.1177. CCDC-286845 (3) and
-286846 (4), contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Preparative procedures for 1–4, TGA measurement of 3, pow-
der spectra of guest-exchanged materials of 3, ORTEP drawings of
3 and 4, and IR and UV spectra of complexes and ligands.
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Self-Assembly of a Tetranuclear CoIII-Metallacycle from the Reaction of a
Bis(benzene-o-dithiolato) Ligand with CoII and Subsequent Aerial Oxidation
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The bis(benzene-o-dithiol) ligand [(HS)2-2,3-C6H3–CH2–
C6H3-2,3-(SH)2] (H4-1) reacts, after deprotonation with
Li2CO3, with CoCl2·6H2O. Aerial oxidation in methanol gives
the tetranuclear metallacycle Li4[Co4(1)4]. The X-ray struc-
ture analysis of (PNP)4[Co4(1)4] (7) reveals a cyclic structure
in which each of the bis(benzene-o-dithiolato) ligands forms

Introduction

The combination of polydentate organic ligands and
transition metals has led to supramolecular complexes.[1]

Metal-directed self-assembly has been used to form dif-
ferent supramolecular architectures like helicates,[2] boxes,[3]

squares,[4] molecular containers,[5] and other structural mo-
tifs.[6] Among those, metal helicates have attracted special
interest owing to their presence in nature.[2] The first triple-
stranded helicate [Fe2(RA)3] (RA = rhodotorulic acid),
containing exclusively oxygen donor functions from hydro-
xamate groups, was isolated and characterized by Raymond
et al.[7] The early helicate chemistry, however, was domi-
nated by nitrogen donor ligands like oligobipyridines.[2,8]

Later, triple-stranded helical complexes with catecholato
donor groups were prepared.[2,9] The coordination chemis-
try of dicatechol ligands has been reviewed.[10] Double-
stranded helical structures built from ligands with an un-
symmetrical spacer (directional ligands) have been re-
ported.[11] Even the triple-stranded helicate of a cate-
cholato/aminophenolato ligand has been described.[12]

Much less is known about helicates containing benzene-
o-dithiolato or other dithiolene donor groups. We have de-
scribed a method for the o-functionalization of benzene-
1,2-dithiol, which gives 2,3-dimercaptobenzoic acid[13] or
2,3-dimercaptobenzyl alcohol.[14] These building blocks
were used to synthesize bis(benzene-o-dithiol) ligands of
type A,[15,16] B,[16] and the benzene-o-dithiol/catechol ligand
C[17] (Scheme 1). Non-helical mono- and dinuclear com-
plexes have been obtained with ligands A and B, while li-
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a bridge between two cobalt centers. Two differently coordi-
nated cobalt atoms (syn and anti) are observed in the tetranu-
clear complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gand C reacts with TiIV to give a triple-stranded helicate
with a parallel ligand orientation.

Scheme 1. Ligands containing the benzene-o-dithiol donor group.

However, no dinuclear triple-stranded helicates have been
obtained so far from bis(benzene-o-dithiol) ligands such as
A and B. Albrecht et al. have shown that methylene-bridged
dicatecholato[18] and catecholato/aminophenolato[12] li-
gands are capable of forming triple-stranded helicates with
TiIV and GaIII. In our search for helicates built exclusively
from sulfur donors, we have therefore prepared the novel
methylene-bridged bis(benzene-o-dithiol) ligand H4-1
(Scheme 1). Here we present the preparation of ligand H4-
1 and its coordination chemistry with CoIII.

Results and Discussion

Ligand H4-1 was prepared as depicted in Scheme 2. 1,2-
Bis(isopropylmercapto)benzene (2) was synthesized as de-
scribed previously.[14,16] Deprotonation of 2 with nBuLi/
TMEDA in hexane yielded the organolithium compound 3.
Compound 3 was not isolated but immediately transformed
into 2,3-bis(isopropylmercapto)benzaldehyde (4) by reac-
tion with N,N-dimethylformamide followed by an acidic
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Scheme 2. Synthesis of the bis(benzene-o-dithiol) ligand H4-1.

workup. Reaction of equimolar amounts of 3 and 4 in hex-
ane yielded the alcohol 5 after acidification. Alcohol 5 was
deoxygenated with hypophosphorous acid in the presence
of a catalytic amount of iodine in acetic acid.[19] Removal of
the S-protection groups in ligand precursor 6 with sodium/
naphthalene in THF liberated ligand H4-1, which was iso-
lated after hydrolysis in approximately 85% yield (relative
to 2).

Reaction of equimolar amounts of H4-1 and
CoCl2·6H2O in methanol at ambient temperature in the
presence of two equivalents of Li2CO3 yielded a brown
solution. We assume that this solution contained CoII com-
plexes with benzene-o-dithiolato ligands. Upon aerial oxi-
dation, the brown solution immediately turned deep blue,
which indicates the formation of a CoIII–benzene-o-dithiol-
ato complex. Addition of PNPCl [PNP+ = bis(triphenyl-
phosphoranylidene)ammonium] led to the precipitation of
a blue solid, which was isolated and dried. The composition
of the blue solid was established by ESI mass spectroscopy
(Figure 1, negative ions). No peaks for a double-stranded
complex of composition [Co2(1)2]4– are observed. Instead,
three peaks are found at m/z = 351, 648, and 1241. These
are assigned to the ions [Co4(1)4]4–, {(PNP)[Co4(1)4]}3–, and
{(PNP)2[Co4(1)4]}2–. These assignments were corroborated
by matching isotope patterns. Thus, the reaction of ligand
H4-1 with CoCl2 followed by aerial oxidation and precipi-
tation with PNPCl does not yield a dinuclear complex, as
was expected, but instead a tetranuclear complex of compo-
sition (PNP)4[Co4(1)4] (7).

To establish the molecular structure of the [Co4(1)4]4–

anion, crystals suitable for an X-ray analysis were grown by
slow vapour diffusion of pentane into a solution of 7 in
dichloromethane. The molecular structure of tetraanion
[Co4(1)4]4– is shown in Figure 2. The complex anion con-
tains four [Co(S2C6H3R)2] units arranged in a cyclic fash-
ion. Each 14– ligand bridges two cobalt atoms. Each of the
cobalt atoms is coordinated by two benzene-o-dithiolato
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Figure 1. ESI mass spectrum (negative ions) of (PNP)4[Co4(1)4] (7).

units from different ligands in a square-planar fashion. The
Co–S and C–S distances in 7 are normal and match those
reported for the mononuclear complex (AsPh3Me)-
[Co(S2C6H3CH3)2].[20] Cobalt(iii) complexes with electron-
poor benzene-o-dithiolato ligands [S2C6Cl4 or S2C6H2-
(CN)2] have been reported to dimerize.[21] In such dimers
the [Co(bdt)2]– (bdt = substituted benzene-o-dithiolate)
units lie parallel to one another such that the cobalt atom
of each [Co(bdt)2]– unit is directly opposite a sulfur atom
belonging to the second unit. This arrangement leads to
the formation of two new Co–S bonds and a tetragonal-
pyramidal coordination environment for each cobalt atom.

No such extra Co–S interactions are observed in the
anion [Co4(1)4]4–. The [Co4(1)4]4– anions are well separated
in the solid state, and no intramolecular Co–Co (shortest
separation about 9 Å) and Co–S (shortest separation about
7 Å) or intermolecular Co–Co (shortest separation longer
than 9 Å) and Co–S (shortest separation longer than 7 Å)
contacts are found.

In contrast to the recently reported dinuclear nickel com-
plex with an ethylene bridged bis(benzene-o-dithiolato) li-
gand (Scheme 1, B),[16] the tetranuclear complex (PNP)4-
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Figure 2. Molecular structure of the [Co4(1)4]4– anion of 7. Hydro-
gen atoms and cations have been omitted for clarity. Selected ran-
ges for bond lengths [Å] and bond angles [°]: Co–S 2.157(2)–
2.176(2), C–S 1.746(6)–1.769(6), S–Co–S (intra ligand) 91.08(7)–
91.84(7), Co–S–C 104.4(2)–105.9(2).

[Co4(1)4] contains two metal centers with a slightly different
coordination environment. Two cobalt atoms (Co1 and
Co3) are coordinated by benzene-o-dithiolato units and the
alkyl substituents are arranged in anti positions, while the
other two cobalt atoms (Co2 and Co4) are coordinated by
benzene-o-dithiolato units that have their alkyl substituents
arranged in a syn fashion. This leads to two different C2

axes along the two metal–metal connection lines Co1–Co3
and Co2–Co4 (Figure 3). The distances between the equiva-
lent cobalt atoms are 9.661 Å (Co1–Co3) and 15.933 Å
(Co2–Co4). A large internal cavity is formed by this ar-
rangement. Two benzene rings of the PNP+ cations partly
fill this cavity without any interaction with the metallacycle.
Complex 7 is, to the best of our knowledge, the first metall-
osupramolecular assembly that contains two differently co-
ordinated metal centers even though a ligand with two iden-
tical donor sites has been used.

Figure 3. View along the Co1–Co3 axis showing the syn (Co2, Co4)
and anti (Co1, Co3) arrangement of the substituted benzene-o-di-
thiolato ligands.

Although a tetranuclear complex [Co4(1)4]4– is entropi-
cally less favorable than two dinuclear complexes [Co2-
(1)2]2–, the larger compound is exclusively formed. We be-
lieve that this occurs because of a strong steric interaction
between the two sulfur atoms in the 2-positions of the aro-
matic rings that would occur in a hypothetical dinuclear
complex [Co2(1)2]2– (Scheme 3, left). Albrecht et al. pre-
pared a dicatechol ligand, with the same topology as H4-
1, that forms a dinuclear triple-stranded helicate with TiIV

(Scheme 3, right).[18] In this complex, no repulsion between
the oxygen atoms in the 2-positions is observed (intraligand
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O···O distance 2.85 Å). In addition, possible repulsion be-
tween these oxygen atoms is also compensated by coordina-
tion to hard lithium cations. This coordination is not pos-
sible and was not observed with the soft sulfur donor
atoms. In a hypothetical dinuclear complex with benzene-
o-dithiol ligands, steric interaction between the sulfur atoms
in the 2-position would occur owing to the longer C–S
bonds (1.76 Å versus 1.35 Å for the C–O bonds) and the
larger intraring C–C–S angles (119° versus 114° for the C–
C–O angles). On the basis of these parameters, the S···S
distance in a dinuclear complex [Co2(1)2]2– would be
around 2.2 Å, which is far too short for a nonbonding inter-
action (typically S–S bond lengths are 2.0 Å). Conse-
quently, strong repulsion between the sulfur atoms must oc-
cur in the hypothetical [Co2(1)2]2– complex in which two
cobalt atoms are coordinated in a square-planar fashion by
two CH2-bridged bdt ligands. In order to avoid this un-
favourable repulsion, one benzene-o-dithiolato group of
each 14– ligand is rotated by about 90° around the Ar–CH2

axis, which, in turn, leads to the formation of the tetranu-
clear metallacycle.

Scheme 3. Hypothetical complex [Co2(1)2]2– (left) and triple-
stranded helicate (right).

Experimental Section
If not stated otherwise, all manipulations were carried out under
dry argon by using standard Schlenk techniques. Hexane, tetrahy-
drofurane, and N,N,N�,N�-tetramethylethylenediamine (TMEDA)
were freshly distilled from sodium/benzophenone prior to use. The
starting material 1,2-bis(isopropylmercapto)benzene (2) was pre-
pared as described before.[16]

2,3-Bis(isopropylmercapto)benzaldehyde (4): A sample of n-butyl-
lithium (12.16 mL of a 2.5 m solution in hexane) was added drop-
wise to a solution of TMEDA (4.56 mL, 30.4 mmol) and 1,2-bis-
(isopropylmercapto)benzene (2, 6.9 g, 30.4 mmol) in hexane
(100 mL) at 0 °C. After 30 min, the ice bath was removed, and the
stirring was continued for 3 h at ambient temperature, which re-
sulted in the formation of an off-white slurry. Dry N,N-dimethyl-
formamide (3.53 mL, 45.6 mmol) was added, and the solution was
stirred for 12 h. Water (100 mL) and hydrochloric acid (37%,
20 mL) were added, and the aqueous solution was extracted with
diethyl ether (3×50 mL). The combined organic layers were dried
with MgSO4, and the solvent was removed in vacuo. Column
chromatography (SiO2, Et2O/petroleum ether, 1:3) gave a yellow oil
(7.33 g, 28.8 mmol, 95%). 1H NMR (CDCl3, 300.1 MHz): δ = 10.8
(s, HC=O), 7.67 (dd, 1 H, Ar-H), 7.49–7.35 (m, 2 H, Ar-H), 3.54–
3.32 (m, 2 H, SCH), 1.39 (d, 3J = 7.0 Hz, 6 H, CH3), 1.23 (d, 3J =
7.0 Hz, 6 H, CH3) ppm. 13C NMR (CDCl3, 75.5 MHz): δ = 193.4
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(C=O), 146.5, 139.7, 136.4, 131.4, 129.2, 124.3 (Ar-C), 40.9 (SCH),
36.0 (SCH), 23.0 (CH3), 22.6 (CH3) ppm. GC/MS (EI, 70 eV): m/z
(%) = 254 (66) [M]+, 211 (10) [M – C3H7]+, 179 (5) [M – SC3H7]+,
41 (100) [C3H5]. C13H18OS2 (254.40): calcd. C 61.38, H 7.13, S
25.20; found C 61.47, H 7.36, S 24.87.

Bis[2,3-bis(isopropylmercapto)phenyl]methanol (5): A sample of n-
butyllithium (3.00 mL of a 2.5 m solution in hexane) was added
dropwise to a solution of TMEDA (1.15 mL, 7.50 mmol) and 1,2-
bis(isopropylmercapto)benzene 2 (1.7 g, 7.50 mmol) in hexane
(30 mL) at 0 °C. After 30 min, the ice bath was removed, and the
stirring was continued for 3 h at ambient temperature, which re-
sulted in the formation of an off-white slurry. 2,3-Bis(isopropylmer-
capto)benzaldehyde (4, 1.91 g, 7.50 mmol) dissolved in hexane
(10 mL) was added dropwise, and the solution was stirred for 12 h.
Acidification with hydrochloric acid (37%) yielded a yellow precipi-
tate, which was isolated by filtration, washed with hexane, and
dried in vacuo to give 5 as a white powder (3.46 g, 7.20 mmol,
96%). 1H NMR (CDCl3, 300.1 MHz): δ = 7.26–7.18 (m, 4 H, Ar-
H), 7.01 (s, 1 H, CH–OH), 7.00 (dd, 2 H, Ar-H), 3.66 (sept, 2 H,
SCH), 3.50 (sept, 2 H, SCH), 1.37 (d, 12 H, CH3), 1.24 (d, 12 H,
CH3) ppm. 13C NMR (CDCl3, 75.5 MHz): δ = 148.3, 144.9, 131.4,
128.7, 126.3, 124.5 (Ar-C), 72.0 (CH–OH), 39.1 (SCH), 36.1
(SCH), 25.5 (CH3), 25.1 (CH3) ppm. IR (KBr): ν̃ = 3457 (br., O–
H), 3050 (s, Ar-H), 2960, 2923, 2863 (s, CHMe2), 1557 (m, Ar-
C=C), 1443 (s, CH) cm–1. MS (EI, 70 eV): m/z (%) = 480 (64)
[M]+, 437 (73) [M – C3H7]+, 405 (100) [M – SC3H7]+. C25H36OS4

(480.16): calcd. C 62.45, H 7.55, S 26.68; found C 62.51, H 7.47, S
26.44.

Bis[2,3-bis(isopropylmercapto)phenyl]methane (6): Iodine (80 mg,
0.31 mmol) and bis[2,3-bis(isopropylmercapto)phenyl]methanol (5,
1.50 g, 3.10 mmol) were dissolved in concentrated acetic acid
(60 mL). Hypophosphorous acid (1.60 mL, 50% solution by weight
in water) was added, and the solution was stirred at 60 °C for 24 h.
Water (100 mL) was added at ambient temperature, and the aque-
ous phase was extracted with hexane (3×50 mL). The combined
organic layers were washed with saturated NaHCO3 solution
(2×20 mL) and dried with MgSO4, and the solvent was removed
in vacuo. Column chromatography (SiO2, Et2O/hexane, 1:5) gave 6
as a white powder (1.41 g, 3.04 mmol, 98%). 1H NMR (CDCl3,
300.1): δ = 7.20–7.15 (m, 4 H, Ar-H), 6.80–6.75 (dd, 2 H, Ar-H),
4.72 (s, 2 H, CH2), 3.54 (m, 4 H, SCH), 1.45 (d, 12 H, CH3), 1.30
(d, 12 H, CH3) ppm. 13C NMR (CDCl3, 75.5 MHz): δ = 149.1,
147.4, 134.3, 130.9, 128.6, 126.6 (Ar-C), 42.5 (CH2), 41.3 (SCH),
38.1 (SCH), 25.5 (CH3), 25.1 (CH3) ppm. IR (KBr): ν̃ = 3048 (Ar-
H), 2960, 2923, 2863 (s, CHMe2), 1443 (s, CH2) cm–1. MS (EI,
70 eV): m/z (%) = 464 (8) [M]+, 421 (5) [M – C3H7]+, 389 (100)
[M – SC3H7]+, 357 (53) [M – S2C3H7]+. C25H36S4 (464.17): calcd.
C 64.60, H 7.81, S 27.59; found C 64.47, H 7.87, S 27.72.

Bis(2,3-dimercaptophenyl)methane (H4-1): Compound 6 (3.80 g,
8.19 mmol) and naphthalene (5.20 g, 41.0 mmol) were dissolved in
tetrahydrofurane (80 mL), and pieces of sodium (1.90 g, 82 mmol)
were added. The mixture was stirred for 12 h at ambient tempera-
ture, and degassed methanol (15 mL) was then added dropwise.
After 10 min, the solvent was removed in vacuo, and the residue
was dissolved in degassed water (30 mL). The aqueous phase was
washed with degassed diethyl ether (3×20 mL), filtered, and acidi-
fied with hydrochloric acid (37%). The product was extracted with
dichloromethane (3×20 mL), the combined organic layers were
dried with MgSO4, and the solvent was removed in vacuo to give
H4-1 as an off-white powder (2.33 g, 7.78 mmol, 96%). 1H NMR
(CDCl3, 300.1 MHz): δ = 7.34 (dd, 3J = 7.9, 4J = 1.3 Hz, 2 H, Ar-
H), 7.00 (t, 3J = 7.9 Hz, 2 H, Ar-H), 6.78 (dd, 3J = 7.9, 4J = 1.3 Hz,
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2 H, Ar-H), 4.18 (s, 2 H, CH2), 3.84 (s, 2 H, SH), 3.81 (s, 2 H,
SH) ppm. 13C NMR (CDCl3, 75.5 MHz): δ = 141.5, 134.7, 133.2,
131.5, 129.7, 128.3 (Ar-C), 43.3 (CH2) ppm. IR (KBr): ν̃ = 3050 (s,
Ar-H), 2894 (m, C–H), 2525 (m, S–H), 1443, 717 (C–H) cm–1. MS
(EI, 70 eV): m/z (%) = 296 (76) [M]+, 263 (85) [M – SH]+, 230 (100)
[M – 2SH]+, 197 (47) [M – 3SH]+. C13H12S4 (295.98): calcd. C
52.67, H 4.08, S 43.25; found C 53.22, H 3.88, S 43.82.

(PNP)4[Co4(1)4] (7): A solution of H4-1 (50 mg, 0.169 mmol) and
Li2CO3 (25 mg, 0.34 mmol) in methanol (10 mL) was added to a
solution of CoCl2·6H2O (40 mg, 0.169 mmol) in methanol (10 mL).
The mixture was stirred for 12 h, exposed to air for 10 min, and
filtered. Addition of bis(triphenylphosphoranylidene)ammonium
chloride (PNPCl) (97 mg, 0.169 mmol) to the filtrate gave a blue
precipitate of 7, which was isolated by filtration, washed with meth-
anol, and dried in vacuo (110 mg, 0.031 mmol, 74%). MS (ESI,
negative ions): m/z (%) = 351.0 [Co4(1)4]4–, 648 [(Co4(1)4)4– +
PNP+]3–, 1241 [(Co4(1)4)4– + 2 PNP+]2–. C196H152N4P8S16Co4

(3559.7): calcd. C 66.13, H 4.30, N 1.57, S 14.41; found C 65.77,
H 4.42, N 1.48, S 14.28.

X-ray Crystallographic Study of 7: A suitable crystal of 7
(0.15×0.10×0.08 mm) was mounted on a Bruker AXS APEX dif-
fractometer equipped with a rotating molybdenum anode (λ =
0.71073 Å), cooling device, and graphite monochromator. (PNP)4-
[Co4(1)4], C196H152N4P8S16Co4, M = 3559.7, triclinic P1̄, a =
18.473(7), b = 19.797(7), c = 24.497(9) Å, α = 80.724(7), β =
89.026(7), γ = 79.787(7)°, V = 8701(6) Å3, Z = 2, ρcalcd. =
1.359 g cm–3, μ = 0.696 mm–1. 54025 Structure factors (–19 � h �

19, –21 � k � 21, –26 � l � 26, 2θ range 2.1–55.0°) were collected
at 123(2) K. An empirical absorption correction was applied (Tmin

= 0.903, Tmax = 0.947) before merging gave 22725 unique intensities
(Rint = 0.069). Structure solution with SHELXS[22] and subsequent
refinement of 2053 parameters against F2 of 22725 unique inten-
sities [13118 observed intensities I � 2σ(I)] using SHELXL[23] with
anisotropic thermal parameters for all non-hydrogen atoms. Hydro-
gen atoms were added to the structure model on calculated posi-
tions. Final residues R = 0.0591, wR = 0.1186. CCDC-284858 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Starting from Mo(N2)2(depe)2 (1), the nitrido complex Mo(N)-
(N3)(depe)2 (2) was obtained by the reaction of 1 with Me3-
SiN3. Subsequent reaction of 2 with HCl in CH3OH afforded
the cationic imido chloride 3, which could be converted into
the nitrido chloride 4 with sodium bis(trimethylsilyl)amide.
From 3 and 4 the hydrido complexes of the type Mo(H)(L)-
(depe)2 [L = N (7), NBEt3 (8)] were obtained by the reaction
with the hydride reagents LiBH4 and NaHBEt3. The hydridic
character of the LnM–H bond of 8 was determined by DQCC
measurements (bond ionicity i = 81%). Hydride reactivity
studies were carried out on 7 and 8; however, only 8 under-
went hydride transfer reactions. 8 reacted with 4,4�-dichlo-
robenzophenone and acetophenone to afford the correspond-

Introduction

For various homogeneous catalyses the activation of
LnM–H bonds[1–13] (M = transition metal) plays a decisive
role. Insertion reactions of these bonds with unsaturated
molecules are strongly dependent on the ancillary ligand
sphere.[14] An increasing number of strongly σ-donating cis-
phosphane substituents are expected to enhance the elec-
tron density on the metal center and on the hydrido li-
gand.[15] The ligand trans to the hydrido ligand is attributed
a crucial trans influence. In a DFT study[16] the three com-
plexes LW(H)(dmpe)2 with L = NO, CH and N were com-
pared and analyzed according to their various trans influ-
ences. The LnM–H bond strength was found to decrease in
the order NO � CH � N suggesting in this order increasing
hydride transfer activity.

The nitrido ligand (N3–)[21–23] is regarded as a strong
trans-influence ligand and a very strong π-donor; similar in
this property may only be the isoelectronic oxo ligand. A
combined experimental and theoretical study[24] has com-
pared the Cr–L bonds with L = Ooxo, Nnitrido and Ccarbyne.
From a natural bond orbital analysis, bond lengths and to-
pological analyses of the total electron density, the bond
order and the total binding interaction of this multiple

[a] Anorganisch-Chemisches Institut der Universität Zürich,
Winterthurerstrasse 190, 8057 Zürich, Switzerland
E-mail: hberke@aci.unizh.ch
Supporting information for this article is available on the
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ing alkoxide complexes Mo(NBEt3)(OCHRR�)(depe)2 [R, R� =
C6H4Cl (10); R = Me, R� = Ph (11)]. The high propensity of
8 to undergo carbonyl insertion was documented further by
reactions with CO2 and carbonylmetal compounds. Conver-
sion with CO2 led to formation of the formato complex Mo(N-
BEt3)(OCHO)(depe)2 (9) and reactions with Fe(CO)5 and
Re2(CO)10 resulted in the formation of Mo[(μ-OCH)Fe(CO)4]-
(NBEt3)(depe)2 (12) and Mo[(μ-OCH)Re2(CO)9](NBEt3)-
(depe)2 (13). X-ray diffraction studies were carried out on 1–
4, 6, 8–10 and 12–14.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bond is in the order Cr–N � Cr–O � Cr–C. The nitrido
moiety is therefore expected to display an additional nucleo-
philic behaviour for early and middle transition metal com-
plexes in high oxidation states.[25] The reactivity patterns of
related hydrido complexes with trans ligands L = NO and
CMes were reported earlier so that it remains to study the
influence of the nitrido ligand.[14,17–20]

We describe here the synthesis of molecules based on ni-
trido ligands such as Mo(H)(L)(depe)2 (L = N and NBEt3)
and we present also reactivity studies carried out with the
Mo(H)(NBEt3)(depe)2 complex.

Results and Discussion

Hydrido Nitrido Complexes

A common route to access nitrido complexes consists of
the decomposition of (azido)metal complexes. The synthetic
route described in this paper was thus largely inspired by
the initial work of Chatt and Dilworth[26] with some modifi-
cations developed in the group of Pickett.[27] For the synthe-
sis of Mo(N2)2(depe)2 (1) we applied the procedure de-
scribed by George and Noble[28] which utilizes the re-
duction of MoCl5 with sodium amalgam followed by the
addition of the phosphane ligand under dinitrogen. The
bis(dinitrogen) species 1 was obtained in 69% yield and
characterized by an X-ray diffraction study (crystallo-
graphic data for 1 in the Supporting Information). The de-
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sired nitrido function was formed by treatment of 1 with
trimethylsilyl azide[29,30] to yield the known compound
Mo(N)(N3)(depe)2 (2). The imido derivative
[Mo(Cl)(NH)(depe)2][Cl] (3) was then produced by proton-
ation of 2, dissolved in methanol, with a small amount of
aqueous concentrated hydrochloric acid in CH3OH.

Suitable crystals of 2 and 3 for X-ray diffraction studies
were grown from a saturated THF solution at –30 °C (crys-
tallographic data for both complexes are available in the
Supporting Information).

According to literature[26,31,32] the imido group can be
deprotonated by a suitable base. In this study sodium bis-
(trimethylsilyl)amide in toluene was used, which prevents
side reactions and leads to higher yields[32] of the nitrido
species Mo(Cl)(N)(depe)2 (4) (Scheme 1).

The structure of 4 was additionally confirmed by an X-
ray diffraction analysis (Figure 1) using a single crystal ob-
tained by cooling of a saturated toluene solution to –30 °C.
Three independent molecules were found in the asymmetric
unit. For all of which a pseudooctahedral geometry was
observed with the two depe ligands in equatorial and the
chloride ion and nitrido group in trans positions. The
average of the Mo–N bonds of 1.699(5) Å is slightly shorter
than those observed in similar (R2P–CH2–CH2–PR2)2(X)-
Mo�N complexes [1.79(2) Å for R = Ph, X = N–N�N,[33]

1.704(6) Å for R = Ph, X = N�C–C(CN)=C(O)(CH3)[34]

and 1.704(3) Å for R = Ph, X = N�C–C(H)=C(O)(Ph)[35]]

Scheme 1.
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which confirms the triple bond character of this unit. The
trans influence of the nitride group is demonstrated by a
long Mo–Cl distance [average value 2.772(2) Å], which is by
more than 0.3 Å longer in comparison with the unweighted
mean value of 2.410 Å reported in the literature.[36]

The preparation of two types of hydrido nitrido com-
plexes was achieved. Starting from 3, the borohydride
Mo(η1-HBH3)(NBH3)(depe)2 (5) was obtained when an ex-
cess of LiBH4 in THF was applied. The 1H NMR spectrum
of 5 in [D8]THF revealed a broad quadruplet at δ =
–2.90 ppm with a characteristic 11B coupling (1JHB =
88 Hz), which was assigned to the protons of the tetra-
hydroborate moiety. The 11B NMR spectrum furthermore
showed a quadruplet at δ = –15.9 ppm (1JHB = 82 Hz) for
the BH3 unit on the nitrido group, and a quintuplet at δ =
–44.6 ppm (1JHB = 82 Hz) for the BH4 unit. Presumably,
the reaction to 5 proceeded via the intermediate
Mo(Cl)(NBH3)(depe)2 (6), since the reaction of 3 with just
1 equiv. of LiBH4 indeed yields 6. In the 1H NMR spectrum
a broad signal appeared at δ = 2.4 ppm, which was attrib-
uted to the NBH3 moiety. The 11B NMR spectrum of 6
revealed one quadruplet at δ = –13.5 ppm for the NBH3

unit and its 31P{1H} NMR spectrum displayed a singlet at
δ = 49.0 ppm indicating the presence of the four chemically
equivalent phosphorus nuclei. A unique crystal of 6 suitable
for an X-ray diffraction analysis was obtained from a satu-
rated THF solution at –30 °C. Figure 2 shows the molecular
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Figure 1. Molecular structure of 4; only one of the three independent molecules is shown. Selected bond lengths [Å] and angles [°]: Mo1–
N1 1.690(5), Mo1–Cl1 2.7901(19), N1–Mo1–Cl1 177.6(2) (molecule 1), Mo2–N2 1.684(5), Mo2–Cl2 2.7406(17), N2–Mo2–Cl2 175.06(18)
(molecule 2) and Mo3–N3 1.722(5), Mo3–Cl3 2.7859(19), N3–Mo3–Cl3 174.23(19) (molecule 3). The displacement ellipsoids are of 20%
probability and all hydrogen atoms have been omitted for clarity.

structure of 6. Disorder was recognized between the NBH3

and Cl groups, which prevented an accurate comparison of
the bond parameters of 4 and 6. On a rough scale, however,
a significantly shorter Mo–Cl bond of 2.621(2) Å seems to
be present in 6, which speaks for a weaker trans influence
of the NBH3 unit in 6 with respect to that of the nitrido
group in 4.

Treatment of the borohydride species 5 with an excess of
PMe3 in toluene at 120 °C for 11 d resulted in the formation

Figure 2. Molecular structure of 6 (ellipsoids are drawn at the 30% probability level). Selected bond lengths [Å] and angles [°]: Mo1–N1
1.656(4), Mo1–Cl1 2.621(2), N1–B1 1.62(1); N1–Mo1–Cl1 177.49(13), B1–N1–Mo1 177.9(4). The molybdenum center lies on a special
position (inversion center) and half of the molecule is reproduced by the symmetry operation 1 – x, 1 – y, 1 – z (the symmetry-related
atoms are labeled with an asterisk). The hydrogen atoms of the BH3 group have been refined with soft B–H distance restraints. The
NBH3/Cl disorder and selected hydrogen atoms have been omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 540–552542

of the desired hydride Mo(H)(N)(depe)2 (7). The 1H NMR
spectrum of 7 in C6D6 displayed at room temperature,
among other resonances, that of the hydrido ligand as a
quintuplet at δ = –5.99 ppm (2JHP = 30 Hz). The 31P{1H}
NMR spectrum reveals a singlet at δ = 80.6 ppm.

The NBEt3-substituted hydrido complex 8 was obtained
from the nitrido chloride 4 by treatment with a slight excess
of the hydride reagent NaHBEt3 in THF at room tempera-
ture for 15 h. Due to the considerable basicity of the ter-
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minal nitrido group the “leftover” BEt3 moiety is scavenged
after H– transfer to the Mo center. The 1H NMR spectrum
of 8 shows a characteristic resonance for the hydrido ligand
as a quintuplet at δ = –6.23 ppm (2JHP = 36 Hz). The pres-
ence of the N-bound BEt3 group was confirmed by a CH2

resonance in the 1H NMR spectrum appearing as a 1:3:3:1
quadruplet at δ = 0.86 ppm (3JHH = 8 Hz) and a triplet for
the Me groups at δ = 1.36 ppm (3JHH = 8 Hz). In the 13C
NMR spectrum the signal of the CH2 groups of the BEt3

moiety could not be detected. Their chemical shift at δ =
18.9 ppm could only be extracted from a C–H correlation
spectrum of 8.

The molecular structure of 8 was confirmed by an X-ray
diffraction analysis. It exhibits pseudooctahedral coordina-
tion of the Mo center with the two depe ligands in equato-
rial positions and the hydrido ligand and the NBH3 group
trans to each other (Figure 3). The hydride atom was found
in the difference electron density map. It could be refined
isotropically (0.022 Å2). The Mo–H bond length of
1.85(2) Å compares well with that observed for the
Mo(H)(CO)(NO)(PMe3)3 complex [1.84(3) Å].[19] The Mo–
N bond of 1.7571(14) is longer than in 4 [1.698(5) Å], pre-
sumably due to the attached BEt3 group which apparently
reduces the strength of the metal–nitrogen triple bond.

Figure 3. Molecular structure of 8 (ellipsoids are drawn at the 30%
probability level). Selected bond lengths [Å] and angles [°]: Mo1–
N1 1.7571(14), Mo1–H27 1.85(2), N1–B1 1.568(2), N1–Mo1–H27
171.2(7), B1–N1–Mo1 173.69(14). All hydrogen atoms have been
omitted for clarity, except the hydrido atom H27 for which the
positional parameters were freely refined.

Hydridic Character of the trans-Mo(H)(NBEt3)(depe)2

Complex 8

Different approaches to classify the LnM–H bond in
terms of its hydridic character are based either on kinetic or

Eur. J. Inorg. Chem. 2006, 540–552 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 543

thermodynamic studies of hydride transfer reactions. Cheng
and Bullock[37] determined kinetic hydridicities by the reac-
tion of LnM–H bonds (M = transition metal) with the trityl
cation. The work of Sarker and Bruno[38] rely on the equili-
bration of both types of species to establish a thermo-
dynamic scale of hydridicities. Bond ionicities may also be
taken as an indicator for the hydridic character of the LnM–
H bond. We used 2H NMR spectroscopy to determine the
deuterium quadrupole coupling constant (DQCC) of the
D nucleus by measuring the temperature-dependent T1min

relaxation time in [H8]toluene[39,40] and also by calculation
of the DQCC from the “Pake doublet” appearing in the
static solid-state NMR spectrum, preferably at low tem-
peratures. For these experiments the deuterium derivative
Mo(D)(NBEt3)(depe)2 (8a) had to be prepared using LiD-
BEt3 instead of NaHBEt3. According to the T1min method,
the DQCC of the deuteride 8a was calculated to be
43±1 kHz. The ionicity of the Mo–D(H) is thus
81.0±0.4% and stresses the strong polarity of the Mo–D
bond in 8a. This bond ionicity belongs to the largest ionici-
ties reported for transition metal hydrides.[41] From the so-
lid-state 2H NMR spectra a Δ value of the “Pake doublet”
of 31.1 kHz is obtained, from which the DQCC was calcu-
lated to be 42±1 kHz corresponding to a bond ionicity of
81.7±0.5% very close to the value obtained by the T1min

method.

Hydride Transfer Reactions of Mo(H)(N)(depe)2 (7) and
trans-Mo(H)(NBEt3)(depe)2 (8)

Very much to our surprise, the hydride 7 turned out to
be very unreactive. It did not react with ketones or carbon-
ylmetal compounds and produced a mixture of unidentified
products in the presence of CO2. The reason for this is yet
unclear, especially in view of the fact that the very related
derivative 8, distinguished from 7 by an additional Lewis
acid bound to the nitrido ligand, showed various hydride
transfer reactions.

The Mo–H bond of 8 was shown to be highly polarized
and at least in a kinetic sense this complex seemed to be
prone to undergo hydride transfer reactions, i.e. insertions
with a wide variety of unsaturated compounds such as
CO2,[42–48] ketones and carbonylmetal compounds
(Scheme 2). Reaction of 8 with an excess of CO2 (450 mbar
at –196 °C) in [D8]toluene indeed proceeded smoothly at
room temeperature. The reaction was complete after a few
minutes and the O-formate product Mo(OCHO)(NBEt3)-
(depe)2 (9) was isolated in 70% yield as analytically pure
yellow crystals after recrystallisation from diethyl ether
solution. The formate group of 9 displayed a singlet reso-
nance at δ = 8.04 ppm in the 1H NMR spectrum and a
singlet resonance at δ = 166.0 ppm in the 13C NMR spec-
trum. The IR spectrum of 9 revealed two intense bands at
1611 and 1320 cm–1 for the formate ligand, in accordance
with other η1-formate complexes reported in the litera-
ture.[49,50] The structure of 9 was finally confirmed by an
X-ray diffraction analysis (Figure 4).
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Scheme 2.

The molybdenum centre adopts a pseudooctahedral ge-
ometry, with the NBEt3 moiety and the η1-formato ligand
trans to each other. The structure revealed an Mo–O bond
length of 2.214(2) Å.[18,50,51] The Mo–N and N–B bond
lengths of 1.713(3) Å and 1.609(5) Å, respectively, are sim-
ilar to those of 10 and 14.

Reactions of 8 with 4,4�-dichlorobenzophenone and ace-
tophenone were completed at 60 °C in 1 d and at room tem-
perature in 3 d, respectively, to afford the corresponding
alkoxide complexes trans-Mo(OCHRR�)(NBEt3)(depe)2 [R
= R� = p-C6H4Cl (10); R = Ph, R� = Me (11)]. 4,4�-Dichlo-
robenzophenone was chosen as a model reagent for disub-
stituted aromatic ketones, because of difficulties faced in
the reaction of 8 with the parent benzophenone where two
products were obtained, which could not be separated. In
the 1H NMR spectrum compound 10 shows a singlet at δ
= 4.68 ppm and a characteristic signal at δ = 83.1 ppm in
the 13C NMR spectrum, both being attributed to the Mo–
OCH moiety. In a similar manner, the OCH moiety of com-
plex 11 was identified by a quadruplet at δ = 4.11 ppm
(3JHH = 6.3 Hz) in the 1H NMR spectrum and by a singlet
at δ = 75.1 ppm in the 13C NMR spectrum. Single crystals
of 10 suitable for X-ray diffraction analysis were obtained
by cooling a concentrated solution of 10 in diethyl ether
to –30 °C.
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As shown in Figure 5, the molybdenum center of 10 exhi-
bits a pseudooctahedral coordination environment similar
to that of the complexes mentioned before. This structure
shows an Mo–O bond length of 2.1781(16) Å, in the range
of those reported in related structures.[19,52] The Mo1–N1
bond length of 1.733(2) Å falls into the range of those ob-
served for 8 and 9, while the N1–B1 bond length of 1.612(4)
is similar to that in 9.

The insertion of CO into an activated LnM–H bond
could result in the formation of a formyl species. This reac-
tion has been proposed to be a key step in the homogeneous
hydrogenation of CO. However, the direct product of CO
insertion into an LnM–H bond to give a metal-bound for-
myl group has only rarely been observed,[53–57] because in
most cases this step is thermodynamically not favourable.
Despite this, metal-bound CO was found to insert into
strongly polar LnM–H bonds. Insertion of 8 with Fe(CO)5

and Re2(CO)10 was thus attempted affording the μ-formyl
complexes trans-Mo[(μ-OCH)Fe(CO)4](NBEt3)(depe)2 (12)
and trans-Mo[(μ-OCH)Re2(CO)9](NBEt3)(depe)2 (13).
Compound 12 was isolated as yellow crystals after
recrystallisation from a saturated toluene solution. In con-
trast to the reaction with Fe(CO)5, the reaction with
Re2(CO)10 in toluene reaches an equilibrium after 2 d which
is strongly shifted to the formyl side. Analytically pure
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Figure 4. Molecular structure of 9 (ellipsoids are drawn at the 30%
probability level). Selected bond lengths [Å] and angles [°]: Mo1–
N 1.713(3), Mo1–O1 2.214(2), N–B 1.609(5), O1–C21 1.234(4),
Mo1–N–B 177.5(3), N–Mo1–O1 179.07(13), Mo1–O1–C21
157.6(3). Selected hydrogen atoms and the disordered ethyl groups
on the phosphorus atom P3 and on the boron atom have been
omitted for clarity.

orange crystals of 13 were obtained by crystallization from
toluene. Among other resonances, the 1H NMR spectra of
12 and 13 show characteristic Hformyl signals at δ =
13.78 ppm and at δ = 14.91 ppm in a typical chemical shift
region reported for similar complexes.[14,17,19,52] The 31P
NMR spectrum displays a singlet for the four equivalent
phosphorus nuclei at δ = 52.2 ppm and at δ = 54.4 ppm for
12 and 13, respectively. In the low-field region the 13C
NMR spectra consist of a broad signal for the Cformyl atom
at δ = 293.2 ppm and δ = 289.5 ppm for 12 and 13, respec-
tively. In the IR spectrum of 12 the ν(CO) bands of the
Fe(CO)4 moiety appear at 2020, 1966 and 1870 cm–1 and in
the IR spectrum of 13 seven bands at 2094, 2070, 2025,
2007, 1969, 1935 and 1902 cm–1 are found, which were as-
signed to the ν(CO) vibrations of the Re2(CO)9 unit.

The X-ray structures of 12 and 13 are presented in Fig-
ures 6 and 7. Both coordination geometries around the Mo
centers possess a distorted octahedral arrangement. The μ-
formyl bond lengths in 12 [1.219(3) Å] and 13 [1.250(4) Å]
are noticeably different, with a longer separation in the rhe-
nium complex 13 indicating a stronger π-donation of the
Re2(CO)9 fragment.

The potential for hydrogenations using 8 was tested by
the reaction of the hydride with acetone in the presence of
a proton donor (PhOH) simulating a stoichiometric “ionic
hydrogenation”. The reaction of 8 with the phenol alone
was so fast that instantaneous formation of H2 and the
phenoxy complex 14 was observed (signal at δ = 4.45 ppm
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Figure 5. Molecular structure of 10 (ellipsoids are drawn at the
30% probability level). Selected bond lengths [Å] and angles [°]:
Mo1–N1 1.732(2), N1–B1 1.612(4), Mo1–O1 2.1781(16), Mo1–
N1–B1 177.1(2), N1–Mo1–O1 177.39(8), Mo1–O1–C27 147.98(16).
All hydrogen atoms and the disordered ethyl group of the phospho-
rus atom P2 have been omitted for clarity.

in the 1H NMR spectrum). A crystal of 14 suitable for an
X-ray analysis was obtained from a saturated diethyl ether
solution at –30 °C. The molecular structure of 14 shows the
molybdenum atom in pseudo-octahedral environment with
the phenoxy[58] group and the Et3BN ligand trans-disposed
to each other (Figure 8).

The hydrogenation of cyclohexene was also attempted
using 8 without the presence of an acidic substrate. A
Young NMR tube was pressurized with 1700 mbar H2 in
the presence of complex 8 (1%). After 12 d at 110 °C, 94%
of the cyclohexene was found to be hydrogenated to cyclo-
hexane. The 1H NMR spectrum of the reaction mixture
showed that the typical signals of the cyclohexene starting
material (δ = 5.59, 1.85, 1.46 ppm) decreased, while the
characteristic resonance for cyclohexane (δ = 1.34 ppm) ap-
peared. The presence of the cyclohexane was further con-
firmed by GC-MS. However, 8 could not be recovered. The
31P NMR showed the presence of the free depe phosphane
(δ = –17.9 ppm) among several unidentified signals indicat-
ing that 8 is a precursor to the irreversibly formed catalyti-
cally active species, which presumably coordinates only one
depe ligand.
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Figure 6. Molecular structure of 12 (ellipsoids are drawn at the
30% probability level). Selected bond lengths [Å] and angles [°]:
Mo–N 1.717(2), Mo–O1 2.3044(17), N–B 1.615(4), C–O 1.219(3),
Fe–C 1.933(3), Mo–O1–C1 145.10(18), Fe–C1–O1 132.0(2), N–
Mo–O1 173.27(9), Mo–N–B 175.7(2). All hydrogen atoms, except
H1, and the co-crystallized solvent molecule of toluene have been
omitted for clarity.

Conclusion

Two transition metal hydride complexes of the type
Mo(H)(L)(depe)2 [L = N (7), NBEt3 (8)] were prepared.
Since a high propensity for insertion reactions was found
for 8, but not for 7, hydridicity and reactivity of 8 were
investigated in detail. Even though this difference in chemi-
cal behaviour is yet unexplained, it indicates that slight al-
terations in the coordination sphere may cause rather pro-
nounced reactivity changes of the LnM–H bond; an impor-
tant circumstance for any hydride tuning efforts.

Experimental Section
General: Reagent grade benzene, toluene, pentane, diethyl ether and
tetrahydrofuran were dried and distilled from sodium benzophe-
none ketyl prior to use. MeOH was dried and distilled from Mg.
Literature procedures were used to prepare the following com-
pounds: 1,2-bis(diethylphosphanyl)ethane (depe)[59] and PMe3.[60]

Other reagents were purchased and used without further purifica-
tion. All the manipulations were carried out under nitrogen using
Schlenk techniques or a dry glovebox. IR spectra were obtained
with a Bio-Rad FTS-45 instrument and Raman spectra were ob-
tained with a Renishaw Labram Raman spectrometer. Mass spectra
were obtained with a Finnigan-MAT-8400 spectrometer. Gas
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Figure 7. Molecular structure of 13 (ellipsoids are drawn at the
40% probability level). Selected bond lengths [Å] and angles [°]:
Mo1–N1 1.712(3), Mo1–O1 2.350(2), N1–B1 1.625(5), C27–O1
1.250(4), Re1–C27 2.137(4), Re1–Re2 3.0511(3), Mo1–O1–C27
139.4(2), Re1–C27–O1 130.6(3), C27–Re1–Re2 91.26(10), N1–
Mo1–O1 173.63(12), Mo1–N1–B1 176.0(3). All hydrogen atoms,
except H27, have been omitted for clarity.

chromatography-mass spectra (GC-MS) were recorded with a Var-
ian-Chrompack CP-3800 gas chromatograph equipped with a Sa-
turn 2000 electron impact mass spectrometer (EI-MS). The samples
were carried by an He flow through a CP-SIL 8 CB-MS FS 30×25
(.25) column; flow: 1 mL/ min, split: 100:1, EI: 70 eV, isothermal
method at 30 °C. NMR spectra were measured with a Varian Mer-
cury 200 spectrometer at 81.0 MHz for 31P{1H}, with a Varian
Gemini 300 spectrometer at 300.1 MHz for 1H, 121.5 MHz for
31P{1H}, 75.4 MHz for 13C{1H} and 96.2 MHz for 11B{1H} and
with a Bruker-DRX-500 spectrometer at 500.2 MHz for 1H,
202.5 MHz for 31P{1H}, 125.8 MHz for 13C{1H}, 36.2 MHz for
14N and 32.5 MHz for 95Mo. Chemical shifts for 1H and 13C are
given in ppm relatively to TMS (SiMe4), the 31P{1H} NMR spectra
were referenced to 98% external H3PO4, 11B relative to Et2O·BF3,
14N relative to CH3NO2 and 95Mo relative to MoO4

2–. Elemental
analyses: Leco CHN(S)-932 instrument.

Preparation of trans-Mo(N2)2(depe)2 (1): Ligand depe (0.744 g,
3.61 mmol) was added dropwise to 20 mL of a THF suspension of
1% Na amalgam under nitrogen. Then sublimed MoCl5 (0.410 g,
1.5 mmol) was added and the brown solution was stirred for 18 h.
The solution was filtered twice through Celite which was then
rinsed with toluene. The solvent was removed under vacuum and
the resulting precipitate dissolved in 30 mL of toluene. The solution
was filtered further twice through Celite, and brought to a volume
of 12 mL under vacuum; 24 mL of MeOH was added to precipitate
the product at –30 °C within 15 h. The orange needles were filtered
off, washed with MeOH and then dried under vacuum. Yield of 1:
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Figure 8. Molecular structure of 14 (ellipsoids are drawn at the
30% probability level). Selected bond lengths [Å] and angles [°]:
Mo1–N1 1.719(2), Mo1–O1 2.1656(18), N1–B1 1.603(4), Mo1–
O1–C27 175.43(19), N1–Mo1–O1 178.05(10), Mo1–N1–B1
176.8(2). All hydrogen atoms and the disordered ethyl group on the
boron atom have been omitted for clarity.

0.592 mg, 1.04 mmol, 69%. 1H NMR (C6D6, 298 K, 300.1 MHz):
δ = 1.83 (m, 16 H, PCH2CH3), 1.35 [m, 8 H, P(CH2)2P], 1.09 (m,
24 H, PCH2CH3) ppm. 31P{1H} NMR (C6D6, 298 K, 121.5 MHz):
δ = 56.7 (s) ppm. 13C{1H} NMR (C6D6, 298 K, 75.4 MHz): δ =
23.7 [m, P(CH2)2P], 21.4 (m, PCH2CH3), 8.7 (m, PCH2CH3) ppm.
IR (KBr): ν̃ = 1921 [νasym(N2)] cm–1. Raman: ν̃ = 1997 [νsym(N2)]
cm–1. C20H48MoN4P4 (564.45): calcd. C 42.56, H 8.57, N 9.93;
found C 42.86, H 8.44, N 9.88.

Preparation of trans-Mo(N)(N3)(depe)2 (2): Complex 1 (0.507 mg,
0.90 mmol) was dissolved in 30 mL of THF in a round-bottomed
flask and trimethylsilyl azide (0.32 mL, 2.43 mmol) was added. The
mixture was refluxed for at least 1 h. The reddish solution was fil-
tered through Celite and concentrated under vacuum. The solid
was rinsed with pentane and dried under vacuum to afford a brown
solid. Yield of 2: 0.449 mg, 0.79 mmol, 88%. 1H NMR (C6D6,
293 K, 300.1 MHz): δ = 2.11–1.73 (m, 16 H, PCH2CH3), 1.52 [br.
m, 4 H, P(CH2)2P], 1.36 [br. m, 4 H, P(CH2)2P], 1.20 (m, 12 H,
PCH2CH3), 1.02 (m, 12 H, PCH2CH3) ppm. 31P{1H} NMR (C6D6,
293 K, 121.5 MHz): δ = 59.2 (br. s) ppm. 13C{1H} NMR (C6D6,
293 K, 75.4 MHz): δ = 22.2 [m, P(CH2)2P], 21.8 (m, PCH2CH3),
19.0 (m, PCH2CH3), 8.5 (s, PCH2CH3), 7.5 (s, PCH2CH3) ppm. IR
(ATR): ν̃ = 2022 [νasym(N3)], 977 [ν(Mo�N)] cm–1. Raman: ν̃ =
1342 [νsym(N3)] cm–1. C20H48MoN4P4 (564.45): calcd. C 42.56, H
8.57, N 9.93; found C 42.92, H 8.45, N 9.56.

Preparation of trans-[Mo(Cl)(NH)(depe)2][Cl] (3): Compound 2
(0.412 g, 0.73 mmol) was dissolved in 15 mL of MeOH and a few
drops of 32% aqueous HCl were added. A darkening of the red
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solution was observed. The solution was stirred for 15 min and
then the solvent was removed under vacuum. The precipitate was
dissolved in THF, the solution filtered through Celite, concentrated
under vacuum, and the residue washed three times with pentane
and dried under vacuum to yield a red powder. Yield of 3: 349 mg,
0.59 mmol, 80%. 1H NMR ([D8]THF, 295 K, 500.2 MHz): δ = 2.07
(m, 16 H, PCH2CH3), 1.92 [br. m, 8 H, P(CH2)2P], 1.21 (m, 24 H,
PCH2CH3) ppm. 31P{1H} NMR ([D8]THF, 295 K, 202.5 MHz): δ
= 47.5 (s) ppm. 13C{1H} NMR ([D8]THF, 295 K, 125.8 MHz): δ =
23.2 [m, P(CH2)2P], 19.0 (m, PCH2CH3), 8.3 (s, PCH2CH3) ppm.
C20H49Cl2MoNP4 (594.35): calcd. C 40.42, H 8.31, N 2.36; found
C 40.03, H 7.97, N 2.07.

Preparation of trans-Mo(Cl)(N)(depe)2 (4): Compound 3 (203.6 mg,
0.34 mmol) was suspended in 15 mL of toluene and a 0.6 m solu-
tion of NaN(SiMe3)2 in toluene (1.14 mL, 0.68 mmol) was added.
The precipitate was dissolved and the solution stirred overnight.
The brown solution was filtered through Celite and concentrated
under vacuum. Then 4 was extracted with pentane and the solution
concentrated under vacuum to yield a brown powder. Yield of 4:
123.5 mg, 0.22 mmol, 64%. 1H NMR (C6D6, 293 K, 500.2 MHz):
δ = 2.38 (m, 4 H, PCH2CH3), 1.88 (m, 4 H, PCH2CH3), 1.80 (m,
4 H, PCH2CH3), 1.75 (m, 4 H, PCH2CH3), 1.64 [br. m, 4 H,
P(CH2)2P], 1.41 [br. m, 4 H, P(CH2)2P], 1.27 (m, 12 H, PCH2CH3),
1.04 (m, 12 H, PCH2CH3) ppm. 31P{1H} NMR (C6D6, 293 K,
121.5 MHz): δ = 56.0 (s) ppm. 13C{1H} NMR (C6D6, 293 K,
125.8 MHz): δ = 22.4 [m, P(CH2)2P], 21.7 (m, PCH2CH3), 19.4 (m,
PCH2CH3), 9.0 (s, PCH2CH3), 7.8 (s, PCH2CH3) ppm. IR (KBr):
ν̃ = 984 [ν(Mo�N)] cm–1. Raman: ν̃ = 915 [ν(Mo�N)] cm–1. MS
(EI): m/z = 560 [M+], 353 [M+ – 1 depe]. C20H48ClMoNP4 (557.88):
calcd. C 43.06, H 8.67, N 2.51; found C 43.35, H 8.53, N 2.63.

Preparation of trans-Mo(η1-HBH3)(NBH3)(depe)2 (5): Complex 3
(1.0192 g, 1.71 mmol) was mixed with LiBH4 (28.8 mg, 8.59 mmol),
dissolved in 50 mL of THF. Evolution of gas, assumed to be H2,
was observed and the mixture was stirred overnight. The solution
was filtered through Celite and concentrated under vacuum. The
precipitate was dissolved in toluene, the solution filtered through
Celite twice and concentrated under vacuum to afford a brown
powder. Yield of 5: 502 mg, 0.91 mmol, 53%. 1H NMR ([D8]THF,
293 K, 500.2 MHz): δ = 2.17–1.93 (m, 16 H, PCH2CH3), 1.83 [br.
m, 8 H, P(CH2)2P], 1.44 (br., 3 H, BH3), 1.25 (m, 12 H, PCH2CH3),
1.18 (m, 12 H, PCH2CH3), –2.9 (q, 4 H, HBH3, 1JHB = 82 Hz)
ppm. 31P{1H} NMR ([D8]THF, 293 K, 202.5 MHz): δ = 47.0 (s)
ppm. 13C{1H} NMR ([D8]THF, 293 K, 125.8 MHz): δ = 22.5 [m,
P(CH2)2P], 19.8 (m, PCH2CH3), 19.4 (m, PCH2CH3), 9.1 (s,
PCH2CH3), 8.6 (s, PCH2CH3) ppm. 11B NMR ([D8]THF, 293 K,
160.5 MHz): δ = –15.9 (q, 1 B, NBH3, 1JHB = 88 Hz), –44.62
(quint, 1 B, HBH3, 1JHB = 82 Hz) ppm. IR (ATR): ν̃ = 2290 [ν(B–
H)] cm–1. C20H55B2MoNP4 (551.11): calcd. C 43.59, H 10.06, N
2.54; found C 43.27, H 10.35, N 2.24.

Preparation of trans-Mo(Cl)(NBH3)(depe)2 (6): Compound 3
(50.7 mg, 0.085 mmol) was mixed with LiBH4 (1.85 mg,
0.085 mmol), dissolved in 15 mL of THF. H2 gas evolution was
observed and the mixture was stirred overnight. The solution was
filtered through Celite and concentrated under vacuum; the precipi-
tate was dissolved in toluene, the solution filtered twice again
through Celite and concentrated under vacuum to yield a yellow
powder. Yield of 6: 39.2 mg, 0.069 mmol, 80%. 1H NMR (C6D6,
293 K, 300.1 MHz): δ = 2.4 (q, 3 H, BH3, 1JHB = 85 Hz), 2.17–1.93
(m, 16 H, PCH2CH3), 1.83 [br. m, 8 H, P(CH2)2P], 1.18 (m, 12 H,
PCH2CH3), 0.95 (m, 12 H, PCH2CH3) ppm. 31P{1H} NMR (C6D6,
293 K, 121.5 MHz): δ = 49.0 (s) ppm. 13C{1H} NMR (C6D6,
293 K, 75.4 MHz): δ = 21.7 [m, P(CH2)2P], 19.3 (m, PCH2CH3),
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18.1 (m, PCH2CH3), 9.1 (s, PCH2CH3), 8.2 (s, PCH2CH3) ppm.
11B NMR ([H8]THF, 293 K, 96.2 MHz): δ = –13.5 (q, 1 B, NBH3,
1JHB = 95 Hz) ppm. IR (ATR): ν̃ = 2287 [ν(B–H)] cm–1.
C20H51BClMoNP4 (571.72): calcd. C 42.01, H 8.99, N 2.45; found
C 41.88, H 8.95, N 2.23.

Preparation of trans-Mo(H)(N)(depe)2 (7): A mixture of 5 (502 mg,
0.91 mmol) with an excess of PMe3 (1.41 mL, 13.6 mmol) was dis-
solved in 40 mL of toluene in an autoclave. The autoclave was
placed in an oil bath at 120 °C for 11 d. The solution was concen-
trated under vacuum; 7 was extracted into pentane, the solution
filtered through Celite and concentrated under vacuum to yield a
red oil. Yield of 7: 347.5 mg, 0.66 mmol, 73%. 1H NMR (C6D6,
293 K, 500.2 MHz): δ = 1.54 [br. m, 24 H, P(CH2)2P, PCH2CH3],
1.14 (br. m, 24 H, PCH2CH3), –5.99 (quint, 1 H, Mo–H, 2JPH =
30 Hz) ppm. 31P{1H} NMR (C6D6, 293 K, 202.5 MHz): δ = 80.6
(s, 1JPMo = 102 Hz) ppm. 13C{1H} NMR (C6D6, 293 K,
125.8 MHz): δ = 28.2 [br., PCH2CH3, P(CH2)2P], 9.3 (br.,
PCH2CH3) ppm. 14N{1H} NMR (C6D6, 293 K, 36.2 MHz): δ =
–71.6 (s) ppm. 95Mo NMR (C6D6, 293 K, 32.5 MHz): δ = –2062
(quint, 1JPMo = 102 Hz) ppm. MS (EI): m/z = 526 [M+].
C20H49MoNP4 (523.4): calcd. C 45.89, H 9.44, N 2.68; found C
45.66, H 9.62, N 2.71.

Preparation of trans-Mo(H)(NBEt3)(depe)2 (8): Complex 4
(291.8 mg, 0.52 mmol) was dissolved in THF (40 mL) and a 1 m

solution of NaHBEt3 in THF (0.54 mL, 0.54 mmol) was added.
The reaction mixture was stirred at room temperature for 1 d. The
solvent was removed under vacuum and the precipitate was ex-
tracted into pentane, the solution filtered through Celite and con-
centrated under vacuum. The crude product was recrystallised from
a saturated diethyl ether solution by cooling to –30 °C to afford
yellow-orange crystals. Yield of 8: 385.5 mg, 0.48 mmol, 92%. 1H
NMR (C6D6, 293 K, 500.2 MHz): δ = 2.18 (br. m, 8 H, PCH2CH3),
1.65 (br. m, 4 H, PCH2CH3), 1.48 [br. m, 4 H, P(CH2)2P], 1.37 [br.
m, 4 H, P(CH2)2P], 1.36 (t, 9 H, BCH2CH3, 3JHH = 7.5 Hz), 1.25
(br. m, 4 H, PCH2CH3), 1.17 (m, 12 H, PCH2CH3), 0.77 (m, 12 H,
PCH2CH3), 0.68 (q, 6 H, BCH2CH3, 3JHH = 7.5 Hz), –6.23 (quint,
1 H, Mo–H, 2JPH = 36 Hz) ppm. 31P{1H} NMR (C6D6, 293 K,
202.5 MHz): δ = 65.5 (s) ppm. 13C{1H} NMR (C6D6, 293 K,
125.8 MHz): δ = 24.8 (m, PCH2CH3), 23.6 [m, P(CH2)2P], 23.5
(m, PCH2CH3), 18.9 (br., BCH2CH3), 12.7 (s, BCH2CH3), 9.2 (s,
PCH2CH3), 8.1 (s, PCH2CH3) ppm. 11B{1H} NMR (C6D6, 293 K,
160.5 MHz): δ = –1.7 (s, 1 B, NBEt3) ppm. IR (ATR): ν̃ = 1417
[ν(Mo–H)] cm–1. C26H64BMoNP4 (621.43): calcd. C 50.25, H
10.38, N 2.25; found C 50.18, H 10.49, N 2.22.

Preparation of trans-Mo(D)(NBEt3)(depe)2 (8a): Complex 8a was
obtained by an analogous procedure as for 8, using LiDBEt3 in-
stead of NaHBEt3. 2H NMR ([H8]toluene, 293 K, 76.79 MHz): δ
= –6.51 (br.) ppm. 31P{1H} NMR ([H8]toluene, 293 K,
202.5 MHz): δ = 65.1 (t, 2JPD = 5.4 Hz) ppm.

Preparation of trans-Mo[1η-OC(O)H](NBEt3)(depe)2 (9): The hyd-
rido complex 8 (42.4 mg, 0.068 mmol) was dissolved in 0.5 mL of
[D8]toluene in a Young NMR tube, which was put under 450 mbar
of CO2 at 77 K. The reaction mixture was warmed to room tem-
perature. The solution became light orange and after 30 min the
solvent and the excess of CO2 were removed under vacuum. The
compound was extracted into Et2O and the solution filtered
through Celite. Recrystallisation from Et2O at –30 °C afforded yel-
low crystals. Yield of 9: 31.9 mg, 0.048 mmol, 70%. 1H NMR
(C6D6, 293 K, 300.1 MHz): δ = 8.04 (s, 1 H, OCHO), 2.2 [br. m, 4
H, P(CH2)2P], 2.10 (br. m, 8 H, PCH2CH3), 1.64 [br. m, 4 H,
P(CH2)2P], 1.51 (br. m, 8 H, PCH2CH3), 1.19 (t, 9 H, BCH2CH3,
3JHH = 7.3 Hz), 1.11 (m, 12 H, PCH2CH3), 0.87 (m, 12 H,
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PCH2CH3), 0.55 (q, 6 H, BCH2CH3, 3JHH = 7.3 Hz) ppm. 31P{1H}
NMR (C6D6, 293 K, 121.5 MHz): δ = 52.3 (s) ppm. 13C{1H} NMR
(C6D6, 293 K, 125.8 MHz): δ = 166.0 (s, OCHO), 21.6 [m,
P(CH2)2P], 21.4 (m, PCH2CH3), 19.5(br., BCH2CH3), 18.0 (m,
PCH2CH3), 12.6 (s, BCH2CH3), 9.3 (s, PCH2CH3), 7.9 (s,
PCH2CH3) ppm. 11B{1H} NMR (C6D6, 293 K, 96.2 MHz): δ = 0.3
(br., 1 B, NBEt3) ppm. IR (ATR): ν̃ = 1611 [νasym(COO)], 1320
[νsym(COO)] cm–1. C27H64BMoNP4O2 (665.44): calcd. C 48.73, H
9.69, N 2.11; found C 48.91, H 9.75, N 2.15.

Preparation of trans-Mo[1η-OCH(PhCl)2](NBEt3)(depe)2 (10):
15.4 mg (0.061 mmol, 1.1 equiv.) of 4,4�-dichlorobenzophenone
was added to a [D8]toluene solution (0.7 mL) of Mo(H)(NBEt3)-
(depe)2 (34 mg, 0.055 mmol). After 1 d at 60 °C, the solvent was
removed under vacuum to afford a light orange powder. The pre-
cipitate was washed with pentane and then the product was ex-
tracted with diethyl ether. Crystallization from diethyl ether at
–30 °C gave yellow single crystals. Yield of 10: 37.9 mg,
0.043 mmol, 80%. 1H NMR ([D8]toluene, 293 K, 500.2 MHz): δ =
6.92 (d, 4 H, Ph, 3JHH = 8.4 Hz), 6.78 (d, 4 H, Ph, 3JHH = 8.4 Hz),
4.68 (s, CHO), 2.12–2.00 [br., 8 H, P(CH2)2P], 1.48 (br., 8 H,
PCH2CH3), 1.29 (br., 8 H, PCH2CH3), 1.06 (m, 12 H, PCH2CH3),
1.04 [t, 9 H, B(CH2CH3)3,

3JHH = 7.7 Hz], 0.79 (m, 12 H,
PCH2CH3), 0.35 [q, 6 H, B(CH2CH3)3,

3JHH = 7.4 Hz] ppm.
31P{1H} NMR ([D8]toluene, 293 K, 121.5 MHz): δ = 48.15 (s, 4 P)
ppm. 13C{1H} NMR ([D8]toluene, 293 K, 125,8 MHz): δ = 150.8
(s, i-Ph), 131.5 (s, p-Ph), 129.0 (t, Ph), 128.0 (t, Ph), 83.1 (s, OCH),
21.8–21.6 [m, P(CH2)2P and PCH2CH3], 20.9–20.1 [br.,
B(CH2CH3)3], 19.9 (PCH2CH3), 12.9 [s, B(CH2CH3)3], 9.1 (s,
PCH2CH3), 8.4 (s, PCH2CH3) ppm. 11B NMR ([D8]toluene, 293 K,
96.2 MHz): δ = 3.5 [br., B(CH2CH3)3] ppm. C39H72BCl2MoNOP4

(872.54): calcd. C 53.68, H 8.32, N 1.61; found C 53.67, H 8.36, N
1,63.

Preparation of trans-Mo[1η-OCH(Me)Ph](NBEt3)(depe)2 (11):
Complex 8 (36.8 mg, 0.059 mmol) was dissolved in 0.5 mL of C6D6

in a Young NMR tube. Then acetophenone (6.9 μL, 0.059 mmol)
was added by a micro-syringe. After 3 d of standing at room tem-
perature, the solution was concentrated under vacuum and the so-
lid was dissolved in diethyl ether, the solution filtered through Ce-
lite and put in a refrigerator at –30 °C where yellow crystals were
obtained. Yield of 11: 40.5 mg, 0.054 mmol, 92%. 1H NMR (C6D6,
293 K, 300.1 MHz): δ = 7.11–6.97 (m, 5 H, Ph), 4.11 [q, 1 H,
OCH(Me)Ph, 3JHH = 6.3 Hz], 2.20 (br. m, 8 H, PCH2Me), 1.75 [br.
m, 4 H, P(CH2)2P], 1.60–1.54 (br. m, 8 H, PCH2Me), 1.38 [br. m,
4 H, P(CH2)2P], 1.25 (t, 9 H, BCH2CH3, 3JHH = 7.5 Hz), 1.18 (m,
12 H, PCH2CH3), 0.96 (d, 3 H, OCHCH3Ph, 3JHH = 6 Hz), 0.92
(m, 12 H, PCH2CH3), 0.52 (q, 6 H, BCH2Me,

3JHH = 7.5 Hz) ppm.
31P{1H} NMR (C6D6, 293 K, 121.5 MHz): δ = 48.1 (s) ppm.
13C{1H} NMR (C6D6, 293 K, 125.8 MHz): δ = 128.0–126.7 (m,
Ph), 75.1 (s, OCHMePh), 30.3 [s, OCH(CH3)Ph], 21.8 [m, P(CH2)
2P], 21.4 (m, PCH2CH3), 19.9 (br., BCH2Me), 17.3–17.6 (m,
PCH2Me), 13.1 (s, BCH2CH3), 9.5 (s, PCH2CH3), 8.2 (s,
PCH2CH3) ppm. 11B{1H} NMR (C6D6, 293 K, 96.2 MHz): δ =
–2.5 (s, 1 B, NBEt3) ppm. C34H72BMoNP4O (741.58): calcd. C
55.07, H 9.79, N 1.89; found C 55.25, H 10.01, N 1.90.

Preparation of trans-Mo(NBEt3)[(μ-OCH)Fe(CO)4](depe)2 (12):
6.74 μL (0.05 mmol) of pentacarbonyliron was added to a [D8]tolu-
ene solution (0.7 mL) of hydride 8 (13 mg, 0.05 mmol). After
30 min at room temperature, the solution was filtered through Ce-
lite and the solvent was removed under vacuum to afford a light
orange powder. Then the product was extracted with toluene.
Crystallization from toluene at –30 °C gave yellow single crystals.
Yield of 12: 35.7 mg, 0.044 mmol, 88%. 1H NMR ([D8]toluene,
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293 K, 500.2 MHz): δ = 13.78 (s, CHO), 1.90–1.66 [br., 10 H,
P(CH2)2P and PCH2CH3], 1.65–1.44 (br., 8 H, PCH2CH3), 1.47–
1.34 [br., 10 H, P(CH2)2P and PCH2CH3], 1.02 (m, 12 H,
PCH2CH3), 0.98 [t, 9 H, B(CH2CH3)3,

3JHH = 7.8 Hz], 0.91 (m, 12
H, PCH2CH3), 0.34 [q, 6 H, B(CH2CH3)3,

3JHH = 7.7 Hz] ppm.
31P{1H} NMR ([D8]toluene, 293 K, 81.0 MHz): δ = 52.2 (s) ppm.
13C{1H} NMR ([D8]toluene, 293 K, 125 MHz): δ = 293.2 (br.,
OCH), 219.2 [s, Fe(CO)4], 21.9 [br., P(CH2)2P and PCH2CH3], 19.1
[br., B(CH2CH3)3], 18.4 (m, PCH2CH3), 12.4 [s, B(CH2CH3)3], 8.7
(s, PCH2CH3), 7.7 (s, PCH2CH3) ppm. 11B NMR ([D8]toluene,
293 K, 96.2 MHz): δ = 1.9 [br., B(CH2CH3)3] ppm. IR (ATR): ν̃ =
2020, 1966, 1870 {ν[Fe(CO)4]} cm–1. C31H64BFeMoNO5P4

(817.33): calcd. C 45.55, H 7.89, N 1.71; found C 45.19, H 8.04, N
1.91.

Preparation of trans-Mo(NBEt3)[(μ-OCH)Re2(CO)9](depe)2 (13):
1.06 equiv. (50.9 mg, 0.078 mmol) of Re2(CO)10 was added to a [D8]-
toluene solution (0.7 mL) of complex 8 (45.6 mg, 0.073 mmol). The
reaction proceeded smoothly at room temperature and seemed to
reach equilibrium after 2 d. The solvent was removed under vac-
uum and the excess of hydride was extracted with pentane.
Crystallization from toluene at –30 °C gave orange single crystals.
Yield of 13: 82.5 mg, 0.065 mmol, 88%. 1H NMR ([D8]toluene,
293 K, 300.1 MHz): δ = 14.91 (s, CHO), 1.92–1.82 [br., 10 H,
P(CH2)2P and PCH2CH3], 1.65–1.44 (br., 8 H, PCH2CH3), 1.47–
1.38 [br., 10 H, P(CH2)2P and PCH2CH3], 1.02 (m, 12 H,
PCH2CH3), 0.95 [t, 9 H, B(CH2CH3)3,

3JHH = 7.8 Hz], 0.88 (m, 12
H, PCH2CH3), 0.55 [q, 6 H, B(CH2CH3)3, 3JHH = 7.5 Hz] ppm.
31P{1H}NMR ([D8]toluene, 293 K, 121.5 MHz): δ = 54.4 (s) ppm.
13C{1H} NMR ([D8]toluene, 293 K, 75.5 MHz): δ = 289.5 (br.,
OCH), 196.2 [s, Re(CO)9], 21.8 [m, P(CH2)2P and PCH2CH3], 19.3
[br., B(CH2CH3)3], 18.3 (m, PCH2CH3), 11.4 [s, B(CH2CH3)3], 8.9
(s, PCH2CH3), 7.6 (s, PCH2CH3) ppm. 11B NMR ([D8]toluene,
293 K, 96.2 MHz): δ = 2.0 [br., B(CH2CH3)3] ppm. IR (ATR): ν̃
= 2094, 2070, 2025, 2007, 1969, 1935, 1902 {ν[Re2(CO)9]} cm–1.
C36H64BMoNO10P4Re2 (1273.95): calcd. C 33.94, H 5.06, N 1.10;
found C 34.23, H 5.22, N 1.12.

Preparation of trans-Mo(OPh)(NBEt3)(depe)2 (14): Complex 8
(34 mg, 0.055 mmol) was dissolved in 0.4 mL of [D8]toluene in a
Young NMR tube and phenol (6 mg, 0.064 mmol) was added. The
reaction occurred instantaneously. The solvent was removed under
vacuum and the residue was extracted into diethyl ether and the
solution filtered through Celite. The product 14 crystallized from
diethyl ether at –30 °C to afford yellow crystals. Yield of 14: 24 mg,
0.034 mmol, 61%. 1H NMR (C6D6, 293 K, 300.1 MHz): δ = 7.08
(d, 2 H, m-Ph, 1JHH = 7.5 Hz), 6.54 (t, 1 H, p-Ph, 1JHH = 7.8 Hz),
5.91 (d, 2 H, o-Ph, 1JHH = 8.1 Hz), 2.23 (br. m, 4 H, PCH2CH3),
2.14 (br. m, 4 H, PCH2CH3), 1.70 (br. m, 4 H, PCH2CH3), 1.63
[br. m, 8 H, P(CH2)2P], 1.38 (br. m, 4 H, PCH2CH3), 1.22 (t, 9 H,
BCH2CH3, 3JHH = 7.5 Hz), 1.18 (m, 12 H, PCH2CH3), 0.83 (m, 12
H, PCH2CH3), 0.55 (q, 6 H, BCH2CH3,

3JHH = 7.5 Hz) ppm.
31P{1H} NMR (C6D6, 293 K, 121.5 MHz): δ = 52.4 (s) ppm.
13C{1H} NMR (C6D6, 293 K, 125.8 MHz): δ = 129.0 (s, m-Ph),
119.5 (s, o-Ph), 114.0 (s, p-Ph), 21.8 [m, P(CH2)2P], 21.5 (m,
PCH2CH3), 19.5 (br., BCH2CH3), 17.3 (m, PCH2CH3), 12.9 (s,
BCH2CH3), 9.6 (s, PCH2CH3), 7.8 (s, PCH2CH3) ppm. 11B{1H}
NMR (C6D6, 293 K, 96.2 MHz): δ = –0.9 (br., 1 B, NBEt3) ppm.
IR (ATR, 22 °C): ν̃ = 1309 [ν(OPh)] cm–1. C32H68BMoNP4O
(713.53): calcd. C 53.86, H 9.61, N 1.96; found C 53.71, H 9.33, N
1.84.

Attempt of Stoichiometric “Ionic Hydrogenation” of Acetone by 8
in the Presence of Phenol: Compound 8 (6.3 mg, 0.01 mmol) was
dissolved in 0.4 mL of [D8]THF in a Young NMR tube. Then
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0.73 μL of acetone (0.58 mg, 0.01 mmol) and PhOH (1 mg,
0.01 mmol) were added. Formation of complex 14 was detected
by NMR spectroscopy. A product of hydrogenation could not be
observed.

Hydrogenation of Cyclohexene: To a [D8]toluene solution (0.7 mL)
of Mo(H)(NBEt3)(depe)2 (8) (3.8 mg, 0.006 mmol) was added
66 μL (0.65 mmol) of cyclohexene in a Young NMR tube. The reac-
tion mixture was degassed in 3 freeze-pump-thaw cycles. H2

(1400 mbar) was applied at 77 K. The catalytic reaction was carried
out at 110 °C. After 24 h, cyclohexane (8%) could be detected spec-
troscopically. In the 31P NMR spectrum characteristic signals of
the free phosphane ligand were observed. After an additional
period of 31 h, the amount of cyclohexane was 25% and it had
hardly changed after 45 h. Another flush of H2 (1739 mbar) was
then introduced at 77 K to the solution mixture. After 9 d at
110 °C, the amount of cyclohexane had reached 94%. Cyclohex-
ane: 1H NMR ([D8]toluene, 300 MHz, 20 °C): δ = 1.34 (s, 6 H).
GC-MS: tr = 1.63 min; m/z = 83 [M+].

X-ray Crystal Structure Analyses: Crystallographic data for com-
pounds 4, 6, 8–10 and 12–14 are collected in Tables 1 and 2. All
crystals were embedded in polybutene oil within a glove box,
mounted on glass fibers and fixed by a cold N2 stream of an Oxford
Cryogenic System at the diffractometer. Measurement temperatures
of 153(2) K for compound 6, 173(2) K for compound 4 and
183(2) K for the remaining compounds were used. An imaging
plate detector system (Stoe IPDS) with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) was used for the exposure of 222,
176, 200, 182, 200, 236, 300 and 187 images at constant times of
3.5, 3.0, 1.6, 8.0, 4.0, 6.0, 4.0 and 3.0 min per image.[61] The crystal-
to-image distances were set to 50 mm for 6, 8, 9, 10, 12 and 14, to
64 mm for 13 and to 70 mm for 4; φ-rotation (for 6 and 8) and φ-
oscillation modes (for 4, 9, 10, 12, 13 and 14) were necessary for
the increments of 1.7 and 1.1° or of 0.9, 1.0, 1.0, 1.1, 0.7 and 1.0°
per exposure in each case. The intensities were integrated by using
a dynamic peak profile analysis, and an estimated mosaic spread
(EMS) check was performed to prevent overlapping intensities. For
the cell parameter refinements, 7998 (4, 12 and 14), 8000 (8 and 9)
and 8001 reflections[61] (6, 10 and 13) were selected out of the whole
limiting spheres with intensities I � 6σ(I). A total of 59134, 12588,
43658, 37490, 53007, 33565, 43402 and 23754 reflections were col-
lected, of which 16225, 3869, 9585, 10353, 12539, 11856, 10343 and
11186 were unique after performing absorption correction and data
reduction (Rint = 16.02, 5.62, 8.57, 11.06, 8.70, 7.43, 4.99 and
8.77%). A total of 12, 10, 10, 11, 12, 12, 10 and 15 indexed crystal
faces were used for the numerical absorption corrections.[62] The
structures were solved with the merged unique data set after check-
ing for correct space groups. The Patterson method was used to
solve the crystal structures by applying the software options of the
program SHELXS-97.[63] The structure refinements were per-
formed with the program SHELXL-97.[63] The programs PLA-
TON[64] and PLUTON[65] were used to check the results of the X-
ray analyses. The crystal structure of compound 4 showed a super-
structure with three independent complexes in the asymmetric unit
of the monoclinic cell (space group P21/c). A complete check with
PLATON[64] did not suggest a higher symmetry system or space
group. Compound 6 crystallized in the centrosymmetric triclinic
space group P1̄. The Mo atoms of the structure lie on centers of
inversion; thus, only half of the molecule had to be refined. As a
consequence, a disorder between the NBH3 and Cl ligands was
observed. The hydrogen atoms of the BH3 group were located by
difference electron density calculations. The geometry of the BH3

group has been corrected by using B–H and H···H distance re-
straints and the coordinates of the H atoms were finally fixed dur-
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Table 1. Crystallographic details of 4, 6, 8 and 9.

4 6 8 9

Empirical formula C20H48ClMoNP4 C20H51BClMoNP4 C26H64BMoNP4 C27H64BMoNO2P4
Color orange yellow yellow yellow
Mr [gmol–1] 557.86 571.70 621.41 665.42
Crystal size [mm] 0.21×0.20×0.13 0.17×0.15×0.07 0.44×0.34×0.08 0.27×0.13×0.10
T [K] 173(2) 153(2) 183(2) 183(2)
λ(Mo-Kα) [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/c (14) P1̄ (2) P21/n (14) P21/n (14)
a [Å] 23.4140(13) 8.2157(8) 10.4337(8) 9.4820(11)
b [Å] 13.7435(7) 8.9506(9) 18.3864(10) 20.5582(19)
c [Å] 26.0626(13) 10.1080(10) 17.6487(15) 17.946(2)
α [°] 90 94.918(12) 90 90
β [°] 90.727(6) 98.569(12) 96.230(10) 97.262(13)
γ [°] 90 103.428(11) 90 90
V [Å3] 8386.0(8) 709.29(12) 3365.7(4) 3470.2(6)
Z 12 1 4 4
ρcalcd. [g·cm–3] 1.326 1.338 1.226 1.274
μ [mm–1] 0.801 0.790 0.595 0.586
F(000) 3528 302 1336 1424
Transmission range 0.850–0.903 0.877–0.947 0.747–0.945 0.891–0.960
2θ range [°] 2.15 � 2θ � 25.91 2.59 � 2θ � 30.32 2.63 � 2θ � 30.45 2.49 � 2θ � 30.38
Measured reflections 59134 12588 43658 37490
Unique reflections 16225 2351 9585 10353
I � 2σ(I) reflections 4924 2086 6777 5128
Parameters 740 131 312 330
Goodness-of-fit (for F2) 0.500 0.992 0.842 0.742
R1[I � 2σ(I)], R1(all data)[a] 0.0401, 0.1508 0.0263, 0.0311 0.0302, 0.0461 0.0453, 0.1103
wR2[I � 2σ(I)], wR2(all data)[a] 0.0590, 0.0760 0.0664, 0.0675 0.0667, 0.0695 0.0907, 0.1033
Δρmax/min 0.451/–0.541 0.300/–0.656 0.596/–1.086 0.859/–1.204

[a] R1 = Σ(Fo – Fc)/ΣFo; wR2 = {Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2}1/2.

Table 2. Crystallographic details of 10, 12, 13 and 14.

10 12 13 14

Empirical formula C39H72BCl2MoNOP4 C31H64BFeMoNO5P4, C36H64BMoNO10P4Re2 C32H68BMoNOP4
0.5C7H8

Color yellow yellow orange yellow
Mr [gmol–1] 872.51 863.38 1273.91 713.50
Crystal size [mm] 0.23×0.21×0.07 0.15×0.13×0.10 0.17×0.15×0.08 0.36×0.31×0.11
T [K] 183(2) 183(2) 183(2) 183(2)
λ(Mo-Kα) [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/n (14) P1̄ (2) P21/n (14) P21/n (14)
a [Å] 13.6170(14) 10.9338(15) 11.8594(8) 10.2952(11)
b [Å] 19.5423(17) 11.2735(17) 12.1646(7) 19.6339(19)
c [Å] 16.8397(14) 19.924(3) 32.705(3) 18.6052(17)
α [°] 90 96.882(17) 90 90
β [°] 91.283(11) 94.450(17) 98.271(9) 91.236(12)
γ [°] 90 116.307(15) 90 90
V [Å3] 4480.0(7) 2162.0(5) 4669.0(5) 3759.9(6)
Z 4 2 4 4
ρcalcd. [g·cm–3] 1.294 1.326 1.812 1.260
μ [mm–1] 0.585 0.810 5.624 0.544
F(000) 1848 910 2496 1528
Transmission range 0.883–0.962 0.886–0.936 0.662–0.422 0.848–0.936
2θ range [°] 2.82 � 2θ � 30.39 2.73 � 2θ � 30.37 2.09 � 2θ � 27.21 2.47 � 2θ �

30.42
Measured reflections 53007 33565 43402 41417
Unique reflections 12539 11856 10343 11186
I � 2σ(I) reflections 5568 6234 8139 6042
Parameters 451 423 507 367
Goodness-of-fit (for F2) 0.617 0.682 0.879 0.753
R1[I � 2σ(I)], R1(all data)[a] 0.0344, 0.0996 0.0356, 0.0897 0.0225, 0.0314 0.0395, 0.0857
wR2[I � 2σ(I)], wR2(all data)[a] 0.0562, 0.0649 0.0558, 0.0631 0.0530, 0.0541 0.0840, 0.0917
Δρmax/min 0.588/–0.992 0.718/–0.921 0.708/–0.849 1.083/–0.912

[a] R1 = Σ(Fo – Fc)/ΣFo; wR2 = {Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2}1/2.
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ing the last refinement. For compound 8 the position of the hydride
atom H27 was also located by difference electron density calcula-
tions but all its parameters were freely refined while the other posi-
tions of hydrogen atoms were calculated after each refinement cy-
cle. Compound 9 crystallized in the centrosymmetric monoclinic
space group P21/n. Large anisotropic displacement parameters
were observed for two ethyl groups on the boron atom and for one
ethyl group on the phosphorus atom P3. The disorder refinement
for these ethyl groups done with distance restraints improved signif-
icantly the result, the atomic splitting was kept and the correspond-
ing carbon atoms were refined isotropically. For compound 10 one
ethyl group on the phosphorus atom P2 was treated for disorder
and isotropically refined. Compound 12 crystallized in the triclinic
space group P1̄. One toluene solvent molecule cocrystallized with
the structure and is located near a center of inversion leading to a
disorder. Many FREE instructions were necessary to calculate the
positions of H atoms of the disordered toluene, and the corre-
sponding carbon atoms were refined isotropically. One ethyl group
on the boron atom B1 in compound 14 was found to be position-
ally disordered. All structures in this paper crystallize in centrosym-
metric triclinic or monoclinic space groups, except the structure of
2 given in the Supporting Information. CCDC-280778 to -280788
and CCDC-249319 (for 1–4, 6, 8–10 and 12–14) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP representations and crystallographic details of com-
pounds 1, 2 and 3.
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The First Coordination Polymers Based on Octahedral Hexahydroxo Rhenium
Cluster Complexes [Re6Q8(OH)6]4– (Q = S, Se) and Alkaline Earth Metal

Cations

Yuri V. Mironov,[a,b] Vladimir E. Fedorov,*[a] Hyunjin Bang,[b] and Sung-Jin Kim*[b]
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Seven novel octahedral cluster compounds [{Mg(H2O)5}2-
Re6S8(OH)6]·6H2O (1), [{Ca(H2O)3}2Re6S8(OH)6] (2), [{Ca-
(H2O)3}2Re6Se8(OH)6] (3), [{Sr2(H2O)10}Re6S8(OH)6]·6H2O
(4), [{Sr2(H2O)10}Re6Se8(OH)6]·6H2O (5), [{Ba2(H2O)8}-
Re6S8(OH)6] (6), and [{Ba2(H2O)8}Re6Se8(OH)6] (7) were pre-
pared by the direct reaction of K4[Re6S8(OH)6]·8H2O and
K4[Re6Se8(OH)6]·8H2O with the cations of the elements of
main group II. All compounds have been characterized by

Introduction

Octahedral rhenium clusters present an attractive class
of structural and functional building blocks for the design
of solids including coordination polymers and supramolec-
ular constructions.[1] Coordination polymer compounds
based on rhenium chalcohalide[2] and chalcogenide[3] clus-
ters have been known for a long time. Others were obtained
quite recently. One of the most developed building blocks
is the octahedral rhenium chalcogenide cluster complexes
of general formula Re6Q8L6 where Q = S, Se, Te and L =
an acido ligand or an organic donor group. There are two
groups of terminal ligand, L, that are suitable for inclusion
in such complexes with the appropriate partners. Firstly,
there is the ambidentate CN ligand; in this case the
[Re6Q8(CN)6]4–/3– building blocks act with the transition or
post-transition metals forming cyano-bridged inorganic
polymeric structures.[4] Secondly, it is possible to use spe-
cific organic molecules that can function as a bidentate-
bridge, and in this case mixed organic/inorganic polymers
are formed.[5]

Very recently[6] two novel cluster complexes
K4[Re6Q8(OH)6]·8H2O (Q = S, Se) were synthesized and
characterized. In a preceding contribution, we presented the
cluster anions [Re6Q8(OH)6]4– as promising new building
blocks for the construction of coordination polymers. In the
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single crystal X-ray diffraction. Compound 1 has a discrete
molecular structure, compounds 4 and 5 have a one-dimen-
sional chain structure, and compounds 2, 3, 6, and 7 crys-
tallize in two different types of two-dimensional layered
structure. This sulfur containing series has been charac-
terized by luminescent spectroscopy.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

present work a series of crystalline solids 1–7 are prepared
by the direct reaction of K4[Re6S8(OH)6]·8H2O and K4[Re6-
Se8(OH)6]·8H2O with the cations of the elements of main
group II.

[{Mg(H2O)5}2Re6S8(OH)6]·6H2O (1)
[{Ca(H2O)3}2Re6S8(OH)6] (2)
[{Ca(H2O)3}2Re6Se8(OH)6] (3)
[{Sr2(H2O)10}Re6S8(OH)6]·6H2O (4)
[{Sr2(H2O)10}Re6Se8(OH)6]·6H2O (5)
[{Ba2(H2O)8}Re6S8(OH)6] (6)
[{Ba2(H2O)8}Re6Se8(OH)6] (7)
Simple synthetic methods produce these complexes on a

large scale. All seven structures were elucidated by single-
crystal X-ray diffraction. Compound 1 has a discrete mol-
ecular structure, and compounds 4 and 5 are isostructural
and form a one-dimensional chain structure. Compounds 2
is isostructural with 3, and 6 is isostructural with 7; these
compounds form two types of two-dimensional layered
structure.

To date, only the ionic alkaline earth aqua complexes
[Ca(H2O)7][Re6Q6Cl8]·3H2O (Q = S, Se), [Ca(H2O)8]-
[Re6S6Cl8], and Mg(H2O)6[Re6S6Cl8]·2H2O have been re-
ported.[7]

Results

Structures

Compounds 1–7 contain hexahydroxo cluster anions
[Re6Q8(OH)6]4– (Q = S or Se) coordinated to M2+ cations,
where M = Mg, Ca, Sr, Ba. The structures of the [Re6-
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Q8(OH)6]4– (Q = S, Se) cluster anions are similar to those
observed in the starting materials, and to the well known
octahedral complexes of type [Re6Q8L6]4–with L = Cl–, Br–,
I–, CN–. The Re6 octahedron that resides inside a cube of
Q8 (S, Se) forms a system of Re–Re and Re–(μ3-Q) bonds.
Six terminal OH– ligands are coordinated to the Re atoms
with Re–O bond lengths in the following ranges: 2.090(6)–
2.093(6) Å (1), 2.100(4) Å (2), 2.124(3) Å (3), 2.077(7)–
2.096(6) Å (4), 2.080(6)–2.110(5) Å (5), 2.059(9)–
2.093(11) Å (6) and 2.083(7)–2.100(8) Å (7). The structures
of complexes with M2+ demonstrate a strong dependence
on the atomic size of the metal used.

Compound 1 has a discrete molecular structure (Fig-
ure 1) where the cluster anion [Re6S8(OH)6]4– is coordinated
to by two aqua cationic [Mg(H2O)5]2+ complexes in a trans
arrangement about the OH bridges. In this way each Mg
atom is coordinated to by 5 water molecules, with Mg–O
distances in the range of 2.052(7)–2.216(7) Å, and by the O
atom of the OH ligand of the cluster anion. The Mg–
O(OH) distance is equal to 2.046(7) Å, and the �Re–O–
Mg is equal to 138.0(3)°.

Figure 1. Structure of molecular complex [{Mg(H2O)5}2Re6S8-
(OH)6] in (1).

Compounds 2 and 3 have a two-dimensional layered
structure (Figure 2). Each Ca atom of compounds 2 and 3
is coordinated to by three water molecule O atoms with Ca–
O distances of 2.377(5) Å, and by three O atoms from the
OH ligands of three different cluster anions with Ca–O dis-
tances of 2.338(4) Å. This results in the formation of the
fac-isomer. Whereas each Ca atom is coordinated to by
three cluster anions, and each cluster anion is coordinated
to by six Ca atoms giving a Ca/cluster anion ratio of 2:1.
Interlayer distances are in the range excepted for hydrogen
bonds between the O atoms of the water molecules coordi-
nated to the Ca atoms and the O atoms of the OH groups
of the cluster anions in an adjacent layer (2.745 Å in 2 and
2.804 Å in 3).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 553–557554

Figure 2. Structure of [{Ca(H2O)3}2Re6S8(OH)6] (2): a) view along
the c-axes; b) view along the b-axes.

Compounds 4 and 5 form one-dimensional chain-like
structures (Figure 3). In these compounds cluster anions
are bonded by cationic dimers [Sr2(H2O)10]4+. Two Sr
atoms are bridged by two water molecules to form a dimer
with an Sr–Sr separation of 4.3140(19) Å in 4 and
4.3016(16) in 5 and Sr–O distances of 2.675(8) Å and
2.680(8) Å in 4 and 2.666(6) Å and 2.686(7) Å in 5. Ad-
ditionally each Sr atom is coordinated to by 4 terminal
water molecules (Sr–O distances are in the ranges of
2.555(8)– 2.603(9) Å in 4 and 2.551(7)–2.622(7) Å in 5) and
two O atoms of the OH ligands of the cluster anion [Re–
O(OH) distances equal 2.532(7) Å in 4 and 2.547(6) Å in 5].
Each Sr atom is connected to the Q atom of the cluster
anion with Sr–Q distances equal to 3.260(3) Å (4) and
3.3649(12) Å (5).

In compounds 6 and 7 (Figure 4) the Ba atoms also form
dimers but of a different type to the Sr dimers: two O atoms
of the OH ligands of the cluster anions bridge the Ba atoms.
The Ba–Ba distances in these compounds are equal to
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Figure 3. Structure of fragment of the [{Sr2(H2O)10}Re6S8(OH)6]n
chain in (4).

Figure 4. Structure of [{Ba2(H2O)8}Re6S8(OH)6] (6): a) view along
the c-axes; b) view along the b-axes.

Eur. J. Inorg. Chem. 2006, 553–557 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 555

4.352(2) Å in 6 and 4.4016(16) Å in 7, the Ba–O distances
for the bridged OH ligands are equal to 2.724(10) Å and
2.795(11) Å for 6, 2.708(7) Å and 2.799(7) Å for 7. Ad-
ditionally each Ba atom is coordinated to by four water
molecule O atoms [Ba–O distances are in range of
2.761(12)–2.86(3) Å (6) and 2.809(12)–2.92(2) Å (7)], and
one atom of a OH ligand of a cluster anion [Ba–O distances
are equal to 2.648(11) Å in 6 and 2.632(8) Å in 7]. The coor-
dination spheres of the Ba atoms are expanded by three Q
atoms of the cluster core [Ba–S distances in 6 are 3.537(4),
3.660(3) and 3.878(4) Å, and the Ba–Se distances in 7 are
3.5715(14), 3.7457(13) and 3.7883(14) Å]. In this way each
Ba dimer is coordinated to four cluster anions resulting in
the formation of two-dimensional layered structures. Fi-
nally, in compounds 6 and 7 four OH ligands coordinated
to the Ba atoms are associated with the anion clusters,
whereas the other two are terminal and are in a trans ar-
rangement about the dimer unit. The terminal OH groups
are hydrogen bonded to the O atoms of water molecules
coordinated to Ba atoms in an adjacent layer causing close
packing of the layers. The closest interlayer distances are
O(H2O)–O(OH) = 2.748 Å in 6 and 2.813 Å in 7.

Thus, the coordination numbers of the metal atoms in
these compounds vary from 6 for Mg and Ca to 8 for Sr,
and 10 for Ba.

Luminescence

The luminescent properties of the starting cluster com-
pound K4[Re6S8(OH)6]·8H2O and the thio complexes 1, 2,
4, 6 were studied. All compounds show similar behavior;
for example, upon excitation at 440 nm, the solid sulfur
containing samples K4[Re6S8(OH)6]·8H2O and 1, 2, 4 and
6 displayed photoluminescence maxima at 618, 621, 618,
619 and 625 nm, respectively (Figure 5). These results are
consistent with those previously reported for sulfide rhe-
nium clusters.[5f,6] Figure 6 shows a comparison of the emis-
sion spectra for the rhenium sulfide (2) and selenide (3)
cluster compounds. The emission maximum of the selenide

Figure 5. Solid-state emission (λexc = 440 nm) spectra of the com-
pounds K4[Re6S8(OH)6]·8H2O and 1, 2, 4, 6 (from top to bottom).
The maxima are observed at 618, 621, 618, 619 and 625 nm.
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cluster is shifted by about 40 nm to a longer wavelength
relative to the sulfide cluster, which is consistent with pre-
vious reports.[5f,8]

Figure 6. Solid-state emission (λexc = 440 nm) spectra of com-
pounds [{Ca(H2O)3}2Re6S8(OH)6] (2) and [{Ca(H2O)3}2-
Re6Se8(OH)6] (3). The maxima are observed at 619 and 659 nm.

Experimental Section
K4[Re6S8(OH)6]·8H2O and K4[Re6Se8(OH)6]·8H2O were prepared
as previously described.[6] All other reagents were commercially
available products of reagent grade quality, and were used as ob-
tained. All experiments were not performed under controlled atmo-
spheric conditions.

All compounds were obtained in 70–90% yield by mixing an aque-
ous solution of K4[Re6Q8(OH)6]·8H2O with the chloride or nitrate
salt of the corresponding metal. Crystals of compound 1 were ob-
tained in the presence of 1,3,5-trioxane. The formation of com-
pounds 2–5 may be forced by adding a few drops of DMF to the
reaction mixture.

Luminescence Measurements: The emission spectra of solid samples
of 1, 2, 3, 4, 6 were recorded in the wavelength range of 500 nm to
700 nm using a UV-Spectrofluorimeter equipped with a ORIEL
77200 monochromator and a Hamamatsu R928 PMT detector.
The Xe lamp (ORIEL photomax, 75 W) was used as a light source,
which emitted intense and relatively stable radiation in a con-
tinuous range of 200 nm to 800 nm. The excitation slit width was
1.56 mm, and the emission slit width was 60 μm.

X-ray Crystallography: Single crystal X-ray diffraction data were
collected on [{Mg(H2O)5}2Re6S8(OH)6] (1), [{Ca(H2O)3}2-
Re6Q8(OH)6] where Q = S (2), Se (3), [{Sr2(H2O)10}Re6Q8(OH)6]
where Q = S (4), Se (5), and [{Ba2(H2O)8}Re6Q8(OH)6] where Q =
S (6), Se (7). Data were collected with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) at 170 K (1, 3) and 293 K (2, 4,
5, 6, 7) with a Bruker Smart APEX CCD diffractometer with the
operating program SMART. A face-indexed absorption correction
was performed numerically with the use of XPREP. The program
SADABS was then employed to perform incident beam and decay
corrections. All structures were solved by direct methods and re-
fined (full-matrix least-squares on F2) with the SHELX-97 program
suite.[9]
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[{Mg(H2O)5}2Re6S8(OH)6]·6H2O (1): (M = 1812.60), crystal size
0.28×0.06×0.05 mm, triclinic space group P1̄, a = 8.4986(18) Å, b

= 8.6593(19) Å, c = 10.920(2) Å, α = 78.179(4)°, β = 85.273(3)°, γ
= 76.809(3)°, V = 765.3(3) Å3, Z = 1, ρcalcd. = 3.933 gcm–3, μ =
24.294 mm–1, 1.91 � θ � 28.22°, T = 173(2) K. Reflections: 4799
collected, 3406 unique (Rint = 0.0229), 2893 observed [I � 2σ(I)];
173 parameters refined with R = 0.0333 [I � 2σ(I)], wR2 = 0.0882
(all data), GOF = 0.996, residual electron density: +2.814 eÅ3,
–2.745 eÅ3.

[{Ca(H2O)3}2Re6S8(OH)6] (2): (M = 1663.98), crystal size
0.16×0.14×0.026 mm, trigonal space group P3̄, a = 8.3359(8) Å,
c = 9.3100(18) Å, V = 560.25(13) Å3, Z = 1, ρcalcd. = 4.932 gcm–3,
μ = 33.527 mm–1, 2.19 � θ � 28.03°, T = 293(2) K. Reflections:
3450 collected, 904 unique (Rint = 0.0394), 832 observed [I � 2σ(I)];
56 parameters refined with R = 0.0246 [I � 2σ(I)], wR2 = 0.0608
(all data), GOF = 1.046, residual electron density: +3.390 eÅ3,
–1.795 eÅ3.

[{Ca(H2O)3}2Re6Se8(OH)6] (3): (M = 2039.18), crystal size
0.28×0.20×0.01 mm, trigonal space group P3̄, a = 8.4729(6) Å, c

= 9.4353(14) Å, V = 586.61(11) Å3, Z = 1, ρcalcd. = 5.772 gcm–3, μ
= 43.719 mm–1, 2.78 � θ � 28.13°, T = 293(2) K. Reflections: 3667
collected, 927 unique (Rint = 0.0288), 859 observed [I � 2σ(I)]; 44
parameters refined with R = 0.0222 [I � 2σ(I)], wR2 = 0.0572 (all
data), GOF = 1.13, residual electron density: +1.551 eÅ3,
–1.616 eÅ3.

[{Sr2(H2O)10}Re6S8(OH)6]·6H2O (4): (M = 1939.22), crystal size
0.26×0.20×0.16 mm, triclinic space group P1̄, a = 8.7027(12) Å, b

= 9.2442(13) Å, c = 10.8666(15) Å, α = 87.545(2)°, β = 74.635(2)°,
γ = 73.721(2)°, V = 808.70(19) Å3, Z = 1, ρcalcd. = 3.982 gcm–3, μ
= 26.214 mm–1, 1.94 � θ � 28.25°, T = 293(2) K. Reflections: 5077
collected, 3587 unique (Rint = 0.0271), 3192 observed [I � 2σ(I)];
173 parameters refined with R = 0.0386 [I � 2σ(I)], wR2 = 0.1085
(all data), GOF = 1.057, residual electron density: +4.172 eÅ3,
–3.669 eÅ3.

[{Sr2(H2O)10}Re6Se8(OH)6]·6H2O (5): (M = 2314.42), crystal size
0.26×0.14×0.02 mm, triclinic space group P1̄, a = 8.8380(13) Å, b

= 9.3615(13) Å, c = 11.0489(16) Å, α = 86.906(2)°, β = 73.821(2)°,
γ = 72.735(2)°, V = 838.0(2) Å3, Z = 1, ρcalcd. = 4.586 gcm–3, μ =
33.488 mm–1, 2.28 � θ � 28.26°, T = 293(2) K. Reflections: 5255
collected, 3732 unique (Rint = 0.0199), 2981 observed [I � 2σ(I)];
173 parameters refined with R = 0.0317 [I � 2σ(I)], wR2 = 0.0935
(all data), GOF = 1.069, residual electron density: +2.536 eÅ3,
–1.956 eÅ3.

[{Ba2(H2O)8}Re6S8(OH)6] (6): (M = 1894.54), crystal size
0.18×0.03×0.02 mm, triclinic space group P1̄, a = 8.2413(14) Å, b

= 8.4332(15) Å, c = 9.4651(17) Å, α = 81.879(3) , β = 74.242(3) , γ
= 77.937(3) , V = 616.63(19) Å3, Z = 1, ρcalcd. = 5.102 gcm–3, μ =
33.185 mm–1, 2.24 � θ � 28.24°, T = 293(2) K. Reflections: 3898
collected, 2757 unique (Rint = 0.0253), 2166 observed [I � 2σ(I)];
137 parameters refined with R = 0.0426 [I � 2σ(I)], wR2 = 0.1139
(all data), GOF = 1.008, residual electron density: +4.294 eÅ3,
–3.040 eÅ3.

[{Ba2(H2O)8}Re6Se8(OH)6] (7): (M = 2269.74), crystal size
0.30×0.03×0.02 mm, triclinic space group P1̄, a = 8.4020(12) Å, b

= 8.5735(12) Å, c = 9.6420(14) Å, α = 81.049(3)°, β = 73.639(2)°, γ
= 77.308(2)°, V = 646.88(16) Å3, Z = 1, ρcalcd. = 5.826 gcm–3, μ =
42.241 mm–1, 2.21 � θ � 28.26°, T = 293(2) K. Reflections: 4076
collected, 2882 unique (Rint = 0.0279), 2225 observed [I � 2σ(I)];
137 parameters refined with R = 0.0340 [I � 2σ(I)], wR2 = 0.0879
(all data), GOF = 0.957, residual electron density: +2.288 eÅ3,
–1.875 eÅ3.
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Further details of the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository CSD
number filenames 415688–415694 (for 1–7).
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Platinum-Group Chelate Complexes with 9-Hydroxyphenalenone Derivatives:
Synthesis, Structures, Spectroscopic Properties and Cytotoxic Activities

Tomoyuki Mochida,*[a,b] Reiko Torigoe,[a] Takeo Koinuma,[a] Chika Asano,[a]

Tadaaki Satou,[c] Kazuo Koike,[c] and Tamotsu Nikaido[c]

Keywords: Platinum / Rhodium / Palladium / O ligands / Metal–metal interactions

The following platinum-group chelate complexes with 5-R-
9-hydroxyphenalenone (L1: R = H; L2: R = Me; L3: R = Pr)
have been prepared: [RhI(L)(CO)2] (1a: L = L1; 1b: L = L2; 1c:
L = L3), [PdII(L)2] (2a: L = L2; 2b: L = L3), [PtII(L1)(NH3)2](NO3)
(3), and (Bu4N)[PtII(L1)(Cl)2] (4). Compounds 1a and 1b are
different colors in the solid state: yellow and deep red,
respectively. X-ray analysis revealed that 1a has a regular π–
π stacking structure while 1b has a dimer-like arrangement
with a RhI–RhI distance of 3.2336(6) Å. Both solids were lumi-

Introduction

Platinum-group metal complexes with various ligands
have attracted growing attention in recent decades because
of their unique photochemical[1] and electronic properties.[2]

Here we report the use of hydroxyphenalenone as an ex-
tended π-conjugated ligand to explore a novel type of com-
plex. The phenalenyl system is an odd-alternant hydro-
carbon,[3,4] the unique properties of which have been widely
investigated. Haddon has reported the interesting properties
of spiro-biphenalenyl radicals, which exhibit electronic-
switching phenomena in the solid state.[5] Several transition-
metal complexes of phenalenyl derivatives have been re-
ported: a neutral palladium complex with a η3-phenalenyl
ligand was prepared by Nakasuji,[6] and some transition-
metal complexes with phenalenone-related ligands were
prepared in the 1970s.[7,8] More recently, metal chelate com-
plexes with 9-hydroxyphenalenones have been prepared, in-
cluding aluminum complexes for multilayer light-emitting
devices[9] and a luminescent europium complex.[10] How-
ever, no examples of phenalenone chelate complexes with
platinum-group metals have been reported. We are inter-
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nescent at 77 K. Compounds 2a and 2b are planar extended
π-conjugated complexes, which exhibit two-dimensional
stacking modes in the crystal. The solid-state structure of
complex 3 is hydrogen-bonded in a polar arrangement. The
cytotoxic activities of 1a, 3, and 4, evaluated in vitro against
HL60 human acute myeloid leukemia cell lines, were com-
parable to that of cisplatin.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ested in the antitumor potential of such complexes because
their planar π-conjugated nature might allow intercalation
into DNA to enhance cytotoxic activity.

In this study, we prepared chelate complexes of platinum-
group metals with 9-hydroxyphenalenone (HL1), its 5-
methyl derivative (HL2), and a 5-propyl derivative (HL3)
(Scheme 1). Use of the 5-alkyl derivatives improved the sol-
ubility of the complexes. We also tried, unsuccessfully, to
prepare a 5-tert-butyl ligand by a Friedel–Crafts or similar
condensation reaction. Here we report the preparation and
properties of [RhI(L)(CO)2] (1a: L = L1; 1b: L = L2; 1c: L
= L3), [PdII(L)2] (2a: L = L2; 2b: L = L3), [PtII(L1)(NH3)2]-
(NO3) (3), and (Bu4N)[PtII(L1)(Cl)2] (4). The molecular
structures were confirmed crystallographically, and the re-
markable difference in color between 1a and 1b was ration-
alized in terms of metal–metal interactions. Furthermore,
the cytotoxic activities of 1a, 3, and 4 against human acute
myeloid leukemia cells were evaluated.

Results and Discussion

Preparation and Spectroscopic Properties

Reaction of the 9-hydroxyphenalenone derivatives (HL1,
HL2, and HL3) with various metal sources in the presence
of base produced chelate complexes (Scheme 1). We pre-
pared the neutral complexes 1a–c and 2a–b, the anionic
complex 3, and the cationic complex 4 using methods anal-
ogous to the known preparations of chelate complexes of
platinum-group metals with acetylacetonate deriva-
tives.[11–15] We could not obtain platinum analogs of 2; sim-
ilar procedures afforded uncharacterizable black precipi-
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Scheme 1.

tates. Attempted syntheses of Magnus-type complexes using
3 and 4 failed.

The 1H NMR spectroscopic data for compounds 1–4 are
listed in Table 1 alongside the infrared stretching fre-
quencies of C=O and other characteristic vibrations. In 1a–
c and 2b, the signals for H2 and H4 exhibited downfield
shifts, while H3 was shifted upfield relative to their free li-
gand values. In 3 and 4, the ring protons showed slight up-
field shifts. The ligand C=O stretching bands were observed
at frequencies slightly lower than those of the free ligand.
In DMF solution, the lowest energy UV/Vis absorption
bands for HL1, HL2, and HL3 appeared at λmax = 449, 449,
and 438 nm, respectively. The lowest energy absorption
bands for the metal complexes were found at lower energies
than those of the ligands: λmax = 498 (2a), 497 (2b), 477 (3),
and 461 nm (4) in DMF, and at around λmax = 460 nm for

Table 1. 1H NMR chemical shifts [ppm] and IR stretching frequencies [cm–1] for ligands and complexes 1–4.

Comp. 1H NMR[a] IR[b]

Solvent H2, H8 (JH,H) H3, H7 (JH,H) H4, H6 (JH,H) R (JH,H) ν(C=O)

HL1 CDCl3 7.19 (9.16 Hz) 8.11 (9.80 Hz) 8.03 (9.16 Hz) 7.61 [R = H] 1585, 1633
(7.64 Hz)

HL1 [D6]DMSO 7.24 (9.16 Hz) 8.41 (9.16 Hz) 8.30 (7.32 Hz) 7.74 [R = H]
(7.64 Hz)

1a CDCl3 7.33 (9.16 Hz) 8.08 (9.16 Hz) 8.06 (7.32 Hz) 7.61 [R = H] 1577, 1625,
(7.62 Hz) 1999,[d] 2068[d]

3 [D6]DMSO 7.23 (9.16 Hz) 8.45 (9.16 Hz) 8.45 (9.16 Hz) 7.71 [R = H] 1579, 1628,
(7.32 Hz) 3246,[e] 1385[f]

4 [D6]DMSO 7.05 (9.16 Hz) 8.32 (9.80 Hz) 8.36 (7.92 Hz) 7.66 [R = H] 1579, 1628
(7.32 Hz)

HL2 CDCl3 7.16 (9.16 Hz) 8.04 (9.16 Hz) 7.84 2.61 [R = CH3] 1598, 1636
1b CDCl3 7.31 (9.16 Hz) 8.02 (9.16 Hz) 7.88 2.62 [R = CH3] 1592, 1630,

1992,[d] 2061[d]

2a [D7]DMF[c] 7.35 (9.16 Hz) 8.20 (9.16 Hz) 7.77 2.61 [R = CH3] 1594, 1630
HL3 CDCl3 7.16 (9.76 Hz) 8.06 (9.16 Hz) 7.84 0.99–2.86 [R = Pr] 1597, 1633
1c CDCl3 7.31 (9.16 Hz) 8.04 (9.16 Hz) 7.88 0.99–2.89 [R = Pr] 1593, 1631,

2004,[d] 2067[d]

2b CDCl3 7.45 (9.16 Hz) 7.93 (9.76 Hz) 7.85 0.98–2.86 [R = Pr] 1591, 1629

[a] Numbering of hydrogen is shown in Scheme 1. [b] KBr pellet. [c] Measured at 70 °C. [d] C�O stretch. [e] N–H stretch. [f] N–O stretch.
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1a–c in dichloromethane. Compounds 1a–c decomposed[16]

when heated in DMF or DMSO.
In the following sections, the structures and solid-state

properties of the individual complexes are described. Crys-
tal data, data collection parameters, and analysis statistics
are listed in Table 2, and selected bond lengths and bond
angles given in Table 3. ORTEP[17] drawings of the molecu-
lar structures of 1a, 2a, 3, and 4, as well as the packing
diagrams of 2b and 4, have been deposited as supporting
information.

[RhI(L1)(CO)2] (1a) and [RhI(L2)(CO)2] (1b)

The rhodium ion in these complexes is coordinated by
the phenalenone ligand and two CO ligands in a square
planar arrangement. The molecular geometries of 1a and
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Table 2. Crystallographic parameters for 1–4.

1a 1b 2a 2b 3 4

Empirical formula C15H7O4Rh C16H9O4Rh C28H18O4Pd C32H26O4Pd C13H13N3O5Pt C29H43Cl2NO2Pt
Formula weight 354.12 368.14 524.85 580.93 486.35 703.66
Crystal dimensions [mm] 0.5×0.25×0.25 0.1×0.02×0.9 0.2×0.13×0.04 0.4×0.1×0.08 0.5×0.25×0.25 0.4×0.3×0.3
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
a [Å] 9.9623(13) 9.1960(15) 7.4391(7) 7.5663(7) 11.525(2) 16.366(7)
b [Å] 4.5870(6) 10.0050(16) 8.5785(8) 9.7649(10) 5.916(1) 8.732(3)
c [Å] 14.3155(18) 15.178(2) 16.005(2) 16.4833(16) 10.528(2) 22.127(9)
β [°] 107.070(2) 107.407(3) 91.882(2) 100.641(2) 89.17(1) 116.303(6)
V [Å3] 625.36(14) 1332.5(4) 1020.8(2) 1196.9(2) 717.8(2) 2834.8(18)
Space group P21 (#4) P21/n (#14) P21/c (#14) P21/c (#14) Pc (#7) Cc (#9)
Z 2 4 2 2 2 4
Dcalcd. [g cm–3] 1.881 1.835 1.707 1.612 2.250 1.649
μ [mm–1] 1.374 1.294 0.946 0.814 9.763 5.145
F(000) 348 728 528 592 460 1408
No. of reflections 4634 9597 7661 8649 5363 12885
No. of observations 2768 3285 1837 2943 4714 5244
Diffractometer Bruker APEX Bruker APEX Bruker APEX Bruker APEX Rigaku Mercury Rigaku Mercury
Radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα

Refl./param. ratio 15.29 17.20 11.48 17.31 24.62 9.87
Temperature [K] 293 293 293 293 293 120
R1, Rw

[a] 0.0486, 0.1190 0.037; 0.069 0.030; 0.072 0.0353; 0.0775 0.046; 0.136 0.058; 0.147
Goodness of fit 1.01 1.05 1.11 1.06 1.14 1.01

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; Rw = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.

1b were almost identical; the structure of 1b, determined by
X-ray crystallography, is shown in Figure 1. Comparing the
intramolecular bond lengths of these complexes with those
of [RhI(acac)(CO)2] (acac = acetylacetone)[13] shows that
the Rh–O and C�O distances are shorter in the phenal-
enone complexes (by about 0.04 and 0.1 Å, respectively),
while the Rh–C(CO) distances are longer (by about 0.09 Å).
This suggests that the bonds between Rh and the chelating
ligand are somewhat stronger in the phenalenone com-
plexes.

The packing diagram of 1a is shown in Figure 2. The
crystal structure has a polar space group (P21), in which
the molecules are arranged in a column along the stacking
(b) axis. There is no intermolecular metal–metal bonding:
the intermolecular Rh···Rh distance is 4.587 Å. The pack-
ing of 1b is different from that of 1a and is shown in Fig-
ure 3. An intermolecular Rh–Rh interaction [Rh–Rh:
3.2336(6) Å] forms dimers, which have a staggered configu-
ration. In the crystal, the long molecular axes are located
within the a–c plane, and interdimer face-to-face stacking
interactions form columns along the b axis. The molecules
in adjacent columns are arranged such that their long axes
are orthogonal.

It is known that d8 metal complexes can associate
through metal–metal interactions in the solid state.[2a,18] In
[RhI(acac)(CO)2],[13] the molecules form one-dimensional
arrays with Rh···Rh distances of 3.26 Å. The Rh–Rh dis-
tance in 1b is comparable to that in RhI 1D chain com-
plexes and bridged dinuclear RhI complexes.[19–21]

Solutions of 1a and 1b were yellow and exhibited almost
identical absorption spectra, but 1b formed intense deep red
crystals while 1a remained yellow in the crystalline state.
Similar structure-dependent color change has been ob-
served previously in some platinum complexes.[22] Figure 4

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 558–565560

(a) and (b) show the absorption and emission spectra of
powder samples of 1a and 1b, respectively. Solid lines repre-
sent room temperature absorption spectra, obtained by ap-
plying a Kubelka–Munk conversion to reflectance spectra.
The absorption edge of 1a appears at around 500 nm while
that for 1b appears at around 600 nm; the lower energy of
1b’s absorption is consistent with its intense color. The
broken lines in Figure 4 represent the emission spectra at
77 K. Compound 1a exhibited red emission, with two
bands at λmax = 600 nm and λmax = 648 nm. Compound
1b exhibited a weak, broad band at λmax = 658 nm. These
complexes were emissive at 77 K but not room temperature,
and not in solution.

The low-energy absorption in 1b is a consequence of me-
tal–metal interactions. DFT calculations were carried out
using the crystallographically determined geometries of 1a
and 1b, and the frontier orbitals are plotted in Figure 5. In
1a, the HOMO (–6.22 eV) and LUMO (–2.69 eV) are of
predominantly ligand character with only a small contri-
bution from the metal d orbitals. The d orbitals’ contri-
bution is more significant for the HOMO and therefore the
lowest energy excitation is predominantly π–π* mixed with
an MLCT character. In contrast to 1a, the HOMO of 1b
(–5.48 eV) consists of metal dz2 orbitals; the d–d interaction
raises the energy level of the RhI–RhI σ-antibonding orbital
above that of the ligand orbital. The LUMO (–2.53 eV) is
a ligand-based orbital. Therefore, the intense color of 1b
is attributed to MLCT. Electronic absorptions from metal-
centered (4dz2 to 5pz) transitions in binuclear rhodium com-
plexes are mostly found between 550 and 600 nm,[20] but
the transition in 1b is of a different character because the
conjugation of the ligand lowers the π* level. The crystal
structure of 1c could not be determined but its yellow color
suggests that it has no metal–metal interactions.



Platinum-Group Chelate Complexes with 9-Hydroxyphenalenone Derivatives FULL PAPER
Table 3. Selected bond lengths [Å] and bond angles [°] with esti-
mated standard deviations in parentheses.

1a

Rh–O1 2.008(5) Rh–O2 2.007(5)
Rh–C14 1.848(8) Rh–C15 1.845(8)
O1–C1 1.285(8) O2–C3 1.285(8)
C1–C2 1.434(8) C1–C12 1.417(10)
C2–C3 1.428(8) C3–C4 1.431(9)
C14–O4[a] 1.125(10) C15–O3[a] 1.129(10)
O1–Rh–O2 88.8(2) C14–Rh–C15 88.2(4)
O1–Rh–C14 92.1(3) O2–Rh–C15 91.0(3)
C1–O1–Rh 128.9(4) C3–O2–Rh 129.1(4)
C2–C1–O1 125.2(6) C2–C3–O2 125.1(6)

1b

Rh–O1 2.018(2) Rh–O2 2.021(2)
Rh–C15 1.846(3) Rh–C16 1.839(3)
O1–C1 1.290(3) O2–C3 1.284(3)
C1–C2 1.431(3) C1–C12 1.433(3)
C2–C3 1.425(3) C3–C4 1.439(3)
C15–O4[a] 1.136(3) C16–O3[a] 1.133(6)
O1–Rh–O2 89.00(6) C15–Rh–C16 87.7(1)
O1–Rh–C15 91.97(9) O2–Rh–C16 91.34(9)
C1–O1–Rh 128.0(1) C3–O2–Rh 128.6(1)
C2–C1–O1 125.9(2) C2–C3–O2 125.6(2)

2a

Pd–O1 1.960(2) Pd–O2 1.978(2)
O1–C1 1.293(4) O2–C3 1.284(3)
C1–C2 1.421(4) C1–C12 1.434(4)
C2–C3 1.440(4) C3–C4 1.437(4)
O1–Pd–O2 93.38(8) Pd–O1–C1 125.4(2)
Pd–O2–C3 125.4(2) O1–C1–C2 126.6(3)
O2–C3–C2 126.1(3) C1–C2–C3 122.9(3)
O1–C1–C12 114.8(3) O2–C3–C4 115.6(3)

2b

Pd–O1 1.965(1) Pd–O2 1.972(1)
O1–C1 1.284(2) O2–C3 1.289(2)
C1–C2 1.437(2) C1–C12 1.432(3)
C2–C3 1.427(2) C3–C4 1434(3)
O1–Pd–O2 93.67(6) Pd–O1–C1 125.4(1)
Pd–O2–C3 125.2(1) O1–C1–C2 126.1(2)
O2–C3–C2 126.1(2) C1–C2–C3 123.4(2)
O1–C1–C12 115.5(2) O2–C3–C4 115.3(2)

3

Pt–N1 2.020(9) Pt–N2 2.025(10)
Pt–O1 1.962(7) Pt–O2 1.998(8)
O1–C1 1.31(1) O2–C3 1.31(1)
C1–C2 1.42(1) C2–C3 1.42(1)
C3–C4 1.43(1) C1–C12 1.42(1)
N1–Pt–N2 92.3(3) O1–Pt–O2 94.3(3)
O1–Pt–N1 86.6(3) O2–Pt–N2 86.9(4)
C1–O1–Pt 124.1(6) C3–O2–Pt 123.8(6)
C2–C1–O1 126.6(9) C2–C3–O2 125.9(9)

4

Pt–Cl1 2.284(5) Pt–Cl2 2.300(5)
Pt–O1 1.961(13) Pt–O2 1.975(10)
O1–C1 1.29(2) O2–C3 1.30(2)
C1–C2 1.42(2) C2–C3 1.44(2)
C3–C4 1.44(2) C1–C12 1.46(2)
Cl1–Pt–Cl2 91.8(2) O1–Pt–O2 93.7(5)
O1–Pt–Cl1 87.9(4) O2–Pt–Cl2 86.8(3)
C1–O1–Pt 125.5(10) C3–O2–Pt 124.5(8)
C2–C1–O1 126.5(13) C2–C3–O2 126.2(11)

[a] Carbonyl groups (C�O).
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Figure 1. ORTEP drawing of the molecular structure of 1b with
the atom-numbering scheme. The counterions are omitted. Dis-
placement ellipsoids are shown at the 50% probability level. The
numbering of the phenalenyl moiety is the same in the other com-
plexes.

Figure 2. (a) Packing diagram of 1a viewed along the b axis. (b)
Stacking arrangement of 1a.

Mononuclear RhI complexes are known to emit from
MLCT or π–π* intraligand excited states.[23] The emission
from 1a is assigned to vibronic progressions from the π–π*
excited state mixed with some MLCT character. Consistent
with this, a long emission lifetime of 2.0 ms was observed
for this band. Solid [RhI(acac)2(CO)2] also exhibits weak π–
π* emission as a structured band in the 430–530 region.[16]

Dinuclear RhI complexes often exhibit a strong red emis-
sion between 650 and 850 nm because of metal–metal inter-
actions,[21] but, in the case of 1b, the emission was very
weak. This might be a consequence of the highly conjugated
nature of the ligand.
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Figure 3. Packing diagram of 1b. The hydrogen atoms are omitted
for clarity. The dashed lines represent Rh–Rh interactions.

Figure 4. UV/Vis absorption spectra at room temperature (solid
lines) and emission spectra at 77 K (dashed lines) for solid samples
of (a) 1a and (b) 1b.

Figure 5. Frontier orbitals for (a) 1a and (b) 1b (dimer) derived
from DFT calculations.
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[PdII(L2)2] (2a) and [PdII(L3)2] (2b)

The molecular structures of 2a and 2b, determined by X-
ray crystallography, are almost identical. The coordination
of the palladium atom in each case is square planar, form-
ing an extended π-conjugated planar complex. The Pd–O
distances are comparable to those in the chelate complex
[Pd(acac)2].[12] The packing diagram of 2a is shown in Fig-
ure 6 (a), and the structure of 2b is almost identical, except
that the b axis is elongated (by 1.2 Å) because of the longer

Figure 6. (a) Packing diagram of 2a viewed along the a axis. The
hydrogen atoms are omitted for clarity. (b) Space-filling representa-
tion of the sheet structure of 2a within the ab plane. (c) ORTEP
drawing of the overlapping modes of 2a, viewed along the molecu-
lar plane.
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alkyl group. The packing diagram of 2b has been deposited
as supporting information. In both crystals, the palladium
atoms are located on the origin of the crystal lattice, and
the closest distances between palladium atoms are equal to
the a axis length: 7.439 Å for 2a and 7.566 Å for 2b. The
complexes form two-dimensional layered structures, con-
sisting of stacking of the planar molecules along the a axis.
The layered structure of 2a is shown in Figure 6 (b) as a
space-filling model. There are two stacking modes, as
shown in Figure 6 (c): type I stacking is formed between
molecules A and A� in Figure 6 (b), the symmetry code for
A� being x, 1 + y, z, and type II stacking is formed between
molecules A� and A��, the symmetry code for A�� being 1
+ x, 1 + y, z. The overlap between phenalenyl rings is larger
for type I than type II. The stacking modes of 2a and 2b
are similar, although the overlap of stacking type II is
slightly more significant in 2b, which results in stronger
intermolecular interactions. It is interesting to note that the
stacking structures of these complexes resemble those of
polycyclic aromatic compounds.

[PtII(L1)(NH3)2](NO3) (3) and (Bu4N)[PtII(L1)(Cl)2] (4)

Complex 3 shows an approximate C2v structure. The dis-
tances C(1)–C(2), C(2)–C(3), and C(3)–C(4) are about
1.42 Å, and Pt–O(1) and Pt–O(2) are about 1.96 Å. These
bond lengths are similar to the corresponding distances in
the chelate compounds [Pt(acac)2][24] and [PtCl2(acac)].[14]

Figure 7 shows the packing diagram. This complex has a
layered structure, with hydrogen-bonded sheets and hydro-
phobic phenalenone layers arranged alternately along the a
axis. The two ammine ligands are involved in intermo-
lecular hydrogen bonding with the nitrate counteranions
(N–H···O distances: 2.89 and 3.03 Å) to form a two-dimen-
sional zigzag hydrogen-bond network within the b–c plane.
Within the phenalenone layer, the aromatic rings have a
herring-bone-like arrangement. Furthermore, this crystal
has a polar space group (Pc), which is associated with a
hydrogen-bond-assisted arrangement of the phenalenone
complex, as seen in Figure 7. The face-to-face distance be-
tween the neighboring phenalenone planes along the b axis
is 4.5 Å. The intermolecular distance between the neighbor-

Figure 7. Packing diagram of 3 viewed along the b axis. The hydro-
gen atoms are omitted for clarity. The dashed lines represent hydro-
gen bonds.
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ing platinum atoms is 5.9 Å; no direct metal–metal interac-
tions are observed.

In complex 4, the lengths of the C–C and Pt–O bonds
are almost the same as those found in 3. The Pt–Cl dis-
tances are about 2.30 Å, which is comparable to the value
found in [PtCl2(acac)].[14] The tetrabutyl ammonium cation
and phenalenone complex anion are paired and arranged
alternately in the crystal. The distance between neighboring
platinum atoms is 8.73 Å; again, there were no metal–metal
interactions. The molecular structure and packing diagram
of 4 are deposited as Supporting Information.

Cytotoxic Activities

Antitumor activity, as typified by cisplatin (cis-
[PtCl2(NH3)2]), is an important feature of platinum-group
metal complexes.[25] In this study, we have evaluated the
cytotoxic activities of 1a, 3, and 4 against human acute my-
eloid leukemia (HL60) cells. The concentration of the metal
complexes giving a growth inhibition of 50% (IC50) was
evaluated in vitro by the MTT assay. The IC50 values (esti-
mated standard deviations) for 1a, 3, and 4 were 3.12 (0.37),
1.69 (0.51), and 3.62 (0.46) μmol/L, respectively. The ob-
served activities were of the same order, although 3 seems to
be somewhat more active than the others. Under the same
experimental conditions, the IC50 for cisplatin was 3.16
(0.50) μmol/L (control for 1a) and 2.19 (0.59) μmol/L (con-
trol for 3 and 4). Thus, the present compounds have the
same order of cytotoxic activity as cisplatin. However, the
activity is possibly due to the ligand, and, therefore, the
cytotoxicity of 9-hydroxyphenalenone needs to be evaluated
for discussion of the cytotoxicity of the metal complexes.

Conclusions
We have prepared a series of platinum-group metal com-

plexes with hydroxyphenalenone derivatives and investi-
gated their structures, properties, and cytotoxic activities. In
the solid state, the colors of the rhodium complexes 1a and
1b are very different; we attribute the intense color of the
latter to metal–metal interactions. These compounds were
emissive at 77 K in the solid state, but the highly conjugated
ligands might not be favorable for emission. In the crystals
of these rhodium complexes, change of ligand led to a dif-
ferent packing arrangement, but no corresponding change
in packing was seen in the palladium complexes 2a and 2b.
Complexes 2a and 2b exhibited interesting packing arrange-
ments. No metal–metal interactions were seen in these com-
plexes, but incorporation of a sterically hindered substituent
at the 5-position of the ligand might lead to a staggered
molecular arrangement and shortened metal–metal dis-
tances. The rhodium and platinum complexes exhibit note-
worthy cytotoxic activity. Future research into phenalenone
complexes might focus on the construction of one-dimen-
sional complexes with metal–metal interactions, and,
furthermore, use a redoxed ligand (that is, a phenalenyl
radical), which could interact with the one-dimensional
electronic system.
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Experimental Section
General Remarks: NMR spectra were recorded with a JEOL JNM-
ECL-400 spectrometer. Infrared spectra were recorded as KBr pel-
lets on a JASCO FTIR 230 spectrometer. UV/Vis spectra were re-
corded with a JASCO V-570 UV/Vis/NIR spectrometer. Solid-state
electronic absorption spectra were measured with the same spec-
trometer equipped with an integrating sphere for diffuse reflectance
spectroscopy, Kubelka–Munk conversion being applied to the re-
sultant spectra. Emission spectra were recorded with a JASCO FP-
6500 spectrometer. DFT calculations were performed with
Gaussian 98[26] software at the B3LYP level using a Lanl2DZ basis
set.

Cytotoxic Studies: The direct growth-inhibition effects of 1a, 3, and
4 were examined in vitro against HL60 human acute myeloid leuke-
mia cells. These cells were obtained from the RIKEN Cell Bank,
Japan. The HL60 cells were washed and suspended in the culture
medium at a concentration of 3×104 cells/mL, and this suspension
was incubated in 5 % CO2/air for 24 h at 37 °C. To this suspension
was added the metal complex dissolved in ethanol and water. Cis-
platin was used as control. These cells were further incubated for
72 h, and cell growth evaluated using a modified 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction
assay.[27] After termination of the cell culture, MTT in phosphate-
buffered saline was added to each well and incubated for 4 h in 5%
CO2/air at 37 °C. After adding DMSO, the plates were examined
using a microplate reader at 550 nm.

X-ray Crystallographic Study: X-ray diffraction data for single crys-
tals were collected on a Rigaku Mercury or a Bruker APEX CCD
diffractometer using Mo-Kα radiation (λ = 0.71073 Å). The struc-
tures were solved by the direct method (SHELXS 97[28]) and ex-
panded using Fourier techniques. The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were inserted at the calcu-
lated positions and allowed to ride on their respective parent atoms.

CCDC-259428 (for 1a), -259427 (for 1b), -259429 (for 2a), -259430
(for 2b), -259431 (for 3), and -259432 (for 4) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Ligands: The syntheses of 9-hydroxyphenalenone (HL1) and 9-hy-
droxy-5-methylphenalenone (HL2) were carried out according to
published methods,[29] and 9-hydroxy-5-propylphenalenone (HL3)
was prepared from 6-methoxy-2-propylnaphthalene[30] in the same
way as HL2. The crude product was purified by sublimation under
vacuum followed by recrystallization from hexane to give a yield
of 44%.

[RhI(L1)(CO)2] (1a): To a stirred DMF solution (1 mL) of [Rh-
(CO)2Cl]2 (15 mg, 3.9×10–5 mol), which was cooled in an ice bath,
9-hydroxyphenalenone (HL1) (16 mg, 8.1×10–5 mol) was added,
dissolved in a methanol solution of potassium hydroxide
(9.3×10–5 mol). A lustrous red powder precipitated immediately,
which was collected by filtration, washed with dichloromethane,
and dried under vacuum to afford a yellow powder; 57% yield
(16 mg). Yellow plate-like crystals suitable for X-ray crystallogra-
phy were obtained by recrystallization from dichloromethane/
pentane. λmax/nm (DMF): 266, 352, 368, 428, 452. C15H7O4Rh
(354.11): calcd. C 50.88, H 1.99; found: C 50.62, H 2.13.

[RhI(L2)(CO)2] (1b): This compound was prepared in the same way
as 1a, using 15 mg (8.5×10–5 mol) of 9-hydroxy-5-methylphenal-
enone (HL2). Red powder, 84% yield (24 mg). Red needle-like
crystals suitable for X-ray crystallography were obtained by
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recrystallization from dichloromethane/hexane. λmax/nm (DMF):
266, 356, 372, 436, 462. C32H18O8Rh2 (736.26): calcd. C 52.20, H
2.46; found C 51.92, H 2.60.

[RhI(L3)(CO)2] (1c): This compound was prepared in the same way
as 1a, using [Rh(CO)2Cl2] (22 mg, (5.7×10–5 mol), 9-hydroxy-5-
propylphenalenone (HL2) (26 mg, 1.1×10–4 mol), and potassium
hydroxide in methanol (1.0×10–4 mol), and stirring for 30 min. A
yellow powder was obtained in a quantitative yield. λmax/nm
(CH2Cl2): 369, 435, 462. C18H13O4Rh (396.18): calcd. C 54.57, H
3.31; found C 54.75, H 3.56.

[PdII(L2)2] (2a): 9-Hydroxy-5-methylphenalenone (HL2) (22 mg,
1.1×10–4 mol) and a methanol solution of potassium hydroxide
(1.6×10–4 mol) were added to a stirred aqueous solution (1 mL) of
K2PdCl4 (15 mg, 4.6×10–5 mol). An orange precipitate was gener-
ated immediately, which was collected by filtration, washed with
dichloromethane, and dried under vacuum. Orange needles, 92%
yield (22 mg). Single crystals suitable for X-ray crystallography
were obtained by slow cooling of a hot DMF solution. λmax/nm
(DMF): 367, 385, 498. C28H18O4Pd (524.82): calcd. C 64.07, H
3.46; found C 62.13, H 3.62.

[PdII(L3)2] (2b): This compound was prepared in the same way as
2a, using K2PdCl4 (16 mg, 4.8×10–5 mol), 9-hydroxy-5-propyl-
phenalenone (HL3) (22 mg, 9.2×10–5 mol), and potassium hydrox-
ide (1.2×10–4 mol), and heating for 30 min at 50 °C. Red-orange
powder, 80% yield (22 mg). Single crystals were obtained by
recrystallization from DMF. λmax/nm (DMF): 271, 369, 384, 466,
497. C32H26O4Pd (580.93): calcd. C 66.16, H 4.51; found C 65.94,
H 4.59.

[PtII(L1)(NH3)2](NO3) (3): Silver nitrate (44 mg, 2.6×10–4 mol) was
added to a solution of cis-Pt(NH3)2Cl2 (40 mg, 1.3×10–4 mol) in
methanol/water (1:3 v/v, 1 mL) . This solution was stirred in the
dark at 60 °C for 3 h, and then the AgCl was removed by filtration
(Celite plug). 9-Hydroxyphenalenone (HL1) (26 mg, 1.3×10–4 mol)
and a methanol solution of potassium hydroxide (1.3×10–4 mol)
were added to this solution of cis-[Pt(NH3)2(H2O)2](NO3)2. After
stirring for 3 h at 60 °C, the solvent was removed by vacuum evapo-
ration. Orange powder, 54% yield (31 mg). Orange needle-like crys-
tals suitable for X-ray crystallography were obtained by recrystalli-
zation from DMF/diethyl ether. λmax/nm (DMF): 378, 395, 452,
477. C13H13N3O5Pt (486.36): calcd. C 32.11, H 2.69, N 8.64; found
C 31.95, H 2.72, N 8.71.

(Bu4N)[PtII(L1)(Cl)2] (4): A 10% tetrabutylammonium hydroxide/
methanol solution (250 mg, 9.6×10–4 mol) was added to a stirred
methanol solution (0.3 mL) of 9-hydroxyphenalenone (HL1)
(9.7 mg, 4.9×10–5 mol). This solution was transferred to a test
tube, and a methanol solution (2 mL) of K2PtCl4 (20 mg,
4.8×10–5 mol) and 18-crown-6 (60 mg, 2.3×10–5 mol) was layered
over the solution and allowed to react slowly by diffusion. Over a
few days, the color of the solution changed from orange to red,
and a black powder was gradually deposited. The powder was re-
moved by filtration, and the filtrate concentrated to a small volume
on a rotary evaporator. After adding a small amount of water, the
solution was cooled in an ice bath for about 1 h. A red powder
precipitated, which was collected by filtration, washed with dichlo-
romethane, and dried under vacuum. Red powder, 26% yield
(8.8 mg). Needle-like crystals suitable for X-ray crystallography
were obtained by recrystallization from DMF/diethyl ether. λmax/
nm (DMF): 350, 414, 438, 461. C29H43Cl2NO2Pt (703.64): calcd.
C 49.50, H 6.16, N 1.99; found C 48.95, H 6.07, N 2.06.

Supporting Information: (see footnote on the first page of this arti-
cle) ORTEP drawings of the molecular structures of 1a, 2a, 3, and
4, and packing diagrams of 2b and 4 are provided.
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The reaction of 1,6-diiodo-C4B2 nido-carborane derivative 1
with RC2Li (R = Me, SPh) yields the corresponding carboran-
ylacetylenes 2b,c. Treatment of the PPh2-substituted nido-
carborane 3a with PhC2ZnCl in the presence of a catalytic
amount of Pd(PPh3)4 leads to the known basal-substituted
nido-carboranylacetylene 2a. The synthesis of apical-substi-
tuted compound 4b is achieved by the substitution of 3b by a
Pd0-catalyzed Nigishi-type cross-coupling reaction; the basal
boron atom is blocked by the n-butyl group. The 1,3-dicar-
boranyl-substituted (η4-cyclobutadiene)cobalt complexes
5a,c are obtained from the reactions of 2a,c with stoichiomet-

Introduction

Over the past decades numerous functionalized carbor-
anes were synthesized,[1] and their properties have been ex-
tensively investigated by both theoretical[2] and experimen-
tal analyses.[3] A large number of carborane derivatives are
used in medicinal and pharmaceutical applications.[4] The
reactivity of carboranylacetylenes towards transition-metal
complexes has received relatively little attention. In 1973,
Hawthorne et al.[5] reported the first generation of 1,2,4-
tris(closo-1,2-C2B10H11-1-yl)benzene by the reaction of 1-
ethynyl-1,2-carborane with a catalytic amount of bis(acry-
lonitrile)nickel(0). Michl et al.[6] presented a convenient
route to synthesize tris(1,12-carboranyl)-substituted ben-
zene derivatives by a palladium-catalyzed cross-coupling of
three 1,12-dicarba-closo-dodecaboranyl units to a 1,3,5-tri-
halobenzene. In 1982, a series of σ-1-ortho- and σ-1-meta-
carboranylacetylenides of copper, silver, palladium, plati-
num, and iron were synthesized by Zakharkin and his co-
workers.[7] In 2003, Grimes[8] published an account on clus-
ter formation between a 1,3,5-tris(carboranylacetylene)ben-
zene and Co2(CO)8. Very recently, we reported cobalt-medi-
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ric amounts of CpCo(C2H4)2. The 1,6-dialkynyl carborane 6
reacts regioselectively at the basal acetylene group with a
stoichiometric amount of CpCo(CO)2 to give 1,3-dicarbor-
anyl-substituted (cyclobutadiene)cobalt complex 7. The di-
carboranyl-substituted (cyclopentadienone)cobalt complex 8
is formed by the reaction of compound 4b with CpCo(CO)2.
The new compounds are characterized by NMR spec-
troscopy, mass spectrometry, and by X-ray crystal structure
analyses for 5a and 8.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ated dimerization reactions of apically alkynyl-substituted
closo-C2B5 carboranes with cobalt complexes.[9] While the
inherent scope and reaction efficiencies are found to be lim-
ited, the study introduces the attractive prospect that small
alkynyl-substituted carboranes might be utilized for metal-
mediated dimerization reactions. Here we report the synthe-
sis of functionalized nido-C4B2 carboranes and the reac-
tions of some of the alkynyl-substituted derivatives with co-
balt complexes.

Results and Discussion

Preparation and Characterization of C4B2 nido-
Carboranylacetylenes 2b,c

Because of the easy accessibility and high stability of the
peralkylated 2,3,4,5-tetracarba-nido-hexaboranes(6)[10] (in
comparison with the parent C4B2H6

[11]), their reactivity has
drawn special attention.[12,13] To investigate substitution re-
actions of C4B2 nido-carboranes, functional groups other
than alkyl or aryl groups are needed at the boron atom(s).
Wrackmeyer et al.[12] and more recently our group[14] no-
ticed that nucleophilic substitutions proceeded smoothly at
the basal boron atom to give the corresponding carboranes
with organyl, stannyl, diphenylphosphanyl, N-bonded (μ-
NS)Fe2(CO)6 groups, as well as with the [CpFe(CO)2]
group. However, even the presence of an excess of nucleo-
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phile was not enough to achieve substitution at the apical
boron atom.[12,14]

Analogously, nucleophilic substitution reactions of
2,3,4,5-tetraethyl-1,6-diiodo-2,3,4,5-tetracarba-nido-hexa-
borane(6) (1) with RC2Li (R = Me, SPh) led to the corre-
sponding basal-substituted carborane derivatives 2b,c in
high yields (Scheme 1). In agreement with the findings of
Wrackmeyer et al.[12] and our recent results,[14] an excess of
lithium acetylides did not effect additional substitution at
the apical boron atom. Compounds 2b,c (light yellow oils)
were characterized by 1H-, 13C-, and 11B NMR spec-
troscopy, as well as by mass spectrometry. The nido-C4B2

framework is retained, and little difference is found in the
1H- and 13C NMR spectra in comparison to that of com-
pound 1. In the 11B NMR spectra of 2b,c the basal boron
atoms give signals at δ = 10–12 ppm, which are only slightly
shifted downfield from that of 1 (δ = 5.5 ppm), while the
shifts of the signals for the apical boron atoms are the same
as that of the starting carborane 1 (δ = –52.7 ppm).

Scheme 1.

The 1H NMR spectrum of 2b exhibits the signals (δ =
1.2–2.4 ppm) for the ethyl groups, in addition to the methyl
resonance (δ = 1.98 ppm). In the 13C NMR spectrum, a
signal (δ = 112.4 ppm) is found for the skeletal carbon
atoms nonadjacent to the basal boron atom, whereas the
signals for the boron-bound carbon atoms and for the acet-
ylene carbon atoms are not observed. Similarly, the 1H
NMR spectrum of 2c shows the signals (δ = 1.3–2.4 ppm)
for the ethyl groups along with the multiplets (δ = 7.2–
7.6 ppm) for the aryl protons. The 13C NMR spectrum fea-
tures a signal at δ = 113.0 ppm for the skeletal carbon
atoms nonadjacent to the basal boron atom; however, the
signals for the boron-bound carbon atoms and the acety-
lene carbon atoms are not detected. EI-MS data confirm
the identity of carboranes 2b,c through the appearance of
the molecular ion peaks with the correct isotopic pattern.

Substitution Reactions at the Apical Boron Atom of 3a

In most of the cases, the apical boron–halogen bonds are
found to be inert;[12,14] however, substitution reactions can
be achieved by Pd0-catalyzed Nigishi-type cross-coupling
reactions.[15] Analogously, an attempt to prepare the car-
borane 4a by the reaction of 3a with PhC2ZnCl in the pres-
ence of a catalytic amount of Pd(PPh3)4 was not successful,
as the known carborane 2a[14] was obtained by the substitu-
tion of PPh2 at the basal boron atom (Scheme 2).
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Scheme 2.

On the other hand, treatment of compound 3b with
PhC2ZnCl in the presence of a catalytic amount of
Pd(PPh3)4 led to the expected carborane 4b in moderate
yield (Scheme 3). Compound 4b (yellow oil) was charac-
terized by 1H-, 13C-, and 11B NMR spectroscopy, as well as
by mass spectrometry. The 11B NMR signal of the substi-
tuted apical boron atom is shifted only slightly downfield
to δ = –50.5 ppm, whereas the chemical shift for the basal
boron atom remains the same as that for 3b (δ = 19 ppm).
In the EI mass spectrum of 4b, the molecular ion peak ap-
pears at m/z = 344 with the expected isotopic distribution.

Scheme 3.

Formation of Bis(carboranyl)cyclobutadiene Cobalt
Complexes 5 and 7

No reaction was observed between carboranylacetylene
derivatives 2 with catalytic and stoichiometric amounts of
CpCo(CO)2 in refluxing toluene for several days, as moni-
tored by 11B NMR spectroscopy. However, adding
CpCo(C2H4)2 to the reaction mixture and refluxing for an
additional two days, followed by column chromatography
afforded the 1,3-dicarboranyl-substituted CpCo(η4-cyclo-
butadiene) complexes 5a,c (Scheme 4). No reaction was ob-
served with 2d,e.

The trans-1,3-isomers are sterically favored, as confirmed
by the solid-state structure of 5a. However, several known
complexes have cis-bis(trimethylsilyl)cyclobutadiene li-
gands.[16] The stereochemistry problem was resolved une-
quivocally by the analysis of the major peaks in the mass
spectra with respect to the degradation of the cyclobutadi-
ene ring. In general, three different acetylene molecules are
released from the molecular ion of the cis isomer, whereas
only one acetylene molecule is released from the trans iso-
mer.[17] Here, in both of 5a and 5c, only a single acetylene
molecule was released from the molecular ion. Therefore,
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Scheme 4.

the mass spectra clearly provide evidence for trans isomers.
The 11B NMR signals of 5a,c for the basal boron atoms are
shifted downfield to δ = 18 ppm, while the chemical shifts
for the apical boron atoms remain the same as those for in
the starting carboranes (δ = –52 ppm). The 1H NMR spec-
tra of 5a,c show the multiplets (δ = 7.1–7.6 ppm) for the
aryl hydrogen atoms in addition to the Cp resonances (δ =
4.95 and 5.10 ppm). In the 13C NMR spectra, the signals (δ
= 84–86 ppm) for the Cp–C are observed, but the signals
for the four quaternary carbon atoms of the cyclobutadiene
ring are not found.

The structure of 5a was characterized by performing a
single-crystal X-ray diffraction analysis. Two independent
molecules were found in the asymmetric unit with very sim-
ilar distances and angles; the structure of one molecule is
shown in Figure 1. It reveals almost equal C–C bond
lengths within the cyclobutadiene ring, and none of the
phenyl groups lie in the C4 plane. The conformation is
highly influenced by the bulky C4B2 nido-carboranyl
groups, which are oriented away from the metal center.

Regioselective reactivity of the carboranylacetylene de-
rivative 6[14] towards cobalt complexes CpCoL2 (L = CO,
C2H4) was observed. In the reactions of CpCoL2 with the
C4B2 nido-carborane 6 containing two acetylene moieties at
the boron atoms, only the basal boron-substituted acetylene
unit undergoes cyclobutadiene ring formation to give 7
(Scheme 5). The 11B NMR spectrum of complex 7 exhibits
signals at δ = 15 and –50.4 ppm; the latter value for the
apical boron atom is shifted slightly downfield relative to
that of the starting carborane 6. The mass spectrum shows
the molecular ion peak with the expected isotopic pattern.

Scheme 5.
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Figure 1. Molecular structure of 5a in the solid state; hydrogen
atoms are omitted for clarity; selected bond lengths [Å] and bond
angles [°]: C1–B1 1.559(6), C3–B3 1.549(6), C1–C2 1.471(5), C2–
C3 1.480(5), C3–C4 1.465(5), C4–C1 1.466(5), B2–I1 2.131(5), B4–
I2 2.114(5), B1–B2 1.943(6), B3–B4 1.820(6), C1–C2–C3 91.2(3),
C2–C3–C4 88.2(3), C3–C4–C1 92.0(3), C4–C1–C2 88.5(3), B1–B2–
I1 144.5(3), B3–B4–I2 141.6(3). Only one of the two independent
molecules is shown to provide a better overview.

(η5-Cyclopentadienyl)(η4-2,5-bis-carboranyl)(cyclopenta-
dienone)cobalt Complex 8

To investigate the reactivity of the apical boron-bound
acetylene group, the carboranylacetylene derivative 4b was
prepared (see earlier), in which the basal boron atom is
blocked by the n-butyl group. Interestingly, the reaction of
compound 4b with a stoichiometric amount of CpCo-
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Scheme 6.

(CO)2 led to the 2,5-dicarboranyl-substituted (η4-cyclocy-
clopentadienone)cobalt complex 8 in good yield
(Scheme 6). It was characterized by 1H-, 13C-, and 11B
NMR spectroscopy, mass spectrometry, and X-ray crystal
structure analysis. As expected, the 11B NMR signal of the
apical boron atom is shifted downfield to δ = –44.4 ppm.
The 1H NMR spectrum of 8 shows a singlet at δ = 4.95 ppm
for C5H5, in addition to the phenyl group resonances (δ =
6.90–7.63 ppm). In the 13C NMR spectrum, the signals for
the Cp–C and carbonyl groups are observed at δ = 81.7 and
188.1 ppm, respectively, while the signals for the cyclopen-
tadienone ring are not found. The IR spectrum of 8 shows
a band at ν̃ = 1593 cm–1, and the appearance of the molecu-
lar ion peak with the correct isotopic distribution in the EI-
MS data confirms the identity.

The solid-state structure of 8 was characterized by per-
forming a single-crystal X-ray diffraction analysis (Fig-
ure 2). Four molecules of 8 crystallized with one hexane
molecule. As expected,[18] the structure reveals that the
bulky carboranyl groups are bound to α-carbon atoms of
the cyclopentadienone ring to reduce the steric strain.

Figure 2. Molecular structure of 8 in the solid state; hydrogen
atoms are omitted for clarity; selected bond lengths [Å] and bond
angles [°]: C5–B1 1.549(5), C2–B3 1.560(5), C1–C2 1.490(5), C2–
C3 1.427(5), C3–C4 1.452(5), C4–C5 1.447(5), C5–C1 1.488(5), C1–
O1 1.241(4), B1–B2 1.878(6), B3–B4 1.851(6), C1–C2–C3 108.0(3),
C2–C3–C4 108.6(3), C3–C4–C5 109.3(3), C4–C5–C1 106.7(3), C5–
C1–C2 106.3(3), O1–C1–C5 126.5(3), O1–C1–C2 126.9(3).

Conclusions
The reactions of carboranylacetylenes with catalytic and

stoichiometric amounts of cobalt complexes CpCoL2 (L =
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CO, C2H4) have been studied. Reactions in the presence of
catalytic amounts of [CpCoL2] with carboranylacetylenes 2,
4b, and 6 do not lead to benzene derivatives, which can
be explained on steric grounds. The (η4-1,3-dicarboranyl-
cyclobutadiene)cobalt complexes 5a,c are formed by the re-
actions of 2a,c with stoichiometric amounts of CpCo-
(C2H4)2. Regioselective reactions occur between CpCoL2

and the C4B2 nido-carborane 6. Only the basal-substituted
borylacetylene moiety of compound 6 is involved in cyclo-
butadiene ring formation, whereas the apical-substituted
borylacetylene unit remains unreacted. The reaction of car-
boranylacetylene 4b, carrying an n-butyl group at the basal
boron atom, with CpCo(CO)2 leads to the (cyclopen-
tadienone)cobalt complex 8. The cobalt complexes 5, 7, and
8 are stable at room temperature and are resistant to light,
oxygen, and moisture.

Experimental Section
General: All reactions were performed under nitrogen using stan-
dard Schlenk techniques. Solvents were dried with the appropriate
drying agents and distilled under nitrogen. Glassware was dried
with a heat gun under high vacuum. 1H-, 13C- and 11B NMR spec-
tra were recorded with a Bruker AC 200 spectrometer. 1H- and 13C
NMR spectra were referenced to (CH3)4Si, and 11B NMR spectra
were referenced to F3B·OEt2. IR spectra were recorded with a
Bruker IFS 28 FT spectrometer. Mass spectra were obtained with
Finnigan MAT 8230 plus spectrometers using the EI technique.
Melting points (uncorrected) were obtained with a Büchi appara-
tus, using capillaries that were filled under nitrogen and sealed. The
nido-carboranes 1,[19] 2a,d,e,[14] 3a,[14] 6,[14] and CpCo(C2H4)2

[20]

were prepared according to literature procedures. CpCo(CO)2 was
purchased from Aldrich®.

General Procedure for Basal Boron-Substituted Carboranylacetyl-
enes 2b,c

An appropriate solution of lithium acetylide in hexane (30 mL) was
cooled to –40 °C and added by syringe to a solution of the nido-
carborane 1 in hexane (20 mL) at –78 °C. The mixture was warmed
to room temp. and stirred for 2 d. After filtration, the light yellow
solution was dried in vacuo to give a yellow oil.

2,3,4,5-Tetraethyl-1-iodo-6-methylethynyl-2,3,4,5-tetracarba-nido-
hexaborane(6) (2b): Starting materials: compound 1 (0.9 g,
2.05 mmol) and MeC2Li (0.23 g, 5.0 mmol). Yield: 0.5 g (69%), yel-
low oil. 1H NMR (200.1 MHz, CDCl3): δ = 1.25 (t, 3JH,H = 7.6 Hz,
12 H, CH2CH3), 1.98 (s, 3 H, Me), 2.22 (m, 8 H, CH2CH3) ppm.
13C NMR (50.3 MHz, CDCl3): δ = 13.4, 14.3 (CH2CH3), 18.2
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(Me), 18.1, 19.6 (CH2CH3), 112.4 (skeletal carbon atoms nonadja-
cent to the basal boron) ppm; skeletal carbon atoms adjacent to
the basal boron and alkynyl carbon atoms were not observed. 11B
NMR (64.2 MHz, CDCl3): δ = 10 (br., Bbasal), 52.7 (s, Bapical) ppm.
MS (EI, 70 eV): m/z (%) = 352 (100) [M+], 225 (20) [M+ – I]. MS
(HR-EI, 70 eV): m/z (%) = 352.1031 (100) [M+], 12C15

1H23
11B2

127I:
352.1030; Δmmu = 0.1.

2,3,4,5-Tetraethyl-1-iodo-6-phenylthioethynyl-2,3,4,5-tetracarba-
nido-hexaborane(6) (2c): Starting materials: compound 1 (0.9 g,
2.05 mmol) and PhSC2Li (0.7 g, 5.0 mmol). Yield: 0.65 g (71%),
yellow oil. 1H NMR (200.1 MHz, CDCl3): δ = 1.29, 1.31 (t, 3JH,H

= 7.5 Hz, 2 ×6 H, CH3), 2.05, 2.38 (m, 2×4 H, CH2), 7.22–7.61
(m, 5 H, SPh) ppm. 13C NMR (50.3 MHz, CDCl3): δ = 13.5, 14.6
(CH3), 18.5, 19.9 (CH2), 113.0 (skeletal carbon atoms nonadjacent
to the basal boron), 127.6, 128.1, 131.7 (SPh) ppm; skeletal carbon
atoms adjacent to the basal boron and alkynyl carbon atoms were
not observed. 11B NMR (64.2 MHz, CDCl3): δ = 12 (br., Bbasal),
–52.7 (s, Bapical) ppm. MS (EI, 70 eV): m/z (%) = 446 (100) [M+],
319 (10) [M+ – I]. MS (HR-EI, 70 eV): m/z (%) = 446.0922 (58)
[M+], 12C20

1H25
11B2

127I32S: 446.0908; Δmmu = 1.4.

6-Butyl-2,3,4,5-tetraethyl-1-iodo-2,3,4,5-tetracarba-nido-hexa-
borane(6) (3b): A solution of nBuLi (1.7 mL, 4.2 mmol) was very
slowly added to a solution of nido-carborane 1 (0.92 g, 2.1 mmol)
in hexane (50 mL) at –78 °C. The mixture was warmed to room
temp. and was stirred for 20 h. After filtration, the slightly yellow
filtrate was dried in vacuo and distilled at 43 °C/0.04 mbar to give
a yellow oil. Yield: 0.70 g (90%). 1H NMR (200.1 MHz, CDCl3):
δ = 0.89, 1.45, 1.95 (m, 9 H, nBu), 1.19, 1.40 (t, 2×6 H, CH2CH3),
2.08, 2.36 (m, 2 × 4 H, CH2CH3) ppm. 13C NMR (50.3 MHz,
CDCl3): δ = 13.7, 14.2 (CH3), 18.5, 19.0 (CH2), 16.0, 17.6, 25.9,
26.6 (nBu), 112.9 (skeletal carbon atoms nonadjacent to the basal
boron) ppm. 11B NMR (64.2 MHz, CDCl3): δ = 19 (br., Bbasal),
–52.6 (s, Bapical) ppm. MS (EI, 70 eV): m/z (%) = 370 (100) [M+],
243 (10) [M+ – I].

Attempt to Prepare 2,3,4,5-Tetraethyl-1-phenylethnyl-6-diphenyl-
phosphanyl-nido-carborane (4a): To lithium phenylacetlylide (0.54 g,
5.0 mmol) in THF (15 mL) at room temp. was added ZnCl2 (0.68 g,
5.0 mmol), and the solution was stirred for 3 h. The solution was
then added to a mixture of 3a (1.24 g, 2.5 mmol) and Pd(PPh3)4

(0.04 g, 0.034 mmol), and the resulting yellow mixture was heated
at reflux for 10 d. The solvent was removed under high vacuum,
the black residue was extracted with hexane (2×20 mL) and fil-
tered. The yellow filtrate was dried in vacuo to give a yellow viscous
oil. Yield: 0.51 g (49%) 2a. NMR and mass spectroscopic data were
in agreement with the previously reported result.[19]

6-Butyl-2,3,4,5-tetraethyl-1-phenylethynyl-2,3,4,5-tetracarba-nido-
hexaborane(6) (4b): To lithium phenylacetlylide (0.54 g, 5.0 mmol)
in THF (30 mL) at room temp. was added ZnCl2 (0.68 g,
5.0 mmol), and the solution was stirred for 3 h. The solution was
then added to a mixture of 3b (0.85 g, 2.3 mmol) and Pd(PPh3)4

(0.04 g, 0.034 mmol) in THF (30 mL). The resulting yellow mixture
was heated at reflux for 6 d. After evaporation of the solvent, the
black residue was extracted with hexane (2×20 mL) and filtered.
The yellow filtrate was dried in vacuo to give a yellow oil. Yield:
0.5 g (63%). 1H NMR (200.1 MHz, CDCl3): δ = 0.95, 1.52, 2.02
(m, 9 H, nBu), 1.19, 1.25 (t, 2×6 H, CH2CH3), 2.10, 2.45 (m, 2×4
H, CH2CH3), 7.22–7.35 (m, 5 H, Ph) ppm. 13C NMR (50.3 MHz,
CDCl3): δ = 14.1, 15.4, 22.6, 26.3 (nBu), 17.4, 18.5 (CH3), 29.7,
30.5 (CH2), 112.1 (skeletal carbon atoms nonadjacent to the basal
boron), 127.7, 128.0, 131.9 (Ph) ppm. 11B NMR (64.2 MHz,
CDCl3): δ = 20 (br., Bbasal), –50.5 (s, Bapical) ppm. MS (EI, 70 eV):
m/z (%) = 344 (100) [M+].
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General Procedure for Cobalt Complexes 5a,c

To an appropriate solution of carboranylacetylene in toluene was
added a portion of CpCo(CO)2 at room temp. The deep-red mix-
ture was heated at reflux and monitored by 11B NMR spectroscopy,
indicating that no reaction took place. After 4 d, one portion of
CpCo(C2H4)2 was added, and the resulting mixture was again
heated at 120 °C for another 2 d. After completion of the reaction,
the solvent was removed to dryness, and the crude product was
purified by column chromatography on silica gel to give two frac-
tions. Using hexane as the eluant, unreacted CpCo(CO)2 and
CpCo(C2H4)2 were obtained. The second fraction (toluene) con-
tained the corresponding (cyclobutadiene)cobalt complex.

{η4-Bis[2,3,4,5-tetraethyl-1-iodo-2,3,4,5-tetracarba-nido-hexaboran-
yl]diphenyl(cyclobutadiene)}(η5-cyclopentadienyl)cobalt(I) (5a):
Starting materials: compound 2a (0.50 g, 1.2 mmol), CpCo(CO)2

(0.10 g, 0.6 mmol), and CpCo(C2H4)2 (0.10 g, 0.6 mmol). Yield:
0.40 g (76%), yellow crystals, m.p. 124–125 °C. Compound 5a was
recrystallized from a solution of toluene at –20 °C. 1H NMR
(200.1 MHz, CDCl3): δ = 1.3 (m, 24 H, CH3), 2.3 (m, 16 H, CH2),
5.10 (s, 5 H, Cp–H), 7.25, 7.55 (m, 10 H, Ph) ppm. 13C NMR
(50.3 MHz, CDCl3): δ = 13.4, 14.3 (CH3), 18.4, 19.8 (CH2), 84.5
(Cp–C), 113.0 (skeletal carbon atoms nonadjacent to the basal bo-
ron), 127.6, 128.0, 131.7 (Ph) ppm; quaternary carbon atoms were
not found. 11BNMR (64.2 MHz, CDCl3): δ = 18 (br., Bbasal), –52.0
(s, Bapical) ppm. MS (EI, 70 eV): m/z (%) = 952 (100) [M+], 538 (10)
[M+ – Et4C4B2I(C2Ph)]. MS (HR-EI, 70 eV): m/z = 952.2087 [M+],
12C45

1H55
11B4

59Co127I2: 952.2097; Δmmu = –1.0.

{η4-Bis[2,3,4,5-tetraethyl-1-iodo-2,3,4,5-tetracarba-nido-hexaboran-
yl]diphenylthio(cyclobutadiene)}(η5-cyclopentadienyl)cobalt(I) (5c):
Starting materials: compound 2c (0.40 g, 1.2 mmol), CpCo(CO)2

(0.10 g, 0.6 mmol), and CpCo(C2H4)2 (0.10 g, 0.6 mmol). Yield:
0.25 g (54%), brown-red oil. 1H NMR (200.1 MHz, CDCl3): δ =
1.26, 1.35 (t, 2×12 H, CH3), 2.10, 2.35 (m, 2×8 H, CH2), 4.95 (s,
5 H, Cp–H), 7.15–7.55 (m, 10 H, SPh) ppm. 13C NMR (50.3 MHz,
CDCl3): δ = 13.6, 15.7 (CH3), 19.1, 19.7 (CH2), 85.4 (Cp–C), 115.5
(skeletal carbon atoms nonadjacent to the basal boron), 125.0,
128.8, 131.0 (SPh) ppm; skeletal carbon atoms adjacent to the basal
boron and quaternary carbon atoms were not found. 11BNMR
(64.2 MHz, CDCl3): δ = 18 (br., Bbasal), –52.1 (s, Bapical) ppm. MS
( E I , 7 0 e V ) : m / z ( % ) = 1 0 1 6 ( 7 0 ) [ M + ] , 5 7 0 ( 5 ) [ M + –
Et4C4B2I(C2SPh)]. MS (HR-EI, 70 eV): m/z = 1016.1550 [M+],
12C45

1H55
11B4

59Co127I2
32S2: 1016.1538; Δmmu = 1.2.

CpCo[Bis(carboranyl)cyclobutadiene] (7): To a solution of 6
(0.053 g, 0.14 mmol) in toluene (8 mL) was added a portion of
CpCo(CO)2 (0.04 g, 0.22 mmol) at room temp. The deep-red reac-
tion mixture was heated at reflux for 9 d. The brown reaction mix-
ture was cooled and filtered through a pad of sea sand; the yellow-
brown filtrate was dried in vacuo to give a brown oil. Yield: 0.056 g
(89%). 11B NMR (64.2 MHz, CDCl3): δ = 15 (br, Bbasal), –50.4 (s,
Bapical) ppm. MS (EI, 70 eV): m/z (%) = 892 (100) [M+]. MS (HR-
EI, 70 eV): m/z = 892.4999 [M+], 12C55

1H73
11B4

59Co28Si2: 892.4955;
Δmmu = 4.4.

(η5-Cyclopentadienyl)(η4-2,5-bis-carboranyl-3,4-diphenylcyclo-
pentadienone)cobalt(I) (8): Carboranylacetylene 4b (0.45 g,
1.3 mmol) and (η5-cyclopentadienyl)(dicarbonyl)cobalt(i) (0.11 g,
0.65 mmol) were dissolved in toluene (30 mL). The resulting dark-
red mixture was stirred at 120 °C for 3 d. After cooling, the solvent
was removed under high vacuum, and the black residue was puri-
fied by column chromatography (SiO2, hexane). Cobalt complex 8
was recrystallized from a solution of hexane at –20 °C. Yield: 0.4 g
(73 %), brown solid, m.p. 133–136 °C. 1H NMR (200.1 MHz,
CDCl3): δ = 1.20 (m, 2×12 H, CH2CH3), 0.90, 1.85, 2.12 (m, 2×9
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Table 1. Crystal data and structure refinement for 5a and 8.

5a 8

Empirical formula C45H55B4CoI2 C55C54H73B4CoO + ¼ C6H14

Formula weight 951.86 861.84
Crystal system monoclinic triclinic
Space group P21/c P1̄
a [Å] 18.045(1) 11.0954(2)
b [Å] 27.847(2) 13.7519(3)
c [Å] 17.133(1) 18.9481(4)
α [°] 90 108.757(1)
β [°] 93.395(2) 103.617(1)
γ [°] 90 94.669(1)
Volume [Å3] 8594(1) 2621.6(1)
Z 8 2
Calcd. density [g/cm3] 1.47 1.09
μ [mm–1] 1.87 0.36
F(000) 3824 929
Crystal size [mm] 0.29×0.09×0.08 0.3×0.16×0.06
Θmax [°] 28.3 22.0
Index ranges –24/24, –36/37, 22/22 –11/11, –14/14, –19/19
Reflections:
Collected 87065 17190
Independent (Rint) 21131(0.051) 6392 (0.042)
Observed [I � 2σI] 18167 4865
Parameters 953 574
Goodness-of-fit on F2 1.24 1.02
R1 [I � 2σI] 0.064 0.048
wR2 [I � 2σI] 0.101 0.129
T [K] 100(2) 200(2)
Residual electron density [e/A3] 2.42/–2.17 0.76/–0.29

H, nBu), 2.10, 2.35 (m, 2×8 H, CH2), 4.95 (s, 5 H, Cp–H), 6.90,
7.45, 7.63 (m, 2 ×5 H, Ph) ppm. 13C NMR (50.3 MHz, CDCl3): δ
= 14.1, 14.9 (CH3), 19.3, 19.9 (CH2), 17.1, 19.5, 21.2, 25.3 (nBu),
81.7 (Cp–C), 113.5 (skeletal carbon atoms nonadjacent to the basal
boron), 126.9, 128.8, 132.0 (Ph), 188.1 (CO) ppm; skeletal carbon
atoms adjacent to the basal boron and quaternary carbon atoms
were not found. 11BNMR (64.2 MHz, CDCl3): δ = 18 (br., Bbasal),
–44.4 (s, Bapical) ppm. IR (hexane): ν̃ = 1593 (s) cm–1. MS (EI,
70 eV): m/z (%) = 840 (50) [M+], 812 (100) [M+ – CO]. MS (HR-
EI, 70 eV): m/z = 840.5334 [M+], 12C54

1H73
11B4

59Co16O: 840.5365;
Δmmu = –3.1.

X-ray Crystal Structure Determinations of 5a and 8: Crystal data
and details of the structure determinations are listed in Table 1.
Reflections were collected with Bruker SMART APEX (5a) and
Bruker-AXS SMART 1000 (8) diffractometers (Mo-Kα radiation,
λ = 0.71073 Å, graphite monochromator, ω-scan). Empirical ab-
sorption corrections were applied. The structure was solved by di-
rect methods and refined by least-square methods based on F2 with
all measured reflections (SHELXTL 6.12).[21] All non-hydrogen
atoms were refined anisotropically. CCDC-276980 (5a) and CCDC-
276981 (8) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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As a probe of the dinucleating ability of the known but little
studied bis-bidentate ligand 3,5-di(2-pyridyl)-4-(1H-pyrrol-
1-yl)-4H-1,2,4-triazole (pldpt) its reactivity towards
MX2·6H2O (M = CoII, NiII and ZnII; X = ClO4

– and BF4
–) as

well as Cu(ClO4)2·6H2O, in a 1:1 metal-to-ligand molar ratio
in MeCN, has been investigated. In the case of CoII, NiII and
ZnII, these reactions gave dinuclear complexes MII

2(pldpt)2-
X4(MeCN)m(H2O)n, whereas for CuII initially the mononu-
clear complex [CuII(pldpt)2(ClO4)2] was isolated, followed by
the dinuclear complex [CuII

2(pldpt)2(MeCN)2(H2O)2](ClO4)4.
The use of the strongly polar aprotic co-solvent DMF resulted
in the partial breakdown of the initial dinuclear entities in
the case of CoII and NiII but not in the case of ZnII. In all
five of the structurally characterised dinuclear complexes the
(N�,N1,N2,N��)2 double-bridging coordination mode is real-
ised with distorted octahedral N4Y2-coordinated metal
centres (Y = DMF, H2O or MeCN). The two mononuclear
complexes feature the common trans-(N�,N1)2 coordination

Introduction

The utilisation of 1,2,4-triazole derivatives as bridging li-
gands in transition-metal complexes is currently of con-
siderable interest.[1–3] The 4-substituted 3,5-di(2-pyridyl)-
4H-1,2,4-triazoles are bis-bidentate so they are potentially
dinucleating ligands that should be capable of bridging two
metal ions by means of the N2 unit of the central triazole
ring.[2] Quite a large range of such ligands have been used
for the preparation of transition-metal complexes (Fig-
ure 1). In the resulting di- and mononuclear complexes a
variety of coordination modes have been observed of which
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mode with axial DMF or ClO4
– co-ligands. The near-perpen-

dicular orientation [82.4(3)–88.8(1)°] of the π-electron-rich 4-
(1H-pyrrol-1-yl) substituent with respect to the triazole ring
of pldpt, observed in all of these structures, means that no π-
interactions are expected between these rings so any elec-
tronic interaction is likely to be small. Whether a di- or mono-
nuclear complex of pldpt forms is therefore primarily deter-
mined by a number of other factors, including the reaction
stoichiometry, the nature of the counterions and the solvent,
as well as the relative solubility of the various possible prod-
ucts. Clearly the nature of the N4 substituent can have a
major impact on the last of these factors. Magnetic studies
carried out on the dinuclear complexes revealed that the tri-
azole bridges mediate relatively weak antiferromagnetic
coupling between the two metal centres.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the dinuclear (N�,N1,N2,N��)2 double bridging and the mo-
nonuclear (N�,N1)2 coordination mode are the most com-
mon and most important ones (Figure 2).[2] For octahedral
complexes featuring the latter mode, the trans type is fre-
quently encountered. Here, the pyridine–triazole moieties
of the two ligands are coordinated to the metal centre in a
common plane with axially trans-positioned co-ligands. In
contrast, there is only one example in the literature where
the isomeric cis type is realised.[4]

Within this ligand class the reactivity of 4-amino-3,5-
di(2-pyridyl)-4H-1,2,4-triazole (NH2dpt, 2) (Figure 1)
towards transition-metal salts and the properties of the re-
sulting di- and mononuclear complexes have been studied
quite extensively over the last 20 years.[5–29] From an elec-
tronic point of view the presence of the strongly electron-
donating amino group on N4 should facilitate the formation
of dinuclear complexes of this ligand. However, of this
family only two dinuclear complexes, namely [NiII

2-
(NH2dpt)2(H2O)2Cl2]Cl2·4H2O[5] and [CuII

2(NH2dpt)-
(H2O)4(SO4)2]·H2O,[12] have been structurally characterised
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Figure 1. Structural drawings of the 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-triazoles that have been employed to date as ligands in
coordination compounds.

Figure 2. Schematic representation of the two most common coor-
dination modes of 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-tri-
azoles. In the actual complexes the metal centres can bind ad-
ditional co-ligands according to the respective coordination geome-
tries.

to date. 4-Isobutyl-3,5-di(2-pyridyl)-4H-1,2,4-triazole
(ibdpt)[30] (Figure 1), with its electron-donating alkyl sub-
stituent on N4, has also been found to afford both di- and
mononuclear complexes.[31–33] In contrast, the 4-aryl-3,5-
di(2-pyridyl)-4H-1,2,4-triazoles have almost exclusively pro-
duced mononuclear complexes to date, in some cases de-
spite the reaction being carried out with a metal-to-ligand
molar ratio of 1:1.[4,34–42] The first, and so far the only, di-
nuclear complex of a 4-aryl-3,5-di(2-pyridyl)-4H-1,2,4-tri-
azole, namely a dinuclear silver(i) complex of 4-(4-isopro-
pylphenyl)-3,5-di(2-pyridyl)-4H-1,2,4-triazole (ppdpt) (Fig-
ure 1) obtained from MeCN employing a 1:1 metal-to-li-
gand molar ratio, was reported very recently.[43] Given that
in these complexes the aryl substituents on N4 form angles
of about 68–84° with the triazole ring, no significant π-in-
teractions are expected between them. Therefore, any elec-
tronic effect that the aryl substituent on N4 might exert on
the triazole ring must occur through the σ-bond framework
so is likely to be small. There is only one report in the litera-
ture dealing with 3,5-di(2-pyridyl)-4-(1H-pyrrol-1-yl)-4H-
1,2,4-triazole (pldpt, 3) (Figure 1) and it describes the struc-
tural characterisation of the dinuclear complex [CoII

2-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 573–589574

(pldpt)2(H2O)4]Cl4·2MeOH·2H2O, which was formed from
the 1:1 reaction of CoCl2·6H2O and pldpt (3) in MeOH/
H2O, 4:1.[44]

Overall it appears that the factors which combine to de-
termine the nature of the products of such a complexation
reaction, in particular whether a di- or mononuclear com-
plex is formed as the main product, include the reaction
stoichiometry, the choice of the counterions and the solvent
used, as well as the influence of the N4 substituent on the
electronic structure and conformation of the respective li-
gand and on the relative solubility of the various possible
product complexes. Systematic studies aimed at investiga-
ting the relative importance of these factors are currently
lacking but clearly desirable so we are beginning to address
this as part of our ongoing studies which are directed
towards the synthesis and characterisation of di-
nuclear 1,2,4-triazole-bridged complexes of such li-
gands,[2,3,30,32,33,45–51] with a particular interest in iron(ii)
complexes.[52] Given that to date dinuclear 1,2,4-triazole-
bridged complexes are far less common than the corre-
sponding mononuclear complexes, here we target the con-
trolled formation of further examples of dinuclear com-
plexes of pldpt (3) by employing a metal-to-ligand molar
ratio of 1:1 in the complexation reactions and varying the
solvents and counterions.

Results and Discussion

Ligand Synthesis

Following the classic two-step procedure of Geldard and
Lions,[53] the condensation of 2-pyridinecarbonitrile with
N2H4·H2O gave 3,6-di(2-pyridyl)-1,4-dihydro-1,2,4,5-tetra-
zine (1) in 58% yield (Scheme 1). The subsequent re-
arrangement of the dihydrotetrazine 1 in 2 m HCl afforded
NH2dpt (2) in 84% yield.[53] Alternatively, NH2dpt (2)
could be obtained directly from the two reactants by em-
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ploying the one-pot procedure described by Lagrenée and
co-workers (Scheme 1).[54] However, it was found that the
reaction was much slower than reported and difficult to
drive to completion. The initial product thus obtained had
to be recrystallised at least twice in order to obtain pure
material. This caused the final yield of NH2dpt (2) to drop
significantly and the two-step procedure of Geldard and
Lions[53] was therefore preferred. The reaction of NH2dpt
(2) with 2,5-dimethoxytetrahydrofuran[55,56] in AcOH/1,4-
dioxane (1:1) readily gave pldpt (3) in 77% yield.[44] Com-
pounds 1–3 were fully characterised by spectroscopic meth-
ods. In addition, pldpt (3) was characterised by single-crys-
tal X-ray diffraction (Figures S1 and S2).

Scheme 1. Synthesis of 3,5-di(2-pyridyl)-4-(1H-pyrrol-1-yl)-4H-
1,2,4-triazole (pldpt, 3). Reagents and conditions: (a) N2H4·H2O,
reflux; (b) 2 m HCl, reflux; (c) N2H4·H2O, N2H4·H2SO4, 1,2-ethan-
diol, 130 °C; (d) 2,5-dimethoxytetrahydrofuran, AcOH, 1,4-diox-
ane, reflux.

There has been some confusion about the exact nature
of the dihydrotetrazine intermediates arising from the con-
densation of nitriles with hydrazine. Especially in the older
literature, including leading reviews on tetrazines and their
dihydro derivatives[57–59] as well as one on a related topic,[60]

these compounds are mostly considered to be the 1,2-tauto-
mers. However, at least in the case of the condensation of
2-pyridinecarbonitrile with N2H4·H2O, it has now been
proven unequivocally by two independent research groups
on the basis of single-crystal X-ray diffraction that the
product of this reaction is in fact the 1,4-tautomer.[61,62]

Synthesis of the Cobalt(II) Complexes

According to the literature, the reaction of pldpt (3) with
CoCl2·6H2O in a 1:1 molar ratio in MeOH/H2O (4:1) gives,
on slow evaporation of the reaction mixture, orange crystals
of [CoII

2(pldpt)2(H2O)4]Cl4·2MeOH·2H2O in 60–70%
yield.[44] Following this procedure as closely as possible, the
synthesis of this material was attempted. However, instead
of orange crystals, irregular beige crystals started to sepa-
rate from the orange-brown solution after a few days. Over
the course of four weeks the solution was allowed to evapo-
rate almost completely forming even more of the beige ma-
terial. On filtration and drying, the beige crystalline mate-

Eur. J. Inorg. Chem. 2006, 573–589 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 575

rial became dull which indicated the loss of some solvent.
Visual examination of the resulting solid under a micro-
scope showed that it contained a few tiny orange prisms,
presumably of [CoII

2(pldpt)2(H2O)4]Cl4·2MeOH·2H2O. The
small amount of orange product was separated physically
from the bulk beige material but since it could not be ob-
tained in sufficient amounts for an elemental analysis its
presumed identity could not be verified. The elemental
analysis of the beige solid was in good agreement with a
mononuclear 1:2 complex with a composition of CoII-
(pldpt)2Cl2(solvent). These findings are in marked contrast
to the results reported by Mandal and co-workers.[44]

In the hope of getting a well-defined and less soluble
solid product directly from the reaction mixture the reac-
tion was subsequently carried out in neat EtOH instead of
MeOH/H2O (4:1). Thus, the reaction of pldpt (3) with
CoCl2·6H2O in a 1:1 molar ratio at reflux resulted in the
initial formation of a blue solid. After 15 minutes the reac-
tion mixture was cooled and stirring the resulting suspen-
sion at room temperature for 24 hours caused the solid to
turn pink, presumably due to slow co-ligand exchange of a
kinetic product to form a thermodynamically more stable
product. The elemental analysis of this pink solid was in
good agreement with a dinuclear 2:2 complex with a com-
position of CoII

2(pldpt)2Cl4(solvent). This material proved
to be insoluble in all organic solvents, including DMF,
MeNO2 and DMSO, and could only be dissolved in H2O.
However, since all attempts to obtain a crystalline material
from H2O were unsuccessful, further purification and char-
acterisation was not possible.

As a result of these disappointing findings using
CoCl2·6H2O the coordination behaviour of pldpt (3)
towards Co(ClO4)2·6H2O was investigated next, in the hope
of obtaining a solid product straight from the reaction mix-
ture that would exhibit better solubility in organic solvents,
thus allowing purification and proper characterisation. In
order to achieve the formation of a dinuclear 2:2 complex,
Co(ClO4)2·6H2O was treated with pldpt (3) in a 1:1 molar
ratio in MeCN. The resulting orange solid, which separated
from the reaction mixture in ca. 90% yield, gave an elemen-
tal analysis in good agreement with a dinuclear 2:2 complex
with a composition of CoII

2(pldpt)2(ClO4)4(MeCN)m-
(H2O)n (4). The solvent content of this material varied
widely from batch to batch and the drying of samples at
60 °C in vacuo (CAUTION!) for several days similarly re-
sulted in the formation of materials of variable solvent con-
tent. While complex 4 was only very sparingly soluble in
MeCN, the addition of a little DMF led to dissolution.
Vapour diffusion of Et2O into a solution of complex 4 in
MeCN/DMF (10:1) resulted in the formation of two dif-
ferent kinds of crystalline materials, namely orange prisms
and yellow blocks, in variable relative amounts. Both spe-
cies were studied by single-crystal X-ray diffraction. Thus,
the orange crystals were identified as the dinuclear complex
[CoII

2(pldpt)2(DMF)2(H2O)2](ClO4)4·0.5Et2O (5) (Figure 3)
whereas the yellow crystals were found to be of the mono-
nuclear complex [CoII(pldpt)2(DMF)2](ClO4)2 (6) (Fig-
ure 4). These findings suggest that in the presence of DMF
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the initial dinuclear complex 4 is unstable, resulting in the
formation of a mixture of di- and mononuclear species,
complexes 5 and 6, respectively.

Figure 3. View of the molecular structure of the cation of
[CoII

2(pldpt)2(H2O)2(DMF)2](ClO4)4·0.5Et2O (5). Hydrogen atoms
have been omitted for clarity. Symmetry operation used to generate
equivalent atoms: (A) –x + 1, –y + 1, –z + 2.

Figure 4. View of the molecular structure of the cation of
[CoII(pldpt)2(DMF)2](ClO4)2 (6). Hydrogen atoms have been omit-
ted for clarity. Symmetry operation used to generate equivalent
atoms: (A) –x + 1, –y, –z.

Faced with the need to use DMF as a co-solvent in order
to dissolve the ClO4

– complex 4 and the resulting formation
of a mixture of species of different nuclearities, the synthesis
of the BF4

– analogue was carried out as this material was
expected to exhibit better solubility in MeCN and therefore
might not require the use of DMF. Thus, reacting Co(BF4)2·
6H2O with pldpt (3) in a 1:1 molar ratio in MeCN afforded
a pale orange powder, in ca. 80% yield, which had a com-
position of CoII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (7). As
found earlier for the ClO4

– analogue 4, the solvent content
of the material was variable and prolonged heating in vacuo
afforded only partially desolvated materials of variable
compositions. As anticipated, this complex could be readily
redissolved in MeCN. Vapour diffusion of Et2O into the
MeCN mother liquor, or into a solution of complex 7 in
MeCN, gave only one crystalline species which was iden-
tified as [CoII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (8) (Fig-
ure S3) by single-crystal X-ray diffraction. Thus, in MeCN
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alone the initial dinuclear complex 7 is stable and is not
broken down into a mixture of di- and mononuclear spe-
cies.

Synthesis of the Nickel(II) Complexes

In parallel with the attempted synthesis of [CoII
2-

(pldpt)2(H2O)4]Cl4·2MeOH·2H2O[44] the reaction of pldpt
(3) with NiCl2·6H2O in a 1:1 molar ratio under analogous
conditions was examined. The slow evaporation of the ol-
ive-green MeOH/H2O (4:1) reaction mixture over the
course of six weeks produced a mixture of a greenish crys-
talline solid and blue prisms in an estimated 3:1 ratio. As
the physical separation of the two materials was practically
impossible no analytical data for either of the compounds
could be obtained. However, it is quite likely that, by anal-
ogy to the experiment employing CoCl2·6H2O described
above, a mixture of di- and mononuclear compounds was
formed. Carrying out the reaction of pldpt (3) with
NiCl2·6H2O in a 1:1 molar ratio in EtOH instead of
MeOH/H2O (4:1) gave a pale green solid which was sub-
sequently identified, on the basis of its elemental analysis,
as a dinuclear 2:2 complex with a composition of NiII

2-
(pldpt)2Cl4(solvent). This material showed the same low
solubility in organic solvents as the cobalt(ii) analogue and
this prevented its purification and further characterisation.

The reaction of pldpt (3) with Ni(ClO4)2·6H2O in a 1:1
molar ratio in MeCN afforded NiII

2(pldpt)2(ClO4)4-
(MeCN)m(H2O)n (9) as a pale violet powder in ca. 80%
yield. The solvent content of the initial powder was very
variable. Once again prolonged heating in vacuo (CAU-
TION!) afforded materials of variable solvent content. As
with the cobalt(ii) analogue 4 the addition of a little DMF
was necessary to dissolve the powder in MeCN. Vapour dif-
fusion of Et2O into a solution of complex 9 in MeCN/DMF
(10:1) afforded an inseparable mixture of blue fern-like
crystals and pink buttons, none of which were suitable for
single-crystal X-ray diffraction studies. Here too, the use of
DMF as a co-solvent has resulted in the formation of two
different, presumably di- and mononuclear, species.

Employing Ni(BF4)2·6H2O instead of the ClO4
– salt in

the 1:1 reaction with pldpt (3) in MeCN gave NiII2(pldpt)2-
(BF4)4(MeCN)m(H2O)n (10) as a pale violet powder in ca.
40% yield and variable degrees of solvation. It could not be
obtained in solvent-free form. As for the cobalt(ii) ana-
logues, this BF4

– complex exhibited good solubility in neat
MeCN, unlike its ClO4

– analogue 9. Vapour diffusion of
Et2O into a solution of complex 10 in MeCN or into the
MeCN mother liquor of the initial powder afforded purple-
blue prisms of [NiII

2(pldpt)2(MeCN)4](BF4)4·2MeCN (11)
(Figure S4). Only one crystal type was observed so once
again the initial dinuclear complex 10 is stable in MeCN.

Synthesis of the Copper(II) Complexes

The reaction of Cu(ClO4)2·6H2O with pldpt (3) in a 1:1
molar ratio in MeCN gave a sea-green solution from which
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a blue powder separated after a few hours. This solid was
identified as the mononuclear 1:2 complex [CuII(pldpt)2-
(ClO4)2] (12) on the basis of its elemental analysis. Thus,
the yield was subsequently calculated as 59%. Complex 12
could be readily dissolved in MeCN to give a blue solution.
Vapour diffusion of Et2O into this solution afforded blue
single crystals of [CuII(pldpt)2(ClO4)2]·2DMF (13) (Fig-
ure 5). While the origin of the DMF solvates in complex 13
could not be determined with absolute certainty it is likely
that the glassware used was contaminated with DMF.

Figure 5. View of the molecular structure of [CuII(pldpt)2(ClO4)2]·
2DMF (13). Hydrogen atoms have been omitted for clarity. The
DMF solvates are not shown. Symmetry operation used to generate
equivalent atoms: (A) –x, –y, –z + 1.

Interestingly, the mother liquor remaining after filtering
off the blue mononuclear complex 12, now significantly en-
riched in Cu2+ ions relative to pldpt (3), retained its sea-
green colour, suggesting the presence of a different species
in solution. Subjecting this sea-green solution to vapour dif-
fusion of Et2O produced a small quantity of large green
blocks. Single-crystal X-ray diffraction studies of these crys-
tals revealed their dinuclear nature and led to the formula-
tion of [CuII

2(pldpt)2(MeCN)2(H2O)2](ClO4)4 (14) (Fig-
ure 6).

Figure 6. View of the molecular structure of the cation of
[CuII

2(pldpt)2(H2O)2(MeCN)2](ClO4)4 (14). Hydrogen atoms have
been omitted for clarity. Symmetry operation used to generate
equivalent atoms: (A) –x + 2, –y + 1, –z + 1.

It is noteworthy that of all the ClO4
– complexes of pldpt

(3) only the copper(ii) complexes were readily soluble in
neat MeCN. In addition, while in all other cases the initial
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precipitates consisted of dinuclear species, in the case of Cu-
(ClO4)2·6H2O the mononuclear complex [CuII(pldpt)2-
(ClO4)2] (12) was the initial solid product despite the 1:1
metal-to-ligand molar ratio employed in the reaction.

Synthesis of the Zinc(II) Complexes

The reaction of pldpt (3) with Zn(ClO4)2·6H2O in a 1:1
molar ratio in MeCN afforded ZnII

2(pldpt)2(ClO4)4-
(MeCN)m(H2O)n (15) as a colourless powder in ca. 80%
yield. The solvent content of this material was variable and
it could not be obtained in a solvent-free form even by heat-
ing it in vacuo (CAUTION!) for several days. Recrystalli-
sation by vapour diffusion of Et2O into a MeCN/DMF
(10:1) solution of complex 15 gave colourless blocks and
visually only one crystal type could be detected. Numerous
attempts to grow single crystals by this method were made
but only once could a poor X-ray data set be collected and
this indicated that the crystals were of a dinuclear product.
However, due to the very poor quality of the data, a com-
plete analysis of the structure was not possible. Consistent
with these findings, the elemental analysis of complex 15
clearly confirmed the 2:2 stoichiometry of this complex and
the symmetrical NMR spectra obtained in [D7]DMF were
also in agreement with the presence of only one species,
specifically one with a symmetrical dinuclear architecture
(see below). It is interesting to note that this dinuclear
zinc(ii) ClO4

– complex does not form an equilibrium with
a mononuclear species when it is dissolved in DMF as, if it
did, this should be observed in the NMR spectra. This con-
trasts with the behaviour of the dinuclear cobalt(ii) and
nickel(ii) ClO4

– analogues, complexes 4 and 9, respectively,
which on recrystallisation from solutions containing DMF
form mixtures of di- and mononuclear solid products. The
relative amounts of these products present in solution are
unknown.

In order to access better single crystals, our attention
shifted from using the ClO4

– salt to using the BF4
– salt.

Under the same conditions as employed for the preparation
of the analogous BF4

– complexes of cobalt(ii) and nickel(ii),
complexes 7 and 10, respectively, ZnII

2(pldpt)2(BF4)4-
(MeCN)m(H2O)n (16) was obtained from pldpt (3) and
Zn(BF4)2·6H2O, in ca. 60% yield, as a colourless powder.
As with all complexes of pldpt (3) synthesised in this work,
the solvent content of complex 16 varied considerably from
batch to batch and the drying of samples at 60 °C in vacuo
for several days again resulted in materials of variable sol-
vent content. Vapour diffusion of Et2O into a solution of
complex 16 in MeCN, or into its MeCN mother liquor, gave
colourless blocks which were identified by single-crystal X-
ray diffraction as the dinuclear complex [ZnII

2(pldpt)2-
(MeCN)2(H2O)2](BF4)4 (17) (Figure S5).

Description of the Structures

Single crystals of pldpt (3), in the form of colourless
blocks, were obtained by slow evaporation of a solution of
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the compound in EtOH. There are two crystallographically
independent molecules in the asymmetric unit (Figures S1
and S2). The most noteworthy feature of this structure is
the dissimilar orientation of the pairs of pyridine rings in
the two molecules. While in the first molecule the pyridine
nitrogen atoms point in opposite directions, both pyridine
nitrogen atoms in the second molecule point away from the
N2 unit of the central five-membered heterocyclic ring. For
the related ligand 2,5-di(2-pyridyl)-1,3,4-thiadiazole the lat-
ter conformation was recently calculated to be energetically
favoured over the other two local minima forms with one
or both pyridine nitrogen atoms pointing towards the N2

unit.[63] Indeed, an orientation of the pyridine rings with
the nitrogen atoms pointing away from the N2 unit of the
central triazole ring is the only one previously observed in
4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-triazoles[30,37,64–73]

and it is also the one usually adopted by non-coordinating
pyridine rings in mononuclear 2:1 complexes incorporating
such ligands.[2] There are, in fact, only very few examples
of complexes in the literature where the non-coordinated
pyridine ring is reported to point away from the N4 substit-
uent.[13,40,42] The reason for the adoption of this unusual
conformation for one of the two crystallographically inde-
pendent molecules of pldpt (3) is difficult to pinpoint but
presumably arises from a complex combination of weak π–

Table 1. Metal···metal distances [Å] in dinuclear complexes of 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-triazoles.

Complex M···M[a] Reference

[CoII
2(pldpt)2(H2O)4]Cl4·2MeOH·2H2O 4.226(2) [44]

[CoII
2(ibdpt)2(MeCN)2(H2O)2](ClO4)4 (red-orange polymorph) 4.1481(7) [32]

[CoII
2(ibdpt)2(MeCN)2(H2O)2](ClO4)4 (yellow-orange polymorph) 4.1722(4) [32]

[CoII
2(pldpt)2(DMF)2(H2O)2](ClO4)4·0.5Et2O (5) 4.273(2) this work

[CoII
2(pldpt)2(MeCN)2(H2O)2](BF4)4 (8) 4.2660(4) this work

[NiII
2(NH2dpt)2(H2O)2Cl2]Cl2·4H2O 4.1348(3) [5]

[NiII
2(ibdpt)2(MeCN)4](ClO4)4 4.1107(9) [32]

[NiII
2(pldpt)2(MeCN)4](BF4)4·2MeCN (11) 4.170(1) this work

[CuII
2(NH2dpt)(H2O)4(SO4)2]·H2O 4.415(1) [12]

[CuII
2(ibdpt)2(MeCN)2(ClO4)2](ClO4)2·2MeCN 4.0701(10) [32]

[CuII
2(pldpt)2(MeCN)2(H2O)2](ClO4)4 (14) 4.3140(5) [4.0861(9)] this work

[ZnII
2(pldpt)2(MeCN)2(H2O)2](BF4)4 (17) 4.455(2) this work

[AgI
2(ppdpt)2](ClO4)2·MeCN 4.367(4) [43]

[a] Values in square brackets refer to the second molecule within the asymmetric unit.

Table 2. Selected distances [Å] for [CoII
2(pldpt)2(DMF)2(H2O)2](ClO4)4·0.5Et2O (5), [CoII(pldpt)2(DMF)2](ClO4)2 (6), [CoII

2(pldpt)2-
(MeCN)2(H2O)2](BF4)4 (8), [NiII2(pldpt)2(MeCN)4](BF4)4·2MeCN (11), [CuII(pldpt)2(ClO4)2]·2DMF (13), [CuII

2(pldpt)2(MeCN)2(H2O)2]-
(ClO4)4 (14) and [ZnII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (17).

5 6 8 13

M–Npyr Co(1)–N(1) 2.235(5) Co(1)–N(1) 2.190(3) Co(1)–N(1) 2.1876(12) Cu(1)–N(1) 2.034(2)
Co(1)–N(4A) 2.244(5) Co(1)–N(4A) 2.2188(12)

M–Ntrz Co(1)–N(2) 2.085(5) Co(1)–N(2) 2.210(3) Co(1)–N(2) 2.0976(12) Cu(1)–N(2) 1.979(2)
Co(1)–N(3A) 2.098(4) Co(1)–N(3A) 2.0769(12)

M–X Co(1)–O(1) 2.052(4) Co(1)–O(20) 1.994(3) Co(1)–N(20) 2.0876(12) Cu(1)–O(11) 2.470(2)
Co(1)–O(20) 2.028(4) Co(1)–O(1) 2.0464(11)

11 14 17

M–Npyr Ni(1)–N(1) 2.184(2) Ni(2)–N(4) 2.165(2) Cu(1)–N(1) 2.5170(18) Zn(1)–N(1) 2.173(4)
Ni(1)–N(7) 2.149(2) Ni(2)–N(10) 2.171(2) Cu(1)–N(4A) 2.0264(17) Zn(1)–N(4A) 2.227(4)

M–Ntrz Ni(1)–N(2) 2.026(2) Ni(2)–N(3) 2.042(2) Cu(1)–N(2) 1.9908(17) Zn(1)–N(2) 2.164(4)
Ni(1)–N(8) 2.038(2) Ni(2)–N(9) 2.023(2) Cu(1)–N(3A) 2.2564(17) Zn(1)–N(3A) 2.119(4)

M–X Ni(1)–N(40) 2.025(2) Ni(2)–N(60) 2.038(2) Cu(1)–N(20) 2.0024(19) Zn(1)–N(20) 2.127(4)
Ni(1)–N(50) 2.031(2) Ni(2)–N(70) 2.034(2) Cu(1)–O(1) 2.0029(16) Zn(1)–O(1) 2.103(4)
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π and other packing effects. The conformation of the N(1)-
and N(4)-pyridine rings was established by the differences
in electron density for the two possible sites of the nitrogen
atoms within the rings. This assignment was further sup-
ported by the fact that a hydrogen atom could only be lo-
cated from the difference map at one of the two possible
sites within the respective rings. Refinement of the structure
with the alternative orientations was tried but was found to
fit less well with the data.

In the dinuclear orange complex [CoII
2(pldpt)2(DMF)2-

(H2O)2](ClO4)4·0.5Et2O (5) (Figure 3) the (N�,N1,N2,N��)2

double-bridging coordination mode (Figure 2) is realised.
The two cobalt centres are 4.273(2) Å apart (Table 1) and
in a distorted octahedral environment with a DMF and a
H2O molecule as axial co-ligands completing the coordina-
tion sphere (Table 2 and Table 3). While in this complex the
normal situation of longer Co–Npyr distances [2.235(5) and
2.244(5) Å] than Co–Ntrz distances [2.085(5) and
2.098(4) Å] is again observed, the former are slightly longer
than the corresponding distances observed in dinuclear co-
balt(ii) complexes of the related ligand 4-isobutyl-3,5-di(2-
pyridyl)-4H-1,2,4-triazole (ibdpt)[32] and also slightly longer
than those in the mononuclear complex [CoII(pldpt)2-
(DMF)2](ClO4)2 (6) and the dinuclear complex [CoII

2-
(pldpt)2(MeCN)2(H2O)2](BF4)4 (8) described below. Within
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Table 3. Selected angles [°] for [CoII

2(pldpt)2(DMF)2(H2O)2](ClO4)4·0.5Et2O (5), [CoII(pldpt)2(DMF)2](ClO4)2 (6), [CoII
2(pldpt)2(MeCN)2-

(H2O)2](BF4)4 (8), [NiII
2(pldpt)2(MeCN)4](BF4)4·2MeCN (11), [CuII(pldpt)2(ClO4)2]·2DMF (13), [CuII

2(pldpt)2(MeCN)2(H2O)2](ClO4)4

(14) and [ZnII
2(pldpt)2(MeCN)2(H2O)2](BF4)4 (17).

5 6 8

N(1)–Co(1)–N(2) 74.21(18) N(1)–Co(1)–N(2) 82.10(12) N(1)–Co(1)–N(2) 75.13(4)
N(1)–Co(1)–N(3A) 166.98(18) N(1)–Co(1)–N(1A) 180 N(1)–Co(1)–N(3A) 166.95(5)
N(1)–Co(1)–N(4A) 119.19(18) N(1)–Co(1)–N(2A) 97.90(12) N(1)–Co(1)–N(4A) 118.12(4)
N(1)–Co(1)–O(1) 86.61(17) N(1)–Co(1)–O(20) 93.21(12) N(1)–Co(1)–N(20) 87.89(4)
N(1)–Co(1)–O(20) 86.62(18) N(1)–Co(1)–O(20A) 86.79(12) N(1)–Co(1)–O(1) 86.60(4)
N(2)–Co(1)–N(3A) 92.78(17) N(2)–Co(1)–N(2A) 180 N(2)–Co(1)–N(3A) 91.98(4)
N(2)–Co(1)–N(4A) 166.46(16) N(2)–Co(1)–O(20) 107.24(11) N(2)–Co(1)–N(4A) 166.41(4)
N(2)–Co(1)–O(1) 94.53(17) N(2)–Co(1)–O(20A) 72.76(11) N(2)–Co(1)–N(20) 93.56(5)
N(2)–Co(1)–O(20) 99.46(18) O(20)–Co(1)–O(20A) 180 N(2)–Co(1)–O(1) 93.90(5)
N(3A)–Co(1)–N(4A) 73.82(17) N(3A)–Co(1)–N(4A) 74.86(4)
N(3A)–Co(1)–O(1) 94.32(16) N(3A)–Co(1)–N(20) 90.97(5)
N(3A)–Co(1)–O(20) 95.98(17) N(3A)–Co(1)–O(1) 96.46(5)
N(4A)–Co(1)–O(1) 88.53(16) N(4A)–Co(1)–N(20) 90.12(5)
N(4A)–Co(1)–O(20) 80.44(17) N(4A)–Co(1)–O(1) 84.39(5)
O(1)–Co(1)–O(20) 162.17(18) N(20)–Co(1)–O(1) 169.28(5)

11

N(1)–Ni(1)–N(2) 76.21(9) N(3)–Ni(2)–N(4) 76.25(9)
N(1)–Ni(1)–N(7) 115.16(9) N(3)–Ni(2)–N(9) 92.58(9)
N(1)–Ni(1)–N(8) 168.53(9) N(3)–Ni(2)–N(10) 168.75(9)
N(1)–Ni(1)–N(40) 88.80(9) N(3)–Ni(2)–N(60) 91.21(9)
N(1)–Ni(1)–N(50) 87.74(9) N(3)–Ni(2)–N(70) 90.09(9)
N(2)–Ni(1)–N(7) 168.52(9) N(4)–Ni(2)–N(9) 168.67(9)
N(2)–Ni(1)–N(8) 92.34(9) N(4)–Ni(2)–N(10) 114.89(9)
N(2)–Ni(1)–N(40) 91.94(9) N(4)–Ni(2)–N(60) 87.54(9)
N(2)–Ni(1)–N(50) 91.49(9) N(4)–Ni(2)–N(70) 91.29(9)
N(7)–Ni(1)–N(8) 76.30(9) N(9)–Ni(2)–N(10) 76.32(9)
N(7)–Ni(1)–N(40) 86.97(9) N(9)–Ni(2)–N(60) 90.83(9)
N(7)–Ni(1)–N(50) 90.53(9) N(9)–Ni(2)–N(70) 90.64(9)
N(8)–Ni(1)–N(40) 92.44(9) N(10)–Ni(2)–N(60) 90.84(9)
N(8)–Ni(1)–N(50) 91.82(9) N(10)–Ni(2)–N(70) 88.18(9)
N(40)–Ni(1)–N(50) 174.42(9) N(60)–Ni(2)–N(70) 177.99(9)

13 14 17

N(1)–Cu(1)–N(2) 80.85(9) N(1)–Cu(1)–N(2) 70.77(6) N(1)–Zn(1)–N(2) 75.47(14)
N(1)–Cu(1)–N(1A) 180 N(1)–Cu(1)–N(3A) 162.04(6) N(1)–Zn(1)–N(3A) 163.75(14)
N(1)–Cu(1)–N(2A) 99.15(9) N(1)–Cu(1)–N(4A) 120.03(7) N(1)–Zn(1)–N(4A) 121.33(14)
N(1)–Cu(1)–O(11) 94.20(8) N(1)–Cu(1)–N(20) 90.40(7) N(1)–Zn(1)–N(20) 88.94(14)
N(1)–Cu(1)–O(11A) 85.80(8) N(1)–Cu(1)–O(1) 81.71(7) N(1)–Zn(1)–O(1) 86.17(15)
N(2)–Cu(1)–N(2A) 180 N(2)–Cu(1)–N(3A) 91.86(6) N(2)–Zn(1)–N(3A) 88.35(14)
N(2)–Cu(1)–O(11) 86.33(8) N(2)–Cu(1)–N(4A) 169.17(7) N(2)–Zn(1)–N(4A) 162.70(14)
N(2)–Cu(1)–O(11A) 93.67(8) N(2)–Cu(1)–N(20) 90.53(7) N(2)–Zn(1)–N(20) 93.64(14)
O(11)–Cu(1)–O(11A) 180 N(2)–Cu(1)–O(1) 94.59(7) N(2)–Zn(1)–O(1) 93.69(14)

N(3A)–Cu(1)–N(4A) 77.31(7) N(3A)–Zn(1)–N(4A) 74.91(14)
N(3A)–Cu(1)–N(20) 94.39(7) N(3A)–Zn(1)–N(20) 90.66(15)
N(3A)–Cu(1)–O(1) 95.61(7) N(3A)–Zn(1)–O(1) 96.50(14)
N(4A)–Cu(1)–N(20) 90.21(7) N(4A)–Zn(1)–N(20) 90.96(14)
N(4A)–Cu(1)–O(1) 86.68(7) N(4A)–Zn(1)–O(1) 84.06(14)
N(20)–Cu(1)–O(1) 168.60(7) N(20)–Zn(1)–O(1) 169.89(14)

the pyridine–triazole–pyridine moiety of complex 5 the
N(4)-pyridine ring shows the largest twist, being inclined by
10.4(3)° relative to the triazole mean plane. The pyrrole ring
intersects with the triazole mean plane at an angle of
82.4(3)° (Table 4). There are hydrogen bonds between the
H2O co-ligand and the two ClO4

– counterions [O(1)···O(11)
2.78 and O(1)···O(21) 2.84 Å].

The mononuclear yellow complex [CoII(pldpt)2(DMF)2]-
(ClO4)2 (6) (Figure 4) features the common trans-(N�,N1)2

coordination mode (Figure 2). The coordination sphere
about the cobalt centre is a strongly distorted octahedron
with two DMF molecules in the axial positions (Table 2 and

Eur. J. Inorg. Chem. 2006, 573–589 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 579

Table 3). In this complex the Co–Npyr distances are actually
shorter than the Co–Ntrz distances [2.189(3) and
2.209(3) Å, respectively], albeit only slightly, which is a geo-
metrical feature that has not been observed previously in
complexes of any 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-
triazole. In complexes of this ligand type the M–Npyr dis-
tances are usually longer, often significantly, than the M–
Ntrz distances.[2] In addition, both the Co–Npyr and the Co–
Ntrz distances are unusually long compared to those ob-
served in related systems [2.102(4)–2.147(3) and 2.052(4)–
2.124(2) Å, respectively].[36,37,42] As is normal, the nitrogen
atom of the non-coordinated pyridine ring points towards
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Table 4. Angles [°] between the mean planes of central triazole ring and the attached pyridine and pyrrole rings in 3,5-di(2-pyridyl)-4-
(1H-pyrrol-1-yl)-4H-1,2,4-triazole (pldpt, 3) and its complexes.

Compound N(1)-pyridine[a] N(4)-pyridine[a] N(6)-pyrrole[a]

pldpt (3) 31.1(1) [17.9(1)] 36.8(1) [29.2(1)] 82.4(1) [81.9(1)]
[CoII

2(pldpt)2(DMF)2(H2O)2](ClO4)4·0.5Et2O (5) 6.7(4) 10.4(3) 82.4(3)
[CoII(pldpt)2(DMF)2](ClO4)2 (6) 6.2(2) 24.7(2) 87.4(1)
[CoII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (8) 4.7(1) 5.6(1) 88.2(1)
[NiII

2(pldpt)2(MeCN)4](BF4)4·2MeCN (11) 7.7(2) 4.1(2) 88.0(1)
[CuII(pldpt)2(ClO4)2]·2DMF (13) 3.8(2) 8.2(1) 85.3(1)
[CuII

2(pldpt)2(MeCN)2(H2O)2](ClO4)4 (14) 4.4(1) 4.7(1) 88.8(1)
[ZnII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (17) 5.2(3) 5.5(3) 88.4(2)

[a] Values in square brackets refer to the N(7)-pyridine, N(10)-pyridine and N(12)-pyrrole rings of the second ligand molecule within the
asymmetric unit.

the pyrrole ring which intersects with the triazole mean
plane at an angle of 87.4(1)°. The N(1)- and N(4)-pyridine
rings are tilted by 6.1(2)° and 24.7(2)°, respectively, relative
to the triazole mean plane (Table 4).

The overall architecture of the dinuclear orange complex
[CoII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (8) (Figure S3) is very
similar to that of the corresponding ClO4

– complex 5 de-
scribed above. Here, the (N�,N1,N2,N��)2 double-bridging
coordination mode (Figure 2) is realised with a MeCN
molecule being the second axial co-ligand, instead of DMF,
in addition to the H2O molecule which forms hydrogen
bonds to the two BF4

– counterions [O(1)···F(11) 2.72 and
O(1)···F(21) 2.73 Å]. The usual situation of longer Co–Npyr

distances [2.1876(12) and 2.2188(12) Å] than Co–Ntrz dis-
tances [2.0769(12) and 2.0976(12) Å] is again observed
(Table 2 and Table 3). The distance between the two cobalt
centres of 4.2660(4) Å is almost identical to the value ob-
served for the ClO4

– complex 5 (Table 1). The pyridine–tri-
azole–pyridine moiety is almost perfectly planar [4.7(1) and
5.6(1)°] while the pyrrole ring is practically perpendicular
[88.2(1)°] to the triazole mean plane (Table 4).

The dinuclear (N�,N1,N2,N��)2 double-bridging coordina-
tion mode (Figure 2) is also featured in the purple-blue
complex [NiII

2(pldpt)2(MeCN)4](BF4)4·2MeCN (11) (Fig-
ure S4). Here, each of the two nickel centres binds two
MeCN co-ligands in the axial positions resulting in dis-
torted octahedral N6 coordination environments (Table 2
and Table 3). The distance of 4.170(1) Å between the two
nickel centres is somewhat larger than the distances ob-
served in other nickel(ii) complexes of related ligands
(Table 1).[5,32] The Ni–Npyr and Ni–Ntrz distances of
2.149(2)–2.184(2) and 2.023(2)–2.042(2) Å, respectively, in
complex 11 are in the same range as those observed in re-
lated complexes.[5,32] The four Ni–NMeCN distances are all
very similar and within the range of 2.025(2)–2.038(2) Å. In
both ligand molecules the pyridine–triazole–pyridine moi-
ety is almost flat [7.7(2) and 4.1(2)°] while the respective
pyrrole rings are virtually perpendicular [88.0(1)°] to the tri-
azole mean plane (Table 4).

The copper centre in [CuII(pldpt)2(ClO4)2]·2DMF (13)
(Figure 5) is octahedrally N4O2 coordinated with two mole-
cules of pldpt (3) occupying the equatorial positions and
two ClO4

– ions being bound axially, giving rise to the trans-
(N�,N1)2 coordination mode (Figure 2). Thus, the overall
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architecture of complex 13 is the same as in [CuII(pyppt)2-
(ClO4)2]·MeCN,[49] [CuII(ibdpt)2(ClO4)2][32] and [CuII-
(pmdpt)2(ClO4)2][41] with the Cu–Npyr, Cu–Ntrz and Cu–O
distances [2.034(2), 1.979(2) and 2.470(2) Å, respectively]
(Table 2 and Table 3) having very similar values as the cor-
responding distances observed in these related complexes
[2.038(3)–2.045(2), 1.962(3)–1.989(2) and 2.466(3)–
2.471(3) Å, respectively]. Both the coordinated and the non-
coordinated pyridine rings show only slight deviations from
planarity [3.8(2) and 8.2(1)°, respectively] with respect to
the triazole mean plane. The pyrrole ring is almost perpen-
dicular [85.3(1)°] to the triazole mean plane (Table 4).

In all of the previous structures of dinuclear complexes
of 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-triazoles featur-
ing the dinuclear (N�,N1,N2,N��)2 double-bridging coordi-
nation mode (Figure 2), described in this paper and else-
where,[5,32,43,44] the two ligand molecules have been found
to be in practically perfect alignment with each other, i.e.
with the four nitrogen atoms of the bridging N2 units of the
two triazole moieties forming a rectangle. In contrast, in
[CuII

2(pldpt)2(MeCN)2(H2O)2](ClO4)4 (14) (Figure 6) the
two ligand molecules are offset sideways from one another,
i.e. with the four nitrogen atoms of the bridging N2 units
of the two triazole moieties forming a parallelogram with
acute angles of about 78°, resulting in a pronounced tetrag-
onal distortion of the copper(ii) centres. The consequences
with regard to the distances between the two equivalent
copper centres and their donor atoms are quite dramatic.
The Cu–Npyr and Cu–Ntrz distances in complex 14 are the
longest observed for any complex of a ligand featuring the
bidentate pyridine–triazole moiety. The two Cu–Npyr dis-
tances are markedly different from each other [2.5170(18)
and 2.0264(17) Å] as are the two Cu–Ntrz distances
[1.9908(17) and 2.2564(17) Å] (Table 2 and Table 3). These
geometrical features are a manifestation of an unsymmetri-
cal Jahn–Teller elongation of the distorted CuN5O coordi-
nation octahedron along the N(1)–Cu(1)–N(3A) axis
[Cu(1)–N(1) 2.5170(18) and Cu(1)–N(3A) 2.2564(17) Å].
The Cu(1)–N(20) and the Cu(1)–O(1) distances between the
metal centre and the axial MeCN and H2O co-ligands,
respectively, are practically identical [2.0024(19) and
2.0029(16) Å]. In contrast, in [CuII(pldpt)2(ClO4)2]·2DMF
(13) (see above) as well as in analogous copper(ii) com-
plexes of related ligands the Jahn–Teller elongation of the
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coordination octahedron occurs along the Xaxial–Cu–Xaxial

axis and is symmetrical. The distance of 4.3140(5) Å be-
tween the two copper centres in complex 14 is in between
the corresponding distances observed in [CuII

2-
(NH2dpt)(H2O)4(SO4)2]·H2O[12] and [CuII

2(ibdpt)2-
(MeCN)2(ClO4)2](ClO4)2·2MeCN[32] (Table 1). The axial
H2O co-ligand is involved in hydrogen bonding to the two
ClO4

– counterions [O(1)···O(11) 2.78 and O(1)···O(21)
2.81 Å]. Here too, the pyridine–triazole–pyridine moiety is
nearly planar [4.4(1) and 4.7(1)°], with the pyrrole ring in-
tersecting the triazole mean plane almost at 88.8(1)°
(Table 4).

The molecular structure of [ZnII
2(pldpt)2(MeCN)2(H2O)2]-

(BF4)4 (17) (Figure S5) is basically the same as that of the
cobalt(ii) analogue [CoII

2(pldpt)2(MeCN)2(H2O)2](BF4)4

(8) (Figure S3). Complex 17 is the first dinuclear zinc(ii)
complex of any 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-tri-
azole to be synthesised and structurally characterised. The
two zinc centres are separated by 4.455(2) Å (Table 1) and
the pyridine–triazole–pyridine moiety shows only a slight
deviation from planarity [5.2(3) and 5.5(3)°], while the pyr-
role ring is almost perpendicular [88.4(2)°] to the triazole
mean plane (Table 4). The complex adopts the dinuclear
(N�,N1,N2,N��)2 double-bridging coordination mode (Fig-
ure 2). Here too, the two ligand molecules are somewhat
shifted sideways relative to each other resulting in a slight
tetragonal distortion of the system which is manifested in
the relatively large variation of the Zn–Npyr and Zn–Ntrz

distances [2.173(4)–2.227(4) and 2.119(4)–2.164(4) Å,
respectively] (Table 2 and Table 3). The H2O co-ligand
forms hydrogen bonds to the two BF4

– counterions [O(1)···
F(11) 2.75 and O(1)···F(21) 2.77 Å].

In all of the complexes of pldpt (3) synthesised and struc-
turally characterised in the course of this work the mean
planes of the central triazole ring and the π-electron-rich
pyrrole ring of the ligand are not co-planar but rather inter-
sect at almost right angles [82.4(3)–88.8(1)°] (Table 4). This
precludes an electronic interaction occurring between them
by a π-pathway. Therefore, if there is any transmission of
electron density between these two heterocyclic rings it must
occur across the σ-bond between them. Consequently, it is
likely to be small.

Mass Spectrometry

ESI mass spectra were recorded in MeCN for all of the
initial powdery complexes. In all of the spectra the parent
peak was assigned to the species [(pldpt) + H]+. The spectra
of the dinuclear ClO4

– complexes 4, 9 and 15 showed, al-
most exclusively, peaks that were assigned to mononuclear
species, including the fragments [M(pldpt)3]2+ at m/z =
461.7 (M = CoII), 461.1 (M = NiII) and 464.3 (M = ZnII),
respectively, with a metal-to-ligand molar ratio of 1:3 which
has not been observed for complexes of any 4-substituted
3,5-di(2-pyridyl)-4H-1,2,4-triazole in the solid state so far.
As the only peaks assignable to dinuclear species, the three
spectra also had in common peaks for the fragments
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[M2(pldpt)2(ClO4)3]+ at m/z = 993.3 (M = CoII), 991.2 (M
= NiII) and 1003.1 (M = ZnII), respectively.

Despite their good solubility in MeCN, and the fact that
only one dinuclear solid state species was formed in each
case on crystallisation, the ESI mass spectra of the BF4

–

complexes 7, 10 and 16 were not particularly informative
and showed only about half the number of assignable peaks
that the analogous ClO4

– complexes had. As was the case
with the ClO4

– analogues, the spectra of complexes 7, 10
and 16 all had peaks for the fragments [M(pldpt)3]2+ in
common, while no peaks corresponding to dinuclear species
were observed for these compounds.

The ESI mass spectrum of [CuII(pldpt)2(ClO4)2] (12) was
in full agreement with the other analytical data of this com-
plex, albeit that most of the peaks were assigned to cop-
per(i) rather than copper(ii) species, the former arising from
reduction of the metal centre under the conditions of the
experiment.

NMR Spectroscopy

The 1H NMR spectrum of the dinuclear zinc(ii) ClO4
–

complex 15 in [D7]DMF showed only six signals in the aro-
matic region, which was in agreement with only one species
being present (Figure S6). This confirmed that this complex
does not exist in an equilibrium with mononuclear species
in DMF solution but retains its symmetrical dinuclear
architecture in this solvent, in contrast to the recrystalli-
sation behaviour of the analogous cobalt(ii) and nickel(ii)
complexes 4 and 9, respectively, in the presence of this sol-
vent. Five of the signals were well resolved and only the
signal at δ = 7.55 ppm, which was assigned to 3-PyH, was
broad. While the other five signals were shifted downfield,
as could be expected upon coordination, by 0.12–0.23 ppm
relative to the signals of free pldpt (3) in [D7]DMF, the sig-
nal for 3-PyH was shifted upfield by 0.40 ppm, thus swap-
ping places with the signal for 5-PyH. The single-crystal X-
ray structure analysis of the analogous BF4

– complex 17
shows that the pyrrole ring is, as expected on steric grounds,
almost perpendicular to the two pyridine rings and the tri-
azole ring in the solid state. The significant upfield shift of
the signal for 3-PyH observed in the 1H NMR spectra of
both the ClO4

– complex 15 and the BF4
– complex 16 (see

below) in [D7]DMF indicates that the same relative orienta-
tion is adopted in solution, as this proton appears to be
interacting with the π-electron system of the adjacent pyr-
role ring. As outlined above, the normal conformation of
the pyridine rings in non-coordinated 4-substituted 3,5-
di(2-pyridyl)-4H-1,2,4-triazoles is the one where the nitro-
gen atoms of the pyridine rings point towards the face of
the pyrrole ring, i.e. the pyrrole ring is almost at a right
angle to the triazole ring in all of the structurally character-
ised compounds, whereas on coordination in a dinuclear
complex the pyridine rings are held the other way round
due to the binding of the metal ions, so the 3-PyH protons
now point towards the face of the pyrrole ring. For complex
17 the two independent distances between the 3-PyH and
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the centroid of the pyrrole ring are 3.02 and 3.66 Å in the
solid state. Finally, given that in the dinuclear complex the
coordinated pyridine and triazole rings are expected to be
approximately co-planar, these NMR spectroscopic data in
[D7]DMF are consistent with the triazole and pyrrole rings
being almost perpendicular to one another, precluding an
electronic interaction occurring between them by a π-path-
way and indicating that any electronic interactions occur
via the N–N σ-bond.

The 13C NMR spectrum of the dinuclear zinc(ii) ClO4
–

complex 15 in [D7]DMF, which was very similar to the cor-
responding spectrum of pldpt (3) with all of the signals be-
ing shifted only slightly (Figure S7), was also consistent
with the formulation of a dinuclear solution species and
with only one species being present in DMF solution.

As expected, the NMR spectra, recorded in [D7]DMF,
of the dinuclear zinc(ii) BF4

– complex 16, which upon
recrystallisation from MeCN/Et2O afforded the structurally
characterised dinuclear complex 17 (see above), were practi-
cally identical to those observed for the analogous ClO4

–

complex 15. Attempts were also made to record NMR spec-
tra of complex 16 in [D3]MeCN for comparison but for
unknown reasons this failed and useful spectral information
could not be obtained using this solvent.

Conductivity Measurements

The molar conductivities of the ClO4
– complexes 4, 9

and 15 were determined in DMF. The values obtained (260,
300 and 255 Ω–1·cm2·mol–1

, respectively) are in agreement
with the expected value of about 240–300 Ω–1·cm2·mol–1 for
a 4:1 electrolyte in this solvent.[74] For the BF4

– complexes
7, 10 and 16 the corresponding values, determined in DMF,
were found to be 280, 250 and 270 Ω–1·cm2·mol–1, respec-
tively, which are also within the expected range. Likewise,

Figure 7. Temperature dependence of the effective magnetic moment μeff (�) and the molar magnetic susceptibility χm (�) per cobalt(ii)
centre for CoII

2(pldpt)2(ClO4)4(MeCN)m(H2O)n (4) (m = 1, n = 0). The solid lines represent the best fit using the parameters given in
Table 5.
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the molar conductivities of complexes 7, 10 and 16 in
MeCN (480, 470 and 475 Ω–1·cm2·mol–1, respectively) were
found to be in good agreement with the expected value of
about 420–500 Ω–1·cm2·mol–1 for 4:1 electrolytes in this sol-
vent.[74] The molar conductivity of the mononuclear cop-
per(ii) complex 12 was determined as 245 Ω–1·cm2·mol–1 in
MeCN. This value agrees well with that expected for a 2:1
electrolyte in MeCN (220–300 Ω–1·cm2·mol–1 ).[74]

Magnetic Studies

Magnetic measurements were carried out on powder
samples of the two dinuclear cobalt complexes CoII

2(pldpt)2-
(ClO4)4(MeCN)m(H2O)n (4) and CoII

2(pldpt)2(BF4)4-
(MeCN)m(H2O)n (7) as well as of the two dinuclear nickel
complexes NiII

2(pldpt)2(ClO4)4(MeCN)m(H2O)n (9) and
NiII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (10), revealing in each
case weak antiferromagnetic coupling between the metal
centres (Table 6).

The dinuclear cobalt(ii) complexes 4 and 7 exhibited al-
most identical magnetic behaviour despite the different
counterions, thus indicating that the nature of the latter has
practically no influence on the magnetism of these com-
pounds. Similarly, the magnetic behaviour of different sam-
ples of the same compound was found to be independent
within experimental error from the actual solvent content.
The magnetic moments for complexes 4 (Figure 5) and 7
(Figure S7) at room temperature were 4.50 and 4.29 μB per
cobalt(ii) centre, respectively, and thus somewhat higher
than for spin-only d7 high-spin systems as a result of spin-
orbit coupling and ligand field splitting effects acting on
the 4T1g single ion states. For both complexes the fitted
curves for the temperature dependence of the molar mag-
netic susceptibility showed a maximum, at T = 13 K with
χm = 0.06806 cm3·mol–1 for complex 4 (Figure 7) and with
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χm = 0.06166 cm3·mol–1 for complex 7 (Figure S8), a feature
typical for antiferromagnetic exchange coupling. The mag-
netic data were fitted well by an S = 3/2 dimer model of
the spin-only Heisenberg–Van Vleck type (–2JS1·S2)[75] in-
dicating that orbital degeneracy had largely been removed.
The best fit parameters are given in Table 5. The magnitude
of the coupling between the two cobalt(ii) centres in the
ClO4

– complex 4 (J = –3.1 cm–1) and the BF4
– complex 7

(J = –3.1 cm–1) was similar to the corresponding value
observed for [CoII

2(TsPMAT)2](BF4)4·4H2O (J =
–3.3 cm–1)[51] and was only slightly less than that reported
for related complexes of other 4-substituted 3,5-di(2-pyrid-
yl)-4H-1,2,4-triazoles.[5,32]

Table 5. Magnetic data for CoII
2(pldpt)2(ClO4)4(MeCN)m(H2O)n

(4), CoII
2(pldpt)2(BF4)4(MeCN)m(H2O)n (7), NiII

2(pldpt)2(ClO4)4-
(MeCN)m(H2O)n (9) and NiII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (10).

Complex m n J [cm–1] g TIP Monomer
[cm3·mol–1] [%]

4 1 0 –3.1 2.36 60·10–6 0.1
7 1 2 –3.1 2.25 65·10–6 0.4
9 0 0 –8.8 2.05 0 0.5
10 0 4 –7.8 2.15 65·10–6 0.5

The room temperature effective magnetic moment of
2.82 μB per nickel(ii) centre for the ClO4

– complex 9 (Fig-
ure 8) was reduced from the typical uncoupled value of ca.
3.1 μB thus indicating that antiferromagnetic coupling was
occurring. For the BF4

– complex 10 the corresponding
value was 3.00 μB (Figure S9) and hence the nickel(ii)
centres are less strongly coupled than in complex 9. The
fitted curves for the temperature dependence of the molar
magnetic susceptibility of complexes 9 (Figure 8) and 10
(Figure S9) had maxima at T = 26 K with χm =
0.01639 cm3·mol–1 and T = 22 K with χm =
0.02058 cm3·mol–1, respectively. The antiferromagnetic
coupling between the two nickel(ii) centres in the ClO4

–

Figure 8. Temperature dependence of the effective magnetic moment μeff (�) and the molar magnetic susceptibility χm (�) per nickel(ii)
centre for NiII

2(pldpt)2(ClO4)4(MeCN)m(H2O)n (9) (m = 0, n = 0). The solid lines represent the best fit using the parameters given in
Table 5.
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complex 9 was somewhat larger than in the BF4
– complex

10, the coupling constants being –8.8 and –7.8 cm–1, respec-
tively. Here too, the magnetic behaviour of different sam-
ples of the same compound was found to be independent
within experimental error from the actual solvent content.
As with the cobalt(ii) complexes of this ligand described
above, the antiferromagnetic coupling in complexes 9 and
10 was less than that observed in related nickel(ii) com-
plexes of other 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-tri-
azoles.[5,32]

Conclusion

The coordination behaviour of the known ligand pldpt
(3)[44] towards the first-row transition-metal ions Co2+,
Ni2+, Cu2+ and Zn2+ in reactions with a metal-to-ligand
molar ratio of 1:1 has been investigated in detail for the
first time. From these studies it is clear that this ligand can
act as a bis-bidentate chelator and thus form dinuclear com-
plexes but it has also been revealed that its dinuclear com-
plexes can be labile in solution depending on the solvent
used. Although in most cases the initial precipitates are di-
nuclear, equilibria between di- and mononuclear species can
occur in solution, depending on the metal salt and the sol-
vent employed. Thus, for example, the strongly polar apro-
tic solvent DMF causes the dinuclear cobalt(ii) and
nickel(ii) ClO4

– complexes 4 and 9, respectively, to break up
to some extent giving rise to mixtures of di- and mononu-
clear species, while the corresponding dinuclear zinc(ii)
ClO4

– complex 15 appears to be perfectly stable in this sol-
vent. In contrast, from solutions of the analogous BF4

–

complexes 7, 10 and 16 in the less polar solvent MeCN only
dinuclear species are isolated.

Given that our primary interest in pldpt (3) was to use it
to prepare and study further examples of, prior to our re-
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search, rarely observed, discrete dinuclear complexes of 4-
substituted-3,5-di(2-pyridyl)-4H-1,2,4-triazoles, the deliber-
ate preparation of mononuclear complexes employing me-
tal-to-ligand molar ratios of 1:2 or 1:3 was not attempted
in the course of this particular study. However, such studies
are currently being carried out as an integral component
of our ongoing investigation into the iron(ii) coordination
chemistry of pldpt (3) and related ligands.[52]

The enhanced dinucleating ability of pldpt (3), as com-
pared to the 4-aryl-3,5-di(2-pyridyl)-4H-1,2,4-triazoles, is
attributed largely to the effect of the 4-(1H-pyrrol-1-yl)
group on the relative solubility of the various possible prod-
ucts in the solvents employed. The X-ray crystallographic
data, and the NMR spectroscopic data for the zinc(ii) com-
plex 15, indicate that the electronic effect of this particular
substituent is probably quite small because the potentially
strong π-donation from the pyrrole ring is switched off due
to the near-perpendicular orientation of the pyrrole ring rel-
ative to the triazole ring, leaving only the effects transmitted
by the σ-pathway, which are likely to be weak. These find-
ings are consistent with the suggestion that the substituent
on N4 in 4-substituted 3,5-di(2-pyridyl)-4H-1,2,4-triazoles
influences the ability of such a ligand to form only mononu-
clear or both di- and mononuclear complexes by a complex
mixture of factors, the most important of which, in the case
of pldpt (3), appears to be its effect on the relative solubility
of the various possible products in the solvents employed
during the preparation and/or the recrystallisation of the
complexes, although in other cases subtle electronic effects
may also be at work.[2,31,32,52]

Magnetic studies carried out on the dinuclear cobalt(ii)
complexes 4 and 7 and the dinuclear nickel(ii) complexes 9
and 10 have shown that the two central triazole bridges pro-
vided by pldpt (3) mediate weak antiferromagnetic ex-
change coupling between the two metal centres of these
complexes. With a view to systematically accessing families
of spin crossover systems, the exploration of the coordina-
tion behaviour of pldpt (3), and related ligands, towards
iron(ii) salts in 1:1, 1:2 and 1:3 metal-to-ligand molar ratios,
in a variety of solvents, is well underway and the results of
this study will be reported in due course.[52]

Experimental Section
General Remarks: All solvents used for reactions were laboratory
reagent grade while UV/Vis/NIR and conductivity measurements
were carried out in HPLC-grade solvents. All chemicals were pur-
chased from Aldrich and used as received. Elemental analyses were
carried out by the Campbell Microanalytical Laboratory at the
University of Otago. Melting points were determined with a Gal-
lenkamp melting point apparatus in open-glass capillaries and are
uncorrected. 1H and 13C NMR spectra were recorded with a Varian
INOVA-500 spectrometer at 25 °C. Chemical shifts are given rela-
tive to TMS using the residual solvent signals as secondary refer-
ence (CDCl3: δH = 7.26 ppm, δC = 77.16 ppm; [D7]DMF: δH =
8.02 ppm, δC = 163.15 ppm). Peak assignments were made on the
basis of chemical shifts, integration patterns and coupling con-
stants as well as two-dimensional correlation experiments where
necessary. IR spectra were recorded in the range 4000–400 cm–1
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with a Perkin–Elmer Spectrum BX FT-IR spectrophotometer. UV/
Vis/NIR spectra were recorded with a Varian CARY 500 Scan UV/
Vis/NIR spectrophotometer in the range 200–1400 nm. Conductiv-
ity measurements were carried out at 25 °C using a Suntex SC-170
conductivity meter. ESI mass spectra of organic compounds were
run on a Shimadzu LCMS-QP8000α spectrometer while spectra of
complexes were run on a MicroMass LCT spectrometer. For all
compounds MeCN was used as the solvent. Magnetic data were
recorded in the range 300–4.2 K using a Quantum Design MPMS5
SQUID magnetometer with an applied field of 1 T.

Caution: While no problems were encountered in the course of this

work, reactions involving N2H4·H2O may form potentially explosive

mixtures so must be carried out with extreme caution. Similarly,

ClO4
– salts are potentially explosive so should be handled with appro-

priate care.

3,6-Di(2-pyridyl)-1,4-dihydro-1,2,4,5-tetrazine (1): A heterogeneous
mixture of 2-pyridinecarbonitrile (20.8 g, 0.20 mol) and N2H4·H2O
(50 mL) was refluxed for 2 hours during which time the mixture
became homogeneous, turned orange and a solid separated from
the solution with heavy foaming. After cooling, all volatiles were
evaporated under reduced pressure and the orange solid thus ob-
tained was dried in vacuo. Recrystallisation from pyridine gave
13.8 g (58%) of analytically pure 3,6-di(2-pyridyl)-1,4-dihydro-
1,2,4,5-tetrazine (1) as bright orange needles. M.p. 191–193 °C.
C12H10N6 (238.25): calcd. C 60.50, H 4.23, N 35.27; found C 60.50,
H 4.14, N 35.33. 1H NMR (500 MHz, CDCl3, ppm): δ = 7.34 [ddd,
3J4,5 = 7.7 Hz, 3J5,6 = 4.8 Hz, 4J3,5 = 1.2 Hz, 2 H, 2×5-PyH], 7.74
[dt, 3J3,4 = 3J4,5 = 7.7 Hz, 4J4,6 = 1.8 Hz, 2 H, 2×4-PyH], 8.05 [ddd,
3J3,4 = 7.7 Hz, 4J3,5 = 1.2 Hz, 5J3,6 = 0.9 Hz, 2 H, 2×3-PyH], 8.54–
8.59 [m, 4 H, 2×6-PyH and 2×PyCNH]. 13C{1H} NMR
(125 MHz, CDCl3, ppm): δ = 121.41 [2×3-PyC], 124.97 [2×5-
PyC], 136.83 [2×4-PyC], 146.75 [2×NCNH], 147.65 [2×2-PyC],
148.51 [2×6-PyC]. IR (KBr): ν̃ = 3343, 3296, 3058, 1588, 1564,
1470, 1446, 1387, 1288, 1251, 1155, 1117, 1089, 1077, 1041, 995,
981, 903, 885, 795, 787, 771, 745, 720, 677, 667, 655, 622, 490 cm–1.
ESI-MS (pos., MeCN): m/z = 239 [M + H]+, 261 [M + Na]+, 277
[M + K]+.

4-Amino-3,5-di(2-pyridyl)-4H-1,2,4-triazole (NH2dpt, 2): 3,6-Di(2-
pyridyl)-1,4-dihydro-1,2,4,5-tetrazine (1) (11.9 g, 50.0 mmol) was
dissolved in 2 m HCl (100 mL) and the dark brown solution was
refluxed for 30 minutes. After cooling, the resulting golden solution
was basified to pH � 9 by dropwise addition of concd. NH3 re-
sulting in the formation of a voluminous colourless precipitate. The
solid was filtered off, washed with H2O and dried in vacuo.
Recrystallisation from H2O/EtOH (1:1) gave 10.1 g (84%) of ana-
lytically pure NH2dpt (2) as colourless needles. Alternatively, a mix-
ture of 2-pyridinecarbonitrile (10.4 g, 0.10 mol), N2H4·H2SO4

(13.0 g, 0.10 mol) and N2H4·H2O (15.0 g, 0.30 mol) in 1,2-ethane-
diol (50 mL) was heated at 130 °C for 24 hours. An orange solid
that soon separated from the solution with heavy foaming redis-
solved almost completely over time. On cooling to room tempera-
ture, the reaction mixture solidified to give an almost colourless
solid contaminated with some orange material. H2O (100 mL) was
added, the resulting slurry was filtered and the crude product was
washed with water and dried in vacuo. Recrystallisation from H2O/
EtOH (1:1) gave 8.06 g (67%) of crude NH2dpt (2) as a yellowish
solid. This material could be used in the next step without further
purification. Analytically pure material was obtained as colourless
needles only after at least one more recrystallisation from H2O/
EtOH (1:1). M.p. 185–187 °C. C12H10N6 (238.25): calcd. C 60.50,
H 4.23, N 35.27; found C 60.35, H 4.10, N 35.00. 1H NMR
(500 MHz, CDCl3, ppm): δ = 7.36 [ddd, 3J4,5 = 7.7 Hz, 3J5,6 =
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4.8 Hz, 4J3,5 = 1.2 Hz, 2 H, 2×5-PyH], 7.86 [dt, 3J3,4 = 3J4,5 =
7.7 Hz, 4J4,6 = 1.8 Hz, 2 H, 2×4-PyH], 8.38 [ddd, 3J3,4 = 7.7 Hz,
4J3,5 = 1.2 Hz, 5J3,6 = 0.9 Hz, 2 H, 2×3-PyH], 8.49 [br. s, 2 H,
TzNH2], 8.65 [ddd, 3J5,6 = 4.8 Hz, 4J4,6 = 1.8 Hz, 5J3,6 = 0.9 Hz, 2
H, 2×6-PyH]. 13C{1H} NMR (125 MHz, CDCl3, ppm): δ = 122.97
[2×3-PyC], 124.11 [2×5-PyC], 137.41 [2×4-PyC], 147.82 [3- and
5-TzC], 148.10 [2×2-PyC], 148.43 [2×6-PyC]. IR (KBr): ν̃ = 3421,
3293, 1588, 1566, 1545, 1465, 1432, 1412, 1390, 1318, 1273, 1249,
1148, 1093, 1074, 1041, 998, 968, 912, 795, 787, 737, 693, 677, 623,
586, 489 cm–1. ESI-MS (pos., MeCN): m/z = 239 [M + H]+, 261
[M + Na]+, 277 [M + K]+.

3,5-Di(2-pyridyl)-4-(1H-pyrrol-1-yl)-4H-1,2,4-triazole (pldpt, 3): A
mixture of NH2dpt (2) (4.77 g, 20 mmol) and 2,5-dimethoxytetra-
hydrofuran (3.30 g, 25.0 mmol) in 1,4-dioxane (20 mL) and acetic
acid (20 mL) was refluxed for 24 hours. After cooling, all volatiles
were removed in vacuo to give a dark crystalline solid. This was
taken up in CH2Cl2 (50 mL) and the mixture was filtered through
a short column of silica gel. The filtrate was evaporated under re-
duced pressure and the yellowish solid thus obtained was dried in
vacuo. Recrystallisation from EtOH gave 4.46 g (77%) of analyti-
cally pure pldpt (3) as colourless needles. M.p. 199–201 °C.
C16H12N6 (288.31): calcd. C 66.66, H 4.20, N 29.15; found C 66.90,
H 3.96, N 29.22. 1H NMR (500 MHz, CDCl3, ppm): δ = 6.22 [t,
3J = 2.4 Hz, 2 H, 3- and 4-PlH], 6.86 [t, 3J = 2.4 Hz, 2 H, 2- and
5-PlH], 7.30 [ddd, 3J4,5 = 7.7 Hz, 3J5,6 = 4.8 Hz, 4J3,5 = 1.2 Hz, 2
H, 2×5-PyH], 7.75 [dt, 3J3,4 = 3J4,5 = 7.7 Hz, 4J4,6 = 1.8 Hz, 2 H,
2×4-PyH], 7.84 [ddd, 3J3,4 = 7.7 Hz, 4J3,5 = 1.2 Hz, 5J3,6 = 0.9 Hz,
2 H, 2×3-PyH], 8.52 [ddd, 3J5,6 = 4.8 Hz, 4J4,6 = 1.8 Hz, 5J3,6 =
0.9 Hz, 2 H, 2×6-PyH]. 1H NMR (500 MHz, [D7]DMF, ppm): δ
= 6.12 [t, 3J = 2.4 Hz, 2 H, 3- and 4-PlH], 7.20 [t, 3J = 2.4 Hz, 2
H, 2- and 5-PlH], 7.51 [ddd, 3J4,5 = 7.7 Hz, 3J5,6 = 4.8 Hz, 4J3,5 =
1.2 Hz, 2 H, 2×5-PyH], 7.95 [ddd, 3J3,4 = 7.7 Hz, 4J3,5 = 1.2 Hz,
5J3,6 = 0.9 Hz, 2 H, 2×3-PyH], 8.00 [dt, 3J3,4 = 3J4,5 = 7.7 Hz, 4J4,6

= 1.8 Hz, 2 H, 2×4-PyH], 8.54 [ddd, 3J5,6 = 4.8 Hz, 4J4,6 = 1.8 Hz,
5J3,6 = 0.9 Hz, 2 H, 2×6-PyH]. 13C{1H} NMR (125 MHz, CDCl3,
ppm): δ = 108.44 [3- and 4-PlC], 122.34 [2- and 5-PlC], 123.54
[2×3-PyC], 124.90 [2×5-PyC], 136.84 [2×4-PyC], 145.33 [2×2-
PyC], 149.93 [2×6-PyC], 153.16 [3- and 5-TzC]. 13C{1H} NMR
(125 MHz, [D7]DMF, ppm): δ = 108.51 [3- and 4-PlC], 124.02 [2-
and 5-PlC], 124.74 [2×3-PyC], 126.16 [2×5-PyC], 138.21 [2×4-
PyC], 146.69 [2×2-PyC], 150.79 [2×6-PyC], 154.15 [3- and 5-TzC].
IR (KBr): ν̃ = 3118, 1587, 1569, 1533, 1465, 1443, 1435, 1423, 1332,
1281, 1246, 1181, 1150, 1088, 1069, 1044, 1010, 992, 963, 912, 790,
736, 729, 710, 703, 633, 619, 608, 524, 489 cm–1. ESI-MS (pos.,
MeCN): m/z = 289 [M + H]+, 311 [M + Na]+, 327 [M + K]+.
UV/Vis/NIR (MeCN): λmax (ε/L·mol–1·cm–1) = 251 (14600), 281 nm
(18500).

Reaction of pldpt (3) with CoCl2·6H2O (Method A): A pinkish-red
solution of CoCl2·6H2O (238 mg, 1.00 mmol) in H2O (5 mL) was
added to a colourless solution of pldpt (3) (288 mg, 1.00 mmol) in
MeOH (20 mL) dropwise at room temperature and the resulting
orange-brown solution was stirred for 30 minutes. Slow evapora-
tion over the course of 4 weeks led to the formation of a large
quantity of a beige solid and a few tiny orange prisms. The solid
products were filtered off and washed with MeOH. Drying in
vacuo gave CoII(pldpt)2Cl2(H2O)1.5. C32H27Cl2CoN12O1.5 (733.49):
calcd. C 52.40, H 3.71, N 22.92, Cl 9.67; found C 52.36, H 3.49,
N 23.17, Cl 9.66.

Reaction of pldpt (3) with CoCl2·6H2O (Method B): A deep blue
solution of CoCl2·6H2O (238 mg, 1.00 mmol) in EtOH (5 mL) was
added to a colourless refluxing solution of pldpt (3) (288 mg,
1.00 mmol) in EtOH (20 mL). A blue solid formed almost immedi-
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ately. The resulting suspension was refluxed for another 15 minutes
and was then stirred at room temperature for 24 hours. The solid
was filtered off and washed with EtOH. Drying in vacuo gave
388 mg (ca. 90%) of CoII

2(pldpt)2Cl4(H2O) as a pink powder.
C32H26Cl4Co2N12O (854.32): calcd. C 44.99, H 3.07, N 19.67;
found C 45.38, H 3.05, N 19.51.

Reaction of pldpt (3) with Co(ClO4)2·6H2O: An orange solution of
Co(ClO4)2·6H2O (366 mg, 1.00 mmol) in MeCN (5 mL) was added
to a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). An orange solid formed almost immediately.
The resulting suspension was cooled to room temperature and the
solid was filtered off and washed with MeCN. Drying in vacuo
gave 555 mg (ca. 90%) of CoII

2(pldpt)2(ClO4)4(MeCN)m(H2O)n (4)
as a pale orange powder. The solvent content of the initial products
varied considerably from batch to batch. Heating of the powders
at 60 °C in vacuo for several days similarly afforded materials of
variable solvent content. A sample analysing as CoII

2(pldpt)2-
(ClO4)4(MeCN) was used for characterisation purposes.
C34H27Cl4Co2N13O16 (1133.34): calcd. C 36.03, H 2.40, N 16.07;
found C 36.08, H 2.54, N 16.26. IR (KBr): ν̃ = 1611, 1544, 1517,
1473, 1439, 1405, 1354, 1302, 1263, 1188, 1113, 1074, 1012, 931,
911, 794, 746, 725, 701, 654, 635, 625 cm–1. ESI-MS (pos., MeCN):
m/z = 235.1 [Co(pldpt)(MeCN)3]2+, 289.1 [(pldpt)H]+, 338.1
[Co(pldpt)2(MeCN)]2+, 446.0 [Co(pldpt)(ClO4)]+, 461.7
[Co(pldpt)3]2+, 487.0 [Co(pldpt)(MeCN)(ClO4)]+, 577.4 [(pldpt)2-
H]+, 734.3 [Co(pldpt)2(ClO4)]+, 993.3 [Co2(pldpt)2(ClO4)3]+. Molar
conductivity (DMF): Λm = 260 Ω–1·cm2·mol–1. Vapour diffusion of
Et2O into an orange solution of complex 4 in MeCN/DMF (10:1)
afforded orange crystals of [CoII

2(pldpt)2(H2O)2(DMF)2](ClO4)4·
0.5Et2O (5) and yellow crystals of [CoII(pldpt)2(DMF)2](ClO4)2 (6).

Reaction of pldpt (3) with Co(BF4)2·6H2O: An orange solution of
Co(BF4)2·6H2O (341 mg, 1.00 mmol) in MeCN (5 mL) was added
to a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). The resulting orange solution was refluxed for
10 minutes and was then stirred at room temperature for another
4 hours during which time an orange precipitate formed. The solid
was filtered off and washed with MeCN. Drying in vacuo gave
465 mg (ca. 80%) of CoII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (7) as a
pale orange powder. The solvent content of the initial products
varied considerably from batch to batch. Heating of the powders
at 60 °C in vacuo for several days similarly afforded materials of
variable solvent content. A sample analysing as CoII

2(pldpt)2(BF4)4-
(MeCN)(H2O)2 was used for characterisation purposes.
C34H31B4Co2F16N13O2 (1118.79): calcd. C 36.50, H 2.79, N 16.28;
found C 36.37, H 2.75, N 16.17. IR (KBr): ν̃ = 1610, 1577, 1545,
1518, 1474, 1440, 1402, 1356, 1297, 1263, 1189, 1073, 911, 862,
796, 765, 749, 727, 705, 655, 636, 563, 533, 521, 436, 414 cm–1.
ESI-MS (pos., MeCN): m/z = 289.1 [(pldpt)H]+, 317.6 [Co-
(pldpt)2]2+, 338.1 [Co(pldpt)2(MeCN)]2+, 461.7 [Co(pldpt)3]2+,
722.3 [Co(pldpt)2(BF4)]+. UV/Vis/NIR (MeCN): λmax

(ε/L·mol–1·cm–1) = 252 (25200), 291 (37000), 481 (46), 1022 nm
(12). Molar conductivity (MeCN): Λm = 480 Ω–1·cm2·mol–1. Molar
conductivity (DMF): Λm = 280 Ω–1·cm2·mol–1. Vapour diffusion of
Et2O into the orange MeCN mother liquor or an orange solution
of complex 7 in MeCN afforded orange crystals of [CoII

2(pldpt)2-
(MeCN)2(H2O)2](BF4)4 (8).

Reaction of pldpt (3) with NiCl2·6H2O (Method A): A grass green
solution of NiCl2·6H2O (238 mg, 1.00 mmol) in H2O (5 mL) was
added to a colourless solution of pldpt (3) (288 mg, 1.00 mmol) in
MeOH (20 mL) dropwise at room temperature and the resulting
olive-green solution was stirred for 30 minutes. Slow evaporation
over the course of 6 weeks led to the formation of an inseparable
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mixture of a greenish crystalline solid and blue prisms in an esti-
mated 3:1 ratio. These were not easily separable so no analytical
data were obtained for either of the products.

Reaction of pldpt (3) with NiCl2·6H2O (Method B): A grass green
solution of NiCl2·6H2O (238 mg, 1.00 mmol) in EtOH (5 mL) was
added to a colourless solution of pldpt (3) (288 mg, 1.00 mmol) in
EtOH (20 mL) dropwise at room temperature. The resulting green
solution was stirred at room temperature for 4 hours during which
time a green precipitate formed. The solid was filtered off and
washed with EtOH. Drying in vacuo gave 275 mg (ca. 60%) of
NiII

2(pldpt)2Cl4(H2O)3 as a very pale green powder.
C32H30Cl4Ni2N12O3 (889.86): calcd. C 43.19, H 3.40, N 18.89;
found C 43.62, H 3.28, N 18.74.

Reaction of pldpt (3) with Ni(ClO4)2·6H2O: A blue solution of
Ni(ClO4)2·6H2O (366 mg, 1.00 mmol) in MeCN (5 mL) was added
to a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). A purple solid formed almost immediately. The
resulting suspension was cooled to room temperature and the solid
was filtered off and washed with MeCN. Drying in vacuo gave
475 mg (ca. 80%) of NiII

2(pldpt)2(ClO4)4(MeCN)m(H2O)n (9) as a
pale violet powder. The solvent content of the initial products var-
ied considerably from batch to batch. Heating of the powders at
60 °C in vacuo for several days similarly afforded materials of vari-
able solvent content. A sample analysing as NiII

2(pldpt)2(ClO4)4

was used for characterisation purposes. C32H24Cl4Ni2N12O16

(1091.81): calcd. C 35.20, H 2.22, N 15.39; found C 35.18, H 2.53,
N 15.59. IR (KBr): ν̃ = 1612, 1548, 1526, 1517, 1474, 1440, 1410,
1355, 1304, 1265, 1195, 1114, 1074, 1025, 1012, 931, 911, 793, 747,
725, 700, 659, 636, 625 cm–1. ESI-MS (pos., MeCN): m/z = 214.1
[Ni(pldpt)(MeCN)2]2+, 234.6 [Ni(pldpt)(MeCN)3]2+, 255.1
[Ni(pldpt)(MeCN)4]2+, 289.1 [(pldpt)H]+, 317.1 [Ni(pldpt)2]2+,
337.7 [Ni(pldpt)2(MeCN)]2+, 358.2 [Ni(pldpt)2(MeCN)2]2+, 445.0
[Ni(pldpt)(ClO4)]+, 461.1 [Ni(pldpt)3]2+, 486.0 [Ni(pldpt)-
(MeCN)(ClO4)]+, 527.1 [Ni(pldpt)(MeCN)2(ClO4)]+, 568.2
[Ni(pldpt)(MeCN)3(ClO4)]+, 577.4 [(pldpt)2H]+, 733.2 [Ni(pldpt)2-
(ClO4)]+, 991.2 [Ni2(pldpt)2(ClO4)3]+. Molar conductivity (DMF):
Λm = 300 Ω–1·cm2·mol–1.

Reaction of pldpt (3) with Ni(BF4)2·6H2O: A blue solution of
Ni(BF4)2·6H2O (340 mg, 1.00 mmol) in MeCN (5 mL) was added
to a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). The resulting purple solution was refluxed for
10 minutes and was then stirred at room temperature for another
4 hours during which time a purple precipitate formed. The solid
was filtered off and washed with MeCN. Drying in vacuo gave
215 mg (ca. 40%) of NiII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (10) as a
pale violet powder. The solvent content of the initial products var-
ied considerably from batch to batch. Heating of the powders at
60 °C in vacuo for several days similarly afforded materials of vari-
able solvent content. A sample analysing as NiII

2(pldpt)2-
(BF4)4(H2O)4 was used for characterisation purposes.
C32H32B4F16N12Ni2O4 (1113.28): calcd. C 34.52, H 2.90, N 15.10;
found C 34.55, H 2.70, N 15.09. IR (KBr): ν̃ = 1612, 1578, 1549,
1521, 1475, 1441, 1410, 1356, 1300, 1265, 1190, 1073, 911, 796,
750, 727, 705, 694, 659, 637, 564, 533, 522, 439, 415 cm–1. ESI-MS
(pos., MeCN): m/z = 289.1 [(pldpt)H]+, 317.1 [Ni(pldpt)2]2+, 337.6
[Ni(pldpt)2(MeCN)]2+, 358.1 [Ni(pldpt)2(MeCN)2]2+, 461.1
[Ni(pldpt)3]2+, 721.3 [Ni(pldpt)2(BF4)]+. UV/Vis/NIR (MeCN):
λmax (ε/L·mol–1·cm–1) = 238 (24400), 295 (36400), ca. 530 sh (ca.
70), 866 nm (40). Molar conductivity (MeCN): Λm =
470 Ω–1·cm2·mol–1. Molar conductivity (DMF): Λm =
250 Ω–1·cm2·mol–1. Vapour diffusion of Et2O into the purple
MeCN mother liquor or a purple solution of complex 10 in MeCN
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afforded purple crystals of [NiII
2(pldpt)2(MeCN)4](BF4)4·2MeCN

(11).

Reaction of pldpt (3) with Cu(ClO4)2·6H2O: A blue solution of Cu-
(ClO4)2·6H2O (371 mg, 1.00 mmol) in MeCN (5 mL) was added to
a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). The resulting green solution was refluxed for
10 minutes and was then stirred at room temperature for another
4 hours during which time a blue precipitate formed. The solid was
filtered off and washed with a minimum amount of MeCN. Drying
in vacuo gave 249 mg (59%) of [CuII(pldpt)2(ClO4)2] (12) as a blue
powder. C32H24Cl2CuN12O8 (839.07): calcd. C 45.81, H 2.88, N
20.03; found C 45.52, H 2.78, N 20.05. IR (KBr): ν̃ = 1614, 1588,
1571, 1554, 1533, 1513, 1485, 1456, 1434, 1340, 1311, 1272, 1193,
1105, 1023, 991, 929, 913, 793, 750, 742, 722, 698, 645, 622, 568,
495 cm–1. ESI-MS (pos., MeCN): m/z = 289.1 [(pldpt)H]+, 319.6
[Cu(pldpt)2]2+, 340.1 [Cu(pldpt)2(MeCN)]2+, 351.0 [Cu(pldpt)]+,
369.1 [Cu(pldpt)(H2O)]+, 392.1 [Cu(pldpt)(MeCN)]+, 639.2
[Cu(pldpt)2]+, 738.2 [Cu(pldpt)2(ClO4)]+. UV/Vis/NIR (MeCN):
λmax (ε/L·mol–1·cm–1) = 242 (35000), 295 (33500), 659 nm (90). Mo-
lar conductivity (MeCN): Λm = 245 Ω–1·cm2·mol–1. Vapour dif-
fusion of Et2O into a blue solution of complex 12 in MeCN gave
blue crystals of [CuII(pldpt)2(ClO4)2]·2DMF (13) while vapour dif-
fusion of Et2O into the green MeCN mother liquor afforded green
crystals of [CuII

2(pldpt)2(H2O)2(MeCN)2](ClO4)4 (14). The occur-
rence of the DMF solvates in complex 13 was probably due to the
use of contaminated glassware.

Reaction of pldpt (3) with Zn(ClO4)2·6H2O: A colourless solution
of Zn(ClO4)2·6H2O (372 mg, 1.00 mmol) in MeCN (5 mL) was
added to a colourless refluxing solution of pldpt (3) (288 mg,
1.00 mmol) in MeCN (20 mL). A colourless solid formed almost
immediately. The resulting suspension was cooled to room tem-
perature and the solid was filtered off and washed with MeCN.
Drying in vacuo gave 470 mg (ca. 80%) of ZnII

2(pldpt)2(ClO4)4-
(MeCN)m(H2O)n (15) as a colourless powder. The solvent content
of the initial products varied considerably from batch to batch.
Heating of the powders at 60 °C in vacuo for several days similarly
afforded materials of variable solvent content. A sample analysing
as ZnII

2(pldpt)2(ClO4)4(H2O)4 was used for characterisation pur-
poses. C32H32Cl4N12O20Zn2 (1177.25): calcd. C 32.65, H 2.74, N
14.28; found C 32.28, H 2.59, N 14.30. 1H NMR (500 MHz, [D7]-
DMF, ppm): δ = 6.35 [t, 3J = 2.4 Hz, 4 H, 2×3- and 4-PlH], 7.37
[t, 3J = 2.4 Hz, 4 H, 2×2- and 5-PlH], 7.55 [br. s, 4 H, 4×3-PyH],
7.69 [ddd, 3J4,5 = 7.7 Hz, 3J5,6 = 4.8 Hz, 4J3,5 = 1.2 Hz, 4 H, 4×5-
PyH], 8.12 [dt, 3J3,4 = 3J4,5 = 7.7 Hz, 4J4,6 = 1.8 Hz, 4 H, 4×4-
PyH], 8.68 [ddd, 3J5,6 = 4.8 Hz, 4J4,6 = 1.8 Hz, 5J3,6 = 0.9 Hz, 4 H,
4×6-PyH]. 13C{1H} NMR (125 MHz, [D7]DMF, ppm): δ = 109.91
[2×3- and 4-PlC], 123.38 [2×2- and 5-PlC], 124.08 [4×3-PyC],
127.49 [4×5-PyC], 139.61 [4×4-PyC], 144.25 [4×2-PyC], 150.95
[4×6-PyC], 154.01 [2×3- and 5-TzC]. IR (KBr): ν̃ = 1611, 1546,
1525, 1517, 1476, 1441, 1354, 1306, 1297, 1264, 1192, 1117, 1089,
1014, 930, 911, 795, 748, 724, 703, 653, 636, 625 cm–1. ESI-MS
(pos., MeCN): m/z = 217.1 [Zn(pldpt)(MeCN)2]2+, 237.6
[Zn(pldpt)(MeCN)3]2+, 289.1 [(pldpt)H]+, 320.1 [Zn(pldpt)2]2+,
340.7 [Zn(pldpt)2(MeCN)]2+, 451.1 [Zn(pldpt)(ClO4)]+, 464.3
[Zn(pldpt)3]2+, 492.2 [Zn(pldpt)(MeCN)(ClO4)]+, 577.4
[(pldpt)2H]+, 739.3 [Zn(pldpt)2(ClO4)]+, 1003.1 [Zn2(pldpt)2-
(ClO4)3]+. Molar conductivity (DMF): Λm = 255 Ω–1·cm2·mol–1 .

Reaction of pldpt (3) with Zn(BF4)2·6H2O: A colourless solution of
Zn(BF4)2·6H2O (347 mg, 1.00 mmol) in MeCN (5 mL) was added
to a colourless refluxing solution of pldpt (3) (288 mg, 1.00 mmol)
in MeCN (20 mL). The resulting colourless solution was refluxed
for 10 minutes and was then stirred at room temperature for an-
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Table 6. Crystallographic data for 3,5-di(2-pyridyl)-4-(1H-pyrrol-1-yl)-4H-1,2,4-triazole (pldpt, 3), [CoII

2(pldpt)2(DMF)2(H2O)2](ClO4)4·
0.5Et2O (5), [CoII(pldpt)2(DMF)2](ClO4)2 (6), [CoII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (8), [NiII
2(pldpt)2(MeCN)4](BF4)4·2MeCN (11),

[CuII(pldpt)2(ClO4)2]·2DMF (13), [CuII
2(pldpt)2(MeCN)2(H2O)2](ClO4)4 (14) and [ZnII

2(pldpt)2(MeCN)2(H2O)2](BF4)4 (17).

3 5 6 8

Empirical formula C16H12N6 C40H47Cl4Co2N14O20.5 C38H38Cl2CoN14O10 C36H34B4Co2F16N14O2

Formula weight [g mol–1] 288.32 1311.58 980.65 1159.87
Crystal system monoclinic triclinic monoclinic triclinic
Space group P21 P1̄ P21/c P1̄
a [Å] 10.0461(2) 10.349(2) 8.8443(1) 9.9087(3)
b [Å] 7.3951(2) 12.680(3) 13.3043(2) 10.3844(4)
c [Å] 19.1277(5) 13.065(3) 18.2462(2) 11.8599(4)
α [°] 90 76.62(3) 90 76.834(1)
β [°] 103.000(1) 88.30(3) 82.518(1) 74.254(1)
γ [°] 90 72.46(3) 90 85.140(1)
V [Å3] 1384.61(6) 1588.9(5) 2128.70(5) 1143.33(7)
Z 4 1 2 1
ρcalcd. [g cm–3] 1.383 1.371 1.530 1.685
μ [mm–1] 0.089 0.765 0.604 0.844
Temperature [K] 83(2) 200(2) 200(2) 83(2)
F(000) 600 671 1010 582
Crystal colour and shape colourless block orange prism yellow block orange prism
Crystal size [mm3] 0.50×0.50×0.36 0.34×0.32×0.30 0.36×0.12×0.10 0.40×0.22×0.18
Θmin./Θmax. [°] 2.08/25.63 1.60/26.45 1.90/31.07 1.83/27.13
h –12 � 12 –12 � 12 –11 � 11 –12 � 12
k –7 � 9 –15 � 15 –17 � 17 –12 � 13
l –21 � 23 –16 � 16 –23 � 23 0 � 15
Reflections collected 7900 11447 20754 11760
Independent reflections 4140 [R(int) = 0.0109] 6364 [R(int) = 0.0741] 4677 [R(int) = 0.0632] 4996 [R(int) = 0.0156]
Completeness to Θmax. [%] 99.6 97.3 68.5 98.6
Data/restraints/parameter 4140/1/397 6364/10/421 4677/0/295 4996/0/343
GOF 1.055 1.023 1.067 1.026
R1/wR2 [I � 2σ(I)] 0.0242/0.0610 0.0902/0.2579 0.0677/0.1622 0.0245/0.0597
R1/wR2 (all data) 0.0249/0.0613 0.1204/0.2926 0.1035/0.1818 0.0286/0.0618
Absolute structure factor –0.2(11)
Max. peak/hole [e·Å–3] 0.156/–0.189 1.316/–1.049 0.511/–0.712 0.349/–0.357

11 13 14 17

Empirical formula C44H42B4F16N18Ni2 C38H38Cl2CuN14O10 C36H34Cl4Cu2N14O18 C36H34B4F16N14O2Zn2

Formula weight [g mol–1] 1287.62 985.26 1219.65 1172.76
Crystal system triclinic monoclinic triclinic triclinic
Space group P1̄ P21/n P1̄ P1̄
a [Å] 12.621(5) 8.584(5) 9.8490(1) 9.981(5)
b [Å] 13.122(5) 18.854(5) 10.4408(1) 10.458(5)
c [Å] 18.940(5) 13.105(5) 12.1340(2) 11.968(5)
α [°] 76.283(5) 90 76.178(1) 76.824(5)
β [°] 76.145(5) 98.793(5) 74.267(1) 74.183(5)
γ [°] 62.922(5) 90 84.505(1) 85.209(5)
V [Å3] 2681.7(16) 2096.0(16) 1165.62(3) 1170.0(9)
Z 2 2 1 1
ρcalcd. [g cm–3] 1.595 1.561 1.738 1.664
μ [mm–1] 0.811 0.725 1.233 1.141
Temperature [K] 83(2) 83(2) 83(2) 83(2)
F(000) 1304 1014 618 588
Crystal colour and shape purple-blue prism blue needle green block colourless plate
Crystal size [mm3] 0.32×0.18×0.18 0.21×0.16×0.12 0.48×0.34×0.28 0.30×0.25×0.12
Θmin./Θmax. [°] 1.12/27.25 1.91/25.72 1.79/27.15 1.81/25.63
h –15 � 16 –10 � 10 –12 � 12 –12 � 12
k –16 � 16 –23 � 22 –12 � 13 –12 � 12
l –24 � 24 –15 � 15 0 � 15 –14 � 14
Reflections collected 27141 18555 11913 10501
Independent reflections 11701 [R(int) = 0.0445] 3987 [R(int) = 0.0475] 5077 [R(int) = 0.0225] 4334 [R(int) = 0.0771]
Completeness to Θmax. [%] 97.4 99.8 98.0 98.2
Data/restraints/parameters 11701/0/763 3987/0/297 5077/0/343 4334/0/343
GOF 1.077 1.132 1.047 0.975
R1/wR2 [I � 2σ(I)] 0.0485/0.1070 0.0405/0.0815 0.0333/0.0875 0.0622/0.1561
R1/wR2 (all data) 0.0716/0.1200 0.0537/0.0884 0.0379/0.0911 0.0826/0.1663
Absolute structure factor
Max. peak/hole [e·Å–3] 0.906/–0.662 0.352/–0.401 0.820/–0.868 1.647/–1.462
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other 4 hours during which time a colourless precipitate formed.
The solid was filtered off and washed with MeCN. Drying in vacuo
gave 345 mg (ca. 60%) of ZnII

2(pldpt)2(BF4)4(MeCN)m(H2O)n (16)
as a colourless powder. The solvent content of the initial products
varied considerably from batch to batch. Heating of the powders
at 60 °C in vacuo for several days similarly afforded materials of
variable solvent content. A sample analysing as ZnII

2(pldpt)2-
(BF4)4(H2O)2 was used for characterisation purposes.
C32H28B4F16N12O2Zn2 (1090.63): calcd. C 35.24, H 2.59, N 15.41;
found C 35.13, H 2.58, N 15.33. IR (KBr): ν̃ = 1609, 1576, 1546,
1526, 1518, 1477, 1442, 1400, 1355, 1298, 1264, 1192, 1073, 911,
862, 797, 766, 750, 727, 706, 653, 640, 563, 533, 522, 436, 412 cm–1).
ESI-MS (pos., MeCN): m/z = 289.1 [(pldpt)H]+, 320.1 [Zn-
(pldpt)2]2+, 340.6 [Zn(pldpt)2(MeCN)]2+, 464.2 [Zn(pldpt)3]2+,
727.2 [Zn(pldpt)2(BF4)]+. Molar conductivity (MeCN): Λm =
475 Ω–1·cm2·mol–1. Molar conductivity (DMF): Λm =
270 Ω–1·cm2·mol–1. Vapour diffusion of Et2O into the colourless
MeCN mother liquor or a colourless solution of complex 16 in
MeCN afforded colourless crystals of [ZnII

2(pldpt)2(MeCN)2-
(H2O)2](BF4)4 (17).

X-ray Crystallography: X-ray data (Table 6) were collected with a
Bruker SMART CCD area detector using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The structures were
solved by direct methods with SIR-92[76] or SHELXS-97[77,78] and
refined against F2 using all data by full-matrix least-squares tech-
niques with SHELXL-97.[79] All non-hydrogen atoms were refined
anistropically. All hydrogen atoms, except H(101) and H(102) of
the axial H2O co-ligands in complexes 5, 8, 14 and 17, were placed
at calculated positions using a riding model with thermal param-
eters 1.2 times the equivalent isotropic thermal parameter of the
atom to which they were bonded. The hydrogen atoms of the H2O
co-ligands in complexes 8, 14 and 17 were located from the differ-
ence maps and allowed to refine freely. For complex 5 they were
placed in calculated positions and subsequently fixed in their re-
spective positions with thermal parameters 1.2 times the equivalent
isotropic thermal parameter of the atom to which they were
bonded. Further details of the refinement of the structures and the
modelling of the disordered ClO4

– counterions and Et2O solvate in
complex 5 can be found in the respective CIF files. CCDC-277057
(for 3), -277058 (for 5), -277059 (for 6), -277060 (for 8), -277061
(for 11), -277062 (for 13), -277063 (for 14) and -277064 (for 17)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Supporting Information (see also the footnote on the first page of
this article): A PDF file (six pages) with supporting information for
this article is available on the WWW under http://www.eurjic.org or
from the authors. It contains a view of the asymmetric unit of li-
gand 3 (Figure S1), an overlay of the two crystallographically inde-
pendent molecules within the asymmetric unit of ligand 3 (Fig-
ure S2), views of the molecular structures of the cations of com-
plexes 8, 11 and 17 (Figure S3, S4 and S5, respectively), compari-
sons of the 1H and 13C NMR spectra, respectively, of ligand 3 and
complex 15 (Figures S6 and S7, respectively) and the curves for the
molar magnetic susceptibilities and effective magnetic moments of
complexes 7 and 10 over the range 300–4.2 K (Figures S8 and S9,
respectively).
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Fukui functions are widely used when investigating the reac-
tivity of organic molecules, but rarely with metal complexes.
Here, we investigate the reactivity of [(diimine)(dithiolato)M]
complexes with different types of reagents and upon oxi-
dation employing this concept. Mixed-ligand complexes of
this type have a peculiar electronic description due to the
mixed-metal-ligand-to-ligand charge-transfer band, which is
why they are considered as very promising candidates for
non-linear optical (NLO) materials and molecular photo-
chemical devices (MPD). As a result, their reactivity is of cru-
cial importance for their potential applications. The obtained

1. Introduction
The concept of reactivity is a milestone in the investiga-

tion of chemical phenomena. Electron density plays a fun-
damental role in understanding chemical reactivity as it ex-
plains the attack of reagent on the basis of electrostatic in-
teractions. However, it seems that things are not as simple
as that as electron density by itself does not provide an an-
swer to every question that arises. The reason for this is the
influence of the approaching reagent. Small changes in the
electron-density distribution and how susceptible this is to
these changes are also of importance. In recent years, much
attention has been paid to the insights that density func-
tional theory (DFT) can give into chemical reactivity.
Global reactivity parameters such as electronegativity (χ),
hardness (η) and the electrophilicity index (ω), ac-
companied by local indices like the local softness and the
Fukui function [f(r)], have been introduced in the chemical
literature[1–3] and have eventually obtained legitimacy
within DFT.[4] The latter was proposed by Parr and
Yang[5–8] and represents one of the most effective tools of
conceptual DFT for the investigation of molecular reaction
sites. This model is frequently employed for the interpret-
ation of factors and trends that influence the tunability of
organic molecules, but is more rarely used in the case of
transition-metal complexes.[9] Here it is the main tool in our
effort to gain insight into the reactivity of [(diimine)(dithiol-
ato)M]-type complexes.
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results of f+ and f– for the neutral [(diimine)(dithiolato)M]
complexes (M = Pd, Ni and Pt) not only predict that the sulfur
atom is the preferable active site for electrophilic attack but
also reveal the different tunability of these complexes when
they are subjected to an oxidation process, in agreement with
experimental results. Under the framework of the Fukui in-
dices we also provide an alternative explanation for crystal
packing that could find widespread application.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Over the last three decades [(diimine)(dithiolato)M] com-
plexes of group VIII metals have attracted the attention of
numerous researchers because of their unique properties,
which include solution luminescence, solvatochromism,
large molecular hyperpolarizabilities, and large excited-state
oxidation potentials.[10–29] Due to these properties, they are
considered as very promising candidates for non-linear op-
tical (NLO) materials and molecular photochemical devices
(MPD), especially in view of their peculiar electronic struc-
ture. This specific structure is dominated by the presence
of two different unsaturated chelating ligands in the same
molecule, one of which is a good π*-donor (the dithiolato
ligand) and the other a good π*-acceptor (the diimine).
Moreover, the intense solvatochromic band in the low-en-
ergy region of their electronic spectra is considered to in-
volve the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), the for-
mer of which is a mixture of metal and dithiolato orbitals
and the latter is a π*-orbital of the diimine. This transition
has been assigned as a “mixed-metal-ligand-to-ligand
charge-transfer” (MMLL�CT) transition on the basis of
both experimental[15] and theoretical[28,29] work. The
square-planar geometry of these complexes permits one to
tailor their properties for potential applications as photo-
sensitizers or photocatalysts by designing both the diimine
and dithiolato ligands appropriately.

On the other hand, [(diimine)(dithiolato)M] complexes
are known to be susceptible to oxidation, either photo-
chemically or chemically induced. The first contributions to
this field were provided by Vogler,[19] Srivastava,[20–22] and
Schanze.[23] In 1997, Connick and Gray reported the com-
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plete structural and spectroscopic characterization of the
photooxidation products of [Pt(bpy)(bdt)] (bpy = 2,2�-bi-
pyridine, bdt = 1,2-benzenedithiolate); they identified both
a monosulfinate and a disulfinate complex depending on
the oxidation conditions.[24] Later, Cocker and Bachman re-
ported that the related Pd complex has a similar tunability,
while the reactivity of the nickel analogue is substantially
different. In the latter case they managed to isolate an octa-
hedral disulfonate complex and a dimetallic one, suggesting
that the mechanistic pathway for their production is not
simply the result of differences in the electronic structure of
Ni compounds. They attributed it to the ability of nickel to
adopt an octahedral coordination and to the relative sta-
bility of metal–oxygen bonds for first-row transition met-
als.[25,26] Matsubashi and co-workers,[27] in order to increase
the electrical conductivity of these compounds, have per-
formed halogen doping experiments and proposed that par-
tial oxidation occurred on the sulfur ligand, a suggestion
that is also supported by Tang.[17] Other compounds of the
same class with ligands such as bme-daco [N,N�-bis(2-sul-
fanylethyl)-1,5-diazacyclooctane] are known to be easily
thermally or photochemically oxidized.[30] Furthermore,
these complexes also undergo electrophilic substitution re-
actions, as recently demonstrated by Chen.[18]

Here we have employed density functional techniques[4]

in order to obtain insight into the oxidation of [(diimine)-
(dithiolato)M] complexes and to address the reactivity fac-
tors of these compounds through the local hard–soft acid–
base principle (HSAB) and the Fukui functions.[1–8] For this
purpose, the complexes [Pd(phen)(bdt)] (1), [Pd(bpy)(bdt)]
(2), [Ni(bpy)(bdt)] (3), [Pt(bpy)(bdt)] (4), [Pt(bpy)(edt)] (5),
and [Pt(bpy)(mnt)] (6) have been taken under consideration.
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The main part of this report is organized as follows: a brief
description of the background theory is given in Section 2.
The theoretical results are critically analyzed and compared
with experimental ones in Section 3. This section is subdi-
vided into three subsections. In Section 3.1 both theoretical
and experimental structural data are compared in order to
test the correctness of our calculations. The local softness
parameters f+ and f– are compared to locate the preferable
electrophilic and nucleophilic sites, respectively, in these
complexes in Section 3.2. Moreover, differences in the local
softness descriptors induced by changing both the central
metal and the ligands are discussed and compared to exper-
imental results. They are also used to evaluate intermo-
lecular reactivity sequences. The importance of local soft-
ness parameters for explaining the molecular stacking in the
crystal lattice is shown for the first time in Section 3.3.

2. Theoretical Background

By definition, the Fukui function is given by the func-
tional derivative of the chemical potential with respect to a
change in the external potential. Alternatively, because of
the Maxwell relations, it is identical to the change in elec-
tron density upon a change in the number of electrons and
can be written as

(1)

where μ is the chemical potential, υ(r) is the external poten-
tial, and the derivative must be taken at a constant number
of electrons. An important feature of the Fukui function is
that it integrates to unity.

The physical meaning of f(r) is implied directly by its
definition as [δμ/δυ(r)]N: it measures how sensitive a sys-
tem’s chemical potential is to an external perturbation at a
particular point. Moreover, local softness is given by[31]

(2)

From the above equation it is obvious that the Fukui
function provides the same information for the system un-
der study as the local softness, and can be used instead of
it in deriving the relative site reactivity in a molecule. This
implies that the regions of a molecule where the Fukui func-
tion is large are chemically softer than those with a small
value of the function, and by invoking the HSAB principle
in a local sense one may establish the tunability of different
sites with respect to different reagents.[32]

Application of a finite difference approximation to Equa-
tion (1) leads to the following working equations, known as
condensed Fukui functions according to Yang and Mort-
ier[8]

fi
+ = –[qi(N + 1) – qi(N)], for nucleophilic attack (3a)

fi
– = –[qi(N) – qi(N – 1)], for electrophilic attack (3b)
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fi

0 = –{½ [qi(N + 1) – qi(N – 1)]}, for radical attack (3c)

where qi is the partial charge of atom i, extracted from a
Mulliken gross population analysis,[33] in a compound with
N – 1, N, and N + 1 electrons, calculated in the ground-
state geometry of the N-electron system, while the negative
sign obeys the convention of negative electron charge.

Alternatively, employing a Mulliken population based
approach to the frozen core approximation[2,5] we derive

(4a)

(4b)

fi
0 � ½ [fi

+ + fi
–], for radical attack (4c)

where HOMO and LUMO are the frontier orbitals. Apart
from Mulliken population analysis (MPA), there are also
other partitioning schemes for the electronic density, such
as natural bond orbital analysis and Hirshfield analysis. In
fact, Roy et al.[34–38] have shown that the latter is more reli-
able than MPA for calculating local reactivity descriptors
and also produces nonnegative condensed Fukui function
values. A lot of other work on nonnegative Fukui functions
has been reported,[39–41] and it can be concluded that the
Fukui function itself can be negative, although condensed
Fukui functions cannot be negative, except in certain cases.

Equations (4a–4c) indicate the relationship between Fu-
kui indicators and molecular orbitals.[7] In a sense, a nucleo-
philic reaction could be considered as involving the HOMO
of the nucleophile and the LUMO of the electrophile. One
of the major benefits of using the Fukui functions instead
of the frontier orbitals − Equations (3a–3c) instead of
Equations (4a–4c) − is that Fukui functions include the ef-
fects of orbital relaxation, which is very important.[42–44]

3. Results and Discussion

3.1. Molecular Structure

The six complexes under study have a square-planar ge-
ometry with almost C2v molecular symmetry. They were se-

Table 1. Comparison of selected calculated bond lengths [Å] and angles [°] for 1–6 with experimental values from X-ray analysis.

M M–N[a] M–S[a] C–S[a] C=N[a] C=Cdithiol· C=Cdiim· φdiim. φdithiol.

1[28] Exp. 2.096(8) 2.261(3) 1.787(10) 1.368(12) 1.376(13) 1.437(13) 80.2(3) 89.17(10)
Calcd. 2.128 2.283 1.775 1.364 1.401 1.434 78.69 88.49

2[25] Exp. 2.071(2) 2.245(1) 1.762(2) 1.353(3) 1.396(3) 1.474(3) 79.41(6) 88.67(2)
Calcd. 2.120 2.286 1.774 1.358 1.401 1.476 77.85 88.16

3[25] Exp. 1.937(2) 2.144(3) 1.755(3) 1.358(3) 1.395(3) 1.472(3) 83.31(8) 90.18(3)
Calcd. 1.970 2.178 1.765 1.358 1.401 1.467 82.26 90.18

4[24] Exp. 2.050(5) 2.248(2) 1.761(6) 1.367(8) 1.373(8) 1.464(8) 80.1(2) 89.0(1)
Calcd. 2.095 2.299 1.771 1.363 1.402 1.466 78.00 88.26

5[45] Exp. 2.049(4) 2.250(1) 1.743(7) 1.362(7) 1.346(14) 1.469(10) 79.26(16) 88.67(6)
Calcd. 2.092 2.302 1.754 1.365 1.341 1.462 78.10 88.05

6 Calcd. 2.099 2.296 1.759 1.362 1.365 1.469 78.04 88.44

[a] Average of two distances.
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lected as suitable candidates for investigation of the influ-
ence induced by the different contributing fragments to the
molecule’s reactivity. Compounds 1 and 2 were selected, be-
cause 1,10-phenanthroline and 2,2�-bipyridine, along with
their substituted derivatives, are the most widely used di-
imines in synthesis. Complexes 4, 5, and 6 were used to
study the role of the dithiolate by choosing substituents
with different π*-accepting ability. More precisely, CN is a
better π*-accepting group than H, while benzenedithiolate
is a widely used aromatic ligand. Finally, the series 2–4 was
employed in order to incorporate the role of the metal in
our analysis. For this purpose two ligands with medium π*-
accepting and π*-donating ability, namely bpy and bdt2–,
respectively, were selected.

Their structures were fully optimized at the B3LYP/
SDD/6-311+G* level of theory. A comparison between the
theoretically derived bond lengths and angles and the crys-
tallographically extracted ones is presented in Table 1,
where it can be seen that, apart from the calculated M–X
bonds, which are systematically overestimated by 0.04 Å,
something that is anticipated,[46] all the other structural pa-
rameters are in good agreement with the crystallographic
data. Based on these facts the overall agreement between
theory and experiment is judged as satisfactory. It is note-
worthy that the M–N bonds are longer than those observed
in bis(diimine) compounds, while the M–S distances are
shorter than those of the related bis(dithiolenes). This trend
is a direct consequence of a significant trans influence, with
dC–S and dC–N being in the area of C–S(sp2) and N–C(sp2),
respectively. An extensive analysis of the compounds’ elec-
tronic structure has been presented elsewhere[28,47] and will
not be discussed further here.

3.2. Searching Reactivity Sites

We begin our analysis with the palladium complexes 1
and 2 by investigating the diimine’s role. Employing the
condensed Fukui functions formalism under the finite dif-
ference approximation we derived the values for fi

+, fi
–, and

fi
0. These values are presented in Figures 1 and 2 along with

the numbering of the corresponding atoms. Inspection of
the two figures shows that the most reactive sites of the
molecules upon electrophilic attack are the sulfur atoms in
both cases.
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Figure 1. Condensed Fukui indices for 1 as derived from the finite
difference approximation (a) and the atom numbering system (b).

Moreover, the sulfur atoms tend to react similarly during
a radical attack, according to the f0 values. In the phenan-
throline compound 1 the reactive sites could also be the
diimine’s C1/C12 and C3/C9 atoms, although to a consider-
ably lower degree. On the other hand, things change when
discussion comes to f+. The most reactive atoms are bdt’s
C23/C27 and phenanthroline’s C3/C9 atoms in 1. Of course,
based on the relative nucleophilicity (sk

–/sk
+) and electro-

philicity (sk
+/sk

–) introduced by Roy et al.,[48] we could ac-
curately locate the preferable site for electrophilic and nucle-
ophilic attack, respectively, and distinguish these carbon
atoms. The reactive sites in 2 would also be dithiolate’s C4/
C5 and bpy’s C20/C30. In other words, selection of the di-
imine as a bipyridine or phenanthroline derivative would
not affect the complexes’ reactivity towards an electrophile,
but would certainly do so in the case of nucleophiles. The
reason for this different reactivity is due to the nature of
these attacks. In the case of the fi

+ index, for example, one
more electron is added to the system and the latter has to
partition the excess of charge. Complex 1 can easily accom-
modate an extra electron through extended resonance of the
phen’s three condensed aromatic rings. Complex 2 can also
accommodate an extra electron because of the presence of
the two aromatic rings (bpy), but this is less effective
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Figure 2. Condensed Fukui indices for 2 as derived from the finite
difference approximation (a) and the atom numbering system (b).

than with phen rings. On the contrary, an electron
subtraction from an almost identical HOMO (if the
situation warranted, for example when an electrophile
approaches S atoms), is expected to have a similar
effect in both cases. In other words, although the HOMO
has the same nature in both complexes, the LUMO is
different since it is mainly present on diimine rings (phen
vs. bpy).

Complex 2 would also be more reactive than 1 in the
case of radical attack. Taking all these results into account,
we conclude that, despite the similarity of the frontier orbit-
als of 1 and 2, as was shown previously by us,[28] the two
complexes are not expected to show an identical reactivity.
Since most experimental results in this field have their ori-
gin in an electrophilic attack type of reaction or oxidation,
in the next section we will try to shed light on their thermo-
dynamics. Proceeding in a similar manner, we examine the
dithiolate’s role during electrophilic attack (Figure 3). In
Figure 3(b) the numbering scheme concerns 4 but is also
the same for 5 and 6 along with the following additions.
Contributions from the dithiolate protons in 5 are repre-
sented by positions 31 and 32, while the nitrile carbon and
nitrogen atoms in 6 are labeled as sites 10 and 11, and 31
and 32, respectively.
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Figure 3. Condensed Fukui indices fi
– for 4, 5, and 6 as derived

from the finite difference approximation (a), along with the atom
numbering system (b).

Figure 3 shows that electron-accepting groups on the di-
thiolate moiety increase the sulfur atom’s softness towards
electrophilic reagents in keeping with the observed softness
of the sulfur atoms in the series 6 � 5 � 4 (or mnt � edt
� bdt). Moreover, in the case of 6, the nitrogen atoms of
the CN groups seem to be an additional reactive site on the
molecule. As a result, 1,2-dithiolates with strong electron-
accepting groups as substituents are considered to be more
reactive towards soft electrophiles or photochemically/
chemically induced oxidation than those having donor
groups, while the presence of a π*-delocalized system on
the S ligand reduces its reactivity.

Complexes 2–4 provide a great opportunity for demon-
strating the role of the metal from the Fukui functions (Fig-
ure 4). We prefer to elaborate the Fukui function in this
series in terms of the frozen core instead of the finite differ-
ence approximation due to the fact that metal atoms in the
case of the latter give a value slightly below zero as a result
of the following partitioning scheme (MPA). Thus, qi(N –
1) is found to have a higher value than qi(N) and when
these are replaced in Equation (3b) a negative fi

– value is
obtained.
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Figure 4. Condensed Fukui indices for 2–4 as derived from the fro-
zen core approximation. The numbering system is the same as in
Figure 2(b).

In a previous paper,[28] based on spectroscopic and
mainly on DFT and TDDFT results, we clarified that the
main, highly solvatochromic band in these complexes’ vis-
ible spectra arises from a mixed-metal-ligand-to-ligand
charge transfer despite the relatively low metal contribution
in the frontier orbitals. Moreover, we have suggested that
the metal atom is not just the right connector between the
two conductors but its role is essential for the reactivity of
this class of compounds. In order to test the validity of
this suggestion, we examined the reactivity of 2–4 towards
a common reagent (O2) in combination with Fukui indices.
Before we proceed to the analysis of experimental results,
however, the bonding picture of these compounds should
be given. First of all, recalling results from Table 5 in ref.[28]

we can see that the HOMO is mainly localized on the dithi-
olato ligand (85.4% for 2, 84.2% for 3, and 81.1% for 4),
whereas the metal contribution is 8.8%, 9.3%, and 10.0%
for 2, 3, and 4, respectively.

The HOMO is the orbital where any oxidation process or
electrophilic attack should take place. A closer inspection
reveals that it originates from the antibonding combination
of the metal’s dxz orbital with the dithiolate’s 4b1 out-of-
plane HOMO localized mainly on sulfur’s 3pz (51.7% for
2, 48.6% for 3, and 49.1% for 4), whereas the diimine’s
contribution arises from the 4b1 LUMO of bipyridine.
Hence, the dithiolate, which is a strong π-donor, interacts
in an antibonding way with the metal’s t2g (under a pure
Oh geometry) orbital. This interaction is valid since both
orbitals lie relatively close in energy, and the stronger the
interaction the higher the HOMO lies. On the other hand,
the metal back-donates electron density to the diimine,
which is a good π-acceptor. As the metal–dithiolate interac-
tion increases, back-donation becomes more effective. Tak-
ing the whole picture into consideration, it is clear that the
metal’s involvement in the HOMO increases as a direct con-
sequence of a more effective interaction with the bdt2– moi-
ety, the nucleophilicity of whose sulfur atoms also rises (the
HOMO in all cases is largely a sulfur-based orbital). Grap-
perhaus et al. have referred to a relative bonding situation
using the term π-repulsion.[47] Moreover, since the above
description of the HOMO is, by definition, consistent with
the characteristics of the Fukui function f–, according to
the frozen core approximation, it is clear that the driving
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force of the reaction with an electrophilic reagent is maxim-
ized in 4 (thermodynamic criterion), according to the series
4 � 3 � 2 (Pt � Ni � Pd). On the other hand, as the sulfur
contribution to the HOMO is lower for Ni compounds
(48.6% vs. 51.7% for Pd), an electrophilic attack on it could
elongate the Ni–S bond and break it. Thus, the sulfur atom
is not favorable for electrophilic attack (Figure 4).

On the basis of the points mentioned above, and in order
to test our results, we elaborated Bachman and Gray’s excel-
lent oxidation experiments.[24–26] Our analysis showed that
the sulfur atoms in platinum complex 4 are more nucleo-
philic and thus more reactive, while the metal’s larger con-
tribution to the HOMO raises its energy and makes it more
easily oxidized with more stable oxidation products (vide
supra). Comparing the reported oxidation potentials for 2
(25 mV)[24] and 4 (165 mV),[25] we conclude that the first
two results are correct. Moreover, the similarity of the f–

index (Figure 4) for both 2 and 4 indicates that both com-
plexes yield the same product upon oxidation. Indeed, oxi-
dation takes place for both Pd and Pt complexes
(Scheme 1).[25]

The reactivity of the nickel analogue 3 is substantially
different, according to the f– function (based on finite dif-
ference approximation). Indeed, the sulfur atoms do not ap-
pear to be the unique active sites in this complex as the Ni
atom and the C atoms of the bdt and bpy moieties also
take part in the oxidation. In addition to these results, we
must take into consideration that NiII can also form com-
plexes with octahedral or trigonal-bipyramidal structures,
whereas PdII and PtII cannot. The observed photochemical
oxidation of 3 to give a mixture of octahedral disulfonate

Scheme 1.

Scheme 2.
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complex 8 and a dimetallic complex 9 is in agreement with
this (Scheme 2).[25]

We have shown that the most reactive sites in [(diimine)-
(dithiolato)M] complexes from an electronic point of view
are the sulfur atoms, although the site preferences for each
type of attack differ. Thus, an electrophilic attack should
occur from the upper (or lower) side of the molecule while
a nucleophilic substitution should occur from the side (Fig-
ures 5 and 6). Based on these diagrams we can select the
appropriate ligands in order to proceed stereochemically or

Figure 5. Projections of the difference in electron density between
the neutral and the cationic form of 2.
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Figure 6. Projections of the difference in electron density between
the anionic and the neutral form of 2.

stop a certain type of substitution reaction. An experimen-
tal proof of the above discussion would be the complexes’
interaction with electrophiles. Chen et al. in their fine pa-
per[18] have shown that a series of platinum complexes anal-
ogous to 4 can act as ligands to unsaturated [bis(diphenyl-
phosphanyl)methane]AgI and -AuI compounds, yielding
heterotrinuclear complexes of the type PtIIAuI

2 or PtIIAgI
2.

The formation of this class of compounds, and especially
their structure, can be understood from the Fukui functions
in Figures 3 and 5. Both AuI and AgI are soft, and their
soft–soft interaction with mixed (diimine)(dithiolato) com-
plexes will take place from the upper side of the molecule
at the sulfur atom to yield compound 10.

Figure 7. Packing of two molecules in molecular crystals of 1.
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3.3. Crystal Packing Under the Prism of Soft–Soft
Interactions

Until now crystal packing has been explained mainly in
terms of π–π interactions, hydrogen bonding, and intermo-
lecular metal–ligand interactions. We report here an alter-
native explanation of stacking in terms of the Fukui func-
tions (vide supra). Our working hypothesis starts from the
assumption that in a molecule with distinct electrophilic
and nucleophilic atoms or areas it is very likely that these
atoms/areas interact and play a major role in the formation
of the complexes’ lattice. Complex 1 crystallizes in the P21/
c space group,[28] and slight intermolecular interactions
seem to be present in the crystal (Figure 7).

If packing is examined in terms of Fukui function indices
for 1, as computed under the finite difference approximation
(vide supra), S33/S34–C3/C9 and C3/C9–C23/C29 interac-
tions of the electrophile–nucleophile type are expected. The
latter provides a reasonable explanation for the relative po-
sition of each molecule in the crystal lattice and simulta-
neously implies that soft–soft interactions define the mole-
cules’ stacking. In a forthcoming paper the validity of this
working hypothesis will be tested both experimentally and
theoretically for a series of analogous Ni, Pd, and Pt com-
plexes.[49]

4. Conclusions

In this study we have tested the usefulness of condensed
Fukui functions in locating the preferred sites (atoms) for
nucleophilic and electrophilic attack in a metal complex
and predicting/explaining the products (even the minor
ones) obtained during a reaction. The studied cases are re-
ferred especially to the addition of oxygen and other elec-
trophiles such as unsaturated complexes of AgI or AuI to
mixed (diimine)(dithiolato) complexes.

For this purpose, the condensed Fukui indices were de-
termined to characterize the nucleophile (and electrophile)
sites in [(diimine)(dithiolato)M] complexes (M = Ni, Pd,
and Pt). The former were calculated by two approximations
well established in the literature, namely frozen core and fi-
nite difference. In general, we have found a good agreement
between the results obtained for the condensed Fukui in-
dices of [(diimine)(dithiolato)M] complexes and the experi-
mental results of electrophilic attack and oxidation. In ev-
ery case, except Ni complexes, the electrophilic attack oc-
curs at a unique atomic site – the sulfur atom. Different
reactive sites upon changing the central metal are reflected
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in the differences products obtained, in accordance with ex-
perimental results. Moreover, the nucleophilicity of the sul-
fur atoms has been shown to increase in the series phen �
bpy, mnt � edt � bdt and Pt � Ni � Pd. There is total
agreement between the condensed Fukui function indices
and the existence of different products obtained upon oxi-
dative addition to mixed (diimine)(dithiolato) complexes.
Moreover, the Fukui indicators provide the correct inter-
molecular reactivity sequence of these complexes, which is
not always attainable when comparing only the frontier or-
bitals. Last but not least, a different approach from π-stack-
ing theory for crystal packing of these complexes is pro-
posed based on Fukui indices and soft–soft interactions.
This idea could be applied generally and could be the main
reason for the different ways of molecular stacking in a
crystal lattice, even within the same class of compounds,
although the validity of this hypothesis has yet to be veri-
fied.

5. Experimental Section
5.1. Computational Details

Ground-state electronic structure calculations of all compounds
under study were performed using density functional theory (DFT)
[4] methods employing the GAUSSIAN 98/03 software package.[50]

The functional used throughout this study is the B3LYP, which
consists of a nonlocal hybrid exchange functional as defined by
Becke’s three-parameter equation[51] and the nonlocal Lee–Yang–
Parr correlation functional.[52] The ground-state geometries were
obtained in the gas phase by full geometry optimization, starting
from structural data, regularized in order to satisfy the C2v sym-
metry. The VeryTight option was used in all cases, which demands
tighter convergence criteria than the default ones, while numerical
integration was performed using the UltraFine option, which re-
quests a pruned (99,590) grid. The optimum structures located as
stationary points on the potential-energy surfaces were verified by
the absence of imaginary frequencies. The derived wavefunctions
were found to be free of internal instabilities.

The basis set used for all nonmetal atoms was the well-known val-
ence triple-ζ 6-311+G*.[53,54] The quasi-relativistic Stuttgardt–
Dresden effective core potential of the type ECP10MDF,
ECP28MWB, and ECP60MWB was used for Ni, Pd, and Pt,
respectively.[55] The core potentials were complemented by the rela-
tive valence basis sets.[55] For all other calculations related to the
properties’ investigation an additional diffuse and polarization
function was added to the hydrogen atoms. Percentage composi-
tions of molecular orbitals from the three contributing fragments
(metal, dithiolate, diimine) and condensed Fukui functions accord-
ing to the frozen core approximation were calculated using the AO-
Mix program.[56,57] The graphics presented here were drawn with
the aid of GaussView[58] and Molekel.[59]
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The iridium(I) complexes [Ir(CO)(κ3-N,N,N-R-pybox)][PF6]
[R-pybox = (S,S)-iPr-pybox (1), (R,R)-Ph-pybox (2)] have been
prepared by reaction of their precursor complexes [Ir(η2-
C2H4)2(κ3-N,N,N-R-pybox)][PF6] (R = iPr or Ph) with carbon
monoxide. The analogous carbonylrhodium(I) complexes
[Rh(CO)(κ3-N,N,N-R-pybox)][PF6] [R-pybox = (S,S)-iPr-py-
box (3), (R,R)-Ph-pybox (4)] have been synthesised by reac-
tion of [Rh(μ-Cl)(η2-C2H4)2]2, carbon monoxide, R-pybox and
NaPF6. Complexes 1–4 undergo oxidative addition reactions
with iodine and CH3I leading, with high stereoselectivity, to
the complexes [MI(X)(CO)(κ3-N,N,N-R-pybox)][PF6] [M = Ir,
R = iPr, X = I (5); M = Rh, R = iPr, X = I (6); M = Rh, R = Ph,
X = I (7); M = Ir, R = iPr, X = CH3 (8); M = Ir, R = Ph, X = CH3

(9); M = Rh, R = iPr, X = CH3 (10); M = Rh, R = Ph, X = CH3

Introduction

In the last few years the enantiopure, tridentate nitrogen
ligands R-pybox [R-pybox = 2,6-bis(4�-R-oxazolin-2�-yl)-
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(11)]. The treatment of complexes 1 and 2 with HCl, allyl
chloride or acyl chloride results, in most cases, in the stereo-
selective formation of the iridium(III) complexes [IrHCl(CO)-
(κ3-N,N,N-R-pybox)][PF6] [R = iPr (12), Ph (13)], [IrCl(η1-
CH2CH=CH2)(CO)(κ3-N,N,N-R-pybox)][PF6] [R = iPr (14), Ph
(15)] or [IrCl{η1-C(O)CH3}(CO)(κ3-N,N,N-R-pybox)][PF6] [R =
iPr (16), Ph (17)], respectively. The structures of derivatives
10 and 15 have been determined by single-crystal X-ray dif-
fraction analysis. The catalytic activity of monocarbonylrhod-
ium(I) and -iridium(I) complexes 1 and 3 in the hydro-
silylation and dehydrosilylation of acetophenone with di-
phenylsilane has also been examined.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pyridine; R = iPr, Ph, tBu, etc.] have been shown to be-
efficient chiral ancillary ligands in transition-metal-cata-
lysed asymmetric synthesis. A recent and specific survey
discusses the state-of-the-art of this field.[1]

Despite the importance of iridium complexes in catalytic
processes, as far as we know only a few examples of asym-
metric catalysis using [IrCl(cod)]2/pybox mixtures as the
catalyst have been described. Thus, a reductive aldol reac-
tion catalysed by [IrCl(cod)]2/indane-pybox[2] and a regio-
and enantioselective allylic substitution catalysed by mix-
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tures of [IrCl(cod)]2/phenyl-pybox and nitrogen nucleo-
philes such as oximes, amines and hydroxylamines, have
been reported recently.[3,4] Moreover, we have just described
the preparation of the first (pybox)iridium complexes,[5] na-
mely diolefin-, dialkyne- and monocarbonyliridium(i) com-
plexes (A) as well as hydrido(olefin)- and η3-allyliridium(iii)
derivatives (B). In light of these recent results, we decided
it would be interesting to explore the synthesis of (pybox)-
iridium complexes in order to understand their properties
and eventually apply them in asymmetric catalysis. There-
fore, we report here the synthesis of novel carbonyliridi-
um(i) and -iridium(iii) complexes containing the enantio-
pure (S,S)-iPr-pybox and (R,R)-Ph-pybox ligands. This pa-
per also deals with the synthesis of the analogous carbon-
ylrhodium complexes, a type of systems that are scarcely
found in the literature.[6] Moreover, the monocarbonyl(iPr-
pybox)rhodium(i) and -iridium(i) complexes have been
tested as catalysts in the asymmetric hydrosilylation of ace-
tophenone with diphenylsilane.

Results and Discussion

Synthesis of the Complexes [M(CO)(κ3-N,N,N-R-pybox)]-
[PF6] [M = Ir, R = iPr (1), Ph (2); M = Rh, R = iPr (3),
Ph (4)]

The reaction of complexes [Ir(η2-C2H4)2(κ3-N,N,N-R-
pybox)][PF6] (R = iPr[5] or Ph) with carbon monoxide
(1 atm) in dichloromethane at room temperature results in
the replacement of two ethylene molecules and the forma-
tion of the complexes [Ir(CO)(κ3-N,N,N-R-pybox)][PF6] [R
= iPr (1), Ph (2)], which were isolated as air-stable solids
in excellent yields (96% and 94%, respectively; Scheme 1).
Complexes 1 and 2 can be obtained in higher purity if a
flow of nitrogen is slowly bubbled through the dichloro-
methane solution during the reaction over 50 min and be-
fore work-up. The IR spectra in the ν(CO) region show,
along the reaction course, the initial formation of a non-
isolated dicarbonyl complex intermediate [ν(CO) = 2088,
2021 cm–1], which leads to the 16-electron monocarbonyl
complexes when the reaction mixture is worked up [ν(CO)
= 1989 (1), 1996 (2) cm–1].

Complex 1 was also isolated as the hexafluoroantimon-
ate derivative [Ir(CO){κ3-N,N,N-(S,S)-iPr-pybox}][SbF6]
(1a) after treatment of [Ir(μ-Cl)(η2-C8H14)2]2 (C8H14 = cy-
clooctene) with iPr-pybox (2 equiv.), CO (1 atm) and
AgSbF6 (4 equiv.) in CH2Cl2 at room temperature. Simi-
larly, the analogous rhodium complexes were prepared by

Scheme 1.
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stirring a mixture of [Rh(μ-Cl)(η2-C2H4)2]2 (1 equiv.), R-py-
box (2 equiv.) and NaPF6 (3 equiv.) in dichloromethane/
methanol (4:1) under CO at room temperature for 1 h. The
monocarbonyl complexes [Rh(CO)(κ3-N,N,N-R-pybox)]-
[PF6] were isolated as air-stable solids in high yields [R =
iPr (3), 91%; R = Ph (4), 84%; Scheme 2]. The preparation
of complexes 1 and 3 has been reported previously.[5,6]

Scheme 2.

The analytical and spectroscopic data [IR and 1H,
13C{1H} NMR] for complexes 1–4 support the proposed
formulations (see Experimental Section for details). In par-
ticular: (a) the NMR spectroscopic data are consistent with
the C2-symmetric structure of the compounds, (b) a low-
field singlet or doublet signal in the 13C{1H} NMR spectra
[δ = 182.3 (1), 173.8 (2), 191.7 (d, JC,Rh = 76.3 Hz; 3), 189.9
(d, JC,Rh = 76.3 Hz; 4) ppm] confirms the presence of the
carbonyl group, (c) the IR spectra of CH2Cl2 solutions
show a strong ν(CO) absorption band in the ranges of
1996–1989 cm–1 (for 1 and 2) and 2014–2001 cm–1 (for 3
and 4).

Since oxidative addition is one of the most typical reac-
tions of square-planar iridium(i) and rhodium(i) complexes,
a comparative study of such a process for the cationic mon-
ocarbonyliridium(i) and -rhodium(i) complexes 1–4 was
performed.

Synthesis of the Complexes [MI2(CO)(κ3-N,N,N-R-
pybox)][PF6] [M = Ir, R = iPr (5); M = Rh, R = iPr (6),
Ph (7)]

The reaction of equimolar amounts of [M(CO)(κ3-
N,N,N-R-pybox)][PF6] (M = Ir, R = iPr; M = Rh, R = iPr,
Ph) and iodine in dichloromethane at room temperature
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Scheme 3.

gives stereoselectively the complexes [IrI2(CO){κ3-N,N,N-
(S,S)-iPr-pybox}][PF6] (5) and [RhI2(CO)(κ3-N,N,N-R-
pybox)][PF6] [R = iPr (6),[6] Ph (7)] by oxidative addition
(Scheme 3). Complexes 5–7 were isolated as air-stable, gar-
net (5) or orange-brown (6, 7) solids in high yields (83–
89%) and were characterised by elemental analyses and
NMR spectroscopy (see Experimental Section for details).
In particular, it must be noted that: (a) CH2Cl2 solutions of
complexes 5–7 show the ν(CO) absorption as a strong band
in the range of 2125–2092 cm–1, which is at higher energy
than that found for the rhodium(i) and iridium(i) precur-
sors 1–4 (2014–1989 cm–1), in accordance with the higher
effective oxidation state of the metal atom in complexes 5–
7; (b) the NMR spectroscopic data for 5–7 are consistent
with the presence of the C2 symmetry axis shown by the
precursor complexes, thus indicating that the iodine atoms
are in a trans arrangement;[7] (c) a low-field signal in the
13C{1H} NMR spectra due to the carbonyl group is ob-
served as a singlet at δ = 157.8 ppm for 5 or as a doublet
at δ = 177.9–177.2 ppm (JC,Rh = 55.1–53.4 Hz) for 6 and 7.

Synthesis of the Complexes [MI(CH3)(CO)(κ3-N,N,N-R-
pybox)][PF6] [M = Ir, R = iPr (8), Ph (9); M = Rh, R =
iPr (10), Ph (11)]

The room-temperature reaction of complexes 1 and 2
with methyl iodide (1:10 molar ratio) in dichloromethane
leads to the formation of the complexes [IrI(CH3)(CO)(κ3-
N,N,N-R-pybox)][PF6] [R = iPr (8), Ph (9); Scheme 3].
However, the synthesis of analogous rhodium complexes
[RhI(CH3)(CO)(κ3-N,N,N-R-pybox)][PF6] [R = iPr (10),[6]

Ph (11)] requires the rhodium complexes 3 and 4 to be
heated at 30 °C in neat CH3I. Complexes 8–11 were isolated
from the reaction mixture as yellow solids in high yields [up
to 90% (8, 9) and 70–80% (10, 11)] and were characterised
by elemental analyses and NMR spectroscopy (see Experi-
mental Section for details). In particular: (a) the presence
of the methyl group is confirmed in the 1H NMR spectra
by a singlet or doublet (2JH,Rh = 1.5–1.7 Hz) in the range of
δ = 1.40–0.73 ppm; (b) this methyl carbon atom resonates in
the 13C{1H} NMR spectra at high field as a singlet or
doublet [δ = –9.5 (8), –10.9 (9), 10.3 (JC,Rh = 18.3 Hz; 10),
9.3 (JC,Rh = 17.2 Hz; 11) ppm], while the carbonyl carbon
atom appears at low field as either a singlet or a doublet at
δ = 166.8–165.1 and 185.5–184.0 ppm (JC,Rh = 60.4–
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59.8 Hz) for the iridium and rhodium complexes, respec-
tively.

Even though the synthesis of complexes 9–11 is com-
pletely stereoselective, the reaction of complex 1 with CH3I
gives rise to the complex 8 along with a minor amount of
another diastereoisomer (de = 80%) according to the 1H
NMR spectrum of the crude reaction mixture. Since the
NMR and IR spectroscopic data of complexes 9–11 did not
allow us to unambiguously determine their stereochemistry,
an X-ray crystal structure analysis was performed for com-
plex 10, which shows the expected octahedral coordination
of the rhodium atom as well as a trans orientation for the
methyl and iodo ligands. Selected bond lengths and angles
are collected in Figure 1 (see also ref.[6] for further struc-
tural data). We assume that complexes 8 (major isomer), 9
and 11 have the same stereochemistry.

Figure 1. ORTEP-type view of the molecular structure of the cation
of [RhI(CH3) (CO){κ3-N,N,N-(S,S)-iPr-pybox}][PF6] (10) drawn at
the 10% probability level. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [Å] and angles [°]: Rh–N(1) 2.059(5),
Rh–N(2) 1.994(5), Rh–N(3) 2.056(5), Rh–C(1) 2.120(8), Rh–C(2)
1.900(7), Rh–I 2.7759(14), C(2)–O(1) 1.113(10); N(3)–Rh–N(1)
156.5(2).

As we have described above, monocarbonylrhodium(i)
and -iridium(i) complexes 1–4 undergo oxidative addition
reaction with iodine and CH3I. However, monocarbonyliri-
dium(i) complexes 1 and 2 also react under mild reaction
conditions with HCl and allyl and acyl chloride to give the
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iridium(iii) complexes 12–17, whereas the rhodium com-
plexes 3 and 4 remain unchanged under similar or stronger
conditions (CH2Cl2 or refluxing MeOH). This behaviour is
in accordance with the well-known higher stability of iridi-
um(iii) complexes in comparison with that of rhodium(iii)
complexes.[8]

Synthesis of the Complexes [IrHCl(CO)(κ3-N,N,N-R-
pybox)][PF6] [R = iPr (12), Ph (13)]

We are particularly interested in the synthesis of hydrido
complexes as they are extensively found as intermediates in
both stoichiometric and catalytic processes. The treatment
of a solution of complexes 1 and 2 in dichloromethane with
a solution of HCl in diethyl ether at room temperature gives
stereoselectively the complexes [IrClH(CO){κ3-N,N,N-
(S,S)-R-pybox}][PF6] [R = iPr (12), Ph (13)], which were
isolated as air-stable, yellow solids (92–94% yield;
Scheme 4). Complexes 12 and 13 were characterised by ele-
mental analysis and NMR spectroscopy (see Experimental
Section for details). The most significant features of the
spectroscopic data are: (a) the characteristic ν(Ir–H) and
ν(CO) IR absorptions at 2180–2164 and 2083–2075 cm–1,
respectively, (b) the high-field singlet for the hydrido ligand
in the 1H NMR spectra at δ = –19.25 (12) and –19.73 (13)
ppm, and (c) the low-field singlet for the carbonyl carbon
atom in the 13C{1H} NMR spectra at δ = 165.6 (12) and
163.0 (13) ppm. The NMR and IR spectroscopic data are
consistent with three possible stereoisomers. Unfortunately,
all attempts to crystallise complexes 12 or 13 from a
number of solvents were unsuccessful, therefore an X-ray
analysis could not be performed. We assume that the hyd-
rido and chloro ligands are trans to each other, in a similar
stereochemical environment to that found for complexes 10
and 15 (see below), whose structures were determined by
X-ray diffraction analysis.

Scheme 4.
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Synthesis of the Complexes [IrCl(η1-CH2CH=CH2)(CO)-
(κ3-N,N,N-R-pybox)][PF6] [R = iPr (14), Ph (15)] and
[IrCl{η1-C(O)CH3}(CO)(κ3-N,N,N-R-pybox)][PF6] [R =
iPr (16), Ph (17)]

The oxidative addition of allyl chloride and acyl chloride
to complexes 1 and 2 was also performed. Thus, the reac-
tion of 1 and 2 with allyl chloride (3 equiv.) and acyl chlo-
ride (1 equiv.) in dichloromethane at room temperature pro-
duces the allyl- and acyliridium(iii) complexes 14/15 and 16/
17, respectively (Scheme 4). These complexes were isolated
as air-stable, yellow solids in 85–91% yield. Their analytic
and spectroscopic data (IR and 1H, 13C{1H} NMR) sup-
port the proposed formulations (see Experimental Section
for details). In particular, the following can be pointed out:
(a) the IR spectra of 16 and 17 show the expected ν(COMe)
absorptions of the acyl group at 1677–1669 cm–1, (b) the 1H
and 13C NMR resonances of the allyl group in complexes
14 and 15 are in accordance with the σ-coordination mode
[13C{1H} NMR spectra show the expected resonances in
the ranges δ = 5.9–5.7 (s) and 112.9–112.1 (s) ppm for the
Cα and Cγ nuclei, respectively, of the η1-allyl group], (c) the
low-field singlet signals for the carbonyl carbon nuclei of
the acyl and carbonyl ligands in the 13C{1H} NMR spectra
appear in the range δ = 196.9–196.0 and 165.9–164.1 ppm,
respectively.

The stereochemistry of complex 15 was confirmed by a
single-crystal X-ray analysis. An ORTEP view of the mol-
ecular structure is shown in Figure 2. Selected bond lengths
and angles are collected in Table 1.The structure exhibits a
distorted octahedral geometry around the iridium atom
which is bonded to the three nitrogen atoms of the Ph-py-
box ligand, a chlorine atom, a carbon monoxide molecule
and an η1-allyl group (Figure 2). The chlorine atom and the
allyl group are located in a trans disposition. The Ir–N(1)
[2.032(8) Å], Ir–N(2) [2.014(8) Å] and Ir–N(3) [2.024(10) Å]
distances as well as the N–Ir–N [77.0(3)°, 78.6(4)° and
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155.6(4)°] bond angles fall in the range observed for the
related complexes [Ir(η2-C2H4)2{κ3-N,N,N-(S,S)-iPr-
pybox}][PF6][5] and [IrCl(η3-C3H5){κ3-N,N,N-(S,S)-iPr-
pybox}][PF6].[5] The Ir–allyl distances [Ir–C(1) = 2.118(11),
C(1)–C(2) = 1.427(13) and C(2)–C(3) = 1.223(17) Å] are
slightly shorter than those found for other σ-allyliridium(iii)
complexes such as [Ir(η1-CH2CH=CH2)3(PP2)] [PP2 =
PhP(CH2CH2PPh2)2; Ir–C(1) = 2.208(4)–2.186(4), C(1)–
C(2) = 1.488(6)–1.463(6) and C(2)–C(3) = 1.319(6)–
1.253(9) Å].[9] Finally, the C–O bond length of the CO li-

Figure 2. ORTEP-type view of the molecular structure of the cation
of [IrCl(η1-CH2CH=CH2)(CO){κ3-N,N,N-(S,S)-iPr-pybox}][PF6]
(15) drawn at the 10% probability level. Hydrogen atoms have been
omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for complex 15.

Ir–Cl 2.470(3)
Ir–N(1) 2.032(8)
Ir–N(2) 2.014(8)
Ir–N(3) 2.024(10)
Ir–C(1) 2.118(11)
Ir–C(4) 1.882(11)
C(1)–C(2) 1.427(13)
C(2)–C(3) 1.223(17)
C(4)–O(3) 1.117(13)
N(1)–Ir–N(3) 155.6(4)
N(1)–Ir–N(2) 77.0(3)
N(2)–Ir–N(3) 78.6(4)
N(1)–Ir–C(4) 103.1(4)
N(3)–Ir–C(4) 101.3(5)
N(2)–Ir–C(4) 178.7(4)
N(1)–Ir–C(1) 87.9(4)
N(3)–Ir–C(1) 92.0(4)
N(2)–Ir–C(1) 89.1(4)
Ir–C(1)–C(2) 116.2(8)
C(1)–C(2)–C(3) 138(2)
C(4)–Ir–C(1) 92.2(4)
Cl–Ir–C(1) 175.2(3)
N(1)–Ir–Cl 91.6(2)
N(2)–Ir–Cl 86.2(3)
N(3)–Ir–Cl 86.6(3)
O(3)–C(4)–Ir(1) 174.6(10)
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gand in complex 15 [1.117(13) Å] is comparable to that
found in the case of the carbonylrhodium complex 10
[C(2)–O(1) = 1.113(10) Å]. In conclusion, both complexes
10 and 15 present the same stereochemistry, with the CO
ligand trans to the pyridine nitrogen atom of the pybox li-
gand (see Figures 1 and 2).

We have recently reported the synthesis of the complex
[IrCl(η3-C3H5){κ3-N,N,N-(S,S)-iPr-pybox}][PF6][5] by treat-
ment of the complex [Ir(η2-C2H4)2{κ3-N,N,N-(S,S)-iPr-
pybox}][PF6] with allyl chloride in acetone at room tem-
perature. The reaction presumably involves the formation
of an intermediate monoolefiniridium(iii) complex with the
allyl group having a monodentate coordination. However,
complexes 14 and 15 are stable in the sense that they do not
evolve into the corresponding η3-allyl complexes [IrCl(η3-
C3H5)(κ3-N,N,N-R-pybox)][PF6] (R = iPr, Ph) by loss of
carbon monoxide.

Hydrosilylation of Acetophenone

The rhodium(iii) complexes [RhCl3(R-pybox)] (R = iPr,
sBu, tBu, etc.) were first used as catalyst precursors by Ni-
shiyama and co-workers in the enantioselective synthesis of
secondary alcohols by the asymmetric reduction of ketones
with diphenylsilane.[10] (Scheme 5). They assumed the for-
mation of a rhodium(i) complex as the active species in situ
by reduction of the precatalyst in the presence of AgBF4

and diphenylsilane.

Scheme 5.

We became interested to know the behaviour of the cat-
ionic carbonyliridium(i) and -rhodium(i) complexes re-
ported here since neither the previous reduction of the pre-
catalyst nor the use of AgBF4 as additive would be neces-
sary. Therefore, the catalytic activity of the complexes
[M(CO){κ3-N,N,N-(S,S)-iPr-pybox}][PF6] [M = Ir (1), Rh
(3)] in the hydrosilylation/reduction of acetophenone was
investigated (Scheme 6 and Table 2).

Scheme 6.

[Ir(CO){κ3-N,N,N-(S,S)-iPr-pybox}][PF6] (1) was found
to be catalytically active, with complete conversion of the
ketone into the corresponding silyl ether at room tempera-
ture after 72 h of reaction (Table 2, entry 1). However, the
desilylation of the product led to racemic 1-phenylethanol,
which means that the reduction takes place without asym-
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Table 2. Hydrosilylation of acetophenone catalysed by complexes 1
and 3.[a]

En- Cata- iPr-py- Conver- Silyl Silyl enol
T ttry lyst box sion ether ether

[°C] [h] [%][b] [%][b] [%][b]

1 1 – 18 72 99 99 –
2 3 4 equiv. 0 4 100 16 84
3 3 – 0 3 100 30 70
4 3 4 equiv. 18 1 100 9 91
5 3 – 18 0.5 100 10 90

[a] The reactions were carried out under conditions similar to those
reported in the literature.[11] Details of the procedure are given in
the Experimental Section. [b] The values in the last three columns
were calculated by integration of signals in the 1H NMR spectra.

metric induction. At first sight, this fact can be understood
if the iPr-pybox ligand decoordinates before the active spe-
cies is formed, otherwise some degree of induction should
have been observed. This result contrasts with those ob-
tained with the rhodium(i) complex [Rh(CO){κ3-N,N,N-
(S,S)-iPr-pybox}][PF6] (3; Table 2, entries 2–5), since vari-
able mixtures of the expected diphenylsilyl ether (as race-
mate) and diphenylsilylenol ether are obtained when the re-
action is run either at 0 °C or at room temperature
(Scheme 6). The latter product results from the reductive
O–Si coupling between diphenylsilane and the enol tauto-
mer of the ketone. In all cases the conversion is quantitative
and the diphenylsilyl enol ether is the major reaction prod-
uct. We also found that the best selectivity in favour of the
silyl enol ether is achieved at room temperature (Table 2,
Entries 4 and 5 vs. 2 and 3) and that no excess of ligand is
required at that temperature (Entries 4 and 5). A dehydro-
genative silylation of ketones with a bifunctional organosil-
ane catalysed by a mixture of the chiral or achiral com-
plexes derived from [RhCl3(pybox)] and AgOTf was re-
ported in 1993 by Nishiyama.[11] Representative examples
of the transition-metal-catalysed dehydrogenative silylation
of ketones with hydrosilanes have been reported.[12]

In conclusion, acetophenone is easily and quantitatively
transformed into its corresponding diphenylsilyl enol ether,
at room temperature, with very high selectivity (9:1) in the
presence of 1.0 mol% of [Rh(CO){κ3-N,N,N-(S,S)-iPr-
pybox}][PF6]. Silyl enol ethers are reagents of enormous
interest in organic synthesis that take part in numerous or-
ganic transformations.[13]

Conclusions

In summary, the synthesis of monocarbonyl derivatives
[M(CO)(κ3-N,N,N-R-pybox)][PF6] (M = Rh, Ir) containing
the enantiopure (S,S)-iPr-pybox and (R,R)-Ph-pybox li-
gands has been reported. This paper also deals with the
synthesis of new organometallic iridium(iii) and rhodi-
um(iii) complexes by stereoselective oxidative addition reac-
tions. The catalytic activity of the complexes [M(CO){κ3-
N,N,N-(S,S)-iPr-pybox}][PF6] (M = Rh, Ir) in the hydro-
silylation of acetophenone has been examined. In particu-
lar, the complex [Rh(CO){κ3-N,N,N-(S,S)-iPr-pybox}][PF6]
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has been demonstrated to be a very efficient catalyst for the
dehydro-O-silylation of acetophenone to give the silyl enol
ether PhC(OSiHPh2)=CH2 as the major product.

Experimental Section
General: All reactions were performed under dry nitrogen using
vacuum-line and standard Schlenk techniques. All reagents were
obtained from commercial suppliers and used without further puri-
fication. Solvents were dried by standard methods and distilled un-
der nitrogen before use. The complexes [Ir(η2-C2H4)2{κ3-N,N,N-
(S,S)-iPr-pybox}][PF6], [Ir(μ-Cl)(η2-C8H14)2]2 (C8H14 = cyclooc-
tene) and [Rh(μ-Cl)(η2-C2H4)2]2 were prepared according to pre-
viously reported methods.[5,14] Infrared spectra were recorded with
a Perkin–Elmer FT 1720-X or Paragon 1000 spectrometer. The
conductivities were measured at room temperature, for approx.
5× 10–4 m acetone solutions, with a Jenway PCM3 conductimeter.
The C, H and N analyses were carried out with a Perkin–Elmer
240-B microanalyzer. Mass spectra (FAB) were determined with a
VG-Autospec mass spectrometer, operating in the positive mode;
3-nitrobenzyl alcohol (NBA) was used as the matrix. NMR spectra
were recorded with a Bruker AC300 (DPX-300 or AV-300) instru-
ment at 300 MHz (1H) or 75.4 MHz (13C) or a Bruker AMX-400
instrument at 400 MHz (1H) or 100.6 MHz (13C), using SiMe4 as
standard. DEPT experiments were carried out for most of the com-
plexes.

Synthesis of [Ir(η2-C2H4)2{κ3-N,N,N-(R,R)-Ph-pybox}][PF6]: A
flow of ethylene was slowly bubbled at room temperature into a
suspension of [Ir(μ-Cl)(coe)2]2 (0.448 g, 0.5 mmol) in 5 mL of meth-
anol. After the solution colour became yellow, Ph-pybox (0.369 g,
1 mmol) was added and the mixture stirred at –40 °C for 40 min.
NaPF6 (0.248 g, 1.45 mmol) was added to the resulting red solution
and the mixture stirred at –40 °C for 45 min. Diethyl ether was then
added (ca. 100 mL) and the resulting red solid was washed with
cold diethyl ether (3×5 mL) and then vacuum-dried (89% yield).
Yield: 89% (0.064 g). Colour: red. C27H27F6IrN3O2P (762.70):
calcd. C 42.52, H 3.57, N 5.51; found C 41.32, H 3.40, N 5.34.
FAB-MS: m/z = 590 [M+ – C2H4], 562 [M+ – 2 C2H4]. IR (KBr):
ν̃ = 840 (PF6

–) cm–1. Conductivity (acetone, 20 °C):
129 Ω–1 cm2 mol–1. 1H NMR (300 MHz, CD2Cl2, 20 °C): δ = 8.17
(s, 3 H, C5H3N), 7.40, 7.09 (2×m, 10 H, CHPh), 5.23 (m, 2 H,
OCH2 or CHPh), 4.81 (m, 2 H, OCH2 or CHPh), 4.47 (m, 2 H,
OCH2 or CHPh), 2.33 (br., 4 H, C2H4), 1.97 (br., 4 H, C2H4) ppm.
13C{1H} NMR (75.48 MHz, CD2Cl2, 20 °C): δ = 170.09 (s, OCN),
145.66 (s, C2,6 C5H3N), 136.60 (s, C4H C5H3N), 130.31, 129.66,
128.30, 126.52 (s, C3,5H C5H3N and Ph), 79.27 (s, OCH2), 66.99 (s,
CHPh), 32.97 (s, C2H4) ppm.

Synthesis of Complexes [Ir(CO)(κ3-N,N,N-R-pybox)][X] [X = PF6,
R = iPr (1), Ph (2); X = SbF6, R = iPr (1a)]. Method A: A solution
of [Ir(η2-C2H4)2(κ3-N,N,N-R-pybox)][PF6] (R = iPr or Ph)
(0.1 mmol) in dichloromethane (10 mL) was stirred at room tem-
perature under CO for 5 min. The resulting solution was then con-
centrated to about 3 mL and the residue diluted with 30 mL of
diethyl ether to yield a dark solid, which was washed with diethyl
ether (3×5 mL) and vacuum-dried. Complexes 1 and 2 were ob-
tained in higher purity if a flow of nitrogen was slowly bubbled
into the dichloromethane solution over 50 min and the mixture
worked up as above. Method B: A solution of [Ir(μ-Cl)(η2-
C8H14)2]2 (0.036 g, 0.04 mmol) in dichloromethane (10 mL) was
stirred at room temperature under CO for 5 min. iPr-pybox
(0.024 g, 0.08 mmol) and AgSbF6 (0.052 g, 0.15 mmol) were then
added and the mixture was stirred in the dark for 4 h. The suspen-
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sion was filtered through kieselguhr and the resulting solution was
then concentrated to about 3 mL. Addition of hexane (30 mL)
yielded a dark solid, which was washed with hexane (3×5 mL) and
vacuum-dried. 1: Yield: 96% (0.064 g). Colour: dark green.
C18H23F6IrN3O3P (666.58): calcd. C 32.43, H 3.48, N 6.30; found
C 31.85, H 3.13, N 5.81. IR (KBr): ν̃ = 1968 (CO), 840 (PF6

–)
cm–1. IR (CH2Cl2): ν̃ = 1989 (CO) cm–1. Conductivity (acetone,
20 °C): 123 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.36 [t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.17 (d, JH,H

= 8.0 Hz, 2 H, H3,5 C5H3N), 5.16 (m, 4 H, OCH2), 4.48 (m, 2 H,
CHiPr), 2.22 (m, 2 H, CHMe2), 1.06 (d, JH,H = 7.1 Hz, 6 H,
CHMe2), 0.98 (d, JH,H = 6.8 Hz, 6 H, CHMe2) ppm. 13C{1H}
NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 182.3 (s, CO), 172.0
(s, OCN), 149.0 (s, C4H C2,6 C5H3N), 125.4 (s, C3,5H C5H3N), 74.5
(s, OCH2), 71.7 (s, CHiPr), 31.1 (s, CHMe2), 18.3 (s, CHMe2), 14.5
(s, CHMe2) ppm. 2: Yield: 94% (0.069 g). Colour: garnet.
C24H19F6IrN3O3P (734.62): calcd. C 39.24, H 2.61, N 5.72; found
C 38.57, H 2.45, N 5.34. IR (KBr): ν̃ = 1978 (CO), 842 (PF6

–)
cm–1. IR (CH2Cl2): ν̃ = 1996 (CO) cm–1. Conductivity (acetone,
20 °C): 117 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.41 (m, 1 H, H4 C5H3N), 8.28 (d, JH,H = 8.5 Hz, 2 H,
H3,5 C5H3N), 7.43 (m, 10 H, CHPh), 5.63 (m, 2 H, OCH2), 5.48
(m, 2 H, OCH2), 5.04 (m, 2 H, CHPh) ppm. 13C{1H} NMR
(75.48 MHz, [D6]acetone, 20 °C) δ = 173.8 (s, CO), 166.1 (s, OCN),
143.5 (s, C2,6 C5H3N), 140.0 (s, C4H C5H3N), 132.0 (s, ipso-Ph),
123.6, 123.4, 122.7 (s, Ph), 118.9 (s, C3,5H C5H3N), 74.7 (s, OCH2),
65.0 (s, CHPh) ppm. 1a: Colour: very dark green. C18H23F6Ir-
N3O3Sb (757.36): calcd. C 28.55, H 3.06, N 5.55; found C 29.06,
H 3.06, N 5.20. IR (KBr): ν̃ = 1973 (CO), 659 (SbF6

–) cm–1. IR
(CH2Cl2): ν̃ = 1989 (CO) cm–1. Conductivity (acetone, 20 °C):
130 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone, 20 °C): δ =
8.36 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.16 (d, JH,H = 8.0 Hz, 2
H, H3,5 C5H3N), 5.16 (m, 4 H, OCH2), 4.47 (m, 2 H, CHiPr), 2.24
(m, 2 H, CHMe2), 1.07 (d, JH,H = 7.2 Hz, 6 H, CHMe2), 0.99 (d,
JH,H = 6.9 Hz, 6 H, CHMe2) ppm.

Synthesis of Complexes [Rh(CO)(κ3-N,N,N-R-pybox)][PF6] [R = iPr
(3), Ph (4)]: A solution of the corresponding pybox ligand
(1.028 mmol), [Rh(μ-Cl)(η2-C2H4)2]2 (0.200 g, 0.514 mmol) and
NaPF6 (0.259 g, 1.542 mmol) in dichloromethane (20 mL)/meth-
anol (5 mL) was stirred at room temperature under CO for 1 h.
The solvent was then removed under reduced pressure and the solid
residue was extracted with dichloromethane and filtered. The re-
sulting solution was then concentrated to about 3 mL and 30 mL
of diethyl ether added to yield a solid, which was washed with
diethyl ether (2×30 mL) and vacuum-dried. 3: Yield: 91%
(0.542 g). Colour: garnet C18H23F6N3O3PRh (577.26): calcd. C
37.45, H 4.01, N 7.28; found C 37.81, H 3.96, N 7.02. FAB-MS:
m/z = 432 [M+], 404 [M+ – CO]. IR (KBr): ν̃ = 1981 (CO), 840
(PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2001 (CO) cm–1. Conductivity (ace-
tone, 20 °C): 118 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.50 (t, JH,H = 8.2 Hz, 1 H, H4 C5H3N), 8.16 (d, JH,H

= 8.2 Hz, 2 H, H3,5 C5H3N), 5.14–4.99 (m, 4 H, OCH2), 4.36 (m,
2 H, CHiPr), 2.16 (m, 2 H, CHMe2), 1.05 (d, JH,H = 6.8 Hz, 6 H,
CHMe2), 0.98 (d, JH,H = 6.8 Hz, 6 H, CHMe2) ppm. 13C{1H}
NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 191.7 (d, JC,Rh =
76.3 Hz, CO), 168.1 (s, OCN), 146.3 (s, C4H C5H3N), 144.5 (s,
C2,6 C5H3N), 125.9 (s, C3,5H C5H3N), 73.7 and 70.1 (s, OCH2 and
CHiPr), 30.9 (s, CHMe2), 18.1 (s, CHMe2) 14.5 (s, CHMe2) ppm. 4:
Yield: 84% (0.557 g). Colour: green. C24H19F6N3O3PRh (645.30):
calcd. C 44.67, H 2.96, N 6.51; found C 43.74, H 2.60, N 6.10.
FAB-MS: m/z = 500 [M+], 472 [M+ – CO]. IR (KBr): ν̃ = 1997
(CO), 840 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2014 (CO) cm–1. Conduc-
tivity (acetone, 20 °C): 130 Ω–1 cm2 mol–1. 1H NMR (300 MHz,
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[D6]acetone, 20 °C): δ = 8.52 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N),
8.23 (d, JH,H = 8.0 Hz, 2 H, H3,5 C5H3N), 7.43 (m, 10 H, Ph), 5.47
(m, 4 H, OCH2), 4.93 (pt, JH,H = 8.6 Hz, 2 H, CHPh) ppm.
13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 189.9 (d,
JC,Rh = 76.3 Hz, CO), 168.8 (s, OCN), 147.2 and 144.4 (s, Ph and
C2,6 C5H3N), 139.0 (s, C4H C5H3N), 129.8, 129.7, 128.9, 126.2 (s,
Ph and C3,5H C5H3N), 80.6 (s, OCH2), 69.9 (s, CHPh) ppm.

Synthesis of Complex trans-[IrI2(CO){κ3-N,N,N-(S,S)-iPr-
pybox}][PF6] (5): I2 (0.076 g, 0.30 mmol) was added to a solution
of complex 1 (0.100 g, 0.15 mmol) in 10 mL of dichloromethane.
Upon addition of iodine, the black solution turned red. The solu-
tion was stirred at room temperature for 5 min. The volume was
then reduced to about 3 mL and 30 mL of diethyl ether was added
to yield an orange solid, which was washed with diethyl ether
(2×20 mL) and dried under reduced pressure. Yield: 85% (0.125 g).
Colour: garnet. C18H23F6I2IrN3O3P (920.39): calcd. C 23.49, H
2.52, N 4.57; found C 24.28, H 2.68, N 4.51. IR (KBr): ν̃ = 2102
(CO), 845 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2092 (CO) cm–1. Conduc-
tivity (acetone, 20 °C): 128 Ω–1 cm2 mol–1. 1H NMR (300 MHz,
[D6]acetone, 20 °C): δ = 8.90 (m, 1 H, H4 C5H3N), 8.74 (d, JH,H =
8.0 Hz, 2 H, H3,5 C5H3N), 5.37 (m, 4 H, OCH2), 4.64 (m, 2 H,
CHiPr), 2.28 (m, 2 H, CHMe2), 1.17 (d, JH,H = 7.0 Hz, 6 H,
CHMe2), 1.13 (d, JH,H = 6.6 Hz, 6 H, CHMe2) ppm. 13C{1H}
NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 170.9 (s, OCN), 157.8
(s, CO), 145.9 (s, C4H C5H3N), 143.9 (s, C2,6 C5H3N), 130.8 (s,
C3,5H C5H3N), 75.3 (s, OCH2), 71.3 (s, CHiPr), 30.4 (s, CHMe2),
18.5 (s, CHMe2), 15.8 (s, CHMe2) ppm.

Synthesis of Complexes trans-[RhI2(CO)(κ3-N,N,N-R-pybox)][PF6]
[R = iPr (6), Ph (7)]: I2 (0.044 g, 0.173 mmol) was added to a solu-
tion of complex 3 or 4 (0.173 mmol) in 10 mL of dichloromethane
or THF. The green solution turned orange. After 5 min, the volume
was reduced to about 2 mL and 30 mL of diethyl ether added,
yielding an orange-brown solid which was washed with diethyl
ether (2×20 mL) and vacuum-dried. 6: Yield: 89% (0.129 g). Col-
our: orange-brown. C18H23F6I2N3O3PRh (831.07): calcd. C 26.01,
H 2.79, N 5.06; found C 25.58, H 2.86, N 5.34. IR (KBr): ν̃ =
2110 (CO), 840 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2112 (CO) cm–1.
Conductivity (acetone, 20 °C): 122 Ω–1 cm2 mol–1. 1H NMR
(300 MHz, CD2Cl2, 20 °C): δ = 8.73 (t, JH,H = 8.1 Hz, 1 H, H4

C5H3N), 8.41 (d, JH,H = 8.1 Hz, 2 H, H3,5 C5H3N), 5.12–4.97 (m,
4 H, OCH2), 4.39 (m, 2 H, CHiPr), 2.17 (m, 2 H, CHMe2), 1.08
(d, JH,H = 6.5 Hz, 6 H, CHMe2), 1.06 (d, JH,H = 6.2 Hz, 6 H,
CHMe2) ppm. 13C{1H} NMR (75.48 MHz, CD2Cl2, 20 °C): δ =
177.9 (d, JC,Rh = 53.4 Hz, CO), 167.4 (s, OCN), 145.1 and 144.6
(2×s, C4H and C2,6 C5H3N), 130.1 (s, C3,5H C5H3N), 74.5 and
71.0 (s, OCH2 and CHiPr), 30.2 (s, CHMe2), 15.9 (s, CHMe2), 14.3
(s, CHMe2) ppm. 7: Yield: 83% (0.129 g). Colour: orange-brown.
C24H19F6I2N3O3PRh (899.10): calcd. C 32.06, H 2.13, N 4.67;
found C 32.83, H 2.33, N 4.10. IR (KBr): ν̃ = 2125 (CO), 840
(PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2125 (CO) cm–1. Conductivity (ace-
tone, 20 °C): 127 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.52 (t, JH,H = 7.8 Hz, 1 H, H4 C5H3N), 8.23 (d, JH,H

= 7.8 Hz, 2 H, H3,5 C5H3N), 7.43 (m, 10 H, Ph), 5.47 (m, 4 H,
OCH2), 5.30 (m, 2 H, CHPh) ppm. 13C{1H} NMR (75.48 MHz,
[D6]acetone, 20 °C): δ = 177.2 (d, JC,Rh = 55.1 Hz, CO), 168.3 (s,
OCN), 146.0 and 145.7 (2×s, C2,6H C5H3N), 134.4 (s, C4H
C5H3N), 131.1–128.8 (Ph and C3,5H C5H3N), 80.7 (s, OCH2), 70.9
(s, CHPh) ppm.

Synthesis of Complexes [Ir(CH3)I(CO)(κ3-N,N,N-R-pybox)][PF6] [R
= iPr (8), Ph (9)]: Iodomethane (0.093 mL, 1.5 mmol) was added
to a solution of complex 1 or 2 (0.15 mmol) in 10 mL of dichloro-
methane. The solution was stirred at room temperature. The re-
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sulting orange solution was then concentrated to about 3 mL and
30 mL of a mixture of diethyl ether and hexane (1:1) was added to
yield a yellow solid, which was washed with diethyl ether (3×5 mL)
and dried under reduced pressure. 8: Reaction time: 1 h. Yield: 93%
(0.113 g). Colour: yellow. FAB-MS: m/z = 664 [M+]. IR (KBr): ν̃
= 2076 (CO), 840 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2069 (CO) cm–1.
Conductivity (acetone, 20 °C): 125 Ω–1 cm2 mol–1. 1H NMR
(300 MHz, [D6]acetone, 20 °C): δ = 8.79 (t, JH,H = 8.1 Hz, 1 H, H4

C5H3N), 8.56 (m, 2 H, H3,5 C5H3N), 5.35 (m, 4 H, OCH2), 4.66
(m, 2 H, CHiPr), 2.27 (m, 2 H, CHMe2), 1.13 (m, 9 H, CHMe2),
1.11 (s, 3 H, IrMe), 1.02 (d, JH,H = 6.7 Hz, 3 H, CHMe2) ppm.
13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C, major isomer): δ
= 170.8 (s, OCN), 170.3 (s, OCN), 166.8 (s, CO), 145.0 (s, C4H
C5H3N), 144.8 (s, C2,6 C5H3N), 144.0 (s, C2,6 C5H3N), 130.0 (s,
C3,5H C5H3N), 129.8 (s, C3,5H C5H3N), 75.2 (s, CHiPr), 75.1 (s,
CHiPr), 71.9 (s, OCH2), 71.1 (s, OCH2), 30.7 (s, CHMe2), 30.4 (s,
CHMe2), 19.2 (s, CHMe2), 19.0 (s, CHMe2), 16.4 (s, CHMe2), 15.5
(s, CHMe2), –9.5 (s, IrMe) ppm. 9: Reaction time: 20 min. Yield:
94% (0.123 g). Colour: yellow. C25H22F6IIrN3O3P (876.56): calcd.
C 34.26, H 2.53, N 4.79; found C 34.54, H 2.51, N 4.72. IR (KBr):
ν̃ = 2067 (CO), 842 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2075 (CO) cm–1.
Conductivity (acetone, 20 °C): 119 Ω–1 cm2 mol–1. 1H NMR
(300 MHz, [D6]acetone, 20 °C): δ = 8.84 (m, 1 H, H4 C5H3N), 8.65
(m, 2 H, H3,5 C5H3N), 7.70–7.30 (2×m, 10 H, CHPh), 5.80 (m, 2
H, OCH2), 5.62 (m, 2 H, OCH2), 5.31 (m, 2 H, CHPh), 0.73 (s, 3
H, IrMe) ppm. 13C{1H} NMR (50.32 MHz, [D6]acetone, 20 °C): δ
= 170.5 (s, OCN), 170.3 (s, OCN), 165.1 (s, CO), 144.7 (s, C4H
C5H3N), 135.8 (s, C2,6 C5H3N), 135.0 (s, C2,6 C5H3N), 131.1, 130.7,
130.3, 129.7, 129.7 (s, C3,5H C5H3N, Ph), 80.5 (s, OCH2), 80.3 (s,
OCH2), 71.0 (s, CHPh), 70.7 (s, CHPh), –10.9 (s, IrMe) ppm.

Synthesis of Complexes [Rh(CH3)I(CO)(κ3-N,N,N-R-pybox)][PF6]
[R = iPr (10), Ph (11)]: A suspension of [Rh(CO)(κ3-N,N,N-R-
pybox)][PF6] (0.346 mmol) in CH3I (5 mL) was stirred at 30 °C for
5 min. The excess of reagent was then removed under reduced pres-
sure and the resulting solid residue was dissolved in dichlorometh-
ane (5 mL) and subjected to silica gel column chromatography. Elu-
tion with a dichloromethane/methanol mixture gave a yellow band
from which complexes 10 and 11 were isolated as yellow solids after
solvent removal. 10: Eluted with dichloromethane/methanol (10:1).
Yield: 80% (0.201 g). Colour: yellow. C19H26F6IN3O3PRh (719.20):
calcd. C 31.73, H 3.64, N 5.84; found C 31.72, H 3.14, N 6.52. IR
(KBr): ν̃ = 2096 (CO), 843 (PF6

–) cm–1. Conductivity (acetone,
20 °C): 110 Ω–1 cm2 mol–1. 1H NMR (300 MHz, CD2Cl2, 20 °C): δ
= 8.58 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.25 (m, 2 H, H3,5

C5H3N), 5.12–4.87 (m, 4 H, OCH2), 4.57 (m, 1 H, CHiPr), 4.28
(m, 1 H, CHiPr), 2.23 (m, 1 H, CHMe2), 2.10 (m, 1 H, CHMe2),
1.40 (d, 2JH,Rh = 1.5 Hz, 3 H, RhMe), 1.05–0.93 (m, 12 H, CHMe2)
ppm. 13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 185.5
(d, JC,Rh = 59.8 Hz, CO), 167.6 (s, OCN), 167.3 (s, OCN), 145.1,
144.4 and 144.3 (s, C4H and C2,6 C5H3N), 129.8 (s, C3,5H C5H3N),
129.6 (s, C3,5H C5H3N), 74.8, 74.7, 70.9 and 70.3 (s, OCH2 and
CHiPr), 19.2 (s, CHMe2), 19.0 (s, CHMe2), 16.2 (s, CHMe2), 15.4
(s, CHMe2), 10.3 (d, JC,Rh = 18.3 Hz, RhMe) ppm. 11: Eluted with
dichloromethane/methanol (50:1). Yield: 74% (0.202 g). Colour:
yellow. C25H22F6IN3O3PRh (787.23): calcd. C 38.14, H 2.82, N
5.34; found C 38.99, H 2.61, N 5.46. IR (KBr): ν̃ = 2099 (CO), 842
(PF6

–) cm–1. Conductivity (acetone, 20 °C): 128 Ω–1 cm2 mol–1. 1H
NMR (300 MHz, [D6]acetone, 20 °C): δ = 8.90 (t, JH,H = 8.0 Hz,
1 H, H4 C5H3N), 8.66 (m, 2 H, H3,5 C5H3N), 7.53 (m, 10 H, Ph),
5.65 (m, 4 H, OCH2), 5.19 (m, 2 H, CHPh), 1.18 (d, 2JH,Rh =
1.7 Hz, 3 H, RhMe) ppm. 13C{1H} NMR (75.48 MHz, [D6]ace-
tone, 20 °C): δ = 184.0 (d, JC,Rh = 60.4 Hz, CO), 167.7 (s, OCN),
167.3 (s, OCN), 145.6, 145.1 and 144.5 (s, Ph and C2,6 C5H3N),
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136.2 and 135.4 (s, Ph and C4H C5H3N), 131.1–129.7 (Ph and
C3,5H C5H3N), 80.6 (s, OCH2), 80.6 (s, OCH2), 70.3 (s, CHPh),
69.9 (s, CHPh), 9.3 (d, JC,Rh = 17.2 Hz, RhMe) ppm.

Synthesis of Complexes [IrClH(CO)(κ3-N,N,N-R-pybox)][PF6] [R =
iPr (12), Ph (13)]: A solution of HCl in diethyl ether (1 m, 0.1 mL,
0.1 mmol) was added to a solution of complex 1 or 2 (0.1 mmol)
in 10 mL of dichloromethane at room temperature and the reaction
mixture was stirred. A diethyl ether/hexane (1:1) mixture was added
and the resulting yellow solid washed with the same mixture
(2×5 mL) and then vacuum-dried. 12: Reaction time: 50 min.
Yield: 92% (0.071 g). Colour: yellow. FAB-MS: m/z = 558 [M+],
530 [M+ – CO]. IR (KBr): ν̃ = 2180 (Ir–H), 2063 (CO), 842 (PF6

–)
cm–1. IR (CH2Cl2): ν̃ = 2075 (CO) cm–1. Conductivity (acetone,
20 °C): 124 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.82 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.54 (d, JH,H

= 8.0 Hz, 2 H, H3,5 C5H3N), 5.34 (m, 4 H, OCH2), 4.63 (m, 2 H,
CHiPr), 2.26 (m, 2 H, CHMe2), 1.12 (d, JH,H = 6.8 Hz, 9 H,
CHMe2), 0.96 (d, JH,H = 6.8 Hz, 3 H, CHMe2), –19.25 (s, 1 H,
IrH) ppm. 13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ =
171.8 (s, OCN), 171.1 (s, OCN), 165.6 (s, CO), 145.6 (s, C4H
C5H3N), 145.1 (s, C2,6 C5H3N), 129.3 (s, C3,5H C5H3N), 75.1 (s,
OCH2), 74.7 (s, OCH2), 72.4 (s, CHiPr), 70.2 (s, CHiPr), 31.2 (s,
CHMe2), 30.7 (s, CHMe2), 18.7 (s, CHMe2), 18.3 (s, CHMe2), 15.8
(s, CHMe2), 14.3 (s, CHMe2) ppm. 13: Reaction time: 5 min. Yield:
94% (0.073 g). Colour: yellow. C24H20ClF6IrN3O3P (771.30): calcd.
C 37.38, H 2.61, N 5.45; found C 36.70, H 2.60, N 5.11. IR (KBr):
ν̃ = 2164 (Ir–H), 2074 (CO), 843 (PF6

–) cm–1. IR (CH2Cl2): ν̃ =
2083 (CO) cm–1. Conductivity (acetone, 20 °C): 123 Ω–1 cm2 mol–1.
1H NMR (300 MHz, [D6]acetone, 20 °C): δ = 8.84 (m, 1 H, H4

C5H3N), 8.61 (m, 2 H, H3,5 C5H3N), 7.63–7.45 (m, 10 H, Ph), 5.80,
5.56, 5.20 (m, 6 H, OCH2, CHPh), –19.73 (s, 1 H, IrH) ppm.
13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 171.5 (s,
OCN), 171.1 (s, OCN), 163.0 (s, CO), 146.0 (s, C2,6 C5H3N), 145.6
(s, C2,6 C5H3N), 145.2 (s, C4H C5H3N), 136.6 (s, ipso-Ph), 135.4 (s,
ipso-Ph), 130.4, 130.2, 130.1, 129.4, 129.3, 128.9, 128.9 (s, C3,5H
C5H3N, Ph), 80.7 (s, OCH2), 74.7 (s, OCH2), 71.9 (s, CHPh), 70.1
(s, CHPh) ppm.

Synthesis of Complexes [IrCl(η1-CH2CH=CH2)(CO)(κ3-N,N,N-R-
pybox)][PF6] [R = iPr (14), Ph (15)]: Allyl chloride (0.025 mL,
0.30 mmol) was added to a solution of complex 1 or 2 (0.1 mmol)
in 10 mL of dichloromethane. The solution was stirred at room
temperature. The resulting yellow solution was then concentrated
to about 3 mL and 30 mL of a mixture of diethyl ether and hexane
(1:3) was added to yield a yellow solid, which was washed with the
same solvent mixture (3×5 mL) and dried under reduced pressure.
14: Reaction time: 1 h. Yield: 85% (0.063 g). Colour: yellow.
C21H28ClF6IrN3O3P (743.11): calcd. C 33.94, H 3.80, N 5.65;
found C 34.05, H 3.99, N 5.77. IR (KBr): ν̃ = 2079 (CO), 846
(PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2070 (CO) cm–1. Conductivity (ace-
tone, 20 °C): 126 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.78 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.53 (d, JH,H

= 8.0 Hz, 1 H, H3,5 C5H3N), 8.52 (d, JH,H = 8.0 Hz, 1 H, H3,5

C5H3N), 5.84 (m, 1 H, HC=CH2), 5.32 (m, 4 H, OCH2), 4.87 (m,
1 H, HC=CH2), 4.81 (m, 1 H, HC=CH2), 4.64 (m, 1 H, CHiPr),
4.56 (m, 1 H, CHiPr), 3.18 (m, 1 H, IrCH2), 2.34 (m, 1 H, IrCH2),
2.28 (m, 2 H, CHMe2), 1.16 (d, JH,H = 7.0 Hz, 3 H, CHMe2), 1.11
(d, JH,H = 7.0 Hz, 3 H, CHMe2), 1.09 (d, JH,H = 6.7 Hz, 3 H,
CHMe2), 1.07 (d, JH,H = 6.7 Hz, 3 H, CHMe2) ppm. 13C{1H}
NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 171.7 (s, OCN), 171.0
(s, OCN), 165.9 (s, CO), 145.7 (s, C4H C5H3N or HC=CH2 allyl),
145.0 (s, C2,6 C5H3N), 144.3 (s, C2,6 C5H3N), 142.9 (s, C4H C5H3N
or HC=CH2 allyl), 129.8 (s, C3,5H C5H3N), 112.9 (s, HC=CH2 al-
lyl), 75.8 (s, OCH2), 75.1 (s, OCH2), 71.7 (s, CHiPr), 71.0 (s,
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CHiPr), 31.2 (s, CHMe2), 30.4 (s, CHMe2), 19.3 (s, CHMe2), 18.6
(s, CHMe2), 15.8 (s, CHMe2), 15.6 (s, CHMe2), 5.9 (s, IrCH2) ppm.
15: Reaction time: 15 min. Yield: 89% (0.072 g). Colour: yellow.
C27H24ClF6IrN3O3P (811.14): calcd. C 39.98, H 2.98, N 5.18;
found C 39.22, H 3.16, N 5.12. FAB-MS: m/z = 666 [M+]. IR
(KBr): ν̃ = 2069 (CO), 842 (PF6

–) cm–1. IR (CH2Cl2): ν̃ = 2077
(CO) cm–1. Conductivity (acetone, 20 °C): 127 Ω–1 cm2 mol–1. 1H
NMR (300 MHz, [D6]acetone, 20 °C): δ = 8.85 (t, JH,H = 8.0 Hz,
1 H, H4 C5H3N), 8.64 (d, JH,H = 8.0 Hz, 2 H, H3,5 C5H3N), 7.70–
7.40 (4m, 10 H, Ph), 5.83 (m, 2 H, OCH2, CHPh), 5.65 (m, 1 H,
CHPh), 5.40 (m, 3 H, OCH2, HC=CH2 allyl), 5.19 (m, 1 H, OCH2),
4.64 (m, 2 H, HC=CH2 allyl), 2.57 (m, 1 H, IrCH2), 2.10 (m, 1 H,
IrCH2) ppm. 13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ =
171.6 (s, OCN), 171.1 (s, OCN), 164.1 (s, CO), 145.7 (s, C4H
C5H3N or HC=CH2 allyl), 145.4 (s, C2,6 C5H3N), 145.3 (s, C2,6

C5H3N), 143.6 (s, C4H C5H3N or HC=CH2 allyl), 135.9 (s, ipso-
Ph), 135.4 (s, ipso-Ph), 131.1, 130.6, 130.4, 130.2, 129.8, 129.7 (s,
Ph, C3,5H C5H3N), 112.1 (s, HC=CH2 allyl), 81.0 (s, OCH2), 80.8
(s, OCH2), 70.8 (s, CHPh), 70.2 (s, CHPh), 5.8 (s, IrCH2) ppm.

Synthesis of Complexes [IrCl{η1-C(O)CH3}(CO)(κ3-N,N,N-R-
pybox)][PF6] [R = iPr (16), Ph (17)]: Acetyl chloride (0.007 mL,
0.1 mmol) was added to a solution of complex 1 or 2 (0.1 mmol)
in 10 mL of dichloromethane. The solution was stirred at room
temperature. The resulting yellow solution was then concentrated
to about 3 mL and 30 mL of diethyl ether was added to yield a
yellow solid, which was washed with diethyl ether (3×5 mL) and
dried under reduced pressure. 16: Reaction time: 40 min. Yield:
86% (0.065 g). Colour: yellow. FAB-MS: m/z = 600 [M+]. IR
(KBr): ν̃ = 2086 (CO), 1677 (COMe), 842 (PF6

–) cm–1. IR
(CH2Cl2): ν̃ = 2079 (CO) cm–1. Conductivity (acetone, 20 °C):
120 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone, 20 °C): δ =
8.89 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.63 (d, JH,H = 8.1 Hz, 1
H, H3,5 C5H3N), 8.54 (d, JH,H = 8.1 Hz, 1 H, H3,5 C5H3N), 5.35
(m, 4 H, OCH2), 4.90 (m, 1 H, CHiPr), 4.56 (m, 1 H, CHiPr), 2.62
(s, 3 H, COMe), 2.41 (m, 1 H, CHMe2), 2.23 (m, 1 H, CHMe2),
1.13 (m, 9 H, CHMe2), 0.88 (d, JH,H = 6.8 Hz, 3 H, CHMe2) ppm.
13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C, major isomer): δ
= 196.9 (s, COMe), 172.1 (s, OCN), 171.9 (s, OCN), 164.9 (s, CO),
146.3 (s, C4H C5H3N), 144.8 (s, C2,6 C5H3N), 144.4 (s, C2,6

C5H3N), 130.2 (s, C3,5H C5H3N), 129.5 (s, C3,5H C5H3N), 75.4 (s,
OCH2), 75.1 (s, OCH2), 71.6 (s, CHiPr), 71.1 (s, CHiPr), 46.2 (s,
COMe), 31.3 (s, CHMe2), 30.4 (s, CHMe2), 19.1 (s, CHMe2), 18.8
(s, CHMe2), 15.6 (s, CHMe2), 14.6 (s, CHMe2) ppm. 17: Reaction
time: 10 min. Yield: 91% (0.074 g). Colour: yellow. C26H22ClF6Ir-
N3O4P (813.12): calcd. C 38.41, H 2.73, N 5.17; found C 37.97, H
2.60, N 4.98. IR (KBr): ν̃ = 2080 (CO), 1669 (COMe), 844 (PF6

–)
cm–1. IR (CH2Cl2): ν̃ = 2087 (CO) cm–1. Conductivity (acetone,
20 °C): 123 Ω–1 cm2 mol–1. 1H NMR (300 MHz, [D6]acetone,
20 °C): δ = 8.93 (t, JH,H = 8.0 Hz, 1 H, H4 C5H3N), 8.71 (d, JH,H

= 8.0 Hz, 1 H, H3,5 C5H3N), 8.62 (d, JH,H = 8.0 Hz, 1 H, H3,5

C5H3N), 7.80–7.40 (m, 10 H, CHPh), 5.85 (3 H), 5,53 (1 H), 5.42
(1 H), 5.21 (1 H) (4×m, OCH2, CHPh), 1.92 (s, 3 H, COMe) ppm.
13C{1H} NMR (75.48 MHz, [D6]acetone, 20 °C): δ = 195.9 (s,
COMe), 172.3 (s, OCN), 171.4 (s, OCN), 163.3 (s, CO), 146.1 (s,
C4H C5H3N), 145.2 (s, C2,6 C5H3N), 145.1 (s, C2,6 C5H3N), 135.6
(s, ipso-Ph), 135.1 (s, ipso-Ph), 131.0, 130.7, 130.6, 130.2, 130.2,
130.1, 129.7, 129.4 (s, C3,5H C5H3N, Ph), 81.0 (s, OCH2), 80.7 (s,
OCH2), 71.0 (s, CHPh), 70.4 (s, CHPh), 46.1 (s, COMe) ppm.

General Procedure for Catalytic Reactions: A 10-mL flask was
charged with the complex catalyst (0.04 mmol, 1.0 mol%), iPr-py-
box (when applicable; 0.16 mmol, 4.0 mol%) and acetophenone
(4.00 mmol) under dry nitrogen. After cooling to –10 °C, Ph2SiH2

(6.4 mmol) was added dropwise. The reaction mixture was warmed
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to the reaction temperature and stirred until completion of the re-
action. The disappearance of acetophenone was monitored by
TLC. Before the aqueous workup, an aliquot was taken and exam-
ined by 1H NMR spectroscopy. The workup of the reaction mixture
was carried out as described by Nishiyama.[10] The enantiomeric
excess was determined, after hydrolysis, by GC analysis with a Sup-
elco β-DEX 120 chiral capillary column.

X-ray Structure Determination of 15: Single crystals suitable for an
X-ray study were obtained by slow diffusion of diethyl ether into
a solution of complex 15 in dichloromethane. An orange, prismatic
single crystal (0.50×0.25×0.17 mm), orthorhombic, space group
P212121 (determined from systematic absences) was used. Diffrac-
tion data were recorded at 293(2) K with a Nonius Kappa CCD
single-crystal diffractometer, using Cu-Kα radiation (λ = 1.5418 Å).
The crystal–detector distance was fixed at 29 mm, and a total of
2432 frames were collected using the oscillation method, with 2°
oscillation and a 60 s exposure time per frame. The data-collection
strategy was calculated with the program Collect.[15] Data re-
duction and cell refinement were performed using the programs
HKL Denzo and Scalepack.[16] Unit-cell dimensions were deter-
mined from 7669 reflections. Unit-cell parameters: a = 13.0003(8),
b = 13.4939(9), c = 17.8850(8) Å, V = 3137.5(3) Å3, Z = 4, Dcalcd.

= 1.717 gcm–3. Absorption coefficient: μ = 10.121 mm–1. A total
of 50428 reflections were collected, with 5662 independent reflec-
tions (Rint = 0.087). Data completeness was 98.7%. The software
package WINGX was used for space-group determination, struc-
ture solution and refinement.[17] The structure was solved by Pat-
terson interpretation and phase expansion using DIRDIF.[18] An
empirical absorption correction was applied using XABS2.[19] (Ra-
tio of minimum to maximum apparent transmission: 0.164460.)
Isotropic least-squares refinement on F2 was carried out using
SHELXL-97.[20] During the final stages of the refinements, all posi-
tional parameters and the anisotropic temperature factors of all the
non-H atoms were refined. The H atoms were placed geometrically
and their coordinates were refined riding on their parent atoms.
The final cycle of full-matrix least-squares refinement based on
5662 reflections and 379 parameters converged to a final value of
R1 [F2 � 2σ(F2)] = 0.0607, wR2 [F2 � 2σ(F2)] = 0.1580, R1 (F2) =
0.0656, wR2 (F2) = 0.1631. The absolute structure parameter was
found to be 0.053(19). The function minimised was [(ΣwFo

2–Fc
2)/

Σw(Fo
2)]1/2, where w = 1/[σ2(Fo

2) + (0.1216P)2] with σ(Fo
2) from

counting statistics and P = [Max(Fo
2,0) + 2Fc

2]/3. Atomic scat-
tering factors were taken from the International Tables for X-ray
Crystallography.[21] Final difference electron density maps showed
no features outside the range +1.135 to –0.764 eÅ–3. Geometrical
calculations were made with PARST.[22] The crystallographic plots
were made with PLATON.[23] CCDC-278506 (15) contains the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis and Properties of Cryptands with a Thioether Bridge and π-Donors –
Silver(I) and Copper(I)-Complexes
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The syntheses of seven bridgehead diazabicycloalkanes are
reported. The bridges are represented by either a thioether
chain and two 3-hexyne units (4 and 6–8), one selenoether
chain and two 3-hexyne units (5), or one dithioether chain
and two 4,4�-diethylbiphenyl units (9, 10). X-ray investi-
gations reveal for 4–10 the in/in conformation at the bridge-
head nitrogen atoms. Reactions with CuI triflate yield the en-
dohedral CuI complexes of 4–6. Endohedral complexes of 6,
7, and 10 were isolated with silver triflate. X-ray investi-
gations and spectroscopic studies on the metal complexes re-

Introduction

After the seminal papers of Pedersen[1] on crown ethers
and Lehn et al.[2] on cryptands these types of compounds
were in the focus of chemists. Quite some time had to pass
until crown thioethers participated in this development[3]

because safe and high-yield routes to these species were
lacking. Advances in synthetic methodology[4] and safe and
general, high-yield routes[5] resulted in strong activity in this
field.[5] Reports on the corresponding podands[6] and cryp-
tands[7] with thioether bridges such as 1 are sparse, proba-
bly because a method that provides them in high yields is
still missing.

The starting point of the research reported in this manu-
script was a simple one-pot synthesis of the bridgehead di-
azabicycloalkanes 2 and 3[8,9] with alkyne and phenyl units
in the bridges (Figure 1). The two species were able to form
isolable complexes with Cu+ and Ag+ (2) and Ag+ (3),
respectively. In both cases the metal ion does not only inter-
act with the nitrogen atoms but also with the π-units. In
order to extend the variety of ligands for transition metals
it was of interest to have easy access to bicyclic ligands with
at least one thioether bridge and further alkyne or phenyl
ligands. In this paper we report a one-pot synthesis of the
bicyclic cryptands 4–10 and their complexing properties
with silver and/or copper(i) ions.
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Im Neuenheimer Feld 270, 69120 Heidelberg, Germany
Fax: +49-6221-544205
E-mail: Rolf.Gleiter@urz.uni-heidelberg.de
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veal interactions between the metal ion and the nitrogen-,
chalcogen-, and π-units. In addition to the bicyclic systems
4–10 we synthesized the tripodal systems 28–33 in a one-pot
reaction. In the cases of 28 and 33 we were able to isolate
the corresponding AgI complexes. X-ray studies show an in-
teraction between the metal ion and the nitrogen atom and
one double bond of each of the three adjacent phenyl rings.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Bicyclic cryptands 1–10.

Results

(a) Synthesis and Structures of 4–8

To synthesize our target molecules we adopted a one-pot
synthesis developed for bridgehead diazabicycloalkanes.[10]

The preparation of 4–8 was achieved in a three-component
cyclization from an α,ω-diamine (11) and an α,ω-dibromide
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(12) as shown in Scheme 1. The components were heated in
acetonitrile under reflux. The yields varied between 33% (5)
and 53% (7). From the starting materials 1,5-diamino-3-
thiapentane (13),[11] 1,5-diamino-3-selenapentane (14),[12]

1,8-diamino-3,6-dithiaoctane (15),[13] as well as 1,6-di-
bromohex-3-yne (16)[14] were prepared according to litera-
ture procedures.

Scheme 1.

The synthesis of 1,9-diamino-3,7-dithianonane (17) and
1,10-diamino-3,8-dithiadecane (18) followed those pro-
cedures[13] used for 13–15 and is summarized in Scheme 2.
The dianions of the α,ω-dithiols 19 and 20 were reacted
with N-(2-bromoethyl)phthalimide (21) to the α,ω-diphthal-
imidodithianes 22 and 23. The protecting groups were re-
moved by heating of 22 and 23, respectively, with hydrazine
in ethanol to afford 17 and 18 in good yields.

Scheme 2.

The preparation of 4,4�-bis(2-hydroxyethyl)biphenyl (25)
(Scheme 3) was described in the literature from biphenyl
and ethylene oxide under Lewis acid catalysis.[15] This pro-
cedure gave us a mixture of the 4-(2-hydroxyethyl)biphenyl
and 25 which was difficult to separate. Therefore, a different
path as shown in Scheme 3 was used. The starting point
was the commercially available 4,4�-dibromobiphenyl (24),
which was treated with an excess of n-butyllithium and eth-
ylene oxide to afford 25 in 92% yield. The diol 25 was con-
verted via the dimesylate 26 into the dibromide 27 in a
straight forward way (Scheme 3).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 609–620610

Scheme 3.

With regard to the silver(i) complexes of 3, 9, and 10 we
also prepared the tripodal systems 28–33 listed in Figure 2.
The synthesis follows that given in Scheme 1 by applying a
one-pot reaction of (2-bromoethyl)benzene[15] or 4-(2-bro-
moethyl)biphenyl[16] with the corresponding amines such as
(2-aminoethyl)benzene which was commercially available,
4-(2-aminoethyl)biphenyl,[17] or 1-aminobut-3-yne.[18,19]

The components were heated in acetonitrile under reflux
with an excess of potassium carbonate.

Figure 2. Tripodal systems 28–33.

(b) Spectroscopic and Structural Properties

In Table 1 we list the 13C chemical shift of the sp centers
of 4–8 as well as the wave numbers for the C,C stretching
mode of the triple bonds derived by Raman spectroscopy.
It is seen that the δ values for the sp centers vary only
slightly between 79.5 and 81 ppm indicating hardly any
strain in these systems. This view is supported by the wave
numbers for the stretching vibration of the triple bonds. For
7 and 8 we encountered dynamic processes in the 1H NMR
spectra which led to a line broadening at room temperature.
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Table 1. Comparison of the chemical shift of the sp carbon atoms
(δ) and the alkyne wave numbers of 4–8.

Compound 4 5 6 7 8

δ(sp) [ppm] 80.6[b] 80.6[b] 79.5[a] 79.9[a] 80.2[a]

ν̃ [cm–1][c] 2228 2227 2236 2231 2237
2291 2289 2300 2293 2297

[a] CDCl3. [b] CD2Cl2. [c] Raman spectroscopic data.

For 4–10 we grew single crystals which allowed a com-
parison of the geometrical parameters. In Figure 3 we show
the structures of 4, 6, 7, and 10. In all cases we find the in/
in conformation at the bridgehead positions. A single nearly
planar nitrogen atom is only seen in 4. The heteroatoms of
the bridges point outwards and do not seem very well suited
for the complexation of a cation in the inside of the cages.
In Table 2 we list the distances between the bridgeheads
(N···N), the sum of the bonding angles (ΣωN), and the dis-
tance between the centers of the π-systems, either triple
bonds (4–8) or aromatic rings (9, 10). In the latter case each
biphenyl ring provides two centers. It is interesting to note
that the N···N distance of 4 is larger than that of 5. We
ascribe this difference to the larger C–S–C angle (99°) of 4
as compared to the C–Se–C angle (97°) of 5. In all cases
the triple bonds are not oriented parallel to each other. In
the biphenyl-bridged cages the N···N distances amount to
nearly 10 Å.

Figure 3. Molecular structures of 4 (a), 6 (b), 7 (c) and 10 (d).

Table 2. Selected distances and angles (degrees) of 4–10.

Compound 4 5 6[d] 7 8 9 10

N···N [Å] 4.72 4.31 4.87 4.79 4.90 5.20 9.79 9.94
(ΣωN)[a] 344 (329)[c] 342 335 338 343 328 328

357 343 342 336 342 344 343 330
π···π 3.84 4.30 3.87 4.17 3.92 3.77
(sp)(Å)[b]

[a] Sum of the C–N–C angles at nitrogen centers. [b] Transannular
distances between centers of π-systems. [c] Unreliable due to partial
disorder. [d] Two independent molecules in the unit cell.
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(c) Formation of Metal Complexes

The reactions of 28 and 33 with silver triflate afforded
the 1:1 complexes. For 29, 30, and 32 the corresponding 1:1
silver complexed ions were only detected in the mass spec-
trum (FAB+). In Figure 4 we show the molecular structures
of 28·Ag+ and 33·Ag+ in a front and side view. In 28·Ag+

the distance between the nitrogen center and silver atom
amounts to 2.41 Å. This distance is closer than that found
in the silver complex of 3 (2.47 Å).[10] The interaction be-
tween the silver ion and the aromatic rings is evident from
the change of the NMR shifts. In the uncomplexed species
(28) the protons at the sp3 centers (positions 1 and 2 in
28) show two close lying multiplets at 2.75–2.81 and 2.84–
2.90 ppm. Similarly, the aromatic protons resonate at 7.21–
7.24 and 7.32 ppm. In the silver complex the CH2 protons
give rise to two pronounced triplets at δ = 2.70 and
2.94 ppm. In the aromatic region two protons of each C6H5

ring give rise to a doublet at δ = 6.84 ppm. These spectro-
scopic data are in line with the observation that the silver
ion shows a much closer contact with the ortho carbon
atoms (position 3 in 28) of the benzene rings as compared
to the other sp2 centers. For the three phenyl rings in
28·Ag+ we observe a tilting of the aromatic rings in a con-
rotatory fashion parallel to the C3 axis. This brings one car-
bon atom per ring close to the metal center. The distance
between these carbon atoms of the phenyl rings and the
metal ion (average 2.47 Å, see Table 3) are similar to that
found for various silver complexes of [2.2.2]- and [2.2.1]cy-
clophanes.[20–25] For 33·Ag+ we observe in the 1H NMR
spectrum two triplets at δ = 2.83 and 2.99 ppm for the hy-
drogen atoms at centers 1 and 2 (see Figure 2). Six of the
aromatic hydrogen atoms are shifted towards higher field
due to the complexation and give rise to a doublet at δ =
6.96 ppm. The other 21 aromatic hydrogen atoms show up
at 7.35–7.44 ppm. These results suggest a similar situation
for the silver atom as in 28·Ag+. Indeed, the molecular
structure of 33·Ag+ reveals that the metal ion is situated
close to the nitrogen atom. The N–Ag+ distance amounts
to 2.37 Å (Table 3). The view along the N···Ag axis of
33·Ag+ shows that the aromatic rings are twisted in a con-
rotatory way similar to that found in 28·Ag+. This orienta-
tion allows a closer interaction between the metal atom and
C3 than to the other sp2 centers (average 2.43 Å, Table 3).

For 4–10 we infer from the downfield shift of the signals
for the aliphatic hydrogen atoms in the 1H NMR spectra
and from the mass spectrometric data the inclusion of silver
and/or copper(i) ions into the cavities of these species. In
all cases except for 9 this result was confirmed by the isola-
tion of single crystals which allowed a detailed study of the
molecular structure. For 4 and 5 we were able to isolate
only complexes with copper(i) triflate. The reaction of 6
with silver or copper triflate gave complexes with one metal
ion in the cavity. For all the other cryptates, only silver
complexes could be characterized. In the case of 10 even
two silver ions were incorporated in the cavity. In Figure 5
we show the molecular structures of 4·Cu(CF3SO3),
8·Ag(CF3SO3), and 10·2[Ag(CF3SO3)2].
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Figure 4. Molecular structures of 28·Ag+ (top) and 33·Ag+ in a
front view (a) and a view along the N–Ag axis (b).

Table 3. Selected distances [Å] of AgI triflates of 28 and 33.

28·Ag+ 33·Ag+

N···Ag 2.409 2.371
π···Ag 2.47[a,b] 2.43[a,b]

π···π 3.72[a,b] 3.72[a,b]

[a] Average value. [b] Closest atom of C6 units.

In Table 4 we collected the most relevant distances and
angles of the metal complexes of 4–8 and 10. The copper
complex of 4 shows a considerable change in the conforma-
tion of the ligand. The N···N distance is substantially short-
ened from 4.72 Å (free ligand) to 4.20 Å (complex) (see Fig-
ure 3 and Figure 5). As a result of this change the triple
bonds are oriented almost parallel and the chalcogen center
of the bridge is turned towards the metal. This change al-
lows almost equal distances to both nitrogen centers (2.10
and 2.16 Å) but close contact to only one triple bond
(2.13 Å), whereas the distance to the other (2.71 Å) is con-
siderably longer. The copper–nitrogen distances are ex-
panded with regard to copper(i) amine complexes (average

Table 4. Selected distances [Å] and angles (degrees) of AgI or CuI triflates of 4–8 and 10.

Compound 4·Cu+ 5·Cu+ 6·Ag+ 6·Cu+ 7·Ag+ 8·Ag+ 10·2(Ag+)

N···N 4.200 4.209 4.830 5.077 5.129 4.739 9.951
N···M 2.101 2.098 2.435 2.150 2.646 2.368 2.429

2.160 2.166 2.450 3.150 2.678 2.468 2.444
X···M[a] 2.520 2.620 2.757 2.275 2.754 2.574 2.500

2.876 2.562 2.773 5.043 2.564
M···π 2.134 2.157 2.609 2.093 2.640 2.656 2.53[b,d,e]

2.705 2.733 2.664 3.015 2.721 2.745 2.47[c,d,e]

N···M···N[f] 160.5 161.6 197.3 214.0 211.6 203.2
π···π 4.335 4.363 4.286 3.751 4.011 4.304 3.611[d,e]

ν̃(C�C) [cm–1][g] 2206 2204
2281 2266

[a] X = S for 4, 7–9, 11; X = Se for 5; X = O for 6. [b] Average value for Ag1. [c] Average value for Ag2. [d] Average value. [e] Closest
atom of C6 units. [f] For comparison with the other structures we define the N–metal–N angle as greater than 180° if the metal deviates
from the N···N axis in the direction of the thioether bridge and smaller than 180° if it deviates towards the π-system. [g] Raman spectro-
scopic data.
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Figure 5. Molecular structures of 4·Cu+ (top), 8·Ag+ and 10·2(Ag+)
(bottom).

value 2.18 Å)[26] but comparable to those reported for
2·Cu+ (2.11 Å).[9] The distance Cu–S (2.52 Å) is longer than
those reported in other thioether-CuI complexes (2.25–
2.30 Å).[27]

The molecular structure of 5·Cu+ is isomorphous to that
of 4·Cu+. The N···N distance in the complex (4.21 Å) is
about as long as that in 4·Cu+ (4.20 Å). The same holds for
the N–Cu distances and the N–M–N angle, 160.5° in 4·Cu+

and 161.6° for 5·Cu+. Also both triple bonds are almost
oriented parallel to each other in contrast to the free ligand.
The selenium atom is bent sideways to interact with the
copper ion (Cu–Se = 2.62 Å). The complex shows one close
contact to one triple bond (2.16 Å) only.
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The molecular structures of 6·Ag+ and 6·Cu+ are shown

in Figure 6. In the case of 6·Ag+ we are not dealing with a
purely endohedral complex between ligand and metal. The
unit cell does not only show the endohedral metal ion but
also exohedral metal ions between the thioether groups (see
Figure 6) that lead to a coordination polymer. In the en-
dohedral complex the metal ion deviates from the N···N
axis in the direction of the thioether bridge N···Ag···N
(197.3°). This deviation is due to a interaction between the
silver ion and the sulfur centers. The Ag···S distances found
(Table 4; 2.76 Å and 2.88 Å) compare well with other thio-
ether–silver distances.[28,29] The distances between the exo-
hedral silver centers and the thioether groups amount to
2.49 Å and 2.50 Å. The average Ag···N distance (2.45 Å) is
longer than the one reported for 2·Ag (2.31 Å).[8] The dis-
tances between the endohedral silver ions and the triple
bonds (2.61, 2.66 Å) are still within the reach of a weak
metal–π-bond. Raman studies on 6·Ag+ failed due to a fast
decomposition of the complex during the Raman experi-
ment. Our studies show that the large silver ion prefers a
coordination number of 6.

Figure 6. Molecular structure of 6·Ag+ (top) and 6·Cu+ (bottom)
in a front view (a) and a view along the N–N axis (b). The hydrogen
atoms are omitted for the sake of clarity.

The structure of 6·Cu+ (Figure 6) is remarkably different
from that of 6·Ag+. The position of the metal is shifted
towards one nitrogen center and one triple bond. The dis-
tance to the nitrogen center amounts to 2.15 Å and to the
triple bond to 2.09 Å. The distances to the second nitrogen
center and to the second triple bond in 6·Cu+ exceed 3 Å
(Table 4). As a consequence both triple bonds in 6·Cu+ are
not oriented parallel (Figure 6). Furthermore, the metal ion
coordinates to both thioether groups (2.28, 2.56 Å). This
establishes a coordination number of 4 for the metal in
6·Cu+.

The inclusion of AgI in the cavity of 7 does not change
the tilting of the triple bonds, but changes the conformation
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of the 3,7-dithiononane bridge in so far as the sulfur centers
are turned inward to interact with the metal ion. The N···N
distance is even increased as compared to the free ligand.
The silver ion is shifted considerably out of the N···N axis
towards the sulfur atoms (N–Ag–N angle 211.6°). In line
with this, the distances between the triple bonds and the
silver ion amount to 2.64 and 2.72 Å. These values are
about 0.2 Å larger than those reported for 2·Ag+.[9] In the
case of 7·Ag+ it was possible to measure the wave number
for the stretching vibration of the triple bond (ν̃ = 2281 and
2206 cm–1). These values are shifted towards lower energy
as compared to the free ligand (ν̃ = 2293 and 2231 cm–1)
which is evidence for an interaction between the metal and
the triple bonds. The distances between the sulfur centers
and the metal atom amount to 2.75 and 2.77 Å. These val-
ues are close to those reported for thioether-silver distances
(2.6–2.8 Å).[28,29]

The molecular structure of 8·Ag+ (Figure 5) is quite dif-
ferent from that of 7·Ag+ in so far as only one sulfur atom
of the flexible dithia bridge interacts with the silver center.
The other sulfur atom points outwards. The Ag–S distance
(2.57 Å) is rather close compared to the other values. The
N···N distance is shortened by about 0.5 Å compared to the
uncomplexed system. The N–Ag distances (2.37 and
2.47 Å) are much shorter than for 7·Ag+ (see Table 4) and
the two triple bonds are oriented parallel to each other. The
interaction between the silver ion and the triple bonds is
evident not only from the distances (2.66 and 2.75 Å) but
also in the lowering of the wave numbers for the stretching
vibration (ν̃ = 2266 and 2204 cm–1) as compared to 8 (ν̃ =
2297 and 2237 cm–1). The reaction of 9 with silver(i) triflate
afforded a 1:1 complex as evidenced by HR-FAB+ data.
The comparison between the 1H NMR spectroscopic data
of 9·Ag+ with those of 9 shows a downfield shift of the
signals for the protons.

The reaction of 10 with silver(i) triflate afforded single
crystals which could be investigated by means of the X-ray
technique. It turned out that the cavity of 10 is large enough
to house two silver ions (Figure 5). The incorporation of
the two metal ions causes only a small change in the length
of the cavity but a large one in the conformation of the
thioether chain. The sulfur atoms are now turned inwards
(see also Figure 3). The distance between the two silver ions
in 10·2(Ag+) was found to be 5.18 Å. This value is clearly
larger than the sum of the van der Waals radii of Ag+ (3.1–
3.2 Å).[30,31] The average distance to the nitrogen atoms was
found to be 2.44 Å which compares well with those re-
corded for 6·Ag+ and 8·Ag+ (Table 4). A closer look at the
Ag···phenyl interaction reveals a situation very similar to
that encountered for 28.Ag+and 33.Ag+ as well as for vari-
ous [2.2.2] and [2.2.1]cyclophanes.[20–25] One carbon atom
per ring is much closer to the silver ion than the other sp2

centers. For three phenyl rings this is a ortho carbon
(average distance 2.48 Å), only in one case is the silver ion
closest to the ipso-carbon (2.50 Å). This coordination does
not affect the planarity of the aromatic rings. The Ag–S
distance of 2.50 Å is similar to that found in 8·Ag+ and
shorter than in 6·Ag+ and 7·Ag+ (see Figure 6).
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Concluding Remarks

Our main goal to find a simple procedure for the prepa-
ration of N-bridgehead diazabicyclo-cages with one thio-
ether bridge and π units in the other two was achieved. Like
in crown thioethers the sulfur atoms adopt the exodentate
orientation. However, when a metal ion was in the cavity
this unfavorable position was changed to a more favorable
one, mostly to the endodentate one. The prepared cage sys-
tems afforded endohedral complexes with silver or copper
ions. It could be shown that the metal ions try to interact
with a maximum of n-donors (N, S, Se) and π-donors (triple
bonds or phenyl rings).

Experimental Section
General Methods: All melting points are uncorrected. Elemental
analyses were carried out by the Mikroanalytisches Laboratorium
der Universität Heidelberg. UV/Vis absorption data were recorded
with a Hewlett-Packard HP 8452A Diode Array-spectrometer, IR
spectra were recorded with a Bruker Vector 22 FT-IR instrument.
The NMR spectra were measured with a Bruker WH 300 or Av-
ance 500 spectrometer (1H NMR at 300 or 500 MHz and 13C NMR
at 75 or 125 MHz), using the solvent as an internal standard (δ).
FAB mass spectra refer to data from a JEOL JMS-700 instrument.
As matrix for the FAB experiments, m-nitrobenzyl alcohol was
used. All reactions were carried out in dried glassware under argon
using dried and oxygen-free solvents. Starting materials were pre-
pared according to literature procedures. From the starting materi-
als 1,5-diamino-3-thiapentane,[11] 1,5-diamino-3-selenapentane,[12]

1,8-diamino-3,6-dithiaoctane,[13] 1,6-dibromohex-3-yne,[14] (2-bro-
moethyl)benzene,[15] 4-(2-bromoethyl)biphenyl,[16] 4-(2-amino-

Table 5. Crystal data and structural refinement for 4–7.

4 5 6 7

Empirical formula C16H24N2S C16H24N2Se C18H28N2S2 C19H30N2S2

Formula weight [g/mol] 276.43 323.33 336.54 350.57
Temperature [K] 200(2) 200(2) 200(2) 200(2)
Crystal system monoclinic triclinic triclinic monoclinic
Space group P21/c P1̄ P1̄ P21/c
Z 4 2 4 4
a 13.9024(4) 8.7619(9) 9.5652(2) 13.6724(2)
b 12.1766(4) 9.3813(10) 13.0918(3) 9.6549(1)
c 9.4685(3) 10.0202(11) 15.9324(3) 15.3467(2)
α 90 74.661(2) 102.849 (1) 90
β 107.952(1) 79.285(2) 93.051(1) 102.995(1)
γ 90 84.656(2) 100.820(1) 90
V [Å3] 1524.83(8) 779.61(14) 1901.9(7) 1973.97(4)
Dcalcd. [g/cm3] 1.204 1.377 1.176 1.180
Abs. coeff. [mm–1] 0.202 2.398 0.279 0.272
Max. / min. transmission 0.97 / 0.95 0.80 / 0.67 0.95 / 0.73 0.97 / 0.92
Crystal shape polyhedron polyhedron polyhedron polyhedron
Crystal size [mm3] 0.24×0.16×0.14 0.18×0.11×0.10 0.37×0.29×0.24 0.30×0.20×0.10
Θ range [°] 1.54 to 26.36 2.14 to 28.38 1.84 to 27.44 1.53 to 27.49
Reflections collected 14360 8130 19809 19923
Indep. reflections [R(int)] 3112 (0.0428) 3870 (0.0344) 8624 (0.0255) 4535 (0.0356)
Obsd. reflections [I � 2σ(I)] 2310 2878 6308 3568
Data / restraints / parameters 3112 / 0 / 172 3870 / 74 / 191 8624 / 0 / 397 4535 / 0 / 208
GOF(F2) 1.02 1.04 1.07 1.04
R(F) 0.037 0.045 0.039 0.033
Rw(F2) 0.083 0.103 0.097 0.078
(Δρ)max, (Δρ)min [e·Å–3] 0.18 and –0.25 0.60 and –0.51 0.39 and –0.44 0.22 and –0.23
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ethyl)biphenyl[17], and 1-aminobut-3-yne[18,19] were prepared
according to literature procedures. 2-Aminoethylbenzene and
4,4�dibromobiphenyl were commercially available.

X-ray Crystallographic Study: Data were collected with a Bruker
Smart CCD diffractometer at 200 K for 4, 6, 7, 4·Cu+, 5·Cu+,
6·Cu+, 6·Ag+, 7·Ag+, 10·2(Ag+), 28·Ag+, 33·Ag+, and with a
Bruker APEX diffractometer at 100 K for 5, 8, 9, 10, and 8·Ag+.
Mo-Kα radiation was used in all cases and the intensities were cor-
rected for Lorentz, polarization, and absorption effects. Relevant
crystal and data collection parameters are given in Tables 5, 6, 7,
8 and 9. The structures were solved by direct methods and refined
against F2 with a full-matrix least square algorithm by using the
SHELXTL software package.[32] Hydrogen atoms were refined iso-
tropically for 8, in all other cases they were considered at calculated
positions and refined using appropriate riding models. In 10,
10·2(Ag+), and 6·Ag+ some solvent molecules or anions had to be
treated as disordered, in 4·Cu+ and 5·Cu+ on one side of the cage
the three methylene groups next to the nitrogen atom occur in two
alternative positions, in 9 an ethylene unit of the thioether bridge
is affected by disorder. In 4·Cu+ and 5·Cu+ the copper position is
not fully occupied. The charge balance is maintained by partial
replacement of the metal ion by a proton, which could be refined
isotropically with an occupation of about 30% in both cases.
CCDC-279304 (for 4), -279305 (for 5), -279306 (for 6), -279307 (for
7), -279308 (for 8), -279309 (for 9), -279310 (for 10), -279311 (for
4·Cu+), -279312 (for 5·Cu+), -279313 (for 6·Cu+), -279314 (for
6·Ag+), -279315 (for 7·Ag+), -279316 (for 8·Ag+), -279317 [for
10·2(Ag+)], -279318 (for 28·Ag+), and -279319 (for 33·Ag+) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

1,9-Diphthalimido-3,7-dithiononane (22): To a solution of 1,3-pro-
pane dithiole (4.2 g, 39 mmol) in dry toluene (250 mL) cooled to
–30 °C, was added dropwise nBuLi in hexane (51 mL). After 30 min
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Table 6. Crystal data and structural refinement for 8–10.

8 9 10

Empirical formula C20H32N2S2 C39H46N2S2 C40H48N2S2·1.5 CH2Cl2
Formula weight 364.60 606.90 748.31
Temperature [K] 100(2) 200(2) 100(2)
Crystal system monoclinic monoclinic orthorhombic
Space group P21/n P21/c P21212
Z 4 4 4
a 7.2802(6) 14.392(2) 14.648(2)
b 14.149(1) 16.697(2) 29.035(4)
c 19.870(2) 15.492(2) 8.950(1)
α 90 90 90
β 93.587(2) 117.506(3) 90
γ 90 90 90
V [Å3] 2042.7(3) 3301.9(7) 3806.6(9)
Dcalcd. [g/cm3] 1.186 1.22 1.306
Abs. coeff. [mm–1] 0.265 0.19 0.383
Max. / min. transmission 0.98 / 0.92 0.99 / 0.93 0.98 / 0.89
Crystal shape irregular irregular irregular
Crystal size [mm3] 0.30×0.07×0.07 0.38×0.07×0.04 0.32×0.26×0.06
Θ range [°] 1.77 to 24.71 2.01 to 21.97 1.56 to 28.32
Reflections collected 15874 19853 39939
Indep. reflections [R(int)] 3486 (0.0789) 4021 (0.0725) 9449 (0.1470)
Obsd. reflections [I � 2σ(I)] 2937 3227 6525
Data / restraints / parameters 3486 / 0 / 345 4021 / 0 / 574 9449 / 12 / 436
GOF(F2) 1.25 1.19 1.10
R(F) 0.071 0.058 0.134
Rw(F2) 0.122 0.104 0.311
(Δρ)max, (Δρ)min [e·Å–3] 0.37 and –0.33 0.20 and –0.20 0.83 and –0.71

Table 7. Crystal data and structural refinement for 6·Ag+, 7·Ag+, and 8·Ag+.

6·Ag+ 7·Ag+ 8·Ag+

Empirical formula C20H28Ag2F6N2O6S4 C20H30AgF3N2O3S3 C21H32AgF3N2O3S3

Formula weight 850.42 607.51 621.54
Temperature [K] 200(2) 200(2) 200(2)
Crystal system monoclinic monoclinic triclinic
Space group P21/c P21/c P1̄
Z 4 4 2
a 11.3822(1) 10.5359(1) 9.846(1)
b 13.6579(1) 15.1706(3) 9.918(1)
c 19.1305(1) 15.0937(3) 13.103(1)
α 90 90 96.383(2)
β 93.208(1) 93.805(1) 106.648(2)
γ 90 90 92.734(29)
V [Å3] 2969.31(4) 2407.20(7) 1214.0(2)
Dcalcd. [g/cm3] 1.902 1.676 1.700
Abs. coeff. [mm–1] 1.676 1.146 1.138
Max. / min. transmission 0.7638 / 0.5538 0.89 / 0.80 0.97 / 0.83
Crystal shape polyhedron polyhedron irregular
Crystal size [mm3] 0.40×0.21×0.17 0.20×0.12×0.10 0.17×0.17×0.03
Θ range [°] 1.79 to 27.48 1.91 to 27.46 1.64 to 28.36
Reflections collected 30222 16273 12638
Indep. reflections [R(int)] 6807 5420 5974

0.0253 0.0422 0.0314
Obsd. reflections [I � 2σ(I)] 5876 3979 4803
Data / restraints / parameters 6807 / 91 / 434 5420 / 0 / 289 5974 / 0 / 426
GOF(F2) 1.07 1.03 1.00
R(F) 0.025 0.032 0.034
Rw(F2) 0.061 0.068 0.068
(Δρ)max, (Δρ)min [e·Å–3] 0.89 and –0.82 0.52 and –0.77 1.06 and –0.89

of mechanical stirring at –30 °C a solution of N-2-bromoethyl-
phthalimid (20 g, 78.7 mmol) in dry toluene (250 mL) was added
dropwise over a period of 1 h so that the temperature was main-
tained below 0 °C. After mechanical stirring overnight at room
temperature the suspension was finally refluxed for 1 h. To workup
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water (100 mL) was added and the organic layer was washed a fur-
ther 2× with water. After drying with magnesium sulfate and re-
moval of the solvent, pure 22 (13.2 g, 75%) was obtained by
crystallization from acetone as a white solid, m.p. 106 °C. 1H NMR
(500 MHz, C6D6): δ = 1.59 (q, 3J = 7.1 Hz, 2 H, CH2), 2.36 (t, 3J
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Table 8. Crystal data and structural refinement for 10·2(Ag+), 28·Ag+, and 33·Ag+.

10·2(Ag+) 28·Ag+ 33·Ag+

Empirical formula C42H48Ag2F6N2O6.5S4 C26H29AgCl2F3NO3S C44H41AgCl2F3NO3S
Formula weight 1142.80 671.33 899.61
Temperature [K] 200(2) 200(2) 200(2)
Crystal system monoclinic orthorhombic monoclinic
Space group C2 P212121 Cc
Z 4 4 4
a 49.5268(10) 13.6160(2) 30.3342(5)
b 8.3859(2) 13.8719(2) 9.0243(2)
c 11.1401(1) 14.8042(3) 15.2387(3)
α 90 90 90
β 102.566(1) 90 103.637(1)
γ 90 90 90
V [Å3] 4516.32(15) 2796.21(8) 4053.92(14)
Dcalcd. [g/cm3] 1.681 1.595 1.474
Abs. coeff. [mm–1] 1.127 1.035 0.735
Max. / min. transmission 0.96 / 0.81 0.95 / 0.62 0.96 / 0.77
Crystal shape polyhedron polyhedron polyhedron
Crystal size [mm3] 0.20×0.04×0.04 0.52×0.28×0.05 0.38×0.24×0.06
Θ range [°] 0.84 to 22.99 2.01 to 24.09 1.38 to 25.34
Reflections collected 16130 22138 17041
Indep. reflections [R(int)] 6290 (0.0591) 4431 (0.0493) 7344 (0.0484)
Obsd. reflections [l�2σ(l)] 4918 3867 5788
Data / restraints / parameters 6290 / 264 / 637 4431 / 0 / 334 7344 / 2 / 496
GOF (F2) 1.04 1.02 0.99
R (F) 0.042 0.031 0.040
Rw(F2) 0.076 0.064 0.062
(Δρ)max, (Δρ)min [e·Å–3] 0.63 and –0.44 0.49 and –0.36 0.42 and –0.47

Table 9. Crystal data and structural refinement for 4·Cu+, 5·Cu+, and 6·Cu+.

4·Cu+ 5·Cu+ 6·Cu+

Empirical formula C17H24CuF3N2O3S2 C17H24CuF3N2O3SSe C19H28CuF3N2O3S3

Formula weight 489.04 535.94 549.15
Temperature [K] 200(2) 201(2) 200(2)
Crystal system monoclinic monoclinic monoclinic
Space group P21/c P21/c P21

Z 4 4 2
a 9.7328(1) 9.7680(1) 9.0166(1)
b 10.5468(2) 10.6242(2) 9.7697(1)
c 18.9631(3) 18.9135(1) 13.6670(2)
α 90 90 90
β 93.159(1) 92.897(1) 108.306(1)
γ 90 90 90
V [Å3] 1943.60(5) 1960.28 1142.99(2)
Dcalcd. [g/cm3] 1.671 1.816 1.596
Abs. coeff. [mm–1] 1.388 3.127 1.278
Max. / min. transmission 0.77 / 0.67 0.71 / 0.41 0.88 / 0.57
Crystal shape polyhedron polyhedron polyhedron
Crystal size [mm3] 0.32×0.30×0.20 0.36×0.24×0.12 0.49×0.29×0.10
Θ range [°] 2.10 to 27.47 2.09 to 27.48 1.57 to 27.48
Reflections collected 19753 19922 11787
Indep. reflections [R(int)] 4451 (0.0283) 4494 (0.0298) 5192 (0.0227)
Obsd. reflections [I � 2σ(I)] 3799 3961 4853
Data / restraints / parameters 4451 / 92 / 285 4494 / 92 / 285 5192 / 1 / 280
GOF (F2) 1.04 1.05 1.04
R (F) 0.027 0.024 0.025
Rw(F2) 0.068 0.055 0.064
(Δρ)max, (Δρ)min [e·Å–3] 0.34 and –0.42 0.28 and –0.35 0.35 and –0.41

= 7.2 Hz, 4 H, CH2), 2.55 (t, 3J = 7.0 Hz, 4 H, CH2), 3.60 (t, 3J =
7.0 Hz, 4 H, CH2), 6.81–6.85 (m, 4 H, CarH), 7.36–7.41 (m, 4 H,
CarH) ppm. 13C NMR (125 MHz, C6D6): δ = 29.2 (s, CH2), 30.0
(s, CH2), 30.4 (s, CH2), 37.2 (s, CH2), 123.1 (t, Car), 132.6 (q, Car),
133.6 (t, Car), 167.9 (q, CO) ppm. IR (KBr): ν̃ = 3459, 3053, 2964,
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2929, 2850, 1773, 1714, 1465, 1449, 1442, 1419 cm–1. UV/Vis
(CH2Cl2): λmax (lg ε) = 294 (4.5) nm. HRMS (FAB) calcd. for
C23H22N2O4S2, 455.1099; found 455.1073. C23H22N2O4S2 (455.11):
calcd. C 60.77, H 4.88, N 6.16, S 14.11; found C 60.49, H 4.96, N
6.13, S 14.08.



Synthesis and Properties of Cryptands with a Thioether Bridge and π-Donors FULL PAPER
1,10-Diphthalimido-3,8-dithiodecane (23): To a solution of 1,3-pro-
panedithiol (4.8 g, 39 mmol) in dry toluene (250 mL), cooled to
–30 °C was added dropwise nBuLi in hexane (51 mL). After 30 min
of mechanical stirring at –30 °C a solution of N-2-bromoethyl-
phthalimide (20 g, 78.7 mmol) in dry toluene (250 mL) was added
dropwise over a period of 1 h so that the temperature was main-
tained below 0 °C. After mechanical stirring overnight at room
temperature the suspension was finally refluxed for 1 h. To workup
water (100 mL) was added and the organic layer was washed fur-
ther 2× with water. After drying with magnesium sulfate and re-
moval of the solvent, pure 23 (12.1 g, 66%) was obtained by
crystallization from acetone as a white solid, m.p. 100 °C. 1H NMR
(500 MHz, C6D6): δ = 1.39 (s, 4 H, CH2), 2.27 (s, 4 H, CH2), 2.57
(t, 3J = 7.1 Hz, 4 H, CH2), 3.62 (t, 3J = 7.0 Hz, 4 H, CH2), 6.82–
6.86 (m, 4 H, CarH), 7.38–7.42 (m, 4 H, CarH) ppm. 13C NMR
(125 MHz, C6D6): δ = 28.6 (s, CH2), 30.1 (s, CH2), 31.2 (s, CH2),
37.2 (s, CH2), 123.1 (t, Car), 132.6 (q, Car), 133.6 (t, Car), 167.9 (q,
CO) ppm. IR (KBr): ν̃ = 3460, 3102, 3048, 3018, 2945, 2923, 2865,
1774, 1699, 1613, 1578, 1464, 1433, 1417 cm–1. UV/Vis (CH2Cl2):
λmax (lg ε) = 294 (3.5) nm. HRMS (FAB) calcd. for C24H24N2O4S2

469.1256; found 469.1263. C24H24N2O4S2 (469.13): calcd. C 61.52,
H 5.16, N 5.98, S 13.68; found C 61.26, H 5.15, N 6.01, S 13.56.

1,9-Diamino-3,7-dithiononane·Dihydrochloride (17·2HCl): To a
solution of 22 (13.2 g, 29.1 mmol) in dry ethanol (50 mL) was
added dropwise a solution of hydrazine (3.1 g, 61.1 mmol) in water
(5 mL). After temporary clearance of the solution a solid precipi-
tate commenced to separate. The whole mixture was heated at re-
flux for 2 h then concentrated hydrochloric acid (12 mL) was added
slowly and the obtained clear solution was stirred for a further
30 min. The alcohol was removed by evaporation and the suspen-
sion was dissolved in water. The solid was filtered off and washed
with water. The water was removed by evaporation and the raw
material was crystallized from methanol to obtain 17·2HCl (7.5 g,
96%) as a white solid, m.p. 192 °C. 1H NMR (300 MHz, CD3OD):
δ = 1.86–1.96 (m, 2 H, CH2), 2.72 (t, 3J = 7.1 Hz, 4 H, CH2), 2.86
(t, 3J = 6.9 Hz, 4 H, CH2), 3.16 (t, 3J = 6.7 Hz, 4 H, CH2), 4.84 (s,
6 H, NH3Cl) ppm. 13C NMR (75 MHz, CD3OD): δ = 29.7 (s,
CH2), 30.3 (s, CH2), 31.1 (s, CH2), 40.2 (s, CH2) ppm. IR (KBr): ν̃
= 3440, 3023, 2040, 1718, 1628, 1459, 1412 cm–1. C7H20Cl2N2S2

(267.29): calcd. C 31.46, H 7.54, N 10.48, S 23.99, Cl 26.53; found
C 31.61, H 7.52, Cl 26.42, N 10.34, S 23.71.

1,10-Diamino-3,8-dithiodecane·Dihydrochloride (18·2HCl): To a
solution of 23 (5.5 g, 11.7 mmol) in dry ethanol (25 mL) was added
dropwise a solution of hydrazine (1.23 g, 24.6 mmol) in water
(2 mL). After temporary clearance of the solution a solid precipi-
tate commenced to separate. The whole mixture was heated at re-
flux for 2 h then concentrated hydrochloric acid (12 mL) was added
slowly and the obtained clear solution was stirred for further
30 min. The alcohol was removed by evaporation and the suspen-
sion was dissolved in water. The solid was filtered off and washed
with water. The water was removed by evaporation and the raw
material was crystallized from methanol to obtain 18·2HCl (2.7 g,
83%) as a white solid, m.p. 203 °C. 1H NMR (300 MHz, CD3OD):
δ = 1.71–1.76 (m, 4 H, CH2), 2.63 (t, 3J = 7.1 Hz, 4 H, CH2), 2.83
(t, 3J = 6.9 Hz, 4 H, CH2), 3.15 (t, 3J = 6.8 Hz, 4 H, CH2), 4.83 (s,
6 H, NH3Cl) ppm. 13C NMR (75 MHz, CD3OD): δ = 29.4 (s,
CH2), 29.7 (s, CH2), 31.9 (s, CH2), 40.0 (s, CH2) ppm. IR (KBr): ν̃
= 3440, 2999, 2045, 2059, 1582, 1508, 1463 cm–1. C8H22Cl2N2S2

(281.31): calcd. C 34.16, H 7.88, N 9.96, S 22.79, Cl 25.21; found
C 34.31, H 7.85, Cl 25.27, N 9.90, S 22.83.

4,4�-Bis(2-hydroxyethyl)biphenyl (25): To a suspension of 4,4�-di-
bromobiphenyl (30.00 g, 96 mmol) in dry hexane (1200 mL) was
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added a solution of 10 m nBuLi in hexane (42 mL, 420 mmol). The
mixture was heated at reflux for 12 h. To this suspension dry THF
(500 mL) was added and cooled to –40 °C. Subsequently ethylene
oxide (31 mL, 617 mmol) was added. After 36 h of mechanical stir-
ring at –35 °C water (500 mL) was added. Subsequently the mixture
was stirred for a further 30 min. The white precipitate was then
filtered off and dried with silica gel and finally crystallized from
hexane to yield 25 (21 g, 92%), m.p. 183 °C. 1H NMR (500 MHz,
CD2Cl2): δ = 1.45 (t, 3J = 5.8 Hz, 2 H, OH), 2.87 (t, 3J = 6.6 Hz,
4 H, CH2), 3.85 (t, 3J = 6.6 Hz, 4 H, CH2), 7.29 (d, 3J = 8.1 Hz, 4
H, CarH), 7.53 (d, 3J = 8.1 Hz, 4 H, CarH) ppm. 13C NMR
(125 MHz, CD2Cl2): δ = 38.8 (s, CH2), 63.44 (s, CH2), 126.9 (t,
Car), 129.4 (t, Car), 137.9 (q, Car), 138.9 (q, Car) ppm. IR (KBr): ν̃
= 3420, 3030, 2942, 2878, 2049, 1911, 1633, 1500, 1476 cm–1. UV/
Vis (CH2Cl2): λmax (lg ε) = 258 (4.3) nm. HRMS (FAB) calcd. for
C16H18O2 242.1307; found 242.1323. C16H18O2 (242.13): calcd. C
79.31, H 7.49; found C 79.17, H 7.31.

4,4�-Bis(2-methylsulfonylethyl)biphenyl (26): To a solution of 25
(21.4 g, 88.3 mmol) in dichloromethane (350 mL) was added by
cooling to –20 °C triethylamine (28.8 g, 285 mmol). Subsequently
methanesulfonyl chloride (24.5 g, 213.8 mmol) was added to the
mixture at such a rate that the temperature was maintained below
–10 °C. After the addition was completed the suspension was
stirred for 2 h. For workup water (100 mL) was added and the or-
ganic layer was washed with 10% hydrogen chloride solution, fol-
lowed by saturated sodium hydrogen carbonate solution and again
by saturated sodium chloride solution and water. The organic layer
was dried with magnesium sulfate and the solvent evaporated. Puri-
fication by column chromatography (alumina; cyclohexane/ethyl
acetate, 4:1) afforded 26 (29.0 g, 82%) as a white solid, m.p. 82 °C.
1H NMR (300 MHz, CD2Cl2): δ = 2.87 (s, 6 H, CH3), 3.09 (t, 3J

= 6.8 Hz, 4 H, CH2), 4.43 (t, 3J = 6.8 Hz, 4 H, CH2), 7.32 (d, 3J =
8.2 Hz, 4 H, CarH), 7.56 (d, 3J = 8.2 Hz, 4 H, CarH) ppm. 13C
NMR (75 MHz, CD2Cl2): δ = 35.6 (s, CH2), 37.6 (CH3), 70.9 (s,
CH2), 127.5 (t, Car), 129.9 (t, Car), 136.2 (q, Car), 139.7 (q,
Car) ppm. IR (KBr):ν̃ = 3434, 3027, 2942, 1913, 1500, 1428,
1401 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 258 (4.4) nm. HRMS
(FAB) calcd. for C18H22O6S2 398.0858; found 398.0850.
C18H22O6S2 (398.09): calcd. C 54.25, H 5.56, S 16.09; found C
54.61, H 5.54, S 15.85.

4,4�-Bis(2-bromoethyl)biphenyl (27): A solution of 26 (20 g,
50.2 mmol) in acetone (800 mL) was refluxed with LiBr (26 g,
301.1 mmol) overnight. Water was added to dissolve the precipi-
tated salt and the acetone was removed by evaporation. The aque-
ous layer was extracted 5× with dichloromethane, and the com-
bined organic layers were dried with magnesium sulfate. After evap-
oration of the solvent pure 27 (14.3 g, 81%) was obtained by col-
umn chromatography (alumina; hexane/diethyl ether, 5:1) as a
white solid, m.p. 107 °C. 1H NMR (500 MHz, CD2Cl2): δ = 3.20
(t, 3J = 7.5 Hz, 4 H, CH2), 3.63 (t, 3J = 7.4 Hz, 4 H, CH2), 7.30
(d, 3J = 8.1 Hz, 4 H, CarH), 7.56 (d, 3J = 8.2 Hz, 4 H, CarH) ppm.
13C NMR (125 MHz, CD2Cl2): δ = 33.5 (s, CH2), 39.2 (s, CH2),
127.3 (t, Car), 129.5 (t, Car), 138.4 (q, Car), 139.6 (q, Car) ppm. IR
(KBr): ν̃ = 3444, 3052, 3026, 2959, 2930, 2051, 1633, 1493,
1447 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 260 (4.4) nm. HRMS
(FAB) calcd. for C16H16Br2 367.9599; found 367.9607. C16H16Br2

(367.96): calcd. C 52.21, H 4.38, Br 43.41; found C 52.35, H 4.44,
Br 43.19.

General Procedure for the Condensation of Primary Amines with
Terminal Bromo Compounds to the Tertiary Amines 28–33: A pri-
mary amine (5 mmol) and a terminal bromo-compound (10 mmol)
were added together to a suspension of finely powdered potassium
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carbonate (4.9 g, 35 mmol) in acetonitrile (200 mL). The mixture
was stirred intensively and refluxed for 2 d until the starting mate-
rial was consumed. The mixture was filtered and the solvent evapo-
rated. The residue was purified by column chromatography on alu-
mina.

Tris(2-phenylethyl)amine (28): 945 mg (58%); m.p. 31 °C; cyclohex-
ane/ethyl acetate, 50:1. 1H NMR (300 MHz, CD2Cl2): δ = 2.75–
2.81 (m, 6 H, CH2), 2.84–2.90 (m, 6 H, CH2), 7.21–7.24 (m, 9 H,
CarH), 7.32 (t, 3J = 7.2 Hz, 6 H, CarH) ppm. 13C NMR (75 MHz,
CD2Cl2): δ = 34.2 (s, CH2), 56.4 (s, CH2), 126.2 (t, Car), 128.7 (t,
Car), 129.2 (t, Car), 141.4 (q, Car) ppm. IR (KBr): ν̃ = 3480, 3086,
3028, 2957, 2933, 2864, 2798, 1946, 1873, 1809, 1751, 1600, 1491,
1452 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 258 (3.0) nm. HRMS
(FAB) calcd. for C24H28N 330.2221; found 330.2207. C24H27N
(330.22): calcd. C 87.49, H 8.26, N 4.25; found C 87.44, H 8.22, N
4.40.

(But-3-ynyl)bis(2-phenylethyl)amine (29): 305 mg (22%) colorless li-
quid; hexane/diethyl ether, 10:1. 1H NMR (300 MHz, CD2Cl2): δ
= 2.01 (m, 1 H, �CH), 2.30 (m, 2 H, CH2), 2.72–2.84 (m, 10 H,
CH2), 7.15–7.21 (m, 4 H, CarH), 7.25–7.31 (m, 6 H, CarH) ppm.
13C NMR (75 MHz, CD2Cl2): δ = 17.7 (s, CH2), 34.4 (s, CH2), 53.2
(s, CH2), 56.3 (s, CH2), 69.1 (t, �CH), 83.6 (q, �C), 126.3 (t, Car),
128.7 (t, Car), 129.2 (t, Car), 141.2 (q, Car) ppm. IR (KBr): ν̃ =
3294, 3026, 2948, 2860, 2812, 2117, 1946, 1868, 1805, 1742, 1602,
1496, 1453 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 260 (2.5) nm.
HRMS (FAB) calcd. for C20H23N 278.1909; found 278.1918.
C20H23N (278.19): calcd. C 86.59, H 8.36, N 5.05; found C 86.64,
H 8.33, N 5.27.

[2-(Biphenyl-4-yl)ethyl]bis(2-phenylethyl)amine (30): 940 mg (47%);
m.p. 54 °C; hexane/diethyl ether, 10:1. 1H NMR (500 MHz,
CD2Cl2): δ = 2.74–2.87 (m, 12 H, CH2), 7.18 (d, 3J = 8.0 Hz, 6 H,
CarH), 7.26 (m, 6 H, CarH), 7.31–7.34 (m, 1 H, CarH), 7.43 (t, 3J

= 7.7 Hz, 2 H, CarH), 7.53 (d, 3J = 8.0 Hz, 2 H, CarH), 7.60 (d, 3J

= 7.5 Hz, 2 H, CarH) ppm. 13C NMR (125 MHz, CD2Cl2): δ = 33.7
(s, CH2), 34.1 (s, CH2), 56.1 (s, CH2), 56.2 (s, CH2), 126.1 (t, Car),
127.2 (t, Car), 127.2 (t, Car), 127.3 (t, Car), 128.5 (t, Car), 129.0 (t,
Car), 129.1 (t, Car), 129.6 (t, Car), 139.0 (q, Car), 140.5 (q, Car),
141.3 (q, Car) ppm. IR (KBr): ν̃ = 3025, 2946, 1597, 1495, 1486,
1453 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 256 (4.4) nm. HRMS
(EI+) calcd. for C30H31N 405.2457; found 405.2448. C30H31N
(405.24): calcd. C 88.84, H 7.70, N 3.45; found C 88.44, H 7.84, N
3.57.

Bis[2-(biphenyl-4-yl)ethyl]but-3-ynylamine (31): 553 mg (25%) col-
orless oil; hexane/diethyl ether, 10:1. 1H NMR: (500 MHz,
CD2Cl2): δ = 2.04 (t, 4J = 2.6 Hz, 1 H, �CH), 2.37 (dt, 3J = 4.8,
4J = 2.6 Hz, 2 H, C�CCH2), 2.82–2.87 (m, 10 H, CH2), 7.29 (d,
3J = 8.1 Hz, 4 H, CarH), 7.34 (pt, 3J = 7.4 Hz, 2 H, CarH), 7.44
(pt, 3J = 7.7 Hz, 4 H, CarH), 7.54 (d, 3J = 8.1 Hz, 4 H, CarH), 7.61
(d, 3J = 7.2 Hz, 4 H) ppm. 13C NMR: (125 MHz, CD2Cl2): δ =
17.6 (s, CH2), 33.9 (s, CH2), 53.10 (s, CH2), 56.1 (s, CH2), 69.10 (t,
�CH), 83.6 (q, �C), 127.2 (t, Car), 127.3 (t, Car), 127.4 (t, Car),
129.1 (t, Car), 129.6 (t, Car), 139.1 (q, Car), 140.3 (q, Car), 141.3
(q, Car) ppm. IR (KBr): ν̃ = 3441, 3307, 3055, 3026, 1487, 1449,
1407 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 258 (4.6) nm. HRMS
(FAB) calcd. for C32H31N 430.2534; found 430.2534. C32H31N
(430.25): calcd. C 89.47, H 7.27, N 3.26; found C 89.08, H 7.25, N
3.32.

Bis[2-(biphenyl-4-yl)ethyl](2-phenylethyl)amine (32): 566 mg (56%);
m.p. 82 °C; hexane/diethyl ether, 10:1. 1H NMR (300 MHz,
CD2Cl2): δ = 2.78–2.92 (m, 12 H, CH2), 7.20 (d, 3J = 7.6 Hz, 3 H,
CarH), 7.26 (d, 3J = 8.2 Hz, 6 H, CarH), 7.31–7.36 (m, 2 H,
CarH),7.44 (t, 3J = 8.0 Hz, 4 H, CarH), 7.53 (d, 3J = 8.2 Hz, 4 H,
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CarH), 7.60 (d, 3J = 8.5 Hz, 4 H, CarH) ppm. 13C NMR (75 MHz,
CD2Cl2): δ = 33.9 (s, CH2), 34.2 (s, CH2), 56.2 (s, CH2), 56.3 (s,
CH2), 126.2 (t, Car), 127.3 (t, Car), 127.3 (t, Car), 127.5 (t, Car),
128.7 (t, Car), 129.1 (t, Car), 129.2 (t, Car), 129.7 (t, Car), 135.4 (q,
Car), 139.1 (q, Car), 140.6 (q, Car), 141.4 (q, Car) ppm. IR (KBr): ν̃
= 3440, 3057, 3027, 2943, 2859, 2808, 1486, 1452, 1408 cm–1. UV/
Vis (CH2Cl2): λmax (lg ε) = 258 (4.6) nm. HRMS (FAB) calcd. for
C36H36N 482.2848; found 482.2881. C36H35N (482.28): calcd. C
89.77, H 7.32, N 2.91; found C 89.54, H 7.39, N 3.03.

Tris[2-(biphenyl-4-yl)ethyl]amine (33): 405 mg (15%); m.p. 75 °C;
hexane/diethyl ether, 20:1. 1H NMR: (300 MHz, CD2Cl2): δ =
2.79–2.85 (m, 6 H, CH2), 2.88–2.93 (m, 6 H, CH2), 7.26 (d, 3J =
8.1 Hz, 6 H, CarH), 7.30–7.35 (m, 3 H, CarH), 7.43 (t, 3J = 7.5 Hz,
6 H, CarH), 7.52 (d, 3J = 8.1 Hz, 6 H, CarH), 7.59 (d, 3J = 7.6 Hz,
6 H, CarH) ppm. 13C NMR (75 MHz, CD2Cl2): δ = 33.8 (s, CH2),
56.2 (s, CH2), 127.3 (t, Car), 127.3 (t, Car), 127.4 (t, Car), 129.1 (t,
Car), 129.7 (t, Car), 139.0 (q, Car), 140.6 (q, Car), 141.4 (q, Car) ppm.
IR (KBr): ν̃ = 3440, 3027, 2924, 2854, 1486, 1461, 1450 cm–1. UV/
Vis (CH2Cl2): λmax (lg ε) = 258 (4.7) nm. HRMS (FAB) calcd. for
C42H40N 558.3160; found 558.3134. C42H39N (558.32): calcd. C
90.44, H 7.05, N 2.51; found C 90.09, H 7.32, N 2.65.

General Procedure for the Cyclization of α,ω-Diamines with 1,6-Di-
bromo-3-hexyne (16) to the Bicyclic Diynes 4–8: 1,6-Dibromo-3-
hexyne (17) (1.5 g, 6.25 mmol) and the corresponding α,ω-diamines
(2 mmol) were added together to a suspension of finely powdered
potassium carbonate (4.5 g, 33 mmol) in acetonitrile (125 mL). The
mixture was stirred intensively and refluxed for 3 d until the start-
ing material was consumed. The mixture was filtered and the sol-
vent evaporated. The residue was purified by column chromatog-
raphy on alumina.

4-Thia-1,7-diazabicyclo[5.6.6]nonadeca-10,16-diyne (4): Yield:
227 mg of 4 (41%), column chromatography with cyclohexane/ethyl
acetate, 20:1, m.p. 69 °C. 1H NMR (500 MHz, CD2Cl2): δ = 2.24–
2.35 (m, 8 H, CH2), 2.52–2.56 (m, 8 H, CH2), 2.76 (t, 3J = 6.0 Hz,
4 H, CH2), 2.98 (t, 3J = 6.0 Hz, 4 H, CH2) ppm. 13C NMR
(125 MHz, CD2Cl2): δ = 19.5 (s, CH2), 30.6 (s, CH2), 53.4 (s, CH2),
56.5 (s, CH2), 80.6 (q, Calkyne) ppm. IR (KBr): ν̃ = 3447, 2900,
2835, 2801, 2781, 2731, 1449, 1432 cm–1. Raman: ν̃ = 2228,
2291 cm–1. HRMS (FAB) calcd. for C16H25N2S 277.1738; found
277.1731. C16H24N2S (272.17): calcd. C 69.52, H 8.75, N 10.13, S
11.60; found C 69.31, H 8.77, N 10.04, S 11.43.

4-Selena-1,7-diazabicyclo[5.6.6]nonadeca-10,16-diyne (5): Yield:
212 mg of 5 (33%), column chromatography with cyclohexane/ethyl
acetate, 20:1, m.p. 107 °C. 1H NMR (300 MHz, CD2Cl2): δ = 2.26–
2.33 (m, 8 H, CH2), 2.52–2.56 (m, 8 H, CH2), 2.89 (t, 3J = 6.1 Hz, 4
H, CH2), 3.01 (t, 3J = 6.1 Hz, 4 H, CH2) ppm. 13C NMR (75 MHz,
CD2Cl2): δ = 19.5 (s, CH2), 22.2 (s, CH2), 53.3 (s, CH2), 57.4 (s,
CH2), 80.6 (q, Calkyne) ppm. IR: (KBr): ν̃ = 3445, 2951, 2903, 2790,
2728, 1453, 1428 cm–1. Raman: ν̃ = 22278, 22891 cm–1. HRMS
(FAB) calcd. for C16H25N2

82Se 327.1184; found 327.1144.
C16H24N2Se (327.12): calcd. C 59.43, H 7.48, N 8.66; found C
59.28, H 7.55, N 8.58.

4,7-Dithia-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (6): Yield:
291 mg of 6 (43%), column chromatography with cyclohexane/ethyl
acetate, 50:1, m.p. 134 °C. 1H NMR (300 MHz, CD2Cl2): δ = 2.26
(mt, 8 H, CH2), 2.44–2.48 (m, 8 H, CH2), 2.61–2.65 (m, 8 H, CH2),
2.74 (s, 4 H, SCH2CH2S) ppm. 13C NMR (75 MHz, CDCl3): δ =
18.7 (s, CH2), 30.4 (s, CH2), 31.8 (s, CH2), 53.2 (s, CH2), 54.3 (s,
CH2), 79. 5 (q, Calkyne) ppm. IR (KBr): ν̃ = 3440, 2956, 2900, 2801,
2730, 1630, 1455, 1421 cm–1. Raman: ν̃ = 22368, 2300 cm–1. HRMS
(FAB) calcd. for C18H29N2S2 337.1772; found 337.1735.
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C18H28N2S2 (337.18): calcd. C 64.24, H 8.39, N 8.32, S 19.05;
found C 64.25, H 8.33, N 8.26, S 19.21.

4,8-Dithia-1,11-diazabicyclo[9.6.6]tricosa-14,20-diyne (7): Yield
360 mg of 7 (53%), column chromatography with cyclohexane/ethyl
acetate, 50:1, m.p. 89 °C. 1H NMR (300 MHz, CDCl3): δ = 1.91–
2.00 (q, 3J = 7.1 Hz, 2 H, CH2), 2.29 (br. s, 8 H, CH2), 2.57 (br. s,
12 H, CH2), 2.71 (t, 3J = 7.0 Hz, 8 H, SCH2CH2CH2S) ppm. 13C
NMR (75 MHz, CDCl3): δ = 19.3 (s, CH2), 28.2 (s, CH2), 29.2 (s,
CH2), 30.0 (s, CH2), 53.7 (s, CH2), 54.5 (s, CH2), 79.9 (q,
Calkyne) ppm. IR (KBr): ν̃ = 3446, 2943, 2924, 2901, 2821, 2745,
2725, 1458, 1434, 1424 cm–1. Raman: ν̃ = 2231, 2293 cm–1. HRMS
(FAB) calcd. for C19H31N2S2 351.1928; found 351.1920.
C19H30N2S2 (351.19): calcd. C 65.09, H 8.62, N 7.99, S 18.29;
found C 64.71, H 8.52, N 7.94, S 18.38.

4,9-Dithia-1,12-diazabicyclo[10.6.6]tetracosa-15,21-diyne (8): Yield:
275 mg of 8 (39%), column chromatography with cyclohexane/ethyl
acetate, 50:1, m.p. 72 °C. 1H NMR (300 MHz, CDCl3): δ = 1.79–
1.83 (m, 4 H, CH2), 2.32 (s, 8 H, CH2), 2.62–2.70 (m, 20 H,
CH2) ppm. 13C NMR (75 MHz, CDCl3): δ = 19.3 (s, CH2), 28.7 (s,
CH2), 31.0 (s, CH2), 31.8 (s, CH2), 53.89 (s, CH2), 55.4 (s, CH2),
80.2 (q, Calkyne) ppm. IR (KBr): ν̃ = 3440, 2939, 2900, 2819, 2744,
1628, 1456, 1422, 1422 cm–1. Raman: ν̃ = 2237, 2297 cm–1. HRMS
(FAB) calcd. for C20H32N2S2 365.2095; found 365.2056.
C20H32N2S2 (365.21): calcd. C 65.88, H 8.85, N 7.68, S 17.59;
found C 65.70, H 8.84, N 7.65, S 17.30.

General Procedure for the Cyclization of α,ω-Diamines with 4,4�-
Bis(2-bromoethyl)biphenyl (27): To the bicyclic compounds 9 and
10 4,4�-bis(2-dibromoethyl)biphenyl (27) (6.7 g, 10 mmol) and the
diamines 17 and 18 (4 mmol), respectively, were added together to
a suspension of finely powdered potassium carbonate (8.5 g,
61 mmol) in acetonitrile (400 mL). The mixture was stirred inten-
sively and refluxed for 5 d until the starting material was consumed.
The mixture was filtered and the solvent evaporated. The residue
was purified by column chromatography on alumina.

4,8-Dithia-14,15,20,21-tetrabenzena-1,11-diazabicyclo[9.6.6]tricosa-
phane (9): 476 mg (20%); hexane/diethyl ether, 20:1, m.p. 180 °C
(decomp.). 1H NMR (500 MHz, CD2Cl2): δ = 0.49–0.54 (q, 3J =
7.4 Hz, 2 H, SCH2CH2), 1.13 (t, 3J = 7.1 Hz, 4 H, CH2), 1.30 (t,
3J = 7.4 Hz, 4 H, SCH2CH2CH2S), 2.21 (t, 3J = 7.1 Hz, 4 H, CH2),
2.51–2.55 (m, 4 H, CH2), 2.72–2.77 (m, 4 H, CH2), 2.89–2.94 (m,
4 H, CH2), 2.97–3.02 (m, 4 H, CH2), 7.22 (d, 3J = 8.1 Hz, 8 H,
CarH), 7.45 (d, 3J = 8.1 Hz, 8 H, CarH) ppm. 13C NMR (125 MHz,
CD2Cl2): δ = 30.6 (s, CH2), 30.8 (s, CH2), 31.9 (s, CH2), 33.6 (s,
CH2), 53.7 (s, CH2), 53.9 (s, CH2), 126.3 (t, Car), 130.5 (t, Car),
138.3 (q, Car), 139.5 (t, Car) ppm. IR (KBr): ν̃ = 3439, 2910, 2849,
2788, 1733, 1499, 1457, 1422 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) =
260 (4.8) nm. HRMS (FAB) calcd. for C39H47N2S2 607.3181; found
607.3166. C39H46N2S2 (607.32): calcd. C 77.18, H 7.64, N 4.62, S
10.57; found C 77.04, H 7.65, N 4.65, S 10.77.

4,9-Dithia-15,16,21,22-tetrabenzena-1,12-diazabicyclo[10.6.6]tetra-
cosaphane (10): Yield: 384 mg of 10 (16%), column chromatog-
raphy with hexane/diethyl ether, 10:1, m.p. 189 °C (decomp.). 1H
NMR (500 MHz, CD2Cl2): δ = 0.67 (m, 4 H, SCH2CH2), 1.53–
1.54 (pd, 3J = 8.9 Hz, 4 H, CH2), 1.70 (t, 3J = 6.6 Hz, 4 H, CH2),
2.36 (t, 3J = 6.6 Hz, 4 H, CH2), 2.54–2.59 (m, 4 H, CH2), 2.73–
2.78 (m, 4 H, CH2), 2.87–2.94 (m, 8 H, CH2), 7.16 (d, 3J = 8.0 Hz,
8 H, CarH), 7.32 (d, 3J = 8.0 Hz, 8 H, CarH) ppm. 13C NMR
(125 MHz, CD2Cl2): δ = 30.0 (s, CH2), 31.0 (s, CH2), 31.1 (s, CH2),
33.1 (s, CH2), 54.2 (s, CH2), 55.2 (s, CH2), 126.5 (t, Car), 130.2 (t,
Car), 138.6 (q, Car), 139.3 (q, Car) ppm. IR (KBr): ν̃ = 3440, 3022,
2963, 2908, 2855, 2783, 2729, 1738, 1632, 1500, 1456, 1448,
1402 cm–1. UV/Vis (CH2Cl2): λmax (lg ε) = 258 (4.5) nm. HRMS
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(FAB) calcd. for C40H49N2S2 621.3337; found 621.3317.
C40H48N2S2 (621.33): calcd. C 77.37, H 7.79, N 4.51, S 10.33;
found C 77.01, H 7.75, N 4.60, S 10.43.

General Procedure for the Synthesis of Copper(I) Complexes
[4·Cu+][CF3SO3] and [5·Cu+][CF3SO3]: To a solution of the cop-
per(i) triflate toluene complex (61 mg, 0.2 mmol) in anhydrous
dichloromethane (5 mL) was added in the absence of light a solu-
tion of the corresponding cryptand (0.1 mmol) in anhydrous
dichloromethane (5 mL). After stirring for 1 h the mixture was fil-
tered and evaporation of the solvent gave the corresponding cop-
per(i) complex in quantitative yield.

Complex [4·Cu+][CF3SO3
–]: 1H NMR (500 MHz, CD2Cl2): δ = 2.71

(t, 3J = 5.6 Hz, 8 H, CH2), 2.69–2.72 (m, 4 H, CH2), 2.75–2.77 (m,
4 H, CH2), 2.84–2.88 (m, 4 H, CH2), 2.95 (s, 4 H, CH2) ppm. 13C
NMR (125 MHz, CD2Cl2): δ = 19.8 (s, CH2), 30.9 (s, CH2), 37.8
(s, CH2), 54.2 (s, CH2), 55. 5 (q, OTf–), 80.2 (q, Calkyne) ppm. IR
(KBr): ν̃ = 3444, 2924, 2906, 2839, 1634, 1457, 1426 cm–1. Raman:
ν̃ = 2231 cm–1. HRMS (FAB) calcd. for C16H24CuN2S 341.0939;
found 341.0938.

Complex [5·Cu+][CF3SO3
–]: 1H NMR (500 MHz, CD2Cl2): δ = 2.64

(t, 3J = 6.0 Hz, 8 H, CH2), 2.71–2.78 (m, 8 H, CH2), 2.86–2.91 (m,
3J = 6.0 Hz, 4 H, CH2), 2.98 (t, 3J = 5.3 Hz, 4 H, CH2), 2.95 (s, 4
H, CH2) ppm. 13C NMR (125 MHz, CD2Cl2): δ = 18.9 (s, CH2),
30.9 (s, CH2), 53.9 (s, CH2), 56.4 (s, CH2), 80.0 (q, Calkyne) ppm.
IR (KBr): ν̃ = 3441, 2922, 2868, 1630, 1460, 1427 cm–1. HRMS
(FAB) calcd. for C16H24CuN2Se 387.0400; found 387.0406.

General Procedure for the Synthesis of Silver Complexes
[6·Ag+][CF3SO3

–], [10·2(Ag+)][CF3SO3
–]2, [28·Ag+][CF3SO3

–], and
[33·Ag+][CF3SO3

–]: To a solution of silver triflate (53 mg,
0.2 mmol) in anhydrous dichloromethane (5 mL) was added in the
absence of light a solution of the corresponding cryptand
(0.1 mmol) in anhydrous dichloromethane (5 mL). After stirring for
1 h the mixture was filtered and evaporation of the solvent gave the
corresponding silver complex in quantitative yield.

Complex [6·Ag+][CF3SO3
–]: 1H NMR (300 MHz, CD2Cl2): δ =

2.46–2.61 (m, 16 H, CH2), 2.69–2.73 (m, 4 H, CH2), 2.77–2.81 (m,
4 H, CH2), 2.93 (s, 4 H, SCH2CH2S) ppm. 13C NMR (75 MHz,
CD2Cl2): δ = 18.6 (s, CH2), 29.3 (s, CH2), 30.7 (s, CH2), 53.0 (s,
CH2), 53.1 (s, CH2), 79.3 (q, Calkyne) ppm. IR (KBr): ν̃ = 3444,
2963, 2920, 2849, 1461, 1434 cm–1. HRMS (FAB) calcd. For
C18H28AgN2S2 445.0741; found 445.0701.

Complex [7·Ag+][CF3SO3
–]: 1H NMR (300 MHz, CD2Cl2): δ = 1.79

(t, 3J = 6.6 Hz, 4 H, CH2), 2.13–2.22 (m, 2 H, CH2), 2.47–2.54 (m,
8 H, CH2), 2.61 (m, 4 H, CH2), 2.74 (t, 3J = 5.5 Hz, 4 H, CH2),
2.86–2.93 (m, 8 H, CH2), 2.63–3.68 (m, 4 H, CH2) ppm. 13C NMR
(75 MHz, CD2Cl2): δ = 19.4 (s, CH2), 25.9 (s, CH2), 31.6 (s, CH2),
32.3 (s, CH2), 53.3 (s, CH2), 53.7 (s, CH2), 68.0 (q, OTf–), 79.7 (q,
Calkyne) ppm. IR (KBr): ν̃ = 3441, 2963, 2916, 2840, 2823, 1629,
1459, 1446, 1433, 1418 cm–1. Raman: ν̃ = 2206, 2281 cm–1. HRMS
(FAB) calcd. for C19H30AgN2S2 459.0898; found 459.0888.

Complex [8·Ag+][CF3SO3
–]: 1H NMR (500 MHz, CD2Cl2): δ = 1.92

(s, 4 H, CH2), 2.53–2.66 (m, 16 H, CH2), 2.76 (t, 3J = 6.5 Hz, 4 H,
CH2), 2.91 (s, 4 H, CH2), 2.98 (t, 3J = 6.5 Hz, 4 H, CH2) ppm. 13C
NMR (125 MHz, CD2Cl2): δ = 18.5 (s, CH2), 26.4 (s, CH2), 31.4
(s, CH2), 32.2 (s, CH2), 53.4 (s, CH2), 60.9 (q, OTf–), 78.9 (q,
Calkyne) ppm. IR (KBr):ν̃ = 3443, 2924, 2846, 1629, 1457,
1439 cm–1. HRMS (FAB) calcd. for C20H32AgN2S2 471.1058;
found 471.1075.

Complex [9·Ag+][CF3SO3
–]: 1H NMR (500 MHz, CD2Cl2): δ = 0.77

(s, 2 H, CH2), 1.63 (s, 4 H, CH2), 2.27 (t, 3J = 6.8 Hz, 4 H, CH2),
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2.62–2.67 (m, 4 H, CH2), 2.84–2.89 (m, 4 H, CH2), 3.00–3.05 (m,
4 H, CH2), 3.11–3.17 (m, 4 H, CH2), 7.39 (d, 3J = 7.6 Hz, 8 H,
CarH), 7.55 (d, 3J = 7.6 Hz, 8 H, CarH) ppm. IR: (KBr): ν̃ = 3449,
3022, 2941, 2915, 2795, 2736, 1626, 1499, 1450, 1425, 1407 cm–1.
UV/Vis (CH2Cl2): λmax (lg ε) = 270 (3.4) nm. HRMS (FAB) calcd.
for C39H46AgN2S2 715.2150; found 715.2158.

Complex [10·2(Ag+)][CF3SO3
–]2: 1H NMR (300 MHz, CD2Cl2): δ

= 1.01 (s, 4 H, CH2), 2.44 (s, 4 H, CH2), 2.51 (br. s, 4 H, CH2),
2.75 (br. s, 4 H, CH2), 2.80–2.88 (m, 4 H, CH2), 2.95–3.05 (m, 4
H, CH2), 3.09–3.21 (m, 8 H, CH2), 7.56 (d, 3J = 7.8 Hz, 8 H, CarH),
7.68 (d, 3J = 7.1 Hz, 8 H, CarH) ppm. 13C NMR (75 MHz,
CD2Cl2): δ = 27.4 (s, CH2), 31.8 (s, CH2), 33.3 (s, CH2), 34.6 (s,
CH2), 49.6 (s, CH2), 53.7 (s, CH2), 54.1 (s, CH2), 54.4 (s, CH2),
67.9 (q, OTf–), 124.7 (t, Car), 125.8 (t, Car), 127.3 (t, Car), 138.0 (q,
Car), 139.0 (q, Car) ppm. IR (KBr): ν̃ = 3444, 2926, 2792, 1627,
1500, 1451 cm–1. HRMS (FAB) calcd. for C40H47Ag2N2S2

835.1279; found 835.1303. C42H48Ag2F6N2O6S4 (863.88): calcd. C
44.54, H 4.26, N 2.47; found C 44.84, H 4.60, N 2.57.

Complex [28·Ag+][CF3SO3
–]: Colorless crystals, soluble in dichloro-

methane or chloroform, m.p. 145 °C (decomp.). 1H NMR
(500 MHz, CD2Cl2): δ = 2.70 (t, 3J = 6.0 Hz, 6 H, CH2), 2.94 (t,
3J = 6.0 Hz, 6 H, CH2), 6.84 (d, 3J = 7.0 Hz, 6 H, CarH), 7.30–
7.37 (m, 9 H, CarH) ppm. 13C NMR (125 MHz, CD2Cl2): δ = 33.0
(s, CH2), 57.6 (s, CH2), 124.2 (t, Car), 127.7 (t, Car), 130.6 (t, Car),
139.2 (q, Car) ppm. IR (KBr): ν̃ = 3441, 3085, 3061, 3026, 2951,
2861, 2799, 1627, 1603, 1495, 1453 cm–1. HRMS (FAB) calcd. for
C24H27

109AgN 438.1191; found 438.1229. C25H27AgF3NO3S
(586.42)·0.75 CH2Cl2: calcd. C 47.57, H 4.42, N 2.15, S 4.93; found
C 47.50, H 4.42, N 2.31, S 5.10.

Complex [33·Ag+][CF3SO3
–]: Colorless, light-sensitive crystals, sol-

uble in dichloromethane or chloroform, m.p. 173 °C (decomp.). 1H
NMR (500 MHz, CD2Cl2): δ = 2.83 (t, 3J = 5.8 Hz, 6 H, CH2),
2.99 (t, 3J = 5.8 Hz, 6 H, CH2), 6.96 (d, 3J = 7.9 Hz, 6 H, CarH),
7.43 (d, 3J = 8.0 Hz, 6 H, CarH) ppm. 13C NMR (125 MHz,
CD2Cl2): δ = 32.4 (s, CH2), 57.1 (s, CH2), 124.6 (t, Car), 126.9 (t,
Car), 127.9 (t, Car), 128.7 (t, Car), 129.6 (t, Car), 138.1 (q, Car), 138.6
(q, Car), 140.2 (q, Car) ppm. IR (KBr): ν̃ = 3441, 3028, 2929, 1625,
1519, 1487, 1458, 1407 cm–1. HRMS (FAB) calcd. for
C43H39

109AgN 666.2130; found 666.2112. C43H29AgF3NO3S
(804.64): calcd. C 63.39, H 4.82, N 1.71, S 3.94; found C 63.28, H
4.89, N 2.04, S 4.28.
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The crystal structures of 4,7-dioxa-1,10-diazabicyclo[8.6.6]-
docosa-13,19-diyne (7), its N,N�-dioxide derivative 10 and
the complexes of 7 with LiClO4, NaNO3, CuI and AgI triflate,
Cd(NO3)2, and HgCl2 were investigated. The Li+ and Na+

ions reveal a strong interaction between the ether bridge and
the nitrogen atoms of 7. The CuI ion prefers an interaction
between the nitrogen centers and the alkyne units whereas

Introduction

Some time ago we found that 1,8-diazabicyclo[6.6.6]-
eicosa-4,11,17-triyne (1) provided a flexible cage structure
with the in/in conformation of the bridgehead lone-pairs.[1]

This and the triple bonds in the bridges were responsible
for including copper(i) and silver(i) ions inside the cage.[1b]

In the preceding paper we reported the synthesis and prop-
erties of diazacryptands which can be derived from 1 by
replacing one 3-hexyne unit of the bridge by a tether with
thioether functions (see Figure 1), the cage systems 2–6.[2]

Figure 1. Bicyclic cryptands 1–7.
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the AgI ion interacts with the hard oxygen and nitrogen cen-
ters as well as with the alkyne units. The reaction of HgCl2
with 7 in the presence of water afforded a molecule which
could be looked at as the intermediate of a mercury-cata-
lyzed addition of water to the triple bonds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The investigations of 2–6 afforded a series of endohedral
copper(i) and silver(i) complexes when the reaction was car-
ried out with copper(i) and silver(i) triflates. In the resulting
complexes the soft metal ion interacted with the soft alkyne
and chalcogen units as well as with the nitrogen centers.
A comparison among the cryptands 2–6 revealed that the
geometrical requirements for a metal heteroatom and me-
tal–alkyne interaction were optimal in 4. These results led
us to synthesize the title compound 7 as a cryptand, be-
cause the compound should be able to host soft as well as
hard ions according to the HSAB concept.[3,4]

Results

The synthesis of 7 was achieved by a one-pot reaction
with two equivalents of 1,6-dibromohex-3-yne (8)[5] and one
equivalent of 1,8-diamino-3,6-dioxaoctane (9). Both com-
ponents were heated in acetonitrile with a surplus of ground
potassium carbonate to afford 7 in 40% yield (Scheme 1).
The rather high yield of this three-component reaction we
ascribe to a fixation of 9 by a potassium ion in a conforma-
tion where an intramolecular ring closure is favored over an
intermolecular one.[6,7] The yields with lithium carbonate
and cesium carbonate turned out to be much less than with
potassium carbonate.

The structure of 7 was confirmed by X-ray investigations
on single crystals. The results revealed the in/in conforma-
tion for both nitrogen atoms.[8,9] The molecule adopts
noncrystallographic C2 symmetry. The two triple bonds are
inclined towards each other by 55°. The intramolecular dis-
tance of the nitrogen atoms amounts to 5.49 Å which is
longer than in 4 (4.87 Å). The molecular structure of 7 is
shown in Figure 2. The oxygen atoms of the ether bridge
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Scheme 1.

point outwards. The longer ether bridge as compared to the
3-hexyne bridge in 1 gives 7 more flexibility. This shows up
when 7 is oxidized with hydroperoxide. The resulting N,N�-
oxide 10 now adopts the out/out conformation at the
bridgeheads (Scheme 2, Figure 2). The N–O groups are
tilted by 46° relative to the N···N axis and the ether oxygen
atoms point inside the cavity.

Figure 2. Molecular structures of 7 (top) and 10.

Scheme 2.

To probe the complexation properties of 7 we reacted
this ligand with silver(i) and copper(i) triflates in dichloro-
methane and with lithium perchlorate, sodium nitrate, and

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 621–627622

cadmium nitrate in methanol. In all five experiments we
obtained a colorless crystalline powder which allowed us to
grow single crystals for X-ray investigations.

In Table 1 we list the most relevant distances and angles
of the metal complexes of 7. In Figure 3 we show a side
view of the molecular structures. It is seen that the small
copper ion prefers a close contact with the nitrogen centers
and the triple bonds. No contact with the oxygen atom can
be observed. As a consequence the N···N distance is short-
ened to 4.12 Å as compared to the 5.49 Å of the free ligand.
The distances between the copper ion and the center of the
triple bonds amount to 2.34 and 2.55 Å. These values are
larger than the copper alkyne distances reported for cop-
per–alkyne complexes[10,11] (1.87–2.00 Å) but similar to
those found in the copper complex of 1 (2.46–2.57 Å).[1b]

We also notice a lowering of the stretching frequencies
found for the triple bonds in the Raman spectrum for
[7·Cu]+ as compared to 7. A criterion for the preference of
the alkyne units over the oxygen centers is the N–Cu–N
angle of 170.6°.[12]

Table 1. Most relevant distances, angles, and wave numbers in the
Ag+, Cu+, Li+, Na+, and Cd2+ cryptates with 7. The distances are
given in Å and the angles in degrees.[12]

[a] cm–1.

The larger silver ion prefers a coordination with N, O,
and the triple bonds. The flexible ether chain in 7 has now
changed its conformation in such a way that the oxygen
centers point inside the cavity. The N···N distance is longer
than in the copper complex (Table 1) and the N–Ag–N an-
gle amounts to 198.5°.[12] The distance between the silver
ion and the center of the triple bonds amounts to 2.64–
2.65 Å. This value is longer than that reported for cyclic
alkynes (2.33 Å)[10,13] and also longer than that reported for
[1·Ag]+ (2.44–2.51 Å). The N–Ag distances (2.42, 2.47 Å)
are somewhat longer with regard to the value found for 1
(2.31 Å) but rather expanded compared to values reported
for homoleptic two coordinated silver(i) amine complexes
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Figure 3. Molecular structures of the Cu+, Ag+, Li+, Na+, and
Cd2+ complexes of 7. In the cases of the Na+ and Cd2+ complexes
the coordinated nitrate anion is shown.

e.g. Ag(NH3)2NO3 (2.12 Å).[14] The silver-alkyne interac-
tion in [7·Ag]+ also shows up in a lowering of the wave
number of the stretching vibration of the triple bond
(Table 1). The Ag–O–distance (2.64–2.72 Å) is close to that
reported for other silver-ether complexes (average value
2.59 Å).[15] The complex [7·Ag]+ is rather stable. We could
not detect any precipitate of silver iodide when we reacted
[7·Ag]+ with iodide ions. Such an absence of precipitation
was also reported for [1·Ag]+ and silver salts of aza-bridged
macrocycles.[16]

The lithium ion prefers to coordinate with the nitrogen
and oxygen centers. This shows up in the short Li–O
(2.09 Å) and Li–N (2.21 Å) distances and a N–Li–N angle
of 202.6°. The measured Li–O and Li–N distances are close
to those reported for lithium crown ether complexes
(average value Li–O = 2.02 Å, Li–N = 2.07 Å).[15] We also
do not find any significant change for the stretching vi-
bration of the triple bond in [7·Li]+. The sodium ion prefers
a coordination sphere with six donor groups: The two ether
oxygen atoms (Na–O = 2.39, 2.41 Å), the two nitrogen
atoms (Na–N = 2.59 Å), one oxygen atom from the nitrate
anion (Na–O = 2.43 Å) and one alkyne unit (Na+ to the
center of triple bond = 2.73 Å). This latter interaction
hardly has any influence on the stretching vibration of the
triple bond. The recorded Na–O and Na–N distances are
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close to those found in sodium crown ether complexes
(average value Na–O = 2.47 Å, Na–N = 2.59 Å).[15] The
even larger Cd2+ ion adopts a coordination number of
seven by interacting with all donor units. The N–Cd–N an-
gle of 208.4° shows that the N,O coordination is preferred
over the interaction with the triple bonds. The latter at most
weakly influences the stretching vibration of the triple
bonds (Table 1). The complex [7·Cd]2+ shows a significant
low field shift of the resonances for the CH2 protons as
compared to 7 by 0.2–0.4 ppm. Like in the sodium complex
the metal in [7·Cd]2+ coordinates with one oxygen center of
the nitrate anion (Cd–O = 2.23 Å).

The reaction of a solution of 7 in methanol with HgCl2
yielded first a colorless precipitate which was insoluble in
all common solvents. In analogy to a protocol described by
Pickardt and Kühn[17] we carefully added to an aqueous
solution of HgCl2 a solution of the ligand 7 in methanol in
such a way that the two solutions formed two layers. After
one month crystals appeared between the two phases. Un-
fortunately, the crystals were insoluble in common solvents.
The mass spectrum revealed that we are dealing with an
adduct of 7 with two equivalents of water, three mercury
cations, and two chloride anions. The IR spectrum revealed
two intensive peaks in the CO region. Fortunately, the iso-
lated material, 11, contained single crystals which allowed
a diffraction experiment. In Figure 4 we show a side view
and a view along the N···N axis of 11. The molecule con-
tains one central mercury atom bound to the two nitrogen
centers, to two carbon atoms adjacent to the CO groups
and to the two oxygen atoms of the ether bridge
(Scheme 3). To the former sp centers, adjacent to the CO
groups two further HgCl units are attached which point
outwards. The distances between the central mercury atom
and the ether oxygen atoms amount to 2.87 and 2.97 Å.
These values are somewhat longer than that reported for
the mean distance between Hg2+ and ether (2.83 Å).[15] The
Hg–N distances (2.61 and 2.62 Å) are also longer than the
mean value reported in the literature (2.35 Å).[15] Of interest
are the short bonds between both Hg centers and the car-
bon atoms in the α position to the CO groups. For the cen-
tral mercury we find Hg–C distances of 2.22 and 2.17 Å.
For the HgCl groups the C–Hg distances are even shorter
(2.08 and 2.11 Å). We ascribe the longer C–Hg bond for
the central metal to the donor effects of the oxygen and
nitrogen atoms. The low stretching frequencies recorded for
the CO groups (1601, 1551 cm–1) point to a delocalization
of the formal negative charge at the carbon atoms in the α
positions to the CO groups. We find a distance between the
central and the peripheral mercury atoms of 3.29 and
3.39 Å. This points to a d10–d10 interaction between the me-
tals due to relativistic effects.[18]

Of special interest is the regioselectivity of the twofold
oxymercuration of 7 to 11 which occurred under preserva-
tion of the C2 axis of the molecule. We ascribe this observa-
tion to the twisted arrangement of the alkyne units in 7. To
rationalize the regioselectivity we assume that the inclusion
of a Hg2+ ion into the cavity slows down the interchange
between the enantiomeric twist conformations of 7
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Figure 4. Molecular structure of the product 11 obtained by the
reaction of 7 with HgCl2 in the presence of water.

Scheme 4.
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Scheme 3.

(Scheme 4). The coordination of the Hg2+ with the ether
bridge forces the metal closer to one sp center of one triple
bond than to the other (A, A*). Supported by water mole-
cules an endo-mercuration starts (B) followed by the ad-
dition of water (C) and exo-mercuration of the vinyl alcohol
to D. In connection with the proposed mechanism in
Scheme 4 it is interesting to note that we found single crys-
tals with both enantiomers of the product.

Concluding Remarks

The replacement of one 3-hexyne unit in 1 by the 3,6-
dioxaoctane unit gives the resulting cryptand 7 more flexi-
bility and more coordination possibilities. The higher flexi-
bility is also demonstrated by the oxidation of 7 to 10. A
look at the five structures in Figure 2 shows that the hard
ions (Li+, Na+, and to some extent Cd2+) prefer the com-
plexation with the hard centers (O, N). The soft ion Cu+

prefers the nitrogen centers and the triple bonds. The larger
silver ion adopts a coordination number of six. Only in the
cases of the Cu+ and the Ag+ complexes is the stretching
vibration of the triple bonds altered significantly. In the
cryptates shown in Figure 3 the ions are less shielded than
in the cryptates of 1, this is shown in the Na+ and Cd2+

salts where the corresponding anion is coordinated.
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Experimental Section
General Methods: All melting points are uncorrected. Elemental
analyses were carried out by the Mikroanalytisches Laboratorium
der Universität Heidelberg. UV/Vis absorption spectra were re-
corded with a Hewlett–Packard HP 8452A Diode-Array spectrom-
eter, IR spectra were recorded with a Bruker Vector 22 FT-IR in-
strument. The NMR spectra were measured with a Bruker WH
300 or Avance 500 spectrometer (1H NMR at 300 MHz or
500 MHz and 13C NMR at 75 or 125 MHz) using the solvent as
an internal standard (δ). FAB mass spectra refer to data from a
JEOL JMS-700 instrument. As matrix for the FAB experiments
m-nitrobenzyl alcohol was used. All reactions were carried out
in dried glassware under argon using dried and oxygen-free
solvents. Compound 8 was prepared according to literature
procedure[5] and 9 as well as the inorganic salts were commercially
available.

X-ray Crystallographic Study: Data were collected with a Bruker
Smart CCD diffractometer at 200 K for 7, 10, 11, [7·Cu]+, [7·Ag]+,
[7·Na]+ and with a Nonius CAD 4 diffractometer at 293 K for
[7·Li]+ and 223 K for [7·Cd]2+. Mo-Kα radiation was used in all
cases and the intensities were corrected for Lorentz, polarization,
and absorption effects. The structures were solved by direct meth-
ods and refined against F2 with a full-matrix least square algorithm
by using the SHELXTL software package.[19] Relevant crystal and
data collection parameters are given in Tables 2 and 3. Hydrogen
atoms were refined isotropically for 7 and [7·Li]+ and in all other
cases they were considered at calculated positions and refined using
appropriate riding models. In the case of 10, 11, [7·Li]+, and
[7·Cd]2+ some solvent molecules or anions had to be treated as
disordered, in [7·Cu]+ disorder was observed in parts of the com-
plex cation itself. On one side of the cage the three methylene
groups next to the nitrogen atom occur in two alternative positions,
also the ether bridge is partially affected by disorder. CCDC-
277362 (for 7), -277363 (for 10), -277364 (for 11), -277365 {for
[7·Cu](CF3SO3)}, -277366 {for [7·Ag](CF3SO3)}, -277367 {for
[7·Li](CLO4)}, -277368 {for [7·Na](NO3)}, and -277369 {for
[7·Cd](NO3)2} contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7): To a sus-
pension of finely ground dry potassium carbonate (16 g) in dry
acetonitrile (500 mL) was added 1,6-dibromo-3-hexyne (8) (6.3 g,
26.2 mmol) and 1,8-diamino-3,6-dioxaoctane (9) (1.3 g, 8,3 mmol)
and it was refluxed for 4 d. After cooling of the mixture the residual
potassium carbonate was filtered off and the solvent was removed
in vacuo. The raw material of the reaction was chromatographed
on ALOX III using cyclohexane/ethyl acetate (1:1) as the solvent.
The product was recrystallized from ethyl acetate to yield colorless
crystals (1.1 g, 43%) with a m.p. of 68 °C. 1H NMR (500 MHz,
CD3OD): δ = 2.26 (m, 8 H, CH2–C�), 2.43–2.52 (m, 12 H, CH2–
N), 3.63 (m, 4 H, CH2–O), 3.78 (s, 4 H, O–CH2–CH2–O) ppm. 13C
NMR (125 MHz, CD3OD): δ = 20.0 (CH2–C�), 55.7 (4, CH2–
N), 58.0 (2, CH2–N), 71.5 (CH2–O), 72.1 (O–CH2–CH2–O), 80.5
(C�C) ppm. IR (KBr): ν̃ = 2937, 2903, 2803, 2740, 1459, 1334,
1291 cm–1. Raman (neat): ν̃ = 2957, 2903, 2821, 2292, 2227, 1457,
1419 cm–1. C18H28N2O2 (304.43): calcd. C 71.02, H 9.27, N 9.20;
found C 71.23, H 9.21, N 9.27.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne N,N�-Dioxide
(10): To a solution of 7 (37 mg, 0.1 mmol) in ethanol (5 mL) was
added hydrogen peroxide (1 mL, 30%) solution in water at room
temperature. After stirring for 6 d a colorless precipitate was found.
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After separation and recrystallization from methanol/water color-
less crystals were obtained (23 mg, 60%), m.p. 145 °C (decomp).
1H NMR (300 MHz, CD3OD): δ = 2.79 (m, 8 H, CH2–C�), 3.61–
3.93 (m, 16 H, CH2), 3.65 (s, 4 H, O–CH2–CH2–O) ppm. 13C NMR
(75 MHz, CD3OD): δ = 15.8 (CH2–C�), 65.9 (N–CH2–CH2–C�),
66.1 (N–CH2–CH2–O), 71.5 (CH2–O), 81.2 (C�C) ppm. IR (KBr):
ν̃ = 2924, 1435, 1351, 1246 cm–1. HRMS (FAB+) C18H29N2O4

calcd. 337.2127; found 337.2132.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7) Complex
with Silver Triflate: In a Schlenk tube a solution of 7 (50 mg,
0.16 mmol) and silver(i) triflate (43 mg, 0.17 mmol) in dry dichloro-
methane (6 mL) was stirred for 3 h at room temperature under ar-
gon. The silver triflate complex (90 mg, 100%) of 7 was isolated in
quantitative yield as a colorless powder, m.p. 165 °C (decomp.). 1H
NMR (300 MHz, CDCl3): δ = 2.46–2.59 (m, 16 H, N–CH2–CH2–
C�), 2.69 (t, 3J = 4.8 Hz, 4 H, CH2–N), 3.56 (t, 3J = 4.8 Hz, 4 H,
N–CH2–CH2–O), 3.66 (s, 4 H, O–CH2–CH2–O) ppm. 13C NMR
(75 MHz, CDCl3): δ = 17.9 (CH2–C�), 53.7 (N–CH2–CH2–C�),
55.2 (CH2–N), 66.5 (N–CH2–CH2–O), 69.8 (O–CH2–CH2–O), 78.2
(C�C) ppm. IR (KBr): ν̃ = 2963, 2904, 1453, 1363 cm–1. Raman
(neat): ν̃ = 2910, 2859, 2273, 2207, 1452, 1335 cm–1. HRMS (FAB+)
C18H28

109AgN2O2: calcd. 413.1198, found: 413.1221.
C18H28

107AgN2O2: calcd. 411.1201, found: 411.1212.
C19H28AgF3N2O5S (561.37): calcd. C 40.65, H 5.03; found C 40.65,
H 5.33.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7) Complex
with CuI Triflate: A solution of 7 (30 mg, 0.1 mmol) and the ben-
zene complex of CuI triflate (27 mg, 0.1 mmol) in dry dichloro-
methane (10 mL) was stirred under argon for 3 h at room tempera-
ture. Filtration of the precipitate yielded a colorless powder (43 mg,
85%), m.p. 127 °C (decomp.). 1H NMR (500 MHz, CD2Cl2): δ =
2.66 (t, 3J = 5.4 Hz, 8 H, CH2–C�), 2.73–2.84 (m, 12 H, CH2–N),
3.71 (s, 4 H, O–CH2–CH2–O), 3.83 (t, 3J = 5.0 Hz, 4 H, CH2–
O) ppm. 13C NMR (125 MHz, CD2Cl2): δ = 18.3 (CH2–C�), 55.6
(N–CH2–CH2–C�), 55.7 (CH2–N), 68.2 (CH2–O), 69.7 (O–CH2–
CH2–O), 80.7 (C�C) ppm. IR (KBr): ν̃ = 3108, 2962, 2870,
1453 cm–1. Raman (neat): ν̃ = 2922, 2874, 2268, 2229, 2202,
1454 cm–1. HRMS (FAB+) C18H28

65CuN2O2: calcd. 369.1429;
found 369.1419. C18H28

63CuN2O2: calcd. 367.1446; found
367.1430.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7) Complex
with Lithium Perchlorate: A solution of 7 (50 mg, 0.16 mmol) and
lithium perchlorate (15 mg) in dry methanol (5 mL) was stirred for
3 h at room temperature. After removal of the solvent the residue
was washed with toluene to yield 7·LiClO4 (42 mg, 63%) as color-
less crystals, m.p. 160 °C (decomp.). 1H NMR (300 MHz,
CD3OD): δ = 2.33 (m, 8 H, CH2–C�), 2.51 (m, 8 H, N–CH2–
CH2–C�), 2.56 (t, 3J = 5.2 Hz, 4 H, N–CH2–CH2–O), 3.66 (t, 3J

= 5.2 Hz, 4 H, N–CH2–CH2–O), 3.78 (s, 4 H, O–CH2–CH2–
O) ppm. 13C NMR (75 MHz, CD3OD): δ = 19.8 (CH2–C�), 55.5
(N–CH2–CH2–C�), 57.4 (N–CH2–CH2–O), 70.6 (N–CH2–CH2–
O), 71.2 (O–CH2–CH2–O), 80.7 (C�C) ppm. IR (KBr): ν̃ = 2930,
2848, 2020, 1464, 1350 cm–1. Raman (neat): ν̃ = 2931, 2861, 2285,
2228, 1445, 1342 cm–1. HRMS (FAB+) C18H26LiN2O2: calcd.
311.2311; found 311.2305. C18H28ClLiN2O6 (410.82): calcd. C
52.61, H 6.87, N 6.82; found C 52.44, H 7.19, N 6.70.

4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7) Complex
with Sodium Nitrate: A solution of 7 (50 mg, 0.16 mmol) and
NaNO3 (14 mg, 0.17 mmol) in dry methanol (5 mL) was stirred at
room temperature for 12 h. After removal of the solvent in vacuo
the residue was washed with toluene to yield 7·NaNO3 (42 mg,
66%) as colorless crystals, m.p. 165 °C (decomp.). 1H NMR
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Table 2. Crystallographic data and details of the refinement procedure of 7, 10, and 11.

7 10 11

Empirical formula C18H28N2O2 C18H38N2O9 C18H28Cl2Hg3N2O5·solvent
Formula mass [g/mol] 304.42 426.50 1034.12
Crystal size [mm] 0.44×0.32×0.22 0.53×0.19×0.03 0.40×0.21×0.05
Crystal shape irregular polyhedron polyhedron
Crystal system triclinic triclinic orthorhombic
Space groups P1̄ P1̄ P21212
a [Å] 7.5002(4) 8.7957(7) 14.7875(3)
b [Å] 7.9180(4) 10.6449(9) 17.1697(4)
c [Å] 15.0480(7) 13.343(1) 9.5715(2)
α [°] 83.627(1) 109.444(1) 90.00
β [°] 82.697(1) 108.163(1) 90.00
γ [°] 79.153(1) 94.862(1) 90.00
V [Å3] 867.08(8) 1094.3(2) 2430.17(9)
Dcalcd. [g/cm3] 1.166 1.294 2.826
Z 2 2 4
μ [mm–1] 0.076 0.103 19.157
Θmin/Θmax 1.37/25.49 1.74/25.55 1.82/27.49
Tmin/Tmax 0.77/0.97 0.83/1.00 0.17/0.46
Reflections collected 6530 8210 25114
Reflections unique 2910 3657 5586
Refleections observed 2504 2605 5376
Parameter 311 302 282
R(F) 0.034 0.054 0.030
Rω (F2) 0.084 0.134 0.076
S (GOF) on F2 1.05 1.04 1.10
Δρmax [e·Å–3]/Δρmin [e·Å–3] 0.15/–0.18 1.24/–0.20 1.69/–1.89

Table 3. Crystallographic data and details of the refinement procedure of the complexes of 7 with Cu(CF3SO3), Ag(CF3SO3), LiClO4,
NaNO3, and Cd(NO3)2.

7·Cu(CF3SO3) 7·Ag(CF3SO3) 7·LiClO4 7·NaNO3 7·Cd(NO3)2

Empirical formula C19H28CuF3N2O5S C19H28AgF3N2O5S C18H28LiN2O2·ClO4 C18H30NaN3O6 C18H28CdN4O9

Formula mass [g/mol] 517.03 561.36 410.81 407.44 556.8
Crystal size [mm] 0.27×0.12×0.08 0.40×0.14×0.06 0.40×0.30×0.30 0.47×0.30×0.13 0.40×0.30×0.01
Crystal shape polyhedron polyhedron needle polyhedron polyhedron
Crystal system triclinic triclinic monoclinic orthorhombic monoclinic
Space groups P1̄ P1̄ P21/n Pbca P21/n
a [Å] 8.3241(2) 8.1915(2) 10.296(2) 12.7864(3) 7.710(3)
b [Å] 10.3173(2) 11.3557(4) 15.813(4) 16.2833(2) 20.505(5)
c [Å] 12.9635(1) 12.6963(4) 13.143(4) 19.4195(4) 14.290(4)
α [°] 84.318(1) 107.740(1) 108.67(2) 90.00 90.00
β [°] 85.480(1) 99.277(1) 85.480(1) 90.00 101.88(3)
γ [°] 84.264(1) 91.324(1) 90.00 90.00 90.00
V [Å3] 1099.64(3) 1106.86(6) 2027.2(9) 4043.2(1) 2211(1)
Dcalcd. [g/cm3] 1.56 1.68 1.35 1.34 1.67
Z 2 2 4 8 4
μ [mm–1] 1.147 1.063 0.23 0.118 1.04
Θmin/Θmax 1.58/25.55 1.71/25.53 2.1/28.0 2.10/25.50 2.5/28.0
Tmin/Tmax 0.81/0.93 0.77/0.94 0.93/0.96 0.82/0.92 0.59/0.76
Reflections collected 8325 8352 5144 28230 5698
Reflections unique 3698 3708 4886 3585 5319
Reflections observed 2814 3434 2883 2693 4226
Parameter 327 280 398 261 337
GOF (F2) 1.02 1.05 1.03 1.03 1.02
R(F) 0.040 0.021 0.049 0.033 0.037
Rω (F2) 0.096 0.052 0.133 0.083 0.083
Δρmax [e·Å–3]/Δρmin 0.45/–0.41 0.53/–0.44 0.41/–0.32 0.33/–0.20 0.51/–0.63
[e·Å–3]

(500 MHz, CD3OD): δ = 2.51 (m, 16 H, N–CH2–CH2–C�), 2.70
(t, 3J = 5.1 Hz, 4 H, N–CH2), 3.67 (t, 3J = 5.1 Hz, 4 H, CH2–O),
3.70 (s, 4 H, O–CH2–CH2–O) ppm. 13C NMR (125 MHz,
CD3OD): δ = 18.8 (CH2–C�), 54.0 (N–CH2–CH2–C�), 57.4 (N–
CH2–CH2–O), 67.7 (N–CH2–CH2–O), 70.0 (O–CH2–CH2–O), 80.7
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(C�C) ppm. IR (KBr): ν̃ = 2963, 2914, 2877, 2835, 1456 cm–1. Ra-
man (neat): ν̃ = 2965, 2918, 2883, 2838, 2284, 2225, 1456 cm–1.
HRMS (FAB+) C18H28NaN2O2: calcd. 327.2048; found 327.2051.
C18H28NaN3O5 (389.43): calcd. C 55.52, H 7.25, N 10.79; found C
55.23, H 7.42, N 10.42.
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4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne (7) Complex
with Cadmium Nitrate: A solution of 7 (15 mg, 0.05 mmol) and
Cd(NO3)2·4H2O (15 mg, 0.05 mmol) in methanol (6 mL) was
stirred for 24 h at room temperature. After removal of the solvent
a colorless crystalline material (27 mg, 100%) could be isolated
which could be recrystallized from methanol and dichloromethane,
m.p. 130 °C (decomp.). 1H NMR (500 MHz, CD3OD): δ = 2.83
(m, 16 H, N–CH2–CH2–C�), 3.12 (s, 4 H, N–CH2), 3.89 (m, 4 H,
CH2–O), 3.92 (s, 4 H, O–CH2–CH2–O) ppm. 13C NMR (125 MHz,
CD3OD): δ = 18.8 (CH2–C�), 53.5 (N–CH2–CH2–C�), 58.4 (N–
CH2–CH2–O), 66.6 (N–CH2–CH2–O), 69.5 (O–CH2–CH2–O), 84.0
(C�C) ppm. IR (KBr): ν̃ = 2931, 2887, 2362, 1664 cm–1. Raman
(neat): ν̃ = 2925, 2827, 2282, 2226, 1457 cm–1. HRMS (FAB+)
C18H28

114CdN3O5: calcd. 480.1063; found 480.1080.
C18H28

113CdN3O5: calcd. 479.1073; found 479.1095.
C18H28

112CdN3O5: calcd. 478.1056; found 478.1082. Elemental
analysis of the dichloride C18H28CdCl2N2O2 (487.74): calcd. C
44.33, H 5.79, N 5.74; found C 44.19, H 6.01, N 5.83.

Reaction of 4,7-Dioxa-1,10-diazabicyclo[8.6.6]docosa-13,19-diyne
(7) with HgCl2 to Yield 11: To an aqueous solution of HgCl2
(13 mg, 0.05 mmol) in water (3 mL) was added a solution of 7
(15 mg, 0.05 mmol) in methanol (3 mL) in such a way that the two
solutions did not mix. After one month at room temperature we
isolated colorless crystals (15 mg, 91%) which were insoluble in all
common solvents, m.p. 158 °C. MS (FAB+): m/z (%) = 1032 (23)
[M + Na]+, 1010 (84) [M + H]+. The calculated isotopic pattern
was identical with the obtained one. IR (KBr): ν̃ = 2832, 1601,
1551, 1455, 1332, 1248, 1179, 1098, 1018 cm–1.
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Molybdenum and tungsten complexes with tridentate bis-
anionic ligands (–OC2H4XC2H4O–, X = S, Se) were synthe-
sized and analyzed electrochemically. Crystal structures of
[{MoO2[O(CH2)2S(CH2)2O]}2] and [{WO2[O(CH2)2S(CH2)2-
O]}3] were obtained. For these two complexes as well as
for the virtual molybdenum trimer and the tungsten dimer,
DFT calculations were performed in order to better under-
stand the formation of two significantly different complexes
for molybdenum and tungsten with the same ligand
and by the same preparation method. The compound
WO2Cl2[MeS(CH2)2SMe] was synthesized and characterized

Introduction

Molybdenum as well as tungsten can be found at the
active sites of the molybdopterin-containing oxygen-atom-
transfer enzymes (OATs),[1] which catalyze oxygen transfer
by two-electron redox reactions. This is not surprising be-
cause of the chemical similarity of the two metals. The dis-
tribution of the metals is quite interesting; molybdenum is
found mainly in mesophilic organisms while tungsten is
found mainly in thermophilic and hyperthermophilic mi-
croorganisms, and it is not known until today whether this
distribution was developed for reasons of supply,[2,3] sta-
bility,[2,4] or reactivity[5] (i.e. redox potential). Therefore, the
comparison of the characteristics of corresponding molyb-
denum and tungsten compounds remains a vital field of
research.

Another interesting diversity of these enzymes is that, in
the DMSO reductase family[6] (molybdenum enzymes with
two molybdopterin ligands), the metal is bound to the pep-
tide moiety through either serine (O),[7] cysteine (S),[8] sele-
nocysteine (Se),[9] or aspartate (O, mono- or bidentate).[10]

The amino acid ligands are supposed to play a role in stabi-
lizing the enzyme–substrate complexes. It is still not known
whether the different types of amino acid ligands are used
purposefully or merely accidentally. The coordination of se-

[a] Institut f. Anorganische Chemie, Universität Göttingen,
Tammannstr. 4, 37077 Göttingen, Germany
Fax: +49-551-393373
E-mail: carola.schulzke@chem.uni-goettingen.de
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 628–637628

by crystal structure analysis. A structural and electrochemi-
cal comparison of this compound with the recently published
analogous molybdenum compound and the dme analogs of
molybdenum and tungsten were undertaken. All these data
were used to evaluate the structural and electronic influ-
ences of replacing molybdenum by tungsten and of varying
the ligand atoms (O/S/Se) from the point of view of the dif-
ferent coordination spheres of the molybdopterin-dependent
oxygen-atom-transfer enzymes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lenocysteine as well as the coordination of sulfur atoms to
tungsten were also established, although far fewer struc-
tures of tungsten-containing OATs are available.[11,12]

High-valent metal complexes with thioether or seleno-
ether ligands that represent hard–soft metal–ligand combi-
nations are relatively rare mainly because these compounds
are rather unstable.[13]

Even though molybdenum(vi) and tungsten(vi) can be
considered as moderately hard, only a handful of thioether
or selenoether complexes of these metals are known.[14–17]

In spite of the assumption that these kinds of complexes
with MoVI and WVI may not be easy to prepare and handle,
we tried to synthesize and characterize a small variety of
these compounds with additional alkoxy functions at the
ligands for enhanced stability. In the synthesis we focused
on the simple replacement of acetylacetonate ligands in
MO2(acac)2 (M = Mo, W) by alkali salts of alkoxylates con-
taining a thio- or selenoether function. We had two reasons
for this: (i) In this way we would obtain complexes that
mimic the active sites of the OATs where the coordination
sphere of the metal consists only of oxygen and sulfur or
selenium, respectively, and where one oxo ligand is present
with an oxidation state of +6 for the metal. (ii) We would
also obtain complexes that enable us to compare the influ-
ences of molybdenum versus tungsten and sulfur versus se-
lenium with regard to their redox properties. Although in
the enzymes the sulfur atom is bound as the thiolate or
sulfido ligand and the selenium as the selenate ligand, the
investigation of the ether variants of these ligand atoms
could give some insight into their influence. The focus here
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was to evaluate atom-dependent structural and redox po-
tential changes that might offer a clue as to whether the
different types of OATs having different coordinated amino
acids, were developed for fine tuning of the redox potential,
for their structural influence, or just by chance.

We also synthesized the compound WO2Cl2[MeS(CH2)2-
SMe], which is analogous to a recently published molybde-
num compound.[14] The compounds MO2Cl2(dme) are well-
established for both metals.[18,19] Therefore, with this new
compound a thorough structural and electrochemical inves-
tigation of these compounds and a comparison between
oxygen and sulfur coordination as well as a comparison be-
tween molybdenum and tungsten compounds could be un-
dertaken. The results are presented here.

Results and Discussion

Synthesis and Structural Analysis

WO2Cl2[MeS(CH2)2SMe] (1) was synthesized by an anal-
ogous method to the published preparation of
MoO2Cl2[MeS(CH2)2SMe][14] (Scheme 1). The starting ma-
terial (WO2Cl2) was prepared in situ from WOCl4.

Scheme 1. Preparation of WO2Cl2(CH3SC2H4SCH3) (1).

The structures of MoO2Cl2[MeS(CH2)2SMe][14] and
WO2Cl2[MeS(CH2)2SMe] (1) (see Figure 1) are almost iden-
tical, and the largest differences occur for the metal–chlo-
rine bond length (0.05 Å) and the O=M=O angle (1°) (see
Table 1). Both compounds crystallize in the same crystal
system (hexagonal) and space group (P61).

Figure 1. View of the structure of WO2Cl2[MeS(CH2)2SMe] (1)
(with numbering Scheme). Hydrogen atoms are not shown. Ellip-
soids are drawn at 50% probability.

This is also true for the compounds MoO2Cl2(dme)[18]

and WO2Cl2(dme),[19] where the largest difference for a
bond length is that for the M–O(ether) bond of 0.04 Å, and
the difference for the O(ether)–M–O(ether) angle is 0.4°,
which is the largest difference for an angle. Nevertheless, it
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has to be noted that the value for the Cl–Mo–Cl angle is
not mentioned in the respective publication.[18] Again, both
compounds crystallize in the same crystal system (mono-
clinic) and space group (P21/n).

The differences observed as a result of a comparison of
ether and thioether ligands are of course larger, but only
for those values that are derived directly from the different
radii of the oxygen and sulfur atoms. The difference in the
metal–ether/thioether bond is 0.49 Å for the molybdenum
complexes and 0.50 Å for the tungsten complexes. The val-
ues for the O/S–M–O/S angles differ by 6.5° for the molyb-
denum and by 6.9° for the tungsten compound, where the
angles for the thioether ligands are wider. All other dis-
tances and angles involving the metal center are only
slightly influenced; the largest difference for a bond length
was 0.05 Å for the Mo–Cl bond and the largest difference
for an angle was 2.5° for the Cl–W–Cl angle.

This is an indication that the electronic influence of re-
placing oxygen ligand atoms by sulfur ligand atoms is only
very small. Otherwise we would have observed larger differ-
ences, especially in the parameters for the ligand atoms that
are in a trans position to the ether/thioether functions (oxo
ligands in all four cases).

The compounds [{MoO2[O(CH2)2S(CH2)2O]}2] (2),
[{WO2[O(CH2)2S(CH2)2O]}3] (3), and [{WO2[O(CH2)2-
Se(CH2)2O]}n] (4) were all prepared by the same method
(Scheme 2). The ligand and the MO2(acac)2 precursor were
combined in a CH2Cl2 solution, stirred at room tempera-
ture for one to two days, and filtered. The compounds were
isolated from the filtrate by crystallization or drying in
vacuo. The yields range from a rather good 60% for the
tungsten selenoether (4) compound (obtained by drying) to
only 32% for the tungsten thioether compound (3). Because
we were unable to obtain crystals of the tungsten selenium
compound, 77Se NMR spectroscopy was performed on the
complex (δ = 100.22 ppm) as well as on the ligand (δ =
68.23 ppm), in addition to the usual characterization meth-
ods. In both spectra, we observed only one signal that was
shifted to higher frequencies/lower field in the complex,
which indicates that a metal–selenium bond was indeed
formed.[20]

Suitable crystals of the molybdenum and tungsten thio-
ether compounds were analyzed by X-ray crystallography
with quite interesting results (see Figure 2 and Figure 3).

The molybdenum complex with the thioether ligand has
a dimeric structure in which the two molybdenum atoms
are bridged by one alkoxylate function of each of the two
thioether ligands. The tungsten, on the other hand, forms
a trimeric structure in which one of the former oxo ligands
of each metal bridges two tungsten atoms, forming a six-
membered ring. In both structures, the metal achieves a
slightly distorted octahedral coordination geometry
through the two different kinds of aggregation, although
the molybdenum is explicitly only bound to five ligand
atoms with rather long metal–sulfur distances. Instead of
the usual distance between the metal (molybdenum or tung-
sten) and sulfur atoms of a thioether ligand, which is in the
range of 2.45 to 2.77 Å,[14,21] we found distances of 2.93
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Table 1. Selected bond lengths and angles for the molybdenum and tungsten complexes with bidentate ether and thioether ligands.

WO2Cl2(MeSC2H4SMe) (1) MoO2Cl2(MeSC2H4SMe)[a] WO2Cl2(dme)[b] MoO2Cl2(dme)[c]

M=O [Å] 1.716 1.691 1.690 1.667
1.716 1.699 1.690 1.673

M–Cl [Å] 2.333 2.345 2.344 2.347
2.337 2.385 2.344 2.340

M–O/S [Å] 2.748 2.759 2.253 2.289
2.752 2.771 2.292 2.281

O=M=O [°] 105.3 106.3 105.1 105.0
O/S–M–O/S [°] 77.4 77.3 70.5 70.9
Cl–M–Cl [°] 155.1 154.4 157.6 –

[a] Ref.[14] [b] Ref.[19] [c] Ref.[18]

Scheme 2. Preparation of [{MoO2[O(CH2)2S(CH2)2O]}2] (2),
[{WO2[O(CH2)2S(CH2)2O]}3] (3), and [{WO2[O(CH2)2Se(CH2)2-
O]}n] (4). No X-ray structural analysis was possible for 4 and n
could not be determined.

Figure 2. View of the structure of [{MoO2[O(CH2)2S(CH2)2O]}2]
(2) (with numbering scheme). Hydrogen atoms are not shown. El-
lipsoids are drawn at 50% probability.

and 3.00 Å, indicating only weak bonds, if bonds at all.
The tungsten–sulfur distances are shorter (2.79, 2.81, and
2.83 Å), even though the central metal is slightly larger, and
these interactions can be considered bonds.

In spite of the fact that five-ring complexes with thio-
or selenoether functions are supposed to be stable,[14] the
expected molybdenum–sulfur bond with this ligand is not
explicitly formed. The reaction of the OSO ligand with
MoO2(acac)2 results in a compound that instead of forming
two stable five-ring units, somehow rather resembles an
eight-ring complex. In contrast, a certain monomeric mo-
lybdenum complex with the analogous ligand that contains
an ether function instead of the thioether function is known
to exhibit an oxygen(ether)–metal bond even though the
distance is longer than usual.[22] This is not completely sur-
prising for these kinds of ligands although the analogous
cobalt complexes, with ligands where the alkoxylate and the
ether/thioether functions are bridged by phenyl rings, show
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Figure 3. View of the structure of [{WO2[O(CH2)2S(CH2)2O]}3]·
CH2Cl2 (3·CH2Cl2) (with numbering scheme). Hydrogen atoms and
solvent are not shown. Ellipsoids are drawn at 50% probability.

the reverse behavior. With the ether function, no bond is
formed between the metal and oxygen atoms, whereas with
the thioether function, there is a bond between the cobalt
and sulfur atoms.[23]

Unfortunately, the crystals of 3 were racemic twins, and
the structure could only be solved in an acentric space
group. The crystallographic problem encountered was one
reason for performing DFT calculations on this compound.
The results of the DFT calculations confirmed those of the
structural analysis with some differences especially in the
bond lengths between the metal and sulfur atoms (see
Table 2). In general, the distances obtained from X-ray
analysis are shorter than the calculated ones, with the only
exception of the metal–oxo distances, which are slightly
longer. With these two data sets (X-ray data and DFT data)
for 3, we are now able to discuss the structural parameters
of compound 3 as well as of compound 2 with some cer-
tainty, despite the crystallographic problems concerning the
structure of 3.

In compound 2 the metal is pseudo-octahedrally coordi-
nated. The thioethers form only very weak bonds, if at all,
to the molybdenum atoms (interatomic distances: 2.931,
3.002 Å). The molybdenum atoms are positioned above
(0.3647 and 0.3664 Å) the plane that consists of three alkox-
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Table 2. Selected bond lengths and angles obtained from an X-ray structural analysis of [{MoO2[O(CH2)2S(CH2)2O]}2] (2) and
[{WO2[O(CH2)2S(CH2)2O]}3] (3) and from DFT calculations for [{WO2[O(CH2)2S(CH2)2O]}3] (3).

[{MoO2(OSO)}2] (2)[a] X-ray [{WO2(OSO)}3] (3)[a] X-ray [{WO2(OSO)}3] (3)[a] DFT

M=O [Å] 1.6916(19), 1.6912(19) 1.707(12) 1.7060
1.6926(19), 1.6982(18) 1.712(11) 1.7062

1.734(11) 1.7076
M–S [Å] 2.931(4), 3.002(5) 2.793(4), 2.812(4), 2.827(4), 3.1220, 3.1286, 3.2135
M–Oalkoxy [Å] 1.8973(18) 1.865(10), 1.889(10) 1.9544, 2.0095

1.8973(18) 1.888(10), 1.897(11) 1.9350, 1.9461
1.862(10), 1.880(10) 1.9274, 1.9377

M–Obridge 2.0718(17), 2.1410(17) 1.870(10), 1.944(8) 1.9206, 1.9407
2.0940(17), 2.1484(18) 1.853(8), 1.937(7) 1.9112, 1.9358

1.885(10), 1.905(10) 1.9143, 1.9487
O=M=O [°] 106.65(9), 108.19(10)
Obridge–M–Obridge [°] 70.04(7), 69.49(7) 85.2(4), 85.4(3), 84.9(4) 86.32, 86.11, 84.26
M–Obridge–M [°] 105.72(7), 106.24(7) 150.7(5), 153.7(5), 153.6(4) 139.693, 150.67, 151.89
Oalkoxy–M–Oalkoxy [°] 90.34(7), 90.99(7) 90.5(4), 86.4(4), 94.1(4) 85.94, 86.91, 92.29
S–M=O [°] 167.52(7), 165.71(7) 172.7(4), 170.9(4), 170.3(4) 164.76, 164.22, 167.00
C–S–C [°] 100.70(13), 101.76(13) 100.9(8), 100.7(8), 101.1(8) 100.88, 102.20, 102.54

[a] OSO = –OC2H4SC2H4O–.

ylate groups and one oxo function in the direction of the
second oxo ligand at each molybdenum atom, which is co-
ordinated trans to the thioether sulfur. Within the Mo2O2

ring, the angles at the metal atom are smaller than 90°,
whereas the angles at the oxygen atom are larger. The tri-
dentate ligands and the oxo ligands that are coordinated
trans to the sulfur atoms are positioned on different sides
of the Mo2O2 ring. The two oxo functions, as well as the
two tridentate ligands, are on the same side of this ring,
although one could assume that the trans form would be
sterically less demanding.

Compound 3 is analogous to the published tungsten tri-
mer, but phenyl rings bridge the alkoxylate and thioether
functions instead of ethyl groups.[24] In the published com-
plex, two of the tridentate ligands and one oxo function are
positioned on one side of the W1–W2–W3 plane, whereas
the remaining two oxo functions and one tridentate ligand
are on the opposite side. For compound 3, all oxo functions
are positioned on the same side of the W1–W2–W3 plane
and all tridentate ligands on the opposite side. From the
structural analysis, we obtained metal–oxo distances that
were longer, and metal–sulfur and metal–oxygen distances
that were shorter than the parameters obtained from DFT
calculations. The significantly longer metal–sulfur distances
in the theoretical investigations were also observed for com-
pound 2 (compare Table 2 and Table 3). Therefore, we think
that the structural analysis gives a more accurate value for
this parameter than the DFT calculations. In compound
3, the metal is again coordinated in a pseudo-octahedral
geometry that is slightly less distorted than that of com-
pound 2. The tungsten–sulfur distances (2.79, 2.81, and
2.83 Å) are shorter than the molybdenum–sulfur distances
in compound 2. The oxo ligand is bound trans to the sulfur
atom with a short distance of 1.71 to 1.73 Å. In this way,
the ligand that is most tightly bound to tungsten is in a
trans position to the ligand that is most weakly bound to
the metal, which is the most stable geometry. All other me-
tal–oxygen distances to the alkoxylate functions as well as
to the bridging oxygen atoms are within the usual range of
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1.86 to 1.95 Å for oxygen–tungsten single bonds. The tung-
sten atoms are positioned slightly above the equatorial
plane (two bridging oxygen atoms, two alkoxylate func-
tions) in the direction of the oxo ligands by 0.04 to 0.36 Å.

DFT Calculations

DFT calculations were not only performed to confirm
the results of the X-ray crystal structure analysis for com-
pound 3, but also to understand the formation of surpris-
ingly different complexes for molybdenum and tungsten
with the same ligand and by the same preparation method.
The most important differences between the two structures
can be summarized shortly as follows: (i) a trimeric struc-
ture for the tungsten compound versus a dimeric structure
for the molybdenum compound; (ii) former oxo ligands as
bridging atoms for the tungsten compound versus alkoxyl-
ate functions of the thioether ligand for the molybdenum
compound.

We performed calculations on both of the observed
structures for the two metals in order to better understand
the different behavior of molybdenum and tungsten regard-
ing the formation of the two significantly different com-
plexes. The important parameters obtained from DFT cal-
culations are summarized in Table 3.

The most significant differences between the molybde-
num and the tungsten compounds are as follows: The me-
tal-to-bridging-oxygen distances for the trimer are much
more unsymmetrical for the molybdenum than for the tung-
sten compound. It seems that the molybdenum center is
somehow reluctant to share one of its oxo ligands with an-
other molybdenum atom and to form a single bond instead
of a double bond to the respective oxygen atom. The
double-bond character of the metal–oxygen interaction is
certainly more conserved in the molybdenum than in the
tungsten trimer. In the dimer as well as in the trimer the
molybdenum–oxo bonds are shorter than the tungsten–oxo
bonds. All this is an indication that the molybdenum–oxo
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Table 3. Selected bond lengths and angles obtained from DFT calculations for the molybdenum dimer 2 and trimer and for the tungsten
dimer and trimer 3.

[{MoO2(OSO)}2] (2)[a] [{MoO2(OSO)}3][a] [{WO2(OSO)}2][a] [{WO2(OSO)}3] (3)[a]

M=O [Å] 1.7127, 1.7295 1.6988 1.7189, 1.7344 1.7060
1.7124, 1.7294 1.7014 1.7185, 1.7343 1.7078

1.7035 1.7098
M–S [Å] 3.3557, 3.4079 3.1567/3.2187/3.2778 3.2903, 3.3594 3.1220, 3.1486, 3.2135
M–Oalkoxy [Å] 1.9227 1.9421, 1.9505 1.9116 1.9348, 1.9409

1.9232 1.9411, 1.9561 1.9119 1.9333, 1.9445
1.9299, 1.9410 1.9221, 1.9325

M–Obridge 2.1265, 2.1363 1.8872/1.9723 2.1122, 2.1390 1.8988, 1.9453
2.1273, 2.1349 1.8876/1.9710 2.1116, 2.1346 1.9010, 1.9441

1.9168/1.9695 1.9295, 1.9440
O=M=O [°] 108.05, 108.09 107.22, 107.36
Obridge–M–Obridge [°] 68.35, 68.39 86.76, 87.91, 93.68 67.87, 67.96 83.10, 85.88, 91.71
M–Obridge–M [°] 110.26, 110.28 142.35, 150.89, 156.09 110.95, 111.10 142.99, 150.15, 155.62
S–M=O [°] 163.47, 164.36 163.79, 164.03, 166.84 163.27, 164.32 164.23, 164.76, 167.00
S–M–Oequatorial [°] 76.32 77.46 68.45 77.73
C–S–C [°] 101.29, 101.33 100.75, 100.79, 102.26 101.15, 101.21 100.72, 100.95, 102.08
HOMO LUMO gap [eV] 0.144 0.127 0.175 0.157

[a] OSO = –OC2H4SC2H4O–.

bond is stronger than the tungsten–oxo bond, as would be
expected when taking the hard–soft interactions into ac-
count.

The metal–sulfur distances provide a further clue to the
differing behavior of the two metals in reaction with the
same ligand. It has to be noted that, although these calcu-
lated parameters are the ones that differ most from the X-
ray structural parameters, at least the trend seems to be
represented correctly. The metal–sulfur distances for the di-
mer as well as for the trimer are shorter for the tungsten
than for the molybdenum compound, and the metal–sulfur
distances for the trimers are shorter than the distances for
the dimers. The octahedral geometry is less distorted for the
tungsten trimer than for the tungsten dimer, providing more
space for the sixth ligand, the sulfur atom. Even though
the metal–sulfur distances in all four cases are significantly
longer than for a regular metal–thioether bond, the ob-
served parameters show that the trimer provides a coordi-
nation geometry that enhances the formation of a metal–
sulfur bond much more than the dimer does. We also have
to keep in mind that the actual metal–sulfur distances, at
least for the two compounds that were analyzed by X-ray
diffraction, are much shorter than those provided by the
DFT calculations. We conclude from all of this that molyb-
denum forms the dimeric structure, because it is able to
keep both of the doubly bonded oxo ligands, and that tung-
sten forms the trimeric structure because it is able to form
a stronger metal–sulfur interaction. This behavior is con-
firmed by the fact that with similar ligand sets, only a tung-
sten trimer,[24] where terminal oxo ligands are converted
into bridging oxo ligands, and molybdenum monomers[22]

and dimers,[25] where the oxo ligands are retained as doubly
bonded, are obtained and structurally characterized.

Again, this shows that molybdenum forms stronger inter-
actions with oxygen than tungsten but weaker interactions
with sulfur.
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Electrochemical Results

In order to evaluate the influence of the metal and of the
ligand atoms (S versus Se) on the redox properties, com-
pounds 2, 3, and 4 were investigated by differential pulse
voltammetry (DPV). This method was chosen over cyclic
voltammetry because all compounds, but especially com-
pound 4, were only slightly soluble in acetonitrile, and the
signals of the redox processes in the cyclic voltammograms
were rather weak (see Figure 4), whereas in the oxidative as
well as in the reductive DPVs all transitions were sharp and
sufficiently intense and therefore easily detected (Figure 5).
The peak positions given in Table 4 were determined from
both the reductive and the oxidative DPVs as an average.
For each of the compounds [2 (MoS), 3 (WS), 4 (WSe)],
two reversible transitions were observed in the differential
pulse voltammograms for the redox processes MIV↔MV

and MV↔MVI (see Figure 4). As expected, the redox pro-
cesses MVI↔MV and MV↔MIV for the molybdenum com-
pound are at a higher voltage than those for the respective
tungsten compound, and those for the tungsten–selenium
compound are at a higher voltage than those for the tung-
sten–sulfur compound. A third redox process was found at
a rather high voltage for all three compounds. It showed
irreversible behavior in the cyclic voltammograms, but a
slightly shifted transition was also observed in the reductive
DPV (see Figure 5). This leads to the conclusion that the
third redox process is due to a structural reorganization of
the molecule, where the oxidation occurs much more readily
than the reduction. Because the oxidation probably takes
place at the sulfur/selenium atom, the metal–sulfur/metal–
selenium bond must dissolve, and therefore a reorganization
of the molecule is necessary. We assume that the reduction
at the sulfur/selenium atom involves a more demanding
structural reorganization than the oxidation process. There-
fore, reduction occurs much more slowly, and it could not
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Table 4. Redox potentials for the molybdenum and tungsten compounds with the tridentate thioether/selenoether alkoxylate ligands for
the MIV↔MV and MV↔MVI transitions and for the oxidation at the ligand atom as obtained from DPV investigations referenced
internally vs. ferrocene/ferrocenium.

Compound E1/2 MIV↔MV E1/2 MV↔MVI E1/2 ([MO2(OXO)]↔[MO2(OXO)]+)
vs. Fc/Fc+ [V] vs. Fc/Fc+ [V] vs. Fc/Fc+ [V]

[{MoO2(OSO)}2] (2)[a] –0.93 0.31 1.49
[{WO2(OSO)}3] (3)[a] –1.41 –0.07 1.24
[{WO2(OSeO)n} (4)[b] –1.37 –0.02 0.96

[a] OSO = –OC2H4SC2H4
–. [b] OSeO = –OC2H4SeC2H4

–.

be observed in the CV but in the much slower DPV re-
cording. Interestingly, the third transition for compound 4
(WSe) is at a significantly lower voltage than the transition
for compound 3 (WS), reversing the observed behavior for
the two transitions taking place at the metal atom with
more positive potentials for 4 (WSe) than for 3 (WS). This
is another indication that this redox process does indeed
take place at the ligand atom. Here, the oxidation of sele-
nium is easier to achieve than that of sulfur, as would be
expected by taking the sizes of the two atoms and the met-
allic character of the selenium atom into account.

Figure 4. Cyclic voltammograms of compounds [{MoO2-
[O(CH2)2S(CH2)2O]}2] (2) and [{WO2[O(CH2)2S(CH2)2O]}3] (3)
referenced vs. ferrocene/ferrocenium showing two reversible redox
processes (indicated by arrows) and an irreversible oxidation (of
very poor intensity for 3). The current values of 3 were multiplied
by a factor of 4 in order to fit all the data into one graph.

Figure 5. Reductive and oxidative differential pulse voltammog-
rams of compound 4 referenced vs. ferrocene/ferrocenium. The
plots were generated using the automatic baseline correction func-
tion of the Gepris software.

The redox potentials of compounds MoO2Cl2(dme),[18]

WO2Cl2(dme),[19] MoO2Cl2[MeS(CH2)2SMe],[14] and
WO2Cl2[MeS(CH2)2SMe] (1) were also compared (see
Table 5). Here, we used cyclic voltammetry and observed
quasi-reversible behavior for all compounds for the
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MV↔MVI transition. In the range –1.0 to –1.5 V, an
irreversible reduction occurs in all cases probably because
of the loss of one oxo ligand accompanying the reduction
to MIV. The formation of this new species led to the emer-
gence of new signals in the voltammograms. We therefore
only compared the potentials of the quasi-reversible process
assigned to the MV↔MVI transition. Figures showing a
long-range cyclic voltammogram (including the irreversible
reduction and ligand-centered quasi-reversible oxidation) of
MoO2Cl2(dme), a short-range cyclic voltammogram of
MoO2Cl2(MeSC2H4SMe), and a long-range cyclic voltam-
mogram of WO2Cl2(dme) with the internal reference ferro-
cene can be found in the Supporting Information.

Table 5. Redox potentials for the molybdenum and tungsten com-
pounds with the bidentate ether/thioether ligands for the MV↔MVI

redox processes referenced internally vs. ferrocene/ferrocenium.

Compound E1/2 MV↔MVI vs. Fc/Fc+ [V]

MoO2Cl2(dme) –0.17
MoO2Cl2(MeSC2H4SMe) –0.15
WO2Cl2(dme) –0.34
WO2Cl2(MeSC2H4SMe) (1) –0.28

Again, the molybdenum compounds have potentials that
are higher than their tungsten analogs, and the complexes
with sulfur ligand atoms have potentials that are higher
than their counterparts with oxygen ligand atoms. The lat-
ter differences are again smaller (between 20 and 60 mV)
than the differences between molybdenum and tungsten
compounds, which are about three times larger (between
130 and 170 mV). Since the bonds between metal and sulfur
atoms exhibit π–π-interactions, it can be noted that the dif-
ferences between the redox potentials of the molybdenum
and tungsten thioether complexes are smaller than those
between the complexes with the oxygen ligand atoms.

Again, changing the metal atoms has a much more sig-
nificant influence on the redox potentials than changing the
ligand atoms.

Concluding Remarks

We have seen that molybdenum and tungsten form al-
most identical complexes with the bidentate ether and thio-
ether ligands. The metal atom does not affect the structure
of the complexes, though it has an influence on the stability
of the complexes because of a difference in the strength of
orbital overlap. For the oxygen-atom-transfer enzymes,
where only mono- or bidentate ligands are present, a geo-
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metrical or steric influence as a result of changing the metal
atom can be excluded.

Changing the ligand atoms does not result in any signifi-
cant structural alterations, with the only exception of the
metal-to-ether/thioether-ligand-atom bond length and an-
gle, but these differences are merely a result of the different
radii of the ligand atoms. There was no indication of a sig-
nificant electronic influence of changing the ligand atoms
(oxygen versus sulfur) on the metal, except that the poten-
tials of the molybdenum and tungsten complexes were
closer together with sulfur ligation than with oxygen li-
gation.

With the tridentate bisanionic ligands, molybdenum and
tungsten form rather different complexes, the former giving
a dimeric and the latter a trimeric complex. Interestingly,
the thioether function forms no explicit bond with the mo-
lydenum, whereas the analogous ether ligand does form a
bond with this metal atom (no analogous compound was
published for tungsten).[22]

We conclude from this that the structural influence of
the ligand atom plays a vital role in structurally demanding
ligands (tridentate) but not in those with a simpler geome-
try (bidentate or monodentate).

This may be because the hard–soft interactions between
the ether/thioether function of the ligands and the metal
center favor the oxygen–molybdenum combination over the
sulfur–molybdenum combination. Molybdenum prefers O-
functional ligands although it has been said that the bond
strength of ether functions to metals increases within the
group of the chalcogens.[21] Interestingly, in nature the li-
gand–metal combinations that are less favorable than
others from this point of view occur at the active sites of the
OATs: for instance the coordination of thiolate (cysteine) to
molybdenum at the active site of the DMSO reductase of
Desulfovibrio desulfuricans[8] or the coordination of serine
to tungsten in the aldehyde oxidoreductase of Pyrococcus
furiosus.[11]

The influence of the metal on the redox potential is, as
expected, such that the molybdenum complexes have more
positive redox potentials than the analogous tungsten com-
plexes in all cases. With regard to the enzymes, this means
that in all cases one metal is better suited for the catalyzed
reaction with the substrate, while with the other metal the
active site is more easily regenerated. For a given enzyme,
there is always an advantage as well as a disadvantage in
using either of the two metals, molybdenum or tungsten. If
the redox potential is important for the choice of the metal,
the basis of this choice would be a difference in the redox
behavior of the two metals at different temperatures[26]

rather than their relative redox potentials at room tempera-
ture.

The influence of the ligand atoms on the redox potentials
is small but of consequence; the sulfur ligands cause more
positive redox potentials than the oxygen ligands, and the
selenium ligands cause more positive potentials than the
sulfur ligands. However, the observed differences are
smaller than those that result from changing the metal
atoms.
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The fact that there are two molybdenum cofactors that
both catalyze the reduction of DMSO but contain molyb-
denum coordinated to cysteine in one case (Desulfovibrio
desulfuricans)[8] and to serine in the other case (Rhodobacter
spharoides)[7a,7b] is another indication that the use of dif-
ferent amino acids as ligands to the active sites is probably
not an answer to the substrate demands on the redox poten-
tials of the enzymes.

In addition, there does not seem to be any correspon-
dence between the atom that is oxidized or reduced and the
coordinated amino acid. Carbon can be oxidized by active
sites that have selenocysteine (formate dehydrogenase from
E. coli) or serine (aldehyde oxidoreductase from P. furiosus)[11]

coordination. As mentioned above, sulfur can be oxid-
ized by active sites that have serine or cysteine coordination,
and nitrogen can be reduced by active sites that have cyste-
ine (nitrate reductase from E. coli)[27] or aspartate (nitrate
reductase from Paracoccus pantotrophus)[10] coordination,
to name only a few examples.

The only parameters that are significantly influenced by
changing the ligand atoms and which are not compromised
by being part of a multidentate ligand system within the
enzymes are the length and the strength of the metal–amino
acid bond. If there is a reason for using different amino
acid ligands, it is probably the ability to stabilize the active-
site–substrate complex during turnover of the enzymatic re-
action in cooperation with the peptide side chain residues
close to the active site. A substantial effect of the coordi-
nated amino acid on the enzymatic reaction by itself seems
to be unlikely.

To finally answer the question about the reason for using
different amino acid ligands at the active sites of the OATs,
two strategies are to be followed. One is to synthesize model
compounds for the enzyme–substrate complexes and to
evaluate the ability of different amino acid ligands to stabi-
lize these complexes with different substrates. The other is
to undertake theoretical investigations of the intermediate
states of the active sites, taking into account the influence
of the peptide side chain on the stabilizing effect of the co-
ordinated amino acid. These are challenging tasks for the
future.

Experimental Section

Materials: MoO2Cl2(dme),[18] WO2Cl2(dme),[19] MoO2Cl2[MeS-
(CH2)2SMe],[14] WOCl4,[28] Me(SCH2CH2S)Me,[29] WO2(acac)2

[30]

and bis(2-hydroxyethyl)selenide[31] were prepared as described in
the literature. MoO2(acac)2 and bis(2-hydroxyethyl) sulfide are
commercially available and were used as received. Reagent-grade
solvents were dried and distilled prior to use. All manipulations
were performed under dry and oxygen-free conditions in nitrogen
using Schlenk line techniques.

Syntheses

WO2Cl2(MeSCH2CH2SMe) (1): Liquid (Me3Si)2O (0.341 g,
2.10 mmol) was added to a suspension of freshly sublimed WOCl4
(0.68 g, 2.00 mmol) in CH2Cl2 (20 mL). The orange crystals were
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slowly consumed to give a yellow solution. After stirring for ap-
proximately 1.5 h at room temp., a light yellow solid precipitate was
obtained. A solution of MeSCH2CH2SMe (0.366 g, 3.00 mmol) in
CH2Cl2 (10 mL) was added, and the reaction mixture was stirred
overnight and filtered to remove the brownish precipitate. The clear
yellow filtrate was concentrated at room temp. in vacuo until the
solid began to precipitate. After keeping this solution at 4 °C over-
night colorless crystals were obtained. The crystals were collected
on a filter, washed once with diethyl ether (5 mL), and dried in
vacuo. Yield: 0.53 g, 65%. M.p. 128–130 °C. C4H10Cl2S2O2W
(407.90): calcd. C 11.75, H 2.46; found C 11.95, H 2.54. IR (KBr):
ν̃ = 3013 (m), 2966 (m), 2933 (m), 1868 (w), 1618 (w), 1424 (m),
1326 (w), 1259 (s), 1179 (w), 1145 (w), 1099 (m), 1028 (m), 956
(vs), 917 (vs), 883 (s), 841 (s), 803 (s), 646 (s), 444 (w), 363 (m),
344 (vs) cm–1. EI-MS (70 eV): m/z (%) = 409 (1) [M+], 288 (100)
[WO2Cl2]+, 251 (49) [WO2Cl]+, 255 (12) [WCl2]+.

[{MoO2[O(CH2)2S(CH2)2O]}2] (2): Bis(2-hydroxyethyl) sulfide
(0.25 g, 2.05 mmol) was added to a stirred solution of MoO2(acac)2

(0.65 g, 2.00 mmol) in CH2Cl2 (20 mL) at room temp. The reaction
mixture was stirred for 24 h. A small amount of white precipitate
was filtered off, and the solvent was removed in vacuo. The residue
was extracted with n-hexane (20 mL) and stored at room temp. for
several days to yield colorless crystals. Yield: 0.10 g, 41%. M.p.
190 °C. C8H16O8S2Mo2 (499.84): calcd. C 19.36, H 3.25; found C
19.61, H 3.26. IR (KBr): ν̃ = 1460 (m) 1415 (m), 1403 (m), 1368
(s), 1305 (w), 1277 (m), 1263 (m), 1218 (w), 1181 (w), 1069 (s,
vMo=O), 1041 (s), 1025 (s), 997 (m), 936 (m), 910 (m), 802 (s), 723
(m), 694 (w), 651 (w), 571 (m), 530 (m), 475 (m), 396 (m), 360 (s)
cm–1. 1HNMR (CDCl3, 200 MHz): δ = 2.31 (t), 3.36 (t) ppm. EI-
MS (70 eV): m/z (%) = 248 (11) [{MoO2[O(CH2)2S(CH2)2O]}+],
216 (40) [{Mo[O(CH2)2S(CH2)2O]}+].

[{WO2[O(CH2)2S(CH2)2O]}3] (3): Bis(2-hydroxyethyl) sulfide
(0.12 g, 1.00 mmol) was added to a stirred solution of WO2(acac)2

(0.41 g, 1.00 mmol) in CH2Cl2 (20 mL) at room temp. The reaction
mixture was stirred for 24 h. The white precipitate was filtered off,
and the clear filtrate was concentrated under reduced pressure until
the solution was saturated. The solution was stored overnight at
room temp. to yield colorless crystals. Yield: 0.11 g, 32%. M.p.
240 °C (dec.). C12H24O12S3W3 (1007.90): calcd. C 14.30, H 2.40;
found C 14.51, H 2.50. IR (KBr): ν̃ = 1464 (vs), 1378 (vs), 1306
(w), 1262 (w),1261 (w), 1170 (w),1153 (w),1091 (m), 1066 (m,
vW=O), 1033 (m), 962 (w), 935 (w), 858 (w), 838 (w), 801 (m), 722
(m), 657 (w) cm–1. EI-MS (70 eV): m/z (%) = 352 (33) [{WO3-
[O(CH2)2S(CH2)2O]}+], 337 (100) [{WO2[O(CH2)2S(CH2)2O]}+].

[{WO2[O(CH2)2Se(CH2)2O]}n] (4): A solution of bis(2-hydroxy-
ethyl)selenide (0.17 g, 1.00 mmol) in CH2Cl2 (5 mL) was added to
a stirred solution of WO2(acac)2 (0.41 g, 1.00 mmol) in CH2Cl2
(20 mL) at room temp. The reaction mixture was stirred for 2 d.
The green solution turned yellow, and a small amount of yellow
precipitate formed. The precipitate was filtered off, and ether was
added to the filtrate to precipitate the product. The yellow product
was collected by filtration and washed with diethyl ether twice. The
compound was dried in vacuo. Yield: 0.23 g, 60%. M.p. 210 °C.
C4H8O4SeW (383.91): calcd. C 12.55, H 2.11; found C 12.63, H
2.18. IR (KBr): ν̃ = 1527 (w), 1459 (m), 1400 (m), 1377 (m), 1261
(vs), 1094 (vs, vW=O), 1020 (vs), 962 (w), 939 (w), 863 (w), 800 (vs),
722 (w), 703 (w), 668 (w), 583 (w), 533 (w), 472 (w) cm–1. 1HNMR
([D6]DMSO, 300 MHz): δ = 2.60 (t), 3.56 (t) ppm. 13CNMR ([D6]-
DMSO, 300 MHz): δ = 26.14 (s), 61.62 (s) ppm. 77Se NMR ([D6]-
DMSO, 500 MHz): δ = 100.22 (s) ppm. EI-MS (70 eV): m/z (%) =
355 (50) [M+ – CH2CH2].
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Electrochemistry

Electrochemical measurements were performed with an AUTO-
LAB PGSTAT12 potentiostat/galvanostat with a glassy carbon
working electrode, a platinum wire reference electrode, and a plati-
num wire auxiliary electrode, in acetonitrile solutions within a glove
box under argon. The supporting electrolyte was Bu4NPF6 (0.1 m)
used as received from Fluka. Acetonitrile used for the electrochem-
istry was predried with CaCl2, dried by reflux over CaH2 for 2 d,
and distilled onto freshly regenerated molecular sieves A3. Refer-
encing was done internally using the ferrocene/ferrocenium couple.
The temperature during the measurements was controlled with a
Julabo refrigerated/heating circulator FP50-MV at 25 °C. The solu-
tions were prepared within a glove box by dissolving the Bu4NPF6

electrolyte (10–3 mol) and the compounds (10–6 mol) in acetonitrile
(10 mL) to give 10–4 m solutions. For reasons of poor solubility,
compound 4 could only be prepared as an approximately
0.5×10–5 m solution.

Other Physical Measurements

Melting points were obtained in sealed capillaries with a Büchi B
540 instrument and were not corrected. Elemental analyses were
performed with a Heraeus CHN-O-Rapid elemental analyzer. In-
frared spectra were recorded as KBr pellets with a Bio-Rad Digilab
FTS-7 spectrometer from 4000 to 300 cm–1. NMR spectra were
recorded with Bruker Avance 200, AM 300 and Bruker Avance 500
NMR spectrometers and referenced to the chemical shifts of the
deuterated solvent. All NMR-grade solvents were dried prior to
use. The chemical shifts are reported in ppm; external reference
SiMe4 for 1H and 13C nuclei, and SeMe2 for 77Se nuclei. Mass spec-
tra were obtained with a Finnigan MAT system 8230 or Varian
MAT CH5 instrument by EI-MS methods.

X-ray Crystallography

Data for crystal structures of compounds 1, 2, and 3 were collected
with a Stoe–Siemens–Huber four-circle diffractometer coupled to
a Siemens CCD area detector with graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å). All structures were solved by direct
methods (SHELXS-97)[32] and refined with all data by full-matrix
least-squares methods on F2.[33] All non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms were included at geomet-
rically calculated positions and refined using a riding model. Pa-
rameters of the X-ray crystallography are summarized in Table 6.
CCDC-280029 (1), CCDC-280030 (2), and CCDC-280028 (3) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

DFT Calculations

All calculations have been carried out with the Gaussian G03[34]

program package using the implemented DFT variant B3LYP[35,36]

(Becke three-parameter exchange functional B3 and the Lee–Yang–
Parr correlation functional LYP). A basis consisting of the well-
established small core ECP[37] (for Mo and W), 3-21g[38] (for carbon
and hydrogen) and following a proposal by K. Peterson,[39,40] a
modified 6-31G basis including double diffuse functions [6-31G(d�,
p�)] to give a suitable description of the lone pairs on oxygen and
sulfur were used.

All structures were fully optimized without employing any sym-
metry constraints. The starting geometries were taken from experi-
mental data. Analytical frequency calculations were performed to
verify these structures as local minima.

Supporting Information (see footnote on the first page of this arti-
cle): Cyclic voltammograms of MoO2Cl2(dme), MoO2-
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Table 6. Crystallographic parameters.

WO2Cl2(MeSC2H4SMe) (1) [{MoO2(OSO)}2] (2)[a] [{WO2(OSO)}3]·CH2Cl2 (3)[a]

Formula C4H10Cl2O2S2W C8H16Mo2O8S2 C13H25Cl2O12S3W3

M [g/mol] 408.99 496.21 1091.96
Crystal system hexagonal monoclinic monoclinic
Space group P6(5) P21/n P2(1)
a [Å] 7.3222(3) 9.4839(7) 11.615(2)
b [Å] 7.3222(3) 12.4405(7) 7.8739(16)
c [Å] 33.3889(17) 12.8003(7) 14.4620(3)
α [°] 90 90 90
β [°] 90 101.567(4) 111.81(3)
γ [°] 120 90 90
V [Å3] 1550.30(12) 1479.56(14) 1228.0(4)
Z 6 4 2
μ [cm–1] 120.5 20.08 145.45
Reflections collected 15469 22121 12796
Independent reflections 1757 2554 4153
Completeness of θ [°] 99.4% (24.80°) 99.7% (24.84°) 97.6% (24.94°)
R1[I0 � 2σ(I0)] 0.0247 0.0180 0.0350
wR2[I0 � 2σ(I0)] 0.0535 0.0442 0.0904
R1[all data] 0.0260 0.0228 0.0403
wR2[all data] 0.0538 0.0451 0.0957
R1 = Σ||Fo| – |Fc||i/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/ΣwFoi

4]1/2

[a] (OSO) = –OC2H4SC2H4O–.

Cl2(MeSC2H4SMe) and WO2Cl2(dme), and the complete list of
data obtained from DFT calculations.
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Chim. Acta 1982, 65, L245–L247.
[19] K. Dreisch, C. Andersson, C. Stålhandske, Polyhedron 1991,

10, 2417–2421.
[20] E. G. Hope, W. Levason, Coord. Chem. Rev. 1993, 122, 109–

170.
[21] S. G. Murray, F. H. Hartley, Chem. Rev. 1981, 81, 365–414.
[22] A. J. Wilson, B. R. Penfold, C. J. Wilkins, Acta Crystallogr. C:

Cryst. Struct. Commun. 1983, 39, 329–330.
[23] H. Müller, A. Holzmann, W. Hinrichs, G. Z. Klar, Z. Natur-

forsch. Teil B 1982, 37, 341–347.
[24] P. Berges, W. Hinrichs, A. Holzmann, J. Wiese, G. Klar, J.

Chem. Research (S) 1986, 10–11.
[25] V. McKee, C. J. Wilkins, J. Chem. Soc., Dalton Trans. 1987,

523–528.
[26] C. Schulzke, Dalton Trans. 2005, 713–720.
[27] C. S. Butler, J. M. Charnock, C. D. Garner, A. J. Thomson, S. J.

Ferguson, B. C. Berks, D. J. Richardson, Biochem. J. 2000, 352,
859–864.

[28] V. C. Gibson, T. P. Kee, A. Shaw, Polyhedron 1990, 9, 2293–
2298.

[29] O. V. Alekminskaya, N. V. Russavskaya, N. A. Korchevin, E. N.
Deryagina, Russ. J. Gen. Chem. 2002, 72, 75–78.

[30] S.-B. Yu, R. H. Holm, Inorg. Chem. 1989, 28, 4385–4391.
[31] X. Hu, Z. Tian, Y. Chen, X. Lu, Synth. Commun. 2000, 30,

523–529.
[32] SHELXS-97, Programs for Structure Solution: G. M. Sheld-

rick, Acta Crystallogr., Sect. A 1990, 46, 467–473.
[33] G. M. Sheldrick, SHELXL-97, Programs for Crystal Structure

Refinement, University of Göttingen, Germany, 1997.



New Thio- and Selenoether Complexes of Molybdenum and Tungsten FULL PAPER
[34] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T.
Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N.
Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y.
Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P.
Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pom-
elli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D.
Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,

Eur. J. Inorg. Chem. 2006, 628–637 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 637

M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, and J. A. Pople, Gaussian 03, Revision
B.04, Gaussian, Inc., Pittsburgh, PA, 2003.

[35] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.
[36] B. Miehlich, A. Savin, H. Stoll, H. Preuss, Chem. Phys. Lett.

1989, 157, 200–206.
[37] T. R. Cundari, W. J. Stevens, J. Chem. Phys. 1993, 98, 5555–

5565.
[38] K. D. Dobbs, W. J. Hehre, J. Comput. Chem. 1987, 8, 880–893.
[39] G. A. Petersson, M. A. Al-Laham, J. Chem. Phys. 1991, 94,

6081–6090.
[40] G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-Laham,

W. A. Shirley, J. Mantzaris, J. Chem. Phys. 1988, 89, 2193–
2218.

Received: August 3, 2005
Published Online: December 9, 2005



FULL PAPER

DOI: 10.1002/ejic.200500775
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Solid-state electrochemistry is applied to detect the presence
of chromium centres with high oxidation states in chromium-
doped cassiterite and tin-sphene ceramic pigmenting sys-
tems. Voltammetric data indicate that CrV and CrIV centres
with different coordinative arrangements exist in the studied
materials, and yield proton-assisted reduction processes at
+0.95, +0.42 AgCl/Ag in contact with 0.50 M H2SO4. Electro-

Introduction

Ceramic pigments are formed by crystalline phases con-
taining cromophore cations. These materials are dispersed
in particulate form in the bulk ceramic body or in the outer
glassy layer on the ceramic support. During the thermal
processing of ceramic materials, these particulate compo-
nents must be stable at the high temperatures reached and
must be inert to the chemical action of other components of
the ceramic body, i.e. other crystalline phases and/or glassy
phases.

Purple and pink chromium-containing, tin-based ce-
ramic pigments have been widely used in the industry for
years. Two of the main crystalline structures included in this
group of ceramic pigments are cassiterite (SnO2) and
sphene or malayaite (CaSnSiO5), which produce the purple
and pink colours, respectively. As is well known, cassiterite
has a rutile-type structure, while sphene possesses a titanite-
type structure.

The preparation and characterisation of these two types
of chromium-containing pigments have been widely studied
by different authors for the past decades.[1,2] Different prep-
aration procedures have been used in order to facilitate the
kinetics of the reaction, which lead to the Cr-doped cas-
siterite or sphene particulate materials.[3–5] Microstructural
features such as morphology, shape and size of the crystals,
as well as important characteristics of particulate materials,
have also been investigated extensively.[6,7]
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chemical measurements are correlated with spectroscopic
data. The CrIV and CrV metal ions display a significant light-
driven electrocatalytic effect on the oxidation of 1,4-dihy-
drobenzoquinone and Fe(CN)6

4– ions that involves the for-
mation of surface-confined adducts.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The crystallochemistry of cassiterite and sphene struc-
tures indicates that the chromium cations in both structures
are in octahedral sites, replacing the SnIV centres. There is
agreement amongst various authors on this point. However,
the controversy on the chemical states of the doped chro-
mium cation exists for some time now.[6–11] Thus, Ren et
al.,[8] on the basis of electron spin resonance spectroscopy,
reflectance spectroscopy and magnetic susceptibility mea-
surements, claimed that the violet colour of the Cr-SnO2

pigment is caused by the simultaneous presence of CrIV and
CrIII ions, the former as a CrIV-SnO2 solid solution and the
latter as Cr2O3. López-Navarrete et al.[6–8] reached the same
conclusion from X-ray photoelectron, diffuse reflectance
and magnetic susceptibility data. More recently, these au-
thors concluded that in Cr-doped sphene structures most
of the tetravalent chromium cations form a solid solution
with the sphene lattice by mostly substituting the SnIV cat-
ions in the isolated octahedral positions, while a very small
amount of CrIV also substitutes the tetrahedral SiIV ions. In
contrast, Pavlov et al.,[10] from electronic absorption spec-
troscopy studies, concluded that the chromium cation is in
the oxidation state +3 in Cr-SnO2, while in the Cr-doped
sphene there is an additional band in the near-IR part of
the spectrum (around 1200 nm), which can be attributed to
CrIV.

Recently, Julián et al.,[11] using a wet synthetic route,
indicated that the violet colour in the Cr-SnO2 pigmenting
system is mainly produced by CrIII and/or CrIV ions incor-
porated in the cassiterite structure. On the basis of electron
spin resonance spectroscopy data, these authors concluded
that different amounts of CrV, CrIV and CrIII ions are pres-
ent in chromium-doped cassiterite.

From the above reports it seems possible that in both
ceramic-pigmenting systems, the chromium cation can be
present in several oxidation states. However, it can also be
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concluded that it is quite difficult to establish unambigu-
ously the presence of these oxidation states of chromium in
both host lattices from spectroscopic and magnetic tech-
niques. Furthermore, the small amount of chromium in
such materials makes it even more difficult to check the
presence of CrIV or even CrV cations. Therefore, it would be
interesting to use an experimental technique with enough
sensitivity to distinguish between the different oxidation
states of chromium in the Cr-doped cassiterite and Cr-
doped sphene ceramic pigments. The coexistence of metal
ions in different oxidation states is of interest in a wide vari-
ety of contexts. In particular, the simultaneous presence of
CrIII and CrIV in porous chromium-containing α-tin phos-
phate[12] and silica optical fibres[13] has been reported re-
cently.

Over the last years the voltammetry of microparticles has
emerged as a powerful technique to obtain chemical infor-
mation on doped materials. Therefore, in this paper the pos-
sible presence of high oxidation states of chromium in the
studied materials will be investigated by square wave vol-
tammetry upon attachment of solid samples to paraffin-
impregnated graphite electrodes (PIGEs). This follows the
methodology of the voltammetry of microparticles ap-
proach, an increasingly growing research field for which ex-
tensive reviews are available.[14,15] The voltammetry of tin
oxide microparticles and related compounds has not been
described in detail in spite of the wide range of applications
of tin oxide electrodes.[16] Recently, Scholz et al. described
the electrochemistry of natural and synthetic tin sulfosalts
using the voltammetry of microparticles methodology.[17]

This scheme has previously been applied for studying the
electrochemistry of SnO2 and Sn-rich glazed ceramics.[18]

Studies on nanosized SnO2 particles dispersed on graphite
electrodes,[19] nanocrystalline tin oxide electrodes[20] and
modification of the film of SnO2 nanocrystallites with or-
ganic reagents,[21] all devoted to the detection of selected
analytes, have also been reported. The electrochemical dis-
solution of chromium oxides, spinels, and chromites has
been studied by Blesa et al.[22–24] and Grygar et al.[25–27]

Other reports on the solid-state electrochemistry of chro-
mium concern chromium(ii), hexacyanochromate(iii),[28]

some organic Cr complexes[29] and chromium oxide films
deposited on stainless steel.[30] However, no detailed studies
on the presence of high oxidation states of chromium have
been reported.

The electrochemical reduction of chromate and dichro-
mate in solution is complicated by adsorption processes.[31]

Three reduction waves appear at acidic pH values for the
electrochemical pathway involving any CrIV intermediate
species.[32] However, intermediate CrV species have been
electrochemically characterised in the oxidation of oxalic
acid by chromic acid at pH 1.[33]

We report here on a solid-state electrochemical study de-
voted to the determination of the possible presence of high
oxidation states of chromium in chromium-doped cassiter-
ite and chromium-doped tin-sphene. For this purpose, solid
samples were attached to paraffin-impregnated graphite
electrodes in contact with electrolytic solutions of aqueous
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H2SO4 or HClO4, and NaClO4. Cyclic and square wave vol-
tammetry were used as detection modes. The latter tech-
nique is of particular interest because of its high sensitivity
and immunity to capacitive effects.[34] In an attempt to cor-
relate voltammetric and spectroscopic data, the electrocata-
lytic effect of chromium-doped materials on the oxidation
of hexacyanoferrate(ii) ions and 1,4-dihydrobenzoquinone
in aqueous solution has been studied. Apart from its appli-
cations in chemical sensing and electrosynthesis, such cata-
lytic processes can be used as amplifiers of the electrochemi-
cal properties of the catalytic centres, as illustrated by prior
data on vanadium-doped zirconias and cobalt-containing
cordierite materials.[35–37]

Results and Discussion

Characterisation of Chromium-containing Cassiterite and
Sphene

X-ray diffraction patterns of the ceramic pigmenting sys-
tems, based on cassiterite and sphene structures, are sup-
plied in the Supporting Information. The formation of a
crystalline phase with a sphene structure is displayed in
samples M-1 to M-4, after thermal treatment at 1300 °C
and a 2-h holding time. In accordance with the JCPD card
number 70-0437, all peaks can be associated with the main
crystalline phase. It is worth noting that a small amount of
SnO2 is still present in the sample of M-2. For samples M-
5 and M-6, the only crystalline phase detected is that of the
cassiterite structure (JCPD card number 41-1445).

The diffuse reflectance spectra of both types of samples,
i.e. cassiterite- and sphene-based structures, are shown in
Figure 1. For the Cr-sphene specimens, two bands around
540 nm and 1200 nm are detected. The first one is attrib-
uted to the 4A2g–4T2g spin-allowed transition of the CrIII

ion with octahedral coordination,[10] as well as to the CrIV

centres.[9,38] The band in the near-infrared part of the spec-
trum, centred at 1200 nm, is assigned to 3A2–3T1 transitions
of CrIV in tetrahedral surroundings.[9,39] The sphene struc-
ture can be described as composed of chains of corner-shar-
ing SnO6 octahedra running parallel to the cell edges that
are cross-linked by silicate tetrahedra to form a SnOSiO4

framework that accommodates Ca2+ in irregular hepta-co-
ordinated polyhedra. Here, López-Navarrete et al.[9] re-
cently suggested that CrIV replaced the partially octahedral
SnIV and tetrahedral SiIV sites.

The spectra of the chromium-containing cassiterite con-
sist of a strong band at 560 nm and a weak band at 740 nm,
which are attributed to CrIII with octahedral coordination.
However, the first band has also been ascribed to CrIV ions
with octahedral symmetry.[9] In contrast to the Cr-sphene-
based materials, in the cassiterite-derived materials there is
no band around 1200 nm. The reason for the absence of the
band associated with the CrIV ions with tetrahedral coordi-
nation is that there are no available tetrahedral sites in this
structure.

The investigation by FESEM of the final ceramic pig-
ments indicates that the particles that have formed have a



A. Doménech, F. J. Torres, E. R de Sola, J AlarcónFULL PAPER

Figure 1. UV/Vis spectra of specimens thermally treated at final
temperatures for 2 h: M-1 at 1400 °C and M-5 and M-6 at 1300 °C.

well-defined morphology. Micrographs of samples of M-4
and M-6 are shown in the Supporting Information. The
discrete particles are prismatic and their sizes are smaller
than 2 μm long and 0.5 μm wide.

Electrochemical Study of Prepared Materials

The electrochemistry of the studied materials is, in prin-
ciple, dominated by tin-centred processes. This can be seen
in Figure 2, in which the cyclic voltammograms (CVs) of:
(a) M-2 and (b) M-5 in 0.50 m H2SO4 are shown. Such vol-
tammograms are essentially identical to those recorded for
sphene and cassiterite, respectively. For M-2 a reduction
peak at –0.55 V vs. AgCl/Ag appears, followed by a promi-
nent reduction current increasing from –0.70 V. In the re-
verse scan, a weak anodic peak near –0.50 V appears. The
response of M-5 was similar, but here a prominent cathodic
current appears at –0.55 V, while in the subsequent anodic
scan a well-defined tall peak at –0.50 V is recorded. This
corresponds, as described in detail elsewhere,[18] to the strip-
ping oxidation of Sn to Sn2+ in solution, thus denoting that
the prior cathodic step results in the formation of a deposit
of Sn metal. In the positive region of potentials, a weak
anodic peak near +0.5 V is also recorded.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 638–648640

Figure 2. CVs of PIGEs modified by: (a) M-2, and (b) M-5, im-
mersed in 0.50 m H2SO4. Potential scan rate 50 mVs–1.

Sn-centred electrochemical processes can be described in
terms of the reduction of SnIV via the stepwise formation
of solid SnII to Sn metal. These electrochemical processes
can be represented for cassiterite as:

SnO2(s) + 2 H+ + 2e– � x SnO(s) + (1 – x) Sn2+(aq) + H2O (1)

SnO(s) + 2 H+ + 2e– � Sn(s) + H2O (2)

Sn2+(aq) + 2 e– � Sn(s) (3)

(s) denotes the solid phases.
On scanning the potential in the positive direction, after

a reductive step, the metal deposits generated electrochemi-
cally are oxidized to Sn2+ ions and SnO2+ in the solution
phase:

Sn(s) � Sn2+(aq) + 2 e– (4)

Sn2+(aq) + H2O � SnO2+(aq) + 2 H+ + 2 e– (5)

this last step is responsible for the oxidation signal at
+0.5 V.

Chromium-centred processes were studied for sample-
modified PIGEs upon immersion into an electrolytic solu-
tion of H2SO4 or HClO4, and NaClO4. To prevent the ap-
pearance of tin-centred electrochemical processes, poten-
tials between 0.0 and +1450 mV were routinely used. The
response of Cr2O3, taken as a reference in this potential
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range, is illustrated by the square wave voltammograms
(SQWVs) in Figure 3. On scanning the potential in the posi-
tive direction, a prominent oxidation wave (I) is recorded at
+1340 mV (Figure 3, a). This peak shows well-defined an-
odic and cathodic components of the square wave current,
thus suggesting a quasi-reversible behaviour.[34] Following
Grygar et al.,[25–27] this wave corresponds to the oxidative
dissolution process:

Cr2O3(s) + 4 H2O � Cr2O7
2– + 8 H+ + 6 e– (6)

Figure 3. SQWV of Cr2O3 in contact with 0.10 m HClO4 and 0.15 m
NaClO4. (a) potential scan initiated at –0.25 V in the positive direc-
tion; (b) potential scan initiated at +1.45 V in the negative direc-
tion; (c) id. with separate plots for the forward, backward and cur-
rent increment vs. potential. Potential step increment 4 mV; square
wave amplitude 25 mV; frequency 15 Hz.

On scanning the potential from +1450 mV in the nega-
tive direction, a peak near +1240 mV appears (I), followed
by overlapping peaks at +700, +430, +250 and 0 mV (lab-
elled as II, III, IV and V, respectively), as depicted in Fig-
ure 3 (b). The peak at +1240 mV corresponds to the oxi-
dation of Cr2O3, as represented by Equation (6), and also
appears when the potential is scanned in the positive direc-
tion because square wave voltammetry provides simulta-
neous inspection of both oxidation and reduction processes.
Peaks II–V decrease rapidly until they disappear altogether
when the potential scan is initiated at potentials below
+950 mV, a potential for which no significant oxidative dis-
solution of Cr2O3 takes place; thus this denotes that such
electrochemical processes are due to chromium species in
solution generated during the electrochemical oxidation of
chromium oxide.

The peak potential of I shifts positively on increasing the
square wave frequency, f, while peaks II, III and IV remain
essentially independent of f in the frequency range between
5 and 200 Hz [Ep(I) = +1140±20 + (68±2)log f (N = 9, r
= 0.994)]. In this frequency range, peak V shifts to negative
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potentials on increasing the square wave frequency [Ep(V)
= +145±5 – (65±5)log f (N = 9, r = 0.991)]. Interestingly,
separate plots of the anodic and cathodic contributions to
the square wave current, measured at the start and end of
potential pulses, provided well-defined anodic and cathodic
components for the peak at +1215 mV. However, peaks II–
V exhibit only cathodic contributions as can be seen in Fig-
ure 3 (c): this denotes that these are essentially irreversible
reduction processes.[34] These processes can be attributed to
the stepwise reduction of Cr2O7

2– ions in solution generated
in the oxidative dissolution of Cr2O3. Electrochemical re-
duction of dichromate to CrIII and CrII involves the forma-
tion of CrV and CrIV intermediates by processes II and III,
but CrIV is thermodynamically unstable in solution and dis-
proportionates into CrIII and CrVI:[22]

6 CrIV � 4 Cr3+ + Cr2O7
2– (7)

Peak II is therefore enhanced with respect to peak III.
SQWVs of the studied materials exhibited some signifi-

cant differences compared with those of Cr2O3. To clearly
discriminate from the chromium-centred processes, in all
cases, the SQWV of cassiterite and sphene was subtracted
from that of the corresponding chromium-doped material.
Thus, as shown in Figure 4 for: (a) M-2, and (b) M-5, the
peak I appears at potentials that are more positive than that
for Cr2O3 (+1290 mV) and is lowered. For samples M-2,
M-3 and M-4 (Figure 4, a), an additional well-defined peak
at +970 mV (VI) appears that precedes the separated peaks
at +420 (VII), –30 (VIII) and –420 mV (IX). The peak VII
exhibits a tall profile, suggesting that it corresponds to dif-
ferent electrochemical processes from those recorded for
Cr2O3 at similar potentials. For samples M-5 and M-6 (see
Figure 4, b), the peak VI is well developed and enhanced
with respect to peaks VII, VIII and IX. Remarkably, peaks
VI, VII, VIII and IX are enhanced on decreasing the fre-
quency, a property typical of electrochemical processes in-
volving solid phases.

Peaks VIII and IX shift to negative potentials on increas-
ing the frequency [Ep(VIII) = 40±5 – (60±3)log f (N = 7,
r = 0.997); Ep(IX) = –275±5 – (99±6)log f (N = 9, r =
0.992)], while peaks VI and VII remain essentially indepen-
dent of frequency. On initiating the potential scan at
+1050 mV, i.e. at a potential at which no significant oxidat-
ive dissolution of chromium centres occurs, peaks VI–IX
appear with no significant decrease when compared with
voltammograms initiated at +1450 mV. The above features
are in contrast with those of the SQWV of Cr2O3 – peaks
III–V decrease significantly on lowering the starting poten-
tial below +1250 mV.

The differences between Cr2O3 and the studied materials
can be seen in Figure 5 in which the charge passed through
processes III and VII (qIII, qVII), calculated as the area un-
der the voltammetric peak, is plotted as a function of the
starting potential of the SQWVs, Ei. For chromium oxide,
a fast decrease of qIII with decreasing Ei is obtained,
whereas for the studied materials qIII becomes insensitive to
changes in Ei at starting potentials below +950 mV.
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Figure 4. Semi-derivative convolution of SQWVs of : (a) M-2, and
(b) M-5 immersed into 0.10 m HClO4 and 0.15 m NaClO4 after sub-
tracting the SQWV of sphene and cassiterite, respectively. Potential
scan initiated at +1.45 V in the negative direction. Potential step
increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Figure 5. Variation of the charge passed during the electrochemical
process III/VII with the starting potential of the SQWVs for dia-
monds: Cr2O3; squares: M-3; solid squares: M-6. Electrolyte:
0.10 m HClO4 and 0.15 m NaClO4. Potential step increment 4 mV;
square wave amplitude 25 mV; frequency 5 Hz.

In the pH range between 1.5 and 4.0, peaks VII and IX
shift to negative potentials on increasing the pH. For M-5,
SQWVs with a potential step increment of 4 mV, a square
wave amplitude of 25 mV and a frequency of 15 Hz pro-
duced: Ep(VII) = 585±5 – (97±6)pH (N = 7; r = 0.993);
Ep(IX) = –255±5 – (78±6)pH (N = 7, r = 0.992). Peaks VI
and VIII are essentially pH independent.

The voltammetric profile of peaks VI and VII is signifi-
cantly different from that of peaks II–V recorded for Cr2O3.
Remarkably, the peaks VI and VII exhibit well-developed
anodic and cathodic components of the square wave cur-
rent, as can be seen in Figure 6 for M-5. Here, peaks VIII
and IX behave irreversibly.
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Figure 6. Separate forward, backward and current increment vs.
potential graphs for the SQWVs of M-3 immersed in 0.10 m HClO4

and 0.15 m NaClO4. Potential scan initiated at +1.45 V in the nega-
tive direction. Potential step increment 4 mV; square wave ampli-
tude 25 mV; frequency 15 Hz.

On comparing the SQWVs in Figure 6 with those de-
picted in Figure 3 (c), corresponding to Cr2O3, one can ap-
preciate a notable increase in the reversibility of the electro-
chemical processes of VI and VII of the studied materials
in contrast with the processes II–IV recorded for chromium
oxide.

Additionally, peak VII is significantly enhanced in chro-
mium-doped materials relative to peak I, while peaks II and
IV disappear. Since it is not possible to control the exact
amount of material transferred to the electrode, the quo-
tients between the peak currents were used for comparing
the voltammetric response of the studied materials with that
of Cr2O3. Thus, the quotient between the peak currents of
VII and I for chromium-doped materials, ip(VII)/ip(I), is
larger than the ip(III)/ip(I) ratio determined for chromi-
um(iii) oxide. Interestingly, the ip(VII)/ip(I) ratio for M-3
increases abruptly at low frequencies, as can be seen in Fig-
ure 5. This behaviour is in contrast with that observed for
Cr2O3. Here, as shown in Figure 7, the ip(III)/ip(I) ratio in-
creases slowly on decreasing the frequency. For all chro-
mium-doped cassiterites and chromium-doped sphenes, the
ip(VII)/ip(I) ratio increases on increasing the chromium con-
tent. Pertinent peak potential data are summarised in
Table 1.

All these data suggest that an amount of high oxidation
states of chromium exists in the studied materials. Accord-
ingly, the response of such materials results from the super-
imposition of solution processes initiated in the oxidative
dissolution of CrIII, which is similar to those described for
Cr2O3, and a solid-state pathway starting from the re-
duction of chromium centres that exist in high oxidation
states of the solids. Then, peak VI can be attributed to the
reduction of CrV centres mainly existing in chromium-
doped cassiterite, while the peak VII, which prevails in
chromium-doped sphenes, is attributable to the reduction
of pristine CrIV centres. In view of the possible presence of
CrIV centres in two different coordinations, peaks VII and
VIII can be associated with the reduction of differently co-
ordinated CrIV units. This assignment is consistent with
prior data showing the existence of site-characteristic vol-
tammetric responses in vanadium-doped zircon,[35] zirco-
nia[36] and cobalt cordierites[37] and appears to be in agree-
ment with spectral data (vide infra). In this scheme, pro-



Electrochemical Detection of High Oxidation States of Chromium(iv and v) FULL PAPER
Table 1. Peak potential and peak current data for Cr2O3 and chromium-doped materials from SQWVs recorded at sample-modified
PIGEs in contact with H2SO4 and 0.15 m NaClO4, pH = 1.7. Potential step increment 4 mV; square wave amplitude 25 mV; frequency
15 Hz.

Modifier Ep (I) Ep(VI) Ep(II) Ep(III) Ep(VII) Ep(IV) ip(VII)/ip(I) ip(III)/ip(I) ip(III�)/ip(I)
[mV] [mV] [mV] [mV] [mV] [mV]

Cr2O3 +1215 – +700 +480 – +230 – 0.39 –
M-2 +1300 +970 – – +420 – 0.25 – 0.44
M-3 +1305 +970 – – +410 – 0.64 – 0.56
M-4 +1305 +995 – – +405 – 0.26 – 0.48
M-5 +1320 +990 – – +420 – 0.22 – 0.40
M-6 +1305 +985 – – +400 – 0.23 – 0.42

Figure 7. Variation with the square wave frequency of: ip(VI)/ip(I)
ratio for M-6 (squares) and the ip(III)/ip(I) ratio for Cr2O3

(rhombs). (From SQWVs of sample-modified PIGEs immersed in
0.10 m HClO4 and 0.15 m NaClO4). Potential step increment 4 mV;
square wave amplitude 25 mV.

cesses VI–VIII can be described in terms of solid-state re-
dox reactions yielding CrIV and CrIII centres. Under the
experimental conditions employed here, both processes be-
have reversibly in such a way that proton transfer does not
affect the overall reaction rate.

Electrochemical Pathway

This reaction scheme can, in principle, be related to the
model of Lovric, Scholz, Oldham and co-workers for de-
scribing the electrochemistry of insulating solids.[40–43] Re-
dox conductivity occurs by electron hopping between adja-
cent redox centres and by the exchange of ions or protons
with the electrolyte, as a consequence of the gradient of the
electrochemical potential in the particle.

In the studied cases, the propagation of the redox reac-
tion through the solid microparticle requires the presence
of appropriate redox-active centres on the surface of the
particles and free access of protons or electrolyte ions from
the supporting electrolyte. The foregoing considerations
also apply for the fast charge transfer observed for organic
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complexes of Cr,[44] metallocenes[45] and organic com-
pounds.[46]

Subsequent reduction of the CrIV centres to CrIII centres
involves two irreversible proton-assisted reduction processes
that probably result in the formation of CrIII centres in the
solid phase (peak VII) and in solution through the pro-
cesses VIII–IX.

It should be noted that in this solid-state pathway the
CrIV oxidation state is stabilised with respect to dispropor-
tionation, as denoted by the appearance of the well-re-
solved, separated peak III�.

Following a scheme similar to that previously postulated
for vanadium-doped zirconias,[37] formation of CrV centres
may be described in terms of a process involving the inser-
tion of OH groups and lattice distortion. Formally this can
be represented as:

Sn1–xCrIII
xO2–x/2 + 2y OH– �

Sn1–xCrIII
x–yCrV

yO2–x/2(OH)2y + 2y e– (8)

This picture is, in principle, consistent with the reaction
schemes proposed for the oxidative dissolution of chro-
mium oxides by oxometallates. According to Blesa et al.,
the reaction with oxometallates proceeds by oxygen transfer
from the oxidant to surface CrIII sites and is mediated by
the oxo bridge Cr–O–M.[21–23] Then, peak VI at +970 mV
can be attributed to the reduction of CrV surface centres to
CrIV centres. To describe this kind of electrode process, it is
assumed that a fraction of the total CrV centres is reduced
to CrIV ones with concomitant loss of OH– groups to en-
sure charge conservation and provide minor lattice distor-
tion. Tentatively, this process can be represented by the re-
dox reaction:

Sn1–xCrIII
x–yCrV

yO2–x/2(OH)2y + y e– �
Sn1–xCrIII

x–yCrIV
yO2–x/2(OH)y + y OH– (9)

CrIV centres are subsequently reduced to CrIII centres.
Following the above criteria, this reduction process (peak
VII at +420 mV) can be formulated for cassiterite as:

Sn1–xCrIII
x–yCrIV

yO2–x/2(OH)y + y e– �
Sn1–xCrIII

x–yCrIV
yO2–x/2 + y OH– (10)

Reduction of the CrIV centres in sphene probably in-
volves two different processes that correspond to the octa-
hedral CrIV centres substituting for SnIV and tetrahedral
CrIV centres substituting for SiIV. Such electrode processes
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Figure 8. Energy/redox potential diagram for correlating spectrophotometric and electrochemical data in Cr-doped cassiterite and Cr-
doped sphene.

can correspond to peak VIII and eventually can form Cr3+

ions in solution:

CaSn1–xCrIII
x–yCrV

ySiO5–x/2(OH)y + y H+ + y e– �
CaSn1–xCrIII

xSiO5–x/2 + y H2O (11)

Finally, the peak IX can be attributed to the reduction
of Cr3+ to Cr2+ in the solution phase.

Correlation Between Spectral and Electrochemical Data

Correlation between electrochemical and spectroscopic
data in solids usually focuses on the determination of the
bandgap energy and the electrochemical HOMO and
LUMO energies (EHOMO, ELUMO), corresponding to the es-
timated position of the upper edge of the valence band
(HOMO) and the lower edge of the conduction band
(LUMO).[47] In our case, spectral properties of chromium
centres can be correlated with formal electrode potentials
on the basis of energy diagrams of the 3d energy states of
CrIII, CrIV, and CrV proposed by Sakai et al.,[48] and Mor-
etti and Michel-Calendini[49] with respect to the cluster val-
ence edge of chromium-doped BaTiO3 and to those recently
calculated by Long et al.[50] for describing the spectra of
CrIII-doped LaSc3(BO3)4, by Torchia et al.[51] for CrIII ions
in LiNbO3, by Kammoun[52] for CrIV ions in LiAlO2 and
by Herren et al.[53] for CrV in chromium-doped SiO2 glass.

From this one can attribute energies of 2.06, 0.98 and
0.36 eV to the CrIII (4A2 state), CrIV (3T1) and CrV (2T2)
centres in octahedral coordination, respectively, relative to
the valence band edge corresponding to the O 2p t1g level
relevant to the MO6 cluster. Term energies for crystal field

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 638–648644

transitions are: CrIII (4A2 � 4T1, 4T2) 2.10 eV; CrIV (3T1 �
1T2) 1.26 eV; CrV (2T2 � 2E2) 2.60 eV.[50–53] Formal elec-
trode potentials are correlated with the vacuum level by as-
suming that the normal hydrogen electrode is 4.4 eV below
the vacuum level.[54,55] Accordingly, the AgCl/Ag electrode
will be 4.6 eV below the vacuum level. The corresponding
energy diagram is shown in Figure 8. The upper edge of the
valence band can in principle be approached by the voltam-
metric onset potential obtained from the intersection of the
two tangents drawn at the rising current and the baseline
charging current of the curves for the oxidation pro-
cess.[56,57] The onset potential taken from the rising back-
ground current in Figure 4 was +1.43 V. Examination of the
energy diagram in Figure 8 reveals that formal electrode po-
tentials for the CrV/CrIV and CrIV/CrIII couples are close to
the vacuum energy levels for CrV and CrIV ions, respec-
tively.

Electrocatalytic Processes

As already reported,[36,37] inorganic materials doped with
electroactive species can exert a significant catalytic effect
on selected electrochemical processes. Thus, Figure 9 shows
a comparison of the CVs recorded in a 0.50 mm K4Fe(CN)6

and a 0.50 m H2SO4 solution at: (a) bare PIGE, (b) M-3
under dark conditions and (c) M-3 under Vis-IR illumina-
tion. As can be seen in Figure 9 (a), at the unmodified
PIGE, the CVs of Fe(CN)6

4– solutions exhibit a well-de-
fined reversible couple at peak potentials of +445 (anodic)
and +335 mV (cathodic). For electrodes modified with
chromium-doped materials under “dark” conditions, the
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anodic portion of the CV becomes significantly modified.
As can be seen in Figure 9 (b), an additional peak at
+620 mV appears coupled with a weak cathodic signal near
+580 mV and the overall peak current is enhanced. For
samples M-2, M-3 and M-4, this response changes upon
illumination. As can be seen in Figure 9 (c) for M-3, the
current is depleted, while the peak at +620 mV vanishes.
However, for samples M-5 and M-6 the catalytic effect re-
mains insensitive to illumination with visible light.

Figure 9. CVs recorded in a 0.50 mm K4Fe(CN)6 and 0.50 m H2SO4

solution at: a) bare PIGE; b) M-3-modified electrode under dark
conditions, and c) M-3-modified electrode under illumination. Po-
tential scan rate 50 mVs–1.

The anodic peak at +620 mV can be attributed to the
modifier-mediated oxidation of Fe(CN)6

4–. In view of the
close proximity of the potentials for the Fe(CN)6

3–/Fe-
(CN)6

4–, CrV/CrIV and CrIV/CrIII couples, the catalytic ef-
fect can, in principle, be attributed to both CrV and CrIV

centres, in agreement with the theory for mediated electro-
catalysis.[58] The observed voltammetric profile can be inter-
preted in terms of the formation of a surface (chromium
centre)–Fe(CN)6

4– adduct and the superimposition of the
currents for the nonmediated (peak at +440 mV) and medi-
ated (peak at +620 mV) oxidation of Fe(CN)6

4–.
This is consistent with the variation with the frequency

of the SQWVs illustrated in Figure 10 for M-4 in contact
with 0.50 mm K4Fe(CN)6 and 0.50 m H2SO4. The peak at
+620 mV is enhanced as the frequency decreases, in agree-
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ment with the assignment of this peak to the oxidation of
a surface-confined species.

Figure 10. SQWV of a 0.50 mm K4Fe(CN)6 and 0.50 m H2SO4 solu-
tion at an M-4-modified electrode under dark conditions. Potential
step increment 4 mV; square wave amplitude 25 mV; frequency
25 Hz.

The decrease in the catalytic ability of samples M-2,
M-3 and M-4 under illumination can be rationalised on the
basis of previously discussed spectroscopic data assuming
that CrIV centres act as catalytic sites, as suggested by the
close vicinity of its redox potential (+420 mV) and that of
the Fe(CN)6

3–/Fe(CN)6
4– couple (+390 mV). Upon illumi-

nation, there is excitation of CrIV centres that is equivalent,
in agreement with literature data,[50,53] to a negative poten-
tial shift of 1.03 V of the CrIV/CrIII couple, as schematised
in Figure 8. These features result in a significant decrease
in the catalytic ability of chromium centres, which is re-
flected in the lowering of the peak current.

Comparable features were obtained for the electrocata-
lyis of 1,4-dihydrobenzoquinone (H2Q) oxidation, illus-
trated in Figure 11 for a 0.40 mm solution of H2Q in 0.50 m

H2SO4. As depicted in Figure 11 (a), at a bare graphite elec-
trode, two overlapping anodic peaks appear at +700 and
+850 mV, corresponding, in agreement with extensive lit-
erature on the electrochemistry of H2Q, to the stepwise oxi-
dation of hydroquinone to quinone:[59,60]

H2Q � Q + 2 H+ + 2 e– (12)

As shown in Figure 11 (b) for M-6, the current for H2Q
oxidation is enhanced at electrodes modified with Cr-doped
cassiterite under dark conditions. Again, the catalytic effect
decreases upon illumination with visible light, as can be
seen in Figure 11 (c). Remarkably, the catalytic effect is al-
most entirely absent for Cr-doped sphene samples. Such
electrochemical data can again be interpreted with the help
of the energy/redox potential diagram in Figure 8. Here, the



A. Doménech, F. J. Torres, E. R de Sola, J AlarcónFULL PAPER

Figure 11. LSVs of a 0.40 mm solution of 1,4-dihydrobenzoquinone
in 0.50 m H2SO4 at: a) bare PIGE; b) M-6 under dark conditions;
and c) M-6 under illumination. Potential scan rate 20 mVs–1.

formal potential of the CrV/CrIV couple (+970 mV) is close
to the redox potential for H2Q oxidation (+850 mV), thus
suggesting that the CrV species in Cr-doped cassiterite are
now catalytically active. Excitation of CrV centres upon illu-
mination involves a gain in energy of 2.60 eV,[48,53] equiva-
lent to a significant negative shift of the potential of the
CrV/CrIV. Accordingly, illumination produces a significant
decrease in the catalytic ability of CrV centres in chromium-
doped cassiterite.

Final Considerations

Solid-state electrochemical data suggest that CrV and
CrIV centres exist in chromium-doped cassiterite and
sphene materials. The well-defined reduction of CrV centres
to CrIV ones occurs at +0.97 mV for Cr-doped SnO2. The
oxidation state CrIV prevails in Cr-doped sphene, where the
solid-state CrIV to CrIII reduction takes place at +420 mV.

CrIV centres produce a significant catalytic effect on the
electrochemical oxidation of Fe(CN)6

4– ions in acidic aque-
ous media. For chromium-doped sphenes the electrocata-
lytic effect decreases upon visible light irradiation. Electro-
chemical and spectroscopic data are consistent with an elec-
trocatalytic pathway involving the formation of a surface-
confined CrIV–hexacyanoferrate(ii) adduct. Similarly, the
oxidation of 1,4-dihydrobenzoquinone is catalysed by Cr-
doped sphene, but the catalytic effect decreases upon illumi-
nation. This electrocatalytic effect can be associated with
the presence of CrV in such materials.
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All these results illustrate the capabilities of the voltam-
metry of microparticles for providing chemical information
on doped materials.

Experimental Section
Preparation and Characterisation of Specimens

We have used two methods of synthesis in order to show the indus-
trial preparation of these ceramic pigmenting systems. The un-
doped and Cr-doped sphene were prepared by a sol-gel technique
used previously.[5] The prepared samples contain an amount of
chromium that replace the Sn cations, and in order to preserve the
electroneutrality the divalent calcium cation was replaced
by neodymium or ytrium trivalent cations. The prepared samples
of the undoped CaSnSiO5, Ca0.95Nd0.05Sn0.95Cr0.05SiO5 and
Ca0.95Y0.05Sn0.95Cr0.05SiO5, are referred to as M-1, M-2 and M-3,
respectively. An additional sample was prepared by replacing
some of the silicium cations by aluminium cations,
Ca0.90Y0.10Sn0.95Cr0.05Si0.95Al0.05O5, and is referred to as M-4. Tet-
raethylorthosilicate (TEOS), CaCl2·2H2O, CrCl3·6H2O, and YIII

acetate (from Merck), SnCl2 (from Aldrich) and Nd(NO3)3·6H2O
(from Rhône–Poulenc) were used as reagents. Gels were prepared
by refluxing an ethanolic solution containing the required amounts
of cation salts and TEOS at 70 °C. The TEOS/H2O/ethanol molar
ratio in the final solution was 1:12:20. The obtained gel was further
dried at 120 °C.

The Cr-doped SnO2 samples were prepared by a wet method that is
similar to that described previously.[2] Samples with stoichiometry
CrxSn1–xO2 (x = 0.05 and 0.1, referred to as M-5 and M-6) were
prepared from Cr(NO3)3·6H2O and SnO2 (from Merck). First, the
required amount of chromium nitrate was dissolved in distilled
water. SnO2 was then added to the above, and the final concentra-
tion of the solution was 0.05 mol·dm–3. The obtained dispersion
was heated whilst stirring until the water was removed. Further
drying of the powdered sample was performed at 120 °C. Dried
gels were thermally treated at several temperatures from 800 to
1300 °C with 2 h holding time.

H2SO4, HClO4 (Panreac) and NaClO4 (Merck) were used for elec-
trolyte preparation. SnO2 (Fluka) and Cr2O3 (Fluka) were used as
reference materials. Electrocatalytic experiments were performed in
solutions of K4Fe(CN)6 (Carlo Erba) and 1,4-dihydrobenzoqui-
none (Fluka).

Characterisation Techniques

The structural and microstructural features of the final pigmenting
systems were examined using different techniques. X-ray diffraction
analysis (Model D-500, Siemens, Karlsruhe, Germany) was per-
formed using a graphite-monochromated Cu-Kα radiation. The dif-
fractometer had two 1° divergence slits, the scatter and receiving
slits were 1° and 0.05°, respectively.

UV/Vis spectra of the specimens (Model Lambda 9, Perkin–Elmer,
Norwalk, Connecticut, U.S.A.) were obtained using the diffuse re-
flectance technique in the range of 200 to 1000 nm using a BaSO4

plate as the reflectance standard. The absorbance was represented
by the emission function, F(R) = (1 – R)2/2R, where R is reflec-
tance.

The microstructure of the final powdered samples was observed by
field emission scanning electron microscopy at 30 kV (Model S-
4100, Hitachi Ltd., Tokyo, Japan). To check the quality of the ob-
servation, some of the samples were etched with a diluted HF solu-
tion for 10 s and subsequently washed with distilled water.



Electrochemical Detection of High Oxidation States of Chromium(iv and v) FULL PAPER
Modified Electrode Preparation and Electrochemical Techniques

Paraffin-impregnated graphite electrodes (PIGEs) consist of cylin-
drical rods of graphite, with a diameter of 5 mm, which are impreg-
nated under vacuum by paraffin. Preparation details are described
in ref.[1]

To prepare sample-modified PIGEs, 0.1–1 mg of the material was
powdered in an agate mortar and pestle, and placed on a glazed
porcelain tile to form a spot of finely distributed material and then
abrasively transferred to the surface of a PIGE by rubbing the elec-
trode over that spot of sample.

Electrochemical experiments were performed at 298 K in a three-
electrode cell under argon using a AgCl (3 m NaCl)/Ag reference
electrode and a platinum-wire auxiliary electrode. Linear potential
scan, cyclic and square wave voltammograms were obtained with
BAS CV 50 W and CH I420 instruments. Unless stated, SQWVs
were recorded by initiating the potential scan either at +0.85 and –
0.85 V using a potential step increment of 4 mV and varying the
square wave amplitude between 20 and 200 mV and the frequency
between 2 and 200 Hz. Eventually semi-derivative convolution of
data was performed in order to increase peak resolution.

Electrocatalytic experiments were performed in K4Fe(CN)6 solu-
tions in two ways: (a) under dark conditions, confining the cell
within the BAS CE-2 box, and (b) upon exposing the cell to direct
illumination with conventional VIS and IR lamps located in azi-
muthal positions with respect to the electrochemical cell.

Supporting Information: (see footnote on the first page of this arti-
cle). X-ray diffraction patterns of specimens thermally treated at
final temperatures for 2 h: M1 at 1400 ºC and M-5 and M-6 at
1300 ºC; and field emission scanning electron microscopy micro-
graphs of specimens thermally heated at 1300 ºC.
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The reaction of the (α-alkoxyfuryl)ruthenium complexes 4
with oxygen opens the five-membered furyl ring to give the
addition product [Ru]O2CCR=CHCO2CH3, (5, [Ru] =
Cp(PPh3)2Ru). Further reactions of 5 with CH3I and with or-
ganic acid gave CH3O2CCR=CHCO2CH3, (6), and
HO2CCR=CHCO2CH3, (7), respectively. The reaction of 4
with TMSN3 [TMS = (CH3)3Si] gives the ruthenium azide
[Ru]–N3 and α-alkoxyfuran, which is readily hydrolyzed to
lactone in acidic medium. Treatment of the cyclopropenylru-

Introduction
Chemistry of organometallic ruthenium complexes plays

important role in many catalytic reactions, such as asym-
metric hydrogenation,[1] olefin metathesis[2] and polymeriza-
tion.[3] Metal-mediated processes in many instances make
possible certain reactions, which are not feasible without
the involvement of metal ions. It is therefore important to
better understand how an organic moiety attached on the
metal undergoes chemical transformation. We previously
reported the synthesis of cyclopropenyl complexes of ruthe-
nium through a deprotonation reaction of vinylidene com-
plexes.[4] The same approach could also be used for the syn-
thesis of metal-coordinated azirinyl complexes from metal
isocyanide complexes.[5] Highly strained organic cyclopro-
pene and azirine compounds are synthetically useful.[6] Par-
ticipation of d orbital of Ru metal may stabilize this highly
strained organic moiety consisting of a three-membered
ring thus making these complexes readily accessible for fur-
ther exploitation for the preparation of organic molecules.
For example, reactions of various cyclopropenylruthenium
complexes with TMSN3 gave a number of tetrazole and tri-
azole compounds depending on the substituents on the
three-membered ring.[7] And the reactions of azirinylru-
thenium complexes with aldehyde or acetone gave oxazol-
inyl complexes.[6] The previously reported regiochemistry of
the carbon–carbon bond formation in the photoreaction of
organic azirine with carbonyl group is reversed.[8]

Interestingly, upon deprotonation of vinylidene com-
plexes containing an ester group at Cγ of the vinylidene
ligand, we observed formation of furyl complexes as
thermodynamic products. The corresponding cyclopropenyl

[a] Department of Chemistry, National Taiwan University,
Taipei, Taiwan 106, Republic of China
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thenium complex 11b containing a methyl crotonate group
with TMSN3 affords the five-membered-ring triazole and
[Ru]–CN. In this reaction cleavage of the C=C double bond
of the three-membered ring could be caused by consecutive
additions of TMSN3 to olefinic carbon atoms of intermediates
formed during the reaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complex was also observed as a kinetic product. It is known
that organic cyclopropenyl ketones in the presence of metal
halides could be converted to furans.[9] D�yakonov and his
co-workers also reported that the reaction of ethyl diazo-
acetate with 1-phenylpropyne give cyclopropene ester and
2-ethoxyfuran.[10] The former compound underwent pho-
tolysis to give the latter one, which yielded diethyl ester
upon air oxidation.[11] Synthesis and reactions of a few
transition-metal furyl complexes have been reported. Iri-
dium hydride complex containing σ-furyl ligand can be ob-
tained by the reaction of metal cyclooctadienyl complex
with furan.[12] The metal furyl complex reacted with tert-
butylacetylene by insertion of the alkyne into the Ir–C bond
to form an vinyl iridium hydride complex.[13] Furyl tungsten
complexes are obtained by the reaction of propargyl tung-
sten complexes with aldehydes. This furyl ligand is easily
dissociated from the metal fragment and further reacts with
Grignard reagent.[14]

Trimethylsilyl azide and sodium azide were used widely
in organic or organometallic reactions.[15] Organic azides
react with alkenes or alkynes giving triazoline or triazole
compounds through a [3+2] cycloaddition.[16] However, for
efficient [3+2] cycloaddition to give triazoles, the presence
of an electron-withdrawing group is needed either at the
alkyne or at the azide part. Coupling reaction between az-
ide, such as TMSN3, with simple alkyne and allyl carbon-
ates catalyzed by Pd0/CuI was reported by Yamamoto and
his co-workers[17] as an efficient method for the synthesis of
triazoles. The azide reagent is also commonly used in the
synthesis of metal complexes with N-heterocyclic ligand. A
number of N-coordinated Fe tetrazole derivatives were ob-
tained by the reaction of sodium azide with the coordinated
CN of the N-coordinated iron nitrile complex. The mecha-
nism probably involves nucleophilic attack of the azide
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anion to the carbon atom of the coordinated nitrile fol-
lowed by cyclization.[18] The reaction of furyl metal com-
plexes with TMSN3 was not investigated before. Herein we
report reactions of the furylruthenium complex with oxygen
and TMSN3 and the reaction of the cyclopropenylruthe-
nium complex containing a crotonate group with TMSN3

is also reported.

Results and Discussion

Preparation of Furyl Complexes: The reaction of the vi-
nylidene complex 2a containing a 1-cyclohexenyl group at
Cβ and an ester group at Cγ with nBu4NOH in acetone
yields the furyl complex 4a as the thermodynamic product
(Scheme 1). The reaction proceeds through protonation at
Cγ followed by an intramolecular cyclization first giving the
three-membered cyclopropenyl complex 3a as the kinetic
product with a small amount of 4a within 0.5 h. Conversion
of 3a to 4a is completed within 3 h. The 31P NMR spectrum
of 4a displays a singlet resonance at δ = 50.6 ppm, however,
the 31P NMR spectrum of the kinetic product 3a displays
a two-doublet pattern at δ = 52.5, 48.5 ppm with JP–P =
36.4 Hz indicating the presence of a stereogenic carbon cen-
ter at the cyclopropenyl ligand. As shown in Scheme 1, the
furylruthenium complex 4b was also prepared by deproton-
ation of the vinylidene complex 2b containing a phenyl sub-
stituent.[4b] Deprotonation reaction of dinuclear vinyl-
ideneruthenium complexes containing an ester substituent
at Cγ gave the dinuclear bisfuryl complexes.[4e] Organic fu-
ran adds to [Ir(COD)(PMe3)3]Cl to yield a furyl iridium
hydride complex.[12]

Scheme 1.

Reaction of 4 with Oxygen: Exposure of complex 4a as a
solid in air for two weeks generates the oxygen addition
product [Ru]O2CC(C6H9)=CHCO2CH3, (5a) in almost

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 649–655650

quantitative yield. The reaction is faster in solution but is
accompanied with extensive decomposition. Under the
same reaction condition, exposure of complex 4b also yields
the analogous oxygen addition product 5b (Scheme 2).

Scheme 2.

In the 1H NMR spectrum of 5a two singlet resonances
at δ = 5.53 and 4.79 ppm are assigned to the olefinic proton
and the Cp group, respectively. The 31P NMR spectrum of
5a in CDCl3 displays a singlet resonance at δ = 39.5 ppm.
In the 13C NMR spectrum the resonance at δ = 174.2 ppm
is assigned to the O-coordinated CO2 group and the reso-
nance at δ = 166.9 ppm is assigned to the CO2 group of the
terminal ester.

Furan is known to react with singlet oxygen.[19] It has
been reported by Scarpati and her co-workers that photo-
sensitized oxidation of various substituted furans under
strictly anhydrous conditions at about –15 °C generated in
quantitative yields the endo-peroxides, which decomposed
at room temperature in the absence of solvent and moisture.
However, at 4 °C the endo-peroxide in nitromethane was
converted into the oxiranes.[20] These endo-peroxides could
also react with diethyl sulfide at 0 °C yielding diones, which
further react with tert-butyl hydroperoxide in the presence
of triethylamine to give oxiranes. On the basis of these re-
ports, we propose that the reaction of the furylruthenium
complex with O2 could proceed through the formation of
the endo-peroxide intermediate with subsequent ruthenium
migration to oxygen accompanied with cleavage of both C–
O and O–O bonds affording complex 5a (Scheme 2). The
reaction could occur in both solid and liquid state without
prior formation of singlet oxygen.[19] The endo-peroxide in-
termediate was not observed in our system. This facile reac-
tion could possibly be assisted by the participation of the d
orbital of the ruthenium metal and/or the presence of the
neighboring methoxy group.[11]

Further reaction of 5a with CH3I generates metal iodide
[Ru]–I and the diester 6a containing a 1-cyclohexenyl sub-
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stituent[21] by cleavage of the Ru–O bond (Scheme 2). The
reaction was carried out at 50 °C and the organic product
6a was extracted with diethyl ether and was identified by
NMR spectroscopy. In the 1H NMR spectrum of 6a, two
singlet resonances at δ = 3.88 and 3.71 ppm with the ratio
1:1 are assigned to two OCH3 groups. Analogous, the dies-
ter compound 6b can also be obtained from the reaction of
5b with CH3I. Compound 6b was previously obtained from
the reaction of phenylacetylene with alcohol at room tem-
perature under atmospheric pressure of carbon monoxide
in the presence of Pd catalyst.[22] The reaction of 5 with
protic acid breaks the Ru–O bond and yields compound
7, which was identified by NMR and high-resolution mass
spectroscopy.

Reactions of TMSN3 with Furylruthenium Complexes: Re-
actions of TMSN3 with furylruthenium complexes 4a and
4b give the metal-free α-alkoxyfuran 8, (8a, R = C6H9; 8b,
R = Ph), respectively, and the ruthenium azide complex
[Ru]–N3

[7a] in high yield (Scheme 3). In the 1H NMR spec-
trum of 8a, the doublet resonance at δ = 5.25 with 4JH,H =
1.2 Hz is assigned to the olefinic hydrogen. In the 2D-NMR
COSY spectrum, this resonance is found to correlate with
the resonance at δ = 6.78 ppm (overlapped with those of
phenyl hydrogen) assignable to the other olefinic proton on
the furyl ring. Hydrolysis of α-alkoxyfuran 8b in acidic con-
dition gave organic the lactone 4-phenyl-2(5H)-furanone
(9b) in quantitative yield. The 1H NMR spectrum of 9b
displays a triplet resonance at δ = 6.36 ppm and a doublet
resonance at δ = 5.22 ppm with a ratio of 1:2 with 4JH,H

= 1.8 Hz. Hydrolysis of alkoxyfuran to lactone has been
reported.[23] Comparison of spectroscopic data with those
of the authentic sample[24] confirms the structure of 9b.

Scheme 3.

The reaction of TMSN3 with the cyclopropenylruthe-
nium complex[7] caused opening of the three-membered
ring, but the reaction of 4 with TMSN3 brought about
cleavage of the M–C bond. This could be explained as fol-
lows: Organic cyclopropene is highly strained with the esti-
mated strain energy well over 50 kcal/mol.[25] However, the
cyclopropenyl ligand can be stabilized by coordination to a
transition metal through back-bonding from the metal d
orbital to Cα. We previously reported solid-state structure
of several cyclopropenylruthenium complexes.[4] From sin-
gle-crystal X-ray diffraction studies, Ru–C bond lengths are
in the range of 2.0345–2.0482 Å for these complexes, which
are consistently shorter than that of a typical Ru–C(sp2)
single bond [bond length 2.0637–2.09012 Å].[26] This might
indicate that the Ru–C bond in cyclopropenyl-Ru complex
could be slightly stronger than a regular Ru–C single bond
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indicating some degree of back-bonding from the metal
moiety. In contrast, furan compounds have less ring strain.
It thus requires less or even no back-bonding of the metal
d electron for the coordination of the relatively more stable
furyl group. Thus, unlike the M–C bond in cyclopropenyl
complex, the M–C bond in furyl metal complexes is rela-
tively weak and cleavage of the bond was observed in the
reaction with TMSN3.

Synthesis and Reactions of Vinylidene Complex Contain-
ing Crotonate Group: Because the five-membered ring furyl
complex was readily prepared from the vinylidene complex
containing a terminal ester group, it would be interesting to
carry out deprotonation reaction of the vinylidene complex
containing a crotonate group, which als possess a terminal
ester group. A seven-membered ring ligand is expected to
be obtained. We prepared the cationic vinylidene complex
{[Ru]=C=C(R)CH2CH=CH–CO2CH3][Br]} (R = C6H9,
10a; R = Ph, 10b) containing a terminal methyl crotonate
group at Cβ in high yield by the treatment of [Ru]–C�C–R
([Ru] = Cp(PPh3)2Ru, R = C6H9, 1a; R = Ph, 1b) with
BrCH2CH=CHCO2CH3. These cationic pink vinylideneru-
thenium complexes are stable in air and soluble in polar
solvent but insoluble in ether and hexane. Spectroscopic
data of 10a displays of a deshielded Cα resonance as a trip-
let at δ = 351.8 ppm with JP–C = 15.4 Hz in the 13C NMR
spectrum and a singlet 31P NMR resonance at δ = 42.3 ppm
in CDCl3 at room temperature. Complex 10b was isolated
in 88% yield. In the 13C NMR spectrum of 10b, resonances
at δ = 153.9 and 144.7 are assigned to the olefinic carbon
atoms of the crotonate group and the corresponding 1H
NMR resonances appear at δ = 6.71 and 5.62 ppm, as-
signed from the 2D HMQC spectrum.

However, in the deprotonation of the vinylidene complex
containing a crotonate group only the cyclopropenyl com-
plex was obtained. The reaction of 10b with nBu4NOH
gives the three-membered ring cyclopropenyl complex 11b,
(Scheme 4). The 31P NMR spectrum of 11b displays two-
doublet resonances at δ = 52.2 and 48.9 ppm with JP–P =
36.1 Hz due to the presence of a stereogenic carbon center
at the three-membered ring. In the 1H NMR spectrum of
11b the doublet resonance at δ = 2.62 with JH,H = 9.62 Hz
is assigned to the CH group of the three-membered ring
indicating the presence of a CH group of the adjacent
double bond. However, deprotonation of the vinylidene
complex 10a containing a 1-cyclohexenyl group gave several
unidentifiable decomposition products, no cyclopropenyl
complex was observed. Conjugate double bond of the cy-
clopropenyl and 1-cyclohexenyl groups could possibly lower
the degree of back donation from the metal, thus destabiliz-
ing the compound.

The reaction of the cyclopropenylruthenium complex 11b
containing a methyl crotonate substituent with excess of
TMSN3 resulted in formation of a five-membered triazolate
ring organic product 12 (Scheme 4) and [Ru]–CN.[27] The
organic product 12 was collected by extraction of the reac-
tion mixture with hexane and was identified by 1H NMR
spectrum and high-resolution mass spectrum. In the 1H
NMR spectrum of compound 12, the resonance at δ = 3.31
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Scheme 4.

ppm is assigned to the OCH3 group, and two triplet reso-
nances at δ = 3.07 and 2.71 ppm with 3JH,H = 7.39 Hz are
assigned to two neighboring CH2 groups. Tautomerism of
the triazole compound 12 might occur to yield two possible
structures shown in Scheme 4.

The reaction of 11b with TMSN3 results in cleavage of
the C=C double bond of the cyclopropenyl ring yielding
[Ru]–CN and 12. A possible reaction sequence is depicted
in Scheme 4. The reaction may start with an addition of a
TMS group to the double bond of the methyl crotonate
group. This is accompanied with opening of the three-mem-
bered ring resulting in the formation of a cationic vinylidene
intermediate followed by hydrolysis of TMS to afford A
(Scheme 4). Then addition of the azide anion at Cα ac-
companied with addition of the second TMS group at Cδ

followed by hydrolysis of the TMS group gave B. The sin-
gle-bond character of the Cα–Cβ in B may facilitate its
cleavage. Loss of N2 and a [3+2] cycloaddition of the Cβ–
Cγ double bond with N3

– give the triazole 12 and [Ru]–CN.
This result is the same as that observed for the reaction
of TMSN3 with cyclopropenyl complex containing a vinyl
group.[7]

Recently, synthesis of organic tetrazolates complexes
using transition-metal complexes as catalysts has received
much attention.[28] The three-component coupling reaction
using organic cyano compounds, allyl methyl carbonate,
and trimethylsilyl azide catalyzed by a palladium complex
gave various 2-allyltetrazoles in good yields. Tetrazolate
complexes of palladium have also been prepared by nucleo-
philic attack of azide anion at the carbon atom of the coor-
dinated nitrile followed by cycloaddition reaction.[17]
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Concluding Remarks

The reactions of furyl and cyclopropenylruthenium com-
plexes with O2 and TMSN3 are investigated. While the cy-
clopropenyl complex with an ester substituent undergoes
tautomerization to give the furyl complex, the methyl cro-
tonate cyclopropenyl complex is inert toward such a trans-
formation. The reaction of furyl metal complex with oxygen
through endo-peroxide requires no assistance of photo-irra-
diation. Cleavage of the Ru–C bond was observed in the
reaction of TMSN3 with the furylruthenium complex. Re-
action of TMSN3 with the cyclopropenylruthenium com-
plex containing a methyl crotonate substituent yielded ru-
thenium cyanide and organic triazole. The reaction causes
cleavage of the C=C double bond of the three-membered
ring.

Experimental Section
General Procedures: All manipulations were performed under nitro-
gen using vacuum-line, dry box, and standard Schlenk techniques.
CH3CN and CH2Cl2 were distilled from CaH2 and diethyl ether
and THF from Na/ketyl. All other solvents and reagents were of
reagent grade and were used without further purification. NMR
spectra were recorded with Bruker DMX-500, AM-300 and AC-
200 (FT-NMR spectrometers at room temperature unless states
otherwise) and were reported in units of δ with residual protons in
the solvent as a standard (CDCl3, δ = 7.24 ppm; C6D6, δ = 7.15
ppm; C2D6CO, δ = 2.04 ppm). FAB mass spectra were recorded
with a JEOL SX-102A spectrometer. Vinylidene complexes
([Ru]=C=C(R)CH2CO2CH, R = C6H9, 2a; R = Ph, 2b) and furyl
complexes 4 (R = C6H9, 4a; R = Ph, 4b) were prepared following
the method reported in the literature.[4b] Elemental analyses were
carried out at the Regional Center of Analytical Instrument located
at the National Taiwan University.

Synthesis of Vinylidene Complexes with Ester Group
[Ru]=C=C(C6H9)CH2CO2CH3][Br] (2a): To a CH2Cl2 (20.0 mL)
solution of [Ru]C�CC6H9

[4b] (200 mg, 0.25 mmol) (1b),
BrCH2CO2CH3 (0.12 mL, 1.25 mmol) was added under nitrogen.
The resulting solution was stirred at room temperature for 18 h,
then, the solvent was concentrated to about 5 mL. This mixture
was slowly added to 60 mL of vigorously stirred diethyl ether. The
light-orange precipitate thus formed was filtered off and washed
with diethyl ether and hexane and dried under vacuum to give the
product 2a (172 mg, 79% yield). Spectroscopic data for 2a are as
follows: 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.42–6.95 (m, 30
H, Ph), 5.77 (br., 1 H, CH of C6H9), 5.22 (s, 5 H, Cp), 3.69 (s, 3
H, OCH3), 2.69 (s, 2 H, CH2), 2.14, 1.88, 1.68, 1.49 (br., 8 H, 4
CH2 of C6H9) ppm. 31P{1H} NMR (121.6 MHz, CDCl3, 25 °C): δ
= 42.1 (s) ppm. 13C NMR (75.4 MHz, CDCl3, 25 °C): δ = 351.5
(Cα, JC,P = 15.0 Hz), 171.8 (CO2), 134–128.4 (Ph), 125.6 (Cβ), 94.5
(Cp), 52.2 (OCH3), 28.8 (CH2), 27.5, 26.0, 22.7, 21.6 (CH2 of
C6H9) ppm. MS FAB: m/z = 869.0 [M+ – Br], 606.9 [M+ – Br,
PPh3], 428.8 [M+ – Br, PPh3, C2(C6H9)CH2CO2CH3], 345.1 [M+ –
Br, 2PPh3]. C52H49BrO2P2Ru (948.88): calcd. C 65.82 H, 5.20;
found C 66.17, H 5.36.

Synthesis of 4a: To a solution of 2a (100 mg, 0.11 mmol) in 5 mL
of acetone was added a solution of nBu4NOH (0.2 mL, 0.2 mmol)
under nitrogen. The mixture was stirred at room temperature for
4 h yielding a light yellow microcrystalline precipitate. The product
was filtered off and washed with 2×5 mL of acetone, 2×5 mL of
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CH3CN, then dried under vacuum and was identified as 4a (74 mg,
74% yield). Spectroscopic data for 4a are as follows: 1H NMR
(300 MHz, C6D6, 25 °C): δ = 7.43–6.96 (m, 30 H, Ph), 5.99 (br., 1
H, CH of C6H9), 5.12 (s, 1 H, CH), 4.50 (s, 5 H, Cp), 2.97 (s, 3 H,
OCH3), 2.46, 2.29, 1.86, 1.78 (br., 8 H, 4 CH2 of C6H9) ppm.
31P{1H} NMR (121.6 MHz, C6D6, 25 °C): δ = 50.6 (s) ppm. 13C
NMR (75.4 MHz, C6D6, 25 °C): δ = 164.9 (CO), 141.4 (t, JC,P =
18.8 Hz, Cα), 139.7–127.8 (Ph), 124.5 (=CH), 85.5 (Cγ), 84.9 (Cp),
57.9 (OCH3), 32.2, 26.3, 24.5, 23.4 (CH2 of C6H9) ppm. MS FAB:
m/z = 869.4 [M+ + 1]. C52H48O2P2Ru (867.97): calcd. C 71.96, H
5.57; found C 71.83, H 5.48.

Observation of 3a: To a solution of 2a (100 mg, 0.12 mmol) in 5 mL
of acetone was added a solution of nBu4NOH (0.3 mL, 0.3 mmol,
1 m in CH3OH) under nitrogen at room temperature. H2O was
added to the mixture immediately and yielded the light yellow
microcrystalline precipitate. The product was filtered off and
washed with 2×5 mL of CH3CN, then dried under vacuum and
identified as 3a (89 mg, 89% yield). Complex 3a is not stable at
room temperature. By monitoring the 31P NMR spectrum, 3a was
found as a pure product at the initial stage, spectroscopic data of
3a was obtained within 3 min. Then the product 4a was observed.
Spectroscopic data for 3a are as follows: 1H NMR (300 MHz,
C6D6, 25 °C): δ = 7.44–6.94 (m, 30 H, Ph), 5.65 (br., 1 H, CH of
C6H9), 4.65 (s, 5 H, Cp), 3.74 (s, 3 H, OCH3), 2.47 (s, 1 H, CH),
2.50–1.24 (br., 8 H, 4 CH2 of C6H9) ppm. 31P{1H} NMR
(121.6 MHz, C6D6, 25 °C): δ = 52.5, 48.5 (AX, JP–P = 36.4 Hz)
ppm.

Synthesis of [Ru]O2CC(C6H9)=CHCO2CH3 (5a): Complex 4a
(0.20 g, 0.23 mmol) was exposed to air for 5 days at room tempera-
ture, and the light yellow powder became deep yellow. The product
was identified as 5a (0.20 g, 99% yield). Spectroscopic data for 5a
are as follows: 1H NMR (300 MHz, C6D6, 25 °C): δ = 7.64–6.96
(m, 30 H, Ph), 5.79 (br., 1 H, CH of C6H9), 5.53 (s, 1 H, CH), 4.79
(s, 5 H, Cp), 3.51 (s, 3 H, OCH3), 1.99, 1.45, 1.26, 1.01 (br., 8 H,
4 CH2 of C6H9) ppm. 31P{1H} NMR (121.6 MHz, C6D6, 25 °C): δ
= 39.5 (s) ppm. 13C NMR (75.4 MHz, C6D6, 25 °C): δ = 174.2
(RuO2C), 166.9 (CO2CH3), 160.3 (CC6H9), 139.6–127.4 (Ph), 107.2
(CH), 80.2 (Cp), 50.6 (CH3), 26.7, 25.4, 23.1, 22.2 (CH2 of
C6H9) ppm. MS FAB: m/z = 901 [M+ + 1], 869 [M+ + 1 – O2],
719.2 [M+ + CO – O2CC(C6H9)=CHCO2CH3], 691.1 [M+ – O2

CC(C6H9)=CHCO2CH3], 638 [M+ + 1 – PPh3], 429.0 [M+ – PPh3,
O2CC(C6H9)=CHCO2CH3]. C52H48O4P2Ru (899.97): calcd. C
69.40, H 5.38; found C 69.28, H 5.22.

Synthesis of [Ru]O2CC(Ph)=CHCO2CH3 (5b): Complex 4b (0.20 g,
0.23 mmol) was exposed to air for 10 days at room temperature,
and the orange powder became yellow. The 31P NMR was used to
confirm complete transformation. The yellow product was iden-
tified as 5b, and the yield is almost quantitative (0.21 g, 99% yield).
Spectroscopic data of 5b are as follows: 1H NMR (300 MHz,
CDCl3, 25 °C): δ = 7.40–6.93 (m, 35 H, Ph), 5.76 (s, 1 H, CH), 4.44
(s, 5 H, Cp), 3.63 (s, 3 H, OCH3) ppm. 31P{1H} NMR (121.6 MHz,
CDCl3, 25 °C): δ = 40.85 (s) ppm. 13C NMR (75.4 MHz, CDCl3,
25 °C): δ = 174.0 (RuO2C), 166.0 (CO2CH3), 157.3 (CPh), 138.2–
25.2 (Ph), 111.9 (CH), 78.6 (Cp), 51.1 (CH3) ppm. MS FAB: m/z
= 896.1 [M+], 719.2 [M+ + CO, O2CC(Ph)=CHCO2CH3], 691.2
[M+ – O2CC(Ph)=CHCO2CH3], 634.1 [M+ – PPh3]. C52H44O4P2Ru
(895.93): calcd. C 69.70, H 4.95; found C 69.56, H 4.82.

Reaction of 5 with CH3I: To a solution of complex 5a (100 mg,
0.11 mmol) in CDCl3 prepared under N2 in a NMR tube, 36 μL
(0.58 mmol) of CH3I was added. The reaction was carried out at
50 °C for 3–4 h. The solvent was removed under vacuum. The or-
ganic product along with excess CH3I was extracted with diethyl
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ether. The solvent and CH3I were removed under vacuum. The
organic product is identified as 6a (21 mg, 85% yield). The organo-
metallic product was identified as [Ru]–I[29] (82 mg, 92% yield). 6a:
1H NMR (300 MHz, CDCl3, 25 °C): δ = 5.08 (br., 1 H, CH of
C6H9), 5.77 (s, 1 H, =CH), 3.88 (s, 3 H, OCH3), 3.71 (s, 3 H,
OCH3), 2.21–1.59 (br., 8 H, 4 CH2 of C6H9) ppm. MS (EI): m/z =
224 [M+]. High-resolution MS for C12H16O4: calcd. 224.2567;
found 224.2563. The same procedure was used for the reaction of
5b (100 mg, 0.11 mmol) with CH3I (36 μL, 0.58 mmol), and the
product extracted with diethyl ether was identified as 6b in 89%
yield (21 mg). The organometallic product was identified as [Ru]–I
(84 mg, 94% yield). 6b: 1H NMR (300 MHz, CDCl3, 25 °C): δ =
7.25–7.18 (m, 5 H, Ph), 6.29 (s, 1 H, CH), 3.92 (s, 3 H, CH3), 3.76
(s, 3 H, CH3) ppm. 13C NMR (75.4 MHz, CDCl3, 25 °C): δ =
168.3, 165.4 (two COCH3), 149.0 (CPh), 133.1–126.8 (Ph), 117.0
(CH), 52.7, 52.0 (two CH3) ppm. High-resolution MS for
C12H12O4: calcd. 220.0736; found 220.0732.

Reaction of 5 with Protic Acid: To a solution of complex 5a
(100 mg, 0.10 mmol) in CDCl3 prepared under N2 in an NMR
tube, hydrochloric acid (50 μL of aqueous 37% HCl, 0.6 mmol)
was added. The reaction is complete within about 4 h at room tem-
perature. The solvent was removed under vacuum. The organic
product was extracted with diethyl ether and identified as 7a
(18 mg, 86% yield). The organometallic product was identified as
[Ru]–Cl (73 mg, 92% yield). The solvent and HCl were removed
under vacuum at 60 °C. 7a: 1H NMR (300 MHz, CDCl3, 25 °C): δ
= 6.82 (s, 1 H, CH), 6.30 (br., 1 H, CH of C6H9), 3.73 (s, 3 H,
OCH3), 2.22–1.58 (br., 8 H, 4 CH2 of C6H9) ppm. MS (EI): 210
[M+]. The same procedure was used for the reaction of 5b (100 mg,
0.11 mmol) with acid, and the product extracted with diethyl ether
was identified as 7b (17 mg, 90% yield). The organometallic prod-
uct was identified as [Ru]–Cl (65 mg, 90% yield). 7b: 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 7.25–7.01 (m, 5 H, Ph), 6.28 (s, 1
H, CH), 3.76 (s, 3 H, CH3) ppm. 13C NMR (75.4 MHz, CDCl3,
25 °C): δ = 170.6 (CO2H), 165.5 (CO2CH3), 148.8 (CPh), 133.3–
126.8 (Ph), 116.8 (CH), 52.0 (CH3) ppm. MS (EI): m/z = 174 [M+ –
CH3OH]. The HCl could be replaced with trifluoroacetic acid or
acetic acid yielding 7 and [Ru]–OCOCF3

[30] or [Ru]–OCOCH3,[30]

respectively. Both reactions completed in 36 h. Trifluoroacetic acid
and acetic acid could be removed under vacuum without heating.

Reaction of 4a with TMSN3: A solution of 4a (100 mg, 0.12 mmol)
in THF (10 mL) was treated with TMSN3 (0.07 mL, 0.54 mmol).
The resulting solution was stirred at room temperature for 1 h then
the solvent was removed under vacuum. The mixture was added to
a stirred diethyl ether. Orange precipitates thus formed were filtered
off and washed with diethyl ether. The organometallic product was
identified as [Ru]–N3 (79 mg, 90% yield). The organic product was
collected by extraction with ether and purified by chromatography,
then, the solvent was removed under vacuum to give 8a, (19 mg,
90% yield). 8a: 1H NMR (300 MHz, C6D6 25 °C): δ = 6.78 (d,
4JH,H = 1.2 Hz, 1 H, CH), 5.88 (br., 1 H, CH of C6H9), 5.25 (d,
4JH,H = 1.2 Hz, 1 H, CH), 3.79 (s, 3 H, OCH3), 2.16–1.58 (br., 8
H, 4 CH2 of C6H9) ppm. MS (EI): m/z = 178 [M+].

Reaction of 4b with TMSN3: To a flask containing compound 4b
(0.20 g, 0.23 mmol) in THF (10 mL), TMSN3 (0.20 mL,
1.49 mmol) was added. The solution was stirred at room tempera-
ture for 2 h, then the solvent was removed under vacuum. The yel-
low solid was washed with hexane and identified as [Ru]–N3

(0.16 g, 95% yield). The organic product was extracted with hexane
and was found to contain some triphenylphosphane oxide. The
pure organic product was obtained by eluting the mixture with di-
ethyl ether on a silica gel column and solvent was removed on a
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rotary evaporator. The organic product was identified as com-
pound 8b (34 mg, 91% yield). [Ru]–N3: 1H NMR (300 MHz, C6D6

25 °C): δ = 7.32–7.08 (m, 30 H, Ph), 4.18 (s, 5 H, Cp) ppm. 31P{1H}
NMR (121.6 MHz, CDCl3, 25 °C): δ = 41.8 (s) ppm. 8b: 1H NMR
(300 MHz, C6D6, 25 °C): δ = 7.30–7.10 (m, 5 H, Ph), 6.96 (d, 1 H,
CH, 4JH,H = 1.3 Hz), 5.24 (d, 1 H, CH, 4JH,H = 1.3 Hz), 3.23 (s, 3
H, CH3) ppm. High-resolution MS for C11H10O2: calcd. 174.0681;
found 174.0691. Isolation of 9b: Transformation of 8b to 9b under
acidic condition was monitored by NMR in CDCl3. Addition of
HCl (37%, 9.2 μL) to the solution of 8b (19 mg, 0.11 mmol) caused
the formation of 9b (16 mg, 95% yield) in about 30 min. 9b: 1H
NMR (300 MHz, CDCl3, 25 °C): δ = 7.48 (s, 5 H, Ph), 6.36 (t, JH,H

= 1.8 Hz, 1 H, CH), 5.22 (d, JH,H = 1.8 Hz, 2 H, CH2) ppm. 13C
NMR (75.4 MHz, CDCl3, 25 °C): δ = 173.9 (OC), 163.9 (CPh),
131.8–129.6 (Ph), 113.0 (CH), 71.0 (CH2) ppm. High-resolution
MS for C10H8O2: calcd. 160.0524; found 160.0521.

Synthesis of Vinylidene Complexes with Methyl Crotonate: To a
Schlenk flask charged with [Ru]C�CC6H9 (1a) (200 mg,
0.25 mmol) in CH2Cl2 (20 mL), BrCH2CH=CHCO2CH3 (0.15 mL,
1.25 mmol) was added under nitrogen. The mixture was stirred at
room temperature for 6 h, then the solution was concentrated to
about 5 mL and added dropwise to 60 mL of a vigorously stirred
diethyl ether. The pink precipitate thus formed was filtered off, and
washed with diethyl ether and hexane. The product was identified
as [Ru]=C=C(C6H9)CH2CH=CHCO2CH3][Br] (10a) (179 mg, 85%
yield). 10a: 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.41–6.99 (m,
30 H, Ph), 6.71, 6.68 (dt, JH,H = 10.0, 6.4 Hz, 1 H, CH=C), 5.73
(br., 1 H, CH of C6H9), 5.70 (d, JH,H = 10.0 Hz, 1 H, =CH), 5.11
(s, 5 H, Cp), 3.76 (s, 3 H, OCH3), 2.73 (d, JH,H = 6.4 Hz, 2 H,
CH2), 2.16, 1.71, 1.52, 1.49 (br., 8 H, 4 CH2 of C6H9) ppm. 31P{1H}
NMR (121.6 MHz, CDCl3, 25 °C): δ = 42.3 (s) ppm. 13C NMR
(75.4 MHz, CDCl3, 25 °C): δ = 351.8 (Cα, JC,P = 15.4 Hz), 166.4
(CO2), 145.8, 122.3 (C=C), 134.3–128.0 (Ph), 130.1 (CH of C6H9),
125.1 (Cβ), 94.2 (Cp), 51.5 (OCH3), 27.3, 25.8, 22.6, 21.5 (CH2 of
C6H9), 25.4 (CH2) ppm. MS FAB: m/z = 895.4 [M+ – Br], 633.2
[M+ – Br, PPh3], 429.0 [M+ – Br, PPh3, C2(C6H9)-
CH2CH=CHCO2CH3], 371.1 [M+ – Br, 2PPh3]. C54H51BrO2P2Ru
(974.92): calcd. C 66.53, H 5.27; found C 66.27, H 5.19. To a solu-
tion of [Ru]C�CPh[4b] (1b) (200 mg, 0.25 mmol) in CH2Cl2
(20 mL), BrCH2CH=CHCO2CH3 (0.15 mL, 1.25 mmol) was added
under nitrogen. The mixture was stirred at room temperature for
6 h, then the volume was reduced to about 5 mL. Addition of the
mixture dropwise into 60 mL of a vigorously stirred diethyl ether
caused a pink-red solid to precipitate out. The precipitate thus
formed was filtered off and washed with diethyl ether and hexane
and dried under reduced pressure to yield the product
[Ru]=C=C(Ph)CH2CH=CHCO2CH3][Br] (10b) (197 mg, 88%
yield). 10b: 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.41–6.80 (m,
35 H, Ph), 6.71, 6.68 (dt, JH,H = 15.4, 6.58 Hz, 1 H, CH=C), 5.62
(d, JH,H = 15.4 Hz, 1 H, =CH), 5.11 (s, 5 H, Cp), 3.70 (s, 3 H,
CH3), 3.07 (d, JH,H = 6.58 Hz, 2 H, CH2) ppm. 31P{1H} NMR
(121.6 MHz, CDCl3, 25 °C): δ = 41.9 (s) ppm. 13C NMR
(75.4 MHz, CDCl3, 25 °C): δ = 347.8 (Cα, JC,P = 14.7 Hz), 166.4
(CO2), 153.9, 144.7 (C=C), 134.7–126.7 (Ph), 123.0 (Cβ), 94.4 (Cp),
51.6 (OCH3), 29.2 (CH2) ppm. MS FAB: m/z = 891.1 [M+ – Br],
629.3 [M+ – Br, PPh3], 429.1 [M+ – Br, PPh3, C2(Ph)
CH2CH=CHCO2CH3]. C54H47BrO2P2Ru (1050.79): calcd. C
66.80, H 4.88; found C 66.72, H 4.82.

Synthesis of 11b: To a solution of 10b (200 mg, 0.22 mmol) in 5 mL
of acetone was added a 1 M solution of nBu4NOH (0.3 mL,
0.3 mmol, in CH3OH). The mixture was stirred for 1 h yielding the
light yellow microcrystalline precipitate which was filtered off and
washed with 2×5 mL of CH3CN, dried under vacuum. The prod-
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uct was analytically pure and was identified as 11b in 72% yield.
(140 mg) Spectroscopic data for 11b are as follows: 1H NMR
(300 MHz, C6D6, 25 °C): δ = 7.91 (q, JH,H = 15.1, 9.62 Hz, 1 H,
CH=), 7.39–6.90 (m, 35 H, Ph), 6.67 (d, JH,H = 15.1 Hz, 1 H,
=CH), 4.56 (s, 5 H, Cp), 3.62 (s, 3 H, CH3), 2.62 (d, JH,H = 9.62 Hz,
1 H, CH) ppm. 31P{1H} NMR (121.6 MHz, C6D6, 25 °C): δ = 52.2,
48.9 (AX, JP–P = 36.1 Hz) ppm. 13C NMR (75.4 MHz, C6D6,
25 °C): δ = 169.1 (CH=), 168.3 (C=O), 140.2–125.8 (Ph), 112.6
(=CH), 86.4 (Cp), 50.2 (OCH3), 36.7 (CH) ppm. MS FAB: m/z =
891.4 [M+ + 1], 629.3 [M+ + 1, PPh3], 429.1 [M+ + 1 – PPh3,
=C=C(Ph)CH2CH=CHCO2CH3]. C54H46O2P2Ru (899.97): calcd.
C 72.88, H 5.21; found C 72.63, H 5.12.

Reaction of 11b with TMSN3: To a Schlenk flask charged with com-
plex 11b (50 mg, 0.06 mmol) was added THF (10 mL) under nitro-
gen. The resulting yellow solution was stirred and TMSN3 (0.1 mL,
0.75 mmol) was added. The mixture was stirred at room tempera-
ture for 4 h, then the solution was concentrated to about 3 mL, and
slowly added to 20 mL of a stirred hexane solution. The orange
precipitate thus formed was filtered off, and washed with diethyl
ether. The product was identified as [Ru]–CN (39 mg, 90%). The
organic product was extracted with hexane, then the extract was
filtered through silical gel. Solvent of the filtrate was removed un-
der vacuum and the product was identified as 12 (12 mg, 88%
yield). [Ru]–CN: 1H NMR (300 MHz, C6D6, 25 °C): δ = 7.81–6.96
(m, 30 H, Ph), 4.45 (s, 5 H, Cp) ppm. 31P{1H} NMR (121.6 MHz,
C6D6, 25 °C): δ = 50.38 (s) ppm. 12: 1H NMR (300 MHz, C6D6,
25 °C): δ = 7.81–6.96 (m, 5 H, Ph), 3.31 (s, 3 H, OCH3), 3.07 (t, 2
H, CH2, 3JH,H = 7.39 Hz), 2.71 (t, 2 H, CH2, 3JH,H = 7.39 Hz)
ppm. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.67–7.06 (m, 5 H,
Ph), 3.67 (s, 3 H, OCH3), 3.19 (t, 2 H, CH2, 3JH,H = 7.39 Hz), 2.80
(t, 2 H, CH2, 3JH,H = 7.39 Hz) ppm. 13C NMR (75.4 MHz, CDCl3,
25 °C): δ = 173.9 (CO), 134.1–128.0 (Ph), 52.4 (OCH3), 33.1
(CH2O), 21.1 (CH2) ppm. MS (EI): m/z = 230 [M+]
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The complexation of ZnII with H2Rpyr2en [H2Rpyr2en = N,N�-
ethylenebis(pyridoxylaminato)] in aqueous solution has been
studied by pH potentiometry and 1H NMR spectroscopy.
Complex formation constants are determined and binding
modes proposed. Complex formation starts at around pH 4,
and several species with a 1:1 ligand-to-metal ratio with dif-
ferent protonation states form up to pH 12. Only above pH 10
does a hydrolytic species [ZnLH–1]– become important. The
crystal and molecular structures of [ZnCl(H2Rpyr2en)]+Cl–

·1.5H2O (1) have been determined by X-ray diffraction. The

Introduction
Sal2en-type ligands are known to coordinate several me-

tal ions in different oxidation states and are among the
most studied/important ligand systems used in asymmetric
catalysis.[1–3] Their reduced derivatives (frequently named
tetrahydrosalen or salan ligands),[4] are much less studied
and exhibit different structural and chemical properties: the
presence of an amine backbone (instead of an imine) results
in a more flexible structure that is also more resistant to
hydrolysis of the C–N bond. Moreover, the N-amine atoms
become stereogenic centres upon coordination, and this
may lead to complexes that give a higher enantiomeric ex-
cess when used in catalysis.

Despite the interest of zinc sal2en complexes as models
of the active site of carbonic anhydrase and other zinc-con-
taining enzymes,[4–6] they are not easily obtained. Their low
solubility in most common solvents is another drawback,
and only a few complexes have been characterized by X-ray
diffraction. The ZnII ion in these complexes is either five-
coordinate with a square-pyramidal geometry[6,7] or has a
dinuclear structure.[8] Singer et al.[6] have characterized two
mononuclear zinc complexes with sal2en-type SB’s (SB =
Schiff base) containing a solvent molecule in a fifth coordi-
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coordination of the H2Rpyr2en ligand involves the two phe-
nolate-O and two amine-N atoms in a distorted square-py-
ramidal geometry. The two pyridine-N atoms are protonated,
and a Cl– atom completes the coordination sphere. Upon co-
ordination, both N-amine atoms of H2Rpyr2en become ste-
reogenic centres, and in both molecules of the unit cell of 1
one of the N-amine donors has an (R)-configuration, and the
other an (S)-configuration.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nation position. When using a reduced derivative they ob-
tained a dinuclear arrangement with a trigonal-bipyramidal
geometry around the metal ion.

We recently[9] reported the synthesis and characterization
of the SB N,N�-ethylenebis(pyridoxylideneiminato) (pyr2en)
and of its reduced derivative N,N�-ethylenebis(pyridoxyl-
aminato) (H2Rpyr2en; structure depicted in Scheme 1).
Both compounds are vitamin B6 analogues and are water-
soluble, and several vanadium-based Rpyr2en complexes
have been prepared and characterized.[9,10] Two molecular
structures were obtained for the dioxovanadium(v) com-
plexes[9,10] with H2Rpyr2en, which emphasises the flexibility
of the ligand when coordinated to the metal ion.

Scheme 1. Formula of H2Rpyr2en (H2L), which is a water-soluble
compound. It may be considered as two pyridoxamine molecules
linked by an ethylene bridge. In its fully protonated form the mole-
cule corresponds to H6L4+, and in its totally deprotonated form to
L2–. As a ligand it may coordinate through the two amine-N and
two phenolate-O atoms, either with both pyridine-N atoms proton-
ated (H2L), monoprotonated (HL–), or deprotonated (L2–).

Several vanadium complexes have been shown to be
insulin mimetics,[11–13] namely vanadium–Rpyr2en com-
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plexes.[9,10,14,15] Zinc–Rpyr2en complexes may also be good
candidates as insulin mimetics,[16] and in this work we re-
port the preparation of ZnII–H2Rpyr2en complexes and the
characterisation of [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O (1) by
X-ray diffraction. The molecular structure of 1 shows that
the H2Rpyr2en ligand is tetracoordinated in a distorted
square-pyramidal geometry, with a chlorine atom complet-
ing the coordination sphere. The aqueous solution behav-
iour of the ZnII + H2Rpyr2en system has been studied by
pH-potentiometry and 1H NMR spectroscopy.

Results and Discussion

Synthesis and Characterization

A white solid, which was characterized by elemental
analysis and 1H NMR and IR spectroscopy, was obtained
from an aqueous solution containing H2Rpyr2en and ZnCl2
(1:1) at pH 9.5. The elemental analysis results are consistent
with the formulation Zn(Rpyr2en)·5H2O. All 1H NMR
peaks of the compound dissolved in D2O at pH 7.6 are
broad, and only the peaks assigned to CH2N clearly show
two resonances (see Exp. Sect.).

Colourless crystals of [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O
(1) were obtained from an alcoholic solution containing
zinc acetate, H2Rpyr2en and Cl– (from HCl, which was used
to set the pH) and characterized by single-crystal X-ray dif-
fraction. Figure 1 shows an ORTEP diagram with the atom
labelling scheme, and Table 1 contains selected bond
lengths and angles. The molecule is cationic, with both pyri-
dine N-atoms protonated, and the H2Rpyr2en ligand is tet-
racoordinated through the two Ophenolate and the two Namine

atoms. A chloride in the axial position completes the coor-
dination sphere of the metal. The molecule is not planar,
but presents a shape similar to an open umbrella. The ge-
ometry that best describes the metal centre is square-py-
ramidal, with the H2Rpyr2en donor atoms occupying the
basal plane and the Cl– the apical position. The flexibility

Figure 1. ORTEP diagram of [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O (1) showing the atom labelling scheme. The ligand coordinates through the
two amine-N and two phenolate-O atoms, with both pyridine-N atoms protonated. The thermal ellipsoids are drawn at 30% probability
level. The hydrogen atoms and water molecules are not included, namely those bound to the pyridine N atoms N(3) and N(4).
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of the ligand can be analysed in terms of the deformation
of the N2O2 plane and the displacement of the zinc ion
from it. The rms deviation of the four donor atoms O(1)–
N(1)–N(2)–O(2) from planarity is 0.0140(16) Å; the central
Zn(1) ion lies 0.5105(17) Å above the plane. These values
indicate that there is a significant deformation of the coor-
dination plane, which is greater than in other Zn–sal2en
complexes.[5,17] The Zn–Ophenolate bond lengths are within
the normal range for this type of bonds,[6,18,19] as are the
Zn–Namine and Zn–Cl bonds.[6,20,21] Overall, the complex
has one positive charge and the counterion is a chloride,
which is 7.76 Å away from the zinc centre. The C–O bond
lengths are normal for phenolate-O atoms coordinated to
zinc (1.318 and 1.296 Å),[18,19] and the C–N distances
(1.480–1.483 Å) are typical of single bonds.[6,20] There are
no important changes in the C–Namine bond lengths upon
coordination to the zinc ion − they increase by less than
0.012 Å − but the C–Ophenolate bonds decrease by more than
0.03 Å (0.061 Å for one of them).[9]

Both pyridoxal rings are approximately planar, with rms
deviations from the plane of the six atoms of 0.0183(27)
and 0.0114(28) Å. The ligand is quite flexible, this being
evidenced, for example, by the torsion angles between N(1)–
C(2)–C(1)–N(2), C(4)–C(3)–N(1)–C(2) and C(11)–C(10)–
N(2)–C(1), which are 57.7(5)°, 168.9(3)° and 176.3(5)°,
respectively. Some relevant H-bonds in the crystal packing
(see Figure 2) are included in Table 1.

Comparing this structure with that reported for [ZnII(py-
ridoxamine)2(H2O)2](NO3)2,[22] several differences become
clear, namely i) that the pyridoxamine complex corresponds
to an octahedral geometry, and ii) the Zn–Namine bond
lengths are shorter than the Zn–O bonds, which is probably
due to the different coordination number and to the higher
steric requirement in the Zn–H2Rpyr2en complex.

The IR spectra of the Zn–H2Rpyr2en complexes in the
powder and crystalline forms are similar. They are quite
complex in the 2600–3500 cm–1 range, which contains se-
veral bands assigned to stretching (symmetrical and asym-
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Table 1. Selected bond lengths [Å], angles [°] and hydrogen-bonds parameters for [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O (1).

Bond lengths [Å] Angles [°] A···H–D A–D [Å] A···H–D [°] Symmetry code

Zn(1)–O(1) 1.976(3) O(1)–Zn(1)–O(2) 88.96(11) Cl(1)···H–N(4) 3.078(4) 164(5)
Zn(1)–O(2) 2.026(3) O(1)–Zn(1)–N(1) 88.00(11) Cl(1)···H–O(4) 3.120(4) 161(6) x + 1, y, z
Zn(1)–N(1) 2.167(3) O(2)–Zn(1)–N(1) 150.66(13) O(3)–H···O(1) 2.735(4) 149(5) –x, –y + 2, –z + 2
Zn(1)–N(2) 2.159(4) O(1)–Zn(1)–N(2) 151.80(13) O(3)–H···O(2) 3.203(4) 124(5) –x, –y + 2, –z + 2
Zn(1)–Cl(2) 2.2282(18) O(2)–Zn(1)–N(2) 88.16(12) O(3)–H···O(1W) 2.794(5) 166(7) x – 1, y, z
O(1)–C(5) 1.318(4) N(1)–Zn(1)–N(2) 81.00(12) O(1W)–H···N(3) 2.760(5) 165.9(8)
O2–C(12) 1.296(5) O(1)–Zn(1)–Cl(2) 106.38(10)
N(2)–C(1) 1.464(5) O(2)–Zn(1)–Cl(2) 104.37(10)
N(2)–C(10) 1.480(5) N(1)–Zn(1)–Cl(2) 104.48(10)
N(1)–C(2) 1.478(5) N(2)–Zn(1)–Cl(2) 101.51(10)
N(1)–C(3) 1.483(5)

Figure 2. Crystal packing of the [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O
molecules, showing the hydrogen-bonding network.

metrical) of the hydrogen-bonded CH2O–H groups of the
pyridoxal ring and water molecules.[23,24] The ν(N–H) ab-
sorption, which is present in the ligand spectrum at
3286 cm–1,[9] appears at 3210 and 3261 cm–1 in the crystal
and powder complexes, respectively, in agreement with the
coordination through the amine-N atoms. The ν(C–O)phenolate

absorptions are in the expected range for this type of
compounds at 1294 and 1296 cm–1, respectively.[23,24] The
two ν(Npyridine–H) absorptions appear at 3317 and
3340 cm–1 in the spectrum of the crystal.

We found[9] that two main types of isomers, which corre-
spond to different energies, form in solution for the VIVO–
and VVO2–H2Rpyr2en complexes. For the VIVO complexes,
two types of binding modes can form, one with the two N-
amines and two O-phenolates as equatorial donors, and the
other with one of these donor atoms in an axial position,
the fourth equatorial donor atom now being an O atom
from a water ligand. The two types of isomers give distinct
peaks in the EPR spectrum (for the VIVO complexes), and
for the VVO2 complexes two broad 51V NMR resonances
and two distinct 1H NMR peaks are observed for all H-
atoms. If similar isomers were to form in solution for the
ZnII–H2Rpyr2en system (see Scheme 2, type I and type II
isomers), we would also expect the observation of distinct
1H NMR resonances for the H-atoms of the isomers with
either one O-phenolate (type IIA) or one N-amine (type
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IIB) in an axial position. However, this is not the case (see
below), therefore only one type of isomer forms, namely the
one with a binding mode similar to that found for 1, but
with no apical Cl– donor atom, i.e. type I in Scheme 2. For
similar complexes with [VIVO{R(SO3-sal)2en}] (SO3-sal =
salicylaldehyde-5-sulfonate), we have also observed that the
isomers with one equatorial H2O ligand essentially do not
form.[10]

Scheme 2. Schematic representation of the main types of isomeric
complexes that may form in solution.

As the coordinated N-amine atoms of H2Rpyr2en are
stereogenic centres, two main types of stereoisomeric com-
plexes may form for the type I binding mode, namely those
with both N-amine donors either R or S, and those with
one S and one R. As found for the VIVO– and VVO2–
H2Rpyr2en complexes,[9] we could expect that for the ZnII–
H2Rpyr2en system these isomeric complexes also corre-
spond to approximately similar energy. In the 1H NMR
spectra of 1 the peaks are relatively broad, and only in the
case of the CH2NH resonances are separate peaks ob-
served.

Speciation Studies

pH-Potentiometry

The acid–base behaviour of H2Rpyr2en and its complex
formation with VIVO and VV have been reported pre-
viously.[9] The study of the ZnII–H2Rpyr2en system by pH-
potentiometry and 1H NMR spectroscopy is presented
here. The pH-metric titration curves were measured be-
tween pH 2.2 and 11.7, and the evaluation was made by
considering a model similar to that obtained for the VIVO
system, which corresponds to the best model fitting the ex-
perimental data. The formation constants are listed in
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Table 2 and a species-distribution diagram is depicted in
Figure 3.

Table 2. Protonation (pK) and ZnII complex (MpLqHr) formation
constants (log β) with H2Rpyr2en at I = 0.2 m (KCl) and 25 °C.[a]

log β pK

H6L4+ 38.46 2.20
H5L3+ 36.26 3.01
H4L2+ 33.25 5.96
H3L+ 27.29 7.66
H2L 19.63 9.13
HL– 10.50 10.50
[ZnLH2]2+ 27.08 (1) 7.44
[ZnLH]+ 19.64 (2) 8.11
ZnL 11.53 (2) 10.80
[ZnLH–1]– 0.72 (2)
No. of points 481
Fitting[b] [mL] 5.61×10–3

[a] Three times the standard deviation is reported in parentheses.
[b] The average difference between the calculated and the experi-
mental titration curves, expressed in millilitres of titrant. The total
initial volumes were 25 mL.

Figure 3. Species-distribution diagram for the complexes formed in
the ZnII–H2Rpyr2en system; CZn = 2.0 mm and L/M = 2.

Analysis of the potentiometric data with the PSEQUAD
program[25] showed the presence of only 1:1 complexes of
different protonation states ([ZnLH2]2+, [ZnLH]+, [ZnL]
and [ZnLH–1]–) in the pH range studied. Coordination
starts at around pH 4 with the displacement of four protons
from the ligand to form [ZnLH2]2+. Further deprotonation,
now involving the pyridine-N atoms, results in the progress-
ive formation of [ZnLH]+ and [ZnL]. Above pH 10 a hydro-
lytic species, [ZnLH–1]–, becomes important. Upon com-
parison with the VIVO–, NiII– and CuII–H2Rpyr2en sys-
tems,[9,26] the proton displacement constants (K*), which re-
fer to the process H6L + M2+

w MLH2
2+ + 4H+

[K*(CuLH2
2+) = –3.24; K*(VIVOLH2

2+) = –5.63;
K*(NiLH2

2+) = –10.08; K*(ZnLH2
2+) = –11.38], give the

stability order CuII � VIVO � NiII � ZnII.
Complexation of ZnII with a hexadentate diacetic acid

derivative of H2Rpyr2en, namely PLED (N,N�-dipyridoxye-
thylenediamine-N,N�-diacetic acid),[27–29] presents a similar
speciation, although with a higher stability for the complex
formed {K*(ZnLH2) = –5.33 [T = 25 °C, I = 0.1 m (NaCl)]}
due to the hexadentate coordination of the ligand.[29]

1H NMR Spectroscopic Studies

The acid–base properties and the protonation scheme of
Rpyr2en2– have been studied by 1H NMR spectroscopy and
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pH-potentiometry previously.[9] The formation of H bonds
between the phenolic and the amino groups is favourable
as the phenolic protons are quite acidic and are even more
acidic than those of pyridoxamine.[9] Figure 4 shows the li-
gand, the atom labelling scheme used in the 1H NMR spec-
tra and the pH-dependence of the chemical shifts for solu-
tions containing a total ZnII concentration (CZn) of 4 mm

and a ligand-to-metal (L/M) ratio of 2.

Figure 4. pH-dependence of the chemical shifts (δ in ppm) of the
ligand protons in the absence (open circles) and the presence of
ZnII ion (L/M = 2, full circles); Cligand = 8 mm. The H2Rpyr2en
molecule and the proton-labelling scheme are also depicted in the
figure.

The complex formation of H2Rpyr2en with ZnII was also
studied by 1H NMR spectroscopy by measuring spectra at
room temperature for L/M ratios of 1 and 2, with CZn =
4 mm. Below pH 4 no complexes could be detected in solu-
tion, all peaks being directly assignable to the free ligand.
At a pH of around 4, however, where complex formation
starts (see Figure 3), the peaks broaden, then new, slightly
shifted peaks appear for all protons (see Figure 5), i.e. sepa-
rate peaks can be ascribed to protons in the free and the
complexed ligand, suggesting an exchange that is somewhat
slower than the NMR timescale. The peaks of protons a, e
and d in the complexes are slightly deshielded relative to
the ligand, while protons b and c are shielded. Precipitation
occurs above pH 7. This is probably due to the higher con-
centrations used in the 1H NMR titrations. Moreover, while
in the pH-metric titrations the equilibrium was reached very
rapidly, in the 1H NMR titrations a few minutes were re-
quired to stabilize the pH readings.

Due to the presence of the amine bonds (instead of imine
as in sal2en-type ligands) H2Rpyr2en is a more flexible
molecule and its coordination does not yield similarly sym-
metrical complexes. As mentioned above, the coordinated
amine-N atoms of H2Rpyr2en are stereogenic centres, and
for binding mode I (Scheme 2) several stereoisomers may
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Figure 5. 1H NMR spectra for solutions containing ZnII (CZn =
4 mm) and H2Rpyr2en at pH 5.47. The approximate L/M ratios and
the peak assignments are indicated. See Figure 4 for the proton-
labelling scheme. The subscripts L and C mean free and coordi-
nated ligand, respectively. For the spectrum shown at L/M � 1, a
small excess of ligand is present.

form as both amine donors may be either R or S, or both
S, or both R (three isomers for ZnLH2 and ZnL stoichio-
metries and four for the ZnLH stoichiometry).

This is probably the reason why two peaks are observed
for the protons of the CH2CH2 and CH2N groups in the
coordinated ligand. The intensity ratios of these peaks are
not clear as some are broader than others, and they strongly
overlap, but from the NMR spectra the intramolecular non-
equivalence of these protons is clear.

Overall, and despite some different experimental condi-
tions (e.g. ionic strength, equilibrium time and concentra-
tions), the spectroscopic results confirm the pH-metric data
obtained for the ZnII–H2Rpyr2en system.

Conclusions

The coordination of ZnII to H2Rpyr2en has been investi-
gated. The complexes have moderate solubility in aqueous
solution. The compound [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O
(1) has been characterized by single-crystal X-ray diffrac-
tion, thereby confirming the flexibility of the reduced Schiff
base as compared with the Schiff base pyr2en. In the mol-
ecular structure of 1, one of the coordinated amine-N
atoms has an (S)-configuration and the other an (R)-config-
uration. All combinations of these configurations presum-
ably occur in solution, and in the 1H NMR spectra either
broader peaks and/or two distinct resonances are observed
for the hydrogen atoms of the coordinated ligand, namely
for the H atoms of the CH2NCH2CH2NCH2 moiety. The
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H2Rpyr2en ligand in 1 is coordinated through the two phe-
nolate-O and amine-N atoms in a distorted square-pyrami-
dal geometry. To the best of our knowledge this is the first
example of a monomeric ZnII–reduced salen-type SB that
does not dimerize. The solution studies have revealed the
high stability of the ZnII complexes formed, although they
are less stable than those formed by H2Rpyr2en with CuII,
NiII or VIVO. Vanadium and copper complexes with chiral
sal2an type ligands are presently being tested for catalytic
asymmetric synthesis. The additional stereogenic centres
formed upon coordination of the N-amine donors may fav-
our higher enantiomeric excesses in some of these catalytic
systems.

Experimental Section

H2Rpyr2en: The synthesis of this ligand has been reported pre-
viously.[9]

[Zn(Rpyr2en)]·5H2O: H2Rpyr2en (66mg, 0.18 mmol) was dissolved
in 10 mL of H2O containing a few drops of 1 m HCl. ZnCl2
(10.2 mL of a 0.0156 m solution) was added and the pH adjusted
to 9.5 with 1 m KOH. The solution was stirred for one hour, and a
white precipitate was removed by filtration, washed with ethanol
and diethyl ether and dried under vacuum. C18H24N4O4Zn·5H2O
(515.9): calcd. C 41.91, H, 6.64, N 10.86; found C 42.2, H 7.0, N
10.7. 1H NMR (300 MHz, D2O, 25 °C, pH 7.63): δ = 7.67 (s, 2 H,
CHarom), 4.66 (s, 4 H, CH2OH), 4.02 (d, J = 0.1 Hz, 4 H, CH2N),
3.09 (s, 4 H, CH2CH2), 2.38 (s, 6 H, CH3) ppm.

Crystals of [ZnCl(H2Rpyr2en)]+Cl–·1.5H2O (1): H2Rpyr2en (0.20 g,
0.55 mmol) was dissolved in a mixture of ethanol and water (1:1,
5 mL) containing a few drops of 1 m NaOH, and Zn(CH3COO)2·
2H2O (0.12 g) dissolved in 5 mL of water was slowly added. The
pH was adjusted to 7 by addition of a 1 m HCl solution. The mix-
ture was then refluxed at 70 °C for 2 h. No precipitation was ob-
served and the solution was cooled and kept at about 5 °C. After
about one month colourless crystals were collected for single-crys-
tal X-ray analysis.

X-ray Crystal Structure Determinations: X-ray data were collected
on a Bruker SMART 1000 CCD diffractometer by the φ–ω scan
method at room temperature. Reflections were measured for a
hemisphere of data with frames covering 0.3° in ω. Of the 7285
reflections measured, all of which were corrected for Lorentz and
polarization effects and for absorption by semi-empirical methods
based on symmetry-equivalent and repeated reflections, 3949 inde-
pendent reflections exceeded the significance level |F|/σ(|F|) � 4.0.
Complex scattering factors were taken from the program package
SHELXTL.[30] The structure was solved by direct methods and re-
fined by full-matrix least-squares methods on F2. The hydrogen
atoms were left to refine freely, except the hydrogen atoms H3,
H7A, H7B, H7C, H14A, H14B and H14C, which were included
in calculated positions and refined in a riding mode. Refinement
converged with allowance for thermal anisotropy of all non-hydro-
gen atoms. Crystal data and details on data collection and refine-
ment are summarized in Table 3.
CCDC-276399 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 3. Crystal data collection and refinement parameters.

Formula C18H29Cl2N4O5.5Zn
M 525.72
Crystal system triclinic
Space group P1̄
T [K] 298(2)
a [Å] 9.1208(10)
b [Å] 10.0030(12)
c [Å] 12.3033(14)
α [°] 82.629(2)
β [°] 88.885(2)
γ [°] 89.296(2)
F000 546
Z 2
Dcalcd. [g cm–3] 1.569
μ [mm–1] 1.383
Rint 0.0209
No. measured reflections 7285
No. observed reflections 3949
R1 0.0522
wR2 (all data) 0.1516
Largest diff. peak and hole [eÅ–3] 0.421 and –1.492

Physical and Spectroscopic Studies: IR spectra were recorded with a
BioRad FTS 3000 MX FTIR spectrometer. 1H NMR spectra were
recorded with a Varian Unity 300 spectrometer at a probe tempera-
ture of about 25 °C.

pH-metric Titration: Protonation and formation constants were de-
termined by pH-metric titration of 25-mL samples. The ionic
strength was adjusted to 0.2 m with KCl and the temperature was
25.0±0.1 °C. The ligand concentrations were 0.002 or 0.004 m and
the L/M ratios varied from 1 to 4. Titrations were normally carried
out from pH 2.2 up to 11.7, with carbonate-free KOH solution of
known concentration (ca. 0.2 m) under purified argon. The ZnII

stock solution was prepared by dissolving ZnO of puriss. quality
in excess HCl solution. The ZnII content was determined gravimet-
rically from the oxinate. The free-acid content was measured by
pH-potentiometry. An automatic titration set including a Dosimat
665 autoburette, an Orion 710A precision digital pH-meter and an
IBM-compatible computer was used. A Metrohm 6.0234.100 semi-
micro combined glass electrode was calibrated for hydrogen-ion
concentration as described earlier.[31] The pKw calculated from
strong acid–strong base titration was 13.755±0.010. The concen-
tration stability constants, βpqr = [MpLqHr]/[M]p[L]q[H]r, were cal-
culated with the aid of the computer program PSEQUAD.[25] When
referring to stoichiometries of species present in solution, the nor-
mal MpLqHr notation is used, where L = Rpyr2en2–.
1H NMR Spectroscopy: All NMR samples were prepared at room
temperature immediately before recording the spectra. A quantity
of ZnCl2 aqueous solution of known concentration (ca. 0.02 m) was
evaporated to dryness and D2O added and evaporated at least three
times to replace the H by D. The samples were prepared in D2O
(99.995% D) by weighing the appropriate amount of ligand and
ZnII to give the desired concentration and L/M ratio. The pD val-
ues of these solutions were adjusted with DCl and CO2-free NaOD
solutions and measured with a Thermo Orion 420A+ pH-meter
with a Mettler Toledo U402-M3-S7/200 combined electrode. The
microelectrode was previously calibrated with standard buffered
aqueous solutions, and the pH was measured directly in the NMR
tubes. The pH-meter readings were converted into pD by using the
equation pD = pH + 0.40.[32] Two sets of experiments were per-
formed as a function of pH, with metal-ion concentrations of 4 mm

and L/M ratios of 1 and 2. The 1H NMR chemical shifts were
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referenced relative to DSS (sodium 2,2-dimethyl-2-silapentane-5-
sulfonate) at δ = 0 ppm. The signal intensities of the NMR reso-
nances were obtained using the program NUTS.[33]
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The salt elimination reaction between NaCo(CO)4 and the
ruthenium complexes LRu(diphos)Cl and [(Ind)Ru(CO)2Cl]
afforded the Ru–Co bimetallic complexes [LRu(μ-CO)2(μ-di-
phos)Co(CO)2] [L = C5Me5 (Cp*), diphos = Ph2P(CH2)nPPh2,
3a: n = 1 , or 3b: n = 2; 3: L = C9H7 (Ind), diphos =
Ph2PCH2PPh2 ] and [(Ind)Ru(CO)2Co(CO)4] (3d), respec-
tively, in high yields. However, the same reaction with the
monophosphane analogue, [(Ind)Ru(PPh3)2Cl], gave the het-
erobimetallic complex [(Ind)Ru(PPh3)(CO)(μ-CO)Co(CO)3]

Introduction

There has been much research activity on the employ-
ment of heterobimetallic complexes in catalysis.[1] The
prime motivation for this has been the possibility of cooper-
ative reactivity of adjacent heterometallic centres, which
may impart new reactivity patterns significantly different
from those of the homobimetallic complexes. Early reports
of the superb catalytic efficacy of mixtures of cobalt and
ruthenium compounds,[2] and later of ruthenium-cobalt
heterobimetallic complexes,[2e] in methanol homologation,
had spurred a surge in synthetic and reactivity studies of
these complexes.[3,4] When supported on silica, they have
also been found to be effective catalysts in hydrofor-
mylation.[5]

Synthetic routes to metal–metal bonded heterobimetallic
complexes are very well documented;[6] one of the most
commonly employed being the displacement of a halide li-
gand by an anionic metal fragment such as [Co(CO)4]–.
Nevertheless, ruthenium-cobalt heterobimetallic complexes
containing a half-sandwich ruthenium moiety have been rel-
atively less studied. Ligands such as cyclopentadienyl (Cp)
or Cp* often confer stability on the complexes, and when
derivatised can effect changes in properties at the metal cen-
tre. The indenyl ligand is of much interest on account of its
“indenyl effect”, which is primarily a reflection of the li-
gand’s ability to undergo η5 ↔ η3 ring slippage, thereby
creating a vacant site on the metal centre without any li-
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(3e) in fair yield, together with redox-initiated derivatives
Ru(PPh3)2(CO)3 (4e) and [(Ind)Co(CO)(PPh3)] (6e). A similar
redox process in the reaction of the dppf analogue, [(Ind)
Ru(dppf)Cl] (dppf = 1,1�-diphenylphosphanylferrocene) gave
[Ru(dppf)(CO)3] (4f) and [(Ind)Co(CO)2] (6f), together with a
complex salt [(Ind)Ru(dppf)(CO)][Co(CO4)] [5f·Co(CO)4].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gand dissociation. Most of the reported compounds of this
class were isolated in low yields, e.g., [(p-cymene)Ru-
(CO)(μ2-PPh2)Co(CO)3] (30% yield),[3d] [CpRu(CO)2-
Co(CO)4] (10% yield),[3a] [CpRu(PPh3)2Co(CO)4] (28%
yield),[2e] and [CpRuCo(CO)3(R-DAB)] (R = iPr, tBu, DAB
= 1,4-diaza-1,3-butadiene) (10% yield).[3f] However, Matsu-
zaka et al. managed to isolate [Cp*Ru(CO)2(μ2-CO)-
Co(CO)3] in high yield (86%);[3h,7] subsequent substitution
by dppm, tBuNC and alkynes (HC�CTol, HC�CCO2Me)
in the presence of Me3NO·2H2O gave very high yields of
the substituted products.

In this paper, we present results from the reactions of
various Cp* and Ind complexes of ruthenium with NaCo-
(CO)4 (1), which gave in addition to the anticipated Ru–
Co metal–metal bonded complexes, derivatives arising from
redox pathways.

Results and Discussion

Salt elimination reactions between NaCo(CO)4 (1), and
the ruthenium complexes LRu(diphos)Cl (2) [L = Cp*, di-
phos = Ph2P(CH2)nPPh2, 2a: n = 1 , or 2b: n = 2; 2c: L =
Ind, diphos = Ph2PCH2PPh2], at room temperature af-
forded Ru–Co bimetallic complexes [LRu(μ-CO)2(μ-diphos)-
Co(CO)2] (3), in 78–85% yields (Scheme 1). The displace-
ment of the halide ligand by the anionic metal fragment
[Co(CO)4]– is accompanied by the bridging of the diphos-
phane and two carbonyl ligands across the Ru–Co bond.
We note that while [(Ind)Ru(CO)2Cl] (2d) reacted with 1 to
give the metal–metal bonded complex 3d, Cp*Ru(CO)2Cl
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(2d�) gave a monocarbonyl-bridged complex 3e� (the prime
refers to previously reported complexes), which could be
decarbonylated to produce 3a (Scheme 2).[3h]

Scheme 1.

Scheme 2.

The complexes 3a–c exhibited the expected resonances
for the diphosphanes and Cp* or indenyl ligands in their
1H NMR spectra. Their 31P{1H} NMR spectra all showed
a sharp doublet and a broad doublet at lower field; the
latter due to quadrupolar coupling to the cobalt. The IR

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 663–670664

spectra indicated the presence of both terminal and bridg-
ing carbonyls. Complex 3c has also been characterized by a
single-crystal X-ray structural study (Figure 1); that for 3a
has already been reported.[3h] Their molecular structures
are very similar in that both comprise a bimetallic complex
in which the ruthenium and cobalt atoms are connected by
a metal–metal bond, two bridging CO ligands and a bridg-
ing diphos ligand. The Ru–Co bond length in 3c is shorter
than that in 3a [2.6474(4) and 2.677(2) Å, respectively] and
probably reflects the weaker indenyl-ruthenium compared
to the Cp*–ruthenium interaction; stronger interaction in
the latter would be expected to lengthen the metal–metal
bond via a trans influence. The metal–phosphane bond
lengths in both 3a and 3c are shorter to cobalt than to
ruthenium [Ru(1)–P(3) = 2.3048(6) Å and Co(2)–P(4) =
2.2199(7) Å for 3c]; these are comparable to the Co–P bond
length of 2.175(1) Å in Co2(CO)6(PMe3)2,[8] and the Ru–P
bond length of 2.385 Å in {Ru2(CO)4(PMe3)2(μ-
O2CCH2CO2)}2,[9] and suggest that the difference is due to
the different formal oxidation states [Co(0) vs. RuI] since
ruthenium and cobalt have the same covalent radii (1.26 Å).
However, the reverse situation seems to be the case with
regard to the bridging carbonyls.

Figure 1. ORTEP diagram (50% probability thermal ellipsoids, hy-
drogen atoms omitted) and selected bond lengths [Å] and angles
[°] of 3c. Ru(1)–Co(2) = 2.6474(4); Ru(1)–P(3) = 2.3048(6); Co(2)–
P(4) = 2.2199(7); Ru(1)–C(11) = 1.947(3); Ru(1)–C(12) = 1.962(3);
Co(2)–C(22) = 1.772(3); Co(2)–C(21) = 1.776(3); Co(2)–C(12) =
2.002(3); Co(2)–C(11) = 2.021(3); O(11)–C(11) = 1.170(3); O(12)–
C(12) = 1.182(3); O(21)–C(21) = 1.144(4); O(22)–C(22) = 1.130(4);
P(3)–Ru(1)–Co(2) = 92.116(18); P(4)–Co(2)–Ru(1) = 99.16(2);
Ru(1)–C(11)–Co(2) = 83.69(10); Ru(1)–C(12)–Co(2) = 83.80(10).

The IR spectrum of [(Ind)Ru(CO)2Co(CO)4] (3d) showed
clearly the absence of any bridging carbonyl ligand, in con-
trast to that for the Cp* analogue 3e�. This may be attrib-
uted to the greater electron donating ability of Cp* com-
pared to Ind,[3h] and hence the tendency for the carbonyl
ligands to bridge. This tendency is further enhanced by
phosphane substitution at the metal centres, as observed in
3a–3c.
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The analogous reaction of the monophosphane-substi-

tuted derivative [(Ind)Ru(PPh3)2Cl] (2e), however, was more
complex (Scheme 3). In addition to the expected heterobi-
metallic product [(Ind)Ru(PPh3)(CO)(μ2-CO)Co(CO)3]
(3e), there were the mononuclear complexes Ru(PPh3)2-
(CO)3 (4e), and [(Ind)Co(CO)(PPh3)] (6e). These three com-
pounds have been characterized completely, including by
single-crystal X-ray crystallographic studies which con-
firmed that exchange of CO and PPh3 ligands had occurred
between the metal centres. The structure of 4e determined
here in the form of its CH2Cl2 solvate is essentially similar
to that of its THF solvate reported previously.[10] The mo-
lecular structures of 3e and 6e are shown in Figure 2 and
Figure 3, respectively.

Scheme 3.

Figure 2. ORTEP diagram of 3e (50% probability thermal ellip-
soids, hydrogen atoms omitted).

There is no known Cp or Cp* analogue to 3e. However,
it is interesting to compare its structure with those of the
previously reported Cp* parent carbonyl [Cp*Ru(CO)2(μ-
CO)Co(CO)3] (3e�) and its isocyanide derivative
[Cp*Ru(CNBut)(CO)(μ-CO)Co(CO)3] (3f�);[3h] a common
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Figure 3. ORTEP diagram (50% probability thermal ellipsoids, hy-
drogen atoms omitted) and selected bond lengths [Å] and angles
[°] of 6e. Co(1)–C(1) = 1.711(3); Co(1)–P(1) = 2.1459(7); O(1)–C(1)
= 1.156(3); C(1)–Co(1)–P(1) = 95.39(9); O(1)–C(1)–Co(1) =
176.3(3).

atomic numbering scheme and selected bond parameters
are collected in Table 1. The overall structural features of
the three compounds are the same, comprising of a single
carbonyl bridging the Ru–Co bond, a terminal carbonyl on
the ruthenium, and three on the cobalt. As in the case of
3c, the Ru–Co bond length for 3e is significantly shorter
than in either of the Cp* analogues [2.677(2) vs. 2.7445(6)
and 2.735(4) Å in 3e, 3e� and 3f�, respectively]. The bridging
carbonyl is obviously skewed towards the cobalt in all three
compounds, as in the case of 3c. Although there appears to
be only one bridging carbonyl in these three compounds, in
contrast to two for 3a and 3c, the carbonyl which should
have made up the second bridging carbonyl [CO(11)] is ac-
tually semi-bridging [�Ru–C(11)–O(11) � 167–169°, com-
pared with �Co–C–O � 173–179°].[11] This can be attrib-
uted to the presence of an electron-donating phosphorus on
cobalt in the case of 3a and 3c, which increased electron
density on the cobalt and hence the propensity towards
bridging carbonyl.[12]

The molecular structure of 6e is similar to those of
known cyclopentadienyl analogues such as [CpCo(CO)2],[13]

and [Cp*Co(CO)2],[14] and substituted indenyl analogues
such as [(η5-C9H3Me4)Rh(CO)2],[15] and [(η5-C9H6CHPh2)-
Rh(CO)(PiPr3)].[16] The indenyl ligand is coordinated un-
symmetrically to the Co centre, as indicated by the longer
bond lengths (by � 0.1 Å) from the metal to the bridgehead
carbons than to the other three carbons of the five-mem-
bered ring. The values of the slip-fold parameters: slip dis-
tortion, Δ = 0.12(3) Å; hinge angle, HA = 5.6°; and fold
angle, FA = 5.3°, are in agreement with η5 coordination of
the indenyl.[15,17]

The presence of the complexes 4e and 6e indicated that
ligand exchange and redox reaction between the ruthenium
and cobalt precursors had occurred. While the oxidation
state of Ru has been reduced from +2 to 0 in 4e, that for
Co has been increased from –1 to +1 in 6e; the ruthenium
complex has also lost its indenyl and phosphane ligands in
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Table 1. Common atomic numbering scheme and selected bond parameters for 3e, 3e� and 3f�.

Bond lengths [Å] or angles [°] 3e 3e� 3f�

Ru–Co 2.677(2) 2.7445(6) 2.735(4)
Ru–L[a] 2.319(4) 1.890(4) 1.94(3)
Ru–C(11) 1.929(14) 1.899(4) 1.92(3)
Ru–C(12) 2.030(12) 2.206(3) 2.10(3)
Co–C(12) 1.877(14) 1.817(4) 1.83(3)
C(11)–O(11) 1.105(16) 1.136(4) 1.11(3)
C(12)–O(12) 1.186(16) 1.174(4) 1.20(3)
Co–Ru–L[a] 115.12(11) 103.7(1) 101.7(8)
Ru–C(11)–O(11) 167.2(15) 168.6(3) 168(2)
Ru–C(12)–O(12) 135.5(11) 126.0(3) 127(2)
Co–C(12)–O(12) 138.0(11) 148.5(3) 145(3)

[a] Refers to centroid of the five-membered ring.

exchange for three carbonyls. This result was in sharp con-
trast with the reported chemistry of the Cp analogue, for
which the heterobimetallic complex, viz., [CpRu(PPh3)2-
Co(CO)4] was isolated in low yield from the reaction of
[CpRu(PPh3)2Cl] with TlCo(CO)4, but on switching from
the Tl+ to the Na+ salt, the complex salt [CpRu(PPh3)2(CO)]-
[Co(CO)4] was isolated instead.[3e] Neither the displacement
of PPh3 by CO, nor the redox products that we have ob-
served, were reported in these reactions.

Similar redox chemistry was also observed in the case of
[(Ind)Ru(dppf)Cl] (2f). However, the heterobimetallic com-
plex was not isolated and instead the complex salt [(Ind)-
Ru(dppf)(CO)][Co(CO4)] (5f·[Co(CO)4]) was obtained, to-
gether with the Ru0 complex [Ru(dppf)(CO)3] (4f) and the
known CoI complex [(Ind)Co(CO)2] (6f) (Scheme 4).[18] The
IR spectrum of 4f exhibited three CO stretching bands
(2007, 1924 and 1896 cm–1), as opposed to one (1896 cm–1)
for 4e. This indicated that they have different symmetries,
as was confirmed by an X-ray crystallographic study on 4f
(Figure 4). Complex 4f adopts a distorted trigonal bipyram-
idal geometry at the ruthenium atom. The two phosphorus
atoms of the diphos occupy an axial [P(1)] and an equato-
rial position [P(2)].

However, the 31P NMR spectrum of 4f showed only a
singlet at δ = 40.8 ppm, implying fluxionality, as may be
expected for a five-coordinate complex. Complex
5f·[Co(CO)4] was characterized spectroscopically and ana-
lytically. Its IR spectrum showed two carbonyl stretches at
1972 and 1889 cm–1; very similar to the values for
[CpRu(PPh3)2(CO)][Co(CO)4] (ν̃CO = 1978 and
1872 cm–1).[3e] The cation showed up as a molecular ion in
the positive mode of the FAB-MS at m/z 799, together with
fragments corresponding to subsequent loss of a CO and
an indenyl ligand, while the anion appeared in the negative
mode at m/z 171.
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Scheme 4.

The failure to form the heterobimetallic complex at all in
this case was intriguing. We have found that the halide li-
gand in 2f could not be substituted by CO in a direct reac-
tion to form [(Ind)Ru(dppf)(CO)]Cl (5f·Cl); a mixture of
products which were not characterized was obtained in-
stead. However, stirring 2f under 1 atm of CO and in the
presence of NaPF6 afforded 5f·PF6 in high yield; the same
product could also be obtained from the reaction of the
solvated complex [(Ind)Ru(dppf)(NCCH3)]PF6 (7) with
1 atm of CO (Scheme 5). We therefore believe that in the
reaction between 2f and 1, the Cl– ligand was abstracted
and this was replaced by the coordination of CO originating
from the decomposition of [Co(CO)4]–. It is this coordina-
tion of CO to the Ru centre which inhibits formation of a
Ru–Co bond, presumably because of the reduced electro-
philicity.
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Figure 4. ORTEP diagram (50% probability thermal ellipsoids, hy-
drogen atoms omitted) and selected bond lengths [Å] and angles
[°] of 4f. Ru(1)–C(3) = 1.899(4); Ru(1)–C(1) = 1.902(4); Ru(1)–C(2)
= 1.912(4); Ru(1)–P(1) = 2.3737(9); Ru(1)–P(2) = 2.3957(9); O(1)–
C(1) = 1.150(4); O(2)–C(2) = 1.148(4); O(3)–C(3) = 1.133(4); C(3)–
Ru(1)–C(1) = 88.53(16); C(3)–Ru(1)–C(2) = 87.62(16); C(1)–Ru(1)–
C(2) = 135.35(16); C(3)–Ru(1)–P(1) = 168.31(12); C(1)–Ru(1)–P(1)
= 86.86(12); C(2)–Ru(1)–P(1) = 88.12(11); C(3)–Ru(1)–P(2) =
94.04(12); C(1)–Ru(1)–P(2) = 110.63(12); C(2)–Ru(1)–P(2) =
114.01(12); P(1)–Ru(1)–P(2) = 97.63(3).

Scheme 5.

Concluding Remarks

The results above clearly show that the salt elimination
reaction between NaCo(CO)4 and Cp* or indenyl ruthe-
nium chloride complexes do not always lead simply to a
heterobimetallic species. The nature of the products de-
pends on the nature of the ligands on ruthenium; in some
cases, there are redox processes involved. Unfortunately, no
clear trend is discernible yet as to when redox processes can
become important although it would appear that a suitable
diphosphane that can bridge across the heterometallic me-
tal–metal bond is important for stabilization of the hetero-
bimetallic product.
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Experimental Section

General Procedures: All reactions were performed under dry nitro-
gen using Schlenk techniques or under argon in a Braun Labmaster
130 glovebox. Chromatographic separations were performed inside
the glovebox. 1H, 31P{1H} and 13C{1H} NMR spectra were re-
corded with a Bruker ACF300 NMR spectrometer, with chemical
shifts referenced to residual non-deuterio solvent and external
H3PO4, respectively. IR spectra were obtained as either KBr pellets
or as a solution with a Shimadzu Prestige-21 FTIR-8400S spec-
trometer. Mass spectra were obtained with either a Finnigan
MAT95XL-T (FAB) or a Finnigan MAT LCQ (ESI) spectrometer.
All elemental analyses were performed by the Microanalytical Lab-
oratory in NUS. The complexes 1[19] and 2a–f,[20] were prepared
according to published methods. All other reagents are commer-
cially available and used without further purification. All solvents
were distilled from standard drying agents before use.

Reaction of NaCo(CO)4 with [Cp*Ru{Ph2P(CH2)nPPh2}Cl] (n = 1,
2): To a THF (10 mL) solution of [Cp*Ru(Ph2PCH2PPh2)Cl] (2a)
(100 mg, 0.15 mmol) was added a solution of NaCo(CO)4 (1) in
THF (1 equiv. in 5 mL) by cannula transfer, and the solution was
refluxed for 40 h. The solvent was then removed in vacuo and the
resulting residue extracted with CH2Cl2. Removal of the solvent
gave an orange-red solid which was recrystallized from THF/hex-
ane to afford [Cp*Ru(μ-CO)2(μ-Ph2PCH2PPh2)Co(CO)2] (3a) as
red crystals. Yield 102 mg (85%). IR (KBr, cm–1): ν̃CO = 1973 s,
1913 s, 1784 w, 1721 s (lit. values:[3h] (THF) ν̃CO = 1985 s, 1923 s,
1728 m). 1H NMR (300 MHz, CDCl3): δ = 1.60 (s, 15 H, Cp*), 2.14
(t, 2 H, PCH2P), 7.20–7.37 (m, 20 H, Ph) ppm. 31P{1H } NMR: δ
= 55.8 (d, 2JPP = 103 Hz, Ru–P), 43.5 (br. s, Co–P) ppm. MS (ESI):
m/z (%) = 791 [M]+, 677 [M – Co(CO)2]+. C39H37CoO4P2Ru: C
59.2, H 4.7; formula mass 791.67; found C 59.2, H 5.2. The residue
from a similar reaction between 1 and [Cp*Ru{Ph2P(CH2)2-
PPh2}Cl] (2b) was dissolved in a minimum volume of THF for
chromatographic separation on silica gel. The main fraction (elu-
ent: hexane/THF, 5.5:1, v/v) gave [Cp*Ru(μ-CO)2{μ-Ph2P(CH2)2-
PPh2}Co(CO)2] (3b) as an orange-red solid. Yield 94 mg (78%). IR
(KBr, cm–1): ν̃CO = 1978 s, 1920 s, 1771 w, 1722 s. 1H NMR
(300 MHz, CDCl3): δ = 1.60 (s, 15 H, Cp*), 2.04, 1.84 (m, 4 H,
PCH2CH2P), 7.19–7.68 (m, 20 H, Ph) ppm. 31P{1H } NMR: δ =
45 (s, Ru–P), 34.6 (br. s, Co–P) ppm. MS (ESI): m/z (%) = 806
[M]+, 778 [M – CO], 691 [M – Co(CO)2]+. C40H39CoO4P2Ru: calcd.
C 59.6, H 4.9; formula mass 805.70; found C 59.9, H 5.2.

Reaction of 1 with [(Ind)Ru(Ph2PCH2PPh2)Cl]: To a THF (10 mL)
solution of [(Ind)Ru(Ph2PCH2PPh2)Cl] (2c) (100 mg, 0.13 mmol)
was added 1 (1 equiv.) and the solution was stirred at room temp.
for 24 h. The solvent was removed under reduced pressure, and the
residue was first washed with hexane, followed by extraction with
toluene. The toluene extract was concentrated and loaded onto a
silica gel column prepared in n-hexane. Elution with toluene gave
a reddish brown band as the major eluate which afforded [(Ind)
Ru(μ-CO)2(μ-Ph2PCH2PPh2)Co(CO)2] (3c). Yield 97 mg (80%). IR
(CH2Cl2, cm–1): ν̃CO = 1997 s, 1944 s, 1739 s. 1H NMR (300 MHz,
C6D6): δ = 2.03 [t, J = 9.06 Hz, 2 H, CH2(PPh2)2], 5.18–5.20 (m, 3
H, η5-C9H7), 6.64–6.67, 6.89–7.01, 7.10–7.14, 7.30–7.36 [m, 24 H,
CH2(PPh2)2 and η5-C9H7] ppm. 31P{1H} NMR: δ = 44.4 (br. d,
2JPP = 109 Hz, Co–P), 59.3 (d, 2JPP = 109 Hz, Ru–P) ppm. MS
(FAB+): m/z (%) = 716 [M – 2CO]+, 657 [M – 2CO – Co]+, 629
[M – 3CO – Co]+, 601 [M – 4CO – Co]+. C38H29CoO4P2Ru: calcd.
C 59.2, H 3.8; formula mass 771.60; found C 59.6, H 3.4.

For the reaction with [(Ind)Ru(CO)2Cl] (2d) (30 mg, 0.098 mmol),
the hexane extract was concentrated and cooled to –30 °C for 1 day
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to give [(Ind)Ru(CO)2Co(CO)4] (3d) (30 mg, 69%) as dark red crys-
tals.

For 3d: IR (hexane, cm–1): ν̃CO = 2067 m, 2022 s, 1986 m, br., 1963
w, br., 1955 w, br. 1H NMR (300 MHz, C6D6): δ = 4.60 (t, 3JHH =
3.3 Hz, 1 H, η5-C9H7), 4.81 (d, 2 H, η5-C9H7), 6.79 (s, 4 H, η5-
C9H7) ppm. 13C NMR (75 MHz, C6D6): δ = 76.5 (s, C1,3), 91.5 (s,
C2), 111.1 (s, C8,9), 124.2 and 129.8 (s, C4–7), 204.3 (CO) ppm.
MS (FAB+): m/z (%) = 444 [M]+, 388 [M – 2CO]+, 360 [M –
3CO]+, 332 [M – 4CO]+. C15H7CoO6Ru: calcd. C 40.7, H 1.6; for-
mula mass 443.22; found C 40.8, H 1.5.

For the reaction with [(Ind)Ru(PPh3)2Cl] (2e), the toluene extract
was concentrated and chromatographed on a silica gel column.
Elution gave four fractions: (i) A yellow eluate with hexane/toluene
(4:1, v/v) yielded [(Ind)Co(CO)(PPh3)] (6e) (8 mg, 13%) as air-sen-
sitive dark red crystals after recrystallization from CH2Cl2/hexane;
(ii) an orange-yellow eluate (severe tailing) with hexane/toluene
(3:1, v/v) gave [Ru(PPh3)2(CO)3] (4e) after several recrystallizations
from toluene/hexane (1:4, v/v) (26 mg, 28%); (iii) a reddish brown
eluate with hexane/toluene (1:1, v/v) yielded [(Ind)-
Ru(PPh3)(CO)(μ2-CO)Co(CO)3] (3e) (23 mg, 26%); and (iv) a red
eluate with toluene/THF (1:1, v/v) afforded unreacted 2e (20 mg,
20%).

For 3e: IR (CH2Cl2, cm–1): ν̃CO = 1975 s, 1920 s, 1744 m. 1H NMR
(300 MHz, C6D6): δ = 4.98 (s, 3 H, η5-C9H7), 6.57–6.93 (m, 4 H,
η5-C9H7), 7.03–7.72 (m, 15 H, PPh3) ppm. 31P{1H} NMR: δ = 48.6
(s, PPh3) ppm. MS (FAB+): m/z (%) = 566 [M – 4CO]+, 535 [M –
Co – 3CO]+, 479 [M – Co – 5CO]+. C32H22CoFeO5P·2C6H5CH3:
calcd. C 64.4, H 4.0; formula mass 816.56; found C 64.1, H 4.2.
The presence of toluene solvent has been confirmed by 1H NMR
spectroscopy.

For 4e: IR (CH2Cl2, cm–1): ν̃CO = 1896 s (lit. values:[10b] (THF) ν̃CO

= 1900 s). 1H NMR (300 MHz, C6D6): δ = 6.96–7.05 (m, 18 H,

Table 2. Crystal and refinement data for 3c, 3e, 4e, 4f and 6e.

Compound 3c 3e 4e 4f 6e

Empirical formula C38H29CoO4P2Ru·CH2Cl2 C32H22CoO5PRu C39H30O3P2Ru·CH2Cl2 C37H28FeO3P2Ru C28H22CoOP
Formula weight 856.48 677.47 794.57 739.45 464.36
Crystal system monoclinic orthorhombic triclinic monoclinic monoclinic
Space group P21/c P212121 P1̄ P21/c P21/c
a [Å] 10.5588(5) 11.898(2) 9.9667(6) 9.7242(6) 9.1150(5)
b [Å] 16.9898(8) 15.098(3) 13.6718(8) 16.2461(10) 25.7691(15)
c [Å] 20.1273(9) 15.376(3) 15.4090(9) 19.9335(12) 10.4250(6)
α [°] 90 90 63.7400(10) 90 90
β [°] 94.3280(10) 90 87.6650(10) 95.082(2) 115.9190(10)
γ [°] 90 90 74.4430(10) 90 90
Volume [Å3] 3600.4(3) 2762.2(9) 1806.60(18) 3136.7(3) 2202.4(2)
Z 4 4 2 4 4
Density (calculated) [Mg/m3] 1.580 1.629 1.461 1.566 1.400
Absorption coefficient [mm–1] 1.158 1.246 0.708 1.083 0.870
F(000) 1728 1360 808 1496 960
Crystal size [mm] 0.36×0.32×0.20 0.25×0.08×0.07 0.20×0.16×0.14 0.30×0.12×0.09 0.30×0.10×0.08
θ range for data collection [°] 2.28 to 30.01 2.18 to 26.37 2.34 to 27.50 1.62 to 27.50 1.58 to 27.50
Reflections collected 33154 20635 23823 18602 15374
Independent reflections 10167 [R(int) = 0.0303] 3171 [R(int) = 0.1020] 8273 [R(int) = 0.0430] 7202 [R(int) = 0.0443] 5057 [R(int) = 0.0375]
Max. and min. transmission 0.8014 and 0.6806 0.9178 and 0.7458 0.9074 and 0.8714 0.9088 and 0.7371 0.9337 and 0.7804
Data / restraints / parameters 10167 / 7 / 451 3171 / 30 / 361 8273 / 6 / 455 7202 / 0 / 397 5057 / 0 / 280
Goodness-of-fit on F2 1.070 1.333 1.101 1.037 1.114
Final R indices [I � 2σ(I)] R1 = 0.0392, R1 = 0.0889, R1 = 0.0534, R1 = 0.0468, R1 = 0.0521,

wR2 = 0.1029 wR2 = 0.1779 wR2 = 0.1258 wR2 = 0.1018 wR2 = 0.1088
R indices (all data) R1 = 0.0498, R1 = 0.0964, R1 = 0.0636, R1 = 0.0646, R1 = 0.0694,

wR2 = 0.1154 wR2 = 0.1807 wR2 = 0.1311 wR2 = 0.1087 wR2 = 0.1152
Largest diff. peak / hole [e·Å–3] 0.942 / –0.492 1.958 / –1.437 1.158 / –0.813 0.682 / –0.337 0.654 / –0.236
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PPh3), 7.87–7.93 (m, 12 H, PPh3) ppm. 31P{1H}NMR: δ = 55.9 (s,
PPh3) ppm.

For 6e: IR (KBr, cm–1): ν̃CO = 1922 s. 1H NMR (300 MHz, C6D6):
δ = 4.61 (s, 2 H, η5-C9H7), 5.67 (t, 3JHH = 3.3 Hz, 1 H, η5-C9H7),
6.74–6.78 (4-lines m, 2 H, η5-C9H7), 6.94–6.97, 6.98–7.01, 7.41–
7.48 (each m, total 17 H, PPh3 and η5-C9H7) ppm. 31P NMR: δ =
65.6 (br. s, PPh3) ppm. ESI+-MS: 667 [2M – PPh3]+, 405 [2M –
2PPh3]+. C28H22CoOP·1⁄8CH2Cl2: calcd. C 71.0, H 4.7; formula
mass 475.00; found C 70.5, H 4.5. The presence of dichloromethane
solvent has been confirmed by 1H NMR spectroscopy.

For the reaction with [(Ind)Ru(dppf)Cl] (2f), extraction with tolu-
ene was followed by extraction with CH3CN. The toluene extract
was concentrated and chromatographed on a silica gel column. Elu-
tion with hexane/toluene (2:1, v/v) gave a yellow eluate of [(Ind)-
Co(CO)2] (6f). Yield 4 mg (5%). IR (CH2Cl2): ν̃CO = 2027 and
1970 cm–1; lit. values (CH2Cl2):[18] 2030, 1970. Further elution with
hexane/toluene (4:3, v/v) afforded an orange-yellow eluate which
gave [Ru(dppf)(CO)3] 4f after several recrystallizations from tolu-
ene/hexane (1:4, v/v). Yield 37 mg (40%). The CH3CN extract gave
[(Ind)Ru(dppf)(CO)][Co(CO4)] (5f·[Co(CO)4]) as a dark brown oil.
Yield 36 mg (30%).

For 4f: IR (CH2Cl2, cm–1): ν̃CO = 2007 s, 1924 m, 1896 s. 1H NMR
(300 MHz, C6D6): 4.27 (s, 4 H, C5H4), 4.28 (s, 4 H, C5H4), 7.02–
7.88 (m, 20 H, Ph) ppm. 31P{1H} NMR: δ = 40.8 (s, dppf) ppm.
MS (FAB+): m/z (%) = 740 [M]+, 712 [M – CO]+, 684 [M –
2CO]+, 655 [M – 3CO]+. C37H28FeO3P2Ru: calcd. C 59.9, H 3.8;
formula mass 739.49; found C 60.1, H 3.8.

For 5f·[Co(CO)4]: IR (CH2Cl2): ν̃CO = 1972 m, 1889 s cm–1. 1H
NMR (300 MHz, CD3CN): δ = 4.37 (s, 2 H, C5H4), 4.46 (s, 2 H,
C5H4), 4.57 (s, 2 H, C5H4), 4.61 (s, 2 H, C5H4), 5.25 (s, 3 H, η5-
C9H7), 6.77–7.06 (m, 4 H, η5-C9H7), 7.18–7.71 (m, 20 H, Ph) ppm.
31P{1H}: δ = 54.8 (s, dppf) ppm. FAB+-MS: m/z 799 [M]+, 771 [M –
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CO]+, 655 [M – CO – Ind]+. MS (FAB–): m/z (%) = 171
[Co(CO)4]–. MS (HR-FAB+): m/z (%) = 799.0562 (found), 799.0562
(calcd.).

Synthesis of [(Ind)Ru(dppf)(CO)]PF6

Method A: NaPF6 (5 mg, 0.03 mmol) was added to a solution of
2f (20 mg, 0.02 mmol) in THF (10 mL). The mixture was subjected
to three freeze-pump-thaw cycles, then CO (1 atm) was bubbled
through the solution for about 10 min. The reaction mixture was
stirred at room temp. for 24 h, during which the colour of the solu-
tion changed from red to yellow. The mixture was filtered and con-
centrated to ca. 2 mL. Addition of ether (5 mL) followed by cooling
at –30 °C for 1 d gave [(Ind)Ru(dppf)(CO)]PF6 (5f·PF6). Yield
20 mg (85%).

Method B: A solution of 7 (20 mg, 0.02 mmol) in THF (10 mL)
was degassed by three freeze-pump-thaw cycles, and then saturated
with CO (1 atm; bubbling for ca. 10 min). The reaction mixture
was stirred at room temp. for 24 h, filtered and then concentrated
to ca. 2 mL. Addition of ether (5 mL) followed by cooling at –
30 °C for 1 day gave 5f·PF6. Yield 17 mg (86%). IR (THF, cm–1):
ν̃CO = 1973 s. 1H NMR (300 MHz, CD3CN): δ = 4.37 (s, 2 H,
C5H4), 4.46 (s, 2 H, C5H4), 4.57 (s, 2 H, C5H4), 4.61 (s, 2 H, C5H4),
5.24 (s, 3 H, η5-C9H7), 6.76–7.06 (m, 4 H, η5-C9H7), 7.18–7.71 (m,
20 H, Ph) ppm. 31P{1H} NMR: δ = 54.8 (s, dppf), –142.9 (sept,
PF6) ppm. MS (FAB+): m/z (%) = 799 [M]+, 771 [M – CO]+, 655
[M – CO – Ind]+. MS (FAB–): m/z (%) = 145 [PF6]–. C44H35F6FeO-
P3Ru: calcd. C 56.0, H 3.7; formula mass 943.59; found C 56.0, H
3.7.

Crystal Structure Determinations: Crystals were grown from dichlo-
romethane/hexane solutions and mounted on quartz fibres. X-ray
data were collected with a Bruker AXS APEX system, using Mo-
Kα radiation, with the SMART suite of programs.[21] Data were
processed and corrected for Lorentz and polarisation effects with
SAINT,[22] and for absorption effects with SADABS.[23] Structural
solution and refinement were carried out with the SHELXTL suite
of programs.[24] Crystal and refinement data are summarised in
Table 2. The structures were solved by direct methods or Patterson
maps to locate the heavy atoms, followed by difference maps for the
light, non-hydrogen atoms. All non-hydrogen atoms were generally
given anisotropic displacement parameters in the final model (ex-
cept for the carbon atoms of the disordered solvate in 4e). Clusters
3c and 4e had one CH2Cl2 solvate molecule each, which exhibited
disorder over two sites. For 3c, the site occupancies were 0.75 and
0.25; for 4e, these were 0.9 and 0.1. Appropriate restraints were
placed on the atomic anisotropic parameters and bond and in-
teratomic distances.

CCDC 283009–283013 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Deferiprone (CP20), a hydroxypyridine-4-one, is used in
iron-chelation therapy. For the iron(III)-/(II)(cp20)3 couple, a
standard electrode potential of –620 mV was measured by
cyclic voltammetry [Templeton et al., Inorg. Chim. Acta 1996,
245, 199; Merkofer et al., Helv. Chim. Acta 2004, 87, 3021].
On the basis of this value and the overall stability constant
for the equilibrium of iron(III) and three CP20 molecules, li-
gand dissociation ought to take place after reduction of the
iron(III)(cp20)3 complex. By pulse radiolysis, we show that hy-
drated electrons reduce the iron(III)(cp20)3 complex with a
rate constant of k = (6.4±0.3)×1010 M–1 s–1, and that the
iron(II)(cp20)3 complex aquates rapidly. The dissociation of

Introduction

Iron is essential to life. It is used, transported and stored
by specific proteins such as haem proteins, transferrin and
ferritin. When, for various reasons, iron is released from
these proteins or excessively absorbed from food, it can par-
ticipate in redox cycling that generates toxic oxyradicals.[1,2]

The bidentate chelating agent CP20 (1,2-dimethyl-3-hy-
droxypyrid-4(1H)-one, also known as deferiprone or L1,
Scheme 1) is effective at facilitating iron removal from iron-
overload patients when administered orally.[3] It forms five-
membered chelate rings in which the metal is coordinated
by two vicinal oxygen atoms. This chelating agent is an al-
ternative to the well-established desferrioxamine, which re-
quires intravenous administration. Another orally active
drug, tridentate ICL670 (4-[3,5-bis(2-hydroxyphenyl)-1H-
1,2,4-triazol-1-yl]benzoic acid), is under development.[4] It
is generally assumed that these chelating agents are not
toxic when the standard electrode potentials of the iron(iii)/
iron(ii) couples are such that they cannot be reduced by
ascorbate or oxidised by hydrogen peroxide, that is, below
E°�(Asc·–,H+/HAsc–) = +282 mV[5] or above E°�(H2O2,H+/
HO·,H2O) = +370 mV, respectively. The latter value is
based on Gibbs energies of formation of the hydroxyl radi-
cal and hydrogen peroxide determined by Schwarz and
Dodson[6] and Kern,[7] respectively. This is the case for the
electrode potential of the iron(iii)-/iron(ii)(cp20)3 couple,
–620 mV at pH = 11. However, the in vivo conditions are

[a] Laboratorium für Anorganische Chemie, Departement Chemie
und Angewandte Biowissenschaften, ETH Hönggerberg,
8093 Zürich, Switzerland
E-mail: koppenol@inorg.chem.ethz.ch
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the first two CP20 molecules takes place within a few μs after
the pulse. The dissociation rate constant for the last CP20
ligand is (8±1)×103 s–1. The observation of a dissociation il-
lustrates that, under dilute conditions, iron(II) is not fully
complexed by CP20 and could potentially participate in re-
dox cycling to produce oxyradicals. The CO2

·– radical does
not reduce iron(III)(cp20)3, which indicates that this complex
reacts, as expected, very slowly with inner-sphere reduc-
tants.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

far removed from those of the standard state: the concen-
tration of iron–CP20 complexes is only in the micromolar
range, and the pH is much lower than 11. By cyclic voltam-
metry, we could show that, under dilute conditions, the elec-
trode potentials shift to more positive values, which may
occur as a result of dissociation of ligands from iron(ii).[8]

Indeed, binding data derived from electrode potentials indi-
cate that iron(ii) complexes of CP20 are not fully formed at
physiological pH and low iron concentration, even when
CP20 is present in fivefold excess. We show here by pulse
radiolysis that, indeed, the proposed ligand dissociation[8]

occurs after rapid reduction of iron(iii)(cp20)3 by hydrated
electrons.

Scheme 1.

Results

Distribution Diagram of the Iron(II)–(CP20) and Iron(III)–
(CP20) Complexes

Speciation diagrams for the iron(ii)–(CP20) and iron(iii)–
(CP20) complexes at 20 μm iron, 100 μm CP20 and pH =
7.2 are shown in Figure 1A and Figure 1B, respectively. As
the binding constants β1 and β2 are not known for iron(ii),
we assumed that the ratios β3/β2 and β3/β1 for iron(ii) are
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similar to those of iron(iii). The data for Figure 1A and
Figure 1B were obtained from the literature.[8] While
iron(iii) tightly binds three CP20 ligands at pH = 7 and
higher, iron(ii) does not. In fact, not even the 1:1 complex
of iron(ii) and CP20 is fully formed at pH = 7.

Figure 1. Iron(ii) (A) and iron(iii) (B) speciation in the presence of
CP20. [CP20] = 100 μm, [Fe2+] and [Fe3+] = 20 μm. While iron(iii)
tightly binds three CP20 ligands at pH = 7 and higher, iron(ii) does
not. The pKa value used for CP20 is 9.76.[20]

Reduction of the Iron(III)(cp20)3 Complex by e–
aq and CO2

·–

Rapid reduction of iron(iii)(cp20)3 (100 μm) by hydrated
electrons (14 μm) leads to decreases in absorption at
450 nm. The fastest is finished within one μs and the slow-
est within one ms (Figure 2 and Figure 3). Reduction pro-
ceeds quantitatively (Figure 2), based on an extinction coef-
ficient of 4600 m–1 cm–1 for the iron(iii)(cp20)3 complex at
450 nm.[8] These processes are not caused by the presence
of tert-butyl alcohol (data not shown). The rate of decay of
hydrated electrons measured at 600 nm is identical to the
rate of the fast process at 450 nm (Figure 3). This rate is
first-order in iron(iii)(cp20)3 (Figure 4), from which a rate
constant of (6.4±0.3)×1010 m–1 s–1 is calculated. The rate
of decay of the hydrated electrons measured at 600 nm indi-
cates that the reduction is over within one μs. The change
in absorbance at 450 nm during 1 and 3 μs is interpreted as
a result of the sequential dissociation of two CP20 ligands.
The slow absorbance change after that process, which fits
to a single exponential, is attributed to the dissociation of
the last ligand, as described in Equation (1). The reaction
is strictly first-order, with a reaction rate constant of
(8±1)×103 s–1.
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Figure 2. Reduction of FeIII(cp20)3 (100 μm) with hydrated elec-
trons (14 μm) at 450 nm. Reaction conditions: phosphate buffer
(5 mm) with tert-butyl alcohol (0.1 m) at pH = 7.2 and room tem-
perature. Following rapid reduction, a slower process is observed
that is ascribed to ligand dissociation. The reduction with hydrated
electrons proceeds quantitatively.

Figure 3. Reduction of FeIII(cp20)3 (100 μm) with hydrated elec-
trons (12 μm) at 450 nm and decay of the hydrated electrons at
600 nm. Reaction conditions: phosphate buffer (5 mm) with tert-
butyl alcohol (0.1 m) at pH = 7.2 and room temperature. The decay
of the hydrated electrons at 600 nm shows the same time-depen-
dence as the fast decay at 450 nm.

[FeII(cp20)]+ � Fe2+ + CP20– (1)

Mechanistically, the observed first-order reaction might
also be represented by Equation (2) at constant pH.

H+ + [FeII(cp20)]+ � [FeII(Hcp20)]2+ � Fe2+ + Hcp20 (2)

However, control experiments at pH = 8.6 showed that the
rate of reaction is independent of pH; therefore, reaction 2
is not relevant.

Identical results to those with tert-butyl alcohol were ob-
tained when methanol was used as a hydroxyl-radical scav-
enger. Interestingly, dioxocarbonate(·1–), a strong reductant
E° (CO2/CO2

·–) = –1.9 V,[9] did not reduce iron(iii)(cp20)3

to any detectable degree.
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Figure 4. First-order rate constants at various concentrations of
FeIII(cp20)3. The reactions with hydrated electrons (5 μm) were car-
ried out at pH = 7.2 and room temperature. The reduction of
iron(iii)(cp20)3 is linearly dependent on the complex concentration.
The bimolecular rate constant is k = (6.4±0.3)×1010 m–1 s–1.

Oxidation of Iron(II) by Hydrogen Peroxide in the Presence
of CP20

The absorbance change of this oxidation, per reducing
equivalent, should equal that for the reduction of iron(iii)-
(cp20)3 by hydrated electrons. To calculate a difference
spectrum for the iron(ii)- and the iron(iii)(cp20) complexes,
we mixed a solution of iron(ii) (20 μm) and CP20 (100 μm)
with hydrogen peroxide (200 μm) at pH = 7.2 and 15 °C
(Figure 5). At this temperature, the reaction becomes
slower, and the signal-to-noise ratio of the time-dependent
spectrum improves. Between 350 and 550 nm, the absorp-
tion increase per hydrogen peroxide matches the absorption
decrease per hydrated electron in this range, as shown in
Figure 6. The hydroxyl radical or oxoiron(iv) formed in the
Fenton reaction is scavenged by the Tris buffer. The re-
sulting Tris radical is not expected to re-reduce iron(iii)-
(cp20)3. Because the iron(ii)(cp20) complex can reduce
water, it is impossible to prepare solutions of the pure com-
plex: Under anaerobic conditions, in gas-tight syringes as
well as in a flask purged with argon, the colour of the
iron(ii)(cp20) solution changes from light green to light
orange within several minutes, indicating the formation of

Figure 5. Time-dependent spectrum of the reaction of iron(ii)
(20 μm) and CP20 (100 μm) with hydrogen peroxide (200 μm) at pH
= 7.2 and 15 °C. Formation of the iron(iii)(cp20)3 complex.

Eur. J. Inorg. Chem. 2006, 671–675 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 673

the iron(iii) complex. At high pH values, this process is
slower. Hegetschweiler and coworkers[10] reported that the
iron(ii)–ICL670 complex behaves similarly.

Figure 6. Time-dependent spectra measured by pulse radiolysis
(diamonds, squares and triangles) of the reaction of iron(iii)
(33 μm) and CP20 (100 μm) with hydrated electrons (3.4 μm) at pH
= 7.2 and room temperature. The small crosses indicate the differ-
ence spectrum of the iron(ii)- and the iron(iii)(cp20) complex mea-
sured by stopped-flow spectroscopy (see text). Per redox equivalent,
the final difference spectrum from the pulse radiolysis is equal to
that obtained by the stopped-flow technique.

Discussion

As revealed by the speciation diagrams and as substanti-
ated by kinetics experiments, CP20 stabilises iron(iii), but
not iron(ii), very well. The first-order rate constant for the
dissociation of the last CP20 molecule from iron(ii) is of the
same order of magnitude, 104 s–1, as that for the dissoci-
ation of a pyridine ligand from a ferriprotoporphyrin in
chloroform.[11] CP20 is a bidentate ligand with two hard,
oxygen coordination atoms, whereas pyridine is a mono-
dentate ligand with a soft donor atom that stabilises
iron(ii), which leads to similar stability constants and sim-
ilar dissociation rate constants. To the best of our knowl-
edge, no other dissociation rates of ligands similar to hy-
droxypyridinones have been reported in the literature. The
solvent-exchange rates for water (k = 4.4×106 s–1),[12] meth-
anol (k = 5×104 s–1)[13] and acetonitrile (k = 6.6×
105 s–1)[14] on iron(ii) are higher. Given the speciation dia-
gram (Figure 1A), the observed dissociation process in-
volves all three ligands. After dissociation of CP20 from
iron(ii), monodentate ligands, such as water, bind to the me-
tal ion and exchange much faster than CP20. Consequently,
the probability that hydrogen peroxide coordinates to the
metal centre and undergoes a Fenton reaction is in-
creased.[15]

It is to be emphasised that the dissociation rate constant
is independent of pH, and, therefore, does not result from
protonation of the coordinated CP20 ligands. The spectral
changes underline that the observed process is also not a
dissociation of CP20 from iron(iii), because this would re-
sult in a red shift, rather than the observed blue shift, of
the spectrum.[8]
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The reduction of the iron(iii)(cp20)3 complex by hydrated

electrons is most likely a diffusion-controlled process. Re-
duction is possible with hydrated electrons, but not with
dioxocarbonate(·1–) radicals, although from a comparison
of the electrode potential of the iron(iii)-/iron(ii)(cp20)3

couple (–0.62 V)[8] with that of the carbon dioxide/
dioxocarbonate(·1–) couple (–1.90 V), it is clear that re-
duction is thermodynamically very favourable. This result
shows that it is difficult to reduce the iron(iii)(cp20)3 com-
plex with an inner-sphere reductant, because accessibility of
the metal centre is sterically hindered by the large CP20
ligands. In a pulse radiolysis study of 2-pyridone, Moorthy
et al.[16] could reduce the ligand with hydrated electrons, but
not with dioxocarbonate(·1–) radicals. They concluded that
an electrode potential smaller than –1.90 V is required to
reduce 2-pyridone. On the basis of these and our observa-
tions, we conclude that the iron(iii) is not directly accessible
and is reduced via the ligand.

Reoxidation of iron(ii) by hydrogen peroxide formed dur-
ing the irradiation was not detected. This is understandable:
if 10 μm iron(ii) is produced, 2.5 μm hydrogen peroxide is
also formed. Given a reaction rate constant of 104 m–1 s–1

for the Fenton reaction, the pseudo-first-order rate constant
would be ca. 10–2 s–1.

We have shown that reduction by hydrated electrons is
followed by ligand dissociation. One might now ask what
would happen with more physiologically relevant reduc-
tants. El-Jammal and Templeton[17] proposed on the basis
of their electrochemical measurements that reduction of
iron(iii) takes place after dissociation of the complex. We
assess here the thermodynamics of two scenarios: first re-
duction followed by dissociation, and then the opposite.
The standard electrode potential of the iron(iii)-/iron(ii)-
(cp20)3 couple is –0.62 V, and reduction by an electron
donor with an electrode potential near 0 V “costs” ca.
58 kJmol–1. This process is then followed by favourable li-
gand dissociation. The dissociation of one CP20 ligand
from the iron(iii)(cp20)3 complex requires less energy, about
53 kJmol–1, based on the difference between β3 and β2. In
dilute solutions, this Gibbs energy decreases considerably,
which makes the “ligand dissociation first” scenario more
favourable. Therefore, for biologically relevant conditions,
we agree with the proposal of El-Jammal and Templeton.[17]

Iron(ii) complexes of other hydroxypyridinones and of
ICL670 are also unlikely to be formed, given the similarly
low electrode potentials.[8] Previously, a chelating agent with
an electrode potential for its iron(iii)/iron(ii) complex of
ca. –470 mV or lower, such as that of iron(iii)-/iron(ii)
desferrioxamine,[18] was considered nontoxic. This hexaden-
tate ligand binds iron(ii) well at high dilution, in contrast
to bi- and tridentate chelating agents. Iron complexes with
bidentate chelating agents are more sensitive to dissociation
upon dilution, which causes their electrode potentials to
shift to more positive values.[8] Considering that the “free”
iron concentration in vivo is about 10 times lower than that
used here, one can conclude that CP20 does not bind
iron(ii) under physiological conditions. Recently, we showed
that the electrode potentials of the iron(iii)/iron(ii) com-
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plexes with CP20 and ICL670 are near –150 mV under
physiological conditions, and that superoxide is unable to
reduce these complexes when they are fully formed. For
complexes with less than three CP20 or two ICL670 mole-
cules, reduction is thermodynamically feasible.[8] Electrode
potentials of other reducing agents will be discussed in a
future communication.

Experimental Section
All chemicals used were of analytical reagent grade or higher.
Fe(NO3)3·9H2O was the source of FeIII. Hydrogen peroxide stock
solutions were prepared from Merck Analyzed Reagent 30% hy-
drogen peroxide. Water was purified with a Millipore Milli-Q unit
fed with deionised water.

For pulse radiolysis, a Febetron 705 (Titan Systems Corp., San Le-
andro, CA, USA) 2.3-MeV accelerator with a pulse width (full
width at half maximum) of �50 ns was used as the radiation
source. The optical system consisted of a 75W Xe arc lamp (Hama-
matsu, Schüpfen, Switzerland), a 1-cm quartz cell (Hellma
GmbH & Co KG, Müllheim, Germany) and an Acton SP300 mon-
ochromator (Roper Scientific, Ottobrunn, Germany). For signal
detection, there were two options: (1) a R928 photomultiplier
(Hamamatsu, Japan) with a DHPCA-200 amplifier (Femto Mes-
stechnik GmbH, Berlin, Germany) and a DL7100 digital storage
oscilloscope (Yokogawa Electric Corporation, Tokyo, Japan) for ki-
netics traces or (2) a Princeton Instruments PI-MAX 512T gateable
ICCD-camera (Roper Scientific) for time-resolved spectra. The
dose per pulse used was 7–65 Gy, which corresponds to hydrated
electron concentrations of 1.8–17 μm.[19] Dosimetry was carried out
with thiocyanate.

The primary products from the radiolysis of water are H+
aq, e–

aq,
HO·, H·, H2 and H2O2. We used tert-butyl alcohol (0.1 m) or meth-
anol (0.1 m) as scavengers for HO· and H· radicals to produce the
fairly unreactive 2-hydroxy-2-methylpropyl- and hydroxymethyl
radicals.[19] Solutions for experiments with hydrated electrons con-
tained phosphate buffer (5 mm) and tert-butyl alcohol (0.1 m) or
methanol (0.1 m), and were evacuated and saturated with argon at
least five times.

The dioxocarbonate(·1–) radical was generated by reactions repre-
sented by Equation (3) and Equation (4). These solutions were sat-
urated with dinitrogen monoxide (24 mm) and contained formate
(50 mm, pH = 8.6).

e–
aq + N2O � HO· + HO– + N2 (3)

HCOO– + HO· � CO2
·– + H2O (4)

The kinetics of the reduction of the iron(iii)(cp20)3 complex and
the ligand dissociation were recorded at 450 nm. The decay of the
hydrated electrons was followed at 600 nm.

Stopped-flow experiments were obtained with an OLIS stopped-
flow instrument (Bogart, GA, USA) equipped with an OLIS RSM
1000 rapid-scanning monochromator set to collect up to 1000 spec-
tra per second. Solutions for the stopped-flow experiments were
prepared in Tris buffer (0.1 m), and evacuated and saturated with
argon at least five times before addition of iron(ii). Hydrochloric
acid was used to adjust the pH. The hydrogen peroxide solution
was purged with argon for at least 30 min.
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Species-distribution diagrams were calculated with the SPEC pro-
gram (R. Kissner, ETHZ). In SPEC, which was designed to calcu-
late the species distribution in solution equilibria from known for-
mation constants and total concentrations, the Newton–Raphson
algorithm is used to solve the system of nonlinear partition equa-
tions (“tangential method”).
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Structural and Dynamic Studies of Zinc, Gallium, and Cadmium Complexes of
a Dicarboxylate Pendant-Armed Cross-Bridged Cyclen
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Carolyn J. Anderson,[b] Lev N. Zakharov,[c] James A. Golen,[c][‡] and Arnold L. Rheingold[c]
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Inadvertently, the wrong X-ray structure was reported[1] for
the Zn-CB-DO2A complex. Instead, the structural data for a
related zinc complex was actually presented. The first para-
graph of the section X-ray Structural Data and Figure 5 on
page 3312, Table 1 on page 3313, the last two sentences of
the paragraph [Zn·1](NaClO4)1.5 and Table 3 on page 3314,
and the paragraph X-ray Crystallography on page 3315
should be replaced as follows (in addition, a corrected X-ray
CIF file was deposited with the CCDC):

X-ray Structural Data

The core structure of the zinc complex [Zn·1] is shown
in Figure 5. The ZnII cation is fully enveloped within the
cis-N4O2 donor set of the cross-bridged ligand in a dis-
torted octahedral geometry. The axial N(3)–Zn(1)–N(4) an-
gle of 156.97(11) [158.36(10)]° (structural data for a second
independent molecule are given in brackets) is substantially
away from linearity, showing that the ZnII is distended from
the cross-bridged cyclen cavity. Previous structural data of
zinc complexes of the cross-bridged cyclen and its deriva-
tives have also shown this distention from the ligand cavity
with axial N–Zn–N angles between 148 and 159°.[16–18] An-
other manifestation of these distortions can also be seen in
their longer axial N–Zn bonds (2.17–2.26 Å), similar to the
average of 2.19 Å found in [Zn·1]. All Zn–N and Zn–O
bond lengths are within a relatively narrow range of 2.03–
2.20 Å. Selected bond lengths and angles are shown in
Table 1. An X-ray structure of a DOTA complex of zinc(ii)
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featuring a related cis-N4O2 ligand coordination mode has
been reported.[19] This has an axial N–Zn–N angle of
153.9°, an axial Zn–N distance of 2.232 Å, an equatorial
Zn–N distance of 2.171 Å, and a shorter Zn–O distance of
2.037 Å. However, without the cross-bridging ethylene, the
equatorial N–Zn–N angle is opened up to 107.8° [compared
to the 83.6(1)° for N(1)–Zn(1)–N(2) here]. Also, the coordi-
nated carboxylate pendant arms are on the equatorial
macrocyclic nitrogen atoms rather than the axial ones and
this DOTA structure is thus close to C2v symmetry.

Figure 5. Molecular structure of Zn-CB-DO2A·NaClO4; hydrogen
atoms and sodium perchlorate have been omitted for clarity.

X-ray quality crystals were grown by ether diffusion into a sample
dissolved in methanol solution. These have a composition of
[Zn·1](NaClO4)(CH3OH)(H2O).

X-ray Crystallography: Diffraction intensity data were collected
with Bruker Smart Apex CCD ([Zn·1]) and Siemens P4 CCD
([Ga·1]NO3) diffractometers. Crystal data collection and refine-
ment parameters are given in Table 3. The structures were solved
using direct methods, completed by subsequent difference Fourier
syntheses, and refined by full-matrix least-squares procedures on
F2. SADABS absorption corrections were applied to [Ga·1]NO3

data (Tmin/Tmax = 0.724). In both structures all non-hydrogen



Structural and Dynamic Studies of Zinc, Gallium, and Cadmium Complexes CORRECTION
Table 1. Selected bond lengths [Å] and bond angles [°] for [Zn·1] (values for two symmetry-independent molecules are given).

Zn(1)–O(1) 2.032(3) O(1)–Zn(1)–O(3) 89.58(11)
Zn(1)–O(3) 2.047(2) O(1)–Zn(1)–N(1) 159.24(11)
Zn(1)–N(1) 2.130(3) O(1)–Zn(1)–N(2) 98.80(12)
Zn(1)–N(2) 2.116(3) N(1)–Zn(1)–N(2) 83.60(12)
Zn(1)–N(3) 2.193(3) N(3)–Zn(1)–N(4) 156.97(11)
Zn(1)–N(4) 2.195(3) N(1)–Zn(1)–N(3) 83.08(12)

Zn(2)–O(5) 2.058(2) O(5)–Zn(2)–O(7) 89.55(9)
Zn(2)–O(7) 2.040(2) O(5)–Zn(2)–N(5) 160.24(10)
Zn(2)–N(5) 2.123(3) O(5)–Zn(2)–N(6) 96.84(10)
Zn(2)–N(6) 2.126(3) N(5)–Zn(2)–N(6) 84.03(11)
Zn(2)–N(7) 2.172(3) N(5)–Zn(2)–N(7) 83.76(10)
Zn(2)–N(8) 2.182(3) N(7)–Zn(2)–N(8) 158.36(10)

Table 3. Crystallographic data for [Zn·1] and [Ga·1]NO3.

[Zn·1] [Ga·1]NO3

Empirical formula C30H48Cl2N8Na2O20Zn2 C14H24GaN5O7

Formula mass 1088.38 444.10
Crystal system, space group monoclinic, P21/c orthorhombic, P212121

a [Å] 8.8197(6) 8.7107(7)
b [Å] 17.2311(13) 12.5119(10)
c [Å] 29.841(2) 7.5586(6)
α [°] 90.0 90.0
β [°] 96.319(2) 90.0
γ [°] 90.0 90.0
V [Å3] 4507.4(6) 823.79(11)
Z 4 2
T [K] 218(2) 218(2)
λ [Å] 0.71073 (Mo-Kα) 0.71073 (Mo-Kα)
ρcalcd. [g·cm–3] 1.604 1.790
μ [mm–1] 1.286 1.724
Measured reflections 33251 6004
Independent reflections 10841 (Rint=0.0352) 1967 (Rint=0.0260)
R[a], R[b](ωF2) (obsd. data) 0.0514, 0.1415 0.0231, 0.0553
R[a], R[b](ωF2) (all data) 0.0638, 0.1495 0.0244, 0.0557
GOF 1.027 1.006

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] R(ωF2) = {Σ[ω(Fo
2 – Fc

2)2]/Σ[ω(Fo
2)2]}1/2; ω = 1/[σ2(Fo

2) + (aP)2 + bP], P = [2Fc
2 + max(Fo,0)]/3.

atoms were refined with anisotropic displacement coefficients. Hy-
drogen atoms were treated as idealized contributions. The Flack
parameter for [Ga·1]NO3 is 0.014(11). All software and sources of
scattering factors are contained in the SHELXTL (5.10) program
package (G. Sheldrick, Bruker XRD, Madison, WI, USA). CCDC-
291598 ([Zn·1]) and -229394 ([Ga·1]NO3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge at www.ccdc.uk/conts/retrieving.html [or from
the Cambridge Crystallographic Data Centre, 12 Union Road,
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Cambridge CB2 1EZ, UK; Fax: +44-1223-336-033; E-mail:
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Applications of ionic liquids to replace conventional solvents
in homogeneous transition-metal catalysis have increased
significantly during the last decade. Biphasic ionic liquid/or-
ganic liquid systems offer advantages with regard to product
separation, catalyst stability, and recycling but utilise in the
case of fast chemical reactions only a small amount of ex-
pensive ionic liquid and catalyst. The novel Supported Ionic

Introduction

In the last decade, ionic liquids have been studied exten-
sively as alternative solvents for homogeneous catalysis.[1]

Their ionic nature, nonvolatility, and thermal stability make
them highly suitable for biphasic ionic liquid/organic liquid
transition-metal catalysis.[2] The almost unlimited combina-
tions of cation and anion allow the synthesis of tailor-made
ionic liquids that can stabilise the catalytic species.[3] More-
over, appropriate ionic liquids can enhance substrate solu-
bility while possessing low product solubility, and thus facil-
itate simple product separation and complete catalyst recov-
ery.[4]

Biphasic ionic liquid/organic liquid systems generally re-
quire a large amount of ionic liquid. On the basis of econ-
omic considerations this is unattractive since ionic liquids
remain relatively expensive even though they are now com-
mercially available.[5] In addition, the high viscosity of ionic
liquids can induce mass transfer limitations if the chemical
reaction is fast, causing only a minor part of the ionic liquid
and precious transition metal catalyst dissolved therein to
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Liquid Phase (SILP) catalysis concept overcomes these draw-
backs and allows the use of fixed-bed reactors for continuous
reactions. In this Microreview the SILP catalysis concept is
surveyed by presenting results for the continuous gas-phase
hydroformylation of propene, as a reaction example.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

take part in the catalysed reaction. This problem can, how-
ever, to some extent be circumvented by intense stirring to
create smaller droplets with a larger reaction surface. This,
on the other hand, necessitates a high energy input due to
the viscosity of the ionic liquid and makes continuous pro-
cesses economically unviable. Thus, in contrast to the con-
ventional ionic liquid/organic liquid biphasic systems, an
ideal catalyst system would consist of a bulk catalyst phase
having the size of the diffusion layer, which allows all the
available metal complexes and ionic liquid to be involved in
the catalytic reaction. Additionally, solid catalyst systems
would allow application of continuous-flow-operated fixed-
bed processing.

A “heterogenised” type of homogeneous ionic liquid cat-
alyst system, described as Supported Ionic Liquid Phase
(SILP) catalysts, has recently been introduced and exam-
ined by us and other research groups for hydrofor-
mylation[6,7] (Rh-catalysed), carbonylation[8] (Rh-cata-
lysed), hydrogenation[9] (Rh-catalysed), Heck reactions[10]

(Pd-catalysed), hydroaminations[11] (Rh-, Pd-, and Zn-cata-
lysed) and epoxidation[12] (W-catalysed). In these SILP sys-
tems, a thin film of ionic liquid containing the homogen-
eous catalyst is immobilised on the surface of a high-area,
porous support material, as depicted in Figure 1.

In SILP catalysts the combination of high solvent po-
larity combined with nonvolatility [in contrast to water in
Supported Aqueous Phase (SAP) catalysis], ensures that the
catalytic species remain dissolved also in continuously oper-
ated reactions. Furthermore, the combination facilitates
separation of the catalyst phase from the organic product
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phase in contrast to many traditional organic liquid Sup-
ported Liquid Phase (SLP) catalysts. In addition, the high
dispersion of the ionic liquid/catalyst solution on the sup-
port surface results in a very efficient use of ionic liquid,
reducing the necessary amount of the precious catalyst and
the ionic liquid required. Consequently, SILP catalyst sys-
tems offer significant advantages compared to biphasic ca-
talysis in organic liquid/ionic liquid mixtures and to current
SLP and SAP catalyst systems.

Despite the important advantages mentioned above it
should be realised, however, that the use of SILP catalysts
in most cases is limited to gas-phase applications. For li-
quid-phase reactions even a minor ionic liquid solubility in
a liquid feedstock/product mixture can be sufficient to re-
move the catalyst from the carrier over time in both contin-
uously operated or batch processes upon catalyst recycling
(due to the very small amount of ionic liquid on the sup-
port). Even worse, the thin immobilised catalyst layer can
physically be removed from the support by mechanical
forces, for example, by a convective liquid flow.
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One of the first examples of liquid SILP catalysis, where
the problems of leaching became evident, was reported by
Mehnert and co-workers on the hydroformylation of 1-hex-
ene in batch autoclave mode.[6] They immobilised the ionic
liquid 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PF6]) by covalent bonding (through pendant silyl
groups) to the chemically modified surface of a silica gel.
Two monodentate phosphane ligands, tris(m-sulfon-
ylphenyl)phosphane trisodium salt (TPPTS) and tris(m-sul-
fonylphenyl)phosphane tris(1-butyl-3-methylimidazolium)
salt (TPPTI) were used for ligand modification of the rho-
dium precursor Rh(acac)(CO)2. The activity of the ob-
tained Rh/SILP catalysts was almost three times higher
than for comparable biphasic systems and was attributed to
a higher rhodium concentration at the large reaction inter-
face. However, at higher conversions significant rhodium
leaching occurred accompanied by significant depletion of
the supported ionic liquid layer. Recently, Rh–TPPTS/SILP
catalysts have also been prepared by immobilising the com-
plexes in the ionic liquids [BMIM][PF6], [BMIM][BF4], and
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Figure 1. Schematic illustration of Supported Ionic Liquid Phase (SILP) catalysts for fixed-bed reactor technology.

tetramethylguanidinium lactate (TMGL) supported on
mesoporous MCM-41.[13] The catalytic performance of
these catalysts was investigated in hydroformylation of dif-
ferent alkenes (C6 to C12), and the SILP catalysts were fur-
ther characterised by various methods. 31P NMR spectro-
scopic data revealed that the Rh–TPPTS complex forma-
tion in the SILP system occurred in a similar way to that
in an aqueous solution, clearly indicating the homogeneous
nature of Rh/SILP catalyst systems. Using the specific com-
bination of TMGL ionic liquid and MCM-41 support the
leaching problem was here claimed to be negligible, most
likely because of the slightly coordinating ability of the
ionic liquid to the rhodium atom. Notable, however, in
none of the above examples has a combination of good cat-
alyst durability and high product selectivity towards linear
aldehyde been demonstrated.

In this Microreview the advantages of SILP catalysis are
exemplified for the Rh-phosphane catalysed, continuous
gas-phase hydroformylation of propene. The Rh/SILP cata-
lysts employed in the study contained 1-butyl-3-methylimid-
azolium-based ionic liquids and the phosphane ligands

Scheme 2. Reaction scheme for Rh(3) complexes.

Eur. J. Inorg. Chem. 2006, 695–706 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 697

shown in Scheme 1. The involved ligands comprised both
mono- and bisphosphanes modified with ionic groups. All
the Rh(phosphane)/SILP systems, which can be stored un-
der argon over several months, were prepared using impreg-
nation by dissolving appropriate amounts of catalyst pre-
cursor, ligand, and ionic liquid in dried methanol, followed

Scheme 1. Phosphane ligands and ionic liquids applied in the study.
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by addition of dried support material and removal of meth-
anol in vacuo (details about materials and methods are de-
scribed in previous reports[7,14,15]). The catalysts are charac-
terised by the nature of the support, the ionic liquid loading
α (ratio ionic liquid volume/support pore volume), the rho-
dium content (mass ratio rhodium/support) and the molar
ligand/rhodium ratio (L/Rh).

The [Rh(µ-CO)(3)(CO)]2 precursor 6 (see Scheme 2), dis-
solved in ionic liquid [BMIM][PF6], has been investigated
by van Leeuwen et al. in the hydroformylation of 1-oc-
tene.[16] In-situ high-pressure IR and NMR studies indi-
cated that the formation of the active catalyst complex 7
occurred in a similar fashion to the formation in organic
solvents.[17] Beside these studies, detailed mechanistic un-
derstanding of homogeneous catalysis in ionic liquids is still
scarce.[18]

Catalyst Composition Studies

Variation of Support Material

As a first approach, different commercially available po-
rous, high-area supports were used to prepare Rh(phos-
phane)/SILP catalyst systems containing the same type of
ionic liquid and ligand content.[14] Table 1 compiles the sup-
port characteristics and Figure 2 shows the performance of
the Rh(3)/SILP catalysts with regard to activity (turn-over
frequency, TOF) and aldehyde selectivity (% n-butanal).

Figure 2. Propene hydroformylation activities and selectivities of
Rh(3)/SILP catalyst systems.

Table 1. Support material used for SILP-catalysed hydroformylation of propene.[a]

SiO2 Al2O3 TiO2 ZrO2
[b]

Supplier Merck Merck Millennium Co. MEL Chemicals
Trade name Silica gel 100 Alumina 90 neutral TIONA-G5 anatase MELCAT XZO-882

BET area [m2·g–1] 298 103 309 100
Pore volume [cm3·g–1] 1.02 0.25 0.37 0.13

Mean pore diameter [Å] 137 98 47 50
Particle size [µm] 63–200 63–200 n/a 15[c]

[a] The BET surface areas, pore volumes, and pore diameters were determined by nitrogen adsorption/desorption experiments and are
reproduced from ref.[14] [b] Obtained by calcination of Zr(OH)4·xH2O (500 °C, 15 h). [c] Corresponds to the 50% fractile.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 695–706698

Among the examined catalysts, the Rh(phosphane)/SiO2/
SILP catalysts revealed the highest initial activity (TOF =
21 h–1) and selectivity (95% n-butanal), but deactivated al-
most completely within 24 h on stream ending up with very
low activity and only half the initial selectivity. The
Rh(phosphane)/Al2O3/SILP and Rh(phosphane)/ZrO2/
SILP catalysts had both a lower initial activity and selectiv-
ity than the SiO2-based system but deactivated only slightly
at prolonged reaction (55 h). The most stable system exam-
ined was the Rh(phosphane)/TiO2/SILP catalyst which
maintained the initial (but rather poor) performance over
55 h, showing no sign of deactivation. It should be noted
that the ionic liquid loading differed for the various systems
which made the comparison of the absolute catalyst activi-
ties difficult. Though, a trend appeared to be that higher
pore volume of the support had a more pronounced effect
on the initial activity of the resultant catalyst than the BET
surface area. The use of supports with both low pore vol-
ume and BET area (i.e. Al2O3 and ZrO2) apparently re-
sulted in the least active SILP catalysts.

The different SILP catalysts were analysed by FT-IR
prior to and after reaction. After short-term reactions, all
SILP catalysts revealed CO stretching bands at ν(CO) �
1998 and 1940 cm–1, corresponding to the presence of cata-
lytically active [HRh(3)(CO)2] complexes (examples are
shown in Figure 3 for TiO2 catalysts). However, only the
FT-IR spectra of the used Rh(phosphane)/TiO2/SILP cata-

Figure 3. FT-IR spectra of TiO2-based Rh(3)/SILP catalyst system.
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lyst exhibited bands at ν(CO) = 1994 and 1936 cm–1 after
55 h on-stream. In contrast, the analogous CO bands for
the Rh(phosphane)/SiO2/SILP catalyst gradually disap-
peared after only 4 h in use and were not present after 55 h
of reaction.

For all SILP catalysts additional bands in the 1700–
2100 cm–1 region corresponding to bridging CO ligands, in-
dicative of formation of inactive dimer or cluster com-
pounds, were not observed. Hence, it was concluded that
the deactivation was caused by a support effect. Because of
the highest initial catalyst activity and selectivity, SiO2 was
used as the support material in all further experiments.

Variation of Ligand and Ionic Liquid

In homogeneous hydroformylation with rhodium–phos-
phane catalysts the nature of the involved ligands are
known to have a large influence on the catalytic perform-
ance of the resultant catalyst.[19] Generally, this is attributed
to a combination of electronic and steric factors induced by
the ligands to the metal atom thereby altering its coordina-
tion chemistry.

The effect of the phosphane ligand and of the ligand con-
tent (i.e. L/Rh ratio) contained in the SILP catalysts were
evaluated by determining the catalytic performance of SILP
catalysts containing the different ligands 1–3 (see
Scheme 1).[7] These ligands are based on triphenylphos-
phane, bridged phosphinane (both monodentate), and di-
phenyl-xantphos (bidentate) backbones, respectively. The
obtained results are summarised in Table 2.

Table 2. Catalytic performance of Rh(L)/SiO2/SILP systems with
different types of ligand and L/Rh ratios.

Entry L L/Rh α[a] TOF [h–1] n/iso n-Butanal [%]

1 – – 0.76 0.0 – –
2 1 2.9 0.00 55.5 0.9 47.4
3 1 2.9 0.33 3.7 1.0 50.0
4 1 2.9 0.78 20.6 0.9 47.4
5 1 2.9 1.00 16.8 1.0 50.0
6 2 2.9 0.00 114.8 1.0 50.0
7 2 2.9 0.30 6.9 0.9 47.4
8 2 2.9 0.78 38.0 0.9 47.4
9 2 2.9 1.00 30.5 0.9 47.4
10 2 11.3 0.05 88.4 2.0 66.7
11 2 11.3 0.15 79.4 1.3 56.5
12 2 21.4 0.00 45.8 2.8 73.8
13 2 21.3 0.05 28.2 2.6 72.2
14 3 2.5 0.00 37.4 1.7 63.0
15 3 2.4 0.17 1.5 1.8 64.0
16 3 2.5 0.49 5.1 2.0 66.4
17 3 10.2 0.00 40.8 16.9 94.4
18 3 10.0 0.08 37.0 23.3 95.9
19 3 10.0 0.18 34.9 22.6 95.8
20 3 10.0 0.52 25.4 22.0 95.6
21 3 20.0 0.20 16.7 23.7 96.0

22[b] – – 0.51 0.2 1.0 50.0
23[b] 3 2.5 0.52 6.4 1.9 65.4
24[b] 3 10.0 0.50 17.9 18.6 94.9

[a] Ionic liquid loading, α = ratio of ionic liquid volume to support
pore volume. [b] Ionic liquid = [BMIM][n-C8H17O–SO3]. All other
catalysts were based on [BMIM][PF6].
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For the monophosphane catalysts the obtained selectivi-
ties were significantly lower than for analogous bis(phos-
phane) catalysts, as expected, with only 47–74% linear alde-
hyde being formed compared to typically 94–96% for the
Rh(3) catalyst at identical catalyst composition. Further-
more, an increase in mono(phosphane) ligand content gen-
erally resulted in less active but more selective SILP cata-
lysts (e.g. Entries 10 and 13). The effect on the selectivity
was, however, less pronounced at very large excess of ligand,
i.e. with L/Rh ratio of 21.4 (Entry 13), but remained signifi-
cantly negative for the activity. Thus, the optimal L/Rh ra-
tio for the mono(phosphane) 2 catalysts was found to be
around 10.

The same ligand content trend observed for the catalysts
based on ligands 1 or 2 was also observed for the catalysts
containing the bidentate ligand 3 (Entries 15, 19, and 21).
Additionally, for the Rh(3) catalysts with low L/Rh ratios
of 2.5 the activity was found to be high only for the ionic-
liquid-free system (Entry 14), while selectivities towards lin-
ear aldehyde were low in all reactions regardless of ionic
liquid loading (Entries 14–16). This catalytic behaviour dif-
fered from the one observed with Rh(3) catalyst solutions in
ionic liquid/organic and aqueous/organic biphasic systems,
where catalysts having L/Rh ratios of 5 yielded product lin-
earity � 97%.[20] Increasing the L/Rh ratio to 10 and 20
resulted in high linearities of 94.4–96.0%, similar to the
ones for biphasic catalysis. Furthermore, for L/Rh ratios of
10 the activities were reasonably high with TOFs between
25 and 41 h–1, depending on the liquid loading (Entries 17–
20). Here the optimal L/Rh ratio was also found to be 10,
indicating a support–ligand interaction which reduced the
effective ligand excess for all three types of ligand-based
catalysts. All consecutive experiments were carried out
using ligand 3 with an L/Rh ratio of 10.

With respect to the ionic liquid in the catalysts, the ionic
liquid [BMIM][PF6] itself was not catalytically active in the
hydroformylation (Entry 1), as expected. The degree of pore
filling, indicated by the ionic liquid loading (α), had, how-
ever, a significant effect on the activity of all three catalyst
systems applied, revealing a decreasing activity with in-
creasing liquid loading. Thus, for the mono(phosphane) li-
gand systems the highest initial activity was obtained in the
absence of ionic liquid (Entries 2, 6, and 12), which might
be attributed to the formation of surface-bound rhodium
species exhibiting high activities and to the absence of any
mass-transport-limiting factors in these purely hetero-
geneous catalysts. However, for catalysts with α values
about 0.3 (Entries 3 and 7) exceptionally low activities were
obtained for ligands 1 and 2, the reason for this being at
present not clear. For Rh(3) catalysts the highest initial ac-
tivity was also obtained in the absence of ionic liquid (En-
try 17). Moreover, a linear dependence between the de-
crease in activity and the ionic liquid loading could be
correlated with results from nitrogen absorption studies,
where the catalyst pore volume was found to decrease pro-
portionally with the different ionic liquid loadings.[21]

In contrast to the ionic liquid content, the nature of the
ionic liquid anion had essentially no influence on the SILP
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catalyst performance. Thus, upon replacing [BMIM][PF6]
with the halogen-free ionic liquid [BMIM][n-C8H17O–SO3]
similar activities and selectivities were observed (Entries 16
and 23, and 20 and 24). Hence, in consecutive experiments
catalysts containing [BMIM][n-C8H17O–SO3] were applied,
and the ionic liquid loading was maintained at α = 0.1 in
order to achieve high pore volume and large reaction sur-
face area.

Catalyst Stability Studies

Support Pretreatment

From the results obtained in the catalyst composition
studies (see above) it became obvious that ligand–support
interactions probably were responsible for catalyst instabil-
ity. In the case of titania catalysts, where the support con-
tained practically no Brønsted acidic sites, long catalyst life-
times beyond 50 h of reaction were achieved, whereas cata-
lysts based on more Brønsted-acidic silica gel support deac-
tivated relatively fast, indicated by loss of both activity and
selectivity. In order to examine the effect of the support
acidity, acidic sites on the silica gel support were reduced
before use by thermal dehydroxylation of the support
(500 °C, 15 h). Subsequently, using dehydroxylated silica
catalysts with L/Rh ratio of 10 and ionic liquid loadings of
α = 0.1, the SILP catalyst systems proved stable over 60 h,
as shown in Figure 4 for an Rh(3) catalyst.[15]

Figure 4. Propene hydroformylation activity and selectivity of
Rh(3) silica-based SILP catalysts (α = 0.1) as a function of 3/Rh
ratios.

The catalytic performance and catalyst stability, however,
still proved to be significantly influenced by the ligand ex-
cess, as also shown in Figure 4. Rh(3) catalysts having low
ligand contents (3/Rh ratios of 3 and 5) were initially very
active compared to the catalyst with 3/Rh ratio of 10 but
less selective, and deactivated furthermore within the first
24 h of reaction resulting in very low catalytic performance
(TOF = 4–5 h–1, n/iso ratio = 1–1.3). In contrast, catalysts
with a high ligand content (3/Rh ratios � 10) retained the
initial catalytic performance with significantly higher ac-
tivity (TOF = 44 h–1) and selectivity (n/iso ratio � 20) dur-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 695–706700

ing prolonged (60 h) reactions. These results clearly indi-
cated that a large excess of ligand was required to obtain a
stable SILP catalytic system. Even after the thermal pre-
treatment, which induced a considerable removal of acidic
surface sites, support–ligand reactions apparently still low-
ered the amount of effective ligand excess necessary for
complex formation.

Beside the ligand content, the amount of ionic liquid also
influenced the catalytic performance of catalysts based on
the pretreated silica support, clearly signifying the impor-
tance of the ionic liquid solvent. Thus, varying the amount
of ionic liquid loading (α = 0–0.5), the catalyst systems con-
taining no ionic liquid deactivated rapidly; only 30% of the
initial activity and selectivity remained after 60 h of reac-
tion time. The deactivation could be explained by surface
diffusion of ligand 3 from the initially Rh-coordinated
active state to the stronger surface-bonded state, in which
the metal atom was less coordinated to the ligand but poss-
ibly more strongly coordinated to the support and thus less
active and selective. Evidently, the Rh(3)/SILP catalysts re-
quired a certain amount of ionic liquid solvent; not only to
provide a high selectivity but also to retain long-term sta-
bility during continuous processes.

Further, since the hydroformylation product selectivity
with respect to aldehydes is known to depend on the avail-
able amount of ligand for coordination,[22] the simultaneous
decrease in selectivity along with activity indicated that de-
activation was closely related to a gradual degradation and
removal of ligand from the catalyst complex system. The
presence of surface–ligand interaction in the pretreated
Rh(3) catalyst (3/Rh = 10) was confirmed by solid-state
MAS 31P NMR spectra recorded prior to reaction, as
shown in Figure 5. Here, signals corresponding to free li-
gand (δ = –13 ppm, 27%), surface-bonded ligand (δ =
–21 ppm, 54%), and complexed ligand (δ = 31 ppm, 19%)
were found.[15]

Figure 5. MAS 31P NMR spectra and deconvoluted spectra of pre-
pared Rh(3)/SiO2/SILP catalyst (3/Rh ratio = 10). δ1 = –21 ppm,
54%, support-bonded 3; δ2 = –13 ppm, 27%, 3; δ3 = 31 ppm, 19%,
complex-bonded 3.

Additional explanation of the observed catalytic results
was obtained from in-situ FT-IR measurements of complex
formation at 100 °C and atmospheric pressure. In Figure 6
the FT-IR spectra of the catalyst with 3/Rh = 10 under (a)



Supported Ionic Liquid Phase (SILP) Catalysis MICROREVIEW
nitrogen, (b) after 15 min, and (c) 30 min exposure to
syngas (CO/H2 = 1:1) are shown. They indicate the rela-
tively fast transformation (Scheme 2) from the pale-red di-
meric complex [Rh(µ-CO)(3)(CO)]2 (6) [ν(CO) = 1990 (br.)
cm–1], which is a nonactive, stable state of the catalyst, to
the light-yellow precatalytic monomeric HRh(CO)2(3) ea-
and ee-isomeric complexes 7-ea [ν(CO) = 1994, 1948 cm–1]
and 7-ee [ν(CO) = 2035 (w), 1964 cm–1], which co-exist in
dynamic equilibrium.[15]

Figure 6. Part of FT-IR spectra of Rh(3)/SiO2/SILP catalysts (3/
Rh = 10, α = 0.5) at 100 °C after (a) 15 min nitrogen exposure, (b)
15 min syngas exposure, and (c) 30 min syngas exposure.

Re-exposure of the 7-ea/7-ee isomeric mixture to inert
gas slowly regenerated the dimer 6 reversibly, while air treat-
ment presumably led to irreversible complex degradation
and oxidation of excess ligand. The degradation product
was dark yellow and had a broad CO band at ν(CO) =
1972 cm–1. Importantly, the complex formation in the
Rh(3)/SiO2/SILP catalysts having 3/Rh ratio of � 10 were
very similar to what previously has been reported for Rh(3)
and analogous Rh(xanthene-based ligand) systems in ionic
liquids[16] and organic solvents,[23] as shown in Table 3.
Thus, it seemed reasonable to conclude that the Rh(3) com-
plex was formed in the ionic liquid film and that the exam-
ined SILP hydroformylation reactions were indeed of purely
homogeneous nature.[15]

In the FT-IR spectra recorded of the analogous catalysts
with 3/Rh ratios of 3 and 5, the degradation product was
(in sharp contrast to the catalysts with high ligand content)
irreversibly formed independent of the gas treatment, and
was significantly more pronounced for catalysts with 3/Rh

Table 3. Comparison of IR ν(CO) bands in HRh(CO)2(L) complexes in different systems.

Complex system Solvent ν(CO) ea isomer [cm–1] ν(CO) ee isomer [cm–1] Ref.

Rh(3)/SiO2/SILP [BMIM][n-C8H17O–SO3] 1994, 1948 2035(w), 1964 [15]

HRh(CO)2(3) [BMIM][PF6] 1985, 1935 2032, 1967 [16]

HRh(CO)2(xantphos) benzene 1991, 1941 2036, 1969 [23]

HRh(CO)2(thixantphos) cyclohexane 1999, 1953 2040, 1977 [23]
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= 3 than for catalysts having 3/Rh = 5. This clearly sug-
gested that an insufficient excess of ligand 3 was present
in these systems with low ligand content to maintain the
equilibrium between the modified hydrido complex 7 and
the unmodified hydrido complex 8 in favour of complex 7,
as shown in Scheme 2. This was in excellent accordance
with the relative catalyst selectivities and stabilities mea-
sured, since the unmodified hydrido complex provided low
selectivity (n/iso ratio � 2) and facilitated formation of in-
active clusters at the modest CO partial pressure applied.
Hence, it seemed unambiguously justified that the SILP cat-
alyst stability was directly connected to the complex degra-
dation reaction, which additionally seemed to be correlated
to the amount of accessible ligand available for complex
formation in the systems.

The content of acidic support OH groups (mostly
Brønsted sites) contained in the partly dehydroxylated silica
support was evaluated by ammonia temperature-pro-
grammed desorption (TPD) to be 69 µmol OH/g support,
corresponding to 26% of the original content present in the
untreated support. This was in relatively good agreement
with the remaining fraction of 35% Si–OH groups (Q3, δ
� 100 ppm) relative to Si–O–Si groups (Q4, δ � 111 ppm)
measured by solid-state MAS 29Si NMR spectroscopy for
analogous samples. Therefore, it seemed reasonable to as-
sume that the applied pretreatment decreased the amount
of acidic support OH groups only by dehydroxylation of
surface silanol groups thereby causing no significant struc-
tural changes of the support. This was further affirmed by
the identical Tmax values obtained for ammonia desorption
(i.e. desorption sites are identical), and by the practically
unchanged BET surface area and pore volume after dehy-
droxylation.

As a consequence, it should therefore be anticipated that
highly stable SILP catalysts could only be obtained in those
cases where the ligand content was sufficient to compensate
the loss induced by the surface bonding as shown in
Table 4. This was in excellent agreement with the experi-
mental data from the catalytic reactions, thus clearly show-
ing that the relative content of acidic support OH groups
most probably was the key factor determining the long-
term stability for silica-support-based Rh(phosphane)/SILP
catalysts.[15]

Table 4. Effective L/Rh ratios in SILP-catalysed hydroformylation
using pretreated silica.

L/Rh cL,eff [µmol g–1] free L [%] (L/Rh)eff

3 58 0 �1
5 97 30 1.5

10 194 65 6.5



A. Riisager, R. Fehrmann, M. Haumann, P. WasserscheidMICROREVIEW
Deactivation/Reactivation Assessment

All the stability measurements of the Rh(3)/SILP catalyst
discussed so far were initially studied at 100 °C and 10 bar
syngas pressure (H2/CO = 1:1) over a period of up to 36 h.
This time on-stream was further extended to 180 h to test
the long-term stability of the Rh(3) dehydroxylated catalyst
system.[24]

In the extended reaction period the selectivity towards
linear butanal remained constant around 95% (n/iso = 19),
whereas the TOFs slightly decreased over time, correspond-
ing to a total loss in activity of 17% or 0.1% per hour.
Since the selectivity remained unchanged it was excluded
that deactivation was caused by catalyst decomposition, as
observed in the previous studies when using low L/Rh ra-
tios.[7,14,15] ICP (inductively coupled plasma) analyses of the
exit gas streams condensed by liquid nitrogen further estab-
lished the rhodium contents to be below the detection limit
of 3 ppm. Instead, the formation of high-boiling side-prod-
ucts, dissolving in the ionic liquid layer during reaction
causing a lowering in the effective rhodium concentration,
was suspected to be the reason of the slow activity decrease
measured. Furthermore, the film thickness might be in-
creased and smaller pores flooded, which would lead to a
lower reaction surface. To confirm this hypothesis, the gas
flow was temporary stopped after 180 h on-stream and the
reaction setup evacuated for 10 min at 100 °C. When the
experiment was continued after this procedure, the activity
had indeed increased by 80% from initially 60 to 108 h–1.
Within the next 20 h of reaction the TOFs decreased again
from 108 h–1 to 76 h–1 and the selectivity was re-established
at 95% n-butanal. A second vacuum period of 10 min re-
sulted in improved TOFs, as depicted in Figure 7. In both
cases the observed “overshooting” of the activity directly
after evacuation might be caused by either simultaneous re-
moval of CO ligand of the Rh complex leading to higher
activity or a rearrangement of the active surface due to sud-
den evaporation of dissolved heavies. In the first case a
lower selectivity would be expected which was indeed ob-
served directly after the evacuation. Thereafter, the catalyst
solution was resaturated with CO gas and both the activity
and the selectivity approached the initial levels.

The findings from the evacuation experiment confirmed
the interpretation that the observed slight deactivation over
time was not due to catalyst decomposition, as an ac-
companying decrease in activity and selectivity otherwise
would have been observed. Instead, we expected the forma-
tion of 2-ethylhexanal and 2-ethylhexanol to be of rele-
vance, as traces of these high-boiling side products were ob-
served at particular high conversions.

To support this interpretation the deactivated catalyst
was removed from the reactor and the pale yellow catalyst
particles placed in two round-bottomed flasks containing
cyclohexane and ethanol, respectively. Immediately, the eth-
anol solution became orange whereas the cyclohexane solu-
tion remained colourless, indicating that the ethanol wash
led to removal of the ionic catalyst phase from the support
while the cyclohexane wash did not. Both solutions were
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Figure 7. Reactivation of Rh(3)/SiO2/SILP catalyst by consecutive
application of vacuum. 100 °C, 10 bar syngas.

subsequently analysed by means of GC-MS (ethanol solu-
tion after distillation and separation of nonvolatile ionic li-
quid fragments), where content of small amounts of by-
products 1-butanol, 2-ethylhexanal, and 2-ethylhexanol
were confirmed, as expected. Additionally, IR analysis of
both used and unused Rh/SILP catalysts was carried out.
The used catalyst showed an absorbance band at 1730 cm–1

(corresponding to the C=O stretching frequency) clearly in-
dicating the presence of aldehydes in the catalyst.

Kinetic Studies

Long-term stability and kinetic experiments have been
conducted in order to further prove the findings from the
catalyst composition studies with Rh(3) catalysts. For these
studies a continuous reactor setup equipped with online gas
chromatography, described in detail previously, has been
applied.[24] The general rate law for the hydroformylation of
propene was assumed to be

r = k·ppropene
n ·pH2

x ·pCO
y

Differential, Integral, and Arrhenius Analysis

In the first kinetic experiments the substrate concentra-
tion was varied by changing the propene partial pressure
ppropene in the feed gas (at constant total pressure) between
0.9 and 3.2 bar at temperatures in the range of 65–140 °C.
In Figure 8 the obtained results are compiled.

As expected, the highest catalyst activities (correspond-
ing to TOFs of about 500 h–1) and the lowest selectivities
(down to 88% linearity) were obtained at high propene par-
tial pressure and high temperature. However, the activities
at 140 °C were not as high as expected assuming a normal
Arrhenius temperature dependence, which was attributed to
the formation of high-boiling by-products dissolved in the
ionic liquid layer, thus lowering the effective catalyst con-
centration (see “deactivation/reactivation assessment”). The
rate constants k were derived from differential analyses of
the data, and the reaction with respect to propene partial
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Figure 8. Activity and selectivity in Rh(3)/SiO2/SILP-catalysed pro-
pene hydroformylation as a function of temperature and propene
partial pressure.

pressure was determined to be of first order (i.e. n = 1). This
dependency was similar to traditional organic and aqueous
(phosphane)Rh-catalysed hydroformylation systems.[19]

At a constant propene partial pressure of 2.1 bar the resi-
dence time inside the catalyst bed was varied by altering the
total reactant flow, as shown in Figure 9.

Figure 9. Activity and selectivity in Rh(3)/SiO2/SILP-catalysed pro-
pene hydroformylation as a function of residence time.

The selectivity for the desired linear aldehyde was only
influenced by temperature and not by residence time.
Shorter residence times generally resulted in lower conver-
sions, as expected. However, under nondifferential condi-
tions at higher conversions the observed TOFs decreased
slightly with longer residence times, due to lower mean
levels of propene present in the reactor. An integral analysis
of the data revealed the rate constants k for the temperature
range between 65 and 120 °C.

From the independent propene pressure and residence
time experiments the activation energy was calculated from
Arrhenius plots to be 63.3±2.1 kJ·mol–1. This value indi-
cated that the Rh(3)/SiO2/SILP catalyst was operating un-
der kinetically controlled reaction conditions and added
further proof to the homogeneous nature of the Rh/SILP
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catalyst as confirmed by spectroscopic studies (vide supra).
In Table 5 the result obtained with the Rh(3)/SILP catalyst
is compared with results for other rhodium-catalysed hy-
droformylations using sulfonated ligands in aqueous media
and supported aqueous media.

Table 5. Comparison of results for Rh(3)/SiO2/SILP hydrofor-
mylation with literature results.

Substrate Catalyst EA [kJ·mol–1] Solvent Support Ref.

Propene HRh(CO)2(3) 63.2 IL[a] SiO2
[20]

Propene HRh(CO)(L)3
[b] 77.0 water – [21]

1-Octene HRh(CO)(L)3
[b] 65.9 water – [22]

1-Octene HRh(CO)(L)3
[b] 71.0 water SiO2

[23]

Linalool HRh(CO)(L)3
[b] 60.7 water SiO2

[24]

1-Dodecene HRh(CO)(L)3
[b] 72.8/70.9[c] water[d] – [25]

[a] Ionic liquid = [BMIM][n-C8H17O–SO3]. [b] L = TPPTS. [c] Two
different algorithms were used for data analysis. [d] CTAB (cetyltri-
methylammonium bromide) surfactant used.

The activation energy of propene using Rh/SILP cata-
lysts is slightly lower than the one determined by Mao et
al. for HRh(CO)(TPPTS)3 in water,[25] while the activation
energy compared with HRh(CO)(TPPTS)3 in supported
aqueous phase (SAP) catalysis of higher alkenes[26–29] is in
good agreement. This comparison provides additional evi-
dence that the Rh/SILP catalyst truly acts as a homogen-
eous catalyst in the ionic liquid film immobilised on the
silica.

Variation in Syngas Composition and Total Pressure

In order to further assess the effect of parametrical
changes to the Rh(3)/SILP hydroformylation system, the
ratio between the partial pressures of hydrogen and carbon
monoxide (pH2

/pCO ratio) has been varied between 0.25 and
4 (at constant total pressure) in reactions performed at 65
and 100 °C.[24] Increasing the hydrogen partial pressure had
a profound effect on the catalyst activity for both tempera-
tures, as depicted in Figure 10.

Figure 10. Activity of Rh(3)/SiO2/SILP catalyst at different syngas
compositions (H2/CO ratios) and temperatures. 10 bar syngas pres-
sure.
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The positive effect of a high relative hydrogen pressure is

well known in homogeneous hydroformylation[30] and can
be derived from the generally accepted Wilkinson mecha-
nism for ligand-modified rhodium catalysis,[31] in which the
pre-equilibrium between dimer 6 and monomer 7 is shifted
towards the active monomer 7 at higher partial pressures of
hydrogen. Furthermore, the observed negative influence of
high carbon monoxide partial pressures was also in accord-
ance with this mechanism, in which the formation of cata-
lytically active species requires the loss of CO during the
cycle.[30,32] Thus, these findings provided further verification
of the homogeneous nature of the Rh/SILP catalyst system.

At 100 °C the catalyst selectivity for n-butanal was prac-
tically independent of the H2/CO ratio (� 0.5% variation),
while the syngas ratio significantly influenced the selectivity
at the lower temperature of 65 °C providing high selectivity
of about 98% with an H2/CO ratio of 4. Moreover, at 65 °C
with a large excess of CO gas (H2/CO = 0.25) n-butanal
was formed exclusively with 99.5% selectivity (n/iso = 193).
Such high selectivity has not previously been reported for
Rh(3) catalyst systems in either homogeneous or biphasic
reaction systems, normally performed in batch autoclaves.
These results indicate the high potential of the SILP con-
cept for obtaining a better mechanistic understanding in
homogeneous catalysis, as exceptionally low steady-state
conversions (impossible to realise in batch mode) can be
adjusted in fixed-bed reactors. Additionally, the fixed-bed
SILP catalytic concept allows a variety of reaction param-
eters to be altered over a broad range by using only small
amounts of precious catalyst.

At a reaction temperature of 100 °C, the effect of the
total syngas pressure ptotal on the catalyst performance was
further examined by changing the pressure between 10 and
30 bar at fixed pH2

/pCO pressure ratios.[24] From these pres-
sure variations the reaction order with respect to hydrogen
was determined to be x = 0.4 and the reaction order with
respect to carbon monoxide to be y = –0.4. The selectivity
remained nearly unchanged around 93% n-butanal for all
experiments. By combining the obtained pressure depend-
encies for all of the three gases involved the general rate law
for the propene hydroformylation using Rh(3)/SiO2/SILP
catalysts could therefore been established as

r = k·ppropene
1 ·pH2

0.4·pCO
–0.4

Effect of Carbon Dioxide Cofeeding

Carbon dioxide gas is known to have high solubilities in
most ionic liquids, lowering their viscosity and thus enhanc-

Table 6. Rh(3)/SiO2/SILP catalyst performance in propene hydroformylation with CO2 cofeed.

pHe TOF n-Butanal pCO2
TOF n-Butanal ∆(TOF)[a] ∆(n-Butanal)[b]

[bar] [h–1] [%] [bar] [h–1] [%] [%] [%]

1.8 15.9 94.8 1.8 16.2 94.0 2.0 0.9
7.3 20.4 94.8 7.3 21.6 94.2 6.1 0.6
13.6 25.9 95.1 13.6 28.1 94.5 8.3 0.7
36.4 34.9 94.7 36.4 46.7 94.6 35.1 0.1

[a] ∆ = [(TOFCO2
– TOFHe)/TOFHe]·100%. [b] ∆ = [(n-ButanalCO2

– n-ButanalHe)/n-ButanalHe]·100%.
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ing the diffusion of other gases.[33] In recent publications,
the effect of super- and sub-critical CO2 on hydrogen and
oxygen solubilities has been reported.[34] In order to study
the effect of CO2 addition on the SILP-catalysed hydrofor-
mylation of propene, inert gas helium was replaced by a
CO2 cofeed corresponding to partial pressures between 1.8
and 36.4 bar.

From the results in Table 6 it became obvious that CO2

indeed had a positive effect on the performance of the SILP
catalyst. The initial activity obtained using helium could be
increased by 2% at 1.8 bar CO2 gas up to 35.1% at 36.4 bar
CO2 pressure. In contrast, the initial selectivity was not in-
fluenced by the CO2 addition and remained constant
around 94.5% throughout the experiments, and hydrogena-
tion by-products could not be detected by GC analysis.

Concluding Remarks

In this Microreview, we have described important pro-
gress in the very promising field of SILP catalysis, exem-
plified by the hydroformylation of propene. The long-term
stability of Rh(3)/[BMIM][n-C8H17O–SO3] catalysts sup-
ported on partly dehydroxylated silica was demonstrated,
and clear spectroscopic evidence for the homogeneous na-
ture of the catalysis in the supported ionic liquid layer was
presented. Moreover, the prerequisite for obtaining active,
highly selective, and Rh(3)/SILP hydroformylation catalysts
with long-term stability was established to involve both the
presence of an ionic liquid solvent and the content of a
relatively large excess of phosphane ligand to compensate
for some detrimental surface activity. The activation energy
of 63.3±2.1 kJ·mol–1 added evidence that the catalyst was
indeed homogeneous, i. e. a complex dissolved in an ionic
liquid film on a support. Furthermore, the Rh/SILP cata-
lyst performed similarly to a homogeneous catalyst with re-
gard to variation in syngas composition. The presented
work further confirms the high technical potential of the
SILP catalysis concept as it allows the combination of
homogeneous catalysis and its advantages with hetero-
geneous, fixed-bed technology. In this way, the SILP con-
cept might provide a better mechanistic understanding of
homogeneous catalysis (with only a small amount of pre-
cious catalyst) as reaction studies may be carried out at
steady-state conversions unattainable by traditional batch
reactions.

In perspective, we believe that the knowledge gained in
this work could accelerate significantly the successful devel-
opment of new SILP catalysts and future SILP catalysis
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applications (e.g. other C–C couplings, hydrogenations
etc.). Here, advent of task-specific ionic liquids (TSILs)[35]

may also provide new opportunities for catalyst immobili-
sation and stabilisation in the ionic phase. From our work it
becomes quite obvious that the combination of well-defined
catalyst complexes, nonvolatile ionic liquids and solid, po-
rous supports offers much more than traditional supported
liquid-phase catalysis[36] using water or organic solvents
which clearly suffers from evaporation of the supported sol-
vent.[37] We therefore anticipate that the SILP catalysis con-
cept may be able to contribute significantly to future devel-
opments aiming for highly selective, heterogenised homo-
geneous catalysts.
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A simple and efficient synthetic route for the preparation of
enantiopure scorpionate ligands is described that allows the
optimization and rapid access to ligands with diverse chiral
environments.

Introduction

The traditional approach to asymmetric catalysis with
metal-based catalysts is an iterative operation that revolves
around the synthesis of chiral ligands of high enantiopur-
ity.[1] Once the chiral ligands have been bound to the metal
centers, the new catalysts are examined to determine their
enantioselectivities and activities. The results of these stud-
ies are evaluated, and the next generation of ligands is de-
signed. In this process, the key to efficient reaction optimi-
zation is often rapid access to numerous catalysts with di-
verse chiral environments. Unfortunately, the synthesis of
enantiopure ligands can be an arduous task, severely ham-
pering the optimization of the asymmetric process.[2]

During the last decade, our research group has been in-
terested in the synthesis of new “heteroscorpionate” li-
gands[3] with pyrazole rings. These new ligands are related
to the tris(pyrazol-1-yl)methane system,[4] but in this case
one of the pyrazole groups is replaced by a carboxylate,
dithiocarboxylate, methoxy, or cyclopentadienyl[5] group.
We recently reported a racemic example of a bis(pyrazol-1-
yl)acetate tripod ligand in which the chirality originates
from the two different pyrazolyl donor groups bound to the
methoxyacetate moiety.[6] More recently, Burzlaff et al.[7]

prepared two enantiopure NNO acetate–scorpionate li-
gands in which the chirality originates from pyrazolyl
groups; the process involved three synthetic steps. We pres-
ent here a simple, versatile, and efficient synthetic route for
the preparation of enantiopure scorpionate ligands in one
step by an insertion reaction of a commercial, enantiopure
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isocyanate or isothiocyanate into a conventional bis(pyr-
azol-1-yl)methane. This approach extends our method for
the insertion of carbon dioxide into the bridging carbon
atom to other types of heterocumulenes. We have prepared
the first amidate and thioamidate lithium compounds as a
new class of enantiopure scorpionate ligands. These ligand
systems can be optimized by modifications in both the bis-
(pyrazol-1-yl)methane and the isocyanate or isothiocyanate
moieties to give diverse chiral environments. Titanium com-
plexes have been prepared with these types of chiral ligands.

Results and Discussion

Deprotonation at the methylene group of bis(3,5-dimeth-
ylpyrazol-1-yl)methane (bdmpzm)[8] with nBuLi, followed
by reaction with achiral and chiral isocyanates [e.g., tert-
butyl isocyanate and (S)-(–)-α-methylbenzyl isocyanate] and
isothiocyanates [e.g., tert-butyl isothiocyanate and (S)-(–)-
1-phenylpropyl isothiocyanate] yielded the lithium com-
pounds [Li(tbpam)]2 (1) [tbpam = N-tert-butyl-2,2-bis(3,5-
dimethylpyrazol-1-yl)acetamidate], [Li(S-mbbpam)]2 (2)
[S-mbbpam = (S)-(–)-N-α-methylbenzyl-2,2-bis(3,5-dimeth-
ylpyrazol-1-yl)acetamidate], [Li(tbptam)]2 (3) [tbptam = N-
tert-butyl-2,2-bis(3,5-dimethylpyrazol-1-yl)thioacetamid-
ate], and [Li(S-ppbptam)]2 (4) [S-ppbptam = (S)-(–)-N-1-
phenylpropyl-2,2-bis(3,5-dimethylpyrazol-1-yl)thioacetam
idate], which were isolated as white or yellow solids in good
yield (85%) after the appropriate work-up (see Scheme 1).

The mass spectra (FAB) of 1–4 indicate a dinuclear for-
mulation. The 1H and 13C-{H} NMR spectra of 1 and 3
(achiral compounds) show a single set of resonances for the
pyrazole rings, indicating that the two pyrazole rings are
equivalent. However, the 1H and 13C-{H} NMR spectra of
complexes 2 and 4 (chiral compounds) exhibit two reso-
nances for each of the H4, Me3, and Me5 pyrazole protons,
indicating that the two pyrazole rings are nonequivalent.
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Scheme 1. Synthesis of lithium compounds 1–4.

These results agree with a proposed tetrahedral arrange-
ment for the lithium atoms with a κ3-NNE-coordination (E
= O or S) for the heteroscorpionate ligand, where the oxy-
gen or the sulfur atom of the scorpionate ligands bridge the
two lithium atoms (see Scheme 1). In this arrangement,
when R1 = R2 = R3 (achiral compounds), there is a sym-
metry plane that contains the lithium atoms, the bridging
carbon atoms of the pyrazolyl rings, and the amidate or
thioamidate fragments. However, when R1 � R2 � R3, this
symmetry plane does not exist, and the pyrazole rings are
nonequivalent. This structural arrangement was corrobo-
rated by an X-ray crystal structure determination for 1 (see
Figure 1).[9] The geometry around the Li atom can be de-
scribed as a distorted tetrahedron with a “heteroscorpion-
ate” ligand that acts in a tridentate fashion (two coordi-
nated pyrazole rings and an oxygen atom from the amidate
fragment bridge the lithium atoms). The dimeric aggregate
is based on Li2O2 four-membered rings, which have pre-
viously been observed in other lithium compounds contain-
ing, for example, anionic tris(imidazol-2-yl)phosphanes,[10]

boroxides,[11] aryloxides,[12] or ester enolate[13] ligands.
However, it should be noted that compounds with this type
of metallacycle containing a scorpionate ligand have not
been reported in the literature. The corresponding Li–O
bond lengths are essentially the same as in the lithium com-
pounds mentioned above, although notable asymmetry is
present within the amidate bridge [Li(1)–O(1) = 1.946(8) Å;
Li(1)–O(2) = 1.825(8) Å; Li(2)–O(1) = 1.860(8) Å; Li(2)–
O(2) = 1.978(7) Å]. Thus, the four-membered ring is ap-
proximately a square that is slightly folded about the Li···Li
and O···O diagonal (21.0° and 24.4°, respectively), the
Li···Li diagonal being much shorter than the O···O diago-
nal.

The C(12)–O(1) and C(12)–N(5) bond lengths [1.290(5)
and 1.287(5) Å] or C(28)–O(2) and C(28)–N(10) bond
lengths [1.291(5) and 1.271(5) Å] indicate the existence of a
delocalized O–C–N bond in both amidate fragments of the
heteroscorpionate ligands, which presents a Z-geometry for
the C=N bonds. The absence of a response in the 1H
NOESY-1D experiment from the tert-butyl group upon ir-
radiating the methyne bringing group confirms this geome-
try in solution. In the chiral complexes 2 and 4, we con-
firmed the presence of one enantiomer in solution by the
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Figure 1. ORTEP diagram of 1 with 30% probability ellipsoids.
Selected bond lengths [Å] and angles [°]: Li(1)–O(1), 1.946(8);
Li(1)–O(2), 1.825(8); Li(2)–O(1), 1.860(8); Li(2)–O(2), 1.978(7);
Li(1)–N(1), 2.063(8); Li(1)–N(3), 2.017(8); C(12)–O(1), 1.290(5);
C(12)–N(5), 1.287(5); C(28)–O(2), 1.291(5); C(28)–N(10), 1.271(5);
O(1)–Li(1)–O(2), 98.5(4); Li(1)–O(1)–Li(2), 80.4(3); O(1)–Li(2)–
O(2), 96.1(3); Li(1)–O(2)–Li(2), 80.5(3).

addition of a chiral shift reagent, namely (R)-(–)-(9-an-
thryl)-2,2,2-trifluoroethanol. The addition of this com-
pound did not modify the 1H NMR spectra of either com-
pound. However, addition of the shift reagent to a racemic
mixture of complex 2 gave rise to the appearance of two
signals for each proton in the 1H NMR spectra, resulting
from the two diastereoisomers of the corresponding two
enantiomers. In addition, the specific rotations of 2 and 4
were examined by optical polarimetry. Preliminary studies
also show that this type of isocyanate and isothiocyanate
can be inserted into other types of bis(pyrazol-1-yl)meth-
ane.

These lithium compounds have been used for the synthe-
sis of new titanium complexes. Thus, 2 and 3 reacted with
[TiCl4(THF)2] to give the complexes [TiCl3(S-mbbpamH)]-
Cl (5) [S-mbbpamH = (S)-(–)-N-α-methylbenzyl-2,2-bis(3,5-
dimethylpyrazol-1-yl)acetamide] and [TiCl3(tbptamH)]Cl
(6) [tbptamH = N-tert-butyl-2,2-bis(3,5-dimethylpyrazol-1-
yl)thioacetamide] (see Scheme 2). Although the reactions
were carried out under rigorously anhydrous experimental
conditions, the presence of adventitious HCl proceeding
from TiCl4 in the reaction mixture during the work-up pro-
cedure was probably responsible for the protonation of the
acetamidate or thioacetamide moieties and their transfor-
mation into carboxamide[14] or thiocarboxamide moieties,
respectively. However, the character of the enantiopure
scorpionate ligand in complex 5 is not modified. The 1H
and 13C{H}-NMR spectra of 5 and 6 exhibit two singlets
and one singlet, respectively for each of the H4, Me3 and
Me5 pyrazole protons. An X-ray crystal structure analysis
was carried out for complex 6 (see Figure 2).[9] The titanium
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Scheme 2. Synthesis of titanium complexes 5 and 6.

center has a distorted octahedral environment with a major
distortion in the N(3)–Ti(1)–Cl(2) angle, which has a value
of 166.1(2)°. In addition, the specific rotation of 5 was ex-
amined by optical polarimetry.

Figure 2. ORTEP diagram of 6 with 30% probability ellipsoids.
Selected bond lengths (Å) and angles [°]: Ti(1)–N(3), 2.144(7);
Ti(1)–N(1), 2.192(7); Ti(1)–Cl(3), 2.217(3); Ti(1)–Cl(1), 2.231(3);
Ti(1)–Cl(2), 2.243(3); Ti(1)–S(1), 2.500(3); S(1)–C(1), 1.672(8);
N(5)–C(1), 1.31(1); N(3)–Ti(1)–Cl(2), 166.1(2); N(1)–Ti(1)–Cl(3),
167.1(2); Cl(1)–Ti(1)–S(1), 170.5(1); N(5)–C(1)–S(1), 126.3(6).

In conclusion, we present here a simple and efficient syn-
thetic route for the preparation of enantiopure scorpionate
ligands. This approach will allow the optimization and ra-
pid access to numerous ligands with diverse chiral environ-
ments by modification of the bis(pyrazol-1-yl)methane as
well as the enantiopure isocyanate and isothiocyanate frag-
ments. In addition, these lithium compounds are excellent
reagents for the introduction of these ligands into transi-
tion-metal complexes.
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Experimental Section
All reactions were performed using standard Schlenk-tube tech-
niques under dry nitrogen. Solvents were distilled from appropriate
drying agents and degassed before use. Microanalyses were carried
out with a Perkin–Elmer 2400 CHN analyzer. Mass spectra were
recorded with a VG Autospec instrument using the FAB technique
and nitrobenzyl alcohol as matrix. 1H- and 13C NMR spectra were
recorded with a Varian Inova FT-500 spectrometer and referenced
to the residual deuterated solvent. Optical rotations were deter-
mined with a Perkin–Elmer 241 MC polarimeter at the sodium D
line, equipped with a quartz cell of 1.00-dm path length. Experi-
mental procedures and characterization data for compounds 1–6
are given in the Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Spectroscopic data and experimental procedures for com-
pounds 1–6.
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The new Mn12 single-molecule magnets containing thio-
phenyl ligands, [Mn12O12(O2CC4H3S)16(HO2CC4H3S)-
(H2O)2]·5CH2Cl2(1) and [Mn12O12(O2CC4H3S)16(H2O)4]·
6CH2Cl2·2H2O (2), have been synthesized by ligand-substi-
tution reactions of 3-thiophenecarboxylic acid and
[Mn12O12(O2CCH3)16(H2O)4] and investigated by magnetic
measurements with a SQUID magnetometer. The X-ray
analysis of 1 shows five-coordination geometry around the
MnIII ion due to the unusual coordination of 3-thiophenecar-
boxylic acid to the MnIII ion. Compound 1 displays two dif-

Introduction

Single-molecule magnets (SMMs) have been the subject
of intensive investigation in the last years.[1] SMM behavior
was first observed in [Mn12O12(OAc)16(H2O)4] (Mn12Ac) in
1993.[2,3] SMMs display stepwise magnetization hysteresis
loops below the blocking temperature due to a very slow
magnetization relaxation rate as well as a resonant quan-
tum tunneling of magnetization. SMMs also exhibit quan-
tum phase interference. Therefore, SMMs are regarded as
the elementary units in ultimate high-density magnetic stor-
age[4] and in the design of quantum computers.[5,6] One the
other hand, recent research reports showed that molecular
clusters possessing quantized magnetic properties may pro-
vide powerful new systems for single-molecule transis-
tors.[7,8]

Investigating individual molecules is essential for realiz-
ing the proposed application of SMMs. An approach to
accomplishing this goal is to deposit SMMs on a suitable
substrate and use scanning probe microscopy (SPM) to
sense individual molecules. Various types of SPM tech-
niques, such as scanning tunneling microscopy (STM),
atomic force microscopy (AFM), and magnetic force micro-
scopy (MFM) can be employed to verify the electronic, me-
chanical, and magnetic characterization of the molecules.
Recently, various attempts have been made in preparation
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ferent rates of magnetization relaxation, which are faster
than that of compound 2 because of structural distortion in
the Mn12 complex of 1. Magnetic susceptibility measure-
ments on 1 and 2 give the following parameters: Ueff (the
faster relaxation form of 1) = 51.81 K, 1/τ0 = 1.90·108 s–1; Ueff

(the slower relaxation form of 1) = 66.44 K, 1/τ0 = 1.50·
108 s–1; Ueff(2) = 67.09 K, 1/τ0 = 1.32·108 s–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and SPM characterization: Langmuir–Blodgett (LB) films
of Mn12 clusters,[9] MFM study on Mn12 complexes embed-
ded in a polycarbonate matrix,[10] STM study of
[Mn12O12{16-(hydrothio)hexanecanoate}16(H2O)4] orga-
nized on a gold surface,[11] stamp assisted deposition and
patterning,[12] the preparation of monolayer and multilayer
films on functionalized surfaces,[13] and study of molecular
ordering and magnetism of [Mn12O12(tBuCO2)16(H2O)4] on
a gold surface.[14] Very recently, grafting of Mn12 complexes
on a Si surface have been reported.[15,16] However, the meth-
odology for depositing SMMs with monolayer or submono-
layer coverage on a useful substrate such as silicon or gold
is not yet well established, and the direct measurement of
the characteristics of individual molecules of SMMs is still
in the beginning stage. Therefore, we designed a new Mn12

complex with surface-adhesive functional groups in periph-
eral ligands to give molecular monolayers on a gold surface.
Here we report the synthesis, structure, and magnetic prop-
erties of Mn12 complexes containing the thiophenyl group,
[Mn12O12(O2CC4H3S)16(HO2CC4H3S)(H2O)2]·5CH2Cl2 (1)
and [Mn12O12(O2CC4H3S)16(H2O)4]·6CH2Cl2·2H2O (2).

Results and Discussion

Synthesis

The ligand-substitution reaction of Mn12Ac with 3-thio-
phenecarboxylic acid has been carried out by a modified
azeotropic distillation method.[17] Most ligand-substitution
reactions have been performed with a large excess of
RCOOH. However, in our modified method, only a stoi-
chiometric amount of 3-thiophenecarboxylic acid was al-
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lowed to react with Mn12Ac. The solubility of Mn12Ac is
very poor in dichloromethane. Nevertheless, as Mn12Ac re-
acts with 3-thiophenecarboxylic acid, the color of the solu-
tion darkens, indicating that the ligand-substitution reac-
tion proceeds. To complete the substitution reaction, tolu-
ene was added to the reaction mixture and evaporated to
remove acetic acid as the toluene azeotrope. The reaction of
Mn12Ac with 17 equiv. of 3-thiophenecarboxylic acid gives
complex 1, whereas complex 2 is obtained by a reaction
with 16 equiv. 3-thiophenecarboxylic acid. Complex 1 has a
3-thiophenecarboxylic acid as terminal coordination ligand
which can be substituted by a water molecule. Complex 1 is
converted to complex 2 by recrystallization in wet CH2Cl2/
hexane mixed solvent.

Molecular Structures

An ORTEP diagram of [Mn12O12(O2CC4H3S)16-
(HO2CC4H3S)(H2O)2] is shown in Figure 1. Selected bond
parameters are listed in Table 1 and Table 2. Complex 1 has
unusual molecular structure compared with other normal
Mn12–carboxylate species. Mn12–carboxylate complexes
usually have sixteen carboxylates as peripheral bridging li-
gands which bridge the outer-ring MnIII atoms to both the
inner MnIV and the other outer-ring MnIII atoms. Four
water molecules are coordinated to the outer-ring MnIII

atoms. Complex 1 has sixteen 3-thiophenecarboxylates as

Figure 1. ORTEP representation of the Mn12 complex of 1 showing 50% probability ellipsoids. For clarity, thiophenyl groups of the
3-thiophenecarboxylate bridging ligands are omitted.
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peripheral bridging ligands, but it abnormally has one 3-
thiophenecarboxylic acid and only two water molecules as
terminal coordination ligands to MnIII ions. As a result of
the coordination of 3-thiophenecarboxylic acid, the MnIII

ion (Mn6) has highly distorted five-coordination geometry.
The octahedral MnIII–O bonds of [Mn12O12] complexes are
tetragonally elongated because of a Jahn–Teller distortion.
An elongation axis is usually parallel to the molecular C2

axis. However, there is no such elongation at Mn6 because
of its five-coordination geometry. The longest MnIII–O
bond length around Mn6 is 2.067(7) Å, which is signifi-
cantly shorter than the axially elongated MnIII–O bond
lengths (2.096–2.218 Å) of the six-coordinate MnIII atoms.
Bond angles of O7–Mn6–O38 and O14–Mn6–O38 are
101.4(3)° and 92.8(3)°, respectively. Examples of five-coor-
dinate MnIII atoms in Mn12 complexes are quite rare and
only observed previously in [Mn12O12(O2CEt)16(H2O)3].[18]

The two water molecules are located on the two Mn atoms
(Mn8 and Mn12) to complete octahedral coordination.

The structure of complex 2 is quite similar in many re-
spects to the previously characterized Mn12 complexes.
Complex 2 has normal [Mn12O12]16+ core structure, as
shown in Figure 2 and Figure 3, possessing four water li-
gands bound to three Mn centers (Mn8, Mn10, Mn12) with
a 1:1:2 arrangement. All Jahn–Teller elongation axes of
eight MnIII centers of both complexes are oriented approxi-
mately in the axial direction.
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Table 1. Selected bond lengths [Å] in 1.

A B Bond length A B Bond length

Mn(1) O(1) 1.919(6) Mn(1) O(2) 1.898(5)
Mn(1) O(4) 1.903(5) Mn(1) O(5) 1.877(5)
Mn(1) O(6) 1.870(6) Mn(1) O(29) 1.908(7)
Mn(2) O(1) 1.924(5) Mn(2) O(2) 1.906(6)
Mn(2) O(3) 1.931(5) Mn(2) O(7) 1.889(6)
Mn(2) O(8) 1.853(5) Mn(2) O(31) 1.900(6)
Mn(3) O(2) 1.912(5) Mn(3) O(3) 1.897(6)
Mn(3) O(4) 1.921(5) Mn(3) O(9) 1.867(5)
Mn(3) O(10) 1.864(5) Mn(3) O(33) 1.920(6)
Mn(4) O(1) 1.938(5) Mn(4) O(3) 1.903(5)
Mn(4) O(4) 1.908(6) Mn(4) O(11) 1.850(5)
Mn(4) O(12) 1.860(5) Mn(4) O(35) 1.903(6)
Mn(5) O(5) 1.905(6) Mn(5) O(6) 1.899(6)
Mn(5) O(13) 1.957(7) Mn(5) O(28) 1.927(6)
Mn(5) O(30) 2.181(8) Mn(5) O(37) 2.096(8)
Mn(6) O(6) 1.859(6) Mn(6) O(7) 1.893(6)
Mn(6) O(14) 1.943(8) Mn(6) O(15) 1.926(7)
Mn(6) O(38) 2.067(7) Mn(7) O(7) 1.915(6)
Mn(7) O(8) 1.895(6) Mn(7) O(16) 1.951(6)
Mn(7) O(17) 1.951(6) Mn(7) O(32) 2.196(7)
Mn(7) O(39) 2.135(7) Mn(8) O(8) 1.898(6)
Mn(8) O(9) 1.873(5) Mn(8) O(18) 1.944(6)
Mn(8) O(19) 1.963(6) Mn(8) O(40) 2.111(7)
Mn(8) O(48) 2.218(7) Mn(9) O(9) 1.898(5)
Mn(9) O(10) 1.887(5) Mn(9) O(20) 1.932(6)
Mn(9) O(21) 1.945(6) Mn(9) O(34) 2.174(7)
Mn(9) O(41) 2.168(7) Mn(10) O(10) 1.877(6)
Mn(10) O(11) 1.911(5) Mn(10) O(22) 1.980(6)
Mn(10) O(23) 1.936(6) Mn(10) O(42) 2.135(7)
Mn(10) O(43) 2.189(6) Mn(11) O(11) 1.892(5)
Mn(11) O(12) 1.890(5) Mn(11) O(24) 1.945(6)
Mn(11) O(25) 1.945(6) Mn(11) O(36) 2.208(6)
Mn(11) O(44) 2.178(7) Mn(12) O(5) 1.887(6)
Mn(12) O(12) 1.880(6) Mn(12) O(27) 1.938(6)
Mn(12) O(26) 1.941(6) Mn(12) O(45) 2.198(8)
Mn(12) O(47) 2.216(7)

Figure 2. ORTEP representation of the Mn12 complex of 2 showing 50% probability ellipsoids. For clarity, thiophenyl groups of the
3-thiophenecarboxylate bridging ligands are omitted.
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Table 2. Selected bond lengths [Å] in 2.

A B Bond length A B Bond length

Mn(1) O(1) 1.904(5) Mn(1) O(2) 1.932(5)
Mn(1) O(4) 1.925(5) Mn(1) O(5) 1.892(5)
Mn(1) O(6) 1.852(5) Mn(1) O(29) 1.911(5)
Mn(2) O(1) 1.920(5) Mn(2) O(2) 1.901(5)
Mn(2) O(3) 1.926(5) Mn(2) O(7) 1.873(5)
Mn(2) O(8) 1.864(5) Mn(2) O(31) 1.912(5)
Mn(3) O(2) 1.925(5) Mn(3) O(3) 1.911(5)
Mn(3) O(4) 1.929(5) Mn(3) O(9) 1.886(5)
Mn(3) O(10) 1.868(5) Mn(3) O(33) 1.932(5)
Mn(4) O(1) 1.926(5) Mn(4) O(3) 1.904(5)
Mn(4) O(4) 1.899(5) Mn(4) O(11) 1.887(5)
Mn(4) O(12) 1.870(5) Mn(4) O(35) 1.936(5)
Mn(5) O(5) 1.920(5) Mn(5) O(6) 1.878(5)
Mn(5) O(13) 1.932(5) Mn(5) O(28) 1.945(6)
Mn(5) O(30) 2.216(6) Mn(5) O(37) 2.204(6)
Mn(6) O(6) 1.890(5) Mn(6) O(7) 1.929(5)
Mn(6) O(14) 1.983(6) Mn(6) O(15) 1.976(5)
Mn(6) O(38) 2.117(6) Mn(6) O(40) 2.104(6)
Mn(7) O(7) 1.895(5) Mn(7) O(8) 1.888(5)
Mn(7) O(16) 1.944(5) Mn(7) O(17) 1.941(5)
Mn(7) O(32) 2.226(6) Mn(7) O(39) 2.198(6)
Mn(8) O(8) 1.890(5) Mn(8) O(9) 1.899(5)
Mn(8) O(18) 1.972(5) Mn(8) O(19) 1.966(5)
Mn(8) O(42) 2.101(6) Mn(8) O(47) 2.227(6)
Mn(9) O(9) 1.902(5) Mn(9) O(10) 1.880(5)
Mn(9) O(20) 1.926(5) Mn(9) O(21) 1.938(5)
Mn(9) O(34) 2.237(6) Mn(9) O(41) 2.199(5)
Mn(10) O(10) 1.889(5) Mn(10) O(11) 1.902(5)
Mn(10) O(22) 1.944(5) Mn(10) O(23) 1.977(5)
Mn(10) O(43) 2.119(6) Mn(10) O(48) 2.216(6)
Mn(11) O(11) 1.905(5) Mn(11) O(12) 1.879(5)
Mn(11) O(24) 1.919(5) Mn(11) O(25) 1.941(5)
Mn(11) O(36) 2.222(6) Mn(11) O(44) 2.219(5)
Mn(12) O(5) 1.888(5) Mn(12) O(12) 1.873(5)
Mn(12) O(26) 1.978(6) Mn(12) O(27) 1.941(6)
Mn(12) O(45) 2.204(6) Mn(12) O(46) 2.192(6)
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Figure 3. Side view of complex 2.

Magnetic Properties

Out-of-phase ac magnetic susceptibility (χM��) measure-
ments were carried out in the region of 2 to 10 K at zero
dc field. As shown in Figure 4, frequency-dependent χM��
peaks in the 4–7 K region of 1 are less symmetric compared
with those of 2, and the shoulders in the 3–6 K region indi-
cate a chemical species having a faster relaxation rate of
quantum tunneling of magnetization.

Figure 4. Comparison of out-of phase ac susceptibility signals of 1
(top) and 2 (bottom).

Magnetization relaxation rates (1/τ) and effective aniso-
tropy energy barriers were calculated from the theoretical
Equation (1) given by

ln(1/τ) = –Ueff/kT + ln(1/τ0) (1)

where Ueff is the effective anisotropy energy barrier, k is the
Boltzmann constant, and T is the temperature. Magnetic
relaxation times (τ) are obtained from the relationship ωτ

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 711–717714

= 1 at the maxima of the χM�� vs. T plots. Peak maxima are
accurately determined by fitting the peaks to a Lorentzian
function. Figure 5 displays deconvolution of out-of-phase
ac susceptibilities of 1 at 20 Hz. A least-squares fit (Fig-
ure 6) of ac susceptibility relaxation data to Equation (1)
for faster-relaxation and slower-relaxation forms of 1 as
well as 2 gives the following parameters: Ueff (the faster-
relaxation form of 1) = 51.81 K; 1/τ0 = 1.90·108 s–1, Ueff

(the slower-relaxation form of 1) = 66.44 K; 1/τ0 =
1.50·108 s–1, Ueff(2) = 67.09 K, 1/τ0 = 1.32·108 s–1.

Figure 5. Deconvolution of ac susceptibilities of 1 at 20 Hz. A:
original plot, B: deconvoluted low-temperature form, C: deconvol-
uted high-temperature form, D: sum of B and C.

Figure 6. Arrhenius Plots of the natural logarithm of relaxation
rate, ln(1/τ) vs. inverse temperature for 1 and 2. A: 2, B: high tem-
perature form of 1, C: low temperature form of 1.

The relaxation rate of the Mn12 SMM is dependent on
the structural distortion of the Mn12 species because the
rate of tunneling is determined by transverse magnetic fields
(either outside or inside the molecule) or by transverse
higher-order zero-field interaction terms.[19] Dislocations
should be an external source of spin tunneling in Mn12 crys-
tals.[20] Jahn–Teller isomerism[21] is proposed as an internal
source causing the tunneling rate of the Mn12 species to
increase. An example of Jahn–Teller isomerism can be given
by mentioning the compounds [Mn12O12(O2CC6H4Me-4)16-
(H2O)4]·HO2CC6H4Me-4[19] and [Mn12O12(O2CPh-4-SMe)16-
(H2O)4]·7CH2Cl2,[17c] which have an equatorially elongated
axis and predominantly a χM�� peak in the region 2–4 K.
Solvent molecules in the crystal lattice, which might be an
external factor influencing the rate of tunneling, also affect
the tunneling rate. For example, different tunneling rates
were observed in the Mn12–propionate complexes
[Mn12O12(O2CCH2CH2Cl)16(H2O)4]·0.5CH2Cl2·2H2O and
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[Mn12O12(O2CCH2CH2Cl)16 (H2O)4]·CH2ClCH2CO2H.[22]

As shown in Figure 6, the rate of quantum tunneling in the
magnetization of 1 is a little bit faster than that of 2 because
of the unusual five-coordination around the Mn6 ion as
well as the ligation of 3-thiophenecarboxylates in complex
1. Such structural distortions can be regarded as an internal
source that increases the rate of quantum tunneling.

Hysteresis loops for 1 (filled squares) and 2 (open circles)
at 2 K are shown in Figure 7 (left). Small plateaus for both
complexes are observed in the hysteresis loops because of
quantum tunneling of magnetization (QTM). To clarify the
positions of QTM, plots of dM/dH vs. H are drawn in Fig-
ure 7 (right). QTM occurs at the field of each peak. Plots
of reduced magnetization (M/NµB) as a function of H/T,
where N is Avogadro’s number and µB is the Bohr magne-
ton, were also obtained for compounds 1 and 2. The data
were fitted to the basic thermodynamic expression given in
Equation (2), which takes the full power of the average of
the magnetization into account:[23]

(2)

In Equation (2), kB is the Boltzmann constant and Ep

is the eigenenergy obtained by diagonalization of the spin
Hamiltonian matrix, including axial zero-field splitting and
Zeeman interactions. The plots of reduced magnetization
(M/NµB) vs. H/T fitted well with S = 10, g = 1.84, and D
= 0.61 K for 1 and S = 10, g = 1.86, and D = 0.65 K for 2.

The sulfur atoms of 2 are directed toward the outside
and are able to form strong bonds to the gold surface. A
molecular thin film of 2 was prepared by immersing atomi-
cally flat gold substrates in a 0.1 m solution of 2 in toluene
for more than 5 minutes. The atomically flat gold substrates
were prepared by electron-beam evaporation of gold on
mica at 300 °C and subsequent annealing at 500 °C for
30 minutes. XPS analysis was performed to determine the
composition and the chemical state of the film of com-
pound 2 on Au(111). A survey spectrum clearly displays the
photoelectron peaks for manganese, sulfur, oxygen, carbon,

Figure 7. Hysteresis loops (left) and dM/dH plots (right) of 1 (�) and 2 (�) at 2 K.
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and gold. Figure 8 shows the high-resolution spectrum of
the Mn 2p region for the Mn12 film. The Mn 2p1/2 and
2p3/2 and peaks are observed at 654 eV and 642 eV, respec-
tively, and are consistent with the values observed with the
Mn12–ac crystal.[24] The surface morphology of the film
has been investigated by STM and AFM.[25,26] These stud-
ies indicate that the thiophenyl group can be used to anchor
the Mn12 complex to the Au surface and demonstrate that
individual molecules can be addressed and their physical
properties can be investigated by using the SPM techniques.
We plan to conduct an STM experiment at low tempera-
tures of the SMM at the molecular level and eventually de-
vise a strategy for the application of the SMM to quantum
devices.

Conclusions

The syntheses and X-ray structures of [Mn12O12-
(O2CC4H3S)16(HO2CC4H3S)(H2O)2]·5CH2Cl2 (1) and
[Mn12O12(O2CC4H3S)16(H2O)4]·6CH2Cl2·2H2O (2) are re-
ported. There is a distorted five-coordination site due to the
very unusual coordination of 3-thiophenecarboxylic acid as
a terminal ligand in complex 1. Complex 2 has normal co-
ordination geometry. Such an internal structure distortion
of 1 causes faster relaxation of magnetization in 1 relative
to 2. A molecular thin film of the Mn12 SMM has been
successfully fabricated by using complex 2. The molecules

Figure 8. Photoelectron spectrum of Mn 2p core-level obtained
from the film of compound 2 on Au(111) surface.
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of 2 are anchored on a gold surface strongly through sulfur
atoms of 3-thiophenecarboxylate ligands.

Experimental Section
General Remarks: Mn12Ac was prepared according to a published
procedure.[27] All reagents and solvents were purchased from com-
mercial sources and used as received.

Physical Measurements: Elemental analyses were carried out by the
Analytical Laboratory of the Korea Basic Science Institute, Seoul.
Infrared spectra were recorded with a Perkin–Elmer 16 PC spectro-
photometer. Variable-temperature magnetic susceptibility measure-
ments were carried out on powder samples of complex 1 and com-
plex 2 using a Quantum Design MPMSXL susceptometer well
equipped with a 50-kG magnet. The samples were introduced into
the XPS chamber by means of a load lock system. The base pres-
sure was 1·10–10 Torr. All XPS spectra were recorded with a VG
Scientific ESCALAB MK II spectrometer using an Al-Kα source
run at 15 kV and 10 mA. The binding energy scale was calibrated
to 284.6 eV for the main C 1s peak. Each sample was analyzed at
a 90° angle relative to the electron analyzer. The ac field range was
1·10–4 to 5 Oe, oscillating at a frequency in the range 5·10–4 to
1512 Hz. The sets of ac susceptibility data were collected for the
powdered, microcrystalline sample in an ac field of 3.0 Oe, oscillat-
ing in the 20–1500 Hz range. The samples were aligned in eicosane
with an applied dc field of 5 T at a temperature above the melting
point of eicosane for 15 min. Corrections for the diamagnetism of
the complexes were estimated using Pascal’s constants, and mag-
netic data were corrected for diamagnetic contributions of the sam-
ple holder.

Synthesis of Complex 1: A slurry of Mn12Ac (206 mg, 0.1 mmol) in
dichloromethane (30 ml) was stirred with 3-thiophenecarboxylic
acid (230 mg, 1.8 mmol) for 4 h at room temperature to give a dark
blown solution. Azeotropic distillation with toluene (20 ml) was
performed six times to completely remove the released acetic acid,
and the resultant dark brown solid was dissolved in dichlorometh-
ane and filtered. The filtrate was allowed to diffuse with pentane
vapor. After a week, black crystals of 1 were collected by filtration
and washed with hexane. FTIR data: 1561(s), 1522(s), 1439(s),
1358(s), 1319(s), 1208(w), 1120(w), 1073(w), 940(w), 873(w),

Table 3. Details of crystallographic data collection for 1 and 2.

1 2

Chemical formula C90H66Cl10Mn12O48S17 C86H72Cl12Mn12O50S16

Chemical formula weight 3474.23 3503.08
Space group P1̄ P1̄
a [Å] 17.552(1) 15.993(1)
b [Å] 17.936(1) 16.396(1)
c [Å] 23.957(2) 25.628(2)
α [°] 78.790(2) 79.748(1)
β [°] 76.300(2) 85.147(1)
γ [°] 64.885(2) 80.856(1)
V [Å3] 6596.9(9) 6517.9(7)
Z 2 2
ρcalcd. [g cm–3] 1.749 1.785
µ [mm–1] 1.658 1.704
No. of unique reflections 28359 28387
No. of observed reflections 13369 [Io � 2σ(Io)] 18224 [Io � 2σ(Io)]
2θmax [°] 56 56
No. of parameters refined 1696 1603
R(F), wR(F2) 0.0861, 0.2503 0.0883, 0.2645
GOF 0.968 1.023

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 711–717716

833(W), 754(s), 702(m), 658(m), 628(m), 517(m) cm–1.
C90H66Cl10Mn12O48S17 (3474.23): calcd. C 33.48, H 1.85, S 17.87;
found C 33.41, H 1.95, S 18.21.

Synthesis of Complex 2: Complex 2 was synthesized in the same
manner as complex 1 except that 16 equiv. 3-thiophenecarboxylic
acid (215 mg, 1.8 mmol) was treated with Mn12Ac (205 mg,
0.1 mmol) in dichloromethane (30 mL). After several azeotropic
distillations, the dark brown product was recrystalized from dichlo-
romethane/hexane to give complex 2. C86H72Cl12Mn12O50S16

(3503.08): calcd. C 32.10, H 2.02, S 17.14; found C 31.78, H 2.11,
S 17.26.

Crystal Structure Determination: Reflection data were collected
with a Bruker SMART CCD diffractometer using monochromated
Mo-Kα (λ = 0.71073 Å) radiation. The data were integrated and
scaled using the SAINT software package.[28] Collected data were
corrected for absorbance by using SADABS[28] based upon the
Laue symmetry using equivalent reflections. Structures ware solved
by the direct method and refined by least-squares calculations with
the SHELXL-PLUS 5.05 software package.[29] The non-hydrogen
atoms were refined anisotropically, and the geometrically restrained
hydrogen atoms were treated using an appropriate riding model. A
summary of the crystallographic parameters and data is given in
Table 3. The proposed models include disorders of the thiophene
rings and solvent molecules.

CCDC-280093 and CCDC-280094 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Two dinuclear EuIII complexes have been synthesized by em-
ploying β-diketones and 2,2�-bipyrimidine (bpm) as sensitiz-
ing ligands for the Eu ion and a bridging ligand, respectively,
and characterized by various means including single-crystal
X-ray crystallography. The use of dibenzoylmethane (dbm)
and trifluorothenoylacetone (tta) as β-diketones gave
[Eu2(dbm)6(bpm)] (1) and [Eu2(tta)6(bpm)] (2). Both show
strong intermolecular π–π interactions that may be responsi-
ble for their high melting points. The analysis of the absorp-
tion, excitation, and emission spectra of the dinuclear com-

Introduction

Luminescent metal complexes are attractive due to their
potential applications in the development of organic light-
emitting diodes (OLEDs),[1] sensors,[2] and molecular opto-
electronic devices.[3] In particular, various metal complexes
for OLEDs have been intensively studied and developed;[4,5]

typical examples are lanthanide complexes.[5] Electrolumi-
nescent (EL) lanthanide complexes have the advantages of
extremely narrow emission spectra and the possibility of
high EL efficiency caused by the intramolecular energy
transfer that consists of the absorption of energy by organic
ligands, intersystem crossing into a triplet state of the or-
ganic ligands, and energy transfer to the central lanthanide
cation.[5] Among lanthanide complexes, EuIII complexes are
of particular interested because of their red emission. How-
ever, europium systems still require improvement in color
purity, carrier-transporting, and thermal stability for practi-
cal use.

Although a number of mononuclear lanthanide com-
plexes have been used in OLEDs,[5] examples of electrolumi-
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plexes along with a comparison with analogous mononuclear
complexes containing the same β-diketone ligands and 1,10-
phenanthroline (phen) suggests that the dinuclear complexes
follow the luminescence mechanism of general LnIII com-
plexes. An EL device with the structure ITO/PEDOT/PVK +
PBD + 1 10 wt.-%/LiF/Al shows pure red emission with an
efficiency similar to those of mononuclear complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nescent dinuclear lanthanide systems are very rare and to
date [Tb2(acac-azain)4(µ-acac-azain)2] [acac-azain = 1-(N-
7-azaindolyl)-1,3-butanedionato], a green emitter in electro-
luminescent devices, is the only reported system.[6] Other
dinuclear lanthanide complexes based on pyridylamine li-
gands (EuIII, TbIII, and DyIII),[7] diketonate ligands (EuIII,
NdIII, and SmIII),[8] calix[8]arene (EuIII),[9] and N,N,O do-
nor ligands (SmIII, EuIII, TbIII, and DyIII;[10a] LaIII–
LuIII [10b]) are known to display photoluminescence. It
should also be noted that the lanthanide complexes
[EuxTb1–x(acac)3(phen)] (x = 0–1)[11] employed in white-

Figure 1. Molecular structures and abbreviations of the materials.
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light-emitting OLEDs have been claimed to be dinuclear
systems, although in the absence of characterization data it
is difficult to consider them as legitimate dinuclear systems.
To lessen the scarcity of electroluminescent dinuclear lan-
thanide system, we have designed and synthesized a set of
dinuclear EuIII complexes based on 2,2�-bipyrimidine (bpm)
as a bridging ligand and β-diketones (L) as sensitizing li-
gands (Figure 1). We reported here the details of the synthe-
sis, structures, and luminescence characteristics of
[Eu2L6(bpm)] [L = dibenzoylmethane (dbm) 1 and thenoyl-
trifluoroacetone (tta) 2].

Results and Discussion

Syntheses and Structures

The dinuclear EuIII complexes [Eu2L6(bpm)] (L = dbm,
tta) were prepared in moderate yields by the reaction of
EuCl3·6H2O, the corresponding β-diketone ligand, and
bpm in a 2:6:1 molar ratio and fully characterized by vari-
ous means. The use of EuCl3·6H2O, β-diketone ligand, and
bpm in 1:3:1 molar ratio, a stoichiometric ratio for the as-
yet-unknown mononuclear complex [EuL3(bpm)], also re-
sulted in the formation of the corresponding dinuclear spe-
cies. It is interesting to note that this reaction chemistry of
EuIII was not similarly applied to diamagnetic LaIII since
the analogous reaction systems with LaCl3·7H2O gave mo-
nonuclear [LaL3(bpm)], as judged by 1H NMR spec-
troscopy. The unavailability of mononuclear [EuL3(bpm)]
led us to select the known complexes [EuL3(phen)][12] (L
= dbm 3 and tta 4) as closely corresponding mononuclear
systems for comparison purposes. (Figure 1) The dinuclear
EuIII complexes were initially isolated as solvates
[Eu2L6(bpm)]·2(solvent) (solvent = Et2O for 1 and THF for
2) but the desolvated forms, confirmed by TGA and ele-
mental analysis, were used for measurement purpose except
the single-crystal X-ray diffraction studies. They are soluble

Figure 2. Molecular structure of 1·2Et2O. Thermal ellipsoids are drawn at the 30% probability level. The hydrogen atoms and diethyl
ether molecules have been omitted for clarity.

Eur. J. Inorg. Chem. 2006, 718–725 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 719

in common organic solvents and 1 shows better solubility
than 2. Their solubility is similar to that of the correspond-
ing mononuclear complexes 3 and 4. They are air-stable
both in the solid state and in solution. The thermal stability
of the dinuclear systems, estimated by the temperature Td5

causing 5% weight loss, is also similar to that of the corre-
sponding mononuclear compounds, although the dinuclear
species tend to have higher melting points than the mono-
nuclear complexes.

The molecular structures of 1·2Et2O and 2·2THF are de-
picted in Figures 2 and 3, respectively. Selected bond
lengths and angles are summarized in Tables 1 and 2. Com-
pound 1 has two eight-coordinate EuIII sites that are sepa-
rated by 7.011 Å and symmetrically related by an inversion
center lying on the planar bpm moiety. The coordination
sphere of each Eu center in 1 can be best described as a
distorted square antiprism (Figure 4, a). The average Eu–O
bond length is 2.343 Å and the average Eu–N bond length

Figure 3. Molecular structure of 2·2THF. Thermal ellipsoids are
drawn at the 30% probability level. The hydrogen and fluorine
atoms and tetrahydrofuran molecules have been omitted for clarity.



H. Jang, C.-H. Shin, B.-J. Jung, D. Kim, H.-K. Shim, Y. DoFULL PAPER
Table 2. Selected bond lengths [Å] and angles [°] for 2·2THF.

Eu(1)–O(1) 2.404(7) Eu(1)–O(2) 2.382(7) Eu(1)–O(3) 2.447(8)
Eu(1)–O(4) 2.373(8) Eu(1)–O(5) 2.381(7) Eu(1)–O(6) 2.433(8)
Eu(1)–O(7) 2.525(8) Eu(1)–N(1) 2.699(8) Eu(1)–N(3) 2.679(9)
Eu(2)–O(8) 2.399(8) Eu(2)–O(9) 2.370(8) Eu(2)–O(10) 2.392(8)
Eu(2)–O(11) 2.354(8) Eu(2)–O(12) 2.382(8) Eu(2)–O(13) 2.406(8)
Eu(2)–O(14) 2.612(9) Eu(2)–N(2) 2.664(9) Eu(2)–N(4) 2.703(8)
O(1)–Eu(1)–O(2) 73.0(2) O(1)–Eu(1)–O(3) 72.6(3) O(1)–Eu(1)–O(4) 86.4(3)
O(1)–Eu(1)–O(5) 135.6(2) O(1)–Eu(1)–O(6) 135.1(3) O(1)–Eu(1)–O(7) 140.6(3)
O(2)–Eu(1)–O(3) 70.6(3) O(2)–Eu(1)–O(4) 139.3(3) O(2)–Eu(1)–O(5) 144.5(3)
O(2)–Eu(1)–O(6) 73.8(3) O(2)–Eu(1)–O(7) 92.1(3) O(3)–Eu(1)–O(4) 69.9(3)
O(3)–Eu(1)–O(5) 130.5(3) O(3)–Eu(1)–O(6) 122.2(3) O(3)–Eu(1)–O(7) 68.0(3)
O(4)–Eu(1)–O(5) 72.8(3) O(4)–Eu(1)–O(6) 137.9(3) O(4)–Eu(1)–O(7) 81.9(3)
O(5)–Eu(1)–O(6) 70.7(2) O(5)–Eu(1)–O(7) 75.6(3) O(6)–Eu(1)–O(7) 69.4(3)
O(1)–Eu(1)–O(1) 66.8(3) N(1)–Eu(1)–O(2) 125.4(3) N(1)–Eu(1)–O(3) 125.9(3)
N(1)–Eu(1)–O(4) 73.3(3) N(1)–Eu(1)–O(5) 69.8(3) N(1)–Eu(1)–O(6) 111.8(3)
N(1)–Eu(1)–O(7) 142.0(3) N(3)–Eu(1)–O(1) 72.4(3) N(3)–Eu(1)–O(2) 73.5(3)
N(3)–Eu(1)–O(3) 135.5(3) N(3)–Eu(1)–O(4) 133.4(3) N(3)–Eu(1)–O(5) 93.9(3)
N(3)–Eu(1)–O(6) 69.8(3) N(3)–Eu(1)–O(7) 139.1(3) N(1)–Eu(1)–N(3) 60.2(3)
O(8)–Eu(2)–O(9) 71.9(3) O(8)–Eu(2)–O(10) 69.9(3) O(8)–Eu(2)–O(11) 136.7(3)
O(8)–Eu(2)–O(12) 143.0(3) O(8)–Eu(2)–O(13) 73.6(3) O(8)–Eu(2)–O(14) 107.7(3)
O(9)–Eu(2)–O(10) 77.4(3) O(9)–Eu(2)–O(11) 80.5(3) O(9)–Eu(2)–O(12) 131.9(2)
O(9)–Eu(2)–O(13) 139.4(3) O(9)–Eu(2)–O(14) 141.7(3) O(10)–Eu(2)–O(11) 71.9(3)
O(10)–Eu(2)–O(12) 134.9(3) O(10)–Eu(2)–O(13) 109.7(3) O(10)–Eu(2)–O(14) 67.3(3)
O(11)–Eu(2)–O(12) 79.9(3) O(11)–Eu(2)–O(13) 140.0(3) O(11)–Eu(2)–O(14) 74.9(3)
O(12)–Eu(2)–O(13) 71.8(3) O(12)–Eu(2)–O(14) 71.9(3) O(13)–Eu(2)–O(14) 69.9(3)
N(2)–Eu(2)–O(8) 71.6(3) N(2)–Eu(2)–O(9) 78.3(3) N(2)–Eu(2)–O(10) 139.2(3)
N(2)–Eu(2)–O(11) 134.5(3) N(2)–Eu(2)–O(12) 85.2(3) N(2)–Eu(2)–O(13) 71.1(3)
N(2)–Eu(2)–O(14) 139.2(3) N(4)–Eu(2)–O(8) 120.9(3) N(4)–Eu(2)–O(9) 66.4(3)
N(4)–Eu(2)–O(10) 133.6(3) N(4)–Eu(2)–O(11) 74.1(3) N(4)–Eu(2)–O(12) 66.1(3)
N(4)–Eu(2)–N(13) 116.7(3) N(4)–Eu(2)–O(14) 131.0(3) N(2)–Eu(2)–N(4) 60.6(3)

is 2.677 Å. In the case of the analogous mononuclear com-
plex 3, the average Eu–O and Eu–N lengths are 2.355 and
2.642 Å, respectively.[13] The crystal of 1·2Et2O contains
moderate bimolecular π–π interactions between the phenyl
rings of the dbm ligands, with an average π–π interaction
distance of 3.765 Å, as shown in Figure 5. The stacking in-
teractions are only present between the dimeric pairs.

Table 1. Selected bond lengths [Å] and angles [°] for 1·2Et2O.

Eu(1)–O(1) 2.335(2) Eu(1)–O(5) 2.338(2)
Eu(1)–O(4) 2.354(2) Eu(1)–N(2) 2.675(3)
Eu(1)–N(1) 2.679(3) Eu(1)–O(3) 2.329(2)
Eu(1)–O(2) 2.363(2) Eu(1)–O(6) 2.338(2)
O(1)–Eu(1)–O(2) 71.65(8) O(1)–Eu(1)–O(3) 9.79(9)
O(1)–Eu(1)–O(4) 138.50(8) O(1)–Eu(1)–O(5) 74.56(8)
O(1)–Eu(1)–O(6) 143.25(8) O(2)–Eu(1)–O(3) 85.78(9)
O(2)–Eu(1)–O(4) 76.11(9) O(2)–Eu(1)–O(5) 146.00(9)
O(2)–Eu(1)–O(6) 142.18(9) O(3)–Eu(1)–O(4) 72.37(9)
O(3)–Eu(1)–O(5) 84.78(9) O(3)–Eu(1)–O(6) 110.01(9)
O(4)–Eu(1)–O(5) 130.88(9) O(4)–Eu(1)–O(6) 76.54(9)
O(5)–Eu(1)–O(6) 71.37(8) N(1)–Eu(1)–O(1) 74.47(8)
N(1)–Eu(1)–O(2) 7.96(8) N(1)–Eu(1)–O(3) 151.22(9)
N(1)–Eu(1)–O(4) 136.30(9) N(1)–Eu(1)–O(5) 76.22(9)
N(1)–Eu(1)–O(6) 84.35(9) N(2)–Eu(1)–O(1) 115.10(9)
N(2)–Eu(1)–O(2) 71.39(8) N(2)–Eu(1)–O(3) 145.45(8)
N(2)–Eu(1)–O(4) 77.09(9) N(2)–Eu(1)–O(5) 128.33(8)
N(2)–Eu(1)–O(6) 77.41(8) N(1)–Eu(1)–N(2) 60.41(8)

For compound 2, the Eu–Eu, average Eu–O, and average
Eu–N distances are similar to those in 1 (6.993, 2.394,
2.687 Å, respectively), although the coordination sphere of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 718–725720

a distorted hendecahedron (square bicapped trigonal prism;
Figure 4, b)[14] for 2 is different from that for 1. The two
pyrimidine rings on the bpm ligand deviate slightly from
planarity by 6.3°. The crystal of 2·2THF exhibits two types
of moderate π–π interactions, as shown in Figure 6: one is
an intramolecular π–π interaction between the closer thio-
phene rings in a molecule and the other is a bimolecular π–
π interaction between the thiophene rings of neighboring
molecules. The average π–π interaction distances are 3.861
and 3.892 Å, respectively, and the stacking interactions are
not extended into a one-dimensional array but are isolated
between the dimeric pairs, as in 1. We consider that these
bimolecular π–π interactions, as well as the high molecular
weight, might be responsible for the lack of sublimability
of 1·2Et2O and 2·2THF.

The dinuclear entities of 1 and 2 are considered to re-
main unchanged in solution. Their electrospray mass spec-
tra (see Exp. Sect. and Figure S1 in the Supporting Infor-
mation) contain peaks centered at m/z = 1577 and 1568
assignable to [(dbm)3Eu(bpm)Eu(dbm)2]+ and [(tta)3Eu-
(bpm)Eu(tta)2]+, respectively, thereby demonstrating the
formation of dinuclear species as well as the existence of
the coordinated β-diketone sensitizing (dbm or tta) and
bridging (bpm) ligands in solution. Additional efforts to
probe the solution structures of paramagnetic lanthanide
complexes 1 and 2 by recording the 1H NMR spectra of the
diamagnetic analogues to avoid the line-broadening effect
associated with paramagnetism[8] were hampered by the dis-
similar reactivity of EuIII and LaIII mentioned above.
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Figure 4. Coordination spheres of 1 (a) and 2 (b).

Figure 5. π-Stacked dimer in 1·2Et2O.
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Figure 6. π-Stacked dimer in 2·2THF.

Absorption and Photoluminescence Properties

The UV/Vis absorption spectra and the normalized PL
spectra of the dinuclear europium complexes 1 and 2 and
their closely corresponding mononuclear complexes 3 and
4, in chloroform, are illustrated in Figures 7 and 8, respec-
tively. A close inspection of Figure 7 and the spectroscopic
data summarized in Table 3 reveal that the electronic exci-
tation spectra of all the europium complexes are similar and
contain features similar to those of the uncoordinated β-
diketone ligands (dbmH and ttaH) regardless of the nu-
clearity. The strong absorption around 350 nm is attributed
to the π � π* transition of the β-diketone ligands.[15] The
excitation spectra also show features similar to the absorp-
tion spectra of the Eu complexes and are red-shifted by
about 30 nm (see Table 3 and Table S2 in the Supporting
Information), thus indicating the indirect excitation by en-
ergy transfer from the ligand to the EuIII ion.[8b,10a] Hence,
we expect that the dinuclear complexes have the same lumi-
nescence mechanism mentioned in the Introduction. In fact,
compounds 1–4 show very similar normalized PL spectra.
All the complexes exhibit five peaks at 580, 591, 612, 651,
and 692 nm corresponding to the 5D0 � 7FJ (J = 0–4) tran-
sitions of the Eu3+ ion, respectively.[16] However, the full
width at half maximum (FWHM) of the most intense 5D0

� 7F2 transition at 612 nm in 1 and 2 is broader than that
of 3 and 4. We consider that the broadening of this hyper-

Figure 7. UV/Vis absorption spectra of 1–4 in chloroform solution.
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sensitive transition arises from the fluxionality of the larger
bimetallic complexes in solution compared to monometallic
species.

Figure 8. Normalized PL spectra of (a) dbm-containing complexes
(1, 3) and (b) tta-containing complexes (2, 4) in chloroform solu-
tion.

The PL quantum efficiency of 1–4 measured in very di-
lute solutions of nearly the same optical density[17] de-
creases in the order 4 � 2 �� 1 � 3 (Table 3). In addition,
the europium complexes 1, 3 containing the tta ligand show
a higher efficiency than those (2, 4) containing a dbm li-
gand due to the inductive effect of the thiophene and the
fluorine substituent.[18]

The absorption and emission characteristics of 1–4
doped (4, 5, and 10 wt.-%) in PVK/PBD (7:3) films were

Table 3. Spectroscopic properties in CHCl3 solution.

Complex λabs [nm] (ε [104 –1 cm–1]) λex [nm] λem [nm] (η)[a] FWHM [nm]

1 347 (11.5), 250 (6.9) 388 612 (0.0016) 7
2 341 (9.5), 271 (4.2) 379, 289, 254 612 (0.0624) 11
3 348 (4.8), 263 (4.1) 388, 286(w)[b] 612 (0.0029) 5
4 340 (4.2), 270 (4.3) 373, 312, 289, 252 612 (0.105) 6
dbmH 346, 257 – – –
ttaH 350, 264 – – –
bpm 250 – – –
phen 265 – – –

[a] PL quantum efficiency was determined in CH2Cl2 solution by using quinine sulfate dihydrate in 1  H2SO4 solution (η = 0.55) as a
standard.[16] [b] w: weak.
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also investigated. PVK, which has a good hole-transporting
ability, was employed since its emission partially overlaps
with the absorption spectra of the four Eu complexes. PBD
is known to be a good electron-transporting and hole-
blocking material and is widely used in polymer LEDs.[19]

The 7:3 ratio of PVK/PBD was employed since the same
mixed system has been used to fabricate white-light-emit-
ting organic electroluminescent devices[19b] and the use of a
large amount of discrete PBD would result in poor film
quality. The UV/Vis spectra of the films are almost equal to
that of a blank PVK/PBD host film. The minimum doping
concentration at which red luminescence of Eu3+ appears
without the occurrence of PVK/PBD host emission is
10 wt.-% for 1–3 and 5 wt.-% for 4. In addition, the shape
of the film PL spectrum of each compound is similar to
that of the solution PL spectrum. Therefore, a 7:3 PVK/
PBD mixture is a good host for these dinuclear systems.

Electroluminescent Properties

The EL devices were fabricated with a structure ITO/
PEDOT (30 nm)/PVK + PBD + Eu complex (�80 nm)/LiF
(1 nm)/Al (100 nm). Chloroform and 1,2-dichloroethane
(DCE) solutions were tested for spin-coating, and the DCE
solution was chosen because of the better quality of its
films. However, the films of tta-based complexes 2 and 4
were still of poor quality and many pin-holes and dark
spots were formed immediately when the devices were oper-
ated, thus hampering the fabrication of stable EL devices
with these complexes. On the other hand, dbm-containing
complexes 1 and 3 show good film quality and stable red
light emission. The EL spectra of 1- and 3-based devices
(in Figure 9) resemble their PL spectra, thus the emission
originates from Eu3+ and differs only in the intensity at 593
and 625 nm. Nonetheless, 1 emits pure red light with the
CIE color coordinate (0.66, 0.34) while 3 emits red-orange
light with the CIE color coordinate (0.65, 0.33). The CIE
color coordinate of NTSC pure red is (0.67, 0.33). Gen-
erally, in the blended system the CIE color coordinate is
known to vary as the current density increases[6,20] but the
extent of such a change in 1 is much smaller than in 3, as
shown in Figure 10. The EL device with 1 has a turn-on
voltage (VT) of 12 V, a maximum brightness (Lmax) of
25.4 cdm–2 at 16 V (Figure 11), and a quantum efficiency
(ηEL) of 0.021% at 11 V. The EL characteristics of the 3-
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based device are similar to those of the 1-based device, with
VT = 12 V, Lmax = 30.2 cdm–2 at 14 V, and ηEL = 0.012 at
11 V (see Figure S3 in the Supporting Information).

Figure 9. Comparison with normalized EL spectra of 1- and 3-
based devices.

Figure 10. CIE color coordinates of 1- (�) and 3-based devices (�)
at a current density of 10, 20, and 100 mAcm–2 and the NTSC
pure red (�).

Figure 11. I-V-L characteristics of the 1-based device.

Conclusions

Two new dinuclear EuIII complexes with formula
[Eu2L6(bpm)] have been synthesized and fully charac-
terized. Single-crystal X-ray diffraction analyses reveal their
dimeric structures formed due to intermolecular π–π inter-
actions, which seem to contribute to the lack of sublim-
ability to some degree. It seems that the solution PL effi-
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ciency depends more on the β-diketone sensitizing ligand
than the nuclearity or the bridging ligand. The dinuclear
compounds are also considered to follow the luminescence
mechanism adopted in mononuclear lanthanide complexes.
[Eu2(dbm)6(bpm)] (1) readily forms a polymer EL device
ITO/PEDOT (30 nm)/PVK + PBD + Eu complex
(�80 nm)/LiF (1 nm)/Al (100 nm) that produces pure red
EL. Overall, the dinuclear system shows similar thermal
stability, improved EL color purity, and comparable EL
efficiency with respect to the corresponding mononuclear
system. Nonetheless, in order to further confirm the con-
cept of dinuclear europium systems in developing pure red
EL materials, a synthetic route to sublimable dinuclear eu-
ropium complexes needs to be developed. A search for li-
gand systems that can not only block the formation of
intermolecular π–π interactions but also have good carrier-
transporting ability is in progress.

Experimental Section
Materials: The experiments were carried out using standard
Schlenk techniques. THF and n-hexane were distilled from Na-K
alloy, diethyl ether (Et2O) from Na-benzophenone ketyl, and
CH2Cl2 from CaH2. Ethanol and other reagents were used without
any further purification after purchase from Hayman (ethanol), Al-
drich (dbmH, ttaH, phen, EuCl3·6H2O), and Lancaster (bpm).
[Eu(dbm)3(phen)] (3) and [Eu(tta)3(phen)] (4) were prepared ac-
cording to a literature procedure,[12b] purified from THF/n-hexane
and dried at 110 °C at 10–5 Torr for 6 h. Chemicals for EL devices
were purchased from Aldrich [poly(9-vinylcarbazole) (PVK), 2-(4-
biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD), LiF, Al,
and anhydrous 1,2-dichloroethane (DCE)] and Bayer [poly(sty-
renesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PEDOT)]
and used without further purification.

Synthesis of [Eu2(dbm)6(bpm)] (1): Aqueous NaOH solution
(3.0 mL, 1.0 ) and then, rapidly, an aqueous solution of
EuCl3·6H2O (0.37 g, 1.0 mmol) were added to a 30-mL ethanol
solution of dbmH (0.67 g, 3.0 mmol) and bpm (0.079 g, 0.50 mmol)
in a two-necked flask. The reaction mixture was refluxed at 60 °C
for 12 h and cooled to ambient temperature to give a yellow pre-
cipitate, which was filtered off and washed with water and ethanol.
The resulting solid was air-dried and recrystallized from a CH2Cl2/
Et2O solution as yellow crystals of 1·2Et2O. The solvate Et2O mole-
cules in the crystals were removed at 110 °C under a vacuum of
10–5 Torr for 6 h after grinding. Yield: 1.1 g (59%). M.p. 240–
242 °C. Td5 = 300 °C. IR (KBr): ν̃ = 444, 511, 609, 656, 670, 687,
719, 940, 1070, 1218, 1310, 1408, 1458, 1478, 1522, 1547,
1595 cm–1. C98H72Eu2N4O12 (1802.4): calcd. C 65.33, H 4.03, N
3.11; found C 64.88, H 4.02, N 3.12. MS (ESI): m/z = 159 [bpm +
H]+, 225 [dbmH + H]+, 756 [(dbm)2Eu(bpm)]+, 822 [(dbm)3Eu +
H]+, 914 [(dbm)2Eu(bpm)2]+, 980 [(dbm)3Eu(bpm) + H]+, 1048
[(dbm)4Eu + 2H]+, 1577 [(dbm)3Eu(bpm)Eu(dbm)2]+.

Synthesis of [Eu2(tta)6(bpm)] (2): This complex was synthesized by
an analogous method to 1 but with 3.0 mmol (0.67 g) of ttaH.
Recrystallization from THF/n-hexane afforded light-yellow crystals
of 2·2THF. The solvate THF molecules in the crystals were re-
moved at 110 °C under a vacuum of 10–5 Torr for 6 h after grind-
ing. Yield: 1.1 g (59%). M.p. 268–270 °C. Td5 = 305 °C. IR (KBr):
ν̃ = 499, 582, 641, 683, 759, 793, 935, 1061, 1143, 1187, 1231, 1251,
1308, 1354, 1413, 1459, 1509, 1540, 1580, 1600 cm–1.
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Table 4. Crystallographic data for 1·2Et2O and 2·2THF.

1·2Et2O 2·2THF

Formula C49H36EuN2O6·(C4H10O) C56H30Eu2F18N4O12S6·(C8H16O2)
M 974.88 1933.33
Crystal system monoclinic triclinic
Space group P21/n P1̄
a [Å] 10.9094(13) 10.198(2)
b [Å] 23.016(3) 18.211(4)
c [Å] 19.176(2) 23.169(5)
α [°] 90 102.378(4)
β [°] 99.202(2) 102.121(4)
γ [°] 90 100.233(4)
V [Å3] 4752.9(10) 3995.7(15)
Z 4 2
Dcalc [g cm–3] 1.362 1.607
µ [mm–1] 1.372 1.813
No. of reflections measured 55647 46354
No. of reflections used (Rint) 11275 (0.0518) 18300 (0.0851)
Final R [I � 2σ(I)] R1,[a] wR2

[b] 0.0337, 0.0690 0.0763, 0.2085
Goodness of fit on F2 0.930 0.960

[a] R1 = ∑||F0| – |Fc||/∑|F0|. [b] wR2 = [∑{w(F0
2 – Fc

2)2}/∑{w(F0
2)}2]1/2, where w = 1/[σ2(F0

2) + (xP)2 + yP] and P = (F0
2 + 2Fc

2)/3.

C56H30Eu2F18N4O12S6 (1789.8): calcd. C 37.59, H 1.69, N 3.13;
found C 37.72, H 1.58, N 3.21. MS (ESI): m/z = 159 [bpm + H]+,
181 [bpm + Na]+, 752 [(tta)2Eu(bpm)]+, 910 [(tta)2Eu(bpm)2]+,
1522 [(tta)2Eu(bpm)2Eu(tta)2 + OH–]+, 1568 [(tta)3Eu(bpm)-
Eu(tta)2]+.

X-ray Crystallography: Suitable crystals of 1·2Et2O and 2·2THF
were obtained by diffusion of Et2O into a CH2Cl2 solution and
n-hexane into a THF solution, respectively. Reflection data were
collected on a Bruker 1 K SMART CCD-based diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
293 K. A hemisphere of reflection data was collected as ω scan
frames with a width of 0.3° per frame and an exposure time of 10 s
per frame. Cell parameters were determined and refined with the
SMART program.[21] Data reductions were performed with
SAINT,[22] which corrects for Lorentz polarization effects; no cor-
rections for crystal decay were required. Empirical absorption cor-
rections were applied with SADABS.[23] The structures of the com-
pounds were solved by direct methods and refined by full-matrix
least-squares methods using the SHELXTL program package with
anisotropic thermal parameters for all non-hydrogen atoms. Hydro-
gen atoms were placed at their geometrically calculated positions
and refined riding on the corresponding carbon atoms with iso-
tropic thermal parameters. Crystal data for both systems are sum-
marized in Table 4.

CCDC-250346 (for 1) and -250347 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

Instrumentation: Infrared spectra were obtained from KBr pellets
with a Bruker EQUINOX-55 spectrometer. Elemental analyses
were performed on an EA1110-FISONS (CE Instruments) by the
Environmental Analysis Laboratory at KAIST. Electrospray mass
spectra were measured on a Mariner instrument at the Korea Basic
Science Institute. Melting points were determined on an Electro-
thermal IA 9100 apparatus. Thermogravimetric analyses (TGA)
were carried out under a nitrogen atmosphere at a heating rate of
10 °Cmin–1 with a Dupont 9900 Analyzer. UV/Vis spectra were
obtained with a Jasco V-530 spectrophotometer. PL spectra and
PL quantum efficiency were recorded with a Spex Fluorog-3 lumi-
nescence spectrometer. Excitation spectra were obtained with a Per-
kin–Elmer LS 50B luminescence spectrometer.
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Fabrication of EL Devices: The configuration of the EL device was
ITO/PEDOT/emitting layer (EML)/LiF/Al. PEDOT, used as a
hole-injection layer, was spin-coated onto a pre-cleaned ITO/glass
substrate at a spin speed of 1500 rpm for 60 s. Then, a layer of Eu
complex-doped PVK/PBD (7:3) was fabricated by spin-coating
from their 1,2-dichloroethane solutions (10–11 mgmL–1) at
1250 rpm for 60 s. The film thickness of the EML was determined
with a TENCOR alpha-step 500 profiler and was approximately
80 nm. LiF (1 nm) and Al (100 nm) were deposited on top of the
EML using the vacuum-evaporation method at a pressure of
10–6 Torr. EL spectra were obtained with a Minolta CS-1000. The
current–voltage and luminance–voltage characteristics were re-
corded with a current–voltage source (Keithley 238) and a lumines-
cence detector (Minolta LS-100), respectively. All EL measure-
ments were carried out at room temperature under an ambient at-
mosphere.
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Novel luminescent polyoxometalate anion-pillared layered
double hydroxides (LDHs) were prepared by aqueous ion ex-
change of a Zn–Al LDH precursor in nitrate form with the
europium-containing polyoxotungstate anions [EuW10O36]9–,
[Eu(BW11O39)(H2O)3]6– and [Eu(PW11O39)2]11–. The host–
guest interaction has a strong influence on the nature of the
final intercalated species, as evidenced by elemental analy-

Introduction

Layered double hydroxides are an important class
of ionic lamellar solids with the general formula
[M2+

1–xM3+
x(OH)2](Am–)x/m·nH2O (M2+ = Mg2+, Zn2+,

Ni2+ etc., M3+ = Al3+, Cr3+, Ga3+ etc).[1] The positively
charged layers, containing divalent and trivalent cations in
octahedral positions, are separated by charge balancing
anions and water molecules. The water molecules are con-
nected to both the metal hydroxide layers and the interlayer
anions through extensive hydrogen bonding. A range of or-
ganic or inorganic guests may be incorporated into LDHs
by either ion exchange, direct synthesis or hydrothermal re-
construction of calcined precursors.[2,3] In particular, inter-
calation chemistry has been explored with the aim of intro-
ducing catalytically active sites and photo- and electroactive
species. Many different types of metal coordination com-
pounds and oxometalates have been immobilized in LDHs,
including phthalocyanines, cyanocomplexes, oxalate com-
plexes and polyoxometalates (POMs).[4]

The first report of LDHs containing polyoxometalates
concerned their use as exhaust gas and hydrocarbon conver-
sion catalysts.[5] Since then, a variety of iso- and heteropoly-
anions with different nuclearities and structures (Keggin,
Dawson, Preyssler, Finke) have been incorporated into the
interlayer space of these materials.[6–18] Two factors assume
considerable importance for the successful intercalation of
polyoxometalates into an LDH compound. First, the heter-
opoly species should carry sufficient charge in order to be

[a] Department of Chemistry, CICECO, University of Aveiro,
3810-193 Aveiro, Portugal
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[b] Department of Physics, CICECO, University of Aveiro,
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sis, powder X-ray diffraction (XRD), infra-red (IR) and Raman
spectroscopy, solid state magic-angle spinning (MAS) 11B
and 31P NMR spectroscopy, and photoluminescence spec-
troscopy.
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spatially capable of compensating the host layer charge. Ide-
ally, the charge should be higher than that necessary in or-
der to increase the lateral separation of the anions in the
interlayer and afford a material with microporosity. The sec-
ond consideration is that the intercalated anion should be
resistant to hydrolytic decomposition over the pH domain
of stability of the LDH.

In recent years, heteropolyoxometalates incorporating
lanthanide ions have excited interest because of their lumi-
nescence properties and potential use in lasers and lumines-
cent materials.[19–23] As a result, the preparation of hybrid
materials containing these species is now being investi-
gated.[24–32] Francesconi and co-workers recently described
Mg–Al LDHs intercalated by luminescent polyoxometalate
anions with Dawson-like [Eu(H2O)3(α2-P2W17O61)]7– and
Keggin-like [Eu2(H2O)2(PW11O39)]4– structures.[32] In the
present work, new polyoxotungstoeuropate anion-pillared
layered double hydroxides were prepared by anion exchange
reactions of a Zn–Al LDH precursor in nitrate form. Reac-
tion of the wet precursor with the species [EuW10O36]9–,
[Eu(BW11O39)(H2O)3]6– and [Eu(PW11O39)2]11– gave the fi-
nal materials, which were characterized by powder X-ray
diffraction, solid state NMR (11B, 27Al, 31P), infrared and
Raman spectroscopy. The luminescence properties of the
pillared LDHs were investigated in detail and are compared
with those of the precursor polyoxotungstoeuropate anions.

Results and Discussion

Synthesis of Polyoxotungstate Anion-Pillared Layered
Double Hydroxides

The layered double hydroxide starting material, denoted
as ZnAl[NO3

–], was prepared using a standard coprecipi-
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Table 1. Representative reaction conditions and observed gallery heights for polyoxotungstoeuropate anion-pillared layered double hydrox-
ides.

Sample nP
[a] [mmol] CP

[b] [moldm–3] T [°C] G[c] [Å]

ZnAl[EuW10O36
9–] 0.479 0.019 70 4.8

ZnAl[Eu(BW11O39)(H2O)n
6–] 0.175 0.017 60 9.6

ZnAl[Eu(PW11O39)2
11–] 0.392 0.012 60 9.8

[a] Number of moles of polyoxometalate treated with precursor slurry containing 0.25 g clay material. [b] Polyoxometalate concentration.
[c] Gallery height, calculated by subtracting the layer thickness (4.8 Å) from the d(003) spacing.

tation method with special attention paid to the avoidance
of carbonate interference. Anion-exchange reactions were
then carried out on an aqueous slurry of ZnAl[NO3

–] with
the polyoxotungstoeuropate anions [EuW10O36]9–, [Eu-
(BW11O39)(H2O)3]6– and [Eu(PW11O39)2]11– (Table 1).
Analysis of the final polyoxotungstoeuropate anion-pillared
layered double hydroxides was performed by ICP-AES and
the metal atom ratios are presented in Table 2. The Zn/Al
ratio was about 1.7 (x = 0.37) for all of the materials and
therefore unchanged compared with that for the
ZnAl[NO3

–] precursor. Polyoxometalate (Am–) loadings
were calculated for [Zn1–xAlx(OH)2](Am–)x/m as a percen-
tage of the theoretical maximum calculated from the ICP-
determined mol fractions of aluminium.

Table 2. Metal atom ratios determined by ICP-AES for the poly-
oxotungstoeuropate anion-pillared layered double hydroxides.

Sample Zn Al W Eu L[a]

ZnAl[EuW10O36
9–] 1.73 1.00 1.02 0.09 92

ZnAl[Eu(B- 1.68 1.00 1.44 0.13 79W11O39)(H2O)n
6–]

ZnAl[Eu(PW11O39)2
11–] 1.77 1.00 1.26 0.05 63

[a] Polyoxometalate (Am–) loadings as a percentage of the theoreti-
cal maximum calculated for [Zn1–xAlx(OH)2](Am–)x/m from the
ICP-determined mol fractions of aluminium. The calculations as-
sume that the only incorporated polyoxoanions are as indicated in
the sample abbreviations.

Powder X-ray Diffraction

Figure 1 shows the powder XRD patterns obtained for
the ZnAl[NO3

–] starting material and the pillared deriva-
tives. Successful ion exchange of nitrate ions for POMs was
revealed by the absence of reflections due to the starting
material and the appearance of several new equally spaced
(00l) harmonics with the (003) reflection having shifted to
lower 2θ values. As is often observed for LDH-POM in-
tercalates,[17] the first-order peaks for the pillared phases
have very low intensity. This may be related to the high X-
ray scattering power of the interlayer, out of phase with the
brucite-like layer.[33] The positions of the (003) reflections
are confirmed by the presence of the peaks at about 7.25
(006), 4.85 (009), 3.60 (0012) and 2.90 (0015) Å for the
phases with d(003) � 14.5 Å [traces (c) and (d)], and 4.86
(006) and 3.26 (009) Å for the phase with d(003) � 9.6 Å
[trace (b)]. The patterns also contain large and asymmetric
(hkl) reflections in the 33–50° (2θ) range. This is characteris-
tic of some disorder in the periodicity of the layers, such as
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a turbostratic effect or an intergrowth of the rhombohedral
and hexagonal polytypes.[34] Table 1 gives the gallery
heights, calculated by subtracting the layer thickness (4.8 Å)
from the d(003) spacing, for materials dried under reduced
pressure in a vacuum desiccator. The anions [Eu-
(BW11O39)(H2O)3]6– and [Eu(PW11O39)2]11– afforded pil-
lared derivatives with a gallery height of about 10 Å. This
layer separation is typical of LDHs pillared by Keggin-type
or related structures and is consistent with a guest orienta-
tion in which the C2 axis of the oxygen framework is per-
pendicular to the brucite-like layers.[8,11,12,18] The positions
and relative intensities of the (00l) reflections in traces (c)
and (d) are entirely in agreement with results reported in
the literature for related compounds, for example a Zn2Al-
LDH pillared by [α-H2W12O40]6– anions.[8] A surprising re-
sult was obtained for the LDH-POM ZnAl[EuW10O36

9–].
The basal spacing of about 9.6 Å is only slightly larger than
that measured for the precursor ZnAl[NO3

–] (8.94 Å). In
the sodium tetrastrontium salt NaSr4[EuW10O36]·34.5H2O
the structure of the decatungstoeuropate anion consists of
two W5O18

6– units (derived from the hexatungstate W6O19
2–

Figure 1. Powder XRD patterns for the LDH intercalates
ZnAl[NO3

–] (a), ZnAl[EuW10O36
9–] (b), ZnAl[Eu(PW11O39)2

11–] (c)
and ZnAl[Eu(BW11O39)(H2O)n

6–] (d). Values adjacent to the dif-
fraction peaks are d spacings in Å for several 00l harmonics.
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by removal of one W=O group) linked by the europium
ion.[35] The four former bridging oxygen atoms from each
W5O18

6– unit form a square antiprism around Eu. The
shortest dimension of the [EuW10O36]9– anion is about 10 Å
(including van der Waals radii for the oxygen atoms). A
basal spacing of at least 14.8 Å would therefore be expected
for an LDH intercalate containing this anion. The observed
basal spacing is much shorter and is in fact only compatible
with the presence of two oxygen-atom layers in the interslab
space. For example, a very similar powder XRD pattern
was reported by Vaysse et al. for a NiCo LDH intercalated
by W2O7

2– anions.[36] All of the diffraction patterns for the
exchanged products contain a broad and asymmetric peak
at 2θ = 5–11°. This is a common feature for LDH-POM
composites and is often attributed to a quasi-crystalline
M2+/M3+ salt of the POM formed in low quantities,[11] al-
though alternative origins have also been claimed.[37]

Infrared and Raman Spectroscopy

The infrared and Raman spectra of the polyoxotungsto-
europate anion-pillared layered double hydroxides showed
that the exchange of nitrate anions for polyoxotungstate
anions was almost complete (by the absence in the infrared
spectra of the nitrate ν3 absorption band at 1384 cm–1, or
in one case just a very weak IR band present) and also that
there was no carbonate present in these materials (by the
absence in the infrared spectra of the carbonate ν3 absorp-
tion band at 1370 cm–1). The intercalation of polyoxoanions
into the layered double hydroxide was clearly shown by the
presence in the infrared and Raman spectra of several
bands in the range 700–1200 cm–1, on top of the lattice vi-
brations of the host (Figure 2, Table 3), assigned to X–O
stretch (X = B or P), the terminal W=O stretch (918–
989 cm–1), and the W–O–W corner or edge-shared stretch-
ing modes (700–900 cm–1).[38,39] For ZnAl[Eu(PW11O39)2

11–]
and ZnAl[Eu(BW11O39)(H2O)n

6–] the similarity of the guest

Table 3. Vibrational data for the polyoxotungstoeuropate anions and the respective anion-pillared layered double hydroxides.[a]

Sample Clay lattice and nitrate vibrations Polyoxoanion stretching frequency assignment [cm–1]
[cm–1] X–O (X = B or P) W=Oterminal W–O–Wcorner–shared W–O–Wedge–shared

ZnAl[NO3
–] 1623 m, 1383 vs, 621 s, 560 s, 427 s

Na9[EuW10O36] 932 vs 841 vs, 707 s
968 vs, 946 vs 891 s, 842 w

ZnAl[EuW10O36
9–] 1624 m, 624 s, 561 s, 427 vs 918 s 883 m, 784 s

963 sh, 941 vs 863 m
K5H[Eu(BW11O39)(H2O)3] 943 s 883 s 830 vs, 790 s,

758 m
909 m 972 vs 874 m 820 w

ZnAl[Eu(BW11O39)(H2O)n
6–] 1623 m, 1384 w, 623 s, 560 m, 429 vs 943 m 887 s 820 vs, 789 s

900 sh 969 vs 867 m
K11[Eu(PW11O39)2] 1102 s, 1048 s 952 vs 892 s 824 s, 773 vs,

732 s
987 vs, 973 s 895 m, 867 m

ZnAl[Eu(PW11O39)2
11–] 1624 m, 621 s, 564 m, 427 vs 1098 m, 1049 s 955 s 882 m 830 sh, 779 vs,

730 sh
989 vs, 973 vs 898 sh, 867 sh

[a] Infrared and Raman (in italics) data: vs, very strong; s, strong; m, medium; w, weak; sh, shoulder.
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vibrations to those for the corresponding polyoxotungstoe-
uropate salts indicates that the structures of the core la-
cunary anions, i.e. PW11O39

7– and BW11O39
9–, were unaf-

fected by the ion-exchange reaction. In contrast, the bands

Figure 2. Infrared spectra (transmission mode) for the LDH in-
tercalates ZnAl[EuW10O36

9–] (a), ZnAl[Eu(PW11O39)2
11–] (b),

ZnAl[Eu(BW11O39)(H2O)n
6–] (c) and ZnAl[NO3

–] (d).
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attributed to the guest species in ZnAl[EuW10O36

9–] are sig-
nificantly different from those exhibited by solid
Na9[EuW10O36], for example the W=O stretch for the guest
species is shifted by 14 cm–1 and the W–O–W stretching
modes present a set of maxima at wavenumbers that are
different from those for Na9[EuW10O36]. These changes
indicate that the intercalated species have a different struc-
ture, in agreement with the powder XRD data and the pho-
toluminescence results discussed below.

11B, 27Al and 31P MAS NMR

Figure 3 shows the 11B MAS NMR spectrum of the pil-
lared LDH ZnAl[Eu(BW11O39)(H2O)n

6–]. The spectrum
consists of one main peak (with a broad low frequency
shoulder) centred at δ = –6.8 ppm, with a full-width at half-
maximum (fwhm) of about 580 Hz. For comparison, the
potassium salt K5[α-BW12O40] displays a single sharp
(fwhm 15 Hz) and symmetric resonance at δ = –7.4 ppm,
while the spectrum of lacunary K6.5Na1.5[HBW11O39]
(fwhm 130 Hz) consists of a second-order quadrupole pow-
der pattern, showing that boron is in a distorted tetrahedral
coordination.[31,40] The corresponding lanthanopolyoxo-
tungstoborate salt, K5H[Eu(BW11O39)(H2O)3], gives rise to
a much broader peak (fwhm 440 Hz) at 0.1 ppm (Fig-
ure 3).[31] As described in ref.[31], the broadening of the reso-
nance as compared with the monovacant Keggin polyoxo-
tungstoborate is due to insertion of the europium ion into
the polyoxoanion. Hence, the observation of the broad res-
onance at δ = –6.8 ppm in the 11B MAS NMR spectrum of
the pillared LDH ZnAl[Eu(BW11O39)(H2O)n

6–] suggests
that the coordination of the europium ions to the polyoxo-
tungstoborate was maintained after intercalation into the
LDH host. Taking into account the results from powder
XRD, elemental analysis (which gave the W/Eu molar ratio
as 11.1), vibrational spectroscopy and photoluminescence
studies (see below), we propose that the resonance at δ =
–6.8 ppm is due to intercalated monomeric 1:1 [Eu-
(BW11O39)(H2O)n]6– anions. The crystal structure of the po-
tassium salt, K5H[Eu(BW11O39)(H2O)3], is unknown, but
by comparison with the analogous Ce3+ compound it is
likely that a polymeric structure exists in the solid-state,
comprising Keggin-type anions bridged by Eu3+ cations.[41]

The difference in the chemical shifts for the pillared LDH
(δ = –6.8 ppm) and the potassium salt (δ = 0.1 ppm) may
therefore be attributed to the dissociation of the polymer
into the monomeric building blocks, and the intercalation
of these species into the host LDH. In support of this, it
has previously been shown that polymeric lanthanopoly-
oxotungstosilicates dissociate in aqueous solution.[42] As
mentioned above, the peak at δ = –6.8 ppm in the 11B MAS
NMR spectrum of the pillared LDH has a weaker low
frequency shoulder. This may be due to a small amount
of an insoluble K+/Zn2+/Al3+ salt of the POM
[Eu(BW11O39)(H2O)3]6– (related with the broad peak at
2θ = 5–11° in the powder XRD pattern).
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Figure 3. 11B MAS NMR spectra of (a) K5H[Eu(BW11O39)-
(H2O)3] and (b) ZnAl[Eu(BW11O39)(H2O)n

6–].

The 31P MAS NMR spectrum of solid K11[Eu(PW11O39)2]
presents a peak centred at 0.3 ppm with a high frequency
shoulder at δ = –1.5 ppm (not shown). The presence of two
peaks is probably due to slight asymmetry in the structure
with respect to the two {PW11O39} moieties.[43] An aqueous
solution of this potassium salt exhibits one resonance at δ
= –0.3 ppm, suggesting that the 1:2 structure is stable in
solution and that the two phosphorus atoms are equiva-
lent.[43] A complicated 31P MAS NMR spectrum was ob-
tained for the pillared LDH ZnAl[Eu(PW11O39)2

11–], com-
prising several overlapping peaks between ca. 5 and
–12 ppm (Figure 4). Spectral deconvolution gave four main
components at –12.2, –10.1, –2.5 and 2.1 ppm in
1.0:1.0:5.3:1.9 intensity ratios. A much weaker peak was
also found at δ = –7.7 ppm with a relative integration of 0.2.
The major signal at δ = –2.5 ppm is assigned to intercalated
[Eu(PW11O39)2]11– anions. The two overlapping peaks at
–12.2 and –10.1 ppm are attributed to uncoordinated
[PW11O39]7– anions in slightly different environments, and
the peak at ca. 2.1 ppm is assigned to co-intercalated 1:1
[Eu(PW11O39)(H2O)n]4– anions.[43] If we exclude the weak
resonance at δ = –7.7 ppm (which, at present, we are unable
to assign) and assume that there are no other tungsten or
europium-containing species present, the peak area inte-
grated intensities allow a value of 22.3 to be estimated for
the overall W/Eu molar ratio. This is in reasonable agree-
ment with the value of 25 found by elemental analysis.

All compounds were also characterized by 27Al MAS
NMR spectroscopy. The spectra for the precursor
ZnAl[NO3

–] and ZnAl[POM] samples present a sharp reso-
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Figure 4. Experimental (a) and simulated (b) 31P MAS NMR spec-
tra of ZnAl[Eu(PW11O39)2

11–]. The individual peaks for the decon-
volution are also shown (c).

nance centred at 14.5–15.6 ppm that indicates the presence
of octahedral aluminium only.[44]

Photoluminescence

Figure 5 shows the room-temperature photolumines-
cence excitation (PLE) spectra of the europium-containing
polyoxotungstate materials monitored within the 5D0 � 7F2

lines. The spectra are mainly composed of a series of
straight lines ascribed to intra-4f6 transitions. Only the
spectrum of Na9[EuW10O36] presents a large broad band in
the UV spectral region with two main peaks around 270
and 320 nm. The origin of the PLE components may be
related to ligand-to-europium charge-transfer (LMCT)
transitions resulting from the interaction between the euro-
pium ion and the POM, in particular LMCT states associ-
ated with O � Eu and O �W transitions as already re-
ported for other polyoxometalates containing Eu3+

ions.[31,45,46] The higher intensity of the Eu3+ straight lines
indicate that the Eu3+ ions are excited via direct excitation
into the intra-4f6 levels, and only for Na9[EuW10O36] is the
sensitized process comparable with direct excitation into the
Eu3+ levels.

The incorporation of the europium-containing polyoxo-
tungstate into the Zn–Al LDH (to give the material desig-
nated as ZnAl[EuW10O36

9–]) induces the appearance of a
low-intensity band centred around 292 nm. For the other
two LDH compounds the intensity of this band is negligi-
ble. The higher intensity of the Eu3+ lines for all of the
ion-exchanged LDH materials indicates that the excitation
occurs essentially via direct lanthanide excitation, rather
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Figure 5. Room-temperature excitation spectra monitored around
612 nm of the polyoxotungstoeuropates (dotted lines) and the cor-
responding layered double hydroxide intercalates (solid lines): (a)
K5H[Eu(BW11O39)(H2O)3], ZnAl[Eu(BW11O39)(H2O)n

6–], (b)
Na9[EuW10O36], ZnAl[EuW10O36

9–], (c) K11[Eu(PW11O39)2]·nH2O,
ZnAl[Eu(PW11O39)2

11–].

than by an efficient sensitized process involving the lantha-
nide ion ligands.

The changes induced in the Eu3+ local structures due to
intercalation of the polyoxotungstate anions in the LDH
host were further investigated by comparison of the respec-
tive emission (PL) spectra. The spectra shown in Figure 6
were obtained for different excitation wavelengths, selected
according to the excitation spectra in Figure 5, namely di-
rect excitation into the Eu3+ intra-4f6 levels (5L6, 395 nm),
and within the UV band, at 320 nm for K11[Eu(PW11O39)2]·
nH2O and 292 nm for the LDH materials. We will first con-
sider the emission features of the polyoxotungstate salts. All
of the spectra display the well-known Eu3+ orange-red
emission ascribed to transitions between the first excited
state 5D0 and the 7F0–4 levels of the ground multiplet. No
emission from the ligands could be detected. The profile
of the PL lines, namely the energy, fwhm and number of
components, depends on the sample, confirming that the
Eu3+ local environments in the three compounds are
different. For K5H[Eu(BW11O39)(H2O)3] and K11[Eu-
(PW11O39)2]·nH2O, the higher number of Stark compo-
nents, in particular for the 5D0 � 7F1,2 transitions (3 and 4
lines, respectively), suggests that the metal ion local struc-
ture is characterized by a low symmetry group without an
inversion centre according to the higher intensity of the
5D0 � 7F2 transition. The spectrum of Na9[EuW10O36] has
already been reported.[45] The compound prepared by us
revealed a different spectrum with singular features, in par-
ticular the absence of the 5D0 � 7F0 transition and an ab-
normally high intensity for the 5D0 � 7F4 transition. A
deeper investigation of these singular emission features lies
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beyond the scope of the present manuscript and will be dis-
cussed in a forthcoming study. For all of the polyoxotung-
states, upon changing the excitation wavelength, no major
variations are observed in the energy, fwhm and number of
emission lines, suggesting that all of the metal ions occupy
the same average local coordination site within each poly-
oxotungstate. This conclusion is further supported by the
analyses of the decay curves monitored within the
5D0 � 7F2 transition for an excitation wavelength around
395 nm. The decay curves are well reproduced by a single
exponential function from which the 5D0 lifetime was ex-
tracted (Table 4). For the [EuW10O36]9– anion the decay
curve was also monitored for an excitation wavelength
within the large broad band in the PLE spectrum, revealing
a 5D0 lifetime value similar to that obtained for direct exci-
tation in the 5L6 Eu3+ level.

Figure 6. Room-temperature emission spectra of the polyoxotungs-
toeuropates (dotted lines) and the corresponding layered double
hydroxide intercalates (solid lines): (a) K5H[Eu(BW11O39)-
(H2O)3], ZnAl[Eu(BW11O39)(H2O)n

6–], (b) Na9[EuW10O36], ZnAl-
[EuW10O36

9–], (c) K11[Eu(PW11O39)2]·nH2O, ZnAl[Eu(PW11-
O39)2

11–], excited around A: 395 nm and B: 292–320 nm.

Table 4. 5D0 lifetimes, τ, monitored around 611 nm at different exci-
tation wavelengths (292 and 395 nm) for the polyoxotungstoeurop-
ate anions and the respective anion-pillared layered double hydrox-
ides.

τ [ms]
Sample 292 nm 395 nm

ZnAl[Eu(BW11O39)(H2O)n
6–] 0.260±0.002 0.255±0.002

[Eu(BW11O39)(H2O)3]6– – 0.302±0.001
ZnAl[EuW10O36

9–] 0.347±0.003 0.289±0.001
[EuW10O36]9– 2.976±0.002 2.929±0.005

0.324±0.002 0.326±0.003
ZnAl[Eu(PW11O39)2

11–] and and
2.950±0.118 3.050±0.038

[Eu(PW11O39)2]11– – 2.084±0.002

The emission spectra of the LDH-POM intercalates ob-
tained by direct excitation into the lanthanide ion levels re-
semble those of the precursor polyoxotungstoeuropate salts
with the exception of ZnAl[EuW10O36

9–], which presents an
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inversion of the relative intensities of the 5D0 � 7F1,2 transi-
tions, indicating that the Eu3+ local coordination site in the
ion-exchanged material is different from that in
Na9[EuW10O36], in particular the local symmetry group
around the metal ion lost the inversion centre after incorpo-
ration in the LDH. This is consistent with the results from
powder XRD and vibrational spectroscopy. For the remain-
ing polyoxotungstates, minor changes were measured in the
PL spectra. For ZnAl[Eu(PW11O39)2

11–], an increase was
observed in the relative intensity of the 5D0 � 7F4 transi-
tion, while for ZnAl[Eu(BW11O39)(H2O)n

6–] an enlargement
of the emission lines was detected. These minor changes in
the PL spectra are compatible with changes in the Eu3+

second coordination shell, induced by the LDH incorpora-
tion. However, upon decreasing the excitation wavelength
to 292 nm, major changes in the PL profile were recorded,
in particular for ZnAl[EuW10O36

9–] and ZnAl[Eu-
(PW11O39)2

11–], which must be related with the presence of
another Eu3+ local site that was not observed in the precur-
sor. This metal ion local coordination site must be related
with the appearance of the large broad band in the PLE
spectra. The spectrum of ZnAl[Eu(BW11O39)(H2O)n

6–] with
an excitation wavelength of 292 nm was omitted from Fig-
ure 6 (see part B) because it resembles that obtained at
395 nm, thus strongly suggesting a single Eu3+ environ-
ment. At this point it should be noted that the PL results
for this material do not preclude the existence of a minor
second phase comprising a quasi-crystalline K+/Zn2+/Al3+

salt of the POM [Eu(BW11O39)(H2O)n]6–, the existence of
which is indicated by the powder XRD and 11B MAS NMR
results.

In order to further investigate the number of distinct
Eu3+ local coordination sites in each material the PL and
the lifetimes of the 5D0 excited state were acquired at low-
temperature for the same excitation wavelengths used to re-
cord the room-temperature emission. The number of Eu3+

local coordination sites can be inferred through the analysis
of the energy and fwhm of the 5D0 � 7F0 transition, esti-
mated by deconvoluting the spectrum assuming a Gaussian
function. The analysis of the energy and fwhm of the
5D0 � 7F0 transition is quite important, since this transi-
tion occurs between nondegenerated levels and its energy is
usually correlated with the sum of the nephelauxetic effects
arising from the Eu3+ first neighbours.[47] The existence of
more than one line or the variation of its energy and fwhm
upon variation of the excitation wavelength suggest the
presence of more than one Eu3+ local coordination site.
Figure 7 shows the low temperature PL spectra for the three
LDH-POM samples.

For ZnAl[Eu(BW11O39)(H2O)n
6–] the data collected at

low temperature support the conclusion drawn from the
room temperature PL spectra, i.e. that the europium ions
occupy the same average local coordination site, since the
spectra obtained under different excitation wavelengths are
essentially the same. Moreover, the energy and fwhm of the
5D0 � 7F0 transition is independent of the selected exci-
tation wavelength (Table 5). The nature of this local envi-
ronment must involve a low site symmetry group without
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Figure 7. Emission spectra (10 K) for the LDH intercalates ZnAl-
[Eu(BW11O39)(H2O)n

6–] (a), ZnAl[EuW10O36
9–] (b) and ZnAl-

[Eu(PW11O39)2
11–] (c) excited at 292 (solid line) and 395 nm (dotted

line). (1), (2), (3), (4) and (5) denote the 5D0 � 7F0–2 transitions,
respectively.

inversion centre according to the number of components
for the 5D0 � 7F0–2 transitions (1, 3 and 4, respectively) and
the higher intensity of the 5D0 � 7F2 lines, respectively.

For the other two LDH-POM samples, changes are ob-
served in the number, energy, fwhm and relative intensity of
the 5D0 � 7F0–2 components as the excitation wavelength
increases from 292 to 395 nm. Increasing the excitation
wavelength for ZnAl[EuW10O36

9–] induces a reduction of
the fwhm and a blue-shift of the 5D0 � 7F0 transition, sug-
gesting the presence of more than one type of first coordi-
nation sphere for the europium ions. Moreover, changes are
also observed in the energy and relative intensity of compo-
nents for the remaining transitions. The presence of at least
two distinct local coordination sites for the Eu3+ cations is
also apparent for ZnAl[Eu(PW11O39)2

11–]. Upon varying
the excitation wavelength from 262 to 395 nm the fwhm and
the energy of the 5D0 � 7F0 transition decrease. An in-
crease in the relative intensity of the 5D0 � 7F1 transition
and a decrease in the intensity of the 5D0 � 7F2 transition
are also detected. These results support the interpretation
of the 31P MAS NMR spectrum, that is, the co-intercal-
ation of [Eu(PW11O39)2]11– and [Eu(PW11O39)(H2O)n]4–

anions.
The 5D0 lifetime was measured at low temperature using

two different excitation wavelengths (292 and 395 nm) and
a monitoring wavelength around the more intense line of
the 5D0 � 7F2 transition (not shown). Regardless of the se-
lected excitation wavelength, the experimental data for

Table 5. Energy, E, [cm–1] and fwhm [cm–1] of the 5D0 � 7F0 transition at different excitation wavelengths (292 and 395 nm) for the
anion-pillared layered double hydroxides.

292 nm 395 nm
Sample E fwhm E fwhm

ZnAl[Eu(BW11O39)(H2O)n
6–] 17231.4±0.5 33±1 17231.1±0.1 34±1

ZnAl[EuW10O36
9–] 17242.2±0.4 42±1 17247.5±0.4 36±1

ZnAl[Eu(PW11O39)2
11–] 17234.4 42±1 17228.4±0.2 36±1
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ZnAl[Eu(BW11O39)(H2O)n
6–] are well reproduced by a sin-

gle exponential function, revealing a lifetime value of
0.255±0.002 ms (Table 4), which further confirms the exis-
tence of a single Eu3+ coordination site in this material. For
ZnAl[EuW10O36

9–], the decay curve is also well reproduced
by a single exponential, but different lifetime values of
0.347±0.003 and 0.289±0.001 were obtained for excitation
wavelengths around 292 and 395 nm, respectively (Table 5).
The decay curves for ZnAl[Eu(PW11O39)2

11–] revealed a
two-exponential behaviour for the two selected excitation
wavelengths, indicating lifetime values of 0.324±0.002 and
2.950±0.118 ms.

We can estimate the efficiency, q, of the 5D0 Eu3+ excited
state. Assuming that only nonradiative and radiative pro-
cesses are essentially involved in the depopulation of the
5D0 state, q can be defined as shown in Equation (1)

(1)

where kr and knr are the radiative and the nonradiative tran-
sition probabilities, respectively.

The emission intensity, I, taken as the integrated intensity
S of the emission curves, for the 5D0�7F0–4 transitions, is
expressed by Equation (2)

(2)

where i and j represent the initial (5D0) and final (7F0–4)
levels, respectively, Rwi�j is the transition energy, Ai�j cor-
responds to Einstein’s coefficient of spontaneous emission
and Ni is the population of the 5D0 emitting level.[47b] The
radiative contribution may be calculated from the relative
intensities of the 5D0 � 7F0–4. The branching ratio for the
5D0 � 7F5,6 transitions must be neglected as they are not
observed experimentally. Their influence on the depopula-
tion of the 5D0 excited state can therefore be ignored. Since
the 5D0 � 7F1 transition can be considered as a reference,
due to its dipolar magnetic nature, kr can be calculated as
shown in Equation (3)

(3)

where A0–1 is Einstein’s coefficient of spontaneous emission
between the 5D0 and the 7F1 Stark levels. The 5D0 � 7F1

transition does not depend on the local ligand field seen by
Eu3+ ions and, thus, may be used as a reference for the
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Table 6. Quantum efficiency, q [%], experimental, kexp [ms–1], radiative, kr [ms–1], and the nonradiative, knr [ms–1], transition probabilities
of the 5D0 level for the polyoxotungstoeuropate salts and the LDH intercalate ZnAl[Eu(BW11O39)(H2O)n

6–].

[Eu(PW11O39)2]11– [EuW10O36]9– [Eu(BW11O39)(H2O)3]6– ZnAl[Eu(BW11O39)(H2O)n
6–]

kexp 0.480 0.353 3.309 3.922
kr 0.153 0.139 0.260 0.298
knr 0.326 0.215 3.049 3.623
q 32.0 39.2 7.9 7.6

whole spectrum; in vacuo A0–1 = 14.65 s–1.[48] An effective
refractive index of 1.5 was used. It was not possible to
evaluate the q value for the LDH intercalates ZnAl-
[EuW10O36

9–] and ZnAl[Eu(PW11O39)2
11–], due to the pres-

ence of more than one local coordination site for the metal
ions. Since it was not possible to selectively excite the emis-
sion ascribed to each Eu3+ ion, the emission intensity, I,
cannot be determined independently, thus preventing any
5D0 quantum efficiency calculations.

The quantum efficiency value for the compound
K5H[Eu(BW11O39)(H2O)3] is lower than those for the other
two polyoxotungstoeuropate salts, essentially due to a
higher nonradiative transition probability, that may be due
to a higher number of coordinated water molecules
(Table 6). Although the radiative transition probability for
the LDH intercalate ZnAl[Eu(BW11O39)(H2O)3

6–] is higher,
there is also an increase in the nonradiative transition prob-
ability, contributing to a slight decrease of the overall 5D0

quantum efficiency.

Conclusions

A new family of luminescent materials has been prepared
by treatment of a Zn–Al layered double hydroxide in nitrate
form with different polyoxotungstoeuropate anions. The
photoluminescence studies, in conjunction with elemental
analysis, powder XRD, IR and Raman spectroscopy, and
solid state MAS NMR, allow us to construct a detailed
picture of the possible nature of the intercalated anions. Af-
ter ion exchange with an aqueous solution of K5H[Eu-
(BW11O39)(H2O)3], powder XRD, elemental analysis for W
and Eu, vibrational and 11B MAS NMR spectroscopy
strongly indicate that the guest species in the resultant ma-
terial, ZnAl[Eu(BW11O39)(H2O)n

6–], are monomeric 1:1
[Eu(BW11O39)(H2O)n]6– anions, which give rise to a gallery
height of about 10 Å. The photoluminescence data acquired
at room temperature and also at low temperature confirm
the existence of a single Eu3+ coordination site in this mate-
rial. Overall, the room-temperature excitation and emission
spectra for the pillared LDH are not very different from
those for the potassium salt, K5H[Eu(BW11O39)(H2O)3].
Slight differences were, however, observed in the lifetimes
and transition probabilities of the 5D0 level. Ion exchange
of the starting LDH compound with a solution of K11-
[Eu(PW11O39)2] also gave a pillared derivative with a gallery
height close to 10 Å. The photoluminescence data for this
material show the presence of at least two distinct local co-
ordination sites for the Eu3+ cations, which supports the
interpretation of the 31P MAS NMR spectrum, that is, the
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assignment of two of the peaks to co-intercalated 2:1
[Eu(PW11O39)2]11– and 1:1 [Eu(PW11O39)(H2O)n]4– anions.
The 31P MAS NMR spectrum also indicates the presence
of uncoordinated [PW11O39]7– anions. All three of these
species could conceivably give rise to pillared LDHs with
gallery heights around 10 Å. Deconvolution of the 31P
MAS NMR spectrum showed that the 2:1 Eu-containing
anion was the major species present. These results show
that, regardless of the initial polyoxometalate species in
solution, the nature of the final intercalated species can be
different, presumably due to the strong host–guest interac-
tion(s). This was especially evident for the anion
[EuW10O36]9–, which gave rise to a material containing in-
tercalated anions with a quite different and, as yet, un-
known structure. The observed basal spacing was only com-
patible with the presence of anions smaller than the deca-
tungstometalate species, and the photoluminescence studies
reveal the presence of more than one first coordination
sphere for the lanthanide ions.

Experimental Section
Reagents and Materials: Commercial materials were of reagent
grade or better and used without further purification. Literature
methods were used to prepare sodium or potassium salts of
the polyoxotungstoeuropate anions [EuW10O36]9–,[49] [Eu-
(BW11O39)(H2O)3]6–,[31] and [Eu(PW11O39)2]11–.[50] The Zn–Al
LDH starting material, ZnAl[NO3

–], was prepared as described
previously.[12]

Synthesis of Polyoxotungstoeuropate Anion-Pillared Layered Double
Hydroxides: Anion-exchange reactions with a series of europium-
containing polyoxotungstate anions were carried out on an aque-
ous slurry of ZnAl[NO3

–], using the method described by Evans et
al. (Table 1).[12] A typical reaction scale was 12.5 cm3 and involved
dropwise addition of an aqueous solution of the polyoxometalate
(up to 100% in excess over that theoretically required for complete
exchange) to the ZnAl[NO3

–] slurry. The mixtures were then stirred
for 3 to 5 h in the temperature range of 60–70 °C (Table 1). Yields
for approximately 0.25 g precursor clay: ZnAl[EuW10O36

9–], 0.36 g;
ZnAl[Eu(BW11O39)(H2O)3

6–], 0.42 g; ZnAl[Eu(PW11O39)2
11–],

0.30 g.

Instrumentation: The Zn, Al, Eu, W and P contents were measured
by Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES, Analytical Laboratories, University of Aveiro). FT-IR
spectra were collected from KBr pellets (Aldrich, 99%+, FT-IR
grade) with a Mattson 7000 FT-IR spectrometer. FT-Raman spec-
tra were recorded with a Bruker RFS100/S FT-Raman spectrome-
ter (Nd:YAG laser, 1064 nm excitation). 11B, 27Al and 31P MAS
NMR spectra were recorded with a Bruker Avance 400 spectrome-
ter at, respectively, 128.37, 104.26 and 161.97 MHz, using spinning
rates of 14 kHz. The 31P MAS NMR spectra were recorded with
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45° pulses and 50 s recycle delays. The 27Al MAS NMR spectra
were recorded with 9° pulses and 1 s recycle delays. The 11B MAS
NMR spectra were recorded with 15° pulses and 5 s recycle delays.
Chemical shifts are quoted in ppm from BF3·O(C2H5)2 (11B),
Al(H2O)6

3+ (27Al) and 85% H3PO4 (31P). Powder XRD data were
collected at room temperature with a Philips X�pert diffractometer
operating at 40 kV and 50 mA using Cu-Kα radiation. The dif-
fractometer was equipped with a curved graphite monochromator,
in a Bragg–Brentano para-focusing optics configuration. The
ZnAl[NO3

–] sample was step-scanned in 0.05° 2θ steps with a
counting time of 1 s per step. For the other samples, a step size of
0.02° 2θ was used with a counting time of 16 s per step. The room-
temperature emission and excitation spectra of the LDHs were re-
corded using a Jobin Yvon-Spex spectrometer (HR, 460) coupled
to a R928 Hamamatsu photomultiplier. A Xe arc lamp (150 mW)
coupled to a Jobin Yvon monochromator (TRIAX 180) was used
as the excitation source. All of the spectra were corrected for the
response of the detector. The room-temperature photolumines-
cence of the POMs and the spectra and lifetimes recorded at low-
temperature (10 K) were detected with a modular double grating
excitation spectrofluorimeter with a TRIAX 320 emission mono-
chromator (Fluorolog-3, Jobin Yvon-Spex) coupled to a R928
Hamamatsu photomultiplier, in the front face acquisition mode.
All of the photoluminescence spectra were corrected for optics and
detection spectral response.
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The reaction of [Bi(OtBu)3] with LiOSiMe3 gave the heterobi-
metallic bismuth-oxo cluster [Bi3Li5(µ5-O)2(µ3-OSiMe3)2(µ3-
OtBu)2(µ2-OtBu)6] (1) after elimination of Me3SiOSiMe3. The
cage compound 1 is the first example of a mixed-metal alk-
oxide/siloxide composed of lithium and bismuth. Crystals of
1·2 C7H8 and 1·1.5 THF suitable for X-ray single crystal
structure analysis were obtained by crystallisation from tolu-
ene and THF, respectively. Both solvates crystallise in the or-
thorhombic space group Pmmn with Z = 2. The lattice con-
stants are a = 16.267(3) Å, b = 17.126(3) Å and c = 12.155(2) Å

Introduction

Heterometallic bismuth-oxo compounds including ele-
ment combinations such as Bi/Mo/O,[1,2] Bi/Ti/O,[3] Bi/Sr/
Ta/O[4] as well as Bi/V/O[5] have found various applications
as ferroelectric devices, oxide ion conductors, non-toxic pig-
ments, catalysts and catalyst models. We are interested in
novel precursors for bismuth-containing materials and
therefore we have started to systematically explore the
chemistry of bismuth silanolates[6] which has been scarcely
reported before.[7,8] The synthesis of one of the most prom-
ising precursors, [Bi(OSiMe3)3], was published in 1968 start-
ing from BiCl3 and NaOSiMe3.[8] Our attempts to repro-
duce the synthetic procedure did not result in the pure bis-
muth tris(trimethylsilanolate). We always observed sodium
contamination of the final material and isolated several het-
erobimetallic sodium bismuth-oxo clusters.[9] The formation
of such heterobimetallic cage compounds composed of bis-
muth and sodium is not surprising given the similar ionic
radii [r(Bi3+) = 117 pm; r(Na+) = 116 pm; coordination
number CN = 6],[10] and the rich and variable coordination
chemistry of both atom types. Indeed, several such hetero-
bimetallic alkoxides composed of sodium and bismuth were
synthesized previously.[11,12] In addition, heterobimetallic
bismuth alkoxides including metals such as potassium,[12]

barium,[13] vanadium,[14] titanium,[15] molybdenum,[2,16]

and terbium[17] were reported. Mixed-metal carboxylates/
alkoxides are also known for some transition metals.[18]
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(1·2 C7H8) and a = 16.353(2) Å, b = 17.156(1) Å and c =
12.256(1) Å (1·1.5 THF). In both compounds the solvent mole-
cules occupy channels along the c-axis. The basic molecular
unit is best described as a face-sharing double cubane [Bi-
Li5(µ4-O)2(µ3-OSiMe3)2(µ3-OtBu)2] which is coordinated by
two [Bi(OtBu)3] molecules. The compound is kinetically la-
bile in solution and readily decomposes in 1,1,2,2-tetrachlo-
roethane with elimination of 1,1,2-trichloroethylene.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

However, to the best of our knowledge no heterobimetallic
alkoxide containing lithium as the lightest metal atom
[r(Li+) = 73 pm; CN = 4][10] and bismuth, the heaviest stable
element of the periodic table, was reported before. The only
cage compound we are aware of is [Li2Bi2(NtBu)2(thf)2].[19]

Notably, the reaction of [Bi(OtBu)3] with NaOtBu and
KOtBu was reported to give [Bi2Na4O(OtBu)8] and [BiK-
(OtBu)4], respectively, whereas no reaction was observed
with LiOtBu.[12] This prompted us to look at the reaction
of [Bi(OtBu)3] with LiOSiMe3 as an alternative method for
the synthesis of [Bi(OSiMe3)3] by ligand exchange.

Results and Discussion

The metathesis reaction of [Bi(OtBu)3] with LiOSiMe3

was expected to provide the bismuth silanolate [Bi-
(OSiMe3)3]. However, the reaction according to Equa-
tion (1) gave the heterometallic bismuth-oxo cluster [Bi3-
Li5(µ5-O)2(µ3-OSiMe3)2(µ3-OtBu)2(µ2-OtBu)6] (1) (Fig-
ure 1) with high yield (� 90%). Both GC-MS and 29Si
NMR of the reaction solution from which compound 1 had
been filtered off revealed the formation of Me3SiOSiMe3.
Apparently, the trimethylsiloxy groups are the source for
the µ5-oxygen atoms in compound 1. Similarly, we did ob-

(1)
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serve recently that Me3SiOSiMe3 is eliminated by the reac-
tion of BiCl3 with NaOSiMe3 and also upon thermally in-
duced decomposition of [Bi(OSiMe3)3].[9,20] Notably, elimi-
nation of di-tert-butyl ether was reported to take place
upon reaction of [Bi(OtBu)3] with NaOtBu but not with
LiOtBu.[12]

Figure 1. View of the molecular structure of [Bi3Li5(µ5-O)2(µ3-
OSiMe3)2(µ3-OtBu)2(µ2-OtBu)6] (1) showing the atom numbering
scheme (ORTEP drawing with 30% probability ellipsoids). Selected
bond lenghts [Å] and angles [°] associated with Li (for Bi see also
Figure 3): Li(1)–O(2) 1.865(13), Li(1)–O(3) 1.992(13), Li(1)–O(4)
2.087(12), Li(1)–O(5) 1.925(12), Li(2)–O(5) 1.897(8), Li(2)–O(4)
2.10(2); O(2)–Li(1)–O(3) 128.3(7), O(2)–Li(1)–O(4) 86.5(5), O(2)–
Li(1)–O(5) 133.7(7), O(3)–Li(1)–O(4) 86.9(5), O(3)–Li(1)–O(5)
97.9(5), O(4)–Li(1)–O(5) 98.7(6), O(4)–Li(2)–O(4B) 84(1), O(4)–
Li(2)–O(5) 99.1(5), O(5)–Li(2)–O(5B) 155(2), Li(1)–O(4)–Li(2)
76.6(4), Li(1)–O(5)–Li(2) 85.6(7), Li(1)–O(3)–Li(1C) 80.3(7), Li(1)–
O(3)–Bi(2) 96.5(4), Li(2)–O(4)–Bi(2) 97.5(5), Li(2)–O(4)–Bi(1)
144.1(5), Bi(1)–O(1)–Bi(2) 96.9(2), Bi(1)–O(4)–Bi(2) 118.4(3). Sym-
metry operations used to generate equivalent atoms: A = –x + 1/2,
y, z; B = –x + 1/2, –y + 3/2, z; C = x, –y + 3/2, z.

The molecular structure of compound 1 is best described
to consist of the face-sharing double-cubane [BiLi5(µ4-O)2-
(µ3-OSiMe3)2(µ3-OtBu)2] and two [Bi(OtBu)3] molecules
which are coordinated to the heterocubane through their
oxygen atoms as well as the bismuth atoms (Figure 2). The
incorporation of the large bismuth atom results in distor-
tions from an ideal face-centred double cubane structure.

As a result of the high symmetry of compound 1 only
two distinct lithium and bismuth atoms, respectively, are
observed. Both lithium atoms are coordinated to four oxy-
gen atoms and adopt a coordination geometry, which is best
described as distorted trigonal bipyramid with one vertex
being unoccupied. For Li(1) this vertex is in axial and for
Li(2) it is in equatorial position. Slight differences in the
Li–O bond lengths are observed depending on the bridging
mode of the oxygen atoms. The shortest Li–O bond lengths
are observed for µ2-OtBu [Li(1)–O(2) 1.865(13) Å] followed
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Figure 2. Ball and stick model of the face sharing double-cubane
[BiLi5(µ4-O)2(µ3-OSiMe3)2(µ3-OtBu)2] coordinated by [Bi(OtBu)3].
Methyl groups omitted for clarity. The dimensions of the spheres
do not correlate with the effective ionic radii of the atoms.

by µ3-OSiMe3/µ3-OtBu [Li(1)–O(3) 1.992(13) Å, Li(1)–O(5)
1.925(12) Å, Li(2)–O(5) 1.897(8) Å] and µ5-O [Li(1)–O(4)
2.087(12) Å, Li(2)–O(4) 2.10(2) Å]. Irregular coordination
polyhedra are observed for both bismuth atoms. The coor-
dination geometry at Bi(1) might be described as a distorted
pseudo-trigonal bipyramid BiO4X with the lone pair X oc-
cupying an axial position (Figure 3). The Bi–O bond
lengths are in the range 2.087(6)–2.242(5) Å with the short-
est bond lengths found in axial position. As a result of the
stereochemical activity of the lone pair the torsion angle
Bi(1)–O(1)–O(2A)–O(2) amounts to 22°. A [4+2]-coordina-
tion is observed for Bi(2) with a short Bi–O bond length of
2.087(6) Å for Bi(1)–O(4), a bond length of 2.331(7) Å for
Bi(2)–O(3) and a longer bismuth–oxygen distance of
2.683(7) Å for Bi(2)···O(1). In first approximation the poly-
hedron might be described as strongly distorted pseudo-pen-
tagonal bipyramid BiO6X with a stereochemically active
lone pair occupying a position within the pentagonal plane.
Consequently, the O(3)–Bi(2)–O(3B) angle decreases from
180° to 146.4(3)° and the O(1)–Bi(2)–O(1B) angle increases
from 144° to 146.0(3)°.

Figure 3. View of the bismuth–oxygen polyhedra observed for Bi(1)
and Bi(2) including distances given in Å. Selected O–Bi–O angles
[°]: O(1)–Bi(1)–O(2) 108.9(1), O(1)–Bi(1)–O(4) 78.3(2), O(2)–Bi(1)–
O(2A) 128.6(2), O(2)–Bi(1)–O(4) 77.5(1); O(1)–Bi(2)–O(1B)
146.0(3), O(1)–Bi(2)–O(3) 94.9(1), O(1)–Bi(2)–O(4) 66.4(2), O(3)–
Bi(2)–O(3B) 146.4(3), O(3)–Bi(2)–O(4) 77.3(1), O(4)–Bi(2)–O(1B)
147.6(2), O(4)–Bi(2)–O(4B) 81.3(3). Symmetry operations used to
generate equivalent atoms: A = –x + 1/2, y, z; B = –x + 1/2, –y +
3/2, z.

The heterometallic bismuth-oxo cluster crystallises from
both toluene and THF in form of the solvates 1·2 C7H8

and 1·1.5 THF, respectively. In the solid state the metal-oxo
clusters, which have a brick-like shape with approximate di-
mensions of 12×11×11 Å3 (atom to atom distance), ar-
range in such a way that channels along the c-axis are
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formed. Solvent molecules occupy these channels. In Fig-
ure 4 a packing diagram of 1·2 C7H8 leaving the voids unoc-
cupied is shown. The diameter of the channels amounts to
approximately 6 Å (atom to atom distance). The THF solv-
ate 1·1.5 THF shows similar crystallographic data.

Figure 4. Packing diagram of 1·2C7H8 in the solid state. The sol-
vent molecules which occupy the channels along the c-axis are re-
moved for clarity.

The moisture-sensitive compound dissolves in solvents
such as CD2Cl2, C2D2Cl4, CCl4, toluene and THF at room
temperature, but its solubility is significantly decreased at
lower temperature. The 1H NMR spectrum of a [D6]toluene
solution of 1 is rather complex and shows a vast number of
signals which are grouped in the regions (a): δ = 0.22–
0.52 ppm and (b): δ = 1.05–1.67 ppm with an overall inte-
gral ratio of approximately 1:4 (see Figure S1 in the Sup-
porting Information). Similarly, complex 1H NMR spectra
are observed in other solvents such as 1,1,2,2-tetrachloreth-
ane and CCl4. These spectra are not compatible with the
structure of compound 1 observed in the solid state. Thus
we conclude that in solution the metal-oxo cluster is kin-
etically labile and gives a mixture of metal (oxo)alkoxides.
This hypothesis is further supported by a comparison of the
IR spectra of the solid material 1 and its saturated CCl4
solution (Figure S2). Decomposition of compound 1 in
1,1,2,2-[D2]tetrachloroethane under base-catalysed elimi-
nation of DCl to give [D]-1,1,2-trichloroethylene was ob-
served at room temperature overnight. Heating of a 1,1,2,2-
tetrachlorethane solution significantly enhances this process
and a colourless solid containing chloride and bismuth was
obtained.[21] In contrast compound 1 is stable in CCl4 and
heating a toluene solution of 1·1.5 THF at reflux and subse-
quent crystallisation at –20 °C gave single crystals of the
toluene solvate 1·2 C7H8.

Conclusion

In contrast to heterometallic sodium/bismuth oxoalkox-
ides and oxosilanolates those of lithium were not reported
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so far. We anticipated that formation of lithium derivatives
is less likely as a result of the great difference of the ionic
radii of lithium and bismuth. However, metathesis reaction
of [Bi(OtBu)3] with LiOSiMe3 gave the novel heterometallic
metal-oxo cluster [Bi3Li5(µ5-O)2(µ3-OSiMe3)2(µ3-OtBu)2-
(µ2-OtBu)6] (1) instead of [Bi(OSiMe3)3]. Formation of the
metal-oxo cluster 1 proceeds through elimination of Me3-
SiOSiMe3. It should be noted that our attempts to prepare
[Bi(OSiMe3)3] by salt elimination using BiCl3 and
MOSiMe3 (M = Li, Na, K) also failed.[9] Apparently, the
ready formation of Me3SiOSiMe3 makes the salt metathesis
unfavourable for the synthesis of bismuth tris(trimethylsil-
anolate) even with the small lithium cation. However,
heterometallic bismuth compounds might be suitable pre-
cursors for novel mixed metal oxide materials prepared
through mild non-aqueous procedures.

Experimental Section
General Remarks: Solvents were distilled from appropriate drying
agents prior to use (THF, Et2O and toluene from sodium; C2D2Cl4,
CD2Cl2 and CCl4 from CaH2). All manipulations were carried out
under argon using the Schlenk-type technique. [Bi(OtBu)3][22] and
LiOSiMe3

[23] were prepared according to literature procedures. Ele-
mental analyses were performed on a LECO-CHNS-932 analyser.
The deviation from the calculated values results from the moisture
sensitivity of the compound. NMR experiments were performed
using a Bruker DPX 300, DRX 400 and DRX 500. Chemical shifts
δ are given in ppm and were referenced against Me4Si (1H, 29Si).
The 29Si NMR of the reaction solution was recorded with a D2O
capillary as external lock reference. NMR experiments were carried
out in sealed NMR tubes. IR spectra were obtained from a Bruker
FTIR IFS 28 spectrometer. The IR spectra were run as Nujol mulls
and absorption bands assigned to the compound are listed in the
range 400–1500 cm–1. Decomposition of compound 1 in 1,1,2,2-
tetrachloroethane to give 1,1,2-trichloroethylene and a colourless
solid (A) was observed. GC-MS (Perkin–Elmer Turbomass Gold)
of the supernatant solution revealed the formation of 1,1,2-trichlo-
roethylene and tBuOH. The amount of 1,1,2-trichloroethylene was
negligible in freshly distilled 1,1,2,2-tetrachlorethane. According to
an EDX analysis (Hitachi FEG S 4500) the inhomogeneous solid
material (A) contains Bi and Cl with a ratio in the range 1:2.8–4.8.

[Bi3Li5(µ5-O)2(µ3-OSiMe3)2(µ3-OtBu)2(µ2-OtBu)6] (1): A solution
of LiOSiMe3 (15.36 g, 0.16 mmol) in 200 mL Et2O was added to a
solution of [Bi(OtBu)3] (22.84 g, 0.05 mmol) in 250 mL THF at
room temperature and the reaction mixture was stirred overnight
to give a cloudy yellow solution. After filtration the amount of
solvent was reduced to approximately 100 mL and fractional crys-
tallisation at –20 °C gave colorless crystals of 1·1.5 THF. The 29Si
NMR of the supernatant solution showed a signal at 7.4 ppm as-
signed to Me3SiOSiMe3 and a second signal at 9.9 ppm assigned
to LiOSiMe3. The combined crystalline fractions (24.99 g, 92%
based on Bi) were dried in vacuo to remove the THF and to leave
a colourless amorphous solid. Comparison of the IR spectra of the
single crystals 1·1.5 THF and the amorphous material 1 indicates
removal of the guest molecules THF without collapse of the mol-
ecular structure (see Supporting Information). Single crystals suit-
able for X-ray crystallography were obtained from both THF and
toluene by dissolution of the amorphous material and subsequent
crystallisation at –20 °C. Analytical data of 1: C38H90Bi3Li5O12Si2
(1456.93): calcd. C 31.3, H 6.2; found C 30.7, H 6.7. 1H NMR
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(500.13 MHz, C2D2Cl4): δ = 0.02–0.06 (OSiMe3), 1.22–1.28
(OtBu), 1.36–1.40 ppm (OtBu). 1H NMR (400.13 MHz, [D8]tolu-
ene): δ = 0.22–0.52 (OSiMe3), 1.05–1.67 (OtBu). 29Si NMR
(79.49 MHz, CD2Cl2): δ = –3.8, –3.9, –4.2 ppm (major signal),
–4.3, –4.6. IR ν̃ = 1357 (s), 1241 (m), 1229 (m), 1191 (s), 1020 (s),
984 (s), 941 (s), 918 (m), 828 (m), 752 (w), 742 (w), 639 (w), 576
(m), 546 (m), 528 (m), 480 (w), 463 (w), 445 cm–1 (w).

X-ray Crystallography: Intensity data for the colorless crystal
1·2C7H8 were collected with a Nonius KappaCCD diffractometer
with graphite-monochromated Mo-Kα radiation at 173 K. The data
collection covered almost the whole sphere of reciprocal space with
three sets at different κ-angles and 307 frames via ω-rotation (∆/ω
= 1°) at two times 75 s per frame. The crystal–detector distance
was 3.4 cm. Crystal decay was monitored by repeating the initial
frames at the end of data collection. Analyzing the duplicate reflec-
tions there was no indication for any decay. The structure was
solved by direct methods SHELXS97[24] and successive difference
Fourier syntheses. Refinement applied full-matrix least-squares
methods SHELXL97.[25] The H atoms were placed in geometrically
calculated positions using a riding model with Uiso constrained at
1.2 times Ueq of the carrier C atom for non-methyl and 1.5 times
Ueq of the carrier C atom for methyl groups. Atomic scattering
factors for neutral atoms and real and imaginary dispersion terms
were taken from the International Tables for X-ray Crystallography.
An absorption correction was applied with a multi-scan method
using SCALEPACK[26] (Tmin = 0.385, Tmax = 0.572). Disorder was
found for two tert-butyl groups. The methyl group C3 (0.25, y, z)
is disordered over two position and refined on a normal position
with an occupancy of 0.5. Three methyl groups (C9–C11) on spe-
cial position (x, 0.75, z) were refined with occupancies of 0.2 (C9),
0.9 (C10), and 0.4 (C11). All atoms of the solvent molecules toluene
were isotropically refined with an occupancy of 0.25. Further
details are listed in Table 1.

Table 1. Crystallographic data for [Bi3Li5(µ5-O)2(µ3-OSiMe3)2(µ3-
OtBu)2(µ2-OtBu)6]·2C7H8 (1·2C7H8).

Compound 1·2C7H8

Empirical formula C52H106Bi3Li5O12Si2
Formula weight 1641.19
Crystal system orthorhombic
Space group Pmmn
a [Å] 16.267(3)
b [Å] 17.126(3)
c [Å] 12.155(2)
Volume [Å3] 3386(1)
Z 2
ρcalcd. [g cm–3] 1.610
Absorption coefficient [mm–1] 7.860
Crystal size [mm] 0.15×0.12×0.08
Theta range for data collection [°] 3.94 to 27.45
Reflections collected 11338
Independent reflections 4110 [Rint = 0.038]
Goodness-of-fit on F2 0.938
R [I � 2σ(I)] 0.0277
wR2 (all data) 0.0661
Largest diff. peak and hole [e·Å–3] 1.140/–1.209

CCDC-273897 (for 1·2C7H8) and -288998 (for 1·1.5THF) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Figure S1: NMR spectra of [Bi3Li5(µ5-O)2(µ3-
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OSiMe3)2(µ3-OtBu)2(µ2-OtBu)6] (1). Figure S2: IR spectra of [Bi3-
Li5(µ5-O)2(µ3-OSiMe3)2(µ3-OtBu)2(µ2-OtBu)6] (1).

Acknowledgments

We acknowledge the Deutsche Forschungsgemeinschaft, the Fonds
der Chemischen Industrie, the Fachbereich Chemie of Dortmund
University (Grant for young scientists) and Professor Dr. K. Jurk-
schat for support of this work.

[1] a) C. Limberg, Angew. Chem. 2003, 115, 6112–6136; Angew.
Chem. Int. Ed. 2003, 42, 5932–5954; b) R. K. Grasselli, J. D.
Burrington, Adv. Catal. 1981, 30, 133–163; c) A. M. Beale, G.
Sankar, Chem. Mater. 2003, 15, 146–153; d) A. Castro, P. Be-
gue, B. Jimenez, J. Ricote, R. Jimenez, J. Galy, Chem. Mater.
2003, 15, 3395–3401; e) T. A. Hanna, Coord. Chem. Rev. 2004,
248, 429–440; f) S. Roggan, C. Limberg, B. Ziemer, M. Brandt,
Angew. Chem. 2005, 117, 1303–1307; Angew. Chem. Int. Ed.
2005, 44, 5259–5262.

[2] C. Limberg, M. Hunger, W. Habicht, E. Kaifer, Inorg. Chem.
2002, 41, 3359–3365.

[3] a) B. H. Park, B. S. Kang, S. D. Bu, T. W. Noh, J. Lee, W. Jo,
Nature 1999, 401, 682–684; b) M. Schuisky, K. Kukli, M. Rit-
ala, A. Harsta, M. Leskelä, Chem. Vap. Deposition 2000, 6,
139–145; c) W. F. Su, Y. T. Lu, Mater. Chem. Phys. 2003, 80,
632–637; d) Y. Kageyama, T. Yoshida, Y. Mitsushima, K. Su-
zuki, K. Kato, Integr. Ferroelectr. 2001, 36, 173–181.

[4] a) C. A. Paz de Araujo, J. D. Cuchiaro, L. D. McMillan, M. C.
Scott, J. F. Scott, Nature 1995, 374, 627–629; b) Y. Tsunoda,
W. Sugimoto, Y. Sugahara, Chem. Mater. 2003, 15, 632–635; c)
Y. Tsunoda, M. Shirata, W. Sugimoto, Z. Liu, O. Terasaki, K.
Kuroda, Y. Sugahara, Inorg. Chem. 2001, 40, 5768–5771.

[5] a) H. M. Smith (Ed.), High Performance Pigments, Wiley-VCH,
Weinheim, 2001; b) A. Kudo, K. Omori, H. Kato, J. Am.
Chem. Soc. 1999, 121, 11459–11467.

[6] a) D. Mansfeld, M. Mehring, M. Schürmann, Z. Anorg. Allg.
Chem. 2004, 630, 1795–1797; b) D. Mansfeld, M. Mehring, M.
Schürmann, Angew. Chem. 2005, 117, 250–254; Angew. Chem.
Int. Ed. 2005, 44, 245–249; c) M. Mehring, D. Mansfeld, S.
Paalasmaa, M. Schürmann, Chem. Eur. J.; DOI: 10.1002/
chem.200500857.

[7] a) K. W. Terry, K. Su, T. D. Tilley, A. L. Rheingold, Polyhedron
1998, 17, 891–897; b) M.-C. Massiani, R. Papiernik, L. G. Hu-
bert-Pfalzgraf, J.-C. Daran, Polyhedron 1991, 10, 437–445.

[8] H. Schmidbaur, M. Bergfeld, Z. Anorg. Allg. Chem. 1968, 363,
84–88.

[9] a) M. Mehring, D. Mansfeld, C. Nolde, M. Schürmann, in:
Organosilicon Chemistry VI - From Molecules to Materials,
2005, 233–239 (Eds.: N. Auner, J. Weis), Wiley-VCH; b) M.
Mehring, S. Paalasmaa, M. Schürmann, Eur. J. Inorg. Chem.
2005, 4891–4901.

[10] a) R. D. Shannon, C. T. Prewitt, Acta Crystallogr., Sect. B
1969, 25, 925–946; b) R. D. Shannon, Acta Crystallogr., Sect.
A 1976, 32, 751–767.

[11] a) C. M. Jones, M. D. Burkart, K. H. Whitmire, J. Chem. Soc.,
Chem. Commun. 1992, 1638–1639; b) J. L. Jolas, S. Hoppe,
K. H. Whitmire, Inorg. Chem. 1997, 36, 3335–3340; c) K. H.
Whitmire, S. Hoppe, O. Sydora, J. L. Jolas, C. M. Jones, Inorg.
Chem. 2000, 39, 85–97.

[12] M. Veith, E.-C. Yu, V. Huch, Chem. Eur. J. 1995, 1, 26–32.
[13] S. Parola, R. Papiernik, L. G. Hubert-Pfalzgraf, C. Bois, J.

Chem. Soc., Dalton Trans. 1998, 737–739.
[14] J. W. Pell, W. C. Davis, H. C. zur Loye, Inorg. Chem. 1996, 35,

5754–5755.
[15] S. Parola, R. Papiernik, L. G. Hubert-Pfalzgraf, S. Jagner, M.

Hakansson, J. Chem. Soc., Dalton Trans. 1997, 4631–4635.
[16] a) M. Hunger, C. Limberg, P. Kircher, Angew. Chem. 1999, 111,

1171–1174; Angew. Chem. Int. Ed. 1999, 38, 1105–1108; b) M.



The First Metal-Oxo Cluster Containing Lithium and Bismuth FULL PAPER
Hunger, C. Limberg, P. Kircher, Organometallics 2000, 19,
1044–1050.

[17] R. E. Bachman, K. H. Whitmire, J. H. Thurston, A. Gulea, O.
Stavila, V. Stavila, Inorg. Chim. Acta 2003, 346, 249–255.

[18] a) J. H. Thurston, A. Kumar, C. Hofmann, K. H. Whitmire,
Inorg. Chem. 2004, 43, 8427–8436; b) J. H. Thurston, T. O. Ely,
D. Trahan, K. H. Whitmire, Chem. Mater. 2003, 15, 4407–
4416; c) J. H. Thurston, K. H. Whitmire, Inorg. Chem. 2003,
42, 2014–2023.

[19] A. J. Edwards, M. A. Beswick, J. R. Galsworthy, M. A. Paver,
P. R. Raithby, M. A. Rennie, C. A. Russell, K. L. Verhore-
voort, D. S. Wright, Inorg. Chim. Acta 1996, 248, 9–14.

[20] S. Paalasmaa, D. Mansfeld, M. Schürmann, M. Mehring, Z.
Anorg. Allg. Chem. 2005, 631, 2433–2438.

[21] The base-catalysed elimination of HCl from 1,1,2,2-tetrachlo-
roethane to give 1,1,2-trichloroethylene is well known. Whereas

Eur. J. Inorg. Chem. 2006, 735–739 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 739

[Bi(OtBu)3] reacts sluggishly even at higher temperature the
mixed metal-oxo cluster 1 as well as [Li(OSiMe3)] readily in-
duce the decomposition of 1,1,2,2-tetrachloroethane; a) L.
Metz, J. Prakt. Chem. 1932, 135, 142–144; b) S. G. Sastry,
Chem. Zentralblatt 1916, 87, 306–307; c) E. Müller, K. Ehrm-
ann, Ber. Dtsch. Chem. Ges. 1936, 69, 2207–2210.

[22] W. J. Evans, J. J. H. Hain, J. W. Ziller, J. Chem. Soc., Chem.
Commun. 1989, 1628–1629.

[23] S. Sieburth, W. Mu, J. Org. Chem. 1993, 58, 7584–7586.
[24] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467–473.
[25] G. M. Sheldrick, University of Göttingen 1997.
[26] Z. Otwinowski, W. Minor, in Macromolecular Crystallography

(Eds.: C. W. Carter, Jr., R. M. Sweet), Academic Press, New
York, 1997, part A, vol. 276, 307–326.

Received: July 15, 2005
Published Online: December 22, 2005



FULL PAPER

DOI: 10.1002/ejic.200500634

New Insights into the Redox Chemistry of Ruthenium Metallopharmaceuticals:
The Electrochemical Behaviour of [LH][trans-RuIIICl4L2] (L = imidazole or

indazole) Complexes

Mauro Ravera,[a] Claudio Cassino,[a] Sara Baracco,[a] and Domenico Osella*[a]

Keywords: Antitumor agents / Electrochemistry / Redox chemistry / Ruthenium

Here we report the findings from a study on the electrochem-
ical behaviour of two RuIII complexes [LH][trans-RuIIICl4L2]
(L = imidazole, ICR, or indazole, IndCR) in aqueous solution
at different pH values. An electrochemically reversible and
chemically quasi-reversible one-electron reduction is ob-
served for both compounds. Despite the similarity of the
structures, the fate of the electrogenerated RuII species is dif-
ferent; in the case of ICR, imidazole, followed by a chloride

Introduction
Three PtII compounds, commercially known as cisplatin,

carboplatin, and oxaliplatin, are currently the most widely
used anticancer agents. Notwithstanding the widespread
applications of platinum anticancer drugs, there is still a
great need for the development of novel metal-based com-
pounds with additional features.

The search for “nonclassical” metal antitumor drugs has
long stimulated investigations into the field of non-platinum
metal drugs. Non-platinum active compounds are likely to
have different mechanisms of action, biodistribution and
toxicity from those of platinum drugs, and might therefore
be active against human malignancies that are resistant, or
have acquired resistance, to the latter agents. They may also
show reduced host toxicity. Ruthenium seems to be the
most promising among the several metals investigated.[1,2]

Among the different metal complexes, [ImH][trans-
RuCl4(dmso-S)(Im)] (NAMI-A, where Im = imidazole) was
selected because of its very good antimetastatic activity;
from 1999 to 2002 it was introduced into clinical trials.[3]

Two similar complexes, containing imidazole (Im) and in-
dazole (Ind) as ligands, namely [ImH][trans-RuCl4Im2],
ICR, and [IndH][trans-RuCl4Ind2], IndCR, showed excel-
lent antitumour activity in various animal models.[4] In par-
ticular, IndCR entered phase I clinical trials in 2003 as an
anticancer drug which is very active against colon carci-
nomas and in metastases (Figure 1).[2]

[a] Dipartimento di Scienze dell�Ambiente e della Vita, Università
del Piemonte Orientale “Amedeo Avogadro”,
Spalto Marengo 33, 15100 Alessandria, Italy
Fax: +39-0131-287416
E-mail: domenico.osella@mfn.unipmn.it

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 740–746740

ion, is released as the consequence of the reduction, while for
IndCR two subsequent water for chloride substitutions take
place. Our measurements suggests that the RuIII complexes
under study may serve as pro-drugs, being activated by re-
duction in a suitable aqueous environment and, therefore,
binding biomolecules more rapidly.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Despite the large number of works published, the mecha-
nism of action of ruthenium complexes is still largely un-
known. Given that RuIII complexes are kinetically more in-
ert than the corresponding RuII derivatives, an “activation
by reduction” mechanism has been proposed to explain the
biological activity of some ruthenium derivatives.[5,6] Ac-
cording to this hypothesis, NAMI-A is considered to be a
pro-drug, a compound that is converted in the body through
reductive metabolism to the RuII pharmacologically active
species. This reactive intermediate should link the biological
target after rapid dissociation of some of its ligands. Solid
tumours create hypoxic (reducing) regions because they
grow faster than the tissue can generate new blood vessels
to supply enough oxygen.[7] Nontoxic drugs which can only
be “activated” in hypoxic regions (hypoxia-activated pro-
drugs) therefore offer the promise of a specific systemic
treatment against solid tumours, including metastases. For
this reason, the RuIII/RuII electron transfer reaction is par-
ticularly interesting.

Aquation of the imidazole (NAMI-A[8] and ICR[9]) and
indazole (IndCR[10]) complexes leads mainly to mono- and
diaqua complexes, at different time scales. The initial trans-
formation into a monoaqua complex seems to play a crucial
role for further biological activity, since reactions with bio-
logical substrates are much faster in “aged” solutions of
ICR than in “fresh” solutions. Further hydrolysis products
are unknown, but could be µ-oxo complexes. Formation of
such di- or polynuclear Ru complexes is pH-dependent, as
hydrolysis proceeds faster at higher pH, leading to precipi-
tation. Recently, we reported a detailed electrochemical
study on NAMI-A indicating the structural and chemical
consequences stemming from the easy RuIII/RuII electron
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Figure 1. Sketch of compounds NAMI-A, ICR and IndCR.

transfer in aqueous solution.[11] Surprisingly, the reduction
in acidic solutions (pH 6.0) generates the transient RuII

homologue, which quickly undergoes substitution of Im by
a water molecule affording [RuII(H2O)Cl4(DMSO)]2–, fol-
lowed after a longer period by the substitution of one chlo-
ride ligand by a water molecule affording the ultimate prod-
uct [RuII(H2O)2Cl3(DMSO)]–. At physiological pH (7.4),
only the substitution of two chlorides by water is observed,
just in the longer period of the electrolysis time scale. The
hypoxic and acidic environment present in a tumoral tissue
may favour the RuIII/RuII reduction and the subsequent Im
hydrolysis, thereby promoting a unique means of activation
of such a metallic drug in tumour tissue.

A thorough study of the electrochemical behaviour of the
title compounds in aqueous solution has not yet been pub-
lished. A few remarks were made by Sadler et al.[9] and,
very recently, a seminal electrochemical study in organic
solvents (DMF and DMSO) was published by Keppler et
al.[12] In order to shed light on the redox properties of anti-
tumour ruthenium complexes and their possible activation
by reduction in experimental conditions nearer to the physi-
ological ones, we show here a voltammetric, coulometric,
and NMR study on ICR and IndCR in water at different
pH values.
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Results and Discussion

Electrochemical Behaviour of ICR [ImH][trans-RuIIICl4Im2]
(Im = imidazole)

As illustrated in Figure 2, the cyclic voltammetric (CV)
response of an aqueous solution of [RuIIICl4Im2]– (1.0 m

Ru complex in 0.1  NaClO4, pH 4.0) at a glassy carbon
(GC) electrode reveals a coulometrically checked (see be-
low) one-electron reduction (peak A) coupled to chemical
complications, as testified by the appearance of peak C in
the back scan at ∆Ep = 260 mV.

Figure 2. CV response of a 1.0 m aqueous solution of [RuIII-
Cl4Im2]– (0.1  NaClO4, pH 4.0), at a GC electrode, scan rate =
0.2 (top) and 0.8 (bottom) V s–1.

When a double cycle CV experiment is performed, the
cathodic counterpart of the oxidation C (peak B) is ob-
served, indicating that the peak system B/C is related to a
stable species produced after the reduction occurring at
peak A. In the scan rate (v) range 0.05–5.00 V s–1, no return
peak associated to peak A is observed. At a v � 0.8 V s–1

a third peak system (D/E) appears between A and B/C. This
new couple is chemically quasi-reversible and electrochemi-
cally reversible. For peak systems A and B/C, the current
functions ip vs. v½ and ip vs. concentration plots are linear
through the origin, supporting the absence of adsorption
phenomena. Table 1 summarizes the CV data.

All these observations are consistent with an ECE
mechanism: the chemical reaction following reduction A
produces further electroactive species.[13,14]

In order to substantiate the identity of such intermedi-
ates, the CV response of [RuIIICl4Im2]– was compared with
that of two possible candidates, namely [RuIII(H2O)Cl3Im2]
and [RuIII(H2O)Cl4Im]– (obtained on standing [RuIIICl5-
Im]2– in water, see Experimental Section). Since [RuIII(H2O)
Cl3Im2] is stable only under acidic conditions (pH � 4.0),[15]

an accurate comparison was feasible only with such pH val-
ues. Figure 3 shows the overlap of the three CVs. All three
complexes display a similar ECE behaviour, with the final
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Table 1. Relevant electrochemical data for [RuIIICl4Im2]– and its aquated compounds.

Ep(A) E°�(B/C) E°�(D/E)
(V vs. Ag/AgCl at 0.2 V s–1) (V vs. Ag/AgCl) (V vs. Ag/AgCl)

[RuIIICl4Im2]– –0.46 –0.24 –0.34 (at v�0.8 V s–1)
[RuIII(H2O)Cl3Im2] – –0.24 –0.34
[RuIII(H2O)Cl4Im]– –0.44 –0.23 –

redox couple (peaks B/C) located at the same potential,
while the first reduction (A) is obviously located at different
values.

Figure 3. CV response of 1.0 m aqueous solutions of [RuIII(H2O)
Cl3Im2] (top), [RuIII(H2O)Cl4Im]– (middle), and [RuIIICl4Im2]–

(bottom) (0.1  NaClO4, pH 4.0), at a GC electrode, scan rate =
0.2 V s–1.

We propose the diaqua [RuIII(H2O)2Cl3Im] as the final
product of the ECE sequence, as it is the only intermediate
that could reasonably be obtained from all three complexes.
In the case of [RuIIICl4Im2]– the intermediate [RuIII(H2O)
Cl3Im2] is clearly present at v � 0.8 V s–1 (Figure 2). The
same behaviour and the same CVs are also observed in
phosphate buffer (PB) at pH 6.0; for this reason, we can
extend the mechanism of reaction (Figure 4) to this pH
value as well.

Bulk electrolysis of an aqueous, acidic solution (pH 4.0
and 6.0) of [RuIIICl4Im2]– (Ew = –0.60 V) consumes 1 mol
of electrons per mol of complex, producing a change in col-
our from deep orange to lemon yellow, indicative of the
formation of a RuII species. In the longer electrolysis time
scale, the Im/water and Cl–/water exchanges occur com-
pletely so that the E°� of the final species correspond to
that of the B/C peak couple. The overall bulk electrolysis
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Figure 4. Proposed reaction scheme for the reduction of ICR.

behaviour is confirmed by the chemical reduction with re-
duced glutathione (GSH) followed by CV tests; the results
show that the diaqua complex is obtained during the reac-
tion (30 min), although some decomposition occurs (ca.
20%).

In neutral solution (0.1  PB, pH 7.4) the general trend
is maintained. However, there is a moderate shift in Ep(A)
and a strong shift in E°�(B/C). Indeed, Ep(A) changes
from –0.46 to –0.49 V by passing from pH 4.0 to 7.4, while
E°�(B/C) shifts from –0.24 to –0.37 V in the same pH range.
This may be due to the less efficient protonation of the leav-
ing ImH+ (peak A), and to the partial formation of hydrox-
ylated aqua species (peaks B/C). Given that the A and B/C
signals partially overlap, the peak couple D/E is also com-
pletely obscured at high v. The similarity of the behaviour
at pH 7.4 of the two RuIII complexes with that at acidic pH
values confirms the stepwise loss of Im and chloride with
replacement by the water after the initial reduction step in
the pH range 4.0–7.4.

Chemical Reduction of ICR Followed by NMR
Spectroscopy

In order to confirm the assignment of the species pro-
duced at different pH values, chemical reductions with
GSH were followed by 1H NMR spectroscopy. To avoid the
interference of the imidazolium countercation, all experi-
ments were performed with ICR sodium salt. The oxidation
of glutathione to glutathione disulfide (GSSG) is a two-
electron reaction (2 GSH � GSSG + 2e– + 2 H+). In order
to increase the reaction speed, an ICR sodium salt/GSH
ratio of 1:2 was used (37 °C, NMR measured after 15 min);
the resulting mixture exhibited no broadening of the in-
ternal standard peak [referenced to the water-soluble silane
3-(trimethylsilyl)-1-propanesulfonic acid sodium salt, DSS]
due to the presence of paramagnetic species as residual ICR
(RuIII d5) or glutathyil radical intermediate.
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The reduction carried out on a 10 m solution of ICR

in 0.1  acetate buffer (pH 4.0), and PB (pH 6.0 and 7.4),
parallels that reported by Keppler et al.[16] (Figure 5). Two
sets of signals are observed; the first corresponds to the free
imidazole (A), while the second is typical of a coordinated
imidazole (B). Pattern A increases with time, while pattern
B decreases as the result of the reduction of the complex to
the corresponding RuII analogue and the following Im/H2O
exchange. All these observations are consistent with the
electrochemical data in which the substitution of Im by a
water molecule in the reduced dianion [RuIICl4Im2]2– (not
observed in NMR) produces [RuII(H2O)Cl4Im]2– and/or
[RuII(H2O)2Cl3Im]– (pattern B). At longer reaction times,
the reduced species is completely destroyed (only pattern A
is observed).

Figure 5. Expanded 6.0–10.0 ppm resonance region of the 1H
NMR spectrum of ICR (10 m in 0.1  phosphate buffer, pH 6.0)
recorded 15 min (top) and 1 h (bottom) after the addition of gluta-
thione (20 m) at 37 °C.

Electrochemical Behaviour of IndCR Sodium Salt
[Na][trans-RuIIICl4Ind2] (Ind = indazole)

Since the indazolium salt of IndCR is barely soluble in
water, all experiments were performed with the sodium salt.

Figure 6 shows the CV response of an aqueous solution
of [RuIIICl4Ind2]– (1.0 m Ru complex in 0.1  NaClO4,
pH 4.0, water solution) at a GC electrode. The coulometri-
cally checked one-electron reduction (peak-system F/G) is
followed by chemical complications, as testified by the ap-
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pearance of peak J in the back scan. In the scan rate range
0.05–5.00 V s–1, the diagnostic electrochemical features are:

Figure 6. CV response of a 1.0 m aqueous solution of [RuIII-
Cl4Ind2]– (0.1  NaClO4, pH 4.0), at a GC electrode, scan rate: 0.2
(top) and 0.8 (bottom) V s–1.

i. The current ratio ip,a(G)/ip,c(F) is 0.3 at 0.05 V s–1 and
progressively increases with v until it reaches unity at
1.5 V s–1;
ii. The peak-to-peak separation ∆Ep = Ep,a – Ep,c remains
practically constant (80 mV) by increasing v in the range of
v where peak G is present (v � 0.8 V s–1);
iii. The formal electrode potential E°� = (Ep,c + Ep,a)/2 is
equal to –0.160 V vs. Ag/AgCl (v � 0.8 V s–1);
iv. The plots of ip vs. v½ and ip vs. concentration are linear
through the origin, indicating the absence of any adsorption
process.

Also in this case, when a double cycle CV experiment is
performed, the cathodic counterpart of the oxidation J
(peak H) is observed. This couple is located at –0.072 V vs.
Ag/AgCl, and shows electrochemical parameters similar to
that of the F/G system.

After increasing the pH to 6.0 and 7.4, all the peaks re-
main at the same potential except peak H, which slightly
shifts under peak F. The overall electrochemical behaviour
is compatible with an ECE mechanism.

Bulk electrolysis of an aqueous, acidic solution (pH 4.0)
of [RuIIICl4Ind2]– (Ew = –0.35 V) consumes 1 mol of elec-
trons per mol of complex, yielding the usual RuII yellow
lemon solution. Despite strong decomposition, after
0.5 Faradays, the two peak couples F/G and H/J are still
present. After 1 Faraday, only a new species at E°� =
+0.065 V vs. Ag/AgCl is present (peaks K/L, Figure 7). At
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pH 6.0 only a species at E°� = –0.065 V, compatible with the
H/J system, is present, while at pH 7.4 the decomposition is
so high that after 45 min of electrolysis the complex is fully
decomposed. The chemical reduction with GSH parallels
the above-reported results.

Figure 7. CVs performed before electrolysis (solid line), after 1 F
in 0.1  acetate buffer (pH 4.0, dashed line) and after 1 F in 0.1 
phosphate buffer (pH 6.0, dotted line).

Chemical Reduction of IndCR Followed by NMR
Spectroscopy

The reduction carried out with GSH ([IndCR] = 10 m,
IndCR/GSH ratio 1:2, 37 °C, NMR measured after 15 min)
in 0.1  acetate buffer (pH 4.0), and PB (pH 6.0, Figure 8)
shows a similar pattern of peaks. Free indazole is not pres-
ent throughout the experiment. If we consider only the set
of signals at ca. 9 ppm (in particular, the singlet due to the
proton in position 3; this signal is the most easily charac-
terized), the fate of the chemically generated RuII species is
unambiguous: the singlet at δ = 9.06 ppm (peak C) de-
creases until it disappears after 1 h, while another singlet at
δ = 8.97 ppm (peak D) increases as well. After 30 min, a
new singlet at δ = 8.92 ppm (peak E) starts to increase. At
pH 6.0, peak C� (δ = 8.96 ppm) represents the only species
present at the beginning of the experiment. After 30 min,
peak D� (δ =8.92 ppm) begins to increase. After 2 h a 1:1
ratio is reached, and after 4 h peak D� is about twice as
high.

By combining the experimental results obtained in CV
and NMR, we can propose the reaction pattern reported
in Figure 9. The reduction of IndCR produces the dianion
[RuIICl4Ind2]2–. This species is more stable than the corre-
sponding [RuIICl4Im2]2–, and slowly exchanges stepwise two
Cl– for water. At pH 6.0 this exchange is inhibited, so that
only the first step is observed both in NMR and bulk elec-
trolysis. Surprisingly, in this case, the “traditional” Cl–,Cl–/
2H2O substitution takes place, while in ICR the Im,Cl–/
2H2O substitution, as observed also for NAMI-A in acidic
conditions, is the predominant reaction.
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Figure 8. Expanded 8.80–9.10 ppm resonance region of the 1H
NMR spectrum of IndCR (10 m in 0.1  acetate buffer, pH 4.0)
recorded 15 min (top), 1 h (middle), and 2 h (bottom) after the ad-
dition of glutathione (20 m).

Figure 9. Proposed reaction scheme for the reduction of IndCR.

Conclusions

We have reported on a study of the electrochemical be-
haviour of the two RuIII complexes [LH][trans-RuCl4L2] (L
= imidazole, ICR, or indazole, IndCR) in aqueous solution
at different pH values. An electrochemically reversible and
partially chemically reversible one-electron reduction is ob-
served for both compounds. Despite the similarity of the
structure, the fate of the electrogenerated RuII species is dif-
ferent; in the case of ICR, imidazole, followed by a chloride
ion, is released as the consequence of the reduction, while in
IndCR Cl–,Cl–/2H2O substitution takes place. The chemical
complications following the electron transfer in IndCR are
also independent of pH, and act only on the kinetic aspect
of the substitutions. It is noteworthy that, while the acti-
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vation of the RuIII homologues occurs in a time interval of
hours,[9] that of the reduced species takes place in less than
one hour. The differences in the chemical behaviour of the
electrogenerated RuII species may be imputable to the dif-
ferent basicity of Im (pKa = 7.11) and Ind (pKa = 1.25).[17]

In fact, the propensity toward protonation of the axial li-
gand L (where L is Im or Ind) influences the formation
of [LH]+ and, hence, its detachment from the complex. As
reported in the Introduction, we found precedents for this
in a recent study on the electrochemical behaviour of
NAMI-A:[11] Furthermore, as reduction of RuIII to RuII fills
the dπ orbitals, an axial ligand such as Ind, having a higher
electronic delocalization than Im by virtue of annulation,
could partially act as a π-acceptor and, thus, increase the
Ru–L bond stability.

There are many redox couples in a cell that maintain the
redox environment, with the glutathione disulfide/reduced
glutathione (GSSG/2GSH) being the most abundant.[18] In
proliferating cells, the reduction potential is about –0.24 V
vs. NHE (i.e. –0.44 V vs. Ag/AgCl).[19] According to the
E°�(RuIII/RuII) measured, the biological reduction process
of ICR and IndCR is thus possible. The RuII species show
a lower stability with respect to the RuIII counterpart and
thus the chemical reactions following the electron transfer
may produce more reactive intermediates. The combination
of electrochemical and NMR measurements shed light on
the overall mechanism, suggesting that RuIII complexes may
serve as prodrugs, which may be activated by reduction in
vivo to coordinate more rapidly to biomolecules. The low
O2 content in tumour cells (hypoxic environment) should
favour the reduction to RuII, which is generally more active
than RuIII enforcing the “activation by reduction” hypothe-
sis.

Experimental Section
Complexes Na[RuCl4Im2][16] and [ImH][RuCl4Im2],[20] (Im = imi-
dazole), and Na[RuCl4Ind2] (Ind = indazole)[21] were obtained fol-
lowing published procedures. Their aquated products ([Ru(H2O)
Cl4Im]–[22] and [Ru(H2O)Cl3Im2][15]) were obtained directly in solu-
tion according to data in the literature. The identity and the purity
of all species were checked using the usual techniques. All salts
were analytical grade and used as received. Deionized water was
obtained through a Milli-Q (18 MΩ) deionizing system and was
used for the preparation of all solutions. 1H NMR spectra were
measured in D2O with a JEOL Eclipse Plus spectrometer operating
at 400 MHz. Proton chemical shifts were reported in parts per mil-
lion (ppm) referenced to residual solvent proton resonance (i.e.
HDO 4.8 ppm) or silane standard 3-(trimethylsilyl)-1-propanesul-
fonic acid sodium salt (DSS).

Electrochemical experiments were performed using an EG&G PAR
273 electrochemical analyser interfaced to a personal computer,
employing PAR M270 electrochemical software. A standard three-
electrode cell was designed to allow the tip of the reference elec-
trode to closely approach the working electrode. The reference elec-
trode was silver/silver chloride (Ag/AgCl), containing saturated,
aqueous KCl. Its stability was checked using the [Fe(CN)6]3–/
[Fe(CN)6]4– redox couple. The Ag/AgCl reference electrode was
stable with a precision of ±5 mV. The working electrode was a
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glassy carbon disk (diameter 0.1 cm) sealed in epoxy resin. The
solid electrodes were polished with alumina followed by diamond
paste, then washed with distilled water and dried. This process
yielded a reproducible surface for all experiments. Positive-feed-
back iR compensation was applied routinely. All electrochemical
measurements were carried out under nitrogen in water; solutions
were 1.0 m with respect to the compounds under study and 0.1 

with respect to the supporting electrolyte. The temperature of the
solution was kept constant (20±1 °C), by circulation of a thermo-
statted water/ethanol mixture through a jacketed cell.

The reduced species were produced in quantitative yield by bulk
electrolysis. This was carried out in a conventional two-compart-
ment glass cell with porous glass separation. A Pt basket was used
as the cathode at a potential ca. 100–150 mV more negative than
the formal potential E°�, a Pt wire was used as the anode, and
Ag/AgCl was the reference electrode. Nitrogen was continuously
bubbled through the solution during electrolysis. In all cases, trans-
formation of RuIII to RuII was checked by current integration and
by in situ CV.
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The reactions of anhydrous LnCl3 (Ln = Y, Nd, Sm, Lu) with
two equiv. of sodium N,N�-dicyclohexyl-N��-bis(trimethyl-
silyl)guanidinate Na[(Me3Si)2NC(NCy)2], obtained from
Na[N(SiMe3)2] and the 1,3-dicyclohexyl-substituted carbodi-
imide CyN=C=NCy in THF, yield the monochloro bis(guani-
dinate) tetrahydrofuranate complexes [(Me3Si)2NC(NCy)2]2-
LnCl(THF) [Ln = Y (1), Nd (2), Sm (3) and Lu (4)]. The analo-
gous reactions of YCl3 and LuCl3 with the lithium guanidin-
ate [Li(Et2O)][(Me3Si)2NC(NCy)2] afford the bis(guanidinate)
“ate” complexes [(Me3Si)2NC(NCy)2]2Ln(µ-Cl)2Li(THF)2 [Ln
= Y (5) and Lu (6)]. Treatment of 5 with dimethoxyethane
results in the formation of [(Me3Si)2NC(NCy)2]2Y(µ-Cl)2-

Introduction

The organometallic chemistry of the rare earth metals
has made considerable progress in the course of the past
two decades and has been generally dominated by the syn-
thesis of cyclopentadienyl sandwich and half-sandwich
complexes.[1] These complexes have been and remain of spe-
cial interest because of their potential as catalysts in a wide
range of transformations of unsaturated substrates.[2] Re-
cently, research activity has been directed to the substitu-
tion of the cyclopentadienyl ligands by other coordinating
systems in order to obtain complexes with modified struc-
tures and reactivities. To this end, many research groups
have focused their work on “harder”, mono-anionic poly-
dentate N- and/or O- coordinating ligands providing enough
steric bulk to prevent further coordination of Lewis bases,
dimerisation or ligand redistribution reactions but still pos-
sessing high reactivity.[3] Ligand frameworks containing
electronegative nitrogen atoms as donor atoms have turned
out to be the most promising ligands since they show a high
affinity for the hard Lewis acidic atoms of the rare earths
metals[4] combined with structural diversity. Guanidinate

[a] G. A. Razuvaev Institute of Organometallic Chemistry of Rus-
sian Academy of Sciences,
Tropinina 49, 603950 Nizhny Novgorod GSP-445, Russia
Fax: +7-8312-127-497
E-mail: trif@imoc.sinn.ru

[b] Institut für Chemie der Technischen Universität Berlin,
Straße des 17. Juni 135, 10623 Berlin, Germany
Fax: +49-30-3142-2168
E-mail: schumann@chem.tu-berlin.de

Eur. J. Inorg. Chem. 2006, 747–756 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 747

Li(DME) (7). The carbyl complexes [(Me3Si)2NC(NCy)2]2Y-
tBu] (8), [(Me3Si)2NC(NCy)2]2Y(µ-Me)2Li(TMEDA) (10) and
[(Me3Si)2NC(NCy)2]2YPh(THF) (13) were obtained by inter-
action of complex 1 with RLi (R = tBu, Me or Ph). The molecu-
lar structures of 1, 6, 7, 8 and the side product [Li(TMEDA)]-
[(Me3Si)2NC(NCy)2] have been determined by single-crystal
X-ray analyses. Agostic interactions between the yttrium
atom and the tert-butyl group in complex 8 in the solid state
as well as in solution have been substantiated by 13C NMR
spectroscopy and X-ray analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

anions [R2NC(NR�2)]– are isoelectronic with the cyclopen-
tadienyl anion and have been widely used as supporting li-
gands for non-transition and d-block transition metals[5]

and also, in recent years, for rare earth metals.[6] Based on
their anionic character, the facile modification of their elec-
tronic and steric properties by variation of the substituents
at the nitrogen atoms and their flexible coordination behav-
ior, tetrasubstituted guanidinate anions are very attractive
ligand systems for the synthesis of kinetically stable, low-
coordinate rare earth metal complexes. We have already
used the guanidinate anion [(Me3Si)2NC(NiPr)2]– for the
successful synthesis of the hydrido complex {[(Me3Si)2-
NC(NiPr)2]2Lu(µ-H)}2 which was found to be an active
catalyst for the polymerisation of ethylene, propylene and
styrene.[7] Here we report on the synthesis, properties and
structures of some chloro, alkyl and aryl derivatives of
bis(guanidinate)-coordinated complexes of some rare earth
metals.

Results and Discussion

In order to prepare low-coordinate organometallic com-
plexes of rare earth metals which would be predicted to be
resistant towards dimerisation, ligand redistribution and
further coordination by Lewis bases, we used the bulky gu-
anidinate ligand [(Me3Si)2NC(NCy)2]– bearing cyclohexyl
groups at the coordinating nitrogen atoms. The respective
sodium and lithium guanidinates are available by treatment
of Na[N(SiMe3)2] or [Li(Et2O)][N(SiMe3)2] with 1,3-dicy-
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clohexylcarbodiimide, CyN=C=NCy, in THF and can be
isolated in a pure state.[6a] Addition of anhydrous LnCl3
(Ln = Y, Nd, Sm, Lu) to freshly prepared THF solutions of
the sodium guanidinate (1:2 mol ratio) at room temperature
allows the isolation of the monomeric crystalline lanthanide
bis(guanidinate) chlorides [(Me3Si)2NC(NCy)2]2-
LnCl(THF) [Ln = Y (1), Nd (2), Sm (3) and Lu (4)] from
the respective solution in yields of 60 to 80% (Scheme 1).

The reactions of YCl3 and LuCl3 with the lithium salt
[Li(Et2O)][(Me3Si)2NC(NCy)2] instead of the sodium ana-
logue afford the monomeric “ate” complexes [(Me3Si)2-
NC(NCy)2]2Ln(µ-Cl)2Li(THF)2 [Ln = Y (5), Lu (6)] in
yields of 74 and 70%, respectively (Scheme 2). In contrast,
the metathesis of YCl3 with [Li(Et2O)][(Me3Si)2NC(NiPr)2]
containing less steric demanding isopropyl instead of cyclo-
hexyl groups results in the formation of the dimeric com-
plex {[(Me3Si)2NC(NiPr)2]2Y(µ-Cl)}2.[6b,6e] Furthermore,
treatment of 5 with dimethoxyethane results in replacement
of the two THF ligands coordinated to the lithium atom by
a DME molecule producing [(Me3Si)2NC(NCy)2]2Y(µ-Cl)2-
Li(DME) (7). Though LaCl3 clearly reacts with sodium or
lithium N,N�-dicyclohexyl-N��-bis(trimethylsilyl)guanidin-
ate under comparable reaction conditions, no THF-soluble
lanthanum complex could be isolated.

The colourless (1, 4, 5 to 7), pale blue (2) or pale yellow
(3) crystalline complexes are moisture- and air-sensitive. In
an inert atmosphere they can be stored without decomposi-

Scheme 1.

Scheme 2.
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tion at room temperature. They are soluble in ethers and
aromatic hydrocarbons and moderately soluble in hexane
and pentane but it should be added that the solubilities of
the monochloro bis(guanidinate) complexes 1 to 4 are no-
ticeably higher than those of the related “ate” complexes 5
and 6.

The 1H and 13C NMR spectra of the diamagnetic com-
plexes 1, 4, 5, 6 and 7 in [D6]benzene at 20 °C show the
expected sets of resonances due to the guanidinate moiety
and the coordinated THF and DME molecules. The 1H
NMR signals of the THF methylene protons in 1, 4, 5 and
6 appear as broad singlets reflecting the labile coordination.
Crystals suitable for single-crystal X-ray diffraction studies
of 1, 6 and 7 were obtained from hexane solutions by slow
evaporation of the solvent at room temperature (1 and 7)
or by cooling the solution to –20 °C (6). The molecular
structures of 1, 6 and 7 are depicted in Figure 1, Figure 2
and Figure 3, respectively. The crystal and structural refine-
ment data are listed in Table 1.

Complex 1 crystallises as the monomeric hexane solvate
[(Me3Si)2NC(NCy)2]2YCl(THF)(C6H14)1/2 in the mono-
clinic space group P21/c with four molecules in the unit cell.
The molecular structure shows the yttrium atom hexacoor-
dinated by two chelating guanidinate anions, one chlorine
atom and one THF molecule (Figure 1).

The distances Y–N(1,2) [2.387(5), 2.327(5) Å] and Y–
N(4,5) [2.377(4), 2.344(5) Å] as well as the distances
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Figure 1. ORTEP diagram (30% probability thermal ellipsoids) of
[(Me3Si)2NC(NCy)2]2YCl(THF) (1) showing the non-hydrogen
atom numbering scheme. Hydrogen atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Y–N(1) 2.387(5), Y–N(2)
2.327(5), Y–N(4) 2.377(4), Y–N(5) 2.344(5), Y–C1 2.584(2), Y–O
2.406(4), C(101)–N(1) 1.335(8), C(101)–N(2) 1.332(7), C(101)–N(3)
1.442(7), C(201)–N(4) 1.314(8), C(201)–N(5) 1.348(7), C(201)–N(6)
1.451(7); N(1)–Y–N(2) 56.87(17), N(4)–Y–N(5) 56.84(17), N(1)–
C(101)-N(2) 114.7(5), N(4)–C(201)–N(5) 115.2(5), O–Y–Cl
84.55(11).

Figure 2. ORTEP diagram (30% probability thermal ellipsoids) of
[(Me3Si)2NC(NCy)2]2Lu(µ-Cl)2Li(THF)2 (6) showing the non-hy-
drogen atom numbering scheme. Hydrogen atoms are omitted for
clarity. Selected bond lengths [Å] and angles [°]: Lu–N(1) 2.320(5),
Lu–N(2) 2.291(5), Lu–Cl 2.7468(17), Li–Cl 2.304(14), Li–O
1.932(16), C(101)–N(1) 1.316(7), C(101)–N(2) 1.339(7), C(101)–
N(3) 1.439(7); N(1)–Lu–N(2) 57.74(7), N(1)–Lu–N(2)� 109.49(17),
N(1)�–Lu–N(2)� 57.74(17), N(1)–C(101)–N(2) 114.0(5), C(101)–
Lu–C(101A) 130.3(2), Cl–Lu–Cl� 83.90(6), Cl–Li–Cl� 105.7(9).
Symmetry operation: –x, y, to –z + 0.5.

C(101)–N(1,2) [1.335(8), 1.332(7) Å] and C(201)–N(4,5)
[1.314(8), 1.348(7) Å] in the guanidinate ligands differ only
slightly from each other, thus indicating electron delocali-
sation within the anionic NCN units. The considerably
longer distances C(101)–N(3) [1.442(7) Å] and C(201)–N(6)
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Figure 3. ORTEP diagram (30% probability thermal ellipsoids) of
[(Me3Si)2NC(NCy)2]2Y(µ-Cl)2Li(DME) (7) showing the non-hy-
drogen atom numbering scheme. Hydrogen atoms are omitted for
clarity. Selected bond lengths [Å] and angles [°]: Y(1)–N(1)
2.3517(10), Y(1)–N(2) 2.3566(10), Y(1)–Cl(1) 2.6693(3), Li(1)–
Cl(1) 1.2311(2), Li(1)–O(1S�) 1.980(3), N(1)–C(13) 1.3304(14),
N(2)–C(13) 1.3325(15), N(3)–C(13) 1.4377(16); N(1)–Y(1)–N(2)
56.80(3), Cl(1)–Y(1)–Cl(1�) 82.106(14), N(1)–C(13)–N(2)
114.47(11), C(13)–Y(1)–C(13�) 125.77(5), O(1S�)–Li(1)–O(1S)
81.14(14), Cl(1�)–Li(1)–Cl(1) 98.70. Symmetry operation: –x, y,
to –z + 0.5.

[1.451(7) Å] indicate that the N(SiMe3)2 moiety does not
take part in the conjugation. The opposite orientation of
the N(SiMe3)2 and cyclohexyl groups relative to the NCN
planes corresponds to the minimisation of their mutual ste-
ric repulsion. The dihedral angles between the planes
formed by the SiNSi and the NCN fragments as well as
between the mean plane of the cyclohexyl groups and the
plane of the NCN fragment are close to 90° (89.7 and 82.9,
and 73.8 and 96.6°, respectively).

Complex 6 crystallises in the monoclinic space group
C2/c with four molecules in the unit cell. The lutetium atom
is hexacoordinated by the four nitrogen atoms of the two
bidentate guanidinate ligands and by two chlorine atoms.
The two chlorine atoms form bridges to the lithium atom
which is in turn coordinated to two THF molecules (Fig-
ure 2).

As in the molecular structure of 1, the small differences
between the Lu–N(1,2) distances [2.320(5), 2.291(5) Å] and
the C(101)–N(1,2) distances [1.316(7), 1.339(7) Å] indicate
electron delocalisation within the anionic NCN fragments.
The lengths of the lutetium-nitrogen bonds are very close
to those in the related lutetium complex [(Me3Si)2NC-
(NiPr)2]2Lu(µ-Cl)2Li(THF)2 [2.285(1)–2.346(1) Å] contain-
ing less sterically demanding isopropyl-substituted guanid-
inate ligands[7] and to the lengths of the Lu–N bonds in
[Li(THF)4][(C5H5)2Lu(NPh2)2] [2.290(7), 2.293(7) Å][8] but
are much shorter than the coordinate N�Lu bonds in (η8-
C8H8)Lu[o-C6H4CH2N(CH3)2](THF) [2.479(6) Å][9] and
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Table 1. Crystallographic data and structure refinement details for 1, 6, 7, 8 and 11.

1 6 7 8 11

Empirical formula C45H95ClLiN6OSi4Y C46H96Cl2LiLuN6O2Si4 C42H90Cl2LiN6O2Si4Y C42H89N6Si4Y C25H56LiN5Si2
Formula mass 972.99 1130.46 990.31 879.46 489.87
T [K] 173(2) 173(2) 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/c (No. 14) C2/c (No.15) C2/c (No. 15) P21/c (No. 14) P21/c (No. 14)
a [Å] 17.9072(3) 26.4406(9) 24.6189(13) 13.9177(11) 17.583(3)
b [Å] 11.5050(1) 13.6217(4) 13.9815(7) 18.2575(15) 10.6598(16)
c [Å] 27.7509(4) 19.1255(4) 17.7688(9) 20.0347(16) 17.615(3)
α [°] 90 90 90 90 90
ß [°] 100.082(1) 119.992(1) 116.150(1) 92.452(2) 106.652(2)
γ [°] 90 90 90 90 90
V [Å3] 5629.02(13) 5966.0(3) 5490.1(5) 5086.2(7) 3163.3(8)
Z 4 4 4 4 4
Density (calcd.) [g cm–3] 1.148 1.259 1.198 1.149 1.029
µ [mm–1] 1.204 1.862 1.284 1.274 0.132
Tmax./Tmin. 0.7590/0.3488 0.8448/0.6565 0.7151/0.5440 0.8832/0.7497 0.9491/0.9430
F(000) 2108 2376 2128 1912 1088
Crystal size [mm] 0.45 × 0.22 × 0.16 0.38 × 0.22 × 0.15 0.54 × 0.49 × 0.28 0.24 × 0.16 × 0.10 0.45 × 0.40 × 0.40
θ range [°] 1.15–27.50 1.74–27.50 1.72–24.50 1.84–29.08 1.94–25.00
Completeness to θ [%] 99.7 99.4 99.7 99.2 99.9

–22 � h � 23 –34 � h � 34 –27 � h � 28 –18 � h � 18 –20 � h � 20
Index ranges –14 � k � 12 –14 � k � 17 –16 � k � 9 –24 � k � 24 –12 � k � 12

–36 � l � 33 –24 � l � 24 –20 � l � 20 –26 � l � 27 –20 � l � 20
Reflections collected 40939 21775 14137 53204 24254
Independent reflections 12878 [Rint = 0.2185] 6830 [Rint = 0.0712] 4568 [Rint = 0.0186] 13505 [Rint = 0.0600] 5559 [Rint = 0.0302]
Data/restraints/parameters 12878/0/536 6830/2/297 4568/7/445 13505/0/834 5559/0/522
Goodness-of-fit on F2 0.979 1.112 1.052 0.997 1.062
R indices [I � 2σ(I)] R1 = 0.0949, R1 = 0.0598, R1 = 0.0268, R1 = 0.0444, R1 = 0.0414,

wR2 = 0.1499 wR2 = 0.1428 wR2 = 0.0671 wR2 = 0.0925 wR2 = 0.1123
R indices (all data) R1 = 0.2331, R1 = 0.0753, R1 = 0.0311, R1 = 0.0772, R1 = 0.0505,

wR2 = 0.1996 wR2 = 0.1518 wR2 = 0.0687 wR2 = 0.1038 wR2 = 0.1177
Largest diff. peak/hole [e Å–3] 0.483/–0.783 2.634/–0.767 0.420/–0.279 1.422/–0.612 0.889/–0.259

Lu[o-C6H4CH2N(CH3)2]3 [2.468(6), 2.478(5) and
2.588(5) Å].[10] Since the silylamine nitrogen is not involved
in the conjugation, the (Si)N–C bond is substantially longer
[1.439(7) Å] than the C–N(1,2) bonds. The bridging Lu–Cl
distances in 6 [both 2.747(2) Å] are longer than the terminal
Lu–Cl distances in [(Me3Si)2NC(NiPr)2]2Lu(µ-Cl)2Li-
(THF)2 [2.600(1) and 2.622(1) Å][7] and (tBu2C5H3)2Lu(µ-
Cl)2Li(TMEDA) [2.60(1) Å][11] which can be attributed to
the stronger steric repulsions of the bulkier cyclohexyl
groups and the THF molecules coordinated to the lithium
atom. The angle C(101)–Lu–C(101A) [130.3(2)°], defined as
a bite angle, is slightly smaller than the corresponding angle
in [(Me3Si)2NC(NiPr)2]2Lu(µ-Cl)2Li(THF)2 [132.30(6)°][7]

but larger than the centroid-metal-centroid angle in
(tBu2C5H3)2Lu(µ-Cl)2Li(TMEDA) [127.9(1)°].[11]

Complex 7 crystallises in the monoclinic space group
C2/c. The unit cell contains four molecules and the coordi-
nation environment of the yttrium atom (Figure 3) is analo-
gous to that of the lutetium atom in 6. The Y–N(1,2) dis-
tances [2.352(1), 2.357(1) Å] differ only very slightly and are
in the range of the corresponding distances for the related
yttrium guanidinate and amidinate complexes {[(Me3Si)2-
NC(NiPr)2]2Y(µ-Cl)}2 [2.326(4)–2.388(4) Å],[6b] {[PhC-
(NSiMe3)2]2Y(µ-H)}2 [2.327(3)–2.389(3) Å][12a] and [PhC-
(NSiMe3)2]2Y(µ-Cl)2Li(TMEDA) [2.334(2)–2.373(2) Å].[13]

The Y–Cl distances [2.669(1) Å] are slightly longer than
those in the metallocene type “ate” complexes Cp*2Y(µ-Cl)2-
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Li(THF)2 [2.646(2), 2.655(2) Å][14] and [(1,3-Me3Si)2-
C5H3]2Y(µ-Cl)2Li(THF)2 [2.626(1), 2.631(1) Å][15]

but shorter than the Y–Cl bonds in the dimeric
complex {[(Me3Si)2NC(NiPr)2]2Y(µ-Cl)}2 [2.7128(15),
2.7166(15) Å].[12b] The bite angle C(13)–Y(1)–C(13�)
[125.77(5)°] is substantially smaller than that in 6
[130.3(2)°]. As expected, the distance of the yttrium atom
to the bridging Cl atoms [2.6693(3) Å] is significantly longer
than to the terminal Cl atom in 1 [2.584(2) Å].

Complex 1 turned out to be suitable for alkylation and
arylation reactions. The alkylation with tBuLi, carried out
in hexane at 0 °C, affords the THF-free complex [(Me3Si)2-
NC(NCy)2]2Y–tBu (8) (Scheme 3) which was isolated as
colourless crystals in a yield of 52%. 1H NMR spectro-
scopic monitoring of the course of the reaction revealed
that 8 is actually formed quantitatively. However, its isola-
tion in a crystalline state is hampered by its very high solu-
bility in hexane and pentane. The NMR spectra of 8, re-
corded in [D6]benzene at ambient temperature, conditions
under which the complex is stable for at least the three days
over which measurements were made, show three remark-
able features: 1) The 1H NMR signal of the methyl protons
of the tert-butyl group appears as a broadened singlet at δ
= 1.48 ppm and the corresponding carbon atoms cause the
appearance of two 13C{1H} NMR signals at δ = 30.6 and
30.7 ppm which can be interpreted as a doublet with a
coupling constant 2JY,C = 2.3 Hz. The tertiary carbon atom
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Scheme 3.

of the tert-butyl group bonded to the yttrium atom gives
rise to a 13C{1H} NMR doublet at δ = 37.5 ppm with a
coupling constant 1JY,C = 56 Hz. 2) The methine protons
of the four cyclohexyl groups appear as two broad multiplet
signals at δ = 3.45 and 3.63 ppm with an intensity ratio of
1:3 which collapse to a very broad multiplet at δ = 3.54 ppm
in the 1H NMR spectrum in [D8]toluene below –10 °C. The
methine carbon atoms display a 13C{1H} NMR signal at δ
= 55.2 ppm and their methylene carbon atoms show a single
set of five signals at 24.9, 25.9, 26.1, 26.2 and 26.4 ppm.
These observations indicate non-equivalence of the guanid-
inate ligands apparently resulting from the steric repulsion
of the bulky tBu and cyclohexyl groups. 3) The methylsilyl
protons give rise to three singlet signals at δ = 0.28, 0.32
and 0.36 ppm in an intensity ratio of 1:3:2 at room tempera-
ture and in [D8]toluene below –10 °C. They correspond to
the three 13C{1H} NMR signals of the methylsilyl carbon
atoms at 2.3, 2.4 and 2.8 ppm. The different shielding of the
CH3(Si) groups is not clear. It may be caused by restricted
rotation of the N(SiMe3)2 units due to the neighbourhood
of the bulky cyclohexyl moieties.

Crystals of 8 suitable for X-ray diffraction studies were
obtained by prolonged cooling of concentrated hexane
solutions to –30 °C. The molecular structure of 8 is shown
in Figure 4 and the crystal and structure refinement data
are listed in Table 1.

The coordination sphere of the yttrium atom is com-
posed of the four nitrogen atoms of the two bidentate guan-
idinate ligands and the tertiary carbon atom of the tert-
butyl group resulting in a formal coordination number of 5
for yttrium, a lower number than for other organo-yttrium
compounds.[1] The most striking feature in the structure of
8 is the strongly distorted geometry of the tBu ligand. The
angles C(41)–C(39)–Y(1) [91.71(16)°] and C(42)–C(39)–
Y(1) [98.99(16)°] are substantially smaller and the angle
C(40)–C(39)–Y(1) [135.62(17)°] is much larger than the
value expected for an sp3 hybridised carbon atom, thus
leading to rather close contacts between yttrium and the
methyl carbon atoms C(41) [2.877(3) Å] and C(42)
[3.038(3) Å] and the hydrogens belonging to them. The dis-
tance Y(1)–C(40) remains very long [3.639(3) Å] and indi-
cates the absence of an interaction between the methyl
group and yttrium. Despite the fact that the C–C distances
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Figure 4. ORTEP diagram (30% probability thermal ellipsoids) of
[(Me3Si)2NC(NCy)2]2Y–tBu (8) showing the non-hydrogen atom
numbering scheme. Hydrogen atoms are omitted for clarity. Se-
lected bond lengths [Å] and angles [°]: Y(1)–N(1) 2.3360(19), Y(1)–
N(2) 2.3545(17), Y(1)–N(4) 2.3990(17), Y(1)–N(5) 2.3167(17),
Y(1)–C(39) 2.399(2), N(1)–C(13) 1.338(3), N(2)–C(13) 1.333(3),
N(3)–C(13) 1.432(3), N(4)–C(32) 1.334(3), N(5)–C(32) 1.341(3),
N(6)–C(32) 1.429(3), C(39)–C(40) 1.515(4), C(39)–C(41) 1.518(4),
C(39)–C(42) 1.527(3); N(1)–Y(1)–N(2) 57.05(6), N(4)–Y(1)–N(5)
57.14(6), N(1)–C(13)–N(2) 114.03(19), N(4)–C(32)–N(5)
115.03(18), C(39)–Y(1)–C(13) 112.08(7), C(39)–Y(1)–C(32)
116.23(7), C(40)–C(39)–Y(1) 135.62(17), C(41)–C(39)–Y(1)
91.71(16), C(42)–C(39)–Y(1) 98.99(16).

within the tert-butyl group do not change considerably
[C(39–C(40) = 1.515(4), C(39)–C(41) = 1.518(4) and C(39)–
C(42) = 1.527(2) Å] we suggest that agostic interactions are
present in 8. To evaluate qualitatively the hindrance of the
tBu group to rotation around the Y(1)–C(39) bond, the
MOLDRAW program[17] was used to estimate the changes
in the energies of non-bonding interactions as a function
of the torsion angle N(5)–Y(1)–C(39)–C(42). As shown in
Figure 5, the minimum energy corresponds exactly to a tor-
sion angle of 22.5° estimated for 8 from its molecular struc-
ture. In this case, even the shortest intramolecular distances
between the carbon atoms C(40) and C(42) and the carbon
atoms of the cyclohexyl and the SiMe3 groups are rather
long ranging from 3.653 to 4.122 Å, thus excluding steric
hindrance. According to the diagram the first and, at the
same time, the highest maximum of energy corresponds to
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a torsion angle of between 163.0 and 172.1°. Such an orien-
tation of the tert-butyl group would cause a short contact
of 2.700 Å between the C(41) methyl carbon atom and the
C(8) methylene carbon atom of the cyclohexyl ring thus
provoking steric repulsion. In the case of a torsion angle of
242.8–252.8° corresponding to the second maximum, the
shortest intramolecular contact of 2.800 Å would be be-
tween the C(42) methyl carbon atom and the C(8) methyl-
ene carbon atom of the cyclohexyl moiety. In the last two
cases, the distances to the methyl carbon atoms of the
SiMe3 groups are in the range of van der Waals contacts.
These data clearly show that the hindrance to rotation of
the tBu group is caused by agostic interactions with the
yttrium atom. At this point it should be noted that [(Me3Si)2-
NC(NiPr)2]2Y–tBu, containing the less steric demanding
iPr groups, shows no signs of agostic interactions. In this
compound the Y–C bond [2.332(9) Å][6b] is noticeably
shorter than that in 8 [2.399(2) Å] and in other N,N- and
N,O-coordinated alkyl yttrium complexes.[16] The bonding
situation within the four-membered metallocycles in 8 is
different from that in 7. Whereas in complex 7 both guanid-
inate ligands are bonded to the metal atom in a symmetric
fashion, the Y–N distances in 8 range from 2.3167(17) to
2.3990(17) Å. The very small differences in the bond lengths
within the coordinating NCN fragments in 8 [C(13)–N(1)
= 1.338(3), C(13)–N(2) = 1.333(3), C(32)–N(4) = 1.334(3)
and C(32)–N(5) = 1.341(3) Å] are indicative of delocalised
π systems.

Analogous to the synthesis of 8, we treated equimolar
amounts of 1 and MeLi in order to obtain the correspond-
ing methyl yttrium complex. In fact, the NMR-scale reac-
tion carried out in [D8]toluene at 0 °C occurred with forma-
tion of [(Me3Si)2NC(NCy)2]2YMe (9) as indicated by the
appearance of a broad signal at –0.36 ppm in the 1H NMR
spectrum which could be assigned to the protons of the
yttrium bonded methyl group. However, the compound was
no longer formed when the reaction was carried out on a
preparative scale in hexane at 0 °C. On the other hand, the
reaction of 1 with two equiv. of MeLi in hexane at 0 °C
and in the presence of TMEDA afforded the corresponding
“ate” complex [(Me3Si)2NC(NCy)2]2Y(µ-Me)2Li(TMEDA)
(10) as a colourless microcrystalline solid in 61% yield. As
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Figure 5. Energy diagram of the non-bonding interactions in com-
plex 8 as function of the torsion angle N(5)–Y(1)–C(39)–C(42).

a side product, lithium guanidinate [Li(TMEDA)][(Me3Si)2-
NC(NCy)2] (11) was isolated in a yield of 7%.

The moisture- and air-sensitive complex 10 is soluble in
THF and toluene and moderately soluble in hexane. [D6]-
benzene solutions of 10 are stable at room temperature for
several days. The NMR spectra of 10 recorded in [D6]ben-
zene show a broad 1H singlet signal at –0.51 ppm and a
broad 13C{1H} resonance at δ = 11.6 ppm with no resolved
yttrium coupling for the yttrium bonded methyl groups.
These chemical shift values are very close to those reported
for the related methyl complexes [(Me3Si)2NC(NiPr)2]2Y(µ-
Me)2Li(TMEDA)[6b] and [PhC(NSiMe3)2]2Y(µ-Me)2Li-
(TMEDA)[12a,12b] but are noticeably lower-field compared
with those of the metallocene type complexes such as
Cp*2Y(µ-Me)2Li(OEt2).[12c] The guanidinate fragments give
rise to a single set of signals indicating the equivalence of
both ligands.

The lithium guanidinate [Li(TMEDA)][(Me3Si)2NC-
(NCy)2] (11), formed as a side product, was characterised
by 1H and 13C NMR spectroscopy as well as by an X-ray
structure analysis. An ORTEP drawing of its molecular
structure is shown in Figure 6 and the crystal and structure
refinement data are listed in Table 1. Unlike [{(Me3Si)2-
NC(NCy)2}Li]2[18] obtained from the reaction of ether-free
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Li[N(SiMe3)2] with CyN=C=NCy in toluene, complex 11
was found to be monomeric in the solid state.

Figure 6. ORTEP diagram (30% probability thermal ellipsoids) of
[Li(TMEDA)][(Me3Si)2NC(NCy)2] (11) showing the non-hydrogen
atom numbering scheme. Hydrogen atoms are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Li(1)–N(1) 1.969(3),
Li(1)–N(2) 1.971(3), Li(1)–N(4) 2.110(3), Li(1)–N(5) 2.089(3),
N(1)–C(1) 1.3258(19), N(2)–C(1) 1.3217(19), N(3)–C(1) 1.4655(19);
N(1)–Li(1)–N(2) 69.46(10), N(5)–Li(1)–N(4) 87.01(11).

At first, the reaction of 1 with LiCH2SiMe3 was carried
out in an NMR tube in [D8]toluene at 0 °C and the 1H
NMR spectrum confirmed the formation of the alkylated
product [(Me3Si)2NC(NCy)2]2YCH2SiMe3 (12) by the ap-
pearance of a characteristic doublet signal at –0.16 ppm
with a coupling constant 2JY,H = 3.0 Hz for the yttrium
bonded methylene group. However, the reaction carried out
on a preparative scale in hexane yielded an inseparable mix-
ture of 12 and compounds which are most likely thermal
decomposition products since the signal of TMS was de-
tected in the 1H NMR spectrum of the reaction mixture.

The guanidinate supported phenyl yttrium derivative
[(Me3Si)2NC(NCy)2]2YPh(THF) (13) was synthesised by
treatment of 1 with equimolar amounts of phenyllithium in
THF (Scheme 4) and was isolated as a colourless microcrys-
talline solid in 61% yield. It is soluble in ethers, toluene
and hexane. Under NMR conditions ([D6]benzene solution,
room temperature, inert atmosphere, sealed tube) it is stable
for several days but decomposes immediately in the pres-

Scheme 4.
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ence of air or moisture. The 1H NMR spectrum of 13 shows
a complex multiplet in the region of 7.20–7.45 ppm for the
five phenyl protons and two broad multiplets of equal in-
tensity at δ = 3.24 and 3.55 ppm for the methine protons of
the cyclohexyl groups. The methine carbon atoms give rise
to two 13C{1H} singlet signals at δ = 54.8 and 56.9 ppm.
The presence of the coordinated THF molecule is apparent
from two broad 1H singlet signals at δ = 1.79 and 3.75 ppm
and two 13C{1H} resonances at δ = 25.2 and 68.7 ppm.

Conclusions

The N,N�-dicyclohexyl-N��-bis(trimethylsilyl)-substituted
guanidinate anion is a suitable ligand for the synthesis of
stable monomeric monochloro and “ate” complexes of yt-
trium, neodymium, samarium and lutetium. Alkyl and
phenyl complexes of yttrium with very low coordination
numbers stabilised by this guanidinate ligand have been
synthesised and characterised. Agostic interactions between
yttrium and the methyl groups of the tert-butyl ligand in
[(Me3Si)2NC(NCy)2]2Y–tBu (8) in the solid state as well as
in solution have been confirmed by X-ray structural analy-
sis and NMR spectroscopy.

Experimental Section
All experiments were performed in evacuated tubes using standard
Schlenk techniques with rigorous exclusion of traces of moisture
and air. After drying over KOH, THF was purified by distillation
from sodium/benzophenone ketyl. Hexane and toluene were dried
by distillation from sodium/triglyme and benzophenone ketyl prior
to use. [D6]benzene was dried with sodium and condensed in vacuo
into the NMR tubes prior to use. N,N�-dicyclohexylcarbodiimide
and tBuLi were purchased from Acros. Anhydrous LuCl3,[19] [Li-
(Et2O)][N(SiMe3)2][20] and Na[N(SiMe3)2][21] were prepared according
to literature procedures. All other commercially available chemicals
were used after appropriate purification. NMR spectra were re-
corded on a Bruker DPX 200 spectrometer (1H, 200 MHz; 13C,
50 MHz). Chemical shifts for 1H and 13C spectra were referenced
internally using the residual solvent resonances and are reported
relative to TMS. IR spectra were recorded as Nujol mulls on a
Specord M80 instrument. Lanthanide metal analyses were carried
out by complexometric titration. The C,H elemental analyses were
carried out by the microanalytical laboratory of the IOMC.
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Synthesis of [(Me3Si)2NC(NCy)2]2YCl(THF) (1): To a solution of
Na[N(SiMe3)2] (1.00 g, 5.45 mmol) in THF (30 mL) was added
CyN=C=NCy (1.12 g, 5.45 mmol) slowly at 20 °C and after 45 min
stirring YCl3 (0.53 g, 2.72 mmol) was added. The reaction mixture
was stirred for further 12 h and the NaCl formed was filtered off
and from the clear solution and the solvent was evaporated in
vacuo. The remaining solid was extracted twice with toluene
(2×20 mL). After filtration of the toluene extracts, the toluene was
evaporated in vacuo. The remaining off-white solid was dissolved
in hexane (30 mL). The resultant solution was slowly concentrated
at room temperature to a quarter of its volume and was then cooled
to –30 °C. The crystalline precipitate formed overnight was washed
with cold hexane and then dried in vacuo at room temperature for
40 min yielding 1 (1.67 g, 66%) as a colourless crystalline solid.
C42H88ClN6OSi4Y (929.2): calcd. C 54.28, H 9.47, Y 9.56; found
C 53.83, H, 9.12, Y 9.83. 1H NMR (200 MHz, [D6]benzene): δ =
0.43 [s, 36 H, Si(CH3)3], 1.12–1.88 (br. m, 44 H, CH2/Cy, β-CH2/
THF), 3.29 (br. m, 4 H, CH/Cy), 3.94 (br. s, 4 H, α-CH2/THF)
ppm. 13C{1H} NMR (50 MHz, [D6]benzene): δ = 3.1 (N[Si-
(CH3)3]2), 25.4 (β-CH2/THF), 23.1, 26.3, 26.6, 31.9, 37.4 (CH2/Cy),
55.1 (CH/Cy), 70.1 (α-CH2/THF), 169.1 (CN3) ppm. IR (Nujol,
KBr): ν̃ = 1620 (s), 1320 (m), 1240 (s), 1270 (m), 1200 (m), 1150
(m), 1100 (m), 1050(m), 950 (s), 930 (s), 860 (m), 830 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2NdCl(THF) (2): Complex 2 was
synthesised following the standard procedure described for 1 from
Na[N(SiMe3)2] (1.80 g, 9.81 mmol), CyN=C=NCy (2.02 g,
9.81 mmol) and NdCl3 (1.22 g, 4.90 mmol) in THF (30 mL). Com-
plex 2 was isolated as a pale blue crystalline solid (1.67 g, 79%).
C42H88ClN6NdOSi4 (984.6): calcd. C 51.23, H 8.93, Nd 14.64;
found C 50.80, H 9.28, Nd 14.48. IR (Nujol, KBr): ν̃ = 1620 (s),
1330 (m), 1290 (m), 1240 (s), 1160 (s), 1120 (s), 1050 (m), 990 (s),
950 (s), 930 (s), 850 (s), 830 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2SmCl(THF) (3): Complex 3 was
synthesised following the standard procedure described for 1 from
Na[N(SiMe3)2] (1.00 g, 5.45 mmol), CyN=C=NCy (1.12 g,
5.45 mmol) and SmCl3 (0.7 g, 2.72 mmol) in THF (30 mL). Com-
plex 3 was isolated as a pale yellow crystalline solid (1.50 g, 56%).
C42H88ClN6OSi4Sm (990.6): calcd. C 50.92, H 8.88, Sm 17.17;
found C 50.61, H, 8.49, Sm 17.51. IR (Nujol, KBr): ν̃ = 1620 (s),
1335 (m), 1290 (s), 1240 (s), 1170 (m), 1120 (m), 1060 (m), 990 (s),
930 (s), 930 (s), 850 (s), 830 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2LuCl(THF) (4): Complex 4 was
synthesised following the standard procedure described for 1 from
Na[N(SiMe3)2] (1.35 g, 7.36 mmol), CyN=C=NCy (1.51 g,
7.36 mmol) and LuCl3 (1.03 g, 3.68 mmol) in THF (30 mL). Com-
plex 4 was isolated as a colourless crystalline solid (1.67 g, 69%).
C42H88ClLuN6OSi4 (1015.3): calcd. C 49.68, H 8.66, Lu 17.23;
found C 49.30, H, 8.16, Lu 17.58. 1H NMR (200 MHz, [D6]ben-
zene): δ = 0.35 [s, 36 H, Si(CH3)3], 1.01–2.09 (br. m, 44 H, CH2/
Cy, β-CH2/THF), 3.15 (br. m, 4 H, CH/Cy), 3.61 (br. s, 4 H, α-
CH2/THF) ppm. 13C{1H} NMR (50 MHz, [D6]benzene): δ = 2.8
(N[Si(CH3)3]2), 25.7 (β-CH2/THF), 22.8, 23.1, 25.1, 29.4, 31.2
(CH2/Cy), 55.7 (CH/Cy), 68.1 (α-CH2/THF), 169.6 (CN3) ppm. IR
(Nujol, KBr): ν̃ = 1640 (m), 1305 (m), 1260 (s), 1250 (s), 1200 (m),
1150 (m), 1050 (s), 970 (m), 950 (s), 860 (s), 840 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2Y(µ-Cl)2Li(THF)2 (5): Complex
5 was synthesised following the standard procedure described for
1 from [Li(Et2O)][N(SiMe3)2] (1.28 g, 5.30 mmol), CyN=C=NCy
(1.09 g, 5.30 mmol) and YCl3 (0.52 g, 2.65 mmol) in THF (30 mL).
Complex 5 was isolated as colourless crystalline solid (2.03 g, 74%).
C46H96Cl2LiN6O2Si4Y (1043.7): calcd. C 52.93, H 9.19, Y 8.51;
found C 52.57, H, 8.81, Y 8.23. 1H NMR (200 MHz, [D6]benzene):
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δ = 0.37 [s, 36 H, Si(CH3)3], 1.30–2.03 (br. m, 48 H, CH2/Cy, β-
CH2/THF), 3.41 (br. m, 4 H, CH/Cy), 3.79 (br. s, 8 H, α-CH2/
THF) ppm. 13C{1H} NMR (50 MHz, [D6]benzene): δ = 2.8 (N[Si-
(CH3)3]2), 25.2 (β-CH2/THF), 26.1, 26.4, 37.1 (CH2/Cy), 54.8 (CH/
Cy), 71.0 (α-CH2/THF), 169.0 (CN3) ppm. IR (Nujol, KBr): ν̃ =
1620 (m), 1340 (m), 1290 (m), 1240 (s), 1210 (m), 1100 (m), 1060
(m), 970 (m), 950 (s), 860 (m), 830 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2Lu(µ-Cl)2Li(THF)2 (6): Complex
6 was synthesised following the standard procedure described for
1 from [Li(Et2O)][N(SiMe3)2] (1.56 g, 6.49 mmol), CyN=C=NCy
(1.34 g, 6.49 mmol) and LuCl3 (0.91 g, 3.24 mmol) in THF
(30 mL). Complex 6 was isolated as colourless crystalline solid
(2.54 g, 70%). C46H96Cl2LiLuN6O2Si4 (1129.8): calcd. C 48.90, H
8.49, Lu 15.48; found C 48.48, H, 8.10, Lu 15.31. 1H NMR
(200 MHz, [D6]benzene): δ = 0.38 [s, 36 H, Si(CH3)3], 1.21–2.11
(br. m, 48 H, CH2/Cy, β-CH2/THF), 3.56 (br. m, 4 H, CH/Cy),
3.75 (br. s, 8 H, α-CH2/THF) ppm. 13C{1H} NMR (50 MHz, [D6]-
benzene): δ = 2.9 (N[Si(CH3)3]2), 25.4 (β-CH2/THF), 14.1, 22.8,
26.0, 26.3, 36.9, (CH2/Cy), 54.9 (CH/Cy), 68.8 (α-CH2/THF), 171.2
(CN3) ppm. IR (Nujol, KBr): ν̃ = 1630 (m), 1350 (m), 1300 (m),
1250 (s), 1210 (m), 1100 (m), 1050 (s), 950 (s), 920 (s), 870 (m), 830
(s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2Y(µ-Cl)2Li(DME) (7): Complex
5 (1.10 g, 1.05 mmol) was dissolved in DME (10 mL). Volatiles
were evaporated in vacuo and the solid residue was recrystallised
from hexane. Complex 7 was isolated as a colourless crystalline
solid (0.77 g, 74%). C42H90Cl2LiN6O2Si4Y (989.7): calcd. C 50.97,
H 9.09, Y 8.98; found C 50.60, H, 8.71, Y 8.51. 1H NMR
(200 MHz, [D6]benzene): δ = 0.23 [s, 36 H, Si(CH3)3], 1.42–2.02
(br. m, 40 H, CH2/Cy), 2.79 (s, 4 H, CH2/DME), 3.15 (s, 6 H, CH3/
DME), 3.46 (br. m, 4 H, CH/Cy) ppm. 13C{1H} NMR (50 MHz,
[D6]benzene): δ = 2.8 (N[Si(CH3)3]2), 26.1, 26.2, 26.4, 33.4, 37.2
(CH2/Cy), 54.8 (CH/Cy), 58.8 (OCH3/DME), 70.2 (CH2/DME),
168.6 (CN3) ppm. IR (Nujol, KBr): ν̃ = 1640 (s), 1320 (m), 1260
(s), 1240 (s), 1100 (w), 1060 (m), 950 (s), 880 (m), 830 (s) cm–1.

Synthesis of [(Me3Si)2NC(NCy)2]2Y–tBu (8): To a solution of 1
(0.82 g, 0.88 mmol) in hexane (20 mL) was added a solution of
tBuLi in hexane (0.58 mL, 1.5  solution, 0.88 mmol) slowly at
0 °C and the reaction mixture was stirred for 1 h. The mixture was
then warmed to room temperature and was stirred again for 1 h.
The pale-yellow solution was filtered and concentrated in vacuo
to approximately a quarter of its initial volume. The concentrated
solution was cooled to –30 °C and kept at that temperature over-
night. The mother liquor was then decanted from the precipitate
formed. The latter was washed with cold hexane and was dried in
vacuo at room temperature for 30 min yielding 8 as colourless crys-
tals (0.40 g, 52%). C42H89N6Si4Y (879.4): calcd. C 57.36, H 10.12,
Y 10.10; found C 56.99, H, 9.81, Y 9.79. 1H NMR (200 MHz, [D6]-
benzene): δ = 0.28, 0.32, 0.36 [3 s, 36 H, Si(CH3)3], 1.48 [s, 9 H,
C(CH3)3], 1.27–2.04 (br. m, 40 H, CH2/Cy), 3.45, 3.63 (2 br. m, 4
H, CH/Cy) ppm. 13C{1H} NMR (50 MHz, [D6]benzene): δ = 2.3,
2.4, 2.8 (N[Si(CH3)3]2), 24.9, 25.9, 26.1, 26.2, 26.4 (CH2/Cy), 30.65
[d, 2J = 2.3 Hz, C(CH3)3], 37.5 [d, 1JY,C = 56 Hz, C(CH3)3], 55.2
(CH/Cy), 168.7 (CN3) ppm. IR (Nujol, KBr): ν̃ = 1620 (s), 1330
(m), 1220 (s), 1260 (m), 1205 (m), 1150 (m), 950 (s), 930 (s), 830
(s) cm–1.

NMR Tube Synthesis of [(Me3Si)2NC(NCy)2]2YMe (9): A solution
of MeLi in diethyl ether (0.028 mL, 1.6 , 0.0448 mmol) was added
to a solution of 1 (41.62 mg, 0.0448 mmol) in [D8]toluene (2 mL)
in an NMR tube at 0 °C which was then sealed. The reaction mix-
ture was warmed to room temperature, shaken for 30 min and then
left for 45 min to allow the LiCl to settle. 1H NMR (200 MHz,
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[D6]benzene): δ = –0.36 (br. s, 3 H, YCH3), 0.46, 0.47 [s, 36 H,
NSi(CH3)3], 1.32–2.03 (br. m, 40 H, CH2/Cy), 3.47, 3.95 (br. m,
together 4 H, CH/Cy) ppm.

Synthesis of [(Me3Si)2NC(NCy)2]2Y(µ-Me)2Li(TMEDA) (10): To a
solution of 1 (0.97 g, 1.04 mmol) in hexane (20 mL) were added
TMEDA (0.24 g, 2.08 mmol) and a solution of MeLi in diethyl
ether (1.3 mL, 1.6  solution, 2.08 mmol) slowly at 0 °C. The reac-
tion mixture was stirred for 45 min and was then warmed to room
temperature and again stirred for 1.5 h. The pale-yellow solution
was filtered and concentrated in vacuo to approximately half of its
initial volume. When the precipitation of crystals started, the solu-
tion was cooled to –10 °C and kept at that temperature for 2 h.
The mother liquor was decanted and the small amount of colour-
less crystals was washed with cold hexane, dried in vacuo at room
temperature for 15 min and identified as the side product 11
(0.07 g, 7%). The decanted mother liquor was concentrated to the
half of its initial volume, cooled to –30 °C and left at that tempera-
ture for one week. The crystalline solid formed was separated by
decantation, washed with cold hexane and dried in vacuo leaving
colourless crystals of 10 (0.40 g, 61%). C46H102LiN8Si4Y (974.7):
calcd. C 56.68, H 10.46, Y 9.12; found C 56.31, H, 10.02, Y 9.33.
1H NMR (200 MHz, [D6]benzene): δ = –0.51 (br. s, 6 H, µ-CH3),
0.53 [s, 36 H, Si(CH3)3], 1.32–2.00 [br. m, 44 H, CH2/Cy,
(NCH2)2], 2.12 [s, 12 H, N(CH3)2], 3.58 (br. m, 4 H, CH/Cy).
13C{1H} NMR (50 MHz, [D6]benzene): δ = 3.1 (N[Si(CH3)3]2),
11.6 (br., µ-CH3), 14.3, 23.0, 26.6, 26.7, 31.2 (CH2/Cy), 46.2
([N(CH3)2]2), 55.2 (CH/Cy), 57.6 (NCH2), 167.6 (CN3) ppm. 11:
C25H56LiN5Si2 (489.8): calcd. C 61.29, H 11.43; found C 61.56, H,
11.81. 1H NMR (200 MHz, [D6]benzene): δ = 0.31 [s, 18 H,
Si(CH3)3], 1.15–2.00 [br. m, 24 H, CH2/Cy, (NCH2)2], 2.15 [s, 12 H,
N(CH3)2], 3.42 (m, 4 H, CH/Cy). 13C{1H} NMR (50 MHz, [D6]-
benzene): δ = 3.0 (N[Si(CH3)3]2), 26.6, 26.7, 31.2 (CH2/Cy), 46.6
[N(CH3)], 54.8 (CH/Cy), 57.4 (NCH2), 165.3 (CN3) ppm.

NMR Tube Synthesis of [(Me3Si)2NC(NCy)2]2YCH2SiMe3 (12): In
an inert atmosphere, compound 1 (36.00 mg, 0.0387 mmol),
LiCH2SiMe3 (3.64 mg, 0.0387 mmol) and [D8]toluene (2 mL) were
mixed in an NMR tube at 0 °C which was then sealed. The reaction
mixture was warmed to room temperature, shaken for 30 min then
left for 30 min for the LiCl to settle. The spectroscopic investigation
of the solution product indicated the formation of 12: 1H NMR
(200 MHz, [D8]toluene): δ = –0.16 (d, 2JY,H = 3.0 Hz, 2 H, YCH2),
0.37 [s, 36 H, NSi(CH3)3], 0.52 [s, 9 H, CH2Si(CH3)3], 1.24–2.00
(br. m, 40 H, CH2/Cy), 3.46 (br. m, 4 H, CH/Cy) ppm.

Synthesis of [(Me3Si)2NC(NCy)2]2YPh(THF) (13): A solution of
phenyllithium (0.10 g, 1.20 mmol) in THF (10 mL) was slowly
added at 0 °C to a solution of 1 (1.12 g, 1.20 mmol) in THF
(20 mL) and the reaction mixture was stirred for 2 h. After warm-
ing to room temperature the solvent was evaporated in vacuo. The
remaining off-white solid was extracted with hexane (40 mL). The
extract was filtered and concentrated to a quarter of its initial vol-
ume, cooled to –30 °C and left at that temperature for one week.
The crystalline solid formed was separated from the mother liquor
by decantation, washed with cold hexane and dried in vacuo at
room temperature for 20 min leaving colourless crystals of 13
(0.66 g, 61%). C48H93N6OSi4Y (970.8): calcd. C 59.38, H 9.57, Y
9.15; found C 59.00, H, 9.19, Y 9.41. 1H NMR (200 MHz, [D6]-
benzene): δ = 0.53 [s, 36 H, Si(CH3)3], 1.33–2.10 (br. m, 44 H, CH2/
Cy, β-CH2/THF), 3.24, 3.55 (br. m, 4 H, CH/Cy), 3.75 (br. s, 4 H,
α-CH2/THF), 7.20–7.45 (m, 5 H, Ar) ppm. 13C{1H} NMR
(50 MHz, [D6]benzene): δ = 3.4 (N[Si(CH3)3]2), 25.2 (β-CH2/THF),
22.8, 25.8, 26.4, 26.9, 37.2 (CH2/Cy), 54.8, 56.9 (CH/Cy), 68.7 (α-
CH2/THF), 127.1, 127.6, 128.0, 137.2 (Ar), 169.4 (CN3), 177.8 (d,
1JY,C = 51 Hz, ipso-C, Ar) ppm.
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X-ray Crystallographic Study: The crystal data and details of data
collection are given in Table 1. X-ray data were collected on a Sie-
mens SMART CCD diffractometer (graphite-monochromated Mo-
Kα radiation, λ = 0.71073 Å, ω-scan technique) with an area-detec-
tor at –100 °C. The intensity data were integrated with the SAINT
program.[22] SADABS[23] was used to perform area-detector scaling
and absorption corrections. The structures were solved by direct
methods and were refined on F2 using all reflections with
SHELXTL.[24] All non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms of the THF ligands in 1 and 6 were
placed in calculated positions and refined in the “riding-model”.
All other hydrogen atoms in 1 and 6 as well as in 7, 8 and 11 were
found from the Fourier syntheses and refined isotropically. CCDC-
281699 (for 1), -281698 (for 6), -281697 (for 7), -281695 (for 8)
and -281696 (for 11) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Reduction of [Cp*2Mo2O5] in Aqueous Medium: Structure and Properties of a
Triangular Mixed Oxo-Hydroxo-Bridged Product, [Cp*3Mo3(µ-O)2(µ-OH)4]-

(X)2 (X = CF3CO2 or CF3SO3)
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The reduction of [Cp*2Mo2O5] with Zn in a MeOH/H2O solu-
tion acidified with either CF3COOH or CF3SO3H leads to the
formation of the [Cp*3Mo3(µ-O)2(µ-OH)4]2+ ion as its trifluo-
roacetate or trifluoromethanesulfonate salt. The structure of
the compound was confirmed by X-ray analyses. The anions
establish hydrogen-bonding interactions with all four bridg-
ing OH groups. Density functional calculations afford bond-
ing parameters in close agreement with the observed struc-
ture and indicate that the cluster is best described as a val-
ence-delocalized Mo3

13+ species. The five metal electrons are
distributed among an a-type (z2) orbital, which accounts for

Introduction

We have recently initiated a research program aimed at
developing the chemistry of high-oxidation-state organome-
tallic compounds in water, in the spirit of “green” chemis-
try[1–3] and with the long term goal of exploring the cata-
lytic and electrocatalytic potential of organometallic com-
pounds in water.[4,5] Unlike low-valent organometallic sys-
tems, which are generally supported by water-soluble modi-
fied phosphane or cyclopentadienyl ligands,[6–8] high-oxi-
dation-state complexes are supported by oxo ligands, which
makes them soluble in water by virtue of hydrogen bonding
and protonation equilibria that yield charged hydroxo and
aqua complexes. Although oxo-supported high-oxidation-
state organometallic complexes are now well established
and have interesting catalytic properties,[9,10] their system-
atic investigation in water has received little attention. We
further argue that the greater metal electronegativity in
these higher oxidation states confers a higher degree of co-
valency to the metal–carbon bonds with odd-electron car-
bon ligands (i.e. alkyls, allyls, cyclopentadienyls, etc.), which
consequently may become quite resistant toward hydrolytic
decomposition. For a redox-active metal, reduction of a
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most of the metal–metal attraction, and two essentially me-
tal–metal nonbonding e-type (xy) orbitals with a slight Mo-
(µ-O) π*-type contribution. Because of the C2 symmetry, the
latter orbitals are not degenerate. The calculations show that
the unpaired electron is located in a molecular orbital with
equal contribution from two Mo atoms, in agreement with
the experimental observation of coupling of the unpaired
electron to two Mo atoms in the isotropic EPR spectrum.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

high-oxidation-state oxo complex should favor the genera-
tion of aqua ligands and open the way to the generation of
open coordination sites for substrate activation and cata-
lytic and electrocatalytic applications.[11]

We have so far focused our attention on the speciation[12]

and electrochemical behavior[13,14] of [Cp*2Mo2O5]. The
Cp*–Mo bond in this complex is quite hydrolytically stable
and is split only quite slowly at very low pH.[15] We have
obtained novel oxo-supported complexes, the nature of
which seems to depend intimately on the nature of the acid
used, by chemical reduction with zinc in an acidic MeOH/
H2O mixed solvent medium. For instance, with acetic acid
we isolated the dinuclear MoIV complex [Cp*2Mo2(µ-O)2(µ-
O2CCH3)2] (I),[16] whereas with CF3COOH under the same
conditions (mixed MeOH/H2O solvent, Zn as reducing
agent) we obtained the MoV trinuclear complex
[Cp*3Mo3(µ3-O)(µ-O)3(µ-O2CCF3)3]+ (II) as a salt of the
Zn2(O2CCF3)6

2– dianion.[17] The formation of these com-
pounds demonstrates that the removal of water ligands
(from the expected protonation of oxo ligands, following
the reduction process) generates vacant positions that are
filled by the anions of the acids used. In previous contri-
butions,[11,18] we have mentioned that another product may
also be crystallized from the reaction mixture obtained by
reduction in the presence of CF3COOH, depending on the
solvent and conditions used for the crystallization. This is
another triangular cluster to which the formula
[Cp*3Mo3(µ-OH)x(µ-O)6–x]2+ was assigned on the basis of
an X-ray structural analysis. However, this product could
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not be properly characterized because of severe disorder
problems in the cation as well as in the CF3COO– anion.
This situation did not even allow the unambiguous identifi-
cation of the x value (number of hydrogen atoms on the
bridging oxygen atoms), and thus of the number of elec-
trons in the cluster. We have now repeated the same reaction
with a related strong acid, CF3SO3H, and crystallized the
corresponding product. We report here the structure of
these compounds and a description of their properties.

Results

Structure of the Trifluoroacetate Salt

The general procedure for the reduction of [Cp*2Mo2O5],
i.e. zinc reduction in a water-methanol solution acidified
by CF3COOH, has been described previously.[19] Numerous
subsequent syntheses and crystallization of the resulting
product consistently gave the same kind of crystals, which
were always affected by the initially observed severe disor-
der problem (see above).[20] Interestingly, the same product
(as revealed by the EPR study, vide infra) was also obtained
in the presence of other weaker acids, in an attempt to ob-
tain other kinds of carboxylate derivatives analogous to the
previously reported [Cp*2Mo2(µ-O)2(µ-O2CCH3)2], when
working at the same low pH.[16] This observation attests to
the thermodynamic stability of this product.

Although badly disordered, the structure of the trifluo-
roacetate salt serves to identify the structural motif and to
set the stage for the discussion of this compound. A view
of the central Mo3O6 core, including the interaction with
the two CF3CO2 anions, is shown in Figure 1 (a). The three
Mo atoms form a nearly ideal equilateral triangle (vide in-
fra), each edge of which is symmetrically bridged by two
oxygen atoms, with one above and one below the Mo3

plane. Thus, the three O atoms above the metal plane, and
the three below, define two additional approximately equi-
lateral triangles that are parallel to, and staggered with re-
spect to, the Mo3 triangle. The two anions are located above
and below the Mo3 plane and establish hydrogen-bonding
interactions with the bridging O atoms, which desymmetr-
ize the triangle. Both bridging O atoms of one particular
Mo3 edge (namely Mo1–Mo2 in Figure 1, a) are engaged
in hydrogen bonding, each with an O atom of a different
trifluoroacetate anion. The second O atom of each
CF3COO– anion interacts with a bridging O atom of a dif-
ferent edge (O4 bridges Mo1–Mo3 and O6 bridges Mo2–
Mo3). The four O···O distances, in the range 2.59–2.64 Å,
unambiguously show the presence of four OH groups.
However, the quality of the structure is not sufficient to
establish whether the two remaining bridging O atoms carry
additional H atoms or not. Although of low quality, the
structure of the trifluoroacetate salt indicates that the
unique Mo1–Mo2 distance is slightly longer (2.797 Å) than
the other two (Mo1–Mo3 2.786 Å; Mo2–Mo3 2.785 Å). It
is important to stress that the spectroscopic and magnetic
properties are insufficient to make an unambiguous choice
because both an (OH)4(O)2 and a (OH)6 structure corre-
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spond to an odd number of electrons (paramagnetic). Thus,
they would not be easily distinguishable by EPR spec-
troscopy. They are likewise difficult to distinguish by infra-
red spectroscopy.

Figure 1.An ORTEP view of the central Mo3O6 core of
[Cp*3Mo3(µ-O)2(µ-OH)4]2+ in the acetate (left, the disordered F
atoms are not shown) and trifluoromethanesulfonate salts (right),
showing the hydrogen-bonding interactions with the two anions.

Structure of the Trifluoromethanesulfonate Salt

The reduction process described in the previous section
was repeated in the presence of triflic acid, with two objec-
tives in mind. First, the different anion may allow a less
problematic crystal-structure determination. Second, and
most important, the triflate anion has three equivalent oxy-
gen atoms available for hydrogen bonding. Therefore,
should the two additional bridging functions that are not
involved in hydrogen bonding with the trifluoroacetate
anions (i.e. O3 and O5 in Figure 1, a) also bear hydrogen
atoms, the triflate ions would be expected to establish an
interaction with them. Conversely, the lack of such interac-
tions may be taken as a strong indication against the pres-
ence of H atoms in these positions.

Complex [Cp*3Mo3(µ-O)2(µ-OH)4](CF3SO3)2 crys-
tallizes under the same experimental conditions that lead
to the crystallization of its trifluoroacetate congener. The
compound dissolves readily in chlorinated solvents (dichlo-
romethane, chloroform) and has identical EPR properties
to those of the trifluoroacetate salt (vide infra). It is impor-
tant to note that the crude product also gave NMR reso-
nances that could be attributed to the Cp* protons of one
or more diamagnetic products. However, a sample of care-
fully cleaned single crystals from the batch used for the X-
ray structural analysis yielded NMR-silent CDCl3 solu-
tions.

The single-crystal X-ray analysis gave an orthorhombic
unit cell and the structure was solved in the Pbca space
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group. A peculiar twinning problem prevented refinement
of the data to very low residuals (see Experimental Section).
However, the structure was apparently not complicated by
interstitial solvent, nor by disorder. The strongest residual
peak and hole in the last difference Fourier map were rea-
sonably low and without any chemical significance. A view
of the [Cp*3Mo3(µ-O)2(µ-OH)4]2+ cation is shown in Fig-
ure 2.

Figure 2. An ORTEP view of the [Cp*3Mo3(µ-O)2(µ-OH)4]2+ ion
from the structure of the trifluoromethanesulfonate salt. For clar-
ity, the hydrogen atoms of the Cp* ligands are not shown and the
ellipsoids of the Cp* C atoms are replaced by spheres of arbitrary
radius. The ellipsoids of the Mo and O atoms are shown at the
30% probability level.

The relative arrangement of the ions in the structure is
shown in Figure 1 (b). Like in the related trifluoroacetate
salt, only two of the three bridging groups on each triangu-
lar face establish hydrogen bonds with the oxygen atoms of
the CF3SO3 anions. The third O atom of each trifluorome-
thanesulfonate anion does not point toward the third bridg-
ing O atom. Specifically, the CF3SO3 anion located on the
same side occupied by the bridging O1, O2, and O3 atoms
places the third SO3 oxygen atom away from (exo), and the
CF3 group on the same side as (endo), the triangle of the
bridging O atoms. One CF3 fluorine atom is in proximity
of atom O1, but the F···O distance (3.22 Å) is too long to
envisage a hydrogen bond (sum of van der Waals radii of F
and O: 2.75 Å). The second CF3SO3 anion, which is located
on the same side as O4, O5 and O6 from the Mo3 triangle,
places the third O atom endo and the CF3 group exo, but
the anion is tilted in such a way as to place the third O
atom at 4.02 Å from O5, clearly indicating a repulsive inter-
action (sum of van der Waals radii of the two O atoms:
2.80 Å). This evidence allows us to propose the molecular
formula of the dicationic trimetallic cluster as having four
bridging hydroxo and two bridging oxo groups. Although
the structure of the trifluoroacetate salt (vide supra) is
much less precisely determined than that of the trifluorome-
thanesulfonate salt, a comparison of the hydrogen bonded
O···O contacts shows that these are tighter with the former
anion and looser with the latter one, in agreement with their
relative basicity.

Although the structure has no crystallographically im-
posed symmetry, the trimetallic dication possesses an ap-
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proximate C2 local symmetry, with the pseudo-symmetry
axis passing through the Mo2 atom and the middle of the
Mo1–Mo3 bond. We shall refer to all averaged bonding pa-
rameters by using the symbol Mo for the unique atom Mo2
and the symbol Mo� for the two pseudo-symmetry related
Mo1 and Mo3 atoms. The unique Mo�–Mo� bond is mar-
ginally, but significantly, longer than the two Mo–Mo�
bonds, possibly as a consequence of the different nature of
the bridging groups. Indeed, the bridging Mo–(µ-O) and
Mo�–(µ-O) bonds are significantly shorter than the corre-
sponding Mo–(µ-OH) and Mo�–(µ-OH) bonds. The alter-
native interpretation of assigning a greater oxidation state
(+5) to the Mo atom and a lower one (+4) to the Mo�
atoms seems excluded by the density functional calculations
(vide infra). There is no significant difference, neither be-
tween the Mo–(µ-O) and Mo�–(µ-O) bonds [average
1.95(1) Å] nor between the Mo–(µ-OH) and Mo�–(µ-OH)
bonds [average 2.05(1) Å], in agreement with an insignifi-
cant difference in metal ionic radius between Mo and Mo�.
This analysis further serves to confirm the interpretation of
atoms O1 and O5 as (µ-O) rather than (µ-OH) groups. The
Mo–Mo distances are slightly longer than those found in
related triangular [Cp*3Mo3(µ-O)6]-type clusters, e.g.
2.730(13) Å in [Cp*4Mo5O11] (where the central
[Cp*3Mo3(µ-O)6]– unit is capped by a [Cp*MoVIO2(µ-O)
MoVIO2]+ fragment),[21] and 2.744(9) Å in [Cp*6Mo8O16]
(where two equivalent [Cp*3Mo3(µ-O)6]– units are bridged
by a [MoV

2O2(µ-O)2]2+ fragment).[22] They are identical, on
the other hand, to the average distance reported for
[Cp*3Mo3(µ-OH)n(µ-O)6–n]Cl2 [2.78(3) Å]. The latter struc-
ture, however, was poorly defined because of solvent disor-
der.[21]

Mass Spectrometric Characterization

Both salts (trifluoroacetate and triflate) were investigated
by electrospray mass spectrometry (positive mode) in mixed
H2O/MeOH solvents. In both cases the spectrum shows the
presence of trinuclear species and the absence of mono- and
dinuclear species. For the trifluoroacetate salt, the major
envelope is satisfactorily simulated on the basis of the for-
mula [Cp*3Mo3(µ-O)5(µ-OMe)]+ (see Figure 3). This shows
that, under the conditions of the electrospray MS experi-
ment, the dication readily loses one proton and exchanges
the residual bridging OH group with the methanol solvent.
The shape of the simulated envelope matches very closely
the experimental one, but the major peak m/z value leaves
a doubt as to the exact number of protons. This question
was resolved by the additional experiments that will be pre-
sented in later sections. The minor envelope (Figure 3, c)
corresponds to the formula ([Cp*3Mo3(µ–O)5(µ-OMe)]+ +
CF3COOH + MeOH) and therefore gives direct evidence
for the presence of the trifluoroacetate anion. This envelope
overlaps with a weaker peak distribution at higher m/z val-
ues, which could correspond to further addition of a water
molecule. A parallel FAB (NBA matrix) spectrometric
analysis shows the absence of solvent association phenom-
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Figure 3. (a) Electrospray mass spectrum (positive mode) of [Cp*3Mo3(µ-O)4(µ-OH)2](O2CF3)2 in MeOH. Portions of this spectrum are
shown in (b) and (c), and a simulation of the envelope corresponding to the [Cp*3Mo3(µ-O)5(µ-OMe)]+ ion is given in (d).

ena. However, the spectrum is more complex because of
reduction and fragmentation of the trinuclear unit. The
highest peak distributions observed correspond to
[Cp*3Mo3O4(OH)2] (massif centered around m/z = 791) and
[Cp*3Mo3O4(OH)] (massif centered around m/z = 774).

The spectrum of the triflate salt is closely related to that
of the trifluoroacetate analogue. The major envelope, cen-
tered around m/z = 804, is identical to that observed for the
trifluoroacetate analogue (the major peak is found at m/z =
804.25 in this case), whereas the smaller envelope at higher
m/z values is centered at 1036.35, corresponding to
([Cp*3Mo3(µ-O)5(µ-OMe)]+ + CF3SO3H + 2MeOH +
H2O). Thus, this mass spectrum also gives direct evidence
for the presence of the triflate counterion.

EPR Spectroscopic Properties

Solutions of the complex [Cp*3Mo3(µ-O)2(µ-OH)4]2+

(either salt) in dichloromethane exhibit a relatively sharp
EPR spectrum at room temperature (see Figure 4), whereas
the compounds are NMR-silent in CDCl3. The absence of
an NMR spectrum is consistent with the odd-electron na-
ture of the cluster. The observation of an isotropic EPR
spectrum at relatively high temperature, on the other hand,
clearly indicates that the system must have a single unpaired
electron (S = ½) in a nondegenerate orbital. An accurate
analysis of the Mo hyperfine coupling pattern helps us de-
termine the localization of the unpaired electron. As Fig-
ure 4 shows, simulations were carried out using hyperfine
coupling constant, shape, and line-broadening parameters
from the experimental spectrum, but assuming coupling to
either one, two, or all three cluster Mo atoms. The height
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and shape of the satellite peaks, relative to the central reso-
nance and especially relative to each other, unambiguously
identify the spectrum as involving coupling to two equiva-
lent Mo nuclei. Unfortunately, the relative broadness of
the spectrum conceals the outer peaks of the
1:2:3:4:5:6:5:4:3:2:1 envelope (6.25% overall intensity),
which is generated by the isotopomers having two I = 5/2
Mo nuclei. The spectrum was also recorded at temperatures
down to 210 K in an attempt to improve the spectral resolu-
tion, but no significant change was noted.

Magnetic Susceptibility

The compound exhibits a simple Curie behavior consis-
tent with the presence of a single unpaired electron. Mea-
surements carried out in the 6–60 K range show a linear χ–1

vs. T plot, with a negligible value for the Curie temperature
(–0.38 K; see Figure 5).

The corresponding effective magnetic moment, which is
approximately temperature independent, averages 1.66 µB

after correction for the ligands’ diamagnetism. This is
rather close to the expected spin-only value for one un-
paired electron (1.73 µB). This result is consistent with the
EPR spectrum and confirms that the latter is representative
of the bulk sample.

Density Funtional Calculations

In order to further confirm the assignment of the chemi-
cal composition and electronic structure, we carried out a
theoretical study. Before describing the computational re-
sults, it is useful to qualitatively analyze the electronic struc-
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Figure 4. EPR spectrum of [Cp*3Mo3(µ-O)2(µ-OH)4](CF3SO3)2 in CH2Cl2 solution. (a) Experimental spectrum. (b) Simulated spectra
with coupling to one, two, and three equivalent Mo nuclei (simulation parameters: Gaussian line shape, linewidth: 18 G). All spectra are
scaled to the same peak-to-peak height for the central resonance.

Figure 5. Magnetic properties (molar magnetic susceptibility, χM,
and effective magnetic moment, µeff) of [Cp*3Mo3(µ-O)2(µ-OH)4]-
(CF3SO3)2.

ture on the basis of first principles and relevant previous
knowledge.[21,23,24] The cluster may be viewed as resulting
from the assembly of three “four-legged piano stools” of
the Cp*MoO4 type, whose electronic structure is well
known,[25,26] as shown in Scheme 1. Taking a D3h-symmetri-
cal structure with six identical bridging ligands as a first
approximation, it is possible to envisage that the interaction
of the z2-type orbitals will lead to one bonding (of type a)
and two degenerate antibonding (of type e) combinations,
and that the interaction of the xy-type orbitals will equally
lead to one a-type bonding and two degenerate antibonding
e-type combinations. As the overlap between the xy orbitals
is much weaker, the energy of the MOs resulting from these
orbitals will be less perturbed from that of the starting frag-
ment orbitals. However, as well documented for other
bridging systems, π* mixing with the bridging ligands’ lone
pairs should destabilize the xy orbital combinations.[27] It is
easily predictable that this destabilization should be strong-
est for the symmetric (a-type) orbital, as shown in
Scheme 1. The asymmetric nature of the bridging ligands
(four OH and two O), however, is expected to alter this
scheme, particularly by removing the degeneracy of the e-
type combinations.

The DFT-optimized geometry agrees quite well with the
experimental geometry (see Table 1). The minor variations
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Scheme 1.

could partly be attributed to the different environment (hy-
drogen-bonded, solid-state structure with the CF3SO3

anion for the experimental geometry, free, “gas-phase” di-
cation for the DFT-optimized one); and partly to the well-
known overestimation of bond lengths by DFT. In particu-
lar, it is comforting to see the same trend of Mo–O bond
lengths [Mo-(µ-O) � Mo-(µ-OH)] in the optimized and ex-
perimental parameters, once again confirming the struc-
tural assignment.

The calculated electronic structure (Figure 6) confirms
the qualitative expectations. The bonding a(z2) orbital is lo-
cated just above the group of the six MOs describing the
three double-sided Mo–Cp* π interactions. Above it, we
find the pair of e(xy) orbitals, which contains three elec-
trons. The calculation converges with two electrons in the
e1-type orbital and one in the e2-type orbital, whose de-
generacy (in the ideal C3 symmetry) is substantially split by
the different nature of the bridging groups (O vs. OH). It is
rewarding to see that the unpaired electron, according to
the calculations, chooses to reside in the orbital from the e
set that has the nodal plane parallel to the C2 symmetry
axis (e2), rather than in the orbital with the nodal plane
perpendicular to it (e1). The half-occupied orbital has con-
tributions only from the two Mo� atoms and a symmetry-
imposed zero contribution from the Mo atom, in perfect
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Table 1. Selected bond lengths [Å] and angles [°] for [Cp*3Mo3(µ-
O)2(µ-OH)4]2+: observed (from the X-ray structure of the CF3SO3

salt) and DFT-optimized (gas-phase).

Distance[a,b] Experimental DFT-optimized

Mo–Mo� 2.7854(13), 2.7820(13) 2.859, 2.876
Mo�–Mo� 2.8244(12) 2.946
Mo–(µ-O) 1.946(8), 1.959(8) 1.979, 1.987
Mo–(µ-OH) 2.041(8), 2.061(7) 2.108, 2.110
Mo�–(µ-O) 1.949(8), 1.956(8) 1.938, 1.943
Mo�–(µ-OH) 2.048(8), 2.053(7), 2.090, 2.094, 2.097

2.055(8)
2.049(8), 2.028(8), 2.099, 2.106, 2.108
2.053(8)

Mo–CNT 2.0145(9) 2.082
Mo�–CNT 2.0058(9), 2.0168(9) 2.079, 2.080

Angle[a,b] Experimental DFT-optimized

Mo�–Mo–Mo� 60.97(3) 61.92
Mo–Mo�–Mo� 59.46(3), 59.57(3) 58.91, 59.16
Mo–(µ-O)–Mo� 91.0(3), 90.9(3) 93.61, 93.83
Mo–(µ-OH)–Mo� 85.1(3), 85.9(3) 85.96, 85.97
Mo�–(µ-OH)–Mo� 87.5(3), 87.0(3) 88.93, 88.94
CNT–Mo–(µ-O) 112.7 (2), 114.7(2) 114.04, 116.94
CNT–Mo–(µ-OH) 112.2(2), 112.7(2) 113.22, 113.92
CNT–Mo�–(µ-O) 113.4(2), 113.9(2) 113.01, 113.92
CNT–Mo�–(µ- 110.8(2), 113.4(2), 112.94, 115.54,
OH) 115.1(2) 117.05

111.7(2), 114.8(2), 112.99, 115.30,
115.0(2) 117.88

[a] Mo indicates the unique atom with a [Cp*Mo(O)2(OH)2] coor-
dination environment and Mo� indicates the two symmetry-related
atoms with a [Cp*Mo(O)(OH)3] coordination environment.
[b] CNT indicates the ring centroid of the pentamethylcyclopen-
tadienyl ligand.

agreement with the result of the EPR analysis above.
Furthermore, the DFT calculation suggests that the cluster
is completely valence-delocalized. Indeed, the computed
natural charge[28] is very similar on atoms Mo (+1.075) and
Mo� (+1.100 and 1.101), and so is the computed Mulliken
spin density (–0.820, 0.849, and 0.847, respectively). We
note that the mean value of S2 from the spin-unrestricted
calculation is high (see Computational Details), suggesting
the mixing of an excited [a(z2)]2[e1(xy)]1[a2(xy)]1[a(xy)]1

configuration into the ground state. However, according to
the result of the EPR experiment, this contribution must be
negligible for the real system because the isotropic reso-
nance is relatively sharp at room temperature and unaffec-
ted by cooling.

A somewhat related triangular Mo3 cluster, [Mo3Cu-
S4(H2O)10]4+, which was described as having a CuI ion and
a Mo3

11+ core,[29] has an electronic structure similar to that
described here, although there are two additional electrons,
thereby also involving occupation of the a(xy)-type orbitals.
In that case, the experimental observation of electronic
coupling to a single Mo nucleus in the EPR spectrum was
interpreted as resulting from a valence-trapped
MoIVMoIVMoIII structure, the unpaired electron being
mostly localized on the MoIII center, although the calcula-
tions (at the EHMO level) indicated a delocalized shape for
the MOs similar to that reported here.
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Figure 6. Electronic structure of the [Cp*3Mo3(µ-O)2(µ-OH)4]2+

cluster as resulting from a gas-phase DFT calculation. The shape
of the spin-orbitals connected by a dashed line is essentially iden-
tical (only one for each pair is shown).

Discussion

It is useful to compare the salts reported here with a
closely related one reported by Bottomley et al., namely
[Cp*3Mo3(µ-O)6–n(µ-OH)n]2+(Cl–)2.[21] This compound was
obtained by a synthetic strategy closely related to ours (zinc
reduction of [Cp*MoO2Cl] in CHCl3 in the presence of
concentrated HCl). The X-ray structure presented for this
compound was affected by severe disorder, thus preventing
the unambiguous determination of the number of bridging
OH groups, as for the trifluoroacetate complex reported
here. We have already pointed out above that the reported
Mo–Mo distances for the dichloride salt are very similar to
those reported here for the [Cp*3Mo3(µ-O)2(µ-OH)4]2+-
(CF3SO3

–)2 salt. For [Cp*3Mo3(µ-O)6–n(µ-OH)n]2+(Cl–)2,
the authors proposed 5 as the most likely n value, but also
suggested the presence of a redox disproportionation equi-
librium in solution that involves other species characterized
by n = 4 and n = 6. This suggestion was based on magnetic,
EPR, and NMR observations. In particular, the EPR spec-
trum was assigned to the n = 6 species, whereas two NMR
resonances − a sharp one and a broad one − were assigned
to the diamagnetic n = 5 species and to the paramagnetic n
= 4 species, respectively. The room-temperature isotropic
EPR spectrum reported for solutions of the dichloride salt
seems very similar to that of the trifluoromethanesulfonate
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and trifluoroacetate salts reported here, but it was interpre-
ted in that case as arising from coupling to three equivalent
Mo nuclei. An argument given in favor of the above scheme
is the fact that the n = 4 species could not yield an observ-
able isotropic EPR spectrum, given the expected (e)3 elec-
tronic configuration.[21] Our DFT calculation, however,
shows that the asymmetry associated with the distribution
of the two µ-O and four µ-OH groups splits this orbital
degeneracy significantly. The trifluoromethanesulfonate
and trifluoroacetate salts reported here (at least batches of
clean single crystals) do not show any sharp or even broad-
ened NMR signal that could be assigned to the Cp* ligand
in a diamagnetic or paramagnetic compound. All evidence,
therefore, points to the fact that the trifluoromethanesul-
fonate salt reported here maintains its identity as a single
compound in solution.

Another useful comparison involves compounds
[Cp*4Mo5O11][21] and [Cp*6Mo8O16],[22] both of which are
described as containing a central [Cp*3Mo3(µ-O)6]– unit
(vide supra). In this unit, there are only four cluster elec-
trons (Mo3

IV,V,V) and the structures are stabilized by cap-
ping one triangular O3 face with either MoV or MoVI ions.
Therefore, it seems possible that the salts of [Cp*3Mo3(µ-
O)2(µ-OH)4]2+ exhibit interesting electrochemical proper-
ties, which may be dependent on pH and/or on the presence
of other metal ions.

Conclusion

We have shown in this paper that the zinc reduction of
[Cp*2Mo2O5] in an acidic aqueous environment leads to the
triangular [Cp*3Mo3(µ-O)2(µ-OH)4]2+ cluster, containing a
paramagnetic (five-electron) trimetallic core. The spectro-
scopic evidence points to a solution structure identical to
the solid-state structure, with the unpaired electron located
in a delocalized molecular orbital that has atomic orbital
participation from only two Mo atoms. A study of the re-
dox properties and acid/base properties of this system, fol-
lowed by an investigation of its chemical reactivity, are now
in progress and will be reported in due course.

Experimental Section
General Methods: All preparations and manipulations were carried
out with Schlenk techniques under an oxygen-free argon atmo-
sphere. All glassware was oven-dried at 120 °C. Solvents were dried
by standard procedures and distilled under dinitrogen prior to use.
EPR spectra were measured with an Elexsys E500 Bruker spectro-
meter (X-band) equipped with both a frequency meter and a gauss-
meter. Magnetic susceptibility measurements were carried out with a
MPMS5 QUANTUM DESIGN magnetometer. Mass spectra were
recorded with a NERMAG R10-10 instrument. The starting com-
pound [Cp*2Mo2O5] was prepared as described in the literature.[19]

Synthesis and Crystallization of [Cp*3Mo3(µ-O)2(µ-OH)4](CF3SO3)2:
Metallic zinc (20 mesh, 0.48 g, 7.38 mmol) was added to a solution
of [Cp*2Mo2O5] (0.05 g, 0.092 mmol) in MeOH/H2O (1:1, 6 mL)
after acidification with concentrated CF3SO3H (10 drops). The
mixture was stirred under argon at room temperature for two days,
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during which time it changed from a clear, yellow solution to a
green suspension. The mixture was filtered and the solid was dried
in vacuo. The solid was extracted with THF and, after filtration,
addition of n-hexane yielded a green precipitate (0.021 g, 31.3%).
A single crystal for the X-ray analysis was obtained by diffusion of
n-hexane into a green CH2Cl2 solution at room temperature.

C32H49F6Mo3O12S2·2CH2Cl2 (1261.53): calcd. C 32.37, H 4.23;
found C 32.92, H 3.65. EPR (CH2Cl2): g = 1.962, aMo = 26.2 G.
Average µeff in the 6–60 K range: 1.66 µB (diamagnetic correction:
–7.91×10–4 cgs).

X-ray Analyses: Single crystals of [Cp*3Mo3(µ-O)2(µ-OH)4](X)2 (X
= CF3CO2, CF3SO3) were mounted under inert perfluoropolyether
at the tip of a glass fiber and cooled in the cryostream of an Ox-
ford-Diffraction XCALIBUR CCD diffractometer. Data were col-
lected using monochromatic Mo-Kα radiation (λ = 0.71073). The
structures were solved by direct methods (SIR97[30]) and refined by
least-squares procedures on F2 using SHELXL-97.[31] Although the
model could be easily defined by direct methods for both struc-
tures, its refinement appeared to be very poor, with large elongated
ellipsoids for the Cp* and rather high R and wR2 values. The
CF3CO2 salt did not lead to a successful refinement, so this struc-
ture is not further commented. For the CF3SO3 salt, the elongated
ellipsoids suggest a free rotation of the Cp ring around the Mo–
Cp* centroid axis. However, all attempts to refine a disordered Cp*
model failed. The occurrence of a twinned structure by pseudo
merohedry, considering a monoclinic cell, was also attempted but
again without improvement of the refinement. Refinement in a
noncentrosymmetric space group did not improve the result either.
Careful examination of the reciprocal space revealed that the crys-
tal used was certainly not single but an attempt to integrate using
different domains failed. There is, however, no doubt about the
reality of the model, as confirmed by different analytical methods.
All H atoms attached to carbon were introduced in the calculation
in idealized positions and treated as riding models. Owing to the
poor quality of the refinement, the H atom attached to the hydroxy
groups could not be located. The drawings were produced with the
help of ORTEP32.[32] The structures were solved by direct methods
(SIR97)[30] and refined by least-squares procedures on F2 using
SHELXL-97.[31] All H atoms attached to carbon were introduced
in calculation in idealized positions and treated as riding models.
The drawing of the molecules was realized with the help of OR-
TEP32.[32] The crystal data and refinement parameters are shown
in Table 2 and selected geometric parameters are collected in
Table 1.

Computational Details: The DFT calculation was carried out on a
model system where the Cp* ligands were replaced by the simpler
Cp rings. The starting geometry was based on the crystallographi-
cally determined structure of the triflate salt and no symmetry re-
strictions were imposed. The geometry was fully optimized and the
resulting minimum of the potential energy surface (PES) was veri-
fied by the positive value of all second derivatives of the energy.
The calculation, which used the spin-unrestricted formulation, was
performed using the B3LYP three-parameter hybrid density func-
tional method of Becke,[33] as implemented in the Gaussian03 suite
of programs.[34] The basis sets used for the geometry optimizations
are the standard 6-31G** for C, H, and P atoms, and the standard
LANL2DZ basis set, which includes the Hay and Wadt effective
core potentials (ECP),[35] for the metal atoms. The value of �S2�

resulting from the calculation is 1.39 (0.81 after annihilation). This
shows that there is significant spin contamination, indicating mix-
ing with low-lying excited states. The correspondence between the
resulting Kohn–Sham spin-orbitals was verified by producing con-
tour plots with the aid of the program MOLDEN.[36]
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Table 2. Crystal data and refinement parameters for [Cp*3Mo3(µ-
O)2(µ-OH)4](CF3SO3)2.

Empirical formula C32H35F6Mo3O12S2

Formula weight 1087.62
Temperature 180(2) K
Wavelength 0.71073 Å
Crystal system orthorhombic
Space group Pbca
Unit-cell dimensions a = 15.5156(6) Å

b = 16.8899(7) Å
c = 31.0271(12) Å
α = 90°
β = 90°
γ = 90°

Volume 8130.9(6) Å3

Z 8
Density (calculated) 1.777 Mgm–3

Absorption coefficient 1.098 mm–1

F(000) 4360
Crystal size 0.24×0.12×0.077 mm3

Theta range for data collection 2.82 to 26.37°
Index ranges –19 � h � 19

–18 � k � 21
–38 � l � 38

Reflections collected 59030
Independent reflections 8302 [R(int) = 0.0997]
Completeness to θ = 26.37° 99.8%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9623 and 0.7409
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8302 / 0 / 487
Goodness-of-fit on F2 1.088
Final R indices [I � 2σ(I)] R1 = 0.1145, wR2 = 0.2423
R indices (all data) R1 = 0.1279, wR2 = 0.2495
Largest diff. peak and hole 2.867 and –3.776 eÅ–3
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The kinetics of ring opening and displacement of the biden-
tate chelate ligand from dichloro[pyridine-2-(α-methoxy-
methanolato)]gold(III) [Au(N–O)Cl2] (1) have been studied
spectrophotometrically in methanol/water (95:5, v/v) at 25 °C
and constant ionic strength (I = 1 moldm–3, LiClO4). In the
presence of LiCl and perchloric acid the reaction consists of
a pre-equilibrium protonation of the coordinated oxygen fol-
lowed first by ring opening at oxygen accompanied by the

Introduction
The lability of oxygen-donor ligands in the substitution

reactions at square planar tetra-coordinate PtII, PdII and
AuIII complexes depends very greatly upon their nature,
ranging from the highly labile coordinated water to the very
inert hydroxide.[1] Unfortunately, the lack of suitable sub-
strates of AuIII, because of the synthetic difficulties involved
in preparing appropriate complexes with monodentate oxy-
gen ligands, has hampered any extensive study in this field.
One way to overcome the problem is to incorporate the oxy-
gen donor in a bi- or multidentate ligand so providing the
required ease of preparation and stability. Very recently,
gold() complexes of the type [Au(N–O)Cl2] (N–O = pyri-
dine-2-methanolato,[2] substituted pyridine-2-carboxyl-
ato[3]) have been reported to be excellent catalysts in organic
synthesis. Some years ago we reported the preparation of
dichloro(pyridine-2-carboxylato)gold() and dichloro(pyri-
dine-2-methanolato)gold() neutral complexes and we
studied the replacement of N–O bidentate ligands by chlo-
ride in acidic solutions.[4,5] In the first case it was shown
that the chelate ring opened at nitrogen and the carboxylate
group was displaced in a slower subsequent step. In the sec-
ond case, because the change in the 2-substituent from
CO2

– to CH2O– increases the basicity of the nitrogen by
more than three orders of magnitude and hence decreases
the lability of the Au–N bond by about two orders of mag-
nitude, and the bond to the alkoxide oxygen is considerably
more labile to direct chloride substitution than the bond to
carboxylate, the reaction sequence is reversed, ring opening
at oxygen occurring in the first stage of the reaction.

[a] Department of Chemistry, Cà Foscari University of Venice,
Calle Larga S. Marta 2137, 30123 Venice, Italy
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entry of chloride or solvent and fast acetalisation of the hemi-
acetalic form of the ligand to give [AuCl3(N–OMe)], and then
by displacement of the N-bonded ligand to give [AuCl4]–.
The ligand is not displaced in the absence of chloride and no
reaction is observed in the presence of chloride alone.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In a recent study dealing with the interaction of pyridine-
2-carbaldehyde (2CHO–py) with [AuCl4–] in water we
found[6] that the initially formed N-coordinated [AuCl3(2-
CHO–py)] complex adds a molecule of H2O to the al-
dehydic group to form the corresponding diolic derivative
which, by elimination of HCl, gives rise to O-chelation at
the metal centre. Successive treatment with alcohols affords
the corresponding N–O-chelated hemiacetalic complexes
[(I), Scheme 1]. On the other hand, when the reaction be-

Scheme 1.
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tween pyridine-2-carbaldehyde and [AuCl4–] is carried out
in alcohols at 60 °C, the N-coordinated acetal complexes
trichloro(pyridine-2-carbaldehyde dialkyl acetal)gold()
are directly formed [(II), Scheme 1]. Some of the complexes
of both the series have been characterised by X-ray dif-
fractometry.[6]

As an extension of that work, we have now prepared the
analogous neutral dichloro[pyridine-2-(α-methoxymeth-
anolato)]gold() (1), [Au(N–O)Cl2], and have studied the
displacement of the new type of N–O chelate ligand by
chloride in acidic methanol containing 5% water.

Results

The electronic spectrum in the wavelength range 250–
370 nm of a 1×10–4 moldm–3 solution of [Au(N–O)Cl2] (1)
in methanol/water (95:5 v/v) in the presence of a large ex-
cess of LiCl to suppress any solvolysis is shown in Figure 1
(curve a). This spectrum does not change over long periods
of time.

Figure 1. Electronic spectra of 1.0×10–4 moldm–3 solutions of 1 in
methanol/water (95:5 v/v) at 25 °C under the different experimental
conditions reported in the text.

In the absence of lithium chloride, addition of perchloric
acid to a solution of 1 of the same concentration causes a
relatively fast change of the spectrum with time to finally
give the spectrum represented by curve b. Successive ad-
dition of 1:1 LiCl gives rise to a rapid change of the spec-
trum b to that of curve c, which is identical to that of the
trichloro(pyridine-2-carbaldehyde dimethyl acetal)gold()
(2) measured under the same experimental conditions. Fur-
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ther addition of excess LiCl results in a slower reaction,
which leads to the displacement of the 2-substituted pyri-
dine ligand and formation of [AuCl4]– with a well-main-
tained isosbestic point at 296 nm until the end of the reac-
tion (curves d, e). When an excess of both LiCl and perchlo-
ric acid is added to a solution of 1, the change of ab-
sorbance with time at 320 nm indicates a two-stage reac-
tion, the second stage being identical to that described
above.

Table 1. Observed rate constants: for the first stage (kobs
f), for the

second stage (kobs
s) of the reaction,[a] and in the presence of per-

chloric acid alone (k�obs
f).

[H+] 103 [Cl–] 102 kobs
f 104 kobs

s 103 k�obs
f

[moldm–3] [moldm–3] [s–1] [s–1] [s–1]

0.15 3.69
0.2 4.47
0.25 5.64
0.3 6.40
0.4 7.60
0.5 9.33
0.05 1.0 0.29
0.05 2.0 0.72
0.05 4.0 1.22
0.05 6.0 1.82
0.05 8.0 2.40
0.05 10 3.0
0.05 12 3.70
0.1 1.0 0.96
0.1 2.0 1.67
0.1 4.0 2.85
0.1 6.0 4.05
0.1 8.0 5.11
0.1 10 6.40
0.1 12 7.58
0.15 1.0 1.56 0.99
0.15 2.0 2.30 1.85
0.15 3.0 3.20 2.56
0.15 4.0 4.05 2.91
0.15 5.0 4.61 3.90
0.15 6.0 5.30
0.15 7.0 6.14 5.40
0.15 8.0 6.89 6.20
0.15 9.0 7.60
0.15 10 8.40 7.93
0.2 1.0 2.50
0.2 2.0 3.51
0.2 3.0 4.82
0.2 4.0 5.82
0.2 5.0 6.61
0.2 6.0 7.82
0.2 7.0 8.90
0.2 8.0 9.85
0.2 9.0 11.4
0.2 10 12.55
0.3 1.0 3.22
0.3 2.0 4.84
0.3 3.0 6.0
0.3 4.0 7.48
0.3 5.0 9.01
0.4 1.0 3.57
0.4 2.0 5.30
0.4 3.0 7.60
0.4 4.0 9.10
0.4 5.0 10.38

[a] I = 1 mol dm–3, LiClO4, [substrate] = 1×10–4 moldm–3, 25 °C,
MeOH/H2O (95:5 v/v); rate constants were accurate to within 5%.
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Kinetics

The kinetics were evaluated from the change in ab-
sorbance at a fixed wavelength (320 nm) where both stages
lead to an increase of absorbance and as the two rate con-
stants differed by at least ten, their separate evaluation pre-
sented no problem. Values of the rate constants for the first,
kobs

f, and second, kobs
s, stages of the reaction in the pres-

ence of both LiCl and perchloric acid under pseudo-first-
order conditions, as well as in the presence of perchloric
acid alone, are collected in Table 1. Rate constants were ac-
curate to within 5%.

At constant [H+], kobs
f varies with [Cl–] such that a plot

of kobs
f versus [Cl–] is linear with a finite intercept (Fig-

ure 2), according to Equation (1).

Figure 2. Plots of kobs
f vs [Cl–] for the reaction between [Au(N–O)

Cl2] (1) and chloride at [H+] = 0.05 (�), 0.1 (�), 0.15 (◊), 0.2 (�),
0.3 (+), 0.4 (�) mol dm–3.

kobs
f = i + s[Cl–] (1)

Both i and s depend upon [H+] as shown in Figure 2 and
Table 2.

Table 2. Values of parameters i and s at constant added acid.

[H+] [mol dm–3] i [s–1] s [mol–1 dm3 s–1]

0.4 (1.9±0.3)×10–2 17.4±0.1
0.3 (1.8±0.1)×10–2 14.2±0.4
0.2 (1.3±0.1)×10–2 10.9±0.2
0.15 (0.87±0.05)×10–2 7.52±0.08
0.1 (0.43±0.04)×10–2 5.95±0.06
0.05 (0.03±0.04)×10–2 3.01±0.05

The dependence of s upon [H+] shows a tendency to slow
negative deviations as [H+] progressively increases, but a
plot of s–1 against [H+]–1 is linear (Figure 3) with intercept
c = (1.8±0.5)×10–2 s–1 and slope d =
(1.6±0.5)×10–2 moldm–3 s–1, from which the empirical
Equation (2) can be derived.
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Figure 3. Linear dependence of s–1 on [H+]–1. Data from Table 2.

(2)

Owing to the large uncertainty in the values of i, its de-
pendence on [H+] was better determined on studying the
reaction in the absence of added LiCl. The values of the
relative rate constants (k�obs

f � i) are collected in Table 1.
k�obs

f increases as [H+] increases but appears to reach a lim-
iting value at the higher [H+] concentrations. A plot of
(k�obs

f)–1 against [H+]–1 is linear in the range of examined
[H+] (Figure 4) with intercept e = (40±6) s and gradient f
= (35±1) moldm–3 s–1.

These results are in agreement with Equation (3).

(3)

On substituting Equations (3) and (2) into Equation (1),
the experimental rate law for the first step of the reaction

Figure 4. Plot of (k�obs
f)–1 against [H+]–1 in the absence of added

chloride.
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takes the form of Equation (4) which can be rearranged as
Equation (5) with e/f (1.14±0.05 mol–1 dm3) = c/d
(1.1±0.4 mol–1 dm3) within the limit of the experimental er-
ror and an average value of 1.12±0.03.

(4)

(5)

The rate constants for the displacement of the N-coordi-
nated pyridine ligand, kobs

s (Table 1), are independent from
[H+] and obey the usual relationship Equation (6) with g =
(2±1)×10–4 s–1 and h = (7.6±0.2)×10–2 mol–1 dm3 s–1 (Fig-
ure 5).

kobs
s = g + h[Cl–] (6)

Figure 5. Plot of kobs
s against [Cl–]. Data from Table 1.

Discussion

The spectroscopic evidence together with the kinetic re-
sults are fully consistent with the reaction depicted in
Scheme 2.
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The reaction observed in the presence of HClO4 alone is
described as a fast protonation pre-equilibrium AhB fol-
lowed by a slow reversible reaction to give the solvato spe-
cies C (spectrum b in Figure 1). C is formulated as the ace-
talic species, assuming that acetylation of the hemiacetalic
group is a fast process in acidic media (see below). Addition
of an equimolar amount of LiCl rapidly affords the anation
product P� (spectrum c in Figure 1). The same species can
also be formed directly from B by reaction with Cl–. In the
presence of higher [Cl–], such as those used under pseudo-
first-order conditions, displacement of the N-coordinated
ligand through two parallel reactions, solvolysis and direct
chloride substitution, occurs to give the final product P��.
This latter process corresponds to the second stage of the
reaction observed in the kinetic runs, better followed in the
presence of chloride ions in acidic solution. The derived
rate law, kobs

s = k1
s + k2

s[Cl–] typical for the displacement
of N-bonded pyridines is obeyed,[7] with a solvolytic rate
constant k1

s = (2±1)×10–4 s–1 and the second-order rate
constant k2

s = (7.6±0.2)×10–2 mol–1 dm3 s–1 nearly equal,
within the limit of experimental error, to that relative to the
displacement of the N-coordinated dimethyl acetal ligand
from the trichloro(pyridine-2-carbaldehyde dimethyl acetal)
gold() complex (2), [k2 = (7.875±0.003)×
10–2 mol–1 dm3 s–1], kinetically measured under the same ex-
perimental conditions, as well as to those found for the dis-
placement of the strictly related pyridine-2-methanol (k2 =
7.58×10–2 mol–1 dm3 s–1) and 2-methoxymethylpyridine (k2

= 7.93×10–2 mol–1 dm3 s–1).[5] Values of kobs for the dis-
placement of the ligand from the trichloro(pyridine-2-car-
baldehyde dimethyl acetal)gold() complex (2) and the de-
rived rate constants are reported in Table 3.

The close resemblance of the electronic spectra of the
intermediate formed at the end of the first stage of the reac-
tion and that of complex 2, as well as the values of their
second-order rate constants quoted above for the final dis-
placement of the ligand, strongly support the conclusion
that the hemiacetalic form of the chelated ligand, once pro-
tonated and then O-opened, undergoes a rapid process of
acetalisation in the presence of the solvent MeOH under
acidic conditions to give the derived N-coordinated di-
methyl acetal as the true leaving 2-substituted pyridine in
the second stage of the reaction. This behaviour is in agree-
ment with the instability of the hemiacetals of the free or-
ganic carbaldehydes[8] that, under comparable experimental
conditions, react with alcohols to rapidly give the corre-
sponding acetals. This conclusion has been fully confirmed
by the series of 1H NMR experiments reported in Figure 6.

When dichloro[pyridine-2-(α-methoxymethanolato)]gol-
d() (1) in CD3NO2 [integrated proton ratio C–H (δ =
5.45 ppm)/O–CH3 (δ = 3.56 ppm) of 1:3] (spectrum A) is
added to methanol and DCl [molar ratio 5:1 and 1:1 with
respect to the concentration of complex 1
(2.56×10–2 moldm–3)] its spectrum rapidly changes (spec-
trum B) to that of an authentic sample of the trichloro(pyri-
dine-2-carbaldehyde dimethyl acetal)gold() (2) in
CD3NO2 at a similar concentration (2.34×10–2 moldm–3

(spectrum C), both of them showing an integrated proton
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Scheme 2. K = 1.12±0.03 dm3 mol–1, k3
f = 56±17 dm3 mol–1 s–1, k1

f = 0.025±0.001 s–1, k1
s = (2±1)×10–4 s–1, k2

s =
(7.6±0.2)×10–2 dm3 mol–1 s–1.

Table 3. Observed rate constants (kobs) and derived rate constants
(k1 and k2) for the reaction [Au(N–OMe)Cl3] + Cl– � [AuCl4]– +
+HN–OMe at 25 °C in MeOH/H2O (95:5 v/v).

[Cl–] 103 kobs [s–1] k1 [s–1] k2 [mol–1 dm–3 s–1]
[moldm–3]

0.01 0.84
0.02 1.68
0.03 2.44 (5±3)×10–5 (7.875±0.003)×10–2

0.04 3.13
0.08 6.34
0.1 7.96

ratio C–H (δ = 6.15 ppm)/O–CH3 (δ = 3.66 ppm) of 1:6.
Further addition of DCl [molar ratio 10:1 with respect to
the concentration of complex 1] allows the reaction to go
to completion with release of the ligand in the form of the
N-protonated pyridine-2-carbaldehyde dimethyl acetal [in-
tegrated proton ratio C–H (δ = 6.02 ppm)/O–CH3 (δ =
3.64 ppm) of 1:6], as comes from a comparison of its spec-
trum (spectrum D) with the spectrum of the released ligand
from 2 under the same experimental conditions (spectrum
E). Spectrum B shows also the presence of some free N-
protonated pyridine-2-carbaldehyde dimethyl acetal as a re-
sult of the incoming development of the second stage of the
reaction.

From the reaction in Scheme 2, on assuming species C
as a steady-state intermediate {dC/dt = 0 which implies that
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(k–1
f + k2

f[Cl–]) �� k1
f}, the following dependence of kobs

f

on [H+] and [Cl–] is derived [Equation (7)].
Because under our experimental conditions in the pres-

ence of [H+] � 0.05 moldm–3 alone, the reaction is com-
pletely shifted towards the solvato species C, the condition
k–1

f �� k1
f must hold and hence, in the presence of Cl–, the

condition k2
f[Cl–] �� k–1

f must be satisfied. Under these
conditions Equation (7) reduces to Equation (8).

Equation (8) is identical to the empirical Equation (5) if
k1

fK = 1/f, K = e/f, k3
fK = 1/d, from which the values of

the equilibrium constant (K = 1.12±0.03 dm3 mol–1) and of
the rate constants (k3

f = 56±17 dm3 mol–1 s–1, k1
f =

0.025±0.001 s–1) can be calculated. These values together
with the rate constants for the second stage of the reaction
(k1

s and k2
s) are also reported in Scheme 2.

A point that deserves to be underlined is the different
reactivity of complex 1 with respect to that of the previously
studied dichloro(pyridine-2-methanolato)gold()[5] as re-
gards the reaction with Cl– in the absence of acid. In the
first case no reaction takes place, whereas in the second case
the reaction goes to completion with ring opening at oxygen
followed by substitution of the pyridine ligand. This dif-
ferent behaviour, which implies a stronger Au–O bond in
complex 1, would suggest a remarkable effect on the reac-
tivity as a result of the replacement of a hydrogen atom
with a methoxy group, possibly related to their different
inductive effects. Accordingly, both the values of the pro-
tonation constant (K = 1.12 mol–1 dm3) and the rate con-
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Figure 6. 1H NMR spectrum of 1 in CD3NO2 (spectrum A); spectrum of 1 in methanol and DCl [molar ratio 5:1 and 1:1 with respect
to the concentration of the complex] (spectrum B); spectrum of an authentic sample of 2 in CD3NO2 (spectrum C); spectrum of the
released ligand at the end of the reaction in the presence of methanol and an excess of DCl [molar ratio 5:1 and 10:1 with respect to the
concentration of complex (1)] (spectrum D); spectrum of the released ligand from 2 under the same experimental conditions (spectrum
E).

(7)

(8)

stant relative to the ring opening of the protonated species
(k3

f = 56 mol–1 dm3 s–1) for the hemiacetalic complex (1) are
lower than the corresponding constants for the complex
with pyridine-2-methanol (K = 9.7 mol–1 dm3, k =
126 mol–1 dm3 s–1).[5]

The second stage of the reaction, that is the displacement
of the 2-substituted pyridine by Cl– from the species P�, can
be compared with other reactions of this sort as it is known
that the second-order rate constant for the reaction with
chloride depends upon the basicity of the leaving pyridine,
according to the linear relationship log k2 = a(pKa) + C
(pKa is that of the protonated base in water at 25 °C) and
is independent from steric hindrance of the ring substitu-
ents.[7] In the mixture methanol/water (95:5, v/v) this rela-
tionship is also obeyed and the values of a and C, already
measured, are –0.67 and 2.81 respectively.[9] A k2

s value of
7.6×10–2 mol–1 dm3 s–1 leads therefore to a pKa of 5.86 for
the leaving pyridine-2-carbaldehyde dimethyl acetal, which
closely compares to those of pyridine-2-methanol and 2-
(methoxymethyl)pyridine, as they both have a pKa value of
5.6.[5]
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Concluding Remarks

The kinetics of ring opening and displacement of the bi-
dentate chelate ligand from dichloro[pyridine-2-(α-meth-
oxymethanolato)]gold(), [Au(N–O)Cl2] (1) have been
studied spectrophotometrically in methanol/water (95:5 v/
v). Because of the relative inertness of the Au–alkoxide oxy-
gen bond, complex 1 does not react with chloride alone. In
the presence of LiCl and perchloric acid the reaction pro-
ceeds through a pre-equilibrium protonation of the coordi-
nated oxygen followed first by ring opening at oxygen ac-
companied by the entry of chloride or solvent and then by
displacement of the N-bonded ligand to give [AuCl4]–.
However, once opened the hemiacetalic N-coordinated li-
gand is rapidly transformed in the corresponding 2-(pyri-
dinecarbaldehyde dimethyl acetal), which is the true leaving
ligand, to be displaced in the second stage of the reaction
as a 2-substituted pyridine with a pKa value of 5.86.

Experimental Section
Materials: Pyridine-2-carbaldehyde (Aldrich) was vacuum distilled
and stored at 4 °C. Potassium tetrachloroaurate() dihydrate, the
inorganic salts and the solvents were reagent grade products (Ald-
rich) used without further purification.

Instruments: UV/Vis spectra and kinetics were recorded with a Per-
kin–Elmer Lambda 5 spectrophotometer. IR spectra (4000–
500 cm–1, KBr disks; 600–50 cm–1, polyethylene pellets) were col-
lected with a Nicolet Magna FTIR 750 spectrometer. 1H NMR
spectra in high purity CD3NO2 (Aldrich) were obtained with a
Bruker AC 200 spectrometer. Chemical shifts (ppm) were internally
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referenced to the residual undeuterated solvent resonances and re-
lated to tetramethylsilane (δ = 0 ppm). Conductivity measurements
were carried out in dmf with a CDM 83 Radiometer Copenhagen
conductivity meter and a CDC 334 immersion cell. Elemental
analyses were performed by the Microanalytical Laboratory of the
University of Padua.

Synthesis of Complexes 1 and 2 and of the Ligand Released at the
End of the Process (3)

Dichloro[pyridine-2-(α-methoxymethanolato)]gold(III) (1): [Spec-
trum A in Figure 6] This complex was prepared following the same
procedure as for the ethoxy species previously reported[4] using
methanol instead of ethanol as a solvent. Yield (80%).
C7H8AuCl2NO2 (406.02): calcd. C 20.71, H 1.99, Cl 17.46, N 3.45;
found C 20.64, H 1.72, Cl 17.32, N 3.46. 1H NMR (200 MHz,
CD3NO2, 25 °C): δ = 9.04 (d, 3JHH = 5.2 Hz, 1 H, py-H6), 8.37 (td,
3JHH = 7.6, 4JHH = 1.4 Hz, 1 H, py-H4), 7.92–7.77 (m, 2 H, py-
H3,5), 5.45 (s, 1 H, CH), 3.56 (s, 3 H, OCH3) ppm. Selected IR
bands: 1609 (νC=N), 1079 (νO–CH3

), 370, 349 (νAu–Cl) cm–1. ΛM(dmf)
= 2.7 Ω–1 cm2 mol–1.

Trichloro(pyridine-2-carbaldehyde dimethyl acetal)gold(III) (2):
[Spectra B, C in Figure 6] The complex was prepared as previously
reported.[6] Yield (75%). C8H11AuCl3NO2 (456.51): calcd. C 21.05,
H 2.43, Cl 23.30, N 3.07; found C 20.94, H 2.39, Cl 23.61, N 3.10.
1H NMR (200 MHz, CD3NO2, 25 °C): δ = 8.96 (d, 3JHH = 6.0 Hz,
1 H, py-H6), 8.36 (td, 3JHH = 7.9, 4JHH = 1.4 Hz, 1 H, py-H4), 8.22
(dd, 3JHH = 7.9, 4JHH = 1.8 Hz, 1 H, py-H3); 7.87 (ddd, 3JHH =
6.0, 3JHH = 7.9, 4JHH = 1.8 Hz 1 H, py-H5), 6.15 (s, 1 H, CH), 3.66
(s, 6 H, OMe2) ppm. Selected IR bands: 1611 (νC=N), 1098
(νO–CH3

), 366, 349 (νAu–Cl) cm–1. ΛM(dmf) = 2.3 Ω–1 cm2 mol–1.

2-CH(OMe)2py·HCl (3): [Spectra D, E in Figure 6] 1H NMR
(200 MHz, CD3NO2, 25 °C): δ = 8.81 (d, 3JHH = 6.0 Hz, 1 H, py-
H6), 8.75 (td, 3JHH = 7.9, 4JHH = 1.6 Hz, 1 H, py-H4), 8.30–8.08
(m, 2 H, py-H3+H5), 6.91 (br, 1 H, NH), 6.02 (s, 1 H, CH), 3.64
(s, 6 H, OMe2) ppm.

Kinetics: The reactions were followed spectrophotometrically by
measuring the changing absorbance at a suitable wavelength as a
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function of time. They were initiated by adding 10–20 µL of a
0.015 moldm–3 dimethylformamide (dmf) solution of 1 or 2 to a
methanol/water (95:5 v/v) solution (3 cm3) of the appropriate rea-
gent, either HClO4 or HClO4, and LiCl, previously brought to the
reaction temperature (25 °C) in the thermostatted cell in the spec-
trophotometer. All reactions were carried out at constant ionic
strength (I = 1.0 moldm–3, LiClO4). Pseudo-first-order rate con-
stants (kobs/s–1) were obtained either from the gradients of plots of
log(Dt – D�) versus time or from a nonlinear least-squares fit of
experimental data to the equation Dt = D� + [D0 – D� exp(–kobst)],
where D0, D� and kobs are the parameters to be optimised (D0 is
absorbance after mixing of reactants, D� is absorbance at comple-
tion of reaction). Rate constants were accurate within 5%.
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Electroabsorption (Stark effect) measurements on the inter-
valence charge-transfer (IVCT) transitions in the diastereo-
isomers of [{Ru(bpy)2}2(µ-bpt–)]4+ [bpy = 2,2�-bipyridine, bpt–

= 3,5-bis(2-pyridyl)-1,2,4-triazolate] in n-butyronitrile glass
at 77 K reveal effective charge-transfer distances of
5.92±0.03 Å for the ∆Λ/Λ∆ form and 5.44±0.04 Å for the ∆∆/
ΛΛ form. These values correspond to approximately 95 and
88%, respectively, of the geometrical metal–metal distance

Introduction

Dinuclear polypyridyl complexes of ruthenium and os-
mium based on di-bidentate polypyridyl bridging ligands
have been the subject of extensive research efforts over the
past two decades, as part of rapid advances in metallosup-
ramolecular chemistry. Bridging ligands provide the linkage
between the metal centers in polymetallic assemblies and
control the distances and relative orientations of the com-
ponents, as well as the inter-component electron- and en-
ergy-transfer processes.[1–8]

The anion of 3,5-bis(2-pyridyl)-1,2,4-triazole (shown in
Figure 1) is a particularly interesting bridging ligand, as it
carries a negative charge and exhibits a high σ-donor and
low π-acceptor ability.[9] As a consequence, bpt– constitutes
a member of a relatively small class of bridging ligands,
which mediate the electronic coupling between the metal
centers (denoted by M1 and M2 in Figure 1) by a hole-
transfer mechanism. Because these ligands possess electron-
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of 6.185(10) Å, obtained from the X-ray crystal structure of
the cation in the related complex (∆Λ)-[{Ru(Me2bpy)2}2(µ-
bpt–)](PF6)3. The results are consistent with a localized Class
II classification for the mixed-valence systems [{Ru(pp)2}2(µ-
bpt–)]4+, where pp = bpy, Me2bpy = 4,4�-dimethyl-2,2�-bipyri-
dine.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

rich high-lying π* orbitals, the decisive factor in the metal–
metal coupling is the energy gap between the highest-occu-
pied molecular orbitals (HOMOs) of the bridge and the
metal-based dπ orbitals, as shown in Figure 2.[6]

Figure 1. The 3,5-bis(2-pyridyl)-1,2,4-triazolate (bpt–) bridging li-
gand. M1 and M2 denote the metal centers coordinated at the N1

and N3 sites, respectively.

Figure 2. Schematic energy level diagrams for superexchange-as-
sisted electronic coupling by a hole-transfer mechanism.[6] M1 and
M2 denote the metal centers and BL denotes the bridging ligand.

The coupling between M1 and M2 can involve direct con-
tributions from a “through-space” mechanism, and/or indi-
rect contributions from a “through-bond” superexchange
process where the bridging ligand mediates the donor-ac-
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ceptor coupling. In the latter case, the superexchange
theory[10] provides a conceptual framework for bridging li-
gand effects in intramolecular electron transfer.[5,6] The pa-
rameters, which are effective to describe the through-bond
interaction are the overlap between the frontier orbitals of
the metals, dπ(M1) and dπ(M2), and the bridging ligand
(πBL and πBL*), and the electronic interactions between the
atoms of the bridge connecting the frontier units to one
another.

In dinuclear complexes incorporating bpt–, the coordina-
tion environments of the two metal centers are chemically
distinct due to the enhanced σ-donor ability of the N1 (�
N2) position of the triazolate ring relative to the N3 posi-
tion.[11] As a consequence, a “redox asymmetry” (denoted
by ∆E0) exists between the inequivalent coordination
sites.[12,13]

The classical theory developed by Hush[14,15] provides a
conceptual framework for the contribution of redox asym-
metry effects to the electron-transfer barrier through the
analysis of the intervalence charge-transfer (IVCT) transi-
tions generated in the mixed-valence forms of dinuclear
complexes. In accordance with Equation (1), the energy
(νmax) of an IVCT band, which is typically observed in the
near-infrared (NIR) region of the absorption spectrum of
the mixed-valence complex, is given in terms of the redox
asymmetry and the Franck-Condon reorganizational en-
ergy contributions. The latter are composed of an inner-
sphere component (λi) due to bond length and angle re-
arrangement, and also an outer-sphere component (λo) due
to solvent and anion rearrangement in the secondary coor-
dination sphere.[14,15]

νmax = = λi + λo + ∆E0 (1)

In recent work from our laboratory, comparisons be-
tween the characteristics of the IVCT transitions, generated
by the mixed-valence forms of the diastereoisomers, (∆Λ/
Λ∆)- and (∆∆/ΛΛ)-[{Ru(bpy)2}2(µ-BL)]n+ (BL = a range of
bis-bidentate polypyridyl bridging ligands) have revealed a
stereochemical dependence of the IVCT energies, intensities
and bandwidths. The origins of such dependencies have
been ascribed to redox asymmetry contributions to Equa-
tion 1) due to stereochemically-directed structural distor-
tions[16] and ion-pairing interactions,[17] as well as the outer-
sphere reorganizational contributions due to spatially-di-
rected solvent interactions.[18] The present work broadens
our investigation into the use of stereoisomers as probes for
the factors that govern the electron-transfer barrier through
the characterization of the IVCT transitions in the ∆Λ/Λ∆
and ∆∆/ΛΛ diastereoisomers of [{Ru(pp)2}2(µ-bpt–)]4+ (pp
= bpy, Me2bpy), shown in Figure 3. Electroabsorption
(Stark effect) measurements on the IVCT bands of the dia-
stereoisomers of [{Ru(bpy)2}2(µ-bpt–)]4+ provide a measure
of the effective charge-transfer distances, which may be
shortened relative to the geometric metal–metal distances
due to electronic delocalization, self-polarization and other
effects.[19–23] Whereas Browne and co-workers[24] concluded
that the stereoisomeric identity of the ∆Λ, Λ∆, ∆∆ and ΛΛ
forms of [{Ru(bpy)2}2(µ-bpt–)]3+ had no influence on the
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photophysical properties of the complexes either at 77 K or
room temperature, the influence of stereochemical effects
on the IVCT properties of the systems were not addressed.
Previous studies have, however, reported the redox and
spectroscopic characteristics,[9,11,12,25–27] resonance Raman
spectra[28] and photophysical behavior[9,29] of stereoisomeric
mixtures of the homo- and hetero-dinuclear complexes of
ruthenium, osmium, rhodium and iridium incorporating
bpt– and its protonated analog, Hbpt.

Figure 3. Schematic representations of (Λ∆)- and (∆∆)-[{Ru(bpy)2}2-
(µ-bpt–)]3+; hydrogen atoms are omitted for clarity.

It must be noted that due to the inequivalence of the
metal coordination sites, the ∆Λ/Λ∆ form comprises a pair
of geometric isomers. No attempt was made to separate the
geometric forms in the present report.

The understanding of the fundamental stereochemical ef-
fects on the IVCT transitions in dinuclear complexes has
important implications for the elucidation of spatial influ-
ences on electron migration in natural processes such as
photosynthesis. Because the unsymmetrical component in
bpt– may be exploited to facilitate vectorial electron- and
energy-transfer processes in polynuclear complexes, which
form the basis of novel molecular-scale de-
vices,[9,11,12,24,25,27–40] stereochemical effects may also offer a
novel means of “fine-tuning” the metal–metal interactions.

Results and Discussion

Diastereoisomer Synthesis, Separation and Structural
Characterization: The complex [{Ru(bpy)2}2(µ-bpt–)]3+ has
been synthesized previously by the reaction of [Ru(bpy)2-
Cl2]·2H2O with bpt in ethanol/water (2:1) under reflux.[11,33]

In the present case, an alternative microwave-assisted meth-
odology was employed[16,41–44] which produced equivalent
or increased reaction yields of the dinuclear species com-
pared with the thermal method; however, there was a sig-
nificant reduction in the reaction times.

The chromatographic separation of the diastereoisomers
of [{Ru(bpy)2}2(µ-bpt–)]3+ by a semi-preparative HPLC
technique has been reported previously;[24] in the present
report, the separation was achieved using a cation-exchange
chromatographic procedure with SP Sephadex C-25 as the
support and aqueous solutions of sodium toluene-4-sulfo-
nate as the eluent. The band 1 and 2 eluates were deter-
mined to be the ∆Λ/Λ∆ and ∆∆/ΛΛ diastereoisomers,
respectively. Interestingly, the two forms exhibited different
colors on the column, with the ∆Λ/Λ∆ form displaying a
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red, and the ∆∆/ΛΛ form displaying an orange coloration.
During the procedure, a small amount of smearing was ob-
served as the complex passed down the column. This was
attributed to the presence of an uncoordinated nitrogen
atom on the triazole ring of the bpt– bridging ligand. Mea-
surements on the pH dependence of the absorption spec-
trum of [{Ru(bpy)2}2(µ-bpt–)]3+ by Hage et al.[11] revealed
a pKa of –0.6±0.3 for the complex in aqueous solution.
This suggests that the protonation of the free nitrogen atom
under the conditions employed in the chromatographic sep-
aration is unlikely.

Because poor microanalysis figures were obtained, the
characterization and purity assessment of the diastereoiso-
mers were based on the NMR spectra and electrochemical
data. Incomplete combustion may in part account for these
unsatisfactory figures;[45] however, the occlusion of variable
numbers of solvent molecules and counter-anions may also
be a factor. Such difficulties have previously been noted for
dinuclear complexes of ruthenium().[46]

The 1H numbering schemes for the ligands in [{Ru-
(bpy)2}2(µ-bpt–)]4+ are shown in Figure S1 (Supporting In-
formation; see footnote on the first page of this article) and
the assignments of the spectra were performed with the as-
sistance of 1H COSY spectra.[47] The coordinated bpy li-
gands exhibited the expected coupling constant values[48]

(J3,4 = 8, J3,5 = 1.5, J4,5 = 8, J4,6 = 1.5 Hz and J5,6 = 5 Hz)
and coupling patterns based on the symmetry requirements
of the complexes.

The assignment of the 1H resonances associated with in-
dividual terminal ligands was based on the differential an-
isotropic effects of the two ligands above (and below) the
plane of the bridging ligand. Because an analysis of the 1H
NMR spectra of the diastereoisomers of [{Ru(bpy)2}2(µ-
bpt–)]3+ have been reported previously,[11] the assignments
for the diastereoisomers of [{Ru(pp)2}2(µ-bpt–)]3+ in the
present investigation are listed in the Experimental Section
only.

Structural Considerations: X-Ray Crystallography

A limited number of crystal structures have been re-
ported of dinuclear ruthenium complexes incorporating
polypyridyl ligands. Of the three examples of dinuclear spe-
cies containing unsymmetrical bridging ligands,[12,49] two
have contained the bpt– bridging ligand. In both cases, the
crystals were obtained in the ∆Λ/Λ∆ form during an at-
tempt to separate the diastereoisomers of the complexes
through fractional crystallization. Accordingly, the single
crystals of (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)](PF6)3 ob-
tained in the present investigation represent the first exam-
ple of the selective isolation of one of the components con-
taining an unsymmetrical bridging ligand prior to crystal
growth.

Figure 4 shows the X-ray crystal structure for the cation
in (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)](PF6)3. The complex
crystallises in the triclinic space group P1̄ with two dinu-
clear cations in the unit cell. A summary of the crystal data
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and refinement are provided in Table S1 (Supporting Infor-
mation). The ruthenium–nitrogen distances of 2.026(10)–
2.109(10) Å correlate with those published for previous
structures.[12,50–52] The Ru(2)–N(1) distance of 2.004(9) Å is
significantly shorter than the Ru(1)–N(3) distance of
2.109(10) Å, which is consistent with the enhanced σ-donor
ability of the N(1) site of the triazolate ring compared with
the N(3) site.[9,11,12,27,33] The bond lengths and angles of
the terminal Me2bpy ligands are in the normal range for
complexes incorporating [Ru(Me2bpy)2]2+ and [Ru(bpy)2]2+

moieties.[12,50–52] The “bite-angles” of the terminal chelating
ligands vary between 78.1(5)° and 79.4(5)°, which is typical
for bipyridine-like ligands.[12,50–52]

Figure 4. (a) Partial atom labelling, and (b) designation of the
planes for the cation in (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)](PF6)3.

As shown in Figure 4 (b), the dihedral angles between
the least-squares plane of the triazolate ring (plane 2) and
the planes of the two pyridine rings (planes 1 and 3) are
10.8(5)° and 8.63(5)°, respectively, indicating a considerable
deviation from planarity of the bpt– ligand after the coordi-
nation of two [Ru(Me2bpy)2]2+ moieties. This distortion ap-
pears to arise from steric crowding between the methyl
groups oriented perpendicular to the “long axis” of the
bridge. The methyl groups located “above” the plane of the
bridging ligand induce a curvature in the bridge, which re-
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sults in the pyridyl groups bending downwards away from
the normal bridging plane. In the representation of the ∆∆/
ΛΛ diastereoisomer shown in Figure 3, one might antici-
pate less structural distortion relative to the ∆Λ/Λ∆ form,
as the potentially unfavorable interactions between the
methyl groups are avoided due to the parallel orientation of
the terminal ligands above (and below) the bridging plane.
The Ru(1)···Ru(2) separation is 6.185(10) Å.

Electrochemical and UV/Vis/NIR Spectral Characterization

The redox potentials for the Eox1 ([5+/4+]; i.e. RuIII–RuII/
RuII–RuII) and Eox2 ([6+/5+]; i.e. RuIII–RuIII/RuIII–RuII)
couples for (∆Λ/Λ∆)- and (∆∆/ΛΛ)-[{Ru(pp)2}2(µ-bpt–)]4+

(pp = bpy, Me2bpy) were investigated by cyclic and differen-
tial pulse voltammetry in acetonitrile containing 0.1  [(n-
C4H9)4N]PF6, and are reported in Table 1. ∆Eox defines the
potential difference between the [6+/5+] and [5+/4+] cou-
ples. The full electrochemical characteristics of the dia-
stereoisomers [{Ru(bpy)2}2(µ-bpt–)]4+ in 0.1  [(n-C4H9)4N]-

Table 1. Electrochemical data (in mV relative to the Fc+/Fc0 cou-
ple) and comproportionation constants (Kc) for [{Ru(pp)2}2(µ-
bpt–)]3+ in 0.1  [(n-C4H9)4N]PF6/CH3CN.

Complex Kc
[a] ∆E- Eox2 Eox1

(×10–5) ox
[b]

(∆Λ/Λ∆)-[{Ru(bpy)2}2(µ-bpt–)] 1.88 312 992 680
3+

(∆∆/ΛΛ)-[{Ru(bpy)2}2(µ-bpt–)] 1.61 308 992 684
3+

(∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ- 5.58 340 927 587
bpt–)]3+

(∆∆/ΛΛ)-[{Ru(Me2bpy)2}2(µ- 3.78 330 902 572
bpt–)]3+

[a] Kc values are given by Kc = exp (∆EoxF/RT) where F/RT =
38.92 V–1 at 298 K. [b] ∆Eox = Eox2 – Eox1. Potentials are quoted
±3 mV.

Figure 5. UV/Vis/NIR spectra of the reduced absorption spectra, (ε/ν) vs. ν, of (∆Λ/Λ∆)-[{Ru(bpy)2}2(µ-bpt–)]n+; n = 3 (------), 4 (–––), 5
(–·–·–·) in 0.1  [(n-C4H9)4N]PF6/CH3CN at –35 °C. The inset shows the bands obtained by Gaussian deconvolution of the NIR spectra
(······).
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PF6 and 0.02  [(n-C4H9)4N]{B(C6F5)4} electrolytes have
been reported previously.[53]

The dinuclear systems are each characterized by two re-
versible one-electron redox processes corresponding to suc-
cessive oxidation of the metal centers, in addition to mul-
tiple reversible ligand-based reductions in the cathodic re-
gion. The effect of terminal ligand variation on the redox
couples is consistent with the trends observed for the mono-
nuclear complexes [Ru(pp)3]2+ (pp = bpy, Me2bpy);[54] the
stronger σ-donor ability of Me2bpy relative to bpy results
in a less anodic potential for the first oxidation in the dia-
stereoisomers of [{Ru(Me2bpy)2}2(µ-bpt–)]3+.

The separation between the two metal-centered oxi-
dations is larger for the diastereoisomers incorporating the
Me2bpy terminal ligands relative to those incorporating bpy
ligands, and small differences are observed between the dia-
stereoisomeric forms of the same complex. As an increase
in delocalization leads to a decrease in the magnitude of
∆Eox for electron-rich bridging ligands such as bpt–,[2] the
results suggest that delocalization is enhanced for the bpy-
based diastereoisomers. It should be noted, however, that
these differences cannot be solely ascribed to variations in
the extent of electronic delocalization, as the magnitude of
∆Eox also reflects contributions from ion-pairing interac-
tions,[53] solvation energies and statistical factors.[4,55]

Electronic Spectroscopy and Spectroelectrochemistry

The UV/Vis/NIR spectroscopic data for the un-oxidized
(+3), mixed-valence (+4) and fully-oxidized (+5) forms of
(∆Λ/Λ∆)- and (∆∆/ΛΛ)-[{Ru(pp)2}2(µ-bpt–)]n+ for the
range 3050-30000 cm–1 are characterized by a combination
of overlapping dπ(RuII) � π*(pp, bpt–) singlet metal-to-
ligand (1MLCT) transitions. The lowest energy-absorption
band is assigned as a dπ(RuII) � π*(pp) transition.
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Table 2. UV/Vis/NIR spectroscopic data of the reduced absorption spectra (ε/ν vs. ν) for the mono- and dinuclear complexes in 0.1  [(n-
C4H9)4N]PF6/CH3CN at –35 °C.[a] The NIR spectroscopic data are indicated in bold type.[a]

Complex n νmax [cm–1] {(ε/ν)max [–1]}[a]

bpy Me2bpy
(∆Λ/Λ∆)-[{Ru(pp)2}2(µ-bpt–)]n+ 3 21810 (1.063) 21720 (1.015)

sh 23090 (0.9332) sh 22880 (0.9136)
4 4930 (0.6094) 4730 (0.5517)

13210 (0.2340) 13720 (0.1890)
22930 (0.6034) 22820 (0.6364)
sh 24000 (0.5620) sh 23750 (0.6048)

5 14190 (0.1428) 14710 (0.1218)
24650 (0.1634) 22610 (0.2124)

(∆∆/ΛΛ)-[{Ru(pp)2}2(µ-bpt–)]n+ 3 21880 (1.044) 21780 (1.031)
sh 23930 (0.9332) sh 22980 (0.9220)
29200 (0.7611) 29410 (0.7204)

4 5030 (0.5043) 4920 (0.5542)
13450 (0.2170) 13790 (0.1848)
22920 (0.5750) 22780 (0.6232)

5 14340 (0.1563) 14890 (0.1302)
22710 (0.2218) 22710 (0.2320)

[Ru(bpy)2(bpt–)]n+ 1 21830 (0.5022)
23240 (0.4758)
sh 25720 (0.3517)

2 12930 (0.1449)
21490 (0.1408)

[a] νmax ±10/cm–1 and (ε/ν)max ±0.001/–1; sh = shoulder band.

The UV/Vis/NIR spectra for (∆Λ/Λ∆)-[{Ru(pp)2}2(µ-
bpt–)]n+ (n = 3, 4, 5) at –35 °C are shown in Figure 5, and
the full details of the spectroscopic data for the series of
complexes are reported in Table 2. Spectroelectrochemical
generation of the +4 and +5 forms of the diastereoisomers
revealed stable isosbestic points in the spectral progressions
accompanying both oxidation processes. The 1MLCT ab-
sorption bands decreased in intensity on one-electron oxi-
dation and collapsed on further oxidation to the +5 species.
The formation of the mixed-valence complex was also char-
acterized by the appearance of two new bands in the regions
5000–5500 cm–1 and 13000–14500 cm–1. The former was as-
signed as an IVCT band and disappeared on further oxi-
dation to the +5 state. The band at 13000–14500 cm–1 expe-
rienced a slight blue-shift on oxidation to the +5 state, and
was assigned as a π(bpy) � dπ(RuIII) ligand-to-metal
charge-transfer (LMCT) transition, consistent with the
LMCT transition at 12930 cm–1 in [Ru(bpy)2(bpt–)]2+ (see
Table 2 and Figure S2 in the Supporting Information). As
shown in the inset in Figure 5, the LMCT transition is com-
posed of three underlying Gaussian-shaped transitions,
which may arise due to the non-equivalence of the Ru cen-
ters bound to the N1 and N3 coordination sites in bpt– (Fig-
ure 1).

Intervalence Charge Transfer

An overlay of the NIR spectra of the diastereoisomers of
the mixed-valence systems [{Ru(pp)2}2(µ-bpt–)]4+ is shown
in Figure 6, and the results of the IVCT band maxima νmax,
molar absorption coefficients (ε/ν)max and bandwidths ∆ν1/2

derived from the deconvolution procedure are summarized
in Table 3.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 772–783776

Figure 6. Overlay of the IVCT bands for the diastereoisomers of
[{Ru(bpy)2}2(µ-bpt–)]4+ (∆Λ/Λ∆ and ∆∆/ΛΛ) and [{Ru(Me2bpy)2}2-
(µ-bpt–)]4+ (∆Λ/Λ∆ and ∆∆/ΛΛ) in 0.1  [(n-C4H9)4N]PF6/CH3CN
at –35 °C.

Whereas the IVCT properties for [{Ru(bpy)2}2(µ-bpt–)]4+

(as a diastereoisomeric mixture) have been discussed pre-
viously,[11,12,38,56] the influence of the inherent stereochemi-
cal identity of the systems on their intramolecular electron-
transfer properties had not been addressed. In the present
investigation, the diastereoisomers of [{Ru(pp)2}2(µ-BL)]4+

(pp = bpy, Me2bpy) are seen to exhibit Gaussian-shaped
IVCT bands. Because the lower energy side of the bands
was obscured by the detector limit, the electronic coupling
parameters (Hab) were determined from Equation (2).[57,58]

For simplicity (and due to a lack of detailed information)
the issue of multiple overlapping intervalence bands was ig-
nored in estimating Hab. The zeroth-order moments (M0)
of the IVCT bands [see Equation (i) below and Exp. Sect.]
were obtained by doubling the band area on the high-en-
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Table 3. Characteristics of the IVCT bands for the dinuclear mixed-valence complexes in 0.1  [(n-C4H9)4N]PF6/CH3CN at –35 °C.
Parameters for overall envelope are shown in bold type: details of deconvoluted bands are in normal type.[a]

Complex νmax (ε/ν)max ∆ν1/2 ∆ν1/2° M0 |µ12| Hab

[cm–1] [–1] [cm–1] [cm–1] [–1] [e·Å] [cm–1]

(∆Λ/Λ∆)-[{Ru(bpy)2}2(µ-bpt–)]4+ 4930 0.6094 3780 2754 2473 1.024 817
4930 0.6094 3770 2350
7315 0.0623 1808 120
8617 0.0177 1920 36.2
12486 0.1508 1450 233
13728 0.1835 1760 344
15164 0.0912 1770 165
16528 0.0376 1500 29.1

(∆∆/ΛΛ)-[{Ru(bpy)2}2(µ-bpt–)]4+ 5030 0.5043 3660 2786 1985 0.9178 746
5030 0.0504 3450 1870
7630 0.0437 2266 105
12658 0.1523 1617 262
14010 0.1584 1710 288
15434 0.0808 1566 127
16490 0.0354 1104 21.2

(∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)]4+ 4730 0.5517 3776 2686 2275 0.9826 750
4730 0.5517 3640 2010
6517 0.0672 1772 127
7550 0.0601 2345 149.9
12945 0.1381 1582 232
14269 0.1477 1678 264
15590 0.0649 1468 101
16688 0.0271 1492 43.0

(∆∆/ΛΛ)-[{Ru(Me2bpy)2}2(µ-bpt–)]4+ 4920 0.5542 3553 2750 2140 0.9530 758
4920 0.5542 3320 1970
6883 0.0276 1320 38.8
7935 0.0378 2080 83.6
12957 0.1399 1633 243
14260 0.1393 1670 248
15690 0.0834 1802 160
17070 0.0270 1405 40.3

[a] The errors in the observed parameters are ±10 cm–1 for νmax, M1 and ∆ν1/2, ±0.001 –1 for (ε/ν)max, ±5 –1 for M0 and ±0.001 e·Å for
|µ12|.

ergy half of the bands, and the transition moments, |µ12|,
were subsequently determined from Equation (ii) (see Exp.
Sect.). For all complexes, rab was initially equated with the
through-space geometrical distance between the metal cen-
ters,[59] which was estimated as 6.185(10) Å from the X-ray
crystal structure of (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)]3+.

The IVCT manifolds were fitted by a Gaussian-shaped
band, which reproduced the maximum energy and intensity,
as shown by the deconvolution for (∆Λ/Λ∆)-[{Ru(bpy)2}2-
(µ-bpt–)]4+ in the inset in Figure 5. Additional minor
Gaussian-shaped bands were required to reproduce the
bandwidth on the high-energy side. From a classical two-
state analysis[60] of the IVCT transitions, the predicted
bandwidth is given by Equation (3), where 16RTln2 =
1836 cm–1 at 238 K. ∆E0 represents the energy difference
induced by the unsymmetrical coordination environment,
and has been estimated as 800 cm–1 from electrochemical
measurements on the two isomers of [Ru(bpy)2(pyridyltri-
azole)]2+.[12,13]

∆ν1/2° = [16RT ln2(λ – ∆E0)]1/2 (3)

Eur. J. Inorg. Chem. 2006, 772–783 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 777

On the basis of the broad bandwidths compared with the
theoretical bandwidths in Table 3, the complexes may be
classified as localized Class II systems within the Robin and
Day classification scheme.[61]

As electronic coupling decreases the effective electron-
transfer distance relative to the geometrical metal–metal
separation, the Hab values presented in Table 3 represent
lower limits for the electronic coupling parameter. The ef-
fective electron transfer distance was determined from Stark
effect spectroscopy on the IVCT transitions.[19]

The Effective Electron-Transfer Distance: Stark Absorption
Spectroscopy

Stark absorption spectra were obtained for the diastereo-
isomers of [{Ru(bpy)2}2(µ-bpt–)]4+ in n-butyronitrile glass
at 77 K and a field strength Fext of 4.0 MV·cm–1. The quan-
titative Liptay analysis[62] of the Stark response[63–65]

yielded the dipole moment change (|∆µ12|), the angle be-
tween the transition moment and the dipole moment
change (ξ), the difference polarisability (∆α), and the mag-
nitude of the trace of the difference polarisability Tr(∆α).
The results for the absorption A(ν) vs. ν and Stark absorp-
tion ∆A(ν) vs. ν spectra for the diastereoisomers are pre-
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sented in Table 4. The spectra for (∆Λ/Λ∆)-[{Ru(bpy)2}2(µ-
bpt–)]4+ are shown in Figure 7, where panel (a) shows the
unperturbed absorption spectrum, and panels (b) and (c)
show the first- and second-derivatives of the absorption
spectrum, respectively. The Stark spectrum and the best fit
to the spectrum are shown in panel (d). The corresponding
spectra for (∆∆/ΛΛ)-[{Ru(bpy)2}2(µ-bpt–)]4+ are shown in
Figure S3 (Supporting Information).

The most notable features of the Stark signals in the
range 3050–15000 cm–1 are the presence of strong second-
derivative components for the IVCT transition [Figure 7 (i)]
and the two lowest-energy components of the LMCT mani-
fold [Figure 7 (ii)]. As shown in Table 4, the energies of the
absorption bands at 77 K are blue-shifted relative to those
reported in Table 2 at 238 K (–35 °C). Whereas the IVCT
band retains a Gaussian-shaped appearance at both tem-
peratures, the bandwidth is relatively narrower in n-bu-
tyronitrile glass. On the basis of the classical analysis,[59] the
IVCT band characteristics at 77 K are consistent with the
localized (Class II) classification for the mixed-valence spe-
cies, consistent with the findings from the UV/Vis/NIR
spectroelectrochemical studies at 238 K.

The results for the parameters obtained from the Liptay
analysis of the IVCT and LMCT bands [Equations (iii) and
(iv), Exp. Sect.] are reported in Table 4. The IVCT bands
in the ∆Λ/Λ∆ and ∆∆/ΛΛ diastereoisomers exhibit dipole
moment changes of 5.92±0.03 e·Å and 5.44±0.04 e·Å,
respectively. From Equations (4) and (5), diabatic distances
(rab) of 6.26±0.03 Å and 5.74±0.04 Å were obtained for
the ∆Λ/Λ∆ and ∆∆/ΛΛ forms, respectively, using the |µ12|
values reported in Table 3.[58]

rab = [(r12)2 + (|µ12|)2]1/2 (4)

where r12 = |∆µ12|/e (5)

Notably, the adiabatic charge-transfer distances for both
diastereoisomers and the diabatic charge-transfer distance
for the ∆∆/ΛΛ form are shorter than the geometrical me-
tal–metal separation (rgeo), which is estimated as
6.185(10) Å from the crystal structure of the (∆Λ/Λ∆)-
[{Ru(Me2bpy)2}2(µ-bpt–)]3+ cation. The diabatic distance
for (∆Λ/Λ∆)-[{Ru(bpy)2}2(µ-bpt–)]3+ is approximately iden-
tical to the geometrical separation. From Equation (6), ∆q
represents the actual amount of charge transferred in the
IVCT process, and is necessarily less than e (unit electronic

Table 4. Absorption and electroabsorption properties of the IVCT bands for the diastereoisomers of [{Ru(bpy)2}2(µ-bpt–)]4+ in n-butyro-
nitrile glass at 77 K and a field strength of 4.0 MVcm–1.[a]

Diastereoisomer νmax ∆ν1/2 |∆µ12| |∆µ12| Ξ [b] Tr(∆α) ∆α
[cm–1] [cm–1] [e·Å] [D] [°] [Å3] [Å3]

(∆Λ/Λ∆) 5660 2980 5.92(3) 28.2(2) 0 8103(100) 6787(70)
12546 1180 1.30(2) 6.19(2) 0 –139(20) –516(50)
13742 1354 2.44(1) 11.6(1) 0 632(30) 1135(50)

(∆∆/ΛΛ) 5530 2815 5.44(4) 25.9(2) 0 3755(50) 3579(30)
12470 1210 1.20(2) 5.72(3) 0 740(10) 761(150)
13760 1640 2.38(3) 11.3(2) 0 606(50) 1755(200)

[a] The errors in the observed and calculated parameters (not tabulated) are ±10 cm–1 for νmax and ∆ν1/2, ±2° for ξ, and ±10 Å3 for Tr(∆α)
and ∆α. [b] The zero values for ξ indicate that the direction of charge displacement in the excited state is aligned with the transition
moment.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 772–783778

charge). The quantity (1 – ∆q)/2 can be identified with the
amount of charge, which has been transferred prior to inter-
valence excitation. The adiabatic description reveals partial
delocalization as a reduction in r12 (the effective charge-
transfer distance) relative to rab (the true distance), whereas
the diabatic description reveals delocalization as a re-
duction in the amount of charge (∆q) actually transferred.
In the present case, ∆q is estimated as ca. 95% for both
diastereoisomeric forms.

er12 = (∆q)rab (6)

Accordingly, the Hab parameters for the ∆Λ/Λ∆ and ∆∆/
ΛΛ forms are re-evaluated as 773 and 707 cm–1, respec-
tively, from Equation (2) using the rab values derived from
the Stark analysis. These values are in close agreement to
the estimates of 817 and 746 cm–1 (respectively) obtained
from the application of Hush theory to the IVCT absorp-
tion bands, when the geometric metal–metal separation was
employed rather than rab.[60] The results confirm the local-
ized assignment for the systems.

Interestingly, the two dominant underlying transitions of
the LMCT manifold in the region 12000–15000 cm–1 are
well resolved at 77 K. As shown in Table 4, the LMCT tran-
sitions are characterized by dipole moment changes, which
are significantly smaller than those for the IVCT transi-
tions. It should be noted that the parameters obtained from
spectral deconvolution of the LMCT manifold were some-
what arbitrary as the bands were assumed to be Gaussian-
shaped. Accordingly, the apparent large differences in the
Liptay parameters obtained for the first and second LMCT
components should be interpreted cautiously.

As the uncertainties in the Stark-derived parameters re-
ported in Table 4 reflect the errors obtained from the fitting
procedure, the absolute error is likely to be considerably
higher. The actual magnitudes will incorporate the uncer-
tainties in the deconvolution and concentration, as well as
the assumption of a value of 1.3 for the local field correc-
tion factor (f). The actual value of the latter depends on
effects arising from the solvent, chromophore and counter-
ion concentrations, which may also differ between the dia-
stereoisomers. The shortcomings of the experimental and
theoretical analysis of electroabsorption data have been dis-
cussed in detail previously by Boxer and co-workers.[66–69]
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Figure 7. Liptay analysis of the Stark absorption spectra (A vs. ν)
of the (i) IVCT and (ii) LMCT transitions for (∆Λ/Λ∆)-[{Ru-
(bpy)2}2(µ-bpt–)]4+ in n-butyronitrile glass at 77 K, with a field
strength of 4.0 MV·cm–1. (a) Unperturbed absorption spectrum
with the bands obtained by Gaussian deconvolution and energy
weighted first (b) and second (c) derivatives of the absorption spec-
trum. (d) Measured (– – –) and fitted (–––) Stark signals (∆A vs.
ν) at 45°. The deconvoluted components are (–·–·–·), (------) and
(······).
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The Mechanism of Electronic Coupling

The intra-metal coupling in complexes incorporating an-
ionic bridging ligands such as bpt– is facilitated by a hole-
transfer superexchange mechanism, utilising the high-lying
π(bpt–) HOMOs of the ligand.[11,12,38,56] The situation is de-
picted schematically in Figure 8, where the ground state of
the mixed-valence system is depicted in part (a), and the
hole-transfer virtual state in (b).

Figure 8. Schematic energy level diagram for the hole-transfer
superexchange mechanism. Ground state (a) and (b) hole-transfer
virtual state of the mixed-valence system [{Ru(bpy)2}2(µ-bpt–)]3+

showing the composition of the three Ru(dπ) orbitals and the bpt–

HOMO. The dotted oval represents the position of the hole on the
bridging ligand.

While the σ-donor ability of N1 site is greater than that
of the N3 site, the Ru center coordinated to N1, denoted by
Ru(1), is relatively more stabilized and undergoes oxidation
prior to the Ru center coordinated to the N3 site, denoted
by Ru(2). As a consequence, the IVCT transition corre-
sponds to the vectorial charge-transfer transition Ru(2) �
Ru(1).

The similarity in the parameters of the IVCT transitions
for the complexes incorporating the bpy and Me2bpy ter-
minal ligands demonstrates that terminal ligand variation
has a minor influence on the extent of metal–metal interac-
tion.

Stereochemical Consequences on Electron Transfer

In addition to differences between the complexes incor-
porating the bpy and Me2bpy terminal ligands, measurable
differences are observed in the IVCT parameters between
the diastereoisomeric forms of the same complex. Whereas
the origins of the stereochemical dependence of the IVCT
properties is uncertain, previous studies have revealed the
presence of differential solvent and anion interactions with
the diastereoisomers,[16,18] in addition to differential stereo-
chemically-induced structural distortions in the bridging li-
gands.[16,17] In the present case, the crystal structure of the
cation in (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2(µ-bpt–)]3+ reveals a
slight curvature of the bridging ligand due to steric crowd-
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ing between the methyl groups on the terminal ligands.
However, this minor distortion is expected to be similar for
the corresponding ∆∆/ΛΛ form, and should be negligible
for both diastereoisomers of the complex incorporating the
terminal bpy ligands, as described above. The stereochemi-
cal dependence of the IVCT parameters is therefore likely
to arise from differential solvent and anion interactions
with the two forms. Indeed, a recent report has demon-
strated that differential anion interactions with the dia-
stereoisomers of [{Ru(bpy)2}2(µ-bpt–)]4+ lead to differences
in the electrochemical potentials of the metal-based redox
processes in the presence of the strongly ion-pairing electro-
lyte [(n-C4H9)4]PF6 (employed in the present study) and the
weakly ion-pairing electrolyte [(n-C4H9)4]{B(C6F5)4}.[53,70]

Conclusions

The synthesis and chromatographic separation of the di-
astereoisomeric forms of the complexes [{Ru(pp)2}2(µ-
bpt–)]3+ (pp = bpy, Me2bpy) has permitted an investigation
of the dependence of the IVCT properties of their mixed-
valence forms on the stereochemical relationship of the me-
tal centers. The effective metal–metal charge-transfer dis-
tances in the complexes incorporating the bpy terminal li-
gands were determined as 5.92±0.03 Å for the ∆Λ/Λ∆
form, and 5.44±0.04 Å for the ∆∆/ΛΛ form, from Stark
effect spectroscopy. These distances correspond to approxi-
mately 95 and 88%, respectively, of the geometrical metal–
metal distance of 6.185(10) Å, obtained from the X-ray
crystal structure of the cation in (∆Λ/Λ∆)-[{Ru(Me2bpy)2}2-
(µ-bpt–)](PF6)3. A classical analysis of the results from the
IVCT absorption and electroabsorption spectra are consis-
tent with a localized Class II classification for the mixed-
valence systems.

Experimental Section
Materials: Potassium hexafluorophosphate (KPF6; Aldrich, 98%),
ammonium hexafluorophosphate (NH4PF6; Aldrich, 99.99%), ni-
trosonium hexafluorophosphate (NOPF6 stored under Ar; Alfa
Aesar, 96%), ethylene glycol (Ajax, 95%), sodium toluene-4-sulfo-
nate (Aldrich, 98%), DOWEX® 1×8, 50–100 mesh (Aldrich)
anion-exchange resin and laboratory reagent solvents were used as
received. Tetra-n-butylammonium hexafluorophosphate ([(n-C4H9)4-
N]PF6; Fluka, 99+%) was dried in vacuo at 60 °C prior to use and
ferrocene (Fc; BDH) was purified by sublimation prior to use. SP
Sephadex C-25 (Amersham Pharmacia Biotech), and silica gel
(200–400 mesh, 60 Å, Aldrich) were employed for the chromato-
graphic separation and purification of ruthenium complexes. Ace-
tonitrile (CH3CN; Aldrich, 99.9+%) was distilled from over CaH2

prior to use and n-butyronitrile (Aldrich, 99+%) was used as re-
ceived.

General: 1D and 2D 1H NMR spectra were collected with a Varian
Mercury 300 MHz spectrometer. 1H NMR chemical shifts for all
complexes are reported relative to 99.9% [D3]acetonitrile [CD3CN,
Cambridge Isotope Laboratories (CIL)] at δ = 1.93 ppm. 1H NMR
assignments were performed with the assistance of COSY experi-
ments to identify each pyridine ring system.
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Electrochemistry: Electrochemical measurements were performed
under argon using a Bioanalytical Systems (BAS) 100A Electro-
chemical Analyser. Cyclic (CV) and differential pulse (DPV) vol-
tammograms were recorded in a standard three-electrode cell using
a glassy carbon or platinum button working electrode, a platinum
wire auxiliary electrode and an Ag/AgCl reference electrode (0.1 

[(n-C4H9)4N]PF6 in CH3CN). Ferrocene was added as an internal
standard on completion of each experiment; the ferrocene/ferrocen-
ium couple (Fc+/Fc0) occurred at +550 mV vs. Ag/AgCl. Solutions
contained 0.1  [(n-C4H9)4N]PF6 as electrolyte. Cyclic voltammetry
was performed with a sweep rate of 100 mVs–1; differential pulse
voltammetry was conducted with a sweep rate of 4 mVs–1 and a
pulse amplitude, width and period of 50 mV, 60 ms and 1 s, respec-
tively. All potentials are reported ±3 mV.

UV/Vis/NIR Spectroelectrochemistry: UV/Vis/NIR spectroelectro-
chemistry was performed using a CARY 5E spectrophotometer
interfaced to Varian WinUV software. The absorption spectra of
the electrogenerated mixed-valence species were obtained in situ
by the use of a cryostatted Optically Semi-Transparent Thin-Layer
Electrosynthetic (OSTLE) cell.[71] An account of the procedure em-
ployed in the spectroelectrochemical measurements has been de-
tailed previously.[72] Solutions for the spectroelectrochemial experi-
ments contained 0.1  [(n-C4H9)4N]PF6 supporting electrolyte in
CH3CN and the complex (ca. 1·10–3 ).

The analysis and spectral deconvolution of the data were per-
formed as described in a previous report.[17] The IVCT spectra were
scaled as �ε(ν)/ν·dν[14,73] and deconvolution of the NIR transitions
was performed using the curve-fitting subroutine implemented
within the GRAMS32 commercial software package.[72] On the ba-
sis of the reproducibility of the parameters obtained from the de-
convolutions, the uncertainties in the energies νmax, intensities
(ε/ν)max and bandwidths ∆ν1/2 were estimated as ±10 cm–1,
±0.001 –1 and ±10 cm–1, respectively. The transition moment |µ12|
in e·Å is defined by Equation (ii) where the zeroth-moment, M0,
represents the area under the band of the reduced absorption spec-
trum.

|µ12| = 0.0206 Å× M0
1/2 (ii)

Stark Absorption Spectroscopy: Detailed accounts of the instru-
mentation, sample preparation and analysis have been reported
previously.[63,64] In a typical experiment, the un-oxidized complex
(ca. 5 mg) was dissolved in n-butyronitrile (1 mL) and the mixed-
valence species was generated by chemical oxidation with NOPF6

(saturated solution in n-butyronitrile, 1 mL).

Stark absorption measurements were performed in a dual liquid-
nitrogen immersion cryostat (Janis Research Corporation) at
77 K.[74] The electroabsorption cell consisted of two indium-tin ox-
ide (ITO) coated quartz slides (Delta Technologies) separated by
100 µm Kapton spacers (DuPont). Electroabsorption measure-
ments were performed at 77 K and a field strength of 4.0 MV·cm–1

using a CARY-14 spectrophotometer featuring OLIS control soft-
ware. Dry nitrogen gas was blown over the dewar windows to pre-
vent fogging. Electroabsorption measurements over the range
3850–12500 cm–1 were recorded with a photovoltaic HgCdTe detec-
tor that was thermoelectrically cooled to –40 °C (Judson Technol-
ogies), and a DE110 Silicon photodiode for measurements over the
range 9090–20000 cm–1.
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The analysis of the data was performed according to the method
of Liptay,[47] as described in detail elsewhere.[63–65] Each Stark spec-
trum, obtained from duplicate experiments at two angles (90° and
45°), was fitted to a linear combination of the zeroth-, first- and
second-derivatives of the absorption spectrum (at 77 K) to yield
values for the coefficients, Aχ, Bχ and Cχ in Equation (iii).

Here, χ is the experimental angle between Fext and the polarization
of the incident light, h is Planck’s constant, and c is the speed of
light in a vacuum. Fint represents the internal electric field experi-
enced by the chromophore, and is given by f×Fext, where f is the
local-field correction factor (typically assumed to be 1.3 for organic
solvents[19]). The coefficients Aχ, Bχ and Cχ provide information
on changes in the transition dipole moment, and the excited state/
ground-state polarisability and dipole moment differences, respec-
tively, according to Equation (iv).

In these Equations, �αm� and �βm� are the scalar functions of the
transition-moment polarisability and hyperpolarisability tensors,
Tr(∆α) is the trace of the polarisability change between the ground
and excited electronic states, ĝ·∆α·ĝ is the polarisability change
along the transition moment (ĝ is the unit vector), |µν| is the vector
change in dipole moment (its sign is not determined), and ξ is the
angle between the transition dipole moment and change in dipole
moment vectors.[21] Measurement of Stark spectra at two or more
values of χ (incident angle of polarized light in relation to the elec-
tric field) are fitted to a sum of the zeroth-, first- and second-deriv-
atives of the absorption spectrum to yield values for the molecular
parameters according to Equation (iv).

While the Liptay treatment interprets first-derivative (i.e. Bχ) con-
tributions in Equations (iii) and (iv) in terms of polarisability
changes, for the special case of symmetrical mixed-valence systems
significant non-Liptay contributions due to field-induced changes
in degenerate ground-state populations can be expected. For sim-
plicity, we report Bχ only in terms of apparent polarisability
changes.[75]

Synthetic Procedures

3,5-Bis(2-pyridyl)-1,2,4-triazole (Hbpt)[11,76] and cis-[Ru(pp)2Cl2]·
2H2O (pp = bpy, Me2bpy)[77] were prepared according to the litera-
ture methods.

[{Ru(bpy)2}2(µ-bpt–)](PF6)3: A suspension of Hbpt (21 mg,
0.094 mmol) in ethylene glycol (10 mL) was heated in a modified
microwave oven (Model R-2V55; 600 W, 2450 MHz) on medium-
high power[41] for 20 s to complete dissolution. cis-[Ru(bpy)2Cl2]·
2H2O (100 mg, 0.207 mmol) was added and the mixture heated at
reflux for a further 8 min during which time the solution attained
a red-orange coloration. The mixture was diluted with water (ca.
50 mL) and the dinuclear product was separated from the crude
mixture by a gradient elution procedure on SP Sephadex C-25 sup-
port using aqueous 0.1–0.5  NaCl. A band of mononuclear mate-
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rial eluted first (0.2  NaCl), followed by the desired orange prod-
uct (0.4  NaCl), which was precipitated as the PF6

– salt by ad-
dition of a saturated aqueous solution of KPF6. The solid was iso-
lated by vacuum filtration and washed with diethyl ether (3·10 mL).
Yield: 93 mg (66%). The separation of the diastereoisomers was
achieved by cation-exchange chromatography on SP Sephadex C-
25 support (dimensions 96 cm length, 1.6 cm diameter). The com-
plex (ca. 100 mg) was loaded onto the column in aqueous solution
(as the Cl– form, obtained by stirring an aqueous suspension of the
complex with DOWEX® 1×8 anion exchange resin) and eluted
with 0.15  sodium toluene-4-sulfonate solution.[41] The diastereo-
isomers separated after passing through an effective column length
of 1.5 m. The two bands were collected, and the products were
precipitated by the addition of a saturated aqueous KPF6 solution.
The solids were isolated by vacuum filtration and washed with di-
ethyl ether (3×10 mL).

Rigorous purification methods were employed prior to characteri-
zation because of the potentially strong associations between the
complex cations and the anions present in the eluents employed for
the chromatographic separations.[41,46] Each product was dissolved
in a minimum volume of acetone and loaded onto a short column
of silica gel (dimensions: 2 cm diameter, 4 cm length), washed with
acetone, water and acetone and then eluted with acetone contain-
ing 5% NH4PF6. Addition of water and removal of the acetone
under reduced pressure afforded a product of suitable purity for
the physical measurements. Band 1 and band 2 exhibited different
NMR spectra, with the former identified as the ∆Λ/Λ∆ and the
latter as the ∆∆/ΛΛ diastereoisomers. 1H NMR (CD3CN): δ (Band
1; ∆Λ/Λ∆) = 6.40 (dd, J = 8, 1.5 Hz, 1 H, H3 bpt–), 6.82 (dd, J =
8, 1.5 Hz, 1 H, H3� bpt–), 6.92 (t, J = 8, 5 Hz, 1 H, H5 bpt–), 7.00
(dd, J = 8, 8 Hz, 1 H, H4 bpt–), 7.04 (dd, J = 8, 8 Hz, 1 H, H4�

bpt–), 7.12 (t, J = 8, 5 Hz, 1 H, H5 bpy), 7.23 (t, J = 8, 5 Hz, 3 H,
H5 bpy), 7.27 (t, J = 8, 5 Hz, 1 H, H5 bpy), 7.33 (t, J = 8, 5 Hz,
2 H, H5 bpy), 7.53 (dd, J = 5, 1.5 Hz, 1 H, H6 bpt–), 7.56 (t, J =
8, 5 Hz, 1 H, H5 bpy), 7.63 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.66
(dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.74 (dd, J = 5, 1.5 Hz, 1 H, H6
bpy), 7.76 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.79 (t, J = 8, 5 Hz, 1
H, H5� bpt–), 7.81 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.85 (dd, J =
8, 8 Hz, 2 H, H4 bpy), 7.88 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.89
(dd, J = 8, 8 Hz, 3 H, H4 bpy), 7.94 (dd, J = 8, 8 Hz, 2 H, H4
bpy), 7.98 (dd, J = 5, 1.5 Hz, 2 H, H6 bpy), 8.01 (dd, J = 8, 8 Hz,
1 H, H4 bpy), 8.33 (dd, J = 8, 1.5 Hz, 1 H, H3 bpy), 8.36 (dd, J =
8, 1.5 Hz, 1 H, H3 bpy), 8.43 (dd, J = 8, 1.5 Hz, 1 H, H3 bpy),
8.44 (dd, J = 5, 1.5 Hz, 1 H, H6� bpt–), 8.45 (dd, J = 8, 1.5 Hz, 1
H, H3 bpy), 8.48 (dd, J = 8, 1.5 Hz, 2 H, H3 bpy), 8.52 (dd, J =
8, 1.5 Hz, 2 H, H3 bpy); δ (Band 2; ∆∆/ΛΛ) = 6.54 (dd, J = 8,
1.5 Hz, 1 H, H3 bpt–), 6.98 (dd, J = 8, 1.5 Hz, 1 H, H3� bpt–), 6.86
(t, J = 8, 5 Hz, 1 H, H5 bpt–), 7.06 (dd, J = 8, 8 Hz, 1 H, H4 bpt–),
7.42 (dd, J = 8, 8 Hz, 1 H, H4� bpt–), 7.44 (dd, J = 5, 1.5 Hz, 1 H,
H6 bpt–), 7.89 (t, J = 8, 5 Hz, 1 H, H5� bpt–), 8.38 (dd, J = 5,
1.5 Hz, 1 H, H6� bpt–), 7.31 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 7.38
(dd, J = 5, 1.5 Hz, 1 H, H6 bpy), 6.90-7.20 (5 H, H5 bpy), 7.89
(dd, J = 8, 8 Hz, 1 H, H4 bpy), 7.92 (dd, J = 8, 8 Hz, 1 H, H4
bpy), 7.70-8.00 (5 H, H4 bpy), 7.70-8.00 (5 H, H6 bpy), 7.98 (dd,
J = 5, 1.5 Hz, 1 H, H6 bpy), 8.13 (dd, J = 5, 1.5 Hz, 1 H, H6 bpy),
8.54 (dd, J = 8, 1.5 Hz, 1 H, H3 bpy), 8.60 (dd, J = 8, 1.5 Hz, 1
H, H3 bpy), 8.30-8.60 (J = 8, 1.5 Hz, 5 H, H3 bpy) ppm.

[{Ru(Me2bpy)2}2(µ-bpt–)](PF6)3: This compound was prepared from
Hbpt (19 mg, 0.084 mmol) and [Ru(Me2bpy)2Cl2]·2H2O (100 mg,
0.18 mmol) by a procedure analogous to that detailed above for
[{Ru(bpy)2}2(µ-bpt–)](PF6)3. Yield: 107 mg (67%). The separation
of the diastereoisomers was achieved by cation-exchange
chromatography on SP Sephadex C-25 support using 0.15  so-
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dium toluene-4-sulfonate solution as the eluent. Band 1 and band
2 exhibited different NMR spectra, with the former identified as
the ∆Λ/Λ∆ and the latter as the ∆∆/ΛΛ diastereoisomers. 1H NMR
(CD3CN): δ (Band 1; ∆Λ/Λ∆) = 2.45 (s, 6 H, CH3), 2.48 (s, 6 H,
CH3), 2.51 (s, 6 H, CH3), 2.57 (s, 6 H, CH3), 6.38 (dd, J = 8,
1.5 Hz, 1 H, H3 bpt–), 6.81 (dd, J = 8, 1.5 Hz, 1 H, H3� bpt–), 6.90
(t, J = 8, 5 Hz, 1 H, H5 bpt–), 7.02 (dd, J = 8, 8 Hz, 1 H, H4 bpt–),
7.06 (dd, J = 8, 8 Hz, 1 H, H4� bpt–), 7.05 (d, J = 6 Hz, 1 H, H5
Me2bpy), 7.23 (d, J = 6 Hz, 3 H, H5 Me2bpy), 7.23 (d, J = 6 Hz,
1 H, H5 Me2bpy), 7.29 (d, J = 6 Hz, 2 H, H5 Me2bpy), 7.51 (dd,
J = 5, 1.5 Hz, 1 H, H6 bpt–), 7.52 (d, J = 6 Hz, 1 H, H5 Me2bpy),
7.59 (d, J = 6 Hz, 1 H, H6 Me2bpy), 7.63 (d, J = 6 Hz, 1 H, H6
Me2bpy), 7.70 (d, J = 6 Hz, 1 H, H6 Me2bpy), 7.71 (d, J = 6 Hz,
1 H, H6 Me2bpy), 7.76 (t, J = 8, 5 Hz, 1 H, H5� bpt–), 7.77 (d, J
= 6 Hz, 1 H, H6 Me2bpy), 7.83 (d, J = 6 Hz, 1 H, H6 Me2bpy),
7.95 (d, J = 6 Hz, 2 H, H6 Me2bpy), 8.27 (s, 1 H, H3 Me2bpy),
8.33 (s, 1 H, H3 Me2bpy), 8.40 (s, 1 H, H3 Me2bpy), 8.41 (dd, J =
5, 1.5 Hz, 1 H, H6� bpt–), 8.37 (s, 1 H, H3 Me2bpy), 8.46 (s, 2 H,
H3 Me2bpy), 8.49 (s, 2 H, H3 Me2bpy); δ (Band 2; ∆∆/ΛΛ) = 2.47
(s, 12 H, CH3), 2.50 (s, 6 H, CH3), 2.53 (s, 6 H, CH3), 6.51 (dd, J
= 8, 1.5 Hz, 1 H, H3 bpt–), 6.95 (dd, J = 8, 1.5 Hz, 1 H, H3� bpt–),
6.81 (t, J = 8, 5 Hz, 1 H, H5 bpt–), 7.39 (dd, J = 8, 8 Hz,1 H, H4�

bpt–), 7.42 (dd, J = 5, 1.5 Hz, 1 H, H6 bpt–), 7.85 (t, J = 8, 5 Hz,
1 H, H5� bpt–), 8.32 (dd, J = 5, 1.5 Hz, 1 H, H6� bpt–), 7.26 (d, J
= 6 Hz, 1 H, H6 Me2bpy), 7.35 (d, J = 6 Hz, 1 H, H6 Me2bpy),
6.80-7.15 (5 H, H5 Me2bpy), 7.63-7.95 (5 H, H6 Me2bpy), 7.94 (d,
J = 6 Hz, 1 H, H6 Me2bpy), 8.07 (d, J = 6 Hz, 1 H, H6 Me2bpy),
8.51 (s, 1 H, H3 Me2bpy), 8.57 (s, 1 H, H3 Me2bpy), 8.22-8.55 (5
H, H3 Me2bpy) ppm.

X-ray Crystallography: Single crystals of (∆Λ/Λ∆)-[{Ru-
(Me2bpy)2}2(µ-bpt–)](PF6)3 were obtained by dissolution of ca.
1 mmol of the complex in acetone/water (1:1, 2 mL). Slow evapora-
tion of the solution at room temperature yielded dark red rod-
shaped crystals suitable for X-ray determination. The collection
and refinement of X-ray data was performed in the Advanced Ana-
lytical Centre at James Cook University. Hemispheres of data were
collected (capillary sealed specimens) at room temperature with a
Bruker SMART CCD diffractometer using the omega scan mode.
A summary of the data collection and refinement details is pro-
vided in Table S1 of the Supporting Information. Data sets were
corrected for absorption using the program SADABS.[78] The solu-
tion and refinement for all structures was carried out using
SHELXL-97[79] utilising the graphical interface X-Seed.[80] Crystal-
lographic data (excluding structure factors) for the structure re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
286553 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Proton numbering schemes for NMR charac-
terization (Figure S1), spectroelectrochemical progression for
[Ru(bpy)2(bpt–)]+/2+ (Figure S2) and Stark absorption spectra for
(∆∆/ΛΛ)-[{Ru(bpy)2}2(µ-bpt–)]3+ (Figure S3).
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We describe the self-assembly processes as well as the struc-
tural and physico-chemical properties of [2×2]Zn2+

4 grid
complexes involving the bis-tridentate ligands 7–12, based
on bis(hydrazone)pyrimidine complexation subunits and oc-
tahedrally coordinated Zn2+ ions. The NMR spectroscopic
data and the X-ray crystal structure results indicate that in
solution and in the solid state the complexes 13–18 adopt a
very compact arrangement providing stable [2×2] hydra-
zone-grid arrays. The π–π stacking between the phenyl ring
and the hydrazone units of the perpendicular ligands in the
complexes induces a perfect orthogonal arrangement suit-
able for applications in self-organized metallosupramolecu-
lar systems. Zinc complexes provide an opportunity to study

Introduction
During the last decade, intense investigations have been

carried out on the spontaneous generation of various types
of supramolecular inorganic architectures, both as touch-
stone for the design of self-organization processes and as
devices for nanotechnology.[1] The first complexes of [2×2]
grid-type architecture employed bipyridine- and terpyridine-
like binding subunits and respectively tetrahedrally (Cu+ and
Ag+)[2a,2b,2f] and octahedrally (Co2+, Ni2+, Zn2+)[2c–2f] coor-
dinated metal ions. The latter in particular present remark-
able electronic,[2d,3] magnetic,[4] and photophysical[7a] proper-
ties. The success in the formation of the [2×2] grid-type
complexes as well as their interesting physical properties
stimulated us to extend our investigations towards grids
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the acid–base chemistry without the added effects due to
paramagnetism or redox chemistry. The intermediate proton-
ated grids undergo relatively rapid proton exchange on the
NMR timescale, the presence of a sharp pyrimidine proton
resonance suggesting that there is significant delocalization
of the negative charge along the backbone of the ligand. Ro-
tation of the phenyl ring is observed. It involves probably a
mechanism in which one of the ligands partially dissociates
allowing the initially intercalated phenyl group to rotate, be-
fore recoordination of the terminal pyridine.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

based on ligands for octahedrally coordinating metal ions,
that would be synthetically more accessible than the earlier
pyridine–pyrimidine sequences.[5]

The hydrazone unit is a suitable isomorphic analog of
a pyridine group and is easily generated by hydrazine–
carbonyl condensation. It has been implemented as a
useful and simple method for the formation of molecular
strands presenting extended helical architectures.[6] The
transoid,transoid form of the free ligand is converted into
the cisoid,cisoid form, corresponding to a terpyridine-type
complexation site, on metal–ion binding (Scheme 1).

Thus, hydrazone-containing ligands were shown to yield
[2×2] grid complexes presenting novel physical (optical,[7a]

electrochemical,[7b,7c] magnetic[7d]) properties.
Based on these premises, we report here a study of the

generation of several tetranuclear [2×2]Zn2+
4 grid-type

complexes using such bis(hydrazone)pyrimidine ligands. It
confirms their value as a synthetic alternative to the pre-
viously used pyridine–pyrimidine sequence and markedly
simplifies the methodology for the synthesis of grid com-
plexes based on octahedrally coordinated transition-metal
ions.

We describe the self-assembly processes as well as the
structural and physico-chemical properties of [2×2]Zn2+

4

grid complexes involving bis-tridentate ligands 7–12, based
on bis-hydrazone-pyrimidine complexation subunits and
octahedrally coordinated Zn2+ ions.
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Scheme 1. Synthesis of the ligands 7–12 and of the [2×2]Zn2+
4 grid-type complexes 13–18.

Results and Discussions

Synthesis and Characterization of Ligands 7–12 and of the
[2×2]Zn2+

4 Grid-Type Complexes 13–18

The synthesis of the ligands 7–12 is outlined in Scheme 1.
The ligands 7–10 were obtained by the condensation of

two equivalents of 2-pyridinecarboxaldehyde (1), or of 2-
acetylpyridine (2), with one equivalent of dihydrazinopyr-
imidine (3) or of (dimethylhydrazino)pyrimidine (4) in etha-
nol. These ligands precipitate from the reaction mixture in
ca. 90% yield as pure compounds. The NMR and ESI-MS
spectra were in agreement with the proposed formula. Li-

Eur. J. Inorg. Chem. 2006, 784–792 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 785

gand 11 was obtained by the analogous condensation of the
pyrimidinedicarbaldehyde 5 with 2-hydrazinopyridine (6).
Ligand 12 was obtained through methylation of 11 in THF
with NaH/CH3I.

The grid-type complexes 13–18 resulted from spontane-
ous self-assembly of the ligands 7–12 with Zn(CF3SO3)2 in
acetonitrile (Scheme 1) at room temperature, followed by
crystallization with diisopropyl ether or diethyl ether. The
compounds 13–18 were characterized by NMR spec-
troscopy, positive ESI mass spectrometry, elemental analy-
sis and in the case of 13–15 by single-crystal X-ray diffrac-
tion.
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Crystal Structure of the Complexes 13–15

Layering a 1:1 solution of the ligands 7–10 and
Zn(CF3SO3)2 in acetonitrile onto benzene resulted in the
development of light-yellow prismatic crystals of grid-type
Zn complexes 13–15, which were investigated by X-ray crys-
tallography.

In all these structures the complexes present a [2×2]Zn2+
4

grid-type architecture in which four metal ions form a
square and lie close to an average common plane (Figure 1).
In the case of complex 16 the overall quality of the crystal
structure data is too low, and crystals of better quality are
required for improving the structural data.

Figure 1. Crystal structure of the [2×2] Zn4
2+ grid complexes: a)

13, b) 14, c) 15: top view (left), side view in stick representation
(center) and space-filling representation (right) The Zn2+ ions are
shown as spheres.

In the complexes 13–15 the Zn2+ ions display a distorted
octahedral coordination. The Zn–Zn distances lie in the
range of 6.37–6.60 Å and the average inner angle between
three Zn atoms of about 90°. The average Zn–N bonds are
2.17 Å for the pyridine nitrogen atoms, 2.20 Å for the pyr-
imidine nitrogen atoms and 2.14 Å for the hydrazone nitro-
gen atoms.

The average distance between two parallel ligands is
6.50 Å, and the average distance between the –R1C=N–
NR2– moiety of one ligand and the phenyl ring of the or-
thogonal one is 3.25 Å, indicating van der Waals contact
and a strong π–π stacking. The almost parallel insertion of
the phenyl substituent between two ligands, leads to an
overall geometry of the [2×2]Zn2+

4 grid complexes 13 (Fig-
ure 1, a) and 14 (Figure 1, b) close to regular square. In the
case of 15 (Figure 1, c) the steric interactions due to the
close contacts (C–C distance of 2.95 Å) of the methyl sub-
stituents of the hydrazone moiety, are found to cause a dis-
torted geometry, bending the planes of the ligands. The
pinching angle provides information about the shape of
complexes, smaller values being correlated with increased
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linearity of the ligand in the complex. It is smaller for 13–
15 (16.5°) than for the analogous terpyridine grid-type[2e]

(19.3°) and rack-type[8] (19.6°) Zn2+ complexes.

1H NMR Spectra

The 1H NMR spectra of the ligands 7–12 are consistent
with the presence of a transoid,transoid conformation along
the connecting NC–CN bonds in both hydrazone pyridine
functionalities. This conformation was further confirmed
by intermolecular NOE interactions between the H4 pro-
tons of external pyridines and the H5 proton of internal
pyrimidine, and between the protons of the R1 (H or Me)
and R2 (H or Me) substituents of the hydrazone units.

The metal complexation leads to changes in 1H NMR
spectra with large modifications in the chemical shifts of
the protons of the ligands 7–12. The metal–ion binding con-
verts the wrapped transoid,transoid form of the free ligand
to the linear cisoid,cisoid form, corresponding to a terpyrid-
ine-type complexation site (Scheme 1). This has been con-
firmed by a ROESY NMR experiment, where NOE interac-
tions between H4 and R1 = H or Me as well as between H5

and R2 = H or Me are observed for the complexes 13–
18. The major changes observed in the NMR spectra on
complexation reside in the strong shielding (∆δ = –1.66–
3.34) of the phenyl protons when the zinc complexes 13–18
are formed (Table 1). Moreover, the o,o� and m,m� protons
of the phenyl ring, which are equivalent in the ligands 7–
12, become non-equivalent in the complexes 13–17, suggest-
ing that in solution the grid-type-Zn complexes adopt a
very compact structure where the phenyl rings of the two
ligands on one face of the grid structure insert between the
two ligands on the other face, blocking the rotation around
the phenyl–pyrimidine C–C bonds, as seen in the parent
grids.[2c] The phenyl insertion has been confirmed by a
ROESY NMR experiment, where NOE interactions be-
tween R1 and H2�o, between R2 and H3� and between H5

and H2�i are observed for the complexes 9–12.
The well-resolved NMR spectra of these species provide

an opportunity to investigate the deprotonation of the hy-
drazone NH protons in these molecules. The hydrazones
in the analogous complex Zn(papy)2 are significantly more
acidic as a result of metal complexation;[9] similar effects,
with accompanying optical changes, have been reported for
grids containing a hydrazone N–H group.[7a] Addition of
eight equivalents of triethylamine to acetonitrile solutions
of 18 results in the precipitation of the neutral complex 19
as gold-colored crystals. This deprotonation reaction can be
monitored by titration with triethylamine and monitoring
with 1H NMR spectroscopy (Figure 2).

The chemical shift of the ethyl CH2 group is consistent
with the nearly complete protonation of the triethylamine
throughout the titration, confirming the high acidity of
these complexes. Early in the titration, the exchange coup-
ling to the ammonium NH proton is clearly resolved, indi-
cating that proton-exchange processes are confined to the
grid complex; however, as the titration proceeds, loss of this



Tetranuclear Zn2+ Hydrazone [2×2] Grid-Type Complexes FULL PAPER
Table 1. Chemical shifts[a] and chemical shift differences for 1H NMR signals of the ligands 7–12 (in CDCl3) and Zn grid-type complexes
(in CD3CN).[b]

Compound H1�i H1�o H2�i H2�o H3� H1 H2 H3 H4 H5 R1 R2

7 8.48 8.48 7.48 7.48 7.5 8.63 7.32 7.82 8.21 7.84 7.99 3.84
13 5.44 6.49 7.18 7.78 8.01 7.6 7.25 7.87 7.65 6.84 7.98 3.67
∆δ –3.04 –1.99 –0.3 0.3 0.5 –0.98 –0.07 0.05 –0.61 –1 –0.01 –0.17
8 8.36 8.36 7.46 7.46 7.46 8.68 7.25 7.76 8.24 8.39 2.48 8.42
14 5.51 6.48 7.07 7.8 8.05 7.66 7.27 7.9 7.79 6.74 2.4 10.97
∆δ –2.85 –1.88 –0.39 0.34 0.59 –1.02 0.02 0.14 –0.45 –1.65 –0.08 2.55
9 8.52 8.52 7.48 7.48 7.51 8.63 7.3 7.58 8.17 6.35 2.52 3.6
15 5.18 6.56 7.03 7.72 7.96 7.37 7.06 7.88 7.6 6.6 2.57 3.8
∆δ –3.34 –1.96 –0.45 0.24 0.45 –1.26 –0.24 0.3 –0.57 0.25 0.05 0.2
10 7.48 7.48 7.32 7.32 7.34 8.69 7.42 7.68 8.18 6.89 7.96 9.87
16 5.82 5.92 7.49 7.49 8.19 7.39 6.84 7.75 6.97 7.89 8.09 12.09
∆δ –1.66 –1.56 0.17 0.17 0.85 –1.3 –0.58 0.07 –1.21 1 0.13 2.22
11[c] 8.42 8.42 7.55 7.55 7.55 8.21 6.91 7.78 7.42 8.17 11.62 8.11
17 5.84 5.92 7.45 7.45 8.14 7.39 6.83 7.75 6.98 8.07 11.8 7.88
∆δ –2.58 –2.5 –0.1 –0.1 0.59 –0.82 –0.08 –0.03 –0.44 –0.1 0.18 –0.23
12 8.50 8.50 7.49 7.49 7.49 8.28 6.89 7.65 7.85 8.33 3.74 7.72
18 5.81 5.89 7.34 7.53 8.16 7.34 6.93 7.86 7.29 8.14 3.51 7.86
∆δ –2.69 –2.61 –0.15 0.04 0.67 –0.94 0.04 0.21 –0.56 –0.19 –0.23 0.14

[a] Chemical shifts for ligands 7–10 and complexes 13–16 were recorded at 500 MHz, chemical shifts for ligands 11–12 and complexes
17–18 were recorded at 300 MHz. [b] i and o designate the inner and outer ortho and meta protons, respectively, on the phenyl substituent.
[c] 1H NMR spectrum of 11 was recorded in [D6]DMSO.

Figure 2. 1H NMR of grid complex 17 with triethylamine in [D3]acetonitrile. From bottom to top, the ratio Et3N/17 is 0.0, 0.7, 1.0, 2.5,
2.8, 3.5, 4.1, 5.0, 6.4, 7.9. The intensity of the last spectrum is reduced as a result of precipitation of the neutral complex.

resolution indicates rapid exchange of protons between the
ammonium ion and the grid. During the titration, the 1H
NMR spectrum of the ligand undergoes a general upfield
shift consistent with an increasing electron density on the
ligand. The overall spectrum is remarkably simple indicat-
ing a rapid exchange of protons between sites on the grid,
though significant broadening of some of the grid complex
protons occurs. In particular, the imine and pyrimidine pro-
tons (R2, H5) show significant broadening consistent with
deprotonation of the hydrazone N–H sites. Whereas the
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imine protons remain broadened until near the end of the
titration, the pyrimidine proton appears as a sharp singlet
around Et3N/18 ratios of 4:1 (i.e. deprotonation of half of
the acidic NH sites). This is consistent with each ligand
being deprotonated once before any are deprotonated a sec-
ond time; with each ligand singly deprotonated, proton ex-
change does not significantly change the environment of the
pyrimidine proton. More remarkable is the behavior of the
phenyl ortho and meta protons, which rapidly broaden upon
addition of traces of base. Halfway through the titration
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these protons are barely visible as a broad rise in the base-
line. The resonances only reappear toward the end of the
titration but no longer show clear ‘inner’ and ‘outer’ peaks,
which suggests a dynamic mechanism that allows rotation
of the phenyl ring.

This is further supported by variable-temperature NMR
studies of the neutral complex 19 in chloroform (Figure 3).
While at room temperature the inner and outer phenyl pro-
tons are equivalent, lowering the temperature results in

Figure 3. 1H NMR of neutral grid complex 19 in CDCl3 at (top to bottom) 40 °C, 20 °C, 0 °C, –20 °C, –40 °C.

Figure 4. 1H NMR of grid complex 17 with triethylamine in [D6]DMSO. From bottom to top, the ratio Et3N/17 is 0.0, 1.0, 2.0, 4.3, 5.0,
6.8, 9.3, 11.9.
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broadening of this resonance. Resolved inner and outer
phenyl proton resonances were not observed for this com-
plex above the freezing point of the solvent.

Repeating the titration in [D6]DMSO results in signifi-
cantly different observations (Figure 4). Initially, NMR in-
dicates that the grid complex 18 is completely dissociated
in [D6]DMSO; the 1H NMR spectrum indicates only free
ligand. Addition of Et3N, however, results in loss of the free
ligand and eventual formation of the neutral grid 19 upon
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addition of a full eight equivalents of base. That this is the
only species in solution was confirmed by electrospray mass
spectrometry. It is noteworthy that the coordinated ligand
initially appears as very broad resonances in the 1H NMR
spectrum, again indicative of dynamic processes, but upon
completion of the titration a sharp spectrum is observed.
Furthermore re-assembly of the grid is fast; the equilibra-
tion time allowed for collection of the data in Figure 4 was
only that required to load and shim the sample and no fur-
ther spectral changes were observed upon standing for 5–
10 min.

Discussion

The introduction of hydrazone links into the backbone
of grid-forming ligands offers a means to modulate their
properties and assembly through pH. The change in oxi-
dation potential of protonated vs. unprotonated cobalt
complexes has already been used to control the regioselec-
tive assembly of heterometallic cobalt grids.[7b] Zinc com-
plexes provide an opportunity to study this acid–base chem-
istry without the added effects due to paramagnetism or
redox chemistry. Any information on the pattern of depro-
tonation will give some information about the interactions
within the grid complex. The quantitative protonation of
triethylamine early in the titration clearly indicates the acid-
ity of these complexes. Though the intermediate protonated
grids undergo relatively rapid proton exchange on the
NMR timescale, the presence of a sharp pyrimidine proton
resonance at Et3N/grid ratios of 4:1 indicates that not all of
these are equally populated, and the ligands are all depro-
tonated once before they are further deprotonated. This
suggests that there is significant delocalization of the nega-
tive charge along the backbone of the ligand. The interca-
lated phenyl ring could yield more information about the
preferred tautomers; however, this is complicated by the
presence of a dynamic process that allows interchange of
inner and outer phenyl protons.

Rotation of the phenyl ring in a pyridine-type grid com-
plex is a phenomenon that has not been previously ob-
served. Examination of models suggests that simple phenyl
rotation is unlikely because the cavity is too constrained;
more likely is a mechanism in which one of the ligands par-
tially dissociates allowing the initially intercalated phenyl
group to rotate. In such a mechanism, the enhanced donor
strength of the hydrazone anion ligand would increase the
electron density on the metal ion and allow dissociation of
one of the terminal pyridyl nitrogen atoms. The flexibility
of the resulting five-coordinate metal-ion center would al-
low rotation of the phenyl ring before recoordination of the
pyridine. The effect of the increased ligand donor strength
accounts for the initially paradoxical observation of greater
complex stability combined with greater flexibility observed
in DMSO.

The NMR spectroscopic data and the X-ray crystal
structure results suggest that in solution and in the solid
state the complexes 13–18 adopt a very compact arrange-
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ment providing stable [2×2] hydrazone-grid arrays. The π–
π stacking between the phenyl ring and the hydrazone units
of the perpendicular ligands in the complexes induces a per-
fect orthogonal arrangement suitable for applications in
self-organized metallosupramolecular systems.

Experimental Section
General: Compounds 1 and 2 were obtained from commercial sup-
pliers and used without purification. Compounds 3, 4 and 5 were
prepared according to the procedures described in the literature.[10]

1H NMR, COSY and ROESY correlation measurements were re-
corded with an ARX 500 MHz Bruker spectrometer or a JEOL
Eclipse+ 300 MHz spectrometer in CDCl3, [D6]DMSO and
CD3CN, with the use of the residual solvent peak as reference.
Mass spectrometric studies were performed in the positive ion
mode with a quadrupole mass spectrometer (Micromass, Platform
II) or an ion trap mass spectrometer (Agilent 1100 series). Samples
were dissolved in acetonitrile and were continuously introduced
into the mass spectrometer at a flow rate of 10 mL/min by using
either a Waters 616HPLC pump or a syringe pump. The tempera-
ture (60 °C), and the extraction cone voltage (Vc = 5–10 V) was
usually set to avoid fragmentations. The microanalyses were carried
out at Service de Microanalyses, Institut Charles Sadron, Stras-
bourg.

General Procedure for the Synthesis of the Ligands 7–12: Two equiv-
alents of 2-pyridinecarboxaldehyde 1 or of 2-acetylpyridine 2 with
one equivalent of dihydrazinopyrimidine 3 or of di-methylhydrazi-
nopyrimidine 4 were refluxed in ethanol for 3 h. The resulting pre-
cipitates were filtered and washed with ethanol to give 7–12 as ana-
lytically pure compounds.

4,6-Bis{[N-methyl-N�-(pyridin-2-yl)methylidene]hydrazino}-2-phen-
ylpyrimidine (7): 1H NMR (CDCl3, ppm): δ = 8.63 (d, J = 3.6 Hz,
2 H, H1), 8.49 (m, 4 H, H2�), 8.21 (d, J = 3.6 Hz, 2 H, H4), 7.99
(s, 2 H, R1 = H), 7.84 (s, 1 H, H5), 7.82 (dt, J = 7.6 Hz, 2 H, H3),
7.50 (m, 2 H, H4�), 7.48 (m, 4 H, H3�), 7.32 (dt, J = 7.6 Hz, 2 H,
H2), 3.84 (s, 6 H, R2 = CH3); assignments made on the basis of
the COSY and the ROESY spectra. 13C NMR (CDCl3, ppm): δ =
42.4, 88.9, 124.1, 125.9, 127.0, 128.5, 129.0, 135.8, 149.9, 152.5,
154.7 163.8, 170.7. ES-MS: m/z (%) = 423.5 (100) [M + H]+.
C24H22N8 (422.5): calcd. C 68.23, H 5.26, N, 26.52; found C 66.49,
H 5.36, N 27.10.

2-Phenyl-4,6-bis{[1-(pyridin-2-yl)ethylidene]hydrazino}pyrimidine
(8): 1H NMR (CDCl3, ppm): δ = 8.68 (d, J = 3.6 Hz, 2 H, H1),
8.42 (s, 2 H, R1 = H), 8.39 (s, 1 H, H5), 8.36 (m, 4 H, H1�), 8.24
(d, J = 3.6 Hz, 2 H, H4), 7.76 (dt, J = 7.6 Hz, 2 H, H3), 7.46 (m,
6 H, H2�, H3�), 7.25 (dt, J = 7.6 Hz, 2 H, H2), 2.48 (s, 6 H, R1 =
CH3); assignments made on the basis of the COSY and the ROESY
spectra. 13C NMR (CDCl3, ppm): δ = 12.4, 88.9, 124.1, 126.4,
127.0, 128.5, 129.3, 134.8, 149.9, 152.5, 155.6, 164.6, 170.2. ES-
MS: m/z (%) = 423.5 (100) [M + H]+. C24H22N8 (422.5): calcd. C
68.23, H 5.26, N, 26.52; found C 66.45, H 5.56, N 26.53.

4,6-Bis{[N-methyl-N�-[1-(pyridin-2-yl)ethylidene]hydrazino}-2-phen-
ylpyrimidine (9): 1H NMR (CDCl3, ppm): δ = 8.63 (d, J = 3.6 Hz,
2 H, H1), 8.52 (m, 4 H, H1�), 8.17 (d, J = 3.6 Hz, 2 H, H4), 7.58
(dt, J = 3.6 Hz, 2 H, H3), 7.51 (m, 2 H), 7.48 (m, 4 H), 7.30 (dt, J
= 7.6 Hz, 2 H, H2), 6.35 (s, 1 H, H5), 3.60 (s, 6 H, R2 = CH3), 2.52
(s, 6 H, R1 = CH3); assignments made on the basis of the COSY
and the ROESY spectra. 13C NMR (CDCl3, ppm): δ = 12.8, 42.4,
88.9, 124.1, 125.9, 127.0, 128.5, 129.0, 135.8, 149.9, 152.5, 155.6
163.8, 170.7. ES-MS: m/z (%) = 451.5 (100) [M + H]+. C26H26N8
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(450.3): calcd. C 69.31, H 5.82, N, 24.87; found C 70.48, H 5.63,
N 29.35.

2-Phenyl-4,6-bis{[(pyridin-2-yl)methylidene]hydrazino}pyrimidine
(10): 1H NMR (CDCl3, ppm): δ = 9.87 (s, 2 H, R2 = H), 8.69 (d,
J = 3.6 Hz, 2 H, H1), 8.18 (d, J = 3.6 Hz, 2 H, H4), 7.96 (s, 2 H,
R1 = H), 7.68 (dt, J = 7.6 Hz, 2 H, H3), 7.48 (m, 4 H, H1�), 7.42
(dt, J = 7.6 Hz, 2 H, H2), 7.32–7.34 (m, 6 H), 6.89 (s, 1 H, H5);
assignments made on the basis of the COSY and the ROESY spec-
tra. 13C NMR (CDCl3, ppm): δ = 12.8, 42.4, 88.9, 124.1, 125.9,
127.0, 128.5, 129.0, 135.8, 149.9, 152.5, 155.6 163.8, 170.7. ES-MS:
m/z (%) = 395.5 (100) [M + H]+. C22H18N8 (394.5): calcd. C 66.99,
H 4.60, N, 28.41; found C 67.34, H 4.89, N 27.86.

2-Phenylpyrimidine-4,6-dicarbaldehyde Bis[(pyridin-2-yl)hydrazone]
(11): To a solution of 2-phenylpyrimidine-4,6-dicarbaldehyde
(0.201 g, 0.95 mmol) in ethanol (15 mL) was added a solution of
2-hydrazinopyridine (0.206 g) in ethanol (2 mL). A yellow precipi-
tate of 11 formed after about 30 s. The solution was allowed to
stand overnight after which the precipitate was removed by fil-
tration, recrystallized from tetrahydrofuran and dried in air to give
0.370 g of the product (99%).1H NMR ([D6]DMSO, ppm): δ =
11.62(s, 1 H, NH, exchanges w D2O, R1 = H), 8.42 (m, 2 H, H1�),
8.21 (d, J = 4.11 Hz, 2 H, H1) 8.17 (s, 1 H, H5), 8.11 (s, 2 H, R2 =
H), 7.78 (dd, J = 7.4 Hz, J = 8.2 Hz, 2 H, H3), 7.55 (m, 3 H, H2�,
H3�) 7.42 (d, J = 8.2 Hz, 2 H, H4), 6.91 (dd, J = 7.4 Hz, J = 4.1 Hz,
2 H, H2). 13C NMR ([D6]DMSO, ppm): δ = 107.5, 107.6, 117.1,
128.4, 129.2, 131.5, 137.6, 137.7, 139.0, 148.5, 156.7, 161.9, 164.2.
IR (NaCl plate): ν̃ = 1640, 1561, 1439, 751 cm–1. ES-MS: m/z (%)
= 395 (100) [M – H]+. C22H18N8 (394.5): calcd. C 66.99, H 4.60,
N, 28.41; found C 66.12, H 4.71, N 27.50.

2-Phenylpyrimidine-4,6-dicarbaldehyde Bis[N-methyl-N-(pyridin-2-
yl)hydrazone] (12): Excess sodium hydride (60% dispersion in min-
eral oil) was added to a solution of 11 (419 mg) in tetrahydrofuran.
The yellow solution rapidly turned dark blue-purple. To this solu-
tion was added excess methyl iodide, and the solution was stirred
for 30 minutes during which the color dispersed to give a yellow
solution. The solution was filtered and evaporated, and the residue
washed with hexane to give 435 mg (97%) of 12. 1H NMR (CDCl3,
ppm): δ = 3.74 (s, 6 H, R1 = CH3) 6.89 (ddd, J = 1.0, J = 5.0, J =
7.0 Hz, 2 H, H2), 7.49 (m, 3 H, phenyl) 7.65 (ddd, J = 1.8, J = 7.0,
J = 8.6 Hz, 2 H, H3), 7.72 (s, 2 H, R2) 7.85(d, J = 8.6 Hz, 2 H,
H4), 8.28 (ddd, J = 1.0, J = 1.8, J = 1.8 Hz, 2 H, H1), 8.33 (s, 1 H,
H5), 8.5 (m, phenyl). 13C NMR (CDCl3, ppm): δ = 30.03, 107.75,
110.44, 128.26, 128.61, 130.57, 132.98, 137.62, 138.01, 147.23,
157.21, 162.19. IR (NaCl plate): ν̃ = 1624 cm–1 (C=N). ES-MS:
m/z (%) = 423 (50) [M + H]+, 421 (100), 242 (100). C24H22N8

(422.5): calcd. C 68.23, H 5.25, N, 26.52; found C 67.04, H 5.35,
N 25.57.

General Procedure for the Formation of the [2×2]Zn2+
4 Grid-Type

Complexes 13–18: An equimolar mixture of Zn(CF3SO3)2 and of
the ligands 7–12 in acetonitrile was stirred at room temperature for
5 h. The complexes were obtained by crystallization with diisopro-
pyl ether or diethyl ether.

Complex [74Zn4](CF3SO3)8 (13): 1H NMR (CDCl3, ppm): δ = 8.01
(t, J = 7.6, 2 H, H3�), 7.98 (s, 2 H, R1 = H), 7.87 (dt, J = 7.6 Hz,
2 H, H3), 7.78 (dt, J = 7.6 Hz, 2 H, H2�o), 7.65 (d, J = 3.6 Hz, 2
H, H1), 7.60 (d, J = 3.6 Hz, 2 H, H4), 7.25 (dt, J = 7.6 Hz, 2 H,
H2), 7.18 (dt, J = 7.6 Hz, 2 H, H2�i), 6.84 (s, 1 H, H5), 6.49 (d, J =
7.3 Hz, 2 H, H1�o), 5.44 (d, J = 7.3 Hz, 2 H, H1�i), 3.67 (s, 6 H, R2

= CH3); assignments made on the basis of the COSY and the
ROESY spectra. ES-MS: m/z (%) = 637 (100) [(74Zn4)(CF3SO3)4]4+.

Complex [84Zn4](CF3SO3)8 (14): 1H NMR (CDCl3, ppm): δ = 10.97
(s, 2 H, R2 = H), 8.05 (t, J = 7.6 Hz, 2 H, H3�), 7.76 (dt, J = 7.6 Hz,
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2 H, H3), 7.80 (dt, J = 7.6 Hz, 2 H, H2�o), 7.79 (d, J = 3.6 Hz, 2
H, H4), 7.66 (d, J = 3.6 Hz, 2 H, H1), 7.27 (dt, J = 7.6 Hz, 2 H,
H2), 7.07 (dt, J = 7.6 Hz, 2 H, H2�i), 6.74 (s, 1 H, H5), 6.48 (d, J =
7.3 Hz, 2 H, H1�o), 5.51 (d, J = 7.3 Hz, 2 H, H1�i), 2.40 (s, 6 H, R1

= CH3); assignments made on the basis of the COSY and the
ROESY spectra. ES-MS: m/z (%) = 637 (100) [(84Zn4)(CF3SO3)4]4+.

Complex [94Zn4](CF3SO3)8 (15): 1H NMR (CDCl3, ppm): δ = 7.96
(t, J = 7.6 Hz, 2 H, H3�), 7.88 (dt, J = 7.6 Hz, 2 H, H3), 7.72 (dt,
J = 7.6 Hz, 2 H, H2�o), 7.60 (d, J = 3.6 Hz, 2 H, H4), 7.37 (d, J =
3.6 Hz, 2 H, H1), 7.06 (dt, J = 7.6 Hz, 2 H, H2), 7.03 (dt, J =
7.6 Hz, 2 H, H2�i), 6.60 (s, 1 H, H5), 6.56 (d, J = 7.3 Hz, 2 H, H1�o),
5.18 (d, J = 7.3 Hz, 2 H, H1�i), 3.80 (s, 6 H, R2 = CH3) 2.57 (s, 6
H, R1 = CH3); assignments made on the basis of the COSY and
the ROESY spectra. ES-MS: m/z (%) = 669.5 (100) [(94Zn4)-
(CF3SO3)4]4+.

Complex [104Zn4](CF3SO3)8 (16): 1H NMR (CDCl3, ppm): δ =
12.09 (s, 6 H, R2 = H) 8.19 (t, J = 7.6 Hz, 2 H, H3�), 8.09 (s, 6 H,
R1 = H), 7.89 (s, 1 H, H5), 7.75 (dt, J = 7.6 Hz, 2 H, H3), 7.49 (dt,
J = 7.6 Hz, 2 H, H2�), 7.39 (d, J = 3.6 Hz, 2 H, H1), 6.97 (d, J =
3.6 Hz, 2 H, H4), 6.84 (dt, J = 7.6 Hz, 2 H, H2), 5.92 (d, J = 7.3 Hz,
2 H, H1�o), 5.82 (d, J = 7.3 Hz, 2 H, H1�i); assignments made on
the basis of the COSY and the ROESY spectra. ES-MS: m/z (%)
= 610 (100) [(104Zn4)(CF3SO3)4]4+.

Complex [114Zn4](CF3SO3)8 (17): Ligand 11 (38 mg, 0.1 mmol) and
Zn(OTf)2 (38 mg, 0.11 mmol) gave after recrystallization from ace-
tonitrile/diethyl ether, 48 mg (63%) of greenish yellow crystals 1H
NMR (CD3CN, ppm): δ = 11.80 (s, 8 H, R2 = H) 8.14 (t, J =
7.6 Hz, 8 H, H3�), 8.07 (s, 4 H, H5), 7.88 (s, 8 H, R1 = H), 7.75
(ddd, J = 1.6, 7.4, 8.2, Hz 2 H, H3), 7.45 (t, J = 7.7 Hz, 2 H, H2�),
7.39 (dd, J = 0.8 Hz, 5.5, 2 H, H1), 6.98 (d, J = 8.5 Hz, 2 H, H4),
6.83 (td, J = 0.8 Hz, 1.6, 5.5, 2 H, H2), 5.92 (d, J = 7.1 Hz, 2 H,
H1�o), 5.84 (d, J = 7.1 Hz, 2 H, H1�i); assignments made on the
basis of the COSY and the ROESY spectra. 13C NMR ([D3]aceto-
nitrile, ppm): δ = 166.1, 157.8, 148.9, 146.1, 142.8, 135.8, 134.0,
131.0, 129.0, 127.1, 123.1, 123.0, 121.0, 120.5, 111.9. ES-MS:
m/z (%) = 545 (100) 395 (45). 114Zn4(CF3SO3)8 (3031.8): calcd. C
38.03, H 2.39, N, 14.78; found C 37.13, H 2.37, N 14.51.

Complex [124Zn4](CF3SO3)8 (18): Ligand 12 (42 mg, 0.1 mmol) and
Zn(OTf)2 (38 mg, 0.1 mmol) gave after recrystallization from aceto-
nitrile/diethyl ether, 55 mg (68%) of orange crystals with 1H NMR
(CD3CN, ppm): δ = 8.16 (t, J = 7.6 Hz, 4 H, H3�), 8.14 (s, 8 H,
H5), 7.86 (m, 16 H, R1 = H, H3), 7.53 (t, J = 7.4 Hz, 4 H, H2�o),
7.34 (m, 12 H, H1,H2�i), 7.29 (d, J = 8.5 Hz, 8 H, H4), 6.93 (dd, J
= 6.7 Hz, 5.4, 8 H, H2), 5.89 (d, J = 7.4 Hz, 4 H, H1�o), 5.81 (d, J
= 7.7 Hz, 4 H, H1�i), 3.51 (s, 24 H, R2 = CH3). 13C NMR (ppm):
δ = 165.8, 157.9, 149.5, 146.8, 143.2, 135.1, 133.8, 130.2, 129.7,
129.0, 127.7, 123.8, 122.0, 121.1, 111.7, 34.0; assignments made on
the basis of the COSY and the ROESY spectra. ES-MS: m/z (%)
mass envelope at 637 (100) [(124Zn4)(CF3SO3)4]4+: calcd. C 39.73,
H 2.82, N 14.26; found C 37.83 H 2.54 N 13.46

Complex [112–
4Zn4] (19) Method 1: 2-Phenylpyrimidine-4,6-di-

carbaldehyde bis[(pyridin-2-yl)hydrazone], (0.11 g, 0.28 mmol) was
suspended in EtOH (20 mL), and a solution of anhydrous ZnCl2
(0.04 g ) in EtOH (1 mL) was added. After stirring 5 min, the dark
brown solution was made basic by the addition of 2 equiv. NaOH
whereupon the mixture turned blue-purple. Evaporation left a dark
purple-bronze solid that was purified by dissolution in THF, fil-
tration and evaporation of the filtrate. The residue was recrys-
tallized from water/EtOH to give small, golden, pyramidal crystals
(85 mg, 66%)

Method 2: Complex 17 (20 mg) was dissolved in acetonitrile (2 mL)
and excess triethylamine (10 µL) was added. The solution immedi-
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ately turned dark blue and small golden crystals of complex 19
began to precipitate. After standing for 15 h, these were removed
by filtration and dried to give 3.9 mg (33%). Spectral properties of
both products were identical. 1H NMR ([D6]DMSO, ppm): δ =
5.96 (d, J = 7.7 Hz, 8 H), 6.32 (t, J = 5.8 Hz, 8 H), 6.56 (d, J =
8.2 Hz, 8 H), 6.64 (s, 4 H), � 6.95 (m, 16 H), 7.02 (s, 8 H), 7.29
(ddd, 8 H, J = 8.2, 7.1, 2.0 Hz), 7.49 (t, J = 7.3 Hz, 4 H). 1H NMR
(CDCl3, 40 °C, ppm) d 6.09 (d, J = 7.2 Hz, 8 H), 6.246 (s, 4 H),
6.27 (t, J = 6.3 Hz, 8 H), 6.65 (d, J = 8.3 Hz, 8 H), 7.02 (s, 8 H),
7.06 (t, 8 H, J = 7.2 Hz), 7.11 (d, J = 5.2 Hz, 8 H), 7.23 (m, 8 H),
7.52 (t, J = 7.4 Hz, 4 H). 13C NMR (25 °C, [D6]DMSO, ppm): δ =
165.13, 162.04, 156.88, 143.83, 139.28, 138.02, 129.04 (broad),
128.48 (broad), 128.16, 125.36, 123.79, 117.16, 115.51. 13C NMR
(CDCl3, 40 °C, ppm): δ = 165.48, 161.74, 156.92, 144.00, 138.51,
138.21, 128.67, 128.05, 125.64, 123.35, 117.06, 115.45, 110.40. IR
(NaCl plate): ν̃ = 1587, 1548, 1513, 1476, 1458, 1412, 1334, 1295,
1269, 1236, 1113, 1093, 984 cm–1; ES-MS (solution in DMSO/
NaCl): m/z(%) = 1831 [(112–

4Zn4)H]+, 1855 [(112–
4Zn4)Na]+.

(112–
4Zn4)·10H2O: calcd. C 52.55, H 4.21, N 22.28; found C 52.86,

H 4.02, N 21.88.

Crystal Structure Determinations: X-ray diffraction data for com-
pounds 13–15 were collected with a Nonius Kappa charge-coupled
device (CCD) diffractometer with a graphite-monochromatized
Mo-Kα radiation (λ = 0.71073 Å). φ scans at 173 K, at the Labora-
toire de Cristallochimie, Université Louis Pasteur, Strasbourg. The
structures of the compounds 13–15 were determined using direct
methods and refined (based on F2 using all independent data) by
full-matrix least-square methods (SHELXTL 97). Data were re-
duced by using the Bruker SAINT software. Hydrogen atoms were
included at calculated positions by using a riding model. Single
crystals of 13–15 were grown from acetonitrile/benzene. Crystals
were placed in oil and a single crystal was selected, mounted on a
glass fiber and placed in a low-temperature N2 stream. The struc-
ture of 2-H and 2-DH were determined using direct methods and
refined (based on F2 using all independent data) by full-matrix le-
ast-square methods (SHELXTL 97). Hydrogen atoms were in-
cluded at calculated positions by using a riding model.

Complex [54Zn4](CF3SO3)8 (13): Yellow single crystal of (74Zn4)-
(CF3SO3)8 (13), (C120H112F24N40O24S8Zn4) of dimension
0.18×0.16×0.14 mm. The structure contains four grid complexes
together with thirty two triflate anions and thirty two acetonitrile
molecules. The unit cell was monoclinic with a space group of C2/
c. Cell dimensions: a = 27.5875(4) Å, b = 26.9243(4) Å, c =
20.1356(3) Å, α = γ = 90°, β = 92.759(5)°, V = 14938.9(4) Å3 and
Z = 8 (FW is 7072, ρ = 1.54 gcm–3). Reflections were collected
from 2.5° � θ � 27.48° for a total of 17483 of which 9423 were
unique having I � 3σ(I); number of parameters is 931. Final R
factors were R1 = 0.103 (based on observed data), wR2 = 0.121
(based on all data), GOF = 1.303, maximum residual electron den-
sity is 1.406 e·Å–3.

Complex [64Zn4](CF3SO3)8 (14): Single yellow crystals of
(84Zn4)(CF3SO3)8 (14), (C120H112F24N40O24S8Zn4) of dimension
0.08×0.08×0.08 mm. The structure contains eight grid complexes
together with sixty four triflate anions, thirty two acetonitrile mole-
cules and thirty two water molecules. The unit cell was tetragonal
with a space group of P42/n. Cell dimensions: a = 17.9114(3) Å, b
= 17.9114(3) Å, c = 22.7093(4) Å, α = γ = β = 90°, V = 7285.6(2) Å3

and Z = 8 (FW is 3440, ρ = 1.54 gcm–3). Reflections were collected
from 2.5° � θ � 27.48° for a total of 15477 of which 3415 were
unique having I � 3σ(I); number of parameters is 428. Final R
factors were R1 = 0.087 (based on observed data), wR2 = 0.107
(based on all data), GOF = 1.280, maximum residual electron den-
sity is 1.269 e·Å–3.
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Complex [74Zn4](CF3SO3)8 (15): Single yellow crystals of
(94Zn4)(CF3SO3)8 (15), (C136H145F24N38O28S8Zn4) of dimension
0.16×0.13×0.10 mm. The structure contains two grid complexes
together with sixteen triflate anions, twelve acetonitrile molecules,
three benzene molecules, two ethanol molecules and four water
molecules. The unit cell was triclinic with a space group of P1̄. Cell
dimensions: a = 18.212(2) Å, b = 20.4537(2) Å, c = 23.5718(4) Å,
α = 99.242(5)°, β = 1000.793(5)°, γ = 103.058(5)°, V = 82112(2) Å3

and Z = 2 (FW is 3830, ρ = 1.51 gcm–3). Reflections were collected
from 2.5° � θ � 27.48° for a total of 64440 of which 14197 were
unique having I � 3σ(I); number of parameters is 1987. Final R
factors were R1 = 0.072 (based on observed data), wR2 = 0.097
(based on all data), GOF = 1.598, maximum residual electron den-
sity is 1.558 e·Å–3.

CCDC-288070 to -288072 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Small bimetallo biomimetic zinc-based compounds contain-
ing a bridging µ-OH functionality can be easily hydrated to
yield complexes containing an intramolecular Zn–H3O2–Zn
bridge. Because such bridges are intrinsically more nucleo-
philic than the corresponding µ-OH functionality, this effec-
tively activates the complex. The Zn–H3O2–Zn unit is labile,
and one can successively substitute the “water” and the “hy-
droxide” in the bridge for methanol and methoxide to form
metal-bound HO–H–OMe and MeO–H–OMe functionalities.
We have performed an extensive density functional investi-
gation of this substitution mechanism for a series of bimetallo
zinc complexes which have been synthesised and investi-

Introduction

Binuclear metallo-hydrolases have been recognised as a
wide class of enzymes which contain two divalent metal
ions in close proximity to each other (3.5–4.5 Å apart) in
the active site, that work together in a cocatalytic manner
to activate various organic substrates for hydrolysis.[1] The
resting state of these enzymes often contains a µ-hydroxide
bridge where a deprotonated water molecule is shared be-
tween the ions.[1] This µ-OH linkage can be relatively easily
hydrated to form an intramolecular M–H3O2–M function-
ality. This is not surprising because H3O2

– anions are quite
stable in the gas phase[2] and can even be crystallised as
isolated H3O2

– anions in the solid state.[3] In the meantime,
small inorganic complexes containing such H3O2 linkages
have been reported for most of the first-row transition-me-
tal ions (V,[4] Cr,[5,6] Fe,[7] Co,[6,8] Ni,[9,10] Cu[10] and Zn[11]),
as well as for Mo,[12] W[12] and Ru.[13] In several cases, F.
Meyer et al. have shown that it is possible to selectively
obtain the µ-OH or the M–H3O2–M form by fine-tuning
the ligand environment.[9b,14] In addition, one can replace
the µ-OH and/or the H3O2 functionality with other ligands;
for example fluoride,[15] chloride,[16] nitriles,[9d] N=C=O,[9e]

carboxylates,[9e,9f] urea,[9a,9b] or N3
–.[17]
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gated by F. Meyer et al. There are two mechanisms for water/
methanol exchange – an addition–elimination and a direct
exchange mechanism. If the metal ions are coordinatively
unsaturated, and their ligand sphere does not sterically hin-
der the approach of the methanol, both pathways compete
with each other. For coordinatively saturated bimetallo com-
plexes with larger ligand spheres, only the direct exchange
mechanism is possible. Regardless of the mechanism op-
erating, the exchange is facile and is controlled by the rela-
tive thermodynamic stability of the intermediates.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The pyrazolate dinucleating ligand 1a developed by F.
Meyer et al. leads to the urease biomimetic 1Nia in the pres-
ence of nickel ions.[9a] The M–H3O2–M functionality in
1Nia is rather labile, as extensive kinetic studies have shown
(Scheme 1).[9a] If 1Nia is dissolved in absolute methanol, a
rapid ligand exchange occurs and a CH3O–H–OCH3

bridged species 1Nic can be isolated.[9a] In methanol/water
mixtures, an equilibrium between three different species
(1Nia, 1Nib and 1Nic) occurs. At low water concentrations
(0.1 ) the predominate species is 1Nib which can be inde-
pendently isolated.[18] Raising the H2O concentration to 2 

shifts the equilibrium to favour 1Nia.[9a]

Scheme 1. Methanol substitution in the H3O2 bridge of a binuclear
urease biomimetic developed by F. Meyer et al.

Meyer’s pyrazolate ligand 1a can also be used to obtain
the corresponding zinc (1Zna)[18] and cobalt (1Coa)[19]

“H3O2” complexes; both of which are possible functional
models for binuclear phosphatases and/or peptidases. As
for the nickel complex 1Nia, the M–H3O2–M functionality
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in 1Zna and 1Coa is relatively labile and can be successively
exchanged with methanol in the same manner as illustrated
in Scheme 1.[18,19]

Many mononuclear zinc complexes (biomimetics for car-
bonic anhydrase,[20] for example) contain a metal-bound hy-
droxide ligand. Although the pKa value of water (15.7) and
methanol (15.1) are very similar, the Zn–OH form usually
predominates in methanolic solutions, rather than the cor-
responding M–OCH3 form.[21] In contrast to this, F. Meyer
et al. have clearly demonstrated that, for the binuclear ana-
logues, it is possible to select which form is present (1Ma,
1Mb or 1Mc) by carefully controlling the reaction condi-
tions.[18,19] This could possibly open new synthetic applica-
tions for functional binuclear biomimetica, and we have
therefore, in co-operation with the research group of F.
Meyer, recently become interested in the mechanism of this
water/methanol exchange reaction.

There are fundamentally two possible mechanisms for
the substitution of water bound in a bimetallo H3O2 link-
age; both of which we considered in this study – an ad-
dition–elimination and a direct exchange mechanism. In the
addition–elimination variant, the methanol first binds to
one of the metal ions and, in a second step, displaces the
water in the H3O2 bridge. Such an addition–elimination
mechanism requires a free binding position at the metal ion,
thus implicating a certain coordinative flexibility for the
transition-metal ions involved. In the second variant, the
methanol directly attacks the H3O2 bridge and replaces
water through a direct exchange mechanism.

Results and Discussion

Model Systems

We selected three different model systems for study – a
very simple carboxylate-bridged complex 2Zna (Scheme 2)
which simulates the active site of many hydrolases contain-
ing two tetrahedrally coordinated metal ions held together
by a bridging carboxylate ligand.[1] Compound 2Zna is
small enough to investigate the hypersurface of these substi-
tution reactions in detail. We then investigated the effect of
the ligand sphere and the metal coordination geometry on
the fundamental mechanism by means of Meyer’s pyrazol-
ate ligand-based complex 1Zna,[18,19] and substituting the N-
ethyl groups for N-methyl in order to reduce the calcula-
tional demand somewhat. This resulted in the model system
3Zna. Increasing the complexity of the system, we then sub-
stituted the amino arms by pyridyl arms to yield the com-
plex 4Zna, which has also been reported by Meyer et al.
to undergo reversible substitution by MeOH according to
Scheme 1.[19] Both models 3Zna and 4Zna contain pentaco-
ordinate metal ions. A comparison of all three of these
models should allow us to determine how steric and elec-
tronic effects originating from the ligand sphere affects the
intrinsic substitution mechanism(s). In all models, the li-
gand environments are symmetric for both metal cations.
In the case of an asymmetric environment, the H3O2 func-
tionality becomes polarised (as we have recently demon-
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strated for a computational model of the active site of bo-
vine lens leucine aminopeptidase[22]) and one would need to
investigate which “water” would be initially substituted. We
selected zinc, because many of the natural systems are zinc-
based hydrolases[1] and now report our findings in the pres-
ent article. In continuance of our investigations, we are now
calculating the cobalt analogues because many mechanistic
investigations employ Co2+-substituted enzymes due to the
spectroscopic silence of Zn2+.[23] It is quite often assumed
that the mode of action of the Co2+-substituted analogue
parallels that of the natural Zn2+-system – an assumption
which we are now beginning to investigate in detail for these
model compounds.

Scheme 2. Model compounds selected for study.

Substitution Mechanism

Extensive calculations on the smallest model system 2Zna
revealed that the hypersurface for the second methanol sub-
stitution is fundamentally the same as for the first. The fol-
lowing discussion therefore focuses on the mechanism of
the first methanol/water exchange which is illustrated in
Scheme 3 and Figure 1. The structures of the intermediates/
transition structures involved in the second substitution can
be found in the supporting information (Scheme S1 in the
Supporting Information, for details see the footnote on the
first page of this article).

As a methanol approaches the H3O2 bridge in compound
2Zna, it interacts with the bridge to form a hydrogen-
bonded initial encounter complex 2ZnE1. The methanolic
oxygen is within electrostatic range (contact) of Zn1. In ad-
dition, the methanolic proton just barely “sees” the O2 in
the H3O2 bridge. Each of these two rather weak electrostatic
contacts is capable of opening up a different substitution
pathway. If the MeOH swings up over transition structure
2ZnT1 and binds to Zn1 to generate the stable intermediate
2Zn1, a two-step addition–elimination mechanism is ac-
cessed. Addition of the MeOH triggers a conformational
change from a tetrahedral to a trigonal bipyramidal binding
situation at Zn1. This is a very low energy process with
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Scheme 3. Mechanism of the first H2O/MeOH substitution in the model complex 2Zn.

an activation barrier of only 3.3 kcal/mol respective to the
encounter complex 2ZnE1 (Table 1). The differential coordi-
nation of the metal ions slightly polarises the H3O2 bridge
in the direction of a Zn1-bound hydroxide and a Zn2-
bound water in 2Zn1. The barrier for hydrogen transfer is
extremely low (less than 1 kcal/mol) and the hydrogen can
easily move between both oxygen atoms in the bridge. In
the second step of this addition–elimination pathway, a
pseudorotation on Zn1 over the transition structure 2ZnT2
swings the MeOH into the plane of the bridge which begins
to disrupt the H3O2 functionality. This coupled process ex-
hibits a somewhat higher barrier (6.6 kcal/mol respective to
2Zn1). The barrier is approximately additive, because 2–
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3 kcal/mol are needed for the pseudorotation and 3–4 kcal/
mol for bridge distortion. In the course of this process, the
methanolic proton builds a strong hydrogen bond to O2
which transfers the bridging hydrogen to O1. The stable
intermediate 2Zn2 is generated, in which the MeOH and the
(formerly bridging) water are now both bound in a lateral
manner to Zn1 and a hydroxide (O2) is localised on Zn2.

In an alternative mechanism, intermediate 2Zn2 can be
accessed in a one-step manner from the initial encounter
complex 2ZnE1. In this second pathway, the MeOH swings
towards the H3O2 bridge over transition structure 2ZnT3
and inserts itself between the metal ions. In the absence of
steric effects originating from the ligand sphere, the effective
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Figure 1. Energy diagram of water/methanol substitution in 2Zn. Calculated at the B3LYP/aug–cc–pVTZ level of theory and given relative
to 2Zna and a free methanol.

Table 1. Relative energies (Gibb’s free energies of reaction) for
methanol/water exchange in the model complexes 2Zn. Calculated
at the B3LYP/aug-cc-pVTZ level of theory and given in kcal/mol
relative to 2Zna and a free methanol.

First substitution ∆G Second substitution ∆G

2Zna 0.0 2Znb –0.5
2ZnE1 –3.4 2ZnE4 –3.0
2ZnT1 –0.1 2ZnT7 –0.1
2Zn1 0.7 2Zn4 0.9
2ZnT2 7.3 2ZnT8 9.0
2ZnT3 6.8 2ZnT9 7.9
2Zn2 5.2 2Zn5 6.9
2ZnT4 8.3 2ZnT10 9.8
2Zn3 5.0 2Zn6 4.7
2ZnT5 0.8 2ZnT11 2.2
2ZnE2 –2.5 2ZnE5 –0.9
2ZnT6 5.8 2ZnT12 7.4
2ZnE3 –2.1 2ZnE6 4.1
2Znb –0.5 2Znc 1.2

barriers for both processes are very similar and an equilib-
rium between both pathways can be expected.

Complex 2Zn2 now expels the Zn1-bound water. This can
again occur through either a two-step or a one-step mecha-
nism. In the first possibility, a pseudorotation at Zn1 over
transition structure 2ZnT4 pulls the water down and away
from its bridging position. A stable HO–H–OMe bridged
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species 2Zn3 results which contains a pentacoordinate zinc.
The activation barrier (relative to intermediate 2Zn2) for this
pseudorotation is with 3.1 kcal/mol again quite low. The
zinc ion in 2Zn3 then regains its original tetrahedral geome-
try by kicking out the axial water over transition structure
2ZnT5. As the water leaves, it first builds an encounter com-
plex 2ZnE2 in which the departing water forms a hydrogen
bond to one of the ammonia ligands before it finally de-
parts to yield 2Znb in which one of the waters has been
substituted by methanol.

Alternatively, 2Zn2 can expel the water over a one-step
mechanism. The water departs over 2ZnT6 in a lateral man-
ner and simply swings down to build an encounter complex
2ZnE3 before finally departing. The monosubstituted com-
plex 2Znb is characterised by a slightly asymmetric O–H–O
bridge in which the shared hydrogen is more tightly bound
to the methanol than the hydroxide.

The mechanism for substitution by a second methanol is
almost identical to that calculated for the first substitution
and is therefore illustrated in the supporting information
(Scheme S1). An incoming methanol interacts with the hy-
droxide in the HO–H–OMe bridge of 2Znb to build an ini-
tial encounter complex identical to 2ZnE3. A stable interme-
diate analogue to 2Zn2 is then generated either over a two-
step metal-based addition–elimination or a one-step direct
insertion mechanism. A water is then eliminated through
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an analogous one- or two-step mechanism, which finally
generates the bisubstituted product 2Znc containing a sym-
metric MeO–H–OMe bridge.

As to be expected from the structural/mechanistic simi-
larities calculated for both hypersurfaces (see Scheme 3 and
Scheme S1 in the Supporting Information), the energetics
of the first and the second substitution are very similar. All
barriers are quite low (less than 10 kcal/mol), indicating
that these processes are controlled by thermodynamic equi-
librium processes. Throughout the course of these substitu-
tions, the metal–metal distance remains with an average
value of 4.57 Å quite constant.

The coordinational hypersurface is quite flat with pseu-
dorotation barriers of only ca. 2–4 kcal/mol, thus facilita-
ting an easy change in the coordination number. This is, in
the case of zinc, not unusual[24] and is probably one of the
reasons why nature often preferentially selects zinc over
other transition-metal ions in the active site of multinuclear
hydrolases.[1] Preliminary calculations (substitution of Co2+

for Zn2+ in model 2) indicate that Co2+ ions in binuclear
systems also possess a flexible coordination sphere – and
the mechanism for H2O/methanol substitution is nearly in-
dependent of the identity of the metal ion.[25]

Scheme 4. Mechanism of the first H2O/MeOH substitution in model complex 3Zn.
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Ligand-Sphere Effects

We then turned our attention to the sterically more de-
manding system 3Zna (Scheme 2) in which both metal ions
are pentacoordinate. After extensive calculations, we con-
clude that the steric bulk of the ligands prevents an easy
expansion to an octahedral coordination sphere. We did not
succeed in finding a single stable intermediate with an axial
Zn–OHMe coordination analogue to the species 2Zn1
(Scheme 3). The hypersurface is thus considerably simpli-
fied because only a one-step, direct substitution mechanism
is possible. Although bulky, the ligand environment allows
the methanol to approach the H3O2 bridge in 3Zna from
beneath, and an initial hydrogen-bound encounter complex
3ZnE1 is formed (Scheme 4). The methanol then swings in
to interact with Zn1 (which undergoes a partial pseudorota-
tion), thus disrupting the H3O2 bridge. In the transition
structure 3ZnT1, the MeOH and the (formerly bridging)
water are now bound to Zn1, which is octahedrally coordi-
nated, and a hydroxide is localised on Zn2. Steric con-
straints of the ligand environment stiffens the coordination
sphere of Zn1 and destabilises 3ZnT1, thus leading to a
much larger barrier for the substitution (17.1 kcal/mol;
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Table 2) than for the flexible model 2Zn (for which the corre-
sponding structure 2Zn2 is a stable intermediate). The com-
plex 3ZnT1 then eliminates the water which retains electro-
static contact with O2 and departs over a second encounter
complex 3ZnE2. The mechanism for introducing a second
MeOH into the bridge to generate 3Znc is completely ana-
logue. The intermediates/transition structure for this second
step can be found in Scheme S2 (Supporting Information).

Table 2. Relative energies (Gibb’s free energies of reaction) for
methanol/water exchange in the model complexes 3Zn and 4Zn. Cal-
culated at the B3LYP/lanl2dz level of theory and given in kcal/mol
relative to 3Zna or 4Zna and a free methanol.

∆G ∆G

3Zna 0 4Zna 0
3ZnE1 0 4ZnE1 –4.7
3ZnT1 17.1 4ZnT1 10.5
3ZnE2 7.1 4Zn1 5.8
3Znb 4.8 4ZnT2 7.7
3ZnE3 9.0 4ZnE2 –1.2
3ZnT2 23.6 4Znb 3.3
3ZnE4 13.8 4ZnE3 –1.1
3Znc 10.4 4ZnT3 15.2

4Zn2 10.4
4ZnT4 11.8
4ZnE4 8.6
4Znc 6.9

The hypersurface is illustrated in Figure 2. Methanol ex-
change is an endothermic process and the intermediates
3Znb (HO–H–OMe bridge) and 3Znc (MeO–H–OMe) are
4.8 and 10.4 kcal/mol respectively less stable than the H3O2

form 3Zna. Although steric constraints have considerably

Figure 2. Energy diagram of water/methanol substitution in 3Zn and 4Zn. Calculated at the B3LYP/lanl2dz level of theory and given
relative to 3Zna or 4Zna and a free methanol.
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increased the barriers (3ZnT1 = 17.1; 3ZnT2 = 23.6 kcal/
mol), they are still low enough to enable an equilibrium
between the three species to take place under experimental
conditions. It is therefore not surprising, that the bisubsti-
tuted form c can only be isolated from absolute methanol.
The barrier for the second addition is higher than for the
first, which corresponds well with the fact that the mono-
substituted form b is preferred in water/methanol mix-
tures.[18,19]

The largest system we investigated is 4Zna which contains
N-pyridyl arms (Scheme 2). The methanol prefers to di-
rectly attack the H3O2 bridge in much the same manner as
calculated for the system 3Zn. An initial encounter complex
4ZnE1 is formed, which then undergoes a metal-assisted in-
sertion over 4ZnT1 (Scheme 5). The N-pyridyl arms are not
as rigid as the N-methyl arms in model 3Zn (the flat aro-
matic rings can swing out and away from the H3O2 func-
tionality much better than the bulky N-methyl groups). The
substitution barrier of 4ZnT1 (10.5 kcal/mol) therefore lies
considerably below that calculated for 3Zn (17.1 kcal/mol).
Because of this increased flexibility, the hypersurface
(Scheme 5 and Figure 2) is somewhat more complicated
than for the model 3Zn. There is enough room to comforta-
bly bind both the MeOH and the water in a lateral manner
to Zn1, and a stable intermediate 4Zn1 results, which can be
directly compared to 2Zn2 calculated for the most flexible
model system. The water molecule then leaves the coordina-
tion sphere of the zinc ions via the transition structure
4ZnT2 to first generate the encounter complex 4ZnE2 and
finally the stable mixed bridged species 4Znb. As for all
other models, the mechanism for the second substitution
is identical to the first and is illustrated in the supporting
information (Scheme S3).
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Scheme 5. Mechanism of the first H2O/MeOH substitution in model complex 4Zn.

Relative Nucleophilicity

Biomimetic complexes containing metallated A–O–H–
O–B bridges (A, B = H and/or alkyl) are potentially quite
interesting for synthetic applications because the refunc-
tionalisation of simple esters, amides, phosphates, etc. un-
der “biological” (mild) conditions is synthetically more
valuable than their simple hydrolysis. We therefore ad-
dressed two final questions of interest – which functionality,
the “hydroxide” or the “methoxide” in the bridge, will be
the reacting nucleophile?

Due to the ionic nature of the Zn–O interactions, the
oxygen atoms possess two lone electron pairs (the O–H–O
three-centred bond and the OH/Me bonds are covalent in
nature). One lone pair (sp-hybridised) is involved in the
ionic bond and thus oriented towards the zinc cation. The
orbital of the remaining lone pair is approximately p in
character and is the only lone pair available (and properly
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oriented) for nucleophilic attack on an incoming substrate.
The energy of this p-type orbital can be expected to be one
of the major factors determining the nucleophilicity. The
higher it lies, the easier will be an attack on the πC=O* or-
bital of a substrate.

NBO (natural bond orbital) analyses (Table 3) show
small but clear trends in the p-orbital energies as a function
of increasing substitution by methanol. These trends are
independent of the model (ligand sphere) selected. The
“H3O2” species XZna can clearly be expected to be the least
and the “methoxide” species XZnc the most nucleophilic.
It is quite interesting that, for mixed bridges (XZnb), the
calculations predict that the “hydroxide” will always be
slightly (average difference of 0.2 eV in their orbital ener-
gies) more nucleophilic than the “methoxide”. This means
that practical applications (refunctionalisation instead of
hydrolysis) will probably have to be carried out under non-
aqueous conditions. The atomic charges (q) on oxygen in
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Table 3. NBO atomic charges q and the energy ε (eV) of the nucleophilic lone electron pair (p-orbital) on oxygen.

q[a] ε [eV][a] q[b] ε [eV][b] q[b] ε [eV][b]

2Zna Owat –1.17 –15.0 3Zna Owat –1.20 –13.1 4Zna Owat –1.20 –12.8
2Znb Owat –1.21 –14.8 3Znb Owat –1.23 –13.0 4Znb Owat –1.23 –12.6

OMe –0.95 –14.5 OMe –0.98 –12.8 OMe –0.99 –12.4
2Znc OMe –0.98 –14.4 3Znc OMe –1.01 –12.6 4Znc OMe –1.01 –12.3

[a] Calculated using B3LYP/aug-cc-pVTZ wavefunctions. [b] Calculated using B3LYP/lanl2dz wavefunctions.

the bridges also show small but clear trends – opposing
those calculated for the orbital energies. The oxygen atoms
in the “H3O2” species XZna are more negatively charged
(average of 0.19 e) than those in the “methoxide” com-
pounds XZnc. This is due to the well known inductive effect
of C–H bonds (partial delocalization of the negative charge
on oxygen through hyperconjugation) and is a reason why
charges should not be used to judge relative nucleophilicit-
ies.

Conclusion

Extensive DFT calculations on a series of model com-
plexes have provided mechanistic details for the experimen-
tally observed replacement of water molecules by methanol
(and other alcohols) in metallated M–H3O2–M functionali-
ties. This replacement can occur through two fundamen-
tally different substitution mechanisms – an addition–elimi-
nation, controlled by the metal ions, and a direct exchange
mechanism in which the metal ions function as templates.
If the ligand sphere in the bimetallo complex is flexible and
there are free coordination holes on the metal ions, these
mechanisms compete with each other. In the case of “stiff”
ligands and a higher coordination number at the central
ions, only the direct exchange mechanism is feasible. Stiff-
ening the ligand sphere leads to an increase in the energy
barrier for substitution. However, this effect is not enough
to effectively hinder substitution under experimental condi-
tions, and one can expect a thermodynamic equilibrium be-
tween all three possible intermediates (H3O2, HOHOMe
and MeOHOMe bridges) to occur. A “methoxide” in such
a bridge is fundamentally more nucleophilic than an “hy-
droxide”. The “H3O2” form XZna is clearly less nucleophilic
than the “methoxide” form XZnc. However, the “hydroxide”
in a mixed species XZnb is more nucleophilic than the
“methanol” component; a fact which will have experimental
consequences.

Computational Section
The calculations reported in this article were performed with the
gradient-corrected, hybrid B3LYP[26] density functional using the
Gaussian98[27] program package. In the case of the smallest model
system 2Zn, H, C, N and O were described with the very large
correlation consistent aug-cc-pVTZ basis set.[28] The SDD basis[29]

was employed for the central Zn2+ ions. The size of the larger mod-
els 3Zn and 4Zn limited our computational investigations to the
smaller lanl2dz basis set (D95[30] basis for the first row atoms and
the Los Alamos effective core potential plus DZ was used for
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Zn2+[31]). We found this smaller basis set to deliver qualitatively
and quantitatively approximately the same results as the much
larger aug-cc-pVTZ basis. All species found on the hypersurface
were characterised as energetical minima or transition structures by
vibrational analyses at the B3LYP/aug-cc-pVTZ or B3LYP/lanl2dz
level of theory. Default convergence criteria were used and no sym-
metry was employed in any of the calculations. All relative stabilit-
ies reported are gas phase Gibb’s free energies that contain stan-
dard thermochemical (298 K) and vibrational corrections. Natural
bond orbital (NBO[32]) analyses were carried out using B3LYP/aug-
cc-pVTZ (model 2Zn) or B3LYP/lanl2dz wavefunctions (models 3Zn

and 4Zn) using NBO version 5.0[33] as patched into Gaussian98.

The mechanism for substitution by a second methanol is almost
identical to that calculated for the first substitution for all model
complexes (2Zn, 3Zn and 4Zn) and is therefore illustrated in the sup-
porting information, Schemes S1, S2 and S3 (see footnote on the
first page of this article).
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Tin(IV) isopropoxide solvate has been modified by treatment
with methacrylic, benzoic and acetic acid. For carboxylate to
tin ratios ranging from 1.4 to 2, a dimer, namely [Sn(µ2-OiPr)-
(OiPr)(O2CR)2]2 [R = (CH3)CCH2, C6H5, CH3], is isolated. Its
structure, as determined by X-ray diffraction on the meth-
acrylate derivative, is based on two seven-coordinate tin
atoms, terminal and bridging isopropoxy ligands, and purely

Introduction

Hybrid organic–inorganic materials are excellent candi-
dates for the design of new functional materials.[1] One ap-
proach to them relies on the chemical modification of metal
alkoxides by suitable organic ligands,[2] which, in addition
to providing a chemical link between the organic and inor-
ganic components, control the reactivity of these precursors
during the sol–gel process. The reaction of metal alkoxides
with carboxylic acids, β-diketones, or related compounds is
also often the first step in the synthesis of metal–oxo clus-
ters of well-defined structure that can be used as versatile
building blocks in the preparation of hybrid organic–inor-
ganic materials.[3] Among the various modifying carboxyl-
ates used in the area of hybrid materials, the most exten-
sively studied are probably methacrylate and acrylate, as
they can be easily polymerized. A large number of modified
transition metal–oxo clusters have been reported with these
ligands[4–6] and polymerized with various co-monomers
(e.g. methacrylic acid, methyl methacrylate) to yield materi-
als with enhanced properties compared to those of the par-
ent polymers.[7]

Methacrylic acid modified tin() alkoxides have already
been used to prepare tin dioxide thin films (with or without
antimony doping).[8] The films were obtained by UV-in-
duced free radical polymerization of the organic modifiers
and the results showed that the direct photo-patterning pro-
cess increases the conductivity of the films. The photo-pat-
terned organo–metal polymer structures could, further-
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chelating carboxylates. These compounds have also been
characterized by 119Sn, 1H, and 13C solution NMR and 119Sn
CP-MAS NMR spectroscopy. The possible use of this dimer
as a precursor for carboxylate-modified tin–oxo clusters has
been tested.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

more, be thermally decomposed into the corresponding me-
tal oxides at elevated temperatures. However, these previous
studies did not give any information about the structure
of the methacrylate-modified tin() alkoxides. Moreover, if
compounds containing C–Sn bonds are excluded, there are
only a few reports of tin()–alkoxo clusters.[9] All this
prompted us to look at the compounds formed by treating
tin() isopropoxide solvate with different carboxylic acids.

The work presented here reports the modification of
tin() isopropoxide solvate by methacrylic, benzoic, and
acetic acids. The compounds [Sn(OiPr)2(O2CR)2]2 [R =
(CH3)CCH2, C6H5, CH3] were characterized by NMR spec-
troscopy (119Sn, 1H, and 13C) and the X-ray structure of
the methacrylate derivative was determined. The possibility
of obtaining defined oxo clusters from this modified alk-
oxide was also tested.

Results and Discussion

Crystals of [Sn(OiPr)2(OMc)2]2 (1) were obtained with
carboxylate to tin ratios ranging from 1.4 to 2 (see Experi-
mental Section). According to previously reported data on
the influence of the solvent in the preparation of mixed me-
tal–oxo clusters,[9c,10] two different solvents, i.e. toluene and
THF, were tested. No influence was found, and the same
compounds were obtained with both solvents.

The structure of this complex was elucidated by single-
crystal X-ray diffraction (Figure 1 and Table 1). The mo-
lecular unit corresponds to a centrosymmetric dimer con-
taining two bridging isopropoxy groups. Each tin atom is
also coordinated by two chelating carboxylate molecules.
The remaining isopropoxy groups are terminal, resulting in
an overall coordination number of seven for tin. The geom-
etry around each tin atom is well described by a pentagonal
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bipyramid, where O5 and O6 occupy the apical positions.
The Sn–O bond lengths of the isopropoxy ligands are sim-
ilar to those found in [Sn(OiPr)4·HOiPr]2,[11a] and [Sn-
(OiPr)3(acac)]2,[11b] and are longer for the bridging groups
[2.0601(5) and 2.0939(12) Å] than for the terminal ones
[1.9549(16) Å]. The bridging isopropoxy ligands are planar,
the sum of the angles about O6 being 360.0°. The angle at
the oxygen atom of the in-plane terminal alkoxy is smaller
in compound 1 [Sn1–O5–C9 = 119.21(12)°] than in [Sn(O-
iPr)4·HOiPr]2 (139° and 160°)[11a] but similar to the ones
observed in [Sn(OiPr)3(acac)]2 (122.0° and 124.4°)[11b] and
[Sn(OtBu)4] (124.1° and 125.0°).[11a] These values of around
120° are expected for alkoxy ligands not involved in π-do-
nation to the metal center. The carboxylate ligands are pu-
rely chelating and fairly symmetrical, with Sn–O bond
lengths ranging from 2.1764(14) to 2.2465(15) Å. The
charge of each carboxylate moiety is equally delocalized
over the two oxygen atoms as the C–O bond lengths are
almost identical [from 1.260(2) to 1.275(3) Å].

Figure 1. DIAMOND drawing of [Sn(µ2-OiPr)(OiPr)(OMc)2]2
showing the atom-labeling scheme. Atomic thermal ellipsoids are
drawn at 50% probability and H atoms have been omitted for clar-
ity.

Table 1. Selected interatomic distances [Å] and angles [°] for com-
pound 1.

Sn1–O1 2.2465(15) Sn1–O5 1.9549(16)
Sn1–O2 2.1764(14) Sn1–O6 2.0601(15)
Sn1–O3 2.2113(15) Sn1–O6[a] 2.0939(12)
Sn1–O4 2.1987(14) Sn1···Sn1[a] 3.3370(3)
O5–Sn1–O6 174.11(5) O5–Sn1–O4 94.89(5)
O1–Sn1–O2 58.87(5) O5–Sn1–O6[a] 101.06(6)
O2–Sn1–O4 79.83(5) O6–Sn1–O1 91.79(5)
O3–Sn1–O4 59.12(5) O6–Sn1–O2 88.25(5)
O3–Sn1–O6[a] 81.21(5) O6–Sn1–O3 88.86(5)
O1–Sn1–O6[a] 82.00(5) O6–Sn1–O4 89.01(5)
O5–Sn1–O1 88.20(6) O6–Sn1–O6[a] 73.11(6)
O5–Sn1–O2 96.78(6) Sn1–O6–Sn1[a] 106.89(6)
O5–Sn1–O3 89.35(6)

[a] Symmetry operation: –x, –y, –z.

To assess the purity of the crystalline precipitate the
119Sn solid-state NMR (CP-MAS) spectrum of compound
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1 was recorded (Figure 2). It displays a single, sharp, iso-
tropic resonance, at δ = –759 ppm, with an anisotropy (ζ)
and asymmetry (η) equal to 325 ppm and 0, respectively.
The observation of a single resonance is in agreement with
the presence of a unique tin environment in the crystal
structure. Moreover, the axial (or nearly axial)[12] character
of the chemical shielding tensor is in line with the pentago-
nal bipyramid coordination polyhedron.

Figure 2. 119Sn CP-MAS NMR spectrum (111.9 MHz, νMAS =
7000 Hz) of [Sn(OiPr)2(OMc)2]2 with its simulation (the arrow
points to the isotropic chemical shift).

To the best of our knowledge there are very few reports
of crystalline compounds in which a tin atom exhibits a
sevenfold coordination based only on oxygen atoms (SnO7

environment),[13] and no 119Sn NMR spectroscopic data
have been reported for these compounds. For comparison,
the 119Sn solid-state NMR (CP-MAS) spectrum of [Sn(O-
iPr)4·HOiPr]2 was also recorded. It exhibits an isotropic
chemical shift of δ = –654 ppm (ζ = 103 ppm and η = 0.65)
for its unique SnO6 environment. The 119Sn NMR isotropic
chemical shift of tin dioxide, in which tin is also six-coordi-
nate, has been reported to be δ = –603 ppm.[14] For SnO8

environments, there is a series of tin tetracarboxylates, the
119Sn NMR chemical shifts of which have been reported to
lie in the range δ = –840 to –860 ppm,[15] and two tet-
rakis(N,N-dialkylcarbamato-O,O�)tin() complexes, with
119Sn NMR chemical shifts of around δ = –925 ppm.[16] In
conclusion, according to the general rules whereby an in-
crease of one oxygen atom at tin causes a low-frequency
shift of about 100 to 150 ppm,[17] the 119Sn NMR isotropic
chemical shift observed for compound 1, i.e. δ = –759 ppm,
indeed falls in the expected range for a seven-coordinate tin
atom surrounded only by oxygen atoms.

The 119Sn solution NMR spectrum of compound 1
shows a single narrow line at δ = –754.7 ppm, in very good
agreement with the solid-state isotropic chemical shift and
the heptacoordinate nature of tin. Moreover, this line exhib-
its a set of satellites the intensity and magnitude of which
are consistent with a dimer and a two-bond 119Sn-117Sn
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coupling constant. All these features indicate unambigu-
ously that the molecular structure observed for compound
1 in the solid state is maintained in solution.

The 1H and 13C solution NMR spectra of compound 1,
at room temperature, indicate the presence of one type of
methacrylate and two types of isopropoxy groups (2:1:1 ra-
tio), in perfect agreement with the dimeric structure. The
intensities of the 13C-119/117Sn coupling satellites for the me-
thyne carbon of the isopropoxy groups account for about
19 and 35% of the resonances located at δ = 66.8 and
74.1 ppm, respectively. As a bridging alkoxy sees two tin
atoms and a terminal alkoxy only one, the 13C resonance at
δ = 66.8 ppm can be assigned to the terminal isopropoxy
groups while the one at δ = 74.1 ppm is assigned to the
bridging ligands. This result shows that in compound 1, the
magnitudes of the 2J13C-119Sn coupling constants follow the
rule observed for tin() tetraalkoxide, i.e. they are larger
for terminal alkoxides (ca. 40 Hz) than for doubly bridging
alkoxides (ca. 20 Hz).[18] With these first assignments and
with the help of 2D NMR experiments (1H-1H COSY and
1H-13C HMQC), the 1H and 13C resonances of compound 1
have been fully attributed (Table 2). The 3J1H-119Sn coupling
constants of the isopropoxy ligands appear to follow the
same order as 2J13C-119Sn in that they are larger for a terminal
than for a bridging alkoxy. These features likely arise from
the longer Sn–O bond of a bridging alkoxy compared to a
terminal one. The observation of several nJ1H-119Sn and
nJ13C-119Sn scalar couplings, which, moreover, are different
for the terminal and bridging isopropoxy groups, indicates
that the exchange of ligands (isopropoxy or methacrylate)
between different dimers and the exchange of terminal and
bridging isopropoxy groups within the same dimer is either
absent or very slow (slower than 1/J).

Table 2. 1H and 13C NMR spectroscopic data for [Sn(OiPr)2-
(OMc)2]2.[a]

δ(1H)/mult./integr./[nJ1H-119Sn] δ(13C) [nJ13C-119Sn] Assignment

1.35/d/12 H 27.4 [48][b] OCH(CH3)2

1.63/d/12 H 24.2 µ2-OCH(CH3)2

1.92/s/12 H 18.7 O2CC(CH3)=CH2

4.49/sept/2 H/[90][b] 66.8 [52][c] OCH(CH3)2

5.27/sept/2 H/[70][b] 74.1 [16][c] µ2-OCH(CH3)2

5.29[d]/d/4 H and 6.37[e]/d/4 H 128.1 O2CC(CH3)=CH2

– 135.0 [32][b] O2CC(CH3)=CH2

– 179.0 [25][c] O2CC(CH3)=CH2

[a] δ in ppm, J in Hz. [b] n = 3. [c] n = 2. [d] cis-CH3. [e] trans-CH3.

Syntheses were also performed with acetic or benzoic
acid instead of methacrylic acid under the same conditions
as for compound 1 (see Experimental Section). Transparent
crystals were obtained with both acids and characterized by
multinuclear NMR spectroscopy. Solution NMR (119Sn,
1H, and 13C) clearly indicated that the same dimer is formed
[Sn(µ2-OiPr)(OiPr)(O2CR)2]2 (R = CH3 or C6H5). Solid-
state 119Sn NMR (CP-MAS) spectra were also recorded for
the benzoate (compound 2) and acetate (compound 3) de-
rivatives. The spectra exhibit a single, sharp, isotropic reso-
nance (δ = –757.3 and –759.5 ppm for 2 and 3, respectively)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 802–807804

very similar to the one reported for compound 1 and as-
signed to seven-coordinate tin atoms. Analysis of the spin-
ning side-band manifolds for both compounds yields the
same results, i.e. ζ = 280 ppm and η = 0.0. As for compound
1, the unique tin site of compounds 2 and 3 exhibits an
axial environment. The tin shielding anisotropy is slightly
smaller for compounds 2 and 3 than for 1. This feature
likely indicates that the tin environment in the acetate and
benzoate derivatives is less distorted than in the methacry-
late derivative.

Experiments with a carboxylate to tin ratio of 1 were also
performed with acetic and benzoic acid. Clear solutions
were obtained in toluene or THF and characterized by
119Sn NMR spectroscopy (Figure 3). For benzoic acid (in
THF), the 119Sn NMR spectrum shows two main reso-
nances of equal intensity (46% for each) at δ = –662.7 and
–683.4 ppm, both with coupling satellites, the magnitude
(180 Hz) and the intensity (17%)[19] of which are consistent
with two nonequivalent tin atoms bridged by two alkoxy
groups. The spectrum also shows minor resonances between
δ = –632 and –654 ppm (8% for all). For acetic acid (in
toluene), there are also two main resonances of equal inten-
sity (δ = –664.9 and –687.5 ppm, 48% each), but their width
prevented us from measuring the tin–tin scalar coupling
which, however, could exist. The remaining 4% of tin atoms
are located in a single minor resonance at δ = –645.3 ppm
that could be assigned to tin isopropoxide solvate.[18] Bear-
ing in mind that the tin starting material and the compound
formed with two carboxylates per tin atoms are both di-
mers, it is reasonable to hypothesize that the major species
formed with only one carboxylate per tin is also a dimer.
Such a dimer has to be made of two nonequivalent six-
coordinate tin atoms. Such a feature could arise from a mol-
ecular structure based on two edge-sharing octahedra {as
in [Sn(OiPr)·HOiPr]2}[11a] with a chelating carboxylate on
each tin (carboxylate/Sn = 1) but without any symmetry
operation between the two carboxylates. Another possibil-
ity would be a dimer built by chelation, through two bridg-
ing isopropoxy ligands, of [Sn(OiPr)4] by [Sn(OiPr)2-
(O2CR)2]. One tin atom would be coordinated by four ter-
minal and two bridging isopropoxy groups, while the other
would be coordinated by two chelating carboxylates and
two bridging isopropoxy ligands. At this stage, there is no
reason to prefer one possibility over the other.

Attempts were made to isolate the major compound by
crystallization at low temperature or solvent evaporation
and recrystallization. None of them were successful, but the
119Sn NMR spectrum (CDCl3) of the dried benzoate sam-
ple indicates a modification of the tin speciation. The peaks
at δ = –662.8 and –683.2 ppm, assigned to a dimer, now
account for only around 36% each, while two of the minor
peaks, located at δ = –643.9 and –655.1 ppm increase to
about 22 and 6%, respectively. The 1H and 13C spectra of
the same sample reveal complex patterns made up of many
different benzoates (at least six from the 13C carbonyl sig-
nals at around δ = 172 ppm) and isopropoxy groups (at
least ten from the 13C methyne signals between δ = 77 and
65 ppm).
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Figure 3. 119Sn NMR spectra (111.9 MHz) of [Sn(OiPr)4·HOiPr]2
with 2 equiv. of benzoic acid in THF (top) and 2 equiv. of acetic
acid in toluene (bottom).

Crystals of compounds 1, 2, and 3, which exhibit a car-
boxylate to tin ratio of 2, can be precipitated for initial ra-
tios smaller than 2. Therefore, some tin-containing species
must remain in solution. Their nature was studied in the
case of the benzoate derivative only. Compound 2 was pre-
pared, in toluene, with a benzoic acid to tin ratio of 1.5 and
the 119Sn NMR spectrum was recorded for the solution
once the crystals of 2 had been removed. The spectrum ex-
hibits the same resonances as those described for an experi-
ment with a benzoic acid to tin ratio of 1.0. It also shows
a small peak at around δ = –751 ppm that can be assigned
to compound 2. In conclusion, the tin-containing species
that remain in solution correspond mainly to the dimer
made of two nonequivalent tin atoms and discussed above.

The formation of carboxylate-modified metal–oxo clus-
ters upon treatment of metal alkoxides with carboxylic ac-
ids generally results from esterification reactions[20,21] that
can take place between free acid and released alcohol mole-
cules, which results in the slow generation of water in situ
for the controlled hydrolysis and condensation of the re-
maining alkoxy groups, or between a bonded carboxylate
and a bonded alkoxy group, which yields an M–O–M link
and an ester directly. Studies performed on titanium oxo-
acetate clusters have demonstrated that a very small in-
crease of the AcOH/Ti ratio favors the formation of more
condensed species. However, extreme conditions (e.g. solvo-
thermal synthesis) might be needed in order to force the
esterification process.[22] For instance, [SnO(OtBu)(OAc)]6,
a tin() carboxylate oxo cluster, can only be obtained by
refluxing [Sn(OtBu)4] and [Sn(OAc)4] in toluene, a nonco-
ordinating solvent.[9c] We tried several approaches to the
possible formation of well-defined methacrylate-modified
tin–oxo clusters with compound 1 as precursor. Solvother-
mal treatment or refluxing compound 1 in different solvents
(THF, DMF, toluene) gave gels or clear solutions. The 119Sn
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NMR spectra of the latter did not indicate any new reso-
nance that could be associated with the formation of new,
well-defined molecular species. Direct addition of various
amounts of water to compound 1 always yielded trans-
parent gels that are insoluble in organic solvents or turbid
solutions that did not show any significant signals in the
solution NMR spectra that could be linked back to a well-
defined methacrylate-modified tin–oxo clusters.

In an alternative approach to prepare well-defined, meth-
acrylate-modified tin–oxo clusters, syntheses were per-
formed with higher McOH/Sn molar ratios, i.e. 5 and 10.
In both cases a white precipitate was obtained. These pre-
cipitates are soluble in CDCl3 but their 119Sn NMR spectra
are silent and their 1H NMR spectra show only the pres-
ence of methacrylate ligands. The absence of any well-de-
fined 119Sn NMR resonance might be attributed to the for-
mation of ill-defined oxo polymers,[23] either by esterifica-
tion or parasitic hydrolysis, but in any case indicates clearly
that this alternative approach is not more successful for pre-
paring well-defined, methacrylate-modified tin–oxo clus-
ters.

Conclusions

The behavior of tin() isopropoxide towards the ad-
dition of different carboxylic acids (methacrylic, benzoic,
and acetic) has been studied. The nature of the carboxylic
acid does not affect the final result. Moreover, the solvent
(i.e. toluene or tetrahydrofuran) does not seem to play any
major role either. Thus, the main parameter is the carboxyl-
ate to metal molar ratio. For a ratio of 1, a dimer based
on hexacoordinate tin atoms is likely formed but its exact
structure remain unknown. For ratios between 1.4 and 2 the
compound [Sn(µ2-OiPr)(OiPr)(O2CR)2]2 [R = (CH3)CCH2,
C6H5, and CH3], based on heptacoordinate tin atoms, is
isolated. Ratios higher than 2 do not seem to yield well-
defined oxo species, as for titanium or zirconium,[21] but
probably result in the formation of ill-defined polymeric
species.

Studies with other tin() alkoxides are in progress to
check the influence of the nature of the alkoxide ligand on
the carboxylate substitution reactions.

Experimental Section
Synthesis: All the reactions were carried under inert atmosphere
using Schlenk tubes and vacuum-line techniques. The compound
[Sn(OiPr)4·HOiPr]2 was prepared by isopropanolysis of [Sn(OtBu)4],
which was obtained according to literature methods and purified
by vacuum distillation.[24] The reactions between tin() isopropox-
ide solvate and carboxylic acids were performed in toluene or tetra-
hydrofuran (THF) as tin() isopropoxide solvate shows little solu-
bility in its parent alcohol (2-propanol).

[Sn(OiPr)2(OMc)2]2 (OMc = methacrylate) (1): A solution of meth-
acrylic acid (1.22 g, 14.2 mmol) in THF (4.6 mL) was added to
[Sn(OiPr)4·HOiPr]2 (3.03 g, 3.7 mmol, McOH/Sn = 1.94). The re-
sulting clear solution was kept at –18 °C after stirring. Crystals of
1 were obtained after one week. For 1H and 13C NMR (C6D6,
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25 °C) data see Table 2. 119Sn NMR (C6D6, 25 °C): δ = –754.7 ppm
(2J119Sn,117Sn = 190 Hz, with satellites corresponding to 7.3% of the
total intensity). Yield: 76.7% (2.28 g). Compound 1 is highly solu-
ble in chloroform, dichloromethane, and benzene. It is poorly solu-
ble in acetonitrile, DMSO, and 2-propanol.

[Sn(OiPr)2(O2CC6H5)2]2 (2): A similar compound was obtained by
replacing methacrylic acid with benzoic acid. A solution of benzoic
acid (0.91 g, 7.5 mmol) in THF (6 mL) was added to [Sn(OiPr)4·
HOiPr]2 (2.00 g, 2.4 mmol, C6H5CO2H/Sn = 1.55). 1H NMR
(CDCl3, 25 °C): δ = 8.22 (d, 8 H, o-C6H5CO2), 7.67 (m, 4 H, p-
C6H5CO2), 7.49 (m, 8 H, m-C6H5CO2), 5.10 [sept, 3J1H-119/117Sn =
70 Hz, 2 H, OCH(CH3)2], 4.18 [sept, 3J1H-119/117Sn = 90 Hz, 2 H,
OCH(CH3)2], 1.37 [d, 12 H, OCH(CH3)2], 1.08 [d, 12 H,
OCH(CH3)2] ppm. 13C NMR (CDCl3, 25 °C): δ = 178.0
[2J13C-119/117Sn = 26 Hz, C6H5CO2], 134.0 (p-C6H5CO2), 131.5 (o-
C6H5CO2), 128.5 (m-C6H5CO2), 127.9 (3J13C-119/117Sn = 33 Hz,
i-C6H5CO2), 74.2 [2J13C-119/117Sn = 17 Hz, µ2-OCH(CH3)2], 66.5
[2J13C-119/117Sn = 54 Hz, OCH(CH3)2], 27.0 [3J13C-119/117Sn = 48 Hz,
OCH(CH3)2], 24.0 [µ2-OCH(CH3)2] ppm. 119Sn NMR (CDCl3, 25
°C): δ = –751.3 ppm (2J119Sn,117Sn = 180 Hz, with satellites corre-
sponding to 8.7% of the total intensity). Yield: 58.9% (1.354 g).[25]

Compound 2 is highly soluble in chloroform, dichloromethane, and
benzene. It is poorly soluble in acetonitrile, DMSO, and 2-propa-
nol.

[Sn(OiPr)2(O2CCH3)2]2 (3): A similar compound was obtained by
replacing methacrylic acid by acetic acid. A solution of acetic acid
(0.44 g, 7.4 mmol) in toluene (3 mL) was added to [Sn(OiPr)4·
HOiPr]2 (2.00 g, 2.4 mmol, CH3CO2H/Sn = 1.53). 1H NMR
(CDCl3, 25 °C): δ = 4.72 [sept, 3J1H-119/117Sn = 70 Hz, 2 H,
OCH(CH3)2], 4.10 [sept, 3J1H-119/117Sn = 90 Hz, 2 H, OCH(CH3)2],
2.18 (s, 12 H, O2CCH3) 1.35 [d, 12 H, OCH(CH3)2], 1.14 [d, 12 H,
OCH(CH3)2] ppm. 13C NMR (CDCl3, 25 °C): δ = 183.6
(2J13C-119/117Sn = 26 Hz, CH3CO2), 73.8 [2J13C-119/117Sn = 16 Hz, µ2-
OCH(CH3)2], 66.4 [2J13C-119/117Sn = 52 Hz, OCH(CH3)2], 27.0
[3J13C-119/117Sn = 47 Hz, OCH(CH3)2], 24.0 [µ2-OCH(CH3)2], 18.3
(3J13C-119/117Sn = 32 Hz, CH3CO2) ppm. 119Sn NMR (CDCl3, 25 °C):
δ = –748.4 ppm (2J119Sn,117Sn = 190 Hz, with satellites corresponding
to about 8% of the total intensity). Yield: 24.4% (0.418 g).[25] Com-
pound 3 is highly soluble in chloroform, dichloromethane, benzene
and poorly soluble in acetonitrile, DMSO, and 2-propanol.

Chemical Analyses: Despite numerous attempts, including sampling
under inert atmosphere, chemical analyses matching reasonably
well the expected results could not be obtained due to a too high
sensitivity of the sample to moisture. However, the 119Sn solid-state
and solution NMR (119Sn, 1H, and 13C) spectra indicate that the
samples are pure.

NMR Spectroscopy: 1H, 13C, and 119Sn solution NMR experiments
were performed on a Bruker AC300 spectrometer (300.13, 75.47,
and 111.92 MHz for 1H, 13C, and 119Sn, respectively). CDCl3 and
C6D6 were used as solvent and internal lock. 1H and 13C chemical
shifts are quoted relative to TMS, using the solvent or its proton-
ated impurities as secondary internal reference (1H: δ = 7.26 and
7.16 ppm for CHCl3 and C6HD5, respectively; 13C: δ = 77.16 and
128.06 ppm for CDCl3 and C6D6, respectively).[26] The 119Sn chemi-
cal shifts are quoted relative to external tetramethyltin (δ = 0 ppm).
To avoid the loss of quantitativity that can arise from the Nuclear
Overhauser effect, 119Sn-{1H} spectra were obtained with an in-
verse gated decoupling sequence (pulse of about 30°, recycling de-
lay set to 2 s for an acquisition/decoupling time of 0.18 s). 1H-1H
COSY and 1H-13C HMQC experiments were performed on a
Bruker Avance 400 spectrometer (400.13 and 100.61 MHz for 1H
and 13C, respectively).
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119Sn solid-state NMR (CP-MAS) spectra were recorded at room
temperature on a Bruker Avance 300 spectrometer (111.92 MHz
for 119Sn) equipped with a 4-mm locked Bruker probe. The chemi-
cal shifts are quoted relative to tetramethyltin (δ = 0 ppm) using
tetracyclohexyltin (δ = –97.35 ppm) as a secondary external refer-
ence. At least two different MAS speeds were used to locate the
isotropic chemical shifts unambiguously. The contact time was 3 ms
and the recycling delay 3 s. The chemical shielding tensor analyses
were performed according to Herzfeld and Berger[27] using the soft-
ware “dm2004”.[28] The results are reported as the isotropic chemi-
cal shift (δiso), the anisotropy (ζ = σ33 – σiso), and the asymmetry
(η = |σ22 – σ11|/|ζ|), with δiso = –(σ11 + σ22 + σ33)/3 = –σiso and the
principal components of the tensor labeled according to |σ33 – σiso|
� |σ11 – σiso| � |σ22 – σiso|.

Crystal Structure Determination: A single crystal of the moisture-
sensitive compound 1 was selected, rapidly mounted on a glass fi-
ber, and transferred into a cold nitrogen gas stream. Diffraction
data were collected on a Nonius KappaCCD diffractometer at
123 K. Unit-cell parameters determination, data collection, and in-
tegration were carried out with the Nonius EVAL-14 suite of pro-
grams.[29] The data were corrected for absorption by a multi-scan
method.[30] The structure was solved by direct methods with
SHELXS-86,[31] refined by full-matrix least-squares on F2 and com-
pleted with SHELXL-97.[32] Graphics were produced with DIA-
MOND.[33] All non-H atoms were refined with anisotropic dis-
placement parameters and H atoms were simply introduced at cal-
culated positions (riding model).
C28H48O12Sn2, M = 814.04, monoclinic, a = 11.1180(10), b =
11.1316(10), c = 14.3234(13) Å, β = 101.36°, V = 1737.9(3) Å3, T
= 123(2) K, P21/n, Z = 2, dcalcd. = 1.556 gcm–3, λ(Mo-Kα) =
0.71073, µ(Mo-Kα) = 1.492 mm–1, 28539 reflections measured, 6040
unique (Rint = 0.0791) which were used in all calculations. The final
wR(F)2 was 0.0770 (all data).

CCDC-256335 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.
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The reaction of [Ge{C(C5H4N-2)C(Ph)N(SiMe3)2}{N(SiMe3)-
C(Ph)C(SiMe3)(C5H4N-2)}] (1) and [Ge{N(SiMe3)C(Ph)-
C(SiMe3)(C5H4N-2)}Cl] (2) with stoichiometric amounts of el-
emental chalcogens in toluene affords [Ge(E){C(C5H4N-2)-
C(Ph)N(SiMe3)2}{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}] [E = S

Introduction

Compounds containing a double bond between group 14
and 16 elements are considered to be unstable due to the
weak pπ–pπ bonding.[1] Nevertheless, stable chalcogenoger-
mane and -stannane (�M=E) (M = Ge, Sn; E = S, Se, Te)
complexes have been isolated in the past few years.[2] These
compounds are either base-stabilized or stabilized by steri-
cally bulky protecting group. For example, [{η4-
Me8taa}M=E] (M = Ge, Sn; E = S, Se; η4-Me8taa = octa-
methyldibenzotetraaza[14]annulene),[3] [(Tbt)(Tip)Ge=E]
{Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl; Tip =
2,4,6-triisopropylphenyl; E = S, Se, Te},[4] and [RN

2M=E]
[RN = CPh(SiMe3)C5H4N-2; M = Ge; E = S, Se, Te; RN =
CH(SiMe3)C9H6N-8; M = Sn; E = S, Se, Te][5] have been
reported. In contrast, chalcogeno group 14 metal halide
complexes [RM(E)X] are rare, and to date only the com-
plexes [{HC(CMeNAr)2}Ge(E)X] (Ar = 2,6-iPr2C6H3, Ph;
E = S, Se; X = F, Cl) have been prepared and structurally
characterized.[6]

Recently, we have reported the synthesis of
[Ge{C(C5H4N-2)C(Ph)N(SiMe3)2}{N(SiMe3)C(Ph)C(SiMe3)-
(C5H4N-2)}] and [Ge{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}-
Cl] from the reaction of GeCl2·dioxane with the [3-(pyrid-
2-yl)-1-azaallyl]lithium complex [Li{N(SiMe3)C(Ph)C(R)-
(C5H4N-2)}]2.[7] Herein, we report the synthesis of chalco-
genogermanium complexes from the direct reaction of these
complexes with elemental chalcogens.

Results and Discussion

The reaction of [Ge{C(C5H4N-2)C(Ph)N(SiMe3)2}-
{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}] (1) with a stoichio-
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Shatin, New Territories, Hong Kong, China
E-mail: kevinleung@cuhk.edu.hk

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 808–812808

(3), Se (4)] and [Ge(E){N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}Cl]
[E = S (5), Se (6)], respectively. Compounds 3–6 were charac-
terized by X-ray analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

metric amount of elemental chalcogen in toluene afforded
the thermally stable germanethione 3 and -selone 4
(Scheme 1). Similarly, treatment of [Ge{N(SiMe3)C(Ph)-
C(SiMe3)(C5H4N-2)}Cl] (2) with an equimolar amount of
elemental chalcogen in toluene gave the thermally stable
complexes [Ge(E){N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}Cl]
[E = S (5), Se (6)] (Scheme 2).

Scheme 1.

Scheme 2.

Compounds 3–6 are yellow, crystalline solids that are sol-
uble in Et2O, toluene, and THF and sparingly soluble in
hydrocarbon solvents. The 13C NMR spectra of 3 and 4
display three sharp singlets assignable to the three types of
SiMe3 groups, consistent with the solid-state structure. The
1H and 13C NMR spectra of 5 and 6 show a similar pattern
and display one set of signals due to the 3-(pyrid-2-yl)-1-
azaallyl ligand.
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The 77Se NMR spectrum of 4 displays a singlet at δ =

–28.63 ppm, whereas the 77Se NMR spectrum of 6 displays
a singlet at δ = –266.21 ppm, which is similar to that found
for [{HC(CMeNAr)2}Ge(Se)Cl] (Ar = 2,6-iPr2C6H3; δ =
–228 ppm). The values for 4 and 6 lie between those
of [Ge{(NSiMe3)2}2(µ-Se)]2 (δ = –476.0 ppm)[8] and
[(Tbt)(Tip)Ge=Se] (δ = 940 ppm).[4b] We suggest that 4 and
6 exist as intermediates between the resonance forms A and
B in solution (Scheme 3).

Scheme 3.

The molecular structures, with the atom-numbering
schemes, of compounds 3 and 6 are shown in Figures 1 and
2, respectively. Selected bond lengths and angles of com-
plexes 3/4 and 5/6 are listed in Tables 1 and 2, respectively.

Compounds 3 and 4 are isostructural. The germanium
center is bonded to an [2-(pyrid-2-yl)ethenyl]amido-N,N�
chelate and an η1-alkenyl ligand in a tetrahedral geometry,
with the chalcogen atom occupying the axial position.
Compounds 5 and 6 are also isostructural, and the geome-
try around the germanium center is also tetrahedral.

The Ge–S distance of 2.094(8) Å in 3 is similar to that
of 2.11 Å in [{η4-Me8taa}Ge=S][3a] and 2.063(3) Å in
[(Tbt)(Tip)Ge=S],[4a] and the Ge–S distance of 2.056(2) Å
in 5 is comparable to that of 2.053(6) Å in [{HC(CMe-
NAr)2}Ge(S)Cl] (Ar = 2,6-iPr2C6H3).[6a] The Ge–S dis-
tances in 3 and 5 are close to the calculated value for a
Ge=S bond (2.06 Å).[9] This suggests that the resonance
structure A contributes more than the resonance B
(Scheme 3) in compounds 3 and 5.

Figure 1. Molecular structure of 3.
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Figure 2. Molecular structure of 6.

The Ge–Se distance of 2.223(9) Å in 4 is similar to that
of 2.247(7) Å in [{C(SiMe3)2C5H4N-2}2Ge=Se][10] and
2.247(1) Å in [{η4-Me8taa}Ge=Se],[3a] and the Ge–Se dis-
tance of 2.191(1) Å in 6 is comparable to that of 2.210(1) Å
in [{HC(CMeNPh)2}Ge(Se)Cl].[6b] The Ge–Se bond length
in 4 lies between the calculated values for a Ge–Se single
(2.39 Å) and double bond (2.19 Å), suggesting that the type
of Ge–Se bonding in 4 lies somewhere between the reso-
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Table 1. Selected bond lengths [Å] and angles [°] for compounds 3
and 4.

3

Ge–S 2.094(8) Ge–N(2) 1.878(17)
Ge–N(1) 1.999(17) Ge–C(25) 1.969(19)
C(25)–C(26) 1.349(3) N(4)–C(26) 1.435(2)
N(4)–Si(4) 1.768(18) Si(3)–N(4) 1.764(18)
C(12)–C(25) 1.482(3) C(17)–C(26) 1.498(3)
N(1)–C(1) 1.357(3) C(1)–C(23) 1.466(3)
C(23)–C(24) 1.382(3) N(2)–C(24) 1.388(3)
Si(1)–C(23) 1.902(2) Si(2)–N(2) 1.778(7)
N(2)–Ge–C(25) 108.4(8) N(2)–Ge–N(1) 89.0(7)
C(25)–Ge–N(1) 109.1(8) N(2)–Ge–S 121.2(6)
C(25)–Ge–S 117.8(6) N(1)–Ge–S 106.9(6)
C(1)–N(1)–Ge 118.8(1) N(1)–C(1)–C(23) 121.2(2)
C(24)–C(23)–C(1) 124.3(2) N(4)–C(26)–C(17) 114.3(2)
C(25)–C(26)–N(4) 124.3(2) C(26)–N(4)–Si(3) 119.0(2)

4

Ge–Se 2.223(9) Ge–N(2) 1.873(3)
Ge–N(1) 1.996(3) Ge–C(23) 1.976(4)
N(2)–C(26) 1.402(6) C(25)–C(26) 1.399(6)
C(5)–C(25) 1.465(7) N(1)–C(5) 1.365(6)
C(18)–C(23) 1.502(5) C(23)–C(24) 1.345(5)
C(12)–C(24) 1.490(6) N(4)–C(24) 1.441(4)
Si(2)–N(4) 1.757(4) Si(1)–N(4) 1.767(3)
Si(3)–N(2) 1.762(4) Si(4)–C(25) 1.894(5)
C(6)–C(26) 1.490(6)
N(2)–Ge–C(23) 109.7(2) N(2)–Ge–N(1) 88.9(1)
C(23)–Ge–N(1) 109.0 (2) N(2)–Ge–Se 120.6(1)
C(23)–Ge–Se 116.6(1) N(1)–Ge–Se 108.0(1)
C(18)–C(23)–Ge 111.4(3) C(24)–C(23)–C(18) 124.1(3)
C(23)–C(24)–C(12) 120.5(3) N(4)–C(24)–C(12) 114.9(3)
C(24)–N(4)–Si(1) 118.3(3) Si(2)–N(4)–Si(1) 122.1(2)
C(24)–C(23)–Ge 122.3(3) C(26)–N(2)–Ge 113.3(3)
C(26)–N(2)–Si(3) 122.8(2) Si(3)–N(2)–Ge 121.8(2)
C(25)–C(26)–C(6) 118.5(4) C(25)–C(26)–N(2) 125.2(4)
C(26)–C(25)–C(5) 117.6(4) N(1)–C(5)–C(25) 120.6(4)

Table 2. Selected bond lengths [Å] and angles [°] for compounds 5
and 6.

[Ge(E){N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}Cl]
E = S (5) E = Se (6)

Ge(1)–E(1) 2.056(2) 2.191(1)
Ge(1)–Cl(1) 2.180(2) 2.179(2)
Ge(1)–N(2) 1.840(4) 1.823(5)
N(2)–C(10) 1.392(6) 1.410(7)
C(6)–C(10) 1.388(7) 1.362(7)
C(5)–C(6) 1.475(8) 1.465(7)
C(5)–N(1) 1.345(7) 1.357(8)
N(1)–Ge(1) 1.952(5) 1.947(5)
N(1)–Ge(1)–N(2) 94.0(2) 94.5(2)
E(1)–Ge(1)–Cl(1) 116.1(8) 116.1(8)
N(2)–Ge(1)–E(1) 124.5(1) 125.8(1)
N(2)–Ge(1)–Cl(1) 103.5(2) 103.1(2)
Ge(1)–N(2)–C(10) 113.3(3) 112.9(3)
N(2)–C(10)–C(6) 124.5(5) 124.2(5)
C(10)–C(6)–C(5) 120.0(5) 120.1(5)
C(5)–N(1)–Ge(1) 119.0(4) 117.9(3)
N(1)–Ge(1)–Cl(1) 99.2(2) 99.7(2)
N(1)–Ge(1)–E(1) 114.9(2) 112.9(1)

nance structures A and B. The short Ge–Se distance in 6
indicates a double bond between germanium and selenium
in the solid state.
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The Ge–Cl distances of 2.180(2) Å in 5 and 2.179(2) Å
in 6 are shorter than that of 2.283(9) Å in 2. Similarly, the
Ge–Namide distances [1.878(17) (3), 1.873(3) (4), 1.840(4)
(5), 1.823(5) Å (6)] are shorter than those in the corre-
sponding parent complexes [1.942(17) (1), 1.920(2) Å (2)].[7]

This is because the germanium center in 3–6 has a higher
oxidation state.

Conclusions

A series of chalcogeno[2-(pyrid-2-yl)-1-azaallyl]germa-
nium complexes has been synthesized, namely [Ge(E)-
{C(C5H4N-2)C(Ph)N(SiMe3)2}{N(SiMe3)C(Ph)C(SiMe3)-
(C5H4N-2)}] [E = S (3), Se (4)] and [Ge(E){N(SiMe3)C(Ph)-
C(SiMe3)(C5H4N-2)}Cl] [E = S (5), Se (6)]. The Ge–E bond
lengths in compounds 3–6 are indicative of a formal double
bond or a Ge–E σ-bond with significant ionic charac-
ter.[6a,6b]

Experimental Section
General Remarks: All manipulations were carried out under dini-
trogen by standard Schlenk techniques. Solvents were dried with,
and distilled from, CaH2 (hexane) and/or Na (Et2O, toluene and
THF). Anhydrous S and Se were purchased from Aldrich Chemi-
cals and used without further purification. [Ge{C(C5H4N-2)C(Ph)-
N(SiMe3)2}{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}] (1) and
[Ge{N(SiMe3)C(Ph)C(SiMe3)-(C5H4N-2)}Cl] (2) were prepared ac-
cording to literature procedures.[7] The 1H, 13C, and 77Se NMR
spectra were recorded with Bruker WM-300 or Varian 400 instru-
ments. All spectra were recorded in [D8]THF, and the chemical
shifts are given relative to SiMe4 (1H, 13C) or Se2Me2 (77Se).

[{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}{C(C5H4N-2)C(Ph)N(Si-
Me3)2}Ge=S] (3): A solution of 1 (0.73 g, 0.97 mmol) in toluene
(30 mL) was added slowly to a suspension of sulfur (0.03 g,
0.97 mmol) in toluene (25 mL) at 0 °C. The yellow mixture was
warmed to room temperature and stirred at room temperature for
16 h. The precipitate was filtered and the filtrate was concentrated
to yield yellow crystals of 3. Yield: 0.23 g (30%); m.p. 222–226 °C
(dec.). C38H54GeN4SSi4 (783.9): calcd. C 58.22, H 6.94, N 7.14;
found C 58.12, H 7.03, N 7.29. 1H NMR (300 MHz, [D8]THF,
25 °C): δ = –0.40 (s, SiMe3, 9 H), –0.12 (s, SiMe3, 9 H), –0.06 (s,
SiMe3, 9 H), –0.03 (s, SiMe3, 9 H), 6.70 (t, J = 6.5 Hz, py, 1 H),
7.21–7.32 (m, Ph, 5 H), 7.34–7.37 (m, py, 1 H), 7.40–7.47 (m, Ph,
5 H), 7.61–7.65 (m, py, 1 H), 7.77–7.79 (m, py, 1 H), 8.35 (d, J =
5.7 Hz, py, 1 H), 8.47 (d, J = 4.5 Hz, py, 1 H), 8.53 (d, J = 4.8 Hz,
py, 1 H), 8.78 (d, J = 6 Hz, py, 1 H) ppm. 13C{1H} NMR
(300 MHz, [D8]THF, 25 °C): δ = 1.76, 2.23, 2.76 (SiMe3), 94.46
(CSiMe3), 111.70, 119.02, 125.05, 128.49, 130.81, 132.08, 133.10,
134.44, 137.29, 140.76, 143.45, 145.18, 146.21, 147.81, 151.83,
157.03, 160.04, 162.42 (Ph and py), 163.95 (pyCGe), 164.26, 165.64
(NCPh) ppm.

[{N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}{C(C5H4N-2)C(Ph)N(Si-
Me3)2}Ge=Se] (4): A solution of 1 (0.75 g, 1.00 mmol) in toluene
(15 mL) was added to a stirred suspension of selenium powder
(0.08 g, 1.00 mmol) in toluene (15 mL) at 0 °C. The resultant yel-
lowish-orange solution was warmed to room temperature and
stirred for 18 h. Unreacted selenium powder was removed by fil-
tration. The filtrate was concentrated and stored at –30 °C. Com-
pound 4 was obtained as yellow crystals. Yield: 0.50 g (60%); m.p.
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Table 3. Crystallographic data for compounds 3–6.

3 4 5 6

Empirical formula C38H54GeN4SSi4 C38H54GeN4Si4Se C19H27ClGeN2SSi2 C19H27ClGeN2Si2Se
Formula mass 783.86 832.78 479.71 526.61
Color yellow yellow yellow yellow
Crystal system triclinic triclinic monoclinic triclinic
Space group P1̄ P1̄ C2/c P1̄
a [Å] 11.290(2) 11.380(2) 33.234(3) 6.7285(13)
b [Å] 12.724(3) 12.722(3) 6.5646(3) 11.154(2)
c [Å] 15.977(3) 16.049(3) 21.5209(3) 16.577(3)
α [°] 77.49(3) 77.12(3) 90 86.17(3)
β [°] 89.89(3) 89.53(3) 90.750(2) 88.45(3)
γ [°] 72.51(3) 72.42(3) 90 76.08(3)
V [Å3] 2132.1(7) 2154.9(7) 4694.8(6) 1204.8(4)
Z 2 2 8 2
dcalcd. [g cm–3] 1.221 1.283 1.357 1.452
µ [mm–1] 0.910 1.697 1.616 2.998
F(000) 828 868 1984 532
Crystal size [mm] 0.48×0.46×0.38 0.30×0.21×0.13 0.50×0.40×0.20 0.50×0.40×0.30
2θ range [°] 2.13–24.99 1.73–25.00 1.23–28.72 1.23–25.60
Index range –13 � h � 12 –13 � h � 13 –38 � h � 44 –7 � h � 7

–15 � k � 0 –14 � k � 15 –8 � k � 8 –13 � k � 0
–18 � l � 18 0 � l � 19 –27 � l � 29 –20 � l � 19

No. of reflections collected 7488 4741 16056 3778
No. of independent reflections 5814 3833 6019 3778
R1, wR2 [I � 2σ(I)] 0.0496, 0.1366 0.0771, 0.1983 0.0668, 0.1534 0.0722, 0.1955
R1, wR2 (all data) 0.0739, 0.1495 0.0972, 0.2149 0.1606, 0.2041 0.0771, 0.2043
Goodness of fit (F2) 1.025 1.067 0.949 1.082
No. of data/restraints/parameters 7488/0/434 4741/0/447 6019/0/235 3778/0/235
Largest difference peaks [eÅ–3] 0.582/–0.703 0.910/–0.610 1.169/–0.582 1.029/–1.399

233–236 °C (dec.). C38H54GeN4Si4Se (830.8): calcd. C 54.94, H
6.55, N 6.75; found C 55.07, H 6.63, N 6.94. 1H NMR (300 MHz,
[D8]THF, 25 °C): δ = –0.30 (s, SiMe3, 9 H), –0.21 (s, SiMe3, 9 H),
–0.17 (s, SiMe3, 9 H), 0.00 (s, SiMe3, 9 H), 6.87–6.90 (m, py, 1 H),
6.91–6.94 (m, py, 1 H), 7.05–7.14 (m, Ph, 5 H), 7.16–7.18 (m, py,
1 H), 7.25–7.27 (m, py, 1 H), 7.33–7.38 (m, Ph, 5 H), 7.48–7.52 (m,
py, 1 H), 7.67 (t, J = 6.9 Hz, py, 1 H), 7.98 (d, J = 4.8 Hz, py, 1
H), 8.27 (d, J = 3.9 Hz, py, 1 H) ppm. 13C{1H} NMR (300 MHz,
[D8]THF, 25 °C): δ = 2.31, 2.77, 2.86 (SiMe3), 114.60 (CSiMe3),
118.94, 119.46, 124.54, 124.69, 127.60, 127.95, 128.33, 129.08,
130.99, 131.59, 135.63, 137.93, 144.30, 145.67, 147.59, 148.31,
150.69, 153.95 (Ph and py), 156.32 (pyCGe), 167.06, 171.49
(NCPh) ppm. 77Se NMR (400 MHz, [D8]THF, 25 °C): δ =
–28.63 ppm.

[Ge(S){N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}Cl] (5): A solution of
2 (0.48 g, 1.07 mmol) in toluene (15 mL) was added to a stirred
suspension of sulfur powder (0.035 g, 1.09 mmol) in toluene
(15 mL) at 0 °C. The resultant yellowish-orange solution was
warmed to room temperature and stirred for 18 h. The precipitate
was filtered and the filtrate was concentrated to yield yellow crys-
tals of 5. Yield: 0.28 g (54%); m.p. 250–252 °C. C19H27ClGeN2SSi2
(479.7): calcd. C 47.63, H 5.68, N 5.85; found C 47.36, H 5.10, N
5.85. 1H NMR (300 MHz, [D8]THF, 25 °C): δ = –0.14 (s, SiMe3, 9
H), 0.00 (s, SiMe3, 9 H), 7.42–7.49 (m, 1 H, 5-py), 7.49–7.69 (m, 5
H, Ph), 7.75–7.78 (m, 1 H, 3-py), 8.25–8.26 (m, 1 H, 4-py), 9.26–
9.28 (m, 1 H, 6-py) ppm. 13C{1H} NMR (300 MHz, [D8]THF,
25 °C): δ = 1.80, 3.11 (SiMe3), 116.01 (CSiMe3), 123.73, 128.65,
129.46, 131.48, 131.89, 132.14, 142.11, 144.80, 157.63 (Ph and py),
164.83 (NCPh) ppm.

[Ge(Se){N(SiMe3)C(Ph)C(SiMe3)(C5H4N-2)}Cl] (6): A solution of
2 (0.50 g, 1.12 mmol) in toluene (15 mL) was added to a stirred
suspension of selenium powder (0.089 g, 1.13 mmol) in toluene
(15 mL) at 0 °C. The resultant yellowish-orange solution was
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warmed to room temperature and stirred for 18 h. The precipitate
was filtered and the filtrate was added to 5 mL of CH2Cl2 and
concentrated to yield yellow crystals of 5. Yield: 0.35 g (60%); m.p.
198–200 °C. C19H27ClGeN2Si2Se•1/2CH2Cl2 (569.1): calcd. C
41.15, H 4.96, N 4.96; found C 41.41, H 5.17, N 5.17. 1H NMR
(300 MHz, [D8]THF, 25 °C): δ = –0.15 (s, SiMe3, 9 H), –0.01 (s,
SiMe3, 9 H), 7.42–7.52 (m, 1 H, 5-py), 7.58–7.72 (m, 5 H, Ph),
7.75–7.77 (m, 1 H, 3-py), 8.24–8.25 (m, 1 H, 4-py), 9.34–9.36 (m,
1 H, 6-py) ppm. 13C{1H} NMR (300 MHz, [D8]THF, 25 °C): δ =
1.74, 3.47 (SiMe3), 116.47 (CSiMe3), 122.70, 127.50, 128.63, 129.52,
131.48, 132.19, 142.73, 144.83, 157.28 (Ph and py), 164.65 (NCPh)
ppm. 77Se NMR (400 MHz, [D8]THF, 25 °C): δ = –266.21 ppm.

X-ray Crystallographic Study: Single crystals were sealed in Linde-
mann glass capillaries under nitrogen. X-ray data of 3–6 were col-
lected with a Rigaku R-AXIS II imaging plate using graphite-mo-
nochromated Mo-Kα radiation (λ = 0.71073 Å) from a rotating-
anode generator operating at 50 kV and 90 mA. Crystal data for
3–6 are summarized in Table 3. The structures were solved by direct
phase determination using the computer program SHELXTL-
PC[11] with a PC 486 and refined by full-matrix least-squares with
anisotropic thermal parameters for the non-hydrogen atoms. Hy-
drogen atoms were introduced in their idealized positions and in-
cluded in structure factor calculations with assigned isotropic
temperature factor calculations. CCDC-292827 (3), -292825 (4)
-292826 (5), and -292824 (6) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgments

This work was supported by the Hong Kong Research Grants
Council (project no. CUHK 4265-00P).



W.-P. Leung, K.-H. Chong, Y.-S. Wu, C.-W. So, H.-S. Chan, T. C. W. MakFULL PAPER

[1] J. Barrau, J. Escudié, J. Satgé, J. Chem. Rev. 1990, 90, 283.
[2] For selected reviews and examples of chalcogenones, see: a)

P. P. Power, Chem. Rev. 1999, 99, 3463; b) N. Tokitoh, R. Oka-
zaki, Adv. Organomet. Chem. 2001, 47, 121; c) R. Okazaki, N.
Tokitoh, Acc. Chem. Res. 2000, 33, 625; d) M. Veith, S. Becker,
V. Huch, Angew. Chem. Int. Ed. Engl. 1989, 28, 1237; e) S. R.
Foley, C. Bensimon, D. S. Richeson, J. Am. Chem. Soc. 1997,
119, 10359; f) T. Matsumoto, N. Tokitoh, R. Okazaki, J. Am.
Chem. Soc. 1999, 121, 8811; g) N. Tokitoh, M. Saito, R. Oka-
zaki, J. Am. Chem. Soc. 1993, 115, 2065; h) Y. Matsuhashi,
N. Tokitoh, R. Okazaki, M. Goto, Organometallics 1993, 12,
2573.

[3] a) M. C. Kuchta, G. Parkin, J. Chem. Soc., Chem. Commun.
1994, 1351; b) M. C. Kuchta, G. Parkin, J. Am. Chem. Soc.
1994, 116, 8372.

[4] a) N. Tokitoh, T. Matsumoto, K. Manmaru, R. Okazaki, J.
Am. Chem. Soc. 1993, 115, 8855; b) T. Matsumoto, N. Tokitoh,
R. Okazaki, Angew. Chem. Int. Ed. Engl. 1994, 33, 2316; c) N.
Tokitoh, T. Matsumoto, R. Okazaki, J. Am. Chem. Soc. 1997,
119, 2337.

[5] a) W.-P. Leung, W.-H. Kwok, Z.-Y. Zhou, T. C. W. Mak,
Organometallics 2000, 19, 296; b) W.-P. Leung, W.-H. Kwok,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 808–812812

L. T. C. Law, Z.-Y. Zhou, T. C. W. Mak, Chem. Commun. 1996,
505.

[6] a) Y. Ding, Q. Ma, H. W. Roesky, I. Usón, M. Noltemeyer,
H. G. Schmidt, Dalton Trans. 2003, 1094; b) Y. Ding, Q. Ma,
I. Usón, H. W. Roesky, M. Noltemeyer, H. G. Schmidt, J. Am.
Chem. Soc. 2002, 124, 8542; c) I. Saur, G. Rima, H. Gornitzka,
K. Miqueu, J. Barrau, Organometallics 2003, 22, 1106.

[7] W.-P. Leung, C.-W. So, Y.-S. Wu, H.-W. Li, Eur. J. Inorg. Chem.
2005, 3, 513.

[8] P. B. Hitchcock, E. Jang, M. F. Lappert, J. Chem. Soc., Dalton
Trans. 1995, 3179.

[9] L. Pauling The Nature of The Chemical Bond, 3rd ed., Cornell
University Press, Ithaca, N.Y., 1960, p. 224.

[10] G. Ossig, A. Meller, C. Brönneke, O. Müller, M. Schäfer, R.
Herbst-Irmer, Organometallics 1997, 16, 2116.

[11] G. M. Sheldrick, in Crystallographic Computing 3: Data Collec-
tion, Structure Determination, Proteins, and Databases (Eds.:
G. M. Sheldrick, C. Kruger, R. Goddard), Oxford University
Press, New York, 1985, p. 175.

Received: August 11, 2005
Published Online: December 27, 2005



FULL PAPER

DOI: 10.1002/ejic.200500730

Synthesis and X-ray Crystal Structures of the New, Three-Dimensional
Ethylenediphosphonates [A{HO3P(CH2)2PO3H2}] (A = Alkali Metal, Tl, or

NH4): Solid Brönsted Acids That Exhibit Topotactic Intercalation and
Deintercalation of Ammonia

Koya Prabhakara Rao[a] and Kanamaluru Vidyasagar*[a]

Keywords: Intercalation / Organic–inorganic hybrid composites / Phosphonates / X-ray diffraction

Seven new ethylenediphosphonates with the formula
[A{HO3P(CH2)2PO3H2}] [A = Li (1), Na (2), K (3), Rb (4), Cs
(5), Tl (6), and NH4 (7)], have been synthesized and charac-
terized by single-crystal X-ray diffraction, infrared spec-
troscopy, and thermal studies. They have four types of three-
dimensional structures, with variations in the coordination of

Introduction

Metal organophosphonates are a class of organic–inor-
ganic hybrid materials in which the organophosphonate
groups are covalently bonded to the metal inorganic back-
bone. In the recent past, there has been a renewed interest
and activity in the research area of metal organophosphon-
ates,[1–6] mainly due to their varied compositions, structural
diversity, and potential applications,[7–11] for example, as
sorbents, ion-exchangers, sensors, and catalysts. The expan-
sion of metal organophosphonate chemistry includes phos-
phonates[12–15] and diphosphonates[16–18] of s-, p-, d- and f-
block metals, and the structures reported for these com-
pounds can be broadly classified into two categories,
namely zero-dimensional types, such as mononuclear and
complex molecular clusters, and extended framework types
like one-, two-, and open three-dimensional networks. Low-
dimensional structures such as chains and layers are mostly
observed for compounds of the second type due to the seg-
regation of hydrophobic regions of the organic moieties
from the rest of the framework.

The solid-state chemistry of diphosphonates[16–18] is an
emerging area of research, and several investigations con-
cerning the synthesis, structures, and properties of di-, tri-,
and tetravalent metal diphosphonates with extended frame-
works,[16–18] such as (VO)2[CH2(PO3)2]·4H2O, [Ti3O2-
(H2O)2(O3PCH2PO3)2]·(H2O)2, [Al2{(O3PCH2CH2PO3)}-
(H2O)2F2]·H2O, [Al2{(O3PC2H4PO3)1–x(HPO3)2x}(H2O)2F2]·
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the A+ ions. All of them are solid Brönsted acids that undergo
room-temperature, acid–base intercalation reactions with
ammonia.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

H2O (0 � x � 0.32), [Al2(OH)2(H2O)2(O3PCH2CH2PO3)],
[Ga2{(O3PCH2CH2PO3)}(H2O)2F2]·2H2O, [Sb2{O(O3P-
CH2PO3H)}], [Ni4(O3PCH2PO3)2]·(H2O)n (n = 3, 2, 0),
[Cr2{O3P-(CH2)2-PO3}2]·3H2O, [Cu2{(O3PCH2CH2PO3)-
(H2O)2}], [Cu2{(O3PC3H6PO3)(H2O)2}]·H2O, [Cu2{(O3P-
C4H8PO3)(H2O)2}]·2H2O, [Cu2{(O3PC5H10PO3)(H2O)2}]·
2.8H2O, [Zn2{(O3PCH2CH2PO3)2(H2O)}], [Zn2{(O3P-
C3H6PO3)}], [Co2(O3PCH2PO3)]·H2O, [Fe2{(O3PCH2-
CH2PO3)}], and [Fe2{(O3PCH2CH2PO3)}]·2H2O, have
been reported. These examples illustrate the structural di-
versity and the compositional variations, with different ra-
tios of metal to diphosphonates, inclusion of F–, O2–, and/
or H2O in the coordination sphere of the metals, and di-,
tri-, and tetraanionic forms of diphosphonic acids with dif-
ferent alkyl chain lengths. One noteworthy feature of all
these alkyl diphosphonates is their insolubility in water,
which enables their isolation as precipitates from aqueous
solutions.

Among the many diphosphonates reported, there are
only a few reports[18] of compounds with a metal to diphos-
phonic acid ratio of 1:1. These include [Ti{O3P(CH2)nPO3}]
(n = 2, 3), [LnH{O3P(CH2)nPO3}] (n = 1–3), [Sb{O3P-
(CH2)nPO3H}] (n = 2, 3), and [Sn(HO3PCH2PO3H)]. These
tri- and divalent metal compounds contain (HO3PCH2-
PO3H)2– and (HO3PCH2PO3)3– anions and are, therefore,
potential solid Brönsted acids. However, there are no re-
ports of the intercalation properties of these diphosphon-
ates. It is in this context that 1:1 diphosphonates of mono-
valent metals, [A{HO3P(CH2)nPO3H2}], are envisaged to be
strong, solid Brönsted acids that can undergo intercalation
with bases. Only two monovalent metal diphosphonates,
namely [Ag4{O3P(CH2)2PO3}] and [Na{HO3PCH2PO3H2}],
have been reported[19] so far. We have recently synthe-
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sized[20] seven new, low-dimensional 1:2 phenylphosphona-
tes of monovalent metals, [A(HO3PPh)(H2O3PPh)] (A = Li,
Na, K, Rb, Cs, NH4, and Tl). These solid Brönsted acids
undergo intercalation of amines and ammonia and, in a few
cases, to the largest extent ever known. In view of these
observations, we have undertaken a study of 1:1 metal alkyl
diphosphonates of alkali and thallium metals and ammo-
nium. We report here the successful synthesis, characteriza-
tion, and ammonia-intercalation of the new, water-soluble
ethylene diphosphonates [A{HO3P(CH2)2PO3H2}] [A = Li
(1), Na (2), K (3), Rb (4), Cs (5), Tl (6), and NH4 (7)].

Results and Discussion

X-ray Diffraction and Crystal Structures

The observed powder XRD patterns for all the seven
structurally characterized [A{HO3P(CH2)2PO3H2}] com-
pounds agree with those simulated with the LAZY-PUL-
VERIX program[21] on the basis of single-crystal X-ray
structures, thus indicating the single-phase nature of the
samples. However, the observed relative intensities of some
of the reflections are different from those calculated due to
the preferential orientation of the crystallites. The crystal
structures of ethylenediphosphonates 1–7 can be broadly
classified into four structural types, namely those of com-
pounds 1, 2, 3, and 7. From the point of view of A-P-O
frameworks the sodium compound is two-dimensional,
whereas the others are all one-dimensional compounds.
However, these frameworks are connected three-dimension-
ally by the ethylene moiety.

[Li{HO3P(CH2)2PO3H2}] (1) contains half of one unit
formula in the asymmetric unit. The lithium atom sits on a
twofold axis and is tetrahedrally bonded to four O(1) atoms,
which are near the inversion center 4b. Each LiO(1)4 tetra-
hedron shares two edges with two such tetrahedra to form
“LiO2” chains parallel to the c-axis (Figure 1). O(1) is
bonded to two Li atoms, and each diphosphonate, in turn,
is bonded to four Li atoms, linking two such “LiO2”chains.
The ethylenediphosphonate groups connect these chains
three-dimensionally. The four phosphonate moieties of dif-
ferent diphosphonates are positioned near the inversion
center 4a such that O(3)–H(3) forms a hydrogen bond with
O(2) and the other acidic hydrogen atom, H(2), at the inver-
sion center is between two O(2) atoms, as shown in the en-
circled region of Figure 1. This unique region of space
could be conceived as being porous. To the best of our
knowledge this is the first lithium diphosphonate.

[Na{HO3P(CH2)2PO3H2}] (2) contains two formula
units in the asymmetric unit. The two crystallographically
distinct sodium atoms, Na1 and Na2, are confined approxi-
mately to the xy planes at z � ¼ and ¾ and octahedrally
coordinated to ten of twelve crystallographically distinct
oxygen atoms [O(1)–O(12)]. Only O(8) and O(11) are not
bonded to sodium atoms. These two NaO6 octahedra share
the O(7)–O(10) edge to form a Na2O10 unit, which is linked
to ten phosphonate moieties of five diphosphonates (Fig-
ure 2). Thus, the diphosphonates connect Na2O10 units in
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Figure 1. Polyhedral representation of the unit cell of
[Li{HO3P(CH2)2PO3H2}] (1) viewed along the b-axis (top) and the
c-axis (bottom).

the same plane as well as those in the adjacent planes, lead-
ing to a layered–pillared structure (Figure 2). The two di-
phosphonates are distinct in that one is bonded to six so-
dium atoms whereas the other is bonded to only four.

Figure 2. Polyhedral representation of the Na2O10 bi-octahedral
unit with phosphonate moieties (top) and unit cell of
[Na{HO3P(CH2)2PO3H2}] (2) viewed along the b-axis (bottom).

[K{HO3P(CH2)2PO3H2}] (3) has one formula unit in the
asymmetric unit. The potassium atoms are confined ap-
proximately to the xz planes at y � ¼ and ¾ and coordi-
nated dodecahedrally to oxygen atoms O(1)–O(6) of the di-
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phosphonate, with the maximum value of the K–O bond
length being 3.073(2) Å. Each KO8 dodecahedron shares
two O(1)–O(4) edges with two such polyhedra to form
“KO6” chains parallel to the c-axis (Figure 3). These chains
are linked to one another three-dimensionally by diphos-
phonate moieties through the O(5) atoms. Thus, this com-
pound is three-dimensional in nature. The diphosphonate is
coordinated to five potassium atoms. Similarly, each potas-
sium atom is bonded to five phosphonate moieties of dif-
ferent diphosphonates: three of them are bonded in a biden-
tate fashion and other two in a monodentate fashion. O(3)–
H(3) and O(6)–H(6) form hydrogen bonds with O(1) and
O(4), respectively. H(2) and H(5), at two inversion centers,
represent two disordered positions of the other acidic hy-
drogen atom and are located, respectively, between the O(2)
and O(5) atoms. These structural features are present in the
similar three-dimensional rubidium (4), cesium (5), and
thallium (6) compounds as well.

Figure 3. Polyhedral representation of the unit cell of
[K{HO3P(CH2)2PO3H2}] (3) viewed along the a-axis (top) and the
c-axis (bottom).

The rubidium (4) and cesium (5) compounds have the
same positional parameters and contain half a formula unit
in their asymmetric units. The metal atoms sit on twofold
axes and are dodecahedrally coordinated to the O(1)–O(3)
atoms of a diphosphonate moiety. The maximum values of
the Rb–O and Cs–O bond lengths are 3.199(3) and
3.431(3) Å, respectively. Each AO8 dodecahedron shares
two O(1)–O(1)� edges with two such polyhedra to form
“AO6” chains parallel to [101]. These chains are linked to
one another three-dimensionally, by diphosphonate moie-
ties, through the O(1) atoms. Unlike cesium, which is
bonded to eight diphosphonates in a monodentate fashion,
rubidium is bonded to two diphosphonates in a bidentate
fashion and another four in a monodentate mode. The hy-
drogen bonding is the same in both compounds: O(3)–H(3)
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forms a hydrogen bond with O(2) and the other acidic hy-
drogen atom, H(2), at the inversion center is between two
O(2) atoms.

There are two distinct diphosphonates, which sit on in-
version centers 2b and 2d, in the unit cell of
[Tl{HO3P(CH2)2PO3H2}] (6). The thallium atoms are con-
fined approximately to the yz planes at x � 0.27 and 0.77
and are coordinated dodecahedrally to oxygen atoms O(1)–
O(6) of both diphosphonates, with the maximum value of
the Tl–O bond length being as high as 3.47(3) Å. TlO8 do-
decahedra, similar to those in the potassium compound,
share O(1)–O(1) and O(6)–O(6) edges to form “TlO6”
chains parallel to the a-axis; these chains are linked to one
another through the O(4) atoms. The diphosphonate is
bonded, in a monodentate fashion, to six thallium atoms.
Similarly, the thallium atom is bonded to six phosphonate
moieties of different diphosphonates. Both O(3)–H(3) and
O(6)–H(6) form hydrogen bonds with O(5). H(2) and H(5),
with half site-occupancies, represent two disordered posi-
tions of the other acidic hydrogen atom and are bonded,
respectively, to the O(2) and O(5) atoms. O(2)–H(2) and
O(5)–H(5) form hydrogen bonds with O(4) and O(3),
respectively.

The nitrogen atoms in [NH4{HO3P(CH2)2PO3H2}] (7)
are confined approximately to the ab planes and are tetra-
hedrally hydrogen-bonded to oxygen atoms of the diphos-
phonates (Figure 4). The two crystallographically distinct
ethylene diphosphonates sit on inversion centers 1h and 1b.
All the six oxygen atoms, represented by O(4)–O(6), of one
diphosphonate and only two oxygen atoms, O(1) and O(1)�,
of another diphosphonate are hydrogen-bonded to nitro-
gen. The connectivity pattern of NO4 tetrahedra and
“PO3C” phosphonate moieties results in ladder-like chains
parallel to the a-axis (Figure 4), with porous regions be-
tween them. Such a pattern is also observed[20] in
[NH4(HO3PC6H5)(H2O3PC6H5)]. These chains in the adja-

Figure 4. Polyhedral representation of the unit cell of
[NH4{HO3P(CH2)2PO3H2}] (7) viewed along the a-axis (top) and
the c-axis (bottom).
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cent layers are connected three-dimensionally through the
C–C bonds of the PO3C phosphonate moieties. O(3)–H(3)
and O(6)–H(6) form hydrogen bonds with O(4) and O(1),
respectively, and O(2)–H(2) is strongly hydrogen bonded to
O(5).

In the five compounds 1, 3, 4, 5, and 7, the values of the
P–O, P–C, and C–C bond lengths vary in the ranges
1.493(3)–1.575(2), 1.790(4)–1.795(3), and 1.522(5)–
1.542(7) Å, respectively. These values compare with the
1.501(1)–1.553(2) Å range of P–O bond lengths, the
1.786(2) Å P–C bond length, and the 1.544(4) Å C–C bond
length reported[22] for ethylenediphosphonic acid. The cor-
responding bond-length ranges of 1.48(2)–1.590(7),
1.74(3)–1.89(1), and 1.45(2)–1.55(2) Å in compounds 2 and
6 are a bit wider.

Spectroscopic Studies

All seven compounds, as illustrated for 1 in Figure 5,
have the following common infrared spectral features: (i)
the C–H stretching vibrations[17c] of the ethylenediphos-
phonate group are observed around 2970 and 2924 cm–1,
whereas their bending vibrations are seen at 1380 cm–1; (ii)
the peaks in the region 1200–1000 cm–1 are due to P–O
stretching vibrations and the O–P–O bending vibrations[17c]

are found in the region 540–410 cm–1. The infrared spec-
trum of the ammonium compound shows two additional
peaks at 3240 and 1401 cm–1 corresponding to the stretch-
ing and bending vibrations of the ammonium ion.[23]

Figure 5. Infrared spectra of [Li{HO3P(CH2)2PO3H2}] (1) (a), its
intercalate 1·(NH3)1.5 (b) and deintercalate (c).

Thermal Analysis

Thermogravimetric analysis of all the seven compounds
was carried out. The thermogravimetric curves of com-
pounds 1, 2, and 7 are presented in Figure 6. No efforts
have been made to identify the composition of the interme-
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diate, residual solid products of decomposition and, there-
fore, only a factual description of these thermogravimetric
curves is given. All these compounds are stable up to about
170–200 °C. Compounds 1–6 undergo total weight losses of
22.5–30% in the temperature range 200–800 °C, whereas
the ammonium compound 7 has a maximum weight loss of
75%. These weight losses occur in two steps, with the sec-
ond one at 460 °C being the major one.

Figure 6. Thermogravimetric curves of compounds [A{HO3P-
(CH2)2PO3H2}] [A = Li (1), Na (2), and NH4 (7)] and ammonia
intercalates 1·(NH3)1.5 and 2·(NH3)0.9.

Intercalation and Deintercalation Reactions

All these ethylenediphosphonates are solid Brönsted ac-
ids. For example, the pH values of 1  solutions of pure
ligand and the sodium compound 2 are 2 and 3, respec-
tively. Therefore, they were examined from the point of view
of acid–base intercalation reactions with ammonia. These
reactions, as determined from chemical analysis and spec-
troscopic and thermal studies, turned out to be successful.
The success and extent of ammonia intercalation in the in-
tercalates (1–7)·(NH3)x were determined from the IR spec-
tra and elemental analysis. The IR spectra (Figure 5) of
compounds, (1–6)·(NH3)x contain two additional peaks at
3240 and 1450 cm–1 corresponding to the stretching and
bending vibrations of the ammonium ion.[24] The x values
of (1–7)·(NH3)x are 1.5, 0.9, 0.7, 0.5, 0.4, 1.0, and 1.6
respectively, and indicate partial intercalation and no sys-
tematic variation with the size and nature of A. The large
value of x for the lithium and ammonium compounds
corroborates their large porosity and greater access to the
porous regions. The differences in the powder XRD pat-
terns of the parent diphosphonate and its ammonium in-
tercalate are significant in the case of 1, 3, 6, and 7, which
is indicative of intercalation of ammonia into the porous
regions of the structure. However, the overall crystallinity
decreases, as shown for 1·(NH3)1.5 in Figure 7. Unlike the
parent phases, the intercalates undergo a greater percentage
of weight loss and begin to decompose at lower tempera-
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tures. This is illustrated by the thermogravimetric curves of
1·(NH3)1.5 and 2·(NH3)0.9 in Figure 6. We also carried out
ammonia deintercalation for a few selected intercalates, na-
mely those of 1, 2, and 7. They undergo deintercalation
upon heating in the air-oven at about 170 °C for about 12
hours. The IR spectra (Figure 6), elemental analysis, and
powder XRD patterns (Figure 7) of the deintercalated
products, as illustrated in the case of 1·(NH3)1.5, confirm
that the deintercalation is complete and topotactic. To the
best of our knowledge, this is the first time that such a re-
versible intercalation of ammonia in hybrid materials has
been demonstrated.

Figure 7. Powder X-ray diffraction patterns of [Li{HO3P-
(CH2)2PO3H2}] (1) (a), its intercalate 1·(NH3)1.5 (b) and deinter-
calate (c).

[Zn(O3PPh)] and [UO2(HO3PPh)2(H2O)]2·8H2O have
been reported[9,25] to be sensors and proton conductors due
to their intercalation and Brönsted-acidic properties,
respectively. Compounds 1–7 exhibit both these properties
and could be potentially useful as sensors and proton con-
ductors.

Concluding Remarks

A series of seven, new ethylenediphosphonates,
[A{HO3P(CH2)2PO3H2}] (A = alkali metal, Tl and NH4),
have four types of three-dimensional porous structures.
They are solid Brönsted acids and undergo room-tempera-
ture intercalation reactions with ammonia. These interca-
lates can be deintercalated topotactically.

Experimental Section
Synthesis: The high purity chemicals A2CO3 [A = Li, Na, K, NH4

(SD Fine, India), Rb, Cs and Tl (Aldrich)] and 1,2-ethylenediphos-
phonic acid (H2O3PCH2CH2PO3H2, Lancaster) were used as pur-
chased. The compounds [A{HO3P(CH2)2PO3H2}] [A = Li (1), Na
(2), K (3), Rb (4), Cs (5), Tl (6), and NH4 (7)] were synthesized,
on a 0.5–1.0-g scale, by evaporating aqueous solutions of stoichio-
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metric reactant mixtures of ethylenediphosphonic acid and the ap-
propriate carbonate. Slow evaporation, at room temperature, led to
the formation of compounds as colorless, block-shaped or flaky
crystals. However, evaporation in a steam bath yielded products
in a polycrystalline form. In all the cases the yields were almost
quantitative. These seven compounds were ascertained to be pure
by elemental analysis with a Perkin–Elmer series 11 Model ana-
lyzer. C2H7LiO6P2 (195.96): calcd. C 12.25, H 3.60; found C 12.42,
H 3.67. C2H7NaO6P2 (212.01): calcd. C 11.33, H 3.33; found C
11.80, H 3.38. C2H7KO6P2 (228.12): calcd. C 10.53, H 3.09; found
C 10.61, H 3.00. C2H7O6P2Rb (274.49): calcd. C 8.75, H 2.57;
found C 8.62, H 2.67. C2H7CsO6P2 (321.93): calcd. C 7.46, H 2.19;
found C 7.68, H, 2.23. C2H7O6P2Tl (393.39): calcd. C 6.11, H 1.79;
found C 6.15, H 1.79. C2H11NO6P2 (207.06): calcd. C 11.60, H
5.35, N 6.76; found C 11.62, H 5.22, N 6.50.

Ammonia Intercalation and Deintercalation Reactions: Intercalation
of ammonia was achieved by passing ammonia gas over solid sam-
ples of ethylenediphosphonates 1–7 for 2 h. The amount (x) of in-
tercalated ammonia was determined by analysis of the CHN con-
tent of the solid intercalates (1–7)·(NH3)x. Ammonia deintercal-
ation was carried out by heating a sample of the intercalate in an
oven at 170 °C for 12 h.

X-ray Diffraction and Crystal Structure: The powder X-ray diffrac-
tion (XRD) patterns of the seven ethylenediphosphontes 1–7 and
their ammonia-intercalation products were recorded on a Shim-
adzu XD-D1 X-ray diffractometer using Cu-Kα (λ = 1.5406 Å) ra-
diation. Single crystals of compounds 1–7 suitable for X-ray dif-
fraction were selected and mounted with glue on thin glass fibers.
Crystals of compound 7 were found to be twinned. The X-ray data
were gathered successfully at 25 °C, on an ENRAF-NONIUS
CAD4 automated four-circle diffractometer, by standard pro-
cedures involving ω–2θ techniques. These data sets were reduced
by routine computational procedures. The program SHELXL-97[26]

(Wingx) was employed for the structure solution and refinements
and the graphic program DIAMOND[27] was used to draw the
structures. The structure solutions were obtained by Patterson’s
method for compound 6 and by direct methods for the others.
O(10) of 2 and O(1) of 6 were refined isotropically, whereas all
other non-hydrogen atoms of these seven compounds were refined
anisotropically. In each phosphonate moiety of compounds 1–7 the
three oxygen atoms were labeled in increasing order of P–O bond
lengths as they are different from one another. The oxygen atoms
with short P–O bonds were considered to be formally double
bonded to phosphorus atoms. The non-hydrogen-atom contents do
not account for charge neutrality, thus indicating the presence of
three acidic protons of diphosphonic acid moieties. These acidic
hydrogen atoms, for all compounds except 2, were located in the
difference Fourier maps and refined with riding model restraints.
Two of the three acidic hydrogen atoms of diphosphonate are
bonded to the two oxygen atoms with long P–O bonds, whereas
the third hydrogen atom is bonded to, or located between, those
oxygen atoms with intermediate P–O bond lengths.[28] The ethylene
hydrogen atoms were refined for all the seven compounds. For the
ammonium compound 7, the ammonium hydrogen atoms were lo-
cated in the difference Fourier map and included in the final refine-
ment. The structure refinement proceeded smoothly for all com-
pounds but 2 and 6. For compound 2, the R value was 10.5%
and therefore an additional absorption correction, based on the
isotropically refined model, was applied to the X-ray data using the
program DIFABS.[29] The final difference Fourier map showed no
residual peak with electron density of �1 eÅ–3 and the final R
value improved to around 7.8%. The C(2)–C(2)� and C(4)–C(4)�
bond lengths in 2 were constrained to be 1.55 Å. For the thallium
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Table 1. Pertinent crystallographic data for [AH{HO3P(CH2)2PO3H}] [A = Li (1), Na (2), K (3), Rb (4), Cs (5), Tl (6), and NH4 (7)].

Compound 1 2 3 4 5 6 7

Formula LiP2O6C2H7 NaP2O6C2H7 KP2O6C2H7 RbP2O6C2H7 CsP2O6C2H7 TlP2O6C2H7 NP2O6C2H11

Formula weight 195.96 212.01 228.12 274.49 321.93 393.39 207.06
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic monoclinic triclinic
a [Å] 16.188(2) 5.727(8) 9.237(1) 10.980(3) 11.472(7) 8.589(3) 6.176(1)
b [Å] 8.503(2) 7.957(4) 8.909(2) 9.490(4) 11.030(4) 8.930(4) 7.723(3)
c [Å] 5.381(2) 16.52(2) 9.484(2) 9.222(2) 8.443(3) 10.094(3) 9.183(2)
α [°] 90 101.5(1) 90 90 90 90 66.70(2)
β [°] 107.92(1) 97.82(9) 92.60(2) 120.91(2) 127.90(4) 90.05(5) 85.78(2)
γ [°] 90 98.8(1) 90 90 90 90 85.57(3)
V [Å3] 704.7(3) 718.4(12) 779.6(3) 824.5(4) 843.0(6) 774.2(5) 400.6(2)
Space group C2/c (no. 15) P1̄ (no. 2) P21/c (no. 14) C2/c (no. 15) C2/c (no. 15) P21/c (no. 14) P1̄ (no. 2)
Z 4 4 4 4 4 4 2
ρcalcd. [g cm–3] 1.847 1.960 1.944 2.211 2.537 3.375 1.716
µ(Mo-Kα) [mm–1] 0.593 0.645 1.074 6.376 4.756 21.256 0.531
Total reflections 631 2799 1455 765 783 2880 1436
Independent reflections 614 2523 1372 724 745 1348 1415
R[a] 0.0309 0.0775 0.0241 0.0237 0.0253 0.0800 0.0291
Rw

[b] 0.0864 0.2373 0.0699 0.0663 0.0677 0.1882 0.0814

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw = [Σw(|Fo|2 – |Fc|2)2/Σw(|Fo|2)2]1/2.

compound 6, refinement with correction for twin crystal-data was
carried out. The final R value was about 8% and the final differ-
ence Fourier map showed twenty ghost residual peaks with electron
density greater than 1 eÅ–3. No additional absorption correction
was applied to the X-ray data, as it could not improve the R value.
The Rw values for 2 and 6 are a bit high and the desired improvis-
ation of crystal structure refinement, for lower values, was not pos-
sible. However, the qualitative picture of these structures is totally
correct and the quantitative details are, to a large extent, also cor-
rect. The pertinent crystallographic data of all these seven ethylen-
ediphosphonates are presented in Table 1.
CCDC-281082, -281083, -281084, -281085, -281086, -281087 and
-281088 (for 1–7) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Infrared Spectroscopic and Thermogravimetric Studies: The infrared
spectra in the range 400 to 4000 cm–1, were measured on a Bruker
IFS 66V FT-IR spectrometer. The samples were ground with dry
KBr and pressed into transparent discs. Thermogravimetric analyt-
ical data were collected on a Netzsch STA 409C instrument. The
samples were heated to 1000 °C at a rate of 10 °C per minute under
flowing nitrogen gas.

Supporting Information Available (see footnote on the first page of
this article): Color figures showing the polyhedral representation
of the unit cells of compounds 1–7.
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Two extended coordination frameworks of CdII–squarate
complexes with the formulas [Cd2(C4O4)2.5(H2O)4](dpaH)·
1.5(H2O) (1) and [Cd(C4O4)(dpa)(H2O)] (2) (dpa = 2,2�-dipyr-
idylamine) have been synthesized under hydrothermal con-
ditions and characterized by single-crystal X-ray diffraction
studies. Structural determination reveals that compound 1
consists of a free monoprotonated 2,2�-dipyridylamine ion
(dpaH+) and a two-dimensional (2D) anionic, layered frame-
work, {[Cd2(C4O4)2.5(H2O)4]–}, which is formed with two anti-
prismatic square-boxes as the fundamental building unit
through the connection between CdII ions and hybrid µ1,2,3-,
µ1,2,3,4-squarates. Each square-box acts as a host for the in-
clusion of one pyridine ring of dpaH+. Adjacent dpaH+ cat-
ions are then self-assembled by the parallel alignment of the

Introduction

Metal-organic frameworks (MOFs)[1–5] have been at-
tracting much attention owing to their potential applica-
tions as functional solid materials in gas storage, molecular
sieves, size- or shape-selective catalysis, and ion ex-
change,[6–9] as well as because of their versatile structural
topology. The design and synthesis of new open-framework
coordination polymers have been the focus in current chem-
ical and new material research. Of particular importance is
the ability of the organic molecules to influence profoundly
the structures of synthesized products, and to direct their
formation with specific structures and potential applica-
tions, such as magnetism, host–guest chemistry, shape
specificity and catalysis. In a relevant approach, the
squarate (dianion of 3,4-dihydroxycyclobut-3-ene-1,2-dione,
H2C4O4) serves as a unique ligand, which possesses a four-
membered cyclic aromatic structure, characterized by exten-
sive π-electron delocalization over all carbon and oxygen
atoms. Accordingly, squarate has been known as a poly-
functional ligand providing hydrogen bonding, π–π interac-
tions, and the construction of extended frameworks. It is
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other pyridine ring of dpaH+ to complete a 3D network with
one-dimensional (1D) channels intercalated by water mole-
cules. Compound 2 contains a distorted octahedral CdII cen-
ter coordinated by two squarates, two waters and one dpa
ligand to form a 1D 2-legged, ladder-like framework by the
connection of a [Cd(dpa)(µ2-H2O)]2

4+ dimeric unit and a µ1,2-
squarate. Weak π–π stacking interaction and hydrogen bonds
of N–H···O, O–H···O and C–H···O among the squarate, water
and dpa ligands provide additional intra- and intermolecular
interactions on the stabilization of these two polymeric
frameworks.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

also widely used as a bridging ligand bonded with metal
ions in various bridging modes to create numerous amazing
metal–squarate frameworks, including one-dimensional
(1D) chain, two-dimensional (2D) layer, three-dimensional
(3D) cube- and cage-like frameworks.[10–17] Many squarate-
bridged metal complexes with µ1,2- or µ1,3-bridging modes
incorporating different nitrogen-based, flexible ligands have
been structurally characterized[18–24] and showed interesting
magnetic behavior.[25] In this contribution, we report the
hydrothermal syntheses, structures and thermal stability
of two novel Cd–squarate coordination frameworks,
[Cd2(C4O4)2.5(H2O)4](dpaH)·1.5(H2O) (1) and [Cd(C4O4)-
(dpa)(H2O)] (2) by using flexible dpa and rigid squarate li-
gands as building blocks to form 3D microporous and 1D
ladder-like extended networks.

Results and Discussion

Synthesis and IR Spectroscopy of Compounds 1 and 2

The reaction was carried out under hydrothermal condi-
tions, by adjusting various molar ratios of [Cd(NO3)2]·
4H2O, dpa and H2C4O4 (Table 1). The results showed that
compounds 1 and 2 are not controlled by stoichiometry but
rather by the pH-controlled products. Compound 1 was the
favored product with relatively lower pH value (pH � 4),
whereas compound 2 was the dominant product with rela-
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tively higher pH value (pH � 4). Both compounds are air-
stable at ambient temperature and insoluble in common sol-
vents, such as water, alcohol and acetonitrile. The N–H
stretching vibrations of both compounds appear in the
3000–3400 cm–1 region, and their frequencies are consistent
with the existence of hydrogen bonds between N–H and
several H-acceptor groups. The most relevant IR features
are those associated with the chelating squarate ligands.
The coordinated CO groups are characterized by medium
absorptions at 1664 and 1656 cm–1 for 1 and 2, respectively.
A very strong band centered at around 1500 cm–1 is attrib-
uted to the vibrational modes of a combination of C–O
and C–C stretching motions; the assignment of which is in
agreement with the characteristic of the (CO)n

2– salts.[26]

Table 1. Products for different reaction conditions by adjusting mo-
lar ratios of [Cd(NO3)2]·4H2O, dpa and H2C4O4.

Molar ratios in 6 mL water pH value Product
[Cd(NO3)2]·4H2O dpa H2C4O4

0.1 mmol 0.1 mmol 0.1 mmol 2.45 1
0.1 mmol 0.15 mmol 0.1 mmol 3.17 1
0.1 mmol 0.2 mmol 0.1 mmol 4.31 2
0.1 mmol 0.125 mmol 0.06 mmol 4.13 2

Crystal Structure of [Cd2(C4O4)2.5(H2O)4](dpaH)·1.5(H2O)
(1)

The X-ray structure determination reveals that com-
pound 1 consists of a 2D anionic [Cd2(C4O4)2.5(H2O)4]– lay-
ered MOF [Figure 1 (top)], a monoprotonated dpaH+ [Fig-
ure 1 (bottom)], and crystallization water molecules. The
2D anionic [Cd2(C4O4)2.5(H2O)4]– layer consists of three in-
dependent slightly distorted octahedral CdII ions in the
asymmetric unit, in which the Cd(1) atom is bonded to six
oxygen atoms from four µ1,2,3-squarate and two water mole-
cules with the following bond lengths: Cd(1)–O(1) 2.336(2),
Cd(1)–O(3) 2.298(2), Cd(1)–O(5) 2.307(2), Cd(1)–O(7)
2.295(2), Cd(1)–O(11) 2.255(2), and Cd(1)–O(12)
2.234(2) Å (Figure 1). The Cd(2) and Cd(3) atoms are both
located at the inversion center [(1.5 2.0 0.0) for Cd(2) and
(1.0 1.5 0.0) for Cd(3)] and bonded to six oxygen atoms
from two µ1,2,3-squarate, two µ1,2,3,4-squarate and two water
molecules with the following bond lengths: Cd(2)–O(2)
2.265(2), Cd(2)–O(9) 2.322(2), Cd(2)–O(13) 2.231(2) and
Cd(3)–O(6) 2.318(2), Cd(3)–O(10) 2.279(2), and Cd(3)–
O(14) 2.236(2) Å (Figure 1). The corresponding bond
lengths of the Cd–Osq and Cd–Ow bonds (Table 2) all fall in
the same range analogous to those in the [Cd(C4O4)(H2O)2]
complex.[10] It is important to note that the squarate ligand
(C4O4

2–), acting as a bridging ligand with two different
bridging modes, plays a key role in the construction of a
novel 2D anionic framework. Three crystallographically
distinct squarate ligands are found: the first one (C1–C4)
adopts a µ1,2,3-bridging mode[12] (Figure 2) to link Cd(1)
with Cd(2) (5.926 and 6.065 Å) and Cd(1) with Cd(1)
(8.457 Å), respectively. The second one (C5–C8) also adopts
a µ1,2,3-bridging mode[12] to link Cd(1) with Cd(3) (5.918
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Figure 1. (top) Distorted octahedral coordination spheres of Cd(1),
Cd(2) and Cd(3) ions in compound 1 with atom labelling scheme;
hydrogen atoms are omitted for clarity. (bottom) Molecular struc-
ture of protonated 2,2�-dipyridylamine (dpaH+) cation with atom
labelling scheme; dashed lines represent N···H–N hydrogen bond
interaction. (ORTEP drawing, thermal ellipsoids at 50% prob-
ability level).

Table 2. Selected bond lengths [Å] and angles [°] for compound 1.[a]

Cd(1)–O(1) 2.336(2) Cd(1)–O(3) 2.298(2)
Cd(1)–O(5) 2.307(2) Cd(1)–O(7) 2.295(2)
Cd(1)–O(11) 2.255(2) Cd(1)–O(12) 2.234(2)
O(1)–Cd(1)–O(3) 174.38(8) O(1)–Cd(1)–O(5) 84.68(9)
O(1)–Cd(1)–O(7) 94.51(9) O(1)–Cd(1)–O(11) 93.36(8)
O(1)–Cd(1)–O(12) 83.56(8) O(3)–Cd(1)–O(5) 89.71(9)
O(3)–Cd(1)–O(7) 91.10(9) O(3)–Cd(1)–O(11) 86.59(8)
O(3)–Cd(1)–O(12) 92.26(8) O(5)–Cd(1)–O(7) 178.56(8)
O(5)–Cd(1)–O(11) 93.34(8) O(5)–Cd(1)–O(12) 84.17(8)
O(7)–Cd(1)–O(11) 87.88(8) O(7)–Cd(1)–O(12) 94.57(9)
O(11)–Cd(1)–O(12) 176.19(9) O(2)–Cd(2)–O(2)i 180.0
Cd(2)–O(2)×2 2.265(2) Cd(2)–O(9)×2 2.322(2)
Cd(2)–O(13)×2 2.231(2)
O(2)–Cd(2)–O(2)i 180.0 O(2)–Cd(2)–O(9)i 85.85(9)
O(2)–Cd(2)–O(9) 94.15(9) O(2)–Cd(2)–O(13)i 86.16(9)
O(2)–Cd(2)–O(13) 93.84(9) O(9)–Cd(2)–O(13) 81.87(9)
O(9)–Cd(2)–O(9)i 180.0 O(13)–Cd(2)–O(13)i 180.0
O(9)–Cd(2)–O(13)i 98.13(9)
Cd(3)–O(6)×2 2.318(2) Cd(3)–O(10)×2 2.279(2)
Cd(3)–O(14)×2 2.236(2)
O(6)–Cd(3)–O(6)ii 180.0 O(6)–Cd(3)–O(10) 88.3(1)
O(6)–Cd(3)–O(10)ii 91.7(1) O(6)–Cd(3)–O(14) 97.58(9)
O(6)–Cd(3)–O(14)ii 82.42(9) O(10)–Cd(3)–O(10)ii 180.0
O(10)–Cd(3)–O(14) 95.28(9) O(10)–Cd(3)–O(14)ii 84.72(9)
O(14)–Cd(3)–O(14)ii 180.0

[a] Symmetry codes: (i) –x + 3, –y + 4, –z; (ii) –x + 2, –y + 3, –z.
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and 6.057 Å) and Cd(1) with Cd(1) (8.434 Å), respectively.
The last one (C9–C10) adopts a µ1,2,3,4-bridging mode[10]

(Figure 2) to link Cd(2) with Cd(3) (2×5.854 and
2×6.088 Å), Cd(2) with Cd(2) (8.434 Å) and Cd(3)···Cd(3)
(8.457 Å), respectively. To the best of our knowledge, com-
pound 1 is the first coordination framework consisting of a
Cd/squarate system with hybrid µ1,2,3- and µ1,2,3,4-bridging
modes of squarates. It is also noted that, independent of
µ1,2,3- or µ1,2,3,4-squarates, the differences among the four
C–O distances are not obvious, with the averaged C–O dis-
tances of 1.254(4) and 1.255(4) Å for µ1,2,3-squarate and
1.252(4) Å for µ1,2,3,4-squarate, respectively. The result indi-
cates a more π-delocalization bridging mode (D4h) close to
a free squarate ring. The free, monoprotonated dpaH+ cat-
ion shown in Figure 1 (bottom) adopts an anti-anti confor-
mation mode. The presence of the proton H(1) bound to
N(1) [0.754 Å H(1)–N(1)] and its hydrogen bond with N(3)
[2.672(5) Å N(1)···N(3)] accounts for the anti-anti confor-
mation of dpaH+ and the quasi co-planarity of the two pyr-
idyl rings [the dihedral angles between the mean planes of
two pyridine rings is only 5.22°]. All C–C and C–N bond

Figure 2. Binding modes of squarate in compound 1 and 2.

Figure 3. The three-dimensional extended network of [Cd2(C4O4)2.5(H2O)4](dpaH)·1.5H2O (1) viewing along the a-axis.
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lengths and bond angles in the dpaH+ molecule are com-
parable to those reported previously.[27]

The overall 3D architecture is depicted in Figure 3, and
can be described as the self-assembly of 2D anionic Cd–
squarate frameworks and free dpaH+ cations. A face-shar-
ing double-box shown in Figure 4 (top) is the fundamental
building unit for the construction of the 2D anionic MOF.
Each box consists of an antiprismatic square Cd8 skeleton,
bridged by four µ1,2,3-bridge squarates, acting as four sides
of the box, and by one µ1,2,3,4-squarate ligand, acting as the
base. Two boxes share a µ1,2,3,4-squarate to form a face-
sharing double-box unit, whereas the neighboring double-
box units share a µ1,2,3-squarate to complete a 2D-extended
framework along the [100] and [010] directions. The dimen-
sions of the box are approximately 5.0×5.0×4.9 Å (short-
est oxygen–oxygen contact distances not including the van
der Waals radii), providing a vacant space for the inclusion
of a pyridyl group of the dpaH+ cation. It is worthy to note
that the dpaH+ cation plays the other important role in the
construction of this 3D network. It acts not only as a coun-
terion to balance the charge of the Cd–squarate anionic
skeleton, but also as an inclusion molecule with one of the
pyridyl groups in dpaH+ cation inserting into each antipris-
matic box. The pyridyl groups outside the boxes are then
aligned parallel to one another (the separation distance of
4.2 Å between two centroid pyridyl groups) to complete the
3D-extended network, which allows a 1D microporous
channel along the c axis (Figure 2). Two free, disordered
water molecules, O15 with 0.5 occupancy and O16, O16�
with 0.67 and 0.33 occupancy, respectively, are intercalated
into these channels. Hydrogen-bond formation serves as a
important factor and is widely used in constructing coordi-
nation polymers.[28–32] In compound 1, hydrogen-bonding
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Figure 4. (top) Perspective side view (left) of double-box building
unit and (bottom) top view of the anti-prism square box in 1.

Table 3. Hydrogen bond lengths [Å] and angles [°] for compound 1.[a]

Donor–H Donor···Acceptor H···Acceptor Donor–H···Acceptor

N(1)–H(1a) 0.754 N(1)···N(3) 2.672(5) H(1a)···N(3) 2.085 N(1)–H(1a)···N(3) 135.0
N(2)–H(2a) 0.860 N(2)···O(15) 2.951(3) H(2a)···O(15) 2.143 N(2)–H(2a)···O(15) 156.5
N(2)–H(2a) 0.860 N(2)···O(15)i 2.896(3) H(2a)···O(15)i 2.036 N(2)–H(2a)···O(15)i 178.00
O(11)–H(11) 0.888 O(11)···O(4) 2.628(3) H(11)···O(4) 1.741 O(11)–H(11)···O(4) 176.2
O(11)–H(11�) 0.895 O(11)···O(8)ii 2.687(3) H(11�)···O(8)ii 1.811 O(11)–H(11�)···O(8)ii 165.5
O(12)–H(12) 0.871 O(12)···O(6)iii 2.754(3) H(12)···O(6)iii 1.903 O(12)–H(12)···O(6)iii 165.4
O(12)–H(12�) 0.890 O(12)···O(2)ii 2.732(3) H(12�)···O(2)ii 1.849 O(12)–H(12�)···O(2)ii 171.0
O(13)–H(13) 0.873 O(13)···O(1) 2.744(3) H(13)···O(1) 1.901 O(13)–H(13)···O(1) 162.7
O(13)–H(13�) 0.867 O(13)···O(10)iv 2.814(3) H(13�)···O(10)iv 2.016 O(13)–H(13�)···O(10)iv 152.6
O(14)–H(14) 0.902 O(14)···O(5) 2.731(3) H(14)···O(5) 1.849 O(14)–H(14)···O(5) 165.1
O(14)–H(14�) 0.864 O(14)···O(9)v 2.802(3) H(14�)···O(9)v 1.973 O(14)–H(14�)···O(9)v 160.5

[a] Symmetry codes: (i) –x, 1 – y, 1 – z; (ii) x, –1 + y, z; (iii) 1 + x, –1 + y, z; (iv) 1 – x, –y, –z; (v) x, 1 + y, z; (vi) x, 2 + y, z; (vii) 1 – x,
1 – y, 1 – z; (viii) –1 + x, y, z.
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interactions, including the N–H···N, N–H···O and O–H···O
hydrogen bonds among the dpaH+, squarate ligands and
water molecules, provide the additional stabilizing forces to
enhance the 3D microporous network. Related bond
lengths and angles of the N–H···N, N–H···O and O–H···O
hydrogen bonds are summarized in Table 3.

Crystal Structures of [Cd(C4O4)(dpa)(H2O)] (2)

The X-ray structural determination of compound 2 evi-
dences a polymeric arrangement with a linear 2-legged, lad-
der-like MOF, which is isostructural with [M(C4O4)(dpa)-
(H2O)], M = Co, Ni, Zn.[33] The CdII center is six-coor-
dinate and adopts a slightly distorted octahedral coordina-
tion environment bonded to two nitrogen atoms from dpa
ligands and two oxygen atoms from two squarate ligands
and two water molecules. The related bond lengths and
bond angles around the Cd center are listed in Table 4. Two
Cd ions are linked together through two bridging water
molecules to form a [Cd(dpa)(H2O)]24+ dimeric fragment
(see Figure 5) in the equatorial plane [Figure 5 (top)] with
bond lengths of Cd(1)–O(5) 2.330(2), Cd(1)–O(5)i 2.384(2),
Cd(1)–N(1) 2.296(2) and Cd(3)–N(3) 2.276(2) Å. The
squarate ligand adopts a µ1,2-binding mode[33] (Figure 2) to
connect the neighboring [Cd(dpa)(µ2-OH2)]2 fragments at
the axial sites with bond lengths of Cd(1)–O(1) 2.240(2),
Cd(1)–O(2) 2.269(2) Å, constructing a 1D, linear, 2-legged,
ladderlike MOF along the a axis [Figure 5 (bottom)]. The
corresponding bond lengths of the Cd–Osq and Cd–Ow

Table 4. Selected bond lengths [Å] and angles [°] for compound 2.[a]

Cd(1)–O(1) 2.240(2) Cd(1)–O(2) 2.269(2)
Cd(1)–O(5) 2.330(2) Cd(1)–O(5)i 2.384(2)
Cd(1)–N(1) 2.296(2) Cd(1)–N(3) 2.276(2)
O(1)–Cd(1)–O(2) 176.56(7) O(1)–Cd(1)–O(5) 90.54(8)
O(1)–Cd(1)–O(5)i 89.12(8) O(1)–Cd(1)–N(1) 91.83(8)
O(1)–Cd(1)–N(3) 92.20(8) O(2)–Cd(1)–O(5) 88.05(8)
O(2)–Cd(1)–O(5)i 87.52(8) O(2)–Cd(1)–N(1) 91.54(8)
O(2)–Cd(1)–N(3) 88.83(8) O(5)–Cd(1)–O(5)i 77.78(9)
O(5)–Cd(1)–N(1) 103.05(8) O(5)–Cd(1)–N(3) 172.63(8)
O(5)i–Cd(1)–N(1) 178.73(8) O(5)i–Cd(1)–N(3) 95.42(8)
N(1)–Cd(1)–N(3) 83.70(9)

[a] Symmetry code: (i) –x, –y, –z.
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bonds fall in the same range, analogous to those in the
[Cd(C4O4)(H2O)2] complex.[10] The Cd···Cd separations
along the µ2-Owater and µ1,2-C4O4

2– bridges are 3.670(1) and
7.672(1) Å, respectively. It should be noted that adjacent
ladders are displaced by half a repeating unit along the a
and c axes. This arrangement effectively prevents steric hin-
drance between the inter-ladder dpa ligands. As a result,
compound 2 favor a closer-packing building block as shown
in Figure 6. The centroid pyridine rings in dpa ligands
among the adjacent ladders are generally parallel and adopt
a face-to-face alignment (Figure 5) with the separation dis-
tance of 3.9 Å, indicating a very weak but significant π–π
stacking interaction[33–35] that may, in part, contribute to
the stabilization of the extended framework. In compound
2, two strong O–H···O hydrogen bonds [O(5)–H(5a)···O(4)
and O(5)–H(5b)···O(3)] are found between uncoordinated
oxygen atoms of squarate and the coordinated water mole-
cules with the O···O distances in the range of 2.528–
2.600 Å. In addition, the inter-ladder interactions are
through one pair of the N–H···O [N(2)–H(2a)···O(4)] and
C–H···O [C(11)–H(11a)···O(4)] hydrogen bonds from the
same dpa molecule linked to the oxygen atom of squarate
in the neighboring ladders to form a mixed N–H···O and
C–H···O hydrogen bonds (dashed line in Figure 6). Similar
hydrogen-bonding interactions have also been found in the

Figure 5. (top) Molecular structure of compound 2 with atom labelling scheme; hydrogen atoms are omitted for clarity. (ORTEP drawing,
thermal ellipsoids at 50% probability level) (bottom) Perspective view of a 2-legged, ladder-like framework along the a axis in 2.
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Figure 6. The molecular packing of the ladder-like framework in 2;
dashed lines represent H-bond interactions.
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Table 5. Hydrogen bond lengths [Å] and angles [°] for compound 2.[a]

Donor–H [Å] Donor···Acceptor [Å] H···Acceptor [Å] Donor–H···Acceptor [°]

O(5)–H(5a) 0.735 O(5)···O(4) 2.600(3) H(5a)···O(4) 1.883 O(5)–H(5a)···O(4) 163.1
O(5)–H(5b) 0.922 O(5)···O(3)i 2.590(3) H(5b)···O(3)i 1.672 O(5)–H(5b)···O(3)i 174.0
N(2)–H(2a) 0.860 N(2)···O(4)ii 2.890(3) H(2a)···O(4)ii 2.092 N(2)–H(2a)···O(4)ii 154.1
C(11)–H(11a) 0.930 C(11)···O(4)ii 3.204(4) H(11a)···O(4)ii 2.430 C(11)–H(11a)···O(4)ii 140.6

[a] Symmetry codes: (i) –1 + x, y, z; (ii) 0.5 + x, 0.5 – y, 0.5 + z.

[Fe(oxa)(dpa)][28] (oxa = oxalate) and [M2(dpa)2(C2O4)-
(C4O4)] (M = Cu, Zn) complexes.[34] Related bond lengths
and angles of the O–H···O, N–H···O and C–H···O hydrogen
bonds for 2 are summarized in Table 5.

Thermogravimetric Analysis

To investigate the thermal stability of the 3D and 1D
extended framework of 1 and 2, the thermogravimetric
analyses (TGA) were performed on samples consisting of
numerous single crystals under nitrogen. The TGA data of
1 suggest that the first weight lost of 11.24% (calcd.
12.75%), corresponding to the lost of 1.5 solvated and four
coordinated water molecules at the cadmium center, oc-
curred over the range of 30–174 °C. In the temperature
range of 180–312 °C, 1 underwent the weight lost of 24.64%
corresponding to the lost of dpaH+ cations (calcd. 22.16%).
The resulting solid then slowly decomposed with loss of
squarate ligands to yield cadmium oxide (CdO). Com-
pound 2 underwent a continuous single-step weight-loss
process (losing coordinated water first, and then dpa and
squarate groups). The on-set temperature of the weight loss
is approximately at 201 °C. The decomposition process was
completed at approximately 391 °C and the final product of
the pyrolysis is CdO.

Conclusion
In conclusion, under hydrothermal conditions, we have

successfully synthesized two pH-controlled Cadmium()–
squarate compounds, [Cd2(C4O4)2.5(H2O)4](dpaH)·
1.5(H2O) (1) and [Cd(C4O4)(dpa)(H2O)] (2), with metal-
organic frameworks; the structures of which are well char-
acterized by X-ray diffraction method. In compound 1, the
overall 3D network with 1D microporous channels is con-
structed by the following intra- and inter-molecular interac-
tions: (1) metal–squarate covalent bonds to form a anionic
2D framework through the connectivity between Cd ions
and hybrid µ1,2,3- and µ1,2,3,4-squarates, (2) molecular in-
clusion of dpaH+ pyridyl group into the antiprism square
box, (3) π–π stacking interaction of pyridyl groups between
neighboring dpaH+ cations and (4) hydrogen bonds be-
tween water molecules, squarate and dpaH+. For com-
pound 2, the squarate ligands afford a µ1,2-bridging coordi-
nation mode as well as hydrogen-bonding capability to
build a 1D 2-legged, ladder-like MOF.

Experimental Section
Materials and Physical Techniques: All chemicals were of reagent
grade and were used as commercially obtained without further pu-
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rification. Elementary analyses (carbon, hydrogen and nitrogen)
were performed using a Perkin–Elmer 2400 elemental analyzer. IR
spectra were recorded with a Nicolet Fourier Transform IR,
MAGNA-IR 500 spectrometer in the range of 500–4000 cm–1 using
the KBr disc technique. Thermogravimetric analyses (TGA) of
compounds 1 and 2 were performed with a computer-controlled
Perkin–Elmer 7 Series/UNIX TGA7 analyzer. Single-phased pow-
der samples of 1 (4.014 mg) and 2 (1.228 mg) were loaded into
alumina pans and heated with a ramp rate of 5 °C/min from room
temperature to 900 °C under nitrogen.

Synthesis of [Cd2(C4O4)2.5(H2O)4](dpaH)·1.5H2O (1): The reaction
of Cd(NO3)2·4H2O (0.0325 g, 0.1 mmol), dpa (0.0175 g, 0.1 mmol),
H2C4O4 (0.0118 g, 0.1 mmol), and deionized water (6 mL,
0.3333 mol) in the molar ratio 1:1:1:3.333, in a Teflon-lined acid
digestion bomb at 180 °C for three days, followed by slow cooling
at 6 °C/h to room temperature, yielded colorless solutions. After
evaporation for several days at room temperature, colorless crystals
grew out of solution as needles and were collected after filtration
and drying (yield: 0.0106 g, 34%). The final pH value was 2.45.
C20H21Cd2N3O15.5 (776.20): calcd. C 30.95, N 5.41, H 2.73; found
C 30.99, N 5.39, H 2.58. IR (4000–400 cm–1): ν̃ = 3246 (m), 3083
(m), 1664 (m), 1610 (m), 1563 (m), 1506 (vs), 1457 (s), 1246 (w),
777 (m) cm–1.

Synthesis of [Cd(C4O4)(dpa)(H2O)] (2): The compounds Cd(NO3)2·
4H2O (0.0322 g, 0.1 mmol), dpa (0.0351 g, 0.2 mmol), H2C4O4

(0.0116 g, 0.1 mmol), and deionized water (6 mL, 0.3333 mol) in
the mol ratio 1:2:1:3.333 were sealed in a Teflon-lined acid diges-
tion bomb at 180 °C for three days. They were then cooled at 6 °C/
h to room temperature, yielding colorless plate crystals after fil-
tration and drying (0.0162 g, 39%). The final pH value was 4.31.
C14H11CdN3O5 (413.66): calcd. C 40.65, H 2.68, N 10.16; found C
40.31, H 2.81, N 10.34. IR (4000–400 cm–1): ν̃ = 3320 (w), 3206
(m), 3138 (m), 3082 (m), 3045 (m), 1656 (m), 1599 (m), 1538 (s),
1504 (vs), 1474 (vs), 1428 (s), 1373 (m), 1232 (m), 763 (m) cm–1.

X-ray Crystallographic Study: Crystallographic data and experi-
mental details of refinements for structural analyses are given in
Table 6. Data collections of 1 and 2 were carried out with a Siemens
SMART diffractometer with a CCD detector with Mo radiation (λ
= 0.71073 Å) at room temperature. A preliminary orientation ma-
trix and unit cell parameters were determined from 3 runs of 15
frames each, each frame correspond to a 0.3°scan in 10 s, following
by spot integration and least-squares refinement. For each struc-
ture, data were measured using ω scans of 0.3° per frame for 20 s
until a complete hemisphere had been collected. Cell parameters
were retrieved with SMART[36] software and refined with
SAINT[37] on all observed reflections. Data reduction was per-
formed with the SAINT[37] software and corrected for Lorentz and
polarization effects. Absorption corrections were applied with the
program SADABS.[38] Direct phase determination and subsequent
difference Fourier map synthesis yielded the positions of all non-
hydrogen atoms, which were subjected to anisotropic refinements.
All hydrogen atoms were generated geometrically (C–H: 0.95) with
the exception of the hydrogen atoms of the coordinated water mole-
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cules, which were located in the difference Fourier map with the
corresponding positions and isotropic displacement parameters be-
ing refined. The final full-matrix, least-squares refinement on F2

was applied for all observed reflections [I � 2σ(I)]. All calculations
were performed by using the SHELXTL software package.[39]

Table 6. Crystal data for compounds 1 and 2.

1 2

Empirical formula C20H21Cd2N3O15.50 C14H11CdN3O5

Molecular weight 776.20 413.66
Crystal system triclinic monoclinic
Space group P1̄ P21/n
a [Å] 8.4341(2) 7.6720(3)
b [Å] 8.4570(2) 11.1502(4)
c [Å] 18.0891(4) 16.8908(6)
α [°] 81.0679(4)
β [°] 88.2877(4) 91.267(1)
γ [°] 87.7564(4)
V [Å3] 1273.25(5) 1444.56(9)
Z 2 4
Dcalcd. [g cm–3] 2.025 1.902
T [K] 295(2) 295(2)
µ [mm–1] 1.754 1.542
Reflections collected 17890 12538
Reflections unique / Rint 5828 / 0.033 3319 / 0.040
Reflections with [I � 2σ(I)] 4627 2378
Nv 395 216
RF

[a], Rw
[b] (all data) 0.0371, 0.0676 0.0543, 0.0523

RF
[a], Rw

[b] [I � 2σ(I)] 0.0243, 0.0540 0.0289, 0.0495
Goodness-of-fit 1.006 1.010
∆ρmax. / min. [eÅ3] +0.79 / –0.56 +0.40 / –0.35

[a] RF = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw(|F|2) = [Σw(|Fo|2 – |Fc
2|)2/Σw|Fo|2]1/2.

CCDC-196616 (for 1) and -205775 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reactions of (dpp-BIAN)Mg(THF)3 (1) {dpp-BIAN = 1,2-
bis[(2,6-diisopropylphenyl)imino]acenaphthene} with ethyl
halides EtX (X = Cl, Br, I) in hexane proceed by single-elec-
tron transfer (SET) from the metal complex to the organic
halide. Complexes [(dpp-BIAN)(Et)]MgX(THF)n [X = Cl, n =
0 (2); X = Br, n = 2 (3); X = I, n = 1 (4)] are the products of
ethyl transfer to an imine carbon atom of a coordinated di-
imine ligand. The compound [(dpp-BIAN)(Et)]MgBr (3a) was

Introduction
Among the organometallic and coordination compounds

of magnesium, only Grignard reagents are widely used in
organic synthesis.[1] Despite the fact that magnesium
amides, R2NMgX (X = halide), so-called Hauser bases,
were found to be excellent deprotonating reagents for ni-
triles,[2] enolizable ketones,[3] and C–H acids,[4] they have
not yet become regular reagents in organic synthesis. Reac-
tions of Grignard reagents with organic substrates may pro-
ceed by two different mechanisms: concerted polar addition
or single-electron transfer (SET) from RMgX to the or-
ganic compound.[5] The second mechanism implies oxi-
dation of RMgX and reduction of the substrate by SET.
During this process, an R–Mg bonding electron leaves the
HOMO of RMgX. This leads to cleavage of this bond and
formation of a radical R and an MgX cation, which then
attack the respective centers of the substrate. Some time
ago, we started our search for new electron transfer reagents
based on main-group metals. Our original concept involved
the preparation of metal complexes in which a complex
HOMO is mainly ligand-localized and the ligand has fur-
ther functionalities to bind the metal (e.g. heteroatom lone
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obtained from the reaction of free dpp-BIAN with ethylmag-
nesiumbromide in hexane. In this case SET from the Grig-
nard reagent to the neutral diimine takes place. Compounds
2–4 and 3a were isolated as crystals and characterized by 1H
NMR spectroscopy. The molecular structure of 3 was deter-
mined by single-crystal X-ray analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pairs). In these cases, the SET from the HOMO to the or-
ganic substrate should not cause cleavage of a metal–ligand
bond. Long-known alkali metal naphthalenides or magne-
sium anthracenide are strong reducing agents, which are
able to transfer electrons to different substrates. However,
since the π-systems of these arenes are very weak bases, an
electron transfer from these species causes not only oxi-
dation of the ligand but also its release from the metal. α-
Diimines have a low-lying LUMO (π*), which can be popu-
lated with electrons from the metal, and basic nitrogen
atoms. The 1,2-bis[(2,6-diisopropylphenyl)imino]-acenaph-
thene (dpp-BIAN) ligand has an extended π system that is
formed from diimine and naphthalene. Four-step reduction
of this diimine with alkali metals produces its tetraanion.[6]

Metallic magnesium easily reduces dpp-BIAN to a dianion
and provides the monomeric solvated complex (dpp-BIAN)
Mg(THF)3 (1).[7] To some extent, this complex is related to
Hauser bases because it readily deprotonates C–H acids,[8]

ketones,[9] and nitriles.[10] Reaction of 1 with diphenylketone
provides, by SET, the pinacolate complex [(dpp-BIAN)–·
Mg]2(µ-O2C2Ph4).[11] Note that, during oxidation from di-
anion to radical-anion, the dpp-BIAN ligand still remains
on magnesium. Iodine and some organic halides (e.g.
Ph3SnCl, BrCH2CH2Br) oxidize complex 1 to give radical-
anionic species of the type (dpp-BIAN)–·MgX (X = Cl, Br,
I).[12] Recently we have reported the reverse process; the re-
duction of a magnesium-bound radical-anion to the corre-
sponding dianion by reductive elimination of an alkyl radi-
cal from (dpp-BIAN)Mg(iPr)(Et2O).[13] In this particular
case, the SET occurred intramolecularly. Thus, the concept
we wish to develop concerns the preparation of main-group
metal complexes with ligands, which may vary their “oxi-
dation state” while they are bound to the metal. This ap-
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proach should provide redox-active complexes of redox-in-
active metals (e.g. magnesium). In this paper, we report on
the reactivity of 1 towards organic halides.

Results and Discussion

Treatment of complex 1 with ethyl halides EtX (X = Cl,
Br, I) in THF causes a color change from deep green to red
within a few minutes at room temperature. Evaporation of
the solvent affords a red oily residue, which solidifies only
after repeated treatment with hexane and storage of the
solution formed at ambient temperature for several days.
Because 1 is insoluble in hexane, its reaction with EtX (X
= Cl, Br, I) in this solvent proceeds only at reflux and takes
up to 30 min in the case of EtI, one hour for EtBr, and
several hours for EtCl. However, the use of hexane as sol-
vent allows simple isolation of the products because the
products crystallize from the reaction mixture during the
reaction. Use of an excess of organic halide increases the
reaction rates in hexane. Thus, when a fivefold excess of
EtCl is used, the reaction in hexane is complete within
3 hours. Completion of the reaction may be seen by the
disappearance of the green crystals of 1 and the precipi-
tation of the red crystalline product.

According to the results of 1H NMR spectroscopy, the
reaction of complex 1 with ethyl halides EtX (X = Cl, Br,
I) yields the products of ethyl transfer to an imine carbon
atom of the dpp-BIAN ligand coordinated to the magne-
sium atom (Scheme 1). The ethyl radical formed under SET
from 1 to EtX attacks the radical-anion of dpp-BIAN, re-
sulting in the formation of compounds 2–4 in good yields.

Scheme 1.

Molecular Structure of 3

The molecular structure of 3 (Figure 1) was determined
by single-crystal X-ray analysis. Free dpp-BIAN as well as
the dpp-BIAN dianion in complex 1 possess two planes of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 827–832828

symmetry, one is orthogonal to the acenaphthene plane and
crosses the middle C–C bond of the naphthalene moiety,
whereas the other coincides with the diimine plane. Attach-
ment of the ethyl group to the imino carbon atom destroys
this symmetry and causes the appearance of a chiral carbon
atom [C(1)] in the molecule. In the unit cell R and S isomers
are present. In 3 the magnesium atom is five-coordinate.
The amido and imino Mg–N distances [Mg–N(1) 2.015(2)
and Mg–N(2) 2.3320(19) Å, respectively] differ significantly.
Asymmetric chelation of magnesium metal has already
been observed in the products of addition of enolizable
ketones to 1.[9] Addition of ketones to 1 occurs with proton-
ation of one of the nitrogen atoms of the dpp-BIAN ligand
and results in an asymmetric amido/amino structure. For
instance, in the addition product of 1,1-diphenylacetone,
the amido and amino bond lengths are 2.051(2) and
2.410(2) Å, respectively. The N(2)–C(2) double bond in 3
[1.281(3) Å] is nearly the same as those in free dpp-BIAN
(both N–C 1.28 Å).[12] The distance N(1)–C(2) [1.471(3) Å]
corresponds well to a single N–C bond. The Mg–O dis-
tances [2.092(2) and 2.1286(17) Å] fall into the range of the
respective distances in 1 (2.070, 2.084 and 2.224 Å).[7]

Figure 1. Molecular structure of 3 (S isomer). The hydrogen atoms
are omitted. Thermal ellipsoids are drawn at 30% probability. Se-
lected bond lengths [Å] and angles [°]: Mg–N(1) 2.015(2), Mg–N(2)
2.3320(19), Mg–O(1) 2.092(2), Mg–O(2) 2.1286(17), Mg–Br
2.5119(8), N(1)–C(1) 1.471(3), C(1)–C(2) 1.543(3), C(1)–C(45)
1.561(3), N(2)–C(2) 1.281(3); N(1)–Mg–O(1) 143.44(9), N(1)–Mg–
O(2) 98.33(7), O(1)–Mg–O(2) 85.20(7), N(1)–Mg–N(2) 77.88(7),
O(1)–Mg–N(2) 84.75(7), O(2)–Mg–N(2) 156.73(8), N(1)–Mg–Br
116.82(6), O(1)–Mg–Br 98.54(6), O(2)–Mg–Br 97.52(6), N(2)–Mg–
Br 104.70(5).

NMR Spectroscopy of 2–4

Selected 1H NMR spectroscopic data for 2–4 are given
in Table 1. All three compounds reveal a similar spectral
picture. The asymmetric amido/imino structure causes the
twelve aromatic protons to be nonequivalent. The four
methine protons of the isopropyl substituents give rise to
four signals ranging from 4.85 to 2.97 ppm for 2 and 3 in
[D8]THF and from 5.25 to 3.06 ppm for 4 in C6D6. Because
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of restricted rotation around the N–C(ipso-Ph) bond, all
eight methyl groups become unique and appear as eight
doublets in the range from 1.40 to –0.15 ppm. The presence
of the chiral carbon atom C(1) next to the methylene pro-
tons of the ethyl group causes them to be nonequivalent (2:
2.75, 2.54; 3: 2.97, 2.51; 4: 3.23, 2.88 ppm).

Table 1. Selected 1H NMR spectroscopic data for 2 and 3 in [D8]-
THF and 4 in C6D6 (200 MHz, 293 K).

2 3 4

H–C(CH3)2, 4.82 4.85 5.25
septuplet[a] 3.63 3.68 3.93

3.09 3.05 3.23
2.97 3.00 3.06

CH2–CH3, 2.75 2.97 3.23
multiplet[a] 2.54 2.51 2.88

H–C(CH3)2, 1.39 1.40 1.74
doublet[b] 1.37 1.37 1.72

1.28 1.27 1.66
1.24 1.23 1.23
1.13 1.13 1.16
0.87 0.87 0.98
0.46 0.44 0.81
–0.18 –0.15 0.14

CH2–CH3, –0.05 –0.07 0.23
triplet[b]

[a] Integral intensity corresponds to one proton. [b] Integral inten-
sity corresponds to three protons.

Compound 3a was prepared by the reaction of dpp-
BIAN with EtMgBr (Scheme 2). Only its coordinating sol-
vent differs from that of 3.

Scheme 2.

Addition of an equimolar amount of EtMgBr (1.9  in
Et2O) to a stirred suspension of dpp-BIAN in hexane at
room temperature causes immediate dissolution of the di-
imine (and provides a clear red solution). Evaporation of
the solvent in vacuo leads to rapid precipitation of a micro-
crystalline solid, which does not dissolve in hexane again,
but readily dissolves in Et2O and toluene. Although the
molecular structure of this product was not confirmed by
X-ray crystallography, its identity was definitely established

Eur. J. Inorg. Chem. 2006, 827–832 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 829

by 1H NMR spectroscopy. The 1H NMR spectroscopic
data for the product obtained, together with those acquired
for 2–4, indicate that in the reaction of dpp-BIAN with
EtMgBr a reverse process of SET – from Grignard reagent
to neutral diimine ligand – takes place. Transfer of the alkyl
radical formed to the imino carbon atom of dpp-BIAN fol-
lows this SET process. The 1H NMR spectrum of 3a is
shown in Figure 2. According to the 1H NMR data, the
isolated compound 3a does not contain coordinating sol-
vent, e.g. diethyl ether. Therefore, we suggest that com-
pound 3a is dimeric in the solid state. This is supported by
the recently reported dimeric structure of a closely related
magnesium compound formed in the reaction of 1 with
Me3SiCl.[12] In this case, the SET from 1 to Me3SiCl causes
the formation of Me3Si radicals, which attack THF mole-
cules to form Me3SiO(CH2)3CH2 radicals. Transfer of these
radicals to the imino carbon atom provided a compound
that is an analog of 2–4.

As in the case of compound 3, the 1H NMR spectrum of
3a (Figure 2) reveals the nonequivalence of all 12 aromatic
protons, whose signals range from 7.84 to 6.10 ppm. Signals
of four different methine protons are positioned at 4.85,
3.70, 3.05, and 2.96 ppm. Eight different methyl groups give
rise to eight doublets centered at 1.39, 1.36, 1.26, 1.22, 1.12,
0.86, 0.44, and –0.15 ppm. The ethyl group provides three
signals: two multiplets at 2.97 and 2.49 (1 H each) and a
triplet at –0.07 (3 H) ppm.

The reduction of α-diimines to radical-anions with main-
group organometallic compounds followed either by alkyl
radical transfer to a radical-anionic ligand or by an alkyl
radical release has been reported. Van Koten and coworkers
have studied reactions of 1,4-diazabutadienes with different
dialkylzinc compounds. Tertiary, benzylic, and some sec-
ondary organozinc compounds give C-alkylation products
(sometimes accompanied with 1,3-prototropic shift),
whereas primary dialkylzinc compounds give N-alkylation
products.[14] Recently, Bailey and coworkers reported on the
reactivity of Me2Mg towards dpp-BIAN and diacetal-
bis(2,6-diisopropylphenylimine) (Ar�-DAD).[15] In both
cases, the reactions occur with release of a methyl radical
and afford complexes of radical-anionic ligands, e.g. (L–·)-
MgMe (L = dpp-BIAN or Ar�-DAD). In the case of Ar�-
DAD, the methyl transfer product was isolated in low yield
when the reaction was carried out at low temperature. The
formation of radical-anionic products in the above-men-
tioned reactions of organomagnesium compounds with di-
imines indicates clearly that these reactions occur by SET
from the magnesium compound to the diimines. In order
to find confirmation for the SET process in the course of
the reaction of complex 1 with ethyl bromide, we have mon-
itored this reaction by ESR spectroscopy. Addition of EtBr
to a THF solution of complex 1 at –100 °C followed by
slow warming of the reaction mixture to ambient tempera-
ture resulted in the appearance of the ESR signal of the
dpp-BIAN radical-anion (g = 2.0045, AN = 0.44, ABr =
0.2 mT).[12] In the course of several minutes this signal dis-
appeared completely, indicating the recombination of the
radical-anion and the ethyl radical.
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Figure 2. The 1H NMR spectrum of 3 divided in three sections ([D8]THF, 400 MHz, 20 °C).

Conclusions

In conclusion, we have demonstrated that diimine dpp-
BIAN as well as its dianion may be involved in SET reac-
tions. Thus, reagents having a low ionization potential, such
as organometallic species, may reduce neutral dpp-BIAN.
In contrast, the magnesium complex of the dpp-BIAN di-
anion acts as reducing agent towards organic halides. Tak-
ing into account the identity of the products isolated in
both oxidation and reduction reactions one can suggest that
both processes occur by the formation of the radical-anion
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of dpp-BIAN and an alkyl radical, which recombine to af-
ford the final C–C coupling product.

Experimental Section
General Remarks: All manipulations were carried out under vac-
uum using Schlenk ampoules. Tetrahydrofuran and diethyl ether
were dried by distillation from sodium/benzophenone. [D8]THF
and C6D6 (both from Aldrich) used for NMR experiments were
dried with sodium/benzophenone at ambient temperature and, just
prior to use, condensed under vacuum into the NMR tubes already
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containing the respective compound. Melting points were mea-
sured in sealed capillaries. IR spectra were recorded with an FTIR
FSM-1201 spectrometer (“Monitoring Ltd.”), 1H NMR spectra
with Bruker DPX-200 and Bruker DRX-400 NMR spectrometers.

(dpp-BIAN)Mg(THF)3 (1): Magnesium shavings (2.4 g, 100 mmol)
and I2 (0.5 g, 2.0 mmol) were placed in a Schlenk-like ampoule (ca.
100 mL volume) equipped with a Teflon stopcock. After evacua-
tion of the ampoule (at 10–1 Torr for ca. 1 min), THF (40 mL) was
added by condensation, and the mixture was stirred for 2 h. The
MgI2(THF)n formed was decanted together with the solvent, and
the residual metal was washed three times with THF (40 mL). A
suspension of dpp-BIAN (0.5 g, 1.0 mmol) in THF (20 mL) was
then added to the activated magnesium metal, and the mixture was
heated to reflux. Over the course of about 30 min, the reaction
mixture turned deep green because of the formation of 1. The solu-
tion was then cooled to ambient temperature and decanted from
the excess magnesium. The solvent was evaporated in vacuo afford-
ing compound 1 as deep green, almost black crystals. The solid
was washed three times with hexane (15 mL) and then used in the
reactions with ethyl halides. The yields of the products 2–4 were
calculated on the basis of the amount of dpp-BIAN used in the
preparation of 1.

[(dpp-BIAN)(Et)]MgCl (2): To a suspension of compound 1 (pre-
pared from 0.5 g of dpp-BIAN) in hexane, was added ethyl chloride
(0.32 g, 5 mmol). The reaction ampoule was sealed off under vac-
uum. In the course of 4 h at 80 °C, the precipitate of 1 dissolved
completely. Slow cooling of the red solution to ambient tempera-
ture produced red crystals of 2 (0.39 g, 67%). M.p. 147 °C.
C38H45ClMgN2 (589.55): calcd. C 77.42, H 7.69; found C 77.11, H
7.91%. IR (Nujol): ν̃ = 1626 (s), 1590 (m), 1307 (m), 1246 (m),
1188 (w), 1161 (w), 1103 (w), 1024 (m), 1015 (m), 934 (m), 857 (w),
854 (w), 800 (m), 780 (vs), 753 (s), 719 (s), 642 (w), 630 (w), 611
(w), 596 (w), 576 (w), 534 (w), 449 (s), 430 (s), 407 (vs) cm–1. 1H
NMR (200 MHz, [D8]THF, 20 °C): δ = 7.84 (d, J = 8.0 Hz, 1 H,
CH arom.), 7.55 (d, J = 8.3 Hz, 1 H, CH arom.), 7.39–7.15 (m, 5
H, CH arom.), 7.13 (dd, 1 H, J = 7.5 and 1.7 Hz, CH arom.), 6.91
(t, J = 7.5 Hz, 1 H, CH arom.), 6.77 (dd, 1 H, J = 7.3 and 1.5 Hz,
CH arom.), 6.17 (d, J = 7.3 Hz, 1 H, CH arom.), 6.11 (d, J =
7.0 Hz, 1 H, CH arom.), 4.82 [sept, 1 H, J = 6.8 Hz, CH(CH3)2],
3.63 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.09 [sept, 1 H, J = 6.8 Hz,
CH(CH3)2], 2.97 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 2.75 (m, 1 H,
CH2CH3), 2.54 (m,1 H, CH2CH3), 1.39 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 1.37 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.28 [d, J =
6.8 Hz, 3 H, CH(CH3)2], 1.24 [d, J = 6.8 Hz, 3 H, CH(CH3)2],
1.13 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.87 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 0.46 [d, J = 6.8 Hz, 3 H, CH(CH3)2], –0.05 (t, J =
7.3 Hz, 3 H, CH2CH3), –0.18 [d, J = 6.8 Hz, 3 H, CH(CH3)2] ppm.

[(dpp-BIAN)(Et)]MgBr(THF)2 (3): Red crystals of 3 were obtained
by the procedure described for 2 using dpp-BIAN (0.5 g, 1.0 mmol)
and EtBr (0.11 g, 1.0 mmol). Yield 0.5 g (63%). M.p. 76 °C.
C46H61BrMgN2O2·0.5(C2H5)2O (815.25): calcd. C 70.72, H 8.16;
found C 70.68, H 8.09%. IR (Nujol): ν̃ = 1638 (s), 1588 (w), 1315
(m), 1242 (s), 1184 (w), 1104 (w), 1073 (w), 1027 (vs), 946 (w), 919
(m), 865 (w), 854 (s), 846 (w), 834 (w), 800 (w), 784 (s), 750 (vs),
719 (m), 673 (w), 630 (w), 611 (w), 596 (w), 576 (w), 542 (w), 519
(w), 492 (w), 430 (s) cm–1. 1H NMR (200 MHz, [D8]THF, 20 °C):
δ = 7.85 (d, J = 8.2 Hz, 1 H, CH arom.), 7.55 (d, J = 8.2 Hz, 1 H,
CH arom.), 7.40–7.10 (m, 6 H, CH arom.), 6.91 (t, J = 7.5 Hz, 1
H, CH arom.), 6.77 (dd, 1 H, J = 7.5 and 1.5 Hz, CH arom.), 6.16
(d, J = 7.3 Hz, 1 H, CH arom.), 6.11 (d, J = 7.0 Hz, 1 H, CH
arom.), 4.85 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.68 [sept, 1 H, J
= 6.8 Hz, CH(CH3)2], 3.05 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.00
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[sept, 1 H, J = 6.8 Hz, CH(CH3)2], 2.97 (m, 1 H, CH2CH3), 2.51
(m,1 H, CH2CH3), 1.40 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.37 [d, J
= 6.8 Hz, 3 H, CH(CH3)2], 1.27 [d, J = 6.8 Hz, 3 H, CH(CH3)2],
1.23 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.13 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 0.87 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.44 [d, J =
6.8 Hz, 3 H, CH(CH3)2], –0.07 (t, J = 7.3 Hz, 3 H, CH2CH3), –
0.15 [d, J = 6.8 Hz, 3 H, CH(CH3)2] ppm.

[(dpp-BIAN)(Et)]MgBr (3a): Dropwise addition of an ether solu-
tion of EtMgBr (1.9 , 0.6 mL) by syringe to a stirred suspension
of dpp-BIAN (0.53 g, 1.06 mmol) in hexane (20 mL) at 25 °C
caused instant dissolution of the orange precipitate and resulted in
a red solution. Evaporation of the solvent under vacuum led to
quick precipitation of the red microcrystalline solid, which was
then filtered off and dried in vacuo. Yield 0.58 g (87%). M.p.
205 °C. C38H45BrMgN2: (634.00): calcd. C 71.99, H 7.15; found C
71.05, H 6.97%. IR (Nujol): ν̃ = 1623 (s), 1588 (m), 1307 (m), 1246
(m), 1188 (w), 1161 (m), 1100 (w), 1038 (w), 1011 (m), 934 (w), 854
(w), 830 (w), 800 (w), 781 (s), 750 (s), 723 (s), 642 (w), 631 (w), 611
(w), 592 (w), 577 (w), 542 (w), 527 (w), 454 (s), 427 (s), 407 (s) cm–1.
1H NMR (400 MHz, [D8]THF, 20 °C): δ = 7.84 (d, J = 8.2 Hz, 1
H, CH arom.), 7.55 (d, J = 8.2 Hz, 1 H, CH arom.), 7.39 (dd, 1
H, J = 7.7 and 1.5 Hz, CH arom.), 7.33 (t, J = 7.5 Hz, 1 H, CH
arom.), 7.26 (dd, 1 H, J = 7.7 Hz and 1.5, CH arom.), 7.21 (t, J =
7.5 Hz, 1 H, CH arom.), 7.17 (dd, 1 H, J = 7.5 and 7.5 Hz, CH
arom.), 7.13 (dd, 1 H, J = 7.7 and 1.7 Hz, CH arom.), 6.91 (t, J =
7.7 Hz, 1 H, CH arom.), 6.77 (dd, 1 H, J = 7.5 and 1.7 Hz, CH
arom.), 6.15 (d, J = 7.3 Hz, 1 H, CH arom.), 6.10 (d, J = 7.1 Hz,
1 H, CH arom.), 4.85 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.70
[sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.05 [sept, 1 H, J = 6.8 Hz,
CH(CH3)2], 2.97 (dq, 1 H, J = 14.8 and 7.3 Hz, CH2CH3), 2.96
[sept, 1 H, J = 6.8 Hz, CH(CH3)2], 2.49 (dq, 1 H, J = 14.8 and
7.3 Hz, CH2CH3), 1.39 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 136 [d,
J = 6.8 Hz, 3 H, CH(CH3)2], 1.26 [d, J = 6.8 Hz, 3 H, CH(CH3)2],
1.22 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.12 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 0.86 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.44 [d, J =
6.8 Hz, 3 H, CH(CH3)2], –0.07 (t, J = 7.3 Hz, 3 H, CH2CH3),
–0.15 [d, J = 6.8 Hz, 3 H, CH(CH3)2] ppm.

[(dpp-BIAN)(Et)]MgI(THF)2 (4): Red crystals of 4 were obtained
by the procedure described for 2 using 0.5 g (1.0 mmol) of dpp-
BIAN and 0.15 g (1.0 mmol) of ethyl iodide. The reaction com-
pleted within 30 min. Yield 0.42 g (56%). M.p. 188 °C.
C42H53IMgN2O (753.11): calcd. C 66.98, H 7.09; found C 70.68,
H 8.09%. IR (Nujol): ν̃ = 1623 (s), 1584 (m), 1307 (m), 1250 (s),
1181 (m), 1100 (w), 1038 (m), 1011 (s), 949 (w), 919 (w), 869 (s),
854 (m), 834 (w), 800 (m), 784 (s), 754 (s), 723 (m), 673 (w), 630
(w), 611 (w), 596 (w), 576 (w), 542 (w), 515 (w), 496 (w), 450 (m),
427 (s) cm–1. 1H NMR (200 MHz, C6D6, 20 °C): δ = 7.53–7.04 (m,
9 H, CH arom.), 6.89 (t, J = 7.8 Hz, 1 H, CH arom.), 6.51 (d, J =
7.3 Hz, 1 H, CH arom.), 6.46 (d, J = 7.0 Hz, 1 H, CH arom.), 5.25
[sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.93 [sept, 1 H, J = 6.8 Hz,
CH(CH3)2], 3.23 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 3.22 (m, 1 H,
CH2CH3), 3.06 [sept, 1 H, J = 6.8 Hz, CH(CH3)2], 2.88 (m,1 H,
CH2CH3), 1.74 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.72 [d, J = 6.8 Hz,
3 H, CH(CH3)2], 1.66 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.23 [d, J
= 6.8 Hz, 3 H, CH(CH3)2], 1.16 [d, J = 6.8 Hz, 3 H, CH(CH3)2],
0.98 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.81 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 0.23 (t, J = 7.3 Hz, 3 H, CH2CH3), 0.14 [d, J = 6.8 Hz,
3 H, CH(CH3)2] ppm.

X-ray Crystallographic Study of 3: Crystals of 3 suitable for X-ray
structure determination were obtained from hexane. Crystal data:
C46H61BrMgN2O2·0.5Et2O, M = 815.25, triclinic, a = 10.8322(6),
b = 12.3710(6), c = 17.8518(9) Å, U = 2210.7(2) Å3, T = 100(2) K,
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space group P1̄, Z = 2, µ = 0.984 mm–1, 12387 reflections mea-
sured, 7760 unique (Rint = 0.0180) which were used in all calcula-
tions. R1[I � 2σ(I)] = 0.526, wR1(all data) = 0.0635. The structures
were solved by direct methods using SHELXS-97[16] and were re-
fined on F2 using SHELXL-97.[17] All non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms were found from Fourier
synthesis except those at C(38) and C(39) in the THF molecule. The
hydrogen atoms at C(38) and C(39) as well as hydrogen atoms in the
lattice Et2O molecule were placed in calculated positions and refined
in the riding model. SADABS[18] was used to perform area-detector
scaling and absorption corrections. CCDC-282656 (3) contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A series of vinylgold(I) complexes [Au(CR=CHR)L] (R = H,
Me; L = PPh3, PPh2Me, PPhMe2) were prepared from the re-
action of the Grignard reagents [MgBr(CR=CHR)] (R = H,
Me) with the gold(I) phosphane complexes [AuCl(L)] (L =
PPh3, PPh2Me, PPhMe2) at low temperature. The complexes
were characterised by various spectroscopic techniques and,
in the case of [Au(CMe=CHMe)(PPh3)], by a single-crystal X-

Introduction

Organometallic gold() complexes of the type [AuR(L)],
where R is an alkyl, aryl or alkynyl group and L is a neutral
donor ligand such as a tertiary phosphane or isocyanide,
have been studied in depth over the years and numerous
derivatives have been synthesised, many of which have been
structurally characterised.[1–4] In marked contrast, analo-
gous vinylgold() complexes [Au(CR=CR2)(L)] have re-
ceived very little attention to date. In the 1970s a group of
Russian workers reported the synthesis and some reactions
of [Au(CH=CH2)(PPh3)] but no X-ray structure was re-
ported and the published experimental procedure seems du-
bious (see below).[5,6] Around the same time, other groups
were studying reactions of [AuMe(L)] complexes with the
fluorinated hydrocarbons CF3C�CCF3 and F2C=CF2.
Stone and Mitchell first observed that UV irradiation of a
benzene solution of CF3C�CCF3 and [AuMe(PPh3)] af-
forded a colourless product, which, based on 19F NMR
spectroscopic data and elemental analysis, they formulated
as the binuclear complex [Au2(µ-CF3C=CCF3)(PPh3)2]
(1).[7,8] The structure was later confirmed by an X-ray dif-
fraction study, which showed that the complex consists of
a CF3C=CCF3 molecule bridging two AuPPh3 units.[9] Sim-
ilar observations were made by Puddephatt and Johnson,
who studied the reactions of [AuMe(PPhMe2)] and [Au-
Me(PMe3)] with CF3C�CCF3. The initial reaction prod-
ucts, formulated as [AuMe2(CF3C�CCF3)L] (L = PPhMe2,
PMe3), undergo ethane elimination in acetone to give the
binuclear complexes [Au2(µ-CF3C=CCF3)L2] (1), which is
analogous to those observed earlier by Stone.[10] In the case

[a] Departamento de Química Inorgánica, Instituto de Ciencia de
Materiales de Aragón, Universidad de Zaragoza–C.S.I.C.,
50009 Zaragoza, Spain
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ray structure determination. The gold–carbon bonds of these
vinylgold(I) complexes are easily cleaved by acids and, in the
presence of potassium permanganate, by species containing
acidic protons.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of L = PMe3, the crystal structure of the complex was ob-
tained and shown to be the mixed-valence gold()/gold()
complex [Me3PAuIII(Me)2C(CF3)=C(CF3)AuIPMe3] (2),
which contains a bridging CF3C=CCF3 unit.[11]

More recently, Brisdon and co-workers have prepared
and structurally characterised the vinylgold() complexes
[AuCR=CF2(PPh3)] (R = Cl, F) by treating [AuCl(PPh3)]
with the organolithium reagent CF2=CRLi.[12] Puddephatt
and Treurnicht reported the synthesis of the very thermally
unstable vinylgold() complex [Au(CH=CH2)(CNMe)],
which could only be characterised by 1H NMR spec-
troscopy at –20 °C.[13] Other approaches for adding vinyl
groups to an AuPPh3 unit have also been investigated. The
vinyl(methyl)titanium complex [Cp*2TiMe(CH=CH2)] re-
acts with [AuCl(PPh3)] to give [Cp*2TiCl(µ-C=CH2)-
AuPPh3] (3), the structure of which contains a vinylidene
unit bridging the titanium and gold atoms in an unsym-
metrical fashion.[14] The vinylgold() complexes
[Au{C(OR)=CH2}(PPh3)M(CO)5] (4) (M = Cr, Mo, W; R
= Me, Et), in which the vinyl group is π-coordinated (η2)
to the M(CO)5 fragment, are formed by treating the depro-
tonated carbene species Li[(CO)5M=C(OR)CH2] with
[AuCl(PPh3)].[15] Addition of PPh3 displaces the coordi-
nated M(CO)5 unit from 4 and produces the vinylgold()
complex [Au{C(OR)=CH2}(PPh3)].
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Our group has been studying the catalytic activity of
various gold complexes in the addition of water or MeOH
to terminal alkynes.[16] A vinylgold species has been sug-
gested as a possible intermediate in this catalytic process.
For this reason we were interested in preparing some vi-
nylgold() complexes and studying their structures and reac-
tivity. The results of this investigation are presented here.

Results and Discussion

Initially, we attempted to reproduce the Russian work to
prepare [Au(CH=CH2)(PPh3)] (5a). What seemed suspi-
cious to us was the claim that the reaction between the vinyl
Grignard reagent and [AuCl(PPh3)] was carried out at
+50 °C and that the complex was obtained in 90% yield![5]

In our hands, these conditions led to complete decomposi-
tion of the reaction mixture to metallic gold. However,
when vinylmagnesium bromide was added to an ethereal
suspension of [AuCl(PPh3)] at –78 °C the complex
[Au(CH=CH2)(PPh3)] (5a) could be isolated in 73% yield
after work-up. We found that when a large excess of Grig-
nard reagent was used in the reaction and the subsequent
hydrolysis was carried out with large volumes of water or
aqueous NH4Cl, significant decomposition to metallic gold
occurred. This decomposition can be avoided by using only
a small excess of Grignard reagent (ca. 10%), and simply
exposing the reaction mixture to air was sufficient to hydro-
lyse the excess Grignard reagent. Following this procedure
the vinylgold() complexes [Au(CR=CHR)(L)] (R = H, 5a:
L = PPh3, 5b: L = PPh2Me, 5c: L = PPhMe2; R = Me, 6a:
L = PPh3, 6b: L = PPh2Me, 6c: L = PPhMe2 ) were pre-
pared in good to moderate yields (Scheme 1).

Scheme 1.

All the complexes prepared are colourless, crystalline sol-
ids (except for 5c and 6c, which were isolated as pale-brown
oils) that are air- and thermally stable in the solid state; in
solution, however, decomposition occurs slowly (2–3 days)
for the PPh3 and PPh2Me complexes, whilst the PPhMe2
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derivatives are stable in solution for less than 12 h. The 1H
NMR spectra of the vinyl complexes 5a–5c consists of three
doublets of doublets displaying trans,cis and geminal coup-
ling constants of 20, 14 and 5 Hz, respectively. The 1H
NMR spectra of the dimethyl analogues 6a–6c display a
broad singlet at δ � 6.4 ppm due to the vinylic proton.
Furthermore, the two methyl groups attached to the vinyl
group resonate as a broad singlet (coupling unresolved) and
doublet of quartets for the α- and β-Me groups, respec-
tively; the coupling constants confirm that the methyl
groups are trans to each other. In the 13C NMR spectra of
all six complexes we observed, in addition to the phenyl
and Me signals, a singlet at δ � 129 ppm due to the β-C of
the vinyl group. The resonance of the α-C of the vinyl group
attached to the gold atom could not be observed, presum-
ably due to the large quadrupole moment of the proximal
gold atom. As expected, the 31P{1H} NMR spectra of all
six complexes show singlet resonances whose chemical shift
varies depending on the phosphane ligands. The FAB+
mass spectra of most of the complexes show weak molecu-
lar-ion peaks as well as peaks due to loss of the vinyl group
and formation of higher mass ions [Au(phosphane)2]+; the
latter are frequently observed in FAB mass spectra of
gold() phosphane complexes.[17] The vinylgold() structure
was confirmed by a partial X-ray diffraction study of 6a.
Due to the limited stability of the complex in solution, the
crystals obtained were of poor quality and, more import-
antly, signs of twinning were apparent. However, the data
were of sufficient quality to establish the connectivity and
to derive geometric parameters of middling accuracy but
wholly consistent with all other experimental data reported
here and elsewhere for this and analogous compounds. A
displacement ellipsoid plot of one molecule is shown in Fig-
ure 1.[18]

Figure 1. ORTEP view of one of the independent molecules of 6a.
Ellipsoids show 30% probability levels; phenyl hydrogen atoms
have been omitted for clarity.



Vinylgold() Phosphane Complexes FULL PAPER
The structure was refined in the space group C2/c with

two independent molecules in the asymmetric unit. Some
bond lengths and angles differ slightly between the two
molecules; but we do not wish to attribute chemical signifi-
cance to this observation given that the differences are con-
sistent with the inaccuracies evident in the diffraction data
(vide infra) [wR2 = 0.1482, R1 = 0.0822, C–C bond pre-
cision 0.022 Å]. The structure of 6a consists of a dimethylvi-
nyl moiety (with the Me groups in a trans configuration)
and a PPh3 unit linearly [177.9(3)° and 175.4(4)°] coordi-
nated to the gold() centre. The Au–P [2.3092(19) and
2.291(2) Å] and Au–C [2.004(7) and 2.053(10) Å] distances
are similar to those in [Au(CF=CF2)(PPh3)] [Au–P =
2.272(3) and Au–C = 2.028(9) Å] and
[Au(CCl=CF2)(PPh3)] [Au–P = 2.266(2) and Au–C =
2.026(10) Å].[12] The vinyl C=C distances [1.322(18) and
1.327(17) Å] are slightly longer than those in
[Au(CF=CF2)(PPh3)] [C=C = 1.297(14) Å][12] but shorter
than that in [AuC(OMe)=CH2(PPh3)Cr(CO)5] [C=C =
1.345(11) Å].[15]

Reactions of Vinylgold(I) Complexes

The Russian workers studied the reactions of
[Au(CH=CH2)(PPh3)] (5a) with HCl, HgCl2 Br2, (SCN)2,
benzoic acid and KMnO4.[6] In the first five cases the gold–
carbon bond is cleaved to give [AuX(PPh3)] (X = Cl, Br,
SCN, O2CPh) as the gold-containing product. However, in
the case of KMnO4, neither metal–carbon bond cleavage
nor oxidation of the carbon–carbon double bond occurs;
instead, the acetonylgold() phosphane complex
[Au{CH2C(O)CH3}(PPh3)] is formed in high yield.[6,19] The
X-ray crystal structure of this complex was reported later,
but neither the method of preparation nor source of the
sample was mentioned.[20] In order to examine the general-
ity of these reactions we studied the reaction of hydrochlo-
ric acid and KMnO4 with the new vinylgold() complex 6a.
Treatment of an acetone solution of 6a with a solution of
HCl or DCl in D2O (the deuterated acid was more conve-
nient to study by 1H NMR spectroscopy) results in electro-
philic cleavage of the gold–carbon bond and formation of
[AuCl(PPh3)] and trans-MeDC=CMeH, as was evident
from the 1H and 31P NMR spectra; the chemical shift ob-
served in the 31P NMR spectrum is identical to that of an
authentic sample of [AuCl(PPh3)]. Treatment of an acetone
solution of complex 6a at 0 °C with KMnO4 resulted in
formation of a brown precipitate (MnO2). After about
30 min reaction time a pale-yellow solid could be isolated
from the mixture after filtration and removal of the solvent.
On the basis of 1H and 31P{1H} NMR spectroscopic data,
this product was identified as the acetonylgold() complex
[Au{CH2C(O)CH3}(PPh3)], identical to that reported by
Nesmeyanov.[19] We were interested in investigating this re-
action in more detail in order to gain some understanding
of the mechanism and the exact role of the permanganate.
To test whether species containing acidic protons, such as
acetone or phenylacetylene, can react with 6a in the absence
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of permanganate we treated CDCl3 solutions of complex 6a
with an equivalent amount of acetone or phenylacetylene
and examined the 1H and 31P NMR spectra over time. Even
after a period of 48 h there was no evidence that any reac-
tion had occurred − only signals from the starting complex
were observed in the NMR spectra − thus confirming that
permanganate is indeed required for this reaction. If a solu-
tion of KMnO4 in CD3CN is then added to the NNR tubes
containing complex 6a and acetone or phenylacetylene a
brown precipitate is observed after a few minutes and after
about 30 min the main species in solution, determined by
NMR spectroscopy, are [Au{CH2C(O)CH3}(PPh3)] and
[Au(C�CPh)(PPh3)], respectively. These results suggest that
the permanganate reacts initially with the vinylgold() com-
plex, probably oxidising the carbon–carbon double bond,
via an intermediate gold()/manganese() cyclic ester 7
(Scheme 2). It is known that the oxidation of alkenes with
permanganate proceeds via such cyclic MnV ester interme-
diates, which undergo decomposition reactions to give or-
ganic products and MnO2.[21] Recently, this [3+2] mecha-
nism via cyclic MnV esters has been confirmed by DFT
calculations and kinetic isotope effect data.[22] In our case,
the evidence presented above suggests that the presumed
intermediate 7 causes deprotonation of acetone and phenyl-
acetylene, thus producing the acetonyl- and alkynylgold()
complexes as well as the diol, accompanied, perhaps even
driven, by precipitation of insoluble MnO2. We tried to
identify the organic oxidation products by both 1H NMR
and GC/MS spectroscopy, but no conclusive results were
obtained. In an attempt to observe the intermediate species
7 we treated a CDCl3 solution of 6a with a CD3CN solution
of KMnO4 and observed immediate formation of a brown
precipitate. The 31P NMR spectrum of the supernatant
solution shows a singlet resonance at δ = 44.50 ppm,
slightly shifted relative to that of the starting complex (δ =
44.77 ppm), which may be due to the intermediate. How-
ever, the presence of a multiplet at δ = 6.4 ppm in the 1H
NMR spectrum, due to the vinylic proton, suggests that the
C=C double bond in the vinyl ligand is still intact; in fact,
the overall spectrum is almost identical to that of 6a. When
excess PhC�CH is added to this solution the 31P NMR
spectrum shows, in addition to the original peak at δ =
44.50 ppm, a new signal at δ = 42.15 ppm. The latter
resonance is consistent with the presence of
[Au(C�CPh)(PPh3)], which was confirmed by comparison
of chemical shifts of an authentic sample. Over a period
of about 10 h the intensity of the signal due to
[Au(C�CPh)(PPh3)] increases, whilst that of the starting
complex 6a decreases. After about 24 h the major species in
solution is [Au(C�CPh)(PPh3)]. If the same experiment is
carried out with acetone similar observations are made, na-
mely the intensity of the 31P NMR signal due to the ace-
tonylgold() complex [Au{CH2C(O)CH3}(PPh3)] increases
over time, while that due to 6a decreases. These results show
that KMnO4 is required for the vinylgold() complex to re-
act with species containing acidic protons and, although we
failed to detect any intermediate, the simple fact that ad-
dition of KMnO4 to a solution of 6a causes precipitation of
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MnO2 suggests that some reaction yielding an undetectable
intermediate must be taking place. More detailed investi-
gations are necessary to fully understand this process. Other
oxidants including dichromate and H2O2 either do not react
at all or, in the case of peroxide, oxidation of the phosphane
occurs to give Ph3P=O and decomposition of the starting
complex to gold metal.

Scheme 2.

In summary, we have shown that vinylgold() complexes
can be prepared in good yields from the reaction of a vinyl
Grignard reagent with [AuCl(PPh3)] at low temperatures.
The gold–vinyl–C bond is easily cleaved by acids or, in the
presence of KMnO4, by species containing an acidic proton
such as acetone and phenylacetylene. Further work is cur-
rently in progress to further elucidate the mechanism of this
reaction and to study other reactions of vinylgold() com-
pounds.

Experimental Section
General: All reactions were performed under an atmosphere of dry
argon using Schlenk techniques. Solvents were dried by standard
methods and freshly distilled under argon before use. 1H, 13C and
31P{1H} NMR spectra were recorded with a 400 MHz Bruker Av-
ance spectrometer. Chemical shifts are quoted relative to external
TMS (1H and 13C) or 85% H3PO4 (31P). FAB mass spectra were
measured on a VG Autospec spectrometer in positive ion mode
using NBA as matrix. Elemental analyses were obtained in-house
using a Perkin–Elmer 240B microanalyser. The chlorogold() pre-
cursor complexes were prepared by treating equivalent amounts of
[AuCl(tht)] with the tertiary phosphanes in CH2Cl2. The vinyl
Grignard reagents were obtained commercially (Aldrich).

[Au(CH=CH2)(PPh3)] (5a): A suspension of [AuCl(PPh3)] (0.402 g,
0.929 mmol) in dry Et2O (10 mL) was cooled to –78 °C and treated
with a solution of vinylmagnesium bromide (1.0 mL 1  solution
in THF, 1.0 mmol). The mixture was warmed to room temperature
over a period of 4 h. After this time the reaction vessel was exposed
to air for about 10 min. to hydrolyze any unreacted Grignard rea-
gent. The mixture was then filtered through anhydrous MgSO4 and
the filtrate evaporated to dryness in vacuo to afford 0.288 g (73%)
of colourless product. 1H NMR (400 MHz, CDCl3, 25 °C): δ =
7.42–7.61 (m, 15 H, Ph), 7.20 (dd, Jtrans-H,H = 20, Jcis-H,H = 14 Hz,
1 H, AuCH), 6.04 (dd, Jtrans-H,H = 20, Jgem-H,H = 5 Hz, 1 H, =CH2),
5.53 (dd, Jcis-H,H = 14, Jgem-H,H = 5 Hz, 1 H, =CH2) ppm. 13C
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NMR (100 MHz, CDCl3, 25 °C): δ = 134.3 (d, 3JP,C = 13 Hz, meta-
Ph), 131.4 (s, AuC=C), 131.2 (s, para-Ph), 129.0 (d, 2JP,C = 10 Hz,
ortho-Ph) ppm. 31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ =
44.40 ppm ppm. FAB MS: m/z (%) = = 486 (5) [M]+, 459 (95)
[Au(PPh3)]+, 721 (100) [Au(PPh3)2]+. C20H18AuP (486.3): calcd. C
49.40, H 3.73; found C 49.30, H 3.50.

Compounds 5b and 5c were prepared in a similar manner.

[Au(CH=CH2)(PMePh2)] (5b): Colourless solid (0.252 g, 64%
yield). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.60–7.70 (m, 4 H,
Ph), 7.41–7.48 (m, 6 H, Ph), 7.14 (dd, Jtrans-H,H = 21, Jcis-H,H =
14 Hz, 1 H, AuCH), 6.00 (dd, Jcis-H,H = 14, Jgem-H,H = 5 Hz, 1 H,
=CH2), 5.48 (dd, Jtrans-H,H = 21, Jgem-H,H = 5 Hz, 1 H, =CH2), 2.01
(d, 2JP,H = 8 Hz, 3 H, PCH3) ppm. 13C NMR (100 MHz, CDCl3,
25 °C): δ = 132.8 (d, 3JP,C = 13 Hz, meta-Ph), 132.7 (d, 1JP,C =
50 Hz, ipso-Ph), 131.5 (s, AuC=C), 131.0 (s, para-Ph), 129.0 (d,
2JP,C = 10 Hz, ortho-Ph), 13.9 (d, 1JP,C = 32 Hz, PCH3) ppm.
31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 30.10 ppm ppm.
FAB MS: m/z (%) = = 379 (60) [Au(PMePh2)]+, 597 (100) [Au(P-
MePh2)2]+ 821 (35) [M + Au(PPh2Me)]+. C15H16AuP (424.2): calcd.
C 42.47, H 3.80; found C 42.84, H 3.71.

[Au(CH=CH2)(PPhMe2)] (5c): Pale-brown oil (0.108 g, 55% yield).
1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.70–7.78 (m, 2 H, Ph),
7.45–7.50 (m, 3 H, Ph), 7.10 (dd, Jtrans-H,H = 21, Jcis-H,H = 14 Hz,
1 H, AuCH), 5.98 (dd, Jcis-H,H = 12, Jgem-H,H = 5 Hz, 1 H, =CH2),
5.46 (dd, Jtrans-H,H = 21, Jgem-H,H = 5 Hz, 1 H, =CH2), 1.73 (br. s,
6 H, PCH3) ppm. 13C NMR (100 MHz, CDCl3, 25 °C): δ = 133.8
(d, 1JP,C = 49 Hz, ipso-Ph), 131.77 (d, 3JP,C = 13 Hz, meta-Ph),
131.5 (s, AuC=C), 131.1 (s, para-Ph), 128.9 (d, 2JP,C = 10 Hz, ortho-
Ph), 15.34 (d, 1JP,C = 31 Hz, PCH3) ppm. 31P{1H} NMR
(162 MHz, CDCl3, 25 °C): δ = 18.65 ppm. FAB MS: m/z (%) = 335
(62) [Au(PPhMe2)]+, 473 (100) [Au(PPhMe2)2]+.

The following complexes were prepared as described above using
1-methyl-1-propenylmagnesium bromide.

[Au(CMe=CHMe)(PPh3)] (6a): Colourless, crystalline solid
(0.206 g, 63% yield). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.51–
7.60 (m, 6 H, Ph), 7.40–7.51 (m, 9 H, Ph), 6.45 (m, 1 H, =CHMe),
2.06 (br. s, 3 H, AuCMe), 1.95 (dq, 3JH,H = 6, 5JH,H = 1 Hz, 3 H,
=CHMe) ppm. 13C NMR (100 MHz, CDCl3, 25 °C): δ = 134.3 (d,
3JP,C = 13 Hz, meta-Ph), 131.4 (d, 1JP,C = 48 Hz, ipso-Ph), 130.8 (s,
para-Ph), 129.2 (AuC=C), 128.9 (d, 2JP,C = 10 Hz, ortho-Ph), 30.4
(s, AuCMe), 20.9 (s, CHMe) ppm. 31P{1H} NMR (162 MHz,
CDCl3, 25 °C): δ = 44.77 ppm. FAB MS: m/z (%) = 514 (15) [M]+,
459 (100) [Au(PPh3)]+, 721 (65) [Au(PPh3)2]+. C22H22AuP (514.4):
calcd. C 51.37, H 4.31; found C 51.48, H 4.12. X-ray quality crys-
tals were selected from the bulk sample.

[Au(CMe=CHMe)(PPh2Me)] (6b): Colourless solid (0.118 g, 73%
yield). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.61–7.71 (m, 4 H,
Ph), 7.39–7.48 (m, 6 H, Ph), 6.47 (m, 1 H, =CHMe), 2.06 (br. s, 3
H, AuCMe), 2.01 (d, 2JP,H = 6 Hz, 3 H, PMe) 1.96 (dq, 3JH,H = 6,
5JH,H = 1 Hz, 3 H, =CHMe) ppm. 13C NMR (100 MHz, CDCl3,
25 °C): δ = 133.2 (d, 1JP,C = 47 Hz, ipso-Ph), 132.7 (d, 3JP,C =
13 Hz, meta-Ph), 130.8 (s, para-Ph), 129.3 (s, AuC=C), 128.9 (d,
2JP,C = 10 Hz, ortho-Ph), 30.3 (s, AuCMe), 20.9 (s, CHMe), 13.7
(d, 1JP,C = 39 Hz, PMe) ppm. 31P{1H} NMR (162 MHz, CDCl3,
25 °C): δ = 30.96 ppm. FAB MS: m/z (%) = 452 (10) [M]+, 397
(100) [Au(PPh2Me)]+, 597 (55) [Au(PPh2Me)2]+. C17H20AuP
(452.3): calcd. C 45.14, H 4.46; found C 45.28, H 4.32.

[Au(CMe=CHMe)(PPhMe2)] (6c): Pale-brown oil (0.170 g, 40%
yield). 1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.68–7.80 (m, 2 H,
Ph), 7.41–7.50 (m, 3 H, Ph), 6.45 (m, 1 H, =CHMe), 2.01 (br. s, 3
H, AuCMe), 1.92 (dq, 3JH,H = 6, 5JH,H = 1 Hz, 3 H, =CHMe),
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1.70 (d, 2JP,H = 6 Hz, 6 H, PMe) ppm. 13C NMR (100 MHz,
CDCl3, 25 °C): δ = 131.8 (d, 3JP,C = 13 Hz, meta-Ph), 131.1 (s,
para-Ph), 129.4 (s, AuC=C), 129.0 (d, 2JP,C = 11 Hz, ortho-Ph), 30.4
(s, AuCMe), 20.9 (s, CHMe), 15.3 (d, 1JP,C = 32 Hz, PMe) ppm.
31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 19.96 ppm. FAB
MS: m/z (%) = 390 (11) [M]+, 335 (100) [Au(PPhMe2)]+, 473 (90)
[Au(PPhMe2)2]+.

Reaction of 6a with Acid: A few drops of an approx. 1  solution
of DCl in D2O was added to a sample of 6a dissolved in [D6]
acetone in an NMR tube. 1H and 31P NMR spectra were recorded
after about 10 min. 1H NMR (400 MHz, [D6]acetone, 25 °C): δ =
7.53–7.66 (m, 15 H, Ph from Ph3PAuCl), 5.35 (br. s, 1 H, CHMe),
1.54 (q, 3JH,D = 1 Hz, 3 H, CDMe), 1.53 (s, 3 H, CHMe) ppm.
31P{1H} NMR (162 MHz, [D6]acetone, 25 °C): δ = 33.97 ppm. This
31P{1H} NMR chemical shift is identical to that of an authentic
sample of [AuCl(PPh3)].

Reaction of 6a with KMnO4: A sample of 6a was dissolved in ace-
tone and treated with an acetone solution of KMnO4 at about 0 °C.
After around 10 min a brown precipitate (MnO2) was observed.
The mixture was filtered and the filtrate was evaporated to dryness.
1H and 31P NMR spectra of the pale-yellow solid were recorded.
1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.40–7.59 (m, 15 H, Ph),
2.71 (d, 3JH,P = 1 1 Hz, 2 H, AuCH2), 2.22 (s, 3 H, CMe) ppm.
31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 42.20 ppm. In ad-
dition, there are trace amounts of starting complex 6a and a further
unidentified species present (δP = 44.7 and 29.2 ppm, respectively).

NMR Reactions of 6a with KMnO4 and Acetone or Phenylacetylene:
A solution of KMnO4 in CD3CN was added to a CDCl3 solution
of 6a. A brown solid (MnO2) precipitated immediately. Acetone or
phenylacetylene (4 µL) was then added to the NMR tube and 31P
and 1H NMR spectra were recorded before and after the addition.

Reaction of 6a with H2O2: A sample of 6a dissolved in acetone was
treated with 30% H2O2. After stirring for about 30 min a gold mir-
ror had formed on the inside of the flask. The solvents were re-
moved in vacuo and the residue was analysed by 31P spectroscopy.
31P{1H} NMR (162 MHz, CDCl3, 25 °C): δ = 29.69 ppm.

X-ray Crystallography of Complex 6a: Data were gathered twice,
from two different crystals and using two different CCD-based dif-
fractometers, with similar results in both cases. The results reported
here were derived from data gathered using a four-circle
diffractometer (Xcalibur2 with a Sapphire3 detector and sealed
tube Mo Enhance source).[23] A crystal of dimensions
0.17×0.16×0.05 mm, and with a slight yellow tint as viewed under
an optical microscope, was mounted with epoxy at the end of a
quartz fibre and kept at 123 K for the measurements. A preliminary
unit-cell determination yielded the same results that had been de-
termined earlier using a Bruker Apex diffractometer, namely a mo-
noclinic cell with one unusually long axis (ca. 45.8 Å). The cell
dimensions were verified on the four-circle diffractometer using
normal-beam axial photography. Because of the long axis, for the
present data the crystal-to-detector distance was set to 90 mm and
the data collection strategy was optimised accordingly. The faces of
the crystal were indexed and absorption corrections were calculated
numerically and applied to the integrated data. The structure was
solved by direct methods and refined against Fo

2 using full-matrix
least-squares.[24] Non-hydrogen atoms were refined anisotropically.
Non-methyl hydrogen atoms were placed at calculated positions
and refined as riders. Methyl hydrogen atoms were located success-
fully in local slant-Fourier calculations and refined as riding atoms
but with a variable torsion angle about the local C–C bond. The
refinement was stable and convergent, but the results showed effects
that are normally considered characteristic of twinning, i.e. high
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residuals, some 20 difference peaks above 1 eÅ–3, and unusual
analysis of variance with the worst-fit reflections largely having Fo

2

greater than Fc
2. Several twin models were tested, each of which

produced some improvement in the crystallographic indicators but
did not influence the chemical implications of the results. Concur-
rent twin models were also tested, with similar results. The results
reported here are those obtained with no twin model; more infor-
mation on other models can be obtained from the authors. Com-
monly employed structure validation tools (PLATON[25]) did not
reveal the presence of missed crystallographic symmetry elements.
Visual examination of the structural results suggests pseudo-trans-
lational symmetry, but at the same time reveals that the two inde-
pendent molecules have very different environments and participate
in quite distinct fashions in the crystal packing. One of the phenyl
groups (C50–C55) shows prolate displacement ellipsoids and a
short average C–C distance. While these are normally taken to be
definitive symptoms of libration, we cannot rule out an association
between these effects and the presence of a putative minor twin
component.
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Four platinum(II) complexes of 1,10-phenanthroline (phen)
and 3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-
Me4phen), with the chiral ancillary ligands (1R,3S) and
(1S,3R)-1,3-diamino-1,2,2-trimethylcyclopentane (R,S-tmcp
and S,R-tmcp, respectively) have been synthesised and their
biological activity quantified using an in vitro cytotoxicity as-
say against the L1210 murine leukaemia cell line. [Pt(R,S-
tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-tmcp)(3,4,7,8-Me4-
phen)]Cl2 showed an increase in biological activity over their
non-methylated complexes, [Pt(R,S-tmcp)(phen)]Cl2 and
[Pt(S,R-tmcp)(phen)]Cl2. Some chiral discrimination was ob-
served in the in vitro cytotoxicity experiments with the com-
plexes having (S,R) configuration showing higher biological
activity in L1210 cells. Titrations of the metal complexes into
ct-DNA and observation of the changes induced in the CD
spectra were used to determine the binding constants. The

Introduction

The interaction of positively charged metallointercala-
tors with the base-pair stack of DNA has been an area of
interest for some time.[1–7] Square-planar platinum() com-
plexes derived from heterocyclic ligands have produced
greater in vitro cytotoxicity against human ovarian cancer
cell lines, than some current therapeutic agents.[8] These in-
tercalating complexes introduce reversible binding, a mode
that is different from that of cisplatin. Compounds like
[Pt(en)(phen)]Cl2, which bind reversibly and non-covalently,
have also been widely studied using calorimetric studies and
thermodynamic calculations,[9] circular dichroism (CD) po-
larimetry,[10] electronic absorption studies using nucleo-
tides[11–12] and two-dimensional 1H nuclear magnetic reso-
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binding of these metal complexes to the hexamer
d(GTCGAC)2 was studied using two-dimensional 1H NMR
spectroscopy. The addition of metal complexes to the hexa-
mer produced upfield shifts of the metal complex of selected
resonances, characteristic of intercalation for [Pt(tmcp)-
(phen)]Cl2, whereas the [Pt(tmcp)(3,4,7,8-Me4phen)]Cl2 com-
plexes only partially intercalate and in a “side-on” fashion.
Through the observation of NOE cross-peaks, two-dimen-
sional NMR experiments provided some insight into the site
and groove preferences of these complexes when binding to
DNA. Here, we report the biological activity of platinum(II)
complexes containing an intercalator and a chiral diamine,
which influences the degree to which the complexes can in-
teract with DNA.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nance (NMR) spectroscopy[13] to further understand their
interaction with DNA.

We recently published[14] our investigation of a series of
platinum() complexes, of the type [Pt(en)(phen)]Cl2 con-
taining methylated derivatives of the ligand 1,10-phenan-
throline [where en = 1,2-diaminoethane, phen = 1,10-phen-
anthroline and phen is substituted with 4-methyl-1,10-phen-
anthroline (4-Mephen), 5-methyl-1,10-phenanthroline (5-
Mephen), 4,7-dimethyl-1,10-phenanthroline (4,7-Me2phen),
5,6-dimethyl-1,10-phenanthroline (5,6-Me2phen) or 3,4,7,8-
tetramethyl-1,10-phenanthroline (3,4,7,8-Me4phen)] and
determined that the position and number of methyl groups
on the 1,10-phenanthroline structure influences biological
activity. Viscometry, CD and NMR studies indicated that
all the platinum() complexes intercalate into the DNA
base pair stack.[14]

A dependence of the mutagenic and anticancer activity
in covalent platinum() complexes upon the configuration
of the ancillary ligand has been previously reported.[14,15]

Cytotoxic activity of a series of chiral cis-diaminodichloro-
platinum() complexes, in various cell lines, has shown an
enantioselective trend.[16]

[Pt(en)(phen)]Cl2 proved to be the most efficient intercal-
ator of the platinum() complexes investigated, whereas
[Pt(en)(3,4,7,8-Me4phen)]Cl2 was one of the least efficient.
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The wide range of biological activity seen for that series of
platinum() complexes of 1,10-phenathrolines was encour-
aging and raised the question of whether other non-coval-
ent binding platinum() complexes, with a wider range of
substituting group-type, number and position/s on 1,10-
phenanthroline and ancillary ligands have the potential to
yield more active complexes.

Accordingly, we have prepared chiral platinum() com-
plexes based on [Pt(en)(phen)]Cl2 and [Pt(en)(3,4,7,8-
Me4phen)]Cl2, where en is replaced by the 1R,3S- or the
1S,3R-form of 1,3-diamino-1,2,2-trimethylcyclopentane
(R,S-tmcp and S,R-tmcp, respectively) (Figure 1). Each
complex was examined for its growth inhibition against
L1210 murine leukaemia cells, their effect on the viscometry
of linear DNA, their induced circular dichroism upon ad-
dition to ct-DNA and 1H NMR binding with the hexanu-
cleotide d(GTCGAC)2. The results are compared with
those for the parent complexes [Pt(en)(phen)]Cl2 and
[Pt(en)(3,4,7,8-Me4phen)]Cl2.

Figure 1. The structure of (1R,3S) (1a) and (1S,3R)-1,3-diamino-
1,2,2-trimethylcyclopentane (1b) along with the metal complexes:
[Pt(en)(phen)]Cl2 (2) and [Pt(en)(3,4,7,8-Me4phen)]Cl2 (3).

Results and Discussion

Metal Complex Syntheses

The ligands 1a and 1b were prepared by an adapted
Schmidt reaction from (R,S) and (S,R)-camphoric acid,
respectively (Scheme 1). The yields and 1H/13C NMR of
both compounds are consistent with published data.[14] The
platinum() complexes were prepared by refluxing aqueous
solutions of [Pt(phen)Cl2], or [Pt(3,4,7,8-Me4phen)Cl2],

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 839–849840

with the appropriate chiral ligand, until the complex had
completely dissolved. Despite their structural similarities,
the methylated complexes [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]-
Cl2·4H2O (3a) and [Pt(S,R-tmcp)(3,4,7,8-Me4phen)]-
Cl2·4H2O (3b) took longer to react (24 hours) in compari-
son to [Pt(R,S-tmcp)(phen)]Cl2·2H2O (2a) and [Pt(S,R-
tmcp)(phen)]Cl2·2.5H2O (2b) (16 hours). The variation in
reaction time can be ascribed to the difference in pKa,
where the reactivity observed in each complex increases
with a decrease in base character {[Pt(phen)Cl2] pKa = 4.96;
[Pt(3,4,7,8-Me4phen)Cl2] pKa = 6.31}.[17] All complexes
were isolated as chloride salts to facilitate aqueous solubil-
ity for biological testing.

Scheme 1.

The complexes were characterised by NMR and CD
spectroscopy. All 1H NMR spectra were recorded in [D6]-
DMSO in the range of 0 to 10 ppm. The C2 methyl protons
of [Pt(R,S-tmcp)(phen)]Cl2·2H2O (2a) and [Pt(S,R-
tmcp)(phen)]Cl2·2.5H2O (2b), appeared at δ = 0.80 and 1.26
ppm. The C1 methyl proton occurred downfield at δ =
1.45 ppm as a consequence of shielding due to its proximity
to the nitrogen and platinum() atoms. The C3 methine
proton occurred as a multiplet at δ = 2.91 ppm, with the
C5 protons further upfield at δ = 1.78 and 1.92 ppm. As-
signment of the amine protons was based on 2D
DQFCOSY experiments, with the two AB spin systems oc-
curring at δ = 6.51 ppm for C(1)NH2, and 6.78 ppm for
C(3)NH2. The C4 protons were observed at δ = 2.15 ppm
through scalar coupling to the methine proton on C3. The
coordination of the diamine species rendered the aromatic
ligands asymmetric, producing further splitting of the char-
acteristic proton signals. The signals of the phenanthroline
ring resonated as two doublet of doublets at δ = 8.31 and
8.29 ppm for H7/14, and a singlet at δ = 8.35 ppm for H10/
11. H6/15 and H8/13 appeared as a multiplet at δ =
9.15 ppm.

The aromatic protons of [Pt(R,S-tmcp)(3,4,7,8-
Me4phen)]Cl2·4H2O (3a) and [Pt(S,R-tmcp)(3,4,7,8-
Me4phen)]Cl2·4H2O (3b), H6�/15� appeared as a singlet at
δ = 8.38 ppm, and for H10�/11� two singlets in the 1H NMR
and were observed at δ = 9.06 and 8.99 ppm. The aromatic
methyl groups were upfield at δ = 2.64 and 2.80 ppm. The
signals for the chiral ancillary ligand occurred at similar
chemical shifts to the non-methylated complex. 13C and
DEPT NMR spectra accounted for all carbon atoms pres-
ent for the four complexes.
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Table 1. Summary of the biological activity of the platinum() complexes.

Compound IC50
[a] Kb ×105 n Kb ×105 n Relative Relative

viscosity[g] viscosity[g]

(µM, L1210) at 230–232 nm[c] at 230–232 nm[c] at 273–275 nm[c] at 273–275 nm[c] (η/η0)1/3 (η/η0)1/3

r = 0.125 r = 0.250

Cisplatin 0.5 0.85 0.89
[Pt(en)(phen)]Cl2 9.7±0.4[b] 22.2±4.6[d][e] 2.0±0.3[d,e] 1.13 1.23
[Pt(R,S-tmcp)(phen)]Cl2 (2a) 11.3±1.8[b] 16.1±9.9[d] 2.4±0.1[d] 11.0±0.1[f] 2.0±0.1[f] 0.90 0.97

6.6±0.1[f] 2.2±0.1[f]

[Pt(S,R-tmcp)(phen)]Cl2 (2b) 11.2±2.1[b] 5.3±2.2[d] 2.4±0.1[d] 8.6±0.2[f] 2.0±0.1[f] 1.06 1.15
5.7±0.1[f] 2.0±0.1[f]

[Pt(en)(3,4,7,8-Me4phen)]Cl2 � 50[c] 7.4±3.0[d,e] 6.0±0.4[d,e] 1.08 1.12
[Pt(R,S-tmcp)(3,4,7,8- 11.5±0.7[b] 3.1±1.3[d] 2.5±0.1[d] 2.6±0.3[f] 1.8±0.1[f] 0.86 0.90
Me4phen)]Cl2 (3a)

0.7±0.1[f] 2.9±0.3[f]

[Pt(S,R-tmcp)(3,4,7,8- 8.5±0.7[b] 3.5±1.2[d] 3.1±1.2[d] 3.3±0.1[f] 1.9±0.1[f] 0.81 0.87
Me4phen)]Cl2 (3b)

1.6±0.1[f] 2.0±0.1[f]

DNA 1.00 1.00
Ethidium 1.11 1.13
Hoechst 33258 1.01 1.03

[a] IC50 values were determined for murine leukaemia L1210 cells and are reported for two experiments at 48 h continuous exposure to
the metal complexes. [b] Replication = 2. [c] Replication = 4. [d] The intrinsic approach[18] was used to determine the values of α whereas
the Scatchard model[18] was used to determine Kb and n for the CD ct-DNA titration data. [e] Data from ref.[14]. [f] Direct least-squares
curve fitting, using a Levenberg–Marquardt method, to the same experimental points.[17] [g] Relative viscosity measurements were made
for [metal]/[DNA] molar ratios equal to 0.125 or 0.250.

Cytotoxicity

[Pt(R,S-tmcp)(phen)]Cl2 (2a) and [Pt(S,R-tmcp)(phen)]-
Cl2 (2b) produced an average IC50 values of 11.3 and
11.2 µ, respectively, a decrease in potency when compared
to [Pt(en)(phen)]Cl2 (IC50 = 9.7 µ) (Table 1). [Pt(R,S-
tmcp)(3,4,7,8-Me4phen)]Cl2 (3a) and [Pt(S,R-tmcp)(3,4,7,8-
Me4phen)]Cl2, (3b) produced average IC50 values of 11.5
and 8.5 µ, respectively. This is a marked increase in the
potency when compared to the achiral parent complex,
[Pt(en)(3,4,7,8-Me4phen)]Cl2, with an IC50 value greater
than 50 µ (Table 1).

Viscosity

Platinum() complexes are able to bind DNA by revers-
ible non-covalent intercalation, partial intercalation, elec-
trostatic association or groove binding. To investigate the
mode of binding the viscosity of a linearized DNA (�
200 bp) solution was measured in the presence of complexes
(such as, ethidium bromide, cisplatin and Hoechst 33258,
which each have different, known DNA binding modes) as
well as the platinum() complexes. This provided a common
reference and verified the sensitivity of the measurements
towards the different binding modes.

Ethidium bromide, a classical organic DNA intercalator,
increased the relative viscosity (1.13 at a binding ratio of
0.250) due to an increase in the axial length and rigidity of
DNA.[19,20] Cisplatin, in contrast, produced a decrease in
the relative viscosity (0.89 at a binding ratio of 0.250) as a
consequence of kinking and bending that results from ge-
ometry of the Pt-DNA covalent adduct.[21] Partial intercala-
tors also kink the DNA reducing its axial length, which is
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observed as a reduction in relative viscosity.[22] Hoechst
33258, a groove binder, did not alter the relative viscosity
(1.00 at a binding ratio of 0.250) as it does not change the
axial length of DNA.[20,23] The above results confirm the
sensitivity of viscosity as a method to differentiate the
modes of binding.

The viscosity of the ct-DNA solution (200 bp), decreased
for [Pt(R,S-tmcp)(phen)]Cl2 and [Pt(S,R-tmcp)(phen)]Cl2
when compared to [Pt(en)(phen)]Cl2 at binding ratios of
0.250 to 0.97, 1.15 and 1.23, respectively, as shown in
Table 1. These results suggest that regardless of chirality,
the bulk of the ancillary ligand impedes intercalation for
both [Pt(R,S-tmcp)(phen)]Cl2 and [Pt(S,R-tmcp)(phen)]Cl2.
The S,R-form of the diamine in [Pt(S,R-tmcp)(phen)]Cl2
may reduce the extent as to how far the aromatic rings can
insert into the DNA helix and because [Pt(R,S-
tmcp)(phen)]Cl2 accentuates this trend, this would indicate
that the orientation of the R,S-isomer further obstructs the
phen from full intercalation.[14,22] The viscosity results
therefore indicate that [Pt(R,S-tmcp)(phen)]2+ undergoes
partial intercalation.

[Pt(en)(3,4,7,8-Me4phen)]2+ intercalates with a relative
viscosity of 1.08, but its ability to increase the axial length
of linearized DNA is less than [Pt(en)(phen)]Cl2. It is likely
that the methyl groups on the 3,4,7,8-Me4phen protrude
into the binding site of the DNA duplex, obstructing inter-
calation. This interaction is further affected with the intro-
duction of the bulky chiral ancillary ligands. The com-
plexes [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-
tmcp)(3,4,7,8-Me4phen)]Cl2 showed substantial decreases
in viscosity 0.90 and 0.87, respectively (Table 1). Although
the viscosity is similar to that of cisplatin it can be ex-
plained by kinking of the DNA[14] as the 3,4,7,8-Me4phen
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can only partially intercalate into the DNA helix. Here the
change in structure, where the DNA bends (or kinks) to
accommodate the ligand, is accompanied by an increase in
the biological activity of the complex.

Circular and Induced Circular Dichroism (ICD)

CD spectra were recorded for each of the platinum()
complexes upon titration into DNA, and the changes in ct-
DNA structural conformation were observed upon binding.
The titration curves for each of the complexes are presented
in Figure 2 and Figure 3 as CD and ICD spectra. The ini-
tial CD is consistent with B-type DNA, with a positive peak
at 275 nm, a negative peak at 245 nm, zero between the
peaks at ca. 258 nm and a negative peak at 210 nm.
Changes in the CD spectra for the complexes were ob-
served, but these are more obvious when they are repre-

Figure 2. CD (left) and ICD (right) spectra of varying concentrations of the platinum() complexes, [Pt(en)(phen)]Cl2 (2), [Pt(R,S-
tmcp)(phen)]Cl2 (2a) and [Pt(phen)(S,R-tmcp)]Cl2 (2b) upon titration with ct-DNA solution in buffer (5 m, Trizma, 50 m NaCl, pH
7.5). The ratios of [Pt]/[DNA] are 0, 0.1, 0.2, 0.4. 0.5 and 1.0 and are indicated on the graph as –, –, ---, ···, ·-·, -··-, respectively.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 839–849842

sented as ICD spectra (as shown in Figure 2 and Figure 3).
The ICD titration spectra of each complex were used to
determine the average affinity and stoichiometry of binding.

The CD spectrum of DNA from 200–300 nm, is because
of the skewed orientation of the bases.[18] Changes to the
secondary structure, such as unwinding of the helix, or in-
clination of the bases, due to interaction with a metal com-
plex, led to an alteration in the shape of the spectrum. If
the spectrum intensity changes, but the shape of the peak
remains uniform, a single binding mode by the ligand can
be expected.[24] If the spectrum, however, changes both in
shape and intensity, a modification to the DNA-drug inter-
action may be taking place. Such effect may be attributed
to a number of factors which include: 1) occupancy of more
than one binding site as the drug concentration increases;
2) ligand–ligand interactions, 3) changes in the DNA con-
formation.
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Figure 3. CD (left) and ICD (right) spectra of varying concentrations of the complexes, [Pt(en)(3,4,7,8-Me4phen)]Cl2 (3), [Pt(R,S-
tmcp)(3,4,7,8-Me4phen)]Cl2 (3a) and [Pt(S,R-tmcp) (3,4,7,8-Me4phen)]Cl2 (3b) upon titration with ct-DNA solution in buffer (5 m,
Trizma, 50 m NaCl, pH 7.5). The ratios of [Pt]/[DNA] are 0, 0.1, 0.2, 0.4. 0.5 and 1.0 and are indicated on the graph as –, –, ---, ···,
·-·, -··-, respectively.

The ICD of [Pt(en)(phen)]Cl2 (2), [Pt(R,S-tmcp)(phen)]-
Cl2 (2a) and [Pt(S,R-tmcp)(phen)]Cl2 (2b) change in com-
parable ways below 245 nm suggesting that the interaction
in DNA is of a similar nature. Above 245 nm the two dis-
crete peaks observed for [Pt(en)(phen)]Cl2, develop into one
broad peak for both [Pt(R,S-tmcp)(phen)]Cl2 and [Pt(S,R-
tmcp)(phen)]Cl2 (Figure 2). This peak is also observed for
[Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-tmcp)-
(3,4,7,8-Me4phen)]Cl2 (Figure 3). The intensity of this
broad peak is consistent with a deformation of the DNA
helix by the complex as shown in viscosity, perhaps by par-
tial intercalation, where S,R � R,S.

[Pt(en)(3,4,7,8-Me4phen)]Cl2 makes little impact on the
structure of DNA as the ICD spectra show only very small
peaks upon the addition of metal complex. Both [Pt(R,S-
tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-tmcp)(3,4,7,8-
Me4phen)]Cl2 have a profound effect on the CD, which is
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made more obvious in the ICD. The spectra below 245 nm
are significantly different from that of the phen analogues.

Binding constants were determined using the data ob-
tained from the titrations. Previously we have used the
method of Roger and Nordén[24] to determine the binding
constants; however, here a different data analysis technique,
which utilises direct least-squares curve fitting and a Leven-
berg-Marquardt method, was also employed.[18] Some in-
consistencies were observed, but on the whole, the new
method proved to be effective, reducing the time required
to process the data from days to one hour. The inconsist-
encies were observed when attempts to apply a Scatchard
plot to all of the data were unachievable. The calculated
values for Kb and n using both methods are included in
Table 1. This new method allowed us to review the results
and investigate alternative wavelengths when calculations
for Kb or n where not reasonable.
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Binding of the Pt(tmcp) Complexes to the Hexamer
d(GTCGAC)2

Each platinum() complex was titrated into a solution
containing the hexamer d(GTCGAC)2, with one-dimen-
sional 1H NMR spectra recorded at a metal complex to
hexamer ratio (R) of 0.2, 0.4, 0.6, 0.8 and 1.0 and two-
dimensional spectra, DQFCOSY and NOESY, recorded at
R = 1.

The addition of each platinum() complex to
d(GTCGAC)2 induced significant broadening of the hexa-
mer and metal-complex resonances (for example see Fig-
ure 4), indicating that each of the [Pt(tmcp)(Menphen)]Cl2
complexes bind with intermediate exchange kinetics (on the
NMR timescale). The observed intermediate exchange ki-
netics is consistent with an intercalative binding mode and
that observed in the previous study with the [Pt(en)(3,4,7,8-
Me4phen)]Cl2 complexes.[14] For each platinum() complex,
significant upfield shifts of all 3,4,7,8-Me4phen resonances
were observed upon hexamer binding (see Table 2), again
consistent with intercalation. The upfield shifts of the reso-
nances for the [Pt(R,S-tmcp)(phen)]Cl2 and [Pt(S,R-
tmcp)(phen)]Cl2 complexes were similar, as were the shifts
for the [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-
tmcp)(3,4,7,8-Me4phen)]Cl2 complexes; however, the up-
field shifts for the phen ligand resonances were considerably
larger for the phen complexes than the 3,4,7,8-Me4phen
complexes. This may indicate that the phen complexes in-

Figure 4. An expansion of the 1D NMR spectra of a) the free hexa-
mer, b) [Pt(S,R-tmcp)(phen)]Cl2 bound to d(GTCGAC)2 at R = 1
and c) [Pt(S,R-tmcp)(phen)]Cl2 in 10 m phosphate buffer contain-
ing 1 m EDTA and 20 m NaCl at pH 7.0 and 25 °C.

Table 2. Chemical shift [ppm] changes for the 1,10-phenanthroline ligand protons of the platinum() complexes [Pt(en)(phen)]Cl2,
[Pt(en)(3,4,7,8-Me4phen)]Cl2, [Pt(R,S-tmcp)(phen)]Cl2, [Pt(S,R-tmcp)(phen)]Cl2, [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-
tmcp)(3,4,7,8-Me4phen)]Cl2, upon addition to the hexamer d(GTCGAC)2 in 10 m phosphate buffer containing 20 m NaCl and 1 m
EDTA at 25 °C.

Metal complex
Phen en- en- R,S-tmcp- S,R-tmcp- R,S-tmcp- S,R-tmcp-
Proton phen[a] Me4phen[b] phen phen Me4phen Me4phen

2,9 –0.66 –0.66 –0.59 –0.55 –0.44 –0.45
3,8 –0.90 –1.07 –1.03
4,7 –0.64 –0.68 –0.59
5 –0.51 –0.42 –0.60 –0.61 –0.31 –0.37
6 –0.51 –0.42 –0.55 –0.53 –0.40 –0.40

3/8-Me –0.56 –0.46 –0.52
4/7-Me –0.49 –0.40 –0.46

[a] Data taken from refs.[13,14]. [b] Data taken from ref.[14].
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tercalate more fully into the hexamer base-stack than do
the 3,4,7,8-Me4phen complexes. The binding of the S,R
complexes to d(GTCGAC)2 induced larger shifts for the
hexamer resonances than the corresponding R,S complexes
(see Table 3), with the phen complexes generally inducing
larger shifts than the 3,4,7,8-Me4phen complexes (see
Table 4). As most nucleotide residues exhibited significant
shifts, it was not possible to deduce the metal complex bind-
ing site from the changes in chemical shift.

NOESY spectra were recorded, at a range of tempera-
tures and mixing times, in order to gain further information
on the hexamer binding by the [Pt(tmcp)(3,4,7,8-Me4phen)]-
Cl2 series of complexes. Figure 5 shows an expansion of the
NOESY spectrum of the [Pt(S,R-tmcp)(phen)]Cl2 complex
bound to d(GTCGAC)2 at R = 1. In addition to the ex-
pected intra-duplex NOEs, a range of NOE cross-peaks are
also observed between the metal complex and hexamer res-
onances, indicating that the platinum() complex fully in-
tercalates from the minor groove. A range of relatively
strong NOEs are observed from the tmcp methyl protons
to the hexamer minor groove protons, ie. to the A5H2 and
the H1� and H4�/H5�/H5�� protons of all nucleotide resi-
dues. In addition, NOEs are clearly observed from the phen
H3 and H4 resonances to the both major and minor groove
protons, whereas NOEs are only observed from the phen
H5/H6 protons to the T2Me protons that are located in the
major groove. As all the observed intermolecular NOEs
from the phen protons are to T2, C3, G4 and A5 protons, it
is concluded that [Pt(S,R-tmcp)(phen)]Cl2 mostly interca-
lates between the T2·A5 and C3·G4 base-pairs. The NOE
data from the [Pt(R,S-tmcp)(phen)]Cl2 complex bound to
d(GTCGAC)2 is similar, although the individual cross-
peaks are weaker because of the greater degree of broaden-
ing of the metal complex resonances.

Due to the extreme broadening of all the resonances, it
was difficult to resolve many of the intermolecular NOEs
observed in NOESY spectra of the hexamer with either ste-
reoisomer of [Pt(tmcp)(3,4,7,8-Me4phen)]Cl2; however,
strong NOEs were observed from the tmcp-methyl protons
to the hexamer A5H2, H1� and H4�/H5�/H5�� protons. At
temperatures between 40 and 50 °C a considerable number
of metal complex-hexamer NOEs were clearly resolved. For
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Table 3. Chemical shift [ppm] and changes in chemical shift (numbers in parentheses) of the non-exchangeable protons of d(GTCGAC)2

in 10 m phosphate buffer containing 20 m NaCl and 1 m EDTA at 25 °C upon binding by [Pt(R,S-tmcp)(phen)]Cl2 and [Pt(S,R-
tmcp)(phen)]Cl2.

1:1 d(GTCGAC)2/[Pt(R,S-tmcp)(phen)]2+

Base H8/H6 AH2 H1� H2� H2�� H3�

G1 7.93 (–0.08) 5.98 (–0.09) 2.63 (–0.10) 2.75 (–0.06) 4.82 (0.01)
T2 7.48 (–0.05) 6.05 (–0.16) 2.25 (0.00) 2.45 (–0.14) 4.92 (–0.01)
C3 7.51 (0.01) 5.59 (–0.13) 2.08 (–0.07) 2.33 (–0.09) 4.88 (0.01)
G4 7.92 (–0.04) 5.52 (–0.12) 2.67 (–0.07) 2.71 (–0.08) 5.03 (0.00)
A5 8.26 (0.07) 8.03 (0.01) 6.28 (–0.01) 2.74 (0.09) 2.90 (0.01) 5.04 (0.02)
C6 7.36 (0.01) 6.10 (0.03) 2.13 (0.04) 2.13 (0.04) 4.48 (0.00)

1:1 d(GTCGAC)2/[Pt(S,R-tmcp)(phen)]2+

Base H8/H6 AH2 H1� H2� H2�� H3�

G1 7.86 (–0.15) 5.92 (–0.15) 2.54 (–0.19) 2.68 (–0.13) 4.83 (–0.02)
T2 7.45 (–0.08) 5.93 (–0.28) 2.27 (0.02) 2.36 (–0.23) 4.90 (–0.03)
C3 7.50 (0.00) 5.51 (–0.21) 2.11 (0.06) 2.28 (–0.14) 4.91 (0.04)
G4 7.87 (–0.09) 5.43 (–0.21) 2.55 (–0.19) 2.61 (–0.18) 5.02 (–0.01)
A5 8.30 (0.11) 7.99 (–0.03) 6.20 (–0.09) 2.63 (–0.03) 2.88 (0.01) 5.07 (0.05)
C6 7.38 (0.03) 6.10 (0.03) 2.18 (0.09) 2.18 (0.09) 4.51 (0.03)

Table 4. Chemical shift [ppm] and changes in chemical shift (numbers in parentheses) of the non-exchangeable protons of d(GTCGAC)2

in 10 m phosphate buffer containing 20 m NaCl and 1 m EDTA at 25 °C upon binding by [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and
[Pt(S,R-tmcp)(3,4,7,8-Me4phen)]Cl2.

1:1 d(GTCGAC)2/[Pt(R,S-tmcp)(Me4phen)]2+

Base H8/H6 AH2 H1� H2� H2�� H3�

G1 7.91 (–0.10) 5.98 (–0.09) 2.60 (–0.13) 2.73 (–0.08) 4.82 (–0.03)
T2 7.41 (–0.11) 6.06 (–0.15) 2.19 (–0.06) 2.48 (–0.11) 4.88 (–0.05)
C3 7.41 (–0.10) 5.60 (–0.12) 2.03 (–0.02) 2.35 (–0.07) 4.88 (0.01)
G4 7.90 (–0.06) 5.60 (–0.04) 2.59 (–0.15) 2.68 (–0.11) 4.98 (0.05)
A5 8.20 (0.01) 7.91 (–0.12) 6.24 (–0.05) 2.66 (0.01) 2.86 (–0.03) 5.02 (0.00)
C6 7.36 (0.01) 6.06 (–0.01) 2.12 (0.03) 2.12 (0.03) 4.50 (0.02)

1:1 d(GTCGAC)2/[Pt(S,R-tmcp)(Me4phen)]2+

Base H8/H6 AH2 H1� H2� H2�� H3�

G1 7.80 (–0.21) 5.90 (–0.17) 2.54 (–0.19) 2.66 (–0.15) 4.84 (–0.01)
T2 7.33 (–0.19) 5.95 (–0.26) 2.12 (–0.18) 2.40 (–0.19) 4.84 (–0.09)
C3 7.40 (–0.11) 5.51 (–0.21) 2.09 (0.04) 2.40 (–0.02) 4.87 (0.00)
G4 7.83 (–0.13) 5.52 (–0.12) 2.46 (–0.28) 2.67 (–0.12) 4.96 (–0.07)
A5 8.20 (0.01) 7.86 (–0.17) 6.21 (–0.08) 2.69 (0.04) 2.82 (–0.07) 5.00 (–0.02)
C6 7.40 (0.05) 6.04 (–0.03) 2.14 (0.03) 2.14 (0.03) 4.52 (0.04)

Figure 5. An expansion of the NOESY spectrum of the [Pt(S,R-tmcp)(phen)]Cl2 complex bound to d(GTCGAC)2 at R = 1, in 10 m
phosphate buffer (pH, 7) containing 1 m EDTA and 20 m NaCl at 25 °C. The expansion shows the intermolecular connectivities
between the metal complex phen and tmcp-methyl protons and the hexamer H1� and A5H2 protons, respectively.
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the [Pt(S,R-tmcp)(3,4,7,8-Me4phen)]Cl2 complex, NOEs
were observed from the H2/H9 protons to the G1, T2, C3,
G4 and C6 H1� protons, with the strongest NOEs to the
C3 and G4. In addition, NOEs were detected between the
hexamer A5H8 and the metal complex C3/C8 phenan-
throline methyl protons. This data indicates that the
[Pt(S,R-tmcp)(3,4,7,8-Me4phen)]Cl2 complex intercalates
from the minor groove at all possible intercalation sites;
however, based on the relative strengths of the intermo-
lecular NOEs, with some preference for intercalation be-
tween the T2·A5 and C3·G4 base-pairs. For hexamer binding
by [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2, a similar pattern of
intermolecular NOEs, but of lower intensity, to the corre-
sponding S,R complex was observed.

As the NOESY spectra only represent exchange-averaged
NOEs for the hexamer binding by the [Pt(tmcp)(3,4,7,8-
Me4phen)]Cl2 complexes, it is not possible to draw unam-
biguous conclusions on the intercalation geometry; how-
ever, the NMR spectroscopic data, coupled with the vis-
cosity data, suggest that the [Pt(tmcp)(3,4,7,8-Me4phen)]Cl2
complexes only partially intercalate and in a “side-on” fash-
ion. Simple molecular modelling indicates that if the metal
complex fully intercalated in a “head-on” fashion, NOEs
would not be observed from the tmcp-methyl protons to
the A5H2 and the H1� and H4�/H5�/H5�� protons. Alterna-
tively, for partial and side-on intercalation (as illustrated in
Figure 6), the observed NOEs from the A5H2 to the C2-
methyls and the strong NOEs between the tmcp-methyl
protons and the H1� and H4�/H5�/H5�� protons would be
expected, as these distances are less than 5 Å.

Figure 6. A HyperChem® molecular model of [Pt(R,S-
tmcp)(3,4,7,8-Me4phen)]Cl2 (dark grey) intercalated from the
minor groove of d(GTCGAC)2 (light grey). For simplicity, only the
T2 and C3 base pairs have been shown.
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Conclusions

An investigation into the biological activity of four plati-
num() complexes of 1,10-phenanthroline (phen) and
3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-Me4phen),
with the ancillary ligands (1R,3S) and (1S,3R)-1,3-diamino-
1,2,2-trimethylcyclopentane (R,S-tmcp and S,R-tmcp,
respectively) has determined that the ancillary ligand can
significantly influence biological activity.

In vitro cytotoxicity assays against the L1210 cell line,
showed that [Pt(R,S-tmcp)(phen)]Cl2 (2a) and [Pt(S,R-
tmcp)(phen)]Cl2 (2b) produced an average IC50 value of
11.3 and 11.2 µ, respectively, a decrease in potency when
compared to [Pt(en)(phen)]Cl2 with an average IC50 value
of 9.7 µ; whereas [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 (3a)
and [Pt(S,R-tmcp)(3,4,7,8-Me4phen)]Cl2, (3b) produced an
average IC50 value of 11.5 and 8.5 µ, respectively, an in-
crease in potency when compared to [Pt(en)(3,4,7,8-
Me4phen)]Cl2 with an average IC50 value of �50 µ. This
result suggests that the interaction between an intercalator,
containing 3,4,7,8-Me4phen, and DNA can be modulated
in such a way as to increase activity.

Viscosity studies verified that the extent of intercalation
had in fact been modulated, where the relative viscosities
were reduced when compared to the parent complexes.
Such that the viscosity of [Pt(S,R-tmcp)(phen)]Cl2 and
[Pt(R,S-tmcp)(phen)]Cl2 were reduced to 1.15 and 0.97
respectively when compared to [Pt(en)(phen)]Cl2 at 1.23
and [Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2 and [Pt(S,R-
tmcp)(3,4,7,8-Me4phen)]Cl2 were reduced to 0.90 and 0.87
respectively when compared to [Pt(en)(3,4,7,8-Me4phen)]-
Cl2 at 1.12. The increase in activity of the 3,4,7,8-Me4phen
analogues may come about because the bending of DNA is
of an appropriate proportion to halt DNA replication.

Titrations of the metal complexes into ct-DNA and the
observation of the changes in ICD spectra was used to de-
termine the binding constants. The observed changes in the
ICD are consistent with an intimate interaction and indi-
cate that some small, but different, structural/conforma-
tional changes result when these complexes interact with
DNA.

For each of the metal complexes studied with
d(GTCGAC)2, intermolecular NOE data and observed
changes in chemical shift suggests that the
[Pt(tcmp)(3,4,7,8-Me4phen)]Cl2 complexes bind the hexa-
mer by intercalation from the minor groove, and predomi-
nantly, between the T2·A5 and C3·G4 base-pairs.

Significant differences in biological activity that are
achieved by four platinum() complexes of 1,10-phenathrol-
ines and 3,4,7,8-tetramethyl-1,10-phenathrolines, suggest
that the use of chiral ancillary ligands can affect biological
activity. Of the two stereoisomers, the S,R ligand is more
active than the R,S ligand and may be related to the degree
that each isomer can prevent intercalation. From both the
viscosity and NMR experiments it was shown that the R,S
isomer prevented intercalation in the DNA to a greater ex-
tent than the S,R isomer. As both ligands are located in the
DNA minor groove when the metal complex is intercalated,
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it is possible the R,S ligand projects one of its methyl
groups more deeply into the groove, thereby creating a ste-
ric clash. The results indicate that more active complexes
might be developed by changing the chiral diamine ancil-
lary ligands. Chiral ancillary ligands that have more steric
bulk may result in a reduction in cytotoxicity, or the ad-
dition of stereospecific functional groups capable of form-
ing hydrogen bonds with the DNA backbone may result in
an increase in cytotoxicity.

Experimental Section
Instrumentation: The melting points were determined (uncorrected)
with a Gallenkamp Melting Point apparatus. UV spectra were re-
corded with a Varian Cary 1E Spectrophotometer, and CD spectra
were obtained with a Jasco J-810 Spectropolarimeter, both at room
temperature. Viscosity measurements were carried out using a Can-
non-Manning semi-micro viscometer maintained at a constant tem-
perature of 25 °C in a water bath. ct-DNA was prepared and puri-
fied according to the method of Chaires et al.,[25] and DNA concen-
tration was determined with a molar extinction coefficient (ε260) of
12,824 –1cm–1 per base pair.[25] 1D and 2D NMR spectra were
recorded with a 300 or 400 MHz Varian Mercury NMR spectrome-
ter at 25 °C, using commercially available solvents referenced to
TMS or internal standards. DNA-NMR 1H NMR spectra were
recorded with a 400-MHz Varian Unityplus-400. Two-dimensional
phase-sensitive NOESY spectra were acquired by the method of
States et al.,[26] using 2048 data points in t2 and 256–400 t1 values
with a pulse-repetition delay of 1.7 s. DQFCOSY experiments were
accumulated using 2048 data points in t2 for 256 t1 values using a
pulse-repetition delay of 1.7 s. Two-dimensional NMR spectro-
scopic data sets were zero-filled to 1024 points in the t1 dimension
and apodized with either a Gaussian or a shifted sinebell function.
Microchemical analyses were performed at Australian National
University, Canberra.

Materials: (R,S)- and (S,R)-camphoric acid, 1,10-phenanthroline
(phen), 3,4,7,8-tetramethyl-1,10-phenanthroline (3,4,7,8-Me4phen),
calf thymus DNA (ct-DNA), IRA-400 (Cl) Amberlite ion exchange
resin, Trizma [tris(hydroxymethyl)aminomethane hydrochloride]
and all deuterated solvents were purchased from Aldrich Chemical
Company. Potassium tetrachloroplatinate() was bought from Pre-
cious Metals Online Pty Ltd. CM-25 Sephadex and Waters C-18
Sep-Pak columns were obtained from Pharmacia. Oligonucleotides
were purchased from Geneworks Inc. All other reagents were of
analytical reagent or high purity grade.

Syntheses

(1R,3S)-1,3-Diamino-1,2,2-trimethylcyclopentane (R,S-tmcp) (1a):
The compound was prepared by a procedure based on the method
of Gillard et al.[27] To a vigorously stirred mixture of (1R,3S)-cam-
phoric acid (20.00 g, 0.10 mol), in concentrated H2SO4 (50 mL)
and ethanol-free chloroform (300 mL), at 50 °C, was added sodium
azide (19.50 g, 0.30 mol) in small amounts over a period of 2 h.
The mixture was then stirred for a further 18 h at 50 °C. The mix-
ture was cooled, poured into H2O (500 mL), and the aqueous phase
made strongly basic with 12  NaOH. The amine was extracted
into CHCl3 (2×500 mL), the organic extracts dried with anhydrous
Na2SO4 and the chloroform removed in vacuo to give a clear oil.
The oil was dissolved in diethyl ether (100 mL), the solution fil-
tered, and the solvent removed in vacuo to give the product as a
white solid (8.09 g, 57%). M.p. 128.1 °C. CD spectrum λmax (∆ε/
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mol–1dm3cm–1, water) = 217 nm (–0.12). 1H NMR (300 MHz,
CDCl3): δ = 2.98 (dd, 3J = 6.9, 8.5 Hz, 1 H), 2.01 (m, 2 H), 1.62
(m, 4 H), 1.29 (m, 2 H), 1.01 (s, 3 H), 0.80 (d, 3J = 3.6 Hz, 6 H)
ppm. 13C NMR (CDCl3): δ = 61.0 (C), 60.8 (CH), 46.2 (C), 38.3
(CH2), 30.2 (CH2), 25.8 (CH3), 22.2 (CH3), 16.3 (CH3) ppm.

(1S,3R)-1,3-Diamino-1,2,2-trimethylcyclopentane (S,R-tmcp) (1b):
The ligand was prepared as described for 1a, using (1S,3R)-cam-
phoric acid, to yield the product as a white solid (7.21 g, 51%).
M.p. 132.4 °C. CD spectrum λmax nm (∆ε/mol–1dm3cm–1, water) =
218 (+0.13). 1H NMR (300 MHz, CDCl3): δ = 3.00 (dd, 3J = 7.0,

8.7 Hz, 1 H), 2.02 (m, 2 H), 1.60 (m, 4 H), 1.31 (m, 2 H), 1.03 (s,
3 H), 0.81 (d, 6 H, 3J = 3.5 Hz) ppm.

(1R,3S)-1,3-Diamino-1,2,2-trimethylcyclopentane(1,10-phenan-
throline)platinum(II) Dichloride Dihydrate, [Pt(R ,S-tmcp)
(phen)]Cl2·2H2O (2a): The complex was prepared by a similar
method as described previously.[14,28] [Pt(phen)Cl2] (0.09 g,
0.20 mmol) and 1a (0.23 g, 1.60 mmol) were refluxed in H2O
(20 mL) until all of the complex had dissolved to yield a pale yellow
solution. This was concentrated to a small volume (5 mL) and
chilled (4 °C) 1  HCl (6 mL) was added, which caused the product
to precipitate. The reaction mixture was cooled and left overnight
at 4 °C before the yellow product was collected, washed with cold
1  HCl and acetone, then dried in vacuo at room temperature
(0.11 g, 88%). C20H26Cl2N4Pt·2H2O (624.54): calcd. C 38.46, H
4.84, N 8.97; found C 38.39, H 5.02, N 8.83. Electronic spectrum:
λmax (ε/mol–1dm3cm–1, water) = 227 (35769), 277 nm (30857). CD
spectrum: λmax = (∆ε/mol–1dm3cm–1, water) = 212 (–1.42), 280 nm
(+1.64). 1H NMR (300 MHz, [D6]DMSO): δ = 9.15 (m, 4 H), 8.35
(s, 2 H), 8.31 and 8.29 (2, dd, 3J = 5.4, 8.3 Hz, 2 H), 6.78 (dd, 3J
= 11, 13.1 Hz, 2 H), 6.51 (dd, 3J = 10.3, 10.6 Hz, 2 H), 2.91 (m, 1
H), 2.15 (m, 2 H), 1.92 (m, 1 H), 1.78 (m, 1 H), 1.45 (s, 3 H), 1.26
(s, 3 H), 0.80 (s, 3 H) ppm. 13C NMR ([D6]DMSO): δ = 150.6
(CH), 150.3 (CH), 146.7 (2C), 141.3 (2CH), 130.7 (C), 130.6 (C),
128.1 (2 CH), 125.5 (CH), 125.4 (CH), 63.1 (C), 60.6 (CH), 47.6
(C), 34.5 (CH2), 27.1 (CH2), 25.1 (CH3), 20.1 (CH3), 16.3 (CH3)
ppm.

(1S,3R)-1,3-Diamino-1,2,2-trimethylcyclopentane(1,10-phenan-
throline)platinum(II) Dichloride Dihydrate, [Pt(S,R-tmcp)
(phen)]Cl2·2.5H2O (2b): The complex was prepared as described for
2a, using 1b, to yield the product as a yellow solid (0.10 g, 80%).
C20H26Cl2N4Pt·2.5H2O (633.55): calcd. C 37.92, H 4.93, N 8.84;
found C 37.59 , H 4.74 , N 8.42 . CD spectrum: λm a x (∆ε /
mol–1dm3cm–1, water) = 213 (+1.42), 281 nm (–1.83). 1H NMR
(300 MHz, [D6]DMSO): δ = 9.11 (m, 4 H), 8.35 (s, 2 H), 8.31 and
8.28 (2, dd, 3J = 5.5, 8.3 Hz, 2 H), 6.75 (dd, 3J = 11.2, 13.2 Hz, 2
H), 6.50 (dd, 3J = 10.4, 10.7 Hz, 2 H), 2.91 (m, 1 H), 2.12 (m, 2
H), 1.93 (m, 1 H), 1.75 (m, 1 H), 1.44 (s, 3 H), 1.26 (s, 3 H), 0.81
(s, 3 H) ppm.

(1R,3S)-1,3-Diamino-1,2,2-trimethylcyclopentane(3,4,7,8-tetra-
methyl-1,10-phenanthroline)platinum(II) Dichloride Tetrahydrate,
[Pt(R,S-tmcp)(3,4,7,8-Me4phen)]Cl2·4H2O (3a): This complex was
prepared as described for 2a, using [Pt(3,4,7,8-Me4phen)Cl2][14,20]

and 1a, to yield the product as a green solid (0.12 g, 86 %).
C24H33N4PtCl2·4H2O (715.69): calcd. C 40.27, H 5.78, N 7.83;
found C 40.16, H 5.43, N 7.58. Electronic spectrum: λmax nm (ε/
mol–1dm3cm–1, water) = 233 (29510), 283 nm (27070). CD spec-
trum: λmax (∆ε/mol–1dm3cm–1, water) = 218 (–1.53), 286 nm
(+1.45). 1H NMR (300 MHz, [D6]DMSO): δ = 9.06 (s, 1 H), 8.99
(s, 1 H), 8.38 (s, 2 H), 6.62 (dd, 3J = 10.2, 11.3 Hz, 2 H), 6.55 (dd,
3J = 12.2, 11.3 Hz, 2 H), 2.91 (m, 1 H), 2.80 (d, 3J = 2.9 Hz, 6 H),
2.64 (d, 3J = 4.4 Hz, 6 H), 2.16 (m, 2 H), 1.93 (m, 1 H), 1.78 (m,
1 H), 1.48 (s, 3 H), 1.25 (s, 3 H), 0.80 (s, 3 H) ppm. 13C NMR [D6]-
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DMSO: δ = 150.9 (CH), 150.6 (CH), 149.1 (C), 149.1 (H), 144.8
(C), 133.7 (C), 133.1 (C), 129.0 (C), 128.9 (C), 124.5 (CH), 63.2
(C), 60.5 (2 CH), 51.8 (C), 47.5 (C), 34.6 (CH2), 27.3 (CH2), 25.1
(2CH3), 20.22 (CH3), 17.6 (CH3), 17.5 (CH3), 16.2 (CH3), 15.2
(CH3) ppm.

(1S,3R)-1,3-Diamino-1,2,2-trimethylcyclopentane(3,4,7,8-tetra-
methyl-1,10-phenanthroline)platinum(II) Dichloride Tetrahydrate,
[Pt(S,R-tmcp)(3,4,7,8-Me4phen)]Cl2·4H2O (3b): This was prepared
as described for 2a, using [Pt(3,4,7,8-Me4phen)Cl2][14,20] and 1b, to
yield the product as a green solid (0.11 g, 83%). C24H38Cl2N4O2Pt
(715.69): calcd. C 40.27, H 5.78, N 7.83; found C 40.26, H 5.50; N
7.69. CD spectrum: λmax (∆ε/mol–1dm3cm–1, water) = 223 (+1.47),
285 nm (–1.25). 1H NMR (300 MHz, [D6]DMSO): δ = 9.04 (s, 1
H), 8.98 (s, 1 H), 8.41 (s, 2 H), 6.60 (dd, 3J = 10.3, 11.4 Hz, 2 H),
6.54 (dd, 3J = 12.1, 11.2 Hz, 2 H), 2.91 (m, 1 H), 2.82 (d, 3J =
2.9 Hz, 6 H), 2.62 (d, 3J = 4.39 Hz, 6 H), 2.12 (m, 2 H), 1.95 (m,
1 H), 1.75 (m, 1 H), 1.45 (s, 3 H), 1.24 (s, 3 H), 0.82 (s, 3 H) ppm.

Cytotoxicity: In vitro cytotoxicity studies were carried out at the
Peter MacCullum Cancer Institute, Melbourne by a standard
method.[29] The chiral platinum() complexes were dissolved in
warm distilled water and then diluted to the required concentra-
tions. Results of the growth inhibition for murine leukaemia L1210
cells are reported for two experiments at 48 h continuous exposure
to the metal complex. Cells were counted by Coulter Counting. The
results of the growth inhibition assays of the platinum() complexes
against the L1210 mouse leukaemia cell line are presented in
Table 1. Values represent IC50 in µ. IC50 is the concentration of
platinum() complex required to induce 50% inhibition of cell
growth. All complexes were administered in water. Cytotoxicity of
the new platinum() complexes are compared with cisplatin, and
their individual parent compounds [Pt(en)(phen)]Cl2 and
[Pt(en)(3,4,7,8-Me4phen)]Cl2,[14] to assess the contribution of the
chiral ancillary ligands.

Viscosity Studies: Samples were made to a volume of 300 µL and
the flow time for the BPES buffer (6 m, Na2HPO4, 2 m

NaH2PO4, 1 m Na2EDTA, pH 7.0) used was 479 (±1) s. The ct-
DNA solution (100 µ per base pair, molar absorptivity of
12824 M–1cm–1bp–1 at 258 nm)[25] gave a flow time of 518 (±1) and
samples were prepared to give total platinum() complex/base pair
ratios of 0.125 and 0.25. Flow times were measured after a thermal
equilibration period of 20 min and ranged from 500 (±1) to 552
(±1) depending on the concentration and the complex added. Each
sample flow time was measured three times and an average calcu-
lated. Relative viscosity is presented as (η/ηo)1/3 in accordance with
the theory of Cohen and Eisenberg.[30] The value η is the viscosity
of the solution in the presence of a complex, and ηo is the viscosity
of the ct-DNA solution alone. This viscosity η is calculated from
the time for the sample (t) to flow through the viscometer sub-
tracted by the time measured for the buffer (to) only.

DNA Binding and Induced Circular Dichroism: Titrations were per-
formed to determine the affinity constants for the chiral plati-
num() complexes with ct-DNA (Figure 2 and Figure 3) using pub-
lished methods.[24] The CD was recorded over the range 200 to
350 nm, for the ct-DNA solution (3000 µL, 28 or 35 µ) in buffer
(5 m, Trizma, 50 m NaCl, pH 7.5), and after each titration with
a small volume of metal-complex solution (10 or 5 m). The small
increase in the final volume was no more than 3%. Titrations were
continued until no further change was observed in the CD spec-
trum, indicating that saturation of the DNA had been reached.

Using the information gained from the spectra and utilising the
methods of Roger and Nordén,[24] binding constants for each of
the complexes were determined as described previously.[14] CD data
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and the methodology for calculating the binding constant are in-
cluded in the supporting information (for details see the footnote
on the first page of this article). The calculated values for Kb and
n [where Kb is the equilibrium binding constant and n is the number
of binding sites (in base pairs)] are reported in Table 1. We have
also developed a different data analysis technique, which utilises
direct least-squares curve fitting, using a Levenberg–Marquardt
method,[18] to our experimental points. Essentially we fit the equa-
tion below to the data, where the independent variable LT is the
ligand concentration, BT the total DNA concentration, and the
dependent variable ε the CD response. The calculated values for Kb

and n (the number of bases per binding site) using this method are
also included in Table 1.

Titration of d(GTCGAC)2 by the Platinum(II) Complexes: The hexa-
mer was converted into the sodium salt using a CM-25 Sephadex
column after residual impurities were removed by elution through
a C-18 Sep-Pak as described previously.[14] The hexamer was dis-
solved in 700 µL of phosphate buffer (10 m, pH 7) containing
20 m NaCl and 0.1 m EDTA. For experiments carried out in
D2O the sample was repeatedly freeze-dried from D2O and finally
made up in 99.96% D2O. The hexamer concentration was deter-
mined from the A260 absorbance using an extinction coefficient of
6600 M–1cm–1 per nucleotide.[13,14]

Supporting Information (see footnote on the first page of this arti-
cle): Supporting information is available in electronic format only
giving a description of how the DNA binding constants were deter-
mined, including mathematical forumlae; DNA binding data; and
figures of the DNA binding curves.
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A new tetraruthenated manganese(III) porphyrin has been
obtained and characterized by spectroscopy, electrochemis-
try, and spectroelectrochemistry. It exhibits a saddle-shaped,
nonplanar structure that conveys interesting catalytic, elec-
trocatalytic, and spectroelectrochemical properties to the
molecule. Selective steric influence induced by the periph-
eral ruthenium complexes has been detected in the catalytic
oxidation of cyclohexane and cyclohexene with iodosylben-

Introduction

Metalloporphyrins are an important class of molecules
that are widely distributed in biological systems and play
an enormous variety of roles, including catalysis, oxygen
and signal transport, energy conversion, and electron trans-
fer.[1–15] The development of new porphyrin compounds
and derived materials is a subject of current research inter-
est. New properties and functionalities can be generated by
changing the molecular structure, stereochemistry, and in-
teractions, in the context of molecular systems and materi-
als. Particularly promising systems that exhibit remarkable
catalytic and electrocatalytic properties[2,6,16–21] associated
with high-valence oxygen donor species such as
MnV=O[22,23] have been derived from manganese porphy-
rins.

Supramolecular species containing selected metal com-
plexes attached at the periphery of the metalloporphyrin
ring have been found to mimic cytochrome P-450 ac-
tivity.[24] This is a consequence of the electron-with-
drawing/-donating and/or electron-transfer properties of the
ancillary complexes, which can also act as cofactors and
create new pathways for the oxidation of organic substrates.
In this sense, the understanding of their spectroscopic prop-
erties, stereochemistry, intramolecular interactions, and re-
dox behavior is of the utmost importance.[25–29] In this work
the spectroscopic and electrochemical properties of a new
tetraruthenated manganese()porphyrin complex, [Mn(3-
TRPyP)] (Figure 1), are described. Although this species
can form four atropisomers, only a single configuration cor-
responding to a saddle geometry is inferred from molecular
mechanics calculations (MM+); this reflects the large steric
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zene. Films formed by layer-by-layer electrostatic assembly
with tetraanionic sulfonated copper phthalocyanine exhibit
electrocatalytic activity for the oxidation of nitrite and sulfite,
thus providing interesting applications in amperometric sen-
sors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

hindrance of the peripheral bis(bipyridine)chlororutheni-
um() complexes attached at carbon 3 (meta) of the bridg-
ing pyridyl group (Figure 1).

The catalytic activity of [Mn(3-TRPyP)] in the oxidation
of cyclohexane and cyclohexene has been investigated. In
addition, the possibility to generate ultrathin supramolec-
ular films of such species has been exploited in electrocata-
lysis for the oxidation of nitrite and sulfite ions in aqueous
solution with the aim of generating new, efficient ampero-
metric sensors.

Results and Discussion

Spectroscopic Properties

The insertion of Mn2+ ions into the free-base H2(3-
TPyP) is very fast and its oxidation to Mn3+ can be carried
out readily in the presence of air. The resulting [Mn(3-
TRPyP)] is soluble in common solvents such as methanol,
ethanol, DMF, acetone, acetonitrile, and acetic acid and is
sparingly soluble in water as its trifluoromethanesulfonate
salt. It should be mentioned that the binding of the ruthe-
nium complexes increases the total molecular charge to +5,
thus enhancing its solubility in polar solvents. The 1H
NMR spectrum is complicated by the superimposition of
the 2,2�-bipyridine and MnIIITPyP peaks, in addition to the
low molecular symmetry and to the paramagnetic character
of the MnIIIP center. Accordingly, the structural characteri-
zation was carried out by mass spectrometry. The fragmen-
tation profiles of the polymetalated pyridylporphyrins were
found to be analogous to those previously found for the
derivatives H2(3-TRPyP) and Zn(3-TRPyP).[26,27,30,31]

The peak for the [Mn(3-TRPyP)] molecular ion
([C120H88Cl4MnN24Ru4]5+ = 2467.21 gmol–1) was found at
m/z 494 with ∆(m/z) = 0.20 and m/z 617 with ∆(m/z) = 0.25,
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Figure 1. Structures of the tetraruthenated manganese() porphyrins [MnTRPyP].

suggesting the occurrence of a MnIII/II redox process in the
spray.

[Mn(3-TRPyP)] displays a typical electronic spectrum in
methanol,[32] reflecting the strong coupling between the
molecular orbitals of the MnIII ion and porphyrin
ring.[33,34] The porphyrin bands were found at 464 nm (log
ε = 5.2), attributed to the so-called band V, and 560 (4.3)
and 595 nm (3.9), assigned to the IV or Q(1–0) and III or
Q(0–0) porphyrin bands, respectively. The MLCT bands of
the ruthenium complexes usually found at 360 and 480 nm
are hidden by the bands VI (374 nm, log ε = 4.9) and Va

(399 nm, log ε = 4.9). The 2,2�-bipyridine intraligand
pπ�pπ* transitions of the peripheral ruthenium complexes
appear at 294 nm (5.3). Finally, the MnIII porphyrin bands
II and I appear at 680 (1.6) and 770 nm (1.4) and are as-
signed to charge-transfer transitions (normally a1u and a2u

� dxz and dyz transitions, respectively). They tend to be-
come more evident when strongly coordinating ligands such
as pyridine, imidazole, and pyrazine are axially coordi-
nated.[35]

Electrochemistry

The electrochemical behavior of the polymetalated por-
phyrins was investigated by cyclic voltammetry and spectro-
electrochemistry. The voltammograms of a solution of
[Mn(3-TRPyP)] in DMF follow the general pattern pre-
viously described for the [Mn(4-TRPyP)] isomer.[32] The re-
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versible RuIII/II process is observed at E1/2 = 0.93 V (Fig-
ure 2), with a cathodic shift of 20 mV in comparison with
the para isomer.[32] This suggests that the MnIIITPyP center
is acting as an electron-withdrawing group stabilizing the
reduced [RuII(bpy)2(pyP)Cl] species. However, no such elec-
tronic coupling between the porphyrin ring and the periph-
eral ruthenium complexes is expected in the case of the
meta isomer because of the molecular geometry. The por-
phyrin ring MnIIIP+/0 redox process was not observed, even
at potentials up to 1.50 V.

Figure 2. CV of a 2 ×10–3  [Mn(3-TRPyP)] solution in DMF con-
taining 0.1  TEAClO4 (scan rate: 20 mVs–1).

The broad cathodic wave starting around –0.3 V was as-
signed to the MnIII/IIP process and confirmed by spectro-
electrochemistry. The waves at Epc = –0.94 and –1.17 V can
be tentatively assigned to the successive monoelectronic re-
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duction of the porphyrin ring to the radical anion and di-
anion (Figure 2), respectively, by comparison with analo-
gous derivatives.[11,32,36–39] However, the possibility of for-
mation of a species with MnIP character, as in the case of
the respective cobalt derivative,[36–39] cannot be discarded.
The single-electron reduction of one and two bipyridyl li-
gands of each peripheral ruthenium complex was observed
at Epc = –1.39 and –1.63 V, respectively. All those processes
should be coupled to chemical reactions involving the sol-
vent, and the intensity of the wave associated with the re-
verse anodic process is lower than for the reduction process.
The anodic wave at 0.35 V can be assigned to reduced spe-
cies formed in the cathodic scan because only the reversible
RuIII/II pair of waves at E1/2 = 0.93 V was found when the
scans were limited to the 0.0 to 1.2 V range.

Spectroelectrochemistry

The spectroeletrochemical behavior of [Mn(3-TRPyP)] in
DMF in the –2.2 to +1.1 V range is shown in Figure 3. The
most stable form of this supramolecular complex exhibits
the transition metal ions as MnIII and RuII complexes.
When the potential was increased from 0.5 to 1.1 V the pe-
ripheral ruthenium complex band (bpy, pπ�pπ*) at 297 nm
and the MLCT bands at about 490 and 370 nm disap-
peared, while an absorption band rose at 316 nm. In con-
trast, the characteristic MnIIIP absorption bands (III, IV, V,
Va, and VI) remained essentially unchanged. Such spectral
changes (Figure 3, A) are characteristic of a reversible
RuII/III process, as suggested by the presence of several
isosbestic points. No changes were observed in the 1.1 to
1.5 V range.

Figure 3. Spectroelectrochemistry of an approx. 80 µ solution of
[Mn(3-TRPyP)] in DMF containing 0.10  TEAClO4 in the 1.1
to –2.2 V range.

The first redox process observed in the 0.5 to –0.3 V
range (Figure 3, B), leads to a shift and broadening of the
porphyrin Soret band from 464 to 444 nm, characteristic of
the reduction of MnIIIP to MnIIP.[35] Interestingly, a shift
of the Soret band maximum to 455 nm was observed at

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 850–856852

–0.50 V, as a function of time (Figure 3, C), giving a more
symmetric and slightly less intense band. This unexpected
behavior does not seem to involve a redox process and is
probably associated with some axial ligand equilibrium. In
this case, the participation of adventitious water mole-
cules[5,6,32] cannot be the cause since quite negative limiting
potentials (–2.2 V) could be attained.

When the potential was shifted to –1.0 V a double-
peaked Soret band was formed due to the rise of a new
absorption band at 433 nm and decrease of the peak at
455 nm (Figure 3, D). This behavior is not consistent with
the reduction of the porphyrin ring to the respective radical
anion because no characteristic band could be found
around 750 nm. An equilibrium involving a face-to-face di-
mer is another possibility, although this doesn’t involve an
electron-transfer process. Accordingly, this spectroelectro-
chemical process was assigned to the formation of a re-
duced species with MnIP character, as evidenced by the
electrocatalytic activity of GCE modified with films of
[Mn(TRPyP)]/[CuTSPc].

The reduction of the porphyrin ring was observed at
–1.3 V, where a decay of the double-peaked Soret band and
an increase of the absorptions at 500 and 850 nm were ob-
served (Figure 3, E). The next two processes were observed
in the ranges –1.3 to –1.6 V (Figure 3, F) and –1.6 to –2.0 V
(Figure 3, G) and involve the successive decrease of the bi-
pyridine pπ–pπ* band at 298 nm to half its value, followed
by its disappearance, while a broad band rose at 350 nm.
Accordingly, they were assigned to the successive single-
electron reduction of the first and second bpy ligands of
each peripheral ruthenium complex. Interestingly, when the
potential was further shifted to –2.2 V the small peak at
470 nm associated with the porphyrin radical anion de-
creased as the absorbance at 660 nm increased (Figure 3,
H). Those changes are typical of the formation of the por-
phyrin dianion. Generally, this process occurs about
200 mV after the P0/– process, but the reduction of the bpy
ligands should shift that redox process to potentials below
–2.0 V, as observed in the case of the corresponding
[Co(TRPyP)] derivatives.[5,6,32,36,37]

Electrocatalytic Properties

[Mn(TRPyP)] can form stable ultrathin films of a supra-
molecular nanomaterial on GCE that, however, exhibit ap-
preciable solubility in aqueous solution. This inconvenience
can be eliminated by means of a layer-by-layer electrostatic
assembly[32,40] with the structurally complementary tetraan-
ionic sulfonated copper phthalocyanine [CuTSPc]. A re-
markable electrochemical activity was observed for the
modified electrodes (Figure 4), showing that it is possible to
transfer the molecular properties of those tetraruthenated
manganese porphyrins to the electrode surface. Typical CVs
of GCE modified with [Mn(TRPyP)]/[CuTSPc] films in
aqueous solution, at pH 4.7, exhibit a couple of reversible
sine-shaped waves at E1/2 = 0.95 V assigned to the RuIII/II

process. The anodic and cathodic peak current intensities
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increase linearly as a function of the scan rate, as expected
for redox species immobilized on the surface.[9,27,40]

Figure 4. CVs of a GCE modified with layer-by-layer electrostati-
cally assembled films of (A, B) [Mn(4-TRPyP)]/[CuTSPc] (Γ = 1.6
and 1.2 nmolcm–2) and (C, D) [Mn(3-TRPyP)]/[CuTSPc] (Γ = 1.7
and 1.6 nmolcm–2) in the presence of increasing concentrations of
nitrite (A, C) and sulfite (B, D) in 0.025  acetate buffer (pH 4.7)
and KNO3 (0.5 ). Scan rate: 0.1 Vs–1. Inset: plot of ipa vs. [sub-
strate].

As aliquots of a stock solution of nitrite and sulfite were
added to the electrolyte solution (Figure 4) the anodic wave
at 1 V intensified linearly as a function of the concentration
of those species. This indicates a relatively fast hetero-
geneous charge-transfer process mediated by the supramo-
lecular films, in contrast with the bare electrodes, which ex-
hibit broad, irreproducible responses. There is no signifi-
cant difference in the electrocatalytic properties of the
supramolecular nanomaterials obtained with both isomers
for the oxidation of sulfite and nitrite. On the other hand,
both modified electrodes are ineffective for the reduction of
nitrite until –0.85 V. However, this does not seem to be the
case for the reduction of sulfite, for which the activity of
the meta isomer is clearly higher. The broad reduction wave
starting at –0.5 V is assigned to the reduction of sulfite di-
rectly on the GCE surface.[41,42] This contrasts with the
results obtained for [Ni(TRPyP)]/[CuTSPc] and
[Co(TRPyP)]/[CuTSPc] films,[43] which exhibit high activity
for the reduction of both substrates. This reductive electro-
catalytic activity is due to the formation of reduced species
with MIP character, such as NiIP and CoIP, which should
be responsible for the efficient electron-transfer to nitrite
and sulfite. Analogously, this result for the [Mn(TRPyP)]/
[CuTSPc] films reinforces our previous assignment of the
spectroelectrochemistry event observed at around –1 V to
the formation of a species with MnIP character.

Catalytic Properties

The catalytic activity of [Mn(3-TRPyP)] species for cy-
clohexane hydroxylation and cyclohexene epoxidation with
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iodosylbenzene (PhIO) was evaluated relative to the activity
of the [Mn(4-TRPyP)] isomer.[32] [Mn(3-TRPyP)] in aceto-
nitrile solution exhibits bands V, IV, and III at 473, 574,
and 616 nm, respectively. Upon adding a PhIO solution in
CH2Cl2/CH3OH/H2O (80:18:2) band V immediately shifts
to 427 nm and bands IV and III disappear, giving rise to
broad absorptions. These features are characteristic of high-
valent O=MnIVP species. However, within about a minute
the spectrum of the MnIIIP species is regenerated, indicat-
ing the consumption of PhIO and the reaction of O=MnIVP
with solvent species such as water and methanol. This sug-
gests that the actual catalytically active species (O=MnVP)
is a much more effective oxidant and oxygen atom donor
(Figure 5).

Figure 5. UV/Vis spectra showing the regeneration of MnIIIP after
reaction of a 4×10–6  acetonitrile solution of [Mn(3-TRPyP)]
with a PhIO solution in CH2Cl2/CH3OH/H2O (80:18:2). [Mn(3-
TRPyP)]:[PhIO] = 1:10.

The catalytic activity of [Mn(TRPyP)] for the oxidation
of cyclohexane was verified with iodosylbenzene as oxygen
donor. Typically, 9.2×10–4 mol of cyclohexane,
1.21×10–7 mol of catalyst, and 2.7×10–6 mol of PhIO were
mixed in DCE/ACN (200/80 µL), at 298 K, in a sealed vial.
The products were determined by gas chromatography after
15 min and the results are shown in Table 1. Cyclohexanol
and cyclohexanone are the main products of the reaction,
but small amounts of chlorocyclohexane are also observed.
Interestingly, the meta isomer exhibits higher selectivity
(alcohol/ketone ratio = 3.6 vs. 2.3) and reactivity (44% vs.
34%) than the para species.

More clear-cut evidence for the distinct activity of those
isomers was obtained when the tetraruthenated manganese
porphyrins were used as catalysts for the oxidation of cyclo-
hexene. In general, the meta isomer has a significantly
higher activity, converting all PhIO into oxygenated prod-
ucts but with a lower epoxide yield. In contrast, the para
isomer shows a conversion of only about 60%, with a much
higher selectivity for epoxide formation (Table 2).

The results described above reveal that [Mn(TRPyP)] has
a catalytic activity for the oxidation of cyclohexane by PhIO
similar to that of other manganese porphyrins.[44–46] For ex-
ample, Iamamoto et al.[44] obtained 43% of cyclohexanol
and 23% of cyclohexanone (ol/one ratio 2) with [Mn(TPP)-
Cl] (chloromanganese tetraphenylporphyrin) in DCM. In
general, the lower selectivity in polar solvents (for example



I. Mayer, G. S. Nunes, H. E. Toma, K. ArakiFULL PAPER
Table 1. Cyclohexane hydroxylation with PhIO catalyzed by tetraruthenated manganese() porphyrins.[a]

Catalyst C-ol C-one C-Cl Ratio Total yield TON[b]

[%][c] [%][c] [%][c] alcohol:ketone [%]

[Mn(3-TRPyP)] 32 9 3 3.6 44 11
[Mn(4-TRPyP)] 23 10 1 2.3 34 9

[a] MnP: 1.2×10–7 mol; PhIO: 2.7 ×10–6 mol; cyclohexane: 9.2×10–4 mol; 1,2-dichloroethane (DCE): 200 µL; acetonitrile (ACN): 80 µL;
chlorobenzene as internal standard; all solvents purged with N2; T = 298 K. C-ol = cyclohexanol, C-one = cyclohexanone, C-Cl =
chlorocyclohexane. [b] TON = mol products/mol catalyst. [c] Based on the initial amount of PhIO. Average error: ±3%.

Table 2. Cyclohexene oxidation with PhIO catalyzed by tetraru-
thenated maganese porphyrins.[a]

Catalyst Epoxide C-ol C-one Allyl. oxid. Total yield
[%][b] [%][b] [%][b] [%][b]

[Mn(3- 24 40 43 0.3 107TRPyP)]
[Mn(4- 37 15 11 1 63TRPyP)]

[a] MnP: 1.2×10–7 mol; PhIO: 2.7 ×10–6 mol; cyclohexene:
4.9×10–4 mol; 1,2-dichloroethane (DCE): 250 µL; acetonitrile
(ACN): 44 µL; chlorobenzene as internal standard; all solvents
purged with N2; T = 298 K. C-ol = cyclohexen-2-ol, C-one = cy-
clohexen-2-one, allyl. oxid. = percentage of allylic oxidation prod-
ucts. [b] Based on the initial amount of PhIO. Average error ±3%.

ACN) is associated with the formation of the radical inter-
mediate species O=MnIVP+·,[44,47,48] as well as the possible
coordination of the solvent molecules to the Mn center.
This does not seem to be the case for the [Mn(TRPyP)]
complexes, however, which have a higher selectivity in
DCE/ACN, in which they are more soluble because of their
higher ionic character.

In the case of cyclohexane (Table 1), the higher efficiency
suggests that the catalytically active high-valent oxoman-
ganese species formed by [Mn(3-TRPyP)] is more reactive
than that formed by [Mn(4-TRPyP)]. Another possibility is
the involvement of two different activated species[49] as a
consequence of electronic effects or interaction of the oxi-
dant and/or the substrate with the peripheral [Ru(bpy)2-
Cl]+ groups. In fact, the ruthenium complexes in [Mn(3-
TRPyP)] are positioned above and below the manganese
porphyrin center. Accordingly, two pockets of suitable size
for interaction with those organic substrates are generated,
probably inducing the formation of a structurally more fa-
vorable activated complex. In contrast, the para isomer has
a more symmetric and planar structure, ruling out such a
possibility.[32]

The small amount of chlorocyclohexane (Table 1) gener-
ated in the oxidation reaction also gives some clues about
the role of the peripheral ruthenium complexes in the acti-
vated complex. This by-product is likely to be formed when
the cyclohexyl radical does not combine with the OH bond
at the MnP center and escapes from the “cage”. Conse-
quently, its yield should be higher when the peripheral ru-
thenium complexes are close or interacting with the species
participating in the activated complex. This proximity
should facilitate the abstraction of a chloro atom from the
[Ru(bpy)2Cl] groups, although the possibility of abstraction
from the solvent cannot be discarded. In fact, experiments
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under similar conditions using another supramolecular spe-
cies containing four trinuclear ruthenium acetate clusters
with no coordinated chloride showed no chlorocyclohexane
formation, thus ruling out the hypothesis of chlorine atom
abstraction from the solvent. Considering that the redox
and electronic properties of both species are similar, the sig-
nificantly higher amount of chlorocyclohexane generated
by the meta isomer is strong evidence that its higher cata-
lytic activity can be assigned to the favorable stereochemical
effects induced by the peripheral [Ru(bipy)2Cl]+ groups.

Finally, it is well known that conventional Mn–porphyrin
species undergo severe degradation during the catalytic cy-
cles,[44–48] and for this reason new, more-stable catalysts
have been pursued, for example involving chlorinated or
fluorinated porphyrins. In the case of the [Mn(TRPyP)] cat-
alysts no evidence of decomposition could be detected spec-
troscopically after at least 10 turnover cycles, or 15 min,
corresponding to the time of a typical experiment. There-
fore, in spite of their secondary role in catalysis, the periph-
eral [Ru(bipy)2Cl]+ groups do provide an important steric
protection around the highly reactive MnV=O site, thereby
preventing the degradation of the porphyrin center under
such highly oxidizing conditions. Furthermore, they can
provide interaction sites for the occurrence of steric effects,
inducing changes in the geometry of the activated complex.
The last two effects are probably the greatest advantage as-
sociated with these [Mn(TRPyP)] catalysts, in addition to
their improved selectivity and high solubility in organic sol-
vents.

Conclusions

A new stereochemically hindered tetraruthenated manga-
nese() porphyrin has been obtained and its structural,
spectroelectrochemical, catalytic, and electrocatalytic prop-
erties investigated. The metalloporphyrin reduction and ru-
thenium complex oxidation potentials are shifted to more
negative potentials in comparison with the planar isomer,
suggesting a higher electronic density on the porphyrin ring.
Stable and electrocatalytically active ultrathin films of layer-
by-layer electrostatic assembled films of [Mn(TRPyP)]/
[CuTSPc] can be easily prepared and used as nitrite and
sulfite detectors. The activity of the [Mn(3-TRPyP)]/
[CuTSPc]-modified GC electrodes for the reduction of sul-
fite is ascribed to the formation of a reduced species with
MnIP character at around –0.85 V, as observed by spectroe-
lectrochemistry.
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Very significant differences in the P-450 catalytic activity

were found for the oxidation of cyclohexene and cyclohex-
ane with iodosylbenzene. In fact, the meta isomer is consist-
ently more active than the para isomer in both cases, al-
though the selectivity for epoxide is higher for the latter.
Such differences are due to steric effects induced by the pe-
ripheral [Ru(bpy)2Cl] groups, which are positioned above
and below the MnP ring and can therefore direct the acti-
vation of the substrates, thus improving the selectivity of
the catalytic reactions. In comparison with conventional
manganese porphyrins, the great advantage associated with
the [Mn(TRPyP)] catalysts is their pronounced stability and
improved selectivity in oxygen-transfer reactions.

Experimental Section
Materials and Methods: UV/Vis spectra were recorded with a HP-
8453A diode array spectrophotometer, in the 190–1100 nm range,
either in CH3OH or CH3CN. Cyclic voltammograms of
[Mn(TRPyP)] in DMF solution were obtained with an AUTOLAB
PGSTAT30 potentiostat/galvanostat. A conventional three-elec-
trode cell was employed, consisting of a platinum disk as working
electrode, Ag/Ag+ (0.010 , in CH3CN) as reference electrode, and
coiled platinum wire as auxiliary electrode. The solvents were
HPLC grade; DMF was dried with anhydrous CuSO4 and distilled
under vacuum immediately before use. The electrolyte [(C2H5)4N]-
ClO4 was prepared by the reaction of [(C2H5)4N]OH with HClO4,
recrystallized from water, and dried under vacuum. A similar ar-
rangement, except for the Ag|AgCl|KCl 1.00  reference electrode,
was used in the electrochemical studies using glassy carbon elec-
trodes (GCE) modified with ultrathin electrostatic assembled films
of [Mn(3-TRPyP)]/[CuTSPc] or [Mn(4-TRPyP)]/[CuTSPc]. All po-
tentials were converted into the SHE scale by adding 0.503 or
0.222 V to the experimental values in organic or aqueous solution,
respectively. Phosphate (25 m, pH 6.80) and acetate (25 m,
pH 4.70) buffers in 0.50  KNO3 solution were used as electrolyte.
The spectroelectrochemistry data were collected with a previously
described homemade thin-layer cell[50] and a PAR model 173 po-
tentiostat/galvanostat in parallel with an HP-8453A spectropho-
tometer. Electrospray mass spectra were recorded with a Q-Tof
(Micromass) mass spectrometer with a quadrupole (Qq) and high-
resolution orthogonal time of flight (o-TOF) configuration. The
sample was injected with a syringe pump (Harvard Apparatus,
Pump 11) at a rate of 10 µLmin–1 through an uncoated fused-silica
capillary. All samples were dissolved in pure methanol. The ESI
mass spectra were acquired at an ESI capillary voltage of 3 kV and
a cone voltage of 10 V. Isotopic patterns were calculated using the
MassLynx software. The products of the catalytic oxidation reac-
tions were analyzed by gas chromatography using a Shimadzu
model GC-17A equipment with flame ionization detector and OV-
1701 0.50 micron capillary column (30 m×0.25 mm). The carrier
gas was N2. Acetonitrile (HPLC grade) was dried over 3-Å molecu-
lar sieves before use. n-Octane was purified with concentrated sul-
furic acid, washed with water, and distilled. Dichloromethane was
distilled from over P2O5 and stored over molecular sieves. All other
chemicals were reagent grade (1,2-dichloroethane, cyclohexane,
methanol, and deuterated cyclohexane with �99% D) and used as
received. Iodosylbenzene was prepared from iodobenzene diacetate
as described in the literature.[51] All reactions were carried out in a
thermostatted 2-mL vial with a septum, containing a magnetic stir-
ring bar, at 25.0±0.1 °C, under argon. 1,2-Dichloroethane, cyclo-
hexane, and n-octane (internal reference for GC) were successively
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syringed into the vial, and 1.14×10–5 mol of PhIO was added. A
suitable volume of acetonitrile stock solution of the catalyst was
then introduced in order to obtain the desired concentration.

Syntheses: The preparation of the cis-dichlorobis(2,2�-bipyridine)-
ruthenium() complex [Ru(bpy)2Cl2] has been described pre-
viously.[52] [Mn(3-TPyP)] was obtained by treating 500 mg
(0.80 mmol) of the free-base porphyrin H2(3-TPyP) with 147 mg
(0.85 mmol) of manganese() acetate in refluxing glacial acetic acid
for an hour, whilst stirring. The reaction mixture was cooled to
room temperature and the solvent removed in a flash evaporator.
The solid was washed with water, filtered, and dried under vacuum.
Yield: 97%. C40H24N8Mn(CH3COO)·H2O (748.2): calcd. C 67.38,
H 3.90, N 14.97; found C 67.76, H 4.12, N 15.98. [Mn(3-TRPyP)]
was obtained from the reaction of 101 mg (0.15 mmol) of [Mn(3-
TPyP)] with 300 mg (0.62 mmol) of [Ru(bpy)2Cl2] in 100 mL of re-
fluxing glacial acetic acid for an hour, whilst stirring. The solvent
was removed in a flash evaporator and the residue redissolved in
methanol and refluxed for 30 min to assure the coordination of
four ruthenium complexes to the peripheral pyridyl nitrogen atoms.
The solvent was removed, the solid redissolved in a minimum vol-
ume of DMF, and this solution added dropwise to 10 mL of an
aqueous lithium trifluoromethanesulfonate solution. The brown
amorphous precipitate obtained was filtered, dried under vacuum,
purified by successive recrystallization, and finally by neutral
alumina column chromatography using a mixture of dichloro-
methane and ethanol (10:1) as eluent. Yield: 89%.
C120H88Cl4MnN24Ru4(CF3SO3)5·8H2O (3356.7): calcd. C 44.73, H
3.12, N 10.01; found C 44.52, H 3.27, N 9.49.
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For the purpose of possible second harmonic generation
(SHG) a cationic and a neutral sandwich unit were cofacially
arranged in a three-step synthesis starting from 1,8-diiodo-
naphthalene. First, 1-cyclopentadienyl-8-iodonaphthalene
(2) was formed, then the neutral ferrocenyl substituent was
fixed in the 8-position by a Negishi cross-coupling reaction.
The deprotonation of the cyclopentadienyl substituent, and
the subsequent coordination of the half-sandwich fragments
ML = [Fe(η5-C5Me5)]+, [Rh(η5-C5Me5)]2+, [Ir(η5-C5Me5)]2+,
[Ru(η6-C6H6)]2+ to the cyclopentadienyl anion revealed the
desired dinuclear complexes 1-[(η5-cyclopentadienediyl)-
(η5-pentamethylcyclopentadienyl)iron(II)]-8-ferrocenylnaph-
thalene (5), 1-[(η5-cyclopentadienediyl)(η5-pentamethylcy-
clopentadienyl)rhodium(III)]-8-ferrocenylnaphthalene hexa-
fluorophosphate (6PF6), 1-[(η5-cyclopentadienediyl)(η5-
pentamethylcyclopentadienyl)iridium(III)]-8-ferrocenylnaph-
thalene hexafluorophosphate (7PF6), and 1-[(η6-benzene)(η5-

Introduction

Cofacially stacked arrays of organic and organometallic
π-systems are of increasing interest for chemists and physi-
cists, because of novel electrical,[1,2] optical,[2] and mag-
netic[3] properties. Just recently, theoretical[4] and experi-
mental[5] work has demonstrated that stacked donor–ac-
ceptor arrangements of π-systems are suitable for second
harmonic generation (SHG) effected by through-space (hy-
per)polarization (Figure 1).

Conventional types of compounds revealing nonlinear
optical (NLO) properties, i.e. SHG, are composed of donor
and acceptor units linked by conjugated π-bonds, which
very often suffer from absorbance in the region of the SHG,
and are thus not suitable for practical applications. In con-
trast, π-stacked donor-acceptor combinations seem to pro-
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cyclopentadienediyl)ruthenium(II)]-8-ferrocenylnaphthalene
hexafluorophosphate (8PF6). The neutral complex 5 was oxi-
dized to the paramagnetic cation 1-[(η5-cyclopentadienediyl)-
(η5-pentamethylcyclopentadienyl)iron(III)]-8-ferrocenylnaph-
thalene hexafluorophosphate (5PF6). Compounds 3, 5PF6,
6PF6, and 7PF6 were characterized by X-ray structure deter-
mination; the neutral compound 3 crystallizes in the space
group P21/c, whereas all of the cationic dinuclear complexes
crystallize in the chiral space group C2221. A cyclic voltam-
metry study points to a predominant “through-space” inter-
action between the cationic sandwich unit and the neutral
ferrocene substituent. The compounds 5PF6, 6PF6, 7PF6, and
8PF6 were subjected to hyper-Rayleigh scattering (HRS) and
Kurtz-powder measurements. In both studies no SHG inten-
sity could be observed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Cofacially stacked arrangement of donor(D)–acceptor(A)
π-systems for second harmonic generation (SHG) due to polar
“through-space” interaction.

vide a better optical transparency.[6] Our approach to
stacked organometallic π-complexes with donor–acceptor
combinations, which may call forth SHG, is based on Ro-
senblum’s concept of 1,8-disubstituted naphthalene deriva-
tives containing two sandwich complexes in the peri posi-
tion. Whereas the Rosenblum naphthalene derivatives are
symmetrically constructed with the same sandwich com-
plexes in the peri position,[7,8] our desired target molecules
should contain different sandwich complexes,[9] one of
which is a cation, generating an overall dipole moment,
which is a possible prerequisite for SHG (Figure 2).
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Figure 2. Unsymmetrically 1,8-disandwich-substituted naphthalene
derivatives.

Results and Discussion

Synthesis

The assembly of different sandwich complexes in peri po-
sition of naphthalene requires a stepwise synthesis. Starting
with a cross-coupling reaction of 1,8-diiodonaphthalene (1)
[10] with cyclopentadienylzinc chloride[7a,9a] (Scheme 1), re-
sults in the formation of 1-cyclopentadienyl-8-iodonaph-
thalene (2). For the second step, a Pd-catalyzed Negishi
cross-coupling reaction with ferrocenylzinc chloride[11,12]

was performed, revealing complex 3, which is composed of
the two different isomers 3a and 3b (see Exp. Sect.). In or-
der to synthesize the unsymmetrical disandwich-substituted
naphthalene derivatives, complex 3 was subjected to a de-

Scheme 1. Synthesis of polar cofacially fixed sandwich complexes.
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protonation by sodium bis(trimethylsilyl)amide to yield 4,
and a consecutive coordination reaction with the proper
half-sandwich complexes (Scheme 1). For Rh, Ir, and Ru
complexes 6PF6, 7PF6, and 8PF6, the deprotonated com-
plex 4 was treated with thallium chloride in acetonitrile to
replace the counterion Na+ with Tl+.[13] This cation ex-
change is necessary to obtain good yields of the desired
dinuclear cationic complexes with Ru, Rh and Ir. In order
to achieve the polar structure of the diiron derivative, com-
pound 5 was oxidized to the paramagnetic monocation
5PF6 by addition of a stoichiometric amount of ferrocen-
ium hexafluorophosphate (Scheme 2), and a dark red-
brown crystalline material was obtained. All compounds
were fully characterized by elemental analyses, spectro-
scopic methods and cyclic voltammetry. For compound 3a,
5PF6, 6PF6 and 7PF6 X-ray structure analyses were deter-
mined.

Scheme 2. Oxidation of 5 with ferrocenium hexafluorophosphate.

Crystal Structures

The solid-state structures of 3a, 5PF6, 6PF6 and 7PF6 are
displayed in Figures 3, 4, 5 and 6. The mononuclear com-
plex 3a crystallizes in the monoclinic space group P21/c,
whereas the space group for the dinuclear monocationic
species is found to be orthorhombic and chiral with C2221.
Not surprisingly, the structural data of the sandwich units
are very similar to those of published data for correspond-
ing prototype sandwich complexes (Table 1).[14–17]

Figure 3. Molecular structure of 3a (50% ellipsoids).
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Figure 4. Molecular structure of 5PF6 (50% ellipsoids, hydrogen atoms and counterion are omitted for clarity).

Figure 5. Molecular structure of 6PF6 (50% ellipsoids, hydrogen
atoms and counterion are omitted for clarity).

Figure 6. Molecular structure of 7PF6 (50% ellipsoids, hydrogen
atoms and counterion are omitted for clarity).

The most eye-catching feature of all structures under
study is the distortion of the compound entities (Figure 7,
Table 2); a common occurrence for naphthalene derivatives
disubstituted in the 1,8-positions by aromatic moieties.[8,18]

The tilt angle between the best plane of the naphthalene-
bound Cp ligands and the best planes of the connected six-
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Table 1. Selected bond lengths [pm] of the metallocene units in 3a,
5PF6, 6PF6, 7PF6.

3a 5PF6 6PF6 7PF6

Fe(1)–C(9) 207.8(3) 206(1) 208(1) 208(2)
Fe(1)–C(10) 204.8(3) 205(1) 206(1) 204(3)
Fe(1)–C(11) 203.7(4) 203(1) 205(1) 201(3)
Fe(1)–C(12) 204.0(4) 204(1) 204(1) 201(2)
Fe(1)–C(13) 204.5(3) 206(1) 203(1) 204(2)
Fe(1)–Cent[C(9)–C(13)]

[a] 164.47(18) 165(1) 166(1) 165(1)
Fe(1)–C(14) 203.8(4) 204(2) 206(1) 206(3)
Fe(1)–C(15) 203.9(4) 202(2) 204(1) 210(2)
Fe(1)–C(16) 205.3(4) 205(2) 204(1) 203(3)
Fe(1)–C(17) 204.8(3) 204(1) 205(2) 208(2)
Fe(1)–C(18) 204.7(4) 205(1) 204(1) 203(3)
Fe(1)–Cent[C(14)–C(18)]

[a] 165.0(2) 166(1) 165(1) 168(1)
M–C(19) – 215(1) 224(1) 219(2)
M–C(20) – 207(2) 221(1) 217(3)
M–C(21) – 206(2) 215(1) 219(2)
M–C(22) – 205(1) 214(1) 217(2)
M–C(23) – 210(1) 218(1) 220(2)
M–Cent[C(19)–C(23)]

[a] – 171(1) 181(1) 183(1)
M–C(24) – 210(2) 219(1) 215(3)
M–C(25) – 210(2) 217(1) 224(3)
M–C(26) – 202(2) 215(1) 220(3)
M–C(27) – 207(2) 217(1) 218(2)
M–C(28) – 217(2) 221(1) 220(3)
M–Cent[C(24)–C(28)]

[a] – 170(1) 181(1) 182(1)
C(19)–C(20) 141.9(6) 144(2) 144(1) 139(3)
C(20)–C(21) 148.1(7) 139(2) 143(2) 146(4)
C(21)–C(22) 142.0(8) 140(2) 140(2) 133(3)
C(22)–C(23) 141.4(7) 142(2) 140(2) 145(3)
C(23)–C(19) 140.7(6) 137(2) 144(2) 143(3)
C(24)–C(25) – 147(3) 143(2) 148(4)
C(25)–C(26) – 137(2) 143(2) 146(5)
C(26)–C(27) – 139(2) 141(2) 139(4)
C(27)–C(28) – 145(2) 144(2) 144(4)
C(28)–C(24) – 143(2) 143(2) 141(5)

[a] Cent: centroid of the corresponding cyclopentadienyl rings.

membered naphthalene rings varies from 45.6(6)° (5PF6) to
77.9(8)° (6PF6) (Table 2). For the less crowded example 3a,
with only one sandwich unit, intermediate tilt angles of
53.5(2)° and 53.0(2)° are found. Remarkably, the permethyl-
ation of one of the distal Cp ligands in the cationic species
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Figure 7. Cofacial arrangement of metallocene fragments in 5PF6; left: showing the interplanar distortion between the naphthalene moiety
and the sandwich units; right: view along the metallocene axes; (50% ellipsoids, hydrogen atoms and counterion are omitted for clarity).

Table 2. Selected interplanar und torsion angles [°], bond lengths and interatomic distances [pm] between the naphthalene und metallocene
units.

3a 5PF6 6PF6 7PF6 9BF4
[8b]

CpC(9)–C(13)–CpC(19)–C(23) 22.3(2) 20.5(8) 19.7(6) 19.1(15) 17.5
CpC(9)–C(13)–naphthalene[a] 53.5(2) 45.6(6) 77.9(8) 45.6(12) 58.0
CpC(19)–C(23)–naphthalene[a] 53.0(2) 48.4(7) 60.5(8) 48.6(12) 60.8
C(19)–C(1)–C(8)–C(9) 23.3 31.3 28.9 29.4 25.2

C(1)–C(19) 148.0(5) 147(2) 148(2) 149(3) 148.4
C(8)–C(9) 148.3(5) 151(2) 150(2) 153(3) 148.9
C(1)–C(8) 255.6(5) 254(2) 257(2) 258(2) 254.1
C(9)–C(19) 291.4(5) 291(2) 288(1) 290(2) 286.9
Fe(1)–M – 651.9 658.6 657.9 651.3
CentC(9)–C(13)–CentC(14)–C(18)

[b] 330.5(3) 331.0(9) 330.8(8) 332(2) 329.6
CentC(19)–C(23)–CentC(24)–C(28)

[b] – 341(1) 362.5(8) 365(2) 343.5
CentC(9)–C(13)–CentC(19)–C(23)

[b] 330.4(3) 323.1(9) 318.6(7) 319(2) 317.9

[a] Best plane of the adjacent six-membered naphthalene ring. [b] Cent: centroid of the corresponding Cp ligand.

does not cause tilt angles that deviate distinctly from those
obtained for other comparable naphthalene derivatives,[8,18]

which points out that the distortion is not a consequence
of the steric hindrance between the positions C2 and C7,
and the distal Cp ligands, but rather a result of the steric
repulsion of the two-faced Cp units in the peri position
(compare also data in Table 2). Despite the distortion of the
entire peri-disubstituted naphthalene derivatives, a projec-
tion along the molecular axis of the sandwich complexes
still shows an almost complete face-to-face arrangement of
the sandwich units (Figure 7). This nicely demonstrates the
clamp function of the naphthalene backbone for the pur-
pose of stacking the sandwich units.

Spectroscopic Properties

The NMR signals of the complexes 3, 5, 6PF6, 7PF6 and
8PF6 have been assigned by means of 1H, 13C, 1H1H COSY,
HMQC, ATP and 1H1H NOESY spectra. For comparison,

Table 3. NMR spectroscopic data of the ferrocenyl substituents in 3a, 5, 6PF6, 7PF6, 8PF6 and 9.

ML δ(C5H5) δ(H-2��,5��) δ(H-3��,4��) δ(C5H5) δ(C-2��,5��) δ(C-3��,4��) δ(C-1��)

3a – 3.96 4.30 4.03 69.9 72.1/70.7 67.2/66,7 n.d.[a]

5 [FeCp*] 3.83 4.12 3.86 69.4 70.5 66.4 87.5
6PF6 [RhCp*]+ 3.98 4.31 4.10 70.5 72.2 68.3 92.5
7PF6 [IrCp*]+ 3.99 4.35 4.14 71.0 72.7 68.7 92.8
8PF6 [Ru(C6H6)]+ 3.98 4.32 4.11 69.9 71.8 67.6 n.d.[a]

9 [FeCp] 3.86 4.11 3.84 69.5 70.9 66.5 91.3

[a] n.d.: not detectable.
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the symmetrical diferrocenyl-substituted naphthalene con-
gener 9[8] was studied. The 1H NMR signals of the sand-
wich units are found in the typical range for the corre-
sponding unsubstituted derivatives. The deviations are diffi-
cult to explain, because they are small and probably
strongly dominated by the anisotropy effects of the neigh-
boring sandwich complex. The 13C NMR shifts, which are
less influenced by anisotropy effects compared to the over-
all shift range, illustrate a slight but distinct low-field shift
for the signals of the unsubstituted Cp ligand as well as of
the carbon nuclei in 2,5- and 3,4-positions of the naphtha-
lene-bound Cp ligand of the ferrocenyl substituent in the
order 5 � 9 � 3 < 8PF6 � 6PF6 � 7PF6. The order may
reflect a subtle decrease of the electron repulsion between
the ferrocenyl substituent and the neighboring sandwich
complex (Table 3).

UV/Vis spectroscopy is a well-tried tool for obtaining ini-
tial information about potential nonlinear optical (NLO)
behavior in virtue of the solvatochromism of dipolar com-
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Table 4. UV/Vis data of the complexes 3a, 5, 5PF6, 6PF6, 7PF6 and 8PF6.

λmax
[a] (ε)[b] λmax

[a] (ε)[b]

ν̃max
[c] ν̃max

[c]

ML MeOH CH2Cl2 MeOH CH2Cl2

3a – 296 (6000) 458 (290) 456 (540)
33784 [d] 21834 21930

5 [FeCp*] 296 (13000) 477 (1355) 481 (1930)
33794 [d] 20964 20790

5PF6 [FeCp*]+ 304 (24780) 428 (3712, sh)[e] 433 (2850, sh)[e]

32895 [d] 23364 23095
6PF6 [RhCp*]+ 293 (19170)

34130 [d] [f] [f]

7PF6 [IrCp*]+ 289 (5271) 450 (220) 454 (780)
34602 [d] 22222 22026

8PF6 [Ru(C6H6)]+ 286 (3758) 461 (190) 463 (960)
34965 [d] 21602 21598

[a] In nm. [b] In –1·cm–1. [c] In cm–1. [d] Beyond solvent range. [e] Shoulder. [f] Shoulder, not resolved.

pounds. If the dipole moments of the ground and an excited
state are different, a variation of the solvent polarity will
stabilize the two states differently, resulting in a batho-
chromic or hypsochromic shift of the absorption maxi-
mum.[19,20] Therefore, the UV/Vis spectra of the complexes
3, 5, 5PF6, 6PF6, 7PF6 and 8PF6 were recorded in dichloro-
methane and methanol (Table 4). For both solvents, weak
absorption bands can be detected in the region at λ � 300
and 450 nm because of d–d transitions typical for ferro-
cenes.[21,22] The high-energy d–d transition is superimposed
by a strong π–π* transition at λ � 300 nm, and is thus only
observable as a shoulder. The dependence of the absorption
maxima on the polarity of the solvent is minor: only a small
hypsochromic shift is observed for the low-energy d–d tran-
sition. 5PF6 and 9PF6 demonstrate additional absorption
bands at λmax = 813 nm (ε = 649 –1 cm–1) and at about
840 nm (ε = 800 –1 cm–1),[8a] respectively, which are typical
for ferrocenium derivatives, as well as very broad absorp-
tion bands at λmax = 1284 nm (ν̃ = 7788 cm–1) and λmax =
1500 nm[8a] (ν̃ = 6667 cm–1) (∆ν̃1/2 � 4000 cm–1, ε �
100 –1 cm–1, respectively. The NIR bands are indicative of
mixed-valence charge-transfer (MVCT) transitions in
mixed-valence compounds of class II.[9a,9b,23a,23b]

Redox Properties

Cyclic voltammograms were obtained for all of the naph-
thalene derivatives in this study. For comparison, the redox
behavior of the 1,8-diferrocenyl-substituted naphthalene 9

Table 5. Redox potentials[a] of the complexes 3a, 5PF6, 6PF6, 7PF6, 8PF6 and 9PF6.

ML E1/2 (1)[b] ∆Ep (1)[c] E1/2 (2)[b] ∆Ep (2)[c] Epc
[d] ∆E

3a – –0.036 0.102 – – – –
5PF6 [FeCp*]+ –0.042 0.097 –0.532 0.107 – 0.490[e]

6PF6 [RhCp*]+ 0.041 0.073 – – –2.157[d] 2.198[f]

7PF6 [IrCp*]+ 0.036 0.084 – – – –
8PF6 [Ru(C6H6)]+ 0.053 0.070 – – –2.345[d] 2.398[f]

9PF6 [FeCp]+ 0.106 0.069 –0.098 0.84 – 0.204[e]

[a] In CH2Cl2 at room temperature, [nBu4N]PF6 (0.4 ) as supporting electrolyte, Ag/AgPF6 as standard elektrode referenced vs.
E1/2(ferrocene/ferrocenium) = 0 V, scan rate 100 mV/s. [b] Potentials E ±0.005 V. [c] ∆Ep = |Epc – Epa|. [d] Peak potential Epc of the
irreversible reduction. [e] ∆E = |E1/2(1) – E1/2(2)|. [f] ∆E = | E1/2(1) – Epc|.
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was additionally investigated. As expected, all complexes re-
veal an electrochemically reversible one-electron oxidation
in the range of ferrocene itself (Table 5, Figure 8), and can
thus be assigned to the oxidation of the ferrocenyl substitu-
ent. The peak-to-peak separations found (∆Ep = Epc – Epa)
are generally larger than the ideal value of 60 mV for a fully
reversible one-electron process, which is probably due to the
uncompensated solution resistance.

The cyclic voltammograms of the diiron complexes 5 and
9 contain an additional reversible one-electron redox wave
due to the oxidation of the second ferrocenyl unit. The per-
methylation of one of the cyclopentadienyl ligands causes a
more pronounced cathodic shift of the first oxidation step
for 5 relative to 9. The rhodium and ruthenium congeners
display an irreversible reduction beyond –2000 mV vs. fer-
rocene/ferrocenium, which is caused by the reduction of the
cationic sandwich unit;[24,25] for the iridium derivative 7PF6

a corresponding reduction was not observed within the ac-
cessible range, which seems reasonable, as the reduction po-
tential for the cationic sandwich complex [CpIr(C5Me5)]+ is
about 500 mV more negatively shifted than for the corre-
sponding rhodium complex.[25] A reduction of the aromatic
π-system of the naphthalene unit is not expected within the
scan range, because naphthalene reveals a reduction be-
yond –3 V vs. ferrocene/ferrocenium.[26]

When the oxidation potentials of the ferrocene units of
all the monocationic species under study are compared, an
increase is observed in the order 5PF6 � 3 � 7PF6 � 6PF6

� 8PF6 � 9PF6. It is still under discussion whether the
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Figure 8. Cyclic voltammograms of 3 (a), 8PF6 (b), 6PF6 (c), 7PF6 (d), 5PF6 (e), 9 (f) (for more details see Table 5).

oxidation potentials are mainly influenced by a direct
“through-space” interaction of the sandwich units, which
are in an almost perfect face-to-face arrangement, or by
a “through-bond” interaction facilitated by the π-bonding
system of the naphthalene core. However, some arguments
point to a predominant contribution of the “through-
space” interaction: (i) the almost perpendicular conforma-
tion of the sandwich substituents with respect to the naph-
thalene plane hampers the interaction between the sand-
wich and naphthalene π-bonding systems and (ii) the 1,8-
disubstitution of the aromatic naphthalene system dis-
favours the π-interaction between the substituents. This has
been demonstrated by 1,3-diferrocenylated benzene deriva-
tives, which may be regarded electronically similar to the
1,8-diferrocenylated naphthalene species; the benzene com-
pounds reveal a difference in the oxidation potentials for
the ferrocene units of less than 100 mV, although the ferro-
cene substituents rotate around the benzene–ferrocene σ-
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bond and can thus adopt a coplanar conformation of the
ferrocene and benzene π-systems suitable for a proper π-
interaction.[27,28] In contrast to this and in accordance with
others,[8] a difference in the oxidation potentials of about
200 mV was found for 9. The interpretation of an important
“through-space” interaction in face-to-face stacked sand-
wich complexes is also in harmony with the explanation
of an antiferromagnetic coupling between two para-
magnetic trovacene complexes in peri position of naphtha-
lene.[18]

Measurements Concerning Second Harmonic Generation

In order to elucidate the NLO activity of the stacked
sandwich compounds with respect to second harmonic gen-
eration (SHG), hyper-Rayleigh scattering (HRS) measure-
ments were performed for liquid solution samples of 5PF6,
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6PF6, 7PF6, 8PF6, and 9PF6 with a pulsed Nd:YAG laser
at λ = 1064 and 1500 nm. The measurements were carried
out as described in the literature.[29,30] Dichloromethane
and acetonitrile were used as solvents. In addition, the
Kurtz-powder method[31] was applied for crystalline sam-
ples of 5PF6, 6PF6 and 7PF6, because they crystallize in the
chiral space group C2221. However, no method could detect
a measurable intensity of a frequency-doubled light. One
explanation for the lack of SHG of the liquid solution sam-
ples is the weak polarizability and thus hyperpolarizability
of the polar complexes, which can already be suggested
from small solvatochromism. Even for the mixed-valence
diferrocenyl species 5PF6 and 9PF6, which illustrate broad
absorption bands in the NIR region (vide supra), no fre-
quency-doubled signal could be detected, although SHG
has been observed for species containing two ferrocene ter-
mini, which are separated by a cumulenium bridge.[32] The
considerable absorption of 5PF6 and 9PF6 at λ � 800 nm
may hamper the recognition of the second harmonic signal
by absorption of light over a long range in the visible re-
gion. The lack of a SHG of the crystalline phase may be
due to the orthorhombic crystal space group C2221, which
is a less effective space group for second harmonic genera-
tion.[33]

Conclusions

In order to create second harmonic generation by
“through-space” hyperpolarization in two face-to-face, but
polar arranged sandwich complexes, four novel disandwich
complexes have been synthesized, wherein a ferrocene and
a cationic sandwich complex are combined and held to-
gether by a naphthalene clamp. The synthesis was per-
formed by two consecutively conducted cross-coupling re-
actions of cyclopentadienylzinc chloride and ferrocenylzinc
chloride, respectively, with 1,8-diiodonaphthalene as start-
ing material. After deprotonation of the free cyclopen-
tadienyl substituent, the coordination of different half-
sandwich units revealed the desired dinuclear complexes. In
addition, the neutral, but unsymmetrical diferrocenyl deriv-
ative 5, was oxidized to the monocationic dipolar com-
pound 5PF6. For compounds 3, 5PF6, 6PF6, 7PF6 the mol-
ecular structures have been determined by X-ray structure
analysis. Complex 3 crystallizes in the space group P21/c,
whereas the dinuclear species crystallize in the chiral space
group C2221. The fixation of the sandwich entities in the
peri position of the naphthalene backbone causes severe
distortion of the entire complex, but warrants an almost
linear face-to-face alignment of the two sandwich units. The
redox properties of all of these complexes turned out a
“through-space” polar interaction, which influences the
oxidation potential of the ferrocene unit in 5PF6, 6PF6,
7PF6 and 8PF6. However, no SHG effect could be detected
by means of HRS measurements. Having in mind the chi-
rality of the crystalline material of 5PF6, 6PF6 and 7PF6,
the Kurtz-powder method has been applied, but again, no
SHG effect could be observed. The lack of SHG in the
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stacked sandwich entities may raise some doubts about the
applicability for SHG in stacked π-systems. To obtain a
deeper insight into the “through-space” interaction con-
cerning NLO effects it would be worthwhile to extend the
amount of face-to-face stacked sandwich complexes in a
polar fashion to make the π-electronic system more polariz-
able, which is subject of current work.

Experimental Section
General: Manipulations were carried out under dry nitrogen using
standard Schlenk technique. Solvents were saturated with nitrogen.
Diethyl ether (Et2O), tetrahydrofuran (THF), n-hexane and toluene
were freshly distilled from the appropriate alkali metal or metal
alloy. Dichloromethane (CH2Cl2) and nitromethane (MeNO2) were
dried with calcium hydride. NMR: Varian Gemini 200 BB; Bruker
AM 360; measured at 295 K rel. to TMS. UV/Vis: Perkin–Elmer
Model 554. IR: KBr pellets; FT-IR Perkin–Elmer Model 325. MS:
Finnigan MAT 311 A (EI-MS). Elemental analyses: CHN-O-Ra-
pid, Fa. Heraeus, Zentrale Elementanalytik, Fachbereich Chemie,
Universität Hamburg. 1,8-Diiodonaphthalene,[10] di-µ-chloro-
bis[chloro(η5-pentamethylcyclopentadienyl)rhodium( )]
[Cp*RhCl2]2,[34] di-µ-chlorobis[chloro(η5-pentamethylcyclopen-
tadienyl)iridium()] [Cp*IrCl2]2,[34] di-µ-chlorobis[chloro(η6-ben-
zene)ruthenium()] [(C6H6)RuCl2]2,[35] ferrocenium hexafluoro-
phosphate [FcH]PF6,[36] chloro-(η5-pentamethylcyclopentadienyl)-
(tetramethylethylenediamine)iron() [Cp*Fe(tmeda)Cl][37] were
synthesized according to literature procedures. Zinc chloride was
dried by stirring in thionyl chloride unter reflux for several hours.
[Pd(PPh3)4] was purchased commercially.

1-Cyclopentadienyl-8-iodonaphthalene (2): The synthesis was carried
out similar to the reaction described in the literature.[7c] Cyclopen-
tadienyllithium (1.82 g, 25.25 mmol) and anhydrous zinc chloride
(7.35 g, 53.95 mmol) were stirred in THF (70 mL) at 0 °C for
45 min. 1,8-Diiodonaphthalene (1) (4.97 g, 13.08 mmol) was added,
the reaction mixture was warmed to room temperature and was
stirred for 50 h. The reaction mixture was hydrolyzed with satu-
rated NH4Cl solution (150 mL), and the products were extracted
with Et2O (total amount 450 mL). The organic layer was dried with
MgSO4 and the solvents were evaporated to dryness. Extraction
with hexane revealed 1-cyclopentadienyl-8-iodnaphthalene (2) as a
yellow oil composed of three different isomers (3.55 g, 85.2 %).
M.p. ca. –10 °C. 1H NMR (360 MHz, CDCl3, rel. to TMS, room
temp.): δ = 8.21 (dd, 3J6,7 = 7.2, 4J5,7 = 3.6 Hz, 1 H, 7-H), 7.86 (dd,
3J5,6 = 7.2, 4J5,7 = 3.6 Hz, 1 H, 5-H), 7.75–7.79 (m, 1 H, 3-H), 7.44
(d, 3J2,3 = 5 Hz, 1 H, 2-H), 7.42 (d, 3J3,4 = 5 Hz, 1 H, 4-H), 7.07
(“t”, 3J6,7 = 3J5,6 = 7.2 Hz, 1 H), 6.62–6.70 (m, 3 H, Cp-Hvinyl),
3.12–3.14 (m, 1 H, sp3-CpH) ppm. IR (KBr): ν̃ = 3049, 2960, 2927,
2908, 2846, 1927, 1802, 1719, 1595, 1571, 1536, 1498 1437, 1419,
1362, 1352, 1321, 1250, 1221, 1194, 1175, 1139, 1106, 1037, 1001,
950, 928, 890, 860, 826; 815, 764, 726, 681, 641, 606, 581, 557, 522,
505, 466, 419 cm–1.

Monolithioferrocene: Monolithioferrrocene was prepared similar to
the procedure described in the literature.[11] A pentane solution of
tBuLi (1.48 , 35 mL, 51.63 mmol) was added dropwise to a solu-
tion of ferrocene (10.0 g, 5.37 mmol) in THF (25 mL) at room tem-
perature. After 15 min of stirring, the solution was cooled to
–15 °C. The addition of n-hexane led to the precipitation of the
lithiated products, which contain the monolithiated ferrocene as the
main product (3.50 g, 34%). The orange solid material is extremely
oxygen- and moisture-sensitive.
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1-Cyclopentadienyl-8-ferrocenylnaphthalene (3): Anhydrous zinc
chloride (2.21 g, 16.2 mmol) was added to a solution of monolith-
ioferrocene (2.317 g, 12,07 mmol) in THF (30 mL) at 0 °C. After
stirring for 1 h, the red solution was added to a solution of 1-cyclo-
pentadienyl-8-iodonaphthalene (2) (2.57 g, 8.08 mmol) and tetrakis-
(triphenylphosphane)palladium(0) (0.55 g, 0.48 mmol, 6 mol-%) in
THF (10 mL). The reaction mixture was stirred at room tempera-
ture for 4 h and poured into a solution of saturated ammonium
chloride (200 mL). The mixture was vigorously stirred and ex-
tracted with Et2O. The orange-red organic layer was dried with
MgSO4. The volume of the solution was reduced to a minimum
amount, dissolved in hexane/Et2O (10:1), filtered through a column
of alumina (5% water), and subjected to column chromatography
on basic alumina [5% water, hexane/Et2O (1:0 to 10:1)]. Unreacted
ferrocene could be separated first. The second fraction contained
the desired compound 3 as an orange-red solid material, consisting
of two isomers: 1-(cyclopentadien-1�-yl)-8-(ferrocen-1��-yl)naph-
thalene (3a) and 1-(cyclopentadien-2�-yl)-8-(ferrocen-1��-yl)naph-
thalene (3b) (1.90 g, 63%). C25H20Fe (376.28): calcd. C 79.80, H
5.36; found C 79.74, H 5.80. M.p. 122–125 °C; ref.[7c] 134–140 °C.
1H NMR (200 MHz, CDCl3, rel. to TMS, room temp.): δ = 8.18
(d, 3J6,7 = 8 Hz, 1 H, 7-H), 7.79 (m, 2 H, H-2, 5-H), 7.50 (t, 3J6,7

= 3J5,6 = 7.5 Hz, 1 H, 6-H), 7.32–7.42 (m, 2 H, H-3, 4-H), 5.88–
6.30 (m, 3 H, Cp-Hvinyl), 4.30, 4.26 (br. t, 2 H, Fc-H2,5, isomer 3a
and 3b), 4.03 (br. t, Fc-H3,4, 1.2 H, isomer 3b), 3.96 (br. s, 5.8 H,
Fc-H, isomer 3a and 3b, Fc-H3,4 isomer 3a), 2.89 (br. s, 0.6 H, sp3-
CpH, isomer 3b), 2.68 (br. s, 0.4 H, sp3-CpH, isomer 3a) ppm. 13C
NMR (50 MHz, CDCl3, rel. to TMS, room temp.): δ = 137.4, 136.3
(C-1, C-8); 133.2, 132.6, 132.1, 131.9, 129.5, 129.5, 129.20, 128.7,
128.2, 127.8, 125.5, 125.1, 72.1, 70.7 (C-2��,5��); 69.9 (C5H5), 67.2,
66.7 (C-3��,4��), 44.7, 41.7 (sp3C-C5H5) ppm. IR (KBr): ν̃ = 3076,
3046, 2916, 2897, 2871, 1637, 1591, 1570, 1500, 1478, 1422, 1365,
1105, 1052, 1032, 1022, 999, 952, 894, 824, 810, 773, 673, 485 cm–1.
MS (EI): m/z (%) = 376.3 (100) [M+], 310.3 (59) [M – C5H6]+, 254
(23) [C10H6(C5H4)2

+], 189 (16) [C10H5(C5H4)+], 121 (16) [FeCp+].
UV/Vis (CH2Cl2): λmax (ε) = 382 (1420, sh), 456 (536 –1 cm–1) nm;
(MeOH): λmax (ε) = 295 (ca. 6000), 378 (ca. 800), 458 (ca.
300 –1 cm–1) nm.

1-[(η5-Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)iron-
(II)]-8-ferrocenylnaphthalene (5): 1-Cyclopentadienyl-8-ferrocenyl-
naphthalene (3) (0.182 g, 0.48 mmol) was dissolved in THF
(10 mL), treated with an Na[N(SiMe3)2] solution in THF (1 ,
0.5 mL, 0.5 mmol) at 0 °C and stirred for 90 min. To this solution,
which was cooled to –78 °C, [Cp*Fe(tmeda)Cl] (0.412 g, 1.2 mmol)
was added. After stirring overnight and warming to room tempera-
ture, the reaction mixture was concentrated to dryness. The residue
was dissolved in a minimum amount of toluene and filtered
through alumina (neutral, 5% water) and the filtrate was purified
by column chromatography on alumina (neutral, 5% water). As
eluent n-hexane/toluene (10:1) was used. The eluate was concen-
trated to dryness, to yield 1-[(η5-cyclopentadienediyl)(η5-penta-
methylcyclopentadienyl)iron()]-8-ferrocenylnaphthalene (5)
(0.18 g, 65 %) as an orange crystalline material (Figure 9).
C35H34Fe2 (566.35): calcd. C 74.23, H 6.05; found C 73.99, H 6.59.
M.p. 150 °C. 1H NMR (200 MHz, CDCl3 rel. to TMS, room
temp.): δ = 8.06 (dd, 3J6,7 = 7.5, 4J5,7 = 2 Hz, 1 H, 7-H), 7.93 (d,
3J2,3 = 6.5 Hz, 1 H, 2-H), 7.74 (dt, 2 H, H-4, 5-H), 7.48 (t, 3J6,7 =
3J5,6 = 7.5 Hz, 1 H, 6-H), 7.45 (t, 3J3,4 = 3J2,3 = 6.5 Hz, 1 H, 3-H),
4.12 (t, 3J = 2 Hz, 2 H, 2��,5��-H), 3.86 (t, 3J = 2 Hz, 2 H, 3��,4��-
H), 3.83 (s, 5 H, C5H5), 3.64 (t, 3J = 2 Hz, 2 H, 2�,5�-H), 3.38 (t,
3J = 2 Hz, 2 H, 3�,4�-H), 1.60 (s, 15 H, C5Me5) ppm. 13C NMR
(50 MHz, CDCl3 rel. to TMS, room temp.): δ = 136.9 (C-8), 135.3
(C-1), 131.2 (C-7), 130.5 (C-2), 126.6, 126.1 (C-4,5), 124.2 (C-6),

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 857–867864

124.0 (C-3), 91.2 (C-1�), 87.5 (C-1��), 79.7 (C5Me5), 72.8 (C-2�,5�),
71.5 (C-3�,4�), 70.5 (C-2��,5��), 69.4 (C5H5), 66,40 (C-3��,4��), 10,81
(C5Me5) ppm. IR (KBr):ν̃ = 3089, 3054, 2943, 2900, 2853, 1636,
1571, 1506, 1476, 1448, 1425, 1414, 1377, 1365, 1314, 1266, 1182,
1137, 1105, 1066, 1032, 999, 935, 912, 881, 843, 825, 811, 788, 772,
692, 661, 640, 602, 587, 533, 521, 510, 494, 483, 460, 432, 423, 414,
408 cm–1. MS (EI): m/z (%) = 566 (100) [M+], 501 (24) [M – Cp]+,
431 (12) [M – Cp*]+, 445 (6) [M – Cp]+, 375 (3) [M – FeCp*]+, 310
(46) [M – CpFeCp*] +, 254 (6) [C 1 0 H6 (C 5H 4) 2 ] +, 189 (6)
[C10H5(C5H4)]+, 121 (5) [FeCp]+. UV/Vis (CH2Cl2): λmax (ε) = 298
(18240), 391 (2390, sh), 481 (1932 –1 cm–1) nm; (MeOH): λmax (ε)
= 296 (ca. 13000), 398 (ca. 1600, sh), 477 (ca. 1355 –1 cm–1) nm.

Figure 9. Numbering scheme for the assignment of the NMR sig-
nals.

1-[(η5-Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)iron-
(III)]-8-ferrocenylnaphthalene Hexafluorophosphate (5PF6): 1-[(η5-
Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)iron()]-8-
ferrocenylnaphthalene (5) (0.314 g, 0.55 mmol) was dissolved in
CH2Cl2 (30 mL). Ferrocenium hexafluorophosphate (0.166 g,
0.50 mmol) was added, whereupon the color of the reaction mix-
ture changed form orange-red to dark brown. After stirring at
room temperature for 80 min, n-hexane (60 mL) was layered on the
CH2Cl2 solution, and the reaction flask was stored at –30 °C for
2 d. The precipitated crystals were filtered off and dried in vacuo.
1-[(η5-Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)-
iron()]-8-ferrocenylnaphthalene hexafluorophosphate (5PF6) was
obtained in dark red-brown crystals (0.32 g, 0.45 mmol, 82 %).
C35H34Fe2PF6·(CH2Cl2)0.66 (767.94): calcd. C 55.78, H 4.64; found
C 55.98, H 4.70. M.p. 189 °C (dec). 1H NMR (360 MHz, [D6]ace-
tone, rel. to TMS, room temp.): δ = 34.2 (2�,5�-H), 24.9 (2��,5��-H),
22.5 (3��,4��H), 18.5 (3�,4�-H), 10.9 (C5H5), 1.87 (4-H, 5-H), –2.22
(6-H), –10.81 (7-H), –25.26 (3-H), –36.55 (C5Me5), –55.84 (2-H).
IR (KBr): ν̃ = 3121, 3051, 2963, 2916, 1631, 1587, 1502, 1474, 1448,
1423, 1412, 1389, 1314, 1268, 1185, 1133, 1105, 1070, 1032, 1000,
935, 919, 846, 837, 775, 732, 699, 692, 638, 598, 557, 533, 521, 510,
494, 483, 460, 432, 423, 414, 408 cm–1. MS (FAB): m/z (%) = 566
(100) [M+], 501 (8) [M – Cp]+, 445 (12) [M – FeCp]+, 431 (20) [M –
Cp*]+, 310 (44) [M – CpFeCp*]+. UV/Vis (CH2Cl2): λmax (ε) = 433
(2850, sh), 813 (649), 1284 (122 –1 cm–1) nm; MeOH: λmax (ε) =
304 (24780), 428 (3712, sh), 801 (953 –1 cm–1) nm.

1-[(η5-Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)-
rhodium(III)]-8-ferrocenylnaphthalene Hexafluorophosphate (6PF6):
1-Cyclopentadienyl-8-ferrocenylnaphthalene (3 ) (0.29 g,
0.77 mmol) was dissolved in THF (15 mL), and treated with a solu-
tion of Na[N(SiMe3)2] in THF (1 M, 0.75 mL, 0.75 mmol) at 0 °C.
After stirring for 80 min, the solvent was stripped off in vacuo,
and the residue was redissolved in acetonitrile (50 mL), whereupon
thallium() chloride (0.185 g, 0,77 mmol) was added. The reaction
mixture was stirred at room temperature for 3 h and at 40 °C for
18 h. [Cp*RhCl2]2 (0.236 g, 0.38 mmol) was added and the mixture
stirred at 45 °C for 3 h and at room temperature for 20 h. The reac-
tion solution was filtered through Celite, and the filtrate was con-
centrated to dryness. The solid red residue was dissolved in water
(60 mL) and, after filtration, NH4PF6 (0.150 g, 1.03 mmol), dis-
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solved in water (5 mL), was added to the filtrate. An orange, volu-
minous precipitate formed, which was collected on a filter frit,
washed with water and Et2O and dried in vacuo. For recrystalli-
zation the orange-red powder of 6PF6 (0.425 g, 0.57 mmol, 74%)
was redi sso lved in CH 2 Cl 2 and over layered wit h Et 2 O.
C35H34FeRhPF6 (758.37): calcd. C 55.43, H 4.52; found C 56.48,
H 4.87. M.p. 172 °C (dec). 1H NMR (200 MHz, [D6]acetone, rel.
to TMS, room temp.): δ = 8.33 (dd, 3J2,3 = 7.5, 4J2,4 = 1,5 Hz, 1
H, 2-H), 8.03 (dd, 3J6,7 = 8, 4J5,7 = 2 Hz, 1 H, 7-H), 7.94 (dd, 3J3,4

= 8, 4J2,4 = 1.5 Hz, 1 H, 4-H), 7.74–7.61 (m, 3 H, 3-H, 5-H, 6-H),
5.62 (t, 2 H, 3J = 2 Hz, 2�,5�-H), 5.38 (t, 3J = 2 Hz, 2 H, 3�,4�-H),
4.31 (t, 3J = 2 Hz, 2 H, 2��,5��-H), 4.10 (t, 3J = 2 Hz, 2 H, 3�,4�-
H), 3.98 (s, 5 H, C5H5), 1.94 (s, 15 H, C5Me5) ppm. 13C NMR
(50 MHz, [D6]acetone, rel. to TMS, room temp.): δ = 136.4 (C-1),
135.9 (C-8), 133.7 (C-2), 131.9 (C-8a), 130.8 (C-7), 128.2 (C-4),
128.0 (C-4a), 126.3, 125.5 (C-5,6), 113.7 (C-1�), 101.6 [d,
1J(13C103Rh) = 8 Hz, C5Me5], 92.5 (C-1��), 88.4 [d, 1J(13C103Rh) =
6 Hz C-2�, 5�], 87.7 [d, 1J(13C103Rh) = 7.5 Hz, C-3�,4�], 72.2 (C-
2��,5��), 70.5 (C5H5), 68.3 (C-3��,4��), 10.1 (C5Me5) ppm. IR (KBr):
ν̃ = 3093, 2919, 1626, 1500, 1476, 1455, 1425, 1389, 1314, 1266,
1185, 1133, 1106, 1068, 1028, 1001, 841, 773, 740, 692, 558,
481 cm–1. MS (FAB): m/z (%) = 613 (100) [M+], 548 (10) [M –
Cp]+,492 (13) [M – FeCp]+,478 (18) [M – Cp*]+, 375 (22) [M –
RhCp*]+, 357 (47) [M – Cp*-FeCp]+. UV/Vis (MeOH): λmax (ε) =
293 (19170 –1 cm–1) nm.

1-[(η5-Cyclopentadienediyl)(η5-pentamethylcyclopentadienyl)-
iridium(III)]-8-ferrocenylnaphthalene Hexafluorophosphate (7PF6):
The synthesis of 7PF6 was carried out in the same manner as for
6PF6 with additional washing of the precipitate with toluene and
hexane. Used quantities: 1-cyclopentadienyl-8-ferrocenylnaph-
thalene (3) (0.27 g, 0.72 mmol), THF (15 mL), Na[N(SiMe3)2] in
THF (1 , 0.72 mL, 0.72 mmol), thallium() chloride (0.225 g,
0.94 mmol), [Cp*IrCl2]2 (0.28 g, 0.35 mmol), water (60 mL), solu-
tion of NH4PF6 (0.150 g, 1.03 mmol) in water (5 mL). Yield:
0.373 g (61%) of orange-red powder of 6PF6, prior to recrystalli-
zation from CH2Cl2/Et2O. C35H34FeIrPF6·(C6H5CH3) (939.83):
calcd. C 53.68, H 4.50; found C 54.11, H 4.58. M.p. 167 °C (dec).
1H NMR (200 MHz, [D6]acetone, rel. to TMS, room temp.): δ =
8.34 (dd, 3J2,3 = 7, 4J2,4 = 2 Hz, 1 H, 2-H), 8.00 (dd, 3J6,7 = 7, 4J5,7

= 2 Hz, 1 H, 7-H), 7.93 (dd, 3J3,4 = 7, 4J2,4 = 2 Hz, 1 H, 4-H),
7.69 –7.60 (m, 3 H, H-3, 5-H, 6-H), 5.70 (t, 2 H, 3J = 2 Hz, 2�,5�-
H), 5.37 (t, 2 H, 3J = 2 Hz, 3�,4�-H), 4.35 (t, 3J = 2 Hz, 2 H, 2��,5��-
H), 4.14 (t, 3J = 2 Hz, 2 H, 3��,4��-H), 3.99 (s, 5 H, C5H5), 2.02 (s,
15 H, C5Me5) ppm. 13C NMR (50 MHz, [D6]aceton/TMS, room
temp.): δ = 137.0 (C-1), 136.6 (C-8), 134.5 (C-2), 133.5 (C-3), 132.6
(C-8a), 131.5 (C-7), 128.9 (C-4), 128.3 (C-4a), 126.9 (C-5), 126.2
(C-6), 107.8 (C-1�), 95.6 (C5Me5), 92.8 (C-1��), 82.4 (C-2�,5�), 80.9
(C-3�,4�), 72.7 (C-2��,5��), 71.0 (C5H5), 68.7 (C-3��,4��), 10.0
(C5Me5) ppm. IR (KBr): ν̃ = 3093, 2917, 1626, 1475, 1389, 1314,
1264, 1184, 1106, 1035, 1002, 843, 773, 692, 558, 483 cm–1. MS
(EI): m/z (%) = 703 (100) [M+], 581 (14) [M – CpFe]+, 568 (8) [M –
Cp*]+, 447 (15) [M – Cp* – FeCp]+, 376 (52) [M – Cp*Ir]+. UV/
Vis (CH2Cl2): λmax (ε) = 454 (780 –1 cm–1) nm; (MeOH): λmax (ε)
= 289 (5271), 450 (220 –1 cm–1) nm.

1-[(η6-Benzene)(η5-cyclopentadienediyl)ruthenium(II)]-8-ferrocenyl-
naphthalene Hexafluorophosphate (8PF6): The synthesis of 8PF6

was carried out in the same mannere as for 6PF6 with additional
washing of the precipitate with toluene and hexane. Used quanti-
ties: 1-cyclopentadienyl-8-ferrocenylnaphthalene (3) (0.33 g,
0.86 mmol), THF (20 mL), Na[N(SiMe3)2] in THF (1 , 0.85 mL,
0.85 mmol), MeCN (50 mL), thallium() chloride (0.208 g,
0.87 mmol), [C6H6RuCl2]2 (0.205 g, 0.41 mmol), water (60 mL),
solution of NH4PF6 (0,18 g, 1.07 mmol) in water (5 mL).
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Yi e l d : 0 . 2 2 g ( 3 7 % ) o f o r a n g e - r e d p o w d e r o f 8 P F 6 .
C31H25FeRuPF6·(C6H5CH3)0.66 (760.85): calcd. C 56.30, H 4.02;
found C 57.00, H 4.07. M.p. 318 °C (dec.). 1H NMR (200 MHz,
[D6]acetone, rel. to TMS, room temp.): δ = 8.33 (dd, 3J2,3 = 7.5,
4J2,4 = 1.5 Hz, 1 H, 2-H), 7.99–7.90 (m, 3 H, 4-H, 5-H, 7-H), 7.62
(t, 3J3,4 = 7.5 Hz, 1 H, 3-H), 7.50 (t, 3J6,7 = 3J5,6 = 7.5 Hz, 1 H, 6-
H), 6.13 (s, 6 H, C6H6), 5.49 (t, 3J = 2 Hz, 2 H, 2�,5�-H), 5.18 (t,
3J = 2 Hz, 2 H, 3�,4�-H), 4.32 (t, 3J = 2 Hz, 2 H, 2��,5��-H), 4.11
(t, 3J = 2 Hz, 2 H, 3��,4��-H), 3.98 (s, 5 H, C5H5) ppm. 13C NMR
(50 MHz, [D6]acetone, rel. to TMS, room temp.): δ = 133.6 (C-2),
133.5 (C-7), 130.3 (C-4), 129.0 (C-4a or 8a), 127.9 (C-5), 125.8 (C-
3), 125.0 (C-6), 87.3 (C6H6), 82.0 (C-2�,5�), 78.4 (C-3�,4�), 71.8 (C-
2��,5��), 69.9 (C5H5), 67.6 (C-3��,4��) ppm. IR (KBr): ν̃ = 3090,
1629, 1509, 1480, 1441, 1395, 1365, 1187, 1146, 1106, 1067, 1028,
1002, 879, 841, 775, 739, 691, 558, 510, 484 cm–1. MS (EI): m/z (%)
= 555 (65) [M+], 490 (5) [M – Cp]+, 477 (15) [M – C6H6]+, 376 (16)
[M – C6H6Ru]+, 311 (18) [M – C6H6RuCp]+. UV/Vis (CH2Cl2):
λmax (ε) = 463 (960 –1 cm–1) nm; (MeOH): λmax (ε) = 286 (3758),
461 (190 –1 cm–1) nm.

Cyclic Voltammetry: Measurements were performed in CH2Cl2

with 0.4  [nBu4N]PF6 as supporting electrolyte. An Amel 5000
system was used with a Pt wire as working electrode and a Pt plate
(0.6 cm2) as auxiliary electrode. The potentials were measured
against Ag/AgPF6 and were referenced to E1/2(ferrocene/ferrocen-
ium) = 0 V.

X-ray Structure Determination: Crystals of compound 3, 5PF6,
6PF6 and 7PF6 suitable for an X-ray structure determination were
obtained for compound 3 by careful evaporation of the solvent,
and for 5PF6, 6PF6 and 7PF6 by slow diffusion of Et2O into a
CH2Cl2 solution of the complexes at –30 °C. The data were col-
lected with a four-circle diffractometer by Hilger and Watts, Mo-
Kα, λ = 0.71073 Å (Table 6). The structures were solved by direct
methods (SHELXS-86)[38a] and the refinements on F2 were carried
out by full-matrix least-squares techniques (SHELXL-97).[38b] All
non-hydrogen atoms were refined with anisotropic thermal param-
eters. The hydrogen atoms were refined with a fixed isotropic ther-
mal parameter related by a factor of 1.2 to the value of the equiva-
lent isotropic parameter of their carrier atoms. Weights were opti-
mized in the final refinement cycles. Residual electron density was
observed for crystals of 5PF6, 6PF6, and 7PF6 pointing out diffuse
incorporation of solvent molecules.[39] CCDC-279705 (3), -279702
(5PF6), -279703 (6PF6), and -279704 (7PF6) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

SHG Measurements: The efficiency of SHG of the crystalline mate-
rials are measured with our experimental setup[40] for the Kurtz
powder method.[31] The measurements were performed at 1064 nm
laser pulses produced by the Nd:YAG laser at low power (50 mJ
per pulse); this laser produces 40-ns pulses with a repetition rate
of 10 Hz. The procedure for the measurements is as follows: for
crystalline samples, the grain size was not standardized. For this
reason signals between individual measurements were seen to vary
in some cases by as much as ±20%. The material to be measured
was ground to a fine powder and compacted in a mount and in-
stalled in the sample holder. In order to compare the new samples
with the reference urea, the measurements were averaged over se-
veral laser cycles. The voltage from the photomultiplier was mea-
sured by an oscilloscope which was triggered by the signal itself.
The photomultiplier voltage and the neutral density filter area were
optimized to obtain a good signal-to-noise ratio and to prevent the
saturation of the photomultiplier. The oscilloscope measures the
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Table 6. Crystallographic data of 3a, 5PF6, 6PF6 und 7PF6.

3a 5PF6 6PF6 7PF6

Empirical formula C25H20Fe C35H34Fe2PF6 C35H34FeRhPF6 C35H34FeIrPF6

Mr [g/mol] 376.25 711.29 758.35 847.64
T [K] 153(2) 153(2) 153(2) 153(2)
λ [pm] 71.073 71.073 71.073 71.073
Crystal system monoclinic orthorhombic orthorhombic orthorhombic
Space group P21/c C2221 C2221 C2221

a [pm] 1142.3(7) 1239.8(3) 1231.3(11) 1234.1(8)
b [pm] 985.1(6) 2377.0(5) 2408.3(18) 2405.1(9)
c [pm] 1903.2(10) 2271.4(5) 2277.8(18) 2279.0(18)
β [°] 123.71(4)
V [106 pm3] 1781.5(18) 6694(3) 6754.1(9) 6764(7)
Z 4 8 8 8
ρcalcd. [Mg/m3] 1.403 1.412 1.492 1.665
µ [mm–1] 0.851 0.971 1.021 4.463
F(000) 784 2920 3072 3328
Crystal size [mm] 0.50×0.50×0.20 0.30×0.40×0.50 0.80×0.15×0.10 0.50×0.20×0.50
θmin,max 2.26–27.45 2.48–25.08 2.46–27.56 2.46–25.06
Index range –5 � h � 14 –1 � h � 14 –16 � h � 1 –7 � h � 14

–12 � k � 2 –1 � k � 28 –1 � k � 31 –9 � k � 28
–24 � l � 22 –1 � k � 26 –1 � l � 29 –27 � l � 2

Reflections total 6429 4059 5115 3421
Reflections independent 4068 3809 4827 3314
Rint 0.0342 0.0424 0.0349 0.0498
Reflections [I � 4σ(I)] 3022 1996 3880 2431
Parameters 253 436 437 402
GOF[a] 1.033 0.846 1.086 1.029
R1/wR2

[b] [I � 2σ(I)] 0.0503/0.1158 0.0745/0.1548 0.0641/0.1733 0.0612/0.1371
R1/wR2

[b] (all data) 0.0802/0.1307 0.1464/0.1842 0.0834/0.1891 0.0963/0.1534
Min./max. residue [e·Å3] –0.523/0.736 –0.398/0.905 –0.913/1.684 –1.681/1.564

[a] GOF = “Goodness-of-fit” = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2 (n = number of reflections, p = number of parameters). [b] R1 = Σ||Fo| – |Fc||;
wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)]}1/2.

time integral of the photomultiplier voltage automatically, which is
proportional to the SHG efficiency. The oscilloscope also performs
the average over several shots automatically. The SHG efficiency
measurement for the reference sample was performed under the
same experimental conditions as that of the test samples. The SHG
efficiency for liquid solutions of the polar compounds was deter-
mined by means of hyper-Rayleigh scattering (HRS).[41] The HRS
measurements were performed with a pulsed Nd:YAG laser at a
wavelength of λ = 1064 and 1500 nm. For the experimental setup
for HRS1064nm, see ref.[28] Solutions of the complexes in dichloro-
methane and acetonitrile with concentrations in the range of 10–4

to 10–6  were used with p-nitroaniline as a reference [β(CH2Cl2)
1064 = 21.6·10–30 esu; β(MeCN)1064 = 29.2·10–30 esu].[42] The mea-
surements at 1500 nm wavelength were carried out similar to the
setup described in ref.[43] Instead of the third harmonic (355 nm),
generated from an Nd:YAG laser with a wavelenghth of 1064 nm,
the optical parametric oscillator (OPO)[44] in use was pumped with
the second harmonic (532 nm). The signal intensity at 824 nm and
the fundamental at 532 nm were removed from the idler by using
dichroic mirrors (HR 650–850 and HR 532), a green light and a
silicon filter (transparent � 1000 nm). An additional Glan–Taylor
polarizer ensured the vertical polarization of the beam into the
measurement cell. Measurements were performed with ca. 10–4–
10–6  solutions of 5, 7 and 8 in CH2Cl2. Disperse Red 1 (DR1)
was used as an external standard with a value of β1500 (DR1) =
70·10–30 esu. This value was obtained by comparing the slopes of
the reference in CH2Cl2 and CHCl3 to obtain the ratio of βsolute.[45]

With the value β(CHCl3) = 80·10–30 esu[46] the hyperpolarisibility
of DR1 in CH2Cl2 is estimated to be 70·10–30 esu. The effect of the
refractive indices of the solvents was corrected using the simple
Lorentz local field.[47]
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these nanometric molecules resembles that of macroscopic
entities; the shape of dendrons is similar to that of trees,
bis-dendrons can be compared to Janus, the god with two
faces, and the multidendritic species shown on the left has
the shape of a tropical fish. Details of this chemistry
are described in the Microreview by A.-M. Caminade,
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Dendrons, also called dendritic wedges, are a special variety
of dendrimers possessing one or two functional groups at the
core, in addition to the numerous functional end groups. This
review is focused on phosphorus-containing dendrons, which
are dendrons built with one phosphorus atom at each
branching point. Their synthesis, reactivity and properties

Introduction
Dendritic macromolecules constitute the fourth class of

macromolecular architectures discovered about two decades
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are described, with emphasis on their use as building blocks
for the elaboration of very complex and original dendritic
architectures. Electrochemical and catalytic properties, as
well as examples in the field of materials are also given.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ago,[1–3] after the linear, cross-linked, and branched poly-
mers.[4] These hyperbranched architectures are expected to
produce new properties and behaviours, and arouse an ever-
increasing interest, with more than one thousand publica-
tions and more than one hundred patents per year over the
last four years. Most of the work concerning hyperbranched
architectures is focussed on the most structurally controlled
compounds, i.e. dendrimers and dendrons,[5,6] which are
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Scheme 1.

synthesised step-by-step (generation after generation) and
not with polymerisation reactions. Dendrons,[7] also called
dendritic wedges,[8] differ from dendrimers by the presence
of one (or a few) functional group(s) located at the core,
which are different from the other functional groups located
at the periphery; their structure is very reminiscent of that
of trees, the function at the core playing the role of the
trunk. They are synthesised either by a convergent or a di-
vergent process, generally using two types of monomers,
one linear and one branched. In a convergent process, the
periphery of the dendron never reacts, and only one reac-
tion occurs at the level of the core; each generation is cre-
ated by the association of two dendrons with a small mole-
cule. In the divergent process, the periphery reacts at each
step, whereas no reaction occurs at the core; each genera-
tion is created by the association of several small molecules
with one dendron (Scheme 1). In both cases, the main prob-
lem is to find five types of functional groups among which
one does not react with any of the other four, and four of
the functional groups react specifically two-by-two.

The chemical composition of dendrimers and dendrons
may be varied infinitely. We proposed about ten years ago
a method of synthesis,[9,10] based on the reactivity of phos-
phorus derivatives, which afforded the highest well-defined
generation described to date for any type of dendrimer
(generation 12).[11] This method consists of condensation
reactions of aldehydes with a phosphorhydrazide, and nu-
cleophilic substitutions of Cl by hydroxybenzaldehyde un-
der basic conditions. This method and its variants are so
powerful that we have already published more than 130 pa-
pers in this field,[12] and the same method and its variants
are also useful for the synthesis of dendrons. The aim of
this microreview is to focus on the synthesis, reactivity,
properties and use of complex architectures elaborated from
dendrons possessing phosphorus at each branching point.
Dendrons possessing phosphorus only at the core[13] are
considered to be out of the scope of this review.

Synthesis of Phosphorus-Containing Dendrons
The first phosphorus-containing dendrons 1-Gn (n =

0–2, corresponding to the generation) were synthesised in

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 887–901888

1993 by Engel et al.,[14] but they were not recognised as
dendrons but classed as dendrimers at that time. The func-
tion located at the core is a phosphane oxide, and the grow-
ing process consists of an iodination, followed by the quat-
ernarisation of a phosphane. The phosphane oxide can be
considered a masked phosphane, thus the dendrimer 1-aGn

can be transformed into the dendron 1-bGn by reduction
with a chlorosilane (Scheme 2). The phosphane located at
the core of 1-bGn is different from all the other functional
groups in the molecule, and is truly reactive, as shown by
the complexation of gold.

Scheme 2.

We described the second type of phosphorus-containing
dendron 2-Gn (n = 0–7), which were also called dendrimers,
but they possessed two functional groups at the core, which
was different from the others (Scheme 3).

[15] Indeed, the
P=S groups included in P=N–P=S linkages behave dif-
ferently from all the other P=S groups, and react easily with
electrophiles[16] as will be illustrated later. These linkages
are created by a Staudinger reaction between a phosphane
such as 2-G0 and a phosphorus azide such as 3. Then the
dendron is grown from the aldehydes with our classical
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method of synthesis of dendrimers, using the phosphorhy-
drazide 4 in condensation reactions and hydroxybenzalde-
hyde sodium salt 5 for nucleophilic substitutions.[9–11] It
must be emphasised that both reactions can easily be per-
formed at a multi-gram scale. The reiteration of both steps
has been carried out up to the obtaining of the seventh
generation.

Scheme 3.

The use of Staudinger reactions allowed us to synthesise
various types of dendrons possessing an R–PPh2=N–P=S
group at the core, starting from variously functionalised
phosphanes (Scheme 4). The most often used R substituent
is the vinyl group 6,[17] but an allyl 7,[18] a styryl 8,[18] a
methyl 9,[19] a protected benzaldehyde 10,[19] a triethoxysil-
ane 11,[20] and a diethoxyphosphonate 12[21] have also been
used as the core of these dendrons (Scheme 4 and Table 1).
In addition, dendrons were built by the same process with
the bis diphenylphosphanyl ferrocene 13 used as the core.[22]

In most cases, the synthesis of the corresponding dendrons
has been carried out up to generation 3, using the method
already shown in Scheme 3, with the phosphorhydrazide 4
and hydroxybenzaldehyde 5. Obviously, dendron growth
could have been pursued up to higher generations. How-
ever, the process was voluntarily stopped at the third gener-
ation so as to be able to detect changes that occur at core
level when some of these dendrons are used as building
blocks for the elaboration of more complex structures. The
31P NMR spectrum of the third generation dendron 6-aG3

shows that even the phosphorus atoms located at the core
are clearly distinguishable (Figure 1). The synthetic process
affords directly as end groups P(S)Cl2 (case a; see Scheme 4
and Table 1) and CHO (case b); various functionalised end
groups have also been grafted starting from these functions.
The most widely used method for the last step of the syn-
thetic process is the substitution reaction of Cl using phe-
nols (case e)[23] generally functionalised by nitrile (case
c),[17] dimethylamine (case d),[17] diphenylphosphane (case
f),[20,23] trifluoromethane (case g),[24] and free or complexed
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iminophosphane (cases l, m).[21] The reaction of a diamine
has also been used (case i).[19] In a few cases, condensation
reactions of hydrazines with the aldehyde end groups al-
lowed the grafting of other functional groups that were
either charged (case h)[25] or not (cases j, k).[19]

Scheme 4.

With aldehydes being one of the repetitively used units
in the classical synthesis of our dendrimers and dendrons,
any type of compound having at least one aldehyde and
another functional group can be used as the core of den-
drons, applying the same method. For instance, 4-acetoxy-
benzaldehyde,[26] pyridine-2,6-dicarboxaldehyde,[18] and fer-
rocene dicarboxaldehyde[27] have been used as cores of den-
drons built by the successive reactions of the phosphorhy-
drazide and hydroxybenzaldehyde, affording in the final
step dendrons 14-bG1, 15-bG2 and 16-bG4, respectively
(Scheme 5). However, this method of synthesis is not com-
patible with some kinds of functional groups; in particular
for those sensitive to water, the condensation step must be
avoided, thus we had to design alternative methods of syn-
thesis.

For instance, the Si(OEt)3 group is readily hydrolysed by
traces of moisture, and the dendron 11-aG1 cannot be
grown by our traditional method of synthesis. Thus, the
sodium salt 17 (NaOC6H4PPh2) is used instead of
NaOC6H4CHO (5), then the azide 18 is reacted in a Staudinger
reaction, affording directly the third generation 19-aG3 with
P(S)Cl2 end groups. Aldehydes were grafted in the last step
using the salt 5 (Scheme 6).[20] This method, based on the
Staudinger reaction, was also found to be useful for the
grafting of other functional groups, such as a pyrene deriva-
tive (see for instance dendron 20-G2 in Scheme 6).[20]
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Table 1. Functional groups located at the core (R) and on the periphery of the most external PS group (X) of dendrons shown in
Scheme 4.

Number R X Highest generation Ref.

6-a CH2=CH Cl 3 [17]

6-b CH2=CH O–C6H4–p-CHO 3 [17]

6-c CH2=CH O–C6H4–p-CN 3 [17]

6-d CH2=CH O–C6H4–m-NMe2 3 [17]

6-e CH2=CH O–C6H5 3 [23]

6-f CH2=CH O–C6H4–p-PPh2 3 [23]

6-g CH2=CH O–C6H4–p-CF3 1 [24]

6-h CH2=CH O–C6H4–p-CH=NNHC(O)CH2NMe3
+ 2 [25]

7-a CH2=CH–CH2 Cl 3 [18]

7-b CH2=CH–CH2 O–C6H4–p-CHO 3 [18]

7-e CH2=CH–CH2 O–C6H5 2 [18]

8-a CH2=CH–p-C6H4 Cl 1 [18]

8-b CH2=CH–p-C6H4 O–C6H4–p-CHO 1 [18]

9-a Me Cl 1 [19]

9-i Me NHCH2CH2NHEt2
+ 1 [19]

10-a [–CH2O–]2CH–p-C6H4 Cl 1 [19]

10-b [–CH2O–]2CH–p-C6H4 O–C6H4–p-CHO 1 [19]

10-j [–CH2O–]2CH–p-C6H4 O–C6H4–p-CH=NNH2 1 [19]

10-k [–CH2O–]2CH–p-C6H4 O–C6H4–p-CH=NN(CH2PPh2)2 1 [19]

11-a (EtO)3SiCH2CH2CH2 Cl 1 [20]

11-b (EtO)3SiCH2CH2CH2 O–C6H4–p-CHO 1 [20]

11-f (EtO)3SiCH2CH2CH2 O–C6H4–p-PPh2 1 [20]

12-a (EtO)2P(O)CH=CH–p-C6H4 Cl 1 [21]

12-b (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-CHO 1 [21]

12-l (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-N=CH–o-C6H4–PPh2 1 [21]

12-m (EtO)2P(O)CH=CH–p-C6H4 O–C6H4–p-N=CH–o-C6H4–PPh2PdCl2 1 [21]

13-a ½[(PPh2Cp)2Fe] Cl 4 [22]

13-b ½[(PPh2Cp)2Fe] O–C6H4–p-CHO 4 [22]

Figure 1. 31P NMR spectrum of the third generation dendron
6-aG3.

On the other hand, the presence of chlorine at the core
of dendrons is incompatible both with our traditional
method of synthesis, in particular with the use of the strong
nucleophile 5, and with the method shown in Scheme 6, be-
cause of the use of the salt 17. Thus, the dendron grown
from the chloromethyl phosphane oxide derivative 20-bG0

is built using the repetition of three steps. The first one is
the condensation reaction of methylhydrazine with alde-
hyde; the second is another condensation reaction, between
Ph2PCH2OH and the secondary hydrazone. The third and
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last step before the repetition of the three steps is the Staud-
inger reaction of the phosphane end groups with the azide
3, which again affords aldehyde end groups. This dendron
was grown to the fourth generation 21-bG4 (Scheme 7).[18]

Reactivity at the Core of Phosphorus-Containing
Dendrons

The reactivity at the core of most of the dendrons we
have synthesised is related to the presence of a P=N–P=S
group. In addition to its own reactivity this group may also
enhance the reactivity of other functional groups linked to
it. The mesomeric form of the P=N–P=S linkage has a high
electron density on sulfur (P+–N=P–S–) which allows the
regiospecific complexation of gold, whereas the other P=S
groups do not react in this way (Scheme 8).[30] The existence
of this mesomeric form also allows the reaction of the
P=N–P=S linkage with electrophiles such as methyl triflate.
The reaction was first applied to small molecules,[28] then
to dendrons.[15] Various functionalised triflates such as allyl
or propargyl triflate have also been used.[29] These reactions
are easily monitored by 31P NMR spectroscopy. Indeed, the
P=N–P=S linkages give two very characteristic doublets at
δ � 20 ppm (P=N) and δ � 52 ppm (P=S), which move
upon S-alkylation to δ � 28 ppm and δ � 33 ppm, respec-
tively. It should be noted that this reaction at the core oc-
curs even for the seventh generation, illustrating the high
porosity of these dendrimers, and the specificity of this re-
action.[15] Indeed, the numerous other P=S groups consti-
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Scheme 5.

Scheme 6.

Scheme 7.

tuting the points of divergence of these dendrons are not
alkylated, as shown for one example in Scheme 8, but this
type of reaction has been carried out with numerous den-
drons.
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The alkylation of sulfur is compatible with further modi-
fications of the periphery of the dendrons. In particular, we
tried to graft water-solubilising end groups to the cationic
dendron 22-aG1. In order to avoid the formation of triflic
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Scheme 8.

acid, which is potentially aggressive for the hydrazone link-
age, the triflic counterion of 22-aG1 was first replaced by
tetraphenylborane. Then the reaction of 4 equiv. of N,N-
diethylethylenediamine affords cleanly the pentacationic
dendron 23-iG1 (Scheme 9).[19]

Scheme 9.

Another illustration of the specificity of the reactivity of
the P=N–P=S linkages with alkyl triflates is given by the
small dendron 12-bG0 in which only the P=S bond is alkyl-
ated by methyl triflate, leading to 24-bG0. The conjugated
P=O bond does not react with methyl triflate, but it reacts
with trimethylsilyl triflate, because of the oxophilicity of
silicon to afford the dicationic compound 25-bG0

(Scheme 10).[21]

Scheme 10.
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The P=N–P=S linkage also induces an electron-with-
drawing effect on the functional group linked to the phos-
phazene, which we exploited particularly when a vinyl
group is linked to this phosphorus (series of dendrons 6-
Gn). We demonstrated the possibility of performing Diels–
Alder additions on this vinyl group,[26] but most of the reac-
tions we carried out were Michael type additions of pri-
mary and secondary amines. They were first tested with
small compounds possessing one CH2=CH–PPh2=N–
PR2=X (X = O, S) linkage,[31] then applied to dendrons. In
all cases, we used functionalised amines. The reaction works
nicely with primary amines (compounds 26–29) and gave at
the core a secondary amine together with an alkyne,[23] a
triethoxysilyl group,[20,31] or even a phenol[23] (Scheme 11
and Table 2). In the latter case, the reaction of the amine is
specific, no addition of the phenol is observed. Analogous
reactions are obtained with secondary amines, such as dial-
lylamine 30 and thiomorpholine 31.[23] The reactions are
carried out either at room temperature or by heating, de-
pending on the rate of the addition, and using either a stoi-
chiometric amount or a slight excess of reagent. The reac-
tions are easily monitored by 31P NMR, with a deshielding
effect on the signal of the P=N group from δ = 10–12 ppm
for 6-Gn to δ = 17–18 ppm after addition.

Scheme 11.
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Table 2. Functional groups linked to the CH2CH2 group located at the core (R�) and on the periphery of the most external PS groups
(X) of dendrons shown in Scheme 11.

Number R� X Highest generation Ref.

26-e NHCH2C�CH O–C6H5 3 [23]

27-c NH(CH2)3Si(OEt)3 O–C6H4–p-CN 3 [20]

27-d NH(CH2)3Si(OEt)3 O–C6H4–m-NMe2 3 [20]

27-e NH(CH2)3Si(OEt)3 O–C6H5 1 [31]

28 NH(CH2)3Si(OEt)3 pyrene[a] 2 [20]

29-d NH(CH2)2–p-C6H4–OH O–C6H4–m-NMe2 3 [23]

30-e N(CH2CH=CH2)2 O–C6H5 3 [23]

31-c N[–CH2–CH2–]2S O–C6H4–p-CN 3 [23]

32-d NH–CH2–CH2–NH2 O–C6H4–m-NMe2 3 [17]

32-e NH–CH2–CH2–NH2 O–C6H5 3 [23]

33-d NH–o-C6H10–NH2 O–C6H4–m-NMe2 2 [23]

34-c NMeNH2 O–C6H4–p-CN 3 [17]

34-d NMeNH2 O–C6H4–m-NMe2 3 [17]

34-e NMeNH2 O–C6H5 3 [23]

34-g NMeNH2 O–C6H4–p-CF3 1 [24]

35-e N[(CH2)3NH2]2 O–C6H5 1 [31]

36-c NMeN=CH–C6H3(OH)2 O–C6H4–p-CN 1 [31]

36-e NMeN=CH–C6H3(OH)2 O–C6H5 1 [31]

37-d NMeN(CH2PPh2)2 O–C6H4–m-NMe2 3 [17]

37-e NMeN(CH2PPh2)2 O–C6H5 1 [19]

[a] from 20-Gn.

A large excess of reagents must be used with diamines.
Two cases can be distinguished: either the diamine possesses
two identical primary amino groups, or it possesses one pri-
mary and one secondary amino group. In the former case,
the use of several hundreds of equivalents prevents the
coupling of two dendrons (cases 32 and 33 in Scheme 11
and Table 2), as shown by the loss of symmetry of the di-
amine, evidenced by 1H and 13C NMR spectroscopy.[17,23]

The reaction is expected to be more complicated when
using nonsymmetrical diamines that have two types of
amino groups (primary and secondary). Indeed, besides
avoiding the association of two dendrons as for symmetrical
diamines, a regiospecific reaction of only one type of amine
must be obtained. Such specificity was expected with meth-
ylhydrazine (considered to be a special nonsymmetrical di-
amine), in which the most substituted nitrogen is generally
more reactive. The reaction proceeds rapidly at room tem-
perature with an excess of methylhydrazine (30 equiv.) lead-
ing to a single product, 34-Gn, corresponding to the exclus-
ive addition of the NMeH group.[17,23,24] The same specific-
ity for the secondary amine is observed with the diamine
35.[31]

The series of compounds 34-Gn is particularly interest-
ing, due to the wide range of reactions available starting

Scheme 12.

Eur. J. Inorg. Chem. 2006, 887–901 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 893

from a NH2 group, which may enlarge the scope of func-
tional groups located at the core of dendrons. It may afford
stable hydrazones by condensation reactions with alde-
hydes, as shown by the synthesis of 36-c,eG1

[31]

(Scheme 11). We have also grafted a diphosphane group by
reaction with Ph2PCH2OH (compounds 37-Gn),[17,19] a type
of condensation that we have already used on the periphery
of dendrimers.[32,33] A particular case of the reactions
shown in Scheme 11 is afforded by dendrons possessing as
end groups functions able to react with amines, because
both the core and the periphery will react. An example of
such a compound is provided by the dendrons 6-bGn, in
which the vinyl group at the core reacts in a Michael type
addition, whereas the aldehyde end groups react via con-
densation reactions. The use of a large excess of methylhy-
drazine, necessary to prevent a polymerisation reaction be-
tween the NH2 of the core and the aldehydes, affords the
dendrons 38-Gn. Their subsequent reaction with
Ph2PCH2OH affords the dendrons 39-Gn that possess a di-
phosphane at the core and monophosphanes as end groups
(Scheme 12).[17]

However, the presence of aldehydes as end groups does
not necessarily preclude a specific reaction at the core, as
shown by dendrons 14-bG1. The deprotection of the acetyl
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group by guanidine occurs cleanly and under very mild con-
ditions to afford the phenol group of 40-bG1. This phenol
is potentially useful for a number of subsequent reactions;
we tested the reactivity of diisocyanatohexane, whose ad-
dition gives the dendron 41-bG1, functionalised by an isocy-
anate and a carbamate at the core (Scheme 13).[26]

Scheme 13.

Use of Phosphorus-Containing Dendrons for the
Elaboration of Complex Dendritic Architectures

Most of the reactions at the core of dendrons described
above can be applied to the elaboration of special dendritic
architectures. We have been interested in this field for a long
time; an example of our work being the growth of dendritic
branches inside a pre-existing dendrimer.[34] In most cases,
the dendrons used for building special architectures are
those issued from the vinyl group at the core, but in one
case the alkylated P=N–P=S core of dendron 23-iG1 was
used for such a purpose. Indeed, the alkylation of sulfur
induces a weakening of the strength of the PS bond, which
can be easily cleaved using a nucleophilic phosphane such
as P(NMe2)3.[34,35] The dendron 42-iG1 is too sensitive to
oxidation to be fully isolated, but it can be directly reacted
with the azide 3 to afford the small diblock dendrimer 43-
iG1–bG0, which possesses two types of end groups. The al-
dehydes can be used to afford other end groups: their reac-
tion with methylhydrazine followed by Ph2PCH2OH affords
44-iG1–G0, whose phosphane can be used for complexation,
as illustrated by the reaction with iron, leading to the cat-
ionic complex 45-iG1–G0 (Scheme 14).[19]

Besides this example using the reactivity of the P=N–
P=S group, all the other examples of special dendritic archi-

Scheme 15.
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Scheme 14.

tectures that we have described develop from dendrons pos-
sessing an amine or phosphane at the core. The simplest
type of association consists of using 2 equiv. of dendrons
with 1 equiv. of a small molecule. If this molecule possesses
another functional group, the resulting bis dendron is itself
a dendron, as shown for instance by the condensation of
2 equiv. of the dendrons 32-c,dG3 with 1 equiv. of the azido-
dialdehyde 3. The azide remaining at the core of 46-c,d[G3]2
(Scheme 15 and Figure 2)[17] will be used later to afford
more elaborate structures. The same methodology was ap-
plied to the dendron 32-gG1, which reacts with the special
tetraphosphazene 47, which possesses four types of func-
tional groups. The reaction occurs as expected only with
the aldehydes, leading to the novel type of dendrimeric spe-
cies 48-g[G1]2. This compound possesses several types of
functional groups at the core constituted by the oligophos-
phazene linkage, as well as other functional groups within
the branches and on the periphery (Scheme 16 and Fig-
ure 2).[24]
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Figure 2. Various schematised special dendritic architectures elaborated from dendrons.

Scheme 16.

Such methodology has been extended to the synthesis in
only one step of high generation layered dendrimers. In-
deed, the hydrazine function located at the core of the third
generation dendron 34-eG3 reacts with the aldehyde end

Eur. J. Inorg. Chem. 2006, 887–901 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 895

groups of the second generation dendrimer 49-bG2. The re-
action is slow despite the use of an excess of dendrons, and
went to completion only after 18 days, as shown with 1H
NMR data by the disappearance of the aldehydes. Despite
its length, this reaction is interesting because it affords the
sixth generation of the layered dendrimer 50-eG6 in only
one step from the second generation (Scheme 17 and Fig-
ure 2).[23] It should be noted that an analogous reaction car-
ried out with the third generation dendrimer 49-bG3 did
not continue to completion, even after 40 days. The steric
hindrance precludes the insertion of approximately 1 equiv.
of dendron among 24, despite the fact that the seventh gen-
eration dendrimer, and even higher generations, can be ob-
tained step-by-step using sequentially small molecules in-
stead of dendrons.[11]

However, the type of reaction used for connecting the
dendrons to the dendrimer also has an influence on the
highest generation of dendrimer usable. Indeed, the Staud-
inger reaction of the dendritic azide 46-b[G3]2 with the third
generation dendrimer 51-G3 affords the eighth generation
of the layered dendrimers 52-cG8 in one step. The P=N–
P=S linkages are present only at the level of the fourth and
fifth generation (Scheme 18 and Figure 2).[17]

Despite their original dendritic architectures, the com-
pounds shown in the previous schemes possess only one
type of end group. However, we have in hand all the tools
necessary for synthesising large “Janus” dendrimers that are
dendrimers possessing two types of end groups located in
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Scheme 17.

Scheme 18.

two different areas of the periphery, obtained in particular
by grafting two different dendrons by their core. The first
attempt involves the second generation dendrons 6-eG2 and
33-dG2, which react in a Michael type addition. The re-
sulting unsymmetrical compound 53-dG2–eG2 can also be
viewed as a dendron, because of the presence of two NH
groups at the centre of the molecule (Scheme 19 and Fig-
ure 2).[23]

Scheme 19.

Such methodology using Michael type additions can be
applied to larger generations. We decided to use compounds
no higher than the third generation, in order to be able to
detect the modification of the core with a sufficient inten-
sity by NMR spectroscopy. The reaction was carried out
with compounds 6-G3 and 32-G3, leading to compound 54-
G3-G3 (Scheme 20 and Figure 2).[17,23] This reaction is com-
patible with several types of end groups on the periphery
of the dendrons, and in particular with phosphanes. This
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compound (54-eG3–fG3) is the precursor of the very special
“fish-like” dendritic species 55. This compound is obtained
by the grafting, via a Staudinger reaction, of dendrons 46-
d[G2]2 on only half of the periphery of 54-eG3–fG3, i.e. the
face that possesses phosphanes (Scheme 20 and Fig-
ure 2).[23] This unsymmetrical compound has 16 phenoxy
groups as end groups on one side, two NH “central” func-
tions, 50 P=N–P=S linkages located at four different levels
in the ratio 32:16:1:1, and 512 NMe2 as end groups on the
other side.

As illustrated above the synthesis of complex dendritic
species from dendrons can necessitate several steps, in par-
ticular to extend the number of functional groups that are
usable. The reaction of the bisaldehyde azide 3 with the core
of a dendron such as 37-eG1 affords the possibility of grow-
ing new dendritic branches at the core of the dendron; this
also allows us to multiply the possible types of functionali-
sation on one side of this new “Janus” dendritic molecule.
Starting from the four aldehyde groups of 56-eG1–bG1, we
applied our classical method for the synthesis of dendri-
mers, using alternately the phosphorhydrazide 4 and the so-
dium salt of hydroxybenzaldehyde (5). This dendritic spe-
cies has been grown up to the third generation on one side
(compound 56-eG1–bG3), but it could have been continued
to higher generations (Scheme 21 and Figure 2).[19] This
compound possesses four end groups on one side and 16
on the other.

However, the shortest method to obtain a different ratio
of two types of end group obviously consists of using den-
drons that have a different number of end groups. For in-
stance, the reaction of 2 equiv. of 46-c[G3]2 with 37-dG3 af-
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Scheme 20.

Scheme 21.

fords the straightforward compound 57-dG3-c[G3]4, in
which the ratio of the end groups is 1:4, i.e. 16 NMe2 and
64 cyano groups (Scheme 22, Figure 2).[17] The same meth-
odology can be envisaged starting from dendron 39-G3 in-
stead of 37-dG3. The former possesses phosphanes both at
the level of the core (2 PIII) and on the periphery (16 PIII),
which will react in Staudinger reactions with the dendron
46-d[G3]2. The result is the complex dendritic structure 58,
which is relatively reminiscent of the structure of compound
55. However, despite its nonsymmetrical internal structure,
compound 58 possesses only one type of end group (576
dimethylamino groups). Compound 58 is a kind of layered
segment-block dendrimer (Scheme 23 and Figure 2).[17]
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A very original distribution of two types of end groups is
also obtainable from dendrons. It necessitates a dendrimer
possessing reactive internal functions such as 59-eG3–
bG0.[34] The NH2 group located at the core of dendron 34-
cG2 is used to react with the internal aldehydes of 59-eG3–
bG0. Obviously, the problem of steric hindrance evoked pre-
viously for the layered dendrimer 50-eG7 might be more
crucial here, where the reactions must occur inside the den-
drimer and not on its periphery. The condensation is rela-
tively slow and requires 10 days to go to completion, but
it finally affords compounds 60-eG3–c–G4 (Scheme 24 and
Figure 2),[23] confirming the high porosity of our phospho-
rus dendrimers, already demonstrated by NMR[15] and
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Scheme 22.

Scheme 23.

fluorescence.[36] However, 34-cG2 is the largest dendron that
can be accommodated inside 59-eG3–bG0; indeed, the reac-
tion of 34-cG3 failed to go to completion.

Other Properties and Uses of Phosphorus-
Containing Dendrons

Besides their usefulness for the synthesis of complex den-
dritic architectures, dendrons offer other possible uses such
as in characterising the special properties of the “dendritic
state”, for catalysis, or for elaborating new materials, de-
pending on the function located at the core. Dendrons pos-
sessing a ferrocene at the core were elaborated with the aim
of measuring the influence of the encapsulation of an elec-
troactive function on the electrochemical properties. Den-
drons 13-Gn were relatively deceptive, because the wave de-
tected in electrochemistry did not correspond to the oxi-
dation of the ferrocene but of the P=N–P=S linkages. This

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 887–901898

oxidation is not reversible and induces a polymerisation of
the dendron.[22] On the other hand, dendrons 16-Gn do not
possess any P=N–P=S linkage, and are usable, therefore,
for the detection of any influence on the electrochemical
properties, depending on the generation and thus the size
of the dendron. Compound 16-bG0 shows the characteristic
quasi reversible (Ipc/Ipa � 1) single electron oxidation pro-
cess, whereas 16-bG1 exhibits a slightly more irreversible
process (Ipc/Ipa = 0.88). This trend is confirmed by the
pronounced irreversibility observed for 16-bG2, which gives
a very weak and poorly resolved signal (Figure 3).[27] The
core is undetectable presumably because it cannot approach
the electrode closely enough because of the steric hindrance
induced by the dendritic branches.

The presence of a diphosphanyl group at the core of den-
dron 37-dG3 prompted us to use it as a ligand for transition
metal complexes, in particular for ruthenium. Most ruthe-
nium complexes possess catalytic properties, thus it was
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Scheme 24.

Figure 3. Cyclic voltammograms (scan rate 100 mV·s–1) obtained
for dendrimers 16-bG0 (a), 16-bG1 (b), 16-bG2 (c), and enlargement
for 16-bG2 (d).

tempting to use dendron 37-dG3[RuH2(PPh3)2] as a catalyst.
Indeed, the use of dendritic complexes in catalysis is an area
of intense activity, especially for those possessing phos-
phane complexes,[12b] mainly because of the possibility of
recovering the catalyst simply by precipitation or ultra-fil-
tration. Dendron 37-dG3[RuH2(PPh3)2] was tested in cata-
lysed diastereoselective Michael additions (Scheme 25). The
activity of this dendron was compared to that of a third
generation dendrimer possessing the same complex as end
groups, 49-kG3[RuH2(PPh3)2]24. It was shown that both
compounds have the same efficiency at the same mol-% in
ruthenium (1%), and that both can be recovered by precipi-
tation and reused twice. It was expected that the steric hin-
drance around the metallic centre induced by the dendrons
might modify the diastereoselectivity of such a reaction, but
no change was observed (Table 3).[37]

The triethoxysilyl group connected to the core of den-
drons 11-Gn, 27-Gn, and 28-Gn was used for the elaboration
of new hybrid organic–inorganic materials. Indeed, the co-
hydrolysis of these dendrons with Si(OEt)4 (TEOS) in a sol-
gel process generally affords the expected functionalised sil-
ica.[20] However, the nature of the material and its porosity
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Scheme 25.

is highly dependant on the initial ratio of dendron/TEOS,
the generation of the dendron, and the length of the linker
between the Si(OEt)3 group and the first branching point.
It appears that the higher the dendron generation, the
greater the required quantity of TEOS for the gelation.
Dendron 11-bG0 requires at least 10 equiv. of TEOS,
whereas dendron 19-bG3 requires 140 equiv. of TEOS. 29Si
MAS NMR shows that the dendrons are covalently linked
to the silica. The porosity of these materials was measured
by nitrogen adsorption. Some materials were found to be
mesoporous with a narrow or large pore size distribution,
others were found to be macroporous or microporous, de-
pending on the length of the linker, the generation of the
dendron, the nature of its end groups, and the initial ratio
of dendron/TEOS. Elemental and thermal analyses of the
materials show that the percentage representing the organic
part incorporated in the silica is always high, but inferior
to the theoretical percentage.

Another way to use dendrons in materials chemistry con-
sists of grafting them to the surface of a pre-existing mate-
rial, in order to modify its properties. We have used this
approach with dendrons 6-hGn, which has ammonium end
groups, to modify by Michael type additions the surface of
nanolatexes previously covered by cyclam (Scheme 26). A
full coverage of the nanolatexes by the dendrons is observed
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Table 3. Percentage of conversion and diastereoisomeric ratio for the reaction shown in Scheme 25, using two types of dendritic catalysts
(1 mol-% in Ru in all cases). This shows the influence of the recovery and reuse of the catalyst on the efficiency.

Catalyst Conversion Diastereomeric Catalyst Conversion Diastereomeric
[%] ratio [%] ratio

37-dG3[RuH2(PPh3)2] 100 72:28 49-kG3[RuH2(PPh3)2]24 100 73:27
first run first run
37-dG3[RuH2(PPh3)2] 100 72:28 49-kG3[RuH2(PPh3)2]24 100 73:27
second run second run
37-dG3[RuH2(PPh3)2] 89 72:28 49-kG3[RuH2(PPh3)2]24 90 73:27
third run third run

in all cases. The number of dendron per nanolatex depends
on the generation, but the total number of ammonium
groups is practically the same (approximately 600 to 800
ammonium end groups per nanolatex). Interestingly, the
suspensions of these modified nanolatexes are stable in
water without any surfactant, in contrast to the initial nano-
latex. Furthermore, the “dendrigrafted” nanoparticles can
be redispersed in water after drying, which is not the case
for the initial nanolatex. The dendritic shell also offers a
higher thermal stability, and induces the gelation of the
water solution after one week at room temperature; about
345000 water molecules were estimated to be gelled by each
grafted molecule of 6-hG2.[25]

Scheme 26.

Conclusion

This micro-review has demonstrated that phosphorus-
containing dendrons are important building blocks for the
elaboration of very complex and original dendritic macro-
molecules. Emphasis has so far been placed on fundamental
research, but these dendrons and peculiar dendritic archi-
tectures have the potential for development in more applied
research. Obviously, there is still considerable work to be
done to determine any practical uses of phosphorus-con-
taining dendrons, but some areas of application can be fore-
seen. For instance, one may consider the modification of
the surface of materials, the targeted delivery of drugs, and
other types of application in which the presence of two dif-
ferent types of function in a tailored ratio is important.
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Two novel CrIII–NiII heteropolynuclear complexes have been
obtained through a self-assembly process involving a
binuclear NiII complex with a macrocyclic Robson ligand and
Reinecke-type anions (trans-[Cr(NCS)4(NH3)2]–, trans-
[Cr(NCS)4(4,4�-bipy)2]–): [Ni2(H2O)2(fsal-33){Cr(NCS)4(NH3)2}]·
2H2O (1) and 1

�[Ni2(H2O)2(fsal-33){Cr(NCS)4(4,4�-bipy)2}]n·
n[Cr(NCS)4(4,4�-bipy)2] (2). The compartmental ligand re-
sults from the condensation of 2,6-diformyl-4-methyl-phenol
with 1,3-propanediamine. The crystal structure of 1 consists
of neutral tetranuclear [CrNiNiCr] species, where each
nickel ion is coordinated in one apical position by a Reinecke
anion, and in the other one by an aqua ligand. The distances
between the metallic centres in 1 are: Ni···Cr = 6.048 and

Introduction

The search for new metal-containing building blocks is
of current interest in molecular magnetism and in crystal
engineering. These are relatively inert anionic complexes
with potentially bridging ligands, for example cyano
([M(CN)6]3–,[1] [M(bipy)(CN)4]–[2]), or oxalato complexes
([M(C2O4)3]3–, [M(bipy)(C2O4)2]–[3]), which have been
widely employed to design heterospin systems with interest-
ing magnetic properties. It is well known that the thiocyan-
ato anion acts as a bridge between either identical or dif-
ferent metal ions.[4] Nevertheless, the thiocyanato com-
plexes have rarely been used as templates in assembling
heteropolynuclear complexes.[5] A very appealing complex
in this respect is the anion of the Reinecke salt,
[Cr(NCS)4(NH3)2]–, which can interact with the second
metal ion through the sulfur atom. For example, a CuII–CrIII

[a] Inorganic Chemistry Laboratory, Faculty of Chemistry, Univer-
sity of Bucharest,
Str. Dumbrava Rosie 23, 020464 Bucharest, Romania
E-mail: marius.andruh@dnt.ro

[b] Laboratoire Chimie, Ingénierie Moléculaire et Matériaux d’An-
gers (CIMMA) UMR 6200 CNRS- Université d’Angers,
UFR Sciences, Bât. K, 2 bd. Lavoisier, 49045 Angers, France

[c] Laboratoire de Chimie Inorganique et Matériaux Moléculaires
UMR CNRS 7071, case courrier 42, Université Pierre et Marie
Curie,
4 Place Jussieu, 75252 Paris cedex 05, France

[d] Fakultät für Chemie der Universität,
33501 Bielefeld, Germany

Eur. J. Inorg. Chem. 2006, 903–907 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 903

Ni···Ni = 3.133 Å. Compound 2 contains infinite cationic
chains constructed from binuclear [Ni–Ni] nodes, connected
through trans-[Cr(4,4�-bipy)2(NCS)4] spacers, and uncoordi-
nated trans-[Cr(NCS)4(4,4�-bipy)2]– ions. The CrIII and NiII

ions are connected through 4,4�-bipyridine ligands arising
from the Reinecke-type anion. The distance between the
nickel and chromium ions within the chain is 11.252 Å. The
magnetic properties of 1 have been investigated. Both Ni–Ni
and Cr–Ni exchange interactions were found to be antiferro-
magnetic: JNiNi = –51.3 cm–1; JNiCr = –22.7 cm–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

heterobinuclear complex has been obtained by reacting the
Reinecke anion with a cationic copper() complex.[6]

We are currently developing a research project aimed at
obtaining heterometallic complexes with interesting struc-
tures and magnetic properties, by using homo- or heterobi-
nuclear species as assembling cations. The basic idea of our
strategy is to combine the magnetic behaviour of the as-
sembling cation (exhibiting a ferro- or antiferromagnetic
coupling between the two metal ions) with that of the an-
ionic building-block. Beyond the individual magnetic be-
haviour, the two molecular entities may interact through the
connecting ligands. This synthetic approach allowed us to
obtain complexes with three different spin carriers: 2p-3d-
4f,[7] 3d-3d�-4f[8] or high-dimensionality 3d-4f coordination
polymers.[9] Apart from our interest in the classical Rein-
ecke anion, we intend to enrich our chemical library with
new building blocks, by replacing the NH3 ligands, from
the [Cr(NCS)4(NH3)2]– ion, with organic molecules that can
act as bridges. Such building units can be extremely versa-
tile, having both hard and soft coordination sites (e.g. nitro-
gen donor atoms arising from the organic ligand and sulfur
donor atoms from the isothiocyanato ligands).

Results and Discussion

The first results concerning the synthesis of new heterob-
imetallics using the Reinecke anion and its derivatives as
building blocks are reported herein, and consist of two
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CrIII–NiII heteropolynuclear complexes: [Ni2(H2O)2(fsal-
33){Cr(NCS)4(NH3)2}]·2H2O (1) and 1

�[Ni2(H2O)2(fsal-33)
{Cr(NCS)4(4,4�-bipy)2}]n·n[Cr(NCS)4(4,4�-bipy)2] (2).
Compound 1 is obtained through a self-assembly process
involving the Reinecke anion and a binuclear nickel() cat-
ionic complex, [Ni2(H2O)2(fsal-33)]2+ (fsal-33 is a dianionic
macrocyclic binucleating Schiff-base ligand obtained by
condensation of 2,6-diformyl-4-methyl-phenol with 1,3-pro-
pylenediamine). Compound 2 is obtained using the same
nickel() complex and a derivative of the Reinecke salt,
trans-K[Cr(NCS)4(4,4�-bipy)2]. This Reinecke derivative is
obtained by reacting K3[Cr(NCS)6] with 4,4�-bypiridine. Its
composition and structure are confirmed by chemical
analysis, and by the crystal structure of compound 2 (vide
infra). The infrared spectrum displays the characteristic
bands of the organic ligand, as well as the band of the iso-
thiocyanato group (2067 cm–1). The UV/Vis spectrum
shows a band with a maximum at 550 nm, which is due to
the 4A2g � 4T2g transition. This transition occurs at lower
energy (18180 cm–1) than the one observed with the classi-
cal Reinecke anion, [Cr(NCS)4(NH3)2]– (19610 cm–1).

The crystal structures of compounds 1 and 2 have been
solved. Compound 1 is a neutral tetranuclear CrIII–NiII–
NiII–CrIII complex. The chromium and nickel ions are con-
nected through one NCS bridge (Figure 1). The two
[Cr(NCS)4(NH3)2]– ions are trans disposed with respect to
the general plane of the macrocyclic ligand enclosing the
nickel ions. Each nickel ion is hexacoordinate, exhibiting
an elongated octahedral geometry, with an equatorial N2O2

macrocyclic donor set, and the aqua ligand and the sulfur
atom from the bridge coordinated in the apical positions.
The Ni–N and Ni–O distances in the equatorial plane are
close and vary between 2.005(2) and 2.0278(15) Å. The api-
cal Ni–aqua and Ni–S distances are, respectively, 2.1138(18)
and 2.6057(7) Å. The distances between the metallic centres
are Ni···Cr = 6.048 and Ni···Ni = 3.133 Å. The Cr–N dis-
tances within the Reinecke anion vary between 1.985(2) and

Figure 1. Perspective view of the tetranuclear complex 1.
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2.069(2) Å. The analysis of the packing diagram (Figure 2)
reveals the formation of layers through intermolecular hy-
drogen bond interactions established between the aqua li-
gand and the crystallisation water molecule [O(2)···O(3) =
2.699(3) Å], as well as between the crystallisation water
molecule and one sulfur atom from an adjacent tetranuclear
unit [O(3)···S(2) = 3.282(3) Å].

The IR spectrum of 1 shows two bands due to the NCS–

ligands (2066, 2104 cm–1), in agreement with their different
roles: terminal and bridging.

The second compound, 1
�[Ni2(H2O)2(fsal-33){Cr(NCS)4-

(4,4�-bipy)2}]n·n[Cr(NCS)4(4,4�-bipy)2] (2), contains infinite
cationic chains constructed from binuclear [Ni–Ni] nodes,
connected through trans-[Cr(NCS)4(4,4�-bipy)2] spacers,
and uncoordinated trans-[Cr(NCS)4(4,4�-bipy)2]– ions
taking over the charge of the cationic chain (Figure 3). Two
chromium complexes acting as spacers are coordinated,
through the 4,4�-bipy ligands, above and below the platform
formed by the binuclear nickel complex [Ni–N(4,4�-bipy) =
2.139(16) Å] (Figure 3). The equatorial nickel–ligand dis-
tances fall in the range 2.008(16)–2.034(15) Å. The sixth co-
ordination site at the nickel ions is occupied by an aqua
ligand [Ni–O = 2.241(16) Å]. The intranode Ni···Ni dis-
tance is 3.09 Å. The shortest Ni···Cr distance within the
chain is 11.25 Å. As far as the chromium building blocks
are concerned, the metal ions exhibit an almost perfect oc-
tahedral stereochemistry. The Cr–N(NCS) distances (ave,
1.98 Å) are slightly shorter than the Cr–N(4,4�-bipy) ones
(ave, 2.08 Å). Selected bond lengths and angles for com-
pounds 1 and 2 are collected in Table 1.

The magnetic properties of complex 1 have been investi-
gated. The χMT versus T curve is represented in Figure 4.
The room temperature value of the χMT product
(5.30 cm3 mol–1 K) is slightly lower than the one corre-
sponding to the four uncoupled metal ions
(5.7 cm3 mol–1 K). By lowering the temperature, χMT con-
tinuously decreases, reaching 0.19 cm3 mol–1 K at 2 K.
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Figure 2. Packing diagram for crystal 1, showing the formation of the supramolecular layers: a) view along the crystallographic a axis;
b) side view.

For the centrosymmetric [CrNiNiCr] complex the ener-
gies of the low-lying spin states are obtained by using the
isotropic Hamiltonian:
H = –JCrNi(SCr1SNi1 + SNi2SCr2) – JNiNiSNi1SNi2

The full matrix diagonalisation technique was employed
to reproduce the experimental data. The best fit to the data
led to:
JNiCr = –22.7 cm–1; JNiNi = –51.3 cm–1; gNi = 2.2 (fixed);
gCr = 1.98; R = 2.6×10–4 {R is the agreement factor defined
as Σi[(χMT)obsd(i) – (χMT)calcd.(i)]2/Σi[(χMT)obsd.(i)]2}.

At first glance, the antiferromagnetic nature of the inter-
action between CrIII and NiII is surprising, this pair of ions,
both in octahedral stereochemistry, being a classical exam-
ple of orthogonality of the magnetic orbitals leading to a
ferromagnetic coupling. One of the most important factors
influencing the sign and the magnitude of the exchange in-
teraction is the bridging angle; more precisely, in our case,
the Ni(1)–S(1)–C(13) one [106.03(8)°]. For a [MAXMB] sin-
gle bridge system, the ferromagnetic interaction arising
from the strict orthogonality of the magnetic orbitals is
maximal for a linear MA–X–MB linkage.[10,11] By decreas-
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ing the MA–X–MB angle, the ferromagnetic interaction de-
creases also, being finally dominated by the antiferromag-
netic one. For example, recent calculations for a related
compound, containing the Ni–NC–Cr motif,[11] have shown
that the ferromagnetic interaction between NiII and CrIII

ions through a single cyanide bridge is weakened with the
bending at the cyanide bridge, becoming antiferromagnetic
for values of α � 148°.

For compound 1, the deviation from linearity is very im-
portant and consequently the relatively strong antiferro-
magnetic interaction between NiII and CrIII, because of the
overlap of the magnetic orbitals, is not surprising. A [NiCr]
thiocyanato-bridged cationic coordination polymer, –ca-
tena-µ-NCS–Ni(en)2-µ-SCN–Cr(NCS)4–, has recently been
described.[5c] The values of the Ni–S–C angles were 93.2
and 105.1° and, accordingly, favoured an antiferromagnetic
interaction (J = –19.9 cm–1). As far as the Ni–Ni exchange
interaction is concerned, it falls in the range already
observed with several other nickel complexes with the
same ligand: NiII

2L(H2O)2(ClO4)2 (J = –61 cm–1),[10]

NiII
2L(py)2(BF4)2 (py = pyridine) (J = –46 cm–1)[12] and
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Figure 3. Perspective view of the cationic chain and of the complex
anion in 2, along with the atom-numbering scheme.

NiII
2L(H2O)2Cl2 (J = –72 cm–1).[13] In the similar cyano-

bridged [CrNiNiCr] complex, the value of the JNiNi

parameter is –44.6 cm–1.[11]

The functionalisation of the Reinecke anion, by replacing
the NH3 groups with potentially bridging ligands, as illus-
trated by compound 2, opens interesting perspectives in
crystal engineering. Various solid-state architectures can be
thus constructed through the selective interaction of the
hard (N) and soft (S) donor atoms with appropriate transi-
tion-metal ions. Two different metal ions (one hard, the
other soft) can be employed simultaneously in order to ob-
tain new solid-state architectures. Moreover, compound 2
illustrates how the building-block approach can be com-
bined with the node-and-spacer approach, to design ex-
tended structures.
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Table 1. Selected bond lengths [Å] and angles [°] for compounds 1
and 2.

1 2

Ni(1)–N(1) 2.0230(19) Ni(1)–N(1) 2.029(7)
Ni(1)–N(2) 2.005(2) Ni(1)–N(2) 2.009(7)
Ni(1)–O(1) 2.0263(15) Ni(1)–O(1) 2.019(5)
Ni(1)–O(1) 2.0278(15) Ni(1)–O(2) 2.241(7)
Ni(1)–O(2) 2.1138(18) Ni(1)–N(10) 2.140(6)
Ni(1)–S(1) 2.6057(7) Cr(1)–N(3) 2.002(8)
Cr(1)–N(3) 2.017(2) Cr(1)–N(4) 1.969(9)
Cr(1)–N(4) 1.987(2) Cr(1)–N(5) 2.084(7)
Cr(1)–N(5) 1.993(2) Cr(2)–N(7) 1.989(8)
Cr(1)–N(6) 1.985(2) Cr(2)–N(8) 1.991(6)
Cr(1)–N(7) 2.069(2) Cr(2)–N(9) 2.079(6)
Cr(1)–N(8) 2.059(2)

N(1)–Ni(1)–N(10) 91.9(3)
N(1)–Ni(1)–O(1) 91.16(7) N(1)–Ni(1)–O(2) 85.2(3)
N(1)–Ni(1)–O(2) 89.86(8) N(2)–Ni(1)–O(1) 169.1(2)
N(1)–Ni(1)–S(1) 85.35(6) N(2)–Ni(1)–N(1) 98.8(3)
N(2)–Ni(1)–N(1) 99.21(8) N(2)–Ni(1)–N(10) 94.0(3)
N(2)–Ni(1)–O(1) 169.63(7) N(2)–Ni(1)–O(2) 87.1(3)
N(2)–Ni(1)–O(2) 90.02(8) N(10)–Ni(1)–O(2) 177.0(3)
N(2)–Ni(1)–S(1) 92.73(6) O(1)–Ni(1)–N(1) 90.7(2)
O(1)–Ni(1)–O(2) 89.99(7) O(1)–Ni(1)–N(10) 90.9(2)
O(1)–Ni(1)–S(1) 88.10(5) O(1)–Ni(1)–O(2) 88.5(2)
O(2)–Ni(1)–S(1) 174.80(6) N(3)–Cr(1)–N(5) 91.0(3)
N(3)–Cr(1)–N(7) 89.49(9) N(4)–Cr(1)–N(3) 89.1(3)
N(3)–Cr(1)–N(8) 89.48(9) N(4)–Cr(1)–N(5) 89.6(3)
N(4)–Cr(1)–N(5) 91.06(9) N(7)–Cr(2)–N(8) 91.7(3)
N(4)–Cr(1)–N(3) 177.17(9) N(7)–Cr(2)–N(9) 89.0(3)
N(4)–Cr(1)–N(8) 91.13(9) N(8)–Cr(2)–N(9) 90.5(2)
N(4)–Cr(1)–N(7) 90.01(9)
N(5)–Cr(1)–N(3) 91.73(9)
N(5)–Cr(1)–N(8) 87.00(10)
N(5)–Cr(1)–N(7) 90.63(10)
N(6)–Cr(1)–N(4) 89.63(9)
N(6)–Cr(1)–N(5) 178.16(10)
N(6)–Cr(1)–N(3) 87.60(9)
N(6)–Cr(1)–N(8) 91.29(10)
N(6)–Cr(1)–N(7) 91.07(10)
N(8)–Cr(1)–N(7) 177.38(10)

Figure 4. χT vs T diagram for complex 1. The solid line corre-
sponds to the best fit.

Experimental Section
Synthesis: K[Cr(NCS)4(4,4�-bipy)2] was prepared by refluxing a
iPrOH solution of K3[Cr(NCS)6] and 4,4�-bipy (in a 1:2.5 ratio) for
6 h, and isolation of the red solid appeared by cooling. IR (KBr):
ν̃ = 2067 (vs), 1597 (m), 1409 (m), 1218 (m), 1065 (m), 807 (m),
628 (m) cm–1.
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Compounds 1 and 2 were obtained by reacting the binuclear
nickel() complex [Ni2(fsal-33)Cl2]·2H2O[14] (in 1:1 EtOH/water
solution) with, respectively, NH4[Cr(NCS)4(NH3)2] (in H2O) and
K[Cr(NCS)4(4,4�-bipy)2] (in EtOH), in a 1:2 ratio. In both cases,
light red precipitates formed and were isolated by filtration and
dried. The first one was dissolved in pure methanol and allowed to
evaporate slowly, generating orange needle-like crystals of 1 suit-
able for X-ray diffraction studies. In the second case, red single
crystals of 2 were obtained by dissolving the precipitate in DMF,
followed by slow diffusion of ethanol into the resulting solution.
Characteristic IR bands due to the NCS ligands (KBr pellets) – 1:
2066, 2104 cm–1; 2: 2062 cm–1.

Physical Techniques: The IR spectra (KBr pellets) were recorded
with a BIO-RAD FTS 135 spectrophotometer. The electronic spec-
tra (diffuse reflectance technique) were recorded with a UV4
UNICAM spectrophotometer with MgO as a reference.

Magnetic measurements were carried out with a MPMS-5S (Quan-
tum Design) SQUID magnetometer. The diamagnetic corrections
for the compounds were estimated using Pascal’s constants, and
magnetic data were corrected for diamagnetic contributions of the
sample holder.

Crystallography: Crystal 1 was measured at 183 K with a Bruker
AXS SMART diffractometer (Mo-Kα radiation monochromator).
Data for crystal 2 were collected at 293 K with a Stoe-IPDS im-
aging plate system operating with a Mo-Kα X-ray tube with a
graphite monochromator. The structures were solved by direct
methods and refined by full-matrix least-squares techniques based
on F2. Calculations were performed using the SHELX-97 crystallo-
graphic software package. The crystallographic data and other per-
tinent information are collected in Table 2.

CCDC-283332 (for 1) and CCDC-283333 (for 2) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The elusive monomethyl ester of carbonic acid [CH3OC(O)-
OH] has been prepared at 300 K by protonation of the so-
dium salt NaOC(O)OCH3 with anhydrous HCl or water and
characterized by 1H- and 13C NMR spectroscopy. The sta-
bility of the acid and its reactivity towards hydroxo ions and
methylating agents under ambient conditions are discussed.
The energetics and the mechanism of the investigated reac-

Introduction

Carbonic acid (H2CO3, 1) and its amino [RR�NC(O)OH,
2] and monoalkyl derivatives [ROC(O)OH, 3] are elusive
species. Their isolation as pure compounds is not trivial as
they easily decompose to afford CO2 plus water [Equa-
tion (1)], amine [Equation (2)], or alcohol [Equation (3)].

In particular, 1 has never been isolated pure (only its
water solutions are known), and 2 was only very recently
isolated and characterized as a dimer in the solid state. The
X-ray structure shows the existence of H-bonding through
the carboxylic moieties [R = C6H5CH2, R� = H; or R,R� =
PhP(OCH2CH2)2].[1,2] For 3 only a report of its low-tem-
perature IR spectrum can be found in the literature;[3] no
report of its existence at room temperature or information
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tions are examined on the basis of density functional calcula-
tions. For kinetic and thermodynamic reasons CH3OC(O)OH
is unlikely to be formed by insertion of CO2 into the O–H
bond of methanol.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

about its stability/reactivity are available. Conversely, the
salts of 1 [MHCO3, M2CO3, M�CO3; M = group 1 metal
or ammonia; M� = group 2 metal], 2 [RR�NC(O)OR��; R��
= ammonium or metal cation], and 3 [ROC(O)OM] or the
organic esters of 2 and 3 (R, R�, R�� = alkyl or aryl group)
have been known for a long time to be stable compounds
at room temperature.

Despite their instability, compounds 1–3 are often pro-
posed to be intermediates in reactions in which carbon di-
oxide is implied. Thus, 2 has been suggested to exist in solu-
tions containing amines and carbon dioxide[4] and 3 has
been proposed to be formed by direct interaction of
alcohols and CO2,[5] a reaction relevant to the synthesis of
organic carbonates by direct carboxylation of alcohols that
occurs at temperatures ranging from 330 to 450 K and at a
CO2 pressure of 0.1–20 MPa.[7]

In the course of our research on carbon dioxide chemis-
try, we have synthesized and characterized the first exam-
ples of the elusive species 2.[1,2] We wish to report here the
first evidence of the existence of CH3OC(O)OH at room
temperature and describe its reactivity. Density functional
calculations have also been carried out to provide a ration-
ale for our experimental findings.

Results and Discussion

Although it has been suggested that 3 could be formed
by direct reaction[5] of ROH with CO2, our 1H- and 13C
NMR measurements run on pressurized (5 MPa) solutions
of CO2 in pure, freshly distilled, and absolutely anhydrous
methanol did not give any evidence of CO2 insertion into
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the O–H bond of methanol to afford CH3OC(O)OH [4;
Equation (4)].

One can argue that reaction 4 may either occur through
a direct bimolecular insertion [Equation (4)] or through the
generation of a CH3O– anion by autoprotolysis of methanol
[Equation (5a)], which may attack the electrophilic carbon
of CO2 with formation of CH3OC(O)O– [Equation (5b)].
The protonation of this latter species would afford 4 [Equa-
tion (5c)].

The abundance of CH3O– is very low in pure anhydrous
methanol as it is generated by the autoprotolytic dissoci-
ation of methanol [Equation (5)], which has an equilibrium
constant, Kdis, of 10–16.[6] The lack of formation of 4 under
these conditions can be explained by taking into consider-
ation the thermodynamics of reaction 4 and its kinetic as-
pects, as discussed below.

Figure 1. Formation of CH3OC(O)OH from CO2 and two molecules of methanol. Selected bond lengths obtained from B3LYP/6-
311++G** calculations are given in Ångstroms.
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It is worthwhile mentioning that previous theoretical
studies[8–11] on the mechanism of carbonic acid formation
from H2O and CO2, a reaction that is analogous to Equa-
tion (4), have excluded the possibility of a direct bimolecu-
lar insertion because the activation energy predicted for this
step is about 50 kcalmol–1,[8–10] while the energy barrier de-
creases substantially (to about 15 kcalmol–1)[8] if an ad-
ditional water molecule is assumed to participate in the hy-
dration process. Our calculations carried out at the B3LYP/
6-311++G** level of density functional theory for
CH3OC(O)OH formation involving two CH3OH molecules
(see Figure 1) predict a relatively high energy barrier for
this process (∆G‡

gas = 28.9 and ∆G‡
solv = 22.7 kcalmol–1 if

solvent effects due to the methanol environment are in-
cluded), indicating that reaction 4 is likely to be kinetically
hindered. Furthermore, CH3OC(O)OH is found to be ther-
modynamically unstable with respect to its dissociation
products, since the calculations give ∆Ggas = +9.9 kcalmol–1

for the gas-phase reaction shown in Figure 1, which de-
creases to ∆Gsolv = +4.4 kcalmol–1 in the solvated model
[for the isolated CH3OC(O)OH molecule the calculated
dissociation free-energy values are ∆Ggas = +15.1 and
∆Gsolv = +11.6 kcalmol–1].

Accordingly, 4 has been reported to be a labile species
and has only been characterized so far by IR spectroscopy
at low temperature.[3] Therefore, it is not likely that it will
exist for a long time at temperatures above 273 K. These
results suggest that the direct insertion of CO2 into the O–H
bond of methanol is quite unlikely to occur under reaction
conditions such as those used for the synthesis of organic
carbonates,[7] and CH3OC(O)OH is unlikely to be an inter-
mediate in such a reaction.
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We generated 4 by treating the sodium salt NaO13C(O)

OCH3 (5) with either anhydrous HCl/CD2Cl2 or water in a
biphasic system. NaO13C(O)OCH3 is easily formed by reac-
tion of sodium methoxide with 13CO2 [Equation (6)].

Compound 5 is a stable, white solid that has already been
described.[12] Its IR spectrum shows strong bands at 1631
and 1381 cm–1 for the νC=O absorption of the carbonate
moiety. The reaction of 5 with anhydrous HCl/CD2Cl2 or
water was monitored by carrying out a detailed NMR (1H
and 13C) study. 13CO2 was used in the synthesis of 5 in
order to reduce the acquisition time of the 13C NMR spec-
trum, thereby minimizing the risk of decomposition of 4.

When 5 was suspended in CD2Cl2 under 0.1 MPa of
13CO2, the 1H- and 13C NMR spectra of the solution did
not show any signal that could be attributed to 5 due to its
very poor solubility in the solvent. The addition of a sub-
stoichiometric amount of either anhydrous HCl/CD2Cl2 or
water to the suspension at 295 K caused the immediate ap-
pearance of new signals in the 1H- and 13C NMR spectra.

The 1H NMR spectrum shows a singlet (1 H) at δ = 4.76
and a second signal at δ = 3.38 ppm (3 H; Table 1), which
are attributed to the CD2Cl2-soluble HO13C(O)OCH3 spe-
cies formed according to reaction 7.

Table 1. Spectroscopic properties of labile CH3OC(O)OH.

Compound νCO νOH 1H NMR (δ, ppm) 13C NMR (δ, ppm)

CH3OC(O)OH 1779 3484 4.76 (1 H, OH) 50.58 (CH3)
1730 3.38 (3 H, CH3) 159.92 (C=O)

The 13C NMR spectrum confirms the formation of 4, as
demonstrated by the appearance of a signal at δ =
159.92 ppm due to the carbon atom of the hemicarbonate
moiety. Continuing the addition of anhydrous HCl up to a
stoichiometric amount produced an increase of the inten-
sity of the signals mentioned above (Figure 2a). The ad-
dition of water produces broader peaks (Figure 2b), al-
though they are located at the same positions.

If the NMR tube is left under the same conditions after
the addition of the HCl/CD2Cl2 solution to NaO(O)
COCH3 at 295 K, the 1H- and 13C NMR spectra change:
the signals due to 4 slowly disappear while the signals of
CH3OH [δ = 4.81 (1 H) and 3.42 ppm (3 H)] appear (Fig-
ure 2). When CH3O13C(O)OH is generated using sub-stoi-
chiometric amounts of anhydrous HCl/CD2Cl2 it has a
longer lifetime than when it is generated with water. There-
fore aged solutions of 4 show a different behavior according
to their preparation. In fact, when anhydrous HCl is used
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Figure 2. Evolution of the 1H NMR spectrum of CH3OC(O)OH
formed upon addition of (A) HCl/CD2Cl2 and (B) H2O to
CH3OC(O)ONa suspended in CD2Cl2. i) soon after the addition;
ii) after 10 min; iii) after 60 min. � CH3OC(O)OH; � CH3OC(O)
OH; � CH3OH; � CH3OH.

the signal of free CO2 generated by conversion of 4 is found
at δ = 121.4 ppm. Conversely, when water is used a second
signal appears at δ = 159.62 ppm in the 13C NMR spectrum
besides the signal at δ = 159.92 ppm that is attributed to
NaH13CO3. In the latter case, the formation of methanol
and NaH13CO3 can occur according to two mechanisms:
i) decomposition of CH3O13C(O)OH into methanol and
13CO2 [Equation (8a)] and subsequent reaction [Equa-
tion (8b)] of 13CO2 with the NaOH formed in reaction 7.

CH3O13C(O)OH � CH3OH + 13CO2 (8a)

13CO2 + NaOH � NaH13CO3 (8b)

ii) direct interaction of the hydroxy moiety OH– with
CH3O13C(O)OH [Equation (9a)] by attack at the methyl
group with formation of methanol and concurrent forma-
tion of NaH13CO3 [Equation (9b)].

CH3O13C(O)OH + OH– � CH3OH + H13CO3
– (9a)

H13CO3
– + Na+ � NaH13CO3 (9b)

The energy barrier obtained for the decomposition of
CH3OC(O)OH via the reverse reaction shown in Figure 1
is ∆G‡

solv = 18.3 kcalmol–1 (∆G‡
gas = 19.0 kcalmol–1),

whereas the calculations carried out for the methyl-transfer
reaction between CH3OC(O)OH and OH– (see Figure 3)
give a much smaller barrier (∆G‡

solv = 11.3 and ∆G‡
gas =

4.4 kcalmol–1). Moreover, the SN2-type nucleophile substi-
tution depicted in Figure 3 is predicted to be highly exer-
gonic (∆Gsolv = –39.4 and ∆Ggas = –49.5 kcalmol–1). These
data indicate that reaction 9a is both kinetically and ther-
modynamically more feasible than the direct decomposition
of CH3OC(O)OH. This agrees with the experimental obser-
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vation of the stability of 4 in the absence and presence of
hydroxy ions.

Figure 3. Stationary points located for the methyl-transfer reaction
from CH3OC(O)OH to OH– forming HCO3

– and CH3OH. Se-
lected bond lengths obtained from B3LYP/6-311++G** calcula-
tions are given in Ångstroms.

The rate of conversion of 4 into methanol and CO2 in
the presence of OH– is affected by the solvent: an apolar
solvent slows the reaction as it does not favor the formation
of hydroxy ions in solution from insoluble NaOH. Con-
versely, when a polar organic solvent or a stoichiometric
amount of water is added to CD2Cl2 containing 5, 4 is
transformed so rapidly that it cannot be detected and only
the final products (CH3OH and NaHCO3) are observed.
These experimental data support the direct interaction of 4
with OH– more than the dissociation of 4 into CH3OH and
CO2 and the subsequent reaction of the latter with NaOH.
However, this study gives thermodynamic and kinetic infor-
mation about 4 and allows us to complete, with the 1H- and
13C NMR spectra, the characterization of the labile species
4 for which only the low-temperature IR spectrum had been
reported so far.

As noted in a previous theoretical study,[13] the global
energy-minimum of the CH3OC(O)OH molecule corre-
sponds to the trans-trans orientation of the CH3 and OH
groups (see Scheme 1). Our present calculations predict two
other conformations that lie only 1.3 (cis-trans) and
3.2 kcalmol–1 (trans-cis) above the most stable isomer to be
local minima on the gas-phase potential energy surface. We
also estimated the acidity of CH3OC(O)OH by computing
the aqueous pKa value for the trans-trans isomer (see Com-
putational Details) and found that CH3OC(O)OH is
slightly less acidic than H2CO3. In fact, we calculated a pKa

for CH3OC(O)OH of 1.7 and for H2CO3 of 1.1; the experi-
mental pKa value for H2CO3 is 3.6. The difference between
calculated and experimental pKa values for H2CO3 is within
the range of typical errors obtained with similar calcula-
tions[14] and can be attributed to the simplified solvation
model.

Besides the conversion of 4 into methanol and CO2, we
also investigated the reactivity of 4 towards a methylating
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Scheme 1. Conformations of CH3OC(O)OH.

agent. The interest of reaction 10 lies in the fact that the
product is an organic carbonate.

CH3OC(O)OH + SubOR � CH3OC(O)OR + SubOH (10)

If CH3OC(O)OH could be formed from methanol and
CO2, reaction 10 would be an effective way to produce
DMC, a chemical that has several industrial applications as
an alkylating[15] or methoxycarbonylating[16] agent, a pre-
cursor of pharmaceuticals and agrochemicals,[17] a sol-
vent,[18] and as an additive to gasoline.[19]

In particular, we investigated the reaction of 4 with the
methylating agent O-methylisourea (6)[20,21] [Equation (11)],
which is obtained by treating dicyclohexylcarbodiimide
(DCC) with methanol [Equation (12)]. This reagent was
preferred to other classical methylating systems (e.g. BF3/
CH3OH) as the latter may carry Brønsted acids that decom-
pose 4.

When isourea 6 was added to a CH2Cl2 solution contain-
ing HOC(O)OCH3 generated from NaOC(O)OCH3 di-
methyl carbonate was immediately formed according to re-
action 11. Both products (urea and DMC) were isolated
and identified from their NMR spectra (1H and 13C) and
GC-MS profiles compared with those of authentic samples.
When the reaction was carried out in an NMR tube it was
possible to follow the disappearance of the signals of 4 and
the appearance of new signals due to DMC (δ = 3.69 ppm,
CH3). This reaction both confirms the existence of 4 in
solution and underlines the role of 6 as a methylating agent,
as already reported in the literature.[20,21] If the isourea is
treated with NaOC(O)OMe no methylation reaction occurs,
although the addition of a small amount of water allows
the reaction to proceed to form urea and DMC as
CH3OC(O)OH is formed.
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Figure 4. Stationary points located for the CH3OC(O)OH + CH3N=C(OCH3)(NHCH3) � CH3OC(O)OCH3 + CH3HNC(O)NHCH3

model reaction. Selected bond lengths obtained from B3LYP/6-311++G** calculations are given in Ångstroms.

In order to explain the mechanism of reaction 12 we car-
ried out DFT calculations on the reaction of 4 with a sim-
plified model of 6 where the cyclohexyl groups have been
replaced by methyl moieties (see Figure 4).

The transition state located for the model reaction de-
scribes a methyl transfer from isourea to 4, while the O–H
proton of 4 is already transferred to the iminic nitrogen of
the isourea. IRC calculations indicate that the reaction
takes place in a single step because the H-bonded
4···isourea minimum is reached directly from the transition
state in the reverse direction. The reaction is thermodynam-
ically favored (∆Gsolv = –12.4, ∆Ggas = –11.8 kcalmol–1)
and the energy barrier is predicted to be ∆G‡

solv =
19.9 kcalmol–1 (∆G‡

gas = 25.5 kcalmol–1), which is slightly
higher than that found for reaction 13 (∆G‡

solv =
14.5 kcalmol–1).[20]

2 ROH + CO2 + DCC � (RO)2CO + CyNHC(O)NHCy (13)

It is worthwhile noting that the concentration of 4 in the
system generated from 5 and HCl/CD2Cl2 or water de-
creases rapidly with an increase of temperature, and above
310 K we were not able to detect the formation of 4 at all.
This agrees with the lability of 4, which converts into meth-
anol and CO2 according to Equation (3), and makes it un-
likely that CH3OC(O)OH is an intermediate in the synthesis
of carbonates from alcohols and CO2.

Conclusions

Our work has demonstrated for the first time the exis-
tence of CH3OC(O)OH (4) at room temperature and its sta-
bility/lability under the same conditions. Although 4 is very
labile, it exists in solution at room temperature for the time
necessary to record its 1H- and 13C NMR spectra and to
study its conversion with characterization of the products.
It can be easily methylated to afford DMC, which is a reac-
tion of potential practical importance. Nevertheless, 4 is not
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stable at temperatures above 300 K and is not formed for
kinetic and thermodynamic reasons at room temperature
from alcohols and CO2 [nor in alcohol under 30 MPa of
CO2 nor in supercritical CO2 (30 MPa) with added alcohol].
In order for 4 to play a role in the formation of DMC from
methanol and CO2, very high pressures of CO2 should most
probably be used (likely ��100 MPa).

Experimental Section
All solvents and starting reagents were RP Aldrich products.
Alcohols and solvents were dried, distilled,[22] and stored under
dinitrogen. Carbon dioxide was purchased from Rivoira IP
(99.999% purity). NMR experiments were carried out with a 300-
MHz Bruker apparatus using deuterated CIL solvents. IR spectra
were recorded with a FTIR Perkin–Elmer 1710 apparatus. GC-MS
analyses were carried out with a Shimadzu 17 A gas chromato-
graph (capillary column: 30 m; MDN-5S; Ø 0.25 mm, 0.25 µm
film) coupled to a Shimadzu QP5050A mass spectrometer. Quanti-
tative determinations on the reaction solutions were recorded using
a Hewlett–Packard 6850 GC-FID (capillary column: 30 m; MDN-
5S; Ø 0.25 mm, 0.25 µm film).

Methylisourea was prepared as reported in the literature.[20,21]

Synthesis of the Monomethyl Ester of Carbonic Acid [CH3OC(O)-
OH] and NMR Studies: NaOC(O)OMe [or NaO13C(O)OMe]
(35.0 mg, 0.36 mmol) freshly prepared from MeOH and Na under
a CO2 atmosphere was placed in an NMR tube in 0.7 mL of anhy-
drous CD2Cl2 and the tube was closed with a silicone stopper. 1H-
and 13C NMR spectra were recorded for this sample: no signals
were evident besides that of the solvent. Anhydrous HCl in CD2Cl2
was injected through the stopper in different amounts until the stoi-
chiometric ratio was reached and the 1H- and 13C NMR spectra
were recorded after each addition. NMR spectroscopic data are
presented and discussed in the main text. Similarly, the reaction
was monitored when water was added instead of anhydrous HCl.

Reaction of 4 with Methylisourea: HOC(O)OCH3 was generated as
described above from sodium methyl carbonate (78.0 mg,
0.8 mmol) and anhydrous HCl/CD2Cl2 (or water). Once the 1H
NMR signals of 4 had reached their maximum intensity methyl-
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isourea (200 mg, 0.8 mmol) was added to the solution. After one
hour at room temperature the 1H NMR signal (δ = 3.69 ppm) of
dimethyl carbonate became evident. The solution was dried under
vacuum and the resulting solid suspended in diethyl ether. The
ether solution was filtered from the solid. The latter was shown to
be urea [CyHNC(O)NHCy]. DMC was isolated from the solution
by evaporating the solvent.

Computational Details: DFT calculations were carried out at the
B3LYP/6-311++G** level[23] in order to obtain information about
the structures and relative energies of energy minima and transition
states relevant to the reactions investigated. The nature of the sta-
tionary points obtained from the geometry optimizations was veri-
fied by subsequent vibrational frequency analysis. Intrinsic Reac-
tion Coordinate (IRC) calculations were performed from the lo-
cated transition states in order to check whether these structures
indeed connect the appropriate minima on the proposed reaction
pathways. Most of the investigated reactions in the present work
involve charged species, therefore we estimated the solvation free-
energies using a recent implementation[24] of the Polarizable Con-
tinuum Model (PCM).[25] In these calculations, the cavities of the
solute molecules were constructed using the atomic radii of the
universal force field (UFF)[26] model with individual hydrogen
spheres to be able to describe transition states for hydrogen-transfer
reactions. The dielectric constant was always chosen according to
the solvent used in the experiments (ε = 8.93 for CH2Cl2 and 32.63
for methanol). The Gibbs free-energies calculated for the gas phase
and solvated models are denoted ∆Ggas and ∆Gsolv, respectively, in
the text, and include the thermal corrections as well. The aqueous
pKa of CH3OC(O)OH was estimated according to the procedure
described by Takano and Houk[14] and using the UAHF cavity
model in the PCM calculations to obtain the solvation free-ener-
gies. All these calculations were carried out using the Gaussian 03
software package.[27]

Supporting Information (see the footnote on the first page of this
article): Cartesian coordinates and total energies of located struc-
tures.
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A novel heteroditopic macrocyclic ligand system for selective
coordination of two different transition metal ions has been
obtained in the form of monometallic salen complexes of NiII

(LNi, 1) and uranyl (LUO2, 2). The system is characterized by
the presence of a dianionic, tetradentate salen donor system
(N2O2) derived from cis-1,2-diaminocyclohexane and of a
neutral, tridentate 2,6-bis(alkylthiomethyl)pyridine group
(NS2). The two binding sites are connected by two oxyethyl
chains. The synthetic procedure involves the coupling of the
disodium salt of 2,6-bis(mercaptomethyl)pyridine with two
equivalents of 3-(2-bromoethoxy)-2-(2-propenyloxy)benzal-
dehyde. Removal of the protecting allyl groups from the reac-
tion product (I) by palladium catalysis yields the ligand syn-
thon 2,6-bis[2-(3-formyl-2-hydroxyphenyl)oxyethyl]thiometh-
ylpyridine (II). The monometallic macrocyclic complexes 1
and 2, obtained by metal-templated synthesis from cis-1,2-
diaminocyclohexane, ligson II, and the corresponding NiII or

Introduction

Compartmental ligands characterized by at least two dif-
ferent binding sites are interesting synthetic targets in the
field of macrocyclic chemistry[1] as heterobimetallic macro-
cyclic complexes can be derived from such structures and
used as appropriate models in heterogeneous or homogen-
eous catalysis, in which cooperative effects may arise from
the vicinity of two metal centers.[2] Most dinucleating
macrocycles available to date contain either one ligand type
incorporated into a crown ether ring,[1a,1c,3,4] or the same
donor set replicated within the macrocycle,[1a,3,5] which lim-
its, but does not exclude, selectivity toward coordination of
different transition-metal ions.[6] Although heteroditopic
macrocyclic frames containing nonequivalent ring cavities
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uranyl acetate salts, respectively, in the presence of barium bis-
(trifluoroacetate), have been fully characterized by spectro-
scopic techniques in solution and by X-ray diffraction analy-
ses in the solid state. Both complexes react readily at room
temperature with [Rh(CO)2Cl]2 in methanol to form the bime-
tallic cationic carbonyl complexes [LNiIIRh(CO)]PF6 (3) and
[LUO2Rh(CO)]PF6 (4) upon addition of NH4PF6. Two con-
formers of complex 3 are observed in solution by IR and NMR
spectroscopy, in a 5:1 ratio in [D2]dichloromethane, which ex-
hibit a fluxional behavior and are shown to interconvert
above room temperature in [D3]acetonitrile. The carbon-
ylrhodium group in the bimetallic systems reacts further with
methyl iodide in dichloromethane solution to form oxidative-
addition products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

are a significant advantage in this respect,[7] the introduc-
tion of different binding sites implies more elaborate syn-
thetic approaches than those used in the preparation of sys-
tems with higher symmetry.[5c,7a,7b,7e,8] Various types of het-
erobimetallic macrocyclic systems have been reported.[1,5c,9]

We have planned the synthesis of a heterobifunctional
macrocyclic structure bearing different donor sites. The
choice of the binding units has fallen on systems widely
used in catalysis and in coordination chemistry, namely the
dianionic tetradentate (N2O2) salen-type ligand and the
neutral tridentate (NS2) 2,6-bis(alkylthiomethyl)pyridine
system. The classic salen [N,N�-ethylenebis(salicylideneami-
nato)] metal complexes and related derivatives[5a–5c,10] are
nowadays finding significant applications, most notably in
host–guest chemistry,[1a,8,11] in asymmetric synthesis,[12] and
in supramolecular and polymer catalysis.[13] The tridentate,
neutral NS2 ligands form complexes with different transi-
tion-metal ions[14] and have been used in the preparation of
homo- and heterobimetallic macrocyclic structures, includ-
ing those containing rhodium().[15] Square planar rhodi-
um() complexes are of special interest in homogeneous ca-
talysis with regard to oxidative addition and carbonylation
processes.[16]
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The combination of a hard and a soft metal center has

driven the design and synthesis of binucleating systems.[17]

In the case of metal carbonyl complexes, the proximity of
the two metal atoms may activate a carbon monoxide group
by interaction of the electrophilic metal center with the oxy-
gen of CO.[18] In this context, we have selected a carbon-
ylrhodium() group for coordination to the bis(mercapto-
methyl)pyridine ligand and a uranyl or a nickel() metal
center for the salen binding unit. The electrophilic character
of the uranyl system has been well documented, especially
its ability to coordinate organic carbonyl groups, such as
that of urea, in its planar fifth coordination site,[19] or to
act as an electrophilic catalyst for Michael additions[13a] and
acyl-transfer reactions.[20] Detection of an intramolecular
interaction of the (NS2)Rh–CO group with crown-ether-
complexed alkaline metal ions has been attempted.[15b]

Results and Discussion

Synthesis of Monometallic Macrocyclic Complexes
The synthetic strategy followed for the preparation of the

target structure was directed by the fact that salen N2O2

type complexes form monometallic macrocyclic systems
when a precursor molecular chain appropriately function-
alized at both ends undergoes a metal-templated Schiff-base
ring-closure reaction in the presence of a diamine partner
and the chosen metal ion.[4b] In order to ensure the further
coordination within the ring of a second metal ion, an NS2

donor set was incorporated into the molecular chain.
Therefore the synthesis of the ligand synthon II, which
bears two terminal formyl-2-hydroxyaryl groups, was devised

Scheme 1. Synthesis of the macrocyclic dialdehyde precursors I and II.
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(Scheme 1). Following the preparation of monometallic
macrocyclic complexes of NiII and UO2, derived from II
and cis-1,2-diaminocyclohexane, the reaction with
[Rh(CO)2Cl]2 afforded bimetallic NiII/RhI and UO2/RhI spe-
cies (Scheme 2). The nickel and uranyl ions were selected for
the preparation of the bimetallic carbonylrhodium() com-
plexes due to their different electronic and coordinative
properties − uranyl is oxophilic whereas nickel() is not.

The synthesis of the precursor for the metal-templated ring-
closure involves the coupling of the disodium salt of 2,6-bi-
s(mercaptomethyl)pyridine[21] with 3-(2-bromoethoxy)-
2-(2-propenyloxy)benzaldehyde,[22] in tetrahydrofuran, to
give the allyl protected bis-formyl compound I (yield �
50%, Scheme 1). The allyl groups of I are then removed
by palladium catalysis, following a method described in the
literature,[20] to give ligand II (yield � 60%), which contains
the NS2 donor set, the oxyethyl spacers, and the formyl-2-
hydroxyaryl sub-units. Compounds I and II were purified
by column chromatography and characterized by 1H NMR,
13C NMR, and FT-IR spectroscopy, ESI mass spectrome-
try, and elemental analysis. The chemical shifts of the hy-
drogen atoms of the aryl rings in compound II were iden-
tified by a NOESY experiment, which shows correlations
between the OCH2 triplet at δ = 4.17 ppm and the doublet
of doublets at δ = 6.93 ppm, due to the aryl 4-H ortho to
the oxyethyl chain, as well as between the formyl H atoms
at δ = 10.08 ppm and the doublet of doublets at δ =
7.20 ppm, due to the aryl 6-H.

The synthesis of the macrocyclic structures was per-
formed by treatment of ligson II with cis-1,2-diaminocyclo-
hexane, in the presence of Ba(CF3SO3)2 as template, fol-
lowed by transmetalation in situ with the desired metal ace-
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Scheme 2. Template synthesis of monometallic nickel() (1) and uranyl (2) macrocyclic complexes and subsequent formation of heterobi-
metallic nickel()–rhodium() (3) and uranylrhodium() (4) complexes.

tate M(OAc)2 (M = Ni, UO2; Scheme 2). Due to the poor
solubility of II, which is a sticky red oil, in alcoholic sol-
vents, the compound was added to the reaction mixture as
a solution in methanol/tetrahydrofuran. The cyclization
process involving the dialdehyde, the diamine, and the metal
ion entails the formation of a metal–salen structure and af-
fords the desired monometallic macrocyclic complexes 1
and 2. Both complexes were isolated from their respective
reaction mixtures as pure products by column chromatog-
raphy with yields of around 30%.

The presence of Ba2+ as a template cation has been found
to be beneficial in cyclization reactions involving a diamine
and a precursor containing two formyl-2-hydroxyaryl sub-
units linked by a polyether chain, affording the correspond-
ing uranyl macrocyclic complexes with yields in the range
35–50% by transmetalation.[19,23] The same template has
also been used successfully in the preparation of dissymmet-
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ric azamacrocyclic ligands.[7e] However, in the present case,
the yields of complexes 1 and 2 were only slightly lower
upon performing the reactions in the absence of the barium
salt. This fact, along with the relatively low yields of the
macrocyclization reactions, may be due to the lower binding
ability of the hybrid thioether chain of ligand II toward the
barium ion with respect to a polyether chain.

Complexes 1 and 2 were characterized by FT-IR, 1H
NMR, and 13C NMR spectroscopy (see Experimental Sec-
tion), ESI mass spectrometry, elemental analysis, and sin-
gle-crystal X-ray diffraction analyses. In the 1H NMR spec-
trum of complex 1 ([D2]dichloromethane), the hydrogens of
the pyridine ring (py) appear as one triplet at δ = 7.65 ppm
(4-H) and one doublet at δ = 7.26 ppm (3,5-H), while the
arene protons appear as two close doublets at δ = 6.79 and
6.75 ppm, due to 4,6-H, and one apparent triplet at δ =
6.45 ppm, due to 5-H, thus confirming the presence of the
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salen and of the pyridine moieties in the expected ratio. The
protons of the linking chains are also clearly identifiable.
The fluxional character of the cyclohexane ring (cy) is indi-
cated by the broad shape of the corresponding signals. One
significant spectral feature is the presence of the imine
CH=N protons, resulting from the coupling of the original
aldehyde with the amine groups, at δ = 7.37 ppm in complex
1. In the case of the uranyl complex 2, the same protons
appear at higher frequency, δ = 9.31 ppm, thereby indicat-
ing the stronger electron-withdrawing character of the ura-
nyl group with respect to nickel(). The 7-H protons of the
cyclohexyl ring appear at δ = 3.45 and 4.66 ppm in com-
plexes 1 and 2, respectively.

In the 13C NMR spectra, the imine carbon atoms are
observed at δ = 159.2 and 167.2 ppm for 1 and 2, respec-
tively, while the infrared frequencies of the CH=N double
bonds are virtually unaffected by the metal ion (1616 cm–1

in dichloromethane). The electropositive uranyl center af-
fects the rest of the molecule as well, since the 1H NMR
chemical shifts of the methylene hydrogens of pyCH2S
and –SCH2CH2O– change from δ = 3.83 and 2.92 ppm in
the nickel complex 1 to δ = 4.57–4.49 and 3.13 ppm, respec-
tively, in complex 2. The pyCH2S hydrogen atoms exhibit
AB patterns in the 1H NMR spectra, characterized by ∆ν
= 7.1 Hz (1, CDCl3) and 24 Hz (2, [D2]dichloromethane),
due to their diastereotopic character,[15] while the same hy-
drogens of complex 1 appear equivalent in [D2]dichloro-
methane. In a NOESY spectrum of complex 1 in CDCl3,
the absorption at δ = 6.47 ppm exhibits a cross-peak with
the imine proton at δ = 7.04 ppm and is therefore assigned
to the 6-H protons, while the peaks at δ = 6.71 ppm, due to
4-H, correlate with the OCH2 signal at δ = 4.08 ppm.

Symmetric macrocyclic ligands containing two tetraden-
tate salen coordination sites formed from trans-1,2-diami-
nocyclohexane, and the corresponding mono- and dinuclear
nickel() complexes, have been reported.[24] With trans-1,2-
diaminocyclohexane as the Schiff base counterpart, dissym-
metric macrocyclic structures incorporating one nickel()
salen unit, which acts as an intramolecular redox catalyst,
and a 1,4-bis(chloromethylarene) function have been pre-
pared by a multistep synthesis.[25] A macrocyclic compound
characterized by the presence of a salen–uranyl moiety op-
posite a pyridine group and linked by oxyethyl chains has
been reported.[23] With 1,2-phenylenediamine or cis-1,2-di-
aminocyclohexane, symmetric, dinuclear salophen or salen
UO2 macrocyclic complexes have been described,[26] as well
as macrocyclic ligands containing 2,6-bis(alkylthiomethyl)
pyridine subunits and the corresponding [Rh(CO)][PF6] di-
nuclear complexes.[15d] However, complexes 1 and 2 are the
first macrocyclic structures in which a metal–salen unit is
faced by an uncomplexed tridentate donor set that is suitable
for further coordination of a second transition metal ion.

X-ray Crystal Structure of Macrocyclic Nickel(II) (1) and
Uranyl (2) Complexes

Single crystals of compounds 1 and 2 suitable for X-ray
diffraction analysis were obtained by the “liquid diffusion”
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method from solutions of dichloromethane layered with
heptane and kept at room temperature for several days. Se-
lected bond angles and distances are reported in Tables 1
and 2 for complexes 1 and 2, respectively.

Table 1. Selected bond lengths [Å] and angles [°] for the macrocyclic
nickel() complex 1.

Ni1–O4 1.877(4) C26–O29 1.359(8)
Ni1–N13 1.874(5) C27–O28 1.319(8)
Ni1–N20 1.888(5) O29–C30 1.452(7)
Ni1–O28 1.854(4) C30–C31 1.483(10)
O4–C6 1.295(7) C31–S32 1.825(7)
C12–N13 1.288(8) S32–C33 1.787(9)
N13–C14 1.501(8) C40–S41 1.867(7)
C19–N20 1.506(8) S41–C42 1.802(7)
N20–C21 1.281(9) C43–O44 1.456(10)
N20–Ni1–O28 94.4(2) C12–N13–C14 122.63(5)
N13–Ni1–O28 177.0(2) Ni1–N13–C14 111.2(4)
N13–Ni1–N20 86.5(2) Ni1–N20–C19 111.0(4)
O4–Ni1–O28 85.6(2) Ni1–N20–C21 124.97(5)
O4–Ni1–N20 176.8(2) Ni1–O28–C27 128.2(4)
O4–Ni1–N13 93.7(2) C31–S32–C33 98.6(3)
Ni1–O4–C6 126.2(4) C40–S41–C42 103.3(3)
Ni1–N13–C12 126.0(5)

Table 2. Selected bond lengths [Å] and angles [°] for the macrocyclic
uranyl complex 2.

U1–O2 1.572(16) C12–N13 1.278(21)
U1–O3 1.806(13) N20–C21 1.278(17)
U1–O4 2.226(8) C27–O28 1.325(15)
U1–O5 2.499(7) C31–S32 1.806(19)
U1–N13 2.546(13) S32–C33 1.789(16)
U1–N20 2.569(9) C40–S41 1.771(23)
U1–O28 2.193(8) S41–C42 1.834(22)
O4–C6 1.293(14)
O2–U1–O3 178.4(6) O5–U1–N13 142.7(4)
O2–U1–O28 92.8(6) O2–U1–N20 86.1(3)
O3–U1–O28 87.9(6) O3–U1–N20 92.8(3)
O2–U1–O4 91.1(5) O28–U1–N20 71.6(3)
O3–U1–O4 89.0(5) O4–U1–N20 137.1(4)
O28–U1–O4 151.3(4) O5–U1–N20 151.4(3)
O2–U1–O5 89.5(5) N13–U1–N20 65.8(3)
O3–U1–O5 92.1(4) C6–O4–U1 134.8(8)
O28–U1–O5 80.5(4) C12–N13–U1 127.8(10)
O4–U1–O5 71.1(4) C14–N13–U1 112.5(10)
O2–U1–N13 93.1(7) C21–N20–U1 127.4(9)
O3–U1–N13 85.4(5) C19–N20–U1 117.2(7)
O28–U1–N13 136.4(3) C31–S32–C33 101.9(8)
O4–U1–N13 71.6(4) C42–S41–C40 98.0(11)

Geometry of Complex 1

The nickel atom in the N2O2 ligand set shows a slightly
deformed square-planar conformation (Figure 1) in which
the bond angles around the metal range from 85.6(4)° for
O(4)–Ni(1)–O(28) to 93.7(5)° for O(4)–Ni(1)–N(13); the
maximum out-of-plane deformation of the five atoms of the
coordination moiety is 0.06(1) Å. The average Ni–O and
Ni–N(13) bond lengths [1.865 and 1.8481 Å, respectively]
compare well with the values observed in other monomeric
nickel macrocyclic[24] or open complexes[27] formed from
trans-1,2-diaminocyclohexane. The complex as a whole lies
approximately on a plane, with the exception of the cyclo-
hexane and pyridine rings, which are almost orthogonal to
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the mean plane of the macrocycle and in a relative transoid
fashion. In fact, the dihedral angles formed by the mean
C(6)–C(11), C(22)–C(27), C(34)–N(39) (py) and C(14)–
C(19) (cy) ring planes with that of the coordinative moiety
are 7.7(2)°, 2.9(3)°, 82.3(2)°, and 114.5(2)°, respectively.
While the chain from O(29) to C(33) is planar and forms a
dihedral angle of 4.4(2)° with the coordinative mean plane,
the C(42) and C(43) carbon atoms lie 1.02(2) and 1.25(2) Å,
respectively, out of the plane formed by the three remaining
atoms of the chain. The water molecule is not coordinated
to nickel [O(1W)···Ni = 3.99(5) Å] but is hydrogen bonded
within the cavity through the oxygen of one ethylene chain
[H(1W)···O(29) = 1.94(5) Å] and one of the methylene hy-
drogens of the opposite one [O(1W)···H(43) = 2.47(5) Å].
Other short contacts are an intramolecular H(1W)···O(28)
contact [2.52(2) Å] and an intermolecular H(12)–O(1W)i

(i = 1 – x, y – 1/2, 3/2 – z) contact [2.49(2) Å]. The C(14)–
N(13) distance of the cyclohexyl equatorial bond is 1.501 Å,
while the C(19)–N(20) distance of the axial bond is
1.506(7) Å. The molecules are connected in the crystal by
van der Waals contacts. We have not been able to find other
crystal structures of salen–nickel complexes obtained from
cis-1,2-diaminocyclohexane in the literature. The conforma-
tion of the bis(alkylthiomethyl)pyridine ligand set in com-
plex 1 is characterized by the presence of the sulfur atoms
oriented outwards with exocyclic lone pairs, with C–S–C
bond angles of 98.6(3)° and 103.3(3)°. The C–S bond
lengths lie between 1.825 and 1.867 Å, in the usual range
observed in macrocyclic structures including this uncom-
plexed ligand.[15d]

Figure 1. Molecular structure and atom-labelling scheme for the
macrocyclic nickel() complex 1.

Geometry of Complex 2

The uranyl moiety in complex 2 exhibits a pentagonal-
bipyramidal coordination (Figure 2). Two imine nitrogen
atoms [N(20), N(13)], two phenoxy oxygen atoms [O(4),
O(28)], and one oxygen from a molecule of water (O5) form
the pentagonal base, which is almost planar, while the two
uranyl oxygen atoms occupy the apex positions, with out-
of-plane deviations of 1.57 and 1.81 Å, respectively. The
aromatic rings are planar and the cyclohexane ring adopts
the typical chair conformation. This coordinative arrange-
ment compares well with that found for a similar complex
containing a coordinated molecule of urea in place of the
water molecule.[19] The pyridine ring is oriented in such a
way as to form a dihedral angle of 20.7(4)° with respect to
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the pentagonal planar base. When compared to the S-
shaped conformation of the nickel complex 1, complex 2
can be regarded as lying approximately on a plane including
the pyridine and cyclohexyl rings. Since the two phenyl
rings C(6)–C(11) and C(22)–C(27) of the salen moiety form
a dihedral angle of 47.5(5)° with respect to each other, this
part of the complex assumes, as a whole, a butterfly orienta-
tion. These two rings are tilted by 28.2(4)° and 19.7(4)°,
respectively, with respect to the mean plane formed by the
five atoms coordinated by uranium. This conformation,
which is due to the relatively large ionic radius of uranium
pushing apart the phenyl rings, is typical of uranyl–salen
complexes and is similar to that observed in other mono-
meric macrocyclic uranyl systems[19,28] formed from cis-1,2-
diaminocyclohexane. The C(14)–N(13) distance of the cy-
clohexyl axial bond is 1.588 Å, while the C(19)–N(20) dis-
tance of the equatorial bond is 1.464 Å. In the crystals the
molecules are connected by intra- [H(18a)····N(13) =
2.53(3); O(5)····N(39) = 2.76(2); O(5)····H(40) = 2.90(1) Å],
and intermolecular [H(21A)···O(3)i (i = 1/2 – x, 1/2 – y, –z)
= 2.33(1); H(30B)···O(5)ii (ii = –x, –y, –z) = 2.58(1); H(40B)
···O(3)iii (iii = 1/2 – x, –1/2 – y, –z) = 2.49(1) Å] van der
Waals contacts involving, in particular, the water molecule.
The uncomplexed bis(thiomethyl)pyridine group of the ura-
nyl complex 2 has one exocyclic and one endocyclic sulfur
atom and is characterized by C–S–C bond angles of
101.9(8)° and 98.0(9)°, respectively, and C–S bond lengths
in the range 1.77–1.81 Å.

Figure 2. Molecular structure and atom-labelling scheme for the
macrocyclic uranyl complex 2.

Synthesis of Bimetallic NiII–RhI (3) and UO2–RhI (4)
Macrocyclic Complexes

A suspension of the monometallic macrocyclic nickel
complex 1 in methanol was treated with a methanolic solu-
tion of [RhCl(CO)2]2 (Scheme 2). The mixing of the two
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compounds yielded a clear amber solution which, when an-
alyzed after about 10 min, showed an intense IR band at
2009 cm–1 and the disappearance of the absorption bands
(2088 and 2014 cm–1) of the dicarbonylchlororhodium di-
mer. Addition of a methanolic solution of NH4PF6 caused
the formation of an orange precipitate, which corresponds
to the expected macrocyclic bimetallic NiII–RhI complex 3
(yield 70%). The monometallic uranyl complex 2 reacts
with the dicarbonylchlororhodium dimer in a similar man-
ner (yield 47%). Therefore, the macrocyclic metal–salen
structure connected by a relatively short oxyethyl chain
does not hinder the coordinative ability of the NS2 ligand
set. Both complexes 3 and 4 exhibit good solubility in or-
ganic solvents, especially in dichloromethane. This is due,
presumably, to the presence of the cyclohexane ring, as a
cyclohexyl group is known to increase the solubility of
macrocyclic salen complexes with respect to analogous sal-
ophen derivatives.[19]

The bimetallic complexes were characterized by FT-IR,
1H NMR, and 13C NMR spectroscopy (3), FAB mass spec-
trometry, and elemental analyses. Complexation of the cat-
ionic carbonylrhodium group to the tridentate NS2 ligand
system is indicated by the presence of a strong split absorp-
tion at 2026–2017 cm–1 for complex 3 and of a band at
2020 cm–1 for complex 4, both in dichloromethane. The 13C
NMR chemical shifts of the methylene carbons of pyCH2S–
and –SCH2CH2O– move from δ = 37.7 and 30.0 ppm in the
monometallic nickel complex 1 to δ = 47.0 and 37.3 ppm,
respectively, in the bimetallic nickel–rhodium complex 3.
The 13C NMR spectrum obtained overnight from a [D2]-
dichloromethane solution of the bimetallic uranylrhodium
complex 4 is identical to that of the monometallic uranyl
complex 2, which suggests solvolysis of the (RhCO)+ frag-
ment. In analogy, decomposition by loss of CO was ob-
served when monitoring a dichloromethane solution of
complex 4 by IR spectroscopy over several hours.

In complex 3, in addition to the two CO stretching bands
in the IR spectrum, broad and split peaks appear in the 1H
NMR spectrum, indicating the existence of two isomers in
an approximately 5:1 ratio in [D2]dichloromethane. Split
peaks are also observed in the 13C NMR spectrum. In [D3]-
acetonitrile solution, the three methylene groups of py–
CH2SCH2CH2O– are well separated in the region δ = 5.2–
3.0 ppm (Figure 3). At room temperature, the multiplet due
to the pyCH2S– methylene groups is better resolved than
the broad signals of the –SCH2CH2O– methylene chain,
thus indicating rapid conformational equilibria along the
carbon chain spacers and greater flexibility of the macro-
cyclic structure at these sites. The pyCH2S– protons display
a distorted AB system (δHa = 4.80, δHb = 4.73 ppm; ∆ν =
22 Hz), corresponding to the coordination of the NS2 do-
nor set to the metal ion in a stable configuration. This
pattern agrees well with that observed for the open complex
[Rh(L)(CO)]PF6 [L = 2,6-bis(benzylthiomethyl)pyridine] in
[D2]dichloromethane at –65 °C,[29b] and for the macrocyclic
Rh(CO)+ complexes in which a 2,6-bis(thiomethyl)pyridine
subunit is linked by a polyether chain.[15c] In addition, the
doubled absorptions of the –SCH2CH2O– groups confirm
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the presence of the two isomeric species observed in [D2]-
dichloromethane. When the temperature is raised, intercon-
version of these isomers occurs with a coalescence tempera-
ture of 44 °C, at which both the chain methylene groups
appear as single, broad peaks at δ = 3.50 and 4.55 ppm,
respectively, while the multiplet of the pyCH2S– protons is
only slightly affected by this temperature change. The ob-
served isomers may arise from the relative position of the
metal ions with respect to the mean ligand plane – either
opposite or on the same side – and interconvert by confor-
mational changes of the oxyethylene chains, in analogy with
what is observed for the symmetric bimetallic RhCO+

macrocyclic complex incorporating two 2,6-bis(alkylthi-
omethyl)pyridine groups.[15c] Detailed variable-temperature
NMR studies involving fluxional processes related to inver-
sion at sulfur[30] and/or conformational equilibria in the
macrocyclic frame have been described for mono- and bi-
metallic carbonylrhodium macrocyclic complexes.[15]

Figure 3. 1H NMR spectra of the heterobimetallic NiII–RhI com-
plex 3 in [D3]acetonitrile at different temperatures, displaying the
methylene groups of the pyCH2SCH2CH2O moiety.

The CO stretching band of the complex [Rh(L)(CO)]-
PF6, in which L is the “open” NS2 ligand 2,6-bis(benzylthi-
omethyl)pyridine, is observed at 2019 cm–1 in dichlorometh-
ane.[29] A comparison with the macrocyclic systems re-
ported here shows that the carbonylrhodium group is not
perturbed by the adjacent metal centers. It is worth men-
tioning that during the synthesis of the bimetallic com-
plexes the intermediate chloride species shows a carbonyl
band at 2009 cm–1 for the nickel–rhodium complex 3 and
2015 cm–1 for the uranylrhodium complex 4, in methanol,
indicating a small effect of the salen–metal ion on the car-
bonylrhodium group. The dinuclear [2+2] symmetric car-
bonylrhodium macrocyclic complexes incorporating two
2,6-bis(alkylthiomethyl)pyridine sub-units linked by (CH2)n

chains (n = 5–10) exhibit CO stretching values in the range
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1991–2009 cm–1 (KBr).[15d] The values of 2013 and
2012 cm–1 observed in the solid state (KBr) for the heterobi-
metallic complexes 3 and 4, respectively, indicate a larger
triple-bond character than in the homobimetallic systems.
This suggests reduced electron density on rhodium, and
hence reduced back-donation from rhodium to carbonyl,
rather than an intramolecular CO···M contact in the het-
erobimetallic complex, which would have lowered the car-
bonyl stretching frequency.

We have recently described that the monometallic com-
plex [Rh(L)(CO)]PF6 reacts with MeI to give an intermedi-
ate methylrhodium() iodide species [Rh(L)(CO)(Me)I]+

and an isolable acylrhodium() complex [Rh(L)(COMe)I]-
PF6 as the result of consecutive oxidative addition/mi-
gratory insertion reactions.[29a] This was the first report of
the organometallic reactivity of a carbonylrhodium com-
plex of the neutral tridentate 2,6-bis(substituted thiomethyl)
pyridine system. The product of oxidative addition is ob-
served as a relatively stable intermediate that accumulates
in solution and exhibits a strong infrared band at 2106 cm–1

(acetonitrile). We therefore tested the reactivity of both
complexes 3 and 4 toward methyl iodide (3.5 ) in solution
in dichloromethane (Scheme 3). In the case of the nickel–
rhodium complex 3, the reaction solution, when stirred for
5 h at 40 °C, gave an abundant red precipitate, which, ana-
lyzed in [D3]acetonitrile, exhibits a strong carbonyl band at
2128 cm–1 due to the methylrhodium species, thus indicat-
ing the conversion of complex 3 into the product of oxidat-
ive addition of methyl iodide. In the case of the macrocyclic
uranylrhodium complex 4, the solution was stirred for 6 h
at room temperature in order to minimize the spontaneous
loss of CO. After removal of excess MeI and solvent, the
spectrum showed the presence of starting material
(2001 cm–1), the oxidative-addition intermediate
(2116 cm–1), and the migratory-insertion product at

Scheme 3. Reactions of complexes 3 or 4 with methyl iodide.
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1676 cm–1. Due to the smaller absorptivity of the acyl moi-
ety with respect to the parent terminal RhI and RhIII com-
plexes, it can be deduced that the acyl product is more
abundant than both the substrate and the methylrhodi-
um() intermediate. The presence of the acyl derivative
from the bimetallic UO2/RhI complex suggests an easier mi-
gratory-insertion reaction than in the corresponding nickel
complex. It appears that the IR frequencies of the carbonyl
group in the [Rh(CO)(Me)I]+ moiety are affected by the
different environments in the two heterobimetallic com-
plexes and in the open system.

Conclusions

The synthesis of a novel macrocyclic ligand system con-
taining a neutral, tridentate NS2 donor set and a tetraden-
tate, dianionic N2O2 unity has been described, in particular
the isolation and structural characterization of the corre-
sponding monometallic salen complexes of NiII and of UO2

obtained from cis-1,2-diaminocyclohexane. These are the
first examples of macrocycles in which a different uncoordi-
nated ligand set (NS2) faces the salen–metal group. Both
monometallic compounds react with [RhCl(CO)2]2 to yield
heterobimetallic, cationic complexes characterized by the
presence of the [(NS2)RhCO]+ fragment. This synthetic
method allows the sequential and selective coordination of
two different metal ions onto a dissymmetric ligand frame
using conventional procedures. The uranyl group enhances
the lability of the CO ligand with respect to nickel(). In
fact, the UO2–RhI complex decomposes slowly by loss of
CO and solvolysis of the Rh(CO)+ fragment. The NiII–RhI

complex, which is more stable, exists in solution as two con-
formational isomers. The [Rh–CO]+ fragment of both bime-
tallic complexes undergoes oxidative addition of MeI.
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Experimental Section
General Methods: Reactions involving air- and moisture-sensitive
compounds were carried out under nitrogen using standard
Schlenk line techniques. Tetrahydrofuran was distilled from Na/K
alloy, acetonitrile from phosphorus pentoxide, and methanol from
magnesium turnings. 1H, 13C, and 2-D NOESY NMR spectra were
obtained with a Bruker AM-300 spectrometer. Chemical shifts are
reported in ppm relative to tetramethylsilane with (for 1H NMR)
chloroform (δ = 7.24 ppm) or dichloromethane (δ = 5.32 ppm) or
(for 13C NMR) CDCl3 (δ = 77.0 ppm), [D2]dichloromethane (δ =
53.1 ppm) or [D3]acetonitrile (δ = 118.2 ppm) as internal standards.
IR spectra were recorded for KBr pellets or in 0.1-mm CaF2 solu-
tion cells with a FT-IR Nicolet 510 instrument using the Omnic 4
software. ESI mass spectra were recorded with a Fisons Instru-
ments VG-Platform Benchtop LC-MS (positive ions). FAB mass
spectra were obtained with m-nitrobenzyl alcohol as matrix on a
VG-Quattro Instrument of the University of Tor Vergata, Roma.
Elemental analyses were performed by the Servizio di Microanalisi
of the Department of Chemistry, Università La Sapienza, Roma.
The compounds 3-(2-bromoethoxy)-2-(2-propenyloxy)benzalde-
hyde[22] and 2,6-bis(mercaptomethyl)pyridine[21,29a] were prepared
according to literature procedures. Commercial [RhCl(CO)2]2 was
purified by sublimation before use. Silica gel 60 was used for pre-
parative column chromatography, unless stated otherwise. Other
chemicals were used as supplied commercially.

2,6-Bis{[2-[3-formyl-2-(propenyloxy)phenyl]oxyethyl]thiomethyl}pyr-
idine (I): Sodium hydride (80% dispersion in mineral oil; 438 mg,
14.6 mmol) was introduced into a 250-mL, three necked flask and
washed three times with dry hexane under nitrogen. Tetra-
hydrofuran (50 mL) and a tetrahydrofuran solution of 2,6-bis(mer-
captomethyl)pyridine (1.24 g, 7.3 mmol) were introduced by can-
nula, and the mixture was stirred for 15 min. 3-(2-Bromoethoxy)-
2-(2-propenyloxy)benzaldehyde (4.13 g, 14.5 mmol) was added
dropwise to the resulting solution. After 12 h at reflux, the reaction
mixture was poured into water and chloroform, and extracted with
chloroform (3×50 mL). The combined organic layers were washed
with 0.5  NaOH (3 ×30 mL), twice with water, then dried with
sodium sulfate. After filtration, evaporation of the solvent under
vacuum afforded 3.9 g of crude product, which appeared in a TLC
analysis (silica/chloroform) as the most intense spot with a reten-
tion factor of 0.11–012, preceded and followed by weaker spots.
Purification by column chromatography with chloroform as eluent
gave pure I as a yellow, sticky oil in 54% yield. 1H NMR (CDCl3):
δ = 10.38 (s, 2 H, CHO), 7.60 (t, J = 7.7 Hz, 1 H, py 4-H), 7.38
(pseudo-t, J = 4.7 Hz, 2 H, aryl 5-H), 7.23 (d, J = 7.7 Hz, 2 H, py
3,5-H), 7.05 (pseudo-d, J = 4.7 Hz, 4 H, aryl 4,6-H), 6.08–5.94 (m,
2 H, =CH), 5.34–5.18 (m, 4 H, =CH2), 4.65–4.62 (m, 4 H, OCH2),
4.11 (t, J = 6.7 Hz, 4 H, OCH2CH2S), 3.85 (s, 4 H, pyCH2S), 2.92
(t, J = 6.5 Hz, 4 H, OCH2CH2S) ppm. 13C NMR (CDCl3): δ =
190.17 (CHO), 158.06 (py C-2), 151.72, 151.20 (Ar C-2, C-3),
137.49 (py C-4), 133.03 (CH=), 130.06 (Ar C-1), 123.94, 121.24,
119.15, 118.82 (py C-3 and Ar C-4, C-5, C-6), 119.34 (=CH2), 75.07
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(OCH2CH=CH2), 67.98 (OCH2), 38.01 (pyCH2S), 30.41
(OCH2CH2S) ppm. FT-IR (dichloromethane): ν̃max = 1687 cm–1

(C=O). ESI (acetonitrile): m/z = 580.7 [M + 1]+, 602.4 [M + Na]+,
618.8 [M + K]+. C31H33NO6S2·H2O (597.74): calcd. C 62.29, H
5.90, N 2.34, S 10.73; found C 62.62, H 5.64, N 2.64, S 10.82.

2,6-Bis{[2-(3-formyl-2-hydroxyphenyl)oxyethyl]thiomethyl}pyridine
(II): Formic acid (0.28 mL, 7.5 mmol), triethylamine (freshly dis-
tilled from over sodium; 1.0 mL, 7.5 mmol), triphenylphosphane
(49 mg, 0.19 mmol), palladium acetate (10 mg, 0.046 mmol), and
compound I were dissolved in 11 mL of ethanol/water/tetra-
hydrofuran (5:1:5). The yellow solution was kept under reflux for
2 h, then the solvents were removed in vacuo. The residue was ex-
tracted with water (50 mL) and chloroform (3×50 mL). The com-
bined extracts were washed with water (3×50 mL) and dried with
sodium sulfate. Evaporation in vacuo gave 667 mg of crude product
as a sticky, red oil. Purification of this material was carried out by
column chromatography using a mixture of petroleum ether and
acetone (2:1, v/v) to afford pure II in 60% yield. Compound II
appears as the most intense spot in a TLC analysis from hexane/
acetone (1:1) with Rf = 0.56. When the reaction was performed
under more dilute conditions, the deallylation process was slower
and incomplete. On the other hand, longer reaction times produced
decomposition of the expected product. 1H NMR (CDCl3): δ =
11.14 (s, 2 H, OH), 10.08 (s, 2 H, CHO), 7.71 (t, J = 7.7 Hz, 1 H,
py 4-H), 7.41 (d, J = 8.0 Hz, 2 H, py 3,5-H), 7.20 (dd, 3J = 7.7, 4J
= 1.5 Hz, 2 H, Ar 6-H), 6.93 (dd, 3J = 7.8, 4J = 1.3 Hz, 2 H, Ar 4
H), 6.82 (pseudo-t, J = 7.9 Hz, 2 H, Ar 5-H), 4.17 (t, J = 6.2 Hz,
4 H, OCH2CH2S), 4.01 (s, 4 H, pyCH2S), 2.76 (t, J = 6.1 Hz, 4 H,
OCH2CH2S) ppm. 13C NMR (CDCl3): δ = 194.50 (CHO), 157.93
(py C-2), 151.56 (Ar C-3), 146.99 (Ar C-2), 137.99 (py C-4), 132.08
(Ar C-1), 128.53 (Ar C-5), 123.31, 122.21, 119.22 (py C-3 and Ar
C-4, C-6), 69.99 (OCH2), 37.39 (SCH2py), 29.14 (OCH2CH2S)
ppm. FT-IR (tetrahydrofuran): ν̃max = 1658 cm–1 (C=O). ESI
(ace toni t r i l e ) : m /z = 500 .4 [M + 1] + , 522 .3 [M + Na] + .
C25H25NO6S2·H2O (517.62): calcd. C 58.01, H 5.26, N 2.71, S
12.39; found C 58.56, H 5.60, N 2.45, S 11.15.

Nickel(II) Complex 1: Separate solutions of cis-1,2-diaminocyclo-
hexane (0.115 mL, 0.96 mmol) in 70 mL of methanol and dialde-
hyde II (475 mg, 0.95 mmol) in 70 mL of methanol/tetrahydrofuran
were added simultaneously, within 1 h, to a refluxing solution of
Ba(CF3SO3)2 (430 mg, 0.99 mmol) in 250 mL of dry methanol. The
solution of II was prepared by dissolving compound II in 10 mL
of tetrahydrofuran, followed by addition of methanol up to the
desired volume. After 30 min, Ni(CH3COO)2·4H2O (249 mg,
1.0 mmol) was added. The solution turned brown and was kept at
reflux for 50 min, then cooled to room temperature. The solvent
was removed under vacuum, and the residue was extracted with
dichloromethane. The organic solution was washed with saturated
aqueous solutions of sodium sulfate (3×100 mL), sodium hydrogen
carbonate (1 × 100 mL), and sodium chloride (1 × 100 mL), then
dried with sodium sulfate. After filtration and removal of the sol-
vent under vacuum, the crude product was separated into two
equal portions, each of which was purified by column chromatog-
raphy over alumina deactivated with 3% of water. Initial elution
with dichloromethane separated two yellow bands of a material
which was not identified. Continued elution with dichloromethane/
methanol (at first 150:1, then 100:1) moved a long, brown band,
which left the product as a red-brown solid (93 mg from the first
portion of crude material and 90 mg from the second; combined
yield 30%). 1H NMR ([D2]dichloromethane): δ = 7.65 (t, J = 8 Hz,
1 H, py 4-H), 7.37 (s, 2 H, CH=N); 7.26 (d, J = 8 Hz, 2 H, py 3,5-
H), 6.79 (dd, 3J = 8.2, 4J = 1.5 Hz, 2 H, Ar 4-H), 6.75 (dd, 3J =
7.6, 4J = 1.5 Hz, 2 H, Ar 6-H), 6.45 (pseudo-t, J = 7.8 Hz, 2 H, Ar
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5-H), 4.05 (t, J = 7.8 Hz, 4 H, –CH2OAr), 3.83 (s, 4 H, pyCH2S),
3.45 (br. s, 2 H, cy 7-H), 2.92 (d, J = 7.9 Hz, 4 H, –CH2CH2S),
2.29 (br. m, 2 H, cy 8-H), 1.93 (s, 2 H, H2O), 1.69 (br. m, 2 H, cy
8-H), 1.41 (m, 4 H, cy 9-H) ppm. 1H NMR (CDCl3): δ = 7.61 (t,
J = 7.5 Hz, 1 H, py 4-H); 7.25 (d, J = 8 Hz, 2 H, py 3,5-H), 7.04
(s, 2 H, ArCHN), 6.71 (d, J = 7.4 Hz, 2 H, Ar 4-H), 6.47 (d, J =
7.6 Hz, 2 H, Ar 6-H), 6.30 (pseudo-t, J = 7.7 Hz, 2 H, Ar 5-H),
4.08 (m, 4 H, –CH2OAr), 3.84 and 3.81 (AB system: ∆ν = 7.1 Hz,
4 H, pyCH2S), 3.56 (br. s, 2 H, cy 7-H), 2.89 (m, 4 H, SCH2CH2O),
2.32 (s, 2 H, H2O), 2.21 (br. m, 2 H, cy 8-Ha), 1.60 (br. m, 2 H, cy
8-Hb), 1.35 (br. m, 4 H, cy 9-H) ppm. 13C NMR (CDCl3): δ =
159.2 (CH=N), 158.6 (py C-2), 155.9, 149.1 (Ar C-2, C-3), 137.6
(py C-4), 125.4, 121.4, 120.8, 117.1, 113.5 (py C-3 and Ar C-1, C-
4, C-5, C-6), 67.6 (CH2OAr), 67.4 (br. s, cy C-7), 37.7 (pyCH2S),
30.0 (CH2S), 27.32 (C-8), 20.9 (C-9) ppm. ESI (acetonitrile): clus-
ters centered at m/z = 635 [1 + H+], 657 [1 + Na+]. FT-IR (KBr):
ν̃max = 1614 cm–1 (vs, C=N), 1572, (py) 1543, 1470, 1446 (vs, Ar),
1322, 1229 (s),1085, 1002, 864, 739 (s). Analytically pure material
was obtained by precipitation upon addition of pentane to a solu-
tion in dichloromethane. C31H33N3NiO4S2·H2O (652.45): calcd. C
57.07, H 5.41, N 6.44; found C 57.38, H 4.64, N 6.15.

Uranyl Complex 2: Separate solutions of cis-1,2-diaminocyclohex-
ane (0.068 mL, 0.576 mmol) in 50 mL of methanol and dialdehyde
II (288 mg, 0.576 mmol) in 50 mL of methanol/tetrahydrofuran
were added simultaneously, within 1 h, to a refluxing solution of
Ba(CF3SO3)2 (251 mg, 0.576 mmol) in 200 mL of dry methanol.
The solution of II was prepared by dissolving compound II in 5 mL
of tetrahydrofuran, followed by addition of methanol up to the
desired volume. After 30 min, UO2(CH3COO)2·2H2O (244 mg,
0.576 mmol) was added. The solution was kept at reflux for 30 min,
then cooled to room temperature. The solvent was removed under
vacuum, and the residue was extracted with dichloromethane. The
organic solution was washed with saturated aqueous solutions of
sodium sulfate (3 × 100 mL), sodium hydrogen carbonate
(1×100 mL), and sodium chloride (1 ×100 mL), then dried with
sodium sulfate. After filtration and removal of the solvent under
vacuum, the crude product was purified by column chromatog-
raphy. Elution was first performed using dichloromethane, which
slowly separated a yellow band. Subsequent elution with dichloro-
methane/methanol (500:1) separated out a second yellow band
from the top of the column. Neither of these materials was the
expected product and they were not identified. A red band was
eluted with dichloromethane/methanol (100:1), and collected as a
red powder after removal of solvent. Pure uranyl macrocycle 2 was
obtained by precipitation with hexane from a concentrated dichlo-
romethane solution (140 mg, 29% yield). 1H NMR ([D2]dichloro-
methane): δ = 9.31 (s, 2 H, CH=N), 7.79 (t, J = 7.6 Hz, 1 H, py 4-
H), 7.49 (d, J = 7.6 Hz, 2 H, py 3,5-H), 7.24 and 7.22 (two dd, 3J
= 6.5, 4J = 1.4 Hz, 2 H + 2 H, Ar 4-H and 6-H), 6.70 (pseudo-t,
J = 7.8 Hz, 2 H, Ar 5-H), 4.66 (br. m, 2 H, cy 7-H), 4.57 and 4.49
(AB system, ∆ν = 24 Hz, 4 H, pyCH2S), 4.48 (t, J = 5.1 Hz, 4 H,
–CH2OAr), 3.13 (t, J = 5.1 Hz, 4 H, –CH2S), 2.44 (m, 2 H, cy 8-H),
1.99 (m, 2 H, cy 8-H), 1.75 (m, 4 H, cy 9-H) ppm. 13C NMR ([D2]-
dichloromethane): δ = 167.2 (CH=N), 159.4 (py C-2), 157.5, 149.7
(Ar C-2, C-3), 138.48 (py C-4), 126.0, 123.3, 122.1, 116.8, 116.0 (py
C-3 and Ar C-1, C-4, C-5, C-6), 71.14 (cy C-7), 69.76 (–CH2OAr),
38.32 (pyCH2S), 31.58 (CH2S), 27.36 (C-8), 21.42 (C-9) ppm. ESI
(methanol): positive, cluster centered at m/z = 847 [2 + H+]. FT-
IR (KBr): ν̃max = 1612 cm–1 (vs, C=N), 1594 (py), 1522, 1466, 1451,
1309, 1246, 1223, 1086, 898 (s, UO2), 738. FT-IR (dichlorometh-
ane): ν̃max = 1616 cm–1 (vs, C=N), 1597, 1575 (py), 1555, 1456 (vs).
C31H33N3O6S2U·2H2O (881.80): calcd. C 42.22, H 4.23, N 4.77;
found C 42.77, H 4.16, N 4.62.
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NiII–RhI Complex 3: In a Schlenk tube, 52.1 mg (0.082 mmol) of
the macrocyclic nickel complex 1 was suspended in 3 mL of dry
methanol and stirred under argon at room temperature. [RhCl(CO)
2]2 (16 mg, 0.041 mmol) dissolved in 2 mL of methanol was then
added with a cannula from another Schlenk tube into the suspen-
sion of 3 to afford a clear, amber solution. An infrared analysis of
the solution after 10 min showed the presence of an intense peak
at 2009 cm–1, and the absence of the 2088 and 2014 cm–1 bands
of the dicarbonylchlororhodium dimer. Addition of a methanolic
solution (2 mL) of NH4PF6 (85 mg) caused the formation of an
orange solid, and the mixture was stirred for a few minutes. The
solid was then allowed to deposit and the solvent was decanted off.
The precipitate was washed twice with cold methanol and vacuum-
dried to leave 42 mg of an orange powder. Addition of 0.5 mL of
pentane to the reaction solution caused the precipitation of an ad-
ditional 10 mg of solid. Both materials were characterized by in-
tense infrared absorptions near 2020 cm–1 in dichloromethane solu-
tion. Overall yield 70%. The compound is moderately air-sensitive,
as indicated by the slow decay of intensity of the carbonyl infrared
band upon standing in air. 1H NMR ([D2]dichloromethane): δ =
7.98 (t, J = 7 Hz, 4-H py) and 7.86 (m due to the minor isomer, 1
H, py 4-H), 7.59 (d, J = 8 Hz, 2 H, py 3,5-H), 7.31 and 7.38 (2×s
due to the minor isomer, 2 H, CH=N), 6.83 (d, J = 7 Hz, 2 H, Ar
4-H), 6.68 (br. s, 2 H, Ar 6-H), 6.40 (br. s, 2 H, Ar 5-H), 4.72–4.50
(br. m, 8 H, pyCH2S and –CH2OAr), 3.47 and 3.68 (2×m, due to
the minor isomer, 4 H, CH2S; 5:1 ratio), 3.22 (br. s, 2 H, cy C-7),
2.24, 1.76, 1.39 (br. m, 8 H, cy 8,9-H) ppm. 13C NMR ([D3]acetoni-
trile, peaks of the major isomer): δ = 161.8 (ArCHN), 161.4 (py C-
2), 154.9, 147.8 (Ar C-2, C-3), 140.2 (py C-4), 127.5, 122.1, 121.9,
119.0, 115.3 (py C-3 and Ar C-1, C-4, C-5, C-6), 69.7 (br. s, cy C-
7), 68.4 (–CH2OAr), 47.0 (pyCH2S), 37.3 (–CH2S), 27.8 (C-8), 21.4
(C-9) ppm. FT-IR (dichloromethane): ν̃max 2026, 2017 cm–1 (vs,
CO), 1618 (s, C=N), 1606 (w, py), 1545, 1470, 1446. FT-IR (KBr):
ν̃max = 2013 cm–1 (CO), 1618 (C=N), 1544, 1444, 1321, 1230, 840,
741, 558. FAB: clusters centered at m/z =765.3 [3 + H+] and 737 [3
+ H+ – CO]. C32H33F6N3NiO5PRhS2

·3H2O (964.36): calcd. C
39.85, H 4.08, N 4.36; found C 39.54, H 3.52, N 4.40.

UO2–RhI Complex 4: The monometallic uranyl complex 2
(60.6 mg, 0.070 mmol) was suspended in 9 mL of methanol in a
Schlenk tube and stirred at room temperature. A yellow solution
of [RhCl(CO)2]2 (13.6 mg, 0.035 mmol) in 4 mL of methanol was
then added with a cannula and the suspension changed into a clear
red-orange solution. After 20 min, the infrared analysis of the solu-
tion showed an intense absorption at 2015 cm–1 and the absence of
the bands due to the starting rhodium dimer. A methanolic solu-
tion (3 mL) of NH4PF6 (155 mg) was added to the reaction flask,
causing the immediate formation of a red-brown powder. After stir-
ring for a few minutes the precipitate was allowed to settle, then
the solution was decanted off. The solid was washed twice with
cold methanol and vacuum-dried to give 17 mg of a brown-red
powder. A second crop precipitated out of the mother solution
upon standing under argon for a few hours (15 mg). Both crops
were characterized by an intense infrared absorption at 2015 cm–1

in dichloromethane. Yield: 42%. As in the case of complex 3, this
material is moderately air sensitive. FT-IR (dichloromethane): ν̃max

= 2020 cm–1 (s, CO), 1616 (vs, C=N), 1556, 1453; (KBr): ν̃max =
2011 cm–1 (CO), 1614 (C=N), 1553, 1450, 1400, 1306, 1230, 1085,
997, 890 (UO2), 844, 745, 558. FAB: clusters centered at m/z =
976.7 [4+] and 949 [4+ – CO]. C32H33F6N3O7PRhS2U (1121.7):
calcd. C 34.27, H 2.97, N 3.75; found C 34.32, H 3.67, N 3.32.

Crystal Structure Determination of the Macrocyclic Nickel Complex
1: The data were collected on a Philips PW1100 diffractometer
using Mo-Kα radiation (λ = 0.71069 Å), controlled by a local pro-
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gram.[31] The preliminary cell parameters were obtained from least-
squares plots of the (θ,χ,φ) angular values of 25 reflections (θ range
= 7.3–12.7°) accurately centered on the diffractometer. The inten-
sity of one standard reflection, recorded for every 100, showed a
decomposition of about 29%. The recorded data (θ range = 3–
27°) were corrected for this decay, for polarization, and for Lorentz
effects. The absorption correction was performed with the method
of Walker and Stuart,[32] using a program written by Gluzinski.[33]

The low quality of the employed crystal resulted in the low number
of observed reflections. The structure was solved by direct methods
with SIR97,[34] and refined full-matrix anisotropic least-squares
methods with SHELX97.[35] Most of the H atoms were found in a
difference Fourier map, and the remainder were put in their theo-
retical positions, refined by a few cycles with isotropic thermal pa-
rameters, and then blocked in the refined positions. The ORTEP
drawings were produced with the ORTEP-3 program.[36]

Crystal Structure Determination of the Macrocyclic Uranyl Complex
2: The data were collected on a Bruker AXS Smart CCD dif-
fractometer with Mo-Kα radiation (λ = 0.71069 Å) (θ range = 3–
29°). Auto-indexing was performed with an algorithm operating on
difference vectors derived from the input reflections. During the
data collection the specimen decomposed by about 23%. Data re-
duction, absorption, and decomposition corrections, structure
solution and refinement were all performed with the programs con-
tained in SHELXTL-NT V5.1.[37] The small dimensions of the em-
ployed crystal and its low quality resulted in a small number of
observed reflections. All the non-hydrogen atoms were refined an-
isotropically. While most of the hydrogen atoms were found in a
difference Fourier map, the remainder ones were put in their geo-
metrical positions, refined by a few cycles with isotropic thermal
parameters, and then blocked in the refined positions. The hydro-
gen atoms of the water molecule were not localized. Experimental
crystallographic information for both complexes 1 and 2 are re-
ported in Table 3.

Table 3. Selected crystallographic details for complexes 1 and 2.

1 2

Formula C31H33N3NiO4S2·H2O C31H33N3O6S2U·H2O
Formula weight 652.45 863.79
Crystal color amber red
Crystal shape prism prism
Size [mm] 0.29×0.34×0.39 0.09×0.15×0.20
Crystal system monoclinic monoclinic
Space group P21/c C2/c
a [Å] 15.866(3) 23.788(2)
b [Å] 11.983(4) 13.353(1)
c [Å] 16.505(2) 21.737(2)
β [°] 106.98(4) 112.24(3)
Cell volume [Å3] 3001.17 6390.91
µcalcd. [cm–1] 8.25 49.91
Temperature [K] 293(2) 293(2)
Z 4 8
h, k, l ranges –20/19, 0/15, 0/21 –30/14, –15/16, –28/28
No. collected 7085 19496
reflns.
No. indep. reflns. 6261 6843
Rint 0.08 0.14
No. reflns. obsd. 1828 2730
[I � 2σ(I)]
Final R factor 0.067 0.058
Final Rw factor 0.147 0.132
GOF 0.69 0.78
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CCDC-253882 (for 1) and -253883 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR, 13C NMR, and FT-IR spectra of complexes 1–4.
FT-IR spectra of the products of oxidative addition of methyl io-
dide to complexes 3 and 4.
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Diethyl [1�-(diphenylphosphanyl)ferrocenyl]phosphonate (1)
was synthesised by stepwise metallation/functionalisation of
1,1�-dibromoferrocene and studied as a ligand for palladi-
um(II) and group-12 metals. Treatment of [PdCl2(cod)] (cod =
η2:η2-cycloocta-1,5-diene) with 1 in 1:1 or 1:2 molar ratios
gave, respectively, the dinuclear, chloride-bridged complex
[{Pd(µ-Cl)Cl(1-κP2)}2] (2) and the mononuclear complex
trans-[PdCl2(1-κP2)2] (3), where 1 coordinates exclusively
through the phosphane function. The reactions between 1
and group-12 metal bromides MBr2 in a 1:1 molar ratio gave
the adducts [MBr2(1)] [M = Zn (4), Cd (5), and Hg (6)], whose
crystal structures change considerably with the metal ion.
Thus, whereas 4 is a molecular complex with 1 coordinating
as an O1,P2-chelate, its cadmium(II) analogue is a polymer
built up from symmetric {CdBr(µ-Br)}2 units interconnected

Introduction
Ferrocene donors have attracted considerable attention

as valuable ligands for coordination compounds and cata-
lytic applications. Among the numerous multidentate ferro-
cene donors that have been synthesised during the last few
decades, chiral, mixed-donor (typically PN) ligands derived
from a 1,2-disubstituted ferrocene backbone have proved to
be particularly successful.[1] In contrast, the related unsym-
metrical, 1,1�-disubstituted ferrocene derivatives have been
studied much less.[2] This applies particularly to donors
whose asymmetry arises from the presence of two different
phosphorus groups. To date only a few ferrocene diphos-
phanes Ph2PfcPR2 {fc = ferrocene-1,1�-diyl; PR2 =
PPh(tBu),[3] P(tBu)2,

[4] and P(C6H4Y-4)2, Y = OMe,
CF3

[5]}, phosphanylphosphonites Ph2PfcP(OR)2,[6] and
dppf semi-chalcogenides Ph2PfcP(E)R2 (E = O,[7] S, and
Se[8]) have been reported in the literature, which stands
markedly against the vast chemistry of the “popular”, sym-
metric ferrocene diphosphane 1,1�-bis(diphenylphosphanyl)-
ferrocene (dppf).[9]

Recent interest in the synthesis and coordination chemis-
try of ferrocene phosphonate esters and acids[10] led us to
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by pairs of O1,P2-bridging phosphanylphosphonate ligands.
Finally, the mercury(II) complex 6 is a halide-bridged dimer,
[{Hg(µ-Br)Br(1-κP2)}2]. However, this compound is structur-
ally fluxional in solution (NMR spectra) and, in the crystal, it
attains a structure similar to 5 owing to weak interactions
between mercury and phosphonate-O1 atoms from adjacent
molecules. An isomer to 6, [{HgBr2(1-κ2O1,P2)}2] (7), was iso-
lated from attempted alkylation of 6 and structurally charac-
terised as a dimer, where ligands 1 bridge two {HgBr2} units.
All compounds were studied by spectroscopic methods (IR,
NMR, mass) and the solid-state structures of 1, 2·½H2O,
3·4CHCl3, 4, 5, 6·5C6H6, and 7 have been determined by
single-crystal X-ray diffraction.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

design the ferrocene phosphanylphosphonate ligand
Ph2PfcP(O)(OEt)2 (1) and study its coordination behaviour.
In this contribution, we report the synthesis, characterisa-
tion and structures of this ligand and its complexes with
palladium() and group-12 metals. It should be noted that
compound 1 was reported as an intermediate in the synthe-
sis of diphosphanes Ph2PfcPH2 and Ph2PfcPR2 [PR2 =
(R,R)-2,5-dimethylphospholan-1-yl] while this work was in
progress.[11] However, no investigation into its donor prop-
erties was mentioned.

Results and Discussion
Diethyl [1�-(diphenylphosphanyl)ferrocenyl]phosphonate

(1) was prepared by lithiation of 1-bromo-1�-(diphenylphos-
phanyl)ferrocene followed by addition of diethyl chloro-
phosphate to the formed lithio intermediate, using the gene-
ral methodology developed by Butler et al.[7a] Subsequent
chromatography of the crude product contaminated with
(diphenylphosphanyl)ferrocene and some other minor im-
purities on alumina furnished a good yield of pure 1 as an
amber oil, which slowly crystallised upon standing at room
temperature (faster at +4 °C) to give an orange, waxy solid.
The compound was characterised by standard spectro-
scopic methods and its structure determined by X-ray dif-
fraction analysis (see Figure 1 and the section dealing with
the crystal structures below). It was then studied as a ligand
in palladium() and group-12 metal complexes.
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Figure 1. Molecular structure of 1 showing the atom-labelling
scheme; for the consecutively numbered ring atoms, only labels of
the pivotal atom and its adjacent ring carbon atoms are shown for
clarity (note: the atom-numbering scheme adopted for the ligand
moieties in all complexes is similar). Displacement ellipsoids are
scaled to the 30% probability level. Selected distances [Å] and
angles [°]: Fe–Cg(1) 1.6488(9), Fe–Cg(2) 177.00(5), P(1)–O(1)
1.467(2), P(1)–O(2) 1.587(2), P(1)–O(3) 1.572(2), P(1)–C(1)
1.761(2), P(2)–C(6) 1.813(2), P(2)–C(11) 1.838(2), P(2)–C(17)
1.831(2); Cg(1)–Fe–Cg(2) 177.00(5), range of O–P(1)–O angles
105.9(1)–115.7(1), range of C(1)–P(1)–O angles 98.59(9)–117.7(1),
range of C–P(2)–C angles: 100.88(9)–102.13(8), � Cp1,Cp2 4.5(1)°,
τ[C(1)–Cg(1)–Cg(2)–C(6)] = 155.2(1)°; Cg(1) and Cg(2) are the
centroids of the cyclopentadienyl rings C(1–5) (Cp1) and C(6–10)
(Cp2), respectively.

Palladium(II) Complexes

Depending on the stoichiometry, the reaction of [Pd(cod)-
Cl2] (cod = η2:η2-cycloocta-1,5-diene) with 1 gives either
the chloride-bridged dipalladium() complex trans-[{Pd(µ-
Cl)Cl(1-κP2)}2] (2) or the bis(phosphane) complex trans-
[PdCl2(1-κP2)2] (3; Scheme 1). Attempted removal of the
chloride ligands from 3 by treatment with AgClO4 gave an
intractable, dark-red, oily residue that shows broad signals
in the NMR spectra.

The reaction in a 1:1 molar ratio in methanol produced
a dark-red, crystalline solid, which was structurally charac-
terised as trans-[{Pd(µ-Cl)Cl(1-κP2)}2] (2). The spectro-
scopic data for 2 give no clear signs about the coordination
mode of the phosphanylphosphonate ligand and do not al-
low us to distinguish between two possible isomeric forms,
namely 2 and [PdCl2(1-κ2O1,P2)]. For instance, the 1H
NMR spectra exhibit markedly downfield-shifted ferrocene
signals (as compared to 1 and 3) but practically unaffected
signals for the ethoxy groups [∆δH(CH2) � +0.03 ppm]
whilst the 31P NMR spectra show two distinct signals at δP

= 24.6 and 31.1 ppm due to the phosphonate and phos-
phanyl groups, respectively {coordination shifts [∆δP =
δP(complex) – δP(ligand)] of 48.1 (PIII) and –1.1 ppm (PV),
recorded in CDCl3}.
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Scheme 1.

More information about the structure of 2 was obtained
from the far-IR spectrum, which contains a strong band at
356 cm–1 (with shoulder at 350 cm–1), and several bands at
249–256 cm–1 attributable to ν(PdCl) stretching vibrations
involving the terminal and bridging chloride ligands,
respectively. An unambiguous proof of the compound
structure came from the X-ray diffraction analysis (Fig-
ure 2). Crystals amenable to the diffraction analysis were
obtained directly from the reaction mixture. However, since
the poor quality of the available crystals (disorder of the
phosphonate group and crystal defects) resulted in a rela-
tively low overall quality of the structural data, only the
most important structural features will be addressed
here.[12]

The structure determination for 2 revealed a doubly ha-
lide-bridged dimeric structure with a sym-trans geometry.
Remarkably, the dihedral angle subtended by the {PdCl2P}
least-squares planes is as high as 40.91(5)°, which is rather
uncommon for compounds of this type. A search in the
Cambridge crystallographic database[13] revealed that the
observed tilting of the coordination planes is among the
highest observed.[14] As expected, the Pd–Cl bonds to ter-
minal chlorides (2.27 Å) are significantly shorter than those
to bridging ones (2.33–2.44 Å). The Pd–P bonds in 2 are
about 0.12 Å shorter than those in 3 (see below), which can
be ascribed to a lower trans influence of the chloride ligand
in comparison with the phosphane donor, and possibly also
to a less sterically strained structure of 2 where the two
bulky phosphanylphosphonate ligands are separated by the
Pd(µ-Cl)2Pd core.

For complex 3, which is formed at a 2:1 ligand-to-metal
ratio, the exclusive P-coordination of 1 is clearly manifested
by a considerable shift to lower fields for the phosphanyl
signal and practically unaffected phosphonate resonance
[∆δP(PIII) = 32.3 ppm/∆δP(PV) = –0.6 ppm]. The 31P coordi-
nation shifts for the palladium complexes reflect a relatively
higher trans influence of the phosphane donor (see also
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Figure 2. A view of the structure of complex 2 as determined for the solvate 2·½H2O. For clarity, the solvating water molecule and
hydrogen atoms have been omitted and only one orientation of the disordered phosphonate group [the group involving the P(11) atom]
is shown. Displacement ellipsoids are drawn at the 20% probability level. The atom-numbering scheme is analogous to that of 1; the first
digit is added to distinguish the symmetrically independent molecular parts. Selected distances [Å] and angles [°]: Pd(1)–Cl(11) 2.273(2),
Pd(1)–Cl(12) 2.329(2), Pd(1)–Cl(22) 2.443(2), Pd(1)–P(12) 2.229(2), Pd(2)–Cl(21) 2.273(2), Pd(2)–Cl(12) 2.415(2), Pd(2)–Cl(22) 2.325(2),
Pd(2)–P(22) 2.227(2); Cl(11)–Pd(1)–Cl(22) 92.48(5), Cl(11)–Pd(1)–P(12) 93.54(6), Cl(12)–Pd(1)–Cl(22) 83.88(5), Cl(12)–Pd(1)–P(12)
90.06(6), Cl(12)–Pd(2)–Cl(21) 91.70(6), Cl(12)–Pd(2)–Cl(22) 84.58(6), Cl(21)–Pd(2)–P(22) 88.19(7), Cl(22)–Pd(2)–P(22) 95.85(6), Pd(1)–
Cl(12)–Pd(2) 89.50(6), Pd(1)–Cl(12)–Pd(2) 88.92(5).

above), which causes the 31P NMR resonance to shift to
higher field.[16] Simple phosphanes behave similarly; see, for
instance, the pair of related complexes trans-[{Pd(µ-Cl)-
Cl(L)}2] (∆δP = 39.5 ppm) and trans-[PdCl2L2] (∆δP =
29.4 ppm), where L is tri-p-tolylphosphane.[15]

The 1H NMR spectra of 3 spectra exhibit a shift to lower
field for all ferrocene signals but virtually no change for
the phosphonate ethoxy groups. The 13C NMR spectrum
displays resonances due to the carbon atoms at the phos-
phanyl-substituted cyclopentadienyl and phenyl rings as
virtually coupled triplets arising from ABX spin systems
[12C-31P(A)-(metal)-31P(B)-13C(X)] with relatively large JA,B

values.[16] Very similar features have been observed for the
related complex with P-monodentate 1�-(diphenylphos-
phanyl)ferrocenecarboxylic acid (Hdpf), trans-[PdCl2(Hdpf-
κP)2].[17] The solid-state structure of the solvate 3·4CHCl3
was determined by single-crystal X-ray diffraction analysis
(see below).

Group-12 Metal Complexes

Mixing the phosphanylphosphonate 1 with bromides of
divalent group-12 metals in a 1:1 molar ratio in acetone
and subsequent crystallisation by diffusion of diethyl ether
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vapour gave adducts [MBr2(1)] [M = Zn (4), Cd (5), and
Hg (6)] as air-stable, yellow-orange, crystalline solids.[18]

However, the exact formulation for these compounds as
based on spectral evidence and crystallographic data (see
below) is rather complex and differs for all the members
of the series. Thus, whereas compound 4 is a monomeric
tetrahedral complex featuring 1 as an O,P-chelating donor,
[ZnBr2(1-κ2O1,P2)], its cadmium analogue is a coordination
polymer in which dinuclear {Cd(µ-Br)Br}2 units are linked
into infinite chains by means of symmetric pairs of the
O1,P2-bridging phosphanylphosphonate ligands (see
Scheme 2). This is reflected also by the very poor solubility
of 5 compared to the well soluble 4 and 6.

The 31P NMR spectrum of 4 is clearly indicative of O,P-
chelate coordination by showing a pair of doublets at δP =
–19.9 and 26.1 ppm (3JP,P = 5 Hz) assignable to the mutu-
ally coupled phosphane and phosphonate phosphorus
atoms, respectively. The coordination shifts (∆δP) of –2.9
(PIII) and +0.4 (PV) ppm correspond favourably with the
shifts observed for [ZnCl2L] complexes with P,P�-chelating
symmetric ferrocene diphosphanes [L/∆δP = dppf/
–4.5 ppm,[19] and dippf/–6.6 ppm; dippf = 1,1�-bis(diisoprop-
ylphosphanyl)ferrocene],[20] and a complex containing two
O1-monodentate diethyl ferrocenylphosphonate ligands,
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Scheme 2. Schematic drawing of structures of the products arising from group-12 metal dibromides and 1. For compound 5, the arrows
indicate where propagation of the one-dimensional infinite polymeric chain occurs.

[ZnCl2{FcPO3Et2-κO1}2] (∆δP = +0.7 ppm in CD3OD, Fc
= ferrocenyl).[10c] Furthermore, the coordination of the
phosphonate group is manifested by a shift of the multiplet
due to the OCH2 protons by about 0.3 ppm to lower field
in the 1H NMR spectrum.

The IR spectra of 4 and 5 in the region down to about
300 cm–1 exhibit mostly bands due to the ligand; useful in-
formation about the coordination geometry is provided by
the far-IR region. In the case of 4, two bands attributable
to symmetric and antisymmetric ν(ZnBr) stretching vi-
brations are observed at 219 and 251–254 cm–1, respectively,
close to the values reported for [ZnBr2(PPh3)2] (236 and
205 cm–1).[21] The far-IR spectrum of 5 exhibits a pair of
bands as well (at 193 and 158 cm–1). The positions of these
bands assignable to ν(CdBr) stretching vibrations involving
terminal and bridging bromide atoms correspond to those
of the binuclear, halide-bridged complex [{Cd(µ-Br)-
Br(PCy3)}2], which, however, features only tetracoordinate
cadmium centres (208 and 169–144 cm–1).[22] Notably, the
ν(ZnBr)/ν(CdBr) ratios for the band pairs (1.31 and 1.39)
correspond well to the expected value obtained from the
mass factor: [Ar(Cd)/Ar(Zn)]½ � 1.31.

As revealed by X-ray analysis, compound 6 is a symmet-
ric, halide-bridged dimer with the ligand coordinating as a
simple phosphane: [{Hg(µ-Br)Br(1-κP2)}2] (Scheme 2). The
solution NMR spectroscopic data, particularly the rela-
tively large 1JHg,P coupling constant and the coordination
shift ∆δP(PIII) of 41.4 ppm, indicate that this structure is
most likely retained in solution (cf. the parameters for
[HgBr2(PPh3)2] (1JHg,P = 4240 Hz/∆δP = 27.3 ppm) and
[{Hg(µ-Br)Br(PPh3)}2] (1JHg,P = 6450 Hz/∆δP = 32.6 ppm)
recorded in CDCl3/CH2Cl2, 1:1[23]). However, a detailed
NMR study revealed a fluxional behaviour in solution: the
spectra of 6 change with temperature, solvent and also with
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the sample concentration (see Table 1 and Figures S1 and
S2 in the Supporting Information). Upon raising the sam-
ple temperature, the signal due to the phosphane group
(PIII) in the 31P NMR spectrum shifts to lower fields while
the coupling to 199Hg increases. In contrast, the phos-
phonate resonance moves upfield with increasing tempera-
ture. In the 1H NMR spectrum the major change occurs in
the region of the ferrocene cyclopentadienyl resonances: the
signals due to the phosphonate ethoxy groups exhibit prac-
tically constant chemical shifts (note that the multiplet of
the methylene group is not entirely invariant as it becomes
better resolved at higher temperatures).

Table 1. Variable temperature (VT) 31P{1H} NMR spectroscopic
data for 6.[a]

T δ(PV) δ(PIII) 1JHg,PIII

[°C] [ppm] [ppm] [Hz]

+50 23.73 – –[b]

+25 23.88 24.38 6587
0 24.06 23.69 6702
–25 24.22 23.52 6809
–50 24.35 23.02 6908
+25[c] 23.88 24.56 6560

[a] The spectra were recorded for a 0.036  solution in CDCl3. The
VT 1H and 31P{1H} NMR spectra are available as Supporting In-
formation (see Figures S1 and S2, respectively). Reference data for
1: δP = –17.0 (PIII) and 25.7 ppm (PV) (in CDCl3 at 25 °C). [b] Not
detected due to signal broadening. [c] Data for a 0.018  solution.

These spectral characteristics resemble in some respects
the solution behaviour of the phosphane complexes
[HgX2(PR3)2],[23] and are clearly indicative of structural
fluxionality. Considering the NMR and structural data (see
below), as well as the donor ability of the ligand, the dy-
namic processes occurring in solutions of [HgBr2(1)] may
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be formulated as shown in Scheme 3. One may expect the
hybrid donor 1 to coordinate to the soft mercury atom
more strongly through its phosphane group than through
the phosphonate oxygen. The inherent weakness of Hg–O
bonds would facilitate the formation of tricoordinate spe-
cies I which, in turn, can give rise to intermediate II (by
closure of the O,P-chelate ring with the Hg–P bond acting
as a pivot) or, by dimerisation, to the halide (6) or O,P-1-
bridged (7) dimers. As mentioned above, the NMR spectro-
scopic data indicate that the solution equilibrium is shifted
in favour of dimer 6. However, since solvent, concentration
and temperature influence the overall distribution, individ-
ual components may separate from solutions of [HgBr2(1)]
depending on their relative solubility in the reaction media
(see the structure of 7 below).

Scheme 3. Schematic depiction of the exchange equilibria of
[HgBr2(1)].

Figure 3. Molecular structure of 3·4CHCl3. Displacement ellipsoids are drawn at the 30% probability level; the solvate molecules have
been omitted for clarity. Half of the molecule is generated by a (crystallographic) inversion operation, the centre of which coincides with
the palladium atom.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 926–938930

Crystal Structures

The crystal structure of the solvate 3·4CHCl3 (Figure 3,
Table 2) corroborates the expected trans square-planar co-
ordination of the palladium atom. The molecule of the
complex is perfectly planar and centrosymmetric due to the
imposed crystallographic symmetry. Nevertheless, owing to
the steric bulk of the P-bonded (diphenylphosphanyl)ferro-
cenyl ligands, the interligand angles deviate slightly from
the ideal value of 90°. The ferrocene units in 3 are rotated
with respect to the coordination plane by approximately
53°, which seems to minimise the steric interactions of the
bulky phosphane ligands by bringing the “PC3” moieties of
the phosphanylferrocene ligands into a close-to-staggered
conformation. This coordination geometry seems to be
common to all structurally characterised complexes
involving 1�-functionalised ferrocene phosphanes: trans-
[PdCl2(Ph2PfcX-κP)], where X = CO2H,[17] P(O)Ph2,[24]

SMe,[25] and (S)-4-isopropyl-4,5-dihydrooxazolyl-1-yl.[26]

Table 2. Selected bond lengths [Å] and angles [°] for 2·4CHCl3.[a]

Pd–Cl 2.2984(7) Cl–Pd–P(2) 86.71(2)
Pd–P(2) 2.3467(6) Cl–Pd–P(2i) 93.29(2)
P(1)–O(1) 1.467(3) O–P(1)–O[b] 101.3(2)–115.3(2)
P(1)–O(2) 1.572(3) C(1)–P(1)–O[c] 100.4(1)–115.6(2)
P(1)–O(3) 1.593(3) Pd–P(2)–C[d] 110.89(9)–121.1(1)
P(1)–C(1) 1.755(3) C–P(2)–C[e] 102.3(1)–104.8(1)
P(2)–C(6) 1.802(3)
Fe–Cg(1) 1.650(1) � Cp1,Cp2 2.7(2)
Fe–Cg(2) 1.650(1) τ[f] –135.8(2)

[a] Symmetry operations used to generate equivalent positions: i:
–x, –y, 2 – z. Definition of the ring planes: Cp1: C(1–5); Cp(2):
C(6–1). Cg(1) and Cg(2) are the respective ring centroids. [b] The
range of O(1)–P–O(2,3) and O(2)–P(1)–O(3) angles. [c] The range
of C(1)–P(1)–O(1,2,3) angles. [d] The range of Pd–P(2)–C(6,11,17)
angles. [e] The range of C(6)–P(2)–C(11,17) and C(11)–P(2)–C(17)
angles. [f] Torsion angle C(1)–Cg(1)–Cg(2)–C(6).
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The ligand phosphonate groups, which do not participate

in coordination, are rotated away from the phosphanyl sub-
stituent such that the disubstituted ferrocene framework
adopts a conformation near to anti-eclipsed with a τ angle
of 136° (cf. the ideal value of 144°). Due to the symmetry of
the crystal assembly, the phosphonate groups in individual
molecules are inclined towards each other, forming polar
domains that accommodate the solvate: each phosphonate
moiety binds two solvent molecules by O···H–CCl3 hydro-
gen bonds to its phosphoryl oxygen atom [C(80)–H(80)···
O(1i): C(80)···O(1i) 3.134(5) Å, angle at H(80) 147°; C(90)–
H(90)···O(1i): C(90)···O(1i) 3.014(5) Å, angle at H(80) 167°;
i (x, 1 + y, z). Consequently, the overall crystal packing
can be described as molecular, built up from {2(CHCl3)4}
repeating units.

As mentioned above, the solid-state structures of 1:1
complexes involving all group-12 metals [MBr2(1)] [M = Zn
(4), Cd (5) and Hg (6)] were established by single-crystal X-
ray diffraction. Furthermore, an isomer of the latter com-
pound (denoted as 7, Scheme 3) was also structurally char-
acterised. Crystals of 7 suitable for diffraction analysis were
obtained from an attempted alkylation of 6 with iodome-
thane in methanol, followed by evaporation and crystallisa-
tion of the residue from acetone/diethyl ether. Although the
IR and solution NMR spectra of the bulk material are vir-
tually identical with the starting material 6, their crystal
structures differ markedly. Structural drawings for 4–7 are
shown below; selected structural parameters are listed in
the appropriate tables.

Clearly, the structures change with the metal and are dic-
tated by a subtle interplay between the hardness of the cen-
tral atom and the donor abilities of the functional groups
available at the ferrocene ligand. With zinc, the smallest and
hardest (though polarizable) metal in group 12, the ligand
coordinates through both donor groups to form a molecu-

Table 3. Selected bond lengths [Å] and angles [°] for 4.[a]

Molecule 1 Molecule 2

Zn(1)–Br(11) 2.3602(5) Zn(2)–Br(21) 2.3661(5)
Zn(1)–Br(12) 2.3401(5) Zn(2)–Br(22) 2.3636(5)
Zn(1)–P(12) 2.4097(8) Zn(2)–P(22) 2.4249(8)
Zn(1)–O(11) 2.008(2) Zn(2)–O(21) 2.004(2)
P(11)–O(11) 1.479(2) P(21)–O(21) 1.481(2)
P(11)–O(12) 1.559(2) P(21)–O(22) 1.551(2)
P(11)–O(13) 1.577(2) P(21)–O(23) 1.571(2)
P(11)–C(101) 1.757(3) P(21)–C(201) 1.747(3)
P(12)–C[b] 1.794(3)–1.824(3) P(12)–C[c] 1.800(3)–1.825(3)
Angles at Zn(1) 101.44(6)–116.85(2) angles at Zn(2) 99.17(6)–115.73(2)
Zn(1)–O(11)–P(11) 144.0(1) Zn(2)–O(21)–P(21) 145.3(1)
O–P(11)–O[d] 101.8(1)–116.4(1) O–P(21)–O[e] 101.5(1)–116.7(1)
C–P(12)–C[f] 103.6(1)–106.8(1) C–P(22)–C[g] 104.5(1)–107.9(1)
Fe(1)–Cg(11) 1.650(1) Fe(2)–Cg(21) 1.645(2)
Fe(1)–Cg(21) 1.647(1) Fe(2)–Cg(21) 1.648(2)
� Cp(11),Cp(12) 2.9(2) � Cp(21),Cp(22) 1.8(2)
τ(1)[h] 53.0(2) τ(2)[i] –60.2(2)

[a] Definitions of the ring planes: Cp(11) C(101–105), Cp(12) C(106–110), Cp(21) C(201–205), Cp(22) C(206–210). Cg(ij) denotes the
respective ring centroid. [b] The range of P(12)–C(106,C111,C117) bond lengths. [c] The range of P(22)–C(206,C211,C217) bond lengths.
[d] The range of O(11)–P(11)–O(12,13) and O(12)–P(11)–O(13) angles. [e] The range of O(21)–P(21)–O(22,23) and O(22)–P(21)–O(23)
angles. [f] The range of C(106)–P(12)–C(111,117) and C(111)–P(12)–C(117) angles. [g] The range of C(206)–P(22)–C(211,217) and C(211)–
P(22)–C(217) angles. [h] Torsion angle C(101)–Cg(11)–Cg(12)–C(106). [i] Torsion angle C(201)–Cg(21)–Cg(22)–C(206).
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lar chelate (Figure 4, Table 3). The unit cell of 4 contains
two symmetrically independent but structurally very similar
molecules of the complex that differ slightly in the mutual
orientation of the ferrocene ligand and the embedded
ZnBr2 motif, and further by conformation of the flexible
ferrocene, phenyl and ethoxy groups. The coordination
spheres around the zinc atoms in both molecules are quite
regularly tetrahedral, albeit with rather varying zinc–donor
distances: the coordination mode can be described as [3+1]
with Zn–Br � Zn–P � Zn–O. The individual bond lengths
are comparable with the data reported for

Figure 4. A view of the molecular structure of complex 4 (molecule
1). Displacement ellipsoids enclose 30% probability. Atom labels
for molecule 2 (see text) are obtained by adding one to the first
digit of the respective atom label in molecule 1.
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[ZnCl2{FcP(O)(OEt)2-κO1}2] [Zn–O 1.978(4), P=O
1.467(4), P–OEt 1.555(4) and 1.568(4), P–C 1.770(6) Å][10c]

and [ZnCl2(dippf-κ2P,P�)] (Zn–P av. 2.415 Å).[20b]

The solid-state structure of cadmium complex 5 (Fig-
ure 5) is relatively complicated (Scheme 2, Table 4). For-
mally, the “CdBr2” units associate into dimers through two
bromide bridges. In addition, each cadmium atom is coor-
dinated to two phosphanylphosphonate ligands (once
through P=O and once through PPh2) and thus has a coor-
dination number of five. The dicadmium {Cd2Br4} units are
interconnected by means of symmetric ligand pairs to form
infinite one-dimensional ribbons (Scheme 2; see also Fig-
ure 6).

Figure 5. A view of the dicadmium core in 5. Atomic radii corre-
spond to the isotropic displacement parameters (Uiso); symmetry
codes: i: 1 – x, 1 – y, –z; ii: 1 – x, 1 – y, 1 – z; iii: x, y, z – 1.

Table 4. Selected bond lengths [Å] and angles [°] for 5.[a]

Cd–Br(1) 2.5556(4) O(1)–Cd–Br(2i) 167.50(5)
Cd–Br(2) 2.6458(4) O(1)–Cd–Br(1) 94.82(5)
Cd–Br(2i) 2.8373(3) O(1)–Cd–Br(2) 86.82(5)
Cd–P(2ii) 2.6306(7) O(1)–Cd–P(2ii) 87.60(5)
Cd–O(1) 2.394(2) Br(2i)–Cd–Br(1) 97.05(1)
Cd···Cdi 4.0737(3) Br(2i)–Cd–Br(2) 84.10(1)
P(1)–O(1) 1.481(2) Br(2i)–Cd–P(2ii) 89.41(2)
P(1)–O(2) 1.571(2) Br(1)–Cd–Br(2) 118.44(1)
P(1)–O(3) 1.566(2) Br(1)–Cd–P(2ii) 122.06(2)
P(1)–C(1) 1.771(3) Br(2)–Cd–P(2ii) 119.50(2)
P(2)–C[b] 1.804(2)–1.823(3) O–P(1)–O[c] 100.3(1)–115.0(1)

C–P(2)–C[d] 103.2(1)–104.5(1)
Fe–Cg(1) 1.648(2) � Cp(1),Cp(2) 1.3(2)
Fe–Cg(2) 1.643(2) τ(1)[e] –155.9(2)

[a] Definitions of the ring planes: Cp(1) C(1–5), Cp(2) C(6–10);
Cg(i) denotes the respective ring centroid. Symmetry operations
used to generate equivalent positions: i: 1 – x, 1 – y, –z; ii: 1 – x,
1 – y, 1 – z. [b] The range of P(2)–C(6,11,17) bonds lengths. [c] The
range of O(1)–P(1)–O(2,3) and O(2)–P(1)–O(3) angles. [d] The
range of C(6)–P(2)–C(11,17) and C(11)–P(2)–C(17) angles. [e] Tor-
sion angle C(1)–Cg(1)–Cg(2)–C(6).

The dicadmium core in 5 (Figure 5) is centrosymmetric
and its geometry is best described as two identical trigonal
bipyramids sharing an edge connecting the axial and equa-
torial positions. Because of the steric demands of the li-
gands and the different cadmium–donor distances [Cd–
O(1i) � Cd–Br(1) � Cd–P(2ii) � Cd–Br(2) � Cd–Br(2i);
for symmetry codes, see Figure 5], the trigonal bipyramidal
arrangements are markedly distorted. Nonetheless, the
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structural index parameter proposed by Addison et al.[27]

allows us to classify the donor set around the cadmium
atoms as trigonal bipyramid rather than a square pyramid
(this parameter has a value of 0.76; the values for an ideal-
ised trigonal bipyramid and square pyramid are 1 and 0,
respectively). It should be noted that pentacoordinate cad-
mium centres are relatively common, in line with the larger
atomic radius of the metal,[28] and has even precedents
among structurally characterised complexes featuring sim-
ple[29a] and functionalised phosphanes.[29b,29c]

The molecular structure of mercury complex 6 seems, a
priori, to be different from 5 as it consists of dimeric
[{HgBr2(1-κP2)}2] units (Figure 7, Table 5) as commonly
observed for 1:1 phosphane–mercury() halide complexes.
However, a closer inspection of the crystal structure reveals
the structures to be very similar. The atoms within the cells
of both compounds are distributed in a similar manner (see
Figure 6), which brings the phosphoryl oxygen O(1) and
mercury atoms from neighbouring molecules into proximity
[Hg···O = 2.788(2) Å]. Thus, the O(1) atom is capping the
{Br(1),Br(2),P(2)} face of a severely distorted tetrahedral
donor array formed by phosphane and bromide ligands, al-
though somewhat asymmetrically with respect to the Hg–
Br(2i) axis (i: 1 – x, –y, 1 – z), being displaced towards the
Br(2)···P(2) edge. As a result, the primary donor set around
the mercury atom exhibits severe angular deformation. The
protrusion of an extra donor into the coordination sphere
of mercury leads to a considerable opening of the Br(2)–
Hg–P(2) and, mainly, Br(1)–Hg–P(2) angles (up to about
134° in the latter case), which is compensated by closure of
the Br(2)–Hg–Br(2i) and Br(2i)–Hg–P(2) angles. It should
be noted that in view of the asymmetric “[4+1]” donor envi-
ronment around the mercury atom, the bonding situation
can be described equally well as highly distorted trigonal
pyramidal.

The coordination sphere around the mercury atom in 6
is also asymmetric as far as the mercury–donor atom bond
lengths are concerned: the three different Hg–Br bond
lengths vary by as much as 0.45 Å. As expected, the bond
to the terminal bromide Hg–Br(1) is the shortest one while
the Hg–Br(2i) distance is the longest. This clearly points to
a competition between the O(1) and Br(2i) atoms for the
coordination site at the mercury.

The bonding situation in solid 7, yet another isomer of
the [HgBr2(1)] adduct, is more straightforward. The crystal
structure (Figure 8, Table 6) consists of discrete centrosym-
metric dimers where two phosphanylphosphonate ligands
span two HgBr2 units {i.e., 7 can be formulated as [(µ-
1κP2:2κO1-1)(µ-1κO1:2κP2-1)(HgBr)2]}. The coordination
sphere around the mercury centres departs slightly from a
regular tetrahedron, most likely due to the presence of the
sterically encumbered phosphanylferrocene moiety and its
orientation towards the {Hg,Br(1),Br(2)} plane: the P(2)–
Hg–Br(1,2) angles are less acute, which, in turn, causes a
closure of the O(2ii)–Hg–Br(1,2) and O(2ii)–Hg–P(1) angles
(i: –x, 2 – y, –z). However, the deformation is much less
pronounced than in 6. The Hg–Br distances in 7 are very
similar and do not differ much from the remaining Hg–
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Figure 6. Views of the individual polymeric chain in the structure of 5 (top) and a part of the linear assembly of the dimeric molecules
of 6 in the solid state, emphasising the similarity of both structures [intermolecular Hg···O contacts are indicated with arrows; symmetry
operations: A: 1 – x, –y, 1 – z; B: 1 – x, 1 – y, 1 – z; C: x, 1 + y, z]. Hydrogen atoms and solvate molecules have been omitted to avoid
complicating the figure.

Figure 7. A view of the molecular structure of complex 6 as determined for the solvate 6·5C6H6 (solvent molecules have been omitted
for clarity). The dimeric molecule is perfectly centrosymmetric due to the imposed symmetry: the halves lie across the crystallographic
inversion centre that coincides with the midpoint of the central {Hg2Br2} ring. Displacement ellipsoids are drawn with 30% probability.
Symmetry operations: i: 1 – x, –y, 1 – z.

donor bond lengths (compare with 6). Remarkably, the Hg–
O(1ii) distance in 7 is only about 5% shorter than that in
6.[30]

A comparison of the structures determined for the free
and several forms of coordinated ligand 1 reveals that coor-
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dination of the ligand moiety does not alter its structure in
any significant way. The P=O bond lengths are practically
identical in all compounds regardless of whether the phos-
phonate group is free or bonded to a metal (the relative
elongation accompanying the coordination is typically less
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Table 5. Selected bond lengths [Å] and angles [°] for 6·5C6H6.[a]

Hg–Br(1) 2.5362(5) Br(1)–Hg–Br(2) 105.48(1)
Hg–Br(2) 2.6523(4) Br(1)–Hg–Br(2i) 100.76(1)
Hg–Br(2i) 2.9858(4) Br(1)–Hg–P(2) 134.49(3)
Hg–P(2) 2.4342(9) Br(2)–Hg–Br(2i) 83.85(1)
P(1)–O(1) 1.472(3) Br(2)–Hg–P(2) 118.95(3)
P(1)–O(2) 1.578(3) Br(2i)–Hg–P(2) 93.59(2)
P(1)–O(3) 1.571(4) Hg–Br(2)–Hgi 96.15(1)
P(1)–C(1) 1.776(4) O–P(1)–O[b] 102.3(2)–115.3(2)
P(2)–C[c] 1.791(4)–1.824(3) C–P(2)–C[d] 104.2(2)–106.1(2)
Fe–Cg(1) 1.657(2) �Cp(1),Cp(2) 1.0(2)
Fe–Cg(2) 1.654(2) τ(1)[e] –155.9(2)

[a] Definitions of the ring planes: Cp(1) C(1–5), Cp(2) C(6–10);
Cg(i) denotes the respective ring centroid. Symmetry operation
used to generate equivalent positions: i: 1 – x, –y, 1 – z. [b] The
range of O(1)–P(1)–O(2,3) and O(2)–P(1)–O(3) angles. [c] The
range of P(2)–C(6,11,17) bonds lengths. [d] The range of C(6)–
P(2)–(11,17) and C(11)–P(2)–C(17) angles. [e] Torsion angle C(1)–
Cg(1)–Cg(2)–C(6).

Table 6. Selected bond lengths [Å] and angles [°] for 7.[a]

Hg–Br(1) 2.5939(6) Br(1)–Hg–Br(2) 110.10(2)
Hg–Br(2) 2.5692(7) Br(1)–Hg–P(2) 127.60(3)
Hg–P(2) 2.446(2) Br(1)–Hg–O(1i) 99.8(1)
Hg–O(1i) 2.638(4) Br(2)–Hg–P(2) 122.14(4)
P(1)–O(1) 1.468(5) Br(2)–Hg–O(1i) 89.06(9)
P(1)–O(2) 1.574(5) P(2)–Hg–O(1i) 86.4(1)
P(1)–O(3) 1.571(5) O–P(1)–O[b] 102.2(2)–115.6(2)
P(1)–C(1) 1.777(5) C–P(2)–C[c] 104.2(3)–106.0(3)
P(2)–C[d] 1.799(5)–1.813(6)
Fe–Cg(1) 1.654(3) � Cp(1),Cp(2) 0.3(3)
Fe–Cg(2) 1.645(3) τ(1)[e] 155.2(5)

[a] Definitions of the ring planes: Cp(1) C(1–5), Cp(2) C(6–10);
Cg(i) are the respective ring centroids. Symmetry operation used to
generate equivalent positions: i: –x, 2 – y, –z. [b] The range of O(1)–
P(1)–O(2,3) and O(2)–P(1)–O(3) angles. [c] The range of C(6)–
P(2)–(11,17) and C(11)–P(2)–C(17) angles. [d] The range of P(2)–
C(6,11,17) bonds lengths. [e] Torsion angle C(1)–Cg(1)–Cg(2)–C(6).

Figure 8. Molecular structure of compound 7. Similarly to 6, the parts of the dimeric structure are related by a crystallographic inversion
operation. Displacement ellipsoids are shown with 30% probability.
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than 1%). Likewise, the O–P–O angles at the phosphonate
group do not change upon coordination; in all the struc-
tures determined, the O(1)–P(1)–O(2,3) angles are about
10–15° less acute than the remaining angle O(2)–P(1)–O(3).
On the other hand, the coordination of the diphenylphos-
phanyl moiety leads to a slight opening of the C–P(2)–C
angles, which thus approach values closer to the tetrahedral
ones, albeit without influencing the P(2)–C bond lengths in
any significant manner.

More importantly, coordination causes conformational
changes to the ferrocene framework. In the free ligand as
well and in the complexes, where it acts as an O,P bridge in
a discrete dimer (7), a polymeric chain (5), and in a supra-
molecularly interacting assembly (6), the 1,1�-disubstituted
ferrocene unit adopts a conformation between syn-eclipsed
(τ = 144°) and anti-staggered (τ = 180°), with the torsion
angles falling in the very narrow range of 155–156°.[31] On
the other hand, the P2-monodentate ligands in hydrated 2
and 3·4CHCl3 have the donor groups rotated towards each
other, as indicated by τ values of 103/92° (for ligand moie-
ties 1/2) and about 136°, respectively. Chelate coordination
of 1 in the zinc() complex 4 brings the donor groups even
further into proximity, which is reflected by the τ values
of around 53° and 60° for molecules 1 and 2, respectively,
indicating an intermediate conformation between syn-stag-
gered (36°) and syn-eclipsed (72°) for the ferrocene unit.

Conclusions
In summary, organometallic phosphanylphosphonate 1,

which is accessible in good yield by sequential metallation/
functionalisation of 1,1�-dibromoferrocene, is a typical ex-
ample of a hybrid ligand that is novel to ferrocene chemis-
try. In palladium() complexes it binds predominantly
through the phosphanyl group. However, the participation
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in coordination of the hard phosphonate group can be trig-
gered by increasing the hardness of the ligated metal. This
is exemplified by the crystal structures of group-12 metal
complexes 4–7, where the increasing hardness of the metal
cation results in an increase of the role of O1 � M dative
bonding. The hybrid nature of 1 is reflected also by the
behaviour of “[HgBr2(1)]” in solution: the presence of a
weakly coordinating group (phosphonate) renders this ad-
duct structurally fluxional and also allows for isolation of
isomeric complexes (6 and 7).

It should be pointed out that the direct structural (crys-
tallographic) data discussed in this paper represent the most
complete series available thus far for a single phosphanyl-
phosphonate ligand.[32] The data not only demonstrate the
flexible nature of 1 as a ligand in the individual molecules
of the complexes but also its potential to act as a building
block in supramolecular coordination structures. Further
investigations into the coordination properties of 1 aimed
at new structural motifs are currently underway.

Experimental Section
Materials and Methods: The synthesis of 1 was carried out under
argon using tetrahydrofuran (THF) freshly distilled from potas-
sium-benzophenone ketyl. The complexes were synthesised in ar-
gon-flushed vessels with exclusion of direct daylight. Chloroform
and benzene were dried with anhydrous potassium carbonate and
potassium, respectively. Acetone was dried with phosphorus pent-
oxide, distilled, and stored over activated molecular sieves (4 Å). 1-
Bromo-1�-(diphenylphosphanyl)ferrocene was prepared from 1,1�-
dibromoferrocene as reported in the literature.[7a] Other chemicals
(Lachema, Fluka) and solvents used for crystallisations (methanol,
diethyl ether and hexane; Lachema) were used as received.

NMR spectra were recorded with a Varian Unity Inova spectrome-
ter (1H: 399.95; 13C: 100.58; 31P: 161.90 MHz) at 25 °C (unless
noted otherwise). Chemical shifts (δ, ppm) are given relative to in-
ternal tetramethylsilane (13C and 1H) or to external 85% aqueous
H3PO4 (31P). The phosphorus-substituted cyclopentadienyl rings
represent AA�BB�X spin systems (A, B = 1H, X = 31P), which give
rise to characteristic non-binomial multiplets in the 1H NMR spec-
tra. Hence, the multiplicity of the signals of these magnetically non-
equivalent protons is given as virtual triplet (vt) or virtual quartet
(vq). A similar notation is used for virtual triplets occurring in
the 13C{1H} NMR spectrum of 3. Note: the J� values given below
represent an average of the (n)JP,C and (n+2)JP,C coupling constants
in the ABX spin system 12C-31P(A)-(metal)-31P(B)-13C(X).[16] IR
spectra were measured with an FT IR Nicolet Magna 650 (all com-
pounds in the range 4000–400 cm–1, the complexes also in the far-
IR region: 600–100 cm–1). Positive-ion electron impact (EI) and
fast atom bombardment (FAB) mass spectra were measured with
a ZAB SEQ spectrometer. Electrospray (ESI) mass spectra were
recorded with a Bruker Esquire 3000 spectrometer; the samples
were dissolved in methanol or firstly in a little chloroform and then
diluted with a large excess of methanol.

Diethyl [1�-(Diphenylphosphanyl)ferrocenyl]phosphonate (1): Butyl-
lithium (2.4 mL 2.5  in hexanes, 6 mmol) was slowly added to a
stirred solution of 1-bromo-1�-(diphenylphosphanyl)ferrocene
(2.25 g, 5.0 mmol) in THF (50 mL) at –80 °C (temperature in bath).
The mixture, which darkened somewhat during the addition, was
stirred for another 30 min at the same temperature and then treated
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with diethyl chlorophosphate (0.9 mL, 6 mmol). The resulting yel-
low-brown solution was stirred for another 15 min at –80 °C and
then for 3 h at room temperature. The mixture was evaporated un-
der reduced pressure and the resulting orange-brown oil (contain-
ing precipitated LiCl) was purified by column chromatography on
alumina with chloroform/diethyl ether (2:3) as the eluent. The first
fraction containing mostly (diphenylphosphanyl)ferrocene was dis-
carded and the second, major band was collected and carefully
evaporated under vacuum to give 1 as a viscous, amber oil, which
crystallised upon standing at +4 °C. Yield: 2.185 g (86%). 1H
NMR (CDCl3): δ = 1.30 (t, 3JH,H = 7.1 Hz, 6 H, CH3), 4.03–4.14
(m, 4 H, OCH2), 4.21 (vt, 2 H), 4.26 (d of vt, 2 H), 4.39 (vq, 2 H),
4.58 (vt, 2 H) (fc), 7.29–7.38 (m, 10 H, PPh2) ppm. 13C{1H} NMR
(CDCl3): δ = 16.44 (d, 3JP,C = 7 Hz, CH3), 61.73 (d, 2JP,C = 6 Hz,
OCH2), 67.59 (d, 1JP,C = 215 Hz, CPV of fc), 72.29 (d, JP,C =
15 Hz), 72.92 (dd, JP,C = 14 and 1 Hz), 73.39 (d, JP,C = 4 Hz), 74.26
(d, JP,C = 14 Hz) (4×CH of fc), 77.70 (d, 1JP,C = 8 Hz, CPIII of fc),
128.19 (d, JP,C = 7 Hz), 128.62, 133.44 (d, JP,C = 20 Hz) (3×CH of
PPh2), 138.60 (d, 1JP,C = 10 Hz, Cipso of PPh2) ppm. 31P{1H} NMR
(CDCl3): δ = –17.0 (PIII), +25.7 (PV) ppm. IR (neat): ν̃ = 3069 (m),
3052 (m), 2981 (s), 2903 (m) ν(C–H); 1478 (s), 1434 (s), 1389 (s),
1369 (m), 1249 (vs), 1188 (s), 1162 (m), 1096 (m), 1050 (vs), 1030
(vs), 961 (vs), 831 (s), 794 (m), 746 (s), 699 (s), 595 (s), 492 (s), 454
(m) cm–1. EI MS: m/z (%) = 507 (25), 506 (100) [M+·], 449 (5) [M –
C4H9]+ or [M – C2H5 – C2H4]+, 321 (12) (possibly [FeC5H4POPh2]+;
see ref.[33]), 226 (6), 225 (18), 201 (19), 198 (6), 197 (5), 183 (35),
171 (16), 170 (10), 141 (5), 133 (8), 121 (14), 119 (13), 56 (5).
HRMS calcd. for C26H28

56FeO3P2: 506.0863; found 506.0860.

Preparation of trans-[{Pd(µ-Cl)Cl(1-κP2)}2] (2): Solid [PdCl2(cod)]
(57 mg, 0.20 mmol) and 1 (107 mg, 0.21 mmol) were mixed with
methanol (3 mL). The solids quickly dissolved to give a burgundy-
red solution. The mixture was stirred at room temperature for
90 min and then allowed to stand at –18 °C for several days. The
separated microcrystalline solid was filtered off, washed with di-
ethyl ether and dried under vacuum. Yield: 105 mg (76%) of dark
red-brown solid (the product typically contains traces of 2 detect-
able in the 31P NMR spectrum). A crystal selected directly from
the reaction mixture (prior to the isolation) was shown to be the
solvate 2·½H2O. 1H NMR (CDCl3): δ = 1.33 (t, 3JH,H = 7.1 Hz, 6
H, CH3), 4.07–4.20 (m, 4 H, OCH2), 4.70 (vq, 2 H), 4.76 (vq, 4
H), 4.81 (vq, 2 H), 5.27 (br. s, 2 H) (fc), 7.34–7.65 (m, 10 H, PPh2)
ppm. 13C{1H} NMR (CDCl3): δ = 16.49 (d, 3JP,C = 6 Hz, CH3),
62.03 (d, 2JP,C = 6 Hz, OCH2), 68.96 (very br. d, 1JP,C � 210 Hz,
CPV of fc), 70.22 (d, 1JP,C = 67 Hz, CPIII of fc), 73.59 (d, JP,C =
15 Hz), 74.35 (d, JP,C = 9 Hz), 75.89 (d, JP,C = 13 Hz), approx.
76.97 (d, JP,C � 10 Hz, CH of fc; partly obscured by the solvent
signal), 128.23 (d, JP,C = 6 Hz, CH of PPh2), 128.34 (d, 1JP,C =
61 Hz, Cipso of PPh2), 134.69 (d, JP,C = 2 Hz), 133.70 (d, JP,C =
12 Hz, CH of PPh2) ppm. 31P{1H} NMR (CDCl3): δ = +24.6 (PV),
+31.1 ppm (PIII) (tentative assignment). IR (Nujol): ν̃ = 1246 (m),
1184 (m), 1166 (m), 1100 (m), 1027 (vs), 969 (m), 956 (m), 842 (w),
753 (m), 692 (m), 594 (m), 545 (m), 522 (m), 480 (s) cm–1. Far-IR
(polyethene): ν̃ = 356 (s), 350 (sh), 258 (s), 147 (m), 229 (w), 155 (w)
cm–1. ESI MS: m/z = 933, 647 [Pd(1)Cl]+. C52H56Cl4Fe2O6P4Pd2

(1367.3): calcd. C 45.68, H 4.13; found C 45.24, H 4.17.

Preparation of trans-[PdCl2(1-κP2)2] (3): Neat 1 (112 mg,
0.22 mmol) was added to a suspension of [PdCl2(cod)] (29 mg,
0.10 mmol) in chloroform (4 mL). The yellow complex quickly dis-
solved to give a red solution, which was allowed to stand for 30 min
at room temperature and was then layered with hexane (ca. 10 mL)
and allowed to crystallise at 0 °C for several days to afford 2 as an
orange, crystalline solid. The complex forms solvates with varying
chloroform content: the crystals isolated directly from the mother
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liquor and immediately analysed by X-ray diffractions were shown
to be the solvate 3·4CHCl3. The main portion of the crystalline
product, which was isolated by filtration, washed with a little hex-
ane and dried in air, was characterised as 3·3CHCl3 (114 mg, 74%;
orange crystals). 1H NMR (CDCl3): δ = 1.30 (td, 3JH,H = 7.1, 4JP,H

= 0.5 Hz, 6 H, CH3), 4.02–4.15 (m, 4 H, OCH2), 4.58 (vq, 2 H),
4.66 (s, 4 H), 4.89 (d of vt, 2 H) (fc), 7.34–7.62 (m, 10 H, PPh2)
ppm. 13C{1H} NMR (CDCl3): δ = 16.45 (d, 3JP,C = 7 Hz, CH3),
61.85 (d, 2JP,C = 6 Hz, OCH2), 68.33 (d, 1JP,C = 214 Hz, CPV of
fc), 72.83 (vt, J� = 27 Hz, CPIII of fc), 72.95 (d, JP,C = 15 Hz, CH
of C5H4PV), 74.35 (vt, J� = 4 Hz, CH of C5H4PIII), 74.92 (d, JP,C

= 13 Hz, CH of C5H4PV), 76.70 (m, CH of C5H4PIII; obscured by
the solvent signal), 127.84 (vt, J� = 5 Hz), 130.43 (2×CH of PPh2),
130.90 (vt, J� = 25 Hz, Cipso of PPh2), 134.11 (vt, J� = 6 Hz, CH
of PPh2) ppm. 31P{1H} NMR (CDCl3): δ = +15.3 (PIII), +25.1 (PV)
ppm. IR (Nujol): ν̃ = 1248 (s), 1179 (s), 1169 (s), 1096 (m), 1056
(s), 1030 (vs), 965 (vs), 836 (m), 797 (m), 745 (s), 692 (m), 592 (m),
504 (s) cm–1. Far-IR (polyethene): ν̃ = 354 (m), 189 (w) cm–1.
ESI MS: m/z = 1211/1213 [M + Na]+, 1153/1155 [M – Cl]+,
1119/1121 [Pd(1) + H]+, 861 [Pd(1)2 – FeC5H4PO3Et2]+.
C52H56Cl2Fe2O6P4Pd·3CHCl3 (1654.5): calcd. C 42.67, H 3.84;
found C 42.71, H 3.82.

Preparation of [ZnBr2(1-κ2O1,P2)] (4): Phosphonate 1 (58 mg,
0.11 mmol) and anhydrous zinc() bromide (23 mg, 0.10 mmol)
were dissolved in acetone (2 mL). The resulting orange solution
was stirred for one day and then allowed to crystallise by diffusion
of diethyl ether vapour. Well-developed orange crystals of the prod-
uct, which formed during several days, were filtered off, washed
with hexane and dried under reduced pressure. Yield: 52 mg (71%).
1H NMR (CDCl3): δ = 1.41 (td, 3JH,H = 7.0, 4JP,H = 0.7 Hz, 6 H,
CH3), 4.26–4.37 (m, 4 H, OCH2 and CH of fc), 4.45 (ddq, J = 7.8,
9.9 Hz, 3JH,H = 7.0 Hz, 2 H, OCH2), 4.56 (vq, 2 H), 4.65 (d of vt,
2 H), 4.79 (vq, 2 H) (fc), 7.39–7.71 (m, 10 H, PPh2) ppm. 13C{1H}
NMR (CDCl3): δ = 16.19 (d, 3JP,C = 7 Hz, CH3), 64.46 (d, 1JP,C =
223 Hz, CPV of fc), 64.61 (d, 2JP,C = 6 Hz, OCH2), 69.19 (d, 1JP,C

= 42 Hz, CPIII of fc), 72.83 (d, JP,C = 15 Hz), 73.37 (d, JP,C = 7 Hz),
73.62 (d, JP,C = 16 Hz), 75.52 (d, JP,C = 11 Hz) (CH of fc), 128.88
(d, JP,C = 7 Hz, CH of PPh2), 129.37 (d, 1JP,C = 38 Hz, Cipso of
PPh2), 131.06 (d, JP,C = 2 Hz), 133.74 (d, JP,C = 13 Hz) (CH of
PPh2) ppm. 31P{1H} NMR (CDCl3): δ = –19.9 (d, 3JP,P = 5 Hz,
PIII), +26.1 (d, 3JP,P = 5 Hz, PV). IR (Nujol): ν̃ = 1212 (s), 1177 (s),
1100 (m), 1027 (vs), 983 (w), 966 (w), 845 (w), 828 (m), 813 (m),
754 (m), 743 (m), 694 (m), 592 (s), 489 (s), 466 (s) cm–1. Far-IR
(polyethene): ν̃ = 356 (m), 317 (m), 317 (m), 2351 (s), 244 (s), 219
(s) cm–1. ESI MS: m/z = 651 [Zn(1)Br]+, 529 [1 + Na]+.
C26H28Br2FeO3P2Zn (731.50): calcd. C 42.69, H 3.86; found C
42.68, H 3.76.

Preparation of [CdBr2(1-κ2O,P2)] (5): Phosphonate 1 (56 mg,
0.11 mmol) and CdBr2·4H2O (35 mg, 0.10 mmol) were suspended
in a mixture of acetone (2 mL) and methanol (1 mL), and the reac-
tion mixture was stirred for 1 d. The solids quickly dissolved to
give a clear, orange solution. Crystallisation and isolation as above
afforded 5 as an orange, crystalline solid (64 mg, 82%). IR (Nujol):
ν̃ = 1212 (vs), 1178 (vs), 1095 (m), 1067 (m), 1047 (m), 1022 (vs),
982 (m), 964 (m), 837 (w), 795 (w), 751 (s), 697 (s), 591 (s), 498 (s),
486 (m), 458 (w), 442 (w) cm–1. Far-IR (polyethene): ν̃ = 367 (m),
336 (m), 321 (m), 266 (m), 254 (m), 214 (w), 193 (s), 158 (s), 116
(m) cm–1. ESI MS: m/z = 699 [Cd(1)Br]+, 529 [1 + Na]+.
C26H28CdBr2FeO3P2 (778.52): calcd. C 40.11, H 3.63; found C
40.04, H 3.62.

Reaction of HgBr2 with 1 to Form 6: A mixture of phosphonate 1
(57 mg, 0.11 mmol), HgBr2 (36 mg, 0.10 mmol) and acetone (2 mL)
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was stirred at room temperature. The solids dissolved quickly to
give a clear, orange solution, which immediately deposited a yellow
precipitate. After stirring for 30 min, the mixture was transferred
to a freezer and allowed to stand at –18 °C overnight. The sepa-
rated solid was filtered off, washed with diethyl ether (3×2 mL)
and dried under vacuum. Yield of 6: 75 mg (87%) of a yellow,
powdery solid. A similar reaction in benzene as the solvent (3 mL)
gave the microcrystalline solvate 6·5C6H6, which quickly decom-
poses in air by losing solvent. Crystals suitable for X-ray measure-
ments were taken directly from the reaction and covered with
paraffin oil to prevent their decomposition. The selected specimen
was fixed onto a glass fibre with wax and transferred to the dif-
fractometer (see also X-ray crystallography below). 1H NMR
(CDCl3): δ = 1.29 (t, 3JH,H = 7.1 Hz, 6 H, CH3), 4.00–4.14 (m, 4
H, OCH2), 4.47 (vq, 2 H), 4.69 (d of vt, 2 H), 4.77 (br. vq, 2 H),
4.86 (br. vt, 2 H) (fc), 7.52–7.79 (m, 10 H, PPh2) ppm. 13C{1H}
NMR (CDCl3): δ = 16.42 (d, 3JP,C = 7 Hz, CH3), 62.05 (d, 2JP,C =
6 Hz, OCH2), 68.11 (d, 1JP,C = 60 Hz, CPIII of fc), 69.11 (d, 1JP,C

= 60 Hz, CPV of fc), 73.34 (d, JP,C = 15 Hz), 74.30 (d, JP,C = 13 Hz),
75.08 (d, JP,C = 13 Hz), 75.94 (d, JP,C = 9 Hz) (CH of fc), 127.71
(d, 1JP,C = 54 Hz, Cipso of PPh2), 129.55 (d, JP,C = 12 Hz, CH of
PPh2), 132.46 (d, JP,C = 3 Hz), 133.53 (d, JP,C = 13 Hz) (CH of
PPh2) ppm. 31P{1H} NMR (CDCl3): δ = 24.3 (s with 199Hg satel-
lites, 1JHg,P = 6610 Hz, PIII), +23.9 (d, 3JP,P = 5 Hz, PV). Note:
the spectra change with the sample concentration (see Table 1). IR
(Nujol): ν̃ = 1225 (s), 1185 (m), 1099 (m), 1065 (m), 1051 (m), 1019
(s), 977 (w), 963 (m), 845 (m), 750 (m), 694 (m), 596 (m), 518 (w),
498 (s), 845 (w), 468 (w) cm–1. Far IR (polyethene): ν̃ = 343 (w),
316 (w), 264 (w), 254 (m), ν(HgBr) 182 (sh), 176 (s) cm–1. ESI MS:
m/z = 787 [Hg(1)Br]+, 529 [1 + Na]+. C26H28Br2FeHgO3P2

(866.70): calcd. C 36.03, H 3.26; found C 35.95, H 3.24.

Attempted Alkylation of 6. Isolation of 7: Neat methyl iodide
(0.31 mL, 5 mmol) was added to a solution of 6 prepared in situ
by stirring HgBr2 (36 mg, 0.10 mmol) and 1 (57 mg, 0.11 mmol) in
methanol (2 mL) for 15 min. The mixture was stirred for 1 h at
room temperature, allowed to stand at 0 °C overnight, and then
evaporated under vacuum. The oily residue was dissolved in ace-
tone (ca. 2 mL) and crystallised by gas-phase diffusion of diethyl
ether over several days. The crystalline solid formed was filtered
off, washed with diethyl ether and dried under vacuum to give 7 as
an orange microcrystalline solid. Yield: 81 mg (93%). IR and solu-
tion NMR spectra of 7 are identical to those of 6.

X-ray Crystallography: Crystals suitable for single-crystal X-ray dif-
fraction analysis were selected directly from the reaction batch [1:
orange plate, 0.08×0.25×0.50 mm; 4: orange prism,
0.30×0.33×0.45 mm; 5: orange block, 0.15×0.20×0.20 mm,
6·5C6H6: fragment of a yellow plate, 0.08×0.08×0.28 mm (see
preparation of this compound above), 7: orange prism,
0.05×0.08×0.08 mm] or grown by recrystallisation from chloro-
form/hexane (2·4CHCl3: orange plate, 0.10×0.30×0.43 mm). Full-
set diffraction data (θ � 27.5°) were collected on a Nonius Kap-
paCCD diffractometer equipped with a Cryostream Cooler (Ox-
ford Cryosystems) using graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å) and analysed with the HKL program pack-
age.[34] The data were corrected for absorption by using the routines
incorporated in the diffractometer software (1, 4, 5, and 6·5C6H6:
Gaussian correction after indexation of the crystal faces;
2·4CHCl3: numerical correction from the indexed crystal shape;
7: numerical correction based on multiply measured diffractions);
transmission factor ranges are given in Table 7. The structures were
solved by direct methods (SIR97[35]) and refined by a weighted full-
matrix least-squares procedure on F2 (SHELXL97[36]). All non-hy-
drogen atoms were refined with anisotropic thermal motion param-
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Table 7. Crystallographic data and data-collection and structure-refinement parameters for 2·4CHCl3, and 4–7.[a]

Compound 1 2·4 CHCl3 4 5 6·5 C6H6 7

Formula C26H28FeO3P2 C56H60Cl14Fe2O6P4Pd[a] C26H28Br2FeO3P2Zn C26H28CdBr2FeO3P2 C82H86Br4Fe2Hg2O6P4
[b] C52H56Br4Fe2Hg2O6P4

M [g mol–1] 506.27 1667.32 731.46 778.49 2123.91 1733.37
Crystal system triclinic triclinic orthorhombic triclinic triclinic triclinic
Space group P1̄ (no. 2) P1̄ (no. 2) Pca21 (no. 29)[c] P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2)
a [Å] 8.4620(2) 9.2420(2) 19.1144(2) 11.2372(2) 11.3805(3) 11.4381(2)
b [Å] 12.4184(2) 9.6900(1) 17.1194(1) 11.4026(3) 13.1881(2) 11.4585(2)
c [Å] 12.7060(2) 20.6309(4) 17.5230(2) 13.0812(3) 14.8156(4) 12.1543(2)
α [°] 74.290(1) 98.613(1) 70.580(1) 87.526(2) 88.924(1)
β [°] 72.094(1) 90.8192(9) 78.680(1) 73.830(1) 83.964(1)
γ [°] 77.3483(9) 109.896(1) 61.164(1) 68.706(1) 61.7160(8)
Z 2 1 8 2 1 1
V [Å3] 1209.56(4) 1713.49(5) 5734.00(9) 1383.46(5) 1985.68(8) 1394.14(4)
Dcalcd. [g mL–1] 1.390 1.616 1.695 1.869 1.776 2.065
T [K] 150(2) 150(2) 150(2) 150(2) 150(2) 150(2)
µ(Mo-Kα) [mm–1] 0.781 1.363 4.267 1.323 6.356 9.027
T[d] 0.747–0.930 0.670–0.859 0.227–0.387 0.367–0.613 0.273–0.664 0.379–0.539
Reflns. total 35528 29888 97688 24724 31669 48178
Rint [%][e] 3.93 4.24 5.11 4.05 5.43 7.95
Unique/obsd.[f] reflns. 5556/4944 7818/6733 13125/11869 6346/5734 9106/7962 6395/5095
R (obsd. data) [%][g] 3.55 4.08 2.67 2.55 3.00 3.59
R, wR (all data)[%][g] 4.11, 9.89 5.01, 10.3 3.47, 5.27 3.03, 6.19 3.85, 714 5.56, 8.36
∆ρ [e Å–3] 1.05, –0.98 1.46, –0.54 1.34, –0.99 1.12, –0.94 0.98, –2.03 1.37, –1.74

[a] (C52H56Cl2Fe2O6P4Pd)(CHCl3)4. [b] (C26H28Br2FeHgO3P2)2(C6H6)5. [c] Flack’s enantiomorph parameter: –0.007(4). [d] The range of
transmission coefficients. [e] Rint = Σ|Fo

2 � Fo
2(mean)|/ΣFo

2, where Fo
2(mean) is the average intensity for symmetry-equivalent reflections.

[f] Diffractions with Io � 2σ(Io). [g] R = Σ||Fo| – |Fc||/Σ|Fo|, wR = [Σ{w(Fo
2 – Fc

2)2}/Σw(Fo
2)2]1/2.

eters whilst the hydrogen atoms were included in the calculated
positions and refined using the riding model. Relevant crystallo-
graphic data are given in Table 7. Geometric parameters and struc-
tural drawing were produced with a recent version of the Platon
program.[37]

CCDC-281044 (for 1), -281045 (for 2·½H2O), -281046 (for
3·4CHCl3), -281047 (for 4), -281048 (for 5), -281049 (for 6·5C6H6),
and -281050 (for 7) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): The Supporting Information contains VT 1H and 31P{1H }
NMR spectra for 6 (Figures S1 and S2).
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The Keggin dodecatungstoarsenato anion of HNa2[As-
W12O40] is inherently unstable in aqueous hydrogen perox-
ide and is mainly degraded to [AsO4{W2O2(µ-O2)2(O2)2}2]3–,
[HAsO4{W2O2(µ-O2)2(O2)2}]2– and [{WO(O2)2(H2O)}2(µ-O)]2–.
These anions were isolated as salts and identified by elemen-
tal and spectroscopic analyses. The salt with the formula
[(nC6H13)4]3[AsO4{W2O2(µ-O2)2(O2)2}2] was obtained from
the reaction of tungstic acid, “H2WO4” (or HNa2-
[AsW12O40]·nH2O), with aqueous hydrogen peroxide,
HNa2[AsO4]·7H2O and [(nC6H13)4N]Cl. The structure was re-
fined with R1 = 0.058 and wR2 = 0.067 [monoclinic C2 (no. 5);
a = 20.516(6) Å, b = 15.923(4) Å, c = 14.902(2) Å, β = 91.64(1)°,
Z = 2]. The vibrational spectra (IR and Raman) suggest that
the overall structure is maintained in organic solvents. The
close relation between the phosphate- and arsenate-based

Introduction

Heteroligand peroxo-transition-metal complexes possess
coordination spheres composed of one to three peroxo
groups, and one or more monodentate or polydentate li-
gands. The stability of the peroxo complex can be enhanced
and the reactivity of the coordinated peroxo group changed
by specific heteroligand combinations.[1–7] A novel class of
heteropolyoxoperoxometalate complexes has attracted at-
tention.[1–14] Representatives of this class are the tetranu-
clear complexes Q3[PO4{M2O2(µ-O2)2(O2)2}2] (denoted
“PM4”; compound 1: M = Mo and Q+ = amino-2 pyridin-
ium[8] or Q+ = [(nHex)4N]+;[9] compound 2: M = W and
Q+ = [(nHex)4N]+[10–12]) and the parent dinuclear com-
plexes [(nBu)4N]2[REO3{W2O2(µ-O2)2(O2)2}]·xH2O (com-
pound 3: R = OH and E = P[13] with x = 0; compound 4:
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complexes indicates that fluxional behaviour may exist for all
these di- and tetranuclear complexes. Fluxionality may play
a key role in the transfer of active oxygen (from peroxo
groups) to organic substrates via {WO(O2)2} units. It is shown
that the heteroligand [XOp]n– (X = As, HAs, MeAs, P, HP, etc.)
has a marked effect on the stoichiometric and regioselective
epoxidation of (R)-(+)-limonene to 1,2-epoxide at ambient
temperature, for a given pH of the aqueous phase. The oxo-
diperoxo complexes can be used to carry out epoxidation
stoichiometrically and regioselectively with (R)-(+)-limonene,
but can also be employed in a catalytic process in a two-
phase mixture at room temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

R = OH and E = As[14] with x = 0; compound 5: R = CH3

and E = As[14] with x = 1).
The dimeric moiety [M2O2(µ-O2)2(O2)2] is a building

block for these five anions. To the best of our knowledge,
it has not been observed in peroxotungsten complexes with
oxo,[15] oxalate[16] and carbonate[17] or in oxoperoxomolyb-
dates[18,19] with molybdate as assembling ligands,
[{MoO(O2)2}2(µ-MoO4){µ-O}]4– and [{{MoO(O2)2}2(µ-O)}2-
(µ4-MoO4)]6–. Complexes with[20] and without[20,21] the di-
meric moiety [M2O2(µ-O2)2(O2)2] have been synthesised
with sulfate as the assembling ligand.

On the one hand, it was shown that both the
“H3[PW12O40]·nH2O/(H2O2/H2O)” and the “H2WO4/
H3PO4/(H2O2/H2O)” systems involve common species,
[PWxOy]w–, x = 1–4. The Keggin-type heteropolyoxometal-
ate (POM) is degraded by H2O2 to form a variety of phos-
phatooxoperoxo complexes. These, along with other pure
oxoperoxotungstates,[13,22,23] for example [{WO(O2)2(H2O)}2-
(µ-O)]2–, have been characterised by IR, Raman, 31P and
183W NMR spectroscopy. In contrast with H4[SiW12O40]·
nH2O, more drastic conditions (70% H2O2 in water) have
to be used to degrade the Keggin-type polyanionic struc-
ture.[23] On the other hand, a new lacunary heteropolyoxo-
tetraperoxotungstate, related to the Keggin structure
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[(CoIIO4)W11O31(O2)4]10–, has been characterised by single-
crystal X-ray diffraction.[24] The authors underlined that the
different reactivities of lacunary and saturated Keggin com-
plexes (i.e. [PM12O40]3– where M = Mo or W) towards
aqueous H2O2 may be related to the longer M=O bonds of
the terminal oxygen atoms of cis-W(O)2 groups around the
vacancy that lead to cis-W(O)(O2). The conversion of
H3[PM12O40]·nH2O in the presence of hydrogen peroxide
should also require the intervention of lacunary precursors,
but in equilibrium with {MO2(OH)}+ or {MO2}2+ species,
which are converted to {MO(O2)2(H2O)2} moieties.[6,13,25]

Recent review articles focus on H2O2-based epoxidation ca-
talysed by lacunary polyoxometalates,[7] e.g. [γ-Si-
W10O34(H2O)2]4–. The nonlacunary heteropolyoxoperoxo-
metalates [PTiW11O39(O2)]5– and [PTi2W10O38(O2)2]7– have
also been reported.[26,27] In these compounds, the peroxo
ligands are probably bonded to the Ti atom (statistical dis-
order makes it impossible to locate the Ti atoms and the
peroxo ligands). These substituted polyoxometalates are
moderately active for olefin epoxidation with the use of
30% H2O2 (Operoxo/catalyst = 1200:2 mol/mol). It is in-
ferred that there is no degradation of the Keggin-structured
framework at 50 °C over 24 h,[27] although synergy may ex-
ist between the tungsten and titanium centres. The retention
of the Keggin unit of this Ti–POM was reinvestigated,[28]

but in some systems the isolable species are often not those
that lie along the principal reaction coordinates for the ca-
talysis.[6,25]

Although it was formerly accepted that the O–O bond
lengths are fairly constant and do not depend on the nature
of the metal ligands, we were interested in a systematic
study of the heteroligand effect. This is of major impor-
tance for catalysis in homogeneous[6,29] or two-phase-me-
dium[6,9,13,22,23,30,31] conditions, for grafting onto (or in-
serting in) polymeric supports[6,30,32–38] or for the compre-
hensive study of the synthesis of transition-metal-contain-
ing mesostructured materials from peroxo species.[39,40] We
report here the synthesis and structural characterisation of
[(nHex)4N]3[AsO4{W2O2(µ-O2)2(O2)2}2] (6). Salts of the
anion have been prepared by several groups;[11–12,41–43] de-
spite many attempts to show that 1, 2 and 6 are isomorph-
ous, it was previously difficult to isolate single crystals of 6

Scheme 1. Synthesis of anionic peroxo complexes involving the arsenato ligand (R = nBu or nHex).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 939–947940

suitable for X-ray measurements. The profiles of the Raman
and infrared spectra of 6 are compared with those of tetra-
n-butylammonium (µ-hydrogenoarsenato)bis(µ-peroxo)bis-
(oxoperoxotungstate)(2–) (4)[14] and with those of the meth-
ylarsenato analogue (5).[14] Moreover, it is shown that the
interaction of excess H2O2 (30%) with an aqueous solution
of [AsW12O40]3– leads to the degradation of the Keggin unit
and to the formation of a less-condensed oxoperoxo species
in the same way as H3[PW12O40]·nH2O in the presence of
H2O2. These complexes are active oxygen-to-olefin transfer
agents at room temperature and are active catalysts in the
oxidation of model organic substrates using 30% H2O2 in
water in a two-phase medium.

Results and Discussion

Syntheses of 6: Peroxide-Mediated Decomposition of
[AsW12O40]3– or Reaction of H2O2 with Tungstic Acid in
the Presence of Arsenate

The synthesis of [(nHex)4N]3[AsO4{W2O2(µ-O2)2(O2)2}2]
(6) from “H2WO4” is based on methods that generate oxo-
peroxo species,[44] mainly [WO(O2)2(H2O)2], [WO(OH)-
(O2)2]– and [{WO(O2)2H2O}2(µ-O)]2– [with peroxide/tung-
sten() � 2] which are subsequently coordinated by the
assembling anion [AsO4]3–. Another procedure can be de-
veloped with the use of Na2H[AsW12O40]·NaCl·30H2O,
which is degraded by excess H2O2 (Scheme 1); these results
compare well with previously reported data,[22,23] and spec-
troscopic evidence shows that the “H3[PW12O40]·nH2O/
H2O2/H2O” and “H2WO4/H3PO4/H2O2/H2O” systems give
the same oxoperoxo species.[4,6,10,13,22,23] To precipitate one
of the anions formed from [AsW12O40]3– and excess H2O2,
we added tetra-n-butylammonium chloride and isolated the
complex [(nBu)4N]3[AsO4{W2O2(µ-O2)2(O2)2}2], and sub-
sequently added potassium chloride to give K2[{WO(O2)2-
(H2O)}2(µ-O)]. Therefore, the appropriate choice of
counteranions allowed us to obtain the two oxoperoxo salts
selectively (Scheme 1). The products have been fully charac-
terised by an active oxygen assay, elemental analysis and
vibrational studies (IR and Raman spectra, vide infra). The
isolation of 6 led to structural X-ray data.
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Structure of the Tetranuclear Complex
[(nHex)4N]3[AsO4{W2O2(µ-O2)2(O2)2}2] (6)

The arsenic atom of [AsO4]3– and one of the nitrogen
atoms, N(2), lie on a binary axis. The neutral moiety,
{W2O2(µ-O2)2(O2)2}, and the other nitrogen atom, N(1),
are in general positions, while the other two locations are
generated by the binary axis.

Single-crystal X-ray analyses show that 1,[9] 2[10] and 6
(this work) are isomorphous and are structurally very sim-
ilar. The anion of 6 (Figure 1) consists of a slightly distorted
tetrahedral assembling anion, [AsO4]3–, and two neutral
units, {W2O2(µ-O2)2(O2)2}, in which the tungsten() atoms
are coordinated by seven oxygen atoms in a pentagonal-
bipyramidal arrangement (PBPY-7, IUPAC Nomencla-
ture). The four oxygen atoms of the anion are corner shar-
ing with the four different basal planes of the pentagonal
bipyramids. Atoms O(3) and O(4) of the arsenate bridge
two tungsten atoms within a dinuclear unit. The geometry
about the arsenic atom does not deviate significantly from
that of a tetrahedral arrangement (Table 1), with a mean
bond angle of 109.5°. The As–O bond lengths average
1.66 Å, in agreement with those of 4, 5[14] and many tung-
sten() arsenates containing heteropolyanions, and with
values found for arsenates and organoarsenates.[45,46] The
tungsten atoms have two differently bound peroxo ligands:
one is in the η2-side-bound configuration, [W(1)–O(11)–
O(12) and W(2)–O(21)–O(22)] (Figure 1), and the other is
in the µ2-η2:η1 mode (or unsymmetrical bridging). Thus, in
6, the tungsten atoms are connected in pairs not only by
the [AsO4]3– group, but also by the unique µ2-η2:η1 peroxo
bridges, and the two pentagonal bipyramids associated in
this way share one edge of the nonbasal plane, O(13)···
O(23). It is important to note that a similar unit exists only
in the anion of 1[9] and 2[10], and in the dinuclear complexes
that have recently been isolated: 3,[13] 4,[14] 5[14] and
[P(C6H5)4]2[(C6H5)2SiO2{W2O2(µ-O2)2(O2)2}] (7).[39] The
least-squares planes for the anion of 6 are such that the
pentagonal bipyramids of the oxygen atoms surrounding
the two tungsten atoms are almost identical. Each pentago-
nal girdle is generated by two peroxo groups and one oxy-
gen atom of the arsenate group. A summary of bond
lengths and angles of the anion is presented in Table 1. One
of the axial positions is occupied by a terminal oxo ligand
O2– (W=O: 1.77, 1.70 Å) and the other by an oxygen atom
of a bridging unsymmetrical peroxo group with a notably
long bond (W–O: 2.42, 2.37 Å), similar to those found for
4, 5[14] and 7.[39] The oxygen atoms that define the equato-
rial plane are coplanar to within 0.004–0.143 Å. As is the
case for octahedral coordination in polyoxometalates, W(1)
and W(2) are located outside the mean plane defined by the
five equatorial O atoms (0.37 Å and 0.40 Å, respectively).
These distances are also found for the other structural units
in 3, 4, 5 and 7.[13,14,39] In the η2-peroxo groups, O(11)–
O(12) and O(21)–O(22) are nearly symmetrically coordi-
nated to W(1) and W(2), respectively [W(1)–O(11) and
W(1)–O(12) have bond lengths of 1.92 and 1.90 Å, respec-
tively]. The O(11)–O(12) and O(21)–O(22) bond lengths
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(1.49 and 1.48 Å, respectively) are in the usual range (1.40–
1.50 Å),[1–4] and the corresponding three-membered –W–O–
O– rings are nearly isosceles. In contrast to these structural
data, the bridging peroxo groups µ2-η2:η1 [O(13)–O(14) and
O(23)–O(24)] are dissymetrically coordinated to W(1) and
W(2), which results in a relatively long W–O bond with the
bridging oxygen atoms [W(1)–O(13) and W(2)–O(23) are
2.06 and 2.00 Å, respectively] and a shorter bond with the
second oxygen atom (1.93 and 1.90 Å, respectively), similar
to those found for the side-bound peroxo group. The OWO
angles are unchanged (about 45°), whereas the peroxo bond
lengths lie between 1.48 and 1.52 Å. It is well known that
the addition of suitable ancillary ligands (hexamethylphos-
phorotriamide, HMPA,[47] or pyridine N-oxide, pyO)[48] to
“H2WO4” (“WO3·H2O”) or tungsten powder in 30% H2O2

in water leads to the formation of well-characterised
molecular complexes: [WO(O2)2L1L2] where L1 = HMPA,
L2 = H2O,[47] or L1 = L2 = pyO.[48] The dinuclear anion,
[{WO(O2)2(H2O)}2(µ-O)]2–, can also be formed at an early
stage of the reaction; it seems likely that the anions of 4, 5
and 6 are obtained by reactions of the molecular complexes

Figure 1. CAMERON view of the anion in 6, showing the atom-
labelling scheme. Atoms are represented by thermal ellipsoids at
the 25% level.

Table 1. Selected bond lengths [Å] and angles [°] for [(nHex)4N]3-
[AsO4{W2O2(µ-O2)2(O2)2}2].

W(1)–O(1) 1.773(14) O(11)–W(1)–O(12) 45.9(6)
W(1)–O(3) 2.011(11) O(13)–W(1)–O(14) 43.2(5)
W(1)–O(11) 1.917(12) O(1)–W(1)–O(23) 171.4(6)
W(1)–O(12) 1.903(13) O(2)–W(2)–O(13) 169.5(5)
W(1)–O(13) 2.059(13) O(21)–W(2)–O(22) 45.3(6)
W(1)–O(14) 1.928(13) O(23)–W(2)–O(24) 45.9(5)
W(1)–O(23) 2.415(13) O(3)–As(1)–O(4) 109.7(5)
W(2)–O(2) 1.700(13) O(3)�–As(1)–O(4)� 109.7(5)
W(2)–O(4) 2.008(11) O(4)–As(1)–O(4)� 113.1(8)
W(2)–O(13) 2.366(14) O(4)–As(1)–O(3)� 107.3(6)
W(2)–O(21) 1.931(11) O(3)–As(1)–O(4)� 107.3(6)
W(2)–O(22) 1.903(12) O(3)–As(1)–O(3)� 109.8(9)
W(2)–O(23) 1.994(11)
W(2)–O(24) 1.899(12)
As(1)–O(3) 1.667(12)
As(1)–O(4) 1.650(10)
O(11)–O(12) 1.489(19)
O(13)–O(14) 1.472(18)
O(21)–O(22) 1.48(2)
O(23)–O(24) 1.521(17)
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(L1 = L2 = H2O) and/or of dinuclear species with H3–ε-
[AsO4]ε– species in the same way as that for the phos-
phatooxoperoxotungstate species for which, according to
NMR spectroscopic studies, there are several equilib-
ria.[6,13,22,23]

Infrared and Raman Spectra: Correlation of Vibrational
Data with the Structure of Complexes 4, 5 and 6

Attempts to measure the Raman spectra of 1, 2 and 6 in
a benzene solution were unsuccessful,[42] but the solid state
and acetonitrile solutions show common features in the
500–1000 cm–1 region, which suggests that the structures of
the anions of 4, 5 and 6 are maintained in some organic
solvents (here acetonitrile) at room temperature, as pro-
posed in a preliminary structural study.[14] The IR and Ra-
man spectra of 6 are presented in Figure 2 and the attri-
butions of the main infrared and Raman vibrations are
given in Table 2.

The infrared and Raman spectra of arsenate-containing
complexes show strong bands in the 960–990 cm–1 region
assigned to ν̃(W=O) of the terminal oxo group (see
Table 2). For tetrahedral XO4 compounds, four vibrations
are expected: ν̃1(A1), ν̃2(E), ν̃3(F2) and ν̃4(F2). With free
[AsO4]3–, these maxima are at about 878 (ν̃3), 837 (ν̃1), 463
(ν̃4) and 349 (ν̃2) cm–1.[49] Although all of them are Raman-
active, only ν̃3 and ν̃4 are infrared-active for Td symmetry.[50]

We propose that the two strong infrared and Raman bands
in the 915–865 cm–1 region be attributed to vibrations of
the arsenato ligand, i.e. As–O stretches (see Table 2). For
“Na3[AsW12O40]·nH2O”[51] (reformulated as Na2H-
[AsW12O40]·NaCl·30H2O – see Experimental Section), an
infrared band located at 911 cm–1 is attributed to the
ν̃asym(As–O) vibration.[51] Two infrared bands at 892 and
875 cm–1 are also tentatively attributed to the ν̃(AsO4)
stretches of the arsenato-containing tetranuclear species.[50]

Table 2. Vibrational wavenumbers [cm–1] of arsenatooxoperoxotungstate complexes 4, 5 and 6 (main Raman and IR bands).[a]

Compound

ν̃ [cm–1] (nHex4N)3[AsW4O24] (nBu4N)2[HAsW2O14] (nBu4N)2[CH3AsW2O13]·H2O
6 4 5

solid CH3CN solid CH3CN solid CH3CN
solution solution solution

ν̃(W=O) IR 978 vs 976 vs 966 vs 970 vs 976 s 966 s
964 vs

Raman 985(10) 983(10) 978(10) 980(10) 965(10) 974(10)
ν̃(AsO4) IR 892 vs 918 vs 932 m 918 vs 922 s 918 vs

875 vs 885 vs 870 vs 874 vs 868 s 872 s
Raman 923(1) 911(8) 910(3) 911(5) 910(3) 911(5)

896(1) 885(4) 881(3) 881(2)
ν̃(O–O) IR 845 vs 849 vs 843 vs 847 vs 843 vs 845 vs

Raman 857(7) 861(8) 855(8) 858(7) 837(5) 845(4)
ν̃asym[W(O)2] IR 590 s 594 m 585 m 587 m 584 s 587 s

574 s 577 s 569 m 576 s 571 s 573 m
Raman 593(3) 594(2) 586(4) 589(2) 584(4) 584(1)

578(5) 579(5) 577(6) 577(4) 573(7) 573(3)
ν̃sym[W(O)2] IR 521 s 518 s 511 m 514 s 513 m 517 s

Raman 535(2) 532(2) 528(2) 530(2) 520(2) 524(1)

[a] Relative intensities in parentheses for Raman data; bands resulting from the quaternary cations and water (complex 5) are not listed.
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Figure 2. Infrared and Raman spectra of solid samples of [(nHex)4N]3-
[AsO4{W2O2(µ-O2)2(O2)2}2] (6).

The bands at 857–861 cm–1 (Raman spectra) and at 843–
849 cm–1 in the IR spectra are related to the Raman- and
infrared-active ν̃(O–O) vibrations of the peroxo ligands.
These values are in agreement with previously obtained
values for tungsten oxoperoxometalates involving
other assembling anions and {W2O2(µ-O2)2(O2)2}
units,[9,13,14,20,22,23] and also with those from the Raman
spectra of many unactivated organic peroxides. We propose
to limit the wavenumber region expected for the ν̃(O–O) to
830–885 cm–1. Thus, we observed the O–O stretch at
876 cm–1 in the spectrum of hydrogen peroxide (30% H2O2

in water). Barium peroxide (BaO2), which is registered in
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the “peroxide class” of ionic compounds with isolated
[O2]2– ions, presents a Raman band at 842 cm–1 that is un-
ambiguously assigned to ν̃(O–O).[52] Hence, spectroscopic
data cannot differentiate all the ionic peroxide from the
iono-covalent transition-metal complexes. In contrast, the
peroxide function has a marked influence on the asymmet-
ric and a less-marked influence on the symmetric stretches
of the {W(O2)2} moieties; their attributions, according to
literature data,[50] are given in Table 2 for 4, 5 and 6. Two
maxima are observed for ν̃asym[W(O)2] that correspond to
the structural data (vide supra).

Stoichiometric Epoxidation of (R)-(+)-Limonene

The reaction is highly chemoselective and regioselective,
i.e. no bis-epoxides, no diols and no 8,9-epoxides were ob-
tained (Scheme 2). Limonene oxide (0.7:1 to 1:1 mixtures
of cis and trans 1,2-epoxide) was characterised and iso-
lated.[13,30] Figure 3 shows that half of the peroxide oxygen
is transferred to the olefinic substrate at room temperature,
a result which differs from that of the MTO/H2O2 sys-
tems.[29,53] Comparative experiments with “CH3ReO3 +
2H2O2/solvent” show complete transfer of the peroxide
oxygen.

Scheme 2. Oxidation products of (R)-(+)-limonene.

Figure 3. Stoichiometric epoxidation of (R)-(+)-limonene. [(nBu)4N]+

salts, 0.25 mmol for XW2 and 0.125 mmol for XW4 or XMo4;
active oxygen content due to oxoperoxo complex = 1 mmol; (R)-
(+)-limonene: 1.5 mmol; 20 °C; solvent: dry CH2Cl2 (5 mL); N2 (P
� 0.1 MPa), internal standard: n-decane.

The kinetic curves also show that [AsW4O24]3– is more
efficient than [HAsW2O14]2– and that there is a dramatic
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change from [PMo4O24]3– to [AsW4O24]3–, which can be
correlated with ν̃(O–O).[13] It appears that the assembling
ligand and the metal have a marked influence on the ac-
tivity of these species, which all initially contain bridging µ-
η2:η1 peroxo ligands.

It was demonstrated by variable-temperature 31P NMR
spectroscopy that [PM4O24]3– species (M = Mo, W) and
even the [HPW2O14]2– complex are fluxional.[25,43] In these
anionic complexes, tridentate peroxo can also bind in a bi-
dentate mode. The rearrangement involves the well-known
seven-coordinate and six-coordinate tungsten moieties that
were recently characterised;[40] at room temperature, the
phosphate anion conserves its tetradentate character of a
µ4-assembling ligand. We cannot run these same NMR
spectroscopic experiments with the arsenato analogues, but
the structural and spectrometric data related to 2[10] and 6,
and also to 3,[13] 4 and 5,[14] lead us to consider that the
phosphatooxoperoxotungstate species and the arsenato an-
alogues behave similarly. Thus, rigid models are only a first
approach for the transfer of active oxygen (from peroxo
species) to olefinic substrates.[25,43] Rapid equilibria exist
between anionic structures with tridentate (µ-η2:η1-O2

2–)
and bidentate (η2-O2

2–) modes of coordination for the two
kinds of peroxo groups of the {M2O2(µ-O2)2(O2)2} moie-
ties, which play a key role in the activation and transfer of
the oxygen of the peroxo groups, probably in the form of
{�As–OMO(O2)2} and even free {MO(O2)2} moieties.

Catalysis Tests

Alkene epoxidation catalysed by “AsW4” peroxo com-
plexes has been investigated by several groups.[11,30,42,43,54]

The Arquad 2HT® salts of complexes “AsW4” and “AsW2”
are active precursors and catalysts in olefin oxidation, and
form epoxides in the range 20–60 °C in two-phase “H2O2/
H2O/CHCl3 or toluene” systems under phase-transfer catal-
ysis (PTC) conditions (see Table 3, Entries 2 to 4). They
transfer active oxygen to (R)-(+)-limonene to mostly give
the monoepoxides, which are known to be acid-sensi-
tive.[55–57] Complete optimisation must consider the effects
of the organic solvent, the nature of Q+, the assembling
ligand X and the anionic species (Cl–, Br–, HSO4

–, etc.), the
pH of the aqueous phase, the presence of Na+Cl– and the
W/X/Q+ ratios, and these factors have been analysed in de-
tail by several groups.[30,58,59] For example, it has recently
been shown that under PTC, a system such as W/[PO4]3–/
Q+ = 2:1:0.4 was more effective than the system 2:1:2 or
4:1:3 corresponding to the onium salts of “PW2” and
“PW4”, respectively.[31] The use of a large excess of Q+ leads
to low yields and turnover numbers, as shown previously.[30]

If a tetra-n-hexylammonium cation is used instead of Ar-
quad 2HT®, the conversion is very low (see Table 3, Entry
1).

Comparative studies for the recycling of different cata-
lytic systems for epoxidation are under investigation by our
group, and limitations exist for all of them except for the
non-chlorinated solvents. Inexpensive buffer systems are
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Table 3. (R)-(+)-Limonene epoxidation by arsenatooxoperoxotungsten complexes under phase transfer catalysis (PTC) conditions[a] at
room temperature after 6 h reaction time.

Entry W/[AsO4]3–/Q+ Q+Cl– Organic Conversion[b] Selectivity[c] Cis isomer/
solvent [%] [%] Trans isomer[d]

1 4:1:3[e] (nHex)4N+Cl– Toluene �1 – –
2 4:1:2.8 Arquad 2HT® Toluene 96 50 7.0
3 4:1:2.8 Arquad 2HT® CHCl3 99 78 1.9
4 2:1:1.4 Arquad 2HT® CHCl3 98 88 1.2

[a] General PTC procedure: organic solvent (5 mL, 15%); H2O2 (4 mL, 19.6 mmol); Teflon-coated bar driven externally by a magnetic
stirrer (1200 rpm); limonene (6.2 mmol). [W]/[limonene] = 2%. [b] Conversion based on (R)-(+)-limonene was determined by GC using
n-decane as an internal standard. [c] The selectivity is defined as S = [mol. cis- and trans-limonene oxide]/[mol. of converted limonene].
[d] See Scheme 2. [e] Catalysis test with 6.

now easily used and recycled, as well as solid catalysts that
are highly resistant to leaching. Note that the use of toluene
as the organic solvent instead of CHCl3 leads to a similar
conversion but to a lower selectivity towards mono-epox-
ides (cis and trans).

Controlled addition of more appropriate weak bases
(Na2[HAsO4] is used here) to generate a buffer mixture [pKa

(H2AsO4
–/HAsO4

2–) = 6.95] leads to very high selectivity
(�97%), but with a higher reaction time (e.g. 12 h for 99%
conversion of limonene at room temperature).

It is clear that certain Keggin-type polyoxometalates can
be stable under certain reaction conditions.[26–28] Param-
eters to consider in this context are solvent, concentrations,
pH (more generally the acidity function), temperature,
counterions, etc. In this paper, all the species of the catalyst
pool, using the dodecatungstate anion as the catalyst pre-
cursor, have not been identified. To the best of our knowl-
edge, it is not possible to find spectrometric evidence for all
the oxoperoxo complexes. Unfortunately, we cannot per-
form kinetics or time-resolved studies, and the true catalytic
species may be present only at low concentrations and are
not amenable to characterisation. It was against this back-
drop that we published refs.[25,43]. The catalyst of Noyori et
al.[58] is not isolable.

Conclusion

The addition of arsenate to oxoperoxotungstate species
(peroxide/tungsten � 2), as well as the use of polyoxometal-
ates such as the Keggin dodecatungstoarsenate anion of
Na2H[AsW12O40]·nH2O or “AsW12”, give, with excess
aqueous hydrogen peroxide, arsenatooxoperoxotungstate
complexes: Q3[AsO4{W2O2(µ-O2)2(O2)2}2] or “AsW4”,
Q2[HAsO4{W2O2(µ-O2)2(O2)2}] or “AsW2”, etc. isolated
with Q+ = onium cation and Q�2[{WO(O2)2(H2O)}2(µ-O)].
All these anionic species are highly effective for epoxidation
procedures (complete optimisation must consider the effects
of the nature of Q+ or Q�+, the organic solvent, the assemb-
ling ligand X, the pH of the aqueous phase and the W/X/Q+

ratios, as we showed previously).[6,9,30,31] Thus, the hetero-
polyanion can only be a precursor of the true catalysts (e.g.
“AsW4”, “AsW2”, etc.). The “AsWn” complexes, which have
no coordinated water, are lipophilic and are easily transferred
into an organic phase with selected Q+. The facile transfer of
active oxygen from these peroxo species to olefinic substrates
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can be related to their structure and their fluxionality. We
propose that the lack of solvolytic stability of “AsW12” and
of its analogues in aqueous hydrogen peroxide can be attrib-
uted to the equilibria between Keggin and lacunary hetero-
polyanions and {WO2(OH)}+; this mononuclear group sub-
sequently reacts with H2O2 to generate the well-known Mim-
oun species, [WO(O2)2(H2O)2], and with X, thus forming
“AsW4”, “AsW2”, etc. On the contrary, as shown recently,[7]

[{WO(O2)2(H2O)}2(µ-O)]2– is a preferred catalyst in water for
the epoxidation of various allylic alcohols. The crystal struc-
tures of “AsW4”, “AsW2” and of their methylarsenato ana-
logue show that they contain the unique {W2O2(µ-O2)2-
(O2)2} moieties of the Venturello complex.

Experimental Section
Syntheses

Na2H[AsW12O40]·NaCl·30H2O: This sodium salt was prepared ac-
cording to the previously described procedure in which concen-
trated aqueous HCl (12 ) is used.[51] Note that we found chlorine
in the final product, which corresponds to a monohydrogenodisod-
ium salt (yield 72%). H61AsClNa3O70W12 (3566.98): calcd. As 2.10,
Cl 0.99, Na 1.93, W 61.85; found As 1.99, Cl 0.84, Na 2.09, W
62.58.

[(nHex)4N]3[AsO4{W2O2(µ-O2)2(O2)2}2] (6) and K2[{WO(O2)2-
(H2O)}2(µ-O)]·2H2O: This complex was first prepared from the
“H2WO4/H2O2/H2O/Na2H[AsO4]·7H2O/[(nHex)4N]Cl” systems.
The synthesis was adapted from methods previously described for
the preparation of 6[60] and 1, 2.[9,11] Tungstic acid, “H2WO4”,
(2.5 g, 10 mmol) was added to a 30% aqueous solution of hydrogen
peroxide (7 mL, 69 mmol). After 40 min of stirring at 60 °C, and
then cooling to room temperature and centrifugation (15 min at
2000 rpm), the supernatant liquid (solution A) was added to an
aqueous solution of Na2H[AsO4]·7H2O (2 mL, 0.78 g, 2.5 mmol).
After 15 min of stirring, a solution of [(nHex)4N]Cl (1.56 g,
4 mmol) in toluene (25 mL) was slowly added. After 60 min of vig-
orous stirring, the white precipitate formed at the interface was
filtered off, washed thoroughly with distilled water (10 mL), tolu-
ene (10 mL) and diethyl ether (10 mL) and dried with P4O10 (yield:
2.82 g, 50%). C72H156AsN3O24W4 (2258.37): calcd. C 38.29, H
6.96, As 3.32, N 1.86, W 32.56; found C 38.07, H 7.10, As 3.15, N
1.75, W 32.16. IR and Raman spectroscopy: see Table 2. Although
tetra-n-butylammonium and bis(triphenylphosphoranylidene) am-
monium salts were prepared in powder or microcrystalline forms,
only the tetra-n-hexylammonium salts gave single crystals of an
appropriate size from acetonitrile solutions in the presence of a
slight excess of hydrogen peroxide, otherwise Keggin salts are
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formed. Compound 6 was also synthesised from “Na2H[AsW12O40]·
NaCl·30H2O/H2O2/H2O/[(nHex)4]Cl or [(nBu)4N]Cl” systems.
Aqueous hydrogen peroxide (30%, 100 mmol; 10 mL) was slowly
added to a solution of the [AsW12O40]3– salt (vide supra, 0.5 mmol,
1.57 g) in water (1 mL). After 30 min of stirring at room tempera-
ture, an aqueous solution of tetra-n-butylammonium chloride
(3 mL, 1.6 mmol, 0.45 g) was slowly added. The white precipitate
was filtered off, washed with water (2×10 mL) and then dried with
P4O10 (yield: 0.47 g, 41.5% based on As). Higher yields (�90%)
were obtained when an excess of Na2H[AsO4]·7H2O was added to
the aqueous phase. Excess potassium chloride (7 mmol) can also
be added to the recovered filtrate. A few millilitres of ethanol were
added to the solution that was cooled to 5 °C until a snow-white
precipitate appeared. After filtration and washing with ethanol, the
precipitate, K2[{WO(O2)2(H2O)2}(µ-O)]·2H2O, was air dried (yield
60% based on the initial precursor). See Scheme 1 for the appropri-
ate choice of counteranions in order to obtain the two oxoperoxo
salts selectively.

[(nBu)4N]2[HAsO4{W2O2(µ-O2)2(O2)2}] (4): Solution A (vide su-
pra) and a solution of Na2H[AsO4]·7H2O (1.59 g; 5.1 mmol) in
water (2 mL) were mixed at room temperature. After 20 min of
stirring, an aqueous solution of [(nBu)4N]Cl (2.78 g, 10 mmol in
10 mL) was slowly added while slow stirring was maintained. The
white precipitate was filtered off on a fritted glass disc, washed
thoroughly with cold water (10 mL) and diethyl ether (10 mL) and
dried with P4O10 (yield: 4.46 g, 77%). C32H73AsN2O14W2

(1152.56): calcd. C 33.34, H 6.38, As 6.50, N 2.43, W 31.90; found
C 33.49, H 6.45, As 6.15, N 2.55, W 30.92. IR and Raman spec-
troscopy: see Table 2. (Compound 4 can also be prepared from
[AsW12O40]3–, but it is more convenient to use a direct method).

[(nBu)4N]2[CH3AsO3{W2O2(µ-O2)2(O2)2}] (5): This was prepared in
a similar manner. Na2[CH3AsO3]·6H2O (1.49 g, 5.1 mmol), dis-
solved in water (2 mL), was added to solution A. After 30 min of
stirring [(nBu)4N]Cl (2.78 g in 7.5 mL water) was slowly added.
Well-formed crystals suitable for X-ray measurements were ob-
tained by slow evaporation of acetonitrile/H2O2 solutions of the
microcrystalline precipitates of 4 and 5.[14]

Structure Determinations: Single crystals of 6 were grown from
CH2Cl2/(C2H5)2O/H2O2 (2:1:0.1), or better from CH3CN/H2O2/
H2O mixtures, by slow evaporation at +5 °C. Although highly pre-
cise crystal structure analyses are not easily obtained with the tetra-
n-hexylammonium cation[9,10] (a result of the flexibility of the long
alkyl chain, solvent molecules that are incorporated in the crystals
and disorder for some of the cations[61]), X-ray measurements were
undertaken, because, at least, the structure of the anion could be
elucidated, which would provide valuable information for the
chemistry of heteropolyanions containing the [AsO4]3– assembling
ligand and for the relationship of some Keggin anions and Ven-
turello–Ishii systems.

[(nHex)4N][AsO4{W2O2(µ-O2)2(O2)2}2] (6): C72H156AsN3O24W4,
Mr = 2258.37, monoclinic, space group C2 (no. 5); a = 2051.6(6),
b = 1592.3(4), c = 1490.2(2) pm, β = 91.64(1)°, V = 4.866(1) nm3,
Z = 2, ρcalcd. = 1.54 Mgm–3, F(000) = 2260, λ = 71.073 pm, T =
293 K, µ(Mo-Kα) = 0.5112 mm–1, crystal dimensions
0.1×0.3×0.4 mm (parallelepiped), 2° � 2θ � 50°, 13697 measured
reflections, 7412 were unique, 206 parameters refined in full-matrix,
R1 = 0.058 with 5318 reflections [I � 3σ(I)], wR2 = 0.067, w � 1
[weighting scheme of the form w = w�[1 – {(||Fo| – |Fc||)/6σ(Fo)}2]2

with w� = 1/ΣrArTr(X) with coefficients 0.417, 0.302 and 0.177 for
a Chebyshev series for which X = Fc/Fc(max)].[62] Min./max. residual
electron density –127/153 emm–3. Goodness of fit: 0.93. The data
were collected with a KAPPACCD-Enraf Nonius automated dif-
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fractometer at room temperature. (At low temperature the crystal
collapsed.) Unit cell dimensions with estimated standard deviations
were obtained from least-squares refinements of the setting angles
of 35 well-centered reflections. Corrections were made for Lo-
rentzian and polarization effects; an absorption correction (sadabs)
was also applied. The structure was solved by direct methods
(SHELX-86 program)[63] and subsequent Fourier difference tech-
niques. Some of the carbon atoms of the ammonium counterions
showed high thermal parameters as a result of the flexibility of the
long alkyl chain and were not refined, even with reduced occu-
pancy. Only 34 carbon atoms could be well located in the difference
Fourier map. These problems probably arise from low-solvent con-
tent and from the fact that the crystal decomposes slowly. Compu-
tations were performed using CRYSTALS,[64] adapted to a PC
computer. Atomic form factors for neutral C, N, As, O and W were
taken from ref.[65] Refinements were carried out by minimising the
functions R = Σ||Fo| – |Fc||/Σ|Fo| and Rw* = [Σw(||Fo| – |Fc||)2/ΣwFo

2]1/2,
where Fo and Fc are the observed and calculated structure
factors, respectively. A representation of the anion was drawn with
CAMERON[66] (see Figure 1).

CCDC-276917 for 6 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

General: The solvents were purified by standard procedures for the
stoichiometric and catalytic tests. Commercial, stabilised 30% w/v
aqueous solutions of hydrogen peroxide (pH � 1.5) either con-
tained a phosphorus() concentration lower than 1.5 m or were
without phosphates (Aldrich) in order to avoid the formation of
phosphatooxoperoxotungstate species. Tungstic acid, “H2WO4”
was supplied by Eurotungstène. Na2H[AsO4]·7H2O and Na2[CH3-

AsO3]·6H2O were obtained from Prolabo/VWR. The onium salts
are marketed by Aldrich and Lancaster Synthesis. (R)-(+)-Limo-
nene (Lancaster) was shown to be more than 97% pure by GC
and NMR analyses. GC analyses were carried out with a Girdel
chromatograph (FID) fitted with a SPBTM 1701 capillary column
with helium as the carrier gas. Analyses were performed at tem-
peratures ranging from 70 to 200 °C (5 °Cmin–1, PHe: 0.16 MPa).
GC–MS analyses were performed with a GC apparatus coupled
with a mass spectrometer (Girdel 30/Delsi-Nermag and Trace GC
2000 series-Thermofinnigan) coupled to a Trace MS mass spec-
trometer (EI or CI/NH3). 1H and 13C NMR spectra were recorded
at ambient temperature with a Fourier transform apparatus
(Bruker AC 200), using CDCl3 as the solvent and TMS as the in-
ternal reference. IR spectra (resolution: 2–4 cm–1) were measured
with a Fourier transform apparatus (Bruker IFS 45 or Equinox 55)
in Nujol suspension, either between two caesium bromide plates or
KBr pellets. Solution spectra of 4, 5 and 6 in acetonitrile (0.05 )
were recorded at room temperature with a standard sodium chlo-
ride cell (0.1 mm thickness). Acetonitrile has a window between
500–910 cm–1, which is suitable for studying ν̃(O–O), ν̃sym[W(O2)]
and ν̃asym[W(O2)] bands.

Raman spectra were recorded at room temperature with a Jobin–
Yvon U1000 spectrometer with a resolution of 4 cm–1. Solid sam-
ples of the complexes were mounted on a disc rotating at about
1000 rpm in order to avoid decomposition and/or photoreduction
by the laser beam (excitation line, 514.5 nm of an Ar+ laser; source
power, 30–50 mW; scanning time, ca. 2 h). Solutions of 6 (0.25 ),
4 (0.5 ) and 5 (0.5 ) were studied. Elemental analyses (C, H, As,
N and W) were carried out at the Service Central d’Analyses
CNRS, Vernaison.

Stoichiometric Regioselective Epoxidation with Six Oxoperoxo
Complexes: These were conducted under dinitrogen using Schlenk
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techniques and deaerated solvents. (R)-(+)-Limonene (1.5 mmol)
was rapidly added to a thermostatted (20 °C) solution of the com-
plex (0.25 mmol for XW2 and 0.125 mmol for XW4 or XMo4,
active oxygen content, i.e. [O2]2–: 1 mmol) in dry CH2Cl2 (5 mL).
The solution was stirred under dinitrogen. GC analyses were per-
formed periodically with n-decane as internal standard. (R)-(+)-
Limonene oxide (mixture of cis and trans) was obtained and iso-
lated. It was identified by MS and by 1H and 13C NMR spec-
troscopy.[13]

Catalysis Tests: Our previous procedure[13,23] was followed.
“H2WO4” was treated with 15% H2O2 (4 mL, 19.6 mmol). After
15 min of stirring (necessary for the precursor to react completely
at 60 °C) and cooling at room temperature, Na2H[AsO4]·7H2O was
added (see Table 3). Q+Cl–, dissolved in the organic solvent, was
then added with the substrate (6.2 mmol). The two-phase mixture
was stirred vigorously (1200 rpm) for 6 h at 20 °C under dinitrogen.
The organic extract was analysed by GC and/or GC–MS and in
some cases by 1H NMR spectroscopy.
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The compound [Pd(Hdmpz)4](O2CCH2NHCOCH3)2 (1;
(Hdmpz = 3,5-dimethylpyrazole) has been obtained by treat-
ment of [Pd(dmpz)2(Hdmpz)2] (A) with two equivalents of N-
acetylglycine (HO2CCH2NHCOCH3). The X-ray study on a
crystal of 1 revealed that the N-acetylglycinate anion links to
the cationic complex [Pd(Hdmpz)4]2+ through the carboxylate
group by charge assisted N–H(+)···O(–) hydrogen bonds. Ad-
ditionally, the remaining N–H and C=O groups allow the N-
acetylglycinate anions to self-assemble through N–H···O hy-
drogen bonds to generate infinite chains. The compounds
[Pd2(µ-dmpz)2(O2CCH2NHCOCH3-κO)2(Hdmpz)2] (2) and
[Pd2(µ-dmpz)2(O2CC6H4-R-κO)2(Hdmpz)2] [R = m-NO2 (3a),
p-N(CH3)2 (3b), p-NH2 (3c), p-OCH3 (3d), p-OH (3e)] have
been obtained by treatment of [Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2] (B) with two equivalents of the monocarboxylic
acids N-acetylglycine (HO2CCH2NHCOCH3) and the ben-
zoic derivatives HO2CC6H4R [R = m-NO2, p-N(CH3)2, p-NH2,

Introduction

The coordination chemistry of neutral pyrazole (HRpz)
or anionic pyrazolate (Rpz) ligands has been intensively de-
veloped over many years[1] and has been thoroughly re-
viewed.[2–5] Recently, unprecedented compounds showing
new bonding modes for pyrazolate ligands have been re-
ported.[6–10] In spite of this, the number of palladium and
platinum compounds is rather low. Only a few examples of
mono- ([Pt(pz)2(Hpz)2],[11,12] [Pt(Hpz)4]Cl2,[11] [Pd(Hpz)4]-
Cl2,[12] [Pd(dmpz)2(Hdmpz)2][13]), di- {[Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2],[14] [Pd2(µ-3-tBupz)2(3-tBupz)2(H3-tBupz)2],[12]

[Pd2(µ-pz)2(Hpz)4](BF4)2
[15]} or trinuclear ([{Pt(µ-

pz)2}3],[12,16] [{Pd(µ-pz)2}3],[12] [{Pd(µ-4-Mepz)2}3],[12]

[{Pd(µ-3-Phpz)2}3][17]) compounds containing only pyr-
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p-OCH3, p-OH] respectively. The X-ray study on complexes
3d and 3e shows that in these complexes the carboxylate
anion bonded to one Pd atom and the terminal Hdmpz group
bonded to the other one have the right arrangement to estab-
lish an N–H···O hydrogen bond. The H···O and N···O dis-
tances are in the range of those corresponding to charge-
assisted N–H(+)···O(–) interactions. In complexes 3a–3e, the H
atoms of the terminal Hdmpz groups can be replaced by Ag+

to give the mixed-metal complexes [Pd2Ag2(µ-dmpz)4(µ-
O2CC6H4-R-κO)2(Hdmpz)2] [R = m-NO2 (4a), p-N(CH3)2 (4b),
p-NH2 (4c), p-OCH3 (4d), p-OH (4e)]. Compounds 4a–4e,
which exhibit a transoid conformation of the carboxylate
groups with respect to the Pd···Pd line, isomerise to the cisoid
species (4a�–4e�). The X-ray structure of the DMSO adduct
of 4d� is also reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

azoles (HRpz) and/or pyrazolates (Rpz) as ligands have been
reported up to now, one of them, [Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2] having been published recently by us.[14] This
kind of compound often contains inter-[11–13] or intramol-
ecular[12,14] N–H···N hydrogen bonds involving neutral pyr-
azole (HRpz) and anionic pyrazolate (Rpz) groups, and the
protons of the coordinated pyrazoles can be replaced by
metal ions as CuI, AgI and AuI to give heterometallic poly-
nuclear complexes.[12–14]

The mono- and dinuclear complexes [Pd(dmpz)2-
(Hdmpz)2] (A)[13] and [Pd2(µ-dmpz)2(dmpz)2(Hdmpz)2]
(B)[14] have terminal dmpz and Hdmpz ligands bonded to
each palladium centre, that is, on each side of both com-
plexes there is a dmpz group, which is a hydrogen-bond
acceptor, and an Hdmpz ligand, which is a hydrogen-bond
donor. We therefore considered it of interest to use these
compounds as starting materials to obtain organic–organo-
metallic hydrogen-bonded networks by reaction of both
complexes with carboxylic acids. A carboxylic acid group
(COOH) can form complementary hydrogen bonds with the
dmpz and Hdmpz ligands on the same side of each complex
(Figure 1a) or transfer its proton to the dmpz ligand.
Should this be the case, charge-assisted N–H(+)···O(–) hydro-
gen bonds would be formed between complex cations and
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carboxylate anions yielding a heteromeric synthon of type
R2(10)[18,19] (Figure 1b). Additionally, the substitution of
dmpz by carboxylate groups could also take place.

Figure 1. a) Complementary hydrogen bonds between the neutral
carboxylic group and the “cis-Pd(dmpz)(Hdmpz)” fragment. b)
Charge-assisted N–H(+)···O(–) hydrogen bonds between a carboxyl-
ate anion and the cationic “cis-Pd(Hdmpz)2” fragment.

In this paper we report the reactivity of complexes
[Pd(dmpz)2(Hdmpz)2] (A) and [Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2] (B) towards monocarboxylic acids such as N-
acetylglycine (HO2CCH2NHCOCH3) and benzoic acid de-
rivatives [HO2CC6H4-R, R = m-NO2, p-N(CH3)2, p-NH2,
p-OCH3, p-OH]. Some of these carboxylic acids contain an
additional functional group that is able to form an extra
molecular hydrogen bond. As a result, a new mononuclear
complex and new dinuclear heteroleptic compounds con-
taining pyrazolate and carboxylate ligands in the same
molecule have been obtained. Replacement of the protons

Scheme 1.
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of coordinated Hdmpz in the dinuclear complexes by AgI

gives new heteropolynuclear Pd-Ag ones.

Results and Discussion

Reactivity of [Pd(dmpz)2(Hdmpz)2] (A) towards the
Monoprotic Weak Acids N-Acetylglycine and HO2CC6H4-
R [R = m-NO2, p-N(CH3)2, p-NH2, p-OCH3, p-OH]

[Pd(dmpz)2(Hdmpz)2] (A) reacts with two equivalents of
N-acetylglycine in dichloromethane/methanol solution to
give [Pd(Hdmpz)4](O2CCH2NHCOCH3)2 (1) as a pure
compound in a very high yield (path a in Scheme 1) by se-
lective protonation of the anionic monodentate dmpz li-
gands. The X-ray study of a crystal of 1 revealed that the
N-acetylglycinate anion interacts with the cationic complex
[Pd(Hdmpz)4]2+ through N–H···O hydrogen bonds.

The reactions of [Pd(dmpz)2(Hdmpz)2] (A) with the ben-
zoic derivatives HO2CC6H4-R [R = m-NO2, p-N(CH3)2, p-
NH2, p-OCH3, p-OH] under similar conditions do not give
rise to pure compounds: their 1H NMR spectra seem to
indicate that species of stoichiometry [Pd(Hdmpz)4]-
(O2CC6H4-R)2 [R = m-NO2, p-N(CH3)2, p-NH2, p-OCH3,
p-OH] could be present in all mixtures, but we have not
been able to separate and characterise them.

Elemental analyses and the IR and 1H NMR spectro-
scopic data of [Pd(Hdmpz)4](O2CCH2NHCOCH3)2 (1) (see
Experimental Section) are in agreement with this stoichi-
ometry, which was confirmed later by an X-ray diffraction
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study. The 1H NMR spectrum of 1 in solution reveals the
equivalence of the four Hdmpz ligands since only one set
of signals is observed [δ = 15.45 (s, 4 H, N–H), 5.72 (s, 4
H, H4), 2.49 (s, 12 H, CH3), 2.25 (s, 12 H, CH3) ppm]. The
two N-acetylglycinate anions also give only one set of sig-
nals [δ = 6.56 (s, 2 H, N–H), 4.05 (d, 3JH,H = 3.74 Hz, 4 H,
CH2), 2.06 (s, 6 H, CH3) ppm].

The molecular and supramolecular structures of com-
pound 1 are shown in Figures 2 and 3, respectively. Table 1
lists a selection of intra- and intermolecular bond distances
and angles.

Figure 2. Molecular structure of 1 (50% probability ellipsoids).

In the [Pd(Hdmpz)4]2+ part of the complex the Pd centre
shows an almost square-planar coordination environment
with all the Pd–N bond lengths in the range of those found
in palladium complexes with this kind of li-
gand.[6,11–13,15–17,20,21] Each pair of mutually trans Hdmpz
groups are coplanar to each other (interplanar angle of 0°
between planes 2 and 2� and planes 3 and 3�. See Table 1
for the definition of the planes used in this discussion) and
almost perpendicular to the other pair of Hdmpz groups
[interplanar angle of 86.6(1)°]. All Hdmpz ligands are al-
most perpendicular to the best least-squares coordination
plane of the metal centre (plane 1), since the interplanar
angles are 80.9(1)° [planes 1 and 2 (2�)] and 76.7(1)° [planes
1 and 3 (3�)].[22] The Hdmpz groups are turned in such a
way that the N–H bonds of the two Hdmpz ligands in the
cis positions point roughly to the same side of the palla-
dium coordination plane.

The N-acetylglycinate anions are bonded to the cation
through hydrogen bonds. The two N–H groups pointing to
the same side of the palladium coordination plane form N–
H···O hydrogen bonds with the two oxygen atoms of the
same carboxylate group. These N–H···O hydrogen bonds
seem to be quite strong as the H···O and N···O distances
are perceptibly shorter than those involved in neutral mole-
cules[23,24] and are even at the lower end of the range ob-
served for charge-assisted N–H(+)···O(–) hydrogen
bonds.[24–30] According to these structural data, the C–O
distances within the COO– moieties indicate that the car-
boxylic acid does not retain its acidic hydrogen, which has
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Figure 3. Supramolecular structure of 1.

Table 1. Bond lengths [Å] and angles [°] for [Pd(Hdmpz)4]-
(O2CCH2NHCOCH3)2 (1).[a]

Pd–N(1) 2.029(2) Pd–N(3) 2.018(2)
C(11)–O(1) 1.252(4) C(11)–O(2) 1.247(3)
N(1)–Pd–N(3) 91.16(9) N(1)–Pd–N(3�) 88.84(9)

N–(H)···O d(N–H) d(H···O) d(N···O) �(NHO)

N(2)–(H2N)···O(1) 0.89(4) 1.76(4) 2.647(3) 166(3)
N(4)–(H4N)···O(2) 0.95(4) 1.73(4) 2.645(3) 164(4)
N(5)–(H5N)···O(3) 0.79(3) 2.16(3) 2.937(3) 168(3)
Plane1: Pd, N(1), N(3), N(1�), N(3�)
Plane2: N(1), N(2), C(1), C(2), C(3)
Plane2�: N(1�), N(2�), C(1�), C(2�), C(3�)
Plane3: N(3), N(4), C(6), C(7), C(8)
Plane3�: N(3�), N(4�), C(6�), C(7�), C(8�)

[a] The symmetry transformation used to generate the equivalent
primed atoms is –x, –y + 1, –z + 1.

been transferred to the monodentate dmpz groups[31] such
that the complex cations and the carboxylate anions are
joined by a heteromeric synthon of type R2(10)[18,19] (Fig-
ure 1b). Compound 1 is a new example in which the N–
H···O interaction is reinforced by an electrostatic one, the
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H-bond acceptor being a carboxylate anion and the H-
bond donor an organometallic cation containing N–H
groups.

In addition, the N-acetylglycinate anions self-assemble
through N–H···O links to generate infinite chains. The
H···O and N···O distances are longer than those involving
the carboxylate group, but within the range observed for
this kind of interaction between neutral molecules.[23,25] The
supramolecular architecture of compound 1 is a 2D net-
work which can be described as being formed by infinite
chains of N-acetylglycinate anions (CH3CONHCH2COO–)
linked through the carboxylate group (COO–) to the
[Pd(Hdmpz)4]2+ cations by charge-assisted N–H(+)···O(–)

hydrogen bonds.

Reactivity of [Pd2(µ-dmpz)2(dmpz)2(Hdmpz)2] (B) towards
the Monoprotic Weak Acids N-Acetylglycine and
HO2CC6H4-R [R = m-NO2, p-N(CH3)2, p-NH2, p-OCH3,
p-OH]

[Pd2(µ-dmpz)2(dmpz)2(Hdmpz)2] (B) reacts with the mo-
nocarboxylic acids N-acetylglycine and the benzoic deriva-
tives HO2CC6H4-R [R = m-NO2, p-N(CH3)2, p-NH2, p-
OCH3, p-OH] in a 1:2 molar ratio, but in a different way to
[Pd(dmpz)2(Hdmpz)2] (A). In these cases selective proton-
ation of the monodentate dmpz groups (one from each pal-
ladium atom), their elimination as Hdmpz, and their fur-
ther displacement by the carboxylate anions generated takes
place. These carboxylate groups interact with the palladium
atoms in a monodentate way to give compounds [Pd2(µ-
dmpz)2(O2CCH2NHCOCH3-κO)2(Hdmpz)2] (2) and
[Pd2(µ-dmpz)2(O2CC6H4-R-κO)2(Hdmpz)2] [R = m-NO2

(3a), p-N(CH3)2 (3b), p-NH2 (3c), p-OCH3 (3d), p-OH (3e)]
(paths b and c in Scheme 1).

The IR absorptions corresponding to the carboxylate
groups (see Experimental Section) are in agreement with
the monodentate coordination mode of these anions,[32] as
confirmed by the X-ray structures of compounds 3d and 3e.

According to the symmetry of these compounds (C2),
their 1H NMR spectra show a set of signals corresponding
to one half of each complex, namely “Pd(µ-
dmpz)(O2CC6H4-R-κO)(Hdmpz)” (see Experimental Sec-
tion, Scheme 2). The methyl signals corresponding to bridg-
ing dmpz or terminal Hdmpz groups were unambiguously
assigned by NOE experiments.

Scheme 2.

A common way to synthesise pyrazolate complexes is by
treating carboxylate derivatives with the neutral pyrazole
(HRpz) in the presence of NEt3. These reactions proceed
with elimination of the carboxylic acid and coordination
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of the pyrazolate anion Rpz– to the metal centre.[33,34] The
substitution of Rpz– anions by carboxylate groups has sel-
dom been used as carboxylate complexes are much easier
to make than pyrazolates. As far as we know, only [Ru2(µ-
O2CR)2(Hpz)2(CO)4] has been prepared in such a way;[35]

the carboxylic acid is added in a large excess to induce pro-
tonation of all Rpz groups in the starting material. How-
ever, in the synthesis of complexes 2 and 3a–3e the carbox-
ylic acids are added to compound B in a stoichiometric
manner (1:2) and selective protonation of the terminal
dmpz groups takes place. Thus, the selectivity of this pro-
cess is the key to synthesising mixed-ligand complexes.

An X-ray study was performed on complexes 3d and 3e
to try to ascertain if the OH groups of the carboxylate
anions of different complexes are involved in hydrogen-
bonding interactions to generate supramolecular structures.
Unfortunately, no supramolecular aggregates were found
and both complexes show discrete dinuclear structures. The
molecular structures of complexes 3d and 3e are shown in
Figures 4 and 5, respectively, and a selection of bond
lengths and angles is given in Tables 2 and 3.

Figure 4. Molecular structure of 3d.

Figure 5. Molecular structure of 3e.

Complexes 3d and 3e are dinuclear species of PdII with
two 3,5-dmpz groups bridging the two metal atoms, which
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Table 2. Bond lengths [Å] and angles [°] for [Pd2(µ-dmpz)2(O2C-
C6H4OCH3-κO)2(Hdmpz)2] (3d).

Pd(1)–O(1) 2.001(2) Pd(1)–N(1) 2.016(2)
Pd(1)–N(5) 1.989(2) Pd(1)–N(7) 1.994(2)
Pd(2)–O(4) 2.015(2) Pd(2)–N(3) 2.011(2)
Pd(2)–N(6) 2.001(2) Pd(2)–N(8) 1.989(2)
C(21)–O(1) 1.271(3) C(21)–O(2) 1.234(3)
C(29)–O(4) 1.278(3) C(29)–O(5) 1.232(3)
N(5)–Pd(1)–O(1) 92.74(8) O(1)–Pd(1)–N(1) 86.06(9)
N(5)–Pd(1)–N(7) 89.04(9) N(7)–Pd(1)–N(1) 92.64(9)
N(8)–Pd(2)–O(4) 89.90(8) O(4)–Pd(2)–N(3) 90.26(8)
N(8)–Pd(2)–N(6) 89.97(9) N(6)–Pd(2)–N(3) 90.00(9)
C(21)–O(1)–Pd(1) 122.89 C(29)–O(4)–Pd(2) 116.60

N–(H)···O d(N–H) d(H···O) d(N···O) �(NHO)

N(2)-(H2)···O(5) 0.88 1.85 2.725(3) 173.8(2)
N(4)-(H4)···O(2) 0.88 1.85 2.703(3) 163.3(2)

Table 3. Bond lengths [Å] and angles [°] for [Pd2(µ-dmpz)2(O2C-
C6H4OH-κO)2(Hdmpz)2] (3e).

Pd(1)–N(1) 2.017(2) Pd(1)–N(5) 1.998(2)
Pd(1)–O(1) 2.004(2) Pd(1)–N(3) 1.988(2)
Pd(2)–N(4) 1.986(2) Pd(2)–O(4) 2.0098(17)
Pd(2)–N(6) 1.995(2) Pd(2)–N(7) 2.014(2)
C(1)–O(1) 1.289(3) C(1)–O(2) 1.239(3)
C(28)–O(4) 1.292(3) C(28)–O(5) 1.234(3)
N(3)–Pd(1)–O(1) 91.72(8) O(1)–Pd(1)–N(1) 88.06(8)
N(3)–Pd(1)–N(5) 89.76(8) N(5)–Pd(1)–N(1) 90.48(8)
N(6)–Pd(2)–O(4) 89.92(8) O(4)–Pd(2)–N(7) 90.03(8)
N(4)–Pd(2)–N(6) 89.75(8) N(4)–Pd(2)–N(7) 90.39(8)
C(1)–O(1)–Pd(1) 124.29(16) C(28)–O(4)–Pd(2) 118.23(16)

N-(H)···O d(N–H) d(H···O) d(N···O) �(NHO)

N(2)–(H2)···O(5) 0.88 1.827(2) 2.704(3) 174.26(18)
N(8)–(H8)···O(2) 0.88 1.852(2) 2.729(3) 174.47(18)

are located at 3.269 (3d) and 3.272 Å (3e). The Pd2N4 ring
shows a typical boat-like conformation, the dihedral angle
between both Pd–N–N–Pd fragments being 73.5(1)° (3d)
and 72.9(1)° (3e).[22] In addition, each Pd atom is bonded
to a nitrogen of a neutral, monodentate 3,5-dimethylpyra-
zole and to an oxygen of the carboxylate anion to complete
a square-planar coordination environment. The angles de-
fined by two ligands in cis positions and the metal centre
are close to 90°. The Pd–N distances are in the range of
distances found in other complexes with this kind of li-
gand.[6,11–17,20,21,36] No significant differences are observed
in the Pd–N distances corresponding to terminal Hdmpz or
bridging dmpz groups. The Pd–O bond lengths (ca. 2.00 Å)
are similar to those observed in palladium complexes with
monodentate carboxylate groups.[37–43] The two Pd–O–C
angles are surprisingly different to each other: while one of
them is smaller than 120° [C(29)–O(4)–Pd(2): 116.6° (3d);
C(28)–O(4)–Pd(2): 118.2° (3e)] and similar to those found
in other complexes with this type of ligand, such as
[Pd(phen)(MeCO2)2] (Pd–O–C: 114.3° and 118.5°),[37]

[Pd{3,3�-[CH2CH(COOEt)2]-2,2�-byp-κN,N�Cβ}(O2CCH3)]
(Pd–O–C: 116.9°–119.9°),[38] the other is, unusually, greater
than 120° [C(21)–O(1)–Pd(1): 122.9° (3d); C(1)–O(1)–Pd(1):
124.3° (3e)]. The C–O distances within the COO– moieties
(1.232–1.292 Å) indicate that the carboxylic acid molecules
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do not retain their acidic hydrogen, which has been trans-
ferred to the monodentate dmpz groups to generate Hdmpz
ones.[31]

The monodentate carboxylate anion bonded to a Pd
atom and the terminal Hdmpz group bonded to the other
Pd atom have an adequate arrangement to establish an N–
H···O hydrogen bond. The H···O and N···O distances are in
the range of those corresponding to charge-assisted N–H(+)

···O(–) bonds. In addition, the N–H···O angles are in the
range observed for these kinds of interactions.[24–30]

Reactivity of [Pd2(µ-dmpz)2(O2CC6H4-R-κO)2(Hdmpz)2] [R
= m-NO2 (3a), p-N(CH3)2 (3b), p-NH2(3c), p-OCH3 (3d),
p-OH (3e)] towards AgClO4

The reactions of [Pd2(µ-dmpz)2(O2CC6H4-R-κO)2-
(Hdmpz)2] [R = m-NO2 (3a), p-N(CH3)2 (3b), p-NH2 (3c),
p-OCH3 (3d), p-OH (3e)] with AgClO4 in a 1:2 molar ratio
in the presence of NEt3 produce the deprotonation of the
terminal Hdmpz groups and formation of [Pd2Ag2(µ-dmpz)4-
(O2CC6H4-R-κO)2] [R = m-NO2 (4a), p-N(CH3)2 (4b), p-
NH2(4c), p-OCH3 (4d), p-OH (4e)]. In these reactions the
NHEt3ClO4 by-product is eliminated by washing with
methanol, where compounds 4a–4e are insoluble.

This method has previously been used in the synthesis
of the Pd-Ag pyrazolate complexes [Pd2Ag4(dmpz)8][13] and
[Pd2Ag2(dmpz)6][14] from [Pd(dmpz)2(Hdmpz)2] and [Pd(µ-
dmpz)2(dmpz)2(Hdmpz)2], respectively.

Elemental analysis and IR and 1H NMR spectroscopic
data (Experimental Section, Scheme 2) are in agreement
with the stoichiometry proposed and presented in
Scheme 1. With the exception of the signal corresponding
to the acidic N–H protons, the number of signals observed
in the 1H NMR spectra of compounds 4a–e is the same as
that observed in the spectra of the starting complexes (3a–
3e). We thus propose the molecular structure represented in
Scheme 3a for compounds 4a–e, in which the two acidic H
atoms of complexes 3a–3e have been replaced by Ag ones,
keeping the carboxylate groups in a transoid conformation
with respect to the Pd···Pd axis. If acetone solutions of com-
pounds 4a–4e are left at room temperature until the solvent
has completely evaporated the resulting solids exhibit dif-
ferent 1H NMR spectra (Experimental Section, Scheme 2)
to those shown by the starting compounds (4a–4e), reveal-
ing a change in the molecular structure to give the isomers
4a�–4e� (Scheme 3b). The 1H NMR spectra of these com-
plexes display two signals corresponding to the H4 atoms

Scheme 3.
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of the Pd2(µ-dmpz)2 groups. A cisoid arrangement of the
carboxylate groups with respect to the Pd···Pd axis could
account for these two signals.

Single crystals of [Pd2Ag2(µ-dmpz)4(p-O2CC6H4OCH3-
κO)2(DMSO)] were obtained from a solution of 4d in
DMSO. Its 1H NMR spectrum is similar to that of 4d� in
DMSO, indicating that the structure of the skeleton of both
complexes is the same. The X-ray study of a single crystal
allowed us to unambiguously establish the structure pro-
posed for these compounds. The molecular structure of
[Pd2Ag2(µ-dmpz)4(p-O2CC6H4OCH3-κO)2(DMSO)] is
shown in Figure 6, and Table 4 contains a selection of bond
lengths and angles in the complex.

Figure 6. Molecular structure of [Pd2Ag2(µ-dmpz)4(µ-O2CC6H4-

OCH3)2(DMSO)].

Table 4. Bond lengths [Å] and angles [°] for [Pd2Ag2(µ-
dmpz)4(O2CC6H4OCH3-κO)2(DMSO)] from 4d�.

Pd(1)–N(1) 2.025(7) Pd(1)–N(3) 2.002(6)
Pd(1)–N(5) 2.020(6) Pd(1)–O(4) 2.007(6)
Pd(2)–N(2) 1.991(7) Pd(2)–N(4) 1.994(6)
Pd(2)–N(7) 2.019(7) Pd(2)–O(1) 2.008(6)
Ag(1)–O(2) 2.259(6) Ag(1)–O(5) 2.262(6)
Ag(1)–O(7) 2.409(8) Ag(2)–N(6) 2.069(7)
Ag(2)–N(8) 2.075(6) Ag(1)···Ag(2) 2.9208(12)
Ag(1)···Pd(2) 2.9586(12) Ag(1)···Pd(1) 3.0652(12)
O(4)–Pd(1)–N(5) 90.5(3) N(5)–Pd(1)–N(3) 90.8(3)
N(3)–Pd(1)–N(1) 88.8(3) N(1)–Pd(1)–O(4) 89.9(2)
O(1)–Pd(2)–N(7) 89.2(3) O(1)–Pd(2)–N(2) 90.2(3)
N(7)–Pd(2)–N(4) 91.3(3) N(4)–Pd(2)–N(2) 89.4(3)
O(2)–Ag(1)–O(7) 98.4(3) O(2)–Ag(1)–O(5) 117.2(3)
O(5)–Ag(1)–O(7) 98.8(2) O(2)–Ag(1)–Ag(2) 136.4(2)
O(5)–Ag(1)–Ag(2) 106.4(2) O(7)–Ag(1)–Ag(2) 73.8(2)
O(2)–Ag(1)–Pd(2) 76.0(2) O(5)–Ag(1)–Pd(2) 136.96(16)
O(7)–Ag(1)–Pd(2) 120.6(2) Ag(2)–Ag(1)–Pd(2) 72.27(3)
O(2)–Ag(1)–Pd(1) 124.67(19) O(5)–Ag(1)–Pd(1) 70.22(17)
O(7)–Ag(1)–Pd(1) 136.2(2) Ag(2)–Ag(1)–Pd(1) 69.57(3)
Pd(2)–Ag(1)–Pd(1) 69.33(3) N(6)–Ag(2)–N(8) 176.9(3)
N(6)–Ag(2)–Ag(1) 94.03(19) N(8)–Ag(2)–Ag(1) 85.45(18)

[Pd2Ag2(µ-dmpz)4(p-O2CC6H4OCH3-κO)2(DMSO)] is a
palladium/silver tetranuclear compound with both palla-
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dium atoms bridged by two 3,5-dmpz groups in such a way
that the Pd2N4 ring shows a typical boat-like conformation,
the dihedral angle between both Pd–N–N–Pd fragments be-
ing 70.5(2)°.[22] Both palladium atoms complete their
square-planar coordination environments by bonding to
one nitrogen of another 3,5-dmpz group and one oxygen of
the carboxylate anion. In this complex the two 3,5-dmpz
groups outside the Pd2N4 ring are in cisoid positions with
respect to the Pd···Pd axis, as are both carboxylate groups,
although in the starting complex [Pd2(µ-dmpz)2(O2CC6H4-

OCH3-κO)2(Hdmpz)2] (3d) transoid positions are observed.
The Pd–N[6,11–17,20,21,36] and Pd–O[44,45]distances are in the
range of those found in palladium compounds with the
same kind of ligands.

One of the silver atoms, Ag(2), is bonded to two 3,5-
dmpz groups in an almost linear coordination environment
[N(8)–Ag(2)–N(6) = 176.9(3)°]. The 3,5-dmpz groups bridg-
ing Ag(2) and both palladium atoms are almost coplanar
[interplanar angle of 4.7(3)°] and the dihedral angles be-
tween them and the coordination planes of the correspond-
ing palladium atoms are 52.3(3)° [Pd(1)] and 51.5(3)°
[Pd(2)].[22] The Ag–N distances are similar to those found
in other silver pyrazolate complexes.[13]

The other silver atom, Ag(1), is coordinated to two oxy-
gen atoms, one from each carboxylate group, which act as a
bridge between this atom] and both palladium atoms. Ag(1)
completes its coordination environment with the oxygen of
one molecule of DMSO used as crystallisation solvent. All
Ag–O distances are in the range of those observed in silver
complexes with these kinds of ligands.[44–49] Ag(1) also con-
tacts with Ag(2), the Ag(1)···Ag(2) distance being
2.9208(12) Å, which is similar to distances found in other
complexes with Ag···Ag interactions.[50–53] In addition,
Ag(1) contacts with Pd(1) [Ag(1)···Pd(1) = 3.0652(12) Å]
and Pd(2) [Ag(1)···Pd(2) = 2.9586(12) Å] and the Ag–Pd
vectors are nearly perpendicular to the square coordination
planes of the Pd(1) and Pd(2) centres [9.2(1)° and 9.7(1)°
respectively]. Both facts indicate weak Pd···Ag interac-
tions.[54,55]

The planar “C–CO2” fragment from the carboxylate
group bonded to Pd(1) forms angles of 69.8(3)° and
72.3(4)° with the palladium coordination plane and the 3,5-
dmpz group outside the Pd2N4 ring, respectively.[22] The
same parameters for Pd(2) are 86.6(3)° and 87.1(4)°. The
interplanar angle between both “C–CO2” fragments is
68.1(4)°.

Conclusion

In summary, N-acetylglycine reacts with [Pd(dmpz)2-
(Hdmpz)2] (A) in a 2:1 molar ratio to give [Pd(Hdmpz)4]-
(O2CCH2NHCOCH3)2 (1) by selective protonation of the
anionic monodentate dmpz ligands. The cationic complex
[Pd(Hdmpz)4]2+ is bonded to the N-acetylglycinate anion
through charge-assisted N–H(+)···O(–) hydrogen bonds. N-
acetylglycine also reacts with [Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2] (B) in a 2:1 molar ratio, but in this case, the
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selective protonation of the monodentate dmpz groups (one
from each palladium atom) is followed by their displace-
ment by the carboxylate anions generated and their elimi-
nation as Hdmpz. In the resulting compound, [Pd2(µ-dmpz)2-
(O2CCH2NHCOCH3-κO)2(Hdmpz)2] (2), the monodentate
carboxylate groups exhibit a transoid conformation with re-
spect to the Pd···Pd axis. The benzoic derivatives,
HO2CC6H4-R [R = m-NO2, p-N(CH3)2, p-NH2, p-OCH3,
p-OH] react with B in the same way that N-acetylglycine
does to give compounds [Pd2(µ-dmpz)2(O2CC6H4-R-κO)2-
(Hdmpz)2] [R = m-NO2 (3a), p-N(CH3)2 (3b), p-NH2 (3c),
p-OCH3 (3d), p-OH (3e)]. In the complexes 3a–3e, the H
atoms of the terminal Hdmpz groups can be replaced by
Ag+ to give [Pd2Ag2(µ-dmpz)4(µ-O2CC6H4-R-κO)2-
(Hdmpz)2] [R = m-NO2 (4a), p-N(CH3)2 (4b), p-NH2 (4c),
p-OCH3 (4d), p-OH (4e)], keeping the carboxylate groups
in a transoid conformation. Compounds 4a–4e isomerise in
acetone solution at room temperature to the cisoid species
4a�–4e�.

Experimental Section
General Procedures and Materials: [Pd2(µ-dmpz)2(dmpz)2-
(Hdmpz)2][14] and [Pd(dmpz)2(Hdmpz)2][13] were prepared as de-
scribed elsewhere. All reagents were commercially available and
used as received from Aldrich. Elemental analyses were performed
with a Perkin–Elmer 240-B microanalyser. IR spectra were re-
corded with a Perkin–Elmer 599 spectrophotometer (Nujol mulls
between polyethylene plates in the range 400–4000 cm–1). NMR
spectra were recorded with a Varian Unity-300 spectrometer using
standard references.

[Pd(Hdmpz)4](O2CCH2NHCOCH3)2 (1): N-acetylglycine (0.12 g,
1.0227 mmol) was added to a solution of [Pd(dmpz)2(Hdmpz)2] (A;
0.250 g, 0.5113 mmol) in CH2Cl2/MeOH (25:5 mL). The mixture
was stirred at room temperature for 2 h and then the solvent was
evaporated to dryness. Addition of Et2O (5 mL) to the residue
yielded 1 (0.3436 g, 93%). C28H44N10O6Pd (723.12): calcd. C 46.51,
H 6.13, N 19.36; found C 46.63, H 5.90, N 19.07. IR: ν̃max = 3450–
3000 cm–1 (s, br), 1667 (m), 1628 (vs), 1583 (s), 1376 (s), 1287 (s),
1068 (m), 1035 (m), 783 (m, sh), 650 (m), 597 (m), 555 (m), 517
(m).

[Pd2(µ-dmpz)2(O2CCH2NHCOCH3)2(Hdmpz)2] (2): A solution of
N-acetylglycine (0.06 g, 0.51 mmol) in methanol (10 mL) was
added to a solution of [Pd2(µ-dmpz)2(dmpz)2(Hdmpz)2] (B;
0.200 g, 0.2546 mmol) in CH2Cl2 (50 mL). The mixture was stirred
at room temperature for 2 h and the solution was then filtered
through celite and the solvent evaporated to dryness. Addition of
Et2O (5 mL) to the residue yielded 2 (0.110 g, 51%).
C28H42N10O6Pd2 (721.11): calcd. C 40.64, H 5.12, N 16.92; found
C 40.71, H 5.08, N 16.60. IR: ν̃max = 3450–3000 cm–1 (s, br), 1627
(vs), 1583 (vs), 1376 (s), 1282 (s), 1175 (m), 1035 (m), 814 (m), 775
(m), 660 (w). 1H NMR (300 MHz, CDCl3, 23 °C): δ = 1.80 (s, 6
H, CH3, dmpz), 1.86 (s, 6 H, CH3, N-acetylglycine), 2,18 (s, 6 H,
CH3, Hdmpz), 2.26 (s, 6 H, CH3, dmpz), 2.64 (s, 6 H, CH3,
Hdmpz), 3.74 (νA, 2JH,H = 4.0 Hz, 2 H, CH2, acetylglycine), 3.76
(νB, 2 H, CH2, acetylglycine), 5.41 (s, 2 H, 4-H, dmpz), 5.80 (s, 2
H, 4-H, Hdmpz), 5.99 (s, 2 H, N-H, acetylglycine), 13.07 (s, 2 H,
N-H, Hdmpz) ppm.

[Pd2(µ-dmpz)2(O2CC6H4NO2-κO)2(Hdmpz)2] (3a): A solution of m-
nitrobenzoic acid (0.1067 g, 0.638 mmol) in methanol (3 mL) was
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added to a yellow solution of B (0.2496 g, 0.318 mmol) in CH2Cl2
(35 mL). The mixture was stirred at room temperature for 2 h and
the solvent was then evaporated to dryness. Addition of diethyl
ether (12 mL) to the residue gave 3a as a yellow solid, which was
filtered off and dried (0.055 g, 32% yield). C34H38N10O8Pd2

(927.54): calcd. C 44.03, H 4.13, N 15.09; found C 43.93, H 4.27,
N 14.83. IR: ν̃max = 1631 cm–1 (vs), 1586 (s), 1531 (s), 1378 (vs),
1348 (s), 1155 (m), 1072 (m), 820 (m), 782 (m), 760 (m). 1H NMR
(300 MHz, [D6]acetone, 23 °C): δ = 1.94 (s, 6 H, CH3, dmpz), 2.36
(s, 6 H, CH3, Hdmpz), 2.40 (s, 6 H, CH3, dmpz), 2.93 (s, 6 H, CH3,
Hdmpz), 5.47 (s, 2 H, 4-H, dmpz), 6.10 (s, 2 H, 4-H, Hdmpz), 7.70
(t, 3JH,H = 7.7 Hz, 2 H, 5-H), 8.33 (d, 3JH6,H5 = 7.7 Hz, 2 H, 6-H),
8.40 (d, 3JH4,H5 = 7.7 Hz, 2 H, 4-H), 8.80 (s, 2 H, 2-H), 13.78 (s, 2
H, N-H, Hdmpz) ppm.

[Pd2(µ-dmpz)2{O2CC6H4N(CH3)2-κO}2(Hdmpz)2] (3b): Prepared
similarly to 3a from B (0.3000 g, 0.382 mmol) and p-dimethylami-
nobenzoic acid (0.1262 g, 0.764 mmol). Addition of methanol
(7 mL) to the residue gave 3b (0.2904 g, 82%). C38H50N10O4Pd2

(923.68): calcd. C 49.41, H 5.46, N 15.16; found C 49.15, H 5.45,
N 15.17. IR: ν̃max = 1609 cm–1 (vs), 1589 (s), 1543 (s), 1525 (s),
1356 (vs), 1307 (s), 1230 (m), 1194 (vs), 1140 (m), 1063 (m), 946
(m), 837 (m), 810 (m), 778 (vs). 1H NMR (300 MHz, [D6]DMSO,
23 °C): δ = 1.83 (s, 6 H, CH3, dmpz), 2.25 (s, 6 H, CH3, Hdmpz),
2.30 (s, 6 H, CH3, dmpz), 2.78 (s, 6 H, CH3, Hdmpz), 2.92 (s, 12
H, NMe2), 5.45 (s, 2 H, 4-H, dmpz), 6.07 (s, 2 H, 4-H, Hdmpz),
6.65 (d, 3JH2,H3 = JH5,H6 = 8.8 Hz, 4 H, 3-H, 5-H), 7.71 (d, 3JH2,H3

= JH5,H6 = 8.8 Hz, 4 H, 2-H, 6-H), 14.00 (s, 2 H, N-H, Hdmpz)
ppm.

[Pd2(µ-dmpz)2(O2CC6H4NH2-κO)2(Hdmpz)2] (3c): Prepared simi-
larly to 3a from B (0.2027 g, 0.258 mmol) and p-aminobenzoic acid
(0.071 g, 0.516 mmol). Yield: 0.2017 g (90%). C34H42N10O4Pd2

(867.58): calcd. C 47.07, H 4.88, N 16.14; found C 46.76, H 4.72,
N 15.83. IR: ν̃max = 3386 cm–1 (m), 3329 (m), 3176 (m), 3125 (m),
1642 (m), 1600 (vs), 1548 (m), 1513 (m), 1376 (vs), 1297 (s), 1174
(s), 1066 (m), 849 (m), 813 (m), 782 (m), 649 (m), 505 (m). 1H NMR
(300 MHz, [D6]acetone, 23 °C): δ = 1.94 (s, 6 H, CH3, dmpz), 2.36
(s, 12 H, CH3, dmpz, Hdmpz), 2.89 (s, 6 H, CH3, Hdmpz), 4.98 (s,
4 H, NH2), 5.41 (s, 2 H, 4-H, dmpz), 6.00 (s, 2 H, 4-H, Hdmpz),
6.60 (m, 4 H, 3-H, 5-H), 7.77 (m, 4 H, 2-H, 6-H), 14.34 (s, 2 H,
N-H, Hdmpz) ppm.

[Pd2(µ-dmpz)2(O2CC6H4OCH3-κO)2(Hdmpz)2] (3d): Prepared simi-
larly to 3a from B (0.2995 g, 0.381 mmol) and p-methoxybenzoic
acid (0.1161 g, 0.763 mmol). The addition of methanol (8 mL) to
the residue gave 3d as a yellow solid (0.2165 g, 63%).
C36H44N8O6Pd2 (897.60): calcd. C 48.17, H 4.94, N 12.48; found
C 47.87, H 4.82, N 12.35. IR: ν̃max = 1609 cm–1 (vs), 1586 (s), 1570
(s), 1533 (s), 1509 (s), 1364 (vs), 1305 (s), 1253 (s), 1168 (s), 1031
(s), 851 (m), 819 (m), 778 (s). 1H NMR (300 MHz, [D6]acetone,
23 °C): δ = 1.94 (s, 6 H, CH3, dmpz), 2.35 (s, 6 H, CH3, Hdmpz),
2.36 (s, 6 H, CH3, dmpz), 2.89 (s, 6 H, CH3, Hdmpz), 3.81 (s, 6 H,
OCH3), 5.42 (s, 2 H, 4-H, dmpz), 6.02 (s, 2 H, 4-H, Hdmpz), 6.91
(d, 3JH2,H3 = JH5,H6 = 8.8 Hz, 4 H, 3-H, 5-H), 7.97 (d, 3JH2,H3 =
JH5,H6 = 8.8 Hz, 4 H, 2-H, 6-H), 14.16 (s, 2 H, N-H, Hdmpz) ppm.

[Pd2(µ-dmpz)2(O2CC6H4OH-κO)2(Hdmpz)2] (3e): Prepared simi-
larly to 3a from B (0.2120 g, 0.269 mmol) and p-hydroxybenzoic
acid (0.0745 g, 0.539 mmol). Yield: 0.2211 g (94%).
C34H40N8O6Pd2 (869.54): calcd. C 46.96, H 4.60, N 12.89; found
C 47.23, H 5.00, N 12.93. IR: ν̃max = 3331 cm–1 (m), 1610 (vs),
1597 (vs), 1537 (vs), 1503 (vs), 1377 (vs), 1288 (vs), 1234 (vs), 1167
(vs), 1054 (m), 857 (m), 788 (s), 777 (s), 651 (m). 1H NMR
(300 MHz, [D6]acetone, 23 °C): δ = 1.94 (s, 6 H, CH3, dmpz), 2.35
(s, 12 H, CH3, dmpz, Hdmpz), 2.88 (s, 6 H, CH3, Hdmpz), 5.42 (s,
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2 H, 4-H, dmpz), 6.00 (s, 2 H, 4-H, Hdmpz), 6.80 (d, 3JH2,H3 =
JH5,H6 = 8.4 Hz, 4 H, 3-H, 5-H), 7.89 (d, 3JH2,H3 = JH5,H6 = 8.4 Hz,
4 H, 2-H, 6-H), 14.19 (s, 2 H, N-H, Hdmpz) ppm.

[Pd2Ag2(µ-dmpz)4(O2CC6H4NO2-κO)2] (4a): AgClO4 (0.0663 g,
0.3198 mmol) and NEt3 (0.5 mL) were added to a solution of 3a
(0.1412 g, 0.152 mmol) in acetone (12 mL). The resulting solution
was stirred for 75 min and then filtered through celite to eliminate
some impurities. The solution was evaporated to dryness and
MeOH (15 mL) added to the residue. The yellow solid was filtered
and washed with diethyl ether (6 mL). Yield of 4a: (0.165 g, 74%).
C34H36Ag2N10O8Pd2 (1141.3): calcd. C 35.78, H 3.18, N 12.27;
found C 35.58, H 2.95, N 12.08. IR: ν̃max = 1598 cm–1 (vs), 1564
(vs), 1399 (vs), 1349 (vs), 1160 (m), 1081 (m), 1050 (m), 780 (m),
654 (w). 1H NMR (300 MHz, [D6]acetone, 23 °C): δ = 2.17 [s, 6 H,
CH3, Pd2(µ-dmpz)2], 2.52 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.60 [s,
6 H, CH3, Pd2(µ-dmpz)2], 2.85 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 5.64
[s, 2 H, 4-H, Pd2(µ-dmpz)2], 5.74 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)2],
7.80 (m, 2 H, 5-H), 8.43 (m, 4 H, 4-H, 6-H), 8.80 (m, 2 H, 2-
H) ppm. Slow evaporation of a solution of 4a in acetone at room
temperature gave 4a�. 1H NMR (300 MHz, [D6]acetone, 23 °C): δ
= 1.90 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.22 [s, 6 H, CH3, Pd2Ag(µ-
dmpz)2], 2.58 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.66 [s, 6 H, CH3,
Pd2Ag(µ-dmpz)2], 5.62 [s, 1 H, 4-H, Pd2(µ-dmpz)2], 5.64 [s, 1 H, 4-
H, Pd2(µ-dmpz)2],5.86 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)2], 7.75 (m, 2
H, 5-H), 8.37 (ddd, 3JH4,H5 = 8.2, 4JH4,H2 = 2.4, 4JH4,H6 = 1.2 Hz,
2 H, 4-H), 8.41 (dt, 3JH6,H5 = 7.8, 4JH6,H4 = 4JH6,H2 = 1.2 Hz, 2 H,
6-H), 8.77 (m, 2 H, 2-H) ppm.

[Pd2Ag2(µ-dmpz)4{O2CC6H4N(CH3)2-κO}2] (4b): Prepared simi-
larly to 4a from 3b (0.2001 g, 0.202 mmol), AgClO4 (0.0893 g,
0.431 mmol) and NEt3 (0.7 mL). Yield of 4b: 0.1753 g (79%).
C38H48Ag2N10O4Pd2 (1137.4): calcd. C 40.06, H 4.24, N 12.29;
found C 40.41, H 4.41, N 11.99. IR: ν̃max = 1603 cm–1 (m), 1566
(m), 1512 (m), 1379 (s), 1366 (m), 1196 (m), 779 (m). 1H NMR
(300 MHz, CH2Cl2, 23 °C): δ = 2.04 [s, 6 H, CH3, Pd2(µ-dmpz)2],
2.21 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.51 [s, 6 H, CH3, Pd2(µ-
dmpz)2], 2.53 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 3.02 (s, 12 H, NMe2),
5.61 [s, 2 H, 4-H, Pd2(µ-dmpz)2], 5.73 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)
2], 6.63 (d, 3JH2,H3 = JH5,H6 = 9.1 Hz, 4 H, 3-H, 5-H), 7.87 (d,
3JH2,H3 = JH5,H6 = 9.1 Hz, 4 H, 2-H, 6-H) ppm. Slow evaporation
of a solution of 4b in acetone at room temperature gave 4b�. 1H
NMR (300 MHz, CD2Cl2, 23 °C): δ = 1.89 [s, 6 H, CH3, Pd2(µ-
dmpz)2], 2.25 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.59 [s, 12 H, CH3,
Pd2(µ-dmpz)2, Pd2Ag(µ-dmpz)2], 3.02 (s, 12 H, NMe2), 5.62 [s, 1
H, 4-H, Pd2(µ-dmpz)2], 5.71 [s, 1 H, 4-H, Pd2(µ-dmpz)2], 5.82 [s, 2
H, 4-H, Pd2Ag(µ-dmpz)2], 6.63 (d, 3JH2,H3 = 3JH5,H6 = 8.9 Hz, 4
H, 3-H, 5-H), 7.86 (d, 3JH2,H3 = 3JH5,H6 = 8.9 Hz, 4 H, 2-H, 6-H)
ppm.

[Pd2Ag2(µ-dmpz)4(O2CC6H4NH2-κO)2] (4c): Prepared similarly to
4a from 3c (0.08 g, 0.0922 mmol), AgClO4 (0.0382 g, 0.1844 mmol)
and NEt3 (0.5 mL). Yield of 4c: 0.009 g (9%). C34H40Ag2N10O4Pd2

(1081.3): calcd. C 37.77, H 3.73, N 12.95; found C 37.68, H 3.67,
N 12.65. IR: ν̃max = 3363 cm–1 (m), 1619(m), 1602 (m), 1584 (s),
1523 (m, sh), 1377 (s), 1299 (m), 1176 (m), 841 (w), 776 (m), 641
(w), 500 (w). 1H NMR (300 MHz, CDCl3, 23 °C): δ = 2.02 [s, 6 H,
CH3, Pd2(µ-dmpz)2], 2.16 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.47 [s,
6 H, CH3, Pd2(µ-dmpz)2], 2.49 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 3.92
(s, 4 H, NH2), 5.30 [s, 2 H, 4-H, Pd2(µ-dmpz)2], 5.55 [s, 2 H, 4-H,
Pd2Ag(µ-dmpz)2], 6.58 (d, 3JH2,H3 = JH5,H6 = 8.4 Hz, 4 H, 3-H, 5-
H), 7.81 (d, 3JH2,H3 = JH5,H6 = 8.4 Hz, 4 H, 2-H, 6-H) ppm. Slow
evaporation of a solution of 4c in acetone at room temperature
gave 4c�. 1H NMR (300 MHz, [D6]acetone, 23 °C): δ = 1.87 [s, 6
H, CH3, Pd2(µ-dmpz)2], 2.21 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.57
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[s, 6 H, CH3, Pd2(µ-dmpz)2], 2.63 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2],
3.92 (s, 4 H, NH2), 5.60 [s, 1 H, 4-H, Pd2(µ-dmpz)2], 5.63 [s, 1 H,
4-H, Pd2(µ-dmpz)2], 5.81 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)2], 6.60 (d,
3JH2,H3 = 3JH5,H6 = 8.4 Hz, 4 H, 3-H, 5-H), 7.75 (d, 3JH2,H3 =
3JH5,H6 = 8.4 Hz, 4 H, 2-H, 6-H) ppm.

[Pd2Ag2(µ-dmpz)4(O2CC6H4OCH3-κO)2] (4d): Prepared similarly
to 4a from 3d (0.1810 g, 0.202 mmol), AgClO4 (0.0836 g,
0.403 mmol) and NEt3 (0.7 mL). Yield of 4d: 0.165 g (74%).
C36H42Ag2N8O6Pd2 (1111.3): calcd. C 38.91, H 3.81, N 10.08;
found C 38.91, H 3.78, N 10.03. IR: ν̃max = 1610 cm–1 (s), 1591 (s),
1546 (s), 1378 (s), 1260 (s), 1171 (m), 1032 (m), 848 (m), 778 (s), 765
(m), 642 (m), 628 (m). 1H NMR (300 MHz, [D6]DMSO, 23 °C): δ
= 2.02 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.24 [s, 6 H, CH3, Pd2Ag(µ-
dmpz)2], 2.47 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.60 [s, 6 H, CH3,
Pd2Ag(µ-dmpz)2], 3.91 (s, 6 H, OCH3), 5.70 [s, 2 H, 4-H, Pd2(µ-
dmpz)2], 5.83 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)2], 7.09 (d, 3JH2,H3 =
JH5,H6 = 9.1 Hz, 4 H, 3-H, 5-H), 7.99 (d, 3JH2,H3 = JH5,H6 = 9.1 Hz,
4 H, 2-H, 6-H) ppm. Slow evaporation of a solution of 4d in ace-
tone at room temperature gave 4d�. 1H NMR (300 MHz, [D6]
DMSO, 23 °C): δ = 1.77 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.18 [s, 6 H,
CH3, Pd2Ag(µ-dmpz)2], 2.46 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.59 [s,
6 H, CH3, Pd2Ag(µ-dmpz)2], 3.80 (s, 6 H, OCH3), 5.59 [s, 1 H, 4-
H, Pd2(µ-dmpz)2], 5.60 [s, 1 H, 4-H, Pd2(µ-dmpz)2], 5.83 [s, 2 H, 4-
H, Pd2Ag(µ-dmpz)2], 6.94 (d, 3JH2,H3 = 3JH5,H6 = 8.7 Hz, 4 H, 3-
H, 5-H), 7.89 (d, 3JH2,H3 = 3JH5,H6 = 8.7 Hz, 4 H, 2-H, 6-H) ppm.

[Pd2Ag2(µ-dmpz)4(O2CC6H4OH-κO)2] (4e): Prepared similarly to
4a from 3e (0.17 g, 0.196 mmol), AgClO4 (0.0812 g, 0.392 mmol)
and NEt3 (0.75 mL). Yield of 4e: 0.08 g (38%). C34H38Ag2N8O6Pd2

(1083.3): calcd. C 37.70, H 3.53, N 10.34; found C 37.39, H 3.16,
N 10.51. IR: ν̃max = 3606 cm–1 (m), 1610 (m), 1594 (s), 1538 (s, sh),
1377 (s), 1274 (m), 1236 (m), 1166 (m), 1095 (m), 848 (m), 780 (s),
768 (s), 643 (m). 1H NMR (300 MHz, [D6]acetone, 23 °C): δ = 2.04
[s, 6 H, CH3, Pd2(µ-dmpz)2], 2.16 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2],
2.51 [s, 6 H, CH3, Pd2(µ-dmpz)2], 2.57 [s, 6 H, CH3, Pd2Ag(µ-
dmpz)2], 5.60 [s, 2 H, 4-H, Pd2(µ-dmpz)2], 5.72 [s, 2 H, 4-H,
Pd2Ag(µ-dmpz)2], 6.87 (d, 3JH2,H3 = JH5,H6 = 8.9 Hz, 4 H, 3-H, 5-
H), 7.93 (d, 3JH2,H3 = JH5,H6 = 8.9 Hz, 4 H, 2-H, 6-H) ppm. Slow
evaporation of a solution of 4e in acetone at room temperature
gave 4e�. 1H NMR (300 MHz, [D6]acetone, 23 °C): δ = 1.88 [s, 6
H, CH3, Pd2(µ-dmpz)2], 2.21 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2], 2.57
[s, 6 H, CH3, Pd2(µ-dmpz)2], 2.64 [s, 6 H, CH3, Pd2Ag(µ-dmpz)2],
5.61 [s, 1 H, 4-H, Pd2(µ-dmpz)2], 5.64 [s, 1 H, 4-H, Pd2(µ-dmpz)2],
5.83 [s, 2 H, 4-H, Pd2Ag(µ-dmpz)2], 6.82 (d, 3JH2,H3 = 3JH5,H6 =
8.9 Hz, 4 H, 3-H, 5-H), 7.89 (d, 3JH2,H3 = 3JH5,H6 = 8.7 Hz, 4 H,
2-H, 6-H) ppm.

X-ray Structure Determination: Crystal data and other details of
the structure analysis are presented in Table 5. Single crystals of 1
were obtained by slow diffusion of n-hexane into a solution of 1 in
chloroform at room temperature. Single crystals of 3d and 3e were
obtained by slow diffusion of n-hexane into their respective solu-
tions in acetone at room temperature. Single crystals of 4d� were
obtained by slow diffusion of diethyl ether into a solution of 4d in
DMSO at room temperature. For 3d·Me2CO, the acetone solvent
molecule was found to be disordered over two sets of positions that
were refined with partial occupancy 0.50:0.50. A common set of
anisotropic parameters was used for each pair of homologous
atoms. For 3e·2Me2CO, one of the acetone solvent molecules was
modelled as disordered over two positions with partial occupancy
0.75:0.25, with the central C atom (C38) being common for the two
sets. For 4d�·0.7Me2SO, the sulfur atom of the Me2SO molecule
coordinated to Ag(1) was disordered over two positions [S(1)/S(1�)]
refined with partial occupancy 0.80:0.20. For this molecule, all the
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Table 5. Crystal data and structure refinement for complexes 1, 3d·Me2CO, 3e·2Me2CO and 4d�·0.7Me2SO.

Complex 1 3d·Me2CO 3e·2Me2CO 4d�·0.7Me2SO

Empirical formula C28H44N10O6Pd C36H44N8O6Pd2·Me2CO C34H40N8O6Pd2·2Me2CO C38H48Ag2N8O7Pd2S·0.7Me2SO
Formula mass 723.13 955.67 985.7 1244.13
T [K] 150(1) 173(1) 100(1) 173(1)
λ [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P21/n P21/n Cc P1̄
a [Å] 8.3462(6) 8.5194(6) 17.8303(7) 12.867(5)
b [Å] 9.4493(5) 22.1527(15) 12.8679(5) 13.823(5)
c [Å] 20.7037(15) 22.9327(16) 20.9510(9) 14.585(5)
α [°] 90 90 90 99.922(7)
β [°] 95.491(10) 96.938(1) 113.957(1) 101.816(8)
γ [°] 90 90 90 100.341(6)
V [Å3] 1625.32(19) 4614.5(5) 4392.8(3) 2438.3(15)
Z 2 4 4 2
Dc [g cm–3] 1.478 1.477 1.490 1.695
µ (Mo-Kα) [mm–1] 0.628 0.892 0.877 1.643
θ range [°] 2.37–24.97 2.01–25.03 2.02–28.47 1.93–25.03
Data collected 3045 32062 19098 13477
Independent data (Rint) 2835 (0.0222) 7570 (0.0336) 9547 (0.0232) 8529 (0.0330)
Goodness-of-fit on F2[a] 1.050 1.010 1.030 1.032
Final R indices [I � 2σ(I)][b] R1 = 0.0292; wR2 = 0.0722 R1 = 0.0305; wR2 = 0.0687 R1 = 0.0230; wR2 = 0.0583 R1 = 0.0589; wR2 = 0.1344
R indices (all data)[c] R1 = 0.0438; wR2 = 0.0782 R1 = 0.0374; wR2 = 0.0710 R1 = 0.0234; wR2 = 0.0585 R1 = 0.0806; wR2 = 0.1476

[a] Goodness-of-fit = [Σw (Fo
2 – Fc

2)2/(Nobs – Nparam)]0.5. [b] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [c] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]0.5.

S–C and S–O distances were restrained to be equal for both S
atoms. No attempts were made to include the methyl hydrogen
atoms of this molecule in the final model.
CCDC-271570–271573 (for 1, 3d, 3e and 4d�, respectively) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Treatment of the diorganodichalcogenides PhEEPh (E = Se,
Te) with one equivalent of elemental halogen (bromine or
iodine) in methanol followed by addition of a sulfur donor
and one more equivalent of the corresponding organochal-
cogen trihalide PhTeX3 affords the mixed-oxidation-state or-
ganochalcogen halides [PhEII(L)PhE�IVX4] (E = Se, Te; E� =
Te; X = Br, I; L = thiourea, tetramethylthiourea) in a one-pot
procedure. The X-ray structural analyses of these compounds
suggest a strong dependence of the formation of supramolec-

Introduction

The chemistry of organochalcogen halides is also the
chemistry of secondary bonds and as such is the subject of
considerable current interest. The bonding in these com-
pounds eludes simple description, and concepts like hyper-
valence, multicenter bonding, charge-transfer interactions,
and secondary bonds have been invoked to understand their
structural and chemical properties.[1–9] Intermolecular
bonding of the type E···X and X···X (E = Se, Te; X = Cl,
Br, I) of various strengths leads to the formation of poly-
meric chains, dimeric structures, or monomers with fairly
strong intermolecular interactions. Many of these halogen
compounds lie close to the ionic/covalent borderline, and
several identified species have been found to be dependent
on the substituents R, the donor atom, the identity of the
halogen, and, in some cases, also on the dielectric constant
of the solvent in which they have been prepared.[10–12]

Recently, as part of our research on the coordination of
organotellurium compounds, we have reported the synthe-
ses and the molecular structures of organotellurium trihal-
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ular assemblies on the nature of the halogen bonded to the
tellurium atom. The halogen can induce intramolecular and
intermolecular secondary interactions among the heavy
atoms simultaneously and, in addition to Te···X and X···X sec-
ondary bonds, intramolecular interactions of the type Te···η6-
π-aryl can be formed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ides[13,14] and organotellurium monohalides,[11,15,16] as well
as several studies involving structures of phenyltellurate ha-
lides stabilized by different cations.[17–19] Most of the crystal
structures reported for the RTeX3 species show that the oc-
currence of intra- and intermolecular interactions (second-
ary bonding), together with the nature of the organic
groups bonded to the tellurium atoms, exert influence on
the geometry around the tellurium() center and conse-
quently define the structural patterns of these com-
pounds.[14,20–26] The apparent bisphenoidal coordination
sphere of the central tellurium atom is extended by the pres-
ence of intermolecular Te···X and X···X secondary interac-
tions. It has been assumed that for RTeX3 compounds there
is a tendency for the chlorides to be polymeric, the bro-
mides either polymeric or dimeric, the iodides dimeric, and,
if R is particularly bulky, monomeric structures would be
the norm. Here, the size of the halogen should be the other
determining factor, with dimeric structures preferred as the
halogen size increases.[27,28] A comparison of the structure
of [(2,4,6-Ph3C6H2)TeI3] with the bonding situation in other
organotellurium() triiodides suggests a strong dependence
of the formation of supramolecular assemblies on the na-
ture of the organic substituents.[14]

More recently, we have extended our studies to investi-
gate the reaction conditions needed to obtain and isolate
the corresponding mono-iodide of the more bulky substi-
tuted ditellurides (MesTe)2 or (2,4,6-Ph3C6H2Te)2. The
presence of the methyl or phenyl groups on the aromatic
rings probably prevents the formation of stable tetrameric
subunits similar to (PhTeI)4.[11] Attempts to crystallize the
corresponding aryltellurenyl mono-iodide (RTeI) were un-



Organochalcogen Halides with Mixed Valence States FULL PAPER
successful as it decomposes to other aryltellurium deriva-
tives.[11,15,16] Thus, for example, (MesTe)2 [Mes = 2,4,6-
(CH3)C6H2] reacts with iodine to produce [MesTeI], which
disproportionates to [MesTeI3], elemental tellurium, and
[MesTe(TeMes2)I].[16] When the same reaction is carried out
with [(2,4,6-Ph3C6H2)Te]2, the compound [(2,4,6-Ph3C6H2)-
TeI3][14] is formed as a result of a disproportion reaction
under inert atmosphere or an oxo-bridged tellurium()
compound in the presence of air.[15] We are investigating
this process further as it seems to have not only a steric
influence but also an electronically directed behavior. The
compound [MesTe(TeMes2)I] is a representative example of
a wider class of compounds of general formula [RTe(L)X]
(where L is a neutral donor ligand), which were reported
for the first time in the pioneering work of Foss and Hu-
seby.[29] More recently, Godfrey,[12] Sadekov et al.,[30] and
Singh et al.[31,32] have reported new examples.

Taking into account the unexpected reactivity and the
interesting structural arrays previously obtained for several
organochalcogen halides, we have turned our attention to
the possibility of preparing organochalcogen halides with
chalcogen atoms presenting mixed valence states in the
same molecule.

There are only a few examples of this class of compounds
in the literature. One of these is [(DMSeU)2Te2Br6]
(DMSeU = N,N-dimethylselenourea), which was obtained
during the preparation of thin films of Te–Se alloys.[33] This
compound contains both TeIV and TeII in the same mole-
cule and there are no previously reported cases of such
structures involving tellurium. Recently the synthesis and
structural elucidation of [Me2TeCCTeMe]I, the first alkyn-
yltelluronium species, was reported.[34] A further search in
the Cambridge Crystallographic Database reveals one more
structure showing the coexistence of Ph3TeI and MesTeI in
a ratio of 4:2 in the same compound.[3,35] The iodine atoms
bridge the TeIV and TeII atoms to build blocks containing
six molecules.

In the light of these previous results and to expand our
studies on the molecular structures and intermolecular
bonding in organotellurium derivatives, we have prepared
organic models which should allow the study of the interac-
tion processes of tellurium() cations with tellurolate
anions. In this paper we report the synthesis and the struc-
tural characterization of the four new complexes [(TMTU)-
PhTe(µ-Br)TeBr3Ph]2 (1), [(TU)PhTe(µ-I)TeI3Ph]2 (2),
[PhSe(TU)][PhTeI4] (3), and [PhSe(TU)][PhTeBr4] (4).

Results and Discussion
The reactions between diaryl dichalcogenides and an

equivalent amount of halogen in methanol at room tem-
perature afford the corresponding arylchalcogen halides
stabilized by a sulfur donor. The arylchalcogenide trihalide
was added to the mixture and stirred at slow reflux for 2 h.
The final solution was filtered and crystals suitable for X-
ray analysis were achieved by slow evaporation of the sol-
vent. Compounds 1–4 were obtained in yields of 63–85 %
[Equation (1)].

Eur. J. Inorg. Chem. 2006, 958–964 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 959

(1)

E = Se, Te; E� = Te; X = Br, I; L = (Me2N)2CS (TMTU), (H2N)2-
CS (TU)

Several attempts to recrystallize 1–4 in order to obtain
compounds with a high purity resulted in disproportiona-
tion to yield mainly Ph2TeX2 and PhEX3 (E = Se, Te; X =
Br, I).[11,16] Besides elucidating the structures of 1–4, we
were also interested in the structure of similar compounds
containing chlorine. Attempts to obtain PhTeCl[36] by treat-
ment of (PhTe)2 with SO2Cl2 and then [PhE(L)PhE�Cl4] ac-
cording to Equation (1) failed; the analysis of the final ma-
terial revealed merely the presence of [PhTe(TU)Cl][18] and
the starting materials PhTeCl3 or PhSeCl3.

X-ray Crystallography

The X-ray studies showed that the asymmetric units of
compounds 1 and 2 (Figures 1 and 2, respectively) present
the general formula [PhTe(L)PhTeX4] [1: L = TMTU (tet-
ramethylthiourea), X = Br; 2: L = TU (thiourea), X = I]
Since the Te2–Br2 and Te2–I4 distances in 1 and 2
[3.1757(13) and 3.1687(8) Å] are similar to the Te1–Br2 and
Te1–I4 distances, but much smaller than the Te1–Br3� and
Te1–I4� bond lengths of 3.8471(13) and 3.7602(12) Å. Ac-
cording to Alcock’s concept of secondary bonds,[1] the latter
bonds are examples of this type of interaction. Thus, it is
plausible to state that the asymmetric units are neutral
monomers connected by secondary Te···X interactions into
dimers with the formula [LPhTe(µ-X)TeX3Ph]2. The crystal
structures of compounds 3 and 4 (Figures 3 and 4, respec-
tively) are built up of discrete [PhTeX4]– anions (3: X =
I; 4: X = Br) and the corresponding [PhSe(TU)]+ cations.
Considering the E···X secondary bonds, the complex salts
3 and 4 should be classified as pseudo-dimeric (3) or poly-
meric (4) assemblies.

The two PhTe(TMTU)PhTeBr4 units in complex 1 are
related by a center of inversion in the center of the rectangle
formed by the atoms Te1, Br3, Te1�, and Br3� (Figure 1).
The Br3 and Br3� atoms form secondary bonds to the Te1�
and Te1 atoms, respectively, thereby closing the dimeric ar-
rangement. The geometry around the TeIV atom (Te1) may
be described as distorted octahedral with bonds to five bro-
mine atoms (Br1, Br2, Br3, Br4, and Br3�) and to one aro-
matic carbon atom (C11). The geometry around the TeII

atom (Te2) presents a T-shape and involves a bromine atom
(Br2), a sulfur atom, and an aromatic carbon (C21). The
Br2 atom is shared by both tellurium atoms located in the
same asymmetric unit, thereby suggesting the occurrence of
a charge-transfer compound. The sum of the van der Waals
radii of Te and Br is 4.0 Å.[37] The Te2–S bond length of
2.455(3) Å agrees with similar examples in the literature
containing a Br–Te–S arrangement.[29] An intramolecular
contact is observed between TeII and the π-system of the
phenyl ring C11–C16, resulting in a relatively short distance
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Figure 1. Crystal structure of 1 (hydrogen atoms omitted). Ellipsoids are drawn at 50 % probability. Selected bond lengths [Å] and angles
[°]: Te1–Br1 2.6446(15), Te1–Br2 2.7728(14), Te1–Br3 2.6300(13), Te1–Br4 2.7090(16), Te1–Br3� 3.8471(13), Te1–C11 2.142(7), Te2–Br2
3.1757(13), Te2–S 2.455(3), Te2–C21 2.097(9); Br1–Te1–Br2 88.53(4), Br1–Te1–Br3 90.49(5), Br1–Te1–Br4 177.58(4), Br1–Te1–Br3�
81.18(4), C11–Te1–Br1 89.4(2), C11–Te1–Br2 89.4(2), C11–Te1–Br3 90.1(2), C11–Te1–Br4 88.9(2), Te1–Br2–Te2 102.27(4), Br2–Te2–S
173.38(7), Br2–Te2–C21 82.2(2), C21–Te2–S 91.2(2). Symmetry transformation used to generate equivalent atoms (�): –x – 1, –y + 1,
–z + 1.

Figure 2. Crystal structure of 2 (hydrogen atoms omitted). Ellip-
soids are drawn at 50 % probability. Selected bond lengths [Å] and
angles [°]: Te1–I1 2.9053(8), Te1–I2 2.9519(8), Te1–I3 2.7953(7),
Te1–I4 3.2651(7), Te1–I4� 3.7602 (12), Te1–C11 2.144(6), Te2–I4
3.1687(8), Te2–S 2.4924(18), Te2–C21 2.110(6); I1–Te1–I2
178.21(2), I1–Te1–I3 88.36(2), I1–Te1–I4 90.52(17), I1–Te1–I4�
82.31(2), C11–Te1–I1 91.88(17), C11–Te1–I2 89.85(17), C11–Te1–
I3 94.40(17), Te1–I4–Te2 106.84(2), I4–Te2–S 176.11(5), I4–Te2–
C21 90.19(17), C21–Te2–S 91.93(18). Symmetry transformation
used to generate equivalent atoms (�): 1 – x, 1 – y, 1 – z.

between TeII and C12 [3.577(23) Å] in the solid-state struc-
ture of 1. The distance between the TeII atom and the
centroid of the phenyl ring is 3.935(18) Å and can be inter-
preted as a Te–η6-π-interaction.[38]

The PhTe(TU)PhTeI4 units in complex 2 are also related
by a center of inversion in the middle of the rectangle
formed by the atoms Te1, I4, Te1�, and I4�. The dimer is
connected through the I4 and I4� atoms. The geometry
around the Te1 atom may also be described as distorted
octahedral, with bonds to five iodine atoms (I1, I2, I3, I4,
and I4�) and to one aromatic carbon atom (C11). The Te1–
I3 bond [2.7953(7) Å] is shorter than the trans Te1–I4
[3.2651(7) Å] and the Te2–I4 [3.1687(8) Å] bonds, probably
due to the bridging role of the I4 atom,. The I4 atom is
shared by both tellurium atoms located in the same asym-
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Figure 3. Crystal structure of 3 (hydrogen atoms omitted). Ellip-
soids are drawn at 50 % probability. Selected bond lengths [Å] and
angles [°]: Te–I1 2.9211(7), Te–I2 2.9614(8), Te–I3 2.9218(8), Te–I4
2.9521(7) Te–I3� 3.8343(10), Te–C11 2.159(8), Se–I2 3.9485(12),
Se–S 2.194(3), Se–C21 1,919(10); I1–Te–I2 89.64(2), I1–Te–I3
90.65(2), I1–Te–I4 176.89(3), I1–Te–I3� 88.54(2), C11–Te–I1
91.93(18), C11–Te–I2 91.56(18), C11–Te–I3 90.97(18), Te–I2–Se
139.56(3), I2–Se–S 81.86(7), I2–Se–C21 154.2(3), C21–Se–S
100.0(3). Symmetry transformation used to generate equivalent
atoms (�): –x, –y, –z + 2.

metric unit, which also suggests the occurrence of a charge-
transfer process as in compound 1.

In a recent work Aragoni et al.[6] discussed the ionic
{[RSeCN]+I–} or “T-shaped” hypervalent {R(I)SeCN} fea-
tures of an ICN adduct with a selenium donor. Density
functional theory (DFT) calculations, among other studies,
have accounted for the strong polarity of the Se–I bond as
being due to the selenium atom having a partial hypervalent
state. These results allowed the authors to conclude that the
compound can be described as the product of a donor–
acceptor interaction between I and the selenium atom of
the organic cation [RSeCN]+. This evidence can also be
used to support our molecular interpretation of the mono-
meric fragments LPhTe(µ-X)TeX3Ph of compounds 1 and
2, although with a reasonably strong polarization of the
bonds Br2–Te2 in 1 and I4–Te1 in 2. The [PhTeS(R)]+ frag-
ment of 1 and 2 would correspond to the organic cation
[RSeCN]+ of Aragoni and co-workers.[6] The dimerization
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Figure 4. Crystal structure of 4 (hydrogen atoms omitted). Ellipsoids are drawn at 50 % probability. Selected bond lengths [Å] and angles
[°]: Te–Br1 2.6535(12), Te–Br2 2.7688(12), Te–Br3 2.6163(12), Te–Br4 2.7309(12), Br2–Te� 3.5775(13), Te–C11 2.148(9), Se–Br1�
3.7113(18), Se–Br2 3.6853(16), Se–Br3� 3.9395(17), Se–S 2.196(4), Se–C21 1.930(11), Se–N1 3.1681(97); Br1–Te–Br2 87.29(4), Br1–Te–
Br3 89.69(4), Br1–Te–Br4 176.28(4), C11–Te–Br1 92.3(2), C11–Te–Br2 90.2(2), C11–Te–Br3 89.4(2), Te–Br1–Se�� 94.02(4), Te–Br2–Se
124.00(5), Te–Br3–Se�� 89.53(4), Br2–Se–S 93.87(10), Br2–Se–C21 156.1(3), C21–Se–S 100.3(4). Symmetry transformation used to gener-
ate equivalent atoms (�): –x, y – 0.5, –z + 1; (��): –x, y + 0.5, –z + 1.

of the compounds through secondary Te···X bonds indi-
cates the presence of a partial positive charge on the Te
atom, as expected in hypervalent adducts with halogens.
However, complexes 1 and 2 cannot be classified as charge-
transfer (CT) complexes. Indeed, based on their structures
and literature precedents[4,6] they should be considered CT-
type compounds where the donor–acceptor interaction oc-
curs from the µ-Br2 and µ-I4 atoms of the octahedral
[PhTeX4] fragment, which acts as donor, to the empty σ*
molecular orbital located on the S–Te axis of the
[PhTeS(R)]+ moiety.

The crystal structure of complex 3 is built up of [PhTeI4]22–

anions stabilized by two [PhSeTU]+ cationic units. The
I3 and I3� atoms connect the [PhTeI4]– anionic units and
the I2 and I2� atoms present a weak interaction with the Se
and Se� atoms of cationic [PhSeTU]+ units. The geometry
around the Te atom can be described as distorted octahe-
dral as it is bonded to five halogen atoms (I1, I2, I3, I4 and
I3�) and to one aromatic carbon atom (C11). The geometry
around the Se atom shows a distorted T-shaped form; the
Se atom is bonded to one sulfur atom, one aromatic carbon
atom (C21), and weakly bonded to one iodine atom [Se–I2
= 3.9485(12) Å]. The ionic formulation of compound 3 is
supported by the fact that the Se–I bond length is much
longer than analogous bond lengths in previously reported
structures [Se–I = 2.564(1)–2.720(1) Å].[39,40] The structure
of 3 is quite different from that of compound 1 with regards
to the coordination sphere of the TeII and SeII atoms. The
TeII atom in 1 has a tendency to form an intramolecular
bond of the type Te···η6-π-aryl, while for 3 the SeII atom
coordinates preferentially to iodide atoms. Weak SeII···I sec-
ondary interactions link the neighboring molecules into a
chain along the crystallographic b axis. Also of interest in
the structure of 3 is the presence of four identical weak I···I
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secondary interactions [3.7128(8) Å] with adjacent mole-
cules to give a polymeric, double-zigzag chain along the
crystallographic a axis. As in 2 and in other organotellur-
ium triiodides,[14] intramolecular I···I and Te···I secondary
interactions contribute to the formation of continuous
supramolecular chains in the crystal packing.

The crystal structure of complex 4 is built up of discrete
cationic [PhSeTU]+ and anionic [PhTeBr4]– units, with
halogen atoms bridging secondary adjacent tellurium atoms
to give a single zigzag polymeric chain along the crystallo-
graphic b axis. The chain character is additionally rein-
forced by three secondary bonds from cationic selenium
atoms to the bromine ligands of the surrounding anionic
units (Figure 4). The geometry around the Te atom, which
is bonded to five bromine atoms (Br1, Br2, Br3, Br4, and
Br2��) and to one aromatic carbon atom (C11), may be de-
scribed as distorted octahedral. The Se atom shows a highly
distorted octahedral geometry, with secondary bonds to
three bromine atoms (Br1, Br2��, Br3) and primary bonds
with one aromatic carbon atom (C21) and the sulfur/nitro-
gen atoms of the thiourea ligand. The interionic Se···Br sec-
ondary bonds of 4, with distances varying from 3.6853(16)
(Se–Br2) to 3.9395(17) Å (Se–Br3�) can be considered weak
interactions when compared with the Se–Br bond lengths
of 2.3331(8) Å in 2-Me2NCH2C6H4SeBr,[32,41] for example.
The Se–N1 bond length of 3.1681(97) Å in 4 is also a very
weak interaction when compared with Se–N bond lengths
of other compounds such as 2-Me2NCH2C6H4SeX: [X =
Cl: Se–N = 2.135(4) Å; Br: 2.143(6) Å; I: 2.172(3) Å].[42]

125Te and 77Se NMR Spectroscopy

Attempts to study the title complexes in noncoordinating
solvents by means of NMR spectroscopy were unsuccessful



E. Schulz Lang et al.FULL PAPER
due to their poor solubility. Since compounds 1–4, as ex-
pected, do not show many significant features in their 1H
or 13C NMR spectra, our attention turned to 125Te and 77Se
NMR spectroscopy. A mixture of [D6]acetone and [D6]-
DMSO (9:1 by volume) was employed for the NMR studies.
The two signals detected for 1 at δ = 1203.3 and 828.8 ppm
(for 2 only one broad signal is observed at δ = 946 ppm)
appear very close to the two peaks observed at δ = 1202.3
and 824.8 ppm for PhTeBr3, whose spectrum was recorded
under the same conditions for comparison purposes. The
dissolution of PhTeBr3 presumably produces the ionic spe-
cies shown in Equation (2).

2 PhTeBr3 �
DMSO

[PhTeIVBr2]+ + [PhTeIVBr4]– (2)

The major signal of compound 1 at δ = 1203.3 (s) ppm
should correspond to the ionic form [PhTeIVBr4]–, which
occurs at δ = 1199.8 ppm for the standard compound
(NEt4)[PhTeBr4]. This result allows also us to conclude that
the dissolution of compound 1 (and probably also of 2)
leads to the cleavage of all the bonds represented by dotted
lines in Figure 1 (e.g., the secondary Te1–Br3� and the pri-
mary Te2–Br2 bonds). This also supports the assumption
that the second signal of compound 1 [δ = 828.8 (s) ppm]
should correspond to the cationic species [PhTe(L)]+.

The selenium derivatives 3 and 4 seem to exhibit a dif-
ferent behavior in solution. While compound 4 presents
only a sharp 125Te resonance at δ = 1230.2 ppm, compound
3 does not show any NMR signal even though different
windows were investigated. Furthermore, in the case of 4
two sharp 77Se resonances are found at δ = 655.9 and
446.5 ppm in an approximate proportion of 1:1. This result
supports the hypothesis of a partial disruption of the poly-
mer according to Equation (3).

{[PhSe(TU)][PhTeBr4]}n �
n/2 {PhSe(TU)[PhTeBr4]2}– + n/2 [PhSe(TU)]+ (3)

The anionic species might be fluxional and variable-tem-
perature studies would be needed to characterize such a sys-
tem. Unfortunately, we could not do this because of the
limited solubility of all compounds in solvents adequate for
low-temperature studies.

Conclusions

A good familiarity with the coordination chemistry and
reactivity of organyl chalcogen compounds in the single
oxidation states +2 and +4 is required and desirable for the
adequate planning of different syntheses (one pot) to give
good yields of organyl chalcogenides derivatives with mixed
valence states.

The X-ray analytical data of the structures of com-
pounds 1–4 show a strong tendency to dimerize for 1 and
2 and suggest that the formation of supramolecular as-
semblies depends on the nature of the halogen bonded to
the tellurium atom. The halogen can induce simultaneous
intra- and intermolecular secondary interactions among the
heavy atoms and, in addition to Te···X and X···X secondary
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bonds, intramolecular interactions of the type Te···η6-π-aryl
can be formed. Secondary bonds are usually not strong
enough to remain in solution, especially in coordinating sol-
vents, but they can have spectacular effects in the building
of a crystal by creating the secondary structure that defines
the supramolecular arrangement in the solid state.[43,44]

These findings also suggest further investigations of the ste-
ric influence of the organic substituents on the final archi-
tecture of the compounds.

Experimental Section
General Procedure: All manipulations were conducted under dini-
trogen, using standard Schlenk techniques. Methanol was dried
with sodium and distilled prior to use. Diphenyl diselenide and
diphenyl ditelluride were prepared according to literature meth-
ods.[45,46]

X-ray Structural Determination: The structures were solved by di-
rect methods using SHELXS-97.[47] Subsequent Fourier-difference
map analyses yielded the positions of the non-hydrogen atoms. Re-
finements were carried out with the SHELXL-97 package.[47] All
refinements were made by full-matrix least-squares on F2 with an-
isotropic displacement parameters for all non-hydrogen atoms. Hy-
drogen atoms were included in the refinement in calculated posi-
tions. Crystal data and more details of the data collections and
refinements are contained in Table 1.
CCDC-286671–286674 (1–4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

NMR Spectroscopy: All NMR spectra were recorded with a Varian
Mercury plus spectrometer (7.05 T) operating at 94.74 MHz for
125Te and 57.23 MHz for 77Se. 125Te and 77Se NMR spectra were
acquired in a mixture of [D6]acetone and [D6]DMSO (9:1 by vol-
ume) and were externally referenced to Me2Te and Me2Se checked
against Te2Ph2 in CDCl3 (δ = 450.0 ppm)[48] and Se2Ph2 in CDCl3
(δ = 461.0 ppm),[49] respectively. The sample temperature was main-
tained at 300 K during the acquisitions.

General Procedure for the Synthesis of PhE(L)PhE�X4. PhTe(TU)-
PhTeI4: Iodine (1 mmol, 0.2538 g) was added to a solution of di-
phenyl ditelluride (1 mmol, 0.4092 g) in methanol at room tempera-
ture. The mixture was stirred for 10 min until the color changed
from red to black. Thiourea (2 mmol, 0.1522 g) was then added to
the mixture − the color of the solution changed from black to red
− and soon afterwards PhTeI3 (2 mmol, 1.1706 g) was added. The
solution was kept at slow reflux for 2 h. The final solution was
filtered at room temperature and crystals suitable for X-ray analysis
were grown by slow evaporation.
1: Yield: 1.0141 g (65 %). M.p. 189–192 °C. C17H22Br4N2STe2:
calcd. C 23.71, H 2.57, N 3.25; found C 24.44, H 2.81, N 3.89.
125Te NMR: δ 1203.3 (s), 828.8 (s) ppm.
2: Yield: 1.2907 g (63 %). M.p. 147–149 °C; C13H14I4N2STe2: calcd.
C 15.72, H 1.42, N 2.82; found C 16.00, H 1.47, N 2.73. 125Te
NMR: δ = 946 ppm (br).
3: Yield: 1.2840 g (68 %). M.p. 168–170 °C; C13H14I4N2SSeTe:
calcd. C 16.53, H 1.49, N 2.97; found C 16.82, H 1.42, N 2.89.
4: Yield: 1.2853 g (85 %), Melting point: 178–180 °C;
C13H14Br4N2SSeTe: calcd. C 20.64, H 1.87, N 3.70; found C 19.42,
H 2.05, N 3.88. 125Te NMR: δ = 1230.2 ppm (s). 77Se NMR: δ =
655.9 (s), 446.5 (s) ppm.
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Table 1. X-ray data collection and refinement parameters.

1 2 3 4

Empirical formula C17H22Br4N2STe2 C13H14I4N2STe2 C13H14I4N2SSeTe C13H14Br4N2SSeTe
Mol. wt. 861.27 993.12 944.48 756.52
a [Å] 9.2793(13) 9.3392(16) 9.3920(4) 8.8030(3)
b [Å] 11.529(3) 10.7434(16) 9.7050(6) 9.2070(4)
c [Å] 12.249(2) 12.052(4) 13.2290(7) 13.0240(5)
α [°] 100.12(3) 91.833(14) 74.580(3)
β [°] 103.511(14) 105.699(10) 73.040(3) 98.460(3)
γ [°] 93.40(2) 94.491(13) 88.710(3)
V [Å3] 1247.3(4) 1158.8(4) 1109.87(10) 1044.10(7)
Z 2 2 2 2
Dc [gcm–3] 2.293 2.846 2.826 2.406
Crystal system triclinic triclinic triclinic monoclinic
Space group P1̄ P1̄ P1̄ P21

Cryst. size [mm] 0.15×0.1×0.05 0.14×0.1×0.08 0.14×0.1×0.05 0.13×0.1×0.07
2θmax [°] 54 54 50 50
Linear absorption 8.835 7.934 8.635 10.918
coefficient [mm–1]
Absorption correction DELABS[50] DELABS[50] SORTAV[51] SORTAV[51]

Tmin 0.3508 0.7003 0.3777 0.3310
Tmax 0.6664 0.9413 0.6720 0.5327
Measured reflections 6413 5934 9872 7476
Independent reflections/Rint 5403/0.0662 5010/0.0243 3915/0.0479 3428/0.0876
Refined parameters 235 200 200 200
R1 (F)/wR2 (F2) [I � 2σ(I)] 0.0597/0.1707 0.0401/0.1043 0.0380/0.1025 0.0429/0.1101
Device CAD4 CAD4 BRUKER CCD BRUKER CCD
Radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα

GOF (F2) 1.010 1.155 1.032 1.034
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The reaction of [Ti(OiPr)4] or [TiCl4(THF)2] with two equiva-
lents of pyridyl alcohols or pyridyl or pyrimidinyl thiols has
proven to be a good preparative method to obtain a variety
of non-metallocene diisopropoxo- or dichlorotitanium(IV)
complexes. The complexes [Ti(X)2{2-(OCH2)-6-R-(C5H3N)}2]
were found to be dynamic at room temperature, with the het-
erocyclic alkoxy ligand dissociating and recoordinating in a
κ2-N,O chelate fashion, as revealed by a single-crystal X-ray
analysis of [Ti(OiPr)2{2-(OCH2)(C5H4N)}2] (1). The dynamic

Introduction

The coordination chemistry of the transition metals has
experienced significant developments during the last three
decades and at present constitutes an area of great impor-
tance due to its theoretical interest and diverse applications
in organic synthesis and catalytic processes. The chemistry
of the group 4 elements is dominated by complexes that
contain cyclopentadienyl ligands or their derivatives. This
is due to the fact that in recent years this field has under-
gone a significant expansion aimed at exploiting applica-
tions of these complexes as catalysts in olefin polymeriza-
tion, hydrogenation, and hydrosilylation reactions. Never-
theless, increasing interest is being shown in the use of alter-
native ligands, such as alkoxy or amido derivatives, that are
capable of stabilizing metal complexes in high oxidation
states. In this way, it is possible to design ligands that can
stabilize active species in certain catalytic processes so that
they can be used instead of Cp ligands.[1]

In this paper we describe the synthesis and characteriza-
tion of new alkoxy- and thiolatotitanium() complexes
bearing heterocyclic rings in the ligands. In addition, the
activity of these complexes as styrene polymerization cata-
lysts has been studied.
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behavior of some of the resulting thiolato complexes was also
studied and the single-crystal X-ray analysis of [Ti(OiPr)2{2-
S-4,6-Me2-(C4HN2)}2] (5) revealed a κ2-N,S system for these
complexes. These complexes show catalytic activity in the
polymerization of styrene upon activation with methylalu-
minoxane.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

The new complexes [Ti(X)2{2-(OCH2)-6-R-(C5H3N)}2]
[X = OiPr, R = H (1); X = Cl, R = H (2); X = Cl, R =
Me (3)], [Ti{2,6-(OCH2)2(C5H3N)}2] (4), [Ti(X)2(SR)2] [X
= OiPr, SR = 2-S-4,6-Me2-(C4HN2) (5); X = Cl, SR = 2-S-
4,6-Me2-(C4HN2) (6); X = OiPr, SR = 2-S-(C4H3N2) (7); X
= Cl, SR = 2-S-(C4H3N2) (8); X = OiPr, SR = 2-S-(C5H4N)
(9)], and [TiCl2{2-S-(C5H4N)}{O(CH2)4Cl}] (10) were pre-
pared by reaction of the corresponding alcohol or thiol
with [Ti(OiPr)4] or [TiCl4(THF)2] (Scheme 1).

Complexes 1–3 were isolated as white, air-sensitive solids.
Complex 1 is very soluble in THF but complexes 2 and 3
are only sparingly soluble in this solvent.

The presence of two isopropoxide or chloride groups and
two alkoxypyridine ligands means that several stereochemi-
cal configurations are possible, with the possibility of κ2-
O,N coordination of the latter ligands to the metal center.
A single-crystal X-ray analysis of compound 1 was carried
out in order to provide precise structural details of this
compound and the related complexes 2 and 3. The structure
of complex 1 is shown in Figure 1, together with the atom-
numbering scheme. The bond lengths and angles for this
structure are given in Table 1. Complex 1 crystallizes in the
monoclinic space group P21/n. The Ti atom has a markedly
distorted pseudoctahedral geometry, with the alkoxypyrid-
ine ligands occupying four sites in a chelate fashion. This
arrangement is consistent with the 13C NMR spectra of
complexes 1–3, in which the signals assigned to the C2 and
C6 atoms of the pyridine moiety are shifted to slightly lower
field in comparison with those in the free ligand. In this
way, each ligand is bonded to the metal center through both
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Scheme 1.

the nitrogen and the oxygen atoms. The Ti–O1 and Ti–O2
distances are slightly longer than those found in [Ti(η5-
C5H5){2-(OCiPr2)-(C5H4N)}Cl2] [1.8267(9) Å],[2] which
may indicate low O(pπ)–Ti(dπ) donation to the metal. In
contrast, the Ti–N distances are similar in both complexes.

Figure 1. An ORTEP drawing of 1 with the numbering scheme.

It is worth noting that this configuration makes the two
hydrogen atoms in the methylene groups inequivalent. In

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 965–971966

contrast, the 1H NMR spectrum of complex 1 shows one
single peak for these hydrogen atoms at room temperature.
This behavior can be explained in terms of a dynamic pro-
cess in solution for this molecule. In this process, the al-
koxypyridine ligands probably change their κ2-N,O coordi-
nation to a κ1-O coordination through a rupture of the me-
tal–nitrogen bonds (Scheme 2). A similar behavior has been
observed in zirconium complexes with oxypyridine and
oxypyrimidine ligands.[3]

Scheme 2.

A variable-temperature 1H NMR study was also carried
out on the complexes. When the 1H NMR spectrum of
complex 1 was recorded at 213 K, an AB spin system (δA =
5.92, δB = 5.89 ppm; JAB = 18.55 Hz) was observed for the
inequivalent methylene protons, indicating that, at this tem-
perature, the alkoxypyridine ligands are coordinated in a
chelate fashion [∆G‡ = 54.5(6) kJmol–1], as found in the X-
ray structure. In addition, two signals for the methyl groups
of the isopropoxide ligands were found, indicating that free
rotation does not occur at this temperature [∆G‡ =
51.2(5) kJmol–1]. A similar behavior was observed for com-
plex 2. The low solubility of complex 3 prevented us from
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Table 1. Bond lengths [Å] and angles [°] for 1 and 5.

1

Ti(1)–O(3) 1.818(2) O(1)–Ti(1)–O(2) 154.47(6)
Ti(1)–O(4) 1.820(1) O(4)–Ti(1)–N(1) 165.27(6)
Ti(1)–O(1) 1.902(1) O(3)–Ti(1)–N(2) 165.21(6)
Ti(1)–O(2) 1.903(1) C(6)–O(1)–Ti(1) 125.6(1)
Ti(1)–N(1) 2.242(2) C(12)–O(2)–Ti(1) 125.6(1)
Ti(1)–N(2) 2.244(2) C(13)–O(3)–Ti(1) 138.5(1)
O(1)–C(6) 1.381(2) C(16)–O(4)–Ti(1) 141.6(1)
O(2)–C(12) 1.385(2) C(5)–N(1)–Ti(1) 114.6(1)
O(3)–C(13) 1.396(2) C(11)–N(2)–Ti(1) 114.3(1)
O(4)–C(16) 1.401(2) O(1)–C(6)–C(5) 111.5(1)
N(1)–C(5) 1.325(2) O(2)–C(12)–C(11) 111.5(1)
N(1)–C(1) 1.347(2)
N(2)–C(7) 1.337(2)
N(2)–C(11) 1.337(2)
C(5)–C(6) 1.502(2)
C(11)–C(12) 1.500(3)

5

Ti(1)–O(1) 1.757(3) O(2)–Ti(1)–N(1) 154.5(1)
Ti(1)–O(2) 1.766(3) O(1)–Ti(1)–N(3) 155.2(1)
Ti(1)–N(1) 2.231(3) S(1)–Ti(1)–S(2) 156.75(4)
Ti(1)–N(3) 2.312(3) C(11)–S(1)–Ti(1) 81.5(1)
Ti(1)–S(1) 2.470(1) C(17)–S(2)–Ti(1) 82.8(1)
Ti(1)–S(2) 2.472(1) C(1)–O(1)–Ti(1) 156.6(2)
S(1)–C(11) 1.727(4) C(4)–O(2)–Ti(1) 147.2(3)
S(2)–C(17) 1.731(3) C(11)–N(1)–Ti(1) 99.6(2)
O(1)–C(1) 1.423(4) C(17)–N(3)–C(20) 117.6(3)
O(2)–C(4) 1.427(5) C(17)–N(3)–Ti(1) 98.0(2)
N(1)–C(14) 1.351(4)
N(1)–C(11) 1.357(5)
N(3)–C(17) 1.349(4)
N(3)–C(20) 1.354(4)
C(1)–C(2) 1.496(7)
C(1)–C(3) 1.504(6)
C(4)–C(5) 1.465(8)

obtaining conclusive results for this complex, although one
would expect a similar situation to occur in all three cases.

Attempts to obtain a complex of the type [Ti(X)2{2,6-
(OCH2)2-(C5H3N)}] were unsuccessful. In all cases, [Ti{2,6-
(OCH2)2-(C5H3N)}2] (4) was obtained as a very insoluble
white solid.

The 13C NMR spectrum of complex 1 is consistent with
a disposition in which the dialkoxide ligand shows triden-
tate coordination and is bonded to the metal atom in a
“pincer” fashion.[4]

Similarly, it was not possible to obtain the analogous
compound of complex 3 with isopropoxide ligands − a
complex mixture of unidentified compounds was obtained
in all cases. A possible explanation for this behavior in-
volves the high level of steric hindrance associated with the
ligands on the metal center in comparison with the less-
crowded chloride complex 3.

Thiolato complexes 5–10 were obtained as yellow (5–9)
or pale-orange (10) very air-sensitive solids, with the chlo-
ride complexes 6, 8, and 10 being only sparingly soluble in
THF. The 1H NMR spectrum of 5 shows a broad singlet at
δ = 2.42 ppm due to the thiolato methyl groups, indicating
that fluxional behavior may be occurring in the molecule.
This behavior is probably due to an interchange in the posi-
tions of the nitrogen atoms of the pyrimidine groups in the
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coordination sphere of the titanium atom by rotation
around the S–C bonds (see Scheme 3).[3,5] Kempe[6] has de-
scribed similar complexes with isolobal aminopyridinato li-
gands. These complexes undergo a dynamic process that im-
plies an interchange between the aminopyridinato ligands.
This exchange proceeds via a tetrahedral transition state
similar to that we postulate for the exchange in the thiolato
complexes

Scheme 3.

A variable-temperature 1H NMR study was carried out
on this complex. When the 1H NMR spectrum was re-
corded at 223 K, two signals corresponding to the methyl
groups of the pyrimidine fragments were observed, indicat-
ing that rotation around the S–C bond is hindered [∆G‡ =
60.5(2) kJmol–1] for both thiolate ligands, which act as che-
late ligands. As the temperature increases, the rotation be-
comes easier and at temperatures above 293 K only one sig-
nal is observed, corresponding to the free rotation of the
two equivalent ligands. A similar behavior was observed for
complex 7. The lack of solubility of complexes 6 and 8 pre-
vented us from obtaining results for these compounds, al-
though the 13C NMR spectra indicate that some chelate
interaction is present in 6 but not in 8 at room temperature.

A single-crystal X-ray analysis of complex 5 was carried
out in order to obtain more precise structural information
for this compound and analogous complexes 6–10. The
structure of complex 5 is shown in Figure 2, and bond
lengths and angles for this structure are given in Table 1.

Figure 2. An ORTEP drawing of 5 with the numbering scheme.

To the best of our knowledge, only three structurally
characterized titanium thiolatopyridine or -pyrimidine
complexes have been described,[7a–7c] and two of these con-
tain cyclopentadienyl ligands. Complex 5 crystallizes in the
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Scheme 4.

monoclinic space group P21/n. The Ti atom shows a highly
distorted pseudooctahedral geometry, with two isopropox-
ide ligands occupying two sites and the other four sites oc-
cupied by the thiolatopyrimidine ligands in a chelate fash-
ion. The bonding of the didentate thiolate to the metal cen-
ter can be considered as being intermediate between the
pyridine-2-thiolate form and the canonic amide-thione. The
Ti–S distances are longer than those found in cyclopen-
tadienyl and noncyclopentadienyl titanium complexes with
thiolato ligands.[7,8] This suggests weaker Ti–S bonds in
complex 5. The Ti–N distances are even longer than those

Table 2. Summary of styrene polymerization results. Polymeriza-
tion conditions: 6 µmol Ti, 2 mL styrene, Al/Ti = 2000:1, t =
90 min.

Precatalyst T Activity
[K] [KgPS/molTi/h]

1 273 9
1 298 101
1 333 122
1 363 117
2 273 91
2 298 133
2 333 156
2 363 167
3 273 40
3 298 21
3 333 49
3 363 39
5 273 109
5 298 48
5 333 62
5 363 106
6 273 0
6 298 50
6 333 102
6 363 113
7 273 90
7 298 60
7 333 68
7 363 84
8 273 0
8 298 0
8 333 0
8 363 0
9 273 190
9 298 76
9 333 61
9 363 118
10 273 13
10 298 42
10 333 82
10 363 37

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 965–971968

found in the aminopyridinate complexes described above,[6]

in accordance with the lability of the Ti–N(pyridine) bonds.
Whereas the reaction of 2-HS-(C5H4N) with [Ti(OiPr)4]

gives rise to the complex [Ti(OiPr)2{2-S-(C5H4N)}2] (9), the
reaction with [TiCl4(THF)2] gives a complex in which the
opening of a THF molecule was observed, i.e., [TiCl2{2-S-
(C5H4N)}{O(CH2)4Cl}] (10), as deduced from the 1H
NMR spectrum. A similar reactivity has been described
previously by some of us[1f,9] in heteroscorpionate com-
plexes of titanium. The formation of this complex can be
envisaged as being the result of a nucleophilic THF ring-
opening reaction of the intermediate cationic species
[TiCl2(THF){2-S-(C5H4N)}]Cl, which itself results from the
coordination of a thiolate ligand and subsequent loss of a
chloride ligand (Scheme 4).

Chelate coordination of the pyridinethiolate ligand can
be proposed for both complexes 9 and 10 on the basis of
the 13C NMR spectra.

Finally, the catalytic activities of some of the complexes
obtained were investigated for styrene polymerization in the
range 273–363 K in the presence of 2000 equivalents of
methylaluminoxane (MAO) in toluene (Table 2). In all
cases, the fraction that was insoluble in 2-butanone con-
tained the majority of the resulting polymer (�98%). In
addition, the 13C NMR spectrum in CDCl2CDCl2 at 393 K
contains the characteristic peaks of syndiotactic polysty-
rene.[10] As can be seen from Table 2, for the alkoxypyridine
complexes the activity increases with reaction temperature.
In contrast, thiolato complexes show higher activities at low
temperature, where they are probably more stable. In any
case, the activities are similar to that found for the complex
[Ti(OiPr)4] (140 KgPS/mol Ti/h at 293 K).

Conclusions

The results reported here show that a range of diisopro-
poxy- or dichlorotitanium() complexes bearing alkoxy or
thiolato heterocyclic ligands can be easily prepared by reac-
tion of the simple precursors [Ti(OiPr)4] and [TiCl4(THF)2]
with the corresponding alcohols or thiols. The molecular
structures of 1 and 5, as determined by X-ray diffraction,
show hexacoordination around the titanium atom, with two
chelate heterocyclic substituents. These compounds, as well
as some of their analogs, have a dynamic bonding process
in solution. Finally, these new complexes, which do not con-
tain cyclopentadienyl units, exhibit moderate activities in
styrene polymerization in conjunction with MAO.
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Experimental Section
General Remarks: All operations were performed under an inert
atmosphere using standard vacuum-line (Schlenk) techniques or an
MBRAUN glove-box. Solvents were purified by distillation from
the appropriate drying agents before use. Titanium precursors and
different alcohols and thiols were purchased from Aldrich, stored
under an inert atmosphere, and deoxygenated before use. NMR
spectra were obtained with a Varian Inova FT-500 instrument.

Preparation of [Ti(OiPr)2{2-(OCH2)(C5H4N)}2] (1): [Ti(OiPr)4]
(1 mL, 3.26 mmol) was added to a solution of 2-(hydroxymethyl)
pyridine (0.65 mL, 6.52 mmol) in CH2Cl2 (50 mL) and the reaction
mixture was stirred for 2 h at room temperature. The resulting col-
orless solution was evaporated to dryness to give complex 1 as a
white solid, which was purified by washing with hexane (yield:
1.22 g, 98%). 1H NMR (500 MHz, CDCl3): δ = 1.01 (d, J = 6.1 Hz,
12 H, CH3 isopropoxide), 4.61 (sept, J = 6.1 Hz, 2 H, CHO isoprop-
oxide), 5.55 (s, 4 H, CH2 pyridine), 7.13 (dd, J5,6 = 4.6 Hz, J5,4 =
8 Hz, 2 H, 5-H pyridine), 7.15 (d, J = 8 Hz, 2 H, 3-H pyridine),
7.61 (dd, J4,5 = 8 Hz, J4,3 = 8 Hz, 2 H, 4-H pyridine), 8.61 (d, J =
4.6 Hz, 2 H, 6-H pyridine) ppm. 13C NMR (500 MHz, CDCl3): δ
= 25.66 (CH3 isopropoxide), 74.30 (CH2 pyridine), 75.30 (CHO
isopropoxide), 118.91 (C-5 pyridine), 121.78 (C-3 pyridine), 137.45
(C-4 pyridine), 147.19 (C-6 pyridine), 166.06 (C-2 pyridine) ppm.
C24H26N2O4Ti (453.86): calcd. C 56.55, H 6.86, N 7.33; found C
56.31, H 6.56, N 7.95.

Preparation of [Ti(Cl)2{2-(OCH2)(C5H4N)}2] (2): 2-(Hydroxy-
methyl)pyridine (0.30 mL, 3.01 mmol) was added to a solution of
[TiCl4(THF)2] (0.50 g, 1.50 mmol) in THF (25 mL) and the re-
sulting white suspension was stirred for 16 h at room temperature.
A white precipitate formed and when the sedimentation was com-
plete the solution was filtered and the white precipitate washed with
THF (50 mL) at 60 °C and filtered again. The two solutions were
combined and the solvent was evaporated to give complex 2 as a
pale-brown solid (yield: 0.20 g, 41%). 1H NMR (500 MHz, [D6]-
DMSO): δ = 4.86 (s, 4 H, CH2 pyridine), 7.85 (dd, J5,4 = 8 Hz, J5,6

= 6 Hz, 2 H, 5-H pyridine), 7.96 (d, J = 8.5 Hz, 2 H, 3-H pyridine),
8.47 (dd, J4,5 = 8 Hz, J4,3 = 8.5 Hz, 2 H, 4-H pyridine), 8.75 (d, J
= 6 Hz, 2 H, 6-H pyridine) ppm. 13C NMR (500 MHz, [D6]-
DMSO): δ = 59.96 (CH2 pyridine), 123.93 (C-3 pyridine), 124.95
(C-5 pyridine), 141.76 (C-6 pyridine), 144.96 (C-4 pyridine), 157.27
(C-2 pyridine) ppm. C12H12Cl2N2O2Ti (334.86): calcd. C 43.02, H
3.61, N 8.36; found C 42.81, H 3.56, N 8.95.

Preparation of [Ti(Cl)2{2-(OCH2)-6-Me-(C5H3N)}2] (3): 6-Methyl-
2-pyridylmethanol (0.18 mL, 1.49 mmol) was added to a solution
of [TiCl4(THF)2] (0.25 g, 0.75 mmol) in THF (25 mL) and the re-
sulting white suspension was stirred for 16 h at room temperature.
A gray precipitate formed and when sedimentation was complete
the solution was filtered to give complex 3 as a gray solid. The
solid was washed with hexane (50 mL) and dried under vacuum
(yield: 0.27 g, 87%). 1H NMR (500 MHz, [D6]DMSO): δ = 2.72 (s,
6 H, CH3 pyridine), 4.83 (s, 4 H, CH2 pyridine), 7.72 (d, J = 7.8 Hz,
2 H, 5-H pyridine), 7.79 (d, J = 7.8 Hz, 2 H, 3-H pyridine), 8.37
(t, J = 7.8 Hz, 2 H, 4-H pyridine) ppm. 13C NMR (500 MHz, [D6]-
DMSO): δ = 20.01 (CH3 pyridine), 60.29 (CH2 pyridine), 121.98
(C-3 pyridine), 126.14 (C-5 pyridine), 145.75 (C-4 pyridine), 157.49,
154.04 (C-2, C-6 pyridine) ppm. C14H16Cl2N2O2Ti (362.86): calcd.
C 58.54, H 7.37, N 6.83; found C 58.15, H 7.52, N 6.91.

Preparation of [Ti{2,6-(OCH2)2(C5H3N)}2] (4): [Ti(OiPr)4] (1 mL,
3.26 mmol) was added to a solution of 2,6-bis(hydroxymethyl)pyri-
dine (0.93 g, 6.52 mmol) in CH2Cl2 (50 mL) and the reaction mix-
ture was stirred for 4 h at room temperature. The resulting colorless
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solution was evaporated to dryness to give complex 4 as a white
solid. The solid was purified by washing with hexane (yield: 1.00 g,
95%). 1H NMR (500 MHz, CDCl3): δ = 5.85 (s, 8 H, CH2 pyri-
dine), 7.32 (d, J = 7.7 Hz, 4 H, 3-H, 5-H pyridine), 7.88 (t, J =
7.7 Hz, 2 H, 4-H pyridine) ppm. 13C NMR (500 MHz, CDCl3): δ
= 78.75 (CH2 pyridine), 116.60 (C-3, C-5 pyridine), 140.52 (C-4
pyridine), 168.44 (C-2, C-6 pyridine) ppm. C14H14N2O4Ti
(321.80): calcd. C 52.20, H 4.38, N 8.70; found C 51.64, H 5.01, N
8.37.

Preparation of [Ti(OiPr)2{2-S-4,6-Me2-(C4HN2)}2] (5): [Ti(OiPr)4]
(1 mL, 3.26 mmol) was added to a solution of 2-mercapto-4,6-di-
methylpyrimidine (0.92 g, 6.52 mmol) in CH2Cl2 (50 mL) and the
reaction mixture was stirred for 2 h at room temperature. The re-
sulting yellow solution was evaporated to dryness to give complex
5 as a yellow, crystalline solid, which was washed with hexane
(yield: 1.17 g, 81%). 1H NMR (500 MHz, CDCl3): δ = 1.26 (d, 12
H, CH3 isopropoxide), 2.42 (broad signal, 12 H, CH3 pyrimidine),
4.81 (sept, J = 6.2 Hz, 2 H, CHO isopropoxide), 6.50 (s, 2 H, 5-H
pyrimidine) ppm. 13C NMR (500 MHz, CDCl3): δ = 23.80, 26.23
(CH3 C4, CH3, C6 pyrimidine), 25.36 (CH3 isopropoxide), 81.64
(CHO isopropoxide), 115.17 (C-5 pyrimidine), 168.71 (C-4 pyrimi-
dine), 164.25 (C-6 pyrimidine), 179.20 (C-2 pyrimidine) ppm.
C18H28N4O2TiS2 (307.52): calcd. C 48.64, H 6.35, N 12.61, S 14.14;
found C 49.10, H 5.89, N 12.10, S 13.85.

Preparation of [TiCl2{2-S-4,6-Me2-(C4HN2)}2] (6): A solution of 2-
mercapto-4,6-dimethylpyrimidine (0.42 mL, 3.00 mmol) in THF
(10 mL) was added dropwise to a solution of [TiCl4(THF)2] (0.50 g,
1.50 mmol) in THF (25 mL) and the resulting brown-red suspen-
sion was stirred for 16 h at room temperature. Complex 6 was ob-
tained as a pale-yellow solid after sedimentation, subsequent fil-
tration, and drying under vacuum (yield: 0.46 g, 78%). 1H NMR
(500 MHz, [D6]DMSO): δ = 2.41 (s, 12 H, CH3 pyrimidine), 6.95
(s, 2 H, 5-H pyrimidine) ppm. 13C NMR (500 MHz, [D6]DMSO):
δ = 23.85 (CH3 pyrimidine), 118.45 (C-5 pyrimidine), 167.86 (C-
4, C-6 pyrimidine), 168.53 (C-2 pyrimidine) ppm. C12H14ClN2S4Ti
(396.60): calcd. C 36.29, H 3.55, N 14.11, S 16.15; found C 36.46,
H 3.22, N 14.45, S 16.52.

Preparation of [Ti(OiPr)2{2-S-(C4H3N2)}2] (7): [Ti(OiPr)4] (1 mL,
3.26 mmol) was added to a solution of 2-mercaptopyrimidine
(0.75 g, 6.52 mmol) in CH2Cl2 (50 mL) and the reaction mixture
was stirred for 2 h at room temperature. The resulting yellow solu-
tion was evaporated to dryness and complex 7 was obtained as a
yellow, crystalline solid, which was washed with hexane. (yield:
1.24 g, 98%). 1H NMR (500 MHz, CDCl3): δ = 1.24 (d, J = 6 Hz,
12 H, CH3 isopropoxide), 4.70 (sept, J = 6 Hz, 2 H, CHO isopro-
poxide), 6.79 (t, J = 5 Hz, 2 H, 5-H pyrimidine), 8.47 (d, J = 5 Hz,
4 H, 4-H, 6-H pyrimidine) ppm. 13C NMR (500 MHz, CDCl3): δ
= 25.60 (CH3 isopropoxide), 81.54 (CHO isopropoxide), 114.73 (C-
5 pyrimidine), 151.70 (C-4 pyrimidine), 159.92 (C-6 pyrimidine),
179.82 (C-2 pyrimidine) ppm. C14H20N4O2S2Ti (387.86): calcd. C
43.30, H 5.19, N 14.43, S 16.51; found C 43.85, H 5.85, N 14.01,
S 16.01.

Preparation of [TiCl2{2-S-(C4H3N2)}2] (8): A solution of 2-mercap-
topyrimidine (0.27 mL, 2.40 mmol) in THF (10 mL) was added
dropwise to a solution of [TiCl4(THF)2] (0.40 g, 1.20 mmol) in
THF (50 mL) and the resulting yellow suspension was stirred for
5 h at room temperature. Complex 8 was obtained as a pale-yellow
solid after sedimentation, subsequent filtration, and drying under
vacuum (yield: 0.37 g, 91%). 1H NMR (500 MHz, [D6]DMSO): δ
= 6.89 (t, J = 5.3 Hz, 2 H, 5-H pyrimidine), 8.33 (d, J = 5.3 Hz, 4
H, 4-H, 6-H pyrimidine) ppm. 13C NMR (500 MHz, [D6]DMSO):
δ = 119.84 (C-5 pyrimidine), 159.26 (C-4, C-6 pyrimidine), 168.51
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Table 3. Crystal data and structure refinement for 1 and 5.

1 5

Empirical formula C18H26N2O4Ti C18H28N4O2S2Ti
Formula weight 382.31 444.46
Temperature [K] 200(2) 230(2)
Wavelength [Å] 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P21/n P21/n
a [Å] 11.222(4) 13.156(5)
b [Å] 14.745(5) 12.185(1)
c [Å] 12.124(7) 14.893(8)
β [°] 92.77(3) 105.26(6)
Volume [Å3] 2004(1) 2303(1)
Z 4 4
Density (calculated) [gcm–3] 1.267 1.282
Absorption coefficient [cm–1] 4.50 5.72
F(000) 808 936
Crystal size [mm] 0.4×0.3×0.2 0.3×0.2×0.2
Index ranges –14 � h � 14 –17 � h � 16

0 � k � 19 0 � k � 16
0 � l � 16 0 � l � 19

Reflections collected 5021 5731
Independent reflections 4804 [R(int) = 0.0145] 5532 [R(int) = 0.0295]
Data/restraints/parameters 4804/0/230 5532/0/244
Goodness-of-fit on F2 1.034 1.011
Final R indices [I � 2σ(I)] R1 = 0.0382, wR2 = 0.0974 R1 = 0.0611, wR2 = 0.1853
R indices (all data) R1 = 0.0556, wR2 = 0.1052 R1 = 0.0956, wR2 = 0.2105
Largest diff. peak and hole [eÅ–3] 0.250 and –0.407 0.730 and –0.394

(C-2 pyrimidine) ppm. C8H6Cl2N4S2Ti (340.70): calcd. C 28.17, H
1.77, N 16.43, S 18.80; found C 28.40, H 1.54, N 16.68, S 19.23.

Preparation of [Ti(OiPr)2{2-S-(C5H4N)}2] (9): [Ti(OiPr)4] (1 mL,
3.26 mmol) was added to a solution of 2-mercaptopyridine (0.73 g,
6.52 mmol) in CH2Cl2 (50 mL) and the reaction mixture was stirred
for 2 h at room temperature. The resulting yellow solution was
evaporated to dryness and complex 9 was obtained as a yellow
solid, which was washed with hexane (yield: 1.19 g, 95%). 1H NMR
(500 MHz, CDCl3): δ = 1.20 (d, J = 5.9 Hz, 12 H, CH3 isopropox-
ide), 4.70 (sept, J = 5.9 Hz, 2 H, CHO isopropoxide), 6.72 (dd, J5,6

= 6 Hz, J5,4 = 7.8 Hz, 2 H, 5-H pyridine), 7.11 (d, J = 8.1 Hz, 2
H, 3-H pyridine), 7.39 (dd, J4,5 = 7.8 Hz, J4,3 = 8.1 Hz, 2 H, 4-H
pyridine), 8.35 (d, J = 8.1 Hz, 2 H, 6-H pyridine) ppm. 13C NMR
(500 MHz, CDCl3): δ = 25.56 (CH3 isopropoxide), 80.34 (CHO
isopropoxide), 116.97 (C-5 pyridine), 126.54 (C-3 pyridine), 137.94
(C-4 pyridine), 144.31 (C-6 pyridine), 170.74 (C-2 pyridine) ppm.
C16H22N2O2S2Ti (385.70): calcd. C 49.74, H 5.74, N 7.25, S 16.60;
found C 49.21, H 5.25, N 6.87, S 16.21.

Preparation of [TiCl2{2-S-(C5H4N)}{O(CH2)4Cl}] (10): A solution
of 2-mercaptopyridine (0.33 g, 3.00 mmol) in THF (10 mL) was
added dropwise to a solution of [TiCl4(THF)2] (0.50 mL,
1.50 mmol) in THF (25 mL). The resulting orange suspension was
stirred for 16 h at room temperature. Complex 10 was obtained as
a pale-orange solid after sedimentation, subsequent filtration, and
drying under vacuum (yield: 0.38 g, 76%). 1H NMR (500 MHz,
[D6]DMSO): δ = 1.78 [m, 4 H, (CH2)2], 3.22 (m, 2H CH2Cl), 4.73
(t, J = 5.8 Hz, 2 H, CH2O), 7.20 (m, 1 H, 5-H pyridine), 7.40 (d,
J = 8.4 Hz, 1 H, 3-H pyridine), 7.75 (m, 1 H, 4-H pyridine), 8.46
(d, J = 6.4 Hz, 1 H, 6-H pyridine) ppm. 13C NMR (500 MHz, [D6]-
DMSO): δ = 30.19, 32.27 [(CH2)2], 60.78 (CH2Cl), 85.37 (CH2O),
120.09 (C-5 pyridine), 122.33 (C-3 pyridine), 137.96 (C-4 pyridine),
148.20 (C-6 pyridine), 157.89 (C-2 pyridine) ppm. C9H12Cl3NOSTi

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 965–971970

(332.50): calcd. C 32.12, H 3.59, N 4.16, S 9.53; found C 32.41, H
4.00, N 4.32, S 9.14.

Styrene Polymerizations: Polymerizations of styrene using the vari-
ous catalyst precursors were carried out by adding a suspension of
the titanium precursor (6 µmol) in toluene to a 100-mL flask, under
an inert atmosphere, containing styrene (2 mL, previously dried
with alumina) and a solution of 10% MAO (12 mmol) in toluene.
The final volume of the resulting mixture was 12 mL. Polymeriza-
tion reactions were run for 90 min at different temperatures and
quenched by the addition of 10% HCl/methanol mixture (50 mL).
The resulting polymers were filtered off, washed with methanol,
and dried. The bulk polymers were extracted by refluxing in 2-
butanone (35 mL) at 80 °C for four hours. The resulting polymers
were dried and weighed.

X-ray Crystal-Structure Determinations: Single crystals of a color-
less block of 1 and a yellow prism of 5 were placed in a cooled
nitrogen gas stream at 200 and 230 K, respectively, on a NONIUS-
MACH3 diffractometer equipped with a graphite-monochromated
Mo-Kα radiation source (λ = 0.71073 Å). Table 3 summarizes the
crystal data, data collection, and structural solution and refinement
parameters for both compounds. Intensity data were collected by
using an ω/2θ scan technique. Data were corrected for Lorentz and
polarization effects and absorption correction was not necessary.
The structures were solved by direct methods using the SHELXS
computer program,[11] completed by subsequent difference Fourier
syntheses, and refined by full-matrix least-squares procedures
(SHELXL97)[12] on F2. All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were placed
using a “riding model” and included in the refinement at calculated
positions.
CCDC-283896 (1) and -283897 (5) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
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of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The ansa-indene ligands {1-Me2Si(3-C9H6R)2} [R = Me (1),
nPr (2), nBu (3), and Bz (4)] were prepared by alkylation of
the unsubstituted ansa-indene. These ligands were con-
verted, by reaction with nBuLi, to the di-lithium compounds
[Li2{1-Me2Si(3-C9H5R)2}] [R = Me (5), nPr (6), nBu (7), and Bz
(8)]. ansa-Zirconocenes, [Zr{1-Me2Si(3-η5-C9H5R)2}Cl2] [R =
Me (9), nPr (10), nBu (11), and Bz (12)], have been prepared
by the reaction of ZrCl4 with 5–8 in diethyl ether/toluene at
–78 °C. The molecular structure of meso-[Zr{1-Me2Si[3-η5-
C9H5(CH3)]2}Cl2] (9) and rac-[Zr{1-Me2Si[3-η5-C9H5-
(CH2CH2CH3)]2}Cl2] (10) have been determined by single-

Introduction
A large number of new catalysts for olefin polymeriza-

tion, classified as metallocene catalysts, have been prepared
during the last decade.[1] The majority of these catalysts
consist of a zirconium complex with the general formula
LL�ZrCl2 and these systems are activated by methylalumin-
oxane (MAO). The ligands L and L� are typically equal or
different dienyl ligands that may be linked together by a
bridge. A major evolution has been achieved in the field of
polypropylene, which can now be produced with different
types and degrees of stereoregularity.[2] In fact, a new class
of catalysts based on C2-symmetric metallocenes, with ansa-
bis(indenyl) ligands, produce almost isotactic polypropyl-
enes. The best-known example is Brintzinger’s rac-[Zr{1-
(C2H4)(η5-C9H6)2}Cl2].[3] Although the introduction of an
alkyl substituent in the cyclopentadienyl fragment of the
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crystal X-ray diffraction studies. Ethylene polymerization ca-
talysis has been studied for complexes 9–12 as a mixture of
meso and rac isomers in the presence of methylaluminoxane
(MAO) as cocatalyst. Complexes 9–12 exhibit high activities
and give rise to polyethylene with low molecular weights
without the introduction of molecular hydrogen. In addition,
active species from these complexes were found to be very
stable in comparison with unsubstituted analogues.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

indenyl group has been studied,[4] few examples of ansa-bis-
indenyl complexes, bearing SiMe2 bridges, have been de-
scribed[5–9] and, to the best of our knowledge, there is not
a complete structural characterization of these complexes.
The target for these catalysts was to study the influence of
the metallocene structure in the performance of propylene
polymerization. Less attention has been paid to the study
of the influence on the properties of the polyethylene ob-
tained with these catalysts, i.e., on the molecular weight of
the obtained polymer. Usually, this parameter can be con-
trolled during the polymerization by either adjusting the
temperature of the polymerization or by adding molecular
hydrogen, which acts as a chain transfer agent.[10]

With this in mind, and as part of our continued interest
in this field,[11] we have developed new examples of ansa-
zirconocene catalysts of the general formula [Zr{1-Me2Si(3-
η5-C9H5R)2}Cl2]. These catalysts have proved to be very
active and are able to produce polyethylene with low mol-
ecular weight without introducing molecular hydrogen to
control the process. It was of particular interest to compare
the results with the analogous unsubstituted complex [Zr{1-
Me2Si(η5-C9H6)2}Cl2].[12]

Here we provide the details of the preparation and poly-
merization behavior of four members of this class of cata-
lysts [Zr{1-Me2Si(3-η5-C9H5R)2}Cl2] [R = Me (9), nPr (10),
nBu (11), and Bz (12)]. The activities of these systems in
the polymerization of ethylene and the molecular weights
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of the resulting polymers are discussed. In addition, the
molecular structures of rac-10 and meso-9 have been deter-
mined by X-ray diffraction methods.

Results and Discussion

The preparation of the substituted ansa-indene precur-
sors {1-Me2Si(3-C9H6R)2} [R = Me (1), nPr (2), nBu (3)
and Bz (4)] was achieved by alkylation of the dilithium salt
of {1-Me2Si(3-C9H7)2}, generated with nBuLi in Et2O, with
a large excess of RX (X = I and R = Me for 1, X = Br and
R = nPr for 2, X = Br and R = nBu for 3, and X = Br and
R = Bz for 4) (Scheme 1). Column chromatography was
used to purify the ligands 1–4.

Scheme 1.

This is the preferred route because of the very simple
synthesis and purification of the intermediate {1-Me2-
Si(C9H7)2} and because of its intrinsic versatility. In fact,
{1-Me2Si(C9H7)2} is a convenient starting material for the
synthesis of a series of different 3-alkyl- and 3-silyl-ansa-
bisindenyl ligands.[13]The 1H NMR spectra show the meso-
isomer as the major isomer for derivatives 1–4, with two
singlets for the ansa-bridge methyl groups, a doublet for
H1, a doublet for H2, and four multiplets corresponding to
the protons of the C6 ring of the indenyl moiety. In ad-
dition, the corresponding signals were observed for the pen-
dant alkyl chain (see Exp. Sect.).

As shown in Scheme 2, the deprotonation of 1–4 with
nBuLi gave the lithium salts [Li2{1-Me2Si(3-C9H5R)2}] [R
= Me (5), nPr (6), nBu (7), and Bz (8)]. The subsequent
reaction of the lithium salts with ZrCl4, in diethyl ether/
toluene, gave the corresponding zirconocene complexes
[Zr{1-Me2Si(3-η5-C9H5R)2}Cl2] [R = Me (9), nPr (10), nBu
(11), and Bz (12)]. The orange solids obtained are sensitive
towards air and moisture and are soluble in polar solvents.
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Scheme 2.

While the total yield of this last step is satisfactory, a
random rac/meso ratio is obtained. In general, the rac/meso
ratio ranges from 0.6:1 (10) to 1.86:1 (12). For complex 9,
samples of the pure meso diastereomer and a product en-
riched in the rac isomer (11.5:1) were obtained by careful
recrystallization from CH2Cl2/Et2O.

The 1H NMR spectra for the meso isomers of the com-
plexes 9–12 show the following signals: two singlets for the
ansa-bridge methyl groups, a singlet for the proton of the
indenyl C5 ring, and four multiplets corresponding to the
protons of the C6 ring of the indenyl moiety. In addition,
the appropriate signals were observed for the pendant alkyl
chain (see Exp. Sect.). Furthermore, the following signals
were observed for the rac isomers of the complexes 9–12: a
singlet for the ansa-bridge methyl groups, a singlet for the
proton of the indenyl C5 ring, and four multiplets corre-
sponding to the protons of the C6 ring of the indenyl moi-
ety. In addition, several signals were observed for the pen-
dant alkyl chain (see Exp. Sect.).

1H NMR nuclear Overhauser effect (NOE) difference
spectroscopy allowed unambiguous identification of each
isomer. Irradiation of the signal due to H2 in the meso iso-
mer (which appears as a singlet in the NMR spectrum) led
to measurable enhancement of the protons of the C3-alkyl
substituent and the protons in one of the methyl groups of
the SiMe2 bridge. However, a similar irradiation in the rac
isomer led to enhancement of the corresponding signals due
to the C3-alkyl and the silicon methyl groups as well as the
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aromatic proton H7 on the opposite indenyl ring (Figure 1).
In the meso isomer, these SiMe2 methyl groups are located
in very different chemical environments (one is sandwiched
between the two C6 aromatic rings, and the other is only
flanked by the Cp rings), while in the rac isomer the two
methyl groups are equivalent.

Figure 1. 1H NOE difference experiments provide information on
the spatial proximity between protons.

The carbon signal assignments were made following a
procedure on the basis of 1H and 13C NMR correlated spec-
troscopy (HETCOR) (see Exp. Sect.). For the meso isomer
of these compounds 9–12, the 13C analysis showed two sig-
nals for the ansa-bridge methyl groups, a signal for the car-
bon C2 of the indenyl C5 ring, and four signals correspond-
ing to the carbons (C4–C7) of the C6 ring of the indenyl
moiety. For the rac isomers, only one signal was found for
the ansa-bridge methyl groups. In addition, a signal of the
carbon C2 of the indenyl C5 ring was observed, and four
signals corresponding to the carbons (C4–C7) of the C6

ring of the indenyl moiety. The corresponding signals were
observed for the pendant alkyl chain for both isomers (see
Exp. Sect.).

X-ray Molecular Structures of Complexes meso-9 and rac-
10

Single crystals of meso-9 and rac-10 that were suitable
for X-ray diffraction were obtained from CH2Cl2/ether and
toluene. Their molecular structures, as determined by the
crystallographic analysis, are depicted in Figure 2.

The meso-9 complex crystallizes in the triclinic space
group P1̄. The crystal structure reveals the existence of one
unique isomer. The rac-10 complex crystallizes in the mo-
noclinic space group P2/c with a solvate toluene molecule.
The crystal structure reveals the existence of two racemic
enantiomers. The bonding parameters for meso-9 and rac-
10 are summarized in Table 1. The mutual arrangement of
the indenyl fragments corresponds to C2 symmetry for rac
and Cs for meso.

In both cases the zirconium atom is in a pseudotetrahe-
dral environment formed by the two chloride ligands and
two η5-coordinated indenyl ligands. The Zr–C bond lengths
of five-membered rings range between 2.448(6) and
2.662(6) Å. These values are close to that found in other
ansa-bis(indenyl) zirconocene complexes (2.5 Å).[14] The
Zr–Cl distances for these complexes are within the range
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Table 1. Selected bond lengths [Å] and angles [°] for meso-9 and
rac-10.

meso-9 rac-10

Bond lengths
Zr(1)–Cent(1)[a] 2.246(1) 2.243
Zr(1)–Cent(2)[b] 2.252(1)
av[c] Zr(1)–C[Cent(1)][a] 2.550(6) 2.548(3)
av[c] Zr(1)–C[Cent(2)][b] 2.556(6)
Zr(1)–Cl(1) 2.409(2) 2.4130(11)
Zr(1)–Cl(2) 2.4375(19)
Zr(1)–C(1) 2.448(6) 2.451(3)
Zr(1)–C(2) 2.467(6) 2.483(3)
Zr(1)–C(3) 2.631(6) 2.619(3)
Zr(1)–C(4) 2.662(6) 2.656(3)
Zr(1)–C(5) 2.540(6) 2.529(3)
Bond angles
Cent(1)[a]–Zr–Cent(2)[b] 128.84 128.81
Si(1)–C(1)–Cent(1)[a] 163.6(4) 163.5
Si(1)–C(11)–Cent(2)[b] 163.5
Cl(1)–Zr–Cent(1)[a] 106.71 106.76(3)
Cl(1)–Zr–Cent(2)[b] 106.65(5) 106.82(2)
Cl(2)–Zr–Cent(1)[a] 106.40
Cl(2)–Zr–Cent(2)[b] 106.97

[a] Cent(1) is the centroid of C(1)–C(5) for both complexes.
[b] Cent(2) is the centroid of C(11)–C(15) for the complex meso-9.
[c] Refers to the average bond length between Zr(1) and the carbon
atoms of the C5 ring of the cyclopentadienyl moiety.

observed previously for other bis(indenyl)-zirconium di-
chlorides [2.407(1)–2.465(2) Å].[15–20]

The angles between some relevant planes are collected in
Table 2 along with the geometrical parameters described in
Figure 3 for compounds meso-9, rac-10, and the unsubsti-
tuted parent rac-[Zr{1-Me2Si(η5-C9H6)2}Cl2].[12] As usual
for bent metallocenes, the overall coordination environment
is best described by the set of parameters depicted in Fig-
ure 3, which describes the metal accessibility. In particular,
the smaller the “bite angle” β and the larger the Cp–M–
Cp� α angle, the more the metal is tucked into the ligand
envelope.

The main geometrical difference of meso-9 and rac-10
from rac-[Zr{1-Me2Si(η5-C9H6)2}Cl2] is associated with the
angle β and the range of Zr–CCp bond lengths. β, in meso-
9 (63.9°) and rac-10 (62.9°), is increased compared to that
of rac-[Zr{1-Me2Si(η5-C9H6)2}Cl2] (60.2°). The range of
Zr–CCp for both complexes (0.21 Å for meso-9 and 0.20 Å
for rac-10) is similar to that in rac-[Zr{1-Me2Si(η5-
C9H6)2}Cl2] (0.20 Å).

These differences are, likely, caused by the bulky R sub-
stituents at C(3) of both indenyl fragments. This conclusion
is supported by significant displacements of the C(3)–R
bonds from the planes of the parent cyclopentadienyl rings
opposite to Zr (4.1° and 4.5° for meso-9, and 4.2° for rac-
10).

It can be seen from Figure 2 that, for the structures of the
complexes meso-9 and rac-10, both C5 rings are eclipsed,
including, in the case of meso-9, the methyl-substituent in
position 3. In meso-9, it can be observed that one of the
chloride ligands is very close to the C6 aromatic rings,
whereas the other one is in an intermediate location be-
tween the methyl-substituents. In the case of rac-10, each
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Figure 2. Solid state structure of rac-10 and meso-9 (hydrogen atoms are omitted for clarity).

Table 2. Relevant geometrical parameters.[a]

meso-9 rac-10 rac-[Me2Si(Ind)2]ZrCl2

α 128.7 128.8 127.8
β 63.9 62.9 60.2
δ 83.6, 83.4 83.9 85.7
φ 95.3 95.3 94.4
γ 15.6, 15.8 16.1 17.8; 16.4
r(Zr–CCp), 2.45–2.66, 2.45–2.65, 2.46–2.66, 0.20
∆r 0.21 0.20

[a] All quantities in degrees, apart from ∆ (Å). The angles α, β, γ,
δ, and φ are defined in Figure 3. ∆ is the distance between the
perpendicular projection of the heavy atom on the ring least-
squares plane and the ring centroid.

chloride ligand is between a ring and an alkyl substituent.
This situation could give rise to a great influence of the
rings and their alkyl substituents on the positions occupied
by the active sites of the catalysts. These features could be
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Figure 3. Schematic representation of an ansa-metallocene detail-
ing the angles listed in Table 2.

established to control the molecular weight of the polymers
obtained.

Polyethylene Polymerization using Complexes 9–12

Complexes 9–12, used as rac/meso mixtures, after being
activated with methylaluminoxane (MAO), are very active
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Table 3. Homogeneous ethylene polymerization results for 9–12 and [Zr{1-Me2Si(η5-C9H6)2}Cl2] as reference. Conditions: 343 K, 1.5 bar
monomer pressure, 6 µmol Zr, MAO/Zr = 2000, 100 mL toluene, tpol = 30 min.

Complex Activity[a] Activity (after 12 h)[a][b] Mw Mn Mw/Mn M.p.
[kgPE/molZr ×h] [kgPE/molZr ×h] [gmol–1] [°C]

[Zr{1-Me2Si[3-(η5-C9H5)Me]2}Cl2] (9) 6333 1757 82000 21000 3.82 132
[Zr{1-Me2Si[3-(η5-C9H5)nPr]2}Cl2] (10) 3473 2333 87000 26000 3.40 134
[Zr{1-Me2Si[3-(η5-C9H5)nBu]2}Cl2] (11) 2946 1856 74000 17000 4.35 132
[Zr{1-Me2Si[3-(η5-C9H5)Bz]2}Cl2] (12) 1849 1843 70000 17000 4.06 134
[Zr{1-Me2Si(Ind)2}Cl2] 3573 No reaction 166000 53000 3.16 136

[a] Average value for three different runs. [b] Precatalyst/MAO solutions were aged for 12 h, at room temperature, before monomer
introduction.

catalysts for the polymerization of ethylene. In the present
study, we used a 10% solution of MAO in toluene, which
contains about 20–30% of AlMe3. In all polymerization ex-
periments, Al(iBu)3 was used to scavenge possible impuri-
ties in the monomer. The polymerization results are com-
pared with those of one of the best zirconocene catalysts,
i.e., [Zr{1-Me2Si(η5-C9H6)2}Cl2].[12] The polymerization re-
sults and the available polymer characterization data are
shown in Table 3.

Complexes 9–12 show similar or higher activities than
the reference complex and, moreover, these new catalysts
produced lower molecular weight polyethylene than the ref-
erence catalyst. Although it is not possible to establish any
relation between the size of the substituent and the polymer
molecular weight, we suggest that this low molecular weight
arises due to the steric influence of the substituents. The
activities of complexes 9–12 decrease as the bulk of the sub-
stituent in position 3 increases.

In addition, the melting points of all the polymers were
determined (see Table 3). The catalysts 9–12 produced crys-
talline materials with relatively high melting points (near
130 °C).

The stability of metallocene complexes is one of the most
important variables for its future industrial use. The activi-
ties of activated forms of complexes 9–12 were tested after
12 h of contact between the complexes and MAO solution.
It is worth noting that these complexes maintained a rea-
sonable level of activity after this contact time. In contrast,
the reference complex ([Zr{1-Me2Si(η5-C9H6)2}Cl2]) did
not give any reaction with ethylene after the same time of
contact with MAO. It therefore appears that an increase in
the volume of the substituent in the 3-position leads to an
increase in the stability of the catalyst.

Conclusions

We have carried out the synthesis of new examples of
ansa-bis-indenylzirconocene complexes, bearing a SiMe2

bridge, with alkyl substituents in the 3 position. The pres-
ence of these groups allows stable and very active catalysts
to be obtained in ethylene polymerization, producing poly-
ethylenes of low molecular weight, in comparison with the
unsubstituted analogue. In addition, complexes meso-[Zr{1-
Me2Si[3-η5-C9H5(CH3)]2}Cl2] and rac-[Zr{1-Me2Si[3-η5-
C9H5(CH2CH2CH3)]2}Cl2] have been characterized by X-
ray diffraction methods.
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Experimental Section
General Remarks: All reactions were carried out using standard
Schlenk-tube and glove-box techniques in dry nitrogen. Solvents
were distilled from appropriate drying agents and degassed before
use. ZrCl4, indene, SiMe2Cl2, ICH3, BrCH2CH2CH3,
BrCH2CH2CH2CH3, and BrCH2Ph were purchased from Aldrich
and used directly. 1H and 13C spectra were recorded with Varian
GEMINI FT-400 and Varian INNOVA FT-500 spectrometers and
referenced to the residual deuterated solvent. Microanalyses were
carried out with a Perkin–Elmer 2400 microanalyzer. Mass spec-
trometry was performed with a Hewlett–Packard 5988A (m/z =
50–1000) (electron impact) spectrometer.

Preparation of {1-Me2Si[3-C9H6(CH3)]2} (1): nBuLi (1.60  in hex-
ane) (38.00 mL, 60.74 mmol) was added over 15 min to a cooled
(–78 °C) solution of [Me2Si(C9H7)] (7.30 g, 25.31 mmol) in Et2O
(100 mL) in a 250-mL Schlenk tube. At the end of the addition the
solution was allowed to reach room temperature and stirred for
4 h, cooled again to –78 °C, and MeI (14.37 g, 101.24 mmol) was
added. The reaction mixture was allowed to reach room tempera-
ture and stirred for 16 h. The solvent was removed in vacuo and
hexane (100 mL) was added. Water (200 mL) was added, the or-
ganic product was extracted with hexane, the aqueous layer was
washed with hexane (3×50 mL), the organic layers combined,
dried with MgSO4, filtered and the solvent removed from the fil-
trate under reduced pressure to yield the title compound as a yellow
oil. Compound 1 was purified by column chromatography (Et2O/
hexane, 1:9) (yield 7.05 g, 88%). 1H NMR (400 MHz, CDCl3) (for
the predominant isomer): δ = 0.10 and 0.14 (2s, each 3 H, SiMe2),
0.82 (m, 6 H, CH3), 3.56 (d, J = 1.8 Hz, 2 H, 1-H), 6.82 (d, J =
1.8 Hz, 2 H, 2-H), 7.11–7.37 (m, 8 H, 4-H–7-H) ppm. MS electron
impact: m/z (%) = 316 (3) [M, {1-Me2Si[3-C9H6(CH3)]2}]+, 187
(100) [M – (3-Me – C9H6)]+, 129 (56) [M – Me2Si]+.

Preparation of {1-Me2Si(3-C9H6(CH2CH2CH3))2} (2): The synthe-
sis of 2 was carried out in an identical manner to 1. [Me2Si(C9H7)]
(7.30 g, 25.31 mmol), nBuLi (1.60  in hexane) (38.00 mL,
60.74 mmol), and BrCH2CH2CH3 (12.45 g, 101.24 mmol). Yield
8.48 g (89%). 1H NMR (400 MHz, CDCl3) (for the predominant
isomer): δ = 0.19 and 0.32 (2s, each 3 H, SiMe2), 0.95 (m, 6 H,
CH2CH2CH3), 1.39–2.73 (m, 8 H, -CH2CH2CH3), 3.50 (d, J =
1.8 Hz, 2 H, 1-H), 6.98 (d, J = 1.8 Hz, 2 H, 2-H), 7.10–7.50 (m, 8
H, 4-H–7-H) ppm. MS electron impact: m/z (%) = 372 (3) [M, {1-
Me2Si(3-C9H6(CH2CH2CH3))2}]+, 216 (100) [M – (3-Pr – C9H6)]+,
156 (23) [M – Me2Si]+.

Preparation of {1-Me2Si(3-C9H6(CH2CH2CH2CH3))2} (3): The
synthesis of 3 was carried out in an identical manner to 1. [Me2-
Si(C9H7)] (7.30 g, 25.31 mmol), nBuLi (1.60  in hexane)
(38.00 mL, 60.74 mmol), and BrCH2CH2CH2CH3 (13.87 g,
101.24 mmol). Yield 9.13 g (90%). 1H NMR (400 MHz, CDCl3)
(for the predominant isomer): δ = 0.22 and 0.08 (2s, each 3 H,
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SiMe2), 0.95–2.73 (m, 18 H, -CH2CH2CH2CH3), 3.80 (d, J =
1.8 Hz, 2 H, 1-H), 6.89 (d, J = 1.8 Hz, 2 H, 2-H), 7.10–7.50 (m, 8
H, 4-H–7-H) ppm. MS electron impact: m/z (%) = 400 (3) [M, {1-
Me2Si(3-C9H6(CH2CH2CH3))2}]+, 228 (100) [M – (3-Bu-C9H6)]+,
59 (55) [M – Me2Si(C9H6)]+.

Preparation of {1-Me2Si(3-C9H6(CH2C6H5))2} (4): The synthesis of
4 was carried out in an identical manner to 1. [Me2Si(C9H7)]
(7.30 g, 25.31 mmol), nBuLi (1.60  in hexane) (38.00 mL,
60.74 mmol), and BrCH2C6H5 (8.66 g, 50.62 mmol). Yield 5.34 g
(45%). 1H NMR (400 MHz, CDCl3) (for the predominant isomer):
δ = 0.16 and 0.13 (2s, each 3 H, SiMe2), 2.72–3.00 (m, 4 H,
-CH2C6H5), 3.54 (d, J = 1.8 Hz, 2 H, 1-H), 6.78 (d, J = 1.8 Hz, 2 H,
2-H), 7.14–7.39 (m, 18 H, 4-H–7-H, CH2C6H5) ppm. MS electron
impact: m/z (%) = 468 (2) [M, {1-Me2Si(3-C9H6(CH2C6H5))2}]+,
264 (83) [M – (3-Bz-C9H6)]+, 91 (100) [M – Me2Si(C9H6)]+.

Preparation of Li2{1-Me2Si(3-C9H5(CH3))2} (5): nBuLi (1.60  in
hexane) (23.79 mL, 37.92 mmol) was added dropwise over 15 min
to a cooled (–80 °C), stirred solution of {1-Me2Si(3-C9H6(CH3))2}
(1) (5.00 g, 15.80 mmol) in Et2O (80 mL) in a 250-mL Schlenk tube.
The solution was warmed up to room temperature and stirred for
4 h. An increasing turbidity developed and this finally led to the
formation of a yellow-orange suspension. The solvent was removed
in vacuo to give a yellow solid, which was washed with hexane
(2×50 mL) and dried under vacuum to yield 5 as a free flowing
yellow solid (yield 3.94 g, 76%). C22H22Li2Si (328.28): calcd. C
80.47, H 6.75; found C 80.53, H 6.80.

Preparation of Li2{1-Me2Si(3-C9H5(CH2CH2CH3))2} (6): The syn-
thesis of 6 was carried out in an identical manner to 5. {1-Me2Si(3-
C9H6(CH2CH2CH3))2} (2) (5.00 g, 13.28 mmol), nBuLi (1.60  in
hexane), and (19.91 ml, 31.85 mmol). Yield 4.48 g (87%).
C26H30Li2Si (384.48): calcd. C 81.22, H 7.86; found C 81.43, H
7.93.

Preparation of Li2{1-Me2Si(3-C9H5(CH2CH2CH2CH3))2} (7): The
synthesis of 7 was carried out in an identical manner to 5. {1-
Me2Si(3-C9H6(CH2CH2CH2CH3))2} (3) (5.00 g, 12.48 mmol) and
nBuLi (1.60  in hexane) (18.72 mL, 29.95 mmol). Yield (4.37 g,
85%). C28H34Li2Si (412.54): calcd. C 81.52, H 8.31; found C 81.43,
H 8.40.

Preparation of Li2{1-Me2Si(3-C9H5(CH2C6H5))2} (8): The synthesis
of 8 was carried out in an identical manner to 5. {1-Me2Si(3-
C9H6(CH2C6H5))2} (4) (5.00 g, 10.67 mmol) and nBuLi (1.60  in
hexane) (16.00 mL, 26.21 mmol). Yield 4.10 g (80%). C34H30Li2Si
(480.57): calcd. C 84.97, H 6.29; found C 84.83, H 6.34.

Preparation of [Zr{1-Me2Si(3-η5-C9H5(CH3))2}Cl2] (9): A cooled
(–78 °C) slurry of ZrCl4 (2.79 g, 12.00 mmol) in toluene (80 mL)
was rapidly added to a cooled (–78 °C) solution of Li2{1-Me2Si(3-
C9H5(CH3))2} (5) (3.94 g, 12.00 mmol) in Et2O (80 mL) in a 250-
mL Schlenk tube. The reaction mixture was stirred for 30 min at
–20 °C and then overnight at room temperature (16 h). The orange
suspension was filtered through a G4 frit with Celite. The filtrate
was evaporated to dryness under reduced pressure to yield a sticky
dark-orange product. The product was washed with Et2O (30 mL)
and the residue was dried to give an orange solid (0.86 g, 15%).
rac/meso = 55:45. For this complex, samples of the pure meso dia-
stereomer and a product enriched in the rac isomer (11.5:1) were
obtained by careful recrystallization from CH2Cl2/Et2O.

meso Isomer: 1H NMR (500 MHz, CD2Cl2): δ = 0.80 [s, 3 H,
Si(CH3) exo], 1.27 [s, 3 H, Si(CH3) endo], 2.35 (s, 6 H, CH3), 5.50
(s, 2 H, 2-H), 6.83 and 7.09 (2 t, J = 8.8 Hz, each 2 H, 5-H, 6-H),
7.32 and 7.44 (2d, J = 8.8 Hz, each 2 H, 4-H, 7-H) ppm. 13C{1H}
NMR (125 MHz, CD2Cl2): δ = 13.03 [Si(CH3) exo], 13.62 [Si(CH3)
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endo], 43.62 (CH3), 76.78, 86.00 (C1, C3), 118.40 (C2), 123.21 and
125.11 (C5, C6), 126.15, 126.48 (C4, C7) ppm.

rac Isomer: 1H NMR (500 MHz, CD2Cl2): δ = 1.09 [s, 6 H,
Si(CH3)2], 2.22 (s, 6 H, CH3), 5.68 (s, 2 H, 2-H), 6.97 and 7.23 (2t,
J = 8.8 Hz, each 2 H, 5-H, 6-H), 7.35 and 7.38 (2d, J = 8.8 Hz,
each 2 H, 4-H, 7-H) ppm. 13C NMR (125 MHz, CD2Cl2): δ =
–1.44 ppm [Si(CH3)2], 13.34 (CH3), 78.04, 86.40 (C1, C3), 119.32
(C2), 124.25 and 125.06 (C5, C6), 126.55 and 126.85 (C4, C7) ppm.

Both Isomers: C22H22Cl2SiZr (476.6): calcd. C 55.44, H 4.65; found
C 55.63, H 4.68.

Preparation of [Zr{1-Me2Si[3-η5-C9H5(CH2CH2CH3)]2}Cl2] (10):
The synthesis of 10 was carried out in an identical manner to 9.
Li2{1-Me2Si[3-C9H5(CH2CH2CH3)]2} (6) (4.48 g, 11.65 mmol) and
ZrCl4 (2.72 g, 11.65 mmol). Yield 1.61 g (26%). rac/meso = 38:62.

meso Isomer: 1H NMR (500 MHz, CDCl3): δ = 1.04 [s, 3 H,
Si(CH3) exo], 1.51 [s, 3 H, Si(CH3) endo], 1.07 (t, 6 H, J = 7.9 Hz,
CH2CH2CH3), 1.74 (m, 4 H, CH2CH2CH3), 2.98 (m, 4 H,
CH2CH2CH3), 5.73 (s, 2 H, 2-H), 7.07 and 7.32 (2 t, J = 8.8 Hz,
each 2 H, 5-H, 6-H), 7.57 and 7.65 (2d, J = 8.8 Hz, each 2 H, 4-
H, 7-H) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ = –2.45
[Si(CH3) exo], –0.71 [Si(CH3) endo], 14.46 (CH2CH2CH3), 23.62
(CH2CH2CH3), 30.78 (CH2CH2CH3), 77.30, 80.10 (C1, C3), 117.27
(C2), 124.36 and 126.04 (C5, C6), 126.30 and 126.47 (C4, C7) ppm.

rac Isomer: 1H NMR (500 MHz, CDCl3): δ = 1.25 [s, 6 H,
Si(CH3)2], 1.03 (t, 6 H, J = 7.9 Hz, CH2CH2CH3), 1.65 (m, 4 H,
CH2CH2CH3), 2.84 (m, 4 H, CH2CH2CH3), 5.91 (s, 2 H, 2-H),
7.19 and 7.47 (2 t, J = 8.8 Hz, each 2 H, 5-H, 6-H), 7.57 and 7.65
(2d, J = 8.8 Hz, each 2 H, 4-H, 7-H) ppm. 13C{1H} NMR
(125 MHz, CDCl3): δ = –1.12 ppm [Si(CH3)2], 14.34
(CH2CH2CH3), 23.54 (CH2CH2CH3), 30.49 (CH2CH2CH3), 77.40,
85.31 (C1, C3), 117.27 (C2), 124.55 and 124.92 (C5, C6), 126.62
and 126.72 (C4, C7) ppm.

Both Isomers: C26H30Cl2SiZr (532.73): calcd. C 58.62, H 5.68;
found C 58.71, H 5.69.

Preparation of [Zr{1-Me2Si[3-η5-C9H5(CH2CH2CH2CH3)]2}Cl2]
(11): The synthesis of 11 was carried out in an identical manner to
9. Li2{1-Me2Si[3-C9H5(CH2CH2CH2CH3)]2} (7) (4.37 g,
10.59 mmol) and ZrCl4 (2.47 g, 10.59 mmol). Yield 2.08 g (35%).
rac/meso = 59:41.

meso Isomer: 1H NMR (500 MHz, CDCl3): δ = 0.87 [s, 3 H,
Si(CH3) exo], 1.36 [s, 3 H, Si(CH3) endo], 0.89 (t, J = 7.9 Hz, 6 H,
CH2CH2CH2CH3), 1.34 (m, 4 H, CH2CH2CH2CH3), 1.51 (m, 4 H,
CH2CH2CH2CH3), 2.72 (m, 4 H, CH2CH2CH2CH3), 5.58 (s, 2 H,
2-H), 6.91 and 7.16 (2 t, J = 8.8 Hz, each 2 H, 5-H, 6-H), 7.41 and
7.49 (2d, J = 8.8 Hz, each 2 H, 4-H, 7-H) ppm. 13C{1H} NMR
(125 MHz, CDCl3): δ = –2.69 [Si(CH3) exo], –0.96 [Si(CH3) endo],
13.95 (CH2CH2CH2CH3), 22.77 (CH2CH2CH2CH3), 28.24
(CH2CH2CH2CH3), 32.29 (CH2CH2CH2CH3), 77.10, 84.81 (C1,
C3), 116.88 (C2), 123.98 and 125.77 (C5, C6), 126.03, 126.19 (C4,
C7) ppm.

rac Isomer: 1H NMR (500 MHz, CDCl3): δ = 1.11 [s, 6 H,
Si(CH3)2], 0.90 (t, 6 H, J = 7.9 Hz CH2CH2CH2CH3), 1.34 (m, 4
H, CH2CH2CH2CH3), 1.51 (m, 4 H, CH2CH2CH2CH3), 2.82 (m,
4 H, CH2CH2CH2CH3), 5.77 (s, 2 H, 2-H), 7.06 and 7.32 (2 t, J =
8.8 Hz, each 2 H, 5-H, 6-H), 7.41 and 7.49 (2d, J = 8.8 Hz, each
2 H, 4-H, 7-H) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ = –1.37
[Si(CH3)2], 13.95 (CH2CH2CH2CH3), 22.77 (CH2CH2CH2CH3),
28.12 (CH2CH2CH2CH3), 32.29 (CH2CH2CH2CH3), 77.69, 85.06
(C1, C3), 117.00 (C2), 124.08 and 124.67 (C5, C6), 126.34 and
126.43 (C4, C7) ppm.
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Both Isomers: C28H34Cl2SiZr (560.79): calcd. C 59.97, H 6.11;
found C 60.21, H 6.19.

Preparation of [Zr{1-Me2Si[3-η5-C9H5(CH2C6H5)]2}Cl2] (12): The
synthesis of 12 was carried out in an identical manner to 9. Li2{1-
Me2Si[3-C9H5(CH2C6H5)]2} (8) (4.10 g, 8.53 mmol) and ZrCl4
(2.00 g, 8.53 mmol). Yield 2.15 g (40%). rac/meso = 65:35.

meso Isomer: 1H NMR (500 MHz, CDCl3): δ = 1.01 [s, 3 H,
Si(CH3) exo], 1.29 [s, 3 H, Si(CH3) endo], δA = 4.28, δB = 4.22 (AB,
JAB = 21.6 Hz, 4 H, CH2C6H5), 5.77 (s, 2 H, 2-H), 7.02–7.48 (m, 8
H, 4-H–7-H), 7.02–7.48 (m, 10 H, CH2C6H5) ppm. 13C{1H} NMR
(125 MHz, CDCl3): δ = –1.40 [Si(CH3) exo], –0.99 [Si(CH3) endo],
34.22 (CH2C6H5), 65.84, 85.90 (C1, C3), 118.12 (C2), 124.06 and
125.85 (C5, C6), 126.12 and 126.14 (C4, C7), 118.04–140.17
(CH2C6H5) ppm.

rac Isomer: 1H NMR (500 MHz, CDCl3): δ = 0.79 [s, 6 H, Si(CH3)],
δA = 4.17, δB = 4.04 (AB, JAB = 19.6 Hz, 4 H, CH2C6H5), 5.59
(s, 2 H, 2-H), 7.02–7.48 (m, 8 H, 4-H–7-H), 7.02–7.48 (m, 10 H,
CH2C6H5) ppm. 13C{1H} NMR (125 MHz, CDCl3): δ = –2.85
[Si(CH3)2], 34.58 (CH2C6H5), 65.94, 86.32 (C1, C3), 118.04 (C2),
124.25 and 124.74 (C5, C6), 126.57 and 126.78 (C4, C7), 118.04–
140.17 (CH2C6H5) ppm.

Both Isomers: C34H30Cl2SiZr (628.82): calcd. C 64.94, H 4.81;
found C 65.02, H 4.86.

Polymerization Experiments: Polymerizations (three runs for cata-
lyst) were carried out in a 250 mL glass reactor using toluene as a
solvent (100 mL). Catalysts (6 µmol) were treated with the appro-
priate quantity (Al/Zr = 2000) of a commercial (CROPTOM) solu-
tion of MAO in toluene (10% Al) for 15 min. Toluene (80 mL),
Al(iBu)3 scavenger (2 mL), and activated catalyst were introduced,
in this order, into the reactor and the temperature was maintained
at 343 K. The nitrogen atmosphere was removed and a continuous
flow of ethylene (1.5 bar) was introduced over 30 min. The reaction
mixture was then quenched by the addition of acidified methanol.
The polymer was collected by filtration, washed with methanol,
and dried under vacuum at room temperature for 24 h.

Polymer Analysis Procedures: Mw, Mn, and Mw/Mn were mea-
sured with an Alliance GPC-2000 high temperature GPG device
from Waters Corp., Milford, MA, USA. The mobile phase was
2,4,5-trichlorobenzene (HPLC grade, J. T. Baker Ltd.) at 150 °C.
Prior to use as a mobile phase, TCB was filtered through a 0.2-µ
fiberglass filter (PALL Corp.). The GPC device was completed with
3 Styragel columns (Waters Corp.) and an additional GARD col-
umn. All columns were placed in an oven and heated to 150 °C.
The RI detector at 150 °C was used for MW determination by the
relative method. Data processing was performed using Millen-
nium ver. 4.2 Software (Waters Corp.). The sample (0.020 g) was
dissolved in 2,4,5-trichlorobenzene (10.0 mL) (HPLC grade, J. T.
Baker Ltd.) at 150 °C over 7 h. The solution was stirred four times
during this period. The hot solution (7 mL) of each sample was
placed into the metal vial equipped with a mechanism for auto-
matic filtration through 0.2-µ metal filters prior to injection. The
vials were immediately placed in an autosampler heated continually
at 150 °C. The sample was stirred for 15 min in the autosampler
prior to injection. 12 PS narrow standards in the range of MW

from 2430 Dalton to 1.800.000 Dalton (Aldrich) were used for the
calibration of the GPC device. The standards were prepared analo-
gous to the sample preparation. The concentrations of standard
solutions were calculated according the recommendations of Ald-
rich. The calibration curve is linear in all range of MW and indi-
cates the good working order of the device and especially the col-
umns.
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X-ray Crystal Structure Determination of meso-9 and rac-10: Inten-
sity data were collected with a Nonius-MACH3 diffractometer
equipped with a graphite monochromator and a Mo-Kα radiation
source (λ = 0.71073 Å) using a ω/2θ-scan technique. The final unit
cell parameters were determined from 25 well-centered reflections
and refined by least-squares methods. Data were corrected for Lo-
rentz and polarization effects and a semi-empirical absorption cor-
rection (Psi-scans) was made.[21]

The structures were solved using direct methods,[22] completed by
subsequent difference Fourier syntheses, and refined by full-matrix
least-squares procedures on F2.[23] All non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen atoms
were placed using a “riding model” and included in the refinement
at calculated positions. Weights were optimized in the final cycles.
Crystallographic data are given in Table 4.

Table 4. Crystal data and structure refinement for meso-9 and rac-
10.

meso-9 rac-10

Empirical formula C22H22Cl2SiZr·CH2Cl2 C26H30Cl2SiZr·0.5C7H8

Formula weight 561.53 578.78
Temperature [K] 290(2) 250(2)
Wavelength [Å] 0.71073 0.71073
Crystal system triclinic monoclinic
Space group P1̄ P2/c
a [Å] 9.994(5) 11.062(4)
b [Å] 10.430(8) 12.206(4)
c [Å] 12.264(5) 11.311(3)
α [°] 86.23(4)
β [°] 70.28(4) 91.59(3)
γ [°] 78.74(6)
Volume [Å3] 1180(1) 1526.7(8)
Z 2 2
Density (calculated) [g/cm3] 1.580 1.259
Absorption coefficient [cm–1] 9.78 5.89
F(000) 568 598
Crystal size [mm] 0.3×0.2×0.1 0.4×0.3×0.2
Index ranges –12 � h � 13 –14 � h � 14

–13 � k � 13 0 � k � 16
0 � l � 16 0 � l � 14

Reflections collected 5894 3858
Independent reflections 5638 [R(int) = 0.0497] 3674 [R(int) = 0.0168]
Data/restraints/parameters 5638/0/266 3674/0/147
Goodness-of-fit on F2 1.056 1.111
Final R indices [I � 2σ(I)] R1 = 0.0630 R1 = 0.0466

wR2 = 0.1479 wR2 = 0.1460
R indices (all data) R1 = 0.1260 R1 = 0.0656

wR2 = 0.1745 wR2 = 0.1567
Largest diff. peak/hole [e·Å–3] 1.076/–1.384 1.218/–0.461

R1 = Σ||Fo| – |Fc| |/Σ|Fo|; wR2 = Σ|[w(Fo
2 – Fc

2)2]/Σ|[w(Fo
2)2]0.5

CCDC-283808 and -283809 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis of New Tripodal Tri-Functionalized Hydrotris(indazol-1-yl)borate
Ligands and X-ray Structures of Their Cyclopentadieneruthenium Complexes
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Two new tripodal ligands designed to anchor complexes onto
surfaces have been synthesized. They integrate ester or thio-
ether functions at the 6-position of the indazoles. Potassium
hydrotris[6-(ethoxycarbonyl)indazolyl]borate and potassium
hydrotris{6-[(ethylsulfanyl)methyl]indazolyl}borate exhibit
three pendant groups oriented to anchor complexes onto an
oxide and a metallic surface, respectively. Their complex-
ation with [RuCp(CH3CN)3]PF6 yielded two piano-stool-

Introduction

In the last decade, the continuous improvement of near-
field microscopy techniques such as scanning tunneling mi-
croscopy (STM) and atomic force microscopy (AFM) has
led to the imaging and the study of physicochemical proper-
ties of various molecules.[1] These techniques allow the visu-
alization and manipulation of only one molecule and there-
fore the electrical[2] and mechanical properties[3] of a single
molecule deposited on a surface can be investigated. As sin-
gle-molecule experiments require the control of the shape
of the molecule deposited, the design and the synthesis of
rigid ligands able to be covalently attached on surfaces with
a minimum number of degrees of freedom is an active field
of research.[4] In particular, the movement of a molecule
can be efficiently restricted by attaching the molecule to a
surface with a tripod,[5] which prevents translation. Some
rigid organic molecules with three points of attachment
have already been used in AFM or STM studies.[6] How-
ever, the absence of coordination sites restricts their field
of application. Therefore, a structurally rigid bifunctional
molecule combining coordinating sites and anchoring
groups is of special interest. It would allow the covalent
attachment of coordination complexes on a surface, for in-
stance giving rise to surface-mounted molecular gears or
motors.[6,7]

Since their discovery by Trofimenko in the late 1960s,[8]

the trispyrazolylborate ligands, also known as scorpionate

[a] NanoSciences Group, CEMES-CNRS,
29 rue Jeanne Marvig, BP 94347,
31055 Toulouse Cedex 4, France
Fax: +33-5-62257999
E-mail: rapenne@cemes.fr
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shaped complexes that were characterized by X-ray diffrac-
tion. Comparison with the synthesized unfunctionalized ana-
log showed that the three 6-substituted functions do not in-
terfere with the coordination site and are particularly well
oriented for surface deposition.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ligands, have been used increasingly in bioinorganic, orga-
nometallic, and coordination chemistry.[9] This last aspect
has been extensively developed with a particular interest in
the modification of the functional groups connected to the
pyrazolyl moiety in order to control or modify the steric
and electronic environment surrounding the metal center.
However its analogue, hydrotris(indazolyl)borate (Tp4Bo),
has not stimulated intense studies since its synthesis in
1995.[10] Nevertheless tris(indazolyl)borate bears two ad-
vantages over trispyrazolylborate. First it is larger, but the
increase in size is not accompanied by a decrease in the
rigidity of the molecule. Furthermore, by withdrawing the
metal away from the surface, it allows interferences caused
by metal–surface interactions to be minimized, which is
particularly important for near-field microscopy experi-
ments. The rigidity of its indazolyl fragments, conjugated
with its tripodal shape, should make it a good candidate for
surface deposition of metal complexes onto surfaces.

Here we report the synthesis of two new scorpionate li-
gands incorporating functional groups on the indazole, de-
signed to interact with metallic or oxide surfaces. The func-
tionalized borate ligands were designed to have three func-
tional groups pointing in the opposite direction of the coor-
dination site in order not to interfere sterically with it. Each
of the three legs of the tripodal unit bears a functional
group connected at the 6-position of indazole, which should
be the optimal orientation for anchoring on a surface. The
ester function has been found to strongly interact with ox-
ide surfaces,[11] spontaneous deprotection yielding carbox-
ylic groups that covalently bind the metallic oxide. In order
to interact with a metallic surface, the thioether function
was chosen to alleviate the problem encountered with oxi-
datively unstable thiols. Acetyl-protected thiols were also
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Figure 1. Structure of the triester-functionalized, trithioether-functionalized, and unfunctionalized ruthenium() complexes.

good candidates because of their spontaneous deprotection
on a gold surface,[12] but preliminary experiments showed
their incompatibility with the last step of the synthesis of
the borate ligand, which requires sodium borohydride,
yielding the reduction of the acetyl-protected thiol. The thio-
ether group is stable in a wider range of conditions and is
also known to interact strongly with a gold surface.[13] The
synthesis of the hydrotris[6-(ethoxycarbonyl)indazol-1-yl]-
borate ligand incorporating three ester functions and the
hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate li-
gand with three pendant thioether arms is described, fol-
lowed by the preparation and X-ray structures of the corre-
sponding η5-cyclopentadienylruthenium complexes with
both functionalized tripodal ligands and also with the un-
functionalized ligand. Following Trofimenko’s scorpionate
nomenclature,[9] the 6-functionalized ligands can be noted
as KTp4Bo,6-COOEt for the ester-functionalized and
KTp4Bo,6-CH2SEt for the thioether-functionalized ligand,
and similarly the ruthenium complexes can be noted as
RuCpTp4Bo,6-COOEt, RuCpTp4Bo,6-CH2SEt, and RuCpTp4Bo

(Figure 1).

Results and Discussion

Ligand Syntheses

The strategy we followed consisted in the synthesis of a
functionalized indazole in a first step, and its subsequent

Scheme 1. Synthesis of potassium hydrotris[6-(ethoxycarbonyl)indazol-1-yl]borate.
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reaction with potassium borohydride to yield the potassium
hydrotris(indazol-1-yl)borate ligand. Purification methods
used in classical organic chemistry, such as column
chromatography, are not suited to the purification of salts.
Trituration with an apolar solvent can selectively dissolve
the indazole precursor, and an additional sublimation step
provides pure material. Potassium hydrotris[6-(ethoxycar-
bonyl)indazol-1-yl]borate (KTp4Bo,6-COOEt) was synthesized
in three steps starting with 3-amino-4-methylbenzoic acid
(1) (Scheme 1). The esterification of 1 in ethanol mediated
by thionyl chloride[14] afforded ethyl 3-amino-4-methylben-
zoate (2) quantitatively. The conversion of 2 into ethyl ind-
azole-6-carboxylate (3) was performed using the Jacobson
procedure[15] by reaction of 2 with potassium acetate, acetic
anhydride, and isopentyl nitrite in refluxing toluene to give
ethyl 1-acetylindazole-6-carboxylate, which was deprotected
with HCl, affording 3 in 64% yield.

The formation of the indazolyl ring was demonstrated by
1H NMR where the NH proton resonates with a character-
istic signal at δ = 11 ppm. Reaction of 3 at 180 °C for 5 h
with potassium borohydride gave the triester-functionalized
KTp4Bo,6-COOEt in 68% yield after purification by repetitive
trituration with hot toluene and sublimation of the unre-
acted ethyl indazole-6-carboxylate. It is noteworthy that by
conducting the reaction at 150 °C instead of 180 °C, the
bis(indazolyl)borate was mainly obtained. As known from
the literature,[16] the signal of the BH proton is very broad
and difficult to find but very informative to differentiate the
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Scheme 2. Synthesis of potassium hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate.

bis (signal near 3.5 ppm) and tris (δ = 5 ppm) indazolylbor-
ates.

Concerning the regiochemistry of the reaction, Trofi-
menko has shown on the hydrotris(indazol-1-yl)borate li-
gand[10] that the interplay of steric and electronic factors
tilts in favor of the latter, giving a product that is sterically
hindered around the boron atom but not on the coordina-
tion side. Similarly, we obtained exclusively the product re-
sulting from the fusion of the benzo ring at the 4–5-position
(giving the Tp4Bo product) in which the boron atom is
bound to the more hindered nitrogen atom and no trace
of the 3–4 fusion product (Tp3Bo). This regiospecificity is
maintained with ester groups at the 6-position of the inda-
zole, as confirmed by the X-ray structure of the ruthenium
complex.

The synthesis of 6-[(ethylsulfanyl)methyl]indazole (5) was
achieved in two steps from 3 (Scheme 2). Reduction of the
ethyl ester function using LiAlH4 gave 6-(hydroxymethyl)-
indazole (4) with a very good yield. Mesylation of the
alcohol followed by reaction with thioethanol allowed the
thioether-substituted indazole 5 to be obtained in a one-pot
procedure. The same procedure used to obtain
KTp4Bo,6-COOEt was applied to 5, yielding potas-
sium hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate
(KTp4Bo,6-CH2SEt).

Complex Formation and Characterization

The coordination chemistry of the two ligands was con-
sistent with the absence of steric hindrance on the metal
coordination face. Complexation of KTp4Bo,
KTp4Bo,6-COOEt, and KTp4Bo,6-CH2SEt with [RuCp(CH3CN)3]-
PF6 was performed by heating the scorpionate ligand with
1 equiv. of ruthenium complex in anhydrous and degassed
acetonitrile. The η5-cyclopentadienylruthenium() com-
plexes of each tripodal ligand were obtained; η5-
cyclopentadienyl(hydrotris{6-[(ethylsulfanyl)methyl]indazol-
1-yl}borato)ruthenium() (RuCpTp4Bo,6-CH2SEt) and η5-
cyclopentadienyl(hydrotris[6-(ethoxycarbonyl)indazol-1-yl]-
borato)ruthenium() (RuCpTp4Bo,6-COOEt) were obtained
with a lower yield compared to the complex formed with

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 980–987982

the unfunctionalized ligand. For solubility reasons, the syn-
thesis of RuCpTp4Bo,6-COOEt required the use of anhydrous
DMF as cosolvent. The three complexes were fully charac-
terized.

The cyclic voltammogram of the unfunctionalized com-
plex exhibits a reversible metal-centered oxidation at
0.49 V/SCE, that is 100 mV higher than the pyrazolyl ana-
log in the same conditions (Table 1). This shows that ruthe-
nium() is more stabilized in RuCpTp4Bo than in its pyrazol-
yl analog synthesized by Mann et al.,[17] which can be ex-
plained by the more pronounced π-acceptor character of
the hydrotris(indazolyl)borate compared to its pyrazolyl an-
alog. In the ruthenium complex RuCpTp4Bo,6-COOEt, which
incorporates the triester-functionalized ligand, oxidation
occurs at a higher potential: 0.63 V/SCE, the ethoxycar-
bonyl electron-withdrawing groups stabilizing the rutheni-
um() state further. The ester substituents decrease the σ-
donor character and increase the π-acceptor character of
the scorpionate ligand. The combination of this low σ-do-
nor character and solubility problems could explain the
moderate yield of the coordination step. The coordinating
nitrogen of the ester-functionalized scorpionate ligand be-
ing less donor than its unfunctionalized analog, is thus less
efficient in the displacement of the acetonitrile ligands of
the ruthenium precursor. In the ruthenium complex
RuCpTp4Bo,6-CH2SEt, which incorporates the thioether func-
tions, oxidation occurs at a slightly lower potential of
0.48 V/SCE, the slightly electron-donating (ethylsulfanyl)-
methyl groups destabilizing the ruthenium() state.

Table 1. Cyclic voltammetry data.[a]

Compound E1/2(ox) RuII–RuIII (V/SCE)[b]

RuCpTp4Bo,6-COOEt 0.63
RuCpTp4Bo 0.49
RuCpTp4Bo,6-CH2SEt 0.48
RuCpTp 0.39[c]

[a] Cyclic voltammograms were carried out at a scan rate of
100 mVs–1 in acetonitrile containing 0.1  Bu4NPF6 as supporting
electrolyte. Potentials were measured vs SCE using a Pt working
electrode. [b] All couples are reversible. [c] Obtained from ref.[17]
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Variable temperature 1H NMR experiments have shown

that the rotation of the Cp ligand in the complexes is fast
compared to the NMR timescale down to at least –90 °C
in deuterated dichloromethane, indicating that the coordi-
nation site is not sterically affected by the ethoxycarbonyl
or (ethylsulfanyl)methyl substituents.

Crystal Structures of the Complexes

Crystals suitable for X-ray diffraction were grown by the
slow diffusion of methanol over a dichloromethane solution
of the complex. The ORTEP representations with atom
numbering are shown in Figure 2, while selected bond
lengths and angles are listed in Table 2.

RuCpTp4Bo,6-COOEt and RuCpTp4Bo crystallized in the
Pccn space group while RuCpTp4Bo,6-CH2SEt crystallized in
the P1̄ group. The triester-functionalized complex cocrys-
tallized with molecules of methanol (0.5 equiv. per ruthe-
nium complex), which are located on a symmetry axis and
are highly disordered. In line with the 1H NMR spectro-
scopic data, the three complexes have a piano stool shape
where the scorpionate ligand binds the ruthenium center
in a facial tripodal mode (i.e. κ3-N,N�,N��), as shown by
Trofimenko for scorpionate complexes. The crystal struc-
ture of complexes with the triester- and (ethylsulfanyl)-
methyl-functionalized ligands confirmed the regiochemistry
of the scorpionate formation, which is the expected Tp4Bo

isomer. Moreover, the functional groups at the 6-position
of indazole are well oriented, pointing in the opposite direc-

Figure 2. Thermal ellipsoid diagram of (RuCpTp4Bo,6-COOEt) (left), (RuCpTp4Bo) (center), and (RuCpTp4Bo,6-CH2SEt) (right), side view
(top) and top view (bottom). The ellipsoids are drawn at the 50% probability level and the molecules of cocrystallizing solvent (MeOH)
have been removed for clarity.
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Table 2. Selected bond lengths [Å] and angles [°] in the ruthenium
complexes.[a]

RuCpTp4Bo RuCpTp4Bo,6-COOEt RuCpTp4Bo,6-CH2SEt

Ru–N(1) 2.141(8) 2.113(4) 2.128(5)
Ru–N(3) 2.108(7) 2.129(4) 2.126(5)
Ru–N(5) 2.099(7) 2.103(4) 2.120(5)
Ru–C(22) 2.141(10) 2.166(5) 2.140(6)
Ru–C(23) 2.156(11) 2.152(5) 2.160(6)
Ru–C(24) 2.166(11) 2.148(5) 2.159(5)
Ru–C(25) 2.145(11) 2.162(5) 2.154(5)
Ru–C(26) 2.131(11) 2.161(5) 2.147(6)
N(1)–Ru–N(3) 84.4(3) 83.46(14) 83.55(18)
N(3)–Ru–N(5) 84.2(3) 84.97(14) 85.87(17)
N(5)–Ru–N(1) 85.6(3) 86.46(14) 84.01(17)
N(2)–B–N(4) 108.3(8) 107.3(4) 107.5(4)
N(4)–B–N(6) 110.2(7) 108.4(4) 108.3(4)
N(6)–B–N(2) 106.8(7) 108.9(4) 108.5(4)

[a] Numbers in parentheses are estimated standard deviations.

tion of the coordination site, which is thus free of any steric
hindrance as seen in solution by a variable temperature 1H
NMR experiment. The lack of interference between the co-
ordination site and the attaching groups suggests that this
molecule can be expected to be truly bifunctional, acting
both as ligand and anchor to fix metal complexes onto a
surface.

It must be noted that these complexes combine a C5-
symmetry cyclopentadienyl ligand and a C3-symmetry tri-
podal ligand, and as a result, have a low symmetry. In order
to facilitate the discussion and by analogy with ethane, two
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significant conformations can be defined (Figure 3). The
first one can be considered as an eclipsed conformation in
which one of the dihedral angles between a CH bond of the
cyclopentadienyl ligand and one indazole of the scorpionate
ligand is 0°. In the second one, the staggered conformation,
two of these dihedral angles are equal to 12°. Because of
the symmetry of each ligand, a rotation of 24° is invariant.
A 12° rotation of one ligand with respect to the other allows
the interconversion between staggered and eclipsed confor-
mations.

Figure 3. Eclipsed (left) and staggered (right) conformations of a
complex containing both C3- and C5-symmetry ligands. Intercon-
version occurs upon a 12° rotation. For symmetry reasons, the stag-
gered conformation appears every 24°.

On purely steric grounds, the staggered conformer is ex-
pected to be the most stable, as obtained in the case of the
pyrazolyl analog RuCpTp.[15] On the contrary, RuCpTp4Bo

adopts an almost eclipsed conformation in the solid state,
with a dihedral angle between the C(24)–H(24) bond and
the plane of the N(1)-containing indazole equal to 0.3°
(Figure 2, bottom view). An explanation for a favored
eclipsed conformation must be found in the crystal packing
and in the intermolecular forces involved in the solid state.
A careful examination of the crystal packing of the unfunc-
tionalized and both functionalized complexes showed π-
stacking interactions between the two indazoles of neighb-
oring complexes. As shown for the unfunctionalized com-
plex in Figure 4, the two indazoles face each other in a
head-to-tail mode, the electron-rich part of one indazole
being exactly above the electron-poor part of the other in-
dazole, which provides further stabilization by donor–ac-
ceptor interactions. The distance between the planes of two
consecutive indazoles is ideal for stacking: 3.62 Å for the
triester complex, 3.59 Å for the tris (ethylsulfanyl)methyl
complex, and 3.56 Å for the unfunctionalized complex.

Figure 4. Stabilization in the crystal structure of RuCpTp4Bo by π-stacking interactions between neighboring indazolyl pairs. Zooming
in shows the donor–acceptor interactions between two indazolyl groups positioned in a head-to-tail arrangement with an interplane
distance of 3.56 Å.
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Moreover, average Ru–C distances of 2.15 Å (for cyclo-
pentadienyl) and Ru–N bond lengths of 2.11 Å (for trisind-
azolylborate) are found in the three complexes, showing
that the coordination of the tripodal ligand is not influ-
enced by the presence of the functional groups at the 6-
position of the indazole rings. The moderate reactivity of
the triester-functionalized ligand towards complexation
with [RuCp(CH3CN)3]PF6 is thus justified purely by elec-
tronic considerations, while steric hindrance due to the ester
groups can be ruled out.

Conclusions

In summary, we have described the preparation and co-
ordination of two new tripodal ligands that bear functional
groups suitable for surface deposition. The orientation of
the three anchoring groups, as shown by the X-ray struc-
tures, seems to be ideal for surface deposition of organome-
tallic complexes. Work is underway to anchor these com-
plexes on surfaces and integrate the triester-functionalized
ligand into molecular machines such as a molecular rotary
motor[7] designed to be studied as a single molecule de-
posited on an oxide surface.

Experimental Section
All commercially available chemicals were of reagent grade and
were used without further purification. [RuCp(CH3CN)3]PF6 was
purchased from Strem. Potassium hydrotris(indazol-1-yl)borate
(KTp4Bo) was prepared according to a literature procedure.[10]

NMR spectra were recorded with Bruker AM 250 or Avance 500
spectrometers and full assignments were made using COSY,
ROESY, HMBC, and HMQC methods when necessary. The num-
bering scheme for the indazol derivatives is given in molecule 3 (see
Scheme 1 and Scheme 2). Chemical shifts are defined with respect
to TMS = 0 ppm for 1H and 13C NMR spectra and were measured
relative to residual solvent peaks. UV/Vis spectra were recorded
with a Shimadzu UV-3100 spectrometer. FAB and DCI mass spec-
trometry was performed using a Nermag R10–10. The melting
points were measured on a Kofler Reichert apparatus and are not
corrected.

Ethyl 3-Amino-4-methylbenzoate (2): 3-Amino-4-methylbenzoic
acid (1) (2.00 g, 13.3 mmol, 1 equiv.) was dissolved in absolute eth-
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anol (50 mL). Thionyl chloride (2 mL, 27.4 mmol, 2 equiv.) was
added dropwise and the reaction mixture was heated at reflux over-
night, during which the color of the solution turned from purple
to pink. Ethanol was removed under reduced pressure, and the re-
sidual oil was dissolved in ethyl acetate (50 mL) and washed with
a saturated sodium carbonate solution (3×20 mL). The combined
aqueous phases were extracted with ethyl acetate (20 mL). Then the
combined organic phases were dried with MgSO4 and the solvent
removed under reduced pressure to afford ethyl 3-amino-4-methyl-
benzoate (2) (2.33 g, 13.0 mmol, 98%) as a pink oil which was used
without further purification. DCI-MS (NH3): m/z (%) = 180 [M +
H]+, 197 [M + NH4]+. 1H NMR (250 MHz, CDCl3): δ = 7.26–7.30
(m, 2 H, Hc–d), 6.92 (d, 3J = 7.8 Hz, 1 H, Hb), 4.31 (q, 3J = 6.9 Hz,
2 H, CH2CH3), 3.91 (broad s, 2 H, NH2), 2.00 (s, 3 H, Me), 1.21
(t, 3J = 6.9 Hz, 3 H, CH2CH3) ppm.

Ethyl 1H-Indazole-6-carboxylate (3): In a three-necked round-bot-
tomed flask, ethyl 3-amino-4-methylbenzoate (2) (2.30 g,
12.8 mmol, 1 equiv.), potassium acetate (1.3 g, 13.2 mmol,
1.1 equiv.), and acetic anhydride (4.4 mL, 47 mmol, 3.6 equiv.) were
suspended in toluene (50 mL). Isopentyl nitrite (3.6 mL,
24.6 mmol, 2.1 equiv.) was added dropwise to this suspension over
a 15-min period. The gelatinous mixture was heated at reflux over-
night giving an orange solution, which was evaporated to dryness.
HCl (5 , 10 mL) and concentrated HCl (5 mL) were added and
the red solution was heated at 50 °C for 1 h followed by 10 min at
60 °C. After cooling down, the acid layer was extracted twice with
toluene (20 mL) to remove neutral compounds. The red combined
organic phases were washed three times with concentrated HCl.
The acid phase was then carefully neutralized with ammonia, caus-
ing precipitation of the compound. After filtration, the product
was dissolved in dichloromethane then dried with MgSO4 and the
solvent removed under reduced pressure to afford 3 (1.56 g,
8.2 mmol, 64%) as a brown solid. The product can be sublimed
(0.1 Torr, 160 °C) or used without further purification. DCI-MS
(NH3): m/z (%) = 191 [M + H]+. High resolution LSI calculated
[M + H]+: 191.0821 (C10H11N2O2); found: 191.0827 (100% [M +
H]+). M.p. 125 °C. 1H NMR (250 MHz, CDCl3): δ = 11.15 (s, 1 H,
NH), 8.27 (d, 4J = 1 Hz, 1 H, Ha), 8.14 (s, 1 H, Hd), 7.88–7.77 (m,
2 H, Hb–c), 4.42 (q, 2 H, 3J = 7.0 Hz, CH2CH3), 1.44 (t, 3 H, 3J =
7.2 Hz, CH2CH3) ppm. 13C NMR (63 MHz, CDCl3): δ = 166.8
(CO), 139.5, 135.0 (Ca), 129.0, 125.7, 121.6 (Cc), 120.7 (Cb), 112.1
(Cd), 61.3 (CH2), 14.4 (CH3) ppm. C10H10N2O2: calcd. C 63.2, H
5.30, N 14.7; found: C 62.8, H 5.11, N 14.5.

Potassium Hydrotris[6-(ethoxycarbonyl)indazol-1-yl]borate
(KTp4Bo,6-COOEt): Ethyl indazole-6-carboxylate (3) (700 mg,
3.68 mmol, 3.5 equiv.) and potassium borohydride (56 mg,
1.05 mmol, 1 equiv.) were ground up in a mortar then dried under
vacuum and the vessel was filled with argon. The mixture was
heated in a sand bath at 180 °C until the gas evolution had ceased
(5–6 h). The reaction was then quenched by addition of toluene.
The solid was filtered off and purified by trituration with hot tolu-
ene, which dissolved the unreacted 3. After drying under vacuum,
the solid was ground in a mortar and any remaining unreacted
indazole was removed by sublimation, by heating the sample at
160 °C under vacuum. By repeating alternating trituration and sub-
limation, potassium hydrotris[6-(ethoxycarbonyl)indazol-1-yl]bo-
rate (KTp4Bo,6-COOEt) (440 mg, 0.712 mmol, 68%) was obtained as
a pale yellow solid. FAB-MS (MeOH, Gly-Thio, negative mode):
m/z (%) = 579 [M – K]–. High resolution LSI calculated [M – K]–:
578.2085 (C30H27BN6O6); found: 578.2099 (100% [M – K]–). 1H
NMR (250 MHz, [D6]DMSO): δ = 8.20 (s, 3 H, Ha), 8.15 (d, 4J =
1 Hz, 3 H, Hd), 7.81 (d, 3J = 8.5 Hz, 3 H, Hc), 7.59 (dd, 3J =
8.5 Hz, 4J = 1 Hz, 3 H, Hb), 4.33 (q, 3J = 7 Hz, 6 H, CH2CH3),
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1.34 (t, 3J = 7 Hz, 9 H, CH2CH3) ppm. 13C NMR (63 MHz, [D6]-
DMSO): δ = 166.3 (CO), 144.3, 133.0 (Ca), 126.3, 123.2, 120.6 (Cc),
120.3 (Cb), 112.7 (Cd), 61.0 (CH2), 14.3 (CH3).

η5-Cyclopentadienyl(hydrotris[6-(ethoxycarbonyl)indazol-1-yl]bor-
ato)ruthenium(II) (RuCpTp4Bo,6-COOEt): Potassium hydrotris[6-(eth-
oxycarbonyl)indazol-1-yl]borate (KTp4Bo,6-COOEt) (62 mg,
0.1 mmol, 1 equiv.) was dissolved in dry DMF (2 mL), dry acetoni-
trile was added (20 mL), and the mixture was purged with argon.
[RuCp(CH3CN)3]PF6 (43 mg, 0.1 mmol, 1 equiv.) was added to this
solution, which was then refluxed overnight. Evaporation of the
solvent followed by a purification by column chromatography
(SiO2: cyclohexane/ethanol 0–20%) afforded η5-cyclopentadienyl-
[hydrotris[6-(ethoxycarbonyl)indazol-1-yl]borato]ruthenium()
(RuCpTp4Bo,6-COOEt) (39 mg, 0.052 mmol, 52%) as a yellow solid.
DCI-MS (NH3): 747 [M + H]+, 764 [M + NH4]+. High resolution
LSI calculated [M + H]+: 747.1676 (C35H34BN6O6Ru); found:
747.1700 (100% [M + H]+). M.p. 212 °C dec. 1H NMR (250 MHz,
CD2Cl2): δ = 8.66 (d, 4J = 0.9 Hz, 3 H, Ha), 8.62 (d, 4J = 1.2 Hz,
3 H, Hd), 7.69 (dd, 3J = 8.5 Hz, 4J = 1.2 Hz, 3 H, Hc), 7.62 (dd, 3J
= 8.5 Hz, 4J = 0.9 Hz, 3 H, Hb), 4.63 (s, 5 H, Cp), 4.42 (q, 3J =
7 Hz, 6 H, CH2CH3), 1.43 (t, 3J = 7.2 Hz, 9 H, CH2CH3) ppm.
13C NMR (63 MHz, CD2Cl2): δ = 167.6 (CO), 143.1, 140.2 (Ca),
129.2, 126.8, 122.0 (Cc), 119.7 (Cb), 114.6 (Cd), 72.8 (Cp), 62.0
(CH2), 15.0 (CH3) ppm. ERuII:RuIII (V/SCE): +0.63 rev (sweep rate:
100 mV s–1). UV/Vis (CH2Cl2): λmax (ε in L mol–1 cm–1) = 222
(60300), 256 (14000), 334 (12800), 418 nm (6900).

η5-Cyclopentadienyl[hydrotris(indazol-1-yl)borato]ruthenium(II)
(RuCpTp4Bo): A solution of potassium hydrotris(indazol-1-yl)bo-
rate (KTp4Bo) (81 mg, 0.2 mmol, 1 equiv.) in acetonitrile (20 mL)
was purged with argon and [RuCp(CH3CN)3]PF6 (87 mg,
0.2 mmol, 1 equiv.) was added. The solution was refluxed for 1.5 h.
The solution, initially yellow, turned to orange-brown. Upon cool-
ing to room temperature, an orange precipitate appeared.
Recrystallization from chloroform/methanol gave pure RuCpTp4Bo

(70 mg, 0.132 mmol, 65%) as an orange microcrystalline product.
DCI-MS (NH3): m/z (%) = 548 [M + NH4]+, 531 [M + H]+. High
resolution LSI calculated [M + H]+: 531.1042 (C26H22BN6Ru);
found: 531.1061 (100% [M + H]+). M.p. 222 °C dec. 1H NMR
(250 MHz, CDCl3): δ = 8.61 (s, 3 H, Ha), 7.90 (d, 3J = 8.75 Hz, 3
H, Hb), 7.6 (d, 3J = 7.25 Hz, 3 H, Hd), 7.32 (t, 3J = 7.25 Hz, 3 H,
Hc), 7.05 (t, 3J = 7.25 Hz, 3 H, H6), 4.56 (s, 5 H, Cp) ppm. 13C
NMR (63 MHz, CDCl3): δ = 138.9 (Ca), 125.9, 123.7, 120.5 (Cc),
119.2 (Cb), 111.5 (Cd), 70.7 (Cp) ppm. UV/Vis (CH2Cl2): λmax (ε in
Lmol–1 cm–1) = 231 (21400), 298 (15000), 307 (12200), 325 (9700),
388 nm (4600). CV (CH3CN, Bu4NPF6) ERuII:RuIII (V/SCE): +0.49
rev (sweep rate: 100 mVs–1).

6-(Hydroxymethyl)-1H-indazole (4): LiAlH4 (1.6 g, 42.5 mmol,
4 equiv.) was added carefully in portions to a solution of 3 (2 g,
10.5 mmol, 1 equiv.) in freshly distilled THF (100 mL) at 0 °C. Af-
ter 2 h of vigorous stirring, TLC analysis showed a complete disap-
pearance of the starting material and the presence of a single prod-
uct. The reaction mixture was carefully quenched with water
(1.6 mL) followed by a 15% NaOH solution (1.6 mL) and then
water (4 mL). The mixture was filtered through Celite and the filter
cake was washed several times with dichloromethane. The filtrate
was dried with MgSO4 and the solvent was removed under reduced
pressure, affording 6-(hydroxymethyl)indazole (4) (1.45 g,
9.8 mmol, 93%). This compound was used without further purifi-
cation. ESI-MS: m/z (%) = 149 [M + H]+. M.p. 159 °C. 1H NMR
(250 MHz, [D6]DMSO): δ = 12.97 (s, 1 H, NH), 8.00 (s, 1 H, Ha),
7.65 (d, 3J = 8.4 Hz, 1 H, Hd), 7.46 (s, 1 H, Hb), 7.04 (d, 3J =
8.4 Hz, 1 H, Hc), 5.28 (br. s, 1 H, OH), 4.61 (d, 3J = 5.9 Hz, 2 H,
CH2).
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6-[(Ethylsulfanyl)methyl]-1H-indazole (5): Mesyl chloride (0.65 mL,
8.4 mmol, 1 equiv.) was added dropwise to a solution of 6-(hy-
droxymethyl)indazole (4) (1.24 g, 8.4 mmol, 1 equiv.) and triethyl-
amine (2.5 mL) in ethyl acetate (170 mL) at 0 °C. The mixture was
stirred at room temperature for 12 h, the organic phase was washed
three times with water (50 mL), and the combined aqueous phases
were extracted once with ethyl acetate. The combined organic
phases were dried with MgSO4 and the solvent removed under re-
duced pressure, giving a pale yellow solid that was used without
purification in the next step. The mesylate yellow solid was dis-
solved in dry THF (75 mL) and added dropwise to a solution of
ethane thiol (0.62 mL, 8.4 mmol, 1 equiv.) in ethanol (75 mL) with
KOH (0.7 g, 12.5 mmol, 1.5 equiv.). The solvent was removed un-
der reduced pressure and the crude material was purified by col-
umn chromatography (SiO2, cyclohexane/Et2O 40 %) to give 6-
[(ethylsulfanyl)methyl]indazole (5) (400 mg, 2.08 mmol, 25%) as a
white solid. DCI-MS (NH3): m/z (%) = 193 [M + H]+. High resolu-
tion LSI calculated [M + H]+: 193.0799 (C10H13N2S); found:
193.0804 (100 % [M + H]+). M.p. 61 °C. 1H NMR (250 MHz,
CD2Cl2): δ = 11.35 (s, 1 H, NH), 8.01 (s, 1 H, Ha), 7.68 (d, 3J =
8.3 Hz, 1 H, Hd), 7.44 (s, 1 H, Hb), 7.08 (d, 3J = 8.3 Hz, 1 H, Hc),
3.86 (s, 2 H, CH2), 2.39 (q, 3J = 7.3 Hz, 2 H, CH2CH3), 1.15 (t, 3J
= 7.3 Hz, 3 H, CH2CH3) ppm. 13C NMR (63 MHz, CD2Cl2): δ =
140.4, 138.0 (Ca), 134.4, 122.7 (Cc), 120.8 (Cb), 109.6 (Cd), 36.3
(CH2S), 25.4 (CH2), 14.3 (CH3) ppm. C10H12N2S: calcd. C 62.5, H
6.29, N 14.6; found C 62.2, H 6.14, N 14.5.

Potassium Hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate
(KTp4Bo,6-CH2SEt): 6-[(Ethylsulfanyl)methyl]indazole (5) (300 mg,
1.56 mmol, 3.4 equiv.) and potassium borohydride (25 mg,
46 mmol, 1 equiv.) were ground up in a mortar, dried under vac-
uum and the vessel was filled with argon. The mixture was heated
in a sand bath at 200 °C; 5 h were needed until the gas evolution
had ceased. The solid was ground in a mortar and any remaining
unreacted indazole was removed by sublimation, by heating the
sample at 160 °C under vacuum. By repeating alternating tritura-
tion with toluene and sublimation, potassium hydrotris{6-[(ethyl-
sulfanyl)methyl]indazol-1-yl}borate (KTp4Bo,6-CH2SEt) (160 mg,
0.25 mmol, 55%) was obtained as a pale yellow sticky solid. FAB-
MS (MeOH, Gly-Thio, negative mode): m/z (%) = 584 [M – K]–.
High resolution LSI calculated [M – K]–: 584.2022 (C30H33BN6S3);
found: 584.2042 (100 % [M – K]–). 1H NMR (250 MHz, [D6]-
DMSO): 7.82 (d, 4J = 1 Hz, 3 H, Ha), 7.52 (d, 3J = 8.0 Hz, 3 H,
Hc), 6.92 (s, 3 H, Hd), 6.84 (dd, 3J = 8.0 Hz, 4J = 1 Hz, 3 H, Hb),
3.57 (s, 2 H, CH2S), 2.05 (q, 3J = 7.4 Hz, 6 H, CH2CH3), 0.97 (t,
3J = 7 Hz, 9 H, CH2CH3), 5.73 (br. s, 1 H, BH) ppm. 13C NMR
(63 MHz, [D6]DMSO): δ = 143.8, 133.3 (Ca), 131.9, 121.9, 120.0
(Cc), 119.5 (Cb), 112.6 (Cd), 35.2 (CH2S), 24.0 (CH2), 14.2 (CH3)
ppm. 11B NMR (160 MHz, [D6]DMSO): –2.57 (s, 1 H) ppm.

η5-Cyclopentadienyl(hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-
yl}borato)ruthenium(II) (RuCpTp4Bo,6-CH2SEt): Potassium
hydrotris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borate (KTp4Bo,6-

CH2SEt) (62 mg, 0.1 mmol, 1 equiv.) was dissolved in dry acetonitrile
(20 mL) and the mixture was purged with argon. [RuCp(CH3CN)
3]PF6 (43 mg, 0.1 mmol, 1 equiv.) was added to this solution and it
was then refluxed for 2 h. Evaporation of the solvent followed by
a purification by column chromatography (SiO2: cyclohexane/
dichloromethane 0–50 %) afforded η5-cyclopentadienyl(hydro-
tris{6-[(ethylsulfanyl)methyl]indazol-1-yl}borato)ruthenium()
(RuCpTp4Bo,6-CH2SEt) (10 mg, 0.013 mmol, 13%) as a yellow solid.
DCI-MS (NH3): 753 [M + H]+. High resolution LSI calculated
[M + H]+: 753.1613 (C35H40BN6RuS3); found: 753.1637 (100% [M
+ H]+). M.p. 206 °C dec. 1H NMR (500 MHz, CD2Cl2): δ = 8.57
(s, 3 H, Ha), 7.78 (s, 3 H, Hd), 7.55 (d, 3 H, 3J = 8.3 Hz, Hb), 7.08
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(d, 3 H, 3J = 8.3 Hz, Hc), 4.55 (s, 5 H, Cp), 3.87 (s, 6 H, CH2),
2.15 (q, 6 H, 3J = 7.3 Hz, CH2CH3), 1.22 (t, 9 H, 3J = 7.3 Hz,
CH2CH3) ppm. 13C NMR (126 MHz, CD2Cl2): δ = 143.0, 138.9
(Ca), 136.9, 122.7, 122.3 (Cc), 119.3 (Cb), 111.0 (Cd), 70.7 (Cp), 36.4
(CH2S), 25.2 (CH2), 14.3 (CH3) ppm. ERuII:RuIII (V/SCE): +0.49 rev
(sweep rate: 100 mVs–1). UV/Vis (CH2Cl2): λmax (ε in Lmol–1 cm–1)
= 231 (30500), 309 (14700), 327 (13500), 390 nm (6200).

X-ray Crystallographic Study: Crystal data for η5-cyclopentadienyl-
(hydrotris[6-(ethoxycarbonyl)indazol-1-yl]borato)ruthenium()
(RuCpTp4Bo,6-COOEt). Orange prismatic crystals suitable for X-ray
analysis were obtained by slow evaporation of a solution of the
complex in a pentane/methanol (1:1) mixture. C35H33BN6O6Ru·
0.5CH3OH: Mr = 1523.17, orthorhombic, space group Pccn, a (Å)
= 22.682(6), b (Å) = 15.0415(13), c (Å) = 19.813(3), V (Å3) =
6760(2), Z = 4, ρcalcd. = 1.497 gcm–3, µ(Mo-Kα) (mm–1) = 0.521.
Data were collected on a Nonius-Kappa CCD diffractometer using
Mo-Kα graphite-monochromated radiation (λ = 0.71073 Å) at
200 K; 3983 reflections having I � 2σ(I) were used for structure
determination (4.06° � θ � 27.00°). For all computations the
Bruker maXus software package was used. Final results: R(F) =
0.0507, Rw(F) = 0.1004, Gof = 1.032.

Crystal Data for η5-Cyclopentadienyl[hydrotris(indazol-1-yl)borato]-
ruthenium(II) (RuCpTp4Bo): Orange prismatic crystals suitable for
X-ray analysis were obtained by dissolution of the compound in
dichloromethane and slow liquid diffusion of methanol.
C26H21BN6Ru: Mr = 529.377, orthorhombic, space group Pccn, a
(Å) = 13.2676(12), b (Å) = 18.891(2), c (Å) = 19.4177(13), V (Å3)
= 4866.8(7), Z = 8, ρcalcd. = 1.445 gcm–3, µ(Mo-Kα) (mm–1) = 0.67.
Data were collected on a Nonius-Kappa CCD diffractometer using
Mo-Kα graphite-monochromated radiation (λ = 0.71073 Å) at
298 K; 2103 reflections having I � 3σ(I) were used for structure
determination (0° � θ � 35.00°). For all computations the Bruker
maXus software package was used. Final results: R(F) = 0.047,
Rw(F) = 0.108, Gof = 1.055.

Crystal Data for η5-Cyclopentadienyl(hydrotris{6-[(ethylsulfanyl)-
methyl]indazol-1-yl}borato)ruthenium(II) (RuCpTp4Bo,6-CH2SEt): Yel-
low prismatic crystals suitable for X-ray analysis were obtained by
dissolution of the compound in dichloromethane and slow liquid
diffusion of methanol. C35H39BN6RuS3: Mr = 751.81, triclinic,
space group P1̄, a (Å) = 9.883(3), b (Å) = 14.032(3), c (Å) =
14.889(4), V (Å3) = 1802.7(7), Z = 2, ρcalcd. = 1.385 gcm–3, µ(Mo-
Kα) (mm–1) = 0.642. Data were collected on a Nonius-Kappa CCD
diffractometer using Mo-Kα graphite-monochromated radiation (λ
= 0.71073 Å) at 298 K; 3927 reflections having I � 2σ(I) were used
for structure determination (0° � θ � 27.00°). For all computations
the Bruker maXus software package was used. Final results: R(F)
= 0.072, Rw(F) = 0.131, Gof = 1.064.

CCDC-254040 (for RuCpTp4Bo), -254041 (for RuCp-
Tp4Bo,6-COOEt), and -284359 (for RuCpTp4Bo,6-CH2SEt) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemistry: The voltammetric experiments were measured
with an AUTOLAB PGSTAT 100 potentiostat using a Pt disc
(1 mm diameter) as working electrode and a Pt counter electrode.
The reference electrode used was the saturated calomel electrode
(SCE). Tetra-n-butylammonium hexafluorophosphate (Bu4NPF6,
0.1 ) acted as the electrolyte. All solutions were degassed thor-
oughly for at least 15 min with argon and an inert gas blanket was
maintained over the solution during the measurements.
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The synthesis of the novel N,Nπ-(ferrocenophane-1,1�-diyl-
dicarbonyl)-bridged histidine methyl ester 1 and of the acyclic
bis(histidine methyl ester) derivative 3 are reported. The
structure of 1 was studied in the solid state and in solution.
The single-crystal structure of 1 shows that both proximal
ferrocenyl (Fc) carbonyl groups are syn with respect to each
other, which is a new structural motif for Fc–amino acid con-
jugates. This new syn conformation allows effective binding

Introduction
With the increased interest in chemical sensor technol-

ogy, redox-based sensing of molecular recognition events in
host–guest systems has received considerable attention in
recent years.[1] Binding of the guest to a host can affect the
structure of the host and/or its electronic properties, which
can be detected by a suitable redox-active probe, such as
ferrocene (Fc). In this regard, specifically designed macro-
cycles have been studied to electrochemically recognize cat-
ionic or anionic species in polar solvents and in some cases
neutral molecules.[2–4] Cyclic amides, a class of natural
macrocycles are well known for their biological activities
as antibiotics and ion-transport regulators in membranes.[5]

These properties are attributed to their capability to capture
and release metal ions.[6] However, it is recognized that to
achieve good artificial cyclopeptide ionophores, a decrease
of the conformational freedom is beneficial and can be
achieved by introducing some constraints to the cyclic skel-
eton.[7] Recently, Cheng and co-workers used 1,n�-Fc-lab-
elled cyclopeptides to recognize alkali ions,[8] in which the
metal ions are thought to bind to the amide carbonyl
groups. However, no structural details were provided, al-
though it is proposed that the binding of the ions to the
1,n�-dicarbonyl groups proximal to the Fc unit are largely
responsible for the changes in the half-wave potential upon
metal ion binding. Various studies show that in acyclic[9–10]
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to alkali metal cations. Binding is evaluated by cyclic voltam-
metry monitoring the halfwave potential of the Fc group.
Cation binding causes a shift to lower potential (Na+ � Li+ �

K+, Cs+). Upon binding, compound 1 shows selectivity
towards Na+ ions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

as well as in cyclic[11] 1,n�-dipeptide-substituted Fc conju-
gates both the carbonyl groups directly attached to the Fc
unit adopt an anti conformation. Herein, we report the syn-
thesis, characterization and electrochemical studies of a
novel histidine-containing ferrocenophane, where both Fc-
carbonyl groups adopt a syn conformation, which generates
a recognition site for metal ions. As part of this study, we
compare the binding properties of this new cyclic ferrocene
conjugate with its acyclic 1,1�-bis(histidine methyl ester) de-
rivative, which is prepared as part of this study.

Results and Discussions
The target ferrocenophane 1 was synthesized from 1,1�-

ferrocenedicarboxylic acid and histidine methyl ester at very
high dilutions in order to avoid oligomerization (Scheme 1).
After purification by column chromatography, a reddish,
crystalline solid was obtained in 38% yield.

The product was characterized by standard spectroscopic
methods. The 1H NMR spectrum shows the presence of an
amide resonance at δ = 7.57 ppm, and seven resonances in
a 1:1:1:1:1:1:2 intensity ratio in the region of δ = 4.86–
4.36 ppm. The α-H is observed as a multiplet at δ =
4.88 ppm. The 13C NMR spectrum reveals three signals at
δ = 172.3, 172.2, and 169.5 ppm from carbonyl groups, the
first of which is assigned to the ester C=O group, while the
latter two are amide carbonyl groups. The IR spectrum
shows the expected ester carbonyl band at 1731 cm–1 and a
strong peak at 1652 cm–1 due to the amide group. Like most
Fc–peptide derivatives, compound 1 exhibits a weak and
broad absorbance in the visible region at λmax = 449 nm.
This band does not show a sizeable Cotton effect in the CD
spectrum (Figure 4). Because the rotation about the Cp–
Fe–Cp axis is restricted by the two substituents, the Fc unit
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Scheme 1. Synthesis of of ferrocene–histidine conjugates 1 and 3:
(i) activation by EDC/HOBt, (ii) addition of a solution of histidine
methyl ester and triethylamine at very high dilution at 0 °C after
30 min and stirring at room temperature for 12 h, (iii) addition of
a solution of triethylamine and H-His(DNP)-OMe (cooling with
ice bath), (iv) stirring with 10-fold molar excess of thiophenol in
methanol at room temperature.

should show helical chirality.[9a,10a] As for other -amino
acids, we would have expected a strong positive band indi-
cating a (P)-helical isomer. However, in the absence of a
large database for CD spectra, two possibilities have to be
considered: (a) compounds of this type display weak CD
bands in the Fc region or (b) the absence of an intramolecu-
lar H-bond prevents the formation of a single conformation
in solution and potentially both (P)- and (M)-helical iso-
mers are formed in equimolar amounts. DFT calculations
by Heinze have shown that (P)-helical conformations are
energetically preferred for 1,1�-disubstituted Fc–-amino
acid conjugates.[12]

Figure 1. Two ORTEP diagrams of compound 1 showing all non-hydrogen atoms. Both C=O groups proximal to the Fc group are syn
with respect to each other. All atoms are shown at the 30% probability level.
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The acyclic compound 3 was prepared in order to com-
pare its properties to those of the ferrocenophane 1. Com-
pound 3 was synthesized from ferrocenedicarboxylic acid
by coupling with 2 equiv. of -histidine(DNP) methyl ester
in dichloromethane, followed by the deprotection of the
imidazole group in methanol.[13] The desired compound 3
was obtained in 72% and was characterized spectroscopi-
cally. As shown in Figure 4, compound 3 displays a strong
positive band in the CD spectrum in the Fc region indicat-
ing (P) helicity and a “Herrick-type” conformation of the
system, as would be expected from an -amino acid conju-
gate.[10a] This is in contrast to the very weak signal of the
cyclic compound 1.

Compound 1 was readily crystallized to yield rod-like red
crystals by slow diffusion of hexanes into a dilute solution
of compound 1 in chloroform. The structural presentation
of compound 1 is given in Figure 1 and shows that one Fc
unit is linked through the two carbonyl groups to the α-
amino group as well as to the Nπ atom of the imidazole
group.

Figure 2 shows a packing diagram of compound 1 indi-
cating the formation of a supramolecular helical structure
in the absence of intermolecular H-bonding, reminiscent of
Hirao’s chirality assembly.[10a] The Fe–C(Cp) distances fall
into the expected range of 2.033(3)–2.061(3) Å.

The two Cp rings are parallel [angle between the two Cp
planes: 2.5(2)°]. The Cp–CO bond lengths are significantly
different. The Cp ring attached to the α-N atom of His
exhibits a Cp–CO distance of 1.485(4) Å, whereas the Cp–
CO distance of the Cp ring connected to the Nπ atom of
the imidazole ring is shortened to 1.469(4) Å. This has also
been observed in the structure of Fc(CO–His–OMe)2.[14]

The shortening of the Cp–CO distance is probably because
of a greater electronic interaction of this Cp ring with the
imidazole ring. As already observed in the structure of
Fc(CO–His–OMe)2 the Cp ring and the imidazole ring are
not coplanar. However, the twist angle of 49.2(1)° is much
larger than in Fc(CO–His–OMe)2 (twist angle of 36.5°).
The Cp–amide twist angle of 11.9(2)° is identical to the Cp–
amide twist angle in Fc(CO–His–OMe)2 (11.8°). The range
of Cp–amide angles for Fc–amides and –peptides is be-
tween 5 and 20°.
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Figure 2. Helical intermolecular arrangement of compound 1; view
along the c-axis.

Electrochemical studies [cyclic voltammetry (CV) and
differential pulse voltammetry (DPC)] of compounds 1 and
3 were carried out in acetonitrile solutions with TBAP
(0.1 ) as the supporting electrolyte. The CVs and DPVs
for the compounds 1 and 3 are shown in Figure 3. Both
compounds show quasi-reversible behavior (ia/ic = 1.1, and
1.09) with a halfwave potential 794 and 751 mV, for 1 and
3, respectively.

In comparison, the monosubstituted compound Fc(CO–
His–OMe) shows a reversible one-electron oxidation at
630 mV. Fc(CO–His–OMe)2, having an addition Fc group
linked to the Nπ atom of the Im ring of His exhibits an
additional wave at 762 mV.[14]

In the presence of alkali metal ions, some shifts in the
E1/2 value for compound 1 are noticeable. The halfwave po-
tentials for the compounds 1 and 3 before and after ad-
dition of alkali metal ions are summarized in Table 1.
Whereas the shift in the halfwave potential of 1 in the pres-
ence of Li+ is shifted by 46 mV to lower potential, the pres-
ence of Na+ causes a shift of 100 mV, making it signifi-
cantly easier to oxidize the Fc group. The presence of other

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 988–993990

Figure 3. (a) Cyclic voltamogram at a scan rate of 0.1 V and (b)
differential pulse voltamogram at a pulse width of 0.05 s of com-
pound 1 before (–––) and after (······) the addition of NaClO4 to the
solution (1 m solute in MeCN) using TBAP (0.1 ) as supporting
electrolyte. Glassy carbon was used as working electrode, Ag/AgCl
as reference and Pt as counter electrode.

alkali metal ions does not cause any significant shifts in the
halfwave potential.

We rationalize these potential shifts by the direct interac-
tion of the metal ions with the two proximal syn carbonyl
groups on the Fc unit. Association of ClO4

– anions with
the Fc unit will result in a lower redox potential as bound
metal ions are very close to the Fc unit and surrounded by
ClO4

–. The larger metal ions K+ and Cs+ may not fit into
the cavity provided by the two carbonyl groups and thus do
not affect the electrochemical properties of the Fc group.

For compound 3 on the other hand, the addition of al-
kali ions causes no electrochemical change but only minor
effects, as in the case of Cs+. Here, the two proximal C=O
groups are anti, and binding occurs through the ester car-
bonyl group and/or the imidazole nitrogen atom, which
both are far away from the Fc moiety. Cation binding to
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Table 1. Half-wave potentials [mV] (±5) of ferrocene conjugates 1
and 3 with or without alkali metal ions.[a]

Composition 1 3

Pure 794 751
Li 748 751
Na 695 748
K 772 754
Cs 772 773

[a] Measured by differential pulse voltammetry using glassy carbon
as working vs. Ag/AgCl as reference, and Pt as counter electrode.
Compounds 1 and 3 were at 1 m concentration in CH3CN con-
taining 0.1  TBAP. The E1/2 value of the Fc/Fc+ couple under the
experimental conditions is 448(±5) mV (vs. Ag/AgCl). Halfwave
potential recorded for pure compound and upon addition of
10 mol-equiv. of MClO4 (M = Li, Na, K, Cs).

Figure 4. CD spectra in 1 m solution in acetonitrile of (a) 1 and
(b) 3 in the absence and presence of 10 equiv. of alkali metal (Li
and Na) perchlorate salts and (c) schematic representation of
change in conformation of the Fc entity of 1 with the addition of
alkali metal salts.
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the carbonyl groups causes the cathodic shift in the redox
potential. Association of the ClO4

– anion with the alkali
cation does not appear to influence the redox potential of
the Fc group.

We postulated that binding of the ions to the two proxi-
mal syn C=O group may in fact cause small structural
changes in the Fc core. We decided to investigate compound
1 in the presence of alkali metal ions by CD spectroscopy,
which allows us to evaluate if structural changes occur in-
volving the helicity of the ferrocene. Figure 4 shows the CD
spectra of compounds 1 and 3 and changes of conformation
of Fc in 1 upon addition of alkali metal salts. In compari-
son to 3, the Fc-based CD band of compound 1 around
400–450 nm is very weak, which indicates weak helical chi-
rality.

However, in the presence of alkali metals, there are no-
ticeable changes occurring in this region. Figure 4 shows
the CD spectra of compound 1 in the presence of Li+ and
Na+. Li+ causes a bathochromic shift and the band broad-
ens. The conformation of the Fc unit is not affected. The
larger Na+ ion, which in the electrochemistry studies shows
the largest effect, causes an apparent change in the confor-
mation of the Fc unit. The Fc band now has an apparent
negative Cotton effect. Assuming coordination of the metal
ion to the two proximal syn carbonyl groups, the smaller
Li+ will fit into the “binding site” established by compound
1 with only minor adjustment, whereas the larger Na+ re-
quires that the Cp rings slightly rotate towards (M) helicity
(Figure 4). Interestingly, for compound 3, only Cs+ causes
a sizeable effect in the halfwave potential. The CD spectrum
of compound 3 in the presence of Cs+ clearly shows that
the intensity of the Fc band indicating (P) helicity decreases
drastically, corroborating a structural argument for the in-
fluence of alkali metal binding on these Fc conjugates (Fig-
ure S1).

Conclusion
In conclusion, we provide details of the synthesis of a

novel ferrocenophane, which displays an unusually syn con-
formation of the two proximal carbonyl groups, having the
two Cp rings in an 1,1�-conformation. To the best of our
knowledge this is the first example of an Fc–amino acid
or –peptide conjugate that deviates from the classic Herrick
conformation in such a drastic fashion. This conformation
has consequences for the metal-recognition properties of
this complex. The ferrocenophane 1 has the ability to recog-
nize specific alkali elements, and displays the strongest
change in the halfwave potential in the presence of Na+

ions. The change in the halfwave potential is related to
small structural changes that take place upon binding of
the alkali metal ion to the proximal ferrocenyl C=O groups
and small rotations of the two Cp rings of the metallocene.

Experimental Section
Synthesis and Characterization: All syntheses were carried out in
air unless otherwise indicated. CH2Cl2 (BDH; ACS grade) used for
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synthesis was dried with CaH2 and distilled prior to use. CDCl3
(Aldrich) was dried with CaH2, and stored over molecular sieves
(8–12 mesh; effective pore size 4 Å; Fisher) before use. EDC·HCl,
HOBt (Quantum), BOP (Advanced Chemtech), MgSO4, and
NaHCO3 (VWR) were used as received. For column chromatog-
raphy, a column (i.d. 2.7 cm; length 45 cm) was packed 18–22 cm
high with 230–400 mesh silica gel (VWR). For TLC, aluminum
plates coated with silica gel 60 F254 (EM Science) were used. NMR
spectra were recorded with a Bruker Avance 500 MHz spectrometer
using a 5-mm broadband probe operating at 500.134 MHz (1H)
and 125.766 MHz (13C{1H}). Peak positions in both 1H and 13C
NMR spectra are reported in ppm relative to TMS. The 1H NMR
spectra are referenced to the residual CHCl3 signal at δ = 7.27 ppm.
All 13C{1H} spectra are referenced to the CDCl3 signal at δ = 77.23
ppm. Mass spectrometry was carried out with a VG Analytical 70/
20 VSE instrument. Infrared spectra were obtained in KBr and re-
corded with a Perkin–Elmer model 1605 FT-IR (resolution:
4 cm–1). 1,1�-Ferrocenedicarboxylic acid was synthesized from di-
acetylferrocene, which was synthesized from ferrocene by a known
procedure.[15]

Synthesis of 1: 1,1�-Ferrocenedicarboxylic acid (0.0558 g,
0.2 mmol) was suspended in dichloromethane (100 mL). Diisopro-
pylethylamine (DIPEA, 1 mL) was added to the solution at 0 °C.
His-OMe·2HCl was added (0.048 g, 0.2 mmol) and stirring was
continued. After 30 min, CH2Cl2 was added to the solution up to
a total volume of 2 L. The reaction mixture was cooled to 0 °C (ice
bath) for 15 min, followed by the addition of BOP (0.8 g, 2 mmol).
After stirring at room temperature for 24 h, the volume of the solu-
tion was reduced to 400 mL by roto-evaporation. The organic solu-
tion was sequentially washed with saturated aqueous NaHCO3,
10% aqueous citric acid, saturated NaHCO3, and finally water.
Traces of water were removed using anhydrous Na2SO4. After con-
centration, the crude product was purified by flash column
chromatography using a chloroform/methanol solvent mixture
(93:7, v/v; Rf = 0.35). The solvents were removed under reduced
pressure. Compound 1 was obtained as a red crystalline solid in
32% yield (0.032 g). HRMS (ES): calcd. for C19H17FeN3O4

407.1449; found 407.1410 [M]+. FT-IR (KBr): ν̃ = 3530 (br., s, N–
H, w), 1731 (s, C=O, ester) 1652 (s, C=O, amide I), 1538 (s, amide
II) cm–1. UV/Vis (CH3CN): λ (ε) = 449 (254 –1 cm–1) nm. 1H
NMR (CDCl3): δ = 7.68 (s, 1 H, o-H of imidazole ring), 7.57 (br.,
s, 1 H, amide NH), 6.89 (s, 1 H, m-H of imidazole ring), 4.88 (m,
1 H, α-H of His), 4.86 (s, 1 H, o-H of Cp to Im ring), 4.80 (s, 1 H,
o-H of Cp to Im ring), 4.77 (s, 1 H, o-H of Cp to CONH), 4.71 (s,
1 H, o-H of Cp to CONH), 4.48 (s, 1 H, m-H of Cp to Im ring),
4.46 (s, 1 H, m-H of Cp to Im ring), 4.36 (s, 2 H, m-H of other Cp
attached to CONH), 3.82 (3 H, CH3 of methyl ester), 3.24 (m, 2
H, β-H of His) ppm. 13C{1H}NMR (CDCl3): δ = 172.3, 172.2,
169.5, 135.4, 135.0, 73.6, 73.5, 72.7, 72.5, 72.3, 72.0, 71.9, 70.5,
70.0, 53.0, 52.7, 29.3 ppm.

Synthesis of 2: To a solution of ferrocenedicarboxylic acid (0.274 g,
1 mmol), dissolved in dry CH2Cl2 (50 mL), was added HOBt
(0.38 g, 2.5 mmol), and EDC·HCl (0.48 g, 2.5 mmol). The reaction
mixture was stirred for 0.5 h and then cooled to 0 °C (ice bath).
H–His(DNP)–OMe (0.67 g, 2 mmol) was dissolved in dichloro-
methane (40 mL) and Et3N (0.5 mL, ca. 6 mmol) was added at
0 °C. The mixture was stirred at room temperature for 12 h.
Workup was identical to that described for compound 1. The crude
product was purified by flash column chromatography using chlo-
roform (Rf = 0.28) and afforded a reddish yellow solid of 2 (0.70 g,
77%). 1H NMR (CDCl3): δ = 8.84 (s, 1 H, 3-H of DNP), 8.04 (d,
JHH = 9 Hz, 1 H, 5-H of DNP), 7.86 (d, JHH = 9 Hz, 1 H, 6-H of
DNP), 7.85 (d, J = 9 Hz, 1 H, NH of amide), 7.60 (s, 1 H, o-H of
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imidazole), 6.91 (s, 1 H, m-H of imidazole), 4.89 (m, 1 H, α-H of
His), 4.69 (s, 1 H, o-H of Fc), 4.66 (s, 1 H, o-H of Fc), 4.41 (s, 1
H, m-H of Fc), 4.36 (s, 1 H, m-H of Fc), 3.70 (3 H, CH3 of methyl
ester), 3.18 (m, 2 H, β-H of His) ppm.

Synthesis of 3: Compound 2 (0.45 g, 0.5 mmol) was dissolved in
methanol (20 mL) and thiophenol (1.2 g, 10 mmol) was added. Af-
ter stirring of the reaction mixture at room temperature for 7 h,
methanol was removed and the product was purified by flash
chromatography (CHCl3/MeOH, 80:20; Rf = 0.27). The final prod-
uct was obtained as an orange solid in 65% yield (0.19 g). HRMS
(ES): calcd. for C26H28FeN6O6 576.2214; found 576.2191 [M]+. FT-
IR (KBr): ν̃ = 3540 (br., s, N–H), 1731 (s, C=O, ester), 1639 (s,
C=O, amide I), 1533 (s, amide II) cm–1. UV/Vis (CH3CN): λ (ε) =
442 (240 –1 cm–1) nm. 1H NMR CDCl3): δ = 7.84 (d, J = 8 Hz, 1
H, NH of amide), 7.54 (s, 1 H, o-H of imidazole), 6.87 (s, 1 H, m-
H of imidazole) 4.89 (m, 1 H, α-H of His), 4.69 (s, 1 H, o-H of
Fc), 4.66 (s, 1 H, o-H of Fc), 4.41 (s, 1 H, m-H of Fc), 4.36 (s, 1
H, m-H of Fc), 3.70 (3 H, CH3 of methyl ester), 3.18 (m, 2 H, β-
CH2 of His) ppm. 13C{1H}NMR (CDCl3): δ = 173.3, 171.2, 135.5,
135.4, 131.4, 98.0, 72.2, 72.1, 71.3, 70.4, 53.4, 53.3, 28.8 ppm.

CD Measurements: CD spectra of CH3CN solutions with a concen-
tration of 1.0·10–3  were recorded under argon at 25 °C with a
PiStar-180 spectropolarimeter (Applied Biophysics) using a quartz
cell (path length 1 cm).

X-ray Crystallography: An orange plate-like crystal of compound
1 (C19H17Fe1N3O4) (Table 2) with the approximate dimensions of
0.08×0.05×0.05 mm, coated with oil (Paratone 8277, Exxon), was
mounted onto a nylon fiber of a CryoLoopTM device (diameter of
the nylon fiber: 10 microns; loop diameter 0.1–0.2 mm; Hampton

Table 2. Crystallographic data for compound 1.

Empirical formula C19H17Fe1N3O4

Formula mass 407.21
Crystal color, habit orange, plate
Crystal dimensions [mm] 0.08× 0.05× 0.05
Crystal system orthorhombic
Space group P212121

Unit cell parameters:
a [Å] 7.2350(2)
b [Å] 16.5440(4)
c [Å] 14.0700(5)
V [Å3] 1684.12(9)
Z 4
F(000) 840
ρcalcd. [Mg/m3] 1.606
µ [mm] 0.928
Radiation Mo-Kα (λ = 0.71073 Å)
Temperature [K] 173(2)
θ range for data collection [°] 1.90–26.37
Total reflections 6450
Independent reflections [Fo

2 � 3σ(Fo
2)] 3445 (Rint = 0.0426)

Observed reflection [Fo
2 � 2σ(Fo

2)] 2969
Index ranges –9 � h � 9, –19 � k � 20, –17 � l � 17
Data/restraints/parameters 3445/0/245
Absolute structure parameter –0.020(18) (1457 Friedel pairs)
S (Goodness-of-fit on F2) 1.066
Final R indices:
R1

[a] [Io � 2σ(Io)] 0.0401
wR2

[b] (all data) 0.0764
Max. shift/error in final cycle 0.001
Largest difference peak/hole [e– Å3] 0.275/–0.318

[a] R1 = [Σ||Fo| – |Fc||]/[Σ|Fo|]. [b] wR2 = {[Σw(Fo
2 – Fc

2)2]/
[Σw(Fo

2)2]}1/2, where w = [σ(Fo
2) + (0.0085·P)2 + (0.6243·P)]–1 and

P = [max(Fo
2,0) + 2Fc

2]/3.
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Research, USA) under a microscope. The crystal was then mounted
onto the goniometer head, which was quickly transferred to the
cold stream of the X-ray diffractometer. All measurements were
made with a Nonius KappaCCD 4-Circle Kappa FR540C dif-
fractometer using monochromated Mo-Kα radiation (λ =
0.71073 Å) at –100 °C. An initial orientation matrix and cell was
determined from 10 frames using φ scans.[16] The X-ray data were
measured using φ- and ω-scans.[16] Data reduction was performed
with the HKL DENZO and SCALEPACK software,[17] which cor-
rects for beam inhomogeneity, possible crystal decay, Lorentz and
polarization effects. A multi-scan absorption correction was ap-
plied (SCALEPACK).[17] The structure was solved by direct meth-
ods (SHELXS-97)[18] and refined by full-matrix least-squares meth-
ods on F2 with SHELXL97-2.[19] The non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were included at geometri-
cally idealized positions (C–H bond lengths 0.95/0.98/1.00 Å, N–H
bond lengths 0.88 Å) and were not refined. The isotropic thermal
parameters of the hydrogen atoms were fixed at 1.2 times that of
the preceding carbon atom. CCDC-285760 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical Measurements: The electrochemical experiments
were carried out at room temperature with a CV-50W voltammetric
analyzer. A gold electrode (diameter 50 µm) was used as the work-
ing electrode. 1 m CH3CN solutions of compounds 1 and 3 were
prepared containing 0.1  tetrabutylammonium perchlorate
(TBAP). The measurements were carried out in a low scan rate of
100 and 10 mV/s for cyclic voltammetry (CV) and differential pulse
voltammetry (DPV), respectively. A platinum wire (1 mm) was used
as the counter electrode. The reference electrode was Ag/AgCl
(BAS). The E1/2 value of the Fc/Fc+ couple under the experimental
conditions was 448(± 5) mV (vs. Ag/AgCl).

Supporting Information (see footnote on the first page of this arti-
cle): CD spectra and CVs of compound 3 with and without Cs+.
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Reduction of the macrocyclic ligand, 3,10-meso-
3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-tetraazacyclotetra-
decane-4,11-diene dihydroperchlorate (L), with sodium
borohydride yielded three [Lb (1), Lc (2), and Ld (3)] of four
possible diastereoisomers. The diastereoisomeric macro-
cycles and their NiII and CuII complexes have been charac-
terized and confirmed by IR, UV/Vis, and NMR spectroscopy
as well as X-ray crystallography. The chiral carbon centers
and methyl groups at the 5 and 12 positions of 1, 2 and 3
have the 5S,12R-C-meso, 5S,12S-C-racemic, and 5R,12R-C-
racemic configurations, respectively. In accordance with the
X-ray structure determination, the geometry around the NiII

ion in the complexes is approximately square-planar and the
CuII ion has an octahedral geometry. The N–H configuration

Introduction

The 14-membered tetraazacyclotetradecane macrocyclic
ligands have been exploited extensively in different fields of
research such as catalysis, bioinorganic, biomimetic, build-
ing blocks in supramolecular, and coordination chemistry.[1]

These ligands have provided the ideal coordination sites for
many metal ions and have been used as metal ion binding
sites in medical techniques such as MRI and radioimmuno-
therapy.[2] Many of these metal complexes can be used as
catalysts in redox reactions.[3] For instance, nickel com-
plexes are used to produce CO through the photochemical
and electrochemical reduction of CO2.[4]
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of [NiLc](ClO4)2(H2O)0.5 (5) is trans-II, different from the most
thermodynamically stable trans-III configuration that is
found in [NiLb](ClO4)2 (4), [CuLb(H2O)2](ClO4)2 (7), and
[CuLd(ClO4)2] (8). UV/Vis spectra reveal that NiII complexes
exhibit almost 100% planar species in aqueous solution re-
sulting from steric effects produced by numerous methyl
groups, especially axial orientations and distorted structures.
In six coordinate CuII complexes, acetonitrile acts as a better
axial donor than the water molecule; the weaker axial bond-
ing is a result of steric interactions that lead to stronger in-
plane coordinations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The stereochemistry of the 14-membered tetraazacyclo-
tetradecane macrocyclic ligands and their metal complexes
is very rich because of the presence of several asymmetric
carbons and four N–H groups on their skeleton.[5] One such
macrocyclic ligand can have numerous diastereoisomeric
forms.[5] The macrocyclic molecule 3,5,7,7,10,12,14,14-octa-
methyl-1,4,8,11-tetraazacyclo-tetradecane-4,11-diene, Me8-
[14]diene, which has two chiral centers at the 3 and 10 posi-
tions, exhibits three noninterconvertible diastereoisomers,
3S,10R-meso- Me8[14]diene (L), 3R,10R-racemic-Me8[14]-
diene, and 3S,10S-racemic-Me8[14]diene (Scheme 1).
Nickel() complexes of these ligands were obtained from
a template reaction of tris[(±)-1,2-propanediamine]nickel()
perchlorate, tris[(+)-1,2-propanediamine]nickel() perchlo-
rate, or tris[(–)-1,2-propanediamine]nickel() perchlorate
with acetone and were characterized by proton NMR spec-
troscopy.[6] In addition, the Nickel() complex of 3,10-
meso-Me8[14]diene was confirmed by X-ray crystallogra-
phy.[6a,7] In a different approach, the reaction of (±)-1,2-
propanediamine hydroperchlorate with acetone yields ste-
reospecifically only the crystalline 3,10-meso-Me8[14]-
diene·2HClO4.[6a,8] Failure to isolate any C-rac isomer ap-
parently results from a higher solubility of the C-rac salt.
Treatment of (–)-1,2-propanediamine hydroperchlorate with
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acetone yields no crystalline product under these condi-
tions.[6a] The configuration of 3,10-meso is designated as
3S*,10R*-meso. Reduction of 3,10-meso-Me8[14]diene with
NaBH4 generates another two chiral centers at the 5 and
12 positions and gives an isomeric mixture of the corre-
sponding saturated macrocycles, 3,10-meso-Me8[14]anes.[8]

These molecules and their N-alkylated derivatives have been
characterized and studied in the field of kinetics, coordina-
tion chemistry, and environmental monitoring.[9] The CrIII

complexes of these ligands have been used as sensor materi-
als, artificial ionophores, and in membrane electrodes.[10]

Antimicrobial activity of these ligands and their complexes
have been investigated.[11] Despite their huge importance
and usefulness in different fields of science, proper assign-
ment of these diastereoisomeric ligands and their complexes
has been lacking.

Scheme 1.

Although the assignment of diastereoisomeric forms of
macrocyclic ligands and their complexes are an arduous
problem, Bembi et al.[8] argued that the reduction of 3,10-
meso-Me8[14]diene would give three isomeric 3,10-meso-
Me8[14]anes. These were isolated and denoted as 3,10-meso-
Me8[14]aneA (LA), 3,10-meso-Me8[14]aneB (LB) and 3,10-
meso-Me8[14]aneC (LC) (Scheme 1). Bembi and coworkers
characterized these ligands and their complexes by either
NMR spectroscopy on its own or by both NMR spec-
troscopy and X-ray crystallography. In this context we have
found two main flaws with their assignment and characteri-
zation of these ligands and their complexes: (i) The basis
on which they have assigned the ligands LA–LC is nebulous.
The RS-configuration of the chiral methyls of LA and LC

are the same. LC differs from LA in having one chiral methyl
at the axial position. Thus, LC is nothing but a conformer
of LA. The methyl orientations (axial or equatorial) of li-
gand LA (or LC) in its complexes with metals match those
of Lb rather than those of LA (or LC), although they have
the same RS-configuration, i. e., LA and LC are conformers
of Lb. (ii) Ligand LB and its NiII complex, [NiLBα](ClO4)2,
were characterized by X-ray crystallography,[8,9h] but if one
undertakes a critical investigation it can be seen that in both
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cases crystal structures of the ligand moiety appeared as the
conformer of LA and not LB. Thus, proper assignment of
the diastereoisomers obtained from the reduction reaction
of 3,10-meso-Me8[14]diene is very much needed and impor-
tant. In this paper we describe the reassignment, isolation,
spectral and X-ray characterization of diastereoisomers of
3,10-meso-3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-tetraaza-
cyclotetradecane and their NiII and CuII complexes. The
assignment of diastereoisomers has been performed on the
basis of RS-configuration. Thus, reduction of 3,10-meso-
Me8[14]diene would give four diastereoisomeric macro-
cycles, La (SRRS), Lb (1, SSRR), Lc (2, SSRS) and Ld (3,
SRRR) (Scheme 2). Over the course of reduction, the con-
figurations of chiral methyls at position 3 (3S) and 10 (10R)
remain intact. La and 1 have mesomeric configuration
whereas 2 and 3 are enantiomers of one another. Isomers
were separated by fraction crystallization from a methanol/
water mixture. The solubility of the meso isomers is lower
and hence they separated first. Isomer La cannot be isolated
following the experimental methods described in the text,
but we have still assigned it as 3S,10R-C-meso-5R,12S-C-
meso-Me8[14]ane. According to the results from NMR
spectroscopy and X-ray crystallography studies, the struc-
tures of isomers 2 and 3 are indeed different from the litera-
ture reports. The square-planar NiII and elongated octahe-
dral CuII complexes have also been characterized by UV/
Vis spectroscopy in order to study the behavior of the d–d
transitions and axial additions.

Scheme 2.

Results and Discussion

Synthesis

Reduction of L with NaBH4 gave an isomeric mixture
of the corresponding saturated macrocycles, 3S,10R-meso-
Me8[14]anes. 3S,10R-C-meso-Me8[14]ane exists as four dia-
stereoisomeric isomers, two 5,12-C-meso (La, 1) and two
5,12-C-racemic (2, 3) forms. By using the partial crystalli-
zation method, the meso and racemic isomers could easily
be separated. Although the isomer La could not be isolated
following the experimental methods described in the text,
we have assigned it as 3S,10R-C-meso-5R,12S-C-meso-
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Me8[14]ane. The two rac forms are enantiomers of each
other and are difficult to separate completely because of
their similar chemical properties. To date no effective
method has been found to separate isomeric C-rac-macro-
cycles, e.g. a (7S,14S)/(7R,14R)-C-rac-Me6[14]ane (tet b) or
(5S,12S)/(5R,12R)-C-rac-Me2[14]ane mixture. Crystals of 1
and 2 were obtained from ether solutions. The reactions of
isomeric ligands with nickel acetate tetrahydrate in a re-
fluxing methanol solution produced green nickel() com-
plexes. After adding lithium perchlorate trihydrate, the yel-
low square-planar nickel() complexes were obtained. The
complexes were crystallized from acetonitrile or a water/
methanol mixture. Reacting copper perchlorate hexahydrate
with the isomeric ligands provided the octahedral CuII com-
plexes. Crystals were obtained from the methanol/water
mixture.

1H NMR Spectroscopy

Although the one-dimensional 1H NMR spectra of
macrocycles and their NiII complexes are not well resolved,
they present some key features that can be used to assign
their configurations. From the 1H NMR spectra the chiral
and geminal methyl groups can easily be identified as well
as the equatorial and axial methyls. The splitting pattern of
the signals for the chiral methyls is a doublet whereas for
the geminal methyls a singlet signal is seen. Thus geminal
dimethyl groups give two singlet signals, one for the equato-
rial and the other for the axial methyl group. The number
of chiral methyl signals varies depending on their axial and
equatorial positions. The singlet at the higher field is as-
signed to the signal for the equatorial methyl protons and
the remaining intense singlet to the axial group.[6b,8,9c,9h,12]

In the case of 1 and 4, 1H NMR spectra (Table 1) show
four signals; two for the geminal dimethyls and the remain-
ing two for the chiral methyls. This reveals that the mole-
cules 1 and 4 have centrosymmetric symmetry. In the case
of 2 and 5 eight signals are observed, four for the geminal
dimethyls and the remaining four for the chiral methyls.
This reveals that the molecules 2 and 5 are asymmetric.

Table 1. Selected 1H NMR spectroscopic data of ligands 1–2 and
NiII complexes 4–5.[a]

Ligands / Geminal dimethyl Methyl on chiral
Complexes carbon atoms

1 1.05 s (e, 6 H) 0.96 d (e, 6 H)
1.11 s (a, 6 H) 1.01 d (a, 6 H)

2 0.98 s (e, 3 H) 0.91 d (e, 3 H)
0.99 s (e, 3 H) 0.97 d (a, 3 H)
1.03 s (a, 3 H) 1.01 d (a, 3 H)
1.06 s (a, 3 H) 1.02 d (a, 3 H)

4 1.20 s (e, 6 H) 1.15 d (e, 6 H)
1.81 s (a, 6 H) 1.60 d (a, 6 H)

5 1.17 s (e, 3 H) 1.14 d (e, 3 H)
1.27 s (e, 3 H) 1.19 d (e, 3 H)
2.29 s (a, 3 H) 1.50 d (a, 3 H)
2.49 s (a, 3 H) 1.93 d (a, 3 H)

[a] s = singlet, d = doublet, a = axial, e = equatorial.
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Ligand 1 and Complex 4

In both cases, the methyl signals appear as two singlets
and two doublets corresponding to six protons each. This
requires the structure to have centrosymmetric symmetry,
since the methyl groups are clearly pair-wise equivalent. In
the case of 1, two singlets at δ = 1.05 and 1.11 ppm can be
assigned to the geminal dimethyl groups at the 7 and 14
positions. The upfield singlet at δ = 1.05 ppm can be as-
signed to equatorial methyl groups and the downfield sing-
let at δ = 1.11 ppm to axial methyl groups. The upfield
doublet at δ = 0.96 ppm is due to two equatorially oriented
methyl groups, whereas the downfield doublet at δ =
1.01 ppm is assigned to two axially oriented methyl groups.
Similar observations have also been found in the case of 4,
two singlets at δ = 1.20 and 1.81 ppm can be assigned to
geminal dimethyl groups at the 7 and 14 positions. The up-
field singlet at δ = 1.20 ppm can be assigned to equatorial
methyl groups and the downfield singlet at δ = 1.81 ppm to
axial methyl groups. The 1.15 ppm (JHH = 5.75 Hz) doublet
is assigned to two equatorially oriented methyl groups,
while the 1.60 ppm (JHH = 6.71 Hz) doublet is assigned to
two axially oriented methyl groups. A diequatorial-diaxial
arrangement for the four chiral methyl groups is possible in
1 and 4.

Ligand 2 and Complex 5

Differing greatly from 1, the spectra of 2 and 5 show that
the methyl signals give four singlets and four doublets,
where each signal corresponds to three protons. In the case
of 2, the singlets at 0.98, 0.99, 1.03, and 1.06 ppm can be
assigned to geminal dimethyl groups at the 7 and 14 posi-
tions and the doublets at 0.91, 0.97, 1.01, and 1.02 ppm can
be assigned to four chiral methyl groups at the 3, 5, 10, and
12 positions. Two upfield singlets at δ = 0.98 and 0.99 ppm
appear due to two equatorially oriented methyl groups,
while the downfield doublet at δ = 1.03 and 1.06 ppm is
assigned to two axially oriented methyl groups. The doublet
at the highest field can be assigned to an equatorially ori-
ented methyl group and another doublet at δ = 0.97 ppm
to an axially oriented methyl group. The similar chemical
shifts and coupling constants of the two remaining doublets
at δ = 1.01 and 1.02 ppm indicate that the two chiral methyl
groups have a similar chemical environment. Therefore, the
two doublets at the lower field should be assigned to axial
oriented methyl groups. Thus an equatorial-triaxial ar-
rangement for the four chiral methyl groups is possible in
the structure. In the case of 5, the methyl signals also give
four singlets and four doublets, where each signal corre-
sponds to three protons. The singlets at 1.17, 1.27, 2.29,
and 2.49 ppm can be assigned to the 7,7,14,14-tetramethyl
groups. Two upfield singlets at δ = 1.17 and 1.27 ppm ap-
pear due to two equatorially oriented methyl groups and
the downfield doublets at δ = 2.29 and 2.49 ppm are due to
two axially oriented methyl groups. The doublets at 1.14
(JHH = 6.46 Hz), 1.19 (JHH = 5.75 Hz), 1.50 (JHH =
7.21 Hz), and 1.93 (JHH = 7.43 Hz) ppm can be assigned to
four chiral methyl groups, where the two doublets at higher
field can be assigned to equatorially oriented methyl groups
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and the other two doublets to the axially oriented methyl
group. A diequatorial-diaxial arrangement for the four chi-
ral methyl groups is possible in the structure. The different
results of the methyl orientations in 2 and 5 are because of
the nitrogen inversions.

13C NMR Spectroscopy

On the basis of 13C NMR spectra, the symmetric and
asymmetric macrocyclic ligands and their nickel() com-
plexes can clearly be distinguished. Each stereochemically
distinct carbon atom displays a separate resonance. How-
ever, most resonances cannot be assigned to corresponding
carbons by using 13C NMR spectra alone. Even so, there is
enough evidence to define whether the structures are sym-
metric or asymmetric from the 1H NMR, 13C NMR and
X-ray spectral studies. The 13C NMR spectra of 1 and 4
show nine peaks as a result of pair-wise equivalence of the
carbon atoms, while eighteen peaks are seen in the case of
2 and 5 because of the eighteen nonequivalent carbon
atoms. On the basis of DEPT-135 experiments, the peaks in
the range from 15 to 30 ppm can be assigned to eight car-
bon atoms of peripheral methyl groups and the remaining
peaks in the range from 40 to 60 ppm correspond to ring
carbon atoms. The results are supported by similar observa-
tions for C-meso-Me8[14]diene and Me4[14]denen. Both
complexes, [Ni(Aα-Me4[14]denen)]2+ (symmetry) and
[Ni(Bβ-Me4[14]denen)]2+ (asymmetry), containing fourteen
carbon atoms show fourteen and seventeen peaks, respec-
tively.[13] Similar observations have also been found in the
case of two isomeric trans-[Co([15]ane)Cl2]+ complexes.[14]

In the case of symmetric C-meso and C-rac-Me6[22]ane,
twelve peaks are seen owing to the pair-wise equivalence of
the carbon atoms.[15]

CuII complexes (7 and 8) are NMR inactive. Hence, these
were confirmed by X-ray crystallography.

Crystal Structures

The crystal structures of ligands and complexes are
shown in Figures 1, 2, 3, 4, 5, and 6, which are drawn with

Figure 1. An ORTEP view of ligand 1.
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ORTEP at the 30% probability level. Structural configura-
tions and methyl orientations are shown in Scheme 3. Se-
lected bond lengths and bond angles are listed in Tables 2,
3, and 4. The geometry around the nickel() ion in the com-
plexes is approximately square-planar and around the cop-
per() ion it is octahedral.

Figure 2. An ORTEP view of ligand 2.

Figure 3. An ORTEP view of complex 4.

Ligand 1

An inversion center is present in the molecule. The struc-
ture determination indicates that the ring lies in a zigzag
shape with tetramine equatorial positions. The configura-
tions of the four chiral carbon centers are 3S, 5S, 10R, and
12R. The 3,10-dimethyl groups occur on opposite sides of
the ring in a meso configuration and have an axial orienta-
tion. Moreover, the 5,12-dimethyl groups also occur on op-
posite sides of the ring in a meso configuration but have an
equatorial orientation. All distances and angles fall within
the normal ranges. The H(1) atom of the water molecule
forms an O–H···N hydrogen bond with a length of
2.129(1) Å with the N(1) atom of the secondary amine. The
other distance, between the water H(1) atom and the amine
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Figure 4. An ORTEP view of complex 5.

Figure 5. An ORTEP view of complex 7.

Figure 6. An ORTEP view of complex 8.

N(2) atom, is 2.993(2) Å. The distance, 2.619(2) Å, between
the O(1) atom and the H(2A) atom shows that the water
O(1) atom is also slightly hydrogen bonded to the amine
H(2A) atom. A diequatorial-diaxial arrangement for the
four chiral methyl groups is observed in the structure, where
the methyl groups at the 5 and 12 positions occupy a meso
configuration.
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Scheme 3. gauche conformations of the five-membered chelate rings
and chair conformations of the six-membered chelate rings are
indicated by heavier lines.

Ligand 2

The 14-membered ring has a noncentrosymmetric and
folded structure where two diagonal nitrogen atoms point
up and the other two down, and a water molecule is located
on a crystallographic two-fold center. The configurations of
the four chiral carbon centers are 3S, 5S, 10R, and 12S. All
four NH groups and the 3-methyl group lie on the same
side of the ring, while the water molecule and 5,10,12-tri-
methyl groups are on the other side. The 3-methyl group
retains an axial orientation and the 5,10,12-trimethyl
groups have an equatorial orientation with 3,10-dimethyl in
a meso configuration and 5,12-dimethyl in a racemic config-
uration. The distances of the intermolecular O(1)–H(1A)···
N(1) and O(1)–H(1B)···N(3) hydrogen bonds are 2.218(1)
and 2.052(1) Å, respectively. An equatorial-triaxial arrange-
ment for the four chiral methyl groups is possible in the
structure, where the methyl groups at the 5 and 12 positions
occupy a racemic configuration.

Complex 4

The X-ray analysis reveals that the NiII ion is located on
a center of inversion and coordinated by four nitrogen
atoms in equatorial positions to form a distorted square-
planar geometry. The 14-membered ring consists of two six-
membered chelate rings in chair conformations and two
five-membered chelate rings in gauche conformations. The
complex has a 1R,4S,8S,11R configuration of the four N
chiral centers. The most thermodynamically stable nitrogen
configuration is supposed to be the trans-III (–++–)[5a] con-
figuration. The four chiral carbon centers are in the
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Table 2. Selected bond lengths [Å] and angles [°] for ligands 1 and 2.[a]

1

N(1)–C(1) 1.464(2) N(1)–C(2) 1.469(2)
N(2)–C(5) 1.460(1) N(2)–C(4) 1.480(1)
C(1)–C(5i) 1.523(2) C(1)–C(6) 1.527(2)
C(2)–C(7) 1.524(2) C(2)–C(3) 1.527(2)
C(3)–C(4) 1.541(2) C(4)–C(8) 1.528(2)
C(4)–C(9) 1.541(2) C(5)–C(1i) 1.523(2)
C(1)–N(1)–C(2) 116.73(8) C(5)–N(2)–C(4) 117.02(9)
N(1)–C(1)–C(5i) 108.60(9) N(1)–C(1)–C(6) 114.57(10)
C(5i)–C(1)–C(6) 112.17(10) N(1)–C(2)–C(7) 110.03(9)
N(1)–C(2)–C(3) 110.74(8) C(7)–C(2)–C(3) 109.47(9)
C(2)–C(3)–C(4) 119.39(9) N(2)–C(4)–C(8) 109.43(9)
N(2)–C(4)–C(3) 107.32(8) C(8)–C(4)–C(3) 110.93(10)
N(2)–C(4)–C(9) 111.95(9) C(8)–C(4)–C(9) 109.35(11)
C(3)–C(4)–C(9) 107.85(10) N(2)–C(5)–C(1i) 111.46(9)

2

N(1)–C(10) 1.461(2) N(1)–C(1) 1.467(2)
N(2)–C(2) 1.458(2) N(2)–C(3) 1.489(2)
N(3)–C(6) 1.464(2) N(3)–C(5) 1.471(2)
N(4)–C(7) 1.457(2) N(4)–C(8) 1.486(2)
C(1)–C(2) 1.526(2) C(1)–C(11) 1.527(2)
C(3)–C(12) 1.515(2) C(3)–C(4) 1.536(2)
C(3)–C(13) 1.536(2) C(4)–C(5) 1.524(2)
C(5)–C(14) 1.536(3) C(6)–C(15) 1.514(2)
C(6)–C(7) 1.518(2) C(8)–C(16) 1.524(2)
C(8)–C(9) 1.540(2) C(8)–C(17) 1.541(2)
C(9)–C(10) 1.526(2) C(10)–C(18) 1.517(2)
C(10)–N(1)–C(1) 118.06(10) C(2)–N(2)–C(3) 118.33(10)
C(6)–N(3)–C(5) 116.28(10) C(7)–N(4)–C(8) 116.62(11)
N(1)–C(1)–C(2) 107.35(10) N(1)–C(1)–C(11) 115.09(12)
C(2)–C(1)–C(11) 112.31(12) N(2)–C(2)–C(1) 110.62(10)
N(2)–C(3)–C(12) 105.55(10) N(2)–C(3)–C(4) 111.34(10)
C(12)–C(3)–C(4) 111.00(12) N(2)–C(3)–C(13) 111.51(11)
C(12)–C(3)–C(13) 109.20(12) C(4)–C(3)–C(13) 108.24(11)
C(5)–C(4)–C(3) 120.48(11) N(3)–C(5)–C(4) 111.24(10)
N(3)–C(5)–C(14) 111.20(13) C(4)–C(5)–C(14) 107.42(12)
N(3)–C(6)–C(15) 112.86(13) N(3)–C(6)–C(7) 109.72(11)
C(15)–C(6)–C(7) 108.83(13) N(4)–C(7)–C(6) 112.79(11)
N(4)–C(8)–C(16) 106.28(11) N(4)–C(8)–C(9) 110.66(10)
C(16)–C(8)–C(9) 111.03(13) N(4)–C(8)–C(17) 111.78(12)
C(16)–C(8)–C(17) 109.23(13) C(9)–C(8)–C(17) 107.90(12)
C(10)–C(9)–C(8) 118.78(11) N(1)–C(10)–C(18) 110.42(11)

[a] Symmetry transformations used to generate equivalent atoms: (i) –x + 1, –y + 1, –z.

Table 3. Selected bond lengths [Å] and angles [°] for complexes 4
and 5.[a]

4

Ni(1)–N(1) 1.955(2) Ni(1)–N(2) 1.962(2)
N(1)–Ni(1)–N(1i) 180.0 N(1)–Ni(1)–N(2) 94.23(10)
N(1)–Ni(1)–N(2i) 85.77(10)

5

Ni–N(1) 1.949(4) Ni–N(4) 1.925(4)
Ni–N(2) 1.932(4) Ni–N(3) 1.933(4)
N(4)–Ni–N(2) 176.22(17) N(4)–Ni–N(1) 91.97(15)
N(4)–Ni–N(3) 86.79(16) N(2)–Ni–N(1) 87.46(16)
N(2)–Ni–N(3) 94.23(16) N(3)–Ni–N(1) 172.93(16)

[a] Symmetry transformations used to generate equivalent atoms:
(i) –x + 1, –y + 1, –z + 2.

3S,5S,10R,12R configuration. 3,10-Dimethyl groups on
five-membered chelate rings have an axial orientation in a
meso configuration trans to the H atom of the neighboring
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amine group. 5,12-Dimethyl groups on six-membered che-
late rings also occur on opposite sides of the macrocyclic
ring in a meso configuration but have stable equatorial ori-
entations and lie away from the NiII ion center. A diequato-
rial-diaxial arrangement of the four chiral methyl groups is
observed in the structure.

The Ni–N distances 1.955(2) and 1.962(2) Å are almost
equivalent to the reported values in [Ni(3,10-C-meso-5,12-
C-meso-Me8[14]aneBα)](ClO4)2 ([1.953(2) and 1.962(2) Å][9g]

and [Ni(3,10-C-meso-5,12-C-meso-Me8[14]aneCα)](ClO4)2

[1.948(3) and 1.961(2) Å],[9a] but shorter than the values
found in [Ni(1,8-bis(2-cyanoethyl)-3,10-C-meso-5,12-C-
meso- Me8[14]ane)](ClO4)2 [1.972(2) and 2.008(2) Å][9j] and
[Ni(1,8-diallyl-3,10-C-meso-5,12-C-meso-Me8[14]aneCα)]-
(ClO4)2 [1.984(2) and 2.000(2) Å].[16] The N–Ni–N bond
angle [85.77(10)°] involved in the five-membered chelate
ring is smaller than that [94.23(10)°] in the six-membered
chelate ring, as usual. In the perchlorate group, the anion
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Table 4. Selected bond lengths [Å] and angles [°] for complexes 7
and 8.[a]

7

Cu(1)–N(1) 2.035(3) Cu(1)–O(5) 2.816(4)
Cu(1)–N(2) 2.038(3)
N(1)–Cu(1)–N(2) 85.38(10) N(1)–Cu(1)–N(1i) 180.00
N(2)–Cu(1)–N(1i) 94.62(10) N(2)–Cu(1)–N(2i) 180.00
N(1)–Cu(1)–O(5) 77.84(10) N(2)–Cu(1)–O(5) 82.61(11)
O(5)–Cu(1)–O(5i) 180.00

8

Cu(1)–N(1) 2.015(2) Cu(1)–N(2) 2.047(2)
Cu(1)–N(4) 2.021(2) Cu(1)–O(3) 2.731(3)
Cu(1)–N(3) 2.043(2) Cu(1)–O(6) 2.570(4)
N(1)–Cu–N(2) 84.43(7) N(1)–Cu–N(3) 176.89(8)
N(1)–Cu–N(4) 94.42(8) N(2)–Cu–N(3) 95.73(7)
N(2)–Cu–N(4) 177.17(7) N(3)–Cu–N(4) 85.28(7)
N(1)–Cu(1)–O(3) 85.01(8) N(1)–Cu(1)–O(6) 98.61(9)
N(2)–Cu(1)–O(3) 92.94(9) N(2)–Cu(1)–O(6) 85.91(9)
N(3)–Cu(1)–O(3) 91.88(8) N(3)–Cu(1)–O(6) 84.50(9)
N(4)–Cu(1)–O(3) 84.38(9) N(4)–Cu(1)–O(6) 96.82(9)
O(3)–Cu(1)–O(6) 176.07(10)

[a] Symmetry transformations used to generate equivalent atoms:
(i) –x + 1, –y, –z + 2.

is hydrogen bonded to pairs of adjacent N–H groups with
normal N···O distances of 2.983 and 3.151 Å.

Complex 5

The NiII ion is four-coordinate in a distorted square-
planar geometry with the four N-atoms of 2. The complex
cation is a noncentrosymmetric structure and has a
1S,4R,8S,11S configuration of the four chiral nitrogen cen-
ters in the trans-II (+–++) configuration, different from the
most thermodynamically stable trans-III. The chiral carbon
centers and 3,5,10,12-tetramethyl groups are in configura-
tions of 3S,10R-C-meso and 5S,12S-C-racemic, where 3,12-
dimethyl groups occupy an equatorial orientation and 5,10-
dimethyl groups an axial orientation. The five-membered
chelate ring, Ni, N(3), C(6), C(7), N(4), has a thermody-
namically stable gauche conformation with the equatorial
methyl group in the one structure and a distorted eclipsed
conformation with the axial methyl group in the other. The
six-membered chelate ring, Ni, N(4), C(8), C(9), C(10),
N(1), has a chair conformation with the equatorial methyl
group in the one structure and a twist-boat conformation
with the axial methyl group in the other. The 3-methyl
group and the neighboring amine group are found on the
same side of the coordination plane trans to the other
methyl and amine groups. A diequatorial-diaxial arrange-
ment of the four chiral methyl groups is observed in the
structure.

The Ni–N bond lengths in the range 1.925(4) to
1.949(4) Å are shorter than the values found in 4, but sim-
ilar to those found in [Ni(3,10-C-rac-5,12-C-rac-Me8[14]
ane)](ClO4)2 [1.926(2) and 1.931(2) Å],[17] where the four
N–H groups are on the same side and the 14-membered
ring has a basket configuration. The N–Ni–N bond angles
of the gauche and chair chelate rings are 86.79(16) and
91.97(15)°, respectively, smaller than those found in the
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eclipse [87.46(16)°] and twist-boat chelate rings [94.23(16)°].
In the second perchlorate ion [Cl(2)], three oxygen atoms
are found to be disordered over two positions. The abnor-
mal O–Cl(2)–O bond angles of the perchlorate ions, ranging
from 52.2(8) to 135.9(9)°, suggest further complicated dis-
order. Hydrogen bonds between water molecules, perchlo-
rate ions, and amine groups help to stabilize the crystal
structure. The water molecule is placed between two per-
chlorate ions to form HO–H···O–ClO3 hydrogen bonds in
the range 2.094 to 2.628 Å. The distances of the hydrogen
bonds between the perchlorate O atom and the amine H
atom are in the range 2.063 to 2.508 Å.

Complex 7

The copper() ion is coordinated by four nitrogen atoms
in equatorial positions and two oxygen atoms in trans axial
positions from water to form a distorted octahedron. The
complex cation has a 1R,4S,8S,11R configuration of the
four chiral nitrogen centers in the trans-III (–++–) configu-
ration with both six-membered chelate rings in chair con-
formations and both five-membered chelate rings in gauche
conformations. Each of the two methyl groups on the five-
membered chelate rings has an axial orientation trans to the
H atom of the neighboring amine group. Four of the six
methyl groups at the 5, 7, 12, and 14 positions on the six-
membered chelate rings are in a stable equatorial plane and
lie away from the metal ion center. A diequatorial-diaxial
arrangement for the four chiral methyl groups is observed
in the structure.

The Cu–O (axial) bond is considered to be very weakly
coordinated, since the Cu–O(5) distance of 2.816(4) Å is
longer than the typical values for CuII complexes and is
significantly longer than the four Cu–N (equatorial) dis-
tances, 2.035(3) and 2.038(3) Å. In fact, the axial bonds of
most six-coordinate CuII complexes are often elongated as
a result of the Jahn–Teller effect. These facts support the
complex belonging to a six-coordinate (4 + 2) geometry.[18]

The axial Cu–O bond length is compared to those in
[Cu(3,10-C-meso-5,12-C-meso-Me8[14]ane)(H2O)2](NO3)2,[9d]

[Cu(C-meso-1,5,8,12-tetramethyl-1,4,8,11-tetraazacyclo-
tetradecane)(H2O)2](NO2)2,[19a] and [Cu(C-meso-5,12-di-
methyl-1,4,8,11-tetraazacyclotetradecane)(H2O)2]Cl2-
(H2O)2.[19b] Each of the water molecules forms intramolecu-
lar hydrogen bonds with one H atom of an amine group
and one O atom of the perchlorato group, as well as an
intermolecular hydrogen bond with the perchlorate O atom
of a neighboring molecule. The N(1)–H(1)···O(5) distance
is 2.428 Å and the N(2)–H(2)···O(5) distance 2.713 Å. The
distances between the coordinated water H(5B) atom and
the perchlorate O atoms are in the range 2.097 to 2.973 Å.

Complex 8

The complex has a distorted octahedral coordination ge-
ometry with the macrocyclic tetradentate amine N atoms in
equatorial positions and two O atoms of two perchlorato
groups in trans axial positions with the angle O(6)–Cu–O(3)
equal to 176.07(10)°. The four N atoms of the macrocyclic
ligand form a square plane. The largest deviation from the
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least-squares plane is 0.0044(10) Å. The deviation of the Cu
atom from the relevant plane is 0.0507(10) Å. The tetraden-
tate ligand adopts its most stable conformation with two
six-membered chelate rings in chair conformations and two
five-membered chelate rings in gauche conformations. The
complex has a 1S,4R,8R,11S configuration of the four chi-
ral N centers in the trans-III (+––+) configuration. The
configurations of the four chiral carbon centers are 3S, 5R,
10R, and 12R with 3,5,10-trimethyl groups in equatorial
positions and the 12-methyl group in an axial position. The
axial methyl group on the six-membered chelate ring makes
the chair conformation unstable while the methyl group on
the other six-membered chelate ring is in the stable equato-
rial position. A triequatorial-axial arrangement for the four
chiral methyl groups is observed in the structure.

The Cu–O(3) distance [2.731(3) Å] is longer than the
other axial Cu–O(6) distance [2.570(4) Å] and the four Cu–
N distances [2.015(2)–2.047(2) Å]. This result shows that
[CuLd(ClO4)2] forms an unusual six-coordinate (4 + 1 + 1�)
structure in which the complex has four strongly coordi-
nated atoms, one weakly coordinated atom and one very
weakly coordinated atom. The Cu–O bond lengths are com-
pared to those in [Cu(1,4,7,11-tetraazacyclotetra-
decane)(ClO4)2][20a] and [Cu(C-meso-1,5,8,12-tetramethyl-
1,4,8,11-tetraazacyclotetradecane)(ClO4)2].[20b] The N–Cu–
N angles of five- and six-membered rings are in the ex-
pected range. Hydrogen bonds between amine hydrogen
atoms and O atoms of perchlorato groups help to stabilize
the crystal structure. The distances are N(1)–H(1B)···O(1)
2.146 Å, N(2)–H(2C)···O(7) 2.645 Å, N(3)–H(3A)···O(8)
2.211 Å, and N(4)–H(4C)···O(4) 2.491 Å.

Spectra and Properties

The infrared spectra of the NiII and CuII complexes show
a sharp NH stretching vibration of secondary amines
around 3200 cm–1 with a broad strong band at about
1100 cm–1 resulting from the perchlorate anions.

The UV/Vis spectra of the NiII complexes, 4 and 5, show
strong absorption bands of the planar chromophore at 469
and 455 nm, respectively. For low-spin nickel() tetramine
complexes the energy of the d–d band is a measure of the
energy of the equatorial Ni–N interactions. The single ab-
sorption band of 4 at 469 nm (21,322 cm–1) is assigned to
the 1A1g � 1Eg transition of the square planar nickel()
complex and is approximately 656 cm–1 lower in frequency
than that of 5 at 455 nm (21,978 cm–1), establishing that 4
exerts weaker metal-donor atom interactions than its dia-
stereoisomeric complex 5. Similar observations have been
found with [Ni(tet a)]2+ (meso) and [Ni(tet b)]2+ (race-
mate).[21] In aqueous solution, NiII complexes of 14-mem-
bered tetrazamacrocyclic ligands exist as an equilibrium
mixture of low-spin square planar (yellow, planar) and
high-spin pseudooctahedral (blue, cis-diaqua and trans-di-
aqua) complex cations.[22] The cis-diaqua form is much
more unstable than the low-spin square-planar and trans-
diaqua high-spin pseudooctahedral complex cations. The
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equilibrium can be affected by various factors: addition of
salts, temperature, solvent, ionic strength, pH value, and
steric effect, etc.[23] In addition, the proportion of planar
species also increases by an increase in the number of
methyl groups on the macrocyclic ligand.[24] In nitrometh-
ane (a noncoordinating solvent), 4 and 5 have molar extinc-
tion coefficients of ε = 77.9 and 90.6 dm3 mol–1 cm–1 in
100% planar species, respectively.[25] The values are almost
equal to those found in aqueous solution over a range of
temperatures. This result shows that the intensities of the
bands are temperature-independent and axial additions are
not observed. In other words, 4 and 5 exhibit almost 100%
planar species in aqueous solution, which may result from
the steric effect produced by numerous methyl groups, espe-
cially axial orientations and the distorted structures.

Both CuII complexes, 7 and 8, exhibit two bands, one
falls in the visible region and the other falls in the ultravio-
let region. Previous studies show that the most CuII com-
plexes are six-coordinate tetragonal with long axial bonds.
The higher energy band (�270 nm) in the ultraviolet region
is assigned to ligand-metal charge-transfer transitions asso-
ciated with the nitrogen donors.[26] The lower d–d transition
in the visible region of the spectrum is believed to be a
combination of the three possible transitions dxy, dxz, dxy

� dx2–y2 and is characteristic of many CuII complexes.[26]

The expected dz2 � dx2–y2 transition appearing at the lowest
energy (near-IR region), indicative of the splitting of the eg

(in Oh) caused by the tetragonal distortion (Jahn–Teller),
was not observed in the visible region. Cheng and Chung
reported that the rod-like acetonitrile is coordinated more
strongly than H2O in the axial position of [Ni(tet b)]2+ be-
cause of steric interactions, even though the donor ability
of H2O is greater than acetonitrile,[26d] indicating that ace-
tonitrile is a better axial donor. As the axial bond weakens,
the copper atom becomes more positive, and attracts the
in-plane ligands more strongly. Some interesting results are
provided in the visible spectra where the visible band of 7
at 511 nm (19,569 cm–1) in acetonitrile is some 391 cm–1

lower in frequency than that at 501 nm (19,960 cm–1) in
aqueous solution, while the bands of 8 are observed at
528 nm (18,939 cm–1) in both acetonitrile and aqueous
solution. These results indicate that the axial donor is more
strongly bound in 8 than that found in 7, as seen from the
crystal structures, resulting in weaker in-plane coordina-
tions.[26a] In this work, the axial coordination is largely af-
fected by the steric interactions between the axial donor
and the axial methyl groups. When 7 is dissolved in aqueous
solution, the entire band envelope shifts to the blue region,
indicating that water molecules are more weakly bound or
unbound since the axial methyl groups almost sterically
congest the axial sites.

Conclusions

In summary, four diastereoisomers of 3,10-meso-
3,5,7,7,10,12,14,14-octamethyl-1,4,8,11-tetraazacyclotetra-
decane were distinguished by the RS-configurations of the
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chiral methyls at the 5 and 12 positions. Ligands 1, 2, and
3 were isolated and assigned as 5S,12R-C-meso, 5S,12S-C-
racemic and 5R,12R-C-racemic, respectively. The isomer La

could not be isolated following the experimental methods
described in the text, and we assigned it as 5R,12S-C-meso-
Me8[14]ane. Spectral studies show that 1 is centrosymmetric
whereas 2 and 3 are noncentrosymmetric. Nickel() and
copper() complexes of these ligands were isolated. In ac-
cordance with the X-ray structure determination, the geom-
etry around the NiII ion in the complexes is approximately
square-planar and the CuII ion octahedral. The configura-
tion of 5 is trans-II, different from the most thermodynami-
cally stable trans-III complex as shown in 4, 7, and 8. In
complexes 7 and 8 unusual six-coordinate (4 + 2) and (4 +
1 + 1�) geometries, respectively, were formed because of the
longer Cu–O distances compared with the equatorial Cu–
N distances. UV/Vis spectra show that both NiII complexes
exhibit almost 100% planar species in aqueous solution as
a result of the steric effect produced by numerous methyl
groups, especially axial orientations and the distorted struc-
tures. In six coordinate CuII complexes, acetonitrile turns
out to be a better axial donor than the water molecule, and
the weaker axial bonding is a result of the steric interactions
producing stronger in-plane coordinations.

Experimental Section
Physical Measurements: A Bruker DMX-600 MHz or AC300 MHz
spectrometer was used to obtain 1H and 13C NMR spectra that are
referenced to the solvent. Infrared spectra were recorded with a
Perkin–Elmer System 2000 FT-IR spectrophotometer as KBr pel-
lets. UV/Vis spectra were recorded with a Hitachi Model U-3300
spectrophotometer. High-resolution mass spectra were obtained
using a MAT-95XL mass spectrometer. Microanalysis (C, H, N)
was performed using a Heraeus CHNOS Rapld F002 elemental
analyzer.

Synthesis of Ligands and Complexes: All the chemicals used were
of reagent grade and were not purified further. The reaction of (±)-
1,2-propanediamine with acetone in perchloric acid yielded stereo-
specifically only the crystalline 3,10-meso-Me8[14]diene·
2HClO4.[6a,8]

Caution! Although no problem was encountered in this work, the
transition metal perchlorate is potentially explosive. It should be
prepared in small quantities and handled with care.

Lb (1): Ligand L (73.0 g, 143 mmol) was suspended in methanol
(300 mL) and stirred. An aqueous solution of sodium hydroxide
(25.0 g of NaOH in 250 mL of H2O) was then added until the li-
gand L completely dissolved. Thereafter sodium borohydride
(43.0 g, 1.14 mol) was added pinchwise to the solution until no
more bubbles appeared. The mixture was then refluxed for 3.0 h.
After the mixture had cooled to room temperature, an aqueous
solution of sodium hydroxide (16.0 g of NaOH in 400 mL of H2O)
was added and stirred for 30 min; a white precipitate subsequently
appeared. This precipitate, a mixture of isomers 3S,10R-C-meso-
Me8[14]anes (34.5 g, 77%), was washed with cold water and dried.
The isomer 1 was separated by the partial crystallization method:
a mixture of isomers of 3S,10R-C-meso-Me8[14]anes (30.0 g,
96.1 mmol) was dissolved in boiling methanol (400 mL) and fil-
tered while hot. Deionized water (400 mL) was added to the hot
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filtrate and stirred until the solution had cooled to room tempera-
ture. A white precipitate of 1 was formed, which was filtered and
recrystallized from hot ether. Yield 18.2 g (61%). M.p. 125 °C
(from ether). C18H40N4 (312.54): calcd. C 69.17, H 12.90, N 17.93;
found C 69.02, H 12.82, N 17.85. FT-IR (KBr disk): ν̃ = 3265,
2966, 2910, 2826, 1475, 1185 cm–1. 1H NMR (600 MHz, CDCl3):
δ = 0.96 (d, J = 6.14 Hz, 6 H), 1.01 (d, J = 6.44 Hz, 6 H), 1.05 (s,
6 H), 1.11 (s, 6 H), 1.22 (d, J = 2.58 Hz, 1 H), 1.25 (d, J = 2.57 Hz,
1 H), 1.62 (m, 2 H), 2.57 (m, 2 H), 2.64 (m, 2 H), 2.99 (m, 2 H),
3.08 (m, 2 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 16.6 (CH3),
20.4 (CH3), 25.7 (CH3), 29.1 (CH3), 45.4 (CH), 47.4 (CH), 47.6
(CH2), 48.7 (CH2), 52.9 (C) ppm. HRMS (EI+, m/z): calcd. for
C18H40N4 312.3253, found 312.3253. The filtrate (F1) was kept for
further treatment.

Lc (2): Deionized water (200 mL) was added to the above filtrate
(F1) and continuously stirred for 30 min. A small amount of white
precipitate containing a mixture of the isomers was removed. The
filtrate (F2) was then evaporated on a rotary evaporator and gave
a mixture of rac isomers, Lc and Ld. Yield 10.4 g (35%). This mix-
ture was then dissolved in ether and partial crystals of 2 were ob-
tained in the first fraction by slow evaporation at room tempera-
ture. M.p. 91 °C (from ether). C18H40N4·H2O (330.56): calcd. C
65.40, H 12.81, N 16.95; found C 65.29, H 12.73, N 16.88. FT-IR
(KBr disk): ν̃ = 3246, 2966, 2930, 2837, 1500, 1174 cm–1. 1H NMR
(600 MHz, CDCl3): δ = 0.91 (d, J = 6.11 Hz, 3 H), 0.97 (d, J =
6.76 Hz, 3 H), 1.01 (d, J = 2.88 Hz, 3 H), 0.98 (s, 3 H), 0.99 (s, 3
H), 1.01 (d, J = 2.88 Hz, 3 H), 1.02 (d, J = 2.44 Hz, 3 H), 1.03 (s,
3 H), 1.04 (d, J = 2.83 Hz, 1 H), 1.06 (s, 3 H), 1.08 (d, J = 2.56 Hz,
1 H), 1.67 (m, 2 H), 2.44 (m, 3 H), 2.63 (m, 1 H), 2.76 (m, 2 H),
2.97 (m, 2 H) ppm. 13C NMR (125 MHz, CDCl3): δ = 16.2 (CH3),
20.5 (CH3), 21.5 (CH3), 25.3 (CH3), 27.1 (CH3), 27.6 (CH3), 29.1
(CH3), 29.5 (CH3), 43.5 (CH2), 45.9 (CH), 46.0 (CH2), 47.2 (CH),
47.4 (CH2), 49.4 (CH2), 50.8 (CH), 52.3 (C), 53.1 (C), 54.4
(CH) ppm. HRMS (EI+, m/z): calcd. for C18H40N4 312.3253, found
312.3253. After removing all the crystals, the filtrate (F3) was kept
for further treatment.

Ld (3): The above filtrate (F3) was air-dried and a white damp resi-
due (R1) was obtained with no crystals. We had hoped it contained
a small amount of 2 but only the predominant form of 3 was pres-
ent. Since these two racemic forms are enantiomers of each other
and have identical chemical properties it was very difficult to sepa-
rate them completely and characterize them separately by spectral
studies. An X-ray study was the ideal tool for a unique characteri-
zation of 3 and was therefore obtained for [CuLd(ClO)2] to provide
the necessary evidence.

[NiLb](ClO4)2 (4): A methanol solution (20 mL) of 1 (0.520 g,
1.66 mmol) was added to a boiling methanol solution (20 mL) of
nickel acetate tetrahydrate (0.411 g, 1.65 mmol). The solution was
heated over a steam bath for 2.0 h and the volume was reduced to
30 mL. After adding lithium perchlorate trihydrate (0.610 g,
3.80 mmol), the reaction mixture was again heated for 5 min and
then cooled to room temperature. A bright orange-yellow precipi-
tate was filtered off and washed with methanol followed by ether.
The solid was then dissolved in a hot acetonitrile solution. Slow
evaporation of the solvent at room temperature gave an orange-
yellow crystalline complex 4 that was filtered off and air-dried.
Yield 0.634 g (67%). C18H40Cl2N4NiO8 (570.13): calcd. C 37.92, H
7.07, N 9.83; found C 37.75, H 7.03, N 9.78. UV/Vis (CH3NO2): λ
(ε) = 469 nm (77.9 dm3 mol–1 cm–1). FT-IR (KBr disk): ν̃ = 3541,
3245, 3026, 2975, 1438, 1086 cm–1. 13C NMR (75 MHz, CD3NO2):
δ = 13.1 (CH3), 16.2 (CH3), 21.2 (CH3), 24.7 (CH3), 45.5 (CH),
46.4 (CH2), 49.1 (CH2), 50.4 (CH), 53.5 (C) ppm.
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[NiLc](ClO4)2(H2O)0.5 (5): A methanol solution (20 mL) of 2
(1.49 g, 4.78 mmol) was added to a boiling methanol solution
(20 mL) of nickel acetate tetrahydrate (1.19 g, 4.78 mmol). The pH
of this solution was adjusted between 11 and 12 with sodium hy-
droxide. After stirring for 3.0 h, lithium perchlorate trihydrate
(1.49 g, 9.29 mmol) was added and the solution was cooled to room
temperature. The pH of the solution was adjusted to neutrality with
perchlorate acid. Yellow crystals were obtained by slow evaporation
of the water/methanol mixture. The bright yellow complex 5 was
filtered off and washed with methanol and ether. Yield 1.66 g
(61%). C18H41Cl2N4NiO8.50 (579.14): calcd. C 37.33, H 7.14, N
9.67; found C 37.15 H 7.08, N 9.60. UV/Vis (CH3NO2): λ (ε) =
455 nm (90.6 dm3 mol–1 cm–1). FT-IR (KBr disk): ν̃ = 3430, 3195,
2975, 2873, 1635, 1462, 1115 cm–1. 13C NMR (75 MHz, CD3NO2):
δ = 9.84 (CH3), 16.9 (CH3), 17.1 (CH3), 19.9 (CH3), 21.5 (CH3),
24.3 (CH3), 26.6 (CH3), 27.3 (CH3), 43.7 (CH2), 44.3 (CH), 47.5
(CH2), 48.0 (CH2), 48.4 (CH), 49.2 (CH2), 51.5 (CH), 53.7 (C),
54.6 (CH), 56.1 (C) ppm.

[NiLd](ClO4)2 x·H2O (6): This complex was synthesized by follow-
ing the same method as used for 5, except ligand 3 was used instead
of 2. Spectral data are not given because they are identical to those
of 5. Unfortunately we were unable to obtain single crystals of this
compound.

[CuLb(OH2)2](ClO4)2 (7): A methanol solution (20 mL) of copper
perchlorate hexahydrate (2.73 g, 7.38 mmol) was added to a meth-
anol solution (20 mL) of 1 (2.18 g, 6.98 mmol). The mixture was
refluxed for 1.0 h and then cooled to room temperature. The pink
solid that precipitated was separated by filtration and washed se-
veral times with methanol and ether. The solid was then dissolved
in a hot methanol/water mixture. Slow evaporation of the solvent
at room temperature gave the purplish red crystalline complex 7,

Table 5. Summery of crystallographic data for ligands 1–2.

1 2

Empirical formula C18H42N4O C18H42N4O
Formula mass 330.56 330.56
Temperature [K] 296(2) 294(2)
Crystal system monoclinic monoclinic
Space group C2/c P21/n
a [Å] 11.4892(8) 9.9814(6)
b [Å] 14.7100(8) 19.2850(10)
c [Å] 12.6084(8) 10.8842(6)
α [°] 90 90
β [°] 99.269(2) 93.405(1)
γ [°] 90 90
V [Å3] 2103.1(2) 2091.4(2)
Z 4 4
Dcalcd. [Mgm–3] 1.044 1.050
Absorption coefficient [mm–1] 0.065 0.066
F(000) 744 744
Crystal size [mm] 0.50×0.30×0.20 0.40×0.30×0.15
θ range [°] 2.27 to 28.29 2.11 to 28.30

–15 � h � 15 –9 � h � 13
–19 � k � 19 –25 � k � 25
–16 � l � 16 –14 � l � 14

Reflections collected 10646 15466
Independent reflections 2534 [R(int) = 0.0305] 5191 [R(int) = 0.0380]
Data/restraints/parameters 2534/0/105 5191/0/208
Final R indices [I � 2σ(I)] R1 = 0.0422 R1 = 0.0511

wR2 = 0.1235 wR2 = 0.1308
R indices (all data) R1 = 0.0649 R1 = 0.0834

wR2 = 0.1311 wR2 = 0.1450
GOF on F2 0.989 0.897
Largest difference peak/hole [eÅ–3] 0.229/–0.113 0.208/–0.174
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which was filtered off and air-dried. Yield 4.02 g (84%).
C18H44Cl2CuN4O10 (611.01): calcd. C 35.38, H 7.26, N 9.17; found
C 35.18, H 7.21, N 9.11. UV/Vis (H2O): λ (ε) = 279 (10464), 501 nm
(131 dm3 mol–1 cm–1). FT-IR (KBr disk): ν̃ = 3463, 3152, 2971,
2880, 1147, 1088 cm–1.

[CuLd(ClO4)2] (8): Copper perchlorate hexahydrate (0.593 g,
1.60 mmol) was added to a methanol solution (20 mL) of R1

(0.501 g, 1.60 mmol). The mixture was refluxed for 1.0 h and co-
oled to room temperature. The red precipitate was filtered off and
washed with methanol and ether. Red crystals of 8 were obtained
by slow evaporation of the methanol/water mixture. Yield 0.791 g
(86%). C18H40Cl2CuN4O8·H2O (574.98): C 37.60, H 7.01, N 9.74;
found C 37.41, H 6.96, N 9.69. UV/Vis (H2O): λ (ε) = 275 (6956),
527 nm (151 dm3 mol–1 cm–1). FT-IR (KBr disk): ν̃ = 3183, 2967,
2893, 1146, 1090 cm–1.

[CuLc(ClO4)2] (9): The complex was synthesized by following the
same method used for 8, except ligand 2 was used instead of 3.
Spectral data are not given because these are identical to those of
8. Unfortunately we were unable to obtain single crystals of this
compound.

Crystallography: Single crystals of ligands were obtained by slow
evaporation of either ether solutions, methanol/water mixtures, or
acetonitrile solutions. Intensity data were collected with a Siemens
Smart CCD diffractometer using graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å). Data reduction and empirical absorp-
tion corrections were performed with the XTAL package or
NRCVAX programs.[27] Structures were solved by the heavy atom
method with SHELXS 97 and refined by full-matrix least-squares
analysis on F2 with SHELXL.[28] All the non-hydrogen atoms were
refined anisotropically and the hydrogen atoms fixed at calculated
positions and refined using a riding model. A summary of the crys-
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Table 6. Summery of crystallographic data for complexes 4,5 and 7,8.

4 5 7 8

Empirical formula C18H40Cl2N4NiO8 C18H41Cl2N4NiO8.5 C18H44Cl2CuN4O10 C18H40Cl2CuN4O8

Formula mass 570.15 579.16 611.01 574.98
Temperature [K] 294(2) 294(2) 294(2) 294(2)
Crystal system monoclinic orthorhombic monoclinic monoclinic
Space group P21/c P212121 P21/c P21/c
a [Å] 8.6052(6) 9.0716(8) 8.2077(5) 9.4358(6)
b [Å] 17.3298(13) 13.4218(12) 16.0955(10) 31.5816(19)
c [Å] 8.9614(7) 21.526(2) 10.4400(6) 8.9911(6)
α [°] 90 90 90 90
β [°] 104.325(1) 90 103.295(1) 102.510(1)
γ [°] 90 90 90 90
V [Å3] 1294.83(17) 2620.9(4) 1342.23(14) 2615.7(3)
Z 2 4 2 4
Dcalcd. [Mgm–3] 1.462 1.468 1.512 1.460
Absorption coefficient [mm–1] 1.003 0.994 1.069 1.087
F(000) 604 1228 646 1212
Crystal size [mm] 0.50×0.30×0.30 0.15×0.10×0.10 0.50×0.40×0.40 0.70×0.10×0.05
θ range [°] 2.35 to 28.26 1.79 to 28.36 2.37 to 25.70 1.29 to 25.69

–9 � h � 11 –12 � h � 11 –7 � h � 10 –10 � h � 11
–20 � k � 23 –17 � k � 17 –19 � k � 14 –29 � k � 38
–11 � l � 10 –20 � l � 28 –12 � l � 11 –10 � l � 10

Reflections collected 8223 19612 7360 15869
Independent reflections 3067 [R(int) = 0.0330] 6525 [R(int) = 0.0710] 2551 [R(int) = 0.0249] 4958 [R(int) = 0.0449]
Data/restraints/parameters 3067/0/151 6525/4/328 2551/0/160 4958/0/298
Final R indices [I � 2σ(I)] R1 = 0.0478 R1 = 0.0469 R1 = 0.0498 R1 = 0.0375

wR2 = 0.1467 wR2 = 0.1197 wR2 = 0.1431 wR2 = 0.0949
R indices (all data) R1 = 0.0680 R1 = 0.1180 R1 = 0.0555 R1 = 0.0554

wR2 = 0.1549 wR2 = 0.0959 wR2 = 0.1494 wR2 = 0.1033
GOF on F2 1.025 0.673 1.066 0.604
Largest difference peak/hole [eÅ–3] 0.603/–0.522 0.499/–0.242 1.001/–0.447 0.451/–0.284

tallographic data and structure refinement parameters is given in
Tables 5 and 6.

CCDC-279963 (for 1), -279964 (for 2), -279803 (for 4), -279802 (for
5), -279961 (for 7), and -279962 (for 8) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Reactions of Ruthenium–Aminophosphane Complexes with Diynes: P–N Bond
Activation and Formation of Novel Phosphaallyl, Azaallyl, and Aminocarbene
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The aminophosphane complexes [RuCp(PPh2NRR�2)-
(CH3CN)2]+ and [RuCp*(PPh2NRR�2)(CH3CN)2]+ (NRR� =
NHnPr, NEt2, NC5H5) react with 1,6-heptadiyne and 1,7-oc-
tadiyne to yield novel η3-phosphaallyl–η2-vinylamine com-
plexes of the types [RuCp{η3-(P,C,C)-PPh2CH=C–(CH2)n–η2-
(C,C)–C=CHNRR�2}]+ and [RuCp*{η3-(P,C,C)-PPh2CH=C–
(CH2)n–η2-(C,C)-C=CHNRR�2}]+ (n = 3, 4). These complexes
are the kinetic products but eventually form the η1-phos-
phaallyl–η3-azaallyl complexes [RuCp{η1-(P)-PPh2CH=C–
(CH2)n–η3-(C,C,N)-CCHNRR�2}]+ and [RuCp*{η1-(P)-
PPh2CH=C–(CH2)n–η3-(C,C,N)-CCHNRR�2}]+, respectively.
With n = 3 elevated temperatures are required, while with n
= 4 this conversion takes places already at room temperature.

Introduction
Aminophosphanes that contain one or more direct

PIII–N bonds have received considerable attention in recent
years as ligands for transition metals.[1] They are accessible
in large quantities through the use of relatively simple con-
densation processes from inexpensive starting materials,
that is, primary or secondary amines and PR2Cl com-
pounds which contain dialkyl or diaryl substituents as well
as achiral and chiral P–O- and P–N-containing phosphane
units. Accordingly, variations of electronic, steric, and ste-
reochemical parameters may be achieved in a very facile
fashion. The most common structural types of such ligands
contain either one P–N unit (e.g. I),[2] two or more P–N
units which are not directly bound (e.g. II),[3,4] or a P–N–P
framework (e.g. III).[5,6] It should be noted that in some
cases PIII–N bonds were found to be sensitive towards acid-
or base-catalyzed hydrolysis during complexation reac-
tions.[7] However, by choosing appropriate substituents on
both phosphorus and nitrogen centers, P–N bond cleavage
can be avoided.
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The only exception is [RuCp*(PPh2NHnPr)(CH3CN)2]+

where amido butadiene complexes [RuCp*{η1-(N)-
NnPrPPh2-η4-CH=C(CH2)nCH=CH2}]PF6 (n = 3, 4) are ob-
tained instead. In the case of [RuCp{η1-(P)-PPh2CH=C–(CH2)3–
η3-(C,C,N)-CCHNRR�2}]+ with NRR� = NEt2 and NC5H5, a
further rearrangement took place at elevated temperatures
affording the aminocarbenes [RuCp{=C(NRR�)-η2-(C,C)-
C(CH2)3C–CH2–(η1-(P)-PPh2)}]+. Representative X-ray struc-
tures are presented. Moreover, conceivable mechanisms for
all these reaction sequences are established by means of
DFT/B3LYP calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We have recently started to investigate the chemistry of
RuCp, RuCp*, and RuTp complexes that contain one or
two aminophosphane ligands of the most simple PR2NHR�
type, I. In these compounds coordination takes place exclu-
sively through the phosphorus donor leaving the N-site
available for further reactions. We have shown, for instance,
that in the vinylidene and allenylidene complexes [RuCp-
(PPh2NHR)2{=C=(C)n=CHR�}]+ and [RuTp(PPh2NHR)2-
{=C=(C)n=CHR�}]+ (n = 0, 1; R = Ph, nPr; R� = alkyl,
aryl) an intramolecular addition of the NHR� moiety to the
α-carbon of the cumulene moiety takes place, resulting in
the formation of novel four-membered aza-phospha-carb-
enes.[8] Complexes of the types [RuCp(PPh2NHPh)-
(CH3CN)2]+ and [RuCp*(PR2NHR�)(CH3CN)2]+ (R = Ph,
iPr, R� = Ph, C6F5) have been found to react with terminal
alkynes and diynes to give amido butadiene complexes.[9,10]

In all these reactions, the N–H bond but not the P–N bond
is cleaved unless larger amounts of water are present. Re-
cently, when we switched over to a complex where the ami-
nophosphane lacks a N–H bond viz. [RuCp-
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(PPh2NEt2)(CH3CN)2]+, we discovered that it reacts with
diynes to afford unusual and unprecedented phosphaallyl
complexes which readily rearrange to give azaallyl com-
plexes.[11] This process formally constitutes an insertion of
an unsaturated carbon C4 chain into the P–N bond, that
is, in the course of this reaction the P–N bond is cleaved.
The present work is intended to investigate in detail the
formation of phosphaallyl complexes and their conversion
to azaallyl complexes and we report here the reaction
of [RuCp(PPh2NRR�)(CH3CN)2]PF6 and [RuCp*-
(PPh2NRR�)(CH3CN)2]PF6 (NRR� = NHnPr, NEt2,
NC5H10) with diynes. The mechanistic considerations will
be supported by DFT/B3LYP calculations.

Results and Discussion

Starting Materials

The starting complexes 1a–c were obtained in highly iso-
lated yields by reacting [RuCp(CH3CN)3]PF6 with 1 equiv.

Figure 1. Structural view of [RuCp(PPh2NHnPr)(CH3CN)2]PF6

(1a) showing 50% thermal ellipsoids (PF6
– omitted for clarity). Se-

lected bond lengths [Å]: Ru–C(1–5)av 2.187(2), Ru–N(2) 2.064(2),
Ru–N(3) 2.064(2), Ru–P(1) 2.2823(5), P(1)–N(1) 1.657(2).

Figure 2. Structural view of [RuCp*(PPh2NC5H10)(CH3CN)2]PF6

(2c) showing 20% thermal ellipsoids (PF6
– omitted for clarity). Se-

lected bond lengths [Å]: Ru–C(1–5)av 2.191(2), Ru–P(1) 2.3322(5),
Ru–N(2) 2.064(2), Ru–N(3) 2.059 (2), P(1)–N(1) 1.668(2).

Eur. J. Inorg. Chem. 2006, 1006–1021 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1007

of the respective aminophosphane PPh2NRR� (NRR� =
NHnPr, NEt2, NC5H10) at room temperature. The analo-
gous RuCp* complexes were obtained in a similar fashion
by reacting [RuCp*(CH3CN)3]PF6 with PPh2NRR� afford-
ing complexes 2a–c. All these complexes are stable to air in
the solid state but decompose slowly in solutions on expo-
sure to air. Complexes 1a–c and 2a–c exhibit a singlet reso-
nance in the 31P{1H} NMR spectrum in the range of 83–
102 ppm. Structural views of 1a and 2c are shown in Fig-
ure 1 and Figure 2 with selected bond lengths given in the
captions.

Reaction of [RuCp(PPh2NRR�)(CH3CN)2]+ (NRR� =
NHnPr, NEt2, NC5H10) with Diynes

Within a few minutes, treatment of 1a–c with 1,6-hep-
tadiyne results in the formation of the η3-phosphaallyl–η2-
vinylamine complexes [RuCp{η3-(P,C,C)-PPh2CH=C–
(CH2)3-η2-(C,C)–C=CH–NHnPr}]+ (3a), [RuCp{η3-
(P,C,C)-PPh2CH=C–(CH2)3–η2-(C,C)-C=CH–NEt2}]+

(3b), and [RuCp{η3-(P,C,C)-PPh2CH=C–(CH2)3–η2-(C,C)-
C=CH–NC5H10}]+ (3c) in high yields (Scheme 1).[12,13] It
is interesting to note that despite the fact that the amino-
phosphane ligand of 1a bears a NH proton, a phospha-
allyl complex rather than an amido butadiene complex is
formed, as has been observed recently for [RuCp-
(Ph2PNHPh)(CH3CN)2]+. This may be attributed to the
lower acidity of the NH proton (in other words, a stronger
N–H bond) in PPh2NHnPr as compared to the NH bond
in PPh2NHPh. Accordingly, P–N rather than N–H bond
activation is favored. The phosphaallyl composition proved
not to be the most stable one. In fact, if a solution of 3a–c
is kept at 90 °C for several hours, further rearrangement
takes place, leading eventually to the thermodynamically
more stable η1-phosphaallyl–η3-azaallyl complexes [RuCp-
{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-C=CH–NHnPr}]+

(4a), [RuCp{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-C=
CH–NEt2}]+ (4b), and [RuCp{η1-(P)-PPh2CH=C–(CH2)3–
η3-(C,C,N)-C=CH–NC5H10}]+ (4c) in essentially quantita-
tive yields (Scheme 1).[14] On the other hand, with 1a and
1,7-octadiyne no η3-phosphaallyl–η2-vinylamine complex
could be observed and the η1-phosphaallyl–η3-azaallyl 4d
was obtained directly. In the case of 1b and 1c the respective
η3-phosphaallyl–η2-vinylamine complexes 3d and 3e could
be observed spectroscopically but rearranged rapidly at
room temperature to afford the corresponding η1-phos-
phaallyl–η3-azaallyl complexes 4e and 4f. All compounds,
which are air-stable both in solution and in the solid state,
were fully characterized by 1H, 13C{1H}, and 31P{1H}
NMR spectroscopy as well as elemental analysis.

The 1H NMR spectroscopic data for 3a include charac-
teristic resonances at 4.14 (d, JHP = 4.4 Hz) and 3.99 ppm
(d, JH,P = 7.6 Hz, 1 H) assignable to the protons H1 and
H4 of the η3-phosphaallyl and η2-vinylamine units, respec-
tively. In the 13C{1H} NMR spectrum the characteristic res-
onance of the coordinated sp2 carbon atoms C1, C2, C3,
and C4 of the η3-phosphaallyl–η2-vinylamine moiety exhi-
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Scheme 1.

bit resonances at 41.6 (d, JCP = 24.5 Hz), 82.1, 116.8 (d, JCP

= 3.8 Hz), and 106.9 ppm (d, JCP = 6.1 Hz), respectively. In
the 31P{1H} NMR spectrum the phosphaallyl ligand exhib-
its a singlet at 9.3 ppm. Concurrent NMR spectra are ob-
served for 3b–e.

The NMR spectroscopic data of 4a–f are quite different
from those of 3a–e. As the overall spectroscopic features
are very similar, we describe here only those of 4a. The 1H
NMR spectrum exhibits resonances at 5.98 (d, JHP =
10.1 Hz) and 6.02 ppm, which can be assigned to the ole-
finic hydrogen atom H1 and the allyl proton H4. The most
characteristic features in the 13C{1H} NMR spectrum are a
low-field doublet resonance at δ = 170.1 ppm (d, JCP =
29.1 Hz) and doublet resonances at 111.9 (d, JCP =
47.2 Hz), 85.8 (d, JCP = 1.9 Hz), and 74.4 ppm assignable
to the terminal allyl carbon atom C3, the two olefinic car-
bon atoms C1 and C2, and the central allyl carbon atom C4

bearing the NHnPr unit. In the 31P{1H} NMR spectrum
the η1-(P)-phosphaallyl ligand exhibits a singlet at δ =
70.3 ppm (cf. 9.3 ppm in 3a).

The solid-state structures of 3a, 3c, and 4f were deter-
mined by single-crystal X-ray diffraction. ORTEP diagrams
are depicted in Figure 3, Figure 4, and Figure 5 with se-
lected bond lengths given in Table 1. The structures of 3a
and 3c can be described as a three-legged piano stool geom-
etry with the η3-phosphaallyl moiety and the C=C bond of
the vinylamine unit as the legs. The η3-phosphaallyl func-
tionality is nearly symmetrically bonded to the metal with

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1006–10211008

the Ru–P, Ru–C(18), and Ru–C(19) bond lengths being
2.2763(5), 2.241(2), and 2.220(2) Å in 3a and 2.2505(4),
2.239(2), and 2.203(2) Å in 3c, respectively. The olefin part
of the vinylamine moiety is strongly asymmetrically bonded
to the metal center with the Ru–C bonds to the carbon

Figure 3. Structural view of [RuCp{η3-(P,C,C)-PPh2CHC–(CH2)3–
η2-(C,C)-CCHNHnPr}]PF6 (3a) showing 40% thermal ellipsoids
(PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–C(1–5)av

2.197(2), Ru–P(1) 2.2763(5), Ru–C(18) 2.241(2), Ru–C(19)
2.220(2), Ru–C(23) 2.236(2), Ru–C(24) 2.490(2), P(1)–C(18)
1.768(2), C(18)–C(19) 1.4129(34), C(19)–C(23) 1.437(3), C(23)–
C(24) 1.396(3), C(24)–N 1.344(2).
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atoms C(23) and C(24) being 2.236(2) and 2.490(2) Å in
3a and 2.219(2) and 2.551(2) Å in 3c, respectively. Strong
alteration of olefin binding by π-donor substituents has also
been observed in [FeCp(CO)2(H2C=CHNMe2)]+ where the
vinylamine is essentially η1-bound [the nonbonded Fe···C
separation is 2.823(11) Å].[15] In turn, the C(24)–N bonds
in 3a and 3c exhibit already double bond character being
1.344(2) and 1.359(2) Å, respectively. The bonding situation
of the –C=CHNHnPr and –C=CHNC5H10 units might be

Figure 4. Structural view of [RuCp{η1-(P)-PPh2CH=C–(CH2)3–η3-
(C,C,N)-CCHNC5H10}]PF6 (3c) showing 40% thermal ellipsoids
(PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–C(1–5)av

2.182(2), Ru–P(1) 2.2505(4), Ru–C(18) 2.239(2), Ru–C(19)
2.203(2), Ru–C(23) 2.219(2), Ru–C(24) 2.551(2), P(1)–C(18)
1.774(2), C(18)–C(19) 1.415(2), C(19)–C(23) 1.438(2), C(23)–C(24)
1.406(2), C(24)–N 1.359(2).

Table 1. Details for the crystal structure determinations of complexes 1a, 2c, 3a, 3c, 4f, and 5a.

1a 2c 3a 3c 4f 5a

Empirical formula C24H29F6N3P2Ru C31H41F6N3P2Ru C27H31F6NP2Ru C29H33F6NP2Ru C30H35F6NP2Ru C28H33F6NP2Ru
Formula mass 636.51 732.68 646.54 672.57 686.60 660.56
Crystalsize [mm] 0.46×0.34×0.22 0.62×0.48×0.33 0.62×0.37×0.07 0.62×0.24×0.09 0.52×0.29×0.14 0.47×0.36×0.21
Space group P21/c (no. 14) C2/c (no. 15) P21/n (no. 14) P21/n (no. 14) P21/c (no. 14) P21/n (no. 14)
a [Å] 17.4288(10) 21.7560(17) 9.7404(5) 17.6384(8) 14.9183(7) 8.9199(4)
b [Å] 8.9607(5) 18.7520(14) 18.3098(9) 8.8425(4) 10.1274(5) 15.6117(7)
c [Å] 17.2306(10) 18.6960(14) 14.7423(8) 18.9241(9) 19.5913(9) 20.3315(10)
α [°] 90 90 90 90 90 90
β [°] 93.502(1) 120.954(1) 90.134(1) 108.100(1) 91.835(1) 93.219(1)
γ [°] 90 90 90 90 90 90
V [Å3] 2686.0(3) 6541.1(9) 2629.2(2) 2805.5(2) 2958.4(2) 2826.8(2)
Z 4 8 4 4 4 4
ρcalcd [g/cm3] 1.574 1.488 1.633 1.592 1.542 1.552
T [K] 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
µ [mm–1] (Mo-Kα) 0.763 0.637 0.779 0.733 0.697 0.726
F(000) 1288 3008 1312 1368 1400 1344
θmax [°] 30 30 30 30 30 27
Measured reflec- 24957 48057 37914 40276 40996 25939
tions
Unique reflections 7787 9522 7615 8167 8570 5719
No. of reflections 6857 8133 6543 6947 7656 5024
I � 2σ(I)
Parameters 345 416 343 375 367 343
R1 [I � 2σ(I)][a] 0.0337 0.0343 0.0292 0.0282 0.0316 0.0899
R1 (all data) 0.0396 0.0424 0.0380 0.0361 0.0360 0.0992
wR2 (all data) 0.0838 0.0949 0.0823 0.0732 0.0881 0.2279
∆ρmin/max [e/Å3] –0.52/1.04 –0.50/0.77 –0.33/1.03 –0.43/0.80 –0.58/0.97 –1.08/1.96

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = {Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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described as intermediate between the limiting vinylamine
and imine forms or alternatively perhaps even as η1-(C)-
azaallyl. Accordingly, rotation about the C(23)–C(24) bond
is expected to be facile, putting the amine moiety rapidly
in a syn-conformation for steric reasons (conversion D to
complexes 3 in Scheme 1).

Figure 5. Structural view of [RuCp{η1-(P)-PPh2-CH=C(CH2)4-η3-
(C,C,N)-CH-NC5H10}]PF6 (4f) showing 40% thermal ellipsoids
(PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–C(1–5)av

2.210(2), Ru–N 2.186(2), Ru–C(25) 2.089(2), Ru–C(24) 2.204(2),
Ru–P(1) 2.2791(5), P(1)–C(18) 1.796(2), C(18)–C(19) 1.336(2),
C(19)–C(24) 1.505(2), C(24)–C(25) 1.418(2), C(25)–N 1.415(2).

The structure of 4f also adopts a three-legged piano stool
conformation with the η3-azaallyl moiety and the P atom
as the legs. The η3-azaallyl unit, being exo-oriented with
respect to the phosphane moiety, is asymmetrically bonded
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to the metal with the Ru–C bond length to the central allyl
carbon atom C(25) [2.089(2) Å] distinctly shorter than the
Ru–N and Ru–C(24) bonds to the terminal allyl atoms N
and C(24) [2.186(2) and 2.204(2) Å, respectively].

Upon keeping a CH3CN solution of 4b at 90 °C for 12 h,
an unexpected rearrangement took place affording the ami-
nocarbene [RuCp{=C(NEt2)-η2-(C,C)-C(CH2)3CCH2-(η1-
(P)-PPh2)}]+ (5a) in essentially quantitative yield (71% iso-
lated yield) as monitored by 1H and 31P{1H} NMR spec-
troscopy (Scheme 2). The same isomerization reaction was
observed for 4c yielding [RuCp{=C(NC5H10)-η2-(C,C)-
C(CH2)3CCH2-(η1-(P)-PPh2)}]+ (5b) but the reaction was
not quantitative. Attempts to isolate 5b in pure form were
unsuccessful and only mixtures of 4c and 5b were obtained.
All other azaallyl complexes turned out to be thermally
stable and there was no evidence for the formation of an
aminocarbene. In the course of this process, the hydrogen
of the central allyl carbon atom C4 is transferred onto the
olefinic carbon C1. It is interesting to note that this reaction
takes place only in the coordinating solvent CH3CN, but
not in CH3NO2. It may be speculated that such a formal
1,4 hydrogen shift reaction proceeds most likely by a metal
mediated C–H activation step and the intermediacy of a
hydride species (Scheme 2). Addition of the coordinating
solvent may cause a hapticity change of the η3 azaallyl moi-
ety to give a η2 vinylamine, thereby providing a latent vac-
ant coordination site for a subsequent C–H bond activation
step. Insertion of the noncoordinated olefin moiety into the
Ru–H bond may then afford the aminocarbene complex.
The conversion of activated olefins to heteroatom-stabilized
carbenes is well documented.[16]

Characteristic features of 5a and 5b comprise, in the
13C{1H} NMR spectrum, a low-field doublet resonance in

Scheme 2.
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the range of 225.2 (d, JCP = 13.0 Hz) and 222.9 (d, JCP =
12.3 Hz) ppm, respectively, assignable to the carbene car-
bon atoms. The sp3 carbon atom C1 gives rise to a doublet
resonance at 37.9 (d, JCP = 35.3 Hz) and 36.7 (d, JCP =
35.3 Hz). The 31P{1H} NMR spectrum reveals an unusually
high-field shifted resonance at –34.3 and –37.8 ppm (cf. 9.3
and 4.3 ppm in 3b and 3c, and 74.1 and 73.3 ppm in 4b and
4c) with a small coupling constant of 36 Hz. The structural
identity of 5a was unequivocally proven by X-ray crystal-
lography. The result is depicted in Figure 6 with important
bond lengths given in the caption. Overall, 5a adopts a typi-
cal three-legged piano stool conformation with PPh2, the

Figure 6. Structural view of [RuCp{=C(NEt2)-η2-(C,C)-C(CH2)3-
C–CH2-(η1-(P)-PPh2)}]PF6 (5a) showing 20% thermal ellipsoids
(PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–C(1–5)av

2.204(9), Ru–C(24) 2.006(7), Ru–C(23) 2.201(7), Ru–C(19)
2.444(8), Ru–P(1) 2.263(2), P(1)–C(18) 1.818(7), C(18)–C(19)
1.493(12), C(19)–C(23) 1.421(12), C(23)–C(24) 1.508(11), C(24)–N
1.147(9).
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two C=C bonds of the vinyl moiety and the carbene carbon
atom as the legs. The most notable feature is the compara-
tively short Ru–C(24) bond length of 2.006(7) Å reflecting
metal carbon double bond character which is typical for
aminocarbenes. The η2-vinyl unit is asymmetrically bonded
to the metal center with Ru–C(23) and Ru–C(19) bond
lengths of 2.201(7) and 2.444(8) Å, respectively.

Reaction of [RuCp*(PPh2NRR�)(CH3CN)2]+ (NRR� =
NHnPr, NEt2, NC5H5) with Diynes

Given the previously observed behavior differences be-
tween [CpRu(PR3)(CH3CN)2]+ and the homologous
[Cp*Ru(PR3)(CH3CN)2]+ complexes with respect to the C–
H activation processes,[17] we have addressed the question
of whether P–N bond activation occurs also in the case
of the Cp* aminophosphane complexes 2a–c. In contrast
to 1a–c, the reaction of 2a both with 1,6-heptadiyne and
1,7-octadiyne results in the clean formation of the amido
butadiene complexes [RuCp*{η1-(N)-NnPrPPh2-η4-
CH=C(CH2)3CH=CH2}]PF6 (6a) and [RuCp*{η1-(N)-
NnPrPPh2-η4-CH=C(CH2)4CH=CH2}]PF6 (6b) in high
yields (Scheme 3). There was no evidence that phosphaallyl
or azaallyl complexes were formed. The same reaction has
been found for [RuCp(PPh2NHPh)(CH3CN)2]+ and
[RuCp*(PR2NHR�)(CH3CN)2]+ (R = Ph, iPr, R� = Ph,
C6F5).[10,11] Compounds 6a and 6b are air-stable both in
solution and in the solid state and were characterized by
1H, 13C{1H}, and 31P{1H} NMR spectroscopy as well as
elemental analysis.

Scheme 3.

As these compounds exhibit similar spectroscopic fea-
tures to the RuCp η4-butadiene amido complexes already
described recently,[10,11] they are not discussed here. The so-
lid-state structures of 6a and 6b were determined by single-
crystal X-ray diffraction. ORTEP diagrams are depicted in
Figure 7 and Figure 8 with selected bond lengths reported
in the captions.
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Figure 7. Structural view of [RuCp*{η1-(N)-NnPrPPh2-η4-
CH=C(CH2)3CH=CH2}]PF6 (6a) showing 40% thermal ellipsoids
(PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–C(1–5)av

2.207(3), Ru–N = 2.183(2), Ru–C(26) 2.222(2), Ru–C(27) 2.232(2),
Ru–C(31) 2.227(2), Ru–C(32) 2.204(2), P(1)–N 1.600(2), P(1)–
C(26) 1.769(2), C(26)–C(27) 1.416(3), C(27)–C(31) 1.432(3), C(31)–
C(32) 1.401(3).

Figure 8. Structural view of [RuCp*{η1-(N)-NnPrPPh2-η4-
CH=C(CH2)4CH=CH2}]PF6 (6b) showing 20% thermal ellipsoids
(PF6

– omitted for clarity; only the first of three independent Ru
complexes is shown). Selected bond lengths [Å]: Ru–C(1–5)av

2.220(2), Ru–N 2.184(2), Ru–C(26) 2.191 (2), Ru–C(27) 2.249(2),
Ru–C(32) 2.244(2), Ru–C(33) 2.172(2), P(1)–N 1.600(2), P(1)–
C(26) 1.771(2), C(26)–C(27) 1.423(3), C(27)–C(32) 1.436(3), C(32)–
C(33) 1.406(4).

In similar fashion to the RuCp complexes 1a–c, with 1,6-
heptadiyne, 1,7-octadiyne, 2b, and 2c, the η1-phosphaallyl–
η3-azaallyl complexes [RuCp*{η1-(P)-PPh2–CH=C(CH2)3-
η3-(C,C,N)-CCHNEt2}]PF6 (8a), [RuCp*{η1-(P)-PPh2–
CH=C(CH2)3-η3-(C,C,N)-CCHNC5H10}]PF6 (8b), [RuCp*-
{η1-(P)-PPh2–CH=C(CH2)4-η3-(C,C,N)-CCHNEt2}]PF6

(8c), and [RuCp*{η1-(P)-PPh2–CH=C(CH2)4-η3-(C,C,N)-
CCHNC5H10}]PF6 (8d), respectively, are obtained in high
isolated yields (Scheme 4). While in the case of 1,6-hep-
tadiyne the intermediacy of η3-phosphaallyl–η2-vinylamine
complexes 7a and 7b could be observed by NMR spec-
troscopy, in the case of 1,7-octadiyne no intermediates were
detected. Again, all compounds were fully characterized by
a combination of 1H, 13C{1H}, and 31P{1H} NMR spec-
troscopy and elemental analysis. Overall, the spectroscopic
features of complexes 7 and 8 are very similar to those of
complexes 3 and 4 and are thus not discussed here. In ad-
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dition, the solid-state structures of 8c and 8d were deter-
mined by single-crystal X-ray diffraction. ORTEP plots are
depicted in Figure 9 and Figure 10 with selected bond
lengths reported in the captions.

Scheme 4.

Figure 9. Structural view of [RuCp*{η1-(P)-PPh2CH=C(CH2)4-η3-
(C,C,N)-C=CH–NEt2}]PF6·CH2Cl2 (8c·CH2Cl2) showing 30%
thermal ellipsoids (PF6

– and solvent omitted for clarity). Selected
bond lengths [Å]: Ru–C(1–5)av 2.239(2), Ru–P(1) 2.3020(6), Ru–
C(29) 2.253(2), Ru–C(30) 2.092(2), Ru–N 2.243(2), P(1)–C(23)
1.795(2), C(23)–C(24) 1.325(3), C(24)–C(29) 1.510(3), C(29)–C(30)
1.425(3), N–C(30) 1.421(3).

Finally, as part of our ongoing effort to investigate the
chemistry of complexes with ligands which possess direct
PIII–N bonds towards alkynes, we set out here to prepare a
complex with a diphenylphosphanylhydrazide ligand, that
is, a ligand having a PIII–N–N unit. It should be noted that
transition-metal complexes with R2PNHNR�2 ligands are
comparatively rare. With respect to late transition metals,
they have been found to coordinate either as monodentate
or bidentate ligands in κ1-P and κ2-P,N fashion, respec-
tively.[18] Accordingly, treatment of [RuCp(CH3CN)3]PF6

with 1 equiv. of PPh2NHNMe2 in CH2Cl2 as the solvent
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Figure 10. Structural view of [RuCp*{η1-(P)-PPh2CH=C(CH2)4-
η3-(C,C,N)-C=CH–N(CH2)5}]PF6 (8d) showing 30% thermal ellip-
soids (PF6

– omitted for clarity). Selected bond lengths [Å]: Ru–
C(1–5)av 2.228(2), Ru–P(1) 2.2978(5), Ru–C(29) 2.252(2), Ru–C(30)
2.090(2), Ru–N 2.233(2), P(1)–C(23) 1.796(2), C(23)–C(24)
1.326(3), C(24)–C(29) 1.508(3), C(29)–C(30) 1.418(3), N–C(30)
1.418(2).

at room temperature yields, upon workup, a 5:1 mixture
of [RuCp{κ1(P)-PPh2NHNMe2}(CH3CN)2]PF6 (9) and
[RuCp{κ2(P,N)-PPh2NHNMe2}(CH3CN)]PF6 (10) where
the PPh2NHNMe2 ligand is attached to the metal center in
the κ1-P and κ2-P,N mode, respectively (Scheme 5). Com-
plex 9 is obtained in pure form, when the reaction is per-
formed in the presence of 1 equiv. of CH3CN. Both com-
plexes were characterized by means of 1H, 13C{1H}, and
31P{1H} NMR spectroscopy and elemental analysis in the
case of 9. Crystals of 10 could be grown by diffusion of
diethyl ether into a CH2Cl2 solution of a reaction mixture
containing both 9 and 10. A structural view of 10 is de-
picted in Figure 11 with selected bond lengths and angles
reported in the caption.

Scheme 5.

Complexes 9 and 10 exhibit singlet resonances in the
31P{1H} NMR spectrum at 90.6 to 61.4 ppm, respectively.
In the case of 10 where the PPh2NHNMe2 ligand is bound
in κ2-P,N fashion the1H and 13C{1H} NMR spectra show
the two methyl groups to be inequivalent, giving rise to two
signals at δ = 3.35 and 2.82 ppm and 63.9 and 57.8 ppm,
respectively [cf. complex 9 exhibits one singlet at δ =
2.27 ppm and a doublet centered at δ = 49.9 ppm (JCP =
3.4 Hz)].

Unfortunately, in contrast to the clean reactions of com-
plexes 1 and 2 with diynes, the reaction of 9 with 1,6-hep-
tadiyne and 1,7-octadiyne afforded only mixtures of intrac-
table materials. Thus as yet no further reactions have been
performed with 9.
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Figure 11. Structural view of [RuCp{κ2-(P,N)-PPh2NH-
NMe2}(CH3CN)]PF6 (10) showing 30% thermal ellipsoids (PF6

–

omitted for clarity). Selected bond lengths [Å] and angles [°]: Ru–
C(1–5)av 2.173(2), Ru–P(1) 2.2915(2), Ru–N(2) 2.216(2), Ru–N(3)
2.050(2), P(1)–N(2) 1.688(2), N(1)–N(2) 1.456(2), P(1)–Ru–N(2)
67.03(4).

Mechanistic Aspects

For the present conversion of 1 and 2 to the respective
phosphaallyl complexes 4, unfortunately, no intermediate
products could be detected spectroscopically. From pre-
vious experimental data[19] it is reasonable to assume that
the formation of the η3-phosphaallyl–η2-vinylamine pro-
ceeds via the intermediacy of the cationic metallacylopenta-

Figure 12. Energy profile (in kcal/mol, relative to B) for the conversion of B to F with PH2NH2 as model aminophosphane ligand. The
numbers in parentheses refer to PMe2NHMe as the model ligand.
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triene A and the η3-allyl carbene complex B. The formation
of the latter involves migration of the κ1(P) coordinated
PPh2NRR� ligand to one of the two electrophilic carbene
carbon atoms of A.[19] Accordingly, we have chosen B (in
the form of the two model complexes [CpRu{=CH–(η3-
CHCHCH–PH2NH2)}]+ and [CpRu{=CH-(η3-CHCHCH–
PMe2NHMe)}]+) as the starting point of our theoretical
mechanistic investigation based on DFT/B3LYP calcula-
tions. The energy profile for the conversion of B to the η3-
phosphaallyl–η2-vinylamine complexes 4 is shown in Fig-
ure 12. The models of 4 with PH2NH2 and PMe2NHMe
will be called F (in Figure 12 the energy values in parenthe-
ses refer to PMe2NHMe). The reliability of the computa-
tional method (details in Experimental Section) is sup-
ported by the good agreement between the calculated ge-
ometries of F with the X-ray structures of the related com-
plexes (e.g. 3a and 3c).

The first step B to C constitutes a rotation of the amino-
phosphane substituent about the C–P bond, which is re-
quired to place the amine moiety in a position suitable for
nucleophilic attack at the carbene carbon atom. This pro-
cess is slightly endothermic by 3.2 kcal/mol and possesses a
small activation barrier (6.7 kcal/mol). Subsequent nucleo-
philic attack of the amine moiety at the carbene carbon
atom of C yields intermediate D, which features an unusual
six-membered aza-phosphacycle. The transition state for
this process, TSCD, is very similar to the structure of D,
indicating that the transition state structure occurs quite
late along the reaction coordinate and is merely 0.3 kcal/
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mol higher in energy than D. In the course of this reaction,
a new N···C bond starts to form. It is 1.78 Å in TSCD and
finally reaches 1.58 Å in species D. This process requires an
activation energy of 17.9 kcal/mol. The P–N bond in D is
rather weak as judged from the long P–N bond length of
1.81 Å. Accordingly, this bond is readily cleaved, yielding
the η3-phosphaallyl–η2-vinylamine complex E. This trans-
formation is strongly exothermic, releasing 44.9 kcal/mol.
The transition state connecting D and E is reached at an
early stage and thus its structure is very similar to D. In
fact, the only noticeable change from D to TSDE is a weak
but apparently important Ru···P interaction of 2.88 Å. In E
the Ru–P bond is fully developed (2.30 Å), while the Ru–
C4 bond becomes very weak or almost nonbonding
(2.95 Å). On going from D to E, the amino substituent is
initially placed in an anti position, that is, pointing towards
the phosphane moiety, which is sterically unfavorable, espe-
cially if the amine is mono- or even disubstituted (repulsive
interactions) such as in 3b, 3c, 3d, or 3e. Rotation of the
amine unit about the C3–C4 bond yields the experimentally
observed and isolated syn isomer F. Surprisingly, despite the
fact that the Ru–C4 bond is rather long (2.95 Å), the acti-
vation barrier for this rotation is relatively high, requiring
22.4 kcal/mol. However, in the case of the more realistic
model ligand PMe2NHMe, the activation barrier becomes
significantly smaller (14.5 kcal/mol) and unfavorable steric
interactions are better taken into account (Figure 12, num-
bers in parentheses).

Experimentally it has been observed that η3-phosphaal-
lyl–η2-vinylamine complexes (F) are the kinetic products
but isomerize (in some cases already at room temperature)
to the thermodynamically more stable η1-phosphaallyl–η3-
azaallyl complexes H. The energy profiles for this conver-
sion are presented in Figures 12 (F � E) and 13 (E � H).
In agreement with experimental data, the overall process is
thermodynamically favored. This rearrangement exhibits a
syn–anti isomerization of the NH2 substituent and thus pro-

Figure 13. Energy profile (in kcal/mol, relative to B) for the conversion of E to H with PH2NH2 as model aminophosphane ligand. The
numbers in parentheses refer to PMe2NHMe as the model ligand.
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ceeds most likely again via the intermediacy of E (Fig-
ure 12). This first step needs an activation energy of
26.3 kcal/mol for the parent PH2NH2 ligand and 24.5 kcal/
mol for PMe2NHMe and is thus rate determining. Once E
is re-formed, the subsequent processes are facile. Complex
E proceeds through transition state TSEG to afford the
metallacycle G. This reaction is energetically slightly unfa-
vorable by 6.7 kcal/mol with an activation energy of
12.1 kcal/mol. These values, however, are comparatively
small taking into account that in the course of this reaction
two Ru–C bonds are broken, which are counterbalanced
only by one weak Ru–C interaction (2.65 Å). Moreover, as
a consequence of that ongoing from E by TSEG to G, the
C4 chain experiences a severe distortion, as is apparent
from the changes of the respective torsion angles C–C–C–
C being 39.2, 58.1, and finally 111.5°, respectively. This may
also explain why the formation of azaallyl complexes is far
more facile in the case of 1,7-octadiyne where the phos-
phaallyl complexes contain a six-membered ring system
than with 1,6-heptadiyne where these complexes feature a
more rigid five-membered ring. The subsequent conversion
of G to the η1-phosphaallyl–η3-azaallyl complexes H re-
quires merely 0.4 kcal/mol activation energy and is energeti-
cally very favorable, releasing 18.5 kcal/mol (Figure 13).

Finally, we also looked for a plausible mechanism of the
formation of amido-butadiene complexes (I) from allyl car-
bene complexes (B). This reaction is obviously restricted to
aminophosphane ligands possessing NH protons. An ener-
getically feasible pathway with the model complexes [CpRu-
{=CH-(η3-CHCHCH–PH2NH2)}]+ and [CpRu{=CH-(η3-
CHCHCH–PMe2NHMe)}]+ (A) is shown in Figure 14. Ac-
cordingly, the N–H proton in B is transferred to the carbene
carbon atom by transition state TSHI without any involve-
ment of the metal center. This reaction has an activation
barrier of 17.7 kcal/mol (18.1 kcal/mol for PMe2NHMe)
and is exothermic releasing 8.4 kcal/mol (11.0 kcal/mol for
PMe2NHMe). Therefore, in the case of complexes with
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aminophosphanes that contain N–H bonds, this pathway
becomes competitive with the formation of phosphaallyl (F)
and azaallyl complexes (H). It should be noted that we were
unable to find an alternative pathway to obtain amido buta-
diene complexes by oxidative addition of the N–H bond to
the metal center.

Figure 14. Energy profile (in kcal/mol, relative to B) for the reac-
tion of B to I with PH2NH2 as model aminophosphane ligand. The
numbers in parentheses refer to PMe2NHMe as the model ligand.

Experimental Section
General: Manipulations were performed under inert purified argon
by using Schlenk techniques and/or a glovebox. All chemicals were
standard reagent grade and used without further purification. The
solvents were purified according to standard procedures.[20] The
deuterated solvents were purchased from Aldrich and dried with
4 Å molecular sieves. [RuCp(CH3CN)3]PF6,[21] [RuCp*(CH3CN)3]-
PF6,[22] and PPh2NHNMe2

[23] were prepared according to the lit-
erature. 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded
with Bruker Avance-250 and -300 spectrometers and were refer-
enced to SiMe4 and H3PO4 (85%), respectively. 1H and 13C{1H}
NMR signal assignments were confirmed by 1H-COSY, 135-DEPT,
and HSQC(1H-13C) experiments.

[RuCp(PPh2NHnPr)(CH3CN)2]PF6 (1a): PPh2NHnPr (185 mg,
0.76 mmol) was added to a solution of [RuCp(CH3CN)3]PF6

(300 mg, 0.69 mmol) in CH2Cl2 (10 mL) and the mixture was
stirred for 2 h at room temperature. After removal of the solvent,
a yellow powder was obtained which was collected on a glass frit,
washed with Et2O (3×10 mL), and dried under vacuum. Yield:
421 mg (95%). C24H29F6N3P2Ru (636.52): calcd. C 45.29, H 4.59,
N 6.60; found C 45.23, H 4.79, N 6.74. 1H NMR (CD2Cl2, 20 °C):
δ = 7.69–7.42 (m, 10 H, Ph), 4.43 (s, 5 H, Cp), 2.85–2.66 (m, 2 H,
nPr), 2.50–2.32 (m, 1 H, NHnPr), 2.20 (d, JHP = 1.4 Hz, 6 H,
CH3CN), 1.51 –1.30 (m, 2 H, nPr), 0.80 (t, JHH = 7.4 Hz, 3 H, nPr)
ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 136.1 (d, 1JCP = 48.7 Hz,
Ph1), 131.6 (d, 2JCP = 11.9 Hz, Ph2,6), 130.0 (d, 4JCP = 1.9 Hz, Ph4),
128.2 (d, 3JCP = 10.0 Hz, Ph3,5), 126.7 (CH3CN), 76.6 (d, JCP =
2.3 Hz, Cp), 45.8 (d, JCP = 8.0 Hz, CH2), 24.9 (d, JCP = 5.8 Hz,
CH2), 11.0 (CH3), 3.7 (CH3CN) ppm. 31P{1H} NMR (CD2Cl2,
20 °C): δ = 86.0 (PPh2), –143.0 (1JFP = 708.3 Hz, PF6) ppm.
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[RuCp(PPh2NEt2)(CH3CN)2]PF6 (1b): This complex has been pre-
pared analogously to 1a with [RuCp(CH3CN)3]PF6 (300 mg,
0.69 mmol) and PPh2NEt2 (179 mg, 0.69 mmol) as starting materi-
als. Yield: 416 mg (93%). C25H31F6N3P2Ru (650.55): calcd. C
46.16, H 4.80, N 6.46; found C 46.10, H 4.72, N 6.55. 1H NMR
(CD2Cl2, 20 °C): δ = 7.61–7.30 (m, 10 H, Ph), 4.26 (s, 5 H, Cp),
3.42–3.20 (m, 4 H, Et), 2.22 (6 H, CH3CN), 0.96 (t, JHH = 7.1 Hz,
3 H, Et) ppm. 13C{1H} NMR (δ, CD2Cl2, 20 °C): 137.4 (d, 1JCP =
46.0 Hz, Ph1), 131.4 (d, 2JCP = 11.5 Hz, Ph2,6), 129.7 (d, 4JCP =
1.9 Hz, Ph4), 128.0 (d, 3JCP = 9.6 Hz, Ph3,5), 127.3 (CH3CN), 77.4
(d, JCP = 2.3 Hz, Cp), 42.4 (d, JCP = 6.5 Hz, CH2), 13.6 (d, JCP =
2.3 Hz, CH3), 3.7 (CH3CN) ppm. 31P{1H} NMR (δ, CD2Cl2,
20 °C): 102.1 (PPh2), –143.0 (1JFP = 711.8 Hz, PF6) ppm.

[RuCp(PPh2NC5H10)(CH3CN)2]PF6 (1c): This complex has been
prepared analogously to 1a with [RuCp(CH3CN)3]PF6 (374 mg,
0.86 mmol) and PPh2NC5H10 (232 mg, 0.86 mmol) as starting ma-
terials. Yield: 500 mg (88%). C26H31F6N3P2Ru (662.56): calcd. C
47.13, H 4.72, N, 6.34; found C 46.66, H 4.89, N 6.51. 1H NMR
(CD2Cl2, 20 °C): δ = 7.66–7.26 (m, 10 H, Ph), 4.23 (s, 5 H, Cp),
3.30–3.01 (m, 4 H, NC5H10), 2.20 (d, JHP = 1.0 Hz, 6 H, CH3CN),
1.72–1.36 (m, 6 H, NC5H10) ppm. 13C{1H} NMR (CD2Cl2, 20 °C):
δ = 136.6 (d, 1JCP = 46.0 Hz, Ph1), 131.2 (d, 2JCP = 11.1 Hz, Ph2,6),
129.7 (d, 4JCP = 1.9 Hz, Ph4), 128.1 (d, 3JCP = 9.6 Hz, Ph3,5), 127.3
(CH3CN), 77.4 (d, JCP = 2.3 Hz, Cp), 50.1 (d, JCP = 3.4 Hz, CH2),
27.0 (d, JCP = 5.4 Hz, CH2), 24.4 (CH2), 3.7 (CH3CN) ppm.
31P{1H} NMR (CD2Cl2, 20 °C): δ = 98.8 (PPh2), –143.0 (1JFP =
710.5 Hz, PF6) ppm.

[RuCp*(PPh2NHnPr)(CH3CN)2]PF6 (2a): PPh2NHnPr (145 mg
0.60 mmol) was added to a solution of [RuCp*(CH3CN)3]PF6

(300 mg, 0.60 mmol) in CH2Cl2 (5 mL) and the mixture was stirred
for 2 h at room temperature. The volume of the solution was then
reduced to about 1 mL and Et2O (5 mL) was added. A yellow pre-
cipitate was formed, which was washed with Et2O (2×5 mL) and
dried under vacuum. Yield: 336 mg (80%) C29H39F6N3P2Ru
(706.66): calcd. C 49.29, H 5.56, N 5.95; found: C 48.94,; H 6.09,
N 5.59. 1H NMR (CD2Cl2, 20 °C): δ = 7.65–7.40 (m, 10 H, Ph),
3.09–2.85 (m, 1 H, NH), 2.74 (m, JHH = 6.9 Hz, 2 H, CH2), 2.23
(d, JHP = 1.3 Hz, 6 H, CH3CN), 1.49 (d, JHP = 1.7 Hz, 15 H, Cp*),
1.27–1.21 (m, 2 H, CH2), 0.84 (t, JHH = 7.5 Hz, 3 H, CH3) ppm.
13C{1H} NMR (CD2Cl2, 20 °C): δ = 135.4 (d, 1JCP = 43.7 Hz, Ph1),
132.0 (d, 2JCP = 11.5 Hz, Ph2,6), 129.7 (Ph4), 128.0 (d, 3JCP =
9.2 Hz, Ph3,5), 124.7 (CH3CN), 86.8 (Cp*), 46.0 (d, JCP = 9.2 Hz,
CH2), 25.0 (d, JCP = 6.1 Hz, CH2), 10.5 (CH3), 9.1 (Cp*), 3.8
(CH3CN) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ = 82.9 (PPh2),
–144.5 (1JFP = 710.2 Hz, PF6) ppm.

[RuCp*(PPh2NEt2)(CH3CN)2]PF6 (2b): This complex has been pre-
pared analogously to 2a with [RuCp*(CH3CN)3]PF6 (300 mg,
0.60 mmol) and PPh2NEt2 (153 mg 0.60 mmol) as starting materi-
als. Yield: 350 mg (82%) C30H41F6N3P2Ru (720.68): calcd. C 50.00,
H 5.73, N 5.83; found C 50.24, H 5.44, N 5.59. 1H NMR (CD2Cl2,
20 °C): δ = 7.58–7.18 (m, 10 H, Ph), 3.30–3.13 (m, 4 H, CH2), 2.74
(m, 3JHH = 6.9 Hz, 2 H, CH2), 2.24 (d, JHP = 1.1 Hz, 6 H,
CH3CN), 1.32 (d, JHP = 1.7 Hz, 15 H, Cp*�), 1.00 (t, 3JHH =
7.1 Hz, 6 H, CH3) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 136.7
(d, 1JCP = 41.4 Hz, Ph1), 131.8 (d, 2JCP = 11.5 Hz, Ph2,6), 129.4
(Ph4), 127.9 (d, 3JCP = 9.2 Hz, Ph3,5), 125.5 (CH3CN), 87.2 (Cp*),
41.6 (d, JCP = 7.7 Hz, CH2), 12.9 (d, JCP = 3.1 Hz, CH3), 8.7 (Cp*),
3.8 (CH3CN) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ = 101.3
(PPh2), –144.4 (1JFP = 712.0 Hz, PF6) ppm.

[RuCp*(PPh2NC5H10)(CH3CN)2]PF6 (2c): This complex has been
prepared analogously to 2a with [RuCp*(CH3CN)3]PF6 (300 mg,
0.60 mmol) and PPh2NC5H10 (160 mg 0.60 mmol) as starting mate-
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rials. Yield: 380 mg (87%) C31H41F6N3P2Ru (732.69): calcd. C
50.82, H 5.64, N 5.74; found C 50.14, H 5.46, N 5.78. 1H NMR
(CD2Cl2, 20 °C): δ = 7.51–7.35 (m, 10 H, Ph), 3.06–2.90 (m, 4 H,
CH2), 2.24 (d, JHP = 1.26 Hz, 6 H, CH3CN), 1.62–1.48 (m, 6 H,
CH2), 1.32 (d, JHP = 1.7 Hz, 15 H, Cp*�) ppm. 13C{1H} NMR
(CD2Cl2, 20 °C): δ = 135.8 (d, 1JCP = 40.6 Hz, Ph1), 131.5 (d, 2JCP

= 10.7 Hz, Ph2,6), 129.3 (Ph4), 128.0 (d, 3JCP = 9.2 Hz, Ph3,5), 125.3
(CH3CN), 87.2 (Cp*), 50.4 (d, JCP = 3.8 Hz, CH2), 26.9 (d, JCP =
6.9 Hz, CH2), 24.3 (CH2), 8.7 (Cp*), 3.8 (CH3CN) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 96.1 (PPh2), –144.4 (1JFP = 710.8 Hz,
PF6) ppm.

[RuCp{η3-(P,C,C)-PPh2CHC–(CH2)3–η2-(C,C)-CCHNHnPr}]PF6

(3a): 1.1 equiv. of 1,6-heptadiyne (26.7 µL, 0.23 mmol) was added
to a solution of 1a (135 mg, 0.21 mmol) in CH2Cl2 (10 mL) and
the mixture was stirred for 2 h at room temperature. After removal
of the solvent under reduced pressure, an orange solid was ob-
tained, which was washed with Et2O (5 mL), and dried under vac-
uum. Yield: 99 mg (73 %). C27H31F6NP2Ru (646.56): calcd. C
50.16, H 4.83, N 2.17; found C 49.88, H 5.02, N 2.22. 1H NMR
(CD2Cl2, 20 °C): δ = 7.79–7.25 (m, 10 H, Ph), 5.05 (s, 5 H, Cp),
4.30–4.09 (m, 1 H, NHnPr), 4.14 (d, 2JHP = 5.4 Hz, 1 H, H1), 3.99
(d, JHP = 7.6 Hz, 1 H, H4), 3.37–3.20 (m, 1 H), 2.97–2.66 (m, 3 H),
2.62–2.39 (m, 2 H), 2.36–2.17 (m, 1 H), 2.09–1.86 (m, 1 H), 1.46–
1.08 (m, 2 H), 0.77 (t, JHH = 7.4, 3 H) ppm. 13C{1H} NMR
(CD2Cl2, 20 °C): δ = 133.8 (d, 2JCP = 11.5 Hz, Ph2,6), 132.4 (d, 2JCP

= 12.3 Hz, Ph2�,6�), 131.6 (d, 4JCP = 3.4 Hz, Ph4), 131.7–131.6 (d,
4JCP = 3.4 Hz, Ph4�), 129.9 (d, 3JCP = 12.3 Hz, Ph3,5), 129.1 (d, 3JCP

= 12.3 Hz, Ph3�,5�), 122.1 (d, 1JCP = 52.1 Hz, Ph1), 116.8 (d, JCP =
3.8 Hz, C3), 106.9 (d, JCP = 6.1 Hz, C4), 82.1 (C2), 81.7 (Cp), 50.4
(CH2), 41.6 (d, JCP = 24.5 Hz, C1), 37.1 (d, JCP = 7.7 Hz, CH2),
31.6 (CH2), 22.6 (CH2), 21.9 (CH2), 11.8 (CH3) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 9.3 (PPh2), –142.9 (1JFP = 711.5 Hz,
PF6) ppm.

[RuCp{η3-(P,C,C)-PPh2CHC–(CH2)3–η2-(C,C)-CCHNEt2}]PF6

(3b): This complex has been prepared analogously to 3a with 1b
(100 mg, 0.15 mmol) and 1,6-heptadiyne (19.5 µL, 0.17 mmol) as
the starting materials. Yield: 75 mg (76 %). C28H33F6NP2Ru
(660.58): calcd. C 50.91, H 5.09, N 2.12; found C 50.83, H 5.11, N
2.19. 1H NMR (CD2Cl2, 20 °C): δ = 7.68–7.41 (m, 10 H, Ph), 5.09
(s, 5 H, Cp), 4.01 (d, 2JHP = 4.7 Hz, 1 H, H1), 3.58 (d, JHP = 5.7 Hz,
1 H, H4), 3.01–2.86 (m, 2 H), 2.82–2.51 (m, 6 H), 2.39–2.27 (m, 2
H), 0.96 (t, JHH = 7.1 Hz, 3 H) ppm. 13C{1H} NMR (CD2Cl2,
20 °C): δ = 133.2 (d, 2JCP = 11.9 Hz, Ph2,6), 132.4 (d, 2JCP =
12.3 Hz, Ph2�,6�), 132.1 (d, 4JCP = 3.5 Hz, Ph4), 131.6 (d, 4JCP =
2.3 Hz, Ph4�), 129.8 (d, 3JCP = 11.5 Hz, Ph3,5), 129.0 (d, 3JCP =
11.9 Hz, Ph3�,5�), 125.9 (d, 1JCP = 47.9 Hz, Ph1), 117.8 (d, JCP =
6.9 Hz, C4), 117.4 (d, JCP = 4.6 Hz, C3), 79.1 (d, JCP = 1.5 Hz, Cp),
75.8 (C2), 46.8 (CH2), 40.8 (d, JCP = 24.2 Hz, C1), 36.0 (d, JCP =
7.3 Hz, CH2), 33.2 (CH2), 23.1 (CH2), 12.1 (CH3) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 4.2 (PPh2), –143.0 (1JFP = 710.8 Hz,
PF6) ppm.

[RuCp{η3-(P,C,C)-PPh2CHC–(CH2)3–η2-(C,C)-CCHNC5H10}]PF6

(3c): This complex has been prepared analogously to 3a with 1c
(105 mg, 0.16 mmol) and 1,6-heptadiyne (19 µL, 0.17 mmol) as the
starting materials. Yield: 74 mg (69%). C29H33F6NP2Ru (672.59):
calcd. C 51.79, H 4.95, N 2.08; found C 51.87, H 5.09, N 2.14. 1H
NMR (CD2Cl2, 20 °C): δ = 7.72–7.31 (m, 10 H, Ph), 5.14 (s, 5 H,
Cp), 4.03 (d, 2JHP = 4.7 Hz, 1 H, H1), 3.30 (d, JHP = 5.7 Hz, 1 H,
H4), 3.24–3.09 (m, 1 H), 2.99–2.64 (m, 5 H), 2.39–2.13 (m, 4 H),
1.63–1.37 (m, 6 H) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 133.6
(d, 2JCP = 11.9 Hz, Ph2,6), 132.2 (d, 2JCP = 12.3 Hz, Ph2�,6�), 132.2
(d, 4JCP = 3.3 Hz, Ph4), 131.4–131.6 (d, 4JCP = 3.4 Hz, Ph4�), 129.7

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1006–10211016

(d, 3JCP = 12.3 Hz, Ph3,5), 129.7 (d, 3JCP = 12.3 Hz, Ph3,5), 129.0
(d, 3JCP = 12.3 Hz, Ph3�,5�), 126.5 (d, 1JCP = 50.6 Hz, Ph1), 117.8
(d, JCP = 3.8 Hz, C3), 116.8 (d, JCP = 5.8 Hz, C4), 79.1 (d, JCP =
1.5 Hz, Cp), 76.1 (C2), 52.4 (CH2), 41.3 (d, JCP = 24.2 Hz, C1),
35.7 (d, JCP = 6.9 Hz, CH2), 33.3 (CH2), 24.9 (CH2), 23.2 (CH2),
23.1 (CH2) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ = 8.1 (PPh2),
–142.9 (1JFP = 710.8 Hz, PF6) ppm.

Reaction of 1b with 1,7-Octadiyne in CD2Cl2. Formation of
[RuCp{η3-(P,C,C)–PPh2–CH–C(CH2)4-η2-(C,C)-CCHNEt2}]PF6

(3d) and [RuCp{η1-(P)-PPh2–CH=C(CH2 )4 -η 3- (C,C,N)-
CCHNEt2}]PF6 (4e): A 5-mm NMR tube was charged with 1b
(30 mg, 0.05 mmol) in CD2Cl2 (0.5 mL) and 1,7-octadiyne (6,1 µL,
0.05 mmol) was added by syringe. The reaction was then monitored
by 1H and 31P{1H} NMR spectroscopy. After 20 min both 3d and
4e were formed in an approximately 3:1 ratio. After 5 h this ratio
changed to about 1:6. Because of spectral overlap with 4e only the
most characteristic signals of 3d could be unequivocally assigned.
1H NMR (CD2Cl2, 20 °C): δ = 5.10 (s, 5 H, Cp), 3.53 (d, 2JHP =
4.7 Hz, 1 H, H1), 2.90 (d, JHP = 7.6 Hz, 1 H, H4), 0.83 (t, JHH =
7.1 Hz, 6 H, Et) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ = 3.3
(PPh2), –143.0 (1JFP = 710.8 Hz, PF6) ppm. After heating at 40 °C
for 8 h, the 3d was completely converted to 4e.

Reaction of 1c with 1,7-Octadiyne in CD2Cl2. Formation of [RuCp-
{η3-(P,C,C)–PPh2–CH–C(CH2)4-η2-(C,C)-CCHNC5H10}]PF6 (3e)
a n d [ R u C p { η 1 - ( P ) - P P h 2 – C H = C ( C H 2 ) 4 - η 3 - ( C , C , N ) -
CCHNC5H10}]PF6 (4f): A 5-mm NMR tube was charged with 1c
(34 mg, 0.05 mmol) in CD2Cl2 (0.5 mL) and 1,7-octadiyne (6,1 µL,
0.05 mmol) was added by syringe. The reaction was then monitored
by 1H and 31P{1H} NMR spectroscopy. After 30 min both 3e and
4f were formed in an approximately 8:1 ratio. After 5 h this ratio
changed to about 3:1. Because of spectral overlap with 4f only the
most characteristic signals of 3e could be unequivocally assigned.
1H NMR (CD2Cl2, 20 °C): δ = 5.20 (s, 5 H, Cp), 3.51 (d, 2JHP =
5.1 Hz, 1 H, H1), 2.62 (d, JHP = 7.0 Hz, 1 H, H4) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 7.9 (PPh2), –142.9 (1JFP = 710.8 Hz,
PF6) ppm. After heating at 40 °C for 8 h, 3e was completely con-
verted to 4f.

[RuCp{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-CCHNHnPr}]PF6

(4a): A stirred solution of 3a (50 mg, 0,08 mmol) in CH3NO2

(5 mL) was kept at 90 °C for 3 h. After removal of the solvent un-
der reduced pressure, an orange solid was obtained which was
washed with Et2O (5 mL), and dried under vacuum. Yield: 37 mg
(73%). C27H31F6NP2Ru (646.56): calcd. C 50.16, H 4.83, N 2.17;
found C 49.68, H 4.82, N 2.23. 1H NMR (CD3NO2, 20 °C): δ =
8.01–7.87 (m, 2 H, Ph), 7.68–7.45 (m, 6 H, Ph), 7.33–7.18 (m, 2 H,
Ph), 6.02 (1 H, H4), 5.98 (d, JHP = 10.1 Hz, 1 H, H1), 4.85 (s, 5 H,
Cp), 3.06–2.89 (m, 1 H), 2.86–2.40 (m, 5 H), 2.21–2.00 (m, 2 H),
1.47–1.11 (m, 2 H), 0.59 (t, JHH = 7.4 Hz, 3 H) ppm. The NH
proton could not be detected. 13C{1H} NMR (CD3NO2, 20 °C): δ
= 170.1 (d, JCP = 29.1 Hz, C3), 136.4 (d, 1JCP = 52.1 Hz, Ph1),
134.2 (d, 2JCP = 11.5 Hz, Ph2,6), 131.3 (d, 4JCP = 2.3 Hz, Ph4), 131.2
(d, 1JCP = 41.4 Hz, Ph1�), 130.4 (d, 2JCP = 11.1 Hz, Ph2�,6�), 130.0
(d, 4JCP = 2.7 Hz, Ph4�), 128.8 (d, 3JCP = 10.4 Hz, Ph3,5), 128.7 (d,
3JCP = 11.1 Hz, Ph3�,5�), 111.9 (d, JCP = 47.2 Hz, C1), 85.8 (d, JCP

= 1.9 Hz, C2), 81.3 (d, JCP = 1.9 Hz, Cp), 74.4 (C4), 57.5 (CH2),
35.6 (CH2), 28.9 (d, JCP = 19.2 Hz, CH2), 25.2 (CH2), 24.1 (CH2),
9.6 (CH3) ppm. 31P{1H} NMR (CD3NO2, 20 °C): δ = 70.3
(PPh2), –143.2 (1JFP = 707.4 Hz, PF6) ppm.

[RuCp{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-CCHNEt2}]PF6

(4b): A stirred solution of 3b (50 mg, 0,08 mmol) in CH3NO2

(5 mL) was kept overnight at 80 °C. After removal of the solvent
under reduced pressure, an orange solid was obtained, which was
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washed with Et2O (5 mL), and dried under vacuum. Yield: 45 mg
(85%). C28H33F6NP2Ru (660.58): calcd. C 50.91, H 5.04, N 2.12;
found C 50.60,; H 4.98, N 2.00. 1H NMR (CD3NO2, 20 °C): δ =
8.08–7.88 (m, 2 H, Ph), 7.73–7.34 (m, 6 H, Ph), 7.33–7.16 (m, 2 H,
Ph), 6.35 (d, JHP = 9.8 Hz, 1 H, H1), 6.03 (s, 1 H, H4), 4.76 (s, 5
H, Cp), 3.72–3.51 (m, 1 H), 3.03–2.44 (m, 4 H), 2.27–1.84 (m, 5
H), 1.21 (t, JHH = 7.1 Hz, 3 H), 0.81 (t, JHH = 7.1 Hz, 3 H) ppm.
13C{1H} NMR (CD3NO2, 20 °C): δ = 172.0 (d, JCP = 27.2 Hz, C3),
137.5 (d, 1JCP = 54.4 Hz, Ph1), 134.0 (d, 2JCP = 12.3 Hz, Ph2,6),
131.6 (d, 1JCP = 47.2 Hz, Ph1�), 131.3 (d, 4JCP = 2.3 Hz, Ph4), 130.4
(d, 2JCP = 10.7 Hz, Ph2�,6�), 129.9 (d, 4JCP = 2.3 Hz, Ph4�), 128.7
(d, 3JCP = 10.0 Hz, Ph3,5), 128.6 (d, 3JCP = 10.7 Hz, Ph3�,5�), 117.4
(d, JCP = 47.9 Hz, C1), 91.3 (d, JCP = 3.1 Hz, C2), 82.2 (d, JCP =
1.9 Hz, Cp), 79.1 (d, JCP = 1.5 Hz, C4), 58.3 (CH2), 44.1 (d, JCP =
8.8 Hz, CH2), 38.4 (CH2), 28.8 (d, JCP = 19.6 Hz, CH2), 25.1
(CH2), 13.8 (CH3), 12.1 (CH3) ppm. 31P{1H} NMR (CD2Cl2,
20 °C): δ = 74.1 (PPh2), –143.3 (1JFP = 707.1 Hz, PF6) ppm.

[RuCp{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-CCHNC5H10}]PF6

(4c): A stirred solution of 3c (50 mg, 0,07 mmol) in CH3NO2

(5 mL) was kept at 90 °C for 3 h. After removal of the solvent un-
der reduced pressure, an orange solid was obtained, which was
washed with Et2O (5 mL) and dried under vacuum. Yield: 38 mg
(81%). C29H33F6NP2Ru (672.59): calcd. C 51.79, H 4.95, N 2.08;
found C 51.33, H 5.03, N 2.11. 1H NMR (CD3NO2, 20 °C): δ =
8.06–7.89 (m, 2 H, Ph), 7.68–7.32 (m, 6 H, Ph), 7.30–7.14 (m, 2 H,
Ph), 6.33 (d, JHP = 9.8 Hz, 1 H, H1), 6.12 (1 H, H4), 4.73 (s, 5 H,
Cp), 3.39–3.05 (m, 2 H), 2.99–0.96 (m, 14 H) ppm. 13C{1H} NMR
(CD3NO2, 20 °C): δ = 171.7 (d, JCP = 28.0 Hz, C3), 137.8 (d, 1JCP

= 54.1 Hz, Ph1), 134.1 (d, 2JCP = 11.9 Hz, Ph2,6), 131.9 (d, 1JCP =
44.9 Hz, Ph1�), 131.2 (d, 4JCP = 2.3 Hz, Ph4), 130.3 (d, 2JCP =
10.7 Hz, Ph2�,6�), 129.8 (d, 4JCP = 2.3 Hz, Ph4�), 128.9 (d, 3JCP =
10.0 Hz, Ph3,5), 128.6 (d, 3JCP = 10.4 Hz, Ph3�,5�), 117.3 (d, JCP =
47.9 Hz, C1), 91.5 (d, JCP = 3.1 Hz, C2), 82.3 (d, JCP = 1.9 Hz, Cp),
79.0 (C4), 68.0 (CH2), 52.6 (d, JCP = 7.7 Hz, CH2), 38.1 (CH2),
28.9 (d, JCP = 19.9 Hz, CH2), 27.3 (CH2), 24.8 (d, JCP = 1.5 Hz,
CH2), 22.3 (CH2) ppm. 31P{1H} NMR (CD3NO2, 20 °C): δ = 73.3
(PPh2), –143.2 (1JFP = 707.1 Hz, PF6) ppm.

[RuCp{η1-(P)-PPh2–CH=C–(CH2)4–η3-(C,C,N)-CH–NnPr}]PF6

(4d): 1.1 equiv. of 1,7-octadiyne (21.9 µL, 0.17 mmol) was added to
a solution of 1a (100 mg, 0.16 mmol) in CH2Cl2 (10 mL) and the
mixture was heated for 8 h at 40 °C. After removal of the solvent
under reduced pressure, an orange solid was obtained, which was
washed with Et2O (5 mL) and dried under vacuum. Yield: 82 mg
(78%). C29H35F6NP2Ru (674.61): calcd. C 51.63, H 5.23, N 2.08;
found C 51.60, H 5.11, N 2.04. 1H NMR (CD2Cl2, 20 °C): δ =
7.92–7.76 (m, 2 H, Ph), 7.68–7.40 (m, 6 H, Ph), 7.37–7.20 (m, 2 H,
Ph), 6.17 (d, JHP = 7.1 Hz, 1 H, H4), 5.95 (d, 2JHP = 10.1 Hz, 1 H,
H1), 4.78 (s, 5 H, Cp), 3.16–2.88 (m, 2 H), 2.84–2.62 (m, 1 H),
2.47–2.07 (m, 4 H), 1.94–1.61 (m, 2 H), 1.57–1.23 (m, 3 H), 0.72
(t, JHH = 7.4 Hz, 3 H) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ =
165.8 (d, JCP = 26.5 Hz, C3), 136.5 (d, 1JCP = 52.5 Hz, Ph1), 134.1
(d, 2JCP = 11.9 Hz, Ph2,6), 131.8 (d, 4JCP = 2.3 Hz, Ph4), 130.9 (d,
1JCP = 48.7 Hz, Ph1�), 130.4 (d, 4JCP = 2.3 Hz, Ph4�), 130.3 (d, 2JCP

= 11.5 Hz, Ph2�,6�), 129.2 (d, 3JCP = 10.4 Hz, Ph3,5), 129.0 (d, 3JCP

= 10.7 Hz, Ph3�,5�), 119.9 (d, JCP = 46.0 Hz, C1), 84.2 (d, JCP =
1.9 Hz, C2), 81.8 (d, JCP = 1.9 Hz, Cp), 72.0 (C4), 57.6 (CH2), 41.1
(CH2), 35.7 (d, JCP = 20.3 Hz, CH2), 29.1 (CH2), 27.7 (CH2), 24.7
(CH2), 10.4 (CH3) ppm.

[RuCp{η1-(P)-PPh2–CH=C–(CH2)4–η3-(C,C,N)-CH–NEt2}]PF6

(4e): This complex was prepared analogously to 4d with 1b
(100 mg, 0.15 mmol) and 1,7-octadiyne (20.8 µL, 0.17 mmol) as
starting materials. Yield: 56 mg (55%). C30H37F6NP2Ru (688.64):
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calcd. C 52.33 H 5.42, N 2.03; found C 52.25, H 5.46, N 2.12.1H
NMR (CD2Cl2, 20 °C): δ = 7.96–7.79 (m, 2 H, Ph), 7.66–7.39 (m,
6 H, Ph), 7.34–7.18 (m, 2 H, Ph), 6.21 (d, JHP = 9.8 Hz, 1 H, H1),
6.06 (s, 1 H, H4), 4.69 (s, 5 H, Cp), 3.78–3.57 (m, 1 H), 3.28–3.12
(m, 1 H), 2.72–2.40 (m, 2 H), 2.34–1.68 (m, 8 H), 1.22 (t, JHH =
7.0 Hz, 3 H), 0.89 (t, JHH = 7.1 Hz, 3 H) ppm. 13C{1H} NMR
(CD2Cl2, 20 °C): δ = 169.5 (d, JCP = 25.3 Hz, C3), 137.8 (d, 1JCP

= 54.1 Hz, Ph1), 134.1 (d, 2JCP = 12.3 Hz, Ph2,6), 131.8 (d, 4JCP =
2.3 Hz, Ph4), 131.1 (d, 1JCP = 45.6 Hz, Ph1�), 130.3 (d, 4JCP =
2.3 Hz, Ph4�), 130.3 (d, 2JCP = 10.7 Hz, Ph2�,6�), 129.0 (d, 3JCP =
10.3 Hz, Ph3,5), 122.5 (d, JCP = 48.0 Hz, C1), 90.8 (d, JCP = 2.7 Hz,
C2), 82.7 (d, JCP = 1.9 Hz, Cp), 79.8 (C4), 58.4 (CH2), 44.9 (CH2),
43.8 (d, JCP = 6.5 Hz, CH2), 36.2 (d, JCP = 21.5 Hz, CH2), 29.9
(CH2), 28.3 (CH2), 14.2 (CH3), 12.9 (CH3) ppm. 31P{1H} NMR
(CD2Cl2, 20 °C): δ = 76.3 (PPh2), –142.9 (1JFP = 710.8 Hz, PF6)
ppm.

[RuCp{η1-(P)-PPh2–CH=C–(CH2)4–η3-(C,C,N)-CH–NC5H10}]PF6

(4f): This complex was prepared analogously to 4d with 1b (100 mg,
0.15 mmol) and 1,7-octadiyne (20.8 µL, 0.17 mmol) as starting ma-
terials. Yield: 72 mg (70 %). C30H35F6NP2Ru (686.62): calcd. C
52.48, H 5.14, N 2.04; found C 52.27, H 5.18, N 2.18. 1H NMR
(CD2Cl2, 20 °C): δ = 8.00–7.77 (m, 2 H, Ph), 7.72–7.36 (m, 6 H,
Ph), 7.33–7.14 (m, 2 H, Ph), 6.18 (d, 2JHP = 9.5 Hz, 1 H, H1), 6.14
(1 H, H4), 4.68 (s, 5 H, Cp), 3.41–3.07 (m, 3 H), 2.66–2.40 (m, 1
H), 2.38–1.51 (m, 11 H), 1.43–0.99 (m, 3 H) ppm. 13C{1H} NMR
(CD2Cl2, 20 °C): δ = 169.3 (d, JCP = 25.7 Hz, C3), 138.1 (d, 1JCP

= 53.7 Hz, Ph1), 134.2 (d, 2JCP = 12.3 Hz, Ph2,6), 131.7 (d, 4JCP =
2.3 Hz, Ph4), 131.3 (d, 1JCP = 45.6 Hz, Ph1�), 130.2 (d, 2JCP =
11.1 Hz, Ph2�,6�), 130.1 (d, 4JCP = 2.3 Hz, Ph4�), 129.2 (d, 3JCP =
10.0 Hz, Ph3,5), 128.9 (d, 3JCP = 10.7 Hz, Ph3�,5�), 122.2 (d, JCP =
47.5 Hz, C1), 91.0 (d, JCP = 2.7 Hz, C2), 82.7 (d, JCP = 1.9 Hz, Cp),
77.2 (C4), 68.7 (CH2), 44.6 (CH2), 36.5 (d, JCP = 21.5 Hz, CH2),
30.0 (CH2), 28.3 (CH2), 27.9 (CH2), 27.4 (CH2), 22.7 (CH2) ppm.
31P{1H} NMR (CD2Cl2, 20 °C): δ = 76.2 (PPh2), –142.9 (1JFP =
710.8 Hz, PF6) ppm.

[RuCp{=C(NEt2)-η2-(C,C)-C–(CH2)3–CCH2-(η1-(P)-PPh2)}]PF6

(5a): A solution of 4b (96 mg, 0.15 mmol) in acetonitrile was heated
at 90 °C for 12 h. After removal of the solvent under reduced pres-
sure, an orange solid was obtained, which was washed with Et2O
( 5 m L ) a n d d r i e d u n d e r va c u u m . Yi e l d : 70 mg (7 1 % ) .
C29H35F6NP2Ru (688.64): calcd. C 52.33, H 5.42, N 2.03; found C
52.57, H 5.27, N 2.11. 1H NMR (CD3CN, 20 °C): δ = 7.68–7.31
(m, 10 H, Ph), 4.95 (s, 5 H, Cp), 4.06–3.79 (m, 3 H, CH2, H1),
3.77–3.47 (m, 3 H, CH2, H1�), 2.82–2.55 (m, 2 H), 2.27–2.07 (m, 1
H), 2.03–1.74 (m, 2 H), 1.58–1.35 (m, 1 H), 1.12 (t, JHH = 7.3 Hz,
3 H), 0.84 (t, JHH = 7.3 Hz, 3 H) ppm. 13C{1H} NMR (CD3CN,
20 °C): δ = 225.2 (d, JCP = 13.0 Hz, C4), 137.5 (d, 1JCP = 46.8 Hz,
Ph1), 132.4 (d, 2JCP = 12.3 Hz, Ph2,6), 131.3 (d, 1JCP = 36.0 Hz,
Ph1�), 131.0 (d, 2JCP = 11.5 Hz, Ph2�,6�), 130.9 (d, 4JCP = 3.1 Hz,
Ph4), 130.4 (d, 4JCP = 3.1 Hz, Ph4�), 128.9 (d, 3JCP = 10.7 Hz,
Ph3,5), 128.6 (d, 3JCP = 10.7 Hz, Ph3�,5�), 83.3 (Cp), 73.8 (d, JCP =
16.1 Hz, C2), 71.7 (d, JCP = 3.1 Hz, C3), 51.7 (d, JCP = 26.8 Hz,
CH2), 37.7 (d, JCP = 7.7 Hz, CH2), 37.0 (d, JCP = 35.3 Hz, CH2,
C1), 32.7 (CH2), 22.5 (CH2), 13.2 (CH3), 12.4 (CH3) ppm. 31P{1H}
NMR (CD3CN, 20 °C): δ = –34.3 (PPh2), –143.1 (1JFP = 706.8 Hz,
PF6) ppm.

Isomerization of 3c to 4c and [RuCp{=C(NC5H10)-η2-(C,C)-C–
(CH2)3–CCH2-(η1-(P)-PPh2)}]PF6 (5b): A 5-mm NMR tube was
charged with 3c (30 mg, 0.04 mmol) in CD3CN (0.5 mL) and
heated to 90 °C. The reaction was then monitored by 1H and
31P{1H} NMR spectroscopy. After 48 h both 4c and 5b were
formed in an approximately 3:1 ratio. Because of spectral overlap
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with 4c only the most characteristic signals of 5b could be unequiv-
ocally assigned. 1H NMR (CD3CN, 20 °C): δ = 4.93 (s, 5 H, Cp),
3.66–3.49 (m, 2 H, H1) ppm. 13C{1H} NMR (CD3CN, 20 °C): δ =
222.9 (d, JCP = 12.3 Hz, C4), 83.2 (Cp), 74.3 (d, JCP = 16.9 Hz,
C2), 71.2 (C3), 36.7 (d, JCP = 35.3 Hz, CH2, C1) ppm. 31P{1H}
NMR (CD3CN, 20 °C): δ = –37.8 (PPh2), –144.6 (1JFP = 707.7 Hz,
PF6) ppm.

[RuCp*{η1-(N)-NnPrPPh2–η4-CH=C–(CH2)3–C=CH2}]PF6 (6a):
1 equiv. of 1,6-heptadiyne (16 µL, 0.14 mmol) was added to a solu-
tion of 2a (100 mg, 0.14 mmol) in CH2Cl2 (5 mL) and the mixture
was stirred for 2 h at room temperature. After that the volume of
the solution was reduced to about 1 mL and Et2O (5 mL) was
added whereupon a precipitate was formed. The yellow solid was
washed with Et2O (2 × 5 mL) and dried under vacuum. Yield:
68 mg (68%). C32H41F6NP2Ru (716.69): calcd. C 53.63, H 5.77, N
1.95; found C 54.01, H 5.56, N 2.06. 1H NMR (CD2Cl2, 20 °C): δ
= 7.78–7.32 (m, 10 H, Ph), 3.88 (d, JHH = 3.5 Hz, 1 H, H4), 3.52–
3.31 (m, 2 H), 3.18 (d, 2JHP = 16.3 Hz, 1 H, H1), 2.64 (d, JHH =
3.3 Hz, 1 H, H4�), 2.56–2.40 (m, 1 H), 2.39–2.28 (m, 2 H), 2.27–
2.06 (m, 3 H), 1.67 (s, 15 H, Cp*), 1.34–1.20 (m, 2 H), 0.70 (t, JHH

= 7.3 Hz, 3 H) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 133.5–
128.5 (Ph), 119.1 (C2), 112.5 (C3), 98.1 (Cp*), 50.4 (CH2), 46.7
(C4), 37.0 (d, JCP = 7.7 Hz, CH2), 35.3 (CH2), 29.8 (CH2), 22.0 (d,
JCP = 112.7 Hz, C1), 20.5 (CH2), 11.2 (CH3), 9.2 (Cp*) ppm.
31P{1H} NMR (CD2Cl2, 20 °C): δ = 47.5 (PPh2), –144.4 (1JFP =
710.8 Hz, PF6) ppm.

[RuCp*{η1-(N)-NnPrPPh2–η4-CH=C–(CH2)4–C=CH2}]PF6 (6b):
This complex was prepared analogously to 6a with 2a (100 mg,
0.14 mmol) and 1,7-octadiyne (19 µL, 0.14 mmol) as the starting
materials. Yield: 64 mg (63%). C33H43F6NP2Ru (730.72): calcd. C
54.24, H 5.93, N 1.29; found C 54.35, H 5.88, N 1.22. 1H NMR
(CD2Cl2, 20 °C): δ = 7.78–7.26 (m, 10 H, Ph), 3.70 (d, JHH =
3.5 Hz, 1 H, H4), 3.15–2.87 (m, 2 H), 2.76 (d, 2JHP = 13.6 Hz, 1
H, H1), 2.61–2.28 (m, 2 H), 2.43 (d, JHH = 3.8 Hz, 1 H, H4�), 1.90–
1.72 (m, 4 H), 1.69 (s, 15 H, Cp*), 1.59–1.49 (m, 4 H), 0.74 (t, JHH

= 7.3 Hz, 3 H) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 135.9–
126.9 (Ph), 113.3 (C2), 105.4 (C3), 99.1 (Cp*), 51.3 (d, JCP = 3.1 Hz,
CH2), 48.6 (C4), 30.7 (d, JCP = 8.4 Hz, CH2), 30.4 (CH2), 29.7
(CH2), 23.5 (d, JCP = 108.1 Hz, C1), 21.7 (d, JCP = 1.2 Hz, CH2),
21.4 (CH2), 11.2 (CH2), 9.5 (Cp*) ppm. 31P{1H} NMR (CD2Cl2,
20 °C): δ = 55.7 (PPh2), –142.9 (1JFP = 710.8 Hz, PF6) ppm.

Reaction of 2b with 1,6-Heptadiyne in CD2Cl2. Formation of
[RuCp*{η3-(P,C,C)–PPh2–CH–C(CH2)4–η2-(C,C)-CCHNEt2}]PF6

(7) and [RuCp*{η1-(P)-PPh2–CH=C–(CH2)3–η3-(C,C,N)-
CCHNEt2}]PF6 (8a): A 5-mm NMR tube was charged with 2b
(56 mg, 0.08 mmol) in CD2Cl2 (0.5 mL) and 1,6-heptadiyne
(8.9 µL, 0.08 mmol) was added by syringe. The reaction was then
monitored by 1H and 31P{1H} NMR spectroscopy. After 10 min
both 7 and 8a were formed in an approximately 1:1 ratio. Because
of spectral overlap with one another only the most characteristic
signals of 7 and 8a could be unequivocally assigned. 7: 1H NMR
(CD2Cl2, 20 °C): δ = 4.17 (d, 2JHP = 4.3 Hz, 1 H, H1), 3.7 (d, JHP

= 4.4 Hz, 1 H, H4), 1.67 (d, JHP = 1.9 Hz, 15 H, Cp*) ppm.
13C{1H} NMR (CD2Cl2, 20 °C): δ = –10.0 (PPh2), –144.4 (1JFP =
710.2 Hz, PF6). 8a: 1H NMR (CD2Cl2, 20 °C): δ = 6.08 (d, 2JHP =
8.4 Hz, 1 H, H1), 5.17 (s, 1 H, H4), 1.48 (d, JHP = 1.6 Hz, 15 H,
Cp*) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ = 67.8 (PPh2), –144.4
(1JFP = 710.2 Hz, PF6) ppm.

[RuCp*{η1-(P)-PPh2CH=C–(CH2)3–η3-(C,C,N)-C=CH–N-
(CH2)5}]PF6 (8b): 1,6-Heptadiyne (16 µL, 0.14 mol) was added to
a solution of 2c (100 mg, 0.14 mmol) in CH2Cl2 (5 mL) and the
mixture was stirred for 2 h at room temperature. The volume of the
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solution was then reduced to about 1 mL. Addition of 5 mL of
Et2O resulted in the formation of a yellow precipitate, which was
washed with Et2O (2 × 5 mL) and dried under vacuum. Yield:
83 mg (82%). C34H43F6NP2Ru (742.73): calcd. C 54.98, H 5.84, N
1.89; found C 54.84, H 5.76, N 1.93. 1H NMR (CD2Cl2, 20 °C): δ
= 7.76–6.99 (m, 10 H, Ph), 6.05 (d, JHP = 8.7 Hz, 1 H, H1), 5.07
(s, 1 H, H4), 3.23–2.92 (m, 2 H), 2.88–2.69 (m, 2 H), 2.66–2.43 (m,
2 H), 2.41–1.92 (m, 3 H), 1.91–1.53 (m, 3 H), 1.48 (s, 15 H, Cp*),
1.35–1.01 (m, 4 H) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 169.8
(d, JCP = 28.4 Hz, C3), 134.1 (d, 1JCP = 49.8 Hz, Ph1), 132.3 (d,
2JCP = 10.7 Hz, Ph2,6,2�,6�), 131.6 (Ph4), 131.5 (d, 1JCP = 40.6 Hz,
Ph1�), 130.3 (C4�), 129.2 (d, 3JCP = 9.2 Hz, Ph3,5), 128.7 (d, 3JCP =
9.2 Hz, Ph3�,5�), 119.7 (d, 1JCP = 46.0 Hz, C1), 92.8 (Cp*), 91.4 (d,
JCP = 3.1 Hz, C2), 85.9 (C4), 64.7 (CH2), 51.4 (d, JCP = 6.9 Hz,
CH2), 36.5 (CH2), 29.1 (d, JCP = 19.2 Hz, CH2), 27.7 (d, JCP =
17.6 Hz, CH2), 25.7 (CH2), 22.8 (CH2), 9.6 (Cp*) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 68.7 (PPh2), –144.4 (1JFP = 710.8 Hz,
PF6) ppm.

[RuCp*{η1-(P)-PPh2CH=C–(CH2)4–η3-(C,C,N)-C=CH–NEt2}]PF6

(8c): This complex was prepared analogously to 8b with 2b
(100 mg, 0.14 mmol) and 1,7-octadiyne (16 µL, 0.14 mmol) as the
starting materials. Yield: 75 mg (72%). C34H45F6NP2Ru (744.74):
calcd. C 54.83, H 6.09, N 1.88; found C 54.62, H 6.19, N 1.98. 1H
NMR (CD2Cl2, 20 °C): δ = 7.90–7.10 (m, 10 H, Ph), 6.08 (d, 2JHP

= 8.5 Hz, 1 H, H1), 5.22 (s, 1 H, H4), 3.58 (m, 1 H), 3.16 (m, 1
H�), 2.59 (m, 1 H), 2.27–1.94 (m, 5 H), 1.93–1.53 (m, 4 H), 1.46
(d, JHP = 1.8 Hz 15 H, Cp*), 1.16 (t, JHH = 7.2 Hz, 3 H, CH3),
0.84 (t, JHH = 7.2 Hz, 3 H, CH3) ppm. 13C{1H} NMR (CD2Cl2,
20 °C): δ = 167.1 (d, JCP = 26.8 Hz, C3), 134.6 (d, 1JCP = 49.8 Hz,
Ph1), 132.5 (d, 2JCP = 10.7 Hz, Ph2,6,2�,6�), 131.7 (d, 1JCP = 41.4 Hz,
Ph1�), 131.6 (d, JCP = 2.3 Hz, Ph4), 130.4 (d, JCP = 3.1 Hz, Ph4�),
128.9 (d, JCP = 9.2 Hz, Ph3,5), 128.7 (d, JCP = 10.0 Hz, Ph3�,5�),
126.1 (d, JCP = 46.8 Hz, C1), 92.9 (Cp*), 88.9 (d, JCP = 3.1 Hz,
C2), 88.1 (C4), 55.7 (CH2), 42.0 (CH2), 41.7 (d, JCP = 6.1 Hz, CH2),
35.9 (d, JCP = 20.7 Hz, CH2), 29.6 (CH2), 27.9 (CH2), 12.8 (CH3),
12.6 (CH3), 9.2 (Cp*) ppm. 31P{1H} NMR (CD2Cl2, 20 °C): δ =
70.5 (PPh2), –144.4 (1JFP = 710.5 Hz, PF6) ppm.

[RuCp*{η1-(P)-PPh2CH=C–(CH2)4–η3-(C,C,N)-C=CH–N-
(CH2)5}]PF6 (8d): This complex was prepared analogously to 8b
with 2c (100 mg, 0.14 mmol) and 1,7-octadiyne (19 µL, 0.14 mmol)
as the starting materials. Yield: 80 mg (77 %). C35H45F6NP2Ru
(756.75): calcd. C 55.55, H 5.99, N 1.85; found C 56.00, H 5.89, N
1.69. 1H NMR (CD2Cl2, 20 °C): δ = 7.77–7.32 (m, 10 H, Ph), 6.02
(d, JHP = 8.5 Hz, 1 H, H1), 5.17 (s, 1 H, H4), 3.18–2.90 (m, 4 H),
2.48–2.20 (m, 2 H), 2.19–2.96 (m, 4 H), 1.90–1.50 (m, 6 H), 1.45
(d, JHP = 1.7 Hz, 15 H, Cp*), 1.39–1.24 (m, 2 H) ppm. 13C{1H}
NMR (CD2Cl2, 20 °C): δ = 166.4 (d, JCP = 26.1 Hz, C3), 134.7 (d,
1JCP = 49.8 Hz, Ph1), 132.6 (d, 2JCP = 10.0 Hz, Ph2,6), 132.2 (d,
2JCP = 9.2 Hz, Ph2�,6�), 131.6 (Ph4), 131.6 (d, 1JCP = 48.3 Hz, Ph1�),
130.4 (C4�), 129.1 (d, 3JCP = 10.0 Hz, Ph3,5), 128.7 (d, 3JCP =
10.0 Hz, Ph3�,5�), 126.2 (d, 1JCP = 46.0 Hz, C1), 92.8 (Cp*), 89.5
(C2), 84.4 (C4), 65.2 (CH2), 52.6 (d, JCP = 4.6 Hz, CH2), 45.8
(CH2), 41.8 (CH2), 36.1 (d, JCP = 20.7 Hz, CH2), 29.7 (CH2), 28.0
(d, JCP = 17.6 Hz, CH2), 27.9 (CH2), 23.0 (CH2), 9.7 (Cp*) ppm.
31P{1H} NMR (CD2Cl2, 20 °C): δ = 72.2 (PPh2), –144.4 (1JFP =
710.8 Hz, PF6) ppm.

Formation of [RuCp{κ1(P)-PPh2NHNMe2}(CH3CN)2]PF6 (9) and
[RuCp{κ2(P,N)-PPh2NHNMe2} (CH3CN)]PF6 (10): PPh2NHNMe2

(188 mg, 0.77 mmol) was added to a solution of [RuCp(CH3CN)3]-
PF6 (335 mg, 0.77 mmol) in CH2Cl2 (5 mL) and the mixture was
stirred for 2 h at room temperature. The volume of the solution
was then reduced to about 1 mL and Et2O (5 mL) was added. A
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yellow precipitate was formed, which was collected on a glass frit,
washed with Et2O (3×10 mL), and dried under vacuum. 1H NMR
spectroscopy revealed that 9 and 10 were formed in an approxi-
mately 5:1 ratio. If the same reaction was performed in the presence
of acetonitrile (40 µL, 0.77 mmol), complex 9 was exclusively ob-
tained. Yield: 398 mg (84%). C23H28F6N4P2Ru (637.51): calcd. C
43.33, H 4.43, N 8.79; found C 42.98; H 4.50, N 8.61. 1H NMR
(CD2Cl2, 20 °C): δ = 7.74–7.54 (m, 4 H, Ph), 7.53–7.39 (m, 6 H,
Ph), 4.45 (s, 5 H, Cp), 3.51 (d, 2JHP = 34.1 Hz, 1 H, NH), 2.27 (6
H, CH3), 2.26 (d, JHP = 1.3 Hz, 6 H, CH3CN) ppm. 13C{1H} NMR
(CD2Cl2, 20 °C): δ = 136.2 (d, 1JCP = 51.7 Hz, Ph1), 132.6 (d, 2JCP

= 12.1 Hz, Ph2,6), 130.2 (d, 4JCP = 2.3 Hz, Ph4), 127.9 (d, 3JCP =
9.8 Hz, Ph3,5), 127.0 (CH3CN), 76.4 (d, JCP = 2.9 Hz, Cp), 49.9 (d,
JCP = 3.4 Hz, CH3) 3.8 (d, JCP = 1.2 Hz, CH3CN) ppm. 31P{1H}
NMR (CD2Cl2, 20 °C): δ = 90.6 (PPh2), –142.9 (1JFP = 710.8 Hz,
PF6) ppm. All attempts to grow crystals of 9 were unsuccessful.
Crystals of 10 were grown by diffusion of diethyl ether into a
CH2Cl2 solution of the reaction mixture containing 9 and 10. 10:
1H NMR (CD2Cl2, 20 °C): δ = 7.72–7.36 (m, 10 H, Ph), 4.48 (s, 5
H, Cp), 3.35 (s, 3 H, Me), 2.82 (s, 3 H, Me), 2.14 (d, JHP = 1.6 Hz,
CH3CN) ppm. The NH proton could not be detected. 13C{1H}
NMR (CD2Cl2, 20 °C): δ = 132.9–128.5 (Ph), 128.1 (CH3CN), 73.0
(Cp), 63.9 (CH3), 57.8 (CH3), 3.85 (CH3CN) ppm. 31P{1H} NMR
(CD2Cl2, 20 °C): δ = 61.4 (PPh2), –142.9 (1JFP = 711.5 Hz, PF6)
ppm.

X-ray Structure Determination: Crystals of 1a, 2a, 3c, 3f, 4a, 5a,
6a, 6b, 8c·CH2Cl2, 8d, and 10 were obtained by diffusion of Et2O
or pentane into CH2Cl2 solutions. Crystal data and experimental
details are given in Table 1 and Table 2. X-ray data were collected
with a Bruker Smart APEX CCD area detector diffractometer
using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å)
and 0.3° ω-scan frames covering mostly complete spheres of the
reciprocal space. Corrections for absorption (multi-scan method),
λ/2 effects, and crystal decay were applied.[24] The structures were
solved by direct methods using the program SHELXS97.[25] Struc-

Table 2. Details for the crystal structure determinations of complexes 6a, 6b, 8c·CH2Cl2, 8d, and 10.

6a 6b 8c·CH2Cl2 8d 10

Empirical formula C32H41F6NP2Ru C33H43F6NP2Ru C35H47Cl2F6NP2Ru C35H45F6NP2Ru C21H25F6N3P2Ru
Formula mass 716.67 730.69 829.65 756.73 596.45
Crystal size [mm] 0.48×0.26×0.22 0.71×0.32×0.22 0.56×0.48×0.42 0.40×0.27×0.17 0.62×0.33×0.26
Space group P212121 (no. 19) P1 (no. 1) Pna21 (no. 33) Pbca (no. 61) P212121 (no. 19)
a [Å] 9.8943(4) 10.9184(5) 17.2512(7) 18.9953(9) 7.9113(49)
b [Å] 16.3485(7) 12.1773(5) 13.7579(6) 18.2714(8) 15.3880(8)
c [Å] 19.3928(8) 20.3660(8) 15.7043(7) 19.2964(9) 19.3607(10)
α [°] 90 96.037(1) 90 90 90
β [°] 90 103.790(1) 90 90 90
γ [°] 90 109.460(1) 90 90 90
V [Å3] 3136.9(2) 2428.6(2) 3727.3(3) 6697.2(5) 2357.0(2)
Z 4 3 4 8 4
ρcalcd [g/cm3] 1.517 1.499 1.478 1.501 1.681
T [K] 173(2) 173(2) 173(2) 173(2) 173(2)
µ [mm–1] (Mo-Kα) 0.661 0.642 0.706 0.623 0.863
F(000) 1472 1128 1704 3120 1200
θmax [°] 30 30 30 30 30
Measured reflections 35175 45589 80284 96310 35290
Unique reflections 9048 28007 10830 9743 6675
No. of reflections I � 2σ(I) 8633 27374 10223 7562 6858
Parameters 385 1202 435 417 302
R1 [I � 2σ(I)][a] 0.0313 0.0271 0.0288 0.0325 0.0211
R1 (all data) 0.0335 0.0279 0.0325 0.0505 0.0219
wR2 (all data) 0.0846 0.0714 0.0807 0.0765 0.0540
∆ρmin/max [e/Å3] –0.34/0.80 –0.42/0.94 –0.77/1.01 –0.34/0.46 –0.44/0.46

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = {Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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ture refinement on F2 was carried out with the program
SHELXL97.[24] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were inserted in idealized positions and were
refined riding with the atoms to which they were bonded, except
for N-bound hydrogen atoms, which were refined in x,y,z if permit-
ted by data quality.[26] Compound 6b crystallizes in the acentric
triclinic space group P1 (no. 1) with three independent Ru com-
plexes in the unit cell. Two of these three complexes adopt a pseu-
docentric arrangement (pseudo space group P1̄) while the third
complex does not comply with this symmetry. In Figure 8 only the
first of these three complexes is shown as a representative example.

CCDC-286740 to -286750 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: All calculations were performed using the
Gaussian98 software package on the Silicon Graphics Origin 2000
of the Vienna University of Technology.[27] The geometry and en-
ergy of the model complexes and the transition states were opti-
mized at the B3LYP level[28] with the Stuttgart/Dresden ECP
(SDD) basis set[29] to describe the electrons of the ruthenium atom.
For the C, N, P, and H atoms the 6-31g** basis set was em-
ployed.[30] A vibrational analysis was performed to confirm that the
structures of the model compounds have no imaginary frequency.
Transition state optimizations were performed with the Synchro-
nous Transit-Guided Quasi-Newton Method (STQN) developed by
Schlegel et al.[31] Frequency calculations were performed to confirm
the nature of the stationary points, yielding one imaginary fre-
quency for the transition states and none for the minima. The vi-
brational eigenvectors corresponding to the reaction coordinate
(with imaginary frequency) of all transition states were visually
checked to confirm the connectivity of transition states with the
reactants and the products. Crucial transition states have been con-
firmed by IRC calculations. All geometries were optimized without
symmetry constraints.
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Mono- and dinuclear copper(II) complexes [Cu(L1OH)]-
(CF3SO3)2 (1) and [Cu2(L2O)](CF3SO3)3 (2) have been synthe-
sized and characterized by X-ray crystallography. Complexes
1 and 2 were then tested as catalysts for the hydrolysis of
bis(p-nitrophenyl)phosphate (BNPP). At pH 6, the dinuclear
complex 2 was found to be 20-fold more active than complex
1 and the reaction up to 600-fold faster than the un-promoted
reaction. On the basis of potentiometric studies, we were

Introduction

During the last decade, there has been increasing interest
in the development of metal complexes which promote the
hydrolysis of phosphate ester linkages.[1,2] The main ap-
proach developed in this domain concerns the design of
functional models for hydrolytic metalloenzymes. Beside
their important roles in the understanding of their mecha-
nisms, the development of hydrolytic metalloenzyme mim-
ics are of great importance in biotechnology for the design
of synthetic nucleases which could be used as artificial re-
striction enzymes. On the other hand, since a number of
phosphate esters and related phosphorus() compounds are
used in agriculture as pesticides or, unfortunately, as potent
nerve agents in chemical weaponry (mustard gases), the de-
velopment of catalytic systems able to hydrolyze and de-
stroy such compounds is of considerable environmental and
medicinal importance.

Among the metalloenzymes which catalyze the hydrolysis
of the phosphate ester linkage, metallonucleases are impor-
tant because they are ubiquitous and essential for living or-
ganisms.[3] Certainly, due to its high natural abundance and
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able to demonstrate that the bis(aqua)copper complex was
the active species by the formation of a ternary complex in
which one copper atom binds to a hydroxide and the second,
to the substrate. We also propose that BNPP reacts with the
bis(aqua)copper complex to give a stable, hydrolytically in-
active BNPP-2 complex (3).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

good Lewis acid properties, Mg2+ is the most important
metal encountered in nuclease active sites. Multinuclear
transition metal centers with Zn2+, Mn2+ and Fe2+ are
often present too. As examples, in enzymes which hydrolyze
phosphodiesters into phosphomonoesters, the active site of
alkaline phosphatase contains a dinuclear Zn2+ core,[4]

while the active site present in purple acid phosphatases
(PAPs) contains one Fe3+ associated to a Fe2+ (or Zn2+,
Mn2+).[5] In the commonly disclosed mechanism, one of the
metal ions (the one with the highest Lewis acidity) favors
the formation and co-ordination of a hydroxide ion at phys-
iological pH, while the second one activates the phosphate
ester group for intramolecular nucleophilic attack by the
adjacent hydroxide. On the basis of this mechanism, nucle-
ase mimics incorporating dinuclear metal centers with
Co,[6,7] Ln,[8,9] Zn[10,11] and Fe[12] were recently published as
efficient bioinspired catalysts for phosphoester hydrolysis.

While the copper ion has never been identified as a co-
factor in natural nucleases, Cu2+ exhibits some interesting
features rendering it attractive for artificial nucleases: (i)
Cu2+ is substitutionally labile and at the same time a strong
Lewis acid necessary for the activation of the phosphodies-
ter bond towards nucleophilic attack and (ii) Cu2+ lowers
the pKa of coordinated water, thereby providing metal-
bound hydroxide at near-neutral pH. That is why binu-
clear[13,14] complexes of Cu2+ have also been described as
efficient bioinspired catalysts in phosphoester hydrolysis.

The importance of nuclearity (mononuclear vs. dinu-
clear) was clearly demonstrated for Fe3+.[12] The situation
is less clear for copper since mononuclear Cu2+ complexes
were also reported in the literature as agents with good ac-
tivity.[15,16] We report in this paper the kinetics of BNPP
hydrolysis by the dinuclear [Cu2(L2O)](CF3SO3)3 (2), in or-
der to study the influence of the nuclearity of copper com-
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plexes, including a quantitative comparison with the mono-
nuclear parent complex [Cu(L1OH)](CF3SO3)2 (1).

Results and Discussion

Synthesis: Michael addition of 2-ethanolamine or 1,3-di-
amino-2-hydroxypropane to freshly distilled 2-vinylpyridine
in methanol/acetic acid leads to ligands L1OH and L2OH,
respectively.[17] The corresponding copper() complexes 1
and 2 were obtained in good yields by treatment with
1 equiv. of ligands L1OH and L2OH in dichloromethane
with 1 and 2 equiv. of copper() triflate, respectively.[18]

Complex 3 was prepared by mixing 1 equiv. of complex 2
in water with 1 equiv. of BNPP in methanol at room tem-
perature (Scheme 1).

Scheme 1.

Crystal Structures: Crystal data for complexes 1 and 3,
together with details of the X-ray diffraction experiment,
are reported in Table 5.

Single crystals of [Cu(L1OH)](CF3SO3)2 (1) suitable for
X-ray diffraction analysis were obtained by slow diethyl
ether vapor diffusion into a saturated acetone solution of
the copper complex 1. [Cu(L1OH)](CF3SO3)2 (1) is a mono-
nuclear complex with a five-coordinate copper() cation
(Figure 1). The geometry around the copper() ion is
clearly a quite perfect square pyramid as it can be seen from
the geometric parameters and the τ factor which is equal to
0.04.[19] The equatorial positions are occupied by one pyri-
dine N atom (N3) and the nitrogen N1 and oxygen O19 of
the ethanolamine moiety. The fourth equatorial ligand is

Eur. J. Inorg. Chem. 2006, 1022–1031 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1023

the oxygen atom of a triflate counterion. The nitrogen N2
of the second pyridine occupies the axial coordination site
at a distance equal to 2.171(4) Å from the copper, which
is typically somewhat longer than the equatorial copper to
pyridine distance [dCu–N3 = 1.979(4) Å]. The deviation of
the copper atom from the mean basal plane defined by
atoms N1, N3, O1 and O19 is equal to 0.291 Å.

Figure 1. ORTEP perspective view of copper() complex
[Cu(L1OH)](CF3SO3)2 (1). The H atoms and one CF3SO3

– coun-
terion are omitted for clarity. Bond lengths are in Å: Cu–N1
2.044(4), Cu–N2 2.171(4), Cu–N3 1.979(4), Cu–O1 2.042(3), Cu–
O19 1.973(4). Bond angles are in °: N1–Cu–N2 96.93(16), N3–Cu–
O1 88.51(15), N3–Cu–N2 100.28(19), N3–Cu–N1 95.26(17), O1–
Cu–N2 98.14(15), O19–Cu–N1 84.54(18), O19–Cu–N2 98.4(2),
O1–Cu–N1 163.55(16), O19–Cu–O1 86.77(17), O19–Cu–N3
161.21(18). Numbers in parentheses are the estimated standard de-
viation in the least significant digits.

For the complex 2, suitable crystals for X-ray diffraction
analysis were obtained by slow diethyl ether vapor diffusion
into a saturated dichloromethane solution. The structure of
[Cu2(L2O)](CF3SO3)3 (2), already described in a previous
paper,[18] consists of a binuclear complex with two tetrago-
nally coordinated CuII ions bridged in the equatorial posi-
tions by the alkoxide and triflate ligands (Figure 2). The
Cu–Cu distance was found to be 3.699(3) Å. This is some-
what longer than that found e.g. in the similar
[Cu2(L2O)(OMe)](PF6)2 [2.995(2) Å].[20] The two positions
in the basal plane of the copper ions are occupied by one
of the pyridine nitrogen atoms and the aliphatic nitrogen of
the ligand L2OH. The other two equatorial positions are
occupied by the oxygen atoms O1 of the ligand L2OH and
O2 of the triflate anion. As in complex 1, the geometry
around both coppers is a square pyramidal (τ = 0.11) and
the distance of the Cu–atoms to the mean plane defined by
atoms O1, O2, N1 and N2 is equal to 0.308 Å. The axial
pyridine N3 donor, which is bound to the CuII atom at a
distance of 2.179(4) Å, is a bit longer than the equatorial
pyridine donor N2 [Cu1–N2 2.009(3) Å]. The bond lengths
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and bond angles of 2 shows similarities to other dicopper
complexes with ligands derived from 1,3-diamino-2-hy-
droxypropane.[20–22]

Figure 2. ORTEP perspective view of the copper() complex
[Cu(L2O)](CF3SO3)2 (2). The H atoms and 2 CF3SO3

– counterion
are omitted for clarity. Bond lengths are in Å: Cu1–O1 1.9695(12),
Cu1–N2 2.009(3), Cu1–N1 2.032(3), Cu1–O2 2.047(3), Cu1–N3
2.179(4). Bond angles are in °: O1–Cu1–N2 159.45(14), O1–Cu1
N1 87.04(12), N2–Cu1–N1 94.17(12), O1–Cu1–O2 90.54(12), N2–
Cu1–O2 83.10(13), N1–Cu1–O2 165.31(15), O1–Cu1–N3
104.69(11), N2–Cu1–N3 95.40(10), N1–Cu1–N3 98.93(14), O2–
Cu1–N3 95.71(16). Numbers in parentheses are the estimated stan-
dard deviation in the least significant digits.

Slow solvent evaporation of a solution of
[Cu2(L2O)(BNPP)](CF3SO3)2 (3) (Figure 3) gave deep blue
crystals suitable for X-ray diffraction analysis. The structure
of 3 consists of a binuclear copper() complex in which the
Cu atoms are bridged together through the BNPP in a bi-
dentate coordination and the alkoxide of the ligand L2OH.
The geometries of the metals are approximately distorted
square pyramidal, the τ parameter is equal to 0.14 and 0.26
for Cu1 and Cu2, respectively. As in complex 2, the equato-
rial positions are occupied by the N atom from a pyridine,
the nitrogen and the O atoms of the ethanolamine moiety,
as well as the O atom of the BNPP ligand. The apical posi-
tions are taken by the nitrogen atoms of the remaining pyri-
dines. The copper to nitrogen distances are slightly longer
than in complex 2: Cu1–N3 2.2432(4) Å and Cu2–N5
2.1864(4) Å. As for 2, the bases of both pyramids, defined
by atoms O1, O3, N1, N2 and O1, O4, N4, N6, respectively,
are close to planarity and the out of plane distances of the
copper atoms are equal to 0.25 Å and 0.27 Å for Cu1 and
Cu2, respectively. The distance between the two copper ions
is equal to 3.7252(2) Å which is slightly longer than that
observed for complex 2. This can be explained by the nature
of the BNPP ligand which is coordinated to the complex
by the two nitrophenyl rings and shows a stabilizing interac-
tion with the L2OH ligand which is not observed in com-
plex 2. The phenyl ring of the BNPP ligand, defined by the
atoms C38–C43, is involved in a π-stacking interaction with
the pyridine, defined by atoms N6, C20–C24. On the an-
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other hand, the second nitrophenyl ring of the BNPP ligand
is involved in a CH-π contact with the two apical pyridines
of the L2OH ligand (the distances between the centroid of
the ring, defined by the atoms C32–C37 and the H atoms of
C16 and C30, are equal to 3.46 Å and 3.73 Å, respectively).
Consequently, the distance between the centroid of the axial
pyridines is longer than in complex 2 [d = 5.4236(5) Å for
3 and d = 4.958(4) for 2] and the dihedral angle between
both aromatic rings increases from 77° in 2 to 84.18° in 3.

Figure 3. ORTEP perspective view of the copper() complex
[Cu2(L2O)(BNPP)](CF3SO3)2 (3). The H atoms and 2 CF3SO3

–

counterion are omitted for clarity. Bond lengths are in Å: Cu1–O1
1.9823(3), Cu1–O3 1.9854(3), Cu1–N1 2.0628(4), Cu1–N2
2.0116(4), Cu1–N3 2.2432(4), Cu2–O1 1.9874(3), Cu2–O4
1.9733(3), Cu2–N4 2.0595(4), Cu2–N5 2.1864(4), Cu2–N6
2.0230(4). Bond angles are in °: O1–Cu1–O3 92.409(13), O1–Cu1–
N1 86.28(2), O1–Cu1–N2 161.41(2), O1–Cu1–N3 102.662(14), O3–
Cu1–N1 169.72(2), O3–Cu1–N2 86.358(15), O3–Cu1–N3 94.77(2),
N1–Cu1–N2 91.63(2), N1–Cu1–N3 95.47(2), N2–Cu1–N3
95.92(2), O1–Cu2–O4 92.451(12), O1–Cu2–N4 86.62(2), O1–Cu2–
N5 106.976(14), O1–Cu2–N6 157.079(15), O4–Cu2–N4 172.71(2),
O4–Cu2–N5 91.56(2), O4–Cu2–N6 86.104(15), N4–Cu2–N5
95.63(2), N4–Cu2–N6 91.93(2), N5–Cu2–N6 95.93(2). Numbers in
parentheses are the estimated standard deviation in the least signifi-
cant digits.

Acid-Base Equilibrium Determination: The distribution of
different species in an aqueous solution is essential for un-
derstanding the activity of the complexes in phosphate ester
hydrolysis. The protonation constants of the ligands L1OH
and L2OH (Table 1), as well as the stability constants of
their copper complexes and the pKa values of their copper-
bound water molecules (Table 2), were determined by
potentiometric titration in 0.2  aqueous KCl at 40 °C.

In the case of L1OH, three protonation steps were found
in the 2–11 pH range. The pKa values of 2.82(2) and 3.89(2)
are assigned to the deprotonation of the pyridine N atoms
and the third at 7.71(1) to that of the tertiary amine. Depro-
tonation of the OH group does not occur in the detectable
pH range.
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Table 1. Protonation constants of the ligands at 40 °C [I = 0.2 
(KCl)].

Species pK
L1OH L2OH

[LH6]6+ ��2
[LH5]5+ 2.66(2)
[LH4]4+ 3.41(5)
[LH3]3+ 2.82(2) 4.25(5)
[LH2]2+ 3.89(2) 5.83(7)
[LH]+ 7.71(1) 7.92(1)

Table 2. Overall stability constants (logβ) and stepwise deproton-
ation constants (pK) of the copper complexes at 40 °C [I = 0.2 
(KCl)].

Species L1OH L2OH
logβ pK logβ pK

{[L1OH2]Cu(H2O)}3+ (C) 11.48(8)
{[L1OH]Cu(H2O)}2+ (A) 9.02(3) 2.46
{[L1O]Cu(H2O)}+ (B) 2.91(5) 6.11

{[L2OH]Cu2(H2O)2}4+ (D) 17.88(2)
{[L2O]Cu2(H2O)2}3+ (E) 14.14(6) 3.74
{[L2O]Cu2(H2O)(OH)}2+ (F) 8.0(6) 6.14

In the case of L2OH, three additional deprotonation
steps were observed; the first is estimated to occur at a pH
less than 2 which is out of the detectable range. In the fol-
lowing steps one proton is removed from each pyridine N
atom and the pKa values at 5.83(7) and 7.92(1) correspond
to the deprotonation of the two tertiary amines. Again, the
proton of the OH group is not removed up to pH 11.

Titration of the ligands in the presence of various equiva-
lents of Cu2+ was also analyzed (Figure 4). In aqueous solu-
tion it is reasonable to assume that the bridging triflate
anions in 1 and 2 are replaced by water molecules. For the
[L1OH]:[Cu2+] 1:1 system, at a pH higher than 8 and for
the [L1OH]:[Cu2+] 1:2 system at a pH higher than 4, pre-
cipitation of copper hydroxide was observed, and neither
the mononuclear species at pH � 8 nor the dinuclear spe-
cies could be determined. Equilibrium modeling from the
titration results indicate that two predominant species
{[L1OH]Cu(H2O)}2+ (A) and {[L1O]Cu(H2O)}+ (B) are
formed in addition to a small amount of the species (C)
(Scheme 2), where one pyridine N atom is protonated. At a
pKa of 6.11 the ligand OH group in A is deprotonated to
give the species {[L1O]Cu(H2O)}+ (B). The formation of
this species was confirmed by spectrophotometric titration
(Figure 5) where an important increase in ε was observed
at 374 nm in the pH range 5.5–7 this was attributed to the
formation of the RO–CuII LMCT band (ε = 60 –1 cm–1 at
pH 5.5 and ε = 570 –1 cm–1 at pH 7). No formation of
binuclear species in the pH range examined was observed
by ESR spectroscopy.

In the case of L2OH, no precipitation of copper hydrox-
ide occurs, and the formation of a dinuclear species starts
at a relatively low pH value. The deprotonation of the li-
gand OH in D is observed at acidic pH (pK = 3.74) which
is in agreement with the spectrophotometric titration in this
pH range (Figure 6). A distinct peak forms at 365 nm (ε =
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Figure 4. Species distribution of the complexes of L1OH (5 m)
with 1 equiv. Cu2+ in 0.2  KCl at 40 °C.

Scheme 2.

Figure 5. UV/Vis spectra of 1 at various pH values (5.37, 4.83, 7.67
and 9.66).
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Figure 6. Species distribution of the complexes of L2OH (5 m)
with 2 equiv. Cu2+ in 0.2  KCl at 40 °C and pH/rate profile for
BNPP hydrolysis promoted by 2; [2] = 0.488 m, [BNPP] =
0.192 m at 40 °C.

Figure 7. UV/Vis spectra of 2 at various pH values (3.67, 4.53, 5.77,
6.11 and 7.55).

Scheme 3.
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2100 –1 cm–1) when the pH is raised and it can be assigned
as the RO–CuII LMCT band. A pKa of 6.14 for {[L2O]-
Cu2OH(H2O)}2+ signifies that the metal-bound water is de-
protonated. At this pH, the UV/Visible absorption spec-
trum shows some variations, the peak at 365 nm becomes
a weak shoulder with an important decrease in intensity
(Figure 7; ε = 1030 –1 cm–1). Similar UV/Visible features
have been previously observed for several related (µ-phen-
oxo)dicopper() complexes.[23,24] This probably indicates
the formation of the double bridged (µ-alkoxo)(µ-hydroxo)-
dicopper() complex G. ESR silent spectra observed at a
pH higher than 7, seem to confirm this proposal.

Phosphate Hydrolysis: The efficiency of
[Cu2(L2O)](CF3SO3)3 (2) was studied in the 5.5–8 pH range
with respect to BNPP hydrolysis and compared to the ac-
tivity of the parent complex [Cu(L1OH)](CF3SO3)2 (1)
(Scheme 3, Table 3). Since, the hydrolysis of BNPP by 1
or 2 proceeds cleanly to give p-nitrophenol (PNP) and p-
nitrophenyl phosphate (MNPP), as revealed by thin-layer
chromatography, the progress of the reaction was moni-
tored by the visible absorbance change at 400 nm due to
the release of 4-nitrophenolate anion.

Values for the observed initial rate (Vi) and the first-order
rate (kobs = Vi/[BNPP]) constants for the appearance of the
p-nitrophenolate anion are listed in Table 4 and Table 5 as
a function of the pH (Figure 8). While an important effect
of pH on the BNPP hydrolysis was observed for 2 (Table 4),
the mononuclear complex 1 exhibited only a slight pH ef-
fect (Table 5). For 2, we observed the maximal activity in
the 5.5–6 pH range.

In order to find the reactive species, the pH dependence
of the initial rate was measured and compared with the spe-
cies distributions. The plots of kobs vs. pH give a sigmoidal
curve and follow the distribution of the complex {[L2O]-
Cu2(H2O)2}3+ (E) which must be the active species in the
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Table 3. Kinetic data for the hydrolysis of BNPP promoted by 2.
Reaction condition: [BNPP] = 0.194 m, [2] = 0.488 m, buffer =
50 m (MES for pH 5.5–6.5, HEPES for pH 7–8), [KCl] = 0.1 ,
40 °C [*calculated from the hydrolysis of BNPP (1.92 m) at
40 °C].

pH Vi kobs k2
[2] kuncat* kobs/kuncat

10–10 Ms–1 10–6 s–1 10–3 –1 s–1 10–8 s–1

5.5 15.8 8.10 21 1.36 596
6.0 16.1 8.26 29.4 1.31 630
6.5 6.8 3.49 23.2 1.28 272
7.0 3.14 1.61 26.7 1.24 130
7.5 1.37 0.70 34.5 1.39 50
8.0 0.78 0.40 52.8 2.26 18

Table 4. Kinetic data for the hydrolysis of BNPP promoted by 1.
Reaction condition: [BNPP] = 0.194 m, [1] = 0.486 m, buffer =
50 m (MES for pH 5.5–6.5, HEPES for pH 7–8), [KCl] = 0.1 ,
40 °C.

pH Vi kobs k[1] kobs
[2]/kobs

[1]

10–10 Ms–1 10–6 s–1 10–3 –1 s–1

5.5 0.47 0.24 2.62 34
6.0 0.76 0.39 1.79 21
6.5 1.32 0.68 1.97 5
7.0 1.50 0.77 1.80 2
7.5 1.05 0.54 1.16 1.3
8.0 1.0 0.51 1.05 0.8

Table 5. Crystallographic data for the copper() complexes 1 and 3.

Complexes 1 3

Crystal data
formula C18H21CuF6N3O7S2 C45H45Cu2F6N8O15PS2

Mr 633.02 1482.106
crystal size 0.6×0.4×0.2 0.5×0.3×0.2
crystal color blue blue
a [Å] 8.4863(4) 10.3462(3)
b [Å] 14.9831(4) 14.0513(6)
c [Å] 10.0586(4) 20.1235(9)
α [°] 94.287(1)
β [°] 106.410(1) 102.043(2)
γ [°] 107.853(2)
V [Å3] 1226.9(8) 2692.9(2)
Z 2 2
Dcalcd. [g cm–3] 1.714 1.828
crystal system monoclinic triclinic
space group P21 P1̄
µ(Mo-Kα) [cm–1] 11.51 13.5
absorption correction none none
Data collection
T [K] 293 293
scan mode Phi scan Phi scan
scan width [°] 2 2
2θmax [°] 53.74 53.9
unique reflections 2551 9931
Structure refinement
reflections used for refinement 2551 7827 (F2 � 3σF2)
reflections parameters 333 712
H atoms calculated calculated
R 0.043 0.043
Rw 0.117[a] 0.054[b]

Goodness of fit 1.105 1.76
∆ρfin(max./min.) [e·Å–3] 0.449/–0.730 0.56/–0.29

[a] w = 1/[σ2(Fo
2) + 0.1P2], P = (Fo

2 + 2Fc
2)/3. [b] w = 1/[σ2(Fo

2) + 0.03 Fo
2].
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Figure 8. pH dependence on kobs for BNPP hydrolysis promoted
by copper complexes 1 (filled diamond) and 2 (filled square) and
un-promoted (filled circle).

hydrolysis (Figure 5). For this case the second order con-
stants k2 (–1s–1) can be obtained taking into account the
quantities of species E (k2

[2] = kobs/[E]) (Table 4).
From these kinetic data, it becomes apparent that: (i) 2

is more efficient in promoting the hydrolysis of BNPP than
the mononuclear copper complex 1 (Table 5, ratio kobs

[2]/
kobs

[1] � 20) and (ii) the rate of the 2-promoted reaction is
up to 600 times faster than the unpromoted reaction. This
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means that the copper complex 2 is a good catalyst for
phosphate ester hydrolysis in the pH range 5.5–6.0.

In order to gain a better insight into the mechanism, the
initial rate was measured as a function of 2 and BNPP con-
centrations. The rate of BNPP hydrolysis shows a first order
dependence on the concentration of the complex 2 (Fig-
ure 9). This means that one molecule of 2 is involved in the
BNPP hydrolysis. The same result was obtained for com-
plex 1.

Figure 9. Vi vs. [2] of hydrolysis of BNPP. Each reaction mixture
contained 50 m MES/0.1  KCl, pH 6 at 40 °C and 0.192 m
BNPP. The plotted lines are the computer-generated best fit with
R = 0.9920.

As shown in Figure 10, saturation was observed when
the concentration of BNPP was 1 m. This indicates a pre-
equilibrium related to the formation of the active complex
(2/substrate) followed by the rate-determining transforma-
tion of the substrate with the complex. The treatment of
the data, using the Michaelis–Menten model, showed the
following constants: KM = 0.17 m and kcat = 11.2·10–6 s–1.
For the complex 1 (0.5 m) at pH 7, KM = 0.65 m

Figure 10. Saturation kinetics of copper complex 2 by BNPP. Each
reaction mixture contained 50 m MES/0.1  KCl, pH 6 at 40 °C
and 0.5 m 2. Inset: Lineweaver–Burk plot, the plotted line is the
computer-generated best fit (R = 0.9978) according to 1/Vi = KM/
(Vmax[BNPP]) + 1/Vmax, where KM = 0.17 m, Vmax = 3.07·10–9

Ms–1 and kcat = 11.2·10–6 s–1, {[L2O]Cu2(H2O)2}3+ = 0.55[2].
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and kcat = 1.38·10–6 s–1 were obtained taking [{[L1O]Cu-
(H2O)}+] = 0.89[1].

On the basis of the potentiometric titration study and
kinetic data we assume that the bis(aqua)copper complex
{[L2O]Cu2(H2O)2}3+ (E) is responsible for the BNPP hy-
drolysis (Figure 5) according to a double Lewis acid acti-
vation mechanism. As shown in Scheme 4, the cleavage pro-
cess may involve the following steps: (i) the phosphodiester
BNPP coordinates to one copper ion as a monodentate li-
gand by replacing one water molecule (E � H); (ii) depro-
tonation of the second water ligand by a phosphate group
and the subsequent nucleophilic attack of the phosphate
by hydroxide leads to a pentavalent intermediate (H � I).
Nucleophilic attack by free water molecule (Scheme 4, path-
way b) can be excluded since the dinuclear complex 2 is
more efficient in promoting hydrolysis of BNPP than the
mononuclear complex 1 (Table 4, ratio kobs

[2]/kobs
[1] � 20);

(iii) the P–O bond breaks to give p-nitrophenolate followed
by the formation of the monoester complex (I � J); (iv)
replacement of MNPP by water leads to the active species
(J � E). This mechanism is in good agreement with the
results described in the literature. It is generally believed
that one of the metal ions serves to reversibly bind the
phosphoester substrate whereas the second ion serves to ac-
tivate a hydroxide ion at a physiological pH. The second
metal ion also serves to increase the electrophilic suscep-
tibility of the substrate and neutralizes the anionic sub-
strate, thus moderating the electrostatic repulsion of the at-
tacking nucleophile. The reaction then consists of an intra-
molecular nucleophilic attack of the adjacent hydroxide at
the substrate (P–O bond cleavage).

Other pathways that should be considered are the forma-
tion of a bridged phosphate complex 3 (K). Due to an ap-
propriate Cu–Cu distance, the formation of these complexes
is favorable and stabilizes the phosphate ester. Indeed, com-
plex 3 was prepared independently and under the reaction
conditions (40 °C, 50 m MES pH 6) it was not hydrolysed
into p-nitrophenol and p-nitrophenyl phosphate even after
3 h. The easy formation and stability of such intermediates
limits the performance of the catalyst. The copper() com-
plex 2 behaves like ribonuclease which, in addition to a cor-
rect enzyme-substrate complex, also forms non-reactive en-
zyme-substrate complexes that do not form products but
inhibit the reactions.

Conclusion

We have demonstrated that the dinuclear complex 2 hy-
drolyzes the activated phosphodiester BNPP 20-fold faster
than the mononuclear complex 1 and up to 600-fold faster
than the un-promoted reaction at a slightly acidic pH
(pH 6). The mechanism for the hydrolysis of BNPP appears
to be classic according to a double Lewis acid activation.
Our results are interesting for the design of more efficient
copper catalysts for hydrolysis of phosphodiesters. What
should be solved next is (i) the stabilization of the species
F in preventing the formation of a double bridged (µ-alk-
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Scheme 4. Proposed mechanism for BNPP hydrolysis promoted by the copper complex 2.

oxo)(µ-hydroxo)dicopper() complex G which seems not re-
active in the hydrolysis of BNPP; (ii) to solve the problem
of product (substrate) inhibition in preventing the forma-
tion of species such as K (3). Ligands, which could solve
these problems, are currently under investigation in our lab-
oratory.

Experimental Section
General Remarks: NMR spectra were recorded at 25 °C in CDCl3
using a Bruker AC-300 spectrometer. Chemical shifts are reported
in ppm as δ values downfield from an internal standard of TMS.
Infrared spectra were measured using neat films or KBr pellets
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using a Specord M80 (Carl Zeiss Jena) instrument. UV/Vis absorp-
tion spectra were recorded in CH2Cl2 using a Shimadzu UV-120A
spectrometer. Elemental analyses were measured using a C, H, N,
S Carlo Erba EA 1108 analyzer.

Materials: Solvents were freshly distilled under Ar (MeOH/Mg,
Et2O/Na-benzophenone ketyl, acetone/CaH2 and CH2Cl2/P2O5).
Commercial starting materials were used without purification, ex-
cept for 2-vinylpyridine which was chromatographed using silica
gel prior to use. Ligand L2OH was prepared by the Michael ad-
dition of 1,3-diamino-2-hydroxypropane to 2-vinylpyridine.[17]

Complex [Cu2(L2O)](CF3SO3)3 (2) was prepared by the reaction of
Cu(CF3SO3)2 with the ligand L2OH in CH2Cl2.18

N,N-Bis[2-(2-pyridyl)ethyl]ethanolamine (L1OH): 2-Ethanolamine
(1.83 g, 1.81 mL, 30 mmol) and 2-vinylpyridine (25.2 g, 25.9 mL,
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0.24 mol) were heated under reflux in MeOH (150 mL) with acetic
acid (4.41 g, 4.2 mL, 73.5 mmol) for 5 days. Methanol was evapo-
rated under vacuum. The resulting brown mixture was dissolved in
CH2Cl2 (100 mL), washed with 15% aqueous NaOH (2×50 mL)
and brine (2×50 mL). The organic layer was dried with Na2SO4.
The solvent was removed by rotary evaporation to give an oil. This
oil was dried under vacuum (ca. 0.01 Torr) at 40 °C to remove ex-
cess 2-vinylpyridine. The residue was chromatographed on silica gel
(CH2Cl2/MeOH, 85:15) to yield the pure ligand L1OH. Yield:
6.18 g, 76%. 1H NMR (200 MHz, CDCl3): δ = 2.60 (t, J = 5.1 Hz,
2 H), 2.70–2.90 (m, 8 H), 3.40 (t, J = 5.1 Hz, 2 H), 6.85–7.0 (m,
4 H), 7.40 (td, J = 5.8 Hz and J = 1.7 Hz, 2 H), 8.40 (dd, J = 3.1 Hz
and J = 1.0 Hz, 2 H) ppm. 13C NMR (50 MHz, CDCl3): δ = 35.8
(CH2), 53.9 (CH2), 55.9 (CH2), 59.4 (CH2), 121.0 (CHpy), 123.3
(CHpy), 136.2 (CHpy), 148.9 (CHpy), 160.3 (Cpy) ppm. IR (neat
film): ν̃ = 3300 (νOH), 3010 (νC–H aromatic), 2900 (νC–H aliphatic),
1600, 1570, 1480, 1440 (νC–C pyridine ring), 1055 (νC–O), 770, 756
(γC–H, γC–C aromatic) cm–1. UV/Vis (MeOH): λmax/nm (ε/–1 cm–1)
= 230 (4200), 260 (7700).

[Cu(L1OH)](CF3SO3)2 (1): Ligand L1OH (590 mg, 2 mmol) dis-
solved in CH2Cl2 (10 mL) was added dropwise to a suspension of
Cu(CF3SO3)2 (723.4 mg, 2 mmol) in CH2Cl2 (10 mL). After stir-
ring at room temperature for 2 h, a deep blue oil was formed. This
oil was allowed to settle and washed with Et2O until the formation
of a solid. Drying under vacuum afforded the copper() complex
1. Yield: 786 mg, 63%. IR (KBr): ν̃ = 3450 (νO–H), 3020 (νC–H aro-
matic), 2920 (νas C–H aliphatic), 1615, 1500, 1450, (νC–C pyridine),
770, 740 (γC–H aromatic, γC–C), 1270, 1035, 640, 518 (νtriflate) cm–1.
UV/Vis (MeOH): λmax/nm (ε/–1 cm–1) = 215 (4130), 262 (9650),
381 (220), 690 (120). C18H21N3CuF6O7S2 (633.02): calcd. C 34.20,
N 6.65, H 3.32, Cu 10.95; found C 34.85, N 6.42, H 3.24, Cu 10.25.

[Cu2(L2O)(BNPP)](CF3SO3)2 (3): To a solution of the complex 2
(54.2 mg, 0.05 mmol) in H2O (10 mL) was added BNPP (17 mg,
0.05 mmol) dissolved in MeOH (5 mL). After stirring at room tem-
perature for 2 h, the solvent was allowed to evaporate in air. Deep
blue crystals suitable for X-ray diffraction were grown within a few
days. Yield: 44 mg, 69%. IR (KBr): ν̃ = 3120, 3080 (νC–H aromatic),
2920 (νas C–H aliphatic), 2880 (νs C–H aliphatic), 1610, 1590, 1490
(νC–C pyridine), 1520 (νas NO2), 1355 (νs NO2), 1220 (νas P–O–C aro-
matic), 1150 (νC–O), 770–750 (γC–H, γC–C aromatic), 1265, 1034,
640, 518 (νtriflate) cm–1. C45H45N8Cu2O15F6S2P (1273.08): calcd. C
42.40, N 8.80, H 3.53, Cu 9.98; found C 41.95, N 8.58, H 3.27, Cu
10.42.

pH Potentiometric Titration: The pH potentiometric titrations were
conducted at 40.0±0.1 °C at an ionic strength of 0.2  KCl. Cali-
bration of the electrode and pH meter was performed using a
0.05  KH/phthalate buffer and a pKw of 13.294 at 40 °C. Solution
of ligands L1OH and L2OH (5 m) in 0.2  KCl, acidified with
HCl (0.2008 ), were titrated in an N2 atmosphere with KOH solu-
tion (0.1941 ) at 40 °C in the presence and absence of
Cu2(CF3SO3)2. The initial concentration of Cu2(CF3SO3)2 was var-
ied between 4–10 m. The titrations of the free ligands were run
between pH 2 and 11.5, with added metal solution between pH 2
and 8 for the ligand L1OH and between pH 2 and 11 for the ligand
L2OH. To calculate the deprotonation constants and CuII associa-
tion constants from the titration data a multiparameter curve fit-
ting program based on SUPERQUAD[25] and PSEQUAD[26] was
used.

Kinetics: Hydrolysis of BNPP was monitored by following the vis-
ible absorption change at 400 nm (ε = 18500 –1 cm–1) due to the
release of p-nitrophenolate anion (PNPate). Conversion from ab-
sorbance to concentration was performed by using the Lambert–
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Beer law [Equation (1)]. In order to take into account the concen-
tration change of the PNPate as a function of pH, the [PNPate]tot

was calculated following equations (2) and (3), where the pKa of
PNP (7.15) was determined using the above condition. The activity
of the complex was determined by the initial rate method.

[PNPate]meas = O. D./18500 (1)

pH = 7.15 + log([PNPate]meas/[PNP]) (2)

[PNPate]tot = [PNPate]meas + [PNP] (3)

In a typical kinetic experiment, freshly prepared phosphate ester
stock solution in water (12 µL, 50 m) was added to a solution of
copper() complex (1: 75 µL, 20 m; 2 60 µL, 25 m) at 40 °C.
The copper complex solutions were buffered with MES (pH 5.5–
6.5), HEPES (pH 7–8) and the ionic strength was maintained with
0.1  KCl. The final volume was 3 mL. The pseudo-first-order rate
constants for un-promoted reactions (kuncat, s–1) were measured by
following the increase in absorbance from a 1.92 m BNPP solu-
tion.

X-ray Crystallographic Studies: All the measurements were per-
formed using a Bruker–Nonius KappaCCD diffractometer.[27] The
cell determinations and data integrations were performed using the
software Denzo-Scalepak.[28] The structure solutions were obtained
using Sir92[29] and the refinements were carried out using
SHELXL-97,[30] except for complex 3, which was refined using the
software MaXus (Table 5).[31]

CCDC-283857 (for 1), -283855 (for 2) and -283856 (for 1) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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AlIII and TiIV complexes of C3-symmetric tetradentate trisam-
idoamine ligands with trigonal bipyramidal coordination ge-
ometry, containing chlorine or dialkylamido groups, or with
a free coordination site in the apical position, have been syn-
thesised by salt metathesis and amine elimination. Products
with threefold symmetry were generally obtained for tetrava-
lent titanium, whereas for the aluminium complexes either

Introduction

The preparation of chiral ligands capable of efficient chi-
rality transfer is crucial for successful asymmetric metal ca-
talysis.[1,2] Several factors need to be considered in the de-
sign of new ligands, including steric and electronic effects,
kinetic properties, hapticity and bite angles.[3,4] Another
factor that occasionally plays an important role is sym-
metry. C2-Symmetric ligands have, in many situations,
proven to offer advantageous properties over those lacking
symmetry, and such ligands have been extensively employed
in asymmetric catalysis and various processes involving chi-
ral recognition.[5] C3-Symmetric ligands, however, have been
considerably less investigated,[6] although extensive studies
have been performed on achiral ligands possessing threefold
rotational axes. Particularly detailed studies have been per-
formed by the groups of Verkade[7,8] and Schrock[9] on com-
plexes with derivatives of tris(2-aminoethyl)amine (TREN)
most of them bearing bulky substituents such as trialkylsilyl
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asymmetric structures with two of the three podand arms
taking part in coordination to the metal or symmetric arran-
gements possessing the full threefold symmetry were formed
depending on the steric properties of the ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

or pentafluorophenyl groups on nitrogen. Metal complexes
with TREN or its derivatives have also been used in several
applications. Some recent examples include nitrogen acti-
vation by MoIV complexes with N,N�N��-aryl-substituted
TREN ligands,[10] alkene epoxidation by MnIII and FeIII

complexes,[11] phosphoester hydrolysis[12] and CO2 fixa-
tion[13] by ZnII complexes, and thiosulfate oxidation by CuII

complexes.[14] Furthermore, a CuII complex has been shown
to react reversibly with oxygen,[15] and CuII and NiII com-
plexes to bind nucleobases.[16]

Triamidoamines usually serve as tetradentate ligands,
forming rigid trigonal bipyramidal (A) or, in the absence of
an apical ligand, trigonal monopyramidal (B) complexes
with a variety of transition metals and main-group ele-
ments.[7,9,17] The M–Nap distances vary significantly, occa-
sionally resulting in complexes lacking a transannular
bond, thus leading to tridentate coordination.[7–17] Other
coordination modes are possible, however, as shown by the
recently determined structures of [Ni(tren)(abpt)](NO3)2

[abpt = 4-amino-3,5-bis(pyrid-2-yl)-1,2,4-triazole],[18]

[Ni(tren)Sb2S4],[19] [Co(tren)(amino acidato-N,O)]X2,[20]

and [Co(tren)(N3)2]Br,[21] which exhibit octahedral coordi-
nation.

Several methods have been employed for metal complex
formation of TREN derivatives. Usually the ligand is
treated with a base such as butyllithium prior to reaction
with a transition metal salt,[22] although ligands with acidic
protons on nitrogen may react directly with the metal com-
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Scheme 1. Synthesis of the C3-chiral TREN ligands 1a–1e and 2a,b.

pound.[23] Metal halides and metal amide complexes are the
most commonly used metal sources.

A few chiral tetradentate TREN analogues with the chi-
rality residing in the ligand backbone[24–27] or in substitu-
ents on the equatorial nitrogen atoms,[28] as well as triden-
tate ligands lacking an apical nitrogen,[29] have been pre-
pared. Upon metal complex formation, a chiral pocket with
a C3-symmetric environment is created in the apical posi-
tion, a favourable situation for asymmetric catalysis.[30]

Some of the chiral ligands, notably those by Gade, have
indeed been assessed in asymmetric reactions and were
found to induce moderate to high enantioselectivity in stoi-
chiometric[30a] and catalytic[30c] alkylations of aryl alde-
hydes. Proazaphosphatranes have been shown to serve as
excellent catalysts in a vast number of base-mediated[31] and
metal-catalysed[32] processes, but their chiral ana-
logues[26,28,33] have not yet been applied in catalysis. Titana-
tranes have been employed in asymmetric ring-opening of
meso epoxides and enantioselective oxidation of sulfides,[34]

but no reports on the use of azatitanatranes, first described
in 1991,[35] have appeared.

Since we have access to a versatile method for the prepa-
ration of chiral TREN derivatives,[24] we initiated a study
of the formation of amido metal complexes[36,37] for poten-
tial use in asymmetric catalysis.

Results and Discussion

Ligand Preparation

Ligands (S,S,S)-1a–c[24] and -1d[38] were prepared as de-
scribed previously, starting from the appropriate enantio-
pure aziridine and ammonia. Ligand (R,R,R)-1e was pre-
pared analogously in 60% overall yield. Compounds
(S,S,S)-2a and (S,S,S)-2b were obtained from (S,S,S)-1a
and (S,S,S)-1d, respectively, by N-methylation followed by
deprotection of the tosyl groups with HBr[24b] (Scheme 1).

Upon crystallisation by vapour-diffusion from chloro-
form/hexane, ligand (R,R,R)-1e afforded suitable crystals
for X-ray analysis (Figure 1). Interestingly, the molecular
structure of (R,R,R)-1e deviates only slightly from threefold
symmetry. Two hydrogen bonds between NH functions and
sulfonylic oxygen atoms (Figure 1, dashed lines) hold the
ligand structure in a bent conformation which is similar to
that observed upon coordination to metal ions (azametalla-
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tranes A and B). The TREN structure is approximately C3-
symmetric, with the angles centred around the bridgehead
nitrogen atom being almost identical (Figure 1). The TREN
arm labelled as III in Figure 1 participates in two hydrogen
bonds involving carboxamide proton H3, which interacts
with the sulfonyl oxygen atom in arm I (O12), whereas its
sulfonyl unit forms a hydrogen bond with H2(N2). Both
hydrogen bonds have similar metric parameters (N–H···O
= 0.86 Å, N–H–O = 170°–175°).

Figure 1. ORTEP view of the molecular structure of (R,R,R)-1e
(30% thermal ellipsoids). Dashed lines indicate hydrogen bonds.
The hydrogen atoms were included at calculated positions with
fixed thermal parameters.

The ligands 1a–e bearing electron-withdrawing substitu-
ents on the nitrogen atoms possess relatively acidic NH pro-
tons and were found to react directly with metal amides in
a transamination reaction. On the other hand, coordination
of the N-alkylated TREN derivatives (S,S,S)-2a and
(S,S,S)-2b required initial metallation with nBuLi and sub-
sequent reaction with M(n)Cln·(THF)m in a salt metathesis
step.
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Metal Complex Formation: Aluminum(III) Complexes

Complex formation between ligands (S,S,S)-1a,c and
(R,R,R)-1e and suitable AlIII precursors was initially
studied whilst monitoring the course of the reactions by 1H
NMR spectroscopy. Addition of one equivalent of
Al(OiPr)3 did not afford any new AlIII complex, even upon
prolonged heating at 100 °C. However, the addition of one
equivalent of AlMe3 to (S,S,S)-1a (Scheme 2) was ac-
companied by instantaneous gas evolution.

Scheme 2. Synthesis of AlIII complexes of ligands 1a, 1c and 1e.

The 1H NMR spectrum recorded after 15 minutes at
room temperature is consistent with the quantitative forma-
tion of a new metal complex containing three diastereotopic
ligand arms and thus being devoid of threefold symmetry
(Figure 2, spectrum b). The presence of one NH (doublet
at δ = 4.70 ppm) and one Al–CH3 signal (singlet at δ =
–0.39 ppm) suggested the new species to be 3a (R = Me, R�
= Ts), with a structure similar to a complex obtained from
a dipodal analogue of 1 and trimethylaluminium.[39] This
assumption was corroborated by the modifications ob-
served upon heating at 60 °C. Further evolution of gas was
detected, followed by the slow formation (2 h) of the sym-
metrical species 4a (Scheme 2). The disappearance of the
NH signal and the accompanying downfield shift of almost
all the signals in the spectrum of 4a with respect to those
of the uncomplexed ligand (Figure 2, spectrum c) provided
evidence that the coordination of (S,S,S)-1a to aluminium
had occurred. A particularly evident deshielding effect (∆δ
� 0.5 ppm) was observed for one of the diastereotopic CH2

resonances (doublet of doublets, from δ = 2.13 ppm in 1a
to δ = 2.60 ppm in 4a).

The same experiment was repeated with (R,R,R)-1e.
With this sterically more demanding ligand no symmetrical
complex was obtained, and only the formation of 3e (R =
Me, R� = Mes) was observed even after heating at 60 °C for
48 h (Scheme 1). In contrast, reaction of trimethylalumin-
ium with the more reactive triflate derivative (S,S,S)-1c af-
forded 4c (R = iPr, R� = Tf) directly without detection of
any intermediate complex of type 3 (Scheme 2). The mono-
meric nature of 4a and 4e is supported by the single set of
resonances in their NMR spectra (1H, 13C and 19F in the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1032–10401034

Figure 2. Reaction of AlMe3 (0.020 ) with (S,S,S)-1a (0.020 ) in
CDCl3 under nitrogen monitored by 1H NMR spectroscopy
(250 MHz): a) (S,S,S)-1a; b) addition of AlMe3 (1 equiv.), room
temp., 15 min; c) after heating at 60 °C, 2 h: 4a.

case of complex 4e), which reflect the C3 symmetry of the
complex. Verkade and co-workers provided analogous sym-
metry considerations derived from the NMR spectral
pattern to demonstrate the monomeric nature of their N-
trimethylsilylazaalumatrane.[40]

A synthetic procedure that allowed the preparation of 4a
on a one-gram scale was achieved by carrying out the reac-
tion of Scheme 1 under slightly modified conditions. Com-
plex 4a was obtained in 99% yield by adding trimethylalu-
minium to a saturated solution of (S,S,S)-1a in dry THF
and refluxing the reaction mixture under nitrogen until a
white precipitate separated from the colourless solution.
Isolation of pure 4a was possible by washing with dry pen-
tane and centrifugation. Despite its tendency to afford den-
dritic precipitates, layering of a concentrated solution of 4a
in dichloromethane with a 1:1 mixture of dichloromethane/
diethyl ether and with pure diethyl ether allowed the growth
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of colourless single crystals suitable for X-ray diffraction
analysis.

The crystal structure of 4a is depicted in Figure 3 along
with the principal bond lengths and angles.

Figure 3. ORTEP views of (S,S,S)-4a (50% probability level ther-
mal ellipsoids). Principal bond lengths [Å] and angles [°]: Al–N(1)
2.042(4), Al–N(2) 1.861(5), Al–N(3) 1.872(4), Al–N(4) 1.897(4),
Al–O(5) 2.054(4), S(1)–O(1) 1.445(4), S(1)–O(2) 1.433(4), S(2)–O(4)
1.442(3), S(2)–O(3) 1.450(4), S(3)–O(5) 1.495(4), S(3)–O(6)
1.423(4); N(2)–Al–N(3) 117.5(2), N(2)–Al–N(4) 116.8(2), N(3)–Al–
N(4) 122.2(2), C(1)–N(1)–C(11) 112.0(4), C(1)–N(1)–C(21)
113.3(4), C(11)–N(1)–C(21) 110.1(4), N(2)–Al–N(1) 86.4(2), N(3)–
Al–N(1) 84.8(2), N(4)–Al–N(1) 80.4(2), N(1)–Al–O(5) 120.7(2),
Al–O(5)–S(3) 93.9(2). All hydrogen atoms have been omitted for
clarity.

Azaalumatrane 4a crystallises in the space group P212121

with a dichloromethane molecule present in the unit cell.
The complex is monomeric and approximately C3-symmet-
ric, as is evident from the observed Neq–Al–Neq angles
(116.8–122.2°), which is in accordance with the structural
features derived from the NMR spectroscopic data re-
corded in solution. The five-coordinate aluminium complex
possesses a highly distorted trigonal-bipyramidal coordina-
tion geometry, the metal centre being slightly displaced
above the equatorial plane [N(1)–Al–Neq = 80.4–86.4°]. The
equatorial N–Al bond lengths (1.861–1.897 Å) are compar-
able to those reported for analogous azaalumatranes[17,41,42]

and to nitrogen–aluminium distances in five-coordinate
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AlIII/amido complexes (1.897–1.976 Å).[43] The transannu-
lar interaction in 4a [N(1)–Al = 2.042(4) Å] is stronger than
in the N-methyl-substituted azaalumatrane 4f [R = H and
R� = Me; 2.124(6) Å], which is a dimer bearing a trigonal-
bipyramidal geometry around the five-coordinate alumin-
ium.[43] On the other hand a considerably stronger transan-
nular bond [1.983(6) Å] is found in the N-trimethylsilyl-sub-
stituted analogue 4g (R = H and R� = SiMe3), in which
the bulky SiMe3 groups prevent dimerisation and leave a
coordinatively unsaturated aluminium.[42] Interestingly, the
transannular interaction observed in 4a lies within the
range found in the analogous AlIII/trialkanolamine com-
plexes.[44] Distortion of the bipyramidal geometry is due to
the coordination of one of the sulfonyl oxygen atoms be-
longing to a tosyl group to aluminium, the angle along the
axial direction deviating considerably from 180° [N(1)–Al–
O(5) = 120.7°]. This Al–O(5) interaction results in a bond
length [2.054(4) Å] which is comparable to that of the trans-
annular bond [2.042(4) Å]. As a consequence, both the sul-
fur–oxygen covalent bond [S(3)–O(5) = 1.495(4) Å, com-
pared to an average S–O distance of 1.439 Å] and the Neq–
Al bond [N(4)–Al = 1.897(4) Å compared 1.861–1.872 Å
for the remaining two Al–N bonds] are elongated.

As mentioned above, achiral azaalumatranes have been
prepared and studied previously by Verkade.[41–43] For the
monomeric complexes an interconversion between the λ
and δ chelate ring conformations was observed, which was
rapid on the NMR timescale down to –95 °C.[42] On the
other hand, interconversion between the spiral dia-
stereomers of 4a was not observed at room temperature,
which implies that the presence of the ring-methyl substitu-
ents of ligand 1a increases the interconversion barrier and
prevents such a conformational twist. Moreover, it is evi-
dent from the molecular structure of 4a (Figure 3, horizon-
tal view) that these methyl substituents play a crucial struc-
tural role and appear to determine the orientation of the
N–SO2–Ar moieties. This implies that the chirality of the
C3 cavity around the metal centre (the “chiral pocket”) is
determined by the orientation of the methyl groups and
thus by the absolute configuration of the ligand.

The use of azaalumatranes as precursors for the synthesis
of a variety of transition metal or main group element aza-
tranes by transmetallation has been reported.[43] However,
the potential of this type of complex to serve as a Lewis
acid, and thus to increase the coordination number by api-
cal coordination, is as yet essentially unexplored, although
Al complexes of dipodal analogues have been employed as
chiral Lewis acid catalysts.[45] We note that achiral Al com-
plexes have in fact been used as Lewis acid catalysts in the
ring-opening polymerisation of heterocycles,[39] and chiral
analogues may be of interest for controlling the tacticity of
the polymers.

Metal Complex Formation: Titanium(IV) Complexes

The reaction of ligand 1a with [Ti(NEt2)4] in a 1:1 stoi-
chiometry was initially performed in CDCl3 in an NMR
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tube and monitored by 1H NMR spectroscopy (Scheme 3).
Whereas a poorly resolved spectrum was recorded after
15 min, which indicated the presence of fluxional species of
low symmetry in solution, the spectral patterns simplified
and sharpened up over a period of three days at ambient
temperature. The highly resolved spectrum recorded at that
stage is consistent with the formation of a monomeric com-
plex with threefold symmetry (5a) possessing one residual
diethylamido group. Complex formation was further sup-
ported by the liberation of diethylamine and the observa-
tion that the methylene proton resonances of the Et2N li-
gand give an AB system (δ = 4.36 and 4.51 ppm respec-
tively). The reaction was accompanied by a change of col-
our from yellow to reddish-brown. An analogous complex
was formed from ligand 1e and [Ti(NEt2)4] within six days
at room temperature or within six hours upon heating at
60 °C; 1c exhibits higher reactivity, undergoing instan-
taneous complex formation (Scheme 3).

Scheme 3. Synthesis of TiVI complexes of ligands 1a, 1c and 1e.

The 1H NMR spectra of azatitanatranes 5a, 5c and 5e
are all consistent with the formation of highly symmetric
monomeric species. In all cases the resonances of the triami-
doamine ligands have undergone significant shifts with re-
spect to the uncomplexed ligand (see Table 1).

Table 1. Selected 1H NMR spectroscopic data [ppm] for ligands 1a,
1c and 1e and complexes 5a, 5c and 5e.

NCH2CHR–N Ti–N(CH2Me)2

Ti(NEt2)4 – – 3.46 3.46
(S,S,S)-1a 2.13 2.50 – –
(S,S,S)-5a 2.52 3.05 4.36 4.50
(S,S,S)-1c 2.24 2.90 – –
(S,S,S)-5c 2.62 3.30 4.24 4.80
(R,R,R)-1e 2.17 2.83 – –
(R,R,R)-5e 3.47 4.63 3.48 3.92

A different behaviour is observed for complex 5e and
complexes 5a and 5c. Thus, in complex 5e a remarkable
deshielding (ca. 1 ppm) of the signals of the methylene pro-
tons of the TREN moiety is observed (from δ = 2.52 and
3.05 ppm in 5a and δ = 2.63 and 3.30 ppm in 5c to δ = 3.50
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and 4.63 ppm in 5e) due to a shielding of the protons of
the apical diethylamido group (δ = 3.48 and 3.92 ppm vs. δ
= 4.36 and 4.50 ppm for 5a and δ = 4.24 and 4.80 ppm for
5c). The observed difference in δ values very likely origi-
nates from a more open structure of complex 6e compared
to the other two, which is caused by the more hindered
nature of the mesitylene groups. The bulkier substituents
on the external part of the ligand remove the sulfonyl moie-
ties from the inner part of the cavity, thus moving the aro-
matic rings closer to the methylene groups of the TREN
backbone. This fact diminishes the magnetic anisotropy ef-
fect of the S=O groups on the apical ligand and increases
the effect of the peripheral aromatic ring on the protons of
the TREN backbone. 1H NOESY experiments on com-
plexes 5a and 5c were in agreement with such hypothesis.
In fact, a significant difference in the distances between the
aromatic meta protons and the hydrogen atoms in the
methyl group of the ligand backbone was found (3.00 and
2.25 Å for 5a and 5e, respectively).

A synthetic protocol allowing the preparation of TiIV

complex 5a on a gram scale was worked out as well. Azatit-
anatrane 5a was prepared in 95% yield and high NMR pu-
rity by carrying out the reaction in a 3:1 pentane/THF mix-
ture at room temperature from a concentrated solution of
the reactants (0.2 ); it was isolated as a yellowish solid by
filtration.

Finally, the Ti complexes of 2a and 2b (6a and 6b) were
prepared as previously reported for the achiral analogue
[{(MeNCH2CH2)3N}TiCl][46] by salt metathesis of the lith-
ium salt of the triamidoamine ligands and [TiCl4(THF)2] as
metal source (Scheme 4). The 1H and 13C NMR spectra
are consistent with the assumed threefold symmetry of the
complexes. Unfortunately, attempts to obtain single crystals
for X-ray structure determination failed.

Scheme 4. Synthesis of TiVI complexes of ligands 2a and 2b.

All attempts to displace the apical amido ligand in the N-
sulfonated azatitanatranes 5a–c with both O- and N-based
nucleophiles only yielded mixtures or led to complex degra-
dation, as was established upon monitoring the reactions
by 1H NMR spectroscopy.

Several examples of reactivity studies performed with the
tris-tosyl azatitanatrane 5a are summarised in Scheme 5.
Upon addition of tert-butyl hydroperoxide (from 1 to
10 equiv.) no formation of peroxoazatitanatrane complexes
was observed (Scheme 5, path a); a complete decomposition
of the starting complex occurred with concurrent slow oxi-
dation of the free diethylamine.[47] This behaviour is in con-
trast to the previously established oxygenation behaviour of
titanatrane complexes.[48] In the same way, treatment with
racemic 2-octanol resulted, again, in complete decomposi-
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tion of the complex with formation of ligand 1a and tita-
nium alkoxides (Scheme 5, path b). The oxophilic nature
of titanium() compounds is well documented[49] and this
argument can be invoked to explain the high reactivity
towards oxygen-containing species observed for 5a. Verk-
ade has reported that attempts to displace an apical NMe2

group from an achiral azatitanatrane (R� = Me, L = NMe2)
with tert-butyl alcohol give only a mixture of starting mate-
rial, titanium alkoxide and alcoholysis products, with no
detectable evidence for the displacement product.[50] Similar
results were obtained in the attempted exchange of the api-
cal diethylamido ligand for N-based nucleophiles. Addition
of up to 10 equivalents of pyrrolidine to 5a in CDCl3 only
returned the unreacted starting materials, and additional
heating resulted in partial decomposition of the complex
(Scheme 5, path c).[51]

Scheme 5. Reactivity of complex 5a with O- and N-based nucleo-
philes.

From these preliminary results it seems clear that the api-
cal diethylamido ligand in complex 5a, in analogy with the
previously reported azatitanatranes,[35] is not easily dis-
placed and this limits its use as a catalyst by the activation
of apical substituents. Since apical chloro ligands can be
replaced by alkylation to yield the corresponding alkyltita-
nium compounds[22a,52] or, alternatively, may be abstracted
by treatment with silver salts to generate, for example, trifl-
ate derivatives,[49] or replaced by a siloxyl (R3SiO) group by
reaction with sodium siloxide,[53] such azatrane derivatives
may be more suitable for use as Lewis acid catalysts. Such
work is currently in progress.

Conclusion

Enantiopure C3-symmetric AlIII and TiIV complexes have
been obtained from chiral trisamidoamine derivatives with
threefold symmetry. Further studies are needed in order to
ascertain whether the complexes have the key properties re-
quired for catalysis, such as a sufficiently large cavity for
substrate binding, fast exchange of coordinated substrate,
and efficient transfer of chirality from the chiral complex
to the substrate undergoing reaction.

Experimental Section
General Remarks: All metal-containing compounds were prepared
under dry nitrogen on a high vacuum line using standard Schlenk
techniques or in a glove box. All reaction flasks were heated prior
to use and solvents and solutions were transferred by needle/sep-
tum techniques. Separation of solids from suspensions was per-
formed by centrifugation with a Rotina 48 centrifuge (Hettich Zen-
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trifugen, Tuttlingen, Germany) equipped with a specially designed
Schlenk tube rotor.[54] Solvents were dried according to standard
procedures and used under nitrogen: diethyl ether, THF, toluene
and pentane were distilled from sodium/benzophenone and stored
over a potassium mirror, except for diethyl ether, which was stored
over activated 4-Å molecular sieves. Dichloromethane was distilled
from calcium hydride and stored over activated 4-Å molecular si-
eves. The deuterated solvents used for NMR experiments were
dried with activated 4-Å molecular sieves. Deuterated chloroform
was additionally treated with a small amount of dry potassium
carbonate. Pellets and powdered 4-Å molecular sieves were pur-
chased from Aldrich and activated before use. The 1H and 13C
NMR spectra were recorded with Bruker AC 200 SY (1H:
200.13 MHz; 13C: 50.32 MHz), AC 250 (1H: 250.18 MHz; 13C:
62.90 MHz), DRX 300 (1H: 300.13 MHz; 13C: 75.46 MHz) and
Bruker Avance 400 (1H: 400.00 MHz; 13C: 100.58 MHz) instru-
ments and referenced to the residual signals from CDCl3 (1H: δ =
7.26 ppm; 13C: δ = 77.2 ppm) and C6D6 (1H: δ = 7.20 ppm) ppm.
19F NMR spectra were recorded with the Bruker DRX 300 spec-
trometer using CFCl3 as internal reference (19F: 282.35 MHz;
CFCl3 δ = 0 ppm). Melting points are uncorrected and were deter-
mined withy a Reichert Austria apparatus. Optical rotations were
measured with a Perkin–Elmer 241 polarimeter (λ = 589 nm, so-
dium D-line) at 25 °C using a quartz cell (10 cm). Chromatographic
separations were performed with Macherey–Nagel silica gel (70–
230 mesh). Flash chromatography was performed as described in
the literature[55] using Macherey–Nagel 60 silica gel (0.040–
0.063 mm, 230–400 mesh). TLC analyses were run using Mach-
erey–Nagel POLYGRAM®SIL G/UV254 silica pre-coated plastic
sheets (40×80 mm, 0.2 mm thickness). Al(CH3)3 (2.0  solution in
heptane) was purchased from Aldrich. The ligands used for the
preparation of metal complexes were dried under vacuum and
stored over P2O5 or under nitrogen. All other chemicals were ob-
tained commercially and used without further purification.

Ligand (R,R,R)-1e: (R,R,R)-1e was obtained in 60% yield (0.99 g)
following the procedure previously described for 3a.[24] M.p. 177–
178 °C, [α]D20 = –82.6 (c = 1.2, CHCl3). 1H NMR (250.18 MHz,
CDCl3, 25 °C): δ = 0.91 (d, J = 6.2 Hz, 9 H), 2.17 (dd, J = 12.7
and 4.5 Hz, 3 H), 2.27 (s, 9 H), 2.67 (s, 18 H), 2.83 (dd, J = 12.6
and 11.1 Hz, 3 H), 3.68–3.91 (m, 3 H), 5.88 (d, J = 7.2 Hz, 3 H),
6.91 (s, 6 H) ppm. 13C NMR (62.90 MHz, CDCl3, 25 °C): δ = 19.6
[CH3, 3 C, –CH(CH3)], 20.8 (CH3, 3 C, p-CH3), 23.0 (CH3, 6 C,
o,o�-CH3), 45.9 (CH, 3 C, CH2CHMeN), 57.3 (CH2, 3 C,
NCH2CHMe-), 131.7 (CH, 6 C, CH arom.), 135.8 (Cq, 3 C,
CHCMeCH arom.) 138.8 (Cq, 6 C, -SO2CCMeCH- arom.), 141.6
(Cq, 3 C, SO2C arom.) ppm. C36H54N4O6S3 (735): calcd. C 58.83,
H 7.40, N 7.62; found C 58.95, H 7.42, N 7.60.

Synthesis of AlIII Complexes of Ligands (S,S,S)-1a and (S,S,S)-1c
in situ: Ligand 1 (0.020 mmol) was added to a 1-mL volumetric
flask and dissolved in CDCl3. Trimethylaluminium (2.0  in hep-
tane, 0.010 mL, 0.020 mmol) was then added and the solution
(0.500 mL) was transferred into a screw-cap NMR tube, which was
sealed under nitrogen and kept at room temperature. The reaction
was followed by 1H NMR spectroscopy. Once the complete forma-
tion of the complex was observed, the sample was kept at 0 °C in
the refrigerator.

Complex (S,S,S)-3a: Upon addition of ligand (S,S,S)-1a (13.02 mg)
to AlMe3, formation of 3a (colourless solution) was quantitative
after 15 min. 1H NMR (250.18 MHz, CDCl3, 25 °C): δ = –0.39 (s,
3 H), 0.72 (d, J = 6.6 Hz, 3 H), 0.86 (d, J = 5.3 Hz, 3 H), 0.87 (d,
J = 5.3 Hz, 3 H), 2.35 (s, 3 H), 2.40 (s, 3 H), 2.42 (s, 3 H), 2.47
(dd, J = 13.6 and 12.3 Hz, 1 H), 2.62 (dd, J = 16.7 and 10.1 Hz, 1
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H), 2.98 (dd, J = 15.4 and 2.2 Hz, 1 H), 3.08 (dd, J = 13.6 and
4.4 Hz, 1 H), 3.69–3.42 (m, 1 H), 3.91–3.69 (m, 1 H), 4.72 (d, J =
10.5 Hz, 1 H), 7.20 (d, J = 8.3 Hz, 2 H), 7.27 (d, J = 8.3 Hz, 4 H),
7.69 (d, J = 8.3 Hz, 2 H), 7.83 (d, J = 8.3 Hz, 2 H), 7.99 (d, J =
8.3 Hz, 2 H) ppm.

Complex (R,R,R)-3e: This complex was prepared from AlMe3 and
ligand (R,R,R)-1e (14.70 mg). Quantitative formation occurred in
15 min; colourless solution. 1H NMR (250.18 MHz, CDCl3,
25 °C): δ = –0.41 (s, 3 H), 0.56 (d, J = 5.9 Hz, 3 H), 0.73 (d, J =
5.6 Hz, 3 H), 0.90 (d, J = 6.6 Hz, 3 H), 2.25 (s, 3 H), 2.29 (s, 3 H),
2.31 (s, 3 H), 2.36 (dd, J = 14.4 and 2.9 Hz, 1 H), 2.50–2.71 (m, 2
H), 2.62 (s, 6 H), 2.67 (s, 6 H), 2.74 (s, 6 H), 3.04 (dd, J = 7.9 and
4.3 Hz, 1 H), 3.20 (dd, J = 14.3 and 2.9 Hz, 1 H), 3.38–3.53 (m, 1
H), 3.54–3.69 (m, 2 H), 3.70–3.91 (m, 1 H), 4.53 (d, J = 10.3 Hz,
1 H), 6.87 (s, 2 H), 6.94 (s, 2 H), 6.98 (s, 2 H) ppm.

Complex (S,S,S)-4a: This complex was prepared from AlMe3 and
ligand (S,S,S)-1a (13.02 mg). The solution was heated at 60 °C for
15 d, resulting in 100% conversion to (S,S,S)-4a. The solution was
colourless. 1H NMR (250.18 MHz, CDCl3, 25 °C): δ = 0.87 (d, J
= 6.0 Hz, 9 H), 2.37 (s, 9 H), 2.43–2.76 (m, 6 H), 3.73–3.90 (m, 3
H), 7.25 (d, J = 8.3 Hz, 6 H), 8.15 (d, J = 8.3 Hz, 6 H) ppm.
13C NMR (62.90 MHz, CDCl3, 25 °C): δ = 19.1 [CH3, 3 C,
–CH(CH3)–N–], 21.5 (CH3, 3 C, CH3 arom.), 46.4 (CH, 3 C,
CH2CHMeN), 55.8 (CH2, 3 C, NCH2CHMe), 128.1 (CH, 6 C, CH
arom.), 129.2 (CH, 6 C, CH arom.), 139.3 (Cq, 3 C, CH arom.),
142.6 (Cq, 3 C, CH arom.) ppm.

Complex (S,S,S)-4c: This complex was prepared from AlMe3 and
ligand (S,S,S)-1c (13.37 mg). Full conversion to colourless 4c was
observed after 2 h at 60 °C. 1H NMR (250.18 MHz, CDCl3, 25 °C):
δ = 0.96 (d, J = 7.0 Hz, 9 H), 1.00 (d, J = 7.0 Hz, 9 H), 2.02–2.90
(m, 3 H), 2.23 (dd, J = 13.2 and 4.8 Hz, 3 H), 2.88 (dd, J = 13.2
and 10.8 Hz, 3 H), 3.65–3.79 (m, 3 H) ppm. 13C NMR (62.90 MHz,
CDCl3, 25 °C): δ = 17.1 (CH3, 9 C, CHCH3), 17.9 (CH3, 9 C,
CHCH3), 31.0 [CH, 3 C, –CH(CH3)2], 53.1 (CH, 3 C, –CH2CHiPr),
56.9 (CH, 3 C, –CH2CHiPr), 119.2 (Cq, JC,F = 320.9 Hz, 3 C, CF3)
ppm. 19F NMR (282.35 MHz, C6D6, 28 °C): δ = –77.95 ppm.

Complex (S,S,S)-4a: Ligand (S,S,S)-3a (1.042 g, 1.60 mmol) was
placed in a 100-mL Schlenk-tube. Dry THF (10 mL) was added
followed by trimethylaluminium (2.0  in heptane, 0.800 mL,
1.60 mmol) while stirring under nitrogen. After gently heating up
to reflux, gas evolution was observed from the colourless solution.
The reaction mixture was heated at 60 °C for 2 h and formation
of a white precipitate was observed. Complex (S,S,S)-5a (1.069 g,
1.59 mmol, 99% yield) was isolated as a white solid after centrifu-
gation and washing with dry THF (2×10 mL) and pentane
(2×10 mL). 1H and 13C NMR as reported above. C30H39AlN4O6S3

(675): calcd. C 53.39, H 5.82, N 8.30; found C 53.52, H 5.89, N
8.47.

Synthesis and Characterisation of TiIV Complexes of Ligands
(S,S,S)-1a, (S,S,S)-1c and (R,R,R)-1e in situ: Ligand 1
(0.027 mmol) was added to a 1-mL volumetric flask and dissolved
in CDCl3. Tetrakis(diethylamino)titanium (0.010 mL, 0.028 mmol)
was then added and the solution (0.500 mL) was transferred into a
screw-cap NMR tube, which was sealed and kept at room tempera-
ture. The reaction was followed by 1H NMR spectroscopy. Once
the complex was observed, the volatile diethylamine was removed
under vacuum and the sample was kept in solution at 0 °C in the
refrigerator.

Complex (S,S,S)-5a: Ligand (S,S,S)-5a (17.6 mg) gave the complex
quantitatively after 3 d, during which time the solution turned red-
dish-brown. 1H NMR (250.18 MHz, CDCl3, 25 °C): δ = 1.03 (d, J
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= 6.5 Hz, 9 H), 1.21 (t, J = 7.4 Hz, 6 H), 2.38 (s, 9 H), 2.52 (dd, J
= 12.1 and 5.0 Hz, 3 H), 3.05 (dd, J = 12.1 and 11.6 Hz, 3 H),
4.12–4.36 (m, 3 H), 4.36 (dq, J = 11.1 and 7.4 Hz, 2 H), 4.50 (dq,
J = 11.1 and 7.4 Hz, 2 H), 7.23 (d, J = 8.3 Hz, 6 H), 8.00 (d, J =
8.3 Hz, 6 H) ppm. 13C NMR (62.90 MHz, CDCl3, 25 °C): δ = 13.0
[CH3, 3 C, NCH2(CH3)], 19.5 [CH3, 3 C, –CH(CH3)–N–], 21.5
(CH3, 3 C, CH3 arom.), 49.8 (CH2, 6 C, NCH2Me), 53.1 [CH, 3
C, NCH2CH(CH3)–], 60.7 [CH2, 3 C, NCH2CH(CH3)], 127.7 (CH,
3 C, CH arom.), 129.1 (CH, 3 C, CH arom.), 141.1 (Cq, 3 C, CH
arom.), 142.2 (Cq, 3 C, CH arom.) ppm.

Complex (S,S,S)-5c: Ligand (S,S,S)-1c (18.1 mg) gave the complex
immediately with a 100% conversion; the solution turned dark
brown. 1H NMR (250.18 MHz, CDCl3, 25 °C): δ = 0.93 (d, J =
7.2 Hz, 9 H), 1.03 (d, J = 7.2 Hz, 9 H), 1.14 (t, J = 7.2 Hz, 6 H),
2.22–2.42 (m, 3 H), 2.62 (dd, J = 13.2 and 6.1 Hz, 3 H), 3.30 (dd,
J = 13.2 and 12.1 Hz, 3 H), 4.05–4.22 (m, 3 H), 4.24 (dq, J = 14.8
and 7.2 Hz, 2 H), 4.80 (dq, J = 14.8 and 7.2 Hz, 2 H) ppm. 13C
NMR (62.90 MHz, CDCl3, 25 °C): δ = 14.1 [CH3, 3 C,
NCH2(CH3)], 16.6 (CH3, 9 C, CHCH3), 20.2 (CH3, 9 C, CHCH3),
31.2 [CH, 3 C, –CH(CH3)2], 52.8 (CH2, 6 C, NCH2Me), 55.7 (CH,
3 C, –CH2CHiPr), 64.5 (CH, 3 C, –CH2CHiPr), 120.1 (Cq, J =
326.2 Hz, 3 C, CF3) ppm. 19F NMR (282.35 MHz, C6D6, 28 °C):
δ = –72.53 ppm.

Complex (R,R,R)-5e: Ligand (R,R,R)-1e (19.9 mg) was used. After
6 d at room temperature followed by 6 h of heating at 60 °C, a
dark-yellow solution was obtained, which according to 1H NMR
contained 90% of complex 5e. 1H NMR (250.18 MHz, CDCl3,
25 °C): δ = 0.97 (d, J = 7.1 Hz, 9 H), 1.35 (t, J = 7.1 Hz, 6 H), 2.32
(s, 9 H), 2.71 (s, 18 H), 3.47 (dd, J = 12.5 and 10.9 Hz, 3 H), 3.38–
3.63 (m, 2 H), 3.78–4.03 (m, 2 H), 4.38–4.55 (m, 3 H), 4.63 (dd, J
= 12.8 and 4.8 Hz, 2 H), 7.00 (s, 6 H) ppm. 13C NMR (62.90 MHz,
CDCl3, 25 °C): δ = 14.5 [CH3, 3 C, N–CH2(CH3)], 18.4 [CH3, 3
C, –CH(CH3)–N–], 21.1 (CH3, 3 C, p-CH3), 23.9 (CH3, 6 C, o,o-
CH3), 43.6 (CH2, 6 C, NCH2Me), 57.5 (CH, 3 C, CH2CHMeN),
61.3 (CH2, 3 C, NCH2CHMe-), 132.6 (CH, 6 C, CH arom.), 132.9
(Cq, 3 C, CHCMeCH arom.), 140.9 (Cq, 6 C, -SO2CCMeCH-
arom.), 145.3 (Cq, 3 C, SO2C arom.) ppm.

Complex (S,S,S)-5a: Ligand (S,S,S)-1a (1.048 g, 1.62 mmol) was
placed in a 100-mL Schlenk-tube. Dry toluene (50 mL) was added
and the mixture was stirred until the ligand was completely dis-
solved upon gently heating. Tetrakis(diethylamino)titanium
(0.600 mL, 1.60 mmol) was then added while stirring under nitro-
gen. The reaction mixture turned from colourless to brown and it
was refluxed for 4 h. The solvent was then evaporated under vac-
uum and the resulting brown powder was washed with dry pentane
(2×20 mL). Pure 5a (1.221 g, 1.59 mmol, 98% yield) was obtained
as a brown powder. 1H and 13C NMR as reported above.
C34H49N5O6S3Ti (768): calcd. C 53.18, H 6.43, N 9.12; found C
52.99, H 6.15, N 9.01.

Complex (S,S,S)-6a: Ligand (S,S,S)-2a (0.300 g; 1.29 mmol) was
added with a syringe to a Schlenk flask followed by pentane
(19 mL). The flask was cooled to –50 °C and nBuLi (2.5  in hex-
anes, 1.51 mL, 3.78 mmol) was added dropwise during 15 min. The
temperature was allowed to reach 0 °C during 30 min and the flask
was then allowed to stand at room temperature for 2 h. The flask
was cooled to –60 °C and [TiCl4(THF)2] (0.429 g, 1.26 mmol) was
added under a stream of argon. The flask was slowly allowed to
reach room temperature overnight and was then stirred for another
48 h. The flask was centrifuged and the dark-red solution was
transferred with a transfer needle to a Schlenk flask. Most of the
pentane was removed in vacuo and a crystalline material formed
at –30 °C after a few days (0.227 g, 57% yield). 1H NMR
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(200.13 MHz, C6D6, 25 °C): δ = 0.80 (d, J = 6.0 Hz, 9 H), 2.16 (dd,
J = 11.7 and 5.1 Hz, 3 H), 2.62 (dd, J = 11.6 and 11.6 Hz, 3 H),
3.20 (m, 3 H), 3.38 (s, 9 H) ppm. 13C NMR (50.32 MHz, C6D6,
25 °C): δ = 19.1 (CH3, 3 C, CHCH3), 43.6 (CH3, 3 C, NCH3),
60.6 (CH, 3 C, –CH2CH–Me), 62.4 (CH2, 3 C, –CH2CHMe) ppm.
C12H27ClN4Ti (310): calcd. C 46.39, H 8.76, N 18.03; found C
46.25, H 8.79, N 17.99.

Complex (S,S,S)-6b: The complex with ligand (S,S,S)-2b (0.395 g;
1.26 mmol) was prepared in an identical manner in 64% yield
(0.318 g). 1H NMR (200.13 MHz, C6D6, 25 °C): δ = 0.67 (d, J =
7.0 Hz, 9 H), 0.79 (d, J = 8.5 Hz, 9 H), 1.73 (m, 3 H), 2.13 (dd, J
= 11.7 and 5.6 Hz, 3 H), 2.84 (dd, J = 10.5 and 10.5 Hz, 3 H), 3.12
(m, 3 H), 3.28 (s, 9 H) ppm. 13C NMR (50.32 MHz, C6D6, 25 °C):
δ = 14.2 (CH3, 3 C, CHCH3), 18.3 (CH3, 3 C, CHCH3), 26.6 [CH,
3 C, CH(CH3)2], 43.0 (CH3, 3 C, NCH3), 53.6 (CH, 3 C,
–CH2CHiPr), 71.7 (CH2, 3 C, –CH2CHiPr) ppm. C18H39ClN4Ti
(395): calcd. C 46.39, H 8.76, N 18.03; found C 46.21, H 8.73, N
17.98.

X-ray Diffraction

(R,R,R)-3e: Crystallized from chloroform/hexane by vapour dif-
fusion. Diffraction data were measured at the Istituto di Chimica
Biomolecolare of CNR (Padova), with a Philips PW1100 dif-
fractometer by using graphite-monochromated Cu-Kα radiation (λ
= 1.54178 Å) at 293(2) K in the θ–2θ scan mode up to θ = 60°.
Formula: C36H54N4O6S3. Monoclinic, space group P21. Unit cell
parameters: a = 8.496(2), b = 16.355(3), c = 14.374(3) Å, β =
98.33(4)°. V = 1976.2(3) Å3. Z = 2. Dcalcd. = 1.235 gcm–3. µ =
2.095 mm–1. 3176 Collected reflections, 3053 of which were inde-
pendent (Rint = 0.029). The structure was solved by direct methods
of the SHELXS 97 program[56] and refined by full-matrix block
least-squares on F2, using all data, with the SHELXL 97 pro-
gram.[57] A planarity restraint was applied to each of the three
phenyl rings. Hydrogen atoms were calculated at idealised positions
and refined as riding. Data/restraints/parameters: 3053/10/455. Fi-
nal R indices: R1 = 0.038 and wR2 = 0.097 [I � 2σ(I)]; R1 = 0.039
and wR2 = 0.101 (all data). Goodness of fit (on F2): 1.063. Max.
and min. residual in the final ∆F map: +0.182 and –0.223 eÅ–3.

(S,S,S)-5a: Crystals of 5a were grown by layering a concentrated
solution of the pure compound in dichloromethane with diethyl
ether, and allowing slow diffusion at room temperature. Diffraction
data were collected at the Laboratoire de Chimie Organométallique
et de Catalyse (Institut Le Bel, Université Louis Pasteur, Stras-
bourg) using a Nonius–Kappa CCD diffractometer equipped with
a molybdenum source [λ(Mo-Kα) = 0.71073 Å] at 174 K. Formula:
C30H39AlN4O6S3·CH2Cl2. Orthorhombic, space group P212121.
Unit cell parameters: a = 7.6495(1), b = 21.4914(3), c =
22.3149(4) Å. V = 3668.5(1) Å3. Z = 4. Dcalcd. = 1.380 gcm–3. µ =
0.418 mm–1. 10747 Collected reflections, 6021 of which were inde-
pendent (Rint = 0.06). The Nonius OpenMoleN software package
was used for all calculations.[58] The refinement was carried out by
least-squares methods against F2. The hydrogen atoms were in-
cluded at calculated positions with fixed thermal parameters. Data/
restraints/parameters: 3641/0/424. Final R indices: R1 = 0.051 and
wR2 = 0.071 [I � 2σ(I)]. Goodness of fit (on F2): 1.292. Max. and
min. residual in the final ∆F map: +0.679 and –0.161 e·Å–3.

CCDC-277426 and -278811 contain the supplementary crystallo-
graphic data for (R,R,R)-3e and (S,S,S)-5a, respectively. These data
can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): 2D NMR spectra of complex 5a (NOESY) and 5e (TOCSY
and NOESY).
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A bidentate ligand, 3-aminopropanethiolate (apt), was syn-
thesized and treated with RhCl3·3H2O in basic water to yield
a novel mononuclear complex, fac(S)-[Rh(apt)3] (1), which
was characterized by spectroscopic methods. Furthermore,
the reaction of 1 with CoCl2·6H2O in water formed the linear-
type, S-bridged trinuclear complexes ∆Λ-[Co{Rh(apt)3}2]3+

(2a) and ∆∆/ΛΛ-[Co{Rh(apt)3}2]3+ (2b), which were charac-
terized by stereochemical, spectrochemical, and electro-
chemical methods. 2a and 2b are stable and exhibit trival-
ency in water. X-ray crystallographic analysis of 2a and 2b
showed that all of the bridging sulfur atoms are fixed in the
R configuration for the ∆ unit and in the S configuration for
the Λ unit, and each complex has six six-membered chelate
rings, all of which are in the chair conformation. The crystal
structure of the corresponding 2-aminoethanethiolate (aet)
trinuclear complex ∆Λ-[Co{Rh(aet)3}2]3+ (4a) was also deter-

Introduction

The chemistry of sulfur-bridged metal complexes has at-
tracted much interest because of the importance of coordi-
nated thiolato groups in a variety of systems ranging from
inorganic to organic and biological chemistry. It has been
recognized that, because of their high Lewis basicity, coor-
dinated thiolato groups have an affinity to form S-bridged
polynuclear structures with transition-metal ions. There-
fore, mononuclear complexes, fac(S)-[M(aet)3] (M = CoIII,
RhIII, IrIII; aet = 2-aminoethanethiolate), could function as
metalloligands to other transition-metal ions, using sulfur
atoms.[1] The polynuclear complexes obtained so far have
shown unique stereochemical, spectrochemical, and electro-
chemical properties, depending highly upon the nature of
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mined. The structures of 2a and 2b have some differences
from that of 4a as a result of the six-membered chelate rings.
The Co···Rh distances in 2a and 2b [3.0490(4) and 3.063(1) Å]
are significantly longer than this distance in the aet complex
4a [2.9139(2) Å]. The UV/Vis absorption spectra of 2a and 2b
indicate a shift to higher energies as compared with 4a and
∆∆/ΛΛ-[Co{Rh(aet)3}2]3+ (4b). The chemical shifts for the
NCH2 and SCH2 carbon atoms in 2a and 2b are shifted to
higher fields than those for 4a and 4b in the NMR spectra.
The CoIII/II redox potential values are –0.56 V (2a) and
–0.57 V (2b) compared with –0.35 V (4a) and –0.36 V (4b).
This shows that the CoIII state is more stable in 2a and 2b
than it is in 4a and 4b.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the central metal ions and the metal ions in the terminal
building blocks (Scheme 1).[1–5]

Scheme 1.

The complex [Co(tn)3]3+ (tn = 1,3-propanediamine) con-
taining an additional methylene group shows some interest-
ing differences in properties when compared with the corre-
sponding complex [Co(en)3]3+ (en = ethylenediamine).[6–13]

For example, six-membered chelate rings give rise to a
larger bite angle (N···N distances in chelates) than five-
membered rings.[6–9] It was reported that both the confor-
mational flexibility and the structural bulkiness are larger
in [M(tn)3]3+ than in [M(en)3]3+ (M = CoIII or CrIII
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ion).[10,11] It was also observed that the ring–ring interac-
tions, which give rise to the energy differences between con-
formations, are more severe and more numerous in the six-
membered chelate ring complexes than in five-membered
systems.[10] Moreover, the absorption maxima in the first d–
d transition region in the tn complexes shift to lower ener-
gies than those in the corresponding en complexes.[12,13]

Similar to the complexes [Co(tn)3]3+ and [Co(en)3]3+ with
N–N donor ligands, complexes containing five- and six-
membered chelate rings with N–S donor ligands also show
interesting differences in properties. For example, an ad-
ditional methylene group led to differences in reactivity: all
the attempts to synthesize [Co(apt)3] (apt = 3-aminopro-
panethiolate) were unsuccessful, unlike the corresponding
complex [Co(aet)3], which was obtained easily.[14] Similarly,
[Ni(apt)2] was obtained under more drastic conditions than
[Ni(aet)2]. Moreover, differences in chemical properties were
also observed: [Ni(apt)2] gave [Ni{Ni(apt)2}2]2+ when dis-
solved in polar solvents, whereas [Ni(aet)2] remained practi-
cally insoluble. The aqueous solutions of [Ni{Ni(apt)2}2]2+

were less stable than those of the homologous trinuclear
complex [Ni{Ni(aet)2}2]2+.[15] The solubility of complexes
with six-membered chelate rings, e.g. [Ni{Ni(apt)2}2]2+, was
lower than that of complexes with five-membered chelate
rings, e.g. [Ni{Ni(aet)2}2]2+.[16] As far as structure was con-
cerned, the most striking difference resulting from the pres-
ence of an additional methylene group was found to be the
opening of the dihedral angle by 30°. This can be attributed
to the steric requirements of the enlargement of the chelate
ring. The electronic properties are also influenced by the
additional methylene group, which could be explained in
terms of different bond lengths and angles of the chromo-
phores in these complexes.[15]

It has been well explained in the literature that the varia-
tions in the bridging ligands provide remarkable control
over the electronic structures and photophysics of com-
plexes. In one of the reports it was found that bpa dimers
[bpa = 1,2-bis(4-pyridyl)ethane] exhibit a broad, low-energy
emission from a metal-centered 3LF excited state, whereas
the bpe and bpy dimers [bpe = trans-1,2-bis(4-pyridyl)ethyl-
ene, bpy = 4,4�-bipyridyl] exhibit structured emission from
the lowest pyridyl-centered 3(π–π*) excited state.[17] In an-
other report, complexes of 4-pyridine thiolate with CoII,
NiII, ZnII, CdII, HgII, PtII, SnIV, and BiIII involve bonding
through sulfur rather than nitrogen,[18] while complexes of
2-(2-mercaptoethyl)pyridine with CoII, NiII, PdII, and PtII

involve bonding through sulfur as well as nitrogen.[19] It
can therefore be demonstrated that the modifications of the
bridging ligand provide exquisite control over the electronic
structures and photophysics of the compounds, including
the orbital character of the lowest emissive state. It is also
assumed that the complexes using apt, which has an ad-
ditional methylene group as compared with aet, can lead to
somewhat different structural, spectrochemical, or electro-
chemical properties, which might be quite interesting.

No doubt metal complexes of aet ligands have been
widely studied, many of them form stable chelates, but
those of apt have received little attention up to now. Only

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1041–10491042

a few CoIII, NiII, ZnII, CdII, HgII, and FeIII complexes have
been reported.[14,15,20,21] The polynuclear complexes ob-
tained were homopolynuclear complexes only, and to the
best of our knowledge, there is no report of heteropolynu-
clear complexes. The choice of apt is based on the simplicity
of the ligand and the fact that the ligand had been poorly
studied. Turning to six-membered rings in the mononuclear
unit, we are interested in the effects of changes in the three-
dimensional structure on the metal, spectroscopic, and elec-
trochemical properties.

In this paper, we report on the stepwise synthesis of
aptH·HCl from 3-aminopropanol following literature meth-
ods with some modifications.[22–24] After synthesis,
aptH·HCl was treated with the RhIII ion to obtain a mono-
nuclear complex fac(S)-[Rh(apt)3] (1), which reacts with the
CoII ion to form heterotrinuclear complexes
[Co{Rh(apt)3}2]3+ in meso (2a) and racemic (2b) forms.
Crystal structural analysis and spectrochemical characteri-
zation have been described comparatively for the corre-
sponding aet complexes. Electrochemical measurements
were also performed.

Results and Discussion

Synthesis of Ligand

The ligand aptH·HCl was prepared by modified litera-
ture methods.[22–24] There was only a very simple descrip-
tion for the synthesis of the aminoalkanethiol series in the
literature. Therefore, the synthesis of aptH·HCl was exam-
ined in detail and improved. The ligand was obtained by
the three-step reaction shown in Scheme 2. Each compound
was characterized by elemental analysis and NMR spec-
troscopy.

The first step of the reaction was vigorous and was there-
fore carried out in an ice bath. From this step, the com-
pound 1-amino-3-propylsulfate (I) was obtained. The sec-
ond step gave tetrahydro-1,3-thiazine-2-thione (II) with the
ring-formation reaction of I and carbon disulfide. Com-
pound II is a thione-thiol tautomer that consists of tetra-
hydro-1,3-thiazine-2-thione and 5,6-dihydro-1,3-thiazine-2-
thiol (Figure 1). The X-ray crystal structure of II is shown
in Figure 2, and bond lengths and angles are listed in
Table 1. The six-membered ring is not a planar structure
because of the sp3 carbon atoms C1 and C2, and the sp3

sulfur atom S1, although the C1, S1, C4, N1, C3, and S2
atoms are almost on the same plane. The S2–C4 distance
[1.692(3) Å] is shorter than the length of the single bond
S1–C1 [1.814(4)] and S1–C4 [1.729(3) Å]. It is reported that
the length of the single bond S–C of typical thiol com-
pounds is 1.82 Å, and that of typical thione compounds is
1.56 Å.[25–28] Similarly, the N1–C4 distance [1.321(4) Å] is
shorter than the length of the single bond N1–C3
[1.471(5) Å], which suggests multibonding. Thus, the C4
atom is in an sp2 hybridized state. The S1–C4 distance in II
is similar to the corresponding S–C distance [1.722(7) Å] in
N,N�-trimethylenethiourea.[29]
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Scheme 2.

Figure 1. Two tautomers of II.

Figure 2. Crystal structure of II.

Table 1. Bond lengths [Å] and angles [°] of II.

S1–C1 1.814(4) S1–C4 1.729(3)
S2–C4 1.692(3) N1–C3 1.471(5)
N1–C4 1.321(4) C1–C2 1.502(5)
C2–C3 1.513(5)

C1–S1–C4 105.2(2) C3–N1–C4 127.0(3)
S1–C1–C2 110.9(2) C1–C2–C3 111.7(3)
N1–C3–C2 112.1(3) S1–C4–S2 115.1(2)
S1–C4–N1 122.2(2) S2–C4–N1 122.7(2)

The third step in the reaction of II gave aptH·HCl as a
result of ring opening. This ligand is hygroscopic and solu-
ble in water, methanol, ethanol, and acetone, and less solu-
ble in other solvents. The overall process was carried out in
a manner similar to that of the synthesis of 1-Meaet (1-
Meaet = 1-amino-2-propanethiolate).[30]

Syntheses of Complexes

Preparation of the apt mononuclear complex fac(S)-
[Rh(apt)3] (1) (Scheme 3) was carried out by a modified
method of the synthesis of the aet mononuclear complex,
fac(S)-[Rh(aet)3] (3).[31,32] The difference between the syn-
theses was the order in which the starting materials were
added. For the synthesis of the aet mononuclear complex,
RhCl3·3H2O was added to a basic aqueous solution con-
taining the ligand, and the mixture was heated to reflux
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under nitrogen. However, in this work, the apt was added
at the end and gave a higher yield than a similar method
for synthesizing the aet mononuclear complex. The re-
sulting yellow powder was found to be 1. This neutral com-
plex is not soluble in general solvents, but soluble in acidic
water following the protonation of the sulfur atoms of the
coordinated thiolato group. Complex 1 was obtained more
easily and in a purer form than the complexes
fac(S)-[Co(apt)3] and trans(S)-[Ni(apt)2], which were ob-
tained under more drastic conditions.[15]

Scheme 3.

The trinuclear complexes ∆Λ-[Co{Rh(apt)3}2](NO3)3

[2a(NO3)3] and ∆∆/ΛΛ-[Co{Rh(apt)3}2]Br3 (2bBr3) were
synthesized by the reported procedure, but using aptH in-
stead of aetH.[33] It was found that, in the case of
2a(NO3)3 and 2bBr3, the reaction gave the trivalent CoIII

complexes under nitrogen or air. This result is different
from the case of ∆Λ-[Co{Rh(aet)3}2](NO3)3 [4a(NO3)3] and
∆∆/ΛΛ-[Co{Rh(aet)3}2]Br3 (4bBr3), which gave divalent
CoII complexes under such conditions, in which case H2O2

was used for oxidation.[33] This difference in reactivity can
be related to the difference in the redox potential of the
CoIII ion in trinuclear structures (vide infra). Complexes 2a
and 2b (Scheme 4) were obtained both in meso and racemic
forms similar to 4a and 4b. Selective crystallization using
suitable counter anions was achieved. This is different from
the case of the CoIII complexes in which [Co-
{Co(aet)3}2]Cl3 gave both meso and racemic forms while
[Co{Co(apt)3}2]Cl3 gave only the meso form.[14,21]

Crystal Structures of Complexes 2a, 2b, and 4a

The results of the ICP analysis and elemental analysis
confirmed that the ratio of Co to Rh was 1:2 in 2a and 2b.
The values obtained for the molar conductivity in aqueous
solution for the apt complexes 2a and 2b (329 and
363 S·cm2·mol–1, respectively) are comparable to the values
of the aet complexes 4a and 4b (384 and 401 S·cm2·mol–1,
respectively). These values are also within the range nor-
mally observed for other trivalent trinuclear complexes con-
taining fac(S)-[Rh(aet)3] units (323–404 S·cm2·
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Scheme 4.

mol–1).[2,3,34,35] The structures of 2a, 2b, and 4a, determined
by X-ray structural analysis, are shown in Figures 3, 4, and
5, respectively. The crystal structure of 4a was determined
for purposes of comparison. The selected bond lengths and
angles are summarized in Table 2 and Table 3. Compounds
2a and 2b consist of two approximately octahedral fac(S)-
[Rh(apt)3] units and one Co atom, forming the completely
linear-type, S-bridged trinuclear structures, ∆Λ-
[Co{Rh(apt)3}2]3+ (for 2a) and ∆∆/ΛΛ-[Co{Rh(apt)3}2]3+

(for 2b). Only the ΛΛ configuration of 2b is shown in Fig-
ure 4. All of the bridging sulfur atoms in 2a and 2b have
the R configuration for the ∆ unit and the S configuration
for the Λ unit, which corresponds to the results in all of
the reported trinuclear structures. Each complex has six six-
membered chelate rings in a molecule, and all of the rings
are in the chair conformation.

Figure 3. Crystal structure of 2a.

Figure 4. Crystal structure of 2b.

The Co···Rh distances in apt complexes 2a and 2b
[3.0490(4) and 3.063(1) Å] are significantly longer than that
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Figure 5. Crystal structure of 4a.

in the aet complex 4a [2.9139(2) Å]. The Rh–S [av.
2.322(1) Å], Rh–N [av. 2.133(5) Å], and Co–S [av.
2.291(1) Å] distances in 2a are slightly longer than those in
4a [av. 2.306(8), av. 2.121(3), and av. 2.290(9) Å]. The S–
Rh–S (av. 80.43(4)°), N–Rh–N [av. 88.2(2)°], and S–Co–S
[av. 81.71(4)°] angles in 2a are more acute than those in 4a
[av. 83.75(3), av. 96.2(1), and av. 84.45(3)°] while Co–S–Rh
angles [av. 82.73(4)°] in 2a are more obtuse than those in
4a [av. 78.67(3)°]. These differences in the bond lengths and
angles are attributed to the presence of six-membered che-
late rings that are formed between the metal and ligands in
the case of apt complexes 2a and 2b compared with the five-
membered chelate rings found in the case of aet complex 4a.
It can be concluded that increasing the number of methyl-
ene groups in the chelate rings influences the stereochemis-
try of the complexes. Six-membered chelate rings give rise
to a larger bite angle than five-membered rings, which is
very clearly observed in the present case. The S–Rh–N bite
angles in 2a [av. 96.0(1)°] and 2b [98.5(3)°] are significantly
larger than those in 4a [av. 87.0(1)°].

Spectroscopic Properties

UV/Visible Spectra

Diffuse reflectance (DR) spectra of 1 and 3 were mea-
sured in the solid state, since the neutral mononuclear com-
plexes are sparingly soluble in water. Both complexes exhi-
bit the characteristic intense bands at ca. 40×103 cm–1.
These bands may be due to charge transfer (CT) transitions
from the sulfur atoms to the RhIII ion. This suggests that 1
is the apt mononuclear complex fac(S)-[Rh(apt)3] with the
same geometry as 3.

UV/Vis absorption (AB), DR, and circular dichroism
(CD) spectra of 2a and 2b are shown in Figure 6. It was
found that 2a and 2b exhibit characteristic AB and CD
spectra of the trinuclear structure just as for complexes 4a
and 4b with some shift towards the higher energy side.[33]

The observed AB peaks arise from d–d transitions and CT
transitions from the sulfur atoms to the metal ions. The
peaks observed at about 40–50×103 cm–1 are due to CT
transitions from the sulfur atoms to the RhIII ion. DR and
AB spectra show similar patterns, and therefore it is be-
lieved that the symmetry of 2a and 2b is not altered in solu-
tion. Furthermore, AB did not change with time. This me-
ans that 2a and 2b are stable for a long time in solution.
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Table 2. Selected bond lengths [Å] and angles [°] of 2a and 4a.

2a 4a 2a 4a

Rh1–S1 2.316(1) 2.3121(9) Rh1–S2 2.330(1) 2.3077(9)
Rh1–S3 2.320(1) 2.2993(7) Rh1–N1 2.138(5) 2.122(3)
Rh1–N2 2.127(4) 2.123(4) Rh1–N3 2.136(5) 2.120(3)
Co1–S1 2.291(1) 2.2853(9) Co1–S2 2.294(1) 2.3069(9)
Co1–S3 2.290(1) 2.2796(7) Rh1···Co1 3.0490(4) 2.9139(2)

Rh1–S1–Co1 82.87(4) 78.66(3) Rh1–S2–Co1 82.51(4) 78.31(3)
Rh1–S3–Co1 82.82(5) 79.04(2) S1–Rh1–S2 80.74(4) 83.29(3)
S1–Rh1–S3 80.77(4) 84.32(3) S2–Rh1–S3 79.83(5) 83.63(3)
N1–Rh1–N2 87.0(2) 96.0(1) N1–Rh1–N3 88.2(2) 96.4(1)
N2–Rh1–N3 89.4(2) 96.2(1) S1–Co1–S2 81.99(4) 83.90(3)
S1–Co1–S3 81.94(4) 85.38(3) S2–Co1–S3 81.20(5) 84.08(3)
S1–Rh1–N1 96.3(1) 87.04(9) S2–Rh–N2 95.2(1) 87.0(1)
S3–Rh1–N3 96.5(1) 87.06(8)

Table 3. Selected bond lengths [Å] and angles [°] of 2b.

Rh1–S1 2.327(3) Rh1–N1 2.13(1)
Co1–S1 2.304(3) Rh1···Co1 3.063(1)

Rh1–S1–Co1 82.82(9) S1–Rh1–S1[a] 80.5(1)
N1–Rh1–N1[a] 86.7(5) S1–Co1–S1[a] 81.5(1)
S1–Rh1–N1 98.5(3)

[a] Symmetry code: 1 – y, x – y, z.

When comparative studies were performed, it was found
that there was no significant difference between the elec-
tronic spectra of the aqueous solutions of 2a, 2b and 4a,
4b. This trend is similar to that of
[Co{Co(aet or apt)3}2]3+ [14,21], whereas it is different from
that of [Ni{Ni(aet or apt)2}2]2+, in which important differ-
ences were observed.[15] The AB peaks in 2a and 2b were
observed at higher energy levels compared with those in
the corresponding CoIII and NiII complexes. It is therefore
concluded that the addition of another methylene group to
the chelate ring in octahedral trinuclear complexes does not
cause important modifications in the chromophores, and
the structures are very similar in both cases.

Figure 6. UV/Vis AB (log ε), DR (arbitrary scale), and CD (∆ε)
spectra of 2a (–––––) and (–)CD

412-2b (- - - - - -).
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The CD spectrum of 2b, which was optically resolved
with an SP-Sephadex C-25 column, shows bands in the re-
gion 15–40×103 cm–1. These CD bands correspond well to
the d–d and CT bands for [Co{Rh(apt)3}2]3+ in the AB
spectra. It seems that (–)CD

412-2b is the ΛΛ isomer and
(+)CD

412-2b is the ∆∆ isomer. The CD spectrum of 2b is also
in agreement with that of 4b. In the CD spectra, no signifi-
cant changes were observed with time over several hours.
This illustrates that the trinuclear structures are fairly
stable, retaining their oxidation state even under aerobic
conditions.

IR and Far-IR Spectra
The IR and far-IR spectra of I, II, and aptH·HCl show

all the characteristic bands for the vibration and bending
modes of the NH2 and CH2 groups (Figure S1). The overall
IR spectral pattern of 1 is in good agreement with that of
3.[35] The IR spectral patterns of 2a(NO3)3 and 2bBr3 are
similar to each other, reflecting the similarity between the
isomers (Figure S2). Moreover, these spectral patterns are
typical for linear-type, S-bridged trinuclear complexes in the
range 4000–400 cm–1.[2,3,35–38] The IR spectra of 1,
2a(NO3)3, and 2bBr3 show characteristic bands in the range
3500–2800 cm–1, corresponding to the vibration modes of
the NH2 and CH2 groups. The bands for the bending mode
of the NH2 and CH2 groups are observed at 1700–
1000 cm–1. The IR spectra show similar patterns in the
range 3500–2800 cm–1, but in the range 1700–1000 cm–1,
there are small differences between the spectrum of the mo-
nonuclear complex 1 and those of the trinuclear complexes
2a(NO3)3 and 2bBr3. The bands at ca. 1100 cm–1 in 1 are
shifted to higher energies in 2a(NO3)3 and 2bBr3, which re-
flects the change from mononuclear to trinuclear geometry.
The same trend is observed in the case of CoII, NiII, ZnII,
CdII, and HgII complexes with apt.[14,15,20,21] The similarity
between the IR spectral patterns of 1 and those of the trinu-
clear 2a(NO3)3 and 2bBr3 shows that the terminal units re-
tain their structure during the formation of S-bridged com-
plexes. The absence of bands in the range 2550–2600 cm–1

(υS–H) is characteristic of coordinated sulfur. The far-IR
spectra of 1, 2a(NO3)3, and 2bBr3 are quite complicated,
but show little difference in the region 500–420 cm–1 be-
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Table 4. 1H- and 13C NMR spectral data (coupling constants/Hz).[a]

NH NCH2 CH2 SCH2

I –[c] 4.17 (t, 2 H, 5.7) 2.07 (2 H, quint, 6.4) 3.15(t, 2 H, 7.2)[d]

II[b] 9.02 (s, 1 H) 3.48 (t, 2 H, 4.1) 2.18 (2 H, quint, 5.7) 3.00 (t, 2 H, 5.9)
aptH·HCl –[c] 3.12 (t, 2 H, 7.6) 2.10 (2 H, quint, 7.3) 2.82 (t, 2 H, 7.1)
2a 4.15[c] 2.98 (m, 2 H) 2.15 (d, 1 H, 15.6) 2.45 (dd, 1 H, 5.1, 4.9)

3.41[c] 1.83 (dd, 1 H, 11.6, 13.3) 2.08 (t, 1 H, 13.5)
2b 4.14[c] 2.98 (dd, 1 H, 5.5, 5.2) 2.18 (d, 1 H, 15.7) 2.46 (dd, 1 H, 5.2, 5.1)

3.33[c] 2.92 (dd, 1 H, 10.6, 12.9) 1.74 (dd, 1 H, 6.0, 12.7) 1.89 (t, 1 H, 12.5)
4a –[c] 3.15 (d, 1 H, 11.2) 2.49 (d, 1 H, 13.2)

–[c] 2.73 (dd, 1 H, 22.5, 13.9) 1.86 (td, 1 H, 13.5, 3.3)
4b –[c] 3.16 (d, 1 H, 12.9) 2.39 (d, 1 H, 11.2)

–[c] 2.73 (dd, 1 H, 23.7, 10.5) 1.73 (td, 1 H, 13.5, 3.6)

C=S NCH2 CH2 SCH2

I 68.92 29.19 39.61[e]

II[b] 194.61 44.30 20.46 30.02
aptH·HCl 40.72 28.60 36.39
2a 44.04 29.82 30.72
2b 43.82 30.84 31.18
4a 49.89 34.40
4b 50.11 34.62

[a] ppm from D2O containing DSS. [b] ppm from CHCl3 containing TMS. [c] NH2 signals were broad or missing due to H–D exchange.
[d] OCH2. [e] OCH2.

tween the mononuclear complex 1 and the two trinuclear
complexes 2a(NO3)3 and 2bBr3 (Figure S2). Because the
far-IR spectra were complicated, it was difficult to assign
the bands for the shifts resulting from the vibrations of the
Co–S bonds.

NMR Spectra

The 1H- and 13C NMR spectra were measured for each
product during the synthesis of ligands 2a and 2b. The li-
gand aptH·HCl as well as I and II show three sharp signals
for the CH2 protons and three sharp signals for the CH2

carbons. The proton signals in the 13C-1H heteronuclear
multiple-bond correlation spectrum (HMBC) of aptH·HCl
show coupling with the corresponding carbon signals (Fig-
ure S3). Moreover, the proton signals in the 1H-1H corre-
lation spectroscopy (COSY) indicate coupling between the
corresponding proton signals. Both 2a and 2b also exhibit
three sets of sharp proton signals and three carbon signals
resulting from the six apt ligands (Figure S4). This means
that the S6 or D3 symmetrical, S-bridged, trinuclear struc-
tures observed in the crystals are retained in aqueous solu-
tion. The details of the NMR spectroscopic data are shown
in Table 4. In 2a and 2b, the chemical resonances in the 1H
NMR spectra show shifts to lower fields for the NCH2 pro-
tons and to higher fields for the SCH2 protons. Moreover,
the splitting pattern for the protons is also different from
that observed in 4a and 4b.[35] It is worth noting that the
chemical shifts for the NCH2 and SCH2 carbon atoms in
2a and 2b show shifts to higher fields than those for 4a and
4b.

Electrochemical Properties

Cyclic voltammetry experiments were performed for 2a
and 2b. The cyclic voltammogram obtained for 2b is shown
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in Figure 7. For the already reported complexes of apt with
CoIII, NiII, ZnII, CdII, and HgII, there is no information
about the electrochemical properties.[14,15,20,21] Therefore, to
the best of our knowledge, this is the first report on the
electrochemistry of S-bridged complexes containing apt.
Each of the voltammograms displays a quasi-reversible re-
dox couple in the negative potential region. In analogy to
the characterized electrochemistry of the [Co{M(aet)3}2]3+

(M = RhIII, CoIII) system,[33,39–41] this redox process is as-
signed as the redox couple corresponding to CoIII/II. The
redox couples of the apt complexes 2a (–0.56 V) and
2b (–0.57 V) are more negative than those of the aet com-
plexes 4a (–0.35 V) and 4b (–0.36 V).[33,39] This means that
the CoIII state in apt complexes is more stable than that in
4a and 4b. A possible reason for this might be the difference
in nucleophilicity of sulfur or structural differences of the
CoIII ion resulting from the additional methylene group in
apt, which forms six-membered chelates rather than five-
membered ones, as is the case for aet. Since the difference
in reduction potential resulting from the difference in the
configuration of complexes is very slight, the E1/2 value for
the meso isomer 2a is only 0.01 V more positive than that
for the corresponding racemic isomer 2b. A profound differ-
ence was observed when the ligand was changed from
fac(S)-[Rh(aet)3] to fac(S)-[Rh(apt)3], where 2b is reduced
(0.21 V) more easily than 4b. The redox process of 2b is
reversible, as with 4a and 4b. However, in the case of 2a,
the observed peak separation was too broad to establish
whether the redox process is reversible. The difference in
electrochemical properties of 2a, 2b and 4a, 4b could be
related to the difference of reactivity explained in the syn-
thetic part, where it was found that, in the case of 2a and
2b, the reaction under nitrogen or air gave the trivalent
CoIII complexes as compared with the case of 4a and 4b,
where H2O2 was used for oxidation.
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Figure 7. Cyclic voltammogram of 2b.

Conclusions

A novel mononuclear complex fac(S)-[Rh(apt)3] (1) was
synthesized and characterized by spectroscopic methods.
The reaction of 1 with CoCl2·6H2O in water formed linear-
type, S-bridged trinuclear complexes ∆Λ-[Co{Rh(apt)3}2]3+

(2a) and ∆∆/ΛΛ-[Co{Rh(apt)3}2]3+ (2b), unlike ∆Λ-
[Co{Rh(aet)3}2]3+ (4a) and ∆∆/ΛΛ-[Co{Rh(aet)3}2]3+ (4b)
where an oxidizing agent was required. The complexes were
characterized by stereochemical, spectrochemical, and elec-
trochemical techniques. The Co···Rh, Rh–S, and Rh–N dis-
tances in 2a and 2b are longer than those of 4a. The differ-
ences in bond lengths and angles are due to the presence of
six-membered chelate rings in 2a and 2b, rather than the
five-membered chelate rings in 4a. The absorption bands in
2a and 2b are shifted to higher energies than those of 4a.
The results of IR and far-IR spectra indicate that the ter-
minal units retain their structure during the formation of
S-bridged complexes. NMR spectra of 2a and 2b show that
the chemical shift values in 13C NMR are shifted to higher
fields as compared to 4a and 4b. In addition, the CoIII oxi-
dation state in 2a and 2b is more stable than that in 4a and
4b. It can be concluded that the properties of complexes are
greatly influenced by increasing the number of methylene
groups in the chelate rings.

Experimental Section
Materials

The aet complexes fac(S)-[Rh(aet)3] (3), ∆Λ-[Co{Rh(aet)3}2](NO3)3

[4a(NO3)3], and ∆∆/ΛΛ-[Co{Rh(aet)3}2]Br3 (4bBr3) were prepared
by procedures similar to those in the literature.[31–33] All reagents
were purchased from Wako Pure Chemical Ind. Ltd. All chemicals
were of reagent grade and were used without further purification.

Preparation of Ligand

The ligand was prepared by literature methods with some modifica-
tions as follows.[22–24]

1-Amino-3-propylsulfate (I): A mixture of 3-amino-1-propanol
(75.1 g, 1.0 mol) and carbon tetrachloride (200 cm3) was cooled in
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an ice bath. Chlorosulfonic acid (116.5 g, 1.0 mol) was slowly
added to the mixture. The reaction mixture was kept overnight,
and carbon tetrachloride was removed in vacuo. The crude solid
was crushed with methanol (400 cm3), and isolated by filtration.
A pure white powder of 1-amino-3-propylsulfate was obtained by
recrystallization from water/methanol. Yield: 123.5 g, 79%.
C3H9NO4S (155.17): calcd. C 23.35, H 5.66, N 9.15; found C 22.87,
H 5.57, N 8.88.

Tetrahydro-1,3-thiazine-2-thione (II): To a suspension containing 1-
amino-3-propylsulfate (252.2 g, 1.62 mol) and carbon disulfide
(150.0 g, 1.94 mol) in ethanol (50%, 700 cm3) was added slowly in
an ice bath NaOH (141.8 g, 3.56 mol) in ethanol (50%, 300 cm3).
After the reaction mixture was heated to reflux for 30–40 min the
ethanol was removed by evaporation. Colorless crystals of tetra-
hydro-1,3-thiazine-2-thione were obtained by recrystallization from
hot water. Yield: 149.0 g, 70%. C4H7NS2 (133.22): calcd. C 36.06,
H 5.30, N 10.51; found C 35.40, H 5.06, N 10.34.

3-Aminopropanethiol Hydrochloride (aptH·HCl): A suspension of
tetrahydro-1,3-thiazine-2-thione (149.0 g, 1.12 mol) in conc. HCl
(800 cm3) was heated to reflux for 3 weeks. After evaporating until
an oil remained, a white precipitate of aptH·HCl was obtained by
the addition of ethanol/ether. Yield 133.0 g, 95%. C3H10ClNS
(127.63): calcd. C 28.23, H 7.89, N 10.97; found C 29.05, H 6.67,
N 10.30.

Preparation of Complexes

fac(S)-[Rh(apt)3] (1): To a solution containing NaOH (0.61 g,
15 mmol) in water (10 cm3) was added RhCl3·3H2O (0.10 g,
0.38 mmol). A solution of aptH·HCl (1.10 g, 8.6 mmol) in water
(40 cm3) was then added to this mixture . The mixture gave a yellow
precipitate after slight heating and was then heated to reflux for a
further 1–1.5 h. The yellow precipitate was collected by filtration
and washed with water, methanol, and acetone. Yield of 1·2H2O:
0.075 g, 53%. C9H28N3O2RhS3 (409.42): calcd. C 28.05, H 6.63, N
10.90; found C 28.02, H 6.11, N 10.34. Reflectance maxima (σ/
103 cm–1): 13.5, 28.5, 34.1 sh, 40.4.

∆Λ-[Co{Rh(apt)3}2](NO3)3 [2a(NO3)3] and ∆∆/ΛΛ-
[Co{Rh(apt)3}2]Br3 (2bBr3): To a suspension containing 1 (0.20 g,
0.55 mmol) in water (10 cm3) was added a solution containing
CoCl2·6H2O (0.65 g, 2.7 mmol) in water (5 cm3). The mixture was
stirred at room temperature for 30 min and filtered. A saturated
aqueous solution of NaNO3 (5 cm3) was added to the dark brown
filtrate, and the resulting dark red crystals [2a(NO3)3·2H2O] were
collected by filtration. A saturated aqueous solution of NaBr
(5 cm3) was added to the filtrate, and the resulting dark red crystals
(2bBr3·3.5H2O) were collected by filtration. Crystals suitable for X-
ray crystallography were obtained by recrystallization of
2a(NO3)3·2H2O and 2bBr3·3.5H2O from the aqueous solutions
containing NaNO3 and NaCl. Yield of 2a(NO3)3·2H2O: 0.065 g,
12%. C18H52CoN9O11Rh2S6 (1027.77): calcd. C 21.04, H 5.10, N
12.27; found C 21.19, H 4.98, N 11.89. Absorption maxima [σ/
103 cm–1 (log ε/mol–1·dm3·cm–1)]: 14.5 (2.11), 20.9 (3.49), 24.7
(4.14), 31.5 (4.08 sh), 38.6 (4.13 sh), 48.7 (4.78). Reflectance max-
ima (σ/103 cm–1): 15.3, 19.0, 24.2, 29.6 sh, 41.1. Yield of
2bBr3·3.5H2O: 0.045 g, 7.9%. C18H55Br3CoN6O3.5Rh2S6 (1100.49):
calcd. C 19.50, H 5.00, N 7.58; found: C 19.73, H 5.08, N 7.96.
Absorption maxima [σ/103 cm–1 (log ε/mol–1·dm3·cm–1)]: 16.7
(3.11), 18.3 (3.14), 24.3 (4.06), 29.7 (4.14 sh), 40.2 (4.35 sh), 51.0
(4.80). Reflectance maxima (σ/103 cm–1): 16.5, 19.1, 23.4, 29.5 sh,
40.3.

Column Chromatography

Column chromatography was also performed with an SP-Sephadex
C-25 column (Na+ form). When the reddish brown filtrate was
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eluted with a NaCl solution (0.5 ), two bands were obtained: a
reddish brown band followed by a greenish brown band. The
UV/Vis absorption spectra of the bands showed that the reddish
brown band contains 2a and the greenish brown band contains 2b.
The purity of the isomers that had been obtained by fractional
precipitation, was confirmed by column chromatography [SP-Se-
phadex C-25 column (Na+ form)].

Optical Resolution of 2b

Compound 2b was optically resolved with an SP-Sephadex C-25
column (K+ form). An aqueous solution of 2b was charged onto
the column and adsorbed. The column was first eluted with an
aqueous solution of K2[Sb2(R,R-tartrato)2]·5H2O (0.15 ), where-
upon two distinct greenish brown bands were separated. The bands
were finally eluted and collected by an aqueous solution of KCl
(0.5 ). The CD spectra of the two bands were measured, which
had a positive or negative CD sign at 412 nm. The CD spectra of
two bands were just opposite to each other. The ∆ε values of each
eluent containing the (+)CD

412 and (–)CD
412-2b isomers were evaluated

on the basis of the absorption spectroscopic data of 2bBr3·3.5H2O.
CD extrema [σ/103 cm–1 (∆ε/mol–1·dm3·cm–1)]: 2b (lower) 16.73 (–
41.06), 24.26 (+99.62), 28.62 (–11.27), 31.38 (+10.65), 35.94
(+28.10), 42.05 (+10.96); 2b (upper) 16.62 (+38.24), 24.19 (–96.92),
28.80 (+10.45), 31.46 (–11.07), 36.23 (–27.98), 41.87 (–10.12).

Measurements

Elemental analysis (C, H, and N) was performed by the Depart-
ment of Chemistry in the University of Tsukuba. The concentra-
tions of Co and Rh in the complexes were determined with a NIP-
PON Jarrell-Ash ICPA-575 spectrometer. UV/Vis absorption spec-
tra were recorded with a JASCO V-560 spectrophotometer and so-
lid-state diffuse reflectance spectra were recorded with a JASCO V-
570 spectrophotometer equipped with an integrating sphere appa-
ratus (JASCO ISN-470) using powder samples diluted with MgO.
IR and far-IR spectra were recorded with a JASCO FT/IR-550
spectrometer using KBr disks in the range 4000–400 cm–1 and Nu-
jol mulls between polyethylene pellets in the range 650–50 cm–1. 1H
and 13C NMR spectra were recorded with a BRUKER AM500 and

Table 5. Crystallographic Data for II, 2a(NO3)3·2H2O, 2bCl3, and 4a(NO3)3·3H2O.

II 2a(NO3)3·2H2O 2bCl3 4a(NO3)3·3H2O

Empirical formula C4H7NS2 C18H52CoN9O11Rh2S6 C18H48Cl3CoN6Rh2S6 C12H42CoN9O12Rh2S6

Formula weight 133.23 1027.77 912.08 961.62
Dimensions [mm] 0.55 ×0.30×0.10 0.27×0.20×0.05 0.15×0.13×0.10 0.25×0.25×0.10
Crystal system monoclinic monoclinic hexagonal triclinic
Space group P21/n (#14) C2/c (#15) P6/mcc (#192) P1̄ (#2)
a [Å] 4.9986(5) 17.2186(7) 12.8060(2) 8.8570(1)
b [Å] 6.2381(7) 9.3370(2) 8.9760(1)
c [Å] 19.717(2) 23.2258(10) 26.3105(5) 12.0893(1)
α [°] 70.854(8)
β [°] 93.486(2) 98.1420(5) 69.761(8)
γ [°] 77.198(9)
Volume [Å3] 613.69(11) 3696.4(2) 3736.69(11) 845.52(2)
Z 4 4 4 1
Dcalcd. [g·cm–3] 1.442 1.847 1.621 1.888
µ [cm–1] 7.39 17.25 18.79 18.80
Total reflections 9380 29146 31160 13730
Unique reflections 1444 4413 1771 3820
Rint 0.020 0.030 0.073 0.016
Used [I � 3σ(I)] 1113 2701 699 3482
No. Variables 64 239 65 250
Used/ Variables 17.39 11.30 10.75 13.93
Final R [I � 3σ(I)] 0.062 0.036 0.074 0.039
Final Rw [I � 3σ(I)] 0.194 0.092 0.195 0.126
Goodness of fit 1.000 1.019 1.002 1.002
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AM600 NMR spectrometer in D2O using sodium 4,4-dimethyl-4-
silapentane-1-sulfonate (DSS) as an internal reference or CDCl3
using tetramethylsilane (TMS) as an internal reference. The molar
conductance of the complexes was measured with a HORIBA con-
ductivity meter (DS-14). Electrochemical experiments were per-
formed with a CV-50W voltammetry analyzer, Bioanalytical Sys-
tems, Inc. (BAS) with a platinum-working electrode (BAS, Pt). In
the electrochemical experiments an aqueous Ag/AgCl/NaCl
(3 mol·dm–3) (BAS, RE-1B) and platinum wire were used as the
reference and auxiliary electrodes, respectively. All the measure-
ments were carried out at room temperature in an aqueous solu-
tion, which was bubbled with N2 gas, and contained Na2SO4

(0.1 mol·dm–3) as a supporting electrolyte.

X-ray Crystal Structure Determinations

Single-crystal X-ray data collections were performed with a Rigaku
AFC-7S Mercury CCD area detector with a graphite monochro-
matized Mo-Kα (0.71070 Å) radiation using the CrystalClear (Ri-
gaku) program package. Crystallographic data of II and complexes
2a(NO3)3·2H2O, 2bCl3, and 4a(NO3)3·3H2O are listed in Table 5.
The positions of Rh, Co, and non-hydrogen atoms were determined
by direct methods (SHELX 97 2a, 4a)[42] or (SIR97 II, 2b),[43] and
some remaining atom positions were found by successive difference
Fourier techniques (DIRDIFF-99).[44] The structures were refined
by full-matrix least-squares techniques using anisotropic thermal
parameters for non-hydrogen atoms. All hydrogen atoms except for
those of II were included in calculated positions but not refined.
The CrystalStructure (Rigaku) program package was used for the
calculations.[45]

CCDC-279990–CCDC-279993 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): IR and far-IR spectra of I, II, and aptH·HCl (Figure S1); IR
and far-IR spectra of complexes 1, 2a, and 2b (Figure S2); 1H-1H
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COSY and 1H-13C HMQC NMR spectra of aptH·HCl (Figure S3);
1H-1H COSY of 2a and 2b (Figure S4).
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To explore the metal–metal interaction and spectroscopic
properties, the ground- and excited-state structures of
[M2(dpm)2]2+ [M = Ag (2), Cu (3), dpm = bis(diphosphanyl)-
methane] and their solvated species [M2(dpm)2]2+·(MeCN)2

were optimized by the MP2 and CIS methods, respectively.
In the ground states, the calculated M–M distances and their
corresponding M–M stretching frequencies for 2 and 3 indi-
cate the presence of metallophilic attraction; there is strong
N�Cu/Ag coordination in acetonitrile, which is different
from the case in previous studies of [Au2(dpm)2]2+ (1). CIS
calculations show that 2 and 3 have 1,3[σ*(d)σ(s/p)] as their
lowest-energy excited state, as is also the case for 1, con-
firmed by unrestricted MP2 calculations. On the basis of the

Introduction

Despite the fact that two closed-shell metal cations
would normally be expected to repel each other, a larger
number of inorganic and organometallic complexes have
been described whose structures indicate strong metal–me-
tal interactions.[1–5] Among these interactions, the AuI–AuI

interaction has been intensively investigated both experi-
mentally[6–11] and theoretically,[2–4,12–17] and coined as “aur-
ophilicity” by Schmidbaur.[18] The energy of the aurophilic
attraction in the solid state and solution was estimated to
be 7–15 kcal/mol,[3] comparable to that of hydrogen bonds.
Pyykkö et al.[1–4] have attributed the attraction to corre-
lation effects that are strengthened by relativistic effects.

The Au–Au aurophilic attractions often result in unusual
photochemical and photophysical properties for the AuI

complexes.[6–11] It was found that their unique spectroscopic
features in the absorption and emission spectra clearly re-
late to the presence of the Au–Au interactions. The lumines-
cence of AuI complexes was assigned as a metal-centered
(MC) transition or a metal–metal-to-ligand charge-transfer
(MMLCT) transition.[12–17] Recently, we calculated the aur-
ophilic interactions and excited-state properties of model

[a] State Key Laboratory of Theoretical and Computational
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Jilin University, Changchun 130023, China

[b] College of Chemistry and Chemical Engineering, Heilongjiang
University,
Haerbin 150080, China
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© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1050–10591050

CIS-optimized structures, the TD-DFT (B3LYP) method was
employed to calculate the emission spectra of such com-
plexes. For 3, the phosphorescent emissions were calculated
at 424 and 514 nm in the solid state and acetonitrile, which
is comparable to the experimental data of 475 and 480 nm,
respectively. The comparison between the gas-phase and
solution emissions for 1–3 reveals that the N�M coordination
results in a large red-shift of the emission wavelength. Tak-
ing previous studies into account , we found that the M–M
distances are linearly correlated with the M–M stretching fre-
quencies for the dinuclear d10 complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complexes [Au2(dpm)2]2+ (1),[12,13] [Au2(dpm)(i-mnt)] (4),[16]

and [(AuPH3)2(i-mnt)] (5)[16,17] [dpm = bis(diphosphanyl)-
methane and i-mnt = i-malononitriledithiolate]. The results
revealed that the 507-nm phosphorescent emission of 1 in
acetonitrile has the σ[s(Au2)]�σ*[d(Au2)] (MC) transition
property,[13] while the 512 and 495-nm emissions in the
CH2Cl2 solution for 4 and 5, respectively, arise from the
Au–Au to i-mnt charge-transfer (MMLCT) transition.[16]

The AuI–AuI interaction is strengthened in these emissive
excited states, resulting from the formation of a σ single
bond between the AuI centers upon excitation.

Though aurophilic attraction between gold() atoms is
widely acknowledged,[1–20] the development of silver–silver
(argentophilicity)[21,22] and copper–copper (cuprophilic-
ity)[22–24] bonding interactions remains in its infancy. Che
and coworkers[25–32] have structurally characterized a series
of luminescent dinuclear d10 complexes with bridging phos-
phane ligands. The d10–d10 metallophilicity in these com-
plexes was confirmed by Raman spectroscopy. For
[M2(dcpm)2](X)2 [M = Au, Ag, and Cu; X = counteranion;
dcpm = bis(dicyclohexylphosphanyl)methane], with metal–
metal distances of 2.939, 2.960, and 2.731 Å, respectively,
the 88, 80, and 104-cm–1 fundamental bands were assigned
to the M–M stretching vibrations.[27–29] These d10 com-
plexes exhibit intense luminescence either in the solid state
or in solution, which is experimentally attributed to the
σ[(n + 1)p]�σ*(nd) transitions.

Apart from the above fundamental interest, the existing
and/or potential applications based on d10 coinage metal
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complexes such as optical materials, photocatalysts, biosen-
sors, and molecular pharmacology have also received the
attention of many researchers.[6,22–24,33–37] For example, it
has been suggested that the therapeutic action of gold drugs
for rheumatoid arthritis is related to the ability of the AuI

complexes to quench the singlet oxygen 1∆g state at
7752 cm–1.[37] Such applications of the d10 complexes are
clearly pertinent to their excited-state properties. Therefore,
the theoretical investigation of the electronic structures of
the ground- and excited states of the complexes is also of
practical significance.

So far, computational methods are sufficiently advanced
to allow calculation of ground- and excited states of rela-
tively large molecular complexes.[38] At the same time, ex-
periments provide wide and accurate information that can
serve as a test for the computational methods. In theory
these make both the systematic investigations of the M–M
interactions and the luminescence of the d10 coinage metal
complexes possible. Since the presence of a bridging ligand
facilitates the intramolecular interaction,[4] the series of
complexes, [M2(P–P)2]2+ [M = Au, Ag, and Cu; P–P =
dmpm, dppm, and dcpm; dmpm = bis(dimethylphos-
phanyl)methane and dppm = bis(diphenylphosphanyl)-
methane], with eight-membered-ring conforma-
tion,[24–31,38–44] are ideal candidates for such investigations.

Here, we use the second-order Møller–Plesset pertur-
bation (MP2)[46] and single excitation configuration interac-
tion (CIS)[38] methods to fully optimize the ground- and
excited-state structures of model complexes [M2(dpm)2]2+

[M = Ag (2) and Cu (3)] and their solvated species
[M2(dpm)2]2+·(MeCN)2, respectively. On the basis of the
MP2- and CIS-optimized structures, the absorption and
emission spectra of such complexes were obtained from
TD-DFT (time-dependent density functional theory)[47–49]

calculations, respectively. Combined with the previous stud-
ies on 1, the calculated M–M distances (3.03–3.16 Å) and
their corresponding M–M stretching frequencies (69–
89 cm–1) for 1–3 indicate the presence of metallophilic at-
traction in the ground states. Complexes 1–3 give rise to the
metal-centered σ(s, pz)�σ*(dx2–z2, dy2) emissions, both in
the gas phase and in solution, revealing that the dinuclear
d10 complexes with bridging phosphane ligands have the
intrinsic 1,3[σ*(d)σ(s/p)] excited states (the M2P4 unit lies in
the xz plane and the z axis goes through the two metal
atoms).

Computational Details and Theory

It has been found that the complexes, [M2(P–P)2]2+ (M
= Au, Ag, and Cu; P–P = dmpm, dppm, and dcpm), form
a series of discrete dinuclear M() dimers in the crystalline
phase, i.e. no intermolecular M()–M() interac-
tions.[25–30,40–45] There are close cation–anion contacts of
2.692 and 2.687 Å (M···O) in the crystal lattices of
[Ag2(dcpm)2]·(CF3SO3)2

[28] and [Cu2(dcpm)2]·(ClO4)2,[29]

respectively, but such interactions are not apparent in the
X-ray structure of the gold() congener [Au2(dcpm)2]·(ClO4)2

Eur. J. Inorg. Chem. 2006, 1050–1059 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1051

(closest Au···OClO3, 3.362 Å).[25,26] Therefore, these types
of complexes can be modeled by [M2(dpm)2]2+ and
[M2(dpm)2]·(ClO)2, which reflect the behaviors in the gas
phase and solid state, respectively. To save the computa-
tional resources, the hydrogen was used to replace methyl,
phenyl, cyclohexyl and other heavy substituents in the ab
initio studies. A similar model has been applied in many
studies.[12–17,50,51]

In this work, we employed the Ci symmetry to settle the
ground- and excited-state conformations of [M2(dpm)2]2+

[M = Ag (2) and Cu (3)], which are consistent with the
results from the X-ray diffraction study of [M2(dcpm)2]·(X)2

(X = counteranion).[28–30] Because the solvent affects the
luminescence of the complexes,[12,13,16,17,25–32,40] we used the
solvated species [M2(dpm)2]2+·(MeCN)2 to establish the sol-
vent effects of acetonitrile.

All the calculations were carried out using the
GAUSSIAN03 program package.[52] The ground- and ex-
cited-state structures of 2 and 3 and their solvated species
were fully optimized by the MP2[46] and CIS[38] methods,
respectively. On the basis of such optimized structures, the
TD-DFT (B3LYP)[47–49] method was performed to calculate
the absorption and emission spectra of the complexes.

In the calculations, quasi-relativistic pseudopotentials of
the Ag, Cu, and P atoms proposed by Hay and Wadt[53,54]

with 19, 19, and 5 valence electrons, respectively, were em-
ployed, and the LanL2DZ basis sets associated with the
pseudopotential were adopted. In order to describe the d10–
d10 metallophilic attraction and the molecular properties
precisely, one additional function was implemented for Ag
(αf = 0.22), Cu (αf = 0.24), and P (αd = 0.34).[2–4] The basis
sets were taken as Ag(8s6p4d1f/3s3p2d1f), Cu(8s5p5d1f/
3s3p2d1f), P(3s3p1d/2s2p1d), N(10s5p/3s2p), C(10s5p/
3s2p), and H(4s/2s). Thus, 152 basis functions and 80 elec-
trons for 2 and 3 and 218 basis functions and 124 electrons
for 2·(MeCN)2 and 3·(MeCN)2 were included in the calcu-
lations.

Results and Discussion

Ground-State Structures

We used the MP2 method to fully optimize the ground-
state structures of 2 and 3 and solvated species 2·(MeCN)2

and 3·(MeCN)2. Their structures are depicted in Figure 1.
Under the Ci symmetry, these complexes have 1Ag ground
states. The main optimized geometry parameters are listed
in Table 1 and Table 2, together with the data from X-ray
crystal diffraction studies for [M2(dcpm)2]·(X)2 (M = Ag, X
= CF3SO3

–; M = Cu, X = ClO4
–).[28,29] For 2 and 3, the d10

metal atoms take on a nearly linear two-coordinate geome-
try; the calculated P–M–P angles are 178.9° and 179.1°,
comparable to the experimental values of 172.4° and 162.5°,
respectively, as shown in Table 1. In the crystalline struc-
ture, the cation–anion interactions (M···O = 2.692 and
2.687 Å for the Ag and Cu complexes, respectively) result in
a large difference between the calculated and experimental
results.
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Table 1. Optimized geometry parameters of [Ag2(dpm)2]2+ (2) and [Cu2(dpm)2]2+ (3) using the MP2 method for the 1Ag ground state and
the CIS method for the 1Au and 3Au excited states.

2 3

Parameters 1Ag Exp.[a] 1Au
3Au

1Ag Exp.[a] 1Au
3Au

Bond length [Å]
M–M 3.160 2.960 2.981 3.056 3.061 2.731 2.667 2.704
M–P 2.498 2.405 2.827 2.840 2.230 2.229 2.566 2.543
P···P 3.112 3.116 3.125 3.099 3.125 3.113
Bond angle [°]
P–M–P 178.9 172.4 177.3 178.6 179.1 162.5 169.8 170.8
P–M–M 89.5 91.8 91.4 90.7 90.5 95.1 94.6
Dihedral angle [°]
P–M–M–P 180.0 180.0 180.0 180.0 180.0 180.0

[a] Experimental values of [Ag2(dcpm)2]·(CF3SO3)2 and [Cu2(dcpm)2]·(ClO4)2 are from ref.[27] and ref.[28], respectively.

Figure 1. Ground- (left side) and excited- (right side) state struc-
tures for [M2(dpm)2]2+ [M = Ag (2) and Cu (3)] and their weakly
solvated species [M2(dpm)2]2+·(MeCN)2.

The calculated 180.0° dihedral angles of P–M–M–P for
2 and 3 indicate that the M2P4 unit is coplanar. However,
the interaction between the M() atom and acetonitrile in
2·(MeCN)2 and 3·(MeCN)2 results in M2P4 distortion from
the original planarity, which is reflected by the calculated
P–M–M–P dihedral angles of 151.3° and 138.4° (Table 2).
The M–N distances are 2.380 and 1.976 Å for 2·(MeCN)2

and 3·(MeCN)2, respectively, which are very close to the
experimental distances of 2.382 and 2.029 Å for [Ag2(dppa)2-
(MeCN)2]·(PF6)2 (dppa = Ph2PNHPPh2)[22] and
[Cu2(dcpm)2(MeCN)2]·(Y)2 (Y– = ClO– and BF4

–)[29,30] and
similar to the distances of 2.116 and 1.886 Å for [M2-
(form)2] [M = Ag and Cu, form = (p-CH3C6H4)NCHN(p-
CH3C6H4)].[55] In previous studies,[13] the calculated Au–N
distance in 1·(MeCN)2 is 2.600 Å (Table S1 of the Support-
ing Information), which is much longer than the Au–N dis-
tance of 2.090 Å in [Au2(dpim)2]·(ClO4)2 [dpim = 2-(di-
phenylphosphanyl)-1-methylimidazole].[56] Our calculated
M–N distances for 1–3 in acetonitrile suggest that the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1050–10591052

Table 2. Optimized geometry parameters of [Ag2(dpm)2]2+·(MeCN)2

[2·(MeCN)2] and [Cu2(dpm)2]2+·(MeCN)2 [3·(MeCN)2] using the
MP2 method for the 1Ag ground state and the CIS method for the
1Au and 3Au excited states.

2·(MeCN)2 3·(MeCN)2

Parameters 1Ag
1Au

3Au
1Ag

1Au
3Au

Bond length [Å]
M–M 3.069 2.986 3.046 2.875 2.920 3.003
M–P 2.517 2.917 2.838 2.299 2.768 2.646
M–N 2.380 2.401 2.441 1.976 2.102 2.149
P···P 3.073 3.063 3.086 3.034 3.042 3.061
Bond angle [°]
P–M–P 150.9 178.4 179.2 138.1 177.4 178.7
P–M–M 92.6 90.7 90.4 93.7 91.3 90.6
N–M–M 109.5 179.8 179.8 113.9 179.8 180.0
Dihedral angle [°]
P–M–M–P 151.3 179.5 179.7 138.4 179.7 179.9

M···N interactions are strong enough to form an M–N sin-
gle bond for the Ag and Cu complexes, but very weak in the
Au complex. The M–N bonding energies in (1–3)·(MeCN)2

were estimated by using the Counterpoise method at the
MP2 level. They are approximately 18.9, 27.0, and 36.5
kcal/mol, respectively. The present studies substantiate the
previous conclusion that the AuI atom favors a linear two-
coordinate arrangement, while the AgI and CuI atoms have
the formal three coordination.[57]

The M()–M() separations that were calculated are
3.033, 3.160, and 3.061 Å for 1–3 in the ground states,
which correspond to the experimental data of 2.939, 2.960,
and 2.731 Å, respectively.[26,28,29] There is a large difference,
especially for the Ag and Cu complexes. The following two
reasons may be responsible for this. First, the choice of ba-
sis sets may cause such a difference. Hence, the SDD basis
set, which is larger than the LanL2DZ basis set, was used
to optimize 1–3 in order to judge the basis-set effect. The
calculated results show that the Ag–Ag distance is short-
ened by about 0.1 Å but the Au–Au and Cu–Cu distances
are nearly unchanged upon increasing the basis sets as
shown in Table S2 of the Supporting Information. Second,
in our calculations we used the model complex [M2(dpm)2]2+

to replace the real complex [M2(P–P)2]2+ (P–P = dmpm,
dppm, and dcpm). This substituent approximation may af-
fect the geometry parameters of the complexes. In Table S2,
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we list the optimized geometry parameters of [M2-
(dmpm)2]2+ (M = Au, Ag, and Cu) and the data for [M2(P–
P)2](X)2 (M = Au, Ag, and Cu; P–P = dmpm, dppm, and
dcpm; X = counteranion) that were determined from ex-
periments.[22,26,28,29,40–45] One can see that the calculated re-
sults have now improved. The M–M distances of
[M2(dmpm)2]2+ (M = Au, Ag, and Cu) are 2.985, 3.021 and
2.818 Å, respectively and approach the experimental values.
Table S2 of the Supporting Information indicates that al-
though the use of the larger basis sets (SDD) and heavy
substituent on the phosphorous atoms (e.g. dmpm ligand)
in the calculations presents results that are closer to the
experimental values, the calculated results for [M2(dpm)2]2+

with the LanL2DZ basis sets can also describe the essential
characteristics of real complexes.

The natural bond orbital (NBO) analysis[58–60] using the
MP2 density shows that the M atoms of 1–3 have net elec-
tronic charges of +0.31, +0.56, and +0.56, respectively,
while electronic charges residing on the P atoms are +0.39,
+0.28, and 0.27. This indicates that the electrons of the P
atoms transfer to the original (n + 1)s and (n + 1)p empty
orbitals of M(). Consequently, the closed-shell electronic
configurations, nd10(n + 1)s0, are no longer kept in 1–3 but
become 5d9.766s0.876p0.034f0.03 (Au), 4d9.895s0.525p0.024f0.01

(Ag), and 3d9.864s0.564p0.024f0.01 (Cu) instead. Because the
relativistic effects are stronger on Au than on Ag and Cu,[61]

there is more 5d�6(s, p) population transfer for the Au
atom. Such a destruction of metal closed-shell structures
may be one of the predominant driving forces in causing
metallophilic attraction.

Absorption Spectra

According to the vertical electron-transition mechanism
in the absorption process, the optimized ground-state struc-
tures of (1–3)·(MeCN)2 were kept, while TD-DFT (B3LYP)
calculations were performed in order to calculate the ex-
cited states related to the absorption. With respect to the
1Ag ground state under the Ci point group, the 1Ag�1Au

Table 3. Calculated absorptions of [Au2(dpm)2]2+·(MeCN)2, [Ag2(dpm)2]2+·(MeCN)2, and [Cu2(dpm)2]2+·(MeCN)2 at the TD-DFT
(B3LYP) level.

Trans. ener. Exp. [nm][a]
States Conf. |CI coeff.| � 0.2 f

[nm] [eV] dcpm dmpm dppm

Au A1Au 31au�32ag 0.67310 291 4.26 0.162 278 269 292
B1Au 30au�32ag 0.68089 237 5.23 0.050 243 239 267
C1Au 29au�32ag 0.68087 224 5.53 0.022 213

Ag A1Au 31au�32ag 0.68321 256 4.84 0.132 261
B1Au 30au�32ag 0.68629 238 5.22 0.070
C1Au 31au�33ag 0.43752 201 6.18 0.003

29au�32ag 0.42265
31ag�32au 0.25181

Cu A1Au 31au�32ag 0.53146 283 4.39 0.036 319
30au�32ag –0.43078

B1Au 29au�32ag 0.68166 246 5.04 0.071 269
C1Au 28au�32ag 0.67986 231 5.38 0.011
D1Au 27au�32ag 0.66148 219 5.66 0.009

[a] The absorptions in acetonitrile of [M2(dcpm)2]2+ (M = Au, Ag, and Cu) are from ref.[24], ref.[27] and ref.[28], respectively. The results
of [Au2(dmpm)2]2+ are from ref.[8] and those of [Au2(dppm)2]2+ from ref.[30,31,38]
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transition is spin-dipole-allowed. We obtained low-lying di-
pole-allowed transitions of (1–3)·(MeCN)2 that represent
the possible absorptions of 1–3 in acetonitrile. Transition
energies (eV/nm) of these absorptions are presented in
Table 3, together with the corresponding oscillator
strengths and experimental values available.[8,25,28,29,31,32,39]

In order to conveniently assign the calculated electronic ab-
sorptions, the electron density diagrams of the frontier mol-
ecular oribitals involved in the transitions are displayed in
Figure 2.

For 1·(MeCN)2, we obtained three low-lying absorptions
from the TD-DFT calculations. In Figure 2, one can see
that the orbitals involved in the transitions are mainly Au in
character. The analyses of the wave functions of 1·(MeCN)2

suggest that the 29au (HOMO–3), 30au (HOMO–2), 31au

(HOMO), and 32ag (LUMO) orbitals mainly have σ(Au–
P), σ*(dy2–z2), σ*(s, dz2), and σ(spz) character, respectively
(the Au2P4 unit lies in the xz plane and the z axis goes
through the two Au atoms).

The lowest-energy absorption of 1 in acetonitrile was cal-
culated at 291 nm, which results from the 31au�32ag

(HOMO�LUMO) configuration with the largest CI coeffi-
cient of 0.673 in the wave functions (Table 3). We attributed
this absorption to a metal-centered σ*(s, dz2)�σ(spz) transi-
tion. It has been found that [Au2(P–P)2]2+ (P–P = dmpm,
dppm, and dcpm)[8,25,31,32,39] display intense absorption
bands at 269, 292, and 278 nm in acetonitrile, respectively.
These absorptions correspond to the calculated 291-nm ab-
sorption and also arise from a σ*(s, dz2)�σ(spz) transition.
The B1Au excited state of 1·(MeCN)2 gives the absorption
at 237 nm, which corresponds to the experimental absorp-
tion at 239–267 nm (in Table 3).[8,25,31,32,39] The absorption
also has the nature of a MC transition, a σ*(dy2–z2)�σ(spz)
transition. There is much contribution from the phosphane
ligands for the X1Ag�C1Au transition, which is intuitively
reflected in Figure 2. We assigned the 224-nm absorption to
a σ(Au–P)�σ(spz) transition.

With respect to analogous Ag and Cu complexes, we ob-
tained three and four low-lying electronic transitions in ace-
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Figure 2. Frontier molecular diagrams of [M2(dpm)2]2+·(MeCN)2 (M = Au, Ag, and Cu) in the TD-DFT (B3LYP) calculations.

tonitrile, respectively. By combining the information from
Table 3 and Figure 2, one can see that 2 and 3 have rela-
tively more complicated transitions than 1. The calculated
lowest-energy absorption of 256 nm for 2 in acetonitrile was
assigned to a σ*(s, dz2)�σ(spz) transition, with a maximum
oscillator strength of 0.132; we relate this to the 261-nm
absorption band of [Ag2(dcpm)2]2+ recorded in acetoni-
trile.[28] The lowest-energy absorption of 283 nm for 3 in
acetonitrile is not a pure metal-centered σ*(s, dz2)�σ(spz)
transition, which is different from those of 1 and 2. The
absorption (Table 3) results from the 31au�32ag

(HOMO�LUMO) and 30au�32ag (HOMO–1�LUMO)
configurations and is attributed to the mixture of σ*(s,
dz2)�σ(spz) and σ(Cu–P)�σ(spz) transitions. Our calcu-
lated absorptions agree well with the experimental observa-
tions and provide more detailed information about the tran-
sition properties of the absorptions.

Such analyses show that relativistic effects play a signifi-
cant role in the electronic transitions of 1–3 in acetonitrile,
especially for the lowest-energy HOMO�LUMO transi-
tions. As far as 1–3 are concerned, relativistic effects desta-
bilize the σ*[ndz2(M2)] orbital but stabilize the σ[(n + 1)
spz(M2)], which result in the net effect of a decrease in the
HOMO–LUMO energy gap. Because the later-row transi-
tion metals have stronger relativistic effects, 1 has a smaller
HOMO–LUMO gap (Figure 2) and lower-energy
HOMO�LUMO absorption than 2 and 3 (Table 3). Since
the relativistic effects of Ag are larger than those of Cu, 2
should have a lower HOMO�LUMO absorption in aceto-
nitrile. However, this is not the case in the present calcula-
tions (Table 3). We think that the M–M interactions are
also one of the more important factors that affect the tran-
sition energies for 2 and 3. Table 2 shows that the M–M
distance of 2.875 Å for 3 is much shorter than that of
3.069 Å for 2, which greatly facilitates the lower-energy
transition for the Cu complex. It could be said[1] that
among the coinage metals (Au, Ag, and Cu), only silver is
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“normal”. As already mentioned, gold is anomalous be-
cause of its large relativistic effects. As the underlying node-
less d shell of copper is more compact than that of silver
or gold, copper is often seen to behave differently. This
suggestion has been, to some extent, reflected in such stud-
ies on the electronic absorptions of 1–3. Additionally, it is
worth noting that the spin-orbit interactions are an impor-
tant influence on the transition moments, even if they are
perhaps quenched in the molecular field.

In addition, we also calculated the absorptions of 1–3 in
the acetonitrile solution using the CIS method. Their low-
est-energy absorptions mainly feature the HOMO�LUMO
transitions and the σ*(s, dz2)�σ(spz) characters, as do those
from the TD-DFT calculations. However, the transition en-
ergies of 5.60, 6.66, and 6.68 eV for 1–3, respectively, from
the CIS calculations were severely overestimated relative to
the experimental values. The TD-DFT calculations yield a
better estimation of transition energies of absorptions than
the CIS method.

Excited-State Structures

To describe the luminescent properties of 2 and 3, the
CIS method was used to optimize the excited-state struc-
tures, both in the gas phase and in acetonitrile. Their struc-
tures are shown in Figure 1 and the main optimized geome-
try parameters are listed in Table 1 and Table 2.

With respect to the 1Au/3Au excited states of 2 and 3, the
optimized structures show significant changes compared
with those of their corresponding 1Ag ground states as can
be seen in Table 1. The M()–M() distances are shortened
from 3.160 and 3.061 Å to 2.981/3.056 and 2.667/2.704 Å
for 2 and 3, respectively. The bonding interactions between
the two M() atoms in the 1Au/3Au excited states weaken the
P�M dative bonds.

In solution, the acetonitrile molecules coordinate to the
metal atoms of 2 and 3 with N–M–M angles of 109.5° and
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113.9° in the 1Ag ground states, respectively; in the 1Au/3Au

excited states, the N–M–M angles are close to 180°
(Table 2). The M–N interactions in 2·(MeCN)2 and
3·(MeCN)2 are slightly weaker in the 1Au/3Au excited states
than in the ground states, thus elongating by ca. 0.02/0.06
and 0.03/0.07 Å, respectively. However, the interaction be-
tween the AuI and N atoms in acetonitrile is greatly en-
hanced in the excited states since the Au–N distances of the
1Au/3Au excited states are about 0.17/0.22 Å shorter than
that of the 1Ag ground state (Table S1 of Supporting Infor-
mation). Our previous studies on 1 showed that the N�Au
coordination in acetonitrile results in about a 200-nm red-
shift of the emission wavelength in the 3Au excited state.[13]

Thus, we conjecture that the influence of acetonitrile on
emissions of 2 and 3 is not as significant as on 1.

To certify the validity of the CIS-optimized geometries,
we used the unrestricted MP2 method (UMP2) to optimize
the lowest-energy triplet excited states of 1–3. The main op-
timized geometry parameters of the 3Au excited states are
given in Table 4. The wave functions of the excited states
demonstrate that the HOMOs are the σ bonding orbitals,

Table 4. Optimized geometry parameters of the lowest-energy 3Au

triplet excited states by the UMP2 method for [Au2(dpm)2]2+ (1),
[Ag2(dpm)2]2+ (2), and [Cu2(dpm)2]2+ (3).

Parameters 1[a] 2 3

Bond length [Å]
M–M 2.678 2.709 2.408
M–P 2.404 2.545 2.307
P···P 3.109 3.125 3.385
Bond angle [°]
P–M–P 169.7 170.6 155.5
P–M–M 95.1 94.7 102.2
Dihedral angle [°]
P–M–M–P 180.0 179.3 179.3

[a]. The results of the 3Au triplet excited state of [Au2(dpm)2]2+ (1)
are from ref.[13]

Table 5. Calculated Au–Au stretching frequencies for the ground states and lowest-energy triplet excited states of [Au2(dpm)2]2+ (1),
[Ag2(dpm)2]2+ (2), [Cu2(dpm)2]2+ (3), and related dinuclear AuI complexes at the MP2 level, together with the data from the Raman
Resonance spectra.[a]

Ground state Triplet excited state

Freq. [cm–1] Freq. [cm–1]M–M [Å] M–M [Å]
Calcd. Exp. Calcd. Exp.

1 3.033 (2.939)[b] 89 (104)[c] 88 2.678 144 175
2 3.160 (2.960)[b] 69 (94)[c] 80 2.709 142 180
3 3.061 (2.731)[b] 69 (89)[c] 104 2.408 170 150
4[d] 2.913 110 2.787 135
5[d] 2.945 96 2.786 119
6[d] 3.011 93 2.778 126
7[d] 2.989 96 2.620 164
8[d] 2.979 96 2.619 165
9[d] 2.972 97 2.572 189
10[d] 2.944 101 2.583 179

[a] The M–M frequencies of Raman Resonance spectra are from ref.[26–28]. [b] The M–M distances in parentheses were determined
from X-ray crystal diffraction studies for [Au2(dcpm)2]·(ClO4)2,[25] [Ag2(dcpm)2]·(CF3SO3)2,[27] and [Cu2(dcpm)2]·(ClO4)2

[28]. [c] The M–
M stretching frequencies in parentheses were obtained on the basis of the optimized geometries of 1, 2, and 3 with the fixed experimental
M–M distances. [d] Complexes 4–10 are [Au2(PH2CH2PH2)(i-mnt)], [Au2(PH3)2(i-mnt)], [Au2(PH2CH2PH2)(SCH2S)],
[Au2(PH2CH2PH2)(SHCH2SH)]2+, trans-[Au2(PH2CH2SH)2]2+, cis-[Au2(PH2CH2SH)2]2+, and [Au2(SHCH2SH)2]2+ (i-mnt = i-malononi-
triledithiolate), respectively. Their Au–Au distances and stretching frequencies are from ref.[13] and ref.[16], respectively.

Eur. J. Inorg. Chem. 2006, 1050–1059 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1055

mainly contributed to by the metal (n + 1)(spz) atomic or-
bitals, and the LUMOs possess σ*(ndz2) character. The 3Au

excited state from the UMP2 calculations has orbital char-
acter that is very similar to that of the 3Au excited state
from the CIS calculations for each complex. Thus, the
3[σ*(d)σ(sp)] states from the UMP2 calculations corre-
spond to those from the CIS calculations. In comparison
with those optimized by the CIS method, the geometry pa-
rameters of the 3Au excited states from the UMP2 method
are more unrelaxed (Table 1 and Table 4). This is because
the latter includes more electron correlation effects.[2–4] De-
spite some differences between the UMP2 and CIS methods
in optimized geometry parameters for 1–3, the two methods
can reasonably predict the excited-state properties of the
complexes.

We have performed the frequency calculations on 1–3 at
the MP2 level for the ground and triplet excited states. No
imaginary frequencies available indicate that these ground-
and excited structures are minimum points. The calculated
M–M stretching frequencies (Table 5) are ca. 89, 69, and
69 cm–1 for 1–3 in the ground states, which are comparable
to the experimental data of 88, 80, and 104 cm–1 for
[Au2(dcpm)2]·(ClO4)2,[27] [Ag2(dcpm)2]·(CF3SO3)2,[28] and
[Cu2(dcpm)2]·(ClO4)2,[29] respectively. Keeping the experi-
mental M–M distances from the MP2 calculations, we opti-
mized the structures of 1–3 and present the calculated M–
M frequencies in Table 5. The M–M stretching frequencies
provide evidence for weak metallophilic attraction between
the two d10 metal atoms in the ground states.

Relative to those in the ground states, the M–M stretch-
ing frequencies greatly increase in the 3Au excited states.
The 144, 142, and 170 cm–1 M–M stretching frequencies of
1–3 correspond to 175, 180, and 150 cm–1 frequencies esti-
mated by Raman Resonance spectroscopy, respec-
tively.[27–29] Such MP2 calculations suggest that the M–M
interaction is weak in the ground state (mean M–M dis-
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Figure 3. Plot of M–M distances versus stretching frequencies in the ground and lowest-energy triplet excited states for a series of
dinuclear d10 complexes, 1–10, from the MP2 and UMP2 calculations, respectively.

tance: 3.10 Å, and M–M stretching frequency: 80 cm–1), but
is strongly enhanced in the triplet excited state (mean M–
M distance: 2.60 Å, and M–M stretching frequency:
150 cm–1).

In Table 5, we summarize the calculated M–M distances
and stretching frequencies in the ground and lowest-energy
triplet excited states for a series of dinuclear d10 complexes,
1–10, from MP2 and UMP2 calculations, respectively.[13,16]

The plot of the M–M distances versus stretching fre-
quencies in Figure 3 intuitively illustrates that the M–M dis-
tances are linearly correlated with the M–M stretching fre-
quencies for the dinuclear d10 complexes.

Table 6. Calculated emissions of [Au2(dpm)2]2+ (1), [Ag2(dpm)2]2+ (2) and [Cu2(dpm)2]2+ (3) in the gas phase, solid state and acetonitrile
solution at the CIS and TD-DFT (B3LYP) levels.

CIS TD-DFT Exp.[a]

λ [nm/eV] f λ [nm/eV] f dcpm dmpm dppm

1 Gas phase 1Au 247/5.03 0.303 318/3.89 0.161
3Au 301/4.12 381/3.25

Solid state[b] 3Au 304/4.08 402/3.08 368
Solution 1Au 339/3.66 0.188 484/2.56 0.116

3Au 507/2.44 818/1.51 490–530 555 565–593
2 Gas phase 1Au 216/5.75 0.127 302/4.11 0.088

3Au 259/4.78 356/3.49
Solid state[b] 3Au 263/4.71 366/3.39 417
Solution 1Au 238/5.19 0.130 366/3.39 0.093

3Au 277/4.48 424/2.93
3 Gas phase 1Au 214/5.78 0.187 328/3.78 0.094

3Au 252/4.93 397/3.13
Solid state[b] 3Au 258/4.81 424/2.92 475
Solution 1Au 249/4.97 0.122 435/2.85 0.084

3Au 281/4.41 514/2.41 480

[a] The emissions of [M2(dcpm)2]2+ (M = Au, Ag, and Cu) in acetonitrile are from ref.[24,25], ref.[27] and ref.[28,29], respectively. The results
of [Au2(dmpm)2]2+ are from ref.[8] and those of [Au2(dppm)2]2+ from ref.[30,31,38]. [b] The results from [M2(dpm)2]·(ClO)2 (M = Au, Ag,
and Cu) with fixed experimental M···O distances of 3.362, 2.692, and 2.687 Å, respectively.
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Emission Spectra

It has been found that the CIS excited-state geometries
are more accurate than the CIS transition energies as indi-
cated in the literature.[62,63] The large deviations in the exci-
tation energies are caused by an unbalanced description of
the ground- and excited states. TD-DFT calculations, based
on linear-response theory, have recently been reformulated
to yield better transition energies than the CIS
method.[63–66] Since the CIS method can present the accu-
rate excited-state geometry and potential-energy surface,
and the TD-DFT calculations can reasonably predict the
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transition energies, the combination of the benefits of the
two methods is a practical approach to describe the excited-
state properties of molecules.

In this paper, we have used the CIS method to optimize
the lowest-energy singlet and triplet excited states for 2 and
3 and their solvated species. On the basis of these optimized
structures, the TD-DFT (B3LYP) method was performed
to calculate the emission spectra of 2 and 3 in the gas phase
and in solution. The calculated emissions are listed in
Table 6, together with the experimental values for
[M2(dcpm)2]·(X)2 (M = Ag, X = CF3SO3

–; M = Cu, X =
ClO4

–).[28–30]

From the TD-DFT calculations, the 1Au/3Au excited
states of 2 and 3 give rise to the 302/356 and 328/397-nm
emissions in the gas phase, and 366/424 and 435/514-nm
emissions in acetonitrile, respectively. According to the
analyses of the wave functions of these excited states, we
attribute the emissions to the metal-centered σ(s,
pz)�σ*(dx2–z2, dy2) transitions, as is the case for those of
1 in previous studies.[13] The detailed information on the
electronic structures of the 3Au excited states for 1–3 are
presented in Table S3 of the Supporting Information, con-
tributing to our understanding of such MC transitions.
Compared with those in the gas phase, the calculated emis-
sions in acetonitrile are red shifted by about 64/68 and 107/
117 nm for the 1Au/3Au excited states of 2 and 3, respec-
tively. The interactions between cation and solvent mole-
cules result in a large red shift. Since the lowest-energy
emissions of 1–3 arise from the metal-centered σ(s,
pz)�σ*(dx2–z2, dy2) transitions, either in the gas phase or in
solution, we think that the dinuclear d10 complexes with
bridging phosphane ligands have the intrinsic 1,3[σ*(d)σ(s/
p)] excited states.

In the crystalline phase of [Ag2(dcpm)2]·(CF3SO3)2
[28]

and [Cu2(dcpm)2]·(ClO4)2,[29] very close cation-anion con-
tacts were determined by X-ray crystal diffraction [2.692

Figure 4. Plot of emission wavelength versus R(M–OCl) (distance between M atom and ClO– anion) for [M2(dpm)2]2+·(ClO)2 (M = Au,
Ag, and Cu) in the TD-DFT (B3LYP) calculations.
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and 2.687 Å (M···O), respectively]. The presence of anions
near the [M2(dcpm)2]2+ cations affects the solid-state emis-
sion. In previous studies of 1,[12] the less bulky ClO– anion
was used to replace the original ClO4

– anion in the
[Au2(dcpm)2]·(ClO4)2 crystalline phase, i.e. 1·(ClO)2 was ap-
plied to simulate the solid-state behaviors of the Au com-
plex. Similar models, 2·(ClO)2 and 3·(ClO)2, were used in
the calculations in order to represent the real complexes,
[Ag2(dcpm)2]·(CF3SO3)2 and [Cu2(dcpm)2]·(ClO4)2, respec-
tively. When the R(M–OCl) distance changes from 5.5 to
2.5 Å, the corresponding phosphorescent emission varies in
the ranges 382–535, 398–440, and 356–370 nm for the Au,
Ag and Cu complexes, respectively. Figure 4 clearly reflects
the correlation between the emission wavelength and R(M–
OCl) for 1–3·(ClO)2. The emission of 1·(ClO)2 is very sensi-
tive to the R(M–OCl) distance, especially when R(M–OCl)
� 3.5 Å, while those of 2·(ClO)2 and 3·(ClO)2 are relatively
insensitive. When R(M–OCl) � 4.0 Å, the anion slightly af-
fects the emissions of the complexes. Keeping the experi-
mental M···O distances 3.362, 2.692, and 2.687 Å in the cal-
culations on [M2(dpm)2]·(ClO)2 (M = Au, Ag, and Cu),
respectively, we obtained the emissions of 1–3 in the solid
state. The calculated phosphorescent emissions are 402,
366, and 424 nm, which are comparable to the experimental
emissions of 368, 417, and 475 nm in the solid state, re-
spectively.[28,29]

From Table 6, one can see that the CIS method overesti-
mates the emission energies by ca. 2 eV with respect to the
experimental values for the Ag and Cu complexes, while
those predicted by TD-DFT are closer to the experimental
values. For 3, the phosphorescent emissions were calculated
at 4.81 eV (258 nm) and 4.41 eV (281 nm) in the solid state
and acetonitrile, respectively, while the experimental values
were severely overestimated [2.61 eV (475 nm) and 2.58 eV
(480 nm)] for [Cu2(dcpm)2]·(ClO4)2.[29,30] TD-DFT calcula-
tions were carried out at the CIS-optimized excited-state
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structure to obtain more accurate estimates of the emission
energies. With TD-DFT, the phosphorescent emission ener-
gies were predicted to be 2.92 eV (424 nm) and 2.41 eV
(514 nm) in the solid state and in acetonitrile, respectively,
which are much closer to the experimental observations.
However, with respect to the Au complex, the CIS and TD-
DFT calculations over- and underestimated the emission
energies, respectively, relative to the available experimental
data.[8,25,26,31,32,39]

Conclusions
In the paper, we used theoretical methods to study the

electronic structures and spectroscopic properties of 2 and
3 and their solvated species. Taking previous studies into
account on 1,[13] we have come to the following conclusions.

For the dinuclear d10 complexes of 1–3, the calculated
M–M distances (3.03–3.16 Å) and their corresponding M–
M stretching frequencies (69–89 cm–1) at the MP2 level
indicate the presence of metallophilic attraction in the
ground states. This is also supported by the NBO analysis
on the electronic configurations of the metal atoms. In ace-
tonitrile, the N�M coordination is strong enough to form
a σ single bond in the Ag and Cu species, but is very weak
in the Au analog. This agrees with the usual coordinated
geometries of the Au, Ag, and Cu atoms.

In the excited states of 1–3, the M–M interactions are
strengthened, resulting from the promotion of electrons
from the σ*(d) antibonding orbital to the σ(s/p) bonding
orbital upon excitation. These complexes give rise to the
metal-centered σ(s, pz)�σ*(dx2–z2, dy2) emissions, both in
the gas phase and in solution, revealing that the dinuclear
d10 complexes with bridging phosphane ligands have the
intrinsic 1,3[σ*(d)σ(s/p)] excited states. The comparison be-
tween the gas-phase and solution emissions for 1–3 shows
that the N�M coordination results in a large red shift of
the emission wavelength.

Taking previous studies into account, we found that the
M–M distances are linearly correlated with the M–M
stretching frequencies for the dinuclear d10 complexes in the
ground and lowest-energy triplet excited states.

In comparison with experimental values, the CIS calcula-
tions severely overestimate the transition energies of the Ag
and Cu complexes, but the TD-DFT calculations reason-
ably predict their transition energies. However, with respect
to the Au analog, the CIS and TD-DFT methods over- and
under-estimate the transition energies, respectively.
Supporting Information (see footnote on the first page of this arti-
cle): Table of optimized geometry parameters of [Au2(dpm)2]2+ (1)
and 1·(MeCN)2 in the ground and excited states. Table of optimized
geometry parameters of [M2(dmpm)2]2+ (M = Au, Ag and Cu) in
the MP2 calculations. Table of compositions of HOMO and
LUMO for the 3Au excited states of 1–3 and 1–3·(MeCN)2 in the
TD-DFT calculations.
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The substitution reactions of [Re(CO)5X] (X = Cl, Br) with
2,6-dihalo-substituted nitrosobenzene derivatives
C6H2YZ2NO (Y = H, Cl, Br; Z = Cl, Br) leads to the formation
of dinuclear µ2-η2-N,O-nitrosobenzene-bridged complexes of
the type [{(CO)3Re(µ-X)}2ONC6H2YZ2] (6a,b, 7a,b, 8a,b, 9a).
The turquoise coloured solutions of the complexes in CH2Cl2
show only one UV/Vis absorption of medium intensity in the
region 670–710 nm, depending on the halogen bridges X and
substituents Z. Single crystals of the complexes do not exhibit
any dichroic properties. This may be due to the almost per-
pendicular orientation of the phenyl ring towards the Re–O–

Introduction
The coordination chemistry of organic RNO nitroso

compounds has been extensively investigated,[1] and their
many different coordination modes have been summarised
in schemes in previous accounts of our work, as well as by
others.[2,3] The dominant bonding mode bridging two metal
centres is of the type µ-η1-N, µ-η1:η2-N,O, µ-η1:η1-N,O or
µ-η2:η2-N,O (Scheme 1), although the unassisted ligand
function µ-η1:η1-N,O (type I) with a simple bridging coor-
dination mode is less common. Co-assisted ligand func-
tions, that is those with additional coordination by a further
donor system (e.g. amido or carbonyl groups), have been
verified in most examples and form additional five-
(type Ia)[4] or six-membered rings (type Ib).[5] Furthermore,
type I has been only observed in a unique neutral complex
of platinum[6] and in a dinuclear rhodium cation with thiol-
ato bridges.[7]

We have recently published a series of complexes[2,3] that
are the first simple, neutral and dinuclear C-nitroso com-
plexes to exhibit this rare, unassisted µ-η1:η1-N,O ligand
function (type I), and contain only single atoms, X, as ad-
ditional bridges (X = Cl, Br, I). All of these complexes show
dichroic properties and form deep-blue solutions. In the
UV/Vis spectra, one very intense broad absorption is found
at λ = 600–650 nm (log ε � 30000), which is due to a sol-
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istry and Biochemistry,
Butenandtstr. 5–13, 81377 Munich, Germany
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E-mail: ipl@cup.uni-muenchen.de
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N–Re plane. The molecular structures of six compounds, as
determined by single-crystal X-ray analyses, show two face-
joined octahedra with Re centres that are bridged by two hal-
ogens X and one NO group. NO coordinates in a nonsym-
metrical η2-like fashion with N- or O-linkage to each Re cen-
tre. The phenyl rings do not lie within the symmetry plane
containing the atoms Re, N and O, but are almost perpendic-
ular to this (torsion angle O–N–C–C = 83.5–85.4°) because of
the 2,6-dihalogen substituents Z.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Bonding modes of C-nitroso compounds bridging two
metals (µ-η2-N,O).

vochromic ligand-to-metal CT band ([NO–ReI]). Light re-
flected from microcrystalline powders of the substances
shines with different colours (like shells). Visual inspection
of suitable crystals with polarized light under a microscope
clearly showed a polarisation-dependent absorption. In the
case of [{(CO)3Re(µ-Br)}2ONC6H4NEt2] sufficiently large
single crystals showed a pronounced linear dichroism.[3] We
were able to correlate this dichroism with the arrangement
of the molecules in the unit cells, which show alignment of
the RNO units along a crystal plane. It is worthwhile to
note that the dihedral angles Re–O–N–Re and O–N–C–C
(phenyl ring) are less than 5° and 3°, respectively. This me-
ans that the NO group and the phenyl ring (together with
the NR2 substituent)[2,3] lie almost within the symmetry
plane of the dinuclear complexes. To prove this correlation,
we decided to synthesise analogous complexes with ni-
trosobenzene ligands that are sterically hindered in both or-
tho positions. Our aim was, therefore, to twist the phenyl
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ring out of the plane and to observe the effect this had
on the dichroism. We undertook the reaction of 2,6-dihalo-
substituted nitrosobenzenes with [Re(CO)5X] (X = Cl, Br),
and obtained the corresponding dinuclear complexes
[{(CO)3Re(µ-X)}2ONC6H2YZ2], which exhibit the same ni-
troso ligand function µ2-η1:η1-O, but with a perpendicular
orientation of the phenyl ring towards the plane formed by
the atoms Re, O, N and Re. As a consequence of this, the
dichroism is lost.

Results and Discussion

The reaction of [Re(CO)5X] (X = Cl, Br) (1a,b) with the
sterically hindered C-nitroso compounds 4-Y-2,6-
Z2C6H2NO [Y = H, Z = Cl (2), Br (3); Y = Cl, Z = Br (4);
Y = Br, Z = Cl (5)] leads to the dinuclear complexes 6a,b–
8a,b and 9a (Scheme 2). All reactions were carried out in
boiling CH2Cl2. Whereas 9a was obtained in good yield
(65%), 9b could not be isolated under the same reaction
conditions. It is interesting to note that using boiling tolu-
ene as solvent resulted in the dimeric halo complexes
[(CO)4ReX]2 (X = Cl, Br); no reaction occurred when
[Re(CO)5I] was used as the starting material.

Scheme 2. Synthesis of sterically hindered µ2-(η2-N,O)-nitrosoben-
zene complexes 6–9.

Compounds 6a,b–8a,b and 9a were obtained as dark-
green crystals that are stable in air for some days. The com-
plexes are soluble in THF, acetone, CHCl3, CH2Cl2, and
even in toluene, but nearly insoluble in pentane or hexane.
The turquoise solutions formed in these solvents can be
kept in air for several days without decomposition. In the
UV/Vis spectra (CH2Cl2) two broad absorptions are ob-
served, one lies consistently at about λ1 = 375–380 nm,
whereas the second, which originates from a ligand-to-me-
tal CT (NO–ReI), is observed over a larger range at λ2 =
670–710 nm. It is shifted to lower frequency with respect to
the corresponding π–π*-NO electronic transition of the free
ligands. It is noteworthy that they are also observed at lower
frequencies and with smaller intensities than those of the
corresponding nitrosoaniline complexes published pre-
viously,[2,3] where the NO group, phenyl ring and the NR2

substituent lie exactly within the symmetry plane of the di-

Eur. J. Inorg. Chem. 2006, 1060–1066 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1061

nuclear complexes. In spite of the frequency range of λ2,
there is no dependence of its spectral position on either the
halogen bridges or substituents.

The X-ray structure analyses of 6a,b–8a,b show that the
phenyl ring with both halo substituents in the ortho posi-
tions is orientated perpendicular to the symmetry plane. As
is therefore expected, the light reflected from crystalline
powders of these complexes does not shine in different col-
ours and neither does it show any polarisation-dependent
absorption of the type mentioned above.[2,3] Therefore, they
do not exhibit any significant dichroic properties.

The IR spectra of 6a,b–8a,b and 9a show five ν(CO) ab-
sorptions. As the NO group is bonded by N and O to dif-
ferent Re centres, the electronic situation at both Re centres
is different. This normally results in two different fac-
Re(CO)3 fragments, each with local C3v symmetry. How-
ever, because of the bulky substituents in the ortho position
of the nitrosobenzenes, the local symmetry of the Re(CO)3

fragment at N is reduced to Cs. Therefore, three bands of
the type 2A� + A�� are detected. Due to electronic reasons
the N-bonded Re(CO)3 moiety should be more electron rich
and act as a better π-donor for the CO ligands than the O-
bonded one. Therefore, the absorptions at higher wave-
numbers with varying intensities have been assigned to the
{(CO)3Re–O} fragment [ν̃ = 2086–2091 (A1), 2006–
2012 cm–1 (E)] and the three absorptions at lower wave-
numbers and similar intensities to the {(CO)3Re–N} frag-
ment [ν̃ = 2024–2058 (A�), 1961–1970 (A�), 1913–1949 cm–1

(A��)]. Because several bands lie very close together it is
not possible to draw any conclusions about the halogens as
substituents or bridges. The ν(NO) band of the complexes
is found at 1329–1350 cm–1, which is a shift to lower fre-
quency of about 115 cm–1 with respect to the free C-nitroso
ligand and of about 50 cm–1 compared with other com-
plexes.[2,3]

The 1H NMR spectrum of 6a shows three separate doub-
lets at δ = 7.40, 7.42 and 7.44 ppm. In the case of 6b, only
a multiplet between δ = 7.38–7.44 ppm can be detected. In
the spectra of 7a two doublets for the ring protons in the
3,5-positions are detected at δ = 7.26 and 7.37 ppm, and
one triplet for the proton in the 4-position at δ = 7.67 ppm.
Complex 7b exhibits a triplet at δ = 7.27 ppm, a doublet at
δ = 7.38 ppm and a multiplet at δ = 7.61–7.64 ppm, whereas
8a only shows one broad signal at δ = 7.66 ppm, and 8b and
9a exhibit singlets at δ = 7.64 and 7.60 ppm, respectively. It
is noteworthy that in spite of the mirror symmetry in the
Re2NO plane compounds 6a,b and 7a,b with the benzene
ring substituted in 2,6-positions exhibit different signals for
the three protons in the 3,4- and 5-positions. Compounds
8a,b, and 9a, however, show only one resonance for the 3,5-
protons.

In the 13C NMR spectra of 6a,b–8a,b and 9a the signals
for the phenyl groups are detected at δ = 124.1–140.9 ppm.
Here, we observe three signals for the three different types
of C-atoms in the 2,6-, 3,5- and 4-positions. The N-bonded
quaternary carbon is observed at δ = 160.2–164.5 ppm and
the signals corresponding to the CO ligands at the Re
centres appear at δ = 181–192 ppm.
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The parent peaks as well as peaks corresponding to frag-

ments resulting from the successive loss of up to six CO
ligands are observed in the mass spectra (DEI-MS) of 6a,b–
8a,b and 9a.

The compositions and structures of complexes 6a,b–8a,b
were confirmed by X-ray structure analysis (see Table 2).
Single crystals of complexes 6a,b–8a,b were obtained by the
diffusion of pentane into solutions of the complexes in
CHCl3. The molecular structures and selected bond lengths
and angles are given in Figures 1 (6a), 2 (6b), 3 (7a), 4 (7b),
5 (8a) and 6 (8b). They show two face-joined octahedra
with two halogens and the NO group as bridging ligands.
The N–O distances are approximately 1.299 Å, similar to
the values for analogous complexes,[1–3] but significantly
longer than the average N–O distances of free C-nitroso
compounds (1.21 Å).[8] There is no significant dependence
of the NO lengths upon varying the halo bridges. In all
cases, and in contrast to the recently published analogous
complexes,[2,3] the Re–O bonds (approx. 2.10 Å) are signifi-
cantly longer than the Re–N bonds (approx. 1.99 Å),
whereas all the bridging Re–X bonds in the complexes are
similar in length. For better comparison, the most impor-
tant structural parameters of all complexes are summarised
in Table 1.

Figure 1. Molecular structure of 6a. Selected bond lengths [Å] and
angles [°]: Re(1)–N(1) 1.994(4), Re(2)–O(7) 2.124(4), Re(1)–Cl(1)
2.4914(14), Re(1)–Cl(2) 2.4726(14), Re(2)–Cl(1) 2.5024(14), Re(2)–
Cl(2) 2.5056(14), O(7)–N(1) 1.282(6), N(1)–C(7) 1.457(6), Re(1)–
C(1) 2.031(6), Re(1)–C(2) 1.952(6), Re(1)–C(3) 1.917(7), Re(2)–
C(4) 1.928(6), Re(2)–C(5) 1.902(6), Re(2)–C(6) 1.908(6); N(1)–
O(7)–Re(2) 120.2(3), O(7)–N(1)–Re(1) 123.9(3), O(7)–Re(2)–Cl(2)
82.82, O(7)–Re(2)–Cl(1) 82.82(11), N(1)–Re(1)–Cl(1) 84.52(13),
N(1)–Re(1)–Cl(2) 85.96(13), Cl(2)–Re(1)–Cl(1) 80.83(5), Cl(1)–
Re(2)–Cl(2) 79.98(5), O(7)–N(1)–C(7) 110.3(4), O(7)–N(1)–C(7)–
C(8) 84.74.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1060–10661062

Figure 2. Molecular structure of 6b. Selected bond lengths [Å] and
angles [°]:Re(1)–N(1) 1.990(6), Re(2)–O(7) 2.116(5), Re(1)–Br(1)
2.6115(13), Re(1)–Br(2) 2.5965(11), Re(2)–Br(1) 2.6199(10), Re(2)–
Br(2) 2.6305(12), O(7)–N(1) 1.299(8), N(1)–C(7) 1.451(9), Re(1)–
C(1) 1.923(9), Re(1)–C(2) 1.936(9), Re(1)–C(3) 2.020(9), Re(2)–
C(4) 1.902(8), Re(2)–C(5) 1.891(9), Re(2)–C(6) 1.907(9); N(1)–
O(7)–Re(2) 121.8(4), O(7)–N(1)–Re(1) 126.5(5), O(7)–Re(2)–Br(2)
84.25(14), O(7)–Re(2)–Br(1) 83.58(4), N(1)–Re(1)–Br(1) 85.84(17),
N(1)–Re(1)–Br(2) 86.73(17), Br(2)–Re(1)–Br(1) 82.89(4), Br(1)–
Re(2)–Br(2) 82.07(4), O(7)–N(1)–C(7) 109.7(5), O(7)–N(1)–C(7)–
C(12) 85.44.

The dihedral angles Re–O–N–CPh of all complexes are
smaller than 1.4°. The main difference between these com-
plexes compared to those recently published[2,3] is that the
dihedral angles O(7)–N(1)–C(7)–C(8/12) lie between 83.5–
85.4°. This means that there is a near perpendicular orienta-
tion of the phenyl ring towards the plane formed by the
atoms Re, O, N and Re. The consequence of this is the loss
of dichroism. No Re–Re interaction is observed in any of
the compounds, although the Re–Re distance varies with
the size of the halogen bridges [Re(1)–Re(2) � 3.47 (6a, 7a,
8a) and 3.54 Å (6b, 7b, 8b)].

It is worthwhile to emphasise that the orientation of the
molecules described in this paper within the lattice is similar
to that reported earlier[3] for the dichroic molecules. The
triclinic crystal system is observed in both cases, although
the packing of the dichroic molecules is closer, in particular
with respect to the parallel phenyl rings of adjacent mole-
cules, and the π-delocalisation is more widespread. Both ef-
fects lead to the significant anisotropy that is necessary for
dichroism. Such close contact between the phenyl rings of
the present molecules is not possible and the π-delocalis-
ation is less. Therefore, it can be concluded that the absence
of dichroism in 6a,b–8a,b and 9a is a result of the non-
planar arrangement of the phenyl rings with respect to the
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Figure 3. Molecular structure of 7a. Selected bond lengths [Å] and
angles [°]: Re(1)–N(1) 1.991(4), Re(2)–O(7) 2.126(4), Re(1)–Cl(1)
2.4801(12), Re(1)–Cl(2) 2.5000(12), Re(2)–Cl(1) 2.5117(12), Re(2)–
Cl(2) 2.5144(11), O(7)–N(1) 1.282(5), N(1)–C(7) 1.460(7), Re(1)–
C(1) 2.030(6), Re(1)–C(2) 1.923(6), Re(1)–C(3) 1.930(6), Re(2)–
C(4) 1.903(5), Re(2)–C(5) 1.914(6), Re(2)–C(6) 1.920(6); N(1)–
O(7)–Re(2) 120.3(3), O(7)–N(1)–Re(1) 126.2(3), O(7)–Re(2)–Cl(2)
82.82(9), O(7)–Re(2)–Cl(1) 83.78(11), N(1)–Re(1)–Cl(1) 86.47(12),
N(1)–Re(1)–Cl(2) 84.65(12), Cl(2)–Re(1)–Cl(1) 80.87(4), Cl(1)–
Re(2)–Cl(2) 79.98(5), O(7)–N(1)–C(7) 109.9(4), O(7)–N(1)–C(7)–
C(12) 85.28.

Re2NO plane. In addition, it is interesting to note that this
is the only structural parameter that changes in comparison
with the dichroic complexes.[3]

In summary, we have synthesised a novel series of analo-
gous[2,3] neutral and dinuclear Re complexes with C-nitroso
ligands. They also contain an unassisted µ2-η1:η1-N,O
bridge (type I, Scheme 1) and only single atoms (X = Cl,
Br) as additional bridges. However, the complexes do not
possess any dichroic properties. This is a result of the dif-
ferent orientation of the C-nitroso ligand, which is almost
perpendicular to the Re–O–N–Re symmetry plane. This is
caused by the two substituents (Z) in the two ortho posi-
tions of the phenyl ring. A considerably different reaction
pathway has been found for the reaction of [Re(CO)5X] (X
= Cl, Br, I) with more sterically demanding C-nitroso li-
gands (e.g. 1-nitroso-2-naphthol), whereby HX or CO2 eli-
mination has been observed, and quite different mononu-
clear products have been obtained.[9]

Experimental Section
All operations were carried out under argon in dry solvents.[10]

[Re(CO)5X] (X = Cl, Br),[11] 2,6-dibromonitrosobenzene, 2,6-
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Figure 4. Molecular structure of 7b. Selected bond lengths [Å] and
angles [°]: Re(2)–N(1) 2.012(8), Re(1)–O(7) 2.123(7), Re(1)–Br(1)
2.6364(10), Re(1)–Br(2) 2.6292(10), Re(2)–Br(1) 2.6057(10), Re(2)–
Br(2) 2.6182(10), O(7)–N(1) 1.279(9), N(1)–C(7) 1.453(12), Re(1)–
C(1) 1.874(11), Re(1)–C(2) 1.902(10), Re(1)–C(3) 1.936(12), Re(2)–
C(4) 2.043(12), Re(2)–C(5) 1.920(11), Re(2)–C(6) 1.908(11); N(1)–
O(7)–Re(1) 122.7(6), O(7)–N(1)–Re(2) 123.4(6), O(7)–Re(1)–Br(2)
83.53(16), O(7)–Re(1)–Br(1) 84.39(16), N(1)–Re(2)–Br(1) 87.1(2),
N(1)–Re(2)–Br(2) 85.6(2), Br(1)–Re(1)–Br(2) 82.51(3), Br(2)–
Re(2)–Br(1) 81.72(3), O(7)–N(1)–C(7) 110.9(7), O(7)–N(1)–C(7)–
C(12) 84.91.

dichloronitrosobenzene, 2,6-dibromo-4-chloronitrosobenzene and,
4-bromo-2,6-dichloronitrosobenzene were prepared according to a
literature procedure.[12] NMR spectra were recorded with a Jeol Ex
400 (1H: 399.78 MHz; 13C: 100.54 MHz) or a Jeol Eclipse 270 MHz
spectrometer (1H: 270.17 MHz; 13C: 67.94 MHz) in CDCl3. Mass
spectra were obtained with a Jeol Mstation JMS 700. IR and UV/
Vis spectra were measured with a Perkin–Elmer Spectrum One FT-
IR or Perkin–Elmer Lambda 16 spectrometer. Elemental analyses
were performed with a Heraeus Elementar Vario EL. For X-ray
data see Table 2.

Synthesis of 6–9 from 1a,b. General Procedure: [Re(CO)5X] (X =
Cl, Br) (1a,b) and 4-Y-2,6-Z2C6H2NO [Y = H, Z = Cl (2), Z = Br
(3); Y = Cl, Z = Br (4); Y = Br, Z = Cl (5)] were dissolved in 20 mL
of dichloromethane and heated for 40 h under reflux, whereby the
solution turned green. The solvent was then evaporated and the
green residue was purified by column chromatography (CH2Cl2).

µ2-(η2-N,O-2,6-Dichloronitrosobenzene)bis[µ-chlorotricarbonylrhen-
ium(I)] (6a): Synthesised from 116 mg (0.321 mmol) of 1a and
42.4 mg (0.240 mmol) of 3. Yield: 51.7 mg (0.066 mmol, 41 %)
green crystals, m.p. 145 °C (dec.). 1H NMR (399.78 MHz, CDCl3):
δ = 7.40 (d, 3J = 6.54 Hz, 1 H, CHarom.), 7.42 (d, 4J = 0.66 Hz, 1
H, CHarom.), 7.44 (d, 4J = 2.04 Hz, 1 H, CHarom.) ppm. 13C NMR
(100.53 MHz, CDCl3): δ = 124.1 (CHarom.), 129.2 (CHarom.), 131.5
(CHarom.), 161.3 (ON-Cq), 185.1 (CO), 192.2 (CO) ppm. IR (KBr):
ν̃ = 2965 cm–1 (w), 2405 (w), 2338 (w) 2098 (m), 2037 (vs), 2012
(vs), 1970 (s), 1949 (s), 1931 (vs), 1618 (m), 1566 (m), 1437 (m),
1350 (m), 1319 (m), 1293 (w), 1263 (w), 1207 (w), 1192 (s), 1154
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Figure 5. Molecular structure of 8a. Selected bond lengths [Å] and
angles [°]: Re(2)–N(1) 2.007(8), Re(1)–O(7) 2.099(6), Re(1)–Cl(2)
2.497(3), Re(1)–Cl(1) 2.500(2), Re(2)–Cl(2) 2.474(2), Re(2)–Cl(1)
2.482(2), O(7)–N(1) 1.297(10), N(1)–C(7) 1.440(11), Re(1)–C(1)
1.920(11), Re(1)–C(2) 1.927(10), Re(1)–C(3) 1.899(11), Re(2)–C(4)
2.018(10), Re(2)–C(5) 1.934(12), Re(2)–C(6) 1.941(11); N(1)–O(7)–
Re(1) 120.8(5), O(7)–N(1)–Re(2) 123.3(6), O(7)–Re(1)–Cl(1)
83.50(18), O(7)–Re(1)–Cl(2) 83.67(18), N(1)–Re(2)–Cl(2) 85.4(2),
N(1)–Re(2)–Cl(1) 85.0(2), Cl(2)–Re(1)–Cl(1) 79.27(8), Cl(2)–Re(2)–
Cl(1) 80.06(8), O(7)–N(1)–C(7) 110.9(7), O(7)–N(1)–C(7)–C(12)
84.84.

(w), 1101 (w), 1067 (w), 946 (w), 929 (w), 895 (w), 929 (w), 895
(w), 854 (w), 799 (m), 786 (s), 743 (w), 726 (w), 681 (w), 643 (w),
617 (m), 529 (w). IR (CH2Cl2): ν̃ = 2090 cm–1 (m), 2033 (s), 2011
(vs), 1962 (s), 1941 (s). UV/Vis (CH2Cl2): λmax (log ε) = 376 nm
(4685), 670 (7892). C12H3Cl4NO7Re2 (787.30): calcd. C 18.30, H
0.38, N 1.78; found C 18.39, H 0.41, N 1.76. MS (DEI): m/z (%)
= 786.3 (50) [M+], 702.4 (38) [M+ – 3 CO], 674.4 (36) [M+ – 4 CO],
646.5 (92) [M+ – 5 CO], 618.5 (100) [M+ – 6 CO].

µ2-(η2-N,O-2,6-Dichloronitrosobenzene)bis[µ-bromotricarbonylrhen-
ium(I)] (6b): Synthesised from 152 mg (0.419 mmol) of 1b and
43.4 mg (0.247 mmol) of 2. Yield: 112 mg (0.128 mmol, 60%) green
crystals; m.p. 147 °C (dec.). 1H NMR (399.78 MHz, CDCl3): δ =
7.38–7.44 (m, 3 H, CHarom.) ppm. 13C NMR (100.53 MHz,
CDCl3): δ = 126.3 (CHarom.), 129.2 (CHarom.), 130.8 (CHarom.),
161.8 (ON-Cq), 184.8 (CO), 191.5 (CO) ppm. IR (KBr): ν̃ =
3080 cm–1 (m), 2997 (w), 2094 (m), 2024 (vs),2007 (vs), 1970 (s),
1930 (vs),1614 (m), 1577 (s), 1475 (s), 1438 (vs), 1333 (s), 1290 (m),
1206 (s), 1161 (w), 1132 (w), 1100 (m), 1069 (w), 970 (w), 904 (m),
896 (w), 853 (w), 804 (m), 794 (s), 782 (vs), 732 (m), 640 (w), 617
(w), 581 (w), 550 (w), 522 (w). IR (CH2Cl2): ν̃ = 2086 cm–1 (m),
2031 (s), 2011 (vs), 1962 (s), 1941 (s). UV/Vis (CH2Cl2): λmax (log
ε) = 371 nm (4405), 702 (6409). C12H3Br2Cl2NO7Re2 (876.27):
calcd. C 16.43, H 0.34, N 1.60; found C 16.34, H 0.39, N 1.62. MS
(DEI): m/z (%) = 876.2 (18) [M+], 848.2 (5) [M+ – CO], 792.3 (13)
[M+ – 3 CO], 764.3 (10) [M+ – 4 CO], 736.4 (21) [M+ – 5 CO],
708.3 (24) [M+ – 6 CO].
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Figure 6. Molecular structure of 8b. Selected bond lengths [Å] and
angles [°]: Re(1)–N(1) 2.001(12), Re(2)–O(7) 2.127(11), Re(1)–Br(3)
2.578(2), Re(1)–Br(4) 2.611(2), Re(2)–Br(3) 2.589(2), Re(2)–Br(4)
2.637(2), O(7)–N(1) 1.257(15), N(1)–C(7) 1.458(19), Re(2)–C(1)
1.963(19), Re(2)–C(2) 1.95(2), Re(2)–C(3) 1.903(17), Re(1)–C(4)
2.08(2), Re(1)–C(5) 1.908(19), Re(1)–C(6) 1.99(2); N(1)–O(7)–Re(2)
123.7(9), O(7)–N(1)–Re(1) 123.3(10), O(7)–Re(2)–Br(3) 83.5(3),
O(7)–Re(2)–Br(4) 83.5(3), N(1)–Re(1)–Br(3) 86.6(3), N(1)–Re(1)–
Br(4) 86.4(4), Br(3)–Re(1)–Br(4) 81.10(7), Br(3)–Re(2)–Br(4)
80.40(7), O(7)–N(1)–C(7) 109.9(11), O(7)–N(1)–C(7)–C(12) 83.49.

Table 1. Comparison of bond lengths [Å] and angles [°] of com-
pounds 6a,b–8a,b.

6a 6b 7a 7b 8a 8b

Re–Xav 2.488 2.608 2.496 2.633 2.499 2.595
Re–O 2.124 2.116 2.126 2.123 2.099 2.127
Re–N 1.994 1.990 1.991 2.012 2.007 2.001
N–O 1.282 1.299 1.282 1.279 1.297 1.257
N–CPh 1.457 1.451 1.460 1.453 1.440 1.458
Re–X–Reav 80.41 82.48 80.43 82.12 79.67 80.75
Re–N–O 123.9 126.5 126.2 123.4 123.3 123.3
Re–O–N 120.2 121.8 120.3 122.7 120.8 123.7
Re–O–N–CPh 1.03 0.53 1.34 0.78 0.27 0.82
O–N–C–C(8/12) 84.74 85.44 85.28 84.91 84.84 83.49

µ2-(η2-N,O-2,6-Dibromonitrosobenzene)bis[µ-chlorotricarbonylrhen-
ium(I)] (7a): Synthesised from 154 mg (0.427 mmol) of 1a and
75.5 mg (0.285 mmol) of 3. Yield: 106 mg (0.121 mmol, 57%) green
crystals; m.p. 140 °C (dec.). 1H NMR (399.78 MHz, CDCl3): δ =
7.26 (d, 3J = 8.35 Hz, 1 H, CHarom.), 7.37 (d, 3J = 7.91 Hz, 1 H,
CHarom.), 7.67 (t, 3J = 8.13 Hz, 1 H, CHarom.) ppm. 13C NMR
(100.53 MHz, CDCl3): δ = 131.8 (CHarom.), 132.3 (CHarom.), 133.1
(CHarom.), 163.7 (ON-Cq), 185.6 (CO), 192.1 (CO) ppm. IR (KBr):
ν̃ = 2953 cm–1 (m), 2924 (s), 2854 (m), 2337 (w), 2097 (m), 2059
(s), 2029 (vs), 2007 (s), 1966 (s), 1913 (vs), 1624 (m), 1566 (w), 1466
(w), 1432 (m), 1416 (m), 1376 (w), 1341 (w) 1316 (w), 1262 (w),
1199 (w), 1149 (w), 1100 (w), 923 (w), 893 (w), 861 (w), 774 (w),
731 (w), 688 (w), 660 (w), 662 (w). IR (CH2Cl2): ν̃ = 2089 cm–1
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Table 2. Summary of crystallographic data for complexes 6a,b–8a,b.[13,14]

6a 6b 7a

Empirical formula C12H3Cl4NO7Re2 C12H3Br2Cl2NO7Re2 C12H3Br2Cl2NO7Re2
Formula weight [g mol–1] 787.30 876.27 876.27
Crystal size [mm] 0.38×0.10×0.009 0.02×0.10×0.20 0.02×0.10×0.20
Crystal colour, habit black block black plate black plate
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
a [Å] 8.7459(2) 8.8974(18) 8.8423(2)
b [Å] 10.2474(2) 10.310(2) 10.2035(2)
c [Å] 11.6216(3) 11.722(2) 11.8154(3)
α [°] 81.0843(11) 80.82(3) 81.5702(10)
β [°] 84.2984(11) 84.79(3) 83.8498(10)
γ [°] 65.4287(12) 66.31(3) 65.5635(8)
Volume [Å3] 935.09(4) 971.7(3) 958.76(4)
Z 2 2 2
Density calcd. [gcm–3] 2.740 2.995 3.035
Absorption coefficient [mm–1] 13.532 16.865 17.094
F(000) 696 784 784
Index ranges –11 � h � 11 –10 � h � 9 –11 � h � 11

–13 � k � 13 –11 � k � 0 –13 � k � 13
–15 � l � 15 –13 � l � 13 –15 � l � 15

θ Range [°] 3.17–27.48 2.18–23.97 3.15–27.49
Reflections collected 13095 3238 13564
Independent reflections 4208 3043 4342
Observed reflections 3753 2757 3715
Parameter/restrains 236/0 235/0 235/0
R1/wR2 (all data) 0.0404/0.886 0.0316/0.0736 0.0387/0.0658
R1/wR2 (final) 0.0341/0.0847 0.0268/0.0712 0.0295/0.0623
Goodness of fit 1.076 1.156 1.061
Min./max. ρe [eÅ3] –2.597/1.573 –1.450/0.591 –2.113/1.154
Temperature [K] 200(2) 293(2) 200(2)
Diffractometer used Nonius Kappa CCD Nonius Mach 3 Nonius Kappa CCD
Scan type area detection area detection area detection
Solution SHELXS-97 SHELXS-97 SHELXS-97
Refinement SHELXL-97 SHELXS-97 SHELXS-97

7b 8a 8b

Empirical formula C12H3Br4NO7Re2 C12H2Br2Cl3NO7Re2 C12H2Br4ClNO7Re2
Formula weight [g mol–1] 965.18 910.72 999.64
Crystal size [mm] 0.02×0.11×0.20 0.18×0.11×0.07 0.10×0.08×0.06
Crystal colour, habit black plate black block black plate
Crystal system triclinic triclinic monoclinic
Space group P1̄ P1̄ C2/c
a [Å] 8.9736(2) 8.6204(17) 15.473(3)
b [Å] 10.2985(3) 9.1558(18) 39.231(8)
c [Å] 11.9402(5) 15.059(3) 14.732(3)
α [°] 81.6543(19) 75.97(3) 90
β [°] 84.3852(19) 74.55(3) 111.52(3)
γ [°] 66.3718(17) 64.54(3) 90
Volume [Å3] 999.28(6) 1023.1(4) 8319(3)
Z 2 2 8
Density calcd. [gcm–3] 3.208 2.956 3.192
Absorption coefficient [mm–1] 20.132 16.150 19.476
F(000) 856 816 7104
Index ranges –10 � h � 10 –10 � h � 10 –18 � h � 18

–12 � k � 12 –10 � k � 10 –46 � k � 45
–14 � l � 14 –17 � l � 17 –17 � l � 11

θ Range [°] 3.30–25.03 3.24–25.05 3.15–25.09
Reflections collected 11093 10395 49979
Independent reflections 3513 3559 7365
Observed reflections 2767 3218 5029
Parameter/restrains 235/0 245/0 487/0
R1/wR2 (all data) 0.0562/0.0924 0.0654/0.1584 0.0936/0.1590
R1/wR2 (final) 0.0385/0.0837 0.0613/0.1535 0.0543/0.1397
Goodness of fit 1.023 1.048 1.060
Min./max. ρe [eÅ3] –1.583/1.351 –4.346/3.900 –2.971/1.404
Temperature [K] 200(2) 200(2) 200(2)
Diffractometer used Nonius Kappa CCD Nonius Kappa CCD Nonius Kappa CCD
Scan type area detection area detection area detection
Solution SHELXS-97 SHELXS-97 SHELXS-97
Refinement SHELXL-97 SHELXS-97 SHELXS-97
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(m), 2033 (s), 2010 (vs), 1962 (m), 1940 (m). UV/Vis (CH2Cl2): λmax

( l o g ε ) = 2 6 0 n m ( 6 2 6 6 ) , 3 7 6 ( 2 5 5 1 ) , 6 9 9 ( 3 9 7 3 ) .
C12H3Br2Cl2NO7Re2 (876.28): calcd. C 16.43, H 0.34, N 1.60;
found C 16.26, H 0.37, N 1.54. MS (DEI): m/z (%) = 876.2 (62)
[M+], 848.2 (17) [M+ – CO], 820.2 (4) [M+ – 2 CO], 792.3 (45)
[M+ – 4 CO], 764.3 (23) [M+ – 5 CO], 736.3 (23) [M+ – 6 CO].

µ2-(η2-N,O-2,6-Dibromonitrosobenzene)bis[µ-bromotricarbonylrhen-
ium(I)] (7b): Synthesised from 425 mg (1.050 mmol) of 1b and
139 mg (0.524 mmol) of 3. Yield: 70.0 mg (0.073 mmol, 14%) green
crystals; m.p. 144 °C (dec.). 1H NMR (399.78 MHz, CDCl3): δ =
7.27 (t, 3J = 8.13 Hz, 1 H, CHarom.), 7.38 (d, 3J = 8.13 Hz, 1 H,
CH a r o m . ) , 7 .61–7.64 (m, 1 H, CH a r o m . ) ppm. 1 3 C NMR
(67.93 MHz, CDCl3): δ = 132.9 (CHarom.), 133.0 (CHarom.), 133.6
(CHarom.), 164.5 (ON-Cq), 185.2 (CO), 191.4 (CO) ppm. IR (KBr):
ν̃ = 3070 cm–1 (w), 2963 (m), 2925 (m), 2096 (m), 2058 (m), 2006
(vs), 1966 (s), 1929 (vs), 1611 (w), 1563 (s), 1571 (m), 1458 (m),
1437 (vs), 1420 (s), 1372 (w), 1343 (w), 1283 (vs), 1263 (vs), 1200
(s), 1154 (w), 1097 (s), 1060 (s), 1023 (s), 923 (w), 862 (m), 847 (s),
803 (vs), 803 (vs), 733 (s), 633 (m), 577 (w). IR (CH2Cl2): ν̃ =
2088 cm–1 (m), 2032 (s), 2010 (vs), 1961 (m), 1943 (m). UV/Vis
(CH2Cl2): λmax (log ε) = 260 nm (12896), 376 (5319), 699 (8244).
C12H3Br4NO7Re2 (965.18): calcd. C 14.93, H 0.31, N 1.45; found
C 16.03, H 0.89, N 1.47. MS (DEI): m/z (%) = 964.1 (56) [M+],
936.1 (28) [M+ – CO], 880.1 (40) [M+ – 3 CO], 852.2 (18) [M+ – 4
CO], 824.2 (72) [M+ – 5 CO], 796.2 (89) [M+ – 6 CO].

µ2-(η2-N,O-2,6-Dibromo-4-chloronitrosobenzene)bis[µ-chlorotricar-
bonylrhenium(I)] (8a): Synthesised from 132 mg (0.366 mmol) of 1a
and 73.0 mg (0.244 mmol) of 4. Yield: 112 mg (0.123 mmol, 67%)
green crystals; m.p. 129 °C (dec.). 1H NMR (399.78 MHz, CDCl3):
δ = 7.66 (s, 2 H, CHarom.) ppm. 13C NMR (100.53 MHz, CDCl3):
δ = 131.2 (CHarom.), 132.7 (CHarom.), 133.9 (CHarom.), 162.3
(ON-Cq), 187.5 (CO), 191.8 (CO) ppm. IR (KBr): ν̃ = 3074 cm–1

(w), 2963 (w), 2089 (vs), 2031 (vs), 2000 (vs), 1949 (vs), 1922 (vs),
1614 (m), 1562 (m), 1538 (w), 1506 (w), 1407 (w), 1447 (w), 1419
(m), 1371 (m), 1337 (m), 1294 (w), 1195 (m), 1127 (m), 1059 (w),
925 (w), 897 (m), 862 (m), 806 (w), 747 (w), 735 (w), 642 (w), 580
(w), 562 (w). IR (CH2Cl2): ν̃ = 2090 cm–1 (vs), 2034 (vs), 2010 (vs),
1962 (vs), 1941 (vs). UV/Vis (CH2Cl2): λmax (log ε) = 375 nm
(4615), 707 (6304). C12H2Br2Cl3NO7Re2 (910.72): calcd. C 15.81,
H 0.20, N 1.72; found C 16.21, H 0.21, N 1.63. MS (DEI): m/z (%)
= 910.7 (15) [M+], 826.7 (13) [M+ – 3 CO], 798.7 (7) [M+ – 4 CO],
770.7 (28) [M+ – 5 CO], 742.8 (26) [M+ – 6 CO].

µ2-(η2-N,O-2,6-Dibromo-4-chloronitrosobenzene)-bis[µ-bromotricar-
bonylrhenium(I)] (8b): Synthesised from 137 mg (0.339 mmol) of 1b
and 73.0 mg (0.203 mmol) of 4. Yield: 45.0 mg (0.045 mmol, 26%)
green crystals; m.p. 135 °C (dec.). 1H NMR (399.78 MHz, CDCl3):
δ = 7.64 (s, 2 H, CHarom.) ppm. 13C NMR (100.53 MHz, CDCl3):
δ = 131.2 (CHarom.), 132.5 (CHarom.), 133.9 (CHarom.), 164.3
(ON-Cq), 186.3 (CO) ppm. IR (KBr): ν̃ = 3073 cm–1 (w), 2963 (w),
2086 (s), 2034 (vs), 1999 (vs), 1954 (vs), 1923 (vs), 1615 (w), 1563
(m), 1507 (w), 1481 (w), 1461 (w), 1420 (w), 1373 (w), 1353 (w),
1329 (w), 1297 (w), 1126 (w), 1105 (w), 1054 (w), 1030 (w), 924
(m), 862 (m), 807 (m), 807 (m), 747 (m), 687 (w), 637 (w), 609 (w),
576 (w), 539 (w). IR (CH2Cl2): ν̃ = 2086 cm–1 (vs), 2034 (vs), 2010
(vs), 1962 (vs), 1941 (vs). UV/Vis (CH2Cl2): λmax (log ε) = 373 nm
(3476), 704 (3117). C12H2Br4ClNO7Re2 (999.63): calcd. C 14.43, H
0.20, N 1.40; found C 15.87, H 0.39, N 1.66. MS (DEI): m/z (%)
= 998.1 (1) [M+], 914.2 (1) [M+ – 3 CO], 858.1 (1) [M+ – 5 CO],
830.3 (28) [M+ – 6 CO].
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µ2-(η2-N,O-2,6-Dichloro-4-bromonitrosobenzene)bis[µ-chlorotricar-
bonylrhenium(I)] (9a): Synthesised from 139 mg (0.384 mmol) of 1a
and 65.3 mg (0.256 mmol) of 5. Yield: 65.5 mg (0.076 mmol, 37%)
green powder; m.p. 123 °C (dec.). 1H NMR (270.16 MHz, CDCl3):
δ = 7.60 (s, 2 H, CHarom.) ppm. 13C NMR (100.53 MHz, CDCl3):
δ = 124.8 (CHarom.), 130.3 (CHarom.), 131.6 (CHarom.), 160.2
(ON-Cq), 187.6 (CO), 191.9 (CO) ppm. IR (KBr): ν̃ = 3116 cm–1

(m), 3082 (m), 2088 (vs), 2022 (vs), 1950 (vs), 1925 (vs), 1726 (w),
1615 (s), 1560 (s), 1548 (s), 1469 (s), 1429 (w),1390 (w), 1378 (m),
1365 (w), 1333 (w), 1297 (m), 1280 (w), 1263 (w), 1182 (s), 1077
(m), 927 (m), 898 (w), 858 (s), 812 (m), 787 (m), 752 (w), 659 (w),
615 (m), 590 (w), 534 (w), 540 (w). IR (CH2Cl2): ν̃ = 2091 cm–1 (s),
2034 (vs), 2011 (vs), 1963 (vs), 1941 (vs). UV/Vis (CH2Cl2): λmax

(log ε) = 385 nm (2952), 491 (1906). C12H2BrCl4NO7Re2 (866.28):
calcd. C 16.63, H 0.23, N 1.62; found C 17.28, H 1.38, N 1.55. MS
(DEI): m/z (%) = 866.6 (52) [M+], 782.6 (49) [M+ – 3 CO], 754.6
(48) [M+ – 4 CO], 726.7 (100) [M+ – 5 CO], 698.6 (98) [M+ – 6
CO].
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New Ligands for Rh-Catalysed Hydroformylation of 1-Octene in Supercritical
Carbon Dioxide – X-ray Structure of [Rh{PPh2(OC9H19)}4]PF6
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The new P-donor ligands PPh3–n(OC9H19)n (n = 3, 2, 1) con-
taining branched alkyl chains were synthesised and their co-
ordination to RhI and PdII studied. The X-ray structure of
[Rh{PPh2(OC9H19)}4]PF6 was determined. Reaction of the
[Rh(acac)(CO)2]/PPh3–n(OC9H19)n systems with CO/H2 at
5 atm and 80 °C in toluene led to the formation of [RhH(CO)-
{PPh3–n(OC9H19)n}3] as the main species. The Rh-catalysed
hydroformylation of 1-octene with these ligands was investi-

Introduction

In the last few years supercritical carbon dioxide (scCO2)
has received growing attention as an alternative reaction
medium for homogeneous catalysis[1] as it is an environmen-
tally friendly and cheap solvent. More important, however,
are its gas-like properties, especially in reactions in which
the reactants are gases. scCO2 is highly miscible with gases
such as hydrogen and carbon monoxide (it can therefore
avoid the gas–liquid mass transfer) and is highly compress-
ible. It also has a low viscosity and therefore a high diffusiv-
ity. Moreover, its ability as an extraction solvent has proved
useful for separating the products from the catalysts with-
out the need for harsher conditions such as those used for
the distillation of higher alkenes.[2]

The catalytic hydroformylation of long-chain alkenes is
an interesting reaction for transforming alkenes into alde-
hydes using carbon monoxide and hydrogen.[3] The alde-
hydes obtained allow the synthesis of oxo alcohols used in
the detergent industry and as plasticizers in the polymer
industry. Rhodium catalysts associated with P-donor li-
gands are the most successful system for the hydrofor-
mylation of alkenes under mild conditions. Water can be
used as a “green” solvent in this reaction, but this process
is limited to short-chain alkenes (propene and 1-butene) be-
cause a certain degree of solubility of the alkene in water is
required.[4] scCO2 is a non-polar solvent in which alkenes
are soluble, but ligand modification is often needed to in-
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Eur. J. Inorg. Chem. 2006, 1067–1075 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1067

gated in supercritical carbon dioxide (scCO2) and toluene as
solvents. Although the catalytic systems are not soluble in
scCO2, they are active. The activities are higher in toluene
than in scCO2 but the selectivities for aldehydes in the case
of the phosphonite derivative are higher in the supercritical
medium than in toluene.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

crease the solubility of the catalytic systems. The most suc-
cessful approach is to introduce perfluoroalkyl chains in the
ligand.[5] However, the synthesis of perfluorinated ligands
is difficult and expensive.

Cole-Hamilton and co-workers obtained good activities
when they used alkylated phosphanes such as [Rh2(OAc)4]/
PEt3 systems, which are soluble in scCO2, in the hydrofor-
mylation of 1-hexene, but the n/iso ratios were modest (2.1–
2.6).[6] Ligands containing alkyl groups, preferably
branched, with a chain length of eight carbon atoms have
reportedly shown high solubility in supercritical carbon di-
oxide.[7] In the case of alkylphosphanes, such as P(C8H17)3,
the Rh systems were not soluble under the conditions
studied and the turnover frequency (TOF) was low (3–7 h–1,
8–20% conversion in 2 h), although the n/iso ratios were
high (up to 3.9).[6] When linear alkylated groups were intro-
duced into the aromatic rings [P(C6H4C6H13)3,
P(C6H4C10H21)3, and P(C6H4C16H33)3], the corresponding
rhodium systems, which are partially soluble in scCO2,
showed activities in the hydroformylation of 1-hexadecene
with average TOFs of 150, 350 and 20 h–1, respectively. This
correlated with a maximum solubility of the C10H21 deriva-
tive.[5c] Other scCO2-insoluble systems, such as P(OPh)3,
P(p-OC6H4-C9H19)3 and PPh2[CH2CH(CO2C16H33)CH2-
CO2C16H33], have been reported to show good activity in
the hydroformylation of 1-hexene. The advantage of insolu-
ble systems is that the products can be flushed away from
the insoluble catalyst system by taking advantage of the ex-
cellent extraction ability of scCO2.[8]

The incorporation of tert-butyl substituents into the
alkyl chains of P-donor ligands has been reported to in-
crease their solubility in scCO2.[7,9] Introducing branched
chains in surfactants derived from sodium bis(2-ethyl-1-
hexyl)sulfosuccinate increases their solubility in scCO2.[10]
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In this paper we present the synthesis of three new P-donor
ligands with nine-carbon, branched alkyl substituents (Fig-
ure 1) and their application to the rhodium-catalysed hy-
droformylation of 1-octene in scCO2 and in toluene as sol-
vents. Phosphite (1), phosphonite (2) and phosphinite (3)
ligands were selected because the introduction of oxy
groups has a positive effect on activity and regioselectivi-
ty.[3b,11] Bulky monophosphonite ligands have shown very
high activities in the isomerisation/hydroformylation of oc-
tene.[11] We also studied the coordination of the new ligands
to rhodium() and palladium().

Figure 1. P-donor ligands.

Results and Discussion

Synthesis of Ligands

Ligands 1–3 were prepared from the commercially avail-
able alcohol 3,5,5-trimethylhexanol by reaction with phos-
phorus trichloride or the corresponding chlorophenylphos-
phane in diethyl ether in the presence of pyridine
(Scheme 1). The ligands were purified by flash chromatog-
raphy on basic alumina eluting with hexane under an inert
gas and obtained as air- and moisture-sensitive colourless
oils in good yields (56–80%). The 1H NNMR spectra show
the methylene (-OCH2-) signals at δ = 3.8 ppm, the methyl-
ene and methine signals between δ = 1.6 and 1.0 ppm, and
the methyl doublet and singlet from the tert-butyl group at
δ = 0.9 ppm. The signals were assigned by means of COSY
and HETCOR experiments. The 31P{1H} NMR singlet sig-
nals appear at δ = 139.9, 156.6 and 112.5 ppm for 1–3,
respectively, which are typical values for this kind of phos-
phorus compounds.[12]

Scheme 1. Synthesis of 1–3.

Synthesis of Complexes

To explore the coordination chemistry of the P-donor
ligands 1–3 we decided to study their reactivity with rhodi-
um() and palladium() complexes. We chose [Rh(cod)2]PF6

(cod = 1,5-cyclooctadiene) as a model for cationic com-
plexes (Scheme 2). The reaction of ligands 1–3 with
[Rh(cod)2]PF6 in anhydrous dichloromethane at room tem-
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perature should proceed by displacement of the 1,5-cyclooc-
tadiene ligand, followed by coordination of two P-donor
ligands. With tris(3,5,5-trimethylhexyl) phosphite (1) in a
P/Rh molar ratio of 2:1, the complex [Rh(cod)(1)2]PF6 (4)
was obtained as a relatively air-stable, yellow oil in high
yield. Several attempts to solidify the complex were unsuc-
cessful. Its 31P{1H} NMR spectrum shows a doublet at δ
= 116.1 ppm (JP,Rh = 244.0 Hz), which corresponds to the
coordinated phosphite ligand, and the characteristic sep-
tuplet of the PF6

– counteranion at δ = –143.2 ppm (JP,F =
711.5 Hz). The presence of coordinated cyclooctadiene was
confirmed by the 1H NMR spectrum, which shows signals
at δ = 4.05 ppm (HC=CH) and 2.57 and 2.36 ppm
(-CH2-). The 1H NMR signals corresponding to the coordi-
nated ligand are shifted slightly with respect to those of the
free ligand. The mass spectrum shows a signal at m/z =
1129.5 corresponding to the [Rh(cod)(1)2]+ fragment.

Scheme 2. Syntheses of 4–6.

However, upon treatment of the same precursor complex
[Rh(cod)2]PF6 with the same P/Rh molar ratio but using
phosphonite 2, the 31P{1H} NMR spectrum shows two
doublets in the region of coordinated phosphorus atoms at
δ = 146.0 (JP,Rh = 165.9 Hz) and 138.5 (JP,Rh = 170.8 Hz)
ppm and the 1H NMR spectrum shows signals correspond-
ing to coordinated cyclooctadiene (at δ = 4.0 and 2.5–
2.7 ppm). When the P/Rh molar ratio is 4:1, the 31P{1H}
NMR spectrum shows only the signal at δ = 146.0 ppm.
There was no evidence of coordinated COD in the 1H
NMR spectrum, and only signals attributable to the coordi-
nated ligand were detected. In this case, a relatively air-
stable, yellow, oily solid was obtained in 76% yield. The
mass spectrum of the isolated product has a signal m/z =
1679.7 corresponding to the cationic fragment [Rh(2)4]+.
We propose that, at a P/Rh ratio of 2:1, a mixture of
[Rh(cod)(2)2]PF6 and [Rh(2)4]PF6 (5) is formed and the tot-
ally substituted species 5 is formed at a P/Rh ratio of 4.
Similar [RhL4]+ species have been obtained with
PPh(OCH3)2,[13] with similar 31P NMR spectroscopic data
(δ = 148 ppm, JP,Rh = 170 Hz).[14]

In the reaction of [Rh(cod)2]PF6 with ligand 3 only one
doublet is observed in the 31P{1H} NMR spectrum at P/Rh
ratios of 2:1 and 4:1 [δ = 132.3 ppm (JP,Rh = 162.2 Hz)],
which agrees with the data reported for [Rh{PPh2(OR)}4]+

(R = Me: δ = 132.2 ppm, JP,Rh = 159 Hz; R = Et: δ =
130.5 ppm, JP,Rh = 156 Hz),[15] along with a septuplet signal
for PF6

– at δ = –143.1 ppm (JF,P = 712.6 Hz). In the 1H
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NMR spectrum there are only signals corresponding to the
coordinated ligand 3. A relatively air-stable, yellow solid
was isolated in 73% yield. The X-ray crystal structure (see
below) shows that this complex is [Rh(3)4]PF6 (6).

To prepare neutral palladium complexes, we chose
[PdCl2(PhCN)2] as a model precursor. The reaction of li-
gands 1–3 with [PdCl2(PhCN)2] in anhydrous dichloro-
methane at room temperature proceeds by the displacement
of two molecules of PhCN followed by the coordination of
two P ligands to afford [PdCl2(1–3)2] (7–9, Scheme 3),
which were obtained as relatively air-stable, yellow oils in
good yields, with mass spectra in agreement with a mono-
nuclear formulation. The 1H NMR spectra of 7–9 show sig-
nals corresponding to the coordinated ligands. The 31P{1H}
NMR spectra show only one singlet at δ = 94.2 (7), 122.2
(8) and 110.2 ppm (9), which indicates that only one of the
two possible isomers (cis or trans) is formed. The difference
between the 31P NMR signal of the complex and that of
the free ligand, known as the coordination chemical shift,
∆ (= δcoord – δfree), for similar palladium() complexes is
indicative of the stereochemistry of these complexes. The
lowest (negative) values of ∆ are found for cis isomers con-
taining ligands with Tolman angles, Θ, of less than 140°,
and high values (positive) of ∆ are found for trans isomers
containing ligands with Tolman angles higher than 140°.[16]

Based on this observation, since the values of ∆ for com-
plexes 7 and 8 are –45.7 and –34.4 ppm, respectively, we
propose that the cis isomers are present in these complexes.
In the case of complex 9 the value of ∆ is –2.3 ppm. Taking
into account that the estimated value of Θ from the X-ray
structure is 128° (see below), we also propose the formation
of the cis isomer for complex 9.

Scheme 3. Syntheses of 7–9.

X-ray Structure of 6

The crystal structure of complex 6 was solved with crys-
tals obtained by slow diffusion of diethyl ether into a
dichloromethane solution of the complex. The X-ray struc-
ture is shown in Figure 2 and selected bond lengths and
angles are given in Table 1.

This cationic rhodium complex contains four coordi-
nated phosphinite ligands 3, as observed in solution. The
Rh–P bond lengths [2.2848(6) Å] are in the range reported
for other RhI complexes with phosphinite ligands.[17] The
cation has a slightly tetrahedrally distorted square-planar
geometry [trans P–Rh–P angles of 166.64(3)°] due to intra-
molecular ligand repulsion. A similar distortion, but to a
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Figure 2. ORTEP drawing of complex 6. PF6
– and hydrogen atoms

have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] of complex 6.[a]

Rh1–P2 2.2848(6) P2i–Rh1–P2iii 90.776(3)
P2–C3 1.8222(25) P2i–Rh1–P2ii 166.64(3)
P2–C9 1.815(2) C3–P2–Rh1 115.75(8)
P2–O15 1.6170(17) C9–P2–Rh1 118.97(8)
O15–C16 1.447(3) O15–P2–Rh1 107.03(6)

C9–P2–C3 105.14(11)

[a] Estimated standard deviations are given in parentheses. P2i,
P2iii: phosphorus atoms located in cis position; P2i, P2ii: phospho-
rus atoms located in trans position.

greater extent, has been reported for [Rh(PMe3)4]+ (trans P–
Rh–P angles of 148.29 and 151.46°).[18] The C–P–Rh angles
[115.75(8) and 118.97(8)°] deviate from the ideal tetrahedral
value, as observed in coordinated P-donor ligands. The esti-
mated Tolman angle for 3, calculated in accordance with
the reported method,[19] is 128°. The alkoxy chains are in a
staggered arrangement above and below the coordination
plane in order to minimise repulsion. There is a disorder in
the tBu fragments. The PF6

– anions are located in the cavi-
ties formed between the four tBu groups from two different
cationic units.

Reactivity of [Rh(acac)(CO)2]/1–3 with CO and H2

The reactivity of the systems [Rh(acac)(CO)2]/1–3 with
CO and H2 was analysed by high-pressure NMR
(HPNMR) and IR (HPIR) spectroscopy. The 31P{1H} and
1H NMR spectra were recorded for the complex
[Rh(acac)(CO)2] in the presence of 4 equiv. of ligand 1–3 in
[D6]toluene ([Rh] = 2×10–2 ) with stepwise addition of H2

and CO. As the IR technique is more sensitive, the IR spec-
tra could be recorded at concentrations closer to the cata-
lytic value (2–5×10–3 ) in methyltetrahydrofuran under
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the same conditions. A list of identified species is given in
Table 2.

Table 2. Identified species for [Rh(acac)(CO)2]/1–3 (P/Rh = 4) sys-
tems at 5 atm CO/H2 (1:1) after 1 h at 80 °C.

Complex δ(31P) δ(1H) (hydride) ν(CO)
[ppm] [ppm]
(JRh,P (JP,H, JRh,H [Hz]) [cm–1]
[Hz])

[RhH(1)4] (10) 157.9 d –11.8 dq –
(207.8) (33.7, 9.4)

[RhH(CO)(1)3] 158.9 d –10.7 quint 2025
(11)

(212.3) (7.8, 7.8)
[RhH(CO)2(1)2] 154.6 d n.d.[a] 2049,
(12) 2005,

(194.6) 1980, 1960
[RhH(CO)(2)3] 169.8 d –10.0 quint 2065
(13)

(189.0) (7.7, 7.7)
[RhH(CO)2(2)2] 168.2 d n.d.[a] 2073,
(14) 2042,

(145.7) 2029, 1991
[RhH(CO)(3)3] 138.1 d –9.4 dq 2025
(15)

(163.3) (12.3, 4.7)
[RhH(CO)2(3)2] 136.8 d –9.1 dt 2044,
(16) 2006,

(147.2) (11.7, 6.3) 1996, 1918

[a] n.d. = not detected.

Upon addition of 4 mol-equiv. of 1 to [Rh(acac)(CO)2]
in toluene, the 31P{1H} spectrum shows a major, broad
doublet signal at δ = 140 ppm, attributed to a mixture of
the species [Rh(acac)(CO)n(1)2–n], along with a small mul-
tiplet at δ = 80 ppm and a singlet at δ = 0 ppm due to
decomposed ligand. Addition of 2.5 atm of H2 to this solu-
tion caused two new doublet signals to appear in the
31P{1H} NMR spectrum at δ = 158.9 ppm (J = 212.3 Hz)
and δ = 157.9 ppm (J = 207.8 Hz). Two new signals also
appear in the hydride region of the 1H NMR spectrum at δ
= –10.7 ppm (quint, J = 7.8 Hz) and δ = –11.8 ppm (dq, J
= 33.7, 9.4 Hz). After further addition of 2.5 atm of CO
(5 atm total pressure) and heating of the system at 80 °C
for 1 h, the doublet signal in the 31P{1H} NMR spectrum
at δ = 157.9 ppm, the multiplet signal at δ = 80 ppm and the
hydride signal at δ = –11.8 ppm in the 1H NMR spectrum
disappear and new signals are observed at δ =154.6 (d, JRh,P

= 194.6 Hz), 140.8 (dd, J = 273.6, 164.7 Hz), 138.1 (s, free
1) and 70.2 (dt, J = 273.4, 94.3 Hz) ppm. We assigned the
signals at δ = 157.9 ppm and the hydride doublet of quintu-
plets at δ = –11.8 ppm to the species [RhH(1)4] (10) by com-
parison with published data for the analogous species
[RhH{P(OPh)3}4] [δP = 129.7 (JRh,P = 232.8 Hz) ppm;
δH(hydride) = –10.6 (JRh,H = 44, JP,H = 7 Hz) ppm].[20] We
assigned the major doublet signal at δ = 158.9 ppm in the
31P{1H} NMR spectrum together with the quintuplet at δ
= –10.7 ppm in the 1H NMR spectrum to [RhH(CO)(1)3]
(11). The multiplicity of the hydride signal (quintuplet) is
explained by the accidentally identical values of 1JRh,H and
2JP,H, as was also reported for [RhH(CO){P(OPh)3}3] [δP =
141.1 (JRh,P = 240 Hz) ppm; δH(hydride) = –10.9 (JRh,H =
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JP,H = 3 Hz) ppm].[20] The minor signal at δ = 154.6 (JRh,P

= 194.6 Hz) ppm is attributed to the dicarbonyl species
[RhH(CO)2(1)2] (12), whose hydride signal is not detected
in the 1H NMR spectrum due to its low concentration. The
signals at δ = 140.8 and 70.2 ppm could correspond to
mixed complexes with phosphite/phosphonate and carbon
monoxide ligands formed by the partially decomposed li-
gand. Coordination of phosphonates to rhodium complexes
has been described in the literature[21] and the chemical
shifts observed here correlate with those reported for mixed
species. At the end of the experiment, the pressure was re-
leased and water was added to decompose the remaining
ligand. The signals at δ = 140.8 and 70.2 ppm disappeared
and new signals appeared, which could correspond to spe-
cies with only phosphonate ligands.

The HPIR spectra of [Rh(acac)(CO)2]/1 at 5 atm CO/H2

(1:1) in the ν(CO) region initially show signals at 2049,
2025, 2005, 1980 and 1960 cm–1. By comparison with pub-
lished data for [RhH(CO){P(OPh)3}3] [ν(CO) = 2060 (m)
cm–1],[22] the band at 2025 cm–1 was assigned to 11. The
absorptions at 2049 and 1980 cm–1 could correspond to the
equatorial/equatorial isomer ee-12 and those at 2005 and
1960 cm–1 could correspond to the equatorial/axial isomer
ea-12. The bands reported for ee-[RhH(CO)2{P(OPh)3}2]
appear at 2053 and 2018 cm–1 and for the isomer ea-
[RhH(CO)2{P(OPh)3}2] at 2034 and 1992 cm–1.[23] After 2 h
at 80 °C, bands appeared at 1991 and 1828 cm–1 attributed
to rhodium species with bridging carbonyl ligands.

The 31P{1H} and 1H NMR spectra of the [Rh(acac)-
(CO)2]/2 system (P/Rh = 4) in toluene under 5 atm of CO/H2

(1:1), after heating at 80 °C for 1 h, show signals assigned
to [RhH(CO)(2)3] (13) and [RhH(CO)2(2)2] (14; Table 2);
the hydride signals could not be detected in the 1H NMR
spectrum. The signal of the remaining unreacted species
[Rh(acac)(CO)n(2)2–n] appears at δ = 156 ppm. The slow re-
action rate of similar precursors containing phosphite li-
gands with CO/H2 has been reported.[24] The broad doublet
at δ = 144.1 (JRh,P = 168.7 Hz) ppm is better resolved at
–60 °C and could correspond to dimeric Rh0 complexes
[Rh2(CO)6(2)2] or [Rh2(CO)4(2)4], as has been observed for
other P-donor–rhodium systems.[25] The broad multiplets at
δ = 120 and 82 ppm were attributed to mixed phosphonite/
phosphonate species.

The HPIR spectrum, after 1 h under these reaction con-
ditions, shows several absorptions in the 2200–1800 cm–1

region that were difficult to assign. The band at 2065 could
correspond to compound 13 and the ones at 2073 and
2029 cm–1 and 2042 and 1991 cm–1 could correspond to the
ee and ea isomers of 14, respectively. The absorptions
around 1800 cm–1 could correspond to the Rh0 dimeric spe-
cies.

The 31P{1H} NMR spectrum of [Rh(acac)(CO)2]/3
(P/Rh = 4) at 5 atm CO/H2 (1:1), after 1 h at 80 °C, shows
a major signal at δ = 138.1 ppm, which, together with a
hydride signal at δ = –9.4 ppm, was attributed to the species
[RhH(CO)(3)3] (15) by comparison with published data.[26]

A minor, partially overlapped doublet at δ = 136.8 ppm,
together with a hydride doublet of triplets at δ = –9.1 ppm,
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was attributed to the species [RhH(CO)2(3)2] (16). In com-
parison, [RhH(CO){PPh2(OPh)}3] shows signals at δP =
142 (JP,Rh = 169 Hz) ppm and δH = –9.4 (dq, JH,P = 13,
JH,Rh = 3 Hz) ppm and [RhH(CO)2{PPh2(OPh)}2] shows
signals at δP = 145 (JP,Rh = 165 Hz) ppm and δH =
–9.5 ppm.[27] The signals at δ = 130.8 and 84.9 ppm in the
31P{1H} spectrum may correspond to mixed phosphinite/
phosphonate species, as proposed for the other systems.

The IR spectrum of [Rh(acac)(CO)2]/3, under the same
conditions, initially shows only one band at 1987 cm–1 in
the 2200–1800 cm–1 region. After 1 h of stirring at 80 °C,
five absorptions are present at 2044, 2025, 2006, 1966 and
1918 cm–1. The band at 2025 cm–1 was assigned to 15, the
absorptions at 2044 and 1966 cm–1 were attributed to iso-
mer ee-16, since they are similar to ones reported for the
equatorial/equatorial isomer of [RhH(CO)2{PPh2(OPh)}2]
(2045, 1970 cm–1),[27] the ones at 2006 and 1918 cm–1 could
correspond to the isomer ea-16.

In summary, the study of the reactivity of [Rh(acac)-
(CO)2]/1–3 with CO and H2 at 5 atm (CO/H2 = 1:1) and
80 °C has shown that the precursors [RhH(CO)(1–3)3] are
formed as the main species in all cases.

Hydroformylation of 1-Octene

We studied the hydroformylation of 1-octene (17) to ob-
tain the corresponding linear (18) and branched (19) alde-
hydes (Scheme 4) in toluene as a model solvent and in
scCO2.

Table 3. Hydroformylation of 1-octene using [Rh(acac)(CO)2]/1–3 catalyst precursors in scCO2.[a]

Entry L Solvent L/Rh T P(H2) P(CO) Ptot
[b] Conv.[c] Sa

[d] 18/19 Si
[e]

[°C] [atm] [atm] [atm] [%] [%] [%] [%]

1 1 toluene 4 80 2.5 2.5 5 98 86 78:22 10
2 1 toluene 2 80 2.5 2.5 5 85 24 74:26 75
3 2 toluene 4 80 2.5 2.5 5 89 21 77:23 79

4[f] 2 toluene 4 80 2.5 2.5 5 95 47 53:47 53
5 3 toluene 4 80 2.5 2.5 5 95 38 71:29 58
6 3 toluene 2 80 2.5 2.5 5 95 6 57:37[h] 93

7[f] 3 toluene 4 80 2.5 2.5 5 98 36 63:27 64
8 1 – 4 80 2.5 2.5 5 88 80 74:24[h] 20
9 1 scCO2 4 80 2.5 2.5 167 57 25 81:19 74
10 1 scCO2 6 80 2.5 2.5 167 20 68 85:15 30
11 1 scCO2 6 80 10 10 167 6 86 81:19 14
12 1 scCO2 6 100 10 10 167 49 90 80:20 10
13 1 scCO2 6 100 10 10 250 82 89 78:22 11
14 2 scCO2 4 80 2.5 2.5 167 40 76 76:24 24

15[g] 2 scCO2 4 80 2.5 2.5 167 15 12 45:55 79
16 2 scCO2 6 100 10 10 250 70 94 77:23 6
17 3 scCO2 4 80 2.5 2.5 167 13 41 85:15 59
18 3 scCO2 2 80 2.5 2.5 167 35 9 77:23 91
19 3 scCO2 6 100 10 10 250 24 79 75:25 19

[a] Reaction conditions: toluene: [Rh(acac)(CO)2] = 0.024 mmol, alkene = 4.8 mmol, alkene/Rh = 200, V = 10 mL, t = 3 h; scCO2:
[Rh(acac)(CO)2] = 0.06 mmol, alkene = 12 mmol, alkene/Rh = 200, V = 25 mL, t = 3 h. [b] Total pressure. [c] Total conversion measured
by GC. [d] Selectivity for aldehydes. [e] Selectivity for isomerized products (internal octenes). [f] Preactivated system at 5 atm (CO/H2 =
1), T = 80 °C for 1 h. [g] Preactivated system at 5 atm (CO/H2 = 1), T = 80 °C for 1 h in diethyl ether. [h] 2-Ethylheptanal was also
detected.
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Scheme 4. Hydroformylation of 1-octene using different
[Rh(acac)(CO)2]/1–3 systems.

Hydroformylation of 1-Octene in Toluene

Table 3 (Entries 1–7) shows the results of 1-octene hydro-
formylation in toluene using [Rh(acac)(CO)2]/1–3 as the
catalyst precursor. The products obtained were the isomeric
aldehydes n-nonanal (18) and isononanal (19) and the isom-
erised products 2-octene [(E) and (Z)], (3E)-3-octene and
(4E)-4-octene. No hydrogenated products were observed.
The selectivity towards isomerised products is also listed.

Hydroformylation with [Rh(acac)(CO)2]/1 in toluene
(Entry 1, Table 3) shows high activity (conversion = 98%)
with a high selectivity for aldehydes at a P/Rh molar ratio
of 4, although isomerised octenes were also formed. The
n/iso ratio is relatively high (3.5), as is observed for other
rhodium/phosphite systems.[3b] When the P/Rh ratio was re-
duced to 2, the conversion, and especially the selectivity,
decreased (Entry 2, Table 3).

The catalyst precursors with ligands 2 and 3 provided
very low selectivity for the aldehydes and produced octene
isomers as the main products (Entries 3–7, Table 3). Since
these poor donor ligands tend to form rhodium species with
a high number of coordinated ligands per rhodium atom
(see synthesis section above), which can inhibit hydrofor-
mylation,[28] we performed an experiment with a lower
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P/Rh ratio (Entry 6, Table 3); the selectivity for aldehydes
decreased dramatically.

The low selectivity for aldehydes has been attributed to
the nonformation of the active species [RhH(CO)(L)3]. Our
HPIR experiments showed that, in the case of systems with
2 and 3, an activation time is needed before these species
are detected. The system [Rh(acac)(CO)2]/2 was therefore
preactivated in toluene at 5 atm (CO/H2 = 1) and 80 °C for
1 h. 1-Octene was then added, the system was pressurised
and again heated to 80 °C, and the reaction started. The
conversion was slightly higher and the selectivity for alde-
hydes increased from 21 to 47% (Entry 4, Table 3). Similar
results were obtained when the preactivated catalyst precur-
sor with ligand 3 was used (Entry 7, Table 3).

Rhodium catalysts with phosphonite ligands have been
shown to have very high activity in the isomerisation/hydro-
formylation of internal alkenes.[11] When we used
[Rh(acac)(CO)2]/2 under the same conditions as for the hy-
droformylation of (2E)-2-hexene, 17% total conversion was
obtained with a selectivity of 45% for aldehydes and a 1-
heptanal/2-methylhexanal/3-ethylpentanal ratio of 24:54:22,
which indicates that the isomerisation rate is slower than
the hydroformylation rate for these systems.

Hydroformylation of 1-Octene in Supercritical CO2

The solubility of the catalyst precursors in scCO2 was
studied using a Thar autoclave equipped with sapphire win-
dows. The purged autoclave was charged with
[Rh(acac)(CO)2]/1–3 (P/Rh = 4), filled with CO/H2 at 5 atm
(CO/H2 = 1:1) and pressurised with CO2 up to 240 atm at
80 °C. Visual inspection through the windows showed that
the supercritical phase is colourless, which indicates that
there is no apparent solubility of these systems.

The catalytic experiments using scCO2 with systems
[Rh(acac)(CO)2]/1–3 are summarised in Table 3 (Entries 9–
19). A reference experiment with the system [Rh(acac)-
(CO)2]/1 without solvent provided lower conversion and se-
lectivity than when toluene was used as a solvent (Entry 8,
Table 3).

As expected due to the low solubility of the catalyst pre-
cursors, the conversions with scCO2 were lower than for the
toluene systems under similar conditions. However, conver-
sion was good with the catalyst system [Rh(acac)(CO)2]/1
(Entry 9, Table 3), although the selectivity for aldehydes fell
to 25%. This led the linear/branched ratio to increase to
4.2. We optimised the conditions with this system by mod-
ifying the P/Rh ratio (Entry 10, Table 3), partial CO/H2

pressure (Entry 11, Table 3), temperature (Entry 12,
Table 3) and total pressure (Entry 13, Table 3). Under the
best conditions (P/Rh = 6, CO/H2 = 20 atm, T = 100 °C,
total pressure 250 atm), we achieved high conversion (82%)
and high selectivity for aldehydes (89%; Entry 13, Table 3)
probably because of the greater solubility of this system in
scCO2. Under these conditions, the linear/branched ratio
was similar to that of the toluene system.

When the system [Rh(acac)(CO)2]/2 was used in scCO2,
the selectivity for aldehydes increased from 47% to 76%,
although the conversion was lower (Entry 14 vs. Entry 4,
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Table 3). To favour the formation of the active species in
one of the experiments (Entry 15, Table 3), the system was
preactivated in diethyl ether at 5 atm (CO/H2 = 1) at 80 °C
for 1 h. The solvent was then evaporated and 1-octene was
added. The system was pressurised and heated again to
80 °C and the reaction started. In this case the conversion
and selectivity decreased considerably and decomposition
of the catalyst was observed at the end of the reaction. Un-
der the optimised conditions, we obtained high selectivity
for aldehydes (94%) and a conversion of 70%.

When the system [Rh(acac)(CO)2]/3 (Entries 17–19,
Table 3) was used, the best results were also obtained under
the optimised conditions (selectivity for aldehydes 79% and
conversion of 24%).

In summary, the catalyst precursors formed with
[Rh(acac)(CO)2]/1–3 are active in the hydroformylation of
1-octene in scCO2. In the catalyst system with the phosphite
1, similar conversion and selectivities to those of the toluene
reaction can be achieved by optimising the reaction condi-
tions. The selectivity for aldehyde of the rhodium catalyst
precursors with ligands 2 and 3 increases, especially with
ligand 2, when scCO2 is used as the reaction medium in-
stead of toluene.

Conclusions

We have synthesised new P-donor ligands 1–3 with
branched substituents and studied their coordination to
RhI and PdII. We have characterised complexes [Rh(cod)-
(1)2]PF6, [Rh(2,3)4]PF6 and [PdCl2(1–3)2]. We have deter-
mined the X-ray structure of [Rh(3)4]PF6 and confirmed
the formation of the tetrakis(phosphite) complex. The reac-
tivity of [Rh(acac)(CO)2]/1–3 with CO/H2 at 5 atm (CO/H2

= 1) and 80 °C indicates that [RhH(CO)(1–3)3] is the main
species formed in solution. The solubility of the catalyst
precursors [Rh(acac)(CO)2]/1–3 in scCO2 is low but they
are active in the hydroformylation of 1-octene in scCO2. In
this solvent, the catalyst precursor with ligand 1 gives sim-
ilar activities and selectivities to those in toluene. Catalyst
precursors with ligands 2 and 3 give lower conversions than
in toluene but the aldehyde selectivity is higher.

Experimental Section
General: All reactions were carried out under nitrogen using stan-
dard Schlenk techniques. Solvents were distilled and degassed prior
to use. 1H, 13C{1H}, 19F and 31P{1H} NMR spectra were recorded
with Varian Gemini spectrometers operating at 300 or 400 MHz
(1H), 75.43 or 100.57 MHz (13C), 376.3 MHz (19F) or 121.44 or
161.92 MHz (31P). Chemical shifts are reported relative to tet-
ramethylsilane for 1H and 13C{1H} as internal reference, 85%
H3PO4 for 31P{1H} and CFCl3 for 19F. Mass spectrometry was per-
formed with either an AUTOSPEC (EI-HR) or an AUTOFLEX
spectrometer (MALDI-TOF). High-pressure NMR experiments
(HPNMR) were carried out in a 10-mm-diameter sapphire tube
with a titanium cap equipped with a Teflon/polycarbonate protec-
tion.[29] High-pressure IR experiments were performed in situ with
an infrared autoclave.[30] Gas chromatography analyses were per-
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formed with a Hewlett–Packard 5890A apparatus in an HP-5 (5%
diphenylsilicone/95% dimethylsilicone) column (25 m×0.2 mm) for
the separation of the products.

Catalysis: Hydroformylation experiments were carried out in a Parr
autoclave (25 mL) with magnetic stirring. The autoclave was
equipped with a liquid inlet, a gas inlet, a CO2 inlet and a thermo-
couple. An electric heating mantle kept the temperature constant.

Standard Hydroformylation Experiment in Toluene: The reactions in
toluene were carried out in the same Parr autoclave. The complex
[Rh(acac)(CO)2] (0.024 mmol) and the ligand (0.096 mmol) in tolu-
ene (10 mL) were stirred at room temperature for 1 h. The substrate
(4.8 mmol) was then added and the resulting solution was intro-
duced into the evacuated autoclave. The system was pressurised
and heated. When thermal equilibrium was reached, more gas mix-
ture was introduced until the desired pressure was attained. After
the required reaction time, the autoclave was cooled to room tem-
perature and depressurised. The products were identified by GC/
MS.

Standard Hydroformylation Experiment in scCO2: The complex
[Rh(acac)(CO)2] (0.06 mmol) and the ligand (0.24 mmol) in diethyl
ether (2 mL) were stirred at room temperature for 30 min. The re-
sulting solution was introduced into the evacuated autoclave, and
the solvent was removed in vacuo. 1-Octene (12 mmol) was then
added. The system was pressurised with 5 atm of CO/H2 (1:1), and
liquid CO2 was introduced until a total pressure of 60 bar was
reached. The autoclave was heated to the desired temperature.
When thermal equilibrium was reached, the total pressure was ad-
justed with a Thar syringe pump. After the reaction time, the auto-
clave was cooled down to –10 °C and depressurised. The final mix-
ture was analysed by GC. The products were identified by GC/MS.

Solubility Studies: The solubility studies were carried out in a Thar
reactor (100 mL) equipped with sapphire windows and magnetic
stirring. The autoclave was charged with a solution of the ligand
(0.220 mmol) and [Rh(acac)(CO)2] (0.055 mmol) in diethyl ether.
The solvent was removed in vacuo, the reactor was pressurised with
syn-gas and CO2, the system was heated to 80 °C, and the total
pressure was adjusted to 240 atm. Solubility was monitored by vis-
ual inspection through the sapphire windows with a mirror due to
safety requirements.

HPNMR: In a typical experiment, the NMR tube was filled under
N2 with a solution of [Rh(acac)(CO)2] (0.04 mmol), the ligand 1–3
(0.16 mmol) and [D8]toluene (2 mL). The tube was pressurised to
5 atm of CO/H2 (1:1) and left at 80 °C for 1 h. The NMR spectra
were then recorded.

HPIR: In a typical experiment, the HPIR cell was filled under N2

with a solution of [Rh(acac)(CO)2] (0.036 mmol), the ligand 1–3
(0.144 mmol) and methyltetrahydrofuran (15 mL). The cell was
pressurised to 5 atm of CO/H2 (1:1) and left at 80 °C for 1 h. The
IR spectra were then recorded.

Preparation of Tris(3,5,5-trimethylhexyl) Phosphite (1): A solution
of phosphorus trichloride (0.87 g, 6.3 mmol) in 6.5 mL of diethyl
ether was added dropwise to a solution of 3,5,5-trimethylhexanol
(2.74 g, 0.019 mol) and pyridine (1.50 g, 0.019 mol) in 12 mL of
diethyl ether at –10 °C. The solution was stirred at room tempera-
ture for 2 h. The solution was filtered and the solvent was removed.
The resulting colourless oil was purified by flash chromatography
on basic alumina eluting with hexane. Yield: 2.33 g (80%) (colour-
less oil). 1H NMR (400 MHz, CDCl3, 20 °C): δ = 3.74 (q, JH,P =
JH,H = 7.1 Hz, 6 H, POCH2), 1.57 (m, 6 H, POCH2CHH +
CHCH3) 1.36 (m, 3 H, POCH2CHH), 1.15 [dd, 2JH,H = 14.0 Hz,
3JH,H = 3.4 Hz, 3 H, CH(CH3)CHH], 1.00 [dd, 2JH,H = 14.0 Hz,
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3JH,H = 6.0 Hz, 3 H, CH(CH3)CHH], 0.86 [d, 3JH,H = 6.4 Hz, 9 H,
CH(CH3)], 0.82 [s, 27 H, C(CH3)3] ppm. 13C NMR (100.5 MHz,
CDCl3, 20 °C): δ = 60.49 (d, 2JP,C = 10.6 Hz, POCH2), 51.21 [s,
CH(CH3)CH2], 40.52 (d, 3JP,C = 4.6 Hz, POCH2CH2), 31.11 [s,
C(CH3)3], 29.99 [s, C(CH3)3], 25.91 [s, CH(CH3)], 22.53 [s,
CH(CH3)] ppm. 31P{1H} NMR (161.9 MHz, CDCl3, 20 °C): δ =
139.9 ppm. EIMS: m/z = 461 [M + H]+. High-resolution EIMS:
461.4120 (C27H58O3P).

Preparation of Bis(3,5,5-trimethylhexyl) Phenylphosphonite (2): A
solution of dichloro(phenyl)phosphane (1.79 g, 0.010 mol) in
6.5 mL of diethyl ether was added dropwise to a solution of 3,5,5-
trimethylhexanol (2.88 g, 0.02 mol) and pyridine (1.58 g, 0.02 mol)
in 12 mL of diethyl ether at –10 °C. The solution was stirred at
room temperature for 7 h and then filtered. After all the solvent
had been removed under reduced pressure, the resulting colourless
oil was purified by flash chromatography on basic alumina eluting
with hexane. Yield: 2.21 g (56%) (colourless oil). 1H NMR
(400 MHz, CDCl3, 20 °C): δ = 7.59 (m, 2 H, Ph), 7.38 (m, 3 H,
Ph), 3.87 (m, 2 H, POCHH), 3.75 (m, 2 H, POCHH), 1.64 (m, 4
H, POCH2CHH + CHCH3), 1.43 (m, 2 H, POCH2CHH), 1.19 [m,
2 H, CH(CH3)CHH], 1.05 [m, 2 H, CH(CH3)CHH], 0.91 [d, 3JH,H

= 8.4 Hz, 6 H, CH(CH3)], 0.87 [s, 18 H, C(CH3)3] ppm. 13C NMR
(100.5 MHz, CDCl3, 20 °C): δ = 141.25 (d, 1JP,C = 19.2 Hz, Ci Ph),
129.84 (s, Cp Ph), 129.65 (d, 3JP,C = 2.3 Hz, Cm Ph), 128.08 (d, 2JC,P

= 4.5 Hz, Co Ph), 65.04 (d, 2JP,C = 9.2 Hz, POCH2), 64.99 (d, 2JP,C

= 8.4 Hz, POCH2), 51.26 [s, CH(CH3)CH2], 51.22 [s, CH(CH3)
CH2], 40.77 (d, 3JC,P = 4.6 Hz, POCH2CH2), 40.72 (d, 3JC,P =
4.3 Hz, POCH2CH2), 31.1 [s, C(CH3)3], 29.97 [s, C(CH3)3], 25.92
[s, CH(CH3)], 22.54 [s, CH(CH3)], 22.48 [s, CH(CH3)] ppm.
31P{1H} NMR (161.9 MHz, CDCl3, 20 °C): δ = 156.6 ppm. EIMS:
m/z = 394.3 [M]+. High-resolution EIMS: 394.2991 (C24H43O2P).

Synthesis of 3,5,5-Trimethylhexyl Diphenylphosphinite (3): A solu-
tion of chlorodiphenylphosphane (1.00 g, 4.6 mmol) in 6.5 mL of
diethyl ether was added dropwise to a solution of 3,5,5-trimeth-
ylhexanol (0.66 g, 4.6 mmol) and pyridine (0.36 g, 4.6 mmol) in
12 mL of diethyl ether at –10 °C. The solution was stirred at room
temperature for 2 h and then filtered. After all the solvent had been
removed under reduced pressure, the resulting colourless oil was
purified by chromatography on basic alumina eluting with hexane.
Yield: 1.01 g (67%) (colourless oil). 1H NMR (400 MHz, CDCl3,
20 °C): δ = 7.40 (m, 4 H, Ph), 7.22 (m, 6 H, Ph), 3.78, (m, 2 H,
POCH2), 1.64 (m, 1 H, POCH2CHH), 1.55 [m, 1 H, CH(CH3)],
1.40 (m, 1 H, POCH2CHH), 1.13 [dd, 2JH,H = 13.8 Hz, 3JH,H =
3.8 Hz, 1 H, CH(CH3)CHH], 0.96 [dd, 2JH,H = 14.2 Hz, 3JH,H =
6.8 Hz, 1 H, CH(CH3)CHH], 0.82 [d, 3JH,H = 6.2 Hz, 3 H,
CH(CH3)], 0.77 [s, 9 H, C(CH3)3] ppm. 13C NMR (100.5 MHz,
CDCl3, 20 °C): δ = 142.28 (d, 2JP,C = 18.8 Hz, Ci Ph), 130.54 (d,
2JP,C = 7.6 Hz, Co Ph), 130.33 (d, 2JP,C = 7.6 Hz, Co Ph), 129.12
(d, 3JP,C = 5.3 Hz, Cm Ph), 128.26 (s, Cp Ph), 128.19 (s, Cp Ph),
68.50 (d, 2JP,C = 19,1 Hz, POCH2), 51.21 [s, CH(CH3)CH2], 40.83
(d, 3JP,C = 7.6 Hz, POCH2CH2) 31.08 [s, C(CH3)3], 29.99 [s,
C(CH3)3] 29.95 [s, C(CH3)3], 25.92 [s, CH(CH3)], 22.50 [s,
CH(CH3)] ppm. 31P{1H} NMR (161.9 MHz, CDCl3, 20 °C): δ =
112.5 ppm. EIMS: m/z = 328.2 [M]+. High-resolution EIMS:
328.1961 (C21H29OP).

Preparation of [Rh(C8H12)(1)2]PF6 (4): Ligand 1 (221 mg,
0.48 mmol) was added to a solution of [Rh(cod)2]PF6 (93 mg,
0.20 mmol) in 2 mL of anhydrous dichloromethane. The solution
turned yellow immediately and was stirred for 1 h. The solvent was
then evaporated in vacuo and the product washed with cold meth-
anol. The product was obtained as a yellow oil. Yield: 219 mg
(86%). 1H NMR (400 MHz, CDCl3, 20 °C): δ = 4.05 (m, 16 H,
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POCH2 + CH= cod), 2.57 (m, 4 H, CH2 cod), 2.36 (m, 4 H, CH2

cod), 1.60 (m, 18 H, POCH2CH2 + CHCH3), 1.22 [dd, 2JH,H =
14.0 Hz, 3JH,H = 3.6 Hz, 6 H, CH(CH3)CHH], 1.14 [dd, 2JH,H =
14.0 Hz, 3JH,H = 6.0 Hz, 6 H, CH(CH3)CHH], 0.97 [d, 3JH,H =
6.4 Hz, 18 H, CH(CH3)], 0.90 [s, 54 H, C(CH3)3] ppm. 13C NMR
(100.5 MHz, CDCl3, 20 °C): δ = 106.2 (m, CH= cod), 65.2 (d, JC,P

= 6.1 Hz, POCH2), 51.3 [s, CH(CH3)CH2], 39.8 (d, POCH2CH2),
31.1 [s, C(CH3)3], 29.9 [s, C(CH3)3] 26.1 [s, CH(CH3)], 22.5 [s,
CH(CH3)] ppm. 19F NMR (376.3 MHz, CDCl3, 20 °C): δ = –73.11
(d, JP,F = 715.4 Hz) ppm. 31P{1H} NMR (161.9 MHz, CDCl3,
20 °C): δ = 116.1 (d, JRh,P = 244.0 Hz), –143.2 [sept, JF,P =
711.5 Hz] ppm. MS (MALDI-TOF): m/z = 1129.54 [M – PF6 – 3
H]+, 1003.45 [M – PF6 – C9H20 – H]+.

Preparation of [Rh(2)4]PF6 (5): Ligand 2 (316 mg, 0.80 mmol) was
added to a solution of [Rh(cod)2]PF6 (46.5 mg, 0.20 mmol) in 2 mL
of anhydrous dichloromethane. The solution turned yellow imme-
diately and was stirred for 1 h. The solvent was evaporated and the
residue washed with cold methanol and dried in vacuo overnight
to give the product as a yellow oily solid. Yield: 277 mg (76%). 1H
NMR (400 MHz, CDCl3, 20 °C): δ = 7.5 (m, 20 H, Ph), 3.47 (br.
m, 8 H, POCHH), 3.16 (br., 8 H, POCHH), 1.38 (br. m, 24 H,
POCH2CH2 + CHCH3), 1.02 [br. m, 16 H, CH(CH3)CH2], 0.85 [d,
3JH,H = 5.6 Hz, 24 H, CH(CH3)], 0.87 [s, 72 H, C(CH3)3] ppm. 13C
NMR (100.5 MHz, CDCl3, 20 °C): δ = 137.74 (br., Ci Ph), 131.47
(s, Co Ph), 130.33 (s, Cm Ph) 128.34 (s, Cp Ph), 66.00 (br., POCH2)
51.19 [s, CH(CH3)CH2], 39.91 (s, POCH2CH2), 31.01 [s, C(CH3)3],
29.90 [s, C(CH3)3], 26.21 [s, CH(CH3)], 22.65 [s, CH(CH3)] ppm.
19F NMR (376.3 MHz, CDCl3, 20 °C): δ = –74.32 (d, JF,P =
710.8 Hz) ppm. 31P{1H} NMR (161.9 MHz, CDCl3, 20 °C): δ =
146.0 (d, JP,Rh = 169.7 Hz), –143.2 (sept, JP,F = 711.5 Hz) ppm. MS
(MALDI-TOF): m/z = 1679.7 [M – PF6 – 2 H]+ 1285.56 [M –
PF6 – 4 H]+.

Preparation of [Rh(3)4]PF6 (6): Ligand 3 (158 mg, 0.47 mmol) was
added to a solution of [Rh(cod)2]PF6 (80 mg, 0.20 mmol) in 2 mL
of anhydrous dichloromethane. The solution turned yellow imme-
diately and was stirred for 1 h. Diethyl ether was then added to the
solution to afford a yellow solid. Yield: 228 mg (73%). 1H NMR
(400 MHz, CDCl3, 20 °C): δ = 7.2–7.3 (m, 40 H, Ph), 2.78 (br. m,
8 H, POCH2), 0.80 [m, 12 H, POCH2CH2CH(CH3)], 0.67 [dd,
2JH,H = 13.8 Hz, 3JH,H = 5.6 Hz, 4 H, CH(CH3)CHH], 0.60 [s, 36
H, C(CH3)3], 0.54 [dd, 2JH,H = 14.0 Hz, 3JH,H = 3 Hz, 4 H,
CH(CH3)CHH], 0.42 [d, 3JH,H = 6.4 Hz, 12 H, CH(CH3)] ppm.
13C NMR (100.5 MHz, CDCl3, 20 °C): δ = 133.25 (br., Ci Ph),
133.01 (s, Co Ph), 131.06 (s, Cm Ph), 128.27 (s, Cp Ph), 66.53 (s,
POCH2), 51.08 [s, CH(CH3)CH2], 37.85 (s, POCH2CH2), 31.06 [s,
C(CH3)3], 29.83 [s, C(CH3)3], 26.02 [s, CH(CH3)], 22.86 [s,
CH(CH3)] ppm. 31P{1H} NMR (161.9 MHz, CDCl3, 20 °C): δ =
132.3 (d, JP,Rh = 162.2 Hz), –143.1 (sept. JP,F = 712.6 Hz) ppm.

Preparation of [PdCl2(1)2] (7): Ligand 1 (120 mg, 0.26 mmol) was
added to a solution of [PdCl2(PhCN)2] (50 mg, 0.13 mmol) in 2 mL
of anhydrous dichloromethane. The solution was stirred for 1 h,
then the solvent was evaporated in vacuo and the product was
washed with cold methanol and dried under vacuum overnight.
The product was obtained as a light-yellow oil. Yield: 124 mg
(87%). 1H NMR (400 MHz, CDCl3, 20 °C): δ = 4.15 (m, 12 H,
POCH2) 1.64 (m, 6 H, POCH2CHH), 1.55 (m, 6 H, CHCH3), 1.46
(m, 6 H, POCH2CHH), 1.44 [dd, 2JH,H = 14.0 Hz, 3JH,H = 3.6 Hz,
6 H, CH(CH3)CHH], 1.03 [dd, 2JH,H = 14.0 Hz, 3JH,H = 6.4 Hz, 6
H, CH(CH3)CHH], 0.88 [d, 3JH,H = 3.2 Hz, 18 H, CH(CH3)], 0.83
[s, 54 H, C(CH3)3] ppm. 13C NMR (100.5 MHz, CDCl3, 20 °C): δ
= 66.60 (s, POCH2), 51.35 [s, CH(CH3)CH2], 39.77 (s,
POCH2CH2), 31.29 [s, C(CH3)3], 30.18 [s, C(CH3)3], 26.15 [s,
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CH(CH3)] 22.67 [s, CH(CH3)] ppm. 31P{1H} NMR (161.9 MHz,
CDCl3, 20 °C): δ = 94.2 (s) ppm. MS (MALDI-TOF): m/z = 1063.7
[M – Cl]+, 1026.7 [M – 2 Cl]+.

Preparation of [PdCl2(2)2] (8): Ligand 2 (51 mg, 0.12 mmol) was
added to a solution of [PdCl2(PhCN)2] (25 mg, 0.06 mmol) in 2 mL
of anhydrous dichloromethane. The solution was stirred for 1 h,
then the solvent was evaporated in vacuo and the product was
washed with cold methanol and dried under vacuum overnight.
The product was obtained as a yellow oil. Yield: 47 mg (81%). 1H
NMR (400 MHz, CDCl3, 20 °C): δ = 7.75 (m, 4 H, Ph), 7.45 (m,
6 H, Ph), 4.20 (br. m, 4 H, POCHH), 3.95 (br. m, 4 H, POCHH),
1.71 (br. m, 4 H, POCH2CHH), 1.54 (br. m, 8 H, POCH2CHH +
CHCH3), 1.13 [br. m, 8 H, CH(CH3)CH2], 0.90 [d, 3JH,H = 6.4 Hz,
12 H, CH(CH3)] 0.87 [s, 36 H, C(CH3)3] ppm. 13C NMR
(100.5 MHz, CDCl3, 20 °C): δ = 140.70 (br., Ci Ph), 132.55 (s, Co

Ph), 131.74 (s, Cm Ph), 129.07, (s, Cp Ph), 67.83 (s, POCH2), 50.93
[s, CH(CH3)CH2], 39.22 (s, POCH2CH2), 30.88 [s, C(CH3)3], 29.77
[s, C(CH3)3], 25.82 [s, CH(CH3)], 22.26 [s, CH(CH3)] ppm. 31P{1H}
NMR (161.9 MHz, CDCl3, 20 °C): δ = 122.2 (s) ppm. MS
(MALDI-TOF): m/z = 929.4 [M – Cl]+, 894.4 [M – 2 Cl]+.

Preparation of [PdCl2(3)2] (9): Ligand 3 (85.63 mg, 0.26 mmol) was
added to a solution of [PdCl2(PhCN)2] (50 mg, 0.13 mmol) in 2 mL
of anhydrous dichloromethane. The solution was stirred for 1 h,
the solvent was evaporated in vacuo and the residue was washed
with methanol. The product was obtained as a yellow oil. Yield:
98 mg (91%). 1H NMR (400 MHz, CDCl3, 20 °C): δ = 7.81 (m, 8
H, Ph), 7.46 (m, 12 H, Ph), 3.63 (m, 4 H, POCH2), 1.31–1.19 [m,
6 H, POCH2CH2 + CH(CH3) + CH(CH3)CH2], 0.92 [d, 3JH,H =
4.4 Hz, 6 H, CH(CH3)], 0.78 [s, C(CH3)3] ppm. 13C NMR
(100.5 MHz, CDCl3, 20 °C): δ = 140.4 (br. Ci Ph), 132.58 (d, 2JP,C

= 6.1 Hz, Co Ph), 132.52 (d, 2JP,C = 6.1 Hz, Co Ph), 131.75 (br., Cm

Ph), 128.20 (br., Cp Ph), 67.86 (s, POCH2), 50.93 [s, CH(CH3)CH2],
39.22 (POCH2CH2), 30.87 [s, C(CH3)3], 29.76 [s, C(CH3)3], 25.81
[s, CH(CH3)], 22.26 [s, CH(CH3)] ppm. 31P NMR (161.9 MHz,
CDCl3, 20 °C): δ = 110.21 (s) ppm. MS (MALDI-TOF): m/z =
796.9 [M – Cl]+, 762.0 [M – 2 Cl]+.

Crystal Data for Complex 6: Suitable crystals of complex 6 were
grown by slow diffusion of diethyl ether into a solution of the com-
plex in dichloromethane and mounted on a glass fibre. The mea-
surements were taken at 120 K with a Bruker SMART CCD1000
diffractometer equipped with a graphite-monochromated Mo-Kα

radiation source (λ = 0.71073 Å). Data collection and processing
were carried out with Smart and Saint from Bruker. Complex 6
(C84H112O4P4Rh·PF6) crystallised in a tetragonal P4/n space group
with a = 18.021 (2), c = 13.431 (3) Å, V = 4361.8 (12) Å3, M =
1557.50, Z = 2, ρcalcd. = 1.186 mgm–3, µ = 0.345 mm–1. The yellow
crystal was prismatic and of dimensions 0.6×0.52×0.48 mm. The
θ range for measurement was 1.52–26.37° and 4471 unique reflec-
tions were measured at 120 K (Rint = 0.0381). The structure was
solved by direct methods (SHELXS-97)[31] and refined on F2 by
full-matrix least squares (SHELXL-97)[32] of 278 parameters. All
non-hydrogen atoms were refined anisotropically. The data were
corrected for absorption effects with SADABS.[33] The final param-
eters were R = ∑||Fo| – |Fc||/∑|Fo| = 0.0393 for 3571 reflections with
Fo

2 � 2σ(Fo
2) and wR2 = [∑w(Fo

2 – Fc
2)/∑w(Fo

2)2]1/2 = 0.1178.
Goodness-of-fit = 1.1. The ORTEP diagram was generated with
ORTEP-3.[34] CCDC-270199 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): HPNMR and HPIR spectra of systems [Rh(acac)(CO)2]/1–3.



Rh-Catalysed Hydroformylation of 1-Octene FULL PAPER

Acknowledgments

We thank the Ministerio de Educación, Cultura y Deporte (PPQ01-
0452) for financial support and Prof. P. W. N. M. van Leeuwen for
interesting suggestions.

[1] a) D. A. Montgenstern, R. M. LeLacheur, D. K. Morita, S. L.
Borkowsky, S. Feng, G. H. Brown, L. Luan, M. F. Gross, M. J.
Burk, W. Thumas, in Green Chemistry: Designing Chemistry for
the Environment (Eds.: P. T. Anastas, T. C. Williamson), ACS
Symp. Ser. 1996, 626, 132–151; b) P. G. Jessop, T. Ikaraya, R.
Noyori, Chem. Rev. 1999, 99, 475–493; c) W. Leitner, Acc.
Chem. Res. 2000, 35, 746–756.

[2] D. J. Cole-Hamilton, Science 2003, 299, 1702–1706.
[3] a) C. D. Frohning, C. W. Kohlpaintner, in Applied Homogen-

eous Catalysis with Organometallic Compounds (Eds.: B.
Cornils, W. A. Herrmann), VCH, Weinheim, 1996, chapter 2.1,
p. 29; b) Rhodium Catalyzed Hydroformylation (Eds.:
P. W. N. M. van Leeuwen, C. Claver), Kluwer Academic Pub-
lishers, Dordrecht, 2000.

[4] E. Wiebus, B. Cornils, Chem. Eng. Technol. 1994, 66, 916–923.
[5] a) D. Koch, W. Leitner, J. Am. Chem. Soc. 1998, 120, 13398–

13404; b) G. Franciò, W. Leitner, Chem. Commun. 1999, 1663–
1664; c) A. M. Banet-Osuna, W. Chen, E. G. Hope, R. D. W.
Kemmit, D. R. Paige, A. M. Stuart, J. Xiao, L. Xu, J. Chem.
Soc., Dalton Trans. 2000, 4052–4055.

[6] a) I. Bach, D. J. Cole-Hamilton, Chem. Commun. 1998, 1463–
1464; b) M. F. Sellin, I. Bach, J. M. Webster, F. Montilla, V.
Rosa, T. Avilés, M. Poliakoff, D. J. Cole-Hamilton, J. Chem.
Soc., Dalton Trans. 2002, 4569–4576.

[7] N. G. Smart, T. E. Carleson, S. Elshani, S. Wang, C. M. Wai,
Ind. Eng. Chem. Res. 1997, 36, 1819–1826.

[8] M. F. Sellin, D. J. Cole-Hamilton, J. Chem. Soc., Dalton Trans.
2000, 1681–1683.

[9] A. L. Lagalante, B. N. Hansen, T. J. Bruno, R. E. Sievers, In-
org. Chem. 1995, 34, 5781–5785.

[10] J. Eastoe, A. Paul, S. Nave, D. C. Steytler, B. H. Robinson, E.
Rumsey, M. Thorpe, R. Heenan, J. Am. Chem. Soc. 2001, 123,
988–989.

[11] D. Selent, K.-D. Wiese, D. Röttger, A. Börner, Angew. Chem.
Int. Ed. 2000, 39, 1639–1641.

[12] Handbook of Phosphorus-31 Nuclear Magnetic Resonance Data
(Ed.: J. C. Tebby), CRC Press Inc., Boca Raton, 1991, p. 65.

[13] L. M. Haines, Inorg. Chem. 1971, 10, 1685–1692.
[14] R. R. Schrock, J. A. Osborn, J. Am. Chem. Soc. 1971, 93, 2397–

2407.
[15] J. A. S. Duncan, T. A. Stephenson, M. D. Walkinshaw, D.

Hedden, D. M. Roundhill, J. Chem. Soc., Dalton Trans. 1984,
801–807.

Eur. J. Inorg. Chem. 2006, 1067–1075 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1075

[16] A. M. Trzeciak, H. Bartosz-Bechowski, Z. Ciunik, K. Niesyty,
J. J. Ziółkowski, Can. J. Chem. 2001, 79, 752–759.

[17] a) R. Kempe, M. Schwarze, K. Selke, Z. Kristallogr. 1995, 210,
555–556; b) T. V. RajanBabu, T. A. Ayers, G. A. Halliday,
K. K. You, J. C. Calabrese, J. Org. Chem. 1997, 62, 6012–6028;
c) C. M. Haar, J. Huang, S. P. Nolan, Organometallics 1998, 17,
5018–5024; d) M. Aghmiz, A. Aghmiz, Y. Díaz, A. M. Mas-
deu-Bultó, C. Claver, S. Castillón, J. Org. Chem. 2004, 69,
7502–7510.

[18] R. A. Jones, F. M. Real, G. Wilkinson, A. M. R. Galas, M. B.
Hursthouse, K. M. A. Malik, J. Chem. Soc., Dalton Trans.
1980, 511–518.

[19] Θ = (2/3) �
3

i = 1
θi/2; taking θi/2 = 65° for Ph rings: C. A. Tolman,

Chem. Rev. 1977, 77, 313–348.
[20] A. M. Trzeciak, J. J. Ziółkowski, S. Aygen, R. Van Eldik, J.

Mol. Catal. 1986, 34, 337–343.
[21] a) S. Aygen, R. Van Eldik, Organometallics 1987, 6, 1080–1084;

b) C. G. Arena, F. Nicolò, D. Dormí, G. Bruno, F. Faraone, J.
Chem. Soc., Dalton Trans. 1996, 4357–4363.

[22] A. M. Trzeciak, J. Organomet. Chem. 1990, 390, 105–111.
[23] a) M. Diéguez, C. Claver, A. M. Masdeu-Bultó, A. Ruiz,

P. W. N. M. Van Leeuwen, G. C. Schoemaker, Organometallics
1999, 18, 2107–2115; b) A. M. Trzeciak, J. J. Ziółkowski, J.
Mol. Catal. 1983, 19, 41–55.

[24] R. Crous, M. Datt, D. Foster, L. Bennie, C. Steenkamp, J. Hu-
yser, L. Kirsten, G. Steyl, A. Roodt, Dalton Trans. 2005, 1108–
1116.

[25] B. R. James, D. Mahajan, S. J. Rettig, G. M. Williams, Organo-
metallics 1983, 2, 1452–1458.

[26] A. M. Trzeciak, J. J. Ziólkowski, Transition Met. Chem. 1989,
14, 135–138.

[27] S. C. Van der Slot, J. Duran, J. Luten, P. C. J. Kamer,
P. W. N. M. Van Leeuwen, Organometallics 2002, 21, 3873–
3883.

[28] A. M. Trzeciak, J. J. Ziólkowski, J. Mol. Catal. 1986, 34, 213–
219.

[29] A. Cusanelli, U. Frey, D. T. Richens, A. Merbach, J. Am.
Chem. Soc. 1996, 118, 5265–5271.

[30] P. C. J. Kamer, A. Van Rooy, G. C. Schoemaker, P. W. N. M.
Van Leeuwen, Coord. Chem. Rev. 2004, 248, 2409–2424.

[31] G. M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467–473.
[32] G. M. Sheldrick, SHELXL-97: Program for Crystal Structure

Refinement, University of Göttingen, Germany, 1997.
[33] G. M. Sheldrick, SADABS software for empirical absorption

correction, University of Göttingen, Germany, 2000.
[34] ORTEP-3 for Windows: L. J. Farrugia, J. Appl. Crystallogr.

1997, 30, 565–565.
Received: September 7, 2005

Published Online: January 3, 2006



FULL PAPER

DOI: 10.1002/ejic.200500818

Palladium(II) Compounds with Fluorinated Pincer-Type (SCS) Ligands: X-ray
Structures of C6H4-1,3-(CH2SC6H4F-4)2 and [PdCl(SCS–Rf)] [Rf = C6H4F-2,

C6H4F-3, C6H4F-4, C6H4(CF3)-2, and C6H4(CF3)-4]

Ruy Cervantes,[a] Sandra Castillejos,[a] Stephen J. Loeb,[b] Luis Ortiz-Frade,[a]

Jorge Tiburcio,[b] and Hugo Torrens*[a]

Keywords: Fluorine / Sulfur / Pincer ligands / Thioether / Palladium compounds

Metathesis reactions employing lead fluorothiolates and
C6H4-1,3-(CH2Br)2 afford the corresponding pincer-type di-
thioether ligands C6H4-1,3-(CH2SRf)2 [Rf = C6H4F-2 (L1),
C6H4F-3 (L2), C6H4F-4 (L3), C6H4CF3-2 (L4), C6H4CF3-3 (L5),
and C6H4CF3-4 (L6)]. A series of PdII pincer-type complexes
[PdCl(κ3-Ln)], 1 to 6, were prepared and fully characterized.
The X-ray diffraction molecular structures of C6H4-1,3-

Introduction

Pincer-type palladacycles are one of the most popular
and well-investigated classes of cyclometalated com-
pounds.[1,2] They have found application in diverse areas
from efficient catalyst precursors[3] to molecular materials
for crystalline switches and sensors.[4] In particular, SCS
pincer-type palladium compounds have been widely studied
as catalyst precursors, either as low-molecular-weight or
PEG-supported polymers,[2a,5] for PdII-catalyzed Heck[6]

and Suzuki[2d,7] cross-coupling reactions.[8–10] SCS pincer-
type palladium compounds have also been the focus of
interesting structural and conformational studies such as
isomeric exchange[11] and dimer formation.[12] Macromolec-
ular and self-assembled supramolecular chemistry have also
profited from the useful properties of SCS pincer-type com-
pounds for the construction of polymetallic complexes,[13]

macrocycles,[14] large metallodendrimers,[15] functionalized
polymers,[16] mixed Pd–Au nanoparticles,[17] polypincer-
porphyrin compounds,[18] and supramolecular arrays of
palladium.[19]

The possibility of fine tuning the steric and electronic
properties of the metal center by simply changing the donor
groups or their substituents is one of the features that
makes this anionic, terdentate, six-electron donor ligand so
flexible and amenable to a plethora of applications.[20] In
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[CH2S(C6H4F-4)]2 (L3), [PdCl(SCS–C6H4F-2)] (1), [PdCl-
(SCS–C6H4F-3)] (2), [PdCl(SCS–C6H4F-4)] (3), [PdCl{SCS–
C6H4(CF3)-2}] (4), and [PdCl{SCS–C6H4(CF3)-4}] (6) are also
reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

particular, fluorine-containing pincer-type complexes are
relatively rare.[21] The fluorous SCS pincer-type palladium
complex with a SCS–C6H4-p-C6F13 ligand has recently been
synthesized and shown to be catalytically active under both
microwave and thermal heating.[22] The fluorinated PCP
pincer-type complexes [RuCl{C6H3-2,6-[CH2P(C6F5)2]2}-
(PPh3)],[23a] [PdCl{C6H3-2,6-[CH2P(C6F5)2]2}], and [Pd-
(NCCH3){C6H3-2,6-[CH2P(C6F5)2]2}]BF4 have also re-
cently been described.[23b]

As part of our interest in fluorinated sulfur-containing
ligands,[24] we have synthesized a series of SCS pincer-type
ligands with several fluorinated substituents at the sulfur
atoms.[25] In this paper, we report on the synthesis and char-
acterization of the pincer-type dithioether ligands C6H4-
1,3-(CH2SRf)2 [Rf = C6H4F-2 (L1), C6H4F-3 (L2), C6H4F-
4 (L3), C6H4(CF3)-2 (L4) C6H4(CF3)-3 (L5), and
C6H4(CF3)-4 (L6)] and the corresponding PdII complexes
[PdCl(Ln)], 1 to 6, and include the X-ray diffraction struc-
tures of C6H4-1,3-(CH2SC6H4F-4)2 (L3), [PdCl(SCS–
C6H4F-2)] (1), [PdCl(SCS–C6H4F-3)] (2), [PdCl(SCS–
C6H4F-4)] (3), [PdCl{SCS–C6H4(CF3)-2}] (4), and
[PdCl{SCS–C6H4(CF3)-4}] (6).

Results and Discussion

SCS Pincer-Type Ligands

Lead fluorothiolates, Pb(SRf)2, react with C6H4-1,3-
(CH2Br)2 to give the corresponding dithioether compounds
C6H4-1,3-(CH2SRf)2 [Rf = C6H4F-2 (L1), C6H4F-3 (L2),
C6H4F-4 (L3), C6H4(CF3)-2 (L4), C6H4(CF3)-3 (L5), and
C6H4(CF3)-4 (L6)] as clear dense oils (L1, L2, L4, and L5)
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Scheme 1. Synthesis of dithioether compounds L1–L6.

or crystalline white solids (L3 and L6), in very good yields
(see Scheme 1).

The mass spectra of all compounds show the signals cor-
responding to the molecular ion [M]+ with significant inten-
sities (75–90%). The 1H NMR spectra of compounds L1–
L6 exhibit a singlet for the benzylic CH2 protons. All other
signals appear in the aromatic region as multiplets. The 13C
NMR spectra show quartets for the carbon atoms of the
CF3 groups, whereas the signals for all aromatic carbon
atoms with fluorine atoms appear as doublets as a result of
their magnetic coupling with the fluorine nuclei. The re-
maining signals have been assigned with the aid of two-
dimensional HETCOR experiments. As expected, the 19F
NMR spectra for all compounds show only one signal. IR,
1H and 19F NMR spectroscopy as well as EI-MS data (re-
ported in the Experimental Section) confirm the identity of
each ligand.

The X-ray structure of C6H4-1,3-(CH2SC6H4F-4)2 (L3)
is shown in Figure 1 and Figure 2, and the principal bond
lengths and angles are reported in Table 1. The solid-state
structure analysis of compound L3 corresponds to the re-
sults obtained from 1H, 13C, and 19F NMR spectroscopy,
observed in solution.

Figure 1. ORTEP drawing of compound C6H4-1,3-(CH2SC6H4F-
4)2 (L3).

In contrast with the structure of C6H4-1,3-(CH2SC6F5)2,[25]

in which the SRf groups are positioned on opposite sides
of, and almost parallel to, the central aromatic ring, the
molecular structure of L3 has a syn configuration where the
sulfur substituents point in the same direction as and are
almost perpendicular to the central aromatic ring.
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Figure 2. ORTEP drawing of compound L3, view along the C9–
C11 axis.

Table 1. Selected bond lengths [Å] and angles [°] for compound
C6H4-1,3-(CH2SC6H4F-4)2 (L3).

Bond Length Atoms Angle

S(1)–C(4) 1.770(3) C(4)–S(1)–C(7) 104.26(12)
S(1)–C(7) 1.809(3) C(3)–C(4)–S(1) 116.3(2)
C(9)–C(8) 1.389(3) C(5)–C(4)–S(1) 125.2(2)
C(8)–C(10) 1.383(3) C(8)–C(7)–S(1) 106.84(17)
C(10)–C(11) 1.376(3) C(9)–C(8)–C(7) 121.1(2)
C(4)–C(3) 1.389(4) C(10)–C(8)–C(7) 120.2(2)
C(4)–C(5) 1.379(3) C(5)–C(4)–C(3) 118.5(3)
C(5)–C(6) 1.380(4) C(1)–C(6)–C(5) 119.1(3)
C(6)–C(1) 1.355(4) C(1)–C(2)–C(3) 118.5(3)
C(1)–C(2) 1.366(4) C(6)–C(1)–C(2) 122.2(3)
C(3)–C(2) 1.372(4) F(1)–C(1)–C(2) 118.8(3)
F(1)–C(1) 1.355(3) F(1)–C(1)–C(6) 119.0(3)

C(10)–C(8)–C(9) 118.8(2)

Pincer-Type Palladacycles

In our experiments, the reaction of the highly fluorinated
pincer-type ligands C6H4-1,3-(CH2SC6F5)2 or C6H4-1,3-
(CH2SC6HF4-4)2

[25] with either [PdCl2(NCCH3)2] or
[Pd(NCCH3)4](BF4)2 failed to produce the expected pallada-
cycle derivatives. SC6F5 or SC6HF4-4 are much poorer do-
nors than the corresponding protioaryl systems and, in con-
trast to phosphanes, they are not considered to be particu-
larly good π acceptors.[26] Both of these effects contribute
to a weaker S–Pd bond than the competing Pd–NCCH3

interactions and prevent the formation of the Pd pincer-
type compounds. This lack of reactivity emphasizes the im-
portance of sulfur coordination as a preliminary step to C–
Pd bond formation.

In contrast, the reaction of ligands L1–L6 with
[PdCl2(NCCH3)2] yielded the corresponding SCS pallada-
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Scheme 2. Synthesis of palladium compounds 1–6.

cycle compounds shown below as air-stable, yellow, crystal-
line solids. The yields are noticeably different for com-
pounds bearing monofluorinated rings (1: 96, 2: 81, 3: 68%)
from those with the bulkier C6H4CF3 moiety (4: 79, 5: 36,
6: 44%), probably because they are influenced by steric fac-
tors (Scheme 2).

The 1H NMR spectra of compounds 1–6 in CD3CN
show a broad singlet for the CH2SRf protons in the δ �
4.2–4.7 ppm range, probably because of a combination of
syn–anti isomer exchange and the conformational intercon-
version of the PdII-containing five-membered rings.[27] The
signal for the proton at ca. 7 ppm (C1–H) is absent, indicat-
ing complete cyclopalladation. With the exception of com-
pound 4, for which the low solubility precluded its measure-
ment, the C1 shielding, as a result of cyclopalladation for
the rest of the complexes, is also diagnostic of palladation
at C1. The (δ13C1–H – δ13C1–Pd) values are as follows: 1
28.29; 2 30.74; 3 33.57; 5 30.37; and 6 30.91 ppm. Likewise,
the parameters defined as ∆Ln = δ13C1 – δ13C4 for the li-
gands and ∆n = δ13C1 – δ13C4 for the palladium complexes
have the following values: ∆L1 = 0.74, ∆1 = 34.08; ∆L2 =
0.57, ∆2 = 35.86; ∆L3 = 0.87, ∆3 = 37.09; ∆L5 = 0.63, ∆5 =
35.3; and ∆L6 = 0.44, ∆6 = 35.87 ppm.

19F{-1H} NMR spectra of compounds 1–3 and 4–6 exhi-
bit a single, sharp resonance in the fluoro-aromatic region
(–108.89, –113.69, –114.6 ppm) or in the CF3-aromatic re-
gion (–56.56, –62.99, –62.60 ppm), respectively. Thus, iso-
mers arising from substituent orientation relative to the
square plane are not detected, which suggests that, in these
complexes, sulfur inversion is either absent or faster than
the NMR time scale. Palladium complexes of related thio-
ethers exhibit relatively low energies for the process
involving the inversion of configuration at the sulfur atoms
(∆E � 50–70 kJmol–1), which is probably also true in these
cases.[28]

Molecular Structures

An X-ray structural study of compounds 1–3 provided
solid-state evidence verifying the solution results and con-
firming, for all cases, the terdentate-binding mode of the
SCS ligands. ORTEP drawings of [PdCl(SCS–C6H4F-2)]
(1), [PdCl(SCS–C6H4F-3)] (2), and [PdCl(SCS–C6H4F-4)]
(3) are shown in Figure 3, Figure 4 and Figure 5, respec-
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tively, and selected bond lengths and angles are reported in
Table 2.

Figure 3. ORTEP drawing of compound [PdCl(SCS–C6H4F-2)] (1).

The Pd atoms are in slightly distorted square-planar en-
vironments: S(1)–Pd(1)–S(2), 1 171.94(6); 2 170.84(3); 3
170.28(2)° and Cl(1)–Pd(1)–C(1), 1 180.00(1); 2 177.83(10);
3 179.03(7)°. The bonding parameters of Pd are very similar
to those observed for the complexes [PdCl{2,6-C6H3-
(CH2StBu)2}],[29] Pd–S 2.308(2); Pd(1)–Cl(1) 2.406(3); and
Pd–C(1) 1.998(11) Å; [PdCl{2,3,5,6-C6H-(CH2StBu)4}],[19f]

Pd–S(1) 2.297(3); Pd(1)–S(2) 2.302(3); Pd(1)–Cl(1) 2.408(3);
Pd–C(1) 1.994(9) Å; and [Pd{4-(nBuO)-2,6-C6H2-
(CH2SPh)2}(NCCH3)]+,[30] Pd–S(1) 2.2992(8); Pd–S(2)
2.2961(9); Pd–C(1) 1.975(2) Å.

The C6H4F-2 and C6H4F-3 groups attached to the metal-
bound sulfur atoms in 1 and 2 are oriented in an anti fash-
ion with respect to the square plane; a common conforma-
tion observed in these type of compounds,[19f,29–31] which
allows for minimization of any steric repulsions between the
aromatic rings. In contrast, the C6H4F-4 groups attached
to the metal-bound sulfur atoms in 3 are oriented in a syn
fashion with respect to the square plane; this allows for
maximization of intermolecular aromatic π-stacking inter-
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Figure 4. ORTEP drawing of compound [PdCl(SCS–C6H4F-3)] (2).

Figure 5. ORTEP drawing of compound [PdCl(SCS–C6H4F-4)] (3).

Table 2. Selected bond lengths [Å] and angles [°] with estimated
standard deviations for complexes 1, 2, and 3.

Bond 1 2 3

Pd1–C1 1.994(7) 1.968(4) 1.979(2)
Pd1–S1 2.3021(10) 2.2913(9) 2.2970(6)
Pd1–S2 2.3021(10) 2.3040(9) 2.2842(6)
Pd1–Cl1 2.404(2) 2.4284(8) 2.3943(6)
S1–C7 1.836(5) 1.828(4) 1.820(2)
S1–C8 1.775(3) 1.786(4) 1.788(2)
S2–C14 1.836(5) 1.826(4) 1.837(2)
S2–C15 1.775(3) 1.787(4) 1.785(2)

Angle

C1–Pd1–Cl1 180.00(1) 177.83(10) 179.01(7)
C1–Pd1–S1 85.97(3) 85.28(11) 85.37(7)
C1–Pd1–S2 85.97(3) 85.62(11) 84.91(7)
S1–Pd1–S2 171.94(6) 170.84(3) 170.28(2)
C7–S1–C8 103.7(2) 98.04(17) 104.38(11)
C14–S2–C15 103.7(2) 101.30(17) 103.41(11)
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actions between the metalated rings in adjacent molecules
at ca. 3.5 Å (see Figure 6). This positive interaction proba-
bly compensates any losses derived from steric repulsions
that arise as a result of the changing from an anti to a syn
conformation.

Figure 6. ORTEP drawing of compound 3 showing the aromatic π-
stacking interactions between adjacent molecules (hydrogen atoms
are omitted for clarity).

The X-ray diffraction molecular structure of compounds
[PdCl{SCS–C6H4(CF3)-2}] (4) and [PdCl{SCS–C6H4(CF3)-
4}] (6) are shown in Figure 7 and Figure 8, respectively and
selected bond lengths and angles are reported in Table 3.

Figure 7. ORTEP drawing of compound [PdCl{SCS–C6H4(CF3)-
2}] (4).

In compounds 4 and 6, the Pd atoms are also in a slightly
distorted square-planar environment: S(1)–Pd(1)–S(2), 4
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Figure 8. ORTEP drawing of compound [PdCl{SCS–C6H4(CF3)-
4}] (6).

Table 3. Selected bond lengths [Å] and angles [°] with estimated
standard deviations for complexes 4 and 6.

Bond 4 6

Pd1–C1 1.983(3) 1.982(4)
Pd1–S1 2.3044(13) 2.2767(13)
Pd1–S2 2.2915(12) 2.3195(13)
Pd1–Cl1 2.3893(14) 2.3929(13)
S1–C7 1.830(3) 1.841(5)
S1–C8 1.786(3) 1.787(4)
S2–C15 1.830(3) 1.815(5)
S2–C16 1.792(3) 1.795(5)

Angle

C1–Pd1–Cl1 178.46(7) 176.82(13)
C1–Pd1–S1 85.47(8) 85.43(14)
C1–Pd1–S2 86.11(8) 85.38(14)
S1–Pd1–S2 171.54(2) 165.99(4)
C7–S1–C8 101.41(12) 101.4(2)
C15–S2–C16 100.07(13) 102.8(2)

171.54(2); 6 165.99(4)° and Cl(1)–Pd(1)–C(1), 4 178.46(7);
6 176.82(13)°. The bonding parameters for Pd are compar-
able with those observed for complexes 1–3 and analogous
compounds.[19f,29–31] The C6H4(CF3)-n (n = 2 or 4) groups
attached to the metal-bound sulfur atoms are oriented in
an anti fashion with respect to the square plane, as is the
case for 1 and 2.
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Summary and Conclusions

Pincer-type ligands of the SCS class can be prepared with
partially fluorinated aromatic substituents. However, only
those with a single F or CF3 group will undergo facile pal-
ladation reactions to give the corresponding palladacycle.
When the number of F atoms is increased, the resulting
electronic effect on the S donor is such that coordination
to palladium is too weak to allow for metallation to occur.

The solid-state structures show no unusual steric effects
that would prevent these complexes from being used in a
variety of catalytic reactions. We are currently testing these
complexes as catalysts for the Suzuki coupling of aromatic
groups. The results showing the effect of these electron-
withdrawing substituted SCS pincers will be reported in due
course.

Experimental Section
General: All reactions were carried out under inert conditions using
conventional Schlenk glassware. The solvents were dried by using
established procedures and distilled under nitrogen immediately
prior to use. TLC (Merck, 2×5 cm2 Kieselgel 60 F254) was used
to monitor the progress of the reaction under study with hexane/
ethyl acetate (9:1) as the eluent. The IR spectra were measured with
a Nicolet Avatar FT-IR spectrometer. 1H-, 13C-, and 19F NMR
spectra were recorded with a Varian Unity Inova 300 spectrometer
operating at 300 MHz. Chemical shifts are relative to TMS δ = 0
(1H, 13C) and CFCl3 δ = 0 (19F) using CD3CN as the solvent.
Electron impact mass spectra were recorded with a Jeol
JMSSX102A mass spectrometer. Elemental analyses were deter-
mined using a Fisons EA1108 instrument. The starting material
1,3-bis(bromomethyl)benzene was obtained from Aldrich Chemical
Co. and used without further purification. C6H3-1,3-(CH2-
SC6F5)2, C6H3-1,3-(CH2SC6HF4-4)2,[25] and Pb(SRf)2

[32] (Rf =
C6H4F-2, C6H4F-3, and C6H4F-4) were prepared according to pub-
lished procedures.

Preparation of Compounds L1–L6: C6H4-1,3-(CH2SC6H4F-n)2 (L1–
L3) and C6H4-1,3-[CH2SC6H4(CF3)-n]2 (L4–L6).

In all reactions, stoichiometric quantities of reactants were used,
and since all preparations were similar, only a typical procedure is
described.

Pb(SC6H4F-n)2 or Pb[SC6H4(CF3)-n]2 (0.41 mmol) was added to
a mixture of 1,3-bis(bromomethyl)benzene (0.113 g, 0.41 mmol) in
acetonitrile (30 mL). The stirred mixture was maintained under re-
flux for 24 h. After this time, PbBr2 was filtered off, the solvent
was removed under vacuum, and the residue purified by column
chromatography (silica gel; hexane/ethyl acetate 9:1).

Spectroscopic parameters follow the numbering scheme shown in
the following diagram.
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C6H4-1,3-(CH2SC6H4F-2)2 (L1): Colorless oil; yield; 0.141 g, 92%.
IR (KBr): ν̃ = 3030, 2922, 1593, 1472, 1220, 1260 cm–1. EI-MS:
m/z (%) = 358 [M+] (90), 231 (100), 104 (45). 1H NMR
(299.69 MHz, CD3CN): δ = 4.09 (s, 4 H, 5-H), 7.08 (m, 7 H, 3-H,
4-H, 8-H, 11-H), 7.22 (m, 5 H, 1-H, 9-H, 10-H) ppm. 13C{1H}
NMR (75.36 MHz, CD3CN): δ = 37.5 (C-5), 116.5 (d, 2JC,F =
22.7 Hz, C-8), 123.7 (d, 2JC,F = 17.7 Hz, C-6), 125.8 (d, 3JC,F =
3.5 Hz, C-11), 128.8 (C-3), 129.6 (C-4), 129.8 (d, 3JC,F = 8.0 Hz,
C-9), 130.3 (C-1), 133.2 (d, 4JC,F = 2.9 Hz, C-10), 138.8 (C-2), 162.1
(d, JC,F = 242.6 Hz, C-7) ppm. 19F NMR (281.96 MHz, CD3CN):
δ = –108.89 (m, 3JF,H = 9.59, 4JF,H = 6.99, 5JF,H = 4.82, 4JF,H =
0.13 Hz) ppm.

C6H4-1,3-(CH2SC6H4F-3)2 (L2): Colorless oil; yield: 0.138 g, 90%.
IR (KBr): ν̃ = 3060, 2923, 1598, 1473, 1263, 1215 cm–1. EI-MS:
m/z (%) = 358 [M+] (75), 231 (100), 104 (65). 1H NMR
(299.69 MHz, CD3CN): δ = 4.15 (s, 4 H, 5-H), 6.90 (m, 2 H, 9-H),
7.05 (m, 4 H, 7-H, 11-H), 7.35 (m, 6 H, 1-H, 3-H, 4-H, 10-H) ppm.
13C{1H} NMR (75.4 MHz, CD3CN): δ = 38.1 (C-5), 113.8 (d, 2JC,F

= 21.5 Hz, C-9), 116.2 (d, 2JC,F = 23.1 Hz, C-7), 125.5 (d, 4JC,F =
3.0 Hz, C-11), 128.9 (C-3), 129.7 (C-4), 130.3 (C-1), 131.6 (d, 3JC,F

= 8.5 Hz, C-10), 138.7 (C-2), 140.0 (d, 3JC,F = 8.0 Hz, C-6), 163.8
(d, JC,F = 244.6 Hz, C-8) ppm. 19F NMR (281.96 MHz, CD3CN):
δ = –113.69 (m, 3JF,H = 9.54, 3JF,H = 6.16, 4JF,H = 9.00, 5JF,H =
0.96 Hz) ppm.

C6H4-1,3-(CH2SC6H4F-4)2 (L3): White microcrystalline powder;
yield: 0.145 g, 95%. M.p. 51–52 °C. IR (KBr): ν̃ = 2918, 1595,
1490, 1239, 822 cm–1. EI-MS: m/z (%) = 358 [M+] (85), 231 (100),
104 (45). 1H NMR (299.69 MHz, CD3CN): δ = 4.04 (s, 4 H, 5-H),
7.00 (m, 4 H, 8-H, 10-H), 7.13 (m, 4 H, 1-H, 3-H, 4-H), 7.28 (m,
4 H, 7-H, 11-H) ppm. 13C{1H} NMR (75.36 MHz, CD3CN): δ =
39.8 (C-5), 116.9 (d, 2JC,F = 21.7 Hz, C-8, C-10), 128.7 (C-3), 129.5
(C-1), 130.4 (C-4), 132.1 (d, 4JC,F = 2.8 Hz, C-6), 133.7 (d, 3JC,F =
8.0 Hz, C-7, C-11), 139.1 (C-2), 162.8 (d, JC,F = 244.7 Hz, C-
9) ppm. 19F NMR (281.96 MHz, CD3CN): δ = –114.6 (m, 4JF,H =
5.21, 3JF,H = 9.02 Hz) ppm. C20H16F2S2 (358.5): calcd. C 67.02, H,
4.50, S 17.86; found C 66.94, H 4.45, S 17.23.

C6H4-1,3-[CH2SC6H4(CF3)-2]2 (L4): Yellowish oil; yield: 0.158 g,
80.4%. IR (KBr): ν̃ = 1312, 1112, 1172, 1034, 760, 1258, 1440,
1592 cm–1. EI-MS: m/z (%) = 458 [M+] (40), 281 (100), 104 (30).
1H NMR (299.69 MHz, CD3CN): δ = 4.20 (s, 4 H, 5-H), 7.22 (m,
3 H, 3-H, 4-H), 7.32 (m, 3 H, 1-H, 9-H), 7.48 (m, 4 H, 10-H, 11-
H), 7.66 (m, 2 H, 8-H) ppm. 13C{1H} NMR (75.36 MHz, CD3CN):
δ = 38.8 (C-5), 127.3 (C-9), 127.8 (q, 3JC,F = 5.8 Hz, C-8), 129.1
(C-3), 129.8 (C-4), 130.6 (C-1), 132.2 (C-11), 133.5 (C-10), 136.6
(C-6), 138.2 (C-2), 129.6 (q, 2JC,F = 30.2 Hz, C-7), 125.2 (q, JC,F =
273.4 Hz, C-12) ppm. 19F NMR (281.96 MHz, CD3CN): δ =
–56.56 ppm.

C6H4-1,3-[CH2SC6H4(CF3)-3]2 (L5): Yellowish oil; yield:
0.155 g,79.3%. IR (KBr): ν̃ = 1322, 1124, 1165, 1072, 695, 793,
711, 1425 cm–1. EI-MS: m/z (%) = 458 [M+] (20), 281 (75), 104 (70).
1H NMR (299.69 MHz, CD3CN): δ = 4.18 (s, 4 H, 5-H), 7.28 (m,
3 H, 3-H, 4-H), 7.33 (m, 1 H, 1-H), 7.48 (m, 8 H, 7-H, 9-H, 10-H,
11-H) ppm. 13C{1H} NMR (75.36 MHz, CD3CN): δ = 38.1 (C-5),
123.7 (q, 3JC,F = 4.0 Hz, C-9), 126.1 (q, 3JC,F = 3.7 Hz, C-7), 128.9
(C-3), 129.7 (C-4), 130.8 (C-1), 133.7 (C-10), 133.4 (C-11), 138.6
(C-2), 139.1 (C-6), 131.5 (q, 2JC,F = 32.3 Hz, C-8), 125.1 (q, JC,F =
272.4 Hz, C-12) ppm. 19F NMR (281.96 MHz, CD3CN): δ =
–62.99 ppm.

C6H4-1,3-[CH2SC6H4(CF3)-4]2 (L6): White microcrystalline pow-
der; yield: 0.166 g, 85%. M.p. 61–63 °C. IR (KBr): ν̃ = 1327, 1121,
1095, 1063, 1164, 1605, 823, 1013 cm–1. EI-MS: m/z (%) = 458 [M+]
(30), 281 (100), 104 (25). 1H NMR (299.69 MHz, CD3CN): δ =
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4.21 (s, 4 H, 5-H), 7.26 (m, 3 H, 3-H, 4-H), 7.40 (m, 5 H, 1-H, 8-H,
10-H), 7.52 (m, 4 H, 7-H, 11-H) ppm. 13C{1H} NMR (75.36 MHz,
CD3CN): δ = 37.3 (C-5), 129.0 (C-3), 129.9 (C-4), 130.4 (C-1),
138.4 (C-2), 143.5 (C-6), 126.6 (q, 3JC,F = 7.9 Hz, C-8, C-10), 128.7
(C-7, C-11), 125.5 (q, JC,F = 271.3 Hz, C-12), 127.9 (q, 2JC,F =
32.3 Hz, C-9) ppm. 19F NMR (281.96 MHz, CD3CN): δ =
–62.60 ppm.

General Procedure for the Preparation of Palladium(II) Complexes
1–6: Dichloropalladium() (0.216 g, 1.22 mmol) in acetonitrile
(25 mL) was heated under reflux for 1 h. Silver tetrafluoroborate
(0.495 g, 2.54 mmol) was added to this solution. Silver chloride was
separated from the suspension by filtration through Celite. The li-
gand (L1–L6) (0.435 g, 1.22 mmol) was dissolved in warm acetoni-
trile (10 mL) and added to the filtrate. The solution immediately
turned orange and was heated under reflux for 4 h. The reaction
mixture turned yellow, and excess NaCl (0.189 g, 3.23 mmol) was
added. The suspension was stirred overnight. The yellow precipi-
tate was filtered off and washed three times with water and two
times with ethanol. The products were obtained as yellow powders.

[PdCl{C6H3-1,3-(CH2SC6H4F-2)2}] (1): Yellow crystals; yield:
0.583 g, 96%. M.p. 187 °C. IR (KBr): ν̃ = 750, 1470, 1449, 1221,
1262, 724, 818, 1061, 1029, 2900, 2976, 3046 cm–1. EI-MS: m/z (%)
= 500 [M + 1]+ (5), 463 (60), 391 (40). 1H NMR (299.69 MHz,
CDCl3): δ = 4.65 (s, 4 H, 5-H), 7.18 (m, 4 H, 8-H, 11-H), 6.97 (m,
3 H, 3-H, 4-H), 7.45 (m, 2 H, 9-H), 8.28 (m, 2 H, 10-H) ppm.
13C{1H} NMR (75.36 MHz, CDCl3): δ = 52.1 (C-5), 116.5 (d, 2JC,F

= 21.7 Hz, C-8), 119.0 (d, 2JC,F = 16.1 Hz, C-6), 122.2 (C-3), 123.0
(d, 3JC,F = 8.2 Hz, C-9), 125.1 (d, 3JC,F = 3.8 Hz, C-11), 125.2 (C-
4), 136.5 (C-10), 148.4 (C-2), 159.2 (C-1), 160.8 (d, JC,F = 251.1 Hz,
C-7) ppm. 19F NMR (281.96 MHz, CDCl3): δ = –106.31 ppm.
C20H15S2F2PdCl (499.3): calcd. C 48.11, H 3.03, S 12.84; found: C
48.30, H 3.36, S 13.01.

[PdCl{C6H3-1,3-(CH2SC6H4F-3)2}] (2): Yellow crystals; yield:
0.492 g, 81%. M.p. 165 °C. IR (KBr): ν̃ = 727, 1472, 1214, 873,
1579, 749, 777, 1420, 674, 1264, 2922, 3053 cm–1. EI-MS: m/z (%)
= 500 [M + 1]+ (5), 463 (70). 1H NMR (299.69 MHz, CDCl3): δ =
4.62 (s, 4 H, 5-H), 7.04 (m, 5 H, 9-H, 3-H, 4-H), 7.34 (m, 2 H, 10-
H), 7.51 (m, 2 H, 7-H), 7.61 (m, 2 H, 11-H) ppm. 13C{1H} NMR
(75.36 MHz, CDCl3): δ = 51.2 (C-5), 117.0 (d, 2JC,F = 21.2 Hz, C-
9), 118.0 (d, 2JC,F = 24.2 Hz, C-7), 122.5 (C-3), 125.19 (C-4), 126.9
(d, 4JC,F = 3.0 Hz, C-11), 131.1 (d, 3JC,F = 8.1 Hz, C-10), 133.7 (d,
3JC,F = 8.0 Hz, C-6), 149.0 (C-2), 161.0 (C-1), 162. 5 (d, JC,F =
251.6 Hz, C-8) ppm. 19F NMR (281.96 MHz, CDCl3): δ =
–109.8 ppm. C20H15S2F2PdCl (499.3): calcd. C 48.11, H 3.03, S
12.84; found C 48.05, H 3.17, S 13.01.

[PdCl{C6H3-1,3-(CH2SC6H4F-4)2}] (3): Yellow crystals; yield:
0.413 g, 68%. M.p. 198 °C. IR (KBr): ν̃ = 1489, 1218, 1153, 826,
816, 843, 1415, 772, 3058, 298, 3085 cm–1. EI-MS: m/z (%) = 500
[M + 1]+ (10), 463 (100). 1H NMR (299.69 MHz, CDCl3): δ = 4.67
(s, 4 H, 5-H), 7.00 (m, 3 H, 3-H, 4-H), 7.186 (m, 4 H, 8-H, 10-H),
7.94 (m, 4 H, 7-H, 11-H) ppm. 13C{1H} NMR (75.36 MHz,
CDCl3): δ = 53.0 (C-5), 117.6 (d, 2JC,F = 22.8 Hz, C-8, C-10), 123.5
(C-3), 126.0 (C-4), 129.0 (d, 4JC,F = 3.0 Hz, C-6), 135.3 (d, 3JC,F =
9.1 Hz, C-7, C-11), 150.6 (C-2), 163.1 (C-1), 164.5 (d, JC,F =
248.1 Hz, C-9) ppm. 19F NMR (281.96 MHz, CDCl3): δ =
–107.1 ppm. C20H15S2F2PdCl (499.3): calcd. C 48.11, H 3.03, S
12.84; found C 44.90, H 3.03, S 12.27.

[PdCl{SCS–C6H4(CF3)-2}] (4): Yellow crystals; yield: 0.450 g, 79%.
M.p. 130 °C (dec). IR (KBr): ν̃ = 1310, 1181, 1117, 1029, 770, 1092,
1265 cm–1. 1H NMR (299.69 MHz, CDCl3): δ = 4.54 (s, 4 H, 5-H),
7.03 (m, 3 H, 3-H, 4-H), 7.69 (m, 6 H, 8-H, 9-H, 11-H), 8.75 (m,
2 H, 10-H) ppm. 13C{1H} NMR (75.36 MHz, CDCl3): δ = 55.7 (C-
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Table 4. Crystallographic data, solution and refinement parameters for single crystal structure determinations of compounds L3, 1, 2, 3,
4, and 6.

L3 1 2 3 4 6

Formula C20H16F2S2 C20H15ClF2PdS2 C20H15ClF2PdS2 C20H15ClF2PdS2 C22H15ClF6PdS2 C22H15ClF6PdS2

Formula mass 358.47 499.29 499.29 499.29 599.31 599.31
Crystal system orthorhombic orthorhombic triclinic monoclinic monoclinic monoclinic
Space group Pnma Fdd2 P1̄ P21/n P21/c P21/c
T [K] 298(2) 298(2) 173(2) 173(2) 173(2) 173(2)
a [Å] 6.868(5) 35.219(5) 8.5669(5) 9.2552(11) 17.173(12) 8.371(3)
b [Å] 33.026(5) 9.817(5) 9.5228(6) 18.417(2) 8.809(6) 27.069(8)
c [Å] 7.623(5) 10.920(5) 11.8512(7) 11.2976(13) 14.689(10) 9.899(3)
α [°] 96.153(1)
β [°] 100.303(1) 103.993(1) 98.143(7) 107.945(3)
γ [°] 103.385(1)
V [Å3] 1729.1(2) 3776(3) 914.2(1) 1868.6(4) 2200(3) 2134.0(1)
Z 8 8 2 4 4 4
Dcalcd. [g cm–3] 1.377 1.757 1.814 1.775 1.810 1.865
µ [mm–1] 0.325 1.365 1.410 1.380 1.214 1.251
reflections collected 3154 1813 7260 17746 19198 20216
unique reflections 2331 1580 3201 3291 3880 3752
R1/R2w [I � 2σ(I)][a] 0.0532/0.0978 0.0270/0.0604 0.0329/0.0971 0.0207/0.0595 0.0246/0.0712 0.0442/0.1057
R1/R2w (all data)[b] 0.1391/0.1229 0.0322/0.0622 0.0335/0.0976 0.245/0.0619 0.0275/0.0770 0.0474/0.1078
GoF on F2 0.954 1.066 1.089 1.026 1.085 1.088
Parameters/restrains 112/0 120/1 235/0 235/0 289/0 289/0
Min./max. residual 0.275/0.259 –0.390/0.376 –1.13/1.41 –0.22/0.40 –0.52/0.55 –1.31/1.66
density [eÅ–3]

[a] R1 = Σ|Fo| – |Fc| / Σ|Fo|;. [b] R2w = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2, where w = q[σ2(Fo

2) + (aP)2 + bP]–1.

5), 122.4 (C-3), 125.0 (C-4), 125.6 (C-9), 126.9 (C-8), 131.3 (C-11),
133.5 (C-10), 147.8 (C-2) ppm. 19F NMR (281.96 MHz, CDCl3): δ
= –59.09 ppm.

[PdCl{SCS–C6H4(CF3)-3}] (5): Yellow crystals; yield: 0.205 g, 36%.
M.p. 194 °C. IR (KBr): ν̃ = 1320, 1122, 1176, 1103, 1072, 692, 797,
769 cm–1. FAB(+)-MS: m/z (%) = 598 [M+] (2), 563 (100), 417 (10),
385 (8), 279 (20), 135 (10). 1H NMR (299.69 MHz, CDCl3): δ =
4.67 (s, 4 H, 5-H), 7.05 (m, 3 H, 3-H, 4-H), 7.53 (t, 3JH,H = 7.8 Hz,
2 H, 10-H), 7.65 (d, 3JH,H = 7.8 Hz, 2 H, 9-H), 8.00 (s, 2 H, 7-H),
8.13 (d, 3JH,H = 8.1 Hz, 2 H, 11-H) ppm. 13C{1H} NMR
(75.36 MHz, CDCl3): δ = 51.6 (C-5), 122.6 (C-3), 123.2 (q, JC,F =
273.2 Hz, C-12), 125.4 (C-4), 126.8 (q, 3JC,F = 3.7 Hz, C-9), 127.5
(q, 3JC,F = 3.7 Hz, C-7), 130.3 (C-10), 132.0 (q, 2JC,F = 33.2 Hz,
C-8), 133.3 (C-6), 135.2 (C-11), 148.6 (C-2), 160.7 (C-1) ppm. 19F
NMR (281.96 MHz, CDCl3): δ = –63.16 ppm. C22H15F6S2PdCl
(599.3): calcd. C 44.09, H 2.52, S 10.7; found C 43.80, H 2.72, S
11.28.

[PdCl{SCS–C6H4(CF3)-4}] (6): Yellow crystals; yield: 0.251 g, 44%.
M.p. 230 °C. IR (KBr): ν̃ = 1320, 1123, 1061, 1169, 1085, 1011,
838, 1604 cm–1. FAB(+)-MS: m/z (%) = 598 [M+] (2), 563 (100), 417
(10), 385 (8), 279 (25), 135 (10). 1H NMR (299.69 MHz, CDCl3): δ
= 4.66 (s, 4 H, 5-H), 7.07 (m, 3 H, 3-H, 3-H), 7.62 (d, 3JH,H =
8.4 Hz, 4 H, 8-H, 10-H), 7.91 (d, 3JH,H = 8.1 Hz, 4 H, 7-H7, 11-
H) ppm. 13C{1H} NMR (75.36 MHz, CDCl3): δ = 50.3 (C-5), 122.7
(C-3), 123.4 (q, JC,F = 270.8 Hz, C-12), 125.4 (C-4), 126.6 (q, 3JC,F

= 3.6 Hz, C-10, C-8), 128.8 (C-6), 130.8 (C-7, C-11), 131.6 (q, 2JC,F

= 33.2 Hz, C-9), 148.8 (C-2), 161.3 (C-1) ppm. 19F NMR
(281.96 MHz, CDCl3): δ = –63.40 ppm.

Crystal Data: Crystallographic data, solution and refinement pa-
rameters for the single crystal structure determinations of com-
pounds L3, 1, 2, 3, 4, and 6 are reported in Table 4. Single crystals
of all compounds were obtained from slow evaporation of satu-
rated acetonitrile solutions. X-ray diffraction data for compounds
L3 and 1 were collected at 298 K with a Siemens P4 automatic
diffractometer and analyzed using graphite-monochromated Mo-
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Kα X-ray radiation (λ = 0.71073 Å). X-ray diffraction data for com-
pounds 2, 3, 4, and 6 were collected at 173 K with a Bruker APEX
CCD single crystal diffractometer with Mo-Kα X-ray radiation (λ
= 0.71073 Å). The structures were solved by direct methods using
SHELXS 97–2.[33] Least-squares refinement based on F2 was car-
ried out by a full-matrix method with SHELXL 97–2.[33] All non-
hydrogen atoms were refined with anisotropic thermal parameters.
The location of hydrogen atoms was generated geometrically and
included in the refinement with an isotropic fixed thermal param-
eter using a “riding” model. Neutral atom scattering factors and
anomalous dispersion corrections were taken from International
Tables for Crystallography.[34] Molecular structure drawings were
generated using ORTEP3 for Windows.[35]

CCDC-251029 (L3), -251028 (1), -254754 (2), -281816 (3), -281832
(4), and -281831 (6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Reactions of AF (A = K, Rb, Tl) with excess liquid SbF5 in
anhydrous HF (or SO2) at room temperature give products
having the composition ASb2F11. The reaction between CsF
and a small excess of SbF5 in anhydrous HF (0.76 mmol of
CsF + 4.19 mmol of SbF5 in 4 mL of aHF) yields CsSb2F11,
whereas the reaction with a large excess of SbF5 (0.79 mmol
of CsF + 23 mmol of SbF5 in 10 mLof aHF) yields the salt
CsSb3F16. Efforts to prepare similar compounds using the
monofluorides of Li and Na led only to the already known
ASbF6 compounds. Reactions of AF (A = Na, K, Rb, Cs) with
liquid SbF5 at 85 °C in the absence of solvents yield the prod-
ucts NaSbF6, ASb2F11 (A = K, Rb) and CsSb3F16, respectively.
A single-crystal X-ray diffraction study on the salt KSb2F11

[orthorhombic, at 250 K, Pbca, with a = 1141.65(8), b =
1279.96(9), c = 3948.5(3) pm, V = 5.7699(7) nm3 and Z = 24]
has shown it to be isostructural with AgSb2F11. CsSb2F11, on

Introduction

Compounds of the type ASbF6 (A = monovalent cation)
are well known and established.[1] In contrast to ASbF6

salts, reports concerning the formation of ASb2F11 and
ASb3F16 compounds are scarce. CsSb2F11 has been pre-
pared from CsF and SbF5 in SO2 solution and investigated
by 19F NMR spectroscopy.[2] Its (incomplete) vibrational
spectrum was also reported.[3,4] The salt AgSb2F11 has been
studied and its synthesis, crystal-structure determination
and vibrational spectra have been published recently.[5] In
the case of the Sb3F16

– salts of alkali metal fluorides only
the caesium compound has been reported to exist.[6]

The tendency of alkali metal fluorides to form stable,
complex fluoro or oxofluoro anion salts with covalent metal
fluorides or oxofluorides decreases from Cs+ to Li+.[7] How-
ever, the cut-off limit for salt formation in the view of the
size (volume) of the A+ cation appears to vary somewhat
from one system to another.[7] The aim of this work was a

[a] Jožef Stefan Institute, Department of Inorganic Chemistry and
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Jamova 39, SI-1000 Ljubljana, Slovenia
Fax: +386-1-477-3155
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[b] Department of Chemistry, University of Warwick,
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Fax: +44-2476-466747
E-mail: Don.Jenkins@warwick.ac.uk
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the other hand, is monoclinic at 250 K [P21/n, with a =
774.10(14), b = 1425.41(17)m, c = 951.30(15) pm, β =
113.226(6)°, V = 0.9646(3) nm3 and Z = 4]. RbSb2F11 and
TlSb2F11 belong to yet a third structural type. Crystals of
CsSb3F16 are orthorhombic at 200 K [Pca21, with a = 2207(3),
b = 772.6(11), c = 1605(3) pm, V = 2.737(8) nm3 and Z = 8].
The vibrational spectra of Sb2F11

– salts are consistent with
the above crystallographic assignments, showing that
Sb2F11

– anions deviate strongly from D4h symmetry in having
no symmetry at all (point group C1). The vibrational spectra
of CsSb3F16 confirm the presence of Sb3F16

– anions, which
adopt a cis-fluorine-bridged geometry consistent with the
crystal structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

systematic investigation of reactions between monofluor-
ides of alkali metals (including thallium) and antimony
pentafluoride [with and without the presence of solvents
such as SO2 and anhydrous HF (aHF)] to find out how the
size of the cations influences the composition of the final
products. In other words, which compounds with general
formula ASbnF5n+1 (n = 1, 2, 3) should exist for a specific
cation.

Results and Discussion

Syntheses

Reactions of AF (A = K, Rb, Tl) with an excess of SbF5

in anhydrous HF or SO2 at room temperature yield prod-
ucts having the composition ASb2F11 [Equation (1)].

(1)

The reaction between CsF and a small excess of SbF5 in
anhydrous HF (0.76 mmol of CsF + 4.19 mmol of SbF5 in
4 mL of aHF) yields CsSb2F11 whilst, in contrast, the reac-
tion with a large excess of SbF5 (0.79 mmol of CsF +
23 mmol of SbF5 in 10 mL of aHF) yields CsSb3F16.
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The course of the reaction between KF and SbF5 (the

starting molar ratio KF/SbF5 being 1:2) in SO2 is in agree-
ment with previous findings for Cs salts.[2] KSb2F11 is sim-
ilar to CsSb2F11 in being relatively soluble in SO2.

Efforts to prepare similar compounds starting from the
monofluorides of Li and Na led only to already known
ASbF6

[1] compounds [Equation (2)].

(2)

The reaction between NaF and SbF5 in SO2 yields only
NaSbF6 which, like the corresponding CsSbF6, is rather in-
soluble[2] in SO2 (see Experimental Section).

The previously reported vibrational spectra of products
obtained by heating equimolar mixtures of SbF5 and the
corresponding alkali metal fluoride under F2 at 280 °C ex-
hibited no evidence at all for the presence of polyfluoroanti-
monates.[8] Our results, however, show that when the reac-
tion mixture of a sample of alkali fluoride (AF, A = Na,
K, Rb, Cs) and an excess of liquid SbF5 is heated at 85 °C
NaSbF6, ASb2F11 (A = K, Rb) and CsSb3F16 are isolated
as the final products.

Crystal Structures

Single crystals of ASb2F11 (A = K, Cs) were prepared by
slow evaporation (over two months) of the volatiles from
saturated solutions of the corresponding ASb2F11 salts in
aHF acidified with a large excess of SbF5. A similar pro-
cedure using NaF yields only single crystals of NaSbF6.
These results suggest that the products of the reaction be-
tween AF (A = Li, Na) and an excess of SbF5 [Equa-
tion (2)] are not the result of kinetic control.

The crystal structures of ASb2F11 compounds can be di-
vided into three groups. The first group corresponds to
ASb2F11 compounds having similarly sized cations (A =
K+, H3O+, Ag+). Crystals of KSb2F11 are orthorhombic at
250 K (see Experimental Section) and are isostructural to
AgSb2F11

[5] and also structurally related to H3OSb2F11.[9]

The complex structure of KSb2F11 reveals three crystallo-
graphically nonequivalent Sb2F11

– anions that are highly
distorted from ideal D4h symmetry (Figure 1). Distortions
of Sb2F11 units are usually expressed in terms of the bridge
angle α (bending of F5Sb–F–SbF5 about bridging fluorine)
and the torsion angle ψ (torsion of two planar SbF4,eq

groups from eclipsed to staggered conformation). In
KSb2F11 three different bridge (149.2°, 150.4° and 146.1°)
and three corresponding dihedral (20.2°, 21.2° and 32.6°)
angles for three crystallographically nonequivalent Sb2F11

units were identified. The bridging and dihedral angles
found in KSb2F11 are close to the values found for the
anion in the isostructural AgSb2F11 (α = 148.3°, 151.8° and
143.5°; ψ = 22.5°, 18.0° and 37.1°).[5] The Sb–Ft bonds are,
as expected, shorter (181.2–186.4 pm) and show a wider
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spread than the Sb–Fb bonds (202.4–204.1 pm; Table 1).
The Feq–Sb–Fax Bond angles are slightly greater than 90°,
while the Feq–Sb–Fb are more acute by 3–7° (Table 2).

Figure 1. Three crystallographically nonequivalent Sb2F11 units
and their interactions with K+ cations in the crystal structure of
KSb2F11 (thermal ellipsoids are drawn at 40% probability level).
Superscripted numbers: symmetry operations used for generation
of equivalent atoms: 1 x, y, z; 2 x + ½, –y + ½, –z; 3 –x, y + ½,
–z + ½; 4 –x + ½, –y, z + ½; 5 –x, –y, –z; 6 –x + ½, y + ½, z;
7 x, –y + ½, z + ½; 8 x + ½, y, –z + ½.

There are also three crystallographically nonequivalent
K+ cations in the crystal structure of KSb2F11. The K–F
bond lengths span a wide range of values (260.1–289.8 pm).
By comparison, in KSbF6 eight fluorine atoms, which form
a slightly distorted dodecahedron, surround the K atoms at
distances of between 261.8 and 320.4 pm.[10] The coordina-
tion number of the potassium atoms in KSb2F11 can be
written as 8 for K1 and K3 and 9 for K2.

CsSb2F11 crystallises in the monoclinic space group
P21/n (no. 14) with the unit-cell parameters and the crystal
and structure refinement data given in the Experimental
Section. Selected bond lengths and angles are summarised
in Tables 3 and 4, respectively. The packing diagram is de-
picted in Figure 2.

The structure of the Sb2F11
– anion and its interactions

with Cs+ cations, along with the numbering scheme
adopted, are given in Figure 3. The structure of CsSb2F11

is ionic and consists of discreet Sb2F11
– anions and
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Table 1. Selected bond lengths [pm] in KSb2F11.

Sb1–F1 204.1(5) Sb2–F1 202.4(5) Sb3–F3 203.4(5) Sb4–F3 202.8(5)
Sb1–F11 183.4(5) Sb2–F21 184.4(6) Sb3–F31 183.7(6) Sb4–F41 182.9(7)
Sb1–F12 183.1(5) Sb2–F22 184.1(6) Sb3–F32 183.2(6) Sb4–F42 184.0(6)
Sb1–F13 184.8(6) Sb2–F23 185.3(6) Sb3–F33 183.1(6) Sb4–F43 182.7(7)
Sb1–F14 183.2(7) Sb2–F24 184.7(6) Sb3–F34 182.7(7) Sb4–F44 184.0(6)
Sb1–F15 185.3(5) Sb2–F25 183.8(5) Sb3–F35 183.8(5) Sb4–F45 185.1(6)
Sb5–F5 203.8(5) Sb5–F53 181.6(7) Sb6–F5 202.4(5) Sb6–F63 184.4(6)
Sb5–F51 181.2(6) Sb5–F54 182.4(6) Sb6–F61 184.3(6) Sb6–F64 182.9(6)
Sb5–F52 182.4(7) Sb5–F55 184.9(5) Sb6–F62 184.9(6) Sb6–F65 186.4(5)
K1–F32 273.0(6) K2–F11 269.2(6) K3–F13 275.4(7)
K1–F33 271.6(7) K2–F12 266.7(6) K3–F15 280.8(5)
K1–F42 271.0(7) K2–F21 274.7(6) K3–F31 275.2(7)
K1–F44 276.8(8) K2–F22 267.9(7) K3–F35 289.6(6)
K1–F45 277.3(7) K2–F23 291.9(6) K3–F41 277.4(7)
K1–F51 269.4(6) K2–F24 278.3(6) K3–F54 284.0(8)
K1–F61 282.0(7) K2–F52 288.4(8) K3–F55 279.1(5)
K1–F64 283.3(6) K2–F62 260.1(6) K3–F65 279.7(6)

K2–F63 289.8(6)

Table 2. Selected bond angles [°] in KSb2F11.

F11–Sb1–F1 85.5(2) F21–Sb2–F1 84.6(3) F31–Sb3–F3 85.6(3)
F12–Sb1–F1 85.7(2) F22–Sb2–F1 85.7(3) F32–Sb3–F3 86.0(3)
F13–Sb1–F1 85.0(3) F23–Sb2–F1 85.6(3) F33–Sb3–F3 82.7(3)
F14–Sb1–F1 86.5(3) F24–Sb2–F1 86.1(2) F34–Sb3–F3 86.4(3)
F11–Sb1–F15 94.3(3) F21–Sb2–F25 94.6(3) F31–Sb3–F35 95.0(3)
F12–Sb1–F15 93.3(2) F22–Sb2–F25 93.0(3) F32–Sb3–F35 94.4(3)
F13–Sb1–F15 95.3(3) F23–Sb2–F25 95.2(3) F33–Sb3–F35 96.7(3)
F14–Sb1–F15 94.5(3) F24–Sb2–F25 95.1(3) F34–Sb3–F35 93.2(3)

Sb1–F1–Sb2 149.2(3)
F41–Sb4–F3 85.4(3) F51–Sb5–F5 85.7(3) F61–Sb6–F5 84.9(2)
F42–Sb4–F3 85.2(3) F52–Sb5–F5 84.4(3) F62–Sb6–F5 86.3(2)
F43–Sb4–F3 85.1(3) F53–Sb5–F5 86.7(3) F63–Sb6–F5 86.1(2)
F44–Sb4–F3 86.6(3) F54–Sb5–F5 86.2(3) F64–Sb6–F5 87.1(3)
F41–Sb4–F45 91.2(3) F51–Sb5–F55 92.3(3) F61–Sb6–F65 93.4(3)
F42–Sb4–F45 92.6(3) F52–Sb5–F55 94.3(3) F62–Sb6–F65 92.9(3)
F43–Sb4–F45 98.3(3) F53–Sb5–F55 95.3(3) F63–Sb6–F65 95.6(3)
F44–Sb4–F45 95.7(3) F54–Sb5–F55 95.2(3) F64–Sb6–F65 93.7(3)
Sb3–F3–Sb4 150.4(3) Sb5–F5–Sb6 146.1(3)

Table 3. Selected bond lengths [pm] in CsSb2F11.

Sb1–F1 203.9(3) Sb2–F1 203.9(3) Cs1–F11 307.0(4) Cs1–F21 315.8(4)
Sb1–F11 183.8(4) Sb2–F21 185.8(4) Cs1–F12 349.8(4) Cs1–F21 355.2(4)
Sb1–F12 185.6(3) Sb2–F22 184.9(4) Cs1–F12 352.9(4) Cs1–F22 339.6(4)
Sb1–F13 185.3(3) Sb2–F23 184.6(4) Cs1–F13 309.9(4) Cs1–F23 345.1(4)
Sb1–F14 185.4(4) Sb2–F24 185.4(4) Cs1–F14 305.9(4) Cs2–F24 323.0(4)
Sb1–F15 183.7(4) Sb2–F25 184.9(3) Cs1–F15 316.5(4) Cs2–F25 310.1(3)

Table 4. Selected bond angles [°] in CsSb2F11.

F11–Sb1–F1 86.0(2) F21–Sb2–F1 85.7(1)
F12–Sb1–F1 83.5(2) F22–Sb2–F1 85.2(1)
F13–Sb1–F1 85.3(2) F23–Sb2–F1 85.4(2)
F14–Sb1–F1 84.8(2) F24–Sb2–F1 85.2(2)
F11–Sb1–F15 94.9(2) F21–Sb2–F25 95.5(2)
F12–Sb1–F15 96.5(2) F22–Sb2–F25 93.8(2)
F13–Sb1–F15 93.8(2) F23–Sb2–F25 93.4(2)
F14–Sb1–F15 95.2(2) F24–Sb2–F25 95.9(2)

Sb1–F1–Sb2 146.0(2)
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Cs+ cations in a simple packing arrangement. As in the case
of KSb2F11, the Sb2F11

– anion in CsSb2F11 is highly dis-
torted from ideal D4h symmetry (α = 146.0°, ψ = 33.9°;
Figure 3). The Sb–F bond lengths (Table 3) and F–Sb–F
bond angles (Table 4) in CsSb2F11 are comparable to those
found for KSb2F11 (Tables 1 and 2).

Taking the coordination number as the number of near-
est neighbour atoms[9] then Cs is surrounded by 12 fluorine
atoms at distances of between 307.0(4) and 355.2(4) pm. In
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Figure 2. Packing diagram of CsSb2F11.

Figure 3. Sb2F11 unit and interacting Cs+ cations in CsSb2F11

(thermal ellipsoids are drawn at 40% probability level). Super-
scripted numbers: symmetry operations used for generation of
equivalent atoms: 1 x, y, z; 2 –x + ½, y + ½, –z + ½; 3 –x, –y, –z;
4 x + ½, –y + ½, z + ½.

CsSbF6 twelve fluorine atoms again surround the Cs atom
with six close contacts (311.6 pm) and six long contacts
(338.3) pm.[11]

The X-ray powder-diffraction photographs indicate that
RbSb2F11 and TlSb2F11 are isostructural and different from
KSb2F11 or CsSb2F11. Their isostructurality is consistent
with the close similarity shown by the ionic radii of Rb and
Tl (Shannon: Rb = 175 pm, Tl = 173 pm for C.N. = 8;[12]

Goldschmidt: Rb = Tl = 149 nm[13]) or their volumes
[V(Rb+) = V(Tl+) = 0.014 nm3].[14]

Table 5. Selected bond lengths [pm] in CsSb3F16.

Sb1–F11 186(6) Sb3–F34 185(4) Sb6–F61 186(2) Cs1–F45 309(11)
Sb1–F12 186(7) Sb3–F35 185(2) Sb6–F62 187(4) Cs1–F52 320.3(12)
Sb1–F13 187(9) Sb3–F36 207(2) Sb6–F63 182(2) Cs1–F63 337(2)
Sb1–F14 185(6) Sb4–F41 183(8) Sb6–F64 183(2) Cs2–F12 312(2)
Sb1–F15 183.7(18) Sb4–F42 184(6) Sb6–F65 185.0(12) Cs2–F15 304(12)
Sb1–F16 208.9(15) Sb4–F43 183(11) Sb6–F66 209.5(9) Cs2–F22 326.8(11)
Sb2–F16 199(11) Sb4–F44 184(8) Cs2–F34 344(3)
Sb2–F21 186(12) Sb4–F45 186(2) Cs1–F11 344(5) Cs2–F35 307(3)
Sb2–F22 183.8(10) Sb4–F46 208(2) Cs1–F13 351(5) Cs2–F41 341(8)
Sb2–F23 184(8) Sb5–F46 196(8) Cs1–F14 330(13) Cs2–F42 350(20)
Sb2–F24 180(9) Sb5–F51 182(10) Cs1–F21 310(20) Cs2–F43 366(3)
Sb2–F36 199.6(17) Sb5–F52 184.6(11) Cs1–F31 337(8) Cs2–F51 320(20)
Sb3–F31 185(6) Sb5–F53 181(4) Cs1–F32 329(5) Cs2–F61 353(5)
Sb3–F32 184(3) Sb5–F46 196(8) Cs1–F33 322(4) Cs2–F62 329(7)
Sb3–F33 185(3) Sb5–F66 196.4(9) Cs1–F44 311(3) Cs2–F64 328.6(18)
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Examples of crystal structures of Sb3F16
– salts are rare.

The Sb3F16
– anion adopts a cis-fluorine-bridged geometry

in the crystal structures of [OsO3F][Sb3F16],[15]

[OCNCO][Sb3F16],[16] [XeN(SO2F)2][Sb3F16][17] and
[Cl3][Sb3F16],[18] whereas a trans-fluorine-bridged Sb3F16

–

anion has been reported in the crystal structure of
[Br2][Sb3F16].[19] CsSb3F16 crystallises in the orthorhombic
space group Pca21 (no. 29). The unit-cell parameters and
the crystal and structure refinement data are given in the
Experimental Section. Selected bond lengths and angles are
summarised in Tables 5 and 6, respectively. The packing
diagram is depicted in Figure 4.

Table 6. Selected bond angles [°] in CsSb3F16.

F11–Sb1–F16 85(6) F22–Sb2–F36 171.2(6)
F12–Sb1–F16 84(2) F23–Sb2–F36 86(4)
F13–Sb1–F16 83(6) F24–Sb2–F36 91(2)
F14–Sb1–F16 85(3) F36–Sb3–F35 179.4(6)
F15–Sb1–F16 177.1(5) F36–Sb3–F31 88(7)
F16–Sb2–F24 173.4(6) F36–Sb3–F32 84(2)
F16–Sb2–F21 85(5) F36–Sb3–F33 83(7)
F16–Sb2–F22 89.1(22) F36–Sb3–F34 84(2)
F16–Sb2–F23 84(6)
F16–Sb2–F36 82(2) Sb1–F16–Sb2 151.9(7)
F21–Sb2–F36 86(3) Sb2–F36–Sb3 152.6(11)
F41–Sb4–F46 86(6) F52–Sb5–F66 172.8(4)
F42–Sb4–F46 84(4) F53–Sb5–F66 86(4)
F43–Sb4–F46 83(5) F54–Sb5–F66 89.0(14)
F44–Sb4–F46 87(3) F66–Sb6–F65 177.8(6)
F45–Sb4–F46 178.8(6) F66–Sb6–F61 82.4(13)
F46–Sb4–F54 172.3(6) F66–Sb6–F62 85(7)
F46–Sb5–F51 85(6) F66–Sb6–F63 86.6(9)
F46–Sb5–F52 89.8(12) F66–Sb6–F64 84(7)
F46–Sb5–F53 84(7)
F46–Sb5–F66 83.3(11) Sb4–F46–Sb5 156.3(8)
F51–Sb5–F66 83(4) Sb5–F66–Sb6 155.5(5)

The crystal structure of CsSb3F16 reveals two crystallo-
graphically nonequivalent Sb3F16

– anions adopting a cis-
fluorine-bridged geometry. The structure of the Sb3F16

–

anions and their interactions with Cs+ cations, along with
the numbering scheme adopted, are given in Figure 5. The
Sb–Ft bond lengths (Table 5) in CsSb3F16 are comparable
to those found for KSb2F11 and CsSb2F11 (Tables 1 and 3).

The corresponding pairs of Sb–Fb bond lengths in the
F5Sb–Fb–SbF5 units of KSb2F11 [Sb1–F1 = 204.1(5), F1–
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Figure 4. Packing diagram for CsSb3F16.

Figure 5. Two crystallographically nonequivalent Sb3F16 units and
their interactions with Cs+ cations in the crystal structure of
CsSb3F16 (thermal ellipsoids are drawn at 40% probability level).
Superscripted numbers: symmetry operations used for generation
of equivalent atoms: 1 x, y, z; 2 –x, –y, z + ½; 3 –x + ½, y, z + ½;
4 x + ½, –y, z.

Sb1 = 202.4(5); Sb3–F3 = 203.4(5); F3–Sb4 = 202.8(5);
Sb5–F5 = 203.8(5), F5–Sb6 = 202.4(5) pm] and CsSb2F11

[Sb1–F1 = 203.9(3), F1–Sb2 = 203.9(3) pm] are much closer
than the corresponding pairs of Sb–Fb bond lengths in the
F5Sb–Fb–SbF4–Fb–SbF5 units of CsSb3F16. The Sb–Fb

bond lengths (Sb2–F16, Sb2–F36 and Sb5–F46, Sb5–F66)
between Fb and the central Sb atom are much shorter
[196(8)–199.6(17) pm] than the corresponding bond lengths
between Fb and the terminal Sb atoms (F16–Sb1, F36–Sb3
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and F46–Sb4, F66–Sb6), which are in the range 207(2)–
209.5(9) pm.

There are also two crystallographically nonequivalent
Cs+ cations in the crystal structure of CsSb3F16. On a sim-
ilar basis to the assignment of the coordination number
made in the case of CsSb2F11, these cations are surrounded
by 12 fluorine atoms at distances of between 304(12) and
366(5) pm.

Vibrational Spectra

The Raman and IR spectra of ASb2F11 (A = K, Rb, Cs,
Tl) and CsSb3F16 are shown in Figures 6 and 7, respectively,
with additional details given in Tables 7 and 8.

Figure 6. Infrared and Raman spectra of ASb2F11 (A = K, Rb, Cs,
Tl).

The IR spectra (Figure 6, Table 7) were taken for pow-
dered samples obtained from the synthesis [Equation (1)]
and also for powdered samples obtained by grinding se-
lected single crystals of ASb2F11 (A = K, Cs). They were
found to be identical. Raman spectra taken for powdered
samples obtained from the synthesis [Equation (1)] and Ra-
man spectra taken for single crystals of ASb2F11 (A = K,
Cs) were also identical. Small differences in the observed
wavenumbers and relative intensities of some of the Raman
and infrared bands of these salts arise as a consequence of



Alkali Metal and Thallium Polyfluoroantimonates FULL PAPER

Figure 7. Infrared and Raman spectra of CsSb3F16.

the fact that some bands are broad, which makes the precise
estimation of particular band positions difficult. A further
factor contributing to these small differences are the crystal
effects.

Sb2F11
– anions deviate strongly from ideal D4h symmetry

and, in fact, possess no symmetry at all (point group C1).
A partial assignment of the spectra of the Sb2F11

– anions
was made on the basis of comparison with [M(CO)4-
(Sb2F11)2] (M = Pd, Pt),[20] which contain two crystallo-
graphically nonequivalent and highly distorted Sb2F11

–

anions (Table 7, Figure 6). The bands in the regions 592–
698 cm–1 and 702–719 cm–1 are assigned to Sb–Feq and Sb–
Fax stretches, respectively, meanwhile bands around
500 cm–1 are typical for Sb–F–Sb bridging. Bands below
300 cm–1 were assigned to bending deformations.

Table 7. Vibrational spectra of undecafluorodiantimonates of monovalent cations.

KSb2F11 RbSb2F11 CsSb2F11 TlSb2F11 Pd(CO)4(Sb2F11)2
[a] Assignments[b]

IR[c] Raman IR Raman IR[d] Raman[e] IR Raman IR Raman

719(sh) 718(sh) 714(w) ν (SbFax: )
711(sh) 713(sh) 713(s) 702(s) 707(s) 703(sh) 708(vs) 709(sh) ν(SbFax)
698(vs) 696(vs) 693(vs) 688(sh) 689(vs) 690 (vs) ν(SbF4eq)

684(85) 684(50) 683(60) 678(60) 686(m) ν(SbF4eq)
678(s) 681(s) 677(s) 674(sh) 675(s) 668(s) ν(SbF4eq)
664(vs) 660(100) 662(vs) 659(100) 662(vs) 650(100) 655(s) 651(100) 662(s) 656(s) ν(SbF4eq)

654(sh) 648(sh) 649(s) ν(SbF4eq)
603(20) 599(15) 601(m) 598(5) 599(w) 592(16) 604(vw) 598(w) ν(SbF4eq)

596(w) 585(w) ν(SbF4eq)
558(sh) 556(vw) 536(vw)

488(ms) 487 (ms) 485(ms) 484(ms) 503(m) ν(SbFSb)
436(sh) ν(SbFSb)

339(5) 336(3) 336(3) 346(1) 349(2)
315(s) 305(m) δ(SbF4eq)

295(40) 288(25) 298(25) 288(20) 305(s) δ(SbF4eq)
293(25)

271(sh) 275(w) δ(SbF4eq)
267(vs) δ(SbF4eq)
250(sh) δ(SbF4eq)

231(15) 227(15) 230(10) 225(10) 228(sh) 230(m) δ(SbF4eq)
196(vw) 201(vw) δ(SbF4eq)

[a] Ref.[20] [b] ν = stretching mode, δ = deformation mode. [c] Intensities are given in parentheses; vw = very weak, w = weak, m =
medium, ms = medium strong, s = strong, vs. = very strong, sh = shoulder. [d] Literature data: broad band at 700 cm–1, shoulder at
600 cm–1, sharp and intense band at 480 cm–1 (ref.[4]). [e] Literature data: 692/685(93), 654(100), 603/597(15), 521(1), 332(4), 300/291(39),
232(?) (ref.[21]).
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Table 8. Vibrational spectra of CsSb3F16.

IR[a] Ra Assignments[b]

738(sh) ν(SbFt)
719(sh) 715(sh) ν(SbFt)
706(s) 704(35) ν(SbFt)

694(vs) 689(60) ν(SbFt)
678(s) 680(sh) ν(SbFt)
662(vs) 661(sh) ν(SbFt)
650(sh) 653(100) ν(SbFt)

601(mw) 607(20) ν(SbFt)
568(w)

539(mw)
517(m) 517(1) ν(SbFSb)
486(ms) 489(1) ν(SbFSb)
456(sh) ν(SbFSb)

419(mw)
329(1) δ(FSbF)

300(20) δ(FSbF)
285(sh) δ(FSbF)
240(5) δ(FSbF)
228(7) δ(FSbF)
177(5) lattice vibrations

[a] Intensities are given in parentheses; w = weak, mw = medium
weak, m = medium, ms = medium strong, s = strong, vs. = very
strong, sh = shoulder. [b] ν = Stretching mode, δ = deformation
mode.

The vibrational spectrum of CsSb3F16 is similar but not
identical to that for CsSb2F11. The Sb3F16

– anion in
CsSb3F16 exhibits very complex Raman and infrared spec-
tra (Figure 7, Table 8). Reported vibrational data for the
Sb3F16

– anion are scarce. [OsO3F][Sb3F16],[15]

[ClCO][Sb3F16],[22] [OCNCO][Sb3F16],[16] [XeN(SO2F)2]-
[Sb3F16],[17] [ReF6][Sb3F16][23] and [PF4][Sb3F16][24] have
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been characterised by Raman spectroscopy and
[ClO2][Sb3F16][25] by IR spectroscopy. These data vary sig-
nificantly as the nature of the cation changes. The bands
attributed to the Sb3F16

– anion in CsSb3F16 show most cor-
respondence with those found in [ClCO][Sb3F16],[22] where
Sb3F16

– was found to exhibit a common cis-fluorine-
bridged Sb3F16

– anion consistent with the crystal structure
analysis made for CsSb3F16.

Conclusions

Smaller cations such as Li+ [V(Li+) = 0.002 nm3][14] and
Na+ [V(Na+) = 0.004 nm3][14] yield ASbF6 compounds,
whereas larger A+ cations (A = Ag+, H3O+, K+) prefer to
form ASb2F11 salts. These latter ions, with volumes V(Ag+)
= 0.006 nm3,[5] V(H3O+) = 0.008 nm3[5] and V(K+) =
0.010 nm3,[14] lead to salts which crystallise in an identical
structural type. The coordination of the three crystallo-
graphically nonequivalent A+ cations can be approximately
regarded as being 5+3, (C.N. = 8), 6+3 (C.N. = 9) and 6+2
(C.N. = 8), respectively. X-ray powder diffraction patterns
indicate that RbSb2F11 and TlSb2F11 are isostructural,
which, as was alluded to above, is not surprising in light
of their similar volumes. The larger Cs+ cation [V(Cs+) =
0.019 nm3][14] yields CsSb2F11, which represents the third
structural type with the highest coordination number (C.N.
= 12) found for the cation A+.

In all crystal structures determined for ASb2F11 com-
pounds the Sb2F11 units are observed to have a high degree
of distortion. The bridge angle α and torsion angle ψ in the
Sb2F11 units may have some cation-dependence, although
these values are mostly influenced by long interionic con-
tacts in the solid state.

Only the largest of the alkali metal cations (Cs+) is cap-
able of stabilizing the weakly fluoro-basic Sb3F16

– anion.
A summary of known compounds with general formula

ASbnF5n+1 (A = monovalent metal cation; n = 1, 2, 3) is
shown in Table 9.

Table 9. Compounds with general formula ASbnF5n+1 (A = mono-
valent metal cation; n = 1, 2, 3).

[a] Ref.[1] [b] Ref.[26] [c] Ref.[27] [d] Ref.[28] [e] Ref.[29] [f] Ref.[30]

[g] This work. [h] Ref.[5]
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Experimental Section

Techniques

The infrared spectra, with a resolution of 4 cm–1, of powdered sam-
ples sandwiched between AgCl windows in a leak-tight brass cell
were recorded (5 scans) with a Perkin–Elmer FTIR 1710 spectrom-
eter. Raman spectra, with a resolution of 1 cm–1, were recorded
(10–20 scans) with a Renishaw Raman Imaging Microscope System
1000, with the 632.8-nm exciting line of a He-Ne laser.

X-ray powder diffraction patterns were obtained using the Debye–
Scherrer technique with Ni-filtered Cu-Kα radiation. Samples were
loaded into quartz capillaries (0.3 mm) in a dry-box. Intensities
were estimated visually.

Reagents and Apparatus

Volatile materials were manipulated using an all-PTFE vacuum line
equipped with PTFE valves. The manipulation of the non-volatile
solids was accomplished under a dry argon atmosphere in a dry-
box (M. Braun, Germany). The residual water in the atmosphere
within the dry-box never exceeded 1 ppm. All reactions were car-
ried out in FEP (Polytetra, Germany) reaction vessels (height:
300 mm; inner diameter: 15.5 mm; outer diameter: 18.75 mm)
equipped with PTFE valves[31] and PTFE-coated stirring bars. All
reaction vessels were pretreated with F2 prior to use.

LiF (Merck, 99.9%), NaF (Merck, 99%), KF (Ventron, 99.9%),
RbF (Aldrich, 99%), CsF (Ventron, 99.9%), SO2 (Messer Griesh-
eim, 99.9%) and fluorine (Solvay) were used as supplied. TlF was
prepared by reaction between Tl2CO3 (Merck, P.A.) and aqueous
HF. SbF3 (Alfa Aesar, 99%) was treated with aHF in order to
remove possible traces of Sb2O3. SbF5 was prepared by fluorination
of SbF3 in a flow reaction. Its purity was checked by Raman spec-
troscopy. Anhydrous HF (Fluka, Purum) was treated with K2NiF6

for several hours prior to use.

Reactions between AF and an Excess of SbF5

In a dry-box a sample of the fluoride AF (A = Li – Cs, Tl) was
loaded into the FEP reaction vessel. An excess of SbF5 and the
solvent (aHF or SO2) were condensed onto the solid fluoride salt
at 77 K. The reaction mixtures were left stirring for several days at
room temperature. The details of the reaction conditions are given
in Table 10. Clear colourless solutions were obtained in the case of
reactions between NaF or KF and SbF5 in aHF. However, in the
case of the reaction between AF (A = Li, Rb, Cs and Tl) and
SbF5 in aHF, a clear, colourless liquid phase was visible above an
insoluble white solid, which always formed. The reaction between
KF and SbF5 (molar ratio = 1:2) in SO2 as solvent, yielded a clear,
colourless solution. In the case of the reaction between NaF and
SbF5 (molar ratio = 1:2) in SO2 two liquid phases were observed.
In this latter case a clear, colourless solution was visible above a
milky suspension.

Volatiles were slowly pumped off at room temperature over a few
hours to leave behind white solids. The chemical analyses of the
resulting isolated ASb2F11 salts (A = K, Rb, Cs) are given in
Table 11. The Raman spectra of the products of reactions between
AF (A = Li, Na) and SbF5 in aHF or SO2 showed only the bands
[Li: 669(100), 569(10), 295(80); Na: 672(100), 581(10), 279(50)] that
can be assigned to ASbF6 salts.[32]

In further experiments a sample of alkali metal fluoride (AF, A =
Na, K, Rb, Cs) was loaded into the FEP reaction vessel and an
excess of liquid SbF5 was condensed onto the solid fluoride salt at
77 K. The reaction mixture was warmed up to 85 °C. The details
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Table 10. Reaction conditions for the reactions of AF (A = Li–Cs,
Tl) with an excess of SbF5 in aHF (or SO2) at room temperature.

Starting materials Solvent Vsolvent Reaction Final
AF[a] SbF5 time product

AF [g] [mmol] [g] [mmol] [mL] [d]

LiF 0.024 0.92 1.767 8.15 aHF 5 11 LiSbF6

NaF 0.036 0.87 0.815 3.76 aHF 6 11 NaSbF6

KF 0.054 0.92 1.560 7.20 aHF 5 7 KSb2F11

RbF 0.103 0.99 1.800 8.30 aHF 5 13 RbSb2F11

CsF 0.115 0.76 0.908 4.19 aHF 4 11 CsSb2F11

CsF 0.120 0.79 5.00 23.00 aHF 10 3 CsSb3F16

TlF 0.216 0.96 0.900 4.15 aHF 3 2 TlSb2F11

NaF 0.035 0.83 0.361 1.66 SO2 6 1 NaSbF6

KF 0.055 0.95 0.411 1.90 SO2 6 1 KSb2F11

[a] A = Alkali metal.

Table 11. Chemical analyses of K, Rb, and Cs polyfluoroantimon-
ates.

Product Chemical analyses[a]

calcd. [%] found [%]
A[b] Sb F A Sb F

KSb2F11
[c] 7.95 49.53 42.51 8.5 49.5 41.8

RbSb2F11
[c] 15.89 45.26 38.85 16.4 45.5 38.5

CsSb2F11
[d] – 41.6 35.7 – 41.4 35.4

CsSb3F16
[e] – – 37.90 – – 37.3

CsSb3F16
[f] – 45.53 37.90 – 45.0 37.7

[a] The chemical analyses are given in mass percent. [b] A = alkali
metal. [c] Prepared in aHF. [d] Prepared in aHF with a small excess
of SbF5. [e] Prepared in aHF with a large excess of SbF5. [f] Pre-
pared at 85 °C without aHF.

of the reaction conditions are given in Table 12. On the basis of
the final masses of the solidified isolated solids and comparison of
their vibrational spectra with the vibrational spectra obtained for
the products in AF/SbF5/aHF system it was concluded that the
final products were ASbF6 (A = Na), ASb2F11 (A = K, Rb) and
ASb3F16 (A = Cs). The chemical analysis of the latter salt is given
in Table 11.

Table 13. Crystal data and structure refinement for KSb2F11, CsSb2F11 and CsSb3F16.

Empirical formula KSb2F11 CsSb2F11 CsSb3F16

Formula mass 507.60 585.41 802.16
Temp [K] 250 250 200
a [pm] 1141.65(8) 774.10(14) 2207(3)
b [pm] 1279.96(9) 1425.41(17) 772.6(11)
c [pm] 3948.5(3) 951.30(15) 1605(3)
α [°] 90 90 90
β [°] 90 113.226(6) 90
γ [°] 90 90 90
V [nm3] 5.7699(7) 0.9646(3) 2.737(8)
Z 24 4 8
Dcalcd. [Mgm–3] 3.506 4.031 1.947
λ [pm] 71.069 71.069 71.069
µ [mm–1] 6.19 9.449 4.335
Space group Pbca (no. 61) P21/n (no. 14) Pca21 (no. 29)
GOF indicator 1.101 1.064 1.422
R1; wR2 [I � 2.00σ(I)][a] 0.0511; 0.1213 0.0309; 0.0735 0.0609; 0.1165

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]1/2, GOF = [Σ[w(Fo

2 – Fc
2)2/(No – Np)]1/2, where No = no. of reflns. and Np =

no. of refined parameters.
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Table 12. Reaction conditions for the reactions of AF (A = Na, K,
Rb, Cs) with an excess of SbF5 at 85 °C.

Starting materials Reaction Mass balance Final
AF[a] SbF5 time calcd. found product

AF [g] [mmol] [g] [mmol] [d] [g] [g]

NaF 0.012 0.29 0.400 1.85 5 0.075[b] 0.070 NaSbF6

KF 0.060 1.03 5.000 23.07 9 0.507[c] 0.480 KSb2F11

RbF 0.091 0.87 1.600 7.38 5 0.466[c] 0.461 RbSb2F11

CsF 0.158 1.04 1.250 5.77 5 0.834[d] 0.823 CsSb3F16

[a] A = alkali metal. [b] Calculated for ASbF6. [c] Calculated for
ASb2F11. [d] Calculated for ASb3F16.

Preparation of Single Crystals of ASb2F11 (A = K, Cs) and CsSb3F16

Preparations were carried out in a double T-shaped apparatus con-
sisting of two FEP tubes (19 mm o.d., and 6 mm o.d.). CsF or
KSb2F11 (ca. 0.2 mmol of each) were loaded into the wider of the
two tubes in a dry-box. SbF5 (ca. 7 mmol) and aHF (ca. 4 mL)
were then condensed onto the starting material at 77 K. The reac-
tion mixtures were then brought up to room temperature. After
one day the clear solutions that had developed were transferred
into the narrower tube. The evaporation of the solvent from these
solutions was carried out by maintaining a temperature gradient
corresponding to about 10 K between both tubes for one month,
and later increasing this further to about 50 K for an additional
month. The effect of this treatment was to enable aHF and the
excess of SbF5 to be slowly evaporated from the narrower into the
wider tube, leaving colourless crystals of ASb2F11 (A = K, Cs). A
similar procedure was adopted with NaF but this yielded only sin-
gle crystals of NaSbF6. Crystals were selected from the compounds
in a dry-box and these were then placed inside 0.3-mm quartz capil-
laries, which were heat-sealed and mounted on the goniometer
head of the diffractometer.

When the final product of the reaction between CsF and liquid
SbF5 at 85 °C was checked under a microscope it was found to
consist of small regular blocks. Single crystals were immersed in
perfluorinated oil (ABCR, FO5960) in the dry-box, selected under
the microscope and then transferred into the cold nitrogen stream
of the diffractometer.
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Chemical Analyses

The alkali metal content (A) was determined by flame atomic emis-
sion spectrometry.[33] The total fluoride content (F) was determined
following complete decomposition of the sample with Devarda al-
loy in alkaline media by direct potentiometry using a fluoride ion
selective electrode.[34] The antimony content was, in turn, deter-
mined potentiometrically by redox titration with KBrO3 after prior
reduction of the antimony with alumina powder in acidic media.[35]

The results of analysis of the isolated K, Rb, and Cs polyfluoroan-
timonate products are given in Table 11.

X-ray Structure Determination of ASb2F11 (A = K, Cs) and
CsSb3F16 Salts

Single-crystal data of ASb2F11 (A = K, Cs) and CsSb3F16 were
collected using a Mercury CCD area detector coupled with a Ri-
gaku AFC7S diffractometer with a graphite-monochromated Mo-
Kα radiation source. Data were corrected for Lorentz, polarisation
and absorption effects and processed using the Rigaku Crystalclear
software suite.[36] The structures were solved by direct methods[37]

and then expanded using Fourier techniques. The salt CsSb3F16

crystallizes in an acentric space group (Pca21), so the Flack param-
eter[38] was refined. The latter converged to a twin ratio of 0.75(7).
Some details of the single-crystal data collection and data pro-
cessing and refinement for ASb2F11 (A = K, Cs) and CsSb3F16 are
given in Table 13.

Further details of the crystal-structure investigation may be ob-
tained from the Fachinformationzentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository num-
bers CSD-415752 (KSb2F11), -415751 (CsSb2F11) and -415750
(CsSb3F16).
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This Microreview presents the synthesis of mesoporous, crys-
talline inorganic materials using self-assembled block copoly-
mer mesostructures as templates. The advances in this field
are discussed in light of the progress in the development of
suitable polymer templates. Particular emphasis is placed on

Introduction

In the past ten years scientists have learned to develop
and use appropriate amphiphilic block copolymers (soft
matter) as templates to generate inorganic films and multi-
crystals with controlled porosity on the nanometer scale
(hard matter). Such inorganic materials with a nanoscale
structural set-up and large specific surfaces had not been
accessible before and may play important roles in sorption,
catalysis, photoconversion, or piezo- and ferroelectric de-
vices.
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the special conditions and demands to transform the primary
sol–gel films into mesoporous, aligned crystalline films for
functional applications.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

This Microreview will introduce the concept of “true li-
quid-crystal templating”,[1,2] i.e. the idea of converting a
self-assembled block copolymer mesophase into its inor-
ganic counterpart with liquid precursors (e.g. providing
mesoporous silica, metal oxides, and metals), which is also
termed “nanocasting”.[3] We will delineate the special ef-
fects for a number of oxide crystalline systems with special
functions in detail.

The field of mesoporous oxides made by templates is, of
course, much bigger, and for a general overview of ordered
mesoporous oxides we refer the reader to the review article
by Schüth.[4] This review will be centered around the gener-
ation of mesoporous inorganic structures using block co-
polymers as templates, putting special emphasis on the con-
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ditions of crystalline metal-oxide formation and the ob-
served textural properties. While most of the research is fo-
cused on oxide materials, a separate paragraph is reserved
for the interesting emerging field of mesoporous metals.

1. General Mechanism

The general idea of using block copolymers as templates
is based on the fact that amphiphilic block copolymers self-
assemble in certain solvents to give robust, very regular su-
perstructures that feature structural motifs on the nanome-
ter scale (lyotropic liquid-crystalline phases). Typically, the
constituting entities are spherical or cylindrical micelles or
lamellar sheets with a characteristic cross-section of 5–
100 nm.

The block copolymer self-assembly technique is probably
the best examined mode of self-organization[5] and is gov-
erned by the microphase separation dictated by the mutual
incompatibility of the different blocks, one being soluble
and the other being insoluble in the solvent to be used
(“amphiphilic” polymers). In most cases, aside from classi-
cal nonionic surfactants, which can be regarded as small
block oligomers composed of an oligoethylene and oligo-
(ethylene oxide), diblock or triblock copolymers are used that
feature polystyrene,[2a] polybutadiene,[6] and poly(propylene
oxide) as the hydrophobic block,[7] and poly(ethylene oxide)
or poly(vinylpyridines)[8] as hydrophilic blocks. Recently, a
semi-commercial family of “KLE” block copolymers [KLE
= Kraton-Liquid-b-poly(ethylene oxide)] was introduced,
which combines good chemical accessibility and high meso-
phase robustness with a superb application profile.[9] Kra-
ton liquid is a hydrogenated poly(ethylene-co-butylene)
hydrophobic block with a low glass transition. In principle,
block copolymers self-assemble or microphase-separate in
a variety of solvents, in particular water, but also alcohols
or THF, which enables a certain width of chemistry for in-
organic framework generation. This is contrary to low mol-
ecular weight surfactants, which usually rely on water and
the hydrophobic effect for self-assembly.

In a typical block copolymer templating procedure (see
Figure 1), such regularly ordered mesostructures of amphi-
philes in water are converted into their 1:1 replica (their
“negative”) by solidifying the hydrophilic or solvatophilic
domains between the micelles. This is done by replacing the
majority of the solvent by a metal or metal oxide precursor
with similar polarity and condensing this precursor around

Figure 2. Microtomed films of lyotropic phases of block copolymers, as used for nanocasting. A: BCC phase; B: hexagonal phase; C:
lamellar phase (taken from refs.[6b,6c]).
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the aggregates. An especially suitable precursor for this pro-
cedure is, for instance, hydrated silicic acid, which shows a
very similar polarity and proton-bridging behavior as water,
such that the final assembly patterns are very similar to the
ones found in water. Depending on the final material of
choice, this precursor can be a hydrolysable metal species
such as metal–orthoesters, but can also be a metal salt (me-
tal chlorides, etc.), and the final structure can be made out
of metal oxides, metal chalcogenides, or even the elemental
metals. The organic template can also be regarded as a
place holder that prevents the inorganic reaction from oc-
curring and becomes void space upon removal either by
extraction or thermal decomposition.

Figure 1. Illustration of the typical block copolymer templating
procedure (“nanocasting”). A soft matter complex fluid is sur-
rounded with a high concentration of inorganic precursor (left),
and the continuous phase is solidified (middle). After solidification
of the inorganic phase, the template is removed to give a solid nega-
tive replica (“hardcopy”) of the original phase.

Figures 2 and 3 show examples of mesostructures that
can be obtained by varying the polymers.[6b]

Figure 3. TEM of two mesoporous silicas obtained from PB-b-PEO
templates,[6] illustrating the wide range of accessible structures. A
presents a micellar phase at the borderline to a lamellar phase,
which contains some vesicles as precursor structures (scale bar:
200 nm), while B shows the bicontinuous sponge-like L3-phase
(scale bar: 500 nm).

One main advantage of block copolymers over low mol-
ecular weight surfactants is their significantly higher mol-
ecular weight and their variability in size and composition,
which enable a rich diversity of structures (hexagonal, cu-
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bic, etc.) and a wider range of accessible pore sizes, cur-
rently up to about 80 nm.[6] Initial work was pioneered by
Göltner et al. using PS-b-PEO[2] or PS-b-PVP block copoly-
mers.[8] Later, presumably independently, this work was ex-
tended by Stucky towards Pluronics block copolymers[7]

and by Wiesner et al.[10] towards organically modified alum-
inosilica hybrids.

The assumption that the final silica mesostructure repre-
sents a 1:1 copy of the lyotropic phase was later proven by
comparing the replicas with species obtained by cross-link-
ing of lyotropic phases with γ-radiation.[11] An unusual case
is shown in Figure 4, where a branched lamellar phase is
replicated and compared with the original phase. The two
TEM images show the original lyotropic phase (Figure 4,
A) and the templated, porous silica (Figure 4, B), and it is
nicely seen that one is the “negative” of the other.

Figure 4. Original or copy? A represents the lyotropic phase (TEM
obtained from thin cuts) leading to the corresponding silica (B)
shown in Figure 3. This example illustrates the similarity between
the original block copolymer mesophase and the silica replica. Ter-
minal ends of lamellae, branching points, vesicles, membrane, and
pores are replicated with about the same abundance and fine struc-
tural features. The scale bars represent 1000 nm.

The quality of replication plus the homogeneity has also
been proved by small angle X-ray scattering. Already in the
original paper by Göltner et al.[2c] the authors showed that
after solidification and removal of the template the dif-
fractogram is only shifted to slightly higher angles, while
the pattern stays unaltered. This means that the material
shrinks slightly but does not change its local structure. A
case for quantitative fitting of the scattering curve is shown
in Figure 5.

Figure 5. Mesoporous silica featuring spherical mesopores (size of about 13 nm) obtained from the KLE block copolymer [poly(ethylene-
co-butylene)-b-poly(ethylene oxide)].[9a] The TEM image (A) reveals a highly ordered structure of spherical mesopores arranged on a fcc
lattice. The scale bar is 80 nm. B: Small-angle X-ray scattering curve of the mesoporous silica (circles) and a fitting (solid line) based on
a model of spherical mesopores with a certain polydispersity and lattice distortions[9a] In the present case, the relative polydispersity of
the pore radius is only 5% (including the deviations from spherical shape).
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In this case (using KLE polymers as a template), TEM
shows that the mesoporous silica contains a regular packing
of spherical mesopores about 13 nm in diameter, which are
located on the sites of a face-centered cubic arrangement.
Evidently, not only are the single mesopores extremely uni-
form in shape and size, but the 3D arrangement is also ne-
arly undisturbed over large areas of up to several square
micrometers. This example illustrates the amazing order
and control of the materials’ structure that can be achieved
by the nanocasting procedure, in spite of the mechanical
stresses during the condensation of the matrix. Small-angle
X-ray scattering (SAXS) is usually applied to provide an
overall, averaged characterization of mesoporous materials.
In this case (Figure 5, b), the presence of distinct SAXS
patterns with pronounced maxima and minima confirms
the high regularity of the mesostructure and the mesopore
size and lattice type.

In the case of metal oxides the ultimate composition is
readily obtained by heat-treatment in air or oxygen to give
the amorphous or crystalline oxide form, and mesoporous
metals are obtained by an in situ or final reduction step,
either electrochemically or chemically.

2. Evaporation-Induced Self-Assembly for the
Generation of Organized Thin Films

The general concept of nanocasting was originally devel-
oped for thick specimens (monoliths or powders), although
it also holds true for the generation of bulk materials and
thin films. The latter was remarkably improved and simpli-
fied by introduction of the technique of “evaporation-in-
duced self-assembly” (EISA).[12] EISA proceeds along a dif-
ferent methodology, but the underlying templating mecha-
nism is identical to nanocasting. The practical difference
lies in the fact that one starts from a homogeneous solution
with a significantly larger amount of volatile solvents with
low viscosity.

Taking this low viscosity, which means less organized
precursor solutions, coatings of excellent macroscopic
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homogeneity can be generated by standard coating tech-
niques, i.e. dip-coating, spin-coating, doctor-blading, or
spraying. After evaporation of the volatile solvent, a high-
concentration template phase is regained. This is the return
to the situation of nanocasting, although already shaped in
a defined coating geometry. It must be mentioned, however,
that throughout drying, large scale orientation of the other-
wise unorganized lyotropic phase can be promoted to a very
high extent. For EISA in thin films, the strong interaction
with the substrate in the interplay with a directional drying
pressure (e.g. in dip coating) usually leads to a high degree
of preferred orientation, much higher than in the bulk ma-
terials.[13] An orientation is usually established that provides
a maximum degree of interaction with the substrate via the
densest lattice plane.[14]

For the generation of inorganic materials discussed be-
low, low molecular weight inorganic precursors or salts are
usually taken. Recent papers, however, have shown that
similar constructions can also be achieved by EISA using
preformed inorganic nanoparticles of sizes of only a few
nanometers for structure build-up, e.g. TiO2

[15] or CeO2,[16]

as illustrated in Figure 6.

Figure 6. Block copolymer templating to generate a mesoporous
scaffold starting from inorganic nanoparticles, using the EISA pro-
cess. The scheme illustrates the more complicated case where two
different nanoparticles (“bricks”), cross-hatched with vertical/hori-
zontal and diagonal lines, respectively, are used for structure set-
up to generate binary contacts.

It is evident that this approach faces different obstacles,
for instance the colloidal stability of the initial sol, and only
recently has a novel procedure for the synthesis of nanopar-
ticles provided particles which could be sufficiently dis-
persed at high concentrations.[17] On the other hand, there
are also benefits due to the building block approach, as the
material is already crystallized and does not shrink.[16] Bi-
nary systems (i.e. two different nanoparticles) can also be
easily made, thus leading to interesting binary contacts.

While the overall principle of block copolymer templat-
ing for inorganic chemistry seems to be surprisingly
straightforward, it is worthwhile to highlight some key fea-
tures of this process:
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· Such high area interfaces between two materials can
only be generated if all of the involved interfacial energies
throughout the process are lowered. This compatibilization
is provided by the special chemical character of the appro-
priate block copolymer. If a new inorganic substance is to
be made porous, a block copolymer with the right binding
moieties along the backbone of one block has to be chosen.

· As the formation of microphase-separated block copoly-
mer phases is a thermodynamic phenomenon, templating
is substantially governed by numerous physical parameters.
Together with solvent effects, it is difficult to predict pore
structures a priori, hence optimal templating conditions
were found by trial-and-error experiments in many cases. In
addition to these thermodynamic parameters, templating is
further aggravated by strong kinetic effects, as some inter-
mediary structures might turn out to be metastable. For
instance, Gibaud et al. have shown that the rate of evapora-
tion of the volatile solvent, even when all the other param-
eters are kept the same, can dramatically change the final
mesophase structure.[14]

· A general problem of true liquid-crystalline sol–gel tem-
plating is the simultaneous occurrence of condensation of
the inorganic species and the self-assembly process. Experi-
mental procedures are usually needed that delay the con-
densation significantly until completion of micelle forma-
tion. Robust self-assembly of amphiphilic copolymers into
micelles, which is the best choice for systems with higher
segregation strength (or incompatibility between the two
blocks), is certainly favorable for this purpose. The use of
block copolymers towards larger sizes is limited for the
same reason by their increasingly reduced mobility. Hence,
the upper limit for block copolymer templating is, under
practical conditions, currently at about 80 nm in structural
size.[6]

· The solvating block is sometimes tightly bound and
molecularly mixed into the inorganic phase, bringing some
organic character to it, as found for PEO and silica.[18] This
can result, after template removal, in extensive extra micro-
porosity (pore size below 2 nm), as reported by various
studies.[18–24] While physisorption techniques gave no un-
ambiguous conclusion, detailed small-angle X-ray and neu-
tron scattering (SAXS, SANS) analyses of PS-b-PEO-tem-
plated silicas provided a quantification of the microporos-
ity[21–23] and showed that the micropores are actually lo-
cated between the mesopores.

3. Synthesis of Mesoporous, Crystalline Metal
Oxides

While work in the first years of block copolymer templat-
ing has been mainly focused on amorphous silica as a
model case, one of the current scientific challenges is the
creation of mesoporous metal oxides whose pore walls are
entirely nanocrystalline. The reason for this is essentially
driven by their potential applications: crystalline oxides are
chemically, thermally, and mechanically more robust. In ad-
dition, oxide materials possess inherently interesting func-
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tionality, which is improved or is accessible by the introduc-
tion of mesopores. For instance, mesoporous, crystalline
TiO2 could be beneficial for various applications like solid-
state solar cells (“the Grätzel cell”)[25] or photocatalysis.[26]

In these applications, organized porosity would be helpful
to improve the contact between the oxide and other species
(e.g. the anode in case of solar cells). Another target is
heterogeneous catalysis, where it would be desirable to gen-
erate mesoporous metal oxides such as CeO2, ZrO2, or
V2O5.

The necessity of a high crystallinity imposes a severe
problem. It is evident that the soft, self-assembled struc-
tures of amphiphilic block copolymers (ABC) are not very
stable at the high temperatures needed for many crystalli-
zation processes of oxides. The use of preformed, soluble
metal oxide nanoparticles for casting evidently has certain
elegance because of the absence of a separate nucleation
step for the oxide, but is still restricted to some readily dis-
persable oxides.[16] This is why the most frequently em-
ployed strategy starts from molecular metal precursors such
as metal chlorides or alkoxides (e.g. TiCl4, CeCl3·7H2O,
etc.). Many metal oxide precursors are indeed available that
are amenable to sol–gel templating and are soluble in com-
mon solvents.

These precursors are then condensed, and nucleation and
crystallization as well as the removal of the template occur
concurrently and have to be dynamically balanced. This is
not simple, as crystal growth can severely disrupt the fragile,
soft ABC mesostructure, which would lead to pore collapse
and loss of mesostructural order. Therefore, usually quite
delicate and tedious heat-treatment procedures have to be
used to avoid mesostructural breakdown and to balance
condensation, crystallization, and calcination of the tem-
plate.

Previous experiments with classical templates gave highly
crystalline mesoporous oxides in only a few cases, in par-
ticular for TiO2.[27–30] In the majority of these studies the
materials showed either moderate crystallinity or significant
damage to the mesostructural regularity (pore shape and
porosity). A clever optimization of all these processes was
presented by Grosso et al., who developed an in situ experi-
ment to study the morphological changes by simultaneous
small- and wide-angle X-ray scattering (SAXS/WAXS),
leading to an improved understanding of the crystallization
and its interference with the imprinted mesostructure.[30c]

Using that technique, crystalline mesoporous anatase be-
came accessible with traditional templates.

Novel amphiphilic block copolymer templates helped to
improve the preparation of mesoporous TiO2 films[31] and
to extend these results also to other oxides of high chemical
relevance. This is on the one hand due to the ability of these
systems to self-assemble in a broader range of solvent sys-
tems: poly(ethylene-co-butylene)-b-poly(ethylene oxide)
(“KLE polymers”) is more robust and has more hydro-
phobic “contrast” than the commonly applied polymers of
the Pluronics family.[31b] Poly(isobutylene)-b-poly(ethylene
oxide) (PIB-b-PEO)[31a] is a similar template system with
improved templating properties and good accessibility.
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Secondly, due to their larger and chemically variable
molecular weight, the pore structure can be adopted to
match organic process parameters and properties, such as
the nanocrystal size. If an inorganic system shows a small
nucleation and fast growth-rate, the nanocrystals get rather
big under standard conditions and the targeted pore size
has to match the size of the accessible tectonic elements
to form the structure. In other cases, the desired physical
properties rely on a certain structural size, such as the exci-
ton or plasmon size. Anatase just keeps its favorable indi-
rect semiconductor properties at a size larger than 10 nm,
and making the structure finer does not contribute to per-
formance. For all those systems, the targeting of slightly
larger pore sizes (ca. 20 nm) is advised.

Thirdly, the chemical functionality of the inorganic-bind-
ing block can also, in principle, be adjusted, for example by
introduction of acetylacetoxy groups[32] or a variety of
other metal-complexing moieties, following the hard-soft-
acid-base (HSAB) principle.[33] Up to know, however, it has
been possible to address all practical questions with the
simple PEO binding block.

The final crystalline films are very homogeneous, crack-
free, and flat on the scale of some nanometers over macro-
scopic dimensions. This is nicely illustrated by high resolu-
tion SEM of the surface of such an optimized anatase film
(Figure 7). The depicted pores have a size of about 13 nm,
are open to the surface, and at some positions even the
three openings towards the lower cubic pore layer are vis-
ible. The overall flatness of this film (excluding pores) is
lower than 2 nm, as determined by atomic force microscopy
(AFM). It should be emphasized that these films show a
rather homogeneous spherical pore shape. The structure re-
sembles highly ordered inverse opal structures with respect
to the perfection of the mutual arrangement, thus proving
that crystal-like packing can also be achieved with block
copolymers.

Figure 7. HRSEM of a mesoporous crystalline anatase film indi-
cating the typical lyotropic liquid-crystalline arrangement of pores.
The pores have a cross-section of about 13 nm. Note that in some
pores the three entries to the lower layer of the cubically packed
pores are visible.

With these improved templates, various metal oxides
could be applied as highly crystalline coatings with high
structural regularity of the mesopores (spherical, size larger
than 12 nm).[34–36]

Beside the technically highly relevant anatase, ZrO2,
CeO2, and a variety of mixed intermediary ternary oxide
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mixtures of the two metals have also been synthesized (see
Figure 8).[34]

Figure 8. Crystalline, mesoporous CeO2 films prepared from mol-
ecular precursors (A),[34b] and mesoporous powder obtained from
preformed CeO2 nanoparticles (B).[16a] The selected-area electron
diffraction pattern (bottom part of B) proves the crystallinity of
the mesopore walls.

Those ceria/zirconia systems are interesting for various
applications. Compared to other metal oxides, ceria and zir-
conia are chemically and thermally extraordinarily stable
and are therefore used as catalyst supports and in ceramic
membranes for sensing and catalysis. Ceria has just one
polymorph (fluorite structure), and can switch easily be-
tween Ce4+ and Ce3+, balancing the charge difference with
oxygen vacancies. This distinct property makes cerium ox-
ide in the form of mesoporous layers an interesting candi-
date for solid-oxide fuel cells.

Porous crystalline films with very high thermal stability
and related crystallization temperatures, such as Al2O3

[35a]

and HfO2,[35b] have also been made. The case studies on
HfO2 had the advantage that removal of the template and
crystallization are thermally clearly separate processes.
Here, it could be demonstrated that the transformation of
the initial self-assembled composite, consisting of the block
copolymer and weakly condensed metal oxyhydrates, into
the final mesoporous, crystalline metal oxide proceeds
through the steps of inorganic condensation, template re-
moval, and final crystallization. WAXS/SAXS experiments
performed in situ during the heat treatment revealed that
the crystallization has to be adjusted to be a solid–solid
transformation from an almost completely dry, water-free,
amorphous metal oxide into its crystalline counterpart. It
is essential that the BC template is stable enough to support
the mesostructure up to a temperature (350–400 °C under
nitrogen) where the anhydrous and amorphous condensed
metal oxide species is formed.

As shown for Al2O3, a slightly higher structural size is
also favorable for the mechanical stability of the intermedi-
ary amorphous thin pore walls and the final thermal sta-
bility. Well organized γ-Al2O3 films were only accessible
when the pore size was increased to about 20 nm[35a] (Fig-
ure 9).

Furthermore, even such complex materials as perovskites
(e.g. BaTiO3, SrTiO3, and their substitution products) can
now be obtained as mesoporous films,[36] which is particu-
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Figure 9. Crystalline, mesoporous films of γ-Al2O3, heat-treated at
900 °C.[35a] A: Atomic force microscopy image. B: Selected-area
electron diffraction, underlining the polycrystalline character. C:
2D SAXS pattern obtained at a low angle of incidence with respect
to the substrate, proving the close to perfect orientation of the me-
sostructure in the z-direction.

larly interesting for a number of reasons (Figure 10). First,
such materials are more difficult to accomplish in the de-
sired stoichiometric composition by ordinary sol–gel meth-
ods. Secondly, the class of perovskites is linked to properties
such as ferroelectricity, piezoelectricity, adjustable
bandgaps, or even high-temperature superconductivity.[37]

Figure 10. Structural changes in mesoporous SrTiO3 perovskite
films upon transformation from the amorphous (a and b) to the
crystalline phase. The walls, in spite of the complex composition,
are nevertheless homogeneous and single crystalline. Scale bars
from left to right: 50 nm, 20 nm, and 10 nm.

For other oxide systems, such as Nb2O5, a newly emerg-
ing dynamic effect sets in. On a mesoscpic scale, these films
look quite similar to all the other previously described ones
(Figure 11). Both WAXS and electron diffraction, however,
show that the structure is built up by aligned single nano-
particles, that is, the nanoparticles “sense” their mutual or-
ganization and orient together in one energetically favorable
direction.[38] This effect also occurs for dense sol–gel films
made by similar protocols and has been called “soft epit-
axy”. It might become the basis for the generation of ori-
ented films by simple chemical coating means.
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Figure 11. Soft epitaxy of mesoporous niobium oxide made by
nanocasting: a) TEM of a porous film; b) electron diffraction of
the same area, indicating an epitaxial alignment of the formed
nanoparticles to the surface and each other; c) HRTEM of one
single pore supporting the rather high degree of mutual organiza-
tion.

The special functionality of crystalline oxide films has
been explored both for SnO2

[39] and WO3.[40] In the case of
SnO2, it was shown that the resulting porous thin-films are
conducting, which is a prerequisite for their use as sensors
and as electrodes. For WO3, reversible electrochromism,
which is the reversible change of the transparency of those
films with applied electric fields, has also been observed
(Figure 12). The switching time in these films is much
shorter than classical thin-films analogous to this structure
(already applied in switchable rear mirrors) as electrons
only have to be moved from the walls to the pore interior
(Figure 12).

Figure 12. Mesoporous WO3 (TEM, a) prepared with KLE block
copolymers shows improved electrochromic switching. b) The ab-
sorption at 450 nm as a function of applied voltage. The mesopo-
rous, crystalline mesostructure with its much higher surface area
and short transport paths leads to a much faster coloration and
decoloration than previous materials.

Very recently, some new approaches have been developed
that extend nanocasting in a even more general frame and
bypass some of the aforementioned problems. For instance,
in the method of Holmes and Watkins the films are exposed
to solutions of metal oxide precursors in supercritical
CO2.[41] This procedure has the advantage that capillary
forces are absent and that the films have higher temperature
stability because of the supercritical conditions. In separate
work, Chmelka et al. first cross-linked the mesophases of
block copolymers featuring additional double bonds,[42] and
then the inorganic precursor was infiltrated. This approach
reduces the disruption of the BC mesophase upon conden-
sation of the metal salts.

Wiesner and Gruner et al.[43] have used extended amphi-
philic dendrimers as templates, the self assembly of which
is also expected to be rather robust against variations of the
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environment. Another interesting approach was introduced
by Domen:[44] first, an amorphous mesoporous oxide is pre-
pared, which is then followed by carbon deposition inside
the pores, which acts as a temperature-stable scaffold. The
material is then crystallized at elevated temperature, where
the carbon prevents mesostructural collapse. Finally, the
carbon is oxidized by calcination in oxygen to generate the
pure inorganic scaffold.

4. Mesoporous Metals and Other
Semiconductors

Aside from mesoporous metal oxides, mesoporous ele-
mental metals, e.g. Pt, Pd, and Ni, have also been obtained
by block copolymer templating. In principle, mesoporous
metals are also accessible through the schematic principle
depicted in Figure 1. Similar to mesoporous oxides, in the
first step, reducible metal salts (PdCl2, H2PtCl6, etc.) are
distributed around the block copolymer domains. The prep-
aration of the corresponding metals is more delicate be-
cause of the additional reduction step, which can be per-
formed by electrodeposition (for instance on gold elec-
trodes) or chemically, for example with metallic Zn. A sec-
ond problem of these strategies is the high densification of
matter throughout metal formation.

The Attard group has reported the electrochemical prep-
aration of mesoporous metal electrodes (Figure 13, A),[45]

which could be interesting for various applications such as
fuel cells (Ni) or electrochemical hydrogenation of organic
species (Pd, Pt). Yamauchi et al.[46] have described the gen-
eration of mesostructured particles of Ni (Figure 13) and
Ni–Co alloys, partly by electroless methods, especially by
using organic reducing agents such as dimethylaminobo-
rane or sodium borohydride. Furthermore, Kucernak has
demonstrated that it is possible to obtain mesostructures of
otherwise inaccessible mesoporous “alloys” such as Pt/
Ru.[47] Such two-phase, mesostructured metal blends show
high promise for catalytic applications, such as in fuel cells.

Figure 13. Mesoporous Pt[45a] (A) and mesoporous Ni[46a] particles
(B).

Using oligomeric nonionic surfactants, even non-oxidic
semiconductors have been made. Stupp et al.[48] have been
able to mesostructure thin films of CdS, CdSe, and ZnS,
while for Ag2S, CuS, HgS, and PbS the same methodology
only resulted in compound films without mesoscopic fea-
tures. Nandhakumar et al.[49] have extended this approach
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to synthesize mesostructuted CdTe films with excellent op-
tical properties. As these experiments were already possible
with rather short oligomeric structures, it is expected that
the advantages of block copolymer templates can also be
transferred to these classes of inorganic materials.

Conclusion and Outlook

Nanocasting with block copolymer templates has turned
into a powerful instrument for generating inorganic materi-
als with mesostructure, porosity, and a high surface area,
as documented by the broad variety of new materials de-
scribed above. In nanocasting, the self-assembly of “soft”,
fragile matter is literally hard-copied into inorganic hard
matter, with all the advantageous properties resulting from
the inorganic world. Through the hard-copy approach, the
inorganic films are fitted out with the properties that make
them valuable for different areas of materials science, e.g.
chemical sensing, piezoelectricity, catalysis, electrochro-
mism, solar cells, light-emitting diodes, etc. All these appli-
cations benefit from an optimized mesostructure, conduc-
tion pathways, or addressed binary interface contacts.

It is our personal view that these new materials are the
first case where self-assembly will have a significant impact
on nanosciences, especially for diverse electrochemical ap-
plications where complex metal oxides are needed with high
surface areas. It is also very likely that various fields such
as electrochromism, batteries, and electrode materials will
benefit dramatically from progress in the preparation of
mesoporous inorganic materials and metals. However, there
are still some important challenges that hinder a broader
application of block copolymer templated mesostructures
in technical devices. For instance, for catalysis and elec-
trodes it would be desirable to prepare crystalline, mesopo-
rous metal oxides in the form of macroscopic monoliths,
which can also be obtained in arbitrary shapes. Moreover,
although various mesostructures have been obtained as
high quality thin films with thicknesses of up to several mi-
crometers, the preparation of much thicker layers is still a
problem. Such geometries are, however, needed for various
applications, for example for catalytically active coatings.

Another point of exploration and interest are hierarchi-
cal mesostructures with their expectedly superior transport
properties, because larger pores could serve as transport
pores, reduce back-pressure, and enhance diffusion. Such
hierarchical structures could, in principle, be obtained by
mixing the corresponding block copolymer micelles of dif-
ferent sizes. However, this build-up of hierarchically ar-
ranged micelles is not a trivial task because block copoly-
mers tend to form either mixed micelles or phase-separate
macroscopically.[50,51]

Furthermore, new types of block copolymer could open
up a new chapter in templating. So far, self-assembly has
mainly been carried out in close-to-aqueous systems. If tem-
plates were available that form self-organized lyotropic
structures in a variety of solvents, this would dramatically
facilitate processing and allow broader synthetic access to

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1111–11191118

other porous materials, in particular for substances which
are sensitive to water.

Evidently, in spite of the huge progress in the field of
block copolymer self-assembly, there are still fascinating
new opportunities for inorganic and materials chemistry,
which will, in our opinion, keep this area very active for the
next few years.
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High-pressure NMR mechanistic investigations into the pro-
moting role of dicarbonyldiiodoplatinum complex in the irid-
ium-catalysed carbonylation of methanol to acetic acid are
consistent with iodide abstraction from the [IrI3(CH3)(CO)2]–

resting state species by [PtI2(CO)2], unbolting the rate-limit-
ing migratory CO insertion step. A new [Ir–Pt] heterodimetal-

Introduction

Carbonylation of methanol is the major route to the pro-
duction of acetic acid, and the worldwide industrial manu-
facture associated with this homogeneous catalytic process
reaches 6·106 tons/year [Equation (1)]. This reaction in-
volves a complex mixture of reactants consisting of water,
acetic acid, methyl iodide, methyl acetate, hydroiodic acid,
and traces of propionic acid, from which methanol is absent
as it is immediately converted by HI into CH3I. Many ef-
forts have been aimed at the substitution of iridium for rho-
dium since the former tolerates low levels of water during
the reaction, saving operating costs in the separation step
of water from acetic acid.

(1)

Moreover, in the active species H[IrI2(CO)2] (1) the metal
centre is more nucleophilic than that in the homologous
rhodium precursor used in the Monsanto process,[1] so that
the rate of the first step of the catalytic cycle, the oxidative
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lic complex, which presumably represents the key species
involved in the abstraction of I–, has been characterised by
NMR in tandem with FAB-MS.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

addition of CH3I affording [IrI3(CH3)(CO)2]– (2), is largely
enhanced.[2] The subsequent step, the migratory CO inser-
tion leading to an Ir–acetyl species is so slow[3] that a pro-
cess based on iridium cannot be suitable for industrial ap-
plications. In 1994, Watson et al. discovered that addition
of ruthenium promoters to the iridium catalyst resulted in
a dramatic increase in catalytic activity,[4] and very recent
reports[5,6] have shown that this is due to the abstraction of
an iodo ligand from 2, allowing the rapid migratory inser-
tion of CO into the Ir–CH3 bond. The authors have pro-
posed an intermediate [Ir–Ru] heterodimetallic complex,
which has not been detected. In 1998, we patented the pro-
moting effect of platinum,[7] which gives performances com-
parable to the iridium/ruthenium system in terms of turn-
over frequencies (2500 h–1 for Ir–Pt and 2800 h–1 for Ir–
Ru, respectively, expressed with regard to Ir). For the two
dimetallic systems, maximum activities are found for water
concentrations close to 5 wt.-%, whereas the corresponding
value approaches 14 wt.-% for the Monsanto process.

We envisaged that in both cases the catalytic cycles could
present some common features. Thus, we undertook investi-
gations on the [Ir–Pt] system in order to obtain a deeper
insight into the nature of the intermediates that are formed
and are responsible for the iodide abstraction from 2. At
first, we decided to study the catalytic complex mixtures
by high-pressure NMR spectroscopy under conditions that
closely resemble those used in the industrial process. Rel-
evant pieces of information arise from the use of 13C-en-
riched reactants, such as 13CO, 13CH3

13COO13CH3, and
13CH3I in 13C and 195Pt NMR spectroscopy. Thus, we were
able to focus on every part of the catalytic cycle, using a
procedure that leads to the detection of the transition metal
complexes bearing carbonyl and methyl or acyl ligands. We
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present here our first mechanistic results based on high-
pressure NMR (13C, 1H, 195Pt) experiments. Moreover, in
order to characterise the short-lived complexes involved in
this process, we used the bis(triphenylphosphoranylidene)
[PPN]+ stabilising counterion and made observations at
room temperature by NMR in tandem with FAB-MS. The
new heterodimetallic species [IrI(CH3)(CO)2(µ-I)2PtI2(CO)]–

has been identified and its evolution monitored in solu-
tion.

The iridium complex 1 alone, initially studied by For-
ster[2] and Pannetier et al.,[8] is known to slowly catalyse the
carbonylation of methanol to acetic acid. In mixtures sim-
ilar to those employed industrially,[9] under 3 MPa and at
95 °C, we observed by high-pressure 13C NMR spec-
troscopy (100.6 MHz) the spontaneous formation of the

Table 1. NMR spectroscopic data for the species involved in the methanol carbonylation reaction.

Complex 13C NMR (δ/ppm) Products 13C NMR (δ/ppm)

PPN[IrI2(CO)2] (1) 169.9 (s, CO) AcOH 177.3 (s), 21.1 (q)
H[IrHI3(CO)2] 156.0 (s, CO) AcOMe 172 (s), 52 (q), 21 (q)
H[IrI4(CO)2] 151.3 (s, CO) MeI –25.0 (q)
H[IrI3Me(CO)2] (2) 157.1 (s, CO), –15.2 (q, JC,H = 141 Hz, CH3) MeOH 49.3 (q)
[IrI2Me(CO)3] (3) 146.9 (s, CO), –22.3 (q, JC,H = 140 Hz, CH3) CO2 125 (s)
H[IrI3(COMe)(CO)2] (4) 203.4 (s, COMe), 160.7 (s, CO), 50.6 (q, JC,H = 140 Hz, CH3) CO 185.4 (s)
H[PtI3(CO)] (6) 156.8 (s, d, JPt–C = 1649 Hz, CO) CH4 –4.2 (quint)
[PtI2(CO)2] (5) 154.5 (s, d, JPt–C = 1843 Hz, CO)

Figure 1. High-pressure 13C NMR of the [Ir] system (a) and the [Pt–Ir] system (b).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1121–11261122

methyliridium complex H[Ir(13CH3)I3(13CO)2] (2) together
with small amounts of the acyl species H[Ir(13CO13CH3)-
I3(13CO)2] (4) (see Table 1). As previously proposed by For-
ster from IR observations,[2] we confirm that under these
conditions the resting state is the methyl complex 2, which
is characterised by signals at δ = 157.1 (s, CO), –15.2 [q,
1J(C,H) = 141 Hz, CH3] ppm. These NMR values are very
close to those for [PPN][Ir(CH3)I3(CO)2], which was char-
acterised by X-ray crystallography.[10] Small amounts of
CO2 were also detected, resulting from the water gas shift
side reaction (WGSR). In addition, some CH4 was detected.
Evidence of occurrence of the WGSR was provided by the
presence of H[IrHI3(CO)2] and H[IrI4(CO)2], as shown by
the relevant NMR spectroscopic data. The low activity of
2 was also shown by the low consumption of 13CO and
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13CH3I.[11] Thus, in the absence of any stabilising counter-
ion, we have established the nature of the catalytic species
that present the longest life-times.

Subsequently, our studies focused on the accelerating ef-
fect of platinum promoters on the iridium system. Under
3 MPa (13CO/12CO = 1:3) and at 95 °C in a high-pressure
NMR sapphire tube, addition to the catalytic iridium mix-
ture of [PtI2(CO)2] (5), which is the stable species formed

Figure 2. 13C NMR spectroscopic data for the [Ir–Pt]/methanol carbonylation system.

Figure 3. Proposed catalytic cycle for the [Ir–Pt] system.
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from [Pt2I2(µ-I)2(CO)2] under CO, led to a significant in-
crease in the carbonylation rate. In batch experiments using
a Hastelloy reactor, we obtained a carbonylation rate
(based on the transformation of AcOMe into acetic acid)
of 16 molL–1 h–1 with iridium alone, compared to
35 molL–1 h–1 after addition of [PtI2(CO)]2 (Pt/Ir = 3:7).
13C NMR spectra led to observe the change in the concen-
tration of the organic compounds during the catalytic runs
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and particularly the intensity ratio between the signals of
acetic acid and methyl iodide. We have charged two high-
pressure NMR tubes with IrI3.4, 13CH3I (10wt.-%), AcOMe
(20wt.-%), H2O (6wt.-%) and AcOH (64wt.-%) under
30 bar of a mixture of 13CO/12CO, one tube containing only
IrI3.4 salt (a) and the other containing the mixture of IrI3.4

and [PtI2(CO)]2 (b). After 3 h at 86 °C, we can compare
(Figure 1) the relative intensity ratios of the two signals of
13CH3I/AcOH and conclude that a larger amount (around
two times) of 13CH3I was consumed[11] with the [Ir–Pt] sys-
tem than with the iridium catalyst only. Under these condi-
tions, we observed the presence of H[PtI3(CO)] (6) and the
signals corresponding to the iridium complexes 2 and 4 in
significant amounts[12] (Figure 2).

The role of platinum is mainly to assist the formation of
the species [IrI2(CH3)(CO)3] (3), in which the electron
density on the iridium atom is reduced; migratory CO inser-
tion can then occur more rapidly to produce 4. In separate
experiments we checked that platinum indeed acts as a real
co-catalyst, since application of 3 MPa of CO exerted on 6
provides 5 again, whereas such a platinum species alone

Figure 4. Detection of [IrI(CH3)(CO)2(µ-I)2PtI2(CO)]– and [Ir2I4(µ-I)(CH3)2(CO)4]– by tandem NMR and FAB/MS experiments:
top (Ir/Pt = 9.5:1), bottom (Ir/Pt = 5.3:1).
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does not catalyse the carbonylation reaction. Finally, re-
ductive elimination of acyl iodide from 4 regenerates 1 (Fig-
ure 3).

In order to obtain a clear view of this dimetallic process,
we decided to decrease the reaction rate by performing the
experiments under ambient conditions and by using the
[PPN]+ stabilising counterion under nitrogen. A number of
1H NMR (250 MHz, CD2Cl2, 25 °C) spectra were recorded
while varying the Ir/Pt molar ratio. Addition of [Pt2I2(µ-I)2-
(CO)2] to a dichloromethane solution of 2-PPN provided
several signals at δ = 2.36, 2.28, 2.14, 2.09, 1.90 and
1.85 ppm (Figure 4). At low platinum concentrations (Ir/Pt
= 9.5:1), the signal at δ = 2.14 ppm is assigned to unreacted
2-PPN. We may tentatively assign the peak at δ = 2.09 ppm
to the solvated neutral species [IrI2(CH3)(CO)2(solv)], in
which the coordinated solvent could be CD2Cl2. Indeed,
iridium() complexes containing coordinated CH2Cl2 have
been reported previously.[13] At higher platinum concentra-
tions (Ir/Pt = 5.3:1), significant amounts of the two isomers
of [Ir2I2(µ-I)2(CH3)2(CO)4] were detected at δ = 1.90 and
1.85 ppm.[10]
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Scheme 1. Reaction route leading to Ir2-bridged species through the intermediate formation of an [Ir–Pt] dimetallic moiety (from 2 and
[Pt2I2(µ-I)2(CO)2]).

As already stated, two additional 1H NMR signals ap-
peared at δ = 2.36 and 2.28 ppm, whose relative intensities
vary with the Ir/Pt molar ratio. In order to assign these two
signals, for the given Ir/Pt ratios, we recorded 1H NMR
spectra in tandem (analysed from the same sample) with
FAB/MS experiments. Representative examples are shown
in Figure 4. For an Ir/Pt = 5.3:1 molar ratio, two anionic
complexes were detected at m/z = 1121 and 1161. The for-
mer molecular peak corresponds to the anionic heterodime-
tallic complex [IrI(CH3)(CO)2(µ-I)2PtI2(CO)]–. The latter is
consistent with the formulation [Ir2I4(µ-I)(CH3)2(CO)4]–,
which was previously suggested as an intermediate in the
[Ir–Ru] system.[5] In a second representative run, for an Ir/
Pt = 9.5:1 molar ratio, the peak at m/z = 1121 in the FAB/
MS spectra, as well as the signal at δ = 2.36 ppm in the
1H NMR spectra disappeared nearly completely. Thus, the
signal at δ = 2.28 ppm can be unambiguously assigned to
the complex [Ir2I4(µ-I)(CH3)2(CO)4]–. Additionally, 13C
NMR spectra reveal the signals of [Ir2I4(µ-I)(CH3)2(CO)4]–

at δ = 154.68 ppm (s, CO), –14.83 ppm (q, JC,H = 141 Hz,
CH3) and two new carbonyl signals that correspond to
[IrI(CH3)(CO)2(µ-I)2PtI2(CO)]–. The CO ligand coordi-
nated to Pt gives a signal at δ = 154.9 ppm (s, CO) with its
satellites characterised by a doublet (1JPt,C = 1650 Hz, CO).
The other carbonyl signal at δ = 155.4 ppm (no coupling
constant) is assigned to the two CO ligands coordinated to
the iridium atom. The quadruplet at δ = –14.2 (q, 1JC,H =
141 Hz, CH3) ppm shows no coupling between 13C and
195Pt and is presumably due to the CH3 ligand coordinated
to the iridium atom. The 195Pt NMR spectra show a new
signal at δ = –5462 (s, + satellites d, 1JPt,C = 1650 Hz, CO)
ppm, together with a signal of [PtI3(CO)]– at δ = –5460 (s,
+ satellites d, 1JPt,C = 1759 Hz, CO) ppm. Scheme 1 sum-
marises the reaction pathway for the formation and the
evolution of the mixed [Ir–Pt] complex. Under CO, the [Ir–
Pt] system leads very quickly to the two complexes 3 and 6.

This work presents circumstantial evidence that the main
role of the platinum promoter during the iridium-catalysed
carbonylation of methanol is to abstract an iodo ligand
from [IrI3(CH3)(CO)2]– (2) through the formation of the
heterodimetallic [IrI(CH3)(CO)2(µ-I)2PtI2(CO)]– intermedi-
ate species.
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Experimental Section
Synthesis of the Iridium Complexes: The synthesis of the iridium
complexes has been previously reported.[10]

Synthesis of the Platinum Complexes

[PtI2(CO)2] (5) and [PtI2(CO)]2 (5�): [Pt(CO)2I2] was prepared by
addition of PtI2 (2 g, 4.45 mmol) in an autoclave containing hexane
(125 mL). The mixture was pressurised with CO (12 bar) and
stirred at 75 °C for 1 h. The solution was cooled in the reactor
under CO (1 bar). 1.69 g (80% yield) of a red solid was obtained
and dried under reduced pressure, which corresponds to [PtI2(CO)]2.
Under CO, this compound leads to [PtI2(CO)2] in 100% yield.
[PtI2(CO)]2: IR (CH2Cl2): ν̃ = 2111 (CO) cm–1. 13C NMR
(CD2Cl2): δ = 154.5 (s, 1JPt–C = 1843 Hz, CO) ppm. 195Pt NMR
(CD2Cl2): δ = –5328 (1JPt–C = 1843 Hz) ppm. [PtI2(CO)2]: IR
(CH2Cl2): ν̃ = 2127 (CO) cm–1. 13C NMR (CD2Cl2): δ = 166 (s,
1JPt–C = 1466 Hz, CO) ppm. 195Pt NMR (CD2Cl2): δ = –5790
(1JPt–C = 1466 Hz) ppm.

[PPN][PtI3(CO)] (6-PPN): [PtI2(CO)]2 (1 g, 1.05 mmol) was dis-
solved in dichloromethane (50 mL), and HI (0.26 g, 2.10 mmol)
was added to give rapidly, at room temperature, the complex
H[PtI3(CO)]. Then, [PPN]Cl (1.20 g, 2.10 mmol) was added to the
solution. The solvent was removed under vacuum to give a yellow
product. Crystallisation of this compound in CH2Cl2/hexane (1:1)
gave yellow crystals of [PPN][PtI3(CO)] (1.08 g, 45%). IR
(CH2Cl2): ν̃ = 2075 (CO) cm–1. 13C NMR (CD2Cl2): δ = 152.8 (s,
1JPt–C = 1759 Hz, CO) ppm. 195Pt NMR (CD2Cl2): δ = –5460
(1JPt–C = 1759 Hz). MS (FAB–): m/z = 603.
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The structure determination of the molecular Cu-Sb alloy
[Cu28Sb12(PEt3)12{Sb(SiMe3)2}2] was performed by DFT-as-
sisted X-ray crystallography, a powerful combination of
methods, widely applicable.

Introduction

Recently, some of our interests have been focused on the
synthesis of Cu–Sb clusters and their structural analysis.[1,2]

For the synthesis of conventional CuI–Sb complexes, CuI

salts are treated with tertiary stibane ligands to produce
coordination compounds analogous to thoroughly investi-
gated [CuIX·PR3] (R = organic group, X = anion) com-
plexes.[3] A remarkable achievement in the area of Cu–Sb
compounds represents the synthesis of the thermally un-
stable first copper() antimonide complex [Mes2SbCu-
(PMe3)2]2 (Mes = 2,4,6-trimethylphenyl) by the metathesis
reaction of Mes2SbLi with CuCl.[4] A different approach to
the syntheses of copper() antimonides involves the reaction
of Sb(SiMe3)3 with CuI salts in the presence of tertiary
phosphanes. As results from these studies, a series of Cu–
Sb cluster complexes {e.g., [Cu10(Sb3)2(SbSiMe3)2(dppm)6],
[Cu17Sb8(dppm)7], and [Cu20Sb10(PCy3)8] [dppm = 1,2-
bis(diphenylphosphanyl)methane, Cy = cyclohexyl]} was
obtained and structurally characterised.[1,2] A common fea-
ture of the majority of clusters produced in these reactions
are the unexpected ratios of Cu/Sb. This is illustrated by
[Cu20Sb10(PCy3)8], where physical measurements showed
that the concept of oxidation numbers can no longer be
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applied and that they are instead best described as molecu-
lar sections of Cu–Sb alloys.[1] Investigations in this field so
far showed a preference for copper–antimony compounds
with Cu/Sb = 2:1, a ratio which is observed in the η-phase
of the rather complex Cu–Sb phase diagram.[5,6] The struc-
tural analysis of these complexes has proven to be imposs-
ible by X-ray crystallography alone, but the solid-state
structure of [Cu45Sb16(PEt2Me)16], the largest representa-
tive of molecular Cu–Sb alloys, was possible by a combined
approach of DFT calculations and X-ray crystallography.[2]

Results and Discussion

Here we describe the so far best example of DFT-assisted
X-ray crystallography in the Cu–Sb alloy system, which is,
due to the structural diversity, predestined for future discov-
eries in this field. The reaction of CuOAc and Sb(SiMe3)3

(ratio 1:1) in the presence of PEt3 produces the Cu–Sb clus-
ter [Cu28Sb12(PEt3)12{Sb(SiMe3)2}2] (1) (Scheme 1).

Scheme 1. Synthesis of 1.

The initial X-ray structural analysis of black crystals of
1 led to problems with the atom assignment of Cu(5,10,17)
and Sb(6,8,10) and their symmetry equivalents, indicated
by unusual thermal parameters. All other atoms could be
unequivocally identified. Figure 1 represents the refined
structural model of 1 based on results obtained from DFT
calculations.
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Figure 1. Molecular structure of 1. Et groups and bonds to the
inner [Cu8] unit and solvent have been omitted for clarity. Selected
ranges of bond lengths [Å]: Cu–Sb 2.5322(11)–3.109(11), Cu–P
2.213(2)–2.228(2), Sb(4)–Si(1) 2.542(3), Sb(4)–Si(2) 2.547(3), short
Cu–Cu distances observed in the inner [Cu8] unit 2.410(1), 2.476(1).

The DFT study was carried out to allow reliable assign-
ment of atom types to the positions in question
[Cu(5,10,17), Sb(6,8,10) and symmetry equivalents]. All cal-
culations were performed with the TURBOMOLE program
package[7] by employing the BP86 functional with the very
efficient MARI-J approximation,[8] and recently developed
TZVP basis sets.[9] For P–Me and –Et smaller basis sets
were used. The number of contracted basis functions is as
follows: Sb [6s5p3d2f], Cu [6s4p4d1f], Si [5s5p2d1f], P
[5s5p2d1f], C [5s3p1d], and H [2s]. The core electrons 1s to
3d of Sb (28 electrons) were modeled by a small-core ECP
(Effective Core Potential), taking into account scalar rela-
tivistic effects.[10] The results of these calculations give a
clear preference to six-membered [CuSb]3 rings (indicated
by open bonds in Figure 1) over Cu6, Sb6, Cu4Sb2, Cu2Sb4,
and permutations thereof. [CuSb]3 rings, however, can be in
different orientations relative to each other (Scheme 2).

The calculated structures of 1 and a conformer (gener-
ated by the exchange of all Cu and Sb positions within
slightly puckered six-membered rings) are equally stable (∆
= 4 kJ/mol) and fit with a structure solution of X-ray crys-
tallographic data, based on these DFT suggestions. The cal-
culated structure of the acentric isomer of 1 (Scheme 2,
right) is 28 kJ/mol more stable than calculated 1 but shows
larger deviations of Cu–Sb bond lengths and would require
lower crystallographic symmetry. Although an acentric
structure of 1 was initially ruled out when refinement of a
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Scheme 2. Relative arrangement of [CuSb]3 rings in 1 and its iso-
mer.

structural model in the space group P21 did not indicate a
preference for Cu or Sb on any site in the highlighted six-
membered [CuSb]3 rings (Figure 1; Scheme 2, right), the
findings of DFT calculations and X-ray crystallographic re-
sults are not contradictory and point towards individual
acentric cluster molecules with a 50:50 distribution. This
results in a pseudo-centrosymmetric solid-state structure of
1 representing the average composition rather than an indi-
vidual molecule. Based on these considerations, the struc-
ture of 1 and its conformer was solved and refined in the
space group P21/n. Atomic positions within the six-mem-
bered rings were refined with 50% occupancy of both Cu
and Sb. The solid-state structure of 1 (Figure 1) consists of
a central hexagonal-bipyramidal arrangement of Cu atoms
surrounded by a distorted icosahedral arrangement of Sb
atoms and an additional layer of a capped hexagonal prism
of 14 Cu atoms (Figure 2).

Figure 2. Polyhedral model of the cluster core found in 1 (Sb black,
Cu grey).

Over six of the twelve trigonal faces of the hexagonal-
prismatic arrangement Cu atoms are located, which form
the crucial six-membered [CuSb]3 rings together with two
Sb3 faces of the icosahedral arrangement of the Sb atoms
(Figures 1 and 2). Cu atoms in the hexagonal prism are co-
ordinated by P atoms of PEt3 ligands [Cu–P 2.213(2)–
2.228(2) Å], whilst two [Sb(SiMe3)2] ligands coordinate the
two capping Cu atoms [Cu(14) and its symmetry-equivalent
atom].
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Conclusion

The exchange of lattice positions in other copper–transi-
tion metal compounds is well known.[11] Indications for sta-
tistical occupation of atomic positions in a molecular Cu–
Sb alloy (resulting here in the cocrystallisation of two con-
formers), however, are in this case to the best of our knowl-
edge observed for the first time. An increasing number of
copper and antimony atoms in metal clusters could lead to
even more challenging structural analyses of these species
and will propagate the use of DFT methods where conven-
tional X-ray crystallography on its own fails to give con-
vincing results.

Experimental Section

General Remarks: All operations were carried out under purified
nitrogen. Hexane and diethyl ether were dried with LiAlH4 and
freshly distilled. PEt3, Sb(SiMe3)3, and CuOAc were prepared ac-
cording to published procedures.[12]

Synthesis of 1: CuOAc (0.24 g, 2.00 mmol) was dissolved in Et2O
(8 mL) and PEt3 (0.56 mL, 4.00 mmol). The yellow solution was
cooled to –78 °C and Sb(SiMe3)3 (2.91 mL, 2.00 mmol, 0.31  in
hexane) was added. The brown reaction mixture was stored at
–78 °C for 12 h and was then warmed up to –8 °C and stored for
four weeks. Black crystals of 1 were isolated (0.08 g, 21%), but
decomposed at room temperature, precluding elemental analysis. 1
is insoluble in ethereal solvents and hydrocarbons.

X-ray Crystallographic Study of 1: Crystallography data for the
compound were collected with a Stoe IPDS II diffractometer by
using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å).
The structure was solved by direct methods and refined by full-
matrix least squares on F2 (all data) using the SHELXTL software
package.[13] Hydrogen atoms were placed in calculated positions,
non-hydrogen atoms were assigned anisotropic thermal parameters.
C92H238Cu28O2P12Sb14Si4; M = 5342.42; monoclinic, space group
P21/n; Z = 4; a = 19.0392(5) Å, b = 22.0502(6) Å, c = 19.4760(5) Å,
β = 97.145(2)°; V = 8112.9(4) Å3; T = 120(2) K; F(000) = 5132;
Dcalcd. = 2.187 g cm–3; 52524 reflections measured, of which 17705
were unique (Rint = 0.0689); 455 parameters; final wR2 = 0.1572
(all data); R1 = 0.0588 [I � 2σ(I)]; largest difference peak/hole =
3.554/–3.273°e·Å–3; disordered components were refined with iso-
tropic thermal parameters. A numerical absorption correction was
performed. CCDC-281468 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of

Eur. J. Inorg. Chem. 2006, 1127–1129 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1129

charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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New cationic organoiron(II) pyranylideneacetaldehyde hy-
drazone complexes were prepared in high yields through
condensation reactions of the organometallic hydrazine pre-
cursor [CpFe(η6-p-MeC6H4NHNH2)]+PF6

– with differently
substituted α- and γ-pyranylideneacetaldehydes. The mono-
nuclear hydrazones were stereoselectively obtained as their
(E) isomers about the N=C double bond. All the new com-
pounds were thoroughly characterized by a combination of
elemental analysis and spectroscopic techniques (1H and 13C
NMR, IR, and UV/Vis), and by a single-crystal X-ray diffrac-
tion analysis of the 2-tBu-chromene derivative 5. The spec-
troscopic data suggest that these complexes have a partial
pyrylium character due to the electron-accepting ability of

Introduction

The electron-donating and -accepting capabilities of or-
ganoligand–metal fragments have been successfully applied
in the design and development of highly efficient dipolar
chromophores in order to achieve high second-order non-
linear optical (NLO) responses.[1] This has led to a growing
development of organometallic push–pull rod-shaped oligo-
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the cationic organometallic fragment and to the electron-re-
leasing properties of the methylenepyran-based donor. The
crystal structure of 5 shows that the η6-coordinated tolyl ring
and the pyran ring are coplanar (dihedral angle 3.2°), a favor-
able situation that allows conjugation between the intracyclic
oxygen atom and the cationic iron center through the entire
hydrazone backbone. Compounds 4–6 are strongly polarized
D–π–A systems that exhibit solvatochromic properties, low-
lying intramolecular charge-transfer bands in their electronic
absorption spectra, and enhanced second-order NLO proper-
ties (µβ), as measured by the EFISH technique at 1.907 µm.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

mers, mainly ferrocene-based donor–acceptor materials,[2]

and, in particular, those incorporating a cationic acceptor
subunit have demonstrated good second-harmonic genera-
tion (SHG) efficiency.[3,4] The potentially attractive NLO
properties of ferrocene-based complexes are coupled with
good thermal and photochemical stability,[5] excellent do-
nor capability,[6] and redox-switching abilities.[7] On the
other hand, the cationic isolobal electron-acceptor counter-
parts of ferrocene, namely the robust mixed-sandwich deriv-
atives [CpFe(η6-arene)]+,[8] have also been the subject of in-
tense investigations within the domains of arene function-
alization,[9] electron transfer and redox processes,[10] photo-
chemistry,[11] and, in one case, as an organometallic chro-
mophore to achieve second-order NLO responses.[12] Along
this line, some of us have thoroughly investigated organo-
metallic dipolar chromophores in which the electron-with-
drawing cationic organometallic fragment [CpFe(η6-arene)]+

(A) is connected to a potent donating organic[13] or ferro-
cenyl[14] subunit (D) by an asymmetric –NR–N=CR– (R =
H, Me) hydrazone conjugated bridge (π), and have shown
that in such D–π–A-type systems an effective electron delo-
calization or electronic interaction between the electron-do-
nating and -accepting termini takes place through the entire
hydrazone skeleton. Others of us have recently reported on
donor–acceptor pentacarbonylmetal methylenepyran Fi-
scher-type methoxycarbene complexes (metal = Cr, W).[15]
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These complexes, which have a pyrylium character owing
to the π-electron-accepting ability of the carbene fragment
and to the electron-releasing properties of the methylenepy-
ran core, exhibit a large first hyperpolarisability µβ, as mea-
sured by the electric-field-induced-second-harmonic (EF-
ISH) generation technique.[16] These facts, and the results
of a recent theoretical study, which focused attention on the
importance of pyrylium–methylenepyran duality for NLO
purposes,[17] prompted us to investigate new push–pull
structures that combine an ionic iron acceptor with a meth-
ylenepyran group, which should act as electron donors be-
cause of the aromaticity gain upon electron delocalization
of the heterocyclic oxygen lone-pair (Scheme 1).

Scheme 1. Resonance forms for the methylenepyran–pyrylium me-
somers.

For this purpose, we have chosen three archetypal pyran-
ylideneacetaldehyde-type structures where the pyranyl ring
is substituted at positions 2,6 (1) and 4,6 (3), or fused with a
six-membered ring (2), as depicted in Figure 1. The present
contribution reports on the preparation and full spectro-
scopic characterization (IR, UV/Vis, 1H, and 13C NMR) of

Figure 1. Substituted α- and γ-pyranylideneacetaldehydes used in
this work and their labelling scheme.

Scheme 2. Preparation of complexes 4–6.
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the resulting new mononuclear complexes 4–6, in which a
substituted α- or γ-methylenepyran fragment is attached to
a [CpFe(η6-p-tolylhydrazone)]+ moiety (the structural for-
mulae of complexes 4–6 are given in Scheme 2), the crystal
and molecular structures of the benzopyran derivative 5 to
gain insight into influence of the electron-withdrawing or-
ganometallic group on the geometry of D–π–A systems,
and finally the second-order NLO properties of these three
compounds by measuring the second-harmonic generation
efficiency, µβ, by the EFISH generation technique.

Results and Discussion

Syntheses and Spectroscopic Characterization

The new mononuclear chromophores 4–6 were success-
fully prepared by a condensation reaction of the ionic orga-
nometallic hydrazine precursor [CpFe(η6-p-MeC6H4-
NHNH2)]+PF6

– with the γ-pyranylideneacetaldehydes 1
and 2, and the α-pyranylideneacetaldehyde 3 (see Figure 1),
respectively, in ethanol solution (Scheme 2). The three com-
plexes were isolated as orange (4), reddish-brown (5), and
dark-violet (6) microcrystalline solids, in excellent yields of
between 74 and 89% after recrystallization from a dichloro-
methane/diethyl ether mixture. All three mononuclear spe-
cies display good thermal stability in air. Compound 6 has
the same intense dark color as the methylenepyran Fischer-
type carbene derivatives.[15a] Complexes 4–6 exhibit a good
solubility in common polar organic solvents, but are insolu-
ble in diethyl ether, hydrocarbons, and water. Their struc-
tures were inferred from satisfactory elemental analysis, 1H
and 13C NMR, IR, and UV/Vis spectroscopy, and addition-
ally, in the case of complex 5, by an X-ray diffraction
analysis (vide infra).

The solid-state IR spectra of compounds 4–6 exhibit the
three typical features we have previously observed for re-
lated mononuclear organometallic hydrazones.[13] These
are: (i) a weak to medium ν(N–H) stretching vibration at
about 3320 cm–1, (ii) a sharp intense band at about
1565 cm–1 attributed to the asymmetric ν(C=N) stretching
vibration, and (iii) a splitting of the very strong ν(PF6) band
at about 845 and 828 cm–1 and a sharp and strong δ(P–F)
band at around 557 cm–1. In addition, the IR spectra show
weak bands in the 1640–1590 cm–1 region assigned to the
ν(C=C) stretching mode of the methylenepyran frag-
ment.[18]

Interestingly, the organoiron hydrazones 4–6 are formed
stereoselectively as the sterically less hindered (E) isomer
(about the N=C double bond), as indicated by the unique
set of signals in their 1H and 13C NMR spectra (see Exp.
Sect.), and definitively assigned from the structural analysis
of complex 5 (see below). In the 1H NMR spectra of all the
compounds, the sandwich moiety [CpFe(η6-p-MeC6H4–)]+

is clearly identified by the characteristic sharp singlets of
the Cp and p-methyl tolyl proton resonances observed at δ
� 5.00 and 2.48 ppm, respectively. In addition, the upfield-
shifted signals of the aromatic protons of the coordinated
C6 ring (δ � 6.20 ppm), the doublet (δ = 8.15–8.37, 3JH,H
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� 10 Hz) assigned to the deshielded imine proton, and the
low-field position (δ = 9.21–9.48 ppm) of the acidic benzylic
N–H signal appear in their expected regions.[13,14] On the
other hand, the vinylic 3-H resonance of the methylenepy-
ran core (see Figure 1 for labelling scheme), which is com-
mon to the three compounds under investigation, appears
as a doublet (4JH,H = 2.0 Hz) for 4 and as a singlet for 5
and 6, at δ = 6.24, 6.38, and 6.85, respectively. Like the 3-
H signal, 5-H also appears as a singlet, which strongly indi-
cates that compound 6 is isolated as a single isomer about
the C-2=C(exocyclic) double bond, even though the start-
ing pyranic aldehyde 3 is a mixture of (Z) and (E) iso-
mers.[19] However, the formation of a minor isomer, the
population of which is too low to be detected by 300 MHz
NMR spectroscopy, cannot be ruled out. It should be noted
that the 1H NMR spectrum was recorded after recrystalli-
zation of the compound and that both isomers have indeed
been spectroscopically characterized for a related Fischer-
type carbene complex derived from the same mixture of
aldehydes.[20]

Consistent with the proposed structure, the 13C NMR
spectra of complexes 4–6 exhibit the expected characteristic
sharp resonances for the C5 ring and the p-Me substituent
of the sandwich fragments at δ � 76 and 19 ppm, respec-
tively. The two carbon atoms linked to a nitrogen atom ap-
pear as broad signals at lower field, with the imine carbon
signal at δ � 143 ppm and the coordinated Cipso signal at δ
� 120 ppm. This latter value suggests a partial C–N mul-
tiple-bond character, in agreement with the findings of the
crystallographic study (see below). The carbon signals of
the coordinated C6 ring are shifted upfield relative to those
of the free benzo and phenyl rings of compounds 5 and 6,
respectively. In addition, the three types of methylenepyran
frameworks exhibit five resonances assigned to five types of
skeletal carbon atoms. Molecule 4, for example, shows the
quaternary C-2, C-4, and C-6 carbon atoms as peaks at δ
= 164.67, 134.86, and 163.91 ppm, respectively, with the vi-
nylic C-3 and C-5 signals at δ = 98.04 and 104.35 ppm,
respectively, and the exocyclic carbon signal at δ =
106.45 ppm. Moreover, the tert-butyl carbon atoms show
up as two sets of two closely spaced singlets at δ = 27.09
and 27.13 and 35.16 and 35.47 ppm for the methyl and the
quaternary carbon atoms, respectively.

The 1H NMR chemical shift of the 3-H proton has pre-
viously been taken as a criterion for the degree of pyrylium
character.[21] In general, as the contribution of the pyrylium
resonance form contributes more to the ground-state struc-
ture of a compound, the chemical shift of the signal of the
hydrogen atom in the 3-position tends to shift downfield.
Thus, from comparison of the observed 3-H chemical-shift
values of compounds 4–6 with those, more deshielded (see
Exp. Sect. and Tables S1 and S2), of unsaturated Fischer-
type carbene complexes bearing an α- and γ-methylenepy-
ran or γ-methylenebenzopyran group, namely [(OC)5-
W=C(OMe)(CH=CH)nCH=(pyran)] (n = 0–2),[15,20] it
seems that the sandwich molecules 4–6 have a lower pyryl-
ium or benzopyrylium character. This trend is also con-
firmed by the 13C NMR spectroscopic data (Tables S1 and

Eur. J. Inorg. Chem. 2006, 1131–1138 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1133

S2). This would suggest that the [CpFe(η6-p-tolyl)]+ moie-
ties have a lower electron-withdrawing ability than the
[(OC)5W=C(OMe)] carbene fragment. However, a decrease
of the electronic transmission between the ends of the mole-
cule through the NH–N=CH spacer should also be consid-
ered.

X-ray Crystal Structure

The molecular structure of the cationic organometallic
moiety 5+, along with the atom-labelling scheme, is pre-
sented in Figure 2. Selected bond lengths and angles are
listed in Table 1, and details of data collection and refine-
ment are provided in the Exp. Sect. Compound 5 crys-
tallizes in the monoclinic space group P21/n with four mole-
cules in the unit cell. In the mixed-sandwich fragment, the
iron atom is coordinated to the cyclopentadienyl ring at a
ring centroid–iron distance of 1.654 Å, and to the tolyl ring
at a ring centroid–iron distance of 1.554 Å. The carbocyclic
rings coordinated to the iron center are essentially parallel
to one another (deviation of 4.10°), which gives rise to a
ring centroid–iron–ring centroid angle of 177.2°. These met-
rical parameters, together with those listed in Table 1, are
similar to those we have already reported for related mono-
nuclear hydrazone complexes,[13] and are typical of an η5-
FeII-η6 metallocene-type coordination.[22] More interest-
ingly, the coordinated tolyl ring and the pyran ring, as well
as the two six-membered rings of the benzopyran subunit,
are coplanar (dihedral angles 3.2° and 1.4°, respectively), a
situation which allows conjugation between the intracyclic
oxygen atom and the cationic iron center through the entire
hydrazone backbone.

Figure 2. Molecular structure and atom-numbering scheme for
5·CH2Cl2. Hydrogen atoms, the PF6

– counteranion, one of the dis-
ordered positions of the tert-butyl substituent, and the solvent
molecule have been omitted for clarity. Displacement ellipsoids are
at the 30% probability level.

A close inspection of Table 1 reveals characteristic struc-
tural features provoked by the electron-withdrawing CpFe+

moiety on the η6-coordinated arylhydrazone ligand. Thus,
the Fe(1)–C(6) bond [2.198(6) Å] is longer than the mean
value of the other five Fe(1)–C(C6 ring) bonds (2.048 Å).
This elongation (0.15 Å) is a consequence of a partial delo-
calization of the benzylic nitrogen electron lone-pair toward
the cationic mixed-sandwich moiety, and is reflected by (i)
a depyramidalization of the N(1) atom, with idealized bond
angles at this sp2-hybridized nitrogen atom [C(6)–N(1)–
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Table 1. Selected bond lengths [Å] and angles [°] for 5·CH2Cl2.

Fe(1)–C(6) 2.198(6) C(6)–N(1) 1.342(7)
Fe(1)–C(7) 2.087(6) N(1)–N(2) 1.357(7)
Fe(1)–C(8) 2.044(6) N(2)–C(13) 1.280(7)
Fe(1)–C(9) 2.065(6) C(13)–C(14) 1.425(8)
Fe(1)–C(11) 2.040(6) C(14)–C(15) 1.354(8)
Fe(1)–C(12) 2.083(6) C(15)–C(16) 1.446(8)
Fe(1)–C(1–5)av. 2.061 C(15)–C(23) 1.455(8)
O(1)–C(17) 1.372(7) C(16)–C(17) 1.309(8)
O(1)–C(18) 1.383(7) C(18)–C(23) 1.381(8)
C(6)–C(7) 1.410(8) C(6)–C(12) 1.410(8)
C(7)–C(8) 1.398(8) C(8)-C(9) 1.366(8)
C(9)–C(11) 1.395(8) C(11)–C(12) 1.389(8)
C(6)–N(1)–N(2) 120.7(5) N(1)–N(2)–C(13) 115.7(6)
N(2)–C(13)–C(14) 121.9(6) C(13)–C(14)–C(15) 126.2(6)
C(14)–C(15)–C(16) 122.7(6) C(14)–C(15)–C(23) 123.3(6)
O(1)–C(17)–C(16) 122.4(6) O(1)–C(18)–C(23) 122.0(5)
C(17)–O(1)–C(18) 118.3(5)

N(2) = 120.7(5)°], (ii) a C(6)–N(1) bond length of
1.342(7) Å, which is intermediate between a single and a
double carbon–nitrogen bond,[22] and (iii) a very weak cy-
clohexadienyl character of the coordinated phenyl ring,
with a folding dihedral angle of 3.3° about the C(7)–C(12)
axis. Moreover, this cyclohexadienyl character is exem-
plified by two long C(6)–C(7) and C(6)–C(12) distances of
1.410(8) Å, while the remaining four other C–C bonds are
significantly shorter and fall in the interval 1.366(8)–
1.398(8) Å (Table 1), thus emphasizing the weight of the
iminocyclohexadienyl mesomeric form (Scheme 1).[8a,13a]

On the benzomethylenepyran side, we observe that the exo-
cyclic bond C(14)–C(15) is 1.354(8) Å long, which suggests
a weak benzopyrylium character. In fact, for comparison,
the exocyclic bond lengths 1.393(8),[15c] 1.389(10),[23] and
1.40(1) Å[15a] measured for γ-methylenepyran Fischer-type
carbene complexes have more single-bond character, in ac-
cordance with a large conjugation between the intracyclic
oxygen lone-pair and the strongly electron-withdrawing car-
bene fragment. It is worth remarking that these findings
fully corroborate the observed NMR spectroscopic data
(see above). In addition, it should be noted that NMR stud-
ies have shown that the presence of a fused benzene ring
decreases the electron-donating ability of the pyran hetero-
cycle.[16]

Linear and Nonlinear Optical Properties

The UV/Vis spectra of the three complexes under study
are similar in that the spectra consist of two intense and
broad absorption bands in the visible region. As expected
from its dark-violet color, the low-energy absorption band
of compound 6 is red-shifted relative to those of 4 and 5.
The origin of the high-energy absorption band in the range
300–380 nm is assumed to be an intra-ligand charge-trans-
fer (ILCT) transition, and the low-energy absorption band
in the region 380–550 nm is assigned to a metal-to-ligand
charge-transfer (MLCT) transition.[12,13b,24] Deconvolution
of the spectra with Gaussian curves gives rise to three or
four absorption bands for these two CT transitions (Fig-
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ure 3 and Table 2). The data of Table 2 indicate that the
linear-optical properties (i.e. the energies and intensities of
the absorption bands corresponding to the above-men-
tioned CT transitions) of 4–6 are in agreement with those
reported for other D–π–A systems having the same
[CpFe(η6-arene)]+ fragment as electron acceptor linked to
an organic electron-donating group.[12,13b] The broadening
of the low-energy band is probably the result of the overlap
of broad d–d visible bands of the [CpFe(η6-arene)]+ frag-
ment.[10a,11,25] For compounds 4 and 6, the two characteris-
tic CT bands exhibit bathochromic shifts when the solvent
polarity is increased, thus indicating increased polarity in
the excited state. The solvatochromism is much larger for 4
than for 6, whereas the solvent influence is negligible for
compound 5. Nevertheless, solvatochromic effects can hint
at the magnitude of the expected nonlinear optical proper-
ties, since they reflect the polarizability of a chromo-
phore.[26]

Figure 3. Deconvoluted UV/Vis spectrum of compound 5 recorded
in CH2Cl2. The first number is the wavelength (λ) and the value in
parentheses is logε (see Table 2).

Table 2. Electronic absorption and EFISH data.

Com- λ [nm] (logε) λ [nm] (logε) ∆λ µβ (×10–48)
pound [esu]

CH2Cl2 DMSO [nm] CH2Cl2

4 369 (4.48) 382 (4.55) +23 154±20
396 (3.80) 452(3.27) +56
451 (4.07) 486 (3.69) +35

5 310 (4.20) 309 (4.11) –1 149±10
340 (3.28) 348 (3.66) +8
422 (3.02) 415 (2.92) –7
476 (3.39) 469 (3.34) –7

6 369 (4.17) 374 (4.05) +5 83±40
453 (3.86) 483 (3.65) +30
486 (3.62) 498 (2.94) +12
523 (4.05) 531 (3.75) +8

The second-order NLO properties of compounds 4–6
were investigated using the electric-field-induced second-
harmonic (EFISH) generation technique, which provides
information about the scalar product, µβ, of the vectorial
part of the first hyperpolarisability tensor, β, and the dipole
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moment vector, µ.[27] Compounds 4–6 exhibit reasonable µβ
values (Table 2), although they remain significantly weaker
than those reported for organic hydrazone molecules (µβ =
100–640×10–48 esu).[28] However, these compounds contain
a longer conjugated moiety containing two phenyl rings and
are substituted with a very strong acceptor group (NO2)
and a good alkoxy donor substituent. The µβ values re-
ported in the present work are comparable to the values of
74×10–48 and 310×10–48 esu determined for two Fischer-
type methoxycarbene complexes bearing an identical meth-
ylenepyran donor fragment to that in 4 and 5 (Table S3).[20]

This clearly indicates that the hydrazone and the methyl-
enepyran fragments act as a good π-conjugated spacer and
electron donor, respectively, and that the [CpFe(η6-arene)]+

group, which can be functionalized by easy, CpFe+-induced
transformations at the coordinated arene ring,[9] could be
used as a strong electron-acceptor substituent in molecular
engineering for quadratic NLO.[29] Finally, it is interesting
to note that the µβ values of 4 and 5 are practically iden-
tical, whereas that of 6 is only half as large. This behavior
can be attributed to the fact that the spacer is located at the
α-position of the electron-donating pyran ring in compound
6, whereas in 4 and 5 it is located at the γ-position. As a
consequence, the internal charge transfer responsible for the
β value should be smaller and the µβ scalar product is also
reduced by the fact that µ and β are probably not parallel
to one another.

Concluding Remarks
In summary, three new organometallic π-conjugated

push-pull chromophores have been prepared in high yields
by condensation reactions of cyclopentadienyliron()-com-
plexed p-tolylhydrazines with differently substituted arche-
typal pyranylideneacetaldehydes. Their original design com-
bines an organometallic acceptor group, namely the cat-
ionic mixed-sandwich fragment [CpFe(η6-p-MeC6H4)]+, as-
sociated with an α- and γ-methylenepyran donor through
the asymmetric hydrazone spacer NH–N=CH. Single-crys-
tal X-ray diffraction analysis of compound 5 has shown a
favorable electronic structure resulting from the coplanarity
of the coordinated tolyl ring and the pyran ring, as well as
the two six-membered rings of the benzopyran subunit,
thus allowing conjugation between the intracyclic oxygen
atom and the cationic iron center through the entire hydra-
zone backbone. As such, the organometallic hydrazones de-
scribed in this work can be defined as type-I non-rod-
shaped dipolar chromophores,[30] and have been proven to
favor electronic delocalization along the conjugated chain.
Finally, compounds 4–6 are strongly polarized D–π–A sys-
tems that exhibit solvatochromic properties and have low-
lying intramolecular charge-transfer bands in their elec-
tronic absorption spectra and enhanced second-order NLO
properties (µβ). Theoretical computations are obviously re-
quired before discussing the electronic structures of the
complexes and the electronic transitions giving rise to the
NLO properties in more detail; these are currently un-
derway and will be published in due course.
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Experimental Section
General Procedures: Unless otherwise noted, all reactions and ma-
nipulations were performed at room temperature under dinitrogen
using standard Schlenk-line techniques. Solid IR spectra were ob-
tained from KBr disks with a Perkin–Elmer Model Spectrum One
FT IR spectrophotometer. Electronic spectra were collected with a
Spectronic Genesys 2 spectrophotometer. 1H and 13C NMR spectra
were recorded with a Bruker Advance DPX 300, 400 Digital or a
DPX 500 spectrometer, as noted within the text. All NMR spectra
are reported in ppm (δ) relative to tetramethylsilane, with the resid-
ual solvent proton resonance and carbon resonances used as in-
ternal standards. Coupling constants are reported in Hz. 1H and
13C NMR chemical shift assignments are supported by data ob-
tained from 1H-1H COSY, 1H-13C HMQC, and 1H-13C HMBC
NMR experiments, and are given according to the numbering
scheme of Figure 1. Melting points were determined in evacuated
capillaries and are not corrected. Microanalytical data were ob-
tained by the Institut de Chimie de Rennes Microanalysis Service
with a Thermo-FINNIGAN Flash EA 1112 CHNS/O analyzer.

Materials: Solvents were dried and distilled under dinitrogen by
standard methods prior to use. Reagents were purchased from com-
mercial suppliers and used without further purification. The orga-
nometallic hydrazine precursor [CpFe(η6-p-CH3C6H4NHNH2)]+-
PF6

– was synthesized as described previously,[13e] and the γ-
pyranylideneacetaldehydes 1–3 (see Figure 1) were also prepared
according to published procedures.[19,31]

(η5-Cyclopentadienyl)[(2,6-di-tert-butyl-4H-pyran-4-ylidene)acetal-
dehyde (η6-p-tolyl)hydrazone]iron Hexafluorophosphate (4): A
Schlenk tube was charged with a magnetic stirring bar, [CpFe(η6-p-
CH3C6H4NHNH2)]+PF6

– (105 mg, 0.271 mmol), (2,6-di-tert-butyl-
4H-pyran-4-ylidene)acetaldehyde (1; 63.0 mg, 0.269 mmol), and
ethanol (15 mL). The reaction mixture was refluxed for 4 h, then
cooled to room temperature and stored at –30 °C overnight. The
orange precipitate was filtered off, washed with diethyl ether
(2×5 mL), and dried under vacuum. It was then dissolved in a
minimum amount of CH2Cl2 and the solution was layered with an
equivalent volume of diethyl ether. Compound 4 was isolated as an
orange, microcrystalline solid. Yield: 145 mg (89%). M.p. 212 °C
(dec.). C27H35F6FeN2OP (604.39): calcd. C 53.66, H 5.84, N 4.64;
found C 53.53, H 6.02, N 4.85. IR (KBr pellet): ν̃ = 3319 (m) ν(N–
H); 3109 (vw), 3080 (vw), 2964 (m), 2928 (w), 2904 (w), 2870 (w)
ν(C–H); 1668 (s), 1609 (m), 1588 (s) ν(C=C); 1570 (s) ν(C=N);
1501 (m) ν(C–O); 840 (vs), 826 (vs) ν(PF6); 555 (s) δ(P–F) cm–1.
1H NMR (400 MHz, CD3COCD3, 25 °C): δ = 1.24, 1.26 [2×s, 2×9
H, C(CH3)3], 2.47 (s, 3 H, CH3C6H4), 4.97 (s, 5 H, Cp), 5.54 (d,
3JH,H = 10.4 Hz, 1 H, N=CH–CH=), 5.90 (d, 4JH,H = 2.0 Hz, 1 H,
5-H), 6.14 (d, 3JH,H = 6.8 Hz, 2 H, C6H4), 6.18 (d, 3JH,H = 6.8 Hz,
2 H, C6H4), 6.24 (d, 4JH,H = 2.0 Hz, 1 H, 3-H), 8.15 (d, 3JH,H =
10.4 Hz, 1 H, N=CH–CH=), 9.21 (s, 1 H, NH) ppm. 13C NMR
(125 MHz, CD3COCD3, 25 °C): δ = 19.06 (CH3C6H4); 27.09, 27.13
[C(CH3)3]; 35.16, 35.47 [C(CH3)3]; 67.73 (o-C6H4); 76.09 (Cp);
86.14 (m-C6H4); 96.73 (p-C6H4); 98.04 (C-3); 104.35 (C-5); 106.45
(N=CH–CH=); 120.07, 120.19 (Cipso C6H4); 134.86 (C-4); 144.28
(N=CH–CH=); 163.91 (C-6); 164.67 (C-2) ppm.

[(2-tert-Butyl-4H-chromen-4-ylidene)acetaldehyde (η6-p-tolyl)hydra-
zone](η5-cyclopentadienyl)iron Hexafluorophosphate (5): A Schlenk
tube was charged with a magnetic stirring bar, [CpFe(η6-p-
CH3C6H4NHNH2)]+PF6

– (150 mg, 0.387 mmol), [(4E)-2-tert-bu-
tyl-4H-chromen-4-ylidene]acetaldehyde (2; 88.0 mg, 0.387 mmol),
and ethanol (10 mL). The reaction mixture was stirred at room
temperature for 6.5 h and was then stored at –30 °C overnight.
Workup as described above yielded 200 mg (86%) of 5 as reddish-
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brown crystals. A crystal from this crop was used for an X-ray
structure determination. M.p. 239 °C (dec.). C27H29F6FeN2OP
(598.35): calcd. C 54.20, H 4.89, N 4.68; found C 54.35, H 4.92, N
4.76. IR (KBr pellet): ν̃ = 3319 (w) ν(N–H); 3116 (vw), 2969 (w),
2920 (w), 2848 (vw) ν(C–H); 1648 (m), 1592 (m) ν(C=C); 1568 (m)
ν(C=N); 1501 (m) ν(C–O); 847 (vs), 829 (vs) ν(PF6); 558 (m) δ(P–
F) cm–1. 1H NMR (400 MHz, CD3COCD3, 25 °C): δ = 1.31 [s, 9
H, C(CH3)3], 2.49 (s, 3 H, CH3C6H4), 5.01 (s, 5 H, Cp), 6.25 (s, 4
H, C6H4), 6.38 (s, 1 H, 3-H), 6.47 (d, 3JH,H = 10.0 Hz, 1 H, N=CH–
CH=), 7.23–7.33 (m, 2 H, 6-H, 8-H), 7.47 (t, 3JH,H = 7.5 Hz, 1 H,
5-H), 7.87 (d, 3JH,H = 7.7 Hz, 1 H, 7-H), 8.37 (d, 3JH,H = 10.0 Hz,
1 H, N=CH–CH=), 9.48 (s, 1 H, NH) ppm. 13C NMR (125 MHz,
CD3COCD3, 25 °C): δ = 19.10 (CH3C6H4), 27.15 [C(CH3)3], 35.38
[C(CH3)3], 68.28 (o-C6H4), 76.29 (Cp), 86.26 (m-C6H4), 96.69 (C-3)
97.14 (p-C6H4), 107.38 (N=CH–CH=), 117.62 (C-8), 119.56 (Cipso

C6H4), 120.88 (C-4), 122.82 (C-5), 124.63 (C-6), 130.36 (C-7),
132.38 (C-10), 143.50 (N=CH–CH=), 151.97 (C-9), 162.61 (C-2)
ppm.

(η5-Cyclopentadienyl)[(4,6-diphenyl-2H-pyran-2-ylidene)acetalde-
hyde (η6-p-tolyl)hydrazone]iron Hexafluorophosphate (6): A Schlenk
tube was charged with a magnetic stirring bar, [CpFe(η6-p-
CH3C6H4NHNH2)]+PF6

– (131 mg, 0.338 mmol), (2Z)-(4,6-di-
phenyl-2H-pyran-2-ylidene)acetaldehyde (3; 92.0 mg, 0.335 mmol),
and ethanol (10 mL). The reaction mixture was stirred at room
temperature for 7 h, and then stored at –30 °C overnight. Workup
as above yielded 160 mg (74%) of 6 as a dark-violet powder. M.p.
254 °C (dec.). C31H27F6FeN2OP (644.38): calcd. C 57.78, H 4.22,
N 4.35; found C 57.63, H 4.41, N 4.08. IR (KBr pellet): ν̃ = 3322
(w) ν(NH); 3058 (vw), 2964 (vw), 2920 (vw), 2848 (vw) ν(CH); 1639
(w), 1593 (w) ν(C=C); 1557 (m) ν(C=N); 1494 (m) ν(C–O); 842
(vs), 830 (vs) ν(PF6); 558 (m) δ(P–F) cm–1. 1H NMR (300.08 MHz,
CD3COCD3, 25 °C): δ = 2.46 (s, 3 H, CH3C6H4), 4.98 (s, 5 H, Cp),
5.63 (d, 3JH,H = 10.0 Hz, 1 H, N=CH–CH=), 6.18 (s, 4 H, C6H4),
6.85 (s, 1 H, 3-H), 6.90 (s, 1 H, 5-H), 7.50 (m, 6 H, m- and p-H Ph
at C-4 and C-6), 7.79 (d, 3JH,H = 7.0 Hz, 2 H, o-H Ph at C-4), 7.97
(d, 3JH,H = 7.9 Hz, 2 H, o-H Ph at C-6), 8.35 (d, 3JH,H = 10.0 Hz,
1 H, N=CH–CH=), 9.37 (s, 1 H, NH) ppm. 13C NMR (75.46 MHz,
CD3COCD3, 25 °C): δ = 19.07 (CH3C6H4); 67.91 (o-C6H4); 76.20
(Cp); 86.18 (m-C6H4); 96.86 (p-C6H4); 99.35 (N=CH–CH=); 100.42
(C-5); 116.56 (C-3); 119.94 (Cipso C6H4); 124.96 (o-C Ph at C-6);
125.65 (o-C Ph at C-4); 128.84, 128.95 (m-C Ph at C-4 and C-6);
129.18, 130.00 (p-C Ph at C-4 and C-6); 132.35 (Cipso Ph at C-6);
136.20 (Cipso Ph at C-4); 137.94 (C-4); 141.93 (N=CH–CH=);
155.34 (C-6); 156.36 (C-2) ppm.

X-ray Crystal-Structure Determination for 5·CH2Cl2: A red-orange
plate of complex 5 with dimensions 0.18×0.11×0.10 mm was
mounted on a glass fiber in a random orientation. Data collection
was performed at room temperature with a Bruker Smart Apex
diffractometer equipped with a two-dimensional CCD detector and
a graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å)
source, with a nominal crystal-to-detector distance of 6.3 cm. A
hemisphere of data was collected on the basis of four ω-scans runs
(starting ω = 28°) at φ values of 0°, 120°, 240°, and 0°, with the
detector at 2θ = 28°. In each of these runs, frames (600, 600, 600,
and 50, respectively) were collected at 0.3° intervals and for 10 s
per frame. The diffraction frames were integrated using the SAINT
package,[32] and corrected for absorption with SADABS.[33] The po-
sitions of the heavy atoms were determined by direct methods, and
successive difference electron density maps were produced with the
SHEXTL 6.14 software package[34] to locate the remaining atoms.
Refinement was performed by the full-matrix least-squares method
based on F2. The tert-butyl group was disordered over two posi-
tions, with an occupation multiplicity, µ, of 0.71/0.29. All non-hy-
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drogen atoms were refined anisotropically. Hydrogen atoms were
placed in their calculated positions, assigned fixed isotropic thermal
parameters, and allowed to ride on their respective parent atoms.
C27H29F6FeN2OP·CH2Cl2, Mr = 683.27, a = 10.1473(10), b =
18.7529(19), c = 16.2043(16) Å, β = 95.395(2)°, V = 3069.9(5) Å3,
monoclinic, P21/n, Z = 4, Dcalcd. = 1.478 gcm–3, µ = 0.779 mm–1,
SADABS absorption correction applied, F(000) = 1400, T =
299(2) K, 2θmax = 28.08°, reflections collected/unique 25343/6916
[I � 2σ(I)], data/restraints/parameters 6916/126/459, R/Rw2 [I �

2σ(I)] = 0.0923/0.1923, R/Rw2 (all data) = 0.2394/0.2485, GOF =
0.962, [∆ρ]min/[∆ρ]max = –0.346/0.476. CCDC-272776 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

EFISH Measurements: The principle of the EFISH technique has
been described elsewhere.[35,36] In order to avoid reabsorption of
the generated second harmonics, the data were recorded using
1.907-µm, 10-ns incident laser pulses produced by a hydrogen Ra-
man shifter pumped by an Nd:YAG laser at 1.06 µm at a repetition
rate of 10 Hz. The centrosymmetry of the solution was broken by
dipolar orientation of the chromophores with a high-voltage pulse
(8 kV applied on 3 mm during 1 µs) synchronized with the laser
pulse. The compounds were dissolved in dichloromethane at vari-
ous concentrations (10–3 to 10–2 ) and the solutions were intro-
duced into the measurement cell where the high-voltage was ap-
plied during SHG measurements. NLO measurements were cal-
ibrated with pure dichloromethane as a reference. Acquisition and
data processing were performed using a computerized home-made
system.

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1 and S2 compare selected 1H and 13C NMR chemical
shifts of compounds 4 and 5 with those of pentacarbonyltungsten
methylenepyran Fischer-type methoxycarbene complexes, and
Table S3 lists the EFISH data of these same pentacarbonyltungsten
methylenepyran Fischer-type methoxycarbene complexes.
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A phosphane sulfate relativistic DFT method (ZORA)
has been used to calculate the 183W and 17O NMR chemical
shifts for large polyoxotungstates, including W6O19

2–,
CH3OTiW5O18

3–, W5O18WIINO3–, W10O32
4–, α-δ-γ-XW12O40

n–,
β-PW9O28Br6

3–, P2W18O62
6–, PW2O14

3–, and W7O24
6–, based

on their optimized molecular structures. Despite sizeable de-
viations between the calculated and experimental values, the
calculations correctly reproduce the trends in the change of
the chemical shift for both nuclei. As expected, the diamag-
netic term is almost constant throughout the whole series.
The change in the chemical shifts is shown to be determined
by the paramagnetic term, which depends on the electronic
structure of the whole anion under study and, in particular,

Introduction

NMR spectroscopy is one of the powerful techniques for
studying the problems of the chemistry of polyoxometalates
(POM) formed by V, Mo, W, and other metals in high oxi-
dation states[1] as it can be used to characterize them both
in solution and in the solid state. POMs are usually built of
metal–oxygen octahedra that form MnOm

z– isopolyanions
or XMnOm

z– heteropolyanions. In many cases all nuclei can
be observed in the NMR spectra, which helps to elucidate
the chemical environment of the nucleus under study.

Several resonance lines may be observed in the NMR
spectra depending on the complexity of an anion and its
symmetry, and assigning each line to a particular atom
sometimes presents a problem. The nature of the chemical
shifts is therefore still to be revealed.

As a matter of fact there have been several attempts to
understand the nature of the chemical shifts for POMs, and
particularly for polyoxotungstates (POTs). The first such
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on the local geometry around a given tungsten atom. On the
other hand, there is no correlation between the chemical shift
and HOMO–LUMO gap, showing that deeper occupied
levels and several unoccupied orbitals play an important role
in the paramagnetic term. However, analysis of the compo-
nents of the paramagnetic shielding has shown that the most
significant transitions determining the change of both 183W
and 17O NMR chemical shifts for anions consisting of tung-
sten and oxygen atoms are the occupied–occupied and not
the occupied–virtual ones.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

study attempted to explain the trend in the change of the
183W NMR chemical shifts in lacunary POTs by the charge
delocalization resulting from the removal of one W=O
group from the Keggin anion Xx+W12O40

x–8.[2] Further,
there have also been attempts to correlate the 17O and 183W
chemical shifts with the wavelength of the lowest charge-
transfer (LCT) band (the electronic transition from the MO
localized mainly on the oxygen atoms to a virtual MO lo-
calized mainly on the metals),[3,4] with bond lengths,[5,6]

with the inverse sum of the energy separations,[7,8] and with
the calculated charges on atoms[9] obtained from EHMO
calculations. However, the calculation of the actual chemi-
cal shielding for different nuclei is still to be attained.

The first attempts to calculate 183W NMR chemical
shifts were limited to small and simple molecules like
WO4–xSx

2–, W(CO)6, WF6, and WCl6, and a practically lin-
ear correlation between calculated and experimental shifts
was found.[10,11] Calculation of the 17O NMR chemical
shifts in metal oxide anions MO4

n– has been carried out by
different methods with different degrees of accuracy.[12,13]

The first calculation of the 183W chemical shift in a large
Keggin anion using DFT was not so successful, and large
discrepancies have been found by Bagno and co-workers
even for small molecules.[14] Later, more reasonable calcu-
lated values of the 183W NMR chemical shifts were ob-
tained by the same authors.[15] A number of reviews of theo-
retical calculations of NMR chemical shifts in transition
metal compounds have been published, including the results
of 183W chemical shift calculations by first-principles meth-
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ods (relativistic Hartree–Fock and DFT).[16] However, those
previous calculations were limited to comparatively small
systems and no exhaustive theoretical study of chemical
shifts in large heavy-metal POMs has yet been reported.

Figure 1. Polyhedral and ball-and-stick models for W6O19
2– (a), CH3OTiW5O18

3– (b), W10O32
4– (c), α-XW12O40

n– (d), β-SiW12O40
4– (e),

γ-SiW12O40
4– (f), β-PW9O28Br6

3– (g), and P2W18O62
6– (h).
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In the present work we have calculated the 183W and 17O
nuclear magnetic shielding for several POTs using DFT
methods with the goal of elucidating the relationship be-
tween the shielding and the geometric characteristics as well
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as the influence of the latter on the chemical shifts. DFT
methods have been shown to be adequate to rationalize
many different aspects of the electronic structure,[17,18] mag-
netism,[19] and bonding[20] in POMs, and a summary of the
most illustrative results can be found in a recent review.[21]

The first part of this study discusses several types of
POTs (represented in Figures 1 and 2), namely the Lind-
qvist anion W6O19

2– and its derivatives CH3OTiW5O18
3–,

W5O18WIINO3–, and W10O32
4– (structural type I, charac-

Figure 2. Polyhedral and ball-and-stick models for PW2O14
3– (a) and W7O24

6– (b).

Table 1. Experimental and calculated 183W NMR shifts for several polyoxotungstates (POTs).

Anion Anion W σp σd σt δcal δexp Ref. Ref.
type type [ppm] [ppm] [ppm] [ppm] [ppm] NMR Struct.

0 WO4
2– –7002 9664 2663 0 0

I W6O19
2– –7091 9658 2567 96 59 [2] [28]

CH3OTiW5O18
3– Wa –7115 9658 2543 120 70 [29a] [29a]

Wb
[a] –7051 9659 2608 55 37

W5O18WIINO3–[b] Wa
VI –7183 9659 2476 187 117 [29b] [29b]

Wb
VI –7221 9659 2438 225 168

W10O32
4– Wa –6841 9659 2818 –155 –166 [30] [31]

Wb –6954 9658 2704 –41 –23

II AsW12O40
3– –6897 9658 2761 –98 –65 [32] [2,4]

GaW12O40
5– –6931 9657 2726 –63 –89

GeW12O40
4– –6888 9657 2769 –106 –82

PW12O40
3– –6842 9657 2815 –152 –99

SiW12O40
4– –6864 9657 2793 –130 –104

AlW12O40
3– –6897 9657 2760 –97 –113

BW12O40
5– –6854 9657 2803 –140 –131

β-SiW12O40
4– Wa –6828 9657 2829 –166 –130 [33] [2,34]

Wb –6833 9657 2824 –161 –115
Wc –6871 9657 2786 –123 –110

γ-SiW12O40
4– Wa –6825 9658 2833 –170 –160 [35] [36]

Wb –6864 9657 2793 –130 –105
Wc –6810 9657 2847 –184 –117
Wd –6836 9657 2821 –158 –127

β-PW9O32B6
3– Wa –6846 9658 2812 –149 –123 [37] [37]

Wb –7107 9658 2552 111 192

III P2W18O62
6– Wa –6848 9657 2809 –146 –123 [38] [39]

Wb –6779 9657 2878 –215 –174

IV PW2O14
3– –6176 9659 3483 –820 –676 [40] [40]

V W7O24
6– W1 –7276 9658 2382 281 268 [41] [42]

W2 –7024 9660 2636 27 –106
W3 –6932 9662 2730 –67 –189

[a] Average value for four slightly different Wb atoms due to bent TiOCH3 group. [b] one WVI=O group in W6O19
2– is replaced by

WII-NO and the calculated shifts are given only for WVI (apical and belt) as for CH3OTiW5O18
3–.
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terized by edge sharing of WO6 octahedra having a sym-
metry close to C4v), the Keggin anions of general formula
XW12O40

n–, their β and γ forms, and a bromide derivative
(structural type II, with octahedra having two edge- and
two corner-shared oxygen atoms), and the Dawson anion
P2W18O62

6– (structural type III, where WbO6 octahedra
have three corner-shared oxygen atoms). The octahedra in
all these anions may be assigned as having local axial sym-
metry close to C4v, with one terminal W=O bond. Finally,
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the peroxo complex PW2O14

3– (structural type IV) repre-
sents a POT where the tungsten has a formal coordination
number of 7, with the lowest chemical shift, and the hepta-
tungstate W7O24

6– (structural type V) has three types of W,
each of which has two terminal oxygen atoms.

The second part of the study will describe the results of
the DFT calculations of the 183W and 17O chemical shifts
for the corresponding reduced polyoxotungstates with delo-
calized, unevenly delocalized, and localized electrons.

Calculation of the Chemical Shielding

We used the ADF 2003.01 package[22] to compute the
geometries of the molecules. The DFT calculations are
characterized by the local density approximation featuring
the Xα model for exchange with Becke’s gradient-corrected
functional,[23] and the VWN parameterization for corre-
lation[24] corrected with Perdew’s functional.[25] The basis
functions for describing the valence electrons of all the
atoms are Slater-type orbitals of triple-ζ+ polarization
quality. The internal or core electrons are described by a
relativistic core potential generated with the auxiliary pro-
gram DIRAC.[22] The valence orbitals in this approach are
kept orthogonal to the core orbitals by means of a single-
ζ Slater-type core-orthogonalization basis set. We applied
quasi-relativistic corrections to the valence shell by means
of the zeroth-order relativistic approximation (ZORA). The
NMR shielding tensors were computed from a parallel ver-
sion of the NMR module.[26a] Although some previous
studies have shown that all-electron basis sets reproduce the
chemical shifts in some transition metal oxides better,[26b]

we found no improvement in our results when this type of
basis set was used for large POTs.

Generally, the W–O bonds in the optimized configura-
tions are slightly longer than those observed in the X-ray
structure determinations of the corresponding POTs. How-
ever, if we take the same anion but in different X-ray struc-
tures we sometimes see large discrepancies in the bond
lengths. Even in a single crystal there may be two slightly
different configurations with the same overall symmetry.
Optimizing a structure results in a unique configuration for
the given POT because, despite possible different initial co-
ordinates, the program will end up delivering unique atomic
coordinates, and although this may lead to an overestima-
tion or underestimation of the calculated chemical shifts,
such an approach is justified for comparison of the chemi-
cal shifts for different POTs, especially when accurate X-
ray-determined coordinates are not available.

As usual, the calculated chemical shift, δcal, is determined
as the difference between the total shielding of the reference
molecule, σr, and the shielding of the molecule under study,
σx. For each nucleus the total shielding tensor, σt, is calcu-
lated as the sum of the paramagnetic (σp) and diamagnetic
(σd ) contributions and therefore:

δcal = σr – σx

where σx is the isotropic average of the shielding tensor for
the nucleus in an anion and σr is the shielding of the refer-
ence compound.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1139–11481142

The simplest oxoanion, WO4
2–, is usually used as a refer-

ence for 183W NMR chemical shifts and the resonance line
of water is used as a reference for 17O NMR chemical shifts.
For convenience, the absolute shielding of liquid water, σt,
is accepted to be equal to +291 ppm.[27]

The experimental values of 183W chemical shifts may
vary slightly depending on the spectrometer (sometimes by
up to 10 ppm, and the chemical shifts of POTs are usually
more positive in organic media. On the contrary, proton-
ation of POT generally results in a negative shift of the reso-
nance. Moreover, it should be noted that solvation effects
are not included in these theoretical studies even though
they can considerably influence the calculated chemical
shift, which is assumed to refer to the gaseous state of a
single molecule. Hence, we can only estimate a general trend
in the chemical shifts from these calculations and, at best,
to make an assignment of the resonances for a complex
anion with nonequivalent nuclei.

Results

The 183W NMR Chemical Shift

Table 1 gives the calculated paramagnetic, diamagnetic,
and total shielding along with calculated and experimental
183W NMR shifts for the POTs shown in Figures 1 and 2.
(Table S1 in the Supporting Information shows the differ-
ence in the calculated parameters for the experimental and
optimized structures of W6O19

2– as an example).
It can be seen that the chemical shift decreases as the

number of corner-sharing oxygen atoms increases (struc-
tures I�II�III) and that the most positive shift for W1 in
W7O24

4–, which formally has no terminal oxygen atoms,
and the most negative shift for PW2O14

3– are correctly pre-
dicted by the calculations. For the bromide derivative, the
resonance assigned to the six Wb tungstens linked to bro-
mide, observed at δ = +192 ppm, and the other line corre-
sponding to Wa, observed at δ = –123 ppm, are also cor-
rectly predicted by the calculations. As expected, a soft li-
gand induces a large positive shift for the corresponding
tungsten.

The order of the computed resonances corresponds to
the observed one for both β-SiW12O40

4– and for
γ-SiW12O40

4–, and only the shift of Wc is rather exagger-
ated, probably due to an inadequate geometry.

In general, for anions consisting of WO6 octahedra with
an axial symmetry and a single W=O bond, including the
peroxo anion, we observe a nice linear correlation between
the calculated and experimental shifts for the POTs studied
(Figure 3). The most notable deviations from this linear
trend are observed for anions with the Keggin structure,
which was shown by a more detailed analysis to be due
to the structure-optimization process (as will be presented
elsewhere). Briefly, the results of the latter depend strongly
on the overall anionic charge, although for anions with the
same negative charge, for example XW12O40

5– (X = BIII,
AlIII, and GaIII), the observed and calculated shifts increase
regularly with an increase of the inner tetrahedron.
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Figure 3. Correlation of the experimental and calculated 183W
NMR chemical shifts.

The 17O NMR Chemical Shift

The 17O NMR shifts depend strongly on the type of
bonding (terminal or bridging) and the calculated values
follow the experimental trend well (Table 2). A comparison
of the calculated and experimental chemical shifts shows
that the magnitude of the calculated shifts is overestimated
for the bridging oxygen atoms and slightly underestimated
for the terminal ones (Figure 4).

In the cases where the POT contains equal numbers of
slightly different bridging oxygen atoms it is impossible to
assign closely spaced resonances unequivocally in the exper-
imental spectra. However, according to the calculations, the
larger chemical shift for CH3OTiW5O18

3– (δ = 390 ppm)
can be assigned to the bridging oxygen, Oc, linking two dif-
ferent tungsten atoms, and that at δ = 380 ppm to Oe

(Table 2).
In the case of W10O32

4–, according to the calculations the
two resonances at δ = 434 and 421 ppm observed in the
experimental NMR spectrum should be attributed to the
bridging oxygen, Oc, which links Wa and Wb and Od, which
is bound to two identical Wb lying in a square plane. For
the oxygen atoms (Oe) in the linear bridges the calculated
shift is the lowest, although it is observed between Oc and
Od in the experimental spectrum.

The bridging oxygen atoms in the Keggin anions
XW12O40

n– give two closely spaced resonances with equal
intensity in the range δ = 440–390 ppm. Using a special
method, which involves replacing three tungstens by molyb-
denum atoms, Shum and Klemperer[43b] have shown that
the line with the larger chemical shift is due to the edge-
sharing oxygens (Ob). According to the DFT calculations,
the resonance with the larger chemical shift should be as-
signed to the edge bridging oxygen atoms Ob, which fully
confirms the conclusions drawn from the experiment.

The rotation of a triplet in β-SiW12O40
4– should formally

result in the inequivalence of the oxygen atoms, with a cor-
responding weight ratio (according to the atom labels) of
3:6:3 for the terminal oxygen atoms and 3:6:3:3:6:3 for the
bridging ones. However, only four lines are observed in the
17O NMR spectrum, which were assigned[43b] as follows:
the highest chemical shift was assigned to the terminal oxy-
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Table 2. Calculated shielding and shifts and experimental 17O shifts
for several POTs.

Type RW–O σp σd σt δcal δexp Ref.
[Å] [ppm] [ppm] [ppm] [ppm] [ppm]

W6O19
2–

Oa 1.73 1.730 –880 401 770 775 [43]

Ob 1.953 1.953 –596 413 474 416
Oc 2.357 2.357 –91 410 –28 –80

CH3OTiW5O18
3–

Ob 1.75 –823 404 –419 710 721 [29]

Oa 1.75 –819 403 –416 707 713
Od 1.885 –703 416 –287 578 525
Oc 1.938 –577 415 –162 453 390
Oe 1.956 –570 414 –155 446 380
Of 2.361 –114 408 294 –3 –58

W10O32
4–

Ob 1.739 –863 403 –460 751 765 [31]

Oa 1.756 –820 404 –416 707 732
Oc 1.953[a] –621 418 –203 494 434
Oe 1.923 –601 421 –180 471 423
Od 1.942 –609 415 –194 485 421
Of 2.341[a] –162 404 242 –49 –2

PW12O40
3–

Oa 1.726 –873 401 –472 763 769 [43]

Ob 1.938 –619 419 –200 491 431
Oc 1.93 –581 417 –164 455 404
Od 2.469 –218 398 180 111 70–60

SiW12O40
4–

Oa 1.737 –866 403 –463 754 761 [43]

Ob 1.943 –620 419 –201 492 427
Oc 1.935 –584 418 –166 457 405
Od 2.38 –176 400 224 67 27

β-SiW12O40
4–

O1 1.735 –864 403 –461 742[a] 762 [43b]

O2 1.737 –861 403 –458
O3 1.735 –858 403 –455
Oc 1.937 –650 420 –230 521 454
Ob 1.946[a] –614 419 –195 485[a] 425
Of 1.949 –612 419 193
Oa 1.934 –588 419 –169 460[a] 404
Od 1.927 –584 419 –166
Oe 1.941[a] –589 418 –171
Og 2.390 –183 400 217 84[a] 32
Oh 2.392 –179 397 218

W7O24
6–

Oa 1.781 –765 407 –358 663[a] 648 [41]

Oa� 1.772 –792 405 –387
Ob 1.795 –686 407 –279 570 590
Ob� 1.777 –747 406 –341 632 597
Oe 1.796 –752 407 –345 636 626
Od 1.968 –545 413 –132 423 319
Of 1.973[a] –507 411 –96 387 298
Og 2.049[a] –455 410 –45 336 259
Oh 2.260[a] –286 407 121 170 74

[a] Average value.

gen atoms, the line with intensity 3 to the edge-bridging Oc

in the six-membered ring, the line with intensity 9 to the
edge-bridging Ob and Of, the line with intensity 12 to the
corner bridging Oa, Od, and Oe, and, finally, the less-intense
line was assigned to the internal oxygens Og and Oh. Our
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Figure 4. Correlation of the experimental and calculated 17O NMR
chemical shifts.

calculations fully confirmed the observed pattern, with the
largest chemical shift for the bridging oxygen atoms Oc in
the ring.

For W7O24
4– the range of the 17O NMR chemical shifts

is fairly well reproduced by the calculations; a possible as-
signment of the lines is given in Table 2.

In general, a rather good linear correlation between the
calculated and experimental 17O NMR chemical shifts for
POTs may be seen in Figure 4.

General Results

Taking into account all the calculated values for both
183W and 17O NMR chemical shifts, we have obtained good
correlations between calculated and experimental values
even though the NMR spectra were measured in different
solvents in some cases. This shows that calculations ade-
quately reflect the changes in chemical shifts depending on
the structure. The discrepancies observed in some cases may
result from the inadequacy of the optimized geometry, and
the deviation of the slope from unity may be due to the
basis sets used in the calculations.

Discussion
According to the present calculations the diamagnetic

shielding (Tables 1 and 2) for both 183W and 17O is essen-
tially unaffected by the geometry (the chemical environ-
ment). This can be understood from the fact that the dia-
magnetic shielding contains the unperturbed, zero-order
density. The largest contributions are due to the core shells
at 183W and 17O nuclei. Such core shells should not change
on going from one chemical environment to another and
therefore yield constant diamagnetic shielding contri-
butions that cancel out in relative chemical shifts. Thus, we
will consider only the paramagnetic contribution. In the fol-
lowing sections we discuss the analysis of the paramagnetic
shielding tensors in a gauge-including atomic orbitals
(GIAO) basis where a gauge-origin independent division
into a paramagnetic and a diamagnetic contribution can be
achieved.[26c]

The 183W Paramagnetic Shielding

The paramagnetic contribution is determined by the
magnetically perturbed MOs,[10] while the most important

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1139–11481144

one is considered to be due to the coupling of the occupied
(Ψa) and virtual (Ψi) MOs under the applied magnetic field.
The magnitude of the coupling coefficients, uai, are given
as[10]

where εi
0 and εa

0 are the orbital energies of the virtual and
occupied MOs. We will refer to the “u-tensor” in conjunc-
tion with nuclear shielding contributions arising from these
coefficients and note that inverse occupied–virtual MO en-
ergy differences enter these terms. Thus, common knowl-
edge often relates the magnitude of the paramagnetic
shielding to the size of the HOMO–LUMO gap, for exam-
ple.

The paramagnetic shielding is determined by the sum of
all magnetically active transitions and by atomic orbital co-
efficients forming the corresponding MOs. For the large
anions, which consist of tungsten and oxygen atoms, so
many MOs are formed that it is rather difficult to show
which transitions are the most important in the paramag-
netic shielding. However, a preliminary analysis of the para-
magnetic shielding for W6O19

2– shows that the largest con-
tributions (about 15%) come from two transitions from
rather deep bonding MOs (5t1g), involving p and d orbitals
of the bridging oxygen and tungsten atoms, respectively, not
to the LUMO but to upper virtual orbitals (a1g and eg),
consisting of W-dz2 and p- and s-oxygen orbitals. Moreover,
terms involving pairs of occupied orbitals should be also
taken into account. In the paramagnetic shielding, this is a
term, from now on dubbed “s-tensor”, that is specific to
the computation of the nuclear shielding in a GIAO basis,
where the external magnetic field will change the overlap
between the basis functions (atomic orbitals or AOs). In
the case of 183W shielding it can attain 15% of the total
paramagnetic term, which is mostly due to the occupied–
virtual transitions (“u-tensor”). For the paramagnetic con-
tribution of the terminal oxygen atom in the case of the
Lindqvist anion, for example, 163 occupied–occupied (“s-
tensor”) and 238 occupied–virtual (u-tensor) couplings
should be taken into account, and for the latter less than
50 transitions exceed 10 ppm. For the bridging oxygen the
number of transitions increases to 488 and 744, respectively,
and some transitions contribute with opposite signs.

Two points should be mentioned. First of all, the lowest
charge transfer, determined as the HOMO–LUMO gap,
ELCT, is by no means the principal contributor otherwise
we should observe a correspondence between 1/ELCT and
the 183W chemical shifts (see Table S2 in the Supporting
Information). Usually, the HOMO is a nonbonding orbital
consisting of the p-orbitals of the bridging oxygen atoms,
especially of the inner oxygen atoms, and even for simpler
complexes the transitions from deeper MOs, involving se-
veral metallic orbitals, make the largest contributions.

As already mentioned, the paramagnetic shielding in-
cludes not only the u-term, which involves the occupied and
virtual MO coupling and plays a dominant role in the
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change of the chemical shift, but also the occupied–occu-
pied MO coupling (s-tensor) and additional “paramagnetic
gauge terms”. The latter are also related to the GIAO for-
malism (they are negligibly small in the present study, see
discussion on the components of the paramagnetic shield-
ing[44] and Table 3). In frozen-core calculations there is, in
addition, a frozen-core term (dubbed “b-tensor” here) that
stems from the change of the valence-core orthogonaliza-
tion under the external magnetic-field perturbations. As for
POTs, the magnitudes of the changes in the s- and b-tensors
may be comparable with the u-term and therefore they de-
mand more consideration in detail:

Table 3. Parameters of the paramagnetic shielding (σp) of 183W
NMR for some POTs.[a]

Anion Metal/X b-term s-term u-term PGT RW–O δcal

[ppm] [ppm] [ppm] [ppm] [Å] [ppm]

W10O32
4– Wa 262 –730 –6384 11 1.966 –155

Wb 358 –882 –6437 7 1.978 –41
W6O19

2– 358 –1002 –6454 7 1.983 96
CH3OTiW5O18

3– Wb 397 –1068 –6385 7 1.982 55
Wa 366 –1014 –6474 7 1.983 120

W5O18W(II)NO3– Wa 321 –917 –6594 7 1.986 187
Wb 359 –1015 –6571 6 1.991 225

XW12O40
n–8 As 140 –295 –6752 10 1.981 –98

Ga 119 –212 –6759 9 1.989 –152
Ge 242 –545 –6595 10 1.975 –106
P 222 –470 –6625 9 1.979 –130
Si 332 –791 –6482 10 1.966 –63
Al 323 –746 –6483 9 1.972 –97
B 228 –475 –6615 8 1.981 –140

β-SiW12O40
4– Wa 192 –404 –6624 8 1.981 –166

Wb 232 –499 –6575 9 1.976 –162
Wc 204 –431 –6653 9 1.984 –123

γ-SiW12O40
4– Wa 43 –2 –6873 7 2.017 –171

Wb 237 –513 –6596 8 1.978 –130
Wc 236 –521 –6535 10 1.973 –184
Wd 201 –433 –6613 9 1.978 –158

β-PW9Br6O28
3– Wa 74 –90 –6836 6 1.987 –149

Wb 125 –164 –7071 3 2.078 111
X2W18O62

6– Wb 127 –134 –6785 13 1.981 –215
Wa 8 134 –6999 9 1.983 –146

PW2O14
3– 482 –533 –6119 –5 1.960 –820

W7O24
6– W1 585 –1525 –6344 8 2.024 283

W2 170 –399 –6797 2 1.964 47
W3 158 –372 –6720 2 1.972 –77

[a] B-tensor: direct frozen core terms (B1 tensor); S-tensor: OCC-
OCC terms (paramagnetic SMAT1 tensor); U-tensor: OCC-VIR
terms (paramagnetic UMAT1 tensor); PGT: DIAG. OCC-OCC
terms (for gauge invariance, paramagnetic gauge tensor).

1. For anions with octahedra having only edge-shared oxy-
gen atoms (the first four, Figures 1a–c) and the internal
oxygen linking six and five tungsten atoms, for a span of
the experimental shifts of 334 ppm (span of the calculated
shifts: 380 ppm), increasing the mean RWO results in a nega-
tive shift (–135 ppm) due to the b-term but in positive shifts
due to the s-term (338 ppm) and the u-term (only 210 ppm).
The total shift therefore increases with RWO.
2. As opposed to the Lindqvist-type anions, α-Keggin
anions (Figure 1d), with their narrow range (89 ppm) of cal-
culated shifts (66 ppm for experimental ones), and with two
corner and two edge-shared oxygen atoms and the inner
oxygen linking three W atoms and the central atom, an in-
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crease of the mean RWO in the optimized structures corre-
sponds to a general decrease of the chemical shift due to a
decrease in the b-term (213 ppm) and the u-term (277 ppm;
both of which correspond to an increase in the chemical
shift), which is outweighed by the negative shift due to the
s-term (–579 ppm); a fine interplay of these components
therefore determines the total chemical shift.

For the β-γ Keggin isomers and P2W18O62
6– a decrease

of the b-term from 237 to 8 ppm (∆ = –229 ppm) and the
u-term from –6534 to –6999 ppm (∆ = –465 ppm, for a total
of –694 ppm) is close to the increase of the s-term from
–521 to 134 ppm (∆ = 655 ppm).

The second point is that the absolute values of the s-term
for the Lindqvist-type anions are almost twice as large as
for the Keggin anions. On the other hand, the pentacoordi-
nation of Wa in γ-SiW12O40

4– (Table 3, Figure 1e) results
in a rather small magnitude of the s-term; this is probably
characteristic for pentacoordination.

It is noteworthy that the u-term for Wa in P2W18O62
6– is

the lowest of all WO6 octahedra, which is difficult to ex-
plain as the local symmetry around Wa is almost the same
as in the Keggin system. However, despite substantial dif-
ferences in the components of the paramagnetic shielding,
the calculated 183W chemical shifts for the Keggin anion
and for Wa of the Dawson anion proved to be almost the
same, reflecting the similarity of the local geometry.

Some unusual values of the b- and u-terms for the Daw-
son anion may be explained by the correlations of the b-
and s- against the u-term as the largest component (anions
α-XW12O40

n–8, β-SiW12O40
4–, γ-SiW12O40

4–, X2W18O62
6–)

shown in Figure 5. It is clearly seen that three components
are interrelated, but only for similar types of anions.

Figure 5. Interrelation between paramagnetic u- and b- (�) and s-
(�) terms for POTs (α-XW12O40

n–8, β-SiW12O40
4–, γ-SiW12O40

4–,
X2W18O62

6–).

In general, we can observe that increasing RWO results in
a corresponding absolute increase in the u-term (the more
negative the shielding the more positive the chemical shift)
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determined by the occupied–virtual MO transitions (see
Figure S1 in the Supporting Information) That, in turn, de-
pends on the bonding system (edge, corner, inner oxygen
atoms, and angles between bonds) and determines the
change of the b and s shielding components. In any case, the
s-term changes in a broader range than the u-term, which is
usually considered as the most important. For POTs, where
tungsten is surrounded only by oxygen atoms as ligands, we
can suggest that the change of the chemical shift is deter-
mined by the total paramagnetic contribution, in which the
occupied–occupied transitions have proved to be the most
important, and a fine interplay of the components (s- and
u-terms) of the paramagnetic shielding variable in quite a
large range will determine the total chemical shift. Never-
theless, the calculation adequately represents the general
trend in the chemical shifts.

It should be noted that the u- and s-terms decrease with
RWO for the anions built with octahedra linked by edge-
shared oxygens and therefore a close correlation between
the experimental shifts and the sum of the inversed energies
of the electronic transitions between d and d* orbitals cal-
culated by the EHMO method is observed.[8]

The 17O Paramagnetic Shielding

For the terminal oxygen atoms the s-term makes no more
than 5% contribution to the paramagnetic u-term and the
core b-term is much lower (Table 4). For the inner oxygen
the s-term may reach 30% and moreover is of opposite sign,
therefore it makes a sizeable contribution. Only for W6O19

2–

is the s-term for Oc negative as it binds six tungsten atoms.
For W10O32

4–, where the inner oxygen atoms Of bind five
W atoms, and for Od in the Keggin anion, which binds four
atoms, the s-term becomes positive.

Table 4. Components of the 17O paramagnetic shielding for some
POTs.

Anion Atom b-term s-term u-term PGT RW–O av.
[ppm] [ppm] [ppm] [ppm] [Å]

W10O32
4– Oa 1 –36 –787 1 1.756[a]

Oc –2 –9 –596 –15 1.938,
1.969[a]

Of –7 114 –276 8 2.288,
2.354[a]

Ob 0 7 –868 –2 1.739[b]

Od –3 –7 –594 –5 1.942[b]

Oe –4 –82 –521 7 1.923[b]

W6O19
2– Oa 1 –1 –880 0 1.730

Ob –2 –15 –573 –7 1.953
Oc –5 –26 –74 14 2.357

PW12O40
3– Oa 1 34 –905 –3 1.726

Ob –2 –14 –593 –9 1.938
Oc –4 –23 –556 2 1.930
Od –8 121 –355 23 2.469

[a] Distance to Wa. [b] Distance to Wb.

Depending on the type of oxygen atom (corner- or edge-
shared), the absolute value of the s component is larger for
the corner one. However, because the bond length in corner
sharing is usually shorter than that for an edge-sharing oxy-
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gen, the absolute u-term is less, making more negative shift
for the corner oxygen that links two equivalent tungsten
atoms having the same chemical shift. If it binds two tung-
sten atoms with different chemical shifts (as Oc in
W10O32

4–), the magnitude becomes unpredictable.
However, from Figure 6 (taking into account data for

anions W6O19
2–, W10O32

4–, CH3OTiW5O18
3–, α-PW12O40

3–,
α-SiW12O40

4–, and β-SiW12O40
4–) the interrelation between

the u-term and the s-term for three types of oxygen atoms
− terminal, bridging, and inner − is clearly seen. A certain
similarity between this plot and the one given in Figure 5
may be noted.

Figure 6. Interrelation of the u- and s-terms in the 17O paramag-
netic shielding for POT. �: terminal oxygen atoms; �: bridging oxy-
gen atoms; �: inner oxygen atoms.

For all POTs the most deshielded ones proved to be the
terminal oxygen atoms. Although the shorter bond length
leads to increased ∆E, it is possible that an increase of the
numerator exceeds the effect of decreasing 1/∆E (see for-
mula above).

Conclusions

Having considered the results of calculations of the 183W
and 17O NMR chemical shifts we can come to the following
conclusions: 1) Generally, the calculations reproduce the
patterns of the chemical shifts for both nuclei for several
types of tungsten and oxygen atoms. However, when the
range of the chemical shifts is rather narrow, prediction of
the chemical shifts will depend on the chosen geometric pa-
rameters, and a fine interplay of the different components
of the paramagnetic shielding may result in discrepancies
between the calculated and experimental chemical shifts, as,
for example, for γ-SiW12O40

4–. 2) The accuracy of the calcu-
lated chemical shifts is far from what would be desirable
and, in principle, a complete compatibility between calcu-
lated and observed chemical shifts is still not possible for
such polyoxotungstate complexes because of inaccuracies in
the geometric characteristics obtained by X-ray diffraction
studies. Sometimes, even for rather simple peroxotungstates
with overall C2 symmetry, two tungstens are crystallograph-
ically not identical and their different local geometry may
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easily give rise to differences of 200 ppm or more in the
calculated chemical shifts. Therefore, for sake of consist-
ency, the optimized structures, despite some inadequacy,
may be an adequate approach for the calculation of the
NMR shielding. 3) For POTs consisting of tungsten and
oxygen atoms the change in the chemical shifts is deter-
mined by an interplay of the components of the paramag-
netic shielding, in which the main contributor has been
shown to be the s-term (the occupied–occupied MO coup-
ling) along with the change in the u-term (the occupied–
virtual MO transitions). Apparently, such a behavior of the
paramagnetic shielding is characteristic, as shown by our
preliminary results, for other polyoxometalates involving
vanadium or molybdenum. 4) From the accumulated data
the reverse task may, in principle, become possible, namely
deducing the geometry from the observed chemical shifts,
if the nature of the nuclear shielding is completely under-
stood. 5) At present, the reliable assignment of the several
resonance lines observed in the NMR spectra to specific
atoms may be made only in the case of widely separated
NMR shifts. The fine details of the anion geometry must
therefore be taken into account to be able to assign the
resonances correctly. 6) It is rather well known[10,11,45] that
taking into account the spin-orbit coupling during calcula-
tion of the chemical shift of heavy elements notably in-
creases the correspondence between the calculated and ex-
perimental shifts. This is especially true when the ligands
around the coordinating cation are quite different and
heavy. However, although our preliminary calculations for
POTs where the ligand atoms are only oxygen atoms, ob-
tained by including the SO coupling term, give slightly
more reasonable values in terms of magnitude, they do not
give the correct order of the resonances for the Keggin
anions and even violate the sequence of the lines for β- and
γ-SiW12O40

4–.
Thus, to improve the accuracy of computed NMR chem-

ical shifts in polyoxometalates is not simple and will require
effort in several areas, most notably to incorporate exact
exchange functionals in the DFT calculations, to consider
the spin-orbit coupling, and to use larger basis sets. The
reader must bear in mind that the calculation of the shield-
ing tensors for one atom of the Dawson anion P2W18O62

6–

needs more than ten days of computer time.[46] Therefore,
it will be necessary to further improve the codes of NMR
calculations for large systems, and probably for clusters
with relatively large q/m, where q is charge and m the
number of metals, to introduce the effect of the solvent.[47]

Supporting Information (see also footnote on the first page of this
article): Influence of the geometric parameters on calculated shield-
ings for W6O19

2– and HOMO–LUMO separation for several POTs
are given in Tables S1 and S2. The correlation between calculated
paramagnetic shielding and mean bond length, RW–O, in Keggin
anions is given in Figure S1.
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A relativistic DFT method (ZORA) is used to calculate the
183W and 17O NMR chemical shifts for the reduced polyoxo-
tungstates W5O18WIINO3–, γ-SiW12O40

6–, P2W18O62
8–, and

W10O32
6– with different degrees of (de)localization of the

electrons introduced. Despite some discrepancies in the cal-
culated and experimental data, the calculations adequately
describe the changes in the chemical shifts upon reduction.
The reduction of a fully oxidized anion is accompanied by an
expansion of the geometry. The effect of the charge localiza-

Introduction
Because of the well-known ability of polyoxometalates

(POM) consisting of VV, MoVI, and WIV to be reversibly
reduced by one, two, or more electrons, they have attracted
much attention in catalysis and other fields where redox
reactions are quite important.[1–4] Depending on the mol-
ecular structure, electrons delocalize over the whole of the
coordination sphere or just a part of it. EPR[1,5,6] and, sub-
sequently, 17O NMR spectroscopy[7] have proved that a sin-
gle electron can be delocalized and that this delocalization
can be “frozen out” at quite low temperatures (several de-
grees kelvin).

The second electron introduced by a certain mechanism
generally pairs with the first one. 17O NMR[7,8] and
then 183W NMR[9–11] spectroscopy have shown that the
electron pair formed is completely delocalized in the
Keggin anion SiW12O40

6–, partly in the Dawson anion
P2W18O62

8–, in W10O32
6– or γ-SiW12O40

6–, and resides
completely on specific atoms in γ-SiW10WV

2S2O38
6–,[12]

γ-SiMoV
2W10O40

6–,[10] and P2W15Mo3O62
8– (delocalization

of the electron pair over three Mo atoms),[13] or, in the case
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tion and change in geometry on the chemical shift is evalu-
ated. The shift of the resonance of the tungsten atoms largely
depends on the reduced charge acquired upon reduction. On
the other hand, those tungsten atoms that do not increase the
electron density upon reduction have a negative shift. The
calculations also reproduce the negative shifts of all the 17O
NMR resonances upon reduction of the polyoxotungstates.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of six electrons, in XW9W3
IVO40H6

x– (localization of six
electrons in triplet forming metal–metal bonding).[14,15] In
some specific cases, the introduction of two electrons entails
the localization of one electron on one atom while the
second electron partially delocalizes over the tungsten
atoms adjacent to the first reduced atom (for example
P2W17MoVO62

8–).[13]

Several cases, however, should be considered separately.
In the nitrosyl complexes W5O18WIINO3– with the Lind-
qvist-type structure,[16] PW11WIINO40

8–, and the corre-
sponding Ru complexes with the Keggin structure,[17–19] the
electron density of the cation introduced delocalizes onto
the neighboring tungsten atoms.

In all the examples mentioned above, the degree of delo-
calization was monitored by NMR spectroscopy and esti-
mated by the characteristic positive shift of the resonance
lines attributed to the tungstens accepting the electron den-
sity. At the same time, some resonances undergo negative
shift which, depending on the structure and position of the
most important atom in it, may be rather significant.

In this paper we report DFT calculations of the 183W
and 17O chemical shifts for several reduced POMs.

Computational Details

We used the ADF 2003.01 package[20] to compute the
geometries of the molecules reported here. The density-
functional theory (DFT) calculations are characterized by
the local density approximation featuring the Xα model for
exchange with Becke’s gradient-corrected functional,[21] and
the VWN parameterization for correlation[22] corrected



J. Gracia, J. M. Poblet, J. Autschbach, L. P. KazanskyFULL PAPER
with Perdew’s functional.[23] The basis functions for describ-
ing the valence electrons of all the atoms are Slater-type
orbitals of triple-ζ+ polarization quality. The internal or
core electrons are described by means of single Slater func-
tions and were generated with the auxiliary program DI-
RAC.[20] Quasi-relativistic corrections − zeroth-order relativ-
istic approximation (ZORA) − were performed with cor-
rected core potentials. The NMR shielding tensors were
computed from a parallel version of the NMR module.[24]

The calculated chemical shift, δcal, is determined as the
difference between total shielding of the reference molecule,
σr, and the shielding, σx, of the molecule being studied:

δcal = σr – σx

For each nucleus, the total shielding tensor, σt, is calcu-
lated as the sum of the paramagnetic (σp) and diamagnetic
(σd) contributions. The simplest oxoanion, WO4

2–, is usu-
ally used as a reference for 183W NMR spectroscopy (calcu-
lated σt is 2663 ppm).[25] The 17O NMR chemical shift is
measured relative to pure water (δ = 0 ppm) for which the
absolute shielding, σt, is 291 ppm.[26]

It is well known that when electrons are added to the
structure the framework swells somewhat (i.e. some bonds
are elongated).[15,27–30] Thus, in all cases, for both the parent
oxidized POM and its reduced counterparts, the structures
used were the optimized ones before and after the two elec-
trons had been introduced.

Results and Discussion

W5O18WNO3–

This anion is a derivative of the Lindqvist anion that
contains one tungsten atom in the formal oxidation state
2+ with an NO group in place of the terminal oxygen atom.
Formally, NO has a charge of 1+.[16] The oxidized anion
has no counterpart and for purposes of comparison the
Lindqvist anion is used. Although the X-ray geometry of
this anion was not determined because the lattice cells are
very similar, the atomic coordinates were inferred from the
general description of the related anion Mo5O18MoNO3–

and by comparison with the Lindqvist molybdate and tung-
state anions. The symmetry of the anion is C4v, which leads
to three types of tungsten atoms (Figure 1). Three reso-
nances are observed in the 183W NMR spectrum with an
intensity ratio of 1:4:1, the first of which is substantially
shifted to low field (Table 1) and assigned to the reduced
tungsten linked to NO. It should be noted that the experi-
mental shift for Wc is markedly lower than the expected one
for a W(d4) configuration. Due to the back-donation from
tungsten to the nitrosyl group less electron density is left on
tungsten, which results in a smaller chemical shift. The
183W and 17O NMR chemical shifts calculated for the opti-
mized structure are given in Table 1.

The calculations correctly describe the pattern of the
183W chemical shifts, although the value for Wc is consider-
ably underestimated. The HOMO with e symmetry shows
a π interaction between the W metal and the NO group (see
Figure 1).
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Figure 1. Structure and HOMO of W5O18WNO3–.

Table 1. Calculated parameters and experimental 183W and 17O
NMR shifts for W5O18WNO3–.

Wc Wb Wa Oa Ob Oc Od Oe Of

δcal [ppm] 488 225 197 699 717 456 438 517 –27
δexp [ppm] 653 168 117 728 734 402 399 448

The 17O NMR chemical shifts calculated for several oxy-
gen atoms enable the lines observed for both the terminal
and bridging (Oc and Od, respectively) atoms to be as-
signed. It should be pointed out that the chemical shift for
the bridging Oe is larger than for the other bridging atoms.
This may be due to an interaction with the cation with the
lowest oxidation state (Wc)[16] or the influence of the pass-
ing electron density. However, the oxygen atoms of this type
have a higher shift[25] in CH3OTiW5O18

3–, where no delo-
calization occurs. It should be noted that, as before, the
chemical shifts calculated for the bridging oxygen atoms are
overestimated and for the terminal ones they are underesti-
mated.[25] Nevertheless, if compared with W6O19

2–, the
computed 17O chemical shifts correctly represent the
marked decrease in the experimental shifts for all the oxy-
gen atoms in W5O18WcNO3–.

γ-SiW12O40
n–

The structure of this anion, determined by Tézé et al.,[10]

is the result of two triplet groups (Wa–Wb–Wb) rotated by
60° along two C3 axes of the Keggin anion (Figure 2). This
structure gives rise to four resonances with a 2:1:2:1 inten-
sity pattern. The most shielded atoms in the 183W NMR
spectrum proved to be the Wa tungstens in rather a peculiar
position (Table 2).[10]

According to the 183W NMR spectrum, the two-electron-
reduced form reveals an uneven distribution of the electron
density over the coordination sphere. The most deshielded
atoms proved to be Wd, which acquire the largest portion
of the electron density, and the least shielded are Wc. Exper-
imentally, the assignment of the resonance lines for the re-
duced species is ambiguous because the quality of the spec-
trum did not allow the spin–spin coupling to be deter-
mined. However, the present calculations unambiguously
show that Wd is reduced first because the LUMO that ac-
quires two electrons mainly consists of Wd dxy orbitals and,



DFT Calculations of the 183W NMR Chemical Shifts in Reduced Polyoxotungstates FULL PAPER

Figure 2. Structure and HOMO of the two-electron-reduced
γ-SiW12O40

6–.

Table 2. Calculated and experimental 183W NMR chemical shifts
[ppm] for the oxidized γ-SiW12O40

4– and 2e-reduced γ-SiW12O40
6–

anions.

Wa Wb Wc Wd

δox
exp

[a] –160 –105 –117 –127
δox

cal
[b] –170 –130 –184 –158

δred
exp

[a] –131 –63 –124 489
δred

cal
[b] –47 –2 –65 471

δ*cal
[c] –63 –63 –98 –32

∆δgeom
[d] +107 +67 +86 +126

∆δelect
[d] +16 +61 +33 +503

[a] Observed NMR chemical shifts for the fully oxidized (δox
exp)

and 2e-reduced (δred
exp) anions. [b] Computed NMR chemical

shifts for the fully oxidized (δox
cal) and 2e-reduced (δred

cal) anions
in their optimal structures. [c] δ*cal is the shift computed for the
oxidized anion but with the structure of the reduced anion. [d]
∆δgeom = δ*cal – δox

calc represents the shift induced by the geometri-
cal change and ∆δelect = δred

cal – δ*calc the shift resulting from the
incorporation of the electron density in the already deformed anion
(see text for more details).

to a lesser extent, Wb tungsten atoms; Wa and Wc are re-
duced afterwards. Nevertheless, in the observed spectrum
of the reduced anion one of the resonance lines (δ =
–131 ppm) is negatively shifted with respect to the lines of
the oxidized anion. The notable positive calculated shifts
(�100 ppm) of the lines assigned to Wa and Wc for the
reduced anion will be discussed below.

It should also be noted that, despite an increase in the
electron population on the reduced tungsten, the diamag-
netic shielding does not differ much (δ = 5 ppm) from the
diamagnetic shielding for nonreduced tungstens.

P2W18O62
6–

This is the largest anion considered in this paper (Fig-
ure 3). Its 183W NMR spectrum completely corresponds to
the two expected resonance lines with an intensity ratio of
1:2, the first of which is assigned to the cap tungsten atoms
(Wa) (Table 3).[9] It should be noted that Wb is linked to
other tungsten atoms with three corner- and one edge-
shared oxygen atoms, unlike Wa, which is linked by two
corner- and two edge-shared oxygen atoms as in the Keggin
anion.
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Figure 3. Structure and HOMO of the two-electron-reduced
P2W18O62

8–.

Table 3. Calculated and observed 183W NMR chemical shifts [ppm]
for the oxidized P2W18O62

6– and 2e-reduced P2W18O62
8– anions.[a]

Wa Wb

δox
exp –127 –173

δox
cal –146 –215

δred
exp –299 –51

δred
cal –193 –143

δ�cal –105 –134
∆δ geom 41 81
∆δ elect –88 –9

[a] See Table 2 for definitions of the chemical shifts.

Reducing the anion with two electrons completely delo-
calizes the electron pair over 12 Wb atoms. As shown by
different calculation approaches, the HOMO (Figure 3),
which contains two electrons, is composed of symmetry-
adapted W5 dxy orbitals of the belt tungsten atoms Wb. This
is clear from the marked positive shift of the more intense
resonance line. At the same time, the resonance assigned to
the cap tungsten atoms Wa undergoes a substantial negative
shift.

Despite the notable discrepancy between the calculated
and experimental chemical shifts, and although the calcu-
lated absolute shifts upon reduction are markedly less than
the observed ones (Table 3), the DFT calculation ade-
quately reflects how the chemical shifts tend to change
upon reduction.

W10O32
4–

Like the Dawson anion P2W18O62
6– considered above,

this decatungstate may be viewed as a combination of two
fragments of the initial anion, in this case the Lindqvist
anion (Figure 4). W10O32

4– also gives two resonance lines
in the 183W NMR spectrum at δ = –23 and –165 ppm, with
an intensity ratio of 4:1, both of which are shifted to high
field with respect to the parent anion (δ = +59 ppm).[11] In
contrast to the Dawson anion, two-electron reduction of
W10O32

4– induces positive shifts in both resonances. How-
ever, the second line shifts by only 16 ppm, while the first
one shifts by 330 ppm, strongly indicating that the electron
pair is delocalized over eight tungsten atoms of the Wb type.
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This is also confirmed by the nature of the HOMO, which
consists of symmetry-adapted dxy orbitals of Wb (Figure 4).

Figure 4. Structure and HOMO of the two-electron-reduced
W10O32

6–.

A slight positive shift in the line assigned to Wa might
indicate the delocalization of electron density on these
atoms, as was observed in γ-SiW12O40

6–. However, this may
be misleading. We should bear in mind that when an anion
is reduced, it “swells” because the bond lengths increase.
According to the X-ray structure determination of the oxid-
ized and reduced species[30] of the decatungstate, both types
of WO6 octahedron increase in size slightly, which is con-
firmed by the structures computed for oxidized and reduced
anions. The geometry changes most in the belt octahedra
(see the bond lengths in Table 4).

Table 4. Observed and calculated NMR shieldings for W10O32
n–.[a]

Wa Wb Oa Ob Oc Od Oe Of

W10O32
4–

RWO [Å] 1.966 1.983 1.756 1.739 1.938/ 1.942 1.923 2.288/
1.969 2.354

δox
exp [ppm] –165 –23 732 765 434 421 423 –1.6

δox
cal [ppm] –155 –41 707 751 494 485 471 –49

δ*cal [ppm] –39 109 733 784 524 505 480 –58
∆δgeo [ppm] +116 +150 +26 +33 +30 +20 +9 –9
W10O32

6–

RWO [Å] 1.978 1.994 1.789 1.762 1.939/ 1.942 1.928 2.325/
2.024 2.365

δred
exp [ppm] –149 307 662 709 349 405 419 –2.4

δred
cal [ppm] –58 249 632 693 412 465 479 –50

∆δelect [ppm] –19 +140 –101 –91 –112 –40 –1 +8

[a] See Table 2 for definitions of the chemical shifts.

The calculated charge on the Wb atoms decreases upon
reduction, and there is practically no change in Wa.[31] In
other words, the positive shift for Wa is caused by a geomet-
rical change in the cap octahedron due to the reduction of
the vicinal tungstens.

Unlike in the 183W NMR spectrum, all the 17O NMR
resonances shift to high field upon reduction. These nega-
tive shifts may be the result of the delocalization of the elec-
tron density, the shielding of the nuclei, or the exclusion of
the HOMO (LUMO before reduction) from the transitions
that determine the paramagnetic term. From the calculated
charges, only the Oc atoms seem to reveal some increase in
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their negative charge upon reduction. Thus, the substantial
negative shifts may be assumed to be due to an increase in
the paramagnetic shielding. It should be noted that the 17O
resonance line assigned to the Oe linking two fragments un-
dergoes the least negative shift, despite delocalization of the
electron pair over Wb. Once again, if the shifts calculated
for W10O32

4– and W10O32
6– are compared using the geome-

try for the reduced anion, we see that the decrease in the
shifts is larger.

It should be noted that despite localization of the elec-
tron density over the eight Wb atoms, the terminal oxygen
atom Wa feels the presence of the electron pair in the
HOMO, which is probably excluded from the principle
transitions that determine the paramagnetic shielding. On
the other hand, Oe does not react to the presence of the
electron density on the nearest Wb tungsten atoms. Presum-
ably because of selection rules, the HOMO does not partici-
pate in the transitions that determine the paramagnetic con-
tribution of these oxygen atoms.

Electronic and geometric factors also influence the calcu-
lated chemical shifts. For example, the reduction of a tung-
sten ion always induces a positive shift in the 183W NMR
resonance in polytungstates. The present DFT calculations
reproduce this phenomenon fairly well and show that the
greater the electron density on a given nucleus the greater
the chemical shift. It increases from the Dawson anion (2 e
per 12 Wb), to decatungstate (2 e per 8 Wb), and then to
the γ-Keggin anion (2 e per 4 Wd and partially on another
4 Wb).

The incorporation of one electron into a nonbonding
metal orbital is associated with a small enlargement in the
reduced octahedron. By analyzing the chemical shift in se-
veral geometries we managed to separate the electronic fac-
tors from the geometric factors causing this positive shift.
For some of the anions discussed above we calculated the
chemical shifts for the oxidized parent anions but using the
optimized geometry for the reduced form. In all cases, sub-
stantial positive shifts of the calculated values δ*cal were
found, therefore ∆δgeom (δ*cal – δox

cal) will be considered as
the geometry factor due to the enlargement of the anion as
a result of reduction. On the other hand, the shift due to
incorporation of the electron density, ∆δelec, is given by
δred

cal – δ*cal, where calculated values refer to the optimized
structure of the reduced form. The importance of the elec-
tronic effect increases as the charge density on the reduced
center increases. Hence, in the γ-SiW12O40

6– anion the elec-
tronic term for Wd was estimated to be four times larger
than the geometric term. For Wb in W10O32

6– the two terms
are of similar weight. The electronic effect must be much
less important in the case of the Dawson anion, where the
two extra electrons are shared by 12 centers, therefore the
positive shift is due to enlargement of the anion (see
Table 3).

We will now discuss the case of W10O32
4– in some detail.

The 2e-reduction shifts the signal associated to the reduced
belt tungstens (Wb) by +330 ppm. The corresponding com-
puted value is +290 ppm. By calculating the chemical shift
of the oxidized anion with the geometry of the reduced
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partner, we estimate that the geometrical effect is +150 ppm
(∆δgeo). Thus, the addition of two electrons to the already
adapted (enlarged) framework shifts the signal by a further
+140 ppm (∆δelec). For the nonreduced Wa, the calculated
shift is +97 ppm, a very high value in comparison with the
experimental value of +16 ppm. The DFT calculations
probably overestimate the deformation of the cap octahedra
(∆δgeo = +116 ppm) due to the reduction of a belt site.

As mentioned above, the two added electrons in
γ-SiW12O40

6– are shared mainly by four tungstens. Conse-
quently, the electronic term is much more important. ∆δelec

for Wd was computed to be +503 ppm, whereas the corre-
sponding ∆δgeo contribution is only +126 ppm. As for
W10O32

4–, the relatively large ∆δgeo values for the nonre-
duced centers seem to be the cause of their large positive
shift.

Figure 5 compares the calculated and experimental 183W
chemical shifts for the reduced and parent anions, and gives
important data for W5O18WcNO3–. From the position of
the points, it can be assumed that the values calculated for
the reduced anions are slightly overestimated, because the
linear trend seems to be positively shifted. This shows that
the increase in the chemical shifts is not only due to the
reduction but also because the additional electrons lead to
an enlargement of the structure. The positive shift of
65 ppm of the trend may assume that the optimization of
the structure in the reduced state slightly overestimates the
bond lengths.

Figure 5. Correlation of the experimental and calculated 183W
chemical shifts for reduced and parent anions: � oxidized anions,
ο reduced anions.

Analysis of the transitions responsible for the paramag-
netic shielding of different tungsten atoms may clarify the
situation for those atoms for which the resonances with less-
positive shifts are assigned.

Conclusions
DFT calculations have been carried out to analyze the

effect of reduction on the 183W and 17O chemical shifts in
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several prototypic polyoxotungstates. In general, the experi-
mental trends are well reproduced, although significant dis-
crepancies were found between some computed and ob-
served values. This deviation is especially important for the
WII ion in the Lindqvist derivative W5O18WIINO3–, proba-
bly due to the inability of DFT methods to properly de-
scribe the interaction between the WII ion and the NO li-
gand.

The incorporation of one electron in a nonbonding metal
orbital produces an enlargement of the reduced octahedron.
By analyzing the chemical shift in several geometries we
have been able to separate the electronic factors from the
geometric factors that cause the positive shift. The impor-
tance of the electronic effect increases with the charge den-
sity on the reduced center, hence in the γ-SiW12O40

6– anion
the electronic term has been estimated to be three times
larger than the geometric term, whereas for W10O32

6– the
two terms have similar weight. The electronic effect must
be much less relevant in the Dawson anion, where the two
extra electrons are shared by 12 centers. This means that
the small positive shift should be mainly attributed to a
change in the geometry as a consequence of the reduction.
The present calculations have not allowed us to rationalize
the extremely negative shift of the resonance line assigned
to the cap Wa in reduced P2W18O62

8–.
The 17O NMR lines are negatively shifted upon re-

duction, in contrast to the positive shifts resulting from
placing the electron density on the tungsten atoms. The
large negative shift of the resonance of Oa in W10O32

6–,
which is rather far away from the delocalized electron pair,
is especially surprising. Further analysis of the calculated
17O NMR chemical shifts may clarify this situation.

Supporting Information (see footnote on the first page of this article):
Decomposition of shielding tensors into their paramagnetic and
diamagnetic contributions is given as Supporting Information
(Tables S1–S4).
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Iodine Attack on the Metalloligand [{Ti(η5-C5Me5)(µ-NH)}3(µ3-N)]: Surprising
Formation of the [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+ Cation
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The reactivity of the trinuclear imido-nitrido complex [{Ti(η5-
C5Me5)(µ-NH)}3(µ3-N)] (1) and derivatives thereof with
iodine has been investigated. Treatment of the indium(I)
adduct [IIn{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (2) with I2

(1 equiv.) in benzene afforded the indium(III) complex
[I3In{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (3), but with excess of
iodine the precipitation of orange crystals of the ionic com-
plex [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][InI4] (4) takes place.
Analogous treatment of the metalloligand 1 with I2 in toluene

Introduction

Transition metal nitrido complexes have received con-
siderable attention over the last decades.[1,2] Compounds of
group 6–8 metals usually bear the nitrido ligand as a ter-
minal functionality [M]�N and the study of its reactivity is
an area of increasing activity.[1,3] The analogous early tran-
sition metal derivatives have not received the same treat-
ment due to their difficult characterization and, perhaps
more importantly, the lack of a systematic method of syn-
thesis. This could be related with the tendency of the nitrido
ligand to bridge two or more early-transition metal centers,
which produces singular and very often unpredictable poly-
nuclear structures.[2,4]

The imido-nitrido complex [{Ti(η5-C5Me5)(µ-NH)}3(µ3-
N)] (1)[5,6] shows a cyclic [Ti3(µ-NH)3] system, which re-
sembles that of other triazamacrocycles such as 1,4,7-triaza-
cyclononanes,[7] and especially 1,3,5-triazacyclohexanes,[8]

whose extensive coordination chemistry is known. In fact,
we have recently shown the capacity of 1 to act as a preor-
ganized tridentate ligand with transition,[4,9,10] and main
group metals.[11] The great versatility of 1 is also confirmed
by the possibility of preparing complexes with metals in
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gave initially the iodine(I) derivative [I{(µ3-NH)3Ti3(η5-
C5Me5)3(µ3-N)}][I3] (5). Surprisingly, toluene solutions of 5 at
room temperature produced crystals of the ionic complex
[Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][I3]·C7H8 (6·C7H8). The trinu-
clear titanium cation [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+ of
complexes 4 and 6 has been structurally characterized by a
combination of X-ray and DFT studies.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

low [e.g. Mo0, IrI] or high oxidation states [e.g. TiIV, TaV].
Although the main driving force in the coordination of 1 is
the electron donation of the nitrogen atom lone pair to the
incorporated metals, theoretical calculations performed on
adducts of 1 with transition metals in low oxidation states
have shown that the presence of TiIV centers in the metallo-
ligand produces an additional stabilization through metal–
metal coupling.[9]

We have recently shown the formation of indium() and
indium() iodide adducts [IxIn{(µ3-NH)3Ti3(η5-C5Me5)3-
(µ3-N)}] [x = 1 (2), x = 3 (3)] through the reaction of 1 with
the corresponding metal halides,[12] and were interested in
performing the oxidation reactions directly on the metallo-
cubane system, for example preparing 3 from the in-
dium() complex 2. Here we present the results obtained in
this reaction, including the opening of the metalloligand
1 in the presence of excess iodine to give ionic complexes
containing the singular unprecedented cation [Ti3(η5-
C5Me5)3I2(µ-NH)3(NH3)]+, which has been structurally
characterized by X-ray and DFT studies.

Results and Discussion

The objective of this work was to evaluate the possibility
of performing oxidation processes on inorganic fragments
incorporated into the preorganized metallocubane ligand
[{Ti(η5-C5Me5)(µ-NH)}3(µ3-N)] (1). In this way, we tried to
obtain the indium() iodide adduct [I3In{(µ3-NH)3-
Ti3(η5-C5Me5)3(µ3-N)}] (3) from the indium() analogue
[IIn{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (2) via oxidation
with iodine. In a NMR experiment, complex 3 was quanti-
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tatively formed within minutes by oxidation of 2 using a
solution of I2 in [D6]benzene (Scheme 1). However, an ex-
cess of iodine in the reaction produced the consumption of
3.

Scheme 1. Reaction of 2 with iodine. [Ti] = Ti(η5-C5Me5).

In a preparative scale reaction, a toluene solution of 3
was layered with a solution containing an excess of iodine
(3 equiv.) in toluene to afford orange crystals of the ionic
complex [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][InI4] (4) in 49%
yield. The X-ray analysis of 4 confirms the structure pro-
posed in Scheme 1, containing a tetraiodoindiate() anion
and a trinuclear titanium cation (see Figure 1). The InI4

–

moiety found in 4 shows an average bond length for In–I
of 2.703(2) Å and bond angles I–In–I of 109.5(6)°, typical
for this tetrahedral fragment[13] (vide infra discussion about
the cation structure). Complex 4 is not soluble in benzene
or toluene and decomposes immediately in [D8]tetra-
hydrofuran, [D5]pyridine, [D1]chloroform, or [D2]dichloro-
methane, precluding its characterization by NMR spec-
troscopy. The IR (KBr) spectrum shows several bands in
the range 3304–2942 cm–1 and one at 1587 cm–1 that are
similar to those found for the Ti–NH3-containing complex
[{Ti2(η5-C5Me5)2Cl3(NH3)}(µ-N)].[6] The latter absorption
is assigned to the NH3 bending mode.[14]

Since the metalloligand 1 coordinated to indium was af-
fected in the reaction with I2, we have also investigated the
reaction of “free” 1 with iodine in toluene (Scheme 2).
Treatment of 1 with excess of iodine leads to precipitation
of a dark brown solid in 64% yield. Spectroscopic and ana-
lytical data are consistent with the iodine() derivative
[I{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}][I3] (5). This complex is
slightly soluble in [D6]benzene and soluble in [D2]dichloro-
methane. The 1H and 13C{1H} NMR spectra show reso-
nances for equivalent η5-C5Me5 ligands. The ipso carbon
resonances of the C5Me5 ligands are shifted to a lower field
with respect to those of 1, in a similar tendency to that
found for our previously reported adducts [XnM·1].[12] Res-
onances due to the µ-NH ligands were not detected in the
1H NMR spectrum, but the presence of those groups was
confirmed in the IR (KBr) spectrum with two νNH absorp-
tions at 3340 and 3218 cm–1.
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Figure 1. Simplified view of the complex [Ti3(η5-C5Me5)3I2(µ-NH)3-
(NH3)][InI4] (4) with thermal ellipsoids at the 50% probability
level. The pentamethylcyclopentadienyl ligands are not shown for
clarity.

Scheme 2. Reaction of 1 with iodine. [Ti] = Ti(η5-C5Me5).

Analogous disproportionation reactions of I2 in the pres-
ence of tetraazamacrocyclic or cryptand ligands to give co-
ordination compounds of iodine() have been previously re-
ported.[15] Attempts to grow suitable crystals of 5 for a X-
ray crystal structure determination failed, but saturated tol-
uene solutions of 5 at room temperature afforded orange
crystals of [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][I3]·C7H8

(6·C7H8) in poor yields.[16] Complex 6 is not soluble in unre-
active solvents and its IR (KBr) spectrum is essentially
identical to that of 4.

The X-ray crystal structure determination of 6 shows a
triiodide anion and the same trinuclear titanium cation
[Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+ found for 4 (see Fig-
ure 2). While 4 crystallizes as a solvent-free compound,
crystals of 6 bear one toluene solvent molecule per com-
plex. The I3

– ion in 6 is asymmetric [I–I distances are
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Table 1. Selected lengths [Å] and angles [°] for the cation of complexes 4 and 6.

[Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+

4 6 DFT 4 6 DFT

N(1)–Ti(3) 2.167(11) 2.149(4) 2.191 Ti(3)–N(2)–Ti(2) 127.7(5) 125.8(2) 127.7
N(2)–Ti(3) 1.854(9) 1.891(3) 1.915 Ti(2)–N(3)–Ti(1) 137.4(5) 138.3(2) 133.6
N(2)–Ti(2) 1.904(9) 1.918(3) 1.958 Ti(3)–N(4)–Ti(1) 135.6(5) 131.4(2) 129.8
N(3)–Ti(2) 1.808(9) 1.823(3) 1.919 N(3)–Ti(1)–N(4) 101.6(4) 102.6(1) 105.4
N(3)–Ti(1) 1.810(9) 1.825(3) 1.917 N(3)–Ti(1)–I(3) 102.1(3) 101.4(1) 102.6
N(4)–Ti(3) 1.790(9) 1.850(3) 1.893 N(4)–Ti(1)–I(3) 104.0(3) 103.6(1) 101.7
N(4)–Ti(1) 1.845(10) 1.880(3) 1.962 N(3)–Ti(2)–I(2) 100.6(3) 99.7(1) 101.1
Ti(1)–I(3) 2.664(3) 2.673(1) 2.723 N(2)–Ti(2)–I(2) 102.1(3) 102.1(1) 101.7
Ti(2)–I(2) 2.678(3) 2.695(1) 2.753 N(3)–Ti(2)–N(2) 103.4(4) 103.9(1) 104.3
Ti(1)···Ti(2) 3.370(3) 3.408(1) 3.526 N(4)–Ti(3)–N(2) 105.4(4) 108.1(1) 108.4
Ti(1)···Ti(3) 3.366(3) 3.399(1) 3.490 N(4)–Ti(3)–N(1) 99.2(5) 100.0(1) 99.5
Ti(2)···Ti(3) 3.374(3) 3.391(1) 3.476 N(2)–Ti(3)–N(1) 98.8(4) 98.5(1) 97.9

2.867(1) and 3.000(1) Å, I–I–I 179.0(1)°] as determined in
many other crystalline structures with such an anion.[17] Se-
lected distances and angles of the cation structures are
shown in Table 1.

Figure 2. Perspective view of the [Ti3(η5-C5Me5)3I2(µ-NH)3-
(NH3)][I3] (6) with thermal ellipsoids at the 50% probability level.
Solvent molecule is not shown for clarity.

The cation of both 4 and 6 is a cyclic trinuclear complex,
with three Ti(η5-C5Me5)L moieties held together by bridging
(µ-NH) imido ligands. Each titanium atom has a classical
three-legged piano-stool arrangement, where the legs are oc-
cupied by one iodine and two imido groups for Ti(1) and
Ti(2), and one ammonia and two imido ligands for Ti(3).
With respect to the plane formed by the three titanium atoms,
I(3) is located above while I(2) and the ammonia molecule are
below the plane. This structural disposition (two below, one
above) of the ligands resembles that of the oxotitanium com-
plexes [{Ti(η5-C5Me5)L}3(µ-O)3] (L = Me,[18] Cl,[19] Br,[20]

CH2CH=CH2
[21]). The titanium–iodine distances of

Eur. J. Inorg. Chem. 2006, 1155–1160 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1157

2.677(av.) Å are in the normal range[22] and the titanium–
nitrogen (ammonia) bond lengths [2.167(11) for 4 and
2.149(4) Å for 6] are very similar to the unique crystallo-
graphic documented titanium organometallic complex with
ammonia [{Ti2(η5-C5Me5)2Cl3(NH3)}(µ-N)] (2.158 Å).[6]

This distance is longer than that found for the Ti–OH2

bonds in aquotitanium() derivatives.[23] Surprisingly, only
seven other examples of metal–ammonia interactions are
found for groups 3, 4, and 5 when a search is performed in
the CSD.[24] The bridging imido ligands are characterized
by titanium–nitrogen bond lengths in the range 1.790(3)–
1.918(3) Å [av. 1.85 Å], which are slightly shorter than those
found in 1 [av. 1.92 Å], and angles Ti–N–Ti clearly wider
125.8(2)–138.3(2)° than those of complex 1 (93.2° av.) where
the µ3-nitrogen apical atom constrains the geometry. On the
other hand, distances from N(1) to I(2) of 3.661(1) in 4 and
3.623(3) Å in 6 could be indicative of the existence of an
intramolecular hydrogen bonding interaction between them
(sum of the van der Waals’ radii 3.650 Å).[25]

DFT calculations were conducted to characterize the tri-
nuclear fragment [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+. The
optimized geometry coincides quite well with the X-ray
ones, as can be seen in Table 1. Calculated distances are
slightly longer than the experimental and some of the
angles differ by a small number of degrees. Especially sig-
nificant is the distance Ti(3)–N(1) 2.191 Å, which is only
�0.02 and �0.04 Å longer than those found in complexes
3 and 6, respectively. The cation [Ti3(η5-C5Me5)3I2(µ-NH)3-
(NH3)]+ displays a relatively large HOMO–LUMO gap of
1.88 eV, a fact that is a signal of its relative stability.

Although all the three metal atoms in the titanium com-
plex are formally in their highest oxidation state, the Mul-
liken population analysis suggests that the Ti atom bonded
to NH3 carries a larger positive charge (+1.42 e) than the
other two titaniums [computed charge for Ti(1) + Ti(2) =
+0.92 e]. The LUMO is a nonbonding orbital with a larger
participation of Ti(3) (Figure 3). As a matter-of-fact, the
monoreduction of [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+

hardly induces changes in the geometry of the cluster, the
additional metal electron being mainly localized on the Ti
bonded to ammonia [spin density on Ti(3) of �0.5 e,
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whereas the other two Ti share �0.6 e]. All these results are
in concordance with the drawings proposed for the trinu-
clear titanium cation in Schemes 1 and 2.

Figure 3. 3D representation of the LUMO for [Ti3(η5-C5Me5)3I2-
(µ-NH)3(NH3)]+.

In summary, the heterometallocubane [IIn{(µ3-NH)3-
Ti3(η5-C5Me5)3(µ3-N)}] (2) allows the oxidation with iodine
of the supported InI, under mild conditions, to cleanly give
the expected indium() derivative [I3In{(µ3-NH)3Ti3-
(η5-C5Me5)3(µ3-N)}] (3). However, an excess of iodine in
the solution produces the rupture of the preorganized struc-
ture of [{Ti(η5-C5Me5)(µ-NH)}3(µ3-N)] (1) to give the
singular cation [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)]+. This
complex is also accessible through the reaction of 1 with an
excess of iodine. DFT studies support the cationic nature
of the unprecedented ammonia adduct.

Experimental Section
General Considerations and Starting Materials: All manipulations
were carried out under argon using Schlenk line or glovebox tech-

Table 2. Experimental data for the X-ray diffraction studies on compounds 4 and 6.

Formula C30H51I6InN4Ti3 (4) C37H59I5N4Ti3 (6·C7H8)

Mr 1487.67 1338.08
T [K] 293(2) 150(2)
λ [Å] 0.71073 0.71073
Crystal system triclinic triclinic
Space group P1̄ P1̄
a [Å]; α [°] 12.063(2); 91.85(2) 11.823(1); 79.10(1)
b [Å]; β [°] 13.031(5); 99.36(4) 13.086(1); 87.60(1)
c [Å]; γ [°] 14.769(4); 90.39(2) 15.886(1); 78.14(1)
V [Å3] 2289.3(11) 2362.0(3)
Z 2 2
ρcalcd. [g cm–3] 2.158 1.881
µMο-Kα [mm–1] 5.071 3.791
F(000) 1384 1280
Crystal size [mm] 0.25×0.20×0.18 0.34×0.33×0.22
θ range 1.40 to 24.97° 3.06 to 27.50°
Index ranges –14 to 14, –15 to 15, –17 to 0 –15 to 15, –17 to 17, –20 to 20
Reflections collected 8382 20854
Unique data 8038 [Rint = 0.052] 10824 [Rint = 0.033]
Observed data [I � 2σ(I)] 5147 8331
Goodness-of-fit on F2 1.041 1.033
Final R indices [I � 2σ(I)][a] R1 = 0.062, wR2 = 0.164 R1 = 0.031, wR2 = 0.069
R indices (all data) R1 = 0.122, wR2 = 0.189 R1 = 0.051, wR2 = 0.074
Largest diff. peak/hole [e·Å–3] 1.465/–0.976 1.529/–1.010

[a] R1 = Σ||Fo| – |Fc||/[Σ|Fo|] wR2 = {[Σw(F0
2 – Fc

2)2] /[Σw(F0
2)2]}1/2.
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niques. Hexane was distilled from Na/K alloy just prior to use.
Toluene was freshly distilled from sodium. NMR solvents were
dried with Na/K alloy (C6D6) or calcium hydride (CD2Cl2) and
vacuum-distilled. Oven-dried glassware was repeatedly evacuated
with a pumping system (ca. 1·10–3 Torr) and subsequently filled
with inert gas. Iodine was purchased from Aldrich and sublimed
under vacuum prior to use. [{Ti(η5-C5Me5)(µ-NH)}3(µ3-N)] (1),[6]

[IIn{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (2),[12] and [I3In{(µ3-NH)3-
Ti3(η5-C5Me5)3(µ3-N)}] (3)[12] were prepared according to pub-
lished procedures.

Samples for infrared spectroscopy were prepared as KBr pellets.
1H and 13C{1H} NMR spectra were recorded with a Varian Unity-
300 spectrometer. Chemical shifts (δ) are given relative to residual
protons or to carbon of the solvent. Microanalyses (C,H,N) were
performed with a Heraeus CHN-O-Rapid microanalyzer.

Oxidation Reaction of 2 with Iodine: A 5-mm valved NMR tube
was charged with 2 (10 mg, 0.012 mmol), I2 (3.0 mg, 0.012 mmol)
and [D6]benzene or [D8]toluene (1.00 mL). The course of the reac-
tion was monitored by 1H NMR spectroscopy. After 5 min at room
temperature the spectrum shows the complete consumption of 2
along with resonances due to complex 3.[12]

[IIn{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (2): 1H NMR (300 MHz,
C6D6, 20 °C): δ = 12.87 (br. s, 3 H, NH), 2.01 (s, 45 H,
C5Me5) ppm.

[I3In{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (3): 1H NMR (300 MHz,
C6D6, 20 °C): δ = 11.58 (br. s, 3 H, NH), 1.95 (s, 45 H,
C5Me5) ppm.

Synthesis of [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][InI4] (4): A solution
of I2 (0.062 g, 0.24 mmol) in toluene (10 mL) was carefully added
to [I3In{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}] (3) (0.090 g, 0.08 mmol)
in toluene (30 mL). The system was allowed to react without any
stirring for 5 days to yield 4 as orange crystals suitable for X-ray
analysis. The resultant red solution was concentrated in volume
under vacuum until ca. 15 mL and allowed to stand at room tem-
perature to give a second crop of crystals. The combined yield of
4 was 0.059 g (49%). IR (KBr) ν̃ = 3304 (m), 3261 (m), 3192 (w),



Iodine Attack on the Metalloligand [{Ti(η5-C5Me5)(µ-NH)}3(µ3-N)] FULL PAPER
3124 (w), 2942 (w), 2910 (m), 2850 (w), 1587 (m), 1485 (m), 1450
(m), 1427 (s), 1377 (s), 1268 (s), 1067 (m), 1019 (m), 790 (vs), 753
(vs), 711 (vs), 622 (m), 548 (w), 536 (w), 494 (w), 435 (m) cm–1.
C30H51I6InN4Ti3 (1487.67): calcd. C 24.22, H 3.45, N 3.77; found
C 24.85, H 3.39, N 2.69.

Synthesis of [I{(µ3-NH)3Ti3(η5-C5Me5)3(µ3-N)}][I3] (5): A solution
of I2 (0.75 g, 2.96 mmol) in toluene (30 mL) was carefully added to
1 (0.40 g, 0.66 mmol) in toluene (30 mL). The system was allowed
to react without any stirring for 3 days. After decantation, the re-
sultant dark brown crystals were vacuum-dried to afford 5 (0.47 g,
64%). IR (KBr) ν̃ = 3340 (m), 3218 (m), 2911 (s), 1486 (m), 1426
(s), 1376 (s), 1021 (w), 762 (s), 717 (s), 660 (vs), 638 (vs), 594 (s),
467 (m) cm–1. 1H NMR (300 MHz, C6D6, 20 °C): δ = 1.88 (s, 45
H, C5Me5) ppm. 1H NMR (300 MHz, CD2Cl2, 20 °C): δ = 2.10 (s,
45 H, C5Me5) ppm, NH resonance was not detected. 13C{1H}
NMR (75 MHz, CD2Cl2, 20 °C): δ = 123.8 (C5Me5), 12.3
(C5Me5) ppm. C30H48I4N4Ti3 (1115.94): calcd. C 32.29, H 4.33, N
5.02; found C 31.18, H 4.23, N 4.52.

Synthesis of [Ti3(η5-C5Me5)3I2(µ-NH)3(NH3)][I3] (6): A saturated
solution of 5 in toluene at room temperature for 5 days gave orange
crystals (0.050 g) of 6·C7H8 suitable for X-ray crystallographic
studies. IR (KBr) ν̃ = 3301 (m), 3234 (m), 3116 (m), 2909 (s), 2852
(w), 1587 (m), 1493 (m), 1428 (m), 1377 (s), 1271 (s), 1021 (m), 798
(vs), 753 (s), 729 (s), 710 (vs), 622 (m), 494 (w), 465 (w), 432
(m) cm–1. C37H59I5N4Ti3 (1338.08): calcd. C 33.21, H 4.44, N 4.19;
found C 32.67, H 4.37, N 3.67.

X-ray Crystal Structure Determination of Complexes 4 and 6:
Orange crystals of compounds 4 and 6 were obtained from toluene
solutions at room temperature. Crystals of 4 were mounted in a
glass capillary in a random orientation and transferred to an En-
raf–Nonius CAD4 diffractometer for characterization and data
collection at room temperature. Complex 6 crystallized with one
molecule of toluene, so the crystals were removed from the Schlenk
and covered with a layer of viscous perfluoropolyether (Fom-
blin®Y). A suitable crystal was selected with the aid of a micro-
scope, attached to a glass fiber, and immediately placed in the low
temperature nitrogen stream of the diffractometer. The intensity
data sets were collected at 150 K with a Bruker–Nonius Kap-
paCCD diffractometer equipped with an Oxford Cryostream 700
unit. Crystallographic data for all the complexes are presented in
Table 2. The structures were solved, using the WINGX package,[26]

by direct methods (SHELXS-97) and refined by least-squares
against F2 (SHELXL-97).[27] All non-hydrogen atoms of 4 and 6
were anisotropically refined. All the hydrogen atoms were posi-
tioned geometrically and refined by using a riding model except
those attached to N(1) and N(2) in complex 6 which were directly
located in the difference Fourier map and refined isotropically. The
largest residual density peaks are located at 0.88 Å of I(14) in com-
pound 4 and at 0.83 Å of I(4) in compound 6. The refinement of
the crystal structure of complex 6 was also performed substituting
the ammonia molecule by water and the result was a decrease of
the quality of the study, increased R values, poorer temperature
factors for the oxygen atom and always the appearance of the third
hydrogen atom in the difference Fourier map, excluding the exis-
tence of a water molecule.

CCDC-283509 and -283510 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: All DFT calculations were carried out with
the ADF program[28] by using triple-ζ and polarization Slater basis
sets to describe the valence electrons of C and N. For titanium, a

Eur. J. Inorg. Chem. 2006, 1155–1160 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1159

frozen core composed of the 1s, 2s, and 2p orbitals was described
by double-ζ Slater functions, the 3d and 4s orbitals by triple-ζ func-
tions, and the 4p orbital by a single orbital. Hydrogen atoms were
described by triple-ζ and polarization functions. The geometries
and binding energies were calculated with gradient corrections. We
used the local spin density approximation, characterized by the
electron gas exchange (Xα with α = 2/3) together with Vosko–Wilk–
Nusair parametrization[29] for correlation. Becke’s nonlocal correc-
tions[30] to the exchange energy and Perdew’s nonlocal correc-
tions[31] to the correlation energy were added. Quasirelativistic cor-
rections were employed by using the ZORA formalism with cor-
rected core potentials. The quasirelativistic frozen core shells were
generated with the auxiliary program DIRAC.[28]

Supporting Information (see footnote on the first page of this arti-
cle): The 1H and 13C{1H} NMR spectra of complex 5 are provided
as Supporting Information.

Acknowledgments

We are grateful to the Spanish MCYT (BQU2001-1499 and
BQU2002-04110-C02-01), Comunidad de Madrid (GR/MAT/0621/
2004) and the CIRIT of the Generalitat de Catalunya (SGR01-
00315) for support of this research.

[1] W. A. Nugent, J. M. Mayer, Metal-Ligand Multiple Bonds,
Wiley, New York, 1988.

[2] a) K. Dehnicke, J. Strähle, Angew. Chem. Int. Ed. Engl. 1981,
20, 413–426; b) K. Dehnicke, J. Strähle, Angew. Chem. Int. Ed.
Engl. 1992, 31, 955–978; c) K. Dehnicke, F. Weller, J. Strähle,
Chem. Soc. Rev. 2001, 30, 125–135.

[3] R. A. Eikey, M. M. Abu-Omar, Coord. Chem. Rev. 2003, 243,
83–124.

[4] A. Abarca, M. Galakhov, J. Gracia, A. Martín, M. Mena, J.-
M. Poblet, J. P. Sarasa, C. Yélamos, Chem. Eur. J. 2003, 9,
2337–2346, and references therein.

[5] H. W. Roesky, Y. Bai, M. Noltemeyer, Angew. Chem. Int. Ed.
Engl. 1989, 28, 754–755.

[6] A. Abarca, P. Gómez-Sal, A. Martín, M. Mena, J.-M. Poblet,
C. Yélamos, Inorg. Chem. 2000, 39, 642–651.

[7] For reviews, see: a) P. Chaudhuri, K. Wieghardt, Prog. Inorg.
Chem. 1987, 35, 329–436; b) J. A. R. Schmidt, G. R. Gies-
brecht, C. Cui, J. Arnold, Chem. Commun. 2003, 1025–1033.

[8] For recent publications, see: a) R. D. Köhn, M. Haufe, G. Ko-
ciok-Köhn, S. Grimm, P. Wasserscheid, W. Keim, Angew.
Chem. Int. Ed. 2000, 39, 4337–4339; b) R. D. Köhn, G. Seifert,
Z. Pan, M. F. Mahon, G. Kociok-Köhn, Angew. Chem. Int. Ed.
2003, 42, 793–796; c) R. D. Köhn, Z. Pan, M. Haufe, G. Ko-
ciok-Köhn, Dalton Trans. 2005, 2793–2797; d) R. D. Köhn, P.
Kampe, G. Kociok-Köhn, Eur. J. Inorg. Chem. 2005, 3217–3223
and references cited therein.

[9] a) A. Abarca, M. Galakhov, P. Gómez-Sal, A. Martín, M.
Mena, J.-M. Poblet, C. Santamaría, J. P. Sarasa, Angew. Chem.
Int. Ed. 2000, 39, 534–537; b) K. Freitag, J. Gracia, A. Martín,
M. Mena, J.-M. Poblet, J. P. Sarasa, C. Yélamos, Chem. Eur. J.
2001, 7, 3644–3651.

[10] A. Abarca, A. Martín, M. Mena, C. Yélamos, Angew. Chem.
Int. Ed. 2000, 39, 3460–3463.

[11] a) M. García-Castro, A. Martín, M. Mena, A. Pérez-Redondo,
C. Yélamos, Chem. Eur. J. 2001, 7, 647–651; b) A. Martín, M.
Mena, A. Pérez-Redondo, C. Yélamos, Organometallics 2002,
21, 3308–3310; c) M. García-Castro, A. Martín, M. Mena, C.
Yélamos, Organometallics 2004, 23, 1496–1500; d) A. Martín,
M. Mena, A. Pérez-Redondo, C. Yélamos, Inorg. Chem. 2004,
43, 2491–2498; e) A. Martín, M. Mena, A. Pérez-Redondo, C.
Yélamos, Dalton Trans. 2005, 2116–2119.



M. García-Castro, A. Martín, M. Mena, J.-M. Poblet, C. YélamosFULL PAPER
[12] M. García-Castro, J. Gracia, A. Martín, M. Mena, J.-M. Pob-

let, J. P. Sarasa, C. Yélamos, Chem. Eur. J. 2005, 11, 1030–1041.
[13] a) A. Frazer, B. Piggott, M. Harman, M. Mazid, M. B. Hurst-

house, Polyhedron 1992, 11, 3013–3017; b) L. A. Kloo, M. J.
Taylor, J. Chem. Soc., Dalton Trans. 1997, 2693–2696; c) M.
Sigl, A. Schier, H. Schmidbaur, Eur. J. Inorg. Chem. 1998, 203–
210.

[14] K. Nakamoto, Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 5th ed., Wiley, New York, 1997.

[15] a) W. S. Hua, A. I. Ajiboye, G. Haining, L. McGhee, R. D.
Peacock, G. Peattie, R. M. Siddique, J. M. Winfield, J. Chem.
Soc., Dalton Trans. 1995, 3837–3841; b) R. Le Goaller, H. Han-
del, P. Labbe, J.-L. Pierre, J. Am. Chem. Soc. 1984, 106, 1694–
1698.

[16] Suitable crystals of 6·C7H8 for X-ray crystallographic studies
were obtained in three independent preparations although the
preparative scale of 6 could not be optimized.

[17] P. H. Svensson, L. Kloo, Chem. Rev. 2003, 103, 1649–1684.
[18] S. G. Blanco, M. P. Gómez-Sal, S. M. Carrera, M. Mena, P.

Royo, R. Serrano, J. Chem. Soc., Chem. Commun. 1986, 1572–
1573.

[19] T. Carofligio, C. Floriani, A. Sgamellotti, M. Rosi, A. Chiesi-
Villa, C. Rizzoli, J. Chem. Soc., Dalton Trans. 1992, 1081–1088.

[20] S. I. Troyanov, V. Varga, K. Mach, J. Organomet. Chem. 1991,
402, 201–207.

[21] R. Andrés, M. Galakhov, M. P. Gómez-Sal, A. Martín, M.
Mena, C. Santamaría, J. Organomet. Chem. 1996, 526, 135–
143.

[22] a) J. Okuda, S. Fokken, T. Kleinhenn, T. P. Spaniol, Eur. J.
Inorg. Chem. 2000, 1321–1326; b) S. A. Harris, J. T. Ciszewski,
A. L. Odom, Inorg. Chem. 2001, 40, 1987–1988.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1155–11601160

[23] 2.08 Å is the averaged value for terminal Ti–OH2 bonds: a)
J. P. Fackler Jr, F. J. Kristine, A. M. Mazany, T. J. Moyer, R. E.
Shepherd, Inorg. Chem. 1985, 24, 1857–1860; b) M. Bochmann,
A. J. Jaggar, L. M. Wilson, M. B. Hursthouse, M. Motevalli,
Polyhedron 1989, 8, 1838–1843; c) T. S. Cameron, A. Decken,
E. G. Ilyin, G. B. Nikiforov, J. Passmore, Eur. J. Inorg. Chem.
2004, 3865–3872.

[24] Cambridge Structural Database: F. H. Allen, Acta Crystallogr.,
Sect. B 2002, 58, 380–388. Updated to Aug05.

[25] N. H. Greenwood, A. Earnshaw, Chemistry of the Elements,
2nd ed., Butterworth Heinemann, Oxford, 1998, p. 60.

[26] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837–838.
[27] G. M. Sheldrick, SHELX-97, Program for Crystal Structure

Analysis (Release 97–2). University of Göttingen, Germany,
1998.

[28] a) ADF 2004.01. Department of Theoretical Chemistry, Vrije
Universiteit, Amsterdam; b) E. J. Baerens, D. E. Ellis, P. Ros,
Chem. Phys. 1973, 2, 41–51; c) L. Versluis, T. Ziegler, J. Chem.
Phys. 1988, 88, 322–328; d) G. Te Velde, E. J. Baerens, J. Com-
put. Phys. 1992, 99, 84–98; e) C. Fonseca Guerra, J. G. Snijders,
G. Te Velde, E. J. Baerens, Theor. Chem. Acc. 1998, 99, 391–
403.

[29] S. H. Vosko, L. Wilk, M. Nusair, Can. J. Phys. 1980, 58, 1200–
1211.

[30] a) A. D. Becke, J. Chem. Phys. 1986, 84, 4524–4529; b) A. D.
Becke, Phys. Rev. A 1988, 38, 3098–3100.

[31] a) J. P. Perdew, Phys. Rev. B 1986, 33, 8822–8824; b) J. P. Per-
dew, Phys. Rev. B 1986, 34, 7406–7406.

Received: September 21, 2005
Published Online: January 27, 2006



FULL PAPER

DOI: 10.1002/ejic.200500874

Redox Chemistry in the Reaction of Oxovanadium(V) with Thiolate-Containing
Ligands: the Isolation and Characterization of Non-Oxo Vanadium(IV)

Complexes Containing Disulfide and Thioether Groups

Hua-Fen Hsu,*[a] Chia-Ling Su,[a] Neeruganti O. Gopal,[b] Chi-Chin Wu,[a]

Wei-Cheng Chu,[a] Yi-Fang Tsai,[a] Ya-Ho Chang,[a] Yi-Hung Liu,[c] Ting-Shen Kuo,[d] and
Shyue-Chu Ke*[b]

Keywords: Vanadium / S ligands / Bioinorganic chemistry / EPR spectroscopy

The reactions of VVO(O-iPr)3 with [PS3�]H3 and [PS3]H3

{[PS3�]H3 = P(C6H3-5-Me-2-SH)3, [PS3]H3 = P(C6H4-2-SH)3}
led to the formation of [VIV(L)] [L = P2S4� (1a), P2S4 (1b)],
where L was formed by the oxidative coupling of two PS3�

or PS3 ligands by a disulfide bond. When the reaction of
VVO(O-iPr)3 with [PS3�]H3 was conducted in the presence of
methoxide followed by the addition of a cation, [VIV(PS3�)-
(PS2SMe�)]X [X = N(C2H5)4 (2a), N(C2H5)3(CH2Ph) (2b)] was
isolated, where PS2SMe� is a bis(benzenethiolato)phenyl-
methylthioetherphosphane ligand generated from the meth-

Introduction

Vanadium has been shown to have an important role in
biological systems and therefore its complexes are worth in-
vestigation.[1] In particular, the interactions of high-valent
vanadium species with sulfur-containing bioligands, such as
cysteine and glutathione, are essential subjects in various
biological and medical topics.[1a,2] Vanadate interacts with
the Cys residue in the catalytic site of the protein-tyrosine
phosphatase (PTP), inhibiting the activity of the enzyme
that might be associated with the insulin-mimetic behavior
of vanadium compounds.[3] Some ascidians sequester VV

species from seawater and reduce it to VIII which is accumu-
lated in high concentration in vacuoles of the blood cells.[4]

The mechanism for this redox conversion is still unknown.
In addition to tunichrome and NADPH, glutathione and
cysteine might be candidates to act as reductants in the
cell.[5] A natural vanadium() complex, amavadin, was iso-
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ylation of one thiolate group in PS3�. The structures of com-
plexes 1a,b and 2a,b, determined by X-ray crystallography,
contain six- and seven-coordinate non-oxo vanadium(IV)
centers, respectively, with an octahedral geometry for 1a,b
and a pentagonal-bipyramidal geometry for 2a,b. The elec-
tronic, magnetic, and electrochemical properties of these
complexes were determined by UV/Vis and EPR spec-
troscopy, SQUID measurements, and cyclic voltammetry.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lated from Amanita mushrooms.[6] Even though the struc-
ture of this complex is known, its function is still not well
understood.[7] It has been suspected that amavadin might
be involved in the defensive system of the mushrooms
through the specific oxidation of some thiols to disulfide.[8]

The toxicity of vanadium in biological systems is not well
understood, however, it has been shown that the injection
of vanadate in mice decreased the cellular level of glutathi-
one, an essential antioxidant in the cell.[9] Vanadium com-
plexes with S-donor ligands have been shown to have insu-
lin-mimetic antidiabetic activity.[10]

From this information, efforts have been made to under-
stand the fundamental chemistry of high-valent vanadium
complexes with thiolate ligands that have similar functional
groups to those in cysteine and glutathione.[11] Among
those studies, the interaction of VO3+ species with thiolate-
containing ligands has not been intensively investigat-
ed.[11b,11d] Therefore, in this paper we focus on the chemis-
try of VO3+ reacting with the tris(benzenethiolato)phos-
phane ligands, [PS3]H3 and [PS3�]H3. The reactions led to
the reduction of vanadium() to vanadium() with the for-
mation of the two new types of ligands, L (L = P2S4 and
P2S4�) and PS2SMe� (see Scheme 1). The former was cre-
ated by the oxidative coupling of two PS3 ligands by way
of a disulfide linkage, and the latter resulted from the meth-
ylation of one thiolate group in the PS3� ligand. We verified
this chemistry by isolating the reaction products, [VIV(L)]
[L = P2S4� (1a), P2S4 (1b)] and [VIV(PS3�)(PS2SMe�)]X [X
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= N(C2H5)4 (2a), N(C2H5)3(CH2Ph) (2b)] (Scheme 2). No-
tably, 1a,b and 2a,b belong to a limited set of non-oxo (or
“bare”) vanadium complexes.[12] The interest in non-oxo va-
nadium species stems from amavadin and vanadium nitro-
genase that contain an eight-coordinate non-oxo vanadium
center and a [V(µ-S)3(His)(homocitrate)] site, respectively.
Herein, we describe the syntheses, structures, spectroscopy,
and magnetic properties of 1a,b and 2a,b, as well as the
significance of the chemistry provided in this work.

Scheme 1.

Scheme 2.

Results and Discussion

Syntheses and X-ray Structures

The reaction of 1 equiv. [PS3�]H3 in ether with 1 equiv.
VVO(O-iPr)3 in iPrOH generated a purple solid that was
recrystallized from dichloromethane/hexane to give the
crystalline form of [VIV(P2S4�)] (1a). The synthetic pro-
cedure of [VIV(P2S4)] (1b) was similar to that of 1a except
[PS3]H3 was used and the compound was recrystallized
from benzene/ether. When VVO(O-iPr)3 in iPrOH was
added to equimolar amounts of [PS3�]H3 in methanol with
the presence of sodium methoxide, a transient brown solu-
tion was produced which gradually changed to a purple
color in one hour. After addition of the counterion, X, the
purple crystalline solid of [VIV(PS3�)(PS2SMe�)]X [X =
N(C2H5)4 (2a), N(C2H5)3(CH2Ph) (2b)] precipitated from
the solution by the next day. When the reactions were per-
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formed with VVO(O-iPr)3 and the ligands in a molar ratio
of 1:2, there were no appreciable gains in the yields of com-
pounds 1a,b and 2a,b. The solid forms of these complexes
were stable in the air, however, the solution forms decom-
posed within minutes of exposure to the air.

The structure of 1a was obtained by X-ray crystallogra-
phy, but it was poorly refined as a result of the weak inten-
sity of the data. Compound 1b afforded X-ray crystallo-
graphic data of better quality and its ORTEP diagram is
shown in Figure 1. It consists of a VIV ion coordinated to
a hexadentate ligand, P2S4, with a nine-membered chelate
ring containing a S–S bond. The vanadium() center
adopts a distorted octahedral geometry by binding to two
phosphane atoms and four thiolate groups of P2S4, with
the two P donor atoms in cis positions. The generation of
P2S4 by the reaction was a consequence of the oxidative
coupling of two PS3 ligands by formation of a disulfide
linkage. Similar chemistry was also found in the reaction of
OsII with the PS3 ligand, however, two disulfide linkages
were formed.[13] Redox chemistry of VV/VIV coupled with
RS–/RSSR, as demonstrated by the isolation of 1a,b, is un-
precedented, although the chemistry of VIV/VIII coupled
with RS–/RSSR has been reported.[11e,11g] To the best of
our knowledge, hexadentate P2S4 and P2S4� ligands con-
taining two phosphane and four thiolate donor atoms have
not been presented in the literature. Selected bond lengths
and angles of 1b are listed in Table 1. The V–S distances of
2.307–2.335 Å in 1b are in the range of those for reported
VIV-thiolate complexes.[11a,11d–11h] The S atoms of the disul-
fide linkage remain uncoordinated, and the S–S distance of
2.055 Å is similar to those in characterized disulfide-con-
taining compounds.[11d,11f]

Figure 1. ORTEP diagram of 1b shown with 35% thermal ellip-
soids. All hydrogen atoms are omitted for clarity.

The structures of 2a and 2b were determined by X-ray
crystallography and their anions are very similar (see Figure
S1 and Figure 2, respectively). However, 2b provides a bet-
ter quality of X-ray crystallographic data and is discussed
here. The anion of 2b consists of a seven-coordinate VIV
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Table 1. Selected bond lengths [Å] and angles [°] for 1b·2C6H6.

V(1)–S(3) 2.335(3) V(1)–S(4) 2.307(2)
V(1)–S(5) 2.329(3) V(1)–S(6) 2.325(2)
S(1)–S(2) 2.055(3) V(1)–P(1) 2.442(2)
V(1)–P(2) 2.500(2)
S(4)–V(1)–S(3) 107.45(9) S(3)–V(1)–P(1) 80.43(8)
S(4)–V(1)–S(6) 84.73(9) S(3)–V(1)–P(2) 94.58(9)
S(4)–V(1)–S(5) 90.18(9) S(6)–V(1)–S(3) 157.69(10)
S(4)–V(1)–P(1) 84.31(8) S(6)–V(1)–S(5) 110.40(9)
S(4)–V(1)–P(2) 156.88(9) S(6)–V(1)–P(1) 82.35(8)
S(5)–V(1)–S(3) 88.65(10) S(6)–V(1)–P(2) 76.94(8)
S(5)–V(1)–P(1) 165.64(9) P(1)–V(1)–P(2) 106.74(8)
S(5)–V(1)–P(2) 83.25(8)

center by binding to PS3� and PS2SMe�, where PS2SMe� is
a bis(thiolato)thioetherphosphane ligand. Interestingly,
during the reaction a thiolate group in the PS3� ligand was
methylated to yield the PS2SMe� ligand. The S(2)–C(10) dis-
tance of 1.763(5) Å is close to those found in methylphenyl
thioether-containing compounds,[14] but is different from
the reported S–O and S–OH distances found in sulfoxide
and sulfenic acid, respectively.[15] The S atom of the thio-
ether group in PS2SMe� remains uncoordinated. The struc-
ture adopts a distorted pentagonal-bipyramidal geometry
with two P atoms in the equatorial plane. Seven-coordinate
VIV complexes are unusual and the only reported example
is [V(S2)2(terpy)].[16] Selected bond lengths and angles of 2a
and 2b are listed in Table S1 and Table 2, respectively. The
distances of V–S bonds occur in a large range (2.374 to
2.551 Å). The axial V–S distances (2.374 and 2.386 Å) are
comparable to those in 1b and other reported VIV-thiolate
complexes.[11a,11d–11h] However, the equatorial V–S bond
lengths (2.444, 2.434, and 2.551 Å) are much longer than
those in reported VIV-thiolate compounds, but are close to
those in seven-coordinate vanadium()-thiolate com-
plexes.[17]

Figure 2. ORTEP diagram of 2b shown with 35% thermal ellip-
soids. The cation and all hydrogen atoms are omitted for clarity.

Spectroscopic, Electrochemical, and Magnetic Studies

The patterns of the bands in the UV/Vis spectra of 1a,b
are similar to each other, but are dissimilar to that of 2a,
clearly delineating the different coordination sites of 1a,b
and 2a in solution state (Figure 3). The absorptions of 1a
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Table 2. Selected bond lengths [Å] and angles [°] for 2b·CH3OH.

V(1)–S(1) 2.4435(10) V(1)–S(3) 2.3743(11)
V(1)–S(4) 2.5513(10) V(1)–S(5) 2.3861(10)
V(1)–S(6) 2.4336(10) V(1)–P(1) 2.4891(10)
V(1)–P(2) 2.4305(10) S(2)–C(10) 1.763(5)
S(1)–V(1)–S(3) 98.05(4) S(4)–V(1)–P(1) 70.09(3)
S(1)–V(1)–S(5) 92.00(4) S(4)–V(1)–P(2) 68.22(3)
S(1)–V(1)–S(6) 70.05(3) S(5)–V(1)–P(1) 97.15(4)
S(1)–V(1)–P(1) 77.52(3) S(5)–V(1)–S(3) 168.96(4)
S(1)–V(1)–P(2) 144.00(4) S(5)–V(1)–S(6) 102.52(4)
S(3)–V(1)–S(6) 85.30(4) P(1)–V(1)–S(6) 142.33(4)
S(3)–V(1)–P(1) 80.68(3) P(2)–V(1)–S(3) 93.20(4)
S(4)–V(1)–S(1) 146.71(4) P(2)–V(1)–S(5) 81.18(4)
S(4)–V(1)–S(3) 84.40(4) P(2)–V(1)–S(6) 76.98(3)
S(4)–V(1)–S(5) 84.69(3) P(2)–V(1)–P(1) 138.26(4)
S(4)–V(1)–S(6) 142.97(4)

are slightly red-shifted relative to those of 1b as a result of
the methyl substituents of the ligand in 1a. The intense
bands appearing in these spectra are very likely caused by
the ligand-to-metal charge transfers that mask d-d transi-
tions. Cyclic voltammograms (CVs) of complexes 1a,b and
2a were measured under nitrogen with ferrocene (Fc) as an
external standard. The potentials are referenced versus the
Fc+/Fc couple as summarized in Table 3. The CVs of 1a
and 2a display two well-separated reversible waves of equal
size as one-electron-reduction and one-electron-oxidation
processes (Figure 4). The reduction processes should be in-
terpreted as metal-centered reductions to VIII species since
the thiolate ligands are unlikely to be reduced in this poten-
tial range. Although the possibility of ligand-based oxi-
dations should not be excluded, we are inclined to speculate
that the oxidation processes are related to metal-centered
oxidations since the oxidation of thiolate to thiyl radical is
usually irreversible and at higher potential.[12e,12i] The po-
tentials (E1/2) of 1a are much higher than the corresponding
potentials of 2a. Presumably, this is related to the six-coor-
dinate metal center in 1a compared with the seven-coordi-
nate metal center in 2a; this is in agreement with lower-
coordinate complexes stabilized at lower oxidation states.
The differences in potentials of these two complexes are
689 mV for the VIII/VIV couple and 498 mV for the VIV/VV

couple, indicating that the effect of the coordination
number on the stabilization of the oxidation state is more
pronounced for the former than the latter couple. Indeed,
the potentials of redox couples of 1a are closer to those
of the corresponding couples in a six-coordinate non-oxo
vanadium() complex, VIVLP

2, in which LP is a tridentate
bis(phenolato)phosphane ligand (Table 3).[12p] The poten-
tials of 1a are slightly higher than those in VIVLP

2 since the
reduced form is more stable in a P2S4 environment com-
pared with a P2O4 environment. The cyclic voltammogram
of 1b displays an irreversible reduction wave at –0.818 V
and an irreversible oxidation wave at 0.149 V, presumably
related to the redox processes to VIII and VV, respectively.
The potentials of 1b are higher than those of 1a, consistent
with the electron-donating nature of the methyl substituent
in the ligand of 1a. Some irreversible oxidized waves are
observed in the potential range of 0.2 to 0.8 V for 1a,b and



H.-F. Hsu, S.-C. Ke, et al.FULL PAPER
2a, and are probably related to the oxidation of thiolate
ligand to thiyl radical.

Figure 3. UV/Vis spectra of 1a,b and 2a in CH2Cl2. Solid line (1a),
dashed line (1b), dashed-dotted line (2a).

Table 3. Electrochemical data from cyclic voltammetry.[a]

Com- E1/2
red [V][b] ∆Ep

red [mV] E1/2
ox [V][b] ∆Ep

ox [mV]
plex

1a –0.872 98 –0.107 104
1b –0.818[c] – 0.149[c] –
2a –1.561 92 –0.605 86
VIVLP

2
[d] –1.060 – –0.175 –

[a] Measured 0.5 m solutions of 1a,b and 2a in CH2Cl2 with
nBu4NBF4 (0.05 ), Pt electrode, Ag/Ag(NO3) (0.01  in CH3CN)
reference, ambient temperature, scan rate 100 mVs–1. [b] Vs. Fc/
Fc+. [c] Irreversible wave, the peak potentials Ep

ox or Ep
red are

given. [d] L = bis(phenolato)phosphane (ref.[12p]).

Figure 4. Cyclic voltammograms of complexes 1a (dotted line) and
2a (solid line) in CH2Cl2 solutions (scan rate: 100 mVs–1).

The magnetic properties of the complexes were studied
by SQUID measurements over the temperature range 5–
300 K. The temperature-independent magnetic moments of
1a and 2a are 1.78±0.10 and 1.68±0.04 µB, respectively,
close to the spin-only value of one unpaired electron (µeff =
1.73 µB). These results are consistent with a VIV ion that
has a S = 1/2 ground state. The 1H NMR spectra of 1a and
2a in CD2Cl2 exhibit broadened resonance signals in the
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range of –10 to 20 ppm, in agreement with paramagnetic
species in the solution state. The EPR spectra of 1a,b and
2a in frozen CH2Cl2 solutions are presented in Figure 5.
The spectra of 1a,b are not highly resolved, which is proba-
bly a result of the bad quality of glass samples. Attempts
to obtain better resolved spectra by preparing the samples
under various conditions did not succeed. These spectra ex-
hibit an eight-line pattern with hyperfine splitting of
108.01·10–4 and 103.55·10–4 cm–1 for 1a,b and 2a, respec-
tively, centered at gz � 1.97 that is caused by coupling of
the unpaired electron with the 51V nuclear spin (I = 7/2).
Spin quantification of the EPR signals account for almost
100% of all three complexes. These results confirm S = 1/2
d1 electronic configuration assignments of the vanadium
ions. As shown in Figure 5, each member of the octet is
further split into a 1:2:1 triplet of lines, indicating that the
electron is coupled to two equivalent 31P nuclei (I = 1/2)
with a superhyperfine splitting of 2.8 and 3.2 mT for 1a,b
and 2a, respectively. The magnetic parameters of the x and
y components could not be determined directly from these
spectra because of considerable overlapping of lines. We
have attempted to simulate these spectra based on S = 1/2
rhombic models with two equivalent coordinating phos-
phorus nuclei. Notably, we have assumed that the principal
axis systems for the g, AV, and AP tensors are collinear for
simplicity, which may not be justified for non-oxo vanadi-
um() complexes as described by Chaudhuri and co-
workers.[12p] Satisfactory fits are presented in Figure 5 and
the derived EPR parameters are presented in Table 4. The
EPR parameters of six-coordinate 1a,b exhibit gz � gx,y � 2
and Az �� Ax, Ay characteristic of a (dxy)1 ground state
configuration.[12e,12p,18] The study of complex 2a is the first
reported EPR study of a seven-coordinate non-oxo vanadi-
um() complex with approximately D5h symmetry. For an
ideal pentagonal-bipyramidal (D5h) symmetry, simple crys-
tal-field considerations place the e1�� (dxz and dyz) the lowest.
The a1� (dz2) and e2� (dxy, dx2–y2) lie relatively high above e1��,
and the ordering of e2� and a1� depends on the relative field
strength of the equatorial and the axial ligands. The system
is subject to Jahn–Teller distortion. Complex 2a adopts a
pseudo D5h pentagonal-bipyramidal geometry with S1, P1,
S4, P2, and S6 atoms forming the pentagon. The spin-Hamil-
tonian parameters (Table 4) are such that gz � gx,y � 2 and
Az �� Ax, Ay. These results are consistent with the unpaired
electron being in a nondegenerate dxz ground state expected
for a pentagonal-bipyramidal complex with a d1 electron
configuration. The fact that the observed g anisotropy is rel-
atively small suggests a considerable energy difference be-
tween the dxz and dyz orbitals, even though these orbitals are
strongly coupled by spin-orbit interactions.

From the observed spin-Hamiltonian parameters, the
Fermi contact term (k) at the 51V nucleus has been calcu-
lated.[19] A large value of k indicates a large contribution to
the hyperfine coupling constant by the unpaired electron.
The values of the Fermi contact term obtained in the pres-
ent work (k = 0.53, 0.53, and 0.51 for 1a, 1b, and 2a, respec-
tively) indicate the moderate hyperfine coupling from the
51V nucleus. The observed spectral features, the obtained
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Table 4. EPR parameters of 1a,b and 2a.

Compound gx gy gz Ax [10–4 cm–1] Ay [10–4 cm–1] Az [10–4 cm–1]

1a 1.999(9) 1.989(9) 1.976(9) 18.68 29.73 108.01[a]

1b 1.999(2) 1.989(6) 1.976(9) 18.67 29.72 108.01[a]

2a 1.997(9) 1.989(2) 1.979(9) 17.26 26.00 103.55

[a] The parameter for compounds 1a and 1b is only accurate to±0.9·10–4 cm–1, because the spectra of 1a and 1b are not as well-resolved
as 2a in the high-field region.

Figure 5. Experimental and simulated EPR spectra of 1a,b and 2a.
Instrument settings: microwave frequency, 9.5192 GHz for 1a,
9.5158 GHz for 1b, 9.5152 GHz for 2a; modulation amplitude, 8 G
at 100 kHz; temperature, 5 K; microwave power, 5 mW.

spin-Hamiltonian parameters with low k values, and the
isotropic superhyperfine coupling from the two equivalent
phosphorus nuclei signify the delocalization of the unpaired
electron density away from the VIV metal center.

The Disulfide Formation and the Alkylation of Coordinated
Thiolate

Ligand-based reactions of metal-thiolate complexes are
well-known.[11b,15a,20] The reactions include alkylation, met-
alation, and oxygenation of bound sulfur centers. The for-
mation of disulfide along with the reduction of metal ions
has also been seen in metal-thiolate chemistry.[11e,11g,13,21]

However, it has never been reported that VV species mediate
the disulfide formation and the alkylation of thiolate, as
presented in this work. The mechanism of forming the thio-
ether group contained in 2a,b is less clear. The alkylation
of coordinated thiolate groups is mostly limited to late-tran-
sition-metal complexes such as NiII, RuII, FeII, and ZnII

thiolates, where bound sulfur atoms tend to react with elec-
trophiles like carbonium sources.[20a,20d,20g,22] The nucleo-
philicity of bound sulfur atoms has been attributed to a
four-electron repulsion between a sulfur lone pair and elec-
trons in filled metal d-orbitals. However, in the case of high-

Eur. J. Inorg. Chem. 2006, 1161–1167 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1165

valent vanadium thiolates, the electron repulsion stemming
from the metal–sulfur dπ-pπ interactions is undermined by
the electron deficiency of the metal center. Thus, an electro-
philic attack of bound sulfur to carbon in methoxide lead-
ing to the formation of 2a,b is less likely, but cannot be
excluded. More likely, the methylation of thiolate might in-
volve the homolytic cleavage of the C–O bond in methoxide
by a bound thiyl radical generated by the reaction of VV

with thiolate.[23] In this case, the initial step possibly in-
volved the reduction of VV to VIV and the oxidation of
thiolate to thiyl radical.[24] Thus, a VIV(RS·)(OCH3) species
might be proposed as an intermediate.

Conclusions

This work describes the redox chemistry that occurs in
the reactions of vanadium() with thiolate groups, leading
to the formation of two types of non-oxo vanadium()
complexes: one with disulfide- and the other with thioether-
containing ligands, as shown by 1a,b and 2a,b, respectively.
The chemistry here contrasts with the reported reactions of
VO3+ with thiolate-containing ligands, NS3 and btap3–

{NS3 = [N(CH2CH2S)3]3–, btap3– = 2-[bis(ethylthiolato)-
amino]-4-methylphenolate}, in which redox chemistry was
not involved and oxovanadium() complexes binding with
the title ligands were obtained.[11b,11d] Compared with NS3
and btap3– ligands, the PS3 system might be attributed to a
better driving force of the redox process between VV/VIV

and RS–/RS· couples, consequently generating a VIV–RS·
intermediate that might be a key species for forming 1a,b
and 2a,b.

Experimental Section
General Considerations: Manipulations were performed under ni-
trogen by standard Schlenk techniques or in a nitrogen-filled glove
box. [P(C6H4-2-SH)3], [P(C6H3-5-Me-2-SH)3],[25] and VO(iPrO)3

[26]

were synthesized according to literature procedures. Solvents were
dried, distilled, and degassed using standard techniques. All other
starting materials were obtained commercially and used without
further purification.

Physical Methods: Electronic spectra were recorded in the range
of 300–1100 nm on a Hewlett Packard 8453 spectrophotometer.
Electrochemical studies were performed at ambient temp. under
nitrogen with a CHI 600A electrochemical analyzer. Cyclic voltamm-
ograms were obtained by using a three-component system con-
sisting of a platinum-disk working electrode, a platinum-wire auxil-
iary electrode, and a Ag/Ag(NO3) (0.01  in CH3CN) reference
electrode. The experiments were performed in CH2Cl2 by using tet-
rabutylammonium tetrafluoroborate (0.05 ) as the supporting
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electrolyte. The ferrocenium/ferrocene (Fc+/Fc) couple was mea-
sured as an external standard. Under our experimental conditions,
the Fc+/Fc couple was at E1/2 (∆Ep) = 0.161±0.01 V (130 mV) vs.
Ag/Ag(NO3) (0.01  in CH3CN). The 1H NMR spectra were re-
corded with a BRUKER AMX-400 at ambient temp. EPR spectra
were obtained at X-band using a Bruker EMX spectrometer
equipped with a Bruker TE102 cavity and an Advanced Research
System continuous-flow cryostat (3.2–200 K). The microwave fre-
quency was measured with a Hewlett–Packard 5246L electronic
counter. The instrument settings are shown in the Figure caption.
SQUID magnetic measurements were performed with a QUAN-
TUM DESIGN MPMS-7 with a field of 5000 G. The measure-
ments were taken over the following temp. ranges with the indicated
increments: 5–10 K (one data point every 1 K), 12–20 K (one data
point every 2 K), 23–50 K (one data point every 3 K), 55–100 K
(one data point every 5 K), 110–300 K (one data point every 10 K).
Diamagnetic contributions were estimated for each compound by
using Pascal’s constants.

Synthesis of [VIV(P2S4�)] (1a): An iPrOH solution of VO(iPrO)3

(0.061 g, 0.25 mmol) was added to an ether solution of [PS3�]H3

(0.100 g, 0.25 mmol) to generate a bluish-purple solution. After
stirring for 1 h, a bluish-purple solid precipitated. The solid was
filtered in the air and was followed by recrystallization from
CH2Cl2 and hexane in anaerobic conditions to yield the crystalline
form of 1a [0.040 g, 0.047 mmol, ca. 19% based on VO(iPrO)3].
C42H36P2S6V (846.01): calcd. C 59.63, H 4.29, S 22.74; found C
59.42, H 4.28, S 22.53. UV/Vis in CH2Cl2 (λ, nm; ε, –1 cm–1): 438
(6.02·103), 531 (6.92·103), 764 (3.21·103), 918 (2.40·103).

Synthesis of [VIV(P2S4�)] (1b): An iPrOH solution of VO(iPrO)3

(0.068 g, 0.28 mmol) was added to an ether solution of [PS3]H3

(0.100 g, 0.28 mmol) to generate a bluish-purple solution. After
stirring for 1 h, a bluish-purple solid precipitated. The solid was
filtered in the air and was followed by recrystallization from ben-
zene and ether in anaerobic conditions to yield the crystalline form
of 1b [0.017 g, 0.023 mmol, ca. 8.2% based on VO(iPrO)3].
C36H24P2S6V (761.85): calcd. C 56.75, H 3.18, S 25.25; found C
56.21, H 3.17, S 24.40. UV/Vis in CH2Cl2 (λ, nm; ε, –1 cm–1): 513
(6.93·103), 747 (3.33·103), 890 (2.41·103).

Synthesis of [VIV(PS3�)(PS2SMe�)][N(C2H5)4] (2a) and [VIV(PS3�)-
(PS2SMe�)][N(C2H5)3(CH2Ph)] (2b): An iPrOH solution of VO-
(iPrO)3 (0.060 g, 0.25 mmol) was added to a methanol solution of
[PS3�]H3 (0.100 g, 0.25 mmol) and CH3ONa (0.040 g, 0.75 mmol)
to generate a brown solution. The reaction mixture changed to a
purple color after stirring for 30 min. After filtering through Celite,
the solution was concentrated and layered with (C2H5)4NBr
(0.050 g, 0.24 mmol) in methanol to give a purple crystalline solid
of 2a [0.020 g, 0.02 mmol, ca. 8% based on VO(iPrO)3].
C51H59NP2S6V (991.23): calcd. C 61.79, H 6.00, N 1.41, S 19.41;
found C 60.99, H 6.19, N 1.33, S 18.73. UV/Vis in CH2Cl2 (λ,
nm; ε, –1 cm–1): 443 (4.53·103), 562 (4.92·103), 677 (2.98·103). The
procedure for the synthesis of 2b is the same except (C2H5)3-
(CH2Ph)NBr was used for the cation. 2b, C56H61NP2S6V (1053.38):
calcd. C 63.85, H 5.85, N 1.33, S 18.27; found C 62.99, H 6.05, N
1.32, S 17.82.

Crystallographic Structure Determination

Each crystal was mounted on a glass fiber and quickly coated in
epoxy resin. Diffraction measurements were carried out at 295(2) K
for 1b and 150(2) K for 2b with a Bruker SMART 1000 CCD dif-
fractometer with graphite-monochromated Mo-Kα radiation (λ =
0.7107 Å). Least-squares refinement of the positional and aniso-
tropic thermal parameters for the contribution of all non-hydrogen
atoms and fixed hydrogen atoms was based on F2. A SADABS
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absorption correction was made.[27] The SHELXTL structural re-
finement program was employed.[28] All non-hydrogen atoms were
refined with anisotropic displacement factors. All hydrogen atoms
were calculated using the riding model. Detailed data and refine-
ment parameters are summarized in Table 5 (1b and 2b) and
Table S2 (2a).

Table 5. Crystallographic data for compounds 1b and 2b.

1b·2C6H6 2b·CH3OH

Formula C48H36P2S6V C57H65NOP2S6V
M [gmol–1] 918.01 1085.34
T [K] 295(2) 150(2)
Crystal system Monoclinic Monoclinic
Space group P21/a P21/n
a [Å] 18.0270(10) 12.58000(10)
b [Å] 13.8510(9) 33.6470(3)
c [Å] 19.1040(11) 14.25500(10)
α [°] 90 90
β [°] 114.260(3) 113.58
γ [°] 90 90
V [Å3] 4348.9(4) 5529.99(8)
Z 4 4
Dcalcd. [g cm–1] 1.402 1.304
µ(Mo-Kα) [mm–1] 0.624 0.503
F(000) 1892 2284
Collected data 23029 33541
Unique data (Rint) 7636 (0.2093) 9649 (0.0535)
Refined parameters 515 613
R1

[a] [I � 2σ(I)] 0.0753 0.0525
wR2

[b] [I � 2σ(I)] 0.1270 0.1433
GOF[c] 1.226 1.019

[a] R1 = Σ||Fo| – |Fc||/Σ||Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[c] Goodness-of-fit on F2.

CCDC-272405 (for 1b), CCDC-287713 (for 2a), and CCDC-
272406 (for 2b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP diagram of 2a (Figure S1), selected bond lengths and
angles for 2a (Table S1), and crystallographic data of 2a (Table S2).
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Oxidative Addition of Cl2, HClO to Square-Planar PtII Complexes: Synthesis
and Structural Characterization of Platinum(II) and Platinum(IV) Bis(amidate)

Complexes

Fenghui Liu[a] and Wanzhi Chen*[a]
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New bis(amidate)platinum(II) complexes with the general
formula cis-[Pt(RNH2)2(NHCOtBu)2] were prepared by the
hydrolysis of the corresponding cis-[Pt(RNH2)2(tBuCN)2]2+

complex. The bis(amidate)platinum(IV) complexes with the
formula trans,cis,cis-[PtCl2(RNH2)2(NHCOtBu)2] (5: R = H, 6:
R = Et), trans,cis,cis-[PtCl(OH)(RNH2)2(NHCOtBu)2] (8: R =
H, 9: R = Et, and 10: 2R = 1,2-cHex), and mono(amidate)
complex mer-[PtCl3(DACH)(NHCOtBu)2] (7, DACH = trans-
1,2-diaminocyclohexane) have been generated selectively by
the oxidative addition of Cl2 and HClO to the corresponding
platinum(II) complexes, [Pt(RNH2)2(NHCOtBu)2], in water.
All the prepared compounds were characterized by

Introduction

Since the discovery of the antitumor activity of cis-
Pt(NH3)2Cl2 by Rosenberg and co-workers[1] a large
number of platinum() and platinum() complexes con-
taining cis-(NH3)2Pt or cis-(RNH2)2Pt units have been pre-
pared and characterized.[2,3] Numerous efforts have been
made to develop new antitumor compounds that do not
show cross-resistance with cis-platin. cis-[Pt(RNH2)2(amid-
ate)2] complexes, derived from cis-Pt(RNH2)Cl2 have
proved to be useful building blocks to assemble homo- and
heteronuclear dimeric,[3] oligomeric,[4] and polymeric com-
plexes.[5] The two mutually cis amidate ligands play a criti-
cal role in favoring the association of the platinum units and
other metal ions such as in the biologically active “platinum
blues”.[6] The amidate-bridged dimeric platinum complex
[Pt2(NH3)4(NHCOtBu)L2]2+, where L is NO3

– or solvent
molecules, has been found to activate C–H bonds of
ketones[7] and to catalyze the ketonation of alkynes, epoxid-
ation, and dihydroxylation of terminal olefins.[8]

It is well known that the PtIV species are involved in the
activation of C–H bonds such as the Shilov system, which
consists of aqueous solutions of PtII and PtIV salts that con-
vert alkanes to the corresponding chlorides and alcohols
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elemental analyses and 1H and 195Pt NMR spectroscopy.
The structures of trans,cis,cis-[PtCl2(NH3)2(NHCOtBu)2] (5),
trans,cis,cis-[PtCl2(EtNH2)2(NHCOtBu)2] (6), mer-[PtCl3-
(DACH)(NHCOtBu)] (7), and trans,cis,cis-[PtCl(OH)(DACH)-
(NHCOtBu)2] (10) have been confirmed by X-ray diffraction
analyses. The structures of these platinum(IV) complexes
adopt an octahedral geometry. The Pt–N, Pt–O, and Pt–Cl
distances are in the expected ranges. These complexes are
rare examples of bis(amidate)- and mono(amidate)plati-
num(IV) complexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

under mild conditions.[9] Taking into account the fascinat-
ing chemistry of bis(amidate)platinum() complexes, the
amidatoplatinum() complexes may also be useful for such
types of organic transformation processes. Furthermore, al-
though most of the platinum centered antitumor drugs are
platinum() compounds, in recent years a number of plati-
num() complexes have also been found to be active for
antitumor treatment with improved pharmacological prop-
erties.[10] However, so far no bis(amidate)- and mono(amid-
ate)platinum complexes having a PtIV center have been re-
ported. Here we report for the first time the preparation,
1H and 195Pt NMR spectra, and structural characterization
of the platinum() complexes mer-[PtCl3(DACH)-
(NHCOtBu)] (DACH = trans-1,2-diaminocyclohexane),
trans,cis,cis-[PtCl2(RNH2)2(NHCOtBu)2], and trans,cis,cis-
[PtCl(OH)(RNH2)2(NHCOtBu)2] (R = H, Et; and 2R =
1,2-cHex). These platinum() complexes were prepared by
oxidative addition of Cl2 and HClO to their corresponding
platinum() complexes, cis-[Pt(RNH2)2(NHCOtBu)2], in
high yields.

Results and Discussion

Synthesis and NMR Characterization

The [Pt(RNH2)2(NHCOtBu)2] complexes are easily pre-
pared in high yield by basic hydrolysis of their correspond-
ing platinum()-nitrile complexes, [Pt(RNH2)2(tBuCN)2]2+.
This procedure has been employed to prepare [Pt(NH3)2-
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(NHCOtBu)2] and cis-[Pt(DACH)(NHCOtBu)2]. cis-[Pt-
(EtNH2)2(NHCOtBu)2] and cis-[Pt(DACH)(NHCOtBu)2]
were similarly obtained. The synthetic strategy for making
the platinum() as well as platinum() complexes described
below is shown in Scheme 1. These platinum() complexes
are isolated as stable colorless crystalline solids, and they
are soluble in acetone, ethanol, and chloroform. The neu-
tral square-planar complexes, cis-[Pt(NH3)2(NHCOtBu)2]
and cis-[Pt(EtNH2)2(NHCOtBu)2], react with an equimolar
amount of Cl2 (0.3% in water) at room temperature to give
the bis(amidate)platinum() complexes, trans,cis,cis-
[PtCl2(NH3)2(NHCOtBu)2] (5) and trans,cis,cis-
[PtCl2(EtNH2)2(NHCOtBu)2] (6), as yellow crystals, respec-
tively. However, mer-[PtCl3(DACH)(NHCOtBu)] (7) was
generated as the sole isolated product when cis-
[Pt(DACH)(NHCOtBu)2] was dissolved in Cl2/H2O under
the same conditions. The reactions proceeded in good
yields. The initially formed [PtCl2(DACH)(NHCOtBu)2]
probably further reacted with HCl to lose one molecule of
tBuCONH2 and yield the final product, 7. The isolated
crystals of 5–7 are poorly soluble in common organic sol-
vents, but are moderately soluble in dimethyl sulfoxide.
Their 195Pt NMR spectra exhibit a singlet at –35, –30.6,
and –289 ppm, respectively, indicative of typical plati-
num() compounds.

Scheme 1.

Sodium hypochlorite has proved to be a convenient oxy-
gen source for olefin epoxidation catalyzed by transition-
metal complexes.[11] We found that it also acts as a Cl– and
HO– source for the preparation of (chloro)(hydroxo)plati-
num() complexes. The platinum() complexes cis-
[Pt(NH3)2(NHCOtBu)2], cis-[Pt(EtNH2)2(NHCOtBu)2],
and cis-[Pt(DACH)(NHCOtBu)2] easily dissolved in an
aqueous solution of NaOCl (available Cl2 5%) at room tem-
perature and yielded trans,cis,cis-[PtCl(OH)(RNH2)2-
(NHCOtBu)2] {R = H, 8; R = Et, 9; (RNH2)2 = DACH,
10} in moderate yields. All these chloro(hydroxo)plati-
num() complexes were isolated as yellow solids. The 195Pt
NMR spectra of 8–10 in [D6]acetone exhibit singlets at
–134, –146, and 189 ppm, respectively, which are typical of
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PtIV species. The 195Pt NMR spectrum of 10 measured im-
mediately upon dissolving in [D6]DMSO shows two singlets
at 189 and –193 ppm. The downfield signal disappeared
and the upfield signal was intensified after the solution
stood in an NMR tube for 24 h. After this time the 1H
NMR spectrum also became simpler. Thus the upfield sig-
nal at δ = –193 ppm is assigned to the solvated species
[Pt(OH)(DMSO)(DACH)(NHCOtBu)2]Cl.

The general synthetic route to platinum() complexes is
the oxidation of platinum() complexes by hydrogen perox-
ide or halogens.[12] The oxidative addition of HOCl with
NaOCl provides a convenient route for the preparation of
chloro(hydroxo)platinum() complexes.

Structural Description

The structures of compounds 4–7 and 10 have been de-
termined by X-ray diffraction. A summary of the crystallo-
graphic data can be found in Table 1. Colorless crystals of
4 were obtained by slow evaporation of its acetone/water
solution. Compound 4 crystallizes in a chiral orthorhombic
space group P21212, and the chiral configuration is prede-
termined by the diamine, 1R,2R-trans-diaminocyclohexane.
The structure of 4 established by X-ray diffraction analysis
is shown in Figure 1. As expected, the central platinum is
tetra-coordinated to four nitrogen atoms in a square-planar
geometry. The shortness of the C–O and C–N bond lengths
illustrates the sp2 character of the related atoms. The struc-
ture of 4 is the first crystal structure of a platinum() com-
plex of the type [Pt(RNH2)2(trans-Cl2)(amidate)2] in which
the chlorine atoms occupy the axial positions of an octahe-
dral geometry.

Although compounds 5 and 6 crystallize in different
noncentrosymmetric space groups C2 and Pc, respectively,
they display the same structure. The structure of 5 is de-
picted in Figure 2 and the structure of compound 6 is given
as Supporting Information. There are two independent
molecules in the asymmetric crystallographic unit of com-
pound 6, which have essentially the same structure. There-
fore, only one of the two molecules is shown in the Support-
ing Information. The coordination polyhedrons of the com-
plexes are distorted octahedrons for both 5 and 6. The two
amine and two amidate ligands are in mutual cis positions,
and the two chloride ions are in mutual trans positions. The
sum of the angles of the neighboring nitrogen atoms around
Pt is 359.8° for 5 and 360.5° for 6, indicating their coplanar-
ity. The Pt–Cl bond lengths [2.324(8) and 2.328(7) Å for 5,
2.311(2) and 2.319(2) Å for 6] are in good agreement with
other structurally characterized platinum chloride com-
pounds.[13] The NH3 and NH2 groups in 5 and 6 are in-
volved in intra- and intermolecular hydrogen bonding. The
Cl–Pt–Cl angles [179.24(8)° for 5 and 177.01(6)° for 6] are
close to 180°.

The trichloroplatinum() complex 7 crystallizes in an or-
thorhombic space group Pbca. Its unit cell contains eight
molecules of [PtCl3(DACH)(NHCOtBu)2] and eight mole-
cules of acetone. The structure of 7 consists of an octahe-
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Table 1. Crystal data and structure refinement details for trans,cis,cis-[PtCl2(NH3)2(NHCOtBu)2] (5), trans,cis,cis-[PtCl2(EtNH2)2-
(NHCOtBu)2] (6), mer-[PtCl3(DACH)(NHCOtBu)2]·(CH3)2CO (7), and trans,cis,cis-[PtCl(OH)(DACH)(NHCOtBu)2] (10).

4 5 6 7 10

Formula C16H40N4O5Pt C10H26Cl2N4O2Pt C14H34Cl2N4O2Pt C14H30Cl3N3O3Pt C16H39ClN4O5Pt
Formula mass 563.61 500.34 556.44 573.84 598.05
Crystal size [mm] 0.08×0.15×0.36 0.10×0.12×0.26 0.24×0.30×0.31 0.10×0.12×0.23 0.08×0.08×0.28
Crystal system orthorhombic monoclinic monoclinic orthorhombic monoclinic
Space group P21212 C2 Pc Pbca P21

a [Å] 21.556(5) 24.181(11) 11.752(14) 18.161(4) 12.738(4)
b [Å] 25.509(6) 5.921(3) 9.939(12) 12.768(2) 20.352(6)
c [Å] 8.3333(18) 12.625(6) 18.72(2) 18.752(4) 18.372(5)
β [º] 90 106.327(8) 96.89(2) 90 90.282(6)
V [Å3] 4582.2(17) 1734.6(14) 2171(4) 4348.3(14) 4763(2)
Z 8 4 4 8 8
ρcalcd [mg/m3] 1.634 1.916 1.702 1.937 1.668
θ range [º] 1.24–27.52 1.68–27.56 1.75–27.63 2.23–27.54 1.11–27.54
Reflections collected 26253 5387 11931 21860 28487
Reflections unique (Rint) 10132 (0.0363) 3623 (0.0458) 8102 (0.0335) 4854 (0.0978) 18554 (0.1010)
Goodness-of-fit 1.370 1.024 1.044 1.035 0.869
R1, wR2 [I � 2σ(I)] 0.0718, 0.1764 0.0314, 0.0771 0.0332, 0.0873 0.0392, 0.0981 0.0678, 0.1321
R1, wR2 (all data) 0.0732, 0.1770 0.0344, 0.0789 0.0394, 0.0919 0.0609, 0.1085 0.1712, 0.1597
Absolute structure 0.00 –0.003(11) 0.00 0.00
parameter

Figure 1. Molecular structure of [Pt(DACH)(NHCOtBu)2] (4). Se-
lected bond lengths and angles: Pt(1)–N(1) 2.055(11), Pt(1)–N(2)
2.098(15), Pt(1)–N(3) 2.062(12), Pt(1)–N(4) 2.051(15), N(4)–Pt(1)–
N(1) 93.5(5), N(4)–Pt(1)–N(3) 80.6(6), N(1)–Pt(1)–N(3) 173.2(7),
N(4)–Pt(1)–N(2) 178.3(6, N(1)–Pt(1)–N(2) 85.1(5 N(3)–Pt(1)–N(2)
100.9(6).

drally coordinated platinum() center in which the plati-
num atom is surrounded by three nitrogen and three chlo-
rine atoms in a meridional fashion. The structure is de-
picted in Figure 3. The cyclohexyl ring exhibits pseudo-
planarity as a consequence of the racemic mixture and dis-
order. The Pt–Cl bond lengths are not unusual, but the
chlorine atom trans to the nitrogen atom has a rather longer
Pt–Cl distance [2.329(2) Å] than the other two in mutually
trans positions [2.311(2) and 2.319(2) Å]. However, it
should be pointed out that an opposite trend has been ob-
served in cis-[PtCl4{NH=C(Et)OMe}2].[14] All other bond
lengths and angles are as expected and agree perfectly with
the values already reported for bis(amidate) platinum com-
plexes.[15]
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Figure 2. Molecular structure of trans,cis,cis-[PtCl2(NH3)2-
(NHCOtBu)2] (5). Selected bond lengths [Å] and angles [°]: Pt(1)–
Cl(1) 2.316(2), Pt(1)–Cl(2) 2.300(2), Pt(1)–N(1) 2.016(6), Pt(1)–
N(2) 1.991(7), Pt(1)–N(3) 2.070(7), Pt(1)–N(4) 2.059(6), N(2)–
Pt(1)–N(1) 86.6(3), N(2)–Pt(1)–N(4) 176.8(3), N(1)–Pt(1)–N(4)
90.7(3), N(2)–Pt(1)–N(3) 92.4(3), N(1)–Pt(1)–N(3) 177.0(3), N(4)–
Pt(1)–N(3) 90.1(3), N(2)–Pt(1)–Cl(2) 89.3(2), N(1)–Pt(1)–Cl(2)
87.54(19), N(4)–Pt(1)–Cl(2) 88.8(2), N(3)–Pt(1)–Cl(2) 89.6(2),
N(2)–Pt(1)–Cl(1) 91.3(2), N(1)–Pt(1)–Cl(1) 93.0(2), N(4)–Pt(1)–
Cl(1) 90.6(2), N(3)–Pt(1)–Cl(1) 89.9(2), Cl(2)–Pt(1)–Cl(1)
179.24(8).

Compound 10 crystallizes in the noncentrosymmetric
space group P21, and the chirality is predetermined by the
ligand 1R,2R-trans-1,2-diaminocyclohexane. Figure 4 de-
picts the molecular structure of 10 with an atomic labeling
scheme. The PtN4 moiety maintains its cis-arrangement.
The chloride and hydroxide groups are located in axial posi-
tions with normal Pt–O and Pt–Cl distances. The Pt–O dis-
tance [2.043(16) Å] is consistent with those found in other
platinum hydroxide complexes,[16] and the O–Pt–Cl angle is
179.1(5)°. One of the two C=O groups is oriented toward
the NH2 group as shown in Figure 4. The N(3)···O(3) dis-
tance is 2.71 Å, indicating intramolecular hydrogen bond-
ing.
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Figure 3. Molecular structure of mer-[PtCl3(DACH)(NHCOtBu)]
(7). Selected bond lengths [Å] and angles [°]: Pt(1)–Cl(1) 2.311(2),
Pt(1)–Cl(2) 2.319(2), Pt(1)–Cl(3) 2.329(2), Pt(1)–N(1) 2.009(6),
Pt(1)–N(3) 2.056(5), Pt(1)–N(4) 2.051(5), N(1)–Pt(1)–N(4) 96.7(2),
N(1)–Pt(1)–N(3) 179.3(3), N(4)–Pt(1)–N(3) 83.0(2), N(1)–Pt(1)–
Cl(1) 91.2(2), N(4)–Pt(1)–Cl(1) 88.95(18), N(3)–Pt(1)–Cl(1)
88.21(17), N(1)–Pt(1)–Cl(2) 90.8(2), N(4)–Pt(1)–Cl(2) 87.91(18),
N(3)–Pt(1)–Cl(2) 89.78(17), Cl(1)–Pt(1)–Cl(2) 176.46(7), N(1)–
Pt(1)–Cl(3) 86.92(17), N(4)–Pt(1)–Cl(3) 176.38(16), N(3)–Pt(1)–
Cl(3) 93.38(15), Cl(1)–Pt(1)–Cl(3) 90.57(7), Cl(2)–Pt(1)–Cl(3)
92.45(7).

Figure 4. Molecular structure of trans,cis,cis-
[PtCl(OH)(DACH)(NHCOtBu)2] (10). Selected bond lengths [Å]
and angles [°]: Pt(1)–N(1) 2.021(17), Pt(1)–N(2) 2.014(18), Pt(1)–
N(3) 2.094(18), Pt(1)–N(4) 2.07(2), Pt(1)–Cl(1) 2.338(7), Pt(1)–O(1)
2.043(16), N(2)–Pt(1)–N(1) 87.2(8), N(1)–Pt(1)–N(4) 95.0(8), N(2)–
Pt(1)–N(3) 96.0(9), N(2)–Pt(1)–N(4) 176.0(9), N(1)–Pt(1)–N(3)
176.5(8), N(4)–Pt(1)–N(3) 81.8(8), N(2)–Pt(1)–O(1) 87.1(7), N(1)–
Pt(1)–O(1) 92.3(6), O(1)–Pt(1)–N(4) 89.4(7), O(1)–Pt(1)–N(3)
86.4(7), N(2)–Pt(1)–Cl(1) 93.7(6), N(1)–Pt(1)–Cl(1) 87.4(5), N(3)–
Pt(1)–Cl(1) 93.8(6), N(4)–Pt(1)–Cl(1) 89.8(6), O(1)–Pt(1)–Cl(1)
179.1(5).

In summary, oxidative addition of chlorine or HOCl to
the neutral [Pt(RNH2)2(NHCOtBu)2] complexes in water
yielded a number of bis(amidate) and mono(amidate) plati-
num() complexes. Complexes 5–10 represent the first fully
characterized examples of platinum() mono(amidate) and
bis(amidate) complexes derived from oxidative addition.
The present study also provides a convenient synthetic
route for chloro(hydroxo)platinum() complexes using Na-
ClO as the source of the chloride and hydroxide ions.
Furthermore, these complexes may potentially be precur-
sors for the preparation of some PtIV compounds since the
Cl atoms can easily be replaced by other anions.
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Experimental Section
General Remarks: cis-Pt(EtNH2)2Cl2,[17] Pt(DACH)Cl2 (DACH =
trans-1,2-diaminocyclohexane),[18] cis-[Pt(NH3)2(NHCOtBu)2]·
2H2O,[19] and cis-[Pt(DACH)(NHCOtBu)2]·4H2O[19] were prepared
according to previously published procedures. Cl2/H2O (available
chlorine 0.3%), NaClO/H2O (available Cl2 5.0%), and other chemi-
cals were purchased from commercial sources and used as received.
The elemental analyses were performed with a Perkin–Elmer PE
2400II analyzer. The 1H and 195Pt NMR spectra were recorded
with a Bruker 500 MHz spectrometer. The NMR chemical shifts
are given in ppm relative to TMS (1H) and K2PtCl4 (195Pt), and
referenced either to residual solvent signals (1H) or externally
(195Pt).

CAUTION! Perchlorate salts of metal complexes are potentially
explosive and should be handled with great care.

cis-[Pt(EtNH2)2(NCtBu)2](ClO4)2 (1): A suspension of cis-
Pt(EtNH2)2Cl2 (0.36 g, 1.0 mmol) in water (10 mL) was treated
with AgClO4 (0.41 g, 2.0 mmol), and the mixture was stirred over-
night in the dark. After the removal of AgCl, tBuCN (1.0 g,
12.0 mmol) was added to the filtrate. The resulting white precipitate
was separated and washed with H2O, EtOH, and Et2O, and dried
in vacuo. Yield: 0.53 g (82%). C14H32Cl2N4O8Pt (650.41): calcd. C
25.85, H 4.96, N 8.61; found C 25.81, H 4.87, N 8.50. 1H NMR
(500 MHz, [D6]acetone): 2.62 (q, JHH = 7.0 Hz, CH2CH3, 4 H),
1.52 (s, C(CH3)3, 18 H), 1.10 (t, CH2CH3, 6 H) ppm. 195Pt NMR
(107.30 MHz, [D6]acetone): δ = –2857 ppm.

cis-[Pt(EtNH2)2(NHCOtBu)2]·H2O (2): A suspension of 1 (1.30 g,
2.0 mmol) in water (10 mL) was treated with NaOH (0.20 g,
5.0 mmol). The mixture was stirred overnight at room temperature.
The resulting white solid was collected by filtration, washed with
cold water and dried in vacuo. Condensing the filtrate and cooling
at 5 °C afforded the second crop of the product. Yield: 0.88 g
(87%). C14H34N4O2Pt·H2O (503.54): calcd. C 33.39, H 7.21, N
11.13; found C 33.29, H 7.31, N 11.12. 1H NMR (500 MHz, [D6]-
acetone): δ = 6.24 (br. s. NH2, 4 H), 4.89 (s, NH, 2 H), 2.75
(q, JHH = 6.8 Hz, CH2, 4 H), 1.17 (t, CH2CH3, 6 H), 1.10 (s,
C(CH3)3, 18 H) ppm. 195Pt NMR (107.00 MHz, [D6]acetone): δ =
–2564 ppm.

cis-[Pt(1R,2R-DACH)(NCtBu)2](ClO4)2 (3): The compound was
prepared according to the procedure above for 1 using Pt(1R,2R-
DACH)Cl2 (0.38 g, 1.0 mmol) instead of cis-Pt(EtNH2)Cl2. Yield:
0.62 g (92%). C16H32N4Cl2O8Pt (674.43): calcd. C 28.49, H 4.78,
N 8.31; found C 28.40, H 4.92, N 8.25. 1H NMR (500 MHz, [D6]-
acetone): 1.54 (s, CH3, 18 H), 2.75, 2.20, 1.56, 1.38, 1.20 (m, C6H10,
10 H) ppm. 195Pt NMR (107.30, [D6]acetone): –2857 ppm.

cis-[Pt(1R,2R-DACH)(NHCOtBu)2]·3H2O (4): The compound was
prepared according to the procedure above for 2 using [Pt(1R,2R-
DACH)(NCtBu)2](ClO4)2 (0.62 g, 0.09 mmol) instead of
[Pt(EtNH2)(NCtBu)2](ClO4)2. Yield: 0.48 g (94%).
C16H34N4O2Pt·3H2O (563.59): calcd. C 34.10, H 7.15, N 9.94;
found C 34.44, H 6.74, N 9.94. 1H NMR (500 MHz, [D6]acetone):
δ = 6.51, 4.65 (m, NH2, each 2 H), 5.59 (s, NH, 2 H), 2.31, 1.94,
1.53, 1.35 (m, C6H10, 10 H), 1.08 (s, C(CH3)3, 18 H) ppm. 195Pt
NMR (107.30 MHz, [D6]acetone): δ = –2626 ppm.

trans,cis,cis-[PtCl2(NH3)2(NHCOtBu)2] (5): [Pt(NH3)2(NHCOtBu)2]·
2H2O (47 mg, 0.10 mmol) was suspended in Cl2/H2O (2.36 mL,
0.3%). The mixture was stirred for 10 min to yield a yellow solu-
tion. After the solvent was removed with a rotary evaporator, the
yellow solid was washed with cold water and dried in vacuo. Crys-
tals of 5 suitable for X-ray diffraction analysis were grown by slow
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evaporation of its aqueous solution. Yield: 42 mg (84%).
C10H26Cl2N4O2Pt (500.32): calcd. C 24.01, H 5.24, N 11.20; found
C 23.85, H 4.98, N 11.46. 1H NMR (500 MHz, [D]DMSO): δ =
6.12 (s, NH, 2 H), 5.89 (s, NH3, 6 H), 1.14 (s, C(CH3)3, 18 H) ppm.
195Pt (107.00 MHz, [D]DMSO): δ = –35 ppm.

trans,cis,cis-[PtCl2(EtNH2)2(NHCOtBu)2]·H2O (6): The compound
was prepared according to the procedure above for 5 using
[Pt(EtNH2)2(NHCOtBu)2]·H2O (50.3 mg, 0.1 mmol) in place of
[Pt(NH3)2(NHCOtBu)2]·2H2O. Yield: 41.7 mg (75%).
C14H34Cl2N4O2Pt (556.43): calcd. C 30.22, H 6.16, N 10.07; found
C 30.10, H 6.25, N 9.96. 1H NMR (500 MHz, [D6]DMSO): δ =
7.09 (s, NH2, 4 H), 5.63 (s, NH, 2 H), 2.64 (m, CH2, 4 H), 1.15,
1.06 (both t, JHH = 7.2 Hz, CH2CH3, each 3 H), 1.09 (s, C(CH3)3,
18 H) ppm. 195Pt (107.30 MHz, [D6]DMSO): δ = –31 ppm.

mer-[PtCl3(DACH)(NHCOtBu)]·(CH3)2CO (7): The compound
was prepared according to the procedure above for 5 using
[Pt(DACH)(NHCOtBu)2]·3H2O (67.4 mg, 0.1 mmol) instead of
[Pt(NH3)2(NHCOtBu)2]·2H2O. Yield: 31.7 mg, (67%).
C11H24Cl3PtO (473.74): calcd. C 29.30, H 5.27, N 7.32; found C
29.45, H 5.29, N 7.07. 1H NMR (500 MHz, [D6]DMSO): δ = 7.81–
6.26 (m, NH + NH2, 5 H), 1.09, 1.53, 2.06, 2.71 (m, C6H10, 10 H),
1.12 (s, C(CH3)3, 18 H) ppm. 195Pt NMR (107.30 MHz, [D6]-
DMSO): δ = –289 ppm.

trans,cis,cis-[PtCl(OH)(NH3)2(NHCOtBu)2] (8): cis-[Pt(NH3)2-
(NHCOtBu)2]·2H2O (47 mg, 0.10 mmol) was suspended in NaClO/
H2O (2 mL, available Cl2 5.0%). The mixture was stirred for 10 min
to yield a yellow solution. After the solvent was removed with a
rotary evaporator, the yellow solid was washed with cold water and
dried in vacuo. Yield: 20.2 (42%). C10H27ClN4O3Pt (481.88): calcd.
C 24.92, H 5.65, N 11.63; found C 24.83, H 5.80, N 11.49. 1H
NMR (500 MHz, [D6]DMSO): δ = 6.15 (s, NH, 2 H), 5.31, 4.82 (s,
NH3, 6 H), 1.14 (s, C(CH3)3, 18 H) ppm. 195Pt NMR (107.30 MHz,
[D6]DMSO): δ = –134 ppm.

trans,cis,cis-[PtCl(OH)(EtNH2)2(NHCOtBu)2]·H2O (9): The com-
pound was prepared according to the procedure above for 8 using
[Pt(EtNH2)2(NHCOtBu)2]·H2O (50.3 mg, 0.1 mmol) instead of
[Pt(NH3)2(NHCOtBu)2]·2H2O. Yield: 35 mg (63%).
C14H35ClN4O3Pt·H2O (556.00): calcd. C 30.24, H 6.71, N 10.08;
found C 30.24, H 6.53, N 9.89. 1H NMR (500 MHz, [D6]DMSO):
δ = 6.46 (s, NH, 2 H), 7.05, 4.92 (s, NH2, 4 H), 2.70 (q, JHH =
7.0 Hz, CH2, 4 H), 1.15 (t, CH2CH3, 6 H), 1.07 (s, C(CH3)3, 18
H) ppm. 195Pt NMR (107.30 MHz, [D6]DMSO): δ = –146 ppm.

trans,cis,cis-[PtCl(OH)(DACH)(NHCOtBu)2] (10): A suspension of
[Pt(DACH)(NHCOtBu)2] (52 mg, 0.1 mmol) in water was treated
with an aqueous solution of NaClO (2 mL, available Cl2 5%). A
yellow solution was yielded after stirring for 30 min. Yellow crystals
were grown upon slow evaporation of the resulting yellow solution.
Yield: 43.8 mg (78%). C16H35ClN4O3Pt (562.00): cacld. C 34.19, H
6.28, N 9.97; found C 34.01, H 6.59, N 9.52. 1H NMR (500 MHz,
[D6]DMSO): δ = 7.51, 7.31 (s, NH, 2 H), 5.94, 5.96 (both s, NH2,
4 H), 2.65, 2.06, 1.52, 1.48 (all m, C6H10, 10 H), 1.15 (s, C(CH3)3,
18 H) ppm. 195Pt NMR (107.30 MHz, [D6]DMSO): δ = 189 ppm.

trans,cis,cis-[Pt(OH)(DACH)(DMSO)(NHCOtBu)2]Cl: 1H NMR
(500 MHz, [D6]DMSO): δ = 7.82 (s, NH, 2 H), 6.00 (s, NH2, 4 H),
2.51, 2.08, 1.52, 1.49 (m, C6H10, 10 H), 1.08 (s, C(CH3)3, 18
H) ppm. 195Pt NMR (107.30, [D6]DMSO): δ = –195 ppm.

X-ray Crystallographic Study: Single crystals of the complexes 4–7,
and 10 were grown by slow evaporation of solutions from the
above-described preparations. In each case, suitable crystals were
mounted on a glass fibre; the hemispheres of X-ray intensity data
were collected with a Bruker Smart-CCD diffractometer equipped
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with Mo-Kα radiation (λ = 0.71073 Å). The first 50 frames were
recollected at the end of the process to monitor crystal decay. The
raw frame data were integrated into the SHELX-format reflection
files and corrected for Lorentz and polarization effects using
SAINT.[20] All structures were solved by direct methods and refined
against F2 by full-matrix least-squares techniques.[21] All non-hy-
drogen atoms were refined anisotropically. Hydrogen atoms were
introduced into their calculated positions. Compounds 6–8 crys-
tallize in noncentrosymmetric space groups. The absolute configu-
rations were determined by refinement of the Flack x parameters.
Details of the X-ray experiments and crystal data are summarized
in Table 1.

CCDC-285359 (for 4), -195437 (for 5), -195438 (for 6), -195439 (for
7), and -195440 (for 10) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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[RuCl2(η6-arene)(PR3)] complexes react with K2CO3 in the
presence of water to afford the carbonatoruthenium(II) deriv-
atives [Ru(η2-O2CO)(η6-arene)(PR3)] (2; arene = p-cymene, R
= Cy, Ph, or Me; arene = hexamethylbenzene, R = Me) involv-
ing a planar Ru(η2-O2CO) moiety as shown by X-ray crystal
structure determination of 2a (p-cymene, PCy3) and 2d
(hexamethylbenzene, PMe3). The complex [Ru(η2-O2CO)(p-
cymene)(PCy3)] is cleanly converted in hot methanol into the
dihydride [RuH2(p-cymene)(PCy3)]. The related complexes
[Ru(η2-O2CO)(η6-arene)(IMes)] [arene = p-cymene or hexa-

Introduction

The formation of metal catalysts in situ from a metal
complex and an alkali metal carbonate salt, introduced as
a base, is receiving growing attention. This is the case with
a variety of cross-coupling and Heck reactions catalysed by
palladium complexes.[1,2] Recently, the generation of ruthe-
nium catalysts for ring-closing enyne metathesis[3,4] or se-
quential alkene isomerisation/Claisen reactions,[5] by treat-
ment of [RuCl2(η6-arene)]2 with an imidazolium salt and
Cs2CO3 in situ, has provided other useful examples. In this
case, Cs2CO3 was expected to generate an imidazolylidene
carbene by deprotonation of the imidazolium salt, as was
fully demonstrated by Arduengo[6] and Çetinkaya.[7] How-
ever, the question was raised whether the carbonate anion
acts solely as a proton acceptor or might additionally enter
into the coordination sphere of the ruthenium centre. In-
deed, there are already examples of carbonatoruthenium()
complexes, although such complexes were most often de-
picted as unexpected or undesired side-products. Their for-
mation has been observed during the course of various pro-
cesses, including metathetical exchange between an alkali
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methylbenzene, IMes = 1,3-bis(2,4,6-trimethylphenyl)imid-
azol-2-ylidene] are straightforwardly prepared by treating
[RuCl2(η6-arene)]2 precursors with 1,3-bis(2,4,6-trimeth-
ylphenyl)imidazolium chloride and K2CO3 in THF at reflux.
The removal of the carbonato ligand from complexes 2 with
HBF4 in the presence of acetonitrile leads to the dicationic
derivatives [Ru(η6-arene)(L)(MeCN)2][BF4]2 (L = PR3 or
IMes).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

metal carbonate and a ruthenium halide or cationic ruthe-
nium precursor,[8–11] reaction of carbon dioxide with an oxa-
ruthenacyclobutane,[8] hydrolysis of carbamato ligands,[12]

oxidation of coordinated carbon monoxide,[13–18] and
reactions involving a formal reduction of carbon dioxide
(2 CO2 + 2e– � CO + CO3

2–).[19,20] From a structural point
of view, mononuclear carbonatoruthenium() complexes
contain an Ru(η2-O2CO) fragment, whereas the carbonate
dianion is a bridging ligand in the dinuclear [Ru2(µ-
O2CO)4]3– anion[21–23] and in polynuclear, heteroleptic
ruthenium complexes.[9,24,25]

The involvement of carbonatoruthenium complexes in
organometallic synthesis is still uncommon but, remarkably,
the carbonato complex [Ru(η2-O2CO)(bipy)2] has been
shown to react with terminal alkynes under aqueous acidic
conditions to conveniently produce [Ru(alkyl)(CO)(bipy)2]+

and [Ru(acyl)(CO)(bipy)2]+ derivatives.[26–28] We wish to re-
port here the direct synthesis of [Ru(η2-O2CO)(η6-ar-
ene)(PR3)] carbonatoruthenium() derivatives starting from
[RuCl2(η6-arene)(PR3)] precursors and K2CO3, and of re-
lated [Ru(η2-O2CO)(η6-arene)(IMes)] complexes, where
IMes is an imidazolylidene ligand, from [RuCl2(η6-arene)]2
precursors and an imidazolium salt in the presence of
K2CO3. The present account illustrates the usefulness of the
carbonato ligand as a protecting group for ruthenium
centres that favours the access to valuable ruthenium hy-
dride derivatives, such as the dihydride complex [RuH2-
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(p-cymene)(PCy3)], and to dicationic [Ru(η6-arene)(L)-
(MeCN)2][BF4]2 derivatives.

Results and Discussion

Synthesis of [Ru(η2-O2CO)(η6-arene)(L)] Complexes

Upon stirring at room temperature, a red slurry con-
sisting of [RuCl2(p-cymene)(PCy3)] (1a) and K2CO3 in ace-
tone as solvent gradually (2 d) turned yellow. Subsequent
workup afforded orange-yellow crystals of the new car-
bonato complex [Ru(η2-O2CO)(p-cymene)(PCy3)] (2a) in
78% yield (Scheme 1).

Scheme 1. Synthesis of the new carbonatoruthenium complexes
2a–d.

No reaction was detected under similar conditions start-
ing from [RuCl2(p-cymene)(PR3)] precursors 1b,c (b: R =
Ph; c: R = Me) without the addition of a small amount of
water to the reaction mixture (ca. 2 wt.-% relative to ace-
tone) to promote the expected reaction and the formation
of complexes 2b,c (Scheme 1). Complexes 2b,c were isolated
as orange solids in 97 and 95% yield, respectively. Since
very long reaction times (10 d starting from 1c) were re-
quired, the use of methanol (instead of acetone) as a polar
solvent to facilitate the cleavage of ruthenium–chloride
bonds was attempted. Starting from 1b,c, an obvious de-
composition was observed at room temperature, whereas 1a
still led to 2a but also gave minor amounts of the dihydride
[RuH2(p-cymene)(PCy3)] (3a) and the chloro hydride
[RuCl(H)(p-cymene)(PCy3)] (4a), as determined by 31P{1H}
NMR spectroscopy. When the yellow reaction mixture in
methanol was additionally heated at reflux for 1 h, the dihy-
dride 3a was obtained selectively (Scheme 2). The dihydride
complex 3a was isolated as a colourless solid in yields of up
to 81%. As expected, 3a was also obtained when a solution
of pure 2a in methanol was heated at reflux (Scheme 2).
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Scheme 2. Synthesis of the ruthenium hydride complexes 3a and
4a.

The formation of a metal alkoxide intermediate that
spontaneously undergoes a β-elimination process is among
the most usual routes allowing the transformation of metal–
halide into metal–hydride bonds. Evidence for such a
mechanism was first obtained from the study of the reac-
tion of [RuCl(Cp)(PPh3)2] with NaOMe,[29] and the synthe-
sis of [RuH(Cp)(PPh3)2] has since been more conveniently
achieved using K2CO3 in methanol.[30] The formation of
the hydride derivatives 3a and 4a that occurs in methanol
can be rationalised in the same way. The use of acetone as
solvent precludes the formation of any ruthenium methox-
ide intermediate and thus allows selective formation of 2a.
The conversion of 2a into the dihydride complex 3a that
occurs in methanol at reflux might result from the reaction
of the carbonato ligand with two molecules of methanol to
generate methoxide groups along with carbon dioxide and
water. Finally, the second minor compound, identified as
the chloro hydride [RuCl(H)(p-cymene)(PCy3)] (4a), was al-
ternatively synthesised by mixing equimolar amounts of 1a
and 3a in methanol as solvent (Scheme 2). The synthesis of
the parent complex [RuCl(H)(η6-benzene)(PCy3)] has re-
cently been achieved by treating [RuCl2(η6-benzene)(PCy3)]
with sodium formate.[31]

As with the reaction with 1c, the conversion of the more
robust precursor [RuCl2(hexamethylbenzene)(PMe3)] (1d)
into the corresponding carbonato complex [Ru(η2-
O2CO)(η6-C6Me6)(PMe3)] (2d) needed a reaction time
longer than 10 d at room temperature. The synthesis of 2d
was more rapidly (24 h) achieved by treating 1d with K2CO3

in THF at reflux, although addition of a small amount of
water was also required to reach completion of the reaction
(Scheme 1).

The new complexes 2a–d, 3a and 4a were characterised
by 1H, 13C, 13C{1H} and 31P{1H} NMR spectroscopy and
elemental analysis. The 1H and 31P{1H} NMR spectra ac-
counted for the coordination of the phosphane besides the
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arene ligand. More specific and characteristic were the
high-field 1H NMR resonances corresponding to the RuH
protons in 3a and 4a. The presence of the carbonato ligand
in 2a–d was confirmed by 13C and 13C{1H} NMR spec-
troscopy as a resonance between δ = 165.6 and 166.8 ppm
with a small coupling constant (3JP,C � 2.9 Hz). The two
complexes 2a·1/2CH2Cl2 and 2d·H2O were further charac-
terised by an X-ray crystal structure analysis. Crystallo-
graphic data are summarised in the Exp. Sect., and ORTEP
drawings of 2a and 2d are shown in Figures 1 and 2, respec-
tively; selected bond lengths and angles are given in the cap-
tions.

Figure 1. ORTEP drawing of 2a·1/2CH2Cl2 showing 50% prob-
ability thermal ellipsoids. The CH2Cl2 molecule has been omitted
for clarity. Selected bond lengths [Å] and angles [°]: Ru1–O1
2.079(2), Ru1–O2 2.087(2), O1–C11 1.323(3), O2–C11 1.315(3),
O3–C11 1.232(3), Ru1–P1 2.3779(6); O1–Ru1–O2 62.90(7), C11–
O1–Ru1 93.02(1), C11–O2–Ru1 92.90(1), O1–C11–O2 111.0(2),
O1–C11–O3 124.5(2), O2–C11–O3 124.5(2), O1–Ru1–P1 86.92(5),
O2–Ru1–P1 88.09(5).

Figures 1 and 2 show mononuclear species containing a
carbonate dianion η2-O,O-coordinated to the ruthenium
centre. The two Ru–O bond lengths are almost identical,
although they are slightly longer in 2d [2.104(2) and
2.091(2) Å in 2d vs. 2.087(2) and 2.079(2) Å in 2a]. The two
Ru–O bonds form a small angle [62.90(7)° in 2a; 62.81(8)°
in 2d]. The exocyclic C=O bond in 2a or 2d [1.232(3) and
1.239(4) Å, respectively] is significantly shorter than the two
endocyclic C–O bonds [1.323(3) and 1.315(3) Å in 2a;
1.325(4) and 1.315(4) Å in 2d]. It is worth noting the planar
arrangement of the Ru(η2-O2CO) fragment, as indicated by
the sum of the angles of the four-membered ring, and
around the carbon atom, both of which are very close to
360° (359.8° and 360.0° for 2a and 359.9° and 360.0° for
2d, respectively). This plane is approximately perpendicular
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Figure 2. ORTEP drawing of 2d·H2O showing 50% probability
thermal ellipsoids. The H2O molecule has been omitted for clarity.
Selected bond lengths [Å] and angles [°]: Ru1–O1 2.104(2), Ru1–
O2 2.091(2), O1–C13 1.325(4), O2–C13 1.315(4), O3–C13 1.239(4),
Ru1–P1 2.343(1); O1–Ru1–O2 62.81(8), C13–O1–Ru1 92.2(2),
C13–O2–Ru1 93.1(2), O1–C13–O2 111.8(2), O1–C13–O3 123.7(3),
O2–C13–O3 124.5(3), O1–Ru1–P1 88.61(7), O2–Ru1–P1 84.25(7).

to the Ru–P bond [2a: O1–Ru1–P1 = 86.92(5)°, O2–Ru1–
P1 = 88.09(5)°; 2d: O1–Ru1–P1 = 88.61(7)°, O2–Ru1–P1 =
84.25(7)°]. The Ru–P bond lengths in 2a and 2d are also
similar [2.3779(6) and 2.343(1) Å, respectively]. Finally,
these main structural features for the Ru(η2-O2CO) frag-
ment in 2a and 2d are in good agreement with those arising
from the study of the distinct complex [Ru(CO3)(PPh3)2-
(CO)2], obtained by hydrolysis of the carbamato ligands in
[Ru(O2CNiPr2)2(PPh3)2(CO)2].[12]

The observed need for water to generate the carbonato
complexes 2 suggests a lack of reactivity of the CO3

2– di-
anion. Furthermore, attempts to synthesise 2d using
KHCO3 instead of K2CO3 also showed the same need for
addition of water to trigger the reaction. Note that the re-
lated complex [Ru(CO3)(η6-C6Me6)(iPr2PCH2CH2OMe)]
has been fortuitously synthesised from [RuCl(η6-
C6Me6)(η2-P,O-iPr2PCH2CH2OMe)][PF6] upon treatment
with aqueous Na2CO3.[10] The addition of water might be
expected to result in the additional presence of the more
reactive hydroxide anion, and this suggested the formation
of a Ru–OH bond in a chloride ligand substitution reaction
as the first step in this reaction. As depicted in Scheme 3,
subsequent reaction between the basic hydroxide intermedi-
ate and the acidic HCO3

– anion completes the formation of
the carbonato complexes.

An insertion of carbon dioxide into the Ru–OH bond
might also be considered. Indeed, the stable bicarbonato
derivative [Ru(η1-OCO2H)(Me)(η6-C6Me6)(PMe3)] has
been previously been obtained by treating the hydroxide
complex [Ru(OH)(Me)(η6-C6Me6)(PMe3)] with carbon di-
oxide.[32]

The reaction between K2CO3 and an imidazolium salt
such as 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride
has been shown to generate reactive imidazol-2-ylidene spe-
cies that can be trapped with sulfur.[6] This process ap-
peared attractive to synthesise organometallic (vs. sulfide)
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Scheme 3. Rationale accounting for the formation of complexes 2
catalysed by water.

derivatives under similar conditions. Thus, treatment of a
2:1 [H(IMes)]Cl/[RuCl2(η6-arene)]2 mixture with an excess
of K2CO3 in THF at reflux led to the new carbonato com-
plexes 2e and 2f, which were isolated as dark-orange solids
in 79 and 46% yield, respectively (Scheme 4).

Scheme 4. Synthesis of the carbonatoruthenium complexes [Ru(η2-
O2CO)(η6-arene)(IMes)] (2e and 2f).

Complexes 2e and 2f, which only differ from the car-
bonato complexes 2a–d by the presence of the 1,3-bis(2,4,6-
trimethylphenyl)imidazol-2-ylidene ligand instead of a
phosphane, were characterised by 1H, 13C and 13C{1H}
NMR spectroscopy and elemental analysis. The 13C NMR
resonance corresponding to the carbene carbon nucleus in
2e and 2f is located at δ = 180.5 and 183.6 ppm, respectively.
The assignment of the 13C NMR resonance corresponding
to the carbonato ligand in 2e and 2f (δ = 166.4 and
166.2 ppm, respectively) was inferred by comparison with
2a–d.

The formation of the carbonato complexes [Ru(η2-
O2CO)(η6-arene)(IMes)] sheds new light on the preparation
of catalysts for enyne metathesis and O-allyl isomerisation
reactions, which were generated in situ by heating a mixture
of [RuCl2(p-cymene)]2, imidazolium salt and an excess of
Cs2CO3 in toluene.[3–5] The transient formation of [RuCl2(p-
cymene)(IMes)], which releases a reactive [RuCl2(IMes)]
moiety, was postulated. The fact that the catalytic species
may arise from an [Ru(CO3)(p-cymene)(IMes)] species
rather than the [RuCl2(p-cymene)(IMes)] intermediate must
now be considered.
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Synthesis of Dicationic [Ru(η6-arene)(L)(MeCN)2][BF4]2
Derivatives

As previously reported for the reactivity study of the car-
bonato complex [Ru(η2-O2CO)(bipy)2],[26] double proton-
ation of the carbonato ligand in complexes 2a–f easily oc-
curs under acidic conditions to generate carbon dioxide,
water, and to formally release a 14-electron [Ru(η6-ar-
ene)(L)]2+ fragment. The derivatives [Ru(η6-arene)(L)-
(MeCN)2][BF4]2 (5a–f) were isolated in high yield (84–99%)
after treating 2a–f with 2 equiv. of HBF4 (as its dimethyl
ether adduct) in acetonitrile as solvent (Scheme 5).

Scheme 5. Synthesis of the dicationic derivatives [Ru(η6-arene)(L)-
(MeCN)2][BF4]2 (5a–f).

Complexes 5a–f are robust yellow compounds that are
highly soluble in acetonitrile. They were characterised by
1H, 13C, 13C{1H} and 31P{1H} NMR spectroscopy and ele-
mental analysis. Remarkably, the 13C NMR resonance cor-
responding to the carbene carbon nucleus in 5e and 5f (δ =
163.7 and 164.1 ppm, respectively) is shifted upfield relative
to 2e and 2f (δ = 180.5 and 183.6 ppm, respectively). This
observation likely indicates a reduced back-donation from
the metal atom in 5e and 5f as compared to 2e and 2f,
which results in an enhanced imidazolium (vs. imidazolylid-
ene) character.[33] A study of analogous [Ru(η6-ben-
zene)(L)(MeCN)2]2+ complexes obtained by treatment of
[Ru(η6-benzene)(MeCN)3][OTf]2 with a phosphane has re-
cently been reported and emphasises the potential of such
complexes.[34]

Conclusions

The easy formation of carbonatoruthenium complexes
on reaction of K2CO3 with LnRuCl2 precursors in the pres-
ence of water constitutes a convenient method to remove
the chloride ligands and to use the carbonato ligand as a
protecting group for transition metal centres. Under acidic
conditions, a clean elimination of the carbonato ligand
takes place to formally generate a coordinatively unsatu-
rated dicationic moiety. Thus, the transformation of
[RuCl2(η6-arene)(L)] precursors into dicationic [Ru(η6-ar-
ene)(L)(MeCN)2][BF4]2 derivatives is achieved without any
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involvement of strong chloride scavengers such as silver or
thallium salts. The carbonato ligand also allows a conve-
nient route to useful dihydride complexes upon reaction
with methanol. Finally, the formation of carbonatoruthen-
ium intermediates may interfere in processes where a ruthe-
nium catalyst is generated in situ from a ruthenium dichlo-
ride complex and an alkali metal carbonate as base.

Experimental Section
General: The reactions were performed according to Schlenk-type
techniques. Commercial solvents (99+% grade) were used without
further purification except diethyl ether and dichloromethane,
which were distilled under an inert gas after drying according to
conventional methods. NMR spectra were recorded at 297 K with
AC 200 FT and AC 300 Bruker instruments and referenced intern-
ally to the solvent peak. Elemental analyses were performed by the
“Service de Microanalyse du CNRS”, Vernaison, France. Com-
plexes 1a–d were obtained by treating the appropriate phosphane
with dimeric [RuCl2(η6-arene)]2 ruthenium complexes in dichloro-
methane as solvent, as described in the literature.[35] For the conve-
nience of this work, 1a was prepared as its acetone adduct. The
preparation of 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride
has been described elsewhere.[36]

[RuCl2(p-cymene)(PCy3)]·acetone (1a): Stoichiometric amounts of
[RuCl2(p-cymene)]2 (8.07 g, 13.2 mmol) and PCy3 (7.39 g,
26.4 mmol) were mixed in dichloromethane (60 mL) as reported
previously.[37] After stirring for 2 h, the mixture was concentrated
to dryness and acetone (60 mL) was added to the residue. The mix-
ture was stirred to obtain a red precipitate that was collected by
filtration. Yield: 16.1 g (95%). The product retains 1 equiv. of ace-
tone per Ru, as indicated by 1H NMR spectroscopy.

[Ru(η2-O2CO)(p-cymene)(PCy3)]·1/2CH2Cl2 (2a): A mixture con-
sisting of a sample of 1a (6.00 g, 9.30 mmol), K2CO3 (2.00 g,
14.5 mmol) and acetone (50 mL) was stirred for 2 d. The volatiles
were then removed under vacuum to leave a yellow solid, whicht
was extracted with dichloromethane (50 mL). The solution was fil-
tered and the filtrate was covered with acetone (20 mL) and then
with diethyl ether (160 mL) to afford orange-yellow crystals. Yield:
4.51 g (78%). 1H NMR (300.13 MHz, CD2Cl2): δ = 1.25 (d, 3JH,H

= 6.9 Hz, 6 H, CHMe2), 1.16–1.89 (m, 33 H, Cy), 2.12 (s, 3 H,
Me), 2.52 (m, 1 H, CHMe2), 5.26 (d, 3JH,H = 6.2 Hz, 2 H, C6H4),
5.34 (d, 3JH,H = 6.2 Hz, 2 H, C6H4) ppm. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 18.7 (s, MeC6H4), 23.3 (s, CHMe2), 27.0
(s, Cy, 1 C), 28.3 (d, JP,C = 10.2 Hz, Cy, 2 C), 29.9 (s, Cy, 2 C),
32.6 (s, CHMe2), 35.4 (d, 1JP,C = 18.9 Hz, Cy, 1 C), 85.4 (d, 2JP,C

= 3.8 Hz, C6H4, 2 CH), 86.6 (d, 2JP,C = 4.2 Hz, C6H4, 2 CH), 94.5
(s, CMe, p-cymene), 103.7 (s, CiPr, p-cymene), 165.6 (d, 3JP,C =
2.6 Hz, CO3) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ =
37.8 ppm (s). C29H47O3PRu·1/2CH2Cl2 (618.21): calcd. C 57.32, H
7.66, Cl 5.73, P 5.01; found C 57.24, H 7.82, Cl 5.52, P 5.18.

[Ru(η2-O2CO)(p-cymene)(PPh3)] (2b): A mixture consisting of a
sample of 1b (2.71 g, 4.77 mmol), K2CO3 (1.50 g, 10.9 mmol), ace-
tone (40 mL) and water (0.50 mL) was stirred for 3 d. The resulting
yellow slurry was concentrated to dryness and the remaining solid
was extracted with dichloromethane (40 mL). Acetone (10 mL) was
added to the orange filtrate and this mixture was slowly concen-
trated to leave a crystalline orange-yellow solid, which was found
to be pure by 1H and 31P{1H} NMR spectroscopy. Yield: 2.57 g
(97%). Orange crystals were obtained by recrystallisation from hot
acetonitrile. 1H NMR (300.13 MHz, CD2Cl2): δ = 1.18 (d, 3JH,H =
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6.7 Hz, 6 H, CHMe2), 2.00 (s, 3 H, MeC6H4), 2.49 (m, 1 H,
CHMe2), 5.12 (d, 3JH,H = 6.1 Hz, 2 H, C6H4), 5.20 (d, 3JH,H =
6.2 Hz, 2 H, C6H4), 7.37–7.54 (m, 15 H, Ph) ppm. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 18.6 (s, MeC6H4), 22.9 (s, CHMe2), 31.8
(s, CHMe2), 87.1 (d, 2JP,C = 5.4 Hz, C6H4, 2 CH), 87.8 (d, 2JP,C =
4.4 Hz, C6H4, 2 CH), 96.3 (s, CMe, p-cymene), 106.8 (s, CiPr, p-
cymene), 128.8 (d, 2JP,C = 9.9 Hz, Ph, ortho), 131.1 (s, Ph, para),
131.5 (d, 1JP,C = 44.8 Hz, Ph, ipso), 134.5 (d, 3JP,C = 9.7 Hz, Ph,
meta), 165.1 (s, CO3) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2):
δ = 33.0 ppm (s). C29H29O3PRu (557.60): calcd. C 62.47, H 5.24,
P 5.55; found C 62.33, H 5.30, P 5.30.

[Ru(η2-O2CO)(p-cymene)(PMe3)] (2c): A mixture consisting of a
sample of 1c (1.50 g, 3.92 mmol), K2CO3 (1.00 g, 7.24 mmol), ace-
tone (40 mL) and water (0.50 mL) was stirred for 10 d. The re-
sulting yellow slurry was concentrated to dryness and the remain-
ing solid was extracted with dichloromethane (40 mL). The solu-
tion was filtered and the orange filtrate was slowly concentrated to
leave an orange, crystalline solid, which was found to be pure by
1H and 31P{1H} NMR spectroscopy. Yield: 1.38 g (95%).
Recrystallisation from an acetone/acetonitrile mixture afforded
dark-orange crystals. 1H NMR (300.13 MHz, CD2Cl2): δ = 1.17
(d, 3JH,H = 6.9 Hz, 6 H, CHMe2), 1.34 (d, 2JP,H = 10.3 Hz, 9 H,
PMe3), 2.05 (s, 3 H, MeC6H4), 2.51 (m, 1 H, CHMe2), 5.38 (d,
3JH,H = 5.9 Hz, 2 H, C6H4), 5.46 (d, 3JH,H = 5.9 Hz, 2 H, C6H4)
ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 14.9 (d, 1JP,C =
28.4 Hz, PMe3), 18.9 (s, MeC6H4), 23.2 (s, CHMe2), 32.2 (s,
CHMe2), 86.1 (s, C6H4, 2 CH), 86.6 (s, C6H4, 2 CH), 94.9 (s, CMe,
p-cymene), 103.9 (s, CiPr, p-cymene), 166.7 (d, 3JP,C = 2.9 Hz, CO3)
ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ = 8.3 ppm (s).
C14H23O3PRu (371.38): calcd. C 45.28, H 6.24, P 8.34; found C
45.18, H 6.29, P 8.30.

[Ru(η2-O2CO)(hexamethylbenzene)(PMe3)]·H2O (2d): A mixture
consisting of a sample of 1d (2.00 g, 4.87 mmol), K2CO3 (1.50 g,
10.9 mmol), acetone (40 mL) and water (0.60 mL) was stirred for
10 d. The resulting yellow slurry was concentrated to dryness and
the remaining solid was extracted with dichloromethane (40 mL).
Acetone (10 mL) was added to the orange filtrate and this mixture
was slowly concentrated to leave an orange, crystalline solid, which
was found to be pure by 1H and 31P{1H} NMR spectroscopy.
Yield: 1.87 g (92%). Alternatively, a mixture consisting of a sample
of 1d (1.00 g, 2.44 mmol), K2CO3 (1.00 g, 7.2 mmol), THF (40 mL)
and water (0.50 mL) was heated at reflux for 24 h, then treated as
above. Yield: 0.55 g (54%). Recrystallisation by diffusion of THF
into a concentrated solution of the compound in dichloromethane
afforded orange-red crystals. 1H NMR (300.13 MHz, CD2Cl2): δ =
1.22 (d, 2JP,H = 10.2 Hz, 9 H, PMe3), 2.04 (s, 18 H, C6Me6) ppm.
13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 13.7 (d, 1JP,C = 28.0 Hz,
PMe3), 16.2 (s, C6Me6), 95.1 (d, 2JP,C = 3.4 Hz, C6Me6), 166.8 (d,
3JP,C = 2.6 Hz, CO3) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2):
δ = 4.7 ppm (s). C16H27O3PRu·H2O (417.45): calcd. C 46.04, H
7.00, P 7.42; found C 45.86, H 6.92, P 7.45.

[Ru(η2-O2CO)(p-cymene)(IMes)] (2e): A mixture consisting of a
sample of [RuCl2(p-cymene)]2 (2.00 g, 3.27 mmol), 1,3-bis(2,4,6-tri-
methylphenyl)imidazolium chloride (2.27 g, 6.66 mmol), K2CO3

(3.00 g, 21.7 mmol), THF (40 mL) and dichloromethane (10 mL)
was stirred overnight then heated at reflux for 20 h. The resulting
slurry was concentrated to dryness and the remaining solid was
extracted with dichloromethane (30 mL). The solution was filtered
and the filtrate was concentrated under vacuum to leave a brown
solid, which was found to be pure by 1H NMR spectroscopy. Yield:
3.60 g (79%). Recrystallisation from hot toluene afforded dark-
orange crystals of 2e·1/4C7H8 in 77% yield relative to crude 2e. 1H
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NMR (300.13 MHz, CD2Cl2): δ = 0.76 (d, 3JH,H = 6.9 Hz, 6 H,
CHMe2), 1.28 (s, 3 H, MeC6H4), 1.56 (m, 1 H, CHMe2), 2.08 (s,
12 H, Mes, 4 Me), 2.25 (s, toluene), 2.27 (s, 6 H, Mes, 2 Me), 4.74
(d, 3JH,H = 6.1 Hz, 2 H, C6H4), 5.04 (d, 3JH,H = 6.2 Hz, 2 H, C6H4),
6.93 (s, 2 H, CH=), 6.93 (s, 2 H, Mes, 2 CH), 6.94 (s, 2 H, Mes,
2 CH), 7.04–7.15 (m, toluene) ppm. 13C{1H} NMR (75.47 MHz,
CD2Cl2): δ = 17.1 (s, MeC6H4), 18.7 (s, Mes, 4 Me), 21.2 (s,
CHMe2), 23.4 (s, Mes, 2 Me), 32.2 (s, CHMe2), 84.5 (s, C6H4, 2
CH), 85.2 (s, C6H4, 2 CH), 94.7 (s, CMe, p-cymene), 100.3 (s, CiPr,
p-cymene), 125.2 (s, NCH=), 129.2 (s, Mes, 4 CH), 136.9 (s, Mes,
4 CMe), 137.1 (s, Mes, 2 CN), 139.3 (s, Mes, 2 CMe), 166.4 (s,
CO3), 180.5 (s, Ru=C) ppm; the resonances of toluene have been
omitted. C32H41N2O3Ru·1/4C7H8 (625.80): calcd. C 64.78, H 6.60,
N 4.48; found C 64.73, H 6.54, N 4.16.

[Ru(η2-O2CO)(hexamethylbenzene)(IMes)] (2f): A mixture con-
sisting of a sample of [RuCl2(hexamethylbenzene)]2 (1.50 g,
2.24 mmol), 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride
(1.52 g, 4.46 mmol), K2CO3 (1.00 g, 7.24 mmol) and THF (40 mL)
was stirred overnight, then heated at reflux for 24 h. The resulting
slurry was concentrated to dryness and the remaining solid was
extracted with dichloromethane (30 mL). The solution was filtered
and the filtrate was concentrated under vacuum to leave a brown
solid. Yield: 1.30 g (46%). Dark-orange crystals were obtained
from hot toluene. 1H NMR (300.13 MHz, CD2Cl2): δ = 1.55 (s, 18
H, C6Me6), 2.09 (s, 6 H, Mes, 2 Me), 2.10 (s, 6 H, Mes, 2 Me), 2.27
(s, 6 H, Mes, 2 Me), 6.83 (s, 2 H, CH=), 6.90 (s, 2 H, Mes, 2
CH), 6.92 (s, 2 H, Mes, 2 CH) ppm. 13C{1H} NMR (75.47 MHz,
CD2Cl2): δ = 15.6 (s, C6Me6), 19.1 (s, Mes, 2 Me ortho), 19.5 (s,
Mes, 2 Me ortho), 21.2 (s, Mes, 2 Me para), 92.9 (s, C6Me6), 125.1
(s, NCH=), 128.2 (s, Mes, 2 CH), 129.5 (s, Mes, 2 CH), 135.0 (s,
Mes, 2 CMe ortho), 137.6 (s, Mes, 2 CN), 138.7 (s, Mes, 2 CMe
para), 139.0 (s, Mes, 2 CMe ortho), 166.2 (s, CO3), 183.6 (s, Ru=C)
ppm. 13C NMR (75.47 MHz, CD2Cl2, selected values): δ =
125.1 ppm (dd, 1JH,C = 196, 3JH,C = 11.9 Hz, NCH=).
C34H42N2O3Ru (627.79): calcd. C 65.05, H 6.74, N 4.46; found C
64.72, H 6.57, N 4.56.

[RuH2(p-cymene)(PCy3)] (3a): A mixture consisting of a sample of
1a (3.29 g, 5.11 mmol), K2CO3 (1.50 g, 10.9 mmol) and methanol
(40 mL) was stirred at room temperature for 0.5 h and the resulting
yellow slurry was heated at reflux for 1 h. The hot solution was
immediately filtered and the brown filtrate was concentrated under
vacuum to leave a solid, which was washed twice with cold meth-
anol to give a colourless, crystalline powder. Yield: 2.13 g (81%).
Similarly, a solution of 2a in methanol was heated at reflux for
1 h and then treated as above to give 3a in 70% yield. 1H NMR
(300.13 MHz, C6D6): δ = –11.0 (d, 2JP,H = 43.3 Hz, 2 H, RuH),
1.29 (d, 3JH,H = 6.7 Hz, 6 H, CHMe2), 1.17–2.06 (m, 33 H, Cy),
2.08 (s, 3 H, Me), 2.46 (m, 1 H, CHMe2), 5.07 (d, 3JH,H = 5.6 Hz,
2 H, C6H4), 5.16 (d, 3JH,H = 5.6 Hz, 2 H, C6H4) ppm. 13C{1H}
NMR (75.47 MHz, C6D6): δ = 21.7 (s, MeC6H4), 25.3 (s, CHMe2),
27.7 (s, Cy, 1 C), 28.7 (d, JP,C = 9.8 Hz, Cy, 2 C), 31.2 (s, Cy, 2 C),
33.5 (s, CHMe2), 40.0 (d, 1JP,C = 21.8 Hz, Cy, 1 C), 80.0 (d, 2JP,C

= 3.8 Hz, C6H4, 2 CH), 85.7 (d, 2JP,C = 1.7 Hz, C6H4, 2 CH), 96.9
(s, CMe, p-cymene), 110.4 (s, CiPr, p-cymene) ppm. 31P{1H} NMR
(121.50 MHz, C6D6) δ = 78.1 ppm (s). C28H49PRu (517.74): calcd.
C 64.96, H 9.54, P 5.98; found C 64.79, H 9.50, P 5.87.

[RuCl(H)(p-cymene)(PCy3)] (4a): Equimolar amounts of 3a (1.14 g,
2.20 mmol) and 1a (1.42 g, 2.20 mmol) were added to methanol
(30 mL) and this mixture was stirred at room temperature over-
night (or heated at reflux for 1 h) to afford a yellow slurry. Concen-
tration of the mixture and subsequent analysis of the residue by 1H
and 31P{1H} NMR spectroscopy indicated a quantitative forma-
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tion of 4a. Recrystallisation by dissolution in dichloromethane
(25 mL) and then diffusion of methanol (100 mL) afforded dark-
orange crystals but in a moderate yield (0.94 g, 39%) owing to re-
sidual solubility. 1H NMR (300.13 MHz, CD2Cl2): δ = –8.0 (d,
2JP,H = 49.5 Hz, 1 H, RuH), 1.12 (d, 3JH,H = 7.0 Hz, 3 H, CHMe2),
1.26 (d, 3JH,H = 6.8 Hz, 3 H, CHMe2), 1.06–1.90 (m, 33 H, Cy),
1.95 (s, 3 H, Me), 2.14 (m, 1 H, CHMe2), 4.28 (d, 3JH,H = 5.4 Hz,
1 H, C6H4), 4.48 (d, 3JH,H = 6.1 Hz, 1 H, C6H4), 6.05 (m, 2 H,
C6H4) ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 19.5 (s,
MeC6H4), 21.2 (s, CHMe2), 25.4 (s, CHMe2), 27.3 (s, Cy, 1 C), 28.3
(d, JP,C = 9.9 Hz, Cy, 1 C), 28.4 (d, JP,C = 10.9 Hz, Cy, 1 C), 30.0
(s, Cy, 1 C), 30.1 (d, JP,C = 1.8 Hz, Cy, 1 C), 31.7 (s, CHMe2), 36.8
(d, 1JP,C = 21.8 Hz, Cy, 1 C), 79.6 (d, 2JP,C = 2.7 Hz, C6H4, 1 CH),
86.7 (d, 2JP,C = 4.5 Hz, C6H4, 1 CH), 86.9 (d, 2JP,C = 5.4 Hz, C6H4,
1 CH), 91.2 (d, 2JP,C = 3.6 Hz, C6H4, 1 CH), 97.8 (s, CMe, p-
cymene), 106.5 (s, CiPr, p-cymene) ppm. 31P{1H} NMR (CD2Cl2):
δ = 59.7 ppm (s). C28H48ClPRu (552.19): calcd. C 60.90, H 8.76,
Cl 6.42, P 5.61; found C 60.89, H 9.06, Cl 6.68, P 5.74.

[Ru(p-cymene)(PCy3)(MeCN)2][BF4]2 (5a): Complexes 5a–f were
quantitatively formed by treating the corresponding carbonato
complex in solution in cold acetonitrile with a stoichiometric
amount of HBF4·OMe2. In a typical procedure, a 1.2  solution of
HBF4·OMe2 in methanol (7.5 mL, 9.0 mmol) was added to a
stirred solution of 2a (2.75 g, 4.45 mmol) in cold acetonitrile
(30 mL, –40 °C). The mixture was allowed to reach room tempera-
ture (1 h) and then concentrated under vacuum. The resulting solu-
tion was covered with dichloromethane (20 mL) and then diethyl
ether (120 mL) to afford yellow crystals. Yield: 3.26 g (95%). 1H
NMR (300.13 MHz, CD3CN): δ = 1.41 (d, 3JH,H = 6.9 Hz, 6 H,
CHMe2), 1.48–1.94 (m, broad, 33 H, Cy), 2.10 (s, 6 H, MeCN),
2.27 (s, 3 H, MeC6H4), 2.80 (m, 1 H, CHMe2), 6.34 (d, 3JH,H =
6.6 Hz, 2 H, C6H4), 6.42 (d, 3JH,H = 6.6 Hz, 2 H, C6H4) ppm.
13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 4.76 (s, MeCN), 18.9 (s,
MeC6H4), 22.6 (s, CHMe2), 26.5 (s, Cy, 1C), 27.7 (d, JP,C = 10.3 Hz,
Cy, 2 C), 30.4 (d, JP,C = 1.7 Hz, Cy, 2 C), 32.2 (s, CHMe2), 37.9
(d, JP,C = 19.8 Hz, Cy, 1 C), 90.8 (d, 2JP,C = 2.9 Hz, C6H4, 2 CH),
93.0 (d, 2JP,C = 1.7 Hz, C6H4, 2 CH), 103.9 (s, CMe, p-cymene),
114.3 (s, CiPr, p-cymene), 132.2 (s, MeCN) ppm. 31P{1H} NMR
(121.50 MHz, CD2Cl2): δ = 44.7 ppm (s). C32H53B2F8N2PRu
(771.44): calcd. C 49.82, H 6.93, N 3.63, P 4.02; found C 49.59, H
7.03, N 3.64, P 4.38.

[Ru(p-cymene)(PPh3)(MeCN)2][BF4]2 (5b): Yield: 96%, yellow crys-
tals. 1H NMR (300.13 MHz, CD3CN): δ = 1.36 (d, 3JH,H = 6.3 Hz,
6 H, CHMe2), 1.94 (s, 3 H, MeC6H4), 2.33 (s, 6 H, MeCN), 2.94
(m, 1 H, CHMe2), 5.63 (dd, 3JH,H = 6.7, 3JP,H = 1.3 Hz, 2 H, C6H4),
6.27 (d, 3JH,H = 6.6 Hz, 2 H, C6H4), 7.66–7.77 (m, 15 H, Ph) ppm.
13C{1H} NMR (75.47 MHz, CD3CN): δ = 4.66 (s, MeCN), 18.7 (s,
MeC6H4), 22.3 (s, CHMe2), 32.3 (s, CHMe2), 92.5 (s, C6H4, 2 CH),
93.9 (d, 2JP,C = 2.9 Hz, C6H4, 2 CH), 107.6 (s, CMe, p-cymene),
119.3 (s, CiPr, p-cymene), 129.6 (d, 1JP,C = 51.9 Hz, Ph, ipso), 130.5
(d, 2JP,C = 10.2 Hz, Ph, ortho), 132.2 (s, MeCN), 133.3 (d, 4JP,C =
2.9 Hz, Ph, para), 134.9 (d, 3JP,C = 10.2 Hz, Ph, meta) ppm.
31P{1H} NMR (121.50 MHz, CD3CN): δ = 39.4 ppm (s).
C32H35B2F8N2PRu (753.30): calcd. C 51.02, H 4.68, N 3.72, P 4.11;
found C 50.78, H 4.68, N 3.72, P 4.10.

[Ru(p-cymene)(PMe3)(MeCN)2][BF4]2 (5c): Yield: 88%, lemon-yel-
low crystals. 1H NMR (300.13 MHz, CD3CN): δ = 1.32 (d, 3JH,H

= 6.9 Hz, 6 H, CHMe2), 1.84 (d, 2JP,H = 12.0 Hz, 9 H, PMe3), 2.20
(s, 3 H, MeC6H4), 2.63 (d, 5JP,H = 1.3 Hz, 6 H, MeCN), 2.80 (m,
1 H, CHMe2), 6.27 (m, 4 H, C6H4) ppm. 13C{1H} NMR
(75.47 MHz, CD3CN): δ = 4.82 (s, MeCN), 16.7 (d, 1JP,C =
34.7 Hz, PMe3), 18.6 (s, MeC6H4), 22.2 (s, CHMe2), 32.0 (s,
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CHMe2), 91.7 (d, 2JP,C = 4.0 Hz, C6H4, 2 CH), 94.5 (d, 2JP,C =
3.3 Hz, C6H4, 2 CH), 102.9 (s, CMe, p-cymene), 113.0 (s, CiPr, p-
cymene), 130.5 (s, MeCN) ppm. 31P{1H} NMR (121.50 MHz,
CD3CN): δ = 12.5 ppm (s). C17H29B2F8N2PRu (567.08): calcd. C
36.01, H 5.15, N 4.94, P 5.46; found C 35.74, H 5.19, N 4.95, P
5.83.

[Ru(hexamethylbenzene)(PMe3)(MeCN)2][BF4]2 (5d): Yield: 92%,
lemon-yellow crystals. 1H NMR (300.13 MHz, CD3CN): δ = 1.55
(d, 2JP,H = 11.5 Hz, 9 H, PMe3), 2.17 (s, 18 H, C6Me6), 2.52 (d,
5JP,H = 1.3 Hz, 6 H, MeCN) ppm. 13C{1H} NMR (75.47 MHz,
CD3CN): δ = 4.79 (s, MeCN), 14.8 (d, 1JP,C = 33.5 Hz, PMe3), 16.6
(s, C6Me6), 103.6 (d, 2JP,C = 1.9 Hz, C6Me6), 129.8 (s, MeCN) ppm.
31P{1H} NMR (121.50 MHz, CD3CN): δ = 8.9 ppm (s).
C19H33B2F8N2PRu (595.14): calcd. C 38.35, H 5.59, N 4.71, P 5.20;
found C 38.32, H 5.66, N 4.69, P 5.40.

[Ru(p-cymene)(IMes)(MeCN)2][BF4]2 (5e): Yield: 99%, orange crys-
tals. 1H NMR (300.13 MHz, CD2Cl2): δ = 1.03 (d, 3JH,H = 6.9 Hz,
6 H, CHMe2), 1.73 (s, 3 H, MeC6H4), 1.97 (m, 1 H, CHMe2), 2.07
(s, 12 H, Mes, 4 Me), 2.34 (s, 6 H, Mes, 2 Me), 2.36 (s, 6 H, MeCN),
5.41 (d, 3JH,H = 6.3 Hz, 2 H, C6H4), 5.71 (d, 3JH,H = 6.5 Hz, 2 H,
C6H4), 7.10 (s, 4 H, Mes, CH), 7.27 (s, 2 H, CH=) ppm. 13C{1H}
NMR (75.47 MHz, CD2Cl2): δ = 4.74 (s, MeCN), 18.3 (s, Mes, 4
Me), 18.6 (s, MeC6H4), 21.2 (s, Mes, 2 Me), 22.7 (s, CHMe2), 32.1
(s, CHMe2), 90.6 (s, C6H4, 2 CH), 91.3 (s, C6H4, 2 CH), 104.5 (s,
CMe, p-cymene), 109.0 (s, CiPr, p-cymene), 127.8 (s, NCH=), 129.5
(s, MeCN), 130.1 (s, Mes, 4 CH), 136.1 (s, Mes, 4 CMe), 136.4 (s,
Mes, 2 CN), 141.6 (s, Mes, 2 CMe, Mes), 163.7 (s, Ru=C) ppm.
13C NMR (75.47 MHz, CD2Cl2, selected values): δ = 127.8 ppm

Table 1. Crystallographic data for complexes 2a·1/2CH2Cl2 and 2d·H2O.[a]

Complex 2a·1/2CH2Cl2 2d·H2O

Empirical formula C59H96Cl2O6P2Ru2 C16H29O4PRu
Molecular mass [gmol–1] 1236.34 417.43
Crystal size [mm] 0.32×0.22×0.20 0.32×0.26×0.22
Crystal system triclinic monoclinic
Space group P1̄ P21/n
a [Å] 14.6292(3) 12.900(4)
b [Å] 15.8474(3) 14.846(7)
c [Å] 16.0019(3) 9.764(3)
α [°] 115.050(1) 90
β [°] 114.131(1) 103.32(3)
γ [°] 94.460(1) 90
Volume [Å3] 2922.55(10) 1819.6(12)
Z 2 4
Density [gcm–3] 1.405 1.524
Temperature [K] 150(2) 293(2)
F(000) 1300 864
Mo-Kα radiation, λ [Å] 0.71073 0.71073
Absorption coefficient [mm–1] 0.711 0.963
θ range [°] 1.49 to 27.51 2.12 to 27.02
Index ranges 0 � h � 19 –16 � h � 16

–20 � k � 20 0 � k � 18
–20 � l � 18 0 � l � 12

Reflections collected 32238 4176
Independent reflections 12228 (Rint = 0.0000) 3951 (Rint = 0.0253)
Reflections [I � 2σ(I)] 10808 3474
Data/restraints/parameters 12923/0/641 3951/0/200
Goodness-of-fit on F2 1.088 1.018
Final R indices [I � 2σ(I)] R1 = 0.0328 R1 = 0.0320

wR2 = 0.0759 wR2 = 0.0858
R indices (all data) R1 = 0.0440 R1 = 0.0397

wR2 = 0.0832 wR2 = 0.0895
Largest diff. peak/hole [e·Å–3] 0.837/–0.929 0.869/–0.840

[a] w = 1/[σ2(Fo
2) + (0.0252P)2 + 3.4483P] (2a), 1/[σ2(Fo

2) + (0.0532P)2 + 2.1077P] (2d), where P = (Fo
2 + 2Fc

2)/3.
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(dd, 1JH,C = 201, 3JH,C = 12 Hz, NCH=). C35H44B2F8N4Ru
(795.44): calcd. C 52.85, H 5.58, N 7.04; found C 52.68, H 5.62, N
6.99.

[Ru(hexamethylbenzene)(IMes)(MeCN)2][BF4]2 (5f): Yield: 84%,
orange crystals. 1H NMR (200.13 MHz, CD3CN): δ = 1.78 (s, 18
H, C6Me6), 1.95 (s, 6 H, MeCN), 2.06 (s, 12 H, Mes, 4 Me), 2.35
(s, 6 H, Mes, 2 Me), 7.11 (s, Mes, 4 H), 7.25 (s, 2 H, CH=) ppm.
13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 5.30 (s, MeCN), 16.5 (s,
C6Me6), 18.7 (s, Mes, 4 Me), 21.2 (s, Mes, 2 Me), 101.7 (s, C6Me6),
128.5 (s, NCH=), 129.3 (s, MeCN), 130.3 (s, Mes, 4 CH), 136.1 (s,
Mes, 4 CMe), 137.1 (s, Mes, 2 CN), 141.1 (s, Mes, 2 CMe), 164.1
(s, Ru=C) ppm. 13C NMR (75.47 MHz, CD2Cl2, selected values):
δ = 128.5 ppm (dd, 1JH,C = 201, 3JH,C = 11 Hz, NCH=).
C37H48B2F8N4Ru (823.49): calcd. C 53.97, H 5.88, N 6.80; found
C 53.95, H 6.09, N 6.90.

X-ray Crystallography: A selected crystal of 2a·1/2CH2Cl2 was
studied with a NONIUS Kappa CCD diffractometer equipped
with a graphite monochromator. The cell parameters were obtained
with Denzo and Scalepack,[38] and data collection with NONIUS
KappaCCD software.[39] Data reduction was carried out with
Denzo and Scalepack.[38] A selected crystal of 2d·H2O was studied
with a NONIUS CAD 4 automatic diffractometer equipped with
a graphite monochromator.[40] After Lorenz and polarisation cor-
rections (2d),[41] the structures were solved with SIR-97, which re-
vealed the non-hydrogen atoms.[42,43] After anisotropic refinement,
many hydrogen atoms might be found with Fourier difference cal-
culations. The whole structures were refined with SHELXL-97 by
full-matrix least-squares methods on F2 (x, y, z, βij for Ru, P, Cl,
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O and C atoms; x, y, z in riding mode for H atoms).[44] ORTEP
views were prepared with PLATON98,[45] and ORTEP-3 for Win-
dows.[46] In the case of 2a, the asymmetric unit cell consists of two
molecules of complex and a dichloromethane one. The two mole-
cules are identical, although slight differences in torsion angles
were detected. Further crystallographic data are given in Table 1.
CCDC-287581 (2a), and -287580 (2d) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Addition of BH3 to 1,3,5-triaza-7-phosphaadamantane (PTA)
leads to the formation of the first coordination complex of
PTA in which a nitrogen and not the phosphorus of PTA is
involved in the bonding. Multinuclear NMR spectroscopy, X-
ray crystallography, and computational chemistry are utilized
in the characterization of the products. Crystal structures of
PTA–BH3 (1) and O=PTA–BH3 (2) adducts are described. In
addition a coordination polymer, [CpRu(PTA)2Cl(Ph3B3O3)]n

Introduction

The coordination chemistry and catalytic activity of me-
tal complexes containing aminophosphane ligands has been
explored extensively in recent years.[1] Much of the interest
in this class of ligand arises from the variety of coordination
modes possible (i.e. N-bound, P-bound, or N–P chelate).
Particularly important for catalytic applications is the hemi-
labile nature of the hard nitrogen donor.[2] Our group,[3–5]

and others,[6] have been interested in the chemistry of the
heterocyclic phosphane 1,3,5-triaza-7-phosphaadamantane
(PTA), which was first synthesized by Daigle in the 1970s
(Figure 1).[7,8] The attractive properties of PTA are its resis-
tance to oxidation, small size, strong binding ability, and
water solubility. Although PTA is an aminophosphane, the
adamantane-like structure excludes the possibility of P–N
chelate formation. PTA coordinates to metal atoms through
the phosphorus atom, with only one known example of a
PTA complex containing a nitrogen–metal dative bond; a
polymeric structure formed through the coordination of a
nitrogen of a ruthenium-bound PTA ligand to silver.[9] Be-
cause metals preferentially bind to the phosphorus of PTA,
the amine functionalities of PTA are the preferred site of
alkylation and protonation.[7,10] We have been interested in
the coordination chemistry of PTA and, specifically, why
transition metals bind to the phosphorus site and other
Lewis acids, such as H+ and R+, bind preferentially, al-
though not exclusively, to the nitrogen sites. Methylation of
PTA with MeI leads to N-methylated PTA (PTA-Me) with
a small amount, � 5%, of the P-methylated PTA (Me-
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E-mail: Frost@chem.unr.edu
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(3), resulting from Lewis acid–base adduct formation be-
tween the PTA ligands of CpRu(PTA)2Cl and the product of
the cyclocondensation of phenylboronic acid is described.
The polymeric compound 3 was also characterized by X-ray
crystallography.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

PTA).[10,11] The synthesis of P-alkylated PTA derivatives
may be accomplished by starting with phosphane sources
such as R-PH2 or P(CH2OH)3, Scheme 1.[12,13]

Figure 1. PTA.

Scheme 1.

Herein we present experimental and theoretical data on
the addition of BH3 to PTA and O=PTA, affording the first
coordination complex of PTA involving only nitrogen coor-
dination. Also described is an extended polymeric structure,
[CpRu(PTA)2Cl(Ph3B3O3)]n, held together by B–N coordi-
nation of a PTA nitrogen to triphenylboroxine.

Results and Discussion

BH3 complexes of PTA and O=PTA, 1 and 2 respec-
tively, have been synthesized in good yield by addition of
BH3–THF to PTA or O=PTA. In both cases, addition of
BH3 leads to the formation of a N–B coordination complex,
Scheme 2. As it is not surprising that such complexes are
formed, compound 1 is, to the best of our knowledge, the
first example of a coordination complex of PTA in which
only nitrogen of PTA is involved in bonding. Peruzzini et
al. recently reported the first example of a coordination
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complex involving binding of a nitrogen of PTA to another
metal;[9] in this case the phosphorus of PTA is already coor-
dinated to ruthenium. There are still no examples in the
literature of a nitrogen-bound PTA–metal complex in which
the phosphorus is not also coordinated to a metal.

Scheme 2.

The site of BH3 binding has been determined by: X-ray
crystallography, computational chemistry, IR spectroscopy,
1H, 31P, and 11B NMR spectroscopy, all of which indicate
that addition of BH3 results in preferential B–N and not B–
P bond formation. No evidence of P–B bond formation was
observed by any spectroscopic method including 11B or 31P
NMR spectroscopy.[14,15]

Addition of BH3 to PTA or O=PTA results in a slight
shift of the 31P NMR resonances with respect to PTA and
O=PTA. The complexes 1 and 2 exhibit 31P NMR reso-
nances at –88.4 and –9.8 ppm, respectively, compared to
–98.3 and –2.5 ppm for PTA and O=PTA.[7,8] These shift
values are similar to those observed for the methylation
of PTA; PTA(Me)+ exhibits a 31P NMR resonance at
–86.1 ppm.[6] The 11B NMR spectra of 1 and 2 were ob-
tained with resonances at –10.8 ppm for 1 (quartet, 1JBH =
98 Hz) and –12.2 ppm for 2 (quartet, 1JBH = 95 Hz). These
values compare well with other 11B chemical shifts of other
H3B–NR3 compounds. For example, the 11B NMR chemi-
cal shift of the borane adducts of 1,3,5-trimethyl-1,3,5-tri
azacyclohexane[16] and 3,5-dimethyl-1,3,5-thiadiaza
cyclohexane[17] were found to be –12.6 ppm (q, 1JBH =
96 Hz) and –11.1 ppm (q, 1JBH = 97 Hz), respectively.

The solid-state structures of 1 and 2 were determined by
X-ray crystallography. Crystals suitable for X-ray analysis
were obtained by slow diffusion of hexanes into a THF
solution of the complex at room temperature over 3 days.

Table 2. Comparison of the bond lengths [Å] and angles [°] obtained from X-ray crystallography for 1, 2, PTA, and O=PTA.

PTA[21.22] PTA–BH3 (1) O=PTA[21.22] O=PTA–BH3 (2)

P–C 1.856 1.815(9), 1.830(12) 1.817 1.810 0(17)–1.8192(16)
N–C(N) 1.464 1.458(9), 1.464(9) 1.465 1.447(2), 1.468(2)
(B)N–C(N) – 1.505(11) – 1.5162(19), 1.5145(19)
N–C(P) 1.461 1.454(9), 1.504(13) 1.472 1.485(2),[a] 1.5011(18)
N–B – 1.58(2) – 1.616(2)
P=O – – 1.476 1.4903(11)
B–N–C – 110.0(7), 111.2(12) – 109.51(12),[a] 111.22(12)
C–P–C 96.07 95.0(4), 95.9(6) 100.18 100.42(7),[a] 101.95(8)
C–N–C 108.30 106.8(9)–110.6(8) 108.61 107.39(12)–113.15(12)
N–C–P 114.06 117.2(6), 116.1(8) 110.21 108.73(10),[a] 111.8(1)
C–P–O – – 117.66 114.08(7)–119.33(7)

[a] Average of two similar values.
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Structure of PTA–BH3 (1)

A thermal ellipsoid representation of complex 1 is de-
picted in Figure 2, along with the atomic numbering
scheme. Selected bond lengths and angles may be found in
Table 1. The overall structure including bond lengths and
angles is practically identical to that of PTA. Noteworthy
is that the B–N bond length [1.58(2) Å] in 1 is similar to
that found in the DABCO adduct, N(CH2CH2)3N–BH3 (B–
N = 1.598 Å),[18] and is slightly shorter than the B–N bond
in the hexamethylenetetramine–borane adduct [B–N =
1.661(7) Å].[19] Also of note is that the (B)N–C(N) bond
length, 1.505(9) Å, is longer than the other N–C(N) bond
lengths, 1.458(9) Å, consistent with other PTA complexes

Figure 2. Thermal ellipsoid plot of PTA–BH3 showing the atomic
numbering scheme; hydrogen atoms have been omitted for clarity;
thermal ellipsoids are plotted at 50% probability.

Table 1. Bond lengths [Å] and angles [°] for PTA–BH3 (1).

P(1)–C(2) 1.815(9)
P(1)–C(1) 1.830(12)
(B)N(1)–C 1.505(11)[a]

N(1)–B(1) 1.58(2)
N(2)–C 1.458(9)[b]

C(2)–P(1)–C(1) 95.0(4)
C(1)–N(1)–C(3) 109.3(6)
C–N(1)–B(1) 111.2(12), 110.0(7)
C–N(2)–C 108.0(8)–110.6(8)
N(1)–C(1)–P(1) 116.1(8)
N(2)–C(2)–P(1) 117.2(6)

[a] Average of two similar distances. [b] Average of three similar
distances.
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in which one nitrogen atom of PTA has been protonated or
alkylated.[20] Table 2 compares the bond lengths and angles
of 1 with PTA and other PTA complexes.

Structure of O=PTA–BH3 (2)

A thermal ellipsoid representation of complex 2 is de-
picted in Figure 3, along with the atomic numbering
scheme. Selected bond lengths and angles may be found in
Table 3. The P–O bond length in 2 [1.4903(11) Å] is slightly
longer than found in O=PTA (P–O = 1.476 Å).[21,22] Note-

Figure 3. Thermal ellipsoid plot of O=PTA–BH3 showing the
atomic numbering scheme; hydrogen atoms have been omitted for
clarity; thermal ellipsoids are plotted at 50% probability.

Table 3. Selected bond lengths [Å] and angles [°] for O=PTA–BH3

(2).

P(1)–O(1) 1.4903(11)
P(1)–C 1.8100(17)–1.8192(16)
(B)N(3)–C 1.5011(18)–1.5162(19)
N(3)–B(1) 1.616(2)
N–C 1.447(2)–1.4879(19)
O–P(1)–C 114.07(7)–119.33(7)
C–P(1)–C 100.21(7)–101.95(8)
C–N(1)–C 109.35(12)–113.15(12)
C–N(2)–C 109.46(12)–112.87(12)
C–N(3)–C 107.39(12)–109.58(11)
C–N(3)–B(1) 109.46(12)–111.22(12)
N(3)–C(3)–P(1) 111.80(10)
N(1)–C(1)–P, N(2)–C(2)–P 108.88(10), 108.57(11)
N–C–N 113.52(12)–113.69(12)

Table 4. DFT[a] calculated bond lengths and angles for 1, 2, PTA and O=PTA.

PTA–BH3
N (1) H3B–PTA (1-P)[b] O=PTA–BH3 (2) PTA O=PTA

P–B – 2.013 – – –
P–C 1.946, 1.929 1.927 1.914, 1.903 1.955 1.919
N–C(N) 1.465, 1.488, 1.540 1.493 1.466, 1.490, 1.542 1.492 1.494
N–C(P) 1.483, 1.519 1.483 1.486, 1.518 1.484 1.488
N–B 1.652 – 1.660 – –
B–P–C – 120.2 – – –
B–N–C 109.5, 109.6 – 109.5 – –
C–P–C 94.1, 94.6 96.8 98.4, 98.5 93.8 98.0
P=O – – 1.610 – 1.614

[a] B3LYP/Lanl2dz. [b] BH3 is phosphorus bound.
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worthy is that the B–N bond length in 2 [1.616(2) Å] is
slightly longer than the B–N distance in 1 [1.58(2) Å], pre-
sumably due to the more positive nature of the formally
PV oxidation state of the phosphorus. Comparison of bond
lengths and angles in 2 with O=PTA may be found in
Table 2.

Theoretical Calculations

In an attempt to gain insight into the reactivity differ-
ences between the nitrogen and phosphorus sites of PTA,
calculations were performed modeling the alkylation and
BH3 addition to PTA. Density Functional Theory (DFT)
calculations (B3LYP/LANL2DZ) were performed on 1, 1-
P, PTA, PTA-Me, and Me-PTA as described in the experi-
mental section. From these calculations we predict an en-
ergy difference of 53.6 kJ/mol between 1 and 1-P, with 1
being the more stable isomer. This is consistent with calcu-
lations comparing the alkylation of PTA at the nitrogen
atom (PTA-Me) or phosphorus (Me-PTA), which predict
that nitrogen is the preferred site of alkylation by ca.
39.1 kJ/mol. These results are in agreement with those ob-
tained by Darensbourg et al.[10] Table 4 contains compari-
sons of calculated geometries for 1, 1-P, 2, PTA, and
O=PTA. The bond lengths and angles in Table 4 corre-
spond well that those found in the crystal structures of 1,
2, PTA, and O=PTA.

Reactivity of 1 and 2

Complexes of 1 and 2 are susceptible to hydrolytic cleav-
age of the boron–nitrogen bond in both the solid state and
in solution. BH3 may also be cleanly and easily removed
from 1 or 2 by addition of excess diazobicyclooctane
(DABCO) to an acetone solution of 1 or 2 at 50° C. One of
the unusual features of 1 is that the phosphorus is now
much more vulnerable to oxidation than PTA, PTA(H)+, or
PTA(Me)+. Solids of PTA–BH3 were stable in air for weeks,
whereas solutions of PTA–BH3 show signs of oxidation to
O=PTA–BH3 over the course of days, Scheme 3. In con-
trast, PTA, PTAH+, and PTAMe+ are indefinitely stable
towards air oxidation in the solid state or solution. Both 1
and 2 must be stored under dry conditions, and 1 must be
stored under nitrogen to prevent oxidation.
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Scheme 3.

Addition of BH3 appears to activate the phosphorus to
alkylation as well as oxidation; addition of methyl iodide
to PTA–BH3 results in the formation of ca. 20% of the
phosphorus-methylated product (Me-PTA) and ca. 80% of
the nitrogen-methylated product (PTA-Me). Compared to
the alkylation of PTA with MeI, which results in �95%
PTA-Me and �5% Me-PTA the phosphorus in 1 is acti-
vated with respect to alkylation. This may open up new
synthetic pathways towards high-yield synthesis of phos-
phorus-alkylated PTA compounds important in the further
development of the chemistry of PTA and PTA derivatives.
Currently phosphorus-alkylated PTA is synthesized by first
alkylating P(CH2OH)3 followed by reaction with NH4OAc
and formaldehyde (Scheme 1).[12,13]

Synthesis of [CpRu(PTA)2Cl(Ph3B3O3)]n·1/2CH2Cl2

We have previously reported the solid-state structure of
CpRu(PTA)2Cl.[4] In an attempt to access the cationic
CpRu(PTA)2S+ complexes (where S = solvent; CH3CN,
H2O), recently described,[23] we reacted NaBPh4 with
CpRu(PTA)2Cl in the presence of 1-propanol. Instead of
the desired product, [CpRu(PTA)2S][BPh4], we obtained
crystals of the polymeric complex [CpRu(PTA)2-
Cl(Ph3B3O3)]n·3CH2Cl2 in low yield (� 10%). The yield
from this reaction is very low; the product is likely obtained
due to small amounts of Ph3B3O3 impurities in the
NaBPh4, or from adventitious water reacting with the tet-
raphenylborate anion generating triphenylboroxine. This
complex was obtained in moderate yields (48%) by reaction
of CpRu(PTA)2Cl with three equivalents of phenylboronic
acid in dichloromethane, which affords large orange crystals
of [CpRu(PTA)2Cl(Ph3B3O3)]n·1/2CH2Cl2 (3). The polymer
forms as a result of the cyclocondensation of phenylboronic
acid, to triphenylboroxine, followed by formation of a
Lewis acid–base adduct with the PTA ligands of
CpRu(PTA)2Cl (Scheme 4); similar to the PTA–BH3 com-
plexes described above. Adducts of boroxines with amines
have been reported;[24–30] however, compound 3 is the first
involving PTA. Perzzuni et al. have described elsewhere the
first heterobimetallic complex in which PTA exhibits both
P and N coordination. In this case, CpRu(PTA)2Cl was
treated with AgOTf leading to a polymeric structure in
which PTA is bound to both ruthenium (by phosphorus)
and silver (by nitrogen).[9] Complex 3 and the complexes
described by Peruzzini are the only verifiable examples of
PTA complexes in which the nitrogen sites of PTA are in-
volved in dative bonding to another atom. It is now appar-
ent that the nitrogen sites of PTA may be far from benign in
the chemistry of PTA complexes. Unlike the water-soluble
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organometallic polymers of Peruzzini et al.,[9] compound 3
does not appear to remain polymeric in aqueous solution,
presumably due to ring-cleavage hydrolysis of the coordi-
nated Ph3B3O3.

Scheme 4.

The 31P NMR of the polymeric 3 in dichloromethane
exhibits a broad singlet at –21.9 ppm, relative to the 31P
NMR chemical shift of –25.6 ppm for the parent
CpRu(PTA)2Cl. The 1H NMR spectrum of 3, in CD2Cl2,
contains a sharp resonance attributed to the Cp protons
at δ = 4.59 ppm an upfield shift of 0.16 ppm, relative to
CpRu(PTA)2Cl, indicating shielding of the protons by the
phenyl groups of the boroxine as confirmed by the crystal
structure. The NCH2N protons of the PTA ligands in 3
exhibit an AB pattern centered at δ = 4.53 ppm (2J(HAHB)

= 13 Hz). The PCH2N protons of the PTA ligands also ex-
hibit an AB pattern centered at δ = 3.98 ppm (2J(HAHB) =
15 Hz). The PTA protons are shifted downfield due to the
deshielding effect of the N–B bonding. Two distinct reso-
nances for the phenyl rings of the boroxine are observed,
8.07 ppm (5 H) and 7.5 ppm (10 H), indicating two different
environments for the phenyl rings. 11B NMR spectroscopy
of 3 in acetone reveals two different boron environments
with 11B chemical shifts of 29.3 and 21.3 ppm indicative
of unbound and bound boron nuclei, respectively.[31] This
suggests that 3 remains polymeric in acetone with two of
the boron atoms of triphenylboroxine coordinated to a PTA
and remaining boron uncoordinated.

Structure of [CpRu(PTA)2Cl(Ph3B3O3)]n·1/2CH2Cl2

The solid-state structure of 3 was determined by X-ray
crystallography. Large orange crystals suitable for X-ray
diffraction were obtained by slow diffusion of hexanes into
a concentrated solution of 3 in CH2Cl2. A thermal ellipsoid
representation of complex 3 is depicted in Figure 4, along
with the atomic numbering scheme. Selected bond lengths
and angles may be found in Table 5. The structure consists
of CpRu(PTA)2Cl molecules linked together in linear
chains by Ph3B3O3, cocrystallized with half a molecule of
CH2Cl2. The polymeric structure is obtained through for-
mation of a Lewis acid–base adduct from one nitrogen
atom on each PTA to a boron atom of triphenylboroxin.
Two of the three boron atoms in triphenylboroxin form N–
B bonds, which affords a linear polymer, with the geometry
about the coordinated boron sites significantly distorted
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Figure 4. Thermal ellipsoid plot of 3 showing the atomic numbering scheme; hydrogen atoms have been omitted for clarity; thermal
ellipsoids are plotted at 50% probability.

from planar towards tetrahedral with O–B–O angles of
115.8(2)° and N–B–C angles of 107.46(18)°. The boron
atom, which is not coordinated to nitrogen is nearly planar
with a O–B–O angle of 122.3(3)°. The B–N bond lengths
are 1.737(3) Å, significantly longer than the N–B distances
in compounds 1 and 2, but comparable to other nitrogen-
coordinated boroxin complexes which have B–N distances
of 1.73–1.84 Å.[28–30] Comparison of the structure of 3 with
the parent complex CpRu(PTA)2Cl and the diprotonated
form [CpRu(PTAH)2Cl]2+, previously reported by us,[3,4] re-
veals that the core organometallic portion of 3 is largely
unchanged, Table 6. The P–Ru–P angle is slightly less ob-
tuse and the Ru–P bond lengths are elongated slightly (�
0.01 Å) in 3 vs. the other two complexes. The biggest change
is in the (N)C–N distances within the PTA ligand, which
have been utilized to determine when a PTA ligand has
been protonated [on average the (N)C–N distance increases
from ca. 1.46 to ca. 1.53 Å upon protonation].[20]

Table 5. Selected bond lengths [Å] and angles [°] for 3.

Ru(1)–P(1) 2.2645(6)
Ru(1)–Cl(1) 2.4443(8)
N(1)–C 1.449(3)–1.470(4)
N(2)–C 1.445(3)–1.473(3)
N(3)–C 1.498(3)–1.513(3)
N(3)–B(1) 1.737(3)
O(1)–B(2) 1.368(3)
O–B(1) 1.439(3)[a]

B(1)–C(10) 1.625(4)
B(2)–C(16) 1.576(5)
P(1)–Ru(1)–P(1)#1 95.46(3)
P(1)–Ru(1)–Cl(1) 90.56(2)
C–N(3)–C 107.80(18)–109.66(18)
C–N(3)–B(1) 108.67(17)[a]

C(6)–N(3)–B(1) 113.27(16)
B(2)–O(1)–B(1) 121.1(2)
B(1)–O(2)–B(1)#2 123.4(3)
O(2)–B(1)–O(1) 115.8(2)
O–B(1)–C(10) 112.78(19)[a]

O–B(1)–N(3) 103.21(16), 103.57(19)
C(10)–B(1)–N(3) 107.46(18)
O(1)#2–B(2)–O(1) 122.3(3)
O(1)–B(2)–C(16) 118.83(16)

[a] Average of two similar values.
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Table 6. Comparison of selected bond lengths [Å] and angles [°] for
3 with those reported for CpRu(PTA)2Cl[4] and [CpRu-
(PTAH)2Cl](PF6)2.[3]

CpRu(PTA)2Cl [CpRu(PTAH)2Cl](PF6)2 3

Ru–Cl 2.445(2) 2.455(2) 2.4443(8)
Ru–P(1) 2.258(3) 2.254(3) 2.2645(6)
Ru–P(2) 2.247(3) 2.257(3) 2.2645(6)[c]

Ru–Cpcent 1.852 1.855 1.850
(N)C–N 1.460(2)[a] 1.448(11)[b] 1.472(3)[c]

(N)C–N(B/H) – 1.516(12)[c] 1.512(3)[d]

P(1)–Ru–P(2) 96.85(5) 99.05(10) 95.46(3)
P(1)–Ru–Cl 91.61(7) 85.86(9) 90.56(2)
P(2)–Ru–Cl 86.46(7) 86.80(9) 90.56(2)[c]

[a] Average of 12 values. [b] Average of 8 values. [c] Average of 4
values. [d] Average of 2 values.

Conclusions

We have presented here the synthesis and characteriza-
tion of three boron-coordinated PTA complexes. Peruzzini
et al. published the first report of a PTA complex in which
a metal is bound to a nitrogen of the PTA ligand.[9] Here
we reported the second such complex, in which a nitrogen
of a ruthenium-bound PTA serves as a Lewis base coordi-
nating to the Lewis basic boron of triphenylboroxin. It
should be noted that in both of these complexes the phos-
phorus atom of PTA is already bound to a metal. To the
best of our knowledge, there are still no substantiated cases
in the literature in which PTA serves only as a nitrogen
donor ligand to a metal center. We reported here the closest
example of such a structure; complex 1 represents the first
coordination complex of PTA in which only the nitrogen of
the PTA ligand is coordinated to another atom through a
dative bond. Finally, it should be noted that the nitrogen
sites of PTA may become involved in coordination chemis-
try and are not necessarily innocent bystanders. Complex 3
and the complexes previously reported by Peruzzini[9] may
serve as a beginning for the use of PTA as a ligand in the
building of extended structures, utilizing the ability of both
the phosphorus and nitrogen sites of PTA to serve as Lewis
bases.
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Experimental Section
Materials and Methods: Unless otherwise noted all manipulations
where performed on a double-manifold Schlenk vacuum line under
nitrogen or in a nitrogen-filled glovebox. Nitrogen was purified
by passing the gas through a column of molecular sieves (Lind
13X), calcium chloride, potassium hydroxide, and dryrite. Tetrakis-
(hydroxymethyl)phosphonium chloride was obtained from Cytec
and used as received. Ruthenium trichloride hydrate, D2O, KOH,
PPh3, phenyl boronic acid, dicyclopentadiene, cyclooctadiene
(COD), and BH3–etherate were purchased from commercial
sources and used as received. 1,3,5-Triaza-7-phosphaadamantane
(PTA),[7,8] 1,3,5-triaza-7-phosphaadamatane oxide (O=PTA),[7]

and CpRu(PTA)2Cl[4,32] were prepared according to the literature
procedures. Solvents were freshly distilled from standard drying
reagents or dried with activated molecular sieves. Water was dis-
tilled and deoxygenated prior to use. NMR spectra were recorded
with either a Varian Unity Plus 500 FT-MNR spectrometer, a GN
300 FT-NMR/Scorpio spectrometer, or a QE 300 FT-NMR/Aqua-
rius spectrometer. Proton spectra were referenced to residual sol-
vent relative to TMS with the exception of aqueous spectra, which
were referenced to an external standard of sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS). Phosphorus chemical shifts are rela-
tive to an external reference of 85% H3PO4 in D2O with positive
values downfield of the reference. 11B chemical shifts are relative
to an external reference of BF3 in diethyl ether, with positive values
downfield from the reference.

Synthesis of PTA–BH3 (1): PTA (1.0 g, 6.4 mmol) was dissolved in
a minimum amount of dichloromethane. The solution was then
cooled in an ice bath and 1.1 equiv. of 1.0  borane tetrahydrofuran
complex was added via syringe (7 mL). The solution was stirred
for 2 h, after which time the solvent was removed under vacuum
leaving 1.01 g of a fine white solid (93% yield). 1H NMR
(300 MHz, [D6]acetone, 25 °C): δ = 4.50–4.25 (m, 6 H, NCH2N),

Table 7. Crystal data and structure refinement for 1, 2, and 3.

PTA–BH3 (1) O=PTA–BH3 (2) [CpRu(PTA)2Cl(Ph3B3O3)]n (3)

Empirical formula C6H15BN3P C6H15BN3OP [(C5H5)Ru(C6H12N3)2Cl(Ph3B3O3)]·1/2CH2Cl2
Formula mass 170.99 186.99 875.11
T (K) 100(2) K 100(2) K 100(2) K
Wavelength [Å] 0.71073 Å 0.71073 Å 0.71073 Å
Crystal system monoclinic monoclinic orthorhombic
Space group Cm P21/n Ima2
a [Å] 7.571(4) 6.1903(5) 22.9789(12)
b [Å] 9.244(4) 11.3929(9) 15.2606(8)
c [Å] 6.758(3) 12.7715(9) 11.4219(6)
α (°) 90 90 90
β [°] 114.900(10) 93.339(2) 90
γ [°] 90 90 90
Volume [Å3] 429.0(3) 899.19(12) 4005.3(4)
Z 2 4 4
Dcalcd. [mg/m3] 1.324 1.381 1.451
Abs. coefficient [mm–1] 0.258 0.261 0.648
Crystal size [mm] 0.28 × 0.03 × 0.03 0.22 × 0.01 × 0.01 0.775×0.18×0.16
θ range for data collection 3.32 to 22.48° 2.40 to 27.50° 1.60 to 32.26°
Index ranges –8 � h � 8, –8 � h � 8, –34 � h � 34,

–9 � k � 9, –14 � k � 14, –22 � k � 22,
–7 � l � 7 –16 � l � 16 –17 � l � 17

Reflections collected 1360 10013 26436
Independent reflections 598 [R(int) = 0.1467] 2048 [R(int) = 0.0396] 7202 [R(int) = 0.0228]
Absorption correction SADABS SADABS SADABS
Data/restraints/parameters 598/2/65 2048/0/169 7202/1/261
Goodness-of-fit on F2 0.812 1.026 1.167
Final R indices [I � 2σ(I)] R1 = 0.0689, wR2 = 0.1007 R1 = 0.0380, wR2 = 0.0978 R1 = 0.0341, wR2 = 0.1106
R indices (all data) R1 = 0.1247, wR2 = 0.1138 R1 = 0.0470, wR2 = 0.1028 R1 = 0.0344, wR2 = 0.1109
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3.88–3.66 (m, 6 H, PCH2N), 1.17 (q, 1JBH = 98 Hz, 3 H, BH3)
ppm. 11B NMR (160 MHz, [D6]acetone, 25 °C): δ = –10.8 (q, 1JBH

= 98 Hz) ppm. 31P{1H} NMR (121 MHz, [D6]acetone, 25 °C): δ
= –88.4 (s) ppm. IR (KBr): ν̃ = υ(BH): 2365 (s), 2312 (m), 2263 (m)
cm–1; υ(BN): 1174 (s) cm–1. IR (CH2Cl2): ν̃ = υ(BH): 2370 (s), 2305
(m), 2271 (m) cm–1; υ(BN): 1172 (s) cm–1. C6H15BN3P: calcd. C
42.15, H 8.84, N 24.57; found C 42.20, H 8.90, N 25.02. X-ray
quality crystals were grown by slow diffusion of hexanes into a
concentrated THF solution of 1, yielding colorless needles over the
course of a week. A crystal suitable for X-ray diffraction was se-
lected and mounted under oil on a glass fiber. Crystallographic
data and data collecting parameters are listed in Table 7.

Synthesis of O=PTA–BH3 (2): The borane complex of PTA oxide
(O=PTA) was synthesized in a manner analogous to the PTA–bo-
rane complex described above. PTA=O (50 mg, 0.29 mmol) was
dissolved in CH2Cl2 (20 mL) and BH3–THF (1.0 mL, 1.0 ) was
added at room temperature with stirring. The resultant solution
turned cloudy and was stirred for an additional 1 h, after which
time the product was collected by filtration. O=PTA–BH3 was ob-
tained as a fine white powder in 37% yield (20 mg). 1H NMR
(300 MHz, [D6]acetone, 25 °C): δ = 4.5–3.8 (m, PTA), 1.47 (q, 1JBH

= 95 Hz, BH3) ppm. 11B NMR (160 MHz, [D6]acetone, 25 °C): δ
= –12.2 (q, 1JBH = 95 Hz) ppm. 31P{1H} NMR (121 MHz, [D6]-
acetone, 25 °C): δ = –9.8 ppm. IR (KBr): ν̃ = υ(BH): 2389 (s), 2325
(m), 2283 (m) cm–1. C6H15BN3OP: calcd. C 38.54, H 8.09, N 22.47;
found C 38.92, H 8.51, N 22.56. Colorless X-ray quality crystals
were obtained after approximately one week by layering a dilute
solution of 2 in THF with hexane. A crystal suitable for X-ray
diffraction was selected and mounted under oil on a glass fiber.
Crystallographic data and data collecting parameters are listed in
Table 7.

Synthesis of [CpRu(PTA)2Cl(Ph3B3O3)]n·1/2CH2Cl2 (3): A Schlenk
flask was charged with CpRu(PTA)2Cl (50 mg, 0.097 mmol) and
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PhB(OH)2 (36 mg, 0.295 mmol); the solids were dissolved in a
minimum volume (� 5 mL) of dichloromethane and stirred under
nitrogen for 10 h. Addition of hexanes afforded 38 mg (48%)
[CpRu(PTA)2Cl(Ph3B3O3)]n·1/2 CH2Cl2 (3) as orange crystals. 1H
NMR (300 MHz, CD2Cl2, 25 °C): δ = 8.0–8.1 (m, 5 H, ArH), 7.35–
7.45 (m, 10 H, ArH), 4.4–4.6 (AB spin system, 2J(HAHB) = 13 Hz,
17 H, Cp, NCH2N), 3.9–4.1 (AB spin system, 2J(HAHB) = 15 Hz,
12 H, PCH2N) ppm. 11B NMR (160 MHz, [D6]acetone, 25 °C):
δ = 29.3 (s, Buncoordinated), 21.3 (br. s, B–N) ppm. 31P{1H} NMR
(121 MHz, CD2Cl2, 25 °C): δ = –21.9 (br. s, Ru–PTA) ppm. IR
(KBr): ν̃ = υ(BO): 1387, 1344, 1310 cm–1. C36H45B3Cl2N6O3P2Ru:
calcd. C 49.35, H 5.18, N 9.59; found C 50.51, H 5.14, N 9.42.
Dark orange X-ray quality crystals were grown by slow diffusion
of hexanes into a CH2Cl2 solution of 3 over the course of 4 days.
A crystal suitable for X-ray diffraction was selected and mounted
under oil on a glass fiber. Crystallographic data and data collecting
parameters are listed in Table 7.

Computational Details: Theoretical calculations were performed in
an attempt to obtain insight into the differential reactivity of the
phosphorus and nitrogen nuclei of PTA. All calculations were run
on a Beowulf cluster of 16 dual processor computers operating
under Linux. Theoretical calculations were performed using the
Gaussian 03 program package employing the LANL2DZ basis set
of Wadt and Hay[33,34] as implemented in Gaussian 03.[35] Density
functional (DFT) calculations were carried out on all complexes
using Becke’s three-parameter hybrid method[36] coupled to the cor-
relation functional of Lee, Yang, and Parr (B3LYP).[37] Frequency
calculations were performed on all optimized structures in order to
establish the nature of the extrema and to calculate values for ∆H
and ∆G. Full geometry optimizations were performed on 1, 1-P,
PTA, PTA-Me, and Me-PTA starting from the crystal structures
of each compound.

CCDC-288665 to -288667 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The copper(II) complexes [Cu(H2L1)Cl2]2[CuCl4]·CH3CN·
H2O (HL1 = N-6-(4-hydroxyphenyl)-2-pyridylmethyl-
N,N�,N�-trimethylethylenediamine), [Cu(HL2)Cl2] (HL2 = N-
4-hydroxybenzylmethyl-N,N�,N�-trimethylethylenediamine)
and [Cu2(µ-L3)2(H2O)(ClO4)]ClO4·H2O (HL3 = N-2-hydroxy-
benzylmethyl-N,N�,N�-trimethylethylenediamine) were pre-
pared and characterised in acetonitrile solution (by ESI-MS,
EPR and UV/Vis-NIR spectroscopy) and in the solid state (by

Introduction
Self-assembly into spiral structures is inherent in nature,

from the grandest scale – e.g. spiral galaxies[1] – through
everyday structures – e.g. the aesthetically pleasing spiral
seashell – to the molecular scale – e. g. the structures of
biological macromolecules such as proteins[2] and nucleic
acids.[3] The self-organisation of the latter molecules into
specific structures is, of course, vital to their function and
so to all life, and has inspired the recent interest into mole-
cules that aggregate into regular spiral topologies.[4–8] Metal
coordination complexes proffer a vast array of useful cata-
lytic, magnetic and optical properties and so, not surpris-
ingly, helical coordination polymers are synthetic targets for
emergent applications in asymmetric catalyses, in enantiose-
lective separations and as magnetic/optical materials.[7,8]

The design and construction of coordination polymers with
helical topologies thus presents a contemporary challenge
that spans coordination, supramolecular and materials
chemistry.

In the majority of those helical coordination polymers
reported in the literature, ditopic ligands are employed to
bridge and link two adjacent metal centres.[7,8] Herein, we
demonstrate that molecular helicity can be predictably pro-
grammed into the solid-state structures of simple copper()
coordination complexes by judicious introduction of mol-
ecular chirality through ligand design in combination with
a noncovalent recognition element that induces aggregation
and hence self-organisation into a spiral arrangement upon
crystallisation. The natures of the new complex species in
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X-ray crystallography). Each copper(II) complex is chiral and
has a potential inter-complex hydrogen-bond donor group.
Upon crystallisation, all three copper(II) complexes undergo
spontaneous enantioselective self-assembly into hydrogen-
bond-linked helices.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

solution were also investigated by the use of a combination
of electrospray ionisation mass, UV/Visible-NIR and X-
band EPR spectroscopy.

Results and Discussion

Three ligands HL1–HL3 were targeted. All three are chi-
ral and, although isolated as the racemate, upon coordina-
tion to a metal ion the chirality of the individual ligand
molecule must transfer to the complex species thus formed.
In HL1 and HL2 the positioning of the phenolic 4-OH
groups prevents intramolecular hydrogen bonding interac-
tions, but is ideal for inter-complex hydrogen bonding;
therefore, these OH groups should act as a recognition ele-
ment for inter-complex aggregation through hydrogen
bonding. Thus, overall, simple metal complexes of HL1 and
HL2 should be chiral and aggregate into strands through
inter-complex hydrogen bonding. In contrast, the ortho-OH
groups in HL3 are ideally positioned for binding to a metal
ion, because this was assumed that it would curtail the in-
volvement of these groups in inter-complex aggregation. To
test these predictions the three ligands were made, and their
reactions with cupric chloride and cupric perchlorate
studied.
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Syntheses

The ligands HL1–HL3 were prepared by direct reductive
amination reactions of N,N,N�-trimethylethylenediamine
with the appropriate aldehyde. For HL1, tetrahydropyran
(THP) protected 4-phenol-6-pyridylaldehyde was used and
the THP protecting group was removed with pyridinium
tosylate in 95% ethanol. Three crystalline materials were
obtained from the reactions of the ligands with the cupric
salts: A green powder was obtained from HL1 and CuCl2
in methanol/ether that afforded clear, gold-brown platelets
of [Cu(HL)Cl2]2[CuCl4]·MeCN·2H2O upon recrystalli-
sation from acetonitrile/methanol, green crystalline
[Cu(HL2)Cl2] deposited from solution of HL2 and CuCl2 in
methanol/ether, and dark green-black [Cu2(L3)2(H2O)-
(ClO4)]ClO4·H2O crystallised from an alkaline (pH 9) aque-
ous solution of cupric perchlorate and HL3.

Solution Physicochemical Properties

Positive-mode ESI-MS, X-band EPR (at 77 K) and UV/
Vis-NIR spectra were acquired to give information about
the species in acetonitrile solutions; the data are listed in
the Experimental Section and spectra are shown in the sup-
porting information, Figure S1 and Figure S2 (for support-
ing information see also the footnote on the first page of
this article). The ESI-MS spectrum of [Cu(H2L1)Cl2]2-
[CuCl4] shows only peaks for the [Cu(H2L1)Cl2]+ ion (at
m/z 419; calcd. m/z 419.06) suggesting that this is the only
cationic species in solution. The EPR spectrum of the fro-
zen acetonitrile solution at 77 K reveals overlaid axial sub-
spectra for two nonequivalent copper() centres, a four/five-
coordinate tetragonally distorted ion [g� � 2.26 (A� �
156 G) �� g� � 2.07] and a distorted tetrahedral species
[g� � 2.39 (A� � 120 G) �� g� � 2.09], which is attributed
to [CuCl3(MeCN)x]– (in acetonitrile solution, [CuCl4]2– is
only observed at high chloride concentrations[11]). The UV/
Vis-NIR spectrum shows a broad asymmetric band at
676 nm with a long low-energy tail, distinctive for a tetrago-
nally distorted ion; the lowest energy transition for
[CuCl3(MeCN)x]– is reported at 405 nm and is hidden in
the intense UV tail.[11]

The ESI-MS spectrum of [Cu(HL2)Cl2] was very weak
until 1% acetic acid was added to the carrier solvent; in the
presence of the acetic acid, [Cu(HL2)Cl]+ (at m/z 306; calcd.
m/z 306.06) was observed along with peaks for the proton-
ated ligand, (H2L2)+, and ions that result from chloride–
acetate exchange. The results are consistent with [Cu(HL2)-
Cl2] persisting into acetonitrile solution. The EPR spectrum
of the complex in acetonitrile solution at 77 K is axial and
thus indicative for a tetragonally-distorted species with a
dx2 – y2 ground-state and the UV/Vis-NIR spectrum shows
a broad asymmetric visible band at 676 nm with distinct
tail to low energy (identically with [Cu(H2L1)Cl2]+); these
spectra are consistent with [Cu(HL2)Cl2] dissolving un-
changed in acetonitrile.

The main peak in the ESI-MS spectrum of [Cu2(L3)2-
(H2O)](ClO4)2 at m/z 270 corresponds to the monomeric

Eur. J. Inorg. Chem. 2006, 1190–1197 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1191

species [Cu(L3)]+ (calcd. m/z 270.08). The solid complex is
EPR silent indicative for antiferromagnetic coupling be-
tween the two copper() centres relayed by the phenolate
bridges in the dimeric [Cu2(L3)2(H2O)]2+ cation. The EPR
spectrum of a frozen acetonitrile solution of the complex at
77 K shows a strong axial signal [g� = 2.25 (A� = 165 G)
�� g�; = 2.06] for a tetragonal monomer suggesting that
the dimer dissociates in solution according to:

The UV/Vis-NIR spectrum differs from those of the
other two complexes: It shows a relatively sharp and intense
σ-phenolate � CuII charge-transfer band at 430 nm[12,13]

plus a weaker visible (d-d) band at 625 nm; these two bands
are blue shifted by ca. 30 and 85 nm, respectively, as a 1:1
EtOH/water solution is made alkaline (pH raised from 7 to
10). The EPR and UV/Vis-NIR spectra are very similar to
those of other copper() dimers of chelating ligands with a
phenolate sidearm that break up in donor solvents to mo-
nomeric species.[12,13]

Crystal Structures

[Cu(HL)Cl2]2[CuCl4]·CH3CN·2H2O: The crystal struc-
ture confirms the identity of the complex salt as [Cu(H2L1)-
Cl2]2[CuCl4]. The structure of the [Cu(H2L1)Cl2]+ ion is il-
lustrated in Figure 1. Immediately obvious is that the ter-
minal tertiary amine of HL1 is protonated and “dangling”
in the [Cu(H2L1)Cl2]+ ion. This is expected: the tertiary
amine is a relatively weak donor to a metal ion due to steric
effects but is strongly basic and, therefore, protonation is
favoured over coordination to a metal ion under the weakly
acidic conditions in solutions of simple metal salts. As it
must be, the [Cu(H2L1)Cl2]+ complex cation is chiral, with
HL1 wrapped about the copper centre, which is bound by
the pyridyl and the adjacent chiral, tertiary amine donors
(nitrogen atoms N1 and N2, respectively). Within the crys-
tal, both enantiomers of [Cu(H2L1)Cl2]+ appear and are re-
lated by crystallographic inversion; see below. The Cu–N
and Cu–Cl distances in the [Cu(H2L1)Cl2]+ ion are listed in
the caption to Figure 1 and are indicative for a copper()
centre.[13–17] The two largest angles about the copper ion,
the transoid angles Cl1–Cu1–N2 [132.5(2)°] and Cl2–Cu1–
Nl [152.2(2)°], give β = 71.2° and ω = 51.4° [where β = 90°
and ω = 0° for square-planar geometry (D4h) and β = 54.7°
and ω = 90° for tetrahedral geometry (Td)], thus revealing
the geometry of Cu1 is near to midway between ideal
square-planar and ideal tetrahedral. The [CuCl4]2– counter-
anions exhibit a much less flattened tetrahedral geometry,
which is commonplace for this ion:[14] the transoid equato-
rial angles Cl3–Cu2–Cl3* [124.3(1)°] and Cl4–Cu2–Cl4*
[138.7(3)°] yield β = 60.3° and ω = 77.9°.
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Figure 1. View of the [Cu(S-H2L1)Cl2]+ complex ion (50% thermal
ellipsoids at 295 K are shown; hydrogen atoms on carbon are omit-
ted for clarity). Key metric data – bond lengths [Å]: Cu1–Cl1
2.256(2), Cu2–Cl3 2.257(2), Cu1–Cl2 2.192(2), Cu2–Cl4 2.208(3),
Cu1–N1 1.965(5), Cu1–N2 2.054(5); bond angles [°]: Cl1–Cu1–Cl2
101.82(7), Cl3–Cu2–Cl3* 124.3(1), Cl1–Cu1–N1 97.9(2), Cl3–Cu2–
Cl4 102.2(1), Cl1–Cu1–N2 132.5(2), Cl3–Cu2–Cl4* 96.83(9), Cl2–
Cu1–N1 152.2(2), Cl4–Cu2–Cl4* 138.7(3), Cl2–Cu1–N2 98.9(2),
N1–Cu1–N2 81.5(2).

As predicted, homochiral [Cu(H2L1)Cl2]+ ions self-as-
semble along the y axis into helical chains that are held
together by hydrogen bonding between the phenol OH
group (O1) and the chloride co-ligand Cl1 (HO1···Cl1
2.163 Å), Figure 2. The helices, in which the adjacent cat-
ions are inter-related by a 21 crystallographic screw, are qu-
ite open with large grooves, Figure 2 (b). The helices inter-
weave to afford layers parallel to the yz plane, Figure 2 (c).
Within a layer all cations have the same chirality and, there-
fore, all helices identical (M or P) handedness, but adjacent
helices within the layers run in the opposite direction; the S-
enantiomer, i.e. [Cu{(S)-H2L1}Cl2]+, affords the left-handed

Figure 2. [Cu(H2L1)Cl22+]� helices: (a) stick view of a M-helix, (b) spacefilling view (CPK van der Waal’s radii) of a M-helix from the
same perspective as (a); (c) view of a layer illustrating the antiparallel packing of the helices, all of which have the same (M) handedness.
For clarity, those hydrogen atoms not involved in hydrogen bonding are omitted from views (a) and (c).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1190–11971192

(M) helices. The helices alternate in chirality parallel to the
x-axis so adjacent layers contain cations and helices of op-
posite chirality. The [CuCl4]2– anions are interspersed be-
tween the cation layers and each forms a Cl···H–+NHR hy-
drogen bond (Cl3···N3 3.290 Å) to the nearest cation in the
two adjacent layers. The lattice acetonitrile and water mole-
cules fill voids in [CuCl4]2– anion layers; notably each water
(W) is well-positioned to form hydrogen bonds with the
nearest [Cu(H2L1)Cl2]+ ion (OW···Cl2 3.259 Å) and the ad-
jacent [CuCl4]2– anion (OW···Cl4 3.391 Å).

[Cu(HL2)Cl2]: Figure 3 presents a view of the complex
molecule. The copper() centre is four coordinate, bound
by the two amine nitrogen atoms of HL2 and two chloride
co-ligands with Cu–N and Cu–Cl distances that are typical
of those of other copper() chloride complexes of ethyl-
enediamine derivatives (e.g. [Cu(ethylenediamine)Cl2][15]

Figure 3. View of the [Cu(R-HL2)Cl2] complex molecule (50% ther-
mal ellipsoids at 295 K are shown; hydrogen atoms on carbon are
omitted for clarity). Key metric data – bond lengths [Å]: Cu–Cl1
2.263(1), Cu–Cl2 2.269(1), Cu–N1 2.086(3), Cu–N2 2.045(3); bond
angles [°]: Cl1–Cu–Cl2 93.0(1), Cl1–Cu–N1 92.9(1), Cl1–Cu–N2
171.1(1), Cl2–Cu–N1 157.7(1), Cl2–Cu–N2, 91.7(1), N1–Cu–N2
85.5(1).
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Figure 4. [Cu(HL2)Cl2]� helices: (a) view of a single P-helix (with carbon-bound hydrogen atoms omitted for clarity); (b) spacefilling view
(CPK van der Waal’s radii) showing the tight packing of complex molecules in a P-helix drawn from the same perspective as (a); (c) ball-
and-stick perspective view of the crystal structure showing the packing of the helices of opposite chirality along the y axis (the top left
and bottom right helices are left-handed, the others right-handed).

Cu–N 2.010 and 2.017 Å, Cu–Cl 2.286 and 2.301 Å; [Cu-
(trans-N,N,N�N�-tetramethylcyclohexane-1,2-diamine)Cl2][16]

Cu–N 2.052 Å, Cu–Cl 2.247 Å). The transoid angles about
copper, N2–Cu–Cl1 171.1(1)° and N1–Cu–Cl2 157.7(1)°,
give β = 82.2° and ω = 21.9° indicative for moderate tetra-
hedral distortion away from square-planar geometry.

The hydroxy group of HL2 is, as predicted, involved in
intermolecular hydrogen bonding. The enantiomers of
[Cu(HL2)Cl2] separate and self-assemble into helices paral-
lel to the y axis, Figure 4. Within each helix, the [Cu(HL2)-
Cl2] molecules all have the same handedness and adjacent
complexes are linked by hydrogen bonding between the
chloride co-ligand (Cl2) on one and the hydroxy group of
HL2 on the other (Cl···H 2.103 Å), Figure 4(a). The crystal
is the racemate in which the P-helices are comprised of the
[Cu(R-HL2)Cl2] enantiomer (i.e. from the R-enantiomer of
the ligand). Comparison of the space-filling representations
of the [Cu(H2L1)Cl2+]� helix, Figure 2 (b), and the
[Cu(HL2)Cl2]� helix, Figure 4 (b), shows the grooves in the
latter helices to be considerably more tightly packed and
shallow. Thus, whereas the [Cu(H2L1)Cl2+]� helices inter-
weave in the crystal (see Figure 2, c), each [Cu(HL2)Cl2]�
helix packs largely independently of the others, Figure 4 (c);
there are no significant interactions with the four nearest-
neighbour helices, which have opposite chirality (because
the chirality of the helices alternates along both the x and
z axes).

[Cu2(µ-L3)2(H2O)(ClO4)]ClO4·H2O: The [Cu2(L3)2(H2O)-
(ClO4)]+ cation, Figure 5, consists of two independent five-
coordinate copper() centres, Cu1 and Cu2. Both copper
ions are bound by the same enantiomer of L3 (so the dimers
are the chiral R,R- and S,S-enantiomers) and exhibit
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Figure 5. View of the [Cu2(S-L3)2(H2O)(ClO4)]+ complex ion (50%
thermal ellipsoids at 295 K are shown;W = water, PC = perchlo-
rate). Key metric data – bond lengths [Å]: Cu1–O1A 1.987(3), Cu2–
O1A 1.955(3), Cu1–N1A 2.032(4), Cu2–O1B 1.940(3), Cu1–N2A,
2.046(4), Cu2–N1B 2.023(4), Cu1–O1B 1.995(3), Cu2–N2B,
2.034(4), Cu1–OW1, 2.223(3), Cu2···O1Pc2 2.580(3); bond angles
[°]: O1A–Cu1–N1A 92.3(1), O1B–Cu2–N1B 92.6(1), O1A–Cu1–
N2A 163.8(2), O1A–Cu2–N1B 163.1(2), O1A–Cu1–O1B 74.4(1),
O1A–Cu2–O1B 76.3(1), O1A–Cu1–OW1 95.0(1), O1A–Cu2–
O1Pc2 93.8(1), N1A–Cu1–N2A 86.5(2), N1B–Cu2–N2B 87.3(2),
N1A–Cu1–O1B 156.4(1), O1B–Cu2–N2B 167.0(2), N1A–Cu1–
OW1 101.1(2), N1B–Cu2–O1Pc2 99.1(2), N2A–Cu1–O1B 100.8(2),
N2B–Cu2–O1Pc2 102.4(2), N2A–Cu1–OW1 101.1(1), O1A–Cu2–
N2B 100.6(2), O1B–Cu1–OW1 99.4(1), O1B–Cu2–O1Pc2 90.5(1),
Cu1–O1A–Cu2 101.2(1).
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square-pyramidal geometries (trigonality indices:[17] Cu1, τ
= 0.12; Cu2, τ = 0.07). The two amine nitrogen atoms and
the phenolate oxygen atom of L3 are equatorially bound,
and each phenolate group also bonds to the fourth equato-
rial position of the other copper, thereby producing a phe-
nolate-bridged dimer with Cu1···Cu2 3.047 Å. The equato-
rial Cu–O/N distances at 2.00 ± 0.5 Å are indicative for
copper().[13–17] An axial water (W1) completes the coordi-
nation sphere of Cu1 [Cu1–OW1 = 2.223(3) Å] and a weakly
bound, axial perchlorate [PC2: Cu2–O1Pc2 = 2.580(3) Å]
that of Cu2; the axial water and the perchlorate ligands
lie to the same side of the equatorial Cu2O2 plane and are
hydrogen-bonded to a lattice water (W2).

Given that the phenol group of L3 becomes involved in
binding to the copper() ions as anticipated (see above), it
was a surprise to find that the homochiral [Cu2(L3)2(H2O)-

Figure 6. [Cu2(µ-L3)2(H2O)(ClO4)](ClO4)·(H2O)]� helices: (a) view of a P-helix, (b) spacefilling view (CPK van der Waal’s radii) of a P-
helix from the same perspective as (a); (c) view of a P-helix core illustrating the spiral [(H2O)2(ClO4)–]� chain (with carbon atoms, the
hydrogen atoms attached to these and the perchlorate ligand (PC2) all omitted for clarity); (d) perspective view down a P-helix showing
the packing of the six surrounding helices. For clarity, the neighbour helices are alternatively shaded light and dark in view (d) and those
hydrogen atoms not involved in hydrogen bonding are omitted from views (a) and (d).
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(ClO4)]+ ions also self-assemble along with the (second)
perchlorate counterion and a lattice water into 21 helices
parallel to the y axis, Figure 6. Spiral hydrogen-bond-linked
chains comprised of the axial water ligand (W1), a perchlo-
rate (PC1), and a lattice water (W2) form the helix cores;
see Figure 6 (c). The hydrogen bond lengths in the spiral
[(H2O)2(ClO4)–]� core are given in the Supporting Infor-
mation (Figure S3). The dicopper() ions do not directly
hydrogen bond with each other, but rather water W1, the
axial ligand to Cu1, forms the link between each copper()
dimer and the spiral core. The crystal is the racemate con-
taining M and P helices; the chirality of the helices derives
from the copper dimers with the S,S-enantiomer producing
the P-helix (that shown in Figure 6, a–c). Figure 6 (d) illus-
trates the packing of the helices in the crystal. Helices of
the same handedness align parallel to the x-axis and helices
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alternate in handedness parallel to the z-axis, so that each
helix is surrounded by six neighbours, two of the same han-
dedness and four of the opposite handedness.

Conclusion

Three new helical copper() coordination polymers have
been prepared and characterised. These examples serve to
demonstrate that a weak inter-ion, noncovalent recognition
element, hydrogen bonds involving a phenol or water OH
group within the complex species, in concert with the chiral
twist of the complex cation is perfectly sufficient to cause
aggregation into spirals. Zigzag chains[7,8] of hydrogen-
bonded complexes alternating in chirality were not ob-
served in this work. In the three crystal structures, the spon-
taneous enantioselective self-assembly of the complexes
within each helix suggests a self-recognition process must
play a role in each crystallisation just as hydrogen bonding
between complimentary bases dictates DNA double strand
formation. Notably, the adjacent copper() complexes are
crystallographically inter-related by a 21 screw. Given the
weak directionality of the phenol OH···Cl–Cu or Cu–
OH2···O (H2O or ClO4

–) hydrogen bonds, this is not sur-
prising – it is the simplest possible symmetry relationship
between the adjacent hydrogen-bonded complexes in a he-
lix. Likewise, a majority of the recently reported coordina-
tion polymer helices[7,8] align along a twofold screw axis.
The obvious implication, of course, is that a recognition
element(s) of greater complexity with inbuilt directionality
in the non-covalent interaction – i.e. more information con-
tent – is necessary for predictable self-assembly of helices of
higher symmetry.

Experimental Section
General: 1H and 13C{1H} NMR spectra were recorded at 300 K
with a Bruker AC 300F spectrometer (300 MHz) operating at
300.13 MHz. Electrospray Ionisation (ESI) mass spectra were ac-
quired with a VG Quattro mass spectrometer operating with a cap-
illary voltage of 4 kV and a cone voltage of 30 V at 60 °C with a
feed solvent of CH3CN/water (1:1, v/v). Electronic spectra of the
complexes were recorded between 220 and 2000 nm with a CARY
5 spectrometer in the dual beam mode; solution spectra were re-
corded in sealed 1-cm quartz cuvettes and solid-state spectra were
recorded in reflectance mode on powdered samples. X-band EPR
spectra of both solids and frozen solutions and were recorded at
77 K (using a liquid nitrogen dewar) with a Bruker EMX 10 EPR
spectrometer. Elemental analyses for C, H and N were carried out
at the Australian National University Microanalytical Laboratory.
Prior to being sent for analysis, samples were dried at 40 °C for
48 h under vacuum (0.2 Torr) over phosphorus pentoxide.

Caution: Although no problems were encountered in the course of
this work, perchlorate salts are potentially explosive materials and
appropriate precautions should be taken when handling them.

N-[6-(4-Hydroxyphenyl)-2-pyridylmethyl]-N,N�,N�-trimethylethyl-
enediamine (HL1): A solution of N,N,N�-trimethylethylenediamine
(363 mg, 3.55 mmol) in 1,2-dichloroethane (15 cm3) was added to
a 1,2-dichloroethane (10 cm3) solution of 6-(2-tetrahydropyranyl-4-
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phenoxyl)-2-pyridinecarbaldehyde (1.000 g, 3.54 mmol) followed
by the addition of solid sodium triacetoxyborohydride (0.902 g,
4.25 mmol). The resulting white suspension was stirred for 12 h un-
der nitrogen to give a yellow suspension, which was washed twice
with a saturated NaHCO3 solution (� 10 cm3), dried with magne-
sium sulfate and the solvent remove under vacuum to give the tetra-
hydropyranyl (THP)-protected precursor, THP-L1, as a viscous yel-
low-brown oil (1.130 g). 1H NMR (CDCl3): δ = 7.93 (d, 2 H, Ar),
7.67 (d, 1 H, py), 7.54 (t, 1 H, py), 7.33 (d, 1 H, py), 7.12 (d, 2 H,
Ar), 5.49 (m, 1 H, CH2), 3.92 (m, 2 H, CH2), 3.77 (s, 2 H, CH2),
3.62 (m, 2 H, CH2), 2.60 (m, 2 H, CH2CH2), 2.49 (m, 2 H,
CH2CH2), 2.35 (s, 3 H, CH3), 2.23 (s, 6 H, 2 CH3), 2.08 (m, 2 H,
CH2), 1.90 (m, 2 H, CH2) ppm. ESI-MS: m/z (%) = 370 (100)
[(THP)-L1 + H]+, 286 (10) [H2L]+. Removal of the THP protecting
group was effected by heating pyridinium p-toluenesulfonate
(75.3 mg, 0.30 mmol) and THP-L1 (1.105 g, 3.00 mmol) in ethanol
(50 cm3) at 60 °C for 6 h. The solvent was removed and the re-
sulting solid purified by column chromatography on silica gel with
dichloromethane as the eluent; the main yellow band afforded the
product, a clear light golden oil (0.810 g, 95%; � 98% purity by
1H NMR spectroscopy). 1H NMR (CDCl3): δ = 7.90 (d, 2 H, Ar),
7.68 (d, 1 H, py), 7.55 (t, 1 H, py), 7.33 (d, 1 H, py), 7.15 (d, 2 H,
Ar), 3.88 (m, 2 H, CH2), 2.70 (m, 4 H, CH2CH2), 2.38 (s, 9 H,
CH3) ppm. ESI-MS: m/z (%) = 286 (100) [H2L3]+. UV (CH3CN):
λmax (ε/dm3mol–1 cm–1) = 263 (12400), 284 nm (13400).

N-4-(Hydroxybenzyl)methyl-N,N�,N�-trimethylethylenediamine
(HL2): The literature method[9] was adapted as follows. A mixture
of N,N,N�-trimethylethylenediamine (1.502 g, 14.73 mmol), 4-hy-
droxybenzaldehyde (1.800 g, 14.73 mmol), and sodium triacetoxy-
borohydride (3.751 g, 17.70 mmol), in 1,2-dichloroethane (70 cm3)
was stirred overnight for 16 h under nitrogen. The solvent was re-
moved to give an orange oil that partially dissolved in acetonitrile
(� 2×20 cm3) leaving an off-white solid that was removed by filter-
ing the solution through a short silica plug. Removal of the solvent
in vacuo gave the product as an orange-yellow oil (2.822 g, 92%;
� 95% purity by 1H NMR spectroscopy). 1H NMR (CDCl3): δ =
7.10 (d, 2 H, Ar), 6.80 (d, 2 H, Ar), 3.59 (s, 2 H, CH2), 2.92 (t, 2
H, CH2CH2), 2.79 (t, 2 H, CH2CH2), 2.52 (s, 6 H, CH3), 2.32 (s,
3 H, CH3); δC (CDCl3) 157.9 (Ar), 131.8 (Ar), 126.7 (Ar), 116.3
(Ar), 62.1 (CH2), 54.7 (CH2CH2), 52.0 (CH2CH2), 44.3 (CH3), 41.9
(CH3) ppm. ESI-MS: m/z (%) = 209 (100) [H2L2]+. UV (CH3CN):
λmax (ε/dm3mol–1 cm–1) = 278 (6200), 283 (5900), 314 nm (2900).

N-2-Hydroxybenzylmethyl-N,N�,N�-trimethylethylenediamine
(HL3):[10] A mixture of N,N,N�-trimethylethylenediamine (1.530 g,
15.00 mmol), 2-hydroxybenzaldehyde (1.832 g, 14.99 mmol), and
sodium triacetoxyborohydride (3.820 g, 18.03 mmol), in 1,2-dichlo-
roethane (40 cm3) was stirred for 16 h under nitrogen. Workup as
for L1 afforded HL2; a straw-coloured oil (2.780 g, 89%; � 98%
purity by 1H NMR spectroscopy). 1H NMR (CDCl3): δ = 7.16 (t,
1 H, Ar), 7.00 (d, 1 H, Ar), 6.83 (d, 1 H, Ar), 6.77 (t, 1 H, Ar),
3.68 (s, 2 H, CH2), 2.74 (m, 4 H, CH2CH2), 2.42 (s, 6 H, CH3),
2.32 (s, 3 H, CH3) ppm 13C NMR (CDCl3): δ = 158.2 (Ar), 129.7
(Ar), 122.5 (Ar), 119.8 (Ar), 117.0 (Ar), 61.2 (CH2), 56.1
(CH2CH2), 53.3 (CH2CH2), 44.7 (CH3), 42.6 (CH3) ppm. ESI-MS:
m/z (%) = 209 (100) [H2L3]+. UV (CH3CN): λmax (ε/dm3mol–1 cm–1)
= 277 (6400), 330 nm (600).

[Cu(HL1)Cl2]2[CuCl4]: Methanol solutions, 5 cm3 each, of HL1

(140 mg, 0.49 mmol) and CuCl2 (66 mg, 0.49 mmol) were stirred
overnight. The resulting dark green solution when placed under
diethyl ether produced a green precipitate, which was twice recrys-
tallised, firstly from dichloromethane/acetonitrile (3:1) under di-
ethyl ether and then from methanol/acetonitrile (1:1). This pro-
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Table 1. Numerical crystal and refinement data for the X-ray crystal structures.

Compound [Cu(H2L1)Cl2]2[CuCl4]·CH3CN·2H2O [Cu(HL2)Cl2] [Cu2(L3)2(H2O)(ClO4)]ClO4·H2O

Formula C36H55Cl8Cu3N7O4 C12H20Cl2Cu1N2O C24H42Cl2Cu2N4O12

Formula mass 1124.1 342.8 776.6
Crystal system monoclinic monoclinic monoclinic
Space group C2/c C2/c P21/c
a [Å] 24.295(6) 14.287(6) 13.597(5)
b [Å] 12.770(2) 8.150(2) 13.937(2)
c [Å] 15.726(4) 26.416(8) 17.152(6)
α [°] 90 90 90
β [°] 91.73(1) 97.65(2) 100.01(2)
γ [°] 90 90 90
V [Å–3] 4877(2) 3048(2) 3201(2)
Z 4 8 4
µ [mm–1] (radiation) 5.998 (Cu-Kα) 1.780 (Mo-Kα) 1.562 (Mo-Kα)
ρ [g cm–3] 1.53 1.49 1.61
F(000) 2300.0 1416.0 1608.0
Observed reflections 2339 [I � 2σ(I)] 1844 [I � 3σ(I)] 3470 [I � 3σ(I)]
No. of parameters 264 163 350
Observed reflections 8.9 11.3 9.9
Goodness-of-fit 1.64 1.28 1.54
R1, wR2 0.054, 0.073 0.030, 0.039 0.041, 0.051
Max., min. peaks in final difference map [e·Å–3] 0.61, –0.93 0.52, –0.60 1.07, –1.12

duced X-ray quality, brown, plate-like crystals of [Cu(HL1)Cl2]2-
[CuCl4] (82 mg, 16%). C34H48Cl8Cu3N6O2·CH3CN·2H2O: calcd. C
38.46, H 4.93, N 8.72; found C 38.16, H 4.75, N 8.82. ESI-MS
(MeCN): m/z (%) = 384 (100) [Cu(HL1)Cl]+, 286 (30) [H2L1]+. UV
(CH3CN): λmax (ε/dm3mol–1 cm–1) = 268 (12400), 288 (13400),
460 (1100), 677 (275), 775 sh (240) nm. UV (solid): λmax

(ε/dm3mol–1 cm–1) = 690 nm. EPR (CH3CN glass, 77 K): g� = 2.29,
g� = 2.09, A� = 156 G, g� = 2.26, g� = 2.08, A� = 120 G; EPR
(powder, 77 K) giso = 2.10.

[Cu(HL2)Cl2]: To HL2 (100 mg, 0.48 mmol) in methanol (10 cm3)
was added CuCl2 (65 mg, 0.48 mmol) to give a dark blue solution
that was stirred for 2 h. The solution was then reduced to half
volume and placed under diethyl ether. After two days standing a
green precipitate formed which was collected by filtration and dried
under vacuum to give [Cu(HL2)Cl2] (128 mg, 78%); a portion of
this solid was recrystallised from methanol under diethyl ether to
give green crystals of sufficient quality for X-ray crystallographic
analysis. All data obtained from the powder and crystals were iden-
tical. C12H20Cl2CuN2O: calcd. C 42.05, H 5.88, N 8.17; found C
41.76, H 5.78, N 8.20. ESI-MS (1% HOAc in CH3CN): m/z (%) =
674 (10) [Cu2(HL2)2Cl2(OAc)]+, 331 (40) [Cu(HL2)(OAc)]+, 306
(10) [Cu(HL2)Cl]+, 209 (100) [H2L2]+. UV (CH3CN): λmax

(ε/dm3mol–1 cm–1) = 282 (6200), 379 (1000), 678 (205), 770 sh (190)
nm. UV (powder): λmax = 685. EPR (CH3CN glass, 77 K): g� =
2.25, g� = 2.09, A� = 153 G; EPR (powder) giso = 2.12.

[Cu2(L3)2(H2O)](ClO4)2: Aqueous solutions of L3 (135 mg,
0.65 mmol, in 5 mL) and Cu(ClO4)2·6H2O (240 mg, 0.65 mmol, in
5 mL) were combined to give a black green solution (pH = 5).
NaOH (ca. 0.6 mL, 5 ) was added dropwise until a precipitate
began to form (pH = 9). The mixture was stirred for 20 h, and
then the solid collected by filtration and washed with ethanol, then
diethyl ether and dried under vacuum to give the product as a dark
green powder (124 mg, 26%). Further product was obtained from
the filtrate, which was reduced to half volume then left to slowly
evaporate in air. Black, block-shaped crystals (26 mg, 5%) of X-
ray analysis quality were obtained. The crystals and the powder
exhibited identical spectroscopic data. C24H38Cl2Cu2N4O10·2H2O:
calcd. C 37.12, H 5.45, N 7.21; found C 37.18, H 5.31, N 7.47.
ESI-MS (MeCN): m/z (%) = 560 (15) [Cu2(L3)2(H2O)]2+, 271 (100)
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[Cu(L3)]+, 209 (30) [H2L3]+. UV (CH3CN): λmax (ε/dm3mol–1 cm–1)
= 233 (6800), 278 (6300), 428 (2000), 639 (315). UV (water/ethanol,
1:1, pH = 7): λmax (ε/dm3mol–1 cm–1) = 418 (1900), 673 (430) nm.
UV (water/ethanol, 1:1, pH = 10): λmax (ε/dm3mol–1 cm–1) = 389
(1800), 588 (532) nm; λmax (powder) = 627 nm. EPR (CH3CN glass,
77 K): g� = 2.25, g� = 2.06, A� = 165 G; EPR (powder, 77 K): silent.

X-ray Crystallography: Relevant crystal, data collection and refine-
ment data for the X-ray crystal structures of [Cu(H2L1)Cl2]2[CuCl4]·
CH3CN·2H2O, [Cu(HL2)Cl2] and [Cu2(µ-L3)2(H2O)(ClO4)]ClO4·
H2O are summarised in Table 1.

CCDC-290947–290949 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle). Plots of EPR (at 77 K) and UV/Vis-NIR spectra for all com-
plexes in the solid state and in acetonitrile solution; a figure of a
[Cu2(L3)2(H2O)(ClO4)](ClO4)·(H2O)]� helix showing hydrogen
bond lengths.
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The iron mixed-valence complex, (n-C3H7)4N[FeIIFeIII(dto)3]
(dto = dithiooxalato) shows a charge-transfer (CT) phase
transition at TCT = 122.4 K. In the vicinity of TCT, the spin
state changes from FeII (S = 2) – FeIII (S = 1/2) (high-tempera-
ture phase: HTP) to FeII (S = 0) – FeIII (S = 5/2) (low-tempera-
ture phase: LTP) accompanied by a charge transfer between
FeII and FeIII. This complex also undergoes a ferromagnetic
transition at 7 K in the LTP. In order to investigate the mecha-
nism of the CT phase transition and the ferromagnetism, we
have systematically synthesized (n-CnH2n+1)4N[FeIIFeIII-
(dto)3] (n = 3–6), and have investigated their physical proper-
ties by magnetic susceptibility, powder X-ray diffraction
measurements, and ESR spectroscopy. The compounds (n-
CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6) display ferromagnetic

Introduction

Transition-metal complexes with d4-d7 configuration
have a possibility of a spin transition between a low-spin
(LS) state and a high-spin (HS) state. The spin-crossover
phenomenon has gained a renewed importance through the
discovery of Light Induced Excited Spin State Trapping
(LIESST) for [Fe(ptz)6](BF4)2 (ptz = 1-propyltetrazole)[1]

and the thermally induced spin-crossover transition with a
large thermal hysteresis around room temperature in a tri-
azole-bridged iron() complex.[2,3]

One expects mixed-valence complexes with spin states
situated in the spin-crossover region to display several new
types of conjugated phenomena, coupled with spin and
charge, between neighboring metal ions, that minimize the
free energy in the whole system. To explore this possibility,
we have synthesized iron mixed-valence complexes whose
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phase transitions at 7 K, 7 K (& 13 K), 19.5 K, and 22 K,
respectively. For n = 3 and 4, the CT phase transitions take
place at TCT � 120 K and TCT � 140 K, respectively. For n =
5 and 6, on the other hand, the CT phase transition does not
occur, and the spin configuration of FeII (S = 2) and FeIII (S =
1/2) corresponding to the HTP for n = 3 and 4 is stable be-
tween 2 K and 300 K. The cation size of (n-CnH2n+1)4N+ (n =
3–6) acts as an effective internal pressure which induces the
CT phase transition and the ferromagnetic ordering in the
[FeIIFeIII(dto)3]–

� layer. We also discuss the mechanism of the
CT phase transition and the ferromagnetism induced by the
charge-transfer interaction between FeII and FeIII.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

spin states are situated in that region. It is well-known that
tris(dithiocarbamato) iron() complexes show the spin-
crossover transition.[4] In these complexes, the FeIII atom is
coordinated by six S atoms. Taking account of these par-
ticulars, we have synthesized dithiooxalato-bridged iron
mixed-valence complexes. (Hereafter, dithiooxalato is de-
noted as dto.)

Heterometal dto complexes were first synthesized by Ōk-
awa et al., who described the ferromagnetism of (n-C3H7)4-
N[MIICrIII(dto)3] (MII = Fe, Co, Ni)[5] and compared their
ferromagnetic properties with those of (n-C4H9)4N[MII-
CrIII(ox)3] (MII = Mn, Fe, Co, Ni, Cu, ox = oxalato).[6] The
structures and magnetic properties of A[MIICrIII(dto)3] [A+

= Ph4P+, (CnH2n+1)4N+, n = 3–5; MII = Mn, Fe, Co] com-
plexes were investigated by J. M. Bradly et al.,[7] who con-
firmed that all the complexes were ferromagnets with Curie
temperatures between 5 and 16 K except for the [MnIICrIII-
(dto)3] complex, which did not show a long-range ordering
above 2 K.

Recently, we have discovered a new type of first-order
phase transition at TCT � 120 K for (n-C3H7)4N[FeIIFeIII-
(dto)3], where the thermally induced charge-transfer be-
tween the FeII and FeIII is reversible.[8,9] This phase transi-
tion is schematically shown in Figure 1. In the high-tem-
perature phase (HTP), the FeIII (S = 1/2) and FeII (S =
2) sites are coordinated by six S atoms and six O atoms,
respectively. On the other hand, in the low-temperature



Charge-Transfer Phase Transition and Ferromagnetism of Iron Mixed-Valence Complexes FULL PAPER

Figure 1. Schematic representation of a charge-transfer phase transition in (n-C3H7)4N[FeIIFeIII(dto)3].

phase (LTP), the FeIII (S = 5/2) site is coordinated by six O
atoms, and the FeII (S = 0) site by six S atoms. Moreover,
we have found a ferromagnetic transition at 7 K. The ferro-
magnetic interaction takes place over a long distance in-
volving FeIII (S = 5/2) – S2C2O2 – FeII (S = 0) – O2C2S2 –
FeIII (S = 5/2). The ferromagnetic ordering is presumably
induced by the charge-transfer interaction between FeII and
FeIII.

In order to investigate the mechanism of the CT phase
transition and the ferromagnetism induced by the charge-
transfer interaction between FeII and FeIII for (n-C3H7)4N-
[FeIIFeIII(dto)3], we have synthesized iron mixed-valence
complexes, (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6), and in-
vestigated their crystal structures and physical properties by
powder X-ray diffraction, magnetic susceptibility measure-
ments, and ESR spectroscopy. In this paper, we report our
results concerning the CT phase transition and the ferro-
magnetic phase transition for (n-CnH2n+1)4N[FeIIFeIII-
(dto)3] (n = 3–6; the complex is hereafter denoted as n = 3–
6). In addition, we discuss the mechanism of the CT phase
transition and the ferromagnetism induced by the charge-
transfer interaction between FeII and FeIII.

Results

Structural Characterization

The crystal structure of (n-C3H7)4N[FeIIFeIII(dto)3] has
already been determined by single-crystal X-ray diffraction
analysis.[10] In this compound, FeII and FeIII are alternately
bridged by dithiooxalato molecules, which forms the 2-D
honeycomb network structure of [FeIIFeIII(dto)3]–�. The (n-
C3H7)4N+ cation layer is intercalated between two [FeII-
FeIII(dto)3]–� layers. This structure is common in heterome-
tal oxalato and dithiooxalato complexes.[11,12] The space
group of (n-C3H7)4N[FeIIFeIII(dto)3] is P63.

Single crystals of (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 4–
6) have not yet been obtained. However, crystals of (n-
CnH2n+1)4N[FeIIFeIII(dto)3] (n = 4–6) appear to have honey-
comb structures that are restricted to the ab plane. For these
crystals, the lattice parameter c increases with the number
of carbon atoms in (n-CnH2n+1)4N+, a relationship based
on results from the analogous complexes (n-CnH2n+1)4N-
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[MIICrIII(dto)3] (M = Mn, Fe, Co, Ni; n = 3–5) and A[MnII-
FeIII(dto)3] [A = N(CnH2n+1)4 (n = 3–5) and P(C6H5)4].[7,13]

In support of this suggestion, note that the infrared spectra
of all the complexes show dto-ligand vibration bands; the
ν(CO) stretching mode of the dithiooxalato molecule ap-
pears around 1500 cm–1, (1490.91 cm–1, 1496.0 cm–1,
1490.5 cm–1, and 1490.5 cm–1 for n = 3–6, respectively). In
the case of the parent compounds K2(C2O2S2) and
KBa[FeIII(dto)3]·3H2O, the ν(CO) vibration modes appear
at higher energies (1516 cm–1 and 1528 cm–1). The low val-
ues of ν(CO) of the n = 3–6 complexes indicate that the dto
molecule acts as a bridging ligand to form the 2-D network.

The structural characteristics of (n-CnH2n+1)-
[FeIIFeIII(dto)3] (n = 3–6) were investigated by powder X-
ray diffraction (PXD) using synchrotron radiation. Figure 2
shows the X-ray diffraction patterns for n = 3–6 taken over
1 h at room temperature. The profiles are broad, and several
peaks are only observed below 2θ � 20°. For the title com-
plexes, the thermal vibration of (n-CnH2n+1)4N+ appears to
be quite large. A PXD measurement at low temperatures
was carried out so that thermal vibration of the cation
might be prevented; however, the diffraction profiles were
still broad.

The sharpest peak can be attributed to the (002) reflec-
tion, which generally moves to a higher angle with decreas-
ing temperature. The (002) reflections for (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] systematically shift to lower angle as shown
in Figure 2(a). These results suggest that the interlayer spac-
ing becomes larger as the number of carbon atoms in the
alkyl chains increases.

The unit cell parameters of n = 3 and 4 were estimated
by the Rietveld method as shown in Figure 2(b) and (c).
For the refinement of n = 4, we used the coordination of
(n-C4H9)4N[MnIIFeIII(ox)3] with the space group P63.[12]

The cell parameters a are 10.06 Å (n = 3) and 10.09 Å (n =
4). The lattice parameters c are 16.18 Å (n = 3) and 18.14 Å
(n = 4). The c parameter determined by PXD differs from
the result of a single-crystal X-ray diffraction (SXD) study,
since the h k l reflections obtained by the Rietveld analysis
cover the range h = 0–3, k = 0–2, l = 0–4, a data range that
is much smaller than that of the single-crystal analysis (h =
0–12, k = –12 to 10, l = –16 to 15). The error in the cell
parameters in the PXD thus becomes larger than that in
the SXD.
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Figure 2. (a) Powder X-ray diffraction patterns for (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] (n = 3–6) at room temperature. (b) Result of the
Rietveld refinement for n = 3, and (c) for n = 4. Rwp and RI are
expressed as {[Σiwi(yi – yi,calc)2/Σiwiyi

2]1/2} and {[ΣK|IK,calc – IK|/
ΣKIK,calc]}, respectively.

In the cases of n = 5 and 6, the cell parameter could
not be determined by the Rietveld method. The estimated
parameters of c are 19.67 Å and 22.71 Å, respectively. The
lattice parameters for (n-CnH2n+1)4N[FeIIFeIII(dto)3] are
listed in Table 1.

Table 1. Lattice parameters for (n-CnH2n+1)4N[FeIIFeIII(dto)3].

(n-CnH2n+1)4N[FeIIFeIII(dto)3] a [Å] c [Å] R*, RWP**

n = 3 10.06[a] 16.04[a] 0.091[a]*
10.06[b] 16.18[b] 0.051[b]**

n = 4 10.09[b] 18.14[b] 0.049[b]**
n = 5 19.67[c]

n = 6 22.71[c]

[a] Value obtained from single-crystal structure analysis. [b] Refined
value obtained by using the Rietveld method. [c] Calculated from
the position of the (002) peak. Rwp is expressed as {[Σiwi(yi – yi,calc)2/
Σiwiyi

2]1/2}.

Magnetic Properties

The static magnetic susceptibilities of n = 3–6 were mea-
sured in an external magnetic field of 5000 G. Figure 3

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1198–12071200

shows the χT and the inverse magnetic susceptibility (χ–1)
as a function of temperature for n = 3–6. The magnetic
susceptibilities for n = 5 and 6 obey the Curie–Weiss law
[χ–1 = (T – θ)/C] in the range 50–300 K. However, for n =
3 and 4, the magnetic susceptibilities do not obey the Cu-
rie–Weiss law over this range. The change of slope is at
around 100 K on the χ–1 curves showing a thermal depen-
dence. The Weiss constants are +12 K (TCT � T: 120–
300 K) and +20 K (TCT � T: 30–98.4 K) for n = 3, +18 K
(TCT � T: 140–300 K), and +27 K (TCT � T; 39.7–100 K)
for n = 4. Those of n = 5 and 6 are +23 K and +21 K,
respectively.

Figure 3. Temperature dependence of the magnetic susceptibility
multiplied by temperature (χT) and the inverse susceptibility (χ–1)
of (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6).
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All these positive Weiss constants imply the existence of

a ferromagnetic interaction between FeII and FeIII. At room
temperature, the effective moments, µeff, are 5.87 µB (n = 3),
5.58 µB (n = 4), 5.94 µB (n = 5), and 5.48 µB (n = 6).
When kT��|J|, the effective moment of HTP with FeII

(S = 2) and FeIII (S = 1/2) is calculated as 5.91 µB (g =
2.00).

In order to confirm the ferromagnetic phase transition,
we investigated the field-cooled magnetization (FCM), the
remanent magnetization (RM) and the zero-field cooled
magnetization (ZFCM) for n = 3–6, the results of which are
shown in Figure 4. The FCM curve was obtained on cool-
ing with an external magnetic field of 30 G. After the FCM
measurement, the magnetic field was switched off at 2 K;
then, the RM was measured from 2 K to 35 K. After cool-
ing from 300 K to 2 K in zero external field, an external
field of 30 G was switched on at 2 K. Then, the ZFCM was
measured from 2 K to 35 K.

Figure 4(a) displays the FCM, RM, and ZFCM as a
function of temperature for n = 3. The FCM curve shows
a rapid increase below 8 K, as well as a tendency to saturate
below 6 K. The RM vanishes at about 7 K. Below 7 K, the
ZFCM is smaller than the FCM, a result which is due to
the fact that the applied magnetic field of 30 G is too weak
to move the magnetic domain walls below the ferromag-
netic temperature. The ZFCM and FCM curves overlap at
7 K, where the magnetic hysteresis disappears. From these
results, we estimate the Curie temperature to be 7 K. The
FCM and ZFCM curves for n = 4, provided in Figure 4(b),
are different from those for n = 3. The FCM has a shoulder
at 13 K and the ZFCM has two peaks at 7 K and 13 K.
The RM vanishes at 13 K, where the ZFCM and FCM
meet each other. The ZFCM of n = 4 implies that two ferro-
magnetic phases with Tc = 7 K and 13 K coexist, which we
can regard as a mixture of HTP and LTP at a low tempera-
ture. The coexistence of HTP and LTP is consistent with
the ESR data. Figure 4(c) and (d) show the temperature
dependences of the magnetizations for n = 5 and 6. The
FCM steeply increases at 23 K and 26 K for n = 5 and 6,
respectively, and the RM disappears at 19 K and 25 K for
n = 5 and n = 6, respectively, where the ZFCM and FCM
curves meet each other. The Curie temperatures for n = 3–
6 were evaluated at 7 K, 7 K (&13 K), 19.5 K and 22 K,
respectively, from heat capacity measurements (for n = 3
and 4),[14,15] and by an Arrott plot,[16] i.e. M2 – H/M (1/χ)
plot (for n = 5 and 6). The Curie temperatures for n = 3–6
are listed in Table 2.

Reflecting the CT phase transition, a small bump ap-
pears in the χT curve and the slope of χ–1 changes around
120 K (n = 3) and 140 K (n = 4). We carefully measured
the magnetic susceptibility for n = 3 and 4 with a sweep
rate of 0.1 Kmin–1 on heating and cooling, the results of
which are shown in Figure 5. A thermal hysteresis loop ap-
pears between 60 K and 130 K for n = 3, and between 50 K
and 150 K for n = 4. The χT curve for n = 4 changes by
about 4% between 50 K and 150 K. This value is smaller
than that for n = 3, which drops by about 7% between 60 K
and 130 K.
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Figure 4. Temperature dependence of the field cooled magnetiza-
tion (FCM:�), the remnant magnetization (RM:�), and the zero-
field cooled magnetization (ZFCM:�) for (n-CnH2n+1)4N[FeIIFeIII-
(dto)3] (n = 3–6). Applied magnetic field H = 30 G.

ESR Spectroscopy

In order to investigate the CT phase transition and the
spin state of the Fe atom, we obtained the ESR spectra for
n = 3–6 between 4 K and 300 K. The experimental condi-
tions are as described in ref.[17]

Figure 6 shows the temperature dependence of the ESR
signal of the n = 3 complex. When the temperature was
lowered from room temperature, an ESR signal corre-
sponding to the FeIII site with S = 5/2 appeared below
105 K, and its intensity strengthened with decreasing tem-
perature. On heating, the ESR signal vanished above 130 K.
The g value of the ESR signal at the center of the 3200-G
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Table 2. The parameters related to the change-transfer phase transition and ferromagnetism for (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6).

Figure 5. Temperature dependence of the magnetic susceptibility
for (n-C3H7)4N[FeIIFeIII(dto)3] and (n-C4H9)4N[FeIIFeIII(dto)3].
Temperature sweep rate is 0.1 Kmin–1; (�) and (�) denote heating
and cooling, respectively.

field is 2.10, which is consistent with that of the HS state
(6A1g) of FeIII, whose spin-orbit interaction is negligibly
small. The half width (∆Hpp) has an almost constant value
of ∆Hpp = 1470 G between 60 K and 120 K. In the case of
n = 4, as shown in Figure 7, a similar ESR signal corre-
sponding to the HS state (6A1g) of FeIII appeared below
105 K in the cooling mode. On heating, the ESR signal al-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1198–12071202

most disappeared above 145 K. The ∆Hpp for n = 4 has an
almost constant value of 1600 G between 50 and 140 K. In
addition to the ESR signal due to the HS state (6A1g) of
FeIII, a weak signal is observed at 1600 G, whose g value is
4.1. This weak signal should be attributed to the HTP frac-
tion, i.e. the HS state (S = 2; 5T2g) of the FeII and/or the
LS state (S = 1/2; 2T2g) of the FeIII. For n = 5 and 6, a
similar ESR signal appears at about 1600 G. Therefore, the
HTP coexists with the LTP at 20 K for n = 4, a finding
which could account for the existence of the two peaks in
the ZFCM.

Figure 6. Temperature dependence of the ESR spectra on heating
and cooling for (n-C3H7)4N[FeIIFeIII(dto)3].
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Figure 7. Temperature dependence of the ESR spectra on heating
and cooling for (n-C4H9)4N[FeIIFeIII(dto)3]. Inset denotes the ESR
signal corresponding to the FeIII (2T2g, S = 1/2) of the HTP at
160 K and room temperature.

We estimated the spin susceptibilities corresponding to
the HS state (6A1g) of the FeIII atom for n = 3 and 4.
The spin susceptibility is expressed as χspin =
A(I(H)×{∆HPP}2), where A is a constant value, I(H) is the
signal intensity, and ∆HPP is the half width.[18] The spin
susceptibilities for n = 3 and n = 4 are shown in Figure 8.
The large thermal hysteresis loop in χspin for n = 4 is in
good agreement with that of the dc magnetic susceptibility;
however, the thermal hysteresis loop in χspin for n = 3 is
narrower than that of the dc magnetic susceptibility.

In the cases of KBa[FeIII(dto)3]·3H2O and (n-CnH2n+1)4-
N[FeIIFeIII(dto)3] (n = 5 and 6), the ESR spectra are com-
pletely different from those of n = 3 and 4. For n = 5 and
6, we could not observe a drastic signal change caused by
the CT phase transition such as we noted for n = 3 and 4.
The ESR signals of n = 5 and 6 are shown in Figure 9. The
ESR spectra of the parent complex, KBa[FeIII(dto)3]·3H2O,
is shown in Figure 9(a). The paramagnetic spin of
KBa[FeIII(dto)3]·3H2O has been already reported as the
FeIII LS state (S = 1/2) on the basis of magnetic suscep-
tibility and Mössbauer spectroscopy results.[11,19,20]

The KBa[FeIII(dto)3]·3H2O complex has two ESR sig-
nals: a strong signal at 1600 G, and a weak signal at 3200 G.
The g values of the ESR signals at 1600 G and 3200 G are
estimated at 4.10 and 2.01 and are attributed to the g� and
g� of FeIII (S = 1/2), respectively. However, the ESR signal
with g = 2.01 persisted at room temperature, even though
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Figure 8. Temperature dependence of the spin susceptibility for (n-
CnH2n+1)N[FeIIFeIII(dto)3] (n = 3 and 4).

Figure 9. The ESR spectra at several temperatures for (a)
KBa[FeIII(dto)3]·3H2O; (b) (n-C5H11)4N[FeIIFeIII(dto)3]; and (c)
(n-C6H13)4N[FeIIFeIII(dto)3].

the strong signal with g = 4.10 disappeared above 90 K.
Therefore, we suggest that the HS state (S = 5/2) of the
FeIII atom caused by linkage isomerization (FeIIIO4S2 and /
or FeIIIO6) is responsible for this appearance of the ESR
signal around 3200 G at room temperature. The 57Fe Möss-
bauer spectrum for KBa[FeIII(dto)3]·3H2O did not enable
us to distinguish the minor fraction of the FeIII HS state (S
= 5/2) caused by linkage isomerization from the LS state (S
= 1/2), because these Mössbauer spectra appear at almost
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the same velocities. Therefore, the ESR signal due to the
FeIII HS state (S = 5/2) is presumably superposed on the
ESR signal with g� = 2.01 corresponding to the FeIII LS
state (S = 1/2).

For n = 5 and 6, the ESR spectra were quite similar to
those of KBa[FeIII(dto)3]·3H2O. A strong signal at 1580 G
and a weak signal at 3260 G were observed. The g values
of the ESR signals at 1580 G and 3260 G are estimated at
4.10 and 2.01, respectively, which are attributed to the g�

and g� of the LS state (S = 1/2) of FeIII. The signal with g
= 2.01 persisted at room temperature, so that an ESR signal
due to the HS state (S = 5/2) of the FeIII atom caused by
linkage isomerization (FeIIIO4S2 and /or FeIIIO6) appeared
around 3260 G. Note that the ratio of the linkage isomer
FeIIO4S2 (S = 2) can be estimated easily by Mössbauer
spectroscopy. The percentages of the linkage isomer of
FeIIO4S2 are about 8% at 60 K for n = 3, 14% at 25 K for
n = 4, 4% at 25 K for n = 5, and 11% at 30 K for n = 6.
The FeIIO4S2 persists at low temperatures without creating
charge-transfer.[21]

In the cases of n = 5 and 6, the ESR signals of the LS
state (S = 1/2) of the FeIII atom decrease with increasing
temperature and then almost disappear above 90 K; the lat-
ter change takes place because of rapid spin-lattice relax-
ation. The ESR signal of the HS state (5T2g) of FeII and the
LS state (2T2g) of FeIII could not be observed in the high-
temperature region. From the analysis of the ESR spectra,
we conclude that the CT phase transition does not take
place for n = 5 and 6, in which the spin configurations of
FeII (S = 2) and FeIII (S = 1/2) are stable between 4 K and
300 K.

Discussion

The spin state in the paramagnetic-ferromagnetic region
and the existence of the charge-transfer phase transition of
(n -CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6) are revealed by
magnetic susceptibility measurements and ESR spec-
troscopy. The appearance of the CT phase transition and
the mechanism of the ferromagnetism in an iron mixed-val-
ence tris-dithiooxalato complex critically depend on the cat-
ion size (n-CnH2n+1)4N+ (n = 3–6). The CT phase transi-
tions are observed for n = 3 (120 K) and 4 (140 K), and
then the FeII (S = 0) – FeIII (S = 5/2) spin combination
causes the ferromagnetic transition at 7 K. On the other
hand, the CT phase transition is not apparent for n = 5 and
n = 6; FeII (S = 2) – FeIII (S = 1/2) spins are stable between
2 K and 300 K. The spin configuration corresponding to
the HTP of n = 3 and 4 is responsible for the ferromagnetic
transitions at 19.5 K (n = 5) and 22 K (n = 6), respectively.
The ferromagnetically ordered states and several param-
eters for n = 3–6 are schematically shown in Figure 10 and
Table 2.

Due to the effect of the cation size, the [FeIIFeIII(dto)3]
layers are separated by an increment corresponding to the
length of the alkyl chain from n = 3 to n = 6. The bulkier
(n-CnH2n+1)4N+ cations probably expand or distort slightly
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Figure 10. Schematic representation of ferromagnetic ordering for
(n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6). (a) The ferromagnetic or-
dering for n = 3 and n = 4 takes place in the LTP with the spin
configuration FeII (S = 0) and FeIII (S = 5/2). (b) The ferromagnetic
ordering for n = 5 and n = 6 takes place in the HTP with the spin
configuration FeII (S = 2) and FeIII (S = 1/2).

the [FeIIFeIII(dto)3] honeycomb ring. The cell parameter a
of the analogous complexes, (n-CnH2n+1)4N[FeIIFeIII(ox)3]
(n = 3–5)[22] tends to expand slightly as n increases. For n
= 4, the slight expansion or distortion of the 2-D honey-
comb ring (∆a = 0.03 Å) might be expected to lead to an
inhibition of CT between the Fe atoms; thus, the HTP spin
partially remains at low temperature. We should note that
n = 5 shows a CT phase transition under 0.5 GPa, and the
ferromagnetic transition temperature changes from 19.5 K
to 7 K. In other words, the spin configuration changes from
FeII (S = 2) – FeIII (S = 1/2) (HTP) to FeII (S = 0) – FeIII

(S = 5/2) (LTP).[23] There is a limiting size of the honey-
comb ring between n = 4 and n = 5 where the CT does not
occur. Unfortunately, we could not obtain information on
the crystal structure of the (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n
= 5, 6) complexes by PXD. A single crystal X-ray analysis
of the n = 4–6 and an X-ray diffraction measurement taken
under pressure are necessary to quantitatively clarify the
cation size effects on the [FeIIFeIII(dto)3]– layer.

The mechanism of the magnetic interaction in the iron
tris-dithiooxalato complexes is dramatically changed ac-
cording to whether a CT phase transition exists. Here, we
will discuss the origin of the magnetic interaction in the title
complexes. The ferromagnetic ordering for n = 3 and 4 is
considered to be established by the charge-transfer interac-
tion between FeII and FeIII, the same mechanism as in FeIII

4-
[FeII(CN)6]3·15H2O (TC = 5.5 K),[24,25] as shown in Fig-
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ure 11(a). In contrast, for n = 5 and 6, the spin configura-
tion of FeII (S = 2) and FeIII (S = 1/2) is the ground state
between 2 K and 300 K. The ferromagnetic ordering for n
= 5 and 6 is schematically shown in Figure 11(b); each FeIII

site in the LS state (S = 1/2) accepts a t2 electron with a
down-spin from the neighboring FeII site in the HS state (S
= 2). Therefore, the coupling between the ground configura-
tion φi[FeIII(t2

5)]φj[FeII(t2
4e2)] and the charge-transfer con-

figuration φi[FeII(t2
6)]φj[FeIII(t2

3e2)] stabilizes the ground
state, a situation favoring ferromagnetic ordering. In the
ground configuration of φi[FeIII(t2

5)]φj[FeII(t2
4e2)], in ad-

dition to the charge-transfer interaction, the potential ex-
change interaction due to the orbital orthogonality between
the t2 electron with an up-spin FeIII and the FeII electrons
with up-spins (in e orbitals and one t2 orbital) induces fer-
romagnetic ordering, which is presumably responsible for
the ferromagnetic transition with a high TC in n = 5 and 6.

Figure 11. (a) Ferromagnetism induced by the charge-transfer in-
teraction between FeII (S = 0) and FeIII (S = 5/2) for (n-CnH2n+1)4-
N[FeIIFeIII(dto)3] (n = 3, 4). (b) Ferromagnetism induced by the
charge-transfer interaction as well as the potential exchange inter-
action between FeII (S = 2) and FeIII (S = 1/2) for (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] (n = 5, 6). Solid line arrow: charge transfer interac-
tion (JCT � 0); dash-dotted line arrow: kinetic exchange interaction
(JK � 0); short-dashed line arrow: potential exchange interaction
(JP � 0).

Next, to quantify the ferromagnetic interaction between
the iron atoms of (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6),
we will estimate the exchange interaction J in a 2-D layer
by means of the simplest Hamiltonian,

Here, h is the external magnetic field. For n = 3 and 4,
the LTP spin state with FeIII(S = 5/2) – FeII(S = 0) appears
via a CT phase transition, and the states produce large tri-
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angular interactions in the 2-D plane [Figure 10(a)]. In the
case of the triangular lattice, the number of nearest neigh-
bors of the FeIII (S = 5/2) site is 6. The molar susceptibility
of the triangular lattice, calculated by a high-temperature
expansion up to the second order, is given by [Equation
(1)]:[26]

(1)

Here β is 1/kT, N is Avogadro’s number, and µB is the
Bohr magneton. After substituting S = 5/2 and g = 2.00
into (1), we estimate the exchange coupling by the least-
squares method. The fitting curves are shown in Fig-
ure 12(a). The range analyzed in the LTP is from 20 to
122 K for n = 3, and from 20 to 140 K for n = 4. The values
obtained are J = 3.12 K for n = 3, and 2.39 K for n = 4.

Figure 12. Temperature dependences of χ for n = 3–6 with high-
temperature expansion fitting. (a) dashed line: fitting for n = 3;
short-dashed line: fitting for n = 4 in LTP spin configuration (FeIII

S = 5/2 – FeII S = 0) on triangular lattice. Molar susceptibility for
n = 3 and 4 is indicated by plus (+) and circle (�) symbols, respec-
tively. (b) dash-dotted line: fitting for n = 5; solid line: fitting for n
= 6 in HTP spin configuration (FeIII S = 1/2 – FeII S = 2) on
hexagonal lattice. Molar susceptibility for n = 5 and 6 is indicated
by the solid triangle (�) and square (�) symbols, respectively.

On the other hand, for n = 5 and 6, there is no CT phase
transition, and the FeIII (S = 1/2) – FeII (S = 2) interaction
takes place on hexagonal rings [Figure 10(b)]. In the case
of a hexagonal lattice, the number of nearest neighbors is
3. For n = 5 and 6, the FeII (S = 2) atom is connected with
three FeIII (S = 1/2) atoms. The high-temperature expansion
of the susceptibility for a hexagonal lattice is calculated by
the same procedure as (1), and we get the molar suscep-
tibility as follows [Equation (2)]:

(2)
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After substituting SA = 1/2 and SB = 2 into (2), we esti-

mated the exchange coupling and g values by the least-
squares method. The range analyzed is from 31 to 300 K for
n = 5, and from 21 to 300 K for n = 6. Then, we obtained J
= 36.57 K for n = 5 and J = 29.99 K for n = 6, with g1/2

=g2 = 4.00 values, which were in agreement with the TC and
g values obtained by the ESR spectra. The fitting curves are
shown in Figure 12(b). The ferromagnetic interactions J for
n = 3 and 4 are considerably lower than those for n = 5 and
6.

Conclusion

We have synthesized (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n =
3–6), and have investigated the cation-size effect on the CT
phase transition and the ferromagnetic transition in these
compounds. The result of our PXD measurement con-
firmed that the 2-D honeycomb network layer [FeIIFeIII-
(dto)3]– is increasingly well separated with increases in the
number n of the (n-CnH2n+1)4N cations. We have also deter-
mined, by magnetic susceptibility and ESR spectroscopy
measurements, the spin states of the FeII and FeIII sites for
n = 3–6 between 2 and 300 K. The (n-CnH2n+1)4N+ cation
size affects the existence or nonexistence of the CT phase
transition and the ferromagnetic interaction J between the
FeII and FeIII sites. For n = 3 and 4, we observed the ther-
mally induced charge transfer between FeII and FeIII

around 120 K (n = 3) and 140 K (n = 4). The spin configu-
ration changes from FeII (S = 2) – FeIII (S = 1/2) (HTP) to
FeII (S = 0) – FeIII (S = 5/2) (LTP) in the vicinity of the CT
phase transition temperature (TCT). Furthermore, the FeIII

(S = 5/2) spin, which is located on a large triangular lattice,
is ferromagnetically ordered at 7 K. On the other hand, for
n = 5 and 6, the CT phase transition did not occur, and the
spin configuration of the HTP for n = 3 and 4 dominated
over the whole temperature range. The FeII (S = 2) – FeIII

(S = 1/2) spin configurations located on a hexagonal lattice
produce the ferromagnetic transitions at 19.5 K (n = 5) and
22 K (n = 6), respectively.

Experimental Section
Syntheses

K2C2O2S2: Potassium dithiooxalate, K2C2O2S2, was prepared by
the reaction of potassium hydrogensulfide KHS (14.57 g, 0.20 mol)
and di-n-pentyl dithiooxalate (n-C5H11)2(C2O2S2) (0.10 mol) in
methanol. The di-n-pentyl dithiooxalate was obtained by the reac-
tion of oxalyl dichloride (COCl)2 (8.61 mL, 0.10 mol) and 1-pen-
tanethiol CH3(CH2)4SH (25 mL, 0.20 mol). After filtration, the
K2C2O2S2 was washed well with methanol to remove the KHS and,
because K2C2O2S2 is highly hygroscopic,[27,28] it was dried in vacuo.
C2K2O2S2 (198.35): calcd. C 12.11, S 32.33; found C 12.28, S 32.54.

KBa[FeIII(dto)3]·3H2O: Fe(NO3)3·10H2O (2.10 g, 5.61·10–3 mol)
was treated with K2C2O2S2 (3.00 g, 15.1 mmol) in cold water
(25 mL), and the solution was filtered to remove iron sulfide. Then
BaBr2·2H2O (2.50 g, 0.17 mol) was added to the dark purple solu-
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tion, and KBa[FeIII(dto)3]·3H2O precipitated. The salt was recrys-
tallized from water and dried for one day.[20,29,30] C6H6BaFeKO9S6

(646.8): calcd. C 11.14, H 0.94, S 29.75; found C 11.39, H 1.20, S
29.66.

(n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6): The title complexes were
synthesized in a way similar to the preparation of (n-C3H7)4N-
[MIICrIII(dto)3] (M = Fe, Co, Ni, Zn).[5]

A solution of KBa[Fe(dto)3]·3H2O (0.5 g, 0.77 mmol) in a 3:2
methanol/water mixture (20 mL) was stirred. To this was added
slowly a solution of FeCl2·4H2O (0.24 g, 0.77 mmol) and (n-
CnH2n+1)4NBr (n = 3–6) (1.15 mmol) in a 3:2 methanol/water mix-
ture (20 ml), whereupon a black powdered crystal precipitated. The
compounds (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 3–6) were separated
as powdered crystals by suction filtration and washed first with a
1:1 methanol/water mixture and then with methanol and diethyl
ether. The compounds (n-CnH2n+1)4N[FeIIFeIII(dto)3] (n = 7, 8)
could not be obtained as crystalline powders. The elemental analy-
sis for the precipitated crystal that had been stirred at 30–40 °C for
12 h was in good agreement with the calculated one; the results are
listed in Table 3.

Table 3. Elemental analysis of C, H, N, and S in (n-CnH2n+1)4N-
[FeIIFeIII(dto)3] (n = 3–6).

Measurements: The powder X-ray diffraction data was taken at the
BL02B2 beam line of SPring-8.[31] The as-grown powdered sample
was sealed in a Lindemann capillary having a diameter of 0.3 mm,
which gave a homogeneous intensity distribution in the Debye–
Scherrer ring. The wavelength of the X-ray was 1.001 Å, and the
exposure time at 300 K was 1 h. The static magnetic susceptibility
was measured with a Quantum Design MPMS5 SQUIID magne-
tometer. Powdered crystals (10 mg) were wrapped in a polyethylene
film and held in a plastic straw. The magnetic susceptibility ob-
tained was corrected for the background and the core diamagne-
tism. The diamagnetic correction for constituting atoms was car-
ried out using Pascal’s constants.[32] The diamagnetic Pascal’s
corrections are as follows: –4.18·10–4 cm3 mol–1 (n = 3),
–4.66·10–4 cm3 mol–1 (n = 4), –5.13·10–4 cm3 mol–1 (n = 5), and
–5.60·10–4 cm3 mol–1 (n = 6). The ESR spectra for the powdered
crystals were obtained with a JEOL JES-TE300 X-band ESR spec-
trometer. The magnetic field was monitored with an Echo Elec-
tronics ES-FC5 field meter.
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Two new CuII coordination polymers, namely [Cu2(BDC)2(L)4-
(H2O)2]·14H2O (1) and [Cu1.5(BTC)(L)1.5(H2O)0.5]·2H2O (2),
where L = 1,1�-(1,4-butanediyl)bis(imidazole), BDC = 1,4-
benzenedicarboxylate, and BTC = 1,3,5-benzenetricarboxyl-
ate, have been synthesized at room temperature. Complex 1
exhibits an unusual, square-planar, four-connected 2D 2

64
net, which has been predicated by Wells. Interestingly, three
types of water clusters, namely (H2O)6, (H2O)8, and (H2O)10,

Introduction

During the past few years much attention has been paid to
theoretical and experimental studies of small water clusters
due to their unusual properties and importance in many
physical, chemical, and biological processes.[1] A detailed
understanding of the numerous possible structures and sta-
bilities of isolated water clusters in diverse surroundings can
help us study the nature of water–water interactions in bulk
water or ice.[2] For example, the water hexamer is the build-
ing block of ice Ih and appears to be relevant to liquid water
as well.[3] Several different isomers for the water hexamer,
such as book, bag, ring, cage, and prism topologies, have
been found from theoretical calculations.[4] Thus, the search
for experimental models of these small water clusters is very
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are observed in the hydrogen-bonded layers constructed by
the BDC ligands and water molecules. The BTC anion in
compound 2 is coordinated to the CuII cation as tetradentate
ligand to form a (66)2(426484)2(64810) net containing three
kinds of nonequivalent points. Thermogravimetric analyses
(TGA) and IR spectra for 1 and 2 are also discussed in detail.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

important to improve our study of the structures and char-
acteristics of liquid water and ice.

On the other hand, understanding the structure of coor-
dination polymers is an important aspect to achieve a true
advance in the synthesis and design of new materials for
practical applications.[5] The analysis of network topology
is a particularly useful tool for reducing multidimensional
structures to simple node-and-connection reference nets.
Wells has listed a large number of topologies in his classic
monographs on networks,[6] and numerous fascinating ar-
chetypal structures, including diamond (66), SiO2 (6482-b),
SrSi2 (103-a), α-ThSi2 (103-b), and PtS (4284) have been re-
ported[7] that are of fundamental importance in structural
design and in the understanding of structure–property cor-
relations. In this work we report two new CuII coordination

polymers, namely [Cu2(BDC)2(L)4(H2O)2]·14H2O (1),
which contains an unusual, square-planar, four-connected
2
64 net and three types of water clusters, and [Cu1.5(BTC)-
(L)1.5(H2O)0.5]·2H2O (2), which possesses a (66)2(426484)2-
(64810) net [L = 1,1�-(1,4-butanediyl)bis(imidazole),[8] BDC
= 1,4-benzenedicarboxylate, BTC = 1,3,5-benzenetricar-
boxylate; Scheme 1].
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Results and Discussion

Crystal Structures

The synthesis of complexes 1 and 2 is described in the
Experimental Section. Selected bond lengths and angles for
compounds 1 and 2 are listed in Table 1. Part of the struc-
ture of [Cu2(L)4(H2O)2]·(BDC)2·14H2O (1) is shown in Fig-
ure 1 (a). There are two crystallographically unique CuII

cations in the asymmetric unit. Each CuII cation adopts a
distorted square-pyramidal geometry by coordinating to
four nitrogen atoms from four L molecules and one water
molecule. Four nitrogen atoms (N1, N5, N9, and N8A for
Cu1; N4, N11, N13, and N16A for Cu2) form the base of
the pyramid and one water molecule (Ow1 for Cu1; Ow2
for Cu2) occupies the apical position, with respective Cu–
O distances of 2.380 and 2.464 Å. The BDC anion acts as
a counter-anion and structure-directing reagent, indicating
that the coordination of L to the CuII cation is stronger
than that of the BDC anion in this case.

The structure of 1 consists of an unusual, 2D, square-
planar, four-connected 2

64 net, which has been predicated by
Wells.[6] In this net the CuII cation acts as a four-connected
node and L acts as the edge of every circuit (Figure 1, b).
This 2

64 net is entirely different from the square-planar four-
connected (86) net first reported by Tong et al. and us,
which was not mentioned by Wells.[5g,8c] It is well known
that when square-planar, four-connected building blocks

Table 1. Selected bond lengths [Å] and angles [°] for compounds 1
and 2.

[Cu2(L)4(H2O)2]·(BDC)2·14H2O (1)[a]

N(1)–Cu(1) 2.030(3) N(4)–Cu(2) 2.026(3)
N(5)–Cu(1) 2.008(3) N(8)–Cu(1)#1 1.991(3)
N(9)–Cu(1) 2.005(3) N(11)–Cu(2) 1.990(3)
N(13)–Cu(2) 2.004(3) N(16)–Cu(2)#2 1.985(3)
OW1–Cu(1) 2.380(3)
N(8)#1–Cu(1)–N(9) 175.20(10) N(8)#1–Cu(1)–N(5) 91.32(11)
N(9)–Cu(1)–N(5) 90.28(10) N(8)#1–Cu(1)–N(1) 90.19(11)
N(9)–Cu(1)–N(1) 88.05(10) N(5)–Cu(1)–N(1) 177.40(10)
N(8)#1–Cu(1)–OW1 88.63(10) N(9)–Cu(1)–OW1 95.89(10)
N(5)–Cu(1)–OW1 90.21(11) N(1)–Cu(1)–OW1 91.95(11)
N(16)#2–Cu(2)–N(11) 177.28(11) N(16)#2–Cu(2)–N(13) 92.13(11)
N(11)–Cu(2)–N(13) 89.64(11) N(16)#2–Cu(2)–N(4) 90.95(11)
N(11)–Cu(2)–N(4) 87.46(11) N(13)–Cu(2)–N(4) 174.22(11)

[Cu1.5(BTC)(L)1.5(H2O)0.5]·2H2O (2)[b]

N(1)–Cu(2) 1.978(4) N(3)–Cu(1) 1.994(4)
O(1)–Cu(1) 1.952(3) O(2)–Cu(1)#1 2.319(3)
O(3)–Cu(1)#2 2.014(3) O(5)–Cu(2) 1.937(3)
OW1–Cu(2) 2.319(7) Cu(1)–N(6)#3 1.966(4)
Cu(1)–O(3)#4 2.014(3) Cu(1)–O(2)#1 2.319(3)
O(1)–Cu(1)–N(6)#3 94.02(17) O(1)–Cu(1)–N(3) 86.14(16)
N(6)#3–Cu(1)–N(3) 173.90(18) O(1)–Cu(1)–O(3)#4 159.37(14)
N(6)#3–Cu(1)–O(3)#4 90.98(16) N(3)–Cu(1)–O(3)#4 86.81(15)
O(1)–Cu(1)–O(2)#1 107.78(14) N(6)#3–Cu(1)–O(2)#1 94.97(16)
N(3)–Cu(1)–O(2)#1 90.78(15) O(3)#4–Cu(1)–O(2)#1 91.67(13)
O(5)–Cu(2)–O(5)#5 178(2) O(5)–Cu(2)–N(1) 88.33(16)
O(5)#5–Cu(2)–N(1) 91.87(16) N(1)–Cu(2)–N(1)#5 168.7(3)
O(5)–Cu(2)–OW1 88.900(11) N(1)–Cu(2)–OW1 95.67(14)

[a] Symmetry codes for 1: #1 –x + 1, –y, –z – 1; #2 –x, –y + 1, –z.
[b] Symmetry codes for 2: #1 –x + 1.5, –y + 1.5, –z + 1; #2 x, y +
1, z; #3 x, –y + 1, z – 0.5; #4 x, y – 1, z; #5 –x + 1, y, –z + 1.5.
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self-assemble into extended structures, 2D (4,4) square grids
are favored.[9] This observation shows that formation of a
2
64 net may be attributed to the effects of the flexible L and
the BDC anion. Moreover, if two of the L molecules act as
each of two opposite edges, a single L molecule acts as each
of the other four edges, and every CuII cation can be seen
as a three-connected node, the structure of 1 can be re-
garded as a 2D (6,3) network.

In addition, a notable feature within complex 1 is the
presence of three types of water clusters, namely (H2O)6,
(H2O)8, and (H2O)10, in the hydrogen-bonded layer of BDC
anions and water molecules (Figure 2, a). The hydrogen-
bonding parameters are outlined in Table 2. Within the
(H2O)6 cluster, two water molecules (OW2 and OW2A) act
as two hydrogen-bond donors with OW4 and OW4A as hy-
drogen-bond acceptors to form a cyclic water tetramer (Fig-
ure 2, b).[10,11] Interestingly, the cyclic water tetramer is hy-
drogen-bonded to two neighboring free water molecules,
OW6 and OW6A, yielding a water hexamer. Furthermore,
the oxygen atoms O2, O2A, O5, O5A, O7, and O7A from
the BDC ligands are involved in hydrogen bonds with water
molecules OW4, OW4A, OW6, and OW6A to stabilize the
(H2O)6 cluster. Within the (H2O)10 cluster, four water mole-
cules (OW7, OW7A, OW16, and OW16A) act as both hy-
drogen-bond donors and acceptors (Figure 2, c). Four
water molecules (OW13, OW13A, OW15, and OW15A)
play the role of hydrogen-bond donors, while another two
water molecules (OW14 and OW14A) only act as hydrogen-
bond acceptors. Four water molecules (OW15, OW15A,
OW16, and OW16A) form a cyclic water tetramer through
hydrogen bonds, which is further hydrogen-bonded by
water molecules OW7, OW13, OW14, OW7A, OW13A, and
OW14A, leading to an (H2O)10 cluster. Moreover, the
(H2O)10 cluster is stabilized by oxygen atoms O1, O1A, O3,
O3A, O6A, and O6B from BDC ligands. It is of interest
that the four water molecules of the cyclic water tetramer
in the (H2O)6 or (H2O)10 clusters are completely coplanar
without regard to the connectivity of the hydrogen atoms.
The hydrogen-bond lengths are 2.818(4) [OW15–H(15C)···
OW16], 2.879(4) [OW15–H(15D)···OW16#8], 2.812(4)
[OW2–H(2D)···OW4], and 2.809(4) Å [OW2–H(2C)···
OW4#4], and are slightly longer than the average hydrogen-
bond length of liquid water tetramer (2.718 Å).[4a,12] In the
(H2O)8 cluster, the lattice water molecules (OW8A, OW8B,
OW5, and OW5A) and the coordinated water molecules
(OW1 and OW1A) of the [Cu2(L)4(H2O)2]4+ cation are as-
sociated by hydrogen bonds to form a cyclic centrosymmet-
ric water hexamer (Figure 2, d). The average OW···OW dis-
tance is about 2.80 Å, which is slightly longer than the cor-
responding value in ice Ih (2.759 Å) and the calculated value
of 2.718 Å for cyclic water hexamer.[3] However, they are
shorter than those observed in liquid water (2.854 Å).[3] The
cyclic water hexamer is hydrogen-bonded to two neighbor-
ing water molecules (OW10A and OW10B), yielding a
(H2O)8 cluster. It is worthwhile to note that two water mole-
cules of the (H2O)8 cluster bind to the CuII cations. Mean-
while, four water molecules are involved in hydrogen bonds
with the oxygen atoms from the carboxylate groups of the
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Figure 1. (a) An ORTEP view of complex 1 showing 30% thermal probability ellipsoids. (b) The square-planar, four-connected 2D 2
64

network.

BDC ligands. This indicates that the (H2O)8 cluster is stabi-
lized not only by hydrogen bonds but also by coordination
interactions. The water molecule, the organic BDC anion,
and the CuII cation play a crucial role in the formation of
the water clusters. Furthermore, the square-planar, four-
connected 2

64 net and the hydrogen-bonded layer are further
connected through the coordinating water molecules to
form 3D supramolecular structures. Figure 3 (a) displays
the packing structure of compound 1. The H-bonding lay-
ers act as a “glue” to reinforce the coordination polymeric
2
64 sheet, forming an overall 3D structure. Each H-bonding
layer links two polymeric sheets, and each polymeric sheet
is also attached to two H-bonding layers through OW1 and
OW2 molecules (Figure 3, b). Here, both water–sheet and
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water–water interactions are important for the stability of
the overall structure.

It should be pointed out that the angles between two
neighboring carboxylate groups of BDC and BTC anions
are 180° and 120°, respectively, which suggests that the BTC
anion may be superior to the BDC anion when it comes to
meeting the configurations of [Cu(L)n]2+ (n = 1 or 2) cat-
ions, and to coordinate to the CuII cation (Scheme 1). Thus,
during the construction of 2 the multi-carboxylate ligand
BTC was chosen as organic anion.

The structure of 2 contains two crystallographically
unique CuII cations, two unique L molecules, and one
unique BTC anion. As shown in Figure 4 (a), the Cu1 cat-
ion is five-coordinate in a distorted square-pyramidal ge-
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Figure 2. (a) The hydrogen-bonded layer of BDC and water mole-
cules. (b) An ORTEP view showing the (H2O)6 cluster and its coor-
dination environment. (c) An ORTEP view showing the (H2O)10

cluster and its coordination environment. (d) An ORTEP view
showing the (H2O)8 cluster and its coordination environment.
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ometry by coordinating to two nitrogen atoms (N3 and
N6A) from two L molecules and three oxygen atoms (O1,
O2A, and O3A) from three BTC molecules. The Cu2 center
also has a distorted square-pyramidal coordination sphere
defined by two carboxylate oxygen atoms (O5 and O5A),
one water molecule (OW1), and two nitrogen atoms (N1
and N1A) from two L molecules. The BTC anions bridge
the CuII cations to form 2D networks, which are further
connected through the L ligands to form a 3D framework
structure, see Figure 4 (b) and Figure 4 (c). In addition,
there are some hydrogen-bonded water molecules in the
framework of 2. These water molecules are stabilized by
both hydrogen bonds and coordination interactions (OW1
coordinates to Cu2). The hydrogen-bonded water molecules
not only fill the voids in the supramolecular framework but
also contribute to the total lattice energy. The framework
host sufficiently affects the hydrogen bonds of the water
molecules and the water molecules maybe also influence the
arrangement of the framework host.

If, for reasons of classifying the net, we define the BTC
anion as a single point, then it can be considered as a four-
connected node (Scheme 1). Thus, there are three kinds of
nodes in the structure of 2: a five-connected node for Cu1,
a four-connected node for Cu2, and a four-connected node
for the BTC anion. There are some unique four-, six-, eight-,
and ten-membered circuits through the nodes in 2 (see
Figures S1–S13 in the Supporting Information). For the
four-connected BTC anion, each of six sets of links is con-
tained in six-membered circuits (see Figures S1 and S2).
Thus, the four-connected BTC anion has the Schäfli symbol
66 (Figure 5, a). For the five-connected Cu1 node, ten sets
of links are contained in four six-membered circuits (Fig-
ures S3–S5), two four-membered circuits (Figure S6), and
four eight-membered circuits (Figures S7–10), therefore this
node has the Schäfli symbol (426484) (Figure 5, b). For the
four-connected Cu2 node, four sets of links are contained
in a six-membered circuit (Figure S11), while the other two
sets of links are contained in an eight-membered circuit
(Figure S12) and a ten-membered circuit (Figure S13),
respectively, therefore the four-connected Cu2 node has the
Schäfli symbol (64810) (Figure 5, c). The molar ratio of
these three kinds of nodes is 2:2:1 (BTC/Cu1/Cu2), thus the
structure of 2 can be symbolized as a (66)2(426484)2(64810)
net with three kinds of nonequivalent points (Figure 5, d).[6]

The topological analysis of this net was performed with
OLEX.[13] The present case indicates that topological analy-
sis is a useful tool for the description and comparison of
natural and artificial networks in crystal engineering.[14]

From the above descriptions, the choice of anion is
clearly critical in determining the molecular structures of
the final compounds. In this work, both planar two-carbox-
ylate anion and three-carboxylate anion were chosen to
study the variation of the structures for 1 and 2. The topo-
logical difference between 1 and 2 should therefore result
from the structural features of the BDC and BTC anions.
The BDC anion in 1 is not coordinated to the CuII cation
but acts as a counter-anion and template reagent, whereas
the BTC anion in 2 meets the configuration of [Cu(L)n]2+
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Table 2. Hydrogen-bonding parameters for 1.[a]

D–H···A [Å] d(D–H) [Å] d(H···A) [Å] d(D···A) [Å] �(D···H···A) [°]

OW1–H(1D)···OW5#3 0.88(2) 1.93(3) 2.778(4) 161(5)
OW1–H(1C)···OW8#2 0.80(4) 1.98(4) 2.763(4) 166(4)
OW2–H(2D)···OW4 0.879(18) 1.97(2) 2.812(4) 159(4)
OW2–H(2C)···OW4#4 0.87(2) 1.94(2) 2.809(4) 173(5)
OW3–H(3C)···O(4)#2 0.928(17) 1.889(19) 2.805(4) 169(3)
OW3–H(3D)···O(8) 0.868(19) 1.99(2) 2.850(4) 168(4)
OW4–H(4D)···O(7) 0.88(2) 1.89(2) 2.740(4) 163(4)
OW4–H(4C)···OW6#4 0.84(4) 1.90(4) 2.719(4) 165(4)
OW5–H(5D)···OW10#5 0.896(18) 2.01(3) 2.827(4) 151(3)
OW6–H(6D)···O(2)#1 0.901(18) 1.91(2) 2.750(4) 154(3)
OW6–H(6C)···O(5) 0.871(18) 1.91(2) 2.780(4) 172(3)
OW7–H(7C)···O(1) 0.888(18) 1.95(2) 2.816(4) 165(4)
OW7–H(7D)···OW14 0.842(18) 2.208(16) 2.763(5) 123(2)
OW8–H(8C)···O(4) 0.875(19) 1.90(2) 2.767(4) 174(5)
OW8–H(8D)···OW5#2 0.90(4) 2.03(2) 2.849(4) 151(4)
OW9–H(9C)···O(3) 0.825(18) 1.99(3) 2.702(4) 144(3)
OW10–H(10D)···O(2) 0.90(4) 1.88(4) 2.779(4) 170(3)
OW10–H(10C)···O(7)#7 0.896(18) 1.98(2) 2.851(4) 164(3)
OW11–H(11D)···O(5)#1 0.92(4) 1.78(2) 2.693(4) 176(5)
OW12–H(12C)···O(6)#1 0.83(5) 2.01(5) 2.812(4) 163(5)
OW12–H(12D)···OW11 0.90(2) 2.17(5) 2.837(4) 131(5)
OW13–H(13D)···O(6)#8 0.866(19) 1.88(3) 2.713(4) 161(6)
OW13–H(13C)···OW14 0.999(18) 2.134(15) 2.791(5) 122(4)
OW15–H(15C)···OW16 0.874(19) 1.95(2) 2.818(4) 174(4)
OW15–H(15D)···OW16#6 0.858(18) 2.04(2) 2.879(4) 167(3)
OW16–H(16D)···O(3) 0.89(4) 1.89(2) 2.773(4) 175(4)
OW16–H(16C)···OW7#6 0.89(4) 1.82(2) 2.672(4) 163(4)

[a] Symmetry transformations used to generate equivalent atoms: #1 –x + 1, –y, –z; #2 –x + 1, –y, –z – 1; #3 –x, –y, –z – 1; #4 –x, –y, –z;
#5 x – 1, y, z; #6 –x + 1, –y + 1, –z – 1; #7 x + 1, y, z; #8 x, y + 1, z.

Figure 3. (a) The 3D H-bonding structure of 1. (b) A schematic
representation of the 3D H-bonding structure.

(n = 1 or 2) cations and coordinates to the CuII cation as a
four-coordinate ligand. Although different Cu/L ratios (1:1,
1:2, 1:3, and 1:4) were used in the preparations, only 1 and
2 were isolated as the products. Thus, the formation of these
different frameworks is due to the effects of different or-
ganic anions.
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IR Spectra and TGA

The solid-state IR spectra of 1 and 2 in the region 4000–
400 cm–1 exhibit characteristic bands for BDC, BTC, and L
ligands (see Figure S14 in the Supporting Information). The
IR spectrum of 1 shows a broad band centered around
3427 cm–1 attributable to the O–H stretching frequency of
the water cluster. The IR spectrum of ice shows the O–H
stretch at 3220 cm–1, while this stretching vibration in liquid
water appears at 3490 and 3280 cm–1.[15] This indicates that
the water cluster in 1 has an O–H stretching vibration sim-
ilar to that of liquid water, and the slight difference is attrib-
utable to the environment that the clusters are in.[16] The
peaks around 1600, 1560, 1400, and 1350 cm–1 for 1 and 2
can be attributed to the asymmetric and symmetric vi-
brations of the carboxylate groups.[17]

In order to characterize the compounds 1 and 2 more
fully in terms of thermal stability, we studied them by TGA.
Compounds 1 and 2 were heated from 35 to 780 °C under
N2. As expected, the TGA curves of compounds 1 and 2
exhibit three similar weight-loss stages. The first weight loss,
corresponding to the water molecules, is observed over the
wide temperature range 35–90 °C (observed 18.6%, calcu-
lated 19.1%) for 1 and 35–93 °C (observed 6.7%, calculated
7.1%) for 2. The second weight loss is 52.4% (calculated
50.6%) for 1 in the range 238–350 °C and 46.4% (calculated
45.1%) for 2 in the range 239–344 °C, and is assigned to
the release of L molecules. Drastic weight losses corre-
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Figure 4. (a) ORTEP view of 2 showing 30% thermal probability
ellipsoids. (b) The 2D layered structure constructed by BTC and
CuII cations. (c) The packing diagram of 2.
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Figure 5. (a) Schematic representation of the circuits through the
four-connected BTC node. (b) Schematic representation of the cir-
cuits through the five-connected Cu1 node. (c) Schematic represen-
tation of the circuits through the four-connected Cu2 node. (d) The
(66)2(426484)2(64810) net with three kinds of nonequivalent points.
(Cu2 = �, BTC = �, Cu1 = �).

sponding to the removal of BDC and BTC were observed
from 420 to 528 °C for 1 and from 423 to 524 °C for 2,
respectively.

Conclusions

Two new CuII coordination polymers with different top-
ologies have been obtained due to the effects of different
organic anions on the final frameworks’ formation. When
the BDC anion was chosen as the dicarboxylate anion, a
coordination polymer 1 with an unusual, square-planar,
four-connected 2

64 net and three types of water clusters was
obtained. In 2, the BTC anion coordinates to the CuII cat-
ion as a tetradentate ligand to form a (66)2(426484)2(64810)
net with three kinds of nonequivalent points.

Experimental Section
Materials and Methods: All reagents and solvents for syntheses
were purchased from commercial sources and used as received. A
Perkin–Elmer 240 elemental analyzer was used to collect microana-
lytical data, and the FT-IR spectrum was recorded from KBr pel-
lets in the range 4000–400 cm–1 on a Mattson Alpha-Centauri spec-
trometer. TGA was performed with a Perkin–Elmer TG-7 analyzer
under nitrogen.

Synthesis of 1,1�-(1,4-Butanediyl)bis(imidazole) (L): A mixture of
imidazole (3.4 g, 50 mmol) and NaOH (2.0 g, 50 mmol) in DMSO
(10 mL) was stirred at 60 °C for 1 h, and then 1,4-dichlorobutane
(3.2 g, 25 mmol) was added. The mixture was cooled to room tem-
perature after stirring at 60 °C for 2 h and then poured into 200 mL
of water. A white solid formed immediately, which was isolated by
filtration in 86% yield (4.1 g) after drying in air. C10H14N4 (190.25):
calcd. C 63.16, H 7.37, N 29.47; found C 63.11, H 7.42, N 29.31.
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Synthesis of [Cu2(L)4(H2O)2]·(BDC)2·14H2O (1): A mixture of
CuCl2·2H2O (0.171 g, 1 mmol), NaOH (0.080 g, 2 mmol), and
H2BDC (0.166 g, 1 mmol) in water was stirred for 10 min at 60 °C,
then 1,1�-(1,4-butanediyl)bis(imidazole) (L; 0.190 g, 1 mmol) was
added to the mixture. After stirring for 30 min, the blue precipitate
was collected and dissolved in a minimum amount of ammonia
(14 ). Suitable blue single crystals of 1 were obtained by slow
evaporation of this solution at ambient temperature in 73% yield
(109.8 mg). C56H96Cu2N16O24 (1504.6): calcd. C 44.66, H 6.38, N
14.89; found C 44.89, H 6.60, N 14.49.

Synthesis of [Cu1.5(BTC)(L)1.5(H2O)0.5]·2H2O (2): Compound 2
was prepared in the same way as for 1, but with 1,3,5-benzenetri-
carboxylic acid (H3BTC), in 53% yield (33.5 mg).
C24H29Cu1.5N6O8.5 (632.84): calcd. C 45.51, H 4.58, N 13.27; found
C 45.22, H 4.51, N 13.79.

X-ray Crystallography: Single-crystal X-ray diffraction data for
complexes 1 and 2 were recorded with a Rigaku RAXIS-RAPID
image plate diffractometer and a Bruker-AXS Smart CCD dif-
fractometer, respectively, using the ω-scan technique with Mo-Kα

radiation (λ = 0.71073 Å). All the structures were solved by direct
methods with SHELXS-97[18] and refined by full-matrix least-
squares techniques using the SHELXL-97 program.[19] Non-hydro-
gen atoms were refined with anisotropic temperature parameters
the and the hydrogen atoms of the ligands were refined as rigid
groups. The hydrogen atoms of the water molecules for 1 and 2
were located from the difference Fourier maps. Further details of
the structural analysis are summarized in Table 3.

Table 3. Summary of X-ray crystallographic data for compounds 1
and 2.

Compound 1 2

Formula C56H96Cu2N16O24 C24H29Cu1.5N6O8.5

Mol. mass 1504.57 632.84
Space group P1̄ C2/c
a [Å] 13.049(3) 25.860(6)
b [Å] 13.334(3) 10.185(2)
c [Å] 21.562(4) 22.790(5)
α [°] 91.46(3) 90
β [°] 101.60(3) 97.671(7)
γ [°] 99.41(3) 90
V [Å3] 3619.2(13) 5949(2)
Z, dcalcd. [g cm–3] 2, 1.381 8, 1.413
µ (Mo-Kα [mm–1]) 0.672 1.137
F(000) 1588 2612
Reflns. collected / unique 29446 / 14091 18017 / 7010
Reflns. obsd. [I � 2σ(I)] 8141 3181
GOF on F2 0.940 0.885
R1,[a] wR2[b] (obsd.) 0.0462, 0.1260 0.0633, 0.1237
(∆/σ) max., mean 0.001, 0.000 0.001, 0.000
Max., min. peaks [eÅ–3] 0.541, –0.607 0.858, –0.324

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = |Σw(|Fo|2 – |Fc|2)|/Σ|w(Fo)2|1/2,
where w = 1/[σ2(Fo

2) + (aP)2 + bP] and P = (Fo
2 + 2Fc

2)/3.

CCDC-216567 (for 1) and -281108 (for 2) and contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Figures of circuits around the nodes for 2 (Figures S1–S13).
The IR spectra of compounds 1 and 2 (Figure S14).
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Xiaoming Liu,[a] Hong Xia,[a] Wei Gao,[a] Ling Ye,[a] Ying Mu,*[a] Qing Su,[a] and Yi Ren[a]

Keywords: Aluminum / N ligands / Luminescence

The syntheses of a number of four-coordinate aluminum
complexes, ortho-C6H4(NAr�)(CH=NAr��)AlCl2 [Ar� = Ar�� =
2,6-iPr2C6H3 (2a); Ar� = 2,6-iPr2C6H3, Ar�� = 2,6-Me2C6H3

(2b); Ar� = Ar�� = 2,6-Me2C6H3 (2c); Ar� = p-MeC6H4, Ar��

= 2,6-iPr2C6H3 (2d)], are described. Complexes 2a–2d were
synthesized from the reaction of AlCl3 with lithium salt of the
corresponding ligand at room temperature. All complexes

Introduction

Luminescent metal complexes have attracted increasing
attention because of their potential application in areas of
chemistry, medicine, and material science.[1] Many lumines-
cent complexes of main group and transition metals, such
as AlIII,[2] ZnII,[3] PtII,[4] IrIII,[5] and ReI,[6] have been de-
signed and synthesized in recent years. Particularly, chelated
aluminum complexes have attracted much attention because
of their low cost, and good luminescent and electron-trans-
porting properties. As the well-known tris(8-hydroxyquinol-
inyl)aluminum (Alq3) was found to be a good emitter, and
a highly efficient electron-transporting material and host
material in organic electroluminescence devices,[7–9] a large
number of its derivatives with modified 8-hydroxyquinoline
ligands have been investigated.[1b,2,10] Aluminum complexes
with nitrogen-containing ligands have also been re-
ported,[11] while the luminescent properties of coordinative
unsaturated aluminum complexes have not been extensively
explored, probably because of their instability to air and
moisture.[12,13] We have recently focused our attention on
the synthesis of aluminum complexes of this type. As a con-
tinuation of our studies on the luminescent alkylaluminum
complexes with chelating anilido-imine ligands (Scheme 1
A),[14d] herein we report the syntheses, characterization, and
fluorescent properties of a number of aluminum dichloride
complexes with anilido-imine ligands, ortho-
C6H4(NAr�)(CH=NAr��)AlCl2 [Ar� = Ar�� = 2,6-iPr2C6H3
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were characterized by 1H and 13C NMR spectroscopy and
molecular structures of complexes 2a, 2b, and 2d were deter-
mined by X-ray crystallography. Luminescent properties of
complexes 2a–2d in both solution and the solid state were
studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(2a); Ar� = 2,6-iPr2C6H3, Ar�� = 2,6-Me2C6H3 (2b); Ar� =
Ar�� = 2,6-Me2C6H3 (2c); Ar� = p-MeC6H4, Ar�� = 2,6-
iPr2C6H3 (2d)].

Scheme 1.

Results and Discussion

Ligand Synthesis

Free ligands, ortho-C6H4(NHAr�)(CH=NAr��) [Ar� =
Ar�� = 2,6-iPr2C6H3 (1a); Ar� = 2,6-iPr2C6H3, Ar�� = 2,6-
Me2C6H3 (1b); Ar� = Ar�� = 2,6-Me2C6H3 (1c); Ar� = p-
MeC6H4, Ar�� = 2,6-iPr2C6H3 (1d)], were synthesized by a
literature procedure.[15] Of these free ligands, compounds
1a, 1c, and 1d are known, while 1b is a new compound.
The new ligand 1b was prepared by the reaction of ortho-
C6H4F(CH=NC6H3Me2-2,6) with LiN(H)Ar (Ar = 2,6-
iPr2C6H3) (Scheme 2) in good yield (72% isolated yields).
The reaction was carried out in THF and the crude product
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was purified by crystallization from methanol. Compound
1b was characterized by 1H and 13C NMR spectroscopy
along with elemental analysis. The 1H NMR spectrum of
1b exhibits resonance at δ = 8.39 ppm for the imino CH
proton, with the corresponding 13C NMR resonance at δ =
166.25 ppm. The NH resonance appears at characteristi-
cally low field (δ = 10.5 ppm). The infrared absorption band
of the imine C=N stretch occurs in the region 1617 cm–1.
Those data are similar to the corresponding values of 1a,
1c, and 1d.[14d]

Scheme 2. Synthetic procedure of ligands 1a–1d.

Complex Synthesis

The aluminum dichloride complexes 2a–2d were synthe-
sized in reasonable yields (68–75%) by reaction of AlCl3
with the lithium salt of the corresponding ligand that was
generated in situ by treating the free ligand with nBuLi in
hexanes at –78 °C (Scheme 3). All complexes are well solu-
ble in toluene, dichloromethane, diethyl ether, and THF, but
sparingly soluble in saturated hydrocarbon solvents. Com-
plexes 2a–2d were all characterized by elemental analyses,
1H and 13C NMR spectroscopy, and satisfactory analytic
results were obtained for all compounds. In the 1H NMR
spectra of these complexes, the resonances for the imino
CH protons (δ = 7.32–7.90 ppm) shift about 1 ppm towards
high field compared to the corresponding signals of the free
ligands. However, the resonances (δ = 173.5–174.5 ppm) for
the imino CH carbons in the 13C NMR spectra shift to low
field in comparison with the corresponding ones of the free
ligands and the dialkylaluminum complexes.[14d] The N–H
signals of the free ligands disappear in the 1H NMR spectra
of complexes 2a–2d, which is indicative of formation of an
Al–N bond in these compounds. The two methyl groups of
the isopropyl units in complexes 2a, 2b, and 2d are inequiv-
alent, as the coordination of the anilido-imine ligands to
the aluminum center causes rotation about the N–aryl bond
to become slow on the NMR timescale.[16] In addition, 1H
and 13C NMR spectra reveal that these complexes all have
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Cs-symmetric structures in solution. All complexes are
more stable than the corresponding alkylaluminum com-
plexes in solution; they have pretty good thermal stability
and can be heated in boiling toluene for several hours with-
out obvious decomposition.

Scheme 3. Synthetic procedure of complexes 2a–2d.

Crystal Structure

The molecular structures of the complexes 2a, 2b, and 2d
were determined by X-ray crystallographic analysis. Crys-
tals of all three complexes suitable for X-ray crystal struc-
ture determination were grown from n-hexane at room tem-
perature. The ORTEP drawings of molecular structures of
2a, 2b, and 2d are shown in Figure 1 (top), Figure 2, and
Figure 3, respectively. Selected bond lengths and angles for
these complexes are given in Table 1. The X-ray analysis
reveals that all three complexes adopt a distorted tetrahe-
dral geometry with the metal center chelated by the biden-
tate ligand through the imine and amido nitrogen atoms.
The N–Al–N bite angle in 2b [99.27 (6)°] is larger than
those in 2a [97.59 (8)°] and 2d [97.82 (8)°], but similar to
the one in the related β-diketiminato aluminum complex
[Scheme 1; B1 99.36 (4)°, B2 99.41(12)°],[17a,17b] which con-
tains a similar six-membered C3N2Al metallacycle. In these
three complexes, the six-membered chelating rings are ne-
arly planar with the aluminum atom lying 0.5017, 0.0963,
and 0.3065 Å out of the plane, respectively. The imino C=N
bonds in these complexes retain their double bond charac-
ter, being 1.303(2), 1.303(2), and 1.310(3) Å for 2a, 2b, and
2d, respectively. The Al–N (amido) distances [1.8327(19) Å
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for 2a, 1.8397(14) Å for 2b, 1.826(2) Å for 2d] are much
shorter than the Al–N (imine) distances [1.894(2) Å for 2a,
1.8927(15) for 2b, 1.8937(19) Å for 2d] because the anionic
amido nitrogen can also π-donate to the aluminum, whereas
the neutral imine nitrogen does not have an available lone
pair for π-donation. The Al–N (imine) distances (1.893 Å
average) are shorter than the values (1.953 Å average) pre-
viously reported for ortho-C6H4(NAr�)(CH=NAr�)
AlMe2

[14d] because of the more electrophilic aluminum cen-
ter in the dichloro aluminum compounds, but larger than
the one [1.850(2) Å] in (TTP)AlCl2.[17b] The Cl–Al–Cl
angles (109.40° average) in 2a and 2d are close to the ideal
tetrahedral angle of 109.47°, and they are similar to that
of the reported diketiminatolaluminum complex (Scheme 1;
B).[17] In addition, X-ray diffraction analysis reveals that
intermolecular π–π interaction appears in the solid state of
complex 2a (Figure 1, bottom). One phenyl ring in the li-
gand of 2a stacks together with the corresponding one in
an adjacent molecule by the π–π interaction with a distance
of 3.6 Å.[18]

Figure 1. Top: Molecular structure of complex 2a; bottom: Crystal
packing diagram between two adjacent molecules of 2a showing the
existence of a π–π stacking interaction in the solid state. (Thermal
ellipsoids are drawn at the 30% probability level.).
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Figure 2. Molecular structure of complex 2b (thermal ellipsoids are
drawn at the 30% probability level).

Figure 3. Molecular structure of complex 2d (thermal ellipsoids are
drawn at the 30% probability level).

Fluorescent Properties

Table 2 summarizes the UV/Vis and fluorescent proper-
ties of compounds 1a–1d and 2a–2d determined in both
solution and the solid state. In solution, the free ligands 1a–
1d have a weak emission band at λmax = 419, 420, 423, and
430 nm, respectively. When these ligands were bound to an
aluminum center, strong green luminescence was observed.
The observed luminescence of the complexes could be at-
tributed to a π*–π transition of their chelated anilido-imine
conjugated ligands. As shown in Figure 4, in contrast to the
free ligands, each of complexes 2a–2d in solution gives a
broad emission band (bandwidth at half-height = 70–
90 nm) with λmax = 512, 510, 505, and 554 nm, respectively.
The emission energies of these complexes are significantly
red-shifted in comparison with the free ligands. The role of
the aluminum atom in the luminescence of 2a–2d should be
twofold, as pointed out in the literature for coordination
complexes.[19] First, the formation of covalent bonds be-
tween the Al and N atoms by the donation of lone pairs of
the N atom to the Al atom changes the emission energy,
owing to the lowering of the energy gap between π* and
π. Second, after coordination with the Al atom, the ligand
becomes more rigid, which can reduce the loss of energy by
vibrational motions and increase the emission efficiency.
The emission maxima of complexes 2a–2c in solution are
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Table 1. Selected bond lengths [Å] and angles [°].

Complex 2a

Al(1)–N(1) 1.894(2) N(1)–Al(1)–Cl(2) 114.54(7)
Al(1)–N(2) 1.8327(19) N(2)–Al(1)–Cl(1) 115.53(7)
Al(1)–Cl(2) 2.0978(10) N(1)–Al(1)–Cl(1) 106.18(7)
Al(1)–Cl(1) 2.1190(11) Cl(2)–Al(1)–Cl(1) 109.46(4)
N(1)–C(1) 1.303(3) C(1)–N(1)–Al(1) 119.83(16)
N(2)–C(7) 1.370(3) C(14)–N(1)–Al(1) 123.33(15)
N(1)–Al(1)–N(2) 97.59(8) C(7)–N(2)–Al(1) 122.40(15)
N(2)–Al(1)–Cl(2) 113.02(7) C(8)–N(2)–Al(1) 120.78(14)

Complex 2b

Al(1)–N(1) 1.8927(15) N(1)–Al(1)–Cl(1) 109.36(5)
Al(1)–N(2) 1.8397(14) N(2)–Al(1)–Cl(2) 116.17(6)
Al(1)–Cl(1) 2.1154(8) N(1)–Al(1)–Cl(2) 110.40(5)
Al(1)–Cl(2) 2.1182(9) Cl(1)–Al(1)–Cl(2) 107.00(4)
N(1)–C(1) 1.303(2) C(1)–N(1)–Al(1) 121.47(11)
N(2)–C(7) 1.372(2) C(14)–N(1)–Al(1) 122.05(10)
N(2)–Al(1)–N(1) 99.27(6) C(7)–N(2)–Al(1) 125.07(11)
N(2)–Al(1)–Cl(1) 114.36(6) C(8)–N(2)–Al(1) 117.04(11)

Complex 2d

Al(1)–N(1) 1.8937(19) N(1)–Al(1)–Cl(2) 110.46(7)
Al(1)–N(2) 1.826(2) N(2)–Al(1)–Cl(1) 110.55(7)
Al(1)–Cl(2) 2.1064(12) N(1)–Al(1)–Cl(1) 113.73(7)
Al(1)–Cl(1) 2.1146(10) Cl(2)–Al(1)–Cl(1) 109.34(5)
N(1)–C(1) 1.310(3) C(1)–N(1)–Al(1) 120.93(15)
N(2)–C(7) 1.367(3) C(14)–N(1)–Al(1) 123.09(13)
N(2)–Al(1)–N(1) 97.82(8) C(7)–N(2)–Al(1) 126.00(15)
N(2)–Al(1)–Cl(2) 114.65(8) C(8)–N(2)–Al(1) 114.41(13)

close to each other, while the emission maximum of 2d is
red-shifted about 40 nm compared to other complexes. This
result could be attributed to the differences in the number
and size of the ortho-substituents on the rotatable aryl rings
of their ligands, which might affect the conjugated extent
of these complexes.[14a–14d] In addition, the lower basicity
and lower electron density of the anilide may also be re-
sponsible for the emission red shift in 2d.[14e] The quantum
yields of these compounds are low in solution. Complexes
2a–2d all emit bright fluorescence in the solid state when
irradiated by exciting light. The emission spectra of com-

Table 2. Photoluminescent data for ligands 1a–1d and complexes 2a–2d.

Compound ε [–1·cm–1] λabs [nm] λem [nm] Quantum yields [Φ][a] Conditions

1a 9011 370 419 0.036 hexane, 298 K
431 solid, 298 K

1b 11265 371 420 0.029 hexane, 298 K
432 solid, 298 K

1c 13214 373 423 0.023 hexane, 298 K
432 solid, 298 K

1d 10745 382 430 0.009 hexane, 298 K
462 solid, 298 K

2a 12645 437 512 0.093 hexane, 298 K
540 solid, 298 K

2b 12495 436 510 0.098 hexane, 298 K
497 solid, 298 K

2c 11932 436 505 0.085 hexane, 298 K
498 solid, 298 K

2d 10876 447 554 0.066 hexane, 298 K
544 solid, 298 K

[a] Determined using quinine sulfate in 0.1  sulfuric acid as a standard.
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plexes 2a–2d in the solid state are shown in Figure 5. Com-
plexes 2b, 2c, and 2d each have a relatively narrow band
(bandwidth at half-height: 60–70 nm) in the solid state with
λmax = 497, 498, and 544 nm, respectively. The emission

Figure 4. Emission spectra of ligands 1a–1d and complexes 2a–2d
in n-hexane.

Figure 5. Emission spectra of complexes 2a–2d in the solid state.
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maxima of these complexes in the solid state are blue
shifted compared to their corresponding emission maxima
in solution, which probably resulted from the reduced con-
jugated extent of the three complexes, as the free rotation
of the aryl rings in these complexes is blocked in the solid
state. The emission maximum of complex 2a (λmax =
540 nm) in the solid state is red shifted compared to its
corresponding emission maximum in solution, which is nor-
mal considering that red shifting of the emission maximum
can be observed for most fluorescent compounds in the so-
lid state, probably because of π–π stacking of aromatic rings
in the molecules (see Figure 1, bottom). This result also im-
plies that the rotation of 2,6-iPr2Ph groups about the N–
aryl bond in complex 2a is slow in solution, which is consis-
tent with the 1H NMR experimental result.

Conclusion

Our research results indicate that the chelating bidentate
anilido-imine conjugated ligands are well suited for synthe-
sizing the four-coordinate aluminum complexes by a salt
metathesis reaction of AlCl3 with the lithium salt of corre-
sponding ligands at room temperature. 1H and 13C NMR
spectra reveal that these aluminum complexes have Cs-sym-
metric structures in solution and X-ray diffraction analysis
indicates that the six-membered chelating ring in these com-
plexes is nearly planar with the aluminum lying slightly out
of the plane. These complexes produce bright fluorescence
in both solution and the solid state, and the emission color
in solution can be tuned by the ortho substituents on the
rotatable aryl rings of the ligands. The four-coordinate alu-
minum complexes are a new class of luminescent material
with potential applications in optoelectronic devices.

Experimental Section
All reactions were performed using standard Schlenk techniques
in high-purity nitrogen or glovebox techniques. Toluene, n-hexane,
THF, and diethyl ether were dried by refluxing over sodium and
benzophenone and distilled under nitrogen prior to use. C6D6 was
dried with activated 4 Å molecular sieves and vacuum-transferred
to a sodium-mirrored air-free flask. CDCl3 was dried with CaH2

for 48 h and vacuum-transferred to an air-free flask. AlCl3 and
nBuLi were purchased from Aldrich and used as received. NMR
spectra were measured using a Varian Mercury-300 NMR spec-
trometer. The elemental analysis was performed with a Perkin–El-
mer 2400 analyzer. UV/Vis absorption spectra were recorded with
a UV-3100 spectrophotometer. Fluorescence measurements were
carried out on an RF-5301PC.

ortho-C6H4[NH(C6H3iPr2-2,6)](CH=NC6H3Me2-2,6) (1b): A solu-
tion of nBuLi (30.32 mL, 48.5 mmol) in hexanes was added to a
solution of 2,6-diisopropylaniline (8.1 mL, 48.5 mmol) in THF
(30 mL) at –78 °C. The mixture was allowed to warm to room tem-
perature and stirred overnight. The resulting solution of LiNHAr
was transferred into a solution of ortho-C6H4F(CH=NC6H3Me2-
2,6) (11.0 g, 48.5 mmol) in THF (40 mL) at 25 °C. After stirring
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for 2 h, the reaction was quenched with H2O (25 mL), extracted
with n-hexane, and the organic phase was evaporated to dryness in
vacuo to give the crude product as a yellow solid. Pure product
(13.4 g, 72%) was obtained as yellowish-green crystals by
recrystallization from ethanol at –20 °C. C27H32N2 (384.56): calcd.
C 84.33, H 8.39, N 7.28; found C 84.28, H 8.48, N 7.24. 1H NMR
(300 MHz, CDCl3, 293 K): δ = 1.15, 1.17 [d, J = 6.6 Hz, 2×6 H,
CH(CH3)2], 2.21 (s, 6 H, CH3), 3.22 [sept, J = 6.6 Hz, 2 H,
CH(CH3)2], 6.30 (d, J = 8.1 Hz, 1 H, Ph-H), 6.71 (t, J = 6.6 Hz, 1
H, Ph-H), 6.98 (t, J = 7.2 Hz, 1 H, Ph-H), 7.09–7.38 (m, 7 H, Ph-
H), 8.39 (s, 1 H, CH=NAr), 10.53 (s, 1 H, NH) ppm. 13C{1H}
NMR (300 MHz, CDCl3, 293 K): δ = 18.7 (CH3), 23.2 [CH(CH3)2],
25.0 [CH(CH3)2], 28.8 [CH(CH3)2], 112.2, 115.3, 116.5, 124.0,
127.7, 127.9, 128.3, 132.5, 134.7, 134.8, 147.7, 150.2, 151.1 (Ph),
166.2 (CH=NAr) ppm.

ortho-C6H4N(C6H3iPr2-2,6)(CH=NC6H3iPr2-2,6)AlCl2 (2a): A
solution of nBuLi in hexanes (0.28 mL, 0.45 mmol) was added
dropwise to a stirred toluene solution of ortho-C6H4NH(C6H3iPr2-
2,6)(CH=NC6H3iPr2-2,6) (0.20 g, 0.45 mmol) at –78 °C. After the
addition, the reaction mixture was warmed to room temperature
and stirred overnight. The resulting mixture was added dropwise
to a toluene suspension solution of AlCl3 (0.06 g, 0.45 mmol) at
–78 °C with stirring. The mixture was warmed to room temperature
and stirred for 12 h, and the solution was evaporated to dryness
in vacuo. The solid residue was extracted with n-hexane (30 mL).
Insoluble materials were removed by filtration through Celite. The
yellow filtrate was concentrated to about 20 mL and kept at –20 °C
overnight to let the product crystallize. The product was obtained
as yellow-green crystals (0.18 g, 75%). C31H39Al2Cl2N (537.54):
calcd. C 69.27, H 7.31, N 5.21; found C 69.20, H 7.40, N 5.25. 1H
NMR (300 MHz, C6D6, 293 K): δ = 0.93, 1.00 [d, J = 6.9 Hz, 2×6
H, CH(CH3)2], 1.38, 1.46 [d, J = 6.9 Hz, 2×6 H, CH(CH3)2], 3.53
[sept, J = 6.9 Hz, 2×2 H, CH(CH3)2], 6.25 (t, J = 6.1 Hz, 1 H, Ph-
H), 6.41 (d, J = 8.8 Hz, 1 H, Ph-H), 6.70 (t, J = 6.6 Hz, 2 H, Ph-
H), 7.07–7.12 (m, 6 H, Ph-H), 7.92 (s, 1 H, HC=N) ppm. 13C{1H}
NMR (300 MHz, C6D6, 293 K): δ = 22.9, 24.7, 25.4, 25.7
[4×CH(CH3)2], 28.7, 29.0 [2×CH(CH3)2], 115.1, 117.1, 119.3,
124.7, 125.2, 129.0, 136.9, 137.2, 137.6, 141.1, 143.5, 146.7, 158.0
(Ph), 173.5 (CH=NAr) ppm.

ortho-C6H4N(C6H3iPr2-2,6)(CH=NC6H3Me2-2,6)AlCl2 (2b): A
solution of nBuLi in hexanes (0.33 mL, 0.52 mmol) was added
dropwise to a stirred toluene solution of ortho-C6H4NH(C6H3iPr2-
2,6)(CH=NC6H3Me2-2,6) (0.20 g, 0.52 mmol) at –78 °C. After the
addition, the reaction mixture was warmed to room temperature
and stirred overnight. The resulting mixture was added dropwise
to a toluene suspension solution of AlCl3 (0.07 g, 0.52 mmol) at
–78 °C with stirring. The mixture was warmed to room temperature
and stirred for 12 h, and the solution was evaporated to dryness
in vacuo. The solid residue was extracted with n-hexane (30 mL).
Insoluble materials were removed by filtration through Celite. The
yellow filtrate was concentrated to about 20 mL and kept at –20 °C
overnight to let the product crystallize. The product was obtained
as yellow-green crystals (0.18 g, 70%). C27H31AlCl2N2 (481.44):
calcd. C 67.36, H 6.49, N 5.82; found C 67.30, H 6.44, N 5.91. 1H
NMR (300 MHz, C6D6, 293 K): δ = 0.99 [d, J = 6.6 Hz, 6 H,
CH(CH3)2], 1.42 [d, J = 6.6 Hz, 6 H, CH(CH3)2], 2.67 (s, 6 H,
CH3), 3.48 [sept, J = 6.6 Hz, 2 H, CH(CH3)2], 6.27 (t, J = 6.0 Hz,
1 H, Ph-H), 6.38 (d, J = 8.7 Hz, 1 H, Ph-H), 6.60 (d, J = 8.1 Hz,
1 H, Ph-H), 6.72 (t, J = 6.6 Hz,1 H, Ph-H), 6.81–7.19 (m, 6 H, Ph-
H), 7.35 (s, 1 H, CH=NAr) ppm. 13C{1H} NMR (300 MHz, C6D6,
293 K): δ = 18.8 (CH3), 24.6 [CH(CH3)2], 25.5 [CH(CH3)2], 28.6
[CH(CH3)2], 115.3, 116.7, 119.3, 125.2, 129.3, 132.7, 137.2, 137.3,
143.9, 146.7 (Ph), 173.8 (CH=NAr) ppm.
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ortho-C6H4N(C6H3Me2-2,6)(CH=NC6H3Me2-2,6)AlCl2 (2c): A
solution of nBuLi in hexanes (0.38 mL, 0.61 mmol) was added
dropwise to a stirred toluene solution of ortho-C6H4NH(C6H3Me2-
2,6)(CH=NC6H3Me2-2,6) (0.20 g, 0.61 mmol) at –78 °C. After the
addition, the reaction mixture was warmed to room temperature
and stirred overnight. The resulting mixture was added dropwise
to a toluene suspension solution of AlCl3 (0.08 g, 0.61 mmol) at
–78 °C with stirring. The mixture was warmed to room temperature
and stirred for 12 h, and the solution was evaporated to dryness
in vacuo. The solid residue was extracted with n-hexane (30 mL).
Insoluble materials were removed by filtration through Celite. The
yellow filtrate was concentrated to about 20 mL and kept at –20 °C
overnight to let the product crystallize. The product was obtained
as yellow crystals (0.18 g, 68%). C23H23AlCl2N2 (425.33): calcd. C
64.95, H 5.45, N 6.59; found C 64.82, H 5.56, N 6.64. 1H NMR
(300 MHz, C6D6, 293 K): δ = 2.27 (s, 6 H, CH3), 2.37 (s, 6 H,
CH3), 6.33 (t, J = 6.3 Hz, 1 H, Ph-H), 6.68 (d, J = 8.5 Hz, 1 H,
Ph-H), 6.76–7.04 (m, 8 H, Ph-H), 7.35 (s, 1 H, CH=NAr) ppm.
13C{1H} NMR (300 MHz, C6D6, 293 K): δ = 18.9 (CH3), 115.3,
116.5, 116.7, 127.2, 128.1, 129.2, 129.6, 132.9, 136.4, 137.5, 138.3,
139.8, 143.5, 156.5, 174.3 (CH=NAr) ppm.

ortho-C6H4N(C6H4Me-p)(CH=NC6H3iPr2-2,6)AlCl2 (2d): A solu-
tion of nBuLi in hexanes (0.34 mL, 0.54 mmol) was added dropwise
to a stirred toluene solution of ortho-C6H4NH(C6H4Me-p)-
(CH=NC6H3iPr2-2,6) (0.20 g, 0.54 mmol) at –78 °C. After the
addition, the reaction mixture was warmed to room temperature
and stirred overnight. The resulting mixture was added dropwise
to a toluene suspension solution of AlCl3 (0.08 g, 0.54 mmol) at
–78 °C with stirring. The mixture was warmed to room temperature
and stirred for 12 h, and the solution was evaporated to dryness in
vacuo. The solid residue was extracted with hexane (30 mL). Insol-

Table 3. Crystal data and structural refinement details for 2a, 2b, and 2d.

2a 2b 2d

Empirical formula C31H39AlCl2N2 C27H31AlCl2N2 C26H29AlCl2N2

Formula mass 537.5 481.42 467.39
Temp. [K] 293(2) 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic
Space group P2(1)/c P2(1)/n P1̄
a [Å] 17.474(4) 8.9391(18) 9.5066(19)
b [Å] 10.448(2) 26.151(5) 9.866(2)
c [Å] 17.528(4) 11.242(2) 14.837(3)
α [°] 90 90 107.24(3)
β [°] 108.65(3) 96.02(3) 103.70(3)
γ [°] 90 90 99.30(3)
V [Å3] 3032.1(11) 2613.6(9) 1250.3(4)
Z 4 4 2
Dcalcd [Mg·m–3] 1.177 1.223 1.241
F(000) 1144 1016 492
Crystal size [mm] 0.40×0.28×0.24 0.51×0.32×0.21 0.41×0.28×0.21
θ Range for data collection (°) 1.23–27.50 3.07–27.44 1.51–27.48
Limiting indices –18 � h � 22 –11 � h � 11 0 � h � 12

–13 � k � 13 –31 � k � 33 –12 � k � 12
–17 � l � 22 –14 � l � 14 –19 � l � 18

Data/restraints/parameters 6955/0/333 5941/0/413 5697/0/396
Goodness-of-fit on F2 0.865 1.020 0.850
Final R indices [I � 2σ(I)] R1

[a] = 0.0480 R1
[a] = 0.0404 R1

[a] = 0.0424
wR2

[b] = 0.1098 wR2
[b] = 0.1032 R2

[b] = 0.1062
R indices (all data) R1

[a] = 0.1159 R1
[a] = 0.0642 R1

[a] = 0.0776
wR2

[b] = 0.1258 wR2
[b] = 0.1157 wR2

[b] = 0.1207
Largest diff. peak/hole [e·Å–3] 0.344, –0.246 0.251, –0.285 0.850, –0.301

[a] R1 = ∑||Fo| – |Fc|| / ∑|Fo|. [b] wR2 = {∑[w(Fo
2 – Fc

2)2] / ∑[w(Fo
2)2]}1/2.
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uble materials were removed by filtration through Celite. The yel-
low filtrate was concentrated to about 20 mL and kept at –20 °C
overnight to let the product crystallize. The product was obtained
as yellow crystals (0.16 g, 71%). C26H29AlCl2N2 (467.41): calcd. C
66.81, H 6.25, N 5.99; found: C 66.92, H 6.11, N 5.90. 1H NMR
(300 MHz, C6D6, 293 K): δ = 0.89 [d, J = 6.6 Hz, 6 H, CH(CH3)2],
1.38 [d, J = 6.6 Hz, 6 H, CH(CH3)2], 2.03 (s, 3 H, CH3), 3.48 [sept,
J = 6.6 Hz, 2 H, CH(CH3)2], 6.31 (t, J = 6.9 Hz, 1 H, Ph-H), 6.62
(d, J = 8.8 Hz, 1 H, Ph-H), 6.72 (d, J = 8.1 Hz, 1 H, Ph-H), 6.81
(t, J = 6.6 Hz, 1 H, Ph-H), 6.94 (d, J = 8.4 Hz, 2 H, Ph-H), 7.07–
7.13 (m, 2 H, Ph-H), 7.33 (d, J = 6.5 Hz, 2 H, Ph-H), 7.94 (s, 1 H,
CH=NAr) ppm. 13C{1H} NMR (300 MHz, C6D6, 293 K): δ = 20.8
(CH3), 22.8 [CH(CH3)2], 26.0 [CH(CH3)2], 28.9 [CH(CH3)2], 114.7,
116.7, 117.6, 124.7, 128.5, 129.2, 131.0, 136.4, 137.0, 138.1, 140.1,
140.7, 143.8, 158.0 (Ph), 173.6 (CH=NAr) ppm.

X-ray Structure Determinations of 2a, 2b, and 2d: Single crystals of
2a, 2b, and 2d suitable for X-ray structural analysis were obtained
from n-hexane. Diffraction data were collected at 293 K with a Ri-
gaku R-AXIS RAPID IP diffractometer equipped with graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) for 2a, 2b, and
2d. Details of the crystal data, data collections, and structure re-
finements are summarized in Table 3. The structures were solved
by direct methods[20] and refined by full-matrix least-squares on
F2. All non-hydrogen atoms were refined anisotropically and the
hydrogen atoms were included in idealized positions. All calcula-
tions were performed using the SHELXTL[21] crystallographic soft-
ware packages.

CCDC-279167 (for 2a), -279168 (for 2b), and -279169 (for 2d) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Starting from the colored oxynitride LaTiO2N, new perovsk-
ite-type solid solutions have been evidenced in the systems
La1–xAxTiO2+xN1–x (A = Sr, Ba) by ammonolysis at 950 °C of
the corresponding oxide precursors prepared by the molten
salt route. The color of the resulting powders varies progress-
ively from the brown of LaTiO2N to the white of the oxide
with a decrease in both the nitrogen and lanthanum contents.
The optical absorption was characterized by diffuse reflec-
tance. The nonlinear variation of the optical bandgap may
result from the competition between the variation of the in-
ductive effect between lanthanum and strontium, structural

Introduction

The progressive insertion of nitrogen, a less electronega-
tive element compared with oxygen, within an oxide net-
work involves an increase in the covalency of the bonding.
A lower optical gap value, Eg, and consequently a modifi-
cation of the absorption properties of the compound results
from this substitution. Whereas many oxides are white, the
corresponding oxynitrides are often colored. For example,
considering the following cross-substitution: Mn+ + O2– =
M(n+1)+ + N3–, ZrO2 (baddeleyite) and BaTiO3 (perovskite)
give rise to the isostructural colored oxynitrides TaON (yel-
low, Eg = 2.5 eV) and BaTaO2N (red brown, Eg = 2.0 eV),
respectively. Over the last few years, nitride-type materials
have largely been studied for their optical potential as non-
toxic colored pigments (see below), as novel inorganic UV
absorbers,[1] or as visible light-driven photocatalysts.[2–5]

The first colored oxynitride perovskites were obtained by
substituting titanium in BaTiO3 by a +5 oxidation-state ele-
ment, such as tantalum or niobium. Numerous novel oxyni-
tride phases were and are still obtained by applying this
substitution principle at both the 12- and 6-fold-coordi-
nated cationic sites. This is a key principle at the origin of
a rich chemistry. ATaO2N (A = Ca, Sr, Ba) and ANbO2N
(A = Sr, Ba) manifest dielectric properties.[6,7] BaTaO2N
and BaNbO2N crystallize in a cubic unit cell and SrTaO2N

[a] UMR CNRS 6512 “Verres et Céramiques”, Institut de Chimie
de Rennes, Université de Rennes 1,
35042 Rennes cedex, France
Fax: +33-2-23235683
Franck.Tessier@univ-rennes1.fr
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changes, and the difference in electronegativity between ni-
trogen and oxygen. For the compounds with a low nitrogen
content the observed green shade is attributed to the pres-
ence of a nitrogen-rich secondary phase: TiOxNy in which
titanium presents a mixed-valence state. Taking advantage
of a chimie douce process, the amorphous citrate route, the
highest oxidation state of titanium was stabilized until x = 0.9
in the La0.1Sr0.9Ti(O,N)3 phase giving the powder a bright
yellow color (Eg = 2.49 eV).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

in a tetragonal one.[8–10] The substitution of barium by a
lanthanide element results in the oxynitrides RTiO2N (R
= La, Nd),[11] where the +4 oxidation state of titanium is
stabilized by the inductive effect of the rare earth element
on the Ti-(O,N) bond.[12,13] This well-known effect is based
on the capacity of an electropositive element (alkaline earth
or rare earth) to share some electrons with the closest tran-
sition metal–nitrogen (oxygen) bond to enhance its covalent
character, and thus to stabilize it. NdTiO2N is an ortho-
rhombic GdFeO3-type perovskite, while LaTiO2N crys-
tallizes in a unit cell with triclinic symmetry.[14] The simulta-
neous substitution of both barium and titanium enables ac-
cess to the white phase LaZrO2N, which also presents a
deformed GdFeO3-type perovskite structure,[14] or to the
oxynitride family RTaON2 (R = La � Dy) and
LaNbON2.[11]

On the basis of one of the specific features of nitrogen,
i.e. χN � χO, we were very interested in working with oxyni-
tride solid-solution domains as a suitable means to tune
the optical properties by the progressive modification of the
composition. Jansen et al. have shown the possibility of ad-
justing the color of oxynitride pigments in the perovskite-
type system Ca1–xLaxTaO2–xN1+x.[15,16] The hue varies from
yellow (CaTaO2N) to brown (LaTaON2) through orange
and red intermediate colors as a result of the nitrogen con-
tent. Grins et al. obtained similar results in the system
AZr1–xTaxO3–xNx with powders evolving from the white of
AZrO3 to the yellow, red, or brown of ATaO2N, where A
corresponds to Ca, Sr, and Ba, respectively.[17] Recently,
Diot has evidenced solid-solution domains in the perovskite
systems A(A,Ta)(O,N,�)3 (A = Ca, Sr, Ba) and
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Sr(Sr,Nb)(O,N,�)3 giving rise to a range of colored pig-
ments from pale yellow to orange brown.[18] Her research
has also shown the interest in using defect fluorite rare
earth tungstates R6WO12�2 and R14W4O33�3 (R = rare
earth) to isolate oxynitride powders R6W(O,N,�)14 and
R14W4(O,N,�)36, the color of which changes progressively
from the white of the oxides to bright yellow with increas-
ing nitrogen substitution. While with large rare earth ele-
ments the ammonolysis reaction of RTaO4 tantalates pro-
vides either perovskite phases RTaON2

[11] or pyrochlore
phases R2Ta2O5N2,[19] Maillard et al. identified defect fluo-
rite solid solutions RTa(O,N,�)4 with small rare earths
(rR3+ � rGd3+).[20] Colored oxynitride solid-solution do-
mains have also been obtained in other structure types; for
example, orange Ta3–xZrxN5–xOx (0 � x � 0.60) iso-
structural with Ta3N5 and pale yellow Ta1–xZrxN1–xO1+x

(0 � x � 0.28) isostructural with TaON.[21]

This study was motivated, in part, by the preparation of
light-colored oxynitride powders, for which an absorption
edge located at exactly 400 nm will allow the absorption of
all UV radiations. Our objective was to evidence a solid-
solution domain La1–xAxTiO2+xN1–x between the colored
oxynitride LaTiO2N (brown, gap = 2.0 eV[22]) and the tita-
nate ATiO3 (A = Sr, Ba; gap � 3.1 eV) absorbing in the
UV range.[1] LaTiO2N crystallizes in a distorted perovskite-
type structure (Figure 1), as determined by neutron diffrac-
tion refinement, with a triclinic unit cell (I1̄, a = 5.6097 Å,
b = 7.8719 Å, c = 5.5772 Å, α = 90.199°, β = 90.154°, γ
= 89.988°).[14] The structure reveals two distinct Ti(O,N)6

octahedra and no nitrogen/oxygen ordering in the anionic
network.

Figure 1. Crystal structure of the oxynitride perovskite LaTiO2N.

Results and Discussion

Firstly, we have considered the preparation of oxide pre-
cursors by molten salt synthesis. When x = 0, La2Ti2O7

(layered-perovskite structure) is clearly identified by X-ray

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1223–12301224

diffraction. In the case of substituted compositions La1–x-
AxTiOy, oxide precursors correspond generally to a mixture
of ternary phases LaaAbTicOd with variable composition.
However, for x values close to 1, single-phase powders pres-
ent a perovskite structure close to that of the corresponding
ATiO3 titanate. Interestingly, the reaction of these precur-
sors under ammonia leads systematically to the formation
of single-phase perovskite-type oxynitrides, even in the case
of a mixture of multinary oxides (x � 1). Figure 2 clearly
illustrates this observation with the example of the compo-
sition x = 0.5.

Table 1 details the experimental parameters of the am-
monolysis experiments that were performed. All the compo-
sitions have a perovskite-structure type for which the posi-
tion of the diffraction peaks continuously shifts from
LaTiO2N to (Ba/Sr)TiO3, as observed, for example, in the
case of strontium (Figure 3). Although the structure of
LaTiO2N was refined in a triclinic unit cell using neutron
diffraction, the diffraction lines of the corresponding X-ray
diffraction pattern can be indexed in a cubic perovskite unit
cell [a = 3.939(2) Å]. The asymmetry of some peaks, pre-
viously reported,[11] indicates that the real unit cell is not
cubic. However, the distortion is quite weak relative to that
observed for NdTiO2N and is not strong enough to deter-
mine the unit cell unambiguously by this technique. Here,
it was not our purpose to refine all compositions of the
solid solution by neutron diffraction. Using the cubic unit
cell is an easy way to verify the linear evolution of the cell
parameter and to prove the formation of the solid solution.
Corresponding cubic unit-cell parameters have been plotted
vs. x in Figure 4. The trend follows a linear relation, in both
cases, in agreement with Vegard’s law. The opposite varia-
tion of the parameters, towards higher and lower values for
Ba- and Sr-substitution, respectively, is explained if we
compare the size of the cations in the 12-fold coordination
(from Shannon:[23] La, 1.36 Å; Ba, 1.61 Å; Sr, 1.44 Å).
There is a larger difference between La and Ba than there
is for La and Sr, which should be balanced by the substitu-
tion of nitrogen by oxygen with increasing x values. The
resulting effect of such a competition within the lattices
leads to the observed trend.

The brown color of the Ba-containing oxynitrides
slightly lightens when increasing the alkaline earth metal
amount from x = 0.3 to 0.5. But the composition with x =
0.75 presents a dark green shade that we attribute to a par-
tial reduction of titanium. A decrease in the reaction tem-
perature to 900 °C does not modify the green aspect of the
color. In the case of Sr-containing oxynitrides, we observe
a different color range strongly related to the substitution
of a smaller cation (Table 1). A study performed by Eng et
al.[24] in the perovskite system ATiO3 (A = Sr, Ca) attributes
the formation of a narrow conduction band leading to a
higher value of the bandgap (+0.2 eV) mainly to the distor-
tion of the linear M–O–M bonds from Sr (180°) to Ca
(156°). This effect becomes more detectable with Ta than
with Ti compounds because of the formation of larger con-
duction bands. This study just focuses on the effect of the
tilting of the octahedra and does not take into account
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Figure 2. XRD powder pattern of the La0.5Ba0.5TiO2.48N0.52 oxynitride after ammonolysis of the corresponding oxide precursor.

Table 1. Experimental parameters for La1–xAxTi(O,N)3 (A = Sr, Ba) oxynitrides.

Cationic composition Nitridation parameters Cubic unit-cell parameter[a] [Å] Powder color

LaTi 950 °C/NH3/15 h 3.939(2) brown

La0.90Ba0.10Ti 950 °C/NH3/15 h 3.945(2) brown
La0.70Ba0.30Ti 950 °C/NH3/15 h 3.970(3) brown
La0.50Ba0.50Ti 950 °C/NH3/15 h 3.971(2) pale brown
La0.25Ba0.75Ti 900 °C/NH3/15 h – khaki
La0.25Ba0.75Ti 950 °C/NH3/15 h 3.982(1) dark green

La0.75Sr0.25Ti 950 °C/NH3/15 h 3.928(2) red
La0.50Sr0.50Ti 950 °C/NH3/15 h 3.9187(4) orange
La0.25Sr0.75Ti 950 °C/NH3/15 h 3.917(1) ocher
La0.10Sr0.90Ti 850 °C/NH3/15 h – green
La0.10Sr0.90Ti 950 °C/NH3/15 h 3.9130(3) apple green

[a] Refined values (using Dicvol04[36]).

Figure 3. XRD patterns of the La1–xSrxTi(O,N)3 compositions (prepared at 950 °C) between the end terms of the solid solution.

either inductive effects or octahedral distortions. While
changing the alkaline earth metal, similar color and also
bandgap modifications have been observed in many phases,
for example, in the perovskite-type oxynitrides, CaTaO2N
(yellow), SrTaO2N (orange red), and BaTaO2N (red
brown).[7,8,10,25–27] In this series, the atomic ratio O/N is
constant and the modifications in the optical properties can
only be explained by any changes in the structure and/or in
the inductive effect relative to the choice of the alkaline
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earth metal. The characteristics of these phases are the fol-
lowing: BaTaO2N [cubic, bandgap = 1.8 eV; Ta–(O,N)–Ta
= 180°], SrTaO2N [tetragonal, bandgap = 2.1 eV; Ta–
(O,N)–Ta = 180° and 173.8°], CaTaO2N [orthorhombic,
bandgap = 2.4 eV; Ta–(O,N)–Ta = 153.9°]. The linear evo-
lution of the bandgap from BaTaO2N to CaTaO2N does
not parallel a linear change in the Ta–(O/N)–Ta angles. As
BaTaO2N and SrTaO2N display similar bond angles we ex-
pect similar bandgaps for both of them, which is not the
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Figure 4. Variation of the unit-cell parameter in the La1–xBa(Sr)xTi(O,N)3 solid solutions.

case. Thus, the evolution of the bandgap value, and also the
color, cannot only be the consequence of the deviation from
linearity of the M–O–M bonds. The color change is due
to several parameters including structure changes and the
influence of the weaker inductive effect of strontium com-
pared to that of barium, leading to a less covalent com-
pound.

According to ref.,[24] the bandgap variation between
SrTiO3 (180°) and CaTiO3 (156°) reaches 0.2 eV. However,
the bond angles of LaTiO2N (160–167°) are closer to 180°
than those of CaTiO3, so we can expect a lower influence
on the bandgap and a more diluted one for each of the
intermediate compositions in the solid solution La–Sr–Ti–
O–N. Between the two end members, LaTiO2N and SrTiO3,
the only visible effect in the bandgap position comes from
the N/O substitution. The main consequence is an impor-
tant red shift of the absorption edge. Thus, compared to the
Ba-based system, for the same value of x, the absorption
of the Sr-containing compositions is shifted towards lower
wavelengths resulting in red and orange powders for x =
0.25 and x = 0.50, respectively, instead of the brown pow-
ders observed for the Ba-containing compositions. In the
present system, the color of the powders varies progressively
from the brown of LaTiO2N to the white of the oxide
SrTiO3 with the decrease in the nitrogen content. However,
the x = 0.9 composition is also characterized by a bright
green shade close to apple-green. This greenish color of the
powder may be a consequence of the combination of a yel-
low hue and a black component. It is effectively known that
a black-unsaturated yellow appears green, then khaki, and
finally black.

We ascribe the black shade to the presence of a mixed-
valent-state for titanium (TiIII/TiIV). The origin of this phe-
nomenon may be clarified according to two hypotheses.
First, the reduction of titanium may occur directly in the
oxynitride product. It is then necessary to take account of
a decrease in the formal cationic charge and consequently
of a smaller nitrogen content in the structure, as illustrated
by the following formulations with x = 0.9:
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(La1–xSrx)TiIVO2+xN1–x � (La1–xSrx)(TiIV
1–yTiIII

y)O2+(x+y)N1–(x+y)

(La0.1Sr0.9)TiIVO2.9N0.1 � (La0.1Sr0.9)(TiIV
1–yTiIII

y)O2.9+yN0.1–y

Secondly, some reduced titanium may be present in a sec-
ondary black phase, TiOxNy. The powder then contains a
mixture of a nitrogen-rich titanium oxynitride phase and a
yellow La0.1Sr0.9Ti(O,N)3 oxynitride. However, no second-
ary phase was detected by XRD analyses (Figure 3). From
experience, it is well known that a very small amount of
impurity, even indiscernible by XRD, may be sufficient to
alter completely the color of the product and to overesti-
mate nitrogen titration results. In order to avoid any re-
duction of titanium, ammonolysis experiments were carried
out at lower temperatures (until 850 °C), but this did not
allow for the stabilization of the higher oxidation state of
titanium since a green shade was still observed. Grins et al.
have reported similar color changes within the oxynitride
solid solutions AZrxTa1–xO2+xN1–x (A = Ca–Ba) without
describing the hue progression.[16]

Nitrogen determination of the samples leads to the for-
mulations listed in Table 2. Experimental contents are
slightly higher than the calculated values (�2%). In the
case of the most greenish composition (A = Ba and x =
0.75), the observed deviation (�4%) is more important and
seems to validate the hypothesis of a nitrogen-rich second-
ary phase. In the strontium-based oxynitride series, the
black component in the apple-green shade is not very
marked and suggests an extremely low amount of titanium
oxynitride TiOxNy, which does not considerably affect the
measured nitrogen amount.

The optical characterization of La1–xSrxTi(O,N)3 oxyni-
trides by diffuse reflectance highlights several significant
points (Figure 5). The plot of the corresponding spectra be-
tween the two end members of the solid solution confirms
the shift of the absorption edge towards higher wavelengths
with increasing nitrogen content. However, this shift is not
progressive. Between the oxide SrTiO3 and the oxynitride
La0.1Sr0.9Ti(O,N)3 the absorption edge moves from 375 to
500 nm – a shift of 125 nm – whereas it stays between 525
and 590 nm for the lanthanum-rich compositions. In an at-
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Table 2. Nitrogen contents and corresponding oxynitride formulations.

Cationic composition N wt.-%calcd. N wt.-%exp. Experimental formulation

LaTi 6.02 6.17 LaTiO1.96N1.02

La0.90Ba0.10Ti 5.41 5.55 La0.90Ba0.10TiO2.07N0.92

La0.70Ba0.30Ti 4.21 4.43 La0.70Ba0.30TiO2.27N0.73

La0.50Ba0.50Ti 3.01 3.14 La0.50Ba0.50TiO2.48N0.52

La0.25Ba0.75Ti 1.50 2.05 La0.25Ba0.75TiO2.62N0.34

La0.75Sr0.25Ti 4.77 4.91 La0.75Sr0.25TiO2.22N0.77

La0.50Sr0.50Ti 3.36 3.52 La0.50Sr0.50TiO2.47N0.52

La0.25Sr0.75Ti 1.79 2.06 La0.25Sr0.75TiO2.69N0.29

La0.10Sr0.90Ti 0.74 0.91 La0.10Sr0.90TiO2.88N0.12

tempt to explain this nonlinearity, and despite the difficulty
in calculating the band structure due to nitrogen/oxygen
disorder, it is realistic to involve the following effects. Basi-
cally, the element located in the 12-fold coordination site
does not directly influence the bandgap between the 2p(O)
and 3d(Ti) bands, but rather it engenders an inductive effect
on the Ti-(O,N) bond. Besides the effect of the large cation,
nitrogen/oxygen substitutions modify the position of the
valence band in a precise manner, so that the position of
the absorption edge moves towards higher wavelengths. As
nitrogen is less electronegative than oxygen, the energy level
difference between the oxygen and nitrogen 2p orbitals
[E2p(O) = –14.8 eV, E2p(N) = –13.4 eV (top of the valence
band[28])] can simply explain the decrease in the bandgap
between the valence and conduction bands. Also, as dis-
cussed above, by substituting La for Sr the decrease in the
bond angles from 180° causes a small increase in the
bandgap value that can act as a minor counter effect to the
red shift (coupled with inductive effect variation) to explain
parts of the nonlinearity of the bandgap values along the
solid solution. By comparison with the oxide SrTiO3, the
absorption edge profile appears less steep and the spectral
selectivity lower (Table 3), which is mainly a consequence
of a lower crystallization state. We have already observed
that the crystallization state of the powder influences the
steepness of the diffuse reflectance spectrum in oxide sys-
tems. Thus, the absorption edge becomes steeper with an
increasing crystallization state. This is probably linked to
the better homogeneity of the environments of titanium.
The average octahedron is TiO4+2xN2–2x, but because of the
O/N disorder we consent that a large variety of O/N envi-
ronments, with slightly different absorption properties,
should exist around the titanium atoms, leading to the
spreading of the absorption edge. Moreover, the level of
the reflection plateau dramatically decreases with increasing
nitrogen content. We have already observed, and not yet
explained, such a phenomenon in several systems.[29,30] In
the case of the composition x = 0.9 the absorption edge –
located at 500 nm – should correspond to a yellow color
although the powder appears “apple green”. This result
provides further confirmation of the presence of a black
component. Thus, the alteration of the expected color is
effectively due to the existence of partially reduced tita-
nium, which is no longer totally stabilized under the reduc-
ing ammonia synthesis conditions used.
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A more reactive oxide precursor was synthesized by the
amorphous citrate route in order to stabilize the +4 oxi-
dation state of titanium in the La0.1Sr0.9Ti(O,N)3 oxynitride
phase. This chimie douce process allows very fine and
chemically homogeneous powders to be obtained rapidly.
These powders are potentially able to manifest an enhanced
reactivity with ammonia at lower temperatures.[31,32] Exper-
imental data are listed in Table 4 for both the x = 0.9 and
1.0 compositions. A bright yellow powder is obtained after
ammonolysis of the x = 0.9 precursor at 950 °C. Reduction
phenomena did not occur with longer reaction times. The
corresponding diffuse reflectance spectra, shown in Fig-
ure 6, reveal an absorption domain at the same wavelengths
as that for the absorption of the greenish product obtained
from the molten salt precursor. Moreover, a slight gain is
noticed in the maximum value of the diffuse reflectance, in
possible relation with the disappearance of the black com-
ponent discussed previously. In addition, the ex-
perimental nitrogen content of this phase reaches 0.81 wt.-%,
in excellent agreement with the calculated content
(0.74 wt.-%), and corresponds to the following formulation
La0.10Sr0.90TiO2.89N0.11. All these results confirm the hy-
pothesis of the presence of a small amount of titanium oxy-
nitride as an impurity in the former results, since the use of
a more chemically homogeneous precursor solves the prob-
lem. Nevertheless, the green shade appears again for the
composition x = 0.05, and the powder becomes yellowish
green. In this case, a very small amount of dopant is present
and hence it is difficult to come to a conclusion on the
origin of the reduced titanium giving the green shade and
also on the nature of the “impurity” phase. Many possibil-
ities are of interest, such as the presence of a TiOxNy or
SrTi(O,N,�)3 secondary phase. When the reaction is car-
ried out under ammonia at 750 °C a pale green powder,
without any marked yellow hue, is produced. It seems that
under usual ammonolysis conditions the reduction of tita-
nium occurs before the maximum nitrogen content is ob-
tained.

To conclude, we have synthesized new oxynitride solid
solutions for the systems La1–xAxTiO2+xN1–x (A = Sr, Ba),
where it is possible to tune progressively the color of the
powders from brown (LaTiO2N), to red, orange, yellow,
and finally white (SrTiO3) with the variation of both nitro-
gen and lanthanum contents. The green shade observed in
the presence of low nitrogen contents is attributed to mixed-
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Figure 5. Diffuse reflectance spectra of La1–xSrxTi(O,N)3 compositions.

Table 3. Diffuse reflectance data of the oxynitride La1–xSrxTi(O,N)3

series obtained from precursors prepared by molten salt synthesis.

Composition λ±∆λ [nm] Eg [eV]

SrTiO3 376±14 3.31
La0.10Sr0.90Ti(O,N)3 497±63 2.49
La0.25Sr0.75Ti(O,N)3 533±60 2.27
La0.50Sr0.50Ti(O,N)3 574±38 2.07
La0.75Sr0.25Ti(O,N)3 590±33 2.02
LaTiO2N 574±30 1.96

Table 4. Experimental data of the synthesis of La0.1Sr0.9Ti(O,N)3 oxynitrides using the citrate route.

Cationic composition Experimental parameters Color λ±∆λ [nm]

SrTi 950 °C/air/15 h white 376±20

La0.10Sr0.90Ti 950 °C/NH3/15 h bright yellow –
La0.10Sr0.90Ti 950 °C/NH3/2×15 h bright yellow 496±57
La0.05Sr0.95Ti 750 °C/NH3/15 h pale green –
La0.05Sr0.95Ti 900 °C/NH3/2×15 h pale yellow/green 483±55
La0.05Sr0.95Ti 950 °C/NH3/15 h green –

Figure 6. Comparison of the diffuse reflectance spectra of La0.10Sr0.90TiO2.89N0.11 prepared by ammonolysis of the molten salt and citrate
precursors.
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valent titanium present in a black nitrogen-rich phase,
TiOxNy. An attenuation of this reduction phenomenon is
detected when using more chemically homogeneous and re-
active precursors prepared by the amorphous citrate route.
Such processes create suitable solutions to optimize the
properties of (oxy)nitride materials for optical applications
(colored pigments, visible-light photocatalysts). Avoiding
such parasitic colors is a major synthetic problem in the
preparation of light-colored materials for promising appli-
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cations such as novel UV absorbers. Nevertheless, the inter-
est in oxynitride solid-solution domains relies on the ability
to tune the absorption edge position towards 400 nm, which
is the limit between the UV and the visible ranges.

Experimental Section
Synthesis of Oxide Precursors: Lanthanum-modified titanates were
obtained using both a modified ceramic route and by taking advan-
tage of the amorphous citrate route, a chimie douce method, which
gives the oxide precursors an enhanced homogeneity and reactivity
towards ammonia.

Solid-State Route: La1–xAxTiO3.5–x/2 precursors (x = 0, 0.25, 0.5,
0.75, 0.9) were prepared by heating a stoichiometric mixture of
La2O3 (99.99%, Alfa Aesar), BaCO3 (99%, Acros), SrCO3 (99%,
Alfa Aesar), and TiO2 (Degussa, P25) in a molten salt medium.
The melt content, corresponding to the eutectic mixture 50 mol-%
NaCl and 50 mol-% KCl, was determined to form 50 wt.-% of the
total reactants weight.[33] The corresponding mixture was heated at
1000 °C for 15 h in a muffle furnace. The resulting products were
washed using distilled water and absolute ethyl alcohol, and then
dried at 150 °C.

Amorphous Citrate Route: Among numerous chimie douce type
processes that have been developed to prepare oxide powders in
order to improve their quality (purity, chemical homogeneity, etc.)
and their reactivity the process involving citric acid as a complexing
agent has been preferentially used. It is not, strictly speaking, a
classic sol-gel process in the usual sense in that the gel is not formed
by a metal–oxygen–metal network, but rather from calcination of
metal–organic complexes, thus producing ultra fine reactive pow-
ders with an excellent chemical homogeneity.[34] In order to charac-
terize any influence of the synthesis route, the x = 0.9 precursor
for A = Sr was also prepared using this route. Lanthanum oxide
(La2O3, 99.99%, Alfa Aesar), strontium carbonate (SrCO3, 99%,
Alfa Aesar), and titanium tetrabutoxide (C16H36O4Ti, 99%, Acros)
were used as starting materials and dissolved in a diluted nitric
acid solution. Citric acid (C6H8O7, Merck, � 99%) dissolved in a
minimum amount of water was added to the solution in the pro-
portion of one mole per cation valence, the addition being followed
by a 30 min stirring step at 120 °C. Since the complexation of cat-
ions by citric acid is improved at pH � 7, the acidic solution was
neutralized by an ammonia solution (25%, Merck),[35] then stirred
at 150 °C for 15 min to promote chelate formation. The liquid was
progressively heated to 250 °C, leading after 15 h to an expanded
black solid residue. This solid was finally ground and calcined at
600 °C in an alumina crucible until total elimination of carbon had
occurred.

Thermal Ammonolysis: Nitridation reactions were carried out in
alumina boats placed inside an electric furnace through which am-
monia gas flowed at 40–50 Lh–1. The temperature was raised to
950–1000 °C with a heating rate of 10 °Cmin–1. After a reaction
time of 15 h the furnace was switched off and the nitrided powders
were cooled to room temperature under a pure nitrogen atmo-
sphere.

X-ray Diffraction: XRD powder patterns were recorded using a
Philips PW3710 diffractometer operating with Cu-Kα radiation (λ
= 1.5418 Å). X�PERT software – Data Collector, Graphics, and
Identify – were used for recording, analysis, and phase matching of
the patterns, respectively. The lattice parameters were refined using
Dicvol04.[36]
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Elemental Analysis: Nitrogen and oxygen contents were determined
with a LECO TC-436 analyzer using the inert gas fusion method.
Nitrogen was detected as N2 by thermal conductivity and oxygen
as CO2 by infrared detection. The apparatus was calibrated using
N2 and CO2 gas (purity � 99.95%) as well as ε-TaN as a nitrogen
standard.[37]

UV/Vis Spectrophotometry: Diffuse reflectance spectra were col-
lected using a Varian Cary 100 Scan spectrometer equipped with
the Varian WinUV software and the integrating sphere Labsphere
(DRC-CA-30I). Prior to measurements, the absolute reflectance of
the samples was calibrated with a certified “spectralon” standard
(Labsphere Cie). Experimental data were collected within the 250–
800 nm range with a 1 nm step and 0.5 s integration time. The posi-
tion of the absorption edge was determined graphically at the in-
flection point of the curve and the value of the optical gap using
the theory of Kubelka–Munk.[38]
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Reactions between different copper(II) salts and 2-pyridine-
formamide thiosemicarbazone (HAm4DH) in neutral etha-
nolic media led to the formation of complexes with the for-
mulae [Cu(HAm4DH)X2] (X = Cl or Br) (1, 2) and [Cu-
(HAm4DH)2]X2 (X = NO3 or ClO4) (3, 4). The same reactions
carried out in the presence of triethylamine gave rise to new
complexes with the general formulae [Cu(Am4DH)X] (X =
Cl, Br, AcO, or NO3) (5–8), [Cu(H2O)(Am4DH)](ClO4) (9), and
[Cu(Am4DH)2] (10), many of which were isolated with dif-
ferent molecules of crystallization and contain a deproton-
ated thiosemicarbazone (Am4DH). These complexes were
characterized by elemental analysis, and different spectro-
scopic and magnetic techniques. The thermal and redox be-
havior of the complexes was also evaluated. Complexes 1, 2,

Introduction

In general, thiosemicarbazones are obtained by conden-
sation of the corresponding thiosemicarbazide with alde-
hydes or ketones.[1] However, an alternative method of syn-
thesis involves the use of nitriles as starting materials.[2] In
this case, the resulting thiosemicarbazones contain an ad-
ditional amino group (Scheme 1), which gives improved
water solubility. This in turn can improve the biological ac-
tivity of these compounds and their metal complexes.
Furthermore, this amino group is undoubtedly able to par-
ticipate in hydrogen bond formation, which can favor the
formation of supramolecular species.
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5, and 6 show better nuclease activity than [Cu(phen)2]2+. In
addition, crystals were isolated in the cases of [Cu(HAm4DH)-
Cl2]2 (5a), 1

�[Cu(Am4DH)Cl] (5b), 1
�[Cu(Am4DH)Br] (6a), and

[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) and these
structures were analyzed by X-ray diffraction. Compound 5a
has a dimeric structure with chlorine bridges and shows
weak antiferromagnetism (J = –12.2 cm–1). Complexes 5b
and 6a are one-dimensional polymers formed through halo-
gen bridges and the deprotonated thiosemicarbazone in the
thiolate form. In compound 9a the copper(II) is in a distorted
octahedral environment with two ClO4 units coordinated to
the metal center.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

Thiosemicarbazones in the solid state are in an approxi-
mately planar arrangement with a Z configuration around
the C=N bond and the terminal thioamide sulfur atom in
a trans disposition with respect to the azomethine nitrogen
(Ia in Scheme 1). The fact that this system undergoes
thione–thiol tautomerism makes the thiosemicarbazones
versatile ligands for a wide range of metal ions both in the
neutral and anionic forms (Scheme 1).

Thiosemicarbazones generally coordinate to metal cen-
ters through the sulfur and azomethine nitrogen atoms to
give a five-membered chelate ring with the metal. The re-
sulting complexes are usually mononuclear,[3] dinuclear,[4,5]
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or polynuclear in conjunction with an additional ligand
such as a halogen.

The ability of these ligands to be deprotonated in a suit-
able basic medium frequently leads to the formation not
only of neutral mononuclear species but also polynuclear
entities in which the thiosemicarbazone acts as a bridging
ligand − generally through the thiolate sulfur atom.[6–8]

Although complexes of a number of metals with 2-pyri-
dineformamide thiosemicarbazone (HAm4DH)[9–12] or its
4N-substituted derivatives[13–21] have been studied, the coor-
dination of these ligands with copper() has scarcely been
investigated hitherto.[16,22,23] To explore their versatility fur-
ther, in the work described here we prepared a number of
copper() complexes of HAm4DH and determined their
thermal, magnetic, and redox properties, the X-ray crystal
structures of the complexes [Cu(HAm4DH)Cl2]2 (5a),
1
�[Cu(Am4DH)Cl] (5b), 1

�[Cu(Am4DH)Br] (6a), and
[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a), and the in
vitro nuclease activities of a selection of these compounds.

Results and Discussion
The reactions between different copper() salts and

HAm4DH, in neutral or slightly basic ethanolic media,
gave a series of complexes with the general formulae [Cu-
(HAm4DH)X2] (X = Cl or Br) (1, 2), [Cu(HAm4DH)2]X2

(X = NO3 or ClO4) (3, 4), [Cu(Am4DH)X] (X = Cl, Br,
AcO, or NO3) (5–8), [Cu(H2O)(Am4DH)](ClO4) (9), and
[Cu(Am4DH)2] (10). These compounds generally have
melting points above 200 °C and are soluble in DMF and
DMSO, partially soluble in methanol, but insoluble in
other commonly used organic solvents. The mass spectra of
the complexes (FAB) in some cases show the molecular ion
peak, although the most significant peaks correspond to
the fragments [Cu(HAm4DH)2]+, [Cu(HAm4DH)X]+, and
[Cu(HAm4DH)]+, where X is the corresponding anion.
These fragmentation patterns involve the addition or loss
of a hydrogen atom from the fragments.

The molar conductivities of freshly prepared solutions of
the complexes in DMF are in the range Λm = 23–
63 S·cm2·mol–1, which indicates that the compounds are
neutral. However, [Cu(Am4DH)(H2O)](ClO4) is a 1:1
electrolyte (Λm = 96 S·cm2·mol–1). The molar conductivity
values for [Cu(HAm4DH)2](NO3)2·EtOH and [Cu-
(HAm4DH)2](ClO4)2 are 152 and 168 S·cm2·mol–1, respec-
tively, and these values correspond to 1:2 electrolytes.[24]

Single crystals of the complexes [Cu(HAm4DH)Cl2]2
(5a), 1

�[Cu(Am4DH)Cl] (5b), 1
�[Cu(Am4DH)Br] (6a), and

[Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) suitable for
X-ray diffraction were obtained by the slow evaporation of
[Cu(Am4DH)Cl]·0.5EtOH (5), [Cu(Am4DH)Br]·0.5EtOH
(6), or [Cu(Am4DH)(H2O)](ClO4) (9) solutions in 1:1 mix-
tures of MeOH/CCl4, MeOH/CH3CN, or MeOH/CCl4,
respectively, in air at room temperature.

Crystal Structure of [Cu(HAm4DH)Cl2]2 (5a)

It can be seen from Figure 1 that 5a is a centrosymmetric
binuclear species. Each copper() center is bonded to a neu-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1231–12441232

tral HAm4DH molecule through the thione sulfur, azome-
thine nitrogen, and pyridinic nitrogen atoms. Three chlorine
atoms are also bound to the metal − one terminal chlorine
and the other two as bridges between the metal centers.
This arrangement gives rise to an octahedral environment
in such a way that the dimer is formed by two octahedra
that share an edge consisting of the dimeric skeleton Cu(µ-
Cl)2Cu. The most significant bond lengths and angles are
shown in Table 1.

Figure 1. Perspective view of 5a (symmetry code i: –x + 2, –y,
–z + 1).

The formation of dimers is not unusual in copper()
complexes of thiosemicarbazones.[4,25] However, the ma-
jority of such compounds have the formula [Cu(L)Cl]2,
where the bridging atom is either the sulfur or the chlorine
atom, which gives rise to a coordination number of five
around the metal center. In the case where L is 2-pyridine-
carboxaldehyde thiosemicarbazone it was possible to obtain
both structures,[4] each with a pyramidal geometry; that is,
the copper() centers are joined either by two thiolate brid-
ges from the thiosemicarbazone or by two chloro bridges.
In contrast, compound 5a has a coordination mode and
geometry that is completely different, where the Cu(µ-Cl)2-
Cu skeleton has the two copper centers joined through two
chloro bridges that have markedly different bond lengths:
2.219(1) Å (Cu1–Cl2i, i: –x + 2, –y, –z + 1) and 3.139(1) Å
(Cu1–Cl2). This gives rise to a rhomboidal geometry, with
Cu–Cu and Cl–Cl distances of 3.837(1) and 3.850(2) Å,
respectively, and Cl–Cu–Cl and Cu–Cl–Cu angles of
90.20(3) and 89.90(3)°, respectively. The existence of one
weak and one strong Cu–Cl interaction is a characteristic
feature in dimeric species with halogen bridges.[26,27] How-
ever, the second Cu–Cl distance in 5a is at the higher limit
of the sum of the van der Waals radii (3.15 Å), but is equal
to or less than the order of magnitude for these bonds
found in other copper() dimers with chloro bridges.[28] The
three coordination positions around the copper center are
occupied by the sulfur and two nitrogens of HAm4DH,
with values of 2.027(2) and 1.941(2) Å for the Cu–Npyri-
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Table 1. Selected bond lengths [Å] and angles [°] for compounds 5a, 5b, 6a, and 9a.

Compound 5a[a] 5b[b] 6a[c] 9a[d]

Cu1–N11 2.027(2) 2.034(6) 2.034(3) 2.020(3) 2.018(3)
Cu1–N12 1.941(2) 1.934(7) 1.938(3) 1.921(3) 1.919(3)
Cu1–S1 2.296(8) 2.265(2) 2.257(1) 2.278(1) 2.277(1)
Cu1–X1 3.132(1) 2.247(2) 2.375(1) 2.498(3) 2.483(3)
Cu1–X2 3.139(1) – – 2.744(3) 2.852(3)
Cu1–X3 2.219(1) 2.945(2) 2.957(1) 1.964(2) 1.966(2)
Cu1–Cu1i 3.837(1) 4.158(1) 4.249(1) 9.687(2) –

N11–Cu1–N12 79.44(8) 80.0(3) 80.25(12) 80.25(11) 80.21(12)
N11–Cu1–S1 164.14(6) 164.0(2) 164.13(9) 166.21(8) 166.04(9)
N12–Cu1–S1 84.75(7) 84.3(2) 84.08(8) 85.97(9) 85.84(9)
N11–Cu1–X1 84.20(6) 97.0(2) 97.95(9) 86.6510 86.71/11)
N11–Cu1–X2 90.49(6) – – 81.96(11) 77.70(11)
N11–Cu1–X3 99.43(6) 86.9(2) 87.50(9) 95.41(11) 95.64(11)
N12–Cu1–X1 83.66(6) 166.3(2) 166.01(9) 92.65(11) 94.22(11)
N12–Cu1–X2 90.49(6) – – 86.17(12) 91.60(11)
N12–Cu1–X3 178.58(7) 98.7(2) 99.03(9) 173.76(11) 173.85(11)
S1–Cu1–X1 95.48(3) 97.6(1) 96.65(3) 94.15(7) 95.08(7)
S1–Cu1–X2 97.47(3) – – 97.09(9) 102.14(8)
S1–Cu1–X3 96.39(3) 98.7(1) 97.48(4) 98.33(8) 98.20(8)
X1–Cu1–X2 165.23(2) – – 168.58(10) 162.18(10)
X1–Cu1–X3 95.38(3) 94.5(1) 94.73(2) 91.56(10) 90.04(10)
X2–Cu1–X3 90.20(3) – – 88.79(12) 83.04(10)

[a] Symmetry transformation used to generate equivalent atoms i: –x + 2, –y, –z + 1; X3 = Cl2i. [b] i: –x – 1/2, y – 1/2, z; X3 = Cl1i.
[c] i: –x + 1/2, y – 1/2, z; X3 = Br1i. [d] X1, X2, and X3 are O11, O21, and O1 for molecule 1, and O31, O41, and O2 for molecule 2,
respectively.

dine and Cu–Nazomethine, respectively, and 2.296(1) Å for
the Cu–S distance. On the other hand, the Cu–Cl1 terminal
distance is 3.132(1) Å, which is longer than those found in
similar compounds[29,30] and is also at the higher limit of
the sum of van der Waals radii (as is Cu–Cl2), a situation
that confers significant ionic character to this chlorine
atom.

On the basis of the information discussed above and on
the assumption that each Cu is hexacoordinate, the trans
angles N11–Cu1–S1, N12–Cu1–Cl2i, and Cl1–Cu1–Cl2
[164.1(1), 178.6(1), and 165.2(1)°, respectively] and the dis-
tances discussed above suggest that each metal center has
an octahedral coordination geometry with a growing tetrag-
onal distortion of the 4+2 type, and a CuCl3N2S chromo-
phore in which the equatorial plane defined by the atoms

Table 2. Best least-squares planes for 5a, 5b, 6a, and 9a.[a]

Compound Plane Rms deviation [Å] Largest deviation [Å] Angle with previous plane [°]

5a N11/N12/S1/Cl2i 0.0192 N12, 0.023(1)
C16/N12/N13/C17/S1/N14 0.0183 N12, 0.036(2) 1.8(1)
N11/C11/C12/C13/C14/C15 0.0050 C15, 0.007(2) 6.0(2)

5b N11/N12/S1/Cl1 0.0738 N12, 0.088(3)
C16/N12/N13/C17/S1/N14 0.0252 N13, 0.039(6) 10.1(2)
N11/C11/C12/C13/C14/C15 0.0075 C11, 0.013(6) 4.5(3)

6a N11/N12/S1/Br1 0.0855 N12, 0.104(2)
C16/N12/N13/C17/S1/N14 0.0125 C17, 0.016(2) 9.4(1)
N11/C11/C12/C13/C14/C15 0.0041 C13, 0.007(4) 3.3(2)

9a N11/C11/C12/C13/C14/C15 0.0045 C15, 0.007(2)
C16/N12/N13/C17/S1/N14 0.0227 N12, 0.041(2) 4.5(2)
N11/N12/S1/O1 0.0318 N12, 0.036(1) 2.4(1)
N21/N22/S2/O2 0.0267 N22, 0.001(1) 1.1(1)
C26/N22/N23/C27/S2/N24 0.0254 N23, 0.026(3) 2.6(11)
N21/C21/C22/C23/C24/C25 0.0034 C22, 0.005(3) 5.7(2)

[a] Symmetry transformation used to generate equivalent atoms, i: –x + 2, –y, –z + 1.
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S1, N12, N11, and Cl2i contains the copper() centers
(Table 2). This plane forms a dihedral angle of 1.8(1)° with
the average plane corresponding to the thiosemicarbazone
chain, which in turn forms an angle of 6.0° with the pyri-
dine ring. This situation confirms that the HAm4DH ligand
is almost planar in the coordination arrangement.

The bonding parameters for the thiosemicarbazone in
the complex are close to those in the free ligand − apart
from the N13–N12–C16 angle, which increases from
116.7(2)° to 120.1(2)° as a consequence of the involvement
of N12 in coordination with the copper center.

In the crystal packing the dimeric units interact with one
another through Cl1, which participates in hydrogen bond-
ing to form chains along the [100] direction, as shown in
Figure 2. Each dimeric unit is bonded to its neighbor
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Figure 2. View of the chain structure in the crystal lattice of complex 5a. The Cl1 atoms are responsible for linking each dimer unit to
another through hydrogen bonding along the [100] direction.

through a N13–H13···Cl1i bond (Table 3). The same atom
acts as a hydrogen-bond acceptor with the NH2 groups of
the thiosemicarbazones from contiguous chains acting as
donors. These interactions give rise to parallel layers along
the bc plane that stack in the [100] direction.

Table 3. Hydrogen bonding interactions for 5a, 5b, 6a, and 9a.

Compound D–H···A d(D–H) d(H···A) d(D···A) �(DHA)

5a[a] N13–H13···Cl11 0.89 2.19 3.078(2) 174.7
N14–H14A···Cl11 0.89 2.88 3.603(3) 139.6
N14–H14B···Cl12 0.95 2.86 3.328(2) 111.9
N14–H14B···Cl23 0.95 2.95 3.670(3) 133.3
N15–H15A···Cl11 0.87 2.52 3.377(2) 173.3
N15–H15B···Cl14 0.83 2.48 3.274(2) 161.6

5b[b] N14–H14A···N131 0.96 2.15 3.090(10) 165.9
N14–H14B···S12 0.97 2.55 3.510(7) 167.6
N15–H15B···Cl13 0.86 2.63 3.44(7) 159.2

6a[c] N14–H14A···S11 0.81 2.69 3.503(4) 173.7
N14–H14B···N132 0.85 2.22 3.074(5) 174.8
N15–H15B···Br13 0.84 2.68 3.468(3) 157.0

9a[d] O1–H1B···O331 0.77 2.11 2.862(4) 168.3
O1–H1B···O13 0.77 2.62 3.077(4) 119.4
N13–H13A···O5 0.97 1.76 2.723(5) 168.2
N14–H14A···O322 0.88 2.09 2.942(4) 162.7
N14–H14B···O343 0.90 2.20 3.011(4) 151.0
N15–H15A···O5 0.84 2.27 3.078(4) 163.4
N15–H15B···O3 0.90 2.04 2.894(4) 157.9
O2–H2A···O3 0.87 1.85 2.710(4) 173.4
O2–H2B···O131 0.78 2.12 2.864(4) 161.0
O2–H2B···O33 0.78 2.53 3.065(4) 126.8
N23–H23A···O64 0.92 1.83 2.744(4) 175.4
N24–H24A···O124 0.83 2.15 2.950(4) 164.2
N24–H24B···O143 0.91 2.18 3.028(4) 154.9
N25–H25A···O64 0.81 2.31 3.064(4) 155.0
N25–H25B···O45 0.87 2.08 2.907(4) 157.9
O5–H5A···O436 0.88 2.15 2.964(5) 154.1
O6–H6A···O141 0.95 2.19 3.038(4) 149.4
O3–H3A···O41 0.87 2.23 2.830(4) 126.2
O3–H3A···O426 0.87 2.39 3.072(4) 135.4
O3–H3B···O227 0.76 2.11 2.810(5) 153.9
O4–H4A···O211 0.90 2.30 2.958(5) 129.7
O4–H4A···O248 0.90 2.38 3.025(4) 128.0
O4–H4B···O439 0.80 2.11 2.786(4) 141.8

[a] Symmetry transformations used to generate equivalent atoms: 1: –x + 1, –y, –z + 1; 2: x, –y – 1/2, z + 1/2; 3: –x + 2, y – 1/2, –z +
3/2; 4: x, –y + 1/2, z + 1/2. [b] 1: –x, y, –z + 1/2; 2: –x, –y, –z + 1; 3: –x – 1/2, –y – 1/2, z – 1/2. [c] 1: –x, –y + 1, –z + 1; 2: –x, y, –z +
1/2; 3: –x + 1/2, –y – 1/2, z – 1/2. [d] 1: –x + 1, –y + 1, –z + 1; 2: x, y, z + 1; 3: –x, –y + 1, –z + 1; 4: x – 1, y, z, 5: –x, –y + 1, –z; 6:
–x, –y, –z + 1; 7: –x + 1, –y, –z + 1; 8: x, y + 1, z + 1; 9: x, y + 1, z.
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Crystal Structure of 1
�[Cu(Am4DH)Cl] (5b) and

1
�[Cu(Am4DH)Br] (6a)

Compounds 5b and 6a are isotypic and their structures
are formed by chains along the a axis. Each copper() cen-
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ter is coordinated to a deprotonated thiosemicarbazone
through the thiolate sulfur atom and the azomethine and
pyridine nitrogen atoms, a situation that is common with
this type of ligand. The structure of the 1D coordination
polymers is formed by the asymmetric halogen bridges be-
tween the metal centers, which gives rise to pentacoordina-
tion around each copper() center (Figure 3). In both com-
plexes the Cu–S, Cu–Nazomethine, and Cu–Npyridine dis-
tances (Table 1) are very similar and the most marked dif-
ference (0.008 Å) is in the Cu–S bond of 5b. This in turn is
associated with the largest deviation (0.039 Å), which is not
particularly significant in comparison with that in 5a.

The Cu–Cl distances in 5b are 2.247(2) and 2.945(2) Å
and, although these are significantly different, they are
more similar to one another than those found in the dimer
5a (differences of 0.920 Å vs 0.694 Å). The shortest distance
is slightly longer than those found in other copper() com-
plexes with thiosemicarbazone ligands and chloro brid-
ges[25] and the longest distance is in the range found in other
systems with chloro bridges between copper centers (2.70–
3.19 Å).[31,32]

In 6a both Cu–Br bond lengths are also significantly dif-
ferent. However, in this case the difference is 0.582 Å, which
represents the smallest difference of the three complexes un-
der discussion. However, the bond lengths are shorter and
longer, respectively, than those found in [Cu(dmamhp)Br2]2
(dmamhp = 2-dimethylaminomethyl-3-hydroxypyridine), a
dimer that contains asymmetric bromo bridges with Cu–Br
distances of 2.439(2) and 2.805(2) Å.[33]

The τ values found in the two complexes[34] are 0.039 for
5b and 0.031 for 6a, and these are consistent with the cop-
per() atoms having a tetragonal pyramidal coordination
environment (τ = 0) with a distortion towards trigonal bipy-
ramidal (τ = 1). In this arrangement the basal plane is de-
fined by N11, N12, S1, and X1, all of which are coplanar
[maximum deviations of 0.088(3) and 0.104(2) Å in N12 for
5b and 6a, respectively], and the copper center is located
0.170(3) Å above this plane in 5b and 0.173(1) Å above it

Figure 3. Perspective view of the 1D-chain structure of 5b along the b axis.
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in 6a (Table 2). This basal plane forms angles of 10.1(2) and
9.4(1)° with the plane of the thiosemicarbazone chain,
which in turn forms angles of 4.5(3) and 3.3(2)°, respec-
tively, with the best least-squares plane of the pyridine ring.

The axial position is occupied by the neighboring halo-
gen atom that forms the bridge (symmetry code: –x – 1/2,
y – 1/2, z) and this gives rise to angles in the range 86.9(2)–
98.7(1) Å in 5b and 87.5(1)–99.0(1) Å in 6a (Table 1). The
chains develop along the [010] direction and in these chains
the Cu···Cu separations are 4.158(1) and 4.249(1) Å for 5b
and 6a, respectively. This level of separation is sufficiently
large that magnetic interactions can take place between the
metal centers.

In contrast to the situation in 5a, a number of significant
changes are apparent in 5b and 6a in terms of the bonding
parameters of HAm4DH when compared to the data for
the free ligand. These changes are due to deprotonation of
the ligand and mainly affect the bond lengths and angles
around C17. This situation gives rise to elongation of the
S1–C17 and N14–C17 bonds from average values of
1.698(2) and 1.316(3) Å to 1.741(6) and 1.363(6) Å, respec-
tively. On the other hand, the N13–C17 bond decreases in
length from 1.340(2) to 1.305(8) Å. Some bond angles also
experience significant changes on complexation and this is
due to the presence of the thiolate form of the ligand; S1–
C17–N14 and C17–N13–N12 are modified from average
values of 123.0(2) and 118.3(2)° in HAm4DH to 116.8(5)
and 111.3(5)°, respectively, while S1–C17–N13 changes
form 120.3(2) to 125.4(5)°. These changes are clearly a re-
sult of changes in the electronic delocalization in the thiose-
micarbazone chain on conversion to the thiol form of the
ligand and subsequent deprotonation in the basic medium.

A number of hydrogen bonds are formed in the crystal
packing arrangement. The most significant of these occur
between the amino donor groups and the imine nitrogen
atoms of neighboring chains, which act as acceptors
(Table 3). These interactions give rise to a three-dimen-
sional supramolecular network.
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Crystal Structure of [Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·
H2O (9a)

The asymmetric unit consists of two complex molecules
that are crystallographically independent (I and II), and are
separated by a Cu···Cu distance of 9.687(2) Å. In each
molecule the copper() center is hexacoordinate by a neu-
tral thiosemicarbazone molecule through the sulfur atoms
and the usual nitrogen atoms, an oxygen atom from a water
molecule, which occupies the equatorial positions, and two
oxygen atoms from the perchlorate ligands, which occupy
the axial positions. Figure 4 is a diagram of molecule I.

Figure 4. Representation of molecule I of 9a.

In the equatorial plane the metal–ligand distances in the
two molecules range from 1.919(3) Å for the Cu–Nazome-
thine distance in the second molecule to 2.278(1) Å for the
Cu–S distance in the first molecule (Table 1). The axial Cu–
O distances are different and this gives rise to a 4+1+1 dis-
tortion in the coordination polyhedron. One of the Cu–O
distances is around 2.5 Å and the other around 2.8 Å.
These distances are considerably longer than the equatorial
Cu–Owater distance, which has an average value of
1.965(2) Å, but are of the same order of magnitude as those
found in other copper() complexes with coordinated per-
chlorate groups.[5,26,35–37]

Another indication of the magnitude of the distortion is
given by the trans angles in the equatorial plane, which have
average values of 166.1(1)° for N11–Cu1–S1 and 173.8(1)
for N12–Cu1–O1. However, the clearest evidence of distor-
tion is provided by the trans angle between the axial posi-
tions, with values of 168.6(1)° in the first molecule and
162.2(1)° in the second. These bond angle values are com-
parable to those found in other copper() complexes with
coordinated perchlorate ligands but are larger than the
value of 155.9(2)° found in [Cu(HL)(H2O)(ClO4)2], where
HL is 2-formylpyridine thiosemicarbazone.[5] In both mole-
cules the equatorial plane containing each Cu atom is ap-
proximately coplanar with the corresponding thiosemicar-
bazone plane [dihedral angles are 2.4(1) and 2.6(1)°]
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(Table 2), which in turn form angles of 4.5(2) and 5.7(2)°
with the best least-squares plane of the pyridine ring.

Once again in this complex − as in the case of 5a − only
the N13–N12–C16 angle changes and this angle has values
of 120.7(3) and 120.2(3)° in the two molecules in the com-
plex.

Numerous hydrogen-bonding interactions occur in the
crystal packing arrangement (Table 3) and it is not only the
amine and imine groups of HAm4DH that take part but
also the water and ethanol molecules and the noncoordi-
nated oxygen atoms of the perchlorate ligands.

Spectral Studies

The IR spectra of the CuII complexes contain bands in
the range 3473–3158 cm–1 and these correspond to ν(NH)
and, in cases where the complex contains solvent molecules,
ν(OH). Bands are also observed between 1610 and
1568 cm–1 and these are due to ν(CN+CC).

The C=S vibration modes are seen for the ligand
HAm4DH at 853 cm–1 and this band is observed at lower
frequencies in the complexes, which shows that coordina-
tion of the thio donor to the copper center has taken place.
In the free ligand the band corresponding to ν(NN) is ob-
served at 999 cm–1, while in all of the complexes this band
appears at higher frequencies because of coordination of
the metal center through the sulfur and azomethine nitro-
gen atom.

The diffuse reflectance spectra of all of the complexes
show three broad bands in the visible region. The intense
band, which has the high energy, appears at 26350–
26724 cm–1 and has a shoulder on the highest energy side.
This band is due to ligand transitions: n � π* (main band)
and π � π* (shoulder). A second band is observed between
22624 and 24232 cm–1 and this has various components
that must correspond to metal–ligand charge-transfer
processes (MLCT), probably σ(S) � dx2 – y2 (CuII) or π �
dx2 – y2 (CuII). In contrast to other copper() complexes, in
this case there does not seem to be a clear correlation be-
tween the position of the maximum of this band and the
coordination geometry or the nature of the ligand coordi-
nated to the metal. The band that is observed in the lower
energy region of the spectrum has two components at
15244–16353 and 14245–15785 cm–1 and these correspond
to a d–d transition.[38]

The EPR spectra of polycrystalline samples, measured at
room temperature, are axial and isotropic. The spectra of
complexes 1 and 8 are practically identical and show an
axial nature (Figure 5, a) and very similar EPR parameters
for the two complexes, a situation that suggests the same
coordination polyhedron around copper(). Given that g�

� g�, the unpaired electron is located in a dx2 – y2 orbital
and this is characteristic of a distorted tetragonal structure.
Complex 7 gives rise to an axial spectrum that is slightly
rhombic, as can be seen in Figure 5 (b). The EPR param-
eters of this complex are practically identical to those of
the two complexes discussed above. The complexes are also
quasi-isotropic.
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Figure 5. ESR spectra of 1 (A) and 7 (B) at room temperature.

Magnetic Behavior

The magnetic moments of the complexes were measured
at room temperature (298 K) and the majority are in the
range 1.75–2.20 BM, which is characteristic of mononu-
clear copper() complexes. However, in compound 5a, [Cu-
(HAm4DH)Cl2]2, the value is 1.24 BM and this is lower than
the expected spin-only value, which clearly indicates antifer-
romagnetic coupling between the copper() ions. This be-
havior is very similar to that found in binuclear copper()
complexes containing chloro bridges. In order to determine
the extent of the magnetic interaction between the two me-
tal ions and to elucidate the difference in the singlet–triplet
energy values, the magnetic susceptibility was measured in
the temperature range 2–150 K. The variation in the mag-
netic susceptibility with temperature is shown in Figure 6.
It can be seen that the magnetic susceptibility increases to
a maximum at 15 K on cooling and then falls rapidly on
decreasing the temperature further. The experimental mag-
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netic susceptibility values (corrected for diamagnetism)
were adjusted using the Bleaney–Bowers equation[39] for a
coupled dinuclear copper() species:

χM = {(Ng2β2)/kT[3 + exp(–J/kT)]}–1(1 – ρ) + ρNg2β2/4kT + χTIP

which results from considering the same values of H =
–2JS1S2 and where the symbols have the accepted mean-
ings. A nonlinear least-squares adjustment program was
used to calculate –J and g and excellent agreement was ob-
tained when J = –12.2 cm–1, g = 2.17, χTIP = 124×10–6, ρ =
0.035, and R = 1.2×10–3. The coupling constant calculated
for the singlet–triplet exchange clearly shows that antiferro-
magnetic interactions exist between the copper() ions in
5a in the solid phase.

Figure 6. Temperature [K] dependence of the magnetic suscep-
tibility χM (cm3·mol–1) of 5a. The solid line represents the least-
squares fit equation and the parameters described in the text.

In contrast to copper() complexes containing hydroxy
bridges, which have equivalent Cu–O (bridge) distances, di-
mers with chloro bridges frequently have different Cu–Cl
(bridge) distances and the singlet–triplet splitting depends
on the length of the bridging bonds and the Cu–Cl–Cu an-
gle of the bridge.[40]

Correlation studies were carried out on the magnetic and
structural properties of a diverse range of dinuclear cop-
per() species − particularly compounds with two chloro
bridges between the metal centers and trigonal pyramidal
or square-pyramidal coordination geometries. Reasonable
consistency was found in that the singlet–triplet splitting
and, consequently, the isotropic interaction parameter (2J)
correlate reasonably well with the φ/r ratio between the
bridging angle Cu–Cl–Cu� (φ) and the longest Cu–Cl dis-
tance from the basal plane (r). The φ/r values between 32.5
and 34.75 °/Å correspond to ferromagnetic interaction
while values outside this range correspond to antiferromag-
netic behavior.[41] The φ/r value found for compound 5a is
28.6 °/Å and this is consistent with the correlation.

However, this situation contrasts with that found for
[(dpt)Cu(µ-Cl)2Cu(dpt)]Cl2 (dpt = dipropylenetriamine, φ/r
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= 35.9 °/Å), where each copper() ion is in a trigonal bipy-
ramidal environment and the compound shows ferromag-
netic coupling between the copper() ions (J = 42.9 cm–1)
and an interdimeric antiferromagnetic coupling (J� =
–3.92 cm–1).[42] Another similar example is [(depc)(Cl)Cu(µ-
Cl)2Cu(Cl)(depc)] (depc = diethyl pyridine-2,6-dicarboxyl-
ate, φ/r = 40.9 °/Å), in which each copper() ion is in a
distorted octahedral environment and coupling constants of
J = 39.9 cm–1 and J� = –0.59 cm–1 are found.[43]

Thermochemistry

The pyrolysis of the compounds subjected to thermo-
gravimetric analysis (1–3, 5–8, 10) occurred in four or five
stages, with overall evolution of H2O, CO2, CO, NH3, NO,
NO2, and SO2 in all cases except that of compound 7, for
which only three stages and the evolution of only H2O,
CO2, NO, NO2, and SO2 were detected (Table 4). In keep-
ing with their observed crystal structures, compounds 1 and
7 gave off no solvent molecules, and these compounds were
stable up to 226 °C and 174 °C, respectively. The remaining
compounds, which are all solvated, lost solvent molecules
even at room temperature, because of which the number of
solvent molecules included in the working empirical for-
mula of the starting material was calculated as that which
gave the best agreement with the experimental weight loss
during the first decomposition stage, assuming this stage to
involve only solvent loss; for example, for compounds 3 and
10 this procedure afforded the working empirical formulae
[Cu(HAm4DH)2](NO3)2·0.52EtOH and [Cu(Am4DH)2]·
1.27H2O, respectively. Note that the final residue of com-
pound 7, the only compound not to give off ammonia as
well as SO2 and nitrogen oxides, was Cu(NO3)2, and that
for all compounds except compound 7 the final residue ac-
counted for a greater percentage of the initial mass than
would correspond to its consisting entirely of CuO, the dif-
ference being quite substantial in some cases; this suggests
that in these cases, too, the residue may have contained
Cu(NO3)2, or perhaps a copper() oxy-nitrate, even though
only CuO was detected.

Cyclic Voltammetry Studies

The reduction peak potentials for CuII are shown in
Table 5 along with the corresponding reoxidation peaks for

Table 4. Data for the thermogravimetric analysis of CuII.

Stages % Total ∆T [°C] Gases evolved in stage 1 Gases evolved in other stages Final residue (% exp. –
% calcd.)

1 4 70.85 226–524 H2O, CO2, CO, NH3, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (29.15–24.13)
2 5 76.04 r.t.–737 H2O, CO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (23.96–17.65)
3 5 74.86 r.t.–511 H2O, CO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (33.65–25.11)
5 4 71.42 r.t.–512 H2O, CO2, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (28.58–25.15)
6 5 76.87 r.t.–773 H2O, CO2, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (23.13–22.05)
7 3 66.35 174–474 H2O, CO2, NO H2O, CO2, NO2, SO2 Cu(NO3)2 (27.57–29.21)
8 4 65.76 r.t.–526 H2O, CO2, CO, NH3, NO2 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (34.24–18.54)
10 5 73.86 r.t.–524 H2O, CO2, CO, NH3 H2O, CO2, CO, NH3, N2O, NO, NO2, SO2 CuO (26.14–15.18)
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CuI. It can be seen that the more negative the cathodic
peak, the more stable the complex (for a variation in poten-
tial of 0.02 V·s–1).

Table 5. Reduction peak potentials for CuII and the corresponding
peaks for the reoxidation of CuI.

V = 0.02 V·s–1 V = 0.2 V·s–1

Ec
[a] Ea

[a] Ec – Ec
[a] Ea

[a] Ec –
Ea

[a] Ea
[a]

1 –0.532 –0.379 –0.135 –0.597 –0.413 –0.184
2 –0.572 – – –0.662 –0.121 –0.541
3 –0.562 – – –0.655 –0.192 –0.463
4 –0.406 – – –0.452 – –
5 –0.564 –0.425 –0.139 –0.610 –0.345 –0.265
6 –0.501 –0.384 –0.117 –0.523 –0.307 –0.216
7 –0.493 –0.326 –0.167 –0.544 –0.292 –0.252
8 –0.432 – – –0.465 – –
9 –0.610 –0.054 –0.556 –0.685 0.052 –0.737
10 –0.663 –0.375 –0.288 –0.618 –0.224 –0.394

[a] V vs. SCE.

In all cases a well-defined cathodic peak was observed
and, based on the position of the peak on the potential
scale (–0.4 to –0.8 V vs SCE) and its absence in the reverse
measurements on the ligands, this can be attributed to the
reduction of copper() according to the equation:

Cu2+ + e–
p Cu+

In the majority of the complexes the corresponding an-
odic peak is also observed (Ea) (Figure 7), although in some
cases the appearance of the peak depends on the experi-
mental conditions (e.g. potential range and length of time
after preparation of the solution). The peak shapes and the
separation between the cathodic and anodic peaks (when
they are observed) demonstrate the irreversible nature of
the electrode process.

Voltammograms were also obtained over a larger poten-
tial range and these showed a cathodic peak at around –2 V
versus SCE, which is also present in the voltammograms
obtained for the ligand (Figure 8). This peak can be as-
signed to reduction of the ligand from the thione to the
thiol, as proposed by other authors for similar condi-
tions.[44] An anodic peak was also observed in the potential
range 0.5–0.6 V versus SCE (Figure 9) and the origin of this
peak is not clear because of its changeable behavior.

In complexes 3, 8, 9, and 10 the peak due to the re-
duction of copper() is split into two very close peaks that
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Figure 7. Cyclic voltammogram of complex 5 in 10–3  DMF (scan
rate 0.2 V·s–1).

Figure 8. Cyclic voltammogram (scan rate 0.2 V·s–1) of a 1 m
solution in DMF of HAm4DH.

Figure 9. Cyclic voltammogram (scan rate 0.2 V·s–1) of a 1 m
solution in DMF of 1.

practically overlap (Figure 10) − these peaks are due to the
presence of two chemically very similar species in solution.
In the case of complex 9 this splitting becomes more
marked as the length of time after preparation of the solu-
tion increases. This change indicates a progressive change
in the structure of the ligand. Complexes 1 and 7 also show
splitting of the cathodic peak because of the reduction of
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copper() (Figure 11) but, given the characteristic shape of
one of the peaks, this splitting can be attributed to the fact
that a proportion of the electrochemical reaction takes
place at the surface.

Figure 10. Cyclic voltammogram of complex 10 in 10–3  DMF
(scan rate 0.2 V·s–1).

Figure 11. Cyclic voltammogram of complex 1 in 10–3  DMF
(scan rate 0.2 V·s–1).

Similar splitting − albeit less marked − was observed in
the anodic peak associated with the reoxidation of cop-
per().

The Activity of Thiosemicarbazone/Copper Complexes as
DNA Nucleases

The electrophoresis studies carried out on complexes 1,
2, 5, and 6 (Figure 12) show that these materials have nucle-
ase activity because a significant proportion of the DNA,
which is initially supercoiled (lane 2), appears in a circular
form when incubated in the presence of 12 µ of complex
(lanes 5, 7, 9, and 11, respectively). It can also be seen that
the nuclease capacity of the four complexes under investiga-
tion is dependent on the concentration, as the digestion ob-
served on incubating the DNA with 24 µ of the complex
is higher than that produced with 12 µ for all four com-
plexes.
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Figure 12. Agarose gel electrophoresis of pUC18 plasmid DNA
treated with complexes 1, 2, 5 and 6 or CuSO4 in the presence of
50 equiv. H2O2/ascorbate tandem. Incubation time 1 h (37 °C).
Lane 1, λDNA/EcoR1 + HindIII Marker; lane 2, supercoiled DNA
(control); lane 3, Cu(SO4) 40 µ; lane 4, Cu(SO4) 80 µ; lane 5,
complex 2 12 µ; lane 6, complex 2 24 µ; lane 7, complex 6 12 µ;
lane 8, complex 6 24 µ; lane 9, complex 1 12 µ; lane 10, complex
1 24 µ; lane 11, complex 5 12 µ; lane 12, complex 5 24 µ. Incu-
bation time 1 h (37 °C).

It is known that copper has nuclease activity in its own
right and, for this reason, the digestion produced by CuSO4

under the same conditions was also determined. It can be
seen from Figure 12 that the presence of CuSO4 causes a
proportion of the DNA to change to the circular form upon
digestion (lanes 3 and 4). Complexes 1, 5, and 6 show prac-
tically identical nuclease activity to that shown by copper
under the same conditions (cf. lanes 3–4 with 7–8, 9–10 and
11–12). The activity of these complexes must therefore be
due to the presence of copper. In contrast, at a concentra-
tion of 24 µ complex 2 causes complete digestion of the
supercoiled plasmid to give the circular form and a small
quantity of the linear form. This complex clearly shows
higher activity than CuSO4 under the same experimental
conditions (lanes 4 and 6).

In an effort to determine the mode of action of the nucle-
ase process associated with complex 2, we assessed the in-
fluence of different agents that could potentially inhibit re-
active oxygen species (ROS). These compounds included
hydroxy radical scavengers (DMSO and tert-butyl alcohol),
singlet oxygen scavengers (sodium azide and 2,2,6,6-tet-
ramethyl-4-piperidone), and superoxide radical scavengers
(SOD). Finally, distamycin was tested as a species that
bonds to DNA in the minor groove. Comparison of lanes
4 and 5 (Figure 13), which represent assays with DMSO
and tert-butyl alcohol, respectively, with lane 3 (absence of
inhibitor) shows that these additives do inhibit the process.
This observation indicates the participation of the hydroxy
radical in the DNA digestion process. Sodium azide (lane
6) and 2,2,6,6-tetramethyl-4-piperidone (lane 7) also inhibit
the nuclease activity of the complex. This finding shows
that singlet oxygen − or a species that behaves in a similar
way − is also involved in the nuclease process. It is worth
highlighting that azide can form complexes with copper and
in this case the inhibition is markedly higher than that ob-
served with 2,2,6,6-tertramethyl-4-piperidone. The presence
of distamycin in the reaction mixture did not lead to
changes in the activation of the complex, as can be seen in
lane 8. This observation shows that the complex does not
interact with DNA through the minor groove. The SOD
enzyme, on the other hand, increased the nuclease activity
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and lane 9 shows total degradation of the plasmid. The dis-
mutation process of the superoxide ion probably gives rise
to a greater proportion of hydroxy radicals, which are pro-
duced by decomposition of hydrogen peroxide produced in
the dismutation process.

Figure 13. Agarose gel electrophoresis of pUC18 plasmid DNA
treated with 24 µ of complex 2 and different inhibitors in the
presence of H2O2/ascorbate (50 times more concentrated than the
complex). Incubation time 1 h (37 °C). Lane 1, λDNA/EcoR1 +
HindIII Marker; lane 2, supercoiled DNA (control); lane 3, com-
plex without inhibitor; lane 4, complex + 1  DMSO; lane 5, com-
plex + 1  tert-butyl alcohol; lane 6, complex + NaN3 (100 m);
lane 7, complex + 2,2,6,6-tetramethyl-4-piperidone (100 m); lane
8, complex + distamycin (8 µ); lane 9, complex + SOD (15 units).

These results imply that the OH· radicals take part in the
nucleic acid digestion process in the same way as singlet
oxygen (or a species with similar behavior). The following
mechanism can be proposed for the process:
1. reduction of CuII to CuI;
2. interaction of the CuI complex with DNA, possibly
through the major groove;
3. reaction between hydrogen peroxide or oxygen with the
CuI to form the reactive oxygen species;
4. reaction of the hydroxy radical and singlet oxygen with
DNA and destruction of the strands.

If the reactive species are not generated in the immediate
vicinity of the DNA they can diffuse and be neutralized.
For this reason the structures of the complexes and the na-
ture of the ligand govern the DNA recognition process and
determine the level of chemical damage.

The fact that the complex does not intercalate with the
minor groove of the double helix possibly means that the
reduction of CuII to CuI and the production of reactive oxy-
gen species capable of attacking the DNA do not take place
in the vicinity of the DNA. For this reason the digestion
process is not as effective as that in cases where the com-
plexes act by intercalation, for example, [Cu(phen)2]2+. This
could be the reason why complex 2 shows a higher nuclease
activity than the other compounds synthesized in this study.

Experimental Section
General: Elemental analyses were carried out with a Carlo–Erba
Model 1108 and Perkin–Elmer 240B microanalyzer. IR spectra
were recorded with a Bruker IFS-66 V spectrophotometer as KBr
disks (4000–400 cm–1) or polyethylene-sandwiched Nujol mulls
(500–100 cm–1). Mass spectra were obtained with a Hewlett Pack-
ard HP598A spectrometer. Electronic spectra were obtained with a
Shimadzu UV-3101PC spectrophotometer equipped with a reflec-
tance accessory. X-band EPR spectra of the complexes were ob-
tained in 3 mm Pyrex tubes with a Bruker EMX spectrometer using



Copper() Complexes of 2-Pyridineformamide Thiosemicarbazone (HAm4DH) FULL PAPER
a conventional Dewar insert at liquid nitrogen temperature and CrII

as the reference. Room temperature magnetic moments were deter-
mined on a DSM-8 magnetic susceptibility balance, and the instru-
ment was calibrated using nickel metal. Variable-temperature (5–
293 K) magnetic susceptibility measurements on a polycrystalline
sample of 5a were carried out with a Quantum Design SQUID
susceptometer using an applied magnetic field of 2000 G over the
whole temperature range. All data were corrected for diamagnetism
of the ligands as estimated from Pascal’s constants. The conductiv-
ity measurements were carried out with a CRISON digital conduc-
tivity bridge model MicroCM 2202 using freshly prepared 10–3 

solutions of the complexes in DMF. Thermogravimetric analysis
from 20 to 950 °C was performed in a Shimadzu TGA-DGT 50H
thermobalance using a constant 100 mL/min air flow. Evolved
gases were identified from between 21 and 24 IR spectra of the
gaseous products that were recorded at appropriate times during
the analysis using a coupled Nicolet Magma 550 FTIR spectropho-
tometer; in each spectrum, the characteristic bands of the various
gases were unequivocally identified by comparison with spectra in
the Sigma–Aldrich FTIR library. Cyclic voltammograms were ob-
tained on a 273 EG&G Princeton Applied Research electrochemi-
cal analyzer. The measurements were carried out at 50 mV·s–1 un-
der oxygen-free conditions using a three-electrode cell with a glassy
carbon electrode. Tetra(n-butyl)ammonium perchlorate (TBAP)
was used as the supporting electrolyte.

All chemicals and solvents were of analytical grade and were used
as received. The TBAP used as the supporting electrolyte in electro-
chemical measurements was purchased from Fluka and recrys-
tallized from hot methanol.

Caution! Perchlorates are potentially explosive and care should be
taken in handling these compounds.

Preparation of HAm4DH: The ligand, HAm4DH, 2-pyridineform-
amide thiosemicarbazone was prepared according to a literature
procedure.[2]

Synthesis of [Cu(HAm4DH)Cl2] (1): An ethanolic solution (20 mL)
of HAm4DH (0.25 g, 1.28 mmol) was added to a stirred solution
of CuCl2·2H2O (0.22 g, 1.28 mmol) in ethanol (20 mL). The mix-
ture was stirred for 7 days; the resulting suspension was filtered off
and the bluish-green solid was washed with ethanol and dried with
calcium chloride. Yield: 0.38 g (90%). C7H9Cl2CuN5S (329.70):
calcd. C 25.5, H 2.8, N 21.2, S 9.7; found C 25.6, H 2.8, N 21.0, S
9.5. Selected IR data: ν̃max = 3437–3165 (NH), 1639–1578 (C=N +
C=C), 1020 (NN), 793 (C=S), 463 (Cu–N), 349 (Cu–S), 319, 264
(Cu–Cl) cm–1. FAB+ MS [m/z, assignment]: 258 [Cu(HAm4DH)].
UV/Vis (λmax, nm): 26738, 24154, 15244, 14245. EPR (X-band, so-
lid sample): g� = 2.19, g� = 2.04, gav = 2.05, G = 4.75. µeff =
2.05 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 28.

Synthesis of [Cu(HAm4DH)Br2]·0.5EtOH·0.5H2O (2): A solution
of HAm4DH (0.20 g, 1.02 mmol) in ethanol (20 mL) was added to
a solution of CuBr2 (0.46 g, 2.05 mmol) in ethanol (20 mL). The
mixture was stirred for one week and the resulting dark brown solid
was filtered off, washed with ethanol, and dried under vacuum.
Yield: 0.92 g (99%). C8H13Br2CuN5OS (545.64): calcd. C 21.3, H
2.9, N 15.5, S 7.1; found C 22.2, H 2.3, N 15.0, S 6.5. Selected IR
data: ν̃max = 3408, 3324 (NH), 1562, 1515 (C=N, C=C), 1015 (NN),
789 (C=S), 464 (Cu–N2), 324 (Cu–S), 254 (Cu–Br) cm–1. FAB+ MS
[m/z, assignment]: 338, [Cu(Am4DH)Br]; 257, [Cu(Am4DH)]. UV/
Vis (λmax, nm): 26693, 24232, 15253, 14271 cm–1. EPR (X-band,
solid sample): giso = 2.04. µeff = 2.16 MB. Conductance (Λm/
S·cm2·mol–1) in DMF: 34.6.

Synthesis of [Cu(HAm4DH)2](NO3)2·EtOH (3): A solution of
Cu(NO3)2·3H2O (0.25 g, 1.02 mmol) and HAm4DH (0.40 g,
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2.05 mmol) in ethanol (20 mL) was stirred for one week. A dark
green precipitate formed and this was filtered off, washed with eth-
anol, and dried under vacuum. Yield: 0.25 g (40%).
C16H24CuN12O7S2 (624.11): calcd. C 30.8, H 3.9, N 26.9, S 10.3;
found C 31.5, H 3.5, N 26.2, S 11.8. Selected IR data : ν̃max =
3422–3171 (NH), 1599–1519 (C=N, C=C), 1384 (NO3), 1016 (NN),
840 (C=S), 467 (Cu–N2), 338 (Cu–S) cm–1. FAB+ MS [m/z, assign-
ment]: 453, [Cu(HAm4DH)2]; 322, [Cu(H3Am4DH)(NO3)]; 259,
[Cu(H2Am4DH)]. UV/Vis (λmax, nm): 26378, 22676, 21459, 16326,
15588. EPR (X-band, solid sample): giso = 2.08. µeff = 2.16 MB.
Conductance (Λm/S·cm2·mol–1) in DMF: 125.6.

Synthesis of [Cu(HAm4DH)2](ClO4)2 (4): A solution of HAm4DH
(0.25 g, 1.28 mmol) in ethanol (20 mL) was added to a solution
of Cu(ClO4)2·6H2O (0.47 g, 1.28 mmol) in ethanol (20 mL). The
mixture was stirred for 7 days and the resulting black solid was
filtered off, washed with ethanol and dried with calcium chloride.
Yield: 0.64 g (76%). C14H18Cl2CuN10O8S2 (652.93): calcd. C 23.5,
H 2.3, N 19.6, S 9.0; found C 23.9, H 2.4, N 19.3, S 9.0. Selected
IR data: ν̃max = 3421–3189 (NH), 1619–1518 (C=N, C=C), 1118,
936, 632 [ν3, ν1, ν4 (ClO4)], 1019 (NN), 847 (C=S), 488 (Cu–N2),
363 (Cu–S) cm–1. FAB+ MS [m/z, assignment]: 258, [Cu-
(HAm4DH)]. UV/Vis (λmax, nm): 26364, 22655, 15593, 14290. EPR
(X-band, solid sample): g� = 2.19, g� = 2.04, gav = 2.08, G = 4.75.
µeff = 1.97 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 152.4.

Synthesis of [Cu(Am4DH)Cl]·0.5EtOH (5): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of CuCl2·2H2O (0.18 g, 1.02 mmol) in ethanol (20 mL).
After a few drops of triethylamine (0.14 mL, 1.02 mmol) were
added, the mixture was stirred for 7 days, just to complete precipi-
tation of a dark green solid which was filtered off, washed with
ethanol, and dried. Yield: 0.30 g (92%). C8H11ClCuN5O0.5S
(316.27): calcd. C 30.4, H 3.5, N 22.1, S 10.1; found C 30.2, H 3.5,
N 21.7, S, 9.4. Selected IR data: ν̃max = 3473–3158 (NH), 1625–
1515 (C=N, C=C), 1020 (NN), 783 (C=S), 467 (Cu–N2), 350 (Cu–
S), 313 (Cu–Cl) cm–1. FAB+ MS [m/z, assignment]: 294, [Cu-
(H2Am4DH)Cl]; 259, [Cu(H2Am4DH)]. UV/Vis (λmax, nm): 26385,
22989, 16247, 15662 cm–1. EPR (X-band, solid sample): giso = 2.08.
µeff = 2.04 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 47.8.
Recrystallization from MeOH/CCl4 or EtOH/H2O gave green pris-
matic crystals of [Cu(HAm4DH)Cl2]2 (5a) and green needles of
1
�[Cu(Am4DH)Cl] (5b), respectively, that were suitable for X-ray
diffraction.

Synthesis of [Cu(Am4DH)Br]·0.5EtOH (6): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol (20 mL) was added to a
solution of CuBr2 (0.23 g, 1.02 mmol) in ethanol (20 mL). Triethyl-
amine (0.14 mL, 1.02 mmol) was added and the mixture was stirred
for one week. The resulting dark green solid was filtered off,
washed with ethanol, and dried under vacuum. Yield: 0.31 g (84%).
C8H11BrCuN5O0.5S (360.72): calcd. C 26.6, H 3.1, N 19.4, S 8.9;
found C 26.7, H 3.0, N 19.2, S 6.2. Selected IR data: ν̃max = 3521–
3159 (NH), 1613–1514 (C=N, C=C), 1017 (NN), 844 (C=S), 468
(Cu–N2), 329 (Cu–S), 255 (Cu–Br) cm–1. FAB+ MS [m/z, assign-
ment]: 338, [Cu(Am4DH)Br]; 257, [Cu(Am4DH)]. UV/Vis (λmax,
nm): 26350, 23068, 16247, 15698 cm–1. EPR (X-band, solid sam-
ple): giso = 2.07. µeff = 1.98 MB. Conductance (Λm/S·cm2·mol–1) in
DMF: 62.6. X-ray quality crystals of 1

�[Cu(Am4DH)Br] (6a) were
obtained as blue prisms by recrystallization from MeOH/acetoni-
trile.

Synthesis of [Cu(Am4DH)(OAc)] (7): A solution of HAm4DH
(0.20 g, 1.02 mmol) in ethanol (20 mL) was added to a solution
of Cu(CH3OO)2·H2O (0.20 g, 1.02 mmol) in ethanol (20 mL) and
triethylamine was added (0.14 mL, 1.02 mmol). The mixture was
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stirred for 7 days and the resulting green solid was filtered off,
washed with ethanol, and dried under vacuum. Yield: 0.26 g (80%).
C9H11CuN5O2S (316.83): calcd. C 34.1, H 3.5, N 22.1, S 10.1;
found C 34.4, H 3.5, N 21.8, S 10.0. Selected IR data: ν̃max = 3427–
3183 (NH), 1596, 1515 (C=N, C=C, CH3COO), 1407 (CH3COO),
1018 (NN), 846 (C=S), 442 (Cu–N2), 409 (Cu–O), 351 (Cu–S)
cm–1. FAB+ MS [m/z, assignment]: 257, [Cu(Am4DH)]. UV/Vis
(λmax, nm): 26399, 23364, 16155, 15662, 14358 cm–1. EPR (X-band,
solid sample): g� = 2.20, g� = 2.04, gav = 2.06, G = 5. µeff =
2.10 MB. Conductance (Λm/S·cm2·mol–1) in DMF: 33.7.

Synthesis of [Cu(Am4DH)(NO3)]·0.5EtOH (8): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of Cu(NO3)2·3H2O (0.25 g, 1.02 mmol) in ethanol
(20 mL). After adding a few drops of triethylamine (0.14 mL,
1.02 mmol), the mixture was stirred for 7 days and, a dark brown
solid was isolated that was filtered off, washed with ethanol, and
dried with calcium chloride. Yield: 0.27 g (77%). C8H13CuN6O3.5S
(342.82): calcd. C 28.0, H 3.2, N 24.5, S 9.4; found C 27.5, H 2.9,
N 24.8, S 10.2. Selected IR data: ν̃max = 3424–3172 (NH), 1598–
1523 (C=N, C=C), 1384, 1101 (NO3), 1016 (NN), 841 (C=S), 465
(Cu–N2), 333 (Cu–S) cm–1. FAB+ MS [m/z, assignment]: 320, [Cu-
(HAm4DH)(NO3)]; 257, [Cu(Am4DH)]. UV/Vis (λmax, nm): 26406,
23474, 21186, 16353, 15785 cm–1. EPR (X-band, solid sample): g�

= 2.20, g� = 2.04, gav = 2.05, G = 5. µeff = 2.15 MB. Conductance
(Λm/S·cm2·mol–1) in DMF: 40.2.

Synthesis of [Cu(Am4DH)(H2O)](ClO4) (9): A solution of
HAm4DH (0.20 g, 1.02 mmol) in ethanol was added to a stirred
solution of Cu(ClO4)2·6H2O (0.38 g, 1.02 mmol) in ethanol
(20 mL). After adding a few drops of triethylamine (0.14 mL,
1.02 mmol), the mixture was stirred for 7 days and the brown solid

Table 6. Crystal data and structure refinement for 5a, 5b, 6a, and 9a.

Compound 5a 5b 6a 9a

Empirical formula C14H18Cl4Cu2N10S2 C7H8ClCuN5S C7H8BrCuN5S C8H17Cl2CuN5O11S
Formula weight 659.38 293.23 337.69 525.77
Temperature [K] 293(2) 293(2) 293(2) 150(2)
Wavelength [Å] 0.71073 1.54184 1.54184 0.71073
Crystal system monoclinic orthorhombic orthorhombic triclinic
Space group P21/c (no. 14) Pbcn (no. 60) Pbcn (no. 60) P1̄ (no. 2)
a [Å] 10.660(2) 20.2564(8) 19.8492(13) 11.243(3)
b [Å] 10.865(2) 7.5598(3) 7.7764(6) 12.662(3)
c [Å] 10.812(2) 15.0873(7) 15.2852(13) 13.539(3)
α [°] 90 90 90 80.230(3)
β [°] 109.377(3) 90 90 78.177(3)
γ [°] 90 90 90 86.411(4)
Volume [Å–3] 1181.3(4) 2310.4(2) 2359.4(3) 1858.4(8)
Z 2 8 8 4
ρcalcd [Mg·m–3] 1.854 1.686 1.901 1.879
Abs. coefficient [mm–1] 2.456 6.295 8.050 1.641
F (000) 660 1176 1320 1068
Crystal size 0.51×0.47×0.27 0.48×0.12×0.02 0.48×0.24×0.08 0.58×0.49×0.17
θ range [°] 2.03–26.48 4.37–72.89 4.46–72.89 1.56–26.43
Limiting indices h, k, l –12/13, 0/13, –13/0 0/24, –9/0, –18/0 –24/0, 0/9, 0/18 –13/14, –15/15, 0/16
Reflections collected 9947 2975 3025 21117
Unique reflections/Rint 2427/0.0203 2314/0.0553 2361/0.0532 7577/0.0188
Absorp. correct. SADABS Ψ-scans Ψ-scans SADABS
Max./min. transmission 0.5569/0.3673 0.8844/0.1521 0.5653/0.1131 0.7677/0.4494
Data/parameters 2427/145 2314/136 2361/136 7577/505
Gof (for F2) 1.078 0.988 1.058 1.045
Final R indices [I � 2σ(I)] R1 = 0.0268 R1 = 0.0699 R1 = 0.0481 R1 = 0.0425

wR2 = 0.0714 wR2 = 0.1872 wR2 = 0.1400 wR2 = 0.1070
R indices (all data) R1 = 0.0379 R1 = 0.1412 R1 = 0.1561 R1 = 0.0635

wR2 = 0.0793 wR2 = 0.2064 wR2 = 0.1427 wR2 = 0.1239
Larg. diff. peak/hole [e·Å–3] 0.560/–0.335 0.655/–0.637 0.904/–1.314 2.182/–1.292
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formed was filtered off, washed with ethanol, and dried. Yield: 0.16
(43%). C7H10ClCuN5O5S (375.25): calcd. C 22.4, H 2.7, N 18.7, S
8.5; found C 22.2, H 2.4, N 16.2, S 7.8. Selected IR data: ν̃max =
3429–3175 (NH), 1608–1518 (C=N, C=C), 1109, 926, 627 [ν3, ν1,
ν4 (ClO4)], 1016 (NN), 791 (C=S), 466 (Cu–N), 350 (Cu–S) cm–1.
FAB+ MS [m/z, assignment]: 255, [Cu(Am4DH-2 H)]. UV/Vis
(λmax, nm): 26716, 23252, 15964, 15431. µeff = 2.19 MB. Conduc-
tance (Λm/S·cm2·mol–1) in DMF: 90.3. Dark green prismatic crys-
tals of [Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·H2O (9a) suitable for
X-ray diffractometry were obtained after a few days by slow evapo-
ration of a mixture of MeOH/CCl4 at room temperature.

Synthesis of [Cu(Am4DH)2]·4H2O (10): Cu(CH3OO)2·H2O (0.20 g,
1.02 mmol) and HAm4DH (0.4 g, 2.05 mmol) were dissolved in
ethanol (20 mL); some triethylamine was added (0.28 mL,
2.05 mmol) and the mixture was stirred for a week. The dark green
precipitate was filtered off, washed with ethanol, and dried under
vacuum. Yield: 0.35 (42%). C14H24CuN10O4S2 (524.08): calcd. C
32.1, H 4.6, N 26.7, S 11.2; found C 32.1, H 3.3, N 25.2, S 13.7.
Selected IR data: ν̃max = 3423–3174 (NH), 1598–1520 (C=N, C=C),
1016 (NN), 845 (C=S), 470 (Cu–N2), 337 (Cu–S) cm–1. FAB+ MS
[m/z, assignment]: 452, [Cu(HAm4DH)(Am4DH)]; 257, [Cu-
(Am4DH)]. UV/Vis (λmax, nm): 26724, 22624, 15649, 14409 cm–1.
EPR (X-band, solid sample): giso = 2.08. µeff = 2.13 MB. Conduc-
tance (Λm/S·cm2·mol–1) in DMF: 32.7.

X-ray Crystallography: Crystals were mounted on glass fibers and
these samples were used for data collection. Data for 5b and 6a
were collected with a Nonius CAD4 automatic diffractometer and
for 5a and 9a with a Bruker SMART CCD 1000 diffractometer.
Cell constants and an orientation matrix were obtained from data
collection of 2.03 � θ � 26.48° for 5a, 15.69 � θ � 45.59° for 5b,
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1.56 � θ � 26.43° for 6a and 4.37 � θ � 72.98° for 9a. The data
for 5b and 6a were processed with SAINT[45] and corrected for
absorption using SADABS.[46] The structures were solved by direct
methods,[47] which revealed the position of all non-hydrogen atoms.
These atoms were refined on F2 by a full-matrix least-squares pro-
cedure using anisotropic displacement parameters.[48] The hydrogen
atoms were located from difference syntheses or in their calculated
positions (C–H, 0.93–0.97 Å), and were refined using a riding
model. Atom scattering factors were taken from the International
Tables for Crystallography.[49] Crystal and refinement data are
listed in Table 6.

Cleavage of pUV18 by Thiosemicarbazone/Copper: The interaction
of the copper() complexes with DNA was studied using the plas-
mid pUC18 in the presence of H2O2, with the resulting fragments
analyzed by electrophoresis in agarose. Plasmid pUC18 has a size
of 2686 base pairs at a concentration of 0.25 mg·mL–1 in TE buffer
(pH = 8, Tris 10 m, EDTA 1 m). The assay carried out involved
digesting plasmid pUC18 with the copper complexes in the pres-
ence of a reducing agent. The copper() complexes are insoluble in
the buffer solutions commonly used in DNA degradation processes.
For this reason DMF was employed as a solvent and the method
reported by Reddy[50] was used for studies in this solvent. A typical
assay was carried out as follows: 7 µL of 0.1  cacodylate buffer
(pH = 6.0), 1 µL of DNA pUC18 (0.25 µg·µL–1), 6 µL of a solution
of the copper() complex (or copper) (40 or 80 µ) in 0.1  caco-
dylate buffer (pH = 6.0), 3 µL of H2O2 (0.4 or 0.8 m) in 0.1 

cacodylate buffer, and 3 µL ascorbate (0.4 or 0.8 m). The samples
were incubated at 37 °C for 60 min. After this time 3 µL of charge
buffer (0.25% bromophenol, 0.25% xylene cyanol, and 30% glyc-
erol) was added and the electrophoresis was carried out immedi-
ately at 80 V in 0.8% agarose gel [containing 2 µL/100 mL of a
solution of ethidium bromide (10 mg·mL–1)] using 0.5×TBE as a
buffer (0.045  Tris, 0.045  boric acid, and 1 m EDTA) for 2–
2.5 h. The gel was photographed using a Gel printer Plus TDI sys-
tem. Assays involving the various inhibitors were carried out in the
same way as above but the agents under investigation were added
as follows: tert-butyl alcohol (1 ) and DMSO (1 ) for their ability
to scavenge OH· radicals, sodium azide (100 m), and 2,2,6,6-tet-
ramethyl-4-piperidone (100 m), which are characterized by their
ability to scavenge singlet oxygen; distamycin (8 m), which in-
tercalates between the nucleobases of the minor groove of the
double helix of DNA and superoxide dismutase (15 units) for its
ability to quench the superoxide radical. It is known that copper()
shows nuclease activity in its own right and therefore comparative
electrophoresis was carried out for a range of incubation times in
order to determine whether the complex showed higher, lower or
equivalent activity to the copper() salts.

CCDC-277157 (for [Cu(HAm4DH)Cl2]2), CCDC-277158 (for
1
�[Cu(Am4DH)Cl]), CCDC-277159 for (1

�[Cu(Am4DH)Br]),
and CCDC-277160 for ([Cu(HAm4DH)(H2O)(ClO4)2]·MeOH·
H2O) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Reactions of mixed ligands succinic acid (H2suc) and bent
dipyridines, such as 2,5-bis(3-pyridyl)-1,3,4-oxadiazole (3-
bpo) and its 4-N-donor analog (4-bpo), with inorganic CuII,
NiII, and CdII salts yield three new metal-organic coordina-
tion frameworks {[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1),
{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3), and {[Cd2(suc)2(3-bpo)2-
(H2O)2]·(H2O)6.75}n (4), in which the metal centers are linked
by bridging ligands 3-bpo/4-bpo and suc2– along two direc-
tions to form 2D infinite networks. The corrugated 2D nets of
1 and 4, obtained under hydrothermal conditions, align in an
interdigitated manner with the presence of significant aro-
matic-stacking interactions to result in similar 3D architec-
tures. The 2D sheets in 3 are extended by interlayer hydro-
gen bonds to afford a 3D structure. However, when succinic
acid is replaced by fumaric acid (H2fum) in the reaction with

Introduction

Research on metal-organic supramolecular chemistry has
rapidly developed to produce new materials with interesting
structural features and potential applications, and is also
one of the most active branches in current coordination
chemistry.[1,2] By self-assembly of well-designed organic li-
gands and metal ions under appropriate conditions, a vari-
ety of novel metallosupramolecular architectures, such as
coordination polymers and host-guest compounds, have
been achieved so far.[1,2] Previous reports have revealed that
bifunctional building blocks such as dicarboxylate and di-
pyridine can bind and bridge metal centers well,[3] and to
some extent, it is now possible to predict the target materi-
als based on such ligands containing specific structural and
functional information. On the other hand, metal-carboxyl-
ate complexes are of great interest in several fields including
bioinorganic chemistry,[4] molecular magnetism,[5] and crys-
tal engineering.[6]

Nowadays, the combination of two or more predeter-
mined organic building blocks within a structure has proven
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3-bpo and CuII salt, a metallacyclophane [Cu(Hfum)2(3-bpo)-
(H2O)]2·(3-bpo)2·(H2O)6 (2) is generated. The binuclear coor-
dinated motifs are hydrogen-bonded to the lattice water
chains to furnish a unique 3D channel-like framework, in
which the guest 3-bpo molecules are accommodated. The
thermal stabilities of these new materials were investigated
by thermogravimetric analysis (TGA) of mass loss. The mag-
netic coupling in complexes 1–3 is antiferromagnetic and
very small, which is as expected considering the long organic
bridges between the paramagnetic centers. The solid-state
luminescence properties of 4 reveal an intense fluorescence
emission at 378 nm.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

to be a powerful synthetic approach to generate functional
metal-organic frameworks.[2b,7] Succinic acid (H2suc) is an
effective linking ligand that has been extensively used, to-
gether with 4,4�-bipyridine (bipy), to construct mixed-li-
gand polymeric arrays such as a 1D chain [Zn(suc)-
(bipy)],[8a] a 3D open framework [Cu(suc)(bipy)(H2O)2]·
2H2O,[8a] a 3D pillar-layered network [Mn(suc)(bipy)(H2O)]·
0.5bipy,[8b] a twofold interpenetrated 3D pillar-layered
structure [Cd(suc)(bipy)]·0.25H2O,[8c] and a unique twisting
chiral net [Co(suc)(bipy)(H2O)2]·2H2O.[8d] Recently, a dipy-
ridyl exo-bidentate heterocyclic ligand, somewhat structur-
ally similar to bipy but with a bent backbone, 2,5-bis(4-
pyridyl)-1,3,4-oxadiazole (4-bpo) and its 3-N-donor analog
(3-bpo) have been involved considerably in our investi-
gations, and a series of interesting discrete/infinite coordi-
nation frameworks[9] and organic cocrystalline materials[10]

have been generated utilizing their advantage as linking
units with the potential ability for coordination, hydrogen-
bonding, and/or aromatic-stacking interactions. As an ex-
tension of this research, our current work has been focused
on simultaneous employment of such N-donor ligands in
cooperation with dicarboxylates to assemble new coordina-
tion frameworks.[11] In this context, we describe here the
preparation, crystal structures, and properties of the mixed-
ligand systems {[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1),
[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2), {[Ni(suc)-
(4-bpo)(H2O)2]·(H2O)5}n (3), and {[Cd2(suc)2(3-bpo)2-
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(H2O)2]·(H2O)6.75}n (4), where H2fum refers to fumaric
acid. Complexes 1, 3, and 4 are 2D coordination polymers,
while the dinuclear metallacyclophane 2 represents an un-
usual inclusion compound containing 1D water chains. The
magnetic and fluorescence properties of these new materials
were also studied.

Results and Discussion

Preparation and Thermal Stabilities of Complexes 1–4

Coordination polymers 1 and 4 were obtained by hydro-
thermal synthesis, and complexes 2 and 3 were prepared
under ambient conditions. In the case of 3, suitable crystals
for X-ray diffraction were achieved by diffusion method in
order to facilitate the slow growth of larger single crystals.
During the preparation of coordination polymers 1, 3, and
4, the pH environments of the reaction systems were ad-
justed by triethylamine to promote the complete deproton-
ation of succinic acid. As a consequence, in the resultant
crystalline materials, the succinate dianions act as the bridg-
ing blocks to extend the 1D metal-bpo arrays to 2D infinite
frameworks. Notably, in the dinuclear complex 2 with the
unusual 3D inclusion architecture, the fumaric acid is found
in its uncommon mono-deprotonation form and adopts the
unprecedented terminal coordination mode with copper.
This result is probably related to the fact that the reaction
system leading to the generation of 2 does not include a
sufficiently strong base. Presumably, the level of deproton-
ation of the dicarboxylic acid is of great relevance to the
final structure of 2. All complexes are air-stable and insolu-
ble in common organic solvents and water, which is consis-
tent with their polymeric and neutral nature. Thermogravi-
metric experiments were carried out to explore their ther-
mal stabilities. The TGA curve of 1 shows an obvious
weight loss of 6.33% in the range of 46–148 °C (peak:
123 °C), corresponding to the release of the lattice water
molecules (calculated: 6.68%). The decomposition of the
residuary [Cu(suc)(3-bpo)(H2O)2] moiety starts at 187 °C,
and then there are three consecutive steps of weight losses
ending at 396 °C (peaks: 253, 273, and 358 °C). Further
heating to 800 °C reveals no weight loss. Complex 2 remains
intact until heating to ca. 100 °C, and then there are three
consecutive steps of weight losses (peaks: 182, 260, and
282 °C) concluding at 370 °C. Further heating to 800 °C re-
veals a continuous and slow weight loss. The TGA curve of
3 suggests that the first weight loss of 17.88% in the range
110–159 °C (peak: 133 °C) corresponds to the expulsion of
the lattice water molecules (calculated: 17.14%). Then the
coordination framework starts to decompose beyond
195 °C with a series of complicated weight losses, and does
not end until heating to 800 °C. For complex 4, the first
step of weight loss (15.59%) in the 62–122 °C range corre-
lates to the elimination of coordinated and lattice water
molecules (calculated: 14.82%). The remaining substance
does not lose weight upon further heating until two consec-
utive weight losses (peaks: 276 and 422 °C) occur in the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1245–12541246

temperature range of 196–478 °C. Further heating to
800 °C reveals no weight loss.

Structural Analysis of Complexes 1–4

{[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1)

Single-crystal X-ray diffraction analysis reveals that com-
plex 1 is a 2D metal-organic coordination network in which
the metal centers are linked by bidentate suc2– and 3-bpo
ligands. Each CuII atom, located at an inversion center, has
an octahedral geometry by virtue of two suc2– oxygen
atoms, two 3-bpo nitrogen atoms, and two aqua ligands
[Figure 1 (a)], and as expected, the geometry shows Jahn–
Teller elongation with two Cu–Owater bond distances

Figure 1. (a) A portion view of 1 with atom labeling of the asym-
metric unit and the coordination sphere of copper (all hydrogen
atoms are omitted for clarity). (b) A perspective view of the 2D
CuII network with mixed ligands suc2– and 3-bpo, which are simpli-
fied as rods and flexuous motifs, respectively. (c) A packing dia-
gram of 1 showing the interdigitation of the 2D networks.
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[2.621(7) Å] being significantly longer than those of the
other four Cu–O/Cu–N bond lengths [1.947(2)/2.030(3) Å].
The carboxylate group is binding to copper through O(2)
in a monodentate fashion, resulting in a longer bond length
of C(7)–O(2) than that of C(7)–O(3). Detailed bond param-
eters are listed in Table 1. Both 3-bpo and suc2– bridging
components adopt a trans arrangement around copper. As
depicted in Figure 1 (b), the 3-bpo molecules connect the
CuII ions to produce a 1D sinusoidal chain, and a similar
motif is also observed in {[Cu2(3-bpo)2(H2O)6(SO4)2]-
(H2O)6}n.[9b] The adjacent chains are arranged in an A(-A)
A(-A) sequence and are further interlinked by suc2– ligands
in a trans bi-monodentate manner to generate a 2D (4,4)
network. The distances between the CuII centers separated
by 3-bpo and suc2– are 8.302(3) and 9.499(2) Å, respectively.
There also exist intralayer O–H···O hydrogen bonds
[O(5)–H(5A)···O(3), H···O and O···O distances: 1.87 and
2.726(4) Å, O–H···O angle: 164°; O(5)–H(5B)···O(3)i (i =
–x + 3/2, –y + 1/2, –z + 1), H···O and O···O distances: 2.06
and 2.904(5) Å; O–H···O angle: 158°], which further stabi-
lize this framework.

Table 1. Selected bond lengths [Å] and angles [°] for complex 1.[a]

Bond lengths

Cu(1)–O(2) 1.947(2) Cu(1)–N(1) 2.030(3)
Cu(1)–O(5) 2.621(7) O(2)–C(7) 1.277(4)
O(3)–C(7) 1.231(4)

Bond angles

O(2)–Cu(1)–N(1) 89.29(10) O(2)–Cu(1)–N(1A) 90.71(10)
O(2)–Cu(1)–O(5) 81.51(10) O(2)–Cu(1)–O(5A) 98.49(10)
N(1)–Cu(1)–O(5A) 87.89(11) N(1)–Cu(1)–O(5) 92.11(11)

[a] Symmetry codes: A: –x + 3/2, –y +1/2, –z.

The most interesting structural feature of 1 is the packing
mode of the 2D networks. As illustrated in Figure 1 (c), the
3-bpo segments lie up and down each 2D sheet, and as a
consequence, these 2D arrays are interdigitated with the
presence of interlayer π–π stacking interactions between the
adjacent 3-bpo molecules. The center-to-center and center-
to-plane distances of two antiparallel oxadiazole rings are
4.14 and 3.65 Å, respectively, and those for the pyridyl
planes (with a dihedral angle of 4.7°) are 4.15 and 3.70/
3.60 Å, respectively. Similar examples with such interdigi-
tation alignment have been documented, which suggest that
the stacking interactions can play an important role in ex-
tending the structural dimensionality of metallosupra-
molecular networks.[12]

[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2)

When succinic acid was replaced by the more rigid fu-
maric acid under different reaction conditions, a distinct
complex 2 was produced. It consists of a centrosymmetrical
binuclear unit [Cu(Hfum)2(3-bpo)(H2O)]2, two 3-bpo guests,
and lattice water molecules. As shown in Figure 2 (a),
in the binuclear entity, each CuII atom is in a distorted
square-pyramidal geometry with a τ parameter of 0.244.[13]

Two 3-bpo nitrogen atoms and two carboxylate oxygen

Eur. J. Inorg. Chem. 2006, 1245–1254 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1247

atoms of Hfum– occupy the basal plane, and a water ligand
is located at the axial position with a significantly longer
Cu–O bond distance of 2.219(3) Å. Selected bond lengths
and angles for 2 are listed in Table 2. The two Cu atoms
are linked by a pair of 3-bpo molecules to afford a bimetal-
lic ring motif with an intramolecular Cu···Cu distance of
8.385(3) Å. Similar bimetallic macrocycles [Cu2(3-bpo)2-
(H2O)6](ClO4)4(H2O)4 and [Cu(3-bpo)(NO3)2]2(CH3CN)2

were reported recently.[9b] Remarkably, the mono-deproton-
ated fumaric acid moieties coordinate to CuII in a uniden-
tate fashion and locate above and below the metallocycle
plane. In most documented cases, fumaric acid serves as a
dianionic fum bridge using both carboxylate groups,[14] and
thus such a unidentate coordination mode of Hfum– and/
or fum2– is quite unique.[15,16] In this structure, as expected,
the C–O bonds of the carboxylate groups binding to copper

Figure 2. (a) Bimetallic macrocycle of 2 with atom labeling of the
asymmetric unit and the coordination sphere of copper (all hydro-
gen atoms, guest 3-bpo, and lattice water molecules are omitted for
clarity). (b) A representation of the 1D water chain linked by water-
water interactions. (c) A perspective view of the 3D channel-like
hydrogen-bonded network with the accommodation of guest 3-bpo
molecules.
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have longer lengths than those of the carboxylate groups
not binding to copper, and the C–O bonds connecting with
the hydrogen atoms of the carboxyl groups are also signifi-
cant longer (see Table 2 for details). Another unique struc-
tural feature of 2 is that the 3-bpo molecules adopt the
different cisoid-I and cisoid-II conformations[9a,17] when
present as the bridging ligand and free guest molecule,
respectively.

Table 2. Selected bond lengths [Å] and angles [°] for complex 2.[a]

Bond lengths

Cu(1)–O(3) 1.935(3) Cu(1)–O(7) 1.966(3)
Cu(1)–O(11) 2.219(3) Cu(1)–N(1) 2.043(4)
Cu(1)–N(4A) 2.034(4) O(3)–C(25) 1.263(5)
O(4)–C(25) 1.231(5) O(5)–C(28) 1.315(5)
O(6)–C(28) 1.198(5) O(7)–C(29) 1.263(6)
O(8)–C(29) 1.233(6) O(9)–C(32) 1.301(6)
O(10)–C(32) 1.204(6)

Bond angles

O(3)–Cu(1)–O(7) 176.15(13) O(3)–Cu(1)–N(4A) 85.93(13)
O(7)–Cu(1)–N(4A) 92.03(13) O(3)–Cu(1)–N(1) 88.30(13)
O(7)–Cu(1)–N(1) 92.65(13) N(4A)–Cu(1)–N(1) 161.51(14)
O(3)–Cu(1)–O(11) 95.42(13) O(7)–Cu(1)–O(11) 88.07(13)
N(4A)–Cu(1)–O(11) 97.64(14) N(1)–Cu(1)–O(11) 100.39(14)

[a] Symmetry codes: A: – x, 1 – y, 1 – z.

Interestingly, the O(14)–H(14B)···O(13) and O(13)–
H(13B)···O(14) hydrogen bonds between the lattice water
molecules result in the formation of a 1D water chain along
the c axis [see Figure 2 (b)], around which the lattice O(12)
and coordinated O(11) water molecules are fixed by ad-
ditional O(13)–H(13A)···O(12) and O(11)–H(11B)···O(13)
interactions. Detailed hydrogen-bonding geometries are
listed in Table 3. The binuclear subunits and the water
chains are extended to a 2D layered structure along the
crystallographic (011) plane by O(14)–H(14A)···O(7) and
above water–water [O(11)···O(13)] interactions, and the
structure is also stabilized by the O(11)–H(11A)···O(4) and
O(5)–H(5)···O(8) bonds within each binuclear macrocycle.
As shown in Figure 2 (c), these 2D arrays are further linked
to afford a 3D channel-like network by interlayer O(12)–
H(12B)···O(10) interactions, among which the guest 3-bpo
entities are accommodated. Hydrogen-bonding interactions
such as O(9)–H(9)···N(5) and O(12)–H(12A)···N(8) can be

Table 3. Hydrogen bond geometries in the crystal structure of complex 2.

D–H···A D···A [Å] H···A [Å] D–H···A [°] Symmetry codes

O(5)–H(5)···O(8) 2.555(5) 1.74 176 –x, –y + 1, –z + 1
O(9)–H(9)···N(5) 2.627(5) 1.81 171
O(11)–H(11A)···O(4) 2.679(5) 1.86 162
O(11)–H(11B)···O(13) 2.796(6) 1.96 169 x – 1, y, z
O(12)–H(12A)···N(8) 2.863(6) 2.02 173 –x + 1, –y + 2, –z + 1
O(12)–H(12B)···O(10) 2.967(8) 2.15 160
O(13)–H(13A)···O(12) 2.697(7) 1.99 140
O(13)–H(13B)···O(14) 2.803(7) 1.96 175 x, –y + 3/2, z + 1/2
O(14)–H(14A)···O(7) 2.864(5) 2.04 164 x + 1, y, z
O(14)–H(14B)···O(13) 2.815(6) 2.04 152
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detected between the guest molecules and the host frame-
work. Additionally, significant π–π stacking interactions ex-
ist between the adjacent 3-bpo moieties of the dimeric units
within each 2D hydrogen-bonded layer, as well as between
the neighboring guest 3-bpo molecules located in the cavi-
ties, with center-to-center and center-to-face separations of
the aromatic rings in the range of 3.27–4.01 and 3.26–
3.57 Å, respectively. Presumably, these supramolecular
forces could consolidate this interesting host-guest inclusion
system.

The significant structural difference between complexes
1 and 2 may be attributed to the intrinsic structural features
of the suc2– and Hfum– ligands. We have clearly demon-
strated that the structures of CuII complexes with 3-bpo are
solely dependent on the nature of the inorganic
counteranions (for example, ClO4

–, NO3
–, SO4

2–, and
OAc–),[9b] which afford two types of coordinated motifs
such as the 1D sinusoidal chain and binuclear macrocycle
(being similar to the cases of 1 and 2, respectively) when 3-
bpo takes the cisoid-I conformation. In this work, we can
extend this conclusion to organic anions, which are also
critical in determining the molecular assembly of the result-
ant polymeric networks.

{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3)

The 2D-layered polymeric network of complex 3 was re-
vealed by X-ray single-crystal diffraction determination. As
illustrated in Figure 3 (a), each NiII center lies on an inversion
site and is six-coordinate by binding to a pair of unidentate
suc2– ligands, two aqua molecules, and two 4-bpo nitrogen
atoms. Important bond lengths and angles are listed in
Table 4. Two C–O bond lengths of the monodentate carbox-
ylate group are similar, probably a result of the formation of
hydrogen bonds as described later. The octahedral NiII atoms
are interconnected by 4-bpo ligands to afford a wavelike 1D
chain running along the crystallographic [010] direction. Ad-
jacent chains are further held together by trans bis-mono-
dentate suc dianions, leading to the generation of a 2D undu-
lating (4,4) layer, with the dimensions of the rectangle grid
unit of 13.756(1)×8.934(1) Å2 [see Figure 3 (b)]. As illus-
trated in Figure 3 (c), intralayer O(4)–H(4B)···O(3)i (i = –x,
–y + 1, –z + 1) and interlayer O(4)–H(4A)···O(3)ii (ii = –x +
1/2, –y + 1, z – 1/2) interactions between the aqua ligands and
uncoordinated carboxylate oxygen atoms are observed.
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These afford two types of 6-membered and 13-membered hy-
drogen-bonded rings, with H···O/O···O distances of 1.85/
2.659(4) and 1.87/2.711(4) Å, respectively, and O–H···O
angles of 159 and 170°, respectively. Further analysis of the
crystal packing indicates that these 2D waved layers take the
parallel stacking mode with some offset, and are further
linked to afford a 3D network by interlayer hydrogen bonds
as stated earlier. Notably, allowing for the volume of the in-
cluded disordered water molecules in this 3D open frame-
work, there still remains 190.0 Å3 of void space in the unit
cell.[18]

Figure 3. (a) A portion view of 3 with atom labeling of the asym-
metric unit and the coordination sphere of nickel (all hydrogen
atoms are omitted for clarity). (b) 2D metal-organic network con-
structed from suc2–/4-bpo and NiII. (c) A view showing the inter-
layer and intralayer hydrogen bonds (4-bpo moieties are omitted
for clarity).
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Table 4. Selected bond lengths [Å] and angles [°] for complex 3.[a]

Bond lengths

Ni(1)–O(2) 2.024(4) Ni(1)–O(4) 2.068(3)
Ni(1)–N(1) 2.107(3) O(2)–C(7) 1.250(5)
O(3)–C(7) 1.244(5)

Bond angles

O(2)–Ni(1)–O(4) 87.48(9) O(4)–Ni(1)–N(1) 93.22(12)
O(2)–Ni(1)–N(1) 88.63(12) O(2)–Ni(1)–O(4A) 92.52(9)
O(2)–Ni(1)–N(1A) 91.37(12) O(4)–Ni(1)–N(1A) 86.78(12)

[a] Symmetry codes: A: – x, 1 – y, 1 – z.

Figure 4. (a) A portion view of 4 with atom labeling of the asym-
metric unit and the coordination spheres of cadmium (all hydrogen
atoms are omitted for clarity). (b) A perspective view of the 2D
CdII network with mixed ligands suc2– and 3-bpo, which are simpli-
fied as rods and flexuous motifs, respectively. (c) A packing dia-
gram of 3 showing the interdigitation of the 2D networks.
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{[Cd2(suc)2(3-bpo)2(H2O)2]·(H2O)6.75}n (4)

Complex 4 is also a 2D network, constructed from CdII

and the mixed bridging ligands suc2– and 3-bpo. The local
coordination environments around two crystallographically
independent CdII centers are similar, and can be best de-
scribed as a pentagonal-bipyramidal geometry (CdN2O5).
The equatorial plane is composed of two chelating carbox-
ylate groups from a pair of suc2– ligands and one oxygen-
donor aqua ligand [Cd–O: 2.259(6)–2.485(6) Å], and the ax-
ial positions are occupied by two 3-bpo nitrogen atoms
[Cd–N: 2.345(8)–2.382(8) Å], as shown in Figure 4 (a). Im-
portant bonds lengths and angles are listed in Table 5. Most
of the C–O bond lengths of the carboxylate groups are
nearly equivalent as a result of their chelated coordination.
Similar to the structure of complex 1, the CdII ions are con-
nected by 3-bpo and suc2– ligands to furnish a 2D frame-
work with common (4,4) topology [see Figure 4 (b)], and
these 2D motifs interdigitate to result in a 3D crystal pack-
ing managed by aromatic stacking between 3-bpo moieties
[see Figure 4 (c)]. The center-to-center and center-to-face
distances between the neighboring 3-bpo molecules are in
the range of 3.65–3.78 and 3.35–3.58 Å, respectively. Also,
intralayer O(11)–H(11A)···O(4)i (i = –x + 1, –y, –z + 1) and
O(12)–H(12B)···O(6) bonds [H···O/O···O distances: 1.95/

Table 5. Selected bond lengths [Å] and angles [°] for complex 4.[a]

Bond lengths

Cd(1)–O(11) 2.259(6) Cd(1)–O(3) 2.316(5)
Cd(1)–N(5) 2.345(8) Cd(1)–N(1) 2.373(8)
Cd(1)–O(7) 2.407(6) Cd(1)–O(8) 2.436(6)
Cd(1)–O(4) 2.485(6) Cd(2)–O(12) 2.275(6)
Cd(2)–N(4A) 2.382(8) Cd(2)–O(5B) 2.343(6)
Cd(2)–N(8) 2.351(7) Cd(2)–O(10) 2.379(6)
Cd(2)–O(9) 2.390(6) Cd(2)–O(6B) 2.445(6)
O(3)–C(25) 1.255(9) O(4)–C(25) 1.251(10)
O(5)–C(28) 1.255(10) O(6)–C(28) 1.270(10)
O(7)–C(29) 1.251(12) O(8)–C(29) 1.220(12)
O(9)–C(31) 1.255(11) O(10)–C(31) 1.266(11)

Bond angles

O(11)–Cd(1)–O(3) 131.1(2) O(11)–Cd(1)–N(5) 91.5(3)
O(3)–Cd(1)–N(5) 91.8(2) O(11)–Cd(1)–N(1) 93.1(3)
O(3)–Cd(1)–N(1) 93.5(3) N(5)–Cd(1)–N(1) 168.1(3)
O(11)–Cd(1)–O(7) 85.7(2) O(3)–Cd(1)–O(7) 143.2(2)
N(5)–Cd(1)–O(7) 85.7(2) N(1)–Cd(1)–O(7) 83.6(3)
O(11)–Cd(1)–O(8) 138.7(2) O(3)–Cd(1)–O(8) 90.2(2)
N(5)–Cd(1)–O(8) 86.8(3) N(1)–Cd(1)–O(8) 82.5(3)
O(7)–Cd(1)–O(8) 53.0(2) O(11)–Cd(1)–O(4) 77.5(2)
O(3)–Cd(1)–O(4) 53.90(19) N(5)–Cd(1)–O(4) 100.1(2)
N(1)–Cd(1)–O(4) 91.7(3) O(7)–Cd(1)–O(4) 162.3(2)
O(8)–Cd(1)–O(4) 143.4(2) O(12)–Cd(2)–O(5B) 133.3(2)
O(12)–Cd(2)–N(8) 93.7(3) O(5B)–Cd(2)–N(8) 91.9(3)
O(12)–Cd(2)–N(4A) 91.0(3) O(5B)–Cd(2)–N(4A) 92.9(3)
N(8)–Cd(2)–N(4A) 168.0(2) O(12)–Cd(2)–O(10) 139.5(2)
O(5B)–Cd(2)–O(10) 87.1(2) N(8)–Cd(2)–O(10) 86.6(2)
N(4A)–Cd(2)–O(10) 82.7(3) O(12)–Cd(2)–O(9) 84.6(2)
O(5B)–Cd(2)–O(9) 142.1(2) N(8)–Cd(2)–O(9) 87.0(3)
N(4A)–Cd(2)–O(9) 82.5(3) O(10)–Cd(2)–O(9) 55.0(2)
O(12)–Cd(2)–O(6B) 79.0(2) O(5B)–Cd(2)–O(6B) 54.4(2)
N(8)–Cd(2)–O(6B) 93.0(2) N(4A)–Cd(2)–O(6B) 98.7(2)
O(10)–Cd(2)–O(6B) 141.5(2) O(9)–Cd(2)–O(6B) 163.5(2)

[a] Symmetry codes: A: x – 1, y + 1, z; B: –x, –y + 1, –z + 1.
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2.795(9) and 1.89/2.732(8) Å, O–H···O angles: 169 and
172°] can be detected between the aqua ligands and carbox-
ylate groups to further support this structure. However, the
arrangement of 3-bpo in 4 is somewhat flexuous, rather
than the complanate style as in 1 [see Figure 4 (c)]. This can
be attributed to the dissimilar coordination tendency of bpo
to CuII and CdII metal centers, reflected by the difference
in N–M–N angles of 180° for 1 and 168.0(2)/168.1(3)°
for 4.

A comparison of the three 2D suc/bpo-bridged coordina-
tion polymers 1, 3, and 4 also reveals the different align-
ment fashions of the 1D metal–bpo chains. As described
earlier, such polymeric chains array in antiparallel [A(-A)
A(-A), for 1] and parallel [AAAA, for 3] sequences in the
resultant 2D networks by further linkage of suc dianions.
However, the 1D structures take an A(-A)(-A�)A� manner
in the 2D framework of 4 [see Figure 4 (b)], due to its lower
crystallographic symmetry.

Magnetic Properties of Complexes 1–3

The magnetic properties of 1 are shown in Figure 5 (a).
The χMT value (χM is the molar magnetic susceptibility for
one CuII ion) at 300 K is 0.40 cm3 mol–1 K, which is as ex-
pected for one magnetically quasi-isolated spin doublet
(g � 2.00). Starting from room temperature, χMT values
smoothly decrease to 50 K and then quickly decrease to
0.09 cm3 mol–1 K at 2 K. The overall trend is characteristic
of weak antiferromagnetic interactions. The reduced molar

Figure 5. Plot of χMT vs. T for (a) complex 1 and (b) complex 2.
Solid line represents the best fit. Inset: Plot of the reduced magne-
tization (M/Nβ) at 2 K for (a) complex 1 and (b) complex 2 (solid
line represents the Brillouin function for g = 2.22).
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magnetization at 2 K [see inset in Figure 5 (a)] clearly indi-
cates that the antiferromagnetic coupling is not negligible.
The M/Nβ value at 5 T is close to 0.5 electrons and the
shape of the curve does not follow the Brillouin law.

Complex 1 is actually a 2D entity in which the CuII ions
are linked by suc2– and 3-bpo ligands. Both ligands are very
long, and thus a small antiferromagnetic coupling is ex-
pected. Layers can be considered as pseudoquadratic. Con-
sidering these structural features, we have fitted the suscep-
tibility data by the expression given by Rushbrooke and
Wood for a Heisenberg square-planar system.[19] The expres-
sion was deduced by taking into account the S = ½ value for
the CuII ion, based on the spin Hamiltonian H = –2JΣijSiSj.

In this expression x = kT/J, and N, β, and k have the
usual meanings. The values obtained for the exchange
parameters are J = –1.06±0.01 cm–1, g = 2.10±0.01,
and R = 4×10–5 (R is the agreement factor defined as
Σi[(χMT)obs – (χMT)calc]2/Σ[(χMT)obs]2 in this and the subse-
quent cases). This small J value can be interpreted as a
consequence of the weak overlap between the CuII ions
through the long organic ligands.

The magnetic properties of 2 as a χMT versus T plot (χM

is the molar magnetic susceptibility for two CuII ions) and
the reduced magnetization (M/Nβ versus H, inset) are
shown in Figure 5 (b). The value of χMT at 300 K is
0.93 cm3 mol–1 K, which is as expected for two isolated CuII

ions without coupling (g � 2.00). Starting from room tem-
perature, χMT values are practically constant to 50 K, and
below 50 K they quickly decrease to 0.78 cm3 mol–1 K at
2 K. This feature is characteristic of very weak antiferro-
magnetic interactions between the CuII ions, which is also
clearly corroborated by the reduced molar magnetization at
2 K. The M/Nβ value at 5 T is close to 1.8 electrons and
the curve is below the theoretical Brillouin function for g =
2.22. The fit of the susceptibility data of the dinuclear CuII

complex 2 was carried out by application of the Bleaney–
Bowers formula.[20] The best-fit parameters obtained are J
= –0.90±0.01 cm–1, g = 2.22±0.01, and R = 6.1×10–5. The
small J value can be interpreted as a consequence of the
almost nil overlap between the two CuII ions through the
long 3-bpo bridging ligand.[9]

On comparison of the χMT curves for complexes 1 and
2, it is worth noting their quite different scales [see Figure 5
(a) and (b), respectively]. The χMT range (300–2 K) for 1 is
approximately 0.4 to 0.1 cm3 mol–1 K, whereas the range for
2 is only 0.93 to 0.78 cm3 mol–1 K. This feature corresponds
to the different behaviors of the reduced magnetization for
both complexes, indicating that the antiferromagnetic coup-
ling is smaller in complex 2.

The plot of χMT versus T for one NiII ion (complex 3) is
shown in Figure 6 (a). From room temperature to 50 K,
χMT values are constantly close to ca. 1.20 cm3 mol–1 K,
which is typical for one isolated NiII ion with g � 2.00.
There is a small decrease down to 40 K, and then to
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0.75 cm3 mol–1 K at 2 K, indicating a very small antiferro-
magnetic coupling or the logical existence of the zero-field
splitting (ZFS) of NiII ions. The plot of the reduced magne-
tization (M/Nβ) for 3 is also shown in the inset in Figure 6
(a). The expected value of reduced magnetization for two
unpaired electrons at saturation would be 2.3 (assuming g
= 2.15, which is the g value obtained from magnetic mea-
surements, see later). The experimental value is close to 1.8
electrons at 2 K and 50000 Gauss. In the same figure we
have represented the Brillouin function for S = 1 and g =
2.15. The experimental data are below the theoretical curve,
indicating either the presence of weak antiferromagnetic in-
teractions or, most likely, the signature of single-ion ZFS
(D) of NiII.

Figure 6. (a) Plot of χMT vs. T for complex 3. Solid line represents
the best fit. Inset: Plot of the reduced magnetization (M/Nβ) at 2 K
(solid line represents the Brillouin function at 2 K for g = 2.15).
(b) Plot of the low temperature χMT region, assuming isolated NiII

ions with zero-field splitting (D parameter). Solid line represents
the best fit.

The structure of 3 is also a 2D case, which is difficult
to fit, mainly due to small J values. Therefore, in the first
approach, we can assume that the long 3-bpo ligand does
not create any coupling, and thus the small experimental
coupling is due to the suc2– ligand. With this hypothesis, we
can assume that complex 3 behaves as a 1D system. For
systems of this kind, isotropic 1D S = 1, the temperature-
dependence of the susceptibility extrapolated from calcula-
tions performed on ring systems of increasing length has
been given by Weng,[21] which is valid only for antiferro-
magnetic coupling. Neither ZFS nor the Haldane gap ef-
fect[22] is taken into account in this expression. The best-fit
parameters for 3 are J = –0.38±0.01 cm–1, g = 2.14±0.01,
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and R = 2.0×10–4. As indicated earlier, the small decrease
in χMT values from 40 to 2 K could also be attributed to
the typical single-ion ZFS for isolated NiII ions, which is
usually very great and of the order of 4–6 cm–1.[23] For this
reason we have also fitted the low temperature region as-
suming isolated NiII ions (without any coupling), applying
the formula given by Kahn for this S = 1 case.[20] It is im-
portant to emphasize that with this method it is only pos-
sible to calculate the absolute value of D, that is |D|, not its
sign.[20] With this hypothesis, the best fit was obtained with
the parameters |D| = 3.9 cm–1 and g = 2.14 [see Figure 6
(b)]. The calculated D value lies in the order of magnitude
typical for isolated NiII ions, as indicated earlier.[23]

As a conclusion, we must emphasize that the two phe-
nomena (small coupling and single-ion ZFS) may be active
in this type of nickel complex. It is impossible to separate
both components with these standard measurements. In any
case, the antiferromagnetic coupling must be very small, as
expected for the length of the bridging ligands.

Luminescence Study of Complex 4

Solid-state luminescence properties of the polymeric CdII

(d10 metal) complex 4 with the aromatic ligand 3-bpo were
investigated (λex = 320 nm). The free 3-bpo molecule dis-
plays an emission maximum at 364 nm, whereas a broad
and intense emission band at 378 nm is observed for com-
plex 4. Hence, the fluorescence wavelength of 3-bpo is con-
siderably affected by the incorporation of metal-coordina-
tion interactions. This significant red-shift phenomenon
may be assigned to the ligand-to-metal charge transfer
(LMCT). The intense fluorescence emission also shows that
the coordination polymer 4 could have roles as potential
photoactive inorganic-organic hybrid material.

Conclusions

Three 2D metal-organic coordination polymers and a
unique 3D metallosupramolecular inclusion complex have
been achieved through self-assembly of metal ions and
mixed organic ligands under different conditions. These
new crystalline materials also display such useful properties
as magnetism and fluorescence. This study clearly indicates
that 3-bpo/4-bpo and suc2– ligands could act as excellent
bridging spacers to construct programmed coordination
polymers, and such a mixed-ligand synthetic strategy may
further flourish this attractive chemistry. Further studies of
the design and preparation of new metal-organic coordina-
tion frameworks with the bent exo-dipyridyl building
blocks and other organic carboxylic acids (for example, the
commonly used terephthalic, trimesic, and pyromellitic ac-
ids) are underway in our laboratory.

Experimental Section
General Materials and Methods: All the reagents and solvents for
synthesis and analysis were commercially available and used as re-
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ceived, except for 3-bpo and 4-bpo, which were prepared according
to literature procedures.[24] FTIR spectra (KBr pellets) were re-
corded with an AVATAR-370 (Nicolet) spectrometer. Carbon, hy-
drogen, and nitrogen analyses were performed with a CE-440 (Lee-
manlabs) analyzer. TGA experiments were carried out with a Du-
pont thermal analyzer from room temp. to 800 °C under nitrogen
at a heating rate of 10 °C/min. Fluorescence spectra were recorded
with a Cary Eclipse spectrofluorimeter (Varian) equipped with a
xenon lamp and quartz carrier at room temp.

Magnetic Studies: The variable-temp. magnetic susceptibilities were
measured in the “Servei de Magnetoquímica (Universitat de Barce-
lona)” on polycrystalline samples (30 mg) with a Quantum Design
SQUID MPMS-XL susceptometer, operating in the temp. range of
2–300 K and a magnetic field of 0.1 T. The diamagnetic corrections
were evaluated from Pascal’s constants for all constituent atoms.

Syntheses of the Complexes

{[Cu(suc)(3-bpo)(H2O)2]·(H2O)1.75}n (1): A mixture of succinic acid
(17.2 mg, 0.15 mmol), Cu(OAc)2·H2O (23.5 mg, 0.12 mmol), 3-bpo
(26.4 mg, 0.12 mmol), and triethylamine (0.2 mL) in water (10 mL)
was sealed in a Teflon-lined stainless steel vessel (20 mL), which
was heated at 140 °C for 5 d and then cooled to room temp. at a
rate of 5 °C/h. Blue prism crystals were collected in 42% yield
(24.0 mg, based on 3-bpo). C16H19.5CuN4O8.75 (471.40): calcd. C
40.76, H 4.17, N 11.88; found C 40.50, H 3.55, N 11.47. IR (KBr):
ν̃ = 3407 (br), 1616 (vs), 1556 (vs), 1482 (s), 1417 (vs), 1390 (vs),
1338 (s), 1284 (m), 1230 (s), 1194 (m), 1127 (m), 1083 (m),
1052 (m), 964 (m), 825 (s), 732 (s), 690 (vs) cm–1.

[Cu(Hfum)2(3-bpo)(H2O)]2·(3-bpo)2·(H2O)6 (2): A mixture of fu-
maric acid (59.6 mg, 0.51 mmol) and Cu(OAc)2·H2O (38.9 mg,
0.19 mmol) in CH3OH/H2O (10 mL, v:v = 1:1) was stirred for
10 min and the resultant blue precipitate was filtered. A solution
of 3-bpo (23.6 mg, 0.10 mmol) in CH3OH (10 mL) was added to
the filtrate with constant stirring for 30 min and then left to stand
at room temp., producing blue block crystals after a period of 1
week in 12% yield (5.1 mg, based on 3-bpo). C64H60Cu2N16O28

(1628.36): calcd. C 47.20, H 3.71, N 13.76; found C 47.42, H 3.84,
N 13.72. IR (KBr): ν̃ = 3432 (s), 3074 (s), 1720 (s), 1600 (vs),
1481 (m), 1413 (s), 1390 (vs), 1330 (s), 1282 (vs), 1251 (s), 1201 (s),
1164 (s), 1081 (m), 1042 (m), 975 (s), 829 (m), 730 (s), 695 (vs),
652 (s) cm–1.

{[Ni(suc)(4-bpo)(H2O)2]·(H2O)5}n (3): The pH of a CH3OH/H2O
(5 mL, v:v = 1:1) solution containing succinic acid (14.5 mg,
0.12 mmol) and Ni(ClO4)2·6H2O (47.5 mg, 0.13 mmol) was ad-
justed to 7 with triethylamine. The resultant mixture was then care-
fully layered onto a buffer of glycol (2 mL), below which a solution
of 4-bpo (23.4 mg, 0.11 mmol) in CHCl3 (2 mL) was placed in a
straight glass tube. Upon slow evaporation of the solvents over 2
weeks, green lamellar single crystals suitable for X-ray analysis were
obtained in 26% yield (15.0 mg, based on 4-bpo). C16H26N4NiO12

(525.12): calcd. C 36.59, H 4.99, N 10.67; found: C 35.98, H 4.07,
N 11.15. IR (KBr): ν̃ = 3100 (br), 1546 (vs), 1489 (s), 1420 (vs),
1278 (w), 1224 (m), 1120 (w), 1063 (m), 1017 (w), 970 (w), 842 (s),
753 (s), 716 (s), 677 (s), 511 (m) cm–1.

{[Cd2(suc)2(3-bpo)2(H2O)2]·(H2O)6.75}n (4): The same hydrothermal
procedure as for 1 was used except that Cu(OAc)2·H2O was re-
placed by Cd(OAc)2·2H2O, affording colorless block crystals of 4
in 58% yield (37.2 mg, based on 3-bpo). C32H41.5Cd2N8O18.75

(1063.03): calcd. C 36.15, H 3.94, N 10.54; found: C 35.55, H 4.04,
N 10.04. IR (KBr): ν̃ = 3412 (br), 1581 (vs), 1548 (s), 1466 (m),
1415 (vs), 1292 (s), 1233 (w), 1192 (m), 1084 (m), 1029 (m),
900 (m), 815 (m), 732 (s), 692 (s), 639 (m) cm–1.
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Table 6. Crystallographic data and structure refinement summary for complexes 1–4.

1 2 3 4

Empirical formula C16H19.5CuN4O8.75 C64H60Cu2N16O28 C16H26N4NiO12 C32H41.5Cd2N8O18.75

Mr 471.40 1628.36 525.12 1063.03
Crystal size [mm] 0.22×0.20×0.16 0.24×0.20×0.12 0.49×0.30×0.08 0.20×0.16×0.14
Crystal system monoclinic monoclinic orthorhombic triclinic
Space group C2/c P21/c Pnma P1̄
a [Å] 16.031(6) 12.576(4) 8.9342(9) 11.971(4)
b [Å] 16.249(6) 32.497(11) 27.512(3) 13.116(4)
c [Å] 7.829(3) 9.226(3) 11.7133(12) 15.075(5)
α [°] 90 90 90 75.672(5)
β [°] 99.777(6) 107.843(6) 90 77.826(5)
γ [°] 90 90 90 88.422(6)
V [Å3] 2009.7(13) 3589(2) 2879.1(5) 2241.0(13)
Z 4 2 4 2
Dc [g cm–3] 1.558 1.507 1.211 1.575
µ [mm–1] 1.142 0.689 0.728 1.028
F(000) 970 1676 1096 1071
Total/independent 5148/1783 18445/6309 14632/2601 11725/7874
Reflections
Parameters 148 498 204 586
Rint 0.0360 0.0673 0.0251 0.0393
R,[a] Rw

[b] 0.0437, 0.0982 0.0575, 0.1272 0.0530, 0.1840 0.0536, 0.1328
GOF[c] 1.115 1.108 1.080 1.028
Residuals [eÅ–3] 0.374, –0.310 0.515, –0.396 0.761, –0.430 0.941, –0.555

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw = [Σ[w(Fo
2 – Fc

2)2]/Σw(Fo
2)2]1/2. [c] GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2.

Caution! Perchlorate complexes of metal ions in the presence of
organic ligands are potentially explosive. Only a small amount of
material should be handled and with care.

X-ray Crystallography: Single-crystal X-ray diffraction data for
complexes 1–4 were collected with a Bruker Apex II CCD dif-
fractometer at 293(2) K with Mo-Kα radiation (λ = 0.71073 Å) by
ω scan mode. There was no evidence of crystal decay during data
collection. A semiempirical absorption correction was applied
using the SADABS program, and the program SAINT was used
for integration of the diffraction profiles.[25] The structures were
solved by direct methods using the SHELXS program of the
SHELXTL package and refined with SHELXL.[26] The final refine-
ment was performed by full-matrix least-squares methods with an-
isotropic thermal parameters for all non-hydrogen atoms on F2.
Hydrogen atoms bonded to carbon were placed geometrically and
allowed to ride during subsequent refinement with an isotropic dis-
placement parameter fixed at 1.2 times Ueq of the parent atoms.
Hydrogen atoms of the aqua ligands in all structures and the lattice
water molecules in 2 were first located in difference Fourier maps,
and then placed at calculated positions and included in the final
refinement. The lattice water in the structures of 1, 3, and 4 were
treated using the disordered model and their hydrogen atoms not
located. Starting positions for carboxyl hydrogen atoms in the
structure of 2 were located in difference syntheses, and refinement
was performed using rigid O–H groups allowed to rotate but not
tip, with the bond length of 0.82 Å. Further crystallographic data
and structure refinement parameters of complexes 1–4 are summa-
rized in Table 6.

CCDC-284066 to -284069 (for 1–4, respectively) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Atmospheric pressure chemical vapour deposition (APCVD)
of niobium selenide films on glass substrates was achieved
by reaction of di-tert-butyl selenide with NbCl5 at 250–
600 °C. X-ray diffraction showed that the NbSe2 films were
crystalline and of the 2Ha poly-type with cell constants close
to those expected (a = 3.44 Å; c = 12.58 Å). Marked preferred
orientation along either (101) or (200) was noted at higher
deposition temperature and this unexpectedly varied de-
pending on distance from the reactor inlet. The films pro-
duced at 600 °C showed exactly the Nb/Se ratio expected
for NbSe2 by energy dispersive analysis by X-rays. The films

1. Introduction

Niobium diselenide (NbSe2) is an important material be-
cause of its wide range of interesting physical properties,
such as the presence of both a charge density wave transi-
tion and a superconducting transition. The structure of this
low dimensionality layered material is hexagonal (P63/mmc)
and composed of strongly bonded molecular layers stacked
in a close-pack manner – with weak van der Waals interac-
tions between the layers – which leads to highly anisotropic
properties. Like all the layered group V transition-metal di-
chalcogenide, NbSe2 has many different crystallographic
poly-types, for example 2Ha-, 2Hb-, 3R-, 4Ha-, 4Hd1- and
4Hd2-NbSe2, depending on how the molecular layers stack-
up and in turn the specific poly-type determines the physi-
cal properties of the materials. The poly-types 2Ha- or 2Hb-,
and 4Ha-NbSe2 are superconducting with a transition
temperature of Tc = 7.2 K and Tc = 6.3 K, respectively.[1,2]

A charge-density wave is present in all the NbSe2 polytypes.
Moreover, an incommensurate charge-density wave is pres-
ent in 2H-NbSe2 below Tc = 33.3 K. Its structure remains
incommensurate through the superconducting transition.[3]

Even though the phase diagram of the niobium–selenium
system is not fully known, many forms of niobium selenide,
apart from NbSe2, have been observed, such as Nb5Se4,
Nb3Se4, NbSe2, NbSe3 and NbSe4.[2,4–6]

Similar to most of the transition-metal dichalcogenides,
NbSe2 has been cited for use as an electrical conductor and

[a] Department of Chemistry, University College London,
20 Gordon Street London, UK
E-mail: i.p.parkin@ucl.ac.uk

Eur. J. Inorg. Chem. 2006, 1255–1259 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1255

deposited at the substrate temperatures of 500 °C or less
were selenium rich with a niobium to selenium ratio of 1:2.5.
The films produced at 600 °C were dark-green, powdery and
poorly adhesive. The films produced at 500 °C and below
were dark-brown matte in appearance, they passed the
Scotch tape test, but could be scratched with a steel scalpel.
SEM showed that the films were composed of plate-like crys-
tals, which become longer and thicker with increasing depo-
sition temperature.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

as a solid lubricant at high temperature. NbSe2 is also a
good intercalation host. It has been shown that the growth
of hydrogen intercalated in HxNbSe2 results in changes in
the conductivity type from metallic to semiconducting.[7]

Therefore, due to this sensitivity to intercalated molecules,
niobium diselenide films may, as titanium diselenide films,
find application as hosts for sensor materials.

The most common method to grow crystals of NbSe2

is the vapour-phase-transport of prereacted polycrystalline
NbSe2 with iodine as a transport agent. NbSe2 thin films
have been grown using van der Waals epitaxy (VDWE) and
pulsed-laser deposition (PLD).[7,8] To the best of our
knowledge a CVD route to NbSe2 has not been reported to
date.

Here we present the CVD of NbSe2 thin films. The moti-
vation for this work was to produce niobium selenide films
on glass and to use precursors other than H2Se. One inter-
esting feature of this work was the unexpected variation in
preferred orientation that was noted depending on the posi-
tion of analysis on the substrate.

2. Results and Discussion

Synthesis and Characterisation

Atmospheric pressure CVD reactions of NbCl5 with
tBu2Se were studied on glass substrates at 250–650 °C. The
deposition was observed on both top plate and substrate.
The extent of the film coverage was dependent on the depo-
sition temperature. Only the six first centimetres of the sub-
strate were coated for a deposition temperature of 600 °C,
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whilst the whole substrate was coated with uniform thick-
ness at 300 °C. This indicates that the deposition is mass-
transport-limited at the highest temperature, whereas the
deposition is surface-reaction-limited at the lowest tempera-
ture. At a deposition temperature of 600 °C, the films pro-
duced from tBu2Se and NbCl5 were dark-green and pow-
dery. They failed the Scotch tape test and the scratch test
but were insoluble in the common organic solvents, they
only slowly decomposed in diluted nitric acid or diluted ble-
ach, and were stable in air for over six months. At a deposi-
tion temperature at or below 500 °C, the films had a dark-
black matt appearance; they passed the Scotch tape test,
but were scratched with a steel scalpel.

Due to the porous nature of the films grown from NbCl5
and tBu2Se at all the different reaction temperatures, the
contact-angle measurement for water droplets was excep-
tionally small less than 10°. The films did not show photo-
induced hydrophilic properties. This means that the surface
of the niobium selenide films is unlikely to be oxide-termin-
ated as niobium oxide shows a photo-induced reduction in
the contact angle. Furthermore, this low contact-angle mea-
surement means that water readily permeates the film and
is related to high porosity.

The SEM images for the films deposited at the onset de-
position temperature (300 °C) show ca. 0.2 µm plates in a
perpendicular orientation to the substrate (Figure 1). The
SEM images for the films deposited between 300 and
600 °C show a series of hexagonal platelets, which become
longer and thicker with increasing deposition temperature.
The average length of the platelets was 0.2 µm for the films
deposited at 400 °C, up to 0.6 µm at 600 °C. This change in
platelet size can be related to faster growth kinetics and
smaller numbers of nucleation sites at the higher tempera-
tures.

Figure 1. Scanning electron micrographs of the films produced
from the APCVD of NbCl5 and tBu2Se at substrate temperatures
of 300, 500 °C and 600 °C.

The films produced at a deposition temperature of
600 °C showed exactly the Nb/Se ratio expected for NbSe2

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1255–12591256

by EDAX [Nb1.00(3)Se2.00(3)]. No chlorine, carbon or other
contamination was found by the EDAX in these films. The
films deposited at substrate temperatures below 500 °C were
selenium rich with a niobium to selenium ratio of 1:2.5 at
350, 450 and 500 °C. This could indicate the co-formation
of NbSe3 or NbSe4 or elemental selenium which would raise
the selenium content. No chlorine contamination was
found in the films except those produced at the very lowest
deposition temperature (300 °C), and then it was at trace
levels ca. 1 atom%.

An X-ray photoelectron spectrum of the niobium 3d
peak for the film from di-tert-butyl selenide and NbCl5 re-
vealed the presence of two different environments in the
film (Figure 2). The peaks at 203.2 eV and 205.9 eV can be
respectively assigned to the Nb 3d5/2 and Nb 3d3/2 peaks of
the niobium diselenide. The peaks at 207.3 eV and 210.0 eV
can be assigned to the Nb 3d5/2 and Nb 3d3/2 peaks of ni-
obium oxide Nb2O5. This data suggest that the uppermost
surface is partially oxidised. The XPS of the selenium 3d
peak for the same NbSe2 film shows that there are also
three selenium environments present (Figure 3). The peaks
at 52.9 eV and 53.8 eV can be respectively assigned to the
Se 3d5/2 and Se 3d3/2 peaks of the niobium diselenide. The
doublet peaks at 54.1 eV, 55.0 eV and 54.6 eV, 55.5 eV can
be respectively assigned to selenium and selenium dioxide.
These assignments are a little tentative because a range of
different curve fittings could be employed.

Figure 2. X-ray photoelectron spectrum of the Nb 3d peaks from
the surface of a film deposited from the reaction of NbCl5 and
tBu2Se at 600 °C.

Glancing-angle X-ray powder diffraction of the films
showed that the reflections matched the reference spectrum
for 2Ha-NbSe2 (JCPDS File No. 018–0923) (Figure 4). The
films produced at 600 °C were highly crystalline. Interest-
ingly, measuring the XRD pattern sequentially from the
leading edge of the film until the back of the film showed
that the preferred orientation became significantly more
pronounced with distance from the reactor inlet. The pref-
erential orientation in the first centimeter of the coating
from the reactor inlet showed some (101) texturing, al-
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Figure 3. X-ray photoelectron spectrum of the Se 3d peaks from
the surface of a film deposited from the reaction of NbCl5 and
tBu2Se at 600 °C. Outermost line is the actual data.

though the diffraction peaks were similar to the intensity
stick pattern found in the literature. Very strong preferential
growth along the (002) direction was shown in the next cen-
timeter. Notably no preferential orientation was noticed in
the films grown at lower substrate temperature. The indexed
cell constants found for the films grown at 600 °C, a =
3.44 Å and c = 12.58 Å, compare well with the literature
for hexagonal NbSe2 a = 3.44 Å and c = 12.55 Å. The films
grown at lower substrate temperatures all matched the lit-
erature diffraction patterns for 2H-NbSe2 with the antici-
pated intensities and peak positions – however a detailed
analysis of the cell constants indicated that they all tended
to have slightly smaller a values than stoichiometric NbSe2.

Figure 4. XRD pattern obtained for the film formed on glass from
the APCVD of NbCl5 and tBu2Se at 600 °C [(a) JCPDS reference
file; (b) 0.5 cm, (c) 2 cm and (d) 4 cm from the front of the sub-
strate].

Raman analysis of the films produced at 600 °C was
identified as the distinctive 2H-NbSe2 Raman pattern from
the literature with a wide peak at 180 cm–1 and a strong
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peak at 228 cm–1 with a shoulder at 238 cm–1 (Fig-
ure 5).[9–12] Raman analysis of the films produced at a sub-
strate temperature of 500 °C or below show a similar Ra-
man pattern with two strong bands around 182 cm–1 and
245 cm–1 and a smaller peak at 310 cm–1 (Figure 6). This
pattern is different to the one formed at higher temperature,
the peaks are broader and an additional peak is seen at
309 cm–1.

Figure 5. Raman pattern obtained for the film formed on glass
from the APCVD of NbCl5 and tBu2Se at 600 °C.

Figure 6. Raman pattern obtained for the film formed on glass
from the APCVD of NbCl5 and di-tert-butyl selenide at 300 °C.

Preferred Orientation with Pathlength

The detection of changes in preferred orientation for the
NbSe2 thin film grown at 600 °C with deposition position
along the substrate is highly unusual for a CVD process.
The substrate was made of the same glass along its length
and the substrate temperature was independently checked
with an external thermocouple at different points on the
glass and shown to be uniform. Thus the differences in pre-
ferred orientation cannot be attributed to temperature or
substrate effects. Notably, the changes in preferred orienta-
tion only occurred at the highest deposition temperature
and became more noticeable with distance along the sub-
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strate. At 600 °C the deposition was only ca. 6 cm along the
substrate, and the reaction had changed over from a sur-
face-reaction-limited regime as seen at 500 °C, to a mass-
transport-limited regime. Thus, along the length of the reac-
tor the reaction becomes depleted in precursor. This de-
pletion, therefore, has an effect on the growth of the crystal-
lites – with growth in one particular direction being fav-
oured under more dilute precursor conditions. Additionally,
the diffusion effects of reactants and exhaust products
through the boundary layer change with position along the
reactor. This change over in preferred orientation is in part
a consequence of the reactor design. A ‘shower head’ design
reactor where multiple channels of reactants are used per-
pendicular to the substrate would be unlikely to show this
effect.

A New Superstoichiometric NbSe2+x Phase?

We have previously studied the analogous formation of
NbS2 films from the reaction of NbCl5 and tBu2Se and tert-
butylthiol.[13] In this case crystalline films were only found
at substrate temperature above 500 °C, whereas the films
formed in this study were crystalline at 300 °C and above.
Furthermore, under some conditions EDX revealed that su-
perstoichiometric NbS2.4 was formed. This superstoichio-
metric material had similar principle Raman bands and in-
tensity distribution (187, 242 and 298 cm–1) to those formed
in this study for the superstoichiometric NbSe2 films.[14]

The films grown at substrate temperatures of 300–550 °C
were all superstoichiometric – NbSe2+x (x = 0.4–0.6) by
EDX analysis. X-ray powder diffraction, Raman and spot
EDX analysis did not detect any free selenium metal in
these films. Furthermore, none of these techniques showed
the presence of higher niobium phases such as NbSe3 or
NbSe4. No other elements were found in the films – save
for a slight surface oxidation (first few nanometres). As the
films grown at 300–550 °C were all exceptionally similar if
not the same as the 2H-NbSe2 poly-type by X-ray diffrac-
tion, with the expected intensity pattern and peak positions,
it is logical to assume that the excess selenium is embedded
and intercalated within the structure, especially as these are
layered structures with van der Waals interactions between
neighbouring sheets. These films had a slightly different
unit cell size with the a and c axis slightly smaller than the
literature values, the difference is right at the margin for
differentiation based on the 3σ criterion. Intuitively though
one would expect a large increase in the cell parameters
with excess selenium incorporation. A further explanation
is that an amorphous phase is present with a higher sele-
nium content that does not show up on the XRD, Raman
or XPS analysis; however, given the breadth of analysis
completed, this seems unlikely. Interestingly the Raman pat-
terns were quite revealing and supportive of a similar struc-
ture type – having a slightly different pattern to that seen
for the films grown at 600 °C – which matched exactly the
literature pattern for 2H-NbSe2. The Raman pattern of the
films made at lower substrate temperatures most closely re-
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sembled that seen for our previous CVD studies of
NbS2.4.[13,14] Hence, the lower-temperature films were con-
sistent with the formation of the 2H-NbSe2 structure with
some incorporated selenium. We have not found evidence
of any literature reference on this type of material being
reported previously.

3. Conclusion

Niobium selenide films were deposited on glass from the
APCVD reaction of NbCl5 and tBu2Se. Between 300 and
500 °C, the films were crystalline and selenium rich with a
niobium to selenium ratio of 1:2.5 at 350, 450 and 500 °C.
The films produced at a deposition temperature of 600 °C
showed exactly the Nb/Se ratio expected for NbSe2. No
chlorine, carbon or other contamination was found by the
EDAX in these films. The films produced at 600 °C were
highly crystalline with a preferential growth either along
(101) or the (002) direction. The preferred orientation ef-
fects were more marked with distance from the reactor inlet
and suggest that depletion in reagents leads to a slightly
altered growth mechanism. The NbSe2 films were stable in
air, insoluble in the common organic solvents, and were
only slowly decomposed in nitric acid. The films grown at
300–550 °C best fit the 2Ha-NbSe2 structural type with
some excess intercalated selenium.

4. Experimental Section
Caution: It should be noted that the CVD of NbSe2 could produce
H2Se, which is highly toxic and malodorous. All the experiments
should be conducted in a fume cupboard and the gas from the
CVD process treated with bleach (with an associated copper sulfate
indicator bubbler, to check the bleach is working) to destroy the
possible presence of H2Se. After the CVD synthesis the NbSe2 films
were treated as air sensitive although subsequent analysis showed
that they were indefinitely air stable.

Chemical Vapour Deposition Studies: Depositions experiments were
carried out under dinitrogen (99.99%) on glass substrates using a
horizontal-bed cold-wall APCVD reactor. The glass substrate was
a SiO2-precoated (ca. 50 nm thick SiO2 barrier layer) standard float
glass (Pilkington, UK) 15 cm×4 cm×0.3 cm. The substrate was
heated by a graphite block and the nitrogen carrier gas was pre-
heated to 110 °C by being passed along 2 m lengths of coiled stain-
less-steel tubing inside a tube furnace.

Niobium pentachloride was obtained from Aldrich Chemical Co.
and di-tert-butyl selenide was supplied by Epichem. They were
both used without further purification. The di-tert-butyl selenide
and NbCl5 were placed into two different stainless-steel bubblers,
which were both heated by a jacket. They were both introduced
into the gas streams by passing hot N2 through the bubblers. The
bubbler temperatures and flow rates were kept constant to 90 °C
and 0.5 L·min–1 (67.4 mmol·min–1) for the tBu2Se bubbler and to
210 °C and 2.0 L· min–1 (47.8 mmol·min–1) for the niobium penta-
chloride bubbler (Table 1). The flow rate through the mixing cham-
ber was between 1.9 and 4.6 L·min–1 for all depositions.
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Table 1. EDAX, Raman and X-ray diffraction data for the films produced by APCVD reaction of tBu2Se with NbCl5.

Deposition temperature XRD (lattice constant in Å+/– 0.01 Å) Raman EDAX

250 °C – – No film
300 °C 2H-NbSe2; a = 3.36, c = 12.47 182 + 245 + 310 NbSe2.4

350 °C 2H-NbSe2; a = 3.37, c = 12.59 183 + 248 + 309 NbSe2.5

400 °C 2H-NbSe2; a = 3.42, c = 12.56 184 + 248 + 310 NbSe2.6

450 °C 2H-NbSe2; a = 3.36, c = 12.63 183 + 247 + 309 NbSe2.5

500 °C 2H-NbSe2; a = 3.41, c = 12.63 183 + 246 + 309 NbSe2.5

600 °C 2H-NbSe2; a = 3.44, c = 12.58 2H-NbSe2 NbSe2

The reaction of tBu2Se and NbCl5 was studied in the temperature
range from 250–600 °C. The deposition time for all experiments
was 1 min. At the end of the deposition, the bubbler line was closed
and the substrate was cooled under nitrogen in the reactor. Then
the substrates were handled briefly in air before storage under dry,
oxygen-free nitrogen in a glove box. Analyses were performed for
each sample on a 2 cm×4 cm band cut 2 cm from the front of the
substrate.

Film Analysis: X-ray diffraction patterns were measured with a
Bruker X-pert diffractometer using monochromated Cu-Kα1 radia-
tion (Kα1 = 1.5406 Å). The system had a focus and movable x-y
stage to analyse various portions of the film. The diffractometer
used glancing incident radiation (1.5°). The samples were indexed
using unit cell and compared to database standards. EDAX was
obtained with a Philips XL30ESEM instrument and SEM was ob-
tained with a JEOL 6301 instrument. UV/Vis-NIR spectra were
recorded in the range 190–1100 nm using a Helios double-beam
instrument. Reflectance and transmission spectra were recorded be-
tween 300 and 1200 nm with a Zeiss miniature spectrometer. Re-
flectance measurements were standardised relative to a rhodium
mirror and transmission relative to air. Raman spectra were ac-
quired with a Renishaw Raman System 1000 using a helium-neon
laser of wavelength 632.8 nm. The Raman system was calibrated
against the emission lines of neon. X-ray photoelectron spec-
troscopy was undertaken with a VG ESCALAB 220I XL instru-
ment with focussed (300 µm spot) monochromatic Al-Kα radiation
at a pass energy of 20 eV. Scans were acquired with steps of 50 meV.
A flood gun was used to control charging. Binding energies were
referenced to an adventitious C 1s peak at 284.6 eV (this peak is
due to residual pump oil used in the XPS high vacuum system- but
is removed on the first argon ion etching). Argon sputtering was
used for approximately 1 minute in a rastering mode in order to
remove surface contamination.
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A series of cis and trans singly and doubly H2biim-bridged
di-, hexa-, and polymeric complexes of silver(I) (H2biim =
2,2�-biimidazole), namely [Ag2(µ-H2biim)2]SO4·2H2O (1),
[Ag2(µ-H2biim)2(µ-ox)]n (2), [Ag6(µ-H2biim)5(H2biim)2](ClO4)4-
(CH3CO2)2·2H2O (3), and [Ag(µ-H2biim)(nicotinate)]n (4)
have been synthesized and characterized by X-ray crystal-
lography and IR and photoluminescence spectroscopy. The
structural topology of the Ag–H2biim system is determined
by the charge of the counteranions. Thus, dianionic counteri-
ons facilitate the formation of dimeric structures driven by
the charge-balance requirement, whereas a monoanionic
counterion favors the formation of helical structures.

Introduction
The substitution reaction is one of the most important

chemical reactions and is widely employed in the prepara-
tion of new chemical materials, especially supramolecular
polymer materials. The general strategy is to use multifunc-
tional organic ligands to replace inorganic ligands of simple
starting metal complexes to build functional supramolec-
ular architectures.[1–3] Crystal formation depends on many
factors, including metal–ligand, metal–metal, ligand–li-
gands, hydrogen bonding, and π stacking interactions. Co-
valent metal–ligand interactions are the strongest and thus
dominate crystal formation. Interactions between open me-
tal ions, known as metal–metal bonds, are comparable in
strength to metal–ligand bonds and are the driving force
in the formation of metal clusters. However, interactions
between closed metal ions, typically coinage ones, which are
intermetallic attraction in nature,[4,5] are comparable to hy-
drogen bonds in strength. Thus, the aggregation of closed
metal ions is flexible and depends on other factors, such
as weak interactions and charge balance. Although metal
coordination requirements are dominant in the global
architecture, other auxiliary factors such as charge balance
and weak, noncovalent requirements play a significant role
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of Research on the Structure of Matter, Chinese Academy of
Science,
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Fax: +86-591-8370-5045
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Counteranions of larger size lead to either finite helical struc-
tures or a trans arrangement of the coordinating nitrogen
atoms because of steric requirements. Organic counteranions
with a strong coordination ability bind to the Ag+ ions while
inorganic counteranions are uncoordinated. The ar-
gentophilic attraction is not dominant in this system. Exami-
nation of the luminescent properties of H2biim and com-
pounds 1–4 indicates that the fluorescence emission of
H2biim is effectively shifted upon metal coordination.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

due to the multiple bonding modes of the ligand and the
variety of geometries available for some metal ions. Many
metal complexes, especially those with neutral ligands, ap-
pear as cationic species and thus anionic counterparts are
usually present for charge balance. The role of these
counteranions has been the subject of several reports.[6–8]

Recent research results have indicated that the coordinating
ability, shape, and size of counteranions have a significant
influence on the global structures through either metal co-
ordination or crystal-packing effects when noncoordi-
nated.[7,8] In the present work, we will describe the Ag–
H2biim system with various counteranions of different
charge, size, and coordinating ability to compare their com-
petitive power. Ag+ is an appropriate probe as it has varied
coordination geometries and is able to aggregate through
argentophilic attractions.[6,7] 2,2�-Biimidazole is an ever-
green ligand that has attracted constant interest in supra-
molecular chemistry,[9] biochemistry,[10] cluster science,[11]

and antitumor drugs.[12] The Ag–H2biim system is able to
adopt multiple coordinating modes and a variety of geome-
tries, and can thus serve as a probe to examine the role of
the above counteranion characteristics in crystal-structure
formation. Four new supramolecular complexes, namely
[Ag2(µ-H2biim)2]SO4·2H2O (1), [Ag2(µ-H2biim)2(µ-ox)]n
(2), [Ag6(µ-H2biim)5(H2biim)2](ClO4)4(CH3CO2)2·4H2O
(3), and [Ag(µ-H2biim)(nicotinate)]n (4) have been synthe-
sized and characterized and the influences of the competing
counteranion characteristics (charge, coordinating ability,
and size) in the crystal-structure formation will be dis-
cussed.
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Results and Discussion

Syntheses of the Complexes

The syntheses of complexes 1–4 are summarized in
Scheme 1. It is obvious that the complexation of Ag+ and
H2biim depends on the charge, size, and coordination abil-
ity of the counteranions: organic counteranions of strong
coordination ability, such as oxalate and nicotinate, become
coordinated to produce the neutral reaction products 2 and
4, whereas inorganic counteranions, such as ClO4

2– and
SO4

2–, are uncoordinated, yielding charged, polynuclear
Ag–H2biim complexes. It seems that dianionic counterions
facilitate the formation of dimeric structures, presumably as
a consequence of the charge-balance requirement, as sug-
gested by the formation of the dimers 1 and 2. In contrast,
monoanionic counterions tend to favor the formation of
helical structures, as suggested by 3, 4, and the previously
reported complex [Ag(µ-H2biim)]NO3.[10b] The use of larger
ClO4

– instead of NO3
– leads to the formation of the finite

helical complex 3.

Scheme 1. Syntheses of compounds 1–4.

Crystal Structures

[Ag2(µ-H2biim)2]SO4·2H2O (1)

The structure of the dicationic dimer of 1 is given in Fig-
ure 1 (a). The two Ag atoms are doubly bridged by H2biim,
forming a dicationic dimeric structure. Such a dimeric
structure facilitates the charge balance through an alternat-
ing arrangement of the dimer and SO4

2– in the resulting
infinite chain (Figure 1, b). Each Ag+ ion is coordinated to
the two nitrogen atoms from the different H2biim moieties
[Ag–N1 = 2.149(6), Ag–N3 = 2.130(5) Å] in an almost lin-
ear arrangement [N1–Ag–N3 = 170.6(2)°] as in the case of
[{Ru(pap)2(Biim)}2Ag2](ClO4)2 (179°)[5a] and [Ag2(napy)2]-
(ClO4)2 (168°).[5d] The distance between the two Ag
atoms is 2.818(1) Å, slightly shorter than in the doubly
bridged [{Ru(pap)2(Biim)}2Ag2](ClO4)2 [2.890(2) Å],[5a]

[Ag2(dpim)2(CH3CN)2](ClO4)2 [2.9932(9) Å],[5b] and
[Ag2(Ph2PCH2SPh)2](ClO4)2 [2.9501(8) and 2.9732(9) Å][5c]

but comparable to that in [Ag2(napy)2](ClO4)2
[5d]

[2.748(2) Å]. The H2biim ligands are slightly twisted, with
a dihedral angle of 14.6°. The two biimidazole ligands are
nearly perpendicular to each other (the angle between their
least-squares planes is 77.1°). The two neighboring [Ag2-
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(H2biim)2]2+ units are linked together by weak Ag···Osulfate

interactions into a one-dimensional chain with a pitch of
10.32 Å running along the c axis (Figure 1, b).

Figure 1. (a) ORTEP drawing of the [Ag2(H2biim)2]2+ moiety of 1
with 30% probability thermal ellipsoids. (b) Infinite chain showing
Ag+–SO4

2– and Ag+–H2O interactions. (c) Hydrogen-bonded sheet
structure.

The water molecules interact weakly with the Ag atoms
[2.756(2) Å] and sulfate (2.861 Å). The staggered arrange-
ment of H2biim of the neighboring chains allows for the
formation of interchain N–Hbiim···Osulfate hydrogen bonds
(N4···O1 = 2.722, N2···O2 = 2.770 Å) in the resultant sheet
structure, as shown in part c of Figure 1.
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[Ag2(µ-H2biim)2(µ-ox)] (2)

As shown in part a of Figure 2, compound 2 has a sim-
ilar, doubly bridged dimeric structure to that of 1 although
their counteranions are remarkably different in size, shape,
and coordinating ability, thus indicating that the dimeric
structure results from the charge, rather than the other
characteristics such as coordinating ability, size, and shape,
of the counteranions. Different from the inorganic
counteranion SO4

2–, the organic counteranion oxalate coor-
dinates more strongly and acts as a didentate bridging li-
gand to link the dimers into an infinite chain [Ag–Oox =
2.392(4) Å; Figure 2, b]. The Ag–Ag separation
[2.8437(9) Å] is not significantly changed by the oxalate co-

Figure 2. (a) ORTEP drawing of 2 with 30% probability thermal
ellipsoids. (b) Sheet structure showing interchain C2O4

2–···H2biim
hydrogen bonds.
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ordination. Nevertheless, the binding of oxalate to Ag+ ap-
parently changes the geometric parameters of the dimer, as
indicated by the considerably smaller N–Ag–N angle
[132.95(16)°] and longer Ag–N distances [2.236(4) and
2.203(4) Å] than those in 1.

Additionally, the direct coordination of oxalate also ac-
counts for the absence of lattice water molecules in the crys-
tals. The H2biim ligands are slightly twisted, and their dihe-
dral angle of 28.2° is larger than that (14.6°) in 1. As op-
posed to 1, the least-squares planes of the two biimidazole
ligands are nearly parallel to each other. The atoms Ag, N1,
N3, and O1 are nearly coplanar. In spite of these changes,
the crystal structures of 1 and 2 are somewhat similar to
each other: both have a one-dimensional, chain-like struc-
ture formed by either Ag–Oox bonds or Ag···Osulfate interac-
tions and hydrogen-bonded sheet structures due to in-
terchain N–H···Osulfate or N–H···Oox (2.722, 2.746 Å) hy-
drogen bonds, as indicated in Figures 1 (c) and 2 (b),
respectively.

[Ag6(µ-2biim)5(H2biim)2](ClO4)4(CH3CO2)2·4H2O (3)

Complex 3 contains a mixture of monoanionic inorganic
and organic anions and consequently adopts the hexanu-
clear helical structure [Ag6(µ-H2biim)5(H2biim)2]6+, as
shown in Figure 3 (a), instead of a dimeric structure, similar

Figure 3. (a) ORTEP drawing of [Ag6(µ-H2biim)5(H2biim)2]6+(3).
(b) 1D Ag chain.
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to that reported for [Ag(H2biim)NO3].[10b] In this helical
structure, the counteranion lies alongside the Ag+ chain[10b]

rather than between the Ag+ ions to facilitate the charge
balance. The hexameric structure has C2 symmetry, with the
twofold axis bisecting the Ag3–Ag3a bond. As opposed to
1 and 2, the neighboring Ag+ in 3 is singly bridged by the
five H2biim ligands through the cis nitrogen atoms, yielding
a hexameric helix with Ag–N bonds ranging from 2.112(2)
to 2.157(2) Å. The middle Ag+ atoms (Ag2, Ag3) have an
almost linear coordination geometry [N–Ag–N = 164.8(2)°
and 172.6(2)°] that is stabilized by Ag···Operchlorate interac-
tions (Ag2···O = 2.912, Ag3···O = 2.879 Å). The helix ends
at Ag1 as it is chelated by H2biim. It is notable that the
Ag1–N1 distance of 2.543(7) Å is comparable to the above
Ag···Operchlorate separations but considerably longer than
the Ag1–N3 bond [2.163(5) Å], and is responsible for the
almost linear N3–Ag1–N5 angle [170.4(2)°]. The Ag–Ag
distances [Ag1–Ag2 = 2.9335(18), Ag2–Ag3 = 3.0093(16),
Ag3–Ag3� = 3.078(2) Å] are significantly longer than in 1
and 2 but similar to those reported previously.[10,11] Com-
pound 3 adopts a hexameric helical structure rather than
an infinite helical structure similar to the reported nitrate
derivative[10b] as a consequence of the chelating instead of
bridging H2biim ligands that terminate the growth of the
helix. This observation may be attributed to the steric
requirement of perchlorate, which is larger than the nitrate
in 1D [Ag(µ-H2biim)]NO3,[10b] and is thus unable to allow
for the presence of counteranions surrounding the terminal
Ag atoms (Ag1). This leads to the structural evolution
whereby two sevenths of the bridging H2biim ligands in the
one-dimensional helical [Ag(µ-H2biim)]NO3

[10b] become
chelated in the present hexanuclear compound to compen-
sate for the missing Ag1–O interaction that is needed to
stabilize the linear coordination. The acetate groups are in-
volved in hydrogen bonding with H2biim (2.7–2.8 Å) and
water (2.79 Å) rather than with the Ag atoms.

The preference of carboxylate groups to form hydrogen
bonds with H2biim rather than coordinate to metal ions
has been demonstrated in the complexes [M(H2biim)2(H2O)2]-
(RCO2)2.[9f] The chelating H2biim is twisted to a lesser ex-
tent (the dihedral angle is 10.8°) than the bridging ones (22–
25°). The helix is also characteristic of an approximately
parallel arrangement of neighboring H2biim ligands, with
the dihedral angles and the distances between the ring
atoms and the least-square planes ranging from 8–12° and

Figure 4. ORTEP drawing of [Ag(H2biim)2(nicotinate)]n (4) with 30% probability thermal ellipsoids.
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2.8–3.6 Å, respectively, due to π-stacking interactions be-
tween the aromatic imidazole rings. As shown in Figure 3
(b), the hexamers are connected by an unsupported Ag1–
Ag1� attraction [3.317(2) Å] and π-stacking interactions be-
tween the imidazole rings into a 1D Ag chain. The π-stack-
ing interactions between the hexanuclear silver units are
similar to those within the hexameric spiral. Other interac-
tions in 2 are hydrogen bonds between lattice water mole-
cules and uncoordinated nitrogen atoms, with separations
between O and N of 2.722 (O1w–N10) and 2.728 Å (O2w–
N6).

[Ag(µ-H2biim)(nicotinate)]n (4)

Compound 4 has a monoanionic, organic counterion
that is believed to account for the formation of an infinite
helical structure (Figure 4), as in the case of 3 and [Ag(H2-
biim)]NO3.[10b] Interestingly, unlike the nitrate analogue
[Ag(H2biim)]NO3,[10b] 4 has the coordinating nitrogen
atoms trans to each other, which leads to a considerably
longer Ag···Ag separation (ca. 6 Å) than in 3 and [Ag(H2-
biim)]NO3 (ca. 3 Å)[10b] due to the steric requirement of the
bound nicotinate. This indicates that Ag–Ag attractions are
not dominant in the Ag–H2biim system. The Ag–Nnicotinate

distance [2.534(6) Å] is significantly longer than the Ag–
Nbiim distance [av. 2.188(5) Å]. The three N atoms around
Ag+ are approximately in a T-shaped arrangement with the
N–Ag–N angles being 159.3°, 110.3° and 89.4°, respectively.
The bridging H2biim is twisted, with a dihedral angle of
about 30°. The helices are held together through
Ag···Onicotinate interactions (Ag1···O1 = 2.843, Ag1···O2 =
2.957 Å) and N–H···Onicotinate hydrogen bonds (N2···O1 =
2.689 Å) to form a sheet structure, as illustrated in Figure 5.
The pyridyl rings of two nicotinate groups separated by
about 3.6 Å are almost parallel to each other, which sug-
gests significant π-stacking interactions.

Luminescent Properties

Metal complexes are promising luminescent materials for
applications such as light-emitting materials owing to their
ability to enhance, shift, and quench luminescent emission
of organic ligands by metal coordination. Although numer-
ous biimidazole complexes have been reported, their photo-
physical properties have been investigated only very re-
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Figure 5. (a) Interhelix interactions and (b) multiple helices inter-
connected by nicotinate in 4.

cently.[9a] The solid-state emission spectra of compounds 1–
4 are shown in Figure 6. The free H2biim ligand displays
an emission maximum at 431 nm when excited at 334 nm in
the solid state at ambient temperature. A violet-fluorescent
emission band at 439 nm was observed for 1 upon exci-
tation at 360 nm, attributable to the ligand-centered emis-
sion. Moreover, compound 1 exhibits violet-fluorescent
emission bands at 346 nm and a yellowish-green radiation
emission at lower energy (576 nm) upon excitation at
260 nm.

Upon excitation at a slightly longer wavelength (298 nm),
compound 2 emits only one violet luminescence at 349 nm;
the other one is probably quenched by oxalate. Excitation
at 370 nm leads to greenish-blue photoluminescence with
an emission maximum at 512 nm for 3, similar to that in
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Figure 6. Luminescence emission spectra of 1–4 and L (H2biim).

[Ag(Me2-imy)2][Ag-Cl2] (544 nm), which possesses extended
Ag–Ag interactions.[15] Compound 4 exhibits similar violet-
fluorescent emission bands at 437 nm upon excitation at
360 nm. However, one more yellowish-green radiation emis-
sion of 4 was observed at 539 nm, presumably due to the
aromatic nicotinate group. A similar yellowish-green fluo-
rescent emission band at 571 nm was also observed for 4
upon excitation at 435 nm.

Conclusion

The structural topology of the Ag–H2biim system is de-
termined by the charge of the counteranions. Thus, dian-
ionic counterions facilitate the formation of dimeric struc-
tures driven by the charge-balance requirement, whereas a
monoanionic counterion favors the formation of helical
structures. Larger counteranions lead to either finite helical
structures or a trans arrangement of the coordinating nitro-
gen atoms because of steric requirements. Organic
counteranions with a strong coordination ability bind to
the Ag+ ions while inorganic counteranions remain uncoor-
dinated. The argentophilic attraction is not dominant in the
Ag–H2biim system. The fluorescence emission of H2biim is
effectively shifted upon coordination of the ligand to Ag+.

Experimental Section
General Remarks: H2biim was synthesized in accordance with a
published procedure.[13] The reagents and solvents employed were
commercially available and used as received without further purifi-
cation. The C, H, and N microanalyses were carried out with a
Vario EL III elemental analyzer. IR spectra were recorded with a
Magna 750 FT-IR spectrometer photometer as KBr pellets in the
range 4000–400 cm–1. Fluorescent spectra were measured with an
Edinburgh FLS920 analytical instrument.

CAUTION! Perchlorate salts are potentially explosive and should be
handled with care and in small amounts.

[Ag2(H2biim)2]SO4·2H2O (1): Ag2O (0.056 g, 0.25 mmol) was dis-
solved in 20 mL of aqueous H2SO4 (0.05 ) and H2biim (0.067 g,
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0.5 mmol) in 10 mL of aqueous H2SO4 (0.05 ) was added to the
resulting solution. The mixture was stirred at room temperature for
two hours, then the resulting solution was filtered off and the fil-
trate was left in air to evaporate to form crystals of 1 after a few
days. The crystals were collected by filtration, washed with ethanol,
and dried in air (0.114 g, 74% yield based on Ag).
C12H16Ag2N8O6S (616.13): calcd. C 23.39, H 2.62, N 18.19; found

Table 1. Crystallographic data for compounds 1–4.

Complex 1 2 3 4

Molecular formula C12H16Ag2N8O6S C14H12Ag2N8O4 C46H56Ag6Cl4N28O24 C12H10AgN5O2

Formula weight 616.13 572.06 2174.21 364.12
Crystal system monoclinic triclinic monoclinic monoclinic
Space group C2/c P1̄ C2/c C2/c
a [Å] 12.985(2) 7.5550(12) 25.857(17) 16.5276(6)
b [Å] 15.337(3) 7.8391(12) 14.424(8) 13.2996(5)
c [Å] 10.3207(17) 8.4408(13) 19.420(12) 12.0687(2)
α [°] 90 103.3800(10) 90 90
β [°] 113.440(3) 110.681(2) 114.698(6) 107.041(2)
γ [°] 90 105.975(2) 90 90
Volume [Å3] 1885.8(5) 418.54(11) 6580(7) 2536.35(14)
Z 4 1 4 8
dcalcd. [g cm–3] 2.283 2.270 2.195 1.907
µ [cm–1] 2.351 2.383 2.016 1.598
F(000) 1272 278 4280 1440
Crystal size [mm] 0.38×0.10×0.04 0.34×0.24×0.06 0.20×0.20×0.20 0.26×0.20×0.06
Data/restraint/parameters 1201/3/138 1440/0/127 5450/0/498 1777/0/181
Reflns. collected 2216 2195 18786 3223
Unique reflns. 1201 1440 5450 1777
Goodness of fit 1.134 1.582 1.206 1.390
R1[I � 2σ(I)] 0.0545 0.0416 0.0506 0.0640
ωR2[I�2σ(I)] 0.1040 0.1203 0.0828 0.0886
R1 (all data) 0.0812 0.0444 0.0685 0.0948
ωR2(all data) 0.1133 0.1232 0.0893 0.0953
Residuals [eÅ–3] 0.507, –0.527 0.845, –1.079 1.363, –0.836 0.427, –0.587

Table 2. Selected bond lengths [Å] and angles [°] for 1–4.[a]

Complex 1

Ag–N(1) 2.149(6) Ag–N(3) 2.130(5) Ag–Ag#1 2.8182(14)
N(3)–Ag–N(1) 170.6(2) N(3)–Ag–Ag#1 87.55(17) N(1)–Ag–Ag#1 84.85(16)

Complex 2

Ag–N(1) 2.236(4) Ag–N(3) 2.203(4) Ag–O(1) 2.392(4)
Ag–Ag#1 2.8437(9) N(3)–Ag–N(1) 132.95(16) N(3)–Ag–O(1) 131.28(14)
N(1)–Ag–O(1) 95.76(14) N(1)–Ag–Ag#1 91.71(12) N(3)–Ag–Ag#1 79.42(11)
O(1)–Ag–Ag#1 103.91(10)

Complex 3

Ag(1)–N(1) 2.549(5) Ag(1)–N(3) 2.163(5) Ag(1)–N(5) 2.160(5)
Ag(1)–Ag(2) 2.9331(17) Ag(1)–Ag(1)#1 3.3169(18) Ag(2)–N(7) 2.139(5)
Ag(2)–N(11) 2.135(5) Ag(2)–Ag(3) 3.0091(15) Ag(3)–N(9) 2.111(5)
Ag(3)–N(13) 2.122(5) Ag(3)–Ag(3)#2 3.0767(19) N(3)–Ag(1)–N(1) 73.96(18)
N(5)–Ag(1)–N(1) 108.77(17) N(5)–Ag(1)–N(3) 170.32(18) N(3)–Ag(1)–Ag(2) 87.75(13)
N(5)–Ag(1)–Ag(2) 85.05(12) N(1)–Ag(1)–Ag(2) 144.91(11) N(5)–Ag(1)–Ag(1)#1 104.98(13)
N(3)–Ag(1)–Ag(1)#1 84.30(13) N(1)–Ag(1)–Ag(1)#1 55.78(12) Ag(2)–Ag(1)–Ag(1)#1 153.14(3)
N(11)–Ag(2)–N(7) 164.81(18) N(11)–Ag(2)–Ag(1) 109.47(13) N(7)–Ag(2)–Ag(1) 84.93(12)
N(11)–Ag(2)–Ag(3) 80.69(14) N(7)–Ag(2)–Ag(3) 108.97(13) Ag(1)–Ag(2)–Ag(3) 73.30(5)
N(9)–Ag(3)–N(13) 172.62(18) N(9)–Ag(3)–Ag(2) 88.47(13) N(13)–Ag(3)–Ag(2) 98.66(13)
N(9)–Ag(3)–Ag(3)#2 100.32(13) N(13)–Ag(3)–Ag(3)#2 83.47(12) Ag(2)–Ag(3)–Ag(3)#2 74.85(5)

Complex 4

Ag(1)–N(1) 2.260(16) Ag(1)–N(3) 2.154(16) Ag(1)–N(10) 2.301(14)
Ag(2)–N(5) 2.240(14) Ag(2)–N(7) 2.172(12) N(3)–Ag(1)–N(1) 157.7(6)
N(1)–Ag(1)–N(10) 111.8(5) N(3)–Ag(1)–N(10) 90.3(6) N(7)–Ag(2)–N(5) 161.0(5)

[a] Symmetry code for 1: #1: –x, y, –z + 1/2; 2: #1: –x + 1, –y + 1, –z + 2; 3: #1: –x + 1/2, –y + 1/2, –z + 1; #2: –x, y, –z + 1/2.
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C 23.34, H 2.70, N 18.12. IR (KBr): ν̃ = 3446 m cm–1, 3074 m,
3001 m, 2896 m, 2806 m, 1631 w, 1546 s, 1435 m, 1406 s, 1385 m,
1334 m, 1218 m, 1105 vs, 939 s, 886 s, 761 w, 747 m, 689 m, 617 m.

[Ag2(H2biim)2(µ-ox)] (2): AgNO3 (0.085 g, 0.5 mmol) was dissolved
in 30 mL of H2O and H2biim (0.067 g, 0.5 mmol) was added to the
resulting solution. The mixture was stirred at room temperature for
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half an hour then a water solution (20 mL) containing oxalic acid
(0.032 g, 0.25 mmol) was added. The resulting solution was stirred
at 80 °C for two hours and then filtered off. The filtrate was left in
air to evaporate to form crystals of 2 after one day. The crystals
were collected by filtration, washed with ethanol, and dried in air
(0.093 g, 65% yield based on Ag). C14H12Ag2N8O4 (572.06): calcd.
C 29.39, H 2.12, N 19.59; found C 29.36, H 2.34, N 19.44. IR
(KBr): ν̃ = 3435 s cm–1, 3142 w, 3076 m, 2999 m, 2898 m, 2807 m,
1597 s, 1545 s, 1435 w, 1406 s, 1384 m, 1334 w, 1310 s, 1218 w,
1105 s, 940 m, 886 m, 761 m, 747 m, 735 m, 689 m.

[Ag6(µ-H2biim)5(H2biim)2](ClO4)4(CH3CO2)2·4H2O (3): An aque-
ous solution (10 mL) of NaClO4·H2O (0.70 g 0.5 mmol) was added
to a well-stirred suspension of H2biim (0.067 g, 0.5 mmol) and
Ag(CH3COO) (0.083 g, 0.5 mmol) in 50 mL of water. The suspen-
sion was then refluxed for 2 h. After cooling, the resulting suspen-
sion was filtered off. The filtrate was left in air to evaporate the
solvent and crystals were obtained after a few days. The product
was collected by filtration, washed with ethanol, and dried in vacuo
(0.078 g, 43% yield based on Ag). C46H56Ag6Cl4N28O24 (2174.2):
calcd. C 25.41, H 2.60, N 18.04; found C 25.49, H 2.67, N 18.11. IR
(KBr): ν̃ = 3449 m cm–1, 3176 w, 3143 w, 3076 m, 3002 m, 2898 m,
2807 m, 1631 w, 1546 m, 1436 w, 1406 m, 1384 s, 1333 m, 1218 w,
1144 m, 1121 s, 1106 s, 1084 s, 940 m, 887 m, 747 m, 689 m, 626 w.

[Ag2(H2biim)2(nicotinate)2]n (4): A mixture of AgNO3 (0.042 g,
0.25 mmol), H2biim (0.333 g, 0.25 mmol), and nicotinic acid

Table 3. Hydrogen bonds in 1–4.[a]

D–H···A D–H H···A D–A D–H–A
Complex 1

N2–H2A···O2#1 0.86 1.94 2.774 162.4
N4–H4A···O1#2 0.86 1.95 2.727 149.3
O1W–H1WB···O2#3 0.87 2.00 2.869 178.6
O1W–H1WA···O2#4 0.95 2.37 3.172 141.0

Complex 2

N2–H2A···O2#1 0.86 1.92 2.741 159.4
N4–H4B···O1#2 0.86 1.89 2.724 164.2

Complex 3

N2–H2A···O4#1 0.86 2.49 2.973 116.1
N2–H2A···O02 0.86 2.58 3.316 144.9
N4–H4A···O02 0.86 2.28 3.099 160.5
N4–H4A···O2#2 0.86 2.53 3.050 119.8
N6–H6A···O2W#3 0.86 1.89 2.726 174.9
N8–H8A···O02#4 0.86 2.36 3.078 140.9
N10–H10A···O1W 0.86 1.87 2.714 168.0
N12–H12A···O1W 0.86 2.34 3.017 135.4
N12–H12A···O7#5 0.86 2.35 2.927 125.2
N14–H14A···O01#6 0.86 1.87 2.722 172.7
O1W–H1WA···O2#2 0.90 2.16 2.840 132.2
O1W–H1WB···O01#7 0.90 1.96 2.796 153.9
O1W–H1WB···O5#5 0.90 2.56 3.067 116.3
O2W–H2WA···O02#8 0.91 2.19 3.034 153.3
O2W–H2WB···O01#7 0.90 2.52 3.147 127.0

Complex 4

N2–H1···O1#1 0.85 1.85 2.688 167.3
N4–H4···O2#2 0.93 1.80 2.694 161.0

[a] Symmetry codes for 1: #1: –x + 1, –y + 1, –z + 1; #2: –x + 1,
–y, –z + 1; #3: x, y, z – 1; #4: –x + 1/2, –y + 1/2, –z + 1; 2: #1:
x + 1, y + 1, z; #2: x, y, z + 1; 3: #1: x, –y + 1, z + 1/2; #2: –x +
1/2, y + 1/2, –z + 1/2; #3: x, y – 1, z; #4: –x + 1/2, –y + 1/2, –z +
1; #5: x, –y + 1, z – 1/2; #6: x – 1, y – 1, z; #7: –x + 1, y, –z +
1/2; #8: –x + 1/2, –y + 3/2, –z + 1. 4: #1: –x + 1/2, y – 1/2, –z +
3/2; #2: x, y, z – 1.
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(0.308 g, 0.25 mmol) in H2O (16 mL) was heated at 165 °C for 3 d
under autogenous pressure. After cooling, the resulting solution
was filtered off. The filtrate was left in air to evaporate the solvent
and crystals were obtained after a few days. The product was col-
lected by filtration, washed with ethanol, and dried in vacuo
(0.042 g, 46% yield based on Ag). C12H10AgN5O2 (364.12): calcd.
C 39.58, H 2.77, N 19.24; found C 39.53, H 2.85, N 19.16. IR
(KBr): ν̃ = 3435 m cm–1, 3109 m, 3067 m, 2991 m, 2896 m, 2806 m,
1594 s, 1547 s, 1406 m, 1384 s, 1334 m, 1219 w, 1191 w, 1152 w,
1105 m, 1030 w, 993 w, 940 w, 915 w, 774 m, 749 mw, 691 m.

X-ray Crystallographic Study: Suitable single crystals of complexes
1–4 were mounted on a Siemens Smart CCD diffractometer
equipped with a graphite-monochromated Mo-Kα radiation source
(λ = 0.71073 Å) at 298 K. All absorption corrections were per-
formed with the SADABS program. All structures were solved by
direct methods and refined by full-matrix least-squares fitting on F2

with SHELXTL-97.[14] All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms were located at
geometrically calculated positions and treated as riding on their
parent atoms. Crystallographic data and structural refinements for
compounds 1–4 are summarized in Table 1. Selected bond lengths
and hydrogen bonds are summarized in Tables 2 and 3, respectively.
CCDC-285100 (1), -285101 (for 2), -262860 (for 3), and
-285012 (for 4) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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The use of metal acetates has allowed the synthesis of NHC
complexes without isolation of the free carbene. This route
is very useful in cases where the metal acetates are readily
available and has been used, for example, for the synthesis
of bis(N-heterocyclic carbene) complexes of palladium(II). In
the case of platinum, however, the corresponding acetate is
not commercially available and is difficult to synthesize. Pre-
viously published syntheses require either an external base

Introduction
In the last decade N-heterocyclic carbene (NHC) com-

plexes of transition metals have found applications in many
fields of chemistry. Metal complexes of imidazoline-2-ylid-
enes have recently been shown to be extremely versatile and
stable catalysts for a wide range of reactions, including
C–C coupling reactions,[1,2] olefin metathesis,[3–6] hydrofor-
mylation,[7,8] and, most recently, CH activation.[9,10] The
key for this development has been the number of improved
synthetic methods for the preparation of NHC complexes,
which have been summarized in recent reviews.[11–13]

Metal acetates allow the synthesis of NHC complexes
without isolation of the free carbene. Palladium() acetate
in wet dimethyl sulfoxide (DMSO) at elevated temperatures
directly forms carbene complexes with imidazolium salts.
Even methylene-bridged bis(imidazolium) salts can be con-
verted into the corresponding bis(carbene) complexes in
high yields (85–90%).[14–16] We and others have been par-
ticularly interested in these chelate ligands as a way of ex-
tending the area to more complex ligands and more stable
complexes.[17–23] Here we present a new general synthetic
pathway towards platinum–bis(carbene) complexes with
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(e.g. NaOAc or KOtBu) or a transmetalation step. Here we
present a new general synthetic pathway for platinum–
bis(carbene) complexes using platinum(II) acetylacetonate as
a commercially available metal precursor. Aromatic substitu-
ents greatly enhance the stability of the metal complexes
against acidic media.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

aromatic substituents, which greatly enhance the stability of
the corresponding platinum carbene complexes.

Results and Discussion
Preparation of the Platinum(II)–Bis(carbene) Complexes

The previously reported syntheses of platinum–NHC
complexes involve the preparation of either platinum pre-
cursors or free carbenes, which usually have to be handled
under an inert gas atmosphere.[24–27] Since the acidic meth-
ylene protons in bis(imidazolium) salts might be attacked
under common deprotonation conditions, a pathway via the
free bis(carbenes) is only possible by using sterically de-
manding bases, but the yields are only moderate.[28,29] To
circumvent the need for multi-step pathways we recently in-
troduced a new synthetic route using the corresponding
platinum() halide salts and sodium acetate as an external
base for the synthesis of the metal complexes. However, the
use of external bases like sodium acetate often leads to the
formation of small amounts of platinum black, which pro-
duces lower yields in the reaction and is difficult to remove
from the product.[22]

If platinum() acetylacetonate is used as metal precursor,
no formation of platinum black is observed during the reac-
tion. Like the platinum() halides used in our first proto-
col,[22] it is commercially available and can be handled in
air. Furthermore, there are two major advantages for the
use of platinum() acetylacetonate compared to plati-
num() halides. First, only platinum() halides with the
same halides as the imidazolium salts can be used in the
reaction to avoid anion scrambling in the complex, and
platinum() halides are also much more expensive than
platinum() acetylacetonate. Secondly, different from our
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older procedure, no other external base has to be added
since the basicity of the acetylacetonate anion is sufficient
to deprotonate the imidazolium salt. When platinum() ha-
lides are used as metal precursors, sodium acetate has to be
added to the reaction mixture, which leads to the formation
of sodium halide salts during the reaction which have to be
removed by washing the product with water several
times.[22] In this case only pentan-2,4-dione emerges during
the reaction, and this can be removed in vacuo along with
the solvent. We were able to synthesize several new plati-
num–N-heterocyclic bis(carbene) complexes with different
substituents at the aromatic ring following this method.

The synthesis of these new ligands can be accomplished
in only two steps. First, the aromatic-substituted imidazoles
were synthesized according to Scheme 1 from substituted
anilines, which are commercially available in great diversity:
4-nitroaniline for 1a, 4-chloroaniline for 1b, 4-bromoaniline
for 1c, 4-methoxyaniline for 1d, and ethyl 4-aminobenzoate
for 1e. The aromatic amine, glyoxal and formaldehyde are
converted into an aromatic-substituted imidazole in a one-
pot reaction. Additionally to the imidazoles prepared by
Zhang et al.,[30] we extended this method to anilines substi-
tuted by different halogens. Both electron-donating and
-withdrawing substituents are tolerated, although the yields
of product are quite different (Table 1).

Scheme 1. Synthesis of imidazoles with different aromatic substitu-
ents [R = NO2 (1a), R = Cl (1b), R = Br (1c), R = OCH3 (1d), R
= COOCH2CH3 (1e)].

Table 1. Isolated yields of 1a–1e.

1a 1b 1c 1d 1e

Yield 28.0% 77.0% 60.7% 75.0% 73.7%

The low yield for 1a can be explained by its lower solubil-
ity in organic solvents, so the extraction of the product is
the limiting factor here. This reaction gives access to a wide
range of N-substituted imidazoles with different functional
groups at the aromatic ring, thereby allowing us to fine-
tune the electronic situation in the N-heterocyclic carbene
ligand.

These N-substituted imidazoles can be converted in good
yields into the corresponding bis(imidazolium) salts by a
nucleophilic substitution reaction with dibromomethane
(Scheme 2). The reaction also works with diiodomethane,

Scheme 2. Synthesis of the imidazolium salts [R = NO2 (2a), R =
Cl (2b), R = Br (2c), R = OCH3 (2d), R = COOCH2CH3 (2e)].
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as reported previously.[22] The preparation of the imidazoles
and the following bridging step of two of these imidazoles
with dibromomethane are compatible with a wide range of
functional groups at the aromatic ring. Yields are given in
Table 2.

Table 2. Isolated yields of 2a–2e.

2a 2b 2c 2d 2e

Yield 94.8% 64.0% 84.0% 88.7% 86.4%

Finally, we succeeded in synthesizing the platinum–
bis(carbene) complexes under very mild conditions, thus
proving the application of our new compounds as suitable
NHC ligands for late transition metals. In this case, the
traditional metalation procedure involving deprotonation
of the imidazolium precursor with strong bases produces
unwanted side reactions because of the acidic protons in
the bridging CH2 group and in the functional groups at the
aromatic ring.[31] Milder procedures were therefore needed
that are compatible with more sensitive functionalities.
Base-sensitive methylene-bridged bis(imidazolium) salts can
be converted into the corresponding palladium–bis-
(carbene) complexes by treatment with Pd(OAc)2 in wet di-
methyl sulfoxide (DMSO) at elevated temperatures in high
yields (Scheme 3).[14–16] This route is very useful in cases
where the metal acetates are easily available. In the case of
platinum, however, the corresponding acetate is not avail-
able and is difficult to synthesize.[32,33] So until now plati-
num() halides had to be used and sodium acetate had to
be added to the reaction mixture as an external base, lead-
ing to the formation of sodium halides as by-products dur-
ing the reaction.[22] Here we present a new synthetic ap-
proach that uses platinum() acetylacetonate as a commer-
cially available metal precursor and base for the deproton-
ation of the imidazolium salt. The synthesis of the platinum
complexes is illustrated in Scheme 4 and yields of the syn-
theses are given in Table 3.

Scheme 3. Synthesis of bridged palladium complexes from imid-
azolium salts and palladium() acetate.

To obtain these complexes in good yields it is necessary
to follow the synthetic protocol described below. It is cru-
cial that the halide salt of the bis(imidazolium) compound
is completely converted into the platinum–monocarbene
species by slowly heating the reaction mixture over several
hours first to 60 °C, thereby deprotonating only one of the
imidazolium rings, otherwise a substantial amount of plati-
num black formation is observed.[22] The reaction mixture
should then be heated up to 130 °C to deprotonate the sec-
ond imidazolium ring. This is consistent with the earlier
findings of Herrmann et al. regarding palladium–bis(car-
bene) complexes,[34] but had not been observed for platinum
carbenes before.
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Scheme 4. Synthesis of the platinum complexes [R = NO2 (3a), R = Cl (3b), R = Br (3c), R = OCH3 (3d), R = COOCH2CH3 (3e)].

Table 3. Isolated yields of 3a–3e.

3a 3b 3c 3d 3e

Yield 62.1% 86.8% 67.0% 69.9% 71.8%

Solid-State Structures and NMR Studies of the
Platinum(II)–Bis(carbene) Complexes

Important geometrical parameters of the solid-state
structures are shown in Table 4 and the Supporting Infor-
mation. Details of the structure determinations are given in
the Experimental Section.

Table 4. Selected bond lengths and bond and torsional angles of
3b–3e.

3b 3c 3d 3e

Pt–C1 1.968(12)×2 1.968(5)×2 1.961(6) 1.967(12)
Pt–C11 1.971(6) 1.976(13)
Pt–Br1 2.4685(16)×2 2.4833(6)×2 2.4926(7) 2.4746(13)
Pt–Br2 2.4831(7) 2.4812(14)
C1–N1 1.366(16)×2 1.351(7)×2 1.349(8) 1.377(15)
C11–N3 1.333(8) 1.359(15)
C1–Pt–C1A/C11 86.4(5) 84.9(2) 84.4(3) 85.6(5)
C1–Pt–Br1 92.2(4) 92.75(15) 92.34(18) 93.1(4)
C1–N2–C5–C10 137.0(12) –147.0(5) 128.0(7) –143.8(12)

The molecular structures of complexes 3b–3e are nearly
identical with each other and with 4; they contain a bowl-
shaped NHC ligand. A DMSO solvent molecule, which co-
vers the cavity, is found inside this bowl in all structures.
The solid-state structure of complex 3d is given in Figure 1
as an example, although the DMSO solvent molecule has
been omitted for clarity. Pictures of the solid-state struc-
tures of the other complexes are given in the Supporting
Information.

The Pt–carbene-C distances of the aromatic-substituted
complexes 3b–3e are equivalent within the margin of error.
The biggest differences between these structures are found
in the torsional angles of the plane of the aromatic rings
towards the plane of the imidazole rings. Figure 2 shows a
superposition of all four crystal structures; the DMSO and
methanol solvent molecules found in the crystal structures
have been omitted for clarity. The figure shows that the co-
ordination environment of the metal center is highly pre-
served and so there are nearly no differences in the steric
situation of the metal, even though the complexes crys-
tallize in different space groups.

Although structurally quite similar these complexes have
different electronic properties at the metal center, as can be
seen from the 13C NMR spectra. The effects of the different
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Figure 1. ORTEP-style plot of the solid-state structure of com-
pound 3d. Thermal ellipsoids are drawn at the 50% probability
level. The disordered DMSO molecule in the crystal has been omit-
ted for clarity.

Figure 2. Superposition of the solid-state structures of 3b–3e. Sol-
vents omitted for clarity.

aromatic substituents R1 on the 13C chemical shifts for the
carbene carbon atoms are shown in Figure 3. Therefore it
is possible to fine-tune the electronic situation at the metal
center by varying the functional groups at the aromatic
ring. Electron-withdrawing groups like NO2 or halogens at
the aromatic ring lead to a shift of the 13C signal of the
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Figure 3. Dependence of the 13C chemical shift of the carbene carbon atom on the aromatic substituents R1.

carbene C to lower field, which is indicative of a higher
partial negative charge at the carbene carbon atoms of the
complex. As expected, the electron-withdrawing effects of a
4-chlorophenyl and a 4-bromophenyl group at the imida-
zole are nearly equivalent. On the other hand, electron-do-
nating groups like the methoxy group at the aromatic ring
lead to a high-field shift of the 13C signal of the carbene
carbon atom.

This type of complex also shows an unusually high ther-
mal stability combined with a surprising resistance to acidic
media. We have observed this stability previously for palla-
dium()–NHC complexes like 1,1�-dimethyl-3,3�-methyl-
ene-4-diimidazoline-2,2�-diylidenepalladium() dibromide
(4), which are catalysts for the activation of methane, while
the analogous platinum()–NHC complex 5 decomposes
quickly in trifluoroacetic acid (Figure 4).[9,10,22]

Figure 4. Methyl-substituted bis-NHC complexes of palladium (4)
and platinum (5).

With the introduction of aromatic ligands and the novel
platinum() acetylacetonate synthesis presented here, we
have been able to make several new platinum–bis(carbene)
complexes with increased stability against strongly acidic
conditions. While the analogous N-methyl-substituted com-
plex 5 is stable towards air and moisture even at elevated
temperatures, it decomposes within minutes to platinum
black in trifluoroacetic acid.[9] However, the new complex
3b does not decompose even after weeks in TFA or at ele-
vated temperatures of up to 90 °C in the presence of strong
oxidants like K2S2O8. Complex 3e can also be heated to
110 °C in 2  HCl solution for 4 h with no change in the
NMR spectrum. Neither reprotonation to the imidazolium
salt nor hydrolysis of the ester functionality are observed
under these conditions.
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Conclusion

We have shown that platinum()–bis(carbene) complexes
with various aromatic substituents can be synthesized fol-
lowing our new protocol with platinum() acetylacetonate
as metal precursor. Together with our new aromatic ligands
with various substituents, acid-stable platinum()–bis(car-
bene) complexes are now synthetically available in great di-
versity. The electronic situation at the metal center can be
fine-tuned by varying the functional groups at the aromatic
ring without changing the steric situation of the metal cen-
ter. This is important for future applications of these com-
plexes in various catalytic reactions, since many known
homogeneous catalytic processes depend on a particular
electronic situation at the metal center.

Experimental Section
General Procedures: Solvents of 99.5% purity were used through-
out this study. Platinum() acetylacetonate (98%) was purchased
from Acros. All other chemicals were obtained from common sup-
pliers and used without further purification. Ligands 2a–2e were
prepared according to the procedures given in the Supporting In-
formation. 1H and 13C NMR spectra were recorded with a Bruker
AC 300 P, Jeol JNM GX-270, or Jeol JNM GX-400 spectrometer.
As the 1H and 13C NMR spectra of one compound were not always
measured on the same spectrometer, spectrometer frequencies of
the measurements are given. The spectra were referenced internally
to the resonances of the solvent (1H, 13C). Elemental analyses were
performed by the microanalytical laboratory at our institute using
an EuroVektor Euro EA-300 Elemental Analyzer. Mass spectra
were recorded with a Finnigan MAT 90 spectrometer.

Synthesis of Platinum(II) Complex 3a: 1,1�-Bis[1-(4-nitrophenyl)]-
3,3�-methylenimidazolium dibromide (2a; 280.5 mg, 0.51 mmol)
and platinum() acetylacetonate (200 mg, 0.51 mmol) were dis-
solved in 3 mL of dimethyl sulfoxide in a nitrogen-flushed Schlenk
tube and heated for 2 h to 60 °C, 2 h to 80 °C, 2 h to 100 °C, and
1 h to 130 °C. At approximately 80 °C the reaction mixture became
a clear, yellow solution. After removal of the solvent in vacuo the
resulting residue was washed twice with 5 mL of diethyl ether and
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5 mL of dichloromethane. The product was obtained as a yellow
powder. Yield: 0.236 g (62.1%). 1H NMR (300 MHz, [D6]DMSO):
δ = 6.31 (d, J = 14.4 Hz, 1 H, NCH2N), 6.38 (d, J = 14.4 Hz, 1 H,
NCH2N), 7.79 (d, J = 9.0 Hz, 2 H, NCH2CH2N), 7.97–8.03 (m, 4
H, arom. H), 8.36 (d, J = 9.0 Hz, 2 H, NCH2CH2N), 8.51–8.55
(m, 4 H, arom. H) ppm. 13C NMR (75 MHz, [D6]DMSO): δ = 62.4
(NCH2N), 121.0 (NCHCHN), 122.6 (NCHCHN), 124.5 (C2, C6
of C6H4NO2), 125.5 (C3, C5 of C6H4NO2), 126.4 (C1 of
C6H4NO2), 146.4 (C–Pt), 146.8 (C–NO2). C19H14Br2N6O4Pt·
0.5DMSO (745.24 + 39.07): calcd. C 30.63, H 2.18, N 10.72; found
C 30.94, H 2.46, N 10.79. MS (FAB): m/z = 584.2 [M – 2Br]+,
462.2 [M – 2Br – C6H4NO2]+, 341.2 [M – 2Br – 2C6H4NO2]+, 147.3
[M – 2Br – Pt – 2C6H4NO2]+.

Synthesis of Platinum(II) Complex 3b: 1,1-Bis[1-(4-chlorophenyl)]-
3,3�-methylenimidazolium dibromide (2b; 500 mg, 0.94 mmol) and
platinum() acetylacetonate (370 mg, 0.94 mmol) were dissolved in
10 mL of dimethyl sulfoxide in a nitrogen-flushed Schlenk tube and
heated for 2 h to 40 °C, 2 h to 60 °C, 2 h to 80 °C, 2 h to 100 °C
and 1 h to 130 °C. At 60 °C the reaction mixture became a clear,
yellow solution. After removal of the solvent in vacuo the resulting
residue was washed twice with 5 mL of ethanol. The product was
obtained as a white powder. Yield: 0.591 g (86.8%). 1H NMR
(300 MHz, [D6]DMSO): δ = 6.10 (d, J = 14.6 Hz, 1 H, NCH2N),
6.31 (d, J = 14.6 Hz, 1 H, NCH2N), 7.64 (d, J = 9.0 Hz, 4 H, arom.
H), 7.73 (d, J = 2.2 Hz, 2 H, NCHCHN), 7.77 (d, J = 2.1 Hz, 2
H, NCHCHN), 7.81 (d, J = 9.0 Hz, 4 H, arom. H) ppm. 13C NMR
(75 MHz, [D6]DMSO): δ = 67.0 (NCH2N), 121.4 (NCHCHN),
122.2 (NCHCHN), 127.0 (C2, C6 of C6H4Cl), 128.6 (C3, C5 of
C6H4Cl), 132.3 (C–Cl), 138.2 (C1 of C6H4Cl), 145.5 (C–Pt) ppm.
C19H14Br2Cl2N4Pt·DMSO (724.13 + 78.13): calcd. C 31.44, H 2.51,
N 6.98, S 4.00; found C 31.16, H 2.51, N 6.65, S 4.00. MS (FAB):
m/z = 643.3 [M – Br]+, 563.3 [M – 2Br]+, 176.3 [C9H6N2Cl+].

Synthesis of Platinum(II) Complex 3c: 1,1-Bis[1-(4-bromophenyl)]-
3,3�-methylenimidazolium dibromide (2c; 315.0 mg, 0.51 mmol)
and platinum() acetylacetonate (200.0 mg, 0.51 mmol) were dis-
solved in 3 mL of dimethyl sulfoxide in a nitrogen-flushed Schlenk
tube and stirred for 2 h at room temperature. The reaction mixture
was then heated for 2 h to 60 °C, 1 h to 85 °C, and finally 1 h to
110 °C. The solvent was then removed in vacuo until only 0.5 mL
of the solvent remained. After the addition of 3 mL of water a
white solid precipitated. The aqueous solution was filtered off and
the resulting residue was washed twice with 5 mL of dichlorometh-
ane. The product was obtained as a white powder. Yield: 0.278 g
(67.0%). 1H NMR (270 MHz, [D6]DMSO): δ = 6.10 (d, J =
12.7 Hz, 1 H, NCH2N), 6.31 (d, J = 12.4 Hz, 1 H, NCH2N), 7.53–
7.95 (m, 12 H, remaining H) ppm. 13C NMR (67.9 MHz, [D6]
DMSO): δ = 62.5 (NCH2N), 120.7 (NCHCHN), 121.5 (C–Br),
122.2 (NCHCHN), 127.3 (C2, C6 of C6H4Br), 131.6 (C3, C5 of
C6H4Br), 138.8 (C1 of C6H4Br), 145.4 (C–Pt) ppm. MS (FAB):
m/z = 733.0 [M – Br]+, 653.1 [M – 2Br]+, 572.2 [M – 3Br]+, 419.5
[M – 3Br – C6H4Br]+.

Synthesis of Platinum(II) Complex 3d: 1,1-Bis[1-(4-meth-
oxyphenyl)]-3,3�-methylenimidazolium dibromide (2d; 250.0 mg,
0.48 mmol) and platinum() acetylacetonate (188.3 mg, 0.48 mmol)
were dissolved in 7 mL of dimethyl sulfoxide in a nitrogen-flushed
Schlenk tube and stirred for 4 d at 60 °C. The solvent was then
removed in vacuo and the product washed twice with 5 mL of water
and twice with 5 mL of diethyl ether. The product was obtained as
a white powder Yield: 0.240 g (69.9%). 1H NMR (300 MHz, [D6]
DMSO): δ = 3.86 (s, 6 H, OCH3), 6.07 (d, J = 14.6 Hz, 1 H,
NCH2N), 6.26 (d, J = 14.6 Hz, 1 H, NCH2N), 7.08 (m, 4 H, arom.
H), 7.67 (s, 2 H, NCHCHN), 7.72 (s, 2 H, NCHCHN), 7.78 (m, 4
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H, arom. H) ppm. 13C NMR (75 MHz, [D6]DMSO): δ = 55.3
(OCH3), 62.4 (NCH2N), 113.7 (arom. CH), 122.5 (NCHCHN),
126.1 (arom. CH), 126.3 (NCHCHN), 126.7 (C1 of C6H4OMe),
132.5 (Pt–C), 158.8 (C–OMe) ppm. C21H20Br2N4O2Pt (715.30):
calcd. C 35.26, H 2.81, N 7.86; found C 35.34, H 2.87, N 7.52. MS
(FAB): m/z = 635.1 [M – Br]+, 554.3 [M – 2Br]+, 448.2 [M – 2Br –
C6H4OCH3]+, 341.3 [M – 2Br – 2C6H4OCH3]+.

Synthesis of Platinum(II) Complex 3e: 1,1-Bis[1-(4-ethylcar-
boxyphenyl)]-3,3�-methylenimidazolium dibromide (3e; 100.0 mg,
0.165 mmol) and platinum() acetylacetonate (64.9 mg,
0.165 mmol) were dissolved in 6 mL of dimethyl sulfoxide in a ni-
trogen-flushed Schlenk tube and stirred for 3 h at 40 °C, 2 h at
60 °C, 2 h at 70 °C, 2 h at 100 °C, and 1 h at 130 °C. The solvent
was removed in vacuo and the product washed once with 5 mL of
ethanol. The product was obtained as a white powder. Yield:
0.095 g (72%). 1H NMR (300 MHz, [D6]DMSO): δ = 1.43 (t, J =
7.0 Hz, 6 H, CH2CH3), 4.40 (q, J = 7.0 Hz, 4 H, CH2CH3), 6.14
(d, J = 13.2 Hz, 1 H, NCH2N), 6.35 (d, J = 13.2 Hz, 1 H, NCH2N),
7.84 (d, J = 2.7 Hz, 2 H, NCHCHN);7.91 (d, J = 2.7 Hz, 2 H,
NCHCHN), 7.98 (d, J = 8.4 Hz, 4 H, arom. H), 8.19 (d, J = 8.4 Hz,
4 H, arom. H) ppm. 13C NMR (75 MHz, [D6]DMSO): δ = 14.1
(CH2CH3), 61.1 (CH2CH3), 62.7 (NCH2N), 120.3 (arom. CH),
125.2 (NCHCHN), 129.8 (arom. CH), 130.7 (NCHCHN), 138.4
(C1 of C6H4COOEt), 139.1 (C4 of C6H4COOEt), 142.9 (Pt–C),
165.3 (COOEt) ppm. C25H26Br2N4O2Pt·0.5DMSO (799.37 +
39.07): calcd. C 37.25, H 3.25, N 6.68, S 1.91; found C 37.15, H
3.38, N 6.29, S 2.11.

X-ray Crystal-Structure Determination for 3b–3e: Crystals suitable
for an X-ray investigation were obtained either by allowing meth-
anol to condense into a saturated solution of the metal complex in
DMSO (3b, 3c) or by slowly cooling a hot, saturated solution of
the complex in DMSO (3d, 3e). The crystals were stored under
perfluorinated ether, transferred to a Lindemann capillary, fixed,
and sealed. Preliminary examination and data collection were car-
ried out on an area-detection system (Kappa-CCD; Nonius) with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data
collections were performed at 173 K (3b) or 198 K (3c–3e) in the
Θ range 2.27° � Θ � 21.02° (3b) or 3.00° � Θ � 27.40° (3c–3e).
The reflections were integrated, raw data were corrected for Lo-
rentz, polarization, decay, and absorption effects. Due to the small
size of the crystal the data set for 3d was reduced to 25.00 and that
of 3e to 26.40. The absorption correction was applied using the
PLATON DELABS algorithm for 3b and SADABS for 3c–3e. The
independent reflections were used for all calculations after merging.
The structures were solved by a combination of direct methods and
difference Fourier syntheses. All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms
were calculated in ideal positions as riding on the parent carbon
atoms. During the final stage of the refinements it becomes evident
that the crystal of 3b contains unresolvable solvent molecules. This
problem was cured by using the PLATON CALC SQUEEZE pro-
cedure. All other solvent molecules in 3c–3e could be fully resolved.
Full-matrix least-squares refinements were carried out by minimiz-
ing Σw(Fo

2 – Fc
2)2 with SHELXL-97 weighting scheme and stopped

at shift/err � 0.001. The final difference Fourier map showed high
residual electron density peaks for 3b (+1.610 and –2.096 eÅ–3)
caused by the incomplete absorption correction and the incomplete
removal of solvent molecules and 3c (1.546 and –0.959 eÅ–3; dis-
tance to platinum 0.783 and 0.976 Å) caused by an incomplete ab-
sorption correction. Details of the structure determinations are
given in Table 5. Neutral-atom scattering factors for all atoms and
anomalous dispersion corrections for the non-hydrogen atoms were
taken from the International Tables for Crystallography. All calcu-
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Table 5. Selected parameters for the crystal-structure determination of 3b–3e.

3b 3c·DMSO,·MeOH 3d·DMSO 3e·DMSO

Measured by E.H. S.A. S.G. S.A.
Crystal color and colorless needle colorless needle colorless needle colorless fragment
form
Crystal size [mm3] 0.05 × 0.08 × 0.43 0.38 × 0.08 × 0.03 0.18 × 0.08 × 0.07 0.25 × 0.16 × 0.10
Unit cell orthorhombic monoclinic triclinic monoclinic
Space group Pnma (no. 62) P21/m (no. 11) P1̄ (no. 2) P21 (no. 4)
Θ range [°] 2.27–21.02 3.91–27.40 3.61–25.00 3.96–26.40
a [Å] 13.2647(2) 8.108(1) 9.840(1) 8.2480(3)
b [Å] 16.8268(3) 17.395(1) 10.050(1) 17.8570(15)
c [Å] 10.6220(2) 10.258(1) 14.054(1) 10.5310(7)
α [°] 101.46(1)
β [°] 109.56(1) 106.39(1) 103.150(5)
γ [°] 95.43(1)
V [Å3], Z 2370.86(7), 4 1363.3(2), 2 1289.9(2), 2 1510.38(17), 2
F000 1352 868 760 848
Rflns. measured 47273 18489 23987 20357
Rflns. independent 1336 3184 4533 6110
Refined 130-parameter full-matrix 168-parameter full-matrix 312-parameter full-matrix 373-parameter full-matrix

refinement refinement refinement refinement, 8 restraints
(disordered solvent)

Refinement least-squares refinement of least-squares refinement of least-squares refinement of least-squares refinement of
1336 reflections with 3184 reflections with 4533 reflections with 6110 reflections with
Denzo/HKL Collect/SADABS Collect/SADABS Collect/SADABS

Remaining electron +1.610, –2.096 (insuff. +1.546, –0.959 (near plati- +0.668, –0.621 +0.899, –0.596
density [e Å–3] CALC SQEEZE) num)
R1

[a] [Fo � 4σ(Fo)] 0.0498 0.0283 0.0330 0.0379
[all reflections] 0.0530 0.0426 0.0568 0.0516
wR2

[b] [Fo � 4σ(Fo)] 0.1229 0.0560 0.0502 0.0741
[all reflections] 0.1252 0.0611 0.0537 0.0789
GOF (on F2)[a] 1.172 1.137 0.995 1.065
Diffractometer Kappa CCD (Area Dif- Kappa CCD (Area Dif- Kappa CCD (Area Dif- Kappa CCD (Area Dif-

fraction System; Nonius); fraction System; Nonius); fraction System; Nonius); fraction System; Nonius);
Mo-Kα; rotating anode Mo-Kα; sealed tube Mo-Kα; sealed tube Mo-Kα; sealed tube

[a] R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. [b] R2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2; GOF = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2.

lations were performed with the programs PLATON, SIR92,
SHELXL-97, and SADABS.[35–38]

CCDC-287338 (3b), -287341 (3c), -287339 (3d), and -287340 (3e)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Supporting information (see footnote on the first page of this arti-
cle): Synthetic and analytical data of the aromatic substituted
bis(carbene) ligands, as well as important data of the solid-state
structures of 3b–3e.
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Amine-Functionalised Hexagonal Mesoporous Silica as Support for Copper(II)
Acetylacetonate Catalyst
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Copper(II) acetylacetonate was anchored onto a hexagonal
mesoporous silica (HMS) material using a two-step pro-
cedure: (i) functionalisation of the surface hydroxy groups
with (3-aminopropyl)triethoxysilane (AMPTSi) and then (ii)
anchoring of the copper(II) complex through Schiff condensa-
tion with free amine groups, using two different metal com-
plex loadings. Upon the first step, nitrogen elemental analy-
sis, XPS and DRIFT showed the presence of amine groups on
the surface of the HMS material, and porosimetry indicated
that the structure of the mesoporous material remained un-
changed, although a slight decrease in surface area was ob-
served. Atomic absorption, XPS and DRIFT showed that cop-
per(II) acetylacetonate was anchored onto the amine-func-
tionalised HMS by Schiff condensation between the free
amine groups and the carbonyl groups of the copper(II) com-

Introduction

Currently, transition-metal complexes with Schiff-base li-
gands of the salen type are the object of intense research
due to their high activity, chemoselectivity and enantio-
selectivity in a large range of catalytic processes.[1–3] One of
the best-known examples are (salen)manganese() com-
plexes, that catalyse the epoxidation of alkenes,[1–3] and lead
(by direct atom transfer to olefins) to epoxides, which are
of great utility in organic synthesis.[1–3,4] The equivalent ni-
trogen-atom-transfer process catalysed by transition-metal
complexes has been less exploited,[4,5] despite aziridines be-
ing valuable products as intermediates in organic synthe-
sis,[4–7] efficient chiral auxiliaries and ligands in asymmetric
catalysis.[6] Evans et al. reported that copper() acetylace-
tonate is a very efficient homogeneous catalyst for the aziri-
dination of alkenes using 4-methyl-N-(phenyl-λ3-iodanylid-
ene)benzenesulfonamide (PhI=NTs) as nitrogen source;[4]
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cias, Universidade do Porto,
4169-007 Porto, Portugal
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[c] Department of Chemistry, University of York,
Heslington, York YO10 5DD, UK
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plex; using EPR an NO3 coordination sphere was proposed
for the anchored copper(II) complex. The new [Cu(acac)2]-
AMPTSi/HMS materials were tested in the aziridination of
styrene at room temperature, using PhI=NTs as nitrogen
source and acetonitrile as solvent. The styrene conversion
and total TON of the heterogeneous phase reaction are
higher than those of the same reaction catalysed in homo-
geneous phase by [Cu(acac)2]; nevertheless, the initial ac-
tivity decreases and the reaction time increases due to sub-
strate and product diffusion limitations. The heterogeneous
catalyst showed a successive slight decrease in catalytic ac-
tivity when reused for two more times.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(salen)copper() complexes have also been applied as
homogeneous catalysts for the alkene aziridination using
the same nitrogen source.[7]

However, homogeneous catalysts can not be separated
from the reaction media and, subsequently, can not be re-
used. Thus, one way to improve the homogeneous chemical
processes, preventing the requirement for laborious and in-
efficient extraction processes, is to immobilise the (some-
times) expensive homogeneous catalyst on solid supports.[8]

In fact, the last decade has witnessed a growing interest in
the heterogenisation of homogeneous metal complexes
using several types of supports and several immobilisation
strategies.[9–13] Initially, the complexes were just ion-ex-
changed or adsorbed on the porous supports and, conse-
quently, could be susceptible to leaching.[14,15] More re-
cently, several grafting and tethering procedures have been
developed to covalently attach transition-metal complexes
to organic polymers,[13] silica, zeolites and other micro- and
mesoporous inorganic materials.[9–12]

Copper() acetylacetonate has already been immobilised
in a polymer[6] and activated carbon,[16,17] and the new ma-
terials have acted as recoverable and reusable heterogeneous
catalysts for the aziridination of olefins using PhI=NTs as
nitrogen source.[6,17] In the first case, the copper() complex
was microencapsulated in polystyrene, and in the latter it
was anchored onto an amine-functionalised activated car-
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Scheme 1. Anchoring procedure: (a) functionalisation of the HMS with (3-aminopropyl)triethoxysilane and (b) anchoring copper()
acetylacetonate onto AMPTSi-functionalised HMS.

Scheme 2. Aziridination of styrene using PhI=NTs as nitrogen source.

bon,[16] through Schiff-base condensation between the free
amine group, covalently attached to the activated carbon
surface with the carbonyl groups of the acetylacetonate li-
gand coordinated to copper(). Both heterogeneous cata-
lysts presented similar catalytic parameters as those ob-
tained in homogeneous-phase reaction using [Cu-
(acac)2], under similar experimental conditions, and no sig-
nificant metal complex leaching was observed after the
catalytic reactions.[6,17] However, in the case where activated
carbon was used as support, inherent diffusion limitations
were observed due to the porous structure of the support,
and thus a decrease in the initial activity (TOF), and an
increase in the reaction time was observed.[17] Furthermore,
the spectroscopic characterisation by DRIFT and UV spec-
troscopy of the new carbon-based heterogeneous catalysts
proved to be difficult and impossible, respectively, due to
the highly absorbing carbon matrix, which limited the gath-
ering of information about the copper() complex formed
on the surface of the amine-functionalised activated car-
bon. Immobilisation on several porous supports of (Schiff
base)copper() complexes previously synthesised[18] or pre-
pared in situ on the porous structure,[19,20] have also been
reported in the literature.

The silica-based inorganic mesoporous materials which
offer pore sizes in the range 20–100 Å, are more suitable for
liquid-phase reactions, because they allow easy diffusion of
reactants to the active sites.[8,21] Their surface silanol groups
can also be easily functionalised by using trialkyloxysilanes,
with amine, thiol, carboxylic acid, phenyl, cyano, sulfonic
acid and vinyl groups, hence allowing subsequent chemical
attachment of the catalytic active species, namely inorganic
coordination compounds.[8,21] Furthermore, they can be
easily characterised by several spectroscopic techniques. De-
spite of the hexagonal mesoporous silicas (HMS) being less
ordered than MCM-41 and SBA-15 materials, they are
much easier and straightforward to synthesise due to the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1275–12831276

use of a cheap and neutral template, which does not require
the need of strongly acidic conditions.[22]

In the present work, a new and simpler route to obtain
immobilised (Schiff base)copper() complexes is presented.
A hexagonal mesoporous silica (HMS), organically func-
tionalised with (3-aminopropyl)triethoxysilane, was chosen
to anchor copper() acetylacetonate. The anchoring process
was done through Schiff condensation between the free
amine group, covalently attached to the HMS surface
(Scheme 1), with the carbonyl groups of the acetylacetonate
ligand, coordinated to copper(), as depicted in Scheme 1.
All the materials were characterised by nitrogen elemental
analysis, FTIR-DRIFT, nitrogen isotherms at 77 K and
XPS, and those with immobilised copper() complex were
also characterised by copper atomic absorption, UV diffuse
reflectance spectroscopy and EPR. The catalytic activity of
this new materials in the aziridination of styrene at room
temperature using PhI=NTs as nitrogen source was studied
(Scheme 2).

Results and Discussion

Characterisation of the HMS and Amine Functionalisation

The nitrogen adsorption isotherm at 77 K of the calcined
HMS material is of type IV (Figure 1), and therefore is typi-
cal of mesoporous materials, although the presence of
micropores can be detected in the lower relative pressure
region. The material has a BET surface area of 1158 m2 g–1

(Table 1).
The infrared spectrum of the calcined HMS shows the

typical Si–O lattice vibrations: two broad bands between
2100 and 1750 cm–1, with medium intensity, a strong and
broad band with two peaks in the region 1450–900 cm–1,
and two strong bands between 900 and 500 cm–1. Further-
more, a very broad band centred at 3450 cm–1, due to the
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Figure 1. Nitrogen adsorption isotherms at 77 K of (a) calcined
HMS, (b) AMPTSi/HMS, (c) [Cu(acac)2]AMPTSi/HMS_A and (d)
[Cu(acac)2]AMPTSi/HMS_B.

Table 1. Selected characteristics of the modified HMS materials.

Sample Cu [mmol g–1] N/Cu ABET
[b]

AA XPS[a] EA/AA XPS [m2 g–1]

HMS 1158
AMPTSi/HMS 561
[Cu(acac)2]AMPTSi/

0.362 0.269 3.9 4.6 436
HMS_A
[Cu(acac)2]AMPTSi/

0.068 0.036 23 27 201
HMS_B

[a] mol Cu/weight of HMS (from XPS data in Table 2) � atom-%
Cu/[atom-% C×Ar(C) + atom-% O ×Ar(O) + atom-% N ×Ar(N)
+ atom-% Si ×Ar(Si) + atom-% Cu×Ar(Cu)]. [b] From the nitro-
gen adsorption isotherm at 77 K.

O–H stretching vibrations, and a very sharp band at
3745 cm–1, with medium intensity, which is assigned to the
stretching vibrations of isolated surface SiO–H groups, are
observed. A band at 1622 cm–1 is also observed in the spec-
trum and is attributed to the H–O–H bending vibrations of
physisorbed water (Figure 2).

The HMS material was functionalised with (3-aminopro-
pyl)triethoxysilane (AMPTSi) and both nitrogen elemental
and XPS analyses show that nitrogen (Tables 1 and 2) was
introduced on the surface of the material: 1.34 mmolg–1

and 0.999 mmolg–1, respectively. From the former value
and taking into account the AMPTSi used in the function-
alisation reaction (3.00 mmolg–1), the anchoring efficiency
of the amine derivative onto the support was 44.7%.

Upon amine functionalisation, a decrease in the intensity
of the band at 3745 cm–1 is observed (Figure 2A), indicating
that the reaction between the isolated silanol groups of the
surface of the HMS with the ethoxy groups of the silane
derivative took place. The N–H and C–H stretching vi-
brations of AMPTSi are observed in the region 3400–
3000 cm–1 and 3000 cm–1, respectively, and the correspond-
ing H–N–H and H–C–H bending vibrations can also be
observed in the regions 1700–1500 cm–1 and 1500–

Eur. J. Inorg. Chem. 2006, 1275–1283 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1277

Figure 2. FTIR-DRIFT spectra of (a) calcined HMS, (b) AMPTSi/
HMS, (c) [Cu(acac)2]AMPTSi/HMS_A, (d) [Cu(acac)2]AMPTSi/
HMS_B and (e) [Cu(acac)2] in the regions (A) 4000–500 cm–1 and
(B) 2000–1000 cm–1.

Table 2. XPS elemental analysis [atom-%] of the modified HMS
materials.

Sample C O N Si Cu

AMPTSi/HMS 18.3 57.1 1.8 22.9 –
[Cu(acac)2]AMPTSi/HMS_A 17.9 53.7 2.3 25.6 0.5
[Cu(acac)2]AMPTSi/HMS_B 13.7 51.1 1.9 33.2 0.07
[Cu(acac)2] 66.9 26.0 – – 7.0

1300 cm–1, respectively, as weak intensity bands (Fig-
ure 1B).

No changes in the isotherm profile were observed upon
surface functionalisation of HMS with AMPTSi, suggest-
ing that the structure of the parent material was unaffected
after this step (Figure 1); however, a decrease in the HMS
surface area (Table 1), as well as some blockage of the
micropores and a slight decrease in the mean mesopore size
(Figure 1) are observed, as expected.
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Anchoring of Copper(II) Acetylacetonate onto the Amine-
Functionalised HMS

Two chloroform solutions containing different quantities
of copper() acetylacetonate were refluxed for 24 h with the
amine-functionalised HMS. Evidence for the effective
anchorage of the copper() acetylacetonate complex onto
the surface of AMPTSi/HMS was first provided by noting
that (a) the blue colour of the complex solution disappears
during the adsorption reaction, and (b) colourless solutions
are obtained when the materials were purified by Soxhlet
extraction.

Atomic absorption analysis (Table 1) of the materials re-
vealed that the [Cu(acac)2]AMPTSi/HMS_A material con-
tains 362 µmol of copper/g of material and the [Cu(acac)2]-
AMPTSi/HMS_B material contains 68 µmol of copper/g.
Relatively to the copper() complex quantity initially pres-
ent in each solution, these values correspond to an anchor-
ing efficiency of 73% and 82%, respectively, suggesting the
presence of some diffusion control in the metal complex
immobilisation reactions.

The N/Cu ratios obtained by elemental analysis and XPS
have similar magnitudes (Table 1) suggesting that the an-
chored copper() species have the same chemical environ-
ment throughout the HMS matrix. Nevertheless, in both
materials the spacer AMPTSi is always in excess relative to
complex (larger excess in [Cu(acac)2]AMPTSi/HMS_B).

No change in the isotherm profile was observed upon
complex immobilisation (Figure 1), suggesting that the
functionalised HMS structure was unaffected by complex
anchoring; however, a further decrease in the material sur-
face area (Table 1 and Figure 1), and a slight decrease in
the mean mesopore size are observed, confirming indirectly
the presence of the complex within the matrices. Surpris-
ingly, the material with lower copper loading, [Cu(acac)2]-
AMPTSi/HMS_B, shows a larger decrease in the surface
area, specially in the mesopore region, than the material
with higher copper loading, [Cu(acac)2]AMPTSi/HMS_A.

The IR spectra of [Cu(acac)2AMPTSi]/HMS_A and [Cu-
(acac)2AMPTSi]/HMS_B show, with respect to the parent
material, some changes in the regions where vibration from
AMPTSi occur: 3500–3000 cm–1 region, due to N–H
stretching vibrations and 1700–1300 cm–1, weak absorp-
tions due to the H–N–H and H–C–H bending vibrations,
suggesting that some molecular changes in the spacer took
place. On the other hand, new broad bands are observed at
about 1658 and 1555 cm–1 (Figure 2), which may be attrib-
uted to a C=N stretching vibration and to the acetylace-
tonate ring vibrations of the metal complex, respectively.
Furthermore, in the region between 1700 and 1300 cm–1,
where the fingerprint bands of [Cu(acac)2] are usually de-
tected, the DRIFT spectra of both [Cu(acac)2AMPTSi]/
HMS_A and [Cu(acac)2AMPTSi]/HMS_B materials are
different from that of free [Cu(acac)2] (Figure 2), contrast-
ing with a previous report for silica-supported [Cu(acac)2],
which shows a very similar DRIFT spectrum to that of the
free complex.[23] These results clearly indicate that there was
a Schiff condensation between the free amine groups on the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1275–12831278

surface of the HMS material and the oxygen atoms coordi-
nated to copper(), and that therefore the anchoring pro-
cedure occurred as depicted in Scheme 1.

The electronic spectrum of free [Cu(acac)2] presents a
large and asymmetric band with a maximum at λ = 558 nm
and a shoulder lying lower in energy at about λ = 642 nm
(Figure 3); this spectrum is typical of CuII complexes with
a square-planar geometry.[16] In this context the band at
lower energy is assigned to the dxy � dz2 transition and the
band at higher energies is attributed to the envelop of two
other allowed d–d transitions: dxy � dx2–y2 and dxy � dxz

� dyz, which have very close energies.[24]

Figure 3. UV diffuse reflectance spectra of the HMS materials: (a)
calcined HMS, (b) [Cu(acac)2], (c) [Cu(acac)2]AMPTSi/HMS_A
and (d) [Cu(acac)2]AMPTSi/HMS_B.

The electronic spectrum of the [Cu(acac)2]AMPTSi/
HMS_A material shows a broad asymmetric band at λ =
823 nm tailoring to lower energies, which corresponds to
the envelop of the three allowed d–d transitions (dxy � dz2,
dxy � dx2–y2 and dxy � dxz � dyz) with close energies. In
comparison to the spectrum of free [Cu(acac)2], the maxi-
mum of the band is shifted towards lower energy (Figure 3);
this type of changes in the electronic spectrum of CuII com-
plexes can be interpreted as suggesting a tetrahedral distor-
tion in the equatorial plane or axial coordination of a new
ligand.[24] Although the first explanation could justify the
proposed complex anchoring model, on the basis of elec-
tronic data alone, no choice between the two hypotheses
can be made. The profile spectrum of [Cu(acac)2]AMPTSi/
HMS_B is similar to the previous one, but its low intensity,
due to the lower copper content in this material, prevents
any further interpretation (Figure 3).

Further insights into the copper() coordination sphere
upon complex anchoring can be gathered from EPR spec-
troscopy. The EPR spectrum of [Cu(acac)2]AMPTSi/
HMS_B at 120 K, depicted in Figure 4 (b), is typical of
copper() species: it is of the axial type and shows hyperfine
couplings due to the interaction of the unpaired electron
with the copper nucleus (65Cu/63Cu, I = 3/2) in the low
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magnetic field region (Figure 4b). The EPR spectrum of
[Cu(acac)2]AMPTSi/HMS_A (Figure 4a) shows band
broadening due to the high local copper() concentration
(2.30%, Table 1), which prevents any further analysis. In
contrast, the EPR spectrum of the [Cu(acac)2]AMPTSi/
HMS_B shows smaller band-broadening effects, and thus
could be analysed in detail.

Figure 4. EPR spectra of the copper() acetylacetonate complexes,
free and anchored onto HMS at 120 K: (a) [Cu(acac)2]AMPTSi/
HMS_A, (b) [Cu(acac)2]AMPTSi/HMS_B and (c) [Cu(acac)2]/
HMS.

The EPR band profile of this material suggests that there
is one major CuII species within the HMS matrix[20] and its
similarity with the EPR of analogous free CuII com-
plexes[18–20,25–28] allows the same orientation scheme for the
tensor axes: g1 = g2 = g�, g3 = g� (or g1 = gx, g2 = gy, g3 =
gz), where g1 and g3 refer to the lowest and highest magnetic
fields g values (obviously, A1 = A2 = A�, A3 = A� or A1 =
Ax, A2 = Ay, and A3 = Az). In this context, as gx = gy � gz

the ground state of CuII in the immobilised complex has
been kept and is dxy; the values of the tensors g and A of
the [Cu(acac)2]AMPTSi/HMS_B were obtained by simula-
tion and are compiled in Table 3, which also summarises
the values for similar copper() acetylacetonate/salen-based
complexes with O4, NO3 and N2O2 coordination spheres,

Table 3. EPR parameters of the free and immobilised [Cu(acac)2].

Sample (coordination sphere) g� g� gav
[a] |A�|[b] |A�|[b] Ref.

[Cu(acac)2]AMPTSi/HMS_A[c,d] [d] [d] [d] [d] [d]

[Cu(acac)2]AMPTSi/HMS_B[c] 2.275 2.057 2.130 180.0 12.0 [e]

[Cu(acac)2]/CHCl3 (O4) 2.285 2.060 2.135 180 12 [25]

[Cu(acac)2]/MeHO (O4) 2.290 2.067 2.141 165.0 15.4 [19]

[Cu(salimine)]/SiO2 (NO3) 2.290 2.065 2.140 155 13 [20]

[Cu(salimine)]/SiO2 (N2O2) 2.243 2.065 2.124 183 13 [20]

2.062 16.8
[Cu(4-OHsalen)]/MeHO (N2O2) 2.213 2.111 192.2 [18]

2.055 36.5

[a] gav = 1/3(2×g� + g�). [b] The values are expressed in 10–4 cm–1. [c] At 120 K. [d] Not simulated due to band-broadening effects. [e]
This work.
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as free complexes and immobilised onto other supports
found in the literature.

Tetracoordinated copper() complexes with an equato-
rial O4 coordination sphere generally possess higher g� val-
ues (2.26–2.29)[26–28] relative to copper() complexes with
an equatorial N2O2 coordination sphere (2.19–2.24),[18,29]

because the introduction of nitrogen atoms into the equato-
rial plane increases the in-plane covalence. This can be con-
firmed by the data extracted from literature and compiled
in Table 3. An NO3 coordination sphere would give rise to
intermediate g values, with some overlap with the intervals
given above, but confirmation with experimental data is
quite difficult due not only to the failure of the preparation
the free counterpart of the anchored complex (all synthetic
attempts resulted in oils which we were unable to fully char-
acterise), but also to the almost nonexistent EPR data for
compounds with these coordinating atoms: only Murphy et
al. reported a silica-anchored [Cu(salicylaldimine)] species
with an NO3 coordinating sphere, which showed a g� =
2.29[20] and Talzi et al. reported CuII complexes with an
equatorial NO3 coordination sphere with g� = 2.27–2.28.[30]

Nevertheless, some insights into the coordination sphere of
the anchored complex can be gathered indirectly by com-
parison with g and A values of the parent copper complex
and those with mixed NO3 coordination spheres shown in
Table 3.

Comparing the g values of [Cu(acac)2]AMPTSi/HMS_B
with those of the free copper() acetylacetonate in a non-
coordinating solvent (CHCl3, Table 3) a decrease in g� and
g�; values, with consequent decrease in the gav value, is
observed; these g factors tendencies suggest that the an-
chored copper() complex has a different coordination
sphere with higher equatorial covalence,[28] which is typical
of the involvement of nitrogen atoms in the direct coordina-
tion with CuII.[20,28] As g� = 2.275 is higher than the typical
values observed for copper() complexes with an N2O2 co-
ordinating sphere and similar to those observed by Talzi et
al.,[30] we propose that the major Cu species immobilised
in [Cu(acac)2]AMPTSi/HMS_B have an NO3 coordinating
sphere as shown in Scheme 1 (other species, for example,
with an N2O2 coordination sphere and present in low quan-
tities, cannot be unambiguously excluded because of the so-
lid-state broadening effects in the EPR spectra). Although
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the spectrum was taken at low temperature, the bandwidths
of the signals are still large to detect the nitrogen superhy-
perfine splittings (typically 14–25 G), due to the interaction
between the copper unpaired spin and the nitrogen nuclear
spin (I = 1), hence hindering the direct confirmation of ni-
trogen atoms coordinated to the copper() centre in the
equatorial plane. Further confirmation of the proposed
NO3 coordination sphere for Cu species in [Cu(acac)2]-
AMPTSi/HMS_B and the exclusion of complex immobilis-
ation through axial coordination to the free amines of the
support can be gathered from the A�

Cu values. Axial coordi-
nation to a square-planar complex usually leads to a de-
crease of the metal hyperfine couplings:[26–29] in our case,
upon immobilisation of the complex onto the support, no
change in the A�

Cu value was observed, suggesting that no
effective axial coordination took place with the function-
alised matrix.

Despite the band-broadening effects in the [Cu(acac)2]-
AMPTSi/HMS_A spectrum that prevented its simulation
and detailed analysis, the same coordinating sphere is pro-
posed, because the N/Cu ratio is much lower than in [Cu-
(acac)2]AMPTSi/HMS_B (Table 1), and thus the in situ for-
mation of an anchored copper() complex with an N2O2

coordinating sphere is less likely to occur.
It is noteworthy that in a control experiment, where a

[Cu(acac)2] solution in chloroform was refluxed with the
unfunctionalised HMS for 24 h, a very low copper content
(see Figure 4) was obtained after purification. This indi-
cates that the functionalisation of the support with amine
groups leads to higher metal loadings, as observed by us
when activated carbon was used as the heterogeneous sup-
port.[16] The anchoring process of the copper() acetylace-
tonate onto the calcined HMS must occur through axial
coordination of the CuII centre to the isolated hydroxy
groups of the HMS surface. The confirmation was achieved
by the observation in the FTIR spectrum of a decrease in
the intensity of the band at 3745 cm–1, which is due to the
isolated silanol groups. Taking into account that upon
amine functionalisation of HMS there is a significant de-
crease in the intensity of this band (vide supra, Figure 2), it
may be concluded that the axial coordination of the CuII

centre to the isolated hydroxy groups of the surface of the

Table 4. Aziridination of styrene catalysed by the [Cu(acac)2] in the homogeneous phase and heterogenised using PhI=NTs as nitrogen
source.[a]

Catalyst Run t [h][b] % C[c] Total TON[d] Initial TOF [h–1][e]

[Cu(acac)2] 0.5 69 11 21

AMPTSi/HMS 24 21

[Cu(acac)2]AMPTSi/HMS_A 1st 4 92 21 8
2nd 24 79 24 7
3rd 24 40 14 5

[Cu(acac)2]AMPTSi/HMS_B 1st 24 15 3 0.5
3rd 24 12 13 0

[a] Catalyst/styrene/chlorobenzene (internal standard)/PhI=NTs (1:100:100:20), in CH3CN, at room temperature. [b] Time needed for total
consumption of PhI=NTs. [c] Corrected for limiting reagent (PhI=NTs). [d] TON = mmol converted styrene/mmol Cu. [e] Initial TOF
calculated for 1 h of reaction.
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HMS is hindered in the amine-functionalised HMS mate-
rial.

The EPR spectrum of this material, [Cu(acac)2]/HMS,
was also recorded and is shown in Figure 4c. Although the
spectrum could not be simulated due to the low intensity
of the signal, some qualitative information relating to the
anchored complex can be gathered from the spectrum pro-
file. With respect to the spectrum of [Cu(acac)2]AMPTSi/
HMS_B (Figure 4b), that of [Cu(acac)2]/HMS shows the
parallel region at higher magnetic field values as a broad
band, which corresponds to the envelope of the unresolved
four features due to the Cu hyperfine splittings. The main
consequence of this is an increase in g� and a decrease in
A�

Cu. By using the data from analogous Cu complexes[26–29]

and those referred to in Table 3, it can be clearly shown
that in the unfunctionalised HMS, the Cu centre lies in an
equatorial O4 plane and possesses axial coordination to the
matrix hydroxy groups. On the contrary, in the NH2-func-
tionalised HMS, the Cu centre has a coordination sphere
which involves the nitrogen atoms of the modified matrix
and no significant axial coordination takes place.

Catalytic Experiments

The results obtained for the aziridination of styrene, cat-
alysed by the [Cu(acac)2] in homogeneous phase, and im-
mobilised onto the amine-functionalised HMS are collected
in Table 4, at room temperature, using PhI=NTs as nitrogen
source.

Both [Cu(acac)2]AMPTSi/HMS_A and [Cu(acac)2]-
AMPTSi/HMS_B materials acted as heterogeneous cata-
lysts in the aziridination of styrene. As it was not possible
to prepare the free counterparts of the anchored complexes,
the catalytic activity of the heterogeneous copper complexes
were compared with the parent free complex [Cu(acac)2].
In this context, the former heterogeneous catalyst showed
improved catalytic efficiency (styrene conversion and total
TON, Figure 5) with respect to free [Cu(acac)2] in the
homogeneous phase, under similar experimental conditions.
This is an important result, as the modification of the coor-
dination sphere of the parent complex upon immobilisation
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Figure 5. (a) Styrene conversion (%) and (b) total TON of the [Cu(acac)2] in the homogeneous phase and heterogenised onto an amine-
functionalised HMS.

led to an increase in the catalytic activity, contrasting with
usual decrease observed in the majority of the anchorage
procedures, which involve the coordination sphere of the
catalytic centres.

However, a decrease in the initial activity and increase in
reaction time was observed, which may be due to the in-
herent diffusion limitations within the HMS porous struc-
ture, as the nitrogen source is a solid with limited solubility
in acetonitrile, and its solubilisation is controlled by its rate
of consumption.[4] Besides the formation of p-toluenesul-
fanamide, due to competitive homolytic cleavage of the
PhI=NTs,[4] only very small amounts of benzaldehyde and
epoxide were detected in the reaction media by gas
chromatography.

The AMPTSi/HMS support also shows some catalytic
activity in the conversion of styrene, but much smaller com-
pared with the new heterogeneous catalysts. Nevertheless,
the amount of the benzaldehyde by-product observed in the
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product mixture, can be related with residual catalytic ac-
tivity of the support.

The materials could be reused at least in two other cata-
lytic reactions with formation of aziridine. However, the
catalyst [Cu(acac)2]AMPTSi/HMS_A showed a loss of the
catalytic activity with reuse, giving, nevertheless, better
catalytic efficiency (total TON) than the reaction run in
homogeneous phase with the [Cu(acac)2], under similar ex-
perimental conditions. The catalyst [Cu(acac)2]AMPTSi/
HMS_B showed improved catalytic efficiency in the 2nd re-
utilisation, and then a small drop in the 3rd cycle, which
may be explained by a considerable decrease in the catalyst
mass during the recycling procedure.

Nonetheless, the typical IR bands of the immobilised
(Schiff base)copper() complex and silica backbone of both
catalysts after the catalytic cycles remained unchanged, in-
dicating the stability of the catalytic active species and sup-
port itself under the catalysis experimental conditions.
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Hence, the loss of catalytic activity with reuse of the new
heterogeneous catalyst may be due to slight leaching of
active species, promoted by some degradation of the bond
between the support and the spacer.

The [Cu(acac)2]AMPTSi/HMS_A heterogeneous catalyst
reported herein, which consists of copper() acetylace-
tonate anchored onto an amine-functionalised hexagonal
mesoporous silica, presents higher catalytic activity in the
aziridination of styrene, at room temperature, using
PhI=NTs as nitrogen source, than [Cu(acac)2] anchored
onto a triamine-functionalised activated carbon.[17] How-
ever, it is not as stable and reusable as the latter hetero-
geneous catalyst, because this could be reused at least for 4
times with successive increase in styrene conversion, and
thus in the total turnover number (TON) and initial activity
(TOF).

Conclusion

Copper() acetylacetonate was anchored onto an HMS
material using a two-step procedure: (i) functionalisation of
the surface hydroxy groups with (3-aminopropyl)triethoxy-
silane and then (ii) anchoring of the copper() complex
through Schiff condensation with free amine groups, using
two different metal loadings.

Nitrogen elemental analysis, XPS and DRIFT showed
the presence of amine groups on the surface of the HMS
material and porosimetry indicated that the structure of the
mesoporous material remained unchanged after this step.

Atomic absorption and XPS data showed that the cop-
per() acetylacetonate could be irreversibly immobilised
onto the amine-functionalised HMS through Schiff conden-
sation between the surface amine groups and the oxygen
atoms of the copper() ligand, leading to an NO3 coordina-
tion sphere for the anchored metal complex. This was con-
firmed by the combination of data extracted from FTIR
and EPR spectra of the materials.

The new [Cu(acac)2]AMPTSi/HMS materials were tested
in the aziridination of styrene, using PhI=NTs as nitrogen
source and acetonitrile as solvent, at room temperature. The
styrene conversion and total TON of the heterogeneous
phase reaction are higher than those of the same reaction
catalysed in homogeneous phase by [Cu(acac)2]; neverthe-
less, the initial activity decreases and reaction time increases
due to substrate and product diffusion limitations. The
heterogeneous catalyst showed a successive slight decrease
in catalytic activity when reused for two more times.

Experimental Section
Materials and Reagents: All reagents and solvents used in the prep-
aration and modification of the hexagonal mesoporous silica
(HMS) were used as received. Copper() acetylacetonate, 1-dode-
cylamine and (3-aminopropyl)triethoxysilane (AMPTSi) were from
Aldrich; tetraethoxysilane was from Lancaster; toluene and other
solvents used in the synthesis procedures were from Fischer Scien-
tific (analytical reagent grade) and those used in the catalytic ex-
periments and as eluents were from Romil or Fischer Scientific
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(HPLC grade). The nitrene donor 4-methyl-N-(phenyl-λ3-iodanyl-
idene)benzenesulfonamide (PhI=NTs) was synthesised using re-
ported procedures.[31]

Synthesis and Modification of Hexagonal Mesoporous Silica (HMS)

Synthesis of Hexagonal Mesoporous Silica (HMS): The HMS was
synthesised using a reported procedure;[22] tetraethoxysilane
(37.0 mL, 0.166 mol) was added to a stirred solution of ethanol
(88.1 mL, 1.51 mol), water (88.5 mL, 4.91 mol) and 1-dode-
cylamine (10.3 mL, 0.0448 mol). The mixture was stirred at room
temperature for 24 h. The white precipitate obtained was vacuum-
filtered, washed with deionised water (100 mL) and ethanol
(100 mL). In order to remove the template (1-dodecylamine), the
precipitate was calcined at 600 °C for 24 h.

Functionalisation of the HMS with (3-Aminopropyl)triethoxysilane
(AMPTSi/HMS): A mixture of calcined HMS (3.00 g) in dry tolu-
ene (50.0 mL) and (3-aminopropyl)triethoxysilane (9.00 mmol,
2.10 mL) was refluxed for 24 h. The material was vacuum-filtered,
washed with toluene (3×50 mL) and dried overnight in an oven at
85 °C.

Anchoring of Copper(II) Acetylacetonate onto Amine-Functionalised
HMS: A solution of copper() acetylacetonate (0.1304 g, 498 µmol)
in chloroform (100 mL, light blue solution) was refluxed with
AMPTSi/HMS (1.02 g) for 24 h. At the end of the process, the
colour of the solution was sligthtly blue. The solid was vacuum-
filtered, washed with chloroform (3×20 mL), and then Soxhlet-
extracted with chloroform for 6 h. Finally, the solid was dried over-
night in an oven at 85 °C. This material will be referred to as [Cu-
(acac)2]AMPTSi/HMS_A. Another material with lower complex
loading was also prepared: [Cu(acac)2]AMPTSi/HMS_B. In this
case AMPTSi/HMS (0.35 g) was refluxed with copper() acetylace-
tonate (0.0077 g, 29 µmol) in chloroform (10 mL, light blue solu-
tion) for 24 h, after which an almost colourless solution was ob-
tained after filtration of the material. The material was washed with
chloroform (3×20 mL) and then Soxhlet-extracted with chloro-
form (150 mL) for 6 h. The blue solid was dried in an oven at
100 °C, after which it was light brown.

Physico-Chemical Measurements: Nitrogen elemental analysis and
copper atomic absorption were performed by Microanalytical Ser-
vices, University of Manchester, U. K. Surface area measurements
were performed monitoring the N2 adsorption isotherms at 77 K
with a Micrometrics ASAP 2010 apparatus. Surface areas were cal-
culated using the BET equation over the pressure range p/p0 =
0.02–0.2. X-ray photoelectron spectroscopy was carried out with a
Kratos AXIS His instrument equipped with a charge neutraliser
and an Mg-Kα X-ray source. Spectra were recorded at normal emis-
sion with an analyser pass energy of 20 eV and an X-ray power of
225 W. The FTIR-DRIFT spectra of the powered materials were
obtained with a Bruker Equinox 55 spectrophotometer in the re-
gion 400–4000 cm–1. The UV diffuse reflectance spectra were ob-
tained with a Shimadzu UV-3101 PC in the range 1600–200 nm,
using barium sulfate as reference. EPR spectra were recorded with
a Bruker ESP300 EPR spectrometer equipped with an X-band mi-
crowave bridge. Temperature control was achieved with a Bruker
ER-4111 variable-temperature controller, the temperature at the
centre of the EPR cavity was calibrated using a separate thermo-
couple. The spectra were taken at 120 K with the following typical
experimental conditions: modulation frequency: 100 kHz; modula-
tion amplitude: 5 G; microwave power: 1–5 mW. The EPR param-
eters were obtained by simulation using the program Win EPR
Simfonia (Bruker) assuming axial or rhombic spin Hamiltonians.
The reported values of g� (or gx and gy) and A� (or Ax and Ay)
are less accurate because of their dependence on the used line
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widths (50–60 G). GC-FID chromatograms were obtained with a
Varian CP-3380 gas chromatograph using helium as carrier gas and
a fused silica Varian Chrompack capillary column CP-Sil 8 CB
Low Bleed/MS (30 m×0.25 mm i.d.; 0.25 µm film thickness). Con-
ditions: 60 °C (3 min), 5 °C min–1, 170 °C (2 min), 20 °C min–1,
200 °C (10 min); injector temperature: 200 °C; detector tempera-
ture: 300 °C. HPLC chromatograms were obtained with a Merck
Hitachi Lachrom apparatus consisting of a pump L-7100, UV de-
tector L-7400, interface D-7000, autosampler L-7200 and a column
oven L-7300 equipped with a Phenomenex Luna 5u C18(2),
250×4.6 mm column. The eluent used was a mixture of 85% of
acetonitrile and 15% of water with a flow rate of 1 mL min–1.

Catalysis Experiments: The activity of the catalysts in the aziridin-
ation of styrene was studied at room temperature using a molar
ratio of metal catalyst/alkene/chlorobenzene (internal standard)/
PhI=NTs = 1:100:100:20 in acetonitrile (5.00 mL), whilst stirring.
For the experiments with the catalyst [Cu(acac)2]AMPTSi/
HMS_A, styrene (1.22 mmol), chlorobenzene (1.22 mmol, internal
standard), heterogeneous catalyst (0.0300 g) and PhI=NTs
(0.244 mmol, nitrogen source) were used; for the experiments with
catalyst [Cu(acac)2]AMPTSi/HMS_B, styrene (0.20 mmol), chloro-
benzene (0.20 mmol, internal standard), heterogeneous catalyst
(0.0300 g) and PhI=NTs (0.041 mmol, nitrogen source) were used.
During the experiment, 0.05-mL aliquots were taken from the solu-
tion with a hypodermic syringe, filtered through 0.2-µm PTFE sy-
ringe filters and directly analysed by GC-FID. When the entire
PhI=NTs had disappeared from the solution and the ratio of the
areas of iodobenzene and chlorobenzene in the chromatogram was
constant, the solution was centrifuged at 3500 rpm for 15 min, and
then to the decanted solution another portion of PhI=NTs
(0.244 mmol) was added. This procedure checks the eventual exis-
tence of metal complex leaching to the reaction medium. The pres-
ence of the aziridine at the end of the reaction was confirmed by
HPLC. The heterogeneous catalysts were then washed/centrifuged
sequentially with acetonitrile (3×10 mL) and methanol (1 ×10 mL)
and oven-dried at 90 °C overnight. These materials were reused for
further two times using the same experimental procedure. To pro-
vide a framework for the results obtained using the heterogenised
copper() complex, styrene aziridination was also carried out under
experimental conditions comparable to those described above (a)
in homogeneous media using the same amount of [Cu(acac)2] and
(b) using the AMPTSi/HMS material, the precursor of both hetero-
geneous catalysts.
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In view of a possible application to aluminium chelation ther-
apy, 1-methyl-3-hydroxy-4-pyridinecarboxylic acid
(1M3H4P) and 1-methyl-4-hydroxy-3-pyridinecarboxylic
acid (1M4H3P) were synthesized, and their chemical interac-
tions with aluminium(III) were investigated in aqueous 0.6 m
(Na)Cl at 25 °C by means of potentiometric titrations. The
qualitative and quantitative results obtained were confirmed
by UV spectrophotometry and 1H NMR spectroscopy. For
both ligands, the species AlL2+, AlL2

+, AlL3, and AlL2H–1

were identified, with logβ1,1,0 = 7.66, logβ1,2,0 = 14.27, logβ1,3,0

= 19.099, and logβ1,2,–1 = 7.00 for 1M3H4P, logβ1,1,0 = 7.21,
logβ1,2,0 = 13.41, logβ1,3,0 = 18.15, and logβ1,2,–1 = 6.4 for

Introduction

The therapy for metal-overload pathologies usually in-
volves the administration of suitable chelating agents to se-
lectively remove the metal from the body. Regarding alu-
minium() and iron(), there is a need for new, safe, inex-
pensive, efficient, and orally effective chelators,[1–3] because
the existing ones, i.e. desferrioxamine and deferiprone, have
a number of drawbacks, including oral inefficacy and the
high cost for the former,[4–6] and several toxic side effects
and controversial efficiency for the latter.[5–8]

In a previous work[9] we proposed hydroxypyridinecar-
boxylic acids (HPs) as new possible chelating agents for alu-
minium() in view of several promising properties such as
their lack of toxicity (references in ref.[9]), their low molecu-
lar weight (which is required for oral activity), and their
very low affinity towards essential metal ions like Zn2+.[10]

Our results showed that the unsubstituted derivatives, i.e.
3H4P and 4H3P, cannot be regarded as possible alterna-
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1M4H3P. The chelation strength of 1M3H4P and 1M4H3P is
lower than that of other available aluminium(III) chelators,
e.g. deferiprone (pAl difference at physiological pH: ca. 3 log
units). The octanol/aqueous partitioning values of 1M3H4P
and 1M4H3P were 0.0054 and 0.0015, respectively, showing
high hydrophilicity. The efficiencies of the ligands to chelate
aluminium(III) were evaluated at physiological pH and ion
strength “in vitro”. 1M3H4P and 1M4H3P were more effec-
tive than their non-methylated analogs 3H4P and 4H3P.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tives to desferrioxamine and deferiprone, because they do
not adequately complex aluminium() at physiological pH.
As a strategy to improve the AlIII complexation ability,
without affecting the positive properties, alkylation of the
pyridinic ring was proposed, because the electron-donor
properties of the alkyl substituents can be expected to in-
crease the basicity of chelating oxygen atoms and therefore
to increase the affinity towards hard metal ions, such as
aluminium() and iron().

In this work, the N-methyl derivatives of 3H4P and
4H3P, i.e. 1-methyl-3-hydroxy-4-pyridinecarboxylic acid
(1M3H4P) and 1-methyl-4-hydroxy-3-pyridinecarboxylic
acid (1M4H3P) (Figure 1), have been synthesized, and the
formation of complexes between the ligands and alumini-
um() studied in aqueous solutions by means of potentio-
metric titrations. The speciation data obtained has been
confirmed by UV/Vis and 1H NMR measurements. The
partitioning of the ligands in an octanol/aqueous system
was determined with UV/Vis spectroscopy. The efficiency
of the ligands to chelate aluminium() has been determined
at physiological conditions (pH and ion strength) in vitro.

Results and Discussion

Synthesis of the Ligands

To synthesize the new ligands, initially 3H4P and 4H3P
(which are not commercially available) were prepared as de-
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Figure 1. (a) 1-Methyl-3-hydroxy-4-pyridinecarboxylic acid
(1M3H4P), (b) 1-methyl-4-hydroxy-3-pyridinecarboxylic acid
(1M4H3P), both shown as the H2L+ forms.

scribed.[9] Next, the hydroxyacids were N-methylated by use
of a conventional method (CH3I in dimethylformamide).[11]

Solution Equilibria

Acidity Constants of the Ligands

The potentiometric titration of the ligands alone allowed
the computation of the pKa value for the HL form (for sim-
plicity, charges will be generally omitted from the formulae,
except in the Tables), corresponding to the deprotonation
of the OH group (Table 1). Phenolic oxygen atoms in un-
substituted HPs, e.g. in 3H4P and 4H3P, generally have pKa

values around 10–11:[9] the drastic (104–105-fold) increase
of the acidity of this group in 1M3H4P and 1M4H3P can
be explained by the strong inductive effect exerted by the
positively charged nitrogen atom, and by the fact that the
molecule is uncharged at the pH where OH deprotonates.
In comparison, for 3H4P and 4H3P the nitrogen is neutral
and the molecule is charged –1. For 1M4H3P the acidity is
even higher because the positive charge of the nitrogen may
exert also a resonance effect. To the best of our knowledge,
a similar effect in a phenolic oxygen atom was observed
only in a naphthyridine compound by Agafonova et al.:[12]

for 8-hydroxy-1,6-naphthyridine the pKa was 8.33, whereas
for 8-hydroxy-6-methyl-1,6-naphthyridinium it was 4.34.

Table 1. Acidic properties of 1M3H4P and 1M4H3P.[a]

Species 1M3H4P 1M4H3P Technique used to
pKa n pKa n obtain the data

H2L+ 0.28 ± 0.05 4 0.12 ± 0.02 2 UV
HL 6.6326 ± 0.0008 12 5.9578 ± 0.0006 8 potentiometry

[a] For potentiometric data, n is the number of experiments from
which the data were obtained. Values are shown as the mean and
standard deviation of the mean. For UV data, n is the number of
wavelengths from which the data were obtained; a weighted mean
and the corresponding weighted standard deviation were calculated
from the data.

Accurate potentiometric measurements at pH values
lower than ca. 1.5–2 cannot be executed, because in these
conditions the pH modification is negligible because of the
acid–base equilibria. Therefore, the more acidic pH region
has been explored with UV measurements, which allowed
the determination of the pKa value for the H2L form, corre-
sponding to the deprotonation of the COOH group

Eur. J. Inorg. Chem. 2006, 1284–1293 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1285

(Table 1). Its high acidity is in agreement with values pre-
viously observed for other HPs.[9]

Metal–Ligand Complexes – Potentiometric Results

For both ligands, the potentiometric titrations of solu-
tions containing the metal and the ligand allowed the iden-
tification of the complexes AlL, AlL2, AlL3, and AlL2H–1

(where HL represents either 1M3H4P or 1M4H3P in the
neutral form). The values of their stability constants are
reported in Table 2. The distribution diagrams for the two
systems, as computed for a solution containing 10–3 m AlIII

and 4·10–3 m ligand, are reported in Figure 2.

Table 2. Stability constants for Al–L complexes, at 25 °C in aqueous
(Na)Cl 0.6 m (reactions: m Al3+ + lL– + h H+h AlmLlHh

3m–l+h; the
pKa value refers to the equilibrium AlL2

+ h AlL2H–1 + H+).

Species 1M3H4P 1M4H3P
log β pKa n log β pKa n

AlL2+ 7.66 ± 0.03 12 7.21 ± 0.06 12
AlL2

+ 14.27 ± 0.04 7.27 12 13.41 ± 0.03 7.0 12
AlL2H–1 7.00 ± 0.07 8 6.4 ± 0.1 8
AlL3 19.099 ± 0.008 8 18.15 ± 0.03 8

Figure 2. Distribution diagrams of the aluminium complexes in the
presence of 1M3H4P (a) and 1M4H3P (b) in aqueous (Na)Cl
0.6 m, T = 25 °C; [Al]0 = 10–3 m, [ligand]0 = 4·10–3 m.

The free metal ion predominates only at very acidic pH
values, i.e. below 1.5, wheras upon increasing the pH the
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sequential formation of AlL, AlL2 and AlL3 is observed. A
water molecule coordinated to the metal center in AlL2 may
deprotonate to form AlL2H–1. At basic pH values, all the
complexes are destabilized owing to the formation of
Al(OH)4. In the investigated concentration range, the pre-
cipitation of aluminium hydroxide was not observed in
either system in the presence of a threefold or higher excess
ligand concentration, because of the high affinity of the li-
gands towards the metal ion.

The acidity of AlL2(H2O)2 (pKa values around 7 for both
ligands, see Table 2) is much lower than that of Al(H2O)6

(pKa = 5.52[13]). This accounts for the negligible concentra-
tion of AlL2H–1 at acidic and neutral pH values. The lower
acidity is due in part to statistical reasons [a smaller number
of deprotonating water molecules in AlL2(H2O)2 than in
Al(H2O)6] and in part to a relatively high electronic density
around the chelating oxygen atoms of the ligand, higher
than that on the oxygen of water,[14] which destabilizes the
deprotonation of the coordinated water molecules in
AlL2(H2O)2.

Metal–Ligand Complexes – UV Results

Selected UV spectra for the Al/1M3H4P and the Al/
1M4H3P solutions at acidic-to-neutral pH values are re-
ported in Figure 3. All spectra show the typical absorption
of substituted pyridinic rings. The increase of pH causes a
bathochromic shift of the main peak and a general increase
of the absorption coefficients. These effects are in agree-
ment with the gradual formation of less positively charged,
thus electron-richer, species (AlL2+, AlL2

+, AlL3) at higher
pH values.

In the elaboration of the UV data for both systems the
formation constant of AlL was kept constant at the value
determined from potentiometric titrations, as this species is
already formed at the most acidic pH values investigated.
The values for the stability constant of AlL2 could be op-
timised: log β1,2,0 = 14.2±0.1 for Al/1M3H4P, log β1,2,0 =
13.2±0.1 for Al/1M4H3P. The log β values of AlL2 com-
pare reasonably well with the corresponding potentiometric
ones (log β1,2,0 = 14.27±0.04 and 13.41±0.03, respectively).
This agreement suggests the absence of systematic errors in
the results.

Metal–Ligand Complexes – 1H NMR Results

In the 1H NMR spectra of 1M3H4P in D2O, the singlet
of the CH3 protons is at δ = 4.37, and the signals due to
the protons H(2), H(5), and H(6), are observed at δ = 8.52
(s), δ = 8.28 (d), and δ = 8.20 (d), respectively. The signals
do not show appreciable pD-dependent shift, at least in the
investigated pD range (2–7). For 1M4H3P at acidic pD val-
ues (pD � 4), the singlet of the CH3 protons appears at δ
= 4.16, and H(2), H(5), and H(6) are observed respectively
at δ = 8.89 (s), δ = 7.20 (d), and δ = 8.31 (d). At pD = 7.4,
all signals appear at higher fields (δ = 3.94, δ = 8.20, δ =
6.70, and δ = 7.89, respectively), because of the deproton-
ation of the phenolic oxygen.

In the presence of aluminium(), the peaks of the free
ligands are observed only in acidic solutions, and new
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Figure 3. (a) UV spectra of Al/1M3H4P, (b) Al/1M4H3P at various
pH values.

groups of peaks due to the complexes appear at all investi-
gated pD values.

For Al/1M3H4P (Figure 4), at pD = 1.9 two additional
peaks appear at δ = 4.30 and δ = 4.28, which represent the
CH3 protons of two complexes, i.e. AlL and AlL2 according
to the potentiometric data. The expected quantitative distri-
bution suggests the attribution of the most intense signal (δ
= 4.28) to AlL2. In the aromatic region AlL and AlL2 give
rise to two additional peaks, one more intense than the
other, at δ = 8.05 and δ = 8.00, respectively, the other peaks
of the complexes overlapping those of the free ligand. Upon
increasing the pD to 4.0, the complexes give rise to four
CH3 signals at δ = 4.30 (very low intensity, AlL), δ = 4.28
(AlL2), δ = 4.26 and δ = 4.24 (AlL3, as discussed below).
The peaks in the aromatic region show a complicated
pattern in which only some peaks of the free ligand (δ =
8.52 and 8.28 ppm) can be easily assigned. At pD = 6.5,
even though only the species AlL3 exists in solution in sig-
nificant amount, four CH3 signals are observed between
4.19 and 4.22 ppm, together with a fifth less intense peak
at δ = 4.23 ppm. This small signal is probably produced by
AlL2 and AlL2H–1, which at this pD value are about twenty
times less concentrated than AlL3. The other four signals
can be explained considering that the ligand is not symmet-
rical and may chelate the metal, forming AlL3, in two dif-
ferent spatial configurations (Figure 5). If the three ligands
of AlL3 chelate the metal ion in the same configurations, a
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Figure 4. 1H NMR spectra of D2O solutions containing AlIII (6.5·10–3 m) and 1M3H4P (1.9·10–2 m), pD = 1.9 (a), 4.0 (b), 6.5 (c). For
the spectrum at pD = 6.5, ν0 = 600 MHz. The sensitivity of spectra in the aromatic zone was enhanced by a factor 4.

Figure 5. The two spatial diastereoisomers of AlL3 (L = 1M3H4P).

Eur. J. Inorg. Chem. 2006, 1284–1293 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1287

symmetrical diastereoisomer (AlL3–sym) forms, and the
three CH3 groups have the same NMR response. If one
ligand chelates differently from the other two, an unsym-
metrical diastereoisomer (AlL3-unsym) forms, and the three
CH3 groups give rise to different signals in the NMR spec-
trum. In the aromatic region four signals are expected as
well for each proton. The quite broad peaks at δ = 8.07, δ
= 8.03, and δ = 8.01 do not show COSY couplings with
other signals, and between them no reasonable coupling
constant exists. Thus, they can be attributed to the H(2)
protons of the two AlL3 species. The fourth H(2) signal is
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Figure 6. 1H –1H phase sensitive NOESY spectra of a D2O solution containing AlIII 6.5·10–3 m and 1M3H4P 1.9·10–2 m, pD = 6.46 (νo,

600 MHz). (a) NOESY correlations between the aromatic (F1) and CH3 (F2) protons. (b) In phase (exchange) correlations between the
aromatic protons.

probably the singlet which appears at δ = 7.96 ppm. The
four signals of H(5) and H(6) (centered at δ ca. 8.1 and δ
ca. 7.95, respectively, COSY data) cannot be distinguished
from each other due to strong overlap. The NOESY inter-
actions between CH3 and H(6) are significantly more in-
tense than those between CH3 and H(2) (Figure 6, a). This
is in agreement with a distortion of the aromatic ring in the
complex, which brings the CH3 protons closer to H(6) than
to H(2). In addition, NOESY spectra show strong corre-
lation peaks between the aromatic protons which are in
phase with the diagonal (Figure 6, b): this finding is in
agreement with relatively fast chemical exchanges of the
various ligand molecules in AlL3.[15–17]

For Al/1M4H3P (Figure 7), at pD = 1.1 an additional
CH3 peak, and two H(5) and H(6) multiplets, are visible at
higher fields. The pattern is in agreement with the forma-
tion of only one complex, which according to the potentio-
metric data is AlL [its H(2) signal overlaps with the corre-
sponding signal of the free ligand at δ = 8.89 ppm]. In ad-
dition to the peaks of AlL and of the free ligand, at pD =
2.8 new broad signals of CH3, H(2), H(5), and H(6) appear
(e.g. at δ = 7.05 ppm) due to the formation of AlL2. The
broadness of these signals cannot be due to fast ligand ex-
changes, because the peaks of the free ligand are narrow. It
may be explained as chemical-shift dispersion by the forma-
tion of four possible spatial isomers of AlL2. At pD = 7.4,
where only the species AlL3 exists in solution in a signifi-
cant amount, a complicated pattern is observed. The signal
centered at δ = 6.95 ppm shows clearly four doublets having
identical coupling constants (3J = 7.25 Hz), and as for Al/
1M3H4P this pattern can be explained by assuming the for-
mation of AlL3-sym and AlL3-unsym. For this system it can
be seen that the four doublets are equally intense, indicating
that [AlL3-unsym] = 3·[AlL3-sym], as statistically expected.
The independence of the relative intensities of these four
doublets from pD was confirmed by another spectrum ob-
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tained at pD = 6.4 (not shown). The broad band at δ =
7.05 ppm, as well as the peak at 8.9 ppm, are produced by
the minor species AlL2 and AlL2H–1 (these two peaks do
not couple with the peaks of AlL3 centered at δ = 8.85, 8.20
and 6.95 ppm, as demonstrated by a COSY spectrum). The
signals of the complexes, differently from those of the free
ligand, do not show an appreciable pD-dependent shift, be-
cause they do not undergo any deprotonation (except AlL2

to a small extent) in the entire pD range.
Generally, the use of D2O instead of H2O does not mod-

ify the qualitative results, i.e. the species existing in H2O
should be present in D2O as well. However, heavy water
introduces isotopic effects, which may modify the quantita-
tive distribution of the species, especially of those bearing
acidic protons.[18,19] In order to obtain NMR quantitative
data directly comparable with the potentiometric results,
the system Al/1M3H4P was investigated in H2O. The spec-
tra are identical to the corresponding ones in D2O (except
that all peaks are broader). The integration values of the
signals of the free ligand and of the complexes give the rela-
tive amount of free and complexed ligand. The results ob-
tained are reported in Table 3, together with the corre-
sponding values calculated from the stability constants re-
ported in Table 1 and Table 2. The agreement between the
two sets of data is very good at all pH values, suggesting
the absence of systematic errors in the results.

Metal–Ligand Complexes – Comparison with Previous
Results

As previously mentioned, the methylation of the pyrid-
inic ring is expected to increase the affinity of the ligand
towards aluminium(). To verify this, pAl plots[20] vs. pH
for 1M3H4P, 1M4H3P, and their corresponding unmethyl-
ated compounds were computed (Figure 8): higher pAl val-
ues indicate stronger metal–ligand complexes. The plot for
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Figure 7. 1H NMR spectra of D2O solutions containing AlIII (6.5·10–3 m) and 1M4H3P (1.1·10–2 m), pD = 1.1 (a), 2.8 (b). Spectrum of
AlIII (6.5·10–3 m) + 1M3H4P (2.0·10–2 m), pD = 7.4 (c). The sensitivity of spectra in the aromatic zone was enhanced by a factor 4.

Table 3. Percentages of free and complexed ligand (Al/1M3H4P
spectra in H2O).

pH From NMR data From potentiometric results

2.08 free ligand 54.9 H2L+ + HL 54.1
compl. ligand 45.1 AlL2+ + 2 AlL2

+ 45.9
3.05 free ligand 40.1 HL 40.0

compl. ligand 59.9 AlL2+ + 2 AlL2
+ + 3 AlL3 60.0

4.04 free ligand 25.0 HL 26.2
compl. ligand 75.0 AlL2+ + 2 AlL2

+ + 3 AlL3 73.8
5.04 free ligand 12.0 HL +L– 14.7

compl. ligand 88.0 2 AlL2
+ + 3 AlL3 85.3

6.12 free ligand 8.6 HL +L– 8.5
compl. ligand 91.4 2 AlL2

+ + 2 AlL2H–1 + 3 AlL3 91.5

Eur. J. Inorg. Chem. 2006, 1284–1293 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1289

deferiprone (speciation data from ref.[21]) is reported for
comparison. The HPs 3H4P, 4H3P, 1M3H4P, and
1M4H3P, are weaker aluminium() chelators than deferi-
prone at all pH values. However, it is important to note that
1M3H4P forms significantly more stable complexes with al-
uminium() than 3H4P does, especially at slightly acidic
and neutral pH values: the pAl difference is up to two log
units. On the other hand, the same methyl substitution in
4H3P did not produce any increase in chelation strength,
as pAl values of 1M4H3P are almost identical to those of
4H3P. We do not yet have an explanation for the different
effect of the N-methyl substitution in the two isomers. The
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study of other alkylated HPs, now in progress, should better
clarify this point.

Figure 8. pAl for several ligands (see text); [Al]0 = 10–6 m, [ligand]0
= 5·10–5 m.

n-Octanol/Water Distribution and Chelation Efficacy

The octanol/water distribution coefficients of 1M3H4P,
1M4H3P and deferiprone were 0.0054±0.0042,
0.0015±0.0013, and 0.031±0.019, respectively
(mean±standard deviation of 3 experiments, each con-
ducted with duplicate observations), which shows the high
hydrophilicity of these new ligands. In the presence of
1M3H4P and 1M4H3P, the concentration of Al in the oc-
tanol phase was very much lower than in the aqueous
phase, which indicates very high hydrophilicity of the me-
tal–ligand complexes. The results with deferiprone are rea-
sonably similar to those previously published.[22]

The chelation-efficacy results obtained for deferiprone,
1M3H4P and 1M4H3P are summarized in Table 4. The
efficiency of Al chelation of deferiprone (74%) is similar
to that previously reported (65%).[22] As for 1M3H4P and
1M4H3P the results of the potentiometric studies show a
1:3 Al–ligand complex at pH 7.4 (Figure 2), the efficiency
was calculated to show the percentage of ligand associated
with aluminium in a 1:3 Al–ligand complex. Values for
3H4P and 4H3P are reported as well for comparison. An
appreciable increase in efficiency can be observed for the 1-
methyl derivatives. Statistical comparison of the efficiency
of 3H4P, 4H3P, 1M3H4P and 1M4H3P by 1-way ANOVA
followed by a Neuman–Keuls multiple comparison test
shows a significant difference between 3H4P and 1M3H4P.
Efficacy results are in agreement with thermodynamic data
predictions at physiological pH, as the values at pH = 7.4
found in this study are in the same order as the pAl values
are (Figure 8), i.e. 1M3H4P � 4H3P � 1M4H3P � 3H4P.

Conclusions
Both 1M3H4P and 1M4H3P form strong complexes in

solution with aluminium(), so that in the investigated con-
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Table 4. AlIII chelation efficiencies of some hydroxypyridinecarbox-
ylic acids. The values for DFO and for deferiprone are reported for
comparison. Values reported are mean±standard deviation of
three experiments with DFO, deferiprone, 3H4P and 4H3P, and
six experiments with 1M3H4P and 1M4H3P, each conducted in
duplicate.

Ligand Chelation efficiency (%) Reference

DFO 112±29 this work
deferiprone 74±6 this work
1M3H4P 50±16 this work
1M4H3P 37±15 this work
3H4P 20±2 [9]

4H3P 43±6 [9]

centration range (3·10–4 m � [Al]0 � 10–3 m, 10–3 m � [L]0
� 4·10–3 m) no metal hydroxide precipitates at neutral pH
values in the presence of a threefold or higher ligand excess
over aluminium(). For both ligands the species AlL, AlL2,
AlL3 and the minor species AlL2H–1 are formed in solution.
UV spectra studies confirmed the stability constants for
AlL2 that were obtained in the potentiometric studies. 1H
NMR spectra in D2O at acidic pD values confirmed that
several complexes coexist in solution. At neutral pD values
the spectra allowed the detection of two different diastereo-
isomers of AlL3, which could be quantified for 1M4H3P.
For 1M3H4P the spectra indicated that in AlL3 the aro-
matic ring of the ligand is distorted and that metal–ligand
exchanges occur. For Al/1M3H4P, NMR spectra in H2O
confirmed the quantitative ratio between free and com-
plexed ligand at several pH values. The chelation efficiencies
are quite high, and they are in agreement with thermo-
dynamic data at physiological pH.

The metal–ligand complexes are very hydrophilic at
physiological pH. This should be regarded as a positive
property: although chelating agents having Do/w values
around 0.2 were hypothesized to be best suitable,[23] in our
evaluation of a series of 3,4-hydroxypyridinones we found
that some very hydrophilic compounds were among the
most orally bioavailable and effective chelators of Al.[24–26]

On the other hand, 1M3H4P and 1M4H3P form weaker
complexes than deferiprone does at all pH values. There-
fore, these derivatives are expected to not be as effective in
vivo. The synthesis of HPs with stronger affinity towards
aluminium() is advisable.

1M3H4P forms significantly stronger complexes with al-
uminium() than does 3H4P. This suggests that further al-
kylation of the pyridinic ring can be a good strategy
towards the synthesis of stronger aluminium chelators. For
1M4H3P no increase of stability was observed with respect
to 4H3P. It is therefore not clear whether the alkylation of
the pyridinic ring can be effective for all HPs. Other deriva-
tives should be investigated in order to clarify the effect of
the alkyl substitution. In order not to affect significantly
the high hydrophilicity of the complexes, the simple methyl
derivatives seem to be more promising. Towards this goal,
the syntheses of 2-methyl and 1,2-dimethyl derivatives of
3H4P and 4H3P, and the thermodynamic and in vitro stud-
ies of the complexation with aluminium(), are now in pro-
gress.
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Experimental Section
Synthesis of the Ligands

All chemicals and solvents were obtained from Aldrich Chimica,
Lancaster or Acros. The identity and purity of the intermediates
and of the final compounds were checked by melting point (m.p.)
measurements (Gallenkamp MFB 595010 M/B capillary m.p. ap-
paratus), 1H NMR spectra (Bruker 300 MHz), TLC (Merck silica
gel 60F-254 glass plates), mass spectrometry (Mat, 112 Varian Mat
Bremen mass spectrometer) and elemental analysis (Perkin–Elmer
Elemental Analyzer Model 240B).

1M3H4P: 3H4P (0.5 g, 3.62 mmol) was dissolved in 30 mL DMF
by adding NaOH 10% dropwise up to pH = 10, then CH3I
(1.12 mL, d = 2.280g·cm–3, 17.99 mmol) was added. The mixture
was heated at 100 °C for 2 h and after cooling it was acidified with
concd. HCl and the solvents evaporated to dryness. The residue
was re-crystallized twice from ethanol and glacial CH3COOH giv-
ing 0.84 g (83% yield) of 1M3H4P·HI (N-methyl-3-hydroxy-4-car-
boxypyridinium iodide); m.p. 258 °C. 1H NMR ([D6]DMSO): δ =
4.24 (s, 3 H, CH3), 7.97 [d, 3J5,6 = 5.92 Hz, 1 H, H(5)], 8.05 [dd,
3J5,6 = 5.92 and 4J6,2 = 0.95 Hz, 1 H, H(6)], 8.42 [d, 4J2,6 = 0.95 Hz,
1 H, H(2)] ppm.

The iodide salt was transformed into the 3-hydroxy-N-methylpyrid-
inium-4-carboxylate zwitterion (betaine). To this aim, the iodide
salt (0.984 g) was dissolved in water (10 mL), acidified at pH = 2
with concd. HCl, and added to IRA-400-Cl amberlite resin (2.21 g,
previously conditioned with HCl 1 ). The mixture was stirred for
2 h and then the resin was filtered off, the filtrate evaporated and
the residue re-crystallized from glacial CH3COOH. The collected
precipitate was washed with acetone and dried (0.44 g, yield 83%).
M.p. 252 °C (dec.). IR (KBr): ν̃ = 3387, 2857, 2510, 1722 cm–1. 1H
NMR ([D6]DMSO): δ = 4.19 (s, 3 H, CH3), 8.02 [dd, 3J5,6 = 5.8 Hz,
2 H, H(5) and H(6)], 8.44 [s, 1 H, H(2)] ppm. HR MS: m/z = [MH]
+ 154.11. C7H7NO3 (153.15): calcd. C 54.90, H 4.61, N 9.15; found
C 54.85, H 4.62, N 9.10.

Finally, the betaine product was transformed into the correspond-
ing chloride salt (1M3H4P·HCl), by dissolution in ethyl acetate and
addition of concd. HCl. Then the resulting solution was evaporated
to dryness (0.54 g, yield 100%). M.p. 220 °C. 1H NMR (CD3OD):
δ = 4.21 (s, 3 H, CH3), 8.30 [d, 3J5,6 = 6.3 Hz, 1 H, H(5)], 8.42 [d,
3J5,6 = 6.4 Hz, 1 H, H(6)], 8.77 [s, 1 H, H(2)] ppm. HR MS : m/z
= [MH]+ 155.23. C7H8ClNO3 (189.60): calcd. C 44.34, H 4.25, N
7.39, Cl 18.70; found C 44.41, H 4.03, N 7.32, Cl 18.43. A 97.86%
purity was obtained from potentiometric titrations.

1M4H3P: CH3I (4.25 mL, d = 2.280g·cm–3, 68.26 mmol) was
added to a 50-mL DMF solution containing 4H3P (1.89 g,
13.87 mmol). The mixture was heated to 100 °C for 2 h. The vola-
tiles were then evaporated and the solid residue was re-crystallized
from ethanol yielding a crystalline white product (2.10 g). Yield
99%; m.p. 248–249 °C. IR (KBr): ν̃ = 3050, 1720, 1655 cm–1. 1H
NMR ([D6]DMSO): δ = 3.73 (s, 3 H, CH3), 6.75 [d, 3J5,6 = 7.43 Hz,
1 H, H(5)], 8.06 [dd, 3J5,6 = 7.43 and 4J2,6 = 2.2 Hz, 1 H, H(6)],
8.69 [d, 4J2,6 = 2.2 Hz, 1 H, H(2)], 16.36 (br. s, 1 H, COOH) ppm.
HR MS: m/z = [MH]+ 154.11. C7H7NO3 (153.14): calcd. C 54.9,
H 4.61, N 9.15; found C 54.24, H 4.71, N 8.89. A 99.33% purity
was obtained from potentiometric titrations.

Solution Equilibria

The experimental apparatus, reagents and measurement methods
were almost the same as reported previously.[27] In the following, a
summary will be given; details are reported only when different
from those already described.
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Apparatus: All potentiometric measurements were performed with
a Radiometer ABU93 Triburette apparatus. UV spectra were re-
corded with a Perkin–Elmer Lambda 25 spectrophotometer, 1H
NMR spectra with Bruker DRX-400 and DRX-600 spectrometers
operating at 400.13 and 600.09 MHz, respectively.

Reagents: All analyte concentrations were expressed in the molality
scale (mol/kg of water). For potentiometric and UV measurements,
working solutions of HCl (0.2 m), NaOH (0.2 m) and AlCl3 (0.1 m,
containing 0.3 m HCl) were prepared and standardised. 1M3H4P
and 1M4H3P were used as synthesized to prepare respectively
0.14 m and 0.15 m working solutions. The ionic strength of all the
solutions was adjusted to 0.6 m (0.594 ) (Na)Cl. Solutions for 1H
NMR measurements were prepared by dissolving in D2O (Aldrich,
99.9 atoms% D), or in H2O, weighed amounts of ligand, AlCl3
(Fluka, � 99%) and NaCl.

Potentiometric Titrations: Potentiometric titrations carried out in
this work are summarized in Table 5. Temperature was
25.0±0.1 °C. Duplicate potentiometric measurements were exe-
cuted by using two different glass electrodes (Radiometer pHG201
and BDH 309/1015/02) and a Ag/AgCl/0.6 m NaCl reference elec-
trode[28,29] with a J-shaped junction. Its acidic liquid junction po-
tential has been determined previously[30] and it can be represented
by the equation[29] Ej = –S·log(1 + J·[H+]), with J = 3.69±0.08.

Table 5. Potentiometric titrations (titrant: NaOH).

Conditions
Solutions [Al]0/10–3 m [L]0/10–3 m [L]0/[Al]0 pH

1. 1M3H4P – 0.47–3.78 – 2.5–11.0
1M4H3P 1.29–4.14 2.6–11.0

2. Al + 1M3H4P 0.36–1.03 1.16–3.76 1, 2, 3, 4, 8 2.2–9.0
Al + 1M4H3P 0.32–1.10 1.27–4.12

As a check of the accuracy of the entire experimental system, the
pKw value for water in (Na)Cl 0.6 m was computed from HCl +
NaOH titrations. The values obtained from two different series of
experiments (pKw = 13.719±0.002 and pKw = 13.710±0.002) com-
pare well with the literature value[31] in NaCl 0.6  at 25 °C
(13.727±0.001).

All stability constants were calculated with the computer program
PITMAP.[32] The hydroxo metal species reported by Öhman[13] have
been considered and the corresponding log β values kept fixed dur-
ing the elaboration of the data.

After the addition of the metal and one of the two ligands to an
acidic solution (pH � 3), the measured electromotive force drifted
and reached a constant value only after ca. 1 hour, suggesting a
low complex formation rate. The kinetics of the aluminium–ligand
reaction became “normal” (equilibration after ca. 1 min) at pH val-
ues above 3. These findings are in agreement with previous results
with other HPs.[9,14,33] Experimental details regarding the handling
of the slow kinetics during the titrations are reported.[14]

UV Measurements: UV measurements (Table 6) were carried out
for solutions containing the ligand alone, and for solutions contain-
ing the ligand and the metal ion, at various pH values (cell path
0.1 cm). When the pH of the solution was below 2, it was computed
from the stoichiometric concentration of HCl, because the [H+]
modifications produced by the other species were negligible under
these conditions. In other cases the pH was measured with the same
electrodes and procedures as for potentiometric titrations. The pKa1

for both ligands and the log β values for some aluminium–ligand
complexes were computed by the program PITMAP.
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Table 6. UV measurements.

Conditions
Solutions [Al]0/10–3 m [L]0/10–3 m pH λ (nm) for calcd.

1M3H4P – 0.98 0.25–2.00 217; 249; 324; 346
1M4H3P – 1.01 0.23–2.55 252; 290
Al + 1M3H4P 0.29 0.92 2.05–6.74 229; 303; 338
Al + 1M4H3P 0.30 0.93 1.80–7.16 256; 266; 298

NMR Measurements: 1H NMR spectra were obtained at 298 K.
The chemical shift values are given in δ units with reference to
internal Me4Si. Suitable integral values for the proton spectra were
obtained by a pre-scan delay of 10 s. The assignments of the proton
resonances were performed by standard chemical shift correlations,
COSY, TOCSY and NOESY experiments. 1H spectra were col-
lected for both 1M4H3P and 1M3H4P at various pD values in
D2O solutions containing only the free ligand or the ligand and
the metal. For Al+1M3H4P, additional spectra were obtained in
H2O (Table 7). For D2O solutions, the pH was measured with a
glass electrode BDH 309/1025/02 previously calibrated in buffered
solutions at pH = 4 and pH = 7, and 0.41 pH units were added to
the pH meter readings to correct for isotopic and solvent effects,[34]

i.e. pD rather than pH values were measured. For the H2O solu-
tions, the pH was measured as described above for potentiometric
titrations. Heavy water, necessary for the instrumental lock, was in
a capillary concentric with the NMR tube.

n-Octanol/Water Distribution and Chelation Efficacy

Materials: NaCl, KCl, NaHCO3, H3BO3 and n-octanol were ob-
tained from EM, Fisher, or Sigma; Al borate from Pfaltz and Bauer
(Waterbury, CT) and an Al atomic absorption standard from
Sigma. Polypropylene test tubes (10 mL) with polyethylene caps
were purchased from VWR.

Methods: The distribution coefficients (Do/w) of the ligands were
determined as their concentration in the octanol phase/their con-
centration in the aqueous phase at equilibrium with a Shimadzu
UV-2501PC UV/Vis recording spectrophotometer. UV absorbance
was measured at λmax, determined from a wavelength scan of the
ligand.

A method to assess the aluminium chelation efficiency in vitro was
used.[35] An octanol/aqueous system containing 125 m NaCl,
25 m NaHCO3, 4.5 m KCl and 100 m borate at pH 7.4 was
established. Equal volumes (4 mL) of the aqueous phase and 1-
octanol were placed in a screw-cap polypropylene tube. The octanol
phase was saturated with the aqueous solution before use to avoid
distribution of hydrophilic compounds into the aqueous compo-

Table 7. NMR measurements.

Conditions
Solutions [Al]0/10–3 m [L]0/10–3 m Solvent pH/pD Bidimensional spectra

1M3H4P – 19 H2O 2.1; 3.0; 4.0; 5.0; 6.1 –
1M3H4P – 19 D2O 1.9; 4.0; 7.4 –
1M4H3P – 11 D2O 1.1; 2.8; 7.4 –
Al + 1M3H4P 6 19 H2O 2.1; 3.0; 4.0; 5.0; 6.1 –
Al + 1M3H4P 6 19 D2O 1.9 COSY, TOCSY, NOESY

4.0 –
6.5 COSY, TOCSY, NOESY

Al + M4H3P 6 11 D2O 1.1 –
11 2.8 –
20 6.4 –
20 7.4 COSY
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nent of the octanol phase which would produce a falsely elevated
value for octanol distribution. The opposite (i.e., the saturation of
the aqueous phase with octanol) was not needed for our hydrophi-
lic compounds.

For each experiment, duplicate tubes were prepared to contain 1)
only the octanol and the aqueous phase, 2) as 1) plus 7 to 8 mg of
aluminum borate to provide an excess of undissolved Al, saturating
the aqueous phase and octanol with Al, 3) as 1) plus the ligand
introduced into the aqueous phase at 1·10–3 , and 4) as 3) plus 7
to 8 mg of aluminum borate. The tubes were agitated overnight at
room temperature to establish equilibrium.

Aluminum Analysis: The tubes were centrifuged (3400 g, 10 min),
the aqueous phase was filtered through a filter with a 0.22 µm
nylon membrane and then each phase analyzed by electrothermal
atomic absorption spectroscopy (Perkin–Elmer 4100ZL) to deter-
mine the Al concentration. Aluminum recovery from the filtered
aqueous phase was found to be 101%±6% (mean±standard devi-
ation of 12 observations), showing no loss of Al due to the filter.

Chelator Efficiency: The amount of Al in each liquid phase of tubes
with added Al but no ligand, minus the amount of Al in tubes
without added Al or ligand represented Al solubility from alumi-
num borate. The increase in Al in each liquid phase of tubes with
Al plus ligand, over that seen in the absence of the ligand, was
taken as complexation of Al by the ligand. In addition to 1M3H4P
and 1M4H3P, values for the hexadentate ligand desferrioxamine
(DFO) and the bidentate ligand deferiprone were obtained as posi-
tive controls to confirm the ability of the method to predict Al
complexation (values close to 100% were expected). For DFO,
where at pH = 7.4 a 1:1 aluminium/ligand complex was anticipated,
the chelator efficiency was calculated by

For deferiprone, 1M3H4P and 1M4H3P, where at pH = 7.4 a 1:3
aluminium/ligand complex was anticipated (see, for example Fig-
ure 2), the chelator efficiency was calculated by
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Bis(diphenylphosphanyl)methane diselenide (dppmSe2, 1)
and bis(diphenylphosphanyl)ethane diselenide (dppeSe2, 2)
reacted with 2 equiv. Br2 or I2 to form the insoluble solid
products, dppm(SeX2)2 (X = Br, 3; X = I, 4) and dppe(SeX2)2

(X = Br, 5; X = I, 6). However, using the iodine-like electro-
phile mesitylenetellurenyl iodide (MesTeI, 7), fairly soluble
complexes, dppmSe2[Te(I)Mes]2 (8) and dppeSe2[Te(I)Mes]2

(9), were obtained. Complexes 8 and 9 contain two T-shaped
(10-Te-3) Se–Te(Mes)–I moieties bridged by dppm or dppe;
solid 9 exhibits intermolecular soft–soft interactions between
approximately linear Se–Te–I units. In a side reaction ac-
companying the crystallisation of complex 8, or by the reac-

Introduction
Phosphane chalcogenides R2R�P=Y (Y = S, Se) are

known to act as donors towards dihalogen molecules.[2–5]

Using phosphane selenides, which are stronger donors than
the sulfides, a considerable number of 1:1 adducts
R2R�PSeX2 have been isolated.[6–9] Iodine adducts exhibit
type A (10-I-2) molecular structures R2R�PSeI2 (R, R� =
C6H5, NMe2, NEt2

[7] and R = tBu, R� = I)[8] or type C (10-
I-2) ionic structures (R3PSe)2I+I3

–,[6,10,11a] whereas bromi-
nation products exhibit type B (10-Se-3) T-shaped PSeBr2

moieties in their structures (R, R� = NMe2, C6H11,
iC3H7).[9,11a] With excess iodine, polyiodide salts featuring
R3PSeI+ countercations (type D),[4,10,12] could be formed
(Scheme 1). Many of these compounds are aggregated by
further soft–soft contacts that lead to ion pairs, chains and
extended networks.[3,4,6,8,9,11b,12] In particular, type D-like
(iodoseleno)phosphonium cations behave as soft electro-
philes by the iodine atom in the β position to the formally
charged phosphorus atom (β-heteroatom Lewis acid-
ity).[3,10,12]
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tion of 1 with Te and I2, a chelate complex dppmSe2TeI2 (10)
was formed. Fortuitously, a crystal of the related compound
dppeSe2TeI2 (11) was also obtained. In 10, a square planar
cis-Se2TeI2 group is part of a six-membered ring, and 11 is a
coordination polymer with trans-Se2TeI2 moieties bridged by
dppe. Averaged 31P- and 77Se NMR signals including 77Se–
31P couplings, together with broad 125Te NMR singlets indi-
cate phosphane selenide ligand exchange in solution, that is,
the kinetically labile behaviour of complexes 8 and 9.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Various Lewis-type structures of halogen adducts of
phosphane selenides. These structures must be intended purely as
a formal illustration of the various compounds with no implication
as to the real distribution of charges. The same considerations ap-
ply to Scheme 2 and Scheme 3.

To stimulate the formation of supramolecular networks
using the earlier mentioned types of soft–soft interactions,
we are introducing bifunctional donor-acceptor systems into
our studies. In a previous paper we described the self-as-
sembly of iodophosphane selenides RR�P(=Se)I as bifunc-
tional donor-acceptor molecules (selenium donor, iodine
acceptor).[8] The bifunctional selenocarbonyl ligand 1,2-
bis(3-methyl-4-imidazolin-2-selone)ethane was recently
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shown to undergo Br2

[13] and IBr[14] oxidative addition at
the Se atom of the �C=Se group, exhibiting a subtle inter-
play of soft–soft and hydrogen-bonding interactions in the
solid.

In our present work we evaluate the use of bifunctional
phosphane selenides, bis(diphenylphosphanyl)methane di-
selenide (dppmSe2, 1) and bis(diphenylphosphanyl)ethane
diselenide (dppeSe2, 2), towards halogens (Br2, I2) and
towards the halogen-like electrophile mesitylenetellurenyl
iodide [MesTeI, 7; Mes = 2,4,6-(CH3)3C6H2][15] with the in-
tention of creating supramolecular soft–soft networks. Ar-
enetellurenyl chlorides and bromides are known to give
stable 1:1 complexes with triphenylphosphane selenide,[16a]

tri(morpholine)phosphane selenide[16a,16b] and tris(dimethyl-
amino)phosphane selenide.[17]

Results and Discussion

Formation of 1:2 Adducts of dppmSe2 (1) and dppeSe2 (2)
with Br2 and I2

Addition of 2 equiv. Br2 or I2 to solutions of bidentate
phosphane selenides (dppmSe2, 1, and dppeSe2, 2) led to
precipitation of solids of the composition dppm(SeX2)2 (X
= Br, 3; X = I, 4) and dppe(SeX2)2 (X = Br, 5; X = I, 6)
(Scheme 2).

Scheme 2. 1:2 Reactions of dppmSe2 and dppeSe2 with Br2 and I2.
For an alternative structure of 4, see vibrational spectra.

Since these materials are insoluble in aprotic-dipolar sol-
vents and thus cannot be recrystallised, compounds 3–6
were not obtained as single crystals. In the absence of crys-
tal data, only Raman spectra could be of help in investiga-
ting the structural features of the expected PSeX2 functions
of the compounds (see later). Reaction of dppe-diselenide 2
with only 1 equiv. I2 also led to precipitation of the 1:2
product 6; however, from CH2Cl2 solutions containing 1:1
mixtures of dppm-diselenide 1 with iodine, precipitation did
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not occur. The 31P NMR spectrum of this solution shows
only one resonance with a 77Se,31P satellite coupling that is
smaller than that of the starting material. The 31P NMR
singlet may be due to a symmetric bonding mode of 1 with
iodine, or, alternatively, to a rapid equilibration of coordi-
nated and noncoordinated PSe functions (that is, signal av-
eraging). In the 77Se NMR spectra, titration-like addition
of I2 led to stepwise deshielding [1: δ77Se = –240 ppm, 1/I2

(1:1 complex): δ77Se = –68 ppm] and line broadening. This
observation implies signal averaging at all stages of the
iodine addition. Crystals of the 1:1 product were not ob-
tained; precipitation by addition of pentane led to the solid
1:2 product 4. Similarly, attempts to prepare 1:1 adducts of
1 and 2 with bromine led to formation of insoluble 5 and 6.

Reactions of dppmSe2 (1) and dppeSe2 (2) with MesTeI (7)

With the intention of exerting control over solubility
properties and of introducing the NMR-active 125Te nu-
cleus as an additional probe for solution studies, we decided
to include tellurenyl iodides in our study. Arenetellurenyl
halides are known to exhibit electrophilic properties
towards soft ligands; typically bromide, iodide and S-donor
ligands lead to T-shaped complexes. A few phosphane sele-
nide–tellurenyl bromide and chloride complexes have been
crystallographically studied,[16,17] but neither a systematic
structural study nor any heteronuclear NMR spectroscopic
data has yet appeared in the literature. To favour aryl pack-
ing in the solid, we chose the in situ generated mesitylenetel-
lurenyl iodide [MesTeI, 7; Mes = 2,4,6-(CH3)3C6H2][15] as
the iodine-related electrophile for coordination with 1 and
2.

Addition of 1 or 2 to 2 equiv. 7, prepared from Mes2Te2

with I2, led to compounds 8 and 9, which were isolated in
moderate yields by crystallisation (Scheme 3). Complexes 8
and 9 were characterised by multinuclear NMR spec-
troscopy in solution, and a single crystal of the dppeSe2

complex 9 was studied by X-ray crystallography.
Attempts to grow single crystals from crude solutions of

8 led to a few single crystals of an unexpected tellurium
diiodide chelate complex 10. Compound 10 was also iso-
lated in small yield from reaction mixtures that were in-
tended to produce a 1:1 complex of 1 with 7. The 31P NMR
spectra of the 1:1 complexes of 1 and 2 with MesTeI show
1J77Se,31P coupling constants between those of 1,2 and 8,9
(Table 1). Compound 10 was also accessible by addition of
elemental tellurium and iodine to dissolved 1 (Scheme 3).
Fortuitously, upon crystallisation of compound 9, a single
crystal of the related tellurium diiodide complex 11 of li-
gand 2 was also isolated and studied by X-ray crystallogra-
phy.

Formation of the TeI2 complexes 10 and 11 from 7 in-
volves breaking the Te–C bond, but the fate of the “lost”
mesityl group remains unclear. Te–C bond cleavage with
mesityl group transfer has previously been observed after a
bromination/bromide abstraction sequence started with
Mes2Te and led to Mes3Te+ SbF6

– and Mes5Te2
+ SbF6

–.[1]
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Scheme 3. Reactions of dppmSe2 and dppeSe2 with MesTeI.

Table 1. 31P-, 77Se- and 125Te NMR spectroscopic data of ligands 1,2, acceptor 7 and complexes 8,9,10 (solvent: CD2Cl2, *CDCl3).

δ = 31P 1JP,Se
nJP,Se δ = 77Se δ = 125Te nJP,P

[ppm] [Hz] [Hz] [ppm] [ppm] [Hz]

dppmSe2 (1)[19,20] 25.8 744.5 2.5 –240.4 – 17.6
dppmSe2[Te(I)Mes]2 (8) 24.1 717.7 – –161 796 12.4
dppmSe2TeI2 (10) 21.8 682.3 – –93* – 8.9
dppeSe2 (2)[19] 36.6 730.0 0.7 –353.4 – 64.8
dppeSe2[Te(I)Mes]2 (9) 35.8 711.6 12.2 –281 798 63.7
MesTeI (7) – – – – 867 –
1:1 complex (1:7)* 24.2 727.5 – –170 727 –
1:1 complex (2:7)* 35.6 720.8 – – 614 –

Thermal decomposition of arenetellurenyl halides can also
involve Te–C bond cleavage (loss of tellurium).[15]

NMR Spectroscopic Investigation of Binuclear Complexes 8
and 9

The coordination of phosphane selenides with iodine or
the oxidative addition of bromine to phosphane selenides is
accompanied by a decrease in the NMR coupling constant
1J31P,77Se.[7–10] The same observation is made when the biden-
tate phosphane selenide 1 reacts with 1 equiv. iodine, and
when 1 or 2 coordinate with 2 equiv. mesitylenetellurenyl
iodide 7. Solutions containing 1 or 2 with fewer than
2 equiv. 7 do not give separate 31P NMR signals for the
different species in solution, instead averaged signals ap-
pear, which also show averaged 77Se satellites. The averaged
magnitudes of 1J31P,77Se decrease with increasing amounts of
the electrophile 7. The changes in the 77Se NMR resonances
of 1 and 2[18,19] upon coordination with 7 (deshielding coor-
dination shifts) are much larger than those of the 31P NMR
signals (Table 1). The 77Se NMR resonances of 8 and 9 ap-
pear as (pseudo) doublets [X-parts of AA�X systems][18–20]

due to J77Se,31P, but they do not exhibit satellites from coup-
ling with 125Te. Similarly, the broad 125Te NMR signals do
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not allow the resolution of couplings with 31P: the kinetic
lability (fast ligand exchange) of complexes 8 and 9 involves
Se–Te bond breaking, whereas P–Se bonds stay intact. In
relation to the signals of noncoordinated monomeric al-
kane- and arenetellurenyl halides [(Me3Si)3CTeI: δ125Te =
1185 ppm,[21] 2,4,6-iPr3C6H2TeI: δ125Te = 842 ppm,[15]

2,4,6-tBu3C6H2TeI: δ125Te = 1162 ppm,[15] 2,4,6-Me3C6H2-

TeI: δ125Te = 867 ppm], the 125Te NMR signals of com-
plexes 8 and 9 are deshielded by about 44–390 ppm. In the
case of 8 and 9 and their mixtures with 1 and 2, the ex-
change is apparently very fast on the NMR time scale.

X-ray Crystallographic Studies

In solid dppeSe2[Te(I)Mes]2 (9), dppeSe2 acts as a bridg-
ing bidentate ligand between two Te(I)Mes acceptor moie-
ties (Figure 1a). The heavy-atom positions correspond to
local inversion symmetry (rmsd = 6.6 pm; Figure 1b).

The molecules are packed in a way that allows side-on
intermolecular soft–soft interactions between approxi-
mately linear Se–Te–I units, thus linking the molecules in
chains parallel to the x axis (Figure 2).

The Te–I contacts are in the range of the sum of the
relevant van der Waals radii. The “T”-type Se–Te(–C)–I
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Figure 1. (a) Structure of dppeSe2[Te(I)Mes]2 (9); ellipsoid prob-
ability level 50%; all hydrogen atoms omitted for clarity; primes
indicate atoms related by pseudosymmetry. (b) Least-squares fit of
the two halves of molecule 9 (only heavy atoms and ipso-C fitted).

Figure 2. Intermolecular interactions in the packing diagram of 9;
selected contact distances [pm]: Se(1)–I(1�) 404.32(5), I(1�)–Te(1)
398.87(4), Te(1)–Te(1�) 415.83(3), I(1)–Te(1�) 400.35(4), Se(1�)–I(1)
414.30(5).
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units deviate slightly from planarity (angles C–Te–Se 90°,
C–Te–I 89°, Se–Te–I 173°; for standard deviations see
Table 2); Se–Te and Te–I distances are in agreement with
typical 3c-4e bonding (10-Te-3,[11] both bond orders are
close to 0.5).[15,22,23]

Table 2. Bond lengths, interatomic contact distances [pm] and
angles [°] of dppeSe2[Te(I)Mes]2 (9).[a]

Te(1)–C(14) 213.2(4) C(1)–C(1�) 151.8(4)
Te(1)–Se(1) 287.75(4) Te(1�)–C(14�) 213.8(3)
Te(1)–I(1) 289.61(4) Te(1�)–I(1�) 288.69(3)
Te(1)–Te(1�)#1 415.83(3) Te(1�)–Se(1�) 288.74(4)
I(1)–Te(1�)#1 400.35(4) I(1�)–Te(1)#2 398.87(4)
Se(1)–P(1) 215.13(9) Se(1�)–P(1�) 215.08(9)
Se(1)–I(1�)#1 404.32(5) Se(1�)–I(1)#2 414.30(5)

C(14)–Te(1)–Se(1) 91.5(1) C(1)–P(1)–Se(1) 113.4(1)
C(14)–Te(1)–I(1) 89.85(9) C(14�)–Te(1�)–I(1�) 88.95(9)
Se(1)–Te(1)–I(1) 172.96(1) C(14�)–Te(1�)–Se(1�) 89.96(9)
C(14)–Te(1)–Te(1�)#1 155.37(9) I(1�)–Te(1�)–Se(1�) 172.55(1)
Se(1)–Te(1)–Te(1�)#1 111.30(1) Te(1�)–I(1�)–Te(1)#2 72.430(8)
I(1)–Te(1)–Te(1�)#1 66.379(8) P(1�)–Se(1�)–Te(1�) 107.05(3)
Te(1)–I(1)–Te(1�)#1 72.110(8) P(1�)–Se(1�)–I(1)#2 119.70(3)
P(1)–Se(1)–Te(1) 106.32(3) Te(1�)–Se(1�)–I(1)#2 66.673(9)
P(1)–Se(1)–I(1�)#1 119.20(2) C(8�)–P(1�)–Se(1�) 113.4(1)
Te(1)–Se(1)–I(1�)#1 67.996(9) C(2�)–P(1�)–Se(1�) 110.0(1)
C(2)–P(1)–Se(1) 110.2(1) C(1�)–P(1�)–Se(1�) 111.7(1)
C(8)–P(1)–Se(1) 112.7(1)

[a] Symmetry transformations used to generate equivalent atoms:
#1: x – 1, y, z; #2: x + 1, y, z.

The Se–Te bonds in complex 9 are longer (Table 3) than
those in chloro- and bromo-phenyl(trimorpholinophos-
phane selenide)tellurium()[16a,16b] and bromophenyl[tris-
(dimethylamino)phosphane selenide]tellurium(),[17] and
this correlates well with the weaker donor properties of alk-
yl-/arylphosphane selenides compared with aminophos-
phane selenides.[16a,16b,17,23] As expected, Se�Te donation
is accompanied by P–Se bond expansion (ligand 2:
209.4 pm,[18b] complex 9: 215.1 pm).

Table 3. Important bond lengths (P–Se, Se–Te, Te–X) in solid phos-
phane selenides and phosphane selenidetellurenyl halogenides [pm].

P–Se Se–Te Te–X

dppmSe2 (1)[18a] 210.3(1) – –
dppeSe2 (2)[18b] 209.4(2) – –
dppeSe2[Te(I)Mes]2 (9) 215.13(9) 287.75(4) 289.61(4)

215.08(9) 288.74(4) 288.69(3)
dppmSe2TeI2 (10) 215.33(8) 284.10(5) 290.67(4)

214.47(8) 283.00(4) 291.42(4)
dppeSe2TeI2 (11) 215.80(4) 280.37(2) 294.28(2)
Mor3PSeTe(Ph)Br[16b] 218.2(2) 276.89(9) 276.1(1)
Mor3PSeTe(Ph)Cl[16b] 217.6(2) 278.27(9) 260.0(2)
[(CH3)2N]3PSeTe(Ph)Br[17] 218.3(2) 276.3(1) 274.4(1)

The chelate complex dppmSe2TeI2 (10) contains a dis-
torted square planar cis-Se2TeI2 group (12-Te-4) as part of
a puckered six-membered heterocycle with two different P–
Se–Te angles (95.4 and 102.9°) (Figure 3, Table 4).
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Figure 3. Structure of dppmSe2TeI2 (10); ellipsoid probability level
50%; all hydrogen atoms omitted for clarity.

Table 4. Bond lengths, interatomic contact distances [pm] and
angles [°] of dppmSe2TeI2 (10).[a]

Te–Se(2) 283.00(4) Se(2)–I(2)#2 414.98(6)
Te–Se(1) 284.10(5) P(1)–C(8) 179.7(3)
Te–I(1) 290.67(4) P(1)–C(2) 179.9(3)
Te–I(2) 291.42(4) P(1)–C(1) 182.7(3)
Se(1)–P(1) 215.33(8) P(2)–C(20) 179.7(3)
Se(1)–Se(1)#1 345.42(7) P(2)–C(14) 179.9(3)
Se(2)–P(2) 214.47(8) P(2)–C(1) 182.1(3)

Se(2)–Te–Se(1) 86.53(1) P(2)–Se(2)–I(2)#2 90.09(2)
Se(2)–Te–I(1) 171.38(1) Te–Se(2)–I(2)#2 147.28(1)
Se(1)–Te–I(1) 90.19(1) C(8)–P(1)–Se(1) 110.9(1)
Se(2)–Te–I(2) 88.18(1) C(2)–P(1)–Se(1) 115.4(1)
Se(1)–Te–I(2) 172.01(1) C(1)–P(1)–Se(1) 112.77(9)
I(1)–Te–I(2) 95.86(1) C(20)–P(2)–Se(2) 112.6(1)
P(1)–Se(1)–Te 95.34(2) C(14)–P(2)–Se(2) 111.68(9)
P(1)–Se(1)–Se(1)#1 140.58(2) C(1)–P(2)–Se(2) 111.93(9)
Te–Se(1)–Se(1)#1 121.91(1) P(2)–C(1)–P(1) 118.6(2)
P(2)–Se(2)–Te 102.86(2)

[a] Symmetry transformations used to generate equivalent atoms:
#1: –x + 1, –y +1, –z; #2: –x + , y – ½, –z + ½.

A similar kind of distortion is documented in the
chelate complexes dppmS2TeCl4,[24] dppmSe2HgI2,[25]

dppmSe2HgBr2
[25] and dppmSe2ZnBr2.[26] The distortion of

the tellurium coordination spheres can be explained by the
tendency of the ligands dppmE2 (E = O, S, Se)[18a,27,28] to
avoid intramolecular repulsion of the P(=E)Ph2 groups (1:
E = Se). In 10 the torsion angle Se(1)P(1)···P(2)Se(2) is 32°.
The small bite angle Se(1)–Te–Se(2) (86.5°) is associated
with a widening of the opposite angle I(1)–Te–I(2) (95.9°).
Se–Te bond lengths in 10 are shorter than those of 9 be-
cause of the better acceptor properties of TeI2 compared
with MesTeI. Te–I distances [Te–I(1) 290.6 pm, Te–I(2)
291.4 pm] are slightly longer than those in 9 but shorter
than those in the square planar TeI4

2– anion
[298.5(2) pm].[29] In the case of bis[(µ2-iodo)bis(ethylene-
selenourea-Se)tellurium] diiodide[30] [Te–Se 261.8(1) pm]
and cis-diiodobis(thiourea-S)tellurium,[31] Te–I distances

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1294–13021298

Figure 4. Intermolecular interactions in the packing diagram of 10;
selected contact distances [pm]: Se(1)–Se(1) 345.42(7), Se(2)–I(2)
414.98(6).

Figure 5. (a) Structure of dppeSe2TeI2 (11); asymmetric unit; ellip-
soid probability level 50%; all hydrogen atoms omitted for clarity.
(b) Polymeric structure of dppeSe2TeI2 (11). The chain direction is
parallel to the x axis.
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are very long [325.1(1) and 316.2(1) pm, respectively]. Com-
plex 10 also exhibits intermolecular soft–soft interactions
(Figure 4).

The Se(1)–Se(1�) interaction is shorter than the sum of
the van der Waals radii and the Se(2)–I(1�) interaction is at
the limit of the van der Waals radii. The selenium and
iodine atoms exhibit borderline H···Se(I) intermolecular
contacts (H···Se 316–334 pm, H···I 296–330 pm).

Complex 11 is a helical coordination polymer with cen-
trosymmetric trans-Se2TeI2 moieties (12-Te-4) bridged by
centrosymmetric dppe units (Figure 5, Table 5).

Table 5. Bond lengths [pm] and angles [°] of dppeSe2TeI2 (11).[a]

Te(1)–Se(1) 280.37(2) P(1)–C(2) 180.4(2)
Te(1)–I(1) 294.28(2) P(1)–C(1) 182.4(2)
Se(1)–P(1) 215.80(4) C(1)–C(1)#2 153.0(3)
P(1)–C(8) 179.9(2)

Se(1)–Te(1)–Se(1)#1 180.0 I(1)–Te(1)–I(1)#1 180.0
Se(1)–Te(1)–I(1) 86.834(5) P(1)–Se(1)–Te(1) 102.74(1)
Se(1)#1–Te(1)–I(1) 93.167(5) C(8)–P(1)–Se(1) 113.29(5)
Se(1)–Te(1)–I(1)#1 93.165(5) C(2)–P(1)–Se(1) 106.89(5)
Se(1)#1–Te(1)–I(1)#1 86.833(6) C(1)–P(1)–Se(1) 112.49(5)

[a] Symmetry transformations used to generate equivalent atoms:
#1: –x + 1, –y, –z; #2: –x, –y, –z.

The tellurium atom lies on the inversion centre ½, 0, 0
and the midpoint of the C1–C1� bond lies on 0, 0, 0. Com-
pared with the distorted chelate complex 10, the coordina-
tion polymer 11 exhibits Se–Te bonds shorter by 3–4 pm
and Te–I bonds longer by 3–4 pm. The coordination envi-
ronment of Te in 11 deviates from square by expansion of
the angle Se(1)–Te–I(1)#1 (93.2°) and compression of the
angle Se(1)–Te–I(1) (86.8°). Among the three compounds
9, 10 and 11, the latter exhibits the shortest coordinative
Se–Te bond (280.3 pm). The Te–I bond lengths are close to
those in trans-diiodobis(tetramethylselenourea-Se)tellurium
(trans-Se2TeI2 moieties) [295.4(1) pm][31] [Te–Se
282.1(1) pm], and are also similar to Te–I bonds in related
trans-S2TeI2 moieties (293.3–298.2 pm).[32]

Vibrational Spectra

FT-Raman spectroscopy is the main method of investiga-
ting the nature of the products obtained by the reactions of
dihalogens/interhalogens with donor molecules containing
15- and 16-group elements in the absence of X-ray struc-
tural data.[33–38]

Among the compounds reported here, 3–6 are molecular
adducts of dppm and dppe with Br2 and I2, while 8–11 are
obtained by reacting the same ligands with MesTeI. No
crystallographic data are available for 3–6, but structural
information can be obtained by comparing their FT-Raman
spectra with those of several structurally characterised I2

and Br2 adducts with Se-donor molecules.[33–38] In contrast,
no FT-Raman data are available from the literature for
compounds similar to 8–11, but the knowledge of the crys-
tal structures of 9–11 allows a first tentative correlation be-
tween structural and FT-Raman data for these compounds.
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Compounds 3 and 5 have similar FT-Raman spectra with
two peaks at 144 and 195 cm–1 for 3, and at 157 and
191 cm–1 for 5, which agree with the presence of asymmetric
Br–Se–Br groups in both compounds.[13,38,39]

The FT-Raman spectra of the corresponding adducts
with I2, 4 and 6, differ from each other; compound 4 has a
strong peak at 116 cm–1 accompanied by a weaker peak at
145 cm–1, whereas 6 has two well-defined peaks at 145 and
152 cm–1 (see Figure 6).

Figure 6. FT-Raman spectra of 4 (solid line) and 6 (dotted line).

The spectrum of 4 indicates the presence of asymmetric
linear I–Se–I moieties,[35] whereas the spectrum of 6 is more
consistent with a charge-transfer nature, characterised by
the presence of linear Se–I–I groups. Strong I2-charge-
transfer adducts with selenium-donor molecules generally
feature two bands in their FT-Raman spectra near 150 and
130 cm–1 which are assigned to the antisymmetric and sym-
metric stretching modes, respectively, of the Se–I–I sys-
tem.[34,35,37]

Complexes 8 and 9 have similar FT-Raman spectra with
a strong peak at 126 cm–1 accompanied by a weaker shoul-
der at 142 cm–1 for 8, and, correspondingly, at 129 and
146 cm–1 for 9 (see Figure 7 for the FT-Raman spectrum of
8).

Figure 7. FT-Raman spectra of 8 (dotted line) and 10 (solid line).

On the basis of this similarity, it is possible to infer that
the structural features of 8 are analogous to those of 9;
therefore, for both compounds the two FT-Raman peaks
should be tentatively assigned to the symmetric and anti-
symmetric stretching vibrations of the Se–Te–I system. As
already mentioned, these assignments cannot be supported
by any data from the literature.[40] Significantly, the FT-Ra-
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man peaks observed for 8 and 9 occur at frequencies close
to those normally observed for the peaks typical of strong
charge-transfer adducts featuring linear Se–I–I groups.
Therefore, the two systems Se–Te–I and Se–I–I appear to
have a similar vibrational behaviour.

The spectrum of 10 shows four peaks at 150 (shoulder),
137, 116 and 106 cm–1 in good agreement with its structural
features (see Figure 7). In fact, by approximating the local
symmetry around the Te atom to the C2v point group, four
Raman-active stretching vibration modes are to be ex-
pected. Therefore, on the basis of the different atomic
weight of Se and I, the peaks at 106 and 116 cm–1 should
have a predominant contribution from the symmetric and
antisymmetric stretching modes of the TeI2 group, respec-
tively, while the peaks at 137 and 150 cm–1 should have a
predominant contribution from the analogous vibrations of
the TeSe2 group.

The local symmetry around the Te atom in 11 can be
approximated instead to the D2h point group, and only the
Ag vibrations for the linear I–Te–I and Se–Te–Se groups
should be Raman-active. Indeed, the FT-Raman spectrum
of 11 shows a very strong peak at 110 cm–1 and a much
weaker peak at around 150 cm–1. Also in this case, the peak
at lower frequency should have a predominant contribution
from the symmetric stretching vibration of the I–Te–I moi-
ety, whereas that at higher frequency should have a pre-
dominant contribution from the symmetric stretching vi-
bration of the Se–Te–Se moiety. This assignment can be
considered as reasonable since the symmetric I–Te–I and
Se–Te–Se groups are structurally comparable to the sym-
metric I3

– and IBr2
–, respectively. Indeed, I3

– and IBr2
–,

when symmetric, are characterised by only one Raman
peak at around 110 and 160 cm–1, respectively.[37,38,41]

Unfortunately, the quality of the FTIR spectra for all the
compounds considered prevents any further discussion.

Experimental Section
NMR spectra were recorded using Bruker spectrometers AC 200,
Avance 200, Avance 400 and AMX 300, with 85% H3PO4,
(CH3)2Se, (CH3)2Te and SiMe4 as external or internal standards.

FT-Raman spectra, in the range 500–50 cm–1, were recorded with
a resolution of 2 cm–1 with a Bruker RFS100 FT-Raman spectrom-
eter, fitted with an In-Ga-As detector (room temp.) operating with
a Nd-YAG laser (excitation wavelength 1064 nm; 50–100 mW),
with a 180° scattering geometry. The values in parentheses next to
the wavenumber values reported for each compound represent the
intensities of the peaks relating to the strongest, taken to be 10.

3: Diselenide 1 (1.08 g, 2.0 mmol) was dissolved in dichlorometh-
ane (20 mL) and a solution of bromine (0.63 g, 4.0 mmol) in
dichloromethane (20 mL) was added. The reaction mixture was
stirred at room temp. for 2 h, after which the raw product 3 was
isolated by vacuum evaporation of the solvent, and purified by
washing with pentane and drying under vacuum evaporation. An
orange dppm(SeBr2)2 complex was obtained. Yield: 1.53 g, 89%;
m.p. 133–134 °C. C25H22Br4P2Se2 (861.93): calcd. C 34.84, H 2.57;
found C 34.19, H 2.34. FT-Raman: ν̃ = 195 (10), 144 (10) cm–1.
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4: Diselenide 1 (1.08 g, 2.0 mmol) was dissolved in dichlorometh-
ane (20 mL) and a solution of iodine (1.01 g, 4.0 mmol) in dichlo-
romethane (20 mL) was added. The reaction mixture was stirred at
room temp. for 3 h, after which the raw product 4 was isolated by
vacuum evaporation of the solvent, and purified by washing with
pentane and drying under vacuum evaporation. A red dppm-
(SeI2)2 complex was obtained. Yield: 1.93 g, 92%; m.p. 138–139 °C.
C25H22I4P2Se2 (1049.23): calcd. C 28.60, H 2.11; found C 28.57, H
2.06. FT-Raman: ν̃ = 145 (2), 116 (10) cm–1.

5: Diselenide 2 (1.11 g, 2.0 mmol) was dissolved in dichlorometh-
ane (20 mL) and a solution of bromine (0.63 g, 4.0 mmol) in
dichloromethane (20 mL) was added. The reaction mixture was
stirred at room temp. for 2 h, after which the raw product 5 was
isolated by vacuum evaporation of the solvent, and purified by
washing with pentane and drying under vacuum evaporation. A
yellow dppe(SeBr2)2 complex was obtained. Yield: 1.66 g, 95%;
m.p. 148–149 °C. C26H24Br4P2Se2 (875.95): calcd. C 35.05, H 2.76;
found C 34.98, H 2.98. FT-Raman: ν̃ = 191 (9.5), 157 (10) cm–1.

6: Diselenide 2 (1.11 g, 2.0 mmol) was dissolved in dichlorometh-
ane (20 mL) and a solution of iodine (1.01 g, 4.0 mmol) in dichlo-
romethane (20 mL) was added. The reaction mixture was stirred at
room temp. for 2.5 h, after which the raw product 6 was isolated
by vacuum evaporation of the solvent, and purified by washing
with pentane and drying under vacuum evaporation. A red dppe-
(SeI2)2 complex was obtained. Yield: 1.96 g, 92%; m.p. 197–198 °C.
C26H24I4P2Se2 (1063.95): calcd. C 29.35, H 2.27; found C 29.29, H
2.23. FT-Raman: ν̃ = 152 (10), 145 (10) cm–1.

8: Dimesityl ditelluride (0.99 g, 2.0 mmol) was dissolved in dichlo-
romethane (20 mL) and a solution of iodine (0.51 g, 2.0 mmol) in
dichloromethane (10 mL) was added. The reaction mixture was
added to a solution of diselenide 1 (1.08 g, 2 mmol) in dichloro-
methane and was stirred for 24 h at room temp., after which the
raw product 8 was isolated by vacuum evaporation of the solvent,
and purified by washing with pentane, drying under vacuum evapo-
ration and recrystallised by gas diffusion from dichloromethane/
pentane. Yield: 1.93 g, 75%; m.p. 77–78 °C. C43H44I2P2Se2Te2

(1289.69): calcd. C 40.05, H 3.44; found C 39.80, H 3.44. 31P NMR
(CD2Cl2): δ = 24.1 (s, 1JP,Se = 717.7 Hz, 2JP,P = 12.4 Hz, 2 P) ppm.
77Se NMR (CD2Cl2): δ = –161 (br. d, 1JSe,P = 750±50 Hz) ppm.
125Te NMR (CD2Cl2): δ = 796 (br. s) ppm. 1H NMR (CD2Cl2): δ
= 2.2 (s, 6 H), 2.5 (s, 12 H), 4.3 (t, JH,P = 13.1 Hz, 2 H), 6.9 (s, 4 H),
7.3 (m, 8 H), 7.4 (m, 4 H), 7.6 (m, 8 H) ppm. 13C NMR (CD2Cl2): δ
= 21.3 (s, 2 C), 31.2 (s, 4 C), 34.2 (s, 1 C), 117.5 (s, 2 C), 127.5 (s,
4 C), 127.8 (s, 4 C), 129.2 (t, JC,P = 6.6 Hz, 8 C), 132.8 (t, JC,P =
5.9 Hz, 8 C), 141.4 (s, 2 C), 147.2 (s, 4 C) ppm. FT-Raman: ν̃ =
142 (5), 126 (10) cm–1.

9: Dimesityl ditelluride (0.99 g, 2.0 mmol) was dissolved in dichlo-
romethane (20 mL) and a solution of iodine (0.51 g, 2.0 mmol) in
dichloromethane (10 mL) was added. The reaction mixture was
added to a solution of diselenide 2 (1.11 g, 2 mmol) in dichloro-
methane and was stirred for 24 h at room temp., after which the
raw product 9 was isolated by vacuum evaporation of the solvent,
and purified by washing with pentane, drying under vacuum evapo-
ration and recrystallised by gas diffusion from dichloromethane/
pentane. Yield: 2.00 g, 77%; m.p. 158–159 °C. C44H46I2P2Se2Te2

(1303.67): calcd. C 40.54, H 3.56; found C 39.00, H 3.57. 31P NMR
(CD2Cl2): δ = 35.8 (s, 1JP,Se = 711.6 Hz, 3JP,P = 63.7 Hz, 4JP,Se =
12.2 Hz, 2 P) ppm. 77Se NMR (CD2Cl2): δ = –281 (br. d, 1JSe,P =
690±50 Hz) ppm. 125Te NMR (CD2Cl2): δ = 798 (br. s) ppm. 1H
NMR (CD2Cl2): δ = 2.4 (s, 6 H), 2.7 (s, 12 H), 2.9 (d, 2JH,P =
2.3 Hz, 4 H), 7.03 (s, 4 H), 7.5 (m, 8 H), 7.6 (m, 4 H), 7.8 (m, 8 H)
ppm. 13C NMR (CD2Cl2): δ = 21.1 (s, 2 C), 25.3 (s, 2 C), 30.1 (s,
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Table 6. Crystallographic data.

Compound 9 10 11

Formula C44H46I2P2Se2Te2 C25H22I2P2Se2Te C28H28Cl4I2P2Se2Te
Mr 1303.67 923.69 1107.56
Habit red prism red prism red tablet
Crystal size [mm] 0.3×0.2×0.2 0.3×0.2×0.2 0.6×0.5×0.18
Crystal system monoclinic monoclinic monoclinic
Space group P21 P21/n P21/n
Cell constants
a [pm] 1017.60(6) 1309.0(2) 757.13(4)
b [pm] 1917.2(1) 979.0(1) 1313.67(8)
c [pm] 1190.25(8) 2254.7(3) 1819.0(1)
β [°] 102.9(3) 103.8(3) 101.2(3)
V [nm3] 2.2635(2) 2.8054(7) 1.7751(2)
Z 2 4 2
Dx [Mgm–3] 1.913 2.187 2.072
µ [mm–1] 4.3 5.9 5.0
F(000) 1236 1712 1040
T [°C] –140 –140 –140
2θmax 60 60 61
Reflections measured 46435 52343 37457
Reflections independent 13698 8559 5410
Transmissions 0.829–0.928 0.555–0.928 0.714–0.928
Rint 0.023 0.047 0.019
Parameters 476 289 178
Restraints 1 0 0
wR (F2, all reflections) 0.063 0.092 0.042
R [F, �4σ(F)] 0.027 0.034 0.017
S 0.99 1.06 1.07
Max. ∆ρ [enm–3] 1774 2464 975

4 C), 116.2 (s, 2 C), 127.4 (s, 4 C), 129.3 (t, 2JC,P = 6.1 Hz, 8 C),
129.4 (s, 4 C), 132.0 (t, 3JC,P = 5.6 Hz, 8 C), 142.1 (s, 2 C), 147.3
(s, 4 C) ppm. FT-Raman: ν̃ = 146 (7.6), 129 (10) cm–1.

10: Diselenide 1 (0.99 g, 2.0 mmol) was dissolved in dichlorometh-
ane (20 mL). Tellurium (0.26 g, 2 mmol) and iodine (0.51 g,
2.0 mmol) were added. The reaction mixture was stirred for 4 d at
room temp., after which the raw product 10 was isolated by vacuum
evaporation of the solvent, and purified by washing with pentane,
drying under vacuum evaporation and recrystallised by gas dif-
fusion from dichloromethane/hexane. Yield: 1.61 g, 85%; m.p. 192–
193 °C. C25H22I2P2Se2Te (923.69): calcd. C 32.51, H 2.40; found C
32.07, H 2.40. 31P NMR (CD2Cl2): δ = 21.8 (s, 1JP,Se = 682.3 Hz,
2JP,P = 8.9 Hz) ppm. 77Se NMR (CDCl3): δ = –93 (br. d, 1JSe,P =
653±50 Hz) ppm. FT-Raman: ν̃ = 150 (3, shoulder), 137 (10), 116
(6) and 106 (5) cm–1.

Structure Determinations: Numerical details are presented in
Table 6. All X-ray data were collected with monochromated Mo-
Kα radiation (λ = 0.71073 Å) on a Bruker SMART 1000 CCD area
detector. Absorption corrections were based on multiple scans. The
structures were solved by direct methods and refined anisotropi-
cally by full-matrix least-squares on F2 (Program SHELXTL: Prof.
G. M. Sheldrick, Univ. of Göttingen). Hydrogen atoms were in-
cluded using a riding model (except methyl groups which were re-
fined as rigid groups). Structure 9 was refined as a racemic twin.
Structure 11 contains one ordered molecule of dichloromethane
per asymmetric unit. CCDC-289068 (for 9), -289069 (for 10) and
-289070 (for 11) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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meso-Aryl-substituted expanded porphyrins are structural
analogues of meso-aryl-substituted porphyrins. They exhibit
rich and novel coordination behaviors, including multi-metal
chelation due to the large cavities, spin–spin interaction aris-
ing from the proximity of metal centers, and large changes
in their structural and electrochemical properties upon met-
alation. The recent discovery of a facile, one-pot synthesis of

Introduction
Porphyrins, which play a key role in biological as well as

artificial processes, are undoubtedly one of the most widely
studied macrocycles and are characterized as 18π-electron
aromatic ligands that can accommodate most metal ions
to form 1:1 metal complexes.[1] In recent years, porphyrin
analogues that include modified, confused, contracted, and
expanded ones have attracted increasing attention owing to

[a] Department of Chemistry, Graduate School of Science, Kyoto
University, and Core Research for Evolutional Science and
Technology (CREST), Japan Science and Technology Agency,
Sakyo-ku, Kyoto 606-8502, Japan
Fax: +81-75-753-3970
E-mail: osuka@kuchem.kyoto-u.ac.jp

Soji Shimizu was born in 1979 in Kyoto, Japan. He received his BSc and MSc degrees in 2002 and 2004, respectively,
from Kyoto University. He is currently a PhD student with Professor Osuka at the same university, focusing on the
synthesis and exploration of expanded porphyrins. During spring 2005, as a visiting fellow, he stayed at Professor Jonathan
L. Sessler’s laboratory in the Department of Chemistry and Biochemistry, the University of Texas at Austin. He was
selected as a Research Fellow of the Japan Society for the Promotion of Science (JSPS) in 2004.

Atsuhiro Osuka was born in Gamagori, Aichi, in 1954. He received his PhD degree from Kyoto University in 1982 on
the photochemistry of epoxyquinones. In 1979, he started his academic career at the Department of Chemistry, Ehime
University as an assistant professor. In 1984, he moved to the Department of Chemistry, Kyoto University, where he
became a professor of chemistry in 1996. He was awarded the CSJS Award for Young Chemists in 1988 and the Japanese
Photochemistry Association Award in 1999. His research interests cover many aspects of synthetic approaches toward the
artificial photosynthesis and development of porphyrin-related compounds with novel structures and functions. He was
selected as a project leader of Core Research for Evolutional Science and Technology (CREST) of JST.

MICROREVIEWS: This feature introduces the readers to the authors’ research through a concise overview of the
selected topic. Reference to important work from others in the field is included.

Eur. J. Inorg. Chem. 2006, 1319–1335 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1319

a series of meso-aryl-substituted expanded porphyrins en-
ables us to investigate their metal-complexation chemistry.
The aim of this Microreview is to highlight recent progress
in the synthesis and characterization of metal complexes of
meso-aryl-substituted expanded porphyrins.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

their intriguing properties, which are very difficult or im-
possible to achieve in porphyrins. Among these, expanded
porphyrins bearing more than four pyrrole rings have been
demonstrated to be quite promising due to their larger con-
jugation and diversity that allow remarkable absorption
spectra ranging from the UV/visible to the near-IR region,
variable oxidation states that are interconvertible among
aromatic, antiaromatic, and nonaromatic systems, and
multi-metal coordinating behaviors.[2–7] On account of these
promising properties, they are in the spotlight in various
fields, including receptors for anions,[8] ligands for several
transition and lanthanoid metal ions, sensitizers for photo-
dynamic therapy (PDT),[5,9] and magnetic resonance im-
aging (MRI) contrast agents.[10] In addition, they have re-
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cently been shown to have potential as nonlinear optical
materials owing to their large two-photon absorption (TPA)
cross-sections, which will lead to a broad range of applica-
tions such as three-dimensional microfabrication, optical
data storage, and optical limiting.[11,12] These promising at-
tributes have encouraged diverse synthetic efforts towards
various expanded porphyrins that differ in ring size, ring
connectivity, peripheral substituents, and core modifica-
tion.[5,13–21] Recently, we found that a modified Ro-
themund–Lindsey porphyrin synthesis leads to the forma-
tion of a series of meso-aryl-substituted expanded porphy-
rins that are all real porphyrin homologues in terms of a
regularly alternating pyrrole and methine carbon arrange-
ment (Scheme 1).[22] This synthesis requires aryl aldehyde
substrates bearing electron-deficient and bulky substituents
both at the 2- and 6-positions and 10 times higher concen-
trations of substrates (ca. 67 m) than those optimized for

Scheme 1. Synthesis of meso-aryl-substituted expanded porphyrins.

Scheme 2. Synthesis of perfluorinated expanded porphyrins.
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the porphyrin synthesis. A series of fully fluorinated ex-
panded porphyrins was prepared in a similar manner from
the reaction of 3,4-difluoropyrrole and pentafluorobenzal-
dehyde (Scheme 2).[23] The ring-size-selective synthesis of
expanded porphyrins has been achieved by using dipyrro-
methane and tripyrromethane as starting substrates under
milder reaction conditions (Scheme 3).[24] This ring-size-se-
lective synthesis has also allowed the preparation of hexa-
phyrins and octaphyrins bearing electron-rich meso-aryl
substituents.[25]

The metalation chemistry of expanded porphyrins can
be traced back to the 1980s. Representative examples are
summarized in Figure 1. In 1983, Gossauer et al. reported
the preparation of β-dodecaalkyl-substituted [26]hexaphyr-
ins, which were converted into their bis-ZnII and bis-PdII

complexes.[26] Vogel and co-workers have synthesized a
series of β-alkyl-substituted octaphyrins bearing twisted fig-



Metalation Chemistry of meso-Aryl-substituted Expanded Porphyrins MICROREVIEW

Scheme 3. Ring-size selective synthesis.

Figure 1. Representative examples of metal complexes of expanded porphyrins.

ure-eight conformations and revealed their facile complex-
ation behaviors with several transition metal ions.[27] The
figure-eight conformations were fixed upon complexation,
which enabled optical separation of the metalated octaphyr-
ins for the first time.[27a] Sessler et al. have investigated lan-
thanoid metal complexes of texaphyrins and medicinal ap-
plications of gadolinium texaphyrins as sensitizers for pho-
todynamic therapy.[5,9] They synthesized the bis-CuII com-
plex of amethyrin and revealed the proximity of the metal
centers and their antiferromagnetic behavior.[28] Recently,
they have investigated the usage of expanded porphyrins as
a colorimetric actinoid sensor.[29] Thus, expanded porphy-
rins are becoming increasingly important platforms for se-
veral metal ions and as promising materials in various fi-
elds. From this point of view, the meso-aryl-substituted ex-
panded porphyrins can be regarded as another promising
candidate to explore novel functional metal complexes since
this facile, one-pot reaction affords a series of expanded
porphyrins that differ in the number of the constituting pyr-

Eur. J. Inorg. Chem. 2006, 1319–1335 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1321

rolic subunits and thus in cavity size, conformational flexi-
bility, and stable conformation.

In this Microreview we summarize our own contri-
butions in the synthesis, characterization, and properties of
metal complexes of meso-aryl-substituted expanded por-
phyrins, which are presented in order of their ring size. The
compound names appearing in this review are partly based
on a nomenclature put forward by Franck and Nonn for
porphyrinic system.[30] The number in square brackets cor-
responds to the number of π-electrons in the shortest conju-
gation pathway and the core name represents the number
of pyrroles.

N-Fused Pentaphyrin (NFP5)

Structures and Properties of the Free Bases

meso-Pentafluorophenyl-substituted pentaphyrin was ob-
tained as its N-fused form, whicht was found to exist as a
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mixture of two oxidation states {[22]N-fused pentaphyrin
([22]NFP5, 2a) and [24]NFP5 (2b); Figure 2} from the reac-
tion shown in Scheme 1.[22,31] The yield of each compound
varied depending on the oxidation time. Thus, 2a was ob-
tained after oxidation with an excess amount of DDQ for
a long time (�15 h) in 18% yield as the sole pentapyrrolic
product (Scheme 1).[31b] Alternatively, 2a was prepared in
28% yield by an acid-catalyzed [3+2] condensation of tri-
pyrrane and dipyrromethane (Scheme 4). Compound 2a is
easily reduced to 2b with NaBH4, which is quantitatively
oxidized back to the original 2a upon treatment with DDQ
(Figure 2). An aromatic ring current effect arising from the
22π-electron conjugation is observed in the 1H NMR spec-
trum of 2a, while 2b shows antiaromatic character due to
its 24π-electron conjugation. According to X-ray diffraction
analyses, both 2a and 2b possess a fused tripentacyclic ring
(pyrroles A and B in Figure 3), an outward-pointing pyrrole
ring (pyrrole C), and an inward-oriented dipyrromethene
moiety (pyrroles D and E). The inverted pyrrole C is signifi-
cantly tilted for each compound. Except for pyrrole C the

Scheme 4. Synthesis of 2a by a [3+2] condensation reaction.

Figure 3. X-ray crystal structures of a) 2a (preliminary) and b) 2b; top views (top) and side views (bottom). meso-Aryl substituents have
been omitted for clarity in the side views.
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entire structure of 2a is planar, while that of 2b is severely
distorted.

Figure 2. Redox behavior of NFP5.

Metal Complexes of NFP5

Since both 2a and 2b possess a dipyrromethene moiety,
we investigated complexation of RhI, which is known, in
the coordination chemistry of porphyrinoids, to bind to one
dipyrromethene ligand and two carbonyl ligands in a
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square-planar fashion.[32–34] Two rhodium complexes 10
and 11 were isolated in 2.4% and 23% yields, respectively,
from the metalation of 2a with two equivalents of
[RhCl(CO)2]2 in CH2Cl2 in the presence of sodium acetate
at room temperature for 4 h (Figure 4).[31b] The product ra-
tio of 11 to 10 decreased as the reaction time increased.
Under refluxing conditions the yield of 10 (42%) was dis-
tinctly higher than that of 11 (18%). These results suggest
that 10 is the thermodynamic product of this reaction. On
the contrary, the complexation of 2b with [RhCl(CO)2]2
gave complex 11 as the sole product in 60% yield at room
temperature after 1 h.

In the crystal structures, both 10 and 11 preserve basic
NFP5 skeletons with a 22π- and 24π-electron conjugation,
respectively, in which the RhI ion is bound above the center
of the cavity by the dipyrromethene unit (pyrroles D and E
for 10 and pyrroles C and D for 11), with N–Rh distances
of around 2.1 Å, and two carbonyl ligands in a square-

Figure 4. RhI complexes of NFP5.

Figure 5. X-ray crystal structures of a) 10 and b) 11; top views (top) and side views (bottom). meso-Aryl substituents have been omitted
for clarity in the side views.
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planar fashion (Figure 5). The entire structure of 10 is rela-
tively planar except for the pyrrole C. On the other hand,
11 has a severely distorted bent conformation despite the
fully conjugated system. In accordance with these results,
the 1H NMR spectrum of 10 displays peaks for the inner
β-CH protons of pyrroles A and C as a singlet at δ =
0.05 ppm and as a pair of doublets at δ = 1.62 and 1.16
ppm, respectively, and the outer β-CH protons as three
pairs of doublets at δ = 9.23, 9.21, 8.61, 8.29, 8.21, and
8.13 ppm that indicate a diatropic ring-current effect arising
from the planar structure and 22π-electron conjugation. In
the 1H NMR spectrum of 11, however, resonances due to
the inner and outer NH protons of pyrroles E and A are
observed at δ = 0.68 and 9.44 ppm, respectively, indicating,
to our surprise, a substantial diatropic ring current for 11,
which is also supported by the up- and downfield shifts of
the peaks due to the inner and outer β-CH protons, respec-
tively.
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Since complex 10 is the major product at high tempera-

ture, thermal conversion of 11 to 10 was examined in re-
fluxing CH2Cl2; this reaction turned out to be unsuccessful.
Considering that the number of conjugated π electrons is
22 for 10 and 24 for 11, interconversion between these com-
plexes by two-electron oxidation and reduction should be
feasible. Thus, treatment of 11 with DDQ at room tempera-
ture quantitatively converted it into complex 10 by a novel
pivot-like-walk rearrangement of Rh. The details of this
process were monitored by 1H NMR spectroscopy, in which
an intermediate 12 (Figure 4) was detected before the final
formation of 10. In contrast, reduction of 10 with NaBH4

caused demetalation to give 2b without producing 11.

Hexaphyrin

Structures and Properties of the Free Bases

Hexaphyrin 3, which was first synthesized by Cavaleiro
and co-workers,[35] was one of the major products from the
modified Rothemund–Lindsey reaction and was obtained
in 16–20% yield as an oxidized form with 26π electrons in
its conjugation (Scheme 1).[22] The yield was improved by
using the ring-size selective synthesis.[24] Upon treatment
with NaBH4, [26]hexaphyrin (3a) was easily reduced to [28]-
hexaphyrin (3b), which could be quantitatively oxidized
back to the original [26]hexaphyrin (Figure 6). In the solid,
3a exhibits a planar rectangular structure with two inverted
pyrrole rings (Figure 7, a).[35] Although a structural analysis
of 3b unfortunately has not yet been successful, the struc-
ture of an analogue of 3b bearing alkylamino substituents
at the p position of the pentafluorophenyl groups and exhi-
biting almost identical UV/Vis and NMR spectra to 3b was
revealed crystallographically to possess a similar conforma-
tion to that of 3a.[36] In solution, 3a exhibits aromatic char-
acter due to the 26π-electron conjugation and planar con-

Figure 7. X-ray crystal structures of a) 3a and b) 7; top views (top) and side views (bottom). meso-Aryl substituents have been omitted
for clarity in the side views.
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formation. On the other hand, the 1H NMR spectrum of
3b indicates aromatic rather than antiaromatic character.
The explanation for this is uncertain at this stage.

Figure 6. Redox behavior of hexaphyrin.

We have also investigated the synthesis of hexaphyrins
bearing several substituents not only at the meso position
but also at the β position. Perfluorinated [28]hexaphyrin (7)
was isolated in 2–5% yield from a mixture of other perfluo-
rinated expanded porphyrins obtained from the reaction of
3,4-difluoropyrrole with pentafluorobenzaldehyde.[23] In the
solid state, 7 takes a figure-eight conformation and hence
exhibits nonaromatic character (Figure 7, b). In addition to
the coordination properties of these hexaphyrins, they are
also drawing much attention as a near-IR absorbing dye.
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The absorption spectrum of 3a shows a Soret-like band at
568 nm and Q-like absorptions at 712, 898, and 1026 nm,
and is formally similar to that of porphyrin although with
substantial red-shifts owing to the extension of the π-conju-
gation.[11,35] Compound 3a exhibits fluorescence emission
at 1036 nm with a weak vibronic band at 1205 nm.[11] Re-
cently, molecules having large two-photon absorption
(TPA) cross-sections [σ(2)] have been of great interest due to
their potential applications in a variety of fields described
in the previous section. Aromatic 3a exhibits a large TPA
cross-section value of about 104 GM, which makes it quite
attractive for further applications.[11]

Copper Complexes of Hexaphyrins

The complexation reaction of 3a with anhydrous CuCl2
and NaOAc in CH2Cl2 gave the dicopper complex 13 in
84% yield.[37] Interestingly, metalation in the presence of
anhydrous Cu(OAc)2 and NaOAc led to isolation of a dif-
ferent dicopper complex 14 in 90% yield (Figure 8). Both
structures were elucidated by X-ray single crystal analysis.
The structure of 13 takes a gable structure with two semi-
planar tripyrrolic planes in which each copper ion is bound
to the bridging chloride atom, the oxygen atom attached at
the meso position, and three nitrogen atoms of the tripyr-
rolic unit, in a square-pyramidal fashion (Figure 9, a).
Compound 14 exhibits a similar gable structure with two
copper ions, which are each bound to the meso-attached
oxygen atom and three pyrrolic nitrogen atoms in a square-
planar fashion (Figure 9, b). Contrary to complex 13, there
is no axial bridging in 14.

Similar copper metalation was tested for perfluorinated
[28]hexaphyrin (7). Complex 15 was obtained as the sole
product (96% yield) from the reaction with CuCl2, while
metalation with Cu(OAc)2 afforded a mixture of complex
15 and 16 in 26 and 56% yields, respectively (Figure 8). The
structure of 15 is quite similar to that of 14, while 16 takes
a different structure in which the two copper ions are not
directly bridged but are coordinated separately by the dif-
ferent tripyrrolic ligand and meso-attached oxygen atom
(Figures 9, c and d). The oxygen ligands in 16 are from a
tertiary alcohol and an alkoxide. Importantly, this structure
leads to the assignment of 16 as a mixed-valence CuI/CuII

complex. The proximity of the two CuII ions in 13, 14, and
15 allows antiferromagnetic couplings with exchange inter-

Figure 8. Bis-Cu complexes of hexaphyrins.
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action values (J) of –8.27, –87.6, and –42.1 cm–1, respec-
tively. On the contrary, complex 16 has a temperature-inde-
pendent χpT value (0.4229 emuKmol–1) corresponding to
an S = 1/2 state, in agreement with the CuI/CuII mixed-
valence state.

Doubly N-confused [26]Hexaphyrin from [26]Hexaphyrin

In the course of their extensive investigations on N-con-
fused porphyrinoids,[38] Furuta et al. have reported the syn-
thesis of a doubly N-confused hexaphyrin (DNCH, 17)
bearing two oxygenated confused pyrrole rings, which offer
efficient coordination sites for two transition metal ions
such as CuII 18 and NiII 19 (Figure 10).[38c] Compound 17
and its bis-metal complexes are also attractive as near-IR-
absorbing dyes due to their expanded π-electronic system
but have been rather poorly explored, mainly due to the
tedious, multi-step synthesis of the N-confused tripyrrane
precursor.[38d] During our exploration of the metalation
chemistry of hexaphyrin 3a, we serendipitously found that
treatment with CuI under aerobic conditions in pyridine ef-
ficiently provided the bis-CuII complex of DNCH (18;
24.4% yield), whose structure was confirmed by X-ray
analysis (Figure 11, a).[39] Remarkably, both the inverted
pyrrole rings of 3a undergo simultaneous rearrangements
to form N-confused pyrroles with concomitant oxygenation
at the internal pyrrolic α positions. Although the reaction
mechanism has not been elucidated yet, we anticipate the
involvement of CuCl–pyridine–O2 oxidation in this reaction
on the basis of several experimental facts.

The bound copper ions are easily demetalated upon
treatment with TFA in CH2Cl2 to give the free base 17,
which is a good ligand system for two divalent or trivalent
metal ions (CuII 18, NiII 19, CoII 20, ZnII 21, MnIII 22, and
FeIII 23; Figure 10). The 1H NMR spectra of 17 and 21
display strong diatropic ring currents in line with their 26π
aromatic conjugation. The absorption spectrum of 17 exhi-
bits a Soret-like band at 566 nm with a shoulder at 586 nm
and Q-like bands at 722, 793, 911, and 1047 nm. Interest-
ingly, 17 shows fluorescence at 1058 nm, with a vibronic
structure that has a very small Stokes shift. These observa-
tions suggest a rigid structure supported by multiple intra-
molecular hydrogen-bonding interactions.
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Figure 9. X-ray crystal structures of a) 13, b) 14, c) 15, and d) 16; top views (top) and side views (bottom). meso-Aryl substituents have
been omitted for clarity.

Figure 10. Doubly N-confused hexaphyrin and its metal complexes.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1319–13351326
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Figure 11. X-ray crystal structures of a) 18 and b) 20; top views (top) and side views (bottom). meso-Aryl substituents have been omitted
for clarity in the side views. Water molecules each coordinate to the axial position of the cobalt ion in 20.

Group 10 Metal Complexes of Hexaphyrin

The copper complexes described above exhibit large
structural changes upon metalation. Next, we investigated
the complexation of hexaphyrin with group 10 metal ions
such as NiII, PdII, and PtII.[40] When a toluene solution of
3a and Ni(acac)2 was refluxed for one hour in the presence
of sodium acetate under anaerobic conditions the mono-
NiII complex 24 was obtained in 50% yield. Similarly, the
mono-PtII complex 27 was obtained in 56% yield from the

Figure 12. Group 10 metal complexes of hexaphyrin.
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reaction of 3a with PtCl2 and NaOAc in refluxing CH2Cl2
under argon. Curiously, however, metalation with PdCl2 in
refluxing CH2Cl2 in the presence of NaOAc provided a
mixture of mono-PdII (25) and bis-PdII (26) complexes,
which were isolated in 50 and 9% yields, respectively (Fig-
ure 12). Single crystal analyses revealed that complexes 24,
25, and 27 possess a metal–carbon bond and have distorted
structures (Figures 13, a–c). The 1H NMR spectra of 24,
25, and 27 show nonaromatic character due to the non-
planar structures. In the crystal structure of 26 the two PdII

ions are bridged by the chloride atom. One PdII ion is
bound to three pyrrolic nitrogen atoms and the other is
bound to two pyrrolic nitrogen atoms and a pyrrolic α-car-
bon, and an N-fusion reaction of the pyrrole E and the
adjacent pentafluorophenyl group has taken place to form
a planar pentacyclic ring (Figure 13, d). Thus, the internal
β-pyrrolic CH bond of 3a is activated to form a metal–
carbon bond in the metalation reactions with group 10 me-
tal ions.

Gold Complexes of Hexaphyrin

Metal complexes of hexaphyrin preserving the original
planar and rectangular shape are of great interest from the
viewpoint of regulation of aromaticity and antiaromaticity.
Towards this goal, metal ions with a strong C–H activation
ability would be promising. During the exploration of the
complexation chemistry of hexaphyrins, we fortunately
found that gold metalation of 3a accomplished this goal to
provide mono-AuIII and bis-AuIII complexes.[41] A solution
of 3a and NaAuCl4 in a 4:1 mixture of CH2Cl2 and meth-
anol was stirred in the presence of sodium acetate at room
temperature for three days. Separation on a silica gel col-
umn provided the mono-AuIII (28) and bis-AuIII (29) com-
plexes in 16 and 14% yield, respectively, along with 15% of
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Figure 13. X-ray crystal structures of a) 24, b) 25, c) 27 (preliminary), and d) 26; top views (top) and side views (bottom). meso-Aryl
substituents have been partially omitted for clarity.

recovered 3a (Figure 14). Curiously, in both crystal struc-
tures the inner β-CHs have been activated to form Au–C
bonds and the AuIII ions are coordinated to two pyrrolic
nitrogen atoms and two pyrrolic β-carbon atoms within a
flat [26]hexaphyrin core. The structure of 28 is planar in the
coordinated moiety and rather distorted in the cavity, while
29 has a much more planar but overall bent structure (Fig-
ure 15). These structural differences can be explained by the
steric congestion between the inner pyrrolic β-CHs. As an-
ticipated from their crystal structures, aromaticity of these
complexes was observed in their 1H NMR spectra. The
outer β-CH protons of 28 appear downfield at δ = 9.51,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1319–13351328

9.36, 9.35, and 9.03 ppm, and the inner β-CH and NH pro-
tons are seen at δ = –2.93 and –2.08 ppm, respectively, while
for 29 the outer β-CH protons appear at δ = 9.66 and 9.51
ppm (Figures 16, a and b). Rigidification by Au coordina-
tion has been revealed to play a very important role in en-
hancing aromatic character, which, in turn, suggests a pos-
sible attainment of antiaromatic [28]hexaphyrin in the
planar frame. Thus, complexes 28 and 29 were reduced with
NaBH4 to give complexes 30 and 31 without demetalation
(Figure 14). The structures of 30 and 31 were both prelimi-
narily revealed by X-ray analyses to keep the original rec-
tangular structures but to have two NH hydrogen atoms at
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Figure 14. Gold complexes of hexaphyrin.

Figure 15. X-ray crystal structures of a) 28 and b) 29; top views (top) and side views (bottom). meso-Aryl substituents have been omitted
for clarity in the side views.

the inverted pyrroles. Very curiously, and consistent with
Hückel’s rule, the 1H NMR spectra of 30 and 31 show a
paratropic ring-current effect (Figures 16, c and d). In the
1H NMR spectrum of 30, the inner β-CH and NH protons
are observed at δ = 19.39 and 24.57 ppm, respectively, while
the outer β-CH protons appear as four doublets at δ = 5.02,
4.92, 4.32, and 4.07 ppm and the outer NH protons appear
at δ = 4.10 ppm. Similarly, the 1H NMR spectrum of 31
exhibits the outer β-CH protons as a pair of doublets at δ
= 3.16 and 3.10 ppm and the outer NH protons as a broad
singlet at δ = 1.81 ppm. Considering the nonaromaticity of
the group 10 metal complexes 24, 25, and 27, firm rigidifi-
cation of the planar conformation causes the strong an-
tiaromatic character in [28]hexaphyrin.

Complex 28 still has a vacant cavity that may allow coor-
dination of another metal ion. This possibility was exam-

Eur. J. Inorg. Chem. 2006, 1319–1335 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1329

ined by treating 28 with CF3COOAg to give the AuIII/AgIII

hetero complex 32 in 58% yield with concomitant oxidation
of AgI to AgIII in order to fit into the core.

Octaphyrin

Structures and Properties of the Free Bases

Due to its large conjugation, meso-aryl-substituted octa-
phyrin is supposed to possess three different redox states
with 34π-, 36π-, and 38π-electrons (5b, 5a, and 5c, respec-
tively, in Figure 17). From the reaction shown in Scheme 1,
octaphyrin was obtained as [36]octaphyrin (5a) in 5–6%
yield. The yield of 5a was improved by using the ring-size
selective synthesis.[24] In the crystal structure, 5a takes a
twisted figure-eight conformation in which there are two
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Figure 16. 1H NMR spectra of a) 28, b) 29, c) 30, and d) 31 in CDCl3. * indicates solvent and solvent impurities.

Figure 17. Redox behaviors of octaphyrin.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1319–13351330
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Figure 18. X-ray structures of a) 5a and b) 9; top views (top), and side views (bottom). meso-Aryl substituents have been omitted for
clarity in the side views.

porphyrin-like teterapyrrolic hemimacrocycles; it thus has
the potential to coordinate one metal ion in each cavity
(Figure 18, a).[22] Upon reduction with NaBH4, 5a is quan-
titatively converted into [38]octaphyrin (5c), while oxidation
of 5a with MnO2 gives [34]octaphyrin 5b. Unfortunately,
however, the structures of [34]- and [38]octaphyrin have not
been determined yet, mainly due to the their instability un-
der ambient conditions. On the other hand, perfluorinated
[36]octaphyrin (9) was obtained in 4–7% yield from the re-
action of 3,4-difluoropyrrole and pentafluorobenzalde-
hyde.[23] Interestingly, 9 takes a different conformation: it is
not twisted figure-eight but has a round ellipsoidal struc-
ture (Figure 18, b). Mainly due to their nonplanar struc-
tures, these octaphyrins do not exhibit any aromatic or an-
tiaromatic character.

Figure 19. UV/Vis spectral changes recorded during metalation of 5a with Cu(OAc)2 at 50 °C in toluene.
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Copper Metalation of [36]Octaphyrin and Perfluorinated
[36]Octaphyrin

A solution of 5a in toluene was stirred at 50 °C in the
presence of ten equivalents of Cu(OAc)2 and five equiva-
lents of NaOAc and the metalation process was monitored
by UV/Vis absorption spectroscopy. Compound 5a exhibits
absorption bands at 410 and 643 nm, which change to ab-
sorption bands at 412 and 668 nm after 2 h and then to
absorption bands at 351 and 522 nm after 4 h (Figure 19).
These spectral changes were ascribed to sequential forma-
tion of mono-CuII (33) and bis-CuII (34) complexes by com-
parison with the absorption spectra of authentic samples
(Figure 20).[42] On further heating the small, shoulder-like
absorption at 408 nm in the spectrum increased and finally
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Figure 20. Copper complexes of octaphyrins and porphyrins.

the spectrum showed only the absorption at 408 nm with
small bands at 535 and 570 nm after heating for two weeks
(Figure 19). This final spectrum indicates the formation of
the CuII porphyrin 35 (Figure 20). The mono-CuII complex
33 and the bis-CuII complex 34 were prepared in 77 and
81% yields, respectively, under temperature-controlled con-
ditions in a CH2Cl2 solution with a small amount of
MeOH. In the solid state, 34 takes a similar twisted figure-
eight conformation with two copper ions bound inside the
porphyrin-like tetrapyrrolic cores. The coordination of the
CuII ions is severely distorted from square-planar coordina-
tion (Figure 21). Considering that neither free base 5a nor
33 show splitting behavior, this structural feature suggests
that the relief of strain in 34 may be the main driving force
for this thermal splitting reaction.[42,43] We thus estimated
the activation parameters of the splitting reaction by ab-
sorption spectroscopic analysis. The splitting reaction of 34
was found to be a unimolecular process with ∆H‡ =
101 kJmol–1 and ∆S‡ = –23.5 JK–1 mol–1. A possible
mechanism of the splitting reaction may be a 2π + 2π cyclo-
addition process to give a spirocyclobutane intermediate, as
shown in Scheme 5.

This thermal splitting reaction was also seen in the solid
state. In the DSC experiment of 34, a sharp exothermic re-

Scheme 5. A possible mechanism of the splitting reaction of 34.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1319–13351332

Figure 21. X-ray crystal structure of 34; top view (top) and side-
view (bottom). meso-Aryl substituents have been omitted for clarity
in the side view.
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sponse was observed between 240 and 280 °C, and 35 was
obtained in high yield from this thermolysis experiment.
The present thermal splitting reaction may be attractive for
application as a recording device in light of the dramatic
spectral changes and the perfect material balance. Fortu-
nately, 34 was found to form a good transparent film when
spin-coated onto quartz. A preliminary thermolysis experi-
ment with this film indicated the more robust nature of 34
in the film up to 140 °C, but clean splitting into 35 at
200 °C.

A similar copper metalation reaction of perfluorinated
[36]octaphyrin 9 revealed the formation of two bis-CuII me-
tal complexes 36 and 37 in 58 and 14% yields, respectively,
when treated with Cu(OAc)2 and NaOAc in CH2Cl2 solu-
tion (Figure 20).[44] The crystal structure of 36 was deter-
mined by single-crystal X-ray analysis (Figure 22). It takes
a bent, U-shaped, ellipsoidal conformation in which one
pyrrole ring is hydrolytically cleaved to give a keto-imine
moiety. One of the two copper ions is bound to the keto-
carbonyl oxygen atom and the nitrogen atoms of the nearby
tripyrrolic subunit, while the other copper ion is bound to
the imine nitrogen atom and the nearby second tripyrrolic
subunit. The minor product 37 exhibits an absorption spec-
trum that is quite similar to that of 34, and the high-resolu-
tion ESI-TOF mass spectrum indicated the formation of
the bis-CuII complex of perfluorinated [36]octaphyrin (37;
Figure 20). Although efforts to obtain suitable crystals of
37 have been unsuccessful, these data suggest that 37 is a

Figure 22. X-ray crystal structure of 36; top view (top) and side
view (bottom). meso-Aryl substituents have been omitted for clarity
in the side view.
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bis-CuII complex with a figure-eight structure similar to
that of 34. Thus, we tested the thermolysis reaction of 37
both in CH2Cl2 solution and in the solid state. Upon heat-
ing in solution it goes hydrolysis to give 36 with concomi-
tant decomposition, whereas, interestingly, thermolysis in
the solid state led to splitting into 38. During the copper
metalation of 9, one possible route to 36 may be initial for-
mation of 37 followed by subsequent hydrolytic ring open-
ing of one pyrrole ring facilitated by the strongly electron-
deficient nature of the perfluorinated macrocycle.

Silver Metalation of [36]Octaphyrin and Perfluorinated
[36]Octaphyrin

Among the transition metal ions tested, we found the
complexation of 5a and 9 with a salt of silver, a heavier
congener of copper, proceeded smoothly without any skel-
etal rearrangement of the macrocyclic ring, in sharp con-
trast to the metalations with copper, to provide similar bis-
silver complexes 39 and 40 almost quantitatively despite the
different structures of the free base (Figure 23).[44] The
bound silver ions are in the AgI oxidation state judging
from the coordination bond lengths and the diamagnetic
nature of the complex observed in the 1H NMR spectra,
which indicates that [36]octaphyrin is oxidized to [34]octa-
phyrin by an excess amount of silver salt. The oxidized form
acts as a divalent ligand to coordinate two AgI ions. Both
structures exhibit almost C2-symmetric figure-eight confor-
mations with two silver ions bound within porphyrin-like
tetrapyrrolic cavities with Ag–N bond lengths in the range
of 2.27–2.40 Å (Figure 24). Interestingly, pentafluorophenyl
substituents at the crossing meso position lie just above the
silver atoms in parallel with the tripyrrolic units, with in-
terplanar distances of approximately 3.2 Å, while the β-sub-
stituents (hydrogen and fluorine atoms) of pyrroles D and
H are placed below the silver ions with Ag–β-carbon dis-
tances of 2.89 and 2.87 Å for 39 and 3.14 and 3.16 Å for
40. This proximity between the Ag ions and the substituents
was supported by the additional through-space coupling
with AgI (I = 1/2) observed in the 1H and 19F NMR spec-
tra. Despite the figure-eight structures, which are similar to
that of 34, both 39 and 40 are thermally stable and do not
exhibit the splitting reactivity observed for 34. A major
reason for this may be the 34π-electron system of 39 and
40. Considering the instability of free base [34]octaphyrin

Figure 23. Bis-AgI complexes of octaphyrins.
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Figure 24. X-ray crystal structures of a) 39 and b) 40; top views (top) and side views (bottom). meso-Aryl substituents have been omitted
for clarity in the side views.

under ambient conditions, the oxidized octaphyrin ligands
are stabilized by silver metalation. Despite the inertness of
39 and 40 upon heating, the Ag ions are easily removed
upon reduction with NaBH4 to provide the respective free
base [38]octaphyrins.

Summary and Outlook

The novel properties of the free bases and their metal
complexes of expanded porphyrins have been revealed to be
highly promising for various applications, including multi-
metal chelation, catalysis, receptors of anions and neutral
molecules, PDT sensitizers, MRI contrast agents, and non-
linear optical materials. The serendipitous discovery of the
facile, one-pot synthesis of meso-aryl-substituted expanded
porphyrins has allowed the investigation of their fruitful co-
ordination chemistry, which, however, still remains in its
early stages. Investigation of their metal-complexation reac-
tions and their fascinating properties for further applica-
tions is still in progress in our laboratory.
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A new univalent copper coordination polymer with an un-
usual asymmetric ThSi2 topological structural network was
synthesized and 1D middle-size channels were found despite
the sixfold ThSi2 interpenetrating topological structure.

Recently, the assembly of metal–organic open frame-
works (MOFs) has attracted great attention; MOFs with
various network topologies have been prepared by using
metal ions and organic building blocks. MOFs with flexible
or rigid microporous channels have potential applications
in selective molecular recognition and separation, physical
gas storage, chemical absorption, ion-exchange and hetero-
geneous catalysis. Structural interpenetration has been
widely used to design intriguing topologies in inorganic
chemistry and may enhance the stability of porous materi-
als.[1] Despite the simple and common formula, the rigid
ligand 4,4�-bpy has been used extensively to ligate metal
ions into an open framework of diamond-like networks[2]

or networks with rectangular channels.[3]

In previous literature the hydrothermal method has been
shown to be a promising technique for preparing highly
stable, infinite metal–ligand frameworks.[4] It has been
found that many interesting phenomena such as ligand oxi-
dative coupling, hydrolysis, substitution and redox reaction,
can occur under the in-situ hydrothermal conditions.[5]

These reactions represent new routes for constructing novel
coordination polymers. Encouraged by several recent re-
ports showing that CuII could be reduced to CuI under ba-
sic hydrothermal conditions,[6] we synthesized a new 3D
MOF copper() coordination polymer [Cu2(4,4�-bpy)2-
Cl](ClO4) (1). A simple one-step synthesis procedure has
been schematically illustrated in Figure 1.

[a] Department of Chemistry, Tsinghua University,
Beijing 100084, P. R. China
E-mail: xqwang@mail.tsinghua.edu.cn

[b] Department of Chemistry, Nankai University,
Tianjin 300071, P. R. China
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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Figure 1. A schematic representation of the assembly of metal ions
(dark spheres) and organic ligand connectors (dark rods: long con-
nector; gray rods: short connector) to yield open frameworks with
polygonal channels. The assembly is accompanied by the inclusion
of a guest molecule G which occupies the void.

The hydrothermal reaction of Cu(ClO4)2 with 4,4�-bpy,
pyrazine-2,3-dicarboxylic acid (or pyridine-2,6-dicarboxylic
acid), and minor CuCl2 led to the formation of a crystalline
complex. The presence of the CuI ion in the product indi-
cates that the CuII ion may act as an oxidant in a similar
manner as shown in previous research in hydrothermal re-
actions.[6] Although the heterocycle carboxylic acids did not
appear in the final complex 1, they may change the pH
value of the solution and therefore play a key role in the
formation of the interpenetrating network. So it is quite
different from the reported 2D structure of complex
[Cu2Cl2(bpy)].[5e] We synthesized the complex [Cu2Cl2(bpy)]
using a similar preparation procedure to complex 1 except
that heterocycle multi-carboxylic acid is not involved in the
starting material, and proved its structure by single-crystal
X-ray diffraction.

X-ray single crystal analysis revealed that the actual crys-
tal structure of complex 1 is a sixfold interpenetrating coor-
dination network with a 3-connected ThSi2 topological
structure. This is in accordance with the fact that trigonal
metal templates have a high tendency to form interpen-
etrated or self-inclusion compounds, if the cavities gener-
ated in this way are more than 50% of the crystal by vol-
ume.[7] In complex 1, each CuI ion in the 3D structure is
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coordinated to two nitrogen atoms from two 4,4�-bpy li-
gands giving rise to a zigzag Cu–bpy chain. The chains are
further connected to adjacent vertical chains via µ2-chlorine
coordination bonds and extend into a 3D net as represented
in Figure 2. The pyridyl rings and Cu atoms in the same
chains are coplanar. The adjacent Cu–bpy–Cu chains are
cross-linked in an almost perpendicular fashion
(Cu1C···Cu1···Cu1A···Cu1D = 74.6°, as shown in Figure 3).
The Cu–N and Cu–Cl distances [Cu1–N1 = 1.935(3) Å,
Cu1–Cl1 = 2.3791(11) Å] are comparable with those
found in [CuCl(bpy)],[8a] [(CuCl)2(C10H7N3)],[8b] and
[Cu2Cl2(bpy)].[5e] The distances between the CuI ions
bridged by a Cl anion or by a 4,4�-bpy ligand are 4.758
and 10.968 Å, respectively. The shortest vector relating to
adjacent nets equates to axis a (Cu···Cu inter-net distance
of ca. 5.586 Å).

Figure 2. A view of a single framework of complex 1 with the per-
chlorate anion omitted.

Recent studies have shown the tendency of CuI to form
multi-dimensional structural units with halogen atoms and
4,4�-bpy under hydrothermal conditions. In these com-
plexes the copper ions will always be four-coordinate and
the structure will usually be 2D[5e,8–10] (except for complex
[CuBr(bpy)][5e] that possesses a 3D structure formed by per-
pendicular interlocking 2D nets). To the best of our knowl-
edge, no structurally characterized example of three-coordi-
nate CuI ions with bpy groups and hetero atoms has been
documented to date. Compound 1 is a novel example of
three-coordinate CuI with bpy and Cl–. It has a sixfold in-
terpenetrating ThSi2 topological structure of Class Ia with
the interpenetration vector equating to axis a. This topolog-
ical structure is rare, and the only known example is MOF
[Cu2(4,4�-bpy)3](NO3)2(H2O)1.25,[4a] but this has a different
Class IIIa.

The most striking feature of complex 1 is that despite the
sixfold interpenetrating 3D networks, complex 1 shows an
unusual open framework containing middle-size hexagonal
channels running along axis a, as shown in Figure 4 (the
side lengths of the hexagonal channels are 4.16 and 6.66 Å,
respectively). Guest perchlorate anions reside in the chan-
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Figure 3. Schematic views of the 3D interpenetrating networks of
complexes 1 (top) and 2 (bottom) along axis a showing the 1D
channels.

nels as counterions. The PLATON[11] programme reveals
that the voids in complex 1 occupy 24.1% of the crystal
volume (after the removal of the guest molecules). To com-
pare the structural differences (especially in interpen-
etration) of complex 1 with [Cu2(4,4�-bpy)3](NO3)2-
(H2O)1.25,[4a] we synthesized its isomorph [Cu2(4,4�-bpy)3]-
(ClO4)2(H2O)2 (2). From Figure 3, we can see that the inter-
penetration structures of the two polymers are different,
while the latter possesses less channels as generally dis-
cussed in the literature.[4a] This is because of the two oppos-
ing rotations within the building unit of complex 2: the pyr-
idyl rings of two independent 4,4�-bpy rotate along the C–
C single bond axis with dihedral angles of 33.3 and 40.1°;
and the adjacent Cu–bpy–Cu chains are cross-linked with
a lower angle (Cu1a···Cu1···Cu1c···Cu1e = 63.3°) compared
to complex 1.

Complex 1 is very stable in air at ambient temperature
and is almost insoluble in common solvents such as water,
alcohol, acetonitrile, chloroform, acetone, and toluene, be-
ing consistent with its polymeric nature. Thermal gravimet-
ric analysis (TGA) from 80 to 500 °C indicates that complex
1 is thermally stable up to 240 °C (see Supporting Infor-
mation, Figure S1). After heating a sample of complex 1
directly to 200 °C and keeping it for 1 h in an oven, the
framework remains intact [monitored by X-ray powder dif-
fraction (XRPD), see Supporting Information, Figure S2].
No signal was found in the ESR spectrum for complex 1,
which confirms that all the copper atoms in complex 1 are
univalent.

In summary, a novel three-coordinate CuI polymer pos-
sessing a sixfold interpenetrating 3D ThSi2 topological
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Figure 4. A ball and stick diagram of complex 1 showing the 1D channels formed by interpenetration.

structure was synthesized under hydrothermal conditions
and characterized. Middle-size 1D channels were formed in
the complex. To the best of our knowledge, there is no pre-
vious example of MOFs forming with mixed connectors
containing the ThSi2 topological structure.[12,13] The com-
pound forms a 3-connected network with novel topology
that has implications for understanding the relationship be-
tween related nets.

Experimental Section
General Remarks: All chemicals were obtained from commercial
sources and used as received. The C, H, N microanalyses were car-
ried out with a Vario EL elemental analyzer. The IR spectra were
recorded with a Magna-IR 750 spectrophotometer using the KBr
pellet technique. Thermal gravimetric analysis (TGA) was carried
out with a Perkin–Elmer TGA 7 thermogravimetric analyzer in N2

condition with a heating rate of 10 °Cmin–1. The electron paramag-
netic resonance (EPR) powder spectrum was recorded at X-band
with a Bruker ER 200B spectrometer. Powder XRD was performed
with a Bruker D8 Advance X-ray diffractometer with monochro-
matized Cu-Kα radiation (λ = 1.5418 Å).

Preparations

Synthesis of [Cu2(4,4�-bpy)2Cl](ClO4) (1): A mixture of Cu(ClO4)2·
6H2O (0.186 g, 0.5 mmol), pyrazine-2,3-dicarboxylic acid (0.084 g,
0.5 mmol), 4,4�-bpy (0.096 g, 0.5 mmol), CuCl2 (0.017 g,
0.1 mmol), and water (18.0 mL) in the molar ratio of 5:5:5:1:10000
was sealed in a 25-mL stainless steel reactor with Teflon liner, and
heated directly to 180 °C. After being kept at 180 °C for 72 h, it was
cooled slowly to 30 °C at a rate of 2 °C/h. From a large quantity of
red deposit, the resulting orange block crystals of 1 were separated,
washed, and dried in air (yield ca. 10% based on Cl). Replacing
pyrazine-2,3-dicarboxylic acid by equivalent pyridine-2,6-dicarb-
oxylic acid, the same crystals were obtained (yield ca. 5% based on
Cl). C10H8ClCuN2O2 (287.17): calcd. C 41.83, H 2.81, N 9.76;
found C 41.65, H 2.55, N 9.52. The pH value of the residuary
solution is 4. IR (KBr): ν̃ = 3441, 3070, 3042, 1635, 1601, 1526,
1482, 1408, 1326, 1215, 1109, 1084, 963, 817, 799, 724, 673, 625,
475.

Synthesis of [Cu2(4,4�-bpy)3](ClO4)2(H2O)2 (2): A mixture of Cu-
(ClO4)2·6H2O (0.186 g, 0.5 mmol), 4,4�-bpy (0.096 g, 0.5 mmol), KI
(0.083 g, 0.5 mmol), and water (18.0 mL) in the molar ratio of
1:1:1:1000 was sealed in a 25-mL stainless steel reactor with Teflon
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liner, and heated directly to 180 °C. After being kept at 180 °C for
72 h, it was cooled slowly to 30 °C at a rate of 2 °C/h. The resulting
brown block crystals of complex 2 were washed and dried in air
(yield ca. 15% based on Cu). C15H14ClCuN3O5 (830.56): calcd. C
43.34, H 3.37, N 10.11; found C 42.98, H 3.51, N 9.89. IR (KBr):
ν̃ = 3392, 3075, 3044, 1600, 1530, 1483, 1409, 1322, 1217, 1087,
818, 799, 673, 625, 473.

X-ray Crystallography

Crystal Data for Complex 1: C10H8ClCuN2O2, M = 287.17, ortho-
rhombic, space group Pnnn, a = 5.5864(18) Å, b = 12.769(4) Å, c
= 15.621(5) Å, V = 1114.3(6) Å3, Z = 4, Dc = 1.712 gcm–3, µ (Mo-
Kα) = 2.183 cm–1, F(000) = 576, 1144 reflections measured, 829 [I
� 2σ(I)] unique reflections were used in all calculations. The final
R1 = 0.0508, wR2 = 0.1341, S = 1.086.

Crystal Data for Complex 2: C15H14ClCuN3O5, M = 415.28, ortho-
rhombic, space group Fddd, a = 18.747(2) Å, b = 23.355(3) Å, c =
30.404(4) Å, V = 13312(3) Å3, Z = 16, Dc = 1.658 gcm–3, µ (Mo-
Kα) = 1.505 cm–1, F(000) = 6752, 6258 reflections measured, 3839
[I � 2σ(I)] unique reflections were used in all calculations. The final
R1 = 0.0520, wR2 = 0.1034, S = 1.054. Data collections (2.61 � θ
� 24.83° for complex 1, 2.20 � θ � 33.54° for complex 2) were
performed at 293 K with a Bruker SMART 1000 CCD dif-
fractometer (Mo-Kα, λ = 0.71073 Å). The structures were solved
with direct methods (SHELXS-97) and refined by full-matrix least-
squares (SHELXL-97).

CCDC-227621 (for complex 1) and -292359 (for complex 2) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): TGA curve and X-ray powder diffration
pattern of 1.
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A laterally nonsymmetric aza-cryptand on acidification with
H3PO4 affords an H-bonded infinite chain of H2PO4

– ions.
These chains are aligned parallel through H-bonding inter-
actions with discreet decameric water clusters leaving large
void spaces. Diprotonated cryptand molecules occupy these
voids through supramolecular interactions. The crystal data

Introduction

The phosphate ion is an essential nutrient in biosystems
and is transported by a phosphate-binding protein (PBP)
that forms a strong H-bond with the mono- or dibasic form
of phosphate.[1] Phosphate groups are frequently found with
enzyme substrates or co-factors. It is not clear whether
water plays any role in the translocation of inorganic phos-
phate across the cell membrane or in the formation of en-
zyme–substrate complexes. In DNA, water molecules are
concentrated in six hydration sites per phosphate group and
the positions as well as the occupancies of these sites are
dependent on the conformation and nature of the nucleo-
tide in addition to the type of DNA itself.[1] A water mole-
cule exhibits uncertainty over the number of H-bonding in-
teractions and their fluctuations with other water
molecules−both of which are responsible for the anomalous
behavior of bulk water. However, this diversity of H-bond-
ing interactions is very important in the biological world
as it can enforce a delicate balance among several possible
conformations of an enzyme essential for its functional
role(s). Recent years have witnessed both theoretical[2–5]

and experimental[6–8] scrutiny of a number of small water
clusters in different surroundings to investigate the develop-
ment of properties of the condensed phase in a step-wise
manner. We present here the structure of water decamers in
the confinement of infinite H-bonded quasi-parallel chains
of dibasic phosphates. Theoretical calculation[9] by Buck et
al. had suggested that the minimum energy conformation
for the decamer was as an octameric cube with two water
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Kanpur 208016, India
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for the compound are: triclinic space group P1̄, a = 12.765(5),
b = 13.254(2), c = 13.817(4) Å, V = 2137.3(14) Å3, Z = 2, R1 =
0.0582, wR2 = 0.1339, S = 1.092.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

molecules fused at one of the edges, while a more recent
calculation showed two fused parallel pentamers to be ener-
getically the most stable.[10] An ice-like diamondoid de-
camer[11] has been identified in a self-assembled metal-or-
ganic cage,[11d] while a water decamer in the form of two
fused parallel cyclic pentamers with staggered conformation
has been characterized[11c] in an organic host built from 5-
hydroxyisophthalic acid and 18-crown-6. Supramolecular
associations of water molecules forming a 3D structure with
voids are potentially important for entrapment of molecules
of interest if the water molecules can be removed without
drastically altering the overall structure.

Results and Discussion

Compound 1 is isolated as colorless crystals when an
aza-cryptand (Scheme 1) is dissolved in water by dropwise
addition of phosphoric acid. In the asymmetric unit (Fig-
ure 1), diprotonated cryptand, two H2PO4

– anions, and
seven water molecules are found. One of the water mole-
cules (Ow7) is H-bonded inside the cryptand cavity, while
another (Ow6) is H-bonded to the cryptand from outside.
This molecule (Ow6) acts as an H-bond acceptor to one of
the protonated amino nitrogen atoms of the cryptand arm
with the N···O distance of 2.789 Å. This water molecule
also forms an H-bond with H2PO4

–. The five remaining
water molecules (Ow1–Ow5) describe a quasi-planar cyclic
structure that eventually forms a decameric unit with five
other centrosymmetrically related water molecules (Fig-
ure 2). The two pentameric cycles are oriented parallel to
each other with a staggered conformation. Although this is
a higher energy structure, it is stabilized by the environ-
ment. The H2PO4

– anions form infinite H-bonded chains
that run almost parallel to one another and the water deca-
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mers connect these chains through strong H-bonding inter-
actions (Table 1) forming almost rectangular voids (approx-
imate dimension 13.2×7.5 Å) that are occupied by cryp-
tand molecules (Figure 3). The water molecule Ow4 of the
cyclic pentamer acts as an H-bond acceptor to the cryp-
tand, while the remaining four are H-bonded to the H2PO4

–

chains. The cryptand shows only weak interactions with the
phosphate chains and the water molecules act as a glue
holding together both the phosphate chains and the cryp-
tands leading to the supramolecular assembly (Figure 4).
The two parallel pentamers are connected at two positions

Scheme 1. Illustration of the laterally nonsymmetric aza-cryptand L.

Figure 1. Asymmetric unit showing the diprotonated cryptand molecule with H2PO4
– anions and seven water molecules.

Figure 2. Perspective view of the (H2O)10 cluster showing the H-bonding interactions.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1341–13441342

Table 1. Hydrogen bond parameters in compound 1.

D–H···A D–H [Å] H···A [Å] D···A [Å] �D–H···A [°]

Ow1-H···Ow2 0.825(5) 2.088(1) 2.892(2) 164.6(2)
Ow2-H···Ow5� 0.907(1) 1.982(2) 2.864(4) 183.84(4)
Ow3-H···Ow2 0.815(2) 2.082(3) 2.894(1) 174.14(5)
Ow4-H···Ow3 0.931(4) 1.822(5) 2.747(3) 171.62(6)
Ow4-H···Ow5 0.923(3) 1.822(3) 2.728(4) 166.67(5)
Ow5-H···Ow1 0.862(3) 1.829(2) 2.736(2) 172.13(1)
Ow6-H···O4 0.817(1) 1.996(3) 2.809(4) 173.24(5)
Ow7-H···N1 0.807(4) 2.264(1) 3.068(3) 174.91(2)
Ow7-H···N5 0.929(5) 1.857(4) 2.782(4) 173.12(5)
Ow1-H···O6 0.888(1) 1.935(4) 2.801(3) 164.78(3)
Ow2-H···O9 0.897(3) 1.936(2) 2.806(1) 162.83(6)
Ow3-H···O4 0.880(3) 1.937(2) 2.813(2) 173.08(1)
Ow5-H···O11 0.815(4) 1.939(3) 2.744(4) 169.35(5)
N3–H···Ow7 0.901(4) 1.955(3) 2.845(4) 169.33(5)
N3–H···Ow4 0.900(1) 1.856(4) 2.682(1) 151.57(2)
N4–H···Ow6 0.900(3) 1.919(3) 2.789(2) 162.15(5)
N4–H···Ow7 0.900(4) 1.895(2) 2.782(4) 168.12(3)
O5–H···O6 0.918(2) 1.675(2) 2.588(3) 172.98(5)
O7–H···O11 0.788(4) 1.809(3) 2.595(1) 174.48(2)
O8–H···O4 0.845(3) 1.821(1) 2.653(2) 167.96(5)
O10–H···O9 0.888(4) 1.692(3) 2.572(4) 170.42(5)
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Figure 3. View showing chains of H2PO4
– anions connected by water decamers with cryptand molecules occupying voids.

Figure 4. Self-assembled structure of compound 1 viewed along the phosphate chains.

through H-bonding and these four O atoms exhibit tetra-
coordination while the rest are tri-coordinated. Such hydro-
gen-bond-deficient water molecules are, however, pres-
ent[12,13] at the surface of liquid water or hexagonal ice. A
wide range of O···O distances are observed (2.736–2.894 Å)
in the present cluster as the water molecules adjust to the
surroundings.

In the FTIR spectrum of compound 1, a broad peak
appears centering around 3420 cm–1 attributable[14] to the
water cluster. Thermal analysis of compound 1 shows that
it begins to lose weight after ca. 50 °C without showing any
plateau region.

Conclusion
In conclusion, we have characterized a novel water de-

camer in the shape of two parallel five-membered staggered
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rings. These decamers glue quasi-parallel diphosphate
chains resulting in large voids that are occupied by cryp-
tand molecules.

Experimental Section
Materials: All the reagent-grade chemicals were used without puri-
fication unless otherwise specified. Triethanolamine, salicylalde-
hyde, tris(2-aminoethyl)amine, and sodium borohydride were ob-
tained from Aldrich. Sodium hydroxide, anhydrous sodium sulfate,
phosphoric acid, and thionyl chloride were received from S. D. Fine
Chemicals (India). Thionyl chloride and all the solvents were
freshly distilled prior to use.

Physical Measurements: Spectroscopic data were collected as fol-
lows: IR (KBr disk, 400–4000 cm–1): Perkin–Elmer Model 1320;
thermogravimetric analysis (heating rate of 5 °C/min): Mettler To-
ledo Star System. Microanalysis data for the compound were ob-
tained from CDRI, Lucknow.
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Synthesis of [LH+2·2H2PO4

–2·7H2O] (1): The cryptand L was syn-
thesized as reported previously.[15] The cryptand was dissolved in
water by dropwise addtion of phosphoric acid, and the resulting
solution, upon slow concentration at room temperature, afforded
pale yellow rectangular parallelepiped crystals of
[LH+2·2H2PO4

–2·7H2O] (1) in 60% (0.530 g) yield. C33H65N5O18P2

(881.84): calcd. C 44.94, H 7.43, N 7.94; found C 44.91, H 7.52, N
8.01.

X-ray Structural Studies: The X-ray data were collected with a
Bruker SMART APEX CCD diffractometer using graphite-mono-
chromated Mo-Kα radiation (0.71069 Å). Data collection and its
reduction were achieved with SMART (version 5.628) and SAINT
(version 6.45). The structure was solved by direct methods and re-
fined on F2 using the SHELX-97 package.[16] All the H atoms
bonded to water O were located in the difference Fourier maps.
The non-hydrogen atoms were refined anisotropically. The H atoms
were not refined. Crystal data for 1: pale yellow, rectangular paral-
lelepiped, crystal dimensions 0.19×0.15×0.12 mm, triclinic, P1̄, Z
= 2, a = 12.765(5), b = 13.254(2), c = 13.817(4) Å, V =
2137.3(14) Å3, ρcald. = 1.37 gcm–3, T = 100 K, µ = 0.18 mm–1, θmax

= 28.32°. A total of 14357 reflections collected, of which 7784 were
unique, R1 = 0.0582, wR2 = 0.1339, GOOF = 1.092 for I � 2σ(I),
residual electron density: 0.512 and –0.548 eÅ–3. CCDC-287356
contains the supplementary crystallographic data for this paper.
These data can be obtained from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Figure showing the water clusters viewed along the phosphate
chains.
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Diffraction evidence is presented that the structure of one-
dimensional arrays of strained, coordinationally unsaturated
d9 pseudo-Jahn–Teller centers of bis(N,N-diethylethylenedi-
amine)copper(II) perchlorate is affected by excitation of the

Novel materials with physical properties that can be ef-
ficiently controlled by light is one of the main goals of mod-
ern materials science.[1] Particularly interesting are the solid-
to-solid phase transitions which can be induced by light,
termed photoinduced phase transitions.

In some cases, such as the photoinduced metal–insulator
phase transitions of organic one-dimensional molecular
complexes,[2–4] the solid-state cooperativity enables very
high efficiencies (more than one hundred molecules can be
converted per absorbed photon through a domino-like
mechanism), as well as ultra-fast photoresponses (pico-
second scale). These two exotic properties are very prospec-
tive as a basis for the design of ultrafast devices that operate
in the photon mode. Therefore, in addition to their impor-
tance for understanding fundamental solid-state phenom-
ena, photoinduced phase transitions are very important for
future applications in ultrafast photoelectronics. However,
the number of known compounds undergoing photoin-
duced phase transitions is limited. The most studied are a
group of iron complexes capable of light-induced spin-
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LMCT bands within the hysteresis region of a low-tempera-
ture ferromagnetic-to-antiferromagnetic phase transition.
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crossover[5,6] and organic molecular complexes similar to
tetrathiafulvalene-chloranil which undergo light-induced
intermolecular charge transfer followed by metal-to-insu-
lator transition.[2–4] In this paper we report on a new strat-
egy to build systems capable of photoinduced phase transi-
tion.

Nonlinear molecules with a partially filled set of degener-
ate orbitals are inherently Jahn–Teller (JT) unstable,[7] an
effect which is considered to underpin important phenom-
ena such as high-temperature superconductivity[8] and co-
lossal magnetoresistance.[9] In this study, a pseudo-JT crys-
tal composed of dz

2 arrays of coordinationally unsaturated
copper() ions was utilized as a potentially light-susceptible
medium for which significant structural perturbations are
expected upon excitation.

As a coordinationally unsaturated unit, the trans-square-
planar bis(N,N-diethylethylenediamine)copper() cation in
its perchlorate salt, [Cu(dieten)2](ClO4)2, was selected (Fig-
ure 1A).[10] The bulky gem-dialkylamine ligands play mul-
tiple structural roles: first, they determine the square-planar
geometry by shielding the apical metal valences from the
approach of the anions beyond nonbonded distances; sec-
ond, they effectively space out the metal ions, preventing
dimerization; and third, they provide sufficient flexibility
for distortions of the primary coordination sphere. The re-
sulting instability can be compensated by pressure[11] or by
heating above 317.6 K,[12] where the internal strain over-
weighs the energy gain from the electronic state ordering
and the respective lattice distortions, resulting in spontane-
ous transition of the triclinic lattice (P1̄, A) to a monoclinic
one (I2, B) with doubled volume and tetrahedral distortion
of the square-planar ligand plane (Figure 1).[13] Cooling of
the crystal from ambient temperature results in a gradual
change of the red color to orange, due to continuous change
of the ligand field strength of the metal.[12]
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Figure 1. Structure of one-dimensional cationic chains in the low-
temperature ordered (A) and high-temperature disordered (B)
phases of [Cu(dieten)2](ClO4)2 from single-crystal diffraction data.

The magnetic susceptibility (see Experimental Section) of
[Cu(dieten)2](ClO4)2 single crystals cycled thermally in the
dark below the phase transition A↔B (2–300 K) exhibits
reproducible anomalies at low temperature (Figure 2A). On
cooling (�) from ambient temperature, a single-step transi-
tion occurs at 48 K (T�), with onset at 60 K. During subse-
quent heating (�) from 2 K to 300 K, the susceptibility is
recovered in two steps between 25 and 57 K: at 30 (T�,1)
and 52 K (T�,2). The hysteresis is reproducible by repeated
thermal cycling with the magnetic field vector oriented per-
pendicular to each of the three crystal faces. The modified
Curie–Weiss model[14] reveals a change of the weak-ex-
change interaction at T� from the high-temperature ferro-
magnetic regime I, phase A [80–290 K, Θ = 2.6(3) K, µeff,
g = 1.743(3), 2.0126, χo = –3.36(3)·10–4 cm3/Cu-mol], to a
low-temperature antiferromagnetic regime II, phase C [2–
28 K, Θ = –0.467(15) K, µeff, g = 1.916(2), 2.2124, χo =
–1.0(4)·10–5 cm3/Cu-mol], with hysteresis in the range
25–55 K. The two steps at T�,1 and T�,2 resolved on heat-
ing reveal that the one-step transition at T� on cooling
from region I to region II involves two simultaneous pro-
cesses. From the two steps on heating, the one at T�,1 prob-
ably corresponds to switching of the exchange interaction
of the antiferromagnetic phase C in region II to an interme-
diate phase in region III, which, by structural change of the
lattice at T�,2, is transformed back to the lattice A in region I.

From the combination of internal strain and the weak
electronic coupling along the one-dimensional cationic
chains, it is expected that local perturbations of this struc-
ture in the region of bistability are feasible and that they
might influence the long-range structural order. In order to
test this hypothesis, the effect of photoexcitation was exam-
ined with a specially designed system for temperature-con-
trolled powder photodiffraction at laboratory scale (Fig-
ure 3).[15] Upon 365 nm flash-excitation of the ligand-to-
metal-charge-transfer bands of [Cu(dieten)2](ClO4)2 (200–
400 nm), the strong reflections shift 0.04° on average, with
various trends of change in the intensity and a remarkable
change in color from bright orange to violet. The long time
needed for data collection relative to the time of irradiation
assured that the respective cell shrinkage was not due to
heating effects but to the creation of a long-lived photoin-
duced ground state. From the peak shift, the overall effect
of the excitation on the lattice is analogous to the cooling

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1345–13471346

Figure 2. (A) Magnetic susceptibility recorded with the magnetic
field vector �{100} face of a [Cu(dieten)2](ClO4)2 crystal cycled
at low temperature (solid line: cooling, dashed line: heating). (B)
Thermal profile of the position of the (11̄0) reflection before (dot-
ted line) and after (solid line) 1 s excitation with polychromatic UV
light (λmax = 365 nm). The sample was annealed by heating to
300 K between each two temperatures. The abscissa is the same for
both plots.

of the crystal. The temperature dependence of the photoin-
duced structural change, monitored by the position of the
(11̄0) reflection (Figure 3 and Figure 2B) showed that the
photoexcitation strongly affects the lattice on cooling within
the hysteresis region III, where phase C and the intermedi-
ate phase exist on cooling and heating, respectively. From
the magnitude of the shift, it is concluded that the largest
structural change occurs at 45 K, right after the transition
of A to C has been completed (Figure 2B). This is an indi-
cation that the excitation induces transition from the low-
temperature phase C, obtained in situ from cooled A, to
the intermediate phase I between C and A, close to the
transition point. Excitation below 30 K is less effective and
results in qualitatively different structural changes, which
was confirmed by comparison of the difference patterns in
the 2Θ region 5–60°. The photoinduced phase persists at
50 K, but it decays by thermal annealing at 300 K or by
irradiation with visible light. Therefore, the diffraction ex-
periments are conclusive that within and around the bista-
ble region III, the photoexcitation significantly affects the
crystal and electronic structure, particularly of the coupled
cationic centers. Detailed structural studies are now un-
derway.

In conclusion, the electronically coupled planar pseudo-
JT cations in the one-dimensional cationic chains of [Cu-
(dieten)2](ClO4)2 are subject to internal strain, balanced by
a relatively strong, but moderately flexible ligand field. The
lattice can withstand such strain only between 60 and
318 K; it can be collapsed by applying external pressure, or
by altering the internal pressure by heating/cooling out of
this temperature range. Above 318 K, the strain is released
by tetrahedral distortion of the valence orbital orientation,
enhanced ring puckering, disorder of the side ligand chains,
and positional and rotational disorder of the counteranion.
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Figure 3. Left: Laboratory-built, low-temperature cryostat for pow-
der X-ray photodiffraction. The double optical input on the top is
connected to the UV output through a system of replaceable UV-
transparent optics. The X-ray beam diffracts and is detected in
horizontal Θ – 2Θ geometry. Right: Temperature profile of the
(11̄0) reflection before (thin line) and after (thick line) flash exci-
tation of cooled [Cu(dieten)2](ClO4)2 powder. The ordinate repre-
sents intensity in arbitrary units. The sample was flash-excited at
λmax = 365 nm, through biconvex fused-silica lenses and quartz
windows, with polychromatic output from a high-pressure Hg lamp
(SP-7, Ushio) and annealed at 300 K between the consecutive
flashes.

Below 60 K, switching of the exchange interaction in virgin
single crystals occurs from a ferromagnetic to an antiferro-
magnetic regime, with hysteresis between 25 and 55 K. In
the region of low-temperature bistability, the phase transi-
tion can also be induced from the excited state by partial
charge transfer, which results in overall shrinkage of the
lattice. The possibility of employing the interplay between
the JT instability and the ligand field strain, determined by
a moderate flexibility of the primary coordination sphere,
for triggering structural transitions by light, pressure, and
temperature, paves the way to switching devices capable of
multi-stimulus control.

Eur. J. Inorg. Chem. 2006, 1345–1347 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1347

Experimental Section
Magnetic susceptibilities, χ = M/H, were measured with a SQUID
magnetometer (Quantum Design, MPMS) between 2 and 300 K in
an applied field of 10 kOe [1 Oe = (103/4π) Am–1]. The temperature
steps were 1 K between 2 and 100 K, and 5 K between 105 and
300 K. The heating/cooling rate was 10 K·min–1 between the steps.
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The terminal phosphanyl phosphinidene complex
[Cp*Ta(Ph)(P6Ph5)] (2) has been isolated in 16% yield from
the reaction of [Cp*TaCl4] with 2 equiv. Na2(P4Ph4) and dis-
plays an η4-bound (P6Ph5)3– ligand according to X-ray crys-
tallography and 31P NMR spectroscopy.

Terminal phosphinidene complexes [LnM(PR)] are of
much current interest due to their versatile reactivity and
interesting bonding properties.[1,2] In this respect, phos-
phanyl phosphinidene complexes [LnM(PPR2)] are a par-
ticularly attractive subclass, as the phosphanyl group may
or may not be involved in coordination.[3] The first repre-
sentatives were described only recently.[4,5]

During our studies on the coordination chemistry of oli-
gophosphanediide anions (PnRn)2– (n = 2–4)[6–9] we could
show that, in spite of its highly reducing nature,[9] the
(P4Ph4)2– dianion remains intact in the transmetalation re-
action of 2 equiv. of [CuCl(PCyp3)2] (Cyp = cyclo-C5H9)
with Na2(P4Ph4) (1).[10] While this was an example of a suc-
cessful transmetalation with a valence-electron-rich late-
transition-metal halide,[11] we wished to extend the scope of
this reaction to early transition-metal halides as well.
Herein, we report the surprising result of the reaction of 1
with [Cp*TaCl4] (Cp* = C5Me5). This led to the isolation
of [Cp*Ta(Ph)(P6Ph5)] (2), which not only contains an un-
precedented oligophosphanide ligand (P6Ph5)3–, but is also
a rare example of a terminal phosphanyl phosphinidene
complex of tantalum.

Complex 2 could be isolated in low, though reproducible,
yield (16%) from the 2:1 reaction of 1 with [Cp*TaCl4]
(Scheme 1). An X-ray crystal structure analysis[12] of 2 re-
vealed a mononuclear complex in which a trianionic
(P6Ph5)3– ligand binds in an η4 fashion to the metal center
(Figure 1). The coordination sphere of tantalum is com-
pleted by an η5-coordinated pentamethylcyclopentadienyl
ligand and an η1-bound phenyl ligand. Remarkably, the Ta–
P bond of the “naked” phosphorus atom P1 is significantly
shorter than the remaining Ta–P distances [d(Ta1–P1) =
2.416(2), d(Ta1–P2) = 2.528(2), d(Ta1–P5) = 2.561(2),
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d(Ta1–P6) = 2.659(2) Å], and this indicates multiple-bond
character of the Ta–P1 bond. Nevertheless, it is longer than
the Ta–P bonds in the phosphinidene-bridged Ta complexes
[{Cp*TaCl(µ-PR)}2] [R = Cy, tBu, Ph, Mes, 2,4,6-iPr3C6H2;
d(Ta–P) = 2.317(6)–2.358(3) Å][13,14] and the terminal phos-
phinidene complexes [N{CH2CH2N(SiMe3)}3Ta=PCy]
[d(Ta–P) = 2.145(7) Å][2a] and [(tBu3SiO)3Ta=PPh] [d(Ta–P)
= 2.317(4) Å].[2b] The Ta–P distance of the other terminal
phosphorus atom of the chain (P6) is much longer [d(Ta1–
P6) = 2.659(2) Å]. It is in the upper range of the values
found in other terminal phosphanido complexes of tanta-
lum [d(Ta–P) = 2.390–2.595(3) Å].[14,15] The pyramidal co-
ordination of P6 (sum of bond angles around P6: 301.3°)
indicates that it acts as a one-electron donor to the metal
center, which is also in accordance with the 18-electron rule
(vide infra). The remaining Ta–P distances are in the known
range for phosphane complexes of tantalum.[16,17] The Ta–
C distance of the ipso-carbon atom of the η1-coordinated
phenyl ligand [d(Ta1–C1) = 2.230(7) Å] is similar to those
found in other cyclopentadienyl-substituted phenyl com-
plexes of tantalum.[18] While the P–P bond lengths of P2 to
P6 are in the range of single bonds [d(P2–P3, P3–P4, P4–
P5, P5–P6) = 2.133(3)–2.213(3) Å],[19] the P–P bond involv-
ing the naked phosphorus atom is distinctly shorter [d(P1–
P2) = 2.096(3) Å]. Similarly short P–P bonds have been ob-
served in other phosphanyl phosphinidene complexes[4] and
also in diphosphene complexes.[20] In fact, the geometry of
the (PPPh) unit in 2 closely resembles that in the recently
described Nb phosphanyl phosphinidene complexes
[Nb{N(R)R1}3(PPR2

2)] (R1 = 3,5-Me2C6H3, R = neopen-
tyl, R2 = Ph, tBu).[4c]

Formally, compound 2 may be regarded as an 18-elec-
tron complex with a double bond between the metal center
and the unsubstituted phosphorus atom (P1) and single
bonds to the other coordinating P atoms (as depicted in
Scheme 1). However, alternative descriptions of the bond-
ing situation involving a multiply bonded PPPh fragment
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Scheme 1.

Figure 1. Solid-state molecular structure of 2; H atoms omitted for
clarity, ellipsoid probability: 30%. Selected bond lengths [Å] and
angles [°]: Ta1–P1 2.416(2), Ta1–P2 2.528(2), Ta1–P5 2.561(2),
Ta1–P6 2.659(2), Ta1–C1 2.230(7), av Ta–C in Cp* 2.451, P1–P2
2.096(3), P2–P3 2.213(3), P3–P4 2.185(3), P4–P5 2.211(3), P5–P6
2.133(3), C1–Ta1–P1 104.4(2), C1–Ta1–P2 78.6(2), C1–Ta1–P5
130.1(2), C1–Ta1–P6 89.6(2), P1–Ta1–P2 50.12(6), P1–Ta1–P5
93.61(7), P1–Ta1–P6 134.52(6), P2–Ta1–P5 78.55(6), P2–Ta1–P6
92.77(6), P5–Ta1–P6 48.20(6), P2–P1–Ta1 67.71(7), P5–P6–Ta1
63.50(7), P3–P2–Ta1 126.84(9), P4–P5–Ta1 118.84(9), P1–P2–P3
124.4(1), P2–P3–P4 95.7(1), P3–P4–P5 103.1(1), P4–P5–P6
129.4(1).

are equally plausible and may account for the relatively
long Ta–P bond compared to other Ta phosphinidene com-
plexes and the short bond between P1 and P2. Thus, the
bonding situation is probably best described by a superposi-
tion of different mesomeric structures, as already suggested
by Cummins and Pikies.[3,4,21]

Figure 2. 31P{1H} NMR spectrum of 2 (C6D6, 161.97 MHz). The singlet of cyclo-(P4Ph4)[23] is designated by #; * indicates signals of a
further diastereomer of 2. For the assignment of the individual multiplets, see Scheme 1.
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The molecular composition of 2 was fully confirmed by
IR spectroscopy, mass spectrometry, elemental analysis, and
multinuclear NMR spectroscopy. Notably, no P–H stretch
is observed in the IR spectrum. The 1H NMR spectrum
shows multiplets in the region of 6.28 to 8.18 ppm for the
phenyl groups and a singlet at δ = 1.81 ppm for the methyl
resonances of the Cp* ligand. A characteristic low-field sig-
nal at +182.70 ppm is observed for the ipso-carbon atom
of the Ta-bound phenyl group in the 13C{1H,31P} NMR
spectrum.[18,22] The 31P{1H} NMR spectrum displays a
first-order ABCDEX spin system (Figure 2). No additional
couplings are detected in the proton-coupled 31P NMR
spectrum. Only the 1J(P–P) couplings could be assigned
with certainty from the 31P{1H} NMR spectrum due to the
line broadening caused by the interaction of four phospho-
rus nuclei (PX, PA, PC, and PE) with the 181Ta nucleus. Nev-
ertheless, this observation permits the assignment of the in-
dividual resonances (cf. Scheme 1). The striking low-field
shift of the two-coordinate, “naked” P atom PX (δX =
+370.3, 1JAX = ±471 Hz) indicates multiple-bond character
of the Ta–PX bond. Its chemical shift is comparable to
those observed in the related Nb complexes [Nb{N(R)-
R1}3(PPR2

2)] (R1 = 3,5-Me2C6H3, R = neopentyl; R2 = Ph:
δ = +401.3; R2 = tBu: δ = +405.5).[4c] The “phosphanyl
moiety” (PE and PC) displays a similarly large value for its
1J(P–P) coupling constant (1JCE = ±444 Hz), but the reso-
nance of its terminal P atom (PE) is shifted to the typical
high-field region observed for Ta phosphanides (δE =
–127.7).[15] All in all, the 31P parameters confirm that the
solid-state structure of 2 is retained in solution.

Besides the ABCDEX spin system of 2 a minor amount
of cyclo-(P4Ph4)[23] (ca. 4%) is observed in the 31P{1H}
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NMR spectrum. Furthermore, a number of less intense
multiplets are reproducibly observed, with rather similar
chemical shifts to 2 (Figure 2). For example, a broad low-
field doublet is detected at +364.3 ppm (1JPP = ca.
±387 Hz). The unequivocal assignment of all signals was
impaired by their low intensity (partly owing to the low
solubility of 2 once isolated). Most likely, they can be attrib-
uted to the presence of a second diastereomer of 2 in solu-
tion, which may be formed by inversion of either of the
uncoordinated P atoms (PB or PD). It is well-known that
catenated oligophosphanes have significantly reduced inver-
sion barriers, as was observed, for example, in the hetero-
cycles cyclo-1,4-(BH3)2(P4Ph4CH2)[24] and [M{cyclo-
(P4Cy4As)}] (M = Li, Na).[25]

While rearrangement of oligophosphanide ligands dur-
ing transmetalation reactions has been observed in a few
instances,[11,26] the mechanism of formation of 2 is obvi-
ously rather complex. Presumably, it involves the initial for-
mation of a low-valent Ta intermediate. Subsequently, the
phenyl group may be transferred by oxidative addition of
the P–C bond to the reduced metal center. 31P NMR spec-
tra of the reaction mixture show the formation of the cyclo-
oligophosphanes cyclo-(PnPhn) (n = 4–6)[23,27] and the phos-
phinidene-bridged complex [{Cp*TaCl(µ-PPh)}2][13] (iden-
tified by its characteristic low-field singlet at +402.3 ppm)
as major products. In addition, numerous low-intensity
multiplets are observed but could not be assigned. This
seems to indicate the presence of a number of P–P bonded
byproducts in the reaction mixture. No further tantalum-
containing products could be isolated from the reaction.
Attempts to obtain further insights by variation of the stoi-
chiometry, the reaction conditions, and the starting materi-
als have remained futile. Thus, the yield of 2 could not be
increased by warming the reaction mixture to +80 °C.
Furthermore, 2 could not be obtained from the reaction of
2 equiv. K2(P3Ph3) with [Cp*TaCl4], from the reaction of
[{Cp*TaCl(µ-PPh)}2][13] with cyclo-(P5Ph5) (warming to
+100 °C for 2 h), or from the reaction of 1 with
[{Cp*TaCl2}2][28] (2:1). Only the cyclophosphanes cyclo-
(PnMesn) (n = 3, 4)[29] were isolated from the reaction of
[Cp*TaCl4] with 2 equiv. [Na2(THF)4(P4Mes4)].[8a] Clearly,
a more detailed understanding of the reaction mechanism
will only be gained from future studies.

In conclusion, we have shown that the unprecedented
(P6Ph5)3– ligand containing six catenated phosphorus atoms
is stabilized in the Ta phosphinidene complex
[Cp*Ta(Ph)(P6Ph5)] (2). This adds to the growing evidence
that, although not always straightforward,[9,11] the transme-
talation reaction of alkali metal oligophosphanediides with
transition metal halides represents a viable route to phos-
phorus-rich metal complexes with unusual structures and
reactivities.

Experimental Section
All experiments were performed under an inert atmosphere. The
NMR spectra were recorded with a Bruker AVANCE-DRX-400
spectrometer. 1H NMR (400.13 MHz): internal standard solvent,
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external standard TMS. 31P NMR (161.9 MHz): external standard
85% H3PO4. 13C NMR (100.16 MHz): internal standard solvent,
external standard TMS. For the assignment of the phosphorus sig-
nals, see Scheme 1. The mass spectrum was recorded with a MAS-
PEC II spectrometer (FAB-MS, matrix: 3-nitrobenzyl alcohol). The
IR spectra were recorded with an FTIR spectrometer Perkin–Elmer
System 2000 (KBr) in the range 350–4000 cm–1. All solvents were
purified by distillation, dried, saturated with argon, and stored over
a potassium mirror. [Na2(THF)4(P4Ph4)] (1)[8a] and [Cp*TaCl4][30]

were synthesized according to the literature procedures.

2: A solution of 1 (6.18 g, 8.1 mmol) in toluene (40 mL) was added
dropwise to a suspension of [Cp*TaCl4] (1.85 g, 4.0 mmol) in tolu-
ene (30 mL) at –80 °C. The mixture turned dark-brown immedi-
ately on addition. The dark suspension was slowly warmed to room
temperature and stirred overnight. The solvent was reduced to ca.
30 mL and the mixture was filtered. The dark-brown residue was
washed three times with 20 mL of toluene. Then the combined fil-
trates were reduced to ca. 20 mL and the clear, dark brown solution
was layered with n-hexane (35 mL). Dark red crystals of 2 formed
on storage at room temperature for several weeks. Yield: 0.61 g
(16% ref. to [Cp*TaCl4]); m.p. 180–181 °C (red oil). 1H NMR
(C6D6): δ = 1.81 (s, 15 H, Cp*), 6.28–8.18 (m, 30 H, Ph) ppm.
13C{1H,31P} NMR (C6D6): δ = 12.10 (s, C5Me5), 113.49–147.63 (s,
Ph, C5Me5), 182.70 (s, ipso-C of Ta–Ph) ppm. 31P{1H} NMR
(C6D6): ABCDEX spin system, δX = +370.3 (br. d, 1 P), δA = +34.0
(br. ddd, 1 P), δB = +24.9 (m, 1 P), δC = –1.8 (br. m, 1 P), δD =
–57.6 (ddd, 1 P), δE = –127.7 (br. d, 1 P), 1JAX = ±471 Hz, 1JBD =
±204 Hz, 1JBC = ±391 Hz, 1JAD = ±355 Hz, 1JCE = ±444 Hz. IR
(KBr, cm–1): ν̃ = 3135 (w), 3050 (m), 2986 (m), 2957 (m), 2898 (m),
2723 (w), 1953 (w), 1882 (w), 1807 (w), 1753 (w), 1649 (w), 1579
(m), 1567 (m), 1551 (m), 1476 (m), 1433 (s), 1374 (m), 1333 (w),
1303 (m), 1262 (m), 1237 (w), 1184 (w), 1152 (w), 1082 (m), 1068
(m), 1054 (m), 1023 (s), 998 (m), 909 (m), 842 (m), 803 (m), 733
(s), 689 (s), 617 (vw), 563 (m), 520 (w), 479 (m), 467 (m), 405 (m).
MS (FAB): m/z = 964.94 [M + H]+; C46H45P6Ta (964.59): calcd. C
57.27, H 4.70; found C 57.36, H 4.59.

On one occasion, the product still contained some cyclo-(P5Ph5)
and a green, insoluble material as byproducts. In this case, the com-
pound was purified by dissolving in toluene, filtration, and layering
the clear filtrate with n-hexane.
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The coordination chemistry of the polydentate ligand 2,4,6-
tris(dipyridin-2-ylamino)-1,3,5-triazine (dpyatriz) with FeII

has been explored, leading through variation of the counter-
ion and the solvent system to the preparation of three dif-
ferent dinuclear complexes: [Fe2(dpyatriz)2(H2O)2(CH3CN)2]-
(ClO4)4 (1), [Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2) and
[Fe2(dpyatriz)2Cl2](CF3SO3)2 (3). The X-ray structure of these
compounds has revealed that besides the difference in the
noncoordinated anion, complex 1 differs from complex 2 only
in the nature of the terminal ligands. Bulk magnetisation
studies and Mössbauer spectroscopy have shown that such a
subtle difference produces a change to the crystal field on
the metal atoms, originating an important disparity of the
magnetic behaviour. Thus, complex 1 experiences a partial
spin crossover centred at approximately 265 K, whereas com-

Introduction
The controlled design of molecule-based functional ma-

terials represents one of the research lines along which nan-
otechnological applications may develop. The area of coor-
dination chemistry plays a primary role in this respect, as
exemplified by the spectacular progress demonstrated in the
context of molecular magnetism.[1] The search for molecu-
lar magnetic materials with specific functions is very often
based on the use of ligands that will give rise to predictable
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plex 2 shows two uncoupled high-spin FeII centres over most
of the studied temperature range, experiencing the effect of
very weak antiferromagnetic coupling and/or single-ion
zero-field splitting at low temperature. By contrast, complex
3, in which the triazine ring of dpyatriz is coordinated for the
first time, displays (very uncommon) ferromagnetic coupling
between both FeII ions within the molecule, leading to an S
= 4 spin ground state. A fit of the experimental data led to a
value of the coupling constant of J = +0.23 cm–1 (using H =
–2JS1S2 as the convention for the exchange Hamiltonian) and
provided an estimation of D = 0.63 cm–1 for the ground-state
axial zero-field splitting parameter.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

chemical and physical properties. For instance, it is well
known that azole-based ligands have the ability to generate
the appropriate type of crystal field around FeII ions, so
as to prompt the appearance of the phenomenon of spin
crossover (SC) within the metal atom.[2,3] Another example
is the exploitation of the potential of certain ligand systems
to propagate ferromagnetic interactions between paramag-
netic metals with the aim of generating high-spin molecules
or magnetically ordered materials. Among such ligand
frameworks are (end-on) N3

– groups[4,5] and m-phenylene
links (the latter usually facilitating ferromagnetism through
a spin-polarisation mechanism).[6,7] Even more desirable in
the preparation of versatile functional materials are systems
capable of exhibiting different properties by introducing
subtle changes of environment or of chemical nature.

With the aim of preparing novel coordination supramo-
lecular architectures, some of us have recently synthesised
and started to use the new multinucleating ligand 2,4,6-tris-
(dipyridin-2-ylamino)-1,3,5-triazine (dpyatriz, Scheme 1)[8]

in coordination chemistry reactions involving various met-
als. The versatility of this ligand has been demonstrated by
the diversity of some of the coordination compounds ob-
tained. Thus, the reaction with Cu(NO3)2 produces a mag-
netically exchanged 1D coordination polymer,[9] whereas a
similar reaction involving CuCl2 allows the characterisation
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of the trinuclear discrete molecule [(CuCl)3(dpyatriz)2]-
[CuCl4]Cl.[10] The same process, using Zn(NO3)2, leads to
the formation of the tetranuclear molecular species
[Zn4(dpyatriz)2(NO3)8].[11] In these products, the dpyatriz li-
gands have their three dipyridylamine (dpya) chelating units
engaged in coordination. By contrast, the analogous reac-
tion with CoII conduces to the dimeric complex [Co2-
(dpyatriz)2(NO3)2(CH3OH)2](NO3)2 in which each of the
multidentate ligands maintains one of their dipyridyl chelat-
ing units uncoordinated. Very recently, we have discovered
that using solvothermal conditions one can prepare com-
pounds different than those formed from the corresponding
reactions under normal conditions of temperature and pres-
sure. In this manner, coordination polymers of CuII, ZnII

and CdII have been crystallographically characterised.[12]

Despite the variety of coordination modes and structures
observed, none of the complexes described so far shows the
dpyatriz ligand using the N-donor of the triazine ring for
coordination to a metal atom. It is conceivable that the ver-
satility of dpyatriz can be exploited in the search of new
supramolecular architectures exhibiting novel magnetic
phenomena. With this aim, we engaged in exploring the
reactivity of this ligand with various sources of FeII. We
report herein on the ability of dpyatriz to form dinuclear
complexes of magnetically exchanged FeII ions in the form
of the compounds [Fe2(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4

(1), [Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2) and [Fe2-
(dpyatriz)2Cl2](CF3SO3)2 (3), as revealed by single-crystal
X-ray crystallography. The nature of the terminal ligands
completing the coordination sites not occupied by dpyatriz
affects either the ligand field around the metal ions or the
coordination mode of the multinucleating ligand, leading
thus to three related complexes with very disparate mag-
netic properties, ranging from spin crossover (1), antiferro-
magnetic exchange (2) or (very uncommon for Fe) ferro-
magnetic coupling (3). The synthesis of complexes 1, 2 and
3 and their molecular structures are described, and the
reasons for their very different magnetic behaviour dis-
cussed.

Scheme 1. Molecular structure of the ligand dpyatriz.

Results

Synthesis

In attempts to take advantage of the versatility of
dpyatriz for the preparation of complexes with new and
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novel magnetic properties, reactions with different sources
of FeII in a variety of conditions have been conducted.

Mixing in acetonitrile Fe(ClO4)2 with dpyatriz close to
the 1:2 molar ratio, and small amounts of ascorbic acid (in
order to avoid aerial oxidation to FeIII) led to a light pink
solution from which crystals could be obtained by slow dif-
fusion of Et2O. The identity of this compound was estab-
lished by X-ray crystallography (see below) as the dimeric
discrete complex [Fe2(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4

(1). Water in this compound originates from the hydrated
iron salt, or from its adventitious presence in the solvent.
Thus, the reaction leading to the formation of 1 can be
described by a very simple chemical equation [Equa-
tion (1)].

2 Fe(ClO4)2 + 2 dpyatriz + 2 H2O + 2 CH3CN �
[Fe2(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4 (1) (1)

It was observed that crystals of 1, crumbled upon expo-
sure to air and turned into a yellowish crystalline material.
Elemental analysis suggested the replacement of CH3CN
molecules by H2O, although no structural proof for the
identity of the resulting material was obtained. Replace-
ment of terminal CH3CN ligands by atmospheric water,
while maintaining the core topology, is a very common pro-
cess in coordination chemistry.[13] IR spectroscopy con-
firmed the absence of CH3CN in this new adduct, while the
remaining spectral features were maintained.

The analogous reactivity was observed using Fe(BF4)2

and CH3OH as a solvent. Slow evaporation of the solvent
from the reaction mixture resulted in the formation of light
green crystals of a new complex, the formula of which was
confirmed to be [Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2)
by single-crystal X-ray diffraction (see below) and elemental
analysis. Thus, Equation (1) could serve to describe the for-
mation of 2, only replacing CH3CN and ClO4

– by CH3OH
and BF4

–, respectively. In contrast with 1, however, this
compound was found to be stable in air. The similarity of
the synthesis and structure of 1 and 2 prompted us to test
their interconversion. Indeed, when crystals of 1 are placed
in CH3OH, a slightly greenish powder is formed that does
not turn purple when cooled to liquid N2 temperature.
Similarly, if crystals of 2 are immersed in CH3CN, a slightly
purple powder forms. Although this was not investigated
further (mostly because the crystals crushed into powders),
it seems that 1 and 2 can be converted into one another by
simply changing their solvent environment.

Incorporation of Cl– into a system very similar to these
described above gave comparable results, although with sig-
nificant differences. Thus, dpyatriz and Fe(CF3SO3)2 were
mixed in benzyl cyanide in the presence of Bu4NCl and the
solution brought to 100 °C inside a sealed pressure tube.
Yellow crystals of the compound [Fe2(dpyatriz)2-
Cl2](CF3SO3)2 (3) formed under these conditions within a
few days, according to the reaction described in Equa-
tion (2).
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2 Fe(CF3SO3)2 + 2 dpyatriz + 2 Bu4NCl �
[Fe2(dpyatriz)2Cl2](CF3SO3)2 (3) + 2 Bu4NCF3SO3 (2)

The identity of compound 3 was unveiled by X-ray crys-
tallography (see below), which revealed that the Cl– ions are
coordinated to Fe and that dpyatriz uses N-donors from
the triazine moiety to bind the metal atom, a fact observed
for the first time and bearing important consequences with
regard to the magnetic behaviour of the complex. It was
observed that when stoichiometric amounts of the chloride
salt were used, the yields obtained were inferior compared
with reactions involving limiting amounts of this reagent.
A possible reason is that increased amounts of Bu4NCl fav-
our the formation of the dinuclear anion [Fe2OCl6]2– at the
expense of complex 3. This anion is very stable and quite
ubiquitous in aerobic reactions involving FeII and chlo-
ride.[14]

Description of Structures

Crystallographic data for complexes 1–3 are collected in
Table 4 whereas selected metric parameters are listed in
Tables 1, 2 and 3.

Table 1. Selected interatomic distances [Å] and angles [°] for [Fe2-
(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4 (1). Symmetry operation i: 1 –
x, 1 – y, 1 – z.

Fe1–O1W 2.140(2) N1–Fe1–N3 84.96(9)
Fe1–N1 2.160(3) N1–Fe1–N4 100.00(9)
Fe1–N3 2.177(2) N1–Fe1–N6 94.10(9)
Fe1–N4 2.159(2) N1–Fe1–N13 171.01(10)
Fe1–N6 2.167(2) N3–Fe1–N4 91.75(9)
Fe1–N13 2.151(3) N3–Fe1–N6 175.51(9)
O1W–Fe1–N1 88.45(10) N3–Fe1–N13 88.47(9)
O1W–Fe1–N3 90.87(10) N4–Fe1–N6 84.08(9)
O1W–Fe1–N4 171.34(10) N4–Fe1–N13 88.47(9)
O1W–Fe1–N6 93.50(10) N6–Fe1–N13 89.74(10)
O1W–Fe1–N13 83.19(10) Fe···Fei 9.232(2)

Table 2. Selected interatomic distances [Å] and angles [°] for [Fe2-
(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2). Symmetry operation i: 1 –
x, 1 – y, 1 – z.

Fe1–O2 2.1708(18) O2–Fe1–N6 176.83(7)
Fe1–N1 2.167(2) O1W–Fe1–N1 92.42(8)
Fe1–N6 2.176(2) N1–Fe1–N4 177.02(8)
Fe1–O1W 2.0846(18) N3–Fe1–N6 97.54(7)
Fe1–N3 2.190(2) N3–Fe1–N4 92.02(8)
Fe1–N4 2.152(2) N6–Fe1–N4 86.02(8)
O2–Fe1–O1W 88.07(8) N1–Fe1–N3 87.04(8)
O2–Fe1–N3 85.57(7) O1W–Fe1–N3 173.62(8)
O2–Fe1–N4 93.25(7) Fe···Fei 9.2593(15)
O2–Fe1–N1 89.50(8)

[Fe2(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4 (1)

Complex 1 is a centrosymmetric cationic dimer (Fig-
ure 1) comprising two octahedral FeII ions bridged and che-
lated by two dpyatriz ligands through two of their dpya
moieties, the third one remaining uncoordinated. The other
two coordination sites on each metal atom are occupied in
cis configuration by a molecule of H2O and one of CH3CN,
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Table 3. Selected interatomic distances [Å] and angles [°] for [Fe2-
(dpyatriz)2Cl2](CF3SO3)2 (3). Symmetry operation �: –x, 1 – y, 1 – z.

Fe1–Cl1 2.336(2) N1–Fe1–N4 93.1(2)
Fe1–N1 2.229(3) N1–Fe1–N7 76.6(1)
Fe1–N4 2.205(4) N4–Fe1–N7 77.1(2)
Fe1–N7 2.220(4) N1–Fe1–N11� 171.9(2)
Fe1–N11� 2.234(4) N1–Fe1–N12� 91.8(2)
Fe1–N12� 2.215(4) N4–Fe1–N11� 88.3(2)
Cl1–Fe1–N1 94.7(1) N4–Fe1–N12� 168.4(2)
Cl1–Fe1–N4 97.2(1) N7–Fe1–N11� 95.9(1)
Cl1–Fe1–N7 169.2(1) N7–Fe1–N12� 93.9(2)
Cl1–Fe1–N11� 93.1(1) N11–Fe1–N12� 85.5(2)
Cl1–Fe1–N12� 92.8(1) Fe···Fe� 8.324(1)

completing an FeN5O slightly distorted octahedral chromo-
phore. The Fe–O and Fe–N(CH3CN) distances are 2.140(2)
and 2.151(3) Å, respectively, whereas the Fe–N(dpyatriz)
distances range from 2.159(2) to 2.177(2) Å. The Fe···Fe
separation is 9.232(2) Å, while the shortest intermolecular
Fe···Fe distance is 8.992 Å. Four perchlorate counteranions
lie between the dinuclear units and exhibit disorder of their
oxygen atoms. In addition, two lattice acetonitrile molecules
are found in that space. No forces other than weak electro-
static and van der Waals interactions appear to operate
within the crystal. The cation of 1 is structurally analogous
to the equivalent complex with CoII.[11]

Figure 1. ORTEP representation at the 50% probability level of the
cation of [Fe2(dpyatriz)2(CH3CN)2(H2O)2](ClO4)4 (1). Hydrogen
atoms are not shown. Only unique non-carbon atoms are labelled.

[Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2)

The structure of 2 (Figure 2) is very similar to that of 1.
It also consists of centrosymmetric FeII dinuclear entities
held together by two dpyatriz ligands showing the same co-
ordination mode. The only differences are the replacement
of perchlorate by tetrafluoroborate and substitution of the
CH3CN ligand by CH3OH. The latter difference has impor-
tant consequences for the magnetic properties of the system
(see below). The geometric parameters also vary slightly;
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thus, the Fe–N bond lengths range from 2.152(2) to
2.190(2), whereas the Fe–O distances are 2.1708(18) Å
(CH3OH) and 2.0846(18) Å (H2O). The intradimer Fe···Fe
vector measures 9.2593(15) Å and the shortest interdimer
Fe···Fe distance is 8.3577(14) Å. The BF4

– ions are again
located between the complex cations, whereas each of the
two free dipyridylamine moieties accept hydrogen bonds
from one CH3OH molecule of crystallisation, thus forming
a bifurcated hydrogen bond [N···O distances 3.112(3) and
2.816(3) Å].

Figure 2. Labelled ORTEP representation at the 50% probability
level of the cation of [Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2).
Hydrogen atoms are not shown. Only unique non-carbon atoms
are labelled.

[Fe2(dpyatriz)2Cl2](CF3SO3)2 (3)

Also the cationic complex 3 (Figure 3) consists of a cen-
trosymmetric dimer in which two octahedral FeII ions are
connected by two dpyatriz ligands. In 3, however, the bind-
ing mode of the multidentate ligand is very different from
that observed in the two previous complexes. Here, each of
the dpyatriz ligands chelates one iron cation through two
nitrogen atoms from one dpya moiety and the other one
with a N-donor from the triazine moiety and with two N
atoms from dpya nonadjacent pyridyl rings. In this way two
pyridyl rings in each dpyatriz ligand remain uncoordinated.
Unlike in complexes 1 and 2, the octahedral coordination
around FeII is not completed by solvent molecules, but by
a terminal Cl– ion. The Fe1–Cl1 and Fe1–N7(triazine) dis-
tances are 2.336(2) and 2.220(4) Å respectively, while the
other four Fe–N bonds involving the pyridyl groups vary
from 2.205(4) to 2.234(4) Å (see Table 3). To the best of
our knowledge complex 3 is the first crystallographically
characterised compound where the central triazine moiety
of dpyatriz is involved in coordination. The triazine rings of
the two ligands lie mutually parallel although shifted with
respect to each other, with a distance between the least-
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square planes passing through them of 3.584(1) Å. The in-
tramolecular Fe···Fe [–x, 1 – y, 1 – z] separation is
8.324(1) Å, while the shortest intermolecular separation be-
tween two metal atoms is 9.041(2) Å. The two positive
charges of the cationic complex [Fe2(dpyatriz)2(Cl)2]2+ are
balanced by two disordered CF3SO3

– anions located in the
crystal lattice. Also two molecules of the solvent (benzyl
cyanide) are present for each dimeric complex, orientated
so that their CN groups point towards the triazine ring [the
smallest distance of N1s to the least-squares plane passing
through the ring being 3.038(9) Å].

Figure 3. Labelled ORTEP representation at the 30% probability
level of the cation of [Fe2(dpyatriz)2Cl2](CF3SO3)2 (3). Hydrogen
atoms are not shown. Only unique non-carbon atoms are labelled.

Magnetochemistry

The temperature dependence of the magnetisation of
compounds 1–3 was studied on polycrystalline samples in
the 2–350 K range. This is depicted in Figures 4, 7 and 8,
for 1, 2 and 3, respectively, in the form of χmT versus T
plots, where χm is the molar paramagnetic susceptibility.

Figure 4. Plot of experimental χmT vs. T for compound 1 (circles)
collected with an applied field of 1000 Oe. The solid line is a fit to
the regular solution theory model (see text for details), expressed
as the HS fraction γHS.
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For compound 1 (Figure 4), the χmT product at 340 K is
6.27 cm3·mol–1·K, in the range expected for two noninter-
acting high-spin (HS, S = 2) FeII centres (6 cm3·mol–1·K,
for g = 2). As the temperature decreases, the χmT value
starts immediately to drop gradually to 2.2 cm3·mol–1·K in
the vicinity of 200 K, where it remains constant upon fur-
ther cooling. This is consistent with a process of SC by a
fraction of the FeII centres (calculated to be 63%, see be-
low), from HS to low spin (LS, S = 0). Only at very low
temperatures, a decrease of χmT is observed anew, resulting
either from zero-field splitting (ZFS) of the remaining FeII

HS centres and/or from antiferromagnetic coupling of the
remaining HS–HS pairs. Thus, compound 1 exhibits a grad-
ual and incomplete SC, centred at around 265 K, but does
not exhibit a plateau at χmT � 3.0 (50% of FeII centres LS),
which is often observed for FeII dimers undergoing a spin
transition.[15,16] This indicates a lack of strong intermo-
lecular interactions, which would stabilise domains of HS–
LS pairs. In order to present a quantitative description of
the process of spin transition, the Mössbauer spectra of 1
(Figure 5) were collected at 293 K (near the transition tem-
perature) and 77 K. Signals from both the HS and LS states
were detected at both temperatures. From these experiments
the fraction of FeII centres in the HS state at 77 K was
calculated to be 37%.[17] The temperature dependence of
the HS fraction deduced from susceptibility and Mössbauer
data was then fit to an equation resulting from a regular
solution model [Equation (3)],[18,19] where γHS is the vari-
able HS fraction, Γ is the interaction parameter[3] and the
other terms have their usual meaning. Although it repre-
sents a crude approximation, the calculated values were
normalised to the fraction of species undergoing spin cross-
over.

ln(
1 – γHS

γHS
) =

∆H + Γ(1 – 2γHS)

RT
–

∆S

R
(3)

Figure 5. Mössbauer spectra of 1 at 77 and 293 K. Dashed lines
represent subspectra used in the fitting procedure, while full lines
are the overall fits to the experimental data.

The best fit provided (Figure 4, solid line) a value of Γ
= 2.9(2) kJ·mol–1 with ∆H = 11.0(1) kJ·mol–1 and ∆S =
40(1) J·mol–1·K–1. The cooperativity parameter Γ is in
agreement with the absence of strong interaction between
the FeII centres.[3] The entropy variation deduced is about
three times that expected from the change in spin manifold
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(Rln5 = 13.4 J·mol–1·K–1), indicating, as usually observed,
the presence of a vibrational contribution to the entropy
variation. Both the transition entropy and enthalpy derived
here are in agreement with the calorimetric characterisation
of weakly cooperative SC systems.[20–23] The behaviour just
described is retained only if the compound is kept sealed
and/or in contact with acetonitrile. If complex 1 is left ex-
posed to air, replacement of CH3CN by atmospheric water
seems to take place (see above), the resulting material (1a)
remaining HS throughout the whole range of temperatures.

The above results and spectroscopic evidence (see Fig-
ure 6 and below) show that the polydentate ligand dpyatriz
constitutes a new member of the family of polypyridyl li-
gands capable of producing SC FeII compounds in the pres-
ence of the right coligands.[24–26] The system shown here is
peculiar in that it is dinuclear, unlike most previously re-
ported examples. Also, it has the potential of acting as a
building block in the formation of extended structures, a
very attractive prospect, as high-dimensional SC systems
are still rare.

Figure 6. Absorption spectra of 1 at room temperature and about
100 K.

In contrast to complex 1, the χmT product of 2 (Fig-
ure 7) remains practically constant at approximately
8.3 cm3·mol–1·K from room temperature to 50 K where it
starts dropping to 2.65 cm3·mol–1·K at 2 K. This drop can

Figure 7. Plot of experimental χmT vs. T for compound 2. The inset
is a semi-logarithmic form of that plot. The applied field was
1000 Oe. The full line corresponds to the best fit to a theoretical
expression contemplating ZFS of FeII ions (see text for details).
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be ascribed either to antiferromagnetic exchange coupling
within the dimeric units in 2 and/or to single-ion ZFS of
the FeII centres (S = 2). The absence of a maximum in the
χm versus T plot indicates that the exchange coupling is
very weak. In such situations both effects, if present, are
approximately of the same order and cannot be discerned.
We have therefore reproduced the experimental data con-
sidering either exchange coupling [Equations (4) and (5)][18]

or axial ZFS of individual FeII ions [Equations (6) and
(7)],[18] including in both cases a temperature-independent
paramagnetism (TIP).

Ĥ = –2J(Ŝ1·Ŝ2) (4)

χm =
NAg2β2

kBT
·

2e2x + 10e6x + 28e12x + 60e20x

1 + 3e2x + 5e6x + 7e12x + 9e20x
(5)

Ĥ = 2×D[Ŝz
2 – S(S + 1)] (6)

χm = 2×
NAg2β2

kBT
·

[
1⁄3(2e–x + 8e–4x) + 2⁄3{6(1 – e–x)/x + 4(e–x – e–4x)/3x}

1 + 2e–x + 2e–4x
] (7)

In these expressions, D represents the single-ion ZFS pa-
rameter, J is the exchange coupling constant between FeII

ions within the dinuclear entities, while x is either J/kBT
[Equation (5)] or D/kBT [Equation (7)]. The experimental
data are indeed reproduced correctly with both models,
yielding on the one hand g = 2.32(1), J/kB = –0.54(1) K (J
= –0.37 cm–1) and TIP = 1.6×10–3 cm3·mol–1·K, and on the
other hand g = 2.41(1) and D/kB = 5.71(6) K (D =
3.97 cm–1), with TIP = 1.17×10–3 cm3·K·mol–1. The latter
fit has a better quality (χ2 of 0.1 compared to 0.5),[27] indi-
cating that, although both effects are likely to be present,
ZFS is probably the dominant one. The fact that the FeII

centres in 2 are very weakly coupled, if at all, is consistent
with the long distance mediating between them (see above)
and the absence of any magnetic superexchange pathway
connecting the two. On the other hand, positive values of
D are often found in FeII HS species.[28]

The magnetic properties of complex 3 differ dramatically
from the behaviour of the above complexes (Figure 8). The
value of χmT at 300 K is 7.05 cm3·mol–1·K, close to that
expected for two uncoupled FeII HS centres, and remains
practically constant to approximately 50 K. From that tem-
perature, χmT starts to increase upon cooling to reach a
maximum of 7.85 cm3·mol–1·K at T = 10 K and then sud-
denly drops to χmT = 4.74 cm3·mol–1·K at 2 K. This behav-
iour is consistent with the presence of ferromagnetic ex-
change between the Fe centres of the dinuclear complex to
form a spin ground state of S = 4, while the decrease of
χmT at lower temperatures is most likely because of ZFS
and not interactions between complexes, as no intermo-
lecular exchange pathways were observed in the crystal lat-
tice. In order to describe this behaviour quantitatively, the
experimental data were fit to a χm = f(T) expression [Equa-
tion (8)] derived from the Van Vleck equation for two ex-
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change FeII centres (S = 2), including a term D for the ZFS
of the spin ground state (S = 4) of the dimer.[29]

χm =
NAg2β2

kBT
·

6e17x + 24e8x + 54e–7x + 96e–28x + 84e–8y + 30e–14y + 6e–18y

e20x + 2e17x + 2e8x + 2e–7x + 2e–28x + 7e–8y + 5e–14y + 3e–18y
(8)

Figure 8. Plot of experimental χmT vs. T for compound 3. The inset
is a semi-logarithmic form of that plot. The applied field was
1000 Oe. The full lines are best fits to the corresponding theoretical
expression (see text for details).

In this equation, x = D/3kBT and y = J/kBT. The best fit
was obtained with g = 2.12(1), J/kB = 0.33(1) K (J =
0.23 cm–1) and D/kB = 0.91(2) K (D = 0.63 cm–1). Ferro-
magnetic exchange coupling between FeII centres is very un-
common.[30] A way of establishing this kind of interaction
might be the mechanism of spin polarisation, by which the
electronic cloud of species linking paramagnetic centres is
polarised by the spin of the latter. For example, the alter-
nation in the sign of the polarisation found within aromatic
rings has allowed using them as linkers to induce predict-
ably ferro- or antiferromagnetic interactions between spin
carriers.[6] Complex 3 is the only one in the series of com-
plexes reported here where the triazine rings are directly
bound to FeII and, thus, have chances of being polarised.
It is possible that the weak ferromagnetic exchange occurs
through the feeble π–π interaction between these two polar-
ised rings, despite the fact that they are shifted with respect
to each other. DFT calculations will be undertaken in order
to establish the nature of the magnetic orbitals participating
in this superexchange and rationalise the coupling.

Solid-State Absorption Spectroscopy

Diffuse reflectance spectra of bulk 1 at 293 and about
100 K both display two very broad absorption bands
centred around 11000 cm–1 and 18200 cm–1 (see Figure 6).
These are typical for HS 5T2�5E and LS 1A1�1T1 transi-
tions, respectively, in six-coordinate FeII showing SC. The
variation in relative intensities of these bands with tempera-
ture is in agreement with the spin crossover of 1 detected
by magnetic susceptibility measurements. The correspond-
ing ligand field parameter is derived as 10DqHS =
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11000 cm–1.[31] It is known that SC behaviour is to be ex-
pected for HS species having their 10DqHS in the range
10500–12000 cm–1,[3] thus in agreement with the present ob-
servations. On the other hand, the 5T2�5E transition in 2
is shifted towards higher energies, again in agreement with
an HS ground state, and thus indicating that this compound
does not show spin crossover behaviour.

Conclusions

The reactivity of the polydentate ligand 2,4,6-tris(dipyri-
din-2-ylamino)-1,3,5-triazine with FeII has been investi-
gated for the first time. Small variations in reaction condi-
tions have led to a new family of dinuclear complexes show-
ing great diversity in magnetic behaviour. Changing sol-
vents from CH3CN to CH3OH results in the change from
SC behaviour in [Fe2(dpyatriz)2(H2O)2(CH3CN)2](ClO4)4

(1) to weak (or no) antiferromagnetic coupling within
[Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2). This effect is
caused by the difference in crystal field produced by the
solvent molecules, which in both cases act as terminal li-
gands. If a coordinating anion is included in the reaction,
such as Cl–, the complex [Fe2(dpyatriz)2Cl2](CF3SO3)2 (3)
is obtained. In this case the structure of the complex differs
significantly from before and FeII is seen coordinated di-
rectly to N atoms from the triazine moiety. This results in
a system exhibiting very rare ferromagnetic exchange be-
tween the metal atoms. These results suggest the possibility
of fine-tuning important properties of the system by choos-
ing the type of ligand occupying the peripheral positions of
the dinuclear unit, or the prospect of preparing polymeric
SC systems using the appropriate dimetallic moieties as a
building block.

Experimental Section
Syntheses: All reagents were used as received unless indicated
otherwise. The ligand dpyatriz was prepared according to a pre-
viously published procedure.[8]

[Fe2(dpyatriz)2(CH3CN)2(H2O)2](ClO4)4 (1): dpyatriz (150 mg,
0.413 mmol) was added to a solution of Fe(ClO4)2·6H2O (188 mg,
0.5 mmol) in acetonitrile (75 mL) and the mixture stirred. Slow dif-
fusion of diethyl ether into this solution yielded pinkish parallelepi-
ped crystals of 1·2CH3CN in 50% yield (185 mg). Complex 1 im-
mediately lost CH3CN upon exposure to air, presumably to be re-
placed by water. The resulting species may be formulated as
[Fe2(dpyatriz)2(H2O)4](ClO4)4 (1a) (see text). 1a·4H2O
[C66H64Cl4Fe2N24O24 (1830.86)]: calcd. C 43.30, H 3.52, N 18.36;
found C 42.94, H 3.05, N 17.95.

[Fe2(dpyatriz)2(H2O)2(CH3OH)2](BF4)4 (2): A solution of ligand
dpyatriz (200 mg, 0.34 mmol) in methanol (20 mL) was mixed,
whilst stirring, with a solution of Fe(BF4)2·6H2O (344 mg,
1.01 mmol) and ascorbic acid (30 mg, 0.01 mmol) in methanol
(10 mL) to give a green solution. After slow evaporation of the
solvent in air at room temperature (3–4 d), green crystals of 2·6H2O
were formed in 30% yield (90 mg), which were suitable for X-ray
diffraction analysis. These crystals were collected by filtration,
washed with methanol and dried in air. IR: ν̃ = 1001.5, 1053.9,
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1373.3, 3430, 3631.1 cm–1. 2·6CH3OH [C74H84B4F16Fe2N24O10

(1928.52)]: calcd. C 46.28, H 3.99, N 17.50; found C 45.75, H 4.06,
N 17.99.

[Fe2(dpyatriz)2Cl2](CF3SO3)2 (3): A solution of ligand dpyatriz
(230 g, 0.387 mmol) in benzyl cyanide (99%, 25 mL) was mixed,
whilst stirring, with a solution of Fe(CF3SO3)2 (230 mg,
0.581 mmol) in benzyl cyanide (99%, 10 mL) followed by addition
of ascorbic acid (30 mg, 0.01 mmol). A solution of Bu4NCl (54 mg,
0.194 mmol) in benzyl cyanide (5 mL) was added to this mixture
and the stirring maintained for several minutes. The resulting mix-
ture was filtered and the filtrate placed into a pressure-sealed tube,
which was then tightly closed and put in an oven at 100 °C. After
2 d at this temperature, yellow single crystals of 3·2C8H7N suitable
for X-ray diffraction were obtained. These crystals were collected
and washed with methanol and diethyl ether. The yield was 15%
(28 mg). IR: ν̃ = 995.8, 1263.3, 1374.0 cm–1. 3·2C8H7N
[C84H62Cl2F6Fe2N26O6S2 (1892.28)]: calcd. C 53.32, H 3.30, N
19.25; found C 53.03, H 3.54, N 19.55.

Physical Measurements: C,H,N analysis was performed with a Per-
kin–Elmer 2400 series. Infrared spectra (4000–300 cm–1 range) were
recorded with a Bruker 330V IR spectrophotometer equipped with
a Golden Gate Diamond. The ligand field spectra of the solids
(300–2000 cm–1, diffuse reflectance) were taken with a Perkin–El-
mer 330 spectrophotometer equipped with a home-made set-up to
measure at low temperatures (down to about 100 K). Variable-tem-
perature and field-magnetization measurements were carried out
using Quantum Design MPMS-5S and MPMS-7XL SQUID mag-
netometers with fields up to 5 and 7 T, respectively, and in the
temperature range 2–350 K. Corrections for diamagnetic contri-
butions to the susceptibility of the sample, as deduced from Pascal’s
tables, and from the sample holder were applied. Mössbauer spec-
tra were recorded in a constant acceleration mode using a 57Co in
Rh source. Isomer shifts are given relative to the sodium nitroprus-
side. Spectra were fitted with Lorentzian-shaped lines using a non-
linear iterative minimisation routine. Accuracy for the isomer shift
(I.S.) is 0.03 mm·s–1, for the electric quadrupole splitting (Q.S.)
0.05 mm·s–1 and for the spectral contribution (S.C.) 5%.

X-ray Crystallographic Study: The crystal structures were deter-
mined by single-crystal X-ray diffraction methods. Crystallographic
and experimental details for the different structures are summarised
in Table 4. Compound 1: Intensity data and cell parameters were
recorded at 293(2) K with a Nonius Kappa CCD diffractometer
with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å).
DENZO-SMN was used for data integration and SCALEPACK
corrected data for Lorentz polarisation effects. Absorption correc-
tions were applied for all data using the DIFABS program.[32] The
SIR92 software package[33] and SHELXL 97, included in the
WinGX package, were used for phase determination and structure
refinement,respectively. Direct methods of phase determination fol-
lowed by some subsequent difference Fourier maps led to an elec-
tron density map from which most of the non-hydrogen atoms were
identified in the asymmetry unit of the unit cell. With subsequent
isotropic refinement and Fourier difference synthesis, all of the
non-hydrogen atoms were identified. Atomic coordinates, isotropic
and anisotropic displacement parameters of all non-hydrogen
atoms were refined by means of a full-matrix least-squares pro-
cedure on F2. H atoms were included in the refinement in calcu-
lated positions, riding on the carbon atoms with an isotropic ther-
mal parameter fixed 20% and 50% higher, respectively, than the
sp2- and sp3-C atoms to which they are attached. Compound 2:
Intensity data and cell parameters were recorded at 150 K. The
structure was solved with direct methods[34] and refined with
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Table 4. Crystallographic parameters of complexes 1–3.

1 2 3

Empirical formula [C70H58Fe2N26O2](ClO4)4·2C2H3N [C68H60Fe2N24O4](BF4)4·6CH3OH [C66H48Cl2Fe2N24](CF3O3S)2·2C9H7N
Formula mass 1887.03 1928.59 1892.32
Diffractometer Nonius KappaCCD Nonius KappaCCD Bruker AXS Smart 1000
Wavelength [Å] 0.71073 0.71073 0.71073
T [K] 293(2) 150(2) 293(2)
Crystal size [mm] 0.30×0.20×0.05 0.54×0.48×0.12 0.36×0.30×0.24
Crystal colour colourless yellow yellow
Crystal system triclinic monoclinic triclinic
Space group P1̄ (no. 2) P21/c (no. 14) P1̄ (no. 2)
a [Å] 11.417(2) 13.282(2) 13.250(2)
b [Å] 13.470(3) 14.499(2) 13.621(2)
c [Å] 14.100(3) 22.6080(8) 13.682(2)
α [°] 109.80(3) 90 64.419(3)
β [°] 93.60(3) 91.703(5) 70.521(3)
γ [°] 96.50(3) 90 75.965(3)
V [Å3] 2015.2(7) 4351.8(9) 2085.6(5)
Z 1 2 1
Dcalcd. [g·cm–3] 1.558 1.472 1.507
µ [mm–1] 0.582 0.438 0.547
Measured reflections 12334 68949 23330
(sinθ/λ)max [Å–1] 0.62 0.65 0.66
Abs. corr. ψ-scans multi-scan multi-scan
Abs. corr. range 0.87–0.97 0.79–0.92 0.87–1.00
Unique reflections 8121 9974 9310
Parameters 649 590 547
Restraints 278 0 4
Extinction 0.0269(19) – –
R1/wR2 [I � 2σ(I)] 0.0467/0.1149 0.0506/0.1278 0.0781/0.2426
R1/wR2 [all refl.] 0.0604/0.1259 0.780/0.1438 0.1166/0.2726
S 1.094 1.031 0.951
ρmin/max [e·Å–3] –0.51/0.38 –0.63/1.10 –1.09/1.57

SHELXL-97[35] against F2 of all reflections. All hydrogen atoms
were located in the difference Fourier map. The OH hydrogen
atoms were kept fixed at their located position; the other hydrogen
atoms were refined as rigid groups. Drawings, geometry calcula-
tions and checking for higher symmetry were performed with the
program PLATON.[36] Compound 3: Intensity data and cell param-
eters were recorded at room temperature (293 K) with a Bruker
AXS Smart 1000 single-crystal diffractometer (Mo-Kα radiation)
equipped with a CCD area detector. The data reductions were per-
formed using the SAINT[37] and SADABS[38] programs. The struc-
ture was solved by direct methods using the SIR97 program[34] and
refined on Fo

2 by full-matrix least-squares procedures using the
SHELXL-97 program.[35] The non-hydrogen atoms were refined
with anisotropic atomic displacements with the exception of the
disordered triflate ion. The hydrogen atoms were included in the
refinement at idealised geometries (C–H 0.95 Å) and refined “ri-
ding” on the corresponding parent atoms. The weighting scheme
used in the last cycle of refinement was w = 1/[σ2(Fo

2) +
(0.1687P)2] (3), where P = (Fo

2 + 2Fc
2)/3. Molecular geometry cal-

culations were carried out using the PARST97 program.[39] Draw-
ings were obtained by ORTEP3 in the WinGX suite.[40] Calcula-
tions for 3 were carried out with a DIGITAL Alpha Station 255
computer. CCDC-224510 (1), -277598 (2) and -276288 (3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The ordered double perovskite Sr2MnTeO6 was prepared by
the freeze-drying method. The nuclear and magnetic struc-
tures were determined by both X-ray and neutron (D2B and
D1B) powder diffraction. A distorted, double perovskite
structure type described by the monoclinic P121/n1 space
group is observed at room temperature and down to 4 K. The
room temperature EPR spectrum shows an isotropic signal
centered at a g value of 1.998 indicating that manganese ions
are in the +2 oxidation state. At low temperature the EPR
signal broadens as the exchange and dipolar interactions be-
tween Mn2+ cations increase. Below 25 K no signal is ob-
served, indicating that the sample is magnetically ordered.
The dc magnetic susceptibility shows the existence of anti-
ferromagnetic interactions with an ordering temperature

Introduction

Ordered, double perovskites have been of technological
interest since the early 1950s when the search for ferroelec-
tric and piezoelectric materials, to be used mainly as capaci-
tors, was extended from the common perovskite oxides,
ABO3 (A being Sr, Ba, Pb, or Ln3+ cations and B transition
metals), to more complex systems such as the ordered per-
ovskites, A2BB�O6.[1] As a result, many double perovskites
had been discovered and their dielectric properties deter-
mined by the mid 1970s.[2] The magnetic and other electrical
properties of these ordered perovskites did not attract such
interest until the discovery, by Kobayashi et al.[3] in 1998,
of room temperature magnetoresistance in the half-metallic
Sr2FeMoO6 oxide. The intense study in this class of materi-
als carried out after this technologically important discov-
ery has led to the observation of other potentially useful
properties such as high temperature superconductivity in
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around 20 K. A sharp λ-type anomaly observed at 19 K in
the specific heat curve and refinement of low-temperature
neutron diffraction data confirm the presence of a three-di-
mensional, antiferromagnetic ordered structure with an or-
dering temperature of ca. 23 K. The propagation vector of the
magnetic structure is k = [0,0,0], yielding a type I antiferro-
magnetic ordering between Mn2+ (S = 5/2) cations. At 2 K,
each manganese ion is antiferromagnetically aligned to 8 out
of 12 nearest-neighbors at an approximate distance of 5.6 Å.
This magnetic structure can be viewed as being composed
of ferromagnetic arrangement of Mn2+ moments in the ab
plane, coupled antiferromagnetically along the c axis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Sr2YRu0.85Cu0.15O6
[4] and the coexistence of ferromagnet-

ism and ferroelectricity in Bi2NiMnO6.[5]

The magnetic properties, and how the diverse magnetic
behaviors depend on the constituent cations, continue to be
one of the most important fields of study in these materials.
Sr2FeB�O6 oxides (B� = Mo5+ or Re5+) are the best-known
examples. These oxides show room temperature ferrimag-
netic behavior which results from the incomplete cancella-
tion of the localized Fe moments antiferromagnetically
aligned with the delocalized Mo/Re moments, the latter be-
ing responsible for the half metallicity and magnetoresis-
tance.[6] If Fe is substituted by Mn, magnetic and electrical
behavior changes. Sr(Mn0.5Ru0.5)O3 is a partially disor-
dered, ferrimagnetic perovskite with a Tc of approximately
125 K, which also shows magnetoresistive effects. In this
phase, however, magnetic exchange is complicated due to
the mixed valences observed in the ionic pairs RuIV/RuV

and MnIII/MnIV.[7] In other phases, manganese stabilizes as
Mn2+ leading to higher oxidation states of elements such as
Re and Mo than in their Fe analogues, favoring an ordered
arrangement of the B and B� cations. Sr2MnReO6, for ex-
ample, is also ferrimagnetic (arising from an antiferromag-
netic coupling between ordered Re and Mn lattices) but has
an ordering temperature of 100 K, a low electrical conduc-
tivity and shows a poor magnetoresistive effect.[8]

Sr2MnMoO6 is, by contrast, an antiferromagnetic oxide
with a low Néel temperature, of approximately 12 K.[9] In
this case, Mn2+ is the only paramagnetic cation present,
producing a lengthening of the exchange pathways and a
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weakening of the predominantly antiferromagnetic interac-
tions. Below the Néel temperature this phase shows three-
dimensional antiferromagnetic order, the observed mag-
netic structure being of ‘type II’.

In the absence of mixed valences and/or vacancy forma-
tion, complete cancellation of the antiferromagnetically
aligned planes should occur, yielding conventional antifer-
romagnetic systems with no overall magnetic moment. The
magnetic properties reported by Azad et al. for the
A2MnWO6 (A = Ca, Ba, or Sr) phases,[10] expected to be-
have in a similar way to the analogous Sr2MnMoO6, did
not fit, however, with this simple behavior. Low tempera-
ture magnetic susceptibility measurements showed the pres-
ence of two distinct maxima, the first at ca. 40 K, and the
second at temperatures ranging from 9 (A = Ba) to 16 K
(A = Ca). The first maximum was attributed to a disor-
dered, canted antiferromagnetic state composed of various
domains that, on further lowering of the temperature, un-
dergo a magnetic transition to a three-dimensionally or-
dered antiferromagnetic phase, also of type II.

Subsequent variable temperature neutron diffraction ex-
periments performed by Muñoz et al.[9a] in samples of the
same oxides showed that the Ca and Sr phases are only
three-dimensionally ordered below ca. 17 and ca. 14 K
respectively, with no intermediate magnetically ordered
state between 40 and 20 K. More recently, Lin et al.[11] re-
ported a typical antiferromagnetic behavior for Sr2MnWO6

with a unique maximum at ca. 16 K in the magnetic suscep-
tibility curve and no additional features around 40 K. The
substitution of Sr cations by La, however, seems to induce
in some samples the presence of a small shoulder in the
magnetic susceptibility curve and irreversibility in the zero-
field cooled/field-cooled susceptibilities also around 40 K.

This diversity of magnetic properties observed in such
similar systems highlights the need for detailed studies of
the structural and physical properties in related A2MnB�O6

(B� = diamagnetic cation) double perovskites, such as those
having B� = Te. We have previously published the room
temperature structure and high temperature phase transi-
tions of Sr2MnTeO6.[12] In this paper we present the low
temperature structure and magnetic properties of this mate-
rial and establish correlations between structural features
and magnetic behavior.

Results and Discussion

Crystal Structure

As previously reported, the room temperature crystal
structure of the Sr2MnTeO6 ordered double perovskite, re-
fined simultaneously from X-ray and D2B neutron diffrac-
tion data, is described by a monoclinic distortion of the
ideal cubic cell, in space group P121/n1.[12] At high tempera-
ture, Sr2MnTeO6 undergoes three structural phase transi-
tions at approximately 250, 550, and 675 °C, the sequence
being P121/n1 � I12/m1 � I4/m � Fm3̄m, in good agree-
ment with the schemes proposed by Howard and Stokes.[13]
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Rietveld refinement of the low temperature crystal struc-
ture from high resolution D2B neutron powder diffraction
data recorded at 4, 30, and 60 K, showed that the room
temperature P121/n1 symmetry is maintained down to 4 K.
The structural model was as previously reported at 298 K
(reproduced in Table 1 for comparison), with all atomic po-
sitions and isotropic thermal factors freely refined. No mis-
site disorder or vacancy formation was observed at 298 K
and so was not refined at low temperature. Refined struc-
tural parameters are shown in Table 1 and selected bond
lengths and angles in Table 2. The Rietveld fits to the 60
and 4 K data are shown in Figure 1. The structure consists
of a framework of corner sharing TeO6 and MnO6 octahe-
dra, with in phase (+) rotations around the c axis and anti-
phase (–) rotations normal to the c axis. The expected in-
crease in the magnitudes of the octahedral rotations and
reduction in the cell volume on lowering the temperature
are the only significant structural variations.

Table 1. Refined parameters and reliability factors for Sr2MnTeO6

from D2B powder diffraction data at different temperatures.

T [K] 298 60 30 4

Symmetry monoclinic monoclinic monoclinic monoclinic
Space group P121/n1 P121/n1 P121/n1 P121/n1
a [Å] 5.7009(1) 5.6887(1) 5.6882(1) 5.6897(1)
b [Å] 5.6770(1) 5.6704(1) 5.6702(1) 5.6719(1)
c [Å] 8.0334(1) 8.0207(1) 8.0201(1) 8.0177(1)
β [°] 90.085(1) 90.091(1) 90.090(1) 90.087(1)
V [Å3] 259.99(1) 258.73(1) 258.68(1) 258.74(1)
Sr x 0.5015(3) 0.5034(4) 0.5034(4) 0.5035(4)
Sr y 0.0153(2) 0.0210(3) 0.0212(3) 0.0210(3)
Sr z 0.2492(3) 0.2508(4) 0.2507(5) 0.2492(5)
Uiso (×100 Å2) 0.78(2) 0.62(3) 0.60(3) 0.62(3)
Mn x = y = z 0 0 0 0
Uiso (×100 Å2) 0.55(5) 0.7(1) 0.6(1) 0.7(1)
Te x = y 0 0 0 0
Te z 0.5 0.5 0.5 0.5
Uiso (×100 Å2) 0.38(3) 0.51(6) 0.52(6) 0.57(6)
O1 x 0.9453(4) 0.9419(4) 0.9418(4) 0.9422(4)
O1 y 0.0065(4) 0.0076(3) 0.0080(3) 0.0086(4)
O1 z 0.7350(3) 0.7348(3) 0.7349(3) 0.7348(3)
Uiso (×100 Å2) 0.83(5) 0.46(6) 0.47(6) 0.51(7)
O2 x 0.2906(4) 0.2935(4) 0.2933(4) 0.2938(4)
O2 y 0.2379(5) 0.2348(5) 0.2349(5) 0.2344(5)
O2 z 0.9713(4) 0.9701(4) 0.9700(4) 0.9701(4)
Uiso (×100 Å2) 0.91(6) 0.61(6) 0.60(6) 0.74(6)
O3 x 0.2591(4) 0.2619(4) 0.2617(4) 0.2620(4)
O3 y 0.2126(5) 0.2112(5) 0.2108(5) 0.2096(5)
O3 z 0.5283(4) 0.5295(4) 0.5296(4) 0.5296(4)
Uiso (×100 Å2) 1.14(6) 0.87(6) 0.82(6) 0.74(6)
M (Mn)[a] – – – 4.55(2)
Rwp [%] 4.7 5.7 5.8 6.4
Rp [%] 3.4 4.2 4.4 4.7
χ2 2.1 2.0 2.1 2.4
RF

2 2.9 2.6 2.6 2.0
Rmag – – – 4.1

[a] Mx = 4.55(2); My = Mz = 0.

The high degree of distortion of this phase with respect
to the ideal cubic perovskite is a common feature of other
similar Sr2MnB�O6 (B� = Mo6+, W6+, and Re6+) double
perovskites, the structures of which are also described by
the P121/n1 space group (see Table 3). This distortion type
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Table 2. Selected bond lengths [Å] and angles [°] of Sr2MnTeO6 at
various temperatures.

T [K] 298 60 30 4

Mn–O1 x2 2.151(3) 2.153(2) 2.152(2) 2.152(2)
Mn–O2 x2 2.150(2) 2.149(2) 2.149(2) 2.149(2)
Mn–O3 x2 2.145(2) 2.139(2) 2.141(2) 2.146(2)
Mean 2.149 2.147 2.147 2.149
Calcd.[a] 2.17
O1–Mn–O2 90.4(3) 90.3(1) 90.3(1) 90.4(1)
O1–Mn–O3 90.0(2) 90.1(1) 90.2(1) 90.2(1)
O2–Mn–O3 91.6(2) 91.7(1) 91.7(1) 91.6(1)
Te–O1 x2 1.914(3) 1.913(2) 1.914(2) 1.912(2)
Te–O2 x2 1.921(2) 1.923(2) 1.923(2) 1.924(2)
Te–O3 x2 1.921(2) 1.926(2) 1.924(2) 1.921(2)
Mean 1.919 1.921 1.920 1.919
Calcd.[a] 1.91
O1–Te–O2 90.1(1) 90.1(1) 90.1(1) 90.2(1)
O1–Te–O3 90.1(6) 90.0(1) 90.1(1) 90.2(1)
O2–Te–O3 90.30(6) 90.1(1) 90.1(1) 90.2(1)
Mn–O1–Te 162.15(8) 161.1(1) 161.0(1) 161.1(1)
Mn–O2–Te 162.23(7) 160.9(1) 160.9(1) 160.8(2)
Mn–O3–Te 163.29(4) 162.3(2) 162.2(2) 162.0(2)

[a] According to ref.[14]

Figure 1. Rietveld fits to the D2B neutron diffraction data at (a)
60 K and (b) 4 K of Sr2MnTeO6 in space group P121/n1, showing
observed, calculated and difference curves. Lower and upper reflec-
tion markers in (b) correspond to magnetic and nuclear structures,
respectively. In each case, the fit to the high angle data is inset.

occurs when the A cation, Sr2+ in this case, is too small to
fill the space in the three-dimensional network of B/B�O6

octahedra, the result of this mismatch being the tilting of
these octahedra around the three axes of the primitive cubic
perovskite.
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Electron Paramagnetic Resonance Measurements

The room temperature EPR data (see Figure 2, a) show
a single, sharp resonance of Lorentzian shape with ∆Hpp =
80(1) Oe and a resonance field of 3375.3(2) Oe, correspond-
ing to a g value of 1.998(1). This value of the gyromagnetic
factor confirms the oxidation state of Mn as +2 and the
sharpness of the resonance is further evidence for the chem-
ical and structural homogeneity of the octahedral Mn envi-
ronment observed from X-ray and neutron diffraction.

Thermal evolution of the EPR signal was also studied
in order to extract information regarding the magnetic and
dipolar interactions in the sample. The area of the signal
(AEPR) and the peak-to-peak linewidth as a function of
temperature are shown in part b of Figure 2. The peak-to-
peak linewidth (∆Hpp) can be related to the Mn2+ spins’
relaxation time, τ, in a way that ∆Hpp is proportional to
the inverse of τ.[19] As τ usually increases with decreasing
temperature we should expect reduction of the signal
broadening with lowering temperature. The exchange and
dipolar interaction between manganese ions, however, act
in the opposite sense. Figure 2 (b) shows that ∆Hpp is al-
most constant down to ca. 30 K indicating that both effects
counteract one another. Below 30 K an exponential in-
crease of ∆Hpp is observed which indicates that the effect
of the exchange interactions between manganese cations is
strong and dominates the EPR resonance process. The area
of the signal, AEPR, is related to the number of paramag-
netic spins and is generally considered as the “EPR suscep-
tibility”. In order to avoid errors in the determination of
the intensity because of the broadening of the signal into
magnetic field regions not covered by the measurements,
AEPR was calculated as Y·Γ·π, which results from double
integration of the derivative equation that defines the reso-
nance process for Lorentzian line-shapes.[19] In this expres-
sion, Y is the height of the signal and Γ the half-width at
half-height, both of which were directly obtained from fits
to the experimental data. As shown in part b of Figure 2
the value for AEPR increases monotonically as the tempera-
ture is reduced. In order to obtain further information
about the type of magnetic interactions, the inverse of the
AEPR curve was fitted at high temperatures by a Curie–
Weiss law, χ = Cm/(T – θ) [see inset (b) in Figure 2] which
gave a Weiss constant of ca. –160 K, indicating the presence
of antiferromagnetic interactions. Below 25 K, the EPR sig-
nal is no longer observed due to significant broadening and
reduction in intensity; see the inset (a) in Figure 2. These
effects are consistent with the existence of strong magnetic
correlations between Mn2+ spins below this temperature
and the presence of a three dimensionally ordered state (see
“Magnetic structure” below).

Magnetic Susceptibility Measurements

Figure 3a shows the temperature dependence of the mo-
lar magnetic susceptibility (χm) and inverse susceptibility
(1/χm) curves measured at 1 kOe after cooling without an
applied field (ZFC). At high temperature, T � 150 K, the
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Table 3. Selected structural and magnetic data for several Mn2+-containing ordered perovskites.

S.G.[a] TN AST[b] µeff (µB) M (µB) Ref.
T ��TN T � 4 K[c]

Sr2MnMoO6 P121/n1 12–16 II 4.5 � µeff � 6.28 4.17(6) [15,9a]

Sr2MnWO6 P121/n1 �14 II 5.6 4.54(5) [9a,10a]

Sr2MnReO6 P121/n1 120[d] [e] – 4.49(8) [16]

Sr2MnTeO6 P121/n1 20 I 6.04 4.54(4) this work
Ca2MnWO6 P121/n1 16 II 6.19 4.9(1) [10b]

LaCaMnNbO6 P121/n1 9 II 6.2 4.69(3) [17]

Ba2MnTeO6 R-3 9 II 6.05 4.75(4) [18]

[a] Space group. [b] Antiferromagnetic structure type. [c] Refined magnetic moment from neutron diffraction data. [d] In this case, the
value refers to TC. [e] Noncollinear ferromagnetic arrangement.

Figure 2. (a) Normalized EPR spectra between 280 and 25 K. The
inset shows the weak EPR spectra observed at 4 and 20 K. (b)
Thermal evolution of the signal area (AEPR) and the peak-to-peak
linewidth (∆Hpp).

thermal evolution of χm follows the classical Curie–Weiss
law, with Cm = 4.6 cm3·K/mol and θ = –136 K indicating
that the predominant interactions are of antiferromagnetic
nature and in very good agreement with the values obtained
from EPR. The effective magnetic moment (µeff) calculated
for the paramagnetic region well above the Néel tempera-
ture as µeff = 2.828√

–––
Cm gave the value of 6.05 µB, very

close to the theoretical value (5.91 µB) obtained from
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Figure 3. (a) Temperature dependence of the magnetic and recipro-
cal susceptibilities measured at 1 kOe. The inset shows low tem-
perature details of the ZFC and FC modes of χm. (b) Temperature
dependence of the magnetic and reciprocal susceptibilities mea-
sured at 1 kOe after the subtraction of the component due to the
presence of 1.5% by mass of Mn3O4. Inset are the corrected ZFC
and FC modes and the corrected thermal evolution of the product
χmT.

µeff = g√
–––––––
S(S + 1), considering high spin S = 5/2 manganese

cations with no orbital contribution.
The inset (a) in Figure 3 shows details of the low-tem-

perature molar magnetic susceptibility (χm) measured in
ZFC and FC modes. Two distinct features, at approximately
40 and 20 K, can be observed in both modes. The most
important characteristic of this low temperature behavior is
that the maximum at ca. 40 K appears at the same tempera-
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ture as that observed in all A2MnWO6 (A = Ca, Ba, Sr)
phases studied by Azad et al.,[10] while the low temperature
maximum appears at a different temperature in each sam-
ple. Similar characteristics have also been observed in
phases of the Sr2–xLaxMnWO6 series.[11] It is worth noting
that these features observed in some antiferromagnetic
manganese-containing double perovskites are very similar
to those reported for the ferrimagnetic Mn3O4, with a Tc of
42 K.[20]

Field-dependent DC and AC susceptibility measure-
ments, on both Sr2MnTeO6 and commercially available
Mn3O4 (CAS number: 1317-35-7) showed very similar be-
havior, with the appearance of significant features around
40 K, the only difference being the appearance of a weak
maximum in the DC susceptibility and in the real (χ�) com-
ponent of the AC susceptibility in the case of Sr2MnTeO6.
These characteristics confirm that the maxima around 40 K
correspond to Mn3O4 rather than originating from the mag-
netic behavior of Sr2MnTeO6. These observed DC suscep-
tibility curves are similar to those reported for the similar
double perovskite oxide Ba2MnWO6, in which the ferro-
magnetism observed below 40 K was attributed to a disor-
dered canted antiferromagnetic state composed of various
domains.[10c] Further details of the susceptibility study are
available as supporting information to this article.

It is worth noting that the presence of undetected Mn3O4

has led to misinterpretation of the magnetic properties of
many manganese-containing compounds. One of the first
examples is the oxide MnO, which was considered to behave
as a spin glass around 40 K, but the AC susceptibility re-
vealed that the maximum observed in the DC susceptibility
measurements at this temperature actually originated from
an undetected fraction of Mn3O4.[21] Recently, Goff et al.[22]

demonstrated that quantities as low as 1% of this oxide
can completely mask the magnetic behavior of the majority
phase. The magnetic behavior published for A2MnWO6

may be a further example of this type of undetected con-
tamination with Mn3O4.[10] The DC susceptibility data for
Sr2MnTeO6, corrected for an estimated 1.5% by mass of
Mn3O4 are shown in Figure 3 (b). It is therefore clear that
great care must be taken when analyzing the magnetic prop-
erties of manganese-containing compounds as manganese
oxides exist with strong ferro/ferri-magnetic behavior that,
well below the detection limit of other techniques, can com-
pletely dominate the magnetic properties of phases under
investigation.

Specific Heat Measurements

Figure 4 shows the observed total specific heat (CP), the
calculated contribution of lattice phonons to the specific
heat, CP(pho), and the resulting magnetic specific heat,
CP(mag). The total specific heat exhibits a three-dimensional
(λ-type) magnetic ordering peak at 20 K, in agreement with
the previous magnetic and neutron diffraction data. The
contribution of the lattice vibrations to the specific heat ca-
pacity was calculated by fitting the experimental high tem-
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perature data (above the λ anomaly) using a modified De-
bye model considering the existence of two phonon spectra.
For a formula unit containing N atoms, n1 was assigned a
Debye temperature θ1 and n2, constrained such that n2 =
N – n1, a Debye temperature θ2, yielding three independent
variables to be refined, namely θ1, θ2, and n1. Refined values
indicate that, of the 10 atoms in the formula unit, 3.5 (n1)
have a Debye temperature of 217 K and 6.5 (n2 = N – n1)
have a Debye temperature of 616.5 K. This result not only
produces an excellent fit to the experimental data up to
300 K, but is also in good agreement with the chemical for-
mula contents of 4 heavy atoms and 6 light atoms, the latter
with a much higher Debye temperature. The magnetic spe-
cific heat, CP(mag), shown in Figure 4, being the result of
subtracting the phonon component from the total specific
heat (CP).

Figure 4. (a) Specific heat vs. temperature of Sr2MnTeO6 from 1.8
to 45 K showing total specific heat, Cp, the calculated phonon con-
tribution, Cppho, and the resultant magnetic contribution, Cpmag.
(b) Comparison between the specific heat data measured at 0T and
under an applied magnetic field of 9T. The inset shows the calcu-
lated magnetic entropy, Smag.

The effect of a 9T magnetic field on the three-dimen-
sional λ peak in the heat capacity is shown in Figure 4 (b).
In a pure antiferromagnetic sample, a small displacement
of the peak to lower temperatures with increasing magnetic
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field would be expected. It can be seen, however, that the
peak is slightly displaced to higher temperature with the
applied field, indicating a small ferromagnetic component.
This ferromagnetic component may originate from a small
canting in the antiferromagnetic structure as the small mag-
nitude of the displacement is typical of highly anisotropic
antiferromagnets. The thermal evolution of the magnetic
entropy, Smag, released in the ordering process for this phase
is shown in the inset (b) of Figure 4. The total magnetic

entropy, calculated from the Smag(T) = �
T

0
Cmag(T)/T·dT ex-

pression, was found to be �8 J/mol·K above 20 K. This
value is �60% of the theoretical value, R·ln(2S + 1) =
14.9 J/mol·K, expected for the S = 5/2 state of the Mn2+

cation at low temperatures. This low value could be related
to systematic errors in the subtraction of the lattice compo-
nent around the observed maximum in the specific heat
data or, as has been previously suggested, this deviation
could indicate that some of the spins of the Mn2+ ions are
not correlated to the rest.[23] The latter explanation would,
however, also imply a similar deviation of the low tempera-
ture magnetic moment of the Mn2+ spins, an effect not ob-
served in Sr2MnTeO6.

Magnetic Structure

The 4 K neutron diffraction data show the presence of
several additional peaks which arise from long-range mag-
netic order in the sample (see Figure 1, b). These reflections
were not coincident with those of the nuclear structure indi-
cating that this magnetic order is of antiferromagnetic na-
ture. These peaks were indexed considering a magnetic cell
with the same dimensions as that of the crystal cell (with
parameters √

–
2ap × √

–
2ap × 2ap, where ap is the primitive

cubic perovskite parameter) in the P1 space group (refined
neutron data are shown in Figure 1, b). The first two sharp
magnetic peaks are, consequently, the unique (001) reflec-
tion and the unresolved doublet composed of the (010) and
(100) reflections. The type I antiferromagnetic structure is
the only collinear arrangement of magnetic ions compatible
with these observed maxima. The strong (001) peak indi-
cates that an important component of the magnetic mo-
ment is in the ab plane. The orientation of the magnetic
moments in this plane could not be determined, because of
the overlap of the (010) and (100) reflections. No significant
component was observed in the c-direction. In the final
model, magnetic moments of magnitude M, were fixed
along a and –a in alternating planes in the c-direction. The
refined structure at 4 K, showing the orientation of mag-
netic moments, is shown in Figure 5. In this magnetic struc-
ture each manganese cation is antiferromagnetically cou-
pled by 90° superexchange interactions via diamagnetic –
O–Te6+–O– bridges to 8 out of 12 nearest-neighbors, NN,
at an approximate distance of 5.6 Å. The six next nearest-
neighbors, NNN, (at ca. 8.0 Å) are all ferromagnetically
aligned via 180° –O–Te6+–O– linkages.
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Figure 5. Type I antiferromagnetic structure of Sr2MnTeO6. Ligh-
ter spheres represent Mn and darker spheres Te. Sr atoms are omit-
ted for clarity.

Figure 6 shows the temperature-dependent D1B diffrac-
tion data. The thermal evolution of the refined magnetic
moment (Mx) is represented in Figure 7. It can be observed
that the three-dimensional magnetic order begins at 20 K.
The Mn2+ moment rapidly increases below 20 K, reaching
saturation at approximately 10 K. The obtained value of
Mx = 4.55(5) µB is close to the theoretical value of 5 µB for
high spin S = 5/2 manganese at low temperature.

Figure 6. Temperature-dependent D1B neutron diffraction data
from 2 to 60 K. Magnetic peaks are marked by arrows.

The temperature dependence of the refined lattice pa-
rameters and volume are shown in Figure 8. The thermal
evolution of the lattice parameters is of particular interest.
The a parameter exhibits almost no variation whereas the
b and c parameters show different behaviors with tempera-
ture. Below 20 K, where three-dimensional magnetic order
is observed, the parameters show no systematic change. At
20 K, a marked discontinuity is observed in both param-
eters with c increasing and b decreasing. Above 20 K, the b
and c parameters are again virtually independent of tem-
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Figure 7. Temperature dependence of the magnitude of the mag-
netic moment refined from D1B neutron diffraction data from 2 to
60 K, with the Néel temperature, TN = 22 K, marked.

perature. The thermal evolution of the unit cell volume
shows no change below 20 K and a small increase at higher
temperatures.

Figure 8. Temperature dependence of the reduced lattice param-
eters and cell volume refined from D1B neutron diffraction data
from 2 to 60 K. Reduced lattice parameters were calculated as fol-
lows: am = a/√–

2, bm = b/√–
2; cm = c/2.

The observed behavior could be associated to “spontane-
ous magnetostriction” resulting from a magnetically or-
dered state, in contrast to the “common magnetostriction”
effect that results from the application of a magnetic
field.[24] In Sr2MnTeO6, this effect can be viewed as the re-
sult of the nature of the magnetic order (see Figure 9),
where moments perpendicular to the [001] direction attract
one another, leading to a reduction of the c parameter with
the increase in b parameter being the result of the repulsion
between ferromagnetically aligned moments in the ab plane.
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Similar, but more pronounced, spontaneous magnetostric-
tion effects have also been recently observed in the ferro-
magnetic oxides SrRu1–xO3.[25a] Field-induced magneto-
striction is common in other ferromagnetic perovskites,
such as manganites and double perovskites,[25b–25c] but the
observation of this spontaneous effect in this type of anti-
ferromagnet is rare.

Figure 9. Origin of the spontaneous magnetostriction effect ob-
served in Sr2MnTeO6. Dark spheres represent Te and light ones
with arrows represent Mn with their magnetic moments. Also de-
picted are arrows indicating the compressions and elongations of
the unit cell dimensions as a consequence of the magnetic ordering.
Sr and O atoms are omitted for clarity.

Conclusions

The ordered double perovskite Sr2MnTeO6 crystallizes at
room temperature in space group P121/n1 and maintains its
symmetry on cooling down to 4 K. Electron paramagnetic
resonance spectroscopy shows the presence of a sharp reso-
nance centred at a g value of 1.998(2), indicating that man-
ganese ions are in the +2 oxidation state. As the tempera-
ture is lowered and magnetic exchange interactions between
Mn2+ become stronger, the area of the resonance increases
showing a maximum around 25 K. Below this temperature
a large broadening of the signal occurs indicating that the
sample is magnetically ordered.

Magnetic DC susceptibility follows the Curie–Weiss law
at high temperatures, and a Weiss constant of –136 K indi-
cates that the predominant interactions are of antiferromag-
netic nature. The observed effective magnetic moment
agrees well with a S = 5/2 cation with no orbital contri-
bution. The Néel temperature was estimated to be 20 K.
At this same temperature the specific heat shows a λ-type
anomaly typical of three-dimensionally ordered systems,
which is slightly repressed on application of a field of 9T.
Both effects are consistent with the observed anti-ferromag-
netic ordering within the sample. Low temperature neutron
diffraction indicates that the ordered antiferromagnetic
state is of type I, in which planes perpendicular to the (001)
direction contain S = 5/2 Mn2+ magnetic moments ferro-
magnetically coupled to one another within the plane via
diamagnetic –O–Te6+–O– bridges. These planes are coupled
antiferromagnetically because of the stronger 90° Mn–
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O···O–Mn linkages, producing the predominant antiferro-
magnetic inter-planar interactions. The observed magnetic
moment per manganese ion of 4.5 µB indicates that virtually
all the sample is magnetically ordered at this temperature.
Discontinuities observed around the ordering temperature
in the lattice parameters indicate that this phase also shows
a small spontaneous magnetostriction effect.

Experimental Section
Synthesis, room temperature structural refinement, and confirm-
ation of nominal stoichiometry of the ordered double perovskite
Sr2MnTeO6 have been reported previously.[12] Low temperature
neutron powder diffraction data were collected at 4, 30, and 60 K
on instrument D2B at the Institut Laue Langevin (I.L.L.), Greno-
ble, France. Neutrons of wavelength 1.595 Å were incident on 10 g
of Sr2MnTeO6, contained in an 8-mm diameter vanadium can held
in a liquid helium cryostat. Data were collected over the angular
range 0 � 2θ � 160°, then normalized for subsequent refinement
in GSAS.[26]

Temperature-dependent neutron powder diffraction data were col-
lected on instrument D1B at the I.L.L. Neutrons of wavelength
2.52 Å were incident on 10 g of Sr2MnTeO6, contained in an 8-mm
diameter vanadium can held in a liquid helium cryostat. Data were
collected every 2 K from 2 to 60 K over the angular range 10 � 2θ
� 90°. Evolution of lattice parameters and magnetic moment (Mx)
with temperature were obtained by sequential refinement in FullP-
rof[27] starting from the structural model refined with D2B data at
4 K.

X-band EPR spectra were recorded between 0 and 7 kOe from 300
to 5 K with a Bruker ESP 300 spectrometer. The temperature was
controlled by an Oxford Instruments (ITC4) regulator. The mag-
netic field was measured with a Bruker BNM 200 gaussmeter and
the frequency inside the cavity was determined using a Hewlett–
Packard 5352B microwave frequency counter.

DC magnetic susceptibility measurements were performed using a
Quantum Design MPMS-7 SQUID magnetometer whilst heating
from 5 to 300 K in an applied field of 1 and 5 kOe. In both cases,
data were collected after cooling either in the presence (field cool-
ing –FC curve) or absence (zero-field cooling- ZFC curve) of the
applied field. Magnetization as a function of applied field (H) was
measured using the same MPMS-7 SQUID magnetometer after
cooling the sample in zero field. Magnetization was also measured
as a function of temperature between 5 and 80 K.

AC magnetic susceptibility measurements were made with a stan-
dard QD PPMS system with an alternate excitation field (Hac) of
1 Oe at frequencies between 102 and 104 Hz. Data were recorded
from 4 to 60 K as a function of both frequency and applied DC
magnetic field.

Heat capacity measurements were carried out by a relaxation
method using the same PPMS system. The sample was a plate of
0.3 mm thickness and 7 mg weight obtained by compressing the
original powder. Data were collected with zero field (0T) and under
an applied field of 9T from 1.8 to 300 K.

Supporting Information (for details see the footnote on the first
page of this article): Further magnetic data are available as Sup-
porting Information, due to the magnetic characterisation of
Sr2MnTeO6 having been complicated by the presence of the ferro-
magnetic oxide, Mn3O4. Field-cooled and zero-field cooled DC
susceptibilities at various applied fields and field- and frequency-
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dependent AC susceptibilities are presented for both the as-pre-
pared Sr2MnTeO6 and commercially available Mn3O4. Also in-
cluded is the field-dependence of the magnetization for
Sr2MnTeO6.
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Ph2P-o-tolyl) and {Ru(Cp*)[Ph2PCH2C(tBu)=O](MeCN)}[PF6] Complexes,
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The synthesis of the new complexes [Ru(Cp*)(L)(MeCN)2]-
[PF6] (L = Ph2POMe or Ph2P-o-tolyl) and {Ru(Cp*)-
[Ph2PCH2C(tBu)=O](MeCN)}[PF6] (2a–c) is achieved starting
from [Ru(Cp*)(MeCN)3][PF6]. The acetonitrile ligands in
complexes 2a–c are labile, as emphasised by the easy forma-
tion of {Ru(Cp*)(CO)2[Ph2PCH2C(=O)tBu]}[PF6] (3). The
keto-phosphane is used as a tool to convert 3 into {Ru(Cp*)-
(CO)[Ph2PCH2C(tBu)=O]}[PF6] (5). Complex 5 reacts with
1,1-diphenyl-2-propyn-1-ol in methanol as solvent to
afford the vinyl-carbene complex {Ru(Cp*)(CO)[=C(OMe)-
CH=CPh2][Ph2PCH2C(=O)tBu]}[PF6]. The new η3-allyl ruthe-
nium(IV) derivatives [Ru(Cp*)Cl(Ph2POMe)(CH2CMeCH2)]-

Introduction
Recently, the labile ruthenium() complex

[Ru(Cp*)(MeCN)3][PF6] (1) (Cp* = pentamethylcyclopen-
tadienyl) was disclosed as an efficient catalyst precursor for
the allylation of phenols with cinnamyl derivatives accord-
ing to stereospecific and regioselective processes.[1,2]

Furthermore, enantioselective synthesis was also achieved
in the additional presence of a chiral bis-oxazoline ligand.[3]

Enantioselective allylic amination and alkylation involving
related catalysts based on tethered Cp� rings resulting in
planar chirality at the ruthenium centre have also been re-
ported.[4] From a mechanistic point of view, these catalytic
reactions occur through transient formation of electrophilic
η3-allyl ruthenium() species.[5] Indeed, complexes
[Ru(Cp*)X(MeCN)(η3-RCHCHCH2)][PF6] resulted from
the oxidative addition of allylic halides to 1, but have been
disclosed to be a mixture of stereoisomers in solution, as
enantiomeric pairs (see Scheme 1).[2] The recently reported
tethered complexes [Ru(Cp�-PR2)Cl(η3-CH2CRCH2)][PF6]
involved a symmetrical η3-allyl ligand precluding analogous
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[PF6] and [Ru(Cp*)Cl(Ph2POMe)(RCHCHCH2)][PF6] (R =
Me; nPr, 8d; or Ph, 8e) are obtained by reacting 2a with the
appropriate allylic halide. The X-ray crystal structure deter-
mination of the compounds 8d and 8e disclosed an endo-
trans-RCHCHCH2 η3-allyl ligand. The formation of branched
allyl aryl ethers is regioselectively favoured when complexes
2a–c are involved as catalyst precursors for the etherification
of cinnamyl chloride, chlorohexene and 3-chloro-4-phen-
ylbut-1-ene with phenol, p-methoxyphenol, cresols and (o or
p)-chlorophenols, in the presence of K2CO3.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

stereoisomerism arising from the presence of four distinct
coordinating centres besides the cyclopentadienyl ligand.[6]

Scheme 1. Stereoisomerism and isomerism from unsymmetrical η3-
CH2CHCHR allyl ligand.

Therefore, no information was available concerning the
relationship between the regioselectivity of the catalytic nu-
cleophilic substitution and the stereoselective formation of
the putative η3-allyl ruthenium() intermediate. Moreover,
using such ruthenium catalysts, the regioselective formation
of branched products by nucleophilic attack at an unsym-
metrical η3-RCHCHCH2 allyl ligand, as depicted in
Scheme 1, largely remained a challenge when R was an
alkyl group instead of an aryl one arising from cinnamyl
substrates. On the other hand, while the reactivity of
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[Ru(Cp)(PR3)(MeCN)2][PF6] complexes towards alkynes
continued to stimulate studies,[7] little was known concern-
ing their reactivity towards allylic organic substrates, al-
though [Ru(Cp)Br(PR3)(η3-CH2CHCH2)][PF6] complexes
have been synthesised.[8]

We wish to report herein (i) the reaction between
[Ru(Cp*)(MeCN)3][PF6] and methyl diphenylphosphinite,
o-tolyldiphenylphosphane or a hemilabile β-keto-phos-
phane, which provides an efficient tool for the building of
new organometallic derivatives, (ii) the synthesis of
[Ru(Cp*)X(Ph2POMe)(RCHCHCH2)][PF6] η3-allyl ruthe-
nium() complexes bearing an unsymmetrical monosubsti-
tuted allyl ligand and (iii) the involvement of these com-
plexes as catalyst precursors for regioselective allylic etheri-
fication.

Results and Discussion

Synthesis of Complexes

With a procedure very similar to the reported synthesis
of [Ru(Cp*)(PEt3)(MeCN)2][PF6],[9] the reaction of
[Ru(Cp*)(MeCN)3][PF6] (1) with one equiv. of methyl di-
phenylphosphinite or of the bulkier o-tolyldiphenylphos-
phane selectively resulted in the substitution of one aceto-
nitrile ligand to afford the expected complexes
[Ru(Cp*)(L)(MeCN)2][PF6] (L = Ph2POMe, 2a and L =
Ph2P-o-tolyl, 2b), in 78% and 99% yield, respectively
(Scheme 2).

Scheme 2. Synthesis of the new complexes 2a–c.

Distinctly, the reaction between 1 and the β-keto-phos-
phane Ph2PCH2C(=O)tBu showed the substitution of two
acetonitrile ligands to afford 2c wherein the functional
phosphane acted as a chelate, in 95% yield (Scheme 2). The
new complexes 2a–c were characterised by 1H, 13C{1H},
13C DEPT and 31P{1H} NMR, IR spectroscopy and ele-
mental analysis. The 1H and 31P{1H} NMR spectra of 2a–
c unambiguously indicated the presence of coordinated ace-
tonitrile and one phosphorus ligand besides the Cp* one.
Additionally, IR spectroscopy provided evidence for the co-
ordination of the keto function in 2c (ν̃ = 1611 cm–1) as
previously specified in the case of CpRu complexes.[10]

Attempts of recrystallisation of 2b,c invariably led to oils
that transform to yellow solids under prolonged vacuum.
By contrast, orange crystals of 2a suitable for X-ray crystal

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1371–13801372

structure determination easily formed according to dif-
fusion of diethyl ether into a concentrated dichloromethane
solution. An ORTEP drawing of 2a is shown in Figure 1
and selected bond lengths and angles are given in the cap-
tion.

Figure 1. ORTEP drawing of 2a showing 50% probability thermal
ellipsoids. The PF6 anion is omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ru1–N1 2.076(2), Ru1–N2 2.067(2),
Ru1–P1 2.2894(6); N1–Ru1–N2 87.74(8), N1–Ru1–P1 94.55(6),
N2–Ru1–P1 90.77(6).

The cation of 2a showed the expected piano-stool geome-
try. The N–Ru–N and N–Ru–P angles are close to 90° and
the structure of 2a thus consisted of a pseudo-octahedron
with the Cp* ligand occupying three facial coordination
sites.

Complex 2c retained two labile coordinating atoms, as
indicated by its reaction with carbon monoxide, which oc-
curred under mild conditions (1 atm, ambient temperature)
to straightforwardly afford the dicarbonyl complex 3
(Scheme 3).

The formal selective substitution of the acetonitrile li-
gand in 2c by carbon monoxide was indirectly achieved by
reacting 3 with Me3NO·2H2O to form the enolato-phos-
phane derivative 4 (Scheme 3). The reaction consisted of
the oxidation of one carbon monoxide ligand into carbon
dioxide, thus also generating NMe3, which subsequently de-
protonated the keto-phosphane. The neutral complex 4 was
then easily reprotonated with HPF6 as its aqueous solution
or with HBF4 as its Me2O adduct, to obtain 5 and 5�,
respectively, in yields up to 81%. The protonation of 4 was
also achieved with hydrochloric acid, but the additional co-
ordination of the chloride anion resulted in the neutral
chloro complex 6 (Scheme 3). These reactions emphasised
the usefulness of hemilabile keto-phosphanes as a tool for
the building of coordination compounds. Furthermore, the
coordinated keto-function in 5 is labile enough to allow the
coordination of alkynols such as 1,1-diphenyl-2-propyn-1-
ol. Using methanol as solvent, the reaction led at room tem-
perature to a red precipitate of the vinyl-carbene derivative
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Scheme 3. Reactivity of complex 2c: (i) CO, 1 atm; (ii)
Me3NO·2H2O; (iii) HPF6 or HBF4; (iv) HCl; (v) Ph2C(OH)
C�CH, MeOH.

7 (Scheme 3). The reaction might be conceived as an ad-
dition of methanol to a transient allenylidene species as pre-
viously investigated for [Ru(Cp)(CO)(acetone)(PiPr3)]-
[BF4].[11] Complexes 3–7 were characterised from a combi-
nation of 1H, 13C{1H}, 13C DEPT and 31P{1H} NMR, IR
spectroscopy and elemental analysis. Owing to the chiral
ruthenium centre, the two PCH2 protons of the keto-phos-
phane were found to be diastereotopic in complexes 2c, 5,
5�, 6 and 7. Characteristic of the vinyl-carbene ligand in 7
is the observation by 13C{1H} NMR spectroscopy of a very
low field resonance at δ = 303.7 ppm (d, 2JPC = 2.5 Hz)
corresponding to the Ru=C carbon nucleus.[11] Some steric
congestion in 7 is likely responsible for the broadness of
both the 31P{1H} NMR resonance at δ = 38.8 ppm and the
1H NMR resonance assigned to the OMe protons at δ =
4.05 ppm. IR spectroscopic data accounted for the presence
of carbon monoxide as a ligand and for the coordination
mode of the functional phosphane (ν̃ � 1700 cm–1, uncoor-
dinated C=O, in 3, 6 and 7; ν̃ � 1600 cm–1, coordinated
C=O, in 5 and 5�; ν̃ = 1500 cm–1, C=CO, in 4).[10]

Complexes 2a–c were observed to react with allylic ha-
lides but crystallisable products were obtained only starting
from 2a. Using dichloromethane as solvent, the η3-allyl ru-
thenium() derivatives 8a–e resulted from the reaction at
room temperature between 2a and 3-chloro-2-methylpro-
pene, crotyl chloride or bromide, chlorohexene as a mixture
of isomeric nPrCH=CHCH2Cl and nPrCH(Cl)CH=CH2,
and cinnamyl chloride (Scheme 4). Complexes 8a–e were
isolated in high yield (62–85%) as yellow to red crystals
that were observed to be stable in air. Of interest, the forma-
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tion of complexes 8 was observed to be sluggish in acetoni-
trile as solvent. Thus, the addition of cinnamyl chloride (an
excess) to a solution of 2a in acetonitrile showed only about
10% of 2a to be converted into 8e after standing for two
days at room temperature, as monitored by 1H and 31P{1H}
NMR spectroscopy. Indicating an irreversible formation,
solutions of 8e in acetonitrile were observed to be stable
and unchanged after 8 days. Such an observation of a for-
mation hindered by the presence of acetonitrile as coordi-
nating solvent suggests a dissociative mechanism. The coor-
dination of the olefinic bond of the allylic halide at a tran-
sient 16e-intermediate resulting from the loss of an acetoni-
trile ligand by 2a would be a preliminary step allowing sub-
sequent intramolecular oxidative addition.

Scheme 4. Synthesis of the new η3-allyl ruthenium() complexes,
8a–e.

Complexes 8a–e were characterised by NMR spectro-
scopic techniques including 1H{31P} for 8c,d, and elemental
analysis. Of main interest, CD2Cl2 solutions of 8a–e dis-
closed single species by 1H, 13C{1H} and 31P{1H} NMR
spectroscopy. The characterisation of complexes 8a–e was
finally completed by an X-ray crystal structure determi-
nation of 8d and 8e. ORTEP drawings of cations of 8d and
8e are shown on Figure 2 and Figure 3, respectively. Se-
lected bond lengths and angles are given in the captions of
the figures.

Cations of 8d and 8e displayed a square-pyramidal struc-
ture with a chlorine, a phosphorus and the terminal carbon
atoms of an endo-η3-allyl ligand, at basal positions. Likely
resulting from an increased steric demand, the Ru–P bond
length in 8d or 8e [Ru1–P1 = 2.368(1) and 2.360(1) Å,
respectively] is longer than in 2a [Ru1–P1 = 2.2894(6) Å].
Moreover, the phosphorus atom in 8d and 8e is located in
a trans position relative to the substituted allylic carbon and
such an arrangement would minimise steric constraints be-
tween the allyl and the phosphorus ligands. The Ru–Cl
bond lengths [2.406(1) Å in 8d, 2.396(1) Å in 8e] revealed
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Figure 2. ORTEP drawing of 8d showing 50% probability thermal
ellipsoids. The PF6 anion is omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ru1–C11 2.191(4), Ru1–C12 2.198(4),
Ru1–C13 2.339(4), Ru1–P1 2.368(1), C11–C12 1.406(6), C12–C13
1.395(6), C13–C14 1.497(6), Ru1–P1 2.368(1); C11–C12–C13
119.1(4), C12–C13–C14 123.7(4).

Figure 3. ORTEP drawing of 8e showing 50% probability thermal
ellipsoids. The PF6 anion is omitted for clarity. Selected bond
lengths [Å] and angles [°]: Ru1–C11 2.182(5), Ru1–C12 2.210(4),
Ru1–C13 2.452(4), C11–C12 1.398(6), C12–C13 1.396(6), C13–C14
1.457(6), Ru1–P1 2.360(1); C11–C12–C13 119.5(4), C12–C13–C14
125.7(4).

no special feature and are very close to the values pre-
viously reported in the case of the related complexes
[Ru(Cp*)Cl(MeCN)(η3-PhCHCHCH2)][PF6] and [Ru(Cp*)
Cl2(η3-PhCHCHCH2)] [2.3998(7) and 2.398(3) Å, respec-
tively].[5,13]

The only difference between 8d and 8e was an alkyl n-
propyl group instead of a phenyl group, respectively, as the
substituent linked to one terminal carbon of the η3-allyl
ligand. The Ru–C bond lengths involving the unsubstituted
terminal allylic C11 carbon atom [2.191(4) Å in 8d and
2.182(5) Å in 8e] and the medium C12 carbon atom
[2.198(4) Å in 8d and 2.210(4) Å in 8e] were close. The Ru–

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1371–13801374

C13 bond length involving the substituted terminal carbon
of the η3-allyl ligand was significantly longer, especially in
the case of 8e [2.452(4) vs. 2.339(4) Å in 8d]. These observa-
tions are in agreement with those arising from the study of
the complexes [Ru(Cp*)(phenanthroline)(η3-cinnamyl)]-
[PF6]2,[12] [Ru(Cp*)Br(MeCN)(η3-crotyl)][PF6][2] and
[Ru(Cp*)Cl(MeCN)(η3-cinnamyl)][PF6].[13]

A minor contribution from a formal η2-olefinic
CH2=CH–C(+)HR coordination of the allyl ligand might
intuitively account for both observation of a longer Ru–
CHR bond and enhanced electrophilic reactivity at the sub-
stituted allylic carbon.[2,12,13] The comparison between the
Ru–CHR bond lengths in 8d and 8e [2.339(4) and
2.452(4) Å, respectively] obviously suggested a reduced con-
tribution from the formal η2-olefinic coordination of the
allyl ligand in 8d. Therefore, high regioselectivities in favour
of branched products might be expected to be more difficult
to reach when starting from unsymmetrical alkyl-allylic
substrates compared to cinnamyl derivatives.[2] However,
the location of a bulky phosphane ligand close to the un-
substituted terminal allylic carbon atom, as displayed in 8d
and 8e, might distinctly contribute to favour nucleophilic
addition at the substituted one. To test these assumptions,
the study of the potential of complexes 2a–c as catalyst pre-
cursors for ruthenium-catalysed allylic substitution reac-
tions was undertaken.

Allylation Reactions Catalysed by Complexes 2a–c

The characterisation of an η3-allyl ruthenium() com-
plex arising from an oxidative addition reaction between
[Ru(Cp*)(MeCN)3][PF6] and tert-butyl cinnamyl carbonate
recently provided further evidence for the key role of η3-
allyl ruthenium() catalytic intermediates in ruthenium-ca-
talysed nucleophilic allylic substitution reactions.[14] The ac-
tivity of complexes 2a–c as catalyst precursors for the al-
lylation of dimethyl sodiomalonate with methyl cinnamyl
carbonate was investigated. Thus, the addition of dimethyl
sodiomalonate (1.2 equiv.) to a solution of methyl cinnamyl
carbonate (0.5 mmol) in THF (3.0 mL) in the presence of
2a–c (1.5 mol-%) at ambient temperature led to the mono-
substituted dimethyl malonate 9 as a mixture of branched
(B) and linear (L) isomers [Equation (1)], and disclosed a
favoured formation of the branched isomer (Table 1).

(1)

The results given in Table 1 clearly indicate that the three
catalyst precursors 2a–c provided complete conversion after
16 h of reaction. The regioselectivities in favour of the
branched isomer of 9, B/L ranging between 86:14 with 2c
and 92:8 with 2a, were fairly good in comparison with those
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Table 1. Comparison of complexes 2a–c as catalyst precursors for
the allylation of dimethyl sodiomalonate with methyl cinnamyl car-
bonate.[a]

Entry Catalyst Conversion[b][c] B/L ratio

1 2a 100 92:8
2 2b 100 90:10
3 2c 100 86:14

[a] Conditions: 0.6 mmol of dimethyl sodiomalonate, 0.5 mmol of
methyl cinnamyl carbonate, 0.0075 mmol of 2a in 3 mL of THF,
room temperature, 16 h. [b] Relative to methyl cinnamyl carbonate
(%). [c] As determined by 1H NMR spectroscopy.

observed using 1 as the catalyst precursor.[1] However, com-
plexes 2a–c, as well as 1,[2] were unable to catalyse this al-
lylic alkylation without prior deprotonation of dimethyl
malonate as achieved with [RuCp*(bipy)(CH3CN)][PF6]
precursors.[12]

The reaction of phenol with cinnamyl chloride in the
presence of 2a and potassium carbonate in dichlorometh-
ane as solvent was investigated also [Equation (2)]. The re-
sults are given in Table 2. Under experimental conditions
analogous to those used with 1 as catalyst,[2] the reaction
led to the formation of the allyl phenyl ether 10a in a 85:15
branched to linear ratio (entry 1).

(2)

Table 2. Allylation of phenols ArOH with PhCH=CHCH2Cl in the
presence of 2a.[a]

Entry Ar Conversion[b][c] Products B/L ratio

1 Ph 100 10a 85:15
2[d] Ph 0
3[e] Ph 0
4 p-MeOC6H4 76 10b 92:8
5 o-tolyl 43 10c 88:12
6 m-tolyl 75 10d 73:27
7 p-tolyl 61 10e 88:12
8 o-ClC6H4 52 10f 86:14
9 p-ClC6H4 100 10g 50:50

[a] Conditions: 1.2 mmol of ArOH, 1.2 mmol of K2CO3, 1.0 mmol
of cinnamyl chloride, 0.015 mmol of 2a in 6 mL of CH2Cl2, room
temperature, 16 h. [b] Relative to cinnamyl chloride (%). [c] As de-
termined by 1H NMR spectroscopy. [d] THF as solvent. [e] Aceto-
nitrile as solvent.

The regioselectivity was still fairly good although lower
than that obtained with complex 1.[2] Moreover, attempts
to use THF or acetonitrile as solvent disclosed a lack of
reactivity (entries 2, 3), whereas acetonitrile provided the
best results in the case of catalyst 1.[2] These observations
suggested that the entrance of a phosphane ligand in com-
plexes 2 would result in the strongest coordination of aceto-
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nitrile or THF, thus hindering the preliminary η2-olefinic
coordination of cinnamyl chloride as required for catalytic
activity. The catalytic process proceeded smoothly for the
allylation of various phenols in dichloromethane as solvent.
Good regioselectivities were obtained starting from p-meth-
oxyphenol (entry 4) and cresols (entries 5–7) as substituted
phenols. Chlorophenols were also involved in the catalytic
process (entries 8, 9) but only o-chlorophenol provided
good regioselectivity.

Allyl aryl ethers arising from cinnamyl derivatives, valu-
able intermediates in organic chemistry, have drawn the
main interest,[15] but another challenge is the development
of efficient access to branched allyl aryl ethers starting from
aliphatic allylic halides (vs. cinnamyl chloride-type sub-
strates). The allylation of phenols with selected aliphatic or
unconjugated allylic halides in the presence of 2a–c as cata-
lyst precursors was then investigated. Chlorohexene, synthe-
sised as a 4:1 mixture of linear nPrCH=CHCH2Cl and
branched nPrCH(Cl)CH=CH2 isomers starting from trans-
2-hexen-1-ol and PCl3,[16] reacted with various phenols to
afford the allyl aryl ethers 11a–g, as mixtures of branched
nPrCH(OAr)CH=CH2 and linear nPrCH=CHCH2OAr iso-
mers [Equation (3)]. The results are given in Table 3.

(3)

Table 3. Allylation of phenols ArOH with chlorohexene in the pres-
ence of 2a–c.[a]

Entry Cata- Ar Conver- Prod- B/L ra-
lyst sion[b][c] ucts tio

1 2a Ph 100 11a 75:25
2[d] 2a Ph 100 11a 75:25
3[e] 2a Ph 100 11a 57:43
4 2b Ph 94 11a 77:23
5 2c Ph 100 11a 70:30
6 2a p-Me- 100 11b 61:39

OC6H4

7 2a o-tolyl 74 11c 81:19
8 2a m-tolyl 62 11d 75:25
9 2a p-tolyl 88 11e 75:25
10 2a o-ClC6H4 62 11f 84:16
11 2a p-ClC6H4 99 11g 49:51

[a] Conditions: 1.2 mmol of ArOH, 1.5 mmol of K2CO3, 1.0 mmol
of chlorohexene, 0.015 mmol of 2a–c in 6 mL of THF, room tem-
perature, 16 h. [b] Relative to chlorohexene (%). [c] As determined
by 1H NMR spectroscopy. [d] Dichloromethane as solvent. [e] Ace-
tonitrile as solvent.

In a typical run, the addition of phenol (1.2 equiv.) to
chlorohexene (1.0 mmol) and K2CO3 (1.5 equiv.) in THF
(6.0 mL) in the presence of 2a (1.5 mol-%) for 16 h at ambi-
ent temperature resulted in the complete consumption of
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chlorohexene and led to the formation of the allyl phenyl
ether 11a in a 75:25 B/L ratio (entry 1). Using complex 1
under similar catalytic conditions, chlorohexene was also
converted into 11a, but the regioselectivity was moderate,
as emphasised by a B/L ratio of 60:40 in acetonitrile and
70:30 in acetone as solvent.[2] In the presence of complexes
2a–c, the regioselectivity was slightly improved using THF
or dichloromethane as solvent (entries 1, 2). As observed
when starting from cinnamyl chloride, acetonitrile markedly
disfavoured regioselectivity (entry 3). The involvement of 2b
and 2c as catalysts (entries 4, 5) resulted in regioselectivities
located in the same range as from 2a. Complex 2a was se-
lected for the allylation of the substituted phenols. Using
THF as solvent, satisfactory conversion and regioselectivity
were reached with p-methoxyphenol and cresols (entries 6–
9). The involvement of p-chlorophenol led to a 1:1 mixture
of the branched and linear isomers of 11g (entry 11), while
o-chlorophenol was less reactive but provided a good B/L
= 84:16 regioselectivity (entry 10). The low selectivity ob-
served with p-chlorophenol might result from enhanced
competition of the noncatalysed process, which contributed
to the consumption of allylic halide but selectively led to
the linear ether.

Readily available from benzyl bromide and allyl chlo-
ride,[17] 3-chloro-4-phenylbut-1-ene, PhCH2CH(Cl)CH=
CH2, offered both the convenience of low volatility facilita-
ting experimental work and an opportunity to test a pure
branched allylic chloride under such catalytic conditions
[Equation (4)]. The results are given in Table 4.

(4)

Table 4. Allylation of phenols ArOH with PhCH2CH(Cl)CH=CH2

catalysed by 2a.[a]

Entry Ar Conver- Products B/L ratio
sion[b][c]

1 Ph 87 12a 92:8
2[d] Ph 60 12a 73: 7
3[e] Ph 34 12a 50:50
4 p-MeOC6H4 88 12b 96:4
5 o-tolyl 89 12c 92:8
6 m-tolyl 100 12d 96:4
7 p-tolyl 93 12e 91:9
8 o-ClC6H4 0
9 p-ClC6H4 0

[a] Conditions: 1.2 mmol of ArOH, 1.2 mmol of K2CO3, 1.0 mmol
of allylic chloride, 0.015 mmol of 2a–c in 6 mL of THF, room tem-
perature, 16 h. [b] Relative to allylic chloride (%). [c] As determined
by 1H NMR spectroscopy. [d] Dichloromethane as solvent. [e] Ace-
tonitrile as solvent.

Whereas the allylation of phenoxide anion in the pres-
ence of 3 mol-% of 1 afforded the ether 12a with a rather
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poor B/L = 1.5:1 regioselectivity,[2] significantly increased
regioselectivities up to B/L = 92:8 (entries 1, 2) were
reached when catalyst 2a was used. THF was an appropri-
ate solvent but much lower conversion and regioselectivity
were obtained in dichloromethane or acetonitrile (entries 1–
3). It is worth noting the lack of reactivity when (o- or p-)
chlorophenols were involved as the nucleophile (entries 8,
9), whereas good regioselectivities up to B/L = 96:4 were
reached when p-methoxyphenol or (o-, m- or p-)cresols were
involved as the nucleophile (entries 4–7).

Conclusions

The reaction of one equiv. of phosphorus ligand with
[Ru(Cp*)(MeCN)3][PF6] (1) allowed the selective substitu-
tion of one acetonitrile ligand, and the involvement of a
hemilabile β-keto-phosphane provided a tool to selectively
achieve the successive substitution of the three acetonitrile
ligands by one phosphane, one carbon monoxide and one
vinyl-carbene ligand. The products retaining acetonitrile as
a ligand reacted with allylic halides to afford η3-allyl ruthe-
nium() complexes and behave as catalyst precursors for
allylic etherification of phenols with allylic chlorides in the
presence of K2CO3, and alkylation of cinnamyl carbonate
with dimethyl sodiomalonate under mild conditions. Al-
though slightly less reactive than the unsubstituted parent
complex 1, the phosphane derivatives also favoured the for-
mation of branched products when an unsymmetrical mon-
osubstituted allylic substrate was involved, especially when
starting from alkyl-substituted allylic substrates such as
chlorohexene and 3-chloro-4-phenylbut-1-ene.

Experimental Section
General Comments: The reactions were performed under inert ar-
gon according to Schlenk-type techniques. THF, diethyl ether and
dichloromethane were distilled after drying according to conven-
tional methods, whereas HPLC grade acetonitrile was straightfor-
wardly used. NMR spectra were recorded at 297 K with AC 200
FT and AC 300 Bruker instruments and referenced internally to
the solvent peak. IR spectra were recorded as Nujol mulls with
Bruker IFS28. Elemental analyses were performed by the “Service
de Microanalyse du CNRS” Vernaison, France. Complex 1 was
synthesised according to the reported procedure.[2] Commercially
available allylic halides were used without further purification
whereas chlorohexene and 3-chloro-4-phenylbut-1-ene were pre-
pared according to procedures described in the literature.[16,17]

[Ru(Cp*)(Ph2POMe)(MeCN)2][PF6] (2a): Methyl diphenylphos-
phinite (2.0 mL, 9.98 mmol) was added to a cold solution (–80 °C)
of 1 (5.04 g, 10.0 mmol) in a mixture of dichloromethane (70 mL)
and acetonitrile (20 mL). After being stirred overnight at room
temperature, the mixture was evaporated under vacuum. The crude
product was dissolved in dichloromethane (80 mL) and the orange
solution was covered with diethyl ether (200 mL). The natural dif-
fusion of solvents resulted in the formation of orange crystals of
2a. Yield: 5.30 g, 78%. 1H NMR (200.13 MHz, CD2Cl2): δ = 1.57
(d, 4JPH = 2.0 Hz, 15 H, C5Me5), 2.27 (d, 5JPH = 1.3 Hz, 6 H,
MeCN), 3.45 (d, 3JPH = 12.4 Hz, 3 H, OMe), 7.48–7.57 (m, 10 H,
Ph) ppm. 13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 4.2 (s, MeCN),
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9.5 (s, C5Me5), 53.5 (d, 2J = 5.7 Hz, OMe), 89.0 (d, 2J = 2.2 Hz,
C5Me5), 126.4 (s, MeCN), 128.7 (d, 2J = 9.3 Hz, Ph, ortho), 130.8
(d, 4J = 2.4 Hz, Ph, para), 131.8 (d, 3J = 12.4 Hz, Ph, meta), 137.1
(d, 1J = 37.3 Hz, Ph, ipso) ppm. 31P{1H} NMR (81.01 MHz,
CD2Cl2): δ = 143.7 (s). C27H34F6N2OP2Ru (679.59): calcd. C 47.72,
H 5.04, N 4.12, P 9.12; found C 47.56, H 5.12, N 4.06, P 9.17.

[Ru(Cp*)(Ph2P-o-tolyl)(MeCN)2][PF6] (2b): Complex 2b was simi-
larly obtained by adding o-tolyldiphenylphosphane (1.68 g,
6.07 mmol) to a cold solution of 1 (3.06 g, 6.07 mmol) in a mixture
of dichloromethane (70 mL) and acetonitrile (20 mL). After being
stirred overnight at room temperature, the mixture was evaporated
under vacuum to leave an oil that slowly crystallised. Diethyl ether
(30 mL) was then added and the mixture was stirred to obtain a
yellow powder that was collected by filtration and dried under vac-
uum. Yield: 4.45 g, 99%. 1H NMR (200.13 MHz, CD2Cl2): δ =
1.42 (d, 4JPH = 1.6 Hz, 15 H, C5Me5), 2.11 (s, 3 H, Me), 2.20 (d,
5JPH = 1.5 Hz, 6 H, MeCN), 7.05–7.51 (m, 14 H, Ph) ppm.
13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 4.2 (s, MeCN), 9.2 (s,
C5Me5), 22.5 (d, 3J = 7.0 Hz, Me), 87.1 (d, 2J = 2.3 Hz, C5Me5),
126.4 (s, MeCN), 125.9–142.8 (m, C6 rings) ppm. 31P{1H} NMR
(81.01 MHz, CD2Cl2): δ = 46.2 (s) ppm. C33H38F6N2P2Ru (739.69):
calcd. C 53.59, H 5.18, N 3.79, P 8.37; found C 52.98, H 5.22, N
3.71, P 8.33.

{Ru(Cp*)[Ph2PCH2C(tBu)=O](MeCN)}[PF6] (2c): A solution of
Ph2PCH2C(=O)tBu (2.58 g, 9.07 mmol) in dichloromethane
(20 mL) was added to a cold solution (–80 °C) of 1 (4.58 g,
9.08 mmol) in a mixture of dichloromethane (60 mL) and acetoni-
trile (10 mL). After being stirred overnight at room temperature,
the mixture was evaporated under vacuum. Methanol (30 mL) and
diethyl ether (40 mL) were added to the residue and the mixture
was stirred while an orange precipitate formed. The mixture was
evaporated, then methanol (8 mL) and diethyl ether (60 mL) were
added. The resulting orange crystalline precipitate was collected by
filtration, then washed with diethyl ether and dried under vacuum.
Yield: 6.06 g, 95%. IR: ν̃ = 2269 cm–1, C�N; 1611 cm–1, C=O. 1H
NMR (300.13 MHz, CD2Cl2): δ = 1.26 (s, 9 H, tBu), 1.47 (d, 4JPH

= 1.8 Hz, 15 H, C5Me5), 2.09 (d, 5JPH = 1.5 Hz, 3 H, MeCN), 2.94
(dd, 2JHH = 18.6, 2JPH = 7.5 Hz, 1 H, PCH2, Ha), 4.24 (dd, 2JHH

= 18.6, 2JPH = 10.1 Hz, 1 H, PCH2, Hb), 6.85–7.65 (m, 10 H, Ph)
ppm. 13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 4.1 (s, MeCN), 9.9
(s, C5Me5), 27.0 (s, CMe3), 45.8 (d, 3J = 1.8 Hz, CMe3), 46.5 (d, 1J
= 21.5 Hz, PCH2), 85.7 (d, 2J = 2.2 Hz, C5Me5), 127.7 (s, MeCN),
129.2 (d, 2J = 10.3 Hz, Ph, ortho), 129.4 (d, 1J = 42.1 Hz, Ph, ipso),
129.6 (d, 2J = 10.2 Hz, Ph, ortho), 130.7 (d, 3J = 10.9 Hz, Ph, meta),
130.7 (d, 4J = 2.5 Hz, Ph, para), 132.1 (d, 4J = 1.3 Hz, Ph, para),
134.9 (d, 3J = 14.0 Hz, Ph, meta), 137.0 (d, 1J = 39.3 Hz, Ph, ipso),
228.9 (d, 2J = 7.1 Hz, C=O) ppm. 31P{1H} NMR (121.50 MHz,
CD2Cl2): δ = 62.1 (s) ppm. C30H39F6NOP2Ru (706.65): calcd. C
50.99, H 5.56, N 1.98, P 8.77; found C 50.37, H 5.64, N 1.89, P
8.79.

{Ru(Cp*)(CO)2[Ph2PCH2C(=O)tBu]}[PF6]·CH2Cl2 (3): A solution
of 2c (6.06 g, 8.58 mmol) in a mixture of methanol (40 mL) and
dichloromethane (40 mL) was stirred for 24 h under carbon mono-
xide and was then evaporated under vacuum. The residue was dis-
solved in dichloromethane (25 mL) and the solution was covered
with methanol (5 mL) then diethyl ether (250 mL), to afford pale
brown crystals. Yield: 6.03 g, 87%. Note that several recrystalli-
sations are needed to obtain almost colourless crystals. 1H NMR
spectroscopy and elemental analysis provided evidence for the re-
tention of one molecule of dichloromethane. However, a minor
crystalline form free of dichloromethane was also detected. IR: ν̃
= 2046, 2005 cm–1, C�O; 1701 cm–1, C=O. 1H NMR (300.13 MHz,
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CD2Cl2): δ = 0.97 (s, 9 H, tBu), 1.72 (d, 4JPH = 2.0 Hz, 15 H,
C5Me5), 3.83 (d, 2JPH = 9.6 Hz, 2 H, PCH2), 7.33–7.56 (m, 10 H,
Ph) ppm. 13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 9.8 (s, C5Me5),
26.2 (s, CMe3), 40.0 (d, 1J = 36.8 Hz, PCH2), 45.8 (d, 3J = 2.2 Hz,
CMe3), 103.6 (s, C5Me5), 130.0 (d, 1J = 50.2 Hz, Ph, ipso), 130.0
(d, 2J = 11.1 Hz, Ph, ortho), 132.5 (d, 3J = 11.6 Hz, Ph, meta),
132.6 (d, 4J = 3.0 Hz, Ph, para), 198.8 (d, 2J = 15.6 Hz, C�O),
209.7 (d, 2J = 4.0 Hz, C=O) ppm. 31P{1H} NMR (121.50 MHz,
CD2Cl2): δ = 32.5 (s) ppm. C30H36F6O3P2Ru·CH2Cl2 (806.56):
calcd. C 46.16, H 4.75, Cl 8.79, P 7.68; found C 46.47, H 4.68, Cl
7.35, P 7.67 (some presence of the minor form free of dichloro-
methane is likely responsible for the high carbon and low chlorine
values).

Ru(Cp*)(CO)[Ph2PCH=C(tBu)O] (4): A mixture consisting of 3
(6.25 g, 7.75 mmol), Me3NO·2H2O (1.00 g, 9.00 mmol) and meth-
anol (60 mL) was stirred overnight to afford a yellow slurry. Dissol-
ution of the precipitate was subsequently obtained upon heating
and completed by adding some dichloromethane (�10 mL). The
hot solution deposited yellow crystals of 4 upon cooling to –20 °C
after partial removal of solvents (20 mL) under a stream of argon.
Yield: 3.43 g, 81%. Note that further concentration of the solution
led to a mixture of additional 4 and of ammonium salt. However,
treatment of the mother liquor with an excess of NH4Cl allowed
conversion of residual 4 into 6, which may be subsequently sepa-
rated according to selective dissolution in diethyl ether. IR: ν̃ =
1933 cm–1, C�O; 1500 cm–1, C=CO. 1H NMR (300.13 MHz,
CD2Cl2): δ = 1.19 (s, 9 H, tBu), 1.53 (d, 4JPH = 1.5 Hz, 15 H,
C5Me5), 4.59 (d, 2JPH = 2.9 Hz, 1 H, PCH=), 7.13–7.66 (m, 10 H,
Ph) ppm. 13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 9.7 (s, C5Me5),
30.0 (s, CMe3), 38.5 (d, 3J = 12.2 Hz, CMe3), 74.5 (d, 1J = 59.8 Hz,
PCH), 95.3 (s, C5Me5), 128.2 (d, 2J = 10.3 Hz, Ph, ortho), 128.4 (d,
2J = 11.0 Hz, Ph, ortho), 128.9 (d, 4J = 2.4 Hz, Ph, para), 129.8 (s,
para), 131.7 (d, 3J = 9.8 Hz, Ph, meta), 133.3 (d, 3J = 11.0 Hz, Ph,
meta), 138.5 (d, 1J = 59.8 Hz, Ph, ipso), 140.2 (d, 1J = 40.3 Hz, Ph,
ipso), 200.8 (d, 2J = 17.1 Hz, =CO), 206.0 (d, 2J = 19.5 Hz, C�O)
ppm. 13C NMR (50.32 MHz, CD2Cl2, selected values): δ = 74.5
(dd, JHC = 162.4, JPC = 58.6 Hz, PCH=) ppm. 31P{1H} NMR
(121.50 MHz, CD2Cl2): δ = 55.3 (s) ppm. C29H35O2PRu (547.64):
calcd. C 63.60, H 6.44, P 5.66; found C 63.65, H 6.39, P 5.98.

{Ru(Cp*)(CO)[Ph2PCH2C(tBu)=O]}[PF6] (5): A commercial 60%
weight aqueous solution of HPF6 (0.54 mL, 3.66 mmol) was added
to a cold slurry (–80 °C) of 4 (2.00 g, 3.65 mmol) in methanol
(40 mL). The mixture was warmed to room temperature and fur-
ther stirred for 1 h. The resulting yellow solution was evaporated
to dryness under vacuum and the residue was dissolved in dichloro-
methane (20 mL). The solution was covered with methanol (5 mL)
then diethyl ether (140 mL) to afford orange needles. Yield: 2.05 g,
81%. IR: ν̃ = 1975 cm–1, C�O; 1603 cm–1, C=O. 1H NMR
(200.13 MHz, CD2Cl2): δ = 1.38 (s, 9 H, tBu), 1.70 (d, 4JPH =
2.0 Hz, 15 H, C5Me5), 3.33 (dd, 2JHH = 18.5, 2JPH = 8.6 Hz, 1 H,
PCH2, Ha), 4.77 (dd, 2JHH = 18.4, 2JPH = 10.7 Hz, 1 H, PCH2,
Hb), 6.79–6.89 (m, 2 H, Ph), 7.48–7.72 (m, 8 H, Ph) ppm. 13C{1H}
NMR (50.32 MHz, CD2Cl2): δ = 9.9 (s, C5Me5), 27.1 (s, CMe3),
46.8 (d, 3J = 2.3 Hz, CMe3), 48.8 (d, 1J = 29.2 Hz, PCH2), 97.6 (d,
2J = 1.6 Hz, C5Me5), 128.9 (d, 1J = 57.1 Hz, Ph, ipso), 129.9 (d, 2J
= 10.2 Hz, Ph, ortho), 130.1 (d, 2J = 11.7 Hz, Ph, ortho), 130.4 (d,
3J = 11.0 Hz, Ph, meta), 132.1 (d, 4J = 2.5 Hz, Ph, para), 132.6
(part of d, Ph, ipso), 133.3 (d, 4J = 2.5 Hz, Ph, para and hidden
part of d, Ph, ipso), 134.5 (d, 3J = 12.5 Hz, Ph, meta), 202.8 (d, 2J =
16.5 Hz, C�O), 233.1 (d, 2J = 4.0 Hz, C=O) ppm. 31P{1H} NMR
(81.01 MHz, CD2Cl2): δ = 66.5 (s), –143.2 (sept, PF6) ppm.
C29H36F6O2P2Ru (693.61): calcd. C 50.22, H 5.23, P 8.93; found C
50.06, H 5.31, P 8.47.
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{Ru(Cp*)(CO)[Ph2PCH2C(tBu)=O]}[BF4] (5�): Large yellow-brown
crystals of 5� were similarly obtained in 80% yield after adding
HBF4·OMe2 (as a 0.7  solution in methanol) to a cold slurry of 4
in methanol. IR: ν̃ = 1957 cm–1, C�O; 1597 cm–1, C=O. 1H NMR
(200.13 MHz, CD2Cl2): δ = 1.38 (s, 9 H, tBu), 1.70 (d, 4JPH =
2.0 Hz, 15 H, C5Me5), 3.38 (dd, 2JHH = 18.7, 2JPH = 8.6 Hz, 1 H,
PCH2, Ha), 4.85 (dd, 2JHH = 18.6, 2JPH = 10.7 Hz, 1 H, PCH2,
Hb), 6.79–7.72 (m, 10 H, Ph) ppm. 13C{1H} NMR (50.32 MHz,
CD2Cl2): δ = 9.9 (s, C5Me5), 27.1 (s, CMe3), 46.8 (d, 3J = 2.4 Hz,
CMe3), 48.7 (d, 1J = 29.0 Hz, PCH2), 97.5 (d, 2J = 1.5 Hz, C5Me5),
129.0 (d, 1J = 57.2 Hz, Ph, ipso), 129.8 (d, 2J = 10.0 Hz, Ph, ortho),
130.0 (d, 2J = 10.4 Hz, Ph, ortho), 130.4 (d, 3J = 10.9 Hz, Ph, meta),
132.0 (d, 4J = 2.2 Hz, Ph, para), 133.0 (d, 1J = 39.8 Hz, Ph, ipso),
133.2 (d, 4J = 3.0 Hz, Ph, para), 134.6 (d, 3J = 12.7 Hz, Ph, meta),
202.9 (d, 2J = 17.3 Hz, C�O), 233.4 (d, 2J = 4.9 Hz, C=O) ppm.
31P{1H} NMR (81.01 MHz, CD2Cl2): δ = 66.2 (s) ppm.
C29H36BF4O2PRu (635.45): calcd. C 54.81, H 5.71, P 4.87; found
C 54.79, H 5.76, P 4.87.

Ru(Cp*)Cl(CO)[Ph2PCH2C(=O)tBu] (6): 37% weight aqueous hy-
drochloric acid (0.30 mL, 3.65 mmol) was added to a cold slurry
(–80 °C) of 4 (2.00 g, 3.65 mmol) in methanol (35 mL). The mixture
was warmed to room temperature and further stirred for 1 h. The
resulting solution was evaporated to dryness under vacuum and the
residue was extracted with diethyl ether (30 mL). The solution was
filtered and then slowly evaporated under vacuum to leave an
orange-yellow solid. Yield: 2.04 g, 96%. IR: ν̃ = 1916 cm–1, C�O;
1690 cm–1, C=O. 1H NMR (200.13 MHz, CDCl3): δ = 0.82 (s, 9 H,
tBu), 1.48 (d, 4JPH = 1.9 Hz, 15 H, C5Me5), 3.90 (dd, 2JHH = 16.1,
2JPH = 6.6 Hz, 1 H, PCH2, Ha), 4.08 (dd, 2JHH = 16.0, 2JPH =
8.5 Hz, 1 H, PCH2, Hb), 7.39–7.43 (m, 6 H, Ph), 7.65–7.78 (m, 4
H, Ph) ppm. 1H NMR (200.13 MHz, CD2Cl2): δ = 0.86 (s, 9 H,
tBu), 1.49 (d, 4JPH = 1.8 Hz, 15 H, C5Me5), 4.00 (d, 2JPH = 7.8 Hz,
2 H, PCH2), 7.43–7.77 (m, 10 H, Ph) ppm. 13C{1H} NMR
(50.32 MHz, CD2Cl2): δ = 9.9 (s, C5Me5), 26.5 (s, CMe3), 38.0 (d,
1J = 23.4 Hz, PCH2), 46.2 (d, 3J = 1.5 Hz, CMe3), 96.9 (d, 2J =
2.5 Hz, C5Me5), 128.6 (d, 2J = 10.2 Hz, Ph, ortho), 128.8 (d, 2J =
9.3 Hz, Ph, ortho), 130.9 (d, 4J = 1.6 Hz, 2 C, Ph, para), 133.3 (d,
1J = 40.0 Hz, Ph, ipso), 134.2 (d, 3J = 11.0 Hz, Ph, meta), 134.3 (d,
3J = 10.2 Hz, Ph, meta), 134.3 (d, 1J = 46.9 Hz, Ph, ipso), 207.2 (d,
2J = 21.2 Hz, C�O), 210.8 (d, 2J = 7.9 Hz, C=O) ppm. 31P{1H}
NMR (81.01 MHz, CD2Cl2): δ = 41.9 (s) ppm. C29H36ClO2PRu
(584.10): calcd. C 59.63, H 6.21, Cl 6.07, P 5.30; found C 60.09, H
6.38, Cl 6.30, P 5.20.

{Ru(Cp*)(CO)[=C(OMe)CH=CPh2][Ph2PCH2C(=O)tBu]}[PF6]
(7): A solution of 5 (1.00 g, 1.44 mmol) and of 1,1-diphenyl-2-pro-
pyn-1-ol (0.50 g, 2.40 mmol) in methanol (30 mL) was stirred at
room temperature for 20 h. The resulting dark red precipitate was
collected by filtration and washed with diethyl ether (20 mL), then
dissolved in dichloromethane (25 mL). This solution was covered
first with methanol (10 mL) then diethyl ether (120 mL) to afford
orange-red crystals. Yield: 1.16 g, 88%. IR: ν̃ = 1948 cm–1, C�O;
1709 cm–1, C=O. 1H NMR (200.13 MHz, CD2Cl2): δ = 1.06 (s, 9
H, tBu), 1.56 (d, 4JPH = 1.7 Hz, 15 H, C5Me5), 3.76 (dd, 2JHH =
17.3, 2JPH = 7.2 Hz, 1 H, PCH2, Ha), 3.86 (dd, 2JHH = 17.5, 2JPH

= 8.1 Hz, 1 H, PCH2, Hb), 4.05 (s, broad, 3 H, OMe), 6.15 (d, 4JPH

= 1.8 Hz, 1 H, CH=), 6.99–7.59 (m, 20 H, Ph) ppm. 13C{1H} NMR
(50.32 MHz, CD2Cl2): δ = 9.8 (s, C5Me5), 26.3 (s, CMe3), 38.9 (d,
1J = 31.9 Hz, PCH2), 46.0 (s, CMe3), 65.6 (s, OCH3), 103.0 (s,
C5Me5), 129.0–144.6 (m, CH= and Ph), 205.0 (d, 2J = 17.1 Hz,
C�O), 209.0 (d, 2J = 6.3 Hz, C=O), 303.7 (d, 2J = 2.5 Hz, Ru=C)
ppm. 31P{1H} NMR (81.01 MHz, CD2Cl2): δ = 38.8 (s, broad)
ppm. C45H50F6O3P2Ru (915.90): calcd. C 59.01, H 5.50, P 6.76;
found C 58.73, H 5.57, P 6.60.
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[Ru(Cp*)Cl(Ph2POMe)(CH2CMeCH2)][PF6] (8a): An excess of 3-
chloro-2-methylpropene (0.40 mL, 4.1 mmol) was added to a solu-
tion of 2a (0.67 g, 0.99 mmol) in dichloromethane (25 mL). After
being stirred overnight, the solution was covered with diethyl ether
(100 mL) to afford orange-yellow crystals. Yield: 0.48 g, 70%. 1H
NMR (200.13 MHz, CD2Cl2): δ = 1.01 (s, 3 H, Me), 1.71 (d, 4JPH

= 2.2 Hz, 15 H, C5Me5), 2.01 (broad s, 1 H, CH2, anti), 3.07 (d,
3JPH = 3.8 Hz, 1 H, CH2, anti), 3.41 (dd, 4JHH � 3JPH � 2.3 Hz,
1 H, CH2, syn), 3.60 (broad d, 3JPH = 11.0 Hz, 1 H, CH2, syn),
3.79 (d, 3JPH = 11.0 Hz, 3 H, OMe), 7.45–7.70 (m, 10 H, Ph) ppm.
13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 9.9 (s, C5Me5), 17.0 (s,
Me, allyl), 53.4 (d, 2J = 4.0 Hz, CH2), 58.5 (d, 2J = 14.8 Hz, OMe),
70.2 (d, 2J = 6.2 Hz, CH2), 107.2 (d, 2J = 1.5 Hz, C5Me5), 116.1
(d, 2J = 1.6 Hz, CMe, allyl), 128.5 (d, 2J = 10.1 Hz, Ph, ortho),
128.6 (d, 1J = 43.6 Hz, Ph, ipso), 129.4 (d, 2J = 10.3 Hz, Ph, ortho),
131.9 (d, 1J = 43.1 Hz, Ph, ipso), 133.2 (d, 3J = 9.2 Hz, Ph, meta),
133.2 (d, 4J = 3.8 Hz, Ph, para), 133.3 (d, 4J = 2.5 Hz, Ph, para),
135.7 (d, 3J = 11.0 Hz, Ph, meta) ppm. 31P{1H} NMR (81.01 MHz,
CD2Cl2): δ = 124.5 (s) ppm. C27H35ClF6OP2Ru (688.04): calcd. C
47.13, H 5.13, Cl 5.15, P 9.00; found C 47.11, H 5.02, Cl 5.27, P
8.70.

[Ru(Cp*)Cl(Ph2POMe)(MeCHCHCH2)][PF6] (8b): An excess of 3-
chloro-1-butene (0.50 mL, 5.0 mmol) was added to a solution of 2a
(0.84 g, 1.24 mmol) in dichloromethane (25 mL). After being
stirred for 1 h, the solution was covered with diethyl ether (110 mL)
to afford orange-yellow crystals. Yield: 0.72 g, 84%. 1H NMR
(200.13 MHz, CD2Cl2): δ = 1.27 (dd, 3JHH = 6.3, 4JPH = 1.4 Hz, 3
H, Me), 1.79 (d, 4JPH = 2.2 Hz, 15.5 H, C5Me5 and part of d, 0.5
H, CH2, anti), 1.83 (part of d, 0.5 H, CH2, anti), 3.29 (dddd,
3JHHtrans � 10.4, 3JHHcis = 6.0, 3JPH = 3.9 Hz, 1 H, CH), 3.67 (d,
3JPH = 11.0 Hz, 3 H, OMe), 3.72–3.83 (m, 2 H, CHMe and CH2,
syn), 7.41–7.71 (m, 10 H, Ph) ppm. 13C{1H} NMR (50.32 MHz,
CD2Cl2): δ = 9.4 (s, C5Me5), 16.9 (d, 3J = 1.5 Hz, CHMe), 52.8 (d,
2J = 3.9 Hz, CH2), 58.1 (d, 2J = 14.7 Hz, OMe), 96.4 (d, 2J � 3 Hz,
CHMe) 96.4 (s, CH), 106.0 (d, 2J = 1.6 Hz, C5Me5), 125.8 (d, 1J =
49.4 Hz, Ph, ipso), 127.9 (d, 2J = 10.9 Hz, Ph, ortho), 128.7 (d, 2J
= 10.4 Hz, Ph, ortho), 130.2 (d, 1J = 44.5 Hz, Ph, ipso), 131.2 (d,
3J = 9.2 Hz, Ph, meta), 132.2 (d, 4J = 3.0 Hz, Ph, para), 132.9 (d,
4J = 2.5 Hz, Ph, para), 135.8 (d, 3J = 10.3 Hz, Ph, meta) ppm.
31P{1H} NMR (81.01 MHz, CD2Cl2): δ = 128.5 (s) ppm.
C27H35ClF6OP2Ru (688.04): calcd. C 47.13, H 5.13, Cl 5.15, P 9.00;
found C 46.85, H 5.27, Cl 4.97, P 9.20.

[Ru(Cp*)Br(Ph2POMe)(MeCHCHCH2)][PF6] (8c): An excess of
crotyl bromide (0.40 mL, 3.9 mmol) was added to a solution of 2a
(0.86 g, 1.27 mmol) in dichloromethane (25 mL). After being
stirred for 1 h, the solution was covered with diethyl ether (120 mL)
to afford orange crystals. Yield: 0.72 g, 77%. 1H NMR
(200.13 MHz, CD2Cl2): δ = 1.53 (dd, 3JHH = 6.1, 4JPH = 1.5 Hz, 3
H, Me), 1.76 (broad d, 3JHHtrans = 10.0 Hz, 1 H, CH2, anti), 1.87
(d, 4JPH = 2.0 Hz, 15 H, C5Me5), 3.21 (dddd, 3JHHtrans = 11.1 and
9.9, 3JHHcis = 5.9, 3JPH = 3.6 Hz, 1 H, CH), 3.59 (d, 3JPH = 11.0 Hz,
3 H, OMe), 3.71 (ddq, 3JHHtrans = 11.0, 3JHH = 6.2, 3JPH = 3.2 Hz,
1 H, CHMe), 3.85 (ddd, 3JHHcis = 6.0, 2JHH = 2.2, 3JPH = 8.4 Hz,
1 H, CH2, syn), 7.38–7.72 (m, 10 H, Ph) ppm. 1H{31P} NMR
(200.13 MHz, CD2Cl2, selected values): δ = 1.79 (d, 3JHHtrans =
10.2 Hz, 1 H, CH2, anti), 3.22 (dt, 3JHHtrans � 10.5, 3JHHcis =
6.4 Hz, 1 H, CH), 3.71 (dq, 3JHHtrans = 11.7, 3JHH = 6.1 Hz, 1 H,
CHMe), 3.87 (broad d, 3JHHcis = 4.3 Hz, 1 H, CH2, syn) ppm.
13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 10.5 (s, C5Me5), 15.1 (d,
3J = 1.6 Hz, CHMe), 53.1 (d, 2J = 4.4 Hz, CH2), 58.8 (d, 2J =
14.8 Hz, OMe), 96.3 (s, CH), 96.9 (d, 2J = 4.8 Hz, CHMe), 106.5
(d, 2J = 1.7 Hz, C5Me5), 127.5 (d, 1J = 50.9 Hz, Ph, ipso), 128.6
(d, 2J = 10.3 Hz, Ph, ortho), 129.5 (d, 2J = 10.1 Hz, Ph, ortho),
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130.8 (d, 1J = 45.0 Hz, Ph, ipso), 132.1 (d, 3J = 8.6 Hz, Ph, meta),
133.1 (d, 4J = 2.1 Hz, Ph, para), 133.8 (d, 4J = 2.2 Hz, Ph, para),
137.0 (d, 3J = 11.1 Hz, Ph, meta) ppm. 31P{1H} NMR (81.01 MHz,
CD2Cl2): δ = 128.7 (s) ppm. C27H35BrF6OP2Ru (732.49): calcd. C
44.27, H 4.82, Br 10.91, P 8.46; found C 44.18, H 4.80, Br 10.57,
P 7.96.

[Ru(Cp*)Cl(Ph2POMe)(nPrCHCHCH2)][PF6] (8d): An excess of
chlorohexene (0.80 mL of a 4:1 mixture of linear 1-chloro-2-hexene
and branched 3-chloro-1-hexene) was added to a solution of 2a
(1.84 g, 2.71 mmol) in dichloromethane (25 mL). After being
stirred for 1 h, the solution was covered with diethyl ether (150 mL)
to afford orange-yellow crystals. Yield: 1.65 g, 85%. 1H NMR
(200.13 MHz, CD2Cl2): δ = 0.92 (m, broad, 3 H, Me), 1.49 (m,
broad, 4 H, 2 CH2), 1.78 (d, 4JPH = 2.2 Hz, 15 H, C5Me5 and
overlapped: m, 1 H, CH2, anti), 3.32 (m, 1 H, CH), 3.67 (d, 3JPH

= 10.8 Hz, 3 H, OMe and overlapped: m, 1 H, nPrCH), 3.86 (ddd,
3JHHcis = 5.9, 2JHH = 2.2, 3JPH = 8.2 Hz, 1 H, CH2, syn), 7.42–7.68
(m, 10 H, Ph) ppm. 1H{31P} NMR (200.13 MHz, CD2Cl2): δ =
0.94 (m, broad, 3 H, Me), 1.51 (m, broad, 4 H, 2 CH2), 1.80 (s, 15
H, C5Me5 and overlapped: m, 1 H, CH2, anti), 3.34 (ddd, 3JHHtrans

� 3JH�Htrans � 10.5, 3JHHcis = 6.1 Hz,1 H, CH), 3.69 (s, 3 H, OMe
and overlapped: m, 1 H, nPrCH), 3.88 (dd, 3JHHcis = 6.1, 2JHH =
2.1 Hz, 1 H, CH2, syn), 7.47–7.70 (m, 10 H, Ph) ppm. 13C{1H}
NMR (50.32 MHz, CD2Cl2): δ = 9.9 (s, C5Me5), 14.0 (s, CH3), 23.1
(s, CH2), 33.9 (s, CH2) 53.3 (s, =CH2), 58.5 (d, 2J = 15.0 Hz, OMe),
96.1 (s, CH), 100.4 (d, 2J = 4.4 Hz, nPrCH), 106.5 (d, 2J = 1.8 Hz,
C5Me5), 126.2 (d, 1J = 49.1 Hz, Ph, ipso), 128.4 (d, 2J = 10.7 Hz,
Ph, ortho), 129.2 (d, 2J = 9.9 Hz, Ph, ortho), 130.6 (d, 1J = 45.1 Hz,
Ph, ipso), 131.6 (d, 3J = 8.5 Hz, Ph, meta), 132.7 (d, 4J = 2.6 Hz,

Table 5. Crystallographic data for complexes 2a, 8d and 8e.[a]

Complex 2a 8d 8e

Empirical formula C27H34F6N2OP2Ru C29H39ClF6OP2Ru C32H37ClF6OP2Ru
Molecular weight [gmol–1] 679.57 716.06 750.08
Crystal size [mm] 0.30×0.30×0.28 0.22×0.22×0.22 0.24×0.22×0.20
Crystal system monoclinic orthorhombic orthorhombic
Space group P21/c Pbca Pbca
a [Å] 14.8025(2) 14.6192(2) 14.8064(6)
b [Å] 11.5147(1) 20.5531(2) 21.0835(8)
c [Å] 17.0685(2) 20.7975(2) 20.6072(9)
β [°] 90.258(1)
Volume [Å3] 2909.23(6) 6248.0(1) 6433.0(5)
Z 4 8 8
Density [gcm–3] 1.552 1.522 1.549
Temperature [K] 130(1) 293(2) 293(2)
F(000) 1384 2928 3056
Mo-Kα radiation, λ [Å] 0.71073 0.71073 0.71073
Absorption coefficient [mm–1] 0.711 0.747 0.730
θ range [°] 2.39–27.48 2.21–27.00 3.08–27.00
Index ranges 0 � h � 19 0 � h � 18 –12 � h � 12

0 � k � 14 0 � k � 26 –26 � k � 26
–22 � l � 22 0 � l � 26 –26 � l � 26

Reflections collected 52105 105939 27593
Independent reflections 6652 (Rint = 0.030) 6811 (Rint = 0.050) 5899 (Rint = 0.0519)
Reflections I � 2σ(I) 6121 5637 4981
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 6652/0/371 6811/0/374 5899/0/389
Goodness-of-fit on F2 1.065 1.003 1.086
Final R indices [I � 2σ(I)] R1 = 0.0374 R1 = 0.0492 R1 = 0.0545

wR2 = 0.0968 wR2 = 0.1347 wR2 = 0.1411
R indices (all data) R1 = 0.0408 R1 = 0.0612 R1 = 0.0642

wR2 = 0.1004 wR2 = 0.1514 wR2 = 0.1507
Largest diff. peak/hole [eÅ–3] 1.005 and –0.797 0.709 and –0.734 0.982 and –0.786

[a] w = 1/[σ2(Fo
2) + (0.0518P)2 + 6.0599P] (2a), 1/[σ2(Fo

2) + (0.0843P)2 + 11.8733P] (8d), 1/[σ2(Fo
2) + (0.0754P)2 + 15.1442P] (8e), where

P = (Fo
2 + 2Fc

2)/3.
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Ph, para), 133.3 (d, 4J = 2.3 Hz, Ph, para), 136.2 (d, 3J = 10.6 Hz,
Ph, meta) ppm. 31P{1H} NMR (81.01 MHz, CD2Cl2): δ = 128.2 (s)
ppm. C29H39ClF6OP2Ru (716.09): calcd. C 48.64, H 5.49, Cl 4.95,
P 8.65; found C 48.39, H 5.55, Cl 5.16, P 8.72.

[Ru(Cp*)Cl(Ph2POMe)(PhCHCHCH2)][PF6] (8e): An excess of
cinnamyl chloride (0.60 mL, 4.3 mmol) was added to a solution of
2a (1.00 g, 1.47 mmol) in dichloromethane (25 mL). After being
stirred for 20 h, the solution was covered first with methanol
(15 mL), then diethyl ether (130 mL) to afford dark red crystals.
Yield: 0.68 g, 62%. 1H NMR (200.13 MHz, CD2Cl2): δ = 1.79 (d,
4JPH = 1.9 Hz, 15 H, C5Me5), 2.12 (d, broad, 3JHH = 9.2 Hz, 1 H,
CH2, anti), 3.71 (d, 3JPH = 11.0 Hz, 3 H, OMe), 3.79–3.93 (m,
broad, 1 H, CH), 3.94–4.03 (m, 1 H, CH2, syn), 4.73 (dd, 3JHH =
12.0, 3JPH = 3.1 Hz, 1 H, CHPh), 6.94–7.70 (m, 15 H, Ph) ppm.
13C{1H} NMR (50.32 MHz, CD2Cl2): δ = 10.0 (s, C5Me5), 51.4 (d,
2J = 5.0 Hz, CH2), 58.5 (d, 2J = 14.9 Hz, OMe), 91.0 (s, CH), 103.4
(d, 2J = 4.7 Hz, CHPh), 106.3 (s, C5Me5), 127.0 (s, Ph, ipso), 128.4
(s, Ph, ortho), 128.4 (d, 2J = 10.0 Hz, PhP, ortho), 129.3 (d, 2J =
10.0 Hz, PhP, ortho), 131.2 (d, 1J = 44.5 Hz, PhP, ipso), 131.5 (d,
3J = 8.6 Hz, PhP, meta), 131.5 (s, Ph, para), 132.3 (s, Ph, meta),
132.5 (d, 1J = 34.5 Hz, PhP, ipso), 133.0 (d, 4J = 2.6 Hz, PhP, para),
133.4 (d, 4J = 2.3 Hz, PhP, para), 136.0 (d, 3J = 10.3 Hz, PhP, meta)
ppm. 31P{1H} NMR (81.01 MHz, CD2Cl2): δ = 129.0 (s) ppm.
C32H37ClF6OP2Ru (750.11): calcd. C 51.24, H 4.97, Cl 4.73, P 8.26;
found C 51.05, H 5.08, Cl 4.65, P 8.49.

X-ray Crystallography: The samples were studied with a NONIUS
Kappa CCD (2a, 8d) or Oxford Diffraction Xcalibur Saphir 3 (8e)
diffractometer with graphite monochromator. Crystallographic
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data are given in Table 5. The cell parameters were obtained with
Denzo and Scalepack[18] (2a, 8d) and data collection with NONIUS
KappaCCD Software[19] (2a, 8d) and CrysAlis RED[20] (8e). Data
reduction was carried out with Denzo and Scalepack[18] (2a, 8d)
and CrysAlis RED[20] (8e). The structures were solved with
SIR−97, which revealed the non-hydrogen atoms.[21] After aniso-
tropic refinement, many hydrogen atoms were found with Fourier
difference calculations. The whole structures were refined with
SHELXL97 by full-matrix least-squares methods on F2 (x, y, z, βij

for Ru, P, N, Cl, F, C and O atoms; x, y, z in riding mode for H
atoms).[22] ORTEP views were prepared with PLATON98.[23]

CCDC-261933 (for 2a), -272359 (for 8d) and -258428 (for 8e) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Catalytic Experiments: Organic compounds were identified from
the comparison of 1H NMR spectra with available 1H NMR spec-
troscopic data.[24–26] In a typical experiment, a sample of phenol
(1.2 mmol, 1.2 equiv.) was added to a stirred mixture consisting of
allylic halide (1.0 mmol, 1.0 equiv.), catalyst precursor
(0.015 mmol, 1.5 mol-%), K2CO3 (1.2–1.5 equiv.) and solvent
(6.0 mL). The slurry was stirred at room temperature for 16 h and
then was evaporated under vacuum. The residue was extracted with
dichloromethane (20 mL) and the solution was filtered. The filtrate
was evaporated to leave the crude product that was analysed by
1H NMR spectroscopy (CDCl3) for conversion and regioselectivity
determination.
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Three novel trinuclear cobalt(II) compounds of pyridazine,
[Co3(µ-OH)2(µ-pdz)4(pdz)2(NO3)2(H2O)2]·(NO3)2·(THF)·
2(MeOH) (1), [Co3(µ-OH)2(µ-pdz)4(pdz)4(NO3)2]·[Co3(µ-
OH)2(µ-pdz)4(MeOH)4(NO3)2]·(NO3)4 (2), and [Co3(µ-pdz)4(µ-
NCS)2(pdz)2(NCS)4]·2MeOH (3) (pdz = pyridazine), have
been synthesized and characterized. The structures of all
three compounds consist of centrosymmetric trimer building
blocks bridged by the two nitrogen atoms of the pyridazine
ligands and the second small bridging anions (hydroxide in 1
and 2, and end-on thiocyanate in 3). The two-atom bridging
modes of the pyridazine ligand in 1 and 2 are unusual: each

Introduction
Since the discovery of high-Tc magnetic molecular mate-

rials based on 3D metal-cyano compounds and the occur-
rence of the room-temperature, spin-crossover phase transi-
tion in 1,2,4-trizol compounds, strong magnetic interactions
between two metal ions have played an important role in
magnetic material chemistry.[1–4] Compounds with five-
membered heterocyclic ligands such as 1,2,4-trizol attract
much interest because of their special magnetic behavior,
such as spin crossover,[4c] while the magnetic properties of
diazine ligands are rarely considered to be important. Only
a few examples of polynuclear copper() compounds of
pyridazine (pdz)[5] and related ligands[6,7] have been struc-
turally and magnetically characterized. Magnetic data and
MO calculations indicate that the magnetic coupling of two
metal ions in binuclear compounds of pdz always involves
antiferromagnetic interactions through a short two-atom
pdz exchange pathway.[8,9] However, in the trinuclear
nickel() compound [Ni3(pdz)6(µ-SCN)6],[10] for which the
quasi Curie law magnetic behavior was published, the anti-
ferromagnetic interaction through double pdz bridges was
compensated for by the ferromagnetic interaction through
a single end-on thiocyanato bridge. At that time, it was con-
jectured that the magnetic properties of such polynuclear
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bridging pyridazine ligand affords two nitrogen donors to
two metal ions with different bond lengths. This results in
two kinds of spin states for the cobalt(II) atoms in 1. Magnetic
measurements show a typical antiferromagnetic interaction
between the high-spin metals in 3, but an unusual magnetic
coupling through two high- and one low-spin cobalt atoms
within the trimer in 1. An irregular spin states structure is
also observed in 1 at low temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

systems could be tuned by the second bridging ligand. The
cobalt ion would be a better magnetic center for this objec-
tive, because it has two spin states (high and low), de-
pending only on its coordination environment.[11–12] Con-
trol of the cobalt() spin states by the choice of the axial
ligand in pdz-bridged dicobalt() macrocyclic compounds
has recently been reported by S. Brooker et al.,[13] whereas
tuning of the spin states of metal ions through the different
contributions of the two nitrogen donors of the pdz ligand
by introducing a second bridging ligand has not been pub-
lished yet. In this study, three novel trinuclear compounds
bridged by the pdz ligand and a second bridging anion
(-OH– or -NCS–), [Co3(µ-OH)2(µ-pdz)4(pdz)2(NO3)2(H2O)2]·
(NO3)2·(THF)·2(MeOH) (1), [Co3(µ-OH)2(µ-pdz)4(pdz)4-
(NO3)2]·[Co3(µ-OH)2(µ-pdz)4(MeOH)4(NO3)2]·(NO3)4 (2),
and [Co3(µ-pdz)4(µ-NCS)2(pdz)2(NCS)4]·2MeOH (3), have
been isolated and characterized. In 1, both triplet and sing-
let states of cobalt ions coexist within a trimer; an irregular
spin states structure is observed at low temperature. The
dominant magnetic interaction in 3 is antiferromagnetic.

Results and Discussion

Crystal and Molecular Structure of 1–3

Single crystals suitable for X-ray analysis were obtained,
and the structure was characterized. Selected bond lengths
and angles for the cobalt compounds 1–3, as well as their
crystallographic data are given in Table 1 and Table 2,
respectively.
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Table 1. Selected bond lengths and angles in 1, 2, and 3.

Bond lengths [Å] of the central cobalt atom
1 2 3

Trimer A Trimer B

Co2–O1 1.871(2) Co1–O1 1.874(4) Co4–O2 1.873(4) Co1–N1 2.143(5)
Co2–N2 1.957(2) Co1–N1 1.947(4) Co4–N10 1.963(4) Co1–N3 2.149(4)
Co2–N4 1.967(2) Co1–N3 1.967(4) Co4–N12 1.957(4) Co1–N7 2.125(4)

Bond lengths [Å] of the terminal cobalt atoms
1 2 3

Trimer A Trimer B

Co1–O1 1.968(2) Co2–O1 1.996(4) Co3–O2 1.970(4) Co2–N2 2.192(4)
Co1–O2 2.098(3) Co2–O5 2.092(4) Co3–O3 2.093(4) Co2–N4 2.195(5)
Co1–O3 2.061(2) Co2–N2 2.139(5) Co3–O4 2.104(6) Co2–N5 2.174(6)
Co1–N1 2.130(2) Co2–N4 2.176(4) Co3–O8 2.039(7) Co2–N7[d] 2.197(5)
Co1–N3 2.206(3) Co2–N5 2.144(5) Co3–N9 2.159(5) Co2–N8 2.056(7)
Co1–N5 2.137(3) Co2–N7 2.143(5) Co3–N11 2.206(5) Co2–N9 2.041(5)
Co1···Co2 3.24 Co1···Co2 3.24 Co3···Co4 3.23 Co1···Co2 3.45

Bond angles [°] of the central cobalt atom
1 2 3

Trimer A Trimer B

O1–Co2–N4[a] 91.5(1) O1–Co1–N1 88.1(2) O2–Co4–N10 89.8(2) N1–Co1–N3[d] 88.0(2)
N2–Co2–N4 91.05(9) O1–Co1–N1[b] 91.9(2) O2–Co4–N10[c] 90.2(2) N1–Co1–N7 94.1(2)
N2–Co2–N4[a] 88.95(9) O1–Co1–N3 89.0(2) O2–Co4–N12 87.8(2) N1–Co1–N7[d] 85.9(2)

O1–Co1–N3[b] 91.0(2) O2–Co4–N12[c] 92.2(2) N3–Co1–N7 91.5(2)
N1–Co1–N3 92.7(2) N10–Co4–N12 92.1(2) N3–Co1–N7[d] 88.5(2)
N1–Co1–N3[b] 87.3(2) N10–Co4–N12[c] 87.9(2) N1–Co1–N3 92.0(2)

Bond angles [°] of the terminal cobalt atoms
1 2 3

Trimer A Trimer B

O1–Co1–N5 95.39(9) O1–Co2–O5 174.3(2) O2–Co3–O3 95.8(2) N2–Co2–N4 88.8(2)
O2–Co1–O3 88.19(9) O1–Co2–N2 81.6(2) O2–Co3–O4 93.3(2) N2–Co2–N5[d] 94.0(2)
O2–Co1–N1 177.1(1) O1–Co2–N4 81.5(2) O2–Co3–O8 174.7(2) N2–Co2–N7[d] 83.5(2)
O2–Co1–N3 95.9(1) O1–Co2–N5 97.5(2) O2–Co3–N9 83.2(2) N2–Co2–N8 89.9(2)
O2–Co1–N5 92.0(1) O1–Co2–N7 94.0(2) O2–Co3–N11 80.2(2) N2–Co2–N9 174.3(3)
O3–Co1–N1 90.79(9) O5–Co2–N2 99.5(2) O3–Co3–O4 92.6(2) N4–Co2–N7[d] 86.0(2)
O3–Co1–N3 89.69(9) O5–Co2–N4 93.0(2) O3–Co3–O8 87.5(2) N4–Co2–N8 89.7(2)
O3–Co1–N5 93.1(1) O5–Co2–N5 88.1(2) O3–Co3–N9 175.0(2) N4–Co2–N9 88.0(2)
N1–Co1–N3 81.42(9) O5–Co2–N7 85.1(2) O3–Co3–N11 89.7(2) N5–Co2–N7[d] 95.3(2)
N1–Co1–N5 90.7(1) N2–Co2–N4 85.0(2) O4–Co3–O8 82.4(3) N5–Co2–N9 89.3(2)

N2–Co2–N5 89.6(2) O4–Co3–N9 92.3(2) N7[d]–Co2–N8 172.2(2)
N2–Co2–N7 174.9(2) O4–Co3–N11 173.3(2) N7[d]–Co2–N9 91.6(2)
N4–Co2–N5 174.6(2) O8–Co3–N9 93.8(2) N8–Co2–N9 94.8(2)
N4–Co2–N7 97.0(2) O8–Co3–N11 104.0(2) N5–Co2–N7[d] 95.3(2)
N5–Co2–N7 88.4(2) N9–Co3–N11 85.3(2) N5–Co2–N8 89.3(3)

Bond angles [°] of cobalt atoms with bridging OH, SCN, and pdz
1 2 3

Trimer A Trimer B

Co1–O1–Co2 114.8(1) Co1–O1–Co2 113.7(1) Co3–O2–Co4 114.3(2) Co1–N7–Co2[d] 105.1(2)
Co1–N1–N2 119.9(2) Co2–N2–N1 117.6(3) Co3–N9–N10 116.2(3) Co1–N1–N2 118.9(3)
Co2–N2–N1 117.6(2) Co1–N1–N2 117.2(3) Co4–N10–N9 118.1(3) Co2–N2–N1 118.6(4)
Co1–N3–N4 115.8(2) Co2–N4–N3 117.0(3) Co3–N11–N12 116.4(3) Co1–N3–N4 117.2(4)
Co2–N4–N3 118.0(2) Co1–N3–N4 117.4(3) Co4–N12–N11 117.3(3) Co2[d]–N4–N3 120.3(3)

[a] 1 – x, –y, 1 – z. [b] 1 – x, 1 – y, 1 – z. [c] –x + 1/2, –y + 1/2, –z + 1/2. [d] –x, –y, –z.

Compounds 1 and 2 (Figure 1 and Figure 2, respectively)
have centrosymmetric linear structures. The central cobalt
ion lies on a crystallographic inversion center of a generic
octahedral coordination sphere. In 1, there is only one kind
of trimer, as observed in most trinuclear compounds, while
in 2, there are two different trimers (2A and 2B). In every
trimer of both compounds, the three cobalt atoms are
linked together by four µ-pdz ligands and two µ-OH groups.
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The coordination environments of the central cobalt atoms
are the same. The strong electronegativity of oxygen results
in only 1.87 and 1.962 Å for the average lengths of the
bonds between the central cobalt atom and its bridging OH
and pdz ligands, respectively. Differing from the pdz com-
pounds published previously,[5–9,13–15] the bridging pdz li-
gands in 1 and 2 afford two nitrogen donors to the two
adjacent metal atoms with quite different bond lengths, an
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average of 1.96 Å to the central and 2.17 Å to the terminal
cobalt atoms. The bridging OH group also affords different
bond lengths to the central (average 1.87 Å) and terminal
cobalt atoms (average 1.98 Å). It is interesting that the
average bond length of the central cobalt atom is 1.93 Å,
which is shorter than that of the terminal cobalt atoms
(2.09 Å), but similar to that of the low-spin-state cobalt()
atoms in diazide derivatives.[13] A significant contribution
to these differences comes from the two nitrogen donors of
the bridging pdz ligands. All of the terminal cobalt atoms
in 1 and 2 are coordinated with two bridging pdz ligands
and one bridging OH group. The other three positions are
occupied by one monodentate pdz ligand, one NO3

– ligand,
and one water molecule in 1, two terminal pdz ligands and
one NO3

– ligand in 2A, and one NO3
– ligand and two

methanol molecules in 2B. The angles subtended at the ter-
minal cobalt() centers are 81.4(1)–95.9(1) in 1 and 81.5(2)–
99.5(2) in 2, whereas these angles are 88.95(9)–91.5(1) and
87.3(2)–92.7(2), very close to 90°, for the central cobalt()
atoms of 1 and 2, respectively, which indicates that the octa-
hedral environment of the terminal cobalt centers is more
distorted than that of the central one. The same situation
was also observed when comparing the high-spin (HS) and
low-spin (LS) cobalt compounds described in ref.[13]. By ex-

Figure 1. An ORTEP drawing of 1, with the atom numbering
scheme, showing 30% probability ellipsoids. Hydrogen atoms and
solvent molecules are omitted for clarity.

Figure 2. An ORTEP drawing of the two trimers in 2, with the atom numbering scheme, showing 30% probability ellipsoids. Hydrogen
atoms and uncoordinated anions are omitted for clarity.
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amining the structural information above, it can be pos-
tulated that the difference in the spin states of the central
and terminal cobalt atoms is due to the varying strength of
the ligand field around the two types of cobalt atoms. This
is also proved by the magnetic data. The distance between
the neighboring cobalt atoms in each trimer of both 1 and 2
is only 3.24 Å, much shorter than those in other pyridazine
compounds.[13,14] The shortest intermolecular Co···Co dis-
tance is 7.04 Å. In 1, there are two uncoordinated NO3

–

groups per trimer in the structure. Each one affords two
oxygen atoms to connect the terminally coordinated water
molecules of two neighboring trimers by hydrogen bonds
with the following distances and angles: 2.718(3) Å and
171(4)° (O2–H18···O6), and 2.782(4) Å and 170(4)° [O2–
H19···O8# (#: 1 – x, –y, 1 – z)]. The trimers are connected
together, forming a two-dimensional folded sheet structure
through hydrogen bonds along the bc plane. Compound 2
contains three uncoordinated NO3

– counterions per trimer,
but without intermolecular interactions. It should be noted
that it is not common to have two different trimers in one
crystal. The central cobalt atom in trimer 2A occupies a
central position of the cell, while that in trimer 2B is at a
corner position of the cell.

In 3, two monoatom bridged µ-SCN groups replace the
OH groups in 1 and 2 to connect the three cobalt atoms
(Figure 3). The lengths of the bonds of the central Co1 to
the four centrosymmetric nitrogen atoms of pdz are
2.143(5) and 2.149(4) Å, and those to the two nitrogen
atoms of µ-NCS are 2.125(4) Å. The terminal Co2 is coor-
dinated to six nitrogen atoms: two from bridging pdz li-
gands, one from the µ-SCN group, one from the terminal
pdz ligand, and another two from terminal NCS ligands.
Differing from the close connections observed in 1 and 2,
the bond lengths of the cobalt atoms to the nitrogen atoms
of the bridging NCS ligands are 2.125(4) (central Co) and
2.197(5) Å (terminal Co), which are longer than those to
the terminal NCS ligands [2.056(7) and 2.041(5) Å, respec-
tively]. The bridging pdz ligand in 3 affords two nitrogen
donors with similar bond lengths [2.143(5) Å for Co1 and
2.192(4) Å for Co2] and angles [118.9(3) and 118.6(4)°] to
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the two adjacent metal atoms. The shortest intramolecular
and intermolecular distances between the metal atoms are
3.43 and 8.55 Å, respectively, which are longer than those
in 1 and 2. Two uncoordinated methanol solvents are disor-
dered in the molecular structure. A similar coordination
sphere has been published for a nickel compound.[10]

Figure 3. An ORTEP drawing of 3, with the atom numbering
scheme, showing 30% probability ellipsoids. Hydrogen atoms and
solvent molecules are omitted for clarity.

As a bidentate bridging ligand, pdz can bond to different
metal centers and display a variety of geometry and net-
work motifs. The coordination modes of the pdz ligand
could simply be summed up in three types according to the
bridging methods. Type I is a typical monodentate mode as
observed in the terminal ligands of multinuclear com-
pounds, in which each pdz ligand only affords one nitrogen
donor. The coordination type II is the typical bidentate
bridging mode observed in 3 and other trinuclear or poly-
meric compounds,[5–9,13–15] in which the bridging pdz ligand
affords two nitrogen donors symmetrically. Type III is the
novel bridging mode first observed in 1 and 2, in which the
bond lengths between the two nitrogen atoms of the bridg-
ing pdz ligand and the two metal atoms are significantly
different. It is obvious that the coordination mode of pdz
is strongly affected by the second bridging ligand and the
variety of bridging modes of pdz influences the magnetic
properties of the compounds strongly.

Magnetic Properties

All the samples used for magnetic measurements were
pulverized crystals. The anisotropic magnetic measurement
was not carried out, because the crystals lost their solvent
molecules when they were powdered. The magnetic mea-
surements of the thermal variation of the magnetic suscep-
tibility for 1 and 3, plotted as χMT vs. temperature in the
temperature range 2–300 K (2–250 K for 3) are shown in
Figure 4 and Figure 5, respectively (χM, the magnetic
susceptibility per mole of trimer, was corrected for 1 by
using the true molecular weight obtained from the elemen-
tal analysis). The χMT value for 1 at room temperature
(5.19 cm3·K·mol–1 at a magnetic field of 0.1 T) corresponds
to that expected for two noninteracting high-spin cobalt
atoms (S = 3/2) and one low-spin cobalt atom (S = 1/2),
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which is consistent with the results from the crystal struc-
ture data, in which the central Co atom is in a low-spin
state with an average bond length of 1.93 Å, and the two
terminal Co atoms are in a high-spin state with an average
bond length of 2.09 Å. The χMT value remains practically
unchanged down to 20 K, then decreases slightly, and fi-
nally increases quickly to 6.4 cm3·K·mol–1 at 2 K under a
magnetic field of 0.1 T, whereas at a magnetic field of 1 T,
it goes through a maximum of 4.9 cm3·K·mol–1 at 5.5 K
and decreases again upon further cooling as a result of a
field-saturation effect. The magnetic phenomenon in 1 can
be explained by the irregular spin states structure, which
has been reported in the MIICuIIMII (M = high-spin state
of Mn, Co or Ni) system.[1,16] In the case of 1, the interac-
tion between Co(3/2) and Co(1/2) is weakly antiferromag-
netic, the ground state is E(5/2, 3), above it there are E(7/2,
3), E(5/2, 2), E(3/2, 1), E(1/2, 0), E(1/2, 1), and E(3/2, 2).
Such an irregular spin states structure exhibits quasi ferrim-
agnetic behavior in the χMT vs. T plots as shown in Fig-
ure 4.

Figure 4. Thermal variation of χMT and χM for 1 at a magnetic
field of 0.1 T (empty square and circle) and 1 T (filled square and
circle), the solid line is the best fit for χM and χMT at 0.1 T using
Equation (3). The inset is the magnetic field dependence of magne-
tization of 1 at temperatures of 2 and 5 K.

Figure 5. Thermal variations of χMT and 1/χM for 3 at a magnetic
field of 1 T. The inset is the curve of χM vs. T, and the solid line is
the best fit for χMand χMT using Equation (4).

To simulate the experimental magnetic behavior, the data
of 1 and 3 are approximately fitted by the isotropic linear
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trinuclear model.[1] The spin Hamiltonian and relative ener-
gies in the zero field are expressed as follows:

H = –J(SA1.SB + SA2.SB) (1)

where SA = 3/2, SB = 1/2 for 1 and SA = SB = 3/2 for 3.

E (S, S�) = –(J/2)S(S + 1) + (J/2)S�(S� + 1); S� =
SA1 + SA2, S = S� + SB (2)

The situation is always complicated for cobalt com-
pounds. The exact expression of the Hamiltonian including
spin-orbit coupling, axial and rhombic distortions, ex-
change, and Zeeman interactions[17] is not within the limits
of our ability to calculate because of the very large size of
the matrices. Therefore, the approximate fit for the average
χM(T) [Equation (3)] was used for 1, in which the orbital
degeneracy on the distorted octahedral terminal CoII (4T1g)
and the zero-field splitting effects were ignored.[1,13] Con-
sidering the phenomenon of an ascending χMT value at low
temperature, both the antiferromagnetic exchange, J, be-
tween the neighboring HS and LS cobalt atoms and the
weak ferromagnetic exchange, J�, between the two terminal
cobalt atoms were included.

The best fit gives gA = 2.26, gB = 2.04, J = –9.37 cm–1,
and J� = 0.95 cm–1 with R = 3.9·10–4 {R = Σ[(χMTobs) –
(χMTcalc)]2/Σ(χMTobs

2)}. The high values of gA for the ter-
minal cobalt atoms reflect the spin-orbit coupling effects
and the orbital degeneracy of octahedral HS CoII.[13,18] The
J value is reasonably indicative of the exchange interactions
across the pyridazine bridges.[13] The low-temperature limit
of χMT, (χMT)LT, is 5.736 cm3·K·mol–1, a little less than the
value measured at 2 K (6.4 cm3·K·mol–1), which indicates
an irregular spin states structure in 1 in the low-temperature
range. If the temperature is low enough, the whole trimer is
in the ground state with S = 5/2. The calculated saturation
magnetization is 5.71 Nß at g (5/2, 3) = 2.29. The measured
magnetization of 1 as a function of field (0–5 T) gives a
saturation magnetization value of 4.27 Nß at 2 K (Figure 4,

(3)

(4)
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inset), which is less than the value of S = 5/2, which also
proves that the magnetic behavior at low temperature is a
result of an irregular spin states structure.

The χMT value per trimer of 3 at 250 K is
8.07 cm3·K·mol–1 (Figure 5), which is larger than that for
three noninteracting cobalt ions of S = 3/2 because of the
orbital contribution. This value decreases gradually to
0.48 cm3·K·mol–1 from room temperature to 2 K. The 1/χM

value above 20 K fitted with the Curie–Weiss law gave C =
3.016 cm3·mol–1 and θ = –32.09 K, which shows an intra-
molecular antiferromagnetic coupling of the adjacent co-
balt atoms within the trimer. With the same approximations
as in 1 and neglecting J�, the Van Vleck formula for 3 is
expressed in Equation (4).

The best fit for temperatures greater than 20 K gives gA

= 2.46, gB = 2.02, J = –6.08 cm–1 with R = 9.5·10–4. The
larger value of gA indicates that the terminal cobalt atoms
possess stronger anisotropy than the central one, which is
consistent with the description of the molecular structure.

According to the theoretical calculations of magnetic in-
teractions through bridged two-atom pdz and related com-
pounds,[5,6,10,13] the magnetic coupling of the two cobalt
atoms through pure bridging pdz ligands (J �–10 cm–1) are
much weaker than that in the copper (–J � 100 cm–1) and
nickel (J �–30 cm–1) compounds. It can be estimated that
the contribution to the antiferromagnetic interaction be-
tween the adjacent cobalt atoms mainly comes from the
bridging pdz ligands in 3. End-on NCS– bridging may af-
ford a weak ferromagnetic interaction, which compensates
the antiferromagnetic interaction through the bridging pdz
ligands to give a comparatively small value of J, as de-
scribed for the corresponding nickel compound.[10] In the
case of 1, the entire magnetic interaction of the adjacent
HS and LS cobalt atoms comes from the magnetic coupling
through pdz and hydroxide, and the supra-exchange of the
two metal ions. It can be deduced that the magnetic coup-
ling through pdz must be an antiferromagnetic interaction
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because of spin polarization in the bridging ligand. The
antiferromagnetic coupling between two neighboring cobalt
atoms through the OH– group is very weak because of poor
overlap between the dx

2
–y

2 and dz
2 magnetic orbitals of the

central low-spin cobalt() atom and the p-type orbitals of
the oxygen atom from the OH– group. The different mag-
netic orbital contributions for the high- and low-spin states
of the cobalt atoms also cause the overlap of the electron
clouds of the two neighboring metal atoms to tend to zero
and the spins of the two high-spin magnetic centers to tend
to be positioned in the same direction, compensating for
the antiferromagnetic interaction between neighboring co-
balt atoms. The magnetic exchange for the two kinds of
spin states of cobalt atoms within one molecule is rarely
reported. The tuning of the spin states through a simple
bridging ligand may afford a new method for the modifica-
tion of magnetic properties at the molecular level.

In conclusion, three novel cobalt() trinuclear com-
pounds bridged by the pdz ligand and a second small anion
(hydroxide and end-on thiocyanate) were structurally and
magnetically characterized in this paper. The two-atom
bridging modes of the pdz ligand in 1 and 2 are unusual:
each bridging pdz ligand affords two nitrogen donors to the
two metal ions with different bond lengths. This results in
a significant difference in the ligand fields between the cen-
tral and terminal cobalt() coordination spheres in 1 and 2.
Both the structural analysis and magnetic data show that
two spin states (HS and LS) of cobalt() atoms coexist in
1. An irregular spin states structure was also observed in
this compound at low temperature. This work provides a
unique example of the modification of magnetic properties
through a simple bridging group.

Table 2. Crystallographic data for 1, 2, and 3.

1 2 3

Formula C30Co3H46N16O19 C26H32Co3N17O19 C32H30Co3N18O2S6

Fw 1111.56 1063.44 1067.87
Dimensions [mm] 0.25 ×0.20×0.15 0.3×0.20×0.1 0.25×0.20×0.1
Crystal system monoclinic triclinic monoclinic
Space group P21/c P1̄ P21/n
a [Å] 10.115(1) 12.8257(5) 15.307(2)
b [Å] 18.437(1) 12.950(1) 11.1583(5)
c [Å] 12.573(1) 13.5136(5) 14.983(3)
α [°] 74.499(2)
β [°] 113.777(2) 71.412(3) 117.337(2)
γ [°] 85.829(2)
V [Å3] 2145.6(3) 2049.8(2) 2273.3(5)
Z 2 2 2
ρcal d. [g·cm–3] 1.714 1.723 1.560
µ [cm–1] 12.43 12.98 14.10
Temperature [°C] 293 293 293
No. of observations 2464 7066 3759
h –10 � h � 10 –16 � h � 15 –19 � h � 11
k –19 � k � 15 –10 � k � 16 –14 � k � 10
l –13 � l � 12 –17 � l � 17 –11 � l � 19
Residuals:[a]R,[b] wR2 0.031, 0.077 0.07, 0.2123 0.0705, 0.2011
GoF 1.06 1.194 1.298
Max. & min. peak in final diff. map (e– [Å3]) 0.45, –0.52 1.12 (0.72 Å from Co3), –0.78 0.62, –0.56

[a] R = Σ||Fobsd.| – |Fcalcd.||/Σ|Fobsd.| for I � 2.0σ (I). [b] Rw = [Σw (|Fobsd.| – |Fcalcd.|)2/Σw Fo
2]1/2.
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Experimental Section
Materials: Co(NO3)2·6H2O (�98%, Wako), pyridazine (98%, To-
kyo Chemical), NH4SCN (99.5%, Wako) were used as obtained
from commercial sources without further purification.

Physical Measurements: The powder infrared spectra were recorded
with a Perkin–Elmer System 2000 instrument using KBr pellets.
Magnetic susceptibility measurements were carried out using a
Quantum Design SQUID magnetometer in the 2–300-K tempera-
ture range. Corrections for diamagnetism were applied by using
Pascal’s constants.[1a]

Synthesis of [Co3(µ-OH)2(µ-pdz)4(pdz)2(NO3)2(H2O)2]·(NO3)2·
(THF)·2(MeOH) (1) and [Co3(µ-OH)2(µ-pdz)4(pdz)4(NO3)2]·
[Co3(µ-OH)2(µ-pdz)4(MeOH)4(NO3)2]·(NO3)4 (2): After mixing a
THF solution (5 mL) of pdz (1.1 mmol) and a THF solution
(15 mL) of Co(NO3)2·6H2O (0.5 mmol), a red sediment was pro-
duced, which was dissolved by adding methanol (5 mL). Red-
brown, cube-shaped single crystals of 1 were obtained from the
prepared red solution by slow vaporization at room temperature.
The crystals lost their solvent molecules and powdered slowly in
air. C30H46Co3N16O19 (1): calcd. C 32.39, H 4.14, N 20.15; found
C 27.55, H 3.38, N 21.47. The experimental data is consistent with
that of the molecule in which three organic solvent molecules are
replaced by four water molecules. C24H38Co3N16O20 (1 – THF –
2MeOH + 4H2O): found C 27.52, H 3.66, N 21.40. Pyramid-
shaped red crystals of 2 were isolated after one year from the same
mother liquor of 1. C52H64Co6N34O38 (2): calcd. C 29.37, H 3.03,
N 22.39; found C 29.58, H 3.25, N 22.13.

Synthesis of [Co3(µ-pdz)4(µ-NCS)2(pdz)2(NCS)4]·2MeOH (3):
Pyridazine (2.2 mmol) was added dropwise to a solution of
CoCl2·6H2O (1 mmol) and NH4SCN (2.2 mmol) in methanol
(20 mL) under continuous stirring. The prepared blue solution was
filtered and allowed to evaporate slowly at room temperature to
give red cube-shaped single crystals of 3 after two months. IR
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(KBr): ν̃ = 3388 (br., m), 3092 (br., w), 2079 (vs), 1989 (s), 1579
(m), 1415 (m), 1070 (m), 991 (w), 767 (m), 673 (w), 412 (w) cm–1.
C32H30Co3N18O2S6: calcd C 35.96, H 2.81, N 23.60, found C 35.35,
H 2.87, N 23.67.

X-ray Crystallography

The single crystals of all the compounds were sealed into glass
capillary tubes (0.7 mm, GLAS) containing a small amount of
mother liquor and mounted on the crystal goniometer. The inten-
sity data of all four samples were collected with the Rigaku Mer-
cury CCD system using graphite monochromatic Mo-Kα radiation
(λ = 0.71069 Å) and the ω scan technique with a sample-to-detec-
tor distance of 35 mm at a temperature of 20±1 °C (Table 2). The
cell constants and orientation matrix were obtained from the reflec-
tions collected on the setting angles of six frames by changing ω
by 0.5° for each frame.[19] Intensity data were collected in 480
frames with an ω scan width of 0.5° using two different ψ settings
(0 and 90°). The exposure time was 60, 90, and 150 s for 1, 2, and 3,
respectively. Empirical absorption corrections based on azimuthal
scans were applied.[20] The data were also corrected for Lorentz
and polarization effects.

All calculations were performed using the teXsan crystallographic
software package[21] of the Molecular Structure Corporation. The
structures were solved by direct methods and expanded using Fou-
rier techniques.[22] The full-matrix least-squares refinement was per-
formed by SHELXL-97[23] based on F2. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were included but not
refined. R factor (gt) of the final full-matrix least-squares refine-
ment was based on the observed data of I � 2σ(I), while reflections
of the weighted R factor (wR2) and GoF are based on all data. In
1 and 3, the positions of the solvent molecules were disordered,
while in 2, the oxygen atoms of the terminally coordinated NO3

–

were disordered. CCDC-276336 to 276338 contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A synthetic strategy has been developed for the preparation
of new peripheral amine- or ammonium-terminated carbosil-
ane dendrimers of type nG-[Si(OCH2CH2NMe2)y]x or nG-
[Si(OCH2CH2NMe3

+I–)y]x, respectively. It consists of the
alcoholysis of well-known chlorosilane-terminated dendri-
mers with N,N-dimethylethanolamine and the subsequent
quaternization with MeI. All these systems are susceptible to

Introduction

There is currently significant interest in dendrimers as a
result of their potential applications, including light har-
vesting and energy transfer, nanoscale catalysis, chemical
sensors, unimolecular micelles, enzyme mimics, encapsul-
ation of guest molecules, molecular recognition, diagnostic
agents, and gene and drug delivery.[1]

The two common drug delivery systems are liposomes
and polymers, although both present some problems.[2]

Liposome-based systems have poor stability, difficulty tar-
geting specific tissues, side effects like lung-inflammatory
reactions, and in transfection, processes may fail in the pres-
ence of serum. The main drawbacks of the use of conven-
tional degradable polymers as delivery agents are their poly-
dispersity and thermodynamic instability that result in a
short in vivo lifetime of the active species. Dendrimers rep-
resent an alternative approach to liposomes and polymeric
systems for drug delivery. Their major advantages are the
uniform structure, multiple sites of attachment, and the ver-
satility to modify their skeletons and surfaces, allowing a
precise characterization of the dendrimer/drug interaction.
There are two general methods for the use of dendrimers as
drug carriers, that is (i) encapsulation of drugs inside the
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hydrolysis, although the decomposition depends on concen-
tration and dendrimer generation. Evaluation of dendrimer
toxicities by phase-contrast light microscopy and MTT assay
were carried out, and evidence of dendrimer/oligonucleotide
complex formation was carried out by gel electrophoresis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

dendritic skeleton[3] or (ii) formation of dendrimer-drug
conjugates in which the drug is attached preferentially to its
surface. For the latter method, two methodologies have
been developed. The first technique consists of a covalent
link between peripheral units of the dendrimer and the
drug. For instance, methotrexate or folic acid have been at-
tached to the exterior of polyarylether[4] dendrimers or con-
jugated in poly(amidoimine) (PAMAM)[5] dendrimers. The
second approach is based on electrostatic interactions and
has been mainly focused on the delivery of DNA drugs into
the cell nucleus for gene or antisense therapy. Numerous
reports have been published on the use of amino-terminated
PAMAM dendrimers,[6] phosphorus-based dendrimers,[7]

polypropylenimine (PPI)[8] or poly(lysine)[9] dendrimers as
nonviral gene-transfer agents.

However, to the best of our knowledge, no studies con-
cerning the use of water-soluble carbosilane-based dendri-
mers as potential drug carriers have been published, al-
though an in vitro biocompatibility report was recently
published on poly(ethylene oxide)-grafted carbosilane den-
drimers.[10] Besides, a scarce number of polyionic silane
dendrimers have been reported so far.[11–13]

Here we describe the synthesis and characterization of
novel water-soluble carbosilane dendrimers up to the third
generation, and the analysis of their biocompatibility in pri-
mary cell cultures of peripheral blood mononuclear cells
(PBMCs).

Results and Discussion

Amine-Terminated Carbosilane Dendrimers

We have studied the synthesis of dendrimers containing
peripheral amine groups. For this purpose, first-, second-,
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and third-generation chlorosilane-terminated dendrimers
were synthesized as previously reported.[14] Typically, we
used tetraallylsilane or other allylsilane-terminated dendri-
mers as the initiator core and chlorodimethylsilane or
dichloromethylsilane for the hydrosilylation step in the pres-
ence of a platinum catalyst (Karstedt catalyst),[15] to afford
the well-known Cl–Si-terminated dendrimers 1G-(SiCl)4,
1G-(SiCl2)4, 2G-(SiCl)8, 2G-(SiCl2)8, 3G-(SiCl)16, and 3G-
(SiCl2)16. These formed the starting materials for the prepa-
ration of new dendrimers by alcoholysis reactions.

Treatment of dendrimer 1G-(SiCl)4 with 4 equiv. of etha-
nolamine at room temperature in diethyl ether and in the
presence of NEt3 led to the formation of the corresponding
amine-terminated dendrimer 1G-[Si(OCH2CH2NH2)]4 (1),
which was isolated as a brown oil after separation from the
precipitated ammonium salt [HNEt3]Cl and evaporation of
the solvent (Scheme 1). In the absence of NEt3, the den-
drimer precipitated as a white solid material that we initially
assigned to the self-quaternization of the amine groups in 1
because addition of NEt3 to this white material in DMSO
dissolved it to afford 1 again as the sole spectroscopic com-
pound. However, when we tried to dissolve this material in
water, an insoluble residue of polysiloxanes and the soluble
ammonium salt of ethanolamine were separated. The data
of the 1H NMR spectrum performed in D2O are consistent
with the hydrolysis of the Si–O bonds under these slight
acidic conditions. Derivative 1 exhibits a multiplet in the 1H
NMR spectrum located at δ = 1.32 ppm, attributed to the
middle methylene group of the branch –SiCH2CH2CH2Si–,
and the two signals at δ = 0.63 and 0.53 ppm are assigned
to the methylene groups directly bonded to silicon. The
outer branch gives two triplets at δ = 3.55 and 2.74 ppm,
corresponding to –CH2O– and –CH2N–. The 13C NMR
spectroscopic data are consistent with this assignment.
Water-solubilization of dendrimer 1 was attempted by quat-
ernization of the terminal amine groups. Reaction of 1 with
a diethyl ether solution of HCl produced the hydrolytic
breaking of the Si–O bonds, in accordance with the reactiv-
ity mentioned earlier. The attempt to quaternize derivative
1 using MeI also failed because of the hydrolysis of the Si–
O bonds caused by the HI generated by Me/H exchanges
with the amine protons.[16]

Scheme 1.
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To overcome these problems, chlorosilane-terminated
dendrimers were treated with stoichiometric amounts of
N,N-dimethylethanolamine in diethyl ether and in the pres-
ence of stoichiometric NEt3, to afford the corresponding
amine-terminated dendrimers 1G-[Si(OCH2CH2NMe2)]4
(2), 1G-[Si(OCH2CH2NMe2)2]4 (3), 2G-[Si(OCH2CH2-
NMe2)]8 (4), 2G-[Si(OCH2CH2NMe2)2]8 (5), 3G-[Si(OCH2-
CH2NMe2)]16 (6), and 3G-[Si(OCH2CH2NMe2)2]16 (7) as
brown oils in high yields (Scheme 2). All these derivatives
are soluble in common organic solvents, but are insoluble
in water.

The NMR spectroscopic and analytical data for deriva-
tives 2–7 are consistent with their proposed structures
(Scheme 2). The 1H NMR spectra of the carbosilane frame-
work for dendrimers 2–7 have almost identical chemical
shifts for analogous nuclei in different generations, although
broader and less structured resonances are present with in-
creasing generation. These features have been ascribed to
both a polymer-like structure with slightly different chemi-
cal environments for the nuclei in different generations and
restricted mobility of the respective protons in the outer
shells.[17,18] Five sets of signals attributed to the methylene
groups are observed with the expected integration ratio. For
the SiCH2CH2CH2Si branches, the middle methylenes are
located at δ = 1.30 ppm, whilst the methylene groups
bonded directly to silicon atoms are centered at δ = 0.61
and 0.51 ppm. We ascribed the resonances at δ = 0.61 ppm
to the –CH2SiO– groups and those at δ = 0.51 ppm to the
rest of the methylene groups, based on the enlargement of
the latter signal intensity with increasing dendrimer genera-
tion, and also on 1D 1H TOCSY and NOESY experiments.
Two triplets are observed for the SiOCH2CH2N fragment,
located at δ = 3.64 (for dendrimers 2, 4, and 6) or 3.74 ppm
(for dendrimers 3, 5, and 7) attributed to the –CH2O–
groups, and δ = 2.43 ppm for the –CH2N– groups; this ob-
servation is supported by data from NOESY experiments.
Interestingly, the downfield shifts shown by dendrimers 3,
5, and 7 are consistent with the presence of two oxygen
atoms bonded to the silicon atom, although this effect is
negligible for the –CH2N– groups. The 13C NMR spectra
for the methylene groups show two resonances located at δ
= 61.4 (–CH2N–) and 60.7 ppm (–CH2O–) for the outer
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Scheme 2.

SiOCH2CH2N branches, and for the inner
SiCH2CH2CH2Si branches, signals in the range of δ = 21.3
to 17.4 ppm are observed. HMQC experiments were re-
quired to locate their resonances. For the N–Me groups, the
signals in the 1H- and 13C NMR spectra show unchanged
resonances at δ = 2.23 and 46.1 ppm, respectively. Both
the –SiMe2– and –SiMe– fragments can be easily distin-
guished in all derivatives and generations (see Exp. Sect.).
It is worth noting that for the outer –SiMe– groups the
resonance appears about δ = –1.7 ppm in dendrimers 2, 4,
and 6, whilst it is located around δ = –4.4 ppm for dendri-
mers 3, 5, and 7, as a consequence, again, of the presence
of one or two silicon-bonded oxygen atoms, respectively.
This feature is clearly observed in the 29Si NMR spectra,
although the innermost silicon atom is only detected for the
first generations.

Dendrimers were also analyzed by mass spectroscopy
(electrospray or MALDI-TOF MS) using 1,8,9-trihydroxy-
anthracene (dithranol) as a matrix. However, the molecular
peaks were not observed for the second and third genera-
tions, as described for many high-molecular-weight dendri-
mers.[19]

Ammonium-Terminated Carbosilane Dendrimers

Attempts to quaternize the amine-terminated carbosilane
dendrimers 2–7 with stoichiometric amounts or an excess
of HCl failed because of hydrolysis of the Si–O bonds.
However, treatment of the dendrimers with an excess of
MeI in diethyl ether led to quantitative quaternization of
the amine groups within 24–48 h, causing the precipitation
of the ammonium iodide salts 1G-[Si(OCH2CH2NMe3

+I–)]4

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1388–13961390

(8), 1G-[Si(OCH2CH2NMe3
+I–)2]4 (9), 2G-[Si(OCH2CH2-

NMe3
+I–)]8 (10), 2G-[Si(OCH2CH2NMe3

+I–)2]8 (11), 3G-
[Si(OCH2CH2NMe3

+I–)]16 (12), and 3G-[Si(OCH2CH2-
NMe3

+I–)2]16 (13) in high yields as white hygroscopic solids
(Scheme 2). In the case of the amine-terminated dendrimer
7, some dimethylamine groups remained unquaternized.
The 1H NMR spectrum revealed that roughly 29 of the 32
amine groups were quaternized, even if we used a large ex-
cess of MeI and prolonged reaction times. All the dendritic
ionic derivatives are insoluble in normal organic solvents,
but are soluble in DMSO, MeOH, and H2O, although slow
decomposition occurs in protic solvents (see later for de-
composition behavior).

The NMR spectroscopic and analytical data of deriva-
tives 8–13 are consistent with their proposed structures
(Scheme 2 and Figure 1). The 1H NMR spectra were re-
corded in DMSO at room temperature, although in this sol-
vent the line widths of these spectra tended to be broader
than those of derivatives soluble in common organic sol-
vents. The 1H- and 13C NMR spectra of the quaternized
dendrimers 8–13 exhibit identical resonance patterns to
those observed in their counterparts 2–7 for the carbosilane
framework, although broader signals are seen with increas-
ing generation (see Exp. Sect. and Supporting Information).
Two broad multiplets are observed for the outer Si-
OCH2CH2N grouping, centered at δ = 3.94 (for dendrimers
8, 10, and 12) or 4.12 ppm (for dendrimers 9, 11, and 13)
for the –CH2O– groups, and δ = 3.45 (for dendrimers 8, 10,
and 12) or 3.56 ppm (for dendrimers 9, 11, and 13) for the
–CH2N– fragment. The quaternization of the amine groups
resulted in a deshielding of the chemical shifts of the
–CH2O– groups by 0.3–0.4 ppm, whereas for the –CH2N–
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Figure 1. Molecular representations of the ammonium-terminated carbosilane dendrimers 8–12.
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methylene groups this shift was about 1 ppm, consistent
with the presence of a positive charge on the nitrogen atom.
Analogous shifts are observed for the carbon atoms in their
13C NMR spectra. This behavior is also detected in the
methyl groups, which appear in the 1H- and 13C NMR spec-
tra centered at δ = 3.18 and 52.6 ppm, respectively, down-
field of those observed in the amine-terminated dendrimers
2–7.

Hydrolysis Behavior of Amine- and Ammonium-Terminated
Dendrimers

As mentioned earlier, the amine-terminated dendrimers
and the quaternized derivatives decompose in protic sol-
vents. For instance, when dendrimers 3 or 9 are dissolved
in methanol for several hours, after extraction with diethyl
ether, a new dendrimer is formed, 1G-[Si(OMe)2]4, consis-
tent with the alcoholysis of the Si–O bonds, the inclusion
of methoxy groups,[20] and the respective formation of etha-
nolamine or its ammonium salt.

The hydrolysis of the second- and third-generation am-
monium-terminated dendrimers 10 and 12 was studied in
more detail. Both dendrimers degrade in deuterated water
to form [DOCH2CH2NMe3

+I–] and an insoluble polymeric
carbosiloxane material. The changes in dendrimer concen-
tration were measured by 1H NMR spectroscopy on the
basis of the integration of both –OCH2CH2N– methylene
proton resonances, which were always at pD = 7.2. A plot
of ln[dendrimer] versus time showed an apparently first-or-
der decomposition (see Figure 2). However, when the plot
was performed using different initial dendrimer concentra-
tions (see Supporting Information) the results showed that
the rate constant decreases with increasing dendrimer con-
centration. The same decrease is observed on going from
the second to the third generation when the hydrolytic pro-
cesses were carried out at the same pD and initial concen-
trations in [Si–O] bonds, suggesting the existence of a den-
dritic effect (Figure 2). A plausible explanation for all these
features may be the presence of interactions between
branches in a cooperative effect that may decrease the rate
of the process, making the decomposition a result of com-
plex behavior.

Figure 2. Plot of the hydrolysis process of the ammonium-terminated carbosilane dendrimers of second generation 10 (filled squares) and
third generation 12 (crosses), at the same initial concentration.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1388–13961392

Evaluation of Dendrimer Toxicity

Quaternized second-generation carbosilane dendrimers
10 and 11 were tested on a primary cell culture of PBMCs
(from healthy donors) as an initial screen for biocompat-
ibility. Dendrimers of first generation were too water-sensi-
tive for toxicity evaluation, while those of third generation
were not tested because of solubility problems. As a pri-
mary cell culture, PBMCs are more sensitive to external
challenge than immortalized cell lines; thus, they are good
models in which to perform toxicity studies. Furthermore,
there are a number of diseases that affect these cells (for
example leukemia, viral infections such as HIV or HTLV,
genetic disorders such as Severe Combined Immunodefici-
ency (SCID), and so on), and they are also a major target
for immunomodulation. Additionally, PBMCs placed in the
bloodstream are easily accessible to systemic drugs. In order
to evaluate the range of biocompatibility of dendrimers 10
and 11, PBMCs were incubated for 48 h with increased con-
centrations of free dendrimer (1, 5, 10, 20, and 100 µ).
Untreated cells were used as a control for viability. After
this period of incubation, cells were observed under a
phase-contrast light microscope. In parallel, mitocondrial
activity (MA) of cells challenged with dendrimers was
evaluated by MTT test and compared with that shown by
the control cells. MTT results demonstrated a similar MA
in cells treated with both second-generation dendrimers 10
and 11 at the different concentrations tested (Figure 3). At
the concentration of 1 µ, MA was around 80% of that
shown by the control, while at 5 µ, MA decreased to 30%.
Observation of cells under phase-contrast light microscopy
showed that cells treated with concentrations from 1 to 5 µ

of the dendrimers were alive, with no visible differences
from control cells. Cells treated with concentrations of
10 µ or higher exhibited reduced membrane birefringence
and a concentration-dependent increase in mortality, and
even more, at these concentrations, formation of cell aggre-
gates was observed with dendrimer 11, probably caused by
the presence of a higher cationic charge on its surface (not
only dendrimers, but cationic macromolecules in general
cause destabilization of the cell membrane).[1j–21] Overall,
the results from the MTT test and the microscopic observa-
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Figure 3. Quantification of mitochondrial activity of cells by MTT test after 48 h of incubation with different concentrations of the
carbosilane dendrimers 10 and 11.

tions lead to the conclusion that the biocompatible concen-
trations for both dendrimers are between 1 and 5 µ.

A preliminary study of the capacity of these dendrimers
in the complexation with the nucleic material to give the so-
called dendriplexes was performed by electrophoretic analy-
sis. The technique was carried out in agarose gel using den-
drimer 10 and a fluoresceinated phosphorothioate oligo-
deoxynucleotide (ODN) at different electrostatic charge ra-
tios (+)/(–) (see Figure 4). The retardation of the ODN mi-
gration observed in the gel electrophoresis indicates that the
ODN is associated with the dendrimer demonstrating a suc-
cessful complex formation, even at 2:1 charge ratio in which
the dendrimer concentration is in the range of biocompat-
ibility mentioned earlier. Because of the hydrolytic problems
shown by the carbosilane dendrimers with Si–O bonds, an
experiment was performed to ensure that the quaternized
dendrimers are responsible for the ODN retardation, rather
than charged terminal functional groups detached from the
dendritic structure. To this end, mixtures of ODN with the
terminal groups [HOCH2CH2NMe3

+I–] alone were sub-

Figure 4. Electrophoresis of dendrimer 10 or
[HOCH2CH2NMe3

+I–] and ODN on a 3% agarose gel: (1) a 100 bp
DNA ladder as reference; (2) 10/ODN ratio (+)/(–), 2:1; (3) 10/
ODN ratio (+)/(–), 4:1; (4) 10/ODN ratio (+)/(–), 20:1; (5) 10/ODN
ratio (+)/(–), 40:1; (6) ODN only; (7) [HOCH2CH2NMe3

+I–]/ODN
ratio (+)/(–), 2:1; (8) [HOCH2CH2NMe3

+I–]/ODN ratio (+)/(–),
4:1; (9) [HOCH2CH2NMe3

+I–]/ODN ratio (+)/(–), 20:1; (10)
[HOCH2CH2NMe3

+I–]/ODN ratio (+)/(–), 40:1; (11) ODN only.
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jected to electrophoresis and retardation of the ODN as-
sessed (see also Figure 4). The results clearly show that the
terminal branches alone were not able to retard ODN mi-
gration, indicating that the whole functionalized dendrimer
was necessary to form complexes with ODN. The dendri-
plexes released the ODN progressively between 6–24 h,
which is adequate time for some biomedical applications.

Conclusion
A synthetic strategy has been developed for the prepara-

tion of new peripheral amine- or ammonium-terminated
carbosilane dendrimers. It consists of the alcoholysis of
well-known chlorosilane-terminated dendrimers with N,N-
dimethylethanolamine and the subsequent quaternization
reaction with MeI. This procedure was shown to be suitable
for the growth of high generations, although partial quat-
ernization was observed in the more crowded third-genera-
tion dendrimer 7. Evaluation of dendrimer toxicity by
phase-contrast light microscopy and MTT assay revealed
that the second-generation dendrimers 10 and 11 show
good toxicity profiles in primary cell culture models over
extended periods for concentrations between 1 and 5 µ,
making them attractive for potential use as biocompatible
drug carriers. All these systems are sensitive towards hydrol-
ysis by breaking of the Si–O bonds with the subsequent
liberation of their peripheral units. This feature may have a
detrimental effect on the dendrimer properties, however,
such a process could be useful in the design of carriers for
controlled release of drugs. In addition, the capacity of den-
drimer/oligonucleotide complex formation was confirmed
by electrophoresis. These experiments open the way to use
these dendritic macromolecules as drug delivery systems by
an electrostatic approach and their posterior release by me-
ans of the hydrolytic process. Further studies are in progress
to modify the external ammonium motif of the carbosilane
dendrimers in order to control their stability towards hy-
drolysis.
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Experimental Section
General: All manipulations of oxygen- or water-sensitive com-
pounds were carried out under argon using standard Schlenk tech-
niques or an argon-filled glovebox. Solvents were dried and freshly
distilled under argon prior to use: hexane from sodium-potassium,
toluene from sodium, tetrahydrofuran and diethyl ether from so-
dium benzophenone ketyl, and dichloromethane from P4O10. Un-
less otherwise stated, reagents were obtained from commercial
sources and used as received. nG-(SiCly)x dendrimers were pre-
pared according to reported methods.[14]

1H-, 13C-, and 29Si NMR spectra were recorded with Varian Unity
VXR-300 and Varian 500 Plus Instruments. Chemical shifts (δ,
ppm) were measured relative to residual 1H and 13C resonances
for [D1]chloroform and [D6]dimethyl sulfoxide which were used as
solvents, and 29Si chemical shifts were referenced to external SiMe4

(δ = 0.00 ppm). The integral values of the signals in the 1H NMR
spectra of dendrimer complexes represent only 25% of the total
amount of hydrogen atoms. C, H, and N analyses were carried
out with a Perkin–Elmer 240 C microanalyzer. MALDI-TOF MS
samples were prepared in a 1,8,9-trihydroxyanthracene (dithranol)
matrix, and spectra were recorded with a Bruker Reflex II spec-
trometer equipped with a nitrogen laser emitting at 337 nm and
operated in the reflector mode at an accelerating voltage in the
range 23000–25000 V.

Synthesis of 1G-[Si(OCH2CH2NH2)]4 (1): To a diethyl ether solu-
tion (50 mL) of the first-generation chloro-terminated dendrimer
1G-(SiCl)4 (0.35 g, 0.61 mmol) were added a slight excess of NEt3

(0.40 mL, 2.86 mmol) and ethanolamine (0.16 mL, 2.44 mmol).
The reaction mixture was stirred for 12 h at room temp. and then
evaporated to dryness to remove residual NEt3. The residue was
extracted with Et2O (50 mL) and filtered through Celite to remove
the ammonium salt NEt3·HCl. The resulting solution was evapo-
rated under reduced pressure to give 1 as a brown oil (0.21 g, 51%).
1H NMR (CDCl3): δ = 3.55 (t, 2 H, CH2O), 2.74 (t, 2 H, CH2N),
1.46 (s, 2 H, NH2), 1.32 (m, 2 H, SiCH2CH2CH2SiO), 0.63 (m, 2
H, CH2SiO), 0.53 (m, 2 H, CH2Si), 0.07 (s, 6 H, OSiMe2) ppm.
13C{1H} NMR (CDCl3): δ = 64.8 (CH2N), 44.3 (CH2O), 21.3
(CH2SiO), 17.9, 17.2 (SiCH2CH2CH2SiO), –1.9 (OSiMe2) ppm.
C28H72N4O4Si5 (668.4): calcd. C 50.27, H 10.77, N 8.38; found C
51.01, H 11.03, N 8.06.

Synthesis of 1G-[Si(OCH2CH2NMe2)]4 (2): To a diethyl ether
(40 mL) solution of the first-generation chloro-terminated den-
drimer 1G-(SiCl)4 (0.85 g, 1.49 mmol) were added a slight excess
of NEt3 (0.86 mL, 6.2 mmol) and N,N-dimethylethanolamine
(0.6 mL, 5.97 mmol). The reaction mixture was stirred for 1 h at
room temp. and then evaporated to dryness to remove residual
NEt3. The residue was extracted with Et2O (30 mL) and filtered
through Celite to remove the ammonium salt NEt3·HCl. The re-
sulting solution was evaporated under reduced pressure to give 2
as a pale yellow oil (0.98 g, 84%). 1H NMR (CDCl3): δ = 3.64 (t,
2 H, CH2O), 2.40 (t, 2 H, CH2N), 2.22 (s, 6 H, NMe2), 1.31 (m, 2
H, SiCH2CH2CH2SiO), 0.60 (m, 2 H, CH2SiO), 0.53 (m, 2 H,
CH2Si), 0.07 (s, 6 H, OSiMe2) ppm. 13C{1H} NMR (CDCl3): δ =
61.5 (CH2N), 60.8 (CH2O), 46.1 (NMe2), 21.3 (CH2SiO), 18.1, 17.4
(SiCH2CH2CH2SiO), –1.7 (OSiMe2) ppm. 29Si{1H} NMR
(CDCl3): δ = 0.49 (G0-Si), 17.62 (G1-Si) ppm. C36H88N4O4Si5
(780.4): calcd. C 55.36, H 11.28, N 7.17; found C 55.16, H 11.22,
N 7.06.

Synthesis of 1G-[Si(OCH2CH2NMe2)2]4 (3): This dendrimer was
prepared using a similar method to that described for 2, starting
from 1G-(SiCl2)4 (0.54 g, 0.87 mmol), N,N-dimethylethanolamine
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(0.7 mL, 6.94 mmol), and NEt3 (1.0 mL, 7.2 mmol) to obtain com-
pound 3 as a colorless oil (0.75 g, 80%). 1H NMR (CDCl3): δ =
3.74 (t, 4 H, CH2O), 2.43 (t, 4 H, CH2N), 2.23 (s, 12 H, NMe2),
1.31 (m, 2 H, SiCH2CH2CH2SiO), 0.63 (m, 2 H, CH2SiO), 0.52 (m,
2 H, CH2Si), 0.09 (s, 3 H, OSiMe) ppm. 13C{1H} NMR (CDCl3): δ
= 61.4 (CH2N), 60.7 (CH2O), 46.2 (NMe2), 18.7 (CH2SiO), 17.7,
17.2 (SiCH2CH2CH2SiO), –4.4 (OSiMe) ppm. 29Si{1H} NMR
(CDCl3): δ = 0.47 (G0-Si), –3.65 (G1-Si) ppm. C48H116N8O8Si5
(1072.4): calcd. C 53.71, H 10.82, N 10.44; found C 53.54, H 11.33,
N 10.06. MALDI-TOF MS: m/z 1095.8 [M + H]+ (calcd. 1095.8).

Synthesis of 2G-[Si(OCH2CH2NMe2)]8 (4): This dendrimer was
prepared using a similar method to that described for 2, starting
from 2G-(SiCl)8 (0.27 g, 0.18 mmol), N,N-dimethylethanolamine
(0.15 mL, 1.47 mmol), and NEt3 (0.25 mL, 1.79 mmol) to obtain
compound 4 as a pale yellow oil (0.31 g, 90%). 1H NMR (CDCl3):
δ = 3.64 (t, 4 H, CH2O), 2.41 (t, 4 H, CH2N), 2.23 (s, 12 H, NMe2),
1.30 (m, 6 H, SiCH2CH2CH2SiO and SiCH2CH2CH2Si overlap-
ping), 0.65 (m, 4 H, CH2SiO), 0.53 (m, 8 H, rest of CH2Si), 0.07
(s, 12 H, OSiMe2), –0.09 (s, 3 H, SiMe) ppm. 13C{1H} NMR
(CDCl3): δ = 61.5 (CH2N), 60.8 (CH2O), 46.1 (NMe2), 21.1
(CH2SiO), 18.6, 17.9 and overlapped signals (SiCH2CH2CH2SiO
and SiCH2CH2CH2Si overlapping), –1.9 (OSiMe2), –4.9 (SiMe)
ppm. 29Si{1H} NMR (CDCl3): δ = 0.93 (G1-Si), 17.60 (G2-Si) ppm,
G0-Si was not observed. C88H212N8O8Si13 (1873.0): calcd. C 56.38,
H 11.32, N 5.98; found C 55.98, H 11.20, N 5.78.

Synthesis of 2G-[Si(OCH2CH2NMe2)2]8 (5): This dendrimer was
prepared using a similar method to that described for 2, starting
from 2G-(SiCl2)8 (0.48 g, 0.30 mmol), N,N-dimethylethanolamine
(0.48 mL, 4.77 mmol), and NEt3 (0.7 mL, 5.02 mmol) to obtain
compound 5 as a colorless oil (0.66 g; 90%). 1H NMR (CDCl3): δ
= 3.75 (t, 8 H, CH2O), 2.44 (t, 8 H, CH2N), 2.24 (s, 24 H, NMe2),
1.34 (m, 6 H, SiCH2CH2CH2SiO and SiCH2CH2CH2Si overlap-
ping), 0.64 (m, 4 H, CH2SiO), 0.51 (m, 8 H, rest of CH2Si), 0.09 (s,
6 H, OSiMe), –0.10 (s, 3 H, SiMe) ppm. 13C{1H} NMR (CDCl3): δ
= 61.4 (CH2N), 60.7 (CH2O), 46.2 (NMe2), 18.6 (CH2SiO), 17.7,
17.0 and overlapped signals (SiCH2CH2CH2SiO and
SiCH2CH2CH2Si overlapping), –4.4 (OSiMe), –4.8 (SiMe) ppm.
29Si{1H} NMR (CDCl3): δ = 0.92 (G1-Si), –3.54 (G2-Si) ppm, G0-
Si was not observed. C112H268N16O16Si13 (2457.0): calcd. C 54.70,
H 10.91, N 9.12; found C 54.20, H 10.37, N 9.59.

Synthesis of 3G-[Si(OCH2CH2NMe2)]16 (6): This dendrimer was
prepared using a similar method to that described for 2, starting
from 3G-(SiCl)16 (0.20 g, 0.06 mmol), N,N-dimethylethanolamine
(0.10 mL, 0.99 mmol), and NEt3 (0.16 mL, 1.14 mmol) to obtain
compound 6 as a pale yellow oil (0.18 g, 74%). 1H NMR (CDCl3):
δ = 3.65 (t, 8 H, CH2O), 2.42 (t, 8 H, CH2N), 2.24 (s, 24 H, NMe2),
1.23 (m, 14 H, SiCH2CH2CH2SiO and SiCH2CH2CH2Si overlap-
ping), 0.64 (m, 8 H, CH2SiO), 0.53 (m, 20 H, rest of CH2Si), 0.07
(s, 24 H, OSiMe2), –0.10 (s, 9 H, SiMe) ppm. 13C{1H} NMR
(CDCl3): δ = 61.5 (CH2N), 60.8 (CH2O), 46.1 (NMe2), 21.1
(CH2SiO), 18.6, 17.9 and overlapped signals (SiCH2CH2CH2SiO
and SiCH2CH2CH2Si overlapping), –1.8 (OSiMe2), –4.8 (SiMe)
ppm. 29Si{1H} NMR (CDCl3): δ = 0.95 (G2-Si), 17.95 (G3-Si) ppm,
G0-Si and G1-Si were not observed. C192H460N16O16Si29 (4058.3):
calcd. C 56.77, H 11.33, N 5.52; found C 56.17, H 11.28, N 5.34.

Synthesis of 3G-[Si(OCH2CH2NMe2)2]16 (7): This dendrimer was
prepared using a similar method to that described for 2, starting
from 3G-(SiCl2)16 (0.19 g, 0.05 mmol), N,N-dimethylethanolamine
(0.17 mL, 1.68 mmol), and NEt3 (0.24 mL, 1.79 mmol) to obtain
compound 7 as a pale yellow oil (0.20 g, 72%). 1H NMR (CDCl3):
δ = 3.75 (t, 16 H, CH2O), 2.44 (t, 16 H, CH2N), 2.24 (s, 48 H,
NMe2), 1.32 (m, 14 H, SiCH2CH2CH2SiO), 0.66 (m, 8 H,
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SiCH2CH2CH2SiO), 0.53 (m, 20 H, rest of SiCH2), 0.07 (s, 12 H,
OSiMe), –0.10 (s, 9 H, SiMe) ppm. 13C{1H} NMR (CDCl3): δ =
61.4 (CH2N), 60.7 (CH2O), 46.1 (NMe2), a range 18.4–17.4 and
overlapped signals (SiCH2CH2CH2SiO and SiCH2CH2CH2Si over-
lapping), –4.7 (OSiMe2), –5.2 (SiMe) ppm. C240H572N32O32Si29

(5226.3): calcd. C 55.11, H 10.95, N 8.57; found C 56.11, H 11.89,
N 8.13.

Synthesis of 1G-[Si(OCH2CH2NMe3
+I–)]4 (8): To a diethyl ether

(10 mL) solution of 2 (0.12 g, 0.15 mmol) was added a MeI solu-
tion (0.4 mL, 0.8 mmol, 2  in Et2O). The resulting solution was
stirred for 48 h at room temp. and then evaporated under reduced
pressure to remove residual MeI. The residue was washed with
Et2O (2×5 mL) and dried under vacuum to give 8 as a white solid
(0.20 g, 96%). 1H NMR (DMSO): δ = 3.94 (m, 2 H, CH2O), 3.43
(m, 2 H, CH2N), 3.09 (s, 9 H, NMe3

+), 1.29 (m, 2 H,
SiCH2CH2CH2SiO), 0.66 (m, 2 H, CH2SiO), 0.56 (m, 2 H, CH2Si),
0.11 (s, 6 H, OSiMe2) ppm. 13C{1H} NMR (DMSO): δ = 65.8
(CH2N), 55.8 (CH2O), 52.6 (NMe3

+), 19.7 (CH2SiO), 16.9, 16.1
(SiCH2CH2CH2SiO), –2.6 (OSiMe2) ppm. C40H100I4N4O4Si5
(1348.0): calcd. C 35.61, H 7.42, N 4.15; found C 36.67, H 7.65, N
4.42.

Synthesis of 1G-[Si(OCH2CH2NMe3
+I–)2]4 (9): This first-genera-

tion dendrimer was prepared using a similar method to that de-
scribed for 8, starting from 3 (0.17 g, 0.16 mmol) and a MeI solu-
tion (0.80 mL, 1.6 mmol, 2  in Et2O). Compound 9 was isolated
as a white solid (0.29 g, 86%). 1H NMR (DMSO): δ = 4.12 (m, 4
H, CH2O), 3.54 (m, 4 H, CH2N), 3.17 (s, 18 H, NMe3

+), 1.29 (m,
2 H, SiCH2CH2CH2SiO), 0.75 (m, 2 H, CH2SiO), 0.54 (m, 2 H,
CH2Si), 0.20 (s, 3 H, OSiMe) ppm. 13C{1H} NMR (DMSO): δ =
65.8 (CH2N), 56.0 (CH2O), 52.7 (NMe3

+), 17.3 (CH2SiO), 16.5,
15.9 (SiCH2CH2CH2SiO), –5.3 (OSiMe) ppm. C56H140I8N8O8Si5
(2207.6): calcd. C 30.44, H 6.34, N, 5.07; found C 31.47, H 6.47,
N, 5.19.

Synthesis of 2G-[Si(OCH2CH2NMe3
+I–)]8 (10): This dendrimer was

prepared using a similar method to that described for 8, starting
from 4 (0.25 g, 0.13 mmol) and a MeI solution (0.6 mL, 1.2 mmol,
2  in Et2O). Compound 10 was isolated as a white solid (0.35 g,
87%). 1H NMR (DMSO): δ = 3.96 (m, 4 H, CH2O), 3.45 (m, 4 H,
CH2N), 3.11 (s, 18 H, NMe3

+), 1.29 (m, 6 H, SiCH2CH2CH2SiO
and SiCH2CH2CH2Si), 0.65 (m, 4 H, SiCH2CH2CH2SiO), 0.52 (m,
8 H, rest of SiCH2), 0.11 (s, 12 H, OSiMe2), –0.10 (s, 3 H, SiMe)
ppm. 13C{1H} NMR (DMSO): δ = 65.7 (CH2N), 55.9 (CH2O),
52.6 (NMe3

+), 19.7, 17.5, 16.9 and overlapped signals
(SiCH2CH2CH2SiO and SiCH2CH2CH2Si), –2.5 (OSiMe2), –5.3
(SiMe) ppm. C96H236I8N8O8Si13 (3008.2): calcd. C 38.29, H 7.85,
N 3.72; found C 38.87, H 8.32, N, 3.79.

Synthesis of 2G-[Si(OCH2CH2NMe3
+I–)2]8 (11): This dendrimer

was prepared using a similar method to that described for 8, start-
ing from 5 (0.10 g, 0.04 mmol) and a MeI solution (0.5 mL,
1.0 mmol, 2  in Et2O). Compound 11 was isolated as a white solid
(0.17 g, 87%). 1H NMR (DMSO): δ = 4.13 (m, 8 H, CH2O), 3.56
(m, 8 H, CH2N), 3.19 (s, 36 H, NMe3

+), 1.28 (m, 6 H,
SiCH2CH2CH2SiO and SiCH2CH2CH2Si), 0.72 (m, 4 H,
SiCH2CH2CH2SiO), 0.55 (m, 8 H, rest of SiCH2), 0.21 (s, 6 H,
OSiMe), –0.08 (s, 3 H, SiMe) ppm. 13C{1H} NMR (DMSO): δ
= 65.7 (CH2N), 56.0 (CH2O), 52.7 (NMe3

+); 19.2, 17.2, 16.4 and
overlapped signals (SiCH2CH2CH2SiO and SiCH2CH2CH2Si),
–5.2 (OSiMe), –5.6 (SiMe) ppm. C128H316I16N16O16Si13 (4727.4):
calcd. C 32.49, H 6.68, N 4.74; found C 33.32, H 7.03, N, 4.72.

Synthesis of 3G-[Si(OCH2CH2NMe3
+I–)]16 (12): This dendrimer

was prepared using a similar method to that described for 8, start-
ing from 6 (0.12 g, 0.03 mmol) and a MeI solution (0.4 mL,
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0.8 mmol, 2  in Et2O). Compound 12 was isolated as a white solid
(0.16 g, 83%). 1H NMR (DMSO): δ = 3.96 (m, 8 H, CH2O), 3.47
(m, 8 H, CH2N), 3.13 (s, 36 H, NMe3

+), 1.28 (m, 14 H,
SiCH2CH2CH2SiO and SiCH2CH2CH2Si), 0.65 (m, 8 H,
SiCH2CH2CH2SiO), 0.52 (m, 20 H, rest of SiCH2), 0.10 (s, 24 H,
OSiMe2), –0.08 (s, 9 H, SiMe) ppm. 13C{1H} NMR (DMSO): δ
= 65.8 (CH2N), 55.9 (CH2O), 52.6 (NMe3

+), 19.7, 17.2, 16.0 and
overlapped signals (SiCH2CH2CH2SiO and SiCH2CH2CH2Si),
–2.7 (OSiMe2), –5.5 (SiMe) ppm. C208H508I16N16O16Si29 (6328.7):
calcd. C 39.43, H 8.03, N 3.54; found C 39.19, H 8.19, N, 3.68.

Reaction of 3G-[Si(OCH2CH2NMe2)2]16 (7) with MeI: The reaction
of 7 with MeI using a similar method to that described for 8 af-
forded the dendrimer 3G-[Si(OCH2CH2NMe3

+I–)2]16 (13). How-
ever, the NMR analysis revealed that not all the amine groups were
quaternized: roughly 29 groups were methylated, based on integra-
tion of the corresponding chemical shift of the outer
–OCH2CH2N– branch for the amine or ammonium groups.

Biocompatibility Studies

Cells: PBMC cells were derived from healthy voluntary donors, and
obtained from leukophoresed blood by FicollTM gradient and elu-
triation centrifugation. Prior to challenge with dendrimers, PBMCs
were stimulated for 48 h with phytohemagglutinin (2 µg/mL) and
Interleukin 2 (IL-2, 100 IU/mL). On the day of the challenge,
PBMCs were recovered and washed with Phosphate Buffered Sa-
line (PBS), and then seeded in RPMI medium supplemented with
10% of fetal calf serum, 1% -glutamine, antibiotics, and IL-2
(50 IU/mL), in a 5% CO2 environment (100 000 cells per well in
96-well plates for the toxicity curve of dendrimer concentrations).
The final volume in each well was 200 µL for the 96-well plates and
500 µL for the 24-well plates. For the toxicity curve of dendrimer
concentrations, wells were coated with 20 µL of fibronectin/well at
a concentration of 5 µg/mL. The intention was not to lose cells
through pipetting during the MTT assay. In the case of the 24-well
plates, stimulated cells were seeded in 340 µL of complete medium.

Phase-Contrast Light Microscopy: After incubation with dendri-
mers, changes in morphology and characteristics of PBMCs, such
as cell membrane birefringence, were observed using a phase-con-
trast inverted microscope (Nikon TMS, Nikon, Japan) equipped
with a 100X objective (Plan 10/0,30DL/Ph1, Nikon, Japan). Live
PBMCs are bright, have a defined spherical shape, and float in the
culture medium. Dead cells have a darker appearance, and are
mostly present in the bottom of the well. In addition, we assessed
the presence or absence of cell aggregation.

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide] Assay: This method was selected to analyze detrimental intra-
cellular effects on mitochondria and metabolic activity. The colori-
metric MTT test, based on the selective ability of viable cells to
reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide to purple formazan, relies on intact metabolic activity, and is
frequently used for cytotoxicity screening. After 48 h of incubation
of PBMCs with different concentrations of dendrimers in a 96-well
plate, culture medium containing the dendrimers was replaced with
serum-free Optimem (200 µL). Sterile filtered MTT (Sigma) stock
solution (20 µL) in PBS pH = 7.4 (5 mg/mL) was added to each
well to achieve a final concentration of 0.5 mg MTT/mL. After 4 h,
unreacted dye was removed by aspiration, and the formazan crys-
tals were dissolved in dimethyl sulfoxide (200 µL per well) (Merck,
Darmstadt, Germany). The concentration of formazan was then
determined spectrophotometrically in a plate reader at a wave-
length of 570 nm (test) and 690 nm (reference). The spectropho-
tometer was calibrated to zero absorbance using Optimem medium
without cells. The relative cell viability (%) related to control wells
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(cells with no dendrimer) was calculated by [A] test/[A] con-
trol ×100. Each dendrimer concentration was tested in triplicate,
according to ATCC directives.

Formation of Dendrimer/Oligonucleotide Complexes: The fluoresce-
inated phosphorothioate oligodeoxynucleotide (ODN) sequence
was 25 bases long and corresponded to an antisense (complemen-
tary) sequence of the HIV Anti-Gag. Complex formation between
dendrimer 10 or [HOCH2CH2NMe3

+I–] and ODN was performed
using an electrostatic approach. Ratios of ODN to dendrimer were
based on the calculation of the electrostatic charge present on each
component, for example the number of phosphate groups in the
ODN versus the number of terminal ammonium groups on the
dendrimer. The dendrimer or [HOCH2CH2NMe3

+I–] was diluted
in sterile distilled water at 2 mg/mL, and the ODN concentration
for complexation with the carbosilane dendrimer was 0.88 µ

(2.57 µg). All complexes or mixtures at different charge ratios were
formed in serum-free RPMI medium (60 µL), with an incubation
time of 20 min at room temp. Complex formation was assessed by
evaluation of migration retardation of fluoresceinated ODN during
electrophoresis on 3% agarose gel. A 100 bp DNA ladder was used
as reference (Gibco BRLTM).

Supporting Information (for details see the footnote on the first
page of this article): Selected data as 1H-, 13C-, and 29Si NMR
spectra of 1, 3–6, 9–11 (Figure S1–S3 and S6–S10), 2D HMQC
and HMBC spectra of 4 (Figure S4–S5), and plots of the hydrolysis
processes of 10 and 12 at different concentrations (Figure S11).
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Interactions of Cationic Palladium(II)- and Platinum(II)-η3-Allyl Complexes
with Fluoride: Is Asymmetric Allylic Fluorination a Viable Reaction?

Lukas Hintermann,*[a,b] Florian Läng,[a] Pascal Maire,[a] and Antonio Togni[a]
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The complex cations [M(η3-R2All)(PPFPz{3-tBu})]+ (M = PdII,
R2All = 1,3-diphenylallyl, 1,3-dicyclohexylallyl, indenyl; M =
PtII, R2All = 1,3-diphenylallyl; PPFPz-{3-tBu} = 3-tert-butyl-
1-{1-[2-diphenylphosphanyl-ferrocenyl]ethyl}-1H-pyrazole)
have been prepared as salts with PF6

– or SbF6
–. They have

been characterized by NMR spectroscopy in solution and by
X-ray crystallography in the solid state. Their reactions with
sources of nucleophilic and “naked” fluoride have been in-
vestigated by multinuclear NMR spectroscopy. The PdII com-
plexes did not undergo any nucleophilic substitution with
concomitant release of allyl fluorides. The dicyclohexylallyl
fragment was released as a 1,3-diene by elimination, but
with other allyl complexes nonspecific decomposition reac-
tions predominated. The complex [Pt(η3-1,3-Ph2C3H3)-
(PPFPz{3-tBu})]PF6 underwent an anion exchange with

Introduction
The organometallic and coordination chemistry of fluo-

ride and the C–F bond have recently received much atten-
tion. Initial work centered around transition-metal fluoro
complexes,[1–3] the coordination ability of the notoriously
inert C–F bond[4] and its cleavage by means of electron-rich
transition-metal centers using either stoichiometric[5] or
catalytic methods.[6] Furthermore, “fluoride effects” have
been discovered in homogeneous catalysis, which points to
an important role of fluoride as a steering ligand in transi-
tion-metal-catalyzed reactions.[7,8] By contrast, the metal-
catalyzed generation of C–F bonds (i.e. catalytic fluorina-
tion of organic compounds) has long been limited to indus-
trial applications of the Swarts reaction[9] and some exam-
ples of the Pd-catalyzed fluorocarbonylations.[10,11] Re-
search on the generation of fluoroarenes by reductive elimi-
nations from aryl-fluoropalladium() complexes is actively
pursued but not yet realized.[12] The neglect of transition-
metal mediated fluorination methodologies comes as a sur-
prise when the importance of fluorinated organic com-
pounds in the chemical, agricultural, and pharmaceutical
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Me4NF to give [Pt(1,3-Ph2C3H3)(PPFPz{3-tBu})]F which ex-
isted as a mixture of interconverting allyl isomers in solution
at ambient temperature. For the bromide salt, [Pt(η3-1,3-
Ph2C3H3)(PPFPz{3-tBu})]Br, allyl isomerization was slow at
ambient temperature. Precursors of Pt0 reacted with bromo-
1,3-diphenylprop-2-ene to give [Pt2(µ-Br)2(η3-1,3-Ph2All)2]
and precursors of Pd0 underwent oxidative additions with
bromo- and fluoro-1,3-diphenyl-2-propene to give 1,3-di-
phenylallyl complexes of PdII. Therefore, the nucleophilic at-
tack of fluoride on the allyl fragment of PdII complexes is
endergonic, and the high energy barrier of this step is diffi-
cult to overcome in a catalytic allylic fluorination reaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

industry is considered. Here, selectively fluorinated organic
compounds are in high demand for diverse applications.[13]

In response to this situation, we have initiated a research
program directed towards transition-metal catalyzed selec-
tive fluorination reactions at sp3 centers. This has already
resulted in a fluoro-RuII-complex-mediated halogen ex-
change reaction[14] and a titanium-catalyzed asymmetric
catalytic α fluorination of β-keto esters.[15] Similar asym-
metric fluorinations have been discovered by us and others
using PdII,[16] CuII,[17–19] NiII,[18,20] and RuII[21] complexes
as catalysts, all of them relying on electrophilic fluorination
reagents. The present work involves a promising alternative
strategy for asymmetric catalytic fluorination using fluoride
nucleophiles. We were inspired by the observation that cata-
lytic allylic substitution reactions enable the attachment of
a variety of nucleophiles at allylic fragments with high
enantioselectivity.[22] Consequently, we hoped to realize a
palladium catalyzed allylic fluorination reaction starting
from suitable allylic substrates and fluoride nucleophiles
using chiral PdII complexes as catalysts.[23] Since cationic
η3-allyl complexes of palladium() are well-established in-
termediates in asymmetric allylic substitution reactions,[24]

we also wanted to investigate the interaction of such species
with fluoride anions in order to clarify: (a) if nucleophilic
attack of fluoride takes place; or (b) what other interactions
(coordination, ion-pairing etc.) play a role. Analogous ex-
periments with platinum() complexes were also planned
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because the slower kinetics of PtII relative to PdII com-
pounds should allow for the observation of short-lived in-
termediates with the added advantage of having 195Pt NMR
spectroscopy as a selective analytical tool.[25] Finally, we
also hoped to clarify the issue of a “fluoride-effect” that we
had observed earlier in the asymmetric amination of ethyl
1,3-diphenylallyl carbonate (1) catalyzed by PdII with li-
gand 2a (Scheme 1). The reaction gives the amination prod-
uct 3 in either very high or low enantioselectivity, de-
pending on the counterion (F– or PF6

–) of the ammonium
salt additive.[8]

Scheme 1. The palladium-catalyzed asymmetric allylic amination is
subject to astonishing anion effects on enantioselectivity.[8] dba =
dibenzylidene acetone, Bn = benzyl.

Results

The new phosphanyl-ferrocenyl pyrazole 2b, (PPFPz-
{3-tBu}, 3-tert-butyl-1-{(R)-1-[2-(SP)-diphenylphosphanyl-
ferrocenyl]ethyl}-1H-pyrazole), (Scheme 1) was prepared
from 3(5)-tert-butylpyrazole[26] and (R,S)-PPFA[27] (PPFA
= N,N-dimethyl-1-[2-diphenylphosphanyl-ferrocenyl]ethyl-
amine) in high yield as a single regioisomer according to
our standard method.[28] A test run with 2b as the ligand
in the palladium-catalyzed allylic amination reaction,[29]

shown in Scheme 1, using cocatalytic NBu4F·3H2O
(3 equiv. relative to [Pd]),[8] gave the amination product (S)-
3 with an ee � 99.5%. Thus, 2a and 2b behaved identically
in this reaction, but 2b was the preferred ligand for mechan-
istic studies because of the simplicity of the 1H NMR-signal
of the tert-butyl group over the adamantyl group. Using
similar reaction conditions, we next attempted to perform
catalytic allylic fluorination reactions with carbonate 1
(Scheme 2, a). The catalyst was generated in situ from
Pd(dba)2 and 2b. The sources of nucleophilic fluoride that
were tested are TBAT {NBu4[SiF2Ph3] (4)},[30] a nucleo-
philic non-basic fluoride transfer reagent, and Me4NF
(5),[31] a “naked” fluoride[32] of high basicity. Anhydrous
versions of these reagents are available and they also show
considerable solubility in nonprotic organic solvents, which
is an important characteristic because the nucleophilicity of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1397–14121398

fluoride is reduced by solvation in protic media or in the
presence of trace water.[33] It should be noted that more
traditional fluoride sources (such as KF, CsF, or NBu4F)
are either insoluble in nonprotic solvents or cannot be dried
without decomposition.[34]

Scheme 2. Nucleophilic allylic fluorination of palladium complexes.
(a) Attempted, but unsuccessful allylic fluorination with a Pd0 cata-
lyst. (b) The nucleophilic attack of fluoride on cationic allylpalladi-
um() complexes is the key step in a postulated allylic fluorination
reaction, as investigated in this work.

Analysis of reaction solutions from catalysis experiments
using 19F NMR spectroscopy did not show signals corre-
sponding to 1,3-diphenylallyl fluoride (6),[14a,35] or any
other organofluorine compound. Straightforward allylic
fluorination in a catalytic manner is thus not feasible. We
therefore proceeded to study the stoichiometric variant of
this reaction, namely the attack of fluoride on isolated,
fully-characterized cationic η3-palladium() and -plati-
num() complexes (Scheme 2, b).

Synthesis and Structure of Allylpalladium(II) and
-platinum(II) Complexes

Several cationic palladium() allyl complexes incorporat-
ing the ligand 2b, (PPFPz-{3-tBu}), were synthesized in the
usual manner[36] by reaction with the dinuclear allylpalladi-
um() chlorides (7) followed by halide abstraction with
either TlPF6, AgSbF6, or (Et3O)BF4 (Scheme 3 and
Scheme 5). In some cases, we applied a new halide abstrac-
tion technique that relies on the combination of epichlo-
rohydrine (or any other reactive epoxide) with an acid and
a nonnucleophilic counterion, such as HPF6. This method
relies on the ability of epoxides to scavenge halide anions
by nucleophilic-ring opening.

The diphenylallyl complex 8a occurs predominantly as
the exo-syn-syn isomer[37] (�98% by 31P NMR spec-
troscopy) in CDCl3 solution, in agreement with observa-
tions on complexes with similar ligands.[29] The same iso-
mer is also present in the solid state, as shown by X-ray
crystallography (vide infra, Figure 7). η3-1,3-Dicyclohex-
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Scheme 3. Synthesis of cationic allylpalladium() complexes. (a) 2b,
halide abstracting reagent (see Exp. Section). 8a: 87%; 8b: 96%; 8c:
82%. Cy = cyclohexyl.

ylallyl complexes of palladium() are new. Our synthetic
route (Scheme 4) started with an aldol addition of cyclo-
hexyl methyl ketone (9) followed by elimination to the α,β-
unsatuarated ketone and Luche reduction[38] to give dicy-
clohexylallyl alcohol (10). Fluorination with DAST [(dieth-
ylamino)sulfur() trifluoride][39] produced a reference sam-
ple of allyl fluoride 11. According to a general procedure
by Vitagliano et al.,[40] allyl trifluoroacetate (12) was treated
with Pd(dba)2 by oxidative addition to give the trifluo-
roacetate-bridged dimer 13, and this complex underwent li-
gand exchange with LiCl to give the chloro-bridged dimer
7b. Alternatively, and more conveniently, the last two steps
could be performed in a single synthetic operation (12�7b).

Scheme 4. Synthesis of (1,3-dicyclohexylallyl)palladium() com-
plexes. (a) 1. LDA, THF, –78 °C; 2. CyCHO; 3. MsCl. (b) DBU,
Me2CO; 70% (from 9). (c) NaBH4, CeCl3·7H2O, MeOH, room
temp.; 77%. (d) DAST, CH2Cl2, –78 °C; quant. (e) TFAA, Py, 0 °C;
93%. (f) Pd(dba)2, THF/MeCN (3:1), 40 °C; 93%.·(g) Pd(dba)2,
LiCl, THF/MeCN (3:1); 97%. (h) LiCl. LDA = lithium diisopro-
pylamide, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, TFAA = tri-
fluoroacetic acid anhydride.

The bridged trifluoroacetate 13 showed interesting con-
formational isomerism in solution, similar to that reported
for [Pd2(µ-OAc)2(η3-R2All)2] complexes.[41] The VT 1H

Eur. J. Inorg. Chem. 2006, 1397–1412 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1399

NMR spectroscopic shifts (Table 1) were assigned to the CS

symmetric isomer A, which has two sets of allylic protons,
and the C2v symmetric isomer B (Figure 1). Interchange of
A and A� was relatively slow up to a temperature of 273 K.
Interchange of A with B was slow over the whole tempera-
ture range studied (253–298 K), but notable line broadening
occurred at 298 K. The allyl units had the syn-syn configu-
ration in both A and B, as deduced from the coupling [3JH,H

= 11 Hz] between the central and terminal allyl protons.

Table 1. 1H NMR spectroscopic data for allyl hydrogen atoms
within the conformational isomers of 13 at 253 K.

Conformer Central H anti H

A 5.39 ppm, t, J = 11.1 3.48 ppm, dd, J = 10.9, 5.1
5.06 ppm, t, J = 11.1 3.71 ppm, dd, J = 10.9, 7.5

B 5.42 ppm, t, J = 11.1 3.43 ppm, dd, J = 11.0, 5.7

Figure 1. Conformational isomerism and VT 1H NMR spectra of
13 (CDCl3, 300 MHz). (a) Conformational isomerism and dynamic
behavior of 13. (b) VT-NMR: Signals of A/A� and B (compare in
Table 1) are partially overlapping at all temperatures; the virtual
quartet at 233 and 253 K is a superimposition of two triplets. At
298 K, the interconversion of A and A� approaches coalescence.
Other processes such as conformational changes of the Cy substitu-
ents presumably add to the dynamics.
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Incorporation of the (1,3-dicyclohexylallyl)palladium()

fragment into a cationic complex with ligand 2b (Scheme 3)
yielded 8b, initially as an 82:18 mixture of two allyl isomers.
This ratio changed to about 1:1 (52:48) after recrystalli-
zation from hot methanol. On the basis of the 1H NMR
coupling data, the syn-syn configuration was assigned to
the main isomer, and the syn-anti (anti Cy group trans to N)
configuration to the minor isomer, but the one-dimensional
analysis did not give conclusive information about the endo
or exo orientation. An X-ray crystal structure of 8b sup-
ported the NMR spectroscopic assignment in a surprising
way: the complex had crystallized as a statistical 1:1 mix-
ture of allyl isomers possessing the exo-syn-syn and endo-
anti-syn (anti trans to N) configurations, respectively (Fig-
ure 2). Apparently, both isomeric dicyclohexylallyl frag-
ments had flexibly adapted to the coordination environ-
ment of the metal-ligand framework (Figure 2, A and B),
which was kept as a common unit during the refinement
of the structure. The bonding data for the dicyclohexylallyl
fragments are not very accurate because of the disorder and
will not be discussed.

Figure 2. ORTEP representations (30% probability ellipsoids) of
cationic fragments displaying configurational allyl isomerism in the
solid-state structure of 8b. PF6 anions and hydrogen atoms are
omitted for clarity, carbon atoms within the dicyclohexylallyl frag-
ments are filled in as grey. A: endo-syn-anti isomer; B: exo-syn-syn
isomer. Selected bond lengths [Å] and angles [°]: Pd–N(2) =
2.143(6), Pd–P 2.325(2); N(2)–Pd–P = 89.16(18). As a result of the
disorder, values for the allyl fragments are not accurate.

The dark-red indenyl complex 8c was prepared from
{PdCl(Ind)}n (7c)[42] in the usual way (Scheme 3). Unlike
most other cationic complexes described here, the indenyl
compound was somewhat air-sensitive, with solutions of it
slowly decomposing in air. A mixture of exo and endo iso-
mers was present in solution, with exo-8c as the major spe-
cies, as shown by H,H NOESY cross peaks of the central
allyl hydrogen and the tert-butyl group. In the solid state
only the exo isomer is present (Figure 3). The X-ray crystal
structure also shows that the indenyl fragment is η3-
bonded, rather than η5.

Unlike the much studied (1,3-diphenylallyl)palladium()
complexes,[29,43,44] the corresponding platinum compounds
are unknown, even though platinum-catalyzed allylic alky-
lation (including that of 1,3-diphenylallyl substrates) has
been studied and the intermediacy of cationic η3-allyl com-
plexes have been invoked in analogy to Pd chemistry.[45,46]

We have found that the addition of 1,3-diphenylallyl bro-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1397–14121400

Figure 3. ORTEP plot (30% probability ellipsoids) of 8c·CH2Cl2.
Hydrogen atoms, CH2Cl2, and SbF6 anion are omitted for clarity.
Selected bond lengths [Å] and angles [°]: Pd–P = 2.303(2), Pd–N(2)
= 2.122(6), Pd–C(27) = 2.191(8), Pd–C(28) = 2.225(9), Pd–C(29) =
2.260(10), Pd–C(30) = 2.570(9), Pd–C(35) = 2.576(8), C(27)–C(28)
= 1.397(14), C(27)–C(35) = 1.460(13), C(28)–C(29) = 1.424(17),
C(29)–C(30) = 1.421(17), C(30)–C(35) = 1.431(12); N(2)–Pd–P(1)
= 92.32(18), C(27)–C(28)–C(29) = 106.4(10).

mide (15)[47] to a Karstedt complex solution (16)[48,49] read-
ily produces a yellow precipitate of the allylplatinum() bro-
mide (17) (Scheme 5). Pt2(dba)3

[50] also underwent this oxi-
dative addition, but the resulting product was less pure due
to metallic platinum residues in the precursor complex. Re-
action of 17 with 2b gave the complex 18·Br, which was
converted to 18·PF6 using the new HPF6/epichlorohydrine
reagent (Scheme 5).

Scheme 5. Synthesis of (1,3-diphenylallyl)platinum() complexes.
(a) PhCH=CHCH(Br)Ph (15), tBuOMe, 0 °C; 77%. (b) 2b, THF;
97%. (c) 1. epichlorohydrine, HPF6, Me2CO; 2. crystallization from
CH2Cl2/MeOH; 73% (from 17).

Comparative spectroscopic data for the platinum com-
pounds was collected from a range of reference complexes
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whose synthesis is displayed in Scheme 6. Pregosin’s bis-
(styrene)platinum() chloride[51] served as the most suitable
precursor for dichloro complex 19 under mild conditions.
The diphenyl complex 20 resulted from reaction of 19 with
excess Grignard reagent. Interestingly, the substance crys-
tallized with one equivalent of phenol, which originated
from a partially oxidized PhMgBr solution. The X-ray crys-
tal structure of 20·PhOH is shown in Figure 4. The pheno-

Scheme 6. Syntheses of platinum() complexes incorporating li-
gand 2b and/or an allyl ligand.

Figure 4. ORTEP plot (50% probability ellipsoids) of 20·PhOH.
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å]
and angles [°]: Pt–P = 2.33(2), Pt–N(2) = 2.18(5), Pt–C(27) =
1.97(5), Pt–C(33) = 2.08(3); P–Pt–N(2) = 88.7(16), C(27)–Pt–C(33)
= 86.8(19), P–Pt–C(27) = 93.1(12), P–Pt–C(33) = 175.4(5), N(2)–
Pt–C(33) = 91.8(13), N(2)–Pt–C(27) = 174.6(9).
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lic OH group is presumably involved in a weak hydrogen
bond with the electron-rich PtII center.[52] The phenol is ar-
ranged with the OH group pointing towards the Pt center
and the O–Pt distance is 4.21 Å. By comparison, O–Pd dis-
tances of 3.2–3.7 Å have been observed for related interac-
tions between Pd0 and aliphatic alcohols.[53]

The fluoro complex 21 was obtained in situ in an NMR
tube by protonolysis of the diphenylplatinum complex 20
with NEt3·(HF)3. Only one bond was cleaved even though
an excess of reagent was added. The presence of a Pt–F
bond in this complex is evident from the coupling patterns
in the 19F NMR spectrum (doublet with platinum satellites)
and the 31P NMR spectrum (doublet with platinum satel-
lites) (Figure 5). Any complex containing a covalent Pt–F
bond in our study would have similar NMR characteristics,
whereas ionic Pt+/F– interactions would not be expected to
result in such 19F NMR signals or coupling characteristics.

Figure 5. NMR spectra of fluoro complex 21. (a) 19F NMR
(282.4 MHz, CDCl3), the signal at δ = –214.6 ppm (2JP,F = 207,
1JPt,F = 210 Hz) is due to the platinum bound fluoro ligand. (b) 31P
NMR (121.5 MHz, CDCl3), the signal at δ = –11.8 ppm (d, JP,F =
207, JPt,P = 5104 Hz) is due to the fluoro complex, while the signal
at δ = –9.6 ppm (s, JPt,P = 5107 Hz) belongs to an unidentified side
product.

The allyl complex 22 and the methallyl derivative 23 were
obtained by the usual method (Scheme 6, b). They formed
equilibrium mixtures of exo and endo isomers in solution,
with the larger methallyl group inducing a slightly higher
amount of the exo isomer (Table 2).

Solution Structure of (1,3-Diphenylallyl)platinum(II)
Complexes

The η3-allyl complex 18·PF6 occurs predominantly as the
exo-syn-syn isomer in either [D8]THF or CDCl3 solution in
the same manner as its Pd-counterpart 8a (Figure 6).

In contrast, the bromide 18·Br exists as a mixture of four
main isomers in CDCl3 solution (Table 2) and the isomeric
ratio remained unchanged on refluxing a solution of the
complex in toluene. The allyl isomers of 18·Br could be of
the cationic η3-type (eight possible diastereomers) or the
neutral η1-type with coordinated bromide (four possible
diastereomers), or mixtures thereof. The JPt,P coupling con-
stants of the 18·Br isomers were in the range of 4700 to
5100 Hz (Table 2), which is close to the value for the η3-
allyl complex 18·PF6, but rather high compared to the value
of [PtBr2(2a)].[55] The low frequency 195Pt NMR chemical
shifts of 18·Br also point towards a cationic η3-configura-
tion. However, the most important notion is that the nature
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Table 2. NMR data and isomer equilibrium composition of the platinum complexes. 31P NMR spectroscopy at 101.3 or 121.5 MHz, 195Pt
NMR spectroscopy at 64.3 or 86 MHz. All data at room temp. in CDCl3, besides 18·PF6 ([D8]THF), 18·F ([D8]toluene at 213 K).

Complex Isomer Abundance 31P NMR 195Pt NMR JPt,P

[δ/ppm] [δ/ppm] [Hz]

18·PF6 exo �98% 10.4 –4453 5029
18·Br A 12% 7.5 –4565 5056

B 20% 9.2 –4790 4697
C 44% 12.6 –4897 5130
D 23% 13.5 –4903 4760

18·F A 7% 1.1 n.d. 3903
B 9% 1.8 n.d. 3890
C 17% 3.1 n.d. 4098
D 63% 7.5 n.d. 3925
E 5% 10.7 n.d. 3818

[Pt(η3-C3H5)(2b)]PF6 (22) exo 78% 12.5 n.d. 4413
endo 22% 12.6 n.d. n.d.

[Pt(η3-C4H7)(2b)]PF6 (23) exo 81% 11.5 n.d. 4291
endo 19% 11.9 n.d. 4010

[Pt(Ph2All)(dppe)]PF6 (24) 100% 44.7 –5521 3847
[PtCl2(2b)] (19) – –16.1 –3700 3783
[PtBr2(2a)][a] – –14.6 n.d. 3713
[PtPh2(2b)] (20) – 5.3 n.d. 1688
[Pt(Ph)F(2b)] (21)[b] – –11.8 n.d. 5104

[a] Ref.[55] [b] F is trans to P, deduced from the large values of 1JPt,P or 2JP,F.[54]

Figure 6. 195Pt,1H HMQC of 18·PF6 in [D8]THF. The crosspeaks
lie below the positions of the 195Pt satellites in the 1H NMR spec-
trum and are split vertically into a doublet (JPt,P = 5030 Hz). In-
tense crosspeaks are observed for allylic protons (δ = 4.9, 5.9, and
6.9 ppm), whereas weaker coupling is observed with two sets of
ortho-hydrogen atoms of phenyl groups (δ = 6.4, 7.4 ppm) and with
the pyrazole hydrogen 4-H at 8.0 ppm.

of the anion directly and strongly influences the equilibrium
composition of the allyl isomer mixture.

Solid-State Structures of (1,3-Diphenylallyl)platinum(II)
Complexes

Crystals of 18·PF6 were easily obtained and the result of
the X-ray structural analysis is shown in Figure 7 (a) along
with a structure comparison generated by overlaying the
structure of the palladium analog 8a (Figure 7, b). These
complexes are almost perfectly isostructural within differ-
ences in bond lengths of less than 2%. The interplane angle
between the allyl plane and the coordination plane (defined
by P, Pt, N) in these structures is 64.8°, and the rotation of
the allyl vector normal plane [approximated by the plane
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C(27)–Pt/Pd–C(29)] out of the coordination plane is 14°.
This numerical value serves as a measure of the asymmetry
induced on the allyl fragment by the chiral ligand.[29] The
31P NMR chemical shifts of 8a and 18·PF6 also match
closely (Table 2). These results justify, once more, the ap-
proach of using kinetically more inert platinum complexes
as analogs for the corresponding palladium species in mech-
anistic research. In fact, 18·PF6 is also a catalyst for the
allylic alkylation of ethyl 1,3-diphenylallyl carbonate (1)
with dimethyl malonate, giving the product of allylic alky-
lation in 74% ee in a slow reaction,[56,65] whereas analogous
Pd complexes (with ligand 2a) react much faster to give the
alkylation product in 91% ee.[55] Asymmetric allylic alky-
lation of 1,3-diphenylallyl substrates using Pt complexes has
been studied in detail by Williams and coworkers.[46]

Another example of a cationic (1,3-diphenylallyl)plati-
num() complex is the DIPHOS derivative 24, which was
also structurally characterized as the syn-syn isomer in both
the CD2Cl2 solution and in the solid state (Figure 7, c). The
bite angle P–Pt–P in this complex is 86.4° instead of the
94.5° for 18·PF6. The interplane angle defined by C(1)–
C(2)–C(3)/P(1)–Pt–P(2) is 67° in this complex and the rota-
tion of the allyl fragment vector normal plane (approxi-
mated by C(1)–Pt–C(3)), out of the idealized perpendicular-
ity to the coordination plane [defined by P(1)–Pt–P(2)], is
only 1°, a very low value despite the local chiral C2 sym-
metry that the DIPHOS ligand adopts in its solid-state con-
formation.

Reactions of Cationic Allyl Complexes with Fluoride

In the first series of experiments, one of the complexes
8a, 8b, or 8c and one of the fluoride sources TBAT (4),
Me4NF (5), or Schwesinger’s phosphazenium fluoride P2F
(25)[57] were mixed in deuterated solvents (CDCl3 or [D3]-
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Figure 7. X-ray crystal structures of the cationic 1,3-diphenylallyl complexes 18·PF6, 8a, and 24. (a) ORTEP plot (30% probability
ellipsoids) of platinum complex 18·PF6. The anion and most hydrogens are omitted for clarity. Selected data (bond lengths [Å]; bond
angles [°]): Pt–P = 2.265(2), Pt–N(2) = 2.121(5), Pt–C(27) = 2.283(6) =, Pt–C(28) = 2.195(6), Pt–C(29) = 2.113(6); N(2)–Pt–P = 94.5(2).
(b) Alignment of ball and stick representations of the complex cations of 8a (grey filled atoms, below) and 18·PF6 (white filled atoms,
on top). The structures of the complexes match closely. Selected data for 8a: Pd–P = 2.3123(8), Pd–N(2) = 2.159(3), Pd–C(27) = 2.283(3),
Pd–C(28) = 2.193(3), Pd–C(29) = 2.137(3); N(2)–Pd–P = 94.49(8). The atom numbering has been adapted here to match that from the
structure of 18·PF6, but is different in the CSD CIF file. (c) ORTEP plot (30% probability ellipsoids) of platinum complex 24, anion and
hydrogen atoms are omitted for clarity. Selected data: Pt–C(1) = 2.233(8), Pt–C(2) = 2.168(7), Pt–C(3) = 2.233(8), Pt–P(1) = 2.258(2),
Pt–P(2) = 2.270(2); P(1)–Pt–P(2) = 86.37(8).

MeCN for 4, [D3]MeCN for 5, C6D6 for 25) and the sam-
ples were then monitored using 1H, 19F, and 31P NMR spec-
troscopy over a suitable range of time. If no change was
observed at room temperature the samples were warmed to
50 °C. The appearance of peaks arising from allyl fluorides
was carefully checked by 19F NMR spectroscopy (6: δ{19F}
= –165.4 ppm;[14a] 11: –175.2 ppm; indenyl fluoride:
–201.24 ppm[58]), but these signals were not detected. In ex-
periments with Me4NF (5) and 1,3-diphenylallyl complex
8a, the main fluorinated species observed was DF2

–, re-
sulting from deprotonation of [D3]MeCN by naked fluo-
ride.[31] A specific reaction pattern was only observed with
complex 8b and the naked fluorides Me4NF (5, in [D3]-
MeCN) and P2F (25, in C6D6), where diene 26[59] was re-
leased in an elimination reaction (Scheme 7). Other reactant
combinations resulted in no reaction at all or unspecific de-
composition with precipitation of palladium metal on heat-
ing.[60]

Scheme 7. Fluoride-mediated elimination of diene 26 from dicyclo-
hexylallyl complex 8b.

We then turned our attention to the reaction of cationic
allylplatinum complex 18·PF6 with naked fluoride Me4NF
(5). A suspension of the reactants in toluene was stirred at
ambient temperature, which resulted in a slow but clean
anion exchange reaction to give a yellow solution of 18·F
and a colorless precipitate of Me4NPF6. Evaporation of the
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filtered solution gave 18·F as an amorphous yellow powder,
which was soluble in most organic solvents. The 19F NMR
spectrum of 18·F in CDCl3 consisted of a broad signal at δ
= –139.8 ppm (∆1/2 = 15 Hz), a value which is close to that
given by Grushin[61] (δ = –141 ppm, ∆1/2 = 9 Hz) for an
in situ generated naked fluoride in CDCl3. In [D8]toluene
solution the 19F NMR peak for fluoride disappeared in
background noise that was generated from fluorinated poly-
mers within the NMR probe head. The 31P NMR spectrum

Figure 8. 31P NMR spectra of 18·PF6, 18·Br, and 18·F.
(a) 101.3 MHz, [D8]THF. 18·PF6 is exclusively present as the exo-
syn-syn isomer. Note the 195Pt satellites (JPt,P = 5029 Hz).
(b) 121.5 MHz, CDCl3. 18·Br forms a mixture of four allyl isomers.
(c) 121.5 MHz, [D8]toluene. 18·F forms a mixture of allyl isomers
whose lines are broadened due to exchange. (d) As in (c), but at
213 K (–60 °C). The interconversion of allyl isomers of 18·F is “fro-
zen” at low temperature, resulting in a spectrum similar to that of
18·Br at room temperature. Splitting due to JP,F is absent.
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consists of one main broad peak and smaller additional sig-
nals (Figure 8, c). On cooling to 213 K, the spectrum be-
comes clearer and a set of at least five lines (each with plati-
num satellites), corresponding to allyl isomers, appear (see
d in Figure 8 and Table 2). Again, no peak was detected by
19F NMR spectroscopy, but this should be seen in connec-
tion with experimental difficulties (mentioned above) and
the low concentration of the sample. The absence of 31P/
19F couplings (which are so clearly visible for 21) shows
that no inert covalent Pt–F bond is present in 18·F. When
combined these pieces of evidence suggest that 18·F consists
of a mixture of isomeric allyl cations [Pt(2b)(η3-Ph2All)]+

in solution, which form lipophilic contact ion pairs with
fluoride. The fluoride anions themselves are involved in a
fast exchange between the ion pairs. At room temperature
there is notable interconversion of configurationally iso-
meric allyl cations within 18·F (broad lines in the 31P NMR
spectrum, Figure 8, c), but slow interconversion among the
allyl isomers of 18·Br (separate, sharp lines in the 31P NMR
spectrum, Figure 8, b). This important finding directly re-
lates the nature of the counterion of a cationic allyl complex
to the kinetics of its allyl isomerization.

Oxidative Addition of Pd0 with Ph2AllF (6) and Ph2AllBr
(15)

The failure to observe any allylic substitution products
resulting from attack of fluoride on cationic allyl complexes
indicates that this reaction is thermodynamically unfavor-
able.[62] To test this assumption, we investigated whether the
reverse reaction, namely the oxidative addition of allyl fluo-
rides to Pd0, would proceed instead. The addition of a solu-
tion of 6[14a] to either Pd(dba)2 or mixtures of Pd(dba)2 and
phosphanyl pyrazole (2c) (Scheme 8) did, in fact, result in
oxidative addition and the formation of η3-allylpalladi-
um() compounds 27·F or 28·F, respectively. Identification
of these compounds was based on the characteristic 1H
NMR and 31P NMR spectra of the cationic units since a

Scheme 8. The oxidative addition of 1,3-diphenylallyl fluoride and
bromide to Pd0 complexes is a spontaneous reaction that leads to
products containing the cationic allylpalladium() fragment. L = F
or solvent molecules.
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well-defined complex did not crystallize from solutions of
27·F. The properties and spectroscopic data of 28·F match
closely those of the hydrated fluoride salts of cationic palla-
dium complexes investigated earlier in our laboratory.[8] The
analogous oxidative addition of 1,3-diphenylallyl bromide
(15) with Pd(dba)2 gave the η3-allyl bromide 27·Br
(Scheme 8).

The 1H NMR spectroscopic data of 27·F and 27·Br in
DMSO are very similar to those of the known chloro ana-
log 27·Cl.[44b]

Discussion

Fluoride Effects in Asymmetric Allylation Reactions

We have identified two modes in the reaction of “naked”
or nucleophilic fluorides with cationic allyl complexes of
palladium() and platinum(): Allyl complexes bearing hy-
drogens α to the allyl group can either undergo base-medi-
ated elimination (see Scheme 7) or a simple anion exchange
can take place, which gives cationic allyl complexes as con-
tact ion pairs with fluoride as the counterion. NMR spec-
troscopic studies of the platinum complexes 18·PF6, 18·Br,
and 18·F revealed that the counterion in these ion pairs
dramatically influences: (a) the allyl isomer composition at
equilibrium; and (b) the kinetics of exchange between these
isomers. In the presence of fluoride, allyl isomers intercon-
vert at room temperature (cf. Figure 8, c) whereas this pro-
cess is slow for the bromide salt (Figure 8, b) and probably
even slower for the hexafluorophosphate (Figure 8, a). This
evidence, obtained from a platinum model system, supports
our earlier proposal of an anion effect in the catalytic asym-
metric amination reaction (cf. Scheme 1):[8] Addition of
fluoride accelerates the isomerization of allyl isomers and
therefore effectively deletes the “memory of chirality”[63]

stored within the configuration of the allyl isomers. How-
ever, addition of PF6

– has an inverse effect by slowing down
isomerization. This assumption has now been justified by
experimental results.

The Viability of an (Asymmetric) Catalytic Allylic
Fluorination

The reaction of cationic allyl complexes of palladium()
and platinum() with naked or nucleophilic fluorides does
not produce allyl fluorides. On the contrary, the oxidative
addition of allyl fluoride 6 to Pd0 proceeds with ease. This
finding is in agreement with calculations by Hagelin et al.
who have found that the attack of fluoride on the allylpalla-
dium() cation is energetically favorable in the gas phase,
but becomes unfavorable in the polar condensed phase be-
cause of the solvation of the fluoride anion.[64] Despite this
thermodynamically unfavorable step, an overall catalytic al-
lylic fluorination reaction should still be exergonic, as long
as energetically high lying (reactive) sources of fluoride are
used. Nevertheless, the presence of an energetically low-ly-
ing, nonreactive intermediate (such as 18·F) in the reaction
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pathway presents a severe obstacle for catalysis for kinetic
reasons. If possible, alternative pathways will be followed
(cf. release of 26 from 8b, Scheme 7) and Pd0 will eventually
precipitate. These factors appear to cause the failure of the
desired palladium-catalyzed asymmetric allylic fluorination
reaction when it is carried out in analogy to known asym-
metric allylic substitutions.

Conclusion

We have reported the synthesis of new cationic allyl com-
plexes of palladium() and platinum(), among them the
previously unknown (1,3-diphenylallyl)platinum() com-
plexes. The reactivity of these complexes towards naked and
nucleophilic sources of fluoride has been investigated. Stoi-
chiometric allylic fluorination was shown to be thermody-
namically unfeasible, and catalytic reactions are probably
also unfeasible due to a kinetic barrier in the reaction path-
way. It was shown that the counterions of cationic allylplati-
num() complexes determine both the exchange kinetics be-
tween allyl isomers and the isomer composition at equilib-
rium. This finding has been used to rationalize a “fluoride
anion effect” observed earlier in palladium-catalyzed asym-
metric allylic amination reactions.

Experimental Section
General Remarks: Syntheses of, and with, sensitive products were
performed using Schlenk and glovebox techniques. Naked fluorides
were handled exclusively in a glovebox. NMR spectroscopy: 1H
NMR shifts relative to internal TMS, 13C NMR shifts relative to
TMS, but referenced by solvent signals, notably δ(CDCl3) =
77.0 ppm. 19F NMR shifts relative to external CFCl3, 31P NMR
shifts relative to external H3PO4 (85%), 195Pt NMR shifts relative
to external Na2[PtCl6] (aq). General techniques for NMR structure
elucidation were the same as in ref.[29] For additional 13C NMR
and IR data, see ref.[65]

Abbreviations and Substances: All = allyl (C3H5), Ph2All = 1,3-di-
phenylallyl etc., CC = column chromatography on SiO2, HV = high
vacuum (�0.01 mbar), Ms = methylsulfonyl, Pz = pyrazole, tBu-
OMe = tert-butyl methyl ether. The following substances were pre-
pared according to literature procedures: (R,SP)-PPFA[27] (recrys-
tallized twice from EtOH to ensure high enantiomeric purity), an-
hydrous Me4NF (4),[31] TBAT [tetrabutylammonium difluorotri-
phenylsilicate()] (5),[30] 3-tert-butylpyrazole,[26] [Pt2(dba)3],[50]

[Pd2(dba)3]·CHCl3 or Pd(dba)2,[66] [{PdCl(Ph2All)}2] (7a),[44b]

[{PdCl(Ind)}n] (7c),[42] 1,3-diphenylallyl bromide (15),[47] Karstedt
catalyst (16).[49b] Schwesinger’s phosphazenium fluoride P2F (25)[57]

was obtained from Fluka.

3-tert-Butyl-1-{(R)-1-[(SP)-2-(diphenylphosphanyl)ferrocenyl]ethyl}-
1H-pyrazole (PPFPz{3-tBu}, 2b): Degassed HOAc (5 mL), (R,S)-
PPFA (2.047 g, 4.628 mmol) and 3-tert-butylpyrazole (862 mg,
6.94 mmol) were stirred for 1 d at 70 °C. After workup with water
and extraction with CH2Cl2, CC (tBuOMe/pentane, 1:20, and 3%
NEt3) gave 2.022 g (84%) as orange crystals. [α]D = –281.7 (c =
0.88, MeOH). M.p. 130 °C. 1H NMR (250 MHz, CDCl3): δ = 1.06
(s, 9 H, tBu), 1.83 (d, J = 6.9 Hz, 3 H, MeCH), 3.87 (m, 1 H-Cp),
3.99 (s, 5 H, Cp�), 4.34 (t, J = 2.5 Hz, 1 H-Cp), 4.64 (br. s, 1 H-
Cp), 5.52 (d, J = 2.3 Hz, 4-H, Pz), 5.77 (qd, J = 6.9 Hz, 3.2 Hz, 1
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H, HCMe), 6.67–6.75 (m, 2 H, aryl), 6.82 (d, J = 2.3 Hz, 5-H, Pz),
6.92–7.02 (m, 3 H, aryl), 7.28–7.33 (m, 3 H, aryl), 7.49–7.56 (m, 2
H, aryl) ppm. 31P NMR (101.3 MHz, CDCl3): δ = –24.5 (s) ppm.
MS (EI): m/z (%) = 520 (100) [M+], 455 (25), 396 (20), 331 (59).
C31H33FeN2P (520.44): calcd. C 71.54, H 6.39, N 5.38; found C
71.60, H 6.47, N 5.33.

Bis(µ-chloro)-bis(η3-1,3-dicyclohexylallyl)dipalladium(II) (7b): A
suspension of Pd(dba)2 (658.7 mg, 1.146 mmol), 12 (403 mg,
1.266 mmol), and LiCl (1.203 mmol 1.05 equiv.) in THF (15 mL)
and MeCN (5 mL) was stirred for 15 min at 30 °C. The greenish
reaction mixture was evaporated to dryness, taken up in CH2Cl2
and filtered through SiO2. Evaporation yielded 385.5 mg (97%) of
a light yellow powder. M.p. 174 °C. 1H NMR (300 MHz, CDCl3):
δ = 1.02–1.36 (m, 20 H-Cy), 1.53–1.87 (m, 20 H-Cy), 2.02–2.07 (m,
4 H-Cy), 3.62 (dd, J = 11.2 Hz, 5.2 Hz, 4 H, 1-H/1�-H, 3-H/3�-H),
5.14 (t, J = 11.2 Hz, 2 H, 2-H/2�-H) ppm. 13C NMR (CDCl3): δ =
26.1 (CH2), 26.2 (CH2), 31.7 (CH2), 32.8 (CH2), 39.5 (CH), 88.2
(CH), 103.43 (CH) ppm. MS (FAB): m/z (%) = 659 (100)
[M – Cl]+. C30H50Cl2Pd2 (694.47): calcd. C 51.89, H 7.26; found C
51.77, H 7.09.

Indenylpalladium(II) Chloride (7c): In our hands, only the method
reported by Lin and Boudjouk gave a pure product.[42] Others have
made similar observations.[42b] We note that the use of 94% EtOH
in the synthesis is important because residual water favors the reac-
tion.

[Pd(η3-Ph2All)(2b)]PF6 (8a): [Pd2(µ-Cl)2(η3-Ph2All)2] (226.8 mg,
0.338 mmol) was added to 2b (352.2 mg, 0.677 mmol) in acetone
(40 mL) and the mixture was stirred until dissolution occurred
(3 min). TlPF6 (236.4 mg, 0.677 mmol) was added and the resulting
suspension stirred for 1 h. Filtration through Celite, evaporation
to dryness, and precipitation from CH2Cl2/pentane gave 570.4 mg
(87%) of an orange powder. [α]D = –278 (c = 0.50, CHCl3). M.p.
dec. from 190 °C. 1H NMR (250 MHz, CDCl3): δ = 0.48 (s, 9 H,
tBu), 2.35 (d, J = 6.9 Hz, 3 H, MeCH), 3.90 (s, 5 H, Cp�), 3.97–
4.01 (m, 1 H-Cp), 4.41 (t, J = 2.6 Hz, 1 H-Cp), 4.54–4.58 (m, 1 H-
Cp), 5.25 (d, J = 10.0 Hz, allyl H, anti, trans N), 5.91 (d, J =
2.7 Hz, 4-H, Pz), 6.21 (dd, J = 14.1 Hz, 9.9 Hz, allyl H, central),
6.08–6.16 (m, 2 H, aryl), 7.01–7.32 (m, 15 H, 13 H, aryl + allyl H,
anti, trans P + CHMe), 7.45–7.55 (m, 3 H, aryl), 7.58 (d, J =
2.7 Hz, 5-H, Pz), 7.70–7.89 (m, 2 H, aryl) ppm. 13C NMR
(62.9 MHz, CDCl3): δ = 18.4 (CH3), 29.6 (CH3), 31.8 (C), 58.4 (d,
JP,C = 5 Hz, CH, CHMe), 66.0 (d, JP,C = 3 Hz, CH, Cp), 66.1 (d,
JP,C = 1 Hz, allyl CH, trans N), 70.6 (d, JP,C = 6 Hz, Cp-CH), 71.3
(CH, Cp�), 73.0 (CH, Cp), 74.9 [d, JP,C = 42 Hz, C(1)-Cp], 93.8 [d,
JP,C = 20, C(2)-Cp], 107.1 [CH, C(4) Pz], 107.1 (d, JP,C = 19 Hz,
allyl CH, trans P), 112.4 (d, JP,C = 4 Hz, allyl CH, central), 127.3
(d, JP,C = 2 Hz, CH), 127.9 (d, JP,C = 3, CH), 128.1 (d, JP,C = 9 Hz,
CH), 128.3–129.4 (several CH), 130.7 (d, JP,C = 48 Hz, C), 130.9
(d, JP,C = 2 Hz, CH), 131.4 (d, JP,C = 11 Hz, CH), 133.1 (d, JP,C =
44 Hz, C), 134.3 (d, JP,C = 14 Hz, CH), 135.4 (d, JP,C = 5 Hz, C),
138.9 (d, JP,C = 3 Hz, C), 162.7 [C, C(3) Pz] ppm. 31P NMR
(101.3 MHz, CDCl3): δ = –142 (sept, JPF = 695 Hz, PF6

–), 10.5
(s) ppm. IR (KBr): ν̃ = 842 (s), 696 (m), 558 (m) cm–1. MS (FAB):
m/z (%) = 1783 (3) [2 M – PF6]+, 819 (100) [M – PF6]+, 625 (12)
[M – PF6 – Ph2All]+. C46H46F6FeN2P2Pd (965.07): calcd. C 57.25,
H 4.80, N 2.90; found C 57.08, H 4.95, N 2.94.

[Pd(η3-Cy2All)(2b)]PF6 (8b): 7b (179.5 mg, 0.258 mmol) was added
to a solution of 2b (269.1 mg, 0.517 mmol) in acetone (35 mL) and
the mixture was stirred until dissolution was complete (15 min).
After addition of TlPF6 (180.6 mg, 0.517 mmol) and stirring for
1.5 h, the suspension was filtered through Celite and the filtrate
evaporated to dryness. Precipitation from CH2Cl2/pentane gave
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484 mg (96%) of a yellow powder. M.p. 221° (dec.). 1H NMR
(250 MHz, CDCl3). Major isomer: δ = 0.43–0.52 (m, 1 H-Cy), 0.82
(s, 9 H, tBu), 0.76–1.85 (m, 21 H-Cy), 2.17 (d, J = 7.0 Hz, 3 H,
CHMe), 3.94–3.98 (m, 1 H-Cp), 3.96 (s, 5 H, Cp�), 4.30 (dd, J =
10.4 Hz, 2.3 Hz, allyl H, anti, trans N), 4.46 (t, J = 2.6 Hz, 1 H-
Cp), 4.65–4.69 (m, 1 H-Cp), 5.27 (dd, J = 13.4 Hz, 10.0 Hz, allyl
H, central), 5.56 (dt, J = 13.3 Hz, 8.3 Hz, allyl H, trans P), 6.14 (d,
J = 2.6 Hz, 4-H, Pz), 6.51–6.62 (m, 2 H, aryl), 6.67 (q, J = 7.0 Hz,
CHMe), 7.14 –7.33 (m, 3 H, aryl), 7.58–7.66 (m, 3 H, aryl), 7.59
(d, J = 2.7 Hz, 5-H, Pz), 7.76–7.85 (m, 2 H, aryl); minor isomer):
δ = 0.76–1.80 (m, 22 H-Cy), 0.91 (s, 9 H, tBu), 2.04 (d, J = 7.0 Hz,
3 H, CHMe), 3.75–3.79 (m, 1 H-Cp), 3.90 (s, 5 H, Cp�), 4.42 (t, J
= 2.6 Hz, 1 H-Cp), 4.58 (ddd, J = 13.7 Hz, 11.1 Hz, 5.5 Hz, allyl
H, anti, trans P), 4.76–4.80 (m, 1 H-Cp), 5.44 (t, J � 8.5 Hz, allyl
H, trans N) 5.94 (dd, J = 13.5 Hz, 7.8 Hz, allyl H, central), 6.21 (d,
J = 2.7 Hz, 4-H, Pz), 6.34 (q, J = 7.0 Hz, CHMe), 6.45–6.60 (m, 2
H, aryl), 7.14–7.33 (m, 3 H, aryl), 7.58–7.66 (m, 3 H, aryl), 7.68
(d, J = 2.7 Hz, 5-H, Pz), 7.76–7.85 (m, 2 H, aryl) ppm. 31P NMR
(101.3 MHz, CDCl3): δ = –144.3 Hz (sept, JP,F = 698, PF6

–), 10.9
(s, major isomer), 11.9 (s, minor isomer) ppm. MS (FAB): m/z (%)
= 1809.5 (2) [2 M – PF6]+, 831.4 (100) [M – PF6]+, 710 (6) [M –
PF6 – Cy2All]+, 627 (74). C46H58F6FeN2P2Pd (977.18): calcd. C
56.54, H 5.98, N 2.87; found C 56.48, H 5.91, N 2.82.

[Pd(η3-Ind)(2b)]SbF6 (8c): A mixture of 2b (320 mg, 0.62 mmol)
and 7c (155 mg, 0.30 mmol) was stirred in THF (5 mL) until dissol-
ution was complete (20 min). AgSbF6 (206 mg, 0.60 mmol) was
added to the dark red solution, and the resulting suspension was
stirred for 1 h. After filtration through Celite and evaporation, the
residue was precipitated from CH2Cl2/tBuOMe to give a dark red
powder, which was redissolved in CH2Cl2 and set aside for slow
diffusion against hexane at –20 °C. Within 2 d dark red crystals
(also used for X-ray) of a CH2Cl2 solvate were formed. The yield
of solvent-free compound after drying is 483 mg (82%). It is stable
as a solid, but slow decomposition occurs in solution and in air.
1H NMR (400 MHz, [D3]MeCN, exo isomer): δ = 0.80 (s, 9 H,
tBu), 1.74 (d, J = 7.1 Hz, 3 H, CHMe), 3.85 (s, 5 H, Cp�), 4.08–
4.10 (m, 5-H, Cp), 4.54 (t, J = 2.7 Hz, 4-H, Cp), 4.74–4.77 (m, 3-
H, Cp), 5.52 (qd, J = 7.1 Hz, 1.2 Hz, 1 H, CHMe), 6.28 (d, J =
2.7 Hz, 4-H, Pz), 6.44–6.50 (m, 2 Hortho,axial), 6.60 (t, J = 2.5 Hz,
3-H, Ind), 6.76 (dddd, J = 9.2 Hz, 3.5 Hz, 2.0 Hz, 0.8 Hz, 1-H,
Ind), 6.82 (ddd, J = 3.5 Hz, 3.0 Hz, 0.6 Hz, 2-H, Ind), 7.14–7.19
(m, 2 Hmeta,axial), 7.26, (obscured, 6-H, Ind), 7.28 (obscured, 7-H,
Ind), 7.30 (obscured, 1 Hpara,axial), 7.35, (obscured, 5-H, Ind), 7.68–
7.75 (m, 2 Hmeta,equ + 1 Hpara,equ), 7.70, (obscured, 4-H, Ind), 7.71
[d, J = 2.7 Hz, 5-H, Pz (obscured)]. 7.88–7.96 (m, 2 Hortho,equ) ppm;
assignments from HH COSY and long-range 1H,13C HMQC. 1H
NMR (300 MHz, CDCl3, minor isomer, selected peaks): δ = 0.49
(s, 9 H, tBu), 2.13 (d, J = 7.0 Hz, 3 H, MeCH), 4.00 (m, 1 H-Cp),
4.04 (s, 5 H, Cp�), 5.84 (t, J = 2.4 Hz, 1 H-Cp), 6.09 (d, J = 2.8 Hz,
1 H-Pz), 6.97 (m, CHMe), 7.59 (d, J = 2.8 Hz, 1 H-Pz) ppm. Iso-
mer ratio in CDCl3 exo/endo = 11:1, in [D3]MeCN = 16:1. 1H{31P}
NMR (250 MHz, [D3]MeCN, 31P-decoupling at δ = 12.2 ppm, se-
lected peaks): δ = 4.08 (dd, J = 2.7 Hz, 1.3 Hz, 5-H, Cp), 4.54 (dt,
J = 2.7 Hz, 0.6 Hz, 4-H, Cp), 4.75 (ddd, J = 2.7 Hz, 1.3 Hz, 0.5 Hz,
3-H, Cp), 6.27 (dd, J = 2.8 Hz, 0.6 Hz, 5-H, Pz), 6.44–6.49 (m, 2
H, H, aryl ortho), 6.60 (ddd, J = 3.1 Hz, 2.0 Hz, 0.5 Hz, 3-H, Ind),
6.75 (ddd, J = 3.5 Hz, 2.0 Hz, 0.8 Hz, 1-H, Ind), 6.82 (dd, J =
3.5 Hz, 3.1 Hz, 2-H, Ind) ppm. 13C NMR (100 MHz, [D3]MeCN):
selected signals, δ = 77.3 [d, JP,C = 4 Hz, C(3) Ind], 99.0 (d, JP,C =
21 Hz, C(1) Ind), 115.9 [d, JP,C = 6 Hz, C(2) Ind] ppm, C(1) defined
as trans to P. 19F NMR (282.4 MHz, [D3]MeCN): δ = –124.3 (6
lines, J121Sb,19F = 1935 Hz, and 8 lines, J123Sb,19F = 1060 Hz) ppm.
31P NMR (121.5 MHz, [D3]MeCN): δ = 12.2 (s, exo isomer), 12.4
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(s, endo isomer) ppm. 121Sb NMR ([Ξ] = 71.8223640 MHz, [D3]-
MeCN): 93.1 (sept, JSb,F = 1936 Hz) ppm. MS (FAB): m/z (%) =
741.3 (100) [M – SbF6]+, 626.2 (33) [M – Ind – SbF6]+.
C40H40F6N2PFePdSb (977.74): calcd. C 49.14, H 4.12, N 2.87;
found C 48.84, H 4.17, N 2.80.

(E)-1,3-Dicyclohexylprop-2-en-1-ol (10): (a) (E)-1,3-Dicyclohex-
ylpropenone: Acetylcyclohexane (9) (6.9 mL, 50 mmol) was slowly
dropped into a stirred solution of LDA (31 mL, 2  in hexanes,
62 mmol) in THF (80 mL) at –78 °C. After 1 h, CyCHO (6.9 mL,
57.1 mmol) was slowly added and the reaction mixture stirred for
4 h at –78 °C. MsCl (9.7 mL, 125 mmol) was added dropwise. After
1 h the reaction mixture was warmed to room temp., quenched with
sat. NaHCO3 solution (50 mL) and extracted with tBuOMe. The
organic phases were dried (Na2SO4) and the solvents evaporated.
DBU (12.4 mL, 83.3 mmol) was added dropwise at 0 °C to the resi-
due in acetone (100 mL). After 1 h stirring, workup (NH4Cl sat/
tBuOMe) gave an oil which was purified by CC (tBuOMe/hexanes,
1:20) to give 7.707 g (70%) of a colorless liquid. 1H NMR
(300 MHz, CDCl3): δ = 1.08–1.82 (m, 20 H-Cy), 2.08–2.19 (m, 1
H-Cy), 2.50–2.60 (m, 1 H-Cy), 6.10 (dd, J = 15.9 Hz, 1.4 Hz, 2-H),
6.80 (dd, J = 15.9 Hz, 6.8 Hz, 3-H) ppm. 13C NMR (62.9 MHz,
CDCl3): δ = 25.7 (CH2), 25.7 (CH2), 25.9 (CH2), 25.9 (CH2), 28.7
(CH2), 31.8 (CH2), 40.6 (CH), 48.6 (CH), 126.0 [CH, C(3)], 151.9
[CH, C(2)], 203.9 [C(1)] ppm. MS (CI): m/z (%) = 221 (100) [M +
H]+, 165 (3), 137 (61) [C9H13O]+, 83 (11), [C6H11]+, 55 (15). IR
(CHCl3): ν̃ = 1684 (m, C=O), 1655 (m), 1620 (m, C=C) cm–1.
C15H24O (220.35): calcd. C 81.76, H 10.98; found C 82.02, H 11.03.

(b) (E)-1,3-Dicyclohexyl-2-propen-1-ol (10): NaBH4 (167 mg,
4.41 mmol) was added to a solution of 1,3-dicyclohexylpropenone
(973 mg, 4.41 mmol) and CeCl3·7H2O (1646 mg, 4.41 mmol) in
MeOH (12 mL) at room temp. The mixture was stirred for 10 min
and worked up with aq. HCl (2.5 , 3 mL), H2O and tBuOMe.
Purification by CC (tBuOMe/hexanes, 1:10) gave 758 mg (77%) of
a colorless liquid. 1H NMR (CDCl3): δ = 0.85–1.42 (m, 11 H-Cy),
1.45 (d, J = 3.0 Hz, OH), 1.63–1.74 (m, 9 H-Cy), 2.01–1.81 (m, 2
H-Cy), 3.75 (ddd, J = 6.9 Hz, 6.9 Hz, 3.1 Hz, 3-H), 5.39 (ddd, J =
15.5 Hz, 7.2 Hz, 0.9 Hz, 2-H), 5.56 (dd, J = 15.5 Hz, 6.5 Hz, 1-H)
ppm. Known compound, CAS number 79605-63-3.

(E)-1,3-Dicyclohexylallyl Fluoride (11): DAST (101.8 mg,
0.63 mmol) was added at –78 °C to a solution of 10 (126.6 mg,
0.569 mmol) in CH2Cl2 (11 mL) while stirring. The temperature
was raised to 0 °C and the mixture stirred for another 10 min.
Quenching with aq. NaHCO3 (10 mL), followed by extraction with
three portions of tBuOMe (20 mL) gave, after drying (MgSO4) and
evaporation, 130 mg (quant.) of a yellowish oil. Kugelrohr distil-
lation (90 °C/0.01 mbar) gave a colorless oil. 1H NMR (250 MHz,
CDCl3): δ = 0.9–2.1 (m, 22 H-Cy), 4.49 (dt, J = 48.6 Hz, 7.2 Hz,
1-H), 5.44 (dddd, J = 15.6 Hz, 9.8 Hz, 7.6 Hz, 1.3 Hz, 2-H), 5.67
(ddd, J = 15.6 Hz, 6.4 Hz, 4.6 Hz, 3-H) ppm. 13C NMR
(62.9 MHz, CDCl3): δ = 25.7 (CH2), 25.9 (CH2), 25.9 (CH2), 26.1
(CH2), 26.4 (CH2), 28.1 (d, JF,C = 5, CH2), 28.2 (d, JF,C = 5 Hz,
CH2), 32.5 (d, JF,C = 2 Hz, CH2), 32.7 (d, JF,C = 2 Hz, CH2), 40.3
(CH), 42.5 (d, JF,C = 22 Hz, CH), 98.5 [d, JF,C = 164 Hz, CH, C(1)],
124.5 [d, JF,C = 20 Hz, CH, C(2)], 141.8 [d, JF,C = 12 Hz, CH,
C(3)] ppm. 19F NMR (282.4 MHz, CDCl3): δ = –175.2 (dddt, JF,H

� 48.5 Hz, 13.9 Hz, 9.8 Hz, 5 Hz) ppm.

(E)-1,3-Dicyclohexylallyl Trifluoroacetate (12): TFAA (0.634 mL,
4.56 mmol) was slowly added to 10 (506.8 mg, 2.28 mmol) in pyri-
dine (8.6 mL) at 0 °C and the reaction mixture stirred for 1 h.
Workup with tBuOMe and washing of the organic phase (aq. HCl,
aq. sat. NaHCO3, H2O) gave, after drying (Na2SO4) and evapora-
tion, 680 mg (93%) of a colorless liquid. An analytical sample was
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purified by Kugelrohr distillation (90 °C/0.005 mbar). The sub-
stance decomposed within a few days at room temp. 1H NMR
(250 MHz, CDCl3): δ = 0.92–1.31 (m, 10 H-Cy). 1.60–1.77 (m, 10
H-Cy), 1.92–2.04 (m, 2 H-Cy), 5.10 (dd, J = 8.1 Hz, 7.2 Hz, 1-H),
5.34 (ddd, J = 15.5 Hz, 8.4 Hz, 1.3 Hz, 2-H), 7.75 (dd, J = 15.5 Hz,
6.6 Hz, 3-H) ppm. 13C NMR (62.9 MHz, CDCl3): δ = 25.6 (CH2),
25.7 (CH2), 25.8 (CH2), 26.0 (CH2), 26.2 (CH2), 28.4 (CH2), 32.4
(CH2), 40.3 (CH), 41.3 (CH), 84.7 (CH), 122.1 (CH), 143.8
(CH) ppm. IR (CHCl3): ν̃ = 1777 (s), 1450 (s), 1272 (s) cm–1.
C17H25F3O2 (318.38): calcd. C 64.13, H 7.91; found C 63.94, H
8.07.

Bis(µ-trifluoroacetato)-bis(η3-1,3-dicyclohexylallyl)dipalladium(II)
(13): A suspension of Pd(dba)2 (756 mg, 1.32 mmol) and 12
(461 mg, 1.45 mmol) in THF (12 mL) and MeCN (3 mL) was
stirred for 1 h at room temp. , followed by 10 min at 40 °C. The
resulting solution was evaporated to dryness and repeatedly ex-
tracted with MeCN/H2O (70:30). The extract was evaporated to a
yellow powder, which was purified by precipitation from Et2O/pen-
tane to give 520 mg (93%) of yellow crystals. M.p. 82 °C (dec.). 1H
NMR (250 MHz, C6D6 + 10% [D3]MeCN): δ = 1.00–1.98 (m, 44
H-Cy), 3.43 (dd, J = 11.6 Hz, 4.9 Hz, 4 H, 1-H, 1�-H, 3-H, 3�-H),
5.10 (t, J = 11.6 Hz, 2 H, 2-H, 2�-H) ppm. VT NMR: see Scheme 5
and Table 1. 13C NMR (75.5 MHz, CDCl3/[D3]MeCN 3:1): δ =
25.5 (CH2), 25.6 (CH2), 25.6 (CH2), 31.6 (CH2), 32.0 (CH2), 39.1
(CH), 88.2 (br., CH), 106.5 (br., CH) ppm. MS (FAB): m/z (%)
= 1084 (9), 737 (47) [M – OCOCF3]+, 311 (100) [Pd(Cy2All)]+.
C34H50F6O4Pd (849.60): calcd. C 48.99, H 6.05; found C 48.09, H
5.92.

Di-µ-bromo-bis(η3-1,3-diphenylallyl)diplatinum(II) (17): (a) A Kar-
stedt complex solution (corresponding to 4 mmol of Pt) was added
dropwise to a solution of 15 (1.37 g, 5.0 mmol) in tBuOMe (30 mL)
at 0 °C while stirring. A vanilla-yellow powder precipitated. After
stirring for 2 h at 0 °C, filtration and washing with MeOH, a fine,
bright yellow powder (1.440 g, 77%) was obtained that was hardly
soluble in any solvents, except for DMSO and pyridine. (b) A sus-
pension of Pt2(dba)3 (109 mg, 0.1 mmol) and 15 (58 mg,
0.21 mmol) in acetone (2 mL) and THF (2 mL) was stirred for 1 d
at room temp. The reaction mixture was evaporated to dryness and
the solid was suspended in MeOH (2 mL) and filtered. Washing
with MeOH and acetone gave 66 mg (70%) of a greyish yellow
powder. The discoloration was caused by finely divided Pt0 already
present in Pt2(dba)3. M.p. 159 °C (dec.). 1H NMR (250 MHz, [D6]-
DMSO): δ = 4.46 (d, J = 11.0 Hz, JPt,H � 56 Hz, 4 H, 1-H, 3-H),
6.05 (t, J = 11.0 Hz, JPt,H � 76 Hz, 2 H, 2-H), 7.10–7.70 (m, 20 H,
aryl) ppm. 13C NMR (62.9 MHz, [D6]DMSO): δ = 74.6 (br.), 104.7,
130.7, 131.3, 131.8, 141.4 ppm. IR (KBr): ν̃ = 755 (s), 698 (s) cm–1.
C30H26Br2Pt2 (936.50): calcd. C 38.48, H 2.80; found C 38.54, H
2.89.

[Pt(η3-Ph2All)(2b)]PF6 (18·PF6): Ligand 2b (515 mg, 0.99 mmol)
and 17 (463 mg, 0.494 mmol) were stirred in acetone (10 mL) until
they had completely dissolved. Epichlorohydrine (1.0 mL,
12.8 mmol) and HPF6 (1 , 1.1 mL, 1.1 mmol, freshly prepared
from 75% aq. HPF6 and EtOH) were added, and the mixture
stirred for 20 min and then evaporated to dryness. The residue was
thoroughly dried under HV, washed with tBuOMe and then dis-
solved in CH2Cl2 (5 mL) and the solution filtered through a cotton
plug into MeOH (10 mL). On standing in the fridge (4 °C), dark
orange crystals formed (763 mg, 73%). 1H NMR (400 MHz, [D8]-
THF): δ = 0.51 (s, 9 H, tBu), 2.37 (d, J = 6.9 Hz, 3 H, MeCH),
3.94 (s, 5 H, Cp�), 4.05–4.08 (m, 1 H-Cp), 4.51 (t, J = 2.3 Hz, 1 H-
Cp), 4.79–4.80 (m, 1 Cp-H), 4.81 (d, J = 9.2 Hz, JPt,H = 77 Hz,
allyl H, anti, trans N), 5.86 (ddd, J = 13.9 Hz, 9.1 Hz, 2.1 Hz, JPt,H
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= 56, allyl H, central), 6.05 (d, J = 2.9 Hz, JPt,H � 11 Hz, 4-H, Pz),
6.35–6.43 (m, 2 H, aryl), 6.89 (dd, J = 13.8 Hz, 7.0 Hz, JPt,H =
49 Hz, allyl H, anti, trans P), 7.04–7.08 (m, 3 H, aryl), 7.10–7.18 (5
H, aryl), 7.22–7.32 (m, 3 H, aryl), 7.25 (q, J = 6.9 Hz, CHMe),
7.34–7.39 (m, 2 H, aryl), 7.42–7.50 (m, 3 H, aryl), 7.75–7.82 (m, 2
H, aryl), 7.98 (d, J = 2.9 Hz, 5-H, Pz) ppm. 13C NMR (62.9 MHz,
[D8]THF): δ = 18.2 (CH3), 30.8 (s, JPt,C = 7 Hz, CH3), 33.1 (C),
51.4 (s, JPt,C = 318 Hz, allyl CH, trans N), 59.5 (d, JP,C = 3 Hz,
CHMe), 67.9 [d, JP,C = 7 Hz, CH, C(3) Cp], 71.9 [d, JP,C = 7 Hz,
CH, C(4) Cp], 72.3 (CH, Cp�), 74.4 [d, JP,C = 3 Hz, JPt,C = 40 Hz,
CH, C(5�) Cp], 75.4 (d, JP,C = 58 Hz, C), 94.8 (d, JP,C = 17 Hz, C),
100.7 (d, JP,C = 19 Hz, CH, All trans P), 108.9 [s, JPt,C = 34 Hz,
CH, C(4) Pz], 109.8 (s, JPt,C = 33 Hz, allyl CH, central), 127.2
(CH), 128.8 (CH), 129.1 (d, JP,C = 10 Hz, CH) 129.1 (d, JP,C =
2 Hz, CH), 129.3 (CH), 129.4 (d, JP,C = 1 Hz, CH), 129.5 (d, JP,C

= 1 Hz, CH), 129.6 (d, JP,C = 1 Hz, CH), 130.9 (CH), 130.9 [CH,
C(5) Pz], 131.1 (d, JP,C = 65 Hz, C), 131.8 (d, JP,C = 3 Hz, CH),
132.9 (d, JP,C = 10 Hz, CH, ortho-PPh axial), 134.2 (d, JP,C = 57 Hz,
C), 135.4 (d, JP,C = 13 Hz, CH, ortho-PPh equatorial), 136.8 (d,
JP,C = 4 Hz, C), 142.0 (d, JP,C = 1 Hz, C), 163.2 [C, C(3) Pz] ppm.
31P NMR (161.9 MHz, [D8]THF): δ = –142.7 (sept, JPF = 714 Hz,
PF6

–), 10.4 (s, JPt,P = 5029 Hz), 9.2 (s, minor isomer, �2%). 195Pt
NMR (86.0 MHz, HMQC, [D8]THF): δ = –4453 (d, JPt,P =
5030 Hz) ppm. C46H46F6FeN2P2Pt (1053.75): calcd. C 52.43, H
4.40, N 2.66; found C 52.38, H 4.44, N 2.63.

[Pt(η3-Ph2All)(2b)]Br (18·Br): A combination of 2b (30 mg,
58 mmol) and 17 (27 mg, 29 mmol) in THF (2 mL), followed by
filtration and evaporation gave a yellow residue. Crystallization
from CH2Cl2/pentane at 5 °C (over layering) produced fine yellow
needles (43.5 mg, 76%). Additional material was crystallized from
the mother liquors (12 mg, total 97%). M.p. 141–147 °C. 31P NMR
(101.3 MHz, CDCl3) and 195Pt NMR (HMQC, 64.3 MHz, CDCl3):
see Table 2. MS (FAB): m/z (%) = 908.4 (73) [M – Br]+, 715.3 (100)
[M – Br – Ph2All]+. C46H46BrFeN2PPt (988.69): calcd. C 55.88, H
4.69, N 2.83; found C 55.99, H 4.74, N 2.75.

[Pt(η3-Ph2All)(2b)]F (18·F): (a) Me4NF (17 mg, 0.18 mmol) was
added to a solution of 18·PF6 (128 mg, 0.12 mmol) in THF (1 mL)
and the resulting suspension stirred at room temp. Samples of the
supernatant solution were taken and C6D6 was added for locking
purposes, and the NMR spectra recorded. After 1 d, some PF6

–

remained in the solution (19F NMR, 31P NMR), but after 2 d such
signals had disappeared. The reaction mixture was filtered and the
filtrate evaporated under HV. A yellow solid remained which was
soluble in benzene. 19F NMR (282.4 MHz, CDCl3): δ = –139.8 (br.
s, ∆1/2 = 15 Hz, F–) ppm. 31P NMR (121.5 MHz, CDCl3): δ = 2.2
(s, JPt,P = 3903 Hz), 3.5 (s, JPt,P = 4094 Hz), 7.0 (br. s, JPt,P =
3947 Hz) ppm.

(b) Reaction in toluene: 18·PF6 (115 mg) and Me4NF (15 mg) were
stirred for 2 d in [D8]toluene (3 mL). The sample was filtered into
a J. Young NMR tube. 19F NMR (282 MHz, [D8]toluene, 298 K):
δ = –116 (br. s) ppm. Note that the signal is within a region of
heavy artifacts (due to fluoropolymers within the NMR probe
head). 31P NMR (121.5 MHz, [D8]toluene, 298 K): δ = 2.4 (s, JPt,P

= 3908 Hz), 4.1 (br. s, JPt,P = 4070 Hz), 7.8 (br. s, JPt,P =
3938 Hz) ppm. VT 31P NMR (121.5 MHz, [D8]toluene, 213 K): see
Table 2.

[PtCl2(2b)] (19): Bis(styrene)platinum() chloride (0.475 g,
1.00 mmol) and 2b (0.5377 g, 1.03 mmol) were stirred in CH2Cl2
(10 mL) for 1 d at 40 °C. Filtration through Celite, evaporation to
2 mL and addition of pentane gave an orange precipitate. This was
dissolved in a little CH2Cl2 and over layered with EtOAc. Slow
evaporation in the fume hood gave orange-red crystals containing
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the solvent of crystallization. Yield as [PtCl2(2b)]·0.35
CH2Cl2·0.25AcOEt: 0.716 g (87%). An analytical sample was dried
to remove solvents of crystallization. M.p. 215 °C (dec.). 1H NMR
(300 MHz, CDCl3): δ = 1.18 (s, 9 H, tBu), 2.12 (d, J = 7.2 Hz, 3
H, CHMe), 3.75–3.79 (m, 1 H-Cp), 4.16 (s, 5 H, Cp�), 4.41 (t, J =
2.5 Hz, 1 H-Cp), 4.74–4.79 (m, 1 H-Cp), 6.05 (d, J = 2.9 Hz, 4-H,
Pz), 6.68–6.78 (m, 2 H, aryl), 7.14–7.23 (dt, J = 8 Hz, 3 Hz, 2 H,
aryl), 7.29–7.36 (m, 1 H, aryl), 7.42–7.58 (m, 3 H, aryl), 7.52 (d, J
= 2.9 Hz, 5-H, Pz), 8.08 (q, J = 7.2 Hz, CHMe), 8.11–8.20 (m, 2
H, aryl) ppm. 13C NMR (62.9 MHz, CDCl3): δ = 17.3 (CH3,
CHMe), 31.3 (CH3, tBu), 33.3 (C, tBu), 57.5 (CH, CHMe), 68.0
(d, JP,C = 8 Hz, CH, Cp), 70.7 (d, JP,C = 7 Hz, CH, Cp), 71.1 [d,
JP,C = 67 Hz, C, C(1)-Cp], 71.3 (CH, Cp�), 73.8 (d, JP,C = 4 Hz,
CH, Cp), 92.4 [d, JP,C = 15 Hz, C, C(2)-Cp], 107.8 [CH, C(4)-Pz],
127.4 (d, JP,C = 11 Hz, CH), 127.5 (d, JP,C = 68 Hz, C), 127.6 [CH,
C(5)-Pz], 128.3 (d, JP,C = 10 Hz, CH), 130.1 (d, JP,C = 3 Hz, CH),
131.3 (d, JP,C = 3 Hz, CH), 131.6 (d, JP,C = 10 Hz, CH), 132.7 (d,
JP,C = 61 Hz, C), 135.7 (d, JP,C = 10 Hz, CH), 162.7 [C, C(3)-
Pz] ppm. 31P NMR (125.5 MHz, CDCl3): δ = –16.1 (s, JPt,P =
3783 Hz) ppm. 195Pt NMR (HMQC, 64.525 MHz, CDCl3): δ = –
3700 (d, JPt,P = 3790 Hz) ppm. MS (FAB): m/z (%) = 1537 (50) [2
M – Cl]+, 786 (27) M+, 750 (92) [M – Cl]+, 714 (100) [M – 2 Cl]+,
630 (74). C31H33Cl2FeN2PPt (786.42): calcd. C 47.35, H 4.23, N
3.56; found C 47.43, H 4.45, N 3.61.

[PtPh2(2b)] (20): (a) Complex 19 (100 mg, 0.127 mmol) was added
to a 10–20 fold excess of PhMgBr in THF (ca. 2 mL) and stirred
for 1 d at 50 °C. Quenching with aq. NH4Cl and extraction with
tBuOMe, followed by drying of the organic phase (MgSO4) and
evaporation gave a yellow semisolid. This was crystallized from
heptane/CH2Cl2 by slow evaporation at 4 °C to give orange-yellow
crystals (81 mg, 73%).

(b) An aged solution of PhMgBr (2 mL, 2 , 4 mmol) was added
dropwise to 19 (0.21 mmol) in THF (7 mL). After stirring for 1 d
at 50 °C the reaction was quenched with water and extracted with
tBuOMe. Drying over MgSO4 and evaporation gave an orange oil
that was filtered through SiO2 using tBuOMe/hexane (1:10). The
yellow fractions were collected and the solvents evaporated. Hep-
tane (3 mL) was added to the residue and enough CH2Cl2 to dis-
solve all solids. Diffusion against heptane at –20 °C gave 160 mg
(79%) of orange crystals of the phenol adduct (20·PhOH, Mr =
963.82). The PhOH was apparently an impurity arising from the
Grignard reagent used. Analytical data for the solvate-free com-
pound: M.p. 185–189 °C (dec.). 1H NMR (250 MHz, CDCl3): δ =
0.66 (s, 9 H, tBu), 2.21 (d, J = 7.3 Hz, 3 H, MeCH), 3.66–3.71 (m,
1 H-Cp), 3.97 (s, 5 H, Cp�), 4.30 (t, J = 2.6 Hz, 1 H-Cp), 4.66–4.71
(m, 1 H-Cp), 5.95 (d, J = 2.7 Hz, 4-H,Pz), 6.49–6.59 (m, 2 H, aryl),
6.69–7.38 (m, 16 H, aryl), 7.49 (d, J = 2.7 Hz, 5-H, Pz), 7.52–7.91
(br. m, 2 H, aryl), 8.82 (q, J = 7.2 Hz, CHMe) ppm. 13C NMR
(62.9 MHz, CDCl3): δ = 18.4 (CH3), 30.2 (CH3), 31.9 (C), 56.8 (d,
JP,C = 1 Hz, CH3), 67.3 (d, JP,C = 6 Hz, CH), 70.3 (d, JP,C = 4 Hz,
CH), 70.4 (CH, Cp�), 73.6 (CH), 74.9 (d, JP,C = 42 Hz, C, Cp), 93.5
(d, JP,C = 18 Hz, C, Cp), 106.0 (CH), 120.9 (d, JP,C = 1.5 Hz), 122.0
(d, JP,C = 1.0 Hz), 125.8 (CH), 126.2 (d, JP,C = 7 Hz, CH), 127.0
(d, JP,C = 9 Hz, CH), 127.5 (d, JP,C = 9 Hz, CH), 128.0 (d, JP,C =
2 Hz, CH), 128.5 (CH), 129.2 (d, JP,C = 56 Hz, C), 129.5 (d, JP,C =
2 Hz, CH), 131.3 (d, JP,C = 10 Hz, CH), 131.6 (d, JP,C = 44 Hz, C),
135.9 (d, JP,C = 10 Hz, CH), 137.7 (JPt,C = 38 Hz), 138.7 (C), 138.9
(br.), 139.3 (C), 139.5 (br.), 143.0, 143.2, 144.6, 158.9, 160.8 ppm.
Some of the signals were not detected due to line broadening,
which arose from hindered rotation of the phenyl groups. 31P NMR
(101.3 MHz, CDCl3): δ = 5.3 (s, JPt,P = 1688 Hz) ppm. MS (FAB):
m/z (%) = 1584.8 (14) [2 M – 2 Ph]+, 868.4 (5) [M]+, 791.3 (12)
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[M – Ph]+, 715.3 (100) [M – 2 Ph]+. C43H43FeN2PPt (869.73): calcd.
C 59.38, H 4.98, N 3.22; found C 59.38, H 5.05, N 3.21.

[Pt(Ph)F(2b)] (21): In an NMR tube, 20 (10 mg) in CDCl3 (0.5 mL)
was mixed with 2 drops of NEt3·(HF)3. NMR analysis revealed
two species (ratio 1.4:1) with similar 1H NMR spectra. The major
species was the fluoro complex and the minor species remains un-
known. No attempt was made to isolate the compounds. 1H NMR
(300 MHz, CDCl3), selected signal: δ = 7.36 (s, 6 H, benzene) ppm.
19F NMR (282.4 MHz, CDCl3): δ = –214.6 (d, JP,F = 207 Hz, JPt,F

= 210 Hz), –129.7 (br. s, Et3NH+/F–, excess reagent), –165.0 (br. s,
HF/HF2

–) ppm. 31P NMR (121.5 MHz, CDCl3): δ = –9.6 (s, JPt,P

= 5107 Hz), –11.8 (d, JPF = 207, JPt,P = 5104 Hz) ppm.

[Pt(η3-All)(2b)]SbF6 (22): [{PtCl(C3H5)}4][67] (103 mg, 0.095 mmol)
and 2b (203 mg, 0.39 mmol) were stirred in acetone (3 mL) and
CH2Cl2 (3 mL) until a homogeneous solution was obtained.
AgSbF6 (135 mg, 0.39 mmol) was added and the resulting suspen-
sion stirred for 30 min. After filtration through Celite and evapora-
tion, the residue was purified by precipitation from acetone/hexane
to give 284 mg (71%) of orange crystals containing 0.5 equiv. ace-
tone. 31P NMR (81.0 MHz, CDCl3): δ = 12.5 (s, JPt,P = 4413 Hz,
exo isomer), 12.6 (s, endo isomer) ppm. MS (FAB): m/z (%) =
1276.8 (16) [2 M – PF6]+, 756.4 (100) [M – PF6]+, 715.4 (25), [M –
PF6 – C3H5]+. C34H38F6FeN2PPtSb·0.5C3H6O (1021.36): calcd. C
41.75, H 4.05, N 2.74; found C 41.83, H 4.00, N 2.83.

[Pt(η3-2-MeAll)(2b)]PF6 (23): Ligand 2b (193 mg, 0.37 mmol) and
[Pt2(µ-Cl)2(2-MeAll)2][68] (98.6 mg, 0.17 mmol) were stirred at room
temp. for 2 h in CH2Cl2 (3 mL). AgPF6 (94 mg, 0.37 mmol) in
MeOH (3 mL) was added and the resulting suspension was stirred
for 30 min, then filtered through Celite. The solution was evapo-
rated to dryness and the residue crystallized from CH2Cl2/tBuOMe
(slow diffusion) to give 254 mg (81%) of orange crystals. 31P NMR
(81.0 MHz, CDCl3): δ = –143.5 (sept, JPF = 713 Hz, PF6

–), 11.5 (s,
JPt,P = 4291 Hz, major isomer); 11.9 (s, JPt,P = 4010 Hz, minor
isomer) ppm. MS (FAB): m/z (%) = 770.4 (100) [M – PF6]+.
C35H40F6FeN2P2Pt (915.57): calcd. C 45.91, H 4.40, N 3.06; found
C 45.97, H 4.61, N 3.03.

[Pt(η3-Ph2All)(dppe)]PF6 (24): A mixture of 17 (51.5 mg,
0.055 mmol) and 1,2-bis(diphenylphosphanyl)ethane (43.8 mg,
0.11 mmol) in acetone (1 mL) and CH2Cl2 (1 mL) was stirred until
completely dissolved. Epichlorohydrine (0.1 mL, 1.28 mmol) and
HPF6 solution [0.1 mL, 0.114 mmol; freshly prepared from 0.6 mL
HPF6 (75%) and EtOH up to 5.0 mL total volume] were then
added dropwise. After 30 min stirring, the reaction mixture was
evaporated to dryness and the residue dried under HV. The yellow
solid was dissolved in CH2Cl2 (2 mL), the solution filtered through
Celite, and the filtrate reduced to a volume of 1 mL. Addition of
butanone (1 mL) followed by slow evaporation in the fume hood
gave yellow, rhombic crystals (67 mg, 65%), suitable for X-ray
analysis. 1H NMR (250 MHz, CD2Cl2): δ = 2.28–2.62 (m, JPt,H =
34 Hz, 4 H, CH2CH2), 4.80 (m, AA� of AA�BXX�, JAB = JA�B =
12.8 Hz, JAX + JAX� = 22.1 Hz, JPt,H = 45.3 Hz, 2 allyl H, anti),
6.14 (t, B of AA�BXX�, J = 12.8 Hz, JPt,H = 45 Hz, 1 allyl H,
central), 7.80–6.80 (m, 30 H, aryl) ppm. 13C NMR (62.9 MHz,
CD2Cl2): δ = 31.0 (AMM�, ψ-dd, J = 41 Hz, 9 Hz, JPt,C = 56 Hz,
CH2), 83.5 [AMM�, ψ-d, J = 27 Hz, JPt,C = 55 Hz, CH, All-C(1,3)],
110.9 [A of AM2, t, JP,C = 4 Hz, JPt,C � 17 Hz, CH, All–C(2)],
126.8 (AMM�, ψ-dd, J = 57 Hz, 0.8 Hz, JPt,C = 49 Hz, C, PPh-
ipso-C), 128.4 (AMM�, ψ-quint, J = 2 Hz, CH), 128.7 (AMM�, ψ-
dd, J = 56 Hz, 0.6 Hz, JPt,C = 38 Hz, C, PPh-ipso-C), 129.3
(AMM�, ψ-t, J = 1.5 Hz, CH), 130.3 (AMM�, ψ-t, J = 1.3 Hz,
CH), 131.1–131.6 (m, 2 CH), 133.7 (AMM�, CH), 133.8 (AMM�,
JPt,C = 24 Hz, CH), 134.5 (AMM�, CH), 134.9 (AMM�, JPt,C =
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25 Hz, CH), 137.7 (AMM�, C) ppm. Spin system nomenclature: A
corresponds to the carbon atom in question, M and M� correspond
to the 31P nuclei. 31P NMR (101.3 MHz, CD2Cl2): δ = –143.7 (sept,
JP,F = 711 Hz, PF6

–), 44.7 (s, JPt,Pt = 3847 Hz) ppm. 195Pt NMR
(HMQC, 64.2 MHz, CD2Cl2): δ = –5521 (t, JPt,P � 3830 Hz) ppm.
MS (FAB): m/z (%) = 1717 (9) [2 M – PF6]+, 786 (100) [M – PF6]+,
592 (10) [M – PF6 – Ph2All]+. C41H37F6P3Pt (931.72): calcd. C
52.85, H 4.00; found C 52.83, H 4.14.

(E)-1-Cyclohexyl-3-cyclohexylidenepropene (26): (a) The substance
was formed, in NMR experiments, from 8b and an excess of either
Me4NF (in [D3]MeCN) or Schwesinger’s P2F[57] (in C6D6). (b) A
reference sample was obtained as follows: MsCl (56.0 mg,
0.488 mmol) was added dropwise at –78 °C to a solution of 10
(98.8 mg, 0.444 mmol) and iPr2NEt (0.091 mL, 0.533 mmol) in
THF (5 mL). After stirring for 45 min and another addition of
iPr2NEt (0.18 mL, 1.06 mmol) and MsCl (120 mg, 1 mmol) the re-
action mixture was warmed to room temp. and stirred for 2 h.
Workup with H2O/tBuOMe gave, after drying (MgSO4) and evapo-
ration to dryness, a residue that was filtered through SiO2 (tBu-
OMe) to yield 38.7 mg (42%) of a colorless oil. 1H NMR
(250 MHz, CDCl3): δ = 0.75–2.30 (m, 21 H-Cy), 5.54 (dd, J =
15.2 Hz, 7.0 Hz, 1-H), 5.73 (dd, J = 10.9 Hz, 0.7 Hz, 3-H), 6.25
(ddd, J = 15.2 Hz, 10.8 Hz, 1.2 Hz, 2-H) ppm. 13C NMR
(62.9 MHz, CDCl3): δ = 26.1 (CH2), 26.2 (CH2), 26.8 (CH2), 27.6
(CH2), 28.4 (CH2), 29.2 (CH2), 33.1 (CH2), 37.2 (CH2), 41.0 (CH),
122.1 (CH), 123.2 (CH), 138.3 (CH), 141.2 (C) ppm. IR (CHCl3):
ν̃ = 2930 (s), 2853 (m), 1616 (w), 1448 (m), 1344 (w), 968 (m) cm–1.
MS (EI): m/z = 204 [M]+.

Oxidative Addition of Ph2AllF (6) to Pd(dba)2 (�27·F): Pd(dba)2

(170 mg, 0.29 mmol) and Ph2AllF (6)[14a] (76 mg, 0.36 mmol, solu-
tion in 7 mL hexane) were stirred in THF (10 mL). Within 15 min,

Table 3. Crystallographic data for 8a, 8b, and 8c·CH2Cl2.

8a 8b 8c·CH2Cl2

CCDC number 279485 279484 279489
Formula C46H46F6FeN2P2Pd C46H58F6FeN2P2Pd C41H42Cl2F6FeN2P Pd Sb
Mr 965.07 977.13 1062.64
Crystal system orthorhombic orthorhombic triclinic
Space group P212121 P212121 P1r

a [Å] 10.677(2) 10.3481(16) 10.281(7)
b [Å] 19.505(3) 17.276(3) 15.338(10)
c [Å] 20.809(3) 25.231(4) 13.684(9)
α [°] 90 90 90.0100(10)
β [°] 90 90 92.1260(10)
V [Å3] 4333.5(11) 4510.7(12) 2156(2)
Z 4 4 2
Density calcd. [Mg·m–3] 1.479 1.439 1.637
µ [mm–1] 0.884 0.850 1.584
F(000) 1968 2016 1056
Crystal size [mm3] 0.94×0.34×0.16 0.50×0.44×0.28 0.80×0.54×0.26
θ range (°) 1.43–28.31 1.43–24.78 1.33–29.69
Index ranges –14 � h � 14 –12 � h � 11 –14 � h � 12

–25 � k � 26 –20 � k � 20 –18 � k � 21
–17 � l � 27 –29 � l � 19 –18 � l � 16

Reflections collected/used 36689/10782 25274/7719 15564/12425
[Rint = 0.0672] [Rint = 0.1009] [Rint = 0.0365]

Data/restraints/parameters 10782/0/523 7719/42/509 12425/3/994
Goodness-of-fit on F2 0.964 0.949 1.062
R indices R1 = 0.0349 R1 = 0.0589 R1 = 0.0457
[I � 2σ(I)] wR2 = 0.0767 wR2 = 0.1324 wR2 = 0.1232
(all data) R1 = 0.0538 R1 = 0.0983 R1 = 0.0514

wR2 = 0.0837 wR2 = 0.1489 wR2 = 0.1338
Abs. struct. parameter –0.04(2) –0.05(4) –0.02(2)
Largest diff. peak/hole [e·Å–3] 0.490/–0.572 1.643/–0.750 0.829/–0.857
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the color changed from violet to yellow, and a yellow solid precipi-
tated. After filtration, the solid was dried under HV. The product
could not be further purified and was only analyzed spectroscopi-
cally for the presence of the (1,3-diphenylallyl)palladium() frag-
ment. 1H NMR ([D6]DMSO): δ = 5.29 [d, J = 12.0 Hz, 4 H,
C(2),C(3)], 6.98 [t, J = 11.8 Hz, 2 H, C(2)], 7.39 (br. m, 12 H, aryl),
7.78 (br. m, 8 H, aryl) ppm. 19F NMR: no signal detected.

Di-µ-bromobis(η3-1,3-diphenylallyl)dipalladium(II) (27·Br): Pd(dba)2

(40 mg, 0.070 mmol) and 15 (22.8 mg, 0.083 mmol) were stirred in
THF (20 mL) at room temp. The color of the violet suspension
became brighter within 20 min and a yellow precipitate was de-
posited. The solid was isolated by filtration and dried under HV.
No further purification was attempted due to the small scale of the
reaction. 1H NMR ([D6]DMSO): δ = 5.19 (d, J = 11.7 Hz, 4 H,
allyl H, anti), 6.80 (t, J = 11.7 Hz, 2 H, allyl H, central), 7.30–
7.27 (m, 12 H, aryl), 7.66–7.69 (m, 8 H, aryl) ppm. C30H26Br2Pd2

(759.18): calcd. C 47.46, H 3.45; found C 46.87, H 3.48.

Oxidative Addition of Ph2AllF (6) to Pd(dba)2 in the Presence of
PPFPz{3,5-Me2} {�[Pd(η3-Ph2All)(PPFPz{3,5-Me2})]F·(H2O)n

(28·F)}: PPFPz{3,5-Me2} (2c)[28] (54.2 mg, 0.11 mmol) and Pd(dba)2

(57.5 mg, 0.10 mmol) were stirred in THF (10 mL) at 40 °C for
30 min to give an orange-brown solution. Ph2AllF (6)[14a] (2 mL,
75 m in N,N-dimethylformamide, 0.15 mmol), was added and the
reaction mixture, which quickly turned yellow, was stirred for 1 h
at room temp. Solvents were removed under HV and the residue
purified by precipitation (in air) from CH2Cl2/pentane. 1H NMR
(250 MHz, CDCl3): δ = 0.71 (s, 3 H, Me-Pz), 1.67 (s, ca. 4 H, H2O),
2.29 (d, J = 7.4 Hz, 3 H, CHMe), 2.31 (s, 3 H, Me–Pz), 3.75 (s, 1
H-Cp), 4.18 (s, 5 H, Cp�); 4.35–4.37 (m, 1 H-Cp), 4.65 (s, 1 H-Cp),
5.30 (s, 1 H-Pz), 6.12–6.19 (m, 3 H, 1 allyl H,, 2 H, aryl), 6.43–
6.52 (m, 1 allyl H,), 6.98–8.03 (m, 19 H, 1 allyl H,, 18 H, aryl) ppm,
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Table 4. Crystallographic data for 18·PF6, 20·PhOH, and 24.

18·PF6 20·PhOH 24

CCDC number 279486 279488 279487
Formula C46H46F6FeN2 P2Pt C49H49FeN2OPPt C41H37F6P3Pt
Mr 1053.73 963.85 931.71
Crystal system orthorhombic monoclinic orthorhombic
Space group P212121 P21 Pbca
a [Å] 10.709(2) 11.591(14) 18.525(7)
b [Å] 19.566(3) 10.998(9) 18.644(9)
c [Å] 20.832(3) 16.464(3) 22.108(9)
α [°] 90 90 90
β [°] 90 94.72(9) 90
V [Å3] 4376.3(3) 2092(4) 7636(6)
Z 4 2 8
Density calcd. [Mg·m–3] 1.599 1.530 1.621
µ [mm–1] 3.658 3.764 3.859
F(000) 2096 968 3680
Crystal size [mm3] 0.95×0.3×0.3 0.5×0.3×0.2 0.2×0.17×0.13
θ range (°) 1.43–29.96 1.76–20.04 1.80–20.15
Index ranges –14 � h � 14 –11 � h � 11 0 � h � 17

–18 � k � 27 –10 � k � 10 0 � k � 17
–28 � l � 28 –15 � l � 15 0 � l � 21

Reflections collected/used 32667/11386 3931/1989 3553/3553
[Rint = 0.0683] – [Rint = 0.0000]

Data/restraints/parameters 11386/0/524 1989/0/461 3553/0/461
Goodness-of-fit on F2 0.945 1.825 0.903
R indices R1 = 0.0405 R1 = 0.036 R1 = 0.0304
[I � 2σ(I)] wR2 = 0.0759 wR2 = 0.033 wR2 = 0.0752
(all data) R1 = 0.0925 R1 = 0.037 R1 = 0.0455

wR2 = 0.0897 wR2 = 0.033 wR2 = 0.0788
Abs. struct. parameter –0.031(6) – –
Largest diff. peak/hole [e·Å–3] 1.164/–1.020 0.754/–1.179 0.561/–0.637

peaks broadened. 19F NMR (282.4 MHz, CDCl3): no signal de-
tected. 31P NMR (CDCl3): δ = 12.1 (br. s) ppm. C44H42FFeN2PPd
+ 3H2O (865.10): calcd. C 61.09, H 5.59, N 3.24; found C 61.02,
H 5.09, N 2.77.

X-ray Crystallography: Data were collected at 293 K with a Sie-
mens SMART CCD diffractometer (graphite-monochromated Mo-
Kα radiation, λ = 0.71073 Å, ω-scan technique), except for
20·PhOH and 24, for which the data was collected with a Syntex
P21 4-circle diffractometer. The structures were solved by direct
methods using SHELXS-97.[69] A full matrix least-squares refine-
ment on F2 was performed with SHELXL-97.[70] Allyl fragments
in 8b and the phenol solvate in 20·PhOH were refined isotropically,
all other non-hydrogen atoms were refined anisotropically. The hy-
drogen atoms were placed in calculated positions and assigned
using an isotropic displacement parameter of 0.08 Å2. SADABS[71]

was used to perform area-detector scaling and absorption correc-
tions. No absorption correction was applied for 20·PhOH and 24.

CCDC-279484 to -279489 (cf. Table 3 and Table 4) contain the sup-
plementary crystallographic data for this paper. This data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgments

L. H. thanks Solvias AG, Basel, for a Ph.D. grant, the Deutsche
Forschungsgemeinschaft for current support with an Emmy No-
ether Programm, and Prof. C. Bolm for continued support. Credit
for crystallographic measurements, preliminary structure solutions,
data shuffling, and final solutions goes to Diego Broggini, Ulli En-
glert, Céline Gambs, Volker Gramlich, Arianna Martelletti, Ger-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1397–14121410

hard Raabe, Michael Wörle, and Stefan Zürcher. Daniel Whelligan
is thanked for eliminating English glitches.

[1] M. N. Doherty, N. W. Hoffmann, Chem. Rev. 1991, 91, 553.
[2] E. F. Murphy, H. W. Roesky, Chem. Rev. 1997, 97, 3425.
[3] S. Thrasher, S. H. Strauss, Inorganic Fluorine Chemistry towards

the 21st Century, American Chemical Society, Washington,
DC, 1994.

[4] H. Plenio, Chem. Rev. 1997, 97, 3363.
[5] J. L. Kiplinger, T. G. Richmond, C. E. Osterberg, Chem. Rev.

1994, 94, 373.
[6] a) J. Burdeniuc, B. Jedlicka, R. H. Crabtree, Chem. Ber./Recueil

1997, 130, 145; b) M. Aizenberg, D. Milstein, Science 1994,
265, 359.

[7] a) K. Fagnou, M. Lautens, Angew. Chem. 2002, 114, 26; Angew.
Chem. Int. Ed. 2002, 41, 26; b) B. L. Pagenkopf, E. M. Car-
reira, Chem. Eur. J. 1999, 5, 3437.

[8] U. Burckhardt, M. Baumann, A. Togni, Tetrahedron: Asym-
metry 1997, 8, 155.

[9] a) A. L. Henne, T. H. Newby, J. Am. Chem. Soc. 1948, 70, 130;
b) A. L. Henne, A. M. Whaley, J. K. Stevenson, J. Am. Chem.
Soc. 1941, 63, 3478; c) A. L. Henne, Org. React. 1944, 2, 49.

[10] Fluorocarbonylations: a) T. Okano, N. Harada, J. Kiji, Chem.
Lett. 1994, 1057; b) T. Okano, N. Harada, J. Kiji, Bull. Chem.
Soc. Jpn. 1992, 65, 1741; c) T. Sakakura, M. Chaisupakitsin,
T. Hayashi, M. Tanaka, J. Organomet. Chem. 1987, 334, 205.

[11] Additional examples of transition-metal catalyzed or mediated
fluorinations: a) R. D. Chambers, J. Hutchinson, J. Fluorine
Chem. 1998, 92, 45; b) S. Bruns, G. Haufe, J. Fluorine Chem.
2000, 104, 247.

[12] V. V. Grushin, Chem. Eur. J. 2002, 8, 1006.
[13] a) M. Shimizu, T. Hiyama, Angew. Chem. 2005, 117, 218; An-

gew. Chem. Int. Ed. 2005, 44, 214; b) P. Kirsch, Modern Fluo-
roorganic Chemistry, Wiley-VCH, Weinheim, 2004; c) T. Hi-



Cationic Palladium()- and Platinum()-η3-Allyl Complexes with Fluoride FULL PAPER
yama, Organofluorine Compounds, Springer, Berlin, 2000; d)
V. A. Soloshonok, Enantiocontrolled Synthesis of Fluoro-Or-
ganic Compounds, Wiley, Chichester, 1999; e) M. Hudlicky,
A. E. Pavlath, Chemistry of Organic Fluorine Comounds II,
American Chemical Society, Washington, DC, 1995; f) J. T.
Welch, Selective Fluorination in Organic and Bioinorganic
Chemistry, American Chemical Society, Washington, DC,
1991.

[14] a) P. Barthazy, L. Hintermann, R. M. Stoop, M. Wörle, A.
Mezzetti, A. Togni, Helv. Chim. Acta 1999, 82, 2448; b) P. Bar-
thazy, A. Togni, A. Mezzetti, Organometallics 2001, 20, 3472.

[15] L. Hintermann, A. Togni, Angew. Chem. 2000, 112, 4530; An-
gew. Chem. Int. Ed. 2000, 39, 4359.

[16] Y. Hamashima, K. Yagi, H. Takano, L. Tamás, M. Sodeoka,
J. Am. Chem. Soc. 2002, 124, 14530.

[17] J. Ma, D. Cahard, Tetrahedron: Asymmetry 2004, 15, 1007.
[18] N. Shibata, T. Ishimaru, T. Nagai, J. Kohno, T. Toru, Synlett

2004, 1703.
[19] M. Sanna, PhD Dissertation, ETH Nr. 15191, Zürich, 2003.
[20] N. Shibata, J. Kohno, K. Takai, T. Ishimaru, S. Nakamura, T.

Toru, S. Kanemasa, Angew. Chem. 2005, 117, 4276; Angew.
Chem. Int. Ed. 2005, 44, 4204.

[21] H. Ibrahim, A. Togni, Chem. Commun. 2004, 1147.
[22] B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103, 2921.
[23] Preliminary communication: A. Togni, A. Mezzetti, P. Bar-

thazy, C. Becker, I. Devillers, R. Frantz, L. Hintermann, M.
Perseghini, M. Sanna, Chimia 2001, 55, 801.

[24] G. Helmchen, A. Pfaltz, Acc. Chem. Res. 2000, 33, 336.
[25] Example: H. C. Clark, M. J. Hampden-Smith, H. Ruegger, Or-

ganometallics 1988, 7, 2087.
[26] J. Elguero, E. Gonzalez, R. Jacquier, Bull. Soc. Chim. Fr. 1968,

707.
[27] a) T. Hayashi, T. Mise, M. Fukushima, M. Kagotani, N. Naga-

shima, Y. Hamada, A. Matsumoto, S. Kawakami, M. Konishi,
K. Yamamoto, M. Kumada, Bull. Chem. Soc. Jpn. 1980, 53,
1138; b) Improved procedure for preparing PPFA: S. Gischig,
A. Togni, Organometallics 2004, 23, 2479.

[28] a) A. Schnyder, L. Hintermann, A. Togni, Angew. Chem. 1995,
107, 996; Angew. Chem. Int. Ed. Engl. 1995, 34, 931; b) U.
Burckhardt, L. Hintermann, A. Schnyder, A. Togni, Organo-
metallics 1995, 14, 5415.

[29] A. Togni, U. Burckhardt, V. Gramlich, P. S. Pregosin, R. Salz-
mann, J. Am. Chem. Soc. 1996, 118, 1031.

[30] A. S. Pilcher, H. L. Ammon, P. DeShong, J. Am. Chem. Soc.
1995, 117, 5166.

[31] K. O. Christe, W. W. Wilson, R. D. Wilson, R. F. Bau, J. A.
Feng, J. Am. Chem. Soc. 1990, 112, 7619.

[32] K. Seppelt, Angew. Chem. 1992, 104, 299; Angew. Chem. Int.
Ed. Engl. 1992, 31, 292.

[33] D. Landini, A. Maia, A. Rampoldi, J. Org. Chem. 1989, 54,
328.

[34] a) R. K. Sharma, J. L. Fry, J. Org. Chem. 1983, 48, 2112; b)
However, preparation of truly dry TBAF has just been claimed:
H. Sun, S. G. DiMagno, J. Am. Chem. Soc. 2005, 127, 2050.

[35] Compound 6 is characterized by δ(19F) = –165.4 ppm.[14a]

[36] a) J. A. Davies, in: Comprehensive Organometallic Chemistry II
(Ed.: R. J. Puddephatt), Elsevier Science Oxford, 1995, Vol. 9,
p. 291; b) P. M. Maitlis, P. Espinet, M. J. H. Russell, in: Com-
prehensive Organometallic Chemistry (Ed.: G. Wilkinson), Per-
gamon, Oxford, 1982, vol. 6, p. 385.

[37] exo: the arrow head defined by the three allyl carbons points
away from the lower Cp ring of the ferrocene unit; endo: the
allyl vector points towards the lower Cp ring. The nomencla-
ture is used as in ref.[29]

[38] A. L. Gemal, J. Luche, J. Am. Chem. Soc. 1981, 103, 5454.
[39] W. J. Middleton, J. Org. Chem. 1975, 40, 574.
[40] A. Vitagliano, B. Åkermark, S. Hansson, Organometallics 1991,

10, 2592.

Eur. J. Inorg. Chem. 2006, 1397–1412 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1411

[41] a) R. G. Brown, R. V. Chaudhari, J. M. Davidson, J. Chem.
Soc., Dalton Trans. 1977, 176; b) J. Powell, J. Am. Chem. Soc.
1969, 91, 4311.

[42] a) S. Lin, P. Boudjouk, J. Chin. Chem. Soc. (Taipei) 1989, 36,
35; b) C. Sui-Seng, G. D. Enright, D. Zargarian, Organometal-
lics 2004, 23, 1236.

[43] Recent examples: a) C. Amatore, A. A. Bahsoun, A. Jutand,
L. Mensah, G. Meyer, L. Ricard, Organometallics 2005, 24,
1569; b) G. Malaise, S. Ramdeehul, J. A. Osborn, L. Barloy, N.
Kyritsakas, R. Graff, Eur. J. Inorg. Chem. 2004, 3987; c) P. B.
Armstrong, L. M. Bennett, R. N. Ryan, J. L. Fields, J. P. Jasin-
ski, R. J. Staples, R. C. Bunt, Tetrahedron Lett. 2005, 46, 1441.

[44] a) P. S. Pregosin, R. Salzmann, Coord. Chem. Rev. 1996, 155,
35; b) P. von Matt, G. C. Lloyd-Jones, A. B. E. Minidis, A.
Pfaltz, L. Macko, M. Neuburger, M. Zehnder, H. Rüegger, P. S.
Pregosin, Helv. Chim. Acta 1995, 78, 265; c) P. Barbaro, P. S.
Pregosin, R. Salzmann, A. Albinatti, R. Kunz, Organometallics
1995, 14, 5160.

[45] a) J. M. Brown, J. E. MacIntyre, J. Chem. Soc., Perkin Trans. 2
1985, 961; b) H. Kurosawa, J. Chem. Soc., Dalton Trans. 1979,
939.

[46] Asymmetric catalytic allylation with platinum: a) A. J. Blacker,
M. L. Clarke, M. S. Loft, M. F. Mahon, M. E. Humphries,
J. M. J. Williams, Chem. Eur. J. 2000, 6, 353; b) A. J. Blacker,
M. L. Clark, J. M. J. Williams, M. S. Loft, Chem. Commun.
1999, 913.

[47] R. Lespieau, R. L. Wakeman, Bull. Soc. Chim. Fr. 1932, 51,
384.

[48] The Karstedt catalyst solution is used industrially and is com-
mercially available.

[49] a) M. F. Lappert, F. P. A. Scott, J. Organomet. Chem. 1995,
492, C11; b) P. B. Hitchcock, M. F. Lappert, N. J. W. Warhurst,
Angew. Chem. 1991, 103, 439; Angew. Chem. Int. Ed. Engl.
1991, 30, 438; c) B. D. Karstedt, U. S. Patent 3775452, 1973.

[50] L. N. Lewis, T. A. Krafft, J. C. Huffman, Inorg. Chem. 1992,
31, 3555.

[51] A. Albinati, W. R. Caseri, P. S. Pregosin, Organometallics 1987,
6, 788.

[52] L. Brammer, D. Zhao, F. T. Ladipo, J. Braddock-Wilking, Acta
Crystallogr. Sect. B 1995, 51, 632.

[53] K. Hallman, A. Frölander, T. Wondimagegn, M. Svensson, C.
Moberg, PNAS 2004, 101, 5400.

[54] a) P–Pt–F trans complexes: A. Yahav, I. Goldberg, A. Vigalok,
J. Am. Chem. Soc. 2003, 125, 13634; b) P–Pt–F cis complexes:
A. Yahav, I. Goldberg, A. Vigalok, Inorg. Chem. 2005, 44,
1547.

[55] U. Burckhardt, PhD Dissertation, ETH Nr. 12167, Zürich,
1997.

[56] L. Hintermann, A. Togni, result presented at the XVIIIth Inter-
national Conference on Organometallic Chemistry, Munich,
1998.

[57] R. Schwesinger, R. Link, G. Thiele, H. Rotter, D. Honert,
H. H. Limbach, F. Männle, Angew. Chem. 1991, 103, 1376; An-
gew. Chem. Int. Ed. 1991, 30, 1372.

[58] W. E. Barnette, J. Am. Chem. Soc. 1984, 106, 452.
[59] Diene 26 was identified by comparison with a reference sample,

see Exp. Section.
[60] The decomposition of phosphane complexes of PdII induced

by fluoride is known: P. A. McLaughlin, J. G. Verkade, Organo-
metallics 1998, 17, 5937.

[61] V. V. Grushin, Angew. Chem. 1998, 110, 1042; Angew. Chem.
Int. Ed. 1998, 37, 994.

[62] We exclude a high kinetic barrier in allylic substitutions by
using a small and reactive nucleophile-like “naked” fluoride.

[63] G. C. Lloyd-Jones, S. C. Stephen, M. Murray, C. P. Butts, S.
Vyskocil, P. Kocovsky, Chem. Eur. J. 2000, 6, 4348.

[64] H. Hagelin, B. Åkermark, P. Norrby, Chem. Eur. J. 1999, 5,
902.

[65] L. Hintermann, PhD Dissertation, ETH Nr. 13892, Zürich,
2000.



L. Hintermann, F. Läng, P. Maire, A. TogniFULL PAPER
[66] M. F. Rettig, P. M. Maitlis, Inorg. Synth. 1990, 28, 110.
[67] J. Lukas, Inorg. Synth. 1974, 15, 75.
[68] D. J. Mabbott, B. E. Mann, P. M. Maitlis, J. Chem. Soc., Dal-

ton Trans. 1977, 294.
[69] G. M. Sheldrick, SHELXS-97 Program for the Solution of

Crystal Structures, University of Göttingen, 1990.
[70] G. M. Sheldrick, SHELXL-97 Program for the Refinement of

Crystal Structures, University of Göttingen, 1997.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1397–14121412

[71] G. M. Sheldrick, SADABS Program for Empirical Absorption
Correction of Area Detector Data, University of Göttingen,
1996.

Received: September 8, 2005
Published Online: February 9, 2006



FULL PAPER

DOI: 10.1002/ejic.200500811

A Single-Source-Precursor Approach to Late Transition Metal Molybdate
Materials: The Structural Role of Chelating Ligands in the Formation of

Heterometallic Heteroleptic Alkoxide Complexes

Pia Werndrup,[a] Gulaim A. Seisenbaeva,[a] Gunnar Westin,[b] Ingmar Persson,[a] and
Vadim G. Kessler*[a]

Keywords: Cobalt molybdate / EXAFS / Heterogeneous catalysis / Materials / Nickel molybdate / Sol–gel processes

The synthesis and structural determination of three new
heterometallic molybdenum complexes, one with cobalt and
two with nickel and two of these with β-diketonate ligands
and one with amino alcohol ligands, are presented. The reac-
tion of cobalt acetylacetonate with [MoO(OMe)4] provides
[Co2Mo2O2(acac)2(OMe)10] (1) and [MoO(acac)(OMe)3] (4),
and the reaction of nickel acetylacetonate with [MoO(OMe)4]
provides [Ni2Mo2O2(acac)2(OMe)10] (2) and 4. The reaction
of [Ni(ORN)2] (RN = CHMeCH2NMe2) with [MoO(OMe)4]
yields [Ni2Mo2O2(ORN)2(OMe)10] (3). The two new oxomo-
lybdenum complexes undergo ether elimination upon stor-
age to give the corresponding dioxo complexes [MoO2(acac)-
(OMe)]2 (5) and [MoO2(ORN)(OMe)]2 (6). Compounds 3 and

Introduction

The development of low-temperature routes to late tran-
sition metal molybdates with small grain size and a high
active surface is today one of the most intensively explored
fields in materials science related to heterogeneous catalysis.
Cobalt and nickel molybdates have been reported to be ef-
ficient catalysts in such reactions as oxidative dehydrogena-
tion of alkanes[1] and disproportionation of carbon mono-
xide with formation of single-walled carbon nanotubes.[2]

Nitridation and sulfidation of the initially prepared oxide
materials has provided efficient catalysts for higher produc-
tivity ammonia synthesis[3] and hydrodesulfurisation reac-
tions,[4] respectively. A great deal of attention has been paid
to the properties of the final catalyst in relation to the prep-
aration conditions, especially the pH during the synthesis
in aqueous media,[5] and also to the effects of different
chemical impurities, both in the original material and intro-
duced by reactants, on the activity and stability of the cata-
lysts.[6] Cobalt and nickel molybdates are usually applied as
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4 could also be obtained from the reaction of stoichiometric
amounts of Hacac with [MoO(OMe)4] and [MoO2(OMe)2],
respectively. The local structure around the nickel atom in
compound 2 in solution and compound 3 in the solid state
and in toluene/hexane solution has been determined by me-
ans of EXAFS spectroscopy. The complexes are intended to
be used as single-source precursors, which are attractive in
coatings and for the preparation of mesoporous materials; its
application for the synthesis of nickel molybdate by sol–gel
processing is therefore reported. The oxide material obtained
from 3 displays a uniform grain size and a large surface area.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

coatings on different supports, most commonly alumina (γ-
Al2O3)[6] or activated carbon.[7] Application of these cata-
lysts deposited on niobia for hydrodesulfurisation applica-
tions and comparison of the influence of different oxide
substrates has been reported.[8] A common approach to late
transition metal molybdates is a high-temperature decom-
position of a salt mixture, such as Co(NO3)2·6H2O and
(NH4)6Mo7O24, leading to the formation of a molybdate
powder.[7,9] Great efforts have been made to enhance homo-
genisation of the components in the course of preparation
of these materials by using approaches such as freeze-dry-
ing,[10] impregnation of porous supports by water solutions
of salts stabilized by chelating ligands, such as, for example,
nitrilotriacetates[11] or ethylenediamine in combination with
hydrothermal treatment,[12] and electrodeposition in sulfate-
citrate medium.[13] Very recently, a special focus in this re-
search field has been the development of sol–gel approaches
to this class of materials, applying silica[14] or non-ionic[15]

or block-copolymer zwitterionic surfactants[16,17] to ensure
the chemical homogeneity and development of desired mor-
phological features. It would be advantageous to be able
to deposit a MIIMoO4 phase selectively on substrates from
solutions. Single-source precursors have been very success-
fully used in coatings and the preparation of mesoporous
materials. It is very simple, once the precursor has beens
prepared, to use sol–gel techniques for spin- or dip-coating
of surfaces or to hydrolyse and condense the precursors in
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the solution in order to make a gel, which will become a
mesoporous powder after calcination, often at a lower tem-
perature than that used in solid-state reactions.[18] This
mesoporous coating will be formed on a chosen substrate,
which represents an additional advantage for this pro-
cedure.

Heterometallic alkoxide complexes of late and heavy
transition metals are of interest as single-source precursors
for catalytically active materials. The synthetic approaches
to heterometallic compounds are restricted, however, be-
cause alkoxides of late transition metals are insoluble and
unreactive. A promising pathway to heterometallic com-
plexes is provided by the reaction between a metal alkoxide
and a β-diketonate complex of another metal atom. This
approach has been pioneered by Mosset et al., who ob-
served formation of cobalt-zirconium[19] and iron-zirco-
nium[20] alkoxide complexes in minor yields in alcoholic me-
dia. We have previously[21,22] investigated in detail the inter-
action of divalent metal β-diketonate complexes and tanta-
lum or niobium alkoxides. The main products of this reac-
tion − a new class of heterometallic heteroleptic alkoxide
complexes [MII

2MV
2(acac)2(OR)12] (MII = Co, Ni, Zn, Mg,

R = Me, Et, and MV = Ta, Nb) − are formed quantitatively
in hydrocarbon solvents according to Equation (1).

[MII(acac)2] + 2 [MV(OR)5] �
½[MII

2MV
2(acac)2(OR)12] + [MV(acac)(OR)4 (1)

If the late transition metal complex contains a different
chelating ligand, the reaction with an alkoxide can provide
heterometallic heteroleptic alkoxide complexes with dif-
ferent solubility and reactivity than the homoleptic alk-
oxide. This will alter the hydrolytic properties and provide
a tool to control the sol–gel preparation of materials for
catalysis. We present here the synthesis, structure determi-
nation and sol–gel processing of three new heterometallic
molybdenum complexes, one with cobalt and two with
nickel, and two of these with β-diketonate ligands and one
with amino alcohol ligands.

Results and Discussion

Synthesis of Precursor Compounds

In order to develop the concept of molecular structure
design for a synthetic approach to single-source precursors
suitable for production of inorganic materials[23] we wanted
to use the synthetic strategy formulated with the syntheses
of the heterometallic heteroleptic complexes [MII

2MV
2-

(acac)2(OMe)12] (MII = Co, Ni, Zn, Mg, and MV = Ta,
Nb).[21] These reactions use the β-diketonate metal com-
plexes to provide stability in the solution (due to the chelat-

(3)
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ing effects of the β-diketonate ligands) and the methoxide
complexes as Lewis bases. The complexes are formed when
the initial MII/MV ratio is lower than 1:2; we tested ratios
between 1:2.1 and 1:3.5 and the syntheses were successful.
Extending the synthetic strategy to molybdenum and late
transition metal complexes, we used cobalt acetylacetonate
in the reaction with molybdenum oxomethoxide
[MoO(OMe)4]. The reaction was successful and provided
[Co2Mo2O2(acac)2(OMe)10] (1) [Figure 1 and Equation (2)]
in high yields at Co/Mo ratios less than or equal to 1:2.

Figure 1. Molecular structure of [Co2Mo2O2(acac)2(OMe)10] (1).

[Co(acac)2] + 2 [MoO(OMe)4] �
½[Co2Mo2O2(acac)2(OMe)10] (1) + [MoO(acac)(OMe)3] (4) (2)

The use of nickel acetylacetonate in hexane instead of
cobalt acetylacetonate in the reaction with [MoO(OMe)4]
provided [Ni2Mo2O2(acac)2(OMe)10] (2). The compositions
of the reaction products indicate the same reaction pathway
[Equation (2)] for both nickel and cobalt acac derivatives,
analogous to the one observed earlier for the formation of
bimetallic complexes of niobium and tantalum[21,22] [Equa-
tion (1)]. Both new cobalt-molybdenum and nickel-molyb-
denum complexes have much lower solubility in toluene
than the corresponding tantalum or niobium ones. In order
to improve this low solubility we altered the reaction path-
way [Equation (3)] by using an amino alcohol complex, in
hexane, instead of the acetylacetonate one.

The use of Ni(ORN)2 (RN = CHMeCH2NMe2) in the
reaction with [MoO(OMe)4] provided the nickel-molybde-
num complex [Ni2Mo2O2(ORN)2(OMe)10] (3). A ligand-ex-
change reaction occurs when Ni(L)2 (L = acac or ORN)
and [MoO(OMe)4] react in hexane, which gives two new
heterometallic heteroleptic alkoxide complexes (2, 3) along
with new molybdenum complexes containing the chelating
ligand [Equation (3)]. The structure of the by-product com-
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plex containing the acac ligand [MoO(acac)(OMe)3] (4)
(Figure 2, A) was determined by a single-crystal X-ray
study. The two new MII-molybdenum complexes undergo
ether elimination upon storage [Equation (3)] to give the
corresponding dioxo complexes [MoO2(acac)(OMe)]2 (5)
and [MoO2(ORN)(OMe)]2 (6). The structures of 5 and 6
were also determined by single-crystal X-ray diffraction
studies [Figures 2, B and C, respectively]. The presence of
dimethyl ether was detected in both mother liquors by the
GC-MS technique. Compound 4 was also successfully pre-
pared by the reaction between [MoO(OMe)4] and Hacac.
Compound 5 is formed from 4 very slowly at room tem-
perature. An attempt to accelerate this process by refluxing
the solutions of 4 led to quick development of a reddish-
brown colour associated with reduction of MoVI to MoV.
The mother liquor in this case contained the dimethyl acetal
of formaldehyde [CH2(OMe)2], which is the organic by-

Figure 2. Molecular structure of [MoO(acac)(OMe)3] (4; A),
[MoO2(acac)(OMe)]2 (5; B) and [MoO2(ORN)(OMe)]2 (6; C).
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product of this reduction reaction.[24] The same kind of re-
duction associated with ligand redistribution turned out to
be major obstacle in the synthesis of 5, and especially 6, by
the reaction of insoluble [MoO2(OMe)2] with acetylacetone
or (dimethylamino)propanol. The white [MoO2(OMe)2]
turns blue on refluxing with these reagents in toluene, while
the solution becomes reddish brown. GC-MS indicated that
the solution contained CH2(OMe)2 in both cases. Com-
pound 5 was isolated in minor yield from the mother liquor
by crystallisation, but the solution derived from molybde-
num dioxomethoxide and (dimethylamino)propanol did not
provide any isolable product.

Structure Determinations

The molecular structure of the cobalt-molybdenum com-
plex 1 follows the well-known [Ti4(OMe)16] structural
type.[25] The structure of 1 was determined by a single-crys-
tal X-ray study (Figure 1 and Table 1). The octahedron sur-
rounding the Co atoms is distorted because of the two types
of oxygen atoms from the µ- and µ3-OR groups in the com-
plex; the trans O–Co–O angles are 165.74(14)–166.81(14)°.
The acac ring does not distort the octahedron − the O–Co–
O angle in the ring is 90.61(16)°. The Co–O distances in 1
are 2.019(4)–2.135(3) Å, depending on the bonding mode
of the oxygen atoms. The ionic radii of the cobalt() (high
spin) and nickel ions in octahedral configuration are 0.745
and 0.690 Å, respectively,[26] and, along with the radius of
the water-oxygen-bound di- and trivalent metal ion
(1.34 Å),[27] this gives expected Co–O and Ni–O bond
lengths of 2.09 Å and 2.03 Å, respectively. The shortest Co–
O distances in 1 are to the oxygen atoms in the acac ring
(both terminal and chelating) and the longest ones are for
the µ3-oxygens in the complex. In 1, the Co···C distances in
the acac ring are calculated to be 2.995(5) and 2.996(5) Å
for the two carbon atoms connected to an oxygen atom in
the acac ring, and 3.281(5) Å for the one in the centre of
the ring. The molybdenum atom has a distorted octahedral
coordination environment with six oxygen atoms. None of
the trans O–Mo–O angles have ideal 180° angles; they vary
between 162.00(17) ° and 165.67(16)°. It is the angle be-
tween the two Mo-µ-O bonds that distorts the octahedron
the most; it is only 85.59(15)°. The Mo–O bonds for the
two terminal methoxide groups [1.857(4) and 1.834(4) Å]
are in agreement with the corresponding bonds in com-
plexes such as [Mo(OMe)6][28] and [Mo2O2(OMe)8],[29] and
very close to those in [Mg2Mo2O2(OMe)10(MeOH)4],[30] a
close structural analogue of 1, where they vary between
1.862(4) and 1.909(4) Å. The two Mo–µ-O bonds are longer
[1.998(3) and 1.998(4) Å, respectively] and the Mo–µ3-O
bond is even longer [2.187(3) Å] as this kind of bonding,
with an atom shared with one or two other atoms, normally
results in a significant increase of bond lengths. The Mo=O
bond also causes a deviation from a perfect octahedron.
The length of the double bond [1.683(4) Å] is in agreement
with the length of the same kind of bond in [MoO(OMe)4]
[1.672(5) Å].[29] It is interesting to note that 1 is only the
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second cobalt-molybdenum alkoxide complex reported in
the literature after [{Mo2(DAniF)3}2Co(OMe)4] (DAniF =
N,N�-di-p-anisylformamidinate).[31,32]

Table 1. Selected bond lengths [Å] and angles [°] for [Co2Mo2O2-
(acac)2(OMe)8] (1).[a]

Mo(1)–O(6) 1.683(4)
Mo(1)–O(4) 1.834(4)
Mo(1)–O(3) 1.857(4)
Mo(1)–O(2) 1.988(3)
Mo(1)–O(5) 1.998(4)
Mo(1)–O(1) 2.187(3)
Co(1)–O(8) 2.019(4)
Co(1)–O(7) 2.026(3)
Co(1)–O(2) 2.123(4)
Co(1)–O(5)#1 2.126(4)
Co(1)–O(1)#1 2.130(4)
Co(1)–O(1) 2.135(3)
O(6)–Mo(1)–O(4) 103.5(2)
O(6)–Mo(1)–O(3) 100.8(2)
O(4)–Mo(1)–O(3) 92.35(18)
O(6)–Mo(1)–O(2) 91.44(18)
O(4)–Mo(1)–O(2) 164.69(16)
O(3)–Mo(1)–O(2) 88.00(16)
O(6)–Mo(1)–O(5) 92.15(19)
O(4)–Mo(1)–O(5) 90.50(17)
O(3)–Mo(1)–O(5) 165.67(16)
O(2)–Mo(1)–O(5) 85.59(15)
O(6)–Mo(1)–O(1) 162.00(17)
O(4)–Mo(1)–O(1) 89.68(15)
O(3)–Mo(1)–O(1) 90.65(15)
O(2)–Mo(1)–O(1) 75.00(12)
O(5)–Mo(1)–O(1) 75.31(14)
O(8)–Co(1)–O(7) 90.61(16)
O(8)–Co(1)–O(2) 97.57(15)
O(7)–Co(1)–O(2) 93.49(14)
O(8)–Co(1)–O(5)#1 93.26(16)
O(7)–Co(1)–O(5)#1 94.83(15)
O(2)–Co(1)–O(5)#1 166.25(15)
O(8)–Co(1)–O(1)#1 165.74(14)
O(7)–Co(1)–O(1)#1 96.71(14)
O(2)–Co(1)–O(1)#1 94.19(14)
O(5)#1–Co(1)–O(1)#1 73.99(14)
O(8)–Co(1)–O(1) 93.18(14)
O(7)–Co(1)–O(1) 166.81(14)
O(2)–Co(1)–O(1) 73.49(12)
O(5)#1–Co(1)–O(1) 97.56(13)
O(1)#1–Co(1)–O(1) 82.44(13)

[a] Symmetry transformations used to generate equivalent atoms:
#1 –x, – y + 1, –z + 2.

The acac ring in compound 4 (part A in Figure 2 and
Table 2) distorts the octahedral surrounding of the Mo
atom along with the other four oxygens surrounding the
Mo atom. The O–Mo–O angle in the acac ring is 80.5(2)°
and influences the other O–Mo–O angles such that all four
of the O=Mo–O angles are larger than 90° [they vary be-
tween 92.0(6)° and 100.6(3)°]. The trans O–Mo–O angles
are in the range 162.29(19)–171.1(6)°. The Mo–O bond
length for the three terminal methoxide groups is 1.846(15)–
1.861(4) Å, in agreement with the lengths of the same kind
of bonds in [Mo(OMe)6]. The Mo=O bond is also the
shortest one in 4 [1.683(14) Å], and the Mo–O bonds to the
oxygen in the acac ring are 2.080(10)–2.182(10) Å.

After ether elimination from the two new MII-molybde-
num complexes [Equation (3)] two new dioxo complexes
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Table 2. Selected bond lengths [Å] and angles [°] for [MoO-
(OMe)3(acac)] (4).

Mo(1)–O(5) 1.683(14)
Mo(1)–O(6) 1.846(15)
Mo(1)–O(4) 1.855(4)
Mo(1)–O(2) 1.861(4)
Mo(1)–O(1) 2.080(12)
Mo(1)–O(3) 2.182(10)
O(5)–Mo(1)–O(6) 100.6(3)
O(5)–Mo(1)–O(4) 96.5(7)
O(6)–Mo(1)–O(4) 96.5(6)
O(5)–Mo(1)–O(2) 96.1(7)
O(6)–Mo(1)–O(2) 93.3(6)
O(4)–Mo(1)–O(2) 162.29(19)
O(5)–Mo(1)–O(1) 171.1(6)
O(6)–Mo(1)–O(1) 87.4(5)
O(4)–Mo(1)–O(1) 78.6(5)
O(2)–Mo(1)–O(1) 87.1(5)
O(5)–Mo(1)–O(3) 92.0(6)
O(6)–Mo(1)–O(3) 166.3(5)
O(4)–Mo(1)–O(3) 87.3(5)
O(2)–Mo(1)–O(3) 79.9(4)
O(1)–Mo(1)–O(3) 80.5(2)

were isolated. The structures of these complexes −
[MoO2(acac)(OMe)]2 (5) and [MoO2(ORN)(OMe)]2 (6) −
were determined by single-crystal X-ray diffraction studies
(Figures 2, B and C, respectively). The molybdenum atoms
all have distorted octahedral surroundings in these two
complexes. In 5, the octahedron contains only oxygen
atoms, with trans O–Mo–O angles in the range 155.02(12)–
163.83(15)° (Table 3). The acac ring distorts the octahedron
to give an O–Mo–O angle of 80.02(12)°. The Mo–O bonds
in the ring are 2.004(3) and 2.166(3) Å, respectively, in good
agreement with the same kind of bond in 4. As with all
Mo=O bonds discussed previously, they are the shortest
Mo–O bonds in this complex [1.696(3) and 1.697(3) Å,
respectively]. In 6, the octahedron surrounding the Mo
atom is composed of five oxygen atoms and one nitrogen
atom. The ring distorts the octahedron such that the trans
N–Mo–O(4) angle is 167.4(3)° and the two trans O–Mo–O
angles are 153.2(2)° and 155.1(3)° (Table 4). The N–Mo–
O(3) angle in the ring is 72.4(2)° and the (µ-O)–Mo–(µ-O)
angle is 67.4(2)°. The Mo=O bonds are also the shortest
Mo–O ones in 6, at 1.688(6) and 1.690(6) Å, respectively,
and the longest are the Mo–(µ-O) bonds [2.053(6) and
2.175(5) Å]; the Mo–N bond is 2.485(7) Å. The bonding
within the aminoalkoxide ring is considerably different from
that in the known complexes of MoVI with triethanolamine,
where the presence of several fused chelating cycles results
in considerably shortened Mo–N distance, such as
2.342(6) Å in, for example, [HMoO2(OC2H4)3N].[33]

Single crystals of the heterometallic complexes [Ni2-
Mo2O2(L)2(OMe)10] (2 and 3), large enough for single-crys-
tal X-ray studies, have not yet been isolated. The cobalt
and nickel atoms are of similar size, and therefore occupy
approximately the same volume in a molecule, with nickel
being the smaller one (see above). Cobalt atoms have a
higher preference to ideal octahedral angles in the inner
sphere than nickel. On the other hand, the distortion of the
inner sphere of a nickel atom can be severe, and the O–Ni–
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Table 3. Selected bond lengths [Å] and angles [°] for [MoO2(acac)-
(OMe)]2 (5).[a]

Mo(1)–O(3) 1.696(3)
Mo(1)–O(4) 1.697(3)
Mo(1)–O(2) 1.991(3)
Mo(1)–O(5) 2.004(3)
Mo(1)–O(1) 2.166(3)
Mo(1)–O(2)#1 2.264(3)
O(3)–Mo(1)–O(4) 104.19(18)
O(3)–Mo(1)–O(2) 100.58(15)
O(4)–Mo(1)–O(2) 95.15(15)
O(3)–Mo(1)–O(5) 91.48(15)
O(4)–Mo(1)–O(5) 103.05(16)
O(2)–Mo(1)–O(5) 155.02(12)
O(3)–Mo(1)–O(1) 163.83(15)
O(4)–Mo(1)–O(1) 91.18(16)
O(2)–Mo(1)–O(1) 82.67(12)
O(5)–Mo(1)–O(1) 80.02(12)
O(3)–Mo(1)–O(2)#1 88.71(14)
O(4)–Mo(1)–O(2)#1 163.06(14)
O(2)–Mo(1)–O(2)#1 71.37(13)
O(5)–Mo(1)–O(2)#1 87.27(12)
O(1)–Mo(1)–O(2)#1 77.25(12)

[a] Symmetry transformations used to generate equivalent atoms:
#1 – x, –y + 1, –z.

Table 4. Selected bond lengths [Å] and angles [°] for [MoO2(ORN)-
OMe]2 (6).[a]

Mo(1)–O(4) 1.688(6)
Mo(1)–O(2) 1.690(6)
Mo(1)–O(3) 1.895(6)
Mo(1)–O(1)#1 2.053(6)
Mo(1)–O(1) 2.175(5)
Mo(1)–N(1) 2.485(7)
O(4)–Mo(1)–O(2) 104.6(3)
O(4)–Mo(1)–O(3) 96.3(3)
O(2)–Mo(1)–O(3) 103.6(3)
O(4)–Mo(1)–O(1)#1 101.5(3)
O(2)–Mo(1)–O(1)#1 91.1(3)
O(3)–Mo(1)–O(1)#1 153.2(2)
O(4)–Mo(1)–O(1) 92.4(3)
O(2)–Mo(1)–O(1) 155.1(3)
O(3)–Mo(1)–O(1) 92.2(2)
O(1)#1–Mo(1)–O(1) 67.4(2)
O(4)–Mo(1)–N(1) 167.4(3)
O(2)–Mo(1)–N(1) 83.8(3)
O(3)–Mo(1)–N(1) 72.4(2)
O(1)#1–Mo(1)–N(1) 87.5(2)
O(1)–Mo(1)–N(1) 82.9(2)

[a] Symmetry transformations used to generate equivalent atoms:
#1 – x, –y, –z + 1.

O angles are shifted instead of differentiating the Ni–O
bond lengths in the octahedron. Despite this difference in
inner-sphere flexibility, we propose the structure of 1 as a
model for the description of the nickel-molybdenum com-
plexes 2 and 3.

A powder of the acac complex 2 was studied by Ni-EX-
AFS (part A in Figure 3 and Table 5), which gave a mean
Ni–O distance of 2.024(2) Å (Figure 4, A). This distance is
significantly shorter than the same kind of distances in the
model, obtained from the X-ray single-crystal experiment,
of the cobalt analogue 1 with a range of 2.123(4)–
2.135(3) Å for the Co–(µ-O) and Co–(µ3-O) distances. No
Ni···C distances could be determined from the EXAFS ex-
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periment. The Ni···Ni distance in 2 is 3.150(11) Å and the
Ni···Mo distance is 3.311(2) Å, both in agreement with the
observed distances in 1 (3.208 Å for Co···Co and 3.348 Å
for Co···Mo) taking into account the smaller ionic radius
of nickel.

Figure 3. EXAFS spectra of [Ni2Mo2O2(acac)2(OMe)10] (2 as a
powder; A) and [Ni2Mo2O2(ORN)2(OMe)10] [3 as a powder (B) and
in solution (C)]. Solid lines represent experimental data and dotted
lines calculated data.

Table 5. EXAFS model parameters[a] for 2 (in solution) and 3
(powder and in solution).

Interaction N d [Å] σ2 [Å2] Eo [eV] So
2

2 solution
Ni–O 6 2.024(2) 0.0076(2) 8330.0(3) 0.83(2)
Ni···Ni 1 3.150(11) 0.015(2)
Ni···Mo 2 3.311(2) 0.0060(1)

3 powder
Ni–O 5 2.058(2) 0.0065(3) 8329.9(3) 0.86(3)
Ni–N 1 2.336(13) 0.0088(15)
Ni···Ni 1 3.144(2) 0.0040(2)
Ni···Mo 2 3.297(2) 0.027(4)

3 solution
Ni–O 5 2.033(3) 0.0073(6) 8327.7(4) 0.69(2)
Ni–N 1 2.133(9) 0.0010(6)
Ni···Ni 1 3.127(2) 0.0036(2)
Ni···Mo 2 3.120(21) 0.029(4)

[a] The parameters are the number of interactions (N), bond length
(d), Debye–Waller factor (σ2), threshold energy (E0) and amplitude
reduction factor (S0

2).

A powder and a toluene/hexane solution of 3 were also
studied by Ni-EXAFS (B and C in Figures 3 and Table 5).
The heterometallic complex is preserved in solution, as can
be seen by the similarity of the EXAFS curves. Fourier
transforms of the EXAFS curves (Figures 4, B and C) pro-
vide similar Ni–O distances in the powder and in solution
[2.058(2) Å and 2.033(3) Å, respectively]. The Ni–N bond
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Figure 4. Fourier transforms of [Ni2Mo2O2(acac)2(OMe)10] (2 as a powder; A), [Ni2Mo2O2(ORN)2(OMe)10] [3 as a powder (B) and in
solution (C)] and [Co2Nb2(acac)2(OMe)12] (powder; D). Solid lines represent experimental data and dotted lines calculated data.

in 3 was determined to be 2.336(13) Å for the powder and
2.133(9) Å for the solution, which is close to the Mo–N
bond in 6. Also for 3 the Ni···Ni distances were refined to
3.144(2) Å for the powder and 3.127(2) Å for the solution.
The Ni···Mo distances were refined to 3.297(2) Å for the
powder and 3.120(21) Å for the solution, which is in good
agreement with the observed distances in 2 and the molecu-
lar structure of 1.

Similarities in the results from the EXAFS experiment
of complexes 2 and 3 indicate similarities in the molecular
structures of these compounds, the nature of the chelating
ligands being the only difference between them. The mol-
ecular structures of these heterometallic complexes are

Figure 5. Powder X-ray diffraction of 3 at different temperatures. +: monoclinic (P2/c) NiMoO4 [16-0291];[34] *: monoclinic (I2/m) Ni-
MoO4 [33-0948].[34]
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therefore analogous and follow the model found in the X-
ray single-crystal study well. The Fourier transform of the
EXAFS curve for the powder of [Co2Nb2(acac)2(OMe)12] is
included for comparison in Figure 4 (see part D).[21] This
Co–Nb complex is also a tetranuclear molecule belonging
to the [Ti4(OMe)16] structural type, with Co–O distances of
2.096(11) Å for the four longest bonds and 1.963(14) Å for
the two shortest ones, and with Co···Co and Co···Nb dis-
tances close to 3.30 Å.

Sol–Gel Preparation

The sol–gel technique is a useful and attractive means of
obtaining nanocomposite materials due to its easy handling
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Figure 6. SEM images of the xerogel from 3 annealed at 300 °C (A), 400 °C (B), 500 °C (C) and 700 °C (D).

and low annealing temperatures. Complex 3 was used to
obtain xerogel powders. The hydrolysed complex was
checked by TGA to confirm the annealing temperatures
used. At 315 °C the curve shows a sharp decrease in weight
until 420 °C, and at 535 °C the decomposition ends, with
only minor weight loss at higher temperatures. Powder X-
ray diffraction of the xerogel shows the incipient crystallisa-
tion of NiMoO4 [16-0291][34] at 400 °C (Figure 5). At
700 °C, the crystallisation of the monoclinic (P2/c) oxide
NiMoO4 is more pronounced and a monoclinic (I2/m) Ni-
MoO4 phase [33-0948][34] is seen as well. Scanning electron
microscopy of the annealed xerogels confirmed the results
from the powder X-ray diffraction analysis. At 300 °C, the
gel is porous with a low degree of crystallinity; no sharp
edges on the grains can be seen (Figure 6, A). Annealing at
400 °C started the crystallisation and the grains become
larger but are still porous (Figure 6, B). The crystallisation
process is well underway at 500 °C. The grains are uniform
in size (75–100 nm) and well packed with a large surface
area (Figure 6, C). Small rods of crystallised oxide can be
seen. At 700 °C, the grains are even larger (175–250 nm;
Figure 6, D), and rods of crystallised oxide with a diameter
of 1 µm are uniformly spread over the sample. The grains
have lost the porosity visible at 300 °C, and they are well
packed with a large surface area, leaving the material well
suited for catalysis experiments.

Conclusions

The two chelating ligands used appear to play analogous
structural roles leading, in both cases studied, to the forma-
tion of complexes belonging to the [Ti4(OMe)16] structural
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type. The structure of the Co–Mo complex determined by
X-ray single-crystal study has been used successfully as a
prototype for different Ni–Mo structures studied by EX-
AFS spectroscopy. The preparation of oxide material from
the new nickel-molybdenum amino alcohol complex was
successful, with the materials annealed at 500 °C showing
uniform grain size and a large surface area.

Experimental Section

Reagents and General Procedures: All experimental procedures were
carried out under a dry nitrogen atmosphere using Schlenk tech-
niques or a dry box. [Ni(ORN)2] (RN = CHMeCH2NMe2),
[MoO(OMe)4] and [MoO2(OMe)2] were prepared as described else-
where.[29,35,36] [Ni(acac)2] and [Co(acac)2] (acac = acetylacetonate)
(Aldrich, p.a.) were dried by vacuum sublimation.[21] Toluene
(Merck, p.a.) and hexane (Merck, p.a.) were dried by distillation
over LiAlH4. The IR spectra of nujol mulls were recorded with a
Perkin–Elmer FT-IR spectrometer 1720 X. 1H NMR spectra were
obtained for solutions in anhydrous CDCl3 with a Bruker 400 MHz
spectrometer. SEM was performed with a LEO 1550 high-resolu-
tion scanning electron microscope at an accelerating voltage of
20 kV. X-ray powder diffraction was performed with a Phillips
SR5056 temperature-programmed diffractometer. Thermogravime-
tric analysis (TGA) was performed with a Setaram Setsystem 16/
18 coupled to a TGA/DSC instrument. The GC-MS analysis was
carried out with a JEOL JMS-SX/SX-102A mass spectrometer for
fractions of mother liquors distilled in vacuo. The metal ratio in the
samples was determined by the Arrhenius Laboratory, Stockholm
University, Sweden, with a JEOL-820 scanning electron microscope
(SEM) fitted with a Link AN-10000 energy dispersive spectrometer
(EDS). The microanalysis data for C, H, N content were obtained
at the Laboratory of Organic Analysis at the Moscow State Univer-
sity, Russia, and at MikroKemi AB, Sweden.
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Preparation of [Co2Mo2O2(acac)2(OMe)10] (1): [MoO(OMe)4]
(1.2477 g, 5.285 mmol) was dissolved in dry toluene (5 mL). [Co-
(acac)2] (0.6594 g, 2.567 mmol) was then added (molar ratio Co/
Mo = 1:2.1) and the solution was refluxed for 30 min. The solution
was cooled and purple crystals of [Co2Mo2O2(acac)2(OMe)10] (1)
precipitated at 4 °C overnight. Yield: 1.53 g (1.80 mmol, 70%).
C20H44Co2Mo2O16 (850.29): calcd. C 28.3, H 5.2; found C 27.7, H
4.9. Co/Mo � 1:1 by EDS. IR: ν̃ = 2932s cm–1, 2857s, 2726s,
2672sh, 2362w, 2343w, 2027br, 1571s, 1461s, 1377s, 1304s, 1090s,
970w, 941w, 891w, 847w, 768sh, 627s, 565br.

Preparation of [Ni2Mo2O2(acac)2(OMe)10] (2): [MoO(OMe)4]
(0.2276 g, 0.964 mmol) was dissolved in dry hexane (6 mL). [Ni-
(acac)2] (0.1238 g, 0.482 mmol) was then added (molar ratio Ni/Mo
= 1:2) and the solution was refluxed for 30 min. After cooling, dry
toluene (1 mL) was added and the solution was refluxed again for
15 min. Small greenish crystals of [Ni2Mo2O2(acac)2(OMe)10] (2)
precipitated at 4 °C overnight. Yield: 0.246 g (0.289 mmol, 60%).
C20H44Mo2Ni2O16 (849.80): calcd. C 28.2, H 5.2; found C 27.8, H
5. In 100% metal content Ni = 52.7% and Mo = 47.3% by EDS.
IR: ν̃ = 2921s cm–1, 2726s, 2672w, 2363w, 1576s, 1518s, 1456s,
1376s, 1307sh, 1260sh, 1196sh, 1151w, 1088s, 1044w, 1016sh,
987w, 934w, 920w, 897w, 767s, 627s, 553br. After several weeks
at –30 °C crystals of [MoO(acac)(OMe)3] (4) and [MoO2-
(acac)(OMe)]2 (5) (identified by their single-crystal X-ray unit-cell
parameters) were obtained in minor yields from the decanted solu-
tion.

Isolation and Direct Synthesis of [MoO(acac)(OMe)3] (4) and
[MoO2(acac)(OMe)]2 (5): [MoO(acac)(OMe)3] (4) was obtained in
a practically quantitative yield by addition of a stoichiometric
amount of Hacac to [MoO(OMe)4]. Thus, [MoO(OMe)4] (0.2168 g,
0.918 mmol) was dissolved in hexane (4 mL) at room temperature
and Hacac (0.09 mL) was added with a syringe. The slightly brown-
ish-yellow solution was evaporated in vacuo and the brownish-yel-
low powder obtained was identified as 4 by microanalysis and spec-
troscopic data (quantitative yields). C8H16MoO6 (304.15): calcd. C
31.6, H 5.3; found C 30.7, H 5.5. IR: ν̃ = 1595br cm–1, 1521s,
1461s, 1377s, 1307w, 1271s, 1090s, 941s, 817w, 771w, 656w, 627s,
567br. 1H NMR (CDCl3): δ = 5.75 (1 H, acac-CH), 4.71 {3 H,
CH3-[O(6)Me]}, 4.41 {6 H, CH3-[O(2 and 4)Me]}, 2.11 [6 H, CH3-
(acac-Me)] ppm. [MoO2(acac)(OMe)]2 (5) was obtained in moder-
ate yields (25–30%), although always contaminated with minor
amounts of [MoO2(acac)2], by treatment of [MoO2(OMe)2] with

Table 6. Crystallographic data for 1, 4, 5 and 6.

1 4 5 6

Identification code como1m mooacn1m mooac1m nimo220
Empirical formula C20H44Co2Mo2O16 C8H16MoO6 C12H20Mo2O10 C12H30Mo2N2O8

Formula weight 850.29 304.15 516.16 522.26
Space group P1̄ P21 Pbca P21/n
a [Å] 8.136(4) Å 7.2455(19) 8.109(3) 7.152(4)
b [Å] 10.596(6) Å 12.124(3) 13.392(5) 12.154(7)
c [Å] 10.951(6) Å 7.3576(19) 16.074(5) 11.240(6)
α [°] 112.390(9) 90 90 90
β [°] 90.983(10) 112.922(4) 90 91.959(13)
γ [°] 112.259(10) 90 90 90
Volume [Å3] 793.4(7) 595.3(3) 1745.6(10) 976.5(9)
Z 1 2 4 2
dcalcd. [Mgm–3] 1.780 1.697 1.964 1.776
Absorption coeff. [mm–1] 1.865 1.108 1.484 1.322
Reflections collected 4070 2867 10211 1357
Independent reflections 2766 [R(int) = 0.0274] 1922 [R(int) = 0.0278] 2151 [R(int) = 0.1431] 889 [R(int) = 0.0281]
Final R indices [I � 2σ(I)] R1 = 0.0389, wR2 = 0.0816 R1 = 0.0358, wR2 = 0.0735 R1 = 0.0412, wR2 = 0.0883 R1 = 0.0412, wR2 = 0.0983
R indices (all data) R1 = 0.0703, wR2 = 0.0861 R1 = 0.0503, wR2 = 0.0762 R1 = 0.0879, wR2 = 0.1021 R1 = 0.0547, wR2 = 0.1030
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sub-stoichiometric amounts of Hacac in hexane at reflux. In a typi-
cal procedure, [MoO2(OMe)2] (0.8162 g, 4.3 mmol) was mixed with
5 mL of hexane and Hacac (0.21 mL, 2.1 mmol) and refluxed for
30 min. The light yellow mother liquor was separated by decan-
tation and the solvents evaporated to dryness. The resulting yellow-
ish residue was recrystallised from 1 mL of hexane. Yield: 0.1409 g
(26% in relation to Hacac). C12H20Mo2O10 (516.16): calcd. C 27.9,
H 3.9; found C 27.6, H 3.8. IR: ν̃ = 1591s cm–1, 1527s, 1461s,
1377s, 1305w, 1275s, 1091s, 1031m, 982s, 931s, 819w, 769sh,
628s, 565br. 1H NMR (CDCl3): δ = 5.84 (1 H, acac-CH), 3.50 {3
H, CH3-[O(6)Me]}, 2.14 [3 H, CH3-(acac-Me)], 216 [3 H, CH3-
(acac-Me)] ppm.

Preparation of both 4 and 5 can also be carried out with toluene as
solvent but provides only a few single crystals of these compounds,
probably due to their much higher solubility in this solvent. The
yields could be increased by subsequent recrystallisation from hex-
ane, but application of the latter for the whole synthetic procedure
appears more attractive.

Preparation of [Ni2Mo2O2(ORN)2(OMe)10] (3): [MoO(OMe)4]
(0.3815 g, 1.616 mmol) was dissolved in dry hexane (4 mL).
[Ni(ORN)2] (0.2828 g, 0.7963 mmol) was then added (molar ratio
Ni/Mo = 1:2) and the solution was refluxed for 30 min. After cool-
ing, dry toluene (1 mL) was added and the solution was refluxed
again for 15 min. Small greenish crystals of [Ni2Mo2O2(ORN)2-
(OMe)10] (3) precipitated at 4 °C overnight. Yield: 0.375 g
(0.438 mmol, 55%). C20H54Mo2N2Ni2O14 (855.91): calcd. C 28.0,
H 6.3, N 3.3; found C 29.1, H 6.4, N 3.5. In 100% metal content
Ni = 55.2% and Mo = 44.8% by EDS. IR: ν̃ = 3354br cm–1,
3191sh, 2921s, 2852s, 2726s, 1603s, 1461s, 1377s, 1309w, 1279w,
1136s, 1088s, 1032s, 942s, 902s, 860s, 835s, 722s, 627s, 595s, 532s,
509w, 476w. The decanted solution was stored at –30 °C for several
weeks and [MoO2(ORN)(OMe)]2 (6) precipitated (minor yield).

X-ray Structure Determinations: Data collection was performed
using a Bruker SMART CCD 1 K diffractometer, at 295(2) K, with
Mo-Kα radiation (λ = 0.71073 Å; see Table 6 for details). The
SAINT PLUS and the SHELXTL-NT program packages were
used for data reduction and computations.[37] Empirical absorption
correction was applied using the Bruker SADABS program pack-
age. The structures were solved by direct methods. The coordinates
of the heavy atoms were taken from the initial solution and the
non-hydrogen atoms were located in subsequent Fourier syntheses.
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The structures were refined by full-matrix least-squares techniques
in an isotropic and then finally in an anisotropic approximation.

CCDC-283731 to -283734 (for 1, 4, 5 and 6, respectively) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

EXAFS Data Collection and Data Treatment: Nickel and cobalt K-
edge X-ray absorption spectra were recorded at the wiggler beam
line 4-1 at the Stanford Synchrotron Radiation Laboratory (SSRL),
Stanford, USA. SSRL operates at 3.0 GeV and at a maximum cur-
rent of 100 mA. The EXAFS station was equipped with a Si[220]
double crystal monochromator. Data collection was performed in
transmission and fluorescence mode simultaneously at ambient
temperature. Higher-order harmonics were reduced by detuning the
second monochromator to 50% of the maximum intensity at the
end of the scans. The solid compounds were diluted with boron
nitride to give an edge step of about one unit in the logarithmic
intensity ratio, and the sample cells were made of 1-mm brass
frames and Mylar tape windows. The toluene/hexane solution was
measured in a sample cell with a 2-mm Vitone spacer and Kapton
tape windows. The energy scales of the X-ray absorption spectra
were calibrated by assigning the first inflection points of the K
edges of a nickel foil to 8331.6 eV and a cobalt foil to 7709.5 eV.[38]

For each sample 2–3 scans were averaged, giving satisfactory data
(k3-weighted) up to k = 14 Å–1. The EXAFSPAK program package
was used for all data treatment and refinement.[39] The EXAFS
oscillations were obtained after performing standard procedures
for pre-edge subtraction, normalisation and spline removal. The k3-
weighted model functions were calculated using ab initio calculated
phase and amplitude parameters obtained by the FEFF7 program
package (version 7.01).[40] The given errors of the calculated bond
lengths in Table 5 originate from the EXAFSPAK algorithms. The
errors given are the statistical ones and the true errors of the bond
lengths are usually a few times larger.

Hydrolysis and Heat-Treatment: Hydrolysis of 3 was performed in
toluene by adding an equimolar amount of water with respect to
the number of alkoxy groups in 3 and stirring. The sol was poured
into a dish and the solvent evaporated to leave a fine powder. The
thermal evolution of the powder was investigated by TGA in air at
a rate of 10 °Cmin–1 between 23 and 800 °C. Oxide formation of
the hydrolysed 3 was performed by heating the powder in air at a
rate of 10 °Cmin–1 to the annealing temperature (300–700 °C) for
60 min in a Comecta SA 3L furnace. Scanning electron microscopy
(SEM) was performed on the samples in order to study their mor-
phology. X-ray powder diffraction was used to establish the nature
of the obtained phases.

Supporting Information (see footnote on the first page of this
article): 1H NMR spectra of [MoO(acac)(OMe)3] (4) and [MoO2-
(acac)(OMe)]2 (5) in Figure S1.
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A 3D Manganese Coordination Polymer [Mn3(IMDC)2(H2O)4] Constructed
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A novel three-dimensional coordination polymer
[Mn3(IMDC)2(H2O)4] (1) (IMDC = 4,5-imidazoledicarboxylate),
consisting of [Mn2(IMDC)2(H2O)2] layers and [Mn(H2O)2]
pillars, was synthesized hydrothermally and characterized by
IR spectroscopy, elemental analysis, TGA, and magnetic
measurements. It is the first example of a 3D framework con-

Introduction

Extended solids containing manganese and bridging li-
gands have been investigated widely in the past decades,
mainly for use as molecule-based magnets in both funda-
mental and potential applications, especially those that ex-
hibit spontaneous magnetization,[1,2] and in the synthesis of
manganese metalloenzyme mimics in some biological re-
dox-active systems,[3] as well as the intriguing varieties of
architectures and topologies displayed by these com-
pounds.[4,5] In the research area of metalloenzyme mimics,
carboxylate-bridged systems are the focus of investigation.
To date, many manganese complexes of carboxylic acids
with six-membered heterocycles, such as 2,3-pyrazinedicar-
boxylic acid,[6] 2-pyrazinecarboxylic acid,[7] pyridine-2,6-di-
carboxylic acid,[4,5] and pyridine-3,4-dicarboxylic acid[8]

have been reported. However, the coordination chemistry
of manganese and carboxylic acids with five-membered het-
erocycle is less developed. 4,5-Imidazoledicarboxylic acid
(H3IMDC) exhibits several interesting characteristics: a) it
can be partially or completely deprotonated to generate
H2IMDC–, HIMDC2–, and IMDC3– by controlling the pH
carefully, which allows 4,5-imidazoledicarboxylate anions
to display various coordination modes;[9] b) the departure
of carboxyl groups from the plane of the imidazole ring
may allow 4,5-imidazoledicarboxylate to be used for the
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taining 4,5-imidazoledicarboxylate in the family of manga-
nese complexes. Variable-temperature magnetic suscep-
tibility measurements show a weak antiferromagnetic coup-
ling interaction between the MnII ions of the dimeric units.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

construction of helical structures; c) its six potential coordi-
nation donors allow the formation of interesting higher-di-
mensional structure. To the best of our knowledge, transi-
tion metal complexes of 4,5-imidazoledicarboxylate are
usually either mononuclear,[10,11] dinuclear,[12] a 1D
chain,[13,14] or a 2D layered network;[15] no 3D open frame-
work is known. The typical coordination modes of 4,5-im-
idazoledicarboxylate anions are summarized in Scheme 1
(a–i). Herein, we report the synthesis, crystal structure, and
magnetic properties of the first 3D coordination polymer of
manganese with multidentate IMDC as ligand and linker,
namely [Mn3(IMDC)2(H2O)4] (1).

Results and Discussion

Synthesis and Structure

As a few high dimensional coordination polymers of 4,5-
imidazoledicarboxylic acid (H3IMDC) have already been
documented, we aimed to assemble the IMDC ligands and
manganese ions into polymers with an open framework. In
general, H3IMDC is insoluble in water under neutral or
acidic conditions at room temperature and is difficult to
deprotonate under acidic conditions, which makes the con-
struction of high-dimensional complexes difficult. In ad-
dition, although the sodium salt of 4,5-imidazoledicarbox-
ylate is soluble in water, it easily forms precipitates, rather
than crystals, in the presence of manganese ions. Taking
into account the above two aspects, we chose the insoluble
manganese salt MnCO3 as starting material, with an
H3IMDC/MnCO3 molar ratio of 2:1, and heated the mix-
ture hydrothermally at 175 °C for 15 days, expecting that
the insoluble MnCO3 should slow the reaction down and
allow the H3IMDC time to deprotonate. We also carried



M.-B. Zhang, Y.-M. Chen, S.-T. Zheng, G.-Y. YangFULL PAPER

Scheme 1. Typical coordination modes of the IMDC ligand.

out the same reaction in a period shorter than 10 days, but
no crystals were obtained. Thus, the slower rate and longer
time may be crucial factors for the crystallization of 1.

X-ray analysis revealed that the asymmetric unit consists
of two crystallographically independent Mn2+ centers, one
IMDC ligand, and two coordinated water molecules (Fig-
ure S1, see Supporting Information). The coordination
mode of the IMDC in 1 is illustrated in Scheme 1 (h) and
Figure S2 in the Supporting Information. The coordination
environments of the Mn(1) and Mn(2) atoms and the
IMDC ligand in the symmetric unit are presented in Fig-
ure 1. Both Mn(1) and Mn(2) are six coordinated to form
two octahedra, Mn(1)NO4(H2O) and Mn(2)N2O2(H2O)2.
In the Mn(1)NO4(H2O) moiety the six donors are one N
atom of an imidazole ring, one water molecule, and four O
atoms of four carboxylate groups, with one in mode A, two
in mode B, and one in mode C (Scheme 1), while in Mn(2)-
N2O2(H2O)2 the donors are two N atoms from two IMDC
ligands, two water molecules, and two O atoms of two car-
boxylate groups (mode A). As for the IMDC ligand, the
carboxyl groups bonds to four Mn atoms in four different
coordination modes:[16] a µ2-carboxylato-syn-anti mode for
Mn(1)–O(1)–C(1)–O(2)–Mn(1d), a µ2-carboxylato-anti-anti
mode for Mn(1)–O(1)–C(1)–O(2)–Mn(1e), a µ2-carboxyl-
ato-anti-anti mode for Mn(2)–O(4)–C(4)–O(3)–Mn(1e), and
a bis(µ2,η1-carboxylato) mode for Mn(1d)–O(2)–Mn(1e)
(see Figure S2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1423–14281424

Figure 1. ORTEP drawing (ellipsoids at 50% probability) with the
atom-labeling scheme for the symmetric unit of complex 1. The
labels “a” or “b” refer to symmetry-generated atoms and the labels
“A”, “B”, and “C” refer to the different binding modes of the car-
boxylate groups of then IMDC ligand.

Although both Mn(1) and Mn(2) are six-coordinate, the
different coordination environments around them result in
an Mn(1) dimer and Mn(2) monomer (Figure S3). In the
dimer, the O(2) atom from a mode-B carboxylate group
bonds two Mn(1) centers to form the dimeric unit
Mn2(IMDC)2(H2O)2 [Mn(1)–O(2) = 2.169 Å] whose
Mn···Mn distance is 3.477 Å; the O–Mn–O angle in the
Mn2O2 ring is 75.46°, while the Mn–O–Mn angle is 104.54°.
These values fall in the range of similar dinuclear manga-
nese complexes.[17–19] In the structure, each Mn2(IMDC)2-
(H2O)2 dimer further connects to adjacent dimeric units
through O(1) from a mode-A carboxylate group and N(1)
atoms to form a 2D layer in the ab plane (Figures 2 and 3).
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It is worth noting the presence of left- and right-handed
helical chains consisting of repeating –Mn(1)–O(2)–C(1)–
O(1)– linkages in the layer along the [100] direction (Fig-
ures 3 and S4). O(4) from a mode-A carboxylate group and
the N(2) atoms coordinate to the Mn(2) center to give rise
to the 3D open framework (Figures 4 and S5). In other
words, the Mn(1) centers mainly contribute to constructing
the layers together with IMDC ligand, while the Mn(2) cen-
ters act as pillars between the layers.

Figure 2. Layer containing Mn2(IMDC)2(H2O)2 dimers.

Figure 3. View of the layer constructed by Mn2(IMDC)2(H2O)2 di-
mers along the c and a axis; the imidazole rings of IMDC ligands
have been omitted for clarity; L and R indicate the left- and right-
handed helical chains. The thick, two-colored line represents the
helical chains in the ab plane.

The H3IMDC is completely deprotonated in compound
1, and all six potential donor atoms coordinate to four Mn
centers through coordination mode h of Scheme 1, which
plays a key role in constructing the 3D framework of 1 (Fig-
ure S1). The previously reported coordination modes of the
IMDC ligand, i.e. modes a and b of Scheme 1, can only
coordinate to one metal center, thus monomers are the fa-
vorable entity to accommodate them.[10,11] As for coordina-
tion modes c, d, and e, they can link two metal centers
through two chelating five-membered rings on the opposite
side of the imidazole group to form a linear bridge. For
example, if the IMDC ligands connect the metal centers
along one direction, chain-like structures are formed as in
[Mn(phen)(HIMDC)][13] and [Cd(HIMDC)(H2O)2][14]

(Figure S6a), whereas if the ligands connect the metal
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Figure 4. View of the 3D framework constructed by 2D layers con-
taining Mn(1) atoms and pillars consisting of Mn(2) atoms.

centers perpendicularly, a square tetramer, as in
[Na2{CoII

2CoIII
2(IMDC)4(bipy)4}]·12H2O[20] (Figure S6b) or

a cubane-like [Ni8(HIMDC)12]8– cluster unit, as in [Ni8-
(HIMDC)12(H2TMDP)4(DMF)4(EtOH)4(H2O)6][21] (Fig-
ure S6c) are formed. Mode f in Scheme 1 tends to yield a
2D layered network.[15] In the structures of a series of lan-
thanide complexes [Ln2(IMDC)2(H2O)3]·nH2O,[9] the
IMDC ligands displays modes g and i: in the g mode they
connect three lanthanide atoms to form a 1D helical chan-
nel, while in the i mode they contribute to connecting the
helical channels to form a 3D framework. From the above
discussion, we can conclude that multidentate modes of the
IMDC ligand, such as g, h, and i, benefit the formation of
higher-dimensional frameworks.

IR Spectrum and Thermal Stability Analysis

The absence of any strong bands around 1700 cm–1 in
the IR spectrum of 1 indicates that 4,5-imidazoledicarb-
oxylic acid has been completely deprotonated to generate
IMDC3– anions. The sharp bands in the region 1581–
1541 cm–1 may be attributed to the COO– asymmetric
stretching modes, and the bands at 1384 cm–1 are character-
istic of the symmetric stretching modes of COO– (Fig-
ure S7). The value of the difference ∆(νas – νs) between the
two stretching modes is about 197 cm–1, which indicates
strong coordination of the carboxylate oxygen to the man-
ganese center. In contrast to 1, the presence of a medium
intensity band in the region 1730–1710 cm–1 in the IR spec-
trum of cis-[Ru(PPh3)2(L3H2)2] (L3H2 = H2IMDC) suggests
that the 4,5-imidazoledicarboxylic acid is only partially de-
protonated.[22]

The TG curve shows that the structure is stable up to
210 °C, and the weight loss of complex 1 can be divided
into three steps in the range 210–1000 °C (Figure S8). The
weight loss of 13.5 % during the first step from 210 to
350 °C corresponds to the loss of four coordinated water
molecules (calcd. 13.3 %). On further heating, the material
loses weight continuously during the second and the third
steps, with the combined weight loss of 47.3% (calcd.
47.5%) corresponding to decomposition of the IMDC li-
gand. Assuming the residue is MnO, the observed weight
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(38.8%) is in good agreement with the calculated value
(39.2%).

Magnetic Properties

Temperature-dependent magnetic susceptibility measure-
ments for complex 1 were performed over a temperature
range from 5 to 300 K at 5 kOe. The magnetic susceptibility
above 6 K obeys the Curie–Weiss law and gives a Curie con-
stant, C, of 13.6cm3 Kmol–1 and a Weiss constant, θ, of
–14.1 K. The value of C is in agreement with that expected
for three magnetically isolated Mn2+ ions with S = 5/2
(13.1cm3 Kmol–1; g = 2). Upon cooling, the value of χMT
decreases monotonically, attaining a value of
3.0cm3 Kmol–1 at 5 K. Such behavior is characteristic of
the presence of weak antiferromagnetic interactions be-
tween the neighboring Mn2+ ions (Figure 5).

Figure 5. Plot of the χMT product and χM versus T for complex 1.
The solid lines represent the best fit to the model with inclusion of
the ZFS term.

From the known structural data, there are four types of
Mn···Mn exchange pathways via the carboxylate groups in
the structure (Figure S2). As the Mn···Mn distance of
3.477 Å within the bis(µ2,η1-carboxylato)-bridged bimetal-
lic Mn2O2 core is much shorter than the Mn···Mn separa-
tions of 5.60–6.52 Å through µ2-1,3-carboxylato modes (in
anti-anti/syn-anti) or an IMDC bridge, and the latter is gen-
erally less capable of transmitting magnetic interac-
tions,[13,23–26] we can simplify the coupling interaction sys-
tem as a doubly µ2,η1-carboxylato-bridged dimeric manga-
nese combining an isolated Mn(2)2+ ion. The magnetic be-
havior of the compound is therefore approximated by the
sum of the contributions of one Mn2+ dimer (Bleaney–
Bowers-like equation based on the isotropic Heisenberg
model H = –2JS1·S2)[27] and one isolated Mn2+ ion, in
which a Weiss constant, θ�, is included to describe the inter-
dimer interactions and the exchange coupling between Mn1
and Mn2 is neglected. The corresponding analytical expres-
sion for the χMT product is given as follows [Equations (1),
(2), and (3)].

χMT = χdimerT + χmonoT (1)

where
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and

(3)

in which N, g, k, and β have their usual meanings, and J is
the exchange coupling constant between the doubly µ2,η1-
carboxylato-bridged manganese ions. The fitting using
Equation (1) gave a satisfactory result above 10 K with the
superexchange parameters J = –1.34 cm–1, θ� = –7.40 K,
and g = 2.03. The agreement factor R, defined as Σ[(χMT)
obs – (χMT)calc]2/Σ(χMT2

obs) is equal to 1.85×10–3. These val-
ues confirm the antiferromagnetic character of the magnetic
interaction between the Mn2+ ions via double µ2,η1-carbox-
ylato bridges. The deviation below 10 K may arise from the
neglect of the coupling interactions involving the Mn(2) ion
or its zero-field splitting (ZFS).

When the zero-field splitting (D) of the Mn(2) ions is
considered by using the theoretical expression[28] for an S
= 5/2 spin instead of Equation (3), a better agreement be-
tween the observed and calculated χMT value at low tem-
perature is found with the four-parameter fits than with the
three-parameter fit. However, the parameters D and θ� are
strongly dependent on each other, therefore it is difficult to
calculate these values with reasonable accuracy. If the val-
ues of J, g, and θ� are constrained to the value obtained by
the simplified expression based on Equations (2) and (3),
the best fitting based on the model with inclusion of ZFS
term yields D = 7.89 cm–1 with R = 5.4×10–4. The D value
is obviously larger than those observed in similar sys-
tems,[29,30] suggesting that there are still some disparities be-
tween the present magnetic model and the actual magnetic
interaction system. The small J value (–1.34 cm–1) indicates
weak antiferromagnetic coupling in the dimeric units of
complex 1, which is comparable to the values found in the
doubly µ2,η1-carboxylato-bridged manganese complexes
(–0.631 to –0.942 cm–1).[19,25] Due to a shorter Mn···Mn
distance (3.477 Å), the J value of 1 is slightly larger than
those of the above mentioned manganese complexes (3.67–
3.73 Å).

Conclusion

In summary, we have synthesized a novel 3D Mn-IMDC
coordination polymer under hydrothermal conditions. The
structure is constructed from [Mn(H2O)2] pillars and
[Mn2(IMDC)2(H2O)2] layers containing left- and right-han-
ded helical chains. The 4,5-imidazoledicarboxylic acids are
completely deprotonated and adopt coordination mode h
of Scheme 1. Compared with the coordination modes
shown in this scheme, mode h allows the 4,5-imidazoled-
icarboxylate ligand to form a high dimensional framework.
The TG curve shows 1 is very stable below 210 °C and the
magnetic measurement of 1 indicates the presence of weak
antiferromagnetic exchange interactions.
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Experimental Section
General Remarks: 4,5-Imidazoledicarboxylic acid (H3IMDC) and
MnCO3 were purchased from commercial sources and used as re-
ceived. Elemental analysis (C,H,N) was carried out with a Vario
EL III elemental analyzer. IR spectra (400–4000 cm–1) were re-
corded from KBr pellets on an ABB Bomem IR MB102 series spec-
trophotometer. The thermogravimetric analysis was performed
with a Mettler Toledo TGA/SDTA 851e analyzer in N2 with a heat-
ing rate of 10 °Cmin–1 from 30 to 1000 °C. The variable-tempera-
ture magnetic susceptibility measurement of a crystalline sample
was performed in a field of 5 kOe with a Quantum Design MPMS-
7 magnetometer; the susceptibility of the sample holder and dia-
magnetic contribution were subtracted from the raw data for the
complexes.

Synthesis and Initial Characterization: A mixture of H3IMDC
(0.2341 g, 1.5 mmol), MnCO3 (0.0862 g, 0.75 mmol), and H2O
(5 mL; MnCO3/H3IMDC/H2O molar ratio of 1:2:370) was stirred
under ambient conditions. The resulting mixture with a pH of 4
was sealed in a 25-mL Teflon-lined steel autoclave and heated at
175 °C for 15 d under autogenous pressure. After cooling to room
temperature, the colorless prismatic crystals of 1 were filtered off,
washed with distilled water, and dried at ambient temperature
(39 mg, yield 28.7% based on MnCO3). C10H10Mn3N4O12 (543.04):
calcd. C 22.12, H 1.86, N 10.33; found C 22.20, H 2.01, N 10.35.
IR (KBr pellet): ν̃ = 3542 (s) cm–1, 3280 (s), 1662 (m), 1581 (s),
1515 (vs), 1409 (vs), 1384 (vs), 1276 (m), 1241 (s), 1107 (m), 1099
(m), 803 (m), 671 (m).

X-ray Crystallographic Study: A crystal of dimensions
0.35×0.18×0.15 mm3 was used for data collection on a Siemens
Smart CCD diffractometer with graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å). Of the 8895 reflections (2θmax = 50.04°),
1422 were independent (Rint = 0.0199) and 1396 reflections with I
� 2σ(I). The structure of 1 was solved by direct methods and all
calculations were performe with the SHELXL program and refined
by full-matrix, least-squares minimizations of (Fo – Fc)2 with aniso-
tropic thermal parameters for all non-hydrogen atoms. The posi-
tion of the hydrogen atoms were found in the difference Fourier

Table 1. Crystal data and structure refinement for complex 1.

Empirical formula C10H10Mn3N4O12

Formula weight 543.04
Crystal system orthorhombic
Space group Pbcn
a [Å] 9.386
b [Å] 7.351
c [Å] 23.3442(17)
V [Å3] 1610.78(12)
Z 4
µ(Mo-Kα) [mm–1] 2.396
T [K] 293(2)
ρcalc [g cm–3] 2.239
λ [Å] 0.71073
F(000) 1076
θ range for data collection 1.74–25.02°
Reflections collected/unique 8895/1422 [R(int) = 0.0199]
Goodness-of-fit on F2 1.016
Final R indices [I � 2σ(I)] R1 = 0.0226[a]

wR2 = 0.0640[b]

R indices (all data) R1 = 0.0252, wR2 = 0.0922
Largest diff. peak and hole [eÅ–3] 0.369 and –0.332

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2,

where w = 1/[σ2(Fo)2 + (0.0506P)2 + 5.0080P] where P =
(Fo

2 + 2Fc
2)/3.
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maps and refined isotropically. The last successful full-matrix least-
squares refinement with anisotropic thermal parameters for all
non-hydrogen atoms converged to R1 = 0.0226, wR2 = 0.0640. Ex-
perimental details for X-ray data collection of 1 are presented in
Table 1, while selected bond lengths and angles are listed in Table 2.

Table 2. Selected bond lengths [Å] and angles [°] for complex 1.[a]

Mn(1)–O(3A) 2.126(2) Mn(2)–N(2C) 2.181(2)
Mn(1)–O(2B) 2.169(2) Mn(2)–N(2) 2.181(2)
Mn(1)–OW1 2.180(2) Mn(2)–OW(2C) 2.215(3)
Mn(1)–O(1) 2.205(2) Mn(2)–OW(2) 2.215(3)
Mn(1)–N(1) 2.213(2) Mn(2)–O(4) 2.241(2)
Mn(1)–O(2A) 2.228(2) Mn(2)–O(4C) 2.241(2)

O(3A)–Mn(1)–O(2B) 90.3(1) O(1)–Mn(1)–O(2A) 85.8(1)
O(3A)–Mn(1)–OW(1) 107.8(1) N(1)–Mn(1)–O(2A) 93.7(1)
O(2B)–Mn(1)–OW(1) 92.7(1) N(2C)–Mn(2)–N(2) 150.6(1)
O(3A)–Mn(1)–O(1) 163.6(1) N(2)–Mn(2)–OW(2C) 102.7(1)
O(2B)–Mn(1)–O(1) 98.7(1) OW(2C)–Mn(2)–OW(2) 85.1(2)
OW(1)–Mn(1)–O(1) 85.6(1) N(2C)–Mn(2)–O(4) 88.8(1)
O(3A)–Mn(1)–N(1) 93.3(1) N(2)–Mn(2)–O(4) 73.7(1)
O(2B)–Mn(1)–N(1) 168.2(1) OW(2C)–Mn(2)–O(4) 168.0(1)
OW(1)–Mn(1)–N(1) 96.9(1) OW(2)–Mn(2)–O(4) 84.2(1)
O(1)–Mn(1)–N(1) 75.3(1) N(2C)–Mn(2)–O(4C) 73.7(1)
O(3A)–Mn(1)–O(2A) 83.2(1) N(2)–Mn(2)–O(4C) 88.9(1)
O(2B)–Mn(1)–O(2A) 75.5(1) N(2)–Mn(2)–OW(2) 98.8(1)
OW(1)–Mn(1)–O(2A) 164.2(1) O(4)–Mn(2)–O(4C) 107.0(1)

[a] Symmetry transformations used to generate equivalent atoms:
A: –x – 3/2, y – 1/2, z; B: x + 1/2, –y + 1/2, –z + 1; C: –x – 2, y,
–z + 1/2.

CCDC-258312 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Eight additional figures including the IR spectrum and TG
curve are available.
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The product of the reaction between tetramethylthiourea
(tmtu) and cis-PtII(phos)2 moieties (phos = PPh3, or ½ dppe)
depends on the anionic species present. With NO3

–, CF3CO2
–,

CF3SO3
– and BF4

–, the cyclometallate cationic complex
[Pt(phos)2(tmtu*-C,S)]+ is obtained (tmtu* is tmtu deproton-
ated at one methyl group). The acetato and malonato com-
plexes are inactive towards such deprotonation, but, in the

Introduction

A knowledge of the factors that influence the reactivity
of coordinated ligands is of great importance in coordina-
tion and organometallic chemistry. Here we wish to report
that the proper choice of anionic ligands may affect the out-
come of the reaction between tetramethylthiourea (tmtu)
and cis-PtII(phos)2 moieties (phos = PPh3 or ½ dppe).

We have recently found that the reaction of cis-[Pt-
(PPh3)2(NO3)2] (1) with tmtu does not give the disubsti-
tuted product cis-[Pt(PPh3)2(tmtu)2]2+, but that the initially
formed cis-[Pt(PPh3)2(NO3)(tmtu)](NO3) (2) transforms
into the cyclometallated complex [Pt(PPh3)2(tmtu*-
C,S)](NO3) (3) [tmtu*, tetramethylthiourea deprotonated at
one methyl group], with formation of nitric acid
(Scheme 1).[1] This reaction, performed at room tempera-

Scheme 1.
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presence of water, promote tmtu hydrolysis with formation of
N-dimethylmonothiocarbamato (mtc) complexes in which
mtc is S-coordinated. cis-[Pt(PPh3)2(mtc)2] isomerises slowly
to the trans isomer, whose crystal structure is reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ture in either chloroform or CH2Cl2, was found to be unaf-
fected by both air and water, which, in some experiments,
was purposely added to extract the nitric acid formed dur-
ing the reaction.[1]

Such facile cyclometallation is clearly favoured by the la-
bility of the nitrate ion cis to tmtu in 2; detachment of this
ionic ligand produces a vacant coordination site which can
interact with a C–H bond of a methyl group of tmtu, acti-
vating the bond towards deprotonation.[2,3] The proton is
then captured by a “free” (i.e. uncomplexed) NO3

– ion to
give nitric acid.[1] In order to better understand the role of
the anion either as a ligand, or as a base, we decided to
investigate the reaction of tmtu with a series of other cis-
PtII(PPh3)2 complexes with various anionic ligands and we
found that the product of the reaction depends on the

nature of the anions present. Thus, while cyclometallation
also occurs with cis-[Pt(PPh3)2(CF3CO2)2] (4) and cis-
[Pt(PPh3)2(CH3CN)2]X2 (5a, X = BF4

–; 5b, X = CF3SO3
–,

TfO), the reaction of tmtu with cis-[Pt(PPh3)2(AcO)2] (6)
and [Pt(PPh3)2(malonato)] (7) follows a completely different
route: these anionic ligands promote tmtu hydrolysis, giving
rise to the dimethylmonothiocarbamato (mtc) complexes
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cis-[Pt(PPh3)2(mtc)2] (8) and trans-[Pt(PPh3)2(mtc)2] (9).
The PtII(dppe) complexes behave similarly. We report here
these studies, as well as the X-ray structure of trans-
[Pt(PPh3)2(mtc)2] (9). Although the structure of a phos-
phane-PdII complex of mtc has been reported,[4] to the best
of our knowledge this is the first X-ray structure of a Pt-
mtc derivative. Dialkyldithiocarbamato-Pt complexes are
well known,[5] but there are very few reports on Pt-mtc
complexes,[4,6] and indeed mtc complexes have been little
studied,[7] a possible reason being the unpleasant synthesis
of the mtc– ligand, which requires the use of carbonyl sul-
fide.[6] The hydrolysis reaction reported here may therefore
represent an easy route to Pt-mtc complexes.

Results and Discussion

Cyclometallation versus Hydrolysis: the Role of the Anions

While cis-[Pt(PPh3)2(CF3CO2)2] (4) is a known com-
pound,[8] BF4

– and TfO– have a rather poor complexing
ability, therefore we have synthesised the salts of these
anions with cis-[Pt(PPh3)2(CH3CN)2]2+, 5a and 5b, respec-
tively. Reactions of tmtu with these three complexes, in
CH2Cl2 solutions, give the corresponding salts of the cat-
ionic cyclometallated complex 3, which were characterised
by elemental analyses and by comparison of their NMR
spectra with those of the already described nitrate deriva-
tive.[1] When the reactions between tmtu and compounds 5
were followed by 31P NMR spectroscopy, we observed, in
both cases, the fast formation of a species 10, which shows

Table 1. 31P and relevant 1H NMR spectroscopic data.[a]

Compound 31P NMR 1H NMR

cis-[Pt(PPh3)2(NO3)2], 1[b] 3.62 (4010)
cis-[Pt(PPh3)2(NO3)(tmtu)]+, 2[b] 1.70 (3830), 18.95 (3225) (JP–P 19.5) 3.17 (s, 12 H)
cis-[Pt(PPh3)2(tmtu*)]+, 3[b] 17.14 (2022), 22.22 (3462) (JP–P 22.8) 3.02 (s, 6 H), 3.08 (s, 3 H), 3.52 (mt, JPt–H 60, 2 H)
cis-[Pt(PPh3)2(CF3CO2)2], 4[c] 4.38 (3933)
cis-[Pt(PPh3)2(CH3CN)2]2+, 5 3.27 (3683) 2.00 (s, 3 H)
cis-[Pt(PPh3)2(AcO)2], 6 5.72 (3826) 1.34 (s)
[Pt(PPh3)2(malonato)], 7 7.9 (3757) 3.42 (s, 2 H)
cis-[Pt(PPh3)2(mtc)2], 8[d] 15.7 (3277) 3.21 (s, 12 H)
trans-[Pt(PPh3)2(mtc)2], 9 14.9 (3676) 3.20 (s, 12 H)
cis-[Pt(PPh3)2(CH3CN)(tmtu)]2+, 10[d] 7.6 (3839), 13.7 (2890) (JP–P 17.0) 3.30 (12 H), 2.00(3 H)
cis-[Pt(PPh3)2(AcO)(tmtu)]+, 11[d] 6.82 (3979), 17.2 (3246) (JP–P 19) 2.71 (s, 12 H), 2.22 (s, 3 H)
cis-[Pt(PPh3)2(AcO)(NO3)], 12[d] 6.60 (4250), 8.15 (3921)[e] 1.31 (br., 3 H)
[Pt(dppe)(NO3)2], 13[f] 32.94 (3942)
[Pt(dppe)(tmtu*)]+, 14 45.4 (3259), 45.9 (1900) (JP–P 7.7) 4.00 (dd, JPt–P 54.4, 2 H), 3.23 (s, 3 H), 3.14 (s, 6 H)
[Pt(dppe)(AcO)2], 15 30.99 (3785) 1.71 (s, 6 H)
[Pt(dppe)(mtc)2], 16 43.04 (3157) 3.37 (s, 12 H)

[a] CDCl3 solutions, δ values in ppm from external H3PO4 and Me4Si. J in Hz. 1H integrations are based on the peaks of the phosphane
moieties. [b] Compare ref.[1]. [c] Compare ref.[8]. [d] Recorded in CH2Cl2/CDCl3, 1:1. [e] These peaks were too broad to allow a reliable
determination of the P–P coupling constant. [f] Compare ref.[9]

Scheme 2.
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two doublets (Table 1), consistent with one phosphane trans
to an S ligand (δ = 13.7 ppm; JPt–P = 2890 Hz, compared
with, for instance, ref.[9]) and one trans to CH3CN (δ =
7.6 ppm; JPt–P = 3839 Hz, compared with the data for 5).
The 1H NMR spectrum displays a peak at δ = 3.30 ppm,
which integrates for 12 protons, and a singlet at δ =
2.00 ppm (three protons). We therefore conclude that 10 is
cis-[Pt(PPh3)2(CH3CN)(tmtu)]2+. The TfO salt of this inter-
mediate evolves to 3(TfO) in a few hours, whereas such a
conversion is much slower for the BF4 derivative (�24 h).
A fast conversion of 10(BF4) to 3(BF4) can be achieved by
heating the solution at 40 °C or, rather interestingly, also at
room temperature by addition of (Et4N)NO3 to the solu-
tion, which shows the high activity of nitrate anions in the
cyclometallation reaction (Scheme 2).

When we investigated cis-[Pt(PPh3)2(AcO)2] (6) in the ini-
tial runs, we did not use anhydrous conditions, since, as
explained in the Introduction, cyclometallation of tmtu is
not affected by the presence of water.[1] However, to our
surprise, the reaction of 6 with tmtu did not afford 3, but a
mixture, which, according to 31P NMR spectroscopy
(Table 1), contains essentially two products 8 and 9 (minor
component), with no detectable signal from 3. Slow dif-
fusion of hexane into a CH2Cl2 solution of this mixture
gave crystals, which were found to be trans-[Pt(PPh3)2(mtc)2]
through X-ray analysis, see below. A CDCl3 solution of
these crystals produced a 31P NMR spectrum consistent
with that of 9.

Compounds 8 and 9 were also obtained by reaction of
tmtu with the malonato complex 7.
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Structure and Characterization of trans-[Pt(PPh3)2(mtc)2]
(9)

The structure consists of the packing of [Pt(PPh3)2(mtc)2]
molecules with normal van der Waals contacts. An
ORTEP[10] view of the complex is shown in Figure 1, while
selected bond lengths and angles are reported in Table 2.
The metal ion is four-coordinate square planar, with two
mutually trans phosphane groups and two trans mtc anions
that are monodentate and coordinated through their sulfur
atoms. The planarity around Pt is rigorous, since this atom
lies on a crystallographic inversion centre. The mtc ligand is
essentially planar, with maximum deviations from the least-
squares plane of +0.033(1) Å for S and –0.037(3) Å for
C(3). The Pt–P bond length [2.316(1) Å] is comparable with
values found in other trans-Pt(PPh3)2 complexes.[11,12] To
the best of our knowledge, no Pt-mtc complex has ever been
structurally characterised, however, we note that the Pt–S
bond length in 9 is in the range of those found in the few
instances of monodentate dialkyldithiocarbamate com-
plexes of PtII.[13] In particular, a compound analogous to 8,
trans-[Pt(PMe2Ph)2(dttc-S)2], displays a very similar Pt–S
distance [2.335(2) Å].[14] The dihedral angle between the
mtc best plane and the metal coordination plane is
68.0(5)° and can be compared with that of the analogous
trans-[Pd(PPh3)2(N-dipropylmonothiocarbamato)2].[4] Bond
lengths within the thiocarbamato ligand are also similar.[4]

Figure 1. ORTEP view of complex9. Ellipsoids are drawn at the
30% probability level.

The NMR spectroscopic data of 9 are reported in
Table 1. Note the rather high Pt–P coupling constant, which
in trans-PtII(PPh3)2 complexes is usually in the 2500–
3000 Hz range; higher values have, however, also been re-
ported.[12,15] The FAB+ mass spectrum of 9 (see Experimen-
tal section) shows only a weak peak (ca. 5%) corresponding
to [M]+; the most abundant peaks are due to [Pt(PPh3)2-
(SCO)2]+ and [Pt(PPh3)2(mtc)]+. This behaviour seems
characteristic of these phosphane mtc complexes.
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Table 2. Selected bond lengths [Å] and angles [°] for 9, with esti-
mated standard deviations in parentheses.

Pt–S 2.336(1) Pt–P 2.316(1)
S–C(1) 1.777(2) O–C(1) 1.222(3)
N–C(1) 1.375(3) N–C(2) 1.460(3)
N–C(3) 1.450(4)
S–Pt–S� 180 S–Pt–P 94.1(1)
S–Pt–P� 85.9(1) P–Pt–P� 180
Pt–S–C(1) 105.2(1) C(1)–N–C(2) 117.6(2)
C(1)–N–C(3) 125.0(2) C(2)–N–C(3) 117.3(3)
S–C(1)–O 123.1(2) S–C(1)–N 115.6(2)
O–C(1)–N 121.2(2)

Mechanistic Studies

When the reaction between tmtu and 6 was followed by
31P NMR spectroscopy, we observed the fast formation of
two main species, 8 and 11. The resonances due to 11 di-
minish with time, and after 4 hours at room-temperature,
the spectrum shows only peaks from 8 and 9. The concen-
tration of 9 increases on standing, although at a very slow
rate (weeks); it is therefore likely that isomerisation occurs
after hydrolysis. Isolation of the trans isomer 9 as a pure
sample is due to its lower solubility in the crystallisation
procedure.

As for the intermediate 11, NMR spectroscopic data (see
Table 1) suggest the formula cis-[Pt(PPh3)2(AcO)(tmtu)]-
(AcO). In fact, tmtu is still present as such (i.e. not yet hy-
drolysed), as shown by the presence in the 1H NMR spec-
trum of a peak at δ = 2.71 ppm, which integrates for 12
protons. As for the 31P NMR spectrum, the Pt–P coupling
constant of the doublet at δ = 17.2 ppm (3246 Hz) is in
accordance with a P atom trans to an S ligand,[1,9] while the
doublet at δ = 6.82 ppm (JPt–P = 3979 Hz) is assigned to P
trans to the acetato moiety (compared with δ = 5.72 ppm,
JPt–P = 3826 Hz in 6). In order to prove the assignment of
11, we performed the following experiment. We mixed, in
CH2Cl2, equimolar quantities of 1 and 6, obtaining the fast
equilibration of these two materials with a new species 12
in the ratio 1:1:3. The two doublets shown in the 31P NMR
spectrum of this new species are in agreement with two
phosphane groups trans to the NO3 and AcO ligands
(Table 1, δ and JPt–P values of 12 compared with those of 1
and 6). Since no other ligand is present, 12 must be cis-
[Pt(PPh3)2(AcO)(NO3)]. Upon addition of one mole of
tmtu per mole of Pt, we obtained a compound with the
same NMR parameters as 11, as the only species in solution
(Scheme 3).

Scheme 3.
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The latter solution is stable (�1 day), i.e. no hydrolysis

was observed, even in wet CH2Cl2. Because no “free” (i.e.
uncomplexed) acetate is present, it is concluded that it is
this ion that triggers the hydrolysis reaction. It must be
noted that in this experiment, 11 was obtained as the nitrate
salt, but no cyclometallation was observed, despite the pres-
ence of free NO3

–, which, according to the results described
in a previous section, should promote such a reaction.
However, the C–H activation step of the cyclometallation
process requires a labile ligand that is cis to tmtu.[1–3] In 11,
this position is occupied by an acetato group that is trans
to a phosphane group, a situation that, because of the anti-
symbiosis effect,[16] renders a carboxylato ligand rather in-
ert to substitution,[17] as we have recently observed.[18]

Characterisation of 8 presents the problem that it could
not be isolated in a pure form, as a result of contamination
with 9. Only after repeated crystallisations could a few mil-
ligrams of a pure sample of 8 be obtained, which is just
enough for mass and NMR spectroscopy. The 31P NMR
parameters of 8 [a singlet with Pt–P coupling constant in
the 3200 Hz range (Table 1)] are indicative of a cis-PtP2S2

coordination set, i.e. two equivalent phosphane groups
trans to sulfur ligands.[9] Moreover, the peak at δ =
3.21 ppm in the proton spectrum integrates for 12 protons.
These facts suggest the formula cis-[Pt(PPh3)2(mtc)2] for 8.
A final confirmation of its stoichiometry was obtained by
a high resolution ESI+ spectrum, which showed a peak that
corresponds to [M + Na]+ (100%) and whose position dif-
fers by only 1 ppm from that computed. Fragmentation is
similar to that of 9 (see Experimental Section).

In conclusion, the course of the hydrolysis reaction is
summarised in Scheme 4.

Because 8 was always contaminated with the trans iso-
mer, and to avoid the problem of cis–trans isomerisation,
we decided to investigate the dppe derivatives.

First of all we wanted to check whether reaction of
[Pt(dppe)(NO3)2] (13) with tmtu gives, in analogy with 1,
the cyclometallated product [Pt(dppe)(tmtu*)](NO3) (14).
This was indeed obtained, although at a much slower rate
than in the case of 1. Compound 14 was isolated and char-
acterised by elemental analysis, 1H and 31P NMR spec-
troscopy (see Table 1). Not only are the Pt–P coupling con-
stants in agreement with a P atom trans to a carbon atom
and a P atom trans to an S ligand, but, more importantly,
in the 1H NMR spectrum, the resonances resulting from
tmtu* are also very similar to those of 3. In particular, the
signal centred at 4 ppm, which integrates for 2 protons and
displays Pt–H coupling (54.4 Hz), is assigned to Pt–CH2

(Scheme 5).

Scheme 4.
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Scheme 5.

We then moved on to [Pt(dppe)(AcO)2] (15). Reaction of
this compound with tmtu led to the isolation of
[Pt(dppe)(mtc)2] (16) as a pure product. Besides elemental
analysis and mass spectroscopy (see Experimental Section),
its identification is confirmed by NMR spectroscopy
(Table 1): a 1H singlet which integrates for 12 protons and
one 31P singlet with JPt–P in accordance with a P atom trans
to an S atom. On the basis of comparing the Pt–P coupling
constants, and by remembering that in the case of the dppe
derivatives such constants are usually about 100 Hz lower
than those of the analogous PPh3 complexes,[19] we can con-
firm the assignment of the structure cis-[Pt(PPh3)2(mtu)2]
to 8.

The above results show that the course of the reaction
between these Pt–phosphane complexes and tmtu depends
on the nature of the anion and the lability of the ligand in
the position cis to tmtu. Thus, even in the presence of water,
no hydrolysis of tmtu was observed with the nitrato and
trifluoroacetato complexes as well as with compounds 5a
and 5b; the only product is the cyclometallated species. On
the contrary, with the acetato and malonato derivatives, cy-
clometallation seems to be inhibited, and, in the presence
of water, tmtu is hydrolysed and the mtc complexes 8, 9 and
16 are formed. To better clarify these points we performed
the following experiments.

First, under strictly anhydrous conditions, no reaction
was observed between tmtu and 6, which was recovered un-
changed after 4 hours. Addition of water, or allowing hu-
midity to enter the reaction vessel by opening it, produced
the monothiocarbamato complexes 8 and 9, showing that
water not only hydrolyses tmtu, but also, rather interest-
ingly, that it has an active role in labilising the Pt–acetato
bonds.

Second, again under anhydrous conditions, we mixed, in
CH2Cl2, 1, tmtu and NaAcO in the molar ratio 1:2:10. This
led to the precipitation of NaNO3 and to the formation of
a 1:7 mixture of 6 and the acetato salt of 2 (Scheme 6).

The formation of 2 was easily recognised by NMR spec-
troscopy, since its nitrate salt is already known, as it was
the intermediate species that was detected during the cyclo-
metallation reaction of tmtu with 1.[1] While this mixture is
stable for more than one day, it slowly transforms into 11.
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Scheme 6.

However, before such a transformation takes place, not only
does no hydrolysis occur (no water is present), but also no
cyclometallation is observed. This experiment confirms that
the latter reaction is promoted by the presence of “free”
nitrate and not by acetate; the promotion by free nitrate
must be ruled out under these conditions as NaNO3 is in-
soluble in CH2Cl2. When this experiment was repeated
using wet CH2Cl2, tmtu was hydrolysed, as expected.

Conclusions

We have shown that the interaction of tmtu with the cis-
PtII(phos)2 moieties can follow two different reaction paths
according to the nature of the anions present. Thus NO3

–,
CF3CO2

–, BF4
– and TfO– lead to the cyclometallated prod-

ucts 3 or 14, whereas AcO– and malonate are inactive and,
in the presence of water, promote tmtu hydrolysis to give
the mtc complexes 8, 9 and 16. The two reaction routes are
not competitive: no hydrolysis occurs with the former
anions and no cyclometallation is observed with the acetato
and malonato complexes. As to the origin of the different
behaviour, we note the following points.

Cyclometallation requires intermediate cationic com-
plexes, such as 2 or 10, in which S-coordinated tmtu is cis
to a labile ligand (here NO3, CF3CO2, CH3CN). Dissoci-
ation of these ligands gives rise to a vacant coordination
site in the position cis to tmtu, which through a σ C–H
interaction with the metal centre is a key step in the C–H
activation process.[2,3] On the contrary, an acetato group cis
to tmtu and trans to a phosphane group, as in 11, is less
prone to substitution because of the antisymbiosis ef-
fect.[16–18] In the latter cationic complex, a methyl group
of S-coordinated tmtu cannot interact with Pt and tmtu is
activated towards nucleophilic attack. However, the func-
tion of the “free” anion is less clear; in particular, it is not
obvious why deprotonation of a tmtu methyl group (what-
ever its intimate mechanism) is easily accomplished by
NO3

– and not by AcO– (see the stability of the acetate salt
of 2 in Scheme 6). We propose two possible explanations.
First, the relative strengths of protic acids in CHCl3 or
CH2Cl2 cannot be compared with those in aqueous solu-
tions. For instance, spectroscopic evidence suggests that
HNO3 is a weak acid (and hence NO3

– a strong base) in
chlorinated solvents, even in the presence of water.[20] Thus
NO3

– can easily capture a proton, favouring deprotonation
of a CH3 group. However, the reason why “free” NO3

– does
not induce hydrolysis in the presence of water remains un-
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clear. A second point is that in non-ionising solvents, such
as CHCl3 and CH2Cl2, the anions are not “free”, but pre-
sumably strongly associated with the cationic complexes
that are the intermediate species in both C–H activation (2)
and hydrolysis (11). The different reaction routes reported
here may also depend on the degree and the nature of these
ion pairs, which, at the present stage, are difficult to ration-
alise.

Formation of the trans isomer 9 deserves a final com-
ment. In all the hydrolysis runs of tmtu with either 6 or 7,
the cis isomer 8 was found to be more abundant, but a
small amount of 9 was always present. Formation of such
trans isomers is not surprising. Not only has the analogous
Pd complex this geometry,[4] but also it has been reported
that complexes with a somewhat similar coordination set,
i.e. [Pt(phos)2(ER)2] (E = S, Se, Te), crystallise with a trans
geometry[21] or the initially obtained cis complex slowly re-
arranges to the trans isomer, which has been calculated to
be more stable.[22] It is tempting to think that the formation
of 9 may be associated with the rather large JPt–P value, an
indication of a large σ contribution to the Pt–P interaction,
which probably originates from the poor σ-donor ability of
S-coordinated mtc groups. Thus, formation of this isomer
may arise from a subtle balance between the trans and cis
influence.

Experimental Section
Elemental analyses were performed at the Microanalytical Labora-
tory, the University of Milano. 1H and 31P{1H} NMR spectra
(Table 1) were recorded on a Bruker Advance DRX 300 at 300 and
121 MHz respectively; δ values (ppm) are vs. external Me4Si and
H3PO4. Mass spectra were recorded with a VCA Analytical 7070
EQ (FAB+, from nitrobenzyl alcohol, with xenon as the FAB
source) and with an ICR-FTMS APEX II with a 4.7-T magnet,
Bruker Daltonics (ESI+, CH2Cl2/methanol, 1:1). Isotope cluster
abundance was checked by computer simulation.

All chemicals were reagent grade. Except where otherwise stated,
solvents were used as received.

The syntheses of [Pt(phos)2(NO3)2] have been described pre-
viously.[5] cis-[Pt(PPh3)2(CH3CN)2](BF4)2, cis-[Pt(PPh3)2(CH3CN)2]-
(CF3SO3)2 and cis-[Pt(PPh3)2(CF3CO2)2] have been prepared ac-
cording to literature procedures.[9,23] cis-Pt[(PPh3)2(AcO)2] (6),
[Pt(PPh3)2(malonato)] (7) and [Pt(dppe)(AcO)2] (15) were obtained
in 75% yields, by a modification of literature methods,[8] using ex-
cess sodium acetate or malonate instead of the corresponding silver
salts.
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Cyclometallation of tmtu with the Acetonitrile Complexes

3(BF4): A CH2Cl2 solution (20 mL) of 5a (0.120 g, 0.123 mmol)
and tmtu (0.016 g, 0.123 mmol) was refluxed for 4 h. The solution
was concentrated to 2 mL under reduced pressure, and addition of
ethyl acetate gave 0.087 g of the product (75%).
C41H41BF4N2P2PtS (937.68): calcd. C 52.5, H 4.4, N 3.0%; found
C 52.8, H 4.7, N 3.2%.

3(TfO): This was obtained in a manner similar to that described
above from 5a (0.155 g) and tmtu (0.019 g), but the reaction was
performed at room temperature. Yield: 69.4% (0.110 g).
C42H41F3N2O3P2PtS2 (999.94): calcd. C 50.5, H 4.1, N 2.8%; found
C 50.2, H 4.3, N 3.0%.

cis-[Pt(PPh3)2(AcO)(tmtu)]+ (11): An equimolar amount of tmtu
(0.006 g) was added to a solution of [Pt(PPh3)2(NO3)2] (0.035 g,
0.041 mmol) and [Pt(PPh3)2(AcO)2] (0.035 g, 0.041 mmol) in
CH2Cl2 (20 mL). After 6 h at room temperature, the solution was
concentrated under reduced pressure. Addition of diisopropyl ether
gave a white product. Yield: 0.053 g (65.3%). C43H45N3O5P2PtS
(972.93): calcd. C 53.1, H 4.7, N 4.3%; found C 52.8, H 4.6, N
4.3%. The presence of coordinated acetate and ionic nitrate was
confirmed by IR spectroscopy (KBr pellets): ν̃ = 1595 (νasym coor-
dinated carboxylate), 1384 (sharp, ionic NO3

–) cm–1.

trans-[Pt(PPh3)2(mtc)2] (9): A CH2Cl2 solution (20 mL) of
[Pt(PPh3)2(AcO)2] (0.060 g, 0.0717 mmol) and tmtu (0.019 g,
0.144 mmol) was left at room temperature for 6 h. After two weeks
diffusion of n-hexane gave crystals (10 mg) suitable for X-ray inves-
tigation. FAB-MS: m/z (%) = 927 (5) [M]+, 839 (50) [M – 2 NMe2]+,
823 (100) [M – mtc]+, 719 (100) [M – 2 mtc]+.

cis-[Pt(PPh3)2(mtc)2] (8): The CH2Cl2/hexane solution obtained
above, after filtration of 9, was evaporated to 2 mL and filtered.
Addition of diisopropyl ether to the filtrate gave a white precipitate,
which was found by 31P NMR spectroscopy to consist of 9 with an
impurity of 8. Repeated crystallizations gave a few milligrams of
pure 8 (31P NMR evidence). FAB-MS: m/z (%) = 927 (5) [M]+, 839
(80) [M – 2 NMe2]+, 823 (80) [M – mtc]+, 719 (100) [M – 2 mtc]+.
ESI-MS: m/z (%) = 950 (100) [M + Na]+, 928 (5) [M + 1]+, 839 (5)
[M – 2 NMe2]+, 823 (5) [M – mtc]+. High resolution ESI-MS: calcd.
950.1706 [M + Na]+; found 950.1712.

[Pt(dppe)(tmtu*)]NO3 (14): This compound was obtained by re-
fluxing a solution of [Pt(dppe)(NO3)2] (0.050 g, 0.07 mmol) and
tmtu (0.009 g, 0.07 mmol) for two days. The white product was
obtained by addition of diisopropyl ether. Yield: 0.033 g (60%).
C31H35N3O3P2PtS (786.72): calcd. C 47.3, H 4.5, N 5.3%; found C
47.0, H 4.9, N 5.6%. FAB-MS: m/z = 724 [M – NO3]+.

[Pt(dppe)(mtc)2] (16): A solution of [Pt(dppe)(AcO)2] (0.055 g,
0.077 mmol) in CH2Cl2 (20 mL) and tmtu (0.021 g, 0.155 mmol)
was left at room temperature for 4 h and concentrated under re-
duced pressure. The product was obtained by addition of diisopro-
pyl ether. Yield: 0.054 g (86.8%). C32H36N2O2P2PtS2 (801.80):
calcd. C 47.9, H 4.5, N 3.5%; found C 47.5, H 4.3, N 3.8%. FAB-
MS: m/z (%) = 713 (100) [M – 2 NMe2]+, 697 (20) [M – mtc]+, 591
(5) [M – 2 mtc]+. ESI-MS: m/z (%) = 824 (5) [M + Na]+, 713 (100)
[M – 2 NMe2]+, 697 (50) [M – mtc]+.

Reaction of 1 with tmtu and Sodium Acetate: Sodium acetate
(0.039 g 0.476 mmol) was added to a solution of [Pt(PPh3)2(NO3)2]
(0.040 g, 0.048 mmol) and tmtu (0.013 g, 0.055 mmol) in CH2Cl2
(20 mL). The resulting slurry was vigorously stirred for 4 h at room
temperature, and the solvent was evaporated completely under re-
duced pressure. The 31P NMR spectrum of a CDCl3 solution of the
residue showed the presence of the monothiocarbamato complexes.
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Reactions under Anhydrous Conditions: The following reactions
were performed under an atmosphere of dry nitrogen, using rea-
gents which had been dried under vacuum for 24 h. CH2Cl2 was
distilled over CaH2 immediately before use.

Reaction of cis-[Pt(PPh3)2(AcO)2] (6) with tmtu: tmtu (0.013 g,
0.10 mmol) was added to a solution of 6 (0.042 g, 0.05 mmol) in
anhydrous CH2Cl2 (20 mL). The solution was left for 6 h at room
temperature under a nitrogen atmosphere. The solvent was evapo-
rated to dryness under vacuum and redissolved in CDCl3. 31P
NMR spectroscopy showed the presence of only the starting mate-
rial.

Reactivity of 1 with tmtu and Sodium Acetate: Dry sodium acetate
(0.042 g, 0.512 mmol) was added to a CH2Cl2 solution (20 mL) of
[Pt(PPh3)2(NO3)2] (0.043 g, 0.051 mmol) and tmtu (0.0134 g,
0.103 mmol). The slurry was stirred vigorously for 4 h at room tem-
perature under a nitrogen atmosphere, and the solvent was then
evaporated completely under vacuum. 31P NMR spectroscopy of a
CDCl3 solution of the residue showed the presence of a mixture of
[Pt(PPh3)2(AcO)2] (6) and [Pt(PPh3)2(NO3)(tmtu)]+ (2).

X-ray Data Collection and Structure Determination: Crystal data
are summarised in Table 3. The diffraction experiment was carried
out with a Bruker SMART CCD area-detector diffractometer at
296 K, using Mo-Kα radiation (λ = 0.71073) with a graphite crystal
monochromator in the incident beam. No crystal decay was ob-

Table 3. Crystallographic data.

Compound 9
Formula C42H42N2O2P2PtS2

M 927.98
Colour colourless
Crystal system triclinic
Space group P1̄
a [Å] 10.087(1)
b [Å] 10.411(1)
c [Å] 11.455(1)
α [°] 99.12(1)
β [°] 114.88(1)
γ [°] 104.04(1)
U [Å3] 1011.3(2)
Z 1
F(000) 464
Dc [g cm–3] 1.524
T [K] 296
Crystal dimensions [mm] 0.28 × 0.32 × 0.41
µ (Mo-Kα) [cm–1] 37.2
Min. and max. transmission
Factors 0.754–1.000
Scan mode ω
Frame width [°] 0.30
Time per frame [sec] 10
No. of frames 4900
Detector-sample distance [cm] 4.00
θ range 3–27
Reciprocal space explored full sphere
No. of reflections (total; independent) 23827, 4411
Rint 0.0213
Final R2 and R2w indices[a] (F2, all reflections) 0.030, 0.038
Conventional R1 index [I�2σ(I)] 0.015
Reflections with I�2σ(I) 4323
No. of variables 232
Goodness of fit[b] 0.94

[a] R2 = [Σ(|Fo
2 – kFc

2|)/ΣFo
2], R2w = [Σw/(Fo

2 – kFc
2)2/Σw(Fo

2)2]1/2.
[b] [Σw(Fo

2 – kFc
2)2/(No – Nv)]1/2, where w = 4Fo

2/σ(Fo
2)2, σ(Fo

2) =
[σ2(Fo

2) + (pFo
2)2]1/2, No is the number of observations, Nv the

number of variables, and p, the ignorance factor, = 0.02.
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served, therefore no time-decay correction was needed. The col-
lected frames were processed with the software SAINT,[24] and an
empirical absorption correction was applied (SADABS)[25] to the
collected reflections. Calculations were performed using the Per-
sonal Structure Determination Package,[26] and the physical con-
stants tabulated therein.[27] The structure was solved by direct
methods (SHELXS)[28] and refined by full-matrix least-squares
using all reflections and minimising the function Σw(Fo

2 – kFc
2)2

(refinement on F2). All the non-hydrogen atoms were refined with
anisotropic thermal factors. The hydrogen atoms were placed in
their ideal positions (C–H = 0.97 Å), with the thermal parameter
B 1.10 times that of the carbon atom to which they are attached,
and were not refined. In the final Fourier map, the maximum resid-
ual was 0.76(6) eÅ–3 at 0.82 Å from Pt. CCDC-272407 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgments

This work has been supported by MIUR. We thank Dr. E. Caneva
for the ESI mass spectra and Dr. E. S. Stoyanov for a helpful dis-
cussion on the acid strengths in chlorinated solvents.

[1] S. Fantasia, M. Manassero, A. Pasini, Inorg. Chem. Commun.
2004, 7, 97–100.

[2] U. Fekland, K. I. Goldberg, Adv. Inorg. Chem. 2003, 54, 259–
320.

[3] R. H. Crabtree, J. Organomet. Chem. 2004, 689, 4083–4091.
[4] G. Besenyei, E. Herdtweck, S. Holly, D. Maennig, H. Noerth,

L. I. Simandi, P. Viski, Inorg. Chem. 1988, 27, 3201–3201.
[5] For instance: a) R. Colton, T. A. Stephenson, Polyhedron 1984,

3, 231–234; b) G. Exarchos, S. D. Robinson, J. W. Steed, Poly-
hedron 2001, 20, 2951–2963; c) R. Colton, J. Ebner, Inorg.
Chem. 1989, 28, 1559–1563.

[6] a) E. M. Krankovits, R. J. Magee, M. J. O’Connor, Aust. J.
Chem. 1973, 26, 1645–1652; b) K. R. M. Springsteen, D. L.
Greene, B. J. McCormick, Inorg. Chim. Acta 1977, 23, 13–18.

[7] a) J. G. M. van der Linden, W. Blommerde, A. H. Dix, F. W.
Pijpers, Inorg. Chim. Acta 1977, 24, 261–267; b) R. D. Bere-
man, D. M. Baird, J. R. Dorfman, J. Bordner, Inorg. Chem.
1982, 21, 2365–2368; c) B. J. McCormick, R. Bereman, D.
Baird, Coord. Chem. Rev. 1984, 54, 99–130.

[8] A. L. Tan, P. M. N. Low, Z.-Y. Zhou, W. Zheng, B.-M. Wu,
T. C. W. Mak, T. S. A. Hor, J. Chem. Soc., Dalton Trans. 1996,
2207–2214.

[9] A. Pasini, S. Rizzato, D. De Cillis, Inorg. Chim. Acta 2001, 315,
196–204.

[10] C. K. Johnson, ORTEP, Report ORNL-5138, Oak Ridge
National Laboratory, Oak Ridge, Tn, 1976.

Eur. J. Inorg. Chem. 2006, 1429–1435 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1435

[11] For instance: a) N. M. Boag, K. Mohan Rao, N. J. Terril, Acta
Crystallogr., Sect. C 1991, 47, 1064–1065; b) A. C. Dema,
C. M. Lukehart, Inorg. Chim. Acta 1997, 264, 193–198; c) D.
Steinborn, S. Becke, C. Bruhn, F. W. Heinemann, J. Or-
ganomet. Chem. 1998, 556, 189–196; d) M. Basato, A. Biffis,
G. Martinati, C. Tubaro, A. Venzo, P. Ganis, F. Benetollo, In-
org. Chim. Acta 2003, 355, 399–403.

[12] a) N. Mintcheva, Y. Nishihara, A. Mori, K. Osakada, J. Or-
ganomet. Chem. 2001, 629, 61–67; b) U. Abram, D.
Belli Dell�Amico, F. Calderazzo, L. Marchetti, J. Straehle, J.
Chem. Soc., Dalton Trans. 1999, 4093–4098; c) W. V. Konze,
B. L. Scott, G. J. Kubas, Chem. Commun. 1999, 1807–1808.

[13] a) P. C. Christidis, P. J. Rentzeperis, Acta Crystallogr., Sect. B
1979, 35, 2543–2547; b) R. Colton, M. F. Mackay, V. Tedesco,
Inorg. Chim. Acta 1993, 207, 227–232.

[14] I. J. B. Lin, H. W. Chen, J. P. Fackler Jr, Inorg. Chem. 1978, 17,
394–401.

[15] E. Enzmann, M. Eckert, W. Ponikwar, K. Polborn, S. Schnei-
derbauer, M. Beller, W. Beck, Eur. J. Inorg. Chem. 2004, 1330–
1340.

[16] J. Kuyper, Inorg. Chem. 1979, 18, 1484–1489.
[17] a) L. Battan, S. Fantasia, M. Manassero, A. Pasini, M. San-

soni, Inorg. Chim. Acta 2005, 358, 555–564 and references cited
therein; b) L. Battan, M. Manassero, A. Pasini, Inorg. Chem.
Commun. 2001, 4, 606–609.

[18] R. G. Pearson, Chemical Hardness, Wiley VCH, 1977, p. 15.
[19] P. S. Pregosin, R. W. Kunz, 31P and 13C NMR of Transition

Metal Complexes, Springer-Verlag, 1979.
[20] a) E. S. Stoyanov, T. P. Vorob�yova, I. V. Smirnov, J. Struct.

Chem. 2003, 44, 365–375; b) E. S. Stoyanov, personal com-
munication.

[21] a) T. B. Rauchfuss, J. S. Shu, D. M. Roundhill, Inorg. Chem.
1976, 15, 2096–2101; b) V. K. Jain, S. Kannan, E. R. T. Tiek-
ink, J. Chem. Res. (S) 1994, 85; V. K. Jain, S. Kannan, E. R. T.
Tiekink, J. Chem. Res. (M) 1994, 501.

[22] M. S. Hannu-Kuure, J. Komulainen, R. Oilunkaniemi, R. S.
Laitinen, R. Suontamo, M. Ahlgren, J. Organomet. Chem.
2003, 666, 111–120.

[23] a) R. Bertani, R. A. Michelin, M. Mozzon, A. Sassi, M. Bas-
ato, A. Biffis, G. Martinati, M. Zecca, Inorg. Chem. Commun.
2001, 4, 281–284; b) R. Bertani, M. Biasiolo, K. Darini, R. A.
Michelin, M. Mozzon, F. Visentin, L. Zanotto, J. Organomet.
Chem. 2002, 642, 32–39.

[24] SAINT Reference manual, Siemens Energy and Automation,
Madison, W1, 1994–1996.

[25] G. M. Sheldrick, SADABS, Empirical Absorption Correction
Program, University of Göttingen, 1997.

[26] B. A. Frenz, Comput. Phys. 1988, 2, 42–47.
[27] Crystallographic Computing 5, Oxford University Press, Ox-

ford, U. K., 1991, ch. 11, p. 126.
[28] G. M. Sheldrick, SHELXS 86, Program for the Solution of

Crystal Structures, University of Göttingen, Germany, 1985.
Received: October 6, 2005

Published Online: February 9, 2006



FULL PAPER

DOI: 10.1002/ejic.200500943

An Electron Microscopy Study of New Chemically Twinned Phases in the
MgS-Yb2S3 System

Esteban Urones-Garrote,*[a] Adrián Gómez-Herrero,[b] Ángel R. Landa-Cánovas,[c] and
L. Carlos Otero-Díaz[a,b]

Keywords: Chemical twinning / Electron microscopy / Rare earths / Sulfides / Solid-state structures

Four new phases in the MgS-Yb2S3 system have been iden-
tified and characterised by means of transmission electron
microscopy and associated techniques, such as microdiffrac-
tion and X-ray energy dispersive spectroscopy analysis. The
observed stoichiometries are: MgYb2S4 [a = 0.3752(2), b =
1.259(1), c = 1.268(2) nm] and Mg2Yb6S11 [a = 0.37297(4), b
= 1.2592(2), c = 3.4853(3) nm] with orthorhombic symmetry
(space group Cmcm) and Mg3Yb8S15 [a = 1.2637(1), b =
0.37176(5), c = 2.4132(2) nm; β = 100.40(1)°] and MgYb4S7 [a
= 1.2578(2), b = 0.3735(3), c = 1.1417(7) nm; β = 104.88(6)°]
with monoclinic symmetry (space group C2/m). Their struc-
tures can be described and derived from the NaCl-type by

Introduction

The crystallographic operation termed “chemical twin-
ning at the unit-cell level” by Hyde and Andersson[1,2] is
very useful for understanding, describing and clarifying
many crystal structures as this concept allows the building
of apparently complex structures from simple units. The
regular and repeated reflection twinning on the {113} pla-
nes of the NaCl-type parent structure produces a series of
homologous ordered phases in an important number of sys-
tems, including sulfides, sulfo salts and oxides.[1,2] Ferraris
et al.[3] denote it as a “lillianite homologous series”, after
the structure of Pb3Bi2S6.[4] The twinning operation gener-
ates trigonal prisms in the composition planes perpendicu-
lar to [113]NaCl that share their triangular faces. The fre-
quency of these composition (or twin) planes is responsible
for the stoichiometry. They are separated by blocks of
NaCl-type structure whose thickness and ordering reflect
the c unit-cell parameter. The block thickness can be de-
noted by the number of atom layers parallel to the twin
planes.[1] The members of the homologous series present
equal a and b crystal parameters while the c parameter var-
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the crystallographic operation of chemical twinning at the
unit-cell level along the {113}NaCl planes. The a and b lattice
parameters are common in all the structures while the c
parameter depends on the total extension of the twin slabs’
sequence, n, such that c � n×d(113)MgS (for orthorhombic
phases) or d(001) � n×d(113)MgS (for monoclinic phases). All
the unit-cell parameters were refined from the X-ray powder
diffraction data after the unit-cell symmetries had been de-
duced from electron microscopy data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ies with the total twin slabs’ sequence and is proportional
to d(113)NaCl.

Several phases derived from the NaCl-type by chemical
twinning have been reported in the Pb-Bi-S system, such
as natural sulfo salts[3] and synthetic samples,[5,6] including
PbBi4S7, with a Y5S7-type structure,[7] which presents a
...(4,3)... twin sequence. Other phases with more complex
twin slab sequences have also been found, such as Pb2Bi6S11

[...(4,4,3,4,4,3)...] and Pb3Bi10S18 [...(4,4,3,4,3,4,4,3,4,3)...].
Bakker and Hyde were the first to study these structures by
means of transmission electron microscopy (TEM), espe-
cially several phases in the Mn-Y-S system,[8] including the
phase MnY2S4, which has a CaTi2O4-type structure[9] with
a ...(4,4)... twin sequence. Some other phases were observed
and predicted between MnY2S4 and MnY4S7 stoichiomet-
ries, such as Mn3Y8S15 and Mn2Y6S11, whose structure can
be considered as an ordered intergrowth between the former
phases.

The Cr-Er-S system has been extensively studied, mainly
by X-ray powder diffraction (XRPD) data, by Tomas et
al.,[10–12] who reported several different phases, such as
CrEr2S4, Cr2Er6S11 and CrEr4S7. The structure of CrEr2S4

is reported to be a twofold superstructure of MnY2S4 along
the short axis due to the Jahn–Teller effect on Cr2+-centred
octahedra. The Cr2Er6S11 phase presents the orthorhombic
space group Cmc21, whereas some other phases with the
same stoichiometry present the Cmcm space group, includ-
ing Fe2Yb6S11

[13] and the binary sulfide Tm8S11.[14] Phases
derived from an NaCl-type structure by the operation of
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chemical twinning have also been found in the Mn-Er-S
series. For example, Tomas et al. have studied the
Mn0.4Er4.6S7 phase[15] from single-crystal X-ray diffraction
data, and a more detailed characterisation of the system
was carried out by TEM.[16,17] Disordered intergrowths of
Mn2Er6S11 and Mn3Er8S15 along the c axis of the structures
were also found, along with well-ordered crystals. The
transformation of the MnEr2S4 sulfospinel into different
chemically twinned (CT) phases and into NaCl-type struc-
ture was observed in this system[18] due to irradiation dam-
age effects under the electron microscope beam (intermedi-
ate acceleration voltage of 400 kV). The Ca-Tl-O system
presents several CT phases belonging to the homologous
series CanTl2On+3.[19,20] The structure of each phase was
further studied by means of neutron diffraction by Beraste-
gui et al.[21]

Some other CT phases have the same stoichiometry as
CaTi2O4 but with a twin sequence that is different to
...(4,4)..., as is the case of HgBi2S4

[22] and CdBi2S4,[23] which
are monoclinic phases with a ...(5,3)... twin slabs’ sequence,
denoted as a pavonite homologous series by Ferraris et al.[3]

The formation of NaCl-type MS-RE2S3 solid solutions
(M = divalent metal; RE = rare-earth element) is well docu-
mented,[24] mainly by characterisation with XRPD data.
When M = Mg, Mn and Ca extensive solid solutions with
NaCl-type structure are generated for the heavy rare-earth
elements and for Y. Some orthorhombic and monoclinic
phases have also been reported in these systems from
XRPD data,[25,26] although none was isolated with M = Mg
and RE = Yb. TEM studies carried out in the Mg-Yb-S
system[27] indicate that a transition from an NaCl-type to a
spinel-type structure occurs through short-range order phe-
nomena and segregation of extended defects. In this work,
we present the preparation and characterisation of four new
CT phases derived from the NaCl-type structure in this ter-
nary system, as determined by TEM and associated tech-
niques [microdiffraction and X-ray energy dispersive spec-
troscopy (XEDS) analysis]. XRPD information is employed
to refine the crystal parameters of each phase once their
unit-cell symmetries have been determined from the elec-
tron diffraction data.

Results and Discussion

The XRPD patterns of each sample are complex, with a
large number of maxima (about 40) in the range 5° � 2θ �
70° due to the presence of different phases with large unit

Table 1. Crystal parameters of the different CT phases previously described, refined from XRPD data. The space group and the twin
slabs’ sequences inside the unit cell are included in each case.

Phase XEDS analysis S/(Mg+Yb) ratio Space group Lattice parameters [nm] Z Twin sequence

MgYb2S4 Mg0.93(4)Yb2.03(4)S4 1.333 Cmcm a = 0.3752(2), b = 1.259(1), c = 1.268(2) 4 (4,4)
a = 1.2637(1), b = 0.37176(5), c = 2.4132(2);

Mg3Yb8S15 Mg3.04(9)Yb7.97(6)S15 1.363 C2/m 2 (4,4,4,3)
β = 100.40(1)°

Mg2Yb6S11 Mg1.96(7)Yb6.03(5)S11 1.375 Cmcm a = 0.37297(4), b = 1.2592(2), c = 3.4853(3) 4 (4,4,3,4,4,3)
a = 1.2578(2), b = 0.3735(3), c = 1.1417(7);

MgYb4S7 Mg1.03(6)Yb3.98(4)S7 1.400 C2/m 2 (4,3)
β = 104.88(6)°

Eur. J. Inorg. Chem. 2006, 1436–1443 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1437

cells. The diffraction maxima are also broad, which indi-
cates the existence of defects. All these observations were
confirmed by the study of the samples by TEM and associ-
ated techniques. The phases present in each of the samples
were first identified from their selected-area electron dif-
fraction (SAED) patterns, from which the approximate
unit-cell dimensions can be obtained and then refined from
XRPD data. Four CT ordered phases were observed, with
the average stoichiometries indicated in Table 1 and dis-
cussed below.

MgYb2S4

The XRPD pattern indicates the presence of the cubic
spinel-type phase MgYb2S4 [a = 1.0951(2) nm], which has
been described previously,[27] as well as other phases. An
ordered major phase was identified by means of TEM ob-
servations. An orthorhombic unit cell could be assigned to
these crystals from SAED patterns taken along different
orientations (see Figure 1). The approximate crystal param-
eters are: a � 0.37, b � 1.25, c � 1.26 nm.

Figure 1. SAED patterns along different orientations, belonging to
three different crystals of the sample with a nominal Mg:Yb ratio
of 1:2. Note the streaking of the reflections along c*, which is in-
dicative of the presence of plane defects and/or disorder perpendic-
ular to c.

The one-dimensional (1D) intensity streaking of the dif-
fraction maxima along c* in some of the diffraction pat-
terns indicates the presence of disordered planar defects
perpendicular to c. The cation ratio was semi-quantitatively
measured by XEDS (ten crystals were analysed) with an
average result of Mg/Yb = 0.46 [Mg0.93(4)Yb2.03(4)S4], which
is very close to a 1:2 stoichiometry. There are several pos-
sible orthorhombic structure-types with a similar AB2S4

ideal stoichiometry, such as the CaFe2O4 type[7] (a = 0.9230,
b = 0.3024, c = 1.0705 nm; space group Pnma), the CaTi2O4

type[9] (a = 0.3136, b = 0.9727, c = 0.9976 nm; space group
Cmcm) and the Yb3S4 type[28] (a = 1.2777, b = 0.3837,
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c = 1.2926 nm; space group Pnma). The measured unit-cell
parameters do not allow us to differentiate between them.
The actual space group can be identified by means of the
microdiffraction technique[29,30] by studying the “ideal sym-
metry” of the microdiffraction patterns, which is deter-
mined by the position and relative intensity of the reflec-
tions, either on the zero-order Laue zone (ZOLZ) or in the
whole pattern (WP), which includes high-order Laue zones
(HOLZ). The difference of periodicity and the shifts be-
tween the Laue zones give information about the presence
of glide planes and screw axes and about the centring of
the lattice, respectively. A microdiffraction pattern along the
[010] zone axis, where a shift of the FOLZ and the ZOLZ
along c* can be observed, is shown in Figure 2 (a). The h0l
reflections with h = 2n + 1 are absent in the ZOLZ but the
h1l ones with h = 2n + 1 are present in the FOLZ (first-
order Laue zone). Furthermore, 00l (l = 2n + 1) reflections
are observed in the ZOLZ but the 01l reflections are absent
in the FOLZ. This shift of the Laue zones along c* due to
the indicated extinctions is indicative of the C-centring of
the lattice, according to the extinction condition hkl: h + k
= 2n + 1. Two possible orthorhombic space groups have the
same extinction conditions for compounds with the stoichi-
ometry AB2S4: Cmcm and Cmc21. The tilted pattern of Fig-
ure 2 (b) shows the presence of an m-plane perpendicular
to c, and the [110] ZOLZ microdiffraction pattern of Fig-
ure 2 (c) shows (2mm) “ideal” symmetry, which confirms,
together with the information obtained from the other pat-
terns, that this phase presents the Cmcm space group.[29,30]

The Cmc21 space group would have shown (m) “ideal”

Figure 2. Microdiffraction patterns corresponding to a crystal with
a Mg:Yb ratio of 1:2. Information about the centring of the lattice
(C) and the actual space group (Cmcm) are deduced from them
(see the text for details). The pattern in (b) is tilted off-axis in order
to observe the HOLZ reflections.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1436–14431438

symmetry along the [110] zone axis. Therefore, the
major well-ordered phase found in this sample [XEDS:
Mg0.93(4)Yb2.03(4)S4] can be considered to be isostructural
with a CaTi2O4-type structure, in other words it can be de-
scribed as a ...(4,4)... CT structure according to the no-
menclature proposed by Hyde and Andersson.[1] An ideal-
ised model of this CT-MgYb2S4 structure, viewed along the
[100] direction, is included in Figure 3. Mg2+ cations are
located in octahedral coordination sites and the Yb3+ cat-
ions lie in the remaining octahedral sites (50%) and in the
bicapped trigonal prisms present in the twin planes. Both
cations occur randomly in the octahedral sites.

Figure 3. Idealized model of the ...(4,4)... CT structure of the
MgYb2S4 phase (Z = 4). The {(Mg,Yb)S6} octahedra are repre-
sented in dark grey and the {YbS6+2} bicapped trigonal prisms are
represented in light grey. The caps have been excluded from the
model for clarity. The twin slabs’ sequence in the unit cell is clearly
visible.

In order to confirm the proposed structure model,
HRTEM (high-resolution TEM) images were taken along
the short axis (in this case the a axis), which best reflects the
CT structure. Figure 4 shows an HRTEM Fourier-filtered
image of the CT-MgYb2S4 phase along [100], and the corre-
sponding fast Fourier transform (FFT) is included as an
inset. Simulated images were obtained at several microscope
defocus and crystal thickness values, using the ideal Ca-
Ti2O4-type atomic positions and the experimentally refined
crystal parameters from XRPD patterns. The best fit with

Figure 4. Fourier-filtered HRTEM image of an MgYb2S4 crystal
taken along the short-axis of the CT structure. The corresponding
FFT is included in the lower right part as an inset. The simulated
image (defocus, ∆f = –40 nm; thickness, t = 8 nm) agrees well with
the experimental one.
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the experimental image is superimposed in Figure 4 and
shows a good correspondence with the experimental image,
which indicates that the observed phase presents the Ca-
Ti2O4-type structure.[9]

MgYb4S7

Detailed TEM observations of the sample with a nom-
inal Mg/Yb ratio of 1:4 showed the existence of a major,
well-ordered phase as well as a minor MgYb2S4 spinel
phase (which was not observed in the XRPD pattern) and
crystals with disordered lattice planes. The SAED patterns
of the major phase (see Figure 5) can be assigned to a mo-
noclinic phase with the approximate unit cell parameters a
� 1.26, b � 0.37 and c � 1.15 nm, and β � 105°.

Figure 5. SAED patterns along different orientations, belonging to
different crystals of the sample with a nominal Mg:Yb ratio of 1:4.
Note the intensity streaking of the reflections along c*, which is
indicative of the presence of defects and/or disorder.

XEDS analyses of 10 crystals provided the average cation
ratio Mg/Yb � 0.26 [Mg1.03(6)Yb3.98(4)S7], which is very
close to 1:4 ratio. A possible structure type with AB4S7 stoi-
chiometry is Y5S7,[7] whose structure can be described as a
...(4,3)... CT phase.

The actual space group can be identified by means of
microdiffraction patterns. Thus, the [100] microdiffraction
pattern of Figure 6 (a) shows that the ZOLZ reflections are
shifted by 1/2b* with respect to the FOLZ ones. The 0kl
reflections turn into 1kl reflections in the FOLZ, and are
absent when 1 + k = 2n + 1. The shift provoked by these
extinctions is indicative of the C-centring of the lattice. The
[110] ZOLZ microdiffraction pattern in Figure 6 (b) pres-
ents (2) “ideal” symmetry, which agrees with the C2/m
space group,[29,30] whereas C2 and Cm space groups, which
present the same extinction conditions, would display (1)

Figure 6. Microdiffraction patterns corresponding to the major or-
dered phase in the sample with a nominal Mg:Yb ratio of 1:4. The
C-centring of the lattice is deduced from (a) and the “ideal” sym-
metry of the ZOLZ pattern in (b) − (2) − indicates that the phase
presents the C2/m space group. See text for details.
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“ideal” symmetry along the same zone axis. Therefore, mic-
rodiffraction results support the C2/m space group rather
than C2 or Cm, and the observed phase can be described as
a ..(4,3)... CT phase, with an ideal MgYb4S7 stoichiometry
[XEDS: Mg1.03(6)Yb3.98(4)S7] and a Y5S7-type structure.

Note that some intensity streaking is observed in the dif-
fraction maxima along c* in the SAED patterns of Fig-
ure 5, which is indicative of plane defects perpendicular to
c. Furthermore, in the [110] SAED pattern of Figure 5 (c),
extra maxima are present (marked with arrows) due to the
presence of macroscopic twin planes in the crystal, parallel
to (001), which can be attributed to unit-cell twin sequences
of the type ...4,3,4,3,4/4,3,4,3,4...

An idealised model of the CT-MgYb4S7 structure, along
[010], is shown in Figure 7, where Mg2+ and half of the
Yb3+ cations lie in octahedral sites at random and the other
half of the Yb3+ cations lie in the trigonal prisms at the
composition planes.

Figure 7. Idealized model of the ...(4,3)... CT structure of the
MgYb4S7 phase (isostructural with Y5S7). The {(Mg,Yb)S6} octa-
hedra are represented in dark grey, and the {YbS6} trigonal prisms
are represented in light grey.

HRTEM images were obtained along the short axis of
the structure to confirm the proposed model. Image simula-
tions were calculated from the ideal atomic positions of the
Y5S7-type structure and the refined crystal parameters from
the XRPD pattern. The correspondence of the experimental
images and the simulated ones is quite good, as shown in
Figure 8, thus confirming the proposed structure model.

Mg3Yb8S15 and Mg2Yb6S11 Phases

TEM observations from the crystals previously described
as MgYb2S4 and MgYb4S7 showed the existence of disorder
along c* due to the presence of both phases intergrown in
a disordered manner. The ordered crystals found in this sys-
tem had 3:8 and 1:3 Mg/Yb ratios, so two new samples were
prepared with these nominal chemical compositions.

In the first case the XEDS analyses of ten crystals indi-
cated a Mg/Yb ratio of about 0.38, close to an ideal
A3B8S15 stoichiometry [Mg3.04(9)Yb7.97(6)S15], as reported
before in the Mn-Er-S system[16,17] mentioned above. This
phase is monoclinic, with the following approximate lattice
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Figure 8. Fourier-filtered HRTEM image along the short axis of a
CT-MgYb4S7 crystal ([010] direction). The corresponding FFT is
included as an inset. The simulated image (∆f = –50 nm; t = 2 nm)
agrees well with the experimental one.

parameters measured from SAED patterns (see Figure 9): a
� 1.26, b � 0.37, c � 2.40 nm; β � 100°.

Figure 9. SAED patterns along different orientations, belonging to
different crystals of the sample with a nominal Mg:Yb ratio of 3:8.

Most of the observed CT-Mg3Yb8S15 crystals present
streaking along c*, so the identification of its actual space
group by means of microdiffraction patterns was problem-
atic. However, the C-centring of the lattice was observed in
the [100] microdiffraction pattern due to the shift of the
ZOLZ and FOLZ reflections.

HRTEM images along the short axis of the structure (see
Figure 10) indicated a ...(4,4,4,3)... twin slabs’ sequence.
The simulated image that showed the best fit among dif-
ferent defocus and thickness values is shown as the inset in
Figure 10. The calculations were performed with the ideal
atomic positions directly obtained from the ...(4,4,4,3)...
model and the HRTEM image (C2/m space group), and
with the crystal parameters refined from XRPD data.
Therefore, according to this model, the CT-Mg3Yb8S15

structure presents a ...(4,4,4,3)... twin sequence, with Mg2+

and half of the Yb3+ cations in octahedra (at random) and
the other half in trigonal prisms at the composition planes
(see Figure 11).

In the case of the sample with a 1:3 cation ratio, the
previously described CT phases were observed, together
with the sulfospinel MgYb2S4. An orthorhombic ordered
phase was also found, with the following approximate crys-
tal parameters obtained from SAED patterns: a � 0.37, b
� 1.26, c � 3.50 nm.
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Figure 10. Fourier-filtered HRTEM image along the short axis of
a CT-Mg3Yb8S15 crystal ([010] direction). The corresponding FFT
is included as an inset. The simulated image (∆f = –50 nm; t =
2 nm) agrees well with the experimental one. It was calculated by
employing the preliminary crystal parameters measured from
SAED patterns (C2/m space group) and the atomic parameters di-
rectly obtained from the ideal model and from the image.

Figure 11. Idealized model of the CT-Mg3Yb8S15 phase (Z = 2).
The twin slabs’ sequence is ...(4,4,4,3)... in this case. The {(Mg,Yb)-
S6} octahedra are represented in dark grey, and the {YbS6} trigonal
prisms are represented in light grey.

The measured XEDS (six crystals) Mg/Yb ratio was
about 0.32, which corresponds to a 1:3 cation stoichiome-
try. The chemical composition and lattice parameters are
similar to the previously described Tm8S11 and Mn2Er6S11

structures,[14,17] so that the average XEDS analysis can be
formulated as Mg1.96(7)Yb6.03(5)S11. The crystals belonging
to this CT phase are usually disordered along c* (1D inten-
sity streaking of the diffraction spots along that direction,
as observed in the SAED patterns; see Figure 12). The
model was confirmed by HRTEM images, such as the one
shown in Figure 13 along the [110] orientation. The experi-
mental image agrees quite well with the simulated one (in-
set) calculated with the ideal Fe2Yb6S11 atomic positions
(Cmcm space group) and with the crystal parameters re-
fined from the XRPD data. Therefore, the observed
Mg2Yb6S11 structure is a new phase and can be described
as a ...(4,4,3,4,4,3)... CT one. As in the previously described
phases, Mg2+ and half of the Yb3+ cations occupy octahe-
dral positions at random, whereas the other half of the
Yb3+ cations lie in the trigonal prisms at the composition
planes, as shown in the structural model in Figure 14.
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Figure 12. SAED patterns along different crystal orientations, be-
longing to the sample with a nominal Mg:Yb ratio of 1:3. Intensity
streaking along the c* reflections can be observed due to the pres-
ence of plane defects perpendicular to c.

Figure 13. Fourier-filtered HRTEM image of the CT-Mg2Yb6S11

phase along the [110] direction. The corresponding FFT is included
as an inset. The simulated image (∆f = –50 nm; t = 6 nm) agrees
well with the experimental one and reflects the twin slabs’ sequence
in the unit cell.

Figure 14. Idealized model of the ...(4,4,3,4,4,3)... structure of the
CT-Mg2Yb6S11 phase. It presents the Fe2Yb6S11-type structure
(Cmcm space group and Z = 4). The {(Mg,Yb)S6} octahedra are
represented in dark grey, and the {YbS6+1} mono-capped trigonal
prisms are represented in light grey (the caps have been excluded
for clarity).

Disorder perpendicular to c is common in these phases,
as was previously observed in the SAED patterns (1D
streaking). Intergrowths were also found in many crystals,
as can be seen in the HRTEM image included in Figure 15,
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where slabs of Mg2Yb6S11 and Mg3Yb8S15 alternate along
c, apparently at random.

Figure 15. HRTEM image of a crystal from the sample with nom-
inal composition Mg2Yb6S11, showing a disordered intergrowth of
the CT-Mg3Yb8S15 and CT-Mg2Yb6S11 structures along c. The cor-
responding FFT is included as an inset.

In the phases derived from the NaCl-type structure by
chemical twinning the c parameter accounts for the twin
blocks periodicity [c � n×d(113)MgS for orthorhombic
phases and d(001) � n×d(113)MgS for monoclinic ones],
i.e., it indicates the stoichiometry of the phase. The value
of n, which stands for the total extension of the NaCl-type
slabs between the twin planes included in the unit cell, can
be derived from the superstructure periodicity along
[113]*NaCl (or c*). Figure 16 includes an enlargement of the
c* rows belonging to the four CT phases described in this
work, with n = 8 for CT-MgYb2S4, n = 15 for CT-
Mg3Yb8S15, n = 22 for CT-Mg2Yb6S11 and n = 7 for CT-
MgYb4S7 (see Table 1).

Figure 16. Detail of the 00l reflections row (c*) of the four CT
phases described in this work. The superstructure periodicity inside
113NaCl is directly related to the twinning sequence (n). a)
MgYb2S4, with n = 8 and twin sequence ...(4,4)...; b) MgYb4S7, n
= 7 and ...(4,3)...; c) Mg3Yb8S15, n = 15 and ...(4,4,4,3)...; d)
Mg2Yb6S11, n = 22 and ...(4,4,3,4,4,3)...

XRPD Studies

Once the four observed phases had been identified and
characterised by means of TEM and associated techniques,
the lattice parameters were refined from XRPD data. The
results are summarised in Table 1, including the twin slabs’
sequences.
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Since the origin of these CT structures is the regular and

repeated twinning on {113}NaCl planes, the variation of
d(113)NaCl vs. composition has been studied in the MgS-
Yb2S3 system, including samples with NaCl and spinel
structures reported previously,[27] with lower Yb3+ content
than the CT phases described in this work. The change in
d(113)NaCl with the Yb/Mg ratio is represented in Figure 17.
This parameter increases in the NaCl-type structure sam-
ples as the Yb3+ concentration is increased, since the ionic
radius of Yb3+ in sixfold coordination (0.1008 nm) is bigger
than in the case of Mg2+ (0.0710 nm).[31] The introduction
of Yb3+ into the matrix of MgS generates cation vacan-
cies.[27] When a spinel-type phase is formed with higher
Yb3+ content, there is a sudden variation in d(113)NaCl

[�1/2×d(113)spinel], which is related to the structure change,
with ordering of vacancies. It remains constant with slight
composition variations since the unit-cell enlargement due
to the increase of vacancies and Mg2+ substitution by Yb3+

must be compensated by the occupancy of tetrahedral posi-
tions.[27] When considering the CT phases described in this
work, the d(113)NaCl value, which is directly related to the
d(001)CT, as mentioned before, decreases significantly and
abruptly with respect to the spinel phase values due to the
elimination of all the cation vacancies by the chemical twin-
ning operation. The d(113)NaCl value decreases slightly (see
Figure 17) as the relative number of composition planes in
the unit cell of each CT phase increases, i.e., from MgYb2S4

[two composition planes every eight (113)NaCl planes] to
MgYb4S7 [two composition planes every seven (113)NaCl

planes].

Figure 17. Variation of d(113)NaCl with the Yb/Mg ratio. The grey
circles correspond to phases with an NaCl structure,[27] the black
squares correspond to phases with a spinel-type structure with cat-
ionic excess[27] and the grey triangles correspond to the CTP phases
described in this work.

Conclusions

As can be observed in Table 1, the phases described in
this work present common a and b crystal parameters while
the c axis changes according to the composition. It was
mentioned previously that the composition variations in the
phases derived from the NaCl-type structure by the chemi-
cal twinning operation are accommodated through the twin
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slabs’ sequence and periodicity, i.e., the generation of twin
(composition) planes. These CT structures can be consid-
ered as members of a homologous series, with the two dif-
ferent symmetries (orthorhombic and monoclinic) de-
pending on the twin slabs’ sequence within the unit cell and
with variation of the c axis with the stoichiometry.

As the twin sequence gets more complicated, i.e. the c
axis gets larger, the difficulty of long-range ordering in-
creases, as was observed in the Mg3Yb8S15 and Mg2Yb6S11

phases, which very often present intergrowths between CT
structures. These two phases, whose Mg/Yb ratio lies be-
tween MgYb2S4 and MgYb4S7, are regular intergrowths of
the ...(4,4)... and the ...(4,3)... sequences. Therefore, within
this composition range, some other ordered phases could
be expected, as predicted by Bakker et al.[8] in the Mn-Y-S
system or as observed in other related systems,[5,11,13,14]

which are actually built up from the MgYb2S4 and
MgYb4S7 “units”. In the system studied in this work, no
more ordered CT phases were observed.

The co-existence of the CT-MgYb2S4 and the normal
spinel with the same nominal stoichiometry is an interesting
case of polymorphism, which extends to the high-pressure
polymorph with Th3P4-type structure.[32] We have not been
able to relate this polymorphism with temperature (anneal-
ing at 1373 K does not give any change in the relative abun-
dance of the phases). However, slight but significant com-
position differences have been found between them, as mea-
sured by XEDS analysis. The CT-MgYb2S4 phase presents
an excess of Yb3+ with respect to the Mg/Yb ratio of 0.50,
while the spinel phase has an excess of Mg2+ [XEDS:
Mg1.1(1)Yb1.92(7)S4]. Therefore, although the AB2S4 compo-
sition is the ideal one for both phases, it seems to be the
separating line between them.

Experimental Section
Preparation of the Samples: Several mixtures of nitrates
Mg(NO3)2·6H2O and Yb(NO3)3· 5H2O were placed in graphite
boats inside a tubular furnace and heated under a flow of H2S
(10%)/Ar (50 mL/min) and Ar (20 mL/min) (bubbling in CS2). The
samples with nominal cation ratio (Mg/Yb) 1:2 and 1:4 were pre-
pared at 1273 K for 10 h, whereas the other ones (3:8 and 1:3) were
treated first at 798 K for 4 h and then at 1273 K for four more
hours. The gas flow was maintained while raising the temperature.
Each sample was cooled down to room temperature by switching
off the furnace and maintaining a flow of Ar to avoid oxidation.
The gases at the exit of the furnace were neutralised in a concen-
trated NaOH solution.

Characterisation of the Samples: Specimens for TEM observations
were obtained from suspensions ultrasonically dispersed in buta-
nol. A drop of each corresponding suspension was placed on a
copper grid covered with a holey carbon film. A JEM 2000FX
electron microscope, equipped with a LINK ISIS 300 XEDS analy-
sis system, was employed to explore the reciprocal lattice of the
samples (double-tilt specimen holder: ±45°) and to analyse the
chemical composition. A Philips CM200 FEG (field emission gun)
electron microscope, equipped with an EDAX DX4 XEDS analysis
system was employed for the microdiffraction studies. HRTEM
images were taken with a JEM 3000F (point resolution: 0.17 nm)
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electron microscope. Due to the preferential cleavage of the crystals,
the short axis of the structures under study could not be observed
because they were beyond the tilt capacities of the JEM 3000F
microscope (double-tilt specimen holder: ±20°). Therefore, the
samples were embedded in epoxy resin and thin slices were ob-
tained with an ultramicrotome for TEM observations. Crystals
close to the short-axis orientation could be found in this way.

The as-prepared sulfides were studied by XRPD, using a Philips
X’pert Diffractometer (Cu-Kα1 radiation) to refine the lattice pa-
rameters.
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A series of 24 novel zinc thiolate complexes containing satu-
rated macrocyclic polyamine ligands with the general for-
mula [Zn(Ln)(SR)]ClO4 (Ln: n-dentate azamacrocyclic ligand)
has been synthesized. Two different thiolate ligands (R =
phenyl, benzyl) and 12 macrocyclic ligands with ring sizes
varying from 11 to 16 atoms and containing three, four, and
five nitrogen donors (including a new macrocyclic triamine
ligand, 8-methyl-[11]aneN3) have been used. The solid-state
structures of 20 of the 24 complexes have been characterized
by X-ray diffraction. The crystal lattice of all compounds is
comprised exclusively of monomers. The tetracoordinate N3S
compounds exhibit Zn–S bond lengths ranging from

Introduction
Zinc thiolate complexes have received considerable atten-

tion in the past decade. This interest derives from the fact
that many enzymes feature the alkylation (methylation) of
a zinc–thiolate bond.[1,2] The most prominent among them
are the Ada repair protein,[3] cobalamine-dependent/inde-
pendent methionine synthases,[4,5] and farnesyl transfer-
ase.[6] The studies focusing on zinc thiolate complexes have
thus paid special attention to the mechanism of the alky-
lation of thiols. Two different possible reaction modes are
discussed. On the one hand, the alkylation may occur intra-
molecularly and the thiol is alkylated in the zinc-bound
state, whereas the reaction could also start with an initial
heterolytic dissociation, followed by a reaction of free thiol-
ate. Wilker and Lippard have employed the anionic tetrathi-
olate [Zn(SPh)4]2– as a functional model for Ada.[7] They
found a methylation of the complex by (MeO)3PO to yield
PhSMe and postulated a dissociative reaction mechanism.
Vahrenkamp et al. have studied the methylation of [tris(pyr-
azolyl)borato]zinc thiolates (TpR,RZnSR) and have pro-
vided strong evidence (gained from kinetic measurements)
that these reactions occur intramolecularly and feature a
four-center transition structure.[8–10] A similar interpret-
ation has been provided by Carrano et al., who have investi-
gated the methylation of a series of (scorpionato)zinc thiol-
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2.2259(5) to 2.2492(9) Å and the pentacoordinate N4S sys-
tems from 2.266(2) to 2.3200(7) Å. In addition, two complexes
with the very rare N5S coordination environment for zinc
have been found. They exhibit Zn–S bond lengths of
2.3782(7) and 2.42 Å (mean value of two independent mole-
cules). The thiolate complexes are suitable model systems for
the precursor proteins of matrix metalloproteases (pro-
MMPs) as well as for thiolate alkylating enzymes such as co-
balamine-dependent/independent methionine synthases,
farnesyl transferase, and the Ada repair protein.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ates.[11–13] Darensbourg et al. have investigated the alky-
lation of a zinc complex with a bis(thiolate) [N2S2]2– chelate
ligand.[14] They also obtained the thioether derivatives, but
did not discuss the mechanism.

The above (incomplete and arbitrary) list of examples
provides insight into some established applications of zinc
thiolate complexes as enzyme models. They also resemble,
however, the catalytic domain of another important class of
enzymes, the matrix metalloproteases (MMPs or matrixins).
These play an important role in the degradation of extra-
cellular matrix components, such as collagen.[15,16] The en-
zymes are secreted into the extracellular space in a latent
(inactive) form, the so-called proMMPs, therefore an ad-
ditional activation step is required to induce protease ac-
tivity. This is a sensitive process, since the active form can
digest its own framework and thus the timing of activation
is critical. Furthermore, an imbalance of the active enzyme
and its inhibited form is implicated in the pathology of dis-
eases such as arthritis, cancer, multiple sclerosis, and cardio-
vascular diseases.[17] Thus, it is vitally important to gain a
detailed understanding of the activation mechanism.[18]

The catalytic zinc() ion in the latent enzymes − the
MMP precursor proteins (proMMPs) − is bound to the de-
protonated sulfhydryl group of a cysteine and to three histi-
dine residues.[19,20] In vitro experiments have shown that an
activation can be achieved with a variety of reagents, but
the initial step is always a hydrolytic cleavage of the zinc–
sulfur linkage.[21] The coordination sphere of the zinc ion is
then completed by a water molecule to form the catalyti-
cally active His3ZnOH motif.[22] A model reaction for this
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process has been reported by Parkin et al., who performed
the hydrolytic cleavage of a tripodal S3Zn–SR complex and
obtained free thiolate.[23] To the best of our knowledge, no
model complex that resembles the His3Zn–Cys coordina-
tion motif of the inactive enzyme has been used for these
investigations so far. Our complexes might thus prove to be
useful in this field of research.

Furthermore, recent investigations have suggested that
carbonic anhydrase[24,25] plays a pivotal role in the fixation
of carbonyl sulfide according to the equation LnZnOH +
COS � LnZnSH + CO2.[26] Quantum mechanical calcula-
tions have revealed that a zinc hydrosulfide moiety His3Zn–
SH is formed in the course of this interconversion.[27] A
suitable structural model − the neutral hydrosulfide com-
plex TpPh,MeZnSH − has been found by Vahrenkamp et
al.[28,29] Our efforts to obtain an equivalent zinc hydrosul-
fide complex with an azamacrocyclic ligand were not suc-
cessful because these compounds are not stable. Neverthe-
less, due to their positive overall charge, our thiolate com-
plexes also could be regarded as suitable model systems for
this species.

In this article we focus on the solid-state structures of
cationic zinc monothiolates bearing a polyazamacrocyclic
ligand. Azamacrocyclic ligands are available with many ring
sizes and different numbers of donor atoms, therefore they
allow a wide range of complexes to be synthesized with dif-
ferent electronic properties and steric demands. Thus, one
can study the influence of the “protein-imitating” ligand on
the binding mode and reactivity of a zinc-bound thiolate in
great detail. With regard to future investigations or possible
synthetic applications, it is convenient to choose the most
suitable thiolate complex out of a large pool of substances
with different reactivities and solubilities. We cover com-
plexes formed with a wide range of azamacrocycles and re-
veal insights into both zinc thiolate coordination chemistry
and coordination geometries of polyazamacrocyclic ligands
on zinc centers. In subsequent articles, we will report on the
reactions that these thiolates are capable of undergoing.

Results and Discussion

Starting Materials

Figure 1 illustrates the macrocyclic ligands that we used
for complexation experiments. They feature ring sizes vary-
ing from 9 to 16 atoms and contain three, four, or five nitro-
gen donors. In addition, we report the synthesis of a new
azamacrocycle, 8-methyl-[11]aneN3 (4). All azamacrocycles
were prepared using a slightly modified Richman–Atkins
procedure.[30]

Complexation Experiments

Zinc monothiolates with macrocyclic amine ligands are
a novel class of compounds, and only two such examples
are documented in the literature. Koike, Kimura et al.[31]

postulated the formation of a complex of [Zn(cyclen)]2+
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Figure 1. Macrocyclic polyamine ligands used for complexation ex-
periments.

with captopril, a hypertensive drug containing a thiolate
function, but they did not characterize this substance. Their
work illustrates, however, the biological significance of this
type of compounds. In addition, Addison and Sinn have
reported the complex trans-[Zn(cyclam)(SC6F5)2], which
bears two pentafluorothiophenolate ligands.[32] Initially, we
prepared our complexes in a similar way by treating equi-
molar amounts of the macrocyclic ligand with zinc perchlo-
rate in methanol. This was followed by addition of an equi-
molar amount of sodium thiolate in methanol. The desired
compounds [Zn(Ln)(SR)]ClO4 precipitated with good
yields. The reaction mode is outlined in Equation (1).

Ln + Zn(ClO4)2 + NaSR � [Zn(Ln)(SR)]ClO4 + NaClO4 (1)

A higher purity and better yields were achieved with po-
tassium thiolates since the precipitation of potassium per-
chlorate forces the equilibrium towards the desired prod-
ucts.

However, this synthesis has its limits. The nature of the
thiolate has a marked influence on this reaction: only arene-
and phenylmethanethiolates yield the desired thiolate com-
plexes. This is in contrast to the [tris(pyrazolyl)borato]zinc
thiolates, for which aryl- and alkyl derivatives are avail-
able.[9] Alkyl thiolates (e.g. MeSH, EtSH, tBuSH) only af-
ford the zinc bis(thiolates) Zn(SR)2 and the bis(perchlorate)
complexes [Zn(Ln)](ClO4)2.

Restrictions are also encountered when the ligand does
not possess the proper ring size and the right type and
number of nitrogen donor sites. If the macrocycle is smaller
than 11 atoms (ligands 1 and 2), the synthesis again yields
only the bis(thiolate) salts Zn(SR)2 and complexes of the
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composition [Zn(L3)2](ClO4)2. The reason is that small ring
systems form extremely stable metal complexes[33] that are
much more stable than complexes with larger rings.[34] In
addition, 9- and 10-membered cyclic triamines do not react
according to a 1:1 stoichiometry with zinc ions, which pre-
vents the coordination of an additional monodentate li-
gand. Instead, a 1:2 complex precipitates from solutions,
thus leaving behind noncomplexed zinc(), which then
forms a bis(thiolate) salt. A similar observation was made
in the case of L4 (tetramethylcyclam, 13). This ligand al-
ways exhibits an unfavorable steric arrangement in its com-
plexes with zinc as well as with other metal ions [it normally
adopts the (+ + + +) configuration;[35] see below for de-
tails]. These complexes are generally less stable than com-
plexes of its unsubstituted analogue, cyclam (8).[36] In the
present case, the zinc() ion is removed from the macrocycle
by formation of the more stable bis(thiolate) of zinc, releas-
ing the free ligand.

Structures

As already mentioned, of all the mercaptans tested only
phenylmethane- and arenethiols form the desired com-
plexes. Therefore we synthesized two series of isomeric com-
plexes [Zn(Ln)(SR)]ClO4 employing phenylmethanethiol (a;
R = CH2C6H5) and 4-methylbenzenethiol (b; R =
C6H4CH3). Twenty four novel thiolate complexes were ob-
tained, of which 20 were characterized by single-crystal X-
ray diffraction. (In the structure representations, the hydro-
gen atoms on carbon atoms and the perchlorate ions have
been omitted for clarity.)

[Zn(3)(SR)]ClO4 (17) and [Zn(4)(SR)]ClO4 (18)

The complexes derived from the 11-membered ring li-
gands 3 and 4 are remarkably similar regarding their indi-
vidual structural parameters. The N3ZnS unit exhibits a
slightly distorted tetrahedral coordination geometry (Fig-

Figure 3. Molecular structures of 19a, 19b, and 20a. Selected bond lengths [Å]: 19a: Zn–S 2.245(2), Zn–N1 2.046(3), Zn–N2 2.056(3),
Zn–N3 2.052(3); 19b: Zn–S 2.2492(9), Zn–N1 2.036(3), Zn–N2 2.032(3), Zn–N3 2.052(3); 20a: Zn–S 2.2367(7), Zn–N1 2.075(2), Zn–N2
2.050(2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1444–14551446

ure 2), and all four Zn–S bond lengths are in the very nar-
row range of 2.2295(5)–2.2394(6) Å. The Zn–N bonds have
distances between 2.037(2) and 2.076(2) Å. There is no sig-
nificant correlation with the nature of the N donor, i.e. sec-
ondary or tertiary. The IR spectra show a single N–H band

Figure 2. Molecular structures of 17a, 17b, 18a, and 18b. Selected
bond lengths [Å]: 17a: Zn–S 2.2353(9), Zn–N1 2.044(3), Zn–N2
2.047(3), Zn–N3 2.073(7); 17b: Zn–S 2.2394(6), Zn–N1 2.056(2),
Zn–N2 2.066(4), Zn–N3 2.048(2); 18a: Zn–S 2.2295(5), Zn–N1
2.076(2), Zn–N2 2.060(2), Zn–N3 2.066(2); 18b: Zn–S 2.2358(5),
Zn–N1 2.068(2), Zn–N2 2.065(2), Zn–N3 2.037(2).
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in the range of 3261–3271 cm–1, which is broadened to a
varying extent. This indicates the high degree of chemical
analogy of these hydrogen atoms. Interestingly, the ligand’s
methyl substitution in 18a has a marked effect on its solu-
bility; it is readily soluble in dichloromethane, while the un-
substituted analogue, 17a, is not.

[Zn(5)(SR)]ClO4 (19) and [Zn(6)(SR)]ClO4 (20)

The three structurally characterized compounds 19a,
19b, and 20a (Figure 3), synthesized with ligands 5 and 6,
show the same geometrical equivalence as observed for the
complexes 17 and 18. Slightly longer Zn–S bonds than in
the case of the 11-membered cycles are encountered. How-
ever, the values for the Zn–N bonds are found in the same
range. The IR spectra again show single bands in the region
between 3252 and 3259 cm–1. If the complex is asymmetric,
they are broadened as mentioned above. Compound 20a is
symmetric along the C5–Zn–S plane (apart from a disorder
of the atoms C1, C1A, N1, and C1M); therefore, the two
hydrogen atoms attached to N2 and N2A are identical and
give rise to a single, very narrow IR absorption. This shows
the usefulness of IR absorption bands of N–H groups in
determining the symmetry properties of macrocyclic amine
complexes, a concept which will be referred to again later.
Complex 20b also exhibits a single band at almost the same
value as 20a, but it is noticeably broadened. This indicates
the absence of a strict symmetry here. However, the struc-
ture is likely to follow the same motif. Similar to 18a, the
additional methyl group induces a solubility of 20a in
dichloromethane.

Coordination Geometries in N4 Complexes

Whether a five-coordinate complex belongs to the trigo-
nal-bipyramidal or the tetragonal-pyramidal type is a ques-
tion which is tricky to answer in the present case. Justifying
an answer solely by the values of the bond angles, and thus
seeking a more or less distorted trigonal bipyramidal axis,
does not suffice. Upon first inspection, all the structures
would appear to be a form of distorted square pyramid (see
Figures 4–7 below). One thus needs to pay closer attention
to the Zn–N bond lengths. In some cases (23a, 23b, and to
a lesser extent 27a), the Zn–N bonds have almost the same
lengths and the coordination polyhedra should therefore be
regarded as being tetragonal-pyramidal with the sulfur
atom in the apical position. The other complexes exhibit
strongly differing values for pairs of opposing Zn–N bonds.
They can therefore be classified as trigonal-bipyramidal. In
these cases the thiolate ligand assumes an equatorial posi-
tion. This effect is most strongly pronounced in complex
26a (Figure 7): the mean deviation between adjacent Zn–N
bond lengths is nearly twice as large (0.14 Å) as the differ-
ence between the average Zn–N and Zn–S bond length
(0.08 Å). The species 21a and 21b must be classified as be-
ing “in between”, since they exhibit neither a peculiar
“axis” nor sufficiently small deviations in the Zn–N bond
lengths.
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The nitrogen atoms in these complexes are chiral in na-
ture and we describe their actual configuration using estab-
lished conventions.[37,38] The positions of hydrogen atoms
or methyl groups are denoted relative to a plane (or near-
plane) defined by the nitrogen atoms. If the N-bound resi-
dues are found on the side of the complex that bears the
thiolate, their position is indicated with a (+). N-bound resi-
dues opposite the thiolate side are denoted with a (–). It is
obvious that the configuration of the N3 complexes is al-
ways (+ + +), as is expected for ligands whose cavities are
too small for the respective metal ion.[37]

[Zn(7)(SR)]ClO4 (21) and [Zn(8)(SR)]ClO4 (22)

The ring size of ligands 7 and 8 is rather small and all
four structures accordingly exhibit the (+ + + +) configura-
tion (Figure 4). Although compounds 21 both have a pair
of opposing “long” and “short” bonds, the difference of
both “axes” is too small to consider the geometries as being

Figure 4. Molecular structures of 21a, 21b, 22a, and 22b. Selected
bond lengths [Å]: 21a: Zn–S 2.266(2), Zn–N1 2.159(4), Zn–N2
2.205(5), Zn–N3 2.151(4), Zn–N4 2.176(4); 21b: Zn–S 2.2796(7),
Zn–N1 2.175(2), Zn–N2 2.143(3), Zn–N3 2.201(3), Zn–N4
2.162(2); 22a: Zn–S 2.2853(9), Zn–N1 2.218(3), Zn–N2 2.127(3),
Zn–N3 2.187(3), Zn–N4 2.114(4); 22b: Zn–S 2.2957(5), Zn–N1
2.200(2), Zn–N2 2.109(2), Zn–N3 2.208(2), Zn–N4 2.138(2).
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trigonal-bipyramidal. The reason for this distortion is the
small ring size of the ligand 7, which enforces a marked
rigidity in the coordination polyhedron. Although the sys-
tem obviously strives for bipyramidality, steric constraints
imposed by the ring force a tetragonal-pyramidal structure.
In the case of complexes 22, the ring is considerably larger
and allows the formation of a (severely distorted) trigonal
bipyramid. In agreement with this assignment, the IR spec-
tra show a single N–H stretching band for complexes 21a
(3292 cm–1) and 21b (3301 cm–1), emphasizing the degree of
equivalence of the nitrogen atoms. In contrast to this, the
N–H protons of compounds 22 are chemically inequivalent
and three stretching bands are observed for both 22a (3276,
3288, and 3306 cm–1) and 22b (3272, 3289, and 3322 cm–1).

[Zn(9)(SR)]ClO4 (23)

With regard to the other [N4] ligands, cyclam (9) yields
an unusual result as complexes of 9 are the only ones which
exhibit an almost perfect square-pyramidal geometry (Fig-
ure 5). This is particularly surprising since the ligand is
clearly large enough to allow the formation of a trigonal
bipyramid. The influence of the thiolate ligand on the con-
formation is minimal. All the Zn–N bond lengths are al-
most identical, with their maximum deviation being less
than 0.02 Å for 23a and 0.01 Å for 23b. The two Zn–S bond
lengths are identical within experimental error. Both com-
plexes exhibit a (+ + – –) configuration which has been
reported as being generally the most stable geometry.[39] Of
the investigated complexes, 23b is the only one which pos-

Figure 5. Molecular structures of 23a, 23b, and 24a. Selected bond
lengths [Å]: 23a: Zn–S 2.3161(7), Zn–N1 2.155(2), Zn–N2 2.151(2),
Zn–N3 2.149(2), Zn–N4 2.139(2); 23b: Zn–S 2.3174(8), Zn–N1
2.139(2), Zn–N2 2.147(2); 24a: Zn–S 2.2902(6), Zn–N1 2.112(2),
Zn–N2 2.187(2), Zn–N3 2.123(2), Zn–N4 2.218(2).
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sesses a rigorous molecular symmetry (Cs) in the solid state,
with the plane of symmetry being defined by C1, Zn, and
S. The IR spectrum of 23b thus exhibits two extraordinarily
sharp N–H stretching bands at 3270 and 3259 cm–1 with
exactly the same intensity. In contrast, the absorptions of
23a at 3272 and 3259 cm–1 are not as sharp and their inten-
sities show a marked difference.

[Zn(10)(SR)]ClO4 (24)

Complex 24a possesses a (+ – – –) configuration which
complies with the structural symmetry of the ligand (Fig-
ure 5). The symmetry of 24a results in essentially two amine
bands in its IR spectrum. One is located at 3268 cm–1 (br.,
N1–H, N2–H, N3–H) and apparently consists of two
closely overlapping bands, and the second band at
3309 cm–1 is quite sharp (N4–H). The IR spectrum of 24b
is very similar. It also exhibits two bands at 3248 and
3305 cm–1. We therefore assume that 24b is very likely to
have the same configuration.

[Zn(11)(SR)]ClO4 (25)

The most significant difference between the two com-
pounds derived from ligand 11 is the configuration of the
tertiary nitrogen atom, which is found to be (+) in complex
25a and (–) in 25b. This results in differing symmetries for
the complexes (Figure 6). A related observation has been
reported by Alcock et al.,[40] who have determined from 1H
NMR spectroscopic data that a D2O solution of
[Zn(11)](NO3)2 contains two isomers, one of which is sym-
metric and the other asymmetric. In the present case, this
effect can be observed in the 1H NMR spectrum of 25a but
not for 25b due to the lack of an isolated signal. The ben-
zylic methylene protons of 25a yield two peaks at δ = 3.80
and 3.76 ppm with a relative intensity of 5:1. Its 13C NMR
spectrum shows a predominant set of signals with five ring
methylene peaks. For 25b, two different 13C NMR spectro-
scopic data sets could be detected for the methylene carbon
atoms of the macrocycle, a major set with five peaks and a

Figure 6. Molecular structures of 25a and 25b. Selected bond
lengths [Å] and angles [°]: 25a: Zn–S 2.3200(7), Zn–N1 2.118(2),
Zn–N2 2.235(2), Zn–N3 2.133(2), Zn–N4 2.202(2); N2–Zn–N4
165.81(9); 25b: Zn–S 2.3182(9), Zn–N1 2.106(3), Zn–N2 2.171(3),
Zn–N3 2.105(3), Zn–N4 2.191(3); N2–Zn–N4 154.3(2).
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minor set consisting of ten peaks. We thus assume that in
both cases the predominant species is of the same symmet-
ric configuration as found in the solid-state structure of 25b.
The minor component is of an asymmetric configuration,
analogous to the solid-state structure of 25a.

The fact that the crystal lattices of 25a and 25b contain
different configurational isomers is also reflected in their
IR spectra. Three N–H bands at 3239, 3308 and 3346 cm–1

are present in the case of the unsymmetrically configured
25a and only two at 3246 (br.) and 3293 cm–1 for the sym-
metric ligand configuration found in 25b.

[Zn(12)(SR)]ClO4 (26)

As mentioned above, 26a (synthesized from ligand 12)
has the largest deviations in its Zn–N bond lengths. It
clearly adopts a trigonal-bipyramidal geometry and a
(+ – – –) configuration of the nitrogen atoms (denoted in
the order N1–N2–N3–N4; see Figure 7). Similar to 25a, the
NMR spectra reveal that a chloroform solution of complex
26a contains two isomers. The 13C NMR spectrum exhibits
11 methylene carbon peaks for the main component and
seven for the minor component. The major component pos-
sesses an asymmetric configuration of the chiral nitrogen
atoms, which is very likely identical to the solid-state struc-
ture of this compound. The symmetric configuration of the
minor component might be (+ – – +) or all-(–), but this
question could not be answered from the routine NMR
spectroscopic data. The 1H NMR spectrum shows a mul-
tiplet for the benzylic methylene protons. Upon closer in-
spection, this multiplet consists of a singlet at δ = 3.85 ppm
(minor component, 15% of total integral value of benzyl
protons) overlapping with an AB spin system at δ =
3.81 ppm (main component, J = 14.3 Hz, ∆δ = 9.7 Hz).
This observation fits perfectly, since the asymmetric config-
uration of the nitrogen atoms ensures a chiral zinc atom.
The benzyl protons are thus in a diastereotopic environ-

Figure 7. Molecular structures of 26a and 27a. Selected bond
lengths [Å]: 26a: Zn–S 2.28(2), Zn–N1 2.271(3), Zn–N2 2.115(3),
Zn–N3 2.256(3), Zn–N4 2.123(3); 27a: Zn–S 2.299(2), Zn–N1
2.208(3), Zn–N2 2.182(3), Zn–N3 2.194(3), Zn–N4 2.189(3).
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ment, which causes the multiplicity of their NMR signal.
(Why this is only observed for 25a and not for the other
complexes of asymmetric configuration remains a mystery.
A possible explanation could be found in different velocities
of configurational change, which might cause enhanced
line-widths for the other complexes and render the detec-
tion of signal multiplicities impossible. However, we are not
sure about this.) The IR spectrum shows only three bands
at 3251, 3266, and 3286 cm–1, which is not surprising since
the structural environments of N2 and N4 are very similar.
For compound 26b, only one structural motif could be ob-
tained by X-ray crystallography. It reveals, however, that the
configuration of the ligand is the same as found in 26a.

[Zn(14)(SR)]ClO4 (27)

Ligand 14 is known to form complexes that are less
stable than complexes formed from smaller macrocycles. A
detailed study has shown that the steric strain in the six-
membered chelate rings is responsible for this.[37] Zinc()
tends to form the complex [Zn(14)](ClO4)2 with a (+ – + –)
configuration. Its stability stems from the fact that the me-
tal ion’s size and the Zn–N bond length ensure a chair con-
formation in each of the four chelate rings. A mixture of
this compound with 27a was obtained when sodium thiol-
ate was used for synthesis; only the potassium salt afforded
the pure thiolate complex. In the case of 27a, the central
Zn2+ ion is pentacoordinate (Figure 7), which obviously
does not allow the nitrogen atoms to arrange in a tetrahe-
dral manner. However, the ligand folds in such a way that
only chelate rings with a chair conformation are formed.
The N–Zn–N angles of the adjacent nitrogen atoms vary
between 78 and 89°. Obviously, ring strain is low enough
to render the complex more stable than [Zn(14)](ClO4)2. In
accordance with the observed molecular symmetry, the IR
spectrum of 27a shows only one N–H absorption at
3249 cm–1. Two IR bands were observed for compound 27b,
which comply with two pairs of chemically nonequivalent
hydrogen atoms. This does not, however, necessarily indi-
cate the presence of another configuration.

[Zn(15)(SR)]ClO4 (28)

When sodium thiolate was used to synthesize complex
28a, the sulfur-free complex [Zn(15)](ClO4)2 (16) was ob-
tained instead (Figure 8). Only the use of the potassium salt
afforded complex 28a, while 28b was also obtained with
sodium p-methylbenzenethiolate. These compounds and
complex 16 are the first reported zinc complexes of the li-
gand [15]aneN5 (15). They all show a high degree of struc-
tural equivalence regarding the configuration of the macro-
cycle. The unit cell of 28b contains two independent mole-
cules with almost superimposable coordination polyhedra,
although noticeable deviations in the bond lengths are en-
countered. Since the two molecules have nearly the same
appearance, only one of them is depicted in Figure 8.

These hexacoordinate zinc complexes with the rare N5S
coordination environment (only one structurally charac-
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Figure 8. Molecular structures of 16, 28a, and 28b. Selected bond lengths [Å]: 16: Zn–N1 2.100(2), Zn–N2 2.067(2), Zn–N3 2.170(2),
Zn–N4 2.179(2), Zn–N5 2.168(2); 28a: Zn–S 2.3782(7), Zn–N1 2.199(3), Zn–N2 2.366(3), Zn–N3 2.192(3), Zn–N4 2.368(3), Zn–N5
2.221(3); 28b (molecule A): Zn–S 2.405(2), Zn–N1 2.206(7), Zn–N2 2.331(6), Zn–N3 2.152(5), Zn–N4 2.385(6), Zn–N5 2.194(5); (molecule
B, not depicted): Zn–S 2.435(2), Zn–N1 2.265(5), Zn–N2 2.309(6), Zn–N3 2.199(5), Zn–N4 2.307(6), Zn–N5 2.205(5).

terized example has been reported until now[41]) do not have
much in common with the other complexes discussed in this
work. Their coordination polyhedra cannot be assigned to
a specific structure type. Of the complexes discussed in this
study, 28a reveals the largest mean Zn–N bond length
(2.267 Å), and 28b shows the largest deviation within a sin-
gle molecule (0.23 Å). However, the most significant char-
acteristics are probably the zinc–sulfur bond lengths, which
are 2.3782(7) Å for 28a and 2.405(2) and 2.435(2) Å for 28b,
respectively. These are extraordinarily long Zn–S bonds
compared to the average bond length of 2.29 Å for terminal
zinc thiolates listed in the Cambridge Structural Datab-
ase.[1] This makes complexes 28 somewhat equivalent to the
zinc tetrathiolate anion [Zn(SPh)4]2–, which has a Zn–SPh
bond length of 2.36 Å,[42,43] and accentuates their excep-
tional structural properties.

Comparative Considerations

Figure 9 shows that the Zn–S bond lengths depend on
the number or the nature of the nitrogen donor sites in only
a loose way. It is much more obvious that there is a certain
correlation with the ring size: as it increases from 11 to 13
atoms, the Zn–S bond lengths increase from approx. 2.23
to 2.29 Å. The Zn–S bonds in complexes with 14-membered
or larger rings (compounds 23 to 27) seem to scatter around
a “standard” length of approx. 2.3 Å, which is close to the
average zinc thiolate linkage of 2.29 Å as mentioned above.
The fact that compounds 28 are much less stable than the
other complexes is reflected in their extremely long Zn–S
bonds.

In contrast to the previous case, it is not the ring size of
the macrocyclic ligand but rather the number of nitrogen
donors that seems to have the pivotal influence on the
average Zn–N bond lengths. The plot depicted in Figure 10
reveals three distinct groups of compounds, corresponding
to the number of nitrogen atoms involved. Their secondary
or tertiary nature does not contribute to a Zn–N bond
length alteration in a noticeable way. As far as can be
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Figure 9. Zn–S bond lengths [Å] (mean value for 28b).

Figure 10. Average Zn–N bond lengths [Å].
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judged from this incomplete data (four structures are miss-
ing), the type of thiolate has no significant influence either.

NMR Spectra

The 1H NMR spectra generally show only nonspecific
multiplets and broadened peaks for the hydrogen atoms at-
tached to the macrocycle. This is very likely caused by dy-
namic effects. Measurements of gradually diluted solutions
with concentrations ranging from 0.1 to 4 m yield unal-
tered spectra. This allows the conclusion that there is no
distinct contribution of intermolecular interactions. Only
the benzyl methylene, the tolyl methyl groups, and the aro-
matic hydrogen atoms exhibit the usual line shape. How-
ever, their shifts show only very little dependence on macro-
cycle substitution. Nevertheless, these signals are suitable
for reaction monitoring.

The 13C NMR spectra are resolved much better, even
though they sometimes exhibit considerably increased line-
widths for the methylene carbon atoms of the macrocyclic
ligands. For all complexes but 26, the number of detected
methylene peaks is smaller than the number of methylene
carbon atoms of the macrocycle and correlates directly with
the valence symmetry of the macrocyclic ligand. This allows
the conclusion that either the complexes adopt a symmetri-
cal structure in solution or the dynamic conformational
changes proceed quickly enough to override the asymmetry
of the macrocycle that originates in the conformation en-
forced by the metal coordination. Nevertheless, compounds
19, 20b, 22, 23a, 25b, and 26 exhibit additional signals of
small intensities for the carbon atoms of the macrocycle.
This indicates the presence of at least one additional isomer.
In case of the more rigid systems 19, 20b, and 22 it is pos-
sible that conformational changes in the bridging ethylene
and propylene units require comparably high energy barri-
ers and hence are slow on the NMR timescale, thus al-
lowing the detection of the conformers as separate signal
sets. Another possible interconversion between species in
solution is the configuration inversion of a chiral nitrogen
atom. This seems to hold for 23a, 26, and particularly for
25b (see discussion of structures above).

Mass Spectra

Mass spectra, recorded in ESI mode with a mixture of
MeOH and MeCN as solvents, provide valuable infor-
mation on the stability of the Zn–S bond. The weaker the
thiolate is bound, the more species are detected with the
monodentate thiolate ligand being replaced by HO–, MeO–,
or MeCN, or simply without the ligand. Thus, the intensity
of these signals as compared to the molecular peak
[Zn(Ln)(SR)]+ may be considered as an indicator of com-
plex stability.

According to this approach, the mass spectra reveal the
complexes containing small macrocyclic ligands to be the
most stable. All complexes with rings of up to 12 atoms
(17–21) show none or only small amounts (up to 10% in-
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tensity) of the mentioned degradation products. For the
compounds with 13- to 16-membered rings (28 not consid-
ered), the peak intensities of the solvent complexes increase
with the ring size, reaching a maximum for compounds 27.
In addition, the aromatic thiolate yields complexes of con-
siderably higher stability than phenylmethanethiolate. This
agrees with the observations made during the preparation
of 27a and 28a. The “overcrowded” complexes 28 are the
least stable ones. In the case of the phenylmethanethiolate
complex 28a, the molecular peak could not even be de-
tected. In no case was any evidence for a dissociation of the
macrocycle from the zinc center found.

Conclusions
Azamacrocycles have been found to be suitable ligands

to obtain stable, soluble thiolate complexes of ZnII. In re-
trospect, this cannot be taken as a matter of course. The
fact that only certain ring sizes and thiolates yield the de-
sired complexes illustrates how sensitive these systems are
to steric and electronic influences. (It is worth mentioning
that substituted arene- and phenylmethanethiolates are gen-
erally suitable for these syntheses, as some additional ex-
periments have shown. However, a more detailed investiga-
tion of the issue has not been performed because we did
not expect it to provide any fundamentally enhanced insight
into the matter.) It is surprising that the crystal lattices of
all complexes comprise only monomeric structures. We as-
sume that the steric demand of the benzyl and aryl residues
of the thiolate ligands is a substantial factor behind this
behavior. Less sterically hindered thiolates such as MeS–

would presumably promote the formation of dimers or
oligomers. However, this will probably remain speculation
because these compounds are elusive and our efforts to de-
velop alternative synthetic routes were not successful.

The main advantage of this class of complexes is its
structural diversity. A large number of thiolate–zinc link-
ages that differ in length, stability, and bond order can be
studied. With the exception of 28, their solubility in non-
and semipolar organic solvents allows the investigation of
reactions under conditions that resemble the hydrophobic
cavities of enzyme proteins. In addition, there are two char-
acteristics that make them ideally suited for studies combin-
ing experimental work and computational methods. First,
their molecular structure data are, except for a few exam-
ples, available with high accuracy. Second, they contain a
comparably small number of non-hydrogen atoms. Thus,
quantum mechanical calculations of these compounds can
actually be performed at sufficiently high levels of theory
to gain insight into reaction mechanisms. Finally, their easy
accessibility, long-term stability, and the variety of charac-
terized compounds renders this class of complexes useful
for biomimetic studies wherever zinc thiolates are involved.

Experimental Section
Materials and Methods: All reagents used were of analytical purity.
Solvents were not dried prior to use, except where indicated. NMR
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spectra were recorded using a Bruker AC 250 spectrometer at a
temperature of 30 °C. IR spectra were recorded from the neat sub-
stances using a Nicolet Avatar 320 FT-IR spectrometer. Elemental
analyses were performed using a Heraeus Vario EL III system.
Melting points were determined with a Büchi Melting Point B 545
apparatus and are uncorrected. Mass spectra were recorded using
a Finnigan MAT SSQ 710 or a Finnigan MAT 900XL TRAP.

Preparation of the Azamacrocycles: The preparation essentially fol-
lowed a published procedure.[30] Small alterations were made to the
reaction conditions of the cyclization (2–3 h at 125 °C) and the
workup procedure of the deprotected amine. The preparation of 8-
methyl-[11]aneN3 (4) serves as an example.

Preparation of 8-Methyl-1,4,8-triazacycloundecane (8-Methyl-
[11]aneN3) (4): A solution of the disodium salt[30] of N,N-bis[3-(p-

Table 1. Analytical data for compounds 17–28.

Complex Composition calcd. [%] Complex Composition found [%] Yield M.p.[a]

C H Cl N S C H Cl N S [%] [°C]

17 40.46 5.98 7.96 9.44 7.20 17a 40.47 6.24 8.00 9.48 6.95 37 228–230
17b 40.31 5.86 7.82 9.36 6.72 53 310 d

18, 19 41.84 6.14 7.72 9.15 6.98 18a 41.78 6.19 7.94 9.09 6.55 53 162–164
18b 41.77 6.16 7.99 9.09 6.53 21 228–229
19a 41.67 6.17 7.83 9.02 6.50 46 187–190
19b 41.75 6.05 7.54 9.07 6.61 65 309 d

20 43.39 6.39 7.49 8.87 6.77 20a 43.03 6.45 7.30 8.82 6.51 53 158–160
20b 43.00 6.33 7.69 8.78 6.32 49 218–220

21 39.41 5.91 7.70 12.17 6.97 21a 39.01 5.88 7.54 12.10 6.44 35 253–256
21b 39.05 6.98 7.41 12.16 6.66 73 310d

22 40.52 6.16 7.47 11.81 6.76 22a 40.36 6.25 7.50 11.82 6.28 31 216–218
22b 40.41 6.23 7.51 11.90 6.45 50 292 d

23, 24 41.81 6.4 7.26 11.47 6.57 23a 41.66 6.32 7.01 11.49 6.17 61 204–206
23b 41.66 6.36 6.99 11.39 6.22 79 276 d
24a 41.80 6.16 7.05 11.49 6.40 60 221–223
24b 41.64 6.47 7.01 11.33 6.09 67 275 d

25, 26 43.03 6.62 7.06 11.15 6.38 25a 42.88 6.58 6.88 11.14 6.04 41 211–213
25b 42.90 6.77 6.96 11.24 6.09 56 230–232
26a 42.95 7.19 7.40 11.15 6.12 38 193–195
26b 42.67 6.73 6.77 11.15 5.75 47 272 d

27a 43.80 7.17 6.46 10.21 5.85 27a 43.58 7.22 6.58 10.21 5.60 60 173–175
27b 44.19 6.83 6.86 10.84 6.21 27b 44.07 6.98 6.96 10.85 6.10 54 270 d
28 40.56 6.41 7.04 13.91 6.37 28a 40.21 6.31 7.36 13.97 6.00 20 182–183

28b 40.48 6.53 7.25 13.92 6.06 66 248 d

[a] d: decomposition.

Table 2. Spectroscopic data for compounds 17–28.

Complex MS [m/z (%)][a] IR [cm–1][b] Complex MS [m/z (%)][a] IR [cm–1][b]

17a 344 (100) 3271 23a 387 (100), 281 (94) 3272, 3259
17b 344 (100) 3246 23b 387 (100), 281 (35) 3270, 3259
18a 358 (100) 3268 24a 387 (100), 281 (64) 3309, 3268
18b 358 (100) 3261 24b 387 (100), 281 (34) 3305, 3248
19a 358 (100) 3254 25a 401 (100), 295 (46) 3346, 3308, 3239
19b 358 (100) 3259 25b 401 (100), 295 (54) 3293, 3246
20a 372 (100) 3256 26a 401[c] (75), 295 (100) 3286, 3266, 3251
20b 372 (100) 3252 26b 401 (100), 295 (63) 3275, 3244
21a 359 (100) 3292 27a 415[c] (33), 309 (100) 3249, (3199, O–H)
21b 359 (100) 3301 27b 415 (100), 309 (87) 3274, 3226
22a 373 (100), 267 (20) 3306, 3288, 3276 28a 278 (100),[d] 139 (46) 3353, 3338, 3278
22b 373 (100), 267 (16) 3322, 3289, 3272 28b 402[c] (29), 278 (100) 3352, 3329, 3306, 3268

[a] Only the molecular peak and the peak of the main degradation product [Zn(L)(OH)]+ are given. [b] Only the data of the N–H
absorptions are denoted. [c] Molecular peak (where different from base peak). [d] No molecular peak detected.
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tolylsulfonyl)aminopropyl]methylamine[44] (88 mmol) and 1,2-
bis(p-tolylsulfonyloxy)ethane (88 mmol) in dry DMF (1.5 L) was
stirred at 140 °C for 3 h. Three-quarters of the solvent was then
distilled off in vacuo and the mixture was poured into 1 L of an
ice/water mixture. The product was filtered off, washed with plenty
of water, and recrystallized from ethanol to yield 56% of 8-methyl-
1,4-bis(p-toluenesulfonyl)-1,4,8-triazacycloundecane as a colorless
solid. M.p. 161 °C. 1H NMR (250 MHz, CDCl3): δ = 1.78 (q, J =
5.65 Hz, 4 H, CH2), 2.19 (s, 3 H, N–CH3), 2.45 (s, 6 H, Ph–CH3),
2.58 (t, J = 6.25 Hz, 4 H, CH2), 3.16 (t, J = 5.73 Hz, 4 H, CH2),
3.37 (s, 4 H, CH2), 7.30 and 7.69 (d, J = 6.56 Hz, 4 H each, Ph–
H) ppm. 13C NMR (62.9 MHz, CDCl3): δ = 21.5, 24.4, 42.4, 48.5,
50.8, 52.5, 127.5, 129.7, 134.9, 143.4 ppm. C23H33N3S2O4 (479.67):
calcd. C 57.59, H 6.39, N 8.76, S 13.37; found C 57.32, H 7.17, N
8.60, S 13.24. For detosylation, the solid was heated in concd.
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H2SO4 (100 mL) for 72 h. A saturated NaOH solution was used to
neutralize the H2SO4 until a pH of 12 was reached. The amine was
extracted with chloroform (5×100 mL), the combined extracts
were dried with Na2SO4, the solvent was evaporated, and the crude
product distilled using a kugelrohr apparatus (b.p. 100 °C,
0.1 mbar) to give 2.75 g (32%) of 4 as a colorless oil. IR: ν̃ =
3289 m (NH), 2918 s, 2833 (CH2), 2869 s, 2789 s (CH3), 1677 m,
1456 s, 1144 s, 1119 s, 1058 s, 737 s cm–1. 1H NMR (250 MHz,
CDCl3): δ = 1.48 (q, J = 5.26 Hz, 4 H, CH2–CH2–CH2), 2.09 (s, 3
H, N–CH3), 2.42 (t, J = 5.43 Hz, 4 H, MeN–CH2), 2.63 (s, 4 H,
CH2–CH2), 2.68 (t, J = 5.29 Hz, 4 H, HN–CH2) ppm. 13C NMR
(62.9 MHz, CDCl3): δ = 25.65, 41.76, 47.43, 48.13, 57.36 ppm.
C9H21N3 (171.26): calcd. C 62.74, H 12.87, N 24.39; found C 59.28,

Table 3. 1H NMR spectroscopic data for compounds 17–28 (δ [ppm], 250 MHz, 30 °C). Due to dynamic effects only unspecific multiplets
are obtained for the hydrogen atoms of the macrocyclic ligand. Thus, only the data of the protons of the thiolate ligands are given.

Complex C6H5CH2 C6H5CH2 Complex C6H5CH2 C6H5CH2

17a[a] 3.71 (s) 7.21 (t), 7.33 (t), 7.47 (d) 17b[a] 2.25 (s) 6.98 (d), 7.29 (d)
18a[a] 3.70 (s) 7.21 (t), 7.33 (t), 7.43 (d) 18b[a] 2.25 (s) 6.98 (d), 7.27 (d)
19a[a] 3.73 (s) 7.22 (t), 7.33 (t), 7.45 (d) 19b[a] 2.25 (s) 6.98 (d), 7.31 (d)
20a[a] 3.73 (s) 7.21 (t), 7.34 (t), 7.45 (d) 20b[a] 2.25 (s) 6.99 (d), 7.33 (d)
21a[a] 3.65 (s) 7.22 (t), 7.30 (t), 7.43 (d) 21b[a] 2.24 (s) 6.94 (d), 7.24 (d)
22a[a] 3.66 (s) 7.19 (t), 7.31 (t), 7.44 (d) 22b[a] 2.24 (s) 6.95 (d), 7.26 (d)
23a[b] 3.79 (s) 7.19 (t), 7.31 (t), 7.48 (d) 23b[b] 2.26 (s) 6.99 (d), 7.28 (d)
24a[b] 3.73 (s) 7.15 (t), 7.23 (t), 7.41 (d) 24b[b] 2.26 (s) 6.95 (d), 7.33 (d)
25a[b] 3.80 (s), 3.76 (s) (20%)[d] 7.17–7.33 (m), 7.40–7.48 (m) 25b[b] 2.25 (s) 6.95 (d), 7.29 (d)
26a[b] 3.81,[e] 3.85 (s) (15%)[d] 7.15–7.32 (m), 7.41–7.50 (m) 26b[b] 2.26 (s) 6.89–7.43 (m)
27a[b] 3.84 (s) 7.15 (t), 7.22 (t), 7.29 (d) 27b[b] 2.25 (s) 6.90 (d), 7.42 (d)
28a[c] 3.57 (s) 7.09 (t), 7.22 (t), 7.29 (d) 28b[c] 2.15 (s) 6.82 (d), 7.21 (d)

[a] In CD3CN. [b] In CDCl3. [c] In [D6]DMSO. [d] Multiple peaks detected, percentage of minor peak given in brackets. [e] AB spin
system, J = 14.3 Hz, ∆δ = 9.7 Hz.

Table 4. 13C NMR spectroscopic data (62.3 MHz, 30 °C) for compounds 17–28.

Complex Solvent δ [ppm]

17a CD3CN 23.5, 28.6, 45.1, 48.3, 126.0, 127.9, 128.3, 146.1
18a CD3CN 22.6, 28.6, 45.0, 48.0, 48.2, 58.4, 126.0, 127.9, 128.3, 146.0
19a[a] CD3CN 126.0, 127.9, 128.2, 146.0
20a CD3CN 23.4, 23.9, 27.1, 28.6, 45.9, 48.0, 48.8, 126.0, 127.9, 128.3, 146.0
21a CD3CN 29.0, 43.7, 125.6, 127.9, 128.0, 146.3
22a[b] CD3CN 27.2, 29.0, 43.5, 45.5, 47.7, 49.5, 125.6, 127.9, 128.0, 146.3
23a[b] CDCl3 27.9, 28.2, 30.3, 47.4, 48.7, 49.1, 51.1, 126.6, 128.5, 128.6, 145.9
24a CDCl3 28.1, 30.2, 48.2, 49.4, 50.2, 51.6, 126.4, 128.3, 128.4, 145.8
25a CDCl3 24.6, 30.7, 39.9, 47.3, 49.7, 50.1, 60.1, 126.6, 128.4, 128.5, 145.4
26a[b] CDCl3 24.8, 28.1, 28.2, 30.2, 47.0, 49.2, 50.2, 51.6, 52.0, 54.0, 54.6, 126.4, 128.1, 128.4, 145.6
27a CDCl3 27.4,[c] 30.3, 53.8,[c] 126.2, 128.1, 128.6, 145.2
28a [D6]DMSO 29.7, 45.9,[c] 125.1, 127.7, 128.2, 146.3
17b CD3CN 19.6, 23.6, 45.2, 48.2, 48.4, 129.1, 133.3, 133.4, 135.0
18b CD3CN 19.6, 22.7, 45.1, 47.8, 48.2, 58.6, 129.2, 133.3, 133.4, 134.9
19b[b] CD3CN 19.6, 24.1, 49.2, 129.2, 133.4, 133.6, 135.3
20b[b,d] CD3CN 19.6, 21.7, 24.1, 46.4, 48.0, 48.2, 57.6, 129.2, 133.5, 133.7
21b CD3CN 19.6, 43.7, 128.9, 132.5, 133.4, 137.9
22b[b] CD3CN 19.6, 27.2, 43.5, 45.4, 47.7, 49.6, 129.0, 132.6, 133.6, 138.2
23b CDCl3 20.8, 24.9, 27.8, 47.8–51.1,[c] 130.0, 133.8, 134.6, 138.2
24b CDCl3 20.8, 28.1, 48.0, 49.3, 50.2, 51.7, 129.5, 133.8, 135.0, 137.5
25b[e] CDCl3 20.8, 24.6, 39.7, 47.3, 49.6, 50.0, 60.2, 129.7, 133.9, 135.0, 137.4

24.0, 24.5, 45.1, 46.0 (2 C), 47.3, 49.0, 50.3, 51.2, 56.2, 62.6
26b[b] CDCl3 20.8, 24.8, 28.2, 47.0, 49.5, 50.5, 51.6, 52.1, 52.9, 54.0, 54.7, 129.5, 133.7, 134.8, 137.5
27b CDCl3 20.8, 27.3,[c], 53.7,[c] 129.0, 133.5, 135.1, 136.8
28b [D6]DMSO 20.4, 45.5,[c] 128.6, 130.5, 133.8, 142.2

[a] Due to dynamic effects, too many signals were detected for the ring methylene carbon atoms; therefore, only aromatic signals are
given. [b] Multiple conformers present; only signals of main component given. [c] br. [d] One aromatic signal not detected due to dynamic
processes. [e] Two components due to configuration inversion; ring ligand shifts of the second species (approx. 20%) shown in the second
line.
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H 12.19, N 22.83 (hygroscopic material; no exact determination of
sample weight possible).

Preparation of [Zn([15]aneN5)](ClO4)2 (16): [15]aneN5 (15; 1 mmol)
was added to a 0.1  solution of Zn(ClO4)2·6H2O (10 mL) in H2O.
After heating for 10 min, the mixture was cooled. A colorless pre-
cipitate separated within several hours. The crystals were filtered
off, washed twice with ethanol, and dried in vacuo to give 179 mg
of 16 (37%) as colorless crystals, m.p. 182–184 °C.
C10H25Cl2N5O8Zn (479.36): calcd. C 25.04, H 5.25, Cl 14.78, N
14.60; found C 24.95, H 5.18, Cl 14.60, N 14.65. MS: m/z (%) = 378
(100), 278 (28), 160 (18), 140 (31). 1H NMR (250 MHz, DMSO): δ
= 2.1–2.65 (m, 10 H), 2.65–3.15 (m, 10 H), 3.4–3.9 (br. m, 5 H,
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N–H) ppm. 13C NMR (62.9 MHz, DMSO): δ = 44.6, 44.8, 45.3,
46.0 ppm. IR: ν̃ = 3298 m, 2944 m, 2887 m, 1467 m, 1342 w,
1071 vs, 973 s, 945 s, 798 s, 621 vs cm–1.

Preparation of the Thiolate Complexes: The ligand (4 mmol) was
added with stirring to 40 mL of a hot 0.1  solution of Zn(ClO4)2·
6H2O in methanol. Stirring and heating were continued for an
additional 15 min. Depending on the ligand, some precipitation oc-
curred. A solution of 4 mmol of the thiol in 8 mL of 0.5  KOH
was then added dropwise, whereupon potassium perchlorate pre-
cipitated. The solution was filtered and, after a varying amount of
time, colorless crystals separated spontaneously. The precipitates
were filtered off and, if necessary, recrystallized from methanol.
All complexes revealed a 1:1:1:1 composition of zinc/macrocyclic
amine/thiolate/perchlorate, consistent with the general formula
[Zn(L)(SR)]ClO4.

Note: It is important that the precipitation starts as quickly as pos-
sible. Prolonged standing of concentrated solutions lowers the
yields and the purity of the products considerably, most likely due
to oxidation processes. Thus, it is best to induce the formation of
crystals by adding a seed crystal or by ultrasound treatment. If the
precipitation of the complex occurs instantly upon addition of the
potassium thiolate, which is not normally the case, separation from
the solid potassium perchlorate is difficult. In such cases, the syn-
thesis should be carried out using a sodium thiolate solution. The
desired complex will then be obtained in a good yield, although
without the removal of the alkali metal perchlorate.

General Properties and Solubility: All thiolate complexes 17–28
form colorless crystalline solids. Substances featuring macrocycles
with ring sizes from 14 to 16 atoms and four nitrogen atoms (i.e.
23–27) are readily soluble in chloroform. All complexes, with the
exception of 28, are soluble in acetonitrile and nitromethane, but
only partially in methanol. Compounds 28 show only low solubility
in all solvents mentioned, but are soluble in DMSO. Other data
[elemental analytical data, melting points, and yields (Table 1), IR
and mass spectroscopic data (Table 2), and 1H (Table 3) and 13C
NMR (Table 4) data] are given in the respective tables.

Crystal Structure Determination:[45] The intensity data for com-
pound 23b were collected with a Nonius CAD4 diffractometer and
for the other compounds with a Nonius KappaCCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation.
Data were corrected for Lorentz and polarization effects, but not
for absorption.[46–48] The structures were solved by direct methods
(SHELXS[49]) and refined by full-matrix least-squares techniques
against Fo

2 (SHELXL-97[50]). For all compounds except for 17b,
19a, 20a, and 21b, the hydrogen atoms of the amine groups were
located by difference Fourier synthesis and refined isotropically. All
other hydrogen atoms were included at calculated positions with
fixed thermal parameters. All non-hydrogen atoms were refined an-
isotropically.[50] The absolute structures of compounds 16, 19a, 21a,
and 28b could not be determined because they show racemic twin-
ning. XP (SIEMENS Analytical X-ray Instruments, Inc.) was used
for structure representations. The drawings in this paper were gen-
erated using PLATON.[51]
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The reaction of the η1-vinylidene complex Cp(CO)(NO)-
W=C=CH2 (5) with diazomethane, to give complex 8, as well
as with ethyl diazoacetate, to give complexes 10 and 11, is
described. The crystal structures of these complexes are re-
ported.

Introduction

In recent years we have investigated the chemistry of
tungsten and molybdenum η1-acetylide complexes 3 and
the corresponding η1-vinylidene complexes 4.[1] A broad
range of differently substituted derivatives of 3 and 4 are
prepared by the reaction of the corresponding lithium ace-
tylide 2 with the carbonyl complex 1 in THF at –30 °C,
which gives rise to the η1-acetylide 3, and by subsequent
addition of electrophiles such as dilute acids, alkylating rea-
gents like alkyltriflates, or iminium salts, which leads to the
η1-vinylidene complexes 4 (Scheme 1).

Because of the limited accessibility of propyne and also
the low solubility of Li–C�C–CH3, the corresponding
complexes 3 and 4 with R = methyl that are prepared by
this procedure have low yields. In order to avoid using pro-
pyne we have also reported the preparation of 3 and 4 by
the reaction of in situ prepared propynyllithium, generated
by dehydrobromination of 2-bromopropene, with 1 and
concomitant protonation.[2]

Scheme 1.

Owing to the high C–H acidity on the β-carbon atom of
the η1-vinylidene complexes[3] and in order to obtain com-
plex 7 in good yield, we tested the reaction of η1-vinylidene

[a] Institute of Organic Chemistry, Justus-Liebig University,
Heinrich-Buff-Ring 58, 35392 Giessen, Germany
Fax: +49-641-9934309
E-mail: junes.ipaktschi@org.chemie.uni-giessen.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1456–14591456

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complex 5 with diazomethane. Contrary to the results ob-
tained for the methylation of ruthenium η1-vinylidene com-
plexes with diazomethane,[4] we obtained the η2-allene de-
rivative 8 instead of complex 7.[5] In this paper we describe
the results of the reaction of diazomethane and ethyl diazo-
acetate with the η1-vinylidene complex 5 (Scheme 2).

Scheme 2.

Results and Discussion

The reaction of diazomethane with the η1-vinylidene
complex 5 was carried out in THF/ether at –30 °C
(Scheme 2). The progress of the reaction was followed by
IR spectroscopy, and after the starting material had disap-
peared, the solvent was evaporated and the product was



Synthesis of η2-Allene Complexes FULL PAPER

Scheme 3.

purified by chromatography on a short silica column. Com-
plex 8 was isolated in high yields as bright yellow air-stable
crystals, which are soluble in most organic solvents. On the
basis of the NMR spectroscopic data, it was found that the
compound consists of two rotamers in a ratio of 2:1. The
structure of 8 was fully characterized by spectroscopic
methods (see Exp. Sect.)[6] and by single-crystal X-ray
analysis of one of the rotamers. The variable-temperature
measurement NMR spectroscopic studies ([D6]DMSO)
show that both rotamers of 8 interconvert to one another.
The singlet for the Cp protons at δ = 6.0 and 5.9 ppm
broadens at higher temperatures and finally collapses be-
cause of the fast equilibration of both rotamers. The free
activation energy for this process, calculated from the co-
alescence temperature (77 kJ·mol–1), is higher than the re-
ported energies for allene complexes such as dicarbonyl η5-
cyclopentadienyl(η2-tetramethylallene)iron.[7]

Similarly, treatment of the η1-vinylidene complex 5 at
40 °C in THF with excess ethyl diazoacetate (9) resulted in
the formation of the stereoisomers 10 and 11 in 87% yield
(Scheme 3). According to the 1H NMR spectrum, the crude
product consists of a mixture of 10 and 11 in a ratio of
1:5. Complex 10 consists of two rotamers in a ratio of 3:5
depending on the relative orientation of the NO and CO
ligands. Complexes 10 (mixture of rotamers) and 11 were
isolated by HPLC and characterized by means of elemental
analysis, spectroscopic methods (see Experimental Section),
and single-crystal X-ray analysis. The significant difference
between the structures of 10 and 11 is the relative orienta-
tion of the ester group toward the tungsten center (E or Z).
While in the minor component 10 the orientation of the
ester group and the tungsten atom is Z relative to each
other, the orientation of these groups in complex 11 is E.

Molecular Structure of Complexes 8, 10, and 11

Suitable crystals for a single-crystal X-ray diffraction
analysis of complexes 8 and 10 were grown from pentane
and crystals of 11 from an ether solution at 4 °C. The mo-
lecular structures are shown in Figure 1, Figure 2, and Fig-
ure 3, respectively, and relevant crystal data are included in
Table 1. The crystal structures of these complexes consist of
a well-spaced array of molecular units, and the intermo-
lecular contacts correspond to normal van der Waals dis-
tances and the angles are as expected. Complexes 8, 10, and
11 all display a piano-stool coordination geometry about
the metal atom. The allene ligand is bent in a manner that
is generally found in η2-allene complexes: the C1–C2–C3
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Figure 1. Molecular structure and atom-numbering scheme for
complex 8. Thermal ellipsoids are shown at the 20% probability
level. Selected bond lengths [Å] and angles [°] (with standard devia-
tions): W1–N1 1.767(10), W1–C 2.027(14), W1–C2 2.185(14), W1–
C1 2.188(14), C1–C2 1.46(2), C2–C3 1.31(2), O1–N1 1.234(13), C–
O2 1.096(18), N1–W1–C 91.3(5), N1–W1–C2 103.8(5), C–W1–C2
70.6(6), N1–W1–C1 93.1(5), C–W1–C1 108.1(6), C2–W1–C1
38.9(6), C2–C1–W1 70.4(8), C3–C2–C1 144.9(15), C3–C2–W1
144.3(14), C1–C2–W1 70.7(8), O1–N1–W1 176.1(9), O2–C–W1
177.5(16).

Figure 2. Molecular structure and atom-numbering scheme for
complex 10. Thermal ellipsoids are shown at the 20% probability
level. Selected bond lengths [Å] and angles [°] (with standard devia-
tions): W1–N1 1.795(5), W1–C 2.009(5), W1–C2 2.112(5), W1–C1
2.250(6), N1–O1 1.188(6), C–O2 1.121(6), C1–C2 1.402(7), C2–C3
1.330(7), C3–C4 1.454(7), C4–O3 1.203(6), N1–W1–C 90.7(2), N1–
W1–C2 90.0(2), C–W1–C2 108.9(2), N1–W1–C1 102.2(2), C–W1–
C1 73.6(2), C2–W1–C1 37.3(2), O1–N1–W1 176.7(5), O2–C–W1
179.4(5), C2–C1–W1 66.0(3), C3–C2–C1 139.7(5), C3–C2–W1
143.0(4), C1–C2–W1 76.7(3), C2–C3–C4 124.2(5).
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angle is 144.9(15)° in complex 8, 139.7(5)° in complex 10,
and 142.1(6)° in complex 11.[8] The length of the coordi-
nated double bond in 8 [C1=C2, 1.46(2) Å] is significantly
longer than that of the uncoordinated bond [C2=C3,

Figure 3. Molecular structure and atom-numbering scheme for
complex 11. Thermal ellipsoids are shown at the 20% probability
level. Selected bond lengths [Å] and angles [°] (with standard devia-
tions): W1–N1 1.783(5), W1–C 1.964(7), W1–C2 2.175(5), W1–C1
2.220(6), C1–C2 1.393(8), C2–C3 1.314(8), C3–C4 1.478(9), N1–
O1 1.212(6), N1–W1–C 92.6(3), N1–W1–C2 99.5(2), C–W1–C2
74.9(3), N1–W1–C1 92.0(2), C–W1–C1 111.4(3), C2–W1–C1
37.0(2), C2–C1–W1 69.8(3), C3–C2–C1 142.1(6), C3–C2–W1
144.5(5), C1–C2–W1 73.3(3), C2–C3–C4 122.4(7), O1–N1–W1
173.8(4), O2–C–W1 178.1(7).

Table 1. Crystal data and structure refinements of 8, 10, and 11.

8 10 11

Formula C9H9NO2W C12H13NO4W C12H13NO4W
Mr [g·mol–1] 347.02 419.08 419.08
Color and habit yellow
Crystal system monoclinic
Space group P21/n P21/a P21/n
a [Å] 7.3511(7) 6.7864(5) 11.1820(13)
b [Å] 6.1294(6) 21.0383(18) 10.6952(12)
c [Å] 21.249(3) 9.2890(8) 11.6848(12)
β [°] 97.683(13) 97.671(10) 111.296(12)
V [Å3] 948.8517 1314.36(19) 1302.0(2)
Z 2 4 4
ρcalcd. [g·cm–3] 2.429 2.118 2.138
Linear absorption coefficient [cm–1] 121.38 8.794 8.877
Diffractometer Stoe IPDS
Radiation Mo-Kα (λ = 0.71069 Å)
Monochromator graphite
Scan range [°] 4.29 � θ � 25.90 2.21 � θ � 25.97 2.67 � θ � 27.50

–8 � h � 8 –8 � h � 8 –14 � h � 14
–7 � k � 7 –25 � k � 25 –13 � k � 13
–25 � l � 26 –11 � l � 11 –15 � l � 14

Reflections collected 6223 9598 11083
Rint 0.0210 0.0524 0.0396
Independent reflections 1712 2388 2976
Applied corrections Lorentz and polarization coefficients
Structure determination and refine- W positional parameters from Patterson synthesis (program SHELXS-86)[a]

ment
Data/restraints/parameters 1712/0/119 2388/0/163 2976/ 0/163
Goodness-of-fit on F2 1.356 1.029 1.076
Final R indices [I � 2σ(I)] R1 = 0.0343 R1 = 0.0235 R1 = 0.0303

wR2 = 0.0999 wR2 = 0.0625 wR2 = 0.0729
R indices (all data) R1 = 0.0385 R1 = 0300 R1 = 0.0353

wR2 = 0.1234 wR2 = 0.0652 wR2 = 0.0747

[a] G. M. Sheldrick, SHELXS-86; Program for the Solution of Crystal Structures, University of Göttingen, 1986); further atoms from F-
synthesis (program SHELXL-93: G. M. Sheldrick, SHELXL-93; Program for Crystal Structure Refinement, University of Göttingen,
1993); structure refinement by the anisotropic full-matrix least-squares procedure for all non-hydrogen atoms. Atomic scattering factors
from: Int. Tables for Crystallography, vol. C (Ed.: A. J. C. Wilson), Kluwer Academic Publishers, Dordrecht, 1992.
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1.330(7) Å]. However, relative to the C1–C2 bond in 8, the
coordinated double bonds in complexes 10 and 11 are
slightly shorter: 1.402(7) Å in 10 and 1.393(8) Å in 11. The
length of the C4–O3 bond of the acyl function falls into the
expected average value range for an α-β unsaturated ketone:
1.203(6) Å in 10 and 1.215(0) Å in 11.[9] The distance from
the metal to the central carbon atom of the allene ligand
(W–C2) is slightly shorter than the distance from the metal
to the terminal carbon atom (W–C1). This difference is
0.138 Å in complex 11 and 0.45 Å in 10.[10] The overlap
between a filled d orbital on the metal and both of the
unoccupied orthogonal π* orbitals of the central carbon
atom contribute to this difference.[11] However, this interac-
tion seems to be unpronounced in complex 8.

Experimental Section
General Considerations: All reactions were carried out under an
argon atmosphere (99.99%, by Messer-Griesheim). Solvents were
purified by standard methods and distilled under argon prior to
use. Literature methods were used to prepare [(η5C5H5)(CO)(NO)
W=C=CH2] (5),[12] CH2N2,[13] and N2CHCO2CH3

[14]. All other
compounds were commercially available. NMR spectra were ob-
tained with Bruker AM 400 and AC 200 spectrometers. Proton and
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carbon chemical shifts were referenced to tetramethylsilane. MS
measurements (70 eV) were performed with a Varian MAT 311-A.
IR spectra were recorded with a Bruker FT-IR IFS 85. Microanaly-
ses were done on a Carlo–Erba 1104 elemental analyzer.

Preparation of [(η5-C5H5)(CO)(NO)W(η2-H2C=C=CH2)] (8): A
solution of CH2N2 (0.14 , 230 mL) in diethyl ether (33.3 mmol)
was slowly added to a solution of 5 (990 mg, 3.3 mmol) in THF
(10 mL) at –30 °C, and the progress of the reaction was monitored
by IR Spectroscopy. After 6 h, the solvent was removed under vac-
uum, and the crude product was purified by chromatography on
silica gel with a pentane/ether mixture (1:1). The yellow compound
was recrystallized from an ether/pentane solution to give 700 mg
of complex 8 (61% yield), which consists of two isomers with a
diasteriomeric ratio of 2:1, determined from 1H NMR spectro-
scopic data. C9H9O2NW (347.01): calcd. C 31.15, H 2.61, N 4.04;
found: C 31.52, H 2.28, N 3.89. 1H NMR (400 MHz, CDCl3): δ =
6.91 and 6.86 (t, 4JH,H = 3.5 Hz for both rotamers, 1 H, C3) and
6.09 and 5.81 (t, 4JH,H = 3.5 Hz for both rotamers, 1 H, C3), 5.71
and 5.66 (Cp), 1.86 and 2.19 and 1.77 (the major component: t,
4JH,H = 3.5 Hz; the minor component: two dt, 2JH,H = 11 Hz, 4JH,H

= 3.5 Hz, 2 H, C1) ppm.13C NMR (100 MHz, CDCl3): δ = 213.7
and 215.0 (CO), 161.3 and 160.2 (C2), 110.3 and 107.1 (C3), 95.9
and 95.5 (Cp), 7.2 and –4.1 (C1) ppm. IR (KBr): ν̃ = 1988 (C�O),
1599 (N�O) cm–1.

Preparation of (E/Z)-{(η5-C5H5)(CO)(NO)W[η2(2,3)-H2C=C=CH-
C(O)OCH2CH3]} (10 and 11): A solution of ethyl diazoacetate
(464 mg, 4 mmol) in THF (10 mL) was added to a solution of the
vinylidene complex 5 (1 mmol, 333 mg) in THF (10 mL) at a rate
of 1 ml per hour at 45 °C. The reaction mixture was monitored by
IR Spectroscopy, and the reaction reached completion after 12 h.
The solvent was removed under vacuum. The crude product was
redissolved in pentane and purified by chromatography on a silica
column. The yellow band was eluted with CH2Cl2/pentane (1:2),
which resulted in 182 mg of a mixture of two stereoisomers 11 and
10 (87% yield), in a ratio of 5:1. The isomers were separated by
HPLC, with TBME/hexane as the eluent mixture on a Diol-Phase.
C12H13O4NW (405.07): calcd. C 34.39, H 3.13, N 3.34; found C
34.34, H 3.15, N 3.31.

(Z)-{(η5-C5H5)(CO)(NO)W[η2(2,3)-H2C=C=CHC(O)OCH2CH3]}
(10): 1H NMR (400 MHz, CDCl3): δ = 7.43 (t, X part of an ABX
spin system, 1 H, C3), 5.80 (s, 5 H, Cp), 4.24 (m, 2 H, C5); 2.07
(dd, 2JH,H = 12.1, 4JH,H = 2.7 Hz, B part of the ABX system, 1 H,
C1), 1.77 (dd, 2JH,H = 12.1 Hz, 4JH,H = 3.2 Hz, A part of the ABX
system, 1 H, C1), 1.33 (t, 3 H, C6) ppm. 13C NMR (100 MHz,
CDCl3): δ = 212.9 (CO), 180.0 (C4), 167.8 (C2), 117.0 (C3), 96.7
(Cp), 59.6 (C5), 14.5 (C6), 3.9 (C1) ppm. IR (KBr): ν̃ = 2030 (W–
C�O), 1703 (C=O ester), 1625 and 1671 (N�O) cm–1.

(E)-{(η5-C5H5)(CO)(NO)W[η2(2,3)-H2C=C=CHC(O)OCH2CH3]}
(11): The major component was recrystallized from an ether/pen-
tane solution and consisted of two rotamers in a ratio of 3:5. 1H
NMR (400 MHz, CDCl3): δ = 6.67 and 6.47 (t, 4JH,H = 3.0 Hz,
4JH,H = 3.6 Hz, C3, X part of ABX spin-system, 1 H), 5.72 and
5.70 (s, 5 H, Cp), 4.24 (m, 2 H, C4); 2.58 and 2.29, (dd, AB part,
2JH,H = 12.8 Hz, 4JH,H = 3.0 Hz, 1 H, C1 with the first order
approximation), 2.24 and 2.17 (dd, 2JH,H = 12.8 Hz, 4JH,H =
3.0 Hz, 1 H, C1 with the first order approximation), 1.31 (t, 3JH,H

= 6.9 Hz, 3 H, C6) ppm. 13C NMR (100 MHz, CDCl3): δ = 213.0
and 210.8 (CO), 179.1 and 176.4 (C4), 165.9 and 164.9 (C2), 118.9
and 115.7 (C3), 96.0 and 95.6 (Cp), 60.2 and 60.6 (C5), 14.4 and
14.3 (C6), 10.4 and –0.2 (C1) ppm. IR (KBr): ν̃ = 2006 (W–C�O),
1717 (C=O ester), 1681 and 1598 (N�O) cm–1.
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CCDC-288085 to -288087 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The preparation of Mn-containing β-tricalcium phosphate (β-
TCP) samples was achieved in two ways: a) transformation
of precipitated Mn-containing calcium hydroxyapatite (HA)
to β-TCP by heating at 1100 °C, and b) preparation by solid-
state reaction of a mixture of CaCO3, (NH4)2HPO4, and
Mn(NO3)2 at 1100 °C. Powder X-ray diffraction (XRD) analy-
ses of the samples, obtained by both methods, show well-
defined patterns with structural data of the rhombohedral
R3c, β-TCP phase. The calculated lattice constants are
smaller than those known for β-Ca3(PO4)2 because of substi-
tution of Ca2+ by Mn2+. EPR spectroscopy indeed reveals that
manganese is divalent in the samples. Apparently, the Ca(5)

Introduction

Calcium hydroxyapatite (HA), the main constituent of
bones and teeth, is biocompatible and widely used in den-
tistry and orthopedics to repair bone defects and substitu-
tion, and as coating material for metallic implants. β-Trical-
cium phosphate is also known as a biocompatible material
and is found in many cases to be advantageous as compared
with HA.[1–3] It is also used as a host when doped with Mg,
Zn, and Cd ions.[4,5]

In previous work,[6] HA samples containing Mn2+ were
prepared by a precipitation method. The motivation for the
addition of Mn2+ ions to HA was due to the fact that di-
valent Mn2+ has been linked to the activation of integrins,[7]

a family of receptors that mediate cellular interactions with
extracellular matrix and cell surface ligands. In the presence
of Mn2+ ions the ligand affinity of integrin increases and
cell adhesion is promoted. High-temperature treatment of
the precipitated samples showed that samples with low car-
bonate content transform partially or completely to β-TCP.
EPR spectroscopy proved that manganese is divalent also
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site in the β-TCP structure is occupied by Mn2+. The distribu-
tion of Mn2+ between the β-TCP and the HA phase in the
case of preparation (b) was studied by EPR spectroscopy, and
a pronounced preference for the former lattice was found.
Micron- and submicron-sized crystals with visible faces were
observed by TEM in the case of β-TCP prepared by solid-
state reaction, and large micron-sized, droplike-shaped crys-
tals, sensitive to beam radiation, were found in the case of
samples prepared by heating HA at elevated temperatures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

in the heated samples and is found to partly occupy Ca2+

sites in the β-TCP structure.[6] In further work,[8] human
osteoblasts were cultured on the surfaces of Mn-doped HA
thin films deposited on etched Ti substrates. Biological tests
demonstrated that the Mn-doped HA coatings favor osteo-
blasts proliferation, activation of their metabolism, and dif-
ferentiation.

The aim of the present work was to prepare Mn-doped
β-TCP samples and to determine the Mn2+/Ca2+ miscibility
limit. Two preparation methods were applied: a) transfor-
mation of Mn-containing HA to β-TCP, and b) preparation
of β-TCP by high-temperature solid-state reaction of stoi-
chiometric mixtures of CaCO3, (NH4)2HPO4, and
Mn(NO3)2.

Results

β-TCP Prepared by Heating Precipitated HAMn

HAMn samples were prepared with a broad range of Mn
content (0.1–4.0%). In Table 1, Mn content and Ca/P molar
ratios of the samples are listed. The Ca/P values of the orig-
inal HAMn samples were always lower than 1.67, indicating
nonstoichiometric HA, and these values decreased with in-
creased Mn content. The powder XRD patterns of the pre-
cipitated HAMn samples had reflections solely of the hex-
agonal apatite structure. The XRD patterns of the samples
after heating to 400 °C showed no change in their crystal
structure. At 600 °C the XRD patterns already contained
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Table 1. β-Tricalcium phosphate phases obtained by heating HAMn samples to 800–1000 °C. Lattice constants and unit cell volumes,
Mn content, Ca/P molar ratios (in the initial HA phase), and estimated rates of transformation to β-TCP.

Sample Mn (1)[a] Lattice constants [Å] Lattice volume Ca/P Transformation
molar content a c [Å3] molar ratios to β-TCP [%]

Ca3(PO4)2 – 10.43 37.38 3522 1.50 –
HAMn28 0.030 10.42 37.37 3510 1.54 65
HAMn5b 0.035 10.42 37.35 3510 1.49 85
HAMn147 0.070 10.41 37.33 3505 1.48 65
HAMn142 0.105 10.40 37.29 3494 1.48 70
HAMn145 0.117 10.39 37.25 3482 1.51 75
HAMn146 0.130 10.39 37.20 3478 1.45 75
HAMn149 0.150 10.39 37.24 3483 1.41 75
HAMn158 0.165 10.30 37.29 3473 1.41 75

[a] (1) in β-TCP, if complete transformation would occur.

reflections of two crystal phases: reflections of the original
hexagonal HA phase[9] and reflections of the rhombohedric
β-TCP.[10] In the 800–1000 °C region, most of the HA
(around 75%) transformed to β-TCP. The degree of trans-
formation of HA to β-TCP was roughly estimated by the
relative peak heights of the strongest HA (211) and β-TCP
(0.2.10) reflections. These findings suggest that the hexago-
nal apatite structure of the nonstoichiometric HA samples
is stable even at very low Ca/P ratios and transforms to the
rhombohedral structure only on heating. The structural
data of the rhombohedral phases are listed in Table 1.

β-TCP Prepared by Solid-State Reaction

Samples with a general composition of Ca3–xMnx(PO4)2

were prepared with different x values in the range of 0.1–
1.0 in intervals of 0.1 and appear in Table 2. The XRD pat-
terns of the obtained samples revealed that these samples
crystallize in the R3c rhombohedral structure characteristic
of β-TCP. No reflections of a different impurity phase were
present up to the composition Ca2.4Mn0.6(PO4)2. Above
this composition the XRD pattern contained peaks of a
second unknown crystal phase. Apparently, about 20 mol-%
of Mn2+ can be substituted for Ca2+ in β-TCP.

Table 2. Structural data of β-Ca3–xMnx(PO4)2 solid solutions ob-
tained by solid-state reaction.

Lattice constants Lattice volume Composition Samples
[Å] [Å3]
c a

37.38 10.431 3522 Ca3(PO4)2 TCP
37.37 10.424 3517 Ca2.9Mn0.1(PO4)2 TCPMn1
37.32 10.404 3498 Ca2.8Mn0.2 (PO4)2 TCPMn2
37.32 10.376 3480 Ca2.7Mn0.3(PO4)2 TCPMn3
37.31 10.395 3491 Ca2.6Mn0.4 (PO4)2 TCPMn4
37.26 10.366 3465 Ca2.5Mn0.5(PO4)2 TCPMn5
37.22 10.351 3453 Ca2.4Mn0.6(PO4)2 TCPMn6

All samples listed in Table 1 and Table 2 were pink at
high Mn concentrations and were white at low Mn concen-
trations. This is in agreement with a +2 oxidation state and
hence with the presence of only very weak Laporte- and
spin-forbidden transitions in the d-d spectrum of the visible
region.
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EPR Analysis

Our previously published EPR spectroscopic data
showed that precipitated HAMn[6] contains MnII in the cu-
bic or nearly cubic environment of an impurity phase, pre-
sumably MnCO3 or Mn(OH)2. The EPR spectra in Fig-
ure 1 show the characteristic six-line hyperfine structure
with A � 90 G (� 0.0085 cm–1) at Q-band frequency, with-
out any indication of a zero-field splitting also in the X-
band, thus excluding the presence of Mn2+ in Ca2+ posi-
tions. On heating to 600 and 800 °C the samples behaved
differently, depending on their carbonate content: carbon-
ate-rich (CR) samples retained the apatite structure, while
carbonate-poor (CP) samples transformed partly or fully to
the β-TCP type.

The Q-band spectrum of Mn2+-doped β-TCP prepared
by high-temperature solid-state reaction is shown, together
with a simulated spectrum with a zero-field splitting of D =
0.047 cm–1 (500 G), in Figure 2 (bottom). Besides the partly
resolved central signal, whose hyperfine splitting is not ac-
counted for in the simulation (A = 0), the agreement is fairly
good, suggesting that the chosen D-parameter is near to
the one of the experimental spectrum. Inspecting the crystal
structure of β-TCP[11] with its five different Ca positions, it
is most likely that Mn2+ is substituted into the Ca(5) site.
The coordination number (CN) is six, the polyhedron ge-
ometry is a slightly hexagonally distorted octahedron with
C3 point symmetry, and Ca–O bond lengths of 2.263(25) Å
are much shorter than the average distances in the other
polyhedra with CNs between seven and nine (�2.4 Å). The
reported Ca(5)–O bond lengths are surprisingly even
smaller than those in CaO (2.40 Å) and rather close to
those in MnO (2.22 Å),[13] which both crystallize in the
NaCl type. Because the symmetry of the Ca(5)O6 polyhe-
dron is axial, a vanishing (orthorhombic) E-parameter is
indeed expected in the case of isomorphous substitution of
Ca2+ by Mn2+. Figure 2 (top) shows, in small size, the spec-
trum of a CP sample with β-TCP structure as well, but
obtained from solution by subsequent heating to 800 °C. It
is identical with the bottom spectrum, though less resolved
because of a poorer sample crystallinity. It can be con-
cluded, therefore, that Mn is present as MnII in a Ca2+ posi-
tion of the β-TCP host. The X-band measurement on the
same two samples confirms this result (Figure 3). The spec-
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Figure 1. Typical Q- (33.93 GHz) and X-band (9.26 GHz) spectra
of precipitated calcium hydroxyapatites in the presence of Mn
(298 K).

tra are identical, but again with a partly resolved hyperfine
structure in the case of the sample obtained by solid-state
reaction.

The Q-band EPR spectra (Figure 4) of heated Mn-doped
CR samples have a completely different appearance from
the one in Figure 2 (top). Each hyperfine line in the central
part of these spectra undergoes an increasingly pronounced
splitting when raising the temperature; this is obviously
mainly caused by better resolution due to an improved sam-
ple crystallinity at higher heating temperatures. It corre-
sponds to a tiny zero-field D-parameter of about 0.002 cm–1

(� 20 G). It is distinctly smaller than A and by far too small
to indicate substitution into a Ca2+ site in the lattice. The
solids turned blue after heating above 400 °C. Very weak
features between 8000 and 17000 G (not shown here) and
the well-resolved half-field signal (Figure 4, inset) are in-
dicative of this color effect, caused by the formation of MnV

in the tetrahedral PV position of the apatite host, as was
substantiated by optical spectroscopy.[6] A rough assign-
ment of the latter resonances is possible with the param-
eters D � 0.40 cm–1, E � 0.05 cm–1, and a g-factor of ca.
1.96, values which are near to those of MnV-doped Sr5(PO4)3-
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Figure 2. EPR Q-band spectra (34.0 GHz) of Mn2+-doped β-TCP
obtained by solid-state reaction (TCPMn1; 126 K, bottom) and
from solution after subsequent heating to 800 °C with nearly com-
plete transformation to β-TCP (298 K, top), as compared with a
simulated spectrum with D = 0.047 cm–1, A = 0 (adopted from
ref.[12]). The transition parallel (z) and perpendicular (x = y) to the
preferred axial direction are indicated.

Figure 3. X-band spectra (9.22 GHz; 298 K) of Mn2+-doped β-
TCP by solid-state reaction (TCPMn1; bottom) and of a CP sam-
ple from solution after subsequent heating to 800 °C (top).

Cl.[14] The obvious reason that Mn2+ is not substituted into
the Ca2+ site of the apatite lattice, even after heating to
800 °C, is the weak tendency to occupy Ca2+ positions of
CNs seven and nine in this structure, at least at moderate
heating temperatures. Apparently, the preference of Mn2+

to enter a Ca2+ position in the two alternative host lattices
is much stronger in the case of β-TCP and is supported by
ionic size considerations.
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Figure 4. Q-band spectra (34.0 GHz; 298 K) of a CR sample from
solution in the presence of Mn, when subsequently heated to
400 °C (top), 600 °C, and 800 °C (bottom). The (enlarged) half-
field signal (inset), is due to MnV.

Considering TCP samples with increased Mn content,
the X-band spectrum of TCPMn3 (Table 2, Figure 5) or the
very similar spectrum of sample HAMn146 after the heat
treatment at 800 °C (Table 1), still show the essential fea-
tures of TCPMn1 (Figure 3), though the increase in the
Mn2+ concentration has partly narrowed the signal, as a
result of exchange interactions between the d5 cations in the
lattice. However, a striking feature is that a further increase
in the Mn concentration far beyond the one which corre-
sponds to the full occupation of the Ca(5) site (Mn0.286),
completely removes the features characterizing the zero-
field splitting (TCPMn6 in Figure 5). This result might be
the consequence of the substitution of further Ca2+ sites in
such a way that neighbored polyhedra to Mn(5)O6 (which
lie isolated in the lattice) with common oxygen ligand atoms
are involved, inducing intense exchange narrowing in the
EPR spectra.
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Figure 5. X-band spectra (9.11 GHz; 298 K) of solids TCPMn3
(bottom; the zero-field splitting is marked, see Figure 3) and
TCPMn6 (top), with high Mn concentrations (Table 2).

TEM

Two β-TCP samples were analyzed by TEM methods: a
sample prepared after heating sample HAMn147, and
Ca2.7Mn0.3(PO4)2 prepared by solid-state synthesis.

The HAMn147 crystals were 3D, rounded, and droplike-
shaped (Figure 6). The smallest crystals were 100 nm in size,
but in general they were larger, up to tens of microns. The
small crystals had a polyhedral shape in most cases, while
small round crystals were also observed. The crystals were
not transparent enough to see their lattice, but several good

Figure 6. Droplike-shaped crystal of sample HAMn147 after heat-
ing to 800 °C.
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images of their lattice were still observed. The crystals were
extremely sensitive to radiation damage; holes were formed
in the crystallites. This most probably indicated that the ma-
terial was composed of nanometer-sized crystalline flakes,
which lost their mutual order under the radiation but did
not disappear. Comparison of these results with the TEM
results of parent HA[6] shows that after heat treatment the
morphology changed from thin platelike polygons to 3D
crystals.

In the case of Ca2.7Mn0.3(PO4)2 two groups of crystallites
were observed: 2D polygonal flakes of crystallites of nano-
meter size (nonstable under radiation) (Figure 7) and large,
hundreds of nanometers in size, 3D crystallites which were
more stable under radiation. Good lattice images and at
least one good electron-diffraction pattern from the big
crystallites were obtained.

Figure 7. Large 3D crystal of Ca2.7Mn0.3(PO4)2.

Discussion

The aim of the present work was to prepare Mn-doped
β-TCP samples which can be considered as improved bioc-
ompatible coating materials for metallic implants. The re-
sults of this study reveal that these materials can be pre-
pared either by heating precipitated Mn-containing HA
samples above 600 °C, or by solid-state reaction. The low
observed Ca/P ratios for the samples with relatively high
Mn concentration (Table 1) indicate an enhanced substitu-
tion of HPO4

2– anions into the HA lattice, thus generating
Ca2+ vacancies. This might be caused by the release of H+

as the consequence of precipitation of some amorphous
MnCO3 or Mn(OH)2. Ca/P ratios even below 1.5 favor the
transformation to β-TCP in the presence of larger percent-
ages of Mn with the ability to occupy Ca2+ positions (see
Table 2).
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XRD analyses prove that the samples obtained by both
methods crystallize in the rhombohedric β-TCP structure;
the lattice constants and volumes (hexagonal setting) listed
in Table 1 and Table 2 show a slight but continuous de-
crease with the increase in Mn content. This indicates the
formation of solid solutions by partial replacement of Ca2+

by the smaller Mn2+ ions in the β-TCP lattice. In the case of
the precipitated samples, transformation of HA to β-TCP is
partial, and a mixture of HA and β-TCP is always ob-
tained; the maximum transformation, about 75%, is
reached at 800 °C. Such mixtures are actually often recom-
mended for coating purposes. In the solid-state reaction, the
product is of the rhombohedric β-TCP crystal phase only,
with maximum Mn content of the composition
Ca2.4Mn0.6(PO4)2.

The unit cell parameters of the Ca3–xMnx(PO4)2 series
indicate a discontinuity around x = 0.3, which is in well
agreement with EPR spectroscopic findings. The full occu-
pation of the Ca(5) site in the β-TCP structure would corre-
spond to x = 0.286. The rather high preparation tempera-
ture of 1000 °C apparently allows the substitution into fur-
ther sites with larger CN and bond lengths: preferably
Ca(1) with CN = 7 (� 2.4 Å) + 1 (� 3.0 Å) and/or Ca(2)
with CN = 6 (� 2.4 Å) + 2 (� 2.7 Å). These sites have
oxygen atoms with Ca(5) in common, which may well ex-
plain the mentioned discontinuity through geometric re-
arrangements between the interconnected polyhedra. EPR
spectroscopy is indicative of such interconnections as well,
where exchange narrowing along O–Mn–O bridgings oc-
curs.

Finally, one might speculate about the improvement of
biocompatibility of HA by Mn in light of these results.
Possibly, the local formation of intermediary β-TCP phases
plays a certain role in the respective mechanisms. As shown
in this contribution, the phase effect becomes very distinct
at higher concentrations of the manganese dopant.

Experimental Section

Synthesis of β-TCP from Mn-Containing HA Samples

Samples of HA with Mn (0.1–4.0%) and with carbonate (1.0–
3.0%) and without carbonate were prepared by a precipitation
method described in more detail elsewhere.[15] A phosphate solu-
tion [(NH4)2HPO4 (3.7 g) in triple distilled water (TDW) (200 mL)]
was added dropwise to a calcium solution [Ca(NO3)2·4H2O (9.47 g)
in TDW (200 mL)]. Carbonate (5.0 and 10.0 mL) was added from
a NaHCO3 stock solution (1 ). These additions were designed to
give 2.5–3.5% carbonate in the final sample. The amount of Mn
added was 0, 2.5, 5.0, 10, 15.0, 20.0, and 25.0 mL per sample from
a MnCl2 solution (0.025 ).

HA samples with Mn2+ were prepared at pH = 5.8–6.0. The pH
was maintained constant during precipitation by addition of
NaOH solution using a Mettler pH-stat automatic titrator. The
precipitation was carried out over 2 h, and following this, the temp.
was raised to the boiling point and the system was refluxed for 2 h.
The sample was then washed with TDW and dried overnight in air
at 120 °C.
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The Ca, P, and Mn contents of the samples were determined by
ICP-atomic emission spectroscopy with a precision of ±0.1, ±0.5,
and ±0.3 % for Ca, P, and Mn, respectively.

The subsequent heating, over 5 h, was carried out in porcelain cru-
cibles in an electric furnace, from 600 °C to 1000 °C in 200 °C inter-
vals.

Synthesis of β-TCP by High-Temperature Solid-State Reaction

Stoichiometric amounts of CaCO3, (NH4)2HPO4, and Mn(NO3)2

were thoroughly crushed and mixed in an agate mortar and heated
in an alumina crucible at 300 °C for 3 h, recrushed, mixed and then
heated at 1000 °C overnight. The samples with higher Mn content
had a reddish-purple color.

Characterization Methods

XRD was used for crystal phase and lattice constant determi-
nation. The X-ray diffraction analyses were made by a Philips
Automatic Diffractometer using Cu-Kα radiation. The samples
were scanned in the 2θ range of 20–55°. The lattice parameters
were calculated by a least-square computer program. Maximum
deviation of the lattice constants was ±0.003 Å.

The characterization of the samples by infrared (IR) spectroscopy
was performed by a Nicolet FTIR spectrometer. Samples (approx.
1 mg) were pressed into pellets with KBr (approx. 150 mg). The
carbonate content of the samples was estimated by IR analysis
using the extinction ratio of the carbonate (1420 cm–1) and phos-
phate (575 cm–1) bands. Carbonate is determined by this method
with an accuracy of ±5%.[16]

EPR measurements were performed at X- and Q-band frequencies
between 300 and 80 K with a Bruker ESP-300 spectrometer. UV/
Vis spectra were recorded using the powder diffuse reflection tech-
nique with a Zeiss PMQII.

Samples were also examined by TEM. For this purpose they were
ground and sonicated in ethanol. The obtained suspension was de-
posited onto a honeycomb carbon-coated grid. All of the study
was done using the transmission electron microscope Tecnai F20
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G2 (FEI Company) operated at 200 kV and equipped with STEM
HAADF detector and EDAX EDS detector.
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The formation of pentanuclear copper(II) complexes with the
mandelohydroxamic ligand was studied in solution by elec-
trospray ionization mass spectrometry (ESI-MS), absorption
spectrophotometry, circular dichroism and 1H NMR spec-
troscopy. The presence of lanthanide(III) or uranyl ions is es-
sential for the self-assembly of the 15-metallacrown-5 com-
pounds. The negative mode ESI-MS spectra of solutions con-
taining copper(II), mandelohydroxamic acid and lantha-
nide(III) ions (Ln = La, Ce, Nd, Eu, Gd, Dy, Er, Tm, Lu, Y) or
uranyl in the ratio 5:5:1 showed only the peaks that could
be unambiguously assigned to the following intact molecular
ions: {Ln(NO3)2[15-MCCuIIN(MHA)-5]2–}– and {Ln(NO3)[15-
MCCuIIN(MHA)-5]3–}–, where MHA represents doubly depro-
tonated mandelohydroxamic acid. The NMR spectra of the
pentanuclear species revealed only one set of peaks indicat-
ing a fivefold symmetry of the complex. The pentanuclear

Introduction

Hydroxamic acids, whether naturally occurring or syn-
thetic, are an important family of organic bioligands.[1] One
of the first biomedical applications of hydroxamic acids was
associated with the uptake or removal of iron from the
body.[2] In recent years it has become evident that these
weak acids possess other types of biological activities.[3–7]

Their role as potent and selective inhibitors of a range of
metalloenzymes has been of special interest to inorganic
chemists, because the biological activities of hydroxamic ac-
ids have been mainly attributed to their complexing proper-
ties toward transition-metal ions.[8] As a result, the transi-
tion-metal complexes of hydroxamic acids are frequently
used as bioinorganic model compounds to investigate the
enzymatic interactions and binding properties of these bi-
oligands.

Hydroxamic acid ligands can exhibit different possible
chelation modes, and this results in a rich variety of metal
complex structures.[9,10] By far the most common mode of
metal binding is the bidentate coordination mode through
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Fax: +32-16-327992
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complexes synthesized with the enantiomerically pure R- or
S-forms of mandelohydroxamic acid ligand, showed circular
dichroism spectra which were mirror images of each other.
The pentanuclear complex made from the racemic form of
the ligand showed no signals in the CD spectrum. The UV/
Vis titration experiments revealed that the order in which the
metal salts are added to the solution of the mandelohydrox-
amic acid ligand is crucial for the formation of metallacrown
complexes. The addition of copper(II) to the solutions con-
taining mandelohydroxamic acid and neodymium(III) in a 5:1
ratio lead to the formation of a pentanuclear complex in solu-
tion. In contrary, titration of lanthanide(III) salt to the solution
containing copper(II) and mandelohydroxamic acid did not
show any evidence for the formation of pentanuclear species.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the deprotonated hydroxamate and carbonyl oxygen atoms,
resulting in the formation of simple mononuclear com-
plexes. The introduction of secondary coordinating groups
can significantly modify the coordination behavior of hy-
droxamate ligands. For instance, aminohydroxamic acids
can coordinate to metals through (O,O) as a singly depro-
tonated hydroxamate, through (N,N) of the amino and the
deprotonated hydroxamic nitrogen, or as a (N,N)-(O,O)
bridging bis-chelating ligand. Very often, the complexation
to metal ions leads to formation of oligomeric or polymeric
complexes.[9] However, under certain conditions, the forma-
tion of metallacrowns, types of compounds which are anal-
ogous to crown ethers in both structure and function, has
been observed.[11–13] For example, a pentanuclear [12-
metallacrown-4]copper() complex is self-assembled from
solutions of copper() and β-alaninehydroxamic acid
(Scheme 1, a). Besides the β-aminohydroxamic acids several
other ligands like salicylhydroxamic acid (Scheme 1, b), 2-
aminophenylhydroxamic acid, 2-pyridylacetohydroxamic
acid and 3-naphthohydroxamic acid have also been used in
the 12-metallacrown-4 synthesis.[14] In addition to the [12-
metallacrown-4]copper() complexes, 12-metallacrown-4
complexes containing other ring metals such as manga-
nese(), manganese(), iron(), oxovanadium() and gal-
lium() have been synthesized.[15–21]
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Scheme 1. Precursor ligands used for the synthesis of metallacrown
complexes. (a) β-Alaninehydroxamic acid; (b) salicylhydroxamic
acid; (c) α-aminohydroxamic acid; (d) picolinehydroxamic acid; (e)
mandelohydroxamic acid.

In contrast to the numerous 12-metallacrown-4 struc-
tures reported so far, there are only very few examples of
ligands capable of forming planar rings of the larger 15-
metallacrown-5 structure type. Up to now, only α-aminohy-
droxamic acids and picolinehydroxamic acid (Scheme 1, c–
d) have been found to form planar 15-metallacrown-5 com-
plexes. The key property of these two ligand scaffolds is that
they are able to form two fused five-membered chelate
rings, which allows five metals and five ligands to form a
planar 15-metallacrown-5 structure.[22,23] The planar 15-
metallacrown-5 complexes formed in this way are capable
to incorporate in their central cavity cations with a larger
ionic radius and with a higher coordination number than
12-metallacrown-4 complexes. As a result, lantha-
nide()[24–28] and uranyl (UO2

2+)[23,28,29] ions have been in-
corporated in the center of a 15-metallacrown-5 ring.

The limited number of ligands that are reported to form
planar 15-metallacrown-5 complexes creates a challenge for
the predesigned synthesis of these structural motifs. The ge-
ometry of a particular ligand and its known interaction
with a metal ion should contain all the information re-
quired for the successful self-assembly of the metallacrown
compounds. Therefore, when planning the synthesis of
metallacrowns, the general choice of ligand type, ligand ge-
ometry, metal type and reaction conditions have to be con-
sidered. Although many metal complexes of hydroxamic
acids and their derivatives have been studied in detail, the
coordination chemistry of mandelohydroxamic acid
(Scheme 1, e) is virtually unexplored. A few complexes of
divalent cations have been prepared through precipitation
in aqueous solution,[30,31] and the metal-ligand stability
constants for some mononuclear complexes have been re-
ported.[32] However, no structural data are available for this
type of metal complexes.
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In this paper, we show that in the presence of copper()
and lanthanide() ions, mandelohydroxamic acid forms
stable 15-metallacrown-5 complexes in solution by self-as-
sembly. The copper() ion was chosen as the ring metal, as
it can form complexes of square-planar geometry, and be-
cause its relatively labile metal–ligand bonds should allow
the rearrangement of initially formed kinetic products into
the thermodynamically stable product. The role of lantha-
nide() and uranyl ions as central templating ions for the
self-assembly was examined, as well as conditions which are
necessary for the formation of 15-metallacrown-5 com-
plexes.

Results and Discussion

Complexation of Mandelohydroxamic Acid to Copper(II)

Mandelohydroxamic acid (MHA) was synthesized from
mandelic acid according to Scheme 2. The racemic  and
the enantiomerically pure (S)-(+) and (R)-(–) forms of the
MHA ligand were obtained depending on the stereochemis-
try of the starting material. Our intention to use mande-
lohydroxamic acid (MHA) as the ligand for the formation
of 15-metallacrown-5 complexes was based on the fact that
this ligand possesses a secondary coordinating hydroxy
group, and that bidentate coordination through this hy-
droxy group and the hydroxamate nitrogen would form
five-membered chelate rings. The additional coordination
by two oxygen atoms can lead to the formation of two five-
membered chelate rings (Scheme 3), with an angle of 108°
between the two metal atoms. This is, according to the ra-
tional design, a geometrical prerequisite for the formation
of the 15-metallacrown-5 structure.[21]

Scheme 2. Synthesis of mandelohydroxamic acid. Conditions: (i)
ethanol, H2SO4, (ii) NH2OH·HCl, KOH, methanol.

Previous studies of the mandelohydroxamic acid (MHA)
ligand have shown that in the presence of divalent metal
ions 1:1 and 2:1 complexes are formed, in which the coordi-
nation of the MHA occurs by the formation of five-mem-
bered chelates through the deprotonated hydroxamate and
carbonyl oxygen atoms.[30–32] The coordination of the hy-



T. N. Parac-Vogt et al.FULL PAPER

Scheme 3. Rationale for the formation of planar 15-metallacrown-
5 complexes.

droximato nitrogen and hydroxy oxygen to the metal ions
has not been observed.

Mixing of copper() and the enantiomerically pure R-
or S-form of MHA in aqueous solutions resulted in the
formation of a green solid after few hours of stirring. Sim-
ilar reactions occurred when methanol or ethanol were used
as solvents. The elemental analyses carried out for the pre-
cipitate isolated from methanolic or ethanolic solutions
indicated the formation of a complex with the stoichiome-
try [CuL]. However, the insolubility of this solid in all con-
ventional solvents suggests a polymeric nature of the com-
plex. Polymeric complexes of hydroxamic acids which pos-
sess a secondary coordinating group have been previously
reported.[33]

When racemic -mandelohydroxamic acid was used in-
stead of the enantiomerically pure S- or R-form, the equi-
molar mixture of Cu(OAc)2 and MHA in methanol or etha-
nol remained clear during the course of several weeks. The
UV/Vis spectrum of the green solution exhibits an absorp-
tion maximum at 650 nm, which is equal to the values ob-
served in [Cu(acetohydroxamate)2] (λmax = 653 nm)[34] and
other copper() complexes with deprotonated hydroxamate
and carbonyl oxygen donors.[35] The ESI-MS spectra did
not show any evidence for the presence of metallacrown
species, so it is likely that the complex formed in solution
is the mononuclear Cu(MHA)2 complex in which the coor-
dination to copper() occurs by the deprotonated hydroxa-
mate and carbonyl oxygen donors. This finding is in sharp
contrast to the analogous reaction between α-aminohy-
droxamic acids and copper(), in which exclusively the
[Cu5(α-aha)4]2+ (aha = aminohydroxamic acid) 12-metalla-
crown-4 complex is formed in solution.[12] In that metalla-
crown complex the coordination of aminohydroxamic acid
occurs also by the deprotonated hydroxamate and carbonyl
oxygen atoms; however, the second five-membered ring is
also formed through the coordination of hydroximato nitro-
gen and amino nitrogen to copper(). This leads to the for-
mation of a puckered structure with four copper() ions
in the backbone of the metallacrown and a cavity which
accommodates the fifth copper() ion.

Although the coordination geometries of α-aminohy-
droxamic acids and mandelohydroxamic acid are almost
identical, the main difference between these two ligands is
that mandelohydroxamic acid possesses a hydroxy group in-
stead of the amino group of α-aminohydroxamic acids. The
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presence of the hydroxy group, which is a weaker ligating
group for copper() ions, probably prevents the formation
of the second chelating ring, and thus the formation of a
12-metallacrown-4 metallacrown structure.

Formation of 15-Metallacrown-5 Complex Monitored by
ESI-MS

Our previous studies have shown that lanthanide() and
uranyl ions have a large influence on the structure of the
metallacrown complexes based on α-aminohydroxamic acid
and copper() ion.[29,36,37] The addition of lanthanide()
and uranyl ions to [Cu5(α-aha)4]2+ induces a complete re-
assembly of the 12-metallacrown-4 structure to the 15-
metallacrown-5 structure, in which lanthanide() or uranyl
ions occupy the central cavity of the planar ring. Although
lanthanide() ions seem to be essential for the synthesis of
15-metallacrown-5 complexes, their exact role has never
been examined.[24] Previously, it has been suggested that
lanthanide() ions are being merely recognized end-encap-
sulated by the 15-metallacrown-5 ring, and that this in-
clusion may contribute to the stability of the whole metalla-
crown structure. These findings prompted us to exploit
lanthanide() and uranyl ion as possible templates for the
formation of metallacrown complexes based on mandelohy-
droxamic acid and copper(). When 0.25 equiv. of neodym-
ium() were present in an equimolar solution of copper()
and (S)-mandelohydroxamic acid, the color of the solution
gradually changed from blue to green. The addition of so-
dium formate or sodium acetate salts resulted in the forma-
tion of a microcrystalline solid (see Exp. Section). Unfortu-
nately, all attempts to isolate crystals of quality good
enough for X-ray single crystal analysis were unsuccessful,
but the elemental analysis results were consistent with
the stoichiometry Nd[Cu5(MHA)5]·3(HCOO)·3(H2O) and
Nd[Cu5(MHA)5]·3(CH3COO)·(H2O), where MHA repre-
sents the doubly deprotonated mandelohydroxamic acid.
Crystallization techniques, such as evaporation of the sol-
vent, diffusion techniques (vapor and liquid), and various
co-crystallants were used on all three types of metallacrown
complexes containing racemic  and the enantimerically
pure S-(+)and R-(–) forms of the mandelohydroxamate li-
gand. The only few crystals that were obtained were of in-
sufficient quality for X-ray diffraction studies. The only re-
flections that could be observed were weak reflections in
the small-angle region and were not suitable for the deter-
mination of the crystallographic unit cell. The solutions
containing equimolar amounts of (S)-mandelohydroxamic
acid and copper() acetate, in which 0.2 mol equivalents of
different trivalent rare-earth ions (Ln = La, Ce, Nd, Eu,
Gd, Dy, Er, Tm, Lu, Y) or uranyl ions (UO2

2+) were pres-
ent, have been further analyzed by electrospray ionization
mass spectrometry (ESI-MS). In recent years, ESI-MS has
been proven very useful for the analysis of self-assembled
clusters. The results obtained by ESI-MS have been often
regarded as indicative for the solution behavior of a species
rather than for its gas-phase behavior.[38] The method has
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also been proven as very useful for confirming the integrity
of metallacrown complexes in solution.[14] Several studies
indicate that the results obtained by ESI-MS correlate very
well with those obtained by other techniques, such as NMR
and X-ray diffractometry.[38,39] Nonetheless, ESI-MS stud-
ies of large self-assembled metal complexes remain non-
trivial and often require thorough optimization of the ex-
perimental parameters. All peaks detected in the mass spec-
tra of CuII/MHA/LnIII and CuII/MHA/UO2

2+ solutions ap-
pear as cluster peaks, because of the different copper() and
lanthanide() isotopes in the detected complexes. Species
with different degrees of protonation were detected in the
ESI-MS spectra. This may be due to the deprotonation or
protonation during the ionization process, or may be due to
the different degree of protonation of mandeloxydroxamate
ligand. It is possible that the deprotonation of the mande-
lohydroxamate ligand occurs not only on the hydroxamate
nitrogen and oxygen atoms, like it was reported for other
hydroxamate ligands that form 15-metalacrown-5,[24–29] but
that the hydroxyl group may also be deprotonated. Both
protonated and deprotonated forms of the hydroxyl group
can bind to copper(), and moreover, the Lewis acidity of
the copper() may cause the deprotonation of the hydroxyl
group upon binding. The peaks that were observed in the
ESI-MS spectra are summarized in Table 1 and Table 2.
The reported m/z values are the maxima of the cluster
peaks. All the peaks detected in the negative mode (Table 1)
could be unambiguously assigned to the following two in-
tact molecular ions: {Ln(NO3)2[15-MCCuIIN(MHA)-5]2–}–

and {Ln(NO3)[15-MCCuIIN(MHA)-5]3–}–, where MHA repre-
sents doubly deprotonated mandelohydroxamic acid (man-
delohydroximate) (Figure 1). If the neodymium() perchlo-
rate was used instead of neodynium() nitrate, peaks corre-
sponding to {Nd(ClO4)2[15-MCCuIIN(MHA)-5]2–}– and
{Nd(ClO4)3[15-MCCuIIN(MHA)-5]2–}2– species with two and
three perchlorate counterions were observed. Thus, the pos-
itive charge of the central lanthanide() ions is always com-
pensated by the negative charge of the ring and by nitrate
or perchlorate anions present in the solution.

Table 1. Negative-ion ESI-MS data for 15-metallacrown-5 com-
plexes derived from (S)-(+)-mandelohydroxamic acid, copper()
ions as the ring metal and with different central cavity metals(M).

Species {M(NO3)2[15-MC-5]2–}– {M(NO3)[15-MC-5]3–}–

M m/z exp. m/z calcd. m/z exp. m/z calcd.

YIII 1354.6 1354.3 1291.9 1291.3
LaIII 1404.6 1404.4 1341.9 1341.4
CeIII 1405.6 1405.6 1342.9 1342.5
NdIII 1409.5 1409.6 1346.9 1346.6
EuIII 1417.5 1417.4 1353.9 1354.4
GdIII 1422.6 1422.7 1358.9 1359.7
DyIII 1427.6 1427.9 1363.9 1364.9
ErIII 1432.6 1432.7 1369.0 1369.7
TmIII 1434.6 1434.4 1371.7 1371.4
LuIII 1440.6 1440.4 – –
UO2

2+ – – 1410.9 1410.5[a]

[a] Value calculated for {M[15-MC-5]3–}–.

When lutetium() or thulium() were used as central
cavity ions, additional peaks, that could not be attributed
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Table 2. Positive-ion mode ESI-MS data for 15-metallacrown-5
complexes derived from (S)-(+)-mandelohydroxamic acid, cop-
per() ions as the ring metal and with different central cavity metals
(M).

Species {M(NO3)[15-MC-5]}2+ {M(NO3)[15-MC-5]–}+

M m/z exp. m/z calcd. m/z exp. m/z calcd.

YIII 645.3 645.3 – –
LaIII 672.2 672.2 1342.5 1343.4
CeIII 672.7 672.8 1343.9 1344.6
NdIII 674.5 674.8 1347.6 1348.7
EuIII 678.3 678.7 1355.7 1356.4
GdIII 681.8 681.3 1361.7 1361.7
DyIII 683.5 683.9 1366.1 1366.9
ErIII 685.7 686.3 1371.5 1371.1
TmIII 686.3 687.2 – –
LuIII 689.2 690.2 – –
UO2

2+ 706.4 706.8[a] 1412.7 1412.5[a]

[a] Values calculated for {M[15-MC-5]}2+ and {M[15-MC-5]–}+.

Figure 1. Negative-ion mode ESI-MS spectra of the methanolic
solutions containing CuII/MHA/LaIII in 5:5:1 ratio.

to a 15-metallacrown-5 species with a lanthanide() ion in
the central cavity, were observed in the ESI-MS spectra.
In both cases, a peak at m/z = 1222 was detected which
corresponds to a 15-metallacrown-5 species with copper()
ion in the central cavity: {Cu(OH)[15-MCCuIIN(MHA)-5]2–}–.
Another peak at m/z = 993 could be assigned to
{Cu(OH)[12-MC-4]2–}–. As thulium() and lutetium()
are lanthanide ions with a small ionic radius (87 and 85 pm,
respectively), this probably leads to less effective encapsul-
ation into the central cavity and thus to a reduced stability
of the 15-metallacrown-5 complexes.

The ESI-MS spectra in the positive mode also gave
strong evidence for the existence of 15-metallacrown-5 com-
plexes (Table 2). The peak with the highest intensity corre-
sponds to the doubly charged {Ln(NO3)[15-MCCuIIN(MHA)-
5]}2+ species. Another peak with approx. 10% of the inten-
sity of the former was detected in all the spectra and could
be assigned to the {Ln(NO3)[15-MCCuIIN(MHA)-5]–}+ mo-
lecular ion.

Only one peak at m/z = 1410 was observed in the ESI-
MS spectra taken in the negative mode for the solution con-
taining the uranyl ion. The mass of this peak could be un-
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ambiguously assigned to the intact {UO2[15-MCCuIIN(MHA)-
5]3–}– molecular ion. The axial coordination of two oxygen
atoms in the uranyl ion does not allow for additional bind-
ing of counterions, and the first coordination sphere of the
uranyl ion is completed by five equatorial oxygen atoms
from the metallacrown ring. In the positive mode ESI-MS
spectra of the solution containing the uranyl ion, two peaks
at m/z = 706 and 1412 were detected (Figure 2). They corre-
spond to the {UO2[15-MCCuIIN(MHA)-5]}2+ and {UO2[15-
MCCuIIN(MHA–)-5]–}+ pentanuclear species, respectively. The
peak at m/z = 1412.7 corresponds to a 15-metallacrown-5
species in which the hydroxyl group in one of the ligands is
deprotonated, and the peak at m/z = 706.4 corresponds to
a metallacrown species in which all five hydroxyl groups are
protonated.

Figure 2. Positive-ion mode ESI-MS spectra of the methanolic
solutions containing CuII/MHA/UO2

2+ in 5:5:1 ratio.

Figure 3. Proposed structure of the pentanuclear Nd[15-
MCCuIIN[(S)-MHA]-5] metallacrown complex in solution. The coordi-
nation sphere of neodymium() ion is completed by nitrate or
water ligands.
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The spectra of solutions containing racemic -mande-
lohydroxamic acid, copper() and neodymium() or uranyl
were also recorded, and the m/z values observed in those
spectra were identical to the m/z values observed when (S)-
mandelohydroxamic acid was used as coordinating ligand.

The presented ESI-MS data indicate that solutions con-
taining copper() salt, mandelohydroxamic acid [- or
(S)-] and a central templating ion in methanolic and etha-
nolic solutions are forming pentanuclear species. The only
species detected for the solutions prepared with M = Y, La,
Ce, Nd, Eu, Gd, Dy, Er, and UO2 correspond to the intact
M[15-MCCuIIN(MHA)-5] pentanuclear species. On the basis
of the previously mentioned geometric considerations, it is
very likely that the structure of the pentanuclear species
corresponds to the structure of the planar 15-metallacrown-
5 ring, in which lanthanide() ions or uranyl ions are en-
capsulated in the central cavity (Figure 3).

Complexation of Mandelohydroxamic Acid Monitored by
UV/Vis Spectroscopy

Titration experiments were performed in order to gain
insight into the formation of the metallacrown complexes.
Surprisingly, these experiments revealed that the order in
which the metal salts are added to the MHA solution is
crucial for the formation of metallacrown complexes. Ti-
tration of CuII/-MHA solution with neodymium() and
uranyl in steps of 0.04 equivalents caused a slight decrease
in the intensity of the broad shoulder between 300 nm and
450 nm and also the decrease of the d–d transition band at
687 nm. Even after the reaction mixture was let to react for
24 hours, no appearance of new peaks and shifting of the
ligand field or d–d bands was observed. The ESI-MS spec-
tra of these solutions were recorded and they did not show
any evidence for the existence of pentanuclear species.

On the contrary, the titration of copper() to the solu-
tions containing -MHA and neodymium() in a 5:1 ratio
caused significant changes in the UV/Vis spectra. New
bands at 330 nm and 638 nm (Figure 4) appeared, and their
intensity increased until 5 equivalents of copper() were
added, and it leveled off upon addition of 6 equivalents of
copper(). The molar absorptivity of the copper() ligand
field band observed at a Cu/Ln ratio of 5:1 was consistent
with the isolated 15-metallacrown-5 sample, dissolved in
MeOH. The plot of the ratio of concentrations of neodym-
ium() to copper() vs. the molar absorptivity at 330 nm
and 638 nm is shown in Figure 5. The composition of the
sample in which the ratio of Nd/MHA/Cu was 1:5:5 is con-
sistent with the formula Nd[15-MCCuIIN(MHA)-5]. With the
further increase of lanthanide concentration, no changes in
the copper() ligand field band were observed, indicating
that the presence of excess of lanthanide or uranyl ions does
not disturb the metallacrown structures. Indeed, the ESI-
MS spectra of the final solution showed exclusively cluster
peaks which could be unambiguously assigned to the 15-
metallacrown-5 species. The UV/Vis spectrum of Nd[15-
MCCuIIN(MHA)-5] resembles the UV/Vis spectra of other
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pentanuclear complexes with lanthanide() ions. The band
at 330 nm is in agreement with the band at 336 nm observed
in the 15-metallacrown-5 complexes with tryptophanhy-
droxamic acid.[40] This band contains most likely contri-
butions of N––O–

(nitrogen) and N––O–
(oxygen) to copper()

charge-transfer transitions.

Figure 4. Changes in the UV/Vis absorption spectra of NdIII/MHA
solutions in methanol, upon addition of copper() ions. Copper()
ions were added in 0.2 equiv. increments, until the final ratio of
NdIII/MHA/CuII reached 1:5:5 ratio.

Figure 5. Change of molar absorptivity at 330 nm (squares) and
638 nm (circles) of the NdIII/MHA/CuII solution as a function of
number of copper() equivalents.

The complex formation of lanthanide() with mande-
lohydroxamic acid has not been reported before, and no
information about the stability of such complexes is avail-
able. The X-ray single-crystal structure of the complex
formed between europium() and analogous α-alaninehy-
droxamic acid has shown that the hydroxamate group of
α-alaninehydroxamate ligands forms a bridge between two
europium() ions, so that a binuclear complex is formed.[41]

However, it has been shown that the addition of copper()
to solutions of lanthanide() and α-aminohydroxamic acid
leads to the formation of the 15-metallacrown-5 struc-
ture.[37] Obviously, the high lability of the lanthanide() li-
gand bonds may allow for the initially formed products to
rearrange into the 15-metallacrown-5 structure upon ad-
dition of copper() ion.
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However, it must be mentioned that factors, such as the
acidity of the solution and the different protonation states
of the ligand, may be responsible for the fact that the order
in which the metal salts are added to the MHA solution is
crucial for the formation of the metallacrown complex. The
determination of the degree of protonation of the ligand
in the presence of copper() and lanthanide() ions would
require thorough potentiometric titrations and evaluation
of many possible equilibria involved in the ternary H+/
MHA/Cu2+/Ln3+ system.

CD Spectroscopy of 15-Metallacrown-5 Complexes

Because the R- and S-enantiomeric forms of the MHA
are chiral, their copper() complexes are expected to be op-
tically active as well. The chirality of the 15-metallacrown-
5 complexes formed with R- and S-enantiomeric forms of
the MHA has been studied by circular dichroism (CD)
spectroscopy. The ESI-MS spectra of all the solutions used
for the spectrophotometric measurements were recorded,
and the species observed were consistent with the Ln[15-
MCCuIIN(MHA)-5] structure as described earlier in the mass
spectrometric results. The CD spectrum of methanolic solu-
tions of (S)-MHA/CuII/NdIII (ratio: 1:1:0.2), shows a posi-
tive Cotton effect at 342 nm (∆ε = 2.86 mol·L–1 cm–1) and
two negative Cotton effects at 603 (∆ε = –1.2 mol·L–1 cm–1)
and 733 nm (∆ε = –1.08 mol·L–1 cm–1). If (R)-MHA was
used as the ligand, the CD spectrum of the resulting com-
plex was the mirror image of the spectrum of the complex
of (S)-MHA. As expected, the 15-metallacrown-5 complex
made from the racemic MHA showed no signal in the CD
spectrum (Figure 6).

Figure 6. CD absorption spectra of Nd[15-MCCuIIN[(S)-MHA]-5]
(full line), Nd[15-MCCuIIN[(R)-MHA)-5] (dotted line) and Nd[15-
MCCuIIN(-MHA)-5] (dashed line) in methanol.

The chirality of the 15-metallacrown-5 complex implies
that all five phenyl groups of the MHA ligand have to be
positioned upon the same face of the metallacrown. This
side-chain orientation is enforced by the directionality of
the metal–nitrogen–oxygen bonds, as it was previously re-
ported in other chiral 15-metallacrown-5 complexes.[22,24]
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Proton NMR of of 15-Metallacrown-5 Complexes

Proton NMR signals of nuclei close to paramagnetic me-
tal ions are usually very broad and the extent of paramag-
netically induced line broadening depends on the electronic
relaxation time of the metal centers.[42] Complexes with
paramagnetic copper() ions usually exhibit broad NMR
signals because of the relatively long electronic relaxation
times of copper() (τs = 1·10–9 s to 5·10–9 s). However, a
shortening of the electronic relaxation times can occur be-
cause of the magnetic coupling between the metal ions.[42]

Previous studies have shown that the copper() ions in the
15-metallacrown-5 are antiferromagnetically coupled,[22,24]

so that the τs value of those metallacrowns is shorter than
it would be in the absence of magnetic coupling. This could
allow the detection of relatively narrow peaks in high-reso-
lution NMR experiments.

The 1H NMR spectrum of the Nd[15-MCCuIIN[(R)-MHA-5]
complex in [D4]MeOH showed three peaks at δ = 5.85, 6.58,
and 7.75 ppm (Figure 7). The α-proton of the ligand could
not be observed, most likely because it was too broad. It
has been shown that the protons to the closest proximity to
the paramagnetic center are showing the greatest line
broadening.[43] The assignment of the peaks was done with
the help of two-dimensional proton correlation spec-
troscopy (COSY). The comparison with the proton NMR
spectrum of the previously reported Nd[15-MCCuIIN(-tyrha)-
5] complex revealed that the aromatic protons of the mand-
elohydroxamate ligand appear in the same region as the sig-
nals of the aromatic protons of the tyrosinehydroxamate
ligand. The simplicity of the spectra, i.e. the presence of
only one set of resonances indicates the fivefold pseudosym-
metry of the molecule. The NMR results are consistent with
those of the previously studied lanthanide() containing
15-metallacrown-5 copper() complexes, which also showed
only one set of ligand resonances.[24]

Figure 7. Proton NMR spectrum of Nd[15-MCCuIIN[(R)-MHA]-5]
complex in [D4]MeOH solution.

It is noteworthy to emphasize the fact that whereas the
NMR signals were observable for the 15-metallacrown-5
complex in which several highly paramagnetic ions are pres-
ent, no NMR spectrum could be obtained for the com-
plexes formed in the absence of lanthanide() ions. Obvi-
ously, there are significant differences in the relaxation
times of copper() ions in these two types of complexes.
The absence of any protons in the NMR spectrum recorded
in the absence of lanthanide() is consistent with the pres-
ence of mononuclear copper() complexes.

Conclusions
In this paper we explore the strategy that leads to the

formation of pentanuclear copper() complexes with the
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mandelohydroxamic ligand. The results of ESI-MS, UV/
Vis, CD, and NMR studies are consistent with the forma-
tion of 15-metallacrown-5 complexes. The mandelohydrox-
amic ligand as novel scaffold for the 15-metallacrown-5
complex fulfils the geometric requirements which bring five
metal ions into a plane, enforcing an angle of 108° between
adjacent metal ions, and thus enforcing the formation of a
planar, pentagonal ring. Our study shows that for the self-
assembly of the 15-metallacrown-5, the presence of lantha-
nide() or uranyl ions is essential, as it has been demon-
strated before. As it has been suggested before that lantha-
nide() ions are being recognized and encapsulated by 15-
metallacrown-5 complexes, this study shows that lantha-
nide() ions may have a templating effect and could play a
crucial role in the early stages of 15-metallacrown-5 forma-
tion.

Experimental Section
Synthesis of the Ligands: The ligands, (R)-(–)-mandelohydroxamic
acid, (S)-(+)-mandelohydroxamic acid and -mandelohydroxamic
acid were synthesized from the corresponding ethyl ester. The prep-
aration method for (S)-(+)-mandelohydroxamic acid and -mand-
elohydroxamic acid is identical to that of the synthesis of (R)-(–)-
mandelohydroxamic acid that is described below.

Synthesis of Ethyl (R)-(–)-Mandelate: To a solution of (R)-(–)-man-
delic acid (100 mmol, 15.2 g) in ethanol (170 mL) was added
H2SO4 (5 mL) as the catalyst. The reaction mixture was heated at
reflux temperature for 4 h. After the reaction mixture was cooled
to room temperature, the solvent was evaporated under reduced
pressure. Then, after addition of dichloromethane, the organic layer
was neutralized by a saturated NaHCO3 solution and dried with
MgSO4. Dichloromethane was removed under reduced pressure.
Yield: 91% (16.41 g). 1H NMR ([D6]DMSO, 300 MHz, ppm): δ =
1.13 (t, 3 H, CH3), 4.07 (t, 2 H, OCH2), 5.11 (d, 1 H, CH), 6.04
(d, 1 H, OH), 7.40 (m, 5 H, H-aromatic).

Synthesis of (R)-(–)-Mandelohydroxamic Acid: To a solution of
NH2OH·HCl (2 equiv., 182 mmol, 12.65 g) in methanol (110 mL),
potassium hydroxide (3 equiv., 273 mmol, 15.29 g) dissolved in
methanol (42 mL) was added under nitrogen. The hydroxylamine
solution was cooled to 0 °C and KCl was removed by filtration.
The solution was added to (R)-(–)-mandelic ethyl ester (1 equiv.,
91 mmol, 16.41 g) and stirred at room temperature during 12 h.
The white precipitate of the potassium salt was filtered off and
dried (10.53 g, 51 mmol, 56% yield). To a suspension of the potas-
sium salt in methanol was added 12  HCl (51 mmol, 4.25 mL).
Potassium chloride precipitated and was filtered off. The solvent of
the filtrate was partially removed under reduced pressure and water
was added to the solution. The solution was left to stand at 4 °C
to allow the final product to crystallize. Yield: 51% (4.35 g). 1H
NMR ([D6]DMSO, 300 MHz, ppm): δ = 4.89 (d, 1 H, CH), 5.95
(d, 1 H, OH), 7.40 (m, 5 H, H-aromatic), 8.77 (s, 1 H, NH), 10.72
(s, 1 H, OHhydr.). C8H9NO3 (167 g/mol): calcd. C 57.48, H 5.43, N
8.38; found C 57.16, H 5.49, N 8.32.

Synthesis of the Metallacrowns

(1) Nd[15-MC-5]·3(HCOO)·3(H2O): Nd(NO3)3·6H2O (109 mg,
0.25 mmol) was dissolved into methanol (50 mL) and (R)-MHA
(167 mg, 1 mmol) was added. The solution was stirred for 10 min,
then sodium methoxide (108 mg, 2 mmol) was added to the reac-
tion mixture. After another 10 min, anhydrous copper() chloride
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(170 mg, 1 mmol) was added. The mixture was stirred for 2 h until
the solution became green. Finally sodium formate (68 mg,
1 mmol) was added, and the blue-green precipitate was filtered,
washed with water to remove sodium chloride and dried under vac-
uum. C43H44Cu5N5NdO24 (1476.8 g/mol): calcd. C 34.97, H 3.00,
N 4.74; found C 35.15, H 3.57, N 4.81.

(2) Nd[15-MC-5]·3(CH3COO)·(H2O): Nd(NO3)3·6H2O (109 mg,
0.25 mmol) was dissolved into methanol (50 mL) and (R)-MHA
(167 mg, 1 mmol) was added. The solution was stirred for 10 min,
then sodium methoxide (108 mg, 2 mmol) was added to the reac-
tion mixture. After another 10 min, anhydrous copper() chloride
(170 mg, 1 mmol) was added. The mixture was stirred for 2 h until
the solution became green. Finally the sodium acetate (82 mg,
1 mmol) was added, and the blue-green precipitate was filtered,
washed with water to remove sodium chloride and dried under vac-
uum. C46H46Cu5N5NdO22 (1518.9 g/mol): calcd. C 37.26, H 3.13,
N 4.72; found C 37.41, H 3.13, N 4.69.

UV/Vis and CD Spectrophotometry: UV/Vis absorption spectra
were recorded with a Shimadzu UV-1601PC spectrophotometer
using quartz cells of 1-cm path length. Circular dichroism spectra
were recorded with a JASCO J-810 spectropolarimeter using quartz
cells of 2-cm path length. The spectra were measured between
200 nm and 900 nm. The concentration of the copper() and mand-
elohydroxamic acid in methanol was always 0.5 m. A neodym-
ium() nitrate stock solution (0.25 m). was prepared in methanol
for the UV/Vis titration experiment. Different amounts of this solu-
tion were added to the copper()/mandelohydroxamic solution in
order to obtain different ratios of NdIII/CuII. The solutions were
left to stir overnight before measurement. The NdIII/CuII ratio was
varied in steps of 0.04 from 0 to 0.28.

ESI-MS Method: Electrospray ionization mass spectra were re-
corded with a Q-TOF 2 mass spectrometer (Micromass, Manches-
ter, UK). Some of a ethanolic metallacrown solution, prepared with
1 mmol of the copper() and mandelohydroxamic acid and
0.2 mmol of the central metal ion, was injected in the apparatus at
a flow rate of 5 µL/min.

Proton NMR: Proton nuclear magnetic resonance spectra were re-
corded in deuterated methanol solutions with a Bruker Avance 300
spectrometer operating at 300 MHz. A 500 µL solution of [D4]
MeOH containing equimolar amounts of Cu(OAc)2 and (R)-(–)-
mandelohydroxamic acid (0.1 ) was added 1.0 equiv. of
Nd(NO3)3. This was achieved by adding 60 µL of a neodymium()
nitrate [D4]MeOH solution (0.166 ).
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Hypercoordinated Organotin(IV) Halides Containing 2-(Me2NCH2)C6H4
Groups: {2-(Me2NCH2)C6H4}2SnX2 (X = F, Cl, Br, I) and {2-(Me2NCH2)-
C6H4}R2SnX (R = Me, Ph; X = F, Cl, Br, I) and Their Solution Behaviour
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The hypercoordinated di- and triorganotin(IV) chlorides [{2-
(Me2NCH2)C6H4}2SnCl2] (1a) and [{2-(Me2NCH2)C6H4}-
R2SnCl] [R = Me (2a), Ph (3a)] were prepared by treating
SnCl4 or R2SnCl2 with [Li{2-(Me2NCH2)C6H4}]. Halide-ex-
change reactions between the organotin(IV) chlorides and
the appropriate potassium halides gave [{2-(Me2NCH2)-
C6H4}2SnX2] [X = F (1b), I (1d)], [{2-(Me2NCH2)C6H4}-
Me2SnX] [X = F (2b), Br (2c), I (2d)] and [{2-(Me2NCH2)-
C6H4}Ph2SnX] [X = F (3b), I (3d)]. Their solution behaviour
was investigated by multinuclear (1H, 13C, 19F and 119Sn)

Introduction

Several organotin() halides containing the [2-
(Me2NCH2)C6H4] group or related organic ligands have
been investigated so far both in solution and the solid state.
Single crystal X-ray diffraction studies have revealed, in all
cases, hypercoordinated structures obtained as a result of
strong intramolecular N�Sn interactions.[1–27] On the basis
of NMR spectroscopic data, octahedrally and trigonal bi-
pyramidally configured tin atoms were suggested in solu-
tion for the intramolecularly coordinated diorganotin diha-
lides [{2-(Me2NCH2)C6H4}2SnX2] and triorganotin halides
[{2-(Me2NCH2)C6H4}R2SnX] (X = halogen), respectively.
Single-crystal X-ray diffraction studies have confirmed the
hypercoordinated nature of [{2-(Me2NCH2)C6H4}-
Me2SnCl] (2a)[17] and [{2-(Me2NCH2)C6H4}Ph2SnX] [X =
Cl (3a�),[20] Br (3c)[3]), but no crystallographic data are
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NMR spectroscopy, including variable-temperature studies.
Single-crystal X-ray diffraction analyses revealed that the
strong intramolecular coordination of the nitrogen atom from
the pendant CH2NMe2 group to tin induces chirality. The in-
fluence of the identity and the number of the halogen atoms
and the organic substituents at tin is discussed in relation
with the hydrogen-bonding network, which results in dif-
ferent supramolecular architectures in the crystal.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

available for the diorganotin() derivatives [{2-(Me2-
NCH2)C6H4}2SnX2], and no studies on the influence of the
identity and number of halogen atoms and organic substit-
uents on the association through hydrogen bonds in the so-
lid state have been reported. On the other hand, it has been
shown previously that intramolecular coordination of the
nitrogen atom to a metal atom in compounds containing a
[2-(Me2NCH2)C6H4]M moiety induces chirality at the me-
tal centre,[27–31] and therefore the crystals usually contain
1:1 mixtures of (R) and (S) isomers [with the C(1)–C(6)
aromatic ring and the N(1) atom as chiral plane and pilot
atom, respectively].[32] While this work was in progress the
molecular structures of the fluorides [{2-(Me2NCH2)-
C6H4}R2SnF] [R = Me (2b�), Ph (3b�)], which crystallise
in different space groups,[26] were reported, but no details
concerning the planar chirality induced by the intramolecu-
lar N�Sn interaction and the hydrogen-bond network in
the crystal were mentioned.

Here we report the synthesis and spectroscopic charac-
terisation of some organotin() halides, as well as the crys-
tal and molecular structures of [{2-(Me2NCH2)-
C6H4}2SnX2] [X = Cl (1a), F (1b), I (1d)], [{2-(Me2NCH2)-
C6H4}Me2SnX] [X = Cl (2a), F (2b), Br (2c), I (2d)] and
[{2-(Me2NCH2)C6H4}Ph2SnX] [X = F (3b), I (3d)]. The dis-
cussion of the solid-state structure is focused on the hydro-
gen-bonding-based network between the isomers, which re-
sults in different supramolecular architectures in the crystal.



R. A. Varga, A. Rotar, M. Schürmann, K. Jurkschat, C. SilvestruFULL PAPER

Results and Discussion

The diorganotin() dihalides were prepared according to
Scheme 1. The ligand-redistribution reaction between [{2-
(Me2NCH2)C6H4}4Sn] and SnCl4 in the absence of a sol-
vent has proved to be an excellent alternative to the direct
synthesis from [Li{2-(Me2NCH2)C6H4}] and SnCl4 for the
preparation of 1a as it allows a better control of the stoichi-
ometry of the reagents. The halide-exchange reactions be-
tween the organotin() chlorides and the appropriate po-
tassium halides (Schemes 1 and 2) were performed accord-
ing to a modified literature procedure[33] in a two-layer sol-
vent system (H2O/MeOH/CH2Cl2).

Scheme 1. Synthesis of compounds 1a–1d.

Scheme 2. Synthesis of compounds 2a–2d, 3a, 3b and 3d.

All compounds were isolated as air-stable, colourless,
crystalline products. They are soluble in common organic
solvents, such as chloroform, methylene dichloride or ben-
zene.

Solution Behaviour

All compounds were investigated by multinuclear (1H,
13C, 119Sn) NMR spectroscopy in solution at room tem-
perature. For the organotin fluorides, the 19F NMR spectra
were also recorded.

The assignments of the 1H and 13C resonances according
to the numbering scheme above were based on 2D experi-
ments and tin–carbon coupling constants, and were con-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1475–14861476

firmed for several compounds by simulation of the aromatic
region of the 1H NMR spectra using the gNMR program
(see Supporting Information).

The low-temperature 1H NMR spectra of the dior-
ganotin derivatives [{2-(Me2NCH2)C6H4}2SnX2] [X = Cl
(1a), F (1b) and I (1d)] are very similar (see Supporting
Information) to that reported for the dibromide analogue
1c,[6] i.e. an AB system and two singlet resonances in the
aliphatic region for the diastereotopic CH2 protons and the
CH3 groups at nitrogen, respectively. This is consistent with
a trans arrangement of the organic ligands and a cis ar-
rangement of the two coordinated nitrogen atoms and halo-
gen atoms in solution,[6] as subsequently proved by single-
crystal X-ray diffraction for compounds 1a, 1b and 1d (see
below). When the temperature is raised, the diorganotin di-
chloride 1a and the diorganotin diiodide 1d exhibit a sim-
ilar behaviour to the diorganotin dibromide 1c.[6,22] The two
singlets for the methyl protons of the NMe2 group coalesce
at 20 °C for 1a (∆G‡ = 13.8 kcalmol–1) and 0 °C for 1d (∆G‡

= 12.6 kcalmol–1) in CDCl3. This coalescence indicates that
the process involving N�Sn dissociation/recoordination,
with inversion at a three-coordinate nitrogen atom and ro-
tation of the Cmethylene–N bond, becomes fast on the NMR
timescale. The AB pattern for the methylene protons is re-
tained even at 60 °C, thus indicating configurational sta-
bility of the tin atom in the [{2-(Me2NCH2)C6H4}2SnX2]
derivatives containing heavier halogens. In contrast, co-
alescence of both the two resonances of the NMe2 group
(∆G‡ = 14.2 kcalmol–1) and the AB pattern of the CH2

group (∆G‡ = 14.3 kcalmol–1) is observed at 10 °C for the
diorganotin difluoride 1b in CDCl3. This suggests that ex-
change of the chloride by fluoride results in a considerable
decrease of the configurational stability of the tin atom in
1b compared to 1a. There is no indication for a cis–trans
equilibrium in solution such as that observed for
[{Me2N(CH2)3}2SnF2]·2H2O.[34]

The magnitudes of the 119Sn chemical shifts for the dior-
ganotin halides 1a (s, δ = –260.7 ppm), 1b (t, δ =
–386.7 ppm) and 1d (δ = –346.9 ppm) at room temperature
are typical for six-coordinate diorganotin() species in
solution [cf. [{Me2N(CH2)3}2SnF2]·2H2O[34] (δ = –292.0
ppm in CD2Cl2) and [(8-Me2NC10H6)2SnI2][11] (δ = –361.9
ppm in C6D5CD3)]. The equivalence of the fluoride atoms
in 1b is reflected in a singlet 19F resonance surrounded by
tin satellites (δ = –181.5 ppm, 1JF,Sn = 2567/2683 Hz) and a
triplet 119Sn resonance (δ = –386.7 ppm, 1JF,Sn = 2663 Hz).

The 1H and 13C NMR spectra for the triorganotin ha-
lides [{2-(Me2NCH2)C6H4}Me2SnX] [X = Cl (2a), F (2b),
Br (2c), I (2d)] and [{2-(Me2NCH2)C6H4}Ph2SnX] [X = F
(3b), I (3d)] are very similar to those of benzyldimethylam-
ine, regardless of the nature of the halogen and the other
organic groups attached to tin. Two singlet resonances are
observed in the aliphatic region for the methylene and the
methyl protons, respectively, which is compatible either with
a tetrahedral or with a pentacoordinate structure (assuming
a fast conformational change of the five-membered SnC3N
nonplanar chelate ring in solution, which gives averaged 1H
NMR signals). The 13C NMR spectrum contains two sing-
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Table 1. Comparison of the solution NMR spectroscopic data for triorganotin() compounds (δ in ppm, J in Hz).[a]

Compound 119Sn 19F

[{2-(Me2NCH2)C6H4}2SnF2] (1b) –386.7 (t)[b] –181.5 (s)
(1JF,Sn = 2663) (1JF,Sn = 2567/2683)

[{2-(Me2NCH2)C6H4}2SnCl2] (1a) –260.7 (s)[b]

[Ph2SnCl2][35] –26.7 (s)
[{2-(Me2NCH2)C6H4}2SnI2] (1d) –346.9 (s)
[Ph2SnI2][35] –241.1 (s)
[{2-(Me2NCH2)C6H4}Me2SnF] (2b)[c] –52.7 (d) –178.4 (s)

(1JF,Sn = 2039.3) (1JF,Sn = 1944.2/2034.6)
[Me2PhSnF][33] –52.3 (t) –137.4 (s)

(1JF,Sn = 1340) (1JF,Sn = 1255)
–53.0 (t, br)[d] –139.0 (s)[d]

(1JF,Sn = 1334) (1JF,Sn = 1260)
–49.5 (t)[e]

(1JF,Sn = 1235)
[{2-(Me2NCH2)C6H4}Me2SnCl] (2a) –48.7 (s)[b]

[Me2PhSnCl][36] 48.3 (s)
[{2-(Me2NCH2)C6H4}Me2SnBr] (2c) –55.5 (s)
[{2-(Me2NCH2)C6H4}Me2SnI] (2d) –72.8 (s)
[Me2PhSnI][37] –17.9 (s)
[{2-(Me2NCH2)C6H4}Ph2SnF] (3b)[f] –197.6 (d) –182.4 (s)

(1JF,Sn = 2157) (1JF,Sn = 2058.3/2154.0)
[Ph3SnF][38] –211.9 (t)[e]

(1JF,Sn = 1530)
[{2-(Me2NCH2)C6H4}Ph2SnCl] (3a)[20] –176.9 (s)
[Ph3SnCl][39] –44.8 (s)
[{2-(Me2NCH2)C6H4}Ph2SnI] (3d) –199.5 (s)
[Ph3SnI][39] –113.4 (s)

[a] Spectra recorded in CDCl3 at room temperature. [b] In CH2Cl2/[D6]acetone. [c] Ref.[26]: δ119Sn = –53.8 ppm (1JF,Sn = 2023 Hz), δ19F =
–178.8 ppm. [d] In C6D5CD3. [e] 119Sn MAS NMR spectroscopic data. [f] Ref.[26]: δ119Sn = –198.6 ppm (1JF,Sn = 2141 Hz), δ19F = –182.3 ppm.

let signals for the methylene and the methyl carbon atoms,
respectively, but the tin satellites are well resolved only for
the former; the magnitude of the 2JC,Sn (ca. 28–30 Hz)
couplings is consistent with the presence of an intramolecu-
lar N�Sn coordination, i.e. a trigonal bipyramidal (C,N)-
C2SnX core. The major difference noted in the 1H NMR
spectra of the two series of compounds is the downfield
shift of the resonance for the aromatic H-6 proton, which
is a result of the intramolecular interaction of this proton
with the halogen atom.

The increase in the H-6 chemical shift follows the order
F � Cl � Br � I (δ = 7.97, 8.17, 8.26 and 8.31 ppm for the
triaryltin halides 2b, 2a, 2c and 2d, respectively). In addition
to the resonances assigned to the 2-(Me2NCH2)C6H4 li-
gand, the 1H and 13C NMR spectra for the [{2-(Me2NCH2)-
C6H4}R2SnX] derivatives also contain signals correspond-
ing to equivalent methyl and phenyl groups, respectively.

A comparison of the 19F and 119Sn NMR parameters for
the diorganotin dihalides [{2-(Me2NCH2)C6H4}2SnX2] and
the triorganotin halides [{2-(Me2NCH2)C6H4}R2SnX] de-
scribed in this work and the related [Ph2SnX2], [Me2PhSnX]
and [Ph3SnX] derivatives is given in Table 1. The increase
of the coordination number at the metal atom in solution
to six and five, respectively, is supported by the upfield shift
of the 119Sn chemical shift in the 2-(Me2NCH2)C6H4-con-
taining derivatives (X = Cl, Br, I) with respect to the corre-
sponding monomeric, tetrahedral [Ph2SnX2], [Me2PhSnX]
and [Ph3SnX] compounds.

In conclusion, the NMR spectroscopic data indicate that
both [{2-(Me2NCH2)C6H4}2SnX2] and [{2-(Me2NCH2)-
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C6H4}R2SnX] compounds exhibit intramolecular N�Sn
coordination in solution, which results in similar coordina-
tion geometries to those found in the solid state (see below).

Solid-State Structures

The crystal and molecular structures of 1a, 1b,
1b·CH2Cl2, 1d, 2a, 2a�, 2b–2d, 3a, 3b and 3d were deter-
mined by single-crystal X-ray diffraction. Crystals suitable
for X-ray diffraction analysis were generally grown by sol-
vent diffusion from dichloromethane and n-hexane. Crys-
tals of the dichloromethane solvate of the diorganotin di-
fluoride [{2-(Me2NCH2)C6H4}2SnF2], namely 1b·CH2Cl2,
were obtained from a CH2Cl2/n-hexane (approximately 1:3)
mixture, and were measured immediately after removal
from solution. The crystal was stable enough for a suffic-
iently good measurement, but they turned opaque within
two days in the air due to loss of the crystallisation solvent,
as proved by 1H NMR spectroscopy. Crystals of [{2-
(Me2NCH2)C6H4}2SnF2] (1b), free of crystallisation sol-
vent, were also obtained by slow crystallisation from a
CH2Cl2/n-hexane (approximately 1:5) mixture. The trior-
ganotin chloride [{2-(Me2NCH2)C6H4}Me2SnCl] crystal-
lises in different forms from ethanol (2a; orthorhombic,
space group Pbca) and n-hexane (2a�; orthorhombic, space
group Pna21. This form has also been reported by
Rippstein et al.[17] for crystals grown from CHCl3). Mono-
clinic crystals (space group P21/n) with different unit-cell
parameters were obtained for [{2-(Me2NCH2)C6H4}-
Ph2SnCl] when the compound was crystallised from tolu-
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ene[20] or CH2Cl2/n-hexane (3a); the first form contains one
molecule in the unit cell[20] while the second one contains
two independent molecules. The crystals of [{2-(Me2NCH2)-
C6H4}Ph2SnF] (3b; monoclinic, space group P21/n, which
is different from the reported space group P21/c[26]) also
contain two independent molecules in the unit cell.

Selected molecular parameters are given in Tables 2, 3
and 4, and the molecular structures of representative com-
pounds 1b and 3d, with the atom numbering schemes, are
shown in Figures 1 and 2, respectively. The molecules of all
compounds investigated in this work feature a metal atom
strongly coordinated by two or one nitrogen atoms of the
pendant arms trans to an Sn–halogen bond in diorganoti-
n() and triorganotin() halides, respectively [the Sn–N
distance exceeds the sum of the covalent radii for the corre-

Table 2. Selected bond lengths [Å] and angles [°] for [{2-(Me2NCH2)C6H4}2SnX2] compounds.

1a[a] (X = Cl) 1b (X = F) 1b·CH2Cl2 (X = F) 1d (X = I)

Sn(1)–C(1) 2.1278(17) 2.119(2) 2.109(6) 2.142(6)
Sn(1)–C(10) 2.113(2) 2.130(5) 2.128(5)
Sn(1)–X(1) 2.4394(5) 1.9726(14) 1.988(3) 2.8371(7)
Sn(1)–X(2) 1.9774(13) 1.988(3) 2.8315(7)
Sn(1)–N(1) 2.6199(16) 2.5083(19) 2.601(5) 2.572(5)
Sn(1)–N(2) 2.6064(18) 2.469(5) 2.677(6)
C(1)–Sn(1)–C(10) 152.22(9) 154.86(8) 154.8(2) 156.3(2)
X(1)–Sn(1)–N(1) 166.25(4) 166.79(6) 168.00(16) 170.95(14)
X(2)–Sn(1)–N(2) 167.53(6) 166.83(16) 170.62(12)
C(1)–Sn(1)–N(1) 73.77(6) 74.99(7) 73.7(2) 74.3(2)
C(10)–Sn(1)–N(2) 73.54(7) 75.26(19) 73.1(2)
N(1)–Sn(1)–N(2) 108.54(7) 103.86(6) 105.40(17) 102.39(18)
X(1)–Sn(1)–X(2) 89.79(3) 89.87(7) 88.30(18) 89.55(2)

[a] C(10) = C(1a), X(2) = X(1a), N(2) = N(1a); symmetry equivalent positions (–x, y, –z + 1/2) are indicated by an “a”.

Table 3. Selected bond lengths [Å] and angles [°] for [{2-(Me2NCH2)C6H4}Me2SnX] compounds.

2a[a] (X = Cl) 2a�[b] (X = Cl) 2b (X = F) 2c (X = Br) 2d (X = I)

Sn(1)–C(1) 2.129(3) 2.127(4) 2.123(3) 2.132(3) 2.135(4)
Sn(1)–C(10) 2.124(4) 2.144(5) 2.118(3) 2.110(4) 2.120(4)
Sn(1)–C(11) 2.115(4) 2.121(4) 2.120(3) 2.106(4) 2.133(5)
Sn(1)–X(1) 2.5250(16) 2.5371(9) 2.0187(17) 2.6839(5) 2.9367(5)
Sn(1)–N(1) 2.485(3) 2.488(3) 2.509(2) 2.445(3) 2.442(4)
X(1)–Sn(1)–N(1) 168.11(7) 170.79(8) 167.45(9) 168.62(7) 170.45(9)
C(1)–Sn(1)–N(1) 74.17(11) 75.55(13) 74.08(11) 74.76(12) 75.99(15)
C(1)–Sn(1)–C(10) 123.73(14) 119.92(16) 118.91(13) 124.67(16) 129.5(2)
C(1)–Sn(1)–C(11) 116.94(15) 116.13(18) 123.55(13) 116.02(17) 111.66(18)
C(10)–Sn(1)–C(11) 117.71(16) 122.55(19) 115.75(15) 118.17(19) 117.2(2)

[a] Crystals from ethanol. [b] Crystals from n-hexane.

Table 4. Selected bond lengths [Å] and angles [°] for [{2-(Me2NCH2)C6H4}Ph2SnX] compounds.

3a[a,b] (X = Cl) 3b[b] (X = F) 3d (X = I)

Sn(1)–C(1) 2.118(4) 2.134(4) 2.105(5) 2.128(5) 2.135(5)
Sn(1)–C(10) 2.130(4) 2.126(4) 2.121(4) 2.132(5) 2.132(5)
Sn(1)–C(16) 2.134(4) 2.132(4) 2.129(4) 2.132(4) 2.135(4)
Sn(1)–X(1) 2.4944(11) 2.4872(12) 2.008(3) 2.006(4) 2.8631(6)
Sn(1)–N(1) 2.538(4) 2.509(3) 2.560(4) 2.521(4) 2.496(4)
X(1)–Sn(1)–N(1) 169.73(10) 168.68(8) 167.53(14) 168.34(14) 171.56(10)
C(1)–Sn(1)–N(1) 75.46(15) 74.86(14) 74.74(17) 74.88(18) 75.36(18)
C(1)–Sn(1)–C(10) 116.85(16) 113.58(15) 117.34(18) 126.98(19) 114.09(19)
C(1)–Sn(1)–C(16) 124.23(15) 126.56(16) 122.80(17) 112.10(17) 122.55(17)
C(10)–Sn(1)–C(16) 116.28(16) 117.42(17) 117.61(18) 118.45(18) 121.29(19)

[a] Crystals from CH2Cl2/n-hexane. [b] Two independent molecules are present in the unit cell.
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sponding atoms, Σcov(Sn,N) = 2.1 Å[40]]. This results in dif-
ferent coordination environments of the metal atom, i.e. oc-
tahedral (C,N)2SnX2 for 1a, 1b and 1d, and trigonal bipy-
ramidal (C,N)C2SnX configurations for 2a–2d, 3b and 3d.

The (C,N)2SnX2 core in the [{2-(Me2NCH2)-
C6H4}2SnX2] derivatives shows a trans-SnC2 fragment,
while the N and X atoms are cis (Figure 1). This contrasts
with the molecular structure reported for the related
[{Me2N(CH2)3}2SnF2]·2H2O,[34] which exhibits an all-trans
octahedral (C,N)2SnX2 configuration. The difference in the
configuration of the octahedral environment of tin is re-
flected in the lengthening and shortening of the Sn–F and
Sn–N bond lengths, respectively, in 2b [Sn(1)–F(1) =
1.9726(14), Sn(1)–F(2) = 1.9774(13), Sn(1)–N(1) =
2.5083(19) and Sn(1)–N(2) = 2.6064(18) Å] in comparison
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Figure 1. ORTEP representation at 50% probability and atom-
numbering scheme for the isomer (RN1,SN2)-1b.

Figure 2. ORTEP representation at 30% probability and atom-
numbering scheme for the isomer (S)-3d. Hydrogens have been
omitted for clarity.

with [{Me2N(CH2)3}2SnF2]·2H2O [Sn(1)–F(1) = 2.084(6)
and Sn(1)–N(1) = 2.366(8) Å].[34]

The molecular structures of the triorganotin halides [{2-
(Me2NCH2)C6H4}R2SnX] (2a–2d, 3b and 3d) are very sim-
ilar. One representative is shown in Figure 2. The tin–nitro-
gen distances are not dramatically affected by the identity
of the halogen atom trans to the nitrogen atom. The Sn(1)
atom is displaced from the equatorial plane defined by C(1),
C(10) and C(16) (Figure 2) in the direction of the X(1)
atom, which means that the X–Sn–C angles are larger than
the N–Sn–C angles.

As a result of the intramolecular coordination of the ni-
trogen to the tin atom a five-membered SnC3N ring is
formed. This ring is not planar but is folded along the
Sn(1)···Cmethylene axis, with the nitrogen atom lying above
the best plane defined by Sn(1), C(1), C(2) and C(methy-
lene). This induces planar chirality at the metal atom,[27–31]

and all compounds reported here crystallise as racemates.
The crystals of the triorganotin() derivatives (2a, 2a�, 2b–
2d, 3a, 3a�, 3b, 3b� and 3d) contain 1:1 mixtures of (R) and
(S) isomers, with the C(1)–C(6) aromatic ring and the N(1)
atom as chiral plane and pilot atom, respectively.[32] The
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crystals of the diorganotin() derivatives contain either
(SN1,RN2) and (RN1,SN2) isomers (for 1b) or (SN1,SN2) and
(RN1,RN2) isomers (for 1a and 1d) with respect to the two
chelate rings in a molecular unit. The discrete monomeric
molecular units are separated by normal van der Waals dis-
tances between heavy atoms.

However, a closer check of the crystal structures revealed
several intermolecular hydrogen-bonding interactions
shorter than the sum of the corresponding van der Waals
radii [i.e. ΣvdW(F,H) � 2.55, ΣvdW(Cl,H) � 3.0, ΣvdW(Br,H)
� 3.15 and ΣvdW(I,H) � 3.35 Å].[40] This results in different
supramolecular architectures that are presented in the sub-
sequent discussion taking into account the increasing de-
gree of association, with the common patterns summarised
in Table 5 (further details are available in the Supporting
Information). Thus, in the crystal of the fluoride 3b (space
group P21/n) pairs of isomers (S,S or R,R) of the two inde-
pendent molecules are associated through F(1)···H(34)aryl

contacts (2.50 Å). The short interatomic distance (2.56 Å)
between the F(2) atom and a methyl hydrogen of a neigh-
bouring dinuclear unit of the same type is at the limit of a
van der Waals contact. The crystal of 3b� (space group
P21/c[26]) contains polymeric chains of (S) and (R) isomers,
respectively, built through F(1)···H(17Ba)methylene interac-
tions (2.37 Å). Similar polymeric chains of (S) and (R) iso-
mers, respectively, were also found in the crystals of the
triorganotin chlorides 3a, 3a�[20] and the triorganotin iodide
3d. In contrast to the phenyl derivatives, the crystals of the
methyl analogues 2a (space group Pbca) and 2b contains
chains of alternating (S) and (R) isomers. There are no fur-
ther halogen–hydrogen contacts between the parallel poly-
meric chains.

For compound 1b·CH2Cl2, alternating (RN1,SN2)- and
(SN1,RN2)-1b isomers are connected through F(2)···H-
(7Ab)methylene interactions (2.52 Å) and further bridged by
CH2Cl2 molecules [F(1)···H(19A)solvent = 2.37, Cl(2a)···H-
(8A)methyl = 2.94 Å], resulting in ribbon-like chains (Fig-
ure 3), with no further inter-chain halogen–hydrogen con-
tacts.

Polymeric chains of (S) and (R) isomers, respectively,
built through I(1)···H(7Ba)methylene interactions (3.16 Å),
are also found in the crystal of the triorganotin iodide 2d,
but in this case additional I(1)···H(10Ac)Sn–methyl contacts
(3.29 Å) between chains of the same isomers result in a 2D
supramolecular architecture. The crystal consists of layers
alternating in the sequence -R-R-S-S-R-R-S-S-, with no
further inter-layer contacts. The triorganotin chloride 2a�
(space group Pna21) and the triorganotin bromide 2c also
form polymeric chains, but in this case they are built from
alternating (S) and (R) isomers [Cl(1)···H(8Bb)N–methyl =
2.81 Å for 2a�; Br(1)···H(9Bb)N–methyl = 3.02 Å for 2c]. For
2a�, weak inter-chain contacts [Cl(1)···H(8Cc)N–methyl =
2.98 Å] result in a 2D network with a honeycomb motif
(Figure 4, a) in which each molecule is linked to four neigh-
bouring molecules (two isomers of a different type for the
polymeric chain and two isomers of the same type for the
parallel chains). For 2c, the weak inter-chain contacts be-
tween the halogen and an aromatic hydrogen atom [Br(1)···
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Table 5. Structural patterns of the hydrogen-bonding-based supramolecular architectures in the crystals of [{2-(Me2NCH2)C6H4}2SnX2]
and [{2-(Me2NCH2)C6H4}R2SnX].

Compound Supramolecular architecture X···H [Å]
[R = 2-(Me2NCH2)C6H4] patterns

1D architectures

[RPh2SnF] (3b) dinuclear associations between isomers of the same intermolecular F(1)–H(34)aryl 2.50
type of two independent molecules;
no further intermolecular contacts

[RPh2SnF] (3b�)[26] chains of (S) and (R) isomers intra-chain F(1)–H(17Ba)methylene 2.37
no inter-chain contacts

[RPh2SnCl] (3a) chains of (S) and (R) isomers intra-chain Cl(1)–H(34b)aryl 2.88
(with alternating independent molecules 1 and 2); intra-chain Cl(2a)–H(9A)methyl 2.92
no inter-chain contacts

[RPh2SnCl] (3a�)[20] chains of (S) and (R) isomers intra-chain Cl(1)–H(20a)aryl 2.89
no inter-chain contacts

[RPh2SnI] (3d) chains of (S) and (R) isomers intra-chain I(1)–H(19a)aryl 3.11
no inter-chain contacts

[RMe2SnCl] (2a) chains of alternating (S) and (R) isomers; intra-chain Cl(1)–H(9Cb)N–methyl 2.95
no inter-chain contacts

[RMe2SnF] (2b) chains of alternating (S) and (R) isomers; intra-chain F(1)–H(10Bb)Sn–methyl 2.47
no inter-chain contacts intra-chain F(1)–H(9Ab)N–methyl 2.52

[R2SnF2]·CH2Cl2 ribbon-like chains of alternating intra-chain F(2)–H(7Ab)methylene 2.52
(1b·CH2Cl2) (RN1,SN2)- and (SN1,RN2) isomers, intra-chain F(1)–H(19A)solvent 2.37

connected through CH2Cl2 molecules; intra-chain Cl(2a)–H(8A)methyl 2.94
no inter-chain contacts

2D Architectures

[RMe2SnI] (2d) chains of (S) and (R) isomers intra-chain I(1)–H(7Ba)methylene 3.16
contacts between parallel chains, resulting in a layer inter-chain I(1)–H(10Ac)Sn–methyl 3.29
network;
no inter-layer contacts

[R2SnF2] (1b) chains of (RN1,SN2) and (SN1,RN2) intra-chain F(2)–H(12a)aryl 2.38
isomers inter-chain F(1)–H(7Ad)methylene 2.47
contacts between parallel chains, resulting in a layer
network;
no inter-layer contacts

[RMe2SnCl] (2a�) chain of alternating (S) and (R) isomers; intra-chain Cl(1)–H(8Bb)N–methyl 2.81
contacts between parallel chains, resulting in a layer inter-chain Cl(1)–H(8Cc)N–methyl 2.98
network;
no inter-layer contacts

[RMe2SnBr] (2c) chain of alternating (S) and (R) isomers; intra-chain Br(1)–H(9Bb)N–methyl 3.02
contacts between parallel chains, resulting in a layer inter-chain Br(1)–H(4d)aryl 3.15
network;
no inter-layer contacts

3D architectures

[R2SnCl2] (1a) alternating layers of (SN1,SN2) and intra-layer Cl(1)–H(4a�)aryl 2.81
(RN1,RN2) isomers, respectively; inter-layer Cl(1)–H(6f�)aryl 2.94
inter-layer contacts leading to a 3D
supramolecular architecture

[R2SnI2] (1d) chain of alternating (SN1,SN2) and intra-chain I(2)–H(9Ca)methyl 3.15
(RN1,RN2) isomers; inter-chain I(2)–H(8Ac)methyl 3.26
contacts between parallel chains, resulting in a layer inter-layer I(1)–H(14f)aryl 3.32
network;
inter-layer contacts leading to a 3D supramolecular
architecture

H(4d)aryl = 3.15 Å, at the limit of a van der Waals contact]
lead to a different two-dimensional motif, with rings built
from two molecules [(R)- and (S)-2c isomers] and four
molecules [(R)-(R)-(S)-(S)-2c isomers], respectively (Fig-
ure 4, b). In both cases there are no further contacts be-
tween the parallel layers.

In contrast to 1b·CH2Cl2, the crystal structure of the di-
organotin difluoride 1b consists of layers in which alternat-
ing polymeric chains of (RN1,SN2)- and (SN1,RN2)-1b iso-
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mers [F(2)–H(12a)aryl = 2.38 Å] are connected through
F(1)–H(7Ad)methylene (2.47 Å) interactions. The overall layer
network resembles that observed in the crystal of the trior-
ganotin iodide 2d, with both fluorine atoms being involved
in weak hydrogen-bonding interactions.

Three-dimensional supramolecular architectures
(Table 5) were found for the diorganotin dihalides 1a and
1d. Thus, in the crystal of the diorganotin diiodide 1d there
are parallel chains built from alternating (SN1,SN2) and
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Figure 3. Polymeric associations in the crystal of compound
1b·CH2Cl2 based on halogen–hydrogen contacts (only hydrogens
involved in such contacts are shown) [symmetry-equivalent atoms
(x, 2 – y, 0.5 + z) and (x, 2 – y, –0.5 + z) are labelled as “a” and
“b”].

Figure 4. View of the layer network based on intermolecular hydro-
gen bonding (only hydrogens involved in intermolecular interac-
tions are shown) in the crystals of (a) 2a� [symmetry-equivalent
atoms (1.5 – x, 0.5 + y, 0.5 + z), (1.5 – x, –0.5 + y, –0.5 + z), (1.5 –
x, –0.5 + y, 0.5 + z) and (1.5 – x, 0.5 + y, –0.5 + z) are labelled
“a”, “b”, “c” and “d”, respectively] and (b) 2c [symmetry-equiva-
lent atoms (–0.5 + x, y, 0.5 – z), (0.5 + x, y, 0.5 – z), (0.5 – x, –y,
0.5 + z) and (0.5 – x, –y, –0.5 + z) are labelled “a”, “b”, “c” and
“d”, respectively].
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Figure 5. View of supramolecular architectures based on hydrogen
bonding (only hydrogen atoms involved in intermolecular interac-
tions are shown): (a) the layer network of (SN1,SN2) and (RN1,RN2)
isomers in the crystal of 1d [symmetry equivalent atoms (–0.5 + x,
1.5 – y, 0.5 + z), (0.5 + x, 1.5 – y, –0.5 + z), (0.5 – x, –0.5 + y, 1.5 –
z) and (0.5 – x, 0.5 + y, 1.5 – z) are labelled as “a”, “b”, “c” and
“d”, respectively]; (b) the layer network of (SN1,SN2) isomers in the
crystal of 1a [symmetry equivalent atoms (0.5 + x, 0.5 + y, z), (0.5
+ x, –0.5 + y, z), (–0.5 + x, –0.5 + y, z) and (–0.5 + x, 0.5 + y, z)
are labelled as “a”, “b”, “c” and “d”, respectively]; (c) 3D supramo-
lecular structure in the crystal of 1a [symmetry equivalent atoms
(–x, 1 – y, 1 – z) and (0.5 – x, 0.5 – y, –z) are labelled as “e” and
“f”, respectively].
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(RN1,RN2) isomers through I···Hmethyl contacts [I(2)–H-
(9Ca)methyl = 3.15 Å]. Inter-chain contacts [I(2)···H-
(8Ac)methyl = 3.26 Å] result in a similar layer network to
that observed for 2a� (Figure 5, a). Additional weak, inter-
layer contacts between I(1) and an aromatic proton [I(1)···
H(14f)aryl = 3.32 Å] lead to a 3D network. By contrast, in
the crystal of the diorganotin dichloride 1a only aromatic
protons are involved in hydrogen bonding. The molecules
are associated into layers built of the same type of isomer
[Cl(1)···H(4a�)aryl = 2.81 Å] (Figure 5, b) and alternating
parallel layers of (SN1,SN2) or (RN1,RN2) isomers are
bridged through weak Cl(1)···H(6f�)aryl (2.94 Å) interac-
tions (Figure 5, c).

Conclusion

The hypercoordinated di- and triorganotin() halides
[{2-(Me2NCH2)C6H4}2SnX2], [{2-(Me2NCH2)C6H4}-
Me2SnX] and [{2-(Me2NCH2)C6H4}Ph2SnX] (X = F, Cl,
Br, I) have been prepared and their solutions investigated
by multinuclear NMR spectroscopy, including variable-
temperature studies. Single-crystal X-ray structure analyses
have revealed that the strong intramolecular coordination
of the nitrogen atom from the pendant CH2NMe2 group to
tin induces planar chirality and the compounds crystallise
as racemates. The influence of the identity and number of
halogen atoms and organic substituents attached to the tin
atoms is reflected in different supramolecular architectures
based on hydrogen-bonding networks.

Experimental Section
General Remarks: All manipulations were carried out under argon
using dried solvents freshly distilled prior to use. The 1H and 13C
NMR spectra were recorded with Bruker Avance DRX 400 (includ-
ing 2D experiments), Bruker Avance 300 and Bruker DPX 200 in-
struments. The 19F NMR were recorded with Bruker Avance DRX
400 and Bruker DPX 300, and 119Sn NMR were obtained using
Bruker DPX 400 and Varian Unity 300 instruments. Variable-tem-
perature 1H NMR studies were performed with a Varian Unity 300
(compound 1a) and a Varian Gemini 300S (compound 1b). The
chemical shifts are reported in ppm relative to the residual peak of
solvent (CHCl3; δ1H = 7.26, δ13C = 77.0 ppm for 1H and 13C, CFCl3
for 19F and neat SnMe4 for 119Sn). Starting materials such as SnCl4,
BuSnCl3, Ph2SnCl2, Me2SnCl2 KX (X = F, Br, I), N,N-dimethylbe-
nzylamine and n-butyllithium were commercially available. The
compounds [Li{2-(Me2NCH2)C6H4}],[41] [{2-(Me2NCH2)
C6H4}4Sn][17] and [{2-(Me2NCH2)C6H4}Ph2SnCl] (3a)[20] were pre-
pared according to the literature methods.

Synthesis of [{2-(Me2NCH2)C6H4}2SnCl2] (1a). Procedure 1: A sus-
pension of [Li{2-(Me2NCH2)C6H4}] [prepared as above from
nBuLi in n-hexane (24.6 mL, 1.6 , 20% excess) and
Me2NCH2C6H5 (4.43 g, 32.8 mmol) in 200 mL of anhydrous n-hex-
ane] in anhydrous toluene (150 mL) was added dropwise, whilst
stirring, to a cooled (–78 °C) solution of SnCl4 (4.27 g, 16.4 mmol)
in 300 mL of toluene (300 mL). After all the suspension had been
added, the reaction mixture was stirred for 1 h at –78 °C, and then
allowed to reach room temperature overnight. The reaction mixture
was filtered under inert atmosphere and the solvent of the filtrate
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was removed in vacuo. The solid residue was recrystallised from
CH2Cl2/n-hexane to give 6.1 g (81%) of the title compound as
colourless crystals.

Procedure 2: SnCl4 (0.437 g, 1.68 mmol) was added to [{2-
(Me2NCH2)C6H4}4Sn] (1.1 g, 1.68 mmol) under inert atmosphere
and the mixture was slowly heated whilst stirring until a homogen-
eous melt was obtained. The heating was maintained for 15 min
and then the reaction mixture was cooled to room temperature.
Recrystallisation from a CH2Cl2/n-hexane mixture (approximately
1:4) provided 1.2 g (78%) of 1a as colourless crystals (m.p. 257–
259 °C). 1H NMR (CDCl3, 300 MHz, 20 °C): δ = 2.22 (br. s, 12 H,
NCH3), AB spin system with δA = 3.37 and δB = 4.07 (2JH,H =
14.1 Hz, 4 H, CH2N), 7.18 (m, 2 H, 3-H), 7.41 (m, 4 H, 4,5-H),
8.22 (m, 3JH,Sn = 108 Hz, 2 H, 6-H) ppm. 1H NMR (CDCl3,
300 MHz, 60 °C): δ = 2.21 (br. s, 12 H, NCH3), AB spin system
with δA = 3.38 and δB = 4.04 (br. s, 4 H, CH2N), 7.17 (d, 3JH,H =
6.9 Hz, 2 H, 3-H), 7.52 (m, 4 H, 4,5-H), 8.25 (d, 3JH,H = 6.3, 3JH,Sn

= 108 Hz, 2 H, 6-H) ppm. 1H NMR (300 MHz, CDCl3, –60 °C): δ
= 2.05 (s, 3JH,Sn = 39 Hz, 6 H, NCH3), 2.55 (s, 3JH,Sn = 39 Hz, 6
H, NCH3), AB spin system with δA = 3.39 and δB = 4.14 (2JH,H =
14.2, 3JH,Sn = 39 Hz, 4 H, CH2N), 7.19 (d, 3JH,H = 6.6 Hz, 2 H, 3-
H), 7.41 (m, 4 H, 4,5-H), 8.19 (d, 3JH,H = 6.8, 3JH,Sn = 110 Hz, 2
H, 6-H) ppm. 13C NMR (CDCl3, 100.6 MHz, 20 °C): δ = 46.78
(br. s, NCH3), 63.80 (s, 2JC,Sn = 42.8 Hz, CH2N), 127.85 (s, 3JC,Sn

= 97.1/99.3 Hz, C-3), 128.18 (s, 3JC,Sn = 104.8/107.6 Hz, C-5),
130.16 (s, 4JC,Sn = 19.1 Hz, C-4), 135.47 (s, 2JC,Sn = 61.3 Hz, C-6),
140.79 (s, 2JC,Sn = 62.8 Hz, C-2; 1JC,Sn = 1167.1/1221.3 Hz, C-1)
ppm. 119Sn NMR (CH2Cl2/[D6]acetone, 149.2 MHz, 20 °C): δ = –
260.7 ppm (s). C18H24Cl2N2Sn (458.00): calcd. C 47.21, H 5.28, N
6.12; found C 47.34, H 5.43, N 5.84.

Synthesis of [{2-(Me2NCH2)C6H4}2SnF2] (1b): Dichloromethane
was added to a suspension of 1a (0.3 g, 0.65 mmol) in MeOH
(20 mL) until the solid compound dissolved. An aqueous solution
of KF (0.2 g, 3.44 mmol) was then added and the mixture was
stirred for 3 h at room temperature. The organic layer was sepa-
rated and the water solution was washed twice with 5 mL of
CH2Cl2. The combined organic layers were dried with anhydrous
Na2SO4. The latter was filtered, the solvent was removed in vacuo
and the obtained white solid residue was recrystallised from a
CH2Cl2/n-hexane mixture to give 1b (0.25 g, 90%; m.p. 213–
215 °C). Colourless crystals suitable for single-crystal X-ray diffrac-
tion were obtained by slow crystallisation from a CH2Cl2/n-hexane
(approximately 1:5) mixture. 1H NMR (CDCl3, 400 MHz, 20 °C):
δ = 2.24 (br. s, 12 H, NCH3), 3.66 (br. s, 4 H, CH2N), 7.16 (m, 2
H, 3-H), 7.38 (m, 4 H, 4,5-H), 8.08 (m, 3JH,Sn = 92.2 Hz, 2 H, 6-
H) ppm. 1H NMR (CDCl3, 300 MHz, 55 °C): δ = 2.24 (s, 12 H,
NCH3), 3.66 (s, 4 H, CH2N), 7.17 (m, 2 H, 3-H), 7.39 (m, 4 H, 4,5-
H), 8.09 (m, 3JH,Sn = 91.5 Hz, 2 H, 6-H) ppm. 1H NMR (CDCl3,
300 MHz, –55 °C): δ = 2.10 (s, 6 H, NCH3), 2.42 (s, 6 H, NCH3),
AB spin system with δA = 3.53 and δB = 3.82 (2JH,H = 14.3 Hz, 4
H, CH2N), 7.17 (m, 2 H, 3-H), 7.38 (m, 4 H, 4,5-H), 8.05 (m, 3JH,Sn

= 93.3 Hz, 2 H, 6-H) ppm. 13C NMR (CDCl3, 100.6 MHz, 20 °C):
δ = 46.09 (br. s, NCH3), 64.10 (s, 2JC,Sn = 48.4 Hz, CH2N), 127.31
(s, 3JC,Sn = 96.7 Hz, C-3), 127.93 (s, 3JC,Sn = 99.3 Hz, C-5), 129.97
(s, 4JC,Sn = 17.6 Hz, C-4), 136.30 (s, 2JC,Sn = 49.5 Hz, C-6), 139.23
(t, 3JC,F = 22.5 Hz, C-1), 141.04 (s, 2JC,Sn = 66.7 Hz, C-2) ppm. 19F
NMR (CDCl3, 282.38 MHz, 20 °C): δ = –181.5 ppm (s, 1JF,Sn =
2567/2683 Hz). 119Sn NMR (CH2Cl2/[D6]acetone, 149.2 MHz,
20 °C): δ = –386.7 ppm (t, 1JF,Sn = 2663 Hz). C18H24F2N2Sn
(425.09): calcd. C 50.86, H 5.69, N 6.59; found C 50.58, H 5.33, N
6.37.

Synthesis of [{2-(Me2NCH2)C6H4}2SnI2] (1d): A saturated aqueous
solution of NH4I (20 mL) was added to a solution of 1a (0.79 g,
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1.73 mmol) in CH2Cl2 (20 mL)/EtOH (4 mL) and the reaction mix-
ture was stirred for 10 h at room temperature. The organic layer
was separated and the water solution was washed twice with 5 mL
of CH2Cl2. The organic solution was separated and dried with an-
hydrous Na2SO4. The latter was filtered, the solvent was removed
in vacuo and the solid residue was recrystallised from a CH2Cl2/n-
hexane mixture to give 1d as colourless crystals (0.66 g, 60%; m.p.
238 °C). 1H NMR (CDCl3, 300 MHz, 20 °C): δ = 2.23 (br. s, 12 H,
NCH3), AB spin system with δA = 3.19 and δB = 4.22 (2JH,H =
12.7 Hz, 4 H, CH2N), 7.13 (d, 3JH,H = 6.9 Hz, 2 H, 3-H), 7.37 (dd,
3JH,H = 7.4 Hz, 2 H, 4-H), 7.47 (dd, 3JH,H = 7.5 Hz, 2 H, 5-H),
8.19 (d, 3JH,H = 7.2, 3JH,Sn = 111.9 Hz, 2 H, 6-H) ppm. 1H NMR
(CDCl3, 300 MHz, 50 °C): δ = 2.21 (s, 3JH,Sn = 39.1 Hz, 12 H,
NCH3), AB spin system with δA = 3.24 and δB = 4.16 (br. s, 4 H,
CH2N), 7.12 (d, 3JH,H = 7.3 Hz, 2 H, 3-H), 7.37 (dd, 3JH,H =
7.4 Hz, 2 H, 4-H), 7.47 (dd, 3JH,H = 7.5 Hz, 2 H, 5-H), 8.21 (d,
3JH,H = 7.3, 3JH,Sn = 111.9 Hz, 2 H, 6-H) ppm. 1H NMR
(300 MHz, CDCl3, –50 °C): δ = 1.96 (s, 3JH,Sn = 39.2 Hz, 6 H,
NCH3), 2.63 (s, 3JH,Sn = 38.8 Hz, 6 H, NCH3), AB spin system
with δA = 3.17 and δB = 4.30 (2JH,H = 14.2 Hz, 4 H, CH2N), 7.13
(d, 3JH,H = 7.2 Hz, 2 H, 3-H), 7.37 (dd, 3JH,H = 7.4 Hz, 2 H, 4-H),
7.46 (dd, 3JH,H = 7.4 Hz, 2 H, 5-H), 8.15 (d, 3JH,H = 7.4, 3JH,Sn =
115.3 Hz, 2 H, 6-H) ppm. 13C NMR (CDCl3, 100.6 MHz, 20 °C):
δ = 46.90 (br. s, NCH3), 62.80 (s, 2JC,Sn = 35.6 Hz, CH2N), 128.02
(s, 3JC,Sn = 104.1 Hz, C-5), 128.22 (s, 3JC,Sn = 90.8 Hz, C-3), 130.29
(s, 4JC,Sn = 18.2 Hz, C-4), 135.73 (s, 2JC,Sn = 67.1 Hz, C-6), 138.17
(s, C-1), 140.51 (s, C-2) ppm. 119Sn NMR (CDCl3, 111.9 MHz,
20 °C): δ = –346.9 ppm (s). C18H24I2N2Sn (640.90): calcd. C 33.73,
H 3.77, N 4.37; found C 33.42, H 3.53, N 4.12.

Synthesis of [{2-(Me2NCH2)C6H4}Me2SnCl] (2a): A suspension of
[Li{2-(Me2NCH2)C6H4}] [prepared as above from nBuLi in n-hex-
ane (17.6 mL, 1.6 , 20% excess) and Me2NCH2C6H5 (3.18 g,
23.5 mmol) in 50 mL of anhydrous n-hexane] in anhydrous toluene
(50 mL) was added dropwise, whilst stirring, to a cooled (–78 °C)
solution of Me2SnCl2 (5.17 g, 23.5 mmol) in 150 mL of toluene
(300 mL). After all the suspension had been added the reaction
mixture was stirred for 1 h at –78 °C, and then allowed to reach
room temperature overnight. The reaction mixture was filtered un-
der inert atmosphere and the solvent was removed in vacuo. The
white solid residue was recrystallised from CH2Cl2/n-hexane to give
2a (5.2 g, 69%) as colourless crystals (m.p. 119–121 °C; ref.[12] 120–
123 °C). 1H NMR (CDCl3, 200 MHz, 20 °C): δ = 0.73 (s, 2JH,Sn =
64.1/67.0 Hz, 6 H, SnCH3), 2.29 (s, 6 H, NCH3), 3.62 (s, 2 H,
CH2N), 7.12 (m, 1 H, 3-H), 7.32 (m, 2 H, 4,5-H), 8.17 (m, 3JH,Sn

= 67.2 Hz, 1 H, 6-H) ppm. 13C NMR (CDCl3, 50.3 MHz, 20 °C):
δ = –0.28 (s, 1JC,Sn = 492.4/515.4 Hz, SnCH3), 45.15 (s, NCH3),
64.78 (s, 2JC,Sn = 28.8 Hz, CH2N), 126.46 (s, 3JC,Sn = 59.1 Hz, C-
3), 127.88 (s, 3JC,Sn = 67.2 Hz, C-5), 129.32 (s, 4JC,Sn = 13.2 Hz, C-
4), 137.60 (s, 2JC,Sn = 42.9 Hz, C-6), 140.28 (s, C-1), 141.78 (s, 2JC,Sn

= 38.6 Hz, C-2) ppm. 119Sn NMR (CH2Cl2/[D6]acetone,
149.2 MHz, 20 °C): δ = –48.7 ppm (s). C11H18ClNSn (318.41):
calcd. C 41.49, H 5.70, N 4.40; found C 41.23, H 5.61, N 4.53.

Synthesis of [{2-(Me2NCH2)C6H4}Me2SnF] (2b): Same procedure
as for 1b, using 2a (0.25 g, 0.78 mmol) and KF (0.228 g,
3.92 mmol). Recrystallisation from CH2Cl2/n-hexane (approxi-
mately 1:3) mixture gave 2b (0.21 g, 89%) as colourless crystals
(m.p. 92–94 °C). 1H NMR (CDCl3, 400 MHz, 20 °C): δ = 0.56 (d,
3JH,F = 3.7, 2JH,Sn = 64.8/67.2 Hz, 6 H, SnCH3), 2.28 (s, 6 H,
NCH3), 3.59 (s, 2 H, CH2N), 7.12 (m, 1 H, 3-H), 7.32 (m, 2 H, 4,5-
H), 7.97 (m, 3JH,Sn = 60.4 Hz, 1 H, 6-H) ppm. 13C NMR (CDCl3,
100.6 MHz, 20 °C): δ = –3.67 (d, 2JC,F = 16.7, 1JC,Sn = 507.7/
531.3 Hz, SnCH3), 45.16 (s, NCH3), 64.91 (s, 2JC,Sn = 30.3 Hz,
CH2N), 126.47 (s, 3JC,Sn = 58.3 Hz, C-3), 127.83 (s, 3JC,Sn =
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64.6 Hz, C-5), 129.24 (s, 4JC,Sn = 12.8 Hz, C-4), 137.19 (s, 2JC,Sn =
38.2 Hz, C-6), 141.32 (d, 3JC,F = 21.7 Hz, C-1), 142.04 (s, 2JC,Sn =
39.4 Hz, C-2) ppm. 19F NMR (CDCl3, 376.5 MHz, 20 °C): δ =
–178.4 ppm (s, 1JF,Sn = 1944.2/2034.6 Hz). 119Sn NMR (CDCl3,
111.9 MHz, 20 °C): δ = –52.7 ppm (d, 1JF,Sn = 2039.3 Hz).
C11H18FNSn (301.96): calcd. C 43.75, H 6.01, N 4.64; found C
43.41, H 5.79, N 4.41.

Synthesis of [{2-(Me2NCH2)C6H4}Me2SnBr] (2c): An aqueous
solution of KBr (0.93 g, 7.85 mmol) was added to a solution of 2a
(0.5 g, 1.57 mmol) in CH2Cl2 (30 mL) and the reaction mixture was
stirred for 3 h at room temperature. The organic layer was sepa-
rated and the water solution was washed twice with 10 mL of
CH2Cl2. The organic solution was dried with anhydrous Na2SO4.
The solvent was removed in vacuo and the obtained pale brown-
red residue was recrystallised from a CH2Cl2/n-hexane mixture to
give 2c (0.52 g, 91%) [m.p. 136–138 °C (dec); ref.[2] white solid, 136–
137 °C]. Colourless crystals suitable for single-crystal X-ray diffrac-
tion were obtained from a CH2Cl2/n-hexane (approximately 1:4)
solution. 1H NMR (CDCl3, 200 MHz, 20 °C): δ = 0.87 (s, 2JH,Sn =
63.5/66.4 Hz, 6 H, SnCH3), 2.32 (s, 6 H, NCH3), 3.64 (s, 2 H,
CH2N), 7.12 (m, 1 H, 3-H), 7.35 (m, 2 H, 4,5-H), 8.26 (m, 3JH,Sn

= 68.5 Hz, 1 H, 6-H) ppm. 13C NMR (CDCl3, 50.3 MHz, 20 °C):
δ = 1.02 (s, 1JC,Sn = 483.1/505.1 Hz, SnCH3), 45.22 (s, NCH3),
64.74 (s, 2JC,Sn = 28.1 Hz, CH2N), 126.46 (s, 3JC,Sn = 58.9 Hz, C-
3), 127.89 (s, 3JC,Sn = 67.6 Hz, C-5), 129.39 (s, C-4), 138.22 (s, 2JC,Sn

= 44.7 Hz, C-6), 139.54 (s, C-1), 141.58 (s, 2JC,Sn = 37 Hz, C-2).
119Sn NMR (CDCl3, 149.2 MHz, 20 °C): δ = –55.5 ppm (s).
C11H18BrNSn (362.86): calcd. C 36.41, H 5.00, N 3.86; found C
36.11, H 5.21, N 3.67.

Synthesis of [{2-(Me2NCH2)C6H4}Me2SnI] (2d): Same procedure as
for 1b, using 2a (0.2 g, 0.63 mmol) and KI (0.52 g, 3.14 mmol).
Recrystallisation from a CH2Cl2/n-hexane (approximately 1:3) mix-
ture gave 2d (0.21 g, 82%) as pale-yellow crystals (m.p. 105–
107 °C). 1H NMR (CDCl3, 300 MHz, 20 °C): δ = 1.05 (s, 2JH,Sn =
63.2/65.0 Hz, 6 H, SnCH3), 2.34 (s, 6 H, NCH3), 3.65 (s, 2 H,
CH2N), 7.11 (d, 3JH,H = 7.0 Hz, 1 H, 3-H), 7.35 (m, 2 H, 4,5-H),
8.30 (d, 3JH,H = 6.6, 3JH,Sn = 71.2 Hz, 1 H, 6-H) ppm. 13C NMR
(CDCl3, 75.5 MHz, 20 °C): δ = 3.18 (s, 1JC,Sn = 470.1/492.0 Hz,
SnCH3), 45.42 (s, NCH3), 64.84 (s, 2JC,Sn = 26.9 Hz, CH2N), 126.54
(s, 3JC,Sn = 58.9 Hz, C-3), 128.03 (s, 3JC,Sn = 69.4 Hz, C-5), 129.58
(s, 3JC,Sn = 13.7 Hz, C-4), 138.26 (s, 1JC,Sn = 664.0/694.8 Hz, C-1),
139.62 (s, 2JC,Sn = 46.2 Hz, C-6), 141.40 (s, 2JC,Sn = 35.8 Hz, C-2)
ppm. 119Sn NMR (CDCl3, 111.9 MHz, 20 °C): δ = –72.8 ppm (s).
C11H18INSn (409.87): calcd. C 32.24, H 4.43, N 3.42; found C
32.11, H 4.25, N 3.33.

Synthesis of [{2-(Me2NCH2)C6H4}Ph2SnF] (3b): Same procedure as
for 1b, using 3a (0.25 g, 0.56 mmol) and KF (0.164 g, 2.82 mmol).
Recrystallisation from a CH2Cl2/n-hexane (approximately 1:3) mix-
ture gave 3b (0.21 g, 87%) as colourless crystals (m.p. 161–163 °C).
1H NMR (CDCl3, 400 MHz, 20 °C): δ = 1.97 (s, 6 H, NCH3), 3.56
(s, 2 H, CH2N), 7.20 (d, 3JH,H = 7.2 Hz, 1 H, 3-H), 7.44 (m, 8 H,
4,5-H + C6H5-meta,para), 7.72 (m, 3JH,Sn = 61.1 Hz, 4 H, C6H5-
ortho), 8.31 (d, 3JH,H = 7.0, 3JH,Sn = 64.4 Hz, 1 H, 6-H) ppm. 13C
NMR (CDCl3, 100.6 MHz, 20 °C): δ = 45.76 (s, NCH3), 64.82 (s,
2JC,Sn = 31.2 Hz, CH2N), 127.03 (s, 3JC,Sn = 64.6 Hz, C-3), 128.05
(s, 3JC,Sn = 68.7 Hz, C-5), 128.75 (s, 3JC,Sn = 67.5 Hz, C6H5-meta),
129.53 (s, 4JC,Sn = 13.5 Hz, C6H5-para), 129.93 (s, 4JC,Sn = 13.1 Hz,
C-4), 136.03 (s, 2JC,Sn = 44.8 Hz, C6H5-ortho), 138.34 (s, 2JC,Sn =
39.1 Hz, C-6), 140.29 (d, 3JC,F = 15.5 Hz, C6H5-ipso), 142.88 (s,
2JC,Sn = 44.3 Hz, C-2) ppm; the resonance for C-1 is overlapped by
the resonance of C-6. 19F NMR (CDCl3, 376.5 MHz, 20 °C): δ =
–182.4 ppm (s, 1JF,Sn = 2058.3/2154.0 Hz). 119Sn NMR (CDCl3,
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111.9 MHz, 20 °C): δ = –197.6 ppm (d, 1JF,Sn = 2157 Hz).
C21H22FNSn (426.10): calcd. C 59.20, H 5.20, N 3.29; found C
58.96, H 5.05, N 3.07.

Synthesis of [{2-(Me2NCH2)C6H4}Ph2SnI] (3d): Same procedure as
for 1b, using 3a (0.2 g, 0.45 mmol) and KI (0.375 g, 2.26 mmol).
Recrystallisation from a CH2Cl2/n-hexane (approximately 1:4) mix-
ture gave 3d (0.22 g, 91%) as pale-yellow crystals (m.p. 235–

Table 6. Crystallographic data for compounds 1a, 1b, 1b·CH2Cl2 and 1d.

1a 1b 1b·CH2Cl2 1d

Empirical formula C18H24Cl2N2Sn C18H24F2N2Sn C18H24F2N2Sn·CH2Cl2 C18H24I2N2Sn
Formula mass 457.98 425.08 510.01 640.88
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2/c P21/n Cc P21/n
a [Å] 16.9910(4) 9.4178(13) 12.9347(16) 10.0711(10)
b [Å] 8.0759(1) 16.101(2) 12.7973(16) 13.7642(14)
c [Å] 14.5798(4) 12.2211(17) 13.4533(17) 15.1918(15)
α [°] 90 90 90 90
β [°] 105.9252(11) 111.560(2) 102.312(2) 96.531(2)
γ [°] 90 90 90 90
V [Å3] 1980.0(3) 1723.6(4) 2175.7(5) 2092.2(4)
Z 4 4 4 4
Dcalcd. [g cm–3] 1.581 1.638 1.557 2.035
F(000) 920 856 1024 1208
Crystal size [mm] 0.25×0.15×0.13 0.40×0.31×0.18 0.32×0.20×0.10 0.44×0.20×0.20
µ(Mo-Kα) [mm–1] 1.607 1.503 1.442 4.174
θ range [°] 3.79–27.45 2.19–27.10 2.26–26.37 2.00–26.37
No. of reflections collected 8700 10414 8549 16388
No. of independent reflections 2201 (Rint = 0.0330) 3778 (Rint = 0.0201) 4259 (Rint = 0.0349) 4274 (Rint = 0.0392)
No. of parameters 107 213 239 212
Absorption correction none multi-scan (Bruker SAINT) multi-scan (SAINT) multi-scan (SAINT)
R1 [I � 2σ(I)] 0.0211 0.0240 0.0381 0.0465
wR2 0.0452 0.0529 0.0816 0.1068
GOF on F2 1.006 1.080 1.023 1.157
Residual electron density [eÅ–3] 0.370/–0.601 0.408/–0.334 0.767/–0.700 1.277/–1.382

Table 7. Crystallographic data for compounds 2a, 2a� and 2b–2d.

2a 2a� 2b 2c 2d

Empirical formula C11H18ClNSn C11H18ClNSn C11H18FNSn C11H18BrNSn C11H18INSn
Formula mass 318.40 318.40 301.97 362.86 409.85
Crystal system orthorhombic orthorhombic monoclinic orthorhombic monoclinic
Space group Pbca Pna21 P21/n Pbca P21/n
a [Å] 13.993(9) 17.155(3) 9.5956(8) 14.1705(13) 7.1685(10)
b [Å] 12.973(9) 11.2080(19) 12.7844(12) 13.0368(12) 7.5197(11)
c [Å] 14.687(10) 7.0150(12) 11.3157(10) 14.6525(14) 26.236(4)
α [°] 90 90 90 90 90
β [°] 90 90 111.521(2) 90 90.067(2)
γ [°] 90 90 90 90 90
V [Å3] 2666(3) 1348.8(4) 1291.4(2) 2706.9(4) 1414.3(4)
Z 8 4 4 8 4
Dcalcd. [g cm–3] 1.586 1.568 1.553 1.781 1.925
F(000) 1264 632 600 1408 776
Crystal size [mm] 0.13 × 0.21 × 0.23 0.42 × 0.37 × 0.17 0.24 × 0.29 × 0.53 0.25 × 0.22 × 0.17 0.37 × 0.21 × 0.08
µ(Mo-Kα) [mm–1] 2.084 2.084 1.957 4.808 3.959
θ range [°] 2.55–26.37 2.17–26.37 2.4–26.4 2.54–26.37 1.55–26.37
No. of reflections collected 19522 10378 7352 20438 10856
No. of independent reflections 2716 (Rint = 0.0372) 2727 (Rint = 0.0220) 2623 (Rint = 0.0174) 2763 (Rint = 0.0362) 2876 (Rint = 0.0519)
No. of parameters 131 131 131 131 132
Absorption correction multi-scan (SAINT) multi-scan (SAINT) multi-scan (SAINT) multi-scan (SAINT) multi-scan (SAINT)
R1 [I � 2σ(I)] 0.0315 0.0217 0.0260 0.0317 0.0354
wR2 0.0620 0.0447 0.0588 0.0715 0.0752
GOF on F2 1.100 1.092 1.060 1.101 1.116
Residual electron density [e Å–3] 0.522/–0.470 0.218/–0.408 0.476/–0.202 0.534/–0.602 0.701/–0.762
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236 °C). 1H NMR (CDCl3, 300 MHz, 20 °C): δ = 1.87 (s, 6 H,
NCH3), 3.56 (s, 2 H, CH2N), 7.18 (d, 3JH,H = 7.3 Hz, 1 H, 3-H),
7.40 (m, 7 H, 4-H + C6H5-meta,para), 7.53 (dd, 3JH,H = 7.5 Hz, 1
H, 5-H), 7.72 (m, 3JH,Sn = 65.3 Hz, 4 H, C6H5-ortho), 8.60 (d, 3JH,H

= 7.1, 3JH,Sn = 75.1 Hz, 1 H, 6-H) ppm. 13C NMR (CDCl3,
75.4 MHz, 20 °C): δ = 45.84 (s, NCH3), 64.64 (s, 2JC,Sn = 25.8 Hz,
CH2N), 127.19 (s, 3JC,Sn = 62.1 Hz, C-3), 128.29 (s, 3JC,Sn =
74.2 Hz, C-5), 128.85 (s, 3JC,Sn = 69.3 Hz, C6H5-meta), 129.35 (s,
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Table 8. Crystallographic data for compounds 3a, 3b and 3d.

3a 3b 3d

Empirical formula C21H22ClNSn C21H22FNSn C21H22INSn
Formula mass 442.54 426.09 533.99
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n
a [Å] 9.2370(15) 9.2868(7) 8.8090(15)
b [Å] 24.215(4) 23.5553(17) 15.875(3)
c [Å] 17.832(3) 17.8373(13) 15.058(3)
α [°] 90 90 90
β [°] 97.558(3) 99.7480(10) 92.636(3)
γ [°] 90 90 90
V [Å3] 3954.1(11) 3845.6(5) 2103.5(6)
Z 8 8 4
Dcalcd. [g cm–3] 1.487 1.472 1.686
F(000) 1776 1712 1032
Crystal size [mm] 0.24×0.23×0.18 0.20×0.19×0.04 0.22×0.15×0.14
µ(Mo-Kα) [mm–1] 1.429 1.339 2.684
θ range [°] 1.43–26.35 1.45–26.38 1.87–26.37
No. of reflections collected 31134 30497 16667
No. of independent reflections 8068 (Rint = 0.0424) 7877 (Rint = 0.0411) 4292 (Rint = 0.0438)
No. of parameters 220 437 219
Absorption correction multi-scan (SAINT) multi-scan (SAINT) multi-scan (SAINT)
R1 [I � 2σ(I)] 0.0444 0.0457 0.0425
wR2 0.0933 0.1091 0.0830
GOF on F2 1.195 1.026 1.058
Residual electron density [eÅ–3] 1.161/–0.509 2.576/–0.921 0.797/–0.874

4JC,Sn = 13.7 Hz, C6H5-para), 130.20 (s, 4JC,Sn = 14.2 Hz, C-4),
135.18 (s, 2JC,Sn = 45.8 Hz, C6H5-ortho), 135.23 (s, C-1), 140.80 (s,
2JC,Sn = 50.3 Hz, C-6), 142.32 (s, 2JC,Sn = 38.4 Hz, C-2), 142.36 (s,
1JC,Sn = 705.1/737.9 Hz, C6H5-ipso). 119Sn NMR (CDCl3,
111.9 MHz, 20 °C): δ = –199.5 ppm (s). C21H22INSn (534.01):
calcd. C 47.23, H 4.15, N 2.62; found C 47.01, H 3.88, N 2.45.

X-ray Crystallographic Study: The crystal structure measurement
and refinement data for 1a, 1b, 1b·CH2Cl2, 1d, 2a, 2a�, 2b–2d, 3a,
3b and 3d are given in Tables 6, 7 and 8. Data for 1a were collected
with a Nonius KappaCCD diffractometer (University of Dort-
mund) at 291 K. For all the other compounds the data were col-
lected using a SMART APEX diffractometer (“Babes-Boyai” Uni-
versity) at 297 K. In both cases a graphite monochromator was
used to produce a wavelength (Mo-Kα) of 0.71073 Å. The struc-
tures were solved by direct methods (full-matrix least-squares on
F2). All non-hydrogen atoms were refined with anisotropic thermal
parameters. For structure solving and refinement the SHELX-97
software package was used.[42] The drawings were created with the
Diamond program by Crystal Impact GbR.[43]

CCDC-231308 (for 1a), -230620 (for 1b), -230621 (for 1b·CH2Cl2),
-285103 (for 1d), -215229 (for 2a), -215230 (for 2a�), -215224 (for
2b), -230622 (for 2c), -215380 (for 2d), -215228 (for 3a), -215226
(for 3b) and -215227 (for 3d) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information Available (for details see the footnote on
the first page of this article): Figure S1 (variable-temperature 1H
NMR spectra for 1a and 1b, in CDCl3 solution), Figures S2–S8
(simulation of the aromatic region of the1H NMR spectra for 1a,
1b, 2a–2d and 4b, respectively) and Figures S9–S43 (details of the
different supramolecular architectures based on hydrogen-bonding
networks in the crystals of investigated compounds).
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[26] J. Bareš, P. Novák, M. Nádvorník, R. Jambor, T. Lébl, I. Cisa-
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The pH-dependent electronic and electrochemical properties
of a series of triangular μ3-oxo-centered trinuclear clusters of
the type [Ru3O(Ac)6(py)2(OHx)]n (Ac = acetate; py = pyridine;
x = 0, 1, or 2; where the formal oxidation states on the metal
ions range from +II to +IV) have been investigated with em-
phasis on the elucidation of the successive proton-coupled
redox processes spanning the interconvertible aqua- (x = 2),
hydroxo- (x = 1), and oxo- (x = 0) forms, from which the com-
plete Pourbaix diagram has been proposed. From the sponta-
neous slow coupling reaction of the monomeric cluster in its

Introduction
The chemistry of water as a ligand in coordination com-

pounds can be rather puzzling when the metal ions display
many successive oxidation states.[1] That is mostly because,
in such systems, the ligand acid–base behavior and metal-
centered redox properties are coupled and, therefore, pro-
ton and electron transfer can simultaneously occur in con-
nection with chemical and electronic transformations in the
complex. The consequences of this type of dynamic syner-
gism called proton-coupled electron transfer (PCET) are, in
many different aspects, widespread in synthetic and
natural systems (e.g. from sol-gel processes in materials
chemistry to photosynthetic oxygen evolution in green
plants).[2,3]

In the particular context of model systems towards (elec-
tro)catalytic oxidation of organics, a remarkable series of
(polypyridyl)ruthenium complexes involving oxidation-
state/pH-dependent equilibrium PCET reactions of the type
H2O–RuII h HO–RuIII h O=RuIV (i.e. aqua, hydroxo, and
oxo forms, respectively), has been largely investigated by
Meyer and co-workers.[4] In the light of those studies, an
extraordinary chemistry has been revealed from the appar-
ently simple Ru–O structure. In addition to the complexity
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deprotonated (oxo) form at high pH, the μ-oxo-bridged clus-
ter dimer (i.e. {(py)2(Ac)6ORu3}-O-{Ru3O(Ac)6(py)2}) has been
isolated and fully characterized by spectroelectrochemistry
as well. A further understanding of the underlying electronic
interactions across the various oxidation and protonation
states, and the role of such phenomena in the activation of
the Ru–O bonding system in oxygen-transfer catalysis, have
also been explored.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

introduced by the multiple ligand-based protonation states
coexisting with the metal-based oxidation states, a detailed
understanding of the underlying metal–ligand interactions
can be especially challenging when metal–metal electronic
coupling is also involved, as in the case of the triangular μ-
oxo-centered triruthenium clusters [Ru3O(Ac)6(py)2(OHx)]n

(Ac = acetate ion, py = pyridine), focused herein (Scheme 1,
a).

The trinuclear ruthenium complexes of the type
[Ru3O(Ac)6(L)3]n and [Ru3O(Ac)6(L)2(L�)]n (where L is usu-
ally a pyridyl ligand) have been extensively investigated[5]

since the seminal work by Wilkinson[6,7] and Meyer[8,9] and
co-workers, on the mixed-valence properties of the Ru3O
cluster core. In addition to the metal–metal bonding, the
triangular center is strongly held by six acetate bridges and
a central oxygen atom (oxo) that is capable of interacting
with up to three empty Ru dπ orbitals. When L� is H2O, its
acid–base properties are expected to be sensitive to the re-
dox states of the Ru ions and, to some extent, the electronic
coupling within the trinuclear cluster core. There is also the
possibility of forming oxo-bridged dimers (Scheme 1, b), ex-
panding the influence of the mixed-valence interactions
over the entire polymetallic system. All these aspects have
been investigated in this work, with especial emphasis on
the elucidation of the proton-coupled redox processes by
electrochemical and spectroelectrochemical methods. Fur-
ther, the role of intermetallic electronic interactions in the
activation of the Ru–O bonding structure in oxygen-trans-
fer catalysis has also been explored.
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Scheme 1. Structural formulas of (a) the cluster [Ru3O(Ac)6(py)2-
(H2O)]+ and (b) the oxo-bridged cluster dimer [{Ru3O(Ac)6-
(py)2}2(μ-O)]2+.

Results and Discussion

Electronic Absorption Spectra

The electronic spectra of the [Ru3
III,III,IIIO(Ac)6(py)2-

(H2O)]+ complex in aqueous solution, at various pH values,
are shown in Figure 1. In general, a characteristic set of
absorption bands is observed at 498 (ε = 1630), 607 (ε =
3390), and 683 nm (ε = 4300), in addition to a shoulder
near 390 nm. The main visible absorption envelope and the
higher-energy shoulder have been associated to intra-
cluster (IC) metal–metal electronic transitions and Ru3-
O(dπ)�py(π*) charge-transfer (CT) transitions, respec-
tively, on the basis of previous detailed assignments.[5,9–11]

As shown in Figure 1, no spectral change is observed in
the pH range of 1.9–6.5. Above pH 6.5, a systematic spec-
tral shift of the IC bands to 592, 702, and �808 nm occurs,
accompanied by two isosbestic points at 577 and 712 nm.
In the pH range of 6.5–11.5, the process is essentially re-
versible, corresponding to the acid–base equilibrium of
Equation (1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1487–14951488

Figure 1. Eletronic spectra of [Ru3O(Ac)6(py)2(H2O)]+ (1.4·10–4 m)
in BR buffer at various pH values: (a) 1.9–6.5; (b) 7.7; (c) 8.3; (d)
8.9; (e) 9.5; and (f) 11.1 and 12.0. Inset: pH vs. log [(A0 – A)/(A –
Af)], where A is the measured absorbance at any given pH, A0 is
the starting absorbance at the lowest pH, and Af is the final ab-
sorbance at the highest pH.

[Ru3
III,III,IIIO(Ac)6(py)2(H2O)]+ h

[Ru3
III,III,IIIO(Ac)6(py)2(OH)] + H+ (1)

From the linear plot of pH vs. log [(A0 – A)/(A – Af)]
(Figure 1; inset), the pKa for the process given in Equation
(1) was calculated to be 8.86 (±0.02). It is interesting to
notice that the Ka of the aqua ligand in the
[Ru3

III,III,IIIO(Ac)6(py)2(H2O)]+ species herein is about four
orders of magnitude smaller than that previously reported
for the [Ru3

III,III,IIIO(Ac)6(OH)2(H2O)]– species (pKa �
12).[5,6] This observation reflects the influence of the π-
backbonding ability of the pyridine ligands, in contrast with
the hydroxo ligands. Also, considering that the pKa of the
[Ru(bpy)2(py)(H2O)]3+ complex is 0.85,[12] the dominant
role of the metal–metal interactions in the trinuclear RuIII

cluster becomes quite evident. Actually, the presence of the
strong bonding and delocalization within the Ru3O core
provides an electronic environment that closely resembles
that of mononuclear RuII complexes such as [Ru(bpy)2-
(py)(H2O)]2+ and trans-[Ru(bpydip)(H2O)2]2+ [where bpy is
2,2�-bipyridine, and bpydip is a tetradentate Schiff base li-
gand, N,N�-bis(7-methyl-2-pyridylmethylene)-1,3-diimino-
propane], as deduced from their pKa of 10.6 and 8.9, respec-
tively.[4,13]

By monitoring the electronic spectra of the hydroxo, neu-
tral [Ru3

III,III,IIIO(Ac)6(py)2(OH)] species as a function of
time (Figure 2), it was observed that the systematic decrease
of the absorption band around 700 nm occurs simulta-
neously with the rise of a broad band around 900 nm,
which is characteristic of the aqua cluster [Ru3

III,III,IIO-
(Ac)6(py)2(H2O)] (as demonstrated below by spectroelectro-
chemistry). Therefore, as shown in Equation (2), the hy-
droxo-[III,III,III] species slowly disproportionates, at high
pH, generating the corresponding protonated/reduced
(aqua-[III,III,II]) and deprotonated/oxidized (oxo-
[IV,III,III]) forms.

Figure 2 (b) shows the corresponding kinetics for the dis-
proportionation reaction of Equation (2). The initial rates
measured at 700 nm (1.04±0.02)·10–5 s–1 and 900 nm
(1.98±0.03)·10–5 s–1, were in excellent agreement with the
theoretical relationship of Equation (3).
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Figure 2. (a) Spectral changes of [Ru3O(Ac)6(py)2(H2O)]+ (1.4·10–4 m) in BR buffer at pH 11.4, as a function of time; (b) absorbance
changes at 697 and 900 nm as a function of time.

2 [Ru3
III,III,IIIO(Ac)6(py)2(OH)] h

[Ru3
III,III,IIO(Ac)6(py)2(OH2)] + [Ru3

IV,III,IIIO(Ac)6(py)2(O)] (2)

– (1/2) d[Ru3
III,III,III(OH)]/dt = d[Ru3

III,III,II(OH2)]/dt (3)

In order to evaluate the end point of the reaction, the
sample undergoing disproportionation was kept in the dark
for 24 h and, then, the spectra were measured again at se-
veral pH values (Figure 3). The major differences (relative
to the spectra of Figure 2, a) were observed above pH 11;
i.e., the main absorption band was shifted from 683 nm to
702 nm, and there was an enhancement of the absorption
at 343 nm. In addition, the lack of isosbestic points indi-
cates the occurrence of further reactions following the dis-
proportionation process.

Figure 3. Eletronic spectra of [Ru3O(Ac)6(py)2(H2O)]+ (1.4·10–4 m)
in BR buffer at various pH values: (a) 1.9; (b) 8.3; (c) 8.9; (d) 9.5;
(e) 11.1; (f) 12.0. The sample solution was prepared 24 h prior to
the measurements.

By treating the solution (aged for 24 h at pH 12) with
diethyl ether, only the neutral aqua cluster, i.e.
[Ru3

III,III,IIO(Ac)6(py)2(OH2)], could be detected in the or-
ganic fraction, as shown in Figure 4, a (see below for de-
tailed assignments).
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Figure 4. Electronic spectra of (a) the diethyl ether fraction con-
taining the reduced aqua species, [Ru3

III,III,IIO(Ac)6(py)2(OH2)],
and (b) the remaining, previously ether-treated aqueous solution at
pH 12.0 (BR buffer, 0.1 m).

The spectrum of the ether-treated aqueous solution (Fig-
ure 4, b) exhibits absorption bands at 893, 712, 566 and
343 nm. In principle, according to the disproportionation
reaction of Equation (2), before the extraction with ether
the reaction mixture should also contain the oxo species,
[Ru3

IV,III,IIIO(Ac)6(py)2(O)], and perhaps some remainder
of the starting hydroxo species, [Ru3

III,III,IIIO(Ac)6(py)2-
(OH)]. However, although these are both electrically neutral
species, none of these forms could be detected in the ex-
tracted organic phase containing the aqua counterpart. A
plausible explanation for this observation is that, after
aging for 24 h at pH � 11, the [Ru3

IV,III,IIIO(Ac)6(py)2(O)]
species would dimerize into [{Ru3

IV,III,IIIO(Ac)6(py)2}2(O)]2+
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[Equation (4)], analogously to the previously reported for
the [Ru(bpy)2(py)(O)]2+ complex.[14]

2 [Ru3
IV,III,IIIO(Ac)6(py)2(O)] + H2O h

[{Ru3
IV,III,IIIO(Ac)6(py)2}2(O)]2+ + 2 OH– (4)

Alternatively, the oxo-[IV,III,III] species could react with
any remaining amount of the cluster in the hydroxo-
[III,III,III] form to yield the mixed-valent dimer, as shown
in Equation (5).

[Ru3
IV,III,IIIO(Ac)6(py)2(O)] + [Ru3

III,III,IIIO(Ac)6(py)2(OH)] h
[(py)2(Ac)6ORu3

IV,III,III(O)Ru3
III,III,IIIO(Ac)6(py)2]+ + OH– (5)

In order to obtain additional evidence on the formation
of such dimeric species, the final product was further iso-
lated and characterized as follows. The starting
[Ru3

III,III,IIIO(Ac)6(py)2(H2O)]Cl compound was dissolved
in a minimum volume of water and treated with an equi-
molar amount of NaOH. After 24 h, the one-electron re-
duced, neutral species (H2O-[III,III,II]) was extracted from
the mixture with diethyl ether (as above), and the treated
aqueous solution was evaporated to dryness. Mass spectra
(ESI-MS; see Exp. Sect. for details) of the product, in meth-
anol, exhibited a main peak at m/z = 1751, consistent with
the [{Ru3O(Ac)6(py)2}2(O)]Cl2+ formulation (m/z = 1751)
which, therefore, corresponds to the μ-oxo-bridged mixed-
valent [IV,IV,III–IV,III,III] cluster dimer after ionization in
gas phase. It is worth noting that the chloride ions were
present as counterions because the cluster dimer was gener-
ated from the starting [Ru3O(Ac)6(py)2(H2O)]Cl complex.
Isolation of the dimeric species in pure form (using conven-
tional liquid chromatography) has not yet been ac-
complished because such species seems to undergo facile
interconversion between the mixed-valence states, as con-
firmed by the ESI-MS experiments.

Electrochemical Behavior

Typical cyclic voltammograms of the [Ru3O(Ac)6(py)2-
(H2O)]+ cluster in aqueous solution, at three representative
pH values, are shown in Figure 5. A characteristic reversible
wave, assigned to the Ru-centered III,III,III/III,III,II redox
couple, was observed with E1/2 = 0.20 V (vs. SHE); Equa-

Figure 5. Cyclic voltammograms (at 50 mV s–1) of [Ru3O(Ac)6-
(py)2(H2O)]+ (1.3·10–3 m) in BR buffer/NaTFA (0.1 m) at pH 1.4,
2.5, and 6.7.
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tion (6). Above pH 8, the process exhibits a pH-dependent,
Nernstian behavior with Eo (V vs. SHE) = 0.20 – 0.059·pH.
The pKa associated with the equilibrium of Equation (7)
was evaluated from the Pourbaix (E1/2 vs. pH) plot shown
in Figure 6, with the determined value of 8.7 in agreement
with that obtained by spectrophotometry (8.86) as above.

[Ru3
III,III,III(H2O)]+ + e h [Ru3

III,III,II(H2O)] E1/2 = 0.20 V (6)

[Ru3
III,III,III(H2O)]+ h [Ru3

III,III,III(OH)] + H+ pKa = 8.8 (7)

Figure 6. Pourbaix diagrams for [Ru3O(Ac)6(py)2(OHx)]n in aque-
ous solution; pKa values and slopes (given in mV) are also noted
in the Figure. At pH � 9 and Eo � 1.0 V, the dimeric species (not
shown) predominate; see text for details.

The corresponding spectral changes accompanying the
above redox transformations are shown in Figure 7. The
electrochemical III,III,III/III,III,II reduction of the aqua
cluster at pH 6.7 proceeds reversibly, generating the charac-
teristic cluster-core IC bands with λmax around 890 nm and
the Ru3O(dπ)�py(pπ*) CT band at 364 nm.

Figure 7. Spectroelectrochemical changes in a solution of
[Ru3O(Ac)6(py)2(H2O)]n (1.9·10–3 m), at pH 6.7 [BR buffer/NaTFA
(0.1 m)], in the potential range of 0.47 V (Ru3

III,III,III; n = 1+) to
0.12 V (Ru3

III,III,II; n = 0).
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At pH 1.4, the cyclic voltammograms display another re-

versible wave at 1.2 V (Figure 5), corresponding to the
IV,III,III/III,III,III redox couple [Equation (8)], which is
dramatically sensitive to pH changes. The Pourbaix plots
(Figure 6) exhibit two breaking points at pH 2.5 and 6.7,
which correspond to the pKa’s of the equilibria in Equation
(9) and Equation (10), respectively.

[Ru3
IV,III,III(H2O)]2+ + e h [Ru3

III,III,III(H2O)]+ E1/2 = 1.20 V (8)

[Ru3
IV,III,III(H2O)]2+ h [Ru3

IV,III,III(OH)]+ + H+ pKa = 2.5 (9)

[Ru3
IV,III,III(OH)]+ h [Ru3

IV,III,III(O)] + H+ pKa = 6.7 (10)

Because the required potentials for the oxidation of the
[Ru3

III,III,IIIO(Ac)6(py)2(H2O)]+ species were near the work-
ing limits of water, the formation of the IV,III,III redox
state could not be monitored spectroelectrochemically. In-
stead, a spectrophotometric redox titration was carried out
in HClO4 (0.1 m) using CeIV as a chemical oxidant. As
shown in Figure 8 (b), the redox titration was consistent
with a 1:1 stoichiometry. The oxidized [Ru3

IV,III,IIIO(Ac)6-
(py)2(H2O)]2+ species exhibits two characteristic IC bands
at 565 and 776 nm, as shown in Figure 8 (a).

At pH 2.5, an additional oxidation wave was discernible
at 1.3 V, overlapping the existing reversible wave with E1/2

= 1.2 V. The intensity of the resulting convoluted wave was
two times that of a monoelectronic process. The new cath-
odic wave is pH-dependent and was assigned to the 1-H+

or 2-H+ proton-coupled IV,IV,III/IV,III,III redox process of
Equation (11) or Equation (12), respectively, depending on
the pH region (Figure 6).

[Ru3
IV,IV,III(O)]+ + 2 H+ + e–h [Ru3

IV,III,III(OH2)]2+ pH � 2.5 (11)

[Ru3
IV,IV,III(O)]+ + H+ + e– h [Ru3

IV,III,III(OH)]+ pH � 2.5 (12)

The overall redox processes discussed above have been
collected in the Pourbaix diagrams of Figure 6.

It should be noted that at pH 6.7 the spectroelectro-
chemical oxidation (Figure 9) of [Ru3

III,III,IIIO(Ac)6(py)2-
(H2O)]+, starting from 0.47 V, actually involves two overlap-
ping successive redox processes. At 0.97 V, the hydroxo spe-

Figure 8. (a) Spectrophotometric redox titration of [Ru3O(Ac)6(py)2(H2O)]+ (1.0·10–4 m) in HClO4 (0.1 m) with Ce(iv) in H2SO4 (1.0 m).
(b) Plot of absorbance (at 683 nm) vs. Ce(iv)/cluster molar ratio.
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cies [Ru3
IV,III,IIIO(Ac)6(py)2(OH)]+ should be predomi-

nantly formed; at 1.12 V, the product of oxidation (coupled
to deprotonation) is expected to be [Ru3

IV,IV,IIIO(Ac)6(py)2-
(O)]+. A new band at 418 nm was observed for the latter, in
addition to a broad band around 850 nm. On the other
hand, the vestiges of the initial band around 700 nm may
be an indication of some partial regeneration of the starting
complex, perhaps by a parallel catalytic process involving
the decomposition of water by the highly oxidized, oxo-
[IV,IV,III] species (a point that will be discussed below).

Figure 9. Spectroelectrochemical changes in a solution of
[Ru3O(Ac)6(py)2(OHx)]+ (1.9·10–3 m), at pH 6.7 [BR buffer/NaTFA
(0.1 m)], in the potential range of 0.47 V (aqua-Ru3

III,III,III) to
0.97 V (hydroxo-Ru3

IV,III,III), and then to 1.12 V (oxo-
Ru3

IV,IV,III).

At pH 9.5 a different electrochemical pattern is observed
(Figure 10), with three oxidation waves in the 0.7–1.2 V
range. The anodic process at 0.73 V seems to follow a regu-
lar pattern when it is inserted into the Pourbaix diagram
(Figure 6), and is consistent with the proton-coupled redox
process of Equation (13).

[Ru3
III,III,III(OH)] + OH– � [Ru3

IV,III,III(O)] + H2O + e– (13)

The remaining anodic peaks around 1.0 V exhibit relative
intensities strongly dependent on the potential scan rates,
indicating the occurrence of chemical reactions coupled
with the oxidation of the [Ru3

IV,III,IIIO(Ac)6(py)2(O)] spe-
cies (into [Ru3

IV,IV,IIIO(Ac)6(py)2(O)]+). A possibility is the
decomposition of water by the oxo-[IV,IV,III] species
[Equation (14)], which accounts for the catalytic peak mani-
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Figure 10. Cyclic voltammograms, at several scan rates, of
[Ru3O(Ac)6(py)2(H2O)]+ (1.3·10–3 m) in BR buffer/NaTFA (0.1 m)
at pH 9.5.

fested near 1.0 V at low scan rates (Figure 10). This reaction
regenerates the starting aqua-[III,III,III] species, thus ex-
plaining the lack of cathodic waves in the reverse scan.

2 [Ru3
IV,IV,III(O)]+ + 2 H2O � 2 [Ru3

III,III,III(H2O)]+ + O2 (14)

By increasing the scan rates, two inflections can be noted
around 0.95 and 1.15 V, in addition to the catalytic wave.
As shown below, these signals can be assigned to the pres-
ence of small amounts of dimeric species. In fact, cyclic
voltammograms of the product isolated from the dispropor-
tionation reaction discussed above, in acetonitrile (Fig-
ure 11), are consistent with the existence of dimeric species.

Figure 11. Cyclic voltammograms of the cluster dimer [{Ru3O-
(Ac)6(py)2}2(O)]2+ (1.9·10–3 m) in acetonitrile/TEAP (0.1 m).

The voltammograms of the cluster dimer in acetonitrile
exhibit essentially the characteristic waves for the cluster
monomer “in duplicate”. Table 1 summarizes the corre-
sponding processes in four distinct regions: (I) –1.09 V;
(II) –0.07 and 0.16 V; (III) 0.95 and 1.17 V; (IV) 2.01 and
2.14 V (see also Figure 11).

Table 1. Redox potentials for the oxo-bridged cluster dimer,
[{Ru3O(Ac)6(py)2}2(O)]n, in acetonitrile/TEAP (0.1 m).

Redox couple (Ru3–Ru3) E1/2 (V vs. SHE)

[III,III,II]–[III,III,II]/2[III,II,II] –1.09
[III,III,III]–[III,III,II]/[III,III,II]–[III,III,II] –0.07
[III,III,III]–[III,III,III]/[III,III,III]–[III,III,II] 0.16
[IV,III,III]–[III,III,III]/[III,III,III]–[III,III,III] 0.95
[IV,III,III]–[IV,III,III]/[IV,III,III]–[III,III,III] 1.17
[IV,IV,III]–[IV,III,III]/[IV,III,III]–[IV,III,III] 2.01
[IV,IV,III]–[IV,IV,III]/[IV,IV,III]–[IV,III,III] 2.14
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The reversible waves observed at 0.95 and 1.17 V are con-
sistent with those obtained in aqueous solution at pH 9.
From the splitting of the redox couples involving mixed-
valent states, the comproportionation constant for the
[Ru3–Ru3]n + [Ru3–Ru3]n+2 h 2×[Ru3–Ru3]n+1 equilibrium
can be calculated as Kc = exp[(ΔE·F)/RT],[15] where ΔE is
the potential separation between the [Ru3–Ru3]n+2/[Ru3–
Ru3]n+1 and [Ru3–Ru3]n+1/[Ru3–Ru3]n redox couples (i.e.,
ΔE1/2). In this way, the obtained values for regions II–IV
are: 7.7·103 (ΔE = 230 mV; region II), 5.2·103 (ΔE =
220 mV; region III) and 1.6·102 (ΔE = 130 mV; region IV).
As comproportionation constants can be related to the sta-
bilization promoted by the electronic delocalization in the
mixed-valence states,[15] according to this evaluation of Kc

based on the closely-spaced redox potentials, the electronic
coupling between the two cluster units does not appear to
be particularly strong within the oxidation-state range
studied and reported herein. Consistent with these findings
are also preliminary results of ongoing theoretical calcula-
tions of molecular and electronic structures, which provide
additional evidence for the moderate extent of cluster-to-
cluster electronic communication (despite the obvious me-
tal–ligand mixing and delocalization within each cluster).

Attempts to detect the existence of cluster-to-cluster
intervalence charge-transfer (IVCT) bands in the mixed-val-
ence states of the cluster dimer were conducted by means
of Vis/near-IR spectroelectrochemistry in acetonitrile, in the
potential range of –1.0 to 1.2 V. Unfortunately, the results
were not conclusive, resembling those of the monomeric
species. No evidence of such IVCT transitions was found,
most likely due to weak absorptivity or convolution with
the broad IC bands.

Electrocatalytic Activity in the Oxidation of Benzyl Alcohol

Oxo–metal complexes are of great interest in the catalytic
oxidation of organic substrates[16–31] because of their ability
to promote selective oxygen-transfer reactions, without the
participation of less specific oxygen-free radical
agents.[24,29,30] For this reason, we extended the study on
the redox properties of the oxo–ruthenium clusters to in-
clude their electrocatalytic behavior in the oxidation of ben-
zyl alcohol in aqueous solution.

Figure 12 shows typical cyclic voltammograms of the
[Ru3

III,III,IIIO(Ac)6(py)2(H2O)]+ complex in aqueous solu-
tion, at pH 3.0, in the presence of increasing amounts of
benzyl alcohol. A linear increase of the amperometric cur-
rent is observed at 1.2 V, which coincides with the convol-
uted waves assigned above to the proton-coupled oxidation
of [Ru3

III,III,IIIO(Ac)6(py)2(H2O)]+ into [Ru3
IV,III,III

3O(Ac)6-
(py)2(OH)]+ and [Ru3

IV,IV,IIIO(Ac)6(py)2(O)]+. The lack of
redox response from the benzyl alcohol up to 1.4 V, and the
absence of the cathodic waves from the oxidized clusters
in the reverse scan, are consistent with the electrocatalytic
oxidation of benzyl alcohol.
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Figure 12. Cyclic voltammograms (at 50 mV s–1) of [Ru3O(Ac)6-
(py)2(H2O)]+ (1.3·10–3 m) in BR buffer/NaTFA (0.1 m), at pH 3.0,
in the presence of various amounts of benzyl alcohol. The inset
shows the linear dependence of the anodic peak current above
1.2 V vs. the concentration of benzyl alcohol.

Additional insight into the electrocatalytic oxidation of
benzyl alcohol was obtained from the cyclic voltammog-
rams of similar sample solutions at pH 6.7 (Figure 13). In
this case, the pH-dependent reduction potential of the hy-
droxo-[IV,III,III]/aqua-[III,III,III] redox/protonation cou-
ple was shifted to 0.9 V. From the current increase at 1.1 V,

Figure 13. Cyclic voltammograms (at 50 mV s–1) of [Ru3O(Ac)6-
(py)2(H2O)]+ (1.3·10–3 m) in BR buffer/NaTFA (0.1 m), at pH 6.7,
in the presence of various amounts of benzyl alcohol. The inset
shows the linear dependence of the anodic peak current around
1.1 V vs. the concentration of benzyl alcohol.

Figure 14. Plots of the catalytic potential peak vs. log v (a) or catalytic current peak vs. v1/2 (b), for the oxidation of benzyl alcohol
(3.85·10–3 m) by the cluster (1.3·10–3 m) at pH 6.7 [BR buffer/NaTFA (0.1 m)].
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the catalytic wave can be readily associated with participa-
tion of the oxo-[IV,IV,III]/hydroxo-[IV,III,III] couple.

The electrocatalytic scheme in this case corresponds to
that categorized by Nicholson and Shain[32] as type VII,
which involves a reversible electron transfer followed by a
reaction regenerating the starting complex [Equation(15)].

R h O + ne– (15a)

O + Z � R (k�
f) (15b)

For this scheme, assuming a diffusional process for the
catalytic reaction, Sawyer[33] has shown that, when the scan
rates increase by an order of magnitude, the peak potential
(Ep) is shifted by approximately 0.030 V, as expressed by
Equation (16) (where α is the electron-transfer coefficient,
nα is the number of electrons involved in the process, and v
is the potential scan rate). From the slope of the linear plot
in Figure 14 (a), α·nα = 0.91. Similarly, by combining this
value into Equation (17)[32,33] (where ip is the oxidation
peak current, A is the electrode area, C0 is the substrate
concentration, and the diffusion coefficient, D0 =
7.1·10–6 cm2 s–1, was estimated from the Stokes-Einstein[25]

equation: D = kBT/6πrη, kB = Boltzmann’s constant, T =
temperature, r = solvodynamic radius, and η = viscosity),
the number of electrons n was calculated to be 2.04 from
the slope of the corresponding linear plot shown in Fig-
ure 14 (b). Therefore, the oxidation of benzyl alcohol pro-
ceeds by a two-electron-transfer process to generate benzal-
dehyde, as also confirmed by standard tests with (2,4-dini-
trophenyl)hydrazine.

Ep = K + (0.03/α·nα) log (v) (16)

ip = 2.99·105 n (α·nα)1/2 A·C0·D0
1/2·v1/2 (17)

The catalytic kinetic constant (kf) can be determined
from the working plot of ik/id vs. ψ1/2 (where ik is the cata-
lytic current, id is the diffusion current, ψ = kf/a and a =
nFv/RT), as described by Nicholson and Shain[32] (Fig-
ure 15, a). The catalytic current, in this case, was measured
in the presence of benzyl alcohol under pseudo-first-order
conditions (C = 9.6·10–3 m). The diffusion current was given
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Figure 15. Plots of (a) ik/id vs. ψ1/2, and (b) kf/a vs. 1/v (see text for details).

by the same measurement in the absence of the substrate.
The calculated kf/a values are then plotted against 1/v and,
from the slope, kf/(nF/RT) is obtained. In this way, kf was
determined to be 2.1 s–1 and, the corresponding second-or-
der rate constant, k�f = kf/[substrate], is 2.2·102 m–1 s–1.

It is interesting to notice that the kinetic constant for the
oxidation of benzyl alcohol by the cluster is significantly
higher than those reported[34] for the complexes
[RuIV(tpy)(bpy)(O)]2+, at pH 13, (k�f = 36.1 m–1 s–1) or
[RuIV(tpy)(bpz)(O)]2+ (k�f = 23.0 m–1 s–1), at pH 11 (tpy =
2,2��:6,2��-terpyridine; bpz = 2,2�-bipyrazine). Considering
the redox potentials for these complexes (0.86 V and 0.90 V,
respectively),[34,35] the comparatively enhanced catalytic ac-
tivity of the [Ru3

IV,IV,IIIO(Ac)6(py)2(O)]+ cluster may arise
from its stronger oxidizing character (Eo = 1.1 V at pH 6.7).

Conclusion

In summary, the trinuclear ruthenium clusters of the type
[Ru3O(Ac)6(py)2(OHx)]n exhibit a very rich proton-coupled
redox chemistry in aqueous solution. On the basis of cyclic
voltammetry and spectroelectrochemical measurements as
a function of pH, the various protonation/oxidation states
have been characterized and the complete Pourbaix dia-
gram has been proposed for the system, which comprises
all reversible one-proton/one-electron transformations in-
volving the aqua- (x = 2), hydroxo- (x = 1), and oxo- (x =
0) forms with the increasing oxidation states of the triangu-
lar redox center. An enhanced catalytic activity for the
[Ru3

IV,IV,IIIO(Ac)6(py)2(O)]+ oxo species has been demon-
strated in the oxidation of benzyl alcohol, evidencing the
activation of the RuIV–O bonding in oxygen-transfer reac-
tions. Moreover, the new μ-oxo-bridged cluster dimer [{(py)2-
(Ac)6ORu3}-O-{Ru3O(Ac)6(py)2}]n has been isolated and
characterized, and the combined electrochemical and spec-
troscopic results indicate only moderate electronic coupling
between the two triangular cluster units through the oxo
bridge. Next, additional understanding of the molecular
and electronic structures of these systems will also be pur-
sued by means of theoretical quantum chemical calcula-
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tions, which should be of invaluable assistance in providing
a comprehensive view of the electronic interactions across
the various oxidation/protonation states as well as the
wealth of useful properties arising from the proton-coupled
redox chemistry of these apparently simple triruthenium
clusters.

Experimental Section
Chemical Preparations: The precursor complex [Ru3O(Ac)6(py)2-
(CH3OH)]PF6 was prepared according to reported procedures.[5]

All other reagents and solvents were of analytical grade and used
as supplied. Britton–Robinson (BR) buffer solution (0.1 m) was em-
ployed in the pH-controlled experiments (pH 4–12). Sodium tri-
fluoroacetate (NaTFA) or tetraethylammonium perchlorate
(TEAP) was used as supporting electrolyte (I = 0.1 m) in sample
solutions for (spectro)electrochemical measurements in water or
acetonitrile, respectively.

[Ru3O(Ac)6(py)2(H2O)]Cl was obtained by treating [Ru3O(Ac)6-
(py)2(CH3OH)]PF6 (400 mg; 0.40 mmol) with [AsPh4]Cl (170 mg;
0.40 mmol) dissolved in water (30 mL), whilst stirring, for at least
2 h. The resulting white precipitate of [AsPh4]PF6 was collected on
a fine filter containing microcrystalline cellulose, and the filtrate
was roto-evaporated to dryness. The solid product was stored under
vacuum. Yield: 230 mg (65%). C22H30ClN2O14Ru3 (885.1): calcd.
C 29.85, H 3.42, N 3.16; found C 28.77, H 3.35, N 3.29. IR (KBr,
cm–1): ν̃ = 1556 m (υas, CO2) , 1418 s (υs, CO2) , 1607 m (υring, py),
1485 m, and 1448 sh.

Physical Methods: Electronic spectra were recorded with either a
HP 8453 diode-array spectrophotometer (UV/Vis) or a Guided
Wave 260 fiber-optic instrument (near-IR). Cyclic voltammetry
measurements were carried out with an Autolab PGSTAT 30 po-
tentiostat/galvanostat and a conventional three-electrode cell con-
taining a glassy-carbon working electrode (A = 0.196 cm2), a plati-
num-wire auxiliary electrode, and an Ag/AgCl (1.0 m KCl, E0 =
0.222 V vs. SHE) or Ag/AgNO3 (0.010 m, E0 = 0.503 V vs. SHE)
reference minielectrodes in aqueous or acetonitrile solutions,
respectively. A three-electrode system, arranged in a rectangular
quartz cell (l = 0.25 mm), was used for the spectroelectrochemical
measurements. In this case, a gold minigrid as a transparent work-
ing electrode was used with the above mentioned auxiliary and ref-
erence minielectrodes. All measurements were performed at room
temperature (25 °C). Electrospray mass spectra were recorded with
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a Micromass Q-Tof mass spectrometer with a quadrupole (Qq) and
high-resolution orthogonal time of flight (o-TOF) configuration.
Samples dissolved in pure methanol were injected using a syringe
pump (Harvard Apparatus, Pump 11, 10 μL/min) through an un-
coated fused-silica capillary. The ESI-MS mass spectra were ac-
quired using an ESI capillary voltage of 3 kV and a cone voltage
of 10 V.
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We report the first sighting and characterization of the oxy-
gen-rich molecules GaO4 and InO4, being the products of a
three-step process taking place in an Ar matrix. This process
includes (i) reaction of Ga or In atoms (M) with one dioxygen
molecule to give the cyclic superoxo complex MO2, (ii) pho-
toisomerization into linear OMO by the action of UV light,
and (iii) reaction of linear OMO with an additional O2 mol-
cule. The molecules can be described as end-on bonded su-
peroxo complexes OMO(O2). On the basis of the observed

Introduction

Oxidation of a metal is an important but very complex
process. To shed more light on this process, the interaction
of O2 with a number of metals was studied intensively in
the past decades.[1] The matrix isolation technique offers the
possibility to study in detail the reactivity of metal atoms
and small clusters towards dioxygen. E.g. Co atoms react
upon photolysis with O2 to give firstly the linear OCoO
molecule with a 2Σg

– electronic ground state.[2,3] Reaction
of this species with a second O2 molcule leads to an end-on
bonded OCoO(OO) complex,[4] which in the matrix slowly
undergoes conversion into a side-on bonded complex. Ac-
cording to quantum chemical calculations, the electronic
ground state, 2A2, of this complex is indeed the side-on
bonded form. The calculations predict a decrease of the
OCoO angle from 180° to 116° in the course of complex-
ation. However, a 4A� electronic state with an end-on
bonded O2 unit is only about 35 kJ·mol–1 higher in energy.
The experimental results show that the excited 4A� state is
firstly formed and that the product then relaxes in a spin-
forbidden process [Equation (1)] from the end-on bonded
complex to the side-on bonded complex. The excited state
lifetime amounts to ca. 23 min in Ar and 15 min in Ne. In
an Ar matrix, the ν(O–O) mode of the ligated O2 unit shows
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isotopic data the O–Ga–O angle can be estimated to be ca.
165°. In addition to the experimental studies, quantum chem-
ical calculations were performed to achieve a more complete
characterization of these interesting new and unusual mole-
cules, representing the first ever found examples of end-on
bonded superoxo complexes of Ga and In.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

at 1286.2 cm–1 in the case of the end-on bonded complex
and at 950.6 cm–1 for the side-on bonded form.

Very recently it has been shown that Al atoms can bind
up to three O2 units, leading to the oxygen-rich tris-su-
peroxo complex Al(O2)3.[5] The species Al(O2)2 was also
sighted, being a radical (one unpaired electron) featuring
D2d symmetry. It was also shown that photolytically acti-
vated AlX (X = F, Cl, Br) molecules react with O2 to give
the peroxo complex XAlO2,[6] or, with an excess of O2, the
bis-superoxo complex XAl(O2)2.[7] These examples show
that group 13 elements and subvalent compounds undergo
interesting and complex reactions with O2.

The reaction of Ga atoms with one O2 molcule leading
to GaO2 has now been studied in some detail both in inert
gas matrices[8–10] and in the gas phase.[11] First the cyclic
superoxo complex GaO2 is formed in the course of a spon-
taneous reaction in the absence of any significant reaction
barrier. The quantum chemical results indicate that the elec-
tron is transferred from the Ga atom to the O2 unit at a
distance of ca. 270 pm between Ga and the O2 centroid.
Cyclic GaO2 in its 2A2 electronic ground state is character-
ised by an O–Ga–O bond angle of 39° and an O–O bond
length of 136 pm. This molecule can be photoconverted
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into the linear isomer OGaO [see Equation (2)], which is
formally valence isoelectronic to the [OCO]+ cation, by the
action of UV light (λmax = 254 nm).[10] Isomerization only
by thermal means is opposed to a massive barrier in the
order of ca. 300 kJ·mol–1. Quantum chemical calculations
on linear OGaO proved to be extremely difficult. Only if
highly correlated methods are applied, it can be shown that
linear OGaO in its 2Πg electronic ground state is ca.
18 kJ·mol–1 more stable than cyclic GaO2 (2A2 electronic
ground state). As discussed in detail in a previous publica-
tion, calculations on the vibrational properties are ham-
pered due to singlet instabilities of the ROHF wave-
function.[10] The analogous reaction between In atoms and
O2 has also been studied.

Here we will show that the linear OGaO and OInO mole-
cules are capable of binding to an O2 molcule leading to a
species with the overall formula GaO4 and InO4, respec-
tively. The vibrational (IR as well as Raman) spectra were
used to characterize these interesting species. The results of
quantum chemical calculations are also discussed. In the
light of the problems with the calculations in the case of
OGaO it does not come as surprise that the O2 complex of
this species turned also out to be difficult to calculate.

Results and Discussion

In the following, the results for the reactions of Ga and
In atoms with O2 using IR and Raman spectroscopy will
be reported in turn.

Ga + O2

IR. In experiments in which Ga atoms were codeposited
together with 1% of 16O2 in Ar, bands were observed in the
IR spectrum at 1089.3, 380.5/378.9, and 283.2 cm–1 which
were already sighted previously and shown to belong to the
cyclic superoxo complex GaO2, 1a. An increase of the O2

concentration brought about an increase of the band inten-
sities in a way characteristic for a species containing two O
atoms. However, even in a pure O2 matrix the spectra
showed no sign of any product of a spontaneous reaction
of Ga with more than one O2 molcule. Thus, under the
conditions of our experiments, Ga spontaneously takes up
not more than one dioxygen molecule. Subsequently the
matrix was subjected to a 15 min period of photolysis with
UV light (λmax = 254 nm). The IR spectrum taken after this
photolysis treatment (see Figure 1) displayed two families of
bands, which both were absent in the spectra taken before
photolysis. At the same time, the bands due to the cyclic
superoxo complex GaO2, 1a, decreased significantly in in-
tensity. The first family showed at 912.6/908.5 and 204.9/
204.0 cm–1. The absorber responsible for these bands was
already identified to be the linear molecule OGaO, 2a,
formed via photoisomerization of cyclic GaO2, 1a.[10] The
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second group of bands belongs to a different species 3a,
which has not yet been identified. A very intense absorption
of 3a was observed with its maximum of intensity at
568.7 cm–1. Figure 2 shows that this band can be fitted sat-
isfactorily with two pairs of Lorenzian-type curves having
their maxima at 568.7/566.2 and 565.9/563.6 cm–1. The rela-
tive intensities within each of the pairs amount to 60.1:39.9,
reflecting the natural abundances of 69Ga and 71Ga in a
species containing only one Ga atom. Thus it is likely that
3a contains one Ga atom. Convincing support comes from
the inspection of the two weaker bands at lower wave-
numbers (174.8/174.1 and 165.6/164.9 cm–1), which both
clearly show the isotopic pattern (69Ga/71Ga) characteristic
for a species containing one Ga atom. The bands of 3a at
1264.2/1261.8 cm–1 come in a region in which ν(O–O)
modes of end-on coordinated O2 groups are expected to
show [cf. Fe(OO) 1204.5,[12] OCoO(OO) 1286.2 cm–1 [4]].
Bands at 1824.7/1820.0, 1816.7/1811.7 cm–1 are most likely
due to a combination mode between the modes showing
near 568 and near 1264 cm–1 (the presence of four maxima
of absorption is then caused by matrix splitting of the fun-
damentals).

Figure 1. Some regions of the IR spectra recorded for a matrix
containing Ga atoms and 0.3% O2. (i) following deposition,
(ii) upon UV photolysis (λmax = 254 nm), and (iii) annealing of the
matrix to 30 K.

The experiments were repeated with different concentra-
tions of Ga and O2 in the matrix. Figure 3 compares two
regions of the IR spectra taken for a matrix containing Ga
and a) 0.3% and b) 1.0% O2 in Ar. These two regions show
bands characteristic for cyclic GaO2, 1a, which appear di-
rectly upon deposition and are virtually extinguished upon
UV photolysis, and for linear OGaO, 2a, and species 3a,
which both grow in upon UV photolysis and decrease in
intensity upon annealing. For the low concentration of
0.3% of O2 in the matrix the bands due to linear OGaO
are much more intense than the ones due to 3a. For higher
concentrations of O2 in the matrix (1%), the bands due to
3a gain in relative intensity. This variation in the relative
intensities indicates that two O2 molcules are involved in
the formation of 3a, arguing for a species with the overall
formula GaO4. Using similar arguments experiments with
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Figure 2. High-resolution IR spectrum showing the structure of the
band near 570 cm–1. The band structure can be fitted with two
pairs of Lorenzian curves with intensities within each pair in agree-
ment to the natural abundance of the 69Ga and 71Ga isotopomers.

different Ga concentrations are in agreement with the pres-
ence of only one Ga atom in 3a, in line with the observed
isotopic pattern.

Subsequently, experiments were carried out in a solid O2

matrix (see Figure 4). In these experiments, the bands due
to cyclic GaO2, 1a, were observed in the spectrum recorded
immediately after deposition, in analogy to the situation in
an O2-doped Ar matrix. The bands decreased in intensity
upon UV photolysis. However, there was no sign of the
bands attributable to linear OGaO, 2a, after photolysis. In-
stead, the spectra showed massive bands in close energetic
proximity to those measured for 3a in an Ar matrix (at
1853.5/1845.4, 1842.5/1834.3, 1286.0/1283.8, 1279.3/1276.3,
580.5/577.8, 575.9/573.3, 178.2, and 163.3 cm–1). No bands
belonging to another product of the reaction between Ga
and O2 were observed. Thus we conclude that GaO4 can
not take up another O2 molcule. This is in clear difference
to Al, which has been shown to form the tris-superoxo com-

Figure 3. IR spectra taken for an Ar matrix containing Ga atoms (emitted from an oven kept at 1000 °C) and a) 0.3% and b) 1% O2.
(i) after deposition at 10 K, (ii) after UV photolysis (λmax = 254 nm), and (iii) after annealing to 30 K.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1496–15041498

plex Al(O2)3, but in line with the general finding that Ga
prefers lower coordination numbers than Al.

Figure 4. IR spectrum taken for an O2 matrix containing Ga atoms.
(i) upon deposition. (ii) upon UV radiation (λmax = 254 nm).

Finally, the experiments were repeated with different O2

isotopomers. Figure 5 shows the regions of the IR spectra
which contain bands due to 3a for 16O2, 18O2, equimolar
mixtures of 16O2 and 18O2 and 1:2:1 mixtures of 16O2,
16O18O, and 18O2. Note that the spectra in the low (600–
30 cm–1) and high (2000–600 cm–1) wavenumber region had
to be recorded for different matrices using a Bolometer for
the low and an MCT detector for the high wavenumber
region (since we had to change the material of the windows
of our high-vacuum apparatus from CsI for measurements
with the MCT detector to polyethylene for measurements
with the bolometer). It can be seen that all bands due to 3a
are red-shifted if 16O2 is replaced by 18O2. The IR spectra
taken in the case of equimolar mixtures of 16O2 and 18O2

in the matrix virtually are the superposition of the IR spec-
tra taken for 16O2 and 18O2 alone. The only difference is a
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slight but nevertheless significant (see Discussion) broaden-
ing of the bands, especially those around 1266 and
1824 cm–1 and the corresponding bands observed for the
18O counterpart. This broadening is significant and will be
shown to be consistent with the formulation of 3a as an
end-on bonded OGaO(OO) complex. The spectra taken
with 1:2:1 mixtures of 16O2/16O18O/18O2 give evidence for
extra bands with wavenumbers between those measured for
16O2 and 18O2. The wavenumbers of all bands are included
in Table 1.

Figure 5. IR spectra taken after UV photolysis (λmax = 254 nm)
of Ar matrices containing Ga atoms and (i) 16O2, (ii) 18O2, (iii) an
equimolar mixture of 16O2 and 18O2, and (iv) a 1:2:1 mixture of
16O2/16O18O/18O2.

Table 1. Wavenumbers observed for the reaction between Ga atoms
and O2 in Ar and pure solid O2 matrices following photolysis at
λmax = 254 nm.

Ga/O2/Ar Ga/O2
16O2

16O18O 18O2
16O2

18O2

GaO2, 1a 1089.3 1059.0 1027.9 1087.4 1026.0
380.5/378.9 373.6/372.2 365.9/364.5 380.2 364.9
283.2 275.3 268.1 288.8 273.1

OGaO, 2a 912.6/908.5 897.4/893.4 877.6/873.4 – –
204.9/204.0 201.1/200.1 197.3/196.3 – –

GaO4, 3a 1824.7 1769.1 1748.0 1853.5 1775.4
1820.0 1743.3 1845.4 –
1816.7 1761.4 1739.8 1842.5 1765.5
1811.7 1735.2 1834.3 –
1266.9 1240.4 1205.1 1286.0 –
1264.2 1238.1 1202.5 1279.3 –
716.2[a] 676.0[a] 697.6[a]

568.7 555.2 545.5 580.5 556.8
565.9 552.5 543.1 577.8 553.9
563.6 550.1 540.7 575.9 552.7

573.3 549.9
174.8/174.1 171.4/170.6 167.8/167.1 178.2 –
165.6/164.9 162.2/161.5 158.8/158.1 163.3 –

[a] Observed in the Raman experiments.

Raman. The Raman spectrum of a matrix containing Ga
and 16O2 showed an intense signal at 716.2 cm–1 (Figure 6,
i). This signal is already present directly after deposition,
and shows no significant alterations in intensity upon radia-
tion with UV light. On the basis of experiments in which
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the concentration of O2 and Ga in the matrix was varied,
it is likely that species 3a is the author of this signal. Since
the experiments have shown that photolysis is necessary to
generate 3a, the only reasonable explanation for the appear-
ance of the band directly upon deposition is that 3a is gen-
erated by the laser light used to excite the Raman spectra.
In Figure 6, the Raman spectra taken for 16O2, 18O2, 1:1
mixtures of 16O2 and 18O2, and 1:2:1 mixtures of 16O2,
16O18O, and 18O2 are compared. Again, the spectrum mea-
sured for a 1:1 mixture of 16O2 and 18O2 is not significantly
different to the superposition of the spectra taken for 16O2

and 18O2 alone, thus showing two signals at 716.2 and
676.0 cm–1. An extra signal at 697.6 cm–1 appeared in the
spectra taken for a 1:2:1 mixture of 16O2, 16O18O, and 18O2.
The wavenumbers are included in Table 1. Experiments
were also carried out with Ga isolated in a solid O2 matrix.
These experiments give evidence for a signal at 723.0 cm–1,
slightly blue shifted with respect to the signal detected in
an Ar matrix.

Figure 6. Raman spectra upon deposition for an Ar matrix con-
taining Ga atoms and (i) 16O2, (ii) 18O2, (iii) an equimolar mixture
of 16O2 and 18O2, and (iv) a 1:2:1 mixture of 16O2/16O18O/18O2.

In + O2

IR. The IR spectra taken for an Ar matrix containing In
atoms and 16O2 are displayed in Figure 7. The spectrum
taken immediately upon deposition contains sharp absorp-
tions at 1084.2, 331.7 and 276.5 cm–1 which were already
previously assigned to cyclic InO2, 1b.[9,10] The effect of
photolysis of the matrix with UV radiation (λmax = 254 nm)
is the decrease of the bands due to 1b. At the same time,
two families of absorptions grow in. One family shows at
754.6 and 159.7 cm–1 and belongs to linear OInO, 2b.[10]

The other family shows at 1498.8/1493.4, 1067.6/1063.8,
462.1/459.2, 151.3, and 146.5 cm–1 and can be assigned to
a new species 3b. The conditions of its appearance indicate
that 3b is the In analogue to 3a. In analogy to the experi-
ments with Ga, the response of the bands due to 3b to dif-
ferent concentrations of In and O2 in the matrix are in
agreement with the presence of one In atom and four O



B. Gaertner, A. Köhn, H.-J. HimmelFULL PAPER

Figure 7. IR spectra of an Ar matrix containing Ga atoms and 16O2. (i) upon deposition, (ii) upon UV photolysis (λmax = 254 nm),
(iii) upon annealing to 30 K.

Figure 8. IR spectra taken after UV photolyis (λmax = 254 nm) of an Ar matrices containing Ga atoms and (i) 16O2, (ii) 18O2, (iii) an
equimolar mixture of 16O2 and 18O2, and (iv) a 1:2:1 mixture of 16O2/16O18O/18O2. Bands marked by an asteriks are due to InO2.

atoms in the molecule. Figure 8 compares the spectra mea-
sured in experiments using different O2 isotopomers (16O2,
18O2, equimolar mixtures of 16O2 and 18O2, and 1:2:1 mix-
tures of 16O2/16O18O/18O2). The band at 1498.8/1493.4 cm–1

in the experiments with 16O2 shifts to 1426.8/1421.5 cm–1

with 18O2. The band at 1067.6/1063.8 cm–1 experienced a
red-shift to 1012.6/1009.1 cm–1 [ν(16O):ν(18O) = 1.054]. The
intense absorption at 462.1/459.2 cm–1 shifts to 440.5/
437.7 cm–1 [ν(16O):ν(18O) = 1.049]. The two bands which
occur at 151.3 and 146.5 cm–1 in the experiments with 16O2

show at 144.6 and 139.8 cm–1 with 18O2. All bands are in-
cluded in Table 2.

Raman. In difference to the reaction with Ga, the Raman
spectra taken immediately upon deposition of In with O2

shows the signals characteristic of cyclic InO2, 1b (see Fig-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1496–15041500

ure 9). These signals decrease in intensity if the matrix is
subjected to UV photolysis (λmax = 254 nm). At the same
time a new intense signal appears at 621.0 cm–1. Its re-
sponse to photolysis and annealing and to variations in the
concentrations of In and O2 in the matrix indicates that this
signal belongs to species 3b. In experiments in which 16O2

was replaced by 18O2, the signal shifts to 586.6 cm–1.

Identification and Characterization

The identification of 3a and 3b can be made on the basis
of (i) the 69Ga/71Ga isotopic shifts and the effects observed
in experiments in which 16O18O and 18O2 were used in place
for 16O2, (ii) the effects of varying the concentration of Ga
or In and O2 in the matrix and of annealing on the IR
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Table 2. Wavenumbers observed for the reaction between In atoms
and O2 in Ar and pure solid O2 matrices following photolysis at
λmax = 254 nm.

In/O2/Ar In/O2
16O2

16O18O 18O2
16O2

InO2, 1a 1084.2 1054.0 1022.9 1082.8
331.7 325.2 317.2 331.7
276.5 267.8 261.3 283.5

OInO, 2a 754.6 741.4 721.7 –
159.7 156.3 152.8 –

InO4, 3a 1498.8 1452.0 1426.8 1522.1
1493.4 1447.1 1421.5 –
1067.6 1042.2 1012.6 –
1063.8 1038.4 1009.1 –
621.0[a] – 586.6[a] –
462.1 449.8 440.5 471.8
459.2 447.0 437.7 468.4
151.3 148.2 144.6 –
146.5 143.3 139.8 –

[a] Observed in the Raman experiments.

and Raman intensities, (iv) the conditions of formation and
consumption of the bands due to 3a and 3b, and (v) the IR
and Raman intensities. It will be shown that 3a and 3b can
be described as dioxygen complexes to OGaO and OInO,
respectively. The discussion in this work will predominantly
concentrate on the Ga reaction, because that of In atoms
follows a similar pattern.

The experiments indicate that product 3a contains one
Ga atom and four O atoms. They also suggest that it is
formed by reaction of linear OGaO and O2. As already
mentioned, the band at 1266.9/1264.2 cm–1 can be assigned
to the ν(O–O) mode of an O2 unit, which is weakened by
coordination. The wavenumber of the ν(O–O) mode can be
compared e.g. with that observed for the end-on bonded
complexes FeOO (1204.5 cm–1)[13] or O2Co(O2)
(1286.2 cm–1).[4] Of course, the electronic situation in these

Figure 9. Raman spectra of an Ar matrix containing In atoms and 16O2. (i) upon deposition. (ii) upon UV photolysis (λmax = 254 nm).
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transition metal dioxygen complexes is different, but the
coupling between the O–O coordinate and the other coordi-
nates in the molecule is in all cases fairly weak. This gets
also evident when the isotopic data are considered. The
ν(O–O) mode of the coordinated O2 unit of 18O2Co(16O2)
occurs virtually at the same wavenumber as that of
16O2Co(16O2). Similarly, the O–O coordinate of the ligated
O2 unit in 3a (and 3b) is not significantly coupled to the
other Ga–O coordinates. The only sign of weak coupling is
a slight increase of the halfwidth of some of the bands in
the experiments with 16O2/18O2 mixtures with respect to
those with 16O2 or 18O2 alone (see the bands around 1266
and 1824 cm–1). In the case of the end-on bonded complex
FeOO, the wavenumber measured for the ν(O–O) band is
almost identical for the two versions Fe16O18O and
Fe18O16O (1173.0 and 1170.4 cm–1). The same is the case
for O2Co(O2) and also for 3a and 3b. The mode at 568.7/
565.9/563.6 cm–1 exhibits a smaller isotopic shift than the
one at 1266.9/1264.2 cm–1 when 16O2 is replaced by 18O2

(about –23 cm–1). The obvious inference is that it belongs
to a ν(Ga–O) mode, this time involving motion of the other
O atoms in 3a. The observed Ga isotopic splitting is in
agreement with this assignment. From these considerations
we conclude that 3a is a complex between OGaO and O2.
The mode at 568.7/565.9/563.6 cm–1 is then the antisymmet-
ric Ga–O stretch, νas(Ga–O), of the OGaO unit. This mode
is IR-active, but virtually Raman silent. The corresponding
symmetric Ga–O stretch, νs(Ga–O), on the other hand, is
visible at 716.2 cm–1 in the Raman spectra, but more or less
IR silent. Because the Ga atom is not involved in the mo-
tion, this signal exhibits no observable Ga isotopic splitting.
The fact that no detectable band appears at 716.2 cm–1 in
the IR spectra indicates that the O–Ga–O bond angle of
the OGaO unit is still close to 180° after coordination of
O2. The isotopic pattern observed for the antisymmetric
stretch is in good agreement to this assumption. Thus the
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mode occurs at 568.7 cm–1 for the O69GaO unit and at
566.2 cm–1 for the O71GaO unit. From this isotopic shift
the O–Ga–O angle can be estimated to be 165°. Strong sup-
port for this assignment comes also from the wavenumbers
as measured for the νas(Ga–O) and νs(Ga–O) modes of the
16OGa18O(O2) version of 3a. The band due to the νas(Ga–
O) mode is slightly red shifted with respect to the center of
the bands measured for the 16O2 and 18O2 isotopomers. On
the other hand, the band due to the νs(Ga–O) mode is
slightly blue shifted with respect to the corresponding cen-
ter. This shift is a consequence of the coupling of the sym-
metric and antisymmetric stretch in the 16OGa18O(O2) iso-
topomer. The bands at 1824.7, 1820.0, 1816.7, and
1811.7 cm–1 can be assigned to the combination ν(O–O) +
νas(Ga–O). The sum of the wavenumbers measured for the
two modes is between 1835.6 and 1827.8 cm–1. The bands
at 174.8/174.1 and 165.6/164.9 cm–1 most likely belong to
deformation modes involving some degree of motion of the
Ga atoms as evidenced by the isotopic pattern. Thus our
experiments hit on five fundamentals and one combina-
tional mode of GaO4.

In a previous publication, the band at 568.7 cm–1 has
been assigned to the [OGaO]– anion.[9] However, on the ba-
sis of our new experiments it can be immediately concluded
that this identification cannot be correct, since it is imposs-
ible to produce a charged species in our experimental setup.
Of course, 3a cannot be this species also because the
number of fundamentals detected for 3a in our experiments
exeeds the number of fundamentals a threeatomic molecule
exhibits. Nevertheless, we have performed quantum chemi-
cal calculations on this species. The linear [OGaO]– mole-
cule exhibits a 1Σg

+ electronic state. Applying CASSCF/
TZVPPext, the following vibrational modes were calculated
(in cm–1, with IR intensities in km mol–1 given in parenthe-
sis): 752.5 (0, σg), 224.0 (114, πu), 909.4 (145, σu). Thus no
mode should be visible in the region around 570 cm–1. A
cyclic form [OGaO]–, exhibiting a 1A1 electronic state, is
131 kJ·mol–1 higher in energy (including vibrational zero-
point energy corrections). It is characterized by Ga–O and
O–O bond lengths of 189.9 and 160.9 pm, respectively, and
an O–Ga–O bond angle of 50.1°. The vibrational properties
(in cm–1, with IR intensities in km mol–1 given in parenthe-
sis) were calculated to be: 743.8(33), 513.0(74), and
461.9(22). We also performed calculations on the cationic
species GaO2

+. If the OGaO(O2) complex can be regarded
as a superoxo complex, the OGaO unit should carry a for-
mal charge of +1. As anticipated and in difference to the
situation with GaO2

–, a bent structure (3A2) is more stable
in the case of the cation. Cyclic [GaO2]+ is by ca.
73 kJ·mol–1 (according to CASSCF/TZVPPext) more stable
than linear [OGaO]+. Its vibrational fundamentals are cal-
culated to show at the following wavenumbers (in cm–1,
with IR intensities in km·mol–1 given in parenthesis):
998.6(2), 573.4(47), and 420.2(0). Thus there is indeed a
strong fundamental in the region around 570 cm–1. The cal-
culated isotopic shifts –22.4 cm–1 for Ga(18O)2 and
–10.5 cm–1 for Ga(16O18O) are also close to those observed
in the experiments. According to the calculations, the Ga–
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O and O–O bond lengths are 190.4 and 141.3 pm and the
O–Ga–O bond angle is 43.5°.

Because of the fact that the electronic situation in linear
OGaO is already very complicated and extremely difficult
to calculate,[10] it might not come as surprise that GaO(O2)
turned out to be difficult to calculate. Nevertheless, using
the BP86 method and an SVP basis set, we succeeded in
finding an energy minimum which should be close to the
correct structure.[14] According to these calculations, the co-
ordination of the O2 molcule to the OGaO unit results in a
decrease of the O–Ga–O angle to a value of 157.8°. This
value is not too far away from the 168° estimated from the
experimental results. The coordinating O2 molcule features
an O–O distance of 125.6 pm and is thus significantly elon-
gated with respect to the distance in free O2 (121.6 pm as
calculated using the same method and basis set). In line
with this elongation the ν(O–O) mode (a� symmetry) is cal-
culated to occur at 1304.7 cm–1. This wavenumber com-
pares with an experimental one of 1264.2/1261.8 cm–1. Two
vibrations at very low wavenumbers and with sufficient IR
intensity are calculated to show at 189.9 (a�) and 151.0 (a��)
cm–1. In the experiments, two bands show at 174.8/174.1
and 165.6/164.9 cm–1. As already experienced in the case of
linear OGaO, calculations on the symmetric and antisym-
metric GaO2 stretches of the OGaO unit are not very reli-
able. While the calculated 662.7 cm–1 for the symmetric
GaO2 stretch (a�) is in fair agreement with the observed
716.2 cm–1, the calculated 732.3 cm–1 for the antisymmetric
stretch (also a�) is not in good agreement with the observed
568.7 cm–1. Other calculated wavenumbers are 705.5 (a��),
258.7 (a�), 108.6 (a�), and 81.7 (a�); however, all these bands
are predicted to have only very small IR intensities. In sum-
mary the calculations, although there are inconsistencies,
are in line with the description of GaO4 as an end-on
bonded O2 complex to OGaO. Using the observed wave-
numbers the valence force constant f(Ga–O) of the OGaO
unit in GaO4 can be estimated to be 350 N·m–1. Thus the
force constant is significantly smaller than that of OGaO
prior to O2 complexation (586 N·m–1). This decrease is not
surprising since the donation of electron density from the
OGaO unit into the ligated O2 leads to a partial depopula-
tion of one of the bonding πg orbitals.

Thus the geometry of GaO4 is very different to that re-
ported for the AlO4 molcule.[5] AlO4 in its energy minimum
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form exhibits D2d symmetry and is characterized by O–O
and Al–O distances of 148 and 175 pm, respectively. The
distances of the O2 groups are both equal and the unpaired
electron is located in parts on both groups. This means that
the O2 groups can be described as being in between su-
peroxo- and peroxo groups. In the case of GaO4, the D2d

symmetric structure defines not an energy minimum on the
potential energy hypersurface. For the doublet electronic
state we calculated O–O and Ga–O bond lengths of 148
and 184 pm, respectively. According to B3LYP/TZVPP cal-
culations, its energy is 89 kJ·mol–1 higher than that of sepa-
rated OGaO and O2.

There are all indications that InO4, 3b, has a structure
similar to that of GaO4. The ν(O–O) mode of the ligated
O2 unit shows now at 1067.6/1063.8 cm–1. This wavenumber
is close to that adopted e.g. in the end-on bonded superoxo
complex CuOO (1089.6 cm–1).[15] In line with this assign-
ment, the ν(16O)/ν(18O) ratio is relatively large (1.054). The
νas(In–O) mode and the νs(In–O) mode of the OInO unit
in InO4 show at 462.1/459.2 and 621.0 cm–1.[16] The fact
that one is IR active and the other Raman active indicates
that the O–In–O angle is, in similarity with the Ga homol-
ogue, close to 180°. DFT (BP86) calculations yielded a
structure for this complex with In–O and O–O bond lengths
of 192.3 and 127.7 pm, respectively, and O–In–O and In–
O–O bond angles of 147.8° and 137.8°, respectively. The
ν(O–O) mode of the ligated O2 unit was calculated to show
at 1220.8 cm–1. Thus, the calculations predict the wave-
number to be lower than the corresponding one of the Ga
homologue. This trend is in agreement with the experimen-
tal results (1264.2/1261.8 cm–1 for GaO4 and 1067.6/
1063.8 cm–1 for InO4), although the deviation between ex-
periment and calculation is quite high. The νas(In–O) mode
of the OInO unit is calculated to show at 578.0 cm–1. This
value compares with an observed one of 462.1/459.2 cm–1.
Like in the case of GaO4, the calculations predict a too
low wavenumber for the νs(In–O) mode of the O–In–O unit
(calculated: 551.9 cm–1, measured: 621.0 cm–1). Two modes
calculated at 204.9 cm–1 (a��) and 175.3 cm–1 (a�) can be
assigned to observed ones at 151.3 and 146.5 cm–1. Other
weak modes, which were not detected in our experiments,
were calculated to show at 303.5 (a�), 113.9 (a��), 91.9 (a�),
and 77.5 (a�) cm–1.

Conclusions

The reactions of Ga and In atoms in Ar matrices with O2

lead spontaneously to the cyclic GaO2 and InO2 molcules,
respectively. These species can be photoconverted into lin-
ear OGaO and OInO. Reaction of linear OGaO and OInO
with a second O2 molcule leads to the new end-on bonded
superoxo complexes OGaO(O2) [see Equation (3)] and
OInO(O2). These molecules represent the first ever experi-
mentally verified end-on bonded superoxo complexes of Ga
and In. Our experimental findings show that the group 13
elements Ga and In are capable to bind up to four O atoms.
The experimental results indicate that the O–Ga–O angle

Eur. J. Inorg. Chem. 2006, 1496–1504 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1503

in this complex is ca. 165°. Quantum chemical calculations
provide further details of the structure of the new mole-
cules, which differs remarkably from that of the D2d sym-
metric Al(O2)2 complex. The characterization of these oxi-
dation processes is of relevance to the mechanism of metal
oxidation in general and thus contributes to a more detailed
understanding of this very important but complex class of
reactions.

Experimental Section and Calculational Details
In a vacuum apparatus, thermally evaporated gallium or gallium
metal was deposited together with dioxygen in an excess of Ar onto
a freshly polished Cu block kept at 12 K with the aid of a closed-
cycle refrigerator (Leybold LB115). The experiment was repeated
with different dioxygen isotopomers. 16O2 was used as delivered
from Messer (purity 99.9998%). 18O2 was purchased from Linde
(isotopic purity 99.0%). For experiments with a 1:2:1 mixture of
16O2/16O18O/18O2, an equimolar mixture of 16O2 and 18O2 in a glass
bulb was subjected for several hours to an electric discharge. The
resulting O3 molcules were trapped in a cold finger at 77 K. Sub-
sequently the cold finger was warmed up again to room tempera-
ture and decomposition of the O3 molcules results in the statistical
1:2:1 mixture of 16O2/1O18O/18O2. Experiments in solid O2 matrices
were also carried out. Further details of the matrix isolation tech-
nique can be found elsewhere.[17]

IR spectra were recorded on a Bruker 113v FT-IR spectrometer
equipped with a DTGS and an MCT detector for measurements
in the spectral regions 4000–200 cm–1, respectively, and a bolometer
for measurements between 700 and 30 cm–1.

Raman spectra were measured on a XY800 spectrometer from
Jobin Yvon Horiba, equipped with a CCD camera (Wright Instru-
ments). The spectra were excited with an Ar+ ion laser. Both the
488.0 nm and 514.5 nm lines were used.

Quantum chemical (DFT) calculations using the B3LYP[18]

and the BP86[19] functionals were performed with the aid of the
TURBOMOLE[20] programme and using either an SVP[21] or a
TZVPPext[22] basis set. The Dalton programme code[23] was used
for CASSCF calculations. All valence orbitals were included into
the active space.
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The ion-pair complexes [Ni(C9H22N6)][Cu(mnt)2] (1),
[Ni(C9H22N6)][Ni(mnt)2] (2), and [Ni(C9H22N6)][Pd(mnt)2] (3;
mnt2– = 1,2-dicyanoethylenedithiolate, C9H22N6 = 3,7-bis(2-
aminoethyl)-1,3,5,7-tetraazabicyclo[3.3.1]nonane) have been
synthesized and characterized by elemental analysis, IR, UV/
Vis, and 1H NMR spectroscopy, X-ray powder diffraction,
and electrochemical studies, and unambiguously by single-
crystal X-ray crystallography. All three complexes are iso-
structural and crystallize in the monoclinic space group
P21/n. The N–H···S-type hydrogen-bonding capabilities of
the classical sulfur-containing complex anions [MII(mnt)2]2–

(A; M = Cu, Ni and Pd) have been explored using amine
groups containing the nickel complex cation [Ni(C9H22N6)]2+

(C) in the ion-pair compounds 1, 2, and 3. In the crystal, the
cation interacts with two different anions through three N–
H···S hydrogen bonds and, likewise, the anion is hydrogen-
bonded to two different cations through three hydrogen

Introduction
The assembly of cationic and anionic components into

ion-pair-containing supramolecular systems in which the
positive and negative partners interact through noncovalent
hydrogen bonding and/or π–π interactions is a challenging
task in modern chemistry.[1] Bis(1,2-dithiolene)–transition
metal complexes have been extensively studied as one of the
ion-pair components because of their importance as func-
tional materials, for example as near-infrared (NIR) laser
dyes,[2] conducting[3] and magnetic materials,[4] and in non-
linear optics.[5] The molecular-conductor-type ion-pair
charge-transfer (IPCT) complexes [A2+{ML2}2–] [A2+ = bi-
pyridinium dication derivative, [ML]2– = metal bis(dithiol-
ate), M2+ = Ni, Pd, Pt, and Cu] exhibit an IPCT transition
in the solid state due to a supramolecular electronic interac-
tion between the cation and anion.[6] A class of ion-pair
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bonds, resulting in the formation of a chain-like arrange-
ment. The average N–H···S hydrogen-bond lengths are
3.498(3), 3.505(3), and 3.490(5) Å for compounds 1, 2, and 3,
respectively. Another crystallographic feature is the presence
of CC–AA–CC–AA-type packing with short S···Ni contacts in
the crystal structures. Besides crystallography, the existence
of these N–H···S hydrogen bonds between cation
[Ni(C9H22N6)]2+ (C) and anion [MII(mnt)2]2– (A) is strongly
supported by the IR and 1H NMR studies. The stability of
the [Ni(C9H22N6)]2+ (C) moiety in compounds 1, 2, and 3 is
discussed in light of electrochemical studies performed on
these compounds and [Ni(C9H22N6)](ClO4)2. Complex 1 ex-
hibits a well-resolved ESR signal corresponding to a Cu2+ (d9)
system at liquid-nitrogen temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complexes has been obtained with a combination of un-
charged organic components and, in this case, the ion pair-
ing is achieved by a radical mechanism.[7] Although charge-
transfer (CT) complexes of metal dithiolenes with organic
cations as acceptors have been investigated quite well, in-
cluding their structural characterization, ion-pair com-
plexes of metal dithiolenes with transition metal inorganic
complexes as cations are rare.[8] We have been working on
ion-pair supramolecular systems in order to explore the
noncovalent, hydrogen-bonding interactions between cat-
ionic and anionic components by choosing appropriate H-
bond donor and acceptor sites. We have recently reported
the NIR absorption due to a supramolecular electronic in-
teraction between an anion and cation in a three-dimen-
sional hydrogen-bonded networking material, namely [4,4�-
H2bpy][Cu(mnt)2], emphasizing the N–H···N-type hydrogen
bonding between cation and anion.[9] Now we extend this
study to an inorganic transition metal complex, NiL2+

{L = C9H22N6 = 3,7-bis(2-aminoethyl)-1,3,5,7-tetraaza-
biclo[3.3.1]nonane} as a cation and [MII(mnt)2]2– (M = Cu,
Ni and Pd; mnt2– = 1,2-dicyanoethylenedithiolate) as
anions in ion-pair complexes (Scheme 1).



V. Madhu, S. K. DasFULL PAPER

Scheme 1.

In this group of ion-pair complexes the nickel complex
cation has coordinated NH2 groups. The aim of this work
was to examine whether these amine hydrogens form N–
H···S-type hydrogen bonds with the thiolate sulfur of the
mnt ligands of the anions. Living systems contain several
important sulfur-containing molecules, such as cysteine and
methionine, and hydrogen bonding between amide groups
and the cysteine sulfur is a common feature of all iron-
sulfur proteins.[10] For example, the formation of N–H···S
hydrogen bonds plays a crucial role in the function of many
proteins, including Pasteurella aerogenes ferredoxin and
Clostridium pasteurianum rubredoxin.[11] Much of the im-
portance of the N–H···S hydrogen-bonding interaction de-
rives from the fact that it may modulate the redox poten-
tials of several of these proteins.[10,12] Therefore, the study
of N–H···S hydrogen bonds using simple inorganic com-
pounds may have fundamental importance in understand-
ing the chemical functions of those metal-associated pro-
teins in which the negative metal–sulfur cluster is hydrogen-
bonded to the surrounding amide groups of peptides/pro-
teins. Various metal thiolate complexes have been synthe-
sized and structurally characterized as model compounds
of these natural proteins.[13] In many of these model studies,
intramolecular N–H···S hydrogen-bonding interactions are
observed because the ligand coordinated to the metal center
has amide-type functional groups. Intermolecular amide–
thiolate hydrogen-bonding interactions have been de-
scribed[14] for the complex [(CH3)3NCH2CONH2]2-
[Co(SC6H5)4] and the metal-free compound [(CH3)3-
NCH2CONH2][SC6H5]. Herein we describe the synthesis,
crystal structures, and properties of a new family of ion-
pair complexes, namely [Ni(C9H22N6)][Cu(mnt)2] (1),
[Ni(C9H22N6)][Ni(mnt)2] (2), and [Ni(C9H22N6)][Pd(mnt)2]
(3), all of which contain N–H···S hydrogen bonds between
the cation and anion in their ion pairs. Our results show a
systematic decrease in M–SH bond lengths with respect to
the M–SN bond length (M = Cu2+, Ni2+ and Pd2+; SH is
the sulfur atom involved in hydrogen bonding and SN that
which is not involved in hydrogen bonding). We explain this
trend in terms of N–H···S hydrogen-bonding interactions.
We also describe detailed IR and 1H NMR studies that sup-
port the existence of N–H···S hydrogen bonds between the
cation (C) and anion (A).

Results and Discussion
Synthesis

The reaction of [NiII(C9H22N6)](ClO4)2 with [Bu4N]2-
[MII(mnt)2] (M = Cu, Ni, and Pd) in MeCN solution
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leads to the isolation of the ion-pair complexes
[Ni(C9H22N6)][M(mnt)2]. The relevant reactions can be de-
scribed according to Equation (1).

[NiII(C9H22N6)](ClO4)2 + [Bu4N]2[MII(mnt)2] �
[NiII(C9H22N6)][MII(mnt)2] + 2 Bu4NClO4 (1)

Crystals of compounds 1 (M = Cu), 2 (M = Ni), and 3
(M = Pd) gave satisfactory elemental analyses. The numbers
of Cu and Ni sites in compound 1 and of Pd and Ni sites
in compound 3, as revealed by single-crystal X-ray structure
analyses, are consistent with the results of EDAX analyses,
which gave an average Ni/Cu value of around 1:1 for com-
pound 1 and a Ni/Pd value of about 1:1 for compound 3.
All three compounds were obtained in high yield. However,
these high-yield procedures produced microcrystalline
products instead of the single crystals required for crystal-
structure determination. Single crystals were obtained by a
slow-diffusion technique, as described in the Experimental
Section.

X-ray Powder-Diffraction Studies

X-ray powder-diffraction patterns of microcrystalline
compounds 1–3 were recorded. The simulated patterns were
generated from the single-crystal X-ray data of the appro-
priate compounds obtained by the slow-diffusion technique.
The simulated patterns match the respective experimentally
observed powder-diffraction patterns very well, as shown in
SI-Figure 38 (see Supporting Information). This confirms
the homogeneity and the purity of the bulk samples 1–3.

Description of the Structures

Complexes 1–3 crystallize in the monoclinic space group
P21/n. A thermal ellipsoidal plot of the non-hydrogen
atoms is presented in Figure 1. This shows the presence of
[Ni(C9H22N6)]2+ as a cation and [M(mnt)2]2– as an anion.
The four nitrogen donor atoms in the [Ni(C9H22N6)]2+ cat-
ion form a plane with a maximum deviation of 0.0022 Å.
The nickel ion is displaced by 0.040(1) Å from the least-
squares plane. The average Ni–N bond length is
1.913±0.002 Å, which is about 0.01 Å longer than those in
the crystal structure of the previously reported[15] com-
pound [Ni(C9H22N6)](ClO4)2, which contains the same cat-
ion. However, the quality of the crystal of this complex was
too poor to be refined aniosotropically (disorder problem
of the whole cation in addition to disordered perchlorate
anions).[15] This is reflected in some of the C–N bond
lengths, which are either unreasonably short or unreason-
ably long. In the present study, we were able to overcome
this disorder problem of the [Ni(C9H22N6)]2+ cations in
complexes 1–3. There are 14 N–C single bonds in the ligand
C9H22N6 (Figure 1). Depending on the environments of the
nitrogen atoms in the [Ni(C9H22N6)]2+ cation, the N–C
bond lengths show systematic variations ranging from 1.433
to 1.522 Å for compound 1. There are four tertiary nitrogen
atoms, namely N(7), N(8), N(9), and N(10). The six bonds
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Figure 1. Thermal ellipsoidal plot (50% probability) of compounds
[Ni(C9H22N6)][M(mnt)2] (M = Cu2+, Ni2+ and Pd2+). Hydrogen
atoms have been omitted for clarity.

Figure 3. Packing diagram (4×4 cells) of [Ni(C9H22N6)][M(mnt)2] (M = Cu2+, Ni2+, and Pd2+): wire-frame representation (top) and ball-
and-stick representation (bottom) showing the mixed-stacked CC–AA–CC–AA-type arrangement along the crystallographic c axis (C =
cation and A = anion). Hydrogen atoms have been omitted for clarity.
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Figure 2. The molecular structure of [Ni(C9H22N6)]2+ in 1–3 show-
ing the chair form of the six-membered chelate ring [Ni(1)–N(7)–
C(14)–N(9)–C(11)–N(8)] and the chair form of the other six-mem-
bered chelate ring [N(10)–C(13)–N(7)–Ni(1)–N(8)–C(15)] formed
between the bicyclononane rings and the nickel ion. The six-mem-
bered chelate rings (chair forms) are shown in dark grar. Hydrogen
atoms have been omitted for clarity.
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from N(7) and N(8) to their immediate carbon atoms are
the longest, with an average distance of 1.507±0.003 Å.
This is considerably longer than the average N–C bond
lengths (1.445±0.004 Å) observed for the other six bonds
from N(9) and N(10) to their immediate carbon atoms. The
lengthening of these N–C bonds is consistent with the fact
that N(7) and N(8) are coordinated to the nickel ion and
N(9) and N(10) are not.

The N(5)–Ni(1)–N(7) bite angle in one of the five-mem-
bered chelate rings [Ni(1)–N(5)–C(17)–C(16)–N(7)] in the
cation of 1 is 87.45(10)° and the N(6)–Ni(1)–N(8) bite angle
of the other five-membered ring [Ni(1)–N(8)–C(10)–C(9)–
N(6)] is 87.35(10)°. The respective bite distances are 2.647
and 2.642 Å (Figure 1). These values are consistent with
those in the five-membered rings of other NiII macrocyclic
complexes,[16–19] including the tetraazabicyclononane–NiII

complex [Ni(C12H27N7)](ClO4)2.[15] The N(5)–Ni(1)–N(6)
angle, which is not constrained by any ring closure (Fig-
ure 1), is 94.99(11)° and the length between the N(5) and
N(6) atoms is 2.817 Å. Interestingly, the N(7)–Ni(1)–N(8)
bite angle of 90.11(10)° and the N(7)–N(8) bite distance of
2.713 Å involving two six-membered rings in bicyclononane
are considerably smaller than those for the open side of the
cation. This N(7)–N(8) separation, in principle, should be
determined by the intracyclic valence angles at the C(11),
C(15), C(13), C(14), N(9), and N(10) centers of the bicy-
clononane ring (Figure 1). These angles, which range from
111.7° to 114.6°, are already larger than the normal values
of 107° for N(sp3) and 109.5° for C(sp3). Therefore, there is
no chance for a lengthening of the bite distance between
atoms N(7) and N(8).

There are four six-membered and two five-membered
rings in the cation. The two six-membered rings [C(12)–
N(9)–C(14)–N(7)–C(13)–N(10) and C(12)–N(9)–C(11)–
N(8)–C(15)–N(10)] in the bicyclononane ring assume a
stable chair conformation with average intracyclic torsion
angles of 58° and 57.44° in the cation of compound 1 (see
Figure 1). The two six-membered chelate rings formed be-
tween the bicyclononane ring and the nickel ion also as-
sume a chair conformation. These rings are Ni(1)–N(7)–
C(14)–N(9)–C(11)–N(8) and N(10)–C(13)–N(7)–Ni(1)–
N(8)–C(15) in the cation of compounds 1–3, as shown in
Figure 2.

The anion [Cu(mnt)2]2– has a planar structure, in good
agreement with other relevant literature data.[20] The anion
(A) and the cation (C) are arranged face to face, forming a
mixed-stacked CC–AA-CC–AA-type arrangement along
the crystallographic a axis (Figure 3). The angle between
the planes of the cation and anion, defined by Ni(1)–N(5)–
N(7)–N(8)–N(6) and Cu(1)–S(1)–S(3)–S(2)–S(4), is
38.28(6)° (Figure 1) for compound 1, which comes under
the category of noncoplanar structures among ion-pair
compounds. The closest intra-stack distance of 3.947 Å is
found between Ni(1) and S(1) in the case of compound 1
(Figure 3).

The single-crystal X-ray diffraction analyses revealed
that compounds 2 and 3 are isostructural with 1 and there-
fore the unit-cell dimensions, volumes, and other related
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data for the structure determinations of all three com-
pounds vary only slightly (see table in Experimental Sec-
tion). Selected bond lengths and angles for compounds 1–
3 are presented in Table 1.

Table 1. Selected bond lengths [Å] and angles [°] for compounds 1–
3 (see Figure 1).[a]

Compound 1

Ni(1)–N(5)* 1.909(2) Ni(1)–N(6)* 1.911(2)
Ni(1)–N(7) 1.920(2) Ni(1)–N(8) 1.914(2)
Cu(1)–S(1)* 2.2574(10) Cu(1)–S(2)* 2.2624(10)
Cu(1)–S(3)* 2.2766(10) Cu(1)–S(4) 2.2793(10)
S(1)–C(2) 1.732(3) N(3)–C(7) 1.137(4)
N(5)*–C(17) 1.476(4) N(6)*–C(9) 1.477(4)
N(5)–Ni(1)–N(6) 94.99(11) N(6)–Ni(1)–N(8) 87.35(10)
N(5)–Ni(1)–N(7) 87.45(10) S(1)–Cu(1)–S(2) 175.21(3)
S(1)–Cu(1)–S(3) 90.74(4) C(1)–S(3)–Cu(1) 101.86(10)

Compound 2

Ni(1)–N(5)* 1.901(2) Ni(1)–N(6)* 1.905(2)
Ni(1)–N(7) 1.914(2) Ni(1)–N(8) 1.915(2)
Ni(2)–S(2)* 2.1660(11) Ni(2)–S(1)* 2.1672(11)
Ni(2)–S(3)* 2.1769(9) Ni(2)–S(4) 2.1817(9)
S(1)–C(2) 1.734(3) N(3)–C(7) 1.140(4)
N(5)*–C(17) 1.479(3) N(6)*–C(9) 1.480(3)
N(5)–Ni(1)–N(6) 95.06(10) N(5)–Ni(1)–N(7) 87.44(9)
N(6)–Ni(1)–N(7) 176.16(9) N(6)–Ni(1)–N(8) 87.28(9)
N(7)–Ni(1)–N(8) 90.12(9) S(1)–Ni(2)–S(3) 92.00(4)
C(1)–S(3)–Ni(2) 103.41(9) C(6)–S(4)–Ni(2) 102.64(10)

Compound 3

Ni(1)–N(6)* 1.903(4) Ni(1)–N(5)* 1.908(4)
Ni(1)–N(7) 1.909(4) Ni(1)–N(8) 1.909(4)
Pd(1)–S(2)* 2.2836(15) Pd(1)–S(1)* 2.2866(15)
Pd(1)–S(3)* 2.2924(12) Pd(1)–S(4) 2.2955(13)
S(1)–C(2) 1.740(5) N(3)–C(7) 1.135(6)
N(5)*–C(17) 1.477(6) N(6)*–C(9) 1.471(6)
N(6)–Ni(1)–N(5) 94.95(16) N(5)–Ni(1)–N(7) 87.44(16)
N(6)–Ni(1)–N(8) 87.28(16) N(7)–Ni(1)–N(8) 90.24(15)
S(2)–Pd(1)–S(1) 179.35(4) S(2)–Pd(1)–S(3) 89.41(4)
C(1)–S(3)–Pd(1) 102.10(16)

[a] Atoms marked with an asterisk * are involved in N–H···S hydro-
gen-bonding interactions.

N–H···S Hydrogen Bonds Between the Cation and Anion

The inorganic transition metal complex NiL2+ (L =
C9H22N6 = 3,7-bis(2-aminoethyl)-1,3,5,7-tetraazabiclo-
[3.3.1]nonane) was chosen as a cation since the nickel-coor-
dinated NH2 groups can provide potential points of organi-
zation for the formation of N–H···S hydrogen bonds with
the thiolate sulfur atoms of the anions [M(mnt)2]2– (M =
Cu2+, Ni2+, Pd2+). Even though the electronegativity differ-
ence between H and S (δ = 0.38, Pauling scale) is very small
compared to those between H and X (X = Cl, N, O), and
therefore the hydrogen bonds involving H and S will neces-
sarily be weak due to the poorer match between the hard
proton and soft sulfur, N–H···S hydrogen bonds have been
observed in crystals of sulfur-containing organic mole-
cules,[21] inorganic coordination complexes,[13,22] and
metalloproteins.[10–12] In many cases, N–H···S hydrogen
bonds play important roles, for example, the arrangement
of proteins having amide and amine functional groups
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around Fe–S clusters in Pasteurella aerogenes ferredoxin
and Clostridium pasteurianum rubredoxin has been sug-
gested to contribute to the stabilization of the negatively
charged cluster by providing possible hydrogen-bond do-
nors in forming N–H···S hydrogen bonds.[11]

The N–H···S bonds involving the amine nitrogen atoms
of the cation [Ni(C9H22N6)]2+ and the dithiolate sulfur
atoms of [M(mnt)2]2– (M = Cu2+, Ni2+, Pd2+) are illustrated
in Figure 4; the geometrical parameters of these hydrogen
bonds are presented in Table 2. As shown in Figure 4, the
cation interacts with two different anions through three N–
H···S hydrogen bonds (two H-bonds with one anion and
one H-bond with another anion). Similarly, the anion is
hydrogen bonded to two different cations through three hy-
drogen bonds. This results in the formation of a chain-like
arrangement consisting of alternating cations and anions,
as shown in Figure 5. The N···S and H···S distances are
3.485–3.512 and 2.65–2.73 Å, respectively, for compound 1.
The same distances in 2 are 3.468–3.527 and 2.63–2.76 Å
and in 3 are 3.471–3.500 and 2.64–2.74 Å (see Table 2). The
N–H···S bond angles in these compounds range from 142.3°
to 159.6° and show a direct correlation whereby a decreas-
ing bond angle results in a lengthening, and therefore weak-
ening, of the hydrogen bond (Table 2). These N–H···S hy-
drogen-bond parameters are similar to those observed in
the crystal structure of Clostridium pasteurianum rubre-
doxin protein.[11]

Figure 4. Crystal structure of compounds [Ni(C9H22N6)][M(mnt)2]
(M = Cu2+, Ni2+, and Pd2+) showing intermolecular N–H···S hy-
drogen bonding between the cation and anion. Dotted lines indi-
cate the N–H···S hydrogen bonds. Methylene hydrogen atoms have
been omitted for clarity. Atoms with additional labels #1 and #2
are related to each other by the following symmetry operations: #1
1 – x, –y, 1 – z; #2 –x, –y, 1 – z.

Eur. J. Inorg. Chem. 2006, 1505–1514 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1509

Table 2. Hydrogen bonds for compounds 1–3 (see Figure 4).[a]

D–H···A d(D···H) d(H···A) d(D···A) �(DHA)

Compound 1
N5–H5A···S2 #1 0.90 2.65 3.499(3) 158.3
N5–H5B···S1 #2 0.90 2.73 3.485(3) 142.3
N6–H6B···S3 #1 0.90 2.68 3.512(3) 155.0
Compound 2
N5–H5A···S2 #1 0.90 2.66 3.520(3) 159.6
N5–H5B···S1 #2 0.90 2.76 3.527(3) 144.1
N6–H6B···S3 #1 0.90 2.63 3.468(3) 156.0
Compound 3
N5–H5A···S2 #1 0.90 2.65 3.499(5) 157.5
N5–H5B···S1#2 0.90 2.74 3.500(5) 142.8
N6–H6B···S3 #1 0.90 2.64 3.471(5) 154.3

[a] Atoms with additional labels #1 and #2 are related to each
other by symmetry operations: #1 1 –x, –y, 1 – z; #2 –x, –y, 1 – z.

Figure 5. Chain-like arrangement consisting of alternating
[Ni(C9H22N6)]2+ (cation) and [M(mnt)2]2– (anion) formed by N–
H···S hydrogen bonds in the crystal structure of
[Ni(C9H22N6)][M(mnt)2] (M = Cu2+, Ni2+, and Pd2+): (a) ball-and-
stick representation and (b) wire-frame representation. Methylene
hydrogen atoms have been omitted for clarity.

The average Cu–SH bond length in 1 involving hydrogen-
bonded sulfur (SH) is 2.265(1) Å, which is 0.014 Å shorter
than the Cu–SN bond length [2.279(1) Å], in which SN is
not involved in hydrogen-bonding interactions. In the case
of compound 2, the average Ni–SH bond length [2.170(1) Å]
is 0.012 Å shorter than the Ni–SN bond length [2.182(1) Å].
Compound 3 also follows the same trend but with a smaller
difference [average Pd–SH = 2.287(1) and Pd–SN =
2.295(1) Å]. The shortening of the M–SH (M = Cu2+, Ni2+,
Pd2+) bonds compared to the M–SN bond can be explained
by a molecular orbitals approach. Thiolate sulfurs are σ-
and π-electron donors and the π orbitals that are occupied
by a lone pair of electrons interact with the occupied p and
d orbitals on the metal ion M2+. The occupation of these
metal orbitals, which have antibonding character, results in
the weakening of the M–S interaction.[23] However, in the
present case, it can be expected that the N–H···S hydrogen
bonding stabilizes the sulfur π-donor orbitals and thereby
diminishes the M–S antibonding interaction. This results in
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a slight shortening of the M–SH (M = Cu2+, Ni2+, Pd2+)
bonds compared to the M–SN bonds.

In concert with the metal–sulfur bond length changes in
the anion [M(mnt)2]2–, it is expected that the N–H bonds
would be lengthened by the N–H···S hydrogen-bonding in-
teraction, while the C–NH and Ni–NH bonds (NH = hydro-
gen-bonded nitrogen) in the cation [Ni(C9H22N6)]2+ would
be shortened.[24,25] In the present study, the N–H bond
lengths cannot be considered because the amine hydrogens
were assigned positions on the basis of geometrical consid-
erations in the crystal-structure determination. On the other
hand, and in contrast to our expectations, a trend of in-
creasing C–NH and Ni–NH bond lengths in the
[Ni(C9H22N6)]2+ cations of 1, 2, and 3 is evident when com-
paring them with those in the crystal structure of
[Ni(C9H22N6)](ClO4)2. The average C–N and Ni–N bond
lengths (adjacent to amine groups) in [Ni(C9H22N6)](ClO4)2

are 1.37(5) and 1.90(3) Å, respectively.[15] The correspond-
ing average C–NH and Ni–NH distances in the cations of
1–3 are 1.476(4) and 1.910(2) Å for 1, 1.479(2) and
1.903(2) Å for 2, and 1.474(6) and 1.905(2) Å for 3. The
shortening of the Ni–NH bond lengths compared to the Ni–
NN (NN = non-hydrogen-bonded nitrogen) bond lengths in
the cations of 1–3 [average Ni–NN bond lengths are
1.917(2), 1.914(2), and 1.909(4) Å for 1–3, respectively] is
consistent with the fact that the NH atoms are involved in
N–H···S hydrogen-bonding interactions.

IR Spectra

The N–H···S hydrogen-bonding interactions described
above are also reflected in the IR spectra of compounds 1–
3. The perchlorate salt of the cation, [Ni(C9H22N6)](ClO4)2

exhibits two NH bands at 3342 and 3296 cm–1 in its IR
spectrum (Figure 6, a). In the IR spectra of compounds 1–3
these bands shift to about 3260 and 3200 cm–1, respectively
(Figure 6, b–d). This large shift of the NH bands suggests
that compounds 1–3 have intermolecular N–H···S hydrogen
bonds involving cation and anion. The CN bands of the
anions [M(mnt)2]2– (M = Cu2+, Ni2+, Pd2+) in compounds
1–3 appear at around 2195 cm–1 and the corresponding
C=C bands are observed at 1465, 1485, and 1485 cm–1,
respectively, for 1–3 (for IR spectra, see Supporting Infor-
mation).

1H NMR Spectra

The 1H NMR spectra of [Ni(C9H22N6)](ClO4)2 and com-
pound 2 were recorded in [D6]DMSO (see SI-Figure 6 in
the Supporting Information). The protons of the two NH2

groups are observed at δ = 5.75 and 6.97 ppm, respectively,
in the spectrum of [Ni(C9H22N6)](ClO4)2. These two peaks
are shifted downfield, appearing at δ = 7.18 and 8.42 ppm,
respectively, in the spectrum of 2, which also shows the CH2

protons in the range δ = 2 to 6 ppm. The downfield shift
of the NH2 protons from [Ni(C9H22N6)](ClO4)2 to 2 can be
ascribed to the existence of the N–H···S hydrogen-bonding
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Figure 6. Selected IR bands in the NH2 region of (a) [Ni(C9H22N6)]-
(ClO4)2, (b) [Ni(C9H22N6)][Cu(mnt)2] (1), (c) [Ni(C9H22N6)]-
[Ni(mnt)2] (2), and (d) [Ni(C9H22N6)][Pd(mnt)2] (3) in the solid
state (KBr pellets).

interactions between cation and anion (hydrogen bonding
decreases the electron density around proton). A similar
downfield shift of the amide NH signal was observed in
the 1H NMR spectrum of the compound (NEt4)2[Hg(S-2-
CH3NHCOC6H4)4] compared with the bis(carbamoylthio-
phenoate) complex in [D6]DMSO due to the formation of
intramolecular N–H···S hydrogen bonds in the mercury
complex.[26]

When the initial concentration of 2 is increased a steady
chemical-shift change is observed for the NH2 protons in-
volved in N–H···S hydrogen-bonding interactions. This
demonstrates that the percentage of hydrogen-bonded spe-
cies increases with increasing initial concentrations of 2. At
a concentration of 1×10–3  no shift of the NH2 protons
with respect to that of [Ni(C9H22N6)](ClO4)2 was observed.
However, at higher concentrations (in the range of 0.013 to
0.034 ) a downfield shift of the NH2 protons from
[Ni(C9H22N6)](ClO4)2 to 2 was observed (see Figure 7 in
the Supporting Information for concentration-dependent
NMR spectra). The 1H NMR spectra of [Ni(C9H22N6)]-
(ClO4)2 were recorded in the same concentration range used
for compound 2; the peak positions for the NH2 group re-
mained essentially same.

Electrochemistry

The cationic complex [Ni(C9H22N6)](ClO4)2 shows a
quasi-reversible oxidation at +1.24 V vs. SCE and a quasi-
reversible reduction at –1.34 V vs. SCE in MeCN solu-
tion.[15] However, its ion-pair compounds 1–3 are not solu-
ble in MeCN, therefore we performed the electrochemical
studies in DMF. In DMF, the reversible oxidation and re-
duction are observed at +1.00 V vs. SCE and at –1.30 V vs.
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SCE, respectively, for [Ni(C9H22N6)](ClO4)2 (see Support-
ing Information). Cyclic voltammograms of 1–3 are shown
in Figure 7. Compounds 2 and 3 show similar features in
their cyclic voltammograms. The reversible reductions at
around –1.30 V (vs. SCE) for [Ni(C9H22N6)](ClO4)2 become
quasi-reversible in its ion-pair compounds and the oxidative
response at around +1.00 V (vs. SCE) for [Ni(C9H22N6)]-
(ClO4)2 is not clearly observed in the ion-pair compounds.
Instead, all three cyclic voltammograms (Figure 7) exhibit

Figure 7. Cyclic voltammograms of a 1.0 m solution of (a)
[Ni(C9H22N6)][Cu(mnt)2] (1), (b) [Ni(C9H22N6)][Ni(mnt)2] (2), and
(c) [Ni(C9H22N6)][Pd(mnt)2] (3) in DMF at room temperature.
Scan rate: 100 mVs–1. Current given in A.
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a strong irreversible oxidation at around +1.16 V (vs. SCE)
whose shape is rather complicated. This can be assigned to
the oxidation of the dithiolate sulfurs of the mnt ligands
(by comparing the cyclic voltammograms of [Bu4N]2-
[M(mnt)2]). This complicated feature might also include
the oxidative response of [Ni(C9H22N6)]2+ at a shifted
(higher) potential, which is in agreement with the small
bump observed around +1.25 V for all complexes. These
data indicate that the oxidation of [Ni(C9H22N6)]2+ be-
comes somewhat more difficult in the ion-pair compounds
1–3 than in the perchlorate complex [Ni(C9H22N6)](ClO4)2

and the reduced complex [Ni(C9H22N6)]+ becomes more
unstable in the ion-pair compounds than in the perchlorate
complex (on the cyclic voltammetric timescale). This im-
plies that the stability of [Ni(C9H22N6)]2+ in its ion-pair
compounds would make the transition from NiII to NiIII or
NiI more unfavorable than in its perchlorate salt. Com-
pound 1 shows an additional irreversible reduction at
around –0.75 V vs. SCE (Figure 7, a) that is not observed
in the case of compounds 2 and 3 (Figures 7, parts b and
c, respectively). We assign this reductive response to the
[Cu(mnt)2]2–/[Cu(mnt)2]3– couple based on relevant litera-
ture data.[27] Compounds 1–3 exhibit a reversible oxidation
that corresponds to the couple [M(mnt)2]–/[M(mnt)2]2– (M
= Cu2+, Ni2+ and Pd2+; 0.33 V vs. SCE for 1, 0.33 V vs.
SCE for 2 and 0.54 V vs. SCE for 3 in DMF).

UV/Vis-NIR Spectra

The UV/Vis spectra of compounds 1–3 were measured
both in solution and the solid state at room temperature.
The perchlorate salt of the cation [Ni(C9H22N6)](ClO4)2 ex-
hibits a d-d band at around 450 nm in the solid state and
at 440 nm in solution (ε = 80 –1 cm–1 in MeCN), which
is the characteristic absorption for a square-planar NiII-N4

chromophore (Figures 18 and 19 in the Supporting Infor-
mation). The d-d band of [Ni(C9H22N6)]2+ at 440 nm is ob-
scured by the intense MLCT charge-transfer bands for the
metal–dithiolene moieties in the ion-pair complexes (at
around 430 nm for 1, 470 nm for 2, and 430 nm for 3). The
d-d bands at around 1100 (for 1), 860 (for 2), and 630 nm
(for 3) are characteristic features of [Cu(mnt)2]2–, [Ni-
(mnt)2]2–, and [Pd(mnt)2]2– respectively (see SI-Figure 20 in
the Supporting Information).

ESR Spectroscopy

The ESR spectrum of compound 1 in DMF at liquid-
nitrogen temperature was also measured. It exhibits hyper-
fine structure due to 63,65Cu nuclei. Interestingly, both g�

and g� features are resolved due to 63,65Cu hyperfine coup-
ling, which is very rarely observed in metal–dithiolene com-
plexes. The average value of the hyperfine coupling param-
eters (determined from |A�| = 15.3 mT and |A�| = 4.8 mT)
is 8.3 mT, which is not identical to that (7.4 mT) of the solu-
tion ESR spectrum at room temperature (see SI-Figures
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21–23 in the Supporting Information). This is consistent
with the NMR studies.

Conclusion

Numerous model compounds of sulfur-containing
metallo-proteins have been reported that emphasize the im-
portance of N–H···S hydrogen bonds in stabilizing the neg-
atively charged metal–sulfur cluster (the active site) of the
relevant protein. Intramolecular N–H···S hydrogen bonding
was observed in many of these model studies and, in a few
cases, intermolecular hydrogen bonding was also identified.
We have introduced, for the first time, this N–H···S hydro-
gen-bonding interaction between a novel cationic inorganic
complex [Ni(C9H22N6)]2+ (that has H-bond donor sites)
and the classical inorganic anionic complexes [M(mnt)2]2–

(M = Cu2+, Ni2+ and Pd2+) with dithiolato sulfur anions as
H-bond acceptor sites. The existence of such supramolec-
ular intermolecular N–H···S interactions in this new family
of ion-pair compounds is additionally supported by IR, 1H
NMR, and ESR spectral studies. The complex cation
[Ni(C9H22N6)]2+ was reported earlier as its perchlorate salt,
although its crystal structure was not discussed in detail
because of disorder problems. We have succeeded in resolv-
ing this disorder problem in the crystal structures of the
ion-pair compounds 1–3.

Experimental Section
General: Microanalytical (C, H, N, S) data were obtained with a
FLASH EA 1112 Series CHNS Analyzer. IR spectra were recorded
for KBr pellets with a JASCO FT/IR-5300 spectrometer in the re-
gion 400–4000 cm–1. Electronic spectra were recorded with a UV-
3101PC/UV/Vis-NIR spectrophotometer (Shimadzu) equipped
with a diffuse reflectance accessory (reflectance spectra were re-
corded for KBr pellets). The diffuse reflectance spectra obtained
were then Kubelka–Munk corrected. The ESR spectra were re-
corded with a (JEOL) JES-FA200 ESR spectrometer. A Cypress
model CS-1090/CS-1087 electroanalytical system was used for cy-
clic voltammetric experiments. The electrochemical experiments
were measured in DMF containing Bu4NClO4 as a supporting elec-
trolyte, using a conventional cell consisting of two platinum wires
as working and counter electrodes, and a saturated calomel elec-
trode (SCE) as reference. The potentials reported here are uncor-
rected for junction contributions. Some electrochemical measure-
ments were performed on a BAS i Epsilon-EC Bioanalytical Sys-
tem Inc. using Ag/AgCl reference electrode and glassy carbon as a
working electrode. Powder X-ray diffraction data were collected on
Phillips PW 3710 diffractometer. EDAX analyses were performed
using Philips XL 30 SEM equipment.

Materials: All commercially available chemicals were of reagent
grade and were used as received without further purification. The
solvents were dried and distilled according to standard procedures
for the electrochemical and spectroscopy experiments. The acyclic
NiII complex of 3,7-bis(2-aminoethyl)-1,3,5,7-tetraazabiclo[3.3.1]-
nonane was synthesized as its perchlorate salt according to a re-
ported method.[15] The salts [Bu4N]2[M(mnt)2] (M = Ni2+, Pd2+,
and Cu2+) were prepared according to a literature procedure.[28]

Disodium maleonitriledithiolate [the disodium salt of 1,2-dicyano-
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ethylenedithiolate (Na2mnt)] was prepared following a synthetic
procedure described in the same paper.[28]

Synthesis of [Ni(C9H22N6)][Cu(mnt)2] (1): [Ni(C9H22N6)](ClO4)2

(0.047 g, 0.10 mmol) was dissolved in 10 mL of MeCN by mild
heating in a water bath. The resulting clear, yellow solution was
treated with [Bu4N]2[Cu(mnt)2] (0.082 g, 0.1 mmol) dissolved in
15 mL of MeCN. The final reaction mixture was then heated to
about 50 °C in an oil bath for 10 min with stirring, whereby the
dark microcrystalline compound 1 precipitated out within a day.
The crystals of 1 were filtered, washed with diethyl ether, and dried
at room temperature. Yield: 0.045 g (74% based on Cu).
C17H22CuN10NiS4 (616.94): calcd. C 33.09, H 3.59, N 22.70, S
20.79; found C 33.29, H 3.48, N 22.59, S 21.01. IR (KBr): ν̃ = 3258
(w), 3192 (m), 2191 (s), 1570 (w), 1464 (s), 1281 (w), 1150 (m), 1086
(s), 992 (w), 941 (m), 908 (w), 856 (s), 814 (s), 716 (w), 607 (m),
586 (w), 511 (s) cm–1. UV/Vis/NIR (DMF): λmax (ε) = 321 nm
(36360 –1 cm–1), 372 (23230), 426 (12120), 485 (10100), 1200 (74).

Single crystals suitable for an X-ray structure determination were
grown in a λ-shaped glass tube with two terminals. [Ni(C9H22N6)]-
(ClO4)2 was dissolved in 10 mL of MeCN in a 20-mL round-bot-
tomed flask and this was fixed to one terminal of the tube; the
other terminal of the tube was connected to a 20-mL round-bot-
tomed flask containing 10 mL of an MeCN solution of [Bu4N]2-
[Cu(mnt)2]. Finally, the empty part of the tube was slowly filled
with MeCN (from the top) and sealed. The crystals collected after
25 days from the top of the tube were identified as 1.

Synthesis of [Ni(C9H22N6)][Ni(mnt)2] (2): This compound was syn-
thesized by stirring an MeCN solution (10 mL) of [Ni(C9H22N6)]-
(ClO4)2 (0.047 g, 0.10 mmol) with an MeCN solution (15 mL) of
[Bu4N]2[Ni(mnt)2] (0.082 g, 0.1 mmol) at room temperature for half
an hour. The red microcrystals of 2 were separated by filtration,
washed with diethyl ether, and dried at room temperature. Yield:
0.05 g (82% based on Ni). C17H22N10Ni2S4 (612.11): calcd. C 33.36,
H 3.62, N 22.88, S 20.95; found C 33.58, H 3.53, N 22.78, S 21.06.
IR (KBr): ν̃ = 3264 (w), 3196 (m), 2195 (s), 1570 (w), 1485 (s),
1280 (w), 1233 (m), 1149 (s), 1086 (s), 1055 (m), 990 (m), 943 (w),
909 (w), 856 (s), 814 (s), 713 (w), 605 (s), 546 (w), 509 (s) cm–1.
UV/Vis/NIR (DMF): λmax (ε) = 317 nm (41410 –1 cm–1), 387
(10100), 482 (6060), 510 (3131), 770 (53).

Single crystals suitable for an X-ray crystal structure determination
were grown as described for compound 1.

Synthesis of [Ni(C9H22N6)][Pd(mnt)2] (3): This compound was syn-
thesized by the same procedure as described for compound 2, start-
ing from MeCN solutions of [Ni(C9H22N6)](ClO4)2 (0.047 g,
0.1 mmol) and [Bu4N]2[Pd(mnt)2] (0.087 g, 0.1 mmol). Yield:
0.041 g (63% based on Pd). C17H22N10NiPdS4 (659.80): calcd. C
30.94, H 3.36, N 21.23, S 19.44; found C 31.06, H 3.31, N 21.34,
S 19.66. IR (KBr): ν̃ = 3262 (w), 3198 (m), 2195 (s), 1568 (w), 1485
(s), 1338 (m), 1279 (w), 1232 (w), 1202 (w), 1178 (w), 1146 (s), 1086
(s), 1043 (w), 990 (w), 943 (w), 909 (w), 854 (s), 815 (s), 713 (w),
605 (m), 507 (s) cm–1. UV/Vis (DMF): λmax (ε) = 367 nm
(2121 –1 cm–1), 429 (5050), 450 (5454), 637 (110).

Caution! Perchlorate salts are potentially explosive and should be
handled in small quantities with caution.

X-ray Crystallography: Crystal data were collected with an Enraf–
Nonius CAD4 diffractometer at 25 °C equipped with a graphite-
monochromated Mo-Kα (λ = 0.71073 Å) radiation source. An
empirical absorption correction based on a series of ψ scans
was applied. The structures were solved by direct methods
(SHELXS-97)[29] and refined by full-matrix least-squares on F2

(SHELXL-97).[30] All non-hydrogen atoms were refined anisotropi-
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Table 3. Crystal data and structural refinement for compounds 1, 2 and 3.

1 2 3

Empirical formula C17H22CuN10NiS4 C17H22N10Ni2S4 C17H22N10NiPdS4

Formula weight 616.94 612.11 659.80
T [K] 298(2) 298(2) 298(2)
λ [Å] 0.71073 0.71073 0.71073 A
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n
a [Å] 8.493(2) 8.481(5) 8.489(8)
b [Å] 16.897(5) 16.753(4) 16.904(3)
c [Å] 16.863(8) 16.857(8) 16.898(4)
β [°] 101.77(3) 101.27(4) 101.68(4)
V [Å3] 2369.1(14) 2348.9(19) 2374(2)
Z 4 4 4
Dcalcd. [Mg m–3] 1.730 1.731 1.846
µ [mm–1] 2.074 1.988 1.931
F[000] 1260 1256 1328
Crystal size [mm3] 0.68×0.64×0.48 0.68×0.60×0.56 0.68×0.36×0.32
θ range for
Data collection [°] 1.72 to 27.47 1.73 to 27.46 1.72 to 24.97
Reflections
collected/unique 5409/5409 5363/5363 4178/4178

Refinement method Full-matrix least-squares on F2

Data/restraints /parameters 5409/0/298 5363/0/298 4178/0/298
Goodness-of-fit on F2 1.132 1.132 1.291
R1/wR2 [I � 2σ(I)] 0.0306/0.0816 0.0306/0.0790 0.0322/0.1054
R1/wR2 (all data) 0.0437/0.0986 0.0463/0.0915 0.0459/0.1110
Largest diff. Peak/hole [e·Å3] 1.031/–0.417 0.608/–0.503 1.239/–0.465

cally. Hydrogen atoms were introduced at calculated positions and
included in the refinement as riding on their respective parent
atoms. The crystallographic data and the parameters of structure
refinement for compounds 1–3 are summarized in Table 3.
CCDC-273272 (for 1), -273273 (for 2), and -273274 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information available (for details see the footnote on the
first page of this article): Figures related to crystal structures for
compounds 1, 2 and 3; 1H NMR spectrum for compound 2 and
1H NMR spectra for concentration-dependent NMR studies; IR
spectra for compounds 1, 2 and 3; cyclic voltammograms for com-
pounds 1, 2 and 3; solution and solid-state electronic spectra for
compounds 1, 2 and 3; ESR spectra for compound 1; X-ray powder
diffraction patterns (simulated and observed).

Acknowledgments

We thank CSIR, Government of India, for financial support [Pro-
ject No.: 01(1737)/02/EMR-II]. The National X-ray Diffractometer
facility at University of Hyderabad by the Department of Science
and Technology, Government of India, is gratefully acknowledged.
We are grateful to UGC, New Delhi, for providing infrastructure
facility at University of Hyderabad under UPE grant. The authors
thank Professor S. Pal for providing electrochemical data for this
work. We also thank Professor Sabyasachi Sarkar and Mr. Kuntal
Pal (Department of Chemistry, IIT Kanpur, India) for helping us
by providing some electrochemical data at the revision stage of this
work. V. M. thanks CSIR, New Delhi, for a fellowship.

[1] V. Balzani, F. Scandola, Supramolecular Photochemistry, Hor-
wood, Chichester, 1991.

Eur. J. Inorg. Chem. 2006, 1505–1514 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1513

[2] U. T. Mueller-Westerhoff, B. Vance, D. I. Yoon, Tetrahedron
1991, 47, 909–932.

[3] H. Tanaka, Y. Okano, H. Kobayashi, W. Suzuki, A. Kobayashi,
Science 2001, 291, 285–287.

[4] A. T. Coomber, D. Beljonne, R. H. Friend, J. K. Bredas, A.
Charlton, N. Robertson, A. E. Underhill, M. Kurmoo, P. Day,
Nature 1996, 380, 144–146.

[5] C.-T. Chen, S.-Y. Liao, K.-J. Lin, L.-L. Lai, Adv. Mater. 1998,
3, 334–338.

[6] a) I. Nunn, B. Eisen, R. Benedix, H. Kisch, Inorg. Chem. 1994,
33, 5079–5085; b) C. Handrosch, R. Dinnebier, G. Bondar-
enko, E. Bothe, F. Heinemann, H. Kisch, Eur. J. Inorg. Chem.
1999, 1259–1269; c) G. Schmauch, F. Knoch, H. Kisch, Chem.
Ber. 1994, 127, 287–294; d) W. Dümler, H. Kisch, New J. Chem.
1991, 15, 649–656; e) H. Kisch, B. Eisen, R. Dinnebier, K.
Shankland, W. I. F. David, F. Knoch, Chem. Eur. J. 2001, 7,
738–748.

[7] R. C. Wheland, J. Am. Chem. Soc. 1976, 98, 3926–3930.
[8] a) H. Kisch, Coord. Chem. Rev. 1997, 159, 385–396; b) A.

Vogler, H. Kunkely, J. Chem. Soc. Chem. Commun. 1986, 1616–
1617; c) G. Schmauch, T. Chihara, K. Wakatsuki, M. Hagi-
wara, H. Kisch, Bull. Chem. Soc. Jpn. 1996, 69, 2573–2579; d)
F. Bigoli, P. Deplano, M. L. Mercuri, M. A. Pellinghelli, L. Pi-
lia, G. Pintus, A. Serpe, E. F. Trogu, Inorg. Chem. 2002, 41,
5241–5248.

[9] V. Madhu, S. K. Das, Polyhedron 2004, 23, 1235–1242.
[10] E. T. Adman, Biochim. Biophys. Acta 1979, 549, 107–144.
[11] E. Adman, K. D. Watenpaugh, L. H. Jensen, Proc. Natl. Acad.

Sci. U. S. A 1975, 72, 4854–4858.
[12] A. Nakamura, N. Ueyama, in Metal Clusters in Proteins (Ed.:

L. Que), American Chemical Society, Washington, DC, 1998,
chapter 14.

[13] a) N. Ueyama, T. Okamura, A. Nakamura, J. Am. Chem. Soc.
1992, 114, 8129–8137; b) N. Ueyama, T. Okamura, A. Naka-
mura, J. Chem. Soc. Chem. Commun. 1992, 1019–1020; c) T.
Okamura, N. Ueyama, A. Nakamura, E. W. Ainscough, A. M.
Brodie, J. M. Waters, J. Chem. Soc. Chem. Commun. 1993,
1658–1660; d) N. Ueyama, N. Nishikawa, Y. Yamada, T. Oka-



V. Madhu, S. K. DasFULL PAPER
mura, A. Nakamura, J. Am. Chem. Soc. 1996, 118, 12826–
12827; e) N. Ueyama, Y. Yamada, T. Okamura, S. Kimura, A.
Nakamura, Inorg. Chem. 1996, 35, 6473–6484; f) T. Okamura,
S. Takamizawa, N. Ueyama, A. Nakamura, Inorg. Chem. 1998,
37, 18–28; g) N. Ueyama, N. Nishikawa, Y. Yamada, T. Oka-
mura, S. Oka, H. Sakurai, A. Nakamura, Inorg. Chem. 1998,
37, 2415–2421; h) M. A. Walters, C. L. Roche, A. L. Rheing-
old, S. W. Kassel, Inorg. Chem. 2005, 44, 3777–3779; i) M.
Kato, T. Okamura, H. Yamamoto, N. Ueyama, Inorg. Chem.
2005, 44, 1966–1972.

[14] M. A. Walters, J. C. Dewan, C. Min, S. Pinto, Inorg. Chem.
1991, 30, 2656–2662.

[15] M. P. Suh, W. Shin, H. Kim, C. H. Koo, Inorg. Chem. 1987,
26, 1846–1852.

[16] T. Ito, K. Toriumi, Acta Crystallogr. Sect. B 1981, 37, 88–92.
[17] R. Murray-Rust, J. Murray-Rust, Acta Crystallogr. Sect. B

1979, 35, 1704–1706.
[18] G. Ferguson, R. J. Restivo, R. W. Hay, Acta Crystallogr. Sect.

B 1979, 35, 159–162.
[19] M. F. Bailey, I. E. Maxwell, J. Chem. Soc., Dalton Trans. 1972,

938–944.
[20] a) P. Kuppusamy, B. L. Ramakrishna, P. T. Manoharan, Inorg.

Chem. 1984, 23, 3886–3892; b) S. S. Staniland, W. Fujita, Y.
Umezono, K. Awaga, P. J. Camp, S. J. Clark, N. Robertson,
Inorg. Chem. 2005, 44, 546–551.

[21] a) M. K. Krepps, S. Parkin, D. A. Atwood, Cryst. Growth Des.
2001, 1, 291–297; b) K. C. Kumara Swamy, S. Kumara Swamy,
S. Raja, K. S. Kumar, J. Chem. Crystallogr. 2001, 31, 51–56.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1505–15141514

[22] a) N. Ueyama, K. Taniuchi, T. Okamura, T. Nakamura, H.
Maeda, S. Emura, Inorg. Chem. 1996, 35, 1945–1951; b) B. R.
Srinivasan, S. N. Dhuri, C. Näther, W. Bensch, Acta Crys-
tallogr., Sect. E 2002, 58, m622–m624; c) B. R. Srinivasan,
S. N. Dhuri, C. Näther, W. Bensch, Acta Crystallogr. Sect. C
2003, 59, m124–m127; d) B. R. Srinivasan, M. Poisot, C.
Näther, W. Bensch, Acta Crystallogr., Sect. E 2004, 60, i136–
i138; e) B. R. Srinivasan, S. N. Dhuri, M. Poisot, C. Näther,
W. Z. Bensch, Naturforsch., Teil B 2004, 59, 1083–1092; f) B. R.
Srinivasan, S. N. Dhuri, M. Poisot, C. Näther, W. Bensch, Z.
Anorg. Allg. Chem. 2005, 631, 1087–1094.

[23] S. Harris, Polyhedron 1989, 8, 2843–2882.
[24] V. Gutmann, G. Resch, W. Linert, Coord. Chem. Rev. 1982, 43,

133–164 and references cited therein.
[25] M. Kitano, K. Kuchitsu, Bull. Chem. Soc. Jpn. 1973, 46, 3048–

3051.
[26] M. Kato, K. Kojima, T. Okamura, H. Yamamoto, T. Yama-

mura, N. Ueyama, Inorg. Chem. 2005, 44, 4037–4044.
[27] S. P. Best, S. A. Ciniawsky, R. J. H. Clark, R. C. S. McQueen,

J. Chem. Soc. Dalton Trans. 1993, 2267–2271.
[28] A. Davison, R. H. Holm, Inorg. Synth. 1967, 10, 8–26.
[29] G. M. Sheldrick, SHELXS-97, A Program for Structure Solu-

tion, University of Göttingen, Göttingen, Germany, 1997.
[30] G. M. Sheldrick, SHELXL-97, A Program for Structure Refine-

ment, University of Göttingen: Göttingen, Germany, 1997.
Received: August 26, 2005

Published Online: February 15, 2006



FULL PAPER

DOI: 10.1002/ejic.200500997

Ring Closure of Alkoxycarbonyl(tetracarbonyl)pyruvoyliron Complexes into
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The reaction of carbanions with the pyruvoyl-substituted iron
complex [(CO)4Fe(CO2CH3){C(O)C(O)CH3}] (1) affords the
anionic trifunctionalized metallalactones [(CO)3Fe{C(O)-
C(CH3)(CRR�R��)OC4(O)(Fe–C4)}(CO2CH3)]– (3), whose for-
mation results from the addition of the nucleophile to the β
carbonyl of the pyruvoyl moiety, followed by attack of the
oxygen of this β carbonyl on a terminal carbonyl ligand.
These anionic lactones react, at low temperature, with HCl
to give rise to the neutral lactones [(CO)4Fe{C(O)C(CH3)-

Introduction

Nucleophilic attacks upon organic ligands coordinated
to transition metals are important processes in the forma-
tion of new reactive organometallic intermediates that are
useful in organic synthesis. Although it is possible to assess
the reactivity of various ligands toward nucleophiles, it is
more difficult to predict the site of nucleophilic attack on
polyfunctional complexes. Thus, while nucleophiles react
very easily with terminal carbonyls of metal–carbonyl com-
pounds to afford acyl, aroyl, alkoxycarbonyl, or carbamoyl
ligands, the same reaction occurs regiospecifically at the α-
carbon of a carbene ligand,[1] at the α- and γ-carbons of an
allenylidene,[2,3] and at the β-carbon of an allenyl ligand[4]

of analogous complexes. It has also been shown that acyl
ligands are less electrophilic than terminal carbonyl li-
gands.[5] In the course of a study of complexes considered
as possible models for double or polycarbonylation reac-
tions, we investigated the reactivity of compounds dis-
playing a ligand with a C(O)C(O)R chain toward nucleo-
philic reagents. Indeed, addition of nucleophiles at Cα of
this type of ligand has been proposed to account for the
formation of phenylpyruvic esters by dicarbonylation of or-
ganic halides catalyzed by [Co(CO)4]–.[6] The very few nu-
cleophilic additions performed on cationic (Fe[7] Pt[8]) or
neutral complexes (Fe[9]) displaying an M–C(O)–C(O)–R
chain have been shown to occur at a terminal carbonyl li-
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Analytique, UMR CNRS-Université de Bretagne Occidentale
6521, UFR Sciences et Techniques,
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(CRR�R��)OC4(O)(Fe–C4)}] (2), which were previously ob-
tained by addition of NuH nucleophiles to 1. Complex 3(3),
whose lactonic ring formation has been performed using the
diethyl malonate anion (R = R� = CO2C2H5; R�� = H), and the
dimethyl-substituted neutral lactone 2(1) (R = R� = R�� = H)
have been characterized by X-ray diffraction studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gand of the molecule. We recently observed the original be-
havior of the complex cis-[(CO)4Fe{C(O)C(O)CH3}-
(CO2CH3)] (1), which afforded its cyclic isomer 2 quantita-
tively, at 15 °C, in a reaction involving the formation of a
metallalactone ring by addition of the oxygen of the β car-
bonyl of the pyruvoyl to the alkoxycarbonyl ligand and a
migration of the methoxy group of this latter ligand to the
β carbon of the pyruvoyl (Scheme 1, a).[10]

Scheme 1.

This reaction appeared very similar to the ring-chain
isomerism observed for organic γ-keto esters.[11] Indeed, as
the alkoxycarbonylpyruvoyliron complex 1 can be consid-
ered as a γ-keto ester with a metal inserted into the chain
linking its two organic functions, a parallel between the or-
ganic reaction and the organometallic process can be
drawn. When performed in the presence of an excess of pro-
nucleophilic reagents (Nu–H), the reaction affords Nu-sub-
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stituted metallalactones (Scheme 1, b) which are formed,
under these conditions, by an addition of the nucleophile
to the β carbonyl of the pyruvoyl followed by metallalac-
tone ring formation due to attack of the oxygen of this β
carbonyl on the alkoxycarbonyl ligand and elimination of
the methoxy group of this latter ligand.[7] To the best of our
knowledge, prior to our study, only one example of nucleo-
philic addition at a carbonyl carbon of a ligand displaying
a double C(O) chain had been described in the literature.
In this paper, hydride was reported to attack the β carbonyl
of a ligand of [(CO)5Mn{C(O)C(O)C6H5)}] to afford an an-
ionic metallalactone by cyclization of the phenylglyoxyl
with a terminal carbonyl.[12] These results prompted us to
perform the cyclization of 1 with anionic nucleophiles (RO–,
RS–, or R2P–).[13] These reactions, as they only afford two
isomers of the anionic trifunctionalized metallalactone 3
(Scheme 1, c), also suggested that the formation of the
metallalactonic ring could indeed proceed by addition to a
terminal carbonyl rather than to the alkoxycarbonyl ligand.
However, as the structure of these trifunctionalized anions
3 was not firmly established, we tried to perform analogous
reactions using C–H nucleophiles and carbanions of vari-
ous nucleophilicity and of different steric effects. The results
of this study will be the topic of this paper.

Results and Discussion

Reaction of 1 with Activated C–H Bonds or Carbanions as
Nucleophiles

Although often used as nucleophiles,[14] pronucleophiles
displaying activated methylenes, such as diethyl malonate
(1 equiv.) or malononitrile (20 equiv.), were found to be un-
reactive towards 1 at –10 °C. This lack of reactivity is not
too surprising as 1 only reacts slowly with CH3OH,
C2H5SH, HP(C6H5)2, or HP(C6H11)2.[7] On the other hand,
as shown by IR monitoring, 1 reacts very rapidly with carb-
anionic reagents such as MeLi, nBuLi, NaCH(CO2C2H5)2,
NaCH(C�N)2, NaCH[C(O)CH3]2, NaCH[C(O)CH3]-
(CO2CH3), NaCH(CO2C2H5)(C�N), NaC(CH3)(CO2-
C2H5)2, or NaC(CH2CH=CH2)(CO2C2H5)2 to afford in-
stantaneously, even at –70 °C, new complexes displaying a
set of three ν(C�O) bands between 2084 and 1970 cm–1.
These frequencies are similar to those observed for the
product of the reaction between 1 and RO–, RS–, or R2P–

anions,[13] and are intermediate between the ν(C�O) of the
monofunctionalized anion [Fe(CO)4(CO2R)]– (three bands
around 1910 cm–1)[15] and those of their homologues of the
neutral complex cis-[Fe(CO)4(CO2R)2] (four bands between
2130 and 2050 cm–1).[16] They fall within the range of those
of trifunctionalized mono anions such as fac-[(CO)3Fe-
(CO2R)3]– (two bands at 2080 and 2015 cm–1), which are
themselves obtained by addition of RO– to a terminal car-
bonyl of [(CO)4Fe(CO2R)2].[9] These values measured for
ν(C�O) are therefore consistent with a moderate increase
of the electron density on the metal. The observation of
three ν(C�O) bands instead of the two required by C3v

symmetry could result from the presence of a metallacycle
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in the complex. These results suggest the fac trifunctional-
ized metallalactone structure 3 for the products of these
reactions (see Scheme 2).

Scheme 2.

This assumption was confirmed by the 13C NMR spec-
troscopic data of these compounds. Although most of these
complexes were found to be sparingly soluble in organic
solvents, the 13C NMR spectra of these compounds could
be obtained in [D8]THF (see Exp. Sect.). The anionic
structure of complexes 3 was indicated by a shift of the
signals of the carbonyls linked to the metal toward lower
fields relative to their homologues 1 (∆δ = 10 ppm for the
terminal carbonyls and 15 ppm for the carbon of the al-
koxycarbonyl).[13] However, the negative charge is very
probably delocalized over the three carbonylated substitu-
ents of the complex as the chemical shifts of the terminal
carbonyls of 3 (from δ = 205 to 212 ppm) fall between those
observed for 1 (δ = 200 ppm)[13] and those of [(CO)4Fe-
(CO2R)]– (δ = 220 ppm).[15] The electron density of the me-
tal center of 3 is therefore intermediate between that ob-
served for neutral complexes and for the monofunction-
alized anion. The formation of a metallacycle in complexes
3 is shown by the signal of their disubstituted cyclic quater-
nary carbon atom between δ = 86.5 and 96.9 ppm. This
value is not very different from those observed for similar
carbons substituted by OR (δ = 111 ppm), SR (δ =
95.5 ppm), or PR2 (δ = 90 ppm) groups.[13] As 3(1) displays
two methyl substituents on this cyclic quaternary carbon, it
only exists as one isomer. The formation of this single iso-
mer is shown in the 13C NMR spectrum by the observation
of one signal for each carbon of this complex. The non-
equivalency of these two methyls, shown by two signals at
δ = 15.8 and 8.4 ppm, results from the fac position of the
alkoxycarbonyl ligand. Reaction of 1 with nBuLi afforded
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a similar complex. This compound, which has both n-butyl
and methyl substituents on the quaternary carbon of its
metallalactone [R = R� = H; R�� = C3H7; 3(2)], was formed
as a 50:50 mixture of two isomers. The presence of these
two isomers is shown by the observation of two signals of
equal intensities at δ = 274.1 and 271.5 ppm for the C=O
acyl, at δ = 96.9 and 96.7 ppm for the cyclic sp3 carbon,
and at δ = 60.5 and 59.9 ppm for the OCH3 group of the
alkoxycarbonyl ligand. Surprisingly, the same reaction per-
formed with NaCH(CO2C2H5)2 afforded only one isomer
of the anion 3(3) (R = R� = CO2C2H5; R�� = H). Indeed,
the 13C NMR spectrum of this compound only displays one
signal at δ = 269.3 ppm for the acyl C=O, at δ = 94.3 ppm
for the cyclic sp3 carbon, at δ = 50.9 ppm for the methoxy
of the methoxycarbonyl ligand, and at δ = 21.7 ppm for the
methyl located on the cyclic sp3 carbon. On the other hand,
due to the asymmetry of the metallalactone ring, the two
ethoxycarbonyls of the malonyl group are not equivalent
and appear as two signals at δ = 168.7 and 167.3 ppm, 62.65
and 62.55 ppm, and 13.6 and 13.7 ppm for the carbonyl,
the CH2, and the CH3 carbon atoms, respectively, while the
central carbon of this malonyl group only displays a single
resonance at δ = 55.25 ppm. The solubility of 3(3) is signifi-
cantly better than 3(1) and 3(2).

When 1 was treated with the anions obtained from 2,4-
pentanedione or malononitrile, 3(4) [R = R� = C(O)CH3,
R�� = H] and 3(5) (R = R� = CN, R�� = H) were formed,
respectively. As shown by their 13C NMR spectra (see Exp.
Sect.), they are obtained as mixtures of two isomers (70:30
and 60:40, respectively). As observed for 3(3), the CH3C(O)
and CN groups of each isomer of these complexes are not
equivalent. Thus, 3(4) displays four CH3 resonances at δ =
32.9, 32.7, 32.3, and 32.1 ppm (the signals for the C=O
groups of the terminal carbonyls are not detectable) and
3(5) four CN resonances at δ = 113.7, 113.45, 112.6, and
112.5 ppm while two peaks are observed for the central car-
bon of the malononitrile group of 3(5) at δ = 31.1 and
30.8 ppm [the resonance of the homologue carbon atom of
3(4) is probably hidden by the signal of the THF]. Asym-
metric nucleophiles such as NaCH[C(O)CH3](CO2CH3) or
NaCH(CO2C2H5)(CN) also afforded anions of type 3. The
formed complexes 3(6) (R = CO2CH3, R� = C(O)CH3,
R�� = H) or 3(7) (R = CO2CH3, R� = CN, R�� = H) were
again obtained as two cis/trans isomers (50:50) but, due to
the asymmetry of their metallacycle and of the central car-
bon of their nucleophile group, each of these isomers is ob-
served as two diastereoisomers. For this reason, the 13C
NMR spectra of 3(6) and 3(7) exhibit four signals for each
of their carbon atoms. For example, 3(6) displays four acyl
CO signals at δ = 268.5, 267.4, 267.0, and 266.8 ppm, four
peaks for the cyclic quaternary carbon at δ = 94.2, 93.1,
92.6, and 92.1 ppm, and four signals for the resonance of
the central carbon atom of the nucleophilic group at δ =
62.5, 62.2, 61.9, and 61.2 ppm. In the same way, the 13C
NMR spectrum of 3(7) shows four CO signals at δ = 267.5,
266.8, 266.5, and 266.2 ppm, four CN signals at δ = 118.0,
117.5, 117.3, and 116.8 ppm, four resonances for the cyclic
quaternary carbon at δ = 93.0, 92.5, 91.5, and 91.0 ppm,
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and four signals for the central carbon of the nucleophile
at δ = 44.5, 43.5, 42.5, and 42.0 ppm.

As shown by IR monitoring, the reaction of 1 with the
bulky nucleophiles NaC(CH3)(CO2C2H5)2 or NaC(CH2-
CH=CH2)(CO2C2H5)2 also affords trifunctionalized an-
ionic metallalactones. However, the 13C NMR spectra of
the thus formed compounds 3(8) (R = R� = CO2C2H5, R��
= CH3) and 3(9) (R = R� = CO2C2H5, R�� = CH2CH=CH2)
are found to display broad signals whose chemical shifts are
in good agreement with those expected for anionic metallal-
actones (see Exp. Sect.). The detection of at least three sig-
nals for the resonances of the acyl CO or for their cyclic
quaternary carbon suggests the presence of at least three
isomers for these two complexes. The broadness of the ob-
served signals probably results from slow interconversion
between the observed species. However, no change was ob-
served in the spectra of these compounds when they were
recorded at different temperatures (from 20 °C to –50 °C).
The only isomer of 3(3) was obtained as single crystals suit-
able for an X-ray diffraction study.

Structural Study of Complex 3(3)

Single crystals of 3(3), with K+ as counterion, were
grown from a hexanes/dichloromethane mixture (90:10) at
–30 °C. An ORTEP diagram of the anion is displayed in
Figure 1, crystallographic data are given in the Exp. Sect.,
and selected bond lengths and angles are gathered in
Table 1 and Table 2, respectively.

The crystal structure confirms the proposed anionic,
metallacyclic, trifunctionalized geometry for 3(3). The
structure can be described as being composed of four crys-
tallographically different (Figure 1, a) trifunctionalized
entities linked to four potassium ions (Figure 1, b). As these
anions exhibit slight differences in their bond lengths and
angles, the values measured for each of these entities (a, b,
c, and d) will be mentioned in the following discussion. The
crystal structure study establishes that the only formed
complex is the isomer with the alkoxycarbonyl ligand and
the malonyl group trans to each other on the metallacycle
(Figure 1, a). This complex, which is sterically less hindered
than the corresponding cis isomer, is probably the species
observed in solution. The coordination polyhedron at the
metal center is a distorted octahedron built of three ter-
minal carbonyl ligands, an alkoxycarbonyl, and the chelat-
ing carbonylated ligand. As observed for neutral metallalac-
tones[7,10,12,13] and for five-membered iron metallacycles,[17]

the bite angle of the chelate C(7)–Fe–C(6) [82.3(5)–83.4(5)°]
is smaller than the angle measured between the two organic
carbonylated ligands of the noncyclic cis-bis(alkoxycar-
bonyl)iron complex [(CO)4Fe(CO2tBu)2] [88.5(2)°].[18]

Therefore, its opposite angle on the metal [C(1)–Fe–C(2)]
displays a larger value than that expected for an octahedral
geometry [96.0(6)–100.2(5)°]. The axial alkoxycarbonyl li-
gand is bent toward the metallacycle [C(4)–Fe–C(6) from
81.3(5)° to 84.6 (5)° and C(4)–Fe–C(7) from 84.8(5)° to
89.0(5)°]. The other angles around the metal are normal,
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Figure 1. Structure of 3(3). Part a: ORTEP view of the anionic
complex a (50% probability ellipsoids); anions b, c, and d are sim-
ilar. Part b: Perspective view showing the potassium ions’ environ-
ment.

with values close to 90°. The Fe–terminal carbonyl dis-
tances [1.79(1)–1.90(1) Å] are similar to those in the homol-
ogous trifunctionalized iron monoanion[9] or to the neutral
complex [(CO)4Fe(CO2tBu)2][18] but are longer than the Fe–

Table 2. Interionic K–O distances [Å] and angles [°] in the cubane-like structure of 3(3) (see Figure 1, part b).

K1–O4d 2.688(8) K2–O4b 2.650(9) K3–O4a 2.611(8) K4–O4c 2.675(9)
K1–O6b 2.886(7) K2–O6b 2.787(8) K3–O6c 2.839(7) K4–O6b 2.742(9)
K1–O6d 2.859(9) K2–O6c 2.709(9) K3–O6d 2.709(9) K4–O6c 2.799(8)
K1–O6a 2.721(8) K2–O6a 2.873(7) K3–O6a 2.876(9) K4–O6d 2.868(7)
K1–O8b 2.758(8) K2–O8a 2.760(8) K3–O8c 2.708(7) K4–O8d 2.827(7)
K1–O9b 2.741(9) K2–O9a 2.697(8) K3–O9c 2.79(1) K4–O9d 2.726(9)
K1–O11b 2.81(1) K2–O11a 2.744(8) K3–O11 2.804(9) K4–O11d 2.824(9)
O6b–K1–O6d 75.3(2) O6b–K2–O6c 83.5(2) O6c–K3–O6d 73.3(2) O6b–K4–O6c 82.6(3)
O6b–K1–O6a 75.1(2) O6b–K2–O6a 74.3(2) O6c–K3–O6a 75.2(2) O6b–K4–O6d 77.4(2)
O6d–K1–O6a 79.0(2) O6c–K2–O6a 77.2(2) O6d–K3–O6a 78.9(2) O6c–K4–O6d 71.5(2)
K1–O6b–K2 104.1(3) K1–O6d–K3 96.8(2) K1–O6b–K4 104.1(3) K1–O6d–K4 101.6(3)
K2–O6b–K4 92.0(3) K3–O6d–K4 108.3(3) K2–O6c–K3 105.6(2) K1–O6a–K2 106.2(3)
K2–O6c–K4 92.4(3) K1–O6a–K3 96.1(2) K3–O6c–K4 106.6(2) K2–O6a–K3 100.5(2)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1515–15241518

Table 1. Bond lengths [Å] and angles [°] measured for the four (a,
b, c, and d) anionic forms of 3(3).

a b c d

Fe–C1 1.83(1) 1.86(1) 1.79(1) 1.87(1)
Fe–C2 1.78(1) 1.81(1) 1.90(1) 1.85(1)
Fe–C3 1.79(1) 1.79(1) 1.82(1) 1.84(1)
Fe–C4 1.99(1) 2.00(1) 2.05(1) 2.01(1)
Fe–C6 1.93(1) 1.94(1) 1.97(1) 1.94(1)
Fe–C7 1.94(1) 1.96(1) 1.97(1) 1.98(1)
O4–C4 1.24(1) 1.22(2) 1.14(2) 1.22(1)
O6–C6 1.23(1) 1.22(2) 1.21(2) 1.22(1)
O7–C7 1.21(1) 1.22(2) 1.20(2) 1.21(1)
O8–C6 1.38(1) 1.38(1) 1.36(1) 1.41(2)
O8–C8 1.40(1) 1.42(2) 1.43(2) 1.44(1)
O9–C11 1.17(1) 1.20(2) 1.18(2) 1.23(1)
O11–C14 1.20(2) 1.19(2) 1.22(2) 1.21(2)
C7–C8 1.60(1) 1.56(2) 1.58(1) 1.55(2)
C1–Fe–C2 99.3(5) 98.5(6) 100.2(5) 96.0(6)
C1–Fe–C3 97.1(6) 94.8(6) 94.7(6) 95.4(6)
C1–Fe–C4 85.1(6) 87.6(5) 87.1(5) 85.8(6)
C1–Fe–C6 88.4(5) 88.9(6) 87.8(5) 88.7(5)
C1–Fe–C7 89.2(5) 89.4(6) 88.7(5) 91.2(6)
C3–Fe–C6 93.0(5) 91.1(5) 93.5(5) 89.9(5)
C3–Fe–C7 88.3(5) 89.7(5) 88.6(6) 93.3(6)
C4–Fe–C6 83.3(5) 83.4(5) 81.3(5) 84.6(5)
C4–Fe–C7 89.0(5) 87.2(5) 88.9(5) 84.8(5)
C6–Fe–C7 82.3(5) 82.6(5) 82.9(5) 83.4(5)
C6–O8–C8 117.8(9) 117.7(9) 117.2(8) 116.0(8)
Fe–C6–O6 130.1(8) 129.8(8) 129.4(9) 130(1)
Fe–C6–O8 117.6(8) 116.6(9) 116.8(9) 116.7(9)
O6–C6–O8 112.3(9) 113(1) 113.8(9) 112(1)
Fe–C7–O7 131.1(8) 128.5(8) 129.8(8) 130.5(9)
Fe–C7–C8 113.9(8) 114.0(9) 112.1(9) 112.5(8)
O7–C7–C8 115.0(9) 117(1) 118(1) 117(1)
O8–C8–C7 107.6(8) 108.6(9) 110(1) 110(1)

C�O distance observed in a monofunctionalized iron
anion.[19] These data confirm a reduced electron density on
the metal due to the delocalization of the negative charge
of the complex on the carbonylated organic ligands. The
short Fe–cyclic(C=O)O distances [Fe–C(6) from 1.93(1) to
1.97(1) Å] associated with long C(6)–O(6) bonds [from
1.21(1) to 1.23(1) Å] show the enolate character of this
group whose C=O oxygen is bound to three potassium ions
(see below). Such a lengthening of the C=O double bond is
not observed for C(4)=O(4), C(11)=O(9), or C(14)=O(11),
whose oxygens are only bound to one potassium, or for
C(7)=O(7), which does not interact with this metal. The
other bond lengths or angles of the complex are analogous
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to those measured for neutral metallalactones.[7,10,13] As
shown by the deviations of O(8) (+0.13 and +0.18 Å) and
C(8) (+0.11 and +0.20 Å) from the plane defined by C(6)–
Fe–C(7), the metallalactone ring of 3(3) is not rigorously
planar. It is worth noting that C(8) and O(8) are located on
the same side of this plane. The steric effect of the malonyl
group induces a pseudo axial position of the methyl substit-
uent of the metallacycle, as shown by deviations of C(9)
from the C(6)–Fe–C(7) plane of between 1.42 and 1.53 Å;
deviations of between 0.91 and 1.09 Å are observed for
C(10), which is the central atom of the malonyl group. As
mentioned above, 3(3) is composed of four slightly different
entities in the solid state that display their four potassium
ions and four cyclic ester carbonyl oxygens [O(6)] alter-
nately at the corners of a distorted cube (see Figure 1, b).
This cube displays small O–K–O angles (71.5–83.5°) and
larger K–O–K angles (92.0–108.3°). Each potassium is
linked to seven oxygen atoms; for example, K(4) interacts
with O(6d) and O(8d), which are the two oxygen atoms of
the cyclic ester group of d, with the oxygen atoms [O(9d)
and O(11d)] of the two carbonyl oxygens of the malonyl
group of d, with the oxygen atoms of the carbonyl of the
cyclic esters of molecules b and c [O(6b) and O(6c)], and
with the carbonyl oxygen of the alkoxycarbonyl ligand of
complex c [O(4c)]. Short K–O(4) distances (2.61–2.68 Å)
are observed between the potassium and the oxygen of this
latter ligand. Recall that O(6) − the carbonyl oxygen of the
cyclic ester group of each anion − interacts with three po-
tassium ions, which induces a lengthening of the C(6)–O(6)
bond (1.23 vs. 1.19 Å observed for neutral lactones[7,10,13])
and a shortening of the Fe–C(6) distance (1.93 vs. 1.99 Å).
The complexation of O(6) with a potassium ion [K(4)] that
is itself bound to O(8), O(9), and O(11) of the same mole-
cule brings about a reduction of the O(6)–C(6)–O(8) sp2

angle from 112(1)° to 113.8 (9)°. The absence of complex-
ation of the cyclic acyl oxygen O(7) must also be noted.

This crystallographic work confirms without any doubt
the structure attributed to this series of anionic trifunction-
alized metallalactones 3. However, a clear relation between
the nature of the nucleophile and the trans/cis ratio ob-
served for the different complexes 3 (from 100% to 50% of
the trans isomer) has not been established. For example,
the steric hindrance of KCH(CO2C2H5)2 cannot justify the
specific formation of the trans isomer of 3(3) except if the
possible formation of aggregates of the anionic nucleophile
is considered. Such a hypothesis has already been taken into
account to explain the stereospecific nucleophilic additions
on organic ketones. The formation of anionic compounds
3 when the transformation of 1 is induced by anionic nu-
cleophiles raises the question of the specific formation of
neutral lactones 2 by reaction of 1 with pronucleophiles
Nu–H. An answer to this question is given by the reaction
of complexes 3 with anhydrous HCl.

Reaction of Anionic Lactones 3 with HCl

As shown by IR monitoring of the process, the reaction
of complexes 3(1), 3(2), 3(3), 3(4), 3(6), 3(8), and 3(9) with
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one equivalent of anhydrous HCl at –80 °C instantaneously
affords new compounds displaying four ν(C�O) bands be-
tween 2131 and 2041 cm–1. The presence of these four IR
bands and their frequencies suggested the formation of neu-
tral cis disubstituted complexes. Under the same reaction
conditions an analogous process was observed for 3(5) and
3(7), although the formed complexes rapidly evolved into
Fe(CO)5 and organic compounds. Complexes 2(1), 2(2),
2(3), 2(4), 2(6), 2(8), and 2(9), formed by reaction of 3(1),
3(2), 3(3), 3(4), 3(6), 3(8), and 3(9) with HCl, respectively,
were obtained as pale-yellow crystals from a hexanes/
CH2Cl2 (95:5) mixture at –30 °C. Their 13C NMR spectra
confirm their neutral character as they display terminal
C�O resonances between δ = 202.75 and 196.2 ppm (vs. δ
= 212.5–201.0 ppm for the starting complexes). Their other
resonances are very close to those exhibited by neutral
metallalactones: a C=O cyclic acyl between δ = 249.9 and
254.1 ppm (vs. δ = 274.1 and 262.3 ppm for the anionic lac-
tones) and a cyclic C=O ester indiscernible from the ter-
minal C�O. The presence of a metallacycle in these com-
plexes is shown by the observation of signals corresponding
to cyclic quaternary carbons between δ = 92.3 and
98.4 ppm. All these characteristics are in good agreement
with the formation of neutral metallalactones of type 2
(Scheme 2). Complex 2(1), whose quaternary cyclic carbon
is substituted by two methyl groups, displays a single signal
for its two axial terminal carbonyl ligands at δ = 200.2 ppm.
This equivalence may result either from the quasi planarity
of the metallacycle or from rapid interconversion between
different conformations of the metallacycle. Other com-
plexes 2 whose cyclic quaternary carbons are substituted
by two different groups exhibit two signals for their axial
carbonyl ligands. For example, five peaks are observed for
the four terminal C�O groups and the C=O of the cyclic
ester of 2(2) between δ = 200.5 and 196.5 ppm. Due to the
asymmetry of the lactone ring, the two ethoxycarbonyl
groups of the malonyl substituent of 2(3) are not equivalent
(two peaks are observed for the C=O at δ = 168.74 and
168.70 ppm, for the CH2 at δ = 62.2 and 62.15 ppm, and
for the CH3 at δ = 13.9 and 13.75 ppm, whereas a single
signal at δ = 58.6 ppm corresponds to the CH). A similar
spectrum should be obtained for 2(4). However, as its acetyl
C=O signals are hidden by those of the terminal C�O, the
presence of two different acetyl groups is only shown by the
two peaks of their methyl groups at δ = 31.05 and 30.2 ppm.
Complex 3(6), which displays an acetomethyl acetate and a
methyl group on its cyclic quaternary carbon, affords, upon
reaction with HCl, the neutral complex 2(6). Owing to the
presence of the asymmetric central carbon of the acetoace-
tate group and to the asymmetry of the metallacycle itself,
2(6) is obtained as an equimolecular mixture of two dia-
stereoisomers. The presence of these two isomers is shown
in the 13C NMR spectrum by two C=O acyl resonances at
δ = 251.32 and 251.22 ppm, by numerous signals between δ
= 202.06 and 196.29 ppm [terminal carbonyls, cyclic ester
group and organic C(O) acetyl], and by the splitting in two
of the other signals: the organic C=O ester at δ = 169.9
and 169.4, the cyclic quaternary carbon at δ = 92.78 and
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92.32 ppm, the CH at δ = 65.86 and 65.35 ppm, the OCH3

at δ = 53.30 and 53.08 ppm, the acetyl CH3 at δ = 30.11
and 29.42 ppm, and the other CH3 at δ = 22.19 and
22.15 ppm. Recall that anions 3(8) and 3(9), whose metall-
acycle is substituted by the crowded diethyl methyl- or allyl-
malonate groups, exhibit broad signals in their 13C NMR
spectra. Their reaction with HCl also affords complexes of
type 2, whose formation confirms the structure attributed
to these anions. Contrary to their precursors, 2(8) and 2(9)
give very well resolved 13C NMR spectra. The characteris-
tics of these spectra are very close to those of 2(3), which
bears an unsubstituted malonyl, as they display two non-
equivalent ethoxycarbonyls on their substituted malonyl
group. This is shown by a splitting in two of the signals of
the carbons of these ethoxycarbonyl groups, whereas the
resonances of the third substituent and of the central qua-
ternary carbon of the malonyl are found as singlets (see
Exp. Sect.). Among this series of neutral complexes 2, crys-
tals suitable for a structural study were obtained for 2(1).

Crystallographic Study of Complex 2(1)

Single crystals of 2(1) suitable for an X-ray diffraction
study were obtained from a hexanes/dichloromethane mix-
ture (95:5) at –30 °C. Figure 2 displays an ORTEP drawing
of the molecule; selected bond lengths and angles are listed
in Table 3, and further crystallographic data can be found
in the Exp. Sect.

Figure 2. ORTEP view of 2(1) (50% probability ellipsoids).

As observed for 3(3), the coordination around the iron
atom in this complex can be described as a distorted octa-
hedron with a reduced metallacyclic angle [C(6)–Fe–C(5) =
82.6(3)°, vs. an average of 82.8° for 3c] and a larger value
for its opposite angle C(3)–Fe–C(2) of 96.8(2)° due to the
presence of the metallacycle. As already described by us for
other neutral metallalactones,[7,10,13] the two axial terminal
carbonyls of 2(1) are bent toward the metallacycle [C(1)–
Fe–C(4) = 167.7(2)°; C(4)–Fe–C(6) = 88.1(2)°; C(4)–Fe–
C(5) = 83.8(2)°; C(1)–Fe–C(6) = 84.2(2)°; C(1)–Fe–C(5) =
85.7(2)]°. The Fe–cyclic ester bond [Fe–C(5)] of 1.991(5) Å
and the C=O bond of this organic function [C(5)–O(5) =
1.199 (6) Å] are respectively longer and shorter than their
homologues in 3(3) (average of 1.95 Å for the first and
1.22 Å for the second). These bond lengths, which are sim-
ilar to those measured for neutral metallalactones,[7,10,13]

are indicative of an absence of enolate character of this
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Table 3. Bond lengths [Å] and angles [°]for compound 2(1).

Fe–C4 1.796(7) O1–C1 1.143(6)
Fe–C1 1.811(7) O3–C3 1.130(6)
Fe–C2 1.849(8) O5–C5 1.199(6)
Fe–C3 1.856(6) O2–C2 1.146(7)
Fe–C6 1.975(6) O4–C4 1.137(5)
Fe–C5 1.991(5) C9–C7 1.524(9)
O6–C6 1.205(6) C7–C8 1.508(8)
O7–C5 1.371(6) C7–C6 1.539(7)
O7–C7 1.451(6)
C4–Fe–C1 167.7(2) O1–C1–Fe 177.3(5)
C4–Fe–C2 93.6(2) O3–C3–Fe 176.1(5)
C1–Fe–C2 92.8(2) O5–C5–O7 117.4(5)
C4–Fe–C3 95.1(2) O5–C5–Fe 127.1(5)
C1–Fe–C3 94.6(2) O7–C5–Fe 115.4(5)
C2–Fe–C3 96.8(2) O7–C7–C8 107.2(5)
C4–Fe–C6 88.1(2) O7–C7–C9 105.7(5)
C1–Fe–C6 84.2(2) C8–C7–C9 112.8(6)
C2–Fe–C6 172.6(3) O7–C7–C6 109.5(4)
C3–Fe–C6 90.3(2) C8–C7–C6 112.0(5)
C4–Fe–C5 83.8(2) C9–C7–C6 109.3(5)
C1–Fe–C5 85.7(2) O2–C2–Fe 177.6(6)
C2–Fe–C5 90.4(3) O4–C4–Fe 176.4(5)
C3–Fe–C5 172.8(3) O6–C6–C7 117.8(5)
C6–Fe–C5 82.6(3) O6–C6–Fe 128.2(4)
C5–O7–C7 117.8(5) C7–C6–Fe 114.0(4)

function, whose oxygens are linked to the counterion in 3(3).
The metallacycle is quasi planar, as shown by the torsion
angles C(5)–Fe–C(6)–C(7) [–4.6(4)°] and C(6)–Fe–C(5)–
O(7) [+6.2(4)°]. However, contrary to 3(3), O(7) and C(7)
are no longer located on the same side of the C(6)–Fe–C(5)
plane. The rapid evolution of complexes 3 into neutral
metallalactones 2 when treated with HCl sheds new light
on the direct formation of 2 by reaction of 1 with Nu–H
nucleophiles. These observations suggest that the formation
of 2 could result from a cyclization of the pyruvoyl and a
terminal carbonyl ligand (and not, as considered earlier, the
alkoxycarbonyl ligand) that affords an anionic, trifunction-
alized metallalactone 3. This intermediate, which would
have H+ as counterion, would then instantaneously evolve
into 2. The formation of complexes 2 by cyclization of the
pyruvoyl and the alkoxycarbonyl ligand is therefore not
necessarily involved in the process of anionic lactone forma-
tion. The reaction of 2 with NaOMe will confirm that this
compound is not an intermediate of the reaction of forma-
tion of 3 by cyclization of 1 by anionic reagents.

Reactions of Neutral Lactones 2 with NaOMe

The formation of anionic trifunctionalized metallalac-
tones 3 by nucleophilic addition of CH3O– to a terminal
carbonyl of complexes 2 was performed with 2(1) (R = R�
= CH3; R�� = H), 2(3) (R = R� = CO2C2H5; R�� = H), and
2(8) (R = R� = CO2C2H5; R�� = CH3). As shown by the
IR, 1H, and 13C NMR spectra of the formed complexes,
2(1) affords 3(1) while 2(3) gives rise to 3(3), again as a
single isomer. The product formed by reaction of 2(8) with
NaOMe also displays the IR spectrum of a trifunctional-
ized anionic lactone. Its 13C NMR spectrum is similar to
that of 3(8) obtained by cyclization of 1 performed with
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CH(CH3)(CO2C2H5)2 and exhibits broad signals that again
reveal the formation of at least three isomers of this com-
pound. Upon reaction with HCl at low temperature this
latter compound, which is very probably 3(8), was again
found to evolve into 2(8). The yield of complexes 3(1), 3(3)
and 3(8), upon addition of NaOMe to a terminal carbonyl
of neutral lactones, remains low (from 30 to 35%), and
careful IR monitoring of the process showed that their for-
mation is always concomitant with the detection of another
product displaying the IR spectrum of a monofunction-
alized anion (three bands around 1900 cm–1). Unfortu-
nately, the low stability of this complex did not allow its
characterization.

Conclusion

This work has allowed us to show that in complex 1,
which displays an alkoxycarbonyl, a pyruvoyl, and terminal
carbonyl ligands, the β carbonyl of the pyruvoyl is the most
electrophilic site of the molecule. Addition of various nu-
cleophiles to this site affords anionic trifunctionalized
metallalactones 3 whose metallalactone ring is formed by
addition of the oxygen of this β carbonyl to a terminal car-
bonyl. When treated with HCl, the rapid evolution of these
complexes 3 into neutral metallalactones 2 explains the di-
rect formation of 2 when the cyclization of 1 is performed
with pronucleophiles (Nu–H). Recall that, starting from
complex 1, the formation of 3 could also be performed by
the intermediate formation of 2 obtained by cyclization of
the pyruvoyl ligand of 1 with the alkoxycarbonyl moiety of
the same complex and release of CH3O–. The rapid ad-
dition of this CH3O– to a terminal carbonyl of 2 was then
supposed to afford 3. This work allowed us to dismiss this
hypothesis as the reaction of complex 2 with CH3O– was
only found to afford 3 in very low yield. However, two as-
pects of this work remain unclear: i) the formation of a
single isomer of 3(3) from the cyclization of 1 with the
anion of diethyl malonate, and ii) the broadness of the
NMR signals of 3(8) and 3(9) associated with the high
number of isomers observed for the complexes bearing a
diethyl methylmalonate or a diethyl allylmalonate as sub-
stituent. Further experiments are under progress to find an
answer these questions.

Experimental Section
General Remarks: All reactions were carried out with Schlenk tech-
niques under dry, oxygen-free argon. All solvents were purified by
preliminary distillation from an appropriate drying agent.[20]

CD2Cl2 and [D8]THF were stored over molecular sieves under inert
atmosphere until needed. Infrared spectra were recorded in the
range 2300–1600 cm–1 in solution in hexanes, CH2Cl2, or THF with
a FT-IR NEXUS NICOLET spectrometer. 1H and 13C NMR spec-
tra were recorded at 0 °C in CD2Cl2 or [D8]THF with a Bruker
AMX-3 300 or Bruker DRX 400 spectrometer. NMR HMQC,
HMBC, and COSY spectra were recorded with a Bruker DRX 500.
Chemical shifts are reported in δ units (ppm) downfield
from tetramethylsilane. Elemental analyses were performed by the
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Service Central d�Analyses du CNRS. Fe(CO)5, NaOMe, CH3Li
(1.6  in diethyl ether), nBuLi (1.6  in hexanes), CH2(CO2C2H5)2,
CH2[C(O)CH3]2, CH2(CN)2, CH(CH3)(CO2C2H5)2, CH2(CO2C2H5)-
[C(O)CH3], and CH2(CO2C2H5)(CN) were purchased from
commercial sources and used as received. CH(CH2CH=CH2)-
(CO2C2H5)2 was prepared as described in the literature[21] by reac-
tion of ClCH2CH=CH2 with NaCH(CO2C2H5)2

[21–23] and purified
by distillation (b.p. 105 °C, 15 Torr). Complex 1 was obtained as
described elsewhere[13] by reaction of ClC(O)C(O)CH3

[24] with
[(CO)4Fe(CO2CH3)]–.[15]

General Procedure for the Preparation of Stabilized Carbanions:
These anions were prepared as described in the literature.[21,23] The
substrate (1.5 mmol) in solution in THF (5 mL) was added drop-
wise, over a period of 10 min, to a suspension of NaH (36 mg,
1.5 mmol obtained from a 40% dispersion in mineral oil washed
with 5×5 mL of hexanes before use) in THF (10 mL) at room tem-
perature. H2 gas evolution was observed. The solution obtained
was stirred for 10 min and used without further purification.

Reaction of [(CO)4Fe{C(O)C(O)CH3}(CO2CH3)] (1) with Carban-
ions. General Procedure for the Preparation of the Trifunctionalized
Anionic Complexes 3: The carbanion (1.5 mmol; 0.94 mL of a 1.6 

solution of CH3Li in diethyl ether, 0.6 mL of a 2.5  solution of
nBuLi in hexanes, or the solution of the stabilized carbanion pre-
pared as described above) was added, with stirring, to a solution
of 1 (450 mg, 1.5 mmol) in THF (30 mL) at –70 °C. As shown by
IR monitoring, the reaction was very fast as three new bands were
rapidly observed in the ν(CO) region. The temperature was then
raised to –10 °C and the solvent evaporated to dryness. The residue
was washed with hexanes at –20 °C (3×5 mL) to afford a white
powder, which was generally found to be insoluble in most organic
solvents, with the exception of the complexes obtained with
(CO2C2H5)2C(R)– (R = H, CH3 or allyl) and (CO2C2H5)[C(O)-
CH3]C(H)–, which could be extracted with a hexanes/CH2Cl2 mix-
ture (75:25) at 0 °C (3×30 mL) and recrystallized from this mixture
at –40 °C. We were unable to obtain correct analysis of these rather
unstable anionic complexes 3.

Reaction of 1 with CH3Li: According to the general procedure for
this reaction, 1 (450 mg, 1.5 mmol) was treated with CH3Li (950 µL
of a 1.6  solution in diethyl ether) to give 3(1) (385 mg, 80%
yield). IR (THF): ν(C�O) = 2070 (w), 1995 (s), 1970 cm–1 (s);
ν(C=O) = 1680 (br), 1635 (br), 1605 (br). 1H NMR (400 MHz,
[D8]THF, 273 K): δ = 3.3 (br. s, 3 H, OCH3), 1.1 (br. s, 6 H, CH3)
ppm. 13C{1H} NMR (400 MHz, THF, 273 K): δ = 262.3 (C=O),
225.4 [cyclic C(O)O-], 209.7, 208.3, 207.2 and 206.3 [CO and C(O)-
O-], 94.3 (cyclic quaternary carbon), 50.3 (OCH3), 15.8 (CH3),
8.4 ppm (CH3).

Reaction of 1 with nBuLi: The reaction of 1 (1.5 mmol, 450 mg)
with nBuLi (600 µL of a 2.5  solution in hexanes) was found to
afford white crystals of 3(2) (270 mg, 50% yield). IR (THF):
ν(C�O) = 2068 (m), 2002 (s), 1982 cm–1 (s); ν(C=O) = 1660 (sh),
1636 (m), 1610 (m). 1H NMR (400 MHz, [D8]THF, 273 K): δ = 3.4
(br. s, 1.5 H, OCH3), 3.2 (br. s, 1.5 H, OCH3), 1.7–0.8 (br. m, 12
H, nBu and CH3) ppm. 13C{1H} NMR [400 MHz, THF, 273 K;
two isomers (50:50)]: δ = 274.1, 271.5 (C=O), 229.5, 228.8 [cyclic
C(O)O-], 212.5–208.0 [numerous signals for CO and C(O)O], 96.9,
96.7 (cyclic quaternary carbon), 60.5, 59.9 (OCH3), 50.3, 50.1, 38.2,
37.7, 23.1, 22.2 (CH2), 22.5, 22.1, 14.7, 14.5 ppm (CH3).

Reaction of 1 with NaC(H)(CO2C2H5)2: Complex 1 (450 mg,
1.5 mmol) was treated at –70 °C with a solution of NaC(H)-
(CO2C2H5)2 (1.5 mmol, prepared as described above) in THF
(10 mL). The product of the reaction, obtained as a white powder,
was extracted at –10 °C with a hexanes/CH2Cl2 (60:40) mixture
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(3×30 mL) and recrystallized at –40 °C from this solution to give
white crystals of 3(3) (650 mg, 90% yield). IR (CH2Cl2): ν(C�O)
= 2082 (s), 2022 (s), 2000 cm–1 (s); ν(C=O) = 1747 (s), 1624 (s). 1H
NMR (400 MHz, CD2Cl2, 273 K): δ = 4.26 (dq, J = 7, J� = 3 Hz,
1 H, OCH2), 4.09 (dq, J = 7, J� = 3 Hz, 1 H, OCH2), 3.88 (dq, J
= 7, J� = 3 Hz, 1 H, OCH2), 3.74 (dq, J = 7, J� = 3 Hz, 1 H,
OCH2), 3.74 (s, 1 H, CH), 3.24 (s, 3 H, OCH3), 1.21 (t, J = 7 Hz,
3 H, CH3CH2), 1.09 (t, J = 7 Hz, 3 H, CH3CH2), 1.06 (s, 3 H,
CH3C) ppm. 13C{1H} NMR (400 MHz, CD2Cl2, 273 K): δ = 269.3
(C=O), 229.5 [cyclic C(O)O-], 207.1, 206.9, 206.4 and 204.4 [CO
and C(O)O], 168.7 (C=O ester),; 167.3 (C=O ester), 92.0 (cyclic
quaternary carbon), 62.65 (OCH2), 62.55 (OCH2), 55.25 (CH), 50.9
(OCH3), 21.7 (CCH3), 13.7 (CH2CH3), 13.6 (CH2CH3) ppm. The
different signals were allocated to each carbon by HMBC and
HMQC sequences.

Reaction of 1 with NaC(H)[C(O)CH3]2: As described in the general
procedure, 1 (450 mg 1.5 mmol) was added at –70 °C to a suspen-
sion of NaC(H)[C(O)CH3]2 (1.5 mmol) in THF (10 mL) to give
3(4) as a white powder (475 mg, 75% yield) that was found to be
insoluble in most organic solvents. IR (THF): ν(C�O) = 2071 (s),
2011 (s), 1985 cm–1 (s); ν(C=O) = 1726 (w), 1697 (w), 1651 (s),
1598 (w). 1H NMR (400 MHz, [D8]THF, 273 K): δ = 3.54 (s, 1 H,
CH), 3.39 (s, 3 H, OCH3), 2.20 (s, 3 H, CCH3), 2.06 [s, 6 H, C(O)
CH3] ppm. 13C{1H} NMR [400 MHz, [D8]THF, 273 K; 2 isomers
(70:30)]: δ = 268.8 (C=O), 267.5 (C=O), 220.9 [cyclic C(O)O],
207.7, 207.1, 206.3, 205.1, 204.6, 203.5, 203.15, 202.6, and 201.6
[CO, C(O)O, and C(O)CH3], 94.0 (cyclic quaternary carbon), 69.2
[C{C(O)CH3}2], 51.85, 50.45 (OCH3), 34.05, 33.88, 33.05,32.05
[C(O)CH3], 21.95, 20.3 (CH3) ppm.

Reaction of 1 with NaC(H)(C�N)2: As described in the general
procedure, 1 (450 mg, 1.5 mmol) was added at –70 °C to a solution
of NaC(H)(C�N)2 (1.5 mmol) in THF (10 mL). The yellow pow-
der of 3(5) which was obtained (375 mg, 65% yield) was insoluble
in most organic solvents. IR (THF): ν(C�N) = 2253 cm–1 (w);
ν(C�O) = 2075 (s), 2015 (s), 1987 (s); ν(C=O) = 1658 (s), 1622
(sh), 1601 (sh). 1H NMR [400 MHz, [D8]THF, 273 K; 2 isomers
(60:40)]: δ = 4.98 (s, 0.6 H, CH), 4.61 (s, 0.4 H, CH), 3.34 (s, 1.8
H, OCH3), 3.30 (s, 1.2 H, OCH3), 1.39 (s, 1.8 H, CH3), 1.15 (s, 1.2
H, CH3) ppm. 13C{1H} NMR (400 MHz, [D8]THF, 273 K): δ =
267.6 (C=O), 264.5 (C=O), 220.4, 219.25 [cyclic C(O)O], 208.7,
207.8, 207.35, 207.2, 206.9, 206.65 (CO), 206.2, 205.25 [s, C(O)
OCH3], 113.7, 113.45, 112.6, 112.5 (C�N), 90.5, 88.5 (cyclic qua-
ternary carbon), 51.5, 50.65 (OCH3), 31.1, 30.8 [C(C�N)2], 22.15,
21.0 (CCH3) ppm.

Reaction of 1 with NaC(H)(CO2CH3)[C(O)CH3]: Following the ge-
neral procedure, 1 (450 mg, 1.5 mmol) was allowed to react with a
solution of NaC(H)(CO2CH3)[C(O)CH3] (1.5 mmol) in THF
(10 mL) at –70 °C to give 3(6) as a yellow powder (490 mg, 75%
yield) after extraction with a 60:40 hexanes/CH2Cl2 mixture
(3×15 mL) at 0 °C and crystallization from this mixture at –40 °C.
IR (CH2Cl2): ν(C�O) = 2071 (s), 2011 (s), 1984 cm–1 (s); ν(C=O) =
1744 (s), 1655 (sh), 1621 (s). 1H NMR (400 MHz, CD2Cl2, 273 K; 4
isomers): δ = 4.2 (s, 1 H, CH), 3.65 (s, 3 H, OCH3), 3.4 (s, 1.5 H,
OCH3), 3.25 (s, 1.5 H, OCH3), 2.3 [s, 1.5 H, C(O)CH3], 2.1 (s, 1.5
H, C(O)CH3], 1.2 (s, 1.5 H, CCH3), 1.1 (s, 1.5 H, CCH3) ppm.
13C{1H} NMR (400 MHz, [D8]THF, 273 K): δ = 268.5, 267.4,
267.1, 267.0 (C=O), 221.9, 221.3, 220.6, 220.4 [cyclic C(O)O],
211.7, 209.6, 208.5, 208.4, 208.3, 208.1, 207.7, 207.2, 207.1, 203.5,
203.3, 202.7, 201.0 [CO, C(O)OCH3, and C(O)CH3], 169.6, 169.2
(2), 168.7 [organic C(O)OCH3], 93.9, 93.1, 92.6, 92.3 (cyclic quater-
nary carbon), 62.5, 62.2, 61.9, 61.2 (CH), 52.7, 52.5, 52.2, 50.8 (2),
50.5, 50.3, 49.9 (OCH3), 32.9, 32.7, 32.3, 32.1 [CH3 C(O), 24.1,
23.7, 23.2, 22.9 (CCH3) ppm.
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Reaction of 1 with NaC(H)(CO2C2H5)(C�N): Complex 1 (450 mg,
1.5 mmol) was treated with a solution of NaC(H)-
(CO2C2H5)(C�N) (1.5 mmol) in THF (10 mL) at –70 °C. After
evaporation of the solvent, the yellow oily residue was washed with
hexanes (3×15 mL) at 0 °C to afford 3(7) as a brown powder
(350 mg; 59% yield). IR (THF): ν(C�N) = 2246 cm–1 (w); ν(C�O)
= 2073 (s), 2012 (s), 1987 (s), ν(C=O) = 1749 (m), 1652 (s). 1H
NMR (400 MHz, [D8]THF, 273 K): δ = 4.45 (s, 1 H, CH), 4.10 (m,
2 H, OCH2), 3.30 (s, 3 H, OCH3), 1.10 (m, 3 H, CH2CH3), 1.05 (s,
3 H, CCH3) ppm.13C{1H} NMR (400 MHz, [D8]THF, 273 K; four
isomers): δ = 267.5, 266.8, 266.5, 266.2 (C=O), 222.5–202.0 [numer-
ous peaks for CO, C(O)OCH3, and cyclic C(O)O], 167.0, 166.2,
165.5, 164.0 [organic C(O)OC2H5], 118.0, 117.5, 117.3, 116.8
(C�N), 93.0, 92.5, 91.5, 91.0 (cyclic quaternary carbon), 60–52
(numerous peaks for OCH3 and OCH2), 14–10 (numerous reso-
nances for CCH3 and CH2CH3) ppm.

Reaction of 1 with Substituted Malonate Anions NaC(R)(CO2C2H5)2

(R = CH3 or allyl): Compound 1 (450 mg 1.5 mmol) was treated
at –70 °C with NaC(R)(CO2C2H5)2 [1.5 mmol in solution in THF
(10 mL) prepared as described above: 300 mg for R = CH3 or
330 mg for R = allyl]. The product of the reaction, obtained as a
white powder, was extracted at 0 °C with a hexanes/CH2Cl2 (60:30)
mixture (3×30 mL) but, despite several attempts, we were unable
to get crystals from these solutions. The solvent was removed to
give 550 mg (R = CH3; 75% yield) or 505 mg (R = allyl; 65% yield)
of a white powder which was probably composed of several isomers
of 3(8) (R = CH3) or 3(9) (R = allyl).

3(8): IR (CH2Cl2): ν(C�O) = 2084 (s), 2023 (s), 2000 cm–1 (s);
ν(C=O) = 1721 (s), 1606 (s); (THF): ν(C�O) = 2069 (s), 2006 (s),
1995 cm–1 (s); ν(C=O) = 1735 (s), 1637 (s). 1H NMR (400 MHz,
CD2Cl2, 273 K): δ = 4.20 (br. m, 4 H, OCH2), 3.41 (br. s, 3 H,
OCH3), 1.46 (br. s, 3 H, CH3), 1.40 (br. s, 3 H, CH3), 1.23 (br. m,
6 H, CH3) ppm. 13C{1H} NMR (400 MHz, CD2Cl2, 273 K): δ =
262.3, 266.2, 265.8 (C=O), 237.8, 236.3 [cyclic C(O)O], 210.9,
210.6, 209.4, 208.9, 206.3, 205.6, 205.2 [CO and C(O)O], 173.7,
168.2 (C=O ester), 96.3, 96.2, 95.4, 95.0 (cyclic quaternary carbon),
62.9, 62.3, 62.2, 62.1, 59.6, 59.2 (OCH2), 52.0, 51.8, 51.5 [OCH3,
C(CH3)], 22.4, 21.6, 20.2, 19.3, 18.4, 13.9, 13.8 (CH3) ppm.

3(9): IR (CH2Cl2): ν(C�O) = 2070 (s), 2010 (s), 1983 cm–1 (s);
ν(C=O) = 1749 (s), 1610 (s). 1H NMR (400 MHz, CD2Cl2, 273 K):
δ = 5.74 (br. m, 1 H, CH allyl), 5.30 (br. m, 2 H, CH2 allyl), 4.16,
4.05 (br. m, 4 H, OCH2), 3.36 (br. s, 3 H, OCH3), 2.61, 2.19 (br.
m, 2 H, CH2 allyl), 1.36 (br. s, 3 H, CH3), 1.15 (br. s, 6 H, CH3)
ppm. 13C{1H} NMR (400 MHz, CD2Cl2, 273 K): δ = 272 (br.,
C=O), 237.5 [br., cyclic C(O)O], 210.0, 206.7, 206.3 [br., CO and
C(O)O], 171.3, 167.6 (C=O ester), 134.4, 133.8, 132.4 (allylic CH),
119.3, 118.2, 117.3 (allylic CH2), 95.6, 93.9, 92.2 (cyclic quaternary
carbon), 64.5 (malonyl quaternary carbon), 62.1, 61.7 (OCH2),
51.6, 51.3 (OCH3), 36.5, 35.3, 34.5 (allylic CH2), 25.5, 22.8 (CCH3),
13.6 (CH3) ppm.

Reaction of the Anionic Trifunctionalized Metallalactones 3 with
HCl. General Procedure for Preparation of Neutral Alkyl-Substi-
tuted Lactones 2: A 1  solution of HCl in diethyl ether (1 mL) was
added to a slurry of anionic lactones 3 (1 mmol) in THF (40 mL)
at –70 °C. As shown by IR monitoring of the reaction, the reaction
was very fast. After 15 min at this temperature the ν(CO) bands of
neutral complexes 2 at 2120, 2070, 2060, and 2040 cm–1 were found
to have totally replaced those of the starting complexes 3 at 2080,
2020, and 2000 cm–1. The temperature was then raised to –10 °C
and the solvent removed to dryness. The residue was extracted at
–10 °C with a hexanes/CH2Cl2 (95:5) mixture (5×25 mL). This
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solution was reduced to 10 mL at –40 °C to afford pure crystals of
complexes 2.

Reaction of 3(1) with HCl: Preparation of 2(1): Following the gene-
ral procedure, 3(1) (385 mg, 1.20 mmol) was treated with HCl
(1.2 mL of a 1  solution in diethyl ether) to afford 2(1) (219 mg
65% yield). IR (hexanes): ν(C�O) = 2125 (m), 2073 (sh), 2064 (m),
2042 cm–1 (s); ν(C=O) = 1780 (m), 1685 (sh). 1H NMR (400 MHz,
CD2Cl2, 273 K): δ = 1.3 (s, 6 H, CH3) ppm. 13C{1H} NMR
(400 MHz, CD2Cl2, 273 K): δ = 254.1 (C=O), 200.2 (2 C, axial
C�O), 198.4, 196.6, 196.3 [CO and cyclic C(O)O], 96.2 (cyclic qua-
ternary carbon), 24.1 (CH3) ppm. C9H6FeO7 (281.95): calcd. C
38.33, H 2.14, Fe 19.80; found C 38.21, H 2.12, Fe 19.73.

Reaction of 3(2) with HCl. Preparation of 2(2): The reaction of 3(2)
(270 mg, 0.75 mmol) with HCl (750 µL of a 1  solution in diethyl
ether) gave rise to 2(2) (134 mg, 55% yield). IR (hexanes): ν(C�O)
= 2124 (s), 2072 (sh), 2063 (s), 2041 cm–1 (s); ν(C=O) = 1738 (w),
1704 (s). 1H NMR (400 MHz, CD2Cl2, 273 K): δ = 1.5–1.2 (br. m,
9 H, nBu), 0.85 (br. s, 3 H, CH3) ppm. 13C{1H} NMR (400 MHz,
CD2Cl2, 273 K): δ = 254.1 (C=O), 200.5, 200.3, 198.4, 196.6, 196.5
[CO and cyclic C(O)O], 98.4 (cyclic quaternary carbon), 36.9, 26.9,
25.6, 23.0, 21.9 (CH2 and CH3) ppm. C12H12FeO7 (324.03): calcd.
C 44.48, H 3.73, Fe 17.23; found C 44.62, H 3.92, Fe 17.15.

Reaction of 3(3) with HCl. Preparation of 2(3): Complex 3(3)
(480 mg, 1 mmol) and HCl (1 mL of a 1  solution in diethyl ether)
were reacted to afford 2(3) (255 mg, 60% yield). IR (hexanes):
ν(C�O) = 2131 (s), 2083 (m), 2064 (s), 2047 cm–1 (s); ν(C=O) =
1734 (m), 1689 (s). 1H NMR (400 MHz, CD2Cl2, 273 K): δ = 4.13
(m, 4 H, OCH2), 3.70 [s, 1 H, C(H)(CO2C2H5)2], 1.34 (s, 3 H,
CCH3), 1.22 (m, 6 H, CH2CH3) ppm. 13C{1H} NMR (400 MHz,
CD2Cl2, 273 K): δ = 251.8 (C=O), 202.0, 199.4, 199.05 (2 C), 196.3
[CO and cyclic C(O)O], 166.3, 166.1 (CO2C2H5), 92.6 (cyclic qua-
ternary carbon), 62.2, 62.15 (OCH2), 58.6 (CH), 22.2 (CCH3), 13.9,
13.75 ppm (CH2CH3). C15H14FeO11 (426.12): calcd. C 42.28, H
3.31, Fe 13.11; found C 42.46, H 3.35, Fe 13.05.

Reaction of 3(4) with HCl. Preparation of 2(4): Complex 3(4)
(1 mmol 420 mg) was reacted at –50 °C with HCl (1 mL of a 1 

solution in diethyl ether) to afford 2(4) (200 mg, 55% yield). IR
(hexanes): ν(C�O) = 2131 (s), 2085 (m), 2064 (s), 2047 cm–1 (s);
ν(C=O) = 1720 (sh), 1705 (s), 1690 (sh). 1H NMR (400 MHz,
CD2Cl2, 273 K): δ = 2.15 (s, 3 H, CCH3), 2.02 [s, 6 H, C(O)CH3]
ppm. 13C{1H} NMR (400 MHz, CD2Cl2, 273 K): δ = 251.65
(C=O), 202.1, 201.8, 201.3, 199.3 (2 C), 197.85, 196.2 [CO, cyclic
C(O)O and C(O)CH3], 92.65 (cyclic quaternary carbon), 74.0 (CH),
31.05, 30.2 [CH3C(O)], 22.2 (CCH3) ppm. C13H10FeO9 (366.064):
calcd. C 42.65, H 2.75, Fe 15.26; found C 42.78, H 2.85, Fe 15.22.

Reaction of 3(6) with HCl. Preparation of 2(6): The reaction of 3(6)
(500 mg, 1.15 mmol) with HCl (1.15 mL of a 1  solution in diethyl
ether) at –50 °C was found to afford 2(6) (285 mg 65% yield). IR
(hexanes): ν(C�O) = 2131 (m), 2085 (m), 2064 (s), 2047 cm–1 (s);
ν(C=O) = 1755 (w), 1721 (sh), 1703 (m). 1H NMR (400 MHz,
CD2Cl2, 273 K; two isomers: δ = 3.98 (s, 0.6 H, CH), 3.92 (s, 0.4
H, CH), 3.78 (s, 1.8 H, OCH3), 3.66 (s, 1.2 H, OCH3), 2.25 [s, 1.2
H, C(O)CH3], 2.12 [s, 1.8 H, C(O)CH3], 1.28 (s, 1.8 H, CCH3), 1.25
(s, 1.2 H, CCH3) ppm. 13C{1H} NMR (400 MHz, CD2Cl2, 273 K):
δ = 251.32, 251.22 (C=O), 202.06, 201.94, 200.72, 200.01, 198.41,
198.31, 198.15, 198.08, 198.02, 196.29 [CO, cyclic C(O)O and C(O)
CH3], 167.70, 167.18 (CO2CH3), 92.78, 92.32 (cyclic quaternary
carbon), 65.86, 65.35 (CH), 53.30, 53.08 (OCH3), 30.11, 29.42
[C(O)CH3], 22.19, 22.15 (CCH3) ppm. C13H10FeO10 (382.063):
calcd. C 40.87, H 2.64, Fe 14.62; found C 41.05, H 2.63, Fe 14.52.

Reaction of Complexes 3(5) or 3(7) with HCl: The reactions of these
complexes, which contain one or two C�N groups, with 1 equiv.
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of HCl was found, even at low temperature (–80 °C), to lead to
their decomposition into Fe(CO)5 and organic compounds.

Reaction of the Mixture of Isomers of 3(8) or 3(9) Bearing Bulky
Substituents with HCl. Preparation of 2(8) and 2(9): The reaction
of 3(8) or 3(9) [1 mmol, 500 mg for 3(8) (R = CH3) or 520 mg for
3(9) (R = allyl)] with HCl (1 mL of a 1  solution in diethyl ether)
at –50 °C afforded 2(8) (310 mg, 70% yield) or 2(9) (233 mg, 50%
yield), respectively, as white powders after crystallization from hex-
anes at –40 °C.

2(8): IR (hexanes): ν(C�O) = 2131 (s), 2084 (m), 2052 (m),
2050 cm–1 (s); ν(C=O) = 1727 (m), 1695 (s). 1H NMR (400 MHz,
CD2Cl2, 273 K): δ = 4.11 (q, J = 7 Hz, 4 H, OCH2), 1.58 (s, 3 H,
CH3), 1.44 (s, 3 H, CH3), 1.20 (t, J = 7 Hz, 6 H, CH2CH3) ppm.
13C{1H} NMR (400 MHz, CD2Cl2, 273 K): δ = 249.9 (C=O),
202.6, 199.55 (3 C), 196.35 [CO and cyclic C(O)O], 169.9, 169.4
(CO2C2H5), 95.25 (cyclic quaternary carbon), 62.1, 61.8 [quater-
nary malonic carbon and OCH2 (2 C)]; 20.1 (CH3), 18.95 (CH3),
13.8 [CH2CH3 (2 C)] ppm. C16H16FeO11 (440.143): calcd. C 43.66,
H 3.66, Fe 12.67; found C 43.85, H 3.63, Fe 12.62.

2(9): IR (hexanes): ν(C�O) = 2128 (s), 2083 (m), 2059 (m),
2041 cm–1 (s); ν(C=O) = 1750 (m). 1737 (m), 1H NMR (400 MHz,
CD2Cl2, 273 K): δ = 5.8 (m, 1 H, =CH), 5.1 (m, 2 H, =CH2), 4.15
(m, 4 H, OCH2), 2.8 (d, J = 5 Hz, 2 H, allylic CH2), 1.49 (s, 3
H, CH3), 1.22 (t, J = 7 Hz, 6 H, CH2CH3) ppm. 13C{1H} NMR
(400 MHz, CD2Cl2, 273 K): δ = 249.84 (C=O), 202.75, 198.48,
198.34, 197.98, 196.41 [CO and cyclic C(O)O-], 168.74, 168.70
(CO2C2H5), 133.94 (=CH), 118.16 (=CH2), 95.60 (cyclic quater-
nary carbon), 65.71 (quaternary malonic carbon), 62.19, 62.07
(OCH2), 37.59 (allylic CH2), 19.90 (CH3), 13.94, 13.80 (CH2CH3)
ppm. C18H18FeO11 (466.181): calcd. C 46.38, H 3.89, Fe 11.98;
found C 46.52, H 3.93, Fe 11.97.

Reaction of 2(1) (R = R� = R�� = H), 2(3) (R = R� = CO2C2H5;
R�� = H), and 2(8) (R = R� = CO2C2H5; R�� = CH3) with NaOMe.
Formation of 3(1), 3(3), and 3(8): Complex 2 [0.5 mmol; 140 mg of
2(1), 210 mg of 2(3), or 220 mg of 2(8)] in solution in THF (30 mL)
at 0 °C was added to a suspension of 28 mg of NaOMe in THF.
The reaction was monitored by IR spectroscopy. After 90 min the
solvent was removed to dryness. The residue of the reaction per-
formed with 2(1) was washed with CH2Cl2 (3×5 mL) at 0 °C. The
residues obtained from 2(3) and 2(8) were washed with hexanes
(3×5 mL) and extracted with a hexanes/CH2Cl2 (60:40, 3×10 mL)
mixture and crystallized from this solution at –40 °C. The 13C
NMR spectra of the obtained products were found to be similar
to those of 3(1), 3(3), and 3(8), respectively. These reactions were
found to afford 60 mg of 3(1) (35% yield), 70 mg of 3(3) (30%
yield), or 75 mg of 3(8) (30% yield).

X-ray Crystallographic Studies: Data for compounds 2(1) and 3(3)
were collected on a Xcalibur 1 diffractometer (Oxford Diffraction)
at 150 and 100 K, respectively. The very low stability of compound
3(3) made a correct X-ray data collection difficult. In this case we
had only a few seconds to select a correct single crystal which was
very quickly mounted on the goniometer head of the diffractometer
at 100 K. After several attempts we succeeded in finding a correct
single crystal of 3(3) suitable for the data collection. Both structures
were solved by direct methods and successive Fourier difference
syntheses, and were refined by weighted anisotropic full-matrix le-
ast-squares methods.[25] The hydrogen atoms of compound 2(1)
were located by difference Fourier techniques and were refined iso-
tropically; while those of compound 3(3) were calculated [d(C–H)
= 0.95 Å]; their thermal parameters were taken as Uiso = 1.3·
Uequ(C) and therefore included as isotropic fixed contributors to
Fc. Scattering factors and corrections for anomalous dispersion
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Table 4. Crystal data and structural refinement details for 2(1) and
3(3).

2(1) 3(3)

Empirical formula C9H6FeO7 C67H74Cl6Fe4K4O48

Molecular weight 281.99 2239.82
Space group P4̄21c P1̄
a [Å] 17.824(2) 14.892(1)
b [Å] 17.824(2) 17.082(1)
c [Å] 7.1894(5) 20.093(2)
α [°] 90 75.553(7)
β [°] 90 84.644(7)
γ [°] 90 77.615(6)
V [Å3] 2284.0(4) 4830.3(9)
Z 8 2
ρcalcd. [g cm–3] 1.64 1.54
Temperature 150(2) 100
µ [cm–1] 13.30 10.16
F(000) 1136 2284
Reflections measured 7474 16359
2θ range 7.22–43.70 5.0–44.10
Reflections unique/Rint 952/0.049 7262/0.042
Reflections with I � 2σ(I) 881 5125
Nv 178 837
R1,[a] wR2

[b] 0.0262/0.0556 0.065/0.082
GooF[c] 1.064 1.619
Flack parameter –0.01(3)
∆ρmax.,min. [eÅ–3] +0.209, –0.159 +0.771, –0.223

[a] R1 = ∑|Fo – Fc|/Fo. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2. [c]

GooF = S = {Σ[w(Fo
2 – Fc

2)2]/(Nobsd – Nvar)}1/2.

were taken from the International Tables for X-ray Crystallogra-
phy.[26] The thermal ellipsoid drawings were made with the ORTEP
program.[27] Pertinent crystal data and selected bond lengths and
bond angles of 2(1) and 3(3) are listed in Tables 1–4.

CCDC-286043 [for 2(1)] and -270916 [for 3(3)] contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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Bimetallic cyano-bridged uranyl Co and uranyl Fe com-
pounds crystallize in the same space group but are not iso-
morphous and each comprises two different types of uranyl
ion. The spectroscopic consequences with regard to band in-

Introduction

There has been considerable interest in 3d–4f bimetallic
cyano-bridged complexes due to their catalytic, semicond-
uctive and magnetic properties.[1] Du et al.[2] have listed an-
other 15 applications. Although there have been several re-
ports of 3d–5f complexes,[3] attention has not been directed
towards cyano-bridged 3d–5f complexes, so that we decided
to synthesize such complexes comprising the uranyl ion, be-
cause the electronic structure and spectroscopy of this acti-
nide ion are well-documented.[4] Two novel complexes in-
volving also the coordination of dimethylformamide (dmf)
and aqua ligands to UVI are reported herein: [UO2(H2O)4-
(dmf)2]0.5·{UO2[M(CN)6](dmf)2}, M = Co (1), Fe (2) and
their spectroscopic properties have been investigated.

Results and Discussion

Crystal Structures

Compound 1 comprises two ionic components (Figure 1,
a). The anionic component is a cyano-bridged infinite layer
in which the UVI cation is seven-coordinate in a pentagonal-
bipyramidal geometry, bonding to two oxygen atoms [U1–
O1, 1.727(7) Å, U1–O2, 1.761(7) Å], two dmf molecules
[U1–O3, 2.325(6) Å, U1–O4, 2.359(5) Å], and three cyanide
groups from different [Co(CN)6]3– ions [U1–N1, 2.494(6) Å,
U1–N2a, 2.499(6) Å, U1–N5b, 2.492(6) Å]. The CoIII cat-

[a] The Department of Chemistry, The Chinese University of Hong
Kong, Shatin, New Territories,
Hong Kong S.A.R., P. R. China

[b] College of Chemistry and Chemical Engineering, Donghua
University,
West Yan-an Road 1882, Shanghai 20051, P. R. China

[c] Department of Biology and Chemistry, City University of
Hong Kong,
Tat Chee Avenue, Kowloon, Hong Kong S.A.R., P. R. China
Fax: +852-2788-7406
E-mail: bhtan@cityu.edu.hk
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 1543–1545 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1543

tensities and positions for the transitions at these different
uranyl ion sites are novel and are rationalized.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ion is octahedrally coordinated by six cyanide groups (Co–
C, 1.884–1.904 Å), with three of them connecting three
different UVI cations. The UVI ions bridge other
[Co(CN)6]3– ions through cyanide groups, forming an infi-
nite two-dimensional anionic layer parallel to the bc plane
(Figure 2, a). The cationic component comprises discrete
centrosymmetric [UO2(H2O)4(dmf)2]2+ cations, situated
above and below the anionic layer, each forming O–H···N
interactions with it. This UVI cation is eight-coordinate in
a hexagonal bipyramidal geometry, being coordinated by

Figure 1. Atom labeling in the asymmetric unit: (a) [UO2(H2O)4-
(dmf)2]0.5·{UO2[Co(CN)6](dmf)2} (1); (b) [UO2(H2O)4(dmf)2]0.5·
{UO2[Fe(CN)6](dmf)2}(2) .
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two oxo groups [U2–O5 = U2–O5c, 1.750(7) Å], two dmf
molecules [U2–O6 = U2–O6c, 2.27(2) Å], and four aqua
ligands [U2–O1W = U2–O1Wc, 2.58(2) Å;U2–O2W = U2–
O2Wc, 2.39(2) Å]. The latter form O–H···N hydrogen
bonds with the non-bridging cyanide group of the anionic
layers, linking them into a three-dimensional network.

Figure 2. (a) Anionic layer viewed along the [010] direction in 1;
(b) 2.

Although 1 and 2 both crystallize in the same space
group P21/c with very similar unit-cell dimensions, they are
not isomorphous as the atoms take different positions in
the unit cell (see parts a and b in Figure 1). However, com-
pound 2 is isostructural to compound 1 in all respects, and
the only difference is that the anionic layer in 2 runs parallel
to the plane (1,–1,0), rather than parallel to the bc plane as
in the case of 1 (see Figure 2, a and b).

Spectroscopic Properties of 1 and 2

The IR and Raman spectra of 1 and 2 exhibit at least
four bands between 2120 and 2180 cm–1, corresponding to
terminal and bridging CN vibrations, with the energies for
1 being slightly higher than those for 2, just as in

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1543–15451544

Cs2LiM(CN)6 (M = Co, Fe).[5] The spectroscopic properties
of 1 and 2 are interesting because they each contain ura-
nium atoms in two types of coordination geometry: seven-
coordinate U1 situated at a C1 site and eight-coordinate U2
at a Ci site. Besides this, there are two U1 atoms for every
U2 atom in the unit cell. Sixfold equatorial coordination of
the uranyl ion exhibits rather different spectral characteris-
tics as compared to fivefold, and drastic differences also
occur for noncentrosymmetric vs. centrosymmetric uranyl
ions.[4] Thus, as well as vibrations due to dmf and aqua
ligands in the IR spectrum of 2, two strong bands due to
antisymmetric stretch of the uranyl ion are observed, at 933
and 949 cm–1. The higher energy band is associated with
sixfold equatorial coordination [c.f. MUO2(NO3)3 M = Rb
962 cm–1, M = Cs 956 cm–1], whereas that at lower energy is
due to fivefold coordinated UO2

2+ [c.f. UO2(H2PO2)2·H2O
909 cm–1].[4] Also, the relative intensities of the 933,
949 cm–1 bands are in the ratio 2:1, being consistent with
the atom ratio U1:U2.

The 10-K absorption spectrum of 1 is shown in Figure 3.
The lowest energy absorption bands of the uranyl ion corre-
spond to the Σg

+ � Πg (D�h) electronic transition, and be-
cause this involves a large increase in bond length, a strong
progression in the totally symmetric uranyl stretching
mode, νs(OUO) is based upon the electronic origin. Now,
for lower than fourfold symmetry of the uranyl ion the final
state is not degenerate, and whereas the transition is mag-
netic dipole-allowed for centrosymmetric uranyl ions, ad-
ditional electric dipole intensity is present when this is not
the case. Finally, it has been found that a blue-shift occurs
when the equatorial coordination number increases from 5
to 6.[4] With these facts in mind, the intense bands at lowest
energy are marked and assigned to the electronic origins of
uranyl ions U1 and U2, with that of the noncentrosym-
metric U1 being more intense and at lower energy. The
νs(OUO) progression frequency based upon the U1 origin
(724 cm–1) is about 10 cm–1 lower than the corresponding
one for U2. The resolution of the absorption spectrum does
not permit a clear, detailed interpretation but the intense

Figure 3. 10-K absorption spectrum of a crystal of 1 between
20000–28000 cm–1.
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bands commencing at 23021, 23102 cm–1 mark the begin-
ning of a new progression, presumably of U1.

The 10 K luminescence spectrum of 1 is also dominated
by the transitions from the lowest energy site U1. The sym-
metric and antisymmetric OUO stretching frquencies are
857±5 cm–1 and 943 cm–1, respectively, and the pro-
gressions are observed up to 5 members.

Conclusions

In summary, two cyano-bridged 3d–5f complexes 1 and
2 have been synthesized with three-dimensional structures
comprising uranyl groups arranged in cationic and anionic
layers. Although both compounds crystallize in space group
P21/c with very similar unit-cell dimensions, they are not
isomorphous. The electronic absorption and emission spec-
tra of the uranyl ions in 1 are dominated by the uranyl ions
of site symmetry C1, which are subjected to less restrictive
optical selection rules and more numerous than those of
site symmetry Ci.

Experimental Section
Physical Methods: Electronic absorption spectra were obtained be-
tween 300 and 10 K at the resolution 2 cm–1 by a Biorad FTS-60A
spectrometer equipped with a photomultiplier tube detector. The
sample was placed in an Oxford Instruments closed-cycle cryostat.
Emission spectra were recorded at temperatures down to 10 K
using a tunable pulsed laser (Panther OPO system pumped by the
third harmonic of a Surelite Nd:YAG). The signal was collected at
90° by an 0.5 m Acton monochromator, with gratings blazed at
250 nm (1800 grooves/mm), 500 nm (1200 groove/mm), and 750 nm
(600 groove/mm), respectively, and a back-illuminated SpectruMM
CCD detector. Infrared and Raman spectra were recorded with a
Perkin–Elmer 2000 FTIR spectrometer equipped with a Raman
unit.

Materials and Synthesis of Compounds 1 and 2: For compound 1,
UO2(NO3)2·6H2O (0.151 g; 0.3 mmol; Strem 99.99%) was dis-
solved in 10 cm3 water (solution A). Yellow K3Co(CN)6 (0.067 g;
0.2 mmol; Acros 95%) was dissolved in 10 cm3 dmf, to which solu-
tion A was added dropwise with continuous stirring, and the re-
sulting solution was stirred for another 30 min in the dark and
filtered. The filtrate was allowed to stand for several weeks in the
dark at room temperature for crystallization. Compound 2 was pre-
pared analogously using a molar ratio UO2(NO3)2·6H2O:
K3Fe(CN)6 of 3:2. 1: C15H25CoN9O8U1.5 (875.41): calcd. C 20.58,
H 2.88, N 14.40; found C 20.36, H 1.93, N 14.17. 2:
C15H25FeN9O8U1.5 (872.34): calcd. C 20.65, H 2.87, N 14.45; found
C 20.24, H 1.61, N 14.38. IR of 2 (cm–1): ν̃ = 3339 w (H2O),
2131 sh, 2137 s, 2147 sh, 2157 m CN, 1651 ms (C=O), 949 m, 933 s
(UO2 asymm.), 872 vw, 856 vw (UO2 symm.). Raman of 1 (cm–1):
2178 s, 2161 m, 2151 m, 2146 sh CN, 862 vs. (UO2 symm.), 2951 m,
1657 vw, 1440 m, 1427 vs, 687 m dmf.

Eur. J. Inorg. Chem. 2006, 1543–1545 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1545

X-ray Crystallography: Intensity data of compounds 1 and 2 were
collected with a Bruker SMART 1000 CCD diffractometer with
graphite-monochromatized Mo-Kα radiation (λ = 0.71073 Å) at
293 K. The structures were solved by direct methods and refined by
full-matrix least-squares based on F2 using the SHELXTL program
package. All the non-hydrogen atoms were refined anisotropically,
and the hydrogen atoms were generated geometrically except for
those of the water molecules, which were located from the ∆F maps.
The crystallographic data of the complexes 1 and 2 are summarized
in Table S1, and selected bond lengths and angles are given in Table
S2 (see Supporting Information; for details see the footnote on the
first page of this article). Complex 1, C15H25CoN9O8U1.5: P21/c, a
= 16.066(2) Å, b = 11.365(1) Å, c = 16.884(2) Å, α = 90°, β =
118.323(2)°, γ = 90°, Z = 4, R1 = 0.0456. Complex 2,
C15H25FeN9O8U1.5: a = 16.154(2) Å, b = 11.373(1) Å, c =
16.975(2) Å, α = 90°, β = 118.651(2)°, γ = 90°, Z = 4, R1 = 0.0441.

CCDC-281906 and -281907 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Crystal data and structure refinement parameters,
bond lengths and angles, hydrogen bonds, descriptions of structure;
Raman, infrared and emission spectra are available from the au-
thors.
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Homoleptic NiII and FeII complexes of the “large-surface”
phenanthroline-type ligand 1,12-diazaperylene (dap), [Ni-
(dap)3](BF4)2 (1) and [Fe(dap)3](PF6)2 (2), respectively, were
synthesized. In the crystal structure the complex cation
[M(dap)3]2+ (M = Ni, Fe) exhibits C3 symmetry and interacts
with three other cations by π-π stacking. It forms a new
metalla-supramolecular assembly with a honeycomb struc-

Introduction

The design and construction of nanoporous supramolec-
ular systems has recently become one of the most active
research subjects in modern coordination chemistry.[1] It is
well known that weak intermolecular noncovalent interac-
tions such as hydrogen bonds[2] and aromatic π-π stacking
interactions[3] play important roles in supramolecular sys-
tems. The understanding and utilization of all noncovalent
interactions, including π-π stacking, is of fundamental im-
portance for the further development of inorganic supra-
molecular chemistry and the tuning and prediction of crys-
tal structures.[3c]

In particular, π-π stacking interactions have been re-
ported to exist between metal complexes with aromatic ni-
trogen-containing ligands, such as bipyridine- and 1,10-
phenanthroline-based ligands.

Aggregation by π-π stacking becomes increasingly favor-
able with an increasing number of arene rings connected
to the aromatic nitrogen-containing ligands. Dipyrido[3,2-
a:2�,3�-c]phenazine[4] (dppz), eilatin[5] (eil), and 1,12-diaza-
perylene[6] (dap) (Scheme 1) are such ligands with increased
π-surfaces (called “large-surface” ligands[7]).

In the planar dichloro(dipyridophenazine)platinum()
complex [PtCl2(dppz)], both ligand-ligand and platinum-
platinum π-π interactions lead to aggregation of this com-
plex in the crystal, forming two infinite stacks with an in-
terplanar distance of about 3.45 Å between the dipyrido-

[a] Institut für Chemie, Anorganische Chemie, Universität Pots-
dam,
Karl-Liebknecht-Straße 24–25, 14476 Golm, Germany
Fax: +49-331-977-5055
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[b] Institut für Physik, Universität Potsdam
Am Neuen Palais 10, 14469 Potsdam, Germany

Eur. J. Inorg. Chem. 2006, 1547–1551 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1547

ture containing nanochannels running parallel to the crystal-
lographic c axis. Aggregation by π-π stacking between metal
complexes of “large-surface” ligands should give new per-
spectives for inorganic supramolecular chemistry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. “Large-surface” phenanthroline-type ligands.

phenazine moieties.[8] The octahedral mono(eilatin) RuII

and OsII complexes [M(L–L)2(eil)]2+ (M = Ru, Os; L–L =
bipyridyl-type ligands) dimerize by π-π stacking between
the eilatin moieties in the solid state and in solution.[9] In
all solid-state structures a well-defined discrete dimer is ob-
served, in which the eilatin surfaces are about 3.4 Å apart,
a typical distance for systems held by π-π stacking interac-
tions.[3c,10]

Homoleptic octahedral complexes with three “large-sur-
face” phenanthroline-type ligands are rare[11] because the
steric requirements for coordination at the metal center are
greater than those of the parent 1,10-phenanthroline. How-
ever, such complexes provide the opportunity for optimal
π-π interactions by three “large surface” ligands. They are
potential rigid building blocks for the self-assembly into
well-defined supramolecular architectures mediated by ef-
fective π-π interactions.

Recently Chouai et al. synthesized the RuII complex of
1,12-diazaperylene, [Ru(dap)3](PF6)2.[11a] In the crystal
structure the asymmetric unit of [Ru(dap)3](PF6)2 contains
two [Ru(dap)3]2+ cations which exhibit large distortions
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from the expected D3 symmetry. π-π Interactions are ob-
served between two dap ligands between both complex cat-
ions of the asymmetric unit. The distance between the two
approximately parallel planes that separate the two dap li-
gands is 3.42 Å. No other π-π interactions are observed. To
utilize the π-π interaction opportunities of all three “large
surface” ligands of an octahedral metal complex in order
to form a supramolecular assembly, a symmetrically octahe-
dral complex is probably necessary.

It is well known that complexes of first row transition
metals can show more regular geometries than those of sec-
ond row transition metals. To investigate the π-π interaction
opportunities of first row transition octahedral metal com-
plexes with “large surface” ligands, we synthesized the dap
complexes of NiII and FeII, [Ni(dap)3](BF4)2 (1) and
[Fe(dap)3](PF6)2 (2), respectively. In the solid state, 1 and 2
form honeycomb structures built by π-π stacking.

Results and Discussion

Homoleptic 1,12-diazaperylene complexes of NiII and
FeII are best prepared under microwave heating. 1 was syn-
thesized by the reaction of Ni(BF4)2·6H2O with dap in etha-
nol and 2 by the reaction of Fe(NH4)2(SO4)2·6H2O with
dap in water and subsequent addition of NH4PF6.

Crystals suitable for the X-ray structure determinations
were obtained by slow evaporation of a solution of 1 in
acetone and by diffusion of ethanol into a solution of 2 in
a solvent mixture of acetone, acetonitrile, and chloroform.

In the crystal structure, the complex cation [Ni(dap)3]2+

of 1 exhibits C3 symmetry. Figure 1 shows the structure of
the cation along the threefold axis which coincides with the
crystallographic c axis. The asymmetric unit of [Ni(dap)3]-
(BF4)2 (1) contains one third of [Ni(dap)3]2+ and also one
third of one B(1)F4

– anion. One of the fluorine atoms of
B(1)F4

– is partially disordered. [Ni(dap)3]2+ and B(1)F4
– are

located alternately along the crystallographic c axis.
The bond lengths of Ni–N1 [2.105(2) Å], Ni–N2

[2.109(2) Å] and the bite angle of N1–Ni–N2 [78.54(8)°] are
similar to the corresponding values of [Ni(phen)3]2+.[12] The
diazaperylene ligand is coplanar to within 0.1617(36) Å.
The dap ligands are almost perpendicular to each other,
with a dihedral angle of 87.36 °.

Each complex cation [Ni(dap)3]2+ interacts with three
other cations by π-π stacking, using all three dap ligands
(see Figure 2, a). It forms a honeycomb structure contain-
ing channels running parallel to the crystallographic c axis
(see Figure 2, b). If the van der Waals radii of the atoms are
taken into account the resulting channels are approximately
9.60 Å in diameter. The channels contain the second anion,
B(2)F4

–, which shows a strong degree of disorder.
The [Fe(dap)3](PF6)2 (2) compound is isostructural with

1. The resulting channels in the honeycomb structure of 1
are 0.15 Å greater in diameter (ca. 9.75 Å). The Fe–N bond
lengths amount to 1.9826(19) Å and 1.9779(18) Å. The N1–
Fe–N2 bite angle is 81.71(7)°. These data are similar to the
corresponding values of [Fe(phen)3]2+.[13]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1547–15511548

Figure 1. Structure of [Ni(dap)3]2+ in 1 with 50% ellipsoids. Hydro-
gen atoms have been omitted for clarity.

The π-π stacking between two dap ligands of two [Ni-
(dap)3]2+ moieties in 1 are shown in Figure 3. The distance
between the two approximately parallel planes that separate
the 1,12-diazaperylene ligands is 3.341 Å (2: 3.456 Å). Only
one arene ring of each dap is involved in π-π stacking. They
interact in an offset or parallel-displaced mode.[3c] The
centroid-centroid distance is 3.663 Å (2: 3.633 Å) and the
displacement angle is 24.2° (2: 17.96°).

To the best of our knowledge, supramolecular assemblies
with honeycomb structures were not, until now, built by π-
π stacking of a metal complex.

In addition to the single-crystal X-ray structure analysis,
high resolution transmission electron microscopy
(HRTEM) was performed on samples of 2 to further char-
acterize the structure of the compound. Unfortunately, the
crystals of 2 were very sensitive to electron-beam-induced
damage, even at low temperature (–180 °C).

The nickel() complex was found to be paramagnetic,
with a value of 2.77±0.02 B.M., as expected for a typical
d8 system. The 1H NMR spectrum of complex 2 in [D6]-
acetone exhibits five signals, consistent with the expected
D3 symmetry of [Fe(dap)3]2+ in solution.

The absorption spectra for complexes 1, 2, and dap are
illustrated in Figure 4. The free dap resembles perylene,
showing a strong well-resolved π-π* transition at 442 nm.
This same transition is evident in the NiII and FeII com-
plexes, but is shifted to a longer wavelength by 36 and
41 nm, respectively. Moreover, the spectrum of the FeII

complex 2 shows the expected MLCT transition at 684 nm.
This value is the lowest-energy absorption for a tris(diimin)-
iron() complex that has been observed. As already ob-
served for the phenanthroline FeII complex[14] 2 shows no
phosphorescence or CT emission even if cooled to 10 K.

Cyclic voltammetry experiments in CH3CN revealed that
the FeII complex 2 and the reference complex [Fe(phen)3]-
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Figure 2. (a) Aggregation by π-π stacking between [Ni(dap)3]2+

moieties in [Ni(dap)3](BF4)2 (1), viewed along the crystallographic
c axis. Hydrogen atoms have been omitted for clarity. (b) Honey-
comb structural motif in 1 (view down c) as a space-filling represen-
tation. [Ni(dap)3]2+ and one B(1)F4

– ion form parallel nanosized
channels, which run along the crystallographic c axis and are filled
with the second disordered B(2)F4

– counterion (omitted for clar-
ity). Red: Ni, pink: B, yellow: F, green: N, grey: C.

(PF6)2 are oxidized at +0,69 V (rev., vs. Fc/Fc+). These me-
tal-centered oxidations indicate that the iron d orbitals are
not influenced by complexation with dap as compared with
that of phen. The reduction processes for the FeII complex
2, as well as the NiII complex 1, occur at the same potential
(–1.08 V, irr.), probably because reduction is ligand-cen-
tered. The NiII complex 1 is oxidized at 1.34 V (irr.) and
[Ni(phen)3](BF4)2 at 1.58 V (irr.).

Eur. J. Inorg. Chem. 2006, 1547–1551 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1549

Figure 3. Aggregation by π-π stacking between two dap ligands of
two [Ni(dap)3]2+ moieties in 1. Hydrogen atoms have been omitted
for clarity.

Figure 4. Absorption spectra of the complexes 1 (––––) and 2
(– – – –), and of dap (······), recorded in acetonitrile (c = 10–5 mol/
L).

Conclusions

In conclusion, we have shown that homoleptic octahe-
dral metal complexes of 1,12-diazaperylene are able to form
supramolecular assemblies with honeycomb structures by
π-π stacking when the complex cation, [M(dap)3]2+ (M =
Ni, Fe), adopts a C3 symmetry and the anions are BF4

– or
PF6

–. Further studies with other metal complexes of 1,12-
diazaperylene and derivatives of dap using π-π stacking for
self-assembly are in progress. Aggregation by π-π stacking
between metal complexes of “large surface ligands” should
give new perspectives for the development of inorganic
supramolecular chemistry.

Experimental Section
General: All reactions were carried out in dry solvents under an
argon atmosphere. 1,12-Diazaperylene was prepared according to
a known procedure.[6] Reference complexes [Ni(phen)3](BF4)2 and
[Fe(phen)3](PF6)2 were synthesized following the methods de-
scribed for complexes 1 and 2, respectively. NMR spectra were re-
corded using an Avance 300 spectrometer. IR spectra were recorded
with a Thermo Nicolet NEXUS FTIR instrument. UV/Vis mea-
surements were carried out with an Analytik Jena Specord S 100
spectrophotometer using sealed quartz cuvettes. The ESI spectra
were recorded using a Micromass Q-TOFmicro mass spectrometer
in positive electrospray mode. Elemental analyses (C, H, N) were
performed with an Elementar Vario EL elemental analyzer. For
phosphorescence emission measurements, the samples were pro-
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vided as solids on quartz substrates. The samples were cooled to
10 K with a helium cryostat (Optistat CF, Oxford Instruments,
Wiesbaden, Germany). For excitation, 2 mJ pulses from an optical
parametric oscillator (VisIR 2/120, GWU, Erfstadt, Germany),
which was pumped at 355 nm with a Q-switched Nd-YAG laser
(SL 400, GWU), were used. The samples were excited in the ligand
π-π* band at 440 nm. Electrochemical measurements were per-
formed with a BAS 100B system using a platinum working and
auxiliary electrode, and a Ag/AgNO3 reference electrode. The ex-
periments were conducted using degassed MeCN solutions using
0.1  [nBu4N+][PF6

–] as the supporting electrolyte, and the Ferro-
cene/Ferrocinium (Fc/Fc+) couple as a reference. Magnetic studies
were performed at room temp. on a vibration sample magnetome-
ter V.S.M. 3001.

[Ni(dap)3](BF4)2 (1): A suspension of 1,12-diazaperylene (228.9 mg,
0.9 mmol) in ethanol (3 mL) was added to a solution of Ni(BF4)2·
H2O (102.1 mg, 0.3 mmol) in ethanol (4 mL). The mixture was
heated in a CEM-Discover microwave oven for 15 min (temp.:
85 °C, pressure: 17 bar). After cooling the mixture the precipitate
was filtered. Dichloromethane (10 mL) and diethyl ether (100 mL)
were added to the crude product, the solid was filtered and dried
under vacuum to yield an orange powder (245 mg, 0.25 mmol,
82%). M.p. � 360 °C. IR (KBr): ν̃ = 1051 (s, B–F) cm–1. UV/Vis
(CH3CN): λmax (ε) = 478 (42700), 451 (39400), 426 (20300) sh, 352
(6400) sh nm. ESI(HR)-MS: m/z calcd. for [M – 2BF4]2+

([C54H30NiN6]2+) 410.0942, found 410.0915. C54H30B2F8N6Ni
(995.17): C 65.17, H 3.04, N 8.44; found C 64,92, H 3.10, N 8.37.

[Fe(dap)3](PF6)2 (2): A suspension of 1,12-diazaperylene (255 mg,
1 mmol) and Fe(NH4)2(SO4)2·6H2O (98.04 mg, 0.25 mmol) in
water (8 mL) was heated in a CEM-Discover microwave oven for
10 min (temp.: 120 °C, pressure: 15 bar). After cooling the solution,
NH4PF6 (122.3 mg, 0.75 mmol) was added to precipitate 2. The
raw product was filtered and dissolved in acetone (25 mL). The
desired product was precipitated by addition of diethyl ether
(100 mL), filtered, and dried under vacuum to yield a dark green
powder (270 mg, 0.24 mmol, 97%). M.p. � 360 °C. 1H NMR
(300 MHz, [D6]acetone): δ = 8.83 (dd, 3JH,H = 7.4, 4JH,H = 0.6 Hz,
2 H, 6-H), 8.09 (d, 3JH,H = 7.8 Hz, 2 H, 4-H), 8.01 (t, 3JH,H =
7.4 Hz, 2 H, 5-H] 7.87 (d, 3JH,H = 6.4 Hz, 2 H, 3-H), 7.60 (d, 3JH,H

= 6.4 Hz, 2 H, 2-H) ppm. 13C NMR (300 MHz, [D6]acetone): δ =
159.2 (C12b), 148.1 (C2), 138.2 (C3a), 135.3 (C5), 131.4 (C6a),
129.9 (C4), 127.6 (C3), 127.3 (C12c), 127.1 (C6) ppm. IR (KBr): ν̃
= 838 (s, P–F), 558 (m, P–F) cm–1. UV/Vis(CH3CN): λmax (ε) =
684 (21900), 483 (36700), 456 (34400), 433 (16500) sh, 410 (14500),
346 (16900) nm. ESI(HR)-MS: m/z calcd. for [M – 2PF6]2+

([C54H30FeN6]2+) 409.0940, found 409.0908. C54H30F12FeN6P2

(1108.65): C 58.50, H 2.73, N 7.58; found C 58.27, H 2.80, N 7.50.

Crystallographic Data: Data were collected with a STOE IPDS-2
diffractometer at 210(2) K using graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å). Spherical absorption corrections were
applied. Structure solution by direct methods (SHELXS-97)[15] and
full-matrix refinement against F2 (SHELXL-97).[16] Non-hydrogen
atoms were refined with anisotropic temperature factors.

CCDC-290982 (for 1) and -290981 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

1: C54H30B2F8NiN6, 995.16 g·mol–1, orange prism
0.62×0.31×0.14 mm, trigonal, P3̄, a = b = 18.126(3), c =
11.1481(13) Å, V = 3171.9(7) Å3, Z = 2, F(000) = 930, ρcalc =
0.961 g·cm–3, µ(Mo-Kα) = 0.35 mm–1, 26875 reflections measured
(2Θmax = 50.0°), of which 3728 were unique (Rint = 0.0482). 253
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parameters, wR2 = 0.1355, S = 0.974 (all data), R1 [2806 data with
I � 2σ(I)] = 0.0463, max./min. residual electron density: 0.259/
–0.185 e·A–3. Either of the tetrafluorborate anions, B(1)F4

–, are lo-
cated on the threefold axis, of which the F atoms are disordered
over a mixture of full and partial occupancy sites. The second BF4

–

counterion, B(2)F4
–, is accommodated inside the channel. Because

of its strong disordered positions, a suitable refinement model
could not be found. Therefore this ion was disregarded by the
SQUEEZE instruction of the program PLATON[17] and not ac-
counted for in the final refinement cycles.

2: C54H30F12FeN6P2, 1108.63 g·mol–1, green prism
0.6×0.35×0.32 mm, trigonal, P3̄, a = b = 18.3658(14), c =
11.5512(8) Å, V = 3374.2(4) Å3, Z = 2, F(000) = 1120, ρcalc =
1.091 g·cm–3, µ(Mo-Kα) = 0.34 mm–1, 21742 reflections measured
(2Θmax = 50.0°), of which 3956 were unique (Rint = 0.0555). 206
parameters, wR2 = 0.1258, S = 0.898 (all data), R1 [2801 data with
I � 2σ(I)] = 0.0448, max./min. residual electron density: 0.255/
–0.214 e·A–3. The first PF6

– counterion, P(1)F6
–, could be found

with certainty from the Fourier map, located on the threefold axis.
The second counterion, P(2)F6

–, as well as solvent molecules, fill
the channels. The extremely diffuse electron density indicates se-
verely disordered occupancies. Because it was not possible to assign
atoms, the observed structure factors were corrected by subtracting
the electron density in this region using the SQUEEZE instruction
of PLATON.
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Synthesis of lithium ion conducting tantalates has been car-
ried out by conventional solid-state reaction (SSR) tech-
niques and by precipitation from solutions (PS). It is shown
that the latter chemical route leads to the formation of a pure
perovskite phase, made up of nanosized particles, and uses
milder conditions when compared with the solid-state reac-
tion technique. Thermal analyses, X-ray powder diffraction
(XRD) and infrared (IR) spectroscopy are used to investigate
the phase transformations that occur during the preparation
of these tantalates from powder precursors. After sintering,
the nanosized particles of the powder obtained by the (PS)
route are preserved and pellets with good compactness

Introduction
Much attention is given to the investigation of solid-state

lithium ion conductors because of their potential use in
electrochemical devices as solid electrolytes, electrodes or
ion-selective membranes. The lithium containing lantha-
num titanates, which have a defect perovskite structure
(Li3xLa4/3–xv2/3–2x)Ti2O6 (v = vacancy), have deserved much
attention these last years because of their high ionic con-
ductivity of 10–3 S·cm–1 at 300 K.[1–3] Apart from the tita-
nate perovskites, the lithium-containing lanthanum tanta-
lates, which also display a defect perovskite structure
(Li3xLa2/3–xv4/3–2x)Ta2O6 with a large number of vacancies,
show an ionic conductivity of 10–4 S·cm–1 at 300 K, only
one order of magnitude smaller than the ionic conductivity
of the titanates. The crystallographic structure and trans-
port properties of these tantalates prepared by solid-state
reactions have already been studied.[4–8] However, the de-
tails and peculiarities of the different chemical reactions
and phase transformation occurring during the synthesis of
the lanthanum tantalate (La2/3v4/3)Ta2O6 and the lithium-
containing lanthanum tantalates (Li3xLa2/3–xv4/3–2x)Ta2O6

have never been considered. This is the main purpose of
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(89%) are obtained. The electrical properties of the sintered
ceramics have been investigated by ac impedance spec-
troscopy. These experiments showed that the total ionic con-
ductivity (bulk and grain boundaries) of the (PS) pellet is
slightly lower than that of the (SSR) pellet. This decrease of
conductivity is attributed to an enhancement of the blocking
effect of the grain boundaries resulting from the microstruc-
ture of the fine-grain ceramics. The bulk conductivity is not
affected by the synthetic route.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

this work. Furthermore, since it is clearly established that
the method of synthesis affects the microstructure and con-
sequently the properties of the oxides, we investigated two
different methods of synthesis: the precipitation from solu-
tion (PS) and the more conventional solid-state reaction
(SSR) methods. An advantage of the (PS) method is the
possibility to greatly reduce the synthesis temperature and
also to produce nanosized particles.[9]

The aim of the present work is then to investigate the
phase transformations occurring during the synthesis of
lithium-containing lanthanum tantalate (Li3xLa2/3–xv4/3–2x)-
Ta2O6 either by the solid-state reaction (SSR) technique or
by precipitation from solution (PS), and to study the effect
of the synthetic method on the microstructure and the elec-
trophysical properties of these tantalates.

Results And Discussion

Synthesis

Solid-State Reaction (SSR) Method

According to the results of the XRD analysis, the mix-
ture of the original reagents after a mild homogenisation
consists of monoclinic Li2CO3 (for lithium-containing sam-
ples), hexagonal La(OH)3 and orthorhombic Ta2O5. Fig-
ure 1 (a) shows DTA, DTG and TG curves for four mix-
tures of the original reagents with different lithium con-
tents: 3x = 0 (curve 1), 0.50 (curve 2), 1.10 (curve 3) and
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1.85 (curve 4). The DTG curves display four loss peaks,
which are accompanied by endothermic reactions, as shown
in the DTA. The first peak at 620–650 K (A), which de-
creases with x content and disappears in curve 4 when La
is almost absent, can be attributed to La(OH)3 dehydration.
The second one at 910–990 K (B), which does not appear
in curve 1 when Li is absent and that increases with x con-
tent, is attributed to Li2CO3 thermolysis. As the Li2CO3

content increases (curves 2 to 4), the initial Li2CO3 decom-
position temperature range increases and the decomposi-
tion rate increases. For instance, for (Li3xLa2/3–xv4/3–2x)-
Ta2O6 samples at 3x = 0.50, 1.10 and 1.85, the Li2CO3 de-
composition temperature range becomes wider: from 820–
990 K to 770–990 K and finally to 720–990 K, respectively.
Finally, the two other peaks, marked as (�) and (o) on the
curves, can be attributed to the partial (700–800 K) and
complete (1050–1075 K) La2O2CO3 decarbonation. The ap-
pearance of lanthanum dioxomonocarbonate has been
proved by XRD analysis on samples calcined at 770 K. The
complete decomposition temperature of lanthanum dioxo-
monocarbonate decarbonation in lithium-containing sam-
ples shifts towards higher temperatures as compared with
the basic La2/3Ta2O6 sample. This is accounted for by the
fact that the thermal decomposition of dioxomonocarbon-
ate slows down in an atmosphere rich in CO2.[10]

Figure 1 (b) shows IR spectra, recorded at room tem-
perature, of raw materials Ta2O5 (curve 1), La2O3 (curve 2),
Li2CO3 (curve 3) and of their homogenised mixtures
(curves 4–7). The IR spectra of the mixtures (curves 4–7)
are characterised by a superposition of absorption bands,
which are typical of the spectra of original reagents. How-
ever, small shifts can be observed. The stretching vibration
band of the CO groups, observed at 1480 cm–1 in pure
Li2CO3, shifts slightly towards higher frequencies.[11]

Furthermore, the deformation vibration δ band and stretch-
ing vibration ν band of Ta–O observed at 355 cm–1 and
555 cm–1, respectively, in pure Ta2O5, shift to higher and
lower frequencies, respectively. The shifts depend on the Li
content (3x). For instance, the Ta–O vibration frequencies
of samples at 3x = 0, 0.50, 1.10, 1.85 are observed at 355
and 555 cm–1, 368 and 545 cm–1, 375 and 525 cm–1, 380 and
510 cm–1, respectively. From these results, it can be inferred
that the system obtained after homogenising milling differs
from a simple mixing of the original reagents.

Powder XRD spectra have been recorded at room tem-
perature on powders as a function of composition and fir-
ing temperature, in the temperature range from 370 K to
1770 K. The results are summarised in Table 1. From these
results, it is evident that during the formation of the lantha-
num metatantalate with a defect perovskite structure of the
composition La2/3Ta2O6 (3x = 0) the reaction between lan-
thanum oxide and tantalum oxide begins at 1320 K, and
carries on actively at temperatures above 1470 K. Accord-
ing to the XRD spectra analysis, the synthesis proceeds via
the formation of intermediate phases: monoclinic lantha-
num orthotantalate (LaTaO4), orthorhombic lanthanum
heptatantalate (LaTa7O19) and pentatantalate (La-
Ta5O14).[12] Lanthanum metatantalate as the main phase
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Figure 1. (a) Thermal analyses of the mixture of original reagents,
with different lithium contents, for the synthesis by the (SSR) route
of (Li3xLa2/3–xv4/3–2x)Ta2O6: (1) 3x = 0, (2) 3x = 0.50, (3) 3x = 1.10,
(4) 3x = 1.85. (b) IR spectra, recorded at room temperature, of the
original reagents (1) Ta2O5, (2) La2O3, (3) Li2CO3 and of their
homogenised mixtures, with different lithium contents, for the syn-
thesis by the (SSR) route of (Li3xLa2/3–xv4/3–2x)Ta2O6: (4) 3x = 0,
(5) 3x = 0.50, (6) 3x = 1.10, (7) 3x = 1.85.

was found in the samples calcined at 1570 K. At 1770 K,
the yield of the phase with the perovskite structure is 95%
(Table 1). It is obvious that a higher temperature is required
for the complete reaction of formation of La2/3Ta2O6 by the
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Table 1. Phase composition of the (Li3xLa2/3–xv4/3–2x)Ta2O6 powder
prepared by the (SSR) route as a function of lithium content, 3x,
and firing temperature, T (the firing time is 1 h). The different
phases are given in the order of their decreasing amount.

T [K] 3x = 0 3x = 0.50 3x = 0.62 3x = 0.74 3x = 1.10

370 Ta2O5 Ta2O5 Ta2O5 Ta2O5 Ta2O5

La(OH)3 La(OH)3 La(OH)3 La(OH)3 La(OH)3

Li2CO3 Li2CO3 Li2CO3 Li2CO3

770 Ta2O5 Ta2O5 Ta2O5 Ta2O5 Ta2O5

La(OH)3 La2O2CO3 La2O2CO3 La2O2CO3 LiTaO3

La2O2CO3 LiTaO3 LiTaO3 LiTaO3 Li2CO3

La2O2CO3

970 Ta2O5 Ta2O5 Ta2O5 LiTaO3 LiTaO3

La2O3 LiTaO3 LiTaO3 Ta2O5 Ta2O5

La2O3 La2O3 La2O3 La2O3

La3TaO7 La3TaO7 La3TaO7 La3TaO7

1220 Ta2O5 Ta2O5 LiTaO3 LiTaO3 –
La2O3 LiTaO3 Ta2O5 Ta2O5

La2O3 LiTa3O8 LiTa3O8

LiTa3O8 La2O3 La2O3

perovskite perovskite perovskite
LaTaO4 LaTaO4 LaTaO4

1320 Ta2O5 Ta2O5 LiTaO3 LiTaO3 LiTaO3

LaTa7O19 LiTaO3 Ta2O5 Ta2O5 Ta2O5

perovskite perovskite perovskite LiTa3O8 LiTa3O8

LaTa5O14 LiTa3O8 LiTa3O8 perovskite perovskite
LaTaO4 LaTaO4 LaTa5O14 LaTa5O14 LaTa5O14

LaTa5O14 LaTaO4 LaTaO4 LaTaO4

1420 Ta2O5 LiTa3O8 LiTaO3

perovskite Ta2O5 LiTa3O8

LaTa7O19 perovskite Ta2O5

LaTa5O14 LiTaO3 perovskite
LaTaO4 LaTaO4 LaTa5O14

LaTa5O14 LaTaO4

1570 perovskite perovskite LiTaO3 LiTaO3 LiTaO3

Ta2O5 LiTa3O8 LiTa3O8 Ta2O5 perovskite
LaTa5O14 LiTaO3 Ta2O5 LiTa3O8

LaTaO4 LaTaO4 perovskite perovskite
Ta2O5 LaTa5O14 LaTaO4

LaTaO4 LaTa5O14

1770 perovskite perovskite perovskite perovskite perovskite
LaTa5O14 LaTa5O14 LaTa5O14 LiTaO3 LiTaO3

(4.8 %) (7.7 %) (3.3 %) (4 %) (37 %)

SSR method. According to Portnoi et al. this temperature
is 1870 K.[13] On the basis of the analysis of the phase com-
position and phase ratio as a function of firing temperature
(Table 1) and taking into account the literature data,[14,15]

the process of formation of lanthanum metatantalate, La2/3-
Ta2O6 (LaTa3O9), with a defect perovskite structure of the
tetragonal system, may be represented by Equations (1), (2),
(3), (4) and (5).

For lithium-containing samples (Li3xLa2/3–xv4/3–2x)-
Ta2O6, the primary phase that appears in the process of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1552–15601554

heat treatment of a homogenised mixture of original rea-
gents is lithium metatantalate (LiTaO3) of the rhombohe-
dral system, which appears in diffractograms of samples
fired at 770 K [Equation (6)].

When the temperature is raised to 1170 K, the amount
of LiTaO3 increases and an orthorhombic lanthanum para-
tantalate (La3TaO7) phase appears [Equation (7)].

The La3TaO7 phase transforms into the lanthanum or-
thotantalate (LaTaO4) for the temperature range 1170–
1220 K. During the synthesis of La2/3Ta2O6 (3x = 0), La-
TaO4 is formed at 1320 K (Table 1). Therefore, its appear-
ance at a lower temperature (1220 K) in lithium-containing
samples is probably due to the decomposition of La3TaO7

as expressed by Equation (8).[14]

At 1220 K, LiTaO3 from Equation (6) as well as La2O3

and LaTaO4 from Equation (8) can react partially with the
remaining Ta2O5 to form the monoclinic phase of lithium
polytantalate LiTa3O8, LaTaO4 and LaTa3O9, respectively,
according to the following reactions, Equations (9), (10)
and (11).

At the same time, LiTaO3 and LaTa3O9 react to form the
lithium-containing metatantalates (P) with the perovskite
structure.

When the temperature is raised to 1320 K, the LaTa5O14

phase begins to form in addition to the above-mentioned
phases [Equation (12)].
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This phase can react with LaTaO4 to form LaTa3O9

[Equation (13)].

It should be noted that in the diffractograms of all the
samples fired at 1320 K and higher, the diffraction lines typ-
ical of the high-temperature modification (F1) of tanta-
lum() oxide appear in addition to the lines resulting from
the low-temperature modification (F) of Ta2O5

[12] (Figure 2,
a). The appearance of a defect-perovskite structure in lith-
ium-containing samples is observed at 1220 K, which is
100 K lower than the initial formation temperature in the
synthesis of La2/3Ta2O6 (3x = 0). As generally observed in
Ca tantalates[16] or La titanates,[17] the addition of lithium
greatly decreases the required synthesis temperature of the
perovskite compounds.

Figure 2 (a) shows diffractograms recorded at room tem-
perature in the 2θ range from 20° to 40° of Li0.5La0.5Ta2O6

(3x = 0.5) samples fired at and above 1320 K. As discussed
previously, at 1320 K the formation of the perovskite phase
(P) can be observed by the appearance of the diffraction
line at 2θ = 32.5°. All the other phases are present: Ta2O5

(F and F1), LiTaO3 (B), LaTaO4 (C), the monoclinic form
of LiTa3O8 (G1) and LaTa5O14 (D) in a small amount. As
temperature increases, the amount of perovskite (P) in-
creases. The formation of lithium-containing metatantalates
(P) is accompanied by a consumption of the phases Ta2O5

(F1), LiTaO3 (B), LaTaO4 (C) and LiTa3O8 (G1 and G2).
At 1770 K, a Li0.5La0.5Ta2O6 sample containing 92.3% of
the perovskite phase is obtained with 7.7% of the LaTa5O14

phase. It is obvious that the temperature of 1770 K is not
sufficient for the completion of the reaction, as in the case
of the synthesis of lithium-free lanthanum metatantalate. A
higher yield of 96–97% of the perovskite phase (P) can be
achieved for higher lithium content (0.5 � 3x � 1). As 3x
increases, the impurity phase observed at 1770 K changes
from LaTa5O14 to LiTaO3. This is clearly shown in Figure 2
(b), which shows fragments of diffractograms of La0.3Li1.1-
Ta2O6 (3x = 1.1) samples fired at 1320, 1570 and 1770 K.
The presence of LaTa5O14 as the impurity can be explained
by the existence of a partial reaction [Equation (13)] when
3x is small. At 1320 K, the formation of the perovskite
phase (P) is observed with the presence of all the above-
mentioned phases (F), (B) in a greater amount, (C), (G1)
and (D). A two-phase sample (perovskite and LiTaO3) is
obtained at 1570 K. An increase in the amount of the per-
ovskite phase (P) accompanied by a decrease in the amount
of LiTaO3 (B) in the two-phase sample, over the tempera-
ture range 1570–1770 K, demonstrates unambiguously that
lithium metatantalate (LiTaO3) is involved in the reaction.

The end reaction of lanthanum-lithium metatantalate
formation may proceed according to Equation (14).

Thus, it has been found that the processes of formation
of lanthanum metatantalate and lithium-containing lantha-
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Figure 2. (a) Powder XRD spectra, recorded at room temperature,
of Li0.5La0.5Ta2O6 prepared by the (SSR) technique and fired at
different temperatures. P = perovskite, B = LiTaO3, C = LaTaO4,
D = LaTa5O14, F = Ta2O5 (low temperature form), F1 = Ta2O5

(high temperature form), G1 = LiTa3O8 (monoclinic), G2 = Li-
Ta3O8 (orthorhombic). (b) Powder XRD spectra, recorded at room
temperature, of Li0.3La1.1Ta2O6 prepared by the (SSR) technique
and fired at different temperatures. P = perovskite, B = LiTaO3, C
= LaTaO4, D = LaTa5O14, F = Ta2O5 (low temperature form), G1
= LiTa3O8 (monoclinic).

num metatantalate proceed via the formation of the inter-
mediate phases LaTaO4, LaTa5O14, LaTa7O19 and LiTaO3,
LiTa3O8, LaTaO4, LaTa3O9, LaTa5O14, respectively. This
complex multistep mechanism of the formation of (Li3x-
La2/3–xv4/3–2x)Ta2O6 by the SSR method predetermines the
micro heterogeneity of the obtained materials and calls for
prolonged soaking at high temperature.

Precipitation from Solution (PS) Method

The results of the thermal investigation (DTA) of lantha-
num and tantalum hydroxides and the product of their co-
precipitation after addition of a stoichiometric amount of
lithium hydroxide (LLTaO)PS are presented in Figure 3 (a).
An examination of the heating curves for (LLTaO)PS (curve
3) showed the absence of thermoeffects inherent for individ-
ual hydroxides. Therefore it was suggested from thermal
analysis that when the (PS) method is used the starting
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powder of precursors (LLTaO)PS is not a mechanical mix-
ture of hydroxides. The dehydration and decarbonation pro-
cesses, which are accompanied by endothermic peaks ob-
served in the thermogram of (LLTaO)PS, occur until the
crystallisation of the mixture and separation of a lithium
metatantalate phase takes place (exothermic peak at 920 K)
(see part a in Figure 3 and Table 2). In this case, the most
intensive decrease in weight, resulting from the loss of CO2

and H2O, is accompanied by a broad endothermic peak
with a maximum at 390 K. It should be noted that the
(LLTaO)PS dehydration and decarbonation temperatures
are lower than those for hydroxides [410 K and 450 K for
La(OH)3·nH2O and Ta2O5·nH2O, respectively, Figure 3 (a)],
which is apparently accounted for by the peculiar nature of
the product obtained.

Figure 3. (a) Thermal analyses (DTA) of samples of (1) La(OH)3·
nH2O, (2) Ta2O5·nH2O and (3) Li0.5La0.5Ta2O6, prepared by the
(PS) route [(LLTaO)PS]. (b) IR spectra, recorded at room tempera-
ture, of Li0.5La0.5Ta2O6 prepared by the (PS) route [(LLTaO)PS] and
fired at different temperatures: (1) 370 K, (2) 470 K, (3) 570 K, (4)
670 K and (5) 1020 K for 1 h.

The results of the IR spectroscopy of (LLTaO)PS over a
wide-temperature range indicate the absence of the absorp-
tion bands that are characteristic of lanthanum and tanta-
lum hydroxides,[18,19] which confirms the formation of new
compounds during precipitation (Figure 3, b). The presence
of a broad and intense absorption band with a maximum
at 630 cm–1, which corresponds to the Ta–O stretching vi-
bration ν and shifts to 660 cm–1 with increasing firing tem-
perature, is typical of the octahedral coordination of Ta
atoms and indicates the presence of O–Ta–O bridge bonds
of the polymeric type.[20] The band of the Ta–O defor-
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Table 2. Phase composition of the Li0.5La0.5Ta2O6 powder prepared
by the (PS) route (LLTaO)PS as a function of firing temperature, T
(the firing time is 1 h). The different phases are given in the order
of their decreasing amount.

T [K] Phase composition

770 X-ray amorphous state
920 LiTaO3

X-ray amorphous phase
1020 LiTaO3

perovskite
LiTa3O8

X-ray amorphous phase
1070 LiTaO3

perovskite
LiTa3O8

1120 perovskite
LiTaO3

LiTa3O8

1170 perovskite
LiTaO3

LiTa3O8

1270 perovskite
LiTaO3

1320 perovskite
LiTaO3

1370 perovskite
LiTaO3

1570 perovskite
LiTaO3

1670 perovskite

mation vibration δ at 350–380 cm–1 is poorly defined at low
temperatures (part b of Figure 3, curves 1–4) but is well
defined at 1020 K (part b of Figure 3, curve 5), which is the
onset temperature for the formation of the defect perovskite
structure (Table 2). The IR spectra of (LLTaO)PS are char-
acterised by the presence of intense absorption bands at
3400–3440 cm–1 and 1600–1640 cm–1, which correspond to
stretching and deformation vibrations of H2O molecules,
respectively. Their frequencies depend weakly on the degree
of hydration of samples, indicating that the bond energy of
H2O molecules in (LLTaO)PS does not vary (Figure 3, b).
The high adsorption power of this system with respect to
CO2 is corroborated by the existence of stretching vi-
brations (ν) of the CO bond, at 1380–1520 cm–1, and a
shoulder at 850 cm–1, which relates to deformation vi-
brations (δ) of CO groups and undergoes a considerable
high-frequency shift (to 930 cm–1) in the crystalline sample
containing the perovskite phase (part b of Figure 3, curve
5).

Thus on the basis of the results of the thermal analysis
and IR spectroscopy it was concluded that when the PS
method is used, the starting powder of precursors
(LLTaO)PS obtained for the synthesis of lithium-containing
lanthanum tantalate differs from the mechanical mixture of
individual hydroxides and is an aquacomplex-type “inor-
ganic polymer”.[18]

The analysis of the XRD patterns of the (LLTaO)PS pow-
ders, fired at different temperatures (Figure 4 and Table 2),
showed that the crystallization of the mixture, involving the
formation of a lithium metatantalate phase, takes place at
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920 K (Table 2). Several differences can be noted between
the two synthetic methods. When the (PS) method is used,
(i) the onset temperature of the defect-perovskite phase for-
mation, from (LLTaO)PS powder, is 1020 K, which is 200 K
lower than in the case for the synthesis by the SSR method
(Table 1), (ii) the perovskite phase becomes predominant at
1120 K, instead of 1570 K for the (SSR) synthesis, (iii) the
final firing temperature of the Li0.5La0.5Ta2O6 powder
(1670 K) is decreased by 100 K (Table 1 and Table 2), (iv)
the product obtained has a single phase, whereas the sample
obtained by the SSR method contains a LaTa5O14 phase in
addition to the perovskite (Table 1, Table 2; part a of Fig-
ure 2 and Figure 4). The observed considerable increase in
the rate of chemical processes, when using the (PS) synthesis
method, is because of the larger surface energy of the
(LLTaO)PS powder and hence to a greater reactivity of the
precursors.

Figure 4. Powder XRD spectra, recorded at room temperature, of
Li0.5La0.5Ta2O6 prepared by the (PS) route ((LLTaO)PS) and fired
at different temperatures. P = perovskite, B = LiTaO3.

The Fullprof Rietveld analysis of the patterns collected
from (SSR)[21] as well as from (PS) sintering samples indi-
cated the formation of the defect-perovskite structure with
tetragonal symmetry and the lattice parameters: a = b =
3.903 Å, c = 7.831 Å, V = 119.29 Å3 and a = b = 3.896 Å,
c = 7.826 Å, V = 118.79 Å3, respectively.

Microstructure

Figure 5 (a) shows TEM micrographs of the (LLTaO)PS

powders fired at different temperatures for 1 h. In the tem-
perature range corresponding to the amorphous region (T
� 900 K) particles of about 5 nm in size form aggregates,
as shown in Figure 5 (a). In the crystallization region
(970 K � T � 1570 K) the particle size increases from
15 nm to 140 nm (Figure 5, a). Part b of Figure 5 shows
that the size increases linearly with firing temperature. The
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dilatometric curve shown in Figure 5 (c) reveals that the
sintering process occurs at the same time when the grain
growth takes place. Sintering begins at 1300 K leading to
the shinkage of the pellet and to its compactness. The high-
est compactness (89%) has been achieved after a sintering
at 1570 K for 2 h. Figure 6 shows a TEM image of a ce-
ramic sintered at 1570 K for 2 h and the corresponding elec-
tron diffraction pattern. It confirms the good crystallinity
of the sample and the absence of an amorphous phase. The
powder is made up of grains of 150–200 nm in size with
domains due to the cell-parameter values (ap, ap, 2ap).

Figure 5. (a) TEM micrographs of the Li0.5La0.5Ta2O6 powder pre-
pared by the (PS) route [(LLTaO)PS)] and fired at different tempera-
tures: (1) 370 K, (2) 970 K, (3) 1170 K, (4) 1570 K for 1 h. (b) Par-
ticle average size of the Li0.5La0.5Ta2O6 powder prepared by the
(PS) route [(LLTaO)PS] as a function of firing temperatures. (c) Di-
latometric curve of a pellet of the Li0.5La0.5Ta2O6 powder prepared
by the (PS) route [(LLTaO)PS].

The peculiarities of the precipitation method employed
in the synthesis of ceramic materials are known to enable
preparation of a mixture of starting reagents at a “molecu-
lar level”, which facilitates the formation of fine-grained ce-
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Figure 6. Electron diffraction pattern (a) and the corresponding
TEM picture (b) of the Li0.5La0.5Ta2O6 powder prepared by the
(PS) route [(LLTaO)PS] fired at 1570 K for 2 h and ground.

ramics. A comparison can be made in Figure 7 that shows
the microstructure of Li0.5La0.5Ta2O6 ceramics obtained by
both synthetic methods. Figure 7 (a) shows the microstruc-
ture of a ceramic pellet obtained from powders prepared by
the (PS) route and sintered at 1570 K for 2 h. It is charac-
terised by a particle size of the order of 200 nm. Figure 7
(b) shows the microstructure of a ceramic pellet obtained
by the (SSR) route and sintered at 1770 K for 1 h. A bigger
grain size of about 6 µm is observed. Without doubt this
result confirms the advantage of the precipitation method
to prepare fine-grained ceramics.

Figure 7. SEM micrographs of a sintered pellet of Li0.5La0.5Ta2O6

prepared (a) by the (PS) route and fired at 1570 K for 2 h and
(b) by the (SSR) route and fired at 1770 K for 1 h.

Electrical Properties of the Sintered Tantalates

For many electrochemical applications the resistance of
the grain boundaries as well as the compactness of the sam-
ple are important parameters. The resistance of the grain
boundaries generally limits the performance of an electro-
chemical device. To minimise the resistance of the grain
boundaries and to increase the compactness of the pellet,
sintering has been performed at 1570 K for 2 h for the pellet
prepared by the (PS) method and at 1770 K for 1 h for the
pellet prepared by the (SSR) route. It is obvious that such
different sintering conditions will lead to different grain
boundary properties. The electrical properties of these sin-
tered ceramics have been studied by the impedance spec-
troscopy technique. Figure 8 shows typical impedance spec-
tra obtained at 300 K under dry N2, for both pellets. In
order for comparisons to be made, the real and imaginary
parts of the impedance have been normalised according to
the geometric factor of the sample (l/s, l = thickness and s
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= geometric area). The high frequency part of the diagrams
(f � 10 or 1 kHz) is attributed without doubt to the ionic
relaxation in the bulk and the grain boundaries of the oxide.
The low frequency part, which appears as a straight line, is
attributed to the electrode polarisation. From Figure 8 it
can be clearly observed that the total ionic impedance of
the PS sample is higher than that for the SSR sample. This
overall behaviour is observed for all the temperatures inves-
tigated. Figure 9 presents the total ionic conductivity (bulk
and grain boundaries) as a function of temperature of sin-
tered samples obtained from either the (SSR) or (PS) route.
We attribute the deterioration of the transport properties
of the fine-grained sample, prepared by the (PS) method,
to an increase of the grain boundary impedance contri-
bution, as previously observed with the 200 nm grain size
Li0.30Ca0.35TaO3 synthesised by a polymerised complex
route.[20]

Figure 8. Normalised impedance spectra, recorded at 300 K, of
Li0.5La0.5Ta2O6 prepared by the (PS) route and fired at 1570 K for
2 h and by the (SSR) route and fired at 1770 K for 1 h with the
equivalent electrical circuit used for spectra refinement. The nor-
malising factor is the pellet geometric factor (s/l).

Figure 9. Arrhenius plots of the total ionic conductivity of sintered
pellets of Li0.5La0.5Ta2O6 prepared by the (PS) route and fired at
1570 K for 2 h and by the (SSR) route and fired at 1770 K for 1 h.

In order to evaluate the importance of the grain bound-
ary impedance of the sintered sample obtained by the (PS)
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method, we performed the analysis of the impedance dia-
grams by means of an electrical model. Several possible
electrical models were used, which were made up of series
and parallel circuits. The model shown in Figure 8, below
the impedance diagram, is the one which enabled us to fit
all the impedance diagrams in the 175 K to 600 K tempera-
ture range. The analysis shows that two relaxations are nec-
essary to fit the “semicircle” of the (PS) sample above room
temperature, instead of only one for the (SSR) route. The
high frequency relaxation is attributed to the ionic motion
of Li+ inside the grains and the low frequency relaxation to
the ionic motion from grain to grain. The bulk conductivity
of the sample is easily determined by using the high-fre-
quency resistance RHf. Figure 10 shows the bulk conductiv-
ity, plotted in an Arrhenius fashion for both the (PS) and
(SSR) sintered pellets. As found for the titanates,[22] the
bulk conductivity is the same for both tantalates confirming
that neither the synthesis method nor the grain size influ-
ence the nature and consequently the electrical properties of
the oxide. On the other hand, the grain boundary resistance
varies with the synthetic route. It is negligible when the
sample is prepared by the (SSR) route and sintered at
1770 K for 1 h, whereas it becomes important when the
sample is prepared by the (PS) route, sintered at 1570 K for
2 h and made up of particles of the order of 200 nm in
size. It has to be noted that below room temperature thee
relaxations are needed to fit the impedance data of the (PS)
sample showing the presence of another electrical barrier
that can be attributed to a boundary between the aggre-
gates. The presence of this complex microstructure leads to
an increase in the blocking effect and therefore to an in-
crease in the total impedance of the (PS) pellet. This phe-
nomenon has already been observed in Li0.30Ca0.35TaO3

[20]

Figure 10. Arrhenius plots of the bulk conductivity of the (PS) ce-
ramic sintered at 1570 K for 2 h (black dots) and of the (SSR)
ceramic sintered at 1770 K for 1 h (white dots).
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and in Li3xLa2/3–xTiO3
[23] perovskites obtained by the sol-

gel route, where both display a microstructure made up of
grains and aggregates.

Conclusion

The peculiarities of the preparation of lithium-containing
lanthanum tantalates with a defect-perovskite structure
using different synthetic methods have been studied.
For the solid-state reaction (SSR) method it has been found
that the formation of lanthanum metatantalate and lithium-
containing lanthanum metatantalates proceeds via the
formation of the intermediate phases LaTaO4, LaTa5O14,
LaTa7O19 and LiTaO3, LiTa3O8, LaTaO4, LaTa3O9,
LaTa5O14, respectively. When using the precipitation from
solution (PS) route, it has been shown that the precipitate
formed is an aquacomplex of the polymeric type. The spe-
cific features of the (PS) method enabled the perovskite-
phase formation temperature (1020 K) and the sintering
temperature (1570 K) to be reduced by 200 K, as compared
with the solid-state reaction method (1220 K and 1770 K,
respectively). Furthermore, this chemical route facilitates
the formation of fine-grained ceramics, even after sintering
(d � 200 nm). The analysis of the impedance data reveals
that the Li+ motion inside the grains is not affected by the
synthetic route. However, the complex microstructure of the
ceramic obtained by the (PS) route, made up of fine grains
and aggregates, leads to an increase of the grain- and aggre-
gate-boundary blocking effect and to a slight decrease of
the overall ionic conductivity.

Experimental Section
Extra pure oxides and carbonates, La2O3, Ta2O5 and Li2CO3, were
used as original reagents in the synthesis of (Li3xLa2/3–xv4/3–2x)-
Ta2O6 (3x = 0, 0.50, 0.62, 0.74, 1.10, 1.85) by the SSR method.
The synthesis and pellet sintering procedures have been described
previously in detail.[7,8]

To synthesize (Li3xLa2/3–xv4/3–2x)Ta2O6 (3x = 0.5) by the PS
method, alcoholic solutions of extra pure La(NO3)3 and TaCl5 and
aqueous solutions of LiOH and NH4OH were used. The NH4OH
solution was added, at pH 9, to the mixture of La(NO3)3 and TaCl5
solutions, taken in a stoichiometric ratio. The obtained precipitate
was washed with a 2-propanol/distilled water mixture. The LiOH
solution was then added to the precipitate, whilst stirring, and the
solvents were evaporated. The obtained powder, hereafter named
(LLTaO)PS, was subjected to thermal treatment over a temperature
range 770–1670 K for 1 h.

Differential thermal analysis (DTA), differential thermal gravime-
try (DTG) and thermal gravimetry (TG) were performed with a Q-
1000 OD-102 device at a heating rate of 10 K·min–1, under dynamic
conditions in air, using a Pt crucible. The infrared (IR) spectra were
recorded with a Specord-M80 spectrometer over the 200–4000 cm–1

frequency range. Samples used for the investigation were prepared
as pellets with KBr. Powder X-ray diffraction (XRD) experiments
were carried out with a DRON-4-07 diffractometer at room tem-
perature using Cu-Kα radiation (40 kV, 18 mA). The data were re-
corded using a step-scanning mode in the 2θ range from 10° to
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150°, with a step size of 0.02° and an exposure time of 10 s for
each point. SiO2 (2θ standard) and NIST SRM1976-Al2O3 (certi-
fied intensity standard) were used as external standards.[24] The
crystal parameters were refined using the Fullprof Rietveld analy-
sis.

Microstructure studies were performed by scanning electron micro-
scopy (SEM) using a JEM 10CX II (JEOL) electron microcope.
Transmission Electron Microscopy (TEM) was also performed.
Thin specimens for the TEM study were obtained by ultrasonically
dispersing particles in ethanol and depositing one drop of the re-
sulting suspension onto a Cu grid covered with a holey carbon
film. After drying, the grid was fixed in a side-entry ±30° double-
tilt specimen holder and introduced into a JEOL-2010 electron
microscope operating at 200 kV.

A dilatometric experiment was performed with a vertical dilatome-
ter (Setsys Evolution 1750 TMA equipment from Setaram). The
dilatometer follows the continuous axial shinkage of the studied
pellet as a function of temperature. Experiments were carried out
in air with a 5 K·min–1 sweep rate, from ambient temperature to
1570 K. This constant temperature was maintained for 2 h and
then cooling to room temperature was performed at the same sweep
rate as above. The probe used was that of an aluminium hemi-
sphere. The density of the sintered pellets was estimated from the
mass and the geometric dimensions of the sample. The compact-
ness after sintering was then evaluated from the density, the molar
mass and the cell parameters of the compound.

The electrophysical properties of the ceramic samples after sinter-
ing were investigated by complex impedance spectroscopy in the
frequency range 1–10 MHz using a 1260 Frequency Response Ana-
lyzer and a 1296 Dielectric Interface from Solartron. The measure-
ments were performed over the temperature range 135–600 K un-
der vacuum at low temperature in a cryogenerator and under dry
N2 above room temperature in an oven (Dataline). We checked that
the electrochemical system remains linear up to 1 V (rms), and
therefore the applied ac voltage was 400 mV (rms).

The pellets were obtained from powders resulting from either the
solid-state reaction or precipitation from the solution. The powders
obtained from the (SSR) technique were pressed into pellets and
then sintered for 1 h at 1700–1770 K in air. The powder obtained
from the (PS) route [(LLTaO)PS] was first mixed with an organic
binder (Rhodoviol®) to prevent the breaking of the pellet owing to
the presence of very fine grains. Pellets were then prepared by first
pressing the powder uniaxially at �250 MPa and later pressing it
isostatically at �500 MPa. The pellet was then heated at 670 K for
12 h in air to decompose the organic binder and then sintered for
2 h at 1570 K (with a sweeping rate of 5 K min–1). Sputtered Pt
films were deposited onto the pellets and used as ion-blocking elec-
trodes in the measurement of the ionic conductivity. The same elec-
trical model as described in ref.[22] was used to determine the bulk
conductivity and the grain boundary conductance.
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Fe3GeTe2 and Ni3GeTe2 are two new air-stable, black-met-
allic solids. They were characterized by single-crystal X-ray
crystallography, high resolution transmission electron micro-
scopy (HRTEM), and preliminary magnetic measurements.
Both compounds crystallize in the hexagonal system [P63/
mmc, Z = 2; Fe3GeTe2: a = 399.1(1) pm, c = 1633(3) pm;
Ni3GeTe2: a = 391.1(1) pm, c = 1602.0(3) pm], and represent
a new structure type with a pronounced macroscopic and mi-
croscopic layer character. They show close structural rela-
tionships to iron/nickel germanium alloys. Each layer in the
title compounds represents a sandwich structure with two
layers of tellurium atoms covering a triple-layer Fe3Ge
(Ni3Ge) substructure on both sides. Assuming full occupanc-
ies for the Fe and Ni sites, a mixed-valence formulation for
the transition-metal atoms according to (M2+)(M3+)2(Ge4–)-

Introduction

The title compounds represent two unexpected new sol-
ids. They were obtained from a series of experiments aimed
at the syntheses of new mixed-valence compounds with
transition metals related to those compounds with main
group elements investigated in our group.[1,2]

Fe3GeTe2 is possibly identical to a solid obtained ear-
lier[3] that could not, however, be structurally characterized.
Ni3GeTe2 has not been reported previously. The crystal
structures of both compounds exhibit a pronounced layer
character with layered Fe3Ge (Ni3Ge) substructures sand-
wiched by two layers of Te atoms and a van der Waals gap
between adjacent Te layers. The Fe3Ge and Ni3Ge substruc-
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(Te2–)2 (M = Fe, Ni) may be concluded. A slightly reduced
occupancy for one Fe/Ni position, however, indicates a more
complicated local structural situation. This is confirmed by
weak residual electron density in the van der Waals gap and
by the results of detailed HRTEM and electron-diffraction ex-
periments for Ni3GeTe2. The latter results show variations in
the arrangement of Ni atoms, as well as vacancies and a mis-
fit of in-plane disordered hexagonal layers. Fe3GeTe2 shows
Curie–Weiss behavior above and ferromagnetism below
230 K, while Ni3GeTe2 exhibits temperature-independent
paramagnetism in the measured temperature range and a
metallic behavior of the electrical resistance.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tures are closely related to layered sections of the structures
of alloys with the compositions Fe1.67Ge[4] and Ni1.67Ge.[5]

From a general topological viewpoint, a close relationship
with respect to the sandwich character is also obvious to a
group of layered metal-rich Nb, Ta, and Hf chalcogenides
and to Pd5AlI2 characterized earlier by different au-
thors.[6–9] The latter solid is the earliest example to fit into
this group of unconventional layer structures. In all these
solids, at least three layers of metal atoms (or mixed-metal
and semimetal atoms) are sandwiched between two layers
of chalcogen (or halogen) atoms.

For both compounds there seems to be a simple mixed-
valence formulation like M3GeTe2 = (M2+)(M3+)2(Ge4–)-
(Te2–)2, which is strongly supported by the crystallographic
multiplicity of the respective atomic sites. However, disorder
phenomena and structural inhomogeneity, in combination
with the general properties of the new solids, make a simple
formulation as type 1 mixed-valence solids[10] with clearly
distinguishable oxidation states most unlikely, and compli-
cate a concise description of these new compounds.
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Table 1. Summary of the data collection and refinement details for Fe3GeTe2 and Ni3GeTe2.

Name Triiron germanide ditelluride Trinickel germanide ditelluride

Chemical formula Fe3GeTe2 Ni3GeTe2

Molecular mass [g/mol] 495.34 503.9
Temperature [K] 293(2) 293(2)
Wavelength [pm] Mo-Kα, λ = 71.073 Mo-Kα, λ = 71.073
Crystal system, space group hexagonal, P63/mmc (No. 194) hexagonal, P63/mmc (No. 194)
Cell dimensions [pm] a = 399.1(1), c = 1633(3) a = 391.1(1), c = 1602.0(3)
Volume [106 pm3] 225.34(9) 212.10(9)
Z, X-ray crystal density [g/cm3] 2, 7.3 2, 7.89
Absorption coefficient [mm–1] 28.552 33.389
F(000) 428 440
Diffractometer IPDS (Stoe) IPDS (Stoe)
Scan type φ φ
Crystal size [mm] 0.15×0.15×0.01 0.08×0.08×0.03
Measured range (θ) [°] 2.49–25.79 6.02–30.31
Index ranges –4 � h � 4 –4 � h � 5

–4 � k � 4 –5 � k � 5
–20 � l � 20 –22 � l � 17

Measured reflections; unique; 1566; 113; 112 1182; 156; 120
significant
Rint, Rσ 0.0535, 0.0225 0.0484, 0.0239
Completeness to (θ) [°] 93.8% (25.79) 91.1% (30.31)
Tmin., Tmax. 0.0048, 0.5039 0.029, 0.073
Structure solution direct methods[a] direct methods[a]

Structure refinement full-matrix least-squares on F2 [b] full-matrix least-squares on F2 [b]

Data/restraints/parameter 113/0/15 156/0/16
S(F2) 1.547 1.061
Absorption correction numerical[c] numerical[c]

R1, wR2 [I � 2σ(I)] 0.0328, 0.0731 0.0282, 0.0608
R1, wR2 (all data) 0.0330, 0.0731 0.0396, 0.0628
Extinction coefficient 0.069(7) 0.007(1)
ρmin, ρmax –1.9(5), 1.6(5) –1.5(4), 1.5(4)

[a] G. M. Sheldrick, SHELXS-97, Program for the Solution of Crystal Structures, University of Göttingen, 1997. [b] G. M. Sheldrick,
SHELXL-97, Program for Structure Refinement, University of Göttingen, Germany, 1997. [c] STOE & CIE, X-SHAPE 1.06, Darmstadt,
1999.

Here we present information about the preparation con-
ditions and the crystal structures obtained by X-ray single-
crystal and powder diffraction studies. Detailed discussions
of the real structure based on results from HRTEM and
SAED (Selected Area Electron Diffraction) studies of Ni3-
GeTe2 are also provided. In addition, preliminary tempera-
ture-dependent measurements of the magnetic susceptibility
for powder samples of both compounds are presented.

Results and Discussion

Tables 1, 2, and 3 contain the relevant crystallographic
and crystal chemical results for the title compounds.

Fe3GeTe2

Figure 1 shows a projection of the crystal structure of
Fe3GeTe2, emphasizing that layers of Te atoms sandwich
2D structural sections built from Fe and Ge atoms. The
shortest distance d(Te–Te) between adjacent layers amounts
to 374 pm. In order to illustrate the Fe/Ge substructure in
more detail, the three atomic layers consisting of Fe, Fe/Ge,
and Fe atoms are projected along [001] in part b of Fig-
ure 1. A comparison with structural data given in the litera-
ture for Fe1.67Ge (see earlier) reveals that this alloy contains

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1561–15671562

Table 2. Atomic coordinates, Wyckoff notations, site occupation
factors, and equivalent isotropic displacement parameters Ueq

[104 pm2] for Fe3GeTe2 and Ni3GeTe2 (printed in italics). Ueq is
defined as one-third of the trace of the orthogonalized Uij tensor.

Atom Wyckoff x y z Ueq s.o.f.

Fe1 4e 0 0 0.6718(1) 0.0086(7) 1.0(1)
Ni1 4e 0 0 0.6670(1) 0.0097(5) 1
Fe2 2c 0.6667 0.3333 0.75 0.0077(2) 0.83(2)
Ni2 2c 0.6667 0.3333 0.75 0.007(1) 0.70(1)
Ni3 2a 0 0 0.5 0.010(3) 0.25(1)
Ge 2d 0.3333 0.6667 0.75 0.021(1) 0.99(2)
Ge 2d 0.3333 0.6667 0.75 0.0218(6) 1
Te 4f 0.6667 0.3333 0.59018(6) 0.0096(7) 1
Te 4f 0.6667 0.3333 0.58852(6) 0.0079(4) 1

similar hexagonal layers of Fe and Fe/Ge atoms, however,
it forms a compact, isotropic 3D structure without any
macroscopic layer character. It should be noted that the
chemical composition as obtained by refinement of the
crystallographic occupational parameters based on single-
crystal X-ray data gives Fe2.83GeTe2 instead of Fe3GeTe2

(Table 2). This minor but significant difference was repeat-
edly found for different crystals. It stems from an occu-
pational deficiency of the Fe2 site (forming a common layer
with Ge), however, it differs from results obtained by ana-
lytical scanning electron microscopy for a variety of crys-
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Table 3. Selected interatomic distances d [pm] for Fe3GeTe2 and
Ni3GeTe2.

Fe3GeTe2 Ni3GeTe2

Ge –Fe2/Ni2 (3×) 230.42(6) 225.74(6)
–Fe1/Ni1 (6×) 263.4(1) 261.9(1)

Fe1/Ni1 –Fe1/Ni1 255.4(4) 265.6(4)
–Fe2/Ni2 (3×) 263.4(1) 261.9(1)
–Ge (3×) 263.4(1) 261.9(1)
–Te (3×) 266.2(1) 258.5(1)
–Ni3 – 267.7(2)

Fe2/Ni2 –Ge (3×) 230.42(6) 225.74(6)
–Te (2×) 261.1(1) 266.59(7)
–Fe1/Ni1 (6×) 263.4(1) 261.9(1)

Ni3 –Te (6×) – 266.59(7)
–Ni1 (2×) – 267.7(2)

tals. These strongly support the composition Fe3GeTe2 for
the series of tested crystals. A possible solution for this con-
tradiction assumes a marginal fraction of 0.17 Fe atoms
(per formula unit) statistically distributed over atomic posi-
tions in the van der Waals gap. This problem is even more
pronounced for the corresponding Ni atoms in Ni3GeTe2,
and is therefore discussed together with the character of the
coordination polyhedra and further structural details later.

Figure 1. (a) Projection of the crystal structure of Fe3GeTe2 along
[010]. (b) [001] projections of the single Te, Fe, and mixed Fe/Ge
layers of the upper layer package.

Ni3GeTe2

Figure 2 (a) shows a projection of the crystal structure
of Ni3GeTe2 along [010], which is basically isotypic to
Fe3GeTe2. Even more pronounced than for Fe3GeTe2, a sig-
nificant residual electron density in the van der Waals gap
is observed in the refinement of the single-crystal X-ray dif-
fraction data. The reliability factor of the refinement signifi-
cantly improves if we assume partial occupancy (0.25) of
the Ni3 site located in the van der Waals gap between adja-
cent Te layers.

Eur. J. Inorg. Chem. 2006, 1561–1567 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1563

Figure 2. (a) Projection of the crystal structure of Ni3GeTe2 along
[010]. (b) The octahedral coordination polyhedron for Ni3 (this Ni-
position is located in the van der Waals gap with an approximate
occupancy of 0.25).

In Figure 2 (b), the coordination polyhedron for Ni3 is
displayed. It is similar to the coordination polyhedron
found, for example, for Ni in NiTe2 (CdI2 type[11]). This
Ni3–Te partial structure can be treated as a 2D section of
a Ni-deficient NiTe2 structure. Together with the reduced
occupancy of Ni2 (Table 2), the occupancy of Ni3 com-
pletes the chemical composition to give (Ni3)0.25(Ni2)0.7-
(Ni1)2GeTe2 = Ni2.95GeTe2.

From the inspection of SEM images (Figure 3), it is most
likely that the presence of Ni3 in the van der Waals gap
causes a stronger cohesion between adjacent layers, and
may be responsible for the more compact and less pro-
nounced layer character of the Ni3GeTe2 sample in com-
parison with Fe3GeTe2.

Figure 3. A comparison between SEM images of (a) Fe3GeTe2 and
(b) Ni3GeTe2 showing the hexagonal platelets which are character-
istic for both compounds. The platelets formed by the Ni com-
pound are thicker and more compact.

Further Crystal Chemical Aspects

The individual coordination polyhedra shown in Fig-
ure 4 for Fe3GeTe2 clearly demonstrate that there is no typi-
cal coordination geometry (for example, tetrahedral)
around the germanium atoms that would formally allow a
+4 oxidation number to be ascribed to the Ge atoms. In-
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stead, the germanium atoms are surrounded by iron atoms
exclusively in their first coordination sphere, whereas tel-
lurium atoms are typical constituents of the second coordi-
nation sphere [the shortest d(Ge–Te) = 348 pm in compari-
son with the shortest d(Ge–Fe) = 230 pm]. On the other
hand, both types of iron atoms (Fe1 and Fe2) are coordi-
nated by Ge, Fe, and Te atoms in their first coordination
sphere (Figure 4), suggesting in particular significant Fe–Fe
interactions [the shortest d(Fe–Fe) = 255 pm in comparison
to d(Fe–Fe) = 250 pm in alpha-Fe]. At first glance, these
structural details partly seem to support the earlier men-
tioned simple ionic description of Fe3GeTe2 as (Fe2+)-
(Fe3+)2(Ge4–)(Te2–)2.

Figure 4. Coordination polyhedra around Fe1, Fe2, and Ge in
Fe3GeTe2.

If we omit the enclosing Te atom layers and the Ni atoms
located in the van der Waals gap, we can clearly see from
Figure 5 that the Fe/Ge and Ni/Ge atoms form a 2D system
of trigonal prisms GeFe(2)6/3 interconnected by additional
Fe(1) atoms, or alternatively as a system of trigonal prisms
Fe(1)Fe(2)6/3 interconnected by Ge atoms. The first view
is reminiscent of the aspect that the 2D partial structure
represented in this way can be interpreted as a stuffed 2D
NiAs structure.

Figure 5. The 2D Fe3Ge (Ni3Ge) partial structure of Fe3GeTe2

(Ni3GeTe2) visualized as a 2D arrangement of trigonal prismatic
GeFe6/3 units interconnected by Fe atoms or as a 2D system of
trigonal prismatic FeFe6/3 units interconnected by Ge atoms.

A comparison of Fe3GeTe2 and Ni3GeTe2 based on the
statements given earlier shows that the most important dif-
ference between their crystal structures concerns the par-
tially occupied atomic position Ni3 (0.25 Ni per formula
unit) located in the van der Waals gap. In the case of the
iron compound this position does not show any significant
residual electron density. A supporting argument comes

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1561–15671564

from the experimental observation that NiTe2 crystallizes in
the CdI2 structure type[12] with Ni in a similar coordination
as Ni3 in Ni3GeTe2. FeTe2 on the other hand does not crys-
tallize in this structure type. Instead, only a marcasite modi-
fication of FeTe2 is known.[12] Thus, the crystal structure of
Ni3GeTe2 can actually be treated as an intergrowth species
between the two Ni-deficient constituting phases NixTe2

and Ni1–xNi2GeTe2 with x = 0.25.
In order to clarify the structural situation, it must be

mentioned at this point that a completely ordered distribu-
tion of Ni3 (hypothetical Fe3) would require multiple
lengths of a and b (not c). A fully (or partially) ordered
distribution of Ni3 on the other hand would result in ad-
ditional (diffuse) superstructure reflections. It was found
that more detailed information on this subtle problem could
only be derived from HRTEM and SAED investigations
with Ni3GeTe2 (see later), and not from the X-ray structure
analyses.

HRTEM and SAED Investigations of Ni3GeTe2

Our study was specifically focused on the degree of struc-
tural disorder on the nanometer scale, and in particular on
the examination of the Ni and Ge atomic disorder. Disorder
phenomena resulting from X-ray analyses in many cases
have been artificially generated by a superposition of or-
dered real structure components, like domains or stacks of
layers with ordered structure. In fact, some peculiarities of
the morphology could be addressed to layered components:
see the well-defined microstructure in the bright field
images of Figure 6 (part a, zone axis [001] and part b). Elec-
tron-diffraction patterns along zone axes [uv0] demonstrate
that all stacks are strictly parallel to (001). Figure 6 (b) was
recorded along zone axis [100], and hence displays the (001)
stacks edge on. The lower limit of their thickness is in the
range of several nanometers. The stacks separate at the out-
ermost rims of the crystals, while they match perfectly at
coherent boundaries in thicker areas. HRTEM proves that
the stacks are not significantly shifted to each other; there-
fore, they are not part of a classical polytypic structure.
EDX linescans indicate no noticeable changes in the
average composition of adjacent stacks, particularly not of
the Ni/Ge ratio. At first glance, SAED patterns (tilting ex-
periments) are in good agreement with patterns simulated
on the basis of the average structure. However, closer in-
spection reveals two kinds of intensities in addition to the
main structure reflections. Both phenomena indicate mar-
ginal deviations of the real structure from the disordered
average structure.

The first one includes weak diffuse rods parallel to [001]*
intersecting all positions h/3h/30 and 2h/32h/30 of the recipro-
cal space which are equivalent for the hexagonal system.
The rods are shown as diffuse lines in patterns containing
[001]* (see for instance zone axis [210] in Figure 6, c), while
they are cut into intersection points in [001] patterns (Fig-
ure 6, d). The diffuse intensity observed in different areas
of the same crystallite is variable, as demonstrated by the
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Figure 6. Bright field images of compact crystals, (a) zone axis [001]
and (b) zone axis [100]. Electron-diffraction patterns with diffuse
intensities, (c) for [210], and intersection points, (d) [001]. Pattern
(e) was recorded on another selected area of the same crystal as
(d).

existence or absence of intersection points, cf. Figure 6
(parts d and e). In some cases, we observed [001] patterns
without any diffuse scattering in the precise zone axis orien-
tation, however, when tilting the diffuse intensities became
significant (see later).

Taking into account the high sensitivity of electron-dif-
fraction experiments and the exceptionally weak diffuse in-
tensity observed, the lack of such intensities in X-ray dif-
fraction patterns can be rationalized. It was challenging to
image the deviation from the average structure, especially
because of the beam sensitivity of the sample under the
conditions of HRTEM. However, with selection of low dose
modes, we were at least able to record [001] micrographs
with significant intersection points in the Fourier trans-
forms. An interpretation of the scattering phenomena in
real space is complicated as a result of moiré effects (see
later). However, a basic interpretation is straightforward,
that is, the existence of diffuse rods in reciprocal space cor-
relates with the evolution of structural order within layers
of direct space. For the modeling of such in-plane ordering,
ordered arrangements of Ni atoms and vacancies in the Ni
and (Ni, Ge) layers were introduced. Additionally, the occu-
pancy factors were fixed to the average values. Prototypes
for such ordering can be derived from the structures of (Ni,
Ge) intermetallics. Those compounds show related disorder
phenomena to those observed for Ni3GeTe2. A top view of
a mixed (Ni, Ge) layer of Ni5Ge3

[13] is characterized by an
ordered vacancy distribution (see Figure 7).

Figure 7. (a) Top view of the ordered (Ni, Ge) layer of Ni5Ge3.
(b) Top view of the disordered (Ni, Ge) layer in Ni3GeTe2.
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The composition of this layer is the same as that of the
mixed and disordered (Ni2, Ge) layer in Ni3GeTe2. The or-
dered vacancies can be introduced in large supercells, which
serve for simulation. The simulated [001] SAED pattern
shows, like the experimental patterns, intensities in addition
to the main structure reflections on all positions h/3h/30 and
2h/32h/30. The occurrence of diffuse scattering in the experi-
mental patterns could be interconnected with a nonperiodic
sequence of the ordered layers, for example by applying ro-
tations of adjacent layers. In the case of disorder, the inten-
sity distribution within the diffuse rods depends on the de-
gree of structural order within the analyzed area. If the
structure appears to be randomly arranged along [001], for
instance by assuming equal numbers of ordered layers with
0°, ±60°, and ±120° rotation (rotation axis [001]), we expect
no intersection points in the zero-order Laue zone of [001]
patterns. However, diffuse intensity should be present in
layers slightly above (001)*; hence, the formation of inter-
section points by tilting slightly from precise [001] zone axis
orientation is rationalized. As shown by simulated micro-
graphs, the significance of ordered vacancies in HRTEM
micrographs is marginal, in particular for real structures
containing a disorder of layers. Therefore, future projects
are focusing on HRTEM on long-term annealed samples
which may be long-range ordered crystals.

The second type of diffracted intensity, in addition to the
main structure reflections, can be assigned to moiré effects
based on a misfit of hexagonal layers (see later). In this
case, no diffuse intensities were observed as evidence of an
in-plane disordered arrangement of Ni atoms and vacan-
cies. Along [001], the misfit produces characteristic patterns
of double diffraction (see Figure 8).

Figure 8. Double diffraction patterns in [001], (a) typical example
and (b) enlarged sections of patterns, displaying distinct difference
vectors (∆d, see arrows).

No multiple twinning (triplets) of stacks with a lower
symmetry than hexagonal (for example, orthorhombic C) is
shown. All [001] patterns as well as Fourier transforms of
HRTEM images show perfect hexagonal symmetry and no
splitting of the main structure reflections. As a rule, a trans-
lational moiré effect is observed, which is based on hexago-
nal layers with parallel orientation of all lattice vectors but
with significant variations of the in-plane (a) lattice param-
eter. The changes of the lattice could be interconnected with
strain, for example because of in-plane aggregation of Ni
atoms on Ni2 and Ni3 positions within adjacent (001)
stacks. The lattice mismatch varies from crystal to crystal:
see the arrows in Figure 8 (b) which highlight the distinct
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difference vectors of both lattices. Slight variations of the
mismatch are also evident within the same crystallite. The
in-plane aggregation could be interconnected with varia-
tions in the density of the Ni atoms in consecutive (001)
layers containing Ni2 and Ni3 positions. To check for such
real structures, the average density of the Ni atoms was split
in terms of more or less occupied Ni2 and Ni3 positions
within consecutive (001) layers. The significance of such
separation in HRTEM micrographs is demonstrated for
[100] in Figure 9 (a). The simulations were calculated close
to Scherzer defocus. The black contrasts correspond to
atoms (high projected potential), and the white contrasts
correspond to cavities (low projected potential), with both
superimposed in rows along [100]. The black and gray ar-
rows highlight the layers containing Ni2 and Ni3 positions
edge on. Starting from a ratio of occupied positions Ni2/
Ni3 = 100:0, the average occupation of Ni2 layers was de-
creased while that of Ni3 was increased in steps of the same
value. The series of simulations clearly demonstrates that
the significance of HRTEM is limited to full separation
which has never been experimentally observed, not even by
selection of different focusing conditions (see Figure 9, b).
On the contrary, all experimental images are in good agree-
ment with the simulated images based on the average struc-
ture. The occupation of the position Ni3, for example, is in
accordance to the average structure low, and a separation
in layers with full and nonoccupied positions Ni3 can be
excluded. Hence, the mismatch must be based on in-plane
aggregations of Ni atoms without significant changes to the
average occupancy factors.

Figure 9. (a) Simulated micrographs for Scherzer defocus (zone axis
[100]) with different densities on positions Ni2, Ni3; see text. (b)
Defocus series with inserted simulations ([100], thickness: 3.2 nm).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1561–15671566

To conclude, the ordering of Ni atoms and vacancies in
the real structure is never complete. Two scattering phe-
nomena demonstrate variations in the arrangement of Ni
atoms and vacancies. The first one (diffuse intensities) indi-
cates in-plane ordering, while the second one (double dif-
fraction) is characterized by a misfit of in-plane disordered
hexagonal layers.

Magnetism of Fe3GeTe2 and Ni3GeTe2 and Electrical
Conductivity of Fe3GeTe2

Preliminary measurements of the temperature depen-
dence of the magnetic susceptibility reveal a spontaneous
magnetization below 230 K, indicating ferro- or ferrimag-
netic behavior of Fe3GeTe2 (Figure 10, a). The splitting of
the zero-field cooled (zfc) and field-cooled (fc) susceptibility
measured in an external field of 0.1 T below about 200 K
closes for larger external fields (1 and 5 T). We ascribe the
splitting of the fc-zfc susceptibilities to irreversible effects
due to domain ordering. The inset in Figure 10a displays
the magnetization of Fe3GeTe2 at 10 K. Saturation is ob-
served for external fields above 5 T with a moment of about
1.2 µBohr per Fe atom, about half of the saturated moment
of elementary iron.

Ni3GeTe2 shows no indication of spontaneous magne-
tization. Rather, a weak temperature-independent suscep-
tibility is observed above 100 K (Figure 10, b). The increase
of the susceptibilities below 50 K can be understood as
caused by traces of a paramagnetic impurity, and the field
dependence of the susceptibilities as caused by traces of a
ferromagnetic impurity.

Figure 10. (a) Magnetic susceptibility for Fe3GeTe2 as a function
of temperature and magnetic field. The inset displays the magnetic
moment per Fe atom at 10 K. (b) Magnetic susceptibility for Ni3-
GeTe2 as a function of temperature and magnetic field. The solid
line represents a fit of a modified Curie law (see text) to the suscep-
tibility of Ni3GeTe2 measured in a field of 0.1 T. The increase in the
susceptibility at low temperatures can be ascribed to a temperature-
dependent paramagnetic impurity with a concentration of about
0.2% assuming S = 1/2 entities with an effective moment of 1.73 µB.
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The observed field dependence of the magnetic suscep-

tibilities follows if the sample (m = 135 mg) is assumed to
contain about 400 µg of elementary ferromagnetic Ni (satu-
ration magnetization 0.62 µBohr

[14]).
The magnitude and temperature dependence of the elec-

trical resistance (Figure 11) prove Fe3GeTe2 is a metal. The
magnetic transition shows up as a kinklike anomaly at
about 225 K (see inset in Figure 11) because of spin-flip
scattering.

Figure 11. Temperature dependence of the in-plane electrical resis-
tance of a small crystal (approximately 1×1×0.05 mm3) of Fe3-
GeTe2. The inset displays the derivative of the in-plane resistance
with respect to temperature. A clear maximum of the derivative is
seen at the magnetic ordering temperature.

In order to clarify the earlier mentioned valence prob-
lems of iron, more detailed magnetic measurements to-
gether with Moessbauer investigations are currently in pro-
gress.

Experimental Section
Fe3GeTe2 was prepared by a direct solid-state reaction starting
from an intimate mixture of the pure elements in the molar ratio
3:1:2 (Fe: 99.9%, powder, Heraeus; Ge: 99.99%, powder 250 µm,
Chempur; Te: 99.999%, pieces, Chempur). The mixture of the
starting materials was filled into a dry quartz glass ampoule, which
was evacuated and sealed, heated up to 625 °C, and kept at this
temp. for two weeks. The homogeneous gray, air-stable product did
not show any impurities in standard X-ray diagrams, melted incon-
gruently at 837 °C, and formed crystals with the shape of small
hexagonal plates suitable for X-ray single-crystal experiments. Poly-
crystalline Ni3GeTe2 was prepared in an analogous way (Ni:
99.9%, powder, Heraeus). Bulk material and crystals, viewed under
a light microscope, looked very similar to Fe3GeTe2, and melted
incongruently at 879 °C. However, a more compact and less pro-
nounced layer character of small crystals of the nickel compound
became obvious in the scanning electron microscope. Standard
powder X-ray diagrams for Ni3GeTe2 did not show any contami-
nations. Further details of the crystal structure investigation for
Fe3GeTe2 and Ni3GeTe2 may be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen (Ger-
many), on quoting the depository numbers CSD 415616 or CSD
415617, respectively.

For the HRTEM investigations, crystals of Ni3GeTe2 were crushed
and suspended in n-butanol (HRTEM measurements of Fe3GeTe2
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were not possible because of unexpectedly emerging ferromagnet-
ism already at ambient temp.). One drop of the n-butanol suspen-
sion was transferred to a perforated carbon/copper net which
served as support of the crystallites after drying. HRTEM and
SAED investigations were performed with a Philips CM30ST
(300 kV, LaB6 cathode, CS = 1.15 mm). Computer simulations of
the HRTEM images (multislice formalism) and SAED patterns (ki-
nematical approximation) were carried out with the EMS program
package[15] (spread of defocus: 70 Å, illumination semiangle:
1.2 mrad). All images were collected with a Multiscan CCD Cam-
era [software Digital Micrograph 3.6.1 (Gatan)]. EDX spectroscopy
was performed in the scanning- and nanoprobe mode of CM30ST
with a Si/Li-EDX detector (Noran, Vantage System).

Magnetic measurements for both compounds were carried out with
the SQUID magnetometer (MPMS, Quantum Design, Dan Diego,
USA) of the Max-Planck-Institut für Festkörperforschung (Stutt-
gart). The in-plane electrical resistance of Fe3GeTe2 was measured
on a platelet-shaped crystal with dimensions �1×1×0.05 mm3 in
the temp. range 50–300 K. Electrical contacts were made by four
parallel Cr/Au stripe contacts which had been evaporated on a
(110) face of the crystal.
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The photochemical C–H activation of cycloalkanes by amino-
ethyl-functionalized cyclopentadienyliridium complexes pro-
ceeds in a broadly similar way to that for their unfunction-
alized analogues. In a carbon monoxide atmosphere, there
is evidence that carbonylation to form the carboxaldehyde

Introduction

UV initiated photodissociation of CO or H2 from group-
9 organometallic compounds of the type [CpMLL�] or
[Cp*MLL�] (M = Ir, Rh; L = CO, PMe3; L� = CO, H2)
have been known to generate intermediates that are capable
of activating the otherwise inert C–H bonds in hydrocarbon
solvents.[1] This has stimulated much interest due to the
plentiful supply of alkanes and the potential of using al-
kanes as chemical feedstocks for catalytic syntheses of or-
ganic molecules. Over the last two decades there have been
several studies on the mechanism, kinetics, and thermody-
namics of this activation process in solution, the gas phase,
low-temperature matrices, and liquid noble gases.[1d,2] For
[CpXM(CO)2] (CpX = Cp or Cp*; M = Ir or Rh), spectro-
scopic measurements have shown that the primary
photoproduct is a coordinatively unsaturated 16-electron
species [CpXM(CO)] obtained by dissociation of a CO
ligand. This species is extremely reactive and forms a
solvent adduct complex [CpXM(CO)···S] before undergoing
C–H activation to give the hydridoalkyl species
[CpXM(CO)(R)(H)].[2b,3]

Many functionalized cyclopentadienyl ligands containing
side-chain donor groups (OR, NRR�, PRR�, CH=CH2) are
beginning to appear in the literature. In particular, we were
interested in aminoethyl-functionalized cyclopentadienyl li-
gands because of their “hard-soft” combination of electron
donors; the cyclopentadienyl ligand is known to stabilize
transition metals in high as well as low oxidation states
whereas the amino group favors coordination to metals in
high oxidation states. Only weak interactions are antici-
pated to metals in low oxidation states, although these may
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National University of Singapore,
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occurred with both systems. In situ infrared spectroscopic
studies on these reactions allow the identification of several
species present in low concentrations in the reaction mixture.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

be strengthened by the chelate effect.[4] As a result, amino-
ethyl-functionalized cyclopentadienyl ligands may be ex-
pected to behave as hemilabile ligands; under the conditions
for the activation of hydrocarbons, the nitrogen donor on
the side-arm of the aminoethyl-functionalized cyclopen-
tadienyliridium complex may coordinate to the iridium cen-
ter. This reversible coordination to a reactive metal center
is of general interest in catalysis as it may stabilize a highly
reactive, electronically and sterically unsaturated intermedi-
ate by weakly occupying the vacant coordination site until
the actual substrate coordinates and replaces the amino
group.[5] In this paper, we present the results of our study
on the photolysis of [Cp*Ir(CO)2] (1b), as well as its amino-
ethyl-functionalized analogue, in vacuo or under an argon
or carbon monoxide atmosphere.

Results and Discussion

The aminoethyl-functionalized cyclopentadienyliridium
complexes [Cp∧Ir(CO)2] (1c) and [Cp*∧Ir(CO)2] (1d; Cp∧
= C5H4CH2CH2NMe2 and Cp*∧ = C5Me4CH2CH2NMe2)
were synthesized by an analogous route to that reported for
[CpIr(CO)2] (1a; Scheme 1).[6]

The UV absorption spectrum of 1d shows absorption
maxima at about 210 and 280 nm. Upon UV irradiation
of a degassed solution of 1d in cyclohexane, the solution
darkened slowly from yellow to orange-brown. Monitoring
the photolysis by infrared spectroscopy showed initial for-
mation only of the corresponding hydridoalkyl species 2d
(νCO = 1981 cm–1), the CO stretching vibration of which is
essentially identical to that of the [Cp*IrCO(Cy)(H)] ana-
logue (νCO = 1981 cm–1 in cyclohexane).[7] As the photolysis
progressed, a new species showing a carbonyl stretch at
1996 cm–1 in the infrared spectrum and a hydride resonance
at δ = –15.7 ppm ([D8]toluene) in the 1H NMR spectrum
was formed (Scheme 2). This was assigned to the dihydride
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Scheme 1.

complex 3 by comparison of its spectroscopic data with the
analogue [Cp*Ir(CO)H2] (νCO = 1996 cm–1 in cyclohexane;
δ = –15.8 ppm in C6D6);[7,8] the latter was reported to form
when 1b was irradiated under a hydrogen atmosphere.[7]

Scheme 2.

Since our irradiation experiment was carried out in the
absence of hydrogen gas, the formation of 3 may have re-
sulted from β-hydrogen elimination of cyclohexene from 2d.
Indeed, cyclohexene was detected by GC-MS analysis of
the reaction solution. Similar irradiation of 1c in cyclohex-
ane also resulted in the formation of the corresponding di-
hydride species, although in this case there appeared to be
some decomposition during irradiation. Similar results
could also be achieved in a shorter time by irradiation with
a 266-nm laser; for 1c, the ratio of 1c/2c, as determined by
the relative intensities of the CO absorbance, was 3.3 after
6 h of UV irradiation, while the ratio was 2.0 after irradia-
tion with the laser for 45 minutes. We also found that with
[(C5H4CH2Ph)Ir(CO)2] (1e), which has a benzyl group as
the side-arm, a dihydride species was also obtained. It
therefore appears that photolysis of the complexes carrying
a side-arm results in the formation of dihydride complexes;
this has not been reported to occur with [Cp*Ir(CO)2] itself.
The 1H NMR spectrum of the reaction mixture also shows
another hydride resonance at δ = –17.5 ppm, which could
be due to intramolecular C–H activation of the amine
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group on the Cp ligand or CO insertion into the Ir–C bond
to give the acyl species [Cp*∧Ir(CO)(H)(COC6H11)].

Under a CO atmosphere (1 bar), the activation of 1d in
cyclohexane to form 2d was slower and occurred with lower
yield; the ratio of the absorbance of the CO stretch for 2d/
1d was 0.43 after 5 h under a CO atmosphere, and 1.4 after
2 h in vacuo. The same difference in ratios was observed for
the activation of 1b in cyclohexane to form 2b; the ratio of
(absorbance of) 2b/1b was essentially constant at 0.65 after
30 min under a CO atmosphere, while it increased steadily
from 1.03 at 30 min to 1.61 at 60 min in vacuo, although
there were signs of decomposition in the latter on pro-
longed photolysis. Instead of 3, the cluster [Ir4(CO)12] (4;
νCO = 2029, 2069 cm–1) was obtained together with 2d; clus-
ter 4 was also obtained from 1b under similar conditions.
Cluster 4 was not formed when a cyclohexane solution of
1d was stirred under a CO atmosphere without irradiation.
However, if the cyclohexane solution of 1d was first irradi-
ated, and then a CO atmosphere introduced, a mixture of
1d, 2d, and 4 was obtained; the changes in the relative inten-
sities in the infrared spectra suggest that 3 is completely
converted into 4 while 2d is only partially converted into 4.
If this mixture was degassed and then subjected to irradia-
tion, a mixture of 1d, 2d, and 3 was obtained. All these are
summarized by the scheme and spectra given in Figure 1,
and suggest that 4 is formed by the decomposition of 2d
and 3, and that this is reversible.

Figure 1. IR spectra of 1d taken in cyclohexane: (a) after UV irradi-
ation in vacuo for 6 h, followed by (b) stirring overnight under 1
atm of CO, (c) degassing and stirring overnight in vacuo, and (d)
UV irradiation in vacuo for 3 h.

We confirmed the identity of 4 by an independent syn-
thesis,[9] and also found that upon irradiation, a degassed
suspension of 4 in cyclohexane in the presence of Cp*H or
Cp*∧H gave partial conversion to 1b or 1d, respectively,
as identified by IR spectroscopy. Further irradiation of the
reaction mixture containing 1b and the starting materials
resulted in the formation of the corresponding hydridoalkyl
species 2b; the yield of 2d for the corresponding reaction
was low. At the end of the 5 h irradiation, suspension of
4 in the reaction mixture was still observed, thus the low
conversion rates may be attributed to the low solubility of
4 in cyclohexane.
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In line with earlier findings that smaller rings show

higher reactivity toward C–H activation,[1c,10] we found that
the C–H activation of cyclopentane by 1d was indeed more
facile; the ratio of 2e/1d (by absorbance) was 2.22 after
10 min, compared to a 2d/1d ratio of 1.94 after the same
period. These figures also indicate that the activation of 1d
is faster than that of 1b. On stirring the resultant solution
overnight under a CO atmosphere, both 2e and 3 converted
completely into 4 (Figure 2).

Figure 2. IR spectrum of 1d in cyclopentane: (a) after stirring for
2 h under CO, followed by (b) 3 h UV irradiation under CO, (c)
degassing and irradiation for 3 h in vacuo, and finally (d) stirring
overnight under 1 atm of CO.

To gain further insight into the process, particularly with
respect to the detection of compounds that we have hitherto
not isolated or identified, we carried out in situ IR measure-
ments on the C–H activation of cyclohexane, and used the
band-targeted entropy minimization (BTEM) technique
that one of us has developed for deconvolution of the data
matrix.[11] The BTEM algorithm has been proven to be use-

Figure 3. Schematic diagram of the set-up used for in situ IR measurements.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1568–15721570

ful for picking up signals due to species that are present in
low concentration, have low absorbance, are unstable, or
have peaks that overlap with those due to other species.[11]

The schematic diagram for the set-up used for the in situ
IR measurements is shown below (Figure 3).

Measurements were made for both 1b and 1d; for each
complex, spectra were collected at 5 min intervals, and a
total of 232 spectra were collected.[12] For 1b, the individual
IR spectra of 1b, 2b, and 4, in the CO stretching region
(1650–2250 cm–1) were recovered, together with the C=O
stretch for cyclohexanecarboxaldehyde (Figure 4). Further
confirmation of the aldehyde identity was obtained by
NMR and GC-MS characterization. Formation of the cor-
responding carboxaldehyde in reactions carried out with cy-
clopentane was also observed by NMR spectroscopy. The
carboxaldehyde could have been formed by carbonylation

Figure 4. Pure component IR spectra of individual species
recovered from deconvolution of the IR spectra of the reaction
mixture: (1) [Cp*Ir(CO)2] (1b), (2) [Cp*Ir(CO)(H)(C6H11)] (2b), (3)
[Ir4(CO)12] (4), and (4) C6H11CHO.
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of the hydridoalkyl species followed by reductive elimi-
nation. Carbonylation of hydrocarbons catalyzed by group-
9 transition metal complexes such as [RhCl(CO)(PMe3)3]
under UV irradiation has been reported,[13] but 18-electron
Cp*Ir complexes have not been known to carbonylate hy-
drocarbons as it was believed that coordination of an in-
coming CO ligand would result in dissociation of the hydro-
carbon.[14] A FAB-MS analysis of the reaction mixture
yielded a fragment at m/z 267 in the positive-ion mode, and
the 13C NMR spectrum also shows a resonance at δ =
210.54 ppm, both of which suggest the presence of an acyl
species, which may be the intermediate in the carbonylation
reaction, although we have yet to confirm its identity.

We analyzed the yield of carboxaldehyde by GC-FID
and found that UV irradiation of 1b in cyclohexane in
vacuo for one hour (absence of external CO source) af-
forded 0.9% of cyclohexanecarboxaldehyde (wrt [Ir]). When
the photolysis was carried out under CO (1 bar) for the
same length of time, the yield of aldehyde was 71.8%. So
far, however, the yield is still far from catalytic. A high CO
pressure may inhibit the initial CO dissociation from the
dicarbonyliridium complex while favoring the insertion of
CO into the Ir–C bond to form the putative [Cp*Ir(CO)-
(COC6H11)(H)] acyl intermediate. Photolysis at various CO
pressures (1.3 to 7.4 bars) was carried out but we did not
find any significant trend in the aldehyde yield with CO
pressure.

Conclusions

We have found that dicarbonylcyclopentadienyliridium
complexes in which there is a side-arm carrying an amino
group undergo photochemical C–H activation of alkanes in
much the same way as the parent complexes without the
side-arm. By employing in situ IR measurements and using
iterative band-targeted entropy minimization to analyze the
spectra, however, we have been able to detect the presence
of many hitherto undetected products and intermediates in
the C–H activation reaction of such iridium species, includ-
ing a carboxaldehyde. The formation of the carboxaldehyde
represents the first evidence that the cyclopentadienylirid-
ium system can be photochemically activated to promote
the carbonylation of alkanes.

Experimental Section
General: All operations were carried out using standard Schlenk
techniques under an inert argon atmosphere unless otherwise
stated. Cyclopentane (99+%), cyclohexane (99.9%), and hexane
were distilled under nitrogen from sodium/benzophenone ketyl.
Chlorotricarbonyliridium (Strem) was purchased and used without
further purification.

NMR spectra were recorded with either a Bruker ACF 300 MHz
or Bruker DPX 300 MHz spectrometer. Chemical shifts are
reported with respect to residual solvent peaks. UV absorption
spectra of starting complexes were recorded in cyclohexane with a
Shimadzu 160 spectrometer. Gas chromatography (GC) analyses
were performed with a HP 6890 gas chromatograph equipped
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with an HP 5973 mass-selective detector and a ZB-1
(30 m×0.25 mm×0.25 µm) capillary column, or with an HP5890
Series II plus equipped with an FID detector and a DB-5
(30 m×0.32 mm×0.25 µm) capillary column. Photolyses were car-
ried out with either a Hanovia 450-W UV lamp with a nominal
λmax of 254 nm, or a continuum Surelite III 10-ns-pulse Nd-YAG
laser operating at 3 mJ per pulse with 266-nm radiation.

IR spectra for routine analysis were recorded with a Bio-Rad FTS
165, a Digilab Excalibur Series FTS 3000MX, or a Shimadzu IR
Prestige-21 FTIR-8400S FT-IR spectrometer at a resolution of 1
cm–1 using a solution IR cell with NaCl windows and a path length
of 0.1 mm. IR spectra for in situ studies under ambient pressure
were recorded with a Perkin–Elmer 2000 FTIR spectrometer at a
resolution of 4 cm–1 using a high-pressure heatable liquid cell with
ZnSe windows and a path length of 0.1 mm from Specac. IR spec-
tra for high-pressure studies were taken in a thermostatted high-
pressure cell constructed of 316 stainless steel and AMTIR win-
dows with a path length of 0.5 mm; details of the design will be
described elsewhere.[15] Only carbonyl stretches in the 1600–
2200 cm–1 region are reported.

The compounds Cp∧H,[16] Cp*∧H,[17] C5H5CH2Ph (CpBzH),[18]

and [Cp*Ir(CO)2] (1b)[19] were prepared following published pro-
cedures. Thallium salts were prepared following a literature
method.[20] The complexes [Cp∧Ir(CO)2] (1c), [Cp*∧Ir(CO)2] (1d),
and [CpBzIr(CO)2] (1e) were synthesized by a procedure analogous
to that used for the synthesis of [CpIr(CO)2] (1a).[6]

Preparation of [Cp*∧Ir(CO)2]: Cp*∧Li was prepared in situ from
Cp*∧H (98.2 mg, 0.509 mmol) and nBuLi (0.3 mL of a 2.2  solu-
tion, 0.66 mmol) in hexane. The suspension was cannula transfer-
red into a suspension of [Ir(CO)3Cl] (102 mg, 0.327 mmol) in hex-
ane (10 mL) in a Carius tube. The mixture was degassed and heated
at 70 °C for 2 d. The resultant mixture was cooled and filtered
through celite to remove unreacted starting materials. The yellow
filtrate was vacuum-dried to give 1d as a yellow oil. IR (cyclohex-
ane): ν̃ = 1954, 2020 cm–1. 1H NMR (CDCl3): δ = 2.60–2.54 (m, 2
H, CH2-N) 2.27 (s, 6 H, N-CH3), 2.26–2.19 (m, 2 H, CH2), 2.15 (s,
6 H, ring CH3), 2.16 (s, 6 H, ring CH3) ppm. The 1H NMR spectro-
scopic data matched the literature values.[21,22]

Preparation of [CpBzIr(CO)2]: A degassed suspension of CpBzTl
(55 mg, 0.154 mmol) and [Ir(CO)3Cl] (21.2 mg, 0.068 mmol) in hex-
ane (20 mL) was heated in a Carius tube at 80 °C for 2 d. The
resultant mixture was cooled and filtered through celite to remove
unreacted starting materials. The yellow filtrate was vacuum-dried
to give 1e as a yellow oil. IR (cyclohexane): ν̃ = 1969, 2036 cm–1.
1H NMR (CDCl3): δ = 7.23 (m, 5 H, C6H5), 5.45 (m, 2 H, C5H4),
5.37 (m, 2 H, C5H4), 3.77 (s, 2 H, CH2) ppm. The IR data matched
the literature values.[20]

Complex 1c was prepared from Cp∧Tl (432 mg, 1.265 mmol) and
[Ir(CO)3Cl] (217 mg, 0.696 mmol) in an analogous manner. IR (cy-
clohexane): ν̃ = 1967, 2034 cm–1. 1H NMR (CDCl3): δ = 5.52 (m,
2 H, C5H4), 5.37 (m, 2 H, C5H4), 2.58–2.36 (m, 4 H, CH2CH2),
2.26 (s, 6 H, N-CH3) ppm. The 1H NMR spectroscopic data
matched the literature values.[20]

Preparative Photolysis: A solution of the metal complex in the hy-
drocarbon solvent (1 mgmL–1) was placed in a closed quartz tube,
degassed by three cycles of freeze-pump-thaw, and then irradiated
with a 450-W water-cooled, medium-pressure mercury lamp placed
approximately 15 cm away whilst being continuously stirred. For
reaction under CO atmosphere, the quartz tube was refilled with
1 atm of CO from the Schlenk line after degassing. For the laser
irradiation, dichroic mirrors were used to direct the pulses; cooling
by water circulation was not necessary.
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In situ IR Measurements: For measurements at ambient pressure, a
well-stirred solution of 1b or 1d in cyclohexane was circulated be-
tween the quartz reactor and a ZnSe cell through Vitron (internal
diameter 2.06 mm) and Tygon tubing using a peristaltic pump
(MASTERflex C/L 5910 pump systems model 77120–62). UV irra-
diation was carried out through the quartz reactor. The reactor was
fan-cooled and the temperature was not controlled. The atmo-
sphere was either argon or carbon monoxide.

For the high-pressure measurements, a solution of 1b in cyclohex-
ane was circulated between a 100-mL stainless-steel autoclave type
reactor, a high-pressure cell of original design (AMTIR windows),
and an industrial sapphire tube (Almaz Optics, Inc., Marlton, New
Jersey) of 5 mm internal diameter (I.D.) via stainless steel tubing
of 1/16 inch i.d. under various CO pressures. UV irradiation was
carried out through the sapphire tube. The temperature was kept
at 20 °C by cryostatic control.
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The deprotonation under basic conditions of the keto-phos-
phane ligand in complexes {Ru(Cp)[η1-P-Ph2PCH2C(=O)-
tBu](PPh3)(L)}[PF6] (L = CO or PMe3) that arise from the ad-
dition of L to {Ru(Cp)[η2-P,O-Ph2PCH2C(tBu)=O](PPh3)}[PF6]
generates {Ru+(Cp)[η1-P-Ph2PCH=C(tBu)O–](PPh3)(L)} zwit-
terionic species, as shown by an X-ray crystal structure deter-
mination (L = CO). The removal of the triphenylphosphane
ligand is subsequently achieved under thermal activation to
afford the neutral derivatives Ru(Cp)[η2-P,O-Ph2PCH=C-
(tBu)O](L). A further protonation step is sufficient to com-
plete the formation of the new complex {Ru(Cp)[η2-P,O-

Introduction
Enolato-phosphane chelates derived from β-keto-phos-

phanes associate an ancillary phosphorus coordinating cen-
tre with a strongly coordinating but reactive enolate moiety.
Thus, the enolato function had been shown to interfere in
the 1-alkyne to vinylidene rearrangement when coordina-
tion of 1-alkynes at a ruthenium centre was additionally
instigated. As depicted on Scheme 1, carbon–carbon bond
formation occurred and resulted in cationic metallacyclic
derivatives A and B.[1–3]

On the other hand, protonation of the enolato function
under acidic conditions converted the chelate into a hemi-
labile β-keto-phosphane one, where the oxygen atom might
compare to a weakly coordinating ketone.[4–6] Taking ad-
vantage of the hemilabile property of β-keto-phosphanes in
related cyclopentadienyl ruthenium complexes, the synthe-
sis of allenylidene ruthenium derivatives had been achieved
(Scheme 1).[7] A further deprotonation of the η1-P-coordi-
nated keto-phosphane still resulted in a formal carbon–car-
bon coupling reaction between an enolate moiety and the
allenylidene ligand to afford a neutral ruthenaphosphacy-
clobutane derivative (C).

These results emphasised the nucleophilic character of
the enolate moiety from functional enolato-phosphane che-
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Ph2PCH2C(tBu)=O](PMe3)}[PF6], which reacts in methanol
at reflux with 1,1-diphenyl-2-propyn-1-ol to afford the
six-membered metallacyclic derivative {Ru(Cp)[η2-
C,P:C(CH=CPh2)OC(tBu)=CH–PPh2](PMe3)}[PF6], as shown
by an X-ray single crystal analysis. The synthesis of related
η5-indenyl ruthenium complexes and of {Ru(Cp)-
(=C=CH2)[Ph2PCH2C(=O)tBu](PR3)}[PF6] (PR3 = PPh3 or
PMe3) vinylidene complexes is also reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Carbon–carbon coupling reactions leading to ruthena-
cycles A–C.

late, or generated in situ under basic conditions from η1-P-
coordinated keto-phosphane. We wish to report now (i) an
unusual η1-P coordination mode of an enolate-phosphane
ligand in new zwitterionic cyclopentadienyl ruthenium
complexes, (ii) the reactivity of the uncoordinated anionic
enolate moiety, which provides a new tool to cleanly achieve
ligand-exchange reactions, and (iii) the formation of a ru-
thenaoxophosphacyclohexadiene ring, which may be for-
mally summarised as an oxygen–carbon coupling reaction
between an allenylidene ligand and an η1-P-coordinated
enol-phosphane.
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Results and Discussion

The hemilabile property of the β-keto-phosphane in the
cyclopentadienyl ruthenium complex {Ru(Cp)[η2-P,O-
Ph2PCH2C(tBu)=O](PPh3)}[PF6] (1a) allowed the entrance
not only of 1-alkynols or carbon monoxide as reported pre-
viously,[7] but also of phosphorus ligands such as trimeth-
ylphosphane or trimethyl phosphite [Equation (1)].

(1)

The new complexes 2c,d were thus isolated as yellow sol-
ids in a nearly quantitative yield and were characterised by
a combination of 1H, 13C{1H}, 13C and 31P{1H} NMR, IR
spectroscopy, and elemental analysis. The 1H and 31P{1H}
NMR spectra accounted for the coordination of the phos-
phorus ligands besides the cyclopentadienyl one while IR
spectroscopy indicated the η1-P-coordination mode of the
keto-phosphane.[7] Attempts to achieve a similar entrance
of triphenylphosphane failed. Indeed, steric congestion
in the putative expected complex {Ru(Cp)[η1-P-
Ph2PCH2C(=O)tBu](PPh3)2}[PF6] was believed to be re-
sponsible for the easy synthesis of 1a, by reacting the keto-
phosphane Ph2PCH2C(=O)tBu with RuCl(Cp)(PPh3)2 and
NH4PF6 in methanol as solvent.[7] The loss of steric con-
straints in complexes 2b–d provided thermal stability and
complexes 2b–d remained unchanged when they were
heated in toluene at reflux. Unfortunately, such thermal sta-
bility precluded a removal of the triphenylphosphane ligand
in 2b–d and thus an easy recovery of the chelate coordina-
tion mode of the keto-phosphane.

The generation of an enolate anion might be expected to
enhance the reactivity of the oxygen atom from the keto-
phosphane when involved as an η1-P-coordinated ligand,
but such a formation would require basic conditions. No
reaction was detected when an excess of KOH was added to
a stirred solution of 2b in methanol. However, a subsequent
complete removal of volatiles under prolonged vacuum at
room temperature resulted in the formation of the new eno-
late-phosphane complex 3b [Equation (2)].

Complex 3b was isolated in 79% yield as orange crystals
that were found to be stable in air and could be kept at
room temperature. IR spectroscopy indicated the retention
of a carbon monoxide ligand (ν̃ = 1959 cm–1) and the con-
version of the keto-function into an enolate one (ν̃ =
1489 cm–1). The 31P{1H} NMR spectrum of 3b indicated
the coordination of two phosphorus atoms with a normal
coupling constant value (2JPP = 26.7 Hz). More noteworthy
was the observation by 1H NMR spectroscopy of a doublet
at δ = 3.66 ppm exhibiting a high 2JPH coupling constant

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1573–15811574

(2)

value of 27.1 Hz and assigned to the PCH= proton,
whereas the 13C{1H} NMR resonance of the corresponding
carbon nucleus displayed usual features (δ = 60.6 ppm, 1JPC

= 70.9 Hz). Further characterisation of 3b was obtained
from an X-ray crystal structure determination. An ORTEP
drawing of 3b is shown in Figure 1, and selected bond
lengths and angles are given in the caption.

Figure 1. ORTEP drawing of 3b·CH2Cl2 showing 50% probability
thermal ellipsoids. The CH2Cl2 molecule is omitted for clarity. Se-
lected bond lengths [Å] and angles [°]: Ru1–C6 1.858(5), Ru1–P1
2.339(1), Ru1–P2 2.370(1), C7–C8 1.379(5), C8–C9 1.561(6), C8–
O2 1.271(5), P2–C7 1.759(4); C7–C8–C9 120.1(4), C7–C8–O2
124.1(4), C8–C7–P2 123.7(3), C9–C8–O2 115.8(4), C7–P2–Ru1
120.7(1), C6–Ru1–P1 90.5(1), C6–Ru1–P2 91.3(1), P1–Ru1–P2
99.19(4).

Complex 3b disclosed a classical piano-stool geometry
involving an η5-cyclopentadienyl ruthenium moiety. One
carbon monoxide ligand and two phosphorus atoms com-
plete the coordination of a formal Ru+ centre. Moreover,
the two Ru–P bond lengths are close [Ru1–P1: 2.339(1),
Ru1–P2: 2.370(1) Å], thus providing straightforward evi-
dence for a normal coordination of the functionalised phos-
phane. The C7–C8 and C8–O2 bond lengths [1.379(5) and
1.271(5) Å, respectively] clearly indicated a marked double
bond character, as expected for an anionic enolate frag-
ment. Therefore, complex 3b is best described as a zwitter-
ionic compound. Remarkably, the O2 oxygen atom lies in a
cis position relative to the P2 phosphorus atom, thus in a
favourable position for a subsequent coordination of the
oxygen atom.

The removal of the triphenylphosphane ligand in 3b was
achieved by heating at reflux a solution of 3b in THF moni-
tored by 31P{1H} NMR spectroscopy as having a new sing-
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let resonance at δ = 61.4 ppm, besides a singlet resonance,
as might be expected from the presence of free tri-
phenylphosphane [Equation (3)].

(3)

Attempts to separate the enolato-phosphane derivative
4b from free triphenylphosphane by generating under
acidic conditions a less soluble cationic
{Ru(Cp)[Ph2PCH2C(tBu)=O](CO)}+ species immediately
showed the additional coordination of triphenylphosphane
leading to the recovery of cationic 2b. The addition of ICH3

to convert the free phosphane into the corresponding phos-
phonium salt was more successful. The neutral complex 4b
was then selectively extracted with diethyl ether and isolated
as orange-yellow crystals in 72% yield. Of interest is the
comparison of the 1H and 13C{1H} NMR spectra of 4b
and 3b, which showed in the case of 4b the PCH= proton
resonance as a doublet at δ = 4.85 ppm with a normal 2JPH

coupling constant value of 4.1 Hz, while the corresponding
13C{1H} NMR resonance (δ = 74.0 ppm, 1JPC = 61.9 Hz)
appeared moderately low-field shifted, relative to 3b.

The study of the reaction between 2c (L = PMe3) and
KOH in methanol as solvent under similar experimental
conditions was disappointing, as the 31P{1H} NMR spec-
trum of the crude product showed a major presence of un-
reacted 2c. However, a new set of resonances might indicate
a partial formation of the expected zwitterionic intermedi-
ate and thus suggested that more drastic experimental con-
ditions would allow completion of the reaction. Indeed, the
enolato-diphenylphosphane complex 4c was straightfor-
wardly obtained when NaH was used as a base in THF at
reflux [Equation (4)]. A subsequent treatment under acidic
conditions (addition of anhydrous HCl and NH4PF6 in
methanol as solvent) led to the new cationic derivative
{Ru(Cp)[Ph2PCH2C(tBu)=O](PMe3)}[PF6] (1c) [Equa-
tion (4)].

(4)

With the addition of trimethylphosphane to 1a to gener-
ate 2c, as a supplementary step, the whole process achieved
the selective substitution of the triphenylphosphane ligand
in 1a by a trimethylphosphane one, to afford 1c in 73%
yield. NMR and IR spectroscopy, and elemental analysis
accounted for the structure of the stable complexes 4c and
1c.
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Further emphasising the usefulness of the hemilabile
property of the keto-phosphane ligand to conveniently al-
low the entrance of an additional ligand, complexes 1a,c
reacted with ethyne under very mild conditions (1 atm,
room temperature) to afford the new vinylidene complexes
5a,c [Equation (5)].

(5)

Complexes 5a,c were isolated as yellow-brown crystals in
93% and 92% yield, respectively, and fully characterised by
1H, 13C{1H}, 13C and 31P{1H} NMR spectroscopy, and ele-
mental analysis. Several unsubstituted vinylidene ruthenium
complexes have been reported previously,[8] but the almost
quantitative formation of 5a,c using ethyne under mild con-
ditions, and avoiding any formation of by-product, is note-
worthy. Under the same experimental conditions, the parent
complex RuCl(Cp)(PMe2Ph)2 reacted with ethyne in the
presence of TlBF4 to afford the η2-ethyne complex
Ru(Cp)(η2-C2H2)(PMe2Ph)2, from which the 1-alkyne to
vinylidene rearrangement needed a thermal activation to
occur.[9] Similar observations were made starting from
RuCl(Cp)(PMe3)2,[10] and the mechanism of the isomeris-
ation has been fully investigated.[11] The 13C{1H} NMR
spectra of 5a,c showed a very low-field resonance at δ =
346.6 and 345.5 ppm, respectively, and thus unambiguously
provided evidence for the presence of a vinylidene ligand.
Furthermore, complexes 5a,c easily added primary amines
such as isopropylamine to afford amino-carbene derivatives,
as emphasised by the formation of complex 6a [Equa-
tion (5)]. Like the vinylidene ruthenium complexes 5a,c, the
amino-carbene derivative 6a was a robust compound, which
could be kept in air at room temperature.

The labile keto-oxygen ligand in complexes 1a,c also al-
lowed the entrance of 1-alkynols and the synthesis of the
allenylidene derivative {Ru(Cp)(=C=C=CPh2)[Ph2PCH2C-
(=O)tBu](PPh3)}[PF6] by reacting 1a with 1,1-diphenyl-2-
propyn-1-ol in methanol at reflux has already been re-
ported.[7] By contrast, a distinct complex 7c was selectively
formed when the same alkynol was treated with 1c under
similar experimental conditions (Scheme 2).
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Scheme 2. Reactivity of complex 1c towards 1,1-diphenyl-2-pro-
pyn-1-ol: (i) in CH2Cl2 as solvent, (ii) in MeOH as solvent (room
temperature), (iii) in CH2Cl2 as solvent and in the presence of aque-
ous K2CO3.

Such a formation of 7c in methanol also occurred at
room temperature but the completion of the reaction
needed 10 days instead of 1 h under reflux conditions. The
stable complex 7c was isolated in 69% yield as dark-red
crystals. The 31P{1H} NMR spectrum of 7c indicated the
retention of two coordinating phosphorus centres, while 1H
NMR and IR spectroscopy both indicated the transforma-
tion of the keto-phosphane into an enolate-phosphane.
Furthermore, the 13C{1H} NMR spectrum of 7c exhibited
a very low-field resonance at δ = 286.1 ppm and thus sug-
gested that a carbene ligand completed the coordination of
the ruthenium centre. Finally, an X-ray crystal structure de-
termination of 7c showed a vinyl-carbene ligand to formally
arise from an addition at the Cα position of an allenylidene
ligand of the enol form of an η1-P-coordinated keto-phos-
phane. An ORTEP drawing of 7c is shown in Figure 2, and
selected bond lengths and angles are given in the caption.

Figure 2. ORTEP drawing of 7c showing 50% probability thermal
ellipsoids. The hydrogen atoms and the PF6 anion are omitted for
clarity. Selected bond lengths [Å] and angles [°]: Ru1–C15 1.924(3),
Ru1–P1 2.2497(7), Ru1–P2 2.3197(8), C6–C7 1.319(4), C7–O1
1.393(3), P1–C6 1.776(3), C15–C16 1.472(4), C16–C17 1.354(4);
C6–P1–Ru1 113.2(1), C7–C6–P1 125.6(2), C6–C7–O1 125.7(3),
C7–O1–C15 128.1(2), O1–C15–Ru1 134.3(2), C15–Ru1–P1
90.21(8), C15–Ru1–P2 89.62(8), P1–Ru1–P2 95.57(3), Ru1–C15–
C16 119.1(2), C15–C16–C17 129.0(3).
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Figure 2 displays a piano-stool geometry where a car-
bene and two phosphorus ligands complete the coordina-
tion of a formal cationic η5-cyclopentadienyl ruthenium
fragment. One phosphorus and the (carbene)-carbon atoms
are involved in a six-membered metallacycle that is closely
planar, as monitored by a sum of internal angles of 717.1°,
close to 720°. Furthermore, the ruthenacycle compares with
a 1,4-cyclohexadiene ring wherein the Ru1–P1–C6 and C7–
O1–C15 fragments are linked through two short C6–C7 and
Ru1–C15 double bonds [1.319(4) and 1.924(3) Å, respec-
tively].

The formation of 7c was strongly dependent on the na-
ture of the solvent and became almost negligible when the
reaction between 1c and 1,1-diphenyl-2-propyn-1-ol was
conducted in dichloromethane at room temperature. As
monitored by 31P{1H} NMR spectroscopy, the complete
consumption of 1c in dichloromethane as solvent was vir-
tually achieved after 20 h and the reaction mixture dis-
closed a major presence (ca. 85% as determined by 1H
NMR spectroscopy) of the hydroxy-vinylidene complex 8c
(Scheme 2). Complex 8c then gradually disappeared, leav-
ing the allenylidene ruthenium complex 9c as the final prod-
uct after 3 days; no further change was detected after 10
days. Complex 9c can be rapidly synthesised by reacting 1c
and the alkynol in THF at reflux. The structure of com-
plexes 8c and 9c was inferred from 1H, 13C{1H}, 13C and
31P{1H} NMR spectroscopic studies. Thus, the 1H NMR
spectrum of 8c showed two additional resonances relative
to the spectrum of 9c, at δ = 3.19 (s) and 5.25 (dd, 4JPH =
2.5 and 1.6 Hz) ppm, which might reasonably be assigned
to the OH and Ru=C=CH protons, respectively.[12,13]

The formation of the allenylidene complex
[Ru(Cp)(=C=C=CPh2)(PMe3)2][PF6] similarly involved a
hydroxy-vinylidene intermediate when RuCl(Cp)(PMe3)2

was treated with 1,1-diphenyl-2-propyn-1-ol.[14] Moreover,
several hydroxy-vinylidene complexes have been later iso-
lated and characterised as pentamethylcyclopentadienyl ru-
thenium derivatives.[12,13]

The formation of the isomeric complexes 7c and 9c, in
methanol and in dichloromethane as solvent, respectively,
was intriguing. Two supplementary experiments were signif-
icantly informative. First, a mixture of 8c and 9c in an ap-
proximately 1:1 molar ratio was formed in dichloromethane
and the solvent was evaporated under vacuum. The residue
was dissolved in methanol and the solution was stirred at
room temperature for 20 h. The examination of the re-
sulting solution by 31P{1H} NMR spectroscopy surpris-
ingly disclosed a mixture of 7c and 9c, indicating a conver-
sion of 8c into 7c but also a passiveness of the allenylidene
complex 9c (Scheme 2). However, a very slow isomerisation
of 9c into 7c, needing 10 days to complete, was observed to
occur in methanol at ambient temperature.

In the second experiment, a small amount of a 0.07 

K2CO3 aqueous solution was added to a solution of 9c in
dichloromethane. On stirring, the colour of the solution
rapidly (�1 h) turned from violet to red and although a
deprotonation of the keto-phosphane in 9c under such mild
heterogeneous conditions was unlikely, 7c was observed to
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be quantitatively formed by 31P{1H} NMR spectroscopy
(Scheme 2).

These observations suggested that the coupling process
leading to 7c preliminarily required the formation of an in-
termediate that would arise either from 8c in methanol or
from the addition of hydroxide anion to 9c. As depicted in
Scheme 3, a plausible candidate consisted of a neutral alky-
nyl complex arising from a deprotonation (requiring a sol-
vent with proton-acceptor ability such as methanol) of the
vinylidene ligand in 8c, or from the addition of hydroxide
anion at the γ position of the allenylidene ligand in 9c. A
subsequent proton migration from the keto-fragment to the
alkynyl ligand would subsequently lead to 7c. Finally, the
presence of a bulkier triphenylphosphane ligand in 1a
might sufficiently hinder closeness between the keto func-
tion and the alkynyl chain to preclude a similar coupling
process.

Scheme 3. Rationale accounting (i) for the formation of 7c in meth-
anol and (ii) for the isomerisation of 9c into 7c catalysed by hydrox-
ide anions.

The reactions allowing the synthesis of the trimeth-
ylphosphane derivatives 2c, 1c and 7c tolerated the presence
of an indenyl ligand instead of the cyclopentadienyl one. As
summarised in Scheme 4, the indenyl ruthenium precursor
complex {Ru(Ind)[η2-P,O-Ph2PCH2C(tBu)=O](PPh3)}[PF6]
(1�a) (Ind = η5-C9H7)[7] easily added trimethylphosphane to
afford 2�c, which was isolated as orange-red crystals, in
89% yield. Treatment of 2�c with NaH in THF under reflux
and subsequent work under acidic conditions (HCl +
NH4PF6) led to 1�c, which was isolated as orange crystals,
in 77% yield. Finally, complex 1�c reacted with 1,1-di-
phenyl-2-propyn-1-ol in methanol at reflux to afford 7�c
isolated as deep-red crystals, in 71% yield. The 1H,
13C{1H}, 13C and 31P{1H} NMR spectroscopic data col-
lected for 7�c unambiguously indicated a similar structure
relative to complex 7c.
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Scheme 4. Synthesis of the new complexes 2�c, 1�c and 7�c: (i)
PMe3, CH2Cl2, (ii) NaH, THF, reflux, (iii) HCl, NH4PF6, MeOH,
(iv) HC�CC(OH)Ph2, MeOH, reflux.

Conclusions

The deprotonation of an η1-P-coordinated β-keto-phos-
phane in cyclopentadienyl or indenyl ruthenium complexes
was achieved under basic conditions and was observed to
enhance the affinity of the oxygen atom to coordinate the
metal centre. Subsequent removal of a triphenylphosphane
ligand was facilitated and allowed the chelate coordination
mode of the functionalised phosphane. Thus, using the β-
keto-phosphane as a tool, the substitution of a tri-
phenylphosphane ligand by a less sterically demanding li-
gand such as carbon monoxide or trimethylphosphane was
achieved. Furthermore, such a synthesis offered an oppor-
tunity to compare two analogous complexes but with dis-
tinct steric constraints. The presence of the hemilabile β-
keto-phosphane not only allowed an easy additional coor-
dination of ethyne but also facilitated further rearrange-
ment into vinylidene derivatives. The coordination of 1-al-
kynols similarly led to allenylidene complexes, but the pres-
ence of a reactive functionalised phosphane might interfere
in the process to afford new metallacyclic complexes.

Experimental Section
General Comments: The reactions were performed under inert ar-
gon according to Schlenk-type techniques. THF, diethyl ether and
dichloromethane were distilled after drying according to conven-
tional methods. NMR spectra were recorded at 297 K with an AC
300 Bruker instrument and referenced internally to the solvent
peak. IR spectra were recorded as Nujol mulls with Bruker IFS28.
Elemental analyses were performed by the “Service de Microana-
lyse du CNRS”, Vernaison, France. Complexes 1a (as its dichloro-
methane adduct) and 1�a were prepared as described previously.[7]

{Ru(Cp)[Ph2PCH2C(=O)tBu](PPh3)(CO)}[PF6] (2b): In a 125 mL
stainless steel vessel, a solution of 1a (13.8 g, 14.6 mmol) in dichlo-
romethane (70 mL) was stirred for 3 days at room temperature un-
der carbon monoxide pressure (65 atm). The resulting solution was
concentrated under vacuum (�40 mL) before being covered with
methanol (10 mL) and then diethyl ether (160 mL), to afford le-
mon-yellow crystals. Yield: 11.9 g, 92%. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 25.7 (s, CMe3), 35.9 (d, 1J = 29.4 Hz,
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PCH2), 45.5 (d, 3J = 1.5 Hz, CMe3), 90.9 (s, Cp), 129.0–135.1 (m,
5 Ph groups), 202.5 (t, 2J � 17.8 Hz, C�O), 207.6 (d, 2J = 8.2 Hz,
C=O) ppm. 1H and 31P{1H} NMR, and IR spectroscopic data were
given elsewhere.[7]

{Ru(Cp)[Ph2PCH2C(=O)tBu](PPh3)(PMe3)}[PF6] (2c): A 1.0 

solution of trimethylphosphane in THF (8.0 mL, 8.0 mmol) was
added to a stirred solution of 1a (7.04 g, 7.47 mmol) in THF
(40 mL). The mixture was further stirred overnight to obtain a yel-
low precipitate, which was collected by filtration, then washed with
diethyl ether and dried under vacuum. Yield: 7.00 g, 100%. IR: ν̃
= 1699 cm–1, C=O. 1H NMR (300.13 MHz, CD2Cl2): δ = 0.64 (s,
9 H, tBu), 1.45 (d, 2JPH = 8.6 Hz, 9 H, PMe3), 2.99 (dd, 2JHH =
16.4, 2JPH = 8.5 Hz, 1 H, PCH2, Ha), 3.16 (dd, 2JHH = 16.4, 2JPH

= 4.0 Hz, 1 H, PCH2, Hb), 4.68 (s, 5 H, Cp), 6.80–7.47 (m, 25 H,
Ph) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ = –10.4 (t, 2JPP

� 2JPP� � 38 Hz, PMe), 36.9 (t, 2JPP � 2JPP� � 38 Hz), 43.9 (t,
2JPP � 2JPP� � 38 Hz) ppm. C44H50F6OP4Ru (933.84): calcd. C
56.59, H 5.40; found C 56.66, H 5.87.

{Ru(Cp)[Ph2PCH2C(=O)tBu](PPh3)[P(OMe)3]}[PF6] (2d): Tri-
methyl phosphite (0.80 mL, 6.78 mmol) was added to a solution of
1a (3.00 g, 3.18 mmol) in dichloromethane (50 mL). After being
stirred overnight, the solution was evaporated to dryness to leave
the crude product. Recrystallisation from dichloromethane (20 mL)
and diethyl ether (110 mL) afforded thin yellow needles that were
collected by filtration. Yield: 3.05 g, 98%. IR: ν̃ = 1703 cm–1, C=O.
1H NMR (300.13 MHz, CDCl3): δ = 0.55 (s, 9 H, tBu), 2.43 (dd,
2JHH = 16.1, 2JPH = 10.8 Hz, 1 H, PCH2, Ha), 3.71 (d, 3JPH =
10.8 Hz, 10 H, POMe and hidden PCH2, Hb), 4.71 (d, 2JPH =
0.7 Hz, 5 H, Cp), 6.92–7.61 (m, 25 H, Ph) ppm. 31P{1H} NMR
(121.50 MHz, CDCl3): δ = 41.9 (dd, 2JPP = 63 and 32 Hz, PPh),
45.9 (dd, 2JPP = 63 and 32 Hz, PPh), 144.3 (t, 2JPP � 2JPP� � 63 Hz,
POMe) ppm. C44H50F6O4P4Ru (981.84): calcd. C 53.83, H 5.13, P
12.62; found C 53.73, H 5.10, P 12.34.

Ru+(Cp)[η1-P-Ph2PCH=C(tBu)O–](PPh3)(CO)·CH2Cl2 (3b): A
mixture consisting of a sample of 2b (3.00 g, 3.39 mmol), KOH
(0.31 g, 5.54 mmol) and methanol (50 mL) was stirred for 3 days at
room temperature. The resulting pale-yellow slurry was evaporated
under vacuum until an orange colour was observed, and the residue
was extracted with dichloromethane (20 mL). The solution was fil-
tered and the orange filtrate was covered with diethyl ether
(100 mL). The subsequent diffusion of solvents was conducted at
–20 °C to avoid decomposition, and afforded large orange crystals,
which were washed with hexane (20 mL). Yield: 2.20 g, 79%. IR:
ν̃ = 1489 cm–1, C=CO; 1959 cm–1, C�O. 1H NMR (300.13 MHz,
CD2Cl2): δ = 1.10 (s, 9 H, tBu), 3.66 (d, 2JPH = 27.1 Hz, 1 H,
PCH=), 4.98 (s, 5 H, Cp), 7.00–7.65 (m, 25 H, Ph) ppm. 13C{1H}
NMR (75.47 MHz, CD2Cl2): δ = 29.6 (s, CMe3), 40.7 (d, 3J =
10.7 Hz, CMe3), 60.6 (d, 1J = 70.9 Hz, PCH=), 90.4 (s, Cp), 127.8
(d, 2J = 9.9 Hz, PPh, ortho), 127.8 (d, 2J = 10.8 Hz, PPh, ortho),
128.1 (d, 4J = 2.7 Hz, PPh, para), 128.5 (d, 2J = 9.9 Hz, PPh3,
ortho), 128.7 (d, 4J = 2.7 Hz, PPh, para), 130.6 (d, 4J = 1.8 Hz,
PPh3, para), 131.7 (d, 3J = 9.0 Hz, PPh, meta), 132.6 (d, 3J =
10.8 Hz, PPh, meta), 134.0 (d, 3J = 10.8 Hz, PPh3, meta), 135.3 (d,
1J = 48.5 Hz, PPh3, ipso), 140.8 (d, 1J = 53.0 Hz, PPh, ipso), 141.7
(d, 1J = 50.3 Hz, PPh, ipso), 191.9 (s, =CO), 205.6 (dd, 2J = 19.3
and 15.7 Hz, C�O) ppm. 13C NMR (75.47 MHz, CD2Cl2, selected
values): δ = 60.6 (dd, 1JHC = 158, 1JPC = 70.5 Hz, PCH=) ppm.
31P{1H} NMR (121.50 MHz, CD2Cl2): δ = 19.5 (d, 2JPP = 27 Hz),
47.9 (d, 2JPP = 27 Hz). C42H40O2P2Ru·CH2Cl2 (824.73): calcd. C
62.62, H 5.13, Cl 8.60, P 7.51; found C 62.36, H 5.10, Cl 7.36, P
7.51.

Ru+(Cp)[η1-P-Ph2PCH=C(tBu)O–](PPh3)(PMe3): A similar treat-
ment of 2c with KOH in methanol was attempted, but examination
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of the crude product after evaporation of the resulting dichloro-
methane solution by 1H and 31P{1H} NMR spectroscopy disclosed
resonances corresponding to unreacted 2c as well as a new set of
resonances arising from the presence of the assumed zwitterionic
complex. 1H NMR (300.13 MHz, CDCl3, available values): δ =
1.01 (s, 9 H, tBu), 1.44 (d, 2JPH = 8.6 Hz, 9 H, PMe3), 4.35 (s, 5
H, Cp) ppm. 31P{1H} NMR (121.50 MHz, CDCl3, the additional
presence of 2c is omitted): δ = –5.3 (t, 2JPP � 2JPP� � 42 Hz, PMe),
18.7 (dd, 2JPP = 42 and 35 Hz), 46.8 (dd, 2JPP = 42 and 35 Hz)
ppm.

Ru(Cp)[η2-P,O-Ph2PCH=C(tBu)O](CO) (4b): Crude 3b was ob-
tained from evaporation of the dichloromethane solution as de-
scribed above starting from 2b (13.0 g, 14.7 mmol), and then dis-
solved in THF (70 mL). The solution was heated at reflux for 20 h
and then evaporated. Dichloromethane (60 mL) then methyl iodide
(2.0 mL, 32.1 mmol, an excess) were added and this mixture was
stirred overnight, then evaporated. The residue was extracted with
diethyl ether (100 mL). The solution was filtered and the filtrate
was evaporated to leave crude 4b. Yield: 5.03 g, 72%. Heptane
(60 mL) was added to a solution of crude 4b in dichloromethane
(30 mL) and this solution was slowly concentrated under vacuum
to yield pure 4b as a crystalline yellow powder. Orange-yellow crys-
tals were also obtained by recrystallisation from hot hexane. IR: ν̃
= 1494 cm–1, C=CO; 1940 cm–1, C�O. 1H NMR (300.13 MHz,
C6D6): δ = 1.40 (s, 9 H, tBu), 4.45 (s, 5 H, Cp), 4.85 (d, 2JPH =
4.1 Hz, 1 H, PCH=), 6.99–7.79 (m, 10 H, Ph) ppm. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 29.8 (s, CMe3), 39.3 (d, 3J = 12.1 Hz,
CMe3), 74.0 (d, 1J = 61.9 Hz, PCH=), 84.5 (d, 2J = 1.6 Hz, Cp),
128.6 (d, 2J = 10.5 Hz, PPh, ortho), 128.6 (d, 2J = 10.8 Hz, PPh,
ortho), 129.2 (d, 4J = 2.6 Hz, PPh, para), 130.3 (d, 4J = 2.5 Hz,
PPh, para), 130.7 (d, 3J = 11.3 Hz, PPh, meta), 133.3 (d, 3J =
10.8 Hz, PPh, meta), 136.9 (d, 1J = 62.0 Hz, PPh, ipso), 143.4 (d,
1J = 46.8 Hz, PPh, ipso), 202.7 (d, 2J = 15.5 Hz, =CO), 203.6 (d,
2J = 18.9 Hz, C�O) ppm. 31P{1H} NMR (121.50 MHz, C6D6): δ
= 61.4 (s) ppm. C24H25O2PRu (477.51): calcd. C 60.37, H 5.28;
found C 60.54, H 5.28.

Ru(Cp)[η2-P,O-Ph2PCH=C(tBu)O](PMe3) (4): The slow concen-
tration under vacuum of a solution of crude 4c in methanol, the
preparation of which is detailed below (see synthesis of 1c), allowed
the formation of orange crystals of analytical purity. IR: ν̃ =
1492 cm–1, C=CO. 1H NMR (300.13 MHz, C6D6): δ = 0.91 (d, 2JPH

= 9.0 Hz, 9 H, PMe3), 1.42 (s, 9 H, tBu), 4.21 (s, 5 H, Cp), 4.95
(d, 2JPH = 1.3 Hz, 1 H, PCH=), 6.98–7.74 (m, 10 H, Ph) ppm.
31P{1H} NMR (121.50 MHz, C6D6): δ = 6.8 (d, 2JPP = 42 Hz,
PMe), 64.8 (d, 2JPP = 42 Hz, PPh) ppm. C26H34OP2Ru (525.58):
calcd. C 59.42, H 6.52, P 11.79; found C 59.72, H 6.71, P 12.12.

{Ru(Cp)[Ph2PCH2C(tBu)=O](PMe3)}[PF6] (1): A mixture con-
sisting of a sample of 2c (6.13 g, 6.56 mmol), an excess of NaH
(0.89 g, 37.1 mmol) and THF (80 mL) was heated at reflux for 20 h.
The resulting mixture was filtered and the orange-yellow filtrate
was evaporated to dryness to leave crude 4c as a solid. The solid
was dissolved in hot methanol (50 mL) to obtain an orange solu-
tion that was filtered. NH4PF6 (1.34 g, 8.22 mmol) and a 6  solu-
tion of HCl in diethyl ether (2.0 mL, 12.0 mmol) were added to the
filtrate, and the mixture was further stirred for 10 min. The re-
sulting yellow precipitate was collected by filtration and washed
with diethyl ether (50 mL), and then extracted with dichlorometh-
ane (60 mL). The solution was filtered and the filtrate was covered
with methanol (20 mL) then diethyl ether (160 mL) to afford yellow
crystals. Yield: 3.20 g, 73%. IR: ν̃ = 1603 cm–1, C=O. 1H NMR
(300.13 MHz, CD2Cl2): δ = 1.16 (d, 2JPH = 9.1 Hz, 9 H, PMe3),
1.26 (s, 9 H, tBu), 3.32 (dd, 2JHH = 19.3, 2JPH = 7.2 Hz, 1 H, PCH2,
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Ha), 4.23 (dd, 2JHH = 19.3, 2JPH = 10.7 Hz, 1 H, PCH2, Hb), 4.55
(s, 5 H, Cp), 6.87–7.64 (m, 10 H, Ph) ppm. 31P{1H} NMR
(121.50 MHz, CD2Cl2): δ = 2.3 (d, 2JPP = 39 Hz, PMe), 67.3 (d,
2JPP = 39 Hz, PPh) ppm. C26H35F6OP3Ru (671.55): calcd. C 46.50,
H 5.25, P 13.84; found C 46.18, H 5.28, P 13.84.

{Ru(Cp)(=C=CH2)[Ph2PCH2C(=O)tBu](PPh3)}[PF6]·1/6CH2Cl2
(5a): A solution of 1a (3.90 g, 4.14 mmol) in dichloromethane
(40 mL) was stirred for 2 days under ethyne. The resulting solution
was then covered with diethyl ether (120 mL) to afford orange-
brown crystals. Yield: 3.45 g, 93%. IR: ν̃ = 1632 cm–1, =C=CH2;
1703 cm–1, C=O. 1H NMR (300.13 MHz, CD2Cl2): δ = 0.60 (s, 9
H, tBu), 2.04 (dd, 2JHH = 17.6, 2JPH = 11.5 Hz, 1 H, PCH2, Ha),
3.76 (dd, 2JHH = 17.2, 2JPH = 2.4 Hz, 1 H, PCH2, Hb), 4.33 (dd,
4JPH = 3.1 and 1.7 Hz, 2 H, =CH2), 5.06 (s, 5 H, Cp), 6.98–7.76
(m, 25 H, Ph) ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 25.8
(s, CMe3), 32.5 (d, 1J = 29.7 Hz, PCH2), 45.8 (d, 3J = 1.8 Hz,
CMe3), 94.9 (s, Cp), 97.5 (s, =CH2), 128.7–134.9 (m, Ph reso-
nances), 207.4 (d, 2J = 9.9 Hz, C=O), 346.6 (t, 2J � 15.7 Hz,
Ru=C) ppm. 13C NMR (75.47 MHz, CD2Cl2, selected values): δ =
97.5 (t, 1JHC = 165 Hz, =CH2) ppm. 31P{1H} NMR (121.50 MHz,
CD2Cl2): δ = 38.8 (d, 2JPP = 27 Hz), 45.7 (d, 2JPP = 27 Hz) ppm.
C43H43F6OP3Ru·1/6CH2Cl2 (897.95): calcd. C 57.74, H 4.86, Cl
1.32, P 10.35; found C 57.44, H 4.87, Cl 1.13, P 10.06.

{Ru(Cp)(=C=CH2)[Ph2PCH2C(=O)tBu](PMe3)}[PF6] (5c): A solu-
tion of 1c (2.07 g, 3.08 mmol) in dichloromethane (60 mL) was
stirred for 2 days under ethyne. The resulting solution was then
covered with diethyl ether (130 mL) to afford yellow-brown crys-
tals. Yield: 1.97 g, 92%. IR: ν̃ = 1630 cm–1, =C=CH2; 1706 cm–1,
C=O. 1H NMR (300.13 MHz, CD2Cl2): δ = 1.00 (s, 9 H, tBu), 1.22
(d, 2JPH = 10.5 Hz, 9 H, PMe3), 3.80 (dd, 2JHH = 17.6, 2JPH =
9.7 Hz, 1 H, PCH2, Ha), 4.02 (dd, 4JPH = 2.7 and 2.0 Hz, 2 H,
=CH2), 4.07 (dd, 2JHH = 17.6, 2JPH = 5.8 Hz, 1 H, PCH2, Hb),
5.35 (s, 5 H, Cp), 7.26–7.52 (m, 10 H, Ph) ppm. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 21.2 (d, 1J = 35.9 Hz, PMe3), 26.4 (s,
CMe3), 39.9 (d, 1J = 33.1 Hz, PCH2), 46.1 (d, 3J = 2.5 Hz, CMe3),
92.8 (s, Cp), 95.1 (s, =CH2), 129.1 (d, 2J = 10.8 Hz, PPh, ortho),
129.4 (d, 2J = 10.8 Hz, PPh, ortho), 131.5 (d, 4J = 2.7 Hz, PPh,
para), 131.7 (d, 4J = 2.7 Hz, PPh, para), 132.6 (d, 3J = 10.8 Hz,
PPh, meta), 132.9 (d, 3J = 10.8 Hz, PPh, meta), 133.9 (dd, 1J =
51.2, 3J = 1.8 Hz, PPh, ipso), 135.4 (d, 1J = 50.3 Hz, PPh, ipso),
209.0 (d, 2J = 6.9 Hz, C=O), 345.5 (t, 2J � 15.3 Hz, Ru=C) ppm.
13C NMR (75.47 MHz, CD2Cl2, selected values): δ = 95.1 (t, 1JHC

= 164 Hz, =CH2) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ
= 7.4 (d, 2JPP = 31 Hz, PMe), 38.0 (d, 2JPP = 31 Hz, PPh) ppm.
C28H37F6OP3Ru (697.58): calcd. C 48.21, H 5.35, P 13.32; found
C 48.00, H 5.46, P 13.08.

{Ru(Cp)(=CMeNHiPr)[Ph2PCH2C(=O)tBu](PPh3)}[PF6] (6a): Iso-
propylamine (1.00 mL, 11.7 mmol) was added to a solution of 5a
(3.02 g, 3.36 mmol) in dichloromethane (40 mL) and the mixture
was stirred for 20 h. The resulting green solution was evaporated
under vacuum. The residue was dissolved in dichloromethane
(30 mL) and the solution was covered with diethyl ether (140 mL)
to afford ye l low crys ta l s. Yie ld : 2 .85 g , 90 %. 1 H NMR
(300.13 MHz, CD2Cl2): δ = 0.80 (s, 9 H, tBu), 1.10 (d, 3JHH =
6.8 Hz, 3 H, CHMe), 1.13 (d, 3JHH = 6.5 Hz, 3 H, CHMe), 2.36
(s, 3 H, RuCMe), 2.53 (dd, 2JHH = 17.9, 2JPH = 4.4 Hz, 1 H, PCH2,
Ha), 3.64 (dd, 2JHH = 17.9, 2JPH = 12.3 Hz, 1 H, PCH2, Hb), 4.15
(m, 1 H, CHMe2), 4.46 (s, 5 H, Cp), 6.69–7.48 (m, 25 H, Ph), 10.4
(broad s, 1 H, NH) ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ
= 21.3 (s, CHMe), 21.6 (s, CHMe), 26.7 (s, CMe3), 38.0 (s,
RuCMe), 42.3 (d, 1J = 17.5 Hz, PCH2), 45.4 (s, CMe3), 51.6 (s,
CHMe2), 88.0 (s, Cp), 128.5–145.8 (m, Ph), 215.0 (d, 2J = 4.5 Hz,

Eur. J. Inorg. Chem. 2006, 1573–1581 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1579

C=O), 247.3 (dd, 2J = 16.2 and 11.7 Hz, Ru=C) ppm. 31P{1H}
NMR (121.50 MHz, CD2Cl2): δ = 33.9 (d, 2JPP = 34 Hz), 51.2 (d,
2JPP = 34 Hz) ppm. C46H52F6NOP3Ru (942.91): calcd. C 58.60, H
5.56, N 1.49, P 9.85; found C 58.41, H 5.58, N 1.64, P 9.42.

{Ru(Cp)[η2-C,P-:C(CH=CPh2)OC(tBu)=CH–PPh2](PMe3)}[PF6]
(7c): A solution of 1c (1.52 g, 2.26 mmol) and 1,1-diphenyl-2-pro-
pyn-1-ol (0.60 g, 2.88 mmol) in methanol (30 mL) was heated at
reflux for 1 h. The resulting dark-red mixture was evaporated under
vacuum and the residue was dissolved in dichloromethane (35 mL).
The solution was filtered and the filtrate was covered with meth-
anol (15 mL), then diethyl ether (130 mL) to afford dark-red crys-
tals. Yield: 1.34 g, 69 %. IR: ν̃ = 1556 cm–1, C=CO; 1611 cm–1,
C=CPh2. 1H NMR (300.13 MHz, CD2Cl2): δ = 0.84 (s, 9 H, tBu),
1.19 (d, 2JPH = 10.1 Hz, 9 H, PMe3), 5.24 (s, 5 H, Cp), 5.83 (d,
2JPH = 0.8 Hz, 1 H, PCH=), 6.87 (s, 1 H, CH=CPh2), 7.08–7.62
(m, 20 H, Ph) ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 21.5
(d, 1J = 34.6 Hz, PMe3), 27.6 (s, CMe3), 39.0 (d, 3J = 7.1 Hz,
CMe3), 85.9 (d, 1J = 55.0 Hz, PCH=), 93.4 (s, Cp), 129.1–133.1 (m,
set of Ph resonances), 138.4 (s, CPh2), 140.2 and 142.1 (2 s, CPh2,
ipso), 142.2 (dd, 1J = 53.9, 3J = 2.7 Hz, PPh, ipso), 142.3 (s,
CHCPh2), 178.3 (d, 2J = 4.5 Hz, OCtBu), 286.1 (dd, 2J = 15.7
and 13.9 Hz, Ru=C) ppm. 13C NMR (75.47 MHz, CD2Cl2, selected
values): δ = 85.9 (dd, 1JHC = 160, 1JPC = 55.0 Hz, PCH=), 138.4
(d, 2JHC = 2.7 Hz, CPh2), 142.3 (d, 1JHC = 160 Hz, CHCPh2) ppm.
31P{1H} NMR (121.50 MHz, CD2Cl2): δ = 5.9 (d, 2JPP = 36 Hz,
PMe), 35.5 (d, 2JPP = 36 Hz, PPh) ppm. C41H47F6OP3Ru (863.81):
calcd. C 57.01, H 5.48, P 10.76; found C 56.88, H 5.37, P 10.37.

{Ru(Cp)[=C=CHC(OH)Ph2][Ph2PCH2C(=O)tBu](PMe3)}[PF6]
(8c): An equimolar mixture of 1c and 1,1-diphenyl-2-propyn-1-ol
was dissolved in CD2Cl2 in an NMR tube and the solution was
kept at room temperature. 1H and 31P{1H} NMR spectra were re-
corded after 20 h and showed 8c to be the major compound
(�85%). 1H NMR (300.13 MHz, CD2Cl2, the presence of residual
1c and of 9c is omitted): δ = 0.93 (s, 9 H, tBu), 1.10 (d, 2JPH =
10.6 Hz, 9 H, PMe3), 3.19 (s, 1 H, OH), 3.81 (dd, 2JHH = 17.8,
2JPH = 9.1 Hz, 1 H, PCH2, Ha), 4.21 (dd, 2JHH = 17.8, 2JPH =
6.1 Hz, 1 H, PCH2, Hb), 5.25 (dd, 4JPH = 2.5 and 1.6 Hz, 1 H,
=CH), 5.35 (s, 5 H, Cp), 7.26–7.61 (m, 20 H, Ph) ppm. 31P{1H}
NMR (121.50 MHz, CD2Cl2): δ = 8.9 (d, 2JPP = 33 Hz, PMe), 38.4
(d, 2JPP = 33 Hz, PPh) ppm. The conversion of 8c into 9c was
almost complete after 75 h.

{Ru(Cp)(=C=C=CPh2)[Ph2PCH2C(=O)tBu](PMe3)}[PF6] (9c): A
solution of 1c (2.51 g, 3.74 mmol) and 1,1-diphenyl-2-propyn-1-ol
(1.15 g, 5.52 mmol) in THF (40 mL) was heated at reflux for 2 h.
The resulting solution was evaporated under vacuum and the resi-
due was washed with diethyl ether to obtain a violet powder.
Recrystallisation from dichloromethane (40 mL) and diethyl ether
(130 mL) afforded a dark-green crystalline powder, but an obvious
minor presence of orange crystals (presumably 7c) precluded ele-
mental analysis. Yield: 2.68 g, �83 %. 1H NMR (300.13 MHz,
CD2Cl2): δ = 0.74 (s, 9 H, tBu), 1.25 (d, 2JPH = 10.3 Hz, 9 H,
PMe3), 3.65 (dd, 2JHH = 17.6, 2JPH = 9.7 Hz, 1 H, PCH2, Ha), 3.96
(dd, 2JHH = 17.6, 2JPH = 4.4 Hz, 1 H, PCH2, Hb), 5.37 (s, 5 H,
Cp), 7.22–7.81 (m, 20 H, Ph) ppm. 13C{1H} NMR (75.47 MHz,
CD2Cl2): δ = 22.1 (d, 1J = 34.5 Hz, PMe3), 26.1 (s, CMe3), 40.7 (d,
1J = 30.9 Hz, PCH2), 45.6 (d, 3J = 1.7 Hz, CMe3), 92.1 (s, Cp),
128.9 (d, 2J = 10.8 Hz, PPh, ortho), 129.2 (d, 2J = 10.8 Hz, PPh,
ortho), 129.7 (s, =CPh2, ortho), 130.7 (s, =CPh2, meta), 131.1 (d, 4J
= 2.7 Hz, PPh, para), 131.5 (d, 4J = 2.7 Hz, PPh, para), �132.3
and 132.2 (d, PPh, meta, and s, =CPh2, para), 132.9 (d, 3J = 9.9 Hz,
PPh, meta), 134.1 (dd, 1J = 49.4, 3J = 1.8 Hz, PPh, ipso), 136.1 (d,
1J = 47.6 Hz, PPh, ipso), 144.3 (s, =CPh2, ipso), 158.4 (t, 4J �
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0.9 Hz, =CPh2), 208.8 (dd, 3J = 2.7 and 1.3 Hz, Ru=C=C), 208.9
(d, 2J = 7.2 Hz, C=O), 293.2 (dd, 2J = 18.4 and 16.6 Hz, Ru=C)
ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ = 9.6 (d, 2JPP =
36 Hz, PMe), 41.2 (d, 2JPP = 36 Hz, PPh).

Isomerisation of 9c into 7c: A solution of a sample of 9c in meth-
anol was stirred at room temperature and the isomerisation of 9c
into 7c was monitored by 31P{1H} NMR spectroscopy. Completion
of the reaction was reached after 15 days. A 0.07  aqueous solu-
tion of K2CO3 (2.0 mL, 0.14 mmol) was added to a solution of 9c
(1.80 g, 2.08 mmol) in dichloromethane (40 mL) and the mixture
was stirred for 1 h. Examination of the resulting orange-red solu-
tion by 31P{1H} NMR spectroscopy showed the isomerisation of
9c into 7c to be complete.

{Ru(Ind)[Ph2PCH2C(=O)tBu](PPh3)(PMe3)}[PF6] (2�c): A 1.0 

solution of trimethylphosphane in THF (8.0 mL, 8.0 mmol) was
added to a solution of {Ru(Ind)[Ph2PCH2C(tBu)=O](PPh3)}[PF6]
(1�a) (6.00 g, 6.61 mmol) in dichloromethane (50 mL). The mixture
was stirred overnight and then evaporated to dryness to leave the
crude product that was recrystallised from dichloromethane
(35 mL) and diethyl ether (140 mL) to afford orange-red crystals.
Yi e ld : 5 .78 g , 89 %. IR: ν̃ = 1705 cm – 1 , C= O. 1 H NMR
(300.13 MHz, CD2Cl2): δ = 0.63 (s, 9 H, tBu), 1.46 (d, 2JPH =
8.5 Hz, 9 H, PMe3), 3.11 (m, 2 H, PCH2), 4.51 (s, broad, 1 H, Ind),
5.44 (s, broad, 1 H, Ind), 5.57 (m, 1 H, Ind), 6.80–7.45 (m, 29 H,
Ph and Ind) ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ = –
10.5. (t, 2JPP � 2JPP� � 33 Hz, PMe), 42.8 (t, 2JPP � 2JPP� � 33 Hz),
45.0 (t, 2JPP � 2JPP� � 33 Hz) ppm. C48H52F6OP4Ru (983.90):
calcd. C 58.60, H 5.33, P 12.59; found C 58.51, H 5.34, P 12.64.

{Ru(Ind)[Ph2PCH2C(tBu)=O](PMe3)}[PF6] (1�c): A mixture con-
sisting of a sample of 2�c (3.00 g, 3.05 mmol), an excess of NaH

Table 1. Crystallographic data for complexes 3b·CH2Cl2 and 7c.

Complex 3b·CH2Cl2 7c

Empirical formula C43H42Cl2O2P2Ru C41H45F6OP3Ru
Molecular weight [gmol–1] 824.68 861.75
Crystal size [mm] 0.48×0.35×0.32 0.45×0.35×0.35
Crystal system monoclinic monoclinic
Space group P21/c P21/n
a [Å] 10.7595(1) 11.8729(1)
b [Å] 28.0871(3) 25.8064(2)
c [Å] 13.6725(2) 13.2105(1)
β [°] 109.5282(5) 96.4906(3)
V [Å3] 3894.19(8) 4021.71(6)
Z 4 4
Density [gcm–3] 1.407 1.423
Temperature [K] 293(2) 293(2)
F(000) 1696 1768
Mo-Kα radiation, λ [Å] 0.71073 0.71073
Absorption coefficient [mm–1] 0.658 0.568
θ range [°] 1.74–27.48 2.70–27.48
Index ranges 0 � h � 13 0 � h � 15

0 � k � 36 0 � k � 33
–17 � l � 16 –17 � l � 17

Reflections collected 33970 54682
Independent reflections 8841 (Rint = 0.033) 9180 (Rint = 0.035)
Reflections I � 2σ(I) 6496 7134
Data/restraints/parameters 8841/0/447 9180/0/470
Goodness-of-fit on F2 1.014 1.019
Final R indices [I � 2σ(I)] R1 = 0.0593 R1 = 0.0437

wR2 = 0.1581 wR2 = 0.1140
R indices (all data) R1 = 0.0851 R1 = 0.0614

wR2 = 0.1769 wR2 = 0.1250
Largest diff. peak/hole [eÅ–3] 1.786 and –1.618 0.869 and –0.840
w = 1/[σ2(Fo

2) + (0.0949P)2 + 5.7242P] (3b), 1/[σ2(Fo
2) + (0.0680P)2 + 2.4890P] (7c), where P = (Fo

2 + 2Fc
2)/3
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(0.78 g, 32.5 mmol) and THF (60 mL) was heated at reflux for 20 h.
The resulting mixture was filtered and the dark-orange filtrate was
evaporated to dryness. Methanol (50 mL) was added to the residue
and this mixture was stirred to obtain a red-orange slurry. NH4PF6

(0.60 g, 3.68 mmol) and then a 6  solution of HCl in diethyl ether
(2.0 mL, 12 mmol) were added to the slurry. The mixture was
stirred for 10 min and the resulting orange precipitate was collected
by filtration and washed with diethyl ether (50 mL). The solid was
extracted with dichloromethane (25 mL), the solution was filtered
and the filtrate was covered with methanol (10 mL) then diethyl
ether (120 mL) to afford orange crystals. Yield: 1.70 g, 77%. IR: ν̃
= 1607 cm–1, C=O. 1H NMR (300.13 MHz, CD2Cl2): δ = 0.94 (d,
2JPH = 9.0 Hz, 9 H, PMe3), 1.19 (s, 9 H, tBu), 3.34 (dd, 2JHH =
19.4, 2JPH = 7.6 Hz, 1 H, PCH2, Ha), 4.10 (dd, 2JHH = 19.4, 2JPH

= 10.9 Hz, 1 H, PCH2, Hb), 4.28 (m, 1 H, Ind), 4.61 (m, 1 H, Ind),
4.73 (m, 1 H, Ind), 6.82–7.62 (m, 14 H, Ph and Ind) ppm. 31P{1H}
NMR (121.50 MHz, CD2Cl2): δ = 0.9 (d, 2JPP = 38 Hz, PMe), 75.2
(d, 2JPP = 38 Hz, PPh) ppm. C30H37F6OP3Ru (721.61): calcd. C
49.93, H 5.17, P 12.88; found C 50.20, H 5.20, P 12.84.

{Ru(Ind)[η2-C,P-:C(CH=CPh2)OC(tBu)=CH–PPh2](PMe3)}[PF6]
(7�c): Starting from 1�c instead of 1c, the procedure detailed for the
synthesis of 7c was used and similarly yielded 7�c as dark-purple
crystals (71%). 1H NMR (300.13 MHz, CD2Cl2): δ = 0.70 (s, 9 H,
tBu), 1.11 (d, 2JPH = 10.0 Hz, 9 H, PMe3), 4.46 (d, 2JPH = 1.6 Hz,
1 H, PCH=), 4.57 (m, 1 H, Ind), 5.68 (m, 1 H, Ind), 5.72 (s, 1 H,
CH=CPh2), 5.90 (m, 1 H, Ind), 6.29–7.61 (m, 24 H, Ph and Ind)
ppm. 13C{1H} NMR (75.47 MHz, CD2Cl2): δ = 20.1 (d, 1J =
34.1 Hz, PMe3), 27.4 (s, CMe3), 38.8 (d, 3J = 7.1 Hz, CMe3), 80.0
(s, Ind), 85.1 (d, 1J = 58.5 Hz, PCH=), 87.0 (s, Ind), 96.7 (s, Ind),
109.4 (d, 2J = 6.3 Hz, Ind), 120.2 (s, Ind), 120.7–133.3 (m, set of
Ph and Ind resonances), 137.9 (d, 4J = 2.7 Hz, CHCPh2), 139.3 (s,
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CPh2), 140.2 and 140.6 (2 s, CPh2, ipso), 141.8 (dd, 1J = 55.7, 3J =
2.7 Hz, PPh, ipso), 178.1 (d, 2J = 3.6 Hz, OCtBu), 285.4 (dd, 2J =
16.2 and 12.6 Hz, Ru=C) ppm. 13C NMR (75.47 MHz, CD2Cl2,
selected values): δ = 85.1 (dd, 1JHC = 160, 1JPC = 58.5 Hz, PCH=),
137.9 (d, 1JHC = 160 Hz, CHCPh2), 139.3 (d, 2JHC = 2.7 Hz, CPh2)
ppm. 31P{1H} NMR (121.50 MHz, CD2Cl2): δ = 1.6 (d, 2JPP =
31 Hz, PMe), 42.5 (d, 2JPP = 31 Hz, PPh) ppm. C45H49F6OP3Ru
(913.87): calcd. C 59.14, H 5.40, P 10.17; found C 58.29, H 5.17,
Cl 0.73, P 10.34. The presence of chlorine indicated a slight reten-
tion of dichloromethane, which is likely responsible for the low
carbon value.

X-ray Crystallography: Selected crystals of 3b·CH2Cl2 and 7c were
studied with a NONIUS Kappa CCD diffractometer with graphite
monochromator. Crystallographic data are given in Table 1. The
cell parameters were obtained with Denzo and Scalepack,[15] and
data collection with NONIUS KappaCCD Software.[16] Data re-
duction was carried out with Denzo and Scalepack.[15] The struc-
tures were solved with SIR-97, which revealed the non-hydrogen
atoms.[17] After anisotropic refinement, many hydrogen atoms may
be found with Fourier difference calculations. The whole structures
were refined with SHELXL97 by full-matrix least-squares methods
on F2 (x, y, z, βij for Ru, P, Cl, O and C atoms; x, y, z in riding mode
for H atoms).[18] ORTEP views were prepared with PLATON98.[19]

Thermal ellipsoids for some atoms in the C30 ring in 7c might
suggest a disorder problem. Calculations to split these atoms in
two positions to improve the structural model were unsuccessful,
probably because this defect is not symmetrical relative to the
phenyl ring axis.

CCDC-291347 (for 3b) and -291348 (for 7c) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Formation of Two 1D Polymeric Water Morphologies
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Two complexes with double- or triple-stranded chain struc-
tures, {[Cd(pg)(phen)]·3H2O}n (1) and {[Cd3(cpg)3(phen)2]·
3H2O}n (2), have been hydrothermally synthesized [H2pg =
3-phenylglutaric acid, H2cpg = 3-(4-chlorophenyl)glutaric
acid, phen = 1,10-phenanthroline]. In the crystal lattices of 1
and 2, two 1D polymeric water morphologies are observed (a

Introduction

The fundamental importance of water in physical, bio-
logical, and chemical processes has prompted intensive re-
search efforts, however, some properties of water still re-
main “anomalous”.[1–4] The structural information of dis-
crete water clusters is the first step to understanding the
behavior of water.[5] In recent years, extensive structural
studies on discrete water clusters have significantly ad-
vanced our preliminary comprehension of water.[6] A com-
parison between the physical properties of discrete water
clusters and polymeric clusters, which structurally lie be-
tween small water clusters and bulk water/ice, shows that
the properties of polymeric clusters are more closely associ-
ated with those of bulk water. Thus, studies involving poly-
meric water clusters are a further step towards understand-
ing water. With the development of polymeric water clus-
ters, three morphologies of polymeric water clusters[7] in-
cluding infinite 1D-chain,[8] tape,[9] and 2D-layer[10] struc-
tures, have been observed. Among the three morphologies,
1D water chains and tapes are of great interest since many
fundamental biological processes[11] and properties of mate-
rials[12] appear to depend on the unique properties of 1D
water morphologies. Structural studies have shown that 1D
water morphologies exist in gramicidin A membrane chan-
nels,[13] bacteriorhodopsin,[14] and α-amylase[15] for the ra-
pid transport of protons and act as “proton wires”. Thus,
it is essential that 1D water morphologies can be rationally
and predictably designed. However, most water clusters are
obtained occasionally, and the rational design of such water
morphologies still remains a challenge.
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treelike chain for 1 and a staircaselike tape for 2), both of
which contain (H2O)6 subunits. The geometrical parameters
of water chains and tapes are similar to those in ice, Ih, and
liquid water, respectively.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The lattices of crystal hosts offer environments for stabi-
lizing various topologies of water clusters, which play im-
portant roles in the formation of different water morpho-
logies. To obtain 1D water morphologies, it is necessary to
construct suitable host frameworks for water molecules ex-
tending into chains or tapes. Without a doubt, a host chan-
nel, which can encapsulate the water chains or tapes, gener-
ated by organic or inorganic moieties is a good choice.[16]

If a host chain can provide hydrogen-bond donors and/or
acceptors, it may induce the free water molecules or discrete
water clusters to extend with itself, and finally lead to 1D
water morphologies. A metal–organic chain may be another
good choice. In this paper, we report on two complexes,
[Cd3(cpg)3(phen)2]·3H2O (1) and [Cd(cpg)(phen)]·3H2O (2)
[H2pg = 3-phenylglutaric acid, H2cpg = 3-(4-chlorophenyl)
glutaric acid, phen = 1,10-phenanthroline], which both have
1D host frameworks and result in 1D water chains and
tapes, respectively.

Results and Discussion

Carboxyl groups can provide hydrogen-bond donors
and/or acceptors, so we have chosen two similar benzoic
carboxylates (H2pg and H2cpg) as organic ligands to con-
struct the host frameworks. In order to obtain 1D metal–
organic chains, we selected 1,10-phen as a secondary ligand.
The induction of the terminal ligand can prevent the chain
from extending to intricate 2D and 3D architectures.

Crystal Structure of {[Cd(pg)(1,10-Phen)]·3H2O}n (1)

Single-crystal X-ray analysis reveals that 1 is a 1D
double-stranded chain. As shown in Figure 1, each central
cadmium ion is coordinated by two oxygen atoms from two
monatomic bridging carboxylate groups (Scheme 1a), two



Formation of Two 1D Polymeric Water Morphologies FULL PAPER
oxygen atoms from one chelating carboxylate group
(Scheme 1b) and two nitrogen atoms from one 1,10-phen
molecule. Two pg2– ligands link two cadmium ions forming

Figure 1. The coordination environment of cadmium ions in 1 with
the thermal ellipsoids at the 50% probability level (all H atoms
were omitted for clarity). Symmetry codes: #A: –x + 1, –y + 1,
–z; #B: –x + 1, –y + 2, –z.

Scheme 1. The coordination modes assumed by the carboxylate li-
gands.

Figure 2. The double-stranded host chain of 1.

Figure 3. The 1D treelike water chain with dangling molecules in 1.
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a metal–organic ring, and these are bridged into a double-
stranded chain through the monatomic bridging carboxyl-
ate groups (Figure 2).

In the crystal lattice of 1, three crystallographically inde-
pendent water molecules (O1w, O2w, and O3w) are ob-
served, which are associated by hydrogen bonds to form a
water trimer. The water trimer is hydrogen bonded to its
equivalent, derived by the crystallographic 21 axis along the
[010] direction, forming a (H2O)6 unit. The geometric pa-
rameters of the hexamers are summarized in Table 1. The
21 axis in symmetry operations of generating (H2O)6 clus-
ters leads to a water hexamer with an opening structure.
Such an open structure is different from any hexamer con-
formation revealed by theoretical calculations (ring, book,
bag, cage, and prism).[19,20,6a] With O1w and equivalent
molecules dangling at two sides, the hexamers are self-as-
sembled into treelike chains along the [010] direction (Fig-
ure 3). The average O···O distance of 2.796 Å is very close
to the corresponding value of 2.759 Å in ice, Ih, at –90 °C.[1]

However, there is a wide variation in the O–O–O angles
with an average of 131.2°, which deviates considerably from
the corresponding value found in ice, Ih. The water chains
link adjacent double-stranded metal–organic chains into a
2D network through the O1w–H···O6 and O3w–H···O4 hy-
drogen bonds. Neighbor layers are extended into a three-
dimensional architecture through π–π interactions
(3.367 Å) between two phenanthroline rings of the 1,10-
phen ligand.

Table 1. Hydrogen-bonding parameters ([Å] and [°])
for{[Cd(pg)(phen)]·3H2O}n (1) and {[Cd3(cpg)3(phen)2]·3H2O}n

(2).[a]

O–H···O O–H O···O H···O O–H···O

1

O6–H(6WA)···O7#1 0.96(5) 2.763(6) 1.87(6) 154.7(7)
O7–H(7WB)···O1#2 1.02(8) 2.816(4) 1.80(8) 174.8(2)
O6–H(6WB)···O7 1.01(2) 2.857(8) 2.19(9) 122.0(5)
O5–H(5WA)···O3#2 0.92(5) 2.728(4) 1.82(5) 172.1(5)
O5–H(5WB)···O6 1.21(3) 2.769(6) 1.99(3) 117.9(3)

2

O(1)–H(1WA)···O3#3 0.74(9) 2.765(1) 2.08(1) 153(1)
O(1)–H(1WB) ···O2 0.75(9) 2.812(2) 2.10(1) 161(1)
O(2)–H(2WB)···O4 0.67(9) 2.853(1) 2.18(9) 175(1)
O(2)–H(2WA)···O3 0.79(9) 2.997(2) 2.23(9) 165(1)
O(3)–H(3WB)··· O6#4 0.80(9) 2.755(1) 1.96(9) 175(9)
O(3)–H(3WA)···O1#5 1.07(9) 2.875(2) 1.84(9) 164(7)

[a] Symmetry codes: #1: – x, y + 1/2, –z + 1/2; #2: –x + 1, y –
1/2, –z + 1/2; #3: –x + 1, –y, –z + 2; #4: x + 1, y, z; #5: x + 1, y, z.
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Crystal Structure of {[Cd3(cpg)3(1,10-Phen)2]·3H2O}n (2)

In the asymmetric unit of 2, there are three crystallo-
graphically independent CdII ions, three cpg2– ligands, two
1,10-phen ligands, and three water molecules, as revealed
by X-ray crystallography. The coordination environments
around the three CdII ions are different, however, they all
exhibit an octahedral-coordination geometry (Figure 4).
Cd(1) is coordinated by two nitrogen atoms from one 1,10-
phen ligand, one oxygen atom from one syn,syn-η1:η1:µ2

bridging carboxylate group (Scheme 1c), one oxygen atom
from one monatomic bridging carboxylate group
(Scheme 1a), and two oxygen atoms from one chelate bridg-
ing carboxylate group (Scheme 1d). Cd(2) is coordinated by
two nitrogen atoms from one 1,10-phen ligand, two oxygen
atoms from two syn,syn-η1:η1:µ2 bridging carboxylate
groups (Scheme 1c), and two oxygen atoms from one che-
late bridging carboxylate group (Scheme 1d). Cd(3) is coor-
dinated by three oxygen atoms from three syn,syn-η1:η1:µ2

bridging carboxylate groups (Scheme 1c), two oxygen atoms
from one chelate bridging carboxylate group (Scheme 1d),
and one oxygen atom from one monatomic bridging car-
boxylate group (Scheme 1a). As a result of the coordination
diversity of carboxylate groups, three CdII ions are con-
nected to form a trinuclear cluster. As a basic building unit,
the trinuclear clusters are fused to an infinite triple-
stranded chain bridged by the carboxylate groups of the
cpg2– ligands. To accommodate the role of the bridging trin-
uclear clusters, the alkyl chain of the cpg2– ligands rotates

Figure 4. The coordination environment of cadmium ions in 2 with
the thermal ellipsoids at the 30% probability level (all hydrogen
atoms and the chlorophenyl groups of the cpg2– ligand were omit-
ted for clarity). Symmetry codes: #A: x + 1, y, z; #B: x – 1, y, z.

Figure 6. The staircaselike water tape in 2.
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from the most stable anti form to the gauche form, which
is higher in energy. The rotation of the flexible cpg2– ligand
allows each strand to twist in order to form a helical chain.
By sharing cadmium ions, the three strands are attached to
produce a novel triple-stranded helical chain (Figure 5). In
the case of the infinite double and higher order helices there
are two kinds of possibilities: (i) The strands of the helix
are independent infinite chains held together by noncoval-
ent forces, analogous to the situation in DNA;[21] and
(ii) The strands are not independent, but are attached
through coordinative bonds to a column of metal atoms,
which form the axis of the helix. To the best of our knowl-
edge, complex 1 is the first infinite triple-stranded helical
chain of type (ii).

Figure 5. The triple-stranded host chain of 2.

Similar to 1, there are three crystallographically indepen-
dent free water molecules in the crystal lattice of complex
2. These three water molecules and their equivalents, gener-
ated by a crystallographic inversion center, are associated
by O–H···O hydrogen bonds in a cyclic centrosymmetric
hexamer. The mean deviation of the three atoms from the
plane is 0.0088 Å, which shows that these atoms are almost
located on the same plane and the hexamer ring exists as
a planar conformation. The geometric parameters of the
hexamers are summarized in Table 1. The average O···O dis-
tance of 2.858 Å is longer than the value of 2.759 Å in ice,
Ih,[1] but very similar to the O···O distance of 2.85 Å in li-
quid water.[22] The average value of the O–O–O angles is
119.3°, which deviates considerably from the corresponding
value found in liquid water. The hexamers are self-as-
sembled by O3w–H···O1w hydrogen bonds into extended
water tapes along the [100] direction, consisting of fused
four- and six-membered water rings (Figure 6). The dihe-
dral angle between four- and six-membered rings is 44.1°,
which makes the water tape “staircase”-like. The interhexa-
mer O1···O3B distance of 2.892 Å is also close to the corre-
sponding O···O distance in liquid water. Additional O2w–
H···O4 and O3w–H···O6 hydrogen bonds anchor the water
tapes to two adjacent metal–organic chains, resulting in tri-
ple helical chain pairs. The triple chain pairs are extended
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into a three-dimensional architecture through π–π interac-
tions (3.779 Å) between two phenanthroline rings of 1,10-
phen ligands from neighboring chains.

Thermal Analysis and X-ray Powder Diffraction

Samples of 1 and 2 were examined by TGA, which show
similar TGA curves (Figure 7). TGA analyses of 1 show a
4.11% weight loss from 63 to 108 °C, which corresponds
to 1.26 of the 3 free water molecules. The remaining water
molecules are eventually lost at 345 °C. For 2, the weight
loss of 1.92% from 61 to 91 °C is equivalent to the loss of
1.57 of the three free water molecules. The remaining water
molecules are lost slowly until a temperature of 268 °C is
reached. After all the free water molecules were released
from the structure the metal–organic host chains started to
decompose. To confirm the TGA, the original samples and
dehydrated samples of 1 and 2 were characterized by X-ray
Powder diffraction (XRPD) at room temperature (Figure 8
and Figure 9). The patterns that were simulated from the
single-crystal X-ray data of 1 and 2 were in good agreement
with those that were observed. However, after water mole-
cules were lost as a result of heat, total changes in the
pattern were observed, suggesting decomposition of the me-
tal–organic framework. This is expected, as the water chain
or tape acts as a “glue” to assemble the overall structure.

Figure 7. TGA curves for 1 and 2.

Figure 8. XRPD patterns for 1: (a) calculated from single-crystal
X-ray data; (b) taken at room temperature; (c) after heating at
350 °C for 2 h.
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Figure 9. XRPD patterns for 2: (a) calculated from single-crystal
X-ray data; (b) taken at room temperature; (c) after heating at
300 °C for 2 h.

Vibrational Spectra

The FT-IR spectroscopy of 1 shows strong bands at 1574
and 1428 cm–1 due to the υasym(CO2) and υsym(CO2) stretch-
ing vibrations, respectively. For 2, the υasym(CO2) and
υsym(CO2) stretching vibrations appear at 1585 cm–1 and
1402 cm–1, respectively. The spectra of 1 and 2 exhibit
broad bands centered around 3375 and 3406 cm–1, respec-
tively. The O–H stretching vibration for the quasiplanar
water hexamer appears[23] as a broad band centered around
3400 cm–1; the O–H stretching vibration for the same clus-
ter in a helium droplet appears at 3325 cm–1.[6b] In compari-
son, this vibration of the planar hexamers in the ice I and
II phases occurs at 3220 cm–1.[1] After removing the water
from the crystal lattices of 1 and 2 by heating, the bands
centered around 3375 and 3406 cm–1 disappear. Therefore,
in the case of 1 and 2, these bands are attributable to the
O–H stretching frequency of the (H2O)6 core structure. The
difference in the stretching vibration may arise from their
different conformations and environments. Deliberate expo-
sure to water vapor for 3 d does not lead to reabsorption of
water into the lattice as monitored by FTIR spectroscopy.

Conclusions

In conclusion, two complexes with metal–organic host
chains have been synthesized successfully, in which two 1D
water morphologies are observed. When the host chains
change from double stranded to triple stranded, the water
morphologies are observed as treelike chains and stair-
caselike tapes, respectively, which contain (H2O)6 subunits
with different conformations. The water morphologies act
as building blocks extending the host frameworks into a
higher dimensionality. In this sense, the water chains and
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tapes are different from other 1D water morphologies en-
capsulated in the host channels generated by organic or in-
organic moieties. We propose that the metal–organic chain,
with selected hydrophilic groups, may be a good host frame-
work to induce the formation of 1D water morphologies.
This discovery may be helpful in the rational design of 1D
water morphologies.

Experimental Section

General Methods: All chemicals were obtained commercially and
used without further purification. Elemental analyses were carried
out with an Elementar Vario EL III analyzer. Infrared (IR) spectra
were recorded with a PerkinElmer Spectrum One as KBr pellets in
the range 4000–400 cm–1. Thermogravimetric analyses were carried
out with a NETZSCH STA 449C unit at a heating rate of
10 °Cmin–1 under nitrogen. X-ray Powder diffraction measure-
ments were recorded with a RIGAKU DMAX2500PC dif-
fractometer using Cu-Kα radiation.

Preparation of Complexes

{[Cd(pg)(1,10-Phen)]·3H2O}n (1): A mixture of H2pg (0.021 g,
0.1 mmol), 1,10-phen (0.020 g, 0.1 mmol), and Cd(NO3)2·4H2O
(0.031 g, 0.1 mmol) in distilled water (15 mL) was sealed in a Tef-
lon-lined Stainless autoclave and heated at 165 °C for 3 d under
autogenous pressure and then cooled to room temperature for 2 d.
Colorless crystals (26 mg) were isolated in 47% yield and washed
with distilled water. C23H24N2O7Cd (552.84): calcd. C 49.81, H
4.37, N 5.05; found C 49.80, H 4.38, N 5.06. IR (KBr): ν̃ = 3375
(m), 3063 (w), 1574 (vs), 1515 (s), 1428 (vs), 1251 (w), 1103(w),
973(w), 864 (s), 854 (vs), 775 (m), 729 (s) cm–1.

{[Cd3(cpg)3(1,10-Phen)2]·3H2O}n (2): A mixture of H2cpg (0.024 g,
0.1 mmol), 1,10-phen (0.020 g, 0.1 mmol), and Cd(NO3)2·4H2O

Table 3. Crystallographic data for {[Cd(pg)(phen)]·3H2O}n (1) and {[Cd3(cpg)3(phen)2]·3H2O}n (2).

1 2

Empirical formula C23H24N2O7Cd C57H49N4O15Cl3Cd3

Formula mass [gmol–1] 552.84 1473.55
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n
a [Å] 11.1744(6) 7.674(3)
b [Å] 8.5230(5) 27.815(9)
c [Å] 26.1459(14) 26.611(9)
α [°] 90 90
β [°] 111.879(3) 94.640(7)
γ [°] 90 90
V [Å3] 2310.8(2) 5661(3)
Z 4 4
ρcalcd. [mgm–3] 1.589 1.729
µ (Mo-Kα) [mm–1] 0.991 1.330
No. of data collected 17114 35940
No. of unique data (all) 5296 [R(int) = 0.0195] 9979 [R(int) = 0.0663]
No. of obsd. data [F � 2(σF)] 4912 8329
Parameters 304 763
R1,[a] wR2

[b] [I � 2σ(I)] 0.0327, 0.0873 0.0777, 0.1719
R1,[a] wR2

[b] (all data) 0.0362, 0.0902 0.0972, 0.1823
GOF 1.005 1.162

[a] R = Σ||Fo| – |Fc|| / Σ|Fo|. [b] wR(F2) = [Σw(Fo
2 – Fc

2)2 / Σw(Fo
2)2]1/2. w = 1/[σ2(Fo

2) + (0.0530P)2 + 1.6272P], where P = (Fo
2 + 2Fc

2)/3
for 1. w = 1/[σ2(Fo

2) + (0.0550P)2 + 18.1927P], where P = (Fo
2 +2Fc

2)/3 for 2.
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(0.031 g, 0.1 mmol) in distilled water (15 mL) was sealed in a Tef-
lon-lined Stainless autoclave and heated at 165 °C for 3 d under
autogenous pressure and then cooled to room temperature for 2 d.
Yellow prism-like crystals (47 mg) suitable for X-ray analysis were
isolated in 32% yield and washed with distilled water.
C57H49N4O15Cl3Cd3 (1473.55): calcd. C 46.46, H 3.35, N 3.80;
found C 46.48, H 3.34, N 3.81. IR (KBr): ν̃ = 3406 (m), 1581 (vs),
1518 (m), 1493 (m), 1402 (s), 1281 (w), 1092 (w), 1014 (w), 976 (w),
866 (m), 831 (m), 729 (s) cm–1.

Table 2. Selected bond lengths [Å] and angles [°] for
{[Cd(pg)(phen)]·3H2O}n (1)[a] and {[Cd3(cpg)3(phen)2]·3H2O}n

(2).[a]

1

Cd(1)–N(1) 2.299(2) Cd(1)–O(7)#1 2.310(2)
Cd(1)–N(2) 2.385(2) Cd(1)–O(5)#2 2.3294(19)
Cd(1)–O(5) 2.3035(19) Cd(1)–O(6)#1 2.438(2)
O(7)#1–Cd(1)–O(6)#1 54.94(8) N(1)–Cd(1)–O(7)#1 136.06(8)
N(1)–Cd(1)–O(5)#2 88.86(8) O(5)–Cd(1)–N(2) 174.75(7)
O(5)#2–Cd(1)–O(6)#1 83.32(8)

2

Cd(1)–N(1) 2.316(7) Cd(2)–N(3) 2.363(8)
Cd(1)–N(2) 2.331(7) Cd(2)–N(4) 2.301(7)
Cd(1)–O(4) 2.264(6) Cd(2)–O(14)#4 2.454(6)
Cd(1)–O(6)#3 2.513(6) Cd(3)–O(5) 2.286(6)
Cd(1)–O(7)#3 2.351(7) Cd(3)–O(7)#3 2.309(6)
Cd(2)–O(8) 2.247(7) Cd(3)–O(9) 2.281(7)
Cd(1)–O(10)#4 2.368(7) Cd(3)–O(10)#4 2.280(7)
Cd(1)–O(11)#4 2.609(8) Cd(3)–O(13) 2.228(6)
Cd(2)–O(12) 2.220(6) Cd(3)–O(15)#4 2.265(5)
Cd(2)–O(15)#4 2.296(6)

[a] Symmetry transformations used to generate equivalent atoms:
#1: –x + 1, –y + 2, –z; #2: –x + 1, –y + 1, –z; #3: x + 1, y, –z; #4:
x – 1, y, z.
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X-ray Crystallography

X-ray diffraction data were collected with a Rigaku diffractometer
with a Mercury CCD area detector (Mo-Kα; λ = 0.71073 Å) for 1
and 2 at 173(2) K. Empirical absorption corrections were applied
to the data using the CrystalClear program.[17] The structures were
solved by the direct method and refined by the full-matrix least-
squares on F2 using the SHELXTL-97 program.[18] The hydrogen
atoms on the organic ligands were generated by the riding mode
(C–H = 0.95 Å), and hydrogen atoms on water molecules were lo-
cated from difference maps. Bond lengths and bond angles are
listed in Table 2. Crystallographic data and other pertinent infor-
mation for 1 and 2 are summarized in Table 3.

CCDC-289131 and CCDC-281815 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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The electronic spectrum of K4[V(CN)7] has been calculated
by means of a combined quantum chemical density func-
tional and multi-reference configuration interaction scheme.
In addition to the states known so far, our calculations predict
the existence of two low-lying triplet electronic states with
excitation energies of 13600 and 13700 cm–1, respectively.
Both result from de��1

� de�2
excitations in the slightly dis-

torted pentagonal-bipyramidal ligand field. To validate these

Introduction
Six- and fourfold coordination of a central atom by li-

gands is the most common coordination scheme observed
in transition metal complexes. Ligand-field parameters have
been derived from experimental d–d spectra for a variety of
these complexes.[1–3] To be able to adjust ligand parameters
in a meaningful way, the character of a spectral band ob-
served in absorption or emission has to be assigned prop-
erly. In some instances, the assignment, and thus also the
parameter adjustment, is hampered because electronic d–d
transitions in highly symmetric complexes are dipole forbid-
den and thus tend to be weak.

In the past decade, quantum chemical methods have
made enormous progress, such that the properties of molec-
ular ground states, for example the electronic structure or
the molecular geometry, can be computed routinely with
high confidence. In contrast, electronically excited states
pose a much harder challenge, particularly for large mole-
cules. Here, only a few methods are applicable. Among the
ab initio approaches, presently the most common one is
time-dependent density functional theory (TDDFT)[4] be-
cause of its computational efficiency. However, its has been
shown recently that TDDFT, when used with standard
functionals, may give dramatic failures for charge-transfer
(CT) states.[5,6] The reliable prediction of the electronic exci-
tation spectra of transition metal complexes has come into
reach through the development of multi-reference second-

[a] Institute of Theoretical and Computational Chemistry, Hein-
rich-Heine-University,
Universitätsstr. 1, 40225 Düsseldorf, Germany,
Fax: +49-211-811-3466,
E-mail: christel.marian@uni-duesseldorf.de
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theoretical results we measured a UV/Vis spectrum at low
temperatures. In the wavelength range between 800 and
500 nm we observed a broad band with vibrational substruc-
ture (peak positions: 13661, 14450, 15243, 16051, and
16807 cm–1). The origin transition at 13661 cm–1 is in excel-
lent agreement with our theoretical predictions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

order perturbation theory methods, such as CASPT2[7] and
MRMP2,[8] as well as variational procedures that combine
density functional theory and multi-reference configuration
interaction schemes such as the DFT/MRCI approach.[9]

These methods do not suffer from the flaws of TDDFT
and offer the possibility to compute absorption spectra of
transition metal complexes and thus help assign fragmen-
tary experimental data.

Vanadium is one of the few transition metals that forms
hexa- as well as heptacoordinate complexes, although
knowledge of the heptacoordinate vanadates is patchy. Un-
til recently, only two d–d transitions at 20600 and
22800 cm–1 had been observed in a solid-state spectrum of
K4[V(CN)7]·2H2O,[10] although Bennett and Nicholls have
prepared crystals with the approximate chemical composi-
tion K4[V(CN)7]·H2O for which they found d–d transitions
at 22300 and 28900 cm–1.[11] Bands at approximately
14700 cm–1 have also been seen in aqueous solutions of
K4[V(CN)7].[12,13] However, [V(CN)7]4– ions are known to
disproportionate in water and the bands were assigned
to originate either from a spin-forbidden transition
in [V(CN)6]4–[13] or to VO(CN)5

4– complexes.[11] Thus,
the assignment of the 14700 cm–1 band to a heptacyano-
vanadate() complex in water was rather uncertain.
Bands at 36400 cm–1 and higher energies have been ascribed
to CT transitions in crystals of K4[V(CN)7]·H2O.[11]

The d2 configuration of the V3+ ion yields nine singlets
and six triplets for the free complex in D5h symmetry, i.e.,
the symmetry point-group of a pentagonal bipyramid.
From EPR spectra, the electronic ground state of
K4[V(CN)7] is known to be a high-spin state,[11] therefore
only triplet states are considered here. In the solid state, the



A Theoretical Study of K4[V(CN)7] Combined with Low-Temperature Experiments FULL PAPER
Table 1. Triplet states resulting from a d2 occupancy in a pentagonal-bipyramidal ligand field and distorted towards C2v symmetry.

D5h Symmetry C2v Symmetry
Orbital product Electronic state(s) Electronic state(s)

de1
�� � de1

��
3A2

� 3B2

de1
�� � de2

�
3E1

�� � 3E2
�� 2 3A2 �2 3B1

de1
�� � da1

�
3E1

�� 3A2 � 3B1

de2
� � de2

�
3A2

� 3B2

de2
� � da1

�
3E2

� 3A1 � 3B2

high symmetry of the ligand field is distorted because of
the tetrahedral arrangement of potassium counterions in
the unit cell.[14] This reduction to C2v symmetry results in a
splitting of degenerate electronic energies to yield 10 nonde-
generate triplet states. The electronic configurations origi-
nating from a d2 configuration and their irreducible repre-
sentations in the D5h and C2v molecular point-groups are
displayed in Table 1. In addition to these states, CT states
will occur at higher energies in the electronic spectrum.

Results and Discussion

The optimized complex geometry (OptGeo) corresponds
to a slightly distorted pentagonal bipyramid with nearly
equal axial and equatorial ligand bond lengths (see Fig-
ure 1). Crystal water that is present in the unit cell of
K4[V(CN)7]·2H2O[10] has been ignored in the calculations.
The computed vanadium–carbon distances range from 218
to 220 pm, in fair agreement with the X-ray diffraction data
(213–216 pm).[10] The CN ligand bonds are slightly longer
in the optimized structure (116–117 pm) than in the experi-
mental one (114–115 pm). In the fully optimized structure,
the bond angles between equatorial ligands range between
70.6° and 73.5°. These values agree with the experimentally
derived data within ±1°. The C–V–C angle of the two axial
ligands, on the other hand, comes out somewhat too large.
For this angle we compute a value of 177° compared to
171° in the X-ray structure. The energetic splitting of elec-
tronic states that are degenerate in the ideal D5h symmetry
might therefore be somewhat underestimated in our calcula-
tions.

Although the [V(CN)7]4– moiety is nearly C2v symmetric,
the overall symmetry of the experimental X-ray structure is
C1 because two of the potassium counterions are slightly
distorted out of the equatorial plane by the crystal water.
In our calculations, we find the two equatorial K+ ions at
a distance of 462 pm from the central vanadium compared
to values of 479 or 480 pm from the X-ray data. The two
K+ ions located below and above the equatorial plane,
respectively, are separated from the vanadium nucleus by
393 pm according to our calculations, whereas these dis-
tances are 442 and 445 pm in the crystal.

To get an idea of the influence of the nuclear geometry
on the electronic excitation energies, we performed two ad-
ditional calculations. In the first one, C2v symmetry was re-
tained but the C–V–C angle of the two axial ligands was
set to the experimental value of 171°. The corresponding
V–C–N angles were set to 173°. The coordinates of the po-
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Figure 1. Optimized structure of the free potassium heptacyano-
vanadate() complex and orientation of the Cartesian coordinate
system. The y-axis points toward the viewer.

tassium ions and the equatorial ligands were left unchanged
with respect to the optimized geometry. This structure will
be denoted as (AxLGeo). The second nuclear arrangement
(ExpGeo) exhibits no symmetry at all. Here, the coordi-
nates of all CN– ligands and the potassium counterions
were fixed at their experimental X-ray positions.[14] It differs
from the experimental unit-cell only by the lack of crystal
water.

The electronic ground-state corresponds to a configura-
tion in which the d orbital of e1

�� symmetry is doubly occu-
pied. As the z-axis has been chosen to coincide with the C2

rotation axis of the C2v subgroup, de1
�� correlates with the

Cartesian dxz and dxy orbitals. According to Table 1, this
occupation gives rise to a triplet state of A2

� symmetry in
the undistorted pentagonal bipyramid or a 3B2 state in the
actual C2v point group.

A collection of measured and computed spectroscopic
data is displayed in Table 2. Theoretical values correspond
to vertical excitation energies at the optimized geometry
(OptGeo). UTDDFT entries are not displayed in energeti-
cal order but are identified according to their symmetry
labels and have been sorted to match the order of the corre-
sponding DFT/MRCI entries. The lowest excited triplet
states arise from d–d single excitations and combinations
thereof. The first two states with DFT/MRCI excitation en-
ergies around 14000 cm–1 are derived from the de1

�� � de2
�

(3E2
��) state in D5h point-group symmetry. The lower one, 1

3A2, exhibits a dxz
1 dyz

1 occupation, while its nearly degener-
ate partner state of B1 symmetry has a leading configura-
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tion with dxz and dy2–z2 open shells. The electronic struc-
tures of the states originating from the two 3E1

�� states are
considerably more involved because their d1

e1
�� d1

e2
� and

d1
e1

�� d1
a1

� configurations are allowed to interact even in a
perfect pentagonal-bipyramidal arrangement. A simple mo-
lecular orbital picture is therefore not appropriate in this
case. In addition to d–d single excitations, we find some
contributions from excitations into vanadium p and ligand
σ orbitals. As a result, we observe a marked energetic split-
ting of the 3E1

�� components due to the C2v-symmetric li-
gand field. The four members belonging to this group of
states span an energy range from approximately
20600 cm–1, where the second 3B1 state is located, to the
fourth 3A2 state at about 31400 cm–1. In between, and ex-
tending well above this energy regime, we find several CT
states. The third, fifth, and sixth 3A2 states, the fourth to
seventh 3B1 states, all 3A1 as well as the second and third
3B2 states correspond to CT excitations from a vanadium d
orbital to a CN– ligand π* orbital. The seventh 3A2 state
also exhibits CT character, but in a reversed sense. Here,
the excitation originates from the highest occupied a1 li-
gand-orbital and the electron is placed in the de1

�� orbital of
vanadium. No indication for states arising from double ex-

Table 2. Electronic triplet states of K4[V(CN)7]. Excitation energies ∆E are given in wavenumber units and dipole moments, µ, in Debye
units. Oscillator strengths f(r) were computed in the length form and are dimensionless.

[a] Spectrum of K4[V(CN)7]·2H2O in a Nujol mull recorded at liquid nitrogen temperature.[10] [b] Solid-state reflectance spectrum of
K4[V(CN)7]·H2O.[11] [c] Solution spectrum (4  KCN) of K4[V(CN)7]·H2O.[11] [d] Spectrum of K4[V(CN)7]·2H2O dispersed in silicon paste
and measured at 5 K (this work). [e] Order of states complies with symmetry labels.
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citations within the d shell (corresponding to the orbital
products de2

� � de2
� and de2

� � da1
� , respectively) are found in

the energy regime below 40000 cm–1.
When we started the present investigation, the lowest ex-

perimentally known band was located at about
20600 cm–1.[10] In our theoretical spectrum, we find a tran-
sition exactly at this wavenumber. However, this band corre-
sponds to the third excited electronic state (2 3B1). Since the
dipole moments of the d–d excited states are all very similar
(see Table 2), we do not expect considerable solvent shifts.
Could our computed excitation energies of the K4[V(CN)7]
complex be so erroneous? In order to answer this question,
a UV/Vis spectrum of K4[V(CN)7] was recorded at liquid
helium temperatures. This spectrum is shown in Figure 2.
In the wavelength range between 800 and 500 nm we ob-
serve a broad band with substructure (peak positions:
13661, 14450, 15243, 16051, and 16807 cm–1). Our calcula-
tions predict two electronic transitions (3B2�3A2 and
3B2�3B1) in this spectral area. Their small crystal-field
splitting presumably prevents the resolution of these elec-
tronic transitions in the experimental spectrum. The regular
spacing of the substructure (approx. 800 cm–1) leads us to
the conclusion that it is caused by a vibrational progression,
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and the first peak at 13661 cm–1 is assumed to be the origin
of the electronic transition. Its position is in excellent agree-
ment with our predictions. In view of the typical error bars
of the DFT/MRCI method (approx. ±2000 cm–1)[9] such a
close match must be considered somewhat fortuitous. The
fourth electronically excited state (2 3A2) in our theoretical
spectrum is located 1300–1900 cm–1 above the correspond-
ing experimental band, depending on the reference.

Figure 2. UV/Vis spectrum of K4[V(CN)7]·2H2O dispersed in sili-
con paste and recorded at 5 K.

The assignment of the higher-lying d–d states is less cer-
tain. In a solid-state spectrum of the (possibly eightfold co-
ordinated) K4[V(CN)7]·H2O, Bennett and Nicholls[11] found
a band with d–d character at 28900 cm–1. In our theoretical
spectrum, we only obtain a CT state with moderate oscil-
lator strength in this energy regime. The d–d excited third
3B1 state lies about 3000 cm–1 below this transition. How-
ever, since the pure electronic transition is dipole forbidden,
this state might be difficult to locate.

The DFT/MRCI calculations yield many more CT states
than experimentally observed bands. However, this is not
thought to be an artifact of our quantum chemical method.
The MRCI treatment includes the nonlocal exchange inter-
action that is required for a correct asymptotic behavior of
CT states.[6] The experimental spectra exhibit broad, poorly
resolved bands. As the theoretical density of states is very
high, we refrained from specifying the particular orbital ex-
citations and labeled these states either as CT (d�L) or CT
(L�d), depending on the direction of the charge transfer.
Our assignment can only be tentative as it rests on the ob-
servation that the extinction coefficients of the CT bands in
a solution spectrum (4  KCN)[11] are larger than those of
the d–d bands by two orders of magnitude.

It is difficult to judge the quality of the UTDDFT re-
sults. Overall, UTDDFT in combination with the B3LYP
functional performs quite well for the d–d transitions, al-
though it appears that the interaction between electronic
configurations with a de1

�� � de2
� open-shell structure is

somewhat underestimated. This becomes apparent in the
smaller splitting between the corresponding 3E2

�� and 3E1
��

states compared to the DFT/MRCI results and in the
higher excitation energies of the first two excited states. CT
states that involve predominantly ligand orbitals of a2, b1,
or b2 symmetries are located at comparable excitation ener-
gies in the UTDDFT and DFT/MRCI treatments, whereas
excitations into totally symmetric ligand orbitals appear at
considerably lower energies in the UTDDFT spectrum. The
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largest energy difference (more than 8000 cm–1) is found for
the 5 3A2 state. This state is dominated by a single excitation
from the vanadium de1

�� (b1) orbital to unoccupied a1 ligand
orbitals. To a lesser extent, similar observations are made
for other A2 and B2 CT states. We suppose that this differ-
ence is related to the above-mentioned wrong asymptotic
behavior of the local exchange correlation functional and
the fact that B3LYP contains only 20% exact exchange, al-
though we cannot prove this hypothesis.

DFT/MRCI excitation energies obtained at the
(AxLGeo) geometry, where the deflection of the axial li-
gands from the z axis is identical to the X-ray structure,
differ by, at most, 600 cm–1 from the corresponding
(OptGeo) values (see Table 2). The splitting between the
3A2 and 3B1 components of the lowest 3E2

�� and 3E1
�� states

increase only slightly when proceeding from (OptGeo) to
(AxLGeo). The oscillator strengths have the same order of
magnitude at the two geometries and are therefore not
listed. The energetic location of the CT states remains ne-
arly unchanged. However, dramatic changes are observed
in the spectrum if the electrostatic interaction with the
counterions is not optimized (ExpGeo). In this case, diffuse
electron-density distributions are stabilized to an extent that
the first CT transitions appear already at about 20000 cm–1,
whereas all d–d transitions are blue-shifted. The first two
d–d transitions are found at 18029 and 18995 cm–1, respec-
tively, in this DFT/MRCI calculation, followed by four CT
states before the next d–d transition appears at 26351 cm–1.
This situation is aggravated if the counterions are moved
even further out, eventually leading to an electron detach-
ment from the central [V(CN)7]4– unit. In that case, the
solutions become heavily dependent on the AO basis set
and are meaningless.

Summary and Conclusions

We have computed the electronic spectrum of
K4[V(CN)7] by means of the DFT/MRCI method, which is
a combined density functional and multi-reference configu-
ration interaction approach. In addition to the states known
so far from experiment, our quantum chemical calculations
predict the existence of two low-lying excited electronic
states that result from single excitations within the vana-
dium d shell. The configurations of the higher d–d exci-
tations are considerably mixed so that a simple molecular
orbital picture is not applicable.

The theoretical prediction of additional low-lying d–d
states is confirmed by low-temperature optical spectroscopy
measurements. For K4[V(CN)7]·2H2O, a broad band with
vibrational substructure in the wavelength range between
approximately 750 and 600 nm is observed for the first time.

Concerning the excitation energies, we obtain excellent
agreement between theory and experiment. Taking all mea-
sured transitions into account, the root mean square devia-
tion (RMSD) from experiment amounts to merely
600 cm–1. These findings suggest that the DFT/MRCI
method, which was originally devised for organic molecules,
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can equally well be applied to determine the electronic spec-
tra of transition metal complexes. The theoretical predic-
tion of d–d excitations has thus become a valuable comple-
ment to the measurement of these weak bands.

We have shown that d–d transitions of transition metal
coordination compounds in the solid state can be modeled
successfully by calculations on isolated clusters. However,
at least for highly negatively charged coordination com-
plexes such us [V(CN)7]4–, single-point calculations at the
experimental geometry of the unit cell are not sufficient.
Before the vertical spectrum can be computed, it is neces-
sary to relax the geometry of the complex, including the
counterions, thus optimizing the electrostatic interactions
of the surrounding.

Experimental Section
Theoretical Methods: The geometry of the free K4[V(CN)7] com-
plex was optimized utilizing the B3LYP density functional[15,16] as
implemented in the T package.[17,18] The search for a
minimum on the potential-energy surface started from the experi-
mentally known X-ray structure[14] of the crystalline unit cell, i.e., a
slightly distorted pentagonal bipyramid of [V(CN)7]4– tetrahedrally
surrounded by four potassium ions. Carbon and nitrogen atomic
orbitals (AOs) were described by the TZVPP basis (valence triple
zeta plus 2d1f polarization) of the T library. For vana-
dium, we employed a 13-electron relativistic effective core poten-
tial.[19] The corresponding valence basis was augmented with two f
functions with exponents 1.14 and 0.52, optimized in scalar relativ-
istic calculations[20] on V+(5Dg) for the description of s–d and d–
d correlation effects, respectively. We chose to represent even the
potassium ions by (large-core) pseudopotentials[21] instead of point
charges to prevent an artificial drain of electrons from the fourfold
negatively charged complex.

The electronic spectrum was computed by means of the DFT/
MRCI method by Grimme and Waletzke.[9] For comparison, a
spin-unrestricted time-dependent DFT (UTDDFT) calculation was
carried out at the optimized geometry. For this task we utilized
the  module of T[22] employing the B3LYP density
functional. In the DFT/MRCI approach, major parts of dynamic
electron correlation are included by density functional theory
whereas moderate multi-reference configuration interaction expan-
sions take account of static correlation effects. To this end, the de-
terminants in the CI expansion are built up from Kohn–Sham (KS)
orbitals and an effective Hamiltonian is employed that contains
five empirical parameters. Optimized parameter sets are currently
available in combination with the BHLYP[16,23] functional. Double
counting of electron correlation is obviated by scaling off-diagonal
CI matrix elements with a factor that depends exponentially on the
energy difference between the diagonal energies of the two configu-
ration state functions. For further technical details we refer to the
original publication.[9]

The DFT/MRCI calculations were carried out in a somewhat re-
duced AO basis set: we employed a TZVP basis (valence triple zeta
plus 1d polarization) for carbon and nitrogen while keeping the
vanadium and potassium basis sets unchanged. KS orbitals were
optimized for the lowest lying closed-shell determinant, which
served also as a starting point for the automated generation of the
CI reference space. A common set of reference configurations was
used for all spatial symmetries. The first set comprised all single
and double excitations involving eight electrons in the four energet-
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ically highest-lying occupied orbitals and the four lowest unoccu-
pied orbitals. In C2v symmetry, CI energies and vectors were deter-
mined for the three lowest triplet states in the A1 and B2 irreducible
representations, respectively. As many of the low-lying triplet states
exhibit A2 or B1 symmetry, seven roots were computed for these
irreducible representations. The CI expansion was kept moderate
by extensive configuration selection: all excitations into MO with
orbital energies above 8 EH (anti-core) and all configurations with
energies 0.75 EH above the energy of the highest reference vector
were discarded. The original reference space was then iteratively
improved (two times) by adding all configurations contributing at
least 0.001 to the norm of any of the CI vectors. This procedure
resulted in a final reference set of 543 configurations and CI expan-
sion lengths of approximately 1.1 million configuration state func-
tions per irreducible representation. In C1 symmetry, the number
of roots was confined to 12 due to the lack of symmetry blocking.

Experimental Details: The compound was prepared at the Institute
of Inorganic Chemistry of the Heinrich Heine University following
the procedure of Müller et al.[24] The elemental analysis confirmed
the chemical composition of K4[V(CN)7]·2H2O.

The optical spectra were recorded with a Cary 4E instrument con-
taining a tungsten lamp as light source, a 25-cm double monochro-
mator, and a photomultiplier with an S20 photocathode as detec-
tor. The substance was dispersed in silicon paste and applied to a
sapphire sample carrier. The samples were cooled by immersion in
superfluid helium using a Konti bathcryostat type Spectro C of
CryoVac.
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Applications as Benzyl Alcohol Oxidation Catalysts

Huayun Han,[a] Sujuan Zhang,[a] Hongwei Hou,*[a] Yaoting Fan,[a] and Yu Zhu[a]

Keywords: Fe(Cu)-coordination polymers / Benzyl alcohol oxidation / Catalysts

In this paper three coordination polymers, {[Fe(fcz)
2Cl2]·2CH3OH}n (1), {[Cu(fcz)2(H2O)]·SO4·DMF·2CH3OH·
2H2O}n (2), and {[Cu(fcz)2Cl2]·2CH3OH}n (3) {fcz = 1-(2,4-di-
fluorophenyl)-1,1-bis[(1H-1,2,4-triazol-l-yl)methyl]ethanol},
were synthesized. Crystallographic analysis reveals that
polymer 1 exhibits a 2-D rhombohedral grid structure with
(4, 4) nets, while polymer 2 has a 1-D double-chain frame-
work. The structure of polymer 3 is similar to that of 1. We
found that polymers 1–3 could effectively catalyze the oxi-
dation of benzyl alcohol to benzaldehyde with H2O2

(30 mass-%) as oxidant in aqueous medium. Various reaction
conditions were studied, and optimal reaction conditions

Introduction

In the past decade, the investigation of coordination
polymers has been intensified because of their promising
perspectives toward the development of new functional ma-
terials with various structural features and properties for
applications in such areas as magnetic and optical materi-
als, gas storage, molecular recognition devices, and so
on.[1–6] However, little attention has been paid to their cata-
lytic activities.[7–9] In principle, coordination polymers
would be expected to be one of the new candidates for cata-
lysts.[10–12] First, the success of metal complexes in catalysis
is largely dependent on their structures and electronic prop-
erties.[13–15] Coordination polymers offer a variety of molec-
ular structures and electronic properties that can be ob-
tained by changing the metal ions, ligands, anions, coordi-
nation modes, etc. For example, the d orbitals of some tran-
sition metals may interact with organic π electrons to pro-
vide a localized electronic system within a polymer.[16–19]

This diversity should give one an opportunity to tune the
electronic properties of the molecules, and hence to tune
the catalytic activity. On the other hand, the high stability
and large number of active metal centers of coordination
polymers are advantageous for practical applications as cat-
alysts.[20] Meanwhile, the structures of the catalysts should
be characterized in order to fine-tune both catalytic activity
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Fax: + 86-371-67761744
E-mail: houhongw@zzu.edu.cn
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were obtained. Under the optimal conditions, the selectivity
to benzaldehyde was almost up to 100% and the conversion
of benzyl alcohol was 87% for 1, 79% for 2, and 68% for 3.
The results of the recycling test showed that the catalytic ac-
tivity decreased by only about 7% after three consecutive
reaction cycles. However, under similar conditions, when we
used the corresponding metal salt instead of the polymer as
catalyst, or replaced the water with acetonitrile as solvent,
neither the selectivity nor the conversion was the same.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and selectivity; however, the structures of the traditional
heterogeneous catalysts are usually not very clear.

Benzaldehyde is a very important raw material and inter-
mediate which is used in the perfumery, pharmaceutical,
dyestuff, and agrochemical industry, and the market de-
mands have been steadily increasing over the last
years.[21–22] The selective oxidation of benzyl alcohol to
benzaldehyde is one of the most fundamental reactions
both for laboratory-scale experiments and in the manufac-
turing processes. Up to now, catalytic vapor-phase oxi-
dation of benzyl alcohol to benzaldehyde has been widely
investigated.[23–25] The few studies on the liquid-phase oxi-
dation of benzyl alcohol mainly focus on expensive metals,
such as Ru, Pd, or Pd–Ag,[26–27] heteropolyacids[28] and
some Cu, Fe, and Mn complexes.[29–34] In addition, the
traditional reactions are often performed in environmen-
tally undesirable solvents.[35–36]

On the basis of the above considerations, we synthesized
three coordination polymers, {[Fe(fcz)2Cl2]·2CH3OH}n (1),
{[Cu(fcz)2(H2O)]·SO4·DMF·2CH3OH·2H2O}n (2), and
{[Cu(fcz)2Cl2]·2CH3OH}n (3) {fcz = 1-(2,4-difluorophenyl)-
1,1-bis[(1H-1,2,4-triazol-l-yl)methyl]ethanol}, Scheme 1],
and characterized their structures as well as their catalytic
activities in the oxidation of benzyl alcohol with H2O2 as
oxidant in aqueous medium. The results show that the se-
lectivity to benzaldehyde was almost 100% for the three
polymers, and the conversion of benzyl alcohol was 87%
for 1, 79% for 2, and 68% for 3. When we used the corre-
sponding metal salts as catalysts, or acetonitrile as solvent,
neither the selectivity nor the conversion was the same.



Fe(Cu)-Containing Coordination Polymers as Benzyl Alcohol Oxidation Catalysts FULL PAPER

Figure 1. The two-dimensional rhombohedral grid structure of polymer 1. Hydrogen atoms and solvent molecules have been omitted for
clarity.

Scheme 1.

Results and Discussion

Crystal Structure of Polymer {[Fe(fcz)2Cl2]·2CH3OH}n (1)

Coordination polymer 1 crystallizes in the monoclinic
space group C2/c and exhibits a 2-D rhombohedral grid
network structure with (4, 4) nets. Each FeII ion is located
at the center of an elongated octahedron. Two chlorine
anions occupy the axial positions. Four nitrogen atoms
from four fcz ligands occupy the equatorial positions (Fig-
ure 1). The axial Fe–Cl bond lengths [2.560(2) Å] are sub-
stantially longer than the equatorial Fe–N bond lengths
(average: 2.174 Å). The bond angles around the FeII ion are
180° (Cl1A–Fe1–Cl1, N4B–Fe1–N4C, N1A–Fe1–N1) or
close to 90° (N1A–Fe1–Cl1A, N1A–Fe1–N4B, Cl1A–Fe1–
N4C, etc.).

In the structure, all fcz ligands are equivalent. Every fcz
ligand binds with two FeII ions leading to a rhombohedral
grid unit. Each grid consists of a 40-membered ring,
Fe4(fcz)4, the four FeII ions serving as four nodes and the
four fcz groups acting as four sides. The rhombohedral
grids have the dimensions 11.210 Å × 11.210 Å, the diago-
nal distances 9.430 Å × 20.337 Å, and the interior angles
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49.8° and 130.2°. Two methanol molecules occupy the cav-
ity of the (4, 4) network. Moreover, the solid-state structure
of polymer 1 exhibits the layered packing mode.

Crystal Structure of Polymer {[Cu(fcz)2(H2O)]·SO4·DMF·
2CH3OH·2H2O}n (2)

Crystallographic analysis reveals that polymer 2 crys-
tallizes in the monoclinic space group P21/n and exhibits a
1-D polymeric double-chain structure as shown in Figure 2.
Each CuII ion is at the center of a distorted tetragonal pyra-
mid. Four nitrogen atoms from four fcz ligands occupy the
basal sites, and one oxygen atom from a terminally coordi-
nated water molecule fills the apical position. The Cu–O
bond length of 2.365(4) Å is longer than the average Cu–N
bond length (2.032 Å). The bond angles around the CuII

ion deviate from 180° or 90° (172.6 –177.1° or 86.9–96.8°),
which differs from the structure of 1.

In contrast to polymer 1, in polymer 2 there are two
kinds of fcz ligands, fcz1 and fcz2. In fcz1, the dihedral
angle between two triazole rings is 107.0°, and the dihedral
angle between the triazole ring and the phenyl ring is 59.1°
or 48.9°. In fcz2, the corresponding dihedral angles are
112.2° and 56.1° or 56.3°, respectively. The dihedral angle
between the two benzyl rings from two different fcz ligands
is 6.8°. These ligands twist to meet the requirement of steric
exclusion. The torsion angles are 179.2(3) Å for N3A–C3A–
C4A–C11A and 177.4(3) Å for C3A–C4A–C11A–N4A in
fcz1, and 163.0(3) Å for N9A–C16A–C17A–C24A and
–177.6(3) Å for C16A–C17A–C24A–N10A in fcz2.

The twisted fcz ligands link two CuII ions, resulting in a
bimetallic ring as building block in which the Cu···Cu dis-
tance is 10.958 Å. The bimetallic rings are extended
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Figure 2. The double-chain structure of polymer 2 (cation part). Hydrogen atoms and solvent molecules have been omitted for clarity.

Figure 3. The crystal-packing diagram of polymer 2 with hydrogen bonds.

through co-CuII to generate an infinite double chain. These
chains are further connected through intermolecular hydro-
gen bonds and π–π stacking interactions of the phenyl
rings, as shown in Figure 3. The sulfate anions and solvent
molecules are located at the vacancy among the 1-D chains
and hold the cationic chains together to generate a layered
architecture. In this architecture, the shortest Cu···Cu dis-
tance between adjacent chains is 9.242 Å

The structure of polymer 3[37] is similar to that of 1.
However, the average Cu–N bond length (2.032 Å) in 3 is
shorter than that of Fe–N in 1, and the Cu–Cl bond lengths
[2.793(4) Å] are longer than those of Fe–Cl because of the
Jahn–Teller effect.

Catalytic Activities of the Polymers

To evaluate the catalytic properties of coordination poly-
mers 1–3, we selected the oxidation of benzyl alcohol as
a probe reaction. The crystal polymers (1 mg/FW of 1 =
1.25·10–3 mmol, 1 mg/FW of 2 = 2.08·10–3 mmol, and 1 mg/
FW of 3 = 1.23·10–3 mmol[20]) were ground well into appro-
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priate sizes. The effects of various reaction conditions such
as temperature and amount of catalyst and oxidant H2O2

were investigated in detail by fixing the amount of benzyl
alcohol at 4.6 mmol in 10 mL aqueous medium.

Figure 4 shows the effect of temperature on the oxidation
with polymer 1. It can be seen that the conversion of benzyl
alcohol increases with increasing temperature. Especially
when the temperature was raised from 30 to 40 °C, there
was a significant increase in the conversion. At higher tem-
peratures, rapid decomposition of hydrogen peroxide may
take place and selectivity to benzaldehyde will decline,
which are undesirable. Therefore, the optimal reaction tem-
perature is 40 °C.

Figure 5 shows the effect of the amount of polymer 1.
When 0.005 mmol polymer 1 was employed in the reaction
system, about 48% conversion of benzyl alcohol was
achieved in 4 h. However, when the catalyst amount was
increased to 0.01 mmol, the conversion was greatly im-
proved and reached about 51% in 1 h and 87% in 4 h. A
steady state of the catalytic reaction was observed after 4 h.
Further increase in the amount of catalyst could not im-
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Figure 4. Effect of reaction temperature on conversion with poly-
mer 1: (�) 30 °C, (�) 40 °C, (�) 50 °C with fixed amounts of benzyl
alcohol (4.6 mmol), H2O2 (6.0 mmol), and catalyst (0.01 mmol).

prove the conversion of benzyl alcohol significantly. The
trend for polymer 2 or 3 as a catalyst was similar to that
for 1.

Figure 5. Effect of the amount of polymer 1 on benzyl alcohol oxi-
dation: (�) 0.005 mmol, (�) 0.01 mmol, with fixed amounts of ben-
zyl alcohol (4.6 mmol) and H2O2 (6.0 mmol) at 40 °C in aqueous
medium.

Moreover, the effect of the amount of oxidant was
studied by using different concentrations of H2O2, viz. 4.6,
6.0, and 6.9 mmol (the molar ratio of H2O2 to benzyl
alcohol was 1:1, 1:1.3, and 1:1.5). When the amount of
H2O2 was increased from 4.6 to 6.9 mmol, the conversion
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of benzyl alcohol increased. Although excess H2O2 can in-
crease the conversion, we chose 6.0 mmol H2O2 as the oxi-
dant in order to avoid the formation of byproducts. In ad-
dition, the solvent was also taken into consideration for the
oxidation of benzyl alcohol. The selectivity and conversion
are better in aqueous medium than in acetonitrile, as shown
in Table 1. The results are consistent with those in the litera-
ture,[38] in which benzyl alcohol was used as the substrate
for the oxidation in a triphase using water with about seven-
fold increase in conversion as compared with that obtained
in a biphase using acetonitrile as solvent with titanium sili-
cate catalyst.

Table 1. Results of oxidation of benzyl alcohol to benzaldehyde.[a]

Catalysts Solvent Conversion (%) Selectivity (%)

Polymer 1 H2O 87a 100
85b 100
81c 100

CH3CN 38 62
Polymer 2 H2O 79a 100

77b 100
73c 100

CH3CN 29 56
Polymer 3 H2O 68a 100

66b 100
63c 100

CH3CN 36 59
FeCl2·4H2O H2O 32 85
CuCl2·2H2O H2O 34 82
CuSO4·5H2O H2O 35 84

[a] The superscripts “a, b, c” show the results of recycling from the
first (fresh), to the second, and third runs, respectively.

Finally, the recycling of the catalysts was investigated.
The organic phase was separated when the oxidation of
benzyl alcohol was over. The aqueous phase and catalysts
were reused for the subsequent oxidation reaction. The con-
version of benzyl alcohol decreased by only about 7% after
three consecutive cycles (Table 1). In order to prove that the
Fe(Cu)-containing coordination polymers were hetero-
geneous catalysts, we filtered the catalysts and allowed the
filtered catalysts and the filtrate to catalyze other benzyl
alcohol oxidations. About 80–85% of the original conver-
sion was achieved by using the filtered catalyst, while the
filtrate showed only 10–15% conversion under similar con-
ditions. This result suggests that the dominant reactive spe-
cies is the heterogeneous catalyst.

Figure 6 presents the conversions of benzyl alcohol using
polymers 1–3 as catalysts under optimized conditions. Ob-
viously, polymer 2 exhibits the best catalytic activity in the
first 2 h. However, the catalytic activity of polymer 1 im-
proves later and surpasses that of polymer 2. All relevant
data, i.e. the conversion of benzyl alcohol and the selectivity
to benzaldehyde, are collected in Table 1. We can find that
the catalytic activities of these polymers are better than
those of the corresponding salts. For example, the selectiv-
ity of polymer 1 to benzaldehyde was almost 100%, while
the selectivity with FeCl2 reached only 85%. This may be
explained by the stabilizing effect of the fcz ligands. On the
other hand, free metal ions resulted in rapid decomposition
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of hydrogen peroxide, and poor selectivity was observed.
Also, it can be seen that the conversion of benzyl alcohol
using Fe-containing polymer 1 as catalyst is higher than
those using Cu-containing polymers, and the Cu-containing
polymers 2 and 3 exhibit different catalytic activities, which
can be ascribed to the difference in the coordination envi-
ronment of their CuII centers. The results suggest that both
the central metals and the structures of the polymers have
great influence on their catalytic activities.

Figure 6. Dependence of the conversion of benzyl alcohol on the
reaction time with different polymers: (�) polymer 1, (�) polymer
2, (�) polymer 3, under the optimized conditions with fixed
amounts of benzyl alcohol (4.6 mmol), H2O2 (6.0 mmol), and cata-
lyst (0.01 mmol) at 40 °C in aqueous medium.

Table 2. Crystal data and structure refinement for polymers 1 and 2.

1 2

Empirical formula C28H32Cl2F4FeN12O4 C15.5H22.5Cu0.5F2N6.5O6S0.5

Formula weight 803.41 481.70
Temperature [K] 291(2) 291(2)
Radiation Mo-Kα Mo-Kα

Wavelength [Å] 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group C2/c P21/n
Crystal dimensions [mm3] 0.20×0.18×0.18 0.20×0.18×0.18
a [Å] 23.423(5) 12.006(2)
b [Å] 9.4356(19) 18.014(4)
c [Å] 20.826(4) 18.953(4)
α [°] 90 90
β [°] 125.66(3) 93.81(3)
γ [°] 90 90
V [Å3] 3739.8(13) 4092.2(14)
Z 4 8
F(000) 1648 1996
ρ [g cm–3] 1.427 1.564
µ [mm–1] 0.616 0.679
Data/restrains/parameters 2375/0/235 7548/0/599
Goodness-of-fit on F2 0.966 1.047
R1 = [I � 2σ (I)] 0.0792 0.0553
wR2 (all data) 0.2008 0.1292
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Conclusions

The present study shows that polymers 1–3 are potential
catalysts for the oxidation of benzyl alcohol to benzalde-
hyde. In addition, central metals and structures of the poly-
mers have great influence on their catalytic activities.

Experimental Section
Materials and General Details: Fcz was supplied by Zhongshuai
Pharmaceutical Sci. & Tech. Development Co. Ltd., Henan Prov-
ince, China. All the solvents and chemicals were used without fur-
ther purification. IR spectroscopy was performed with a PE 1710
spectrophotometer in the 400–4000-cm–1 region. Carbon, hydro-
gen, and nitrogen analysis were performed with a Carlo–Erba 1106
elemental analyzer.

Synthesis of Polymer {[Fe(fcz)2Cl2]·2CH3OH}n (1): A methanol
solution of fcz (0.2 mmol, 6 mL) was added dropwise into an aque-
ous solution of FeCl2·4H2O (0.1 mmol, 1 mL) to give a clear solu-
tion. The resulting solution was allowed to stand at room tempera-
ture for two weeks. Yellow crystals formed; yield 56 mg (ca. 70%).
The crystals are insoluble in water and most organic solvents.
C28H32Cl2F4FeN12O4 (803.41): calcd. C 41.84, H 3.98, N 20.92;
found C 41.72, H 4.07, N 20.76. IR (KBr): ν̃ = 3446 (s), 1619 (s),
1502 (s), 1277 (s), 1129 (s), 967 (m), 677 (m) cm–1.

Synthesis of Polymer {[Cu(fcz)2(H2O)]·SO4·DMF·2CH3OH·
2H2O}n (2): A mixture of methanol and DMF solution of fcz
(0.2 mmol, 6 mL) was slowly added into an aqueous solution of
CuSO4·5H2O (0.1 mmol, 1 mL) to give a clear solution. The re-
sulting solution was allowed to stand at room temperature for two
weeks. Blue crystals formed; yield 30 mg (ca. 60%). The crystals are
insoluble in water and most organic solvents. C31H45CuF4N13O12S
(963.40): calcd. C 38.61, H 4.67, N 18.89; found C 38.52, H 4.67,
N 18.76. IR (KBr): ν̃ = 3445 (s), 3131 (s), 1620 (s), 1500 (m), 1279
(m), 1130 (s), 675 (m) cm–1.
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Synthesis of Polymer {[Cu(fcz)2Cl2]·2CH3OH}n (3): Polymer 3 was
synthesized according to the literature[37] as blue crystals; yield
50 mg (ca. 60%). The crystals are insoluble in water and most or-
ganic solvents. C28H32CuCl2F4N12O4 (811.10): C 41.43, H 3.95, N
20.72; found C 41.49, H 3.90, N 20.74. IR (KBr): ν̃ = 3448 (s),
1619 (s), 1501 (s), 1278 (s), 992 (m), 673 (m) cm–1.

Crystal-Structure Determination: Crystallographic data for the
polymers 1 and 2 were collected with a Rigaku R-AXIS-IV image
plate area detector with graphite-monochromatized Mo-Kα X-radi-
ation (λ = 0.71073 Å). The data were corrected for Lorentz and
polarization effects and for absorption by using empirical scan
data. All calculations were performed using the SHELXL-97 crys-
tallographic software package,[39] and refined by full-matrix least-
squares methods based on F2 with isotropic thermal parameters for
the non-hydrogen atoms. The hydrogen atoms were located theore-
tically. Processing parameters and the crystal data for polymers 1
and 2 are summarized in Table 2, and selected bond lengths and
bond angles are listed in Table 3.

Table 3. Selected bond lengths [Å] and angles [°] for polymers 1
and 2.[a]

Polymer 1

Fe(1)–N(1) 2.162(6) Fe(1)–N(4)#2 2.185(7)
Fe(1)–Cl(1) 2.560(2) N(1)–Fe(1)–N(1)#1 180.0(3)
N(4)#2–Fe(1)–N(4)#3 180.000(1) N(1)–Fe(1)–N(4)#2 90.7(2)
N(1)#1–Fe(1)–N(4)#2 89.3(2) N(1)–Fe(1)–Cl(1) 90.61(17)
N(1)#1–Fe(1)–Cl(1) 89.39(17) N(4)#2–Fe(1)–Cl(1) 90.32(18)
N(4)#3–Fe(1)–Cl(1) 89.68(18) Cl(1)–Fe(1)–Cl(1)#1 180.00(9)

Polymer 2

Cu(1)–N(7) 2.022(3) Cu(1)–N(12)#1 2.031(3)
Cu(1)–N(6)#1 2.032(3) Cu(1)–N(1) 2.043(3)
Cu(1)–O(3) 2.365(4) N(7)–Cu(1)–N(12)#1 86.94(12)
N(7)–Cu(1)–N(6)#1 172.64(13) N(12)#1–Cu(1)–N(6)#1 95.53(12)
N(7)–Cu(1)–N(1) 90.19(12) N(12)#1–Cu(1)–N(1) 177.12(12)
N(6)#1–Cu(1)–N(1) 87.34(12) N(7)–Cu(1)–O(3) 96.81(15)
N(12)#1–Cu(1)–O(3) 90.60(13) N(6)#1–Cu(1)–O(3) 90.11(14)
N(1)–Cu(1)–O(3) 89.58(13)

[a] Symmetry transformations used to generate equivalent atoms:
Polymer 1 # 1 – x, –y + 2, –z; #2 –x – 1/2, –y + 3/2, z – 1/2; #3 –
x + 1/2, y + 1/2, –z + 1/2; Polymer 2 #1 x + 1/2, –y + 3/2, z +
1/2.

CCDC-262170 and -262172, for polymers 1 and 2, respectively,
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Catalytic Experiments: Catalytic experiments were carried out in a
50-mL, three-necked, round-bottom reaction flask fitted with a
water condenser. One neck of the flask was equipped with a mer-
cury thermometer for measuring the reaction temperature. The
crystal polymer catalysts were ground well into appropriate sizes
to increase the surface area, but not too small for a convenient
filtration. Benzyl alcohol and water were mixed in the reactor with
a magnetic stirrer and heated to a given temperature. Then, hydro-
gen peroxide (concentration determined by iodometric titration be-
fore use) was added to the reaction system. Samples of 0.2 mL were
removed every 30 min and diluted (1:10) with CH3OH to be ana-
lyzed by HPLC (HP 1100 high-pressure liquid chromatogram ana-
lyzer). A reversed-phase Eclipse×DB-C8 (4.6×150 mm) column
was used at ambient temperature, and a methanol/water mixture
(70:30 vol-%, 0.5 mL·min–1) was used as the eluent. The UV detec-
tor was employed at 253 nm. All reactions were run at least in
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triplicate, and the data reported represent the average of these reac-
tions. Commercial products were used for all chromatographic
standardizations.
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Synthesis and structural characterization of the iron(III) com-
plexes of the tripodal ligands N�,N�-bis[(2-pyridyl)methyl]-
ethylenediamine (uns-penp), [Fe(uns-penp)Cl2]ClO4·
CH3CN, [{Fe(uns-penp)Cl}2O](ClO4)2·2CH3CN and the
amide derivative N-Acetyl-N�,N�-bis[(2-pyridyl)methyl]eth-
ylenediamine (acetyl-uns-penp), [Fe2(acetyl-uns-penp)2O]-
(ClO4)2·H2O, [Fe(acetyl-uns-penp)(tcc)Br]·(C2H5)2O (tcc =

Introduction

Tripodal ligands such as tris[(2-pyridyl)methyl]amine
(tmpa, also abbreviated as tpa in the literature) as well as
derivatives, e.g. N4Py (Scheme 1), have been used success-
fully in experimental studies to model copper and iron en-
zymes.[1–5] Iron() complexes of the related ligand Rtpen (R
= Me, Bz etc.) were shown to react with an excess of hydro-
gen peroxide to form an end-on hydroperoxo complex that
can convert to a side-on peroxo complex at higher pH val-
ues.[6–10] More recently it was demonstrated that iron com-
plexes with the ligand Bztpen as well as N4Py can form an
iron() oxo species that is able to oxidise alkanes such as
cyclohexane.[11]

Rtpen can be prepared in two different synthetic pro-
cedures. The first described previously starts from a mono-
substituted ethylendiamine that is reacted with picolylchlor-
ide.[6–8] The second takes advantage of the amine N�,N�-
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tetrachlorocatecholate), and [{Fe(acetyl-uns-penp)(tcc)}2O]·
(C2H5)2O·CH3OH are reported. Catechol dioxygenase reac-
tivity of in situ prepared complex solutions was tested and
showed that all complexes reacted slower compared with the
iron tmpa system described in the literature.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. The ligands discussed in the text.

bis[(2-pyridyl)methyl]ethylenediamine (uns-penp; Scheme 1),
a versatile tripodal ligand described previously,[12,13] as a
starting material. Interestingly, so far only an iron() com-
plex of uns-penp has been described in the literature that
has been investigated with regard to its spin crossover prop-
erties.[14] Furthermore, very recently an iron() complex of
a derivative of uns-penp was described.[15] However, so far
no iron() complexes have been described in the literature.
Therefore, we decided to study the appropriate iron()
complexes of this ligand as well as of its acetyl derivative
N-acetyl-N�,N�-bis[(2-pyridyl)methyl]ethylenediamine (ace-
tyl-uns-penp; Scheme 1), an amide that was obtained dur-
ing the synthesis of uns-penp.

Results and Discussion
Only recently have different research groups started to

use uns-penp as a versatile ligand in different areas of coor-
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dination chemistry and different synthetic procedures have
been described.[12,13,15–19] However, most of the authors un-
fortunately do not refer to the original synthesis of this li-
gand by Mandel and co-workers[12] and in one case it is
presented a second time and described incorrectly as a new
compound (ten years later in the same journal).[14] Some of
us have used this ligand previously in studies within the
field of copper chemistry and have improved its prepara-
tion.[13] During the two-step synthesis of uns-penp its pro-
tected form, N-Acetyl-N�,N�-bis[(2-pyridyl)methyl]ethyl-
enediamine (acetyl-uns-penp), was easily obtained in pure
form in high yields. Recrystallisation from petroleum ethers
afforded single crystals that were suitable for X-ray diffrac-
tion studies. Acteyl-uns-penp crystallises with two mole-
cules per unit cell. Those are dimerised by hydrogen bond-
ing between the carboxamido group and one of the pyridine
groups. The molecular structure of one of these dimers is
presented in Figure 1 (see Table 2 for a summary of the
crystallographic data and refinement parameters). Besides
the hydrogen bonding, the crystal structure shows no ex-
traordinary features.

Figure 1. Thermal ellipsoid plot of an acetyl-uns-penp dimer (50%
probability).

Furthermore, iron complexation with carboxamide li-
gands has attracted the interest of inorganic chemists to
gain better understanding of metal–peptide bond coordina-
tion chemistry in life sciences[20] and to use such complexes
as model compounds for the anti-tumor drug bleomy-
cin[21,22] or nitrile hydratase.[23–25] Important in that regard
are the results reported by Mascharak and co-workers, who
have investigated in detail the structures and properties of
FeII/FeIII complexes of a number of carboxamide ligands,
several based on a pyridine-2-carboxamide framework, e.g.
N-{[bis(2-pyridylmethyl)amino]ethyl}pyridine-2-carbox-
amide (PaPy3H).[22,25–31] The ligand PaPy3H (Scheme 1) is
related to acetyl-uns-penp; instead of the methyl group in
acetyl-uns-penp it contains an additional coordinating
pyridyl unit.

[Fe2(acetyl-uns-penp)2O](ClO4)2·H2O (1)

Acetyl-uns-penp has so far only been used to synthesise
and characterise a copper() complex with this ligand.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1601–16101602

Herein the amide is not deprotonated, however, the carbox-
amido function of acetyl-uns-penp is no longer truly sp2

hybridised and the nitrogen atom undergoes a weak interac-
tion with the metal centre.[13] The copper complex of Pa-
Py3H forms a dimer in which the oxygen atom of the amide
is coordinated to the copper() ion.[32] In contrast, the
iron amide complexes of PaPy3H described by Mascharak
and co-workers contained the deprotonated ligand
form.[27,30,32,33] However, our own efforts to synthesise the
mononuclear deprotonated iron() complex [Fe(acetyl-uns-
penp)](ClO4)2 were only partially successful. Instead of the
mononuclear species we obtained the dinuclear complex
[Fe2(acetyl-uns-penp)2O](ClO4)2·H2O (1). It is interesting to
note at this point that the stoichiometrically identical com-
pound [Fe2(PaPy3H)2O](ClO4)2 (containing additional eth-
anol solvent molecules) derived through oxidation of the
iron() complex is structurally completely different from
1.[30] In this complex the oxo-bridge assembles two mono-
nuclear amide complexes (with coordinated deprotonated
amide nitrogen atoms while the oxygen atoms are not coor-
dinated) to form the dimer (as one would expect). In con-
trast and as discussed below, in 1 the ligand acetyl-uns-penp
additionally bridges the two iron() ions and involves the
amide nitrogen as well as the oxygen atom in the coordina-
tion.

Crystals of 1 were at first obtained from the reaction of
Fe(ClO4)3, acetyl-uns-penp and NaN3 in methanol followed
by recrystallisation of the precipitate in acetonitrile. In con-
trast to our expectations no azide complex was formed but
instead deprotonation of the amide occurred under these
conditions and because of the presence of water the oxo-
bridged dinuclear complex 1 was obtained. Taking this re-
sult into account it was furthermore possible to crystallise
1 successfully by replacing the NaN3 by Et3N or NaOH as
the deprotonating agent. The cation of 1, as depicted in
Figure 2, shows that the crystallographically equivalent
iron() centres are triply bridged by one oxo and two car-
boxamido groups from two acetyl-uns-penp ligands, respec-
tively, leading to an intramolecular Fe–Fe distance of
2.992 Å and an Fe–O–Fe angle of 113.1°. A summary of
the crystallographic data and refinement parameters for the
structures is presented in Table 2. Selected bond lengths and
angles for the iron() complexes are reported in Table 1.

It is interesting to note that in 1, the acetyl-uns-penp li-
gand shows an unusual pentadentate coordination mode
displaying deprotonated carboxamido NCO bridging
groups (η2, µ2) involving the delocalisation of π-bonding
[d(C–O) = 1.283, d(C–N) = 1.306 Å], which is in agreement
with the values of a related (η2, µ2) NCO-bridged iron com-
plex reported previously.[34] However, in contrast, structural
properties of 1 are quite different to a related iron() com-
plex with a bridging urea anion.[35] Compared to other di-
iron() complexes with three bridging ligands, of which at
least one is a µ-oxo unit, 1 exhibits some unique structural
features. The Fe–Fe separation is significantly shorter than
those of other µ-oxo-tribridged diiron() complexes (range
3.048–3.335 Å) and the Fe–O–Fe angle is among the small-
est of them all (range 113.8–134.7°).[36] Each iron() ion
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Table 1. Selected distances [Å] and angles [°] in 1–5.[a]

Atoms 1 Atoms 2 3 Atoms 4 Atoms 5

Fe(1)–O(1) 1.792(2) Fe(1)–X 2.4813(9) 1.7929(5) Fe(1)–N(1) 2.127(2) Fe(1)–O(1) 1.798(1)
Fe(1)–O(2A) 2.013(2) Fe(1)–O(2) 1.961(3) 2.012(2) Fe(1)–N(3) 2.136(2) Fe(1)–N(3) 2.141(2)
Fe(1)–N(4) 2.100(2) Fe(1)–O(3) 1.969(3) 2.008(2) Fe(1)–N(4) 2.172(2) Fe(1)–N(1) 2.147(2)
Fe(1)–N(2) 2.157(2) Fe(1)–N(1) 2.266(4) 2.366(3) Fe(1)–N(2) 2.214(2) Fe(1)–N(2) 2.213(2)
Fe(1)–N(3) 2.162(2) Fe(1)–N(2) 2.191(4) 2.170(3) Fe(1)–Cl(1) 2.2622(5) Fe(1)–N(4) 2.235(2)
Fe(1)–N(1) 2.245(2) Fe(1)–N(3) 2.159(4) 2.175(2) Fe(1)–Cl(2) 2.3081(6) Fe(1)–Cl(1) 2.3166(4)
O(1)–Fe(1A) 1.792(2) Fe(1)···Fe(1A) 3.586 O(1)–Fe(1A) 1.798(1)
O(2)–Fe(1A) 2.013(2) Fe(1)···N(4) 3.692(3) Fe(1)···Fe(1A) 3.596(1)
Fe(1)···Fe(1A) 2.992(1) O(2)···N(4) 2.755(3)

O(1)–Fe(1)–O(2A) 98.35(5) X–Fe(1)–O(2) 96.2(2) 98.25(6) N(1)–Fe(1)–N(3) 153.61(6) O(1)–Fe(1)–N(3) 93.26(3)
O(1)–Fe(1)–N(4) 103.62(6) X–Fe(1)–O(3) 99.8(2) 106.26(7) N(1)–Fe(1)–N(4) 83.51(6) O(1)–Fe(1)–N(1) 90.95(3)
O(2A)–Fe(1)–N(4) 93.13(7) X–Fe(1)–N(1) 165.6(2) 161.78(7) N(3)–Fe(1)–N(4) 90.55(6) N(3)–Fe(1)–N(1) 153.72(5)
O(1)–Fe(1)–N(2) 102.11(6) X–Fe(1)–N(2) 93.5(2) 95.87(7) N(1)–Fe(1)–N(2) 78.07(6) O(1)–Fe(1)–N(2) 93.08(3)
O(2A)–Fe(1)–N(2) 85.80(6) X–Fe(1)–N(3) 95.4(2) 92.24(7) N(3)–Fe(1)–N(2) 75.55(6) N(3)–Fe(1)–N(2) 76.04(4)
N(4)–Fe(1)–N(2) 154.12(7) O(2)–Fe(1)–O(3) 82.9(2) 81.31(8) N(4)–Fe(1)–N(2) 79.08(6) N(1)–Fe(1)–N(2) 77.84(4)
O(1)–Fe(1)–N(3) 96.96(5) O(2)–Fe(1)–N(1) 95.4(2) 95.28(9) N(1)–Fe(1)–Cl(1) 105.57(4) O(1)–Fe(1)–N(4) 170.11(3)
O(2A)–Fe(1)–N(3) 164.53(6) O(2)–Fe(1)–N(2) 168.1(2) 160.74(9) N(3)–Fe(1)–Cl(1) 100.04(4) N(3)–Fe(1)–N(4) 88.86(4)
N(4)–Fe(1)–N(3) 85.43(7) O(2)–Fe(1)–N(3) 86.5(2) 96.38(9) N(4)–Fe(1)–Cl(1) 89.42(4) N(1)–Fe(1)–N(4) 82.98(4)
N(2)–Fe(1)–N(3) 88.81(6) O(3)–Fe(1)–N(1) 90.1(2) 87.77(9) N(2)–Fe(1)–Cl(1) 167.56(5) N(2)–Fe(1)–N(4) 78.04(4)
O(1)–Fe(1)–N(1) 173.14(7) O(3)–Fe(1)–N(2) 88.7(2) 82.20(9) N(1)–Fe(1)–Cl(2) 89.33(5) O(1)–Fe(1)–Cl(1) 102.82(2)
O(2A)–Fe(1)–N(1) 87.39(7) O(3)–Fe(1)–N(3) 162.3(2) 161.50(9) N(3)–Fe(1)–Cl(2) 92.30(5) N(3)–Fe(1)–Cl(1) 100.45(3)
N(4)–Fe(1)–N(1) 79.68(7) N(1)–Fe(1)–N(2) 76.2(2) 74.16(9) N(4)–Fe(1)–Cl(2) 169.15(4) N(1)–Fe(1)–Cl(1) 103.87(3)
N(2)–Fe(1)–N(1) 74.44(7) N(1)–Fe(1)–N(3) 76.8(2) 74.12(9) N(2)–Fe(1)–Cl(2) 91.49(4) N(2)–Fe(1)–Cl(1) 163.93(3)
N(3)–Fe(1)–N(1) 77.19(7) N(2)–Fe(1)–N(3) 99.5(2) 96.10(9) Cl(1)–Fe(1)–Cl(2) 100.38(2) N(4)–Fe(1)–Cl(1) 86.26(3)
Fe(1A)–O(1)–Fe(1) 113.1(2) Fe(1A)–O(1)–Fe(1) 180 Fe(1A)–O(1)–Fe(1) 180

[a] X = Br(1) in 2 or O(4) in 3 A: x, y, –z + 1/2 (for 1); –x, –y, –z (for 5).

Figure 2. Thermal ellipsoid plot of the dinuclear complex in 1 (50%
probability; hydrogen atoms omitted for clarity).

adopts a distorted octahedron coordination geometry by a
N4O2 donor set, in which two pyridine nitrogen atoms (N2
and N3), one carboxamido nitrogen atom (N4) and a car-
boxamide oxygen atom (O2A) from the second acetyl-uns-
penp ligand reside in the equatorial plane while oxo-bridged
O(1) and the tertiary amino N(1) atoms occupy the axial
positions. The negative charge of the µ-oxo-bridge leads to
a rather short Fe(1)–O(1) bond [1.792(2) Å] and likewise
because of the trans effect, the opposing Fe(1)–N(1) bond
is weakened with a distance of 2.245(2) Å. All cis angles
around O(1) are larger than the ideal 90°, with values of
98.35(5)° for O(1)–Fe(1)–O(2A), 102.11(6)° for O(1)–Fe(1)–
N(2), 96.96(5)° for O(1)–Fe(1)–N(3) and 103.62(6)° for
O(1)–Fe(1)–N(4). Obviously, deprotonation of the carbox-
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amide groups facilitates the increase of bond lengths
around the FeIII ions (Table 1).

Model Complexes for Intradiol Catechol Dioxygenases

One reason for our efforts to obtain the mononuclear
iron() complex with the deprotonated acetyl-uns-penp as
ligand was our hope that this complex might be an excellent
functional model for intradiol catechol dioxygenases. These
mononuclear nonheme iron enzymes catalyse the oxidative
cleavage of catechol derivatives by insertion of both atoms
of dioxygen into the substrate−a key step in the degradation
of aromatic compounds.[4,37,38]

Since Funabiki et al. reported the first functional models
for catechol dioxygenases, increased efforts have been made
by bioinorganic chemists to mimic the structure and func-
tion of these enzymes.[4,37–42] Besides macrocyclic li-
gands,[43–45] especially tetradentate tripodal ligands have
shown considerable abilities to regulate the properties of
model complexes, indicating that dioxygenase activity
strongly depends on the nature of the ligand. The most ef-
fective biomimetic catalyst to date is the iron() tmpa (tpa)
complex that was first reported by Que and co-workers.[4,46]

Furthermore, several other systems with tripodal N4 donor
ligands showed considerable catechol dioxygenase ac-
tivity.[47,48] Complexes with enzyme-analogous N2O2 donor
sets represent good structural and spectroscopic model
compounds, however, they are poor functional models so
far.[49–56] Our recent efforts to reach higher activities than
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the iron() tmpa complex by increasing or decreasing the
chelate ring sizes in this system were unsuccessful.[57]

The substrate-binding process in the reaction cycle of the
catechol cleavage involves protonation of two ligands at the
active site, Tyr447 and a hydroxide.[58,59] These two proton
acceptors dissociate from the metal ion and thereby enable
the proton donor molecule, the catechol, to coordinate in
its dianionic form (see Scheme 2).

Scheme 2. Proposed substrate-binding process in catechol-1,2-di-
oxygenases.

The special electronic properties of the leaving Tyr447
group have been studied extensively using spectroscopic
methods and seem to influence the reactivity of the enzyme
to a large extent.[60] In previous work some of us used a
tmpa-derived ligand [(6-bromo-2-pyridyl)methyl]bis[(2-pyr-
idyl)methyl]amine (brtpa) to mimic the weak bonding of
one of the donor groups, however, again it was observed
that catechol dioxygenase reactivity decreased compared to
the iron tmpa system, most likely because of steric hin-
drance.[61]

Replacing one pyridyl moiety of the tmpa ligand with a
deprotonated carboxamide function we had hoped to fi-
nally increase reaction rates of the oxidation of catecholates
compared to the tmpa system. However, as discussed below
we did not reach this goal and furthermore, in contrast to
the synthesis of complex 1, we did not succeed in the prepa-
ration of deprotonated amide complexes when using acetyl-
uns-penp, catecholates and base.

[Fe(acetyl-uns-penp)(tcc)Br]·(C2H5)2O (2)

When iron() bromide, acetyl-uns-penp, tetrachlorocate-
chol and triethylamine were mixed in acetone the complex
[Fe(acetyl-uns-penp)(tcc)Br]·(C2H5)2O (2) was obtained.
Slow diffusion of diethyl ether into the complex solutions
allowed the precipitation of single crystals that were suit-
able for X-ray diffraction studies. Four complex molecules
and four diethyl ether molecules form the unit cell of com-
pound 2. The diethyl ether molecules are attached to the
complex via hydrogen bonding to the noncoordinating car-
boxamide function of the ligand. The structure of 2 is de-
picted in Figure 3 (the solvate molecule has been omitted
for clarity; crystallographic data are presented in Table 2
and Table 1).
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Figure 3. Thermal ellipsoid plot of the iron() complex in 2 (50%
probability; hydrogen atoms omitted for clarity).

The iron() core is ligated by three nitrogen atoms, two
catecholate oxygen atoms and one bromide atom. The long-
est bonds formed by iron and its donor atoms are found for
Fe(1)–Br(1) and Fe(1)–N(1) with 2.4813(9) and 2.266(4) Å,
respectively. This causes stretching of the coordination oc-
tahedron along the Br(1)–Fe(1)–N(1) axis. The cis angles
around the bromide ion are widened to an average angle of
96.2°. On the other hand, the formation of five-membered
chelate rings leads to small values for the N(1)–Fe(1)–N(2)
and N(1)–Fe(1)–N(3) angles of 76.2(2) and 76.8(2)°, respec-
tively.

[{Fe(acetyl-uns-penp)(tcc)}2O]·(C2H5)2O·CH3OH (3)

Interestingly, applying the same experimental conditions
as for the synthesis of 2, though using a slightly larger
amount of base, the dinuclear oxo-bridged complex
[{Fe(acetyl-uns-penp)(tcc)}2O]·(C2H5)2O·CH3OH (3) was
obtained (the syntheses of 2 and 3 could be reproduced ap-
plying these conditions). The molecular structure of the cat-
ion of 3 is shown in Figure 4 (crystallographic data are pre-
sented in Table 2 and Table 1).

Figure 4. Thermal ellipsoid plot of the dinuclear complex in 3 (50%
probability; hydrogen atoms omitted for clarity).

The unit cell contains two complexes as well as four di-
ethyl ether and two disordered methanol molecules. Since
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the bridging oxygen atom O(4) is located on a symmetry
centre, one half of the dinuclear complex is generated by
inversion. The metal–metal distance is 3.586 Å and both
iron ions are surrounded by an N3O3 donor set. The nitro-
gen donor atoms are provided by the ligand acetyl-uns-
penp, whereas the oxygen atoms belong to the dianionic
tetrachlorocatecholate ligand and the µ-oxo-bridge. The co-
ordination sphere of the iron centre has a distorted octahe-
dral geometry. The negative charge of the µ-oxo-bridge
leads to a rather short Fe(1)–O(4) bond (1.793 Å) and be-
cause of a trans effect, the opposing Fe(1)–N(1) bond is
weakened. All cis angles around O(4) are larger than the
ideal 90°. Especially those to the catecholate oxygen atoms
are widened, since this effect can be attributed to electro-
static repulsion. The negative charge of O(2) is reduced by
the intramolecular hydrogen bond and therefore the corre-
sponding O(2)–Fe(1)–O(4) angle has a value of only
98.25(6)° compared to 106.29(9)° for O(3)–Fe(1)–O(4).

The most striking feature of 3 is the intramolecular hy-
drogen bond between the carboxamide nitrogen N(4) and
O(2) of the catecholate. The donor acceptor distance has a
typical value of 2.755(3) Å and the distance between Fe(1)
and N(4) is 3.692 Å. This is in good agreement with similar
intramolecular hydrogen bonding reported recently.[61] In a
way this hydrogen bonding indicates a possible pathway for
the deprotonation of the catechol similar to the enzyme re-
action shown in Scheme 1.

Spectrophotometric Titrations

To gain a better understanding of the influence of the
base and furthermore to achieve optimised conditions for
catechol cleavage by molecular dioxygen it is necessary to
provide a high concentration of the mononuclear iron com-
plex with one coordinated catecholate dianion ([Fe(L)(3,5-
dbc)]+). To determine these ideal conditions for the catechol
cleavage experiments, spectrophotometric titrations were
performed (see Figure 5 and Exp. Sect.) as described pre-
viously for related systems.[61]

Figure 5. Spectrophotometric titration of a solution of iron() per-
chlorate hydrate, acetyl-uns-penp and 3,5-dbc against piperidine;
solid lines: 0.0 and 0.5 equiv.; dashed lines: 1.0–1.6 equiv.; dotted
lines: 1.8–4.0 equiv..

This analysis allowed us to gain insight into the species
distribution in solution depending on the amount of exter-
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nal base that was added to a mixture of iron salt, the ligand
and the substrate 3,5-dbc. At the beginning of the titration
(0.0–0.5 equiv. of piperidine; piperidine was used for com-
parison with previous studies, however triethylamine works
in the same way) an absorption band at 375 nm can be ob-
served that is assigned to an oxo-iron()-CT transition.

We suggest that the main species in solution is a µ-oxo-
bridged dinuclear compound without coordinated sub-
strate. Such dinuclear complexes are thermodynamically
favoured in the presence of water and many examples have
been reported in the literature.[62–72] With regard to pre-
vious results it is possible that the carboxamido group of
the ligand already undergoes a very weak interaction with
the metal centre and is not truly sp2 hybridised, however is
not yet deprotonated.[13] Furthermore, two weak transitions
occur at 580 and 920 nm which are typical for catecholate-
iron()-CT transitions and indicate the presence of a low
concentration of the desired mononuclear substrate adduct.
Upon further addition of base (1.0–1.6 equiv.) these two ab-
sorption bands rise dramatically and so does the concentra-
tion of the mononuclear substrate adduct. In the last part
of the titration (1.8–4.0 equiv.) the bands at 580 and 920 nm
disappear and two new bands are seen at 430 and 690 nm
that are also assigned to catecholate-iron()-CT transitions.
The shift to higher energies indicates a higher electron den-
sity on the iron() core that makes the charge transfer from
the catecholate more difficult. In accordance to the crystal
structure of 3 we suggest that a dinuclear µ-oxo-bridged
substrate adduct is formed in which the large electron den-
sity of the oxo-group is partially transferred to the metal
ions and one ligand arm is detached. Finally, the amount
of base that is necessary to reach optimal reaction condi-
tions for the catechol cleavage was determined from a plot
of the absorption of the lower energy CT band vs. the
amount of base added (see Figure 6). The maximum of this
plot is located at 1.7 equiv..

Figure 6. Absorbance vs. base equivalents plot ( λ = 980 nm).

Catechol 1,2-Dioxygenase Activity

An in situ prepared complex solution containing equi-
molar amounts of iron() perchlorate hydrate and acetyl-
uns-penp was treated with 1 equiv. of 3,5-dbc and 1.7 equiv.
of piperidine. The decrease in the lower energy LMCT band



S. Schindler, B. Krebs et al.FULL PAPER
was monitored by UV/Vis-spectroscopy. The reaction was
performed in air-saturated methanol, resulting in a more
than tenfold excess of dioxygen that ensures pseudo-first-
order kinetics for the complete reaction. From the slope
of the ln(absorbance) vs. time plot, the reaction rate was
determined to be 0.05 –1 s–1, which is more than two or-
ders of magnitude lower than that reported for the iron-
tmpa system under similar reaction conditions.[46] Because
of this low reactivity no further experiments were per-
formed with this system.

[Fe(uns-penp)Cl2]ClO4·CH3CN (4)

The ligand uns-penp was obtained in good yields accord-
ing to the procedures described in the literature. Mixing
uns-penp together with iron() salts in methanol afforded
a yellow material that could be recrystallised from acetoni-
trile by ether diffusion to yield crystals suitable for X-ray
structural analysis. The ORTEP representation of [Fe(uns-
penp)Cl2]+ is shown in Figure 7.

Figure 7. Thermal ellipsoid plot of the cation of 4 (50% prob-
ability; hydrogen atoms omitted for clarity).

The structure of the cation of 4 shows a distorted octahe-
dral geometry coordinated with four N atoms of the uns-
penp ligand and two chloride ions, as represented by the
trans ligand angles of 153.61(6)° for N(1)–Fe(1)–N(3),
167.56(5)° for N(2)–Fe(1)–Cl(1), and 169.15(4)° for N(4)–
Fe(1)–Cl(2). Moreover, the angle for Cl(1)–Fe(1)–Cl(2) is
100.38(2)°, which is significantly larger than 90°. As is often
the case with a tripodal ligand that forms five-membered
chelate rings, the coordination geometry is distorted toward
the tertiary amino group (average Namine–Fe–Npy/amine =
77.55°). The Fe–Npy bonds (av. 2.132 Å) are shorter than
the Fe–N(amine) bond (av. 2.193 Å), which are comparable
to the values of FeIII tmpa complexes.[46,73,74] Consequently
the Fe(1)–Cl(1) bond which is trans to the tertiary amino
group [2.2622(5) Å] is shorter than the Fe(1)–Cl(2) bond
trans to a primary amino nitrogen [2.3081(6) Å].

[{Fe(uns-penp)Cl}2O](ClO4)2·2CH3CN (5)

It is well known that a general problem in iron() chem-
istry is the formation of oxo-bridged dimers during the syn-
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thesis of the complexes such as for example the iron()
tmpa complex or the acetyl-uns-penp ligand system de-
scribed above. Addition of base can accelerate this reaction
and therefore when base was added during the synthesis of
4 the dinuclear oxo-bridged complex 5 was obtained in-
stead. The thermal ellipsoid representation of the cation of
5 is shown in Figure 8. The molecular structure is com-
posed of centrosymmetric dimeric cations with a linear Fe–
O–Fe unit. Each iron centre is in a distorted octahedral
environment ligated by the two pyridine nitrogen atoms, the
primary and tertiary amine nitrogen atoms, as well as the
oxygen atom which is bound to the second iron centre. The
Fe–O bond length of 1.798(1) Å is in keeping with the mean
values of 1.79(6) (with a range of 1.73–1.82 Å) for such
bond lengths in oxo-bridged iron() complexes.[75] The Fe–
Npy bonds of 2.141(2) Å and 2.147(2) Å are considerably
shorter than the Fe–Namine bonds [2.213(2) and 2.235(2) Å].
This is analogous to the structures of the respective (µ-oxo)
diiron() complexes of tmpa. The chloride ligands coordi-
nate trans to the tertiary amine nitrogen on each iron centre
and anti to each other relative to the Fe–O–Fe axis. The
Fe–Cl bond lengths of 2.3166(4) Å are slightly longer than
the values of 4 arising from steric hindrance in the dimer.
The Fe–Fe distance of 3.596 Å is typical for complexes with
singly bridged Fe–O–Fe cores, which are usually in the
range 3.4–3.6 Å, whereby the longer distances are associ-
ated with Fe–O–Fe angles that are linear or close to linear-
ity.

Figure 8. Thermal ellipsoid plot of the cation of 5 (50% prob-
ability; hydrogen atoms omitted for clarity).

Catechol 1,2-Dioxygenase Activity of the Iron(III)-uns-penp
System

The iron()-uns-penp complex was investigated under
the same conditions used previously for the iron() tmpa
catecholate (3,5-dbc) system.[57] Stopped-flow kinetic in-
vestigations revealed again that the rate of the reaction of
the iron tmpa system is faster under these conditions, how-
ever, at least the iron-uns-penp complex was only slower
by a factor of 20. No further detailed kinetic studies were
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performed on this system because of the fact that the rate
could not be increased and that no reactive intermediates
could be detected spectroscopically.

Conclusion

Acetyl-uns-penp has not been used in coordination
chemistry so far despite its interesting ligand properties and
in contrast to related ligands (in which additional pyridine
or phenol donor groups are present) that have attracted a
lot of interest in amide chemistry recently.[18,27–33,76–78] A
copper() complex was recently reported, where the carbox-
amido function of acetyl-uns-penp is no longer truly sp2

hybridised and the nitrogen atom undergoes a weak interac-
tion with the metal centre.[13] In our present work, we dem-
onstrated that acetyl-uns-penp is capable of influencing co-
ordination chemistry by building hydrogen bonds with hy-
drogen acceptors in the vicinity of the carboxamido func-
tion. The intramolecular hydrogen bond between one arm
of the tripodal ligand and a coordinated substrate molecule
in 3 suggests a pathway for the second substrate deproton-
ation step in the reaction cycle of intradiol cleaving catechol
dioxygenases according to Scheme 2. Taking into account
that the carboxamide can also undergo strong binding in-
teractions with a metal centre upon deprotonation, as dem-
onstrated in 1, acetyl-uns-penp is a very versatile ligand.
Furthermore, structural characterization of two iron()
complexes of the ligand uns-penp and its catechol dioxygen-
ase reactivity provided additional information on the chem-
istry of this interesting ligand.

Experimental Section
Materials: All chemicals were obtained from commercial sources
and used without further purification.

Caution! The syntheses and procedures described below involve com-
pounds that contain perchlorate and azide ions, which can detonate
explosively and without warning. Although we have not encountered
any problems with the compounds used in this study, they should be
handled with extreme care.

Physical Measurements: UV/Vis spectroscopy was performed with
a Hewlett–Packard 8453 diode array spectrometer. Elemental
analyses were carried out with an Elementar Vario EL III analyzer
at the University of Münster.

Syntheses

Ligand Syntheses: The ligand acetyl-uns-penp as well as uns-penp
were prepared according to literature procedures.[13]

[Fe2(acetyl-uns-penp)2O](ClO4)2·H2O (1): Iron() perchlorate
hexadrate (177 mg, 0.5 mmol) and acetyl-uns-penp (142 mg,
0.5 mmol) were combined in methanol (10 mL). After 10 min of
stirring, to the resulting brown solution NaN3 (49 mg, 0.75 mmol)
was added, immediately leading to a very dark red suspension. Af-
ter 2 h a brown precipitate was filtered off, washed with methanol
and diethyl ether, and dried under vacuum. Dark brown prism crys-
tals, air stable and suitable for X-ray diffraction analysis, were ob-
tained by slow evaporation of an acetonitrile solution after 1 week
(69 mg, 0.03 mmol, 30%). C16H20ClFeN4O6 (455.66): calcd. C 42.2,
H 4.4, N 12.3; found C 42.6, H 4.2, N 12.7.
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1 could also be prepared analogously to the former synthesis except
that Et3N (101 mg, 1.0 mmol) or NaOH (40 mg, 1.0 mmol) were
used instead of NaN3.

[Fe(acetyl-uns-penp)(tcc)Br]·(C2H5)2O (2): Anhydrous iron() bro-
mide (30 mg, 0.1 mmol) and acetyl-uns-penp (28 mg, 0.1 mmol)
were dissolved in acetone (7 mL). After addition of tetrachlorocate-
chol hydrate (27 mg, 0.1 mmol) and triethylamine (24 µL, 17 mg,
0.17 mmol) the reaction mixture was stirred for 10 min and filtered.
Vapor diffusion of diethyl ether into the complex solution yielded
single crystals of 2 (58 mg, 0.09 mmol, 90%), m.p. 181 °C (decom-
position). C22H20BrCl4FeN4O3 (without solvent, 666.0): calcd. C
39.7, H 3.0, N 8.4; found C 39.0, H 3.9, N 7.9.

[{Fe(acetyl-uns-penp)(tcc)}2O]·(C2H5)2O·CH3OH (3): The synthetic
procedure is identical to the preparation of 2 with the only differ-
ence being that a slightly larger amount of triethylamine (28 µL,
20 mg, 0.2 mmol) was used. Vapor diffusion of diethyl ether into
the complex solution yielded single crystals of 3 (37 mg, 0.03 mmol,
60%), m.p. 223 °C (decomposition). C44H40Cl8Fe2N8O7 (without
solvent, 1188.2): calcd. C 44.5, H 3.4, N 9.4; found C 43.8, H 3.7,
N 9.1.

[Fe(uns-penp)Cl2]·ClO4·CH3CN (4): To a solution of uns-penp
(219 mg, 0.9 mmol) in methanol (10 mL) was added a solution of
Fe(ClO4)3·xH2O (139 mg, 0.3 mmol) and FeCl3 (109 mg, 0.6 mmol)
in methanol (10 mL). The resulting brown solution was stirred for
1 h at room temperature during which time a greenish yellow solid
precipitated, which was then filtered. The precipitate was washed
with methanol and diethyl ether, and dried under vacuum. Yellow
prism crystals for crystallographic studies were obtained by vapor
diffusion of diethyl ether into the acetonitrile solution. Yield:
221 mg (ca. 50%). C16H21Cl3FeN5O4 (509.58): calcd. C 37.71, H
4.15, N 13.75; found C 37.59, H 4.13, N 13.68.

[{Fe(uns-penp)Cl}2O]·(ClO4)2·2CH3CN (5): To a methanol suspen-
sion (15 mL) of Fe(ClO4)3·xH2O (115 mg, 0.25 mmol), FeCl3
(41 mg, 0.25 mmol) and uns-penp ligand (122 mg, 0.5 mmol) was
added Et3N (51 mg, 0.5 mmol) in methanol (5 mL) whilst stirring.
After 1 h, the resulting greenish brown slurry was filtered and the
precipitate was washed with methanol and diethyl ether. Dark
brown cubic crystals suitable for X-ray diffraction analysis were
obtained by slow evaporation of an acetonitrile solution about
1 week. Yield: 200 mg (ca. 42%). C32H42Cl4Fe2N10O9 (964.26):
calcd. C 39.86, H 4.39, N 14.53; found C 39.62, H 4.24, N 14.41.

X-ray Crystallographic Studies: Intensity data for 1 were collected
with a Siemens SMART CCD 1000 diffractometer using graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å) by the ω-scan
technique. The collected reflections were corrected for absorption
effects.[79] The structure was solved by direct methods and refined
by least-squares techniques using the SHELX97 programme pack-
age.[80] Further data collection parameters are summarised in
Table 2.

Intensity data for acetyl-uns-penp, 2 and 3 were collected with a
Bruker AXS SMART 6000 CCD diffractometer (Cu-Kα, λ =
1.54178 Å, Göbel mirror) using the ω-scan technique. The collected
reflections were corrected for absorption effects.[79] The structure
was solved by direct methods and refined by full-matrix least-
squares methods on F2.[80] Further data collection parameters are
summarised in Table 2.

Intensity data for 4 and 5 were collected at a temperature of 100 K
with a Bruker-Nonius KappaCCD diffractometer with graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å). Data were cor-
rected for Lorentz and polarization effects. Absorption effects were
corrected numerically[81] for 4 and by semi-empirical methods
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Table 2. Crystallographic data and experimental details.

Compound Acetyl-uns-penp 1 2 3 4 5

Empirical formula C16H20N4O C32H40Cl2Fe2N8O12 C26H30BrCl4FeN4O4 C53H64Cl8Fe2N8O10 C16H21Cl3FeN5O4 C32H42Cl4Fe2N10O9

Mr 284.36 455.66 740.10 1368.42 509.58 964.26
Temperature [K] 140(2) 200(2) 100(2) K 150(2) 100(2) 100(2)
Radiation (λ [Å]) Cu-Kα, 1.54178 Mo-Kα, 0.71073 Cu-Kα, 1.54178 Cu-Kα, 1.54178 Mo-Kα, 0.71073 Mo-Kα, 0.71073
Crystal colour and shape colourless, cuboid brown, prism red, plate brown, cuboid yellow, prism brown, irregular
Crystal size [mm] 0.20 × 0.14 × 0.10 2.00 × 0.40 × 0.50 0.13 × 0.12 × 0.03 0.31 × 0.29 × 0.29 0.24 × 0.15 × 0.12 0.23 × 0.22 × 0.12
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic triclinic
Space group P1̄ (No. 2) C2/c (No. 15) P21/c (No. 14) P21/n (No. 14) P21/n (No 14) P1̄ (No 2)
a [Å] 9.3758(2) 16.2248(17) 12.4448(5) 10.4477(3) 11.241(1) 8.4308(5)
b [Å] 9.6178(2) 12.8536(13) 13.4022(6) 20.9973(7) 7.8366(6) 11.2769(6)
c [Å] 10.2342(3) 19.653(2) 18.1585(8) 13.9166(5) 24.330(2) 11.8246(8)
α [°] 82.807(2) 71.583(4)
β [°] 68.351(2) 112.910(1) 92.758(3) 94.824(2) 91.443(7) 76.621(5)
γ [°] 62.401(2) 80.422(4)
V [Å3] 751.10(3) 3775.2(7) 3025.1(2) 3042.1(2) 2142.6(3) 1032.4(2)
Z 2 4 4 2 4 1
ρcalcd. [g·cm–3] 1.257 1.603 1.625 1.494 1.580 1.551
µ [mm–1] 0.652 0.983 9.127 7.570 1.111 1.024
F(000) 304 1880 1500 1412 1044 496
θ range [°] 4.66 to 71.30 2.09 to 28.28 3.56 to 71.35 3.82 to 71.44 3.14 to 27.88 3.30 to 27.87
Index ranges –10 � h � 11 –16 � h � 21 –14 � h � 14 –11 � h � 12 –14 � h � 14 –11 � h � 10

–10 � k � 11 –17 � k � 16 –15 � k � 16 –22 � k � 24 –10 � k � 10 –14 � k � 14
–11 � l � 12 –26 � l � 26 –20 � l � 22 –15 � l � 17 –32 � l � 32 –15 � l � 15

Reflections collected 4369 13663 16266 17174 32406 27493
Unique reflections 2521 4476 5631 5614 5103 4910
Rint 0.0285 0.0263 0.0766 0.0650 0.0792 0.0272
Data/restraints/parameters 2521/0/195 4476/0/266 5631/0/368 5614/0/380 5103/0/263 4910/0/260
Goodness-of-fit on F2 1.099 1.040 0.888 0.954 1.032 1.065
Final R indices [I � 2σ(I)] R1 = 0.0490 R1 = 0.0365 R1 = 0.0492 R1 = 0.0463 R1 = 0.0330 R1 = 0.0240

wR2 = 0.1381 wR2 = 0.0954 wR2 = 0.0981 wR2 = 0.1065 wR2 = 0.0671 wR2 = 0.0580
R indices (all data) R1 = 0.0553 R1 = 0.0428 R1 = 0.0864 R1 = 0.0683 R1 = 0.0568 R1 = 0.0323

wR2 = 0.1443 wR2 = 0.1000 wR2 = 0.1082 wR2 = 0.1118 wR2 = 0.0721 wR2 = 0.0606
Largest diff. peak/hole [e·Å–3] 0.210/–0.325 0.937/–0.644 1.458/–0.501 0.400/–0.692 0.401/–0.525 0.434/–0.442

based on multiple scans[79] for 5. The structures were solved by
direct methods; full-matrix least-squares refinement was carried
out on F2 using SHELXTL NT 6.12.[82] All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were geometrically
positioned; their isotropic displacement parameters were tied to
those of their corresponding carrier atoms by a factor of 1.2 or 1.5.

CCDC-266956 (acetyl-uns-penp), -263645 (for 1), -266957 (for 2),
-266958 (for 3), -283894 (for 4), and -283895 (for 5) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Determination of the Catechol 1,2-Dioxygenase Activity: The cate-
chol cleaving activity of an in situ prepared complex solution was
tested using piperidine as an external base as described pre-
viously.[61] The amount of base needed to reach the highest reaction
rates was determined according to the spectrophotometric titration
method described below. To 2 mL of a 2·10–4  methanolic solution
of Fe(ClO4)3·H2O and the ligand was added a 2·10–2  (1 equiv.)
solution of 3,5-H2dbc (0.02 mL). The proper amount of base was
added to the reaction mixture from a 2·10–2  stock solution. To
limit errors, the oxidation of the complex was followed three times
by UV/Vis spectroscopy. It is important to note that during these
studies iron salts with noncoordinating ions (such as perchlorate or
triflate) were used and besides the catecholate ligand no additional
coordinating ions (such as bromide used in the crystallographic
studies) were present.

Spectrophotometric Titrations: The spectrophotometric titrations
were carried out with the same solutions as described above for

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1601–16101608

the activity determinations. To avoid cleavage of the substrate, all
manipulations were carried out under argon. A sample of the 3,5-
H2dbc solution (0.1 mL) was added to the complex solution
(10 mL). The resulting mixture was titrated with piperidine and the
UV/Vis-spectra were monitored using a flow cell (1 cm).
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As shown by 31P{1H} NMR spectroscopy, addition of the
native β-cyclodextrin or randomly methylated β-cyclodextrin
to an aqueous solution of Cl[Pt{(p-tBuC6H4)P(m-C6H4SO3-
Na)2}3Cl] or [Pd{(p-tBuC6H4)P(m-C6H4SO3Na)2}3] allows us
to generate the phosphane coordinatively unsaturated [Pt{(p-
tBuC6H4)P(m-C6H4SO3Na)2}2Cl2] or [Pd{(p-tBuC6H4)P(m-
C6H4SO3Na)2}2] complexes, respectively. The existence of

Introduction

One of the most challenging aspects of organometallic ca-
talysis is to generate phosphane unsaturated species. In-
deed, these complexes are generally accepted as the catalyti-
cally active species in numerous transition-metal-catalysed
reactions.[1] An efficient strategy that favours the formation
of such compounds consists of using hindered phosphanes.
Actually, because of the bulkiness generated around the
metallic centre, coordination of numerous ligands to the
metal is prohibited and low-coordinated species are ob-
tained. Thus, the use of hindered phosphane has proved to

Scheme 1. (a) Native β-cyclodextrin (β-CD), (b) randomly methylated β-cyclodextrin (RAME-β-CD), (c) disodium bis(3-sulfonato-
phenyl)(4-tert-butylphenyl)phosphane [(p-tBuC6H4)P(m-C6H4SO3Na)2] (1).
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Eur. J. Inorg. Chem. 2006, 1611–1619 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1611

second-sphere coordination adducts between the organome-
tallic complex and the cyclodextrin, in which the local bulki-
ness around the metallic centre is high, appears to be the
essential prerequisite for the dissociation of one (p-tBuC6H4)
P(m-C6H4SO3Na)2 phosphane ligand from the metal centre.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

be efficient in generating coordinatively unsaturated com-
plexes that are well known as active catalysts in hydrofor-
mylation[2] and carbon–carbon or carbon–heteroatom bond
formation.[3] Unfortunately, these catalytic entities have
often remained experimentally inaccessible in large
amounts because of their low stability, and have required
the synthesis of elaborate phosphanes.

We have recently put forward the remarkable properties
of cyclodextrins to form inclusion complexes with water-
soluble phosphane ligands used to dissolve the organome-
tallic catalyst in water.[4] In particular, the native β-cyclo-
dextrin (β-CD, Scheme 1) and the randomly methylated β-

cyclodextrin (RAME-β-CD, Scheme 1) have proved to
strongly interact with the disodium bis(3-sulfonato-
phenyl)(4-tert-butylphenyl)phosphane [(p-tBuC6H4)P(m-
C6H4SO3Na)2 (1) ] (Scheme 1) as a result of the well-known
ability of the tert-butylphenyl group to fit tightly into the
β-CD cavity.[5] Thus, the association constants for the β-
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CD/1 and RAME-β-CD/1 inclusion complexes were found
to be notably higher than those measured for the inclusion
complexes formed with trisulfonated triphenylphosphane
(TPPTS); a phosphane currently used in aqueous organo-
metallic catalysis (400000 and 250000 –1 at 25 °C for β-
CD/1 and RAME-β-CD/1 inclusion complexes, respec-
tively; 1200 and 1000 –1 at 25 °C for β-CD/TPPTS and
RAME-β-CD/TPPTS inclusion complexes, respectively).

Interestingly, the strong interaction between 1 and CD
derivatives can be used to generate phosphane low-coordi-

Figure 1. 31P{1H} NMR spectra of the platinum complex Cl[ClPt((p-tBuC6H4)P(m-C6H4SO3Na)2)3] (2) (10 m) in D2O (a) without
cyclodextrin at 25 °C; after addition of 1 equiv. β-CD with respect to the platinum at (b) 25 °C; (c) 60 °C; (d) 85 °C.

Figure 2. 1H NMR spectra at 25 °C in D2O of (a) β-CD alone (10 m); (b) β-CD after addition of 1 equiv. Cl[ClPt((p-tBuC6H4)P(m-
C6H4SO3Na)2)3] (2) (10 m).
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nated rhodium species.[5] Indeed, we have demonstrated
that [HRh(CO)(1)3] can be partially converted in the pres-
ence of β-CD or RAME-β-CD into the hydroxy complex
[HORh(CO)(1)2] under nitrogen, or into the hydrido com-
plex [HRh(CO)2(1)2] under carbon monoxide.

In this paper, we would like to demonstrate that the use
of a hydrosoluble phosphane, very strongly interacting with
CDs such as 1, could be a general approach to generate
phosphane coordinatively unsaturated complexes under
mild conditions. The feasibility of our approach was exam-
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ined using platinum or palladium complexes of 1 and β-CD
or RAME-β-CD as phosphane trapping agents.

Results and Discussion

Initial experiments were performed using β-CD whose
well-defined 1H NMR signals are easier to read than the
signals of RAME-β-CD, where the overlapped resonances
are often noninterpretable. The Cl[Pt(1)3Cl] platinum com-
plex (2) was prepared by mixing K2PtCl4 with 3 equiv. of 1
according to a procedure previously described in the litera-
ture for the synthesis of the analogous complex
Cl[Pt(TPPTS)3Cl].[6] Figure 1 shows the 31P{1H} NMR
spectra relative to 2 without β-CD (Figure 1, a) and in the
presence of 1 equiv. of β-CD at 25 °C (Figure 1, b), 60 °C
(Figure 1, c) and 85 °C (Figure 1, d).

Since only one third of the platinum (195Pt) has a spin
of 1/2, the phosphorus of the square-planar structure of 2
exhibits a 1:4:1 triplet of doublets centred at δ = 23.0 ppm
(1JPcis–Pt = 2494 Hz; 2JPcis–Ptrans = 18.6 Hz) corresponding
to the two phosphorus atoms cis to the chloride and a 1:4:1
triplet of triplets centred at δ = 12.4 ppm (1JPtrans–Pt =
3718 Hz; 2JPcis–Ptrans = 18.6 Hz) corresponding to the phos-
phorus atom trans to the chloride (Figure 1, a). At 25 °C,
addition of β-CD leads to the appearance of new reso-
nances and a broadening of all signals (Figure 1, b). No
peak is detected in the chemical shift region of the free or

Figure 3. Partial contour plot of the T-ROESY spectrum of a solution containing β-CD (10 m) and 2 (10 m) in D2O at 25 °C with a
300 ms mixing time. (a) Cross-peaks between the β-CD protons and protons of the tert-butyl group. (b) Cross-peaks between the β-CD
protons and the aromatic protons of phosphane 1.

Scheme 2. Second-sphere coordination adducts between β-CD and 2 with a recognition process (a) at the primary face and (b) at the
secondary face. The interactions observed in the T-ROESY spectrum between the different protons and the deduced orientation of the
phosphane 1 in the CD cavity are also shown.
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CD-included phosphane (from 0 ppm to –12 ppm). This
can be explained by assuming that β-CD interacts with 2
without inducing the dissociation of phosphane 1 from the
metal. The nature of the interactions between both species
1 and 2 with β-CD has been established by 1H NMR spec-
troscopic measurements. Figure 2 shows the 1H NMR spec-
tra of β-CD, both alone and also as a stoichiometric β-CD/
2 mixture (Figure 2).

Upon addition of 2 to the β-CD solution, strong upfield
chemical shifts are observed for the internal 3-H and 5-H
CD protons suggesting the formation of inclusion com-
plexes between 2 and β-CD. It should be noted that the
other protons of the CD are also shielded upfield by the
presence of 2, indicating that they are also affected by the
inclusion process. The formation of inclusion complexes be-
tween 2 and β-CD was unambiguously demonstrated by a
2D NMR T-ROESY spectrum of a 1:1 mixture of 2 and
β-CD, which revealed intense cross-peaks between the tBu
group of the phosphane and the internal CD protons 3-H,
5-H and 6-H (Figure 3).

Nevertheless, the absence of correlations between the 3-
H, 5-H or 6-H protons and Hα shows that the penetration
of the phosphane into the CD cavity was not deep
(Scheme 2).

This observation is opposite to what has previously been
established for the β-CD/1 inclusion complex. Indeed, a de-
tailed study has clearly demonstrated that phosphane 1 was
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Scheme 3. Equilibrium between the platinum complexes of 1 in the presence of 1 equiv. β-CD (inclusion of 1 at the secondary face is
also possible).

deeply included in the β-CD cavity at the primary face (in-
tense cross-peaks between Hα and 5-H or 6-H, see Support-
ing Information). Therefore, 1 interacted very differently
with β-CD when free in solution and when coordinated to
the platinum complex. Furthermore, the presence of intense
cross-peaks between the tBu group of the phosphane and
the 3-H, 5-H and 6-H CD protons strongly suggests that
inclusion occurred at the primary face (Scheme 2, a) but
also at the secondary face of the β-CD (Scheme 2, b). In-
deed, a low-deep inclusion of 2 at the primary face of the
β-CD cannot rationalise the intense cross-peak observed
between the tBu and 3-H proton. Finally, it must be pointed
out that the inclusion of the phosphane 1 into the cavity at
the secondary face was so small that no contact was de-
tected between the 3-H and Hβ (or a fortiori Hα) protons.

Knowing that 2 and β-CD were supramolecularly inter-
acting, the splitting and broadening of the peaks of Fig-
ure 1 (b) are attributed to the existence of two possible in-
clusions of 2 in β-CD (Scheme 3), either by one of the two
ligands 1 cis to the chloride (species 3a) or by the ligand 1
trans to the chloride (species 3b). Although inclusion of 2
at the secondary face also occurred, only the structures ob-
tained with an inclusion at the primary face have been rep-
resented for clarity in Scheme 3.

Interestingly, the splitting of the signal at δ = 23.0 ppm,
corresponding to the two phosphorus atoms cis to the chlo-
ride, into two broad signals in the 25–20 ppm region in the
presence of β-CD (see parts a and b in Figure 1) indicates
that the coordinated cis phosphanes 1 become inequivalent
when β-CD binds to complex 2. As only 1 equiv. of β-CD
was added to a solution of 2, this phenomenon probably
finds its origin in the fact that when one of the two cis
phosphanes 1 is included into the β-CD cavity, the other
remains nonincluded. Finally, the important and unusual
upfield shifts observed in the 1H NMR spectrum for the
external protons of the CD (1-H, 2-H and 4-H) might be
explained by the closeness in species 3 of nonincluded coor-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1611–16191614

dinated ligands 1 with the edges of a β-CD bound to a
coordinated ligand 1, suggesting an overcrowded environ-
ment at the periphery of the CD.

Consequently, at room temperature, it appears that β-CD
acts as a host for a ligand that was directly coordinated
to the platinum. Although the formation of second-sphere
coordination adducts between CD derivatives and organo-
metallic complexes is a well-known phenomenon,[7] it is
worth mentioning that the formation of such adducts be-
tween CD and organometallic complexes bearing phos-
phane ligands has rarely been observed. Indeed, to the best

Figure 4. 31P{1H} NMR spectra of the platinum complex
Cl[ClPt((p-tBuC6H4)P(m-C6H4SO3Na)2)3] (2) (10 m) in D2O with
12 equiv. RAME-β-CD with respect to the platinum at (a) 25 °C;
(b) 60 °C; (c) 85 °C.
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of our knowledge, there are only four reports in the litera-
ture on the formation of such adducts in organic or aque-
ous media.[8]

Information concerning the thermal stability of second-
sphere coordination adducts 3 was obtained by carefully
examining the 31P{1H} NMR spectra recorded at various
temperatures. Increasing the temperature to 60 and 85 °C
gave more resolved spectra (see parts c and d in Figure 1).
In particular, the 31P{1H} NMR spectrum recorded at
85 °C (Figure 1, d) strongly resembles that recorded at
25 °C (Figure 1, a), indicating that the second-sphere coor-

Scheme 4. Equilibria between the platinum complexes of 1 in the presence of 12 equiv. RAME-β-CD (inclusion of 1 at the secondary
face is also possible). Some second-sphere coordination adducts are not represented for clarity.
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dination adducts 3a and 3b disappeared when the tempera-
ture was increased. Actually, an increase in the temperature
decreased the association constant between β-CD and 1,
which found expression in a dissociation of β-CD from the
organometallic complex. Interestingly, the spectrum re-
corded at 60 °C suggests that the β-CD interacted more
strongly with the cis ligands than with the trans ligand. In-
deed, the signal at δ = 12.4 ppm corresponding to the trans
phosphane is well resolved whereas the signal correspond-
ing to the cis phosphanes remains broad at 60 °C. This re-
sult can easily be rationalised by considering that the steric
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congestion around the trans ligand is more important than
it is around the cis ligand.

The stability of the second-sphere adducts in the pres-
ence of various amounts of β-CD or RAME-β-CD was also
investigated. Similar results were obtained with 3 equiv. β-
CD and with 1 or 3 equiv. RAME-β-CD. However, the re-
sults were very different when 12 equiv. RAME-β-CD was
used. Indeed, along with the numerous changes already ob-
served above, the 31P{1H} NMR spectrum also revealed a
broad 1:4:1 triplet centred at δ = 13.8 ppm (1JP,Pt = 3700
Hz) assigned to a new platinum species (4) and a resonance
characteristic of an inclusion complex between 1 and the
RAME-β-CD at δ = –5.5 ppm (Figure 4, a).

This new platinum species 4 was identified by comparing
its chemical shift and platinum-phosphorus coupling con-
stant values with those for the known water-soluble plati-
num complexes and by integration of the 31P NMR signals.
Actually, we found that the spectroscopic data of 4 are very
similar to those of [cis-Pt(TPPTS)2Cl2][6] and that the inten-
sity of the 31P NMR signal of the species 4 was twice as
high as the intensity of the signal relative to the RAME-β-
CD/1 inclusion complex. These two findings led us to as-
sume that the new platinum species 4 corresponds to sec-
ond-sphere coordination adducts between [Pt(1)2Cl2] and
the RAME-β-CD obtained by dissociation of 1 from ad-
ducts 3 according to Scheme 4.

As previously observed with adducts 3 (vide infra), disso-
ciation of RAME-β-CD from platinum species 4 occurred
at high temperatures, leading to nonincluded [Pt(1)2Cl2] (5).
Indeed, increasing the temperature led to the destabilisation
of the second-sphere coordination adducts (well-defined
peaks at 60 and 85 °C) and additionally to a larger pro-
portion of the signal corresponding to free phosphane 1
in interaction with RAME-β-CD (Figure 4, parts b and c)
(Scheme 4). As the intensity of the signal relative to the
RAME-β-CD/1 inclusion complex is directly proportional
to the 31P NMR signal of the new species 4 and 5, the
percentage (4 and 5) could be determined starting from the
integration of the peak assigned to the free phosphane 1
that is included into RAME-β-CD (see Supporting Infor-
mation). At 85 °C, an amount of 22% (4 and 5) was calcu-
lated.

In order to confirm that the formation of the phosphane
coordinatively unsaturated platinum complexes 4 and 5 was
a result of the RAME-β-CD similar experiments have been
performed with methyl-α--glucopyranoside, which consti-
tutes the monomeric “building block” of RAME-β-CD. No
modification of the spectra could be observed in this case,
proving that the molecular recognition ability of RAME-β-
CD plays a fundamental role in the formation of 4 and 5.

Throughout these experiments, it was clear that an excess
of RAME-β-CD was necessary to generate the phosphane
coordinatively unsaturated platinum complexes. The expla-
nation of such a phenomenon not only lies in the strength
of the RAME-β-CD/2 interaction, but also in the steric hin-
drance generated by the presence of RAME-β-CD on the
first-sphere ligands. Indeed, below 3 equiv. of RAME-β-CD
with respect to the amount of platinum, it is reasonable to
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assume that the equilibrium between the nonincluded and
included 2 remained possible as the steric hindrance around
the metallic centre should not be very important when one
CD is bound to a coordinated phosphane 1 (Scheme 3). By
contrast, when a large amount of RAME-β-CD was added,
the equilibrium was displaced towards the second-sphere
coordination adducts containing two and three CDs. The
local bulkiness around the metallic centre of the obtained
supramolecular adducts probably became too high and a
steric decongestion by dissociation of the phosphane/CD
inclusion complex from the platinum occurred leading to
phosphane low-coordinated complexes 4 or 5, depending
on the temperature (Scheme 4). These observations are per-
fectly consistent with those already made above with β-CD
for which a hindered structure for the β-CD/2 complex has
been thought of (vide infra). So, the existence of second-
sphere coordination adducts in which the local bulkiness
around the metallic centre is high appears to be an interme-
diate step in the formation of phosphane coordinatively un-
saturated complexes.

The NMR study has been widened to the palladium
complex [Pd{(p-tBuC6H4)P(m-C6H4SO3Na)2}3] (6) whose
31P{1H} NMR spectrum is depicted in Figure 5 (a).

Figure 5. 31P{1H} NMR spectra of palladium complex [Pd((p-
tBuC6H4)P(m-C6H4SO3Na)2)3] (6) (20 m) in D2O at 25 °C
(a) without cyclodextrin; (b) after addition of 3 equiv. RAME-β-
CD with respect to palladium; (c) after addition of 12 equiv.
RAME-β-CD with respect to palladium.

Besides the minor resonance of the phosphane oxide im-
purity (δ = 36 ppm), a broad signal was detected at δ =
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Scheme 5. Equilibria between the palladium complexes of 1 in the presence of various amounts of RAME-β-CD (inclusion of 1 at the
secondary face is also possible).

20.1 ppm. As an excess of phosphane 1 was present in the
medium (10%, see Exp. Sect.), this broad peak is an average
signal resulting from the fast equilibrium between free
phosphane 1 and the palladium complex 6.[9] By addition
of 3 equiv. of RAME-β-CD with respect to 6, two distinct
signals are observed at δ = 24 and δ = –5.5 ppm (Figure 5,
b). Integration of the 31P NMR signals at δ = –5.5 ppm
shows that the amount of noncoordinated 1 is 10%, which
corresponds to the excess of phosphane 1 initially present
in the medium. This last result indicates that 3 equiv. of
RAME-β-CD were insufficient to induce the formation of
the phosphane coordinatively unsaturated species. Conse-
quently, the signal at δ = 24 ppm has been assigned to the
second-sphere coordination adducts of the palladium com-
plex 6 with the RAME-β-CD (species 7) and the signal at
δ = –5.5 ppm to the phosphane 1 in interaction with
RAME-β-CD (Scheme 5). Moreover, it can be concluded
that RAME-β-CD decreased the exchange rate between
phosphane 1 and the palladium species since the excess of
the phosphane 1 complex is visible.

Much more interesting were the results obtained when
12 equiv. of RAME-β-CD, with respect to the palladium
complex, were added to an aqueous solution of 6 (Figure 5,
c). Indeed, a new species at δ = 24.5 ppm (8) was observed
and the amount of phosphane 1 bound to RAME-β-CD
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was higher than the previous one (16% compared with
10%). Furthermore, calculations showed that the intensity
of the 31P NMR signal of the new species 8 was twice as
high as the intensity of the phosphane 1 signal that ap-
peared. By analogy with the platinum complexes, this out-
standing result led us to assume that 8 was the palladium
species [(1)2Pd0] containing two phosphane ligands in-
cluded in the RAME-β-CD cavities. As observed for plati-
num species 4 and 5, the steric hindrance generated by two
or three CDs around the metallic centre of 6 could be in-
voked to explain the formation of the phosphane low-coor-
dinated palladium species 8 (Scheme 5).

Here again, the amounts of included phosphane 1 and
complex 8 were found to be dependent on the temperature.
Indeed, when the solution containing 12 equiv. of RAME-
β-CD with respect to 6 was heated at 40 °C (Figure 6, b)
and 60 °C (Figure 6, c), the signals corresponding to the
palladium complex 8 and phosphane 1 included into
RAME-β-CD notably increased. Although no evidence has
been obtained contrary to that for the platinum species, it
is reasonable to think that, at higher temperatures, dissoci-
ation of the second-sphere adducts 8 could lead to the for-
mation of species [(1)2Pd0] (species 9, Scheme 5).

Calculations revealed that the amount of phosphane 1
that appeared was directly connected to the amount of spe-



E. Monflier et al.FULL PAPER

Figure 6. 31P{1H} NMR spectra of a mixture of [Pd((p-tBuC6H4)
P(m-C6H4SO3Na)2)3] (6) (20 m) and RAME-β-CD (240 m) in
D2O at various temperatures: (a) 25 °C; (b) 40 °C; (c) 60 °C;
(d) 85 °C.

cies 8 and 9 (see Supporting information). The percentage
of 8 and 9 relative to the total amount of palladium could
reach 40% at 85 °C (Figure 7).

Figure 7. Percentage of palladium species (8 and 9) relative to the
total palladium amount [% complex (8 and 9)/total Pd] as a func-
tion of the temperature [Pd((p-tBuC6H4)P(m-C6H4SO3Na)2)3

(20 m) and RAME-β-CD (240 m)].

Finally, it must be pointed out that the above phenomena
were reversible since a new 31P{1H} NMR spectrum re-
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corded at 27 °C, after the heating period, was identical to
that observed before heating the sample.

To confirm that the formation of the phosphane coordi-
natively unsaturated palladium complexes 8 and 9 was due
to RAME-β-CD, similar experiments were also performed
with methyl-α--glucopyranoside. As previously reported
with the platinum species, no modification of the spectra
could be observed in this case, proving that the molecular
recognition ability of RAME-β-CD plays a fundamental
role in the formation of 8 and 9.

Conclusion

This work has clearly demonstrated that the strong inter-
action between RAME-β-CD and the especially designed
phosphane 1 can be used for generating phosphane coordi-
natively unsaturated platinum and palladium complexes,
which are spectroscopically evidenced by 31P NMR mea-
surements. This constitutes the first example of the exis-
tence of low-coordinated palladium species in water. The
existence of second-sphere coordination adducts in which
the local bulkiness around the metallic centre is high ap-
peared to be the essential prerequisite leading to the dissoci-
ation of the sulfonated ligand from the metal. Studies are
currently underway in our laboratory to examine the cata-
lytic activity of these supramolecularly generated species.

Experimental Section
General Remarks: The 1H and 31P{1H} NMR spectra were re-
corded with a Bruker Avance 300 DPX instrument at 300.13 and
75.46 MHz, respectively. The 2D T-ROESY experiments were run
using the software supplied by Bruker. Mixing times for T-ROESY
experiments were set at 300 ms. The data matrix for the T-ROESY
was made from 512 free induction decays, 1 K points each, re-
sulting from the coaddition of 32 scans. The real resolution was
1.5–6.0 Hz/point in the F2 and F1 dimensions. They were trans-
formed in the nonphase, sensitive mode after QSINE window pro-
cessing. Palladium acetate, potassium chloro-platinate and ran-
domly methylated β-cyclodextrin (RAME-β-CD) were purchased
from Aldrich. RAME-β-CD was a native β-CD partially methyl-
ated; statistically 1.8 OH groups per glucopyranose unit were modi-
fied. The synthesis of the disodium bis(3-sulfonatophenyl)(4-tert-
butylphenyl)phosphane [(p-tBuC6H4)P(m-C6H4SO3Na)2 (1)] was
described in one of our previous publications.[10]

31P{1H} NMR Study on the Complex Cl[Pt{(p-tBuC6H4)P(m-
C6H4SO3Na)2}3Cl] (2): K2Pt2Cl4 (21 mg, 0.05 mmol) was dissolved
in degassed deuterated water (5 mL). Three equiv. of 1 (7.9 mg,
0.15 mmol) were added to the solution, which was then stirred for
30 min at room temperature under nitrogen. Complex 2 was quan-
titatively obtained. Studies in the presence of β-CD or RAME-β-
CD were conducted as follows: the required amount of cyclodextrin
was introduced into 1 mL of the above solution. After 15 min. of
stirring the solution was transferred into a 5 mm NMR tube.
31P{1H} NMR Study on the Complex [Pd{(p-tBuC6H4)P(m-
C6H4SO3Na)2}3] (4): [Pd{(p-tBuC6H4)P(m-C6H4SO3Na)2}3] in a
D2O solution was synthesized according to a modified literature
procedure.[9a] Pd(PPh3)4 (412 mg, 0.36 mmol) was dissolved in de-
gassed toluene (8 g) in a Schlenk tube under nitrogen. (p-tBuC6H4)-
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P(m-C6H4SO3Na)2 (277 mg, 0.53 mmol) was dissolved in D2O (8 g)
and cannulated into the palladium solution. The mixture was
stirred for 30 min at room temperature. After decantation, the
aqueous phase was recovered. The obtained [Pd{(p-tBuC6H4)P(m-
C6H4SO3Na)2}3] solution was then used for the 31P{1H} NMR
spectroscopic study. This solution contained the expected palla-
dium complex [Pd{(p-tBuC6H4)P(m-C6H4SO3Na)2}3] and an ex-
cess of about 10% of free (p-tBuC6H4)P(m-C6H4SO3Na)2 {with re-
gard to the initial amount of (p-tBuC6H4)P(m-C6H4SO3Na)2}. A
study in the presence of RAME-β-CD was conducted as follows:
the required amount of RAME-β-CD was introduced, under nitro-
gen, to 1 mL of the above [Pd{(p-tBuC6H4)P(m-C6H4SO3Na)2}3]
solution. After 15 min. of stirring, the solution was transferred via
a cannula into a nitrogen pressurized 5 mm NMR tube.

Supporting Information (for details see the footnote on the first
page of this article): Spectroscopic study of the β-CD/1 complex.
Determination of the percentage of platinum complex [Cl2PtL2] rel-
ative to the total platinum amount. Determination of the percen-
tage of palladium complex [PdL2] relative to the total palladium
amount.
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Synthesis, Crystal Structures, and Photophysical Properties of Two Novel
Lead(II)–SIP Coordination Polymers (NaH2SIP = 5-Sulfoisophthalic Acid

Monosodium Salt) Containing Tetranuclear Lead(II) Units
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Two new PbII–SIP coordination polymers, {[Pb4(OH)2(SIP)2-
(H2O)](H2O)5}n (1) and [Pb3(SIP)2(H2O)5]n (2), have been syn-
thesized by hydrothermal reactions of Pb(OH)2 or Pb-
(NO3)2 and 5-sulfoisophthalic acid monosodium salt (NaH2-
SIP) at 160 °C, respectively. Single-crystal X-ray diffraction
reveals that compound 1 has a 2D brick-wall-like architec-
ture constructed from 1D tapes containing the basketlike tet-
ranuclear [Pb4(µ3-OH)2(COO)2]. Compound 2 has a 2D-lay-
ered structure, which is constructed from a 1D-ladder struc-
ture composed of the cyclic [Pb4(SIP)2(COO)2] grid with the

Introduction

The design and construction of coordination polymers is
one of the most active areas of materials research. The in-
tense interest in these materials is driven by both their inter-
esting network topologies and potential applications such
as catalysis, molecular magnets, sensors, ion exchange, ad-
sorption, and phase separation.[1–4] Many of the efforts
have so far been devoted to the study of transition-metal-
based coordination polymers.[5–7] However, relatively little
attention has been paid to the coordination polymers of
main group metal ions despite their important applications
in electroluminescent devices or organic light-emitting di-
ode (OLED) technology.[8–11] Pb2+ is employed in the pres-
ent work for several reasons: (1) it has a 6s2 outer electron
configuration and large radius, which can lead to interesting
topological arrangements;[12–14] (2) the absence of crystal
field stabilization energy effects allows the Pb2+ ion to
adopt varied coordination geometries including octahedra,
tetrahedra, or square planes amongst others, which give rise
to novel coordination networks;[15–17] and (3) it has interest-
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four Pb atoms nearly coplanar. In the solid state, compound
1 exhibits blue photoluminescence with the maximum emis-
sion intensity at 436 nm upon excitation at 335 nm. Com-
pound 2 shows phosphorescence with the maximum emis-
sion intensity at 603 nm upon excitation at 426 nm. Both com-
pounds have also been characterized by elemental analysis,
IR spectra, TG analysis, and powder X-ray diffraction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing photochemical and photophysical properties.[18–21] On
the other hand, the SIP ligand, with three functional
groups, exhibits multiple coordinating modes facilitating
the formation of multi-dimensional structures and diversi-
fied topologies.[22–24] Recently, we have reported a series of
lanthanide–SIP coordination polymers wherein SIP proves
to be a sensitive probe in examining the role of the lantha-
nide contraction effect in crystal structure formation.[25] In
this contribution, SIP will serve as a probe to examine the
coordination polymer chemistry of Pb2+, and the two novel
polymeric materials with Pb4 secondary building blocks,
{[Pb4(OH)2(SIP)2(H2O)](H2O)5}n (1) and [Pb3(SIP)2-
(H2O)5]n (2), will be described with regard to syntheses,
crystal structures, TG analysis, powder X-ray diffraction,
IR spectra, and photoluminescent properties. An unprece-
dented coordinating mode of SIP (Scheme 1, b) is observed
in polymer 1.

Results and Discussion

Preparation of the Complexes

Hydrothermal synthesis is widely employed to produce
new structures, but is still a kind of “black box”. This
method can minimize the problems associated with ligand
solubility and enhance the reactivity of reactants in favor
of efficient molecular building during the crystallization
process. The two PbII–SIP polymers, {[Pb4(OH)2(SIP)2-
(H2O)](H2O)5}n (1) and [Pb3(SIP)2(H2O)5]n (2), are ob-
tained from hydrothermal reactions of the lead() salts and
NaH2SIP in aqueous solution. The preparative reactions
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Scheme 1. Coordination modes of SIP observed in compound 1 and 2.

were carried out under different temperatures (140, 160,
and 180 °C) to examine the temperature-dependence of
their solid structures. X-ray diffraction analyses of the reac-
tion products indicate that the same results were obtained
under these reaction temperatures although the purity and
yields are slightly different, indicative of the thermo-
dynamic nature of the hydrothermal reactions. Compounds
1 and 2 cannot be obtained from the reaction of the corre-
sponding lead() salts and NaH2SIP in aqueous solution at
room temperature (in contrast to hydrothermal conditions),
indicating the kinetic nature of this conventional method.
The dramatic difference in reaction products between con-
ventional and hydrothermal reactions is attributable to their
different reaction mechanisms that are shifted from a kin-
etic domain for conventional solution reactions to a
thermodynamic domain for hydrothermal reactions.[26–28]

Crystal Structure of {[Pb4(OH)2(SIP)2(H2O)](H2O)5}n (1)

Compound 1 features a two-dimensional brick-wall-like
architecture constructed from unusual tetranuclear lead()
motifs as a secondary building block. As depicted in Fig-
ure 1 (a), the asymmetric unit of 1 contains four crystallo-
graphically independent lead() ions. Pb(1) is surrounded
by six oxygen atoms, of which four are from three surround-
ing SIP ligands, one is from a water molecule, and one is
from a µ3-hydroxy group. The coordination geometry of
Pb(1) can be described as a distorted pentagonal bipyramid
with the seventh coordination site occupied by its lone pair
of electrons. The atoms O(17) and O(6B) (B: –x + 1, y +
1/2, –z + 2/3) occupy the axial positions (Figure 1, a). The
Pb(1)–O distances range from 2.469(8) to 2.714(8) Å, com-
parable to those observed in the related lead() com-
pounds.[7–9] The Pb(3) atom has a similar coordination ge-
ometry to that of Pb(1) with the two apical positions occu-
pied by the carboxylate and hydroxy oxygen atoms [O(2E)
(E: –x + 1, y – 1/2, –z + 3/2) and O(16)], and they both
have similar Pb–O distances [Pb–O = 2.425(8)–2.752(8) Å].
Pb(2) has a distorted [:PbO4] tetragonal-pyramid geometry
with the four basal positions occupied by a chelating car-
boxylate group and two µ3-hydroxy groups and the apical
position occupied by the lone pair of electrons. The Pb(2)–
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O distances [2.328(8)–2.612(9) Å] are slightly shorter than
those around the six-coordinate Pb(1) center. The Pb(4)
atom has a similar coordination geometry to that of Pb(2)
as illustrated in Figure 1 (a). As shown in Figure 1 (b), the
four Pb2+ ions are capped by two µ3-hydroxy groups gener-
ating a butterfly [Pb4(µ3-OH)2] cluster. The Pb(1)Pb(2)
Pb(3) and Pb(1)Pb(4)Pb(3) triangles are each capped by an
additional carboxylate group to form a basketlike structure
with a weak Pb(1)–O(4) (3.18 Å) interaction. The basal
plane [Pb(2), Pb(4), O(15), and O(16)] of the basket is al-
most planar with the Pb(4)–O(15)–Pb(2) and Pb(4)–O(16)–
Pb(2) angles of 104.6(3) and 103.1(3)°, respectively
(Table 1). The Pb(2)···Pb(4) separation of about 3.8 Å is
longer than the sum of the van der Waals radii (3.20 Å).[29]

The dihedral angles between the side faces and the basal
plane are 67.8(2), 97.2(1), 112.8(2), 106.1(1), 88.2(1), and
64.8(3)°, respectively. Interestingly, the basketlike structure
of the tetranuclear cluster [Pb4(µ3-OH)2(COO)2] core re-
sembles many cubanelike structures that are commonly
found in many other compounds. However, in the current
compound the carboxylate groups make the cluster more
open instead of the bridging oxygen atoms.[30–31] Several
complexes containing [Pb4(µ3-OH)2] have been documen-
ted, but the [Pb4(µ3-OH)2] cluster has a chair structure with
the two Pb atoms above and below the [Pb2(µ3-OH)2]
plane.[32–34] Therefore, this is a rare example concerning lea-
d() complexes.

As shown in Figure 1 (a), the two independent SIP li-
gands exhibit different coordinating modes. SIP(a) acts as
a pentadentate ligand (Scheme 1, a) with the bidentate sul-
fonate group, one chelating carboxylate group, and one µ2-
η2:η1 carboxylate group (one oxygen atom bridges two me-
tal atoms, the other connects one metal atom, and the car-
boxylate group coordinates to two metal atoms). The un-
precedented coordinating mode of SIP(b) is depicted in
Scheme 1 (b) wherein one carboxylate group chelates to one
Pb2+ ion and the other displays an unusual µ3-η2:η2 coordi-
nating mode (each oxygen atom coordinates to two metal
atoms and the carboxylate group coordinates to three metal
atoms). To the best of our knowledge, this type of coordi-
nating mode of the SIP ligand is not observed in the pre-
viously reported SIP complexes. Unlike that of SIP(a), the
sulfonate group of the SIP(b) ligand is unidentate.
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Figure 1. (a) Molecular structure of compound 1. (b) The basketlike tetranuclear [Pb4(µ3-OH)2(COO)2] cluster as a secondary building
block.

The [Pb4(µ3-OH)2(COO)2] secondary building blocks are
interconnected into a one-dimensional tape structure prop-
agating along the crystallographic b axis (Figure 2) by the
SIP ligand through the chelating carboxylate and sulfonate
groups. Two types of 16-membered rings are observed in
the 1D tape; ring A is composed of two SIP ligands and two
Pb atoms and ring B consists of one [Pb4(µ3-OH)2(COO)2],
one Pb atom, one SIP ligand, and one sulfonate group.
Such cyclic structures are characteristic of the SIP coordi-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1620–16281622

nation polymers.[25] The separation between the two neigh-
boring Pb4 units, linked by ring A, is 15.3 Å, comparable
to the length of the b axis. As described above, the two
independent SIP ligands use four of their six functional
groups to form a 1D tape. The remaining two carboxylate
groups link the 1D tapes along the c axis into a 2D brick-
wall-like layered structure where the cavities have an ap-
proximate dimension of 12.8×6.5 Å, as depicted in Fig-
ure 3. The layers are parallel and do not slip in the crystal
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Table 1. Selected bond lengths [Å] and bond angles [°] of 1.

Pb(1)–O(8A) 2.676(9) Pb(1)–O(9A) 2.482(8)
Pb(1)–O(10C) 2.714(8) Pb(1)–O(15) 2.469(8)
Pb(1)–O(17) 2.623(11) Pb(1)–O(6B) 2.574(8)
Pb(2)–O(3D) 2.525(8) Pb(2)–O(4D) 2.612(9)
Pb(2)–O(15) 2.328(8) Pb(2)–O(16) 2.500(8)
Pb(3)–O(1E) 2.440(8) Pb(3)–O(2E) 2.715(9)
Pb(3)–O(3) 2.752(8) Pb(3)–O(5) 2.579(8)
Pb(3)–O(11C) 2.687(8) Pb(3)–O(12) 2.730(10)
Pb(3)–O(16) 2.425(8) Pb(4)–O(10C) 2.567(8)
Pb(4)–O(11C) 2.490(8) Pb(4)–O(15) 2.513(8)
Pb(4)–O(16) 2.393(8)

O(15)–Pb(1)–O(9A) 83.5(3) O(15)–Pb(1)–O(6B) 91.2(3)
O(15)–Pb(1)–O(10C) 67.8(3) O(15)–Pb(1)–O(17) 81.6(4)
O(8A)–Pb(1)–O(9A) 50.1(3) O(8A)–Pb(1)–O(10C) 149.2(3)
O(17)–Pb(1)–O(9A) 74.8(4) O(17)–Pb(1)–O(8A) 90.8(4)
O(17)–Pb(1)–O(10C) 67.9(3) O(9A)–Pb(1)–O(6B) 77.4(3)
O(8A)–Pb(1)–O(6B) 74.3(3) O(10C)–Pb(1)–O(6B) 134.0(3)
O(17)–Pb(1)–O(6B) 151.9(4) O(3D)–Pb(2)–O(4D) 50.1(3)
O(3D)–Pb(2)–O(16) 69.1(3) O(15)–Pb(2)–O(16) 76.7(3)
O(15)–Pb(2)–O(4D) 80.1(3) O(4D)–Pb(2)–O(16) 110.1(3)
O(3D)–Pb(2)–O(15) 97.4(3) O(1E)–Pb(3)–O(2E) 50.1(3)
O(3D)–Pb(3)–O(2E) 142.7(3) O(1E)–Pb(3)–O(12) 74.8(3)
O(2E)–Pb(3)–O(12) 73.2(3) O(16)–Pb(3)–O(1E) 84.1(3)
O(11C)–Pb(3)–O(12) 67.1(3) O(16)–Pb(3)–O(3D) 66.5(2)
O(3D)–Pb(3)–O(11C) 72.6(3) O(16)–Pb(3)–O(11C) 70.6(3)
O(5)–Pb(3)–O(2E) 78.2(3) O(5)–Pb(3)–O(1E) 77.5(3)
O(5)–Pb(3)–O(16) 85.7(3) O(5)–Pb(3)–O(3D) 72.1(3)
O(11C)–Pb(4)–O(16) 74.6(3) O(15)–Pb(4)–O(16) 75.3(3)
O(11C)–Pb(4)–O(15) 104.5(3) O(16)–Pb(4)–O(10C) 100.4(3)
O(11C)–Pb(4)–O(10C) 51.0(2) O(10C)–Pb(4)–O(15) 69.5(3)
Pb(1)–O(15)–Pb(2) 119.5(3) Pb(4)–O(15)–Pb(2) 104.6(3)
Pb(1)–O(15)–Pb(4) 110.3(3) Pb(4)–O(16)–Pb(3) 110.6(3)
Pb(4)–O(16)–Pb(2) 103.1(3) Pb(3)–O(16)–Pb(2) 114.6(3)

Symmetry transformation for equivalent atoms: A: x, y + 1, z; B; –x + 1, y + 1/2, –z + 3/2; C: x, y – 1, z; D: –x + 1, –y, –z + 1; E: –x
+ 1, y – 1/2, –z + 3/2

packing. So, the intralayer pores form a channel along the
a axis. The lattice water molecules occupying the voids of
the 2D layered structure serve as receptors or donors of the
extensive O–H···O hydrogen bonds with O···O distances of
2.701(1)–3.096(3) Å. The layers are further held together by
π-stacking interactions between the parallel neighboring
phenyl rings with a face-to-face distance of 3.337(3) Å, and
the neighboring phenyl rings have a dihedral angle of
8.2(1)° with a centroid–centroid distance of 3.728(4) Å.
Similar π–π stacking interactions have also been reported
in a number of cadmium– and copper–SIP complexes.[35,36]

Figure 2. View of the tetranuclear [Pb4(µ3-OH)2(COO)2] bridged by
SIP to form a one-dimensional tape structure propagating along
the b axis (Pb atoms are represented as balls).
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Figure 3. View of the two-dimensional brick-wall-like architecture
of 1 along the bc plane.

Crystal Structure of [Pb3(SIP)2(H2O)5]n (2)

Compound 2 has a 2D-layered structure with the tetra-
nuclear [Pb4(SIP)2(H2O)6] unit. As shown in Figure 4, the
asymmetric unit of 2 consists of three Pb2+ ions, two SIP
ligands, and five coordinating water molecules. The Pb(1)
atom coordinates to three carboxylate oxygen atoms from
two SIP ligands and two water molecules, with Pb(1)–O dis-
tances of 2.460(15)–2.680(14) Å. The coordination geome-
try of Pb(1) can be described as a distorted pentagonal



Q.-Y. Liu, L. XuFULL PAPER

Figure 4. Crystal structure of compound 2.

pyramid with the lone pair of electrons completing the pen-
tagonal plane and the water molecule [O(9)] lying at the
apical position. Pb(3) is crystallographically independent
but geometrically similar to Pb(1) with the apical position
occupied by the O(18) atom of the water molecule. The
Pb(3)–O distances of 2.437(13)–2.715(15) Å are similar to
those around Pb(1). Pb(2) has a distorted [:PbO5] octahe-
dral coordination geometry with equatorial positions occu-
pied by two carboxylate and two sulfonate oxygen atoms,
and the apical positions taken up by one water molecule
and the lone pair of electrons. The Pb(2)–O distances
[2.26(2)–2.562(13) Å] are within the normal experimental
limitation (Table 3)[12,13] but slightly shorter than those
around the seven-coordinate Pb(1) and Pb(3) atoms. The
two independent SIP ligands have similar coordinating
modes as illustrated in Scheme 1 (c).

As illustrated in Figure 5, the Pb2+ ions are intercon-
nected by the SIP ligands into a 1D-ladder structure featur-
ing the cyclic [Pb4(SIP)2(COO)2] with an approximate di-

Figure 5. View of the 1D ladder of compound 2 along the a axis (water molecules are omitted for clarity).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1620–16281624

mension of 10.2×5.8 Å2. The four Pb ions [Pb(1), Pb(2),
Pb(3A), and Pb(2A), A: x, y + 1, z] are nearly coplanar
with a maximum deviation of 0.377(1) Å for [Pb(1)] and a
mean deviation of 0.344(1) Å. This type of coplanar Pb4

unit is, to the best our knowledge, uncommon. The 1D lad-
der can also conveniently be regarded as resulting from two
1D [Pb(SIP)(H2O)2]n single chains bridged by Pb(2) (Fig-
ure 5). As mentioned above, the SIP ligands use the carbox-
ylate groups to form the 1D ladder. The remaining sulfo-
nate groups further link the 1D ladders into a 2D layer
through Pb(2)–sulfonate bonding [Pb(2)–O(5D), 2.452(15);
Pb(2)–O(15C), 2.511(14) Å; C: x, y – 1, z, D: x, y + 1, z]
(see Figure 6). The stacking of the 1D ladders is clearly af-
fected by π interactions between the SIP ligands. The
phenyl rings between the ladders are almost parallel and
closely stacked [the dihedral angle is 1.5(1)° and the
centroid–centroid distance is 3.559(1) Å]. The coordinating
water molecules fill the cavities of the neighboring ladders
preventing interpenetration.
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Figure 6. View of the 2D layered structure of 2 in the ab plane
(water molecules are omitted for clarity).

FT-IR Spectra, Thermogravimetric Analyses, and Powder
X-ray Diffraction

The FT-IR spectra of 1 and 2 exhibit broad absorptions
centered at 3390 and 3410 cm–1 for 1 and 2, respectively,
occurring because of the existence of water molecules in the
structures. The IR spectrum of 1 shows the typical asym-
metric (1597 cm–1) and symmetric (1542 and 1431 cm–1)
stretching bands of carboxylate groups. The respective val-
ues of [νas(CO2) – νs(CO2)] clearly indicate the presence of
chelating (55 cm–1) and bridging (166 cm–1) coordination
modes of the carboxylate groups in 1.[37] The strong bands
at 1598 cm–1, and 1522 and 1434 cm–1, respectively, corre-
spond to the asymmetric and symmetric stretching bands
of the carboxylate groups in the IR spectrum of 2. Similar
to those in 1, the values of [νas(CO2) – νs(CO2)] are 76 cm–1

and 164 cm–1 in 2, which supports the presence of chelating
and bridging coordination modes of the carboxylate groups.
The absorptions in the region 1000–1200 cm–1 for the two
complexes are typical of the sulfonate group. The strong
absorption bands at 621 and 623 cm–1 for 1 and 2, respec-
tively, are because of the νS–O stretching.

To examine the thermal stability of the two compounds
and their structural variation as a function of the tempera-
ture, thermogravimetric analyses (TGA) were performed on
single-phase polycrystalline samples of these materials (see
Figure S1 in the Supporting Information). Results from the
TGA measurements of 1 exhibit two distinct weight loss
steps. The first weight loss occurs between 60 and 290 °C
because of the release of all water molecules (weight loss:
measured 7.2%, theoretical 7.4%). The need for such an
unusually high temperature for the removal of the water
molecules is because of the hydrogen bonding with the car-
boxylate or sulfonate oxygen atoms. The second weight loss
in the temperature range 410–800 °C corresponds to the de-
composition of the SIP ligand. The thermogravimetric
analysis of 2 shows that the initial weight loss occurs in the
temperature range 110–240 °C, attributable to the release of
all coordinating water molecules (observed, 7.3%, calcu-
lated 7.5%). Increasing the temperature led to the decom-
position of the SIP ligand at 420 °C.

The X-ray powder diffraction patterns (XRPD) of both
compounds are illustrated in Figure S2 and S3. The dif-
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ferent structures of compounds 1 and 2 have also been indi-
cated by their different XRPD patterns. Their XRPD pat-
terns are in good agreement with those simulated from sin-
gle crystal structural data, thus both compounds 1 and 2
were obtained as a single phase.

Photoluminescent Properties

Photoluminescent properties of s2-metal complexes are
not well studied as compared with those of d10-metal com-
plexes, although there are reports on the photoluminescent
properties of lead-containing materials.[38–41] The photolu-
minescence properties of 1 and 2, as well as the free ligand,
were examined in the solid state at room temperature. The
free Na2HSIP displays photoluminescent emission at
320 nm under 286 nm radiation.[42] Compound 1 exhibits
intense photoluminescent emission with a maximum at
436 nm upon excitation at 335 nm (Figure 7). In the case of
2, photoluminescence with a maximum emission at 603 nm
upon excitation at 426 nm is observed. The emission wave-
length of 1 (436 nm) is much longer than that of the free
SIP ligand (320 nm) and similar to those of the reported s2-
metal cluster complexes.[43–46] Therefore, this emission can
be assigned to the lead() cluster complex. A remarkable
bathochromic shift is also observed in compound 2. As seen
from Figure 7, the emission of 2 occurs at a much lower
energy of 603 nm with a large Stokes shift. The low-energy
emissions associated with large Stokes shifts have been
commonly observed for other s2-metal complexes, which
can be assigned to a metal-centered transition involving the
s and p metal orbital as proposed by Vogler.[39,43,47] With
these concerns in mind, the emission band at 603 nm of 2
can be assigned to a metal-centered s � p transition. The
large Stokes shift is caused by the elimination of the
ground-state distortion in the excited state.[39] The further
lifetime measurements at room temperature of each emis-
sion maximum give the results of 2.43 ns for 1 and 3.47 µs
for 2. The long emission lifetime of 2 can be assigned to
phosphorescence, which is consistent with the general idea
that the appearance of a room-temperature phosphores-
cence requires the presence of a heavy metal ion, which re-

Figure 7. The solid-state emission photoluminescent spectra of 1
(λex = 335 nm) and 2 (λex = 426 nm) at room temperature.
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duces the radiative lifetime of triplets by increased spin-or-
bit coupling.[21] As described above, we can conclude that
the different emission spectra of 1 and 2 can be significantly
influenced by their crystal structures.

Conclusion

In conclusion, the self-assembly of the lead() ions with
SIP affords two novel PbII–SIP coordination polymers 1
and 2 containing tetranuclear lead() motifs. Because of the
diversity of the SIP ligand in bridging metal ions, the me-
tal–SIP complexes are expected to show various novel,
interesting structures and desired properties. In the present
case, compounds 1 and 2, obtained with the same SIP li-
gand and under almost the same synthetic procedures, are
distinct from each other, with regard to composition, top-
ology, and photoluminescent properties. Compound 1 dis-
plays a 2D brick-wall-like structure featuring a unique bas-
ketlike tetranuclear [Pb4(µ3-OH)2(COO)2] motif. Com-
pound 2 has a 2D layered structure containing 1D ladders
characteristic of the cyclic [Pb4(SIP)2(COO)2] unit. There-
fore, the multiple coordinating modes of the SIP ligand,
together with the varied coordination geometry of Pb2+, ex-
hibit diverse structural topologies of the PbII–SIP system.
In addition, the lone pair of electrons usually leads to the
asymmetric coordination geometry of PbII, which probably
disfavors the formation of high-dimensional structures. So,
lead() materials usually have low-dimensional structures.
Compound 1 displays fluorescent emission and 2 shows
phosphorescence emission at room temperature, indicating
structure-dependent photoluminescent properties of the
Pb–SIP coordination polymers, and revealing potential for
application in OLED technology.

Table 2. Selected bond lengths [Å] and bond angles [°] of 2.

Pb(1)–O(1) 2.468(14) Pb(1)–O(2) 2.501(14)
Pb(1)–O(8) 2.680(14) Pb(1)–O(9) 2.460(15)
Pb(1)–O(4A) 2.558(13) Pb(2)–O(3) 2.562(13)
Pb(2)–O(10) 2.26(2) Pb(2)–O(11) 2.521(13)
Pb(2)–O(5D) 2.452(15) Pb(2)–O(15C) 2.511(14)
Pb(3)–O(14) 2.437(13) Pb(3)–O(13) 2.524(15)
Pb(3)–O(18) 2.469(15) Pb(3)–O(19) 2.715(15)
Pb(2)–O(12B) 2.553(14)

O(1)–Pb(1)–O(2) 52.2(4) O(2)–Pb(1)–O(8) 78.7(5)
O(1)–Pb(1)–O(4A) 75.5(4) O(4A)–Pb(1)–O(8) 132.0(5)
O(9)–Pb(1)–O(1) 74.7(5) O(2)–Pb(1)–O(9) 88.3(5)
O(9)–Pb(1)–O(8) 66.6(5) O(9)–Pb(1)–O(4A) 74.3(5)
O(10)–Pb(2)–O(5D) 73.0(5) O(10)–Pb(2)–O(15C) 74.7(5)
O(15C)–Pb(2)–O(5D) 147.0(5) O(3)–Pb(2)–O(11) 154.3(5)
O(3)–Pb(2)–O(10) 78.8(5) O(3)–Pb(2)–O(5D) 81.0(4)
O(3)–Pb(2)–O(15C) 86.5(5) O(10)–Pb(2)–O(11) 75.4(6)
O(11)–Pb(2)–O(5D) 90.9(5) O(11)–Pb(2)–O(15C) 87.2(5)
O(13)–Pb(3)–O(14) 53.0(5) O(13)–Pb(3)–O(19) 79.8(5)
O(19)–Pb(3)–O(12B) 129.4(5) O(14)–Pb(3)–O(12B) 77.4(5)
O(18)–Pb(3)–O(14) 74.0(5) O(13)–Pb(3)–O(18) 86.8(5)
O(18)–Pb(3)–O(19) 66.7(5) O(18)–Pb(3)–O(12B) 74.8(5)
Symmetry transformation for equivalent atoms: A: x – 1, y, z; B: x + 1, y, z; C: x, y – 1, z; D: x, y + 1, z
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Experimental Section
General Remarks: 5-Sulfoisophthalic acid monosodium salt (Alfa)
was purchased commercially and used without further purication.
Elemental analyses were carried out with an Elementar Vario EL
III analyzer and IR spectra (KBr pellets) were recorded with a
PerkinElmer Spectrum One. Fluorescent spectra were measured at
room temperature with an Edinburgh FL-FS90 TCSPC system.
The thermogravimetric measurements were performed with a
Netzsch STA449C apparatus under a nitrogen atmosphere with a
heating rate of 10 °C/min from 25 to 800 °C. X-ray powder diffrac-
tion patterns were performed with a RIGAKU DMAX2500PC dif-
fractometer using Cu-Kα radiation. All complexes were synthesized
by the hydrothermal method under autogenous pressure.

Synthsis of {[Pb4(OH)2(SIP)2(H2O)](H2O)5}n (1): A mixture of
Pb(OH)2 (0.048 g, 0.2 mmol) and 5-sulfoisophthalic acid monoso-
dium salt (0.027 g, 0.1 mmol) in a 2:1 molar ratio in H2O (18 mL)
was introduced into a Parr Teon-lined stainless steel vessel (30 mL).
The vessel was sealed and heated to 160 °C. This temperature was
kept for 5 d and then the mixture was cooled at a rate of 5 °C/h to
form colorless crystals of 1. A pale yellow crystalline product was
filtered, washed with distilled water, and dried at ambient tempera-
ture (yield: 0.47 g, 64% on the basis of Pb). C16H20O22S2Pb4

(1457.20): calcd. C 13.18, H 1.37; found C 13.11, H 1.33. IR (KBr):
ν̃ = 3390 (s), 1597 (vs), 1542 (vs), 1431(s), 1355 (vs), 1197 (s), 1149
(s), 1107 (s), 1036 (s), 925 (w), 872 (w), 771 (m), 719(s), 677 (w),
621 (s), 447 (m) cm–1.

Synthsis of [Pb3(SIP)2(H2O)5]n (2): A mixture of Pb(NO3)2

(0.033 g, 0.1 mmol), 5-sulfoisophthalic acid monosodium salt
(0.041 g, 0.15 mmol), and triethyl amine (0.1 mL) in a 2:3:6 molar
ratio in H2O (18 mL) was introduced into a Parr Teon-lined stain-
less steel vessel (30 mL). The vessel was sealed and heated to
160 °C. This temperature was kept for 5 d and then the mixture
was cooled at a rate of 5 °C/h to form colorless crystals of 1. A
pale yellow crystalline product was filtered, washed with distilled
water, and dried at ambient temperature (yield: 0.40 g, 56% on the
basis of Pb). C16H16O19S2Pb3 (1197.98): calcd. C 16.04, H 1.35;
found C 16.01, H 1.34. IR (KBr): ν̃ = 3410 (s), 1598 (vs), 1522 (vs),
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1434 (vs), 1361 (vs), 1219 (s), 1197 (s), 1142 (s), 1107 (s), 1029 (s),
994 (w), 925 (m), 767 (s), 719 (s), 677 (w), 623 (s), 575 (w), 511 (w),
440 (m) cm–1.

X-ray Crystallographic Study: X-ray diffraction data of compound
1 and 2 were collected with a Rigaku Mercury CCD diffractometer
equipped with a graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). The CrystalClear software was used for data reduction
and empirical absorption corrections.[48] The structures were solved
by direct methods and successive Fourier difference syntheses, and
refined by the full-matrix least-squares method on F2 (SHELXTL
Version 5.1[49]). All non-hydrogen atoms except for the carbon
atoms of compound 2 were refined with anisotropic thermal pa-
rameters. Aromatic hydrogen atoms were assigned to calculated po-
sitions with isotropic thermal parameters fixed at 1.2 times that of
the attached carbon atom. Hydrogen atoms attached to oxygen
atoms for compound 1 were located from difference maps and re-
fined with O–H distances restrained to 0.90 Å, and isotropic ther-
mal parameters fixed at 1.5 times that of the respective oxygen
atom. Water hydrogen atoms for compound 2 could not be located
in the difference Fourier map. The final Fourier map had a maxi-
mum and a minimum electron density of 2.153/–1.675 e·Å–3,
2.438/–3.797 e·Å–3 for compound 1 and 2, respectively, and are
within 1.0 Å of the lead atoms. The R1 values are defined as R1 =
Σ||Fo| – |Fc|| / Σ|Fo| and wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2. The
selected bond lengths and bond angles are listed in Table 2 and
details of the crystal parameters, data collection, and refinement
are summarized in Table 3.

Table 3. Crystallographic data for compounds 1 and 2.

1 2

Empirical formula C16H20O22S2Pb4 C16H16O19S2Pb3

Formula mass [g·mol–1] 1457.20 1197.98
Temperature [K] 293(2) 293(2)
Crystal size [mm] 0.12×0.12×0.10 0.24×0.20×0.18
Crystal system monoclinic triclinic
Space group P21/c P1̄
Z 4 2
a [Å] 13.4123(1) 10.2218(1)
b [Å] 15.2719(1) 10.3214(1)
c [Å] 13.6859(8) 13.315(2)
α [deg] 90 71.866(1)
β [deg] 91.274(3) 71.366(1)
γ [deg] 90 65.06
V [Å3] 2802.6(3) 1678.07(15)
Dc [g·cm–3] 3.454 3.368
µ [mm–1] 24.203 21.6
Measured reflections 21466 6173
Independent reflections 6398 4144
Observed reflections, [I � 2σ(I)] 5375 3516
Parameters 436 281
F(000) 2608 1084
Completeness [%] 99.6 98.9
2θ range [°] 3.04 to 27.47 1.65 to 25.04
h/k/l ranges –16/17 –12/11

–19/14 –11/12
–17/17 –15/15

R [int] 0.0524 0.0434
R1 [obsd. refl.] 0.0495 0.0658
wR2 [all refl.] 0.0958 0.1523
Largest diff. peak/hole [e·Å–3] 2.153/–1.675 2.438/–3.797

CCDC-285784 (for 1) and -285785 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Supporting Information (for details see the footnote on the first page
of this article): This contains the TG curves and X-ray powder
diffraction patterns of both compounds.

Acknowledgments

We gratefully acknowledge the financial support of the “One Hun-
dred Talents Program” of the Chinese Academy of Sciences and
National Science Foundation of China (Grant No. 20473092).

[1] B. Moulton, M. J. Zaworotko, Chem. Rev. 2001, 101, 1629–
1658.

[2] O. R. Evans, R. Xiong, Z. Wang, G. K. Wong, W. Lin, Angew.
Chem. 1999, 111, 557–559; Angew. Chem. Int. Ed. 1999, 38,
536–538.

[3] T. Bein, Supramolecular Architecture, Am. Chem. Soc. Wash-
ington, DC, 1992.

[4] O. Sato, T. Iyoda, A. Fujishima, K. Hashimoto, Science 1996,
271, 49–51.

[5] S. K. Ghosh, R. Joan, P. K. Bharadwaj, Cryst. Growth Des.
2005, 5, 623–629.

[6] D. S. Kim, P. M. Forster, R. L. Toquin, A. K. Cheetham,
Chem. Commun. 2004, 2148–2149.

[7] Y. P. Yuan, J. G. Mao, J. L. Song, J. Solid State Chem. 2004,
177, 922–927.

[8] T. Tsuboi, P. Sifsten, Phys. Rev. B 1991, 43, 1777–1780.
[9] A. A. Bol, A. Meijerink, Phys. Chem. 2001, 3, 2105–2112.
[10] P. Singh, M. M. Richter, Inorg. Chim. Acta 2004, 357, 1589–

1592.
[11] S. Miyata, H. S. Nalwa (Eds.), Organic Electroluminescent Ma-

terials and Devices, Gordon and Breach, New York, 1997.
[12] C. S. Weinert, I. A. Guzei, A. L. Rheingold, L. R. Sita, Orga-

nometallics 1998, 17, 498–500.
[13] M. H. Jack, M. Saeed, A. S. Ali, Inorg. Chem. 2004, 43, 1810–

1812.
[14] Y. J. Shi, L. H. Li, Y. Z. Li, X. T. Chen, Z. L. Xue, X. Z. You,

Polyhedron 2003, 22, 917–923.
[15] M. R. S. J. Foreman, T. Gelbrich, M. B. Hursthouse, M. J.

Plater, Inorg. Chem. Commun. 2000, 3, 234–238.
[16] R. A. Varga, J. E. Drake, C. Silvestru, J. Organomet. Chem.

2003, 675, 48–56.
[17] S. M. Ying, J. G. Mao, Eur. J. Inorg. Chem. 2004, 1270–1276.
[18] H. Nikol, A. Vogler, J. Am. Chem. Soc. 1991, 113, 8988–8990.
[19] R. Ballardini, G. Varani, M. T. Indelli, F. Scandola, Inorg.

Chem. 1986, 25, 3858–3865.
[20] A. Strasser, A. Vogler, J. Photochem. Photobiol. A 2004, 165,

115–118.
[21] A. Strasser, A. Vogler, Inorg. Chem. Commun. 2004, 7, 528–

530.
[22] D. F. Sun, R. Cao, Y. Q. Sun, X. Li, W. H. Bi, M. C. Hong,

Y. J. Zhao, Eur. J. Inorg. Chem. 2003, 94–98.
[23] J. Tao, X. Yin, Z. B. Wei, R. B. Huang, L. S. Zheng, Eur. J.

Inorg. Chem. 2004, 125–133.
[24] Z. M. Sun, J. G. Mao, Y. Q. Sun, H. Y. Zeng, A. Clearfield,

Inorg. Chem. 2004, 43, 336–341.
[25] Q. Y. Liu, L. Xu, Eur. J. Inorg. Chem. 2005, 3458–3466.
[26] R. M. Barrer, Hydrothermal Chemistry of Zeolites, Academic

Press, London, 1982.
[27] G. Bemazeau, J. Mater. Chem. 1999, 9, 15–18.
[28] S. H. Feng, R. R. Xu, Acc. Chem. Res. 2001, 34, 239–247.
[29] F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry,

John Wiley & Sons, New York, 1988.
[30] T. J. Boyle, T. M. Alam, K. P. Peters, M. A. Rodriguez, Inorg.

Chem. 2001, 40, 6281–6286.
[31] A. Tsohos, S. Dionyssopoulou, C. P. Raptopoulou, A. Terzis,

E. G. Bakalbassis, S. P. Perlepes, Angew. Chem. Int. Ed. 1999,
38, 983–985.

[32] A. V. Sienkiewicz, V. N. Kokozay, Z. Naturforsch., Teil B 1994,
49, 615–617.



Q.-Y. Liu, L. XuFULL PAPER
[33] A. V. Sienkiewicz, V. N. Kokozay, Polyhedron 1994, 13, 1431–

1437.
[34] C. D. Brandt, P. G. Pliege, R. J. Kelly, D. J. de Geest, D. K.

Kennepohl, S. S. Iremonger, S. Brooker, Inorg. Chim. Acta
2004, 357, 4265–4272.

[35] Q. Y. Liu, L. Xu, Inorg. Chem. Commun. 2005, 8, 401–405.
[36] Q. Y. Liu, L. Xu, Acta Crystallogr., Sect. E 2005, 61, m1972–

1974.
[37] G. B. Deacon, R. J. Pihllips, Coord. Chem. Rev. 1980, 33, 227–

250.
[38] S. Deo, H. A. Godwin, J. Am. Chem. Soc. 2000, 122, 174–175.
[39] P. C. Ford, A. Vogler, Acc. Chem. Res.. 1993, 26, 220–226.
[40] H. Y. Duan, X. P. Ai, Z. K. He, Spectrochim. Acta A 2003, 60,

1447–1451.
[41] Y. Q. Xu, D. Q. Yuan, L. Han, E. Ma, M. Y. Wu, Z. Z. Lin,

M. C. Hong, Eur. J. Inorg. Chem. 2005, 2054–2059.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1620–16281628

[42] Q. Y. Liu, L. Xu, CrystEngComm 2005, 7, 87–89.
[43] A. Vogler, A. Paukner, H. Kunkely, Coord. Chem. Rev. 1980,

33, 227–250.
[44] S. K. Dutta, M. W. Perkovic, Inorg. Chem. 2002, 41, 6938–

6940.
[45] H. Kunkely, A. Vogler, Chem. Phys. Lett. 1991, 187, 609–612.
[46] S. K. Dutta, M. W. Perkovic, Inorg. Chem. 2002, 41, 6938–

6940.
[47] H. Nikol, A. Becht, A. Vogler, Inorg. Chem. 1992, 31, 3277–

3279.
[48] CrystalClear version 1.3, Rigaku Corp. 2000.
[49] G. M. Sheldrick, SHELXS 97, Program for Crystal Structure

Solution, University of Göttingen, 1997.
Received: October 24, 2005

Published Online: February 24, 2006



FULL PAPER

DOI: 10.1002/ejic.200500945

A Radical-Radical and Metal–Metal Coupling Tetrathiafulvalene Derivative in
which Organic Radicals Directly Coordinate to CuII Ions
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and De-Qing Zhang[b]
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A new dinuclear metal complex including tetrathiafulvalene
(TTF) radicals as ligands has been prepared and charac-
terized, [{DMT-TTF(CONH2)2}2Cu2Cl6] (1), DMT-
TTF(CONH2)2 = o-bis(amido)-appended dimethylthio-tetra-
thiafulvalene. The compound is an uncommon example in
which TTF radicals directly coordinate to the copper(II) ha-
lide by the amido group. Crystal structure analysis shows
that it is a unique coordination bond/H-bond/S···S stacking
cooperative system with two radicals and two paramagnetic
transition metal ions, TTF+·–CuII–CuII–TTF+·. In the structure

Introduction

Until the end of the twentieth century, the work on tetra-
thiafulvalene (TTF) chemistry was mostly concerned with
the radical salts of magnetic molecular conductors.[1–5] In
the crystals of these salts, the organic radicals and paramag-
netic inorganic counterions are discretely arranged. There-
fore, the interaction between them could only occur
through space by weak intermolecular interactions, such as
hydrogen bonding and stacking of atoms. With increasing
light being shed on the interactions of TTFs with transition
metals, recent interests of inorganic chemists are devoted to
organic–inorganic hybrid TTF materials in which the syn-
ergy between organic and inorganic parts are through
stronger covalent or coordination bonds. The incorporation
of TTF units into dithiolate ligands (TTFS4

4– and TTFS2
2–)

is one of the successful strategies, and systems of single mo-
lecular complexes with d–π interactions have been re-
ported.[6–10] Another strategy that has been popular is the
design and synthesis of TTF derivatives that are substituted
with heteroatom-based groups capable of coordinating to a
metallic center, such as thioethers,[11–14] phosphanes,[15–18]

pyridines,[19–24] alkylsilyls,[25] and stibines.[26] The corre-
sponding coordination compounds have also been reported.
The metal coordination of complexes with the TTF ligand
offers a novel perspective on the modulation of the architec-
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of 1, the DMT-TTF units form dimers with very strong S···S
interactions. The CuII–O(amide) distance of the coordination
bond is 2.271(2) Å and the S···S stacking distances between
the radicals are in the range 3.345–3.489 Å. The metal–
metal ions are mildly antiferromagnetically coupled (2J1 =
–58.4 cm–1), while the radical pairs are strongly antiferromag-
netically coupled (2J2 � –1000 cm–1).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ture and collective properties of molecular solids. However,
to the best of our knowledge, the TTF moieties in most of
the reported complexes are in the neutral state. Therefore,
their direct applications as electronic or magnetic materials
are limited. Very recently, an important step was reached
by the synthesis and characterization of a radical electron/
d electron directly cooperative complex, [CuII(hfac)2(TTF-
py)2][PF6]·2CH2Cl2, which has metal–radical and radical-
radical couplings.[22] Besides the metal coordination, hydro-
gen bonds are also one of the successful strategies used to
promote the properties of molecular solids. Some amide-
functionalized TTFs have been prepared and their radical
salts involving N–H···Cl/O hydrogen bonds were
studied.[27–31]

What follows is a report on the preparation, crystal struc-
ture, and magnetic properties of a new TTF-amide deriva-
tive with two radicals and two paramagnetic transition me-
tal ions, [{DMT-TTF(CONH2)2}2Cu2Cl6] (1), DMT-
TTF(CONH2)2 = o-bis(amide)-appended dimethylthio-
tetrathiafulvalene. Complex 1 is a new dinuclear TTF+·–
CuII–CuII–TTF+· system with coordination bonds, H-bonds
and S···S stacking, which is different from [CuII(hfac)2-
(TTF-py)2][PF6]·2CH2Cl2, which has a mono-nuclear TTF–
CuII–TTF+· coordination system. The radical-radical and
metal–metal magnetic couplings are also discussed.

Results and Discussion

Synthesis and General Discussion

The TTF derivative DMT-TTF(CONH2)2 was synthe-
sized by a similar procedure described in the literature.[27]



W. Lu, Y. Zhang, J. Dai*, Q.-Y. Zhu, G.-Q. Bian, D.-Q. ZhangFULL PAPER
Compound 1 was prepared by the reaction of the TTF pre-
cursor with excess CuCl2 using a diffusing method in ambi-
ent conditions (Scheme 1). The details are given in the ex-
perimental section. During the reaction the ligands are oxi-
dized by CuII ions forming the radical cations and, hence,
the charge distribution of 1 might be deduced as [{DMT-
TTF(CONH2)2

+·}2(Cu2Cl6)2–].

Scheme 1.

Copper() halides readily oxidize the TTF derivatives,
providing a variety of charge-transfer (CT) salts that have
conductive or semiconductive properties. Although a
number of TTF CT compounds with copper() halides have
been prepared, no cation-anion coordinated model has
been found.[32–37] Due to the weak coordination of the TTF
radicals with the CuII center (by the thioether or alkylthio
group), the paramagnetic copper() halides, such as the fa-
miliar Cu2Cl62– anion, are arranged discretely as counteri-
ons. However, anions of copper() halides, which can be
formed from the reduction of CuII halides, are easily coor-
dinated by the alkylthio group of the TTFs or its radicals.
Some copper() halide-TTF complexes[11–14] or CT com-
pounds[38–40] having S–CuI coordination bonds have been
obtained. Compound 1 is an uncommon example where di-
rect coordination of the copper() halide with the TTF rad-
ical occurs. In the case of 1 the TTF moieties are appended
by two amido groups, which enable the CuII center to be
bonded by the oxygen atom of the amide group.

Description of the Structures

The single crystal structure of 1 was solved by direct
methods. A summary of the experimental details and crys-

Table 2. Selected bond lengths, angles, torsion angles, contact distances, and hydrogen bonds.

Bond lengths [Å]
Cu(1)–Cl(1) 2.3042(8) Cu(1)–Cl(2) 2.2845(8)
Cu(1)–Cl(3) 2.2540(8) Cu(1)–Cl(1i) 2.3346(9)
Cu(1)–O(1) 2.271(2) C(5)–C(6) 1.379(4)
Bond angles [°]
Cu(1)–Cl(1)–Cu(1i) 97.12(3) O(1)–Cu(1)–Cl(1) 92.97(6)
O(1)–Cu(1)–Cl(1i) 90.83(6) O(1)–Cu(1)–Cl(2) 92.50(6)
O(1)–Cu(1)–Cl(3) 98.56(6)
Torsion angles [°]
N(1)–C(1)–C(3)–C(4) 22.8(5) N(2)–C(2)–C(4)–C(3) 157.9(3)
Contact distances [Å]
Cu(1)–Cu(1i) 3.478 O(2)–S(6ii) 3.317
S(1)–S(6iii) 3.345 S(2)–S(5iii) 3.489
S(3)–S(4iii) 3.409
Hydrogen bonds [Å, °]
D–H⋅⋅⋅A distance H⋅⋅⋅A distance D⋅⋅⋅A angle D–H⋅⋅⋅A
N(1)–H⋅⋅⋅O(2) 1.92 2.709(3) 148.7
N(1)–H⋅⋅⋅S(5ii) 2.92 3.524(2) 127.1
N(2)–H⋅⋅⋅Cl(2v) 2.63 3.443(3) 154.6
N(2)–H⋅⋅⋅Cl(2iv) 2.42 3.288(2) 171.1
i: –x + 1, –y, –z + 1; ii: x – 1, y – 1, z; iii: –x + 1, –y, –z; iv: –x + 1, –y – 1, –z; v: x, y, z – 1
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tal data for compound 1 is given in Table 1. Selected bond
lengths, contact distances, bond angles, and torsion angles
are listed in Table 2. The ligand, DMT-TTF(CONH2)2, in
1 adopts a conformation with an intramolecular hydrogen
bond [N(1)–H···O(2), Figure 1], which has been observed
for several TTF amides and their radical salts.[27–31] As a
consequence of the intramolecular hydrogen bond, the two
ortho-amido groups are fixed and form a seven-membered
ring fused with the TTF moiety, which enables the conju-
gated π system to extend to the oxygen atoms of the amide
groups.

Table 1. Crystallographic data for compound 1.

Compound 1

Empirical formula C20H20Cl6Cu2N4O4S12

Formula mass 1104.90
Color, Habit black, platelet
Crystal system triclinic
Crystal size [mm] 0.3×0.2×0.02
Space group P1̄ (No. 2)
a [Å] 8.4564(12)
b [Å] 10.8253(19)
c [Å] 10.8817(18)
α [°] 111.302(4)
β [°] 90.645(4)
γ [°] 91.970(3)
Z 1
T [K] 193(2)
V [Å3] 927.2(3)
Dcalcd. [g·cm–3] 1.979
µ [mm–1] 4.090
F(000) 552
Reflections collected 9242
Unique reflections 3371
Observations [I � 2σ(I)] 2996
Variables 220
R1 [I � 2σ(I)] 0.0308
wR2 0.0754
Goodness of fit indicator 1.040
R1 = Σ||Fo| – |Fc|| / Σ|Fo| and wR2 = {Σ[w(Fo

2 – Fc
2)2] / Σ[w(Fo

2)2]}1/2



A Radical-Radical and Metal–Metal Coupling Tetrathiafulvalene Derivative FULL PAPER

Figure 1. ORTEP view of 1, showing the atom-labeling scheme.
Displacement ellipsoids are drawn at the 50% probability level.

The center of 1 is a dinuclear moiety of Cu2Cl62–, in
which the CuII ions take on a quasi-square coordination
and the two squares share a common edge of Cl(1)–Cl(1i).
The Cu–Cl distances are in the range 2.254–2.335 Å, and
are comparable to those reported for the Cu2Cl62– ion.
However, the Cu(1)–Cl(1)–Cu(1i) angle of 97.12(3)° is lo-

Figure 2. (a) One-dimensional structure of the molecules assembled by S···S stacking and metal coordination. (b) Schematic diagram of
the two TTF radicals with the CuII system and the magnetic coupling constants.

Figure 3. The inter-chain N(2)–H···Cl(2) (3.288 Å) hydrogen bonds of the assembled two-dimensional structure of the title compound.
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cated at the top of the angle range compared with those
of the corresponding compounds.[36,41,42] In addition to the
coordination of chloride ions, the DMT-TTF(CONH2)2 co-
ordinates to the CuII ions by the amide oxygen atom O(1),
perpendicular to the square planes of the CuCl4 moieties
(see Figure 1). The 2.271(2) Å distance of Cu(1)–O(1) un-
doubtedly shows the formation of a strong coordination
bond, which forces the Cu2Cl62– ion to take on a quasi-
planar geometry [atom Cl(3) is somewhat out of the square
plane]. In contrast, the discrete Cu2Cl62– ion adopts a struc-
ture with two distorted tetrahedra sharing a common
edge.[36,43,44] The central C=C distance of the TTF moiety
[C(5)–C(6), 1.379(4) Å], however, is longer than that found
in the neutral TTF compounds (1.331 Å) but in accordance
with that of the TTF+· radicals (1.373–1.383 Å).[27]

All of the TTF units form dimers in the crystal structure
1 with very strong S···S stacking [Figure 2 (a)]. There are
six S···S interactions between the TTF units of the dimer, in
which the shortest one is 3.345 Å and the longest is 3.489 Å
(average 3.414 Å, Table 2). The S···S interactions are con-
siderably shorter than the sum of the van der Waals radii
(3.60–3.70 Å), and they are related to the strong antiferro-
magnetic coupling of the organic radical dimer (vide infra).
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Assembled by S···S stacking and Cu–O metal coordination,
compound 1 forms an infinite chain propagating in the
[101] direction. The crystal structure of 1 is further stabi-
lized by inter-chain N(2)–H···Cl(2) hydrogen bonds
(3.288 Å) and S(6)···O(2) contacts (3.317 Å), which as-
semble the molecules into two-dimensional slabs parallel to
the plane (1–11) (Figure 3). It has been shown that the hy-
drogen-bond network is correlated with the density of states
at the Fermi level and the spin susceptibility behavior.[31]

Magnetic Properties

Until now, work on TTF-containing π–d-type magnetic
compounds has mostly been concerned with radical salts,
except for the example reported recently by Ouahab et al.,
which has a mono-nuclear TTF–CuII–TTF+· coordination
system.[22] Compound 1, reported here, has a new dinuclear
TTF+·–CuII–CuII–TTF+· coordination system [Figure 2
(b)]. The magnetic properties of 1 were measured with a
SQUID magnetometer in the range 4–260 K (Figure 4).
The magnetic moment (2.40 B. M. at room temperature) is
considerably lower than the spin-only value, 6.92 B. M., for
a noncoupling four-spin system (1.73 B. M.×4), but the
value of 2.40 B. M. corresponds to the value which is ex-
pected for a two-spin (S = 1/2) system with antiferromag-
netic (AF) coupling (3.46 B. M. for a noncoupling two-spin
system).

Figure 4. Variable-temperature magnetic susceptibility data and ef-
fective magnetic moments of 1 collected by a SQUID magnetome-
ter in the range 4–260 K. The solid lines were calculated based on
a singlet-triplet model.

A solid-state EPR spectrum (polycrystalline sample),
which strongly supports the speculation, was measured at
110 K (Figure 5). Because the organic radicals are dimer-
ized with very short S···S stacking and are strongly antifer-
romagnetically coupled no sharp radical signal is observed
in the EPR spectrum. The spectrum only shows a parallel
and perpendicular split of CuII character with g values of
2.045 and 2.246 for g� and g�, respectively. This result me-
ans that the two TTF radicals are AF coupled with 2J2 �
–1000 cm–1. In addition, because the spin density of the
radical is mainly located on the central TTF core and the
amide oxygen atom of 1 coordinates to the CuII center of
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the Cu2Cl6 plane along the axial position, the interaction
of the radicals with the metal ions should be very weak.
Therefore, the J3 coupling can be neglected in the fitting
procedure. Consequently, this compound can be described
as a system that has a strongly coupled TTF+· (J2) dimer
and a mildly coupled Cu2Cl6 (J1) dimer with very weak rad-
ical-metal interaction (J3) [Figure 2 (b)]. From a simplified
calculation, considering the antiferromagnetic coupling in-
tensity, the magnetic susceptibility of compound 1 can be
fitted by a Cu2Cl6 dimer model with spin-exchange Hamil-
tonian Ĥ = –2J1ŜCu1ŜCu2, where J1 is the spin-exchange
coupling constant between the two CuII ions (Figure 4).
The susceptibility data were fitted using Equation (1) con-
taining the paramagnetic impurity term ρ. The best least-
squares fit gave J1 = –29.2 cm–1, g = 2.08, ρ = 0.08 and the
consistent factor R = ∑(χobsd – χcalcd)2/∑χobsd

2 = 3.85×10–3.
The structural-magnetic correlation for the Cu2Cl62– ion
has been intensively discussed elsewhere.[45,46] The present
result of 2J1 = –58.4 cm–1 supports the structure in which
the copper() center adopts a square-planar geometry.

Figure 5. Solid-state EPR spectrum of the title compound mea-
sured at 110 K.

Conclusion

Prior to the report of Ouahab et al., where the TTF radi-
cals directly coordinate to the paramagnetic ions,[22] the
charge transfer TTF compounds containing paramagnetic
inorganic ions were radical salts in which the cations and
anions are discretely arranged. The compound 1 reported
here is a new example in which the TTF radicals directly
coordinate to the paramagnetic ions. Crystal structure
analysis showed that it is a unique coordination bond/H-
bond/S···S stacking cooperative system with two radicals
and two paramagnetic transition metal ions, TTF+·–CuII–
CuII–TTF+·. Although the direct coordination of the
TTF(CONH2)2

+· radical to the paramagnetic transition me-
tal anion, (Cu2Cl6)2–, does not improve the interaction of
the radical electrons and the d electrons in this case, because
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of the strong antiferromagnetic coupling within the radical
pairs (TTF radical couples) the preparation of materials
with direct coordination of TTF radicals to transition metal
anions is still an attractive strategy for chemists in molecu-
lar design.

Experimental Section

General Remarks: All analytical grade chemicals were obtained
commercially and used for synthesis directly without further purifi-
cation. Elemental analyses of C, H, and N were performed using
an MOD 1106 elemental analyzer. The IR spectra were recorded
as KBr discs with a Nicolet Magma 550 FT-IR spectrometer. Solid-
state EPR spectra were recorded with an EMX-10/12 spectrometer
at 110 K and at a frequency of 9.4852 GHz. The magnetic proper-
ties were measured with a SQUID magnetometer (Quantum De-
sigen, MPMS-2) in the range 3.99–278 K, with an applied field of
10000 gauss.

Synthesis of Compounds

DMT-TTF(CONH2)2 (Ligand): The ligand was synthesized by a
similar procedure described in the literature.[27] A purple powder
was obtained (yield 79%). C10H10N2O2S6 (382.56): calcd. C 31.24,
H 2.64, N 7.33; found C 32.09, H 2.87, N 6.60. IR (KBr): ν̃ =
3375–3189 (NH2), 1675–1662 (C=O) cm–1.

(C10H10N2O2S6)2Cu2Cl6 (1): Well-defined black platelet crystals of
1 were obtained by a diffusing method with an acetonitrile solution
of CuCl2 (4×10–2 ) and a THF solution of the ligand (5 ×10–3 ).
C20H20Cl6Cu2N4O4S12 (1104.93): calcd. C 21.83, H 1.83, N 5.09;
found C 21.56, H 2.05, N 4.89. IR (KBr): ν̃ = 3329–3149 (NH2),
1671–1660 (C=O) cm–1.

X-ray Crystallographic Study: All measurements were carried out
with a Rigaku Mercury CCD diffractometer at 193 K with graph-
ite-monochromated Mo-Kα (λ = 0.71073 Å) radiation. X-ray Crys-
tallographic data of compounds 1 were collected and processed
using CrystalClear (Rigaku).[47] The structures were solved by di-
rect methods with SHELXS-97[48] and the refinements against all
reflections of the compound were performed using SHELXL-97.[49]

The non-hydrogen atoms were refined anisotropically and hydrogen
atoms were refined using the theoretical riding model. The final
cycle of full-matrix least-squares refinement was done on the basis
of 3371 independent reflections and 220 variable parameters. The
weighted R factor (wR) and goodness of fit (S) were obtained on
the basis of 2996 [I � 2σ(I)] reflections. The calculations were per-
formed using the CrystalStructure software package.[50]

CCDC-268681 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The first triply bridged dinuclear platinum(III) compound
with acetamidate ligands, X[Pt2Cl4{N(H)C(CH3)O}3] (X = K+

or AsPh4
+), has been isolated in the solid state and charac-

terized by one- and two-dimensional NMR spectroscopy and
X-ray crystallography. Owing to the asymmetry of the bridg-
ing acetamidate ligands, three isomers can be formed (HHH,
HHT, and HTH), although only two are found in the crude
reaction product: HHT and HTH. The HTH species is ther-
modynamically less stable and slowly (half life of around two
days at room temperature) isomerizes into the HHT form.
The more stable and less symmetric HHT isomer crystallizes

Introduction

The chemistry and reactivity of platinum() compounds
has not yet been explored to the same extent as those of
platinum() and platinum() species. The majority of plati-
num() complexes have dinuclear structures supported by
two[1–3] or four[4–6] bridging ligands. The chelating chain is
usually made up of three atoms of the type NCO, NCS,
NCN, POP, or OYO (Y = C, S, P), with these three atoms
forming a five-membered metallacycle with the two metal
centers.[7–9] A few examples of mononuclear platinum()
species[10] and dinuclear complexes unsupported by coval-
ent bridges have also been reported.[11–13]

Very recently, further interest in dinuclear compounds of
platinum() has arisen from their potential use as catalysts
for the oxidation of olefins.[14–18] This property is fostered
by the unusual reactivity of the axial ligands. The axial me-
tal–ligand distances are longer than those found in octahe-
dral platinum() and square-planar platinum() complexes
but much shorter than distances sometimes found for li-
gands interacting with platinum() species from axial
sites.[1]

In spite of the large number of platinum() dimers with
two or four bridging ligands, very few reports have so far
dealt with platinum() dimers supported by three covalent
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from chloroform/pentane (AsPh4
+ counter ion). The two

[Pt2Cl4{N(H)C(CH3)O}3]– anions of the unit cell are linked by
two strong N–H···O H-bonds while contiguous anions of ad-
jacent cells are linked together by two, slightly weaker N–
H···Cl H-bonds. The result is a chain of anions running along
the a direction. The crystal packing allows for the formation
of one-dimensional pore channels, also running along the a
direction, which are filled with disordered pentane mole-
cules.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bridges. In two NMR investigations, it was shown that spe-
cies with three acetate bridging ligands can be formed as
intermediates in the synthesis of quadruply bridged com-
plexes[19] or as decomposition products of the latter com-
pounds in water,[20] however such species were not isolated
or fully characterized.

In this paper, we report the synthesis, NMR characteriza-
tion, and X-ray structure of the first example of a triply
bridged platinum() compound with acetamidate ligands,
namely X[Pt2Cl4{N(H)C(CH3)O}3] (X = K+ or AsPh4

+).

Results and Discussion

Synthesis and Spectroscopic Characterization

When K2PtCl4 and K2PtCl6 (1:1 ratio) are allowed to
react with a large excess of free amide at high temperature
(90 °C) and for a long time (5 h), quadruply bridged di-
meric lantern-type complexes are formed. These complexes
are insoluble in water and precipitate soon after formation.
Full accounts of their synthesis and characterization have
already been published.[5,6]

In order to obtain platinum() dimers with a smaller
number of bridging ligands, we used the same procedure
but shortened the reaction time until incipient precipitation
of the quadruply bridged species (one instead of five hours).
The reaction solution was then filtered and the solvent
evaporated to dryness to leave an orange residue. Purifica-
tion of the crude reaction product was performed by wash-
ing with chloroform to remove the excess of acetamide li-
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gand, extraction with methanol to remove insoluble KCl
and trace amounts of unreacted platinum() and plati-
num() species, and finally precipitation with diethyl ether.
The orange precipitate was characterized by elemental
analysis and IR and NMR spectroscopy, and was found to
be the triply bridged species K[Pt2Cl4{N(H)C(CH3)O}3]
(1a). The corresponding tetraphenylarsonium salt,
(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3] (1b), which is soluble in
chloroform − 1a is only soluble in protic solvents such as
water and methanol − and precipitates as well-shaped
orange crystals from a mixture of chloroform and pentane
(1:1, v/v), was also prepared and characterized by elemental
analysis, NMR spectroscopy, and X-ray crystallography.

The reaction conditions (90 °C and 1 h reaction time) ap-
pear to be critical to maximize the yield of triply bridged
species. Longer reaction times result in greater formation
of undesired quadruply bridged complexes, while shorter
reaction times (0.5 h) leave significant amounts of unre-
acted platinum() and platinum() species. Moreover, if the
temperature is lowered the reaction becomes slower and at
room temperature does not appear to take place at all.

Since the reaction can lead to formation of several in-
terconverting isomers of the same species (for instance the
triply bridged species can be present in three isomeric forms
depending upon the relative orientations of the three amid-
ates: HHH, HHT, and HTH), we analyzed the reaction
products before and after purification. The latter will be
described first.

A solution of 1b in CDCl3 gives a 1H NMR spectrum
characterized by the presence of two sets of three signals.
One set falls in the region of amidic protons (δ = 6.5–
5.5 ppm), while the second set falls in the region of aliphatic

Figure 1. 2D NOESY spectrum of (AsPh4)[Pt2Cl4{N(H)C-
(CH3)O}3] in CDCl3 (4.6×10–3 ) at 295 K.

Figure 2. The three possible isomers for the complex [Pt2Cl4{N(H)C(CH3)O}3]–. HH and HT stand for equal (head-to-head) or opposite
(head-to-tail) orientation of adjacent amidates, respectively.
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protons (δ = 2.5–2.0 ppm). The three signals have equal in-
tensities within each set, and the relative intensities of the
two sets is 1:3.

The correlations between the two sets of signals were es-
tablished by a 2D NOESY experiment, which shows a cross
peak between the less-shielded amidic proton signal at δ =
6.41 ppm (A) and the less-shielded methyl proton signal at
δ = 2.29 ppm (D) and two overlapping cross peaks between
the amidic proton signals at δ = 5.75 (B) and 5.73 (C) ppm
and the methyl proton signals at δ = 2.03 (F) and 2.05 (E)
ppm, respectively (Figure 1).

Three isomers are possible for a dinuclear species with
three acetamidate bridging ligands (Figure 2). Two of them,
HHH and HTH, have magnetically equivalent acetamidate
bridges in trans positions, while the third isomer, HHT, has
all three acetamidate bridges in different magnetic environ-
ments. Since the 1H NMR spectrum exhibits distinct signals
for each of the three acetamidate ligands, we can conclude
that the isolated product has an HHT configuration.

The 195Pt NMR spectrum of compound 1b in CDCl3 re-
veals the presence of two platinum resonances, one at δ =
241 ppm and the other at δ = –437 ppm. Each resonance is
flanked by 195Pt satellites with a 1JPt,Pt coupling of 6660 Hz
(Figure 3).[14,21,22]

Figure 3. 195Pt NMR spectrum of (AsPh4)[Pt2Cl4{N(H)C-
(CH3)O}3] in CDCl3 (4.6×10–3 ) at 295 K.

On the basis of the established correlations between 195Pt
chemical shifts and electronegativities of the donor
atoms,[23] the less-shielded signal, at δ = 241 ppm, can be
assigned to the Pt atom with Cl2NO2 set of donor atoms
while the most-shielded signal, at δ = –437 ppm, can be as-
signed to the Pt atom with Cl2N2O set of donor atoms. This
assignment is also supported by the broader profile of the
peak at δ = –437 ppm as compared to that at δ = 241 ppm.
Such a broadening is caused by the N donors, which
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number two for the platinum resonating at δ =
–437 ppm and only one for the platinum resonating at δ =
241 ppm. It is worth noting that, differently from the pres-
ent case, where only a broadening of the signals has been
observed, the Pt–N couplings are well resolved in some mo-
nonuclear complexes with terminal amides.[24]

Compounds 1a and 1b in aqueous solution (1a is not
soluble in CDCl3) give identical 195Pt NMR spectra, with
resonances at δ = 220 and –430 ppm indicating that the two
compounds contain the same complex anion.

The presence of only one isomer in the purified product
indicates that this isomer is the end product of the purifica-
tion procedure but not necessarily that it is the only product
formed in the reaction. For this reason we performed an
NMR investigation on the crude reaction product obtained
by evaporation of the aqueous reaction solution to dryness.
The 195Pt NMR spectrum (due to the presence of a very
large excess of free amide the 1H NMR spectrum is not
informative; moreover, water was used as solvent in order
to ensure complete dissolution of the raw material) showed
the presence of two sets of signals: one corresponding to
that of the purified product (signals at δ = 220 and
–430 ppm) and the other (signals at δ = 161 and –86 ppm)
indicating the presence of a second isomer. The intensity of
this second set of signals was initially similar to that of the
other isomer (about 0.7 times its intensity). However, on
standing in solution at room temperature its intensity de-
creased and after eight days became negligible (Figure 4).
Therefore, we can conclude that two major dinuclear spe-
cies are initially formed and that with time, under the exper-
imental conditions used for this investigation (water solu-
tion of the raw material still containing a large excess of
free acetamide), one isomer converts into the other.

It has already been demonstrated that the thermodynam-
ically favored isomer has an HHT configuration, therefore

Figure 4. 195Pt NMR spectrum of the crude reaction product dissolved in D2O and kept at 295 K. The spectra were registered soon after
dissolution (a) and after one (b), three (c), and eight (d) days. Resonances of the HHT and HTH isomers are labeled with x and o,
respectively.
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the second isomer observed in the crude reaction product
can have either an HTH or an HHH configuration. For the
HTH isomer the chemical-shift difference between the two
platinum atoms and the peak profiles are expected to be
similar to those observed for the HHT isomer since both
have similar sets of donor atoms for platinum (Cl2NO2 and
Cl2N2O). In contrast, for the HHH isomer the chemical-
shift difference between the two platinum atoms is expected
to be greater than for the HHT and HTH isomers due to
the greater difference between the sets of donor atoms
(Cl2N3 and Cl2O3). Furthermore, the peak profile is ex-
pected to be much broader for Pt(Cl2N3) than for
Pt(Cl2O3). Since the chemical-shift difference between the
two platinum atoms and the peak profiles for the second
isomer present in the raw material are very similar to those
observed for the HHT isomer, we propose that this second
isomer has HTH configuration.

X-ray Diffraction Analysis of (AsPh4)[Pt2Cl4{N(H)C-
(CH3)O}3]

Bond Lengths and Angles

Orange crystals of {(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3]}2·
C5H12 were obtained by crystallization from CHCl3/pen-
tane (1:1, v/v). The asymmetric unit comprises two indepen-
dent complex molecules A and B. The two [Pt2Cl4{N(H)-
C(CH3)O}3]– ions are very close to one another, implying
the formation of hydrogen bonds between the NH groups
of one anion and the O atoms of the second anion. Since
the amidate groups in each independent anion are in an
HHT arrangement, four different models can be drawn for
the pair of independent anions in the asymmetric unit: Z1,
Z2, Z3, and Z4 (Scheme 1). The four models converged to
R1 = 0.0375 and wR2 = 0.0772 for Z1, R1 = 0.0376 and
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Scheme 1.

wR2 = 0.0778 for Z2, R1 = 0.0374 and wR2 = 0.0766 for
Z3, and R1 = 0.0383 and wR2 = 0.0811 for Z4. Among
these four models, Z3 has the lowest value of wR2, the best
values of thermal parameters for all the N and O atoms of
the acetamidate bridging ligands, and the best geometry for
the hydrogen bonds between NH and O groups of the two
independent anions within the unit cell. On this basis, Z3
was chosen as the correct model. However, clear-cut evi-
dence in favor of Z3 came from analysis of the short con-
tacts between anions of adjacent unit cells. While the Z3
model leads to short (�3.5 Å) N···Cl contacts, indicative of
N–H···Cl H-bond interactions, all other models lead to
short O···Cl distances, which imply unfavorable electrostatic
repulsion between the two electron-rich atoms (see follow-
ing discussion on intermolecular interactions).

Within a dinuclear complex molecule, each platinum()
atom has a distorted octahedral geometry with three amid-
ates and a chloride ligand in equatorial positions and a
chloride ligand and the second platinum atom in axial posi-
tions (Figure 5). Selected bond lengths and angles are re-
ported in Table 1.

The equatorial Pt–Cl [2.27(1)–2.35(1) Å], Pt–N [1.97(2)–
2.07(2) Å], and Pt–O distances [2.03(2)–2.08(2) Å] are in the
range of those reported for doubly and quadruply bridged
dinuclear platinum(),[5,6,25,26] four-coordinate platinum(),
and six-coordinate platinum() complexes.[11] The axial Pt–
Cl distances [2.43(1)–2.47(1) Å] are significantly longer (ca.
0.14 Å) than the equatorial Pt–Cl distances and are com-
parable to those already reported for axial Pt–Cl distances
in dinuclear complexes of platinum() (average Pt–Cl dis-
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Figure 5. ORTEP view, with labelling scheme, of the two indepen-
dent [Pt2Cl4{N(H)C(CH3)O}3]– ions within the unit cell. Ellipsoids
enclose 30% probability.

tance of 2.44 Å).[5,25–27] The Pt–Pt distances [2.533(2) and
2.527(2) Å] are in between the Pt–Pt distances observed for
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Table 1. Selected bond lengths [Å] and angles [°] for the molecules A and B of {(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3]}2·C5H12.

A B

Pt(1A)–Pt(2A) 2.527(2) Pt(1B)–Pt(2B) 2.533(2)
Pt(1A)–N(1A) 2.037(19) Pt(1B)–N(1B) 1.96(2)
Pt(1A)–O(a1A) 2.058(12) Pt(1B)–O(a1B) 2.030(13)
Pt(1A)–O(b1A) 2.071(14) Pt(1B)–O(b1B) 2.051(13)
Pt(1A)–Cl(1A) 2.273(10) Pt(1B)–Cl(1B) 2.302(10)
Pt(1A)–Cl(3A) 2.455(7) Pt(1B)–Cl(3B) 2.429(10)
Pt(2A)–N(a2A) 1.970(17) Pt(2B)–N(b2B) 1.99(2)
Pt(2A)–N(b2A) 2.00(2) Pt(2B)–N(a2B) 2.074(17)
Pt(2A)–O(2A) 2.083(16) Pt(2B)–O(2B) 2.040(15)
Pt(2A)–Cl(2A) 2.346(10) Pt(2B)–Cl(2B) 2.309(10)
Pt(2A)–Cl(4A) 2.448(10) Pt(2B)–Cl(4B) 2.470(7)
N(1A)–Pt(1A)–O(a1A) 89.0(6) N(1B)–Pt(1B)–O(a1B) 93.4(6)
O(a1A)–Pt(1A)–O(b1A) 97.5(5) O(a1B)–Pt(1B)–O(b1B) 80.1(5)
O(b1A)–Pt(1A)–Cl(1A) 86.9(5) O(b1B)–Pt(1B)–Cl(1B) 93.9(5)
Cl(1A)–Pt(1A)–N(1A) 87.9(6) Cl(1B)–Pt(1B)–N(1B) 93.1(6)
N(1A)–Pt(1A)–Cl(3A) 93.9(6) N(1B)–Pt(1B)–Cl(3B) 91.4(7)
O(b1A)–Pt(1A)–Cl(3A) 95.5(4) O(b1B)–Pt(1B)–Cl(3B) 93.4(5)
O(a1A)–Pt(1A)–Cl(3A) 84.9(4) O(a1B)–Pt(1B)–Cl(3B) 84.0(5)
Cl(1A)–Pt(1A)–Cl(3A) 87.2(4) Cl(1B)–Pt(1B)–Cl(3B) 90.5(4)
N(1A)–Pt(1A)–Pt(2A) 84.5(6) N(1B)–Pt(1B)–Pt(2B) 85.7(6)
O(b1A)–Pt(1A)–Pt(2A) 86.9(4) O(b1B)–Pt(1B)–Pt(2B) 88.4(4)
O(a1A)–Pt(1A)–Pt(2A) 88.1(4) O(a1B)–Pt(1B)–Pt(2B) 86.6(4)
Cl(1A)–Pt(1A)–Pt(2A) 99.6(3) Cl(1B)–Pt(1B)–Pt(2B) 99.2(3)
Cl(3A)–Pt(1A)–Pt(2A) 172.9(2) Cl(3B)–Pt(1B)–Pt(2B) 170.0(3)
N(a2A)–Pt(2A)–N(b2A) 95.7(7) N(a2B)–Pt(2B)–N(b2B) 86.6(7)
N(b2A)–Pt(2A)–Cl(2A) 89.1(6) N(b2B)–Pt(2B)–Cl(2B) 92.9(6)
Cl(2A)–Pt(2A)–O(2A) 87.0(5) Cl(2B)–Pt(2B)–O(2B) 92.2(5)
O(2A)–Pt(2A)–N(a2A) 89.0(6) O(2B)–Pt(2B)–N(a2B) 88.7(6)
N(a2A)–Pt(2A)–Cl(4A) 83.8(6) N(a2B)–Pt(2B)–Cl(4B) 88.3(6)
N(b2A)–Pt(2A)–Cl(4A) 93.1(7) N(b2B)–Pt(2B)–Cl(4B) 91.1(7)
O(2A)–Pt(2A)–Cl(4A) 95.3(5) O(2B)–Pt(2B)–Cl(4B) 94.0(5)
Cl(2A)–Pt(2A)–Cl(4A) 90.3(3) Cl(2B)–Pt(2B)–Cl(4B) 88.2(3)
N(a2A)–Pt(2A)–Pt(1A) 85.6(5) N(a2B)–Pt(2B)–Pt(1B) 83.9(5)
N(b2A)–Pt(2A)–Pt(1A) 85.1(6) N(b2B)–Pt(2B)–Pt(1B) 86.5(6)
O(2A)–Pt(2A)–Pt(1A) 87.4(5) O(2B)–Pt(2B)–Pt(1B) 87.8(4)
Cl(2A)–Pt(2A)–Pt(1A) 100.5(2) Cl(2B)–Pt(2B)–Pt(1B) 99.6(3)
Cl(4A)–Pt(2A)–Pt(1A) 169.0(3) Cl(4B)–Pt(2B)–Pt(1B) 171.9(2)

doubly bridged (ca. 2.58 Å)[25–27] and quadruply bridged
platinum() complexes [2.448(2) Å][5] having bridging amid-
ates and terminal Cl ligands.

The dihedral angles between equatorial planes are
15.3(4)° for molecule A and 15.9(4)° for molecule B. The
bow-like distortion of the Cl3–Pt1–Pt2–Cl4 axis, as indi-
cated by the sum of the deviations from 180° of the angles
Cl3–Pt1–Pt2 and Pt1–Pt2–Cl4, is 18.1(4)° for both mole-
cules A and B and corresponds roughly to the dihedral an-
gle between the equatorial planes. It should be noted that
the dihedral angle between the equatorial planes in triply
bridged acetamidate species is smaller than in the corre-
sponding doubly bridged species (ca. 20°).[25,26]

Intermolecular Interactions

Compound 1b crystallizes with one molecule of pentane
per asymmetric unit. The molecules of solvent are located
in pores of the crystal lattice running along the a direction,
which appear to be specific for this solvent. For a better
understanding of how these pores are formed a detailed de-
scription of the crystal packing is given in this section. As
already anticipated, two strong H-bonds link the two inde-
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pendent anions (A and B) within the asymmetric unit. The
atoms involved in H-bonding are the nitrogen Na2 and the
oxygen O2 [Na2A···O2B = 2.92(2), (Na2A)H···O2B =
2.09(1) Å, Na2A–H···O2B = 162(1)°; Na2B···O2A =
3.09(2), (Na2B)H···O2A = 2.36(2) Å, Na2B–H···O2A =
142(1)°].

Anions A and B of one cell are hydrogen-bonded with
anions of adjacent cells. These H-bonds involve the Cl4 and
Nb2 atoms of anion A of one cell and the Nb2 and Cl4
atoms of anion B of the adjacent cell [Nb2A···Cl4B(x + 1,
+y, +z) = 3.49(2), (Nb2A)H···Cl4B(x + 1, +y, +z) =
2.664(7) Å, Nb2A–H···Cl4B(x + 1, +y, +z) = 162(1)°;
Nb2B···Cl4A(x – 1, +y, +z) = 3.46(2), (Nb2B)H···Cl4A(x –
1, +y, +z) = 2.615(9) Å, Nb2B–H···Cl4A(x – 1, +y, +z) =
170(1)°].

As already anticipated, all the models other than Z3 re-
ported in Scheme 1 (Z1, Z2, and Z4) would result in very
short O···Cl nonbonding distances between contiguous A
and B anions of adjacent cells. The resulting O···Cl dis-
tances (ca. 3.46 Å) would be very close to the sum of the
van der Waals radii for oxygen and chlorine atoms and
would lead to unfavorable electrostatic repulsion between
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Figure 6. View of the hydrogen-bonding network.

the two electron-rich atoms. This observation gives strong
support to the choice of model Z3 for describing the posi-
tioning of the two anions within the unit cell.

The N–H···O hydrogen bonds linking the A and B mole-
cules within the same cell and the N–H···Cl bonds linking
the A molecule of one cell with the B molecule of the adja-
cent cell make a chain of [Pt2Cl4{N(H)C(CH3)O}3]– anions
extending along the a axis (Figure 6).

The tetraphenylarsonium cations are located between the
chains of anions extending along the a direction, which re-
sults in columns running parallel to the chains of anions.
There are no direct interactions between these cations, how-
ever there are H-bonds between the Cl atoms of the chains
of anions and the H atoms of the cations [Cl1A···C20A
= 3.46(2), Cl1A···H(C20A) = 2.72(1) Å, Cl1A···H–C20A =
137(1)°; Cl1A···C29B(x – 1, y – 1, z – 1) = 3.77(2),
Cl1A···H(C29B)(x – 1, y – 1, z – 1) = 3.00(1) Å, Cl1A···H–
C29B(x – 1, y – 1, z – 1) = 141(1)°; Cl2A···C11A = 3.55(2),
Cl2A···H(C11A) = 2.79(1) Å, Cl2A···H–C11A = 140(1)°;
Cl2A···C27A(x + 1, y, z) = 3.60(2), Cl2A···H(C27A)(x + 1,
y, z) = 2.72(1) Å, Cl2A···H–C27A(x + 1, y, z) = 158(1)°;
Cl3A···C30B(x – 1, y – 1, z – 1) = 3.46(2),
Cl3A···H(C30B)(x – 1, y – 1, z – 1) = 2.77(1) Å, Cl3A···H–
C30B(x – 1, y – 1, z – 1) = 132(1)°; Cl4A···C15B(x, y, z –
1) = 3.63(2), Cl4A···H(C15B)(x, y, z – 1) = 2.73(1) Å,
Cl4A···H–C15B(x, y, z – 1) = 162(1)°; Cl1B···C8B = 3.55(2),
Cl1B···H(C8B) = 2.72(1) Å, Cl1B···H–C8B = 149(1)°;
Cl2B···C15A(x, y, z + 1) = 3.56(2), Cl2B···H(C15A)(x, y, z
+ 1) = 2.70(1) Å, Cl2B···H–C15A(x, y, z + 1) = 153(1)°;
Cl3B···C30A(x + 1, y + 1, z + 1) = 3.67(2),
Cl3B···H(C30A)(x + 1, y + 1, z + 1) = 2.99(1) Å, Cl3B···H–
C30A(x + 1, y + 1, z + 1) = 132(1)°; Cl4B···C27B(x – 1, y,
z) = 3.80(2), Cl4B···H(C27B)(x – 1, y, z) = 2.99(1) Å,
Cl4B···H–C27B(x – 1, y, z) = 146(1)°; Cl4B···C14A(x, y, z
+ 1) = 3.67(2), Cl4B···H(C14A)(x, y, z + 1) = 2.95(1) Å,
Cl4B···H–C14A(x, y, z + 1) = 135(1)°]. The packing of the
chains of anions and columns of cations extending along
the a direction leaves some channels, which also extend
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along the a direction; the pentane molecules of crystalli-
zation are located in these channels (Figure 7).

Figure 7. Crystal packing of {(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3]}2·
C5H12, showing the location of the solvent molecules in the pores
of the crystal lattice.

Conclusions

Dimeric platinum() complexes supported by three co-
valent bridges between the two metal centers have generally
been considered as transient species in the reaction leading
to quadruply bridged species starting from a 1:1 mixture of
PtII and PtIV chloro species and excess bridging ligand. We
have proven that, by reducing the reaction time, the triply
bridged compound can become the major reaction product.

Due to the asymmetry of the acetamide ligand, three iso-
mers can be formed (HHH, HHT, and HTH), although
only two major species were found in the crude reaction
product: HHT and HTH. Moreover, the HTH species is
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thermodynamically less stable and slowly (half life of about
two days at room temperature) isomerizes into the HHT
form. A possible explanation for the observed preference is
the more homogeneous sets of donor atoms for the two
platinum atoms provided by the HHT and HTH isomers
(Cl2N2O and Cl2NO2) as compared to the HHH isomer
(Cl2N3 and Cl2O3). The HHT isomer is favored over the
HTH isomer by a statistical factor of two. It should be
noted that the greater stability of the HHT isomer is also in
agreement with the configurations found in the quadruply
bridged dimers prepared by a similar reaction procedure.[5]

The preferred configurations were usually found to be
HHTH and HHTT. These two configurations can both be
generated from the triply bridged HHT species by addition
of a fourth bridge in an H or T orientation. In contrast, the
HTH isomer can generate, upon the addition of a fourth
bridge, only one observed configuration (HTHH) and a sec-
ond, never observed, configuration (HTHT).

The crystal structure of the more stable and less symmet-
ric HHT isomer is made up of chains of [Pt2Cl4{N(H)-
C(CH3)O}3]– ions running along the a direction and col-
umns of tetraphenylarsonium cations also running along
the a direction. A curious aspect of the crystal packing is
the presence of one-dimensional pore channels filled with
disordered pentane molecules. The dimension of the pore
is probably such that only molecules of n-pentane can be
accommodated, leaving out completely the molecules of
chloroform which, in principle, should give stronger interac-
tions (H bonds) with the aromatic protons on the surface
of the pores.

Experimental Section
Physical Measurements: Elemental analyses were obtained with an
Elementar Analyser mod. 1106 Carlo Erba instrument. 1H and
195Pt NMR spectra were recorded with a Bruker Avance DPX 300
WB spectrometer. 1H chemical shifts are referenced to TMS and
195Pt chemical shifts to K2PtCl4 (1  in water, δ = –1614 ppm).

Preparation of K[Pt2Cl4{N(H)C(CH3)O}3] (1a): K2PtCl4 (500 mg,
1.2 mmol) and K2PtCl6 (585 mg, 1.2 mmol) were dissolved in water
(25 mL) and treated with an excess of acetamide (2.8 g, 48 mmol).
The reaction mixture was stirred for 1 h at 90 °C. The resulting red
solution was cooled to room temperature and then taken to dryness
under reduced pressure. The orange solid residue was washed se-
veral times with small portions of chloroform in order to remove
the excess of acetamide and then extracted with methanol, which
solubilizes only the desired compound (1a) while leaving KCl and
unreacted K2PtCl6 and K2PtCl4 as insoluble residue. Orange micro-
crystals of K[Pt2Cl4{N(H)C(CH3)O}3] precipitated from the meth-
anolic solution upon addition of diethyl ether. Yield: 45%
(400 mg). K[Pt2Cl4{N(H)C(CH3)O}3]·2H2O, C6H16Cl4KN3O5Pt2

(780.9): calcd. C 9.21, H 2.05, N 5.38; found C 8.83, H 1.83, N
5.54. 195Pt NMR (64.3 MHz, D2O, 22 °C): δ = –430 (PtCl2N2O)
and 220 (PtCl2NO2) ppm (1JPt,Pt = 7020 Hz).

Preparation of (AsPh4)[Pt2Cl4{N(H)C(CH3)O}3] (1b):
K[Pt2Cl4{N(H)C(CH3)O}3] (400 mg, 0.54 mmol) and AsPh4Cl
(339 mg, 0.81 mmol) were dissolved in chloroform (70 mL) and
stirred for a few minutes. The white precipitate of KCl was removed
while the filtered mother liquor was concentrated to a smaller vol-
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ume (10 mL) and then layered with pentane (10 mL). Under these
conditions, orange crystals of the desired product
(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3] separated from solution. Yield:
23% (135 mg). {(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3]}2·C5H12,
C65H76Cl8N6O6Pt4As2 (2249.4): calcd. C 34.69, H 3.40, N 3.73;
found C 34.78, H 3.27, N 3.50. 1H NMR (300 MHz, CDCl3,
22 °C): δ = 2.03 (s, 3 H, CH3), 2.05 (s, 3 H, CH3), 2.29 (s, 3 H,
CH3), 5.73 (s, 1 H, NH), 5.75 (s, 1 H, NH), 6.41 (s, 1 H, NH) ppm.
195Pt NMR (64.3 MHz, CDCl3, 22 °C): δ = –437 (PtCl2N2O) and
241 (PtCl2NO2) ppm (1JPt,Pt = 6660 Hz).

X-ray Crystal Structure Determination of {(AsPh4)[Pt2Cl4{N(H)
C(CH3)O}3]}2·C5H12: Compound 1b, which crystallizes from
CHCl3/pentane with half a molecule of pentane per molecule of
compound, was investigated by X-ray diffraction analysis. X-ray
data were collected on a BrukerAXS X8 APEX CCD system
equipped with a four-circle Kappa goniometer and a 4 K CCD
detector (Mo-Kα radiation). A Miracol fiber optics capillary colli-
mator (0.3 mm) was used to enhance the intensity of the Mo-Kα

radiation and to reduce X-ray beam divergence. The diameter of
the active imaging area was 90 mm and the data were collected at a
resolution of 512×512 pixels. The crystal-to-detector distance was
40 mm. The SAINT-IRIX package was employed for data re-
duction and unit-cell refinement.[28]

A total of 53118 reflections (Θmax = 25.00°) were indexed, inte-
grated, and corrected for Lorentz, polarization, and absorption ef-
fects using the program SADABS.[29] The number of independent
reflections was 12139. The unit-cell dimensions were calculated
from all reflections. The structure was solved by direct methods
technique in the P1 space group. A pseudo center of inversion is
present between the two dinuclear independent molecules A and B,
which is reminiscent of a virtual P1̄ space group, although attempts
to refine in this group were unsuccessful.

Table 2. Crystal data and structure-refinement parameters for
{(AsPh4)[Pt2Cl4{N(H)C(CH3)O}3]}2·C5H12.

Empirical formula C65H76As2Cl8N6O6Pt4

Formula mass 2315.12
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system triclinic
Space group P1
Unit-cell dimensions a = 8.6244(3) Å α = 104.322(2)°

b = 14.6244(5) Å β = 97.420(2)°
c = 15.3213(5) Å γ = 105.320(2)°

V 1766.28(10) Å3

Z 1 (A + B)
Dcalcd. 2.177 gcm–3

µ 9.190 mm–1

F(000) 1102
Crystal size 0.036×0.224×0.010 mm
θ range 1.40–25.00°
Index ranges –10 � h � 10

–17 � k � 17
–18 � l � 18

Reflections collected 53153
Independent reflections 12146 [R(int) = 0.0721]
Absorption correction SADABS (Sheldrick, 1996)
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 12146/3/349
Goodness-of-fit on F2 1.012
Final R indices [I � 2σ(I)] R1 = 0.0374, wR2 = 0.0766
R indices (all data) R1 = 0.0676, wR2 = 0.0873
Absolute structure parameter 0.00(1)
Largest diff. peak and hole 0.966 and –0.659 eÅ–3
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The model was refined by full-matrix least-square methods. Only
the Pt, Cl, and As atoms were refined anisotropically; the remain-
ing atoms needed isotropic treatment in order to maintain satisfac-
tory thermal displacement parameters. Furthermore, the phenyl
groups were treated as rigid, idealized hexagons. Hydrogen atoms
were placed at calculated positions and refined given isotropic pa-
rameters equivalent to 1.2-times (for phenyl groups) or 1.5-times
(for methyl groups) those of the atom to which they are attached.

The pentane solvent molecule of crystallization was disordered.
The final difference-Fourier map showed electron density peaks (up
to 0.966 eÅ–3) lying near the Pt atoms. All calculations and molec-
ular graphics were carried out using the SIR2002,[30]

SHELXL97,[31] PARST97,[32] WinGX,[33] or ORTEP-3 for Win-
dows packages.[34] The crystallographic data are listed in Table 2.

CCDC-288044 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.
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Tin oxide (SnO2) hollow nanospheres have been successfully
synthesized from mixed ethanol and water systems contain-
ing the surfactants sodium dodecyl benzenesulfonate (SDBS)
and terephthalic acid. Systematic studies reveal that tereph-
thalic acid plays pivotal roles in the formation of hollow
nanospheres. In the present work, the as-synthesized SnO2

hollow nanospheres exhibit excellent room-temperature eth-

Introduction

Tin oxide (SnO2), an n-type semiconductor with a wide
bandgap (Eg = 3.62 eV), is a key functional material, which
has attracted a lot of interest as an excellent candidate for
optoelectronic devices,[1] gas sensors,[2] transparent con-
ducting electrodes,[3] and catalyst supports.[4] With specific
morphologies, the hollow structures are more desirable be-
cause of their potential for encapsulation of large quantities
of guest molecules or large-sized guests within the empty
core domain.[5] For example, hollow SnO2 microspheres of-
fer enhancement in sensitivity to methanol, carbon mon-
oxide, benzene, and water over compact chemical vapor de-
position (CVD) films at high temperatures.[6] On the basis
of this, hollow spheres of SnO2 have been produced with
sizes ranging in the submicrometer regime. For example,
Xia et al. used polystyrene particles as templates to fabri-
cate mesoscale hollow spheres of SnO2 with an average dia-
meter of 400 nm.[7] Qian et al. synthesized SnO2 hollow
microspheres with a diameter of several micrometers by hy-
drolysis of SnCl4 in alkaline media.[8]

Although various types of gas sensors have been investi-
gated, great effort has focused on exploring the high tem-
perature sensitivity of sensors.[9] However, the sensors work-
ing at lower temperatures, especially room temperature, no
doubt have wider and more practical applications such as
in the detection of drunk drivers by measuring ethanol con-
centrations of their breath. Therefore, it becomes more im-
portant to explore the room-temperature sensitivity of
SnO2. One useful strategy for increasing the poor sensitivity

[a] Nano-materials and Nano-chemistry, Hefei National Labora-
tory for Physical Sciences at Microscale, University of Sci-
ence & Technology of China,
Hefei, Anhui 230026, P. R. China
Fax: +86-551-3603987
E-mail: yxielab@ustc.edu.cn
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anol sensitivity and potential catalytic ability towards the
electrooxidation of ethanol, and thus are expected to be eco-
nomical alternative catalysts and useful in industrial applica-
tions such as room-temperature gas sensors.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of tin oxide at room temperature may be realized by con-
trolling the morphology as well as decreasing the size of the
sensor materials. However, little work has been reported on
the production of hollow SnO2 nanospheres, which are ex-
pected to show superior properties. Thus, the exploration
of a simple and easily scaled-up route to hollow nanostruc-
tures is still a great challenge so far.

Tin oxide materials have been known for a long time to
display good catalytic activity towards the synthesis of vinyl
ketone,[10] oxidation of methanol,[11] and so on. Recently,
the demands for alternative energy sources such as fuel cells
have attracted great interest in the studies on nanostruc-
tured materials. Among various candidates for catalysts of
ethanol fuel cells, carbon-supported PtSnO2 catalysts have
exhibited excellent catalytic activity for ethanol electrooxid-
ation, in which SnO2 can enhance the catalytic activity for
alcohol electrooxidation.[11] Therefore, nanomaterials with
SnO2 alone are believed to display potential catalytic ac-
tivity for ethanol electrooxidation. In this paper, the electro-
chemical properties of the prepared hollow SnO2 nanosph-
eres for ethanol electrooxidation were examined.

Among many preparative methods for hollow nano- and
mesoscaled structures, template-assisted synthesis is an ef-
fective approach in which hard templates[12,13] and soft tem-
plates[14] have been utilized. Surfactants tend to self-as-
semble to form micelles with desired structures and have
been widely used as soft templates.[15] However, in many
systems, the aggregated micelles may be very sensitive to
the solvents and become unstable, which may not facilitate
their use as templates in the microreactors. Thus, the com-
plex surfactant systems are introduced to fabricate hollow
structures.[16,17] For example, Qi et al. reported the synthesis
of micrometer-sized hollow CaCO3 spheres by using the
complex surfactant of poly(ethylene oxide)-block-poly-
(methacrylic acid)–sodium dodecylsulfate (PEO-b-PMAA-
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SDS) micelles as templates,[16] in which the additive of
PEO-b-PMAA could hold Ca2+ ions and assisted with the
precipitation of CaCO3. However, the large steric hindrance
of the surfactant polymer PEO-b-PMAA-SDS made it diffi-
cult to restrict the size to the nanometer regime. Here, we
suppose a simple coordination agent, which can hold metal
ions without the large steric hindrance, may help to increase
the stability of the soft template and thus further increase
the formation of the hollow nanospheres. SnO2 hollow
nanospheres are successfully synthesized from a micelle sys-
tem that is made up of the surfactants terephthalic acid
along with sodium dodecyl benzenesulfonate (SDBS) in an
ethanol and water (volume ratio 1:1) solution. Terephthalic
acid can hold Sn2+ ions without a large steric hindrance,
which is helpful for the growth of SnO2 hollow nanosph-
eres. We found that the as-synthesized SnO2 hollow
nanospheres show good room-temperature sensitivity to
ethanol vapors and potential catalytic activity for electro-
oxidation of ethanol, which offers promising applications in
the fields involving sensors and catalysts.

Results and Discussion

The phase and purity of the sample was determined by
X-ray powder diffraction (XRD), and the typical diffrac-
tion pattern is shown in Figure 1. All the peaks were readily
indexed to the tetragonal phase of SnO2 (JCPDS card No.
41-1445), with lattice constants of a = 4.738 Å and c =
3.187 Å. No characteristic peaks were observed for the
other impurities.

Figure 1. XRD pattern of the SnO2 hollow nanospheres.

To further characterize the product, XPS was carried out
to investigate the surface compositions and chemical state
of the as-prepared products, and the results are shown in
Figure 2. The binding energies obtained in the XPS analysis
were corrected for specimen charging by referencing C1s to
284.75 eV. The sample appeared as a spin-orbit doublet at
ca. 486.85 eV (3d5/2) and ca. 495.25 eV (3d3/2) (Figure 2, a),
which is in agreement with the reported value in the litera-
ture.[18] The O1s binding energy of 531.00 eV (Figure 2, b)
indicates that the oxygen atoms exist as O2– species in the
compounds. Quantification gave the atomic ratio of O and

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1643–16481644

Sn elements as 1.93 on the basis of the areas of the O and
Sn peaks within experimental error. Consequently, from the
results of the XRD and XPS measurements the as-synthe-
sized products could be determined as SnO2.

Figure 2. XPS spectra of the SnO2 hollow nanospheres: (a) Sn re-
gion; (b) O region.

The structure and morphology of these hollow SnO2

nanostructures were investigated by TEM. From the pano-
ramic morphology shown in Figure 3 (a), a bright contrast
(dark/bright) between the boundary and the center of the
spheres is seen, confirming their hollow nature. The exter-
nal diameter of the hollow spheres is 80–120 nm and the
thickness of the shell is ca. 10–20 nm. The inset in Figure 3
(a) corresponds to the SAED pattern performed on the
shell, and the circular character indicates the polycrystalline
SnO2 shell. The structural details were investigated from a
high-magnification TEM image (Figure 3, b), revealing that
the shells of hollow SnO2 nanospheres seem to be rough
and consist of nanoparticles with sizes in the range of 3–
5 nm. The high-resolution transmission electron micro-
scopy (HRTEM) images (Figure 3, c) further confirm the
hollow nanostructures. FE-SEM observations also revealed
that the SnO2 nanospheres are hollow, which was learned
from the broken regions of the spheres, as indicated by the
arrows (see part d of Figure 3 and the inset).

It is known that SDBS is an anionic surfactant, which
tends to self-assemble to form aggregates and further lead
to the formation of microemulsions with desired structures
because of its bulky hydrophobic tail compared with the
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Figure 3. Electron microscopy images of the SnO2 nanostructures. (a) TEM images. The inset in (a) is the corresponding ED pattern;
(b) High-magnification TEM image; (c) HRTEM image of an individual SnO2 hollow nanosphere; (d) FESEM image. The upper inset is
the FESEM image of the ‘opened’ structure of a hollow sphere.

hydrophilic group.[19] However, in many systems SDBS mi-
celles become unstable. Thus, terephthalic acid is added to
play the important role of facilitating the formation of more
stable aggregates to provide chemical microenviroments.
Previous investigations of the interaction between SDS,
poly(ethylene glycol) (PEG), and poly(methacrylic acid)
(PMAA) showed that ionic headgroups of SDS repelled the
charged PMAA chains and only hydrocarbon chains of
SDS partitioned into the PEG core of the polymer aggre-
gates. Then PMAA as a shell may be adsorbed onto the
surface of the core, which is made up of PEG and SDS,
through the interaction between the PMAA and PEG.[20]

Thus, we could speculate that the mixture of SDBS and
terephthalic acid in the mixed ethanol and water solutions
could form complex micelles similar to that of the PEG-
PMAA-SDS complex. In this case, ethanol with ethyl and
ethylene oxide groups could interact with anionic SDBS to
form micelles.[21] Terephthalic acid as a shell might be ad-
sorbed onto the surface of the micelles through the interac-
tion between ethanol and terephthalic acid. Such micelles
would function as soft templates and provide the microenvi-
roment in which nucleation and growth of SnO2 could oc-
cur. In this approach, SnO2 was synthesized by the chemical
reaction of SnCl2 and KClO3 in ethanol and water solutions

Eur. J. Inorg. Chem. 2006, 1643–1648 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1645

of terephthalic acid and SDBS, on the basis of the following
equation:
3 Sn2+ + ClO3

– + 3 H2O � 3 SnO2 + Cl– + 6 H+

Terephthalic acid provides the nucleation sites for the
crystallization of SnO2 owing to the interaction of tereph-
thalic acid and Sn2+, which leads to a high local supersatu-
ration of Sn2+ over the micelle periphery.[20] The crystalli-
zation of SnO2 started from these nucleation sites on the
surface of the micelles and the crystals developed outwards
until they collided with each other, leading to the final hol-
low structures. A schematic pattern of the formation pro-
cess was shown in Scheme 1. It is worth noting that the
SnO2 hollow nanospheres, which are attributed to the sim-
ple coordination agent terephthalic acid that can hold Sn2+

ions, formed without a large steric hindrance.
The complex surfactant system was critical in the forma-

tion of hollow nanospheres. If the reaction was carried out
in the absence of terephthalic acid the products were found
to be large amounts of SnO2 nanoparticles and a few hol-
low nanospheres; whereas if the experiment was carried out
without SDBS under similar conditions, only SnO2 nano-
particles were obtained. The results above indicate that sin-
gle SDBS-micelles as soft templates ae unstable, but the
presence of terephthalic acid favored the formation of stable
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Scheme 1. Schematic illustration of the formation process of SnO2

hollow nanospheres: a mixture of SDBS and terephthalic acid com-
plexes in the system � complex micelles were formed � SnO2 par-
ticles formed on the surface of the micelles � SnO2 hollow
nanospheres emerged as the final product.

micelles, and thus further helped the growth of the SnO2

hollow nanospheres. The synergistic effect of terephthalic
acid and SDBS as the soft templates in the formation of
SnO2 hollow nanospheres has been confirmed.

It is known that the solvent composition has a great ef-
fect on the formation of the micelle structures.[15] The sol-
vent composition influences the difference in solubility of
the hydrophilic head and hydrophobic tail of the surfactant,
thus affecting the formation and aggregation of the micelles.
To investigate the effect of the solvent composition, a series
of comparative experiments were carried out. When keeping
other experimental conditions unchanged, the absence of
ethanol would only produce irregular SnO2 particles. When
trace ethanol was introduced into the system, a few hollow
nanospheres appeared in the products. If the volume ratio
of ethanol and water was increased to 1:1 all the samples
had a hollow nanosphere morphology. These results dem-
onstrate that ethanol seems to perform the function of
bridging the SDBS and terephthalic acid, which is consis-
tent with the proposed mechanism above. Moreover, the ad-
dition of ethanol could have increased the solubility of
terephthalic acid in this approach, which facilitated the for-
mation of micelles and was necessary for the formation of
SnO2 hollow nanospheres. However, at a high percentage
of the ethanol solvent only a few SnO2 hollow nanospheres
formed. This may be caused by the lower solubility of
KClO3 at a high ethanol percentage, leading to incomplete
reaction.

The room-temperature PL spectrum of hollow SnO2

nanospheres, as shown in Figure 4, was obtained with an
excitation wavelength of 340 nm. It can be seen that the
spectrum of the sample is characterized by one strong emis-
sion band at 410 nm. Earlier reports indicated that SnO2

thin films exhibit a broad dominant peak near 396 nm
(3.1 eV),[22] and that SnO2 nanoribbons synthesized by self-
catalyst growth have a strong emission band centered at ca.
500 nm because of other luminescence centers, such as crys-
tal defects.[23] The newly observed peaks at 410 nm might
result from other luminescence centers, such as oxygen va-
cancies or tin interstitials in the obtained hollow SnO2

nanospheres.
The hollow structure of the SnO2 hollow nanospheres

was expected to offer advantages in fabricating gas sensors
at room temperature. The room-temperature sensitivity of
the obtained SnO2 hollow nanospheres in response to
C2H5OH was investigated, which is shown in Figure 5 (a).
The gas sensitivity, Sg, was defined as Rair/Rgas, where Rair

and Rgas are the electrical resistances for the sensor in air
and in gas.[24] It can be seen from Figure 5 (a) that the sensi-
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Figure 4. PL spectrum of the SnO2 hollow nanospheres.

tivity of the SnO2 hollow nanospheres gradually increases
with an increase in ethanol gas concentration. To evaluate
the sensitivity of the SnO2 hollow nanospheres, solid SnO2

nanoparticles with a diameter of 5 nm were fabricated ac-
cording to ref.[25] The room-temperature sensitivity of 5 nm
SnO2 nanoparticles is displayed in Figure 5 (b) and com-
pared with that of the hollow nanospheres. As shown in
Figure 5, the sensitivity of the SnO2 hollow nanospheres
versus ethanol concentration was much greater than that
for the SnO2 nanoparticles under the same conditions. For
the sensors, we believe that the higher sensitivity might be
attributed to the hollow structures of the sample, which has
more chance to adsorb and desorb the gas molecules.[24] In
addition, in order to test the reversibility of the sample, the
measurements were repeated more than 10 times and no
major changes in the signals were observed.

Figure 5. Room-temperature sensor sensitivity to ethanol of (a) the
as-prepared SnO2 hollow nanospheres and (b) nanoparticles.

Brunauer–Emmett–Teller (BET) nitrogen adsorption-de-
sorption measurements showed that the surface area of the
hollow SnO2 nanospheres is 44 m2 g–1, whereas the surface
area of SnO2 nanoparticles is 31 m2 g–1. The small differ-
ence between the BET surface area of the SnO2 hollow
nanospheres and the nanoparticles may be attributed to the
fact that the surface of the SnO2 hollow nanospheres is
composed of compact nanoparticles. The superior sensing
properties of the obtained hollow SnO2 nanospheres could
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be because of its porous structure associated with the small
grain size,[6] which enables ethanol gas to access almost all
of the surfaces of the hollow SnO2 nanospheres contained
in the sensing unit. Therefore, hollow SnO2 nanospheres
with a higher surface area have more chances to adsorb
and desorb ethanol gas molecules, which leads to higher
sensitivity at room temperature.

In previous reports, SnO2 nanoparticles were employed
to synthesize the carbon-supported PtSnO2 catalyst, which
promoted catalytic activity of the ethanol electrooxidation
in fuel cells.[11] However, a critical problem with Pt-based
catalysts is their prohibitive cost. Therefore, economical and
effective alternative catalysts are required. Thus, in the cur-
rent work the electrooxidation of ethanol of SnO2 hollow
nanospheres was investigated without Pt, using a well-used
electrochemical reaction in a solution of H2SO4,[26] and the
result indicated that SnO2 hollow nanospheres exhibit a
good electrocatalytic performance for the electrooxidation
of ethanol. Figure 6 shows the cyclic voltammetric re-
sponses of the bare glass carbon electrode (GCE) (a) and
also the SnO2 hollow nanospheres on the glass carbon elec-
trode surface (b) in the presence of ethanol. From the vol-
tammograms in Figure 6 (b), it can be seen that SnO2 hol-
low nanospheres show catalytic behavior for electrooxid-
ation of ethanol by the appearance of an oxidation current
in the positive potential region. The peak potentials for the
oxidation of ethanol were approximately 0.46 V, in agree-
ment with the literature values of ethanol oxidation for the
formation of acetaldehyde.[27,28] The electrochemical reac-
tion can be described by the following equations:
SnO2(CH3CH2OH)ads � SnO2(CH3CHO)ads + 2 H+ + 2 e–

SnO2(CH3CHO)ads � CH3CHO + SnO2

Figure 6. Cyclic voltammograms of the (a) bare glass carbon elec-
trode and (b) SnO2 hollow nanospheres on the glass carbon elec-
trode surface in H2SO4 (0.5 ) and ethanol (0.6 ). Scan rate =
50 mVs–1.

The scission of the alcohol bond occurred at the tin diox-
ide site with the breaking of the C–H bonds. The potential
was about 40 mV more negative than the oxidation peak at
the bare GCE. The peak currents of the hollow nanosph-
eres loading onto the bare GCE and the bare GCE are
46 µA and 31 µA, respectively. The reduction of potential
and the enhancement of the peak current indicates that the
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modified electrode can effectively catalyze the electrooxid-
ation of ethanol. Most probably, the catalytic performance
may be ascribed to the hollow structures. More chemicals
(ions) can be stored in the hollow structures of the sample
with a greater chance of participating in the reactions, thus
greatly improving the catalytic efficiency of the obtained
nanostructures. To test the recycling performance of the
sample, two runs were reperformed under the same condi-
tions. It was found that the catalytic efficiency in the third
cycle was still the same, revealing its excellent recycling per-
formance. Therefore, the SnO2 hollow nanospheres exhib-
ited potential catalytic behavior for the electrooxidation of
ethanol.

Conclusions

The present study describes a micelle system for the prep-
aration of SnO2 hollow nanospheres on a large scale, which
is made up of SDBS and terephthalic acid in mixed ethanol
and water solutions. Their cooperative functions contribute
to the final morphology of the SnO2 hollow nanospheres.
Such a system may represent a promising microreactor for
the synthesis of other inorganic materials with unique prop-
erties. The obtained SnO2 hollow nanospheres exhibit not
only good room-temperature sensitivity to ethanol, but also
potential electrocatalytic activity towards electrooxidation
of ethanol, which may be useful in industrial applications
including catalytic nanoreactors and gas sensors.

Experimental Section
In a typical experimental process, sodium dodecyl benzenesulfonate
(SDBS) (1.4 g, 4 mmol) in distilled water (25 mL) and terephthalic
acid (0.3 g, 2 mmol) in ethanol (25 mL) were loaded into a 60 mL
Teflon-lined stainless steel autoclave, which was stirred for half an
hour. Then SnCl2 (0.45 g, 2 mmol) and KClO3 (0.49 g, 4 mmol)
were added under constant stirring to the solution to form a homo-
geneous solution, which was maintained at 180 °C for 12 h. After
the reaction was completed, the white products were collected from
solution, rinsed several times with distilled water and absolute etha-
nol, and then dried under vacuum at 40 °C for 4 h.

The samples were characterized by X-ray powder diffraction
(XRD) with a Japan Rigaku D/max rA X-ray diffractometer
equipped with graphite-monochromatized high-intensity Cu-Kα ra-
diation (λ = 1.54178 Å), recorded with 2θ ranging from 10 to 70°.
The transmission electron microscopy (TEM) images and electron
diffraction (ED) patterns were performed with a Hitachi Model H-
800 instrument with a tungsten filament, using an accelerating volt-
age of 200 kV. High-resolution transmission electron microscopy
(HRTEM) images were carried out with a JEOL-2010 TEM at an
acceleration voltage of 200 kV. The field emission scanning electron
microscopy (FE-SEM) images were taken with a FEI Sirion-200
SEM. XPS was performed with a ESCALAB MKII with Mg-Kα

(hν = 1253.6 eV) as the excitation source. The binding energies ob-
tained from the XPS spectral analysis were corrected for specimen
charging by referencing C1s to 284.75 eV. The room-temperature
photoluminescence (PL) spectra were performed with a Jobin
Yvon-Labram Steady-State/Lifetime Spectrofluorometer with a
He-Cd laser. Gas-sensing measurements were performed with a
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WS-30A system (Weisheng Instruments Co., Zhengzhou, China).
Brunauer–Emmett–Teller (BET) surface area measurements was
performed with a Micromeritics ASAP-2000 nitrogen adsorption
apparatus. The as-prepared samples were cast as a thin film span-
ning across the two gold electrodes for test. Electrochemical mea-
surements were performed with a CHI 832 electrochemical station
(ChenHua Instruments Co., Shanghai, China). A conventional
three-electrode system was used, consisting of a glassy carbon
(4 mm diameter) working electrode (GCE), platinum wire auxiliary
electrode, and a saturated calomel reference electrode (SCE). The
working electrode was polished with Al2O3 paste and washed ultra-
sonically in distilled water, loading 0.3 mgcm–2. Electrocatalytic
oxidation measurements were carried out in a solution of H2SO4

(0.5 ) and ethanol (0.6 ).
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A discrete tetranuclear manganese(II) complex, {(H3O)2-
Mn4(4-Haba)2(4-aba)6(SCN)4(H2O)2]} (1) and a two-dimen-
sional coordination polymer [Mn(3-aba)2]n (2) (4-Haba = 4-
aminobenzoic acid, 3-Haba = 3-aminobenzoic acid), have
been synthesized and characterized by elemental analyses,
IR, X-ray crystallography, and magnetic susceptibility. In
complex 1, 4-aba in three types of coordination modes con-
nects MnII centers to form a discrete tetranuclear anionic
molecule. Hydrogen bonding interaction links the tetranu-

Introduction

A significant amount of research has been dedicated to
the study of the magnetic behavior of discrete polynuclear
entities and molecule-based coordination polymers with ex-
tended structures.[1–3] The increasing interest in this field is
justified not only by the intellectual challenge of under-
standing the fundamental relationship between structures
and magnetic properties, but also by the development of
new types of functional molecule-based magnetic materi-
als.[4–7] In this context, one of the points to be seriously
considered for the preparation of these magnetic solids is
the choice of appropriate bridging ligands, since they medi-
ate superexchange interactions between the paramagnetic
metal centers. The type, size, shape, flexibility, conforma-
tion, and symmetry of the ligands along with their connec-
tive patterns are all important parameters, affecting the type
and magnitude of the magnetic exchange interaction.[5–8] In
the course of formation of desirable magnetic complexes,
certain features of the organic ligands connecting paramag-
netic metal centers can be utilized and tuned. For example,
the carboxyl group can not only bridge two or more metal
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clear units to generate a one-dimensional supramolecular
chain. In complex 2, 3-aba in an exo-tridentate mode bridges
six-coordinate MnII centers forming a two-dimensional coor-
dination architecture. Studies of the magnetic susceptibilities
of 1 and 2 reveal weak antiferromagnetic exchange interac-
tions between adjacent MnII centers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

centers to produce a wide variety of complexes ranging
from zero-dimensional discrete molecules to three-dimen-
sional architectures, but also can adopt various types of
bridging conformation modes, such as the so-called syn-syn,
syn-anti, and anti-anti modes (Scheme 4). The magnetic
properties are closely related to the bridging modes adopted
by the carboxyl group in these complexes.[9,10] Thus, in
terms of constructing the extended structural motifs, either
di- and muti-carboxyl ligands, or multifunctional carboxyl-
containing ligands incorporating other coordination
groups, such as N, and S, have been employed;[5,11,12] the N
or S donor atoms coordinating to metal centers can result
in fascinating extended complexes with beautiful aesthetics
and useful functional properties.[13,14c] However, owing to
the presence of many subtle factors in the assembly process
and the difficulty in predicting the final architectures, the
rational design of coordination complexes from multifunc-
tional organic ligands and metal ions is still a challenge to
chemists, and a great deal of work is required to extend the
knowledge of relevant magnetic solids and establish proper
synthetic strategies leading to desirable architectures and
useful properties.

As a part of our work towards rational design and prepa-
ration of functional supramolecular complexes with intri-
guing structures and potential applications in optics, electri-
cal conductivity, magnetism, and host-guest chemistry,[14,15]

we have successfully prepared a series of CdII and AgI com-
plexes from the multifunctional organic ligands 4-amino-
benzoic acid (4-Haba) and 3-aminobenzoic acid (3-Haba)
through combination of their amino and carboxyl
groups.[15b,15c] It is known that high-spin manganese()
contains five unpaired electrons and is quite oxophilic, and
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that the assembly of manganese() with organic ligands
containing the carboxyl group is inclined to the formation
of larger clusters and extended solids.[16] Moreover, car-
boxyl-bridged manganese() complexes have been known
to exist at the active centers of some MnII-containing en-
zymes.[17] Recently, we have reported a three-dimensional
manganese() complex from 4-Haba exhibiting ferrimag-
netic and metamagnetic behavior.[15a] Considering the ver-
satile bridging modes of the carboxyl group and efficient
mediation of magnetic coupling in 4-aba and 3-aba, herein,
we wish to report the syntheses and characterization of a
discrete tetranuclear manganese() complex {(H3O)2[Mn4-
(4-Haba)2(4-aba)6(SCN)4(H2O)2]} (1) and a two-dimen-
sional coordination architecture [Mn(3-aba)2]n (2).

Result and Discussion

Synthesis and Characterization

Reaction of MnCl2·4H2O, 4-Haba, and NaN3 at room
temperature produced a three-dimensional complex
[Mn3(4-aba)6]n (3),[15a] in which N3

– is not involved in coor-
dination to the MnII ion and acts as a base to deprotonate
4-Haba. Previous research demonstrates that the assembly
process of 4-Haba and transitional metal ions has been
highly influenced by counter anions, pH value, solvent sys-
tem, and metal-to-ligand ratio besides the coordination na-
ture of the metal ions.[15,18] In some cases, a subtle alter-
ation in any of these factors can result in new complexes
with different structural topologies and different functions.
The successful isolation of 3 prompted us to prepare other
MnII complexes from 4-Haba and 3-Haba through altering
reaction-influencing factors. Instead of N3

–, the use of
SCN– in the presence of NaOH led to a tetranuclear MnII

complex (1), and the reaction of 3-Haba and MnCl2·4H2O
in the presence of either NaN3 or NH4SCN and NaOH
afforded the complex 2. In the preparation of compounds
1–3, the counter anions obviously have an important effect
on their assembly process even if they are not present in the
complexes. We presume that these counter anions coordi-
nate to a part of the metal ions in solution and remain
soluble species, whereas only the insoluble crystalline mate-
rial can be isolated and identified. It is possible therefore,
that the presence of these counter anions is important for
the equilibrium that leads eventually to the isolation of the
polynuclear carboxylates. It is well known that the relative
orientation of the coordination sites in organic ligands is
also one of the most important factors in controlling the
construction of supramolecular architectures.[19] The as-
sembly of organic ligands with different orientations of co-
ordination sites and metal ions can produce different struc-
tural frameworks. Thus, the difference between complex 2
and complex 1 and 3 can be ascribed to the different stereo-
chemistry of the ligands.

The C�N stretching vibration of the thiocyanate group
in 1 appears as a single strong peak at 2085 cm–1, which is
consistent with the occurrence of thiocyanate-N coordina-
tion.[20] The characteristic bands of the carboxyl group of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1649–16561650

4-aba are shown at 1608 cm–1 for antisymmetric stretching
and at 1406 and 1396 cm–1 for symmetric stretching. The
separations (∆) between νasym(–COO) and νsym(–COO) are
202 and 212 cm–1, respectively, revealing that the carboxyl
group of 4-aba functions in different bridging modes. The
IR spectrum of complex 2 shows typical antisymmetric and
symmetric stretching bands of the carboxyl group at 1579
and 1394 cm–1, respectively, the ∆ value is 185 cm–1.

Structural Description

{(H3O)2[Mn4(4-Haba)2(4-aba)6(SCN)4(H2O)2]} (1): Sin-
gle-crystal X-ray diffraction analysis reveals that 1 consists
of a tetranuclear [Mn4(4-Haba)2(4-aba)6(SCN)4(H2O)2]2–

anion and two lattice water molecules; the two lattice water
molecules or two of the total eight amino groups of the
tetranuclear unit are required to be protonated to achieve
overall charge balance. These protons were not located crys-
tallographically and could reside on any of the eight amino
groups or two lattice water molecules. Since the amino
group is more basic than the water molecule, the proton-
ation likely occurs at the amino groups of some ligands.
As shown in Figure 1 (a), there are two crystallographically
independent MnII centers in the tetranuclear anionic frame-
work. Mn(1) is coordinated by two carboxyl oxygen atoms
and one chelating carboxyl group from three different 4-
aba, one water molecule, and one nitrogen atom of the ter-
minal SCN–. However, Mn(2) is coordinated by four car-
boxyl oxygen atoms from different 4-aba, one carboxyl oxy-
gen atom from 4-Haba, and one nitrogen atom of the ter-
minal SCN–. Thus, Mn(1) and Mn(2) are in a highly dis-
torted octahedral geometry. Mn(1)–O(21)–Mn(2) and
Mn(1)–O(41)–Mn(2) bond angles are 94.30(14) and
98.59(15)°, respectively. The SCN– groups are almost linear
with the N(1)–C(1)–S(1) and N(2)–C(2)–S(2) bond angles
being 177.8(6) and 179.0(8)°, respectively. The connections
between MnII and SCN– groups are slightly bent with the
C(1)–N(1)–Mn(2) and C(2)–N(2)–Mn(1) bond angles being
151.5(5) and 168.4(6)°, respectively. 4-Haba acts as a mono-
dentate ligand through one carboxylic oxygen atom coordi-
nating to Mn(2) (Scheme 1, a). However, 4-aba has three
distinctly different coordination modes, in which the amino
nitrogen atom is not involved in coordination with MnII:
one behaves in a µ2-η2-carboxyl bridging mode (Scheme 1,
b); the second adopts a µ2-chelating/bridging mode
(Scheme 1, c); and the third acts as a µ3-carboxyl bridge
(Scheme 1, d). Thus, Mn(1) and Mn(2) are linked together
by three different types of 4-aba through one syn-syn µ-
carboxyl bridge (Scheme 1, b), two µ-O atoms from the µ2-
chelating/bridging carboxyl group (Scheme 1, c), and the
µ3-carboxyl group (Scheme 1, d), respectively. The separa-
tion of Mn(1)···Mn(2) is 3.407 Å. A similar molecular ge-
ometry to this kind of connection has been found in
[Mn3(HCOO)6], where the Mn–Mn connectivity is
3.625 Å.[21] The other oxygen atom in the µ3-carboxyl group
of 4-aba (Scheme 1, d) coordinates to Mn(2) and further
links the two independent MnII into a tetranuclear MnII
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Figure 1. (a) View of the tetranuclear MnII anionic framework in 1. (A) 2 – x, 1 – y, 1 – z. (b) View of a one-dimensional hydrogen
bonding chain consisting of tetranuclear MnII anions in 1.

cluster, in which the Mn(2)···Mn(2A) and Mn(1)···Mn(2A)
separations bridged by the carboxyl group of 4-aba are
5.058 and 6.150 Å, respectively. The topology of the rhom-
bic tetranuclear MnII cluster is rather unusual, and it has
an unprecedented [Mn4(µ3-4-aba)2(µ2-η2-4-aba)2] core,
which is different to several rhombic or butterfly-like tetra-
nuclear Mn clusters with an [Mn4(µ-carboxylic)] or

Scheme 1. Coordination modes of 4-Haba and 4-aba in 1.

Eur. J. Inorg. Chem. 2006, 1649–1656 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1651

[Mn4(µ3-phth)2] core that have been reported.[22] The hydro-
gen bonding interaction between the coordinated water
molecule and the µ-O atom in the µ3-carboxyl of 4-aba
[OW1–H(1)···O(41)i 2.854(7) Å; symmetry code (i) –x + 1,
–y + 1, –z + 1] cross-links the tetramers into a one-dimen-
sional supramolecular chain. The closest Mn···Mn distance
between adjacent tetramers in the chain is 4.994 Å (Fig-
ure 1, b).

[Mn(3-aba)2]n (2): Complex 2 is a two-dimensional coor-
dination polymer based on infinite Mn–O–C–O chains. As
shown in Figure 2 (a), Mn(1) is in a slightly distorted octa-
hedral coordination environment and is coordinated by four
carboxyl oxygen atoms and two nitrogen atoms from six
different 3-aba. Four carboxyl oxygen atoms comprise the
equatorial plane and MnII is coplanar with the mean plane
of four equatorial carboxyl oxygen atoms, and the two
amino nitrogen atoms occupy the axial positions. The bond
angles between the cis donors around MnII range from
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85.27(17) to 94.73(17)°. The Mn–N bond length of
2.290(5) Å is slightly longer then the Mn–O bond lengths
of 2.150(4) and 2.201(4) Å, suggesting an elongated octahe-
dron. In addition, 3-aba acts as an exo-tridentate bridge
through the amino nitrogen atom and µ2-η2-carboxyl group
(Scheme 2). The carboxyl group is slightly distorted with
respect to the phenyl ring with the dihedral angle between
them being 11.8°. The double syn-syn mode µ1,3-carboxyl
bridges coming from two different 3-aba ligands exist
between neighboring MnII ions forming an infinite
Mn–O–C–O chain with the C–O–Mn bond angles being
124.6(3) and 133.8(3)°. The closest Mn···Mn distance
within the chain is 4.607 Å. As shown in Figure 2 (b), the
chains are cross-linked into a two-dimensional layer struc-
ture through the amino nitrogen atom of 3-aba coordinat-
ing to the remaining coordination sites of MnII. The short-
est inter-chain Mn···Mn distance is 8.129 Å. There are no

Figure 2. (a) View of the coordination environment around MnII

in 2. (A) 1 – x, –y, 1 – z; (B) 1 – x, –y – 1, 1 – z; (C) x, 1 + y, z;
(D) x – 1/2, –y – 1/2, z – 1/2; (E) 3/2 – x, 1/2 + y, 3/2 – z. (b) View
of a pack diagram along the a axis showing the two-dimensional
network in 2.

Scheme 2. Coordination mode of 3-aba in 2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1649–16561652

other short contacts or noteworthy aryl-aryl interactions
between the adjacent two-dimensional layers.

Magnetic Properties

The magnetic susceptibilities of complexes 1 and 2 were
measured in the 2–300 K temperature range and are shown
in Figure 3 and Figure 4, respectively. The experimental
χmT values of 1 and 2 at room temperature are 4.66 and
4.24 cm3·mol–1·K per MnII, respectively, close to the spin-
only value expected for an uncoupled high-spin MnII ion
(4.38 cm3·mol–1·K). As the temperature is lowered to 2 K,
the χmT products decrease first slowly and then rapidly. The
behavior suggests that antiferromagnetic interactions are
operative in the two complexes. The temperature depen-
dence of the reciprocal susceptibilities (1/χm) obeys the Cu-
rie–Weiss law above 5 K for 1 and 15 K for 2 with θ = –8.9
and –13.9 K for 1 and 2, respectively. The negative θ values
support the presence of overall antiferromagnetic interac-
tions in the two complexes.

The crystallographic data of 1 suggest that there are
three different types of superexchange pathways within the
tetranuclear unit, which can be schematized as shown in
Scheme 3. Therefore, the magnetic data of 1 should be ana-
lyzed by an analytical expression based on the Hamiltonian
in Equation (1).

H = –2J1S1S2 – 2J2(S1S3 + S2S4) – 2J3(S1S4 + S2S3) (1)

Scheme 3. Spin topology for 1 assuming three different J values.

Calculations were performed with the magnetism pack-
age MAGPACK.[23] The best-fit parameters obtained were
J1 = –1.84(1) cm–1, J2 = –0.18(2) cm–1, J3 = 0.02(1) cm–1, g
= 2.090(2) and R = 2.6·10–4 (R = ∑[(χmT)obs

2 – (χmT)calc
2]/

∑[(χmT)obs
2]). As expected from the structural parameters

depicted in Scheme 3, the results show the presence of two
antiferromagnetic and one very weak ferromagnetic interac-
tion. The difference in the magnetic exchange interactions
found for 1 can be satisfactorily explained in terms of the
conformation modes of the carboxyl bridge. The exchange
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Figure 3. Temperature dependence of χm (�) and χmT (�) values for complex 1. The solid lines correspond to the best-fit curves using
the parameters described in the text.

Figure 4. Temperature dependence of χm (�) and χmT (�) values for complex 2. The solid lines correspond to the best-fit curves using
the parameters described in the text.

coupling through the carboxyl bridge is highly dependent
on the conformation modes (Scheme 4) of the bridge be-
tween the metal centers.[16b] The syn-syn mode provides
small metal–metal distances and a good overlap of mag-
netic orbitals, which usually induces antiferromagnetic
coupling in MnII polynuclear complexes.[24] The syn-anti
mode induces much smaller J values because of the ex-
panded metal center and a mismatch in the orientation of
magnetic orbitals.[8b,9] The few examples involving the anti-
anti mode indicated that this coupling is weakly ferromag-
netic or antiferromagnetic.[9,25] Coupling J1 arises from the
double syn-syn carboxyl bridge and gives a weak antiferro-
magnetic coupling in this case, but coupling J3 through the
single anti-anti carboxyl bridge gives very weak ferromag-
netic coupling. The J1 value is larger than the J3 value,
which shows that the syn-syn carboxyl bridge is more favor-
able than the anti-anti mode for transmission of the mag-
netic coupling interaction.[9,26] In the coupling J2, the effect
of the two carboxyl bridges in syn-syn and syn-anti configu-
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ration is antiferromagnetic, but the two µ–O bridges with
Mn–O–Mn angles of 98.59° and 94.30° may show weak fer-
romagnetic coupling and will reduce the antiferromagnetic
contribution.[27]

The situation for 2 is much simpler. Magnetically, 2 is a
uniform chain, in which there is only one type of superex-
change pathway: the double syn-syn mode carboxyl bridge.
The interchain magnetic interactions should be much
weaker. The magnetic interaction within the chain can be
expressed by the isotropic Hamiltonian H = –2JΣSiSi+1,
where J is the coupling constant between neighboring metal
ions. To simulate the experimental magnetic behavior, we
used the analytical expression derived by Fisher[28] for a
one-dimensional Heisenberg chain of classical spins [S = 5/
2, Equation (2)].

χchain = [Ng2β2S(S + 1)/(3kT)][(1 + u)/(1 – u)] (2)

where N is Avogadro’s number, β is Bohr’s magneton, k
is Boltzmann’s constant, and u is the well-known Langevin
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Scheme 4. Schematic representations of the coordination modes for the carboxylate bridges and the overlap of d-p magnetic orbitals.

function: u = coth[2JS(S + 1)/kT] – kT/[2JS(S + 1)]. To
take into account the interchain interaction, we applied the
molecular field approximation [Equation (3)].[29]

χ = χchain /[1 – (2zJ�/Ng2β2)χchain] (3)

The best least-squares fit of the theoretical equation to
experimental data leads to J = –0.640(3) cm–1, 2zJ� =
0.070(1) cm–1, and g = 2.000(2). The J value suggests that
a weak antiferromagnetic interaction between neighboring
MnII ions is mediated through the double syn-syn mode µ2-
carboxyl bridges. It is comparable to those reported for
other MnII species with similar double carboxyl bridges.[16c]

Conclusions

One tetranuclear manganese() complex and one two-
dimensional coordination polymer based on infinite Mn–
O–C–O chains from 4-Haba and 3-Haba, respectively, have
been synthesized and characterized crystallographically and
magnetically. The structural difference between 1 and 2 is
ascribed to the relatively different orientation of coordina-
tion sites of 4-aba and 3-aba. The analysis of the magnetic
properties of 1 and 2 suggests weak antiferromagnetic inter-
actions. Three types of magnetic interaction operative in
complex 1 result in an overall antiferromagnetic behavior,
as indicated by the temperature dependence of the magnetic
susceptibility. Complex 2 exhibits weak antiferromagnetic
interactions through double µ2-η2-carboxyl bridges within
the chain.

Experimental Section
General: All reagents were commercially available and used as pur-
chased. The IR spectra (KBr disk) were recorded with a Magna 750
FT-IR spectrophotometer. C, H, and N elemental analyses were
determined with an Elementary Vario ELIII elemental analyzer.
Variable-temperature magnetic susceptibilities were measured with
a Quantum Design MPMS SQUID magnetometer equipped with
a 5 kOe magnet in the temperature range 2–300 K. The observed
susceptibility data were corrected for underlying diamagnetism by
using Pascal’s constants.[1b]

Synthesis of {(H3O)2[Mn4(4-Haba)2(4-aba)6(SCN)4(H2O)2]} (1): A
solution of MnCl2·4H2O (0.10 g, 0.5 mmol) and NH4SCN (0.08 g,
1.0 mmol) in H2O (10 mL) was added slowly to a solution of 4-
aminobenzoic acid (0.07 g, 0.5 mmol) in ethanol (10 mL) under
stirring, then 0.1 mol·L–1 NaOH aqueous solution was added drop-
wise to the reaction mixture until a small amount of precipitate
was formed (pH = 4.0–4.5). The precipitate was filtered off and the
filtrate was allowed to stand at room temperature for about
2 weeks, yellow crystals were produced. Yield: 0.13 g (61%).
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C30H30Mn2N6O10S2 (808.60): calcd. C 44.56, H 3.71, N 10.39;
found C 44.51, H 3.67, N 10.35. IR (KBr): ν̃ = 3460 (w), 3365 (s),
3271 (m), 2085 (s), 1608 (s), 1574 (w), 1528 (s), 1508 (s), 1406 (vs),
1396 (vs), 1327 (w), 1292 (w), 1261 (w), 1184 (w), 1174 (w), 1128
(vw), 1093 (vw), 1014 (vw), 978 (w), 957 (vw), 850 (vw), 789 (m),
700 (vw), 621 (w), 552 (vw), 492 (vw) cm–1.

Synthesis of [Mn(3-aba)2]n (2): The procedure is similar to the syn-
thesis of 1 except that 3-aminobenzoic acid (0.07 g, 0.5 mmol) was
used instead of 4-aminobenzoic acid. Yield: 0.09 g (55%).
C14H12MnN2O4 (327.2): calcd. C 51.39, H 3.67, N 8.56; found C
51.35, H 3.61, N 8.53. IR (KBr): ν̃ = 3358 (m), 3284 (w), 1579 (m),
1547 (s), 1454 (m), 1394 (s), 1311 (vw), 1246 (w), 1120 (vw), 1074
(vw), 976 (m), 924 (w), 912 (w), 901 (w), 787 (m), 775 (s), 690 (vw),
669 (vw), 565 (vw), 546 (vw), 517 (vw) cm–1. Compound 2 can also
be obtained through the directed reaction of 3-Haba, MnCl2·4H2O,
and NaN3 in EtOH/H2O at room temperature.

Table 1. Selected bond lengths [Å] and angles [°] for 1 and 2.

Complex 1

Mn(1)–O(12) 2.093(4) Mn(1)–N(2) 2.122(7)
Mn(1)–O(W1) 2.184(4) Mn(1)–O(42) 2.220(4)
Mn(1)–O(21) 2.257(4) Mn(1)–O(41) 2.401(4)
Mn(2)–O(11) 2.095(4) Mn(2)–N(1) 2.164(6)
Mn(2)–O(31) 2.186(4) Mn(2)–O(22A) 2.198(4)
Mn(2)–O(21) 2.238(4) Mn(2)–O(41) 2.244(4)

O(12)–Mn(1)–N(2) 108.2(2) O(12)–Mn(1)–O(W1) 89.28(17)
N(2)–Mn(1)–OW1 89.6(2) O(12)–Mn(1)–O(42) 148.26(18)
N(2)–Mn(1)–O(42) 103.4(2) O(W1)–Mn(1)–O(42) 87.34(18)
O(12)–Mn(1)–O(21) 94.53(16) N(2)–Mn(1)–O(21) 90.4(2)
O(W1)–Mn(1)–O(21) 176.00(17) O(42)–Mn(1)–O(21) 88.78(15)
O(12)–Mn(1)–O(41) 93.94(16) N(2)–Mn(1)–O(41) 154.1(2)
O(W1)–Mn(1)–O(41) 104.41(17) O(42)–Mn(1)–O(41) 56.64(15)
O(21)–Mn(1)–O(41) 74.16(14) O(11)–Mn(2)–N(1) 92.83(19)
O(11)–Mn(2)–O(31) 171.89(18) N(1)–Mn(2)–O(31) 94.87(19)
O(11)–Mn(2)–O(22A) 93.59(16) N(1)–Mn(2)–O(22A) 94.5(2)
O(31)–Mn(2)–O(22A) 83.31(16) O(11)–Mn(2)–O(21) 89.19(16)
N(1)–Mn(2)–O(21) 167.71(19) O(31)–Mn(2)–O(21) 83.81(16)
O(22A)–Mn(2)–O(21) 97.51(16) O(11)–Mn(2)–O(41) 90.35(16)
N(1)–Mn(2)–O(41) 90.17(19) O(31)–Mn(2)–O(41) 92.14(15)
O(22A)–Mn(2)–O(41) 173.76(16) O(21)–Mn(2)–O(41) 77.69(15)

Complex 2

Mn–O(1) 2.150(4) Mn–O(2B) 2.201(4)
Mn–N(1D) 2.290(5)

O(1)–Mn–O(2C) 88.94(15) O(1)–Mn–O(2B) 91.06(15)
O(1)–Mn–N(1D) 90.41(16) O(1A)–Mn–O(2C) 91.06(15)
O(2C)–Mn–N(1D) 94.73(17) O(2B)–Mn–N(1D) 85.27(17)
O(1A)–Mn–N(1E) 90.41(16) O(1)–Mn–N(1E) 89.59(16)
O(2C)–Mn–N(1E) 85.27(17) O(2B)–Mn–N(1E) 94.73(17)
Symmetry code: 1 (A) –x + 2, –y + 1, –z + 1; 2 (A) –x + 1, –y, –z + 1;
(B) –x + 1, –y – 1, –z + 1; (C) x, y + 1, z; (D) x – 1/2, –y – 1/2, z – 1/2;
(E) –x + 3/2, y + 1/2, –z + 3/2
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X-ray Crystallography: Intensity data for 1 and 2 were measured
with a Siemens Smart CCD diffractometer with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å) at room temperature.
All empirical absorption corrections were applied using the SAD-
ABS program.[30] The structures were solved by direct methods[31]

and refined on F2 by full-matrix least-squares using the SHELXL-
97 program package.[32] The positions of H atoms were generated
geometrically (C–H bond fixed at 0.96 Å), assigned isotropic ther-
mal parameters, and allowed to ride on their parent carbon atoms
before the final cycle of refinement. No attempt was made to locate
the hydrogen atoms of water. The selected bond lengths and angles
for 1 and 2 are listed in Table 1.

Crystal Data for 1: C30H30Mn2N6O10S2, Mr = 808.60,
0.46×0.34×0.26 mm, triclinic, space group P1̄ (No. 2), a =
12.2553(2), b = 12.28000(10), c = 12.2833(2) Å, α = 80.774(1), β =
85.798(1), γ = 67.587(1)°, V = 1686.68(4) Å3, Z = 2, Dc = 1.592 g/
cm3, F(000) = 828, Mo-Kα radiation, λ = 0.71073 Å, T = 173(2) K,
2θmax = 50.1°, 8783 reflections collected, 5900 unique (Rint =
0.0320). Final GooF = 1.088, R1 = 0.0738, wR2 = 0.1414, R indices
based on 4667 reflections with I � 2σ(I) (refinement on F2), 455
parameters, µ = 0.938 mm–1.

Crystal Data for 2: C14H12MnN2O4, Mr = 327.20,
0.30×0.26×0.20 mm, monoclinic, space group P21/n (No. 14), a =
8.8522(17), b = 4.6071(9), c = 15.377(3) Å, β = 105.279(3)°, V =
604.9(2) Å3, Z = 2, Dc = 1.796 g/cm3, F(000) = 334, Mo-Kα radia-
tion, λ = 0.71073 Å, T = 293(2) K, 2θmax = 50.2°, 1785 reflections
collected, 1054 unique (Rint = 0.0400). Final GooF = 1.247, R1 =
0.0603, wR2 = 0.1243, R indices based on 866 reflections with I �

2σ(I) (refinement on F2), 121 parameters, µ = 1.110 mm–1.

CCDC-288647 and -288648 (for 1 and 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Figure S1, packing diagram of 1 along the c
axis and Figure S2, packing diagram of 2 along the b axis.
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The reaction of [LiAl(PHMe)4] with iPr2SiCl2 yields the dialk-
yldiphosphanylsilane iPr2Si(PHMe)2 (1). This compound is
formed as a diastereomeric mixture and was identified by
NMR spectroscopy and mass spectrometry. Silane 1 reacts
with [Sn{N(SiMe3)2}2] and [Zn{N(SiMe3)2}2] to form the poly-
cyclic compounds [Sn{SnN(SiMe3)2}2{iPr2Si(PMe)2}2] (2) and
[{ZnN(SiMe3)2}3{iPr2Si(PMe)2}2H] (3), respectively. The tricy-
clic compound 2 possesses one Sn–Sn bond and contains tin

Introduction

In the last few years reactions of primary silylphosphanes
or -arsanes (R3SiEH2; E = P, As) with amide or alkyl com-
pounds of different main- and subgroup metals have been
applied several times to synthesise metal–phosphorus and
metal–arsenic compounds.[1–3] Cyclic and cage-like species
were obtained by these reactions. The molecular structures
of the reaction products can be influenced by the silyl
groups attached to the P or As atom. The reactions of
[Sn{N(SiMe3)2}2] with R3SiEH2 (E = P, As) serve as an
example. Thus, the hexagonal-prismatic compounds [SnE-
SiiPr3]6 (E = P, As) are formed starting from iPr3SiEH2,
whereas the reaction of tBu3SiPH2 with [Sn{N(SiMe3)2}2]
yields the heterocubane [SnPSitBu3]4.[2] Recently, it was
shown that the diisopropyldiphosphanylsilane iPr2Si(PH2)2

is a very promising starting compound for the formation of
novel ternary clusters. For example, it reacts with MEt3 (M
= Al, Ga, In) to form the ternary compounds [iPr2Si{P(H)-
MEt2}2]2 (M = Al, Ga, In), which exhibit an M4P4Si2 ada-
mantane cage as the central structural motif.[3] In this pa-
per, the synthesis of the new diphosphanylsilane
iPr2Si(PHMe)2 and its reactions with the metal amides
[Sn{N(SiMe3)2}2] and [Zn{N(SiMe3)2}2], as well as with the
alkyl compounds AlEt3 and GaEt3, are described.
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atoms in the formal oxidation states +1, +2 and +3. The cen-
tral structural motif of the zinc–phosphorus cluster 3 is a
Zn3P4Si2 cage. The compounds [iPr2Si{P(Me)MEt2}2]2 (4: M =
Al; 5: M = Ga), which feature an adamantane-like cage
formed by four metal, four phosphorus and two silicon atoms
can be obtained by the reaction of 1 with MEt3 (M = Al, Ga).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

A solution of [LiAl(PHMe)4] in DME was treated with
iPr2SiCl2 and furnished the dialkyldiphosphanylsilane
iPr2Si(PHMe)2 (1) in about 30% yield. Because of the high
inversion barrier of the phosphorus atoms, compound 1
forms as a diastereomeric mixture. Therefore, the 31P{1H}
NMR spectrum of 1 shows two singlet signals at δ = –190.2
and –193.1 ppm. Two triplets at δ = 19.3 and 21.3 ppm,
with 1JSi,P coupling constants of 44 and 45 Hz, can be ob-
served in the 29Si{1H} NMR spectrum. In the 1H NMR
spectrum, the signals of the diastereomers are superposed.
One can observe a multiplet for the methyl groups at δ =
0.93 ppm, a multiplet for the isopropyl groups at δ =
1.06 ppm, and a quadruplet of doublets for the PH protons
at δ = 2.20 ppm. The phosphorus-decoupled 1H NMR
spectrum shows two doublets at δ = 0.94 and 0.93 ppm for
the methyl groups, with 3JH,H coupling constants of 7.4 Hz.
The mass spectrum of 1 shows the molecular peak at m/z
= 208, as well as peaks for the fragments [M+ – Me], [M+ –
PHMe] and [M+ – C3H6].

Compound 1 reacts with [Sn{N(SiMe3)2}2] in heptane to
give a red solution from which orange crystals can be ob-
tained at –35 °C. An X-ray crystal structure determination
revealed that [Sn{SnN(SiMe3)2}2{iPr2Si(PMe)2}2] (2) (Fig-
ure 1) has been formed.[4] This compound shows a polycy-
clic Sn3P4Si2 core structure, which is formed by two Sn2P2Si
rings and one Sn2P2 ring. Two of the tin atoms bear one
N(SiMe3)2 substituent each, whereas the central tin atom
has no exocyclic ligands. Remarkably, a tin–tin bond
[Sn(1)–Sn(3)] appears in the molecular structure of 2, hence
compound 2 contains three electronically different tin
atoms.[5] The 119Sn Mössbauer spectrum (recorded at 77 K
with a BaSnO3 source) could be fitted with six Lorentzian
lineshape components at 4.0, 3.3, 2.5, 2.1, 1.6, and
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1.3 mms–1 with approximately equal intensities. The line-
widths of these components (0.8 mms–1) are close to the
expected natural linewidth. These six Lorentzians most
likely comprise three spectral components that are split into
doublets by nuclear electronic quadrupolar interactions
with the spin 3/2 nuclear excited state of 119Sn, consistent
with the expectation of three distinct crystallographic sites.
As there is currently no body of suitable reference data, we
cannot identify the specific sets of lines making up these
three quadrupolar doublets with certainty. In view of the
crystallographic information, it appears plausible, however,
to group these six lines into one doublet centred near
1.5 mms–1, characterised by a rather small quadrupolar
splitting [this doublet is most likely assignable to the four-
coordinate Sn(3) site], and two doublets having relatively
large quadrupolar splittings, which are assigned to the
three-coordinate Sn(1) and Sn(2) sites. While we cannot
specify isomeric shifts and quadrupolar splitting param-
eters of Sn(1), Sn(2) and Sn(3) beyond doubt at the present
time, we can nevertheless conclude that the Mössbauer
spectrum is consistent with the proposed structure.

Figure 1. Molecular structure of 2. Selected bond lengths [pm] and
angles [°]: Sn(1)–Sn(3) 288.1(1), Sn(1)–P(1) 263.2(1), Sn(1)–P(3)
261.5(1), Sn(2)–N(1) 210.6(4), Sn(2)–P(1) 266.9(1), Sn(2)–P(3)
270.1(1), Sn(3)–N(2) 210.4(3), Sn(3)–P(2) 256.1(1), Sn(3)–P(4)
256.9(1), Si(1)–P(1) 226.4(1), Si(1)–P(2) 226.8(1), Si(2)–P(3)
226.8(2), Si(2)–P(4) 224.8(2); P(1)–Sn(1)–Sn(3) 84.66(3), P(3)–
Sn(1)–Sn(3) 86.03(3), P(1)–Sn(1)–P(3) 84.47(3), P(2)–Sn(3)–P(4)
107.93(4), P(2)–Sn(3)–Sn(1) 111.26(3), P(4)–Sn(3)–Sn(1) 110.33(3),
P(1)–Sn(2)–P(3) 82.12(4), P(1)–Si(1)–P(2) 105.73(5), P(3)–Si(2)–
P(4) 111.33(3), Sn(1)–P(1)–Sn(2) 93.46(4), Si(1)–P(2)–Sn(3)
101.16(5), Sn(1)–P(3)–Sn(2) 93.09(3), Si(2)–P(4)–Sn(3) 100.13(5).

In the 31P{1H} NMR spectrum of 2 one signal with one
pair of Sn satellites at δ = –181.5 ppm (1JP,Sn = 948 Hz),
which corresponds to P(2) and P(4), and another signal
with two pairs of Sn satellites at δ = –176.6 ppm (1JP,Sn =
1105 and 935 Hz), which corresponds to P(1) and P(3), can
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be observed. The 117Sn NMR spectrum shows three broad
signals with a triplet structure at δ = 39, 172 and 290 ppm.

The Sn(1)–Sn(3) bond length of 288.1 pm is within the
usual range for Sn–Sn single bonds; the Sn–P bonds in
compound 2 are between 256.1 and 266.9 pm. In the mixed-
valence Sn/P cluster [Sn8(PSiiPr3)6Cl2] described recently,
the Sn–Sn bonds are in the range 283.4–288.8 pm and the
Sn–P bonds are in the range 253.8–272.8 pm.[6]

The reaction of 1 with the zinc amide [Zn{N(SiMe3)2}2]
in heptane yields a colourless solution from which crystals
of [{ZnN(SiMe3)2}3{iPr2Si(PMe)2}2H] (3) can be obtained.
Compound 3 crystallises in the orthorhombic space group
Pna21 and was refined as an inversion twin (Figure 2). The
molecular structure contains a heavily folded six-membered
Zn3P3 ring. Each zinc atom binds to one exocyclic
N(SiMe3)2 substituent, and each phosphorus atom bears
one methyl group. Two of the phosphorus atoms [P(1) and
P(2)] of this ring are further connected by an SiiPr2 group
to form a four-membered ZnP2Si ring. The third phospho-
rus atom [P(3)] binds to an SiiPr2PHMe fragment. The
phosphorus atom of this PHMe group [P(4)] coordinates
the opposite zinc atom of the ring [Zn(1)]. Therefore, Zn(1)
has a coordination number of four, whereas Zn(2) and
Zn(3) have a trigonal-planar coordination. Due to the lower
coordination, the Zn–P and Zn–N bonds at Zn(2) and
Zn(3) are significantly shorter than to Zn(1) [Zn(1)–P =
246.6–250.1 ppm, Zn(1)–N = 192.3 pm, Zn(2,3)–P = 234.9–
241.2 ppm, Zn(2,3)–N = 189.8 and 189.2 pm]. In the zinc–
phosphorus ring compound [MeZn{µ-P(SiMe3)2}]3, in
which the coordination of all Zn atoms is trigonal-planar,
the Zn–P bonds are, on average, 238 pm long.[7] The ring
compound [Zn2Cl2{µ-P(SiMe3)2}2(PnPr3)2] shows Zn
atoms with coordination number four due to the coordina-
tion of additional phosphane ligands. In this compound,
the Zn–P(µ2) bonds are 242.6 to 244.7 pm long, whereas
the terminal Zn–P bonds amount to 240.8–243.0 pm.[8] The
hydrogen atom at P(4) could not be satisfactorily fitted in
the difference map; however, the 1H and 31P NMR spectra
of 3 give clear evidence for the presence of a hydrogen atom.
Beside the signals of the PMe, SiMe3 and SiiPr2 groups, the
1H NMR spectrum shows a weak doublet of multiplets
with a 1JP,H coupling constant of 270 Hz; in the 1H{31P}
NMR spectrum this signal appears as a quadruplet with a
3JH,H coupling constant of 7.5 Hz. In the 31P{1H} NMR
spectrum four multiplets for the four different phosphorus
atoms in 3 can be observed in the range from δ = –150 to
–200 ppm (ABCD spin system). In the 31P NMR spectrum
the signal at δ = –155 ppm is further split by a 1JP,H coup-
ling (see Figure 3a,b), therefore this signal can be assigned
to P(4). Quantum chemical calculations with the Turbom-
ole program package were applied to allocate the three re-
maining multiplets to specific P atoms. The method applied
was DFT with the BP86 functional and a TZVPP basis set
for all atoms;[9,10] for performance reasons the resolution-
of-identity (RI) approximation was used.[11] The reference
for the chemical shifts was H3PO4, computed with the same
parameters as were used for the cluster. Those calculations
that gave chemical shifts closest to the experimental values
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were performed as single-point calculations with the geome-
try obtained from the X-ray structure analysis. As the posi-
tion of the hydrogen atom at P(4) could not be determined
by the experiment, its distance to the phosphorus atom was
varied systematically. Geometry optimisations with dif-
ferent basis sets led to deviations from the experimental val-
ues of about δ = 15–30 ppm, although the order of peaks
for P(1), P(2) and P(3) was always retained. For a given
geometry of the cluster, the shift of P(4) is extremely sensi-
tive to the P–H distance and the H–P–C bond angle. Thus,
the correct combination of distance and angle could not
definitely be fixed. The best agreements were achieved for a
distance of about 150 pm at an angle of 100°. The resulting
chemical shifts are given in Table 1.

Figure 2. Molecular structure of 3. Selected bond lengths [pm] and
angles [°]: Zn(1)–P(1) 250.1(2), Zn(1)–P(2) 246.6(3), Zn(1)–P(4)
249.5(4), Zn(1)–N(1) 192.3(7), Zn(2)–P(1) 236.7(2), Zn(2)–P(2)
241.2(2), Zn(2)–N(2) 189.8(6), Zn(3)–P(2) 234.9(3), Zn(3)–P(3)
238.8(2), Zn(3)–N(3) 189.2(6), P(1)–Si(1) 224.6(4), P(2)–Si(1)
227.4(4), P(3)–Si(2) 224.2(3), P(4)–Si(2) 219.5(5); P(1)–Zn(1)–P(2)
81.13(8), P(1)–Zn(1)–P(4) 95.47(13), P(2)–Zn(1)–P(4) 109.15(12),
P(1)–Zn(2)–P(3) 109.66(8), P(2)–Zn(3)–P(3) 106.56(8), Si(1)–P(1)–
Zn(2) 106.42(12), Si(1)–P(1)–Zn(1) 87.65(10), Si(1)–P(2)–Zn(3)
107.44(12), Si(1)–P(2)–Zn(1) 87.88(11), Si(2)–P(3)–Zn(3)
103.96(11), Si(2)–P(4)–Zn(1) 124.61(18), P(1)–Si(1)–P(2) 91.21(12),
P(3)–Si(2)–P(4) 102.54(14).

A complete analysis of the 31P NMR spectrum by an
iterative optimisation of the coupling constants yielded the
values JP1,P2 = 302.4, JP1,P3 = 202.4, JP1,P4 = 168.8, JP2,P3

= 217.3, JP2,P4 = 134.1, JP3,P4 = 93.2 Hz and 1JP4,H =
272.7 Hz; the simulated spectrum is shown in Figure 3c.[12]

Compound 1 reacts with MEt3 (M = Al, Ga) in heptane
at ambient temperature with elimination of ethane.
Recrystallisation from benzene yielded colourless crystals
of the composition [iPr2Si{P(Me)MEt2}2]2·2C6H6 (4: M =
Al; 5: M = Ga). The molecular structures of 4 and 5 (Fig-
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Figure 3. 31P NMR spectra of 3 (C6D6): a) experimental 31P{1H}
NMR spectrum; b) experimental 31P NMR spectrum; c) simulated
31P NMR spectrum.

Table 1. Calculated and experimental 31P chemical shifts for com-
pound 3.

P(1) P(2) P(3) P(4)

Calculated –157 –171 –190 –151
Experimental –164 –179 –193 –155

ure 4) are almost identical to the compounds [iPr2Si{P(H)-
MEt2}2]2 (M = Al, Ga, In), described recently, but with
methyl groups bound to the phosphorus atoms instead of
hydrogen atoms.[3] The central structural motif is an ada-
mantane-like cage of four aluminium or gallium atoms, four
phosphorus and two silicon atoms. The phosphorus atoms
are in the bridgehead positions and the metal and silicon
atoms are in the secondary positions. This results in an
eight-membered M4P4 (M = Al, Ga) ring where the oppo-
site phosphorus atoms [P(1), P(3) and P(2), P(4)] are
bridged by iPr2Si groups on different sides of the ring. The
M4P4 ring is therefore strongly distorted and shows a boat-
like conformation. The observed P–M and P–Si bond
lengths are in the typical range for single bonds between
these elements [4: Al–P = 242.8(1)–244.3(1), P–Si =
228.5(1)–228.8(1) pm; 5: Ga–P = 241.5(1)–243.5(1), P–Si =
228.2(2)–229.3(2) pm]. Each of the metal atoms is bound to
two exocyclic ethyl groups, and the silicon atoms possess
two isopropyl groups each.
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Figure 4. Molecular structure of 5. Selected bond lengths [pm] and
angles [°]: Ga(1)–P(1) 243.5(1), Ga(1)–P(4) 241.5(1), Ga(2)–P(1)
242.1(1), Ga(2)–P(2) 242.2(1), Ga(3)–P(2) 242.0(1), Ga(3)–P(1)
241.5(1), Ga(4)–P(3) 242.4(1), Ga(4)–P(4) 241.5(1), P(1)–Si(1)
228.7, P(3)–Si(1) 228.9(2), P(2)–Si(2) 229.3(2), P(4)–Si(2) 228.2(2);
Si–P–Ga 114.23(6)–115.63(6), Ga–P–Ga 109.32(5)–110.28(5), P–
Ga–P 110.47(5)–101.24(4).

Experimental Section
General: All manipulations were performed under nitrogen, with
rigorous exclusion of oxygen and moisture, using a Schlenk line.
Solvents were dried and freshly distilled before use. NMR spectra
were recorded with a Bruker DPX Avance 300 or with a Bruker
AC 250 instrument. [LiAl(PHMe)4] and GaEt3 were prepared ac-
cording to the literature.[13] AlEt3, [Sn{N(SiMe3)2}2] and
[Zn{N(SiMe3)2}2] were obtained from Aldrich and used as re-
ceived. Crystallographic data of 2–5 are shown in Table 2.[4]

Table 2. Crystallographic data of 2–5.[4]

Compound 2 3 4 5

Empirical formula C28H76N2P4Si6Sn3 C34H94N3P4Si2Zn3 C32H80P4Al4Si2·2C6H6 C32H80P4Ga4Si2·2C6H6

Space group P21/n Pna2 P1̄ P1̄
Formula units 4 4 2 2
Temperature [K] 200 200 200 200
a [pm] 1259.4(3) 2861.1(6) 1119.1(2) 1120.1(2)
b [pm] 1591.0(3) 1584.0(3) 1354.3(3) 1357.2(3)
c [pm] 2529.3(5) 1335.2(3) 1864.5(4) 1868.3(4)
α [°] 90 90 81.83(2) 81.86(3)
β [°] 98.28(3) 90 86.41(3) 86.28(3)
γ [°] 90 90 86.52(4) 86.79(3)
Volume [106 pm3] 5015.1(7) 6051(2) 2787.9(10) 2802.5(10)
Density [g cm–3] 1.443 1.196 1.083 1.280
2Θ range [°] 3–52 4–45 3–50 3–54
Reflections measured 22665 24840 11927 14814
Independent reflections 9721 (Rint = 0.0422) 7875 (Rint = 0.0362) 8231 (Rint = 0.0545) 10439 (Rint = 0.0708)
Independent reflections with Fo � 4σ(Fo) 8409 7166 5835 7432
Parameters 388 470 487 487
µ(Mo-Kα) [mm–1] 1.774 1.468 0.268 2.086
Flack parameter – 0.514 – –
R1 0.0373 0.0574 0.0555 0.0657
wR2 (all data) 0.1073 0.1603 0.1601 0.1792
Residual electron density [e/Å3] 2.170 1.446 0.378 0.647
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1: iPr2SiCl2 (3.0 g, 0.016 mol) was added to 50 mL of a 0.16  solu-
tion of [LiAl(PHMe)4] in DME at 0 °C. The reaction mixture was
warmed to room temperature and stirred for 16 h. Subsequently,
pentane (50 mL) was added and the yellow precipitate was removed
by filtration. Finally, the solvent was distilled off under reduced
pressure at room temperature and the residue was distilled under
vacuum. Compound 1 was obtained as a colourless liquid at 40 °C
(10–3 mbar). Yield: 1.0 g (32%). 1H{31P} NMR (C6D6): δ = 0.93
(d, 3JH,H = 7.4 Hz, 6 H, P–Me), 0.94 (d, 3JH,H = 7.4 Hz, 6 H, P–
Me), 1.15 (m, 14 H, iPr), 2.20 (qd, 3JH,H = 7.4, 1JP,H � 194 Hz, 2
H, P–H) ppm. 13C{1H} NMR (C6D6): δ = –3.2 (m, P–Me), 14.0
[m, CH(CH3)2], 19.4 [s, CH(CH3)2] ppm. 29Si{1H} NMR (C6D6):
δ = 19.3 (t, 1JP,Si = 44 Hz), 21.3 (t, 1JP,Si = 45 Hz) ppm. 31P NMR
(C6D6): δ = –190.2 (d, 1JP,H = 194 Hz), –193.1 (d, 1JP,H = 195 Hz)
ppm. MS (EI, 70 eV): m/z (%) = 208 (90) [M+], 193 (10) [M+ –
Me], 161 (80) [M+ – PHMe], 119 (100) [M+ – C3H6], 43 (60) [iPr+].

2: [Sn{N(SiMe3)2}2] (0.51 g, 1.15 mmol) was added to a solution
of iPr2Si(PHMe)2 (0.12 g, 0.58 mmol) in heptane (5 mL) at 0 °C.
The reaction mixture was warmed to room temperature and stirred
for 16 h. During this time the colour of the solution changed from
orange to red, and small amounts of a precipitate appeared. After
filtration, the solution was cooled to –35 °C. Orange crystals of
compound 2 appeared within 2 d. Yield: 0.25 g (79%).
C28H76N2P4Si6Sn3 (1089.4): calcd. C 30.87, H 7.03, N 2.57; found
C 30.91, H 7.05, N 2.44. 1H NMR (C6D6): δ = 0.51 [s, 18 H,
N(SiMe3)2], 0.58 (s, 9 H, SiMe3), 0.80 (s, 9 H, SiMe3), 1.07–1.33
(m, 28 H, iPr), 1.83 (d, 2JP,H = 5.0 Hz, 6 H, PMe), 1.96 (d, 2JP,H =
8.1 Hz, 6 H, PMe) ppm. 31P{1H} NMR ([D8]toluene, 50 °C): δ =
–176.6 (br.), –181.5 (br.) ppm. 117Sn{1H} NMR (C6D6): δ = 39
(t, 1JSn,P � 1000 Hz), 172 (t, 1JSn,P � 935 Hz), 290 (t, 1JSn,P �
1340 Hz) ppm.

3: [Zn{N(SiMe3)2}2] (0.22 g, 0.57 mmol) was added to a solution
of iPr2Si(PHMe)2 (0.06 g, 0.29 mmol) in 5 mL of heptane at 0 °C.
The reaction mixture was warmed to room temperature and stirred
for 3 h. The solution was then cooled to 6 °C. Colourless crystals
of 3 appeared after 2 d. Yield: 0.13 g (62%). C34H95N3P4Si8Zn3

(1090.9): calcd. C 37.44, H 8.78, N 3.85; found C 37.10, H 8.51, N
3.69. 1H{31P} NMR ([D8]toluene): δ = 0.27 [s, 18 H, Si(CH3)3],
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0.31 [s, 36 H, Si(CH3)3], 1.19 (d, 3JH,H = 7.3 Hz, 3 H, CH3PH),
1.20–1.35 (m, 28 H, SiiPr2), 1.46 (s, 3 H, CH3P), 1.50 (s, 3 H,
CH3P), 151 (s, 3 H, CH3P), 3.03 (q, 3JH,H = 7.3 Hz, 1 H, CH3PH)
ppm. 29Si{1H} NMR ([D8]toluene): δ = –4.9 (s, SiMe3), –4.5 (s,
SiMe3), –3.9 (s, SiMe3), 2.1 (s, SiiPr2) ppm. 31P{1H} NMR ([D8]-
toluene): δ = –154 (m), –164 (m), –179 (m), –193 (m) ppm. Raman:
ν̃ = 2950 (s), 2918 (s), 2899 (vs), 2342 (w), 1461 (w), 1230 (w), 879
(w), 681 (m), 627 (m), 467 (w), 397 (m), 180 (m), 114 (m) cm–1.

4: A solution of AlEt3 (1.2 mL, 1.0 ) in hexane (1.2 mmol) was
added, with stirring, to a solution of iPr2Si(PHMe)2 (0.13 g,
0.60 mmol) in heptane (5 mL). After 16 h, all volatile compounds
were removed under vacuum. Recrystallisation of the residue from
2 mL of benzene yielded 4·2C6H6 as large, colourless crystals
within 3 d. Yield: 0.18 g (66%). C32H80Al4P4Si2 (909.16): calcd. C
51.04, H 10.71; found C 50.03, H 10.58. 1H NMR (C6D6): δ = 0.73
(q, 3JH,H = 7.8 Hz, 16 H, CH2CH3), 1.33 [d, 3JH,H = 7.5 Hz, 24 H,
CH(CH3)2], 1.56 (m, 36 H, CH2CH3, PCH3), 1.70 [sept, 3JH,H =
7.5 Hz, 4 H, CH(CH3)2] ppm. 31P NMR (C6D6): δ = –181.3 (s)
ppm.

5: GaEt3 (0.18 g, 1.16 mmol) was added, with stirring, to a solution
of iPr2Si(PHMe)2 (0.123 g, 0.58 mmol) in heptane (5 mL). After
16 h, all volatile compounds were removed under vacuum.
Recrystallisation of the residue from 2 mL of benzene yielded
5·2C6H6 as large, colourless crystals within 3 d. Yield: 0.20 g (64%).
C32H80Ga4P4Si2 (1080.1): calcd. C 41.60, H 8.73; found C 42.67,
H 8.92. 1H NMR (C6D6): δ = 1.15 (q, 3JH,H = 7.2 Hz, 16 H,
CH2CH3), 1.36 [d, 3JH,H = 7.5 Hz, 24 H, CH(CH3)2], 1.60 (m, 36
H, CH2CH3, PCH3), 2.20 [sept, 3JH,H = 7.5 Hz, 4 H, CH(CH3)2]
ppm. 31P NMR (C6D6): δ = –167.2 (s) ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Details about the 119Sn Mössbauer spectrum of compound 2.
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[CpM(CO)nCl] complexes with M = Fe (n = 2) and Mo (n =
3) have been immobilised in plain β-cyclodextrin (β-CD) and
permethylated β-CD (TRIMEB) by methods tailored accord-
ing to the stabilities and solubilities of the individual compo-
nents. Four adducts were obtained with a 1:1 host/guest stoi-
chiometry. The compounds were studied by powder X-ray
diffraction (XRD), thermogravimetric analysis (TGA), 13C{1H}
CP/MAS NMR and FTIR spectroscopy. A comparison of the
experimental powder XRD data for the TRIMEB/[CpMo-
(CO)3Cl] inclusion compound with reference patterns re-

Introduction

Cyclodextrins (CDs) are water-soluble cyclic oligosac-
charides that are capable of forming inclusion compounds
with a wide range of organic molecules, inorganic ions and
metallo-organic species.[1] Suitable guests include transition
metal complexes and organometallic compounds bearing
hydrophobic ligands such as cyclopentadienyl (Cp = η5-
C5H5) and η6-arene groups.[2] With these ligands, the
weaker categories of non-covalent bonding, such as van der
Waals and charge-transfer interactions, assume consider-
able importance. CDs are known to bind ferrocene and its
derivatives,[3] metallocene dihalides,[4] aromatic ruthenium
complexes,[5] mixed-sandwich complexes such as [(η5-
C5H5)Fe(η6-C6H6)](PF6),[6] and half-sandwich complexes
such as [CpFe(CO)2X] (X = Cl, Me, CN),[7] [CpFe(CO)2-
NH3](PF6),[8] [CpMn(CO)3],[9] [(η6-C6H6)Cr(CO)3],[10]

[Cp�Mo(η3-C3H5)(CO)2],[11] [Cp�Mo(η3-C6H7)(CO)2] and
[Cp�Mo(η4-C6H8)(CO)2](BF4) (Cp� = Cp, Ind).[12] Encap-
sulated metallo-organic complexes often exhibit markedly
different physical and chemical characteristics compared to
the bulk material, for example in their nonlinear optical
properties,[13] electrochemical behaviour,[3b,3g,3i,3j,14] ligand
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vealed that the crystal packing is very similar to that reported
previously for a TRIMEB/ethyl laurate inclusion compound.
The unit-cell parameters refined to a = 14.731, b = 22.476, c
= 27.714 Å (volume = 9176.3 Å3), and the space group was
confirmed as P212121. A hypothetical structural model of the
inclusion compound was subsequently obtained by global
optimisation using simulated annealing.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

substitution/insertion reactions,[7a,7b] and catalysis.[15] In the
present work, we describe the synthesis and solid-state char-
acterisation of inclusion compounds formed between the
cyclopentadienyl metal carbonyl complexes [CpFe(CO)2Cl]
(1) and [CpMo(CO)3Cl] (2) (Figure 1) and unmodified β-
cyclodextrin and 2,3,6-tri-O-methyl-β-CD (TRIMEB). The
encapsulation of the tricarbonylmolybdenum complex is of
particular interest because this molecule is a precursor to
the dioxomolybdenum() complex [CpMoO2Cl], which has
been shown to be a very effective catalyst for the epoxid-
ation of olefins using tert-butyl hydroperoxide as the oxidis-
ing agent.[16]

Figure 1. Guests and hosts used in this work.

Among the organometallic–cyclodextrin inclusion com-
pounds described in the literature, only a few have been
successfully characterised by single-crystal X-ray diffrac-
tion,[3e,3f,5,6] mainly because of the difficulty in preparing
crystals of appropriate size that exhibit stability under the
X-ray beam over the period of data collection. Useful struc-
tural information can, however, be obtained through a com-
bination of other techniques such as powder XRD and
NMR spectroscopy.[17–19] In particular, Caira described a
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few years ago a reliable empirical technique based on the
visual comparison of X-ray powder patterns, which can al-
most unambiguously identify the type of crystal-packing
arrangement of CD molecules in a typical host–guest in-
clusion compound.[17] This method can be envisaged as a
“manual” (in some cases not very effective) direct-space ap-
proach to finding a hypothetical structural model. Even
though it gives a rather reasonable first approach, this tech-
nique is also limited in its essence as it cannot explore all
of the possible combinations in direct space. In this paper,
we use conventional powder X-ray data, in combination
with the technique proposed by Caira, to produce a hypo-
thetical structural model of the inclusion compound
TRIMEB·[CpMo(CO)3Cl], obtained by global optimisation
using simulated annealing. The calculations were performed
using the recently developed FOX program,[20,21] which has
proven to be a reliable, fast and robust software package
for the solution of many different types of compounds.[22–26]

This kind of ab initio model idealisation is unusual among
compounds typically composed of light atoms (such as car-
bon, hydrogen and oxygen), and, to the best of our knowl-
edge, is completely unprecedented among cyclodextrin in-
clusion compounds.

Results and Discussion

The relative solubilities of β-CD, TRIMEB, and the com-
plexes [CpFe(CO)2Cl] (1) and [CpMo(CO)3Cl] (2) deter-
mined the method used for the preparation of the respective
inclusion compounds. An initial CD/complex molar ratio
of 1:1 was always used. The iron complex 1 is slightly water
soluble, and so the encapsulations were carried out using a
mixture of water and ethanol. The compound β-
CD·[CpFe(CO)2Cl] (3) precipitated as an orange microcrys-
talline solid upon slow cooling of a hot water/ethanol solu-
tion. The high solubility of the modified cyclodextrin
TRIMEB meant that the corresponding adduct,
TRIMEB·[CpFe(CO)2Cl] (4), could only be isolated by
complete evaporation of the solvents. For the molybdenum
complex 2, dichloromethane had to be used to solubilise
the guest. β-CD inclusion was achieved by mixing a dichlo-
romethane solution of 2 with an aqueous solution of β-CD.
After stirring at 40 °C for 2 h, a microcrystalline brick-red
precipitate formed at the interface between the two solu-
tions, designated as β-CD·[CpMo(CO)3Cl] (5). Inclusion
of the molybdenum complex 2 in TRIMEB was performed
by dissolving the guest in a dichloromethane solution
of the host followed by vacuum-drying to isolate
TRIMEB·[CpMo(CO)3Cl] (6). This uncommon technique
works particularly well for the methylated cyclodextrin
TRIMEB due to its high solubility in organic solvents. In
fact, the same method has been successfully used by some
of us in previous work.[27] Elemental analysis of compounds
3–6 confirmed that the final host/guest molar ratios were
close to 1:1.

X-ray diffraction studies allow the identification of true
inclusion complexes of cyclodextrins, mainly based on the
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empirical evidence that the powder XRD patterns of these
complexes should be clearly distinct from those obtained by
the superimposition of the diffractograms of each individ-
ual component.[1b] Figure 2 shows the patterns for com-
plexes 1 and 2, β-CD, and the adducts 3 and 5. The dif-
fractograms for the adducts are clearly different from the
sum of the individual patterns of β-CD and either the iron
complex 1 or the molybdenum complex 2. For compound
3, the overall pattern matches reasonably well with the ref-
erence pattern reported by Caira for the isostructural series
characterised by channel-type packing of β-CD dimers (C2

space group).[17] This type of packing has been previously
identified in several β-CD inclusion complexes of organo-
metallic molecules, such as ferrocene derivatives,[3k] mixed-
sandwich complexes,[6] and half-sandwich molybdenum car-
bonyl complexes.[11,12] Most of the reflections in the powder
XRD pattern of compound 5 match those present in the
corresponding pattern for the parent β-CD hydrate, even
though substantial changes in relative intensities are mark-
edly visible along with some slight displacements in the 2θ
values. The reflection centred at about 4.5° 2θ is characteris-
tic of cage-type packing, as observed for β-CD hydrate or
β-CD inclusion complexes of relatively small guests.[17] The
existence of this type of crystal packing for compound 5
would therefore be surprising, although it is known that a
molecule at least as large as benzyl alcohol can be accom-
modated by the host without a change in the packing ar-
rangement.[17]

Figure 2. Powder XRD patterns of (a) β-CD hydrate, (b)
[CpFe(CO)2Cl] (1), (c) the inclusion compound β-CD·[CpFe-
(CO)2Cl] (3), (d) a channel model,[16] (e) [CpMo(CO)3Cl] (2) and
(f) the inclusion compound β-CD·[CpMo(CO)3Cl] (5).
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Figure 3 shows the powder XRD patterns for complexes

1 and 2, TRIMEB, and adducts 4 and 6. Compound 4 is
poorly crystalline, making it difficult to deduce the type of
crystal packing arrangement. Nevertheless, a comparison of
this pattern with those for the iron complex 1 and the par-
ent TRIMEB indicates that a true inclusion compound has
been isolated. The adduct TRIMEB·[CpMo(CO)3Cl] (6) ex-
hibits a better defined diffractogram, which could also be
attributed to a new phase corresponding to a true inclusion
compound. A careful inspection of this pattern suggests
that the crystal packing should share close similarities with
that found by Mentzafos et al. for a 1:1 inclusion com-
pound comprising TRIMEB and ethyl laurate (in which the
macrocycles are arranged along the b axis in a zigzag
mode to form a distorted column structure).[28] This al-
lowed us to perform a more in-depth structural evaluation
using ab initio calculations. As typically observed for
this type of compounds, the overall crystallinity of
TRIMEB·[CpMo(CO)3Cl] (6) is low due to structural ori-
entation disorder of the host and/or the guest molecules,
and the existence of several solvent molecules also highly
affected by thermal disorder. Compound 6 diffracts very
weakly at high angles and the diffractogram is generally
characterised by poorly resolved lines (with large full-
width-at-half-maximum). This creates, a priori, several
limitations for a typical ab initio structural determination,
and several approximations based on empirical evidence
had to be taken into account (see below).

Figure 3. Powder XRD patterns of (a) TRIMEB, (b) [CpFe-
(CO)2Cl] (1), (c) the inclusion compound TRIMEB·[CpFe(CO)2Cl]
(4), (d) [CpMo(CO)3Cl] (2) and (e) the inclusion compound
TRIMEB·[CpMo(CO)3Cl] (6).
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The ab initio determination of a hypothetical structural
model for the inclusion compound TRIMEB·[CpMo-
(CO)3Cl] (6) started by comparing the experimental data
with the TRIMEB/ethyl laurate model compound, which
has the Cambridge Structural Database (CSD)[29,30] refcode
PINMAA [crystal data: a = 14.796(2), b = 22.444(6), c =
27.720(8) Å, V = 9205.03 Å3, and space group P212121].
Collected data were examined using the software package
CHECKCELL,[31] and the unit-cell parameters refined to a
= 14.731, b = 22.476, and c = 27.714 Å (volume =
9176.3 Å3), using 33 reflections for the CELREF subrou-
tines.[32] By cross-examining the collected powder XRD
pattern with the refined cell parameters, the space group of
P212121 for the inclusion compound 6 was unambiguously
confirmed using CHECKCELL.

The modelling of compound 6 using FOX[20,21] started
by assuming that the interactions between the guest
[CpMo(CO)3Cl] and the host TRIMEB molecules are
mainly weak (van der Waals and hydrogen-bonding interac-
tions) and mediated by close-packing principles. We as-
sumed that the molecular geometries of the individual
molecules remain relatively unchanged upon interaction to
form the inclusion complex. In this case, FOX is particu-
larly robust as individual molecules can be added as mathe-
matical objects in the form of a Fenske–Hall Z-matrix, thus
retaining some tacit knowledge of their geometry for the
optimisation algorithm. Moreover, as the guest molecule
contains a heavy atom (Mo), whose electron density con-
trasts well with the smeared-out density coming from the
organic component, we assumed that the crystallographic
position of [CpMo(CO)3Cl] would be easily determined
from the powder XRD pattern.

Firstly, the atomic coordinates of [CpMo(CO)3Cl] were
taken from the structure reported by Bueno et al. (de-
posited in the CSD with the refcode CPDMOC01),[33] and
a Fenske–Hall Z-matrix (without hydrogen atoms) was cre-
ated using BABEL.[34] The pivot atom was selected to be
the central Mo in order to facilitate the mobility of the rigid
molecule inside the unit cell. A Monte Carlo optimisation
(using the optimised parallel tempering algorithm), in
which the parameters of the Z-matrix were fixed (i.e., the
molecule was treated as a rigid body), was launched in FOX
and, after nearly 1,300,000 movements, the initial location
of the crystallographically independent [CpMo(CO)3Cl]
complex was found (calculated weighted residual of Rwp =
0.412). Starting from random initial positions, individual
optimisations converged to nearly the same final crystallo-
graphic location, with comparable Rwp factors. Figure 4 (b)
shows the simulated powder XRD pattern for the hypothet-
ical unit cell containing just the [CpMo(CO)3Cl] complexes.

In the next stage of the global optimisation, the position
of the [CpMo(CO)3Cl] moieties was fixed and a second
crystallographic object composed of a Fenske–Hall Z-
matrix (also without hydrogen atoms) of the cyclodextrin
TRIMEB, as reported by Mentzafos et al.,[28] was added to
the unit cell. In the subsequent Monte Carlo optimisation
steps using FOX (once again using the more efficient parallel
tempering algorithm), the PINMAA residue was allowed to
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Figure 4. Powder XRD patterns of: (a) the as-synthesised inclusion
compound TRIMEB·[CpMo(CO)3Cl] (6), (b) the unit cell contain-
ing just the individual [CpMo(CO)3Cl] complexes and (c) the hypo-
thetical structural model for the inclusion compound 6.

freely move as a rigid body and, after just four million
moves, the model converged to that shown in Figure 5. Fig-
ure 4 (c) shows the simulated powder XRD pattern with a
calculated weighted residual of Rwp = 0.386. Apart from
the general low crystallinity of the inclusion complex, the
powder pattern is also affected by textural effects such as
preferred orientation. To minimise such effects a refineable
March–Dollase correction[35,36] was applied in FOX. The
model obtained using the Monte Carlo optimisation clearly
proves the existence of a true inclusion complex, with the

Figure 5. Unit cell contents, viewed in perspective towards the (1 7 0) plane, of the Monte Carlo optimised structural model of the
inclusion compound TRIMEB·[CpMo(CO)3Cl] (6). TRIMEB and [CpMo(CO)3Cl] residues are represented with grey- and black-filled
bonds, respectively.
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final convergence being achieved without the use of any
antibump restraints. Since this model was obtained by treat-
ing the molecules as rigid entities, some groups of atoms
are closer together than they would be in a real crystal
structure. This is particularly evident for the methyl groups
of TRIMEB, which, in some cases, nearly overlap. Such
“structural errors” could be eliminated by performing a
Rietveld refinement in the present model. However, as high-
resolution powder XRD data were not available due to the
low crystallinity of the material, and probably could only be
obtained using synchrotron radiation, preliminary studies
using FULLPROF[37] did not produce the expected results
(data not shown).

Thermogravimetric analysis was also useful for the re-
cognition of inclusion complex formation in compounds 3–
6 (Figure 6). The β-CD adducts β-CD·[CpFe(CO)2Cl] (3)
and β-CD·[CpMo(CO)3Cl] (5) exhibit a step from room
temperature up to about 65 °C, assigned to the removal of
water molecules located in the β-CD cavities, and also in
the interstices between the macrocycles. The corresponding
weight losses are 10.7% for 3 and 6.2% for 5, which are in
agreement with the microanalysis results and indicate that
the approximate number of water molecules per β-CD
molecule in 3 and 5 are eight and six, respectively. For com-
parison, plain β-CD hydrate shows a similar well-defined
step from room temperature up to about 80 °C (not shown),
with a mass loss of 14.6% (11 water molecules per β-CD
molecule). The reduction in the number of water molecules
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per β-CD molecule in the inclusion compounds is consis-
tent with at least partial occupation of the β-CD cavities by
the hydrophobic organometallic guests. After the dehy-
dration step, the TG curves for 3 and 5 are very similar.
There is a gradual mass loss in the temperature range of
65–200 °C (7.8% for 3 and 9.8% for 5), attributed to the
loss of CO and/or Cl ligands from the included guest mole-
cules (since plain β-CD hydrate exhibits insignificant mass
loss in the temperature range of 80–200 °C). The corre-
sponding steps for the non-included complexes 1 and 2 are
much more abrupt (not shown): 16.3% between 90 and
120 °C for 1, and 23.6% between 100 and 160 °C for 2.
Finally, the host molecules in the two inclusion compounds
start to decompose at about 205 °C, while plain β-CD hy-
drate starts to decompose around 270 °C. This difference is
attributed to the promoting effects of iron and molybdenum
on the decomposition of β-cyclodextrin, and is further evi-
dence for the existence of a significant host–guest interac-
tion in the inclusion compounds.[10] A similar result was
obtained for the TRIMEB inclusion compounds
TRIMEB·[CpFe(CO)2Cl] (4) and TRIMEB·[CpMo(CO)3-
Cl] (6). Thus, while pure TRIMEB starts to melt and de-
compose at about 175 °C (not shown), compounds 4 and 6
start at 135 and 150 °C, respectively (Figure 6). In the low-
temperature range of the thermogram compound 6 exhibits
a weight loss between 75 and 130 °C (2.8%), presumably
due to the partial loss of CO and/or Cl ligands from the
included guest molecules. No such step is evident for com-
pound 4, and only a minor mass loss of about 1% is ob-
served from room temperature up to the onset of decompo-
sition. Finally, it is worth noting that the residual masses at
500 °C are 6.1% for the inclusion compounds containing
the Fe complex and 9.5% for the compounds containing
the Mo complex.

Figure 6. TGA curves of the inclusions compounds β-
CD·[CpFe(CO)2Cl] (3) (––––), TRIMEB·[CpFe(CO)2Cl] (4)
(– – –), β-CD·[CpMo(CO)3Cl] (5) (– · – ·), and
TRIMEB·[CpMo(CO)3Cl] (6) (· · · · ·).

The 13C{1H} CP/MAS NMR spectra of complexes 1 and
2, and their corresponding inclusion compounds with β-CD
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and TRIMEB, are shown in Figure 7 for the [CpFe(CO)2-
Cl] series and in Figure 8 for the [CpMo(CO)3Cl] series.
Plain β-CD hydrate exhibits a complex 13C{1H} CP/MAS
NMR spectrum (not shown), with multiple sharp reso-
nances for each type of carbon atom. These features have
been correlated with different torsion angles about the
α(1�4) linkages,[38] and with torsion angles describing the
orientation of the hydroxy groups.[39] Upon inclusion to
give β-CD·[CpFe(CO)2Cl] (3) and β-CD·[CpMo(CO)3Cl]
(5), the resonances due to the C1, C4, C2,3,5, and C6 host
carbon atoms (Figure 1) appear mainly as single broad
peaks, with little or no structure, centred around δ = 104,
81, 73, and 61 ppm, respectively. Furthermore, the disper-
sion in the chemical shift for each signal (i.e., the chemical-
shift range that comprises all of the resonances from the
same carbon atom in distinct glycosidic units) decreases
with respect to the β-CD spectrum. These observations are
typically attributed to a symmetrisation of the β-CD macro-
cycle, that is, the encapsulation of the guest molecule
induces the ring to adopt a less distorted conformation,
with each glucose unit in a more similar environ-
ment.[3k,3l,4b,7d,11,12,40] For the inclusion compound 3 (Fig-
ure 7), the Cp carbon atoms of the guest molecule give rise
to one weak resonance at δ = 89.2 ppm, which is shifted
downfield by 2.5 ppm relative to the resonance for non-in-
cluded [CpFe(CO)2Cl] (1). The Cp carbon atoms of the mo-

Figure 7. Solid-state 13C{1H} CP/MAS NMR spectra of (a)
[CpFe(CO)2Cl] (1), (b) the inclusion compound β-CD·[CpFe-
(CO)2Cl] (3) and (c) the inclusion compound TRIMEB·[CpFe-
(CO)2Cl] (4). Spinning sidebands are denoted by asterisks.
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lybdenum complex in 5 give rise to two resolved peaks at
δ = 94.8 and 96.1 ppm, which are shifted slightly upfield
relative to the sharp line exhibited by non-included
[CpMo(CO)3Cl] (2) (Figure 8). The presence of two peaks
may mean that there are two distinct inclusion modes for
the guest molecule, comprising, for example, different orien-
tations of the guest relative to the host and/or different de-
grees of penetration of the guest in the host cavity.

Figure 8. Solid-state 13C{1H} CP/MAS NMR spectra of (a)
[CpMo(CO)3Cl] (2), (b) the inclusion compound β-
CD·[CpMo(CO)3Cl] (5) and (c) the inclusion compound
TRIMEB·[CpMo(CO)3Cl] (6). Spinning sidebands are denoted by
asterisks.

Like plain β-CD hydrate, the 13C{1H} CP/MAS NMR
spectrum of TRIMEB also shows multiple resonances for
each type of carbon atom (not shown).[27] This is because
the host assumes a severely collapsed conformation in the
solid state, which minimises the hydrophobic cavity in the
absence of a hydrophobic guest. This multiplicity is lost for
the inclusion compound TRIMEB·[CpFe(CO)2Cl] (4) and
only broad peaks are observed, indicating a change in
the conformation of the host macrocycle (Figure 7).[27,41]

The spectrum for the inclusion compound
TRIMEB·[CpMo(CO)3Cl] (6) is slightly different, exhibit-
ing several resolved lines for each type of carbon atom (Fig-
ure 8). This could be related to the fact that the overall crys-
tallinity of compound 6 is higher than that for compound
4, as evidenced by powder XRD. For compound 6, at least
seven resonances are discernible for the methyl carbon
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atoms, indicating that these groups exist in several different
well-defined environments. The expected Cp resonances for
the guest molecules in compounds 4 and 6 cannot be confi-
dently assigned due to overlap with the resonances for the
C1 carbon atoms of the host. Also, for all of the inclusion
compounds studied, even with a contact time of 2 ms, it
was not possible to clearly identify the resonances (masked
in the background) for the CO groups of the guest mole-
cules. The presence of these groups was confirmed by IR
spectroscopy. Thus, in addition to the intense and typical
bands of the cyclodextrin hosts, the spectra contain strong
bands in the CO stretching region (1940–2060 cm–1). As ex-
pected, two bands are observed for compounds 3 and 4,
while three bands were identified for compounds 5 and 6.
These are slightly shifted relative to the corresponding
bands for the non-included complexes 1 and 2 in the solid
state. The spectra for the inclusion compounds also contain
bands in the range 800–850 cm–1 (out-of-plane CH defor-
mation of the Cp ring) and 1420–1430 cm–1 (C–C stretching
vibration of the Cp ring).

Concluding Remarks

Inclusion compounds comprising cyclodextrins and half-
sandwich complexes of iron and molybdenum have been
prepared with a 1:1 host-to-guest stoichiometry and charac-
terised in the solid state by various techniques. The results
support the existence of true inclusion compounds. By ref-
erence to previous molecular modelling and crystallo-
graphic studies of related organometallic–cyclodextrin ad-
ducts, it is reasonable to conclude that the interaction ge-
ometries in the studied compounds probably involve inser-
tion of the Cp ligands inside the host cavities. The ab initio
determination of a hypothetical structural model for the in-
clusion compound TRIMEB·[CpMo(CO)3Cl] using X-ray
studies in direct space has afforded a reliable structural
model which is, on the one hand, in good agreement with
the results obtained using the other techniques (such as
TGA and solid-state NMR) and, on the other, a systematic
implementation of the empirical technique previously de-
scribed by Caira.[17] The low crystallinity of the sample un-
der study, largely reflected in the generally poorly resolved
powder XRD pattern, prevents a more precise structural
refinement. However, we are currently applying the strate-
gies described in this manuscript to other more crystalline
cyclodextrin inclusion compounds. As mentioned in the in-
troduction, oxidative decarbonylation of [CpMo(CO)3Cl]
yields a dioxomolybdenum() complex which is an active
catalyst for the epoxidation of olefins. We are investigating
the effect that CD encapsulation has on the reactivity of
the tricarbonyl complex towards oxidative decarbonylation,
that is, the possibility of forming a CD·[CpMoO2Cl] com-
plex. Molecular encapsulation of the tricarbonyl complex
with TRIMEB may be advantageous in several ways from
a catalytic point of view, such as enhancing the solubility
of the pre-catalyst in different solvents, and improving the
stability of the resultant dioxomolybdenum() complex.
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Experimental Section
General Remarks: β-CD was kindly donated by Laboratoires La
Roquette (France), and heptakis-2,3,6-tri-O-methyl-β-CD was ob-
tained from Fluka. All air-sensitive operations were carried out
using standard Schlenk techniques under nitrogen. Solvents were
dried by standard procedures, distilled under nitrogen or argon,
and kept over 4-Å molecular sieves. Microanalyses for CHN were
performed at the ITQB, Oeiras, Portugal (by C. Almeida), and Fe/
Mo were determined by ICP-OES at the Central Laboratory for
Analysis, University of Aveiro (by E. Soares). TGA studies were
carried out using a Shimadzu TGA-50 system at a heating rate of
5 °Cmin–1 under air. Powder XRD data were collected at ambient
temperature on an X�Pert MPD Philips diffractometer (Cu-Kα X-
radiation) with a curved graphite monochromator. Routine exami-
nation of compounds 1–6 was performed with quick scans with
variable slit opening (Figures 2 and 3). Data for the structure op-
timisation (Figure 4) were collected with a fixed divergence slit of
1/8°, and a flat plate sample holder, in a Bragg–Brentano para-
focusing optics configuration. Intensity data were collected by the
step counting method (step 0.03° and time 35 s) in the 5° � 2θ �

45° range. Infrared spectra were recorded with a Unican Mattson
Mod 7000 FTIR spectrophotometer. 13C{1H} CP/MAS NMR
spectra were recorded at 125.72 MHz on a (11.7 T) Bruker Avance
500 spectrometer, with an optimised π/2 pulse for 1H of 4.5 µs, 2-
ms contact time, a spinning rate of 7 kHz and 12-s recycle delays.
Chemical shifts are quoted in parts per million from tetramethylsil-
ane. The complexes [CpFe(CO)2Cl] (1) and [CpMo(CO)3Cl] (2)
were prepared as described in the literature,[42] and characterised
by elemental analysis and FTIR spectroscopy.

β-CD·[CpFe(CO)2Cl] (3): A solution of β-CD (110 mg, 0.09 mmol)
in water (2 mL) at 70 °C was added dropwise to a solution of
[CpFe(CO)2Cl] (1; 20 mg, 0.09 mmol) in ethanol (1 mL), and the
resultant brick-red solution was stirred for 30 min. After cooling
slowly inside a Dewar flask, an orange microcrystalline precipitate
was formed, which was separated from the mother liquor and
dried. (C42H70O35)·(C7H5ClFeO2)·8H2O (1491.5): calcd. C 39.46,
H 6.15, Fe 3.74; found C 39.52, H 6.54, Fe 3.31. TGA up to 65 °C
revealed a sample weight loss of 10.7% (calcd: for loss of 8 H2O,
9.7%). FTIR (KBr): ν̃ = 3375 cm–1 vs, 2967 sh, 2925 m, 2040 s,
1995 s, 1639 m, 1429 m, 1370 m, 1334 m, 1305 m, 1245 w, 1206 w,
1157 s, 1103 s, 1080 s, 1054 vs, 1027 vs, 1003 vs, 945 m, 937 m,
860 m, 841 m, 836 m, 757 m, 703 m, 669 m, 606 m, 635 m, 592 m,
576 m, 542 sh, 504 w, 476 m, 442 w, 412 m, 355 w. 13C{1H} CP/
MAS NMR: δ = 104.2 (β-CD, C1), 89.2 (guest, Cp), 81.0 (β-CD,
C4), 73.0 (β-CD, C2,3,5), 61.3 ppm (β-CD, C6).

TRIMEB·[CpFe(CO)2Cl] (4): A solution of TRIMEB (1.55 g,
1.08 mmol) and [CpFe(CO)2Cl] (1; 230 mg, 1.08 mmol) in a mix-
ture of water and ethanol (10 + 10 mL) was stirred for 1 h. The
solution was then evaporated to dryness to give an orange solid.
(C63H112O35)·(C7H5ClFeO2)·2H2O (1678.0): calcd. C 50.11, H 7.27,
Fe 3.33; found C 50.00, H 6.08, Fe 3.34. FTIR (KBr): ν̃ =
3480 cm–1 m, 2984 s, 2931 s, 2841 m, 2050 s, 2004 s, 1792 w, 1751 w,
1717 m, 1623 m, 1418 sh, 1460 m, 1404 sh, 1368 m, 1324 m,
1304 m, 1196 sh, 1164 vs, 1141 vs, 1107 vs, 1087 vs, 1071 vs,
1035 vs, 968 s, 950 sh, 937 s, 907 m, 857 m, 785 vw, 755 m, 706 m,
605 m, 596 w, 567 m, 548 m, 470 vw, 376 vw, 348 m. 13C{1H} CP/
MAS NMR: δ = 99.7 (TRIMEB, C1), 82.4 (TRIMEB, C2,3,4 and
overlapping guest Cp), 71.3 (TRIMEB, C5,6), 58.1 ppm (TRIMEB,
O-CH3).

β-CD·[CpMo(CO)3Cl] (5): A solution of [CpMo(CO)3Cl] (2; 32 mg,
0.12 mmol) in dichloromethane (1 mL) was added to a solution of
β-CD (150 mg, 0.12 mmol) in water (4 mL) at 40 °C, and the result-
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ant biphasic mixture was stirred for 2 h. During this period, a pale
brick-red precipitate formed at the interface between the two solu-
tions. The solid was recovered, washed with dichloromethane
(2 mL) and water (10 mL), and dried. (C42H70O35)·(C8H5MoO3Cl)·
6H2O (1523.6): calcd. C 39.42, H 5.76, Mo 6.30; found C 39.50, H
6.03, Mo 5.45. TGA up to 65 °C revealed a sample weight loss of
6.2% (calcd: for loss of 6H2O, 7.1%). FTIR (KBr): ν̃ = 3345 cm–1

vs, 2923 s, 2853 sh, 2044 s, 1968 s, 1944 s, 1642 m, 1426 m, 1380 m,
1369 m, 1334 m, 1248 m, 1202 m, 1157 s, 1104 s, 1082 s, 1055 vs,
1028 vs, 1004 s, 945 m, 937 m, 860 m, 837 sh, 827 w, 759 m, 703 m,
606 m, 594 m, 576 m, 528 m, 499 vw, 474 w, 445 w, 435 w, 407 m,
404 sh, 378 vw, 359 m, 358 sh. 13C{1H} CP/MAS NMR: δ = 104.0
(β-CD, C1), 96.1, 94.8 (guest, Cp), 81.5 (β-CD, C4), 73.0 (β-CD,
C2,3,5), 60.6 ppm (β-CD, C6).

TRIMEB·[CpMo(CO)3Cl] (6): [CpMo(CO)3Cl] (2; 29.4 mg,
0.12 mmol) was added stepwise to a solution of TRIMEB (150 mg,
0.12 mmol) in dichloromethane (3 mL), allowing each fraction to
dissolve before adding the next. The mixture was stirred for 2 h
and then evaporated to dryness under reduced pressure to obtain a
bright brick-red solid product. (C63H112O35)·(C8H5MoO3Cl)·5H2O
(1800.1): calcd. C 47.37, H 7.11, Mo 5.33; found C 47.93, H 7.55,
Mo 5.36. FTIR (KBr): ν̃ = 3112 cm–1 m, 3101 m, 3094 m, 2979 vs,
2929 vs, 2831 s, 2050 vs, 1962 vs, 1941 vs, 1641 m, 1464 s, 1420 sh,
1404 m, 1368 m, 1322 m, 1303 m, 1258 sh, 1194 vs, 1161 vs,
1143 vs, 1109 vs, 1090 vs, 1073 vs, 1041 vs, 970 vs, 951 s, 910 m,
877 sh, 856 m, 838 w, 824 m, 785 w, 754 m, 736 m, 704 m, 658 w,
602 m, 564 s, 524 s, 470 m, 432 w, 419 sh, 407 m, 399 sh, 377 w,
357 w, 350 w. 13C{1H} CP/MAS NMR: δ = 99.8, 96.9, 92.8
(TRIMEB, C1), 85.5, 83.1, 82.3, 81.0, 78.6, 76.8 (TRIMEB,
C2,3,4), 73.6, 72.6, 71.8, 70.6, 70.3, 69.8 (TRIMEB, C5,6), 63.2,
61.6, 60.9, 60.1, 59.3, 57.8, 56.7, 54.1 ppm (TRIMEB, O-CH3).
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The reaction of potassium tungstate with the biologically rel-
evant ligands citric and tartaric acid, in the presence of hy-
drogen peroxide, was investigated to discover the effect of
pH variation on the product pattern. The reaction with citric
acid led to the formation of the dimer K5[WO(O2)2(Hcit)-
H(Hcit)(O2)2OW]·6H2O (1; H4cit = citric acid) due to car-
boxyl-carboxylic acid hydrogen bonding in the pH range 2–
5; this complex can also be obtained by an exchange reaction
between the oxo ligands of the dimeric hydrogencitrate
tungstate K4[W2O5(Hcit)2]·4H2O (6) and H2O2. Interestingly,
a novel dimeric peroxotungstate K3[W2O3(O2)4(OH)]·H2O (2),
without the coordination of citrate ligands, was isolated in
the pH range 7–9, as confirmed by 17O NMR solution studies.

Introduction

Due to their catalytic activity and specialized redox be-
havior, peroxotungstates have received special attention in a
variety of industrial, pharmaceutical, and biological pro-
cesses as they can be regarded as an environmentally
friendly alternative to traditional oxidation reactions that
represents an improvement in terms of pollution preven-
tion.[1] They are widely used in stoichiometric as well as
catalytic oxidation in organic chemistry,[2] for example in
the oxidation of alcohols,[3,4] internal alkenes,[5] amines,[6]

sulfides,[4,7,8] isobutyraldehyde,[9] hydroquinones,[2] bro-
mide,[10] benzyl chlorides,[11] epoxidation of chiral allylic
alcohols,[12] geraniol, linalool[13] and also in olefin epoxida-
tions,[14–17] such as cyclohexene,[18] propylene,[19] alkene,[20]

and cis-1-propenylphosphonic acid.[21] To better under-
stand these catalytic processes, a more detailed characteri-
zation of peroxotungstates is necessary. It appears that
[W(O2)4]2– predominates at high pH (�7) and in the pres-
ence of excess H2O2,[22] whereas at intermediate pH (1.3–
7.0) the dimer [W2O3(O2)4(H2O)2]2– is the major species,[23]

and at lower pH the solution become unstable and lose oxy-
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The reaction of potassium tungstate with (R,R)-tartaric acid
afforded the tartratoperoxotungstate K4[W2O2(O2)4{(R,R)-
tart}]·3H2O [3; H4tart = (R,R)-tartaric acid] in the pH range 1–
3. The dimeric peroxotungstate K2[W2O3(O2)4(H2O)2]·2H2O
(4) was found to react with citric or tartaric acid at pH 2–5 or
2–3, respectively, to give species 1 and 3. Evidence that 1
exists as a dimer in solution is presented. The three com-
plexes were characterized by elemental analysis, IR and
NMR spectroscopy, and X-ray structural analyses. The for-
mation of these complexes is dictated by pH, and the thermal
stabilities of 1 and 3 vary with the coordinated ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gen.[24] Although other peroxotungstates have also been ob-
served in the solid state[25–27] and solution,[28,29] the key to
stabilizing peroxotungstates is to incorporate a ligand that
can effectively coordinate to tungsten. The reactivity of per-
oxo complexes also depends on both the number and nature
of the auxiliary ligands.

A variety of peroxotungstates with oxygen and nitrogen
donors have been studied in solution and in the solid
state.[28–39] However, unlike peroxomolybdates(), which
have been investigated extensively,[40–47] fewer peroxotungst-
ate species with other ligands have been structurally re-
ported. Known compounds include dimeric oxalate and tet-
ranuclear carbonate complexes such as M2[WO(O2)2(C2O4)]
(M = K+, NH4

+)[48,49] [(n-C4H9)4N]2[W2O2(O2)4(C2O4)],[50]

K6[W4O8(O2)6(CO3)]·6H2O,[51] or isoperoxotungstates
like K2[W(O2)4],[22] K2[W2O3(O2)2(H2O)2]·2H2O,[23]

(Me3CNH3)4[W4O12(O2)2],[25] [(n-C4H9)4N]2[W4O6(O2)6-
(OH)2(H2O)2]·H2O,[26] and Cs2(CN3H6)3[(C2H5)2NH2]-
[W7O22(O2)2]·3H2O.[27]

Citrate ions are present in most plant and animal tissues
where they regulate various fundamental physiological pro-
cesses and are intermediates in carbohydrate metabolism,
such as in the Krebs cycle. (R,R)-Tartaric acid, which is also
widely distributed in nature and is classified as a fruit acid,
is another example of an α-hydroxycarboxylic acid that is
involved in many biochemical processes. Our study in this
field has been undertaken in order to answer one funda-
mental question, namely whether a pH variation can act
as the sole factor to induce structural changes in isolable
peroxotungstates in a hydrogen peroxide solution contain-
ing both tungstate and citrate or tartrate ions. It should be
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noted that peroxotungstates are much more unstable and
their isolation is more difficult than their peroxomolybdate
homologs.

Here we report the isolation and characterization of the
dimeric citrato and tartrato peroxotungstates K5[WO(O2)2-
(Hcit)H(Hcit)(O2)2OW]·6H2O (1) and K4[W2O2(O2)4-
{(R,R)-tart}]·3H2O (3). The hydroxy-bridged dinuclear per-
oxotungstate K3[W2O3(O2)4(OH)]·H2O (2) was also isolated
serendipitously from a weakly basic solution and is the first
example of an isolated dimeric W2O3(O2)4(OH) skeleton.

Results and Discussion

Scheme 1 shows the different pathways that lead to per-
oxo compounds 1–4. The compound numbers shown corre-
spond both to the potassium salts and the anions of the
complexes, which are used interchangeably in this descrip-
tion. It appears that pH acts as a decisive factor in dictating
the structural features of the isolated complexes. When the
pH of an aqueous solution containing potassium tungstate,
potassium citrate, and excess hydrogen peroxide was ad-
justed to 2–5, the dimer 1 was isolated, and this compound
could also be isolated by the treatment of 4 with citric acid
under comparable conditions. The dimeric peroxotungstate
4 is in equilibrium with the monomeric species in aqueous

Scheme 1. Synthesis and transformation of citrato- and tartratoperoxotungstates.
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solution,[29] and it is possible that the monomeric species
reacts directly with the citrate or tartrate to form 1 or 3.
Alternatively, complex 1 was prepared at pH 4 by the reac-
tion of H2O2 with the dimeric hydrogencitratodioxotungst-
ate K4[W2O5(Hcit)2]·4H2O (6), which was isolated from a
solution of potassium tungstate and citric acid at pH 3.0–
3.5. This is a clear demonstration that the β-carboxylate in
complex 6 is relative weakly coordinated and can be de-
tached by a peroxo group, which results in the formation of
a more stable didentate citrate peroxotungstate at pH 2–5.

It is significant that 1 is a centrosymmetric dimer formed
through the linear hydrogen bonding of a β-carboxy to a β-
carboxylic acid group [O···O = 2.502(8) Å]. In view of the
intramolecular hydrogen-bonding distance [O···O =
2.636(7) Å] in salicylic acid,[52] and the ordinary OH bond
of 0.96 Å, the hydrogen bonding in 1 must be very strong
as an intramolecular mode. This, in turn, reveals the sta-
bility of dimer 1. In light of its low solubility and its 13C
and 1H NMR signals, which will be discussed later, 1 proba-
bly exists as a dimer both in the crystalline state and in
solution due to this strong hydrogen bonding.

When the pH of the same solution that formed 1 was
changed to 7–8, it slowly deposited K2[W2O3(O2)4(OH)]·
H2O (2) instead of the molybdate() analog [WO(O2)2(cit)]4–

(5).[45] Here, citric acid acts as both reactant and buffer
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agent to capture this species. As the pH value increases, the
coordination ability of citrate with peroxotungstate de-
creases and therefore complex 5 is not isolated. Reversible
dimerization and dissociation do not occur. It is known that
the monomeric species [W(O2)4]2– is the principal species at
high pH (7–9) in the presence of excess H2O2,[22] while the
dimeric anion [W2O3(O2)4(H2O)2]2– (4) is the major species
at intermediate pH (1.3–7.0). Complex 2 could be an inter-
mediate between the two peroxotungstates mentioned
above, and it can also be considered as the product of de-
protonation of the coordinated water molecule in
K2[W2O3(O2)4(H2O)2]·2H2O (4). Complex 4 exhibits high
catalytic activity for the epoxidation of various allylic
alcohols using hydrogen peroxide in water.[53]

The pH is also critical in the formation of the tartratop-
eroxotungstate 3. The reaction of potassium tungstate,
(R,R)-tartaric acid, and excess hydrogen peroxide in aque-
ous solution at pH 2–3 gave 3, which can also be obtained
by treating 4 with (R,R)-tartaric acid under comparable
conditions via the monomeric peroxo species. The higher
pH only led to the formation of potassium tartrate. Com-
plex 3 is efflorescent, and can easily be converted into a
powder by dehydration.

An equilibrium between dimeric and monomeric peroxo-
tungstate species like [WO(O2)2(OH2)] and [W2O3(O2)4-

Table 1. Selected bond lengths [Å] and angles [°] for K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1), K3[W2O3(O2)4(OH)]·H2O (2), and
K4[W2O2(O2)4{(R,R)-tart}]·3H2O (3).

Complex 1

W(1)–O(1) 2.015(3) W(1)–O(2) 2.190(4) W(1)–O(8) 1.707(4)
W(1)–O(9) 1.971(4) W(1)–O(10) 1.926(4) W(1)–O(11) 1.927(4)
O(1)–W(1)–O(2) 74.2(1) O(1)–W(1)–O(8) 92.0(2) O(1)–W(1)–O(9) 89.9(2)
O(1)–W(1)–O(10) 133.7(2) O(1)–W(1)–O(11) 134.0(2) O(1)–W(1)–O(12) 89.9(2)
O(2)–W(1)–O(8) 166.2(2) O(2)–W(1)–O(9) 81.7(2) O(2)–W(1)–O(10) 87.2(2)
O(2)–W(1)–O(11) 87.3(2) O(2)–W(1)–O(12) 81.2(2) O(8)–W(1)–O(9) 99.1(2)
O(8)–W(1)–O(10) 103.2(2) O(8)–W(1)–O(11) 102.4(2) O(8)–W(1)–O(12) 98.6(2)
O(9)–W(1)–O(10) 44.9(2) O(9)–W(1)–O(11) 129.3(2) O(9)–W(1)–O(12) 162.3(2)
O(10)–W(1)–O(11) 85.4(2) O(10)–W(1)–O(12) 129.3(2) O(11)–W(1)–O(12) 45.1(2)
O(6)···O(6)[a] 2.502(8)

Complex 2

W(1)–O(1) 1.964(9) W(1)–O(2) 1.933(8) W(1)–O(3) 1.980(8)
W(1)–O(4) 1.947(7) W(1)–O(5) 1.730(8) W(1)–O(6) 2.219(6)
O(1)–W(1)–O(2) 45.3(3) O(1)–W(1)–O(3) 163.0(3) O(1)–W(1)–O(4) 131.0(3)
O(1)–W(1)–O(5) 98.6(4) O(1)–W(1)–O(6) 81.7(3) O(1)–W(1)–O(7) 90.6(4)
O(2)–W(1)–O(3) 129.8(3) O(2)–W(1)–O(4) 86.5(3) O(2)–W(1)–O(5) 102.1(4)
O(2)–W(1)–O(6) 86.3(3) O(2)–W(1)–O(7) 134.5(4) O(3)–W(1)–O(4) 44.6(3)
O(3)–W(1)–O(5) 98.4(4) O(3)–W(1)–O(6) 81.7(3) O(3)–W(1)–O(7) 88.3(4)
O(4)–W(1)–O(5) 100.5(4) O(4)–W(1)–O(6) 87.6(3) O(4)–W(1)–O(7) 131.9(4)
O(5)–W(1)–O(6) 168.5(3) O(5)–W(1)–O(7) 94.2(4) O(6)–W(1)–O(7) 74.3(3)

Complex 3

W(1)–O(1) 1.964(7) W(1)–O(2) 2.224(8) W(1)–O(4) 1.969(7)
W(1)–O(5) 1.928(8) W(1)–O(6) 1.919(9) W(1)–O(7) 1.996(9)
O(1)–W(1)–O(2) 76.1(3) O(1)–W(1)–O(4) 89.7(3) O(1)–W(1)–O(5) 132.1(4)
O(1)–W(1)–O(6) 134.8(4) O(1)–W(1)–O(7) 90.0(4) O(1)–W(1)–O(8) 95.9(4)
O(2)–W(1)–O(4) 82.3(4) O(2)–W(1)–O(5) 85.3(4) O(2)–W(1)–O(6) 86.0(4)
O(2)–W(1)–O(7) 80.5(4) O(2)–W(1)–O(8) 171.9(4) O(4)–W(1)–O(5) 43.8(4)
O(4)–W(1)–O(6) 129.0(4) O(4)–W(1)–O(7) 162.4(4) O(4)–W(1)–O(8) 98.7(5)
O(5)–W(1)–O(6) 86.0(4) O(5)–W(1)–O(7) 130.2(4) O(5)–W(1)–O(8) 101.0(4)
O(7)–W(1)–O(8) 98.8(5) O(6)–W(1)–O(7) 45.8(4) O(6)–W(1)–O(8) 99.4(5)

[a] Symmetry transformation: 1 – x, 1 – y, –z.
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(H2O)2]2– has been proposed,[28,29] therefore it does not
seem necessary that 1 and 3 are directly formed from 4.
Although the detailed structures of the monomeric peroxo-
tungstates remain controversial,[32] some monomeric species
like [WO(O2)2(OH2)2], [WO(O2)2(OH)(OH2)]–, [WO(O2)2-
(OH)2]2–, and [WO(O2)(OH)3(OH2)] are suggested.

Selected bond lengths and angles for the three com-
pounds are summarized in Table 1, and further crystallo-
graphic data can be found in the Experimental Section. The
structure of the anion in complex 1 is shown in Figure 1.
Each tungsten atom is seven-coordinate with a pentagonal-
bipyramidal geometry. The axial positions are occupied by
the oxo ligand and the oxygen atom from an α-carboxy
group. The equatorial positions are occupied by the two
bonded peroxo groups and a deprotonated α-alkoxy group.
The didentate (η2-O2

2–) ligand is a π-donor-like oxo li-
gand,[30] thus each peroxo and oxo ligand in this complex
are in the cis configuration and interact with different metal
orbitals. The citrate ion acts as a didentate ligand with the
α-alkoxy and α-carboxy oxygen coordinated to the tungsten
atom, while one of the β-carboxy groups is free to bind as
a centrosymmetric dimer through a linear [CO2

–···HO2C]
hydrogen bond, that is, one of the β-carboxylates of the
citrate unit is bonded to the β-carboxylic acid group of the
other unit.
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Figure 1. Perspective view of the anion structure of K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1).

As shown in Table 1, the W–O distances in complex 1
vary systematically. The distance of the W=O double bond
is 1.707(4) Å, and the W–O(peroxo) bond lengths are in the
range 1.927(4)–1.976(4) Å, which suggests that they are
bonded asymmetrically. The slightly shorter W–O(alkoxy)
bond [2.015(3) Å] indicates the deprotonation of the hy-
droxy group. The W–O(carboxy) bond is the longest
[2.190(4) Å] due to the strong trans influence of the ter-
minal oxo group.

An ORTEP diagram of the anion of 2 is shown in Fig-
ure 2. The dimeric complex 2 has a cis configuration and is
bridged by two oxygen atoms. The existence of such a di-
meric anion has been predicted previously by an 17O NMR
study.[28,29] The structure of 2 shows that one of the two
bridged oxygen atoms is protonated, which represents a new
isolated structural example of peroxotungstates. The coor-
dination about the tungsten is essentially pentagonal bipy-
ramidal. The equatorial place is defined by the five oxygen
atoms corresponding to the two peroxo groups and one
bridging oxygen atom. None of the atoms deviate more
than 0.08 Å from the mean plane, and the tungsten atom
is placed 0.23 Å above this plane. The axial positions are
occupied by the oxo ligand and the hydroxy group. As
shown in Table 1, the W–O6(hydroxy) bond [2.219(6) Å] is
longer than the W–O7 bridge bond. The ligand binding is
inferred to be significantly weaker at the axial position than
the equatorial position due to the trans influence of the ter-
minal oxygen.

The X-ray structure of the (R,R)-tartratoperoxotungstate
3 consists of discrete anions, potassium cations, and water
molecules. As shown in Figure 3, the two WO(O2)2 moieties
are spanned by a tartrato ligand that is didentate at each
end, giving a pentagonal-bipyramidal coordination at the
tungsten atoms. The tungsten is bound by a terminal oxo
group, two didentate peroxo groups, and a didentate tar-
trate ligand that binds through its α-alkoxy and α-carboxy
groups. The axial positions are occupied by the terminal
oxo ligand [W–O = 1.707(9) Å] and an oxygen atom from
the deprotonated carboxy group [W–O(2) = 2.224(8) Å].
The equatorial positions are occupied by the two slightly
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Figure 2. Perspective view of the anion structure of K3[W2O3-
(O2)4(OH)]·H2O (2).

asymmetrically bound peroxo ligands, while the α-alkoxy
group of the tartrate makes up the distorted pentagon [W–
O = 1.964(7) Å]. It appears that the α-alkoxy group assumes
the equatorial rather than the axial position so as to form
a strong bond. The W–O(peroxo) distances in 3 vary only
slightly. The W–O2, W=O, and O–O distances in the peroxo
groups are all within the range of distances previously ob-
served for this class of peroxo complexes. Moreover, the po-
tassium ions in complexes 1–3 are coordinated by water
molecules, the oxygen atoms of the peroxo groups, and cit-
rate or tartrate ligands. The coordination numbers of the
potassium ions are between 7 and 9 and the coordination
bond lengths of K–O between 2.65–3.30 Å. These ions are
important for the stabilities of the overall structures: replac-
ing the counterion with Na+ results in no isolation of per-
oxotungstates 1–3, which suggests that the sodium salt is
more soluble in water than the potassium salt.

Table 2 shows a comparison of Mo–O and W–O dis-
tances. The W–O distances of α-alkoxy group in the perox-
otungstates are longer than those in their molybdate homo-
logs, although the W–O distances of the α-carboxy groups
are shorter than the Mo–O distances of the α-carboxy
group.
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Figure 3. Perspective view of the anion structure of K4[W2O2-
(O2)4{(R,R)-tart}]·3H2O (3).

O–O bond activation is a major feature of the reactivity
of peroxo complexes, therefore it is instructive to compare
the O–O distances in peroxotungstates and peroxomolyb-
dates. The peroxo bonds in tungstates are slightly longer
than those in molybdates, which indicates that activation of
the peroxo group is much more effective with the peroxo-
tungstates.

Complexes 1 and 3 display characteristic features of the
coordinated citrate or tartrate ligand in their IR spectra.
The coordinated carboxy frequencies are shifted to lower
values compared to those of the free ligands. Specifically,
absorptions for the antisymmetric stretching carboxy vi-
brations νas(COOH) and/or νas(COO) appear at 1731 and
1654 cm–1 for 1 and 1642 and 1612 cm–1 for 3, and those of
the symmetric stretching vibrations νs(COO) appear at
1440–1330 cm–1. For the peroxotungstates without a car-
boxy ligand there is an obvious band at 703 or 763 cm–1,
which is assigned to the W–O–W vibration for 2 or 4,
respectively. The W=O vibrations appear as strong bands
at 950/970, 928, and 947 cm–1 for 1–3, respectively. The
ν(O–O) vibration appears as a clearly defined strong band
at around 840 cm–1, which is a higher frequency than in the

Table 2. A comparison of M–O (M = Mo, W) and O–O distances [Å] of peroxomolybdates and peroxotungstates.

Complex M–O(α-alkoxy) M–O(α-carboxy) M–Oav (peroxo) O–O (peroxo) Ref.

K2[MoO(O2)2(glyc)]·2H2O 1.991(5) 2.239(6) [42]

(NH4)2[MoO(O2)2(glyc)]·0.5EtOH 1.974(2), 2.011(2) 2.211(2), 2.310(2) 1.962(2) 1.484(2) [45]

K2[MoO(O2)2(H2cit)]·3H2O·0.5H2O2 2.011(7) 2.220(8) 1.951(9) 1.48(1) [41]

K2[MoO(O2)2(S-Hmal)]·H2O 2.013(5) 2.281(4) 1.956(4) 1.492(7)av [46]

K4[MoO(O2)2(cit)]·4H2O 1.971(2) 2.228(2) 1.959(2) 1.478(3) [46]

K4[Mo2O2(O2)4{(R,R)-tart}]·4H2O 1.962(7) 2.248(7) 1.956(8) 1.48(1) [43]

K4[W2O2(O2)4{(R,R)-tart}]·3H2O 1.964(7) 2.224(8) 1.953(9) 1.49(1)av [a]

K5[MoO(O2)2(Hcit)H(Hcit)(O2)2OMo]·6H2O 2.033(5) 2.196(3) 1.953(3) 1.480(4) [46]

K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O 2.015(3) 2.190(4) 1.950(4) 1.494(6) [a]

K6[W4O8(O2)6(CO3)]·6H2O 2.18(2) 1.95(3) 1.48(5) [51]

(NH4)2[MoO(O2)2(C2O4)] 2.045(3),2.261(3) 1.937(5) 1.475(4) [45]

[(n-C4H9)4N]2[WO(O)2(C2O4)WO(O2)2] 2.09(2), 2.40(1) 1.92(1) 1.48(2) [50]

K2[MoO(O2)2(C2O4)] 2.17(1) 1.95(1) 1.46(2) [40]

K2[WO(O2)2(C2O4)] 2.033(6), 2.245(6) 1.951(8) 1.51(1) [48]

K2[Mo2O3(O2)4(H2O)2]·2H2O 1.968(1) 1.48(2) [55]

K2[W2O3(O2)4(H2O)2]·2H2O 1.96 1.50 [23]

K2[W2O3(O2)4(OH)]·H2O 1.956(9) 1.50(1) [a]

(Me3CNH3)4[Mo4O12(O2)2] 2.224(3) 1.473(4) [25]

(Me3CNH3)4[W4O12(O2)2] 2.233(6) 1.47(1) [25]

[a] This work.
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spectra of simple peroxide salts (800 cm–1). Additional
bands in the range 650–560 cm–1 belong to νasW(O–O) and
νsW(O–O).

Owing to their dissociation on dissolution in H2O (D2O)
the NMR spectra of 1 and 3 show additional peaks, al-
though the major peaks could be interpreted. The 13C
NMR spectrum of K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·
6H2O (1) displays four groups of resonance, with two close
signals for each group. Complex 1 shows large low-field
shifts of some 13C resonances upon coordination relative to
the corresponding carbons in the KH3cit ion at a similar
pH (3.4). For example, the shifts of the α-alkoxy carbons at
δ = 88.1 and 85.6 ppm are 14.5 and 12 ppm, respectively,
and those of the α-carboxy carbons at δ = 189.0, 187.4 ppm
are 11.4 and 9.8 ppm, respectively (Figure 4). It also shows
several AB quartets for the methylene protons of the coor-
dinated citrate ligand in the 1H NMR spectrum. The proton
of the methylene belonging to the β-carboxy that forms hy-
drogen bonds is shifted to lower field than the others. These
data do not conflict with the existence of 1 as a dimer in
solution.

In the tartrate complex K4[W2O2(O2)4((R,R)-tart)]·3H2O
(3), two singlets appear at around δ = 186 and 88 ppm in
the 13C NMR spectrum due to the α-carboxy and α-alkoxy
groups. These low-field shifts relative to (R,R)-tartaric acid
(δ = 177.1 and 72.0 ppm) imply the involvement of coordi-
nation (Figure 5). These results prove that the tartrate
serves as a tetradentate ligand to form a dinuclear complex.
The 1H NMR spectrum of 3 shows multiple signals around
δ = 5.3 ppm. These shifts occur at lower fields than in the
free ligand. When these complexes are dissolved in D2O
they emit bubbles, thus the 1H and 13C NMR spectra dis-
play several additional peaks derived from the liberated li-
gand in addition to the signals of the complexes themselves.

Thermogravimetric (TG) and differential thermal analy-
sis (DTA) were carried out for 1–4 under N2; they indicated
that the different ligands in the peroxo complexes give dif-
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Figure 4. 13C NMR spectra of the citratoperoxotungstate K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1). Labels: (x) free citrate; (o) coor-
dinated citrate complex.

Figure 5. 13C NMR spectra of the tartratoperoxotungstate
K4[W2O2(O2)4{(R,R)-tart}]·3H2O(3). Labels: (x) free tartrate; (o)
coordinated tartrate complex.

ferent thermal stability. The first decomposition in
K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1), which is an
endothermic process occurring at 112 °C, is believed to be
associated with the loss of three H2O molecules, and is fol-
lowed by the loss of another three H2O and peroxo groups
at 166 °C. It is probable that 1 undergoes complete dehy-
dration at this temperature and that this is followed by the
rearrangement of the crystal lattice through an exothermic
process, as confirmed by the TG and DTA plots, to form
an anhydrous species such as K5[WO3(Hcit)H(Hcit)O3W].
It then undergoes extensive decomposition at 301 °C to
form potassium tungstate and carbonaceous matter due to
the combustion of the citrate groups. The observed decom-
position temperatures for the dehydration and decomposi-
tion of the peroxo groups of 1 are lower than for the corre-
sponding Mo analogues, which may be related to the elec-
trostatic interaction between M6+ and O2

2–.
The dimeric peroxotungstate K2[W2O3(O2)4(OH)]·H2O

(2) dehydrates in air and no water-loss step is observed. It
is stable up to 158 °C, where it loses two peroxo groups.
K4[W2O2(O2)4((R,R)-tart)]·3H2O (3) is not particularly
stable and decomposes at 108 and 138 °C in exothermic
processes that correspond to the loss of three water mole-
cules and the loss of peroxo groups, respectively.
K2[W2O3(O2)4(H2O)2]·2H2O (4) first loses H2O at 114 °C
and then begins to lose its peroxo groups at 145 °C. These
four complexes all showed rearrangement with exothermic
process around 380 – 390 °C. From the data above, it is
concluded that complexes 1 and 2 are much stable.

Experimental Section
Physical Measurements: Infrared spectra were recorded as Nujol
mulls between KBr plates with a Nicolet 360 FT-IR spectrometer.
Elemental analyses were performed with an EA 1110 elemental an-
alyzer. 1H and 13C NMR spectra were recorded in D2O on a Varian
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UNITY 500 NMR spectrometer using DSS (sodium 2,2-dimethyl-
2-silapentane-5-sulfonate) as the internal reference. Thermogravi-
metric (TG) and differential thermal analysis (DTA) were carried
out using a Netzsch Sta 449C thermal analyzer.

All experiments were carried out in the open air. All chemicals were
analytical-grade reagents and were used without further purifica-
tion. Nanopure-quality water was used throughout this work.

Preparation of K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1): Po-
tassium tungstate, prepared from the reaction of tungsten trioxide
(0.92 g, 4.0 mmol) and potassium hydroxide (2 , 9 mL), was added
dropwise to a solution containing citric acid (0.93 g, 4.4 mmol) and
an excess of 30% hydrogen peroxide (1 mL). The resulting reaction
mixture was adjusted to pH 4 with hydrochloric acid solution (1 )
in an ice-bath. Colorless crystals deposited gradually from the solu-
tion after several days in a refrigerator. They were collected and
washed with ethanol to give 1 (0.87 g, 36%) as a white solid.
C12H23K5O30W2 (1210.5): calcd. C 12.3, H 1.7; found C 11.9, H
1.9. IR (KBr): νas(C=O) = 1731 s, 1654 vs; νs(C=O) = 1437 m,
1387 s, 1335 m; ν(W=O) = 950 s; ν(O–O) = 837 s; νasW(O–O) =
637 s; νsW(O–O) = 571 m cm–1. 1H NMR (500 MHz): δ = 2.86 (d,
J = 15.0 Hz, 1 H, CH2), 2.83 (d, J = 15.0 Hz, 1 H, CH2), 2.76 (d,
J = 16.5 Hz, 1 H, CH2), 2.72 (d, J = 15.5 Hz, 1 H, CH2) ppm. 13C
NMR (125 MHz): δ = 189.0, 187.4 (CO2)α, 179.3, 178.4 (CO2)β,
88.1, 85.6 (�CO), 48.5, 47.3 (=CH2) ppm.

Preparation of K3[W2O3(O2)4(OH)]·H2O (2): Potassium tungstate
(4 mmol), prepared in situ as above, and citric acid (0.92 g,
4.4 mmol) were dissolved in 5 mL of water and an excess of 30%
hydrogen peroxide (1 mL) was added dropwise in an ice-bath. Po-
tassium hydroxide was added to give a light-yellow solution of
pH 7. Colorless crystals were obtained from EtOH/H2O solution
after cooling in a refrigerator for several weeks and these were
washed with ethanol to give 2 (8.2 mg, 0.5%) as a white solid. IR
(KBr): ν(OH) = 3641 vs, 3409 vs; ν(W=O) = 970 s, 928 vs; ν(O–
O) = 841 vs; ν(W–O–W) = 703 s; νasW(O–O) = 605 s; νsW(O–O)
= 564 s cm–1.

Preparation of K4[W2O2(O2)4{(R,R)-tart}]·3H2O (3): An aqueous
solution of (R,R)-tartaric acid (0.36 g, 2.4 mmol) and an excess of
30% hydrogen peroxide (1 mL) were added slowly to a stirred solu-
tion of potassium tungstate (4.0 mmol) in an ice-bath. Hydrochlo-
ric acid was then added to adjust the solution to pH 3. To induce
precipitation, 95% ethanol solution was added dropwise until a
permanent turbidity was obtained. The ethanol solution was kept
in a refrigerator for several days to give colorless crystals, which
were filtered and washed with ethanol to give 3 (0.60 g, 34%) as a
white solid. C4H8K4O19W2 (884.2): calcd. C 5.4, H 0.9; found C
5.0, H 0.7. IR (KBr): νas(C=O) = 1642 vs, 1612 vs; νs(C=O) = 1382
s; ν(W=O) = 926 s; ν(O–O) = 844 m; νasW(O–O) = 627 m; νsW(O–
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Table 3. Crystal data and structure refinement for K5[WO(O2)2(Hcit)H(Hcit)(O2)2OW]·6H2O (1), K3[W2O3(O2)4(OH)]·H2O (2), and
K4[W2O2(O2)4{(R,R)-tart}]·3H2O (3).

Empirical formula C12H23O30K5W2 H3O13K3W2 C4H8O19K4W2

Formula mass 1210.5 696.2 884.2
Crystal color, habit colorless, needle
Crystal size [mm] 0.45×0.09×0.07 0.15×0.04×0.04 0.20×0.05×0.05
a [Å] 7.9107(4) 8.2899(4) 15.9030(7)
b [Å] 9.4857(5) 13.7073(6)
c [Å] 11.3471(6) 21.308(1) 7.8151(4)
α [°] 72.517(1) 21.308(1) 7.8151(4)
β [°] 77.767(1) 21.308(1) 7.8151(4)
γ [°] 71.983(1) 21.308(1) 7.8151(4)
V [°] 765.64(7) 2421.3(2) 1976.5(1)
Z 1 8 4
Dcalcd. [g cm–3] 2.625 3.819 2.971
F(000) 578 2496 1640
Diffractometer Smart Apex CCD
Radiation Mo-Kα (λ = 0.7107 Å)
Temp. [°C] 23
Flack parameter[54] 0.03(3)
GOF on F2 1.02 1.14 1.17
R1 [I � 2σ(I)] 0.037 0.049 0.044
R1 (all data) 0.038 0.051 0.047

O) = 577 m cm–1. 1H NMR (500 MHz): δ = 4.456 (s, 2 H, CH)
ppm. 13C NMR (125 MHz): δ = 186.6, 186.2 (CO2)α, 88.2, 87.0
(�CO) ppm.

Transformation of K2[W2O3(O2)4(H2O)2]·2H2O (4) into 1: The di-
meric peroxotungstate 4 (0.50 g, 0.7 mmol), prepared by the pub-
lished method,[23] was dissolved in 5 mL of water. Citric acid
(0.34 g, 1.5 mmol) was added to this solution followed by a small
amount of 30% H2O2. The resulting mixture was stirred and the
pH adjusted to 4 with potassium hydroxide (1 ). Colorless crystals
of 1 (0.28 g, 33%) were obtained after one day in the refrigerator.

Transformation of 4 into 3: Peroxotungstate 4 (0.65 g, 0.94 mmol)
in water was added to (R,R)-tartaric acid (0.15 g, 0.56 mmol) in an
ice-bath. Hydrochloric acid was added followed by a small amount
of 30% H2O2 to get a solution of pH 3. The solution was kept in
a refrigerator for two days to give colorless crystals of 3 (0.092 g,
11%).

Transformation of K4[W2O5(Hcit)2]·4H2O (6) into 1: A solution of
dimeric hydrogendioxocitratotungstate (6; 1.79 g, 1.4 mmol), pre-
pared as reported previously,[56] in water was added to excess 30%
hydrogen peroxide (1 mL) to give a solution of pH 4. The solution
was kept in a refrigerator for two days to afford yellow crystals of
1 (0.94 g, 55%).

X-ray Structure Determination: Diffraction data were collected on
a Bruker Smart Apex CCD diffractometer with graphite-mono-
chromated Mo-Kα radiation at 296 K. Further details can be found
in Table 3. The structures were solved with SHELXS-97 and re-
fined by full-matrix least-squares procedures with anisotropic ther-
mal parameters for all the non-hydrogen atoms. H-atoms were lo-
cated from a difference Fourier map. All calculations were per-
formed with the programs SHELXL-97 and SHELXS-97.[57,58]

CCDC-284258 to -284260 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Details of IR spectra, 1H NMR spectra, and
thermogravimetric analyses.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1670–16771676

Acknowledgments

We thank the Ministry of Science & Technology (2005CB221408,
2001CB108906) and the National Natural Science Foundation of
China (20571061, 20021002, 20423002) for their generous support
of this research.

[1] K. Sato, M. Aoki, R. Noyori, Science 1998, 281, 1646–1647.
[2] B. Tamami, H. Yeganeh, React. Funct. Polym. 2002, 50, 101–

106.
[3] S. E. Jacobson, D. A. Muccigrosso, F. Mares, J. Org. Chem.

1979, 44, 921–924.
[4] R. Noyori, M. Aoki, K. Sato, Chem. Commun. 2003, 1977–

1986.
[5] Y. Ishii, Y. Sakata, J. Org. Chem. 1990, 55, 5545–5547.
[6] A. J. Bailey, W. P. Griffith, B. C. Parkin, J. Chem. Soc., Dalton

Trans. 1995, 1833–1837.
[7] A. Arcoria, F. P. Ballisteri, G. A. Tomaselli, F. D. Furia, G.

Modena, J. Mol. Catal. 1983, 18, 177–188.
[8] A. Arcoria, F. P. Ballisteri, G. A. Tomaselli, J. Mol. Catal.

1984, 24, 189–196.
[9] J. Hu, R. C. Burns, J. Mol. Catal. A: Chem. 2002, 184, 451–

464.
[10] M. S. Reynolds, K. J. Babinski, M. C. Bouteneff, J. L. Brown,

R. E. Campbell, M. A. Cowan, M. R. Durwin, T. Foss, P.
O’Brien, H. R. Penn, Inorg. Chim. Acta 1997, 263, 225–230.

[11] M. Shi, Y. S. Feng, J. Org. Chem. 2001, 66, 3235–3237.
[12] W. Adam, P. L. Alsters, R. Neumann, C. R. Saha-Möller, D.

Sloboda-Rozner, R. Zhang, J. Org. Chem. 2003, 68, 1721–1728.
[13] A. Arcoria, F. P. Ballistreri, G. A. Tomaselli, J. Org. Chem.

1986, 51, 2374–2376.
[14] D. V. Deubel, J. Sundermeyer, G. Frenking, Eur. J. Inorg. Chem.

2001, 1819–1827.
[15] C. D. Valentin, P. Gisdakis, I. V. Yudanov, N. Rösch, J. Org.

Chem. 2000, 65, 2996–3004.
[16] C. Aubry, G. Chottard, N. Plazzer, J. M. Brégeault, R. Thou-

venot, F. Chauvea, C. Huet, H. Ledon, Inorg. Chem. 1991, 30,
4409–4415.

[17] K. A. Jørgensen, Chem. Rev. 1989, 89, 431–458.
[18] G. Gelbard, F. Breton, M. Quenard, D. C. Sherrington, J. Mol.

Catal. A: Chem. 2000, 153, 7–18.
[19] Z. W. Xi, N. Zhou, Y. Sun, K. L. Li, Science 2001, 292, 1139–

1141.



Peroxotungstates and Their Citrate and Tartrate Derivatives FULL PAPER
[20] P. U. Maheswari, P. de Hoog, R. Hage, P. Gamez, J. Reedijk,

Adv. Synth. Catal. 2005, 347, 1759–1764.
[21] X. Y. Wang, H. C. Shi, S. Y. Xu, J. Mol. Catal. A: Chem. 2003,

206, 213–223.
[22] R. Stomberg, J. Less-Common Metals 1988, 143, 363–371.
[23] F. W. B. Einstein, B. R. Penfold, Acta Crystallogr. 1964, 17,

1127–1133.
[24] N. J. Campbell, A. C. Dengel, C. J. Edwards, W. P. Griffith, J.

Chem. Soc., Dalton Trans. 1989, 1203–1208.
[25] T. Ozeki, T. Yamase, Bull. Chem. Soc. Jpn. 1997, 70, 2101–

2105.
[26] W. P. Griffith, B. C. Parkin, A. J. P. White, D. J. Williams, J.

Chem. Soc., Dalton Trans. 1995, 3131–3138.
[27] H. Suzuki, M. Hashimoto, S. Okeya, Eur. J. Inorg. Chem. 2004,

2632–2634.
[28] Polyoxometalate Chemistry (Eds.: M. T. Pope, A. Müller),

Kluwer Academic Publishers, 2001, pp. 145–149.
[29] O. W. Howarth, Dalton Trans. 2004, 476–481.
[30] M. H. Dickman, M. T. Pope, Chem. Rev. 1994, 94, 569–584.
[31] D. Chakraborty, M. Bhattacharjee, R. Krätzner, R. Siefken,

H. W. Roesky, I. Usón, H. G. Schmidt, Organometallics 1999,
18, 106–108.

[32] B. Pecquenard, S. Castro-Garcia, J. Livage, P. Y. Zavalij, M. S.
Whittingham, R. Thouvenot, Chem. Mater. 1998, 10, 1882–
1888.

[33] W. P. Griffithm, A. M. Z. Slawin, K. M. Thompson, D. J. Wil-
liams, J. Chem. Soc., Chem. Commun. 1994, 569–570.

[34] N. M. Gresley, W. P. Griffith, B. C. Parkin, A. J. P. White, D. J.
Williams, J. Chem. Soc., Dalton Trans. 1996, 2039–2045.

[35] J. Y. Piquemal, C. Bois, J. M. Brégeault, Chem. Commun. 1997,
473–474.

[36] M. L. Ramos, M. M. Pereira, A. M. Beja, M. R. Silva, J. A.
Paixão, V. M. S. Gil, J. Chem. Soc., Dalton Trans. 2002, 2126–
2231.

[37] M. L. Ramos, M. M. Calderia, V. M. S. Gil, J. Chem. Soc.,
Dalton Trans. 2000, 2099–2103.

Eur. J. Inorg. Chem. 2006, 1670–1677 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1677

[38] T. T. Bhengu, D. K. Sanyal, Thermochim. Acta 2003, 397, 181–
197.

[39] M. R. Maurya, M. N. Jayaswal, J. Chem. Res. 1988, 446–447.
[40] R. Stomberg, Acta Chem. Scand. A 1970, 24, 2024–2036.
[41] J. Flanagan, W. P. Griffith, A. C. Skapski, R. W. Wiggins, In-

org. Chim. Acta 1985, 96, L23–L24.
[42] A. C. Dengel, W. P. Griffith, R. D. Powell, A. C. Skapski, J.

Chem. Soc., Dalton Trans. 1987, 991–995.
[43] A. C. Dengel, W. P. Griffith, R. D. Powell, A. C. Skapski, J.

Chem. Soc., Chem. Commun. 1986, 555–556.
[44] H. Glas, M. Spiegler, W. R. Thiel, Eur. J. Inorg. Chem. 1998,

275–281.
[45] D. Bayot, B. Tinant, M. Devillers, Inorg. Chim. Acta 2004, 357,

809–816.
[46] Z. H. Zhou, S. Y. Hou, H. L. Wan, Dalton Trans. 2004, 1393–

1399.
[47] J. A. Brito, M. Gómez, G. Muller, H. Teruel, J. C. Clinet, E.
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Treatment of the tridentate (NN�N) N-alkylaminopyrazole
ligands bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]ethylamine
(ddae), bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]isopropylamine
(ddai) and bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]tert-bu-
tylamine (ddat) with [PdCl2(CH3CN)2] in a 1:1 M/L ratio in
CH2Cl2 produces [PdCl2(NN�N)]. Treatment of the corre-
sponding ligand with [PdCl2(CH3CN)2] in a 1:2 M/L ratio in
the presence of AgBF4 in CH2Cl2/methanol (6:1) gives
[PdCl(NN�N)](BF4). The complexes [PdCl2(NN�N)] were
again obtained when the complexes [PdCl(NN�N)](BF4) were
heated under reflux in a solution of NEt4Cl in acetonitrile,
which means that ligands ddae, ddai and ddat in complexes
1–6 are hemilabile. These PdII complexes have been charac-

Introduction

In the course of a study of pyrazole-derived ligands we
have studied and reported the synthesis and characterisa-
tion of ligands combining a pyrazolyl group with some
other functions containing O (alcohol or ether),[1] S (thiol
or thioether),[2] P (phosphane or phosphinite)[3] or N
(amine)[4] as donor atoms. The synthesis of pyrazolyl-
N(amine) ligands has been developed by Driessen et al.
and, so far, the study of their coordinating ability has been
mainly focused on the design of chelating systems to mimic
metalloenzymes.[5]

In our group, we have investigated the reactivity of bi-
(NN�) and tridentate (NN�N) N-(alkylamino)pyrazole li-
gands {1-[2-(ethylamino)ethyl]-3,5-dimethylpyrazole, 1-[2-
(isopropylamino)ethyl]-3,5-dimethylpyrazole and bis[(3,5-
dimethylpyrazolyl)methyl]ethylamine} with RhI and
obtained the complexes [Rh2Cl2(COD)2(NN�)],[4b]

[Rh(COD)(NN�)](BF4)[4e] and [Rh(CO)2(NN�N)](BF4), [4c]

respectively. In a recent publication some of us have shown
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terised by elemental analyses, conductivity measurements
and IR and 1H and 13C{1H} NMR spectroscopy. The 1H NMR
spectroscopic studies for compounds [PdCl2(NN�N)] give evi-
dence of κ2(Npz,Npz) coordination in acetonitrile and
κ3(Npz,Namino,Npz) coordination in methanol. The X-ray
structure of the complex [PdCl(ddae)]Cl·H2O has been deter-
mined. The PdII is coordinated to the ddae ligand by two ni-
trogen atoms of the pyrazolyl groups and one nitrogen atom
of the amine, along with one chlorine atom, in a slightly dis-
torted square-planar geometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

that bis[(3,5-dimethylpyrazolyl)methyl]ethylamine is a very
flexible ligand with κ2(N,N) or κ3(N,N�,N) bonding modes
depending on the electronic configuration and the steric
constrains around the metal.[4c] The hemilabile centre of the
ligand is the nitrogen atom of the amine function.

Recently, we have synthesised the new PdII complexes
[PdCl2(NN�)],[6] and [Pd(NN�)2](BF4)2

[7] {NN� = 1-[2-(ethyl-
amino)ethyl]-3,5-dimethylpyrazole, 1-[2-(isopropylamino)-
ethyl]-3,5-dimethylpyrazole and 1-[2-(tert-butylamino)-
ethyl]-3,5-dimethylpyrazole}; the NMR studies of the com-
plexes have shown the rigid conformation of the ligands
when they are complexed.

This paper extends this work to a new family of NN�N
ligands with PdII. We report the synthesis of the ligands
bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]ethylamine (ddae),
bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]isopropylamine (ddai)
and bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]tert-butylamine
(ddat), and the study of their reactivity with PdII. The li-
gands contain two pyrazole nitrogens and one amine nitro-
gen as potential N-donor atoms (Scheme 1).

Results and Discussion

Synthesis and Spectroscopic Properties

Although bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]ethyl-
amine (ddae) has already been described,[5g] an alternative
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Scheme 1.

pathway for its synthesis is presented here. This new method
is also useful to develop two new ligands that had not been
described previously: bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]-
isopropylamino (ddai) and bis[2-(3,5-dimethyl-1-pyrazolyl)-
ethyl]tert-butylamino (ddat), neither of which could be syn-
thesised by the same method that was used in the literature
for ddae.

Synthesis of the three ligands consists of the treatment
of 3,5-dimethyl-1-(2-toluene-p-sulfonyloxyethyl)pyrazole[8]

with the appropriate primary amine (ddae: ethylamine;
ddai: isopropylamine; ddat: tert-butylamine) in the presence
of sodium hydroxide in water.

Each product was obtained as a yellow oil. This oil con-
sists of a mixture of the mono- and bis(pyrazolyl)alkyl-
amine ligands. The ligands were further purified by
chromatography (silica gel 60) with ethyl acetate as eluent.
The proportions of the bis(pyrazolyl)alkylamine/mono(pyr-
azolyl)alkylamine were 3:1 for ddae, 1:1 for ddai and 4:1 for
ddat.

The ligands were characterised by elemental analysis,
mass spectrometry and IR, 1H and 13C{1H} NMR spec-
troscopy. The NMR signals were assigned by reference to

Eur. J. Inorg. Chem. 2006, 1678–1685 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1679

the literature[9] and from DEPT, COSY and HMQC NMR
experiments.

Complexes [PdCl2(NN�N)] [NN�N = ddae (1), ddai (2)
and ddat (3)] were obtained by treatment of the correspond-
ing ligand with [PdCl2(CH3CN)2] in a 1:1 M/L ratio in
CH2Cl2. Complexes [PdCl(NN�N)](BF4) [NN�N = ddae (4),
ddai (5) and ddat (6)] were obtained by reaction of the cor-
responding ligand with [PdCl2(CH3CN)2] in a 1:1 M/L ratio
in the presence of AgBF4 in CH2Cl2/methanol (6:1). When
complexes 4–6 were heated under reflux in a solution of
Et4NCl in CH3CN for 24 h complexes 1–3 were again ob-
tained. The elemental analyses of products 1–3 are consis-
tent with the formula [PdCl2(NN�N)] and those for com-
pounds 4–6 with [PdCl(NN�N)](BF4).

Depending on the solvent used, different values of con-
ductivity were found for complexes 1–3. The conductivity
values in methanol are 83–95 Ω–1 cm2 mol–1 (consistent with
a 1:1 electrolyte), whereas those in acetonitrile are 78–
80 Ω–1 cm2 mol–1 for 1 and 2 (in agreement with the non-
electrolyte nature of the complexes) and 118 Ω–1 cm2 mol–1

for 3 (higher than for 1 and 2 due to the presence of a
mixture of neutral and cationic isomers, as seen in the
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NMR section). The conductivity values for complexes 4–
6 in acetonitrile and methanol are in agreement with 1:1
electrolytes. The reported values for 10–3  solutions of
non-electrolyte complexes are lower than 120 Ω–1 cm2 mol–1

or 80 Ω–1 cm2 mol–1 in acetonitrile or methanol, respec-
tively, while the range of conductivity values for 10–3 

solutions of 1:1 electrolyte compounds in methanol is be-
tween 80–115 Ω–1 cm2 mol–1 and in acetonitrile between 120
and 160 Ω–1 cm2 mol–1.[10]

The IR spectra of all complexes are similar to those of
the ligands, the most characteristic bands being those at-
tributable to the pyrazolyl group: ν(C=C) and ν(C=N) be-
tween 1556 and 1554 cm–1 and δ(C–H)oop between 820 and
801 cm–1. The ν(B–F) band between 1060–1053 cm–1 is
characteristic for 4–6.

The IR spectra of the complexes in the 500–100 cm–1 re-
gion were also recorded and show a well-defined band cor-
responding to ν(Pd–Cl) between 342 and 335 cm–1. The
number and energy of the bands is consistent with the pres-
ence of terminal chlorine. Bands attributable to ν(Pd–N)
between 460 and 426 cm–1 are also present.[11]

The 1H NMR, 13C{1H} NMR, HMQC and NOESY
spectra were recorded in CD3CN and methanol for 1–3,
and CD3CN for 4–6, and show the signals of the ligands
(ddae, ddai, and ddat). NMR spectroscopic data are re-
ported in the Exp. Sect.

The 1H NMR spectra of 1 and 2 in acetonitrile at room
temperature show the presence of one isomer (1a and 2a,
respectively), whereas the spectrum of 3 shows the presence
of two isomers (3a and 3b+) in a 1:3 ratio (Scheme 1). The
1H NMR spectra of 1–3 in methanol at room temperature
show the presence of one isomer (1b+, 2b+ and 3b+, respec-
tively). The most significant feature for probing structural
difference is provided by the NpzCH2CH2Namine reso-
nances: the CH2 signals of the isomers 1b+–3b+ are more
deshielded than those of 1a–3a. This observation suggests
that the nitrogen of the amine group is bonded to palladium
in 1b+–3b+. For isomers 1a–3a, at 298 K, the methylene
protons appear as four poorly defined broad bands. This
led us to record variable-temperature spectra for 1 in aceto-
nitrile. At higher temperatures (313 K) only one signal can
be observed for each CH2 of the NpzCH2CH2Namine chain,
whereas lowering of the temperature induces a progressive
broadening and splitting of the two signals corresponding
to each CH2. At 283 K, four well-defined bands are ob-
served at δ = 4.95, 4.31, 3.09 and 2.72 ppm. This suggests
that at 313 K there is a fluxional process in which, with
ring-flipping, the two hydrogens of each CH2 are intercon-
verted and only one signal can be observed. This process
would take place with a ∆G‡ value of about 60 kJmol–1, as
deduced from the coalescence behaviour of the methylene
resonances.[12]

The 1H NMR spectra at room temperature for 4–6 com-
plexes in acetonitrile show the presence of one isomer (4b+,
5b+ and 6b+, respectively).

The NMR spectra of complexes 1–3 in methanol and 4–
6 in acetonitrile were studied in detail. Treatment of the
NpzCH2CH2Namino fragment as an AA�XX� system gave a
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set of coupling constants for each compound. These con-
stants are consistent with the simulated spectra for com-
pounds 1–6 obtained with the aid of the g NMR pro-
gram.[13] All these results are reported in Tables 1 and 2.
Figures 1 and 2 show the experimentally determined and
simulated spectra for 2 and 5, respectively. HMQC spectra
were used to assign the signals of protons H-6 and H-7.
The two protons of each CH2 group in a NpzCH2-
CH2Namino chain are diastereotopic and thus give rise to
four groups of signals, each attributable to a single hydro-
gen atom of one NpzCH2CH2Namino chain. Each group of
signals can be assigned as a doublet of doublets of doublets
for H-6 and H-7.

Table 1. Chemical shifts [ppm] and 1H-1H coupling constants [Hz]
for 1b+–3b+ in methanol.

Compound [1b]+ [2b]+ [3b]+

δH (6a) 4.68 4.71 4.71
δH (6b) 5.21 5.30 5.44
δH (7a) 3.26 3.22 3.19
δH (7b) 2.87 2.96 3.30
2J(6a,6b) 15.71 15.75 15.82
2J(7a,7b) 14.22 14.47 14.89
3J(6a,7a) 3.33 3.78 3.80
3J(6b,7b) 11.19 11.03 10.54
3J(6a,7b) 2.54 2.04 1.60
3J(6b,7a) 2.25 1.84 1.25

Table 2. Chemical shifts [ppm] and 1H-1H coupling constants [Hz]
for 4b+–6b+ in CD3CN.

Compound [4b]+ [5b]+ [6b]+

δH (6a) 4.54 4.55 4.58
δH (6b) 5.10 5.17 5.22
δH (7a) 3.16 3.07 2.97
δH (7b) 2.78 2.85 3.08
2J(6a,6b) 15.84 15.74 15.98
2J(7a,7b) 14.30 14.01 14.86
3J(6a,7a) 3.18 3.42 3.75
3J(6b,7b) 11.22 11.01 11.22
3J(6a,7b) 2.47 1.97 1.60
3J(6b,7a) 2.63 1.60 1.25

In the NOESY spectra of compounds 1–3 in methanol
and 4–6 in acetonitrile, it was observed that the methyl
linked to the pyrazole at δ = 2.66 (1b+), 2.63 (2b+) 2.58
(3b+), 2.63 (4b+), 2.61 (5b+) and 2.58 ppm (6b+) shows an
NOE with the doublet of doublets of doublets at δ = 4.58,
4.71, 4.71, 4.54, 4.55 and 4.48 ppm (1b+–6b+, respectively),
but not with the ones at δ = 5.21, 5.30, 5.44, 5.10, 5.17 and
5.22 ppm (1b+–6b+, respectively). This allowed us to assign
H-6a to the first set of doublet of doublets of doublets.
From the NOESY spectra it can also be observed that the
methyl groups from the ethylamino [δ = 1.65 (1b+),
1.57 ppm (4b+)], isopropylamino [δ = 1.55 (2b+), 1.47 ppm
(5b+)] and tert-butylamino [δ = 1.22 (3b+), 1.17 (6b+)] moie-
ties show NOEs with the doublet of doublets of doublets at
δ = 2.87 (1b+), 2.96 (2b+), 3.30 (3b+), 2.78 (4b+), 2.85 (5b+)
and 3.08 ppm (6b+). This information allowed us to assign
H-7b to these signals. These assignments were possible
thanks to the X-ray crystal structure of (1b)Cl·H2O (Fig-
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Figure 1. The experimental (250 MHz) and simulated (g NMR) 1H
NMR spectra for the H-6 and H-7 protons of the NpzCH2-
CH2Namino fragment of [PdCl(ddai)]Cl ([2b]Cl).

Figure 2. The experimental (250 MHz) and simulated (g NMR) 1H
NMR spectra for the H-6 and H-7 protons of the NpzCH2-
CH2Namino fragment of [PdCl(ddai)]BF4 ([5b]BF4).
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ure 3), which shows that the shortest distances are between
the methyl linked to the pyrazole at δ = 2.66 ppm and the
doublet of doublets of doublets at δ = 4.67 ppm (H6b···H5a
= 2.03, H11a···H15a = 2.01 Å) and between the methyl
group from the ethylamino group and H-7b (H10b···H9c =
2.09 Å).

Figure 3. ORTEP drawing of [PdCl(ddae)]Cl·H2O, showing all
non-hydrogen atoms and the atom-numbering scheme; 50% prob-
ability amplitude displacement ellipsoids are shown.

Crystal Structure of [PdCl(ddae)]Cl·H2O

The crystal structure consists of discrete [PdCl(ddae)]+

units, chloride anions and solvent molecules (H2O) (Fig-
ure 3). The H2O and chloride ions are disordered.

The cation complex is mononuclear, and the PdII is coor-
dinated to the ddae ligand by its three donor atoms (two
nitrogen atoms of the pyrazolyl group and one nitrogen
atom of the amine moiety), along with one chlorine atom,
in a slightly distorted square-planar geometry. The tetrahe-
dral distortion can be observed from the bond angles and
from the mean separation (0.0045 Å) of the atoms coordi-
nated to the Pd atom in relation to the mean plane that
contains these four atoms and the Pd atom. The dihedral
angle between the planes N5–Pd–N3 and N1–Pd–N3 is
37.1(3)°. The ddae ligand acts as a tridentate chelate and
forms two six-membered rings, with a boat conformation
for Pd–N1–N2–C6–C7–N3 and a twist-boat conformation
for Pd–N5–N4–C11–C10–N3, which share an edge (Pd–
Namino). The boat distortions in the six-membered rings are
∆Cs[(N3–C7)] = ∆Cs[(N1–N2)] = 19.4(6)° for Pd–N1–N2–
C6–C7–N3 and ∆Cs[(N3–C10)] = ∆Cs[(N5–N4)] = 52.2(6)°
for Pd–N5–N4–C11–C10–N3.

A PdN3Cl core is present in 89 complexes in the litera-
ture.[14] Some selected bond lengths and bond angles for
this complex are listed in Table 3. The Pd–Npz bond lengths
[2.019(6) and 2.027(6) Å], the Pd–Namino bond length
[2.113(5) Å] and the Pd–Cl bond length [2.2991(18) Å] can
be regarded as normal compared with the distances found
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in the literature. For Pd–Npz, the literature describes values
between 1.979 and 2.141 Å,[1a,1b,1f,2a–2d,2g,6,15] for Pd–
Namino between 2.017 and 2.280 Å,[16] and for Pd–Cl be-
tween 2.280 and 2.341 Å.[1a,1b,1f,2a–2d,6,15b,15c]

Table 3. Selected bond lengths [Å] and angles [°] for [PdCl(ddae)]-
Cl·H2O.

Pd–N(1) 2.019(6) Pd–N(3) 2.113(5)
Pd–N(5) 2.027(6) Pd–Cl(1) 2.2991(18)
N(1)–Pd–N(5) 172.3(2) N(1)–Pd–Cl(1) 90.44 (17)
N(1)–Pd–N(3) 87.3(2) N(5)–Pd–Cl(1) 92.30(17)
N(5)–Pd–N(3) 90.8(2) N(3)–Pd–Cl(1) 173.15(15)

The Npyrazole–Namino bite angles of the ligand are 87.3(2)°
and 90.8(2)°, respectively, and are similar to the corre-
sponding bite angles in the complexes [PdCl2(NN�)] [NN� =
deae, deat; 89.3(2)° and 88.16(18)°, respectively][6] and
[Pd(NN�)2](BF4)2 [NN� = deat; 87.3(2)°].[7]

Conclusion

The N-alkylaminopyrazole ligands ddae, ddai, and ddat
can coordinate PdII centres in different ways. In complexes
1–3 these ligands show didentate coordination (NN) in ace-
tonitrile and tridentate coordination (NN�N) in methanol.
Furthermore, we have demonstrated the hemilabile proper-
ties of these ligands when coordinated to PdII.

Complexes 4–6, where the ligand uses NN�N coordina-
tion, are obtained from 1–3 by treatment with AgBF4.
When complexes 4–6 are heated under reflux in a solution
of Et4NCl in CH3CN, 1–3 are obtained once again. This
could be considered as type-III hemilability.[17]

Experimental Section
General Details: The reactions were carried out under nitrogen
using vacuum-line and Schlenk techniques. Solvents were dried and
distilled according to standard procedures and stored under nitro-
gen. Elemental analyses (C, H, N) were carried out by the staff
of the Chemical Analyses Service of the Universitat Autònoma de
Barcelona on a Carlo Erba CHNS EA-1108 instrument. Conduc-
tivity measurements were performed at room temperature in 10–3 

acetonitrile and methanol, employing a CyberScan CON 500 (Eu-
thech Instruments) conductimeter. Infrared spectra were run on a
Perkin–Elmer FT spectrophotometer, series 2000 cm–1 as NaCl pel-
lets, KBr pellets or polyethylene films in the range 4000–100 cm–1.
1H, 13C{1H}, DEPT, COSY, HMQC, and NOESY NMR spectra
were recorded with an NMR-FT Bruker 250 MHz spectrometer in
CDCl3, CD3CN or [D4]methanol solutions at room temperature.
All chemical-shift values (δ) are given in ppm. Mass spectra were
obtained with an Esquire 3000 ion-trap mass spectrometer from
Bruker Daltonics. The complex [PdCl2(CH3CN)2][18] was synthe-
sised according to published methods. The precursor 3,5-dimethyl-
1-[2-(p-tosyloxy)ethyl]pyrazole was prepared as described in the lit-
erature.[8]

Synthesis of the Ligands Bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]ethyl-
amine (ddae), Bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]isopropylamine
(ddai) and Bis[2-(3,5-dimethyl-1-pyrazolyl)ethyl]-tert-butylamine
(ddat): The synthesis consists of the reaction between 3,5-dimethyl-
1-[2-(p-tosyloxy)ethyl]pyrazole (6.17 g, 21 mmol), 11 mmol of the
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appropriate primary amine (ddae: 0.88 mL of 70% ethylamine;
ddai: 0.98 mL of 97% isopropylamine; ddat: 1.18 mL of 98% tert-
butylamine), and sodium hydroxide (0.96 g, 24 mmol). The reac-
tion was carried out in 20 mL of water with continuous stirring at
reflux for 4 h. The mixture was then cooled down to room tempera-
ture and extracted three times with 6 mL of CH3Cl. The organic
phase was collected and dried overnight with anhydrous MgSO4.
The solution was filtered off and the solvent removed under vac-
uum. Each product was obtained as a yellow oil. This oil consisted
of a mixture of the mono- and bis(pyrazolylalkyl)amine ligands.
The proportions of the bis(pyrazolylalkyl)amine and the mono(pyr-
azolylalkyl)amine were 3:1 for ddae, 1:1 for ddai and 1:4 for ddat.

In order to separate the two ligands, a silica gel column with ethyl
acetate as eluent was used. The mono(pyrazolylalkyl)amine ligand
stayed on top of the column whereas the bis(pyrazolylalkyl)amine
ligand eluted. The solvent was removed under vacuum to give ddae
as a pale-yellow oil, ddai as a pale-yellow solid (m.p. 25 °C) and
ddat as a white solid (m.p. 30 °C).

ddae: Yield: 24% (0.76 g). C16H27N5 (289.5): calcd. C 66.44, H
9.34, N 24.22; found C 66.01, H 9.35, N 24.50. MS (ESI): m/z (%)
= 312.2(31) [MNa+], 290.2 (100) [MH+]. IR (NaCl): ν̃ = 3120 cm–1

ν(C–H)ar, 2968, 2928 ν(C–H)al, 1552 [ν(C=C), ν(C=N)]ar, 1462,
1424 [δ(C=C), δ(C=N)]ar, 1092 δ(C–H)ip, 774 δ(C–H)oop. 1H NMR
(CDCl3, 250 MHz): δ = 5.66 [s, 2 H, CH(pz)], 3.77 (t, 3J = 6.8 Hz,
4 H, NpzCH2CH2N), 2.75 (t, 3J = 6.8 Hz, 4 H, NpzCH2CH2N),
2.50 (q, 3J = 7.2 Hz, 2 H, NCH2CH3), 2.12 [s, 12 H, CH3(pz)], 0.92
(t, 3J = 7.2 Hz, 3 H, NCH2CH3) ppm. 13C NMR (CDCl3,
63 MHz): δ = 147.7 (CCH3), 139.5 (CCH3), 105.1 [CH(pz)], 54.8
(NpzCH2CH2N), 49.1 (NCH2CH3), 47.8 (NpzCH2CH2N), 13.8
(CCH3), 12.5 (NCH2CH3), 11.4 (CCH3) ppm.

ddai: Yield: 23% (0.77 g). C17H29N5 (303.5): calcd. C 67.33, H 9.57,
N 23.10; found C 67.09, H 9.76, N 22.80. MS (ESI): m/z (%) =
304.2 (100) [MH+], 208.1 (5) [MH+ – 3,5-dmpz]. IR (KBr): ν̃ =
3114 cm–1 ν(C–H)ar, 2959, 2926 ν(C–H)al, 1552 [ν(C=C),
ν(C=N)]ar, 1460, 1425 [δ(C=C), δ(C=N)]ar, 1089 δ(C–H)ip, 777
δ(C–H)oop. 1H NMR (CDCl3, 250 MHz): δ = 5.66 [s, 2 H, CH(pz)],
3.66 (t, 3J = 6.7 Hz, 4 H, NpzCH2CH2N), 2.78 [sp, 3J = 6.5 Hz, 1
H, NCH(CH3)2], 2.70 (t, 3J = 6.7 Hz, 4 H, NpzCH2CH2N), 2.12 [s,
12 H, CH3(pz)], 0.90 [d, 3J = 6.5 Hz, 6 H, NCH(CH3)2] ppm. 13C
NMR (CDCl3, 63 MHz): δ = 147.7 (CCH3), 139.6 (CCH3), 105.0
[CH(pz)], 52.3 [NCH(CH3)2], 51.9 (NpzCH2CH2N), 48.9
(NpzCH2CH2N), 18.6 [NCH(CH3)2], 13.9 (CCH3), 11.5 (CCH3)
ppm.

ddat: Yield: 21% (0.73 g). C18H31N5 (317.5): calcd. C 68.14, H 9.78,
N 22.08; found C 68.08, H 9.43, N 22.02. MS (ESI): m/z (%) =
340.2 (2) [MNa+], 318.3 (100) [MH+], 262.1 (76) [MH+ – tBu]. IR
(KBr): ν̃ = 3114 cm–1 ν(C–H)ar, 2975, 2915 ν(C–H)al, 1553 [ν(C=C),
ν(C=N)]ar, 1462, 1425 [δ(C=C), δ(C=N)]ar, 1097 δ(C–H)ip, 776
δ(C–H)oop. 1H NMR (CDCl3, 250 MHz): δ = 5.66 [s, 2 H, CH(pz)],
3.61 (t, 3J = 6.4 Hz, 4 H, NpzCH2CH2N), 2.79 (t, 3J = 6.4 Hz, 4
H, NpzCH2CH2N), 2.15 [s, 6 H, CH3(pz)], 2.11 [s, 6 H, CH3(pz)],
1.02 [s, 9 H, C(CH3)3] ppm. 13C NMR (CDCl3, 63 MHz): δ = 147.7
(CCH3), 139.6 (CCH3), 105.1 [CH(pz)], 55.8 [NC(CH3)3], 52.8
(NpzCH2CH2N), 50.3 (NpzCH2CH2N), 27.4 [NC(CH3)3], 13.9
(CCH3), 11.6 (CCH3).

Synthesis of the Complexes [PdCl2(NN�N)] [NN�N = ddae (1), ddai
(2), ddat (3)]: A solution of 0.27 mmol of the corresponding ligand
(ddea: 0.078 g; ddai: 0.082 g; and ddat: 0.086 g) in 5 mL of dry
CH2Cl2 was added to a solution of [PdCl2(CH3CN)2] (0.070 g,
0.27 mmol) in 10 mL of dry CH2Cl2. After the mixture had been
stirred for 12 h, most of the solvent was removed under vacuum.
Diethyl ether (5 mL) was then added dropwise to induce precipi-
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tation. The orange solids were filtered off, washed twice with 5 mL
of diethyl ether, and recrystallised from a dichloromethane/diethyl
ether (1:1) mixture.

Key coupling constants for 1b+–3b+ in methanol are given in
Table 1.

1: Yield: 53% (0.067 g). C16H27Cl2N5Pd (466.8): calcd. C 41.17, H
5.79, N 15.01; found C 41.05, H 5.94, N 14.86%. Conductivity
(8.57×10–4  in acetonitrile): 78 Ω–1 cm2 mol–1; (8.72×10–4  in
methanol): 95 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3129, 3085 cm–1 ν(C–
H)ar, 2965, 2915 ν(C–H)al, 1554 [ν(C=C), ν(C=N)]ar, 1465, 1422
[δ(C=C), δ(C=N)]ar, 1093 δ(C–H)ip, 801 δ(C–H)oop; (polyethylene):
ν̃ = 458 cm–1 ν(Pd–N), 336 ν(Pd–Cl). 1H NMR for isomer 1a
(CD3CN, 250 MHz): δ = 6.12 [s, 2 H, CH(pz)], 5.02 (m, 2 H,
NpzCHHCH2N), 4.68 (m, 2 H, NpzCHHCH2N), 3.16 (m, 2 H,
NpzCH2CHHN), 2.88 (m, 2 H, NpzCH2CHHN), 2.63 [s, 6 H,
CH3(pz)], 2.38 [s, 6 H, CH3(pz)], 2.17 (q, 2 H, CH2CH3), 1.57 (t,
3 H, CH2CH3) ppm; isomer 1b+ ([D4]methanol, 250 MHz): δ =
6.16 [s, 2 H, CH(pz)], 5.21 (ddd, 2 H, NpzCHHCH2N), 4.67 (ddd,
2 H, NpzCHHCH2N), 3.26 (ddd, 2 H, NpzCH2CHHN), 2.87 (ddd,
2 H, NpzCH2CHHN), 2.66 [s, 6 H, CH3(pz)], 2.42 [s, 6 H, CH3(pz)],
2.18 (q, 2 H, CH2CH3), 1.65 (t, 3 H, CH2CH3) ppm. 13C NMR for
isomer 1a (CD3CN, 63 MHz): δ = 153.3 (CCH3), 145.0 (CCH3),
108.8 [CH(pz)], 60.8 (NCH2CH3), 60.6 (NpzCH2CH2N), 48.6
(NpzCH2CH2N), 14.8 (CCH3), 14.2 (NCH2CH3), 11.2 (CCH3)
ppm; isomer 1b+ ([D4]methanol, 63 MHz): δ = 153.5 (CCH3), 144.8
(CCH3), 108.7 [CH(pz)], 60.9 (NCH2CH3), 60.6 (NpzCH2CH2N),
48.2 (NpzCH2CH2N), 14.2 (CCH3), 13.8 (NCH2CH3), 10.3 (CCH3)
ppm.

2: Yield: 46% (0.060 g). C17H29Cl2N5Pd (480.8): calcd. C 42.47,
H 6.04, N 14.57; found C 42.58, H 6.09, N 14.69. Conductivity
(6.24×10–4  in acetonitrile): 80 Ω–1 cm2 mol–1; (9.05×10–4  in
methanol): 83 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3125, 3077 cm–1 ν(C–
H)ar, 2963, 2922 ν(C–H)al, 1554 [ν(C=C), ν(C=N)]ar, 1468, 1424
[δ(C=C), δ(C=N)]ar, 1093 δ(C–H)ip, 807 δ(C–H)oop; (polyethylene):
ν̃ = 460 cm–1 ν(Pd–N), 335 ν(Pd–Cl). 1H NMR for isomer 2a
(CD3CN, 250 MHz): δ = 6.11 [s, 2 H, CH(pz)], 5.13 (m, 2 H,
NpzCHHCH2N), 4.60 (m, 2 H, NpzCHHCH2N), 3.15 (m, 2 H,
NpzCH2CHHN), 2.87 (m, 2 H, NpzCH2CHHN), 2.61 [s, 6 H,
CH3(pz)], 2.38 [s, 6 H, CH3(pz)], 2.27 [sp, 1 H, CH(CH3)2], 1.47
[d, 6 H, CH(CH3)2] ppm; isomer 2b+ ([D4]methanol, 250 MHz): δ
= 6.15 [s, 2 H, CH(pz)], 5.29 (ddd, 2 H, NpzCHHCH2N), 4.70 (ddd,
2 H, NpzCHHCH2N), 3.22 (ddd, 2 H, NpzCH2CHHN), 2.96 (ddd,
2 H, NpzCH2CHHN), 2.63 [s, 6 H, CH3(pz)], 2.42 [s, 6 H, CH3(pz)],
2.32 [sp, 1 H, CH(CH3)2], 1.55 [d, 6 H, CH(CH3)2] ppm. 13C NMR
for isomer 2a (CD3CN, 63 MHz): δ = 153.2 (CCH3), 144.9 (CCH3),
108.7 [CH(pz)], 65.5 [NCH(CH3)2], 58.3 (NpzCH2CH2N), 48.7
(NpzCH2CH2N), 19.5 [NCH(CH3)2], 14.6 (CCH3), 14.2
(NCH2CH3), 11.2 (CCH3) ppm; isomer 2b+ ([D4]methanol,
63 MHz): δ = 153.3 (CCH3), 144.6 (CCH3), 108.6 [CH(pz)], 65.8
[NCH(CH3)2], 58.5 (NpzCH2CH2N), 48.2 (NpzCH2CH2N), 19.0
[NCH(CH3)2], 14.1 (CCH3), 10.4 (CCH3) ppm.

3: Yield: 22% (0.029 g). C18H31Cl2N5Pd (494.8): calcd. C 43.70,
H 6.27, N 14.16; found C 43.91, H 6.24, N 13.81. Conductivity
(1.12×10–3  in acetonitrile): 118 Ω–1 cm2 mol–1; (6.07×10–4  in
methanol): 89 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3122, 3077 cm–1 ν(C–
H)ar, 2971, 2922 ν(C–H)al, 1556 [ν(C=C), ν(C=N)]ar, 1471, 1424
[δ(C=C), δ(C=N)]ar, 1093 δ(C–H)ip, 802 δ(C–H)oop; (polyethylene):
ν̃ = 457 cm–1 ν(Pd–N), 336 ν(Pd–Cl). 1H NMR for isomer 3a
(CD3CN, 250 MHz): δ = 6.01 [s, 2 H, CH(pz)], 5.15 (m, 2 H,
NpzCHHCH2N), 4.91 (m, 2 H, NpzCHHCH2N), 3.60 (m, 2 H,
NpzCH2CHHN), 3.12 (m, 2 H, NpzCH2CHHN), 2.56 [s, 6 H,
CH3(pz)], 2.36 [s, 6 H, CH3(pz)], 1.15 [s, 9 H, C(CH3)3] ppm; iso-
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mer 3b+: δ = 6.07 [s, 2 H, CH(pz)], 5.32 (ddd, 2 H, NpzCHHCH2N),
4.68 (ddd, 2 H, NpzCHHCH2N), 3.17 (ddd, 2 H, NpzCH2CHHN),
3.10 (ddd, 2 H, NpzCH2CHHN), 2.56 [s, 6 H, CH3(pz)], 2.36 [s, 6
H, CH3(pz)], 1.15 [s, 9 H, C(CH3)3] ppm; isomer 3b+ ([D4]meth-
anol, 250 MHz): δ = 6.10 [s, 2 H, CH(pz)], 5.44 (ddd, 2 H,
NpzCHHCH2N), 4.71 (ddd, 2 H, NpzCHHCH2N), 3.30 (ddd, 2 H,
NpzCH2CHHN), 3.19 (ddd, 2 H, NpzCH2CHHN), 2.58 [s, 6 H,
CH3(pz)], 2.41 [s, 6 H, CH3(pz)], 1.22 [s, 9 H, C(CH3)3] ppm. 13C
NMR for isomer 3a (CD3CN, 63 MHz): δ = 152.7 (CCH3), 144.5
(CCH3), 108.5 [CH(pz)], 69.3 [NC(CH3)3], 60.6 (NpzCH2CH2N),
49.2 (NpzCH2CH2N), 19.2 [NC(CH3)3], 14.3 (CCH3), 10.8 (CCH3)
ppm; isomer 3b+: δ = 153.1 (CCH3), 144.8 (CCH3), 108.7 [CH(pz)],
69.4 [NC(CH3)3], 60.9 (NpzCH2CH2N), 49.4 (NpzCH2CH2N), 19.5
[NC(CH3)3], 14.5 (CCH3), 11.0 (CCH3) ppm; isomer 3b+ ([D4]-
methanol, 63 MHz): δ = 153.1 (CCH3), 144.6 (CCH3), 108.5
[CH(pz)], 69.7 [NC(CH3)3], 60.9 (NpzCH2CH2N), 49.4
(NpzCH2CH2N), 19.0 [NC(CH3)3], 14.0 (CCH3), 10.3 (CCH3) ppm.

Synthesis of the Complexes [PdCl(NN�N)](BF4) [NN�N = ddae (4),
ddai (5), ddat (6)]: AgBF4 (0.052 g, 0.27 mmol) in 5 mL of meth-
anol and 0.27 mmol of the corresponding ligand (ddae: 0.078 g;
ddai: 0.082 g; ddat: 0.086 g) in 5 mL of dry CH2Cl2 were added to
a solution of [PdCl2(CH3CN)2] (0.070 g, 0.27 mmol) in 10 mL of
dry CH2Cl2. The mixture was protected from the light and stirred
at room temp. for 1 h. The yellow solution was then filtered
through a pad of Celite. The solution was stirred for 30 min and
then most of the solvent was removed under vacuum. Diethyl ether
(5 mL) was then added dropwise to induce precipitation. The yel-
low solid was filtered off, washed twice with 5 mL of diethyl ether
and dried under vacuum.

Key coupling constants for 4b+–6b+ in CD3CN are given in
Table 2.

4: Yield: 81% (0.11 g). C16H27BClF4N5Pd (517.7): calcd. C 37.09,
H 5.22, N 13.52; found C 37.41, H 5.11, N 13.48. Conductivity
(7.73×10–4  in acetonitrile): 156 Ω–1 cm2 mol–1; (8.01×10–4  in
methanol): 93 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3132, 3078 cm–1 ν(C–
H)ar, 2975, 2938 ν(C–H)al, 1555 [ν(C=C), ν(C=N)]ar, 1466, 1422
[δ(C=C), δ(C=N)]ar, 1053 ν(B–F), 820 δ(C–H)oop; (polyethylene): ν̃
= 426 cm–1 ν(Pd–N), 341 ν(Pd–Cl). 1H NMR (CD3CN, 250 MHz):
δ = 6.12 [s, 2 H, CH(pz)], 5.10 (ddd, 2 H, NpzCHHCH2N), 4.54
(ddd, 2 H, NpzCHHCH2N), 3.16 (ddd, 2 H, NpzCH2CHHN), 2.78
(ddd, 2 H, NpzCH2CHHN), 2.63 [s, 6 H, CH3(pz)], 2.36 [s, 6 H,
CH3(pz)], 2.14 (q, 3J = 7.2 Hz, 2 H, NCH2CH3), 1.57 (t, 3J =
7.2 Hz, 3 H, NCH2CH3) ppm. 13C NMR (CD3CN, 63 MHz): δ =
153.4 (CCH3), 145.0 (CCH3), 108.8 [CH(pz)], 60.8 (NCH2CH3),
60.7 (NpzCH2CH2N), 48.1 (NpzCH2CH2N), 14.7 (CCH3), 14.1
(NCH2CH3), 11.0 (CCH3) ppm.

5: Yield: 78% (0.11 g). C17H29BClF4N5Pd (531.7): calcd. C 38.37,
H 5.45, N 13.16; found C 38.38, H 4.77, N 12.56. Conductivity
(7.52×10–4  in acetonitrile): 154 Ω–1 cm2 mol–1; (9.28×10–4  in
methanol): 92 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3128, 3077 cm–1 ν(C–
H)ar, 2966, 2920 ν(C–H)al, 1555 [ν(C=C), ν(C=N)]ar, 1466, 1422
[δ(C=C), δ(C=N)]ar, 1060 ν(B–F), 809 δ(C–H)oop) ; (polyethylene):
ν̃ = 459 cm–1 ν(Pd–N), 342 ν(Pd–Cl). 1H NMR (CD3CN,
250 MHz): δ = 6.11 [s, 2 H, CH(pz)], 5.17 (ddd, 2 H,
NpzCHHCH2N), 4.55 (ddd, 2 H, NpzCHHCH2N), 3.07 (ddd, 2 H,
NpzCH2CHHN), 2.85 (ddd, 2 H, NpzCH2CHHN), 2.61 [s, 6 H,
CH3(pz)], 2.37 [s, 6 H, CH3(pz)], 2.28 [sp, 3J = 6.6 Hz, 1 H,
CH(CH3)2], 1.47 [d, 3J = 6.6 Hz, 6 H, CH(CH3)2] ppm. 13C NMR
(CD3CN, 63 MHz): δ = 153.2 (CCH3), 144.9 (CCH3), 108.7
[CH(pz)], 65.6 [NCH(CH3)2], 58.3 (NpzCH2CH2N), 48.5
(NpzCH2CH2N), 19.4 [NCH(CH3)2], 14.6 (CCH3), 11.0 (CCH3)
ppm.
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6: Yield: 73% (0.11 g). C18H31BClF4N5Pd (545.7): calcd. C 39.58,
H 5.68, N 12.83; found C 39.31, H 5.49, N 13.13. Conductivity
(7.73×10–4  in acetonitrile): 153 Ω–1 cm2 mol–1; (6.32×10–4  in
methanol): 92 Ω–1 cm2 mol–1. IR (KBr): ν̃ = 3122, 3085 cm–1 ν(C–
H)ar, 2981, 2922 ν(C–H)al, 1555 [ν(C=C), ν(C=N)]ar, 1473, 1424
[δ(C=C), δ(C=N)]ar, 1060 ν(B–F), 809 δ(C–H)oop; (polyethylene): ν̃
= 458 cm–1 ν(Pd–N), 335 ν(Pd–Cl). 1H NMR (CD3CN, 250 MHz):
δ = 6.09 [s, 2 H, CH(pz)], 5.33 (ddd, 2 H, NpzCHHCH2N), 4.58
(ddd, 2 H, NpzCHHCH2N), 3.17 (ddd, 2 H, NpzCH2CHHN), 3.07
(ddd, 2 H, NpzCH2CHHN), 2.58 [s, 6 H, CH3(pz)], 2.38 [s, 6 H,
CH3(pz)], 1.17 [s, 9 H, C(CH3)3] ppm. 13C NMR (CD3CN,
63 MHz): δ = 153.1 (CCH3), 144.8 (CCH3), 108.7 [CH(pz)], 69.5
[NC(CH3)3], 60.9 (NpzCH2CH2N), 49.4 (NpzCH2CH2N), 19.5
[NC(CH3)3], 14.5 (CCH3), 11.0 (CCH3) ppm.

X-ray Crystal Structure for Compound [PdCl(ddae)]Cl·H2O: Crys-
tals suitable for X-ray diffraction were obtained by crystallisation
from methanol. A prismatic crystal was selected and mounted on
a Enraf–Nonius CAD4 four-circle diffractometer. Unit-cell param-
eters were determined from automatic centring of 25 reflections (12
� θ � 21°) and refined by least-squares method. Intensities were
collected with graphite-monochromated Mo-Kα radiation using the
ω/2θ scan technique. 6425 Reflections were measured in the range
2.41 � θ � 29.96°, 6085 reflections of which were non-equivalent
by symmetry [Rint(on I) = 0.031]. 4431 Reflections were assumed
as observed by applying the condition I � 2σ(I). Three reflections
were measured every two hours as orientation and intensity con-
trol; significant intensity decay was not observed. Lorentz-polarisa-
tion but no absorption corrections were made. The structure was
solved by direct methods using the SHELXS computer program,[19]

and refined by full-matrix least-squares method with SHELX-97
[20] using 6425 reflections (very negative intensities were not as-
sumed). The function minimised was Σw||Fo|2 – |Fc|2|2 where ω =
[σ2(I) + (0.0818P)2 + 10.1890 P]–1, and P = (|Fo|2 + 2|Fc|2)/3. All
H-atoms were computed and refined using a riding model, with an
overall temperature factor equal to 1.2-times the equivalent tem-

Table 4. Crystallographic data for [PdCl(ddae)]Cl·H2O.

Formula C16H29Cl2N5OPd
M 484.74
Temperature [K] 293(2)
Crystal System monoclinic
Space group P21/a
a [Å] 7.893(4)
b [Å] 31.437(5)
c [Å] 8.861(12)
α [°] 90
β [°] 107.31(7)
γ [°] 90
Z 4
Dcalc [g cm–3] 1.534
µ [mm–1] 1.153
F(000) 992
Crystal size [mm] 0.2 × 0.1 × 0.1
θ range [°] 2.41 to 29.96
Index range –11 � h � 10, 0 � k � 44, 0 � l � 12
Reflexions collected/unique 6425/6085 [R(int) = 0.0313]
Completeness to θ [%] 99.9
Absorption correction none
Data/restraints/parameters 6085/0/245
Goodness-of-fit 1.080
Final R1, ωR2 0.0472, 0.1541
R1 (all data), ωR2 0.0864, 0.1898
Extinction coefficient 0.0020(2)
Residual electron density [e Å–3] 0.858 and –0.737

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1678–16851684

perature factor of the atom to which they are linked. The final R(F)
factor and Rw(F2) values, as well as the number of parameters and
other details concerning the refinement of the crystal structure, are
gathered in Table 4.

CCDC-290469 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Tertiary amines activated either by borane (BH3) or cyanobo-
rane (BH2CN) groups were α-C lithiated with sBuLi (2 equiv.)
and then treated with 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane to produce the α-aminoboronate com-

Introduction

During the last 30 years much effort has been focused in
the area of pharmaceutical chemistry on the synthesis and
biological activity studies of boron analogues of α-amino
acids (α-aminoboronic acids 1), in which the carboxylic
acid moiety is replaced by a boronic acid moiety, as they
are highly effective inhibitors of serine proteases.[1] In ad-
dition, α-aminoboronic acids have been shown to be inhibi-
tors for proteosomes, arginase, NOS,[2] and cysteine en-
zymes.[3] The incorporation of a Lewis basic amine and a
Lewis acidic boronic acid functionality into the same mole-
cule is a notoriously difficult procedure, and synthetic
routes to these compounds are scarce. It is known that pri-
mary and secondary derivatives of α-aminoboronic acids
are not stable in their neutral form; however, they can be
stabilized either by forming their hydrochloride salts or by
converting the molecules into their amide derivatives.[4–6] In
this context, new effective methods to prepare amino and
related boron compounds will have a tremendous impact on
synthetic, bioinorganic, and pharmaceutical chemistry.[7–12]

The first synthesis of an α-amidoboronic ester was reported
by Matteson et al.,[13] and remains the standard method for
synthesis of α-aminoboronic acids; however, it is a multistep
method and is time consuming.

Deprotonation of tertiary amines can be promoted by a
Lewis acid, since on forming a complex a positive charge
develops on the nitrogen to inductively facilitate the re-
moval of a proton from the α-C position. This concept of
tertiary amine activation using Lewis acid activators was
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plexes of aminoboranes and aminocyanoboranes 2–7 in 70–
85% yields.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

introduced by Kessar and co-workers in 1991. These au-
thors used BF3 as an activator that facilitated the α-metal-
ation of several tertiary amine complexes.[14] Based on these
results, in 1995 Ebden and co-workers applied a similar ap-
proach to aminoborane complexes, which underwent inter-
esting metalation reactions.[15]

Trimethylaminocyanoboranes can also be easily α-depro-
tonated at the α-carbon and treated with various electro-
philes to give more complicated aminocyanoboranes, as
was recently reported by Takrouri et al.[16] The biological
and pharmaceutical activities of aminocyanoboranes
(A·BH2CN) and aminocarboxyboranes (A·BH2COOH)
and their amide, ester, peptide, and transition metal deriva-
tives have been investigated;[17] they have been shown to
possess anticancer,[18] antiosteoporotic,[19] antiinflamma-
tory,[20] and hypolipidemic properties.[20b,21] These mole-
cules have also been mentioned as possible boron carriers to
tumor cells for boron neutron capture therapy (BNCT).[22]

Based on the above results, we have now applied these
methods with a more complex electrophile. Thus, the
boron-containing electrophile 2-isopropoxy-4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolane was mainly used to give the
α-aminoboronic ester attached to the cyano (BH2CN) or
borane (BH3) groups on the same molecule. In this work,
we report a novel, short, simple, and direct method to pre-
pare novel α-aminoboronate complexes of aminoboranes
and aminocyanoboranes in very good yields. Our method
starts from tertiary amines that are activated either by bo-
rane or cyanoborane groups. This, in turn, leads to selective
α-deprotonation. Reaction of the lithiated complexes with
a boron-containing electrophile gives the title compounds.

Results and Discussion

Preparation of Aminoborane Derivatives

We initially focused on 2-isopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane as an electrophile in our study. Treat-
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ment of the borane adduct with two equivalents of sBuLi
in THF at –78 °C, warming to the room temperature, fol-
lowed by recooling to –78 °C and addition of the electro-
phile gave good yields of the desired α-aminoboronic acid
products 2 and 3 (Scheme 1, Table 1).

Scheme 1. Synthesis of α-aminoboronate complexes of aminobo-
ranes and aminocyanoboranes.

Table 1. α-Aminoboronic acid derivatives 2–7 prepared from ami-
noboranes or aminocyanoboranes.

Product X R� R Yield [%][a]

2 H Ph CH3 85
3 H 2-naph CH3 84
4 CN H CH3 83
5 CN H C4H9 70
6 CN H C9H19 80
7 CN H C12H25 70

[a] Yields after column chromatography.

The use of an excess of sBuLi is necessary to get high
yields, as using a lower amount of sBuLi resulted in reduced
conversion to product and recovery of unreacted starting
material. We suspect that this may be due to the known
instability of organolithium reagents in THF.[23] It is also
possible that some limited destruction of the borane com-
plexes occurs by nucleophilic attack of sBuLi, resulting in
partial consumption of the base. Adventitious water may
also be involved.[15]

The products were stable enough to be purified on silica
gel and were isolated as solids. However, these products
should be stored at low temperature, otherwise they decom-
pose slowly to give back the starting material.

Preparation of Aminocyanoborane Derivatives

In an analogous manner, trialkylaminocyanoboranes
were lithiated with sBuLi and then treated with 2-isopro-
poxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to give the
oily alkyl α-aminoboronic acid derivatives 4–7. The desired
products were purified on silica gel in high yields and in
high purity (Scheme 1, Table 1).

Products 2–7 were fully characterized by 1H, 13C, and
11B NMR spectroscopy, GC/MS, FT-IR spectroscopy, and
elemental analysis. In the borane products 2 and 3 a new
stereogenic center is created in the benzylic position, which

Eur. J. Inorg. Chem. 2006, 1686–1689 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1687

means that the methyl groups attached to the nitrogen be-
come diastereotopic and peaks for each group are evident
in both the 1H and 13C NMR spectra. The methyl groups
on the pinacol are also diastereotopic and peaks for each
of the two methyls appear in the 1H and 13C NMR spectra.

The 4,4,5,5-tetramethyl-1,3,2-dioxaborolane group
causes a high-field shift of the benzylic proton in the 1H
NMR spectra in products 2 and 3 and also for the methyl-
enic protons in products 4–7 in comparison with the start-
ing materials. In the 13C NMR spectra of all products typi-
cal pinacol peaks are observed at δ = 24 [C(CH3)2] and
84 ppm [C(CH3)2]. No peaks are observed for the carbon
in the α-position to the boron due to the rapid relaxation
of this boron-bound carbon.[24] Two peaks are observed in
the 11B NMR spectra of all the products: a positive boron
chemical shift appears as a singlet at δ = 29–30 ppm, which
is typical for a boron substituted with two oxygens, and a
negative boron chemical shift, which is typically associated
with tetracoordinate boron, appears as a quartet for prod-
ucts 2 and 3 at δ = –9 ppm or as a triplet for products 4–7
at δ = –14 ppm. These results agree with results published
in the literature.[25] Typical peaks are also observed in the
FT-IR spectra [2236–2407 (B–H), 2196–2199 (C�N), 653–
752 cm–1 (B–N)].

Conclusions

A series of novel α-aminoboronic acids 2–7 that also bear
a borane or cyanoborane group have been prepared in a
one-pot reaction in very good yields. This method involves
short reaction times and is applicable to prepare diverse α-
aminoboronic acids.

Experimental Section
Materials and Instrumentation: Solvents were dried with sodium/
benzophenone and freshly distilled before use. All reactions were
carried out under dry nitrogen in oven-dried glassware. Melting
points were determined on a Fisher scientific melting point appara-
tus. Infrared spectra were run for samples as neat films for liquids
and in KBr disks for solids on a Bruker Vector 22 FT-IR spectro-
photometer. 1H, 13C, and 11B NMR spectra were recorded with
a Varian Unity spectrometer (300, 75, and 96 MHz, respectively).
Elemental analysis was performed in-house at the Hebrew Univer-
sity Microanalysis laboratory. Chemical shifts were recorded rela-
tive to an internal standard (SiMe4) for 1H and 13C NMR and an
external standard (Et2O·BF3) for 11B NMR spectroscopy. Liquid
chromatography was performed by column chromatography with
the indicated solvent system on Merck silica gel 60 (0.040–
0.063 mm).

Synthesis: All aminoboranes complexes were prepared from borane
methylsulfide and the corresponding amine using the literature
method.[15] Trimethylaminocyanoborane was prepared from tri-
methylamine hydrochloride and sodium cyanoborohydride using
the literature method.[26] All other cyanoboranes were prepared
analogously as in the literature.[16] The electrophile 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane was prepared using the lit-
erature method.[27] All other chemicals were obtained from Sigma–
Aldrich and used as received without any further purification.
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General Procedure. Synthesis of 2: A solution of sBuLi in cyclohex-
ane (1.3 , 2 mmol) was added dropwise to a solution of (dimeth-
ylbenzylamino)borane (0.149 g, 1 mmol) in THF (2.5 mL)
at –78 °C. The solution was stirred for 30 min at –78 °C, then it
was warmed up to room temperature for 30 min, before cooling
down to –78 °C again and addition of 2-isopropoxy-4,4,5,5-tet-
ramethyl-1,3,2-dioxaborolane (0.186 g, 1 mmol) in one portion. Af-
ter 2 min the cooling bath was removed, and the reaction mixture
was stirred for 30 min at room temperature. A saturated NaHCO3

solution (10 mL) was then added, the layers were separated, and
the aqueous layer was extracted with diethyl ether (2×10 mL); the
combined organic layers were dried with sodium sulfate. After
evaporation of all the volatiles the residue was purified by column
chromatography on silica gel (2.5% EtOAc in petroleum ether) to
give N,N-dimethyl-N-[phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lan-2-yl)methyl]aminoborane (2) as a white solid, m.p. 93–95 °C,
(0.235 g; yield: 85%). 1H NMR (CDCl3, 25 °C): δ = 1.22 [s, 6 H,
C(CH3)2], 1.28 [s, 6 H, C(CH3)2], 2.36 (s, 3 H, NCH3), 2.70 (s, 3
H, NCH3), 3.83 (s, 1 H, PhCH), 7.35 (m, 5 H, Ph) ppm; BH could
not be detected. 11B NMR (CDCl3, 25 °C): δ = –9.1 (q, J =
96.25 Hz), 29.4 ppm (s). 13C{1H} NMR (CDCl3, 25 °C): δ = 24.7,
24.8, 47.0, 52.1, 84.3, 128.6, 129.0, 132.5, 132.9 ppm; BC could not
be detected. IR (KBr): ν̃ = 2363 cm–1 (B–H), 2321 (B–H), 2270 (B–
H), 1469 (C–N) 664 (B–N) ppm. MS (EI): m/z = 275 [M+], 261,
246, 231, 217, 202, 187, 172, 157, 132, 127. C15H27B2NO2 (275):
calcd. C 65.45, H 9.81, N 5.09; found C 66.25, H 9.80, N 5.12.

Preparation of N,N-Dimethyl-N-[naphthalen-2-yl(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)methyl]aminoborane (3): White so-
lid, m.p. 108–110 °C, (0.275 g; yield 84%). 1H NMR (CDCl3,
25 °C): δ = 1.23 [s, 6 H, C(CH3)2], 1.30[s, 6 H, C(CH3)2], 2.42 (s, 3
H, NCH3), 2.78 (s, 3 H, NCH3), 4.01 (s, 1 H, PhCH), 7.54 (m, 4
H), 7.84 (m, 2 H), 7.95 (s, 1 H) ppm; BH could not be detected.
11B NMR (CDCl3, 25 °C): δ = –9.0 (q, J = 94.38 Hz), 29.1 ppm
(s). 13C{1H} NMR (CDCl3, 25 °C): δ = 24.5, 24.6, 46.9, 52.0, 84.1,
126.3, 126.7, 127.5, 127.9, 128.1, 129.91, 129.95, 132.4, 133.0,
133.1 ppm; BC could not be detected. IR (KBr): ν̃ = 2361 cm–1 (B–
H), 2311 (B–H), 2269 (B–H), 1468 (C–N), 632 (B–N) ppm. MS
(EI): m/z = 327 [M+], 313, 298, 283, 269, 254, 239, 224, 209, 184,
129, 127. C19H31B2NO2 (327): calcd. C 69.72, H 9.48, N 4.28;
found C 70.27, H 9.37, N 4.30.

Preparation of N,N-Dimethyl-N-[(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)methyl]aminocyanoborane (4): The crude product was
purified by column chromatography with 20% of EtOAc in petro-
leum ether as eluent to give a yellow oil (0.186 g; yield 83%). 1H
NMR (CDCl3, 25 °C): δ = 1.27 {s, 12 H, [C(CH3)2]2}, 2.68 (s, 2 H,
NCH2B), 2.79 [s, 6 H, N(CH3)2] ppm; BH could not be detected.
11B NMR (CDCl3, 25 °C): δ = –14.1 (t, J = 103.12 Hz), 29.6 ppm
(s). 13C{1H} NMR (CDCl3, 25 °C): δ = 24.6, 52.0, 84.5 ppm; BC
could not be detected. IR (neat): ν̃ = 2354 cm–1 (B–H), 2330 (B–
H), 2199 (C�N), 1470 (C–N), 752 (B–N) ppm. MS (EI): m/z = 224
[M+], 209, 194, 184, 170, 155, 127. C10H22B2N2O2 (224): calcd. C
53.57, H 9.82, N 12.50; found C 54.01, H 9.69, N 12.70.

Preparation of N-Methyl-N-[(4,4,5,5-tetramethyl-1,3,2-dioxaborol-
an-2-yl)methyl]butylaminocyanoborane (5): The crude product was
purified by column chromatography with 20% of EtOAc in petro-
leum ether as eluent to give a yellow oil (0.186 g; yield 70%). 1H
NMR (CDCl3, 25 °C): δ = 0.95 (t, JH,H = 15 Hz, 3 H, CH2CH3),
1.26 {s, 12 H, [C(CH3)2]2}, 1.68 [m, 4 H, CH3(CH2)2], 2.60 (s, 2 H,
NCH2B), 2.74 (s, 3 H, NCH3), 2.99 (m, 2 H, NCH2CH2) ppm; BH
could not be detected. 11B NMR (CDCl3, 25 °C): δ = –15.5 (t, J =
103.5 Hz), 29.5 ppm (s). 13C{1H} NMR (CDCl3, 25 °C): δ = 13.7,
20.1, 24.6, 25.4, 49.9, 62.6, 84.4 ppm; BC could not be detected.
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IR (neat): ν̃ = 2407 cm–1 (B–H), 2338 (B–H), 2197 (C�N), 1467
(C–N), 653 (B–N) ppm. MS (EI): m/z = 266 [M+], 251, 227, 212,
198, 184, 169, 154. C13H28B2N2O2 (266): calcd. C 58.64, H 10.52,
N 10.52; found C 58.75, H 10.33, N 10.32.

Preparation of N-Methyl-N-[(4,4,5,5-tetramethyl-1,3,2-dioxaborol-
an-2-yl)methyl]nonylaminocyanoborane (6): The crude product was
purified by column chromatography with 20% of EtOAc in petro-
leum ether as eluent to give a yellow oil (0.269 g, yield 80%). 1H
NMR (CDCl3, 25 °C): δ = 0.87 (t, JH,H = 13.2 Hz, 3 H, CH2CH3),
1.26 {br. s, 22 H, [C(CH3)2]2 + (CH2)5}, 1.66 (m, 4 H,
NCH2CH2CH2), 2.59 (s, 2 H, NCH2B), 2.74 (s, 3 H, NCH3), 2.98
(m, 2 H, NCH2CH2) ppm; BH could not be detected. 11B NMR
(CDCl3, 25 °C): δ = –14.6 (t, J = 104.0 Hz), 30.2 ppm (s). 13C{1H}
NMR (CDCl3, 25 °C): δ = 14.0, 22.6, 23.3, 24.6, 26.8, 29.12, 29.17,
29.3, 31.7, 49.8, 62.9, 84.4 ppm; BC could not be detected. IR
(neat): ν̃ = 2337 cm–1 (B–H), 2236 (B–H), 2197 (C�N), 1466 (C–
N), 663 (B–N) ppm. MS (EI): m/z = 336 [M+], 297, 282, 254, 240,
185, 170, 156, 142, 128, 114, 100, 84. C18H38B2N2O2 (336): calcd.
C 64.28, H 11.30, N 8.33; found C 63.55, H 11.21, N 8.37.

Preparation of N-Methyl-N-[(4,4,5,5-tetramethyl-1,3,2-dioxaborol-
an-2-yl)methyl]dodecylaminocyanoborane (7): The crude product
was purified by column chromatography with 20% of EtOAc in
petroleum ether to give a yellow oil (0.255 g; yield 70%). 1H NMR
(CDCl3, 25 °C): δ = 0.87 (t, JH,H = 13.2 Hz, 3 H, CH2CH3), 1.26
{br. s, 28 H, [C(CH3)2]2 + (CH2)8}, 1.72 (m, 4 H, CH3CH2CH2),
2.59 (s, 2 H, NCH2B), 2.74 (s, 3 H, NCH3), 3.00 (m, 2 H,
NCH2CH2) ppm; BH could not be detected. 11B NMR (CDCl3,
25 °C): δ = –15.3 (t, J = 104.23 Hz), 29.6 ppm (s). 13C{1H} NMR
(CDCl3, 25 °C): δ = 14.0, 22.6, 23.3, 24.6, 26.8, 29.1, 29.2, 29.42,
29.47, 29.5, 31.8, 43.3, 49.8, 62.9, 84.4 ppm; BC could not be de-
tected. IR (neat): ν̃ = 2362 cm–1 (B–H), 2339 (B–H), 2196 (C�N),
1465 (C–N), 667 (B–N) ppm. MS (EI): m/z = 378 [M+], 339, 324,
310, 296, 282, 268, 254, 240, 226, 212, 198, 184, 170, 156, 141, 126,
111, 96. C21H44B2N2O2 (378): calcd. C 66.66, H 11.64, N 7.40;
found C 65.77, H 11.48, N 7.54.
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Tetraphenoxyborates are reliably prepared in a two-step se-
quence, exploiting less corrosive reagents like boric acid and
the corresponding phenols. The broad scope of this transfor-
mation is demonstrated in 22 examples. Several solid-state
structures reveal the preferential conformation of the phen-
oxy moieties allowing cation interaction. Furthermore, a

Introduction
Tetracoordinated borates play an important role in na-

ture.[1] In particular, these natural products are involved in
the communication among bacterial microorganisms.[2]

Size, oxophilic nature, and a maximum coordination
number of four predestine boron for templating alkoxy or
phenoxy moieties in an efficient manner. The synthesis and
properties of tetracoordinated borates are well established,
whereas the corresponding tetraphenoxy derivatives are
only little explored. Tetraphenoxyborates are commonly
used as bulky and inert counterions for catalysts[3] or as
electrolytes in batteries.[4]

The formation of such tetragonal-coordinated com-
pounds involves the reaction of Lewis acidic boron species
with a nucleophilic phenoxy system. If very electron-de-
ficient boranes are applied with no additional base, a tetrag-
onal boron derivative is observed, incorporating an unusual
tautomeric form of the phenolate.[5] Treatment of the corre-
sponding phenol with boron trichloride in the presence of
a nitrogen base leads to the triphenoxyborane by a direct
displacement of chlorine and subsequently to the anionic
tetragonal derivative. This approach requires very electron-
deficient phenols and a highly corrosive boron reagent.[6]

When employing sodium tetrahydridoborate as boron
source in the reaction with phenol a variety of different bo-
rates is observed. Herein the counterion plays a crucial role,
because the sodium cations link the borate subunits to infi-
nite polymeric structures.[7] The stepwise formation of tetra-
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novel architecture of a phenoxy-substituted tetraborate was
found. Surprisingly, the tetraphenoxyborates exhibit a good
stability in neutral and basic media.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

phenoxyborates requires the prior construction of the tri-
esters of boric acid followed by the conversion with phenol-
ates. In order to obtain soluble phenolate equivalents of
divalent cations like barium, sophisticated reagent mixtures
were applied.[8] However, the direct use of barium metal
ameliorated the process to barium-linked dimeric borates.[9]

We present a reliable protocol for the synthesis of a wide
scope of tetraphenoxyborates. The simple two-step se-
quence can be performed in a one-pot process and is feas-
ible for large quantities of the desired tetragonal boron
compound.

Results and Discussion

The synthesis of tetraphenoxyborates began with the es-
terification of the corresponding phenol with boric acid
(Scheme 1). The transformation was performed in refluxing
toluene with the use of a Dean–Stark trap. With the re-
moval of water the reaction mixture became homogeneous.
The amount of water received was slightly lower than antic-
ipated from a stoichiometric condensation reaction.

Scheme 1. a) B(OH)3, toluene, 12 h reflux with a Dean–Stark trap.

Removal of the solvent under reduced pressure yielded a
mixture of phenyl esters of boric acid. Mass spectrometric
investigation of the crude product indicated the presence of
several trigonal boron species as depicted in Figure 1.
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Figure 1. Major products by the condensation reaction of 1 with
boric acid.

The presence of abundant 1 gives rise to a fast equilib-
rium among the ester species 2–4.[10] When the crude mate-
rial was carefully distilled under high vacuum (10–4–
10–5 mbar), the pure triester 2 could be obtained. However,
this step turned out to be time-consuming. Furthermore, it
was only feasible on smaller quantities, limited to substrates
of low molecular weight and involved an unacceptable loss
of material. Therefore, the crude mixture was directly sub-
jected to the corresponding phenolate in THF (Scheme 2).

Scheme 2. a) B(OH)3, toluene, 12 h reflux with a Dean–Stark trap;
b) Na, 1, THF, room temp.

THF proved to be the appropriate solvent for this par-
ticular transformation including the reaction of phenol with
sodium as well as the formation of the desired tetraphen-
oxyborate 5, which precipitated and could easily be isolated
by simple filtration. The formation of anionic borates re-
sults in a fast equilibrium of the corresponding trigonal
compounds 2–4 and strongly favours the formation of the
mononuclear borate species 5. Noteworthy, performing the
transformation at high concentration led almost exclusively
to 5. However, application of 4-methoxyphenol in this reac-
tion sequence yielded the desired borate 9 besides the tetra-
nuclear borate 28 as by-product in very low yields. Fortu-
nately, a suitable single crystal for X-ray analysis was ob-
tained (Figure 2). Further spectroscopic investigation was
not possible because not sufficient pure material of 28 was
available.

Compound 28 represents an intermediate in the forma-
tion of 5 from higher aggregates similar to 3 or 4. The mo-
lecular structure reveals a mixed tetraborate. In the centre,
a trigonal boric anhydride unit is connected to three tetrag-
onal anionic borate moieties. The tetrahedral symmetry of
the borates is distorted and shows two pairs of angles

Table 1. Selected geometric parameters [Å, °] for a subunit of 28.

Btrig–O1 1.3624(1) O–Btrig–O 119.542(5)
Btetr–O(Ar) 1.4630(1), 1.4647(1), 1.4888(1) Btrig–O1–Btetr 126.218(10)
Btetr–O1 1.4610(1) O1–Btetr–O(Na1) 102.450(8)
Na1–O1 2.3255(2) (Na2)O–Btetr–O(Na2) 99.389(12)
Na1–O(Ar) 2.6439(2) (Na1)O–Btetr–O(Na2) 113.274(5), 115.317(5)
Na2–O(Ar) 2.4078(2), 2.4635(2)
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Figure 2. Left: X-ray structure of the tetraborate 28; right: coordi-
nation pattern.

(Table 1). Three sodium cations link the borate fragments
through the phenol oxygen atoms and compensate the
negative charge. In addition, each sodium cation is coordi-
nated by two THF molecules, which are omitted in Figure 2
for clarity. The architecture of the depicted tetraborate 28
is unique. Remarkably, 28 exhibits no C3 symmetry, due to
the deviated orientation of the methoxy substituents in its
periphery.

As shown in Table 2, the parent phenol (Entry 1) as well
as mono-, di- and trisubstituted substrates were applied in
the synthesis of their tetraphenoxyborates in moderate to
excellent yields. The reaction outcome is determined by the
steric demand and electronic nature of the individual phe-
nol derivative. The conversion of para- and ortho-cresol to
the corresponding borates 7 and 14, respectively, shows a
lower yield for the latter one, due to the steric demand close
to the borate centre (Entries 2 and 9). This trend is reflected
in the conversion of almost all ortho-alkyl-substituted phe-
nols compared to the congeners with free ortho positions.
Interestingly, thymol and 4-chlorothymol, both exhibiting
an isopropyl group at C-2, provide the borates 16 and 26 in
high yields (Entries 11 and 21).

Phenols with a single tert-butyl substituent were success-
fully subjected to the condensation reaction with boric acid
followed by salt formation to yield 8, 17, 19 or 25 in good
yields (Entries 3, 12, 14 and 20), whereas two tert-butyl
groups dramatically disfavour the arrangement of four phe-
nolates around the boron centre (Entry 13). Furthermore,
electronic effects can lower the nucleophilicity of the inter-
mediate sodium phenolate, resulting in a lower yield for the
desired borate. Therefore, substrates like 4-fluorophenol, 4-
chlorophenol and 2-bromo-4-methylphenol were converted
into the corresponding borates 10, 11 and 20, respectively,
in moderate yields (Entries 5, 6 and 15). In contrast, tetra-
phenoxyborates of electron-rich phenols were obtained in
good to excellent yields (Entries 4, 7 and 17).
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Table 2. Substrates for the synthesis of tetraphenoxyborates.

Phenols with two ortho substituents smoothly undergo
the condensation reaction to the triphenoxyborane, whereas
the subsequent formation of the tetraphenoxyborates was
not observed (Scheme 3).

Scheme 3. a) B(OH)3, toluene, 24 h reflux with a Dean–Stark trap;
b) 29, NaH, THF.

The conversion of 2,4,6-trimethylphenol (29) with so-
dium metal was sluggish, therefore sodium hydride was em-
ployed for deprotonation. Still, the addition of 30 to the
phenolate of 29 gave no indication for the formation of the
sodium tetraphenoxyborate 31. The reaction mixture was
analyzed by 11B NMR spectroscopy, as the signals for a
trigonal and a tetragonal boron atom clearly differ from
each other. Only a broad signal at δ = 15.89 ppm was ob-
served, indicating the triphenoxyborane 30. Remarkably,
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compound 30 could easily be separated from the phenolate
of 29 by chilling the reaction mixture. Compound 30 was
filtered off and obtained as pure colourless solid. Thus, tri-
phenoxyboranes of phenol derivatives exhibiting two alkyl
substituents in the ortho positions are far too shielded to
undergo addition with a further phenolate equivalent.

Because suitable crystals for X-ray analysis of both, tri-
phenoxyborane (6a) and the corresponding tetraphen-
oxyborate (6b) were available, a direct comparison of the
structural features was possible (Figure 3). The obtained
geometric data are representative for most analogues.

Figure 3. Molecular structure of triphenoxyborane (6a) and the tet-
raphenoxyborate (6b) determined by X-ray analysis.

Triphenoxyborane (6a) exhibits a trigonal-planar boron
centre with three phenyl units symmetrically arranged
around the boron atom. The planes of the aromatic rings
are oriented almost perpendicular to the BO3 plane, re-
sulting in a water-wheel-shaped molecule. Three almost
similar distances of about 2.35 Å between the oxygen atoms
of 6a emphasise the expected C3 symmetry of 6a. In con-
trast, the tetraphenoxyborate (6b) reveals a slight deviation
from the tetrahedral symmetry by elongation in one direc-
tion. The pair of oxygen atoms bridged by the sodium cat-
ion forms the shorter side of the tetrahedron and exhibits
an interatomic distance of about 2.26 Å. Interestingly, the
opposite side shows the same oxygen–oxygen distance with-
out a coordinating counterion. The corresponding in-
teratomic distances on the longer side are in the range of
2.44–2.48 Å. Compared to 6a, neighboured ortho-carbon
atoms come closer to each other up to 4.28 Å. The sodium
cation in 6b has in fact a coordination number of five. Two
positions are held by phenoxy oxygen atoms, represented in
Figure 3 by dashed lines. The remaining three ligands are
THF molecules, which are omitted for clarity. Almost the
same assembly can be found in the X-ray structure of tetra-
phenoxyborate 10 as shown in Figure 4. Again, THF mole-
cules are not depicted for clarity.

The tetraphenoxyborate 10 exhibits very similar struc-
tural features compared to 6b according to geometry and
complexation of the sodium cation by the substrate and
three THF molecules. In contrast, the tetranaphthoxybor-
ate 27 (Figure 4) is no longer able to coordinate to the so-
dium cation itself, due to the highly crowded boron centre.
Therefore, the cation is coordinated by five THF molecules
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Figure 4. Molecular structures of tetraphenoxyborates 10 and 27
determined byX-ray analysis.

and reveals a boron–sodium distance of 8.97 Å, which is
about 3 times longer than for 6b or 10. The boron–oxygen
bond lengths in 27 are comparable with those observed for
6b and 10, whereas the distance between the phenoxy car-
bon atoms increases by 6% (Table 3). The oxygen atoms in
27 are almost equidistant, resulting in a consistent tetrahe-
dral symmetry of the BO4 unit.

Table 3. Selected geometric parameters [Å (shortest), ° (largest)] for
6a, 6b, 10 and 27.

6a 6b 10 27

B–O 1.3570(1) 1.4505(1) 1.4500(1) 1.4595(1)
O–Na – 2.3422(2) 2.3469(2) 8.1432(5)
C1–C1� 4.1062(4) 3.5017(2) 3.4752(2) 3.6991(2)
O–B–O 120.454(20) 98.510(4)[a] 99.052(4)[a] 114.254(4)

102.130(4)[b] 103.291(4)[b]

115.489(5) 114.775(4)
B–O–C1 122.382(15) 126.445(4) 126.102(4) 126.247(4)

[a] Sodium-bridged pair of oxygen atoms. [b] Non-bridged pair of
oxygen atoms.

The geometric data for the described sodium tetraphen-
oxyborates correspond to earlier reports on complex archi-
tectures of sodium hydrido(phenoxy)borates concerning
oxygen–boron and oxygen–sodium bond lengths as well as
the angle for the sodium-chelating oxygen–boron–oxygen
cleft at about 100°.[7] In contrast to sodium borates, the
non-coordinating oxygen atoms in barium-linked dimeric

Figure 5. 11B NMR studies of trigonal and tetragonal boron species (Ar = 2,4-dimethylphenyl).
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borates span a significantly wider oxygen–boron–oxygen
angle than the opposite angle between the cation-bridged
oxygen atoms.[9]

It turned out that tetraphenoxyborates are much less
prone to hydrolysis than the corresponding trigonal tri-
phenoxyborane species. Consequently, 5 can be handled for
short times at ambient conditions,[11] whereas the triphenyl
ester of boric acid is almost immediately affected by moist-
ure. The enhanced stability of the tetragonal boron systems
is based on the saturated coordination sphere of the boron
centre. However, protic media or strongly coordinating sol-
vents like methanol or acetonitrile might affect the stability
of 5. In this context, 11B NMR studies proved to be a versa-
tile tool. Besides the chemical shift as an indicator for the
electronic properties, the line full width at half maximum
can individually characterize the structure of a specific bo-
rate derivative. The comparison of different triphenoxybor-
anes is not facile to accomplish, due to extremely broad
signals. However, triphenoxyboranes and tetraphenoxybo-
rates can easily be distinguished as presented in Figure 5.

The 11B NMR spectrum of triphenoxyborane in chloro-
form (Figure 5, top) shows a broad signal at δ � 15 ppm
with a line full width at half maximum of 320 Hz, which
represents a typical value for a trigonal boron species. When
the same substrate is recorded in methanol, a shift to δ �
18 ppm is observed accompanied by a significantly de-
creased line full width at half maximum of 85 Hz. Methanol
is a particular solvent since an adduct formation with the
ester of boric acid can occur.[12] Thus, the electrophilic bo-
ron centre experiences a tetragonal environment which is
clearly supported by the NMR spectroscopic data. Interest-
ingly, only a single species is detected revealing that no ex-
change of the phenolate groups occurs. When recording the
corresponding tetraphenoxyborate in methanol, the protic
and nucleophilic properties have no significant impact on
the NMR spectroscopic data. The chemical shift as well as
the line width of the signal correspond to the data collected
for a THF solution. Furthermore, the typical line full width
at half maximum for a tetraphenoxyborate of 20–40 Hz in
THF or MeOH was also observed in acetonitrile (Figure 5,
bottom).
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Conclusion

A reliable and easy to perform two-step-one-pot se-
quence for the synthesis of tetraphenoxyborates was elabo-
rated. The protocol is applicable to a broad scope of phe-
nols and useful for larger scale as well. Interestingly, the
tetraphenoxyborates exhibit a much higher stability than
the trigonal congeners. Consequently, tetraphenoxyborates
can be handled in methanol, THF and acetonitrile.

Furthermore, a novel tetranuclear borate system was
found, consisting of trigonal and tetragonal boron moieties.
The structural comparison of the corresponding tetraphen-
oxyborates and triphenyl esters of boric acid reveals that
the tetragonal arrangement yields in a superb organisation
of the ortho positions in the aryl moieties. Oxidative coup-
ling reactions of these boron-templated phenolates are cur-
rently studied and will be reported in due course.

Experimental Section
General Remarks: All reagents were used in analytical grades. Sol-
vents were desiccated if necessary by standard methods. Micro-
analyses were performed with a Vario EL III (Elementar-Analyse-
nsysteme, Hanau, D). 1H and 13C NMR spectra were recorded at
25 °C with a Bruker ARX 300, AM 360 or AMX 400. Chemical
shifts (δ) are reported in parts per million (ppm) relative to traces
of CHCl3, [D7]THF or CD2HCN in the corresponding deuterated
solvents. 11B NMR spectra were recorded at 25 °C with a Bruker
AC 200 by external calibration. Mass spectra were obtained with
a Quattro LC (Waters-Micromass) or Micro TOF (Bruker) by em-
ploying ESI and HRMS (negative mode).

Triphenoxyborane (6a): Phenol (9.4 g, 0.10 mol) and boric acid
(2.1 g, 0.03 mol) were suspended in toluene (50 mL) and the reac-
tion mixture was heated for a period of 12 h (Dean–Stark trap).
Toluene was removed under reduced pressure and the crude prod-
uct was purified by distillation to yield a colourless oil, which solid-
ified upon cooling; yield 5.8 g, 67%. B.p. 150 °C, 5·10–6 mbar; m.p.
82 °C. 1H NMR (300 MHz, CDCl3): δ = 6.94–6.99 (m, 3 H, 4-H),
7.00–7.04 (m, 6 H, 2-H), 7.15–7.21 (m, 6 H, 3-H) ppm. 13C NMR
(75 MHz, CDCl3): δ = 120.20 (C-2), 123.50 (C-4), 129.26 (C-3),
152.85 (C-1) ppm. 11B NMR (64 MHz, CDCl3): δ = 15.65 ppm.
MS (EI = 70 eV): m/z (%) = 290.0 (100) [M]+·, 197.0 (44) [M –
C6H5O]+·, 94.0 (75) [C6H5O]+·, 77.0 (81) [C6H5]+·.

General Procedure for the Preparation of Sodium Tetraphenoxybo-
rates: A suspension of the corresponding phenol derivative
(0.32 mol) and boric acid (0.10 mol) in toluene (200 mL) was
heated for a period of 12 h (Dean–Stark trap). Toluene was re-
moved under reduced pressure and the excess of phenol was re-
moved by distillation, solid phenols were removed by sublimation.
The crude product was dissolved in THF (40 mL) and added drop-
wise to a solution of the sodium phenolate, which was prepared by
deprotonation of the corresponding phenol (0.09 mol) with 1 equiv.
of sodium (0.09 mol) in THF (70 mL). After stirring for additional
1–12 h, the precipitated product was filtered off and washed sub-
sequently with diethyl ether (40 mL) and pentane (40 mL). The fil-
trate was stored at 4 °C for another 12 h and a second crop was
isolated as described above. Drying under high vacuum provided
the desired products as colourless solids that were stored under
inert conditions at ambient temperature. For 10, 11, 12, 17, 20, 21
and 26 the scale of the protocol was reduced by a factor of three.
All borates decomposed at temperatures above 200 °C under
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change of colour. The obtained tetraphenoxyborates exhibit good
stability. However, the microanalyses of most borates show slight
deviations from ±0.4% and therefore, HRMS data are given.[13]

Sodium Tetraphenoxyborate (6b): 33.3 g, 82%. 1H NMR (300 MHz,
CD3CN): δ = 6.64–6.70 (m, 4 H, 4-H), 7.06–7.08 (m, 16 H, 2-H,
3-H) ppm. 13C NMR (75 MHz, CD3CN): δ = 119.26 (C-4), 120.14
(C-2), 129.64 (C-3), 158.93 (C-1) ppm. 11B NMR (64 MHz,
CD3CN): δ = 2.79 ppm. HRMS: calcd. for C24H20BO4 383.1453
[M – Na+]–; found 383.1417.

Sodium Tetrakis(4-methylphenoxy)borate (7): 38.8 g, 84%. 1H
NMR (400 MHz, [D8]THF): δ = 2.14 (s, 12 H, CH3), 6.74–6.78 (m,
8 H, 2-H), 6.87–6.91 (m, 8 H, 3-H) ppm. 13C NMR (75 MHz, [D8]-
THF): δ = 20.76 (CH3), 120.62 (C-2), 127.56 (C-4), 129.53 (C-3),
156.62 (C-1) ppm. 11B NMR (64 MHz, CD3CN): δ = 2.34 ppm.
HRMS: calcd. for C28H28BO4 439.2080 [M – Na+]–; found
439.2066.

Sodium Tetrakis(4-tert-butylphenoxy)borate (8): 35.9 g, 57%. 1H
NMR (300 MHz, [D8]THF): δ = 1.22 (s, 36 H, CH3), 6.90–6.93 (m,
8 H, 2-H), 6.99–7.02 (m, 8 H, 3-H) ppm. 13C NMR (75 MHz, [D8]-
THF): δ = 32.16 (CH3), 34.45 [C(CH3)3], 120.27 (C-2), 125.64 (C-
3), 141.07 (C-4), 156.67 (C-1) ppm. 11B NMR (64 MHz, [D8]-
THF): δ = 2.04 ppm. HRMS: calcd. for C40H52BO4 607.3971
[M – Na+]–; found 607.3979.

Sodium Tetrakis(4-methoxyphenoxy)borate (9): 34.7 g, 66%. 1H
NMR (300 MHz, CD3CN): δ = 3.79 (s, 12 H, OCH3), 6.75–6.78
(m, 8 H, arom. H), 7.07–7.10 (m, 8 H, arom. H) ppm. 13C NMR
(75 MHz, CD3CN): δ = 56.16 (OCH3), 114.92, 120.65 (C-2, C-3),
152.69, 153.33 (C-1, C-4) ppm. 11B NMR (64 MHz, CD3CN): δ =
2.30 ppm. MS (ESI): m/z (%) = 503 (100) [M – Na+]–.
C28H28BNaO8 (526.2): calcd. C 63.90, H 5.36; found C 63.60, H
5.26.

Sodium Tetrakis(4-fluorophenoxy)borate (10): 5.9 g, 37%. 1H NMR
(300 MHz, CD3CN): δ = 6.77–6.83 (m, 8 H, 2-H), 6.97–7.02 (m, 8
H, 3-H) ppm. 13C NMR (75 MHz, CD3CN): δ = 115.61 [d, 2J(F,C)
= 24.8 Hz, C-3], 120.79 [d, 3J(F,C) = 7.9 Hz, C-2], 155.20 (C-1),
156.85 [d, 1J(F,C) = 247.4 Hz, C-4] ppm. 11B NMR (64 MHz,
CD3CN): δ = 2.66 ppm. HRMS: calcd. for C24H16BF4O4 455.1072
[M – Na+]–; found 455.1103.

Sodium Tetrakis(4-chlorophenoxy)borate (11): 7.4 g, 41%. 1H NMR
(300 MHz, CD3CN): δ = 6.98–7.06 (m, 16 H, 2-H, 3-H) ppm. 13C
NMR (75 MHz, CD3CN): δ = 121.51 (C-2), 123.41 (C-4), 129.38
(C-3), 157.75 (C-1) ppm. 11B NMR (64 MHz, CD3CN): δ =
2.57 ppm. HRMS: calcd. for C24H16BCl4O4 517.9927 [M – Na+]–;
found 517.9906.

Sodium Tetrakis(4-methylthiophenoxy)borate (12): 19.5 g, 99%. 1H
NMR (400 MHz, CD3CN): δ = 2.05 (s, 12 H, SCH3), 6.64–6.70
(m, 16 H, 2-H, 3-H) ppm. 13C NMR (100 MHz, CD3CN): δ =
18.37 (SCH3), 120.85 (C-2), 126.78 (C-3), 130.66 (C-4), 157.09 (C-
1) ppm. 11B NMR (128 MHz, CD3CN): δ = 4.07 ppm. HRMS:
calcd. for C28H28BO4S4 567.0969 [M – Na+]–; found 567.0955.

Sodium Tetrakis(3,4-dimethylphenoxy)borate (13): 43.0 g, 83%. 1H
NMR (300 MHz, CD3CN): δ = 2.04 (s, 12 H, 4-CH3), 2.07 (s, 12
H, 3-CH3), 6.72–6.76 (m, 8 H, 5-H, 6-H), 6.78 (s, 4 H, 2-H) ppm.
13C NMR (75 MHz, CD3CN): δ = 18.84 (3-CH3), 20.18 (4-CH3),
117.27 (C-6), 121.35 (C-2), 126.54 (C-4), 130.49 (C-5), 137.19 (C-
3), 156.94 (C-1) ppm. 11B NMR (64 MHz, CD3CN): δ = 2.60 ppm.
HRMS: calcd. for C32H36BO4 495.2718 [M – Na+]–; found
495.2720.

Sodium Tetrakis(2-methylphenoxy)borate (14): 29.6 g, 64%. 1H
NMR (400 MHz, [D8]THF): δ = 2.10 (s, 12 H, CH3), 6.51 [dd,
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3J3,4(H,H) = 3J4,5(H,H) = 7.4 Hz, 4 H, 4-H], 6.76 [ddd, 3J4,5(H,H)
= 7.4 Hz, 3J5,6(H,H) = 8.4 Hz, 4J3,5 = 1.6 Hz, 4 H, 5-H], 6.87 [d,
3J3,4(H,H) = 7.4 Hz, 4 H, 3-H], 7.19 [d, 3J5,6(H,H) = 8.4 Hz, 4 H,
6-H] ppm. 13C NMR (100 MHz, [D8]THF): δ = 17.78 (CH3),
118.86 (C-4), 120.59 (C-6), 126.38 (C-5), 129.11 (C-2), 130.19 (C-
3), 157.55 (C-1) ppm. 11B NMR (64 MHz, CD3CN): δ = 2.92 ppm.
HRMS: calcd. for C28H28BO4 439.2080 [M – Na+]–; found
439.2065.

Sodium Tetrakis(2,4-dimethylphenoxy)borate (15): 38.9 g, 75%. 1H
NMR (360 MHz, [D8]THF): δ = 2.03 (s, 12 H, 2-CH3), 2.10 (s, 12
H, 4-CH3), 6.55 [dd, 3J5,6(H,H) = 8.3 Hz, 4J3,5(H,H) = 1.8 Hz, 4
H, 5-H], 6.68 [d, 4J3,5(H,H) = 1.8 Hz, 4 H, 3-H], 6.98 [d, 3J5,6(H,H)
= 8.3 Hz, 4 H, 6-H] ppm. 13C NMR (75 MHz, CD3CN): δ = 17.56
(2-CH3), 20.57 (4-CH3), 119.06 (C-6), 126.49 (C-5), 127.02 (C-2),
127.94 (C-4), 131.05 (C-3), 155.62 (C-1) ppm. 11B NMR (64 MHz,
CD3CN): δ = 3.21 ppm. HRMS: calcd. for C32H36BO4 494.2737
[M – Na+]–; found 494.2785.

Sodium Tetrakis[5-methyl-2-(1-methylethyl)phenoxy]borate (16):
56.8 g, 90%. 1H NMR (400 MHz, CD3CN): δ = 1.35 [d, 3J(H,H)
= 6.9 Hz, 24 H, CH(CH3)2], 2.23 (s, 12 H, 5-CH3), 3.64 [sept,
3J(H,H) = 6.9 Hz, 4 H, CH(CH3)2], 6.48 [d, 3J3,4(H,H) = 7.8 Hz,
4 H, 4-H], 6.99 [d, 3J3,4(H,H) = 7.5 Hz, 4 H, 3-H], 7.52 (s, 4 H, 6-
H) ppm. 13C NMR (100 MHz, CD3CN): δ = 21.62 [CH(CH3)2],
23.79 [CH(CH3)2], 27.98 (5-CH3), 118.24 (C-6), 120.22 (C-4),
125.64 (C-3), 135.16 (C-2), 135.55 (C-5), 156.98 (C-1) ppm. 11B
NMR (64 MHz, CD3CN): δ = 3.22 ppm. HRMS: calcd. for
C40H52BO4 607.3971 [M – Na+]–; found 607.3981.

Sodium Tetrakis(2-tert-butyl-4-methylphenoxy)borate (17): 14.4 g,
63%. 1H NMR (400 MHz, [D8]THF): δ = 1.58 [s, 36 H, C(CH3)3],
2.04 (s, 12 H, CH3), 6.40 [dd, 3J5,6(H,H) = 8.6 Hz, 4J3,5(H,H) =
2.1 Hz, 4 H, 5-H], 6.70 [d, 4J3,5(H,H) = 2.1 Hz, 4 H, 3-H], 7.64 [d,
3J5,6(H,H) = 8.6 Hz, 4 H, 6-H] ppm. 13C NMR (100 MHz, [D8]-
THF): δ = 21.20 (CH3), 31.47 [C(CH3)3], 35.42 [C(CH3)3], 120.21
(C-6), 123.29 (C-3), 125.98 (C-5), 126.62 (C-4), 136.99 (C-2), 156.04
(C-1) ppm. 11B NMR (128 MHz, [D8]THF): δ = 4.87 ppm. HRMS:
calcd. for C44H60BO4 663.4590 [M – Na+]–; found 663.4571.

Sodium Tetrakis(3,5-di-tert-butylphenoxy)borate (18): 31.6 g, 37%.
1H NMR (300 MHz, CD3CN): δ = 1.21 [s, 72 H, C(CH3)3], 6.71
[d, 4J2,4(H,H) = 1.5 Hz, 4 H, 4-H], 6.98 [d, 4J2,4(H,H) = 1.5 Hz, 8
H, 2-H] ppm. 13C NMR (75 MHz, CD3CN): δ = 32.13 [C(CH3)3],
35.47 [C(CH3)3], 112.63 (C-2), 114.86 (C-4), 151.49 (C-3), 159.14
(C-1) ppm. 11B NMR (64 MHz, CD3CN): δ = 2.75 ppm. HRMS:
calcd. for C56H84BO4 831.6468 [M – Na+]–; found 831.6431.

Sodium Tetrakis(2-tert-butyl-4-methoxyphenoxy)borate (19): 42.8 g,
57%. 1H NMR (400 MHz, CD3CN): δ = 1.57 [s, 36 H, C(CH3)3],
3.56 (s, 12 H, OCH3), 6.29 [dd, 3J5,6(H,H) = 8.8 Hz, 4J3,5(H,H) =
2.6 Hz, 4 H, 5-H], 6.64 [d, 4J3,5(H,H) = 2.6 Hz, 4 H, 3-H], 7.64 [d,
3J5,6(H,H) = 8.8 Hz, 4 H, 6-H] ppm. 13C NMR (100 MHz,
CD3CN): δ = 31.15 [C(CH3)3], 35.91 (OCH3), 56.45 [C(CH3)3],
110.77 (C-5), 113.98 (C-6), 120.18 (C-3), 139.29 (C-2), 151.73 (C-1),
152.34 (C-4) ppm. 11B NMR (128 MHz, CD3CN): δ = 2.99 ppm.
HRMS: calcd. for C44H60BO8 727.4387 [M – Na+]–; found
727.4364.

Sodium Tetrakis(2-bromo-4-methylphenoxy)borate (20): 11.1 g,
43%. 1H NMR (400 MHz, [D8]THF): δ = 2.12 (s, 12 H, CH3), 6.78
[dd, 3J5,6(H,H) = 8.4 Hz, 4J3,5(H,H) = 1.7 Hz, 4 H, 5-H], 7.13 [d,
4J3,5(H,H) = 1.7 Hz, 4 H, 3-H], 7.46 [d, 3J5,6(H,H) = 8.4 Hz, 4 H,
6-H] ppm. 13C NMR (100 MHz, [D8]THF): δ = 20.26 (CH3),
114.29 (C-2), 120.95(C-6), 129.29 (C-5), 129.82 (C-4), 132.96 (C-3),
152.24 (C-1) ppm. 11B NMR (128 MHz, [D8]THF): δ = 2.12 ppm.
HRMS: calcd. for C28H24BBr4O4 750.8507 [M – Na+]–; found
750.8503.
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Sodium Tetrakis(5,6,7,8-tetrahydro-2-naphthoxy)borate (21): 12.9 g,
62%. 1H NMR (400 MHz, [D8]THF): δ = 1.79 (m, 16 H, 7-H, 6-
H), 2.67 (m, 16 H, 8-H, 5-H), 6.54 [d, 4J1,3(H,H) = 1.7 Hz, 4 H, 1-
H], 6.75 [dd, 3J3,4(H,H) = 8.4 Hz, 4J1,3(H,H) = 1.7 Hz, 4 H, 3-H],
6.88 [d, 3J3,4(H,H) = 8.4 Hz, 4 H, 4-H] ppm. 13C NMR (100 MHz,
[D8]THF): δ = 26.68, 29.72 (C-6, C-7), 29.83, 30.76 (C-5, C-8),
118.84 (C-3), 121.26 (C-1), 127.11 (C-4), 129.53 (C-4a), 137.06 (C-
8a), 156.88 (C-2) ppm. 11B NMR (100 MHz, [D8]THF): δ =
3.99 ppm. HRMS: calcd. for C40H44BO4 599.3338 [M – Na+]–;
found 599.3312.

Sodium Tetrakis(1,3-benzodioxol-5-yloxy)borate (22): 47.7 g, 82%.
1H NMR (400 MHz, [D8]THF): δ = 5.83 (s, 8 H, OCH2O), 6.48
[dd, 3J6,7(H,H) = 8.4 Hz, 4J4,6(H,H) = 2.2 Hz, 4 H, 6-H], 6.55 [d,
3J6,7(H,H) = 8.4 Hz, 4 H, 7-H], 6.74 [d, 4J4,6(H,H) = 2.2 Hz, 4 H,
4-H] ppm. 13C NMR (100 MHz, [D8]THF): δ = 101.39 (OCH2O),
102.96 (C-4), 107.88 (C-6), 112.00 (C-7), 141.09 (C-7a), 148.50 (C-
3a), 153.88 (C-5) ppm. 11B NMR (128 MHz, [D8]THF): δ =
4.03 ppm. HRMS: calcd. for C28H20BO12 559.1053 [M – Na+]–;
found 559.1033.

Sodium Tetrakis(2,4,5-trimethylphenoxy)borate (23): 40.8 g, 71%.
1H NMR (300 MHz, CD3CN): δ = 2.03 (s, 12 H, 5-CH3), 2.04 (s,
12 H, 4-CH3), 2.09 (s, 12 H, 2-CH3), 6.67 (s, 4 H, 3-H), 7.19 (s, 4
H, 6-H) ppm. 13C NMR (75 MHz, CD3CN): δ = 17.22 (2-CH3),
18.94 (4-CH3), 19.99 (5-CH3), 121.08 (C-6), 125.16 (C-4), 124.43
(C-2), 131.72 (C-3), 133.88 (C-5), 155.99 (C-1) ppm. 11B NMR
(64 MHz, CD3CN): δ = 2.85 ppm. HRMS: calcd. for C36H44BO4

551.3344 [M – Na+]–; found 551.3342.

Sodium Tetrakis(2,3,5-trimethylphenoxy)borate (24): 39.1 g, 68%.
1H NMR (300 MHz, CD3CN): δ = 2.06 (s, 12 H, 5-CH3), 2.07 (s,
12 H, 3-CH3), 2.11 (s, 12 H, 2-CH3), 6.25 (s, 4 H, 6-H), 7.14 (s, 4
H, 4-H) ppm. 13C NMR (75 MHz, CD3CN): δ = 12.54 (2-CH3),
20.63 (3-CH3), 21.59 (5-CH3), 118.11 (C-6), 120.43 (C-4), 123.61
(C-2), 134.67 (C-3), 136.67 (C-5), 157.95 (C-1) ppm. 11B NMR
(64 MHz, CD3CN): δ = 2.99 ppm. HRMS: calcd. for C36H44BO4

551.3344 [M – Na+]–; found 551.3352.

Sodium Tetrakis(2-tert-butyl-4,5-dimethylphenoxy)borate (25):
47.5 g, 64%. 1H NMR (400 MHz, [D8]THF): δ = 1.63 [s, 36 H,
C(CH3)3], 1.91 (s, 12 H, 5-CH3), 1.93 (s, 12 H, 4-CH3), 6.63 (s, 4
H, 3-H), 7.61 (s, 4 H, 6-H) ppm. 13C NMR (100 MHz, [D8]THF):
δ = 19.08 (5-CH3), 19.33 (4-CH3), 31.80 [C(CH3)3], 35.24 [C-
(CH3)3], 121.70 (C-6), 121.76 (C-5), 126.70 (C-3), 132.81 (C-4),
134.81 (C-2), 156.17 (C-1) ppm. 11B NMR (64 MHz, [D8]THF): δ
= 2.75 ppm. HRMS: calcd. for C48H68BO4 719.5205 [M – Na+]–;
found 719.5225.

Sodium Tetrakis[4-chloro-5-methyl-2-(1-methylethyl)phenoxy]borate
(26): 23.8 g, 93%. 1H NMR (300 MHz, [D8]THF): δ = 1.18 [d,
3J(H,H) = 6.9 Hz, 24 H, CH(CH3)2], 2.09 (s, 12 H, 5-CH3), 3.47
[sept, 3J(H,H) = 6.9 Hz, 4 H, CH(CH3)2], 6.80 (s, 4 H, 3-H), 7.42
(s, 4 H, 6-H) ppm. 13C NMR (75 MHz, [D8]THF): δ = 20.00 (5-
CH3), 22.93 [CH(CH3)2], 28.09 [CH(CH3)2], 121.76 (C-6), 121.82
(C-4), 125.58 (C-3), 132.05 (C-2), 137.62 (C-5), 155.53 (C-1) ppm.
11B NMR (64 MHz, [D8]THF): δ = 2.54 ppm. HRMS: calcd. for
C40H48BCl4O4 743.2405 [M – Na+]–; found 743.2378.

Sodium Tetrakis(1-naphthoxy)borate (27): Boric acid (0.62 g,
0.01 mol) was added to a solution of 1-naphthol (4.61 g, 0.032 mol)
in toluene (40 mL) and the reaction mixture was heated for 12 h
(Dean–Stark trap). Toluene was removed under reduced pressure
and the crude product was dissolved in THF (15 mL). First, 1-
naphthol (1.33 g, 0.9 mol) and then sodium hydride (0.37 g, 60%
suspension in paraffin, 0.9 mol) was added to the solution at 0 °C.
After completion of the reaction, the solution was stored at 4 °C
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for 12 h. The precipitated product was isolated by filtration and
subsequent washing with diethyl ether (5 mL) and pentane (5 mL);
yield: 3.4 g, 57%. 1H NMR (400 MHz, CD3CN): δ = 7.13–7.18 (m,
8 H, 7-H and 8-H), 7.36–7.41 (m, 8 H, 4-H and 5-H), 7.67–7.72
(m, 8 H, 2-H and 6-H), 8.55–8.57 (m, 4 H, 3-H) ppm. 13C NMR
(100 MHz, CD3CN): δ = 112.28 (C-2), 117.60 (C-8), 124.58 (C-3),
124.74 (C-5), 126.30 (C-4), 127.74 (C-7 and C-8a), 128.14 (C-6),
135.92 (C-4a), 155.63 (C-1) ppm. 11B NMR (64 MHz, CD3CN): δ
= 4.05 ppm. HRMS: calcd. for C40H28BO4 583.2086 [M – Na+]–;
found 583.2090.

Tris(2,4,6-trimethylphenoxy)borane (30): 2,4,6-Trimethylphenol (29)
(15 g, 0.11 mol) and boric acid (2.1 g, 0.03 mol) were suspended in
toluene (100 mL) and the reaction mixture was heated for a period
of 24 h (Dean–Stark trap). Toluene was distilled off under reduced
pressure and excess of 29 was removed by sublimation. The crude
product was purified by crystallisation in toluene to yield a colour-
less solid; yield 9.1 g, 64%; m.p. 245 °C (toluene). 1H NMR
(300 MHz, CDCl3): δ = 2.20 (s, 9 H, 4-CH3), 2.28 (s, 18 H, 2-CH3

and 6-CH3), 6.80 (s, 6 H, 3-H and 5-H) ppm. 13C NMR (75 MHz,
CDCl3): δ = 16.95 (2-CH3 and 6-CH3), 20.59 (4-CH3), 127.71 (C-
2 and C-6), 129.15 (C-3 and C-5), 132.45 (C-4), 148.26 (C-1) ppm.
11B NMR (64 MHz, CDCl3): δ = 15.89. MS (EI = 70 eV): m/z (%)
= 416.2 (100) [M]+·, 281.2 (12) [M – (CH3)3C6H2O]+·.

X-ray Crystal Structure Analysis for 6a: C18H15BO3 (290.11),
colourless crystal 0.30 × 0.25 × 0.15 mm, a = 11.650(1), b =
15.897(2), c = 19.724(2) Å, α = 113.31(1), β = 106.59(1), γ =
90.19(1)°, V = 3186.9(6) Å3, ρcalcd. = 1.209 g cm–3, µ = 0.648 mm–1,
empirical absorption correction based on ψ scan data (0.829 � T
� 0.909), Z = 8, triclinic, space group P1̄ (no. 2), λ = 1.54178 Å,
T = 223 K, ω/2θ scans, 13476 reflections collected (±h, +k, ±l),
[(sinθ)/λ] = 0.62 Å–1, 12986 independent (Rint = 0.043) and 8143
observed reflections [I � 2σ(I)], 794 refined parameters, R = 0.049,
wR2 = 0.143, max. residual electron density 0.23 (–0.27) e·Å–3, four
almost identical independent molecules in the asymmetric unit, hy-
drogen atoms calculated and refined as riding atoms.

X-ray Crystal Structure Analysis for 6b: C36H44BNaO7 (622.51),
colourless crystal 0.70 × 0.50 × 0.30 mm, a = 18.299(1), b =
9.803(1), c = 19.287(1) Å, β = 100.09(1)°, V = 3406.3(4) Å3, ρcalcd.

= 1.214 g cm–3, µ = 0.772 mm–1, empirical absorption correction
(0.614 � T � 0.801), Z = 4, monoclinic, space group P21/c (no.
14), λ = 1.54178 Å, T = 223 K, ω and φ scans, 25313 reflections
collected (±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1, 5816 independent (Rint

= 0.055) and 4546 observed reflections [I � 2σ(I)], 481 refined pa-
rameters, R = 0.051, wR2 = 0.153, max. residual electron density
0.30 (–0.27) e·Å–3, two of the three THF solvent molecules are
disordered and refined with split positions, hydrogen atoms calcu-
lated and refined as riding atoms.

X-ray Crystal Structure Analysis for 10: C36H40BF4NaO7 (694.48),
colourless crystal 0.60 × 0.60 × 0.45 mm, a = 12.955(1), b =
17.126(1), c = 16.242(1) Å, β = 99.17(1)°, V = 3557.5(4) Å3, ρcalcd.

= 1.297 g cm–3, µ = 0.963 mm–1, empirical absorption correction
(0.596 � T � 0.671), Z = 4, monoclinic, space group P21/n (no.
14), λ = 1.54178 Å, T = 223 K, ω and φ scans, 10815 reflections
collected (±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1, 6038 independent (Rint

= 0.026) and 4264 observed reflections [I � 2σ(I)], 443 refined pa-
rameters, R = 0.053, wR2 = 0.163, max. residual electron density
0.38 (–0.32) e· Å–3, the THF solvent molecules are partly disor-
dered, refinement with split positions did not improve the model,
hydrogen atoms calculated and refined as riding atoms.

X-ray Crystallography Study: Data sets were collected with Enraf
Nonius CAD4 and Nonius KappaCCD diffractometers. For the
programs used see ref.[14] CCDC-285239 to -285243 contain the
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supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

X-ray Crystal Structure Analysis for 27: C60H68BNaO9 (966.94),
colourless crystal 0.30 × 0.25 × 0.15 mm, a = 17.904(1), b =
17.710(1), c = 16.789(1) Å, β = 91.69(1)°, V = 5321.1(5) Å3, ρcalcd.

= 1.207 g cm–3, µ = 0.703 mm–1, empirical absorption correction
(0.817 � T � 0.902), Z = 4, monoclinic, space group C2/c (no. 15),
λ = 1.54178 Å, T = 223 K, ω and φ scans, 16055 reflections col-
lected (±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1, 4362 independent (Rint =
0.034) and 2748 observed reflections [I � 2σ(I)], 323 refined param-
eters, R = 0.075, wR2 = 0.258, max. residual electron density 0.56
(–0.28) e·Å–3, the THF solvent molecules are heavily disordered,
refinement with split positions did not improve the model, hydro-
gen atoms calculated and refined as riding atoms.

X-ray Crystal Structure Analysis for 28: C87H111B4Na3O27

(1700.97), colourless crystal 0.40 × 0.30 × 0.30 mm, a = 14.658(1),
b = 16.913(1), c = 19.312(1) Å, α = 85.15(1), β = 87.80(1), γ =
70.01(1)°, V = 4482.9(5) Å3, ρcalcd. = 1.260 g cm–3, µ = 0.878 mm–1,
empirical absorption correction (0.720 � T � 0.779), Z = 2, tri-
clinic, space group P1̄ (no. 2), λ = 1.54178 Å, T = 223 K, ω and φ
scans, 17206 reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 0.59 Å–1,
14334 independent (Rint = 0.040) and 10777 observed reflections [I
� 2σ(I)], 1156 refined parameters, R = 0.055, wR2 = 0.164, max.
residual electron density 0.33 (–0.25) e· Å–3, C67 and THF mole-
cule O211–C215 disordered and refined with split positions, hydro-
gen atoms calculated and refined as riding atoms.
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We report the design and synthesis of N,N�,N��,N���-tetra(py-
ridin-4-yl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracar-
boxamide (L), which contains four N-(pyridin-4-yl)carbox-
amide groups as functional appendages, as well as the struc-
tural and luminescence properties of its Zn2+ and Cd2+ com-
plexes. The reaction of ZnBr2 with L forms the two-dimen-
sional coordination polymer [ZnBr2(L)1/2]n (1). In the two-di-
mensional domain, the 68-membered metallomacrocycles as
well as 12-membered 1,4,7,10-tetraazacyclododecane (cy-
clen) units propagate into two-dimensional extended struc-
tures. Interestingly, the metallomacrocycles are stacked to
form one-dimensional parallelogram channels in the solid
state. In addition, the reaction of CdX2 (X = Br, I) with L forms

Introduction

The widespread use of the coordinative-bond approach
in the construction of supramolecular coordination com-
pounds by self-assembly is well established.[1] So far, a vari-
ety of one-, two-, and three-dimensional infinite solid-state
coordination architectures[2] as well as discrete molecular
structures have been isolated and structurally charac-
terized.[1] Applications, including chemical sieving, sensing,
and catalysis based on the supramolecular coordination
compounds have been discovered, and some have shown
really exciting and valuable progress.[3] Surprisingly, the li-
gands used in the assembly of materials are generally diden-
tate, with some tridentate ones;[1,2] tetradentate ligands are
relatively scarce.[4] A macrocyclic ligand with a tetraaza
macrocycle seems a good candidate in this regard since
macrocyclic compounds have long attracted great interest
owing to their intriguing structural and spectroscopic prop-
erties as well as host–guest chemistry.[5] In addition, tet-
raaza macrocycles can be easily functionalized by several
groups, such as alkynyl,[6] phosphanylmethyl,[7] carboxyl,[8]

and pyridyl[9] on their secondary N-sites to produce some
novel properties in coordination, electro- and photolumi-
nescent, and catalytic chemistry.

[a] Department of Chemistry and Biochemistry, National Chung
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the isomorphous, three-dimensional coordination networks
[CdX2(L)]n [X = Br (2), I (3)], which have tubular channels in
the solid state. L in 1–3 is tetradentate and acts as a versatile
connector in the construction of supramolecular coordination
networks. The 34-membered metallomacrocycles and 12-
membered cyclen macrocycles of 2 and 3 also propagate into
three-dimensional extended structures. Unlike those of 1 and
2, the emission maximum at around 439 nm in the iodo com-
pound 3 can be assigned to a ligand-to-metal charge-transfer
(LMCT) transition as the excited state upon photoexcitation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We have previously reported a study of metal-containing
cyclic amides based on a didentate N-pyridylcarboxamide
ligand – N,N�-bis(4-methylpyridyl)oxalamide – where inter-
esting solid-state frameworks featuring cyclic peptides are
constructed from hydrogen bonding/π···π interactions.[10]

Organic amides have proved to be very useful in self-
assembly through hydrogen bonding, and the assembled
products often have relevance to biological systems. Most
remarkably, cyclic oligoamides can give rise to interesting
nanotube frameworks through inter-ring NH···O=C hydro-
gen bonding, as reported by Ghadiri et al.[11] A new N-
pyridylcarboxamide ligand (L) is used here as a tetradentate
ligand for a crystal-engineering study. We report the design
and synthesis of N,N�,N��,N���-tetra(pyridin-4-yl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetracarboxamide (L),
which contains four N-(pyridin-4-yl)carboxamide groups as
functional appendages, as well as the structural and lumi-
nescence properties of its Zn2+ and Cd2+ complexes.
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Results and Discussion

Hosseini and co-workers[4c] have recently reported an
interesting porphyrinic ligand with four N-pyridylcarbox-
amides as appendages for the construction of one- and two-
dimensional Cu2+-containing coordination networks as an
example of supramolecular isomerism. Another new type
of tetraaza macrocycle that contains four N-(pyridin-4-yl)-
carboxamide groups as functional appendages for the con-
struction of supramolecular coordination frameworks has
also been designed and synthesized in this study. Unlike
most of the literature studies, the tetradentate ligand (L)
studied here is a rare example of a tetradentate ligand in a
crystal-engineering study. A methanolic solution of ZnBr2

and CdX2 (X = Br, I) was carefully layered on top of a
DMSO solution of L to give pale-yellow crystals of
1·DMSO·4CH3OH or colorless crystals of 2·4DMSO and
3·4DMSO, respectively, in good yield (70–80%) within a
couple of days. The compounds are all air stable and photo-
luminescent in the solid state.

Description of the Crystal Structures

Complexes 1–3 were isolated and their molecular struc-
tures determined by an X-ray diffraction study, which con-
firmed the formation of coordination polymers in the solid
state. The molecular structure of 1 (Figure 1, a) displays a
two-dimensional coordination polymer where L acts as a
tetradentate ligand. The cyclen macrocycle contains four N-
pyridylcarboxamide appendages, each of which coordinates
to tetrahedral Zn2+ ions; the Zn2+ ions coordinate to two
bromides and another N-pyridylcarboxamide appendage. In
the two-dimensional domain, the 68-membered metallom-
acrocycles built from four L and four ZnBr2 units, as well
as the 12-membered macrocycles of the cyclen units, propa-
gate into two-dimensional extended structures. Interest-
ingly, the metallomacrocycles are stacked to form one-di-
mensional parallelogram channels (as viewed along the a
axis) in the solid state, as shown in Figure 1 (b); the diago-
nal distances of these parallelogram channels are 26.59 and
15.73 Å. In addition, doubly hydrogen-bonding interactions
[N(3)–H(3A)···O(3): N(3)···O(3) = 3.041(7) Å, N(3)–H(3A)···
O(3) = 159.95°; N(5)–H(5A)···O(3): N(5)···O(3) =
2.913(9) Å, N(5)–H(5A)···O(3) 167.09°] between the sol-
vated DMSO molecules and amide groups are observed in
the solid state; the channels are also filled with methanol
molecules. Although 1 has a high R value due to the fast
loss of solvated solvents, there is no doubt that the struc-
tural framework of 1 can be still corroborated by the X-ray
diffraction study.

Both 2 and 3 are essentially isomorphous, therefore the
molecular structure and the extended structural framework
of 3 are shown in Figure 2, parts a and b, respectively, as a
representative example. Unlike the two-dimensional coordi-
nation network of 1, 2 and 3 both form three-dimensional
coordination networks with octahedral Cd2+ ions coordi-
nating to two anionic (Br, I) and four bridging L ligands,
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Figure 1. (a) Molecular structure of 1·DMSO. ORTEP diagram
shows 50% probability ellipsoids, and (b) its two-dimensional ex-
tended framework showing a 1-D channel structure with solvates
omitted (viewing through the a axis) in the solid state.

as shown in part a of Figure 2. In more detail, the four N-
pyridylcarboxamide appendages of the cyclen macrocycle
each coordinate to octahedral Cd2+ ions, which also coordi-
nate to two bromides and another three N-pyridylcarbox-
amides. The cyclen plane is approximately perpendicular to
that of the CdN4 (pyridyl) unit, with two pyridyl groups (at
positions 1 and 7) roughly coplanar with the cyclen plane
and the other two (at positions 4 and 10) above and below
the plane. This different orientation of L results in the for-
mation of interesting three-dimensional coordination net-
works. Furthermore, the metallomacrocycles with 34-mem-
bered rings built from two CdBr2 and two L units are
packed into columns that form interesting tubular channels
(viewed along the b axis) in the solid state, as shown in
Figure 2 (b). Thus, the metallamacrocycles and cyclen
macrocycles also propagate into three-dimensional ex-
tended structures. Hydrogen-bonding interactions [N(6)–
H(6A)···O(4): N(6)···O(4) = 2.955(7) Å, N(6)–H(6A)···O(4)
= 153.31°] between the solvated DMSO molecules and
amide groups are observed in the solid state, and the chan-
nels are also filled with DMSO molecules. Upon changing
the anion from Br– to I–, the trans-CdN4X2 geometry re-
mains unchanged, and thus the structural frameworks also
retain a similar structural motif.
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Figure 2. (a) Molecular structure of 3. ORTEP diagram shows 30%
probability ellipsoids, and (b) its three-dimensional extended
framework showing a 1-D channel structure with solvates omitted
(viewing through the b axis) in the solid state.

Very recently, Cao et al.[4a] reported a cyclam (1,4,8,11-
tetraazacyclotetradecane)-based tetradentate ligand con-
taining pyridylmethyl groups as appendages as well as the
structural study of its two novel Cd2+ polymeric metallo-
macrocyclic complexes, where the ligand adopts µ2- or µ4-
coordination modes in the structural framework. Indeed,
the different coordination modes that co-exist in the same
structure result in the formation of interesting three-dimen-
sional coordination networks. In this study, it is interesting
to find that given the same bridging ligands (L) and only
one coordination mode (µ4) in the system, the structural
motif changes dramatically and the supramolecular com-
plexity increases upon changing the metal ions from tetra-
hedral (four-coordinate) Zn2+ to octahedral (six-coordi-
nate) Cd2+ ions. Unlike the structures reported by Cao et
al.,[4a] which contain two coordination modes for the li-
gands in the same framework, the structures of 2 and 3 also
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form three-dimensional networks with tubular channels
only due to the different orientation of the N-pyridylcar-
boxamide appendages of the cyclen moieties. In this con-
text, L has been shown to be a tetradentate ligand that acts
as a versatile connector in the construction of interesting
supramolecular coordination networks. Unfortunately,
crystals of 1–3 easily lose solvent, which causes the crystal
lattices to collapse instantaneously and thus prevents fur-
ther studies by TGA and powder XRD analysis that might
allow us to gain some insight into the channel structures.

Solid-State Emission Spectra

L and 1–3 are all luminescent in the solid state, as shown
in Figure 3 (a), at room temperature. Upon photoexcitation
at 325 nm, 1 shows a broad emission with a maximum at
around 412 nm, whereas L displays a similar emission at
around 403 nm. Given the high similarity between these
emissions, they were tentatively assigned to an intraligand
(IL) transition. The solid-state emission of 2 (Figure 3, b)
at room temperature has an emission maximum at around

Figure 3. (a) The solid-state emission spectra of L and 1, and (b)
the solid-state emission spectra of 2 and 3 measured at room tem-
perature with an excitation wavelength at 325 nm.
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398 nm, which is also comparable to those of L and 1.
Thus, it seems reasonable that the excited state responsible
for the emission for 2 is also an IL transition. Most import-
antly, 3 shows a solid-state emission with an emission maxi-
mum at around 439 nm, which is red-shifted with respect
to those of 1 and 2. In light of previous studies[10,12] and
the red-shift in emission energy on going from the bromo
to the iodo complex, this emission can tentatively be as-
signed to a ligand-to-metal charge-transfer (LMCT) transi-
tion, although intraligand transition mixing with LMCT
cannot be excluded. Intraligand transitions as excited states
are not uncommon for Zn2+ and Cd2+ complexes, but
charge-transfer excited states are so far still rare.[13]

Conclusion

A new type of tetraaza macrocycle (L) containing four
N-pyridylcarboxamide groups as functional appendages has
been designed and synthesized in this study, which is a rare
example of the use of a tetradentate ligand in a crystal-
engineering study. Complex 1 can be isolated as a two-di-
mensional coordination polymer upon reaction of ZnBr2

with L. In the two-dimensional domain, the 68-membered
metallomacrocycles built from four L and four ZnBr2 units,
as well as the 12-membered macrocycles of cyclen, propa-
gate into two-dimensional extended structures. Interest-
ingly, the metallomacrocycles are stacked to form one-di-
mensional parallelogram channels in the solid state. In ad-
dition, reaction of CdX2 (X = Br, I) with L leads to the
formation of 2 and 3, respectively, which form isomorphous
three-dimensional coordination networks with tubular
channels due to the different orientation of the N-pyridyl-
carboxamide appendages of the cyclen moieties. Again, the
34-membered metallomacrocycles built from two CdX2 and
two L units, as well as the 12-membered macrocycles of
the cyclen units, propagate into three-dimensional extended
structures in 2 and 3. Unlike those of 1 and 2, the emission

Table 1. Crystallographic data for 1·DMSO·4CH3OH, 2·4DMSO and 3·4DMSO.

1·DMSO·4CH3OH 2·4DMSO 3·4DMSO

Empirical formula C22H40Br2N6O7SZn C40H60Br2CdN12O8S4 C40H60CdI2N12O8S4

Formula mass 757.85 1237.46 1331.46
Crystal system monoclinic monoclinic monoclinic
Space group (No.) P21/c C2/c C2/c
a [Å] 10.5783(5) 32.643(2) 33.074(3)
b [Å] 26.5867(12) 9.9817(6) 9.8463(7)
c [Å] 15.7293(7) 16.6382(11) 16.8512(12)
β [°] 108.604(2) 101.032(2) 101.712(2)
V [Å3], Z 4192.6(3), 4 5321.2(6), 4 5373.5(7), 4
F(000) (e) 1544 2520 2656
µ (Mo-Kα) [mm–1] 2.577 2.127 1.769
T [K] 295(2) 295(2) 295(2)
Reflections collected 41668 30975 31119
Independent reflections [Fo � 2σ(Fo)] 9627 (Rint = 0.070) 6495 (Rint = 0.055) 6553 (Rint = 0.032)
Refined parameters 367 308 307
Goodness-of-fit on F2 1.039 1.032 1.072
R[a], Rw

[b] [I � 2σ(I)] 0.096, 0.283 0.072, 0.178 0.055, 0.150
R[a], Rw

[b] (all data) 0.162, 0.344 0.102, 0.200 0.068, 0.163

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {[Σw(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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maximum of the iodo compound 3 at around 439 nm can
be tentatively assigned to a ligand-to-metal charge-transfer
transition upon photoexcitation. The channel structure, as
well as the luminescence properties, of these tetraaza-
macrocycle-based materials may be anticipated to hold po-
tential for use as luminescent sensors. Moreover, the cyclen
moiety acts as a versatile connector in the construction of
supramolecular coordination networks, and is also capable
of functioning as a receptor site for recognition events.

Experimental Section
General Information: All solvents for syntheses (analytical grade),
which were used without further purification, and metal salts
[ZnBr2, CdX2 (X = Br, I)] are commercially available.
N,N�,N��,N���-Tetra(pyridin-4-yl)-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetracarboxamide (L) was prepared following literature
methods.[14] MS: positive-ion FAB mass spectra were recorded with
a Finnigan MAT95 mass spectrometer. Steady-state emission spec-
tra were recorded with a SPEX Fluorolog-2 spectrophotometer.

Synthesis of N,N�,N��,N���-Tetra(pyridin-4-yl)-1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetracarboxamide (L): Isonicotinic acid
(2.00 g, 16.24 mmol) was put into a 250-mL, two-necked flask with
toluene (100 mL), under an atmosphere of nitrogen, and the mix-
ture was stirred for ten minutes after addition of triethylamine
(2.72 mL, 19.49 mmol). After addition of phosphorazidic acid di-
phenyl ester (3.15 mL, 14.62 nm) the solution was stirred for one
hour; it gradually became colorless. The solution was later refluxed
for three hours at 90 °C (it became yellow) and was then cooled
to room temperature. 1,4,7,10-Tetraazacyclododecane (0.56 g,
3.25 mmol) dissolved in 100 mL of toluene was slowly and carefully
transferred into the above two-necked flask to give a pale-yellow
precipitate after stirring for two days at room temperature. The
toluene was then removed under vacuum and the ligand was recrys-
tallized from 200 mL of methanol to give a pure and white solid
(0.64 g, 0.975 mmol) in 30% yield. MS (FAB): m/z (%) = 654 (35)
[M+]. 1H NMR (400 MHz, [D6]DMSO, 25 °C): δ = 3.69 (s, 4 H,
CH2), 7.48 (d, 2 H, NCH2CH2], 8.32 (d, 2 H, NCH2), 8.88 (s, 1 H,
NH) ppm. 13C NMR (400 MHz, [D6]DMSO, 25 °C): δ = 47.67,
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113.71, 147.46, 150.03, 155.48 ppm. FT-IR (KBr): νNH = 3358 and
νC=O = 1654 cm–1. C32H36N12O4 (652.71): calcd. C 58.88, H 5.56,
N 25.75; found C 59.05, H 5.78, N 25.67.

Synthesis of [ZnBr2(L)1/2]n (1) and [CdX2(L)]n [X = Br (2), I (3)]

1: ZnBr2 (30 mg, 0.14 mmol) dissolved in 2 mL CH3OH was care-
fully layered onto a DMSO solution of L [90 mg (0.14 mmol), dis-
solved in 2 mL of DMSO]. The pale-yellow crystals were obtained
in two days with a ca. 70% yield. FT-IR (KBr): νNH = 3300 and
νC=O = 1681 cm–1. C16H18Br2N6O2Zn (551.55): calcd. C 34.84, H
3.29, N 15.24; found C 34.58, H 3.48, N 15.09.

2: CdBr2 [30 mg, 0.11 mmol] dissolved in 2 mL CH3OH was care-
fully layered onto a DMSO solution of L [70 mg (0.11 mmol), dis-
solved in 2 mL of DMSO]. The colorless crystals were obtained in
three days with a ca. 80% yield. FT-IR (KBr): νNH = 3313 and
νC=O = 1669 cm–1. C32H36Br2CdN12O4 (924.93): calcd. C 41.55, H
3.92, N 17.28; found (%): calcd. C 41.18, H 3.78, N 17.09. 3: It
was prepared in a similar method as 2 except using CdI2 instead
of CdBr2 and the colorless crystals were obtained in a ca. 80%
yield. FT-IR (KBr): νNH = 3300 and νC=O = 1681 cm–1.
C32H36CdI2N12O4 (1018.93): calcd. C 37.72, H 3.56, N 16.50;
found C 37.35, H 3.78, N 16.69.

X-ray Crystallography: Suitable single crystals of
1·DMSO·4CH3OH, 2·4DMSO, and 3·4DMSO were mounted on a
glass capillary respectively, and data collection was carried out on
a Bruker SMART CCD diffractometer with Mo radiation
(0.71073 Å) at 295(2) K. A preliminary orientation matrix and unit
cell parameters were determined from 3 runs of 15 frames each,
each frame corresponding to 0.3° scan in 15 s, followed by spot
integration and least-square refinement. Data were measured using
an ω scan of 0.3° per frame for 20 s until a complete hemisphere
had been collected. Cell parameters were retrieved using
SMART[15] software and refined with SAINT[16] on all observed
reflections. Data reduction was performed with the SAINT soft-
ware and corrected for Lorentz and polarization effects. Absorp-
tion corrections were applied with the program SADABS.[17] The
structure was solved by direct methods with the SHELX93[18] pro-
gram and refined by full-matrix least-squares methods on F2 with
SHEXLTL–PC V 5.03.[18] All non-hydrogen atomic positions were
located in difference Fourier maps and refined anisotropically. The

Table 2. Selected bond lengths [Å] and angles [°] for 1, 2, and 3.

1 Zn(1)–N(4) 2.039(6) Zn(1)–N(6) 2.012(5)
Zn(1)–Br(1) 2.352(2) Zn(1)–Br(2) 2.350(2)
N(6)–Zn(1)–N(4) 107.2(2) N(6)–Zn(1)–Br(2) 107.6(2)
N(4)–Zn(1)–Br(2) 107.9(2) N(6)–Zn(1)–Br(1) 109.8(2)
N(4)–Zn(1)–Br(1) 108.0(2) Br(2)–Zn(1)–Br(1) 116.0(1)

2 Cd(1)–N(1) 2.385(5) Cd(1)–Br(1) 2.890(1)
N(1)–Cd(1)–Br(1) 92.1(2) C(1)–N(1)–Cd(1) 119.9(5)
C(5)–N(1)–Cd(1) 125.8(5)

3 Cd(1)–N(4) 2.421(4) Cd(1)–I(1) 3.080(1)
N(4)–Cd(1)–I(1) 91.9(1) C(10)–N(4)–Cd(1) 119.8(5)
C(6)–N(4)–Cd(1) 126.9(5)

Table 3. Hydrogen bonds in the structures for 1·DMSO·4CH3OH, 2·4DMSO, and 3·4DMSO.[a]

Complex D–H···A [Å] D–H [Å] H···A [Å] D···A [Å] D–H···A [°]

1·DMSO·4CH3OH N(3)–H(3A)···O(3) 0.860 2.219 3.041(7) 159.95
N(5)–H(5A)···O(3) 0.860 2.068 2.913(9) 167.09

2·4DMSO N(6)–H(6A)···O(4) 0.860 2.161 2.955(7) 153.31
3·4DMSO N(5)–H(5A)···O(3)[a] 0.860 2.136 2.940(7) 155.52

[a] Symmetry positions of atoms: (a) 1 –x, y, 1/2 – z.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1698–17031702

hydrogen atoms were placed in their geometrically generated posi-
tions. Detailed data collection and refinement of the four com-
plexes are summarized in Table 1. Selected bond lengths and angles
in the structures are summarized in Table 2, and hydrogen bonds
are given in Table 3, respectively.

CCDC-282733 to -282735 (for complexes 1, 2, and 3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Á. R. Landa-Cánovas, S. Bals,
G. Van Tendeloo

A New Bi4Mn1/3W2/3O8Cl Sillén�Aurivillius
Intergrowth: Synthesis and Structural Characte-
risation by Quantitative Transmission Electron
Microscopy

Keywords: Sillén�Aurivillius intergrowths / Layered
oxyhalide / Electron microscopy / Exit-wave
reconstruction / Bismuth

A. Mondry,* P. Starynowicz1859

Ten-Coordinate Neodymium(III) Complexes
with Triethylenetetraaminehexaacetic Acid

Keywords: Chelates / Lanthanides / N ligands / Neo-
dymium / UV/Vis spectroscopy

M. R. C. Couri, M. V. de Almeida,1868
A. P. S. Fontes,* J. D’Arc S. Chaves,
E. T. Cesar, R. J. Alves, E. C. Pereira-Maia,
A. Garnier-Suillerot

Synthesis of Polyamines from Ethylenediamine
and Their Platinum(II) Complexes, Potential
Antitumor Agents

Keywords: Amines / Platinum / Antitumor agents

E. Fördös, N. Ungvári, T. Kégl, F. Ungváry*1875
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Nanoporous alumina membranes represent templates for the
synthesis and alignment of filamentous nanostructured mate-
rials. Porous aluminium oxide (PAOX) membranes are ideal
for high-temperature synthesis. They are transparent, flexi-
ble, freestanding and thermally robust. Their pore sizes can
be varied over a wide range. The membrane backside seems
suited for structuring processes on the nanoscale, for which
it may serve as a master. After introducing the formation pro-

1. Introduction

Nanotubes derived from various carbon sources, doped
with non-carbon atoms[1] or pure inorganic tubes[2] such as
MoS2,[3] WS2,[4] BN,[5] are intensively studied over the last
years because of their unique material properties. Besides
the challenge towards the synthesis of such materials, there
is also the need to arrange such materials in an organized
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cess of PAOX membranes, synthesis of carbon nanotubes
(CNTs) with different morphologies, their electrical field
emission properties, and the formation of polymeric filaments
and structured polymer surfaces with the aid of PAOX are
reported in this microreview.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

manner. One important research goal is to synthesize and
organize nanomaterials in a single process step that allows
for their 1D, 2D, or even 3D arrangement. A common and
widely used technique for 2D structuring of nanomaterials
is the template process, in which a given form acts as a
structure-directing shape to organize individual building
blocks in a 2D arrangement. Inorganic templates are typi-
cally solid phases; they can be crystalline or amorphous.
They are stable with respect to a geometrically defined
structure and usually up to higher temperatures. Zeolites
are prominent examples of such template types. They enable
the organization of matter in a 1D or 3D fashion. Unor-
dered inorganic porous structures bearing multiple voids
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and pores of nonuniform diameters that are randomly dis-
tributed in the material are another kind of such a template.
Those materials can typically not be used for the controlled
organization of matter in 2D or 3D dimensions, because
their pores appear unordered.

For creating filamentous nanomaterials with functional
properties, for example for optics or electronics applica-
tions, a defined 1D orientation of materials and therefore
of the pore structure of the template is essential. Zeolite-
based templates like MCM 41, as well as organic-based
templates, for example polycarbonate membranes, are use-
ful in this regard. However, membrane templates based on
organic materials are often temperature-sensitive, and there-
fore high-temperature processes within the membranes
often employed for the synthesis of inorganic nanostruc-
tures are impossible with these templates.

Anodic porous aluminium oxide (PAOX) is a valuable
template material for high-temperature processes. It is
widely used in the scientific community as a template for
synthesis and organization of nanomaterials.[6] Recently
Schmid has reviewed the synthesis and properties of various
nanoparticle compositions in PAOX.[7] Synthesis, arrange-
ment and properties of different rod-shaped magnetic mate-
rials in PAOX have been reviewed by Wade.[8] Our contri-
bution presented herein is focussed on the generation, prop-
erties and 2D arrangement of CNTs and filamentous poly-
meric structures, both made by gas-phase processes in and
on the surface of PAOX.

2. Nanoporous Anodic Aluminium Oxide as
Template for Nanofilament Arrangement

The process of electrolytic oxidation of aluminium has a
long-standing technological relevance and is commercially
used for surface processing of aluminium for many decades.
The pore system of alumina is formed by potentiostatic an-
odization, which is characterized by a constant voltage with
a current change due to increased resistance in the growing
oxide. The morphology of PAOX films synthesized in sulfu-
ric acid has been investigated by Keller et al. already in
1953.[9] Early studies on the growth mechanism were per-
formed by O’Sullivan and Wood in 1970.[10]

Formation and Structure of PAOX

Figure 1 shows a schematic drawing of a PAOX mem-
brane with a hexagonally ordered pore system.

The membrane consists of hexagonally ordered cells with
one centred pore in each cell. Each cell has a unidirectional
shape orthogonal to the membrane surface. The bottom of
the pores is sealed by the so-called barrier layer, which con-
nects the PAOX membrane with the aluminium metal base
from which the porous membrane grows in a self-organized
manner during an ongoing electrochemical oxidation pro-
cess. This barrier layer is compact, however it has numerous
defects due to the permanent dissolution by the electrolyte.
These defects (channels, pits, voids) are the starting points
for regular pore formation in latter stages of the electro-
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Figure 1. Schematic drawing of PAOX with idealized hexagonal or-
dered cells (diameter Dc) with a pore (diameter Dp) in the centre
of each cell; cross-section (top), view from the top of the pore ar-
rangement (bottom).

chemical oxidation. Thus redissolving alumina and ongoing
aluminium oxidation are competitive processes (see below).
The finally resulting highly ordered PAOX membrane has
a porosity of up to 10% with pore densities of up to 1011

pores per cm2.[11] When a disordered growth is observed,
the overall porosity can be significantly lower or higher.[12]

The pore walls of the cells consist of two different types of
alumina.[12] One type is a relatively pure, anion-free, dense
alumina (dark grey regions in Figure 1, bottom). It builds
up the hexagonal body of the cell. This material is not in
direct contact with the open pore space. The inner cell re-
gion of the pores consists of a less dense alumina (light grey
regions in Figure 1, bottom) contaminated with electrolyte
anions (PO4

3– SO4
2–, C2O4

2–), which forms the pore wall
and therefore is in direct contact with the electrolyte during
the electrochemical process. By controlled selective etching
of the backside barrier layer, PAOX membranes with com-
plete trough-hole pore morphology can be obtained.

The diameter of the pores (Dp) and the cells (Dc) of a
PAOX membrane are dependent on the anodization poten-
tial applied in the electrolytic process.[6h,13] Additional ex-
perimental parameters governing the pore size are tempera-
ture and current density. The latter is influenced by the con-
centration and the type of electrolyte used.[11]

PAOX membrane pore diameters between ca. 5–300 nm
are so far experimentally accessible. As a rule of thumb, a
voltage of 1 V corresponds to a pore growth of ca.
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1.2 nm.[10] This value depends on anodization conditions
and electrolyte concentration. Figure 2 shows examples of
electron micrographs of PAOX membranes with varying
pore diameters (Figure 2).

Figure 2. SEM images of freestanding PAOX membranes. From
upper left to lower right: open front side of a PAOX membrane
generated at 40 V, back side of a PAOX membrane generated at
40 V, open front side of a PAOX membrane generated at 25 V, open
front side of a PAOX membrane generated at 8 V.

To obtain PAOX templates with different pore size re-
gimes, different electrolytes are used. From 150 to 300 nm
H3PO4, from 30 to 70 nm oxalic acid and below 20 nm
H2SO4 give reproducible results with respect to pore-size
diameters.[8] This electrolyte dependence of pore size distri-
bution is mainly due to the fact that the pore diameter is
affected strongly by the dissolution velocity of alumina in
the electrolyte chosen. The dependence of pore size on elec-
trolyte type is, however, complex and involves the dissoci-
ation behaviour (pH value, acid/conjugate base equilibrium)
and concentration of the electrolyte (e.g. changing the elec-
trolyte concentration changes the pH) as the foremost pa-
rameters.

The basic membrane-film-forming reaction is dissolution
of the base metal according to

Al(s) �Al3+ + 3e–

Al2O3 is then formed by reaction with O2– ions which are
generated in the acidic electrolyte medium by the reaction

3/2 H2O � 3 H+ + 3/2 O2–

The formation process of the alumina is accompanied by
a local dissolution of the formed alumina due to agitation
by protons

1/2 Al2O3(s) + 3 H+(aq) � Al3+(aq) + 3/2 H2O(l)

The latter reaction preferentially occurs at the bottom of
the formed pores where the electrical field is highest. This
reaction obviously does not play an important role during
the initial formation of the compact base oxide layer lying
underneath the porous layer.

During electrolyte anion incorporation into the growing
membrane, the following reactions occur:[6h]

H3PO4 (aq) � H2PO4
2– + H+

H2PO4
– (aq) � HPO4

2– + H+
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The conjugate divalent base anion HPO4
2– can replace

O2– in the oxide forming reaction, thus leading to a con-
tamination in the growing film. Therefore 6–8 wt.-% PO4

3–

incorporation of the membranes is typically observed when
phosphoric acid is used the electrolyte. Similar percentages
of incorporation are observed for other electrolyte anions
(SO4

2–, C2O4
2–). In contrast, electrolytes which do not form

protonated conjugate bases lead to contamination of free
PAOX membranes (e.g. chromic acid[6h]).

The electrochemical process of controlling and downsiz-
ing the pore diameter by adjusting the anodization voltage
as one of the crucial parameters works well down to pore
sizes of around 15 nm in the strong electrolyte H2SO4.
There is an interest in such nanoporous self-supporting
template materials due to their application as nanovessels
for synthesis and organization of matter on the nanoscale.
In the size regime below 15 nm, quantum size effects start
to become important for many materials, and a self-sup-
porting porous template should make it possible to study
anisotropic effects of such structure-confined materials.
However, reports on self-supporting PAOX membranes
with a pore size below ca. 15 nm are scarce. Highly unor-
dered PAOX films deposited on glass substrates with small
pore diameters (�10 nm) are known.[14–16] We have studied
pore-size growth of PAOX at anodization voltages down to
8 V. Formation of a porous alumina with a pore diameter
of about 10 nm results. Handling these PAOX membranes
as freestanding templates, however, becomes increasingly
difficult: for example, such membrane templates tend to be
brittle and are mechanically fragile. In contrast, PAOX
membranes with pore sizes between 20 and several 100 nm
exhibit good mechanical stability. They are not very fragile
and can withstand even moderate mechanical torsion, for
example bending. The reason for this is their cellular struc-
ture. It is well known that if pores in a given cellular struc-
ture are hexagonally oriented, the mechanical stiffness of
such a cellular arrangement decreases roughly by a factor
of 50 compared to a similar compact structure.[17] This find-
ing is based on the variation of the E-module which is dra-
matically affected when comparing a compact with a po-
rous structure. In a first approximation, this is regardless of
the individual material composition of such a structure.

Thus, the high tensile strength of the as-prepared PAOX
template relative to a dense, compact alumina film of the
same composition seems mainly due to its mechanical flexi-
bility imparted by its regular open porous nature relative to
the dense material of same composition.

3. Carbon Nanotubes and Polymer Fibres in
PAOX

3.1 Carbon Nanotubes in PAOX

CNTs Synthesized in PAOX without Catalyst

Spatially arranged CNTs provide a promising material
for applications in e.g. Li-ion batteries,[18] chemical fil-
ters,[19] capacitors,[20] cold field emitting sources[21] or tran-



J. J. Schneider, J. EngstlerMICROREVIEW
sistors.[22] PAOX is ideally suited as a template for CNT
synthesis by CVD, a process which typically operates above
700 °C.[23–25] The diameter of the CNTs formed inside the
PAOX template pores during CVD should be the same as
the PAOX pore diameter. Hence, a general feature of
PAOX, its versatility to control the diameter of the CNTs,
becomes apparent.

In a typical experiment, a gaseous precursor like propyl-
ene or acetylene transported by a carrier gas is decomposed
within a hot-wall tube reactor in which the open membrane
is inserted vertically in a flow-through geometry.[26] The
pores of the membrane are then completely filled with
CNTs during the CVD process. Figure 3 shows a SEM im-
age of such a CNT/PAOX membrane composite.

Figure 3. SEM image of a CNT/PAOX membrane composite show-
ing a broken edge from which the CNTs protrude out of the pores
of the PAOX.

Typical synthesis conditions for our CNT formation pro-
cess are 900 °C, propylene flow between 1 mL and 14 mL
per minute depending on the reaction time (5 min to
40 min). After the CVD process, the PAOX surface is usu-
ally covered with residual carbon materials. These can be
“burned away” under controlled and mild oxidative condi-
tions without destroying the CNTs.[26]

CNTs Synthesized in PAOX Loaded with Catalyst

PAOX templates can be loaded with appropriate catalyst
precursors like inorganic Fe salts prior to CNT growth, for
example simply by dip filling.[27,28] Under reducing condi-
tions, flowing H2 is used for this purpose; the active catalyst
can then be generated in nanoparticle form.[29] The effect
of the catalyst particles on CNT growth is twofold. On the
one hand, the use of catalyst particles reduce the synthesis
temperature for CNT growth, on the other hand, CNT
graphitization can be achieved already at lower tempera-
tures relative to an uncatalyzed CVD process.

Impregnation of PAOX membranes with a catalyst prior
to CNT synthesis leads to a CNT/PAOX composite mate-
rial. The CNT/PAOX composite material can be freed from
the PAOX template by dissolving it in diluted HF. The re-
sulting carbon filaments have a fibre-like compact structure
as revealed by transmission electron microscopy (TEM). At
a higher magnification, a tube-in-tube morphology (“car-
bon nanotube bags”) can be identified by TEM (Fig-
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ure 4).[29,30] The smaller inner tubes display helicoidal struc-
tures and are almost densely packed within the outer “car-
bon nanotube bags”. The compact fibre-like material there-
fore contains two different carbon tube morphologies of
different size. The outer, larger tubes are produced by the
deposition of carbonaceous precursor species derived from
the molecular precursor gas source (e.g. propylene). These
CNTs are formed on the inner walls of the PAOX mem-
brane during the CVD process. Their diameter is deter-
mined by the pore dimensions of the template. In this pro-
cess, the inner walls of the PAOX template are cast.

Figure 4. TEM image of “nanotube bags” freed from the PAOX
template; left: the inner helicoidal CNTs are surrounded by the
outer, larger CNT; right: helicoidal morphology of a single interior
CNT.

The PAOX template pore walls represent a surface with
high morphological roughness. This roughness is reflected
in the morphology of the CNT walls, which show no ideal
straight alignment but a rather high degree of dislocation
of the carbon tube walls (Figure 5).

Figure 5. SEM micrograph showing PAOX-freed CNTs in typical
parallel block arrangement.

The dense filling of the larger carbon tubes with the
smaller helicoidal CNTs in their interior is due to a catalytic
process. It is mediated by the iron particles which are de-
rived from the catalyst precursor introduced into the PAOX
by the impregnation step.[27] The diameter of the helicoidal
inner CNTs is about 20 nm and corresponds well with the
size of the catalyst particles which are mainly found at the
end of the tubes (Figure 6).

In addition, TEM and AFM investigations[29] reveal that
the diameter of the large outer CNTs is enlarged when freed
from the template, relative to what is expected from the
given size of the template pores in which they are formed.
This fact can be understood by the only partially graphi-
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Figure 6. TEM images of CNT bags filled with small CNTs derived
from catalyst impregnation. From upper left to lower right: over-
view of small CNTs with catalytic particles located at the end of
the smaller inner tubes; different magnifications of CNT inner
tubes with catalytic particles at the end of the small CNTs.

tized structure of the tube walls of the outer CNTs as it is
revealed by high resolution TEM (HRTEM) investigations
(Figure 7).

Figure 7. Top: HRTEM image of a “CNT bag” wall structure
showing the partially graphitized wall structure; bottom: corre-
sponding schematic model of the outer CNT wall structure.

The schematic model, which is in accord with the experi-
mentally observed morphology found in the HRTEM, is
shown in Figure 7. Relatively short multilayered, inter-
mingled graphene sheets are characteristic for the CNT wall
structure. This graphene sheet structure is flexible and al-
lows the outer tubes to widen their diameter significantly
when an inner pressure is exerted upon the walls. As long
as the CNTs are embedded in the PAOX template, their
diameter is fixed. However, when the CNTs are freed from
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the template, a dense filling of the CNTs may lead to a
significant expansion of their diameter. This is a kind of
“breathing process” which releases inner pressure from the
CNT walls imposed on them by the dense filling with the
small helicoidal tubes. Obviously, such a widening process
can even lead to a rupture of the walls of the large CNTs
and to the liberation of the entrapped small helicoidal tubes
(Figure 8).

Figure 8. TEM of a compact CNT bag. After breaking the outer
CNT wall, the inner CNTs swell out of their surrounding shell (bot-
tom left).

We have studied the elastic properties of the carbon nan-
otube bags by AFM with the nanoindentation tech-
nique.[31–33] A Berkovitch-type indentation probe (100-nm

Figure 9. Nanoindentation loads (up to 500 µN) vs. indentation
depth applied to a single filled carbon nanotube bag.
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tip radius) was placed in the middle of a single carbon nano-
tube bag. Experiments were conducted with up to 500-µN
loads on the tip (Figure 9, top). Up to loads of 220 µN, the
indentation depth increased linearly with increasing load.
In the low-load regime (up to ca. 60 µN) the CNT displayed
viscoelastic behaviour with nearly no residual plastic defor-
mation (�1 nm). When the final indentation load was in-
creased to 500 µN, the depth of impression on the carbon
nanotube bag structure increased considerably to 35 nm.
However, at a load of 230 µN a sudden deviation from a
linear behaviour was found (Figure 9, top).

After release of the maximum load a residual depth of
impression of 27 nm remained in the material (Figure 9,
bottom). Compared with the low-load regime, where a
maximum load of 60 µN was applied, this dramatically dif-
ferent behaviour at higher loads may be attributed to a sud-
den rupture of the CNT wall structure. In the low-load re-
gime, the filled CNT nanotubes show viscoelastic behaviour
typically observed for soft matter (e.g. polymers), whereas
high enough compression loads lead to the destruction of
the outer CNTs (see Figure 8).

CNTs in PAOX Derived from Single-Source Precursor
Molecules

There have been several reports on the synthesis of CNTs
using single-source precursors.[34] Examples for such pre-
cursors are organometallic compounds like metallocenes or
coordination compounds like iron()phthalocyanine.[35,36]

In these precursors, there exists a fixed, stoichiometrically
defined metal-to-carbon ratio. Ferrocene is a prominent
precursor for CNT synthesis by CVD techniques.

Figure 10 displays a typical TEM image of CNTs derived
from ferrocene as the sole CNT precursor. In these experi-
ments, the CNTs have been first synthesized and then de-
posited freely on a freshly cleaved mica surface. Due to the
low carbon-to-iron-catalyst ratio (10:1) when employing
ferrocene, the CNTs are mostly filled with iron metal.[37]

Figure 10. TEM images of CNTs synthesized via CVD of ferrocene
on a native mica support at different magnifications.

When the carbon-to-iron ratio is increased by a factor of
7, CNTs with a much lower iron content are formed, and
subsequently no formation of compact iron rods is observed
inside the CNTs. Instead, particles are formed in the CNTs
(Figure 11). An increase in the carbon-to-iron ratio was
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achieved by adding an additional carbon source to the fer-
rocene precursor.[38] We used the polycondensed aromatic
hydrocarbon decacyclene C36H18 as the additional carbon
source.[26,39,40]

Figure 11. TEM micrograph of a CNT bundle synthesized by depo-
sition of a mixture of decacyclene/ferrocene (70:1 at.-%) in PAOX
(template removed).

Bundle-like arrangements of CNTs are found after dis-
solution of the PAOX template. Metal particles are distrib-
uted within these CNT bundles.

When using chromocene, [(η5-C5H5)2Cr], a precursor
with the same carbon-to-metal ratio as that in ferrocene,
CNTs are formed under similar conditions (Figure 12).
However, in contrast to the CNT material obtained from
the ferrocene precursor, no metallic wires are formed within
the tubes. The CNTs contain particles distributed alongside
the CNTs, although the carbon-to-metal ratio is identical
to that in ferrocene. Obviously, not only the stoichiometric
carbon-to-metal ratio, but also the nature of the catalytic
metal or the precursor are important for the filling of the
CNTs, either with metallic rods or particles.

Figure 12. TEM micrographs of template-freed CNTs synthesized
by deposition of chromocene in PAOX. A characteristic parallel-
block arrangement of CNTs derived from PAOX is maintained
(template removed).

Comparison of the results for CNT synthesis performed
by the single-source strategy without a structure-directing
template and those for the template-steered synthesis by
using PAOX shows that the resulting CNT materials have
different morphologies. CNTs prepared by the template
technique display a parallel alignment of CNTs, with over-
all straight tube body morphology and defined tube radii.
In contrast, CNTs prepared by a template-free CVD pro-
cess by using a single-source strategy have a poorer straight-
ness, a significant deviation in tube diameter and a random
distribution of their metal filling.
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Element-filtered TEM (EFTEM) has provided detailed

information about the elemental distribution of CNT mate-
rials. In general, EFTEM enables the recording of two-di-
mensional distributions of chemical elements (Li to U) with
a resolution down to about 1 nm. Chemical and structural
heterogeneities may thus be imaged by recording elemental
distributions. Applying this technique supplies an enor-
mous amount of information relative to conventional
bright-field TEM. In Figure 13, the results of such an EF-
TEM investigation of a single CNT synthesized by CVD by
using chromocene as precursor and PAOX as template are
shown.

Figure 13. EFTEM investigations on a single CNT (precursor:
chromocene): (a) bright-field image of a single CNT with incorpo-
rated particles; images of single-element distributions with elements
displayed in lower contrast, (b) carbon, (c) oxygen, (d) chromium,
(e) aluminium; (scalebar for all images: 100 nm).

The selective elemental mapping gives the spatial distri-
bution along the CNT (Figure 13b–e). Obviously, chro-
mium is a main constituent. Besides the elements chromium
and carbon, oxygen is also present in the irregularly shaped
particles, which have a diameter between 20 and 30 nm
(shown in Figure 13c). Thus, the formation of chromium
oxide particles seems reasonable. The formation of these
oxide particles is yet unclear since the CVD process pro-
ceeds under otherwise inert conditions.

The origin of the detected alumina particles (Fig-
ure 13c,e: O and Al elemental maps) can be attributed to
the incomplete dissolution process of the PAOX template
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during sample preparation, leaving minor amounts of resid-
ual alumina in the sample.

Similar experimental and EFTEM analytical results were
obtained for the synthesis of CNTs by using metallocenes
of Ni and Co as single-source precursors. In both cases,
CNTs with diameters corresponding to the PAOX template
were found. The CNTs again contained metal particles in-
side the tubes. Ultrathin samples of these CNTs, still em-
bedded in the PAOX template, were studied by TEM (Fig-
ure 14).

Figure 14. TEM image of an ultrathin sample of CNTs embedded
in PAOX, obtained by microtoming (CVD precursor nickelocene).
Dense regions which appear with a dark contrast display the PAOX
template walls. Alongside the PAOX tube walls, small nickel par-
ticles are deposited. Some appear to be partly embedded in an
amorphous carbon shell.

Particles with a high nickel content, which are found
alongside the pore walls of the CNTs and/or the PAOX
template, can be detected by EFTEM analysis of such sam-
ples. As for the chromocene case, oxygen is present, how-
ever its origin cannot be unambiguously determined, now
because of the close proximity of the Ni particles to the
surrounding alumina pore walls.

Field Emission from CNT Arrays

An interesting electrical property of CNTs is their field-
emission (FE) behaviour. Because of their small diameter,
the electronic working function of CNTs is dramatically re-
duced. Thus, a tunnelling effect of electrons can occur, and
consequently theoretical and experimental studies on the
electron emission of CNTs have been in the focus of re-
search already for more than one decade.[39,41] Multiwalled
CNTs (MWCNTs) are mechanically more robust and are
also less prone to electrical degradation than single-walled
CNTs (SWCNTs). The emission from MWCNTs shows
metal-like behaviour, as deduced from electron spectro-
scopic studies.[42] For MWCNTs, characteristic parameters
in FE, such as the onset field for emission, current density
and electrical field enhancement factors β,[43] are drastically
improved[44,45] relative to other relevant FE materials like
diamond tips,[46] Si[47] and GaN,[48] which were studied in-
tensively over the past years.

For isolated, single CNTs, ten times higher field enhanc-
ing factors β are observed relative to CNT films containing
bundles of unordered tubes.[49] Thus, different strategies can
be followed to obtain good field-emitting devices based on
SWCNTs or MWCNTs. One general strategy seeks the most
perfect two-dimensional arrangement of CNTs in order to
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arrange as many emitters as possible on a substrate.[50] This
assures that a huge number of high aspect ratio structures
are produced and are available for FE. Another synthetic
strategy arranges CNT emitters in defined areas with a high
enough distance to each other, thus fulfilling the theoretical
requirement that the distance between single emitters is
about the height of an individual emitter to obtain long-
term FE stability.[51] By realizing the latter approach, the
inter-emitter field penetration due to charging and electrical
degradation is significantly reduced relative to arrange-
ments where a higher emitter density is achieved (Fig-
ure 15).

Figure 15. Schematics showing the dependence of the individual
electrical field penetration of CNT emitters as a function of the
emitter distance. Idealized model (top), model of a realistic CNT
surface with high emitter surface coverage (bottom).

Densely populated CNT cathodes therefore have definite
disadvantages in their FE behaviour at low fields due to
mutual shielding effects (Figure 15).[51] Well-separated
CNTs with still high enough densities per area and homo-
geneous FE characteristics, however, need synthesis tech-
niques other than the former.[44] Up to this date, successful
studies have been reported to optimize the FE performance
for aligned CNTs.[41e,45,50,52–54] We used PAOX as a templat-
ing material for CNTs and investigated the resulting FE
properties.[55] In these experiments, additional positive in-

Figure 16. Typical SEM image of isolated CNTs grown on the surface of the PAOX membrane by CVD for FE investigations. The CNTs
responsible for FE are linked to the surface of the PAOX by CVD deposition on predeposited alumina islands; right: emission picture
of such a sample (size 28 mm2) after conditioning (see text).[59]
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fluences of PAOX on the FE behaviour could be detected:
for example, electrical insulation of the CNT emitters due
to their embedding in the dielectric matrix of PAOX seems
advantageous in avoiding destructive degradation by field
effects.[51] On the other hand, it has been observed that an
outgrow of CNTs over the PAOX surface promotes FE
properties.[56] For CNTs which are overgrowing the PAOX
template structure, low onset fields for emission of 3–
4 V µm–1 are found. In contrast to these results, CNTs
which are totally embedded in PAOX and do not surmount
the surface at all, have ten times higher onset fields for
FE.[55]

Our work in the area of synthesis and arrangement of
CNTs for FE applications has so far focussed on metallo-
cenes or mixtures of metallocenes with polycondensed aro-
matics as precursors for CNT synthesis.[29,44,57–59] Growing
of CNTs by using metallocene precursors was achieved in
and on the surface of PAOX membranes and led to an un-
ordered growth on the PAOX surface. Good FE character-
istics for such materials were observed when alumina par-
ticles were first deposited by CVD from a precursor [source:
aluminium tris(sec-butoxide)] on the PAOX surface prior to
CNT deposition by CVD (precursor: ferrocene). Then,
CNT growth preferentially occurred on the deposited alu-
mina islands (Figure 16).[44,58–60]

FE measurements on this material where performed in a
diode configuration. The emission picture was obtained af-
ter sample conditioning by current processing.[58,59] Sample
conditioning is a standard procedure in FE studies and is
necessary because the FE effect and especially the long-
term stability of the emitters are very sensitive to any sur-
face and gaseous atmospheric impurity.[58–60] Integral FE
measurements on such samples have yielded current densi-
ties up to 32 mA cm–2 at 7.2 V µm–1.[59] These values are
based on a uniform emitter distribution and an emitter
number density of 10000 cm–2. This is so far a superior re-
sult compared with current values from other studies.[52–54]

Single-emitter investigations on the material revealed
stable Fowler-Nordheim-like I–V curves.[58] Despite the ob-
servation of some short-term current fluctuations, the alu-
mina-based CNT cathodes provide already reasonable long-
term current stability (�18 h) as shown in Figure 17 and
Figure 18.
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Figure 17. Long-term current stability of a 28-mm2 sample on
PAOX at various pressures/fields: 2×10–6 mbar at 4.6 V µm–1 (up-
per trace); 5×10–5 mbar at 5.3 V µm–1 (middle trace); 5×10–4 mbar
at 6.5 V µm–1 (lower trace).[59]

Figure 18. Comparison of the typical long-term current stability of
a CNT cathode measured at 10–6 mbar at 4.6 V µm–1 before (upper
trace) and after processing (lower trace) up to 700 µA.[59]

Nevertheless, developing stable CNT field emitters with
high performance characteristics is an important task in
this research area (long-term stability � 10000 h). Further-
more, an aligned and directed growth of CNTs has to be
realized in order to obtain well-separated nanotubes. Such
an alignment of emitter structures is so far only realized in
Spindt type configurations, which are up to now still the
only industrially viable field emitter structures.

3.2 Polymeric Structures in and on PAOX

Synthesis and Alignment of Polymeric Poly(p-xylene)
(PPX) Filaments Derived from PAOX

The first reports on the synthesis of polymer tubes and
cylinders in PAOX templates appeared in the mid
1990s.[61–63] A recently explored technique uses the con-
trolled wetting of ordered pores of PAOX to generate poly-
mer nanotubes.[64,65] In this approach, the high-energy sur-
face of a PAOX membrane is wetted by a low-energy or-
ganic polymer to fill the pores and mould the PAOX tem-
plate structure. This results in formation of polymeric nano-
tubes after removal of the template. With this technique,
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2D arranged polystyrene, polytetrafluoroethylene (PTFE),
polymethyl methacrylate (PMMA) or palladium/polymer
composite materials are accessible in filamentous form,
either embedded in the template or freed from the tem-
plate.[64,65] 2D confinement studies of symmetric and asym-
metric block copolymers in PAOX templates have been re-
ported recently.[66,67] Formation of polymer or block copol-
ymer nanorods is driven by capillary forces which force the
polymer[66] or copolymer melt[67] into the cylindrical nano-
pores of the PAOX template. These studies show that micro-
phase separated copolymers are formed within the nano-
channels of PAOX. The observed polymer structures are
not only triggered by the pore size of the template but also
by the specific interaction of pore wall with polymer, lead-
ing to phase-segregated copolymer rods in which for exam-
ple styrene or polybutadiene forms the central core.[67,68]

Gas phase processes have been studied recently to form
tube- or wire-like structures of other technically important
polymers, like poly(p-xylene), PPX, in PAOX.[68] PPX films
have very good electrical insulation and barrier properties,
excellent solvent and hydrolytic resistance, biocompatibility,
transparency and thermomechanical properties. PPX is
formed by evaporation and vapour-phase pyrolysis of [2.2]-
paracyclophanes as precursors. 1,4-Quinodimethanes are
formed as intermediates, acting as monomers (Scheme 1).
The in situ formed quinodimethanes polymerize spontane-
ously on nearly any given substrate upon vapour phase de-
position at temperatures equal to or below 30 °C by forma-
tion of conformal highly adhesive PPX films.[69]

Scheme 1. Formation of PPX polymer starting from [2.2]paracyclo-
phane precursor via intermediate 1,4-quinodimethane.

Within PAOX, PPX can be synthesized in a fibre mor-
phology by chemical vapour deposition polymerization.
Figure 19 shows a top and side view of a PPX film formed
on PAOX after CVD polymerization deposition. PPX forms
a closed film on top of the template, covering its surface
completely.

PPX fibres are formed within the pores of the template
(Figure 19). The compact PPX films on top of the template
can be detached from the surface mechanically or by chemi-
cal techniques.

The ordered backside of PAOX membranes can be used
for patterning a polymer such as PPX in a straightforward
technique by moulding the backside when using it as a mas-
ter form. This master backside with desired nanodimen-
sions can be prepared by electrochemical oxidation of alu-
minium metal and detachment of the film from the metal
base. This simple technique avoids complicated physical
structuring processes like e-beam lithography for shaping a
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Figure 19. SEM image of a PAOX/PPX composite surface. Fibrous
PPX structures protude out of the pores of the PAOX template.

master form, which can then be used in the moulding pro-
cess. Instead, the self-organization process of forming the
nanostructured alumina cells is used to produce the master
form. The barrier layer of PAOX provides a nanostructured
surface with regular hexagonally ordered concave domes
(Figure 20). A replication of the backside PAOX structure
with a polymer film may thus represent a straightforward
way to nanostructured polymer surfaces with an inverse
morphology when detached from the master.

Figure 20. AFM image of a closed PAOX backside with hexagonal
pore order used as master in moulding experiments with PPX; bot-
tom: corresponding height profile.

The coating of the PAOX backside template with a thin
PPX film can be done in a CVD reactor consisting of a
quartz reactor tube in which a three-zone heating can be
realized. A temperature gradient from 170° to 700 °C is
suitable for sublimation and for initiating the in situ CVD
polymerization. After CVD polymerization, the PPX film
on the backside of the membrane can either be lifted off
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mechanically or detached chemically from the resulting
PPX/PAOX composite to give a structured PPX film. This
process is shown schematically in Figure 21.

Figure 21. Schematic drawing showing the steps involved in the
moulding of a PAOX backside to yield a PPX polymer as well as
its detachment to obtain a freestanding nanostructured PPX film.

Figure 22 compares the appearance of a structured PPX
film after mechanical lift-off with that after chemical de-
tachment from the PAOX template. The breaking of the
film by mechanical stress during the detachment results in
the formation of fibrous structures. In contrast, the mor-
phology of the structured PPX film can be retained intact
over wide areas by chemical detachment from the master.
The film then shows a regular concave structure, in which
the small dimples mirror an almost ideal replication of the
convex dome-like PAOX backside structure.

Such nanostructured surfaces may show a drastically al-
tered wetting behaviour. Measuring the contact angle at a
solid/liquid/gas interface is a very sensitive surface analyti-
cal method. It probes the outer atomic layers of a surface
and enables the study of chemical as well as morphological
surface changes.[70,71]

The hydrophilicity/hydrophobicity of a surface can be de-
termined by measuring the contact angle Θ between water
and the surface (Figure 23). A contact angle of 0° relates to
a flat monomolecular water film on a surface of a solid. At
a contact angle of 180°, a drop of water, for example, is in
contact with the surface only at a single point (superhydro-
phobic). Between these extremes, surfaces are termed hy-
drophilic (�90°) or hydrophobic (�90°).

The contact angle of water on a flat PPX surface is 86°
(weak hydrophilic behaviour). This compares with an angle
of 14° for water on a flat glass surface (roughness � 0.5 nm,
piranha-solution-cleaned glass), which is classified as super-
hydrophilic.[72] The nanostructured PPX film (see Fig-
ure 22) which represents a rough surface, shows a drasti-
cally reduced water contact angle of only 24° compared to
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Figure 22. Top: SEM image of a PPX film obtained after deposi-
tion on the backside of a PAOX membrane. The fibrous structures
result from the destruction of the PAOX film during the mechanical
detachment process; bottom: SEM image of a PPX film detached
chemically from the PAOX backside by HF dissolution.

Figure 23. Definition of the contact angle Θ of a liquid on a solid
surface.

a flat unstructured PPX film with a contact angle of 86°.
This difference of more than 60° is caused by the structur-
ing of the PPX surface with the regular nanopattern. A pos-
sible explanation for the reinforcement of the hydrophilicity
of the structured PPX relative to the flat PPX surface can
be given when considering the model developed by Wenzel,
who has theoretically treated liquid wetting of small-scale

Figure 25. Photographs of the wetting behaviour of water. From left to right: water drop on cleaned glass surface, water drop on flat
PPX film surface, water drop on nanostructured PPX film surface (see Figure 22). All contact angles were measured by the sessile drop
method.
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rough surfaces (Figure 24).[73] A further refined model for
superhydrophilic surfaces (superwetting) was developed re-
cently by Quéré.[74]

Figure 24. Schematic model of roughness filling of a nanostruc-
tured surface by water according to the Wenzel theory.[73]

In the Wenzel model, the space between the protrusions
(Figure 24) is filled by a liquid (water), and the theory pre-
dicts that both hydrophilicity and hydrophobicity are rein-
forced by this surface roughness according to the rela-
tion:[73]

cosΘw = r cosΘt

Here Θw is the apparent angle on the rough surface (e.g.
structured PPX, Figure 22), Θt is the contact angle of water
on a smooth surface of identical chemical composition (e.g.
unstructured PPX film), r is a roughness factor, which is
defined as the ratio of the actual surface area over the pro-
jected area.

As a result, the contact angle Θ of a surface can be tuned
by its surface roughness in the hydrophilic region (Θ � 90°)
much in the same way as it can be done in the hydrophobic
region (Θ � 90°).[74,75] Thus, a structural change in the sur-
face morphology of the polymeric PPX film is able to tailor
the surface wetting of this material from weakly hydrophilic
to strongly hydrophilic (Figure 25).

4. Conclusions

Nanoporous alumina is an extraordinary material for
synthesis and alignment of nanomaterials. Its straightfor-
ward synthetic access, its availability in different sizes and
shapes, and most important, its high porosity with a mass-
ive number of pores running parallel through the trans-
parent material makes this oxidic structure a unique candi-
date for nanochemistry.

Consequently a wide variety of materials have been syn-
thesized within the pore system of PAOX over the years in a
number of different groups. Its high thermal and structural
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stability makes PAOX also useful as template in gas-phase
CVD processes.

Herein we have described the formation, alignment and
FE properties of CNTs inside the pores and on the surface
of PAOX. Various single-source precursors were studied
and led to the formation of CNTs with and without metal
filling of their interior.

In field emission, we found that PAOX has a significant
influence on the emission characteristics, which is proven
by the highest dc current density so far measured for CNT
structures, for example. Moreover long current stabilities of
up to 18 h were obtained for these materials after cathode
conditioning was employed.

Polymer wires are accessible by a gas-phase route by po-
lymerizing reactive polymer precursors inside the pores of
PAOX. Besides the polymerization inside porous alumina,
PAOX can be used as a mould to emboss organic polymers.
PPX films with a resulting concave surface structure can
be deposited on the dome-shaped backside of PAOX and
afterwards securely detached from it. This leads to a nanos-
tructured polymer surface, which shows an increased hydro-
philicity relative to an unstructured flat PPX polymer film.
This may be attributed to an enhanced wetting behaviour
of the regular nanopatterned structure relative to a smooth
unstructured PPX surface.

The future for even more synthetic as well as technologi-
cal applications of porous alumina membranes is worth be-
ing explored in more detail. Research areas like catalysis,
for which its mesopores can be tailored and chemically
modified, have been barely touched so far.[76–78] Nanoreac-
tors based on PAOX membranes could be an interesting
extension of the already well-established microreactor tech-
nique.

Biomolecules are ideal candidates for immobilization in-
side the pore volume of PAOX because of the variable tem-
plate pore size in the mesoporous range. Biosensor action
is a possible target application that can be realized with
such systems.[79] The sector of medical applications of these
inorganic membranes is also under current study.[80]
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Reactions of the 11-vertex nido-tricarbollide anions [7,8,9-
C3B8H11]– (2a) and [7,8,10-C3B8H11]– (3) with [Cb*Co-
(MeCN)3]+ or [Cb*Co(C6H6)]+ (Cb* = C4Me4) afford the ex-
pected cobaltatricarbollides 1-Cb*-1,2,3,4-CoC3B8H11 (4a)
and 1-Cb*-1,2,3,5-CoC3B8H11 (5), respectively. A similar re-
action of the amino-substituted anion [7-tBuNH-7,8,9-
C3B8H10]– (2b) is accompanied by polyhedral rearrangement
even at room temperature, giving 1-Cb*-12-tBuNH-1,2,4,12-
CoC3B8H10 (7b). Complex 4a rearranges to the isomeric com-
plex 5 at 110 °C and further to 1-Cb*-1,2,4,10-CoC3B8H11

Introduction
Recently, we have developed two methods for the prepa-

ration of (tetramethylcyclobutadiene)cobalt complexes con-
taining cyclopentadienyl, phospholyl, and pyrrolyl ligands,
Cb*Co(C4R4E) (Cb* = C4Me4; E = CR, P, and N).[2,3] One
method is based on the reaction of the (carbonyl)iodide
complex Cb*Co(CO)2I with the corresponding anions,
while another one uses the acetonitrile complex [Cb*Co-
(MeCN)3]+ as a starting material. The second method is
more general, allowing Cb*Co(C4R4E) compounds to be
synthesized in higher yields under milder conditions. The
same approaches proved to be useful in metallacarborane
chemistry, which was clearly demonstrated by the synthesis
of Cb*Co complexes with charge-compensated dicarbollide
ligands [9-L-7,8-C2B9H10]– (1).[1,4] The nido-tricarbollide
anions 2 and 3,[5] similar to 1, have a five-membered face
and a single negative charge, which makes them analogous
to Cp– in their coordinating ability. In contrast to dicarbol-
lide derivatives, the presence of the third carbon atom ham-
pers the prediction of the product structure owing to the
ease of cluster rearrangement.[6–8] The chemistry of ferra-
tricarbollides is well studied.[9] However, only one example
of a cobalt derivative was described.[10] Herein we report
the preparation of Cb*Co complexes of anions 2 and 3 and
their further rearrangements.
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(6a) at 160 °C. The amino-substituted derivative 1-Cb*-10-
tBuNH-1,2,4,10-CoC3B8H10 (6b) was obtained by isomeriza-
tion of 7b at 160 °C. The observed rearrangement sequence
for Cb*CoC3B8H11 correlates well with the relative stabilities
of nonmethylated analogs estimated by DFT calculations.
The structures of 4a and 7b were determined by X-ray dif-
fraction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Synthesis and Rearrangements of Cobaltatricarbollides

We found that the room-temperature reaction of the
tricarbollide anion [7,8,9-C3B8H11]– (2a) with the aceto-
nitrile complex [Cb*Co(MeCN)3]+ in THF gives
cobaltatricarbollide 1-Cb*-1,2,3,4-CoC3B8H11 (4a)[11]

(Scheme 1). The same compound was prepared by photo-
chemical reaction of 2a with the benzene complex
[Cb*Co(C6H6)]+ in CH2Cl2.[12] The second method is more
favorable as it avoids preliminary preparation of [Cb*Co-
(MeCN)3]+ by irradiation of [Cb*Co(C6H6)]+ in MeCN.[13]

As shown recently, the related iron complex 1-Cp-1,2,3,4-
FeC3B8H11 is formed by a similar photochemical reaction
of 2a with [CpFe(C6H6)]+.[8] The arrangement of the carbon
atoms in the cobalt and iron complexes is the same as in
the starting anion 2a. In contrast, the room-temperature
reaction of 2a with [Cp*RuCl]4 is accompanied by polyhe-
dral rearrangement to afford 1-Cp*-1,2,3,5-RuC3B8H11,[8]

indicating that the ease of the process depends on the na-
ture of the metal.
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Scheme 1. Synthesis of cobaltatricarbollide 4a.

The isomeric tricarbollide anion [7,8,10-C3B8H11]– (3) re-
acts with [Cb*Co(MeCN)3]+ to give cobaltatricarbollide 1-
Cb*-1,2,3,5-CoC3B8H11 (5) (Scheme 2). CpFe and Cp*Ru
analogs have been prepared recently by reactions of 3 with
[CpFe(C6H6)]+ and [Cp*RuCl]4.[8] No rearrangement has
been observed in these reactions.

Scheme 2. Synthesis of cobaltatricarbollide 5.

Complex 4a rapidly rearranges into 5 in refluxing toluene
(Scheme 3). Refluxing of 4a or 5 in diglyme results in selec-
tive formation of isomer 1-Cb*-1,2,4,10-CoC3B8H11 (6a)
with mutual m-disposition of cage carbon atoms. The same
isomerization sequence was observed earlier for the iron
and ruthenium analogs.[8] This sequence is associated with
progressive space separation of the CH vertices and is con-
sistent with a diamond-square-diamond mechanism.[14]

Scheme 3. Thermal rearrangements of 4a and 5.

Scheme 4. Synthesis and thermal rearrangement of 7b.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1737–17421738

Unlike the parent anion 2a, the room-temperature reac-
tion of the amino-substituted derivative [7-tBuNH-7,8,9-
C3B8H10]– (2b) with [Cb*Co(MeCN)3]+ (THF) or
[Cb*Co(C6H6)]+ (CH2Cl2, hν) affords the rearranged p-sub-
stituted complex 1-Cb*-12-tBuNH-1,2,4,12-CoC3B8H10

(7b) instead of the expected isomer 1-Cb*-2-
tBuNH-1,2,3,4-CoC3B8H10 (4b) (Scheme 4). Interestingly,
treatment of 2b with the less reactive (carbonyl)iodide com-
plex Cb*Co(CO)2I (THF, 65 °C) also gives 7b, in contrast
to an analogous reaction with 2a, which does not lead to
any isolable complexes. This suggests the higher nucleophi-
licity of 2b compared with the parent anion 2a, in accord-
ance with a strong donor effect of the amino group. It
should be added that reactions of anion 2b with CpFe(CO)2I
and [Cp*RuCl]4 also afford metallatricarbollides of the
same cluster configuration.[7,15] Refluxing of the p-substi-
tuted compound 7b in diglyme results in the formation
of m-isomer 1-Cb*-10-tBuNH-1,2,4,10-CoC3B8H10 (6b).
Analogous transformation has been observed earlier for
amino-substituted ferra- and ruthenatricarbollides.[7,16]

It can be concluded that the introduction of an amino
substituent dramatically reduces the rearrangement barrier
of the initial complexation product 4.[17] Moreover, the sub-
stitution changes its rearrangement direction. Nevertheless,
the final product has the same polyhedral structure in both
cases (cf. Scheme 3 and Scheme 4).

X-ray Diffraction Study

Structures of the tricarbollide complexes 4a and 7b were
confirmed by X-ray diffraction (Figure 1 and Figure 2). The
Cb* ring is nearly an ideal square with a mean side length
1.453–1.457 Å, which approximates those found for the
Cb*Co complexes with charge-compensated carborane li-
gands: 1.456 Å for Cb*Co[1a] and 1.452 Å for Cb*Co[1c].[1]

The carbon atoms of the Cb* methyl groups are deviated
for 0.10–0.20 Å from the ring plane away from the cobalt
atom. The metal-bonding ligand planes are essentially co-
planar, the dihedral angles being 1.2–2.9°.

The Co···Cb* distances in complexes 4a (1.696 Å) and 7b
(1.703 Å) are slightly longer than that in Cb*Co(η-
C5H4COMe) (1.683 Å)[3] but shorter than in Cb*Co[1a]
(1.712 Å) and Cb*Co[1c] (1.711 Å),[1] suggesting that the
tricarbollide ligands 2a and [1-tBuNH-1,7,9-C3B8H10]– are
weaker donors than acetylcyclopentadienide but stronger
donors than the charge-compensated dicarbollide ligands
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Figure 1. The molecular structure of 1-Cb*-1,2,3,4-CoC3B8H11

(4a). Ellipsoids are shown at the 50% level. Selected bond lengths
[Å] and angles [°]: Molecule 1: Co1–C2 2.052(3), Co1–C3 2.031(3),
Co1–C4 2.051(3), Co1–B5 2.088(4), Co1–B6 2.092(4), C2–C3
1.595(4), C3–C4 1.596(4), C4–B5 1.702(5), B5–B6 1.780(5), C2–
B6 1.684(5), B6–C2–C3 111.1(3), C2–C3–C4 109.7(2), C3–C4–B5
110.8(2), C4–B5–B6 103.8(3), B5–B6–C2 104.5(2). Molecule 2:
Co1–C2 2.054(3), Co1–C3 2.035(3), Co1–C4 2.048(3), Co1–B5
2.096(4), Co1–B6 2.096(3), C2–C3 1.595(4), C3–C4 1.599(5), C4–
B5 1.701(5), B5–B6 1.771(5), C2–B6 1.695(5), B6–C2–C3 110.9(3),
C2–C3–C4 109.4(3), C3–C4–B5 111.2(2), C4–B5–B6 103.8(3), B5–
B6–C2 104.7(3).

1a,c. However, according to electrochemical data, 1a,c are
stronger donors than tricarbollides.[18] Apparently, the
Co···Cb* distance also depends on other effects.

DFT Calculations

Despite wide application of DFT calculations for transi-
tion-metal complexes,[19] their use in the case of metallacar-
boranes is rather limited.[20–24] Recently, we have shown that
the calculations of ferratricarbollides CpFeC3B8H11 provide
reliable geometry, energy, and spectroscopic data.[8] In order
to estimate the thermodynamic stability and 11B NMR
spectra of cobaltatricarbollides 4a, 5, and 6a, we carried
out DFT calculations (at the B3LYP/6-31G* level) for their
nonmethylated analogs (C4H4)CoC3B8H11 (4a�, 5�, and
6a�).[25]

The carbon-adjacent complex 4a� was found to be the
least thermodynamically stable, presumably because of the
Coulomb repulsion of the negatively charged CH vertexes.
The isomeric compounds 5� and 6a� are more stable than
4a� for 17.2 and 26.2 kcal/mol, respectively. Thus, the ob-
served rearrangement sequence 4a � 5 � 6a correlates
with the stepwise increase of the thermodynamic stability
of the isomers. Interestingly, the corresponding values for
the CpFe analogs of 5� and 6a� are 17.0 and 25.5 kcal/mol,
respectively, indicating that relative stability of isomers is
mainly determined by the arrangement of the carbon atoms
and is practically independent of the metal vertex.

The calculated 11B NMR chemical shifts for 4a�, 5�, and
6a� (Table 1) are in good agreement with the experimental

Eur. J. Inorg. Chem. 2006, 1737–1742 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1739

Figure 2. The molecular structure of 1-Cb*-12-tBuNH-1,2,4,12-
CoC3B8H10 (7b). Ellipsoids are shown at the 50% level. Selected
bond lengths [Å] and angles [°]: Co1–C2 2.033(3), Co1–B3 2.028(3),
Co1–C4 2.041(2), Co1–B5 2.058(3), Co1–B6 2.050(3), C2–B3
1.724(4), B3–C4 1.705(4), C4–B5 1.714(4), B5–B6 1.792(4), C2–B6
1.708(4), C12–B11 1.733(4), C12–B10 1.724(4), C12–B9 1.723(4),
C12–B8 1.720(4), C12–B7 1.719(4), C12–N1 1.437(3); B5–B6–C2
104.86(19), B6–C2–B3 112.94(19), C2–B3–C4 103.19(19), B3–C4–
B5 112.83(19), C4–B5–B6 105.5(2).

values for 4a, 5, and 6a (av. deviation 1.1 ppm), thus provid-
ing additional confirmation of their structures. The only
significant deviation (about 3–5 ppm) is observed for the
signal of the B12 atom, apparently because of approxi-
mation of the Cb* ligand with C4H4. Indeed, the calcula-
tion for the methylated complex 4a decreases the deviation
to 0.8 ppm. Such strong influence of the antipodal vertex
on the 11B NMR shift has been observed previously for
various heteroboranes.[26]

Table 1. Calculated and experimental 11B NMR chemical shifts of
the (C4R4)CoC3B8H11 isomers.

Com- 11B NMR shiftspound

B5,6 B10 B9,11 B12 B7,8
4a exp.[a] –9.6 –12.6 –17.1 –19.5 –26.1
4a� calcd. –9.7 –9.7 –16.5 –14.3 –27.6
4a calcd. –9.9 –11.0 –17.1 –18.7 –27.7

B12 B9,10 B7 B4,6 B8,11
5 exp.[a] –16.6 –16.6 –16.6 –19.0 –24.6
5� calcd. –14.7 –15.5 –20.1 –17.0 –23.7

B3 B5,6 B9,11 B12 B7,8
6a exp.[a] –10.2 –11.1 –17.9 –19.0 –23.0
6a� calcd. –10.4 –12.0 –18.5 –17.0 –22.9

[a] In CDCl3.
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Conclusion

The methods previously used for the preparation of
Cb*Co(C4R4E) compounds proved to be effective for the
synthesis of Cb*Co complexes with monoanionic tricarbol-
lide ligands. Similar to iron and ruthenium analogs, these
complexes undergo cluster rearrangements in relatively mild
conditions. Identical isomerization sequences observed for
Cb*Co, CpFe, and Cp*Ru tricarbollides suggest that rela-
tive stability of isomers is mainly determined by the ar-
rangement of the carbon atoms and is practically indepen-
dent of the metal vertex. This conclusion is also confirmed
by DFT calculations for (C4H4)Co and CpFe tricarbollide
isomers.

Experimental Section
General: All reactions were carried out under argon in anhydrous
solvents that were purified and dried using standard procedures.
The isolation of products was conducted in air. Starting materials
were prepared as described in the literature: Cb*Co(CO)2I,[3,13]

[Cb*Co(C6H6)]PF6,[3,13] [Cb*Co(MeCN)3]PF6,[3,13] [Me4N][2a],[5c]

Tl[2b],[15] and [Ph4P][3].[5c] Irradiation was conducted in a Schlenk
tube using a high-pressure mercury vapor lamp with a phosphor-
coated bulb (400 W). Both the tube and the lamp were placed in a
vessel of an appropriate volume covered inside with aluminum foil;
cooling was accomplished by running water. Column chromatog-
raphy was performed on silica gel L 100/400 (0.5×10 cm) using
CH2Cl2/petroleum ether (1:5) as an eluent. The 1H and 11B NMR
spectra were recorded with a Bruker AMX 400 spectrometer op-
erating at 400.13 and 128.38 MHz, respectively.

Preparation of 1-Cb*-12-tBuNH-1,2,4,12-CoC3B8H10 (7b). Method
A [Starting from Cb*Co(CO)2I]: A mixture of Cb*Co(CO)2I
(100 mg, 0.29 mmol) and Tl[2b] (143 mg, 0.35 mmol) in THF
(20 mL) was stirred under reflux for 13 h. The solvent was removed
in vacuo and the residue was extracted with CH2Cl2/petroleum
ether (1:1). Filtration and evaporation left a crude product, which
was purified by column chromatography followed by washing with
pentane (about 1 mL). Yield 90 mg (84%) of a yellow solid. 1H
NMR (CDCl3): δ = 2.28 (s, 1 H, NH), 1.52 (s, 12 H, Cb*), 1.50 (s,
2 H, CH), 1.25 (s, 9 H, tBu) ppm. 11B NMR: δ = –10.4 [d (148),
2B, B5,6], –15.1 [d (170), 1B, B3], –15.5 [d (160), 2B, B9,11], –17.9
[d (156), 1B, B10], –22.3 [d (173), 2B, B7,8] ppm. C15H32B8CoN
(371.83): calcd. C 48.45, H 8.68, B 23.26, N 3.77; found C 48.63,
H 8.74, B 23.30, N 3.59.

Method B {Starting from [Cb*Co(C6H6)]PF6}: A mixture of
[Cb*Co(C6H6)]PF6 (50 mg, 0.13 mmol) and Tl[2b] (57 mg,
0.14 mmol) in CH2Cl2/THF (15:3 mL) was irradiated with stirring
for 6 h. The solvent was removed in vacuo and the residue was
extracted with CH2Cl2/petroleum ether (1:1). Filtration and evapo-
ration left a crude product, which was purified by column
chromatography followed by washing with pentane (about 0.5 mL).
Yield 30 mg (62%).

Method C {Starting from [Cb*Co(MeCN)3]PF6}: Tl[2b] (102 mg,
0.25 mmol) was added to a frozen (–196 °C) solution of [Cb*Co-
(MeCN)3]PF6 (100 mg, 0.23 mmol) in THF (5 mL). The tempera-
ture was allowed to rise to ambient and the mixture was stirred
overnight. The solvent was removed in vacuo and the residue was
extracted with CH2Cl2/petroleum ether (1:1). Filtration and evapo-
ration left a crude product, which was purified by column
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chromatography followed by washing with pentane (about 0.5 mL).
Yield 68 mg (79%).

Preparation of 1-Cb*-1,2,3,4-CoC3B8H11 (4a): Complex 4a was ob-
tained in a similar manner to 7b, using [Me4N][2a]. Yield 41%
(method B) and 35% (method C) of a yellow solid. 1H NMR ([D6]-
acetone): δ = 4.53 (s, 1 H, CH), 2.77 (s, 2 H, CH), 1.68 (s, 12 H,
Cb*) ppm. 11B NMR: δ = –9.56 [d (148), 2B, B5,6], –12.72 [d (144),
1B, B10], –17.10 [d (158), 2B, B9,11], –19.03 [d (146), 1B, B12],
–26.12 [d (170), 2B, B7,8] ppm. C11H23B8Co (300.70): calcd. C
43.93, H 7.71; found C 43.96, H 7.70.

Preparation of 1-Cb*-1,2,3,5-CoC3B8H11 (5): Complex 5 was ob-
tained in a similar manner to 7b, using [Ph4P][3]. Yield 61%
(method C) of a yellow solid. 1H NMR (CDCl3): δ = 2.50 (s, 2 H,
CH), 1.91 (s, 1 H, CH), 1.60 (s, 12 H, Cb*) ppm. 11B NMR: δ =
–16.59 [d (159), 4B, B7,9,10,12], –18.99 [d (161), 2B, B4,6], –24.55
[d (159), 2B, B8,11] ppm. C11H23B8Co (300.70): calcd. C 43.93, H
7.71; found C 44.03, H 7.84.

Preparation of 1-Cb*-10-tBuNH-1,2,4,10-CoC3B8H10 (6b): A solu-
tion of 7b (50 mg, 0.13 mmol) in diglyme (3 mL) was refluxed for
6 h. The solvent was removed in vacuo, and the residue was dis-
solved in petroleum ether and filtered through a short layer of silica
gel (about 2 cm). Evaporation left a yellow oil which crystallized
at –10 °C. Yield 33 mg (66%) of a yellow solid. 1H NMR (CDCl3):
δ = 1.70 (s, 1 H, NH), 1.60 (s, 12 H, Cb*), 1.55 (s, 2 H, CH), 1.13
(s, 9 H, tBu) ppm. 11B NMR: δ = –8.4 [d (134), 2B, B5,6], –15.2 [d
(156), 1B, B3], –16.0 [d (168), 2B, B9,11], –16.8 [d (190), 1B, B12],
–24.7 [d (159), 2B, B7,8] ppm. C15H32B8CoN (371.83): calcd. C
48.45, H 8.68, B 23.26, N 3.77; found C 49.08, H 8.71, B 23.25, N
3.72.

Preparation of 1-Cb*-1,2,4,10-CoC3B8H11 (6a): Complex 6a was
obtained in a similar manner to 6b by refluxing a solution of 4a or
5 (50 mg, 0.17 mmol) in diglyme (3 mL) for 13 h. Yield 35–38 mg
(70–75%) of a yellow solid. 1H NMR ([D6]acetone): δ = 2.33 (s, 1
H, CH), 1.76 (s, 2 H, CH), 1.65 (s, 12 H, Cb*) ppm. 11B NMR: δ
= –10.15 [d (151), 1B, B3], –11.08 [d (155), 2B, B5,6], –17.90 [d
(167), 2B, B9,11], –18.95 [d (161), 1B, B12], –23.03 [d (158), 2B,
B7,8] ppm. C11H23B8Co (300.70): calcd. C 43.93, H 7.71, found C
44.05, H 7.82.

Computational Details: All calculations were performed using
Gaussian 98 (revision A.7) software[27] at the B3LYP/6-31G* level.
In the case of geometry optimization of 4a, the methyl groups of
the Cb* ring were fixed with ModRedundant option and treated
with 3-21G* basis. The structures of the 4a�, 5�, and 6a� isomers
were optimized using tightened SCF convergence criteria (SCF =
Tight option). The frequency calculations were performed to con-
firm the global minimum and include ZPE corrections to the en-
ergy. The 11B NMR shifts were calculated using the GIAO method
by subtraction of calculated isotropic shielding values from those
of B2H6 (93.50 at B3LYP/6-31G*). The experimental chemical shift
of B2H6 was assigned 16.6 ppm.[28]

X-ray Crystallography: Crystals of 4a and 7b suitable for X-ray
diffraction were grown by slow evaporation of toluene solution un-
der argon (4a) or by evaporation of petroleum ether solution in air
(7b). The structures were solved by direct method and refined by
the full-matrix least-squares against F2 in anisotropic approxi-
mation for non-hydrogen atoms. All polyhedron hydrogen atoms
were located from the Fourier density synthesis and refined in iso-
tropic approximation. Crystal data and structure-refinement pa-
rameters for 4a and 7b are given in Table 2. All calculations were
performed using the SHELXTL software.[29]

CCDC-279628 (for 4a) and -279627 (for 7b) contain the supple-
mentary crystallographic data for this paper. These data can be
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Table 2. Crystallographic data and structure-refinement parameters for 4a and 7b.

4a 7b

Empirical formula C11H23B8Co C15H32B8CoN
Formula mass 300.70 371.83
Crystal color, habit yellow prism yellow prism
Crystal size [mm] 0.20×0.20×0.35 0.16×0.20×0.30
Diffractometer Smart CCD Smart CCD
Scan type ω ω
Temperature [K] 120 120
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 12.366(2) 8.746(1)
b [Å] 13.166(2) 18.540(3)
c [Å] 19.030(2) 12.750(2)
β [°] 92.730(3) 104.844(5)
V [Å3] 3094.9(7) 1998.3(4)
Z [Z�] 8 (2) 4(1)
Dcalcd. [g/cm3] 1.291 1.236
F (000) 1248 784
µ(Mo-Kα) [mm–3] 10.87 8.56
θ range [°] 1.88–28.50 1.98–28.01
Collected reflections 18596 13672
Independent reflections (Rint) 7571 (0.0674) 4660 (0.0394)
Observed reflections [I � 2σ(I)] 4328 3388
Parameters 457 354
R1 (on F for obsd. refls.)[a] 0.0477 0.0472
wR2 (on F2 for all refls.)[b] 0.1026 0.1099
Gof 0.945 1.068
Largest diff. peak and hole [e/Å3] 0.647/–0.351 0.456/–0.418

[a] R1 = ∑||Fo| – |Fc||/∑(Fo) for observed reflections. [b] wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}0.5 for all reflections.

obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Contains details of DFT calculations for compounds 4a, 4a�,
5�, and 6a� (atomic coordinates for optimized geometry, energy
data, summary of natural population analysis, and GIAO NMR
shielding parameters).
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C. Viñas, B. Štíbr, Inorg. Chem. 1999, 38, 2775–2780.
[16] B. Grüner, A. Lehtonen, R. Kivekäs, R. Sillanpää, J. Holub,
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[24] M. Bühl, D. Hnyk, J. Macháček, Chem. Eur. J. 2005, 11, 4109–

4120.
[25] The primed compound numbers correspond to derivatives with

an unsubstituted cyclobutadiene ring.
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This work describes the synthesis and the electronic charac-
terisation by electronic absorption spectroscopy, cyclic vol-
tammetry and dipole moments of diphenyl porphyrins and
their ZnII complexes substituted at the meso position by a
pseudo-linear π-delocalised substituent carrying an electron-
donor or an electron-withdrawing group. The second-order
NLO response was investigated by the EFISH technique
working with a nonresonant incident wavelength of
1.907 µm. This work confirms the ambivalent role of the pol-
arisable porphyrin ring, which, already in the ground state,
acts as a donor or acceptor depending on the nature (ac-
ceptor or donor) of the substituent in the meso position, as
was pointed out in our previous work on tetraphenyl porphy-
rins substituted at the β-pyrrolic position.

Introduction

Over the last two decades molecular materials for nonlin-
ear optics (NLO) have been investigated for their promising
applications in optoelectronics and photonics.[1] Although
most studies deal with pseudo-linear 1D organic[2] or orga-
nometallic[3] push-pull chromophores with second-order
nonlinear optical response, more recent investigations have
been devoted to two-dimensional push-pull chromophores
based on highly π-delocalised macrocycles such as porphy-
rins[4–6] and phthalocyanines.[7] Porphyrins and their metal
complexes appear to be advantageous, given their accept-
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The second-order NLO response has been discussed by com-
paring the nature of the substituent (electron donor or ac-
ceptor) and the kind of substitution (β pyrrolic or meso). This
comparison evidenced a significant increase of the electron-
donor properties of NBu2 or NMe2 when they are connected
to the meso position or to the β-pyrrolic position, probably
because of an auxiliary donor effect of the electron-rich por-
phyrin ring. When the substituent is the electron-with-
drawing NO2 group, the substituent position (meso or β pyr-
rolic) is influential, with the existance of a significant in-
crease in the second order NLO response when substitution
occurs at the meso position.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

able solubility, good thermal and chemical stability, and po-
tential processability as layers.[8]

In addition, the architectural flexibility of porphyrins is
well exemplified by the large number of structures reported
in the literature, as well as by a large variety of substituents
that can be attached at the meso or β-pyrrolic positions[5,6]

of the porphyrin ring or to the axial position of a metal
complex.[9]

Starting from studies carried out by Suslick and cowork-
ers at the beginning of the 90s[4a,4b] and later by Therien
and coworkers,[5a,5b] and following the theoretical approach
of Marks, Ratner et al.,[10] who suggested that the presence
of a π spacer between an electron-donor or acceptor group
and the porphyrin ring together with the right ring substitu-
tion (β pyrrolic or meso) could produce chromophores with
a large second-order NLO response, we recently investi-
gated the second-order NLO response of push-pull porphy-
rinic chromophores with electron-donor or withdrawing
groups linked, through a π spacer, to the β-pyrrolic position
of the 5,10,15,20-tetraphenylporphyrin or its ZnII com-
plex.[6]

Our experimental results, in agreement with the sugges-
tion of Marks, Ratner et al.,[10] have shown that the second-
order NLO response is enhanced when an electron-donor
substituent is attached at the electron-rich β-pyrrolic posi-
tion of the porphyrin ring. We also evidenced an ambivalent
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role of the porphyrin ring (in the ground state but also in
charge transfer processes), behaving as an electron donor
or as an electron-rich enhancer of the donor properties of
an amino group, according to the nature of the substituent
in the β-pyrrolic position.

Very few studies have been devoted to the experimental
investigation of the second-order NLO response of push-
pull porphyrinic chromophores according to the nature of
the substituents and their position on the porphyrin ring.
Thus, in an effort to produce additional evidence of the
ambivalent role of the porphyrin ring, we extended our in-
vestigation to the electronic characterisation and second-
order NLO response of a series of 10,20-diphenylporphy-
rins (H2DPP) and their ZnII complexes substituted, at the
meso position, by electron-donor or electron-withdrawing
groups connected through a π spacer.

In order to avoid resonance effects or interference re-
sulting from fluorescent emissions, the second-order NLO
response was measured by the EFISH technique working
with a nonresonant 1.907 µm incident wavelength.[5a] Cal-
culations based on density functional theory (DFT)[11] were

Figure 1. Asymmetrical 10,20-diphenylporphyrins and their ZnII complexes substituted at the meso position with electron-withdrawing
or electron-donor groups.

Scheme 1. i) 4-Nitrobenzyltriphenylphosphonium bromide, NaOH, CH2Cl2, reflux, 4 h; ii) Zn(OAc)2·2H2O, CHCl3/MeOH, reflux, 1 h;
iii) 4-(Dibutylamino)benzyltriphenylphosphonium chloride, NaOH, CH2Cl2, room temp., 4 h; iv) Zn(OAc)2·2H2O, CHCl3/MeOH, reflux,
1 h.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1743–17571744

also performed to evaluate the dipole moment of the op-
timised structures of the investigated porphyrinic macro-
cycles, using the BP86[12] functional and an all-electron val-
ence triple-ξ basis set with polarisation functions on all
atoms.[13]

Results and Discussion

Synthesis of Porphyrins and Their ZnII Complexes

The asymmetrical 10,20-diphenylporphyrins and their
ZnII complexes investigated in this work are reported in
Figure 1; the ZnII complexes 2 and 4 have already been syn-
thesised by Anderson et al.[14]

The porphyrin 1 was synthesised with a modification of
the synthetic route described by Anderson et al.,[14] involv-
ing a Wittig condensation of 5-formyl-10,20-diphenylpor-
phyrin with 4-nitrobenzyltriphenylphosphonium bromide in
refluxing 1,2-dichloroethane, using solid NaOH 20–
40 mesh beads as the base. This reaction afforded 1 in 49%
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Scheme 2. i) NBS, CHCl3, room temp., 30 min.; Zn(OAc)2·2H2O, CHCl3/MeOH, reflux, 1 h; ii) catalyst (see Exp. Sect.), [4-(dimeth-
ylamino)phenyl]acetylene, pyridine, toluene, 80 °C, 1.5 h; iii) TFA, CH2Cl2, 18 h; iv) catalyst (see Exp. Sect.), (4-nitrophenyl)acetylene,
pyridine, toluene, 80 °C, 1 h; v) TFA, CH2Cl2, 18 h.

yield after purification by column chromatography and
crystallisation from CH2Cl2/MeOH.

Analogously, Wittig condensation of 5-formyl-10,20-di-
phenylporphyrin with 4-(dibutylamino)benzyltriphenyl-
phosphonium chloride afforded 5 in 59% yield after purifi-
cation by column chromatography.

The corresponding ZnII complexes 2 and 6 were obtained
in quantitative yield after refluxing 1 and 5 with ZnII ace-
tate in CH2Cl2/MeOH for 1 h[15] (Scheme 1).

5-Formyl-10,20-diphenylporphyrin was prepared in 80%
yield by the Vilsmaier formylation of the CuII complex of
10,20-diphenylporphyrin, obtained in 83% yield by reaction
of 10,20-diphenylporphyrin with CuII acetate in refluxing
CHCl3/MeOH, followed by quantitative demetallation of
the CuII complex with a mixture of trifluoroacetic acid/con-
centrated sulfuric acid (9:1), as reported by Susumu et al.[15]

ZnII complexes 4 and 8 (85% and 59% yields, respec-
tively) were synthesised, as described by Anderson et al.,[14]

by the coupling reaction of the ZnII complex of 5-
bromo-10,20-diphenylporphyrin with 4-nitrophenylacety-
lene and [4-(dimethylamino)phenyl]acetylene, respectively.
The reaction was carried out in anhydrous toluene and pyri-
dine at 80 °C in the presence of a Pd0 catalyst, prepared in
situ by the reaction, at 70 °C, of [Pd2(dba)3] and PPh3 in
freshly distilled Et3N in the presence of CuI.

The free base porphyrins 3 and 7 were obtained in quan-
titative yields by controlled demetallation, at room tempera-
ture, of the ZnII complexes 4 and 8 with trifluoroacetic acid
working in CH2Cl2 (Scheme 2).

Electronic Absorption and Emission Spectra

Anderson et al.[14] have already investigated the elec-
tronic absorption and emission spectra of the ZnII com-
plexes 2 and 4, which evidence significant changes in com-
parison with those of the complex [Zn(DPP)]·THF of
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10,20-diphenylporphyrin (H2DPP). The significant red shift
of both the Soret B band and the Qα band at lower energy,
with an increase in the intensity of this latter band suggests
an electronic conjugation between the porphyrin ring and
the π linker. The spectra, obtained in CH2Cl2 solution in
the presence of 1% pyridine, refer to pentacoordinate spe-
cies with a pyridine in the axial position.

Here we report (Table 1) and discuss the absorption and
emission spectra of the ZnII complexes 2 and 4 in CHCl3
solution, with and without pyridine addition, together with
those of the corresponding porphyrins 1 and 3.

A comparison of the absorption spectra of the porphy-
rins 1 and 3 with those of 2 and 4 indicates a decrease in
the number of Q bands, from four to two, with the complete
disappearance of the Qα band at low energy (around 655–
660 nm) as expected for an increase of the microsymmetry
upon coordination.[6] Compounds 2 and 4, but also 1 and
3, still show a significant red shift of the Soret B band and
of the Qα band at lower energy, which increases its intensity,
in comparison with that of [Zn(DPP)]·THF and H2DPP
(Table 1). The red shift of the Soret B band is more signifi-
cant for 4 than for 2, in agreement with the suggested[14]

better π conjugation of the triple bond with the π core of
the porphyrin ring.

Differently from 5,10,15,20-tetraphenylporphyrin and its
ZnII complex substituted in the β-pyrrolic position by a
similar series of π-delocalised substituents,[6] the Soret B
band of porphyrins 1 and 3 and of their ZnII complexes 2
and 4 is quite symmetric, but with an increase of the band-
width of the Soret B bands, which is further evidence of
electronic conjugation[6] (Table 1).

Both 2 and 4 show, in the presence of pyridine, an ad-
ditional small red shift of the Soret B band, and a more
significant red shift of the Qα band at lower energy, which
is expected for the axial coordination of pyridine[9]

(Table 1). The ZnII complex 4 is quite insoluble, suggesting
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Table 1. Absorption (λmax) and emission (λe) spectra in CHCl3 (Soret B band in bold).

Compound Soret B λmax [nm] (log ε) λe [nm][c]

Half bandwidth
∆ν1/2 [cm–1][b]

H2DPP[a] 874 409 (5.49), 502 (4.27), 536 (3.74), 575 (3.78), 638, 695
630 (3.18)

[ZnDPP]·THF 718 407 (5.65), 536 (4.19), 571 (2.84) 579, 627
594, 646[d][h]

(1E)-5-[2-(4�-Nitrophenyl)ethenyl]-10,20-H2DPP (1) 2606 422 (5.27), 518 (4.07), 564 (4.11), 594 (3.89), 673.5, 760 (sh)
655 (3.65)

(1E)-5-[2-(4�-Nitrophenyl)ethenyl]10,20 ZnDPP (2) 2629 422 (5.23), 552 (4.19), 599 (4.04) 647(sh), 692
428 (5.05), 566 (3.72), 626 (3.89)[d] 671[d]

5-[2-(4�-Nitrophenyl)ethynyl]-10,20-H2DPP (3) 1521 436 (5.15), 529 (3.91), 573 (4.32), 602 (3.79), 665, 765 (sh)
661 (3.94)

5-[2-(4�-Nitrophenyl)ethynyl]-10,20-ZnDPP (4) n.d.[e] 439 (5.16), 560 (3.68), 608 (4.07) 617, 667 (sh)
449 (5.17), 575 (3.92), 634 (4.47)[d] 700[d]

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-H2DPP (5) 2550 410 (5.06), 521 (4.00), 579 (4.15), 665 (3.76), 660 (sh), 702
747 (3.52)

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-ZnDPP (6) n.d.[f] 408 (5.26), 554 (4.27), 606 (4.32) 696
428 (5.20), 563 (4.06), 613 (4.09)[d] 695[d]

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-H2DPP (7) 2514 425 (5.02), 441 (sh), 523 (3.93), 587 (4.32), 673 697, 746 (sh)
(3.94)

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-ZnDPP (8) n.d.[g] 428 (4.97), 448 (4.98), 565 (4.02), 615 (4.24) 640, 688
451 (5.14), 579 (3.87), 632 (4.30)[d] 654, 702[d]

[a] H2DPP = 10,20-diphenylporphyrin. [b] Values were obtained according to equation ∆ν1/2 = f/(4.33×10–9 × ε) (F. L. Pilar, Elementary
Quantum Chem., McGraw-Hill Book Comp., 1968) where f is the oscillator strength and ε is the extinction coefficient of the maximum.
[c] Values obtained by irradiation at the Soret wavelength. [d] With addition of pyridine. [e] Not soluble enough for a reliable determi-
nation. [f] Highly asymmetric band. [g] Two Soret bands of relative intensities depending on the concentration. [h] In CH2Cl2 solution
from ref.[14]

strong association in the solid state.[16] In accordance it be-
comes soluble with the addition of pyridine.

When an E-ethylenic linker connects a basic dibu-
tylamino electron-donor group with the porphyrin ring as
in porphyrin 5 and its ZnII complex 6 (Table 1), all the Q
bands are notably red shifted, (notably for 5 the Qα band
at lower energy shifts from 630 to 747 nm), while the Soret
B band is not red shifted when compared with H2DPP and
[ZnDPP]·THF. Both compounds 5 and 6 show a signifi-
cantly asymmetric Soret B band, with the asymmetry
centred at lower energy (Figure 2). Interestingly the com-
pound with the same substituent bound to the β-pyrrolic
position of the 5,10,15,20-tetraphenylporphyrin or its ZnII

complex, shows a symmetric Soret B band.[6]

The ZnII complex 8 with a dimethylamino electron-do-
nor group connected through a π-acetylenic linker to the
porphyrin ring shows, in CHCl3 solution even at concentra-
tions about 10–6 , two well-separated Soret B bands, with
a relative intensity changing with the concentration (Table 1
and Figure 3, a), which is evidence of aggregation.[16]

The position of the two bands suggests that aggregation
occurs via the interaction of the donor dimethylamino
group of the π-delocalised substituent with the axial posi-
tion of another molecule, since the Soret B band at 448 nm
is typical of pentacoordination, while that at 428 nm may
be because of some unassociated species. Intermolecular ag-
gregation is also supported by the addition of traces of pyri-
dine, which produces only one symmetric Soret B band at
451 nm (Figure 3, b) that does not shift on dilution as
would be expected for an unaggregated pentacoordinate
species.[9]
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Figure 2. (a) Electronic absorption spectrum of 5 in CHCl3,
(b) Electronic absorption spectrum of 6 in CHCl3.
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Figure 3. (a) Electronic absorption spectrum of 8 in CHCl3,
(b) Electronic absorption spectrum of 8 in CHCl3 with the addition
of pyridine.

Also the ZnII complex 6 shows a Soret B band with some
asymmetry (Figure 2, b), which disappears on addition of
pyridine suggesting a similar kind of aggregation. A slow
aggregation process of 6 is confirmed by an 1H NMR spec-
troscopic investigation, but working at higher concentra-
tions (about 10–3 ). In fact, the 1H NMR spectrum of 6 in
CDCl3 is initially the one expected for a monomeric species,
but after one hour significant changes take place.

A weaker intermolecular aggregation, probably by hy-
drogen bonding between the NH and NMe2 groups of two
molecules, seems to occur for porphyrin 7, where two po-
orly resolved Soret B bands are seen (Figure 4, a). On di-
lution two isosbestic points were evidenced, as expected for
the dissociation of a dimeric species, resulting in a mono-
meric species only at about 10–6  concentration.

The addition of traces of trifluoroacetic acid to a 10–5 

solution of 7 in CHCl3 produced only one Soret B band
(Figure 4, b) as expected for the protonation of the dimeth-
ylamino group with disruption of the hydrogen bond and
therefore of the intermolecular aggregation involving the di-
methylamino group of the substituent.

Interestingly compounds 1–3, with a π-delocalised sub-
stituent carrying an electron-withdrawing nitro group, did
not show such spectroscopic evidence for significant aggre-
gation, for instance by π stacking,[16] at concentrations of
about 10–4–10–6  in CHCl3.
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Figure 4. (a) Electronic absorption spectrum of 7 in CHCl3,
(b) Electronic absorption spectrum of 7 in CHCl3 with the addition
of trifluoroacetic acid.

Both H2DPP and [ZnDPP]·THF, when irradiated at the
Soret B band wavelength in a CHCl3 solution, show two
well-separated emission bands, the one at lower energy be-
ing slightly more intense. On the contrary the porphyrins 1,
3, 5 and 7 show only one major emission with shoulders at
lower (1, 3, 7) or at higher energies (5). Also the ZnII com-
plexes 2 and 4 in CHCl3 solution show one major emission,
with much weaker emission bands at lower (4) or higher
energies (2). Only the ZnII complexes 6 and 8 show one
significant emission band and two well-separated emission
bands of comparable intensity (Table 1). The shift at lower
energy of the emission bands of 1–8 compared to those of
H2DPP and [ZnDPP]·THF (Table 1) is further evidence of
conjugation of the π core of the porphyrin ring by the π-
delocalised linker.

The ZnII complexes 2 and 4 in CHCl3 solution show,
after the addition of traces of pyridine, only one emission
band shifted at lower energy, while complex 6 shows the
same unshifted emission band. Only the ZnII complex 8
shows two well-separated emission bands as for [ZnTPP]·
THF, but at much lower energy (Table 1).

In summary, we have added further evidence to the pro-
posal of Anderson et al.[14] for a conjugation of the π core
of the porphyrin ring, particularly when the π-delocalised
linker carries a nitro electron-withdrawing group. In ad-
dition, when the linker carries a donor dibutyl or dimeth-
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ylamino group, we found evidence of significant aggrega-
tion by intermolecular processes involving donor amino
groups or hydrogen bonds.

Voltammetric Investigation

The electronic properties of the porphyrins 1, 3 and 5
and of their ZnII complexes 2, 4 and 6 were investigated by
cyclic voltammetry in CH2Cl2 solution. The relevant oxi-
dation and reduction peak potentials are reported in
Table 2. The investigation was not extended to 7 and 8, be-
cause of the previously discussed significant aggregation in
CHCl3 solution, in the concentration range used for the vol-
tammetric investigation (10–3 to 10–4 ).

Oxidation Processes

The anodic oxidation of the porphyrins 1 and 3 and their
ZnII complexes 2 and 4 does not take place by two monoe-
lectronic, chemically reversible steps as such oxidation does
for compounds carrying the same π-delocalised substituents
in the β-pyrrolic position of 5,10,15,20-tetraphenylporphy-
rin or its ZnII complex.[6] Porphyrins 1 and 3 show a partial
return peak of the first oxidation step that can clearly be
perceived only by reversing the potential scan immediately
after the peak and increasing the potential scan rate. This
behaviour, typical of the parent compound H2DPP, sug-
gests a short-lived radical cation formed in the first oxi-

Table 2. Oxidation and reduction peak potentials Ep/V(SCE) for porphyrins 1, 3, 5 and their ZnII complexes 2, 4, 6, and four reference
compounds (CH2Cl2 + 0.1  TBAP, glassy carbon electrode, potential scan rate: 0.2 V·s–1).

[a] H2DPP = 10,20-diphenylporphyrin. [b] Chemically reversible peaks (i.e. featuring a return peak) are underlined (in particular, a dotted
line indicates partial return peaks, which are more evident at higher scan rates). The number of exchanged electrons, when assignable, is
reported in parenthesis. Bold characters denote electrochemically reversible or quasi-reversible peaks; the corresponding half-wave poten-
tials, E1/2, half-peak widths, (Ep – Ep/2), and distances between anodic and cathodic peak (Ep,a – Ep,c), are reported with i, ii, and iii

superscripts, respectively. Italic characters denote shoulders or ill-defined peaks. [c] The voltammetric characterisation is poor because of
the low solubility.
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dation step. Continuing the potential scan beyond the first
oxidation peak, porphyrins 1 and 3 give a complex, ill-de-
fined anodic pattern, with multiple maxima without a neat
second oxidation step, which on the contrary was easily de-
tected not only for 5,10,15,20-tetraphenylporphyrins carry-
ing the same substituents in the β-pyrrolic position,[6] but
also, although to a lesser extent, for the parent compound
H2DPP (Table 2).

The ZnII complex 2 shows the more usual pattern, with
two subsequent neat oxidation peaks (but with the corre-
sponding return peaks less distinguishable), while we have
been unable to finely characterise the voltammetric behav-
iour of the ZnII complex 4 because of its poor solubility.

The first oxidation peak potentials of the porphyrins 1
and 3 and of the ZnII complex 2 are similar to those of
the parent compounds H2DPP and [ZnDPP]·THF or of the
analogues carrying the same substituents in the β-pyrrolic
position of 5,10,15,20-tetraphenylporphyrin.[6] The oxidis-
ability sequence is the same, since in both series the E-
double bond of the π linker seems to negligibly transmit the
electron attractor effect of the nitro group, resulting in
slightly higher oxidisability when compared with the case
of the triple bond. This observation is an additional sup-
port to the suggested easier π conjugation of the triple bond
with the π core of the porphyrin ring.[14] The complexation
of 1 and 3 to ZnII results in the expected strong enhance-
ment of oxidisability since the charge density on the por-
phyrin ring increases (negative shift of the first oxidation
peak of 0.20 V for 2 compared with 1 and 0.17 V for 4 com-
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pared with 3). This effect is only slightly lower than that
found for the parent compounds H2DPP and [ZnDPP]·
THF and for the analogues carrying the same substituents
in the β-pyrrolic position of the 5,10,15,20-tetraphenylpor-
phyrin.[6] For porphyrins 1 and 3, the poor chemical revers-
ibility of the first step and the ill-defined anodic pattern
beyond the first oxidation peak seems to suggest instability,
introduced by the substitution at the meso position, of the
radical cation produced by the first oxidation step. This in-
stability after the first electron loss is not evident when por-
phyrin 1 is complexed to ZnII with increased negative
charge on the porphyrin ring, since complex 2 produces a
more stable radical cation (possibly because it is generated
at a far less positive potential), which can evolve to the di-
cation upon loss of a second electron.

Porphyrin 5 and its ZnII complex 6, carrying a dibu-
tylamino electron-donor group bound through an E-ethyl-
ene linker at the meso position, show a first chemically and
electrochemically reversible oxidation peak at nearly the
same potential as their analogues with the same substituent
in the β-pyrrolic position of 5,10,15,20-tetraphenylporphy-
rin.[6] In this last case, the first oxidation step was assumed
to be centred out of the HOMO energies of the porphyrin
π core, probably at the amino functionality.[6] This assump-
tion was justified by several experimental observations,
which still hold for 5 and 6. For instance their ∆E(ox–red)

parameters are 1.83 V and 1.89 V, respectively [considering
half-wave potentials, defined as (Ep,a + Ep,c)/2], which devi-
ate significantly from the expected Kadish relationship
[∆E(ox–red) = 2.25±0.15 V typical of the π porphyrin
core].[17] In addition, complexation is not so effective since
the first oxidation peak of the ZnII complex 6 occurs at a
potential that is only 0.070 V less positive than that of the
parent porphyrin 5.

If we assume for 5 and 6 that only the second oxidation
peak is centred on the porphyrin π core, as suggested by the
acceptable agreement of their potentials with the Kadish
relationship (see later), and as proposed for the analogues
with the same substitution in the β-pyrrolic position,[6] it
seems more appropriate to discuss the oxidisability of their
porphyrin core by comparing the first oxidation peak po-
tentials of unsubstituted reference compounds H2DPP
(1.07 V) and [ZnDPP]·THF (0.84 V) with their second oxi-
dation peak potentials, i.e. 0.77 V for 5 and 0.59 V for 6 (in
which case the huge shift in the negative direction of the
second peak results in a bielectronic peak accounting for
both the first and the second oxidation steps). For the ana-
logues substituted in the β-pyrrolic position, the second oxi-
dation peak potentials are 1.01 V and 0.79 V, respectively.[6]

Since the second oxidation of 5 and 6 occurs at a signifi-
cantly less positive potential (0.25–0.30 V) than the first
oxidation of the unsubstituted reference compounds, and
also those (0.20–0.24 V) of the analogues with the same
substitution in the β-pyrrolic position, we can conclude
that the increased oxidisability suggests a significant do-
nor effect of the dibutylamino group together with a sig-
nificant role of the position on the porphyrin ring (β pyr-
rolic or meso). Shifting the substituent from the β-pyrrolic
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to the meso position appears to enhance this donor
effect.

In conclusion, if the oxidation peaks (the first for 1, 2, 3
and 4 and the second for 5 and 6) can be taken as a first
indication of the HOMO energy, we may conclude that its
perturbation by substitution in the β-pyrrolic position or
the meso is not so relevant when the π-delocalised substitu-
ent carries an electron-withdrawing nitro group; instead
such perturbation will be quite significant, leading to desta-
bilisation, if the substituent carries an electron-donor dibu-
tylamino group, particularly when substitution occurs in
the meso position.

Reduction Processes

Turning to the cathodic section of the voltammetric
pattern (Table 2), the porphyrins 1 and 3 appear signifi-
cantly more reducible than their analogues with the same
kind of substitution in the β-pyrrolic position.[6] Complexes
2 and 4, although characterised by a lower and broader
pattern of the voltammetric cathodic portion, show a first
reduction peak at nearly the same potential as the corre-
sponding porphyrins 1 and 3 (Table 2) and appear to be
slightly more reducible than their analogues with the same
substituent in the β-pyrrolic position.[6]

It must be noted that we cannot reliably compare the
potentials of the first reduction peak of 1–4 with those of
the reference, unsubstituted compounds H2DPP and
[ZnDPP]·THF. In fact the cathodic portion of the voltam-
metric pattern of 1–4 is strongly influenced by the presence
of the nitro group, which, when bound to a π-delocalised
aromatic system, is more reducible than an unsubstituted
porphyrin core {see Table 2 with potentials at –1.26 V and
–1.03 V for reference compounds H2DPP and [4�-(p-ni-
trophenyl)-2,2�:6�,2��-terpyridine], respectively}. Therefore,
when we have a nitro group interacting very closely with a
reducible π-delocalised system, as in our case, it is particu-
larly hard to discriminate whether the first electron enters
at the nitro group or the porphyrin core. The effect of the
nitro group on the reduction of the conjugated molecule is
clearly perceived since the difference ∆E(ox–red) between the
first oxidation and the first reduction process, which, for a
strictly porphyrin ring-based redox process, should always
be within 2.25±0.15 V (Kadish relationship),[17] for por-
phyrins 1 and 3 is 1.96 V and 2.03 V, respectively. Interest-
ingly, the above values of ∆E(ox–red) are significantly smaller
than 2.18 V and 2.10 V, in quite good agreement with the
Kadish relationship, found for the analogues with the same
substituents in the β-pyrrolic position of 5,10,15,20-tet-
raphenylporphyrin.[6] Therefore it appears that in com-
pounds 1–4, differently from their analogues with the same
substituents in the β-pyrrolic position, the nitro group
strongly influences the energy of the conjugated system so
that we have a significant shift to less negative potentials of
the first reduction peak with respect to Kadish’s rule, an
indication of a reduction process that does not involve just
the π porphyrin core. The complexity of the first reduction
step is, for instance, reflected by the observation that the
first reduction peak of porphyrin 1 is bielectronic, unlike
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the classical monoelectronic first reduction peak of a nitro
group bound to a π-delocalised aromatic system [see Table 2
for the properties of the first reduction peak of the reference
aromatic compound 4�-(p-nitrophenyl)-2,2�:6�,2��-terpyri-
dine].

If the first reduction peak is an indication of the ten-
dency of the whole molecule to be reduced, and therefore
of the LUMO energy, we can suggest that while the shift
from the β-pyrrolic to the meso position of π-delocalised
substituents carrying a nitro group has little effect on the
HOMO energy, it has a marked effect on the LUMO en-
ergy.

When the substituent carries an electron-donor dibu-
tylamino group as in 5 and 6 or in their analogues substi-
tuted in the β-pyrrolic position,[6] the cathodic section of
the voltammetric pattern is quite similar and closely re-
sembles that of their unsubstituted reference compounds
H2DPP and [ZnDPP]·THF, with two neat monoelectronic
reduction steps, chemically and electrochemically reversible.
Considering the reduction potentials (Table 2 and ref.[6]) it
appears that the displacement of the substituent carrying a
dibutylamino group from the β-pyrrolic position to the
meso one produces a less reducible system and thus has a
marked effect on the LUMO energy, in agreement with the
previously proposed enhancement of the electron donor ef-
fect of the dibutylamino group. The same conclusion can
be applied to the reduction peaks of the ZnII complex 6,
which are also characterised by the expected shift to the
negative direction.

The increased role of the donor amino group on the π
system of the conjugated molecule is reflected, in the case
of substitution at the meso position, by the significant devi-
ation from Kadish’s rule; for instance let us consider the
second oxidation peak discussed above: ∆E(ox–red) is 1.90 V
for 5 and 2.05 V for its analogue with the substituent in
the β-pyrrolic position, compared with the regular value of
2.34 V for the reference unsubstituted compound H2DPP.
For the ZnII complex 6 the value of ∆E(ox–red) is 1.90 V,
compared with 2.07 V for its analogue with the substituent
in the β-pyrrolic position and 2.23 V for the unsubstituted
ZnDPP.

Table 3. Theoretical and experimental dipole moments (µ) in CHCl3 and EFISH quadratic hyperpolarisability (β1.907) measured in CHCl3
working with an incident wavelength of 1.907 µm.

Compound[a] µtheor
[b] (µexp) [D] β1.907 [10–30 esu][c]

(1E)-5[2-(4�-Nitrophenyl)ethenyl]-10,20-H2DPP (1) 7.70[d] (6.45) 67
(1E)-5-[2-(4�-Nitrophenyl)ethenyl]10,20 ZnDPP (2) 7.73 –94
5-[2-(4�-Nitrophenyl)ethynyl]-10,20-H2DPP (3) 8.54[d] (7.26) 64
5-[2-(4�-Nitrophenyl)ethynyl]-10,20-ZnDPP (4) 8.48 n.d.[e]

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-H2DPP (5) 6.07[d] 64
(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-ZnDPP (6) 5.89 87.5
5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-H2DPP (7) 5.77[d] 99
5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-ZnDPP (8) 5.65 112

[a] H2DPP = 10,20-diphenylporphyrin. [b] ab initio DFT calculations (see Experimental Section). [c] Mean values of measurements done
at concencentrations 10–3 to 5×10–4 . [d] Mean values of the two isomers with different locations of the NH bonds. [e] not soluble
enough.
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Dipole Moments

Differently from 5,10,15,20-tetraphenylporphyrins and
their ZnII complexes substituted in the β-pyrrolic posi-
tion,[6] the experimental determination by the Guggenheim
method[18] of the dipole moment of 10,20-diphenyl porphy-
rins and their ZnII complexes with the same substituents in
the meso position, was not always reproducible because of
insolubility or aggregation processes, the exceptions being
the porphyrins 1 and 3 (Table 3). Therefore best geometries
first, and then dipole moments, were theoretically calcu-
lated by an ab initio approach based on density functional
theory (DFT),[11,12] using an extended basis set[13] (see Exp.
Sect.).

As already suggested by the X-ray crystal structural de-
terminations or by molecular mechanics modelling using
the MM2 force field[14] our DFT calculations confirm that
the aromatic ring of porphyrin ZnII complexes with an E-
ethylenic linker, such as 2 or 6, is significantly twisted.
(Table 4).

Our calculated angle of twisting for 2 (53.1°) is slightly
higher than that obtained in the solid state by the X-ray
crystal structure determination of the analogous com-
pound, but without the nitro group in the para position
(44.7°).[14] In general our calculations have produced an an-
gle of twisting of 10,20-diphenylporphyrin ZnII complexes
with an E-ethylenic linker (about 52–54°) or an acetylenic
linker (about 10–14.5°) (Table 4) that is higher than that
calculated by the less sophisticated molecular mechanism
modelling approach using the MM2 force field (about 38°
for the E-ethylenic linker and about �0.1° for the acetylenic
linker[14]).

The twisting of the porphyrin and aromatic rings calcu-
lated by our DFT approach is much less significant when
the same para-substituted aromatic rings are bound, by the
same linkers, to the β-pyrrolic position of 5,10,15,20-tet-
raphenylporphyrin or its ZnII complex, since the optimised
geometries show a twisting angle of about 20–30° for an
E-ethylenic linker (Table 4) or a much lower value for an
acetylenic one.

In conclusion, we have produced additional structural
evidence that the triple bond, because of the lower twisting
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Table 4. Dihedral angle between the plane of the porphyrin ring and the plane of the aromatic ring (meso substituted porphyrinic
molecules).

Compound[a] θ [º]

(1E)-5[2-(4�-Nitrophenyl)ethenyl]-10,20-H2DPP (1) 54.8
(1E)-5-[2-(4�-Nitrophenyl)ethenyl]10,20 ZnDPP (2) 53.1
5-[2-(4�-Nitrophenyl)ethynyl]-10,20-H2DPP (3) 10.1
5-[2-(4�-Nitrophenyl)ethynyl]-10,20-ZnDPP (4) 10.0
(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-H2DPP (5) 52.7
(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-ZnDPP (6) 51.8
5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-H2DPP (7) 14.3
5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-ZnDPP (8) 14.6

Dihedral angle between the plane of the porphyrin ring and the plane of the aromatic ring (porphyrinic molecules substituted in β-pyr-
rolic position)[6]

Compound[b] θ [º]

(1E)-2-(4-Nitrophenyl)ethenyl-H2TPP 29.2
(1E)-2-(4-Nitrophenyl)ethenyl-ZnTPP 17.6
(1E,3E)-2-(4-Nitrophenyl)buta-1,3-dienyl-H2TPP 18.5
(1E,3E)-2-(4-Nitrophenyl)buta-1,3-dienyl-ZnTPP 19.3
(1E)-2-(4-Dibutylaminophenyl)ethenyl-H2TPP 20.3
(1E)-2-(4-Dibutylaminophenyl)ethenyl-ZnTPP 27.9

[a] H2DPP = 10,20-diphenylporphyrin. [b] H2TPP = 5,10,15,20-tetraphenylporphyrin.

of the aromatic ring should, in all cases, favour a more fac-
ile electronic communication between the aromatic ring
(and therefore the electron-withdrawing or electron-donor
groups) and the porphyrin ring.

The porphyrins 1 and 3, with a substituent carrying an
electron-withdrawing nitro group, and their ZnII complexes
2 and 4 show dipole moments that are higher, and com-
pletely opposite in polarity, than those of porphyrins 5 and
7 and their ZnII complexes 6 and 8, with a substituent car-
rying an amino electron-donor group (Table 3), as reported
for porphyrins and their ZnII complexes with the same
series of substituents in the β-pyrrolic position of
5,10,15,20-tetraphenylporphyrin or its ZnII complex.[6]

When there is excellent π conjugation between the por-
phyrin ring and the π linker, as when the linker is acetylenic,
the calculated dipole moments of the compounds with a
substituent carrying a nitro group are quite independent
(about 8.5–8.8 D) of the position of substitution on the por-
phyrin ring (meso or β pyrrolic).[6] However, when the nitro
or the dibutylamino groups are connected to the porphyrin
ring by an E-ethylenic linker, the calculated dipole moments
are slightly higher when substitution occurs in the β-pyrro-
lic position (8.5–8.8 D compared with 7.70–7.73 D for a
substituent carrying a nitro group and 6.07–5.89 D com-
pared with 5.33–5.16 D for a substituent carrying a dibu-
tylamino group). The validity of our DFT calculated dipole
moments is supported by the fairly good agreement be-
tween calculated values of porphyrins 1 and 3 and those
measured experimentally (Table 3).

In conclusion the DFT calculations also provide evi-
dence that for compounds 1–8 the π core of the porphyrin
ring, already in the ground state, acts as an electron donor
if the π-delocalised substituent in the meso position carries
a nitro group, while it acts as an electron acceptor if it car-
ries a dimethylamino or dibutylamino group. Such a trend
was already observed when the same substituents were
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bound to the β-pyrrolic position of 5,10,15,20-tetraphen-
ylporphyrin or its ZnII complex.[6]

Determination of the Quadratic Hyperpolarisability by the
EFISH Technique

The determination of the second-order NLO response
was carried out by the EFISH technique[19], which allows
the evaluation of the molecular quadratic hyperpolaris-
ability, βλ, from Equation (1) (see Exp. Sect.). In order to
avoid resonance enhancement, we worked with an off reso-
nance incident wavelength, λ, of 1.907 µm. When applying
Equation (1) to highly π-conjugated two-dimensional mole-
cules, such as porphyrins and phthalocyanines, the usual
approach that ignores the third-order electronic contri-
bution to γEFISH, could not be considered to be completely
reliable.[4c,20] However, for asymmetrically substituted
phthalocyanines, structurally related to the porphyrinic
chromophores investigated in this work, and carrying an
aryl ethenyl or an aryl butadienyl spacer connecting the
phthalocyanine ring to a nitro group in the para position,
the third-order electronic contribution to γEFISH was evalu-
ated as being much smaller than the dipolar orientational
one and therefore negligible.[20] In accordance we reliably
neglected the third-order electronic contribution in the de-
termination of the quadratic hyperpolarisability β1.907 from
γEFISH by Equation (1).

According to our DFT calculations, the push-pull por-
phyrinic chromophores investigated in this work are charac-
terised by a dipole moment axis, parallel to the π linker
axis, as in 1D pseudo-linear organometallic push-pull chro-
mophores.[21] In this approximation βvec, which is the vecto-
rial part of the quadratic hyperpolarisability tensor, and
EFISH β1.907, which is the projection of βvec along the di-
pole moment axis, should coincide.
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Since our investigation of the electronic absorption spec-

tra provided evidence, particularly for compounds carrying
a donor amino group, of aggregation processes even at low
concentrations in nondonor solvents of low polarity such
as CHCl3, we carried out a series of EFISH measurements
in CHCl3 solutions of different concentrations of com-
pound 2, which could aggregate at relatively high concen-
tration only by π-π stacking[16] and of compounds 5–8,
which could aggregate by intermolecular hydrogen bonding,
or by intermolecular interaction of the amino donor group
of the π-delocalised substituent with ZnII via the axial posi-
tion of another molecule. For the ZnII complexes 2, 4, 6
and 8 the EFISH measurements were also carried out in
the presence of an excess of pyridine, while for porphyrins
5 and 7 in the presence of traces of trifluoroacetic acid in
order to suppress any intermolecular aggregation (Table 5).

In the presence of pyridine or trifluoroacetic acid, the
product µβ1.907, obtained from γEFISH using Equation (1),
was shown not to be dependent on dilution (within the ex-
perimental error of EFISH measurements on diluted solu-
tions) while, without these additions, a significant increase
by dilution was observed as expected for an increased disso-
ciation (Table 5). Such an effect is less relevant for the ZnII

complex 2 confirming, as already suggested by the investi-
gation on electronic absorption spectra, that strong aggre-
gation occurs mainly when the π-delocalised substituent
carries a donor amino group. Measurements on the ZnII

complex 4 were done only in the presence of pyridine be-
cause of the low solubility of the complex. Interestingly the
order of magnitude and the sign of the product µβ1.907 do
not change upon addition of pyridine or trifluoroacetic acid
(Table 5).

Since the µβ1.907 values of the porphyrins 5 and 7 and of
the ZnII complexes 2, 6 and 8 are dependent on dilution, it
is expected that monomeric species prevail at higher di-
lutions (concentrations lower than 10–4 ). However, at
these dilutions EFISH measurements are affected by a

Table 5. µβ1.907 values at different concentrations in CHCl3 and in CHCl3 with addition of pyridine or trifluoroacetic acid.

Compound[a] Concentration µβ1.907 [10–48 esu][b] µβ1.907 [10–48 esu]

(1E)-5-[2-(4�-Nitrophenyl)ethenyl]-10,20-ZnDPP (2) 10–3 –630 –815[c]

5×10–4 –816 –1015[c]

10–4 –960 –1210[c]

5-[2-(4�-Nitrophenyl)ethynyl]-10,20-ZnDPP (4) 10–3 n.d.[d] –645[c]

5×10–4 –795[c]

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-H2DPP (5) 10–3 350 525[e]

5×10–4 427 615[e]

10–4 690 660[e]

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-ZnDPP (6) 10–3 407 815[c]

5×10–4 611 930[c]

10–4 1450 950[c]

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-H2DPP (7) 10–3 514 750[e]

5×10–4 629 860[e]

10–4 1260 940[e]

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-ZnDPP (8) 10–3 473 625[c]

2×10–4 789 755[c]

10–4 1630 830[c]

[a] H2DPP = 10,20-diphenylporphyrin. [b] In CHCl3. [c] In CHCl3 with the addition of pyridine. [d] Too insoluble for acceptable measure-
ments. [e] In CHCl3 with traces of trifluoroacetic acid.
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larger experimental error. Therefore, the values of EFISH
β1.907 reported in Table 3 are the mean values of many mea-
surements carried out at concentrations about 10–4 , thus
discussions mainly concern their order of magnitude, rather
than their absolute value.

The EFISH β1.907 values (Table 3) of the porphyrins 1
and 3 are positive and higher than those of porphyrins car-
rying the same substituents in the β-pyrrolic position of
5,10,15,20-tetraphenylporphyrin[6] (about 65×10–30 esu for
1 and 3 against 30–40×10–30 esu, respectively).

Unexpectedly, EFISH β1.907 of the ZnII complex 2 is
negative and with a significant absolute value, while the
value of EFISH β1.907 of the analogous ZnII complex with
the same substituent in the β-pyrrolic position of
5,10,15,20-tetraphenylporphyrin is positive and with a
lower absolute value[6] (about –94×10–30 esu for 2 com-
pared with 30×10–30 esu for the analogous ZnII complex ).

Both porphyrins 5 and 7 and their ZnII complexes 6 and
8 show, at concentrations about 10–4 , a positive and fairly
high value of EFISH β1.907 (Table 3). As suggested by the
significant increase of µβ1.907 by dilution (Table 5), the value
of EFISH β1.907 of the monomeric species of 6–8 should be
higher. For 5 and 6, the value of EFISH β1.907 is quite sim-
ilar to that of the corresponding chromophores with the
same π-delocalised substituent in the β-pyrrolic position
(64×10–30 esu for 5 and 87.5×10–30 esu for 6 compared
with 75.7×10–30 esu and 127.5×10–30 esu).

In summary, with the exception of the anomaly of the
sign of EFISH β1.907 of 2 and 4, the major differences be-
tween the two classes of porphyrinic chromophores carry-
ing the same π-delocalised substituents in the β-pyrrolic[6]

or meso positions is given by the higher absolute values of
EFISH β1.907 when the substituent carrying a nitro electron-
withdrawing group is bound to the meso position. This lat-
ter result is in accordance with the proposal of Ratner,
Marks et al.,[10] who suggested that second-order NLO re-
sponses should increase when π-delocalised substituents
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with electron-acceptor groups are appended to meso elec-
tron-deficient centres instead of β-pyrrolic electron-rich
centres.

We previously suggested[6] that in porphyrinic chromo-
phores with a π-delocalised substituent carrying a nitro
group the second-order NLO response can originate mainly
from a charge transfer from the occupied π orbitals of the
porphyrin ring to the π*-antibonding orbitals of the π
linker in accordance with a significant π conjugation be-
tween the π core of the porphyrin ring and the π linker. In
this hypothesis the porphyrin ring acts as donor to the ac-
ceptor aromatic ring carrying the nitro group in the para
position and the charge transfer takes place in the same
direction as the dipole moment, in agreement with the posi-
tive value of the quadratic hyperpolarisability EFISH β1.907.

For compounds 1–4, our analysis of the absorption elec-
tronic spectra failed to produce clear direct evidence of such
a charge transfer process. However, the voltammetric inves-
tigation not only has shown a significant effect on the
LUMO energy of the porphyrin ring when conjugated with
a π linker, but also revealed a more relevant effect when
substitution occurs in the meso position, supporting a shift
of the above proposed charge transfer process at lower en-
ergy, in agreement with the observed increased absolute
value of EFISH β1.907.

However, the anomalous negative sign of EFISH β1.907

found for the ZnII complexes 2 and 4 cannot be explained
by such a charge transfer process, given that EFISH β1.907

remains positive for analogous ZnII complexes carrying the
same π-delocalised substituents in the β-pyrrolic position.[6]

At the moment only a detailed theoretical investigation,
which is underway, may produce an explanation for the
negative EFISH β1.907 found for the ZnII complexes 2 and
4, since the involvement of aggregation by π-π stacking,[16]

which occurs certainly more easily in derivatives of 10,20-
diphenylporphyrin than in those of 5,10,15,20-tetraphen-
ylporphyrin, can be discarded because the second-order
NLO response of 2 and 4 remains negative also in the pres-
ence of pyridine (Table 5), which prevents this kind of ag-
gregation.

The lack of a significant decrease of EFISH β1.907 when
the π-delocalised substituent, carrying a strong electron-do-
nor group, is moved from the electron-rich β-pyrrolic posi-
tion to the electron deficient meso position does not com-
pletely fit with the proposal of Ratner, Marks et al.[10].

As for the analogues of 5 and 6 with the same π-delocal-
ised substituent in the β-pyrrolic position,[6] we can tenta-
tively propose that the high and positive EFISH β1.907 values
of chromophores 5–8 originate from an enhancement of the
donor properties of the dibutylamino or dimethylamino
group, induced by the very electron-rich π system of the por-
phyrin, which produces a significant depletion of the electron
density on the donor group and thereby a reduction of the
ground state polarisation.[22] In this view there is no involve-
ment of the π core of the porphyrin ring in the excitation
process controlling the second-order NLO response.

In agreement with this proposal, our voltammetric inves-
tigation has shown, in both classes of porphyrinic chromo-
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phores investigated by us up to now,[6] an enhanced donor
effect of the dibutylamino or dimethylamino group.

Conclusions

This and our previous investigation[6] on push-pull chro-
mophores with electron-withdrawing groups connected to
the porphyrinic ring, either in the β-pyrrolic or meso posi-
tion by an arylethenyl or arylethynyl linker, provide clear
evidence for the significant π conjugation between the por-
phyrin π core and the π-delocalised substituent, as a pos-
sible origin of the second-order NLO responses by a charge
transfer process. Such conjugation seems to be more facile,
according to the voltammetric investigation, if the π-delo-
calised substituent is bound to the meso position instead of
the β-pyrrolic one. Therefore if the substitution occurs in
the meso position, the second-order NLO response is fav-
oured due to a more facile charge transfer and to the in-
creased push properties of the porphyrin ring if we assume
a rather simplified description of these new push-pull chro-
mophores as pseudo 1D push-pull systems.

Accordingly, the experimental values of EFISH β1.907 of
chromophores 1 and 3 are comparable with those of struc-
turally related organic push pull chromophores having, as
the push group, a para-dimethylamino phenyl moiety, and
are more significant than that having, as the push group, a
ferrocenyl or of a 5,10,15,20-tetraphenylporphyrin moiety
substituted in the β-pyrrolic position (Table 6).

Table 6. Quadratic hyperpolarisability β1.907 of some organic and
organometallic push-pull systems measured in CHCl3 by the EF-
ISH technique at an incident wavelength of 1.907 µm.

[a] DPP = 10,20-diphenylporphyrin substituted in the meso posi-
tion; TPP = 5,10,15,20-tetraphenylporphyrin substituted in the β-
pyrrolic position. [b] Ref.[23] [c] Ref.[6] [d] Ref.[24]
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We also propose, when the substituent bound to the meso

or β-pyrrolic position carries an electron-donor group, that
the electron-rich and highly polarisable character of the
porphyrin ring may be the origin of an electron screening
of the ground-state polarisation, so that the electron-rich
ring system weakly withdraws excessive electron density
from the donor substituent through inductive effects,
thereby increasing its donor properties.[22] Thus this process
produces an enhancement of the second-order NLO re-
sponse controlled by the n � π* transition.

In accordance with this hypothesis the value of EFISH
β1.907 of chromophores 5, 6 and 7, 8 increases by complex-
ation to ZnII (e.g. 6 � 5 and 8 � 7 see Table 3), which
produces a higher and more polarisable electron density on
the porphyrin ring as supported by the voltammetric inves-
tigation.

Since the π-electron core of the porphyrin ring is not di-
rectly involved in the excitation process controlling the sec-
ond-order NLO response, it becomes irrelevant if the π-de-
localised substituent is appended to an electron-rich (β-pyr-
rolic) or electron-deficient (meso) position of the porphyrin
ring, as experimentally observed.

Despite the above reported agreement with a series of
experimental observations, our interpretation of the elec-
tronic origin of the second-order NLO response in the
series of compounds investigated in this and in our previous
work,[6] does not explain the negative sign of EFISH β1.907

of the ZnII complexes 2 and 4.
Probably, the two-dimensional highly polarisable π sys-

tem of the porphyrin core is far too complex for such a
relatively simple approach based just on considerations typ-
ical of traditional 1D organic or organometallic push-pull
chromophores. As already mentioned, ab initio time-de-
pendent DFT investigations are underway in our laboratory
in an effort to achieve a more profound understanding of
the electronic origin of the significant second-order NLO
response of these new push-pull chromophores based on
the porphyrin ring.

In conclusion this and our previous work[6] have experi-
mentally confirmed an interesting role of the porphyrin ring
in push-pull chromophores, already theoretically suggested
by Ratner, Marks et al.[10]

Experimental Section

All solvents and chemicals were of reagent-grade quality, purchased
commercially and used without further purification unless other-
wise stated. 10,20-diphenylporphyrin[25a] was prepared according to
literature methods from dipyrrylmethane.[25b] 4-Nitrobenzyltri-
phenylphosphonium bromide and 4-(dibutylamino)benzyltri-
phenylphosphonium chloride were prepared following the new pro-
cedure described in our previous work.[6] 5-Bromo-10,20-di-
phenylporphyrin was synthesised using the method described by
Yeung et al.[5c] 4-Nitrophenyl acetylene was prepared according to
Takahashi el al.[26] 1H NMR spectra were recorded with a Bruker
AC-300 spectrometer in CDCl3 as solvent; electronic absorption
spectra were obtained in CHCl3 with a Jasco V-530 spectrometer;
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emission spectra were obtained in CHCl3 with a Jasco FP-777 spec-
trofluorimeter. Elemental analyses were carried out in the Analyti-
cal Laboratories of the Department of Inorganic, Metallorganic
and Analytical Chemistry of Milan University. Dipole moments
were determined in CHCl3 solution, according to the Guggenheim
method,[18] using a WTW-DM01 dipolemeter (dielectric constant)
coupled with a Pulfrich Zeiss PR2 refractometer (refractive index).

Cyclic Voltammetry

The cyclovoltammetric (CV) investigation was carried out using
an Autolab PGSTAT 12 potentiostat/galvanostat (EcoChemie, The
Netherlands) run by a PC with GPES software, correcting the
ohmic drop by the positive feedback technique,[27] with a glassy
carbon GC (Amel, radius 1.5 mm) as the working electrode, a plati-
num counter-electrode, and an aqueous saturated calomel electrode
(SCE) as the operating reference electrode (the half-wave potential
of the ferrocinium|ferrocene redox couple, recommended by IU-
PAC for inter-solvent comparison of potential scales,[28] being
0.484 V when measured in CH2Cl2, added with 0.1  TBAP against
our aqueous SCE). The working solutions were made up in dichlo-
romethane CH2Cl2 (Merck, HPLC grade), added with 0.1  tetra-
butylammonium perchlorate TBAP (FLUKA) as the supporting
electrolyte, working in a cell thermostatted at 298 K. The solutions,
carefully deaerated by nitrogen bubbling, had concentrations rang-
ing from 5×10–4 to 7×10–4  (with the exception of the less soluble
porphyrin complex 4, which reaches saturation at concentrations
below 3×10–4 ). The optimised polishing procedure for the work-
ing GC electrode consisted of surface treatment with diamond
powder (Aldrich diameter 1 µm) on a wet cloth (DP-Nap, Struers).

The electrochemical reversibility and electron number of each well-
defined CV peak were checked by classical tests[29] including analy-
sis of (a) the Ip vs. v1/2 characteristics; (b) the Ep vs. logv character-
istics; (c) the (Ep – Ep/2) vs. logv characteristics, and (d) the “sta-
tionary”, step-like waves obtained by convolutive analysis of the
original CV characteristics.

For comparison purposes, the CV characteristics of the reference
compounds H2DPP, [ZnDPP]·THF and 4�-(p-nitrophenyl)
-2,2�:6�,2��-terpyridine, recorded under the same experimental con-
ditions, are reported in Table 2. The 4�-(p-nitrophenyl)-2,2�:6�,2��-
terpyridine has been included as a model for the nitro group reac-
tivity.

EFISH Measurements

EFISH measurements were performed in CHCl3 solutions, as a
function of concentration, working at 1.907 µm incident wave-
lengths using a Q-switched Nd:YAG laser with 60 and 20 ns pulse
durations, manufactured by Atalaser. The 1.907 µm fundamental
wavelength was obtained by Raman shifting of the 1.064 µm emis-
sion of the Q-switched Nd:YAG laser in a high pressure hydrogen
cell (60 bar). A liquid cell with thick windows in the wedge configu-
ration was used to obtain the Maker fringe pattern (harmonic in-
tensity variation as a function of liquid cell translation).[19] In the
EFISH experiments the incident beam was synchronised with a DC
field applied to the solution containing the molecular species in
order to break the centrosymmetry of the solution. The apparatus
for the EFISH measurements was a prototype made by SOPRA
(France).

From the concentration dependence (10–3–10–4 ) of the harmonic
signal with respect to that of the pure solvent, the NLO response
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βλ was determined (assumed to be real as the imaginary was ne-
glected) from the experimental value γEFISH, using Equation (1).

(1)

where γEFISH is the sum of a cubic electronic contribution γ(–2ω;
ω, ω, 0) and of a quadratic orientational contribution µβλ (–2ω; ω,
ω)/5kT; µ is the ground state dipole moment and βλ is the projec-
tion along the dipole moment direction of the vectorial component
βvec of the tensorial quadratic hyperpolarisability working with the
incident wavelength, λ.

Computational Methods

Geometry optimisation and population analysis of the compounds
1–8 were carried out in the framework of the density functional
theory (DFT) by using the BP86 functional[12] and an all-electron
valence triple-ζ basis set with polarisation functions on all atoms
(TZVP).[13] Values of the dipole moments moduli and components
were computed using the Turbomole suite of programs[30] in con-
nection with the resolution of identity (RI) approximation.[31]

Synthesis of Porphyrins

For the numering of atoms see below.

5-Formyl-10,20-diphenylporphyrin: This porphyrin was prepared by
the following three steps:[15]

(a) 10,20-Diphenylporphyrinatocopper(II): A slightly warm solution
of Cu(OAc)2·H2O (125 mg, 0.627 mmol) in MeOH (15 mL) was
slowly added to a refluxing solution of 10,20-diphenylporphyrin
(264 mg, 0.570 mmol) in CHCl3 (60 mL). After two hours the red
reaction mixture was cooled and the solvents evaporated to dryness
in vacuo. The red residue was collected with MeOH, filtered and
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washed with MeOH to afford 248 mg (83%) of a red powder. UV/
Vis (CHCl3): λmax (log ε) = 405 (5.63), 527 (4.23), 561 (3.65) nm.
C32H20CuN4 (523.5): calcd. C 73.35, H 3.82, N 10.70; found C
72.94, H 3.78, N 10.89.

(b) 5-Formyl-10,20-diphenylporphyrinatocopper(II): A solution of
dimethylformamide (1.1 mL, 14.2 mmol) and phosphoryl chloride
(1.1 mL, 12.0 mmol) was left at room temperature and under mag-
netic stirring for 30 min. After this time, a solution of 10,20-di-
phenylporphyrinatocopper() (114 mg, 0.218 mmol) in 1,2-dichlor-
oethane (50 mL) was added and the reaction mixture was stirred
at 60 °C for 2 h. The dark green solution was then diluted with a
saturated aqueous solution of CH3COONa (150 mL) and main-
tained at 60 °C whilst stirring for a further 2 h. The organic phase
was separated, washed with H2O (2 ×100 mL), dried with Na2SO4

and evaporated in vacuo. Purification of the residue by column
chromatography (silica gel, CH2Cl2/n-hexane, 7:3) afforded 96 mg
(80%) of pure product. UV/Vis (CHCl3): λmax (log ε) = 417 (5.42),
547 (3.97), 591 (4.15) nm. C33H20CuN4O (551.5): calcd. C 71.80,
H 3.63, N 10.15; found C 72.30, H 3.76, N 10.30.

(c) 5-Formyl-10,20-diphenylporphyrin: A solution of 5-formyl-
10,20-diphenylporphyrinatocopper() (251 mg, 0.455 mmol) in a
mixture of H2SO4/TFA (1:10 v/v, 15 mL) was stirred for 10 min at
room temperature, and then quenched by adding an excess of ice.
The product was extracted with CH2Cl2 (2×50 mL), the organic
phase was washed with aqueous NaOH (20%, 50 mL) and with
H2O (2×50 mL), the solvent was evaporated to dryness and the
residue was washed with pentane to afford 220 mg (quantitative
yield) of a violet powder. 1H NMR (300 MHz, CDCl3): δ = 12.62
(s, 1 H, CHO), 10.28 (s, 1 H, Hmeso), 10.10 (d, J = 4.98 Hz, 2 H,
Hpyrrolic), 9.30 (d, J = 4.44 Hz, 2 H, Hpyrrolic), 9.08 (d, J = 4.98 Hz,
2 H, Hpyrrolic), 8.91 (d, J = 4.44 Hz, 2 H, Hpyrrolic), 8.22 (m, 4 H,
Ho), 7.85 (m, 6 H, Hm,p), –2.41 (s, 2 H, NH) ppm. UV/Vis (CHCl3):
λmax (log ε) = 420 (5.35), 520 (4.01), 559 (3.95), 593 (3.77), 648
(3.81) nm. C33H22N4O (490): calcd. C 80.82, H 4.49, N 11.43;
found C 80.65, H 4.36, N 11.60.

(1E)-5-[2-(4�-Nitrophenyl)ethenyl]-10,20-diphenylporphyrin (1): A
suspension of 5-formyl-10,20-diphenylporphyrin (238 mg,
0.484 mmol), 4-nitrobenzyltriphenylphosphonium bromide
(670 mg, 1.407 mmol) and solid NaOH 20–40 mesh beads (400 mg,
10 mmol) in anhydrous 1,2-dichloroethane (25 mL) was refluxed,
with magnetic stirring and under a nitrogen atmosphere for 4 h.
After this time the solvent was evaporated to dryness, the residue
was purified by column chromatography (silica gel CH2Cl2/n-hex-
ane, 7:3). The product obtained from the column chromatography
was first washed with MeOH and then crystallised from CH2Cl2/
MeOH to give 145 mg (49%) of pure 1. 1H NMR (300 MHz,
CDCl3): δ = 10.17 (s, 1 H, Hmeso), 9.89 (d, J = 15.87 Hz, 1 H,
=CH), 9.50 (d, J = 4.83 Hz, 2 H, Hpyrrolic), 9.30 (d, J = 4.65 Hz, 2
H, Hpyrrolic), 8.97 (d, J = 4.77 Hz, 4 H, Hpyrrolic), 8.43 (d, J =
8.76 Hz, 2 H, H**), 8.24 (m, 4 H, Ho), 8.05 (d, J = 8.76 Hz, 2 H,
H*), 7.80 (m, 6 H, Hm,p), 7.42 (d, J = 15.93 Hz, 1 H, CH=), –2.78
(s, 2 H, NH) ppm. UV/Vis (CHCl3): λmax (log ε) = 422 (5.27), 518
(4.07), 564 (4.11), 594 (3.89), 655 (3.65) nm. C40H27N5O2 (609):
calcd. C 78.82, H 4.43, N 11.49; found C 78.65, H 4.30, N 11.48.

5-[2-(4�-Nitrophenyl)ethynyl]-10,20-diphenylporphyrin (3): Trifluoro-
acetic acid (2 mL) was added in four portions to a suspension of
5-[2-(4�-nitrophenyl)ethynyl]-10,20-diphenylporphyrinatozinc() (4)
(100 mg, 0.149 mmol) in CH2Cl2 (50 mL) and the reaction mixture
was stirred at room temperature for 18 h. After this time, water
(30 mL) was added and the mixture was carefully neutralised with
a saturated aqueous solution of NaHCO3. The organic phase was
separated, dried with MgSO4 and the solvent evaporated in vacuo
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to afford 90 mg (quantitative yield) of porphyrin 3. 1H NMR
(300 MHz, CDCl3): δ = 10.21(s, 1 H, Hmeso), 9.76 (d, J = 4.83 Hz,
2 H, Hpyrrolic), 9.30 (d, J = 4.62 Hz, 2 H, Hpyrrolic), 9.01 (d, J =
4.80 Hz, 2 H, Hpyrrolic), 8.95 (d, J = 4.62 Hz, 2 H, Hpyrrolic), 8.41(d,
J = 8.76 Hz, 2 H, H**), 8.23 (m, 4 H, Ho), 8.13 (d, J = 8.73 Hz, 2
H, H*), 7.81 (m, 6 H, Hm,p), –2.54 (s, 2 H, NH) ppm. UV/Vis
(CHCl3): λmax (log ε) = 436 (5.15), 529 (3.91), 573 (4.32), 602 (3.79),
661 (3.94) nm. C40H25N5O2 (607): calcd. C 79.08, H 4,12, N 11.53;
found C 78.96, H 4.16, N 11.53.

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-diphenylporphyrin
(5): A suspension of 5-formyl-10,20-diphenylporphyrin (103 mg,
0.211 mmol), 4-(dibutylamino)benzyltriphenylphosphonium chlo-
ride (185 mg, 0.358 mmol) and solid NaOH 20–40 mesh beads
(337 mg, 8.436 mmol) in anhydrous CH2Cl2 (20 mL) was stirred at
room temperature, under a nitrogen atmosphere, for 4 h. After this
time the solvent was evaporated and the residue was purified by
column chromatography (silica gel, CH2Cl2/n-hexane, 7:3) to afford
87 mg (59%) of 5 as a violet powder. 1H NMR (300 MHz, CDCl3):
δ = 10.08 (s, 1 H, Hmeso), 9.56 (m, 3 H, CH, Hpyrrolic), 9.27 (d, J =
4.53 Hz, 2 H, Hpyrrolic), 8.96 (d, J = 4.53 Hz, 2 H, Hpyrrolic), 8.91
(d, J = 4.68 Hz, 2 H, Hpyrrolic), 8.26(m, 4 H, Ho), 7.82, (m, 8 H,
H*, Hm,p), 7.27 (d, J = 16.0 Hz, 1 H, =CH), 6.86 (d, J = 8.58 Hz,
2 H, H**), 3.43 (t, J = 7.45 Hz, 2 H, CH2Butyl), 1.72 (m, 2 H,
CH2Butyl), 1.46 (m, 2 H, CH2Butyl), 1.05 (t, J = 7.23 Hz, 3 H,
CH3Butyl), –2.62 (s, 2 H, NH) ppm. UV/Vis (CHCl3): λmax (log ε) =
353 (4.34), 410 (5.06), 521 (4.00), 579 (4.15), 665 (3.76), 747
(3.52) nm. C48H45N5 (691): calcd. C 83.36, H 6.51, N 10.13; found
C 82.95, H 6.57, N 9.97.

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-diphenylporphyrin (7):
Trifluoroacetic acid (2 mL) was added in four portions to a suspen-
sion of 5-[2-(4�-dimethylaminophenyl)ethynyl]-10,20-diphenylpor-
phyrinatozinc() (8) (100 mg, 0.150 mmol) in CH2Cl2 (50 mL) and
the reaction mixture was stirred at room temperature for 18 h. Af-
ter this time, water (30 mL) was added and the mixture was care-
fully neutralised with a saturated aqueous solution of NaHCO3.
The organic phase was separated, dried with MgSO4 and the sol-
vent evaporated in vacuo to afford 90 mg (quantitative yield) of
porphyrin 7. 1H NMR (300 MHz, CDCl3): δ = 10.09 (s, 1 H,
Hmeso), 9.81 (d, J = 4.74 Hz, 2 H, Hpyrrolic), 9.24 (d, J = 4.65 Hz, 2
H, Hpyrrolic), 8.93 (d, J = 4.35 Hz, 2 H, Hpyrrolic), 8.92 (d, J =
4.20 Hz, 2 H, Hpyrrolic), 8.23 (m, 4 H, Ho), 7.91 (d, J = 8.76 Hz, 2
H, H*), 7.79 (m, 6 H, Hm,p), 6.87 (d, J = 8.82 Hz, 2 H, H**), 3.11
(s, 6 H, NCH3), –2.47 (s, 2 H, NH) ppm. UV/Vis (CHCl3): λmax

(log ε) = 425 (5.02), 441, 523 (3.93), 587 (4.32), 673 (3.94) nm.
C42H31N5 (605): calcd. C 83.31, H 5.12, N 11.57; found C 82.98,
H 5.17, N 11.46.

Synthesis of ZnII Complexes

ZnII complexes 2 and 6 were synthesised following the general pro-
cedure described in the literature.[32] In a typical preparation the
free porphyrin (100 mg) was dissolved in slightly warmed CHCl3
(20 mL) and a solution of Zn(OAc)2·2H2O (free porphyrin/metal
salt = 1:1.1) in MeOH (10 mL) was then added. The mixture was
refluxed for 1 h, was then evaporated to dryness and the residue
was collected with MeOH, filtered and washed with MeOH.

(1E)-5-[2-(4�-Nitrophenyl)ethenyl]-10,20-diphenylporphyrinatozinc(II)
(2): This compound was obtained in quantitative yield as a violet
powder. 1H NMR (300 MHz, CDCl3): δ = 10.10 (s, 1 H, Hmeso),
9.89 (d, J = 16.32 Hz, 1 H, =CH), 9.56 (d, J = 4.41 Hz, 2 H,
Hpyrrolic), 9.35 (d, J = 4.29 Hz, 2 H, Hpyrrolic), 9.04 (d, J = 3.99 Hz,
4 H, Hpyrrolic), 8.43 (d, J = 7.59 Hz, 2 H, H**), 8.22 (m, 4 H, Ho),
8.05 (d, J = 7.74 Hz, 2 H, H*), 7.79 (m, 6 H, Hm,p), 7.41 (d, J =
16.24 Hz, 1 H, CH=) ppm. UV/Vis (CHCl3): λmax (log ε) 422 (5.23),
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552 (4.19), 599 (4.04) nm; (CHCl3 with addition of pyridine): λmax

(log ε) = 428 (5.05), 566 (3.72), 626 (3.89) nm. C40H25N5O2Zn
(672.4): calcd. C 71.39, H 3.72, N 10.41; found C 71.50, H 3.61, N
10.30.

(1E)-5-[2-(4�-Dibutylaminophenyl)ethenyl]-10,20-diphenylporphyrin-
atozinc(II) (6): This compound was obtained in quantitative yield
as a violet powder. 1H NMR (300 MHz, CDCl3): δ = 10.06 (s, 1 H,
Hmeso), 9.61 (d, J = 4.65 Hz, 2 H, Hpyrrolic), 9.48 (d, J = 15.75 Hz, 1
H, CH=), 9.28 (d, J = 4.53 Hz, 2 H, Hpyrrolic), 8.99 (d, J = 4.53 Hz,
4 H, Hpyrrolic), 8.96 (d, J = 4.65 Hz, 2 H, Hpyrrolic), 8.21 (m, 4 H,
Ho), 7.77 (m, 8 H, H*, Hm,p), 7.25 (d, J = 15.75 Hz, 1 H, =CH),
6.82 (d, J = 8.55 Hz, 2 H, H**), 3.40 (t, J = 7.52 Hz, 2 H, CH2Butyl),
1.67 (m, 2 H, CH2Butyl), 1.43 (m, 2 H, CH2Butyl), 1.02 (t, J =
7.28 Hz, 3 H, CH3Butyl) ppm. UV/Vis (CHCl3): λmax (log ε) = 349
(4.35), 408 (5.26), 554 (4.27), 606 (4.32) nm; (CHCl3 with addition
of pyridine): λmax (log ε) = 428 (5.20), 563 (4.06), 613 (4.09) nm.
C48H43N5Zn (754.4): calcd. C 76.35, H 5.70, N 9.28; found C 75.99,
H 5.68, N 9.41.

5-[2-(4�-Nitrophenyl)ethynyl]-10,20-diphenylporphyrinatozinc(II) (4):
The catalytic solution was prepared by heating Pd2(dba)3 (9.5 mg,
9.9·10–3 mmol), PPh3 (21.8 mg, 8.3·10–2 mmol) and CuI (7.8 mg,
4.1 × 10–2 mmol) in freshly distilled Et3N (25 mL) at 70 °C for
30 min under a nitrogen atmosphere. This solution was transferred
into a solution of 5-bromo-10,20-diphenylporphyrinatozinc()
(100 mg, 0.165 mmol) and (4-nitrophenyl)acetylene (74 mg,
0.50 mmol) in anhydrous toluene (25 mL) and pyridine (0.6 mL)
under a nitrogen atmosphere, and the mixture was heated at 80 °C
and stirred for 1 h. After this time the solution was cooled and
filtered through silica eluting with toluene and the solvent was
evaporated to dryness. The residue was washed several times with
small amounts of MeOH and CHCl3 alternately to afford 93 mg
(85%) of pure 4. 1H NMR (300 MHz, CDCl3 + Pyridine d5): δ =
10.12 (s, 1 H, Hmeso), 9.74 (d, J = 4.59 Hz, 2 H, Hpyrrolic), 9.26 (d,
J = 4.47 Hz, 2 H, Hpyrrolic), 8.99 (d, J = 4.59 Hz, 2 H, Hpyrrolic),
8.92 (d, J = 4.44 Hz, 2 H, Hpyrrolic), 8.36 (d, J = 7.47 Hz, 2 H,
H**), 8.20 (m, 4 H, Ho), 8.08 (d, J = 7.47 Hz, 2 H, H*), 7.75 (m,
6 H, Hm,p) ppm. UV/Vis (CHCl3): λmax (log ε) = 439 (5.16), 560
(3.68), 608 (4.07) nm; (CHCl3 with addition of pyridine):
λmax (log ε) = 449 (5.17), 575 (3.92), 634 (4.47) nm. C40H23N5O2Zn
(670.4): calcd. C 71.60, H 3.43, N 10.44; found C 71.51, H 3.48, N
10.32.

5-[2-(4�-Dimethylaminophenyl)ethynyl]-10,20-diphenylporphyrinato-
zinc(II) (8): The catalytic solution was prepared by heating a solu-
tion of Pd2(dba)3 (9.5 mg, 9.9·10–3 mmol), PPh3 (21.8 mg,
8.3·10–2 mmol) and CuI (7.8 mg, 4.1·10–2 mmol) in freshly distilled
Et3N (25 mL) at 70 °C for 30 min under a nitrogen atmosphere.
This solution was transferred into a solution of 5-bromo-10,20-
diphenylporphyrinatozinc() (100 mg, 0.165 mmol) and [4-(dimeth-
ylamino)phenyl]acetylene (73 mg, 0.50 mmol) in anhydrous toluene
(25 mL) and pyridine (0.6 mL) under a nitrogen atmosphere, and
the mixture was heated at 80 °C and stirred for 1.5 h. After this
time the solution was cooled, filtered through silica gel, eluted with
toluene, and the solvent was evaporated to dryness. The residue
was washed several times with small amounts of MeOH and CHCl3
alternately to afford 65 mg (59%) of pure 8. 1H NMR (300 MHz,
CDCl3 with addition of Pyridine d5): δ = 10.05 (s, 1 H, Hmeso), 9.83
(d, J = 4.56 Hz, 2 H, Hpyrrolic), 9.25 (d, J = 4.47 Hz, 2 H, Hpyrrolic),
8.95 (d, J = 4.92 Hz, 2 H, Hpyrrolic), 8.94 (d, J = 4.98 Hz, 2 H,
Hpyrrolic), 8.23 (m, 4 H, Ho), 7.92 (d, J = 8.82 Hz, 2 H, H*), 7.77
(m, 6 H, Hm,p), 6.89 (d, J = 8.88 Hz, 2 H, H**), 3.11 (s, 6 H,
NCH3) ppm. UV/Vis (CHCl3): λmax (log ε) = 428 (4.97), 448 (4.98),
565 (4.02), 615 (4.24) nm; (CHCl3 with addition of pyridine):
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λmax (log ε) = 451 (5.14), 579 (3.87), 632 (4.30) nm. C42H29N5Zn
(668.4): calcd. C 75.40, H 4.34, N 10.47; found C 75.47, H 4.30, N
10.33.
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LiFePO4 has been prepared as highly crystalline nanopar-
ticles (approx. 80 nm in diameter) of well-defined shape by
heating a mixture containing lithium acetylacetonate, iron
oxalate, ammonium hydrogen phosphate and oxalic acid un-
der argon at 550 °C for 2 h. The resulting solid contains about
6% magnetite (Fe3O4) as an impurity. Despite its small par-
ticle size, this nanomaterial exhibits relatively poor electro-
chemical performance in lithium cells owing to its lack of
electronic conductivity. Its electrochemical response con-
trasts with previously reported data for nano-LiFePO4 materi-
als prepared at such low temperatures. In order to overcome

Introduction

Recently, a new class of cathode materials based on poly-
anionic compounds has aroused much interest among re-
searchers, particularly LiFePO4, which is a compound with
an olivine-type structure that yields a flat voltage plateau at
3.5 V during charging and a theoretical capacity of
170 mAhg–1.[1] There have been many attempts to overcome
the electronic and lithium-diffusion limitations of this elec-
trode, which impair its electrochemical performance under
high-current regimes. Some authors have obtained accept-
able cycling properties by coating the particles with carbon,
usually by pyrolysing organic compounds during the syn-
thesis[2–5] or by decomposing a gaseous carbon precursor
onto the phosphate at 700 °C,[6,7] whereas other authors
have dispersed a metal (copper or silver[8]) in the phosphate
or added a conductive organic compound such as polypyr-
role.[9] The intrinsic electronic conductivity can also be in-
creased by doping the structure with ions such as Mg+2,
Al+3, Ti+4 or Nb+5, among others.[10,11]

The most common method for obtaining LiFePO4 is a
solid-state reaction involving the decomposition of various
oxy salts. The reaction takes place at moderate tempera-
tures, where the size of the as-formed phosphate particles is
in the micron range.[12] Because lithium diffusion in the ol-
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its lack of conductivity, the compound was treated with a
copper precursor. The copper phosphate nanocomposite thus
obtained exhibits improved electrochemical performance in
terms of capacity and cycling life in lithium cells. Thus Cu-
LiFePO4-based cells deliver capacity values close to
80 mAhg–1 over at least 50 cycles under a C/10 regime.
These values testify to the usefulness of the proposed syn-
thetic method for preparing nanoparticulated lithium phos-
phate-based electrodes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ivine structure is very slow (10–18 cm2 s–1),[3,13] some authors
have noted the importance of controlling particle
size.[4,12,14,15] Thus, Prosini et al.[14] have reported that
chemical lithiation of nanosized anhydrous FePO4 by lith-
ium iodide and subsequent heating under an Ar/H2 atmo-
sphere at 550 °C produces nanoparticulated LiFePO4 with
very good electrochemical activity; however, this procedure
requires a pristine nanomaterial. Huang et al.[4] have suc-
ceeded in limiting the size of LiFePO4 by introducing oxid-
ized carbon particles as nucleating agent. The particles ob-
tained at 700 °C were 100–200 nm in size. Recently, Hsu et
al.[15] have used a method involving the calcination of a
mixture of citric acid, iron oxalate, diammonium hydrogen
phosphate and lithium carbonate to obtain nanometric
phosphates over the temperature range 400–900 °C. Inter-
estingly, it was necessary to decompose the oxalates and
citrate at around 700 °C in order to obtain an electroactive
powder; below this temperature the organic compounds are
seemingly incompletely decomposed, so the carbon coating
required to ensure electronic conductivity in the phosphate
is not formed. Singhal et al.[7] have precipitated a precursor
by using lithium oxalate, iron hydroxide and NH4H2PO4.
Heating at 350 °C and annealing between 550 and 800 °C
provided LiFePO4 in particles sizes over the range 5–50 nm.

In this work, we use a method that produces nanopartic-
ulated spinels with excellent performance in lithium ion bat-
teries. The method involves the mechanical grinding of lith-
ium, nickel and manganese salts in the presence of a large
excess of hydrated oxalic acid[16] to obtain LiNixMn2–xO4

phases. The slurry thus obtained provides a nanomaterial
upon calcination at low and moderate temperatures. We
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have adapted this procedure to the phosphate phases and
obtained electroactive nanosized LiFePO4 at 550 °C. The
material was characterised by X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM), and its electrochemical proper-
ties in lithium cells determined. The performance of the ma-
terial, which was initially poorer than that of carbon-coated
materials, was successfully improved by adding copper in a
very low weight ratio.

Results and Discussion

Nanostructured Lithium Iron Phosphate

Lithium iron phosphate is typically prepared by heating
a mixture of precursors above 500 °C. Iron() is usually

Figure 1. XRD patterns for (a) nanosized LiFePO4 and (b) Cu-LiFePO4 system. Experimental (dotted), calculated (line) and the difference
(bottom).
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protected from oxidation under an inert atmosphere during
the thermal treatment. The introduction of carbon (or a
carbon precursor such as glucose) into the system can pro-
duce iron or iron phosphides[11] during the thermal treat-
ment by carbothermal reduction. The main difference of
our method from other solid-state methods using related
precursors is that it includes previous grinding and the use
of a large excess of hydrated oxalic acid, two factors that
seemingly have a significant effect on the results. Thus, they
facilitate the formation of a highly homogeneous nano-
metric mixed oxalate precursor.[17] Also, the oxalic acid re-
leased during heating isolates the nanoparticles from one
another, thereby hindering particle growth or agglomera-
tion. In addition, water of hydration facilitates nucleation
and growth of the reaction products. We checked the purity
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of the obtained phases by XRD (Figure 1, a). The peaks
associated with the compound matched those of the ortho-
rhombic phase (space group Pnmb). Rietveld refinements,
performed using the GSAS software suite,[18] yielded the
following cell parameter values: a = 10.298, b = 5.995 and
c = 4.695 Å; α = β = γ = 90°. The fitted parameters are
included in Figure 1. There were also a few peaks at 30.35,
43.39 and 57.56° (2θ) that could not be indexed in the oliv-
ine-type structure; such peaks could be indexed in a cubic
structure with a lattice constant of 8.34 Å and are consis-
tent with either maghemite (γ-Fe2O3) or magnetite (Fe3O4).
The presence of one of these phases made the sample mag-
netic (as checked with a magnet stick). Based on the heating
temperature used, only the magnetite phase should be
stable; its content as calculated from the Rietveld refine-
ment was found to be about 6%. The magnetite may have
been formed from traces of oxygen contained in the argon
flow or occluded in particle pores.[12] Other authors[6] have
found that LiFePO4 can yield Fe2O3 and Li3Fe2(PO4)3 di-
rectly during oxidation in the air at 400 °C. Interestingly,
Fe2O3 has been found as an impurity in a related solid-state
reaction.[15] This phase seemingly appears when no citric
acid − the carbon precursor used in their preparation − is
present. This phenomenon was also observed by Dokko et
al.,[19] who added ascorbic acid to the reaction mixture in
order to remove an amorphous layer of iron oxide that ap-
peared at 400 °C. Based on these findings, our precursors
can be deemed ineffective for obtaining carbon-rich materi-
als, as confirmed by elemental analyses.

The TEM images provided direct evidence of crystal-
linity in the material. The sample consists of nanoparticles
(Figure 2, a) with reasonably well-defined edges and sizes
below 80 nm. Figure 2 (b) shows an HRTEM image of a
crystallite exhibiting structural uniformity and a lattice
spacing of 0.25 nm, which corresponds to the (311) lattice
planes. Note that our particles are better defined than those
formed by Chimie Douce methods[14] or a related solid-state
reaction at 550 °C.[15]

Figure 2. TEM images of (a) and (c) LiFePO4; (b) and (d) Cu-
LiFePO4 composite. The black bar corresponds to 100 nm for the
upper images and the white bar to 2 nm for the lower ones.

The oxidation states of iron and phosphorus, and the Fe/
P atomic ratio, were checked by XPS. The corresponding

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1758–17641760

data are shown in Table 1. The Fe/P ratio thus obtained
(1.02) is consistent with the compound stoichiometry. The
low intensity/background ratio of the Li 1s emission peak,
which results from its low scattering coefficient towards X-
rays, precluded accurate determination of its binding energy
and estimation of the element content. Figure 3 (a) shows
the spectrum for Fe. The shape and binding energies of the
Fe 2p emission peaks are consistent with those obtained by
other authors for phospholivines[20] and hinder the identifi-
cation of iron oxides. Furthermore, the P 2p binding energy
corresponds to the PO4

3– group and rules out the presence
of iron phosphide,[11] a product formed when carbothermal
reduction occurs during the preparation of a phospholivine.
Thus, no carbothermal reaction takes place during the
calcining process.

Table 1. XPS binding energies for various atoms in the LiFePO4

and Cu-LiFePO4 samples.

Sample Atom Emission Binding energy Assignation
peak (eV)

LiFePO4 Fe 2p3/2 711.4 Fe2+

2p1/2 724.6
P 2p 133.7 [PO4]3–

O 1s 531.4 O=

Cu-LiFePO4 Fe 2p3/2 711.2 Fe2+

2p1/2 724.4
P 2p 133.7 [PO4]3–

O 1s 531.3 O=

Cu 2p3/2 930.0 Cu0

2p3/2 932.9 CuI–O
2p3/2 934.6 CuII–O
2p1/2 949.8 Cu0

2p1/2 952.8 CuI–O
2p1/2 954.5 CuII–O

Figure 3. XPS spectrum for iron in (a) LiFePO4 and (b) Cu-Li-
FePO4.
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Figure 4 (a) shows selected potentiostatic charge/dis-

charge curves for a cell made from nanosized LiFePO4. A
broad peak centred at 3.55 V was obtained in the first cycle.
This oxidation peak corresponds to the extraction of lith-
ium from the structure according to Equation (1).

LiFeIIPO4 � Li+ + e– + FeIIIPO4 (1)

Figure 4. Voltammetric cycling of Li/LiPF6(EC,DMC)/lithium iron
phosphate electrodes over the 3.0–4.0 V voltage range. (a) Nanos-
ized LiFePO4, (b) Cu-LiFePO4. Scan rate 5 mV/min.

The reverse reaction − the insertion of lithium into the
heterosite structure − provides a broad peak at 3.33 V. The
difference between both potentials, ∆Ep, is 220 mV and tes-
tifies to the kinetic limitation of these electrodes due to their
high resistivity.[5,8,21] The intensity of the peaks decreased
in the third cycle, which suggests that the oxidation and
reduction processes are much more strongly hindered; ∆Ep

rose to 360 mV. In the fifth cycle, the peaks were clearly
shifted from their original positions and much broader,
consistent with the decreased electrochemical activity. Fig-
ure 5 (a) shows selected galvanostatic charge/discharge cy-
cles for the nanosized LiFePO4 cell. A typical flat voltage
plateau close to 3.5 V was obtained during the first charge
and discharge. The first capacity was 120 mAhg–1, which,
however, is 50 mAhg–1 less than the theoretical capacity as-
sociated with the total delithiation of the phosphate. These
values depart markedly from those obtained by Hsu et
al.[15] for nanoparticles prepared at the same temperature,
which were electrochemically inactive. Furthermore, our ca-
pacity values are higher than those found for an hydrother-
mally synthesised LiFePO4 containing amorphous iron ox-
ides[19] and for a nanostructured phosphate prepared by
Sighal et al.[7] Note that, in the latter case, the authors used
20 wt.-% rather than 12% wt.-% carbon black to prepare
the electrode mixture.

Consistent with the potentiostatic results, the capacity
value was barely retained upon cycling (Figure 6) and, after
five cycles, faded by 42%. This behaviour is typical of a
phosphate-electrode system and illustrates the inadequate
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Figure 5. Galvanostatic cycles under a C/10 regime for cells with
cathode based on (a) nanosized LiFePO4 and (b) Cu-LiFePO4.

electronic conductivity of nanoparticles. Moreover, as sug-
gested by Yamada et al.,[12] the presence of iron oxide impu-
rities may detract from cell performance.

Copper-Treated Lithium Iron Phosphate

As noted earlier, the nanoparticles obtained in this work,
while somewhat more electroactive than other LiFePO4

nanoparticles provided by more complex methods, exhibit
an electrochemical response rather different from theoreti-
cal calculations and quite poor cell performance. This is
widely ascribed to the lack of a carbon or phosphide net-
work that ensures electron conduction between particles.
Based on the results of Hsu et al.,[15] the electroactivity of
the nanosized phosphates is determined not only by the
presence of the conductive network, but also by the particle
shape, which was well defined in our case. In order to im-
prove the electrical conductivity of the electrode, we added
a metal to our original material. Like Croce et al.,[8] we
chose copper for this purpose on the grounds of its low
toxicity and cost; however, we used a different approach
that involves formation of Cu0 in situ by chemical reduction
of CuICl. The reaction of this salt with NaBH4 has been
confirmed to yield nanoparticulated copper[22] and pro-
ceeds according to Equation (2).

2CuICl + 2NaBH4 � 2NaCl + B2H6 + 2 Cu + H2 (2)

Formally, the copper thus obtained should be more effec-
tively dispersed than submicrosized commercial copper[8]

and hence increase the conductivity of the Cu-LiFePO4

composite.
Rietveld refinements on the XRD patterns for the new

material (Figure 1, b) confirmed that the olivine-type struc-
ture was maintained during the reaction and that the cell
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Figure 6. Variation of cell capacity as a function of the number of cycles. (�) LiFePO4 under C/10, (�) Cu-LiFePO4 under C/10, (�)
LiFePO4 under C/5 and (�) Cu-LiFePO4 under C/5.

parameters were only slightly different (a = 10.302, b =
5.998, c = 4.695, α = β = γ = 90°). No copper was detected
in the XRD pattern, although iron oxide peaks were again
observed. TEM images (Figure 2, b) revealed that stirring
resulted in rounder particle edges and hindered the observa-
tion of well-defined particles. The crystallographic orienta-
tion of the particles was seemingly unaffected (Figure 2, d),
and the d-spacing, as calculated from the fringes, was again
consistent with the value for the (311) planes. No copper
could be identified from TEM images. So far, all attempts
at detecting isolated or agglomerated copper particles by
combining microdiffraction and energy-dispersive microa-
nalysis have failed. The diffuse diffraction peak in Cu/Li-
FePO4 nanocomposites should be due to a particle micro-
structure degradation under the stirring conditions rather
than to the diffusion of Cu atoms into the phosphate frame-
work.

The presence of copper was confirmed from XPS mea-
surements, which also ruled out the formation of metallic
iron (by reduction of FeII from the phosphate) or residual
chloride. The binding-energy values obtained are listed in
Table 1. The fact that the P and Fe peaks retain their posi-
tions (Figure 2, b) provides direct evidence of the stability
of LiFePO4 upon contact with NaBH4. One unexpected
finding was a complex Cu 2p profile (Figure 7) that can be
resolved into the contributions of three different oxidation
states (CuII, CuI and Cu0). The presence of divalent copper
is also supported by the typical shake-up observed at 940
and 943 eV. These data suggest a pronounced reactivity of
Cu towards oxygen as the likely result of the nanometric
size of the particles. Despite the precautions exercised to
minimize contact of the composite material with the air, the
element was partially oxidized, at least at a surface level.
The CuII:CuI:Cu0 atomic ratio was found to be 2:1:1.
Therefore, only 1.25% by weight of the Cu-LiFePO4 mix-
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ture consists of metallic copper and the improvement in
conductivity should be less than expected for total conver-
sion (5 wt.-%). This accounts for the inability to detect cop-
per nanoparticles by XRD or from the HRTEM images.

Figure 7. Cu 2p spectrum for the Cu-LiFePO4 composite. Peak de-
convolution is also shown.

Notwithstanding the low copper content, the favourable
effect of the element on the electrochemical performance of
the cell is clearly apparent. Figure 4 (b) shows the potent-
iostatic cycles for the cell based on the Cu-LiFePO4 mix-
ture. Now, the oxidation and reduction peaks are shaper
than those for untreated LiFePO4 (Figure 4, a), with this
effect being stronger for the reduction peak. On further cyc-
ling, the positions of the peaks remain unchanged, even
though their area decreases gradually. This suggests that
electron charge-transfer is facilitated by a lower resistivity
in the nanocomposite. Copper oxidation was not detected
in our samples, probably because it is masked by the main
reaction (the Cu potentials are 3.36–3.51 V for Cu2+/Cu
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and Cu+/Cu vs. Li+/Li, respectively). If copper is oxidised,
the as-formed CuI or CuII species might dissolve into the
EC/DMC solvent and poison the negative electrode. Never-
theless, this plausible inconvenience seems to be negligible
as the cell performance is maintained even for bigger
amounts of Cu, as reported by Croce et al.[8]

Galvanostatic cycling (Figure 5, b) also provided direct
evidence of the favourable effect of copper on the electro-
chemical properties of the electrode. In the first charge, the
compound provided a flat voltage profile and a capacity of
100 mAhg–1; however, 10 mAhg–1 was lost after discharge.
The voltage plateau remained remarkably stable on cycling,
but the plateau length decreased with cycling. The compos-
ite retained part of the capacity and voltage profiles over
several cycles (Figure 6, b); thus, 70% of the original ca-
pacity was retained in the 50th cycle. In order to further
check the performance of our composites we tested the elec-
trodes under a faster regime, i.e. C/5. As shown in Figure 6,
the faster cycling lowered the capacity for the first cycle.
However, and once again, the copper composite showed a
higher capacity retention (75% in capacity in the 25th cycle
vs. 50% for the copper-free material). This means that the
addition of Cu is insufficient to obtain high capacities un-
der higher charge/discharge rates. The presence of iron ox-
ides may be an important factor that hinders approach to
the theoretical capacity values. We expect to be able to
avoid the formation of this phase either by using alternative
precursors or by modifying the thermal treatment.

Conclusion

Well-crystallised nanometric LiFePO4 of uniform par-
ticle size (ca. 80 nm) was synthesised at 550 °C by using a
simple method involving a homogeneous mixture of iron
oxalate, diammonium hydrogen phosphate, lithium acetyl-
acetonate and excess oxalic acid plus grinding. In contrast
to the typically inactive or poorly active nanomaterials pro-
vided by alternative solid-state reactions at the same tem-
perature, our nanomaterial is electroactive in lithium batter-
ies. The initial charge capacity of the cell, 120 mAh·g–1, was
not completely recovered during the first discharge owing
to the poor electronic properties of the material – no chemi-
cal treatment such as the addition of a conductor (e.g. car-
bon) was performed. In order to improve the cycling effi-
ciency, we introduced copper (hypothetically in nanosized
form) thoroughly mixed with the phosphate via a chemical
reaction. Although copper was partially oxidized, a small
fraction (less than 1.5% by weight) sufficed to increase the
reversibility of the lithium extraction/insertion process by a
factor close to 2 relative to the copper-free material. The
capacities delivered by the Cu-LiFePO4 composite in the
50th cycle were close to 80 mAh·g–1. These electrochemical
properties are acceptable for a nanophosphate prepared in
a fast one-step method using a moderate temperature. The
electroactivity of our sample appears to be determined by
two main factors, namely: the nanometric size of the par-
ticles and their well-defined shape. We are currently analys-
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ing carefully the influence of both factors on the electro-
chemical properties of the phosphate. The proposed
method can also be used to prepare other phospholivines
such as LiMnPO4 and LiCoPO4, the electrochemical prop-
erties of which will be reported in a future paper.

Experimental Section
Lithium iron phosphate was obtained as follows: FeC2O4·2H2O
(1.80 g; Fluka), (NH4)2HPO4 (1.32 g; Fluka), LiC5H7O2 (1.60 g;
Strem Chemicals), and H2C2O4·2H2O (8 g; Fluka) were ball-milled
in a Retsch mill at 50 rpm for 30 min. The resulting slurry was
supplied with 2 mL of ethanol and air-dried. The powder collected
was subsequently calcined at 550 °C under argon for 2 h. We chose
this moderate temperature in order to ensure adequate crystallinity
in the compound and avoid sintering, which increases particle size.
After cooling to room temperature, a brown solid, nanometric Li-
FePO4, was obtained. For copper coating, the nanomaterial was
immersed in a solution containing freshly prepared CuCl in meth-
anol.[22] The Cu/LiFePO4 weight ratio used was 5:95. Because this
compound is readily oxidized, the process was carried out inside a
glove box (Mbraun 150). After addition of several milligrams of
NaBH4 under continuous stirring the brown solid darkened. The
solid was collected by filtration after 2 h of stirring and thoroughly
washed with methanol. dried in an inert atmosphere and stored in
tightly sealed glass containers under argon for transportation.

Transmission electron microscopy (TEM) images were obtained on
a Jeol 2010 microscope operating at 200 keV. Samples were pre-
pared in an ultrasonic bath, using hexane as dispersing agent and
a grid covered with a carbon perforated film. X-ray diffraction pat-
terns were recorded with a Siemens D5000 X-ray diffractometer,
using Cu-Kα radiation and a graphite monochromator. The scan
conditions for structural refinement included a 15–125° (2θ) re-
cording range, a 0.02° step size and 8 s per step. X-ray photoelec-
tron spectra were obtained on a Physical Electronics PHI 5700
spectrometer, using non–monochromatic Mg-Kα radiation (300 W,
15 kV, 1253.6 eV) and a multi-channel detector. Spectra were re-
corded in the constant pass energy mode at 29.35 eV, using a
720 µm diameter analysis area. Binding energy (BE) values were
referred to the C 1s peak (284.8 eV) from the adventitious contami-
nation layer during data processing of the XPS spectra. Recorded
spectra were always fitted using Gauss–Lorentz curves in order to
more accurately determine the binding energy of the different ele-
ment core levels. The error in BE was estimated to be ca.±0.1 eV.
The spectra for the C 1s and Cu 2p regions were initially recorded
for 10 min. Such a short acquisition time was intended to avoid the
previously reported reduction of Cu2+ species to Cu+ by the action
of the X-ray excitation source as much as possible.[23] For recording
of XPS spectra, the containers were opened in the air and the pel-
lets, rapidly transferred to the preparation chamber of the XPS
spectrometer. In this way, the exposure time of the sample to air
was minimised.

Electrochemical measurements were carried out in CR2032 coin
cells, using an electrode mixture consisting of active material, car-
bon black and Teflon in a weight ratio 85:12:3. The working elec-
trode consisted of a stainless steel grid onto which approximately
3 mg of the mixture was pressed. The electrolyte used was 1 

LiPF6 in 2:1 EC/DMC as solvent. Both the reference electrode and
the counter-electrode consisted of a lithium disk. Potentiostatic cy-
cles were carried out in a MacPile II (BioLogic) potentiostat under
a regime of 10 mV/2 min. Galvanostatic discharges were performed
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on a Arbin system under a regime of C/10 (i.e. one lithium mol
was transferred in 10 h) or C/5 (i.e. one lithium mol was transferred
in 5 h).
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Highly Symmetrical Tetranuclear Cluster Complexes Supported by p-tert-
Butylsulfonylcalix[4]arene as a Cluster-Forming Ligand
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Square-planar tetranuclear clusters [M4(L)(AcO)4(µ4-OH)]–

(M = MnII, CoII, and NiII) are synthesized using tetra-anionic
p-tert-butylsulfonylcalix[4]arene (L4–) as a cluster-forming li-
gand. Three complexes are crystallographically isostructural,
being crystallized in the triclinic crystal system with space
group P1̄. The calix[4]arene acts as a tetrakis fac-tridentate
ligand through four phenoxo and four sulfonyl oxygen atoms
to form square arrangement of four metal ions, which are
further bridged by four chelating acetate ions and one hy-
droxo ion in a µ4 manner to complete the hexacoordination
of each metal center. Although the whole molecule of each
complex is crystallographically independent, the molecule is

Introduction

Multinuclear transition-metal complexes and metal clus-
ters have attracted much attention owing to the interesting
properties and the functionalities that originate from direct
and/or indirect metal–metal interactions. Recent develop-
ments of synthetic methods for metal-based assemblies have
enabled construction of a variety of well-organized archi-
tectures such as helicates,[1] cages,[2] and grids,[3] and the
resulting assemblies are also interesting in their possibility
to be novel materials incorporating magnetic, electronic, or
optical features. For example, some square-shaped [2×2]
dot systems having reversible redox properties are consid-
ered to be candidates for quantum-dot cellular automated
devices.[3d,4] Synthetic strategies to produce such metal as-
semblies often employ well-designed multinucleating ligand
systems.[5,6] As we have demonstrated, the thiacalix[n]-
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highly symmetrical with a pseudo-four-fold axis lying on the
µ4-OH– group. The tetranuclear clusters are stable enough to
maintain the core structures even in highly dilute solution
(�10 µM), which was confirmed by mass spectroscopic study,
however, bridging acetates were easily exchanged by other
carboxylate chelates to form derivatives such as [M4(L)-
(BzO)4(OH)]–. Metal–metal interactions were investigated by
means of magnetic susceptibility, and it was revealed that
both ferro- and antiferromagnetic interactions occur in the
NiII complex depending on the bridging angles of Ni–O–Ni.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

arene[6a,6b,6c,6d] and its oxidized derivatives sulfonyl- and
sulfinylcalix[n]arenes[6e,6f,6g,6h] can act as novel metal-as-
sembling and cluster-forming ligands. We reported in pre-
vious papers that the thiacalix[6]arene gives tetranuclear
and pentanuclear cluster complexes[6c,6d] when treated with
first-row transition-metal acetate involving coordination
bonds with 6 phenoxo oxygen and 6 sulfur atoms. In the
case of pentanuclear clusters, hexa-anionic thiacalix[6]arene
in the pinched-cone conformation formed a pocket-like cav-
ity surrounded by 12 donor atoms. The cavity had an ap-
propriate size to include a metal-cluster core, and five metal
ions with compositions of Ni4M (M = Co, Mn, or Cu) and
Co5 were included to form the pyramidally shaped cluster
cores. Sulfonylcalix[4]arene (part a in Figure 1, H4L) led to
octalanthanide cluster complexes (“lanthanide wheels”)
when it was treated with Ln(AcO)3·nH2O, in which each L4–

coordinated to one lanthanide ion as a tetradentate ligand
through four phenoxo oxygen atoms,[6e] as the lanthanide
ions with large ionic radii were in agreement with the cyclic
donor system of L4– to be included. However, for smaller
ions such as first-row transition metals, L4– and H2L2– act
as a fac-tridentate ligand through three adjoining donor
atoms, that is, two phenoxo and one sulfonyl oxygen
atoms.[6f,6g] In a conic H4 – nLn–, eight donor atoms (four
phenoxo and four axial sulfonyl oxygen atoms shown in
Figure 1, b) are arranged in a flat manner where four fac-
tridentate sites (A–D) are formed, each consisting of three
donor oxygens. In the zinc() complex, [Zn(H2L)(tacn)]
(tacn denotes 1,4,7-triazacyclononane), the zinc() ion
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smoothly slides on this oxo-surface from one tridentate site
to the adjoining site,[6f] and this result indicates that the
four tridentate sites A–D in L4– are equivalent and each site
can bind a metal ion in a similar manner. As a result, L4–

can act as a tetranucleating ligand to give highly symmetri-
cal square-planar clusters. Herein we report syntheses
and properties of tetranuclear cluster complexes
(Me4N)[M4(L)(AcO)4(µ4-OH)] {MII = MnII (Me4N[1]),
CoII (Me4N[2]), and NiII (Me4N[3])}, which are constructed
on the basis of the cluster-forming ability of L4–.

Figure 1. (a) Structure of p-(tert-butylsulfonyl)calix[4]arene (H4L).
(b) Four equivalent coordination sites (A–D) of L4–.

Results and Discussion

Syntheses and Crystal Structures of Complexes

The reaction of H4L and Mn(AcO)2·4H2O in a 1:5 ratio
in CHCl3/MeOH followed by crystallization from an EtOH/
dimethylformamide (DMF) solution including Me4NCl
gave colorless crystals of Me4N[1] in 36% yield. With a sim-
ilar procedure, using Co(AcO)2·4H2O and Ni(AcO)2·4H2O,
Me4N[2] and Me4N[3] were also obtained in yields of 25
and 30%. In the formation of tetranuclear clusters, the ace-
tate ions acted as a base to remove protons from H4L to
give L4– and also from H2O to give OH–. To achieve the
best yield, we found that the reaction ratio of the ligand
and metal acetate must be 1:5 or larger.

Figure 2 shows the crystal structure of [Mn4(L)(AcO)4-
(µ4-OH)]– ([1]–). The complex crystallized in the triclinic
crystal system and the four metal coordination sites are
crystallographically independent of each other; however,
the cluster is highly symmetrical and a pseudo-four-fold
axis lies on the central µ4-OH– group (O13), and each metal
ion is in a similar coordination environment. The conic L4–

supports the formation of the square Mn4 cluster core. Four
phenoxo (O3, O6, O9, and O12 in Figure 3) and four axial
sulfonyl (O1, O4, O7, and O10) oxygen atoms form an al-
most flat surface with deviations from the ideal plane rang-
ing from –0.132(3) to 0.220(3) Å, and L4– acts as a tetrakis
tridentate ligand through these eight oxygen atoms. Each
MnII ion is ligated by one sulfonyl and two phenoxo oxy-
gens in a fac manner similar to that found in
[Zn(H2L)(tacn)], with distances of Mn–Ophenoxo =
2.1550(18)–2.248(2) Å and Mn–Osulfonyl = 2.150(2)–
2.1832(18) Å. Four AcO– ions bridge adjoining MnII ion
pairs [Mn–Oacetate = 2.097(2)–2.132(2) Å], four MnII ions
are further bridged by OH– in an µ4 manner [Mn–O13 =

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1765–17701766

2.2309(19)–2.3262(19) Å], and each MnII ion in [1]– is in an
octahedral coordination. Bridging hydroxide in an µ4 man-
ner is rather rare, and few complexes involving first-row
transition-metal ions are reported in the Cambridge Crys-
tallographic Data Base.[7] The most remarkable compounds
in such a system are square-planar tetranuclear complexes
constructed in the aperture of huge macrocyclic Schiff-base
ligands reported by Edwards, Kruger, and McKee.[8] In our
previous papers,[6d] we have demonstrated the formation of
pyramidally arranged pentanuclear cluster complexes using
thiacalix[6]arene, in which the basal four metal ions were
also connected by OH– in the same manner. In these com-
plexes, the valence electrons from central oxygen are insuf-
ficient to make four M–O coordination bonds, which re-
flects the long bond lengths found not only in [1]– but also
in [2]– and [3]– mentioned below. Hence one can conclude
that the µ4-OH– system is stable only in a cluster core with
the support of huge macrocyclic ligands as a template. One
crystal water molecule is bound to the µ4-OH– group
through hydrogen bonding [O13···O22 = 2.747(6) Å], one
DMF molecule is included in the cavity of conic L4–, and
one tetramethylammonium ion is included in the lattice as
a countercation. Me4N[2] and Me4N[3] are crystallographi-
cally isostructural to Me4N[1], showing slight differences in

Figure 2. Crystal structure of [1]–. (a) Top view and (b) side view.
tert-Butyl groups and hydrogen atoms are omitted. Each atom is
depicted as follows: MnII gray, S orange, O red, and C white.
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coordination distances. For [2]–, Co–Ophenoxo distances were
found in the range of 2.042(4)–2.117(4) Å, Co–Osulfonyl dis-
tances in 2.102(5)–2.121(4) Å, 2.013(5)–2.042(4) Å for Co–
Oacetate, and Co–O13 was found to be 2.147(5)–2.290(5) Å.
Coordination angles were found to fall in the range of
84.45(17)–92.32(17)°, and the CoII ions are in a nearly ideal
octahedral except for the slightly long bonding with the µ4-
OH– group. For [3]–, nickel() ions are in a slightly elon-
gated octahedral coordination with phenoxo and acetate
oxygen atoms occupying equatorial positions [Ni–Ophenoxo

= 2.016(2)–2.072(2) and Ni–Oacetate = 1.986(3)–2.005(3) Å]
and sulfonyl and hydroxo oxygen atoms being at axial posi-
tions [Ni–Osulfonyl = 2.058(3)–2.079(2) and Ni–O13 =
2.142(3)–2.258(2) Å]. In [3]–, a residual electron peak with
considerable density was found between the µ4-OH– group
and a neighboring water molecule. This peak was assigned
to a carbon atom and the reflection data were analyzed as
a superposition of two molecules of [Ni4(L)(AcO)4(µ4-OH)]–

([3]–) and [Ni4(L)(AcO)4(µ4-OMe)]– ([3b]–) with 67% and
33% probabilities. The formation of µ4-OMe bridged com-
plex [3b]– might be due to the higher acidity of NiII ion
compared with MnII and CoII. The presence of µ4-OMe
bridged species was also confirmed by mass spectroscopic
studies (vide infra).

Figure 3. ORTEP diagram of tetranuclear manganese() core with
thermal ellipsoids at 40% probability.

Ligand Exchange Reactions

The complexes maintain the tetranuclear cluster cores in
a dilute MeCN solution, which was confirmed by ESI-mass
spectroscopy. For Me4N[1], intense parent peaks were ob-
served at around m/z = 1317.0, which is related to
[Mn4(L)(AcO)4(OH)]– (= [1]–) (Figure 4, a). Similar spectra
were obtained for [2]–, with the main peaks positioned at
around m/z = 1333.0 being related to [Co4(L)(AcO)4(OH)]–

(= [2]–) (see Figure 1Sa in the Supporting Information), and
for [1]– and [2]– minor species were observed at around m/z
= 1292.9 and m/z = 1308.9 related to [Mn4(L)(AcO)3-
(µ4-O)(H2O)2]– (= [1]– – AcOH + 2H2O) and [Co4(L)(AcO)3-
(µ4-O)(H2O)2]– (= [2]– – AcOH + 2H2O), respectively. For
[3]–, the main peaks at around m/z = 1306.9 and 1331.0
related to [Ni4(L)(AcO)3(µ4-O)(H2O)2]– (= [3]– – AcOH +
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2H2O) and [Ni4(L)(AcO)4(µ4-OH)]– (= [3]–), respectively,
and a minor species involving µ4-OMe [Ni4(L)(AcO)4(µ4-
OMe)]– (= [3b]–) at around m/z = 1345.0 were observed
(Figure 2Sa, Supporting Information). We assumed that the
ligand exchange gave minor species such as [M4(L)(AcO)3-
(µ4-O)(H2O)2]–, that is, µ4-oxo-diaqua complexes. There are
other possible formulas for these species including
[M4(L)(AcO)3(µ4-OH)(H2O)(OH)]–, µ4-hydroxo-aqua-hy-
droxo complexes, and this possibility was rejected by an ab-
sence of MS signals for corresponding [Ni4(L)-
(AcO)3(µ4-OMe)(H2O)(OH)]– for [3b]–. The above results
reveal that the tetranuclear cores in [1]––[3]– are stable
enough to maintain their core structures even in a highly
dilute coordinating solvent (�10 µ), and moreover, forma-
tion of [M4(L)(AcO)3(O)(H2O)2]– species indicate that
bridging acetate ions can be removed to realize a ligand
exchange reaction to give some derivative complexes even
in a mild condition. To confirm this, an exchange reaction
of bridging acetate by benzoate was performed for all com-
plexes. When [1]– was treated with an excess of benzoic acid
(1:5 molar ratio) in acetonitrile at ambient temperature, li-
gand exchange soon occurred to give a mixture of
[Mn4(L)(AcO)4 – n(BzO)n(OH)]– (n = 2–4) and
[Mn4(L)(AcO)3 – m(BzO)m(O)(H2O)2]– (m = 2–3), which was
confirmed by FT-MS (Figure 4, b), and also by X-ray crys-
tallography for [Mn4(L)(BzO)4(OH)]– (Figure 3S). Specific
peaks were observed in Figure 4, b where [Mn4(L)(BzO)4-
(OH)]– was found to be a major component. To complete
the exchange reaction, the mixed solution was evaporated
once to dryness to remove AcOH, and the residue was
again dissolved to the same solvent (Figure 4, c). The mass
spectrum for this solution shows two main signals at
around m/z = 1479.0 and 1565.0, being related to
[Mn4(L)(BzO)3(O)(H2O)2]– and [Mn4(L)(BzO)4(OH)]–,
respectively, indicating that the acetate bridges were ex-
changed by benzoate almost quantitatively. The resulting
[Mn4(L)(BzO)4(OH)]– was isolated as single crystals with
the yield higher than 70%. Similar reactions for [2]– and [3]–

also give the same result. For [2]–, the main signals at
around m/z = 1495.0 and 1581.0 were observed for the reac-
tion solution, which are related to [Co4(L)(BzO)3(O)-
(H2O)2]– and [Co4(L)(BzO)4(OH)]–, respectively, and for
[3]– the main peaks at around m/z = 1493.0 and 1579.0 re-
lated to [Ni4(L)(BzO)3(O)(H2O)2]– and [Ni4(L)(BzO)4(OH)]–

were found, indicating that [Co4(L)(BzO)4(OH)]– and
[Ni4(L)(BzO)4(OH)]– should be the main products for both
cases (Figure 1Sc and Figure 2Sc, respectively). For the case
of [3]–, minor species involving µ4-OMe formulated as
[Ni4(L)(BzO)4(OMe)]– at around m/z = 1593.0 were ob-
served in Figure 3Sc. The observed ratio between µ4-OH
species ([Ni4(L)(AcO)3(O)(H2O)2]– and [Ni4(L)(AcO)4-
(OH)]– for acetate-bridged complexes, and [Ni4(L)(BzO)3-
(O)(H2O)2]– and [Ni4(L)(BzO)4(OH)]– for benzoate-bridged
complexes) and µ4-OMe species ([Ni4(L)(AcO)4(OMe)]–

and [Ni4(L)(BzO)4(OMe)]–, respectively) were estimated to
be similar for acetate-bridged species (64.6:35.4) and for
benzoate-bridged species (64.9:35.1), indicating that the ex-
change of the central µ4-OH group does not occur during
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the exchange reaction of bridging carboxylates. This result
suggests that core fragmentation does not occur during this
reaction.

Figure 4. ESI-mass spectra of (a) complex Me4N[1] in acetonitrile,
(b) mixtures of benzoic acid and Me4N[1] in a 5:1 ratio in acetoni-
trile, and (c) reaction products which were obtained by drying up
the reaction solution of benzoic acid and Me4N[1]. n and m denote
the numbers of bridging benzoic groups in the species of
[M4(L)(AcO)4 – n(BzO)n(OH)]– and [M4(L)(AcO)3 – m(BzO)m(O)-
(H2O)2]–, respectively.

As the complexes maintain their cluster cores in the solu-
tion, electrochemical behaviors of these clusters in the same
solution were preliminarily investigated by the cyclic vol-
tammetry method at room temperature. No significant peak
was observed in the range of –1.0 to +1.0 V versus Ag/Ag+

for all three complexes (Figure 4S), indicating that the di-
valent tetranuclear complexes are rather stable under the
experimental conditions.

Magnetic Behavior

To investigate the metal–metal interactions in square-
shaped clusters, dc-magnetic susceptibilities were measured
in the temperature range of 2–300 K. The χMT versus T
plots for these complexes show continuous decreases of
χMT values as the temperature is lowered (Figure 5, a). The
χMT value at room temperature for Me4N[2] is larger than
the expected spin-only value for four isolated S = 3/2 spins,
being due to the spin-orbit interactions, which is frequently
observed for the CoII ion in a slightly distorted octahe-
dron,[9] and the magnitude of the interaction was hard to
analyze. For Me4N[1] and Me4N[3], temperature depen-
dences of the χMT values were analyzed on the basis of the
Hamiltonian,[9]

H = –2J1Σ(S1·S2 + S2·S3 + S3·S4 + S4·S1) – 2J2Σ(S1·S3 + S2·S4)

where J1 denotes the interaction between adjoining metal
ions and J2 is for the diagonal metal ions (Figure 5, b). The
best-fit parameters were obtained as J1 = –3.0 cm–1 and J2

= –4.4 cm–1 for Me4N[1] and J1 = 24.9 cm–1 and J2 =
–43.9 cm–1 for Me4N[3]. For NiII ions, it is widely thought
that the character of magnetic interactions clearly depends
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Figure 5. (a) Plots of χMT vs. T for Me4N[1] (circle), Me4N[2]
(square), and Me4N[3] (triangle). The solid lines correspond to the
theoretical curves for which parameters are given in the text. (b) A
schematic drawing of J1 and J2.

on the bridging angle.[10] As two spins are located on the eg

orbitals with dσ characters for NiII, a strict orbital orthogo-
nality occurs and ferromagnetic interaction operates when
the bridging angle is smaller than 100°, and a strong anti-
ferromagnetic interaction occurs when the bridging angle
reaches linearity. In Me4N[3], because each adjoining NiII

ion is bridged by two oxygen atoms involving one phenoxo
and one µ4-hydroxo oxygen atom with angles of 84.13(9)–
93.18(10)°, a ferromagnetic interaction operates between
two neighboring NiII ions with relatively strong magnitude.
However, the diagonal NiII ions (two sets of Ni1/Ni3 and
Ni2/Ni4) are bridged by the µ4-OH– group with angles of
144.88(12)° and 146.87(12)°, so an antiferromagnetic inter-
action occurs between nickel() ions in these two sets. In
Me4N[1], as the MnII ion has dσ and dπ spins, orbital over-
lap through bridging oxygen atoms occurs both in adjoin-
ing MnII sets and in diagonal MnII sets, and this causes
antiferromagnetic interactions in both pathways.

Conclusion

In conclusion, a tetra-anionic sulfonylcalix[4]arene was
used to construct three tetranuclear clusters having a highly
symmetrical structure. The complexes are stable enough to
maintain their structures in solution and moderate metal–
metal interactions were estimated by magnetic susceptibility
measurements. It is expected that L4– generally acts as a
tetranucleating ligand for other transition-metal ions, and
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further studies for the development of a square-shaped tet-
ranuclear system with reversible redox features are now in
progress.

Experimental Section

Solvents and chemicals except for acetonitrile were purchased as
reagent grade and used without further purification. Acetonitrile
was distilled from calcium hydride immediately prior to use in the
cyclic voltammetry measurements. ESI-MS experiments were per-
formed using a Fourier Transform Ion Cyclotron Resonance
(FTICR) mass spectrometer APEX III (Bruker). The reaction solu-
tion was diluted with acetonitrile, methanol, or acetonitrile/dichlo-
romethane (1:1 v/v) to allow the mass spectroscopic measurement,
which gave the same result. Variable-temperature magnetic suscep-
tibility measurements were made using a SQUID magnetometer
MPMS 5S (Quantum Design) at 1 T for Me4N[2], and 0.25 T and
0.5 T field for Me4N[1] and Me4N[3], respectively. Diamagnetic
correction for each sample was determined from Pascal’s constants.

Synthesis of Me4N[1] (Table 1): Mn(AcO)2·4H2O (12.3 mg,
0.05 mmol) and H4L (8.5 mg, 0.01 mmol) were mixed and refluxed
in MeOH/CHCl3 (1:1, v/v, 10 mL) for an hour, and the solvents
evaporated to dryness. The pale brown residue was dissolved into
DMF (0.5 mL), added to Me4NCl (2.2 mg, 0.02 mmol) in ethanol
(2 mL), and then evaporated slowly. Colorless crystals of Me4N[1]·
3.5DMF·H2O were formed in two weeks. Crystals were filtered and
dried in vacuo. Yield, 5.2 mg, 36%. C53.5H74.5Mn4N1.5O22.5S4

(Me4N[1]·0.5DMF·H2O; 1446.69): calcd. C 44.42, H 5.19, N 1.45;
found C 44.25, H 5.32, N 1.46.

Table 1. Selected bond lengths [Å] and angles [°] for Me4N[1].

Mn1–O1 2.179(2) Mn3–O6 2.1550(18)
Mn1–O3 2.213(2) Mn3–O7 2.1832(18)
Mn1–O12 2.227(2) Mn3–O9 2.233(2)
Mn1–O13 2.289(2) Mn3–O13 2.3262(19)
Mn1–O14 2.115(2) Mn3–O17 2.132(2)
Mn1–O21 2.100(2) Mn3–O18 2.097(2)
Mn2–O3 2.240(2) Mn4–O9 2.248(2)
Mn2–O4 2.150(2) Mn4–O10 2.173(2)
Mn2–O6 2.2284(19) Mn4–O12 2.2335(19)
Mn2–O13 2.2449(18) Mn4–O13 2.2309(19)
Mn2–O15 2.122(2) Mn4–O19 2.1108(19)
Mn2–O16 2.122(2) Mn4–O20 2.111(2)
Mn1–O3–Mn2 89.17(6) Mn2–O6–Mn3 90.24(8)
Mn1–O13–Mn2 87.16(6) Mn2–O13–Mn3 85.60(7)
Mn1–O13–Mn3 150.37(7) Mn2–O13–Mn4 153.41(7)
Mn1–O12–Mn4 88.62(7) Mn3–O9–Mn4 88.49(6)
Mn1–O13–Mn4 87.16(7) Mn3–O13–Mn4 86.61(7)

Synthesis of Me4N[2] (Table 2): Co(AcO)2·4H2O (12.5 mg,
0.05 mmol) and H4L (8.5 mg, 0.01 mmol) were mixed and refluxed
in MeOH/CHCl3 (1:1, v/v, 10 mL) for an hour, and the solvents
evaporated to dryness. The pink residue was dissolved into DMF
(0.5 mL), added to Me4NCl (2.2 mg, 0.02 mmol) in ethanol (2 mL),
and then evaporated slowly. Pink crystals of Me4N[2]·
2DMF·2H2O·EtOH were formed in two weeks. Crystals were fil-
tered and dried in vacuo. Yield, 4.3 mg, 30%. C52H71Co4NO22S4

(Me4N[2]·H2O; 1426.13): calcd. C 43.80, H 5.02, N 0.98; found C
43.49, H 5.15, N 1.24.
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Table 2. Selected bond lengths [Å] and angles [°] for Me4N[2].

Co1–O1 2.117(5) Co3–O6 2.042(4)
Co1–O3 2.100(4) Co3–O7 2.121(4)
Co1–O12 2.096(5) Co3–O9 2.100(4)
Co1–O13 2.228(5) Co3–O13 2.290(5)
Co1–O14 2.014(5) Co3–O17 2.029(5)
Co1–O21 2.020(5) Co3–O18 2.013(5)
Co2–O3 2.106(5) Co4–O9 2.117(4)
Co2–O4 2.102(5) Co4–O10 2.120(5)
Co2–O6 2.110(4) Co4–O12 2.108(5)
Co2–O13 2.165(5) Co4–O13 2.147(5)
Co2–O15 2.042(4) Co4–O19 2.028(5)
Co2–O16 2.034(5) Co4–O20 2.024(5)
Co1–O3–Co2 90.88(17) Co2–O6–Co3 92.32(17)
Co1–O13–Co2 86.04(18) Co2–O13–Co3 84.45(17)
Co1–O13–Co3 146.9(2) Co2–O13–Co4 149.3(3)
Co1–O12–Co4 91.26(19) Co3–O9–Co4 91.21(16)
Co1–O13–Co4 86.75(19) Co3–O13–Co4 85.48(17)

Synthesis of Me4N[3] (Table 3): Ni(AcO)2·4H2O (12.4 mg,
0.05 mmol) and H4L (8.5 mg, 0.01 mmol) were mixed and refluxed
in MeOH/CHCl3 (1:1, v/v, 10 mL) for an hour, and the solvents
evaporated to dryness. The pale green residue was dissolved into
DMF (0.5 mL), added to Me4NCl (2.2 mg, 0.02 mmol) in ethanol
(2 mL), and then evaporated slowly. Pale green crystals of
Me4N·0.67[3]·0.33[3b]·3.5DMF·0.67H2O were formed in two
weeks. Crystals were filtered and dried in vacuo. Yield 3.6 mg, 25%.
C52.33H71NNi4O21.67S4 (Me4N·0.67[3]·0.33[3b]·0.67H2O; 1423.85):
calcd. C 44.14, H 5.03, N 0.98; found C 43.75, H 5.26, N 1.33.

Table 3. Selected bond lengths [Å] and angles [°] for Me4N[3].

Ni1–O1 2.077(3) Ni3–O6 2.016(2)
Ni1–O3 2.051(2) Ni3–O7 2.079(2)
Ni1–O12 2.056(3) Ni3–O9 2.066(2)
Ni1–O13 2.216(3) Ni3–O13 2.258(2)
Ni1–O14 1.986(3) Ni3–O17 2.003(3)
Ni1–O21 2.004(3) Ni3–O18 1.986(3)
Ni2–O3 2.061(2) Ni4–O9 2.072(2)
Ni2–O4 2.058(3) Ni4–O10 2.071(3)
Ni2–O6 2.064(2) Ni4–O12 2.068(3)
Ni2–O13 2.165(3) Ni4–O13 2.142(3)
Ni2–O15 2.001(3) Ni4–O19 1.999(3)
Ni2–O16 2.004(3) Ni4–O20 2.005(3)
Ni1–O3–Ni2 92.29(10) Ni2–O6–Ni3 93.18(10)
Ni1–O13–Ni2 85.20(9) Ni2–O13–Ni3 84.13(9)
Ni1–O13–Ni3 144.88(12) Ni2–O13–Ni4 146.87(12)
Ni1–O12–Ni4 91.97(10) Ni3–O9–Ni4 92.08(10)
Ni1–O13–Ni4 85.77(9) Ni3–O13–Ni4 85.17(9)

X-ray Crystallography: Data for all of the compounds were col-
lected by a Bruker SMART APEX diffractometer employing
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at low
temperature (200–233 K). The data integration and reduction were
undertaken with SAINT and XPREP.[11] An empirical correction
determined with SADABS[12] was applied to all data. The struc-
tures were solved by the direct method using SHELXS-97[13] and
refined using least-squares methods on F2 with SHELXL-97.[13]

Non-hydrogen atoms were modeled with anisotropic displacement
parameters, and hydrogen atoms were placed by the differential
Fourier syntheses and refined isotropically (Table 4).

CCDC-249858 to -249860 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 4.Crystallographic data and structural refinement for Me4N[1]–Me4N[3].

Me4N[1]·3.5DMF·H2O Me4N[2]·2DMF·2H2O·EtOH Me4N·0.67[3]·0.33[3b]·3.5DMF·0.67H2O

Empirical formula C62.5H90Mn4N4.5O25.5S4 C60H93Co4N3O26S4 C62.83H95.5N4.5Ni4O25.17S4

Formula mass 1660.39 1636.33 1680.50
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
a [Å] 14.158(11) 14.093(2) 14.0698(14)
b [Å] 14.469(12) 14.278(2) 14.2101(14)
c [Å] 18.983(15) 18.796(3) 18.8762(19)
α [°] 87.463(17) 87.765(5) 87.151(2)
β [°] 89.952(16) 89.435(5) 89.546(2)
γ [°] 86.414(16) 86.276(5) 86.462(2)
V [Å3] 3877(5) 3771.3(11) 3762.1(6)
Z 2 2 2
F (000) 1729 1708 1764
T [K] 200(2) 183(2) 200(2)
ρcalcd. [g cm–3] 1.422 1.441 1.484
Reflections collected 28627 30747 30925
Independent reflections 13600 [Rint = 0.0841] 13239 [Rint = 0.0924] 13231 [Rint = 0.0555]
µ [mm–1] 0.820 1.051 1.175
R1, wR2 [I � 2σ(I)] 0.0628, 0.01361 0.0707, 0.1323 0.0417, 0.0904
R1, wR2 (all data) 0.1259, 0.1588 0.1601, 0.1544 0.0760, 0.0974
Gof (for F2) 0.932 0.897 0.861

Supporting Information (for details see the footnote on the first
page of this article): ESI-mass spectra of complexes Me4N[2] and
Me4N[3], crystal structure of [Mn(L)(BzO)4(OH)]–, and cyclic vol-
tammograms of Me4N[1] to Me4N[3] (Figures 1S–4S).
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Alteration in the Binding Property of a Laterally Nonsymmetric Aza Cryptand
toward CuII, AgI, and TlI Ions upon Derivatization with a Cyanomethyl Group
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The laterally nonsymmetric aza cryptand Lo readily forms
mononuclear inclusion complexes with metal ions like CuII,
NiII, AgI, TlI, and so forth. However, when the secondary
amines present in the three bridges are substituted by a cya-
nomethyl group to yield a new cryptand L, its metal-binding
properties are drastically altered. Thus, while Lo binds AgI at
the tren end, showing AgN4 coordination, in L, the bridge-
head nitrogen atoms are pulled inside to form a two-coordi-
nate complex of AgI and none of the O or N atoms present
in the three bridges are involved in coordination. This is
probably the first example where the two bridgehead atoms
are pulled inside to the maximum to bind the metal ion. Like-
wise, the TlI ion shows TlN4 coordination with Lo, while in L
it is loosely bound at the tren end, showing TlN3 coordina-

Introduction
Macrobicyclic cryptands[1] possess several desirable

properties, such as the topology of the donor atoms, bind-
ing-site rigidity, layer effects, and so forth, that determine
stability, selectivity, and properties of their complexes with
metal ions. One of the important factors in the formation
of metal cryptates is the cryptand conformation equilibria.
For cryptands with N bridgeheads, the principal conform-
ers arise from different orientations of the lone pairs of the
electrons on the bridgehead atoms.[2] Each lone pair may
be oriented into the cavity (endo) or away from the cavity
(exo). Therefore, it is easy to envision a minimum of three
possible conformations for the nitrogen atoms as exo-exo,
exo-endo, and endo-endo. The cryptand Lo (Figure 1) has a
large cavity in which two distinct binding sites are separated
by a hydrophobic spacer. The tren end (N4 moiety) repre-
sents[1c,3] a suitable binding site for transition as well as
main-group metal ions such as NiII, CuII, ZnII, PbII, AgI,
and so forth. The NO3 moiety can be expected to be effec-
tive in binding harder cations. We were interested in observ-
ing any possible alteration in the coordinating ability of the
cryptand when the donor ability of the nitrogen atoms was
suppressed by attaching electron-withdrawing cyanomethyl
groups to them (Figure 1). Tuning the stereoelectronic fac-
tors associated with the binding site has the ultimate aim

[a] Department of Chemistry, Indian Institute of Technology,
Kanpur 208016, India
E-mail: pkb@iitk.ac.in

Eur. J. Inorg. Chem. 2006, 1771–1776 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1771

tion. Upon treatment with a AgI salt, the TlI can be replaced
almost instantaneously. On the other hand, with copper(II)
tetrafluoroborate salt in moist DMF, two of the cyanide
groups in L are converted to carboxylic acid groups and bind
the metal ion from outside. The CuII ion in this complex
shows distorted octahedral coordination where the two O
atoms from the two carboxylic acid groups and the two corre-
sponding N atoms in the two bridges are bound equatorially.
The two axial sites are occupied by the nearby bridgehead
N atom and the O atom of a DMF molecule. All five com-
plexes and the free ligands are characterized by spectro-
scopic and X-ray crystallographic studies.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of enforcing unusual coordination mode(s) on the metal ion
besides potential applications associated with metal bind-

Figure 1. Schematic diagrams of cryptands Lo, L, and L�.
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ing.[4–6] In the present study, CuII, AgI, and TlI ions are
used to probe the complexing ability of the cryptands.

Results and Discussion

The structure of Lo has an endo-exo conformation in
which the distance between the bridgehead N atoms is
6.272(12) Å (Figure 2). A pseudo threefold axis passes
through the bridgehead N atoms.

Figure 2. Perspective view of the cryptand Lo.

For comparison, in the room-temperature structure of
this cryptand,[7] the distance between the two bridgehead
nitrogen atoms is 6.249(14) Å. The O···O and N···N non-
bonding distances are also comparable between the two
structures [Lo (LT) and Lo (RT)[7]]. Thus, temperature varia-
tion has little effect on cryptand conformation.

The asymmetric unit of L consists of a single strand of
the cryptand and a water molecule. The nonbonding dis-
tances between two ethereal O atoms [4.72(1) Å] or two
amino N atoms [4.29(1) Å] are the same because of crystal-
lographically imposed symmetry. Therefore, in the solid
state, the molecule has a threefold symmetry axis passing
through the two bridgehead atoms. This cryptand has an
endo-endo conformation in which the distance between the
two bridgehead N atoms is 5.939(2) Å (Figure 3a). The
shrinkage of the cryptand cavity relative to that of Lo may
be due to a combination of delocalization of the electron
density from the N atoms in the three bridges onto the cya-
nomethyl groups and the steric effects of these groups. The
bond lengths and bond angles in the cryptand are within
normal statistical errors. The 1H NMR spectroscopic data
of L also indicate threefold symmetry in the molecule in
CDCl3. An interesting feature of this structure is the pres-
ence of a triangular planar trimeric water cluster, which
shows positional disorder and can be described as two sets
of triangular planar water clusters. Six cryptand molecules
surround the water cluster (Figure 3b) where each water
molecule shows a weak C–H···O hydrogen-bonding interac-
tion [d(H···O) = 2.340(16) Å] with the nearest benzene
group. The existence of aromatic C–H···O hydrogen bonds

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1771–17761772

has been inferred from several theoretical[8] as well as exper-
imental[9] studies in different organic crystal lattices.[10]

Figure 3. (a) Cryptand L viewed approximately along the threefold
axis. (b) Packing of six L molecules around a cyclic water trimer.
Two trimers are shown illustrating positional disorder.

The structure of complex 1 consists of an [AgL]+cation
and a nitrate anion. One molecule of methanol is also pres-
ent in the lattice. The AgI ion is bonded to four nitrogen
atoms at the tren end of the cryptand and is positioned
0.71 Å above the plane described by three amino N atoms
in the direction away from the bridgehead N atom (Fig-
ure 4). Thus, the coordination geometry is very distorted;
all four nitrogen atoms are on one side of the metal ion.
Such distorted geometry for an AgI cryptate was re-
ported[11] earlier. The bond lengths and angles involving the
metal ion are similar to those found[11–13] in other Ag cryp-
tates. The metal ion is more than 2.9(1) Å away from the
ethereal oxygen atoms and so is considered to be non-
bonded. The separation between the two bridgehead N
atoms is found to be 5.983(7) Å, which is slightly less than
the distance found in Lo (Table 1). The other N···N and
O···O nonbonding distances do not vary appreciably upon
metal binding, which means that the cryptand is mostly pre-
organized.
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Figure 4. View of the AgI ion bound at the tren end of the cavity
in Lo.

The structure of 2 shows that the AgI ion is bonded in-
side the cavity of L in an unprecedented fashion (Figure 5).
Here, either the electron-withdrawing groups attached to
the amino groups make the lone pair unavailable for metal
binding or the methylene group of the –CH2CN moiety
near the aromatic group might prevent closer interaction
between the amino nitrogen atom and a metal ion. How-
ever, the AgI ion shows dicoordination, binding the two
bridgehead N atoms at Ag–N distances of 2.325(8) and
2.388(8) Å and at an N–Ag–N angle of 167.7(10)°. Few
two-coordinate AgI complexes are known[14] in the litera-
ture with similar bond lengths and angles. The distance be-
tween the metal ion and any other N atoms in the three
bridges is 2.82(6) Å or more, while the distance between the
metal ion and an ethereal O atom is at least 2.63(5) Å; the
metal ion may be considered to be semibonded to the oxy-
gen atom. The bond lengths and bond angles of the cryp-
tand moiety are within normal statistical errors. The two
bridgehead N atoms are significantly pulled inside by the
AgI ion; the distance between them is 4.687(15) Å. A water
dimer is also present in the lattice, which is hydrogen-
bonded to the nitrate anion [O···Ow1 3.019(12) Å].

The unsubstituted cryptand Lo forms an inclusion com-
plex with TlI (complex 3) in which the metal ion occupies
a site at the tren end. The TlI ion is in a “4+3” coordination
environment with four normal[15] Tl–N bonds [2.788(8)–
2.869(9) Å] and three long interactions [3.07(9)–3.14(9) Å];
the ethereal O atoms are in the cryptand side arms (Fig-
ure 6). However, the Tl–N bond lengths are at the long end
of the range for Tl–N distances, and therefore are ionic in
character,[15a,15b] although Tl–O bond lengths are compar-
able to literature values.[15f] In complex 4, on the other
hand, TlI exhibits “3+5” coordination (Figure 7), which
comprises three normal Tl–N bonds and five long interac-
tions with the remaining donor atoms (Table 1). The Tl–N
bond lengths are significantly increased relative to the val-
ues obtained for 3. Hence, even though the TlI ion is posi-
tioned at the tren end and bonds to the N atoms attached
to the cyanomethyl groups, the bonding is weak and ionic
in character. In either 3 or 4, the metal ion is symmetrically
bonded to N and O donors and the lone pair on TlI does

Eur. J. Inorg. Chem. 2006, 1771–1776 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1773

Table 1. Selected bond lengths [Å], angles [°], and nonbonded dis-
tances [Å].

Lo L

N(3)···N(4) 4.067 N(3)···N(3�) 4.298
N(3)···N(5) 4.417 N(1)···N(2) 5.936
N(4)···N(5) 3.547 O(1)···O(1�) 4.731
N(1)···N(2) 6.272
O(1)···O(2) 4.855
O(1)···O(3) 5.380
O(2)···O(3) 3.967

1 2

Ag–N(3) 2.425(5) Ag–N(2) 2.326(8)
Ag–N(4) 2.402(5) Ag–N(1) 2.388(8)
Ag–N(5) 2.569(5)
Ag–N(2) 2.465(5)
N(3)–Ag–N(4) 117.63(17) N(2)–Ag–N(1) 167.71(10)
N(3)–Ag–N(5) 73.51(17)
N(4)–Ag–N(5) 73.82 (15)
N(3)–Ag–N(2) 100.54(15)
N(4)–Ag–N(2) 117.93(15)
N(5)–Ag–N(2) 72.75(14)
N(3)···N(4) 4.130 N(3)···N(4) 5.058
N(3)···N(5) 2.990 N(3)···N(5) 5.684
N(4)···N(5) 2.988 N(4)···N(5) 4.387
N(1)···N(2) 4.903 N(1)···N(2) 4.687
O(1)···O(2) 3.999 O(1)···O(2) 4.662
O(1)···O(3) 4.357 O(1)···O(3) 4.878
O(2)···O(3) 4.210 O(2)···O(3) 4.667

3 4

Tl–N(2) 2.869(9) Tl–N(2) 2.902(9)
Tl–N(3) 2.788(5) Tl–N(3) 3.013(5)
Tl–N(4) 2.865(8) Tl–N(4) 2.907(5)
Tl–N(5) 2.848(9) Tl–N(5) 2.834(7)
Tl–O(1) 3.077(9) Tl–O(1) 3.099(5)
Tl–O(2) 3.084(5) Tl–O(2) 3.182(5)
Tl–O(3) 3.144(9) Tl–O(3) 3.010(8)
N(3)–Tl–(N4) 95.59(15) N(3)–Tl–N(4) 107.65(7)
N(3)–Tl–N(5) 116.11(15) N(3)–Tl–N(5) 99.86(8)
N(4)–Tl–N(5) 95.42(15) N(4)–Tl–N(5) 101.06(8)
N(3)–Tl–N(2) 65.42(15) N(3)–Tl–N(2) 62.98(7)
N(4)–Tl–N(2) 62.96(14) N(4)–Tl–N(2) 65.40(8)
N(5)–Tl–N(2) 64.93(14) N(5)–Tl–N(2) 65.44(8)
N(3)···N(4) 4.187 N(3)–N(4) 4.779
N(3)···N(5) 4.782 N(3)···N(5) 4.476
N(4)···N(5) 4.226 N(4)···N(5) 4.432
N(1)···N(2) 6.073 N(1)···N(2) 6.007
O(1)···O(2) 4.907 O(1)···O(2) 4.733
O(1)···O(3) 4.284 O(1)···O(3) 4.522
O(2)···O(3) 4.395 O(2)···O(3) 4.544

5

Cu–O(8) 1.980
Cu–O(4) 1.985
Cu–N(2) 2.056
Cu–N(4) 2.059
Cu–O(6) 2.330
Cu–N(3) 2.349
O(8)–Cu–O(4) 95.24(2)
O(8)–Cu–N(2) 170.71(2)
O(4)–Cu–N(2) 91.47(2)
O(8)–Cu–N(4) 87.66(2)
O(4)–Cu–N(4) 164.75(3)
N(2)–Cu–N(4) 87.54(2)
O(8)–Cu–O(6) 90.11(1)
O(4)–Cu–O(6) 89.26(2)
N(2)–Cu–O(6) 96.39(2)
N(4)–Cu–O(6) 75.74(1)
O(8)–Cu–N(3) 90.14(1)
O(4)–Cu–N(3) 80.12(1)
N(2)–Cu–N(3) 84.69(2)
N(4)–Cu–N(3) 114.90(2)
O(6)–Cu–N(3) 169.36(2)
N(3)···N(4) 3.719
N(3)···N(5) 5.693
N(4)···N(5) 5.515
N(1)···N(2) 4.653
O(1)···O(2) 4.505
O(1)···O(3) 5.482
O(2)···O(3) 5.794
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Figure 5. View of the AgI ion bound to the two bridgehead N
atoms in L. H atoms are omitted for clarity.

not seem to be stereochemically active.[16] When an equiva-
lent amount of AgNO3 is added to an acetonitrile solution
of either 2 or 3, the TlI ion is quantitatively replaced by
AgI-forming crystals of 1 or 2 overnight.

Figure 6. Perspective view of 3 showing the TlI ion bound at the
tren end of Lo.

Figure 7. View of 4 showing the TlI ion bound to three N atoms
at the tren end of L.

The structure of 5 consists of discrete [Cu(L�)(DMF)]2+

cations (Figure 8) and BF4
– anions. One DMF molecule is

also present in the lattice. This structure reveals that two
out of three cyano groups are hydrolyzed to carboxylic acid
groups and bind a CuII ion from outside at the tren end of
the cavity. The H atoms bonded to the carboxylic acid
groups could be easily found in the difference map. We
speculate that CuII initially binds the cryptand outside the
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cavity and activates the cyano group, which is then attacked
by H2O. Only two cyano groups are activated, as the third
one is far away from the metal ion. However, the UV/Vis
data for the hydrolysis of the cyano group taken at different
intervals were not informative. Many metal-mediated pro-
cesses of cyano group hydrolysis are known in the litera-
ture.[17] As a result of hydrolysis of the two cyano groups
to carboxylic acid groups, the corresponding N atoms in
the two bridges are no longer electron-deficient and bind
the CuII ion along with the two O atoms from the two car-
boxylic acid groups equatorially. The two axial sites are oc-
cupied by the nearby bridgehead N atom and the O atom
of a DMF molecule, forming a distorted octahedral coordi-
nation geometry (Table 1) around the metal ion. The three
N donors from the cryptand are inverted, their lone pairs
being directed toward the metal ion, and the cryptand
adopts an exo-endo conformation. The bond lengths and
angles in the cryptand moiety are within normal statistical
error, while those involving the metal ion (Table 1) are sim-
ilar[18] to other CuII cryptates.

Figure 8. A view of the CuII ion bound outside the cryptand cavity.
Lattice DMF and H atoms bonded to C are omitted for clarity.

In the UV/Vis spectral studies, 5 shows a broad ligand-
field band at 685 nm and a charge-transfer band at 325 nm,
with molar extinction coefficients of 35 and 600 cm2·mol–1,
respectively. The effective magnetic moment value (µeff/µB)
for 3 after diamagnetic correction is found to be 2.02 at
293 K, which is consistent[19] with the discrete, mononuclear
formulation of the complex. EPR spectral studies were car-
ried out in the solid state and in DMF solution at 295 and
77 K. In the solid state at 295 K, a broad signal with gav =
2.09 is observed. The signal sharpens at 80 K without re-
vealing any fine structure. In DMF solution at 80 K, an
axial spectrum is obtained with g� = 2.21, g� = 2.08, and
A� = 148×10–4 cm–1.

Conclusion

We show here that, although the unsubstituted cryptand
binds an AgI ion inside the cavity without significant
change of the cryptand conformation, it behaves very dif-
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ferently when electron-withdrawing groups are attached to
the amino nitrogen atoms in the three bridges. The amino
nitrogen atoms lose their ability to bind AgI. Instead, the
metal ion binds the two bridgehead N atoms, which is un-
precedented. On the other hand, the TlI ion forms an in-
clusion complex with Lo, in which the metal ion occupies
the tren end of the cavity and is ligated by all four N atoms.
With L, TlI still occupies the same end of the cavity but is
loosely bound to three N atoms and can be readily replaced
by AgI. In the case of CuII, two of the cyano groups are
hydrolyzed to carboxylic acid groups at room temperature.
This change restores the donor ability of the amino N
atoms and the cryptand binds a CuII ion outside the cavity
in a distorted octahedral fashion. We are presently probing
whether it is possible to have mixed-metal complexes with
this and other related cryptands.

Experimental Section
Materials: All reagent-grade chemicals were used without purifica-
tion unless otherwise specified. The metal salts, bromoacetonitrile,
and tris(2-aminoethyl)amine were obtained from Aldrich. Triethan-
olamine, salicylaldehyde, sodium borohydride, sodium hydroxide,
anhydrous sodium sulfate, potassium carbonate, thionyl chloride,
and solvents were received from S. D. Fine Chemicals (India).
Thionyl chloride and all the solvents were freshly distilled prior to
use, and all the reactions were carried out under N2.

Physical Measurements: Spectroscopic data were collected as fol-
lows: IR (KBr disk, 400–4000 cm–1) Perkin–Elmer Model 1320; 1H
NMR ([D6]DMSO, TMS) JEOL JNM-LA400 FT, 400 MHz. FAB
MS (positive ion, argon as the FAB gas, 6 kV, 10 mA, 10 kV acce-
lerating voltage) JEOL SX 102/DA-6000. Magnetic susceptibility
measurements were made by using a Cahn Faraday Balance with
[CoHg(SCN)4] as the standard and applying diamagnetic correc-
tions as described earlier.[18] The EPR spectrum for complex 3 was
recorded at X-band frequency with a BRUKER 300E automatic
spectrometer at 298 and 80 K. Melting points were determined with
an electrical melting point apparatus by PERFIT, India, and were
uncorrected. Elemental analyses were obtained from CDRI, Luck-
now.

Synthesis

Cryptand Lo: It was synthesized as reported[7] earlier. Single crystals
suitable for X-ray crystallography were grown by slow concentra-
tion of an acetonitrile solution at room temperature.

Cryptand L: Cryptand Lo (1 g, 1.78 mmol) was added to a suspen-
sion of anhydrous potassium carbonate (0.86 g, 6.25 mmol) in dry
acetonitrile (100 mL). The solution was stirred at 30 °C. After
30 min, bromoacetonitrile (0.42 mL, 6.25 mmol) was added to the
stirred solution. The mixture was stirred at 30 °C for 24 h, and the
solvent was removed completely in a rotary evaporator. The black
solid that remained was shaken with water and then extracted with
chloroform (3×50 mL). The chloroform layer, after being decolo-
rized with activated charcoal and dried with anhydrous sodium sul-
fate, was concentrated completely to yield a yellowish white solid
as the desired product. It was purified further by crystallization
from dichloromethane to obtain colorless crystals in the form of
rectangular parallelepipeds. Yield ca. 85% (1.02 g). M.p. 160 °C.
1H NMR (400 MHz, CDCl3, 25 °C, TMS): aliphatic: δ = 2.65 (dd,
J = 22.12, 5.4 Hz, 12 H), 3.18 (t, J = 5.32 Hz, 6 H), 3.46 (s, 6 H),
3.52 (s, 6 H), 4.06 (t, J = 5.12 Hz, 6 H); aromatic: δ = 6.78 (d, J =
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8.04 Hz, 3 H), 6.93 (t, J = 7.32 Hz, 3 H), 7.14–7.26 (m, 6 H) ppm.
FAB-MS: m/z (%) = 677 [L]+ (100). C39H48N8O3 (678): calcd. C
69.21, H 7.15, N 16.56; found C 69.28, H 7.21, N 16.67.

[Ag(Lo)]·(NO3)·CH3OH (1): Cryptand Lo (0.56 g, 1 mmol) in dry
methanol (5 mL) was added at once to an acetonitrile solution
(5 mL) of AgNO3 (0.17 g, 1 mmol) at room temperature in the
dark. The light brown solution formed was filtered and the filtrate
stored in the dark for crystallization. Colorless X-ray quality crys-
tals in the form of rectangular parallelepipeds appeared in about
2 d. Yield ca. 35% (0.67 g). C34H49AgN6O7 (761.66): calcd. C
53.61, H 6.48, N 11.034; found C 53.43, H 6.52, N 10.98.

[Ag(L)]·(NO3)·2H2O (2): Cryptand L (0.68 g, 1 mmol) in dry aceto-
nitrile (5 mL) was added to an acetonitrile solution (5 mL) of
AgNO3 (0.17 g; 1 mmol) at room temperature in the dark. The light
brown solution was filtered and the filtrate kept for crystallization.
Colorless, X-ray-quality, square crystals appeared in 3 d. Yield ca.
55% (0.47 g). C39H52AgN9O8 (882.75): calcd. C 53.06, H 5.93, N
14.28; found C 52.92, H 5.90, N 14.13.

[Tl(Lo)](CH3OH)(ClO4) (3): The cryptand Lo (0.56 g, 1 mmol) dis-
solved in dry methanol (5 mL) was added all at once to a CH3CN
solution (3 mL) of Tl(ClO4)·xH2O (0.36 g, 1.2 mmol) at room tem-
perature in the dark. A brown solution was obtained that was fil-
tered, and the filtrate was stored at room temperature while the
solvent evaporated. White X-ray-quality rectangular crystals of 4
appeared in about 2 d. Yield ca. 50% (0.45 g). C34H49Cl1N5O8Tl
(895.62): calcd. C 45.60, H 5.51, N 7.82; found C 45.78, H 5.38, N
7.40.

[Tl(L)](H2O)(ClO4) (4): Cryptand L (0.68 g; 1 mmol) in dry aceto-
nitrile (5 mL) was added to an acetonitrile solution (5 mL) of
Tl(ClO4)·xH2O (0.36 g, 1.2 mmol) at room temperature in the dark.
The light brown solution was filtered and the filtrate kept for
crystallization. Colorless, X-ray-quality, square crystals appeared
in 3 d. Yield ca. 55% (0.55 g). C39H50Cl1N8O8Tl (998.70): calcd. C
46.90, H 5.05, N 11.22; found C 49.75, H 5.11, N 11.09.

[Cu(L�)(DMF)]·(BF4)2·DMF (5): Cryptand L (0.68 g, 1 mmol), dis-
solved in dry DMF (3 mL) was added all at once to a DMF solu-
tion (3 mL) of Cu(BF4)2·xH2O (0.23 g, 1.2 mmol) at room tem-
perature. A blue-green solution was obtained that was filtered and
the filtrate was stored at room temperature while the solvent evapo-
rated. Blue-green, X-ray-quality, rectangular crystals of 5 appeared
in about 7 d. Yield ca. 50% (0.55 g). C45H64CuN8O9(BF4)2

(1098.2): calcd. C 49.21, H 5.87, N 10.20; found C 49.44, H 5.99,
N 10.38.

X-ray Structural Studies: Single-crystal X-ray data were collected
at 100 K with a Bruker SMART APEX CCD diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The
linear absorption coefficients, scattering factors for the atoms, and
the anomalous dispersion corrections were taken from the Inter-
national Tables for X-ray Crystallography. Data integration and
reduction were processed with the SAINT[20] software. The struc-
ture was solved by direct methods using SHELXTL and was re-
fined on F2 by full-matrix least-squares techniques using the
SHELXL-97 program[21] package. All non-hydrogen atoms were re-
fined anisotropically except C(33) of compound 1, which was re-
fined isotropically. All hydrogen atoms were located in successive
difference Fourier maps and they were treated as riding atoms by
using SHELXL default parameters. The crystal data for the struc-
tures are collected in Tables 1 and 2. CCDC-290844 to -290850
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.ac.uk/data_request/cif.
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Table 2. Crystal data and structure refinement for Lo, L, 1–5.

Lo L 1 2 3 4 5

Empirical formula C33H45NO3 C13H14NO2 C34H48AgN6O7 C39H48AgN9O8 C34H49ClN5O7Tl C39H50ClN5O8Tl C45H64B2CuF9N8O10

Formula mass 559.74 258.28 760.65 878.73 879.59 998.31 1133.20
T [K] 100 100 100 100 100 100 100
Radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα Mo-Kα

Wavelength [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic cubic triclinic monoclinic triclinic monoclinic triclinic
Space group P1̄ Pa-3 P1̄ P21/n P1̄ P21/n P1̄
a [Å] 10.114(5) 19.4675(6) 9.6638(8) 11.135(5) 9.869(5) 11.865(5) 13.896(5)
b [Å] 11.823(5) 19.4675(6) 12.6337(10) 19.080(5) 13.036(5) 19.239(5) 16.210(5)
c [Å] 13.297(5) 19.4675(6) 13.8277(11) 19.250(5) 14.200(5) 18.268(5) 16.396(5)
α [°] 106.953(5) 90 86.2680(10) 90 90.118(5) 90 107.285(5)
β [°] 91.408(5) 90 88.076(2) 105.182(5) 101.290(5) 103.036(5) 101.442(5)
γ [°] 91.032(5) 90 86.9580(10) 90 99.934(5) 90 112.632(5)
V [Å3] 1519.9(11) 7377.9(4) 1681.5(2) 3947(2) 1763.4(14) 4063(2) 3043.1(17)
Z 2 24 2 4 2 4 2
ρcalcd. [mg·m–3] 1.223 1.248 1.502 1.479 1.687 1.633 1.199
µ [mm–1] 0.079 0.083 0.657 0.575 4.713 4.103 0.435
F (000)[a] 604 2960 794 1824 900 2008 1146
Reflections collected 9804 47225 11217 26186 11670 26621 20385
Independent reflections 7158 3065 7983 9756 8354 9905 14479
Goof 1.029 1.118 1.067 0.849 1.017 1.033 1.043
Final R[b] indices
R1 0.0652 0.0759 0.0597 0.0577 0.0497 0.0331 0.0718
wR2 0.1482 0.1727 0.1428 0.1413 0.1296 0.0793 0.2219
R indices
R1 0.1280 0.0962 0.0689 0.0750 0.0542 0.0439 0.0927
(all) wR2 0.1746 0.1837 0.1486 0.1542 0.1327 0.0838 0.2072

[a] Refinement method: full-matrix least squares on F2. [b] R = Σ||Fo| – |Fc||/|Fo|; wR2 = Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]1/2.
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[BH3PPh2]–, CH3PPh2, and HPPh2
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The compounds K[PPh2], HPPh2, CH3PPh2, BH3(H)PPh2,
BBr3(H)PPh2, BH3(CH3)PPh2, BBr3(CH3)PPh2, [H2PPh2]I,
[CH3(H)PPh2]I, [(CH3)2PPh2]I, and K[(BH3)2PPh2] have been
investigated by NMR spectroscopy. In addition, X-ray crystal
structures have been determined for K(18-crown-6)[PPh2],
BBr3(H)PPh2, BBr3(CH3)PPh2, [H2PPh2]I, [CH3(H)PPh2]I,
[(CH3)2PPh2]I, and K(18-crown-6)[(BH3)2PPh2]. An evalu-
ation of coupling constants (e.g. 1JPCi; Ci = ipso carbon atom
of a phenyl ring) augmented by an inspection of key struc-
tural parameters (e.g. the angles Ci–P–Ci�) leads to the con-

Introduction

Organophosphanes have been extensively studied as li-
gands to both main group Lewis acids and transition metals
in order to unveil the factors governing the stability and
reactivity of coordination complexes.[1] In the course of
these studies it soon became apparent that phosphanes may
not generally be viewed as simple σ donors because often
an intricate interplay exists between the P � M σ interac-
tion and an M � ligand π back-donation. The π acceptor
strength of PF3, for example, is comparable to that of CO,
commonly regarded as the archetypical π acceptor ligand.
If, on the other hand, electropositive substituents are at-
tached to the phosphorus atom, one would expect an in-
crease in Lewis basicity likely together with a decrease in π
acidity of the respective phosphane molecule. One way to
test this assumption is through replacement of alkyl groups
on phosphorus by borane moieties. Using parent [BH3], we
thereby arrive at a class of anionic species [BH3PRR�]–

which are the heavier homologues of the better-known ami-
noborohydrides [BH3NRR�]–.[2] Until today, phosphanyl-
borohydrides [BH3PRR�]– have mainly been generated in
situ and used as building blocks for the preparation of chi-
ral organophosphanes.[3–6] Moreover, aiming at the synthe-
sis of polymeric materials involving group 13 and group 15
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clusion that dative bonds originating from ligand [BH3PPh2]–

possess a significantly higher p character than dative bonds
involving the ligands HPPh2 and CH3PPh2. The 1JPB values
obtained for BH3(H)PPh2, BH3(CH3)PPh2, and [(BH3)2PPh2]–

suggest [BH3PPh2]– to form the strongest [BH3] adduct of all
three compounds which is in agreement with the results of
displacement reactions employing the couples CH3PPh2/
[(BH3)2PPh2]– and [BH3PPh2]–/BH3(CH3)PPh2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

elements, Manners and co-workers have recently employed
the compound Li[BH3PPh2] in the preparation of linear hy-
brid aminoborane/phosphanylborane chains.[7] The
same group has also reported on the synthesis of the
platinum phosphanylborohydride complexes trans-
[PtH(BH3PPhR)(PEt3)2] (R = H, Ph) by the regioselective
insertion of the Pt(PEt3)2 fragment into the P–H bond of
BH3(H)2PPh or BH3(H)PPh2.[8] Other examples of struc-
turally characterised phosphanylborohydride complexes in-
clude the compounds [(dppp)Pd(C6F5)(BH3PPh2)][9] and
[(C5Me5)Fe(CO)2(BH3PPh2)].[10] Finally, Müller et al. have
explored the complexation potential of [BH3P(CH3)2]– and
[BH3P(Ph)tBu]– toward lithium and aluminium.[11]

In a 1996 paper, Fu et al. described diphenylphosphido-
boratabenzene, [(BC5H5)PPh2]–, as anionic analogue of the
ubiquitous triphenylphosphane ligand and explored its co-
ordination chemistry.[12] Stimulated by their investigations,
our group embarked on a systematic study of the ligand
properties of anionic phosphanylborohydrides [BH3PRR�]–

in comparison to their neutral isoelectronic and iso-
structural methyl analogues CH3PRR�. For a start, we are
focusing on compounds in which the phosphorus atom is
exclusively engaged in σ bonds. Effects of π bonding will be
considered at a later stage. All compounds under investiga-
tion here are based on the PPh2 fragment (Figure 1). The
series of derivatives starts with the [PPh2]– ion (K[PPh2], 1)
and continues with the phosphanes HPPh2 (2) and
H3CPPh2 (3), followed by their complexes with the main
group Lewis acids [BH3], H+, and [CH3]+ (cf. 4H, 5H, and
6–8). As we were not able to grow X-ray quality crystals of
the [BH3] adducts 4H and 5H, the corresponding BBr3 ad-
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ducts 4Br and 5Br were structurally characterised instead.
The series closes with the anionic species K[(BH3)2PPh2]
(9).

Figure 1. The potassium phosphide 1, the phosphanes 2, 3, and the
phosphane adducts 4–9.

With this selection of molecules it is possible to study
systematic trends in NMR- and structural parameters (i)
upon increasing the coordination number of phosphorus
from two to three and four (e.g. [PPh2]– vs. HPPh2 vs.
[H2PPh2]+) and (ii) by comparing isoelectronic and iso-
structural species of different charge (e.g. [(BH3)2PPh2]– vs.
[(CH3)2PPh2]+). It is to be mentioned that some of the com-
pounds under investigation here are already known in the
literature (see below). However, crystal structure analyses
were missing and even though selected NMR spectroscopic
data have been reported, measurement conditions vary to
such an extent that a re-investigation using the same solvent
and (in the case of 6–8) counterion was inevitable, because
these can greatly influence the chemical shift values.[13]

Results and Discussion

Syntheses: K[PPh2] (1) was prepared through deproton-
ation of HPPh2 (2) with potassium metal in THF. BH3(H)-
PPh2 (4H) is accessible from HPPh2 (2) and B2H6.[14] How-
ever, we preferred to use a calibrated solution of BH3·THF
in THF which is more convenient to handle. BBr3(H)PPh2

(4Br) was synthesised from HPPh2 (2) and BBr3 following
a published procedure.[14] BH3(CH3)PPh2 (5H) is formed
similar to BH3(H)PPh2 (4H) upon treatment of CH3PPh2

(3) with BH3·THF in THF (Manners et al. have used
BH3·SMe2 instead[7]). An alternative route to 5H employs
ClPPh2 as starting material which is first methylated with
MeMgI and subsequently borylated with NaBH4/I2.[15]

BBr3(CH3)PPh2 (5Br) was synthesised from CH3PPh2 (3)
and BBr3 following a published procedure.[16] The phospho-
nium iodide salts [H2PPh2]I (6) and [CH3(H)PPh2]I (7) were

Table 1. Key structural parameters of compounds 1c, 4Br, 5Br, 6, 7, 8, and 9c.

P–B P–Ci P–CH3 Ci–P–Ci�

1c K(18-c-6)[PPh2] – 1.811(2)/1.815(2)[a] – 107.1(1)[a]

– 1.807(2)/1.817(2)[b] – 108.3(1)[b]

4Br BBr3(H)PPh2 1.965(4) 1.803(4)/1.805(4) – 110.8(2)
5Br BBr3(CH3)PPh2 1.976(9) 1.801(11)/1.810(10) 1.814(11) 106.5(5)
6 [H2PPh2]I – 1.794(2)/1.798(2) – 109.6(1)
7 [CH3(H)PPh2]I – 1.796(3)/1.797(3) 1.798(3) 110.8(1)
8[18] [(CH3)2PPh2]I – 1.794(3) 1.782(3) 107.6(2)
9c K(18-c-6)[(BH3)2PPh2] 1.930(2)/1.940(2) 1.829(2)/1.831(2) – 100.2(1)

[a] Coordinated [PPh2] unit. [b] Non-coordinated [PPh2] unit.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1777–17851778

prepared by treatment of HPPh2 (2) and CH3PPh2 (3) with
excess HI in toluene; for the syntheses of [CH3(H)PPh2]Br
and [(CH3)2PPh2]I (8) see refs.[17,18] The synthesis of
K[(BH3)2PPh2] was accomplished by deprotonation of
BH3(H)PPh2 (4H) with KH and subsequent addition of
BH3·THF in THF.

In the following, all compounds under investigation will
be viewed as adducts between the Lewis bases HPPh2 (2),
CH3PPh2 (3), and [BH3PPh2]– with the Lewis acids H+,
[BH3], BBr3, and [CH3]+.

X-ray Crystallography: Single crystals of the potassium
salts 1 and 9 were obtained only after potassium complex-
ation with 18-crown-6. The compounds K(18-
crown-6)[PPh2] and K(18-crown-6)[(BH3)2PPh2] will be re-
ferred to as 1c and 9c, respectively. Selected bond lengths
and angles of compounds 1c, 4Br, 5Br, 6, 7, 8, and 9c are
compiled in Table 1.

The potassium diphenylphosphide K(18-crown-6)[PPh2]
(1c) crystallises from THF in the monoclinic space group
P21/n (Figure 2).

The asymmetric unit of 1c contains two formula units
and features diphenylphosphide anions in distinctly dif-
ferent chemical environments: The first [PPh2]– fragment
coordinates to two potassium counterions with bond
lengths P(1)–K(1) and P(1)–K(1A) of 3.347(1) Å and
3.267(1) Å, respectively (sum of the ionic radius of K+ and
the van-der-Waals radius of phosphorus: 3.55 Å[19]). Each
potassium centre is encapsulated by one crown ether ligand;
in addition, a relatively short intermolecular contact is es-
tablished between K(1A) and one phenyl ring [K(1A)···
C(25A) = 3.518(2) Å]. The bond angles around the phos-
phorus atom P(1) cover the wide range from 84.0(1)° for
C(21)–P(1)–K(1A) to 150.1(1)° for K(1)–P(1)–K(1A). How-
ever, the angle defined by the two phenyl ipso-carbon atoms
and the phosphorus atom is close to the ideal tetrahedral
angle of 109.5° [C(21)–P(1)–C(31) = 107.1(1)°]. A largely
two-coordinate phosphorus atom is found in the second
[PPh2]– ion [shortest P(1A)···K contact: 5.918 Å]. Neverthe-
less, both the P–Ci bond lengths (Ci = ipso carbon atom of
a phenyl ring) and the Ci–P–Ci� bond angles of the two
different PPh2 fragments are almost identical within experi-
mental error [C(21A)–P(1A)–C(31A) = 108.3(1)°; Table 1].
Two other adducts of K[PPh2] have previously been charac-
terised, the N,N,N�,N��,N��-pentamethyldiethylenetriamine
complex {K(pmdta)[PPh2]}n

[20] and the 1,4-dioxane com-
plex {K(dioxane)2[PPh2]}n.[21] Most notably, Eaborn, Smith
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Figure 2. Molecular structure and numbering scheme of compound
1c; thermal ellipsoids shown at the 50% probability level; hydrogen
atoms omitted for clarity. Selected bond lengths [Å] and bond
angles [°]: P(1)–C(21) = 1.815(2), P(1)–C(31) = 1.811(2), P(1A)–
C(21A) = 1.817(2), P(1A)–C(31A) = 1.807(2), P(1)–K(1) =
3.347(1), P(1)–K(1A) = 3.267(1), K(1A)···C(25A) = 3.518(2);
C(21)–P(1)–K(1A) = 84.0(1), K(1)–P(1)–K(1A) = 150.1(1), C(21)–
P(1)–C(31) = 107.1(1), C(21A)–P(1A)–C(31A) = 108.3(1).

et al.[22] have determined the crystal structure of solvent-
free {K[PPh2]}n which contains seven molecules in the
asymmetric unit.

ORTEP drawings of the molecular structures of the
boron–phosphorus adducts (BBr3)HPPh2 (4Br) and
BBr3(CH3)PPh2 (5Br) as well as of the phosphonium salts
[H2PPh2]I (6), [CH3(H)PPh2]I (7), and [(CH3)2PPh2]I (8)[18,23]

can be found in the Supporting Information. In all these
compounds, the phosphorus atom is surrounded by four
substituents. Important bond lengths and angles for com-
parison are listed in Table 1. In the case of 6 and 7, the
iodide ions are part of a complex network of P–H···I and
Ph–H···I hydrogen bridges.

The phosphanylborohydride adduct K(18-crown-6)-
[(BH3)2PPh2] (9c) crystallises in the monoclinic space group
P21/c (Figure 3).

Each K+ ion is complexed by six oxygen atoms of a
crown ether molecule and establishes two short and one sig-
nificantly longer contact to the hydrogen atoms of one
[BH3] fragment [K(1)–H(1A) = 2.683 Å, K(1)–H(1C) =
3.003 Å, K(1)···H(1B) = 3.452 Å]. Using Edelstein’s corre-
lation[24] of metal–boron distances as a measure of the
denticity of borohydride groups, values of 1.6±0.1 Å and
1.36±0.06 Å are estimated for the ionic radii of bidentate
and tridentate borohydride ligands, respectively. Thus, B···K
distances of about 3.25 Å and 3.01 Å are to be expected
for K-µ2-BH3R and K-µ3-BH3R coordination modes (ionic
radius of octacoordinated K+ = 1.65 Å[25]). Since the B(1)···
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Figure 3. Molecular structure and numbering scheme of compound
9c; thermal ellipsoids shown at the 50% probability level. Selected
bond lengths [Å] and bond angles [°]: P(1)–B(1) = 1.930(2), P(1)–
B(2) = 1.940(2), P(1)–C(21) = 1.829(2), P(1)–C(31) = 1.831(2),
C(34)–K(1)# = 3.372(2), K(1)–H(1A) = 2.683, K(1)···H(1B) =
3.452, K(1)–H(1C) = 3.003, B(1)···K(1) = 3.205; B(1)–P(1)–B(2) =
116.3(1), C(21)–P(1)–C(31) = 100.2(1). Symmetry transformation
used to generate equivalent atoms: x, –y + 1/2, z – 1/2 (#).

K(1) distance in 9c amounts to 3.205 Å, it may be con-
cluded that [(BH3)2PPh2]– acts as bidentate ligand toward
the potassium cation which is the most common binding
mode in metal borohydrides.[24] Further short contacts be-
tween the phenyl carbon atom C(34) and the neighbouring
potassium ion K(1)# [C(34)–K(1)# = 3.372(2) Å] stabilize
the molecular packing as zig-zag chains in the crystal lattice
(Figure 4).

Looking at the series of compounds 1c, 4Br, 5Br, 6, 7, 8,
and 9c, it is our goal to find out whether differences in the
electron-density distribution at phosphorus can be corre-
lated to systematic trends in the key structural parameters
of these molecules (cf. Table 1). To this end we are consider-
ing the P–Ci bond lengths and the Ci–P–Ci� bond angles
of the PPh2 fragments first. According to Bent’s rule,[26] a
tetracoordinate atom A directs hybrids of greater p charac-
ter toward more electronegative substituents S and S� which
in turn leads to smaller S–A–S� bond angles. In this con-
text, lone pairs on atoms not involved in multiple bonds are
in a first approximation viewed as residing in tetrahedral
hybrid orbitals. Deviations from perfect sp3 hybridisation
that occur are in a direction that concentrates s character
in the lone-pair orbitals. This effect normally becomes more
pronounced as the number of unshared electron pairs about
the heavy atom increases.[26]

The K+-coordinated [PPh2]– ion of 1c shows a more
acute Ci–P–Ci� angle [107.1(1)°] than the free [PPh2]– ion
[108.3(1)°], however, the actual difference of 1.2(1)° is very
small. One reason for this seeming violation of Bent’s rule
could be that the interaction of P(1) with the two potassium
ions is merely electrostatic in nature and thus has no pro-
nounced effect on the orbital composition of the phospho-
rus atom. In the case of the two BBr3 adducts 4Br and 5Br,
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Figure 4. Crystal packing diagram of compound 9c.

we find a significantly smaller Ci–P–Ci� angle for the methyl
derivative [4Br: 110.8(2)°, 5Br: 106.5(5)°]. Given the well-
known positive inductive effect of the CH3 substituent, this
indicates a higher p character in the P–Ph bonds of 5Br
than in those of 4Br. Within the series 6 � 7 � 8, only
small differences between the individual Ci–P–Ci� angles are
observed, which, moreover, do not follow a systematic trend
since the respective angle in the mixed compound 7 does

Table 2. Selected NMR parameters of compounds 1–9; solvents: THF (1–5Br, 9), CDCl3 (6–8); upfield shifts are denoted by a minus
sign and downfield shifts by a plus sign.

Chemical shift values [ppm] (1JPX [Hz])
Nucleus 31P 11B (1JPB) P–1H (1JPH) P–13Ci (1JPC) P–13CH3 (1JPC)

1 K[PPh2] –9.8 – – 157.1 (56.0) –
2 HPPh2 –39.5 – 5.11 (215.7) 135.4 (10.7) –
3 CH3PPh2 –26.1 – – 140.8 (10.0) 12.9 (12.0)
4H BH3(H)PPh2 1.7 –40.0 (42) 6.16 (380.8) 127.6 (56.2) –
4Br BBr3(H)PPh2 –13.6 –17.1 (142) 6.97 (444.4) 121.3 (65.7) –
5H BH3(CH3)PPh2 11.5 –37.9 (55) – 131.9 (54.8) 11.4 (40.0)
5Br BBr3(CH3)PPh2 –9.2 –14.6 (150) – 124.2 (68.2) 7.1 (48.7)
6 [H2PPh2]I –31.0[a] – 9.91 (530.6)[a] 128.0 (83.0)[a] –
7 [CH3(H)PPh2]I –5.2[a] – 9.87 (521.7)[a] 115.9 (85.4)[a] 7.1 (53.8)[a]

8 [(CH3)2PPh2]I 21.9 – – 120.5 (87.6) 11.4 (56.4)
9 K[(BH3)2PPh2] –11.1 –34.6 (64) – 140.2 (38.5) –

[a] Recorded at 233 K.
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not interpolate that of the doubly protonated molecule 6
and the doubly methylated compound 8. By far the most
pronounced deviation of Ci–P–Ci� from the ideal tetrahe-
dral angle is observed in the adduct K(18-crown-6)-
[(BH3)2PPh2] (9c). In line with Bent’s rule, the value of
100.2(1)°, as compared to 107.6(2)° in [(CH3)2PPh2]I (8),
points towards a high degree of p character in the P–Ci

bond orbitals of 9c. This interpretation is supported by the
fact that the corresponding P–Ci bond lengths are signifi-
cantly elongated [cf. 9c: 1.829(2) Å/1.831(2) Å; 8:
1.794(3) Å]. In contrast to a priori expectations, they are
even longer and the Ci–P–Ci� angle is more acute than in
the potassium phosphide 1 [1.807(2) Å to 1.817(2) Å;
average value for Ci–P–Ci�: 107.7°].

NMR Spectroscopy: The most characteristic NMR pa-
rameters of the compounds 1–9 are compiled in Table 2.

For comparability and solubility reasons, all NMR spec-
tra were run at ambient temperature (300 K). However, as
[H2PPh2]I (6) appeared to be largely dissociated in CDCl3
solution under these conditions, the compounds 6 and 7
have also been investigated at low temperature (233 K) in
order to shift the dissociation–association equilibrium to
the adduct side (low-temperature data included in Table 2).
In order to assess the relative degree of s and p character
in the P–E bonding orbitals (E = H, C, B), we will mainly
rely on the corresponding 1JPE coupling constants. Com-
mon wisdom has it that NMR coupling constants via a
certain bond are governed by the Fermi contact term,
which increases with increasing s character of the respective
bond. We are aware of the fact that 1JPE values may change
their sign upon going from one compound to another. In
such cases, a correlation of 1JPE with the s character of the
P–E bond is not possible until the signs of the coupling
constants are known. We have not determined any relative
sign data, however, it is firmly established in the literature
that 1JPB coupling constants in phosphane–boranes[27] as
well as 1JPH coupling constants[28] are generally positive.
1JPC coupling constants tend to be negative in three-coordi-
nate phosphanes (cf. PPh3: 1JPC = –12.5 Hz) and positive in
compounds containing four-coordinate phosphorus centres
(cf. [PPh4]+: 1JPC = +88.4 Hz).[28] For a detailed description
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of the effect of electron lone pairs on nuclear spin–spin
coupling constants, the reader is referred to the work of Gil
and Philipsborn.[29]

At first, we are considering systematic changes in the
NMR parameters of the three Lewis bases HPPh2 (2),
CH3PPh2 (3), and [BH3PPh2]– upon variation of the coordi-
nated acid. Drake et al. have determined the P–H proton
chemical shifts for five series of BX3–P(H)RR� adducts (R/
R� = H/H, CD3/H, CD3/CD3, Ph/H, Ph/Ph; X = F, Cl, Br,
I).[14] As a general trend within any of the five groups, the
shielding of the proton on phosphorus was found to de-
crease in a manner parallel to the accepted order of Lewis
acidity (BF3 � BCl3 � BBr3 � BI3). Consistently, we ob-
serve a downfield shift of the P–H resonance along the
series P(H)Ph2 (2; δ = 5.11) � BH3–P(H)Ph2 (4H; δ = 6.16)
� BBr3–P(H)Ph2 (4Br; δ = 6.97) � [CH3–P(H)Ph2]+ (7; δ
= 9.87) � [H–P(H)Ph2]+ (6; δ = 9.91). Parallel to that, 1JPH

becomes larger, thereby indicating an increasing degree of s
character in the P–H bond. Moreover, the absolute value of
the coupling constant 1JPCi between phosphorus and the
ipso carbon atoms of the attached phenyl rings also in-
creases in the same order: 2 (10.7 Hz) � 4H (56.2 Hz) �
4Br (65.7 Hz) � 7 (85.4 Hz) � 6 (83.0 Hz). A similar trend
in the 1JPC values of the P–CH3 and the P–Ph fragments is
evident within the series of methylphosphane adducts: 3 �
5H � 5Br � 7 � 8 (Table 2). Thus, there is obviously an
increase in s character in the P–H and P–C bonding orbitals
of 2 and 3 upon adduct formation. Concomitantly, an in-
crease in the p character of the phosphorus lone pair has
to be postulated as it becomes involved in dative bonding.
In line with the isovalent hybridisation hypothesis,[26] the p
character of the donor-acceptor bond is more pronounced
when more Lewis acidic electrophiles are coordinated. Of
special interest is an evaluation of the characteristic NMR
parameters of the isoelectronic donors P(CH3)Ph2 (3) and
[P(BH3)Ph2]– after coordination of [BH3], H+, and [CH3]+,
respectively. As far as the 31P–13Ci coupling constants are
concerned, we obtain qualitatively similar results for both
ligands with 1JPCi being consistently smaller in the [BH3]
adducts as compared to the protonated or methylated deriv-
atives {cf. K[BH3–P(BH3)Ph2] (9), H–P(BH3)Ph2 (4H),
CH3–P(BH3)Ph2 (5H): 1JPCi = 38.5 Hz, 56.2 Hz, 54.8 Hz;
BH3–P(CH3)Ph2 (5H), [H–P(CH3)Ph2]I (7), [CH3–P(CH3)-
Ph2]I (8): 1JPCi = 54.8 Hz, 85.4 Hz, 87.6 Hz}.

The 31P NMR resonances within the series P(H)Ph2 (2),
BH3–P(H)Ph2 (4H), BBr3–P(H)Ph2 (4Br), and [CH3–P(H)-
Ph2]I (7) possess chemical shift values of δ = –39.5 ppm,
1.7 ppm, –13.6 ppm, and –5.2 ppm, respectively (Table 2).
This observation is in agreement with the known fact that
in most cases quaternisation of phosphanes leads to a
downfield shift of the 31P NMR signal as the shielding ef-
fect of the lone pair is removed.[13] Deshielding is most pro-
nounced after coordination of the isoelectronic and iso-
steric Lewis acids [BH3] and [CH3]+. Adduct formation of
P(H)Ph2 with BBr3 leads to a smaller downfield shift.
Within the series of P(CH3)Ph2 adducts, the following 31P
NMR shifts are observed (Table 2): 3 (δ = –26.1), 5H (δ =
11.5), 5Br (δ = –9.2), 8 (δ = 21.9). Thus, substitution of P–
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CH3 for P–H results in a general deshielding of the respec-
tive 31P nucleus. The isosteric couples 4H/7, 5H/8, and 8/9
deserve special attention. The 31P NMR resonance of H–
P(BH3)Ph2 (4H) is shifted by 6.9 ppm to lower field as com-
pared to the resonance of [H–P(CH3)Ph2]I (7). However,
this order is reversed and the absolute difference increases
(∆δ = –10.4) in the case of CH3–P(BH3)Ph2 (5H; δ = 11.5)
vs. [CH3–P(CH3)Ph2]I (8; δ = 21.9). Finally, the largest shift
difference (∆δ = –33.0) is found between K[BH3–P(BH3)-
Ph2] (9; δ = –11.1) and [CH3–P(CH3)Ph2]I (8; δ = 21.9).

11B NMR spectroscopy reveals a slight downfield shift
of the boron nucleus upon going from 4H (δ = –40.0) to
5H (δ = –37.9) and 9 (δ = –34.6). A qualitatively similar
effect is observed for the couple 4Br/5Br (Table 2).

In the second stage, we will now consider three groups
of aggregates of the ligands P(H)Ph2 (2), P(CH3)Ph2 (3),
and [P(BH3)Ph2]– in which the Lewis acid is kept constant
(Figure 5). Special emphasis is placed on the 1JDA coupling
constants (D and A = donor and acceptor nuclei, respec-
tively) because they are a property of the donor–acceptor
bond in question and thus likely to provide insight into the
relative base strengths of the three phosphorus donors. The
proton adducts (series a, Figure 5) show similar 1JPH values
for the P(H)Ph2 and P(CH3)Ph2 ligand and a much smaller
value in H–P(BH3)Ph2. The same is true for 1JPC in the
[CH3]+ adducts of series b (Figure 5).

Figure 5. Systematic trends in the 1JDA and 1JPCi coupling con-
stants along three series of [P(BH3)Ph2]–, P(CH3)Ph2, and P(H)Ph2

adducts.

Thus, compared to the neutral phosphane ligands,
[P(BH3)Ph2]– is able to provide an electron pair of higher
p character such that the charge density is more strongly
polarized in the direction of the acceptor orbital. This in-
terpretation most likely holds also for the [BH3] adducts of
series c (Figure 5) even though 31P–11B coupling via the
dative bond is now larger in K[BH3–P(BH3)Ph2] (9) and
smaller in BH3–P(H)Ph2 (4H), and BH3–P(CH3)Ph2 (5H).
Here, the decisive factor is the rehybridisation of [BH3] as
it moves from a planar sp2 configuration to a tetrahedral
sp3 arrangement. As a consequence, we are facing two op-
posing trends:[14] When phosphane forms an adduct, the
phosphorus orbital involved in bond formation decreases
in s character. On the other hand, the stronger the donor-
acceptor interaction, the more pyramidalized the coordi-
nated borane which in turn results in more B(2s) character
being diverted into the P–B bond. Despite of the fact that
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a quantitative assessment of these two competing factors
is obviously difficult, an empirical correlation between the
magnitude of 1JPB and dative bond strength became evident
from several studies on [BH3] adducts of selected series em-
ploying smoothly varying phosphane ligands.[14,30–32] Based
on the development of 1JPB coupling constants along the
sequence 4H (42 Hz), 5H (55 Hz), and 9 (64 Hz) we there-
fore confidently assign the highest Lewis basicity to the
phosphanylborohydride ligand [P(BH3)Ph2]– (note that for
Li[(BH3)2P(CH3)2] a coupling constant 1JPB = 107 Hz has
been published,[33] which is even larger than 1JPB of 9).

To test this hypothesis, two displacement experiments
have been carried out and monitored by 31P NMR spec-
troscopy. First, we investigated an equimolar mixture of
K[(BH3)2PPh2] (9) and CH3PPh2 (3) in THF. Even after
prolonged storage of the NMR vessel at ambient tempera-
ture, no transfer of [BH3] with formation of K[BH3PPh2]
and BH3(CH3)PPh2 (5H) was observable. The result re-
mained the same at higher temperatures. In contrast, be-
tween BH3(CH3)PPh2 (5H) and K[BH3PPh2] a reaction to
CH3PPh2 (3) and K[(BH3)2PPh2] (9) takes place already at
ambient temperature (ca. 10% conversion after 2 d). Heat-
ing of the sample to a temperature of 50 °C for 2 h leads to
ca. 50% conversion.

Conclusion

Based on NMR spectroscopy (1JPB values) and displace-
ment experiments we come to the conclusion that the phos-
phanylborohydride ligand [BH3PPh2]– possesses a higher
Lewis basicity towards [BH3] than its neutral isoelectronic
and isostructural congener P(CH3)Ph2. Moreover, NMR
spectroscopy (1JPB, 1JPH, and 1JPCi values) and X-ray crys-
tallography (Ci–P–Ci� angles; Ci = ipso carbon atom of the
phenyl ring) on selected adducts of the ligands HPPh2,
CH3PPh2, and [BH3PPh2]– indicate [BH3PPh2]– to form
dative bonds of the highest p character within this series.
Consequently, [BH3PPh2]– is best suited to direct the charge
density of its electron lone pair in the direction of the ac-
ceptor orbital of a coordinated Lewis acid.

Experimental Section
General Considerations: All reactions and manipulations of air-sen-
sitive compounds were carried out under dry nitrogen using stan-
dard Schlenk techniques. Solvents were freshly distilled under ar-
gon from sodium/benzophenone (THF, diethyl ether, toluene) or
sodium-lead alloy (pentane, hexane) prior to use. NMR spectra
were recorded with Bruker AMX 250 or AMX 400 spectrometers.
Approximately 0.1 mL of C6D6 was added to all samples recorded
in undeuterated THF (0.6 mL) to provide a lock signal. 1H- and
13C NMR shifts are reported relative to tetramethylsilane and were
referenced against residual solvent peaks (C6D5H: δ = 7.16, C6D6:
δ = 128.06; CHCl3: δ = 7.26, CDCl3: δ = 77.16 ppm).[34] 11B NMR
spectra were referenced against external BF3·OEt2. 31P NMR spec-
tra are reported relative to external H3PO4 (85%). Abbreviations:
s = singlet, d = doublet, tr = triplet, vtr = virtual triplet, q = quar-
tet, dq = doublet of quartets, m = multiplet, br. = broad, n.o. =
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signal not observed, i = ipso, o = ortho, m = meta, p = para. Ele-
mental analyses were performed by the microanalytical laboratory
of the J. W. Goethe University, Frankfurt/Main, Germany.

Materials: Lithium and potassium metal, PPh3, CH3PPh2 (3),
BH3·THF solution (1 mol/ L in THF) and 18-crown-6 were pur-
chased from Aldrich or Fluka and used as received. HPPh2 (2) was
obtained through reductive cleavage of triphenylphosphane with
lithium powder in THF and subsequent hydrolysis and distillation
as described by Bianco and Doronzo.[35]

Synthesis of K[PPh2] (1): The compound was obtained through de-
protonation of HPPh2 (2; 320 mg, 1.72 mmol) with potassium me-
tal (120 mg, 3.07 mmol) in THF (5 mL). The resulting orange solu-
tion was decanted from excess potassium and directly used for the
NMR measurements. X-ray quality crystals of 1·18-crown-6 (1c)
were grown by gas-phase diffusion of diethyl ether into a THF
solution containing K[PPh2] and an equimolar amount of 18-
crown-6. 1H NMR (THF, 250.13 MHz): δ = 6.42 (tr, 3JHH = 7.2 Hz,
2 H, H-p), 6.73 (vtr, 3JHH = 7.5 Hz, 4 H, H-m) 7.40–7.49 (m, 4 H,
H-o) ppm. 13C{1H} NMR (THF, 62.90 MHz): δ = 118.6 (br., C-
p), 127.5 (d, 3JPC = 5.5 Hz, C-m), 129.2 (d, 2JPC = 18.6 Hz, C-o),
157.1 (br. d, 1JPC = 56.0 Hz, C-i) ppm. 31P NMR (THF,
161.98 MHz): δ = –9.8 (s) ppm.

Synthesis of BH3(H)PPh2 (4H): To a solution of HPPh2 (2.53 g,
13.5 mmol) in THF (10 mL) was added a calibrated solution
(1 mol/ L) of BH3·THF in THF (13.5 mL, 13.5 mmol) at –78 °C
with stirring. After the mixture had been warmed to ambient tem-
perature overnight, all volatiles were removed in vacuo. The re-
sulting oily residue was purified by column-chromatography (50 g
silica-gel; eluent: hexane/toluene, 1:1). After evaporation of the elu-
ate, the resulting oil of 4H was triturated with pentane whereupon
it solidified to give a colourless waxy material. Yield: 2.29 g (85%).
1H NMR (THF, 400.13 MHz): δ = 1.15 (q, 1JBH = 100 Hz, 3 H,
BH3), 6.16 (dq, 1JPH = 380.8 Hz, 3JHH = 7.1 Hz, 1 H, PH), 7.19–
7.30 (m, 6 H, H-m,p), 7.51–7.65 (m, 4 H, H-o) ppm. 11B NMR
(THF, 128.38 MHz): δ = –40.0 (dq, 1JPB = 42 Hz, 1JBH = 100 Hz)
ppm. 13C{1H} NMR (THF, 62.90 MHz): δ = 127.6 (d, 1JPC =
56.2 Hz, C-i), 129.3 (d, 3JPC = 10.1 Hz, C-m), 131.8 (d, 4JPC =
2.5 Hz, C-p) 133.3 (d, 2JPC = 9.3 Hz, C-o) ppm. 31P{1H} NMR
(THF, 161.98 MHz): δ = 1.7 (m) ppm.

Synthesis of BBr3(H)PPh2 (4Br): The compound was synthesised
from BBr3 (320 mg, 1.28 mmol) and HPPh2 (230 mg, 1.24 mmol)
in hexane (5 mL) as described in the literature.[14] Yield: 489 mg
(92%). X-ray-quality crystals were grown by gas-phase diffusion of
pentane into a solution of 4Br in toluene. Since the compound is
not stable in THF for extended periods of time, NMR measure-
ments have to be carried out immediately after sample preparation.
C12H11BBr3P (436.72): calcd. C 33.00, H 2.54; found: C 33.15, H
2.50. 1H NMR (THF, 400.13 MHz): δ = 6.97 (d, 1JPH = 444.4 Hz,
1 H, PH), 7.31–7.39 (m, 4 H, H-m), 7.43–7.48 (m, 2 H, H-p), 7.76–
7.84 (m, 4 H, H-o) ppm. 11B NMR (THF, 128.38 MHz): δ = –17.1
(d, 1JPB = 142 Hz) ppm. 13C{1H} NMR (THF, 100.62 MHz): δ =
121.3 (d, 1JPC = 65.7 Hz, C-i), 129.7 (d, 3JPC = 11.7 Hz, C-m),
133.4 (d, 4JPC = 2.8 Hz, C-p), 134.6 (d, 2JPC = 8.2 Hz, C-o) ppm.
31P{1H} NMR (THF, 161.98 MHz): δ = –13.6 (q, 1JPB = 142 Hz)
ppm.

Synthesis of BH3(CH3)PPh2 (5H): To a solution of CH3PPh2

(270 mg, 1.35 mmol) in THF (2 mL) was added a calibrated solu-
tion (1 mol/ L) of BH3·THF in THF (1.3 mL, 1.3 mmol) at –78 °C
with stirring. After the mixture had been warmed to ambient tem-
perature overnight, all volatiles were removed in vacuo. 5H was
obtained in essentially quantitative yield as a colourless oil. 1H
NMR (THF, 250.13 MHz): δ = 1.03 (q, 3 H, BH3), 1.66 (d, 2JPH
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= 10.0 Hz, 3 H, CH3), 7.18–7.31 (m, 6 H, H-m,p), 7.51–7.63 (m, 4
H, H-o) ppm. 11B NMR (THF, 128.38 MHz): δ = –37.9 (dq, 1JPB

= 55 Hz, 1JBH = 99 Hz) ppm. 13C{1H} NMR (THF, 62.90 MHz):
δ = 11.4 (d, 1JPC = 40.0 Hz, CH3), 129.0 (d, 3JPC = 9.8 Hz, C-m),
131.2 (d, 4JPC = 2.4 Hz, C-p), 131.9 (d, 1JPC = 54.8 Hz, C-i), 132.2
(d, 2JPC = 9.6 Hz, C-o) ppm. 31P{1H} NMR (THF, 161.98 MHz):
δ = 11.5 (m) ppm.

Synthesis of BBr3(CH3)PPh2 (5Br): The compound was synthesised
from CH3PPh2 (235 mg, 1.17 mmol) and BBr3 (302 mg, 1.21 mmol)
in hexane (5 mL) following a published procedure.[16] Yield: 487 mg

Table 3. Crystallographic data for compounds 1c, 4Br, 5Br, 6, 7, and 9c.

1c 4Br 5Br

Formula C24H34KO6P C12H11BBr3P C13H13BBr3P
Fw 488.58 436.72 450.74
Colour, shape orange, block colourless, plate colourless, block
Temperature [K] 173(2) 173(2) 173(2)
Crystal system monoclinic orthorhombic monoclinic
Space group P21/n Pbca C2/c
a [Å] 10.5151(7) 10.2401(3) 32.935(5)
b [Å] 14.8018(7) 8.7189(3) 7.074(1)
c [Å] 32.593(2) 32.686(2) 13.842(2)
α [°] 90 90 90
β [°] 96.286(5) 90 100.25(1)
γ [°] 90 90 90
V [Å3] 5042.4(5) 2918.3(2) 3173.4(8)
Z 8 8 8
Dcalcd. [g cm–3] 1.287 1.988 1.887
F(000) 2080 1664 1728
µ [mm–1] 0.310 8.378 7.708
Crystal size [mm] 0.49×0.46×0.42 0.28× 0.26×0.13 0.28×0.26×0.24
Reflections collected 20677 46394 8766
Independent reflections (Rint) 9044 (0.0392) 3151 (0.0887) 2800 (0.1247)
Data/restraints/parameters 9044/0/577 3151/0/159 2800/0/163
GOOF on F2 0.981 1.077 1.102
R1, wR2 [I � 2σ(I)] 0.0423, 0.1043 0.0391, 0.1046 0.0839, 0.2000
R1, wR2 (all data) 0.0599, 0.1122 0.0419, 0.1073 0.0981, 0.2116
Largest diff. peak and hole [e·Å–3] 0.688 and –0.404 0.951 and –0.643 1.345 and –2.047

6 7 9c

Formula C12H12IP C13H14IP C24H40B2KO6P
Fw 314.09 328.11 516.25
Colour, shape colourless, block colourless, block colourless, block
Temperature [K] 173(2) 173(2) 173(2)
Crystal system monoclinic orthorhombic monoclinic
Space group P21/c Pbca P21/c
a [Å] 8.8460(5) 16.2294(7) 8.4076(10)
b [Å] 14.3281(9) 9.6942(3) 19.714(2)
c [Å] 9.8352(6) 17.1034(6) 16.867(2)
α [°] 90 90 90
β [°] 99.437(5) 90 96.674(10)
γ [°] 90 90 90
V [Å3] 1229.7(1) 2690.9(2) 2776.7(6)
Z 4 8 4
Dcalcd. [g cm–3] 1.697 1.620 1.235
F(000) 608 1280 1104
µ [mm–1] 2.695 2.467 0.284
Crystal size [mm] 0.37×0.33×0.25 0.27×0.25×0.24 0.48× 0.46×0.43
Reflections collected 19524 57301 11881
Independent reflections (Rint) 2229 (0.0363) 3902 (0.0384) 5347 (0.0739)
Data/restraints/parameters 2229/0/136 3902/0/141 5347/0/309
GOOF on F2 1.087 1.298 0.871
R1, wR2 [I � 2σ(I)] 0.0161, 0.0389 0.0297, 0.0706 0.0404, 0.0950
R1, wR2 (all data) 0.0175, 0.0395 0.0312, 0.0724 0.0549, 0.0982
Largest diff. peak and hole [e·Å–3] 0.289 and –0.439 0.493 and –0.560 0.611 and –0.460
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(90%). X-ray quality crystals were grown by gas-phase diffusion of
pentane into a solution of 5Br in toluene. C13H13BBr3P (450.74):
calcd. C 34.64, H 2.91; found: C 34.41, H 2.79. 1H NMR (THF,
400.13 MHz): δ = 2.11 (d, 2JPH = 11.9 Hz, 3 H, CH3), 7.28–7.34
(m, 4 H, H-m), 7.39–7.44, (m, 2 H, H-p), 7.74–7.80 (m, 4 H, H-o)
ppm. 11B NMR (THF, 128.38 MHz): δ = –14.6 (d, 1JPB = 150 Hz)
ppm. 13C{1H} NMR (THF, 100.62 MHz): δ = 7.1 (d, 1JPC =
48.7 Hz, CH3), 124.2 (d, 1JPC = 68.2 Hz, C-i), 129.2 (d, 3JPC =
10.9 Hz, C-m), 132.9 (d, 4JPC = 2.7 Hz, C-p), 134.3 (d, 2JPC =
8.1 Hz, C-o) ppm. 31P{1H} NMR (THF, 161.98 MHz): δ = –9.2 (q,
1JPB = 150 Hz) ppm.
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Synthesis of [H2PPh2]I (6): For the synthesis of 6, HPPh2 (322 mg,
1.73 mmol) was treated with excess HI in toluene (3 mL) at –78 °C.
Yield: 429 mg (80%). Crystals suitable for X-ray crystallography
formed when a concentrated CHCl3 solution of 6 was slowly cooled
to –30 °C. C12H12IP (314.09): calcd. C 45.89, H 3.85; found: C
46.16, H 3.83. 1H NMR (CDCl3, 250.13 MHz, 300 K): δ = 5.8
(very br., 2 H, PH2), 7.41–7.56 (m, 6 H, H-m,p), 7.73–7.84 (m, 4
H, H-o) ppm. 1H NMR (CDCl3, 250.13 MHz, 233 K): δ = 7.45–
7.85 (m, 6 H, H-m,p), 7.94–8.15 (m, 4 H, H-o), 9.91 (br. d, 2 H,
PH2) ppm. 13C{1H} NMR (CDCl3, 62.90 MHz, 300 K): broad, po-
orly resolved signals. 13C{1H} NMR (CDCl3, 62.90 MHz, 233 K):
128.0 (d, 1JPC = 83.0 Hz, C-i), 129.2 (d, 3JPC = 13.2 Hz, C-m),
131.1 (d, 2JPC = 11.8 Hz, C-o), 133.4 (d, 4JPC = 1.6 Hz C-p) ppm.
31P{1H} NMR (CDCl3, 161.98 MHz, 300 K): δ = –34.2 (br. s) ppm.
31P{1H} NMR (CDCl3, 161.98 MHz, 233 K): δ = –31.0 (tr, 1JPH =
530.6 Hz) ppm.

Synthesis of [CH3(H)PPh2]I (7): Following a published pro-
cedure,[17] CH3PPh2 (336 mg, 1.68 mmol) was treated with excess
HI in toluene (3 mL) at –78 °C. Yield: 385 mg (70%). Crystals suit-
able for X-ray crystallography formed when a concentrated CHCl3
solution of 7 was slowly cooled to –30 °C. C13H14IP (328.11): calcd.
C 47.59, H 4.30; found: C 47.82, H 4.53. 1H NMR (CDCl3,
250.13 MHz, 300 K): δ = 2.58 (d, 2JPH = 14.7 Hz, 3 H, CH3), 7.51–
7.61 (m, 4 H, H-m), 7.64–7.73 (m, 2 H, H-p), 7.91–8.03 (m, 4 H,
H-o), 10.1 (d, 1JPH = 521.7 Hz, 1 H, PH) ppm. 1H NMR (CDCl3,
250.13 MHz, 233 K): δ = 2.57 (dd, 2JPH = 14.6 Hz, 3JHH = 5.7 Hz,
3 H, CH3), 7.47–8.01 (m, 10 H, H-o/m/p), 9.87 (d, 1JPH = 521.7 Hz,
1 H, PH) ppm. 13C{1H} NMR (CDCl3, 62.90 MHz, 300 K): δ =
7.7 (d, 1JPC = 54.1 Hz, CH3), 116.8 (d, 1JPC = 84.9 Hz, C-i), 130.3
(d, 3JPC = 13.2 Hz, C-m), 133.3 (d, 2JPC = 10.9 Hz, C-o), 135.1
(d, 4JPC = 3.1 Hz, C-p) ppm. 13C{1H} NMR (CDCl3, 62.90 MHz,
233 K): δ = 7.1 (d, 1JPC = 53.8 Hz, CH3), 115.9 (d, 1JPC = 85.4 Hz,
C-i), 130.2 (d, 3JPC = 13.1 Hz, C-m), 133.0 (d, 2JPC = 10.8 Hz,
C-o), 135.1 (br., C-p) ppm. 31P{1H} NMR (CDCl3, 161.98 MHz,
300 K): δ = –4.7 (s) ppm. 31P{1H} NMR (CDCl3, 161.98 MHz,
233 K): δ = –5.2 (s) ppm.

Synthesis of [(CH3)2PPh2]I (8): The compound was synthesised fol-
lowing a published procedure[36] via the reaction of HPPh2

(204 mg, 1.10 mmol) with ICH3 (217 mg, 1.53 mmol) in THF
(4 mL). Yield: 353 mg (94%). Crystals suitable for X-ray crystal-
lography formed when a concentrated CHCl3 solution of 8 was
slowly cooled to –30 °C. C14H16IP (342.15): calcd. C 49.15, H 4.71;
found: C 48.92, H 4.58. 1H NMR (CDCl3, 250.13 MHz): δ = 2.88
(d, 2JPH = 13.9 Hz, 3 H, CH3), 7.60–7.79 (m, 6 H, H-m,p), 7.83–
7.95 (m, 4 H, H-o) ppm. 13C{1H} NMR (CDCl3, 62.90 MHz): δ =
11.4 (d, 1JPC = 56.4 Hz, CH3), 120.5 (d, 1JPC = 87.6 Hz, C-i), 130.3
(d, 3JPC = 12.8 Hz, C-m), 132.3 (d, 2JPC = 10.7 Hz, C-o), 135.0 (d,
4JPC = 3.0 Hz, C-p) ppm. 31P{1H} NMR (CDCl3, 161.98 MHz): δ
= 21.9 (s) ppm.

Synthesis of K[(BH3)2PPh2] (9): To a solution of
435 mg K[BH3PPh2] (1.82 mmol) in THF (5 mL) was added a cal-
ibrated solution (1 mol/ L) of BH3·THF (1.8 mL, 1.8 mol) at
–78 °C with stirring. After 30 min, the cooling bath was removed
and the reaction mixture warmed to ambient temperature with sub-
sequent stirring for another 60 min. All volatiles were removed in
vacuo and the resulting colourless solid was washed twice with pen-
tane (2 mL). Yield: 423 mg (92%). X-ray quality crystals were
grown by gas-phase diffusion of diethyl ether onto a solution con-
taining K[(BH3)2PPh2] and an equimolar amount of 18-crown-6.
C24H40B2KO6P (516.25): calcd. C 55.84, H 7.81; found C 55.38, H
7.63. 1H NMR (THF, 250.13 MHz): δ = 1.0 (q, 1JBH = 89 Hz, 6
H, BH3), 7.00–7.10 (m, 6 H, H-m,p), 7.74–7.85 (m, 4 H, H-o) ppm.
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11B{1H} NMR (THF, 128.38 MHz): δ = –34.6 (d, 1JPB = 64 Hz,
BH3) ppm. 13C{1H} NMR (THF, 62.90 MHz): 127.4 (d, 3JPC =
8.2 Hz, C-m), 127.9 (d, 4JPC = 2.0 Hz, C-p), 133.4 (d, 2JPC = 7.7 Hz,
C-o), 140.2 (d, 1JPC = 38.5 Hz, C-i) ppm. 31P NMR (THF,
161.98 MHz): δ = –11.1 (m) ppm.

X-ray Structural Characterisation: Data collections were performed
on a Stoe IPDS-II two-circle diffractometer with graphite-mono-
chromated Mo-Kα radiation. Empirical absorption corrections with
the MULABS option[37] in the program PLATON[38] were per-
formed. Equivalent reflections were averaged. The structures were
solved by direct methods[39] and refined with full-matrix least-
squares on F2 using the program SHELXL-97.[40] Hydrogen atoms
bonded to carbon and boron were placed on ideal positions and
refined with fixed isotropic displacement parameters using a riding
model. H atoms bonded to phosphorus were refined isotropically.
Details of the X-ray crystal structure analyses of 1c, 4Br, 5Br, 6, 7,
and 9c are summarised in Table 3.

CCDC-290838 (for 1c), -290839 (for 4Br), -290840 (for 5Br),
-290841 (for 6), -290842 (for 7), and -290843 (for 9c) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): ORTEP drawings of 4Br, 5Br, 6, 7, and 8.
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A series of metallacarboranes, incorporating the CpFe frag-
ment, were studied by electrochemical techniques, tempera-
ture-dependent Mössbauer effect (ME) spectroscopy, and X-
ray diffraction. The compounds studied include the parent
dicarbollide complex CpFeC2B9H11 (1) and its reduced form
[1]–, the charge-compensated ferradicarbollides 1-Cp-4-
L-1,2,3-FeC2B9H10 [L = SMe2 (2a), NMe3 (2b), py (2c)] and
their methylated analogs 1-Cp-2,3-Me2-4-SMe2-1,2,3-
FeC2B9H8 (2d) and 1-Cp*-4-SMe2-1,2,3-FeC2B9H10 (2e), the
isomeric ferratricarbollides CpFeC3B8H11 (3a–c), and the
amino-substituted derivative 1-Cp-12-tBuNH-1,2,4,12-
FeC3B8H10 (3d). The ferradicarbollides 2a–e were synthe-
sized by reactions of the charge-compensated dicarbollide
anions [9-L-7,8-R2-7,8-C2B9H8]– (R = H, Me) with [(C5R5)-
Fe(MeCN)3]+ cations. The structures of 1, [NMe3Ph][1], and
2b were investigated by X-ray diffraction. The ME spectro-
scopic study elucidated the relationship between the nature
of the five-membered carborane face coordinated to the me-

Introduction

Similar to ferrocene, the ferracarborane anion
[CpFeC2B9H11]– ([1]–)[1] can be easily oxidized to give the
neutral compound CpFeC2B9H11 (1) which contains FeIII.
However, different charges of the [C2B9H11]2– and Cp– li-
gands lead to significant differences in the properties of
[1]– and FeCp2. Usage of monoanionic carborane ligands
of two types, [9-L-7,8-C2B9H10]– and [C3B8H11]–, allows
one to obtain closer analogs of ferrocene such as charge-
compensated ferradicarbollides 2a–e and ferratricarbollides
3a–d (Scheme 1). Herein we describe the synthesis and
structural, electrochemical, and Mössbauer studies of these
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tal center and the hyperfine interaction parameters of the Fe
atom. Temperature-dependent recoil-free fraction studies
yielded the root-mean-square-amplitude-of-vibration
(rmsav) of the metal atom over a wide temperature range,
which proved to be in good agreement with crystallographic
Ui,j data for 1 and 3a,b. Electrochemistry shows that the iso-
meric ferratricarbollides 3a–c undergo reversible oxidation to
the corresponding FeIII derivatives at potential values higher,
on average, by about 0.4 V than those of the charge-compen-
sated complexes 2a–c and by about 0.8 V than that of the
parent ferradicarbollide [1]–. This result indicates the strong
electron-withdrawing ability of the extra carbon atom rela-
tive to that of the replaced boron atom. As a consequence of
the shift of the HOMO–LUMO frontier orbitals to the high
energy levels, the FeII/FeI reduction becomes accessible.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

compounds, along with a reinvestigation of key metallacar-
boranes 1 and [1]–.

Results and Discussion

Synthesis

The charge-compensated ferradicarbollides 2a–c were
prepared by reactions of anions [9-L-7,8-C2B9H10]– with the
acetonitrile complex [CpFe(MeCN)3]+ (Scheme 2).[2] The
starting iron complex is stable only below –40 °C,[3] and
therefore its in situ generation by irradiation of
[CpFe(C6H6)]+ in a mixture of MeCN/THF and further
complexation were carried out at low temperature. The
analogous reaction of [9-SMe2-7,8-Me2-7,8-C2B9H8]– gave
the cage-methylated derivative 2d. The ring-methylated
complex 2e was prepared by reaction of [9-SMe2-7,8-
C2B9H10]– with [Cp*Fe(MeCN)3]+.[4]

Ferratricarbollides 3a[5] and 3d[6] were recently obtained
by room-temperature photochemical reaction of the tricar-
bollide anions [7-R-7,8,9-C3B9H10]– (R = H, tBuNH) with
[CpFe(C6H6)]+, while compounds 3b and 3c were prepared
by stepwise thermal rearrangement of 3a.[5]



Cyclopentadienyl Ferracarboranes FULL PAPER

Scheme 1.

Scheme 2.

Structures

The structure of ferradicarbollide 1 was studied by X-ray
diffraction in 1965, but the instrumental limitations of that
time resulted in approximate data only, with significant un-
certainty (ca. 0.05 Å) caused by large thermal motion.[7]

Low-temperature experiments allowed us to obtain highly
accurate structures of 1 and its reduced form [1]– (as a
[NMe3Ph]+ salt) with only minor librations of the Cp rings
(Figure 1 and Figure 2).[8]
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Figure 1. The molecular structure of anion [1]– (thermal ellipsoids
at 50% probability). Hydrogen atoms are omitted for clarity. Se-
lected interatomic distances [Å]: Fe1–C2 2.0101(7), Fe1–C3
2.0108(7), Fe1–B4 2.0709(7), Fe1–B5 2.1090(7), Fe1–B6 2.0749(8),
Fe1–C13 2.0721(7), Fe1–C14 2.0649(7), Fe1–C15 2.0514(7), Fe1–
C16 2.0441(7), Fe1–C17 2.0606(7), C3–C2 1.6324(10).

Figure 2. The molecular structure of 1 (thermal ellipsoids at 50%
probability). Hydrogen atoms are omitted for clarity. Selected in-
teratomic distances [Å]: Fe1–C16 2.0651(11), Fe1–C2 2.0716(9),
Fe1–C3 2.0773(9), Fe1–C17 2.0893(11), Fe1–B6 2.0952(11), Fe1–
C15 2.0961(10), Fe1–B4 2.1017(10), Fe1–B5 2.1079(11), Fe1–C13
2.1356(11), Fe1–C14 2.1399(11), C2–C3 1.6002(13).

The structure of the 18-electron anion [1]– possesses a
classical sandwich geometry with the Fe···C2B3 and Fe···C5

distances equal to 1.437 and 1.663 Å, respectively. It is note-
worthy that the latter value is very close to that in ferro-
cene[9] (1.660 Å), confirming a similarity of their electronic
structures. The C2B3 and C5 rings are nearly eclipsed (tor-
sion angle 14°) and almost parallel (1.6°) to each other. The
C2B3 face is notably nonplanar with the central B5 atom
deviating from the B6–C2–C3–B4 plane by 0.061 Å away
from the iron atom. Similar distortion was previously ob-
served in structures of 3a,b.[5]

The structure of the 17-electron neutral compound 1 is
significantly different from anion [1]–. Both the Fe···C2B3

(1.487 Å) and Fe···C5 (1.723 Å) distances in 1 are ca. 0.05 Å
longer than those in [1]–. The latter distance is also longer
than that in the similar 17-electron [FeCp2]+ cation
(1.706 Å).[10] The C5 ring is almost perfectly eclipsed with
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C2B3 (torsion angle 4.5°) and inclined by 4.6° away from
the cage carbon atoms. The CCarb–CCarb and average CCp–
CCp distances in 1 (1.594 and 1.401 Å, respectively) are con-
siderably shorter than those in [1]– (1.640 and 1.430 Å,
respectively).

In order to arrive at a MO explanation for the difference
between the structures of 1 and [1]–, we carried out DFT
calculations (at B3LYP/6-31G* level) of the anion [1]–. It
was found that the HOMO (Figure 3) is similar to the e2g/
dx2–y2 orbital of ferrocene, with bonding for Fe···C2B3 and
Fe···Cp interactions and antibonding for CCp–CCp and
CCarb–CCarb interactions.[11] Accordingly, removal of one
electron from this orbital leads to the lengthening of

Figure 3. The plot of the HOMO of [1]–.

Figure 4. The molecular structure of 2b (thermal ellipsoids at 30%
probability). The second conformation of the disordered Cp ring
and hydrogen atoms are omitted for clarity. Selected interatomic
distances [Å]: Fe1–C2 1.995(3), Fe1–C3 2.018(3), Fe1–B4 2.108(4),
Fe1–B5 2.113(3), Fe1–B6 2.072(3), Fe1–C17 2.054(9), Fe1–C16
2.079(6), Fe1–C13 2.082(7), Fe1–C14 2.091(6), Fe1–C15 2.093(5),
C2–C3 1.632(5), N1–B4 1.611(4).

Table 1. 57Fe Mössbauer parameters for the compounds discussed in the text.

1 [NMe3Ph][1] 2a 2c 3a 3b 3c 3d Units

IS(90) 0.337(3) 0.357(3) 0.383(5) 0.380(4) 0.430(3) 0.439(4) 0.344(4) 0.344(3) mms–1

QS(90) 0.525(3) 2.431(3) 2.490(5) 2.480(4) 2.501(3) 2.471(5) 2.302(4) 2.360(3) mms–1

–d(IS)/d(T) 5.3(3) 5.5(4) 5.1(5) 6.8(1) 5.1(1) 4.0(1) 4.8(4) 4.8(1) 10–4 mms–1

–d(lnA)/d(T) 7.9(1) 15.9(2) 6.3(5) 5.4(2) 4.4(3) 5.9(3) 6.7(2) 11.3(11) 10–3 K–1

Meff 78(4) 76(5) 82(3) n.a. 100(1) 103(3) 86(3) 86(1) Da
ΘM 113 80 123 – 131 – 116 89 K
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Fe···C2B3 and Fe···Cp distances and shortening of CCp–CCp

and CCarb–CCarb distances.
The structure of the charge-compensated ferradicarbol-

lide 2b was also confirmed by X-ray diffraction (Figure 4).
In contrast to [1]– and 1, the Cp ligand is disordered over
two positions. The presence of the bulky NMe3 substituent
leads to the significantly bent sandwich geometry with a
9.7° angle between C5 and C2B3 planes. The Fe···Cp and
Fe···C2B3 distances (1.690 and 1.451 Å, respectively) are ca.
0.03 Å longer than those in [1]–, probably also a result of
the steric repulsion.

Mössbauer Study

Similar to other neutral, diamagnetic ferrocenoid com-
pounds, all of the cyclopentadienyl ferracarboranes exam-
ined in the present study, namely 1, [NMe3Ph][1], 2a,c, and
3a–d, display a ME resonance which consists of a single,
well-separated doublet spectrum characterized by its isomer
shift (IS), quadrupole splitting (QS), and area under the
resonance curve (A). A representative spectrum of 3c at
92 K is shown in Figure 5. The IS and QS values at 90 K,
as well as the parameters derived from the temperature-de-
pendent data for all of the compounds are summarized in
Table 1. In the following discussion, the trends in the ME
hyperfine parameters are discussed in some detail.

Figure 5. 57Fe Mössbauer spectrum of 3c (“DSP-6”) at 92 K. The
velocity scale is with reference to the centroid of a room-tempera-
ture α-Fe spectrum which was also used for spectrometer cali-
bration.
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Isomer Shift

The IS parameters show a distinct partition into two
groups: those which pertain to the ferracarboranes in which
two carbon atoms of the five-membered carborane face in-
teract with the metal atom (e.g., 3c and 3d), and those in
which there are three carbon atoms in the pentagonal ring
(e.g., 3a and 3b). As is evident from the electronegativity of
carbon and boron and also in accordance with the results
of previous DFT calculations,[5] the C atoms of the frame-
work are more negatively charged than the B atoms. This
greater electron density, which is reflected in greater shield-
ing of the nearby iron nucleus, results in a larger IS, since
it is well established that δR/R for the 14.4 keV level of 57Fe
is negative.[12] The average difference in the IS parameter
between the B2C3 and B3C2 compounds is almost
0.1 mms–1, a value some 30 times greater than the experi-
mental errors in the individual measurements. An argument
which further bolsters this explanation is based on the ob-
servation that other iron carboranes, in which the carborane
ligand contains three carbon atoms (of which only two are
located in the pentagonal ring facing the metal atom) (e.g.,
3c and 3d), show an IS which is close to those reported for
the C2B3 complexes noted earlier.

The temperature dependence of the IS, –d(IS)/d(T), is
negative for all of the compounds examined, in consonance
with similar observations reported earlier for ferrocene-re-
lated complexes. For 3a–c, this temperature dependence is
linear within experimental error over the accessible range
of temperatures, and the corresponding values are included
in the data listed in Table 1. A representative data set is
shown in Figure 6. For [NMe3Ph][1], 2a, and 3d, the data
are better approximated by two linear segments, with a
minor break at T � 230 K. Again, a representative data set
is included in Figure 6. For 2c, the temperature dependence
of the IS parameter shows continuous curvature, and no
effort was made to separate two regions of the T range in
this case. As indicated in the literature,[13] the value of the
–d(IS)/d(T) parameter (in the high-temperature limit) can

Figure 6. Temperature dependence of the isomer shift for
[NMe3Ph][1] (“DSP-2”, filled circles) and 3b (“DSP-5”, open
circles).
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be used to extract an effective vibrating mass, Meff, for the
ME active atom, and the corresponding values for the cy-
clopentadienyl iron carboranes of the present study fall into
the range of 82±4 Da for the five B3C2 compounds and
102±4 Da for the two B2C3 compounds. The difference be-
tween these values and the “bare atom” iron mass of 57 Da
reflects the covalence of the metal–ligand interaction, and
is consistent with a larger electron density of the ring in the
latter than in the former compounds, as mentioned earlier.

Quadrupole Splitting

The QS parameters at 90 K are included in the data sum-
marized in Table 1. With the exception of the value for 1,
the data again fall into two groups: those with the B2C3

ring structure and those with the B3C2 configuration. At
90 K, the former have a QS � 2.49 mms–1, while the latter
have a QS � 2.36 mms–1. However, it should be noted that
the QS parameters are temperature-dependent, and (with
some minor variations) show the normal decrease with in-
creasing temperature because of the effects on the field gra-
dient arising from thermal expansion. A typical data set
showing this temperature dependence is shown in Figure 7.
An exception to the earlier generalization is the data for the
QS of 1, which is smaller by about a factor of 4.6 than the
values for the remainder of the carboranes reported here.
This difference is readily understood in terms of the formal
+3 oxidation state of the iron atom in 1 compared with
the divalent state in the remainder. As has been previously
noted[14] for ferrocene-related compounds, the removal of
one electron from the metal atom on oxidation incurs an
almost complete collapse of the QS, as has been discussed
in detail in a classic paper by Collins[14] and elsewhere.[15]

Typically, the change in the QS parameter on oxidation of
the neutral parent compound is from 2.57 to 0.15 mms–1

for octamethylferrocene and the corresponding cation as
BF4

– and PF6
– salts,[16] from 2.42 to 0.21 mms–1 for a bis-

(isodicyclopentadienyl)iron complex and the cation as a
PF6

– salt,[17] and from 2.41 to 0.15 mms–1 for ethynylocta-
methylferrocene and the cation as a PF6

– salt.[18] In the case
of 1, the QS parameter at 90 K is 0.525±0.003 mms–1, pre-
sumably due to the presence of both B and C atoms in the

Figure 7. Temperature dependence of the quadrupole splitting for
3a (“DSP-3”) and 3b (“DSP-5”) showing the “normal” decrease
with increasing temperature.
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five-membered ring facing the metal atom. This larger value
permits the resolution of the two components of the ME
spectrum and the detailed temperature dependence of the
QS parameter. The relevant data are summarized in Fig-
ure 8 which shows that in the low-temperature region (90
to �250 K) the QS parameter increases with increasing
temperature, and then decreases normally in the higher
temperature range. This relatively unusual behavior is not
observed for the remainder of the FeII complexes as men-
tioned earlier.

Figure 8. Temperature dependence of the quadrupole splitting for
1 (“DSP-1”).

Recoil-Free Fraction and Vibrational Amplitude

For an optically “thin” absorber, the area under the
resonance curve scales directly with the recoil-free fraction,
f, of the 14.4 keV gamma ray of 57Fe. Since f =
–exp(k2�x2�), where k is the wave vector of the gamma
ray and �x2� is the mean-square-amplitude-of-vibration
(msav) of the metal atom, detailed information on the tem-
perature dependence of the area under the resonance curve
can provide information on the dynamics of the iron atom
in a variety of environments. To this end, the temperature
dependence of the logarithm under the resonance curve,
–d ln[A(T)/A(90)]/dT, has been determined for the ferracar-
boranes of the present study. A representative data set is
summarized graphically in Figure 9 for [NMe3Ph][1] and
3b. Two qualitatively different types of behavior are re-
flected in the data listed in Table 1. In the case of 2c and
3b, the data are well-represented by a linear regression over
the whole temperature range. More frequently, however, as
in the case of the other compounds studied, the data are
better represented by two different linear functions: one at
low temperatures and one at high temperatures. In the case
of 3d, the data show continuous curvature over the access-
ible temperature range and have not been subjected to fur-
ther analysis. As has been shown previously, using the slope
of d ln[A(T)/A(90)]/dT it is possible to calculate �xave

2�
from the ME data and compare this to the corresponding
(average) value extracted from the Ui,j data acquired in sin-
gle-crystal X-ray diffraction studies. This comparison has
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been performed for three of the carboranes examined in this
work, and these will now be discussed in some detail.

Figure 9. Temperature dependence of the logarithm of the area un-
der the resonance curve for [NMe3Ph][1] (“DSP-2”) and 3b
(“DSP-5”) showing the two types of dependencies discussed in the
text.

For 1, the ME f slope is (8.00±0.09)·103 K–1 with a cor-
relation coefficient (R) of 0.992 for 11 data points. From
this slope, �x2

ave� = 0.021 Å2 at 120 K, while the X-ray
data yield a value of 0.0229 Å2 at this temperature. In ad-
dition, the early X-ray data of Zalkin et al.[7] reflected a
value of 0.053 Å2 at room temperature, while the present
ME data at 300 K yields �x2

ave� = 0.045 Å2 which is in
reasonable agreement. A similar comparison for 3a yields a
value of �x2

ave� = 0.0192 Å2 at 120 K from the X-ray data
of Kudinov et al.,[5] while the present ME data show
�x2

ave� = 0.0176 Å2 at the same temperature. Finally, for
3b, �x2

ave� calculated from the X-ray data at 120 K is
0.0210 Å2, while that extracted from the ME data is
0.0134 Å2 which is only in modest agreement. Nonetheless,
it is clear from this data, that the temperature dependence
of f can provide a reasonable estimate of the msav of the
metal atom in these compounds, and it can be used to com-
pare the rmsav of the iron atom in different bonding envi-
ronments.

The rmsav data for 3a and 3b at several different tem-
peratures are summarized in Table 2, along with the corre-
sponding data for ferrocene. This parameter is identical
(within experimental error) for 3a and ferrocene for all tem-
peratures in the indicated range. In this context, the follow-
ing correlation between the X-ray and ME data for 3a and
3b is significant. The corresponding rmsav data are dis-
played in Figure 10, which shows that this parameter is
larger for 3a than for 3b over the whole temperature range,
suggesting that the vibrational amplitude of the Fe atom in
3b is smaller than it is for 3a. This conclusion is in good
agreement with the X-ray data at 120 K, which show that
the average Fe–B bond lengths are 2.055 Å in 3b and
2.085 Å in 3a. Moreover, these results are also consistent
with the DFT calculations which show that 3b is
16.95 kcalmol–1 more stable than 3a.[5]
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Table 2. The rmsav [Å] for ferrocene, 3a, and 3b.

3b 3a FeCp2 T [K]

0.11 0.13 0.13 100
0.13 0.15 0.15 150
0.15 0.18 0.18 200
0.17 0.20 0.20 250
0.18 0.22 0.22 300

Figure 10. Temperature dependence of the rmsav of the iron atom
in 3a (“DSP-3”) and 3b (“DSP-5”). The larger vibrational ampli-
tude is associated with the longer Fe–B bond lengths in the former
than the latter compound as extracted from the 120 K X-ray data.

Electrochemistry

The redox activity of the FeII complexes shown in
Scheme 1 was studied by electrochemical techniques. Before
illustrating the redox aptitude of the ferratricarbollides, let
us compare the classical (cyclopentadienyl)ferradicarbollide
[1]– with the charge-compensated analogs 2a–e and bis(car-
boranyl) complex Fe(η-9-SMe2-7,8-C2B9H10)2 (4).

Since the FeIII complex 1, in MeCN solution, undergoes
reversible reduction to the corresponding FeII

monoanion,[20] it is not unexpected that [1]–, in CH2Cl2
solution, affords the complementary reversible FeII/FeIII

oxidation. In fact, exhaustive one-electron oxidation makes
the original golden-yellow solution turn wine-red, and in
confirmation of the chemical reversibility of the [1]–/1 cou-
ple also in the long timescale of macroelectrolysis, cyclic

Table 3. Formal electrode potentials [V vs. SCE], peak-to-peak separations [mV], and color changes [λmax in nm] accompanying the FeII/
FeIII oxidation of the dicarbollide complex [1]– and the related charge-compensated complexes 2a–e and 4 in CH2Cl2 solution.

Complex E°� ∆Ep
[a] Original color [λmax] Color of the oxidized solution [λmax]

[1]– –0.18 84 yellow red-wine (570)
2a +0.47 72 orange (475) gray (594)
2b +0.40 72 orange (470) pink-brown (580)
2c +0.40 62 red (415) gray-green (593)
2d +0.49 65 pink-orange (470) green (615)
2e +0.21 66 pale-orange (478) olive-green (636; 710)
4a +0.55 80 pink pink-orange
FeCp2 +0.39 80 yellow green (618)

[a] Cf. with ref.[20]
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voltammetric tests show a profile quite complementary to
the original profile.

Similar behavior is displayed by complexes 2a–e, except
that the FeII/FeIII oxidation occurs at markedly higher po-
tential values, as illustrated in Table 3.

The charge compensation of the carborane ligand in 1-
Cp-4-L-1,2,3,4-FeIIC2B9H10 makes the oxidation notably
difficult with respect to the unsubstituted dicarbollyl ligand
in [1]–, which is not only because of Coulombic effects, but
in part also from the intrinsic electronic effect of the half-
unit 9-L-7,8-C2B9H10, as testified by the positive shift of
the bis(carboranyl) derivative 4 relative to 2a.[21] On the
other hand, the methyl substitution at the carbon atoms of
the carboranyl ligand in 2d does not substantially have any
effect with respect to 2a, whereas the permethylation of the
cyclopentadienyl ring in 2e makes the oxidation signifi-
cantly easier.

In order to evaluate the electronic effects played by the
introduction of a third carbon atom in the framework of
the classical dicarbollide dianion [C2B9H11]2–, Figure 11
compares the cyclic voltammetric behavior of complex 3c
with that of [1]– in CH2Cl2 solution.

Figure 11. Cyclic voltammetric responses recorded at a platinum
electrode in CH2Cl2 solutions of [1]– (1.3·10–3 moldm–3) and 3c
(1.2·10–3 moldm–3); [NBu4][PF6] (0.2 moldm–3) as supporting elec-
trolyte; scan rate 0.2 Vs–1.

Similar to [1]– and its charge-compensated derivatives, 3c
undergoes the reversible FeII/FeIII step, but the oxidation
is further shifted towards positive potential values. In fact,
analysis of the cyclic voltammograms with scan rates vary-
ing from 0.02 to 2.00 Vs–1 shows that (i) the current func-
tion ipa·v–1/2 decreases by about 10% for each 10-fold in-
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crease of the scan rate, (ii) the current ratio ipc/ipa remains
constantly equal to 1, and (iii) the peak-to-peak separation
progressively increases from 84 to 154 mV. These param-
eters are diagnostic for a one-electron, chemically reversible,
and electrochemically quasireversible process, in the short
times of cyclic voltammetry.[22] Controlled-potential
exhaustive oxidation (Ew = +1.0 V) consumes one electron
per molecule. The original yellow solution turns pale green,
and also in this case, the cyclic voltammetric test shows a
profile quite complementary to the original profile.

Figure 12 compares the spectral changes accompanying
the progressive passage from [1]– to 1 (top) with those from
3c to [3c]+ (bottom).

Figure 12. Spectral changes recorded in an OTTLE cell upon pro-
gressive oxidation of (a) [1]– and (b) 3c; CH2Cl2 solution with
[NBu4][PF6] (0.2 mol dm–3) as supporting electrolyte.

In both cases, the appearance of the isosbestic point
([1]–/1: λ = 238 nm; 3c/[3c]+: λ = 228 nm) further supports
the chemical reversibility of the pertinent oxidation pro-
cesses. The bands arising in the UV region are conceivably
assigned to LMCT transitions. In agreement with the final
pale-green color of the solution of [3c]+, a weak band also
appears at λmax = 620 nm (inset of Figure 12).

A similar redox activity holds in THF solution, except
that, because of the larger cathodic window of this solvent,
a reduction process can also be detected, which possesses
features of chemical reversibility in the cyclic voltammetric
timescale (see Figure 13).
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Figure 13. Cyclic voltammetric response recorded at a gold elec-
trode in THF solution of 3c (1.0·10–3 moldm–3); [NBu4][PF6]
(0.2 moldm–3) as supporting electrolyte; scan rate 0.2 Vs–1.

The extremely negative potential value of the process pre-
vented the experimental measurement by controlled-poten-
tial coulometry of the number of electrons involved, but the
similarity of the peak height with that of the anodic process
suggests it is a one-electron process. In the first instance, we
therefore assign it to the FeII/FeI passage; a redox change
not too unusual in organometallic chemistry,[23] but quite
new in ferracarborane chemistry. The separation between
the one-electron oxidation and the one-electron reduction
(3.2 eV) can be roughly considered as an experimental mea-
surement of the HOMO–LUMO separation.

Complexes 3b and 3d also display a chemically reversible
one-electron oxidation. However, in contrast to 3c, no re-
duction process is detected in THF for complex 3d, whereas
complex 3b gives rise to an irreversible reduction. Upon
exhaustive oxidation, the original orange solution of com-
plex 3b turns brown, and the spectroelectrochemical trend
in the UV region is very similar to that illustrated for 3c. A
similar spectroelectrochemical pattern was recorded in the
UV region during the golden-yellow/maroon transition
from 3d to [3d]+, except for a new band at 350 nm (see Sup-
porting Information).

Finally, the one-electron oxidation of complex 3a in
CH2Cl2 solution is accompanied by chemical complica-

Table 4. Formal electrode potentials [V vs. SCE], peak-to-peak sep-
arations [mV], and current ratios for the redox activity of the ferra-
tricarbollides 3a–d.

Oxidation Reduction Solvent
E°� ∆Ep

[a] ipc/ipa
[a] E°� ∆Ep

[a] ipa/ipc
[a]

[1]– –0.18 84 1.0 – – – CH2Cl2
–0.04 89 1.0 – – – THF

3a +0.74 72 0.8[b] – – – CH2Cl2
+0.91 103 0.5 –1.56 74 0.5 THF

3b +0.82 73 1.0 – – – CH2Cl2
+0.94 72 –2.05[c] – 1.0 THF

3c +0.80 82 1.0 – – – CH2Cl2
+0.96 96 1.0 –2.29 127 0.8[d] THF

3d +0.60 73 1.0 – – – CH2Cl2
+0.77 78 1.0 – – – THF

FeCp2 +0.39 80 1.0 – – – CH2Cl2
+0.53 82 1.0 – – – THF

[a] Measured at 0.1 Vs–1. [b] Accompanied by chemical complica-
tions (see text). [c] Peak-potential value for irreversible processes.
[d] Because of the close solvent discharge, the present value is of
limited accuracy as far as the extent of chemical reversibility is
concerned.
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tions. The current ratio ipc/ipa is lower than unity at low
scan rate and progressively tends to increase with an in-
crease of the scan rate. In fact, exhaustive one-electron oxi-
dation leads to a presently unknown species, which reduces
at E°� = +0.34 V. The FeII/FeI reduction in THF (in such
solvent the complex is stable only for short times) is also
partially chemically reversible and occurs at potential val-
ues less negative than that of 3c. In fact, a HOMO–LUMO
separation of 2.5 eV can be calculated. The formal electrode
potentials of the mentioned electrode processes are com-
piled in Table 4.

Conclusions

The X-ray diffraction study revealed that the Fe···C2B3

and Fe···Cp distances in 17-electron ferracarborane 1 are
significantly longer than those in its 18-electron congener
[1]–, in accordance with one-electron removal from the
bonding HOMO. The electrochemical investigation re-
vealed that the FeII-tricarbollide complexes are more diffi-
cult to oxidize than the charge-compensated dicarbollide
analogs, which in turn are more difficult to oxidize than
the parent ferracarborane [1]–. The location of the FeII/FeIII

couple for 3a–c at highly positive potential values makes
the FeII/FeI reduction accessible. The fact that the redox
changes of the different isomers occur at different potential
values constitutes a further supporting technique in their
selective recognition. Temperature-dependent 57Fe Möss-
bauer effect spectroscopy (TDMES) was used to elucidate
the hyperfine interaction parameters of the neutral carbol-
lide complexes, as well as the dynamical aspects of the iron
atom motion as a function of temperature. For a number
of ferracarboranes studied in detail, modestly good agree-
ment, within experimental error, was obtained for the msav
extracted from single-crystal X-ray diffraction studies and
TDMES.

Experimental Section
General Remarks: All reactions were carried out under argon in
anhydrous solvents which were purified and dried using standard
procedures. The isolation of products was conducted in air. Ferra-
carboranes 1, [NMe3Ph][1],[20] and 3a–d[5,6] were prepared as de-
scribed in the literature. The solutions of sodium salts Na[9-L-7,8-
R2-7,8-C2B9H8] were obtained by reaction of the corresponding
carborane with NaH in THF.[24] Irradiation was conducted in a
Schlenk tube using a high-pressure mercury-vapor lamp with a
phosphor-coated bulb (400 W). The 1H- and 11B NMR spectra
were measured with a Bruker AMX-400 instrument at room temp.
in [D6]acetone unless otherwise stated. Materials and apparatus for
electrochemistry and spectroelectrochemistry have been described
elsewhere.[25] All the potential values are referred to the saturated
calomel electrode (SCE).

1-Cp-4-SMe2-1,2,3-FeC2B9H10 (2a): To a solution of [CpFe(C6H6)]-
PF6 (344 mg, 1 mmol) in a mixture of THF (16 mL) and MeCN
(4 mL) which was chilled to –78 °C, was added a solution of Na[9-
SMe2-7,8-C2B9H10] in THF (4 mL, 1 mmol). The resulting mixture
was irradiated with stirring at –60 to –40 °C within 1 h, and the
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solvents evaporated in vacuo. The residue was washed several times
with MeOH giving red solid 2a which was 95% pure according to
1H- and 11B NMR spectroscopy. The analytically pure sample was
obtained by reprecipitation using heptane from CH2Cl2. Yield
255 mg (80%). 1H NMR: δ = 4.54 (s, 5 H, Cp), 4.08 (br. s, 1 H,
cage CH), 3.52 (br. s, 1 H, cage CH), 2.73 (s, 3 H, SMe2), 2.73 (s,
3 H, SMe2) ppm. 11B NMR (J, Hz): δ = –6.04 (d, 136, 1B), –6.04
(s, 1B, BSMe2), –10.20 (d, 142, 1B), –11.30 (d, 142, 1B), –13.24 (d,
142, 1B), –17.87 (d, 138, 1B), –24.55 (d, 152, 1B), –27.11 (d, 165,
1B), –28.71 (d, 202, 1B) ppm. C9H21B9FeS (314.46): calcd. C 34.38,
H 6.73, B 30.94, Fe 17.76; found C 34.32, H 6.48, B 30.80, Fe
17.44.

1-Cp-4-NMe3-1,2,3-FeC2B9H10 (2b): Compound 2b was synthe-
sized in a similar manner to 2a. However, when the irradiation was
finished, the reaction tube was placed into a Dewar vessel with an
acetone/dry ice mixture, and the reaction mixture was additionally
stirred for 24 h with gradual rising of temp. to 20 °C. Yield 32%.
1H NMR: δ = 4.63 (s, 5 H, Cp), 4.56 (br. s, 1 H, cage CH), 3.58
(br. s, 1 H, cage CH), 3.19 (s, 9 H, NMe3) ppm. 11B NMR (J, Hz):
δ = 5.27 (s, 1B, BNMe3), –5.45 (d, 129, 1B), –10.13 (d, 130, 1B),
–10.84 (d, 109, 1B), –13.31 (d, 156, 1B), –14.94 (d, 151, 1B),
–24.85 (d, 152, 1B), –26.08 (d, 157, 1B), –28.30 (d, 167, 1B) ppm.
C10H24B9FeN (311.44): calcd. C 38.57, H 7.77, N 4.50; found C
38.59, H 7.91, N 4.54.

1-Cp-4-py-1,2,3-FeC2B9H10 (2c): To a solution of [CpFe(C6H6)]PF6

(172 mg, 0.5 mmol) in a mixture of THF (3 mL) and MeCN (3 mL)
which was chilled to –78 °C, was added a solution of Na[9-py-7,8-
C2B9H10] in THF (10 mL, 0.5 mmol). The resulting mixture was
irradiated with stirring at –60 to –40 °C within 3 h, treated with
MeOH (1 mL), and filtered. The filtrate was evaporated in vacuo,
and the residue was eluted on a silica gel column (7 cm) with a
CH2Cl2/petroleum ether (1:1) mixture. The bright-red band was
collected, evaporated in vacuo, and washed several times with ether
to give dark-red crystals of 2c. Yield 60 mg (48%). 1H NMR: δ =
9.00 (d, 5.6, 2 H, C5H5N), 8.46 (t, 7.6, 1 H, C5H5N), 8.00 (t, 7.2,
2 H, C5H5N), 4.72 (br. s, 1 H, cage CH), 4.15 (s, 5 H, Cp), 3.53
(br. s, 1 H, cage CH) ppm. 11B NMR (J, Hz): δ = 2.56 (s, 1B,
Bpy), –5.68 (d, 129, 1B), –9.83 (d, 147, 1B), –11.03 (d, 158, 1B),
–12.64 (d, 141, 1B), –13.72 (d, 139, 1B), –23.03 (d, 153, 1B), –25.92
(d, 151, 1B), –28.05 (d, 167, 1B) ppm. C12H20B9FeN (331.43):
calcd. C 43.49, H 6.08, B 29.35; found C 43.49, H 6.02, B 29.08.

1-Cp-2,3-Me2-4-SMe2-1,2,3-FeC2B9H8 (2d): Compound 2d was
prepared in a similar manner to 2a. Yield 220 mg (64%). 1H NMR:
δ = 4.48 (s, 5 H, Cp), 2.86 (s, 3 H, SMe2), 2.60 (s, 3 H, SMe2), 2.44
(s, 3 H, CMe), 2.22 (s, 3 H, CMe) ppm. 11B NMR (J, Hz; CD2Cl2):
δ = –1.65 (s, 1B, BPy), –4.86 (d, 157, 1B), –6.20 (d, 155, 1B), –9.35
(d, 142, 1B), –12.66 (d, 138, 1B), –17.68 (d, 130, 2B), –18.55 (d,
140, 1B), –20.64 (d, 150, 1B) ppm. C11H26B9FeS (343.52): calcd. C
38.46, H 7.63; found C 38.39, H 7.21.

1-Cp*-4-SMe2-1,2,3-FeC2B9H10 (2e): A solution of Na[9-SMe2-7,8-
C2B9H10] in THF (2 mL, 0.5 mmol) was added to a solution of
[Cp*Fe(MeCN)3]BF4 (200 mg, 0.5 mmol) in THF (10 mL) at 0 °C.
The resulting mixture was stirred at this temp. for 1 h, and com-
pound 2e was isolated in a similar manner to 2a. Yield 155 mg
(80%). 1H NMR: δ = 5.32 (br. s, 1 H, cage CH), 3.58 (br. s, 1 H,
cage CH), 2.59 (s, 6 H, SMe2), 2.39 (s, 6 H, SMe2), 2.35 (br. s, 1
H, cage CH), 1.79 (s, 15 H, Cp*) ppm. 11B NMR (J, Hz): δ =
–4.90 (d, 195, 1B), –6.02 (s, 1B, BSMe2), –9.19 (d, 144, 1B), –12.90
(d, 130, 1B), –13.80 (d, 130, 1B), –18.18 (d, 138, 1B), –25.28 (d,
159, 1B), –27.27 (d, 176, 1B), –29.13 (d, 227, 1B) ppm.

Mössbauer Spectroscopy: The solid compounds were transferred to
plastic sample holders and examined by standard transmission
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Table 5. Crystal data and structure-refinement parameters for 1, [NMe3Ph][1], and 2b.

Compound 1 [NMe3Ph][1] 2b

Empirical formula C7H16B9Fe C16H30B9FeN C10H23B9FeN
Formula weight 253.34 389.55 310.43
Crystal color, habit violet plate red plate red prism
Crystal size [mm] 0.30×0.10×0.10 0.40×0.10×0.10 0.30×0.20×0.20
Temperature [K] 120(2) 120(2) 120(2)
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c P21/n Pna21

a [Å] 11.4669(1) 8.2460(2) 14.846(2)
b [Å] 6.4619(1) 16.9626(5) 8.788(1)
c [Å] 16.6791(2) 14.3504(4) 11.827(2)
β [°] 100.650(1) 96.8406(16) 90
V [Å3] 1214.60(3) 1992.95(9) 1543.1(4)
Z(Z�) 4(1) 4(1) 4(1)
F(000) 516 816 644
Dcalcd. [g cm–1] 1.385 1.298 1.336
Linear absorption, µ [cm–1] 11.99 7.57 9.59
Tmin/Tmax 0.7150/0.8895 0.7516/0.9281 0.7619/0.8314
Scan type ω ω ω
θ range [°] 1.81–45.00 1.87–50.34 2.69–30.01
Completeness of dataset [%] 98.4 98.1 99.9
Reflections measured 36197 71800 11745
Independent reflections 9862 [Rint = 0.0456] 20808 [0.0396] 4327 [0.0276]
Observed reflections [I � 2σ(I)] 7912 15599 3148
Parameters 218 364 247
Final R(Fhkl):R1 ratio 0.0435 0.0431 0.0475
wR2 0.0981 0.0894 0.1169
GOF 1.014 0.993 0.945
∆ρmax, ∆ρmin [eÅ–3] 0.628, –0.636 0.669, –0.544 0.969, –0.760

Mössbauer effect spectroscopy (MES) using a 50 mCi 57Co/Rh
source as described previously.[26] Spectrometer calibration was per-
formed using a 10 mgmcm–2 α-Fe foil at room temp., and all iso-
mer shifts are referred to the centroid of such a spectrum. ME data
acquisition times varied from 7 to 30 h (depending on the temp.),
and since one of the objectives of this research was to elucidate the
temperature-dependent parameters extracted from the ME data,
the thermal variation with time was continuously monitored using
the Daswin program of Glaberson and Brettschneider.[27] The temp.
uncertainties are estimated as ±0.1 K over the data acquisition in-
tervals.

Calculation Details: All calculations were performed using
Gaussian 98 package.[28] The structure of [1]– was optimized at
B3LYP/6-31G* level in Cs symmetry. The molecular orbital visual-
ization was performed by ChemCraft software, version 1.5
(www.chemcraftprog.org).

X-ray Crystallography: Crystals of 1 and [NMe3Ph][1] suitable for
X-ray diffraction were grown by slow evaporation of CH2Cl2 solu-
tions. Crystals of 2b were grown by slow diffusion in a two-layer
system, solution of the complex in [D6]acetone/petroleum ether,
placed in an NMR tube. X-ray diffraction experiments were carried
out with a Bruker SMART 1000 CCD area detector, using graph-
ite-monochromated Mo-Kα radiation at 110 K. Low temp. of the
crystals was maintained with a Cryostream (Oxford Cryosystems)
open-flow nitrogen gas cryostat. Reflection intensities were inte-
grated using SAINT software,[29] and absorption correction was
applied semi-empirically using SADABS program. The structures
were solved by direct method and refined by the full-matrix least-
squares against F2 in anisotropic approximation for non-hydrogen
atoms. All polyhedron hydrogen atoms were located from the Fou-
rier density synthesis and refined in isotropic approximation. Crys-
tal data and structure-refinement parameters for 1, [NMe3Ph][1],
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and 2b are given in Table 5. All calculations were performed using
the SHELXTL software.[30]

CCDC-291166 (for [NMe3Ph][1]), -291167 (for 1), and -291168 (for
2b) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crys-
tallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): Spectroelectrochemical data for transition
from 3d to [3d]+ and the optimized coordinates from DFT calcula-
tions of [1]–.
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The suitability of bimetallic coordination compounds in the
systems Cu/Zn/CN and Cu/Zn/CN/ethylenediamine as pre-
cursors for CuO/ZnO was explored. The kinetic and thermo-
dynamic equilibria in these systems are discussed. The intro-
duction of ethylenediamine led to crystalline precursor
compounds, and the bimetallic coordination compounds
[Zn(en)]2[Cu2(CN)6] and [Zn(en)3]6[Cu2(CN)7]2[Cu(CN)3]·
8.4H2O were structurally characterised. The oxide mixtures
of CuO/ZnO, prepared by mild thermolysis of the precursor
compounds, were tested for their catalytic activity in the for-

Introduction

Cu/ZnO is a widely used system in heterogeneous cataly-
sis for methanol synthesis and steam reforming.[1–3] Al-
though Cu/ZnO/Al2O3 is a more efficient catalyst, Cu/ZnO
is often examined as an easier model to understand the
catalytic process (note that even ZnO alone is an active cat-
alyst in methanol synthesis[4]). Conventionally, such cata-
lysts are prepared by thermolysis of coprecipitated carbon-
ates or oxalates.[5] Here we report on the preparation, struc-
tural characterisation, thermolysis and catalytic activity of
two bimetallic coordination compounds that contain cop-
per and zinc within the same crystal. We showed earlier that
it is possible to prepare Zn[Cu(CN)3] with two metals in
the same crystal.[6] It is reasonable to assume that the oxides
prepared by oxidative thermolysis occur in an intimately
dispersed state, thereby enhancing the catalytic activity. Two
well-defined bimetallic coordination compounds can be de-
composed to intimate mixtures of CuO and ZnO. The cata-
lytic activity of the oxides derived from these precursor
compounds containing Cu–Zn–CN and Cu–Zn–CN–ethyl-
enediamine in methanol synthesis was investigated. There-
fore, a comprehensive picture ranging from the single crys-
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mation of methanol from synthesis gas, i.e. CO/CO2/H2.
While the oxide mixtures from Zn[Cu(CN)3] were not catalyt-
ically active, the oxide mixtures derived from the crystalline
compounds with ethylenediamine as the ligand had about
20–30% of the activity of an industrial methanol catalyst.
This underscores the importance of the origin of the catalyst,
i.e. the dependence of its activity from the structure of its
precursor.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tal structure, through to thermolysis and on to the catalytic
performance is presented here.

Results and Discussion

Some General Remarks about the Thermodynamic and
Kinetic Equilibria in the Cu/Zn/CN Precursor System

All syntheses were typically performed by mixing aque-
ous solutions of the first metal with aqueous solutions of a
cyanide complex of the second metal. It turned out that
a number of different species are present in solution, e.g.
[CuII(H2O)6]2+, [ZnII(H2O)6]2+, [ZnII(CN)4]2–, “[CuII-
(CN)4]2–”, [CuI(CN)4]3– and [CuI(CN)3]2–.[7] Note that
“[Cu(CN)4]2–” is just a formal description because CuII cya-
nide complexes are subject to an internal redox reaction
resulting in CuI and (CN)2. In the case of the reaction of
Cu2+ with [ZnII(CN)4]2–, the kinetic lability of the cyano-
complexes of copper and zinc had a strong influence on the
products that formed. Starting with solutions of [ZnII-
(CN)4]2– and Cu2+, the main product was ZnII[CuI(CN)3],
whereas CuII[ZnII(CN)4] and ZnII[ZnII(CN)4] were only
found as side products.[6]

Furthermore, in the system Cu/CN there are not only
different species in solution, but also many different types
of structural elements consisting of CuI coordinated
by CN– exist in the solid state. For instance, the unit
“[Cu(CN)3]2–” can be either a mononuclear trigonal-planar
complex, or a dinuclear complex [Cu2(CN)6]4–, as in
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[CuII(en)2]4[CuI(CN)3]2[CuI

2(CN)6]·2H2O (ref.[8]) or a part
of an infinite three-dimensional network as in [Zn(en)]2-
[Cu2(CN)6] (1; see the structure below). It is essential to
have the crystal structures of the precursors in this system
because the crystal structure of the precursor determines
the structure and morphology of the reaction products if
the thermolysis is carried out at moderate temperature, i.e.
not under thermodynamic equilibrium conditions.[1,9] This
is of particular interest in heterogeneous catalysis where
surface effects are often more important than the composi-
tion.[10,11]

The different kinetic stabilities of cyanometallate com-
plexes are important for the preparation: In a bimetallic
system which contains a kinetically stable complex, e.g.
[Fe(CN)6]3–, and a counterion which does not form a cya-
nide complex itself, e.g. Gd3+, the preparation of a bimetal-
lic coordination compound like Gd[Fe(CN)6] is straightfor-
ward and easy.

In the pair CuI/II and ZnII, two metals are present which
form kinetically unstable cyanocomplexes with comparable
stability constants. The stability constant of [ZnII(CN)4]2–

is 4×1019 –4 (ref.[12]) and much smaller than that of
[CuII(CN)4]2– with 1×1027 –4 (ref.[13]), therefore the latter
compound is preferred in equilibrium. However, CuII is re-
duced by CN– to CuI upon mixing [ZnII(CN)4]2– and CuII,
and the anion [CuI(CN)3]2– is formed as the main copper
species in solution.[6] This may serve as an example as to
how the constitution of the complexes found in the solid
state often cannot be predicted from the formulae of the
dissolved precursor molecules, making a rational synthesis
difficult.

Bimetallic Cyanides as Precursors for CuO/ZnO for
Methanol Catalysis

Mixtures of CuO and ZnO were prepared from
Zn[Cu(CN)3] by oxidative thermolysis under different con-
ditions (temperature from 200 to 500 °C). In addition, the
grain size of Zn[Cu(CN)3] was adjusted by variation of the
precipitation conditions as reported earlier (continuous
overflow method).[6] Although the oxide mixtures (CuO
and ZnO) were analytically pure (no residual cyanide com-
pound was left after thermolysis, which was checked by IR
spectroscopy and elemental analysis), the catalytic activities
for methanol synthesis were practically zero in all cases. The
reason for this behaviour is not known, but it is possible
that the decomposition temperature was too high to pre-
serve a sufficiently high specific surface (the BET surface
area was around 5 to 10 m2 g–1 for these samples) and poss-
ibly some sintering had occurred.[14] On the other hand, the
surface of the active copper and zinc oxide particles may
have been poisoned by small amounts of cyanide that were
still adsorbed under these conditions, but no longer detect-
able by bulk-phase techniques.

The Precursor System Cu/Zn/CN/Ethylenediamine (en)

A better control over the precursor is possible if its crys-
tal structure is known, yielding the coordination environ-
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ment of both metals and also the unequivocal evidence that
both metals are present within the same crystal. To obtain
such single crystalline precursors, the solubility of the coor-
dination compounds in the system Cu/Zn/CN had to be
increased. The chelating ligand ethylenediamine, H2N–
CH2–CH2–NH2, can substitute cyanide as a ligand.[15] It
also prevents the formation of metal–cyanide–metal bonds,
which lead to rapid precipitation of polymeric compounds,
like the well-known Prussian Blue that contains a three-
dimensional network of Fe–CN–Fe bridges or like Zn-
(CN)2 that contains an adamantane-like network.

In the system Cu/Zn/CN/en, the formation of com-
pounds does not only depend on the composition of the
solutions. It also depends on the pH and the content of K+.
This was found by experiments with solutions of the formal
composition “[CuII(en)2][ZnII(CN)4]”. From this solution,
two different bimetallic compounds were obtained, just by
simple modification of the conditions:

(1) From KCN and in the presence of (NH4)2SO4 buffer
(pH about 8), the compound [ZnII(en)]2[CuI

2(CN)6] (1)
(pale green crystals) was obtained.

(2) From NaCN (not buffered; pH about 10), the
compound [ZnII(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2)
(bluish or colourless crystals) was obtained.

These structures indicate that in these systems Zn2+ has
a close affinity to ethylenediamine and that Cu+ has a close
affinity to cyanide. The coordination geometry around zinc
and copper depends on the synthesis conditions. Chi and
Fedkiw reported that [Cu(CN)3]2– is the main species in the
system Cu+/CN–, even if cyanide is present in excess.[16] The
formation of the dinuclear anion [Cu2(CN)7]5– can be de-
rived from joining a [Cu(CN)3]2– unit with a [Cu(CN)4]3–

unit. The fact that both compounds are slightly coloured
suggests that small amounts of Cu2+ are also present in the
crystal, possibly as substitution for Zn2+ (CuI and ZnII are
both colourless).

Here, the structure of [ZnII(en)]2[CuI
2(CN)6] (1) was de-

termined for the first time (see Figure 1, Table 1 and
Table 2). Crystalline [ZnII(en)]2[CuI

2(CN)6] contains units
of [CuI

2(CN)6]4– and [ZnII(en)]2+, which together form
a three-dimensional network. Each zinc atom is connected
to three [Cu2(CN)6]4– units by one cyanide ligand. This
leads to an unusual square-pyramidal coordination of zinc
where two nitrogen atoms from ethylenediamine and two
nitrogen atoms from cyanide form the base of the pyramid.
Copper and zinc atoms are in close vicinity in the crystal
structure. The structure of [ZnII(en)3]6[CuI

2(CN)7]2-
[CuI(CN)3]·8.4H2O (2) was reported earlier by Kappenstein
et al.[17,18] and confirmed here by single-crystal structure
analysis.

The infrared spectra (Figure 2) show strong similarities
between the two compounds. Especially the N–H bands
([ZnII(en)]2[CuI

2(CN)6] (1): 3367/3352/3292 cm–1; [ZnII-
(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2): 3342/3293 cm–1)
and the C–H bands ([ZnII(en)]2[CuI

2(CN)6] (1): 2962/2924/
2899 cm–1; [ZnII(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2):
2962/2934/2883 cm–1) are almost identical whereas the
C–N bands ([ZnII(en)]2[CuI

2(CN)6] (1): 2116 cm–1;
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Figure 1. Structure of [ZnII(en)]2[CuI
2(CN)6] (1): Top: Packing of

[ZnII(en)]2[CuI
2(CN)6] in the crystal; bottom: Asymmetric unit of

[ZnII(en)]2[CuI
2(CN)6]. Hydrogen atoms from ethylenediamine

were omitted for clarity.

Table 1. Crystallographic data of [ZnII(en)]2[CuI
2(CN)6] (1).

Empirical formula C5H8CuN5Zn
ρcalcd. [g cm–3] 2.000
Wavelength [Å] 0.71073
Space group P21212 (orthorhombic)
F(000) 528
Temperature [K] 203(2)
Crystal size [mm3] 0.14 × 0.11 × 0.03
Crystal colour cyan
Crystal description plate
a [Å] 13.7514(4)
b [Å] 7.6762(3)
c [Å] 8.4007(3)
α [°] 90.000(2)
β [°] 90.000(2)
γ [°] 90.000(2)
Volume [Å3] 886.77(5)
Z 4
Reflections collected 82644
Independent reflections 5459 [R(int) = 0.0619]
Final R indices [I � 2σ(I)] R1 = 0.0320, wR2 = 0.0693
R indices (all data) R1 = 0.0477, wR2 = 0.0755
Diffractometer Siemens SMART three axis goniometer

with an APEX II area detector system
Computing structure solution Bruker AXS SHELXTL 6.12
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Table 2. Atomic coordinates (×104) and equivalent isotropic dis-
placement parameters (Å2 ×103) for [ZnII(en)]2[CuI

2(CN)6]. U(eq)
is defined as one third of the trace of the orthogonalised Uij tensor.

x y z U(eq)

Zn(1) –3338(1) 5234(1) 12376(1) 20(1)
Cu(1) 243(1) 6874(1) 12703(1) 25(1)
C(1) –3817(2) 1502(3) 11828(3) 35(1)
C(2) –3166(2) 1440(3) 13263(3) 33(1)
C(3) –1100(1) 6111(2) 12540(2) 24(1)
C(4) 854(1) 7735(3) 10761(2) 24(1)
C(5) 706(1) 7709(3) 14757(2) 25(1)
N(1) –3583(2) 3089(3) 10899(2) 32(1)
N(2) –3239(2) 3125(3) 14110(2) 31(1)
N(3) –1928(1) 5896(2) 12430(2) 24(1)
N(4) 1198(1) 8227(3) 9595(2) 29(1)
N(5) 980(1) 8297(3) 15935(2) 28(1)

[ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·8.4 H2O (2): 2081 cm–1)

can clearly be distinguished and may be used to distinguish
both compounds.

Figure 2. Infrared spectra of [ZnII(en)]2[CuI
2(CN)6] (1) and

[ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·8.4H2O (2).

Thermolysis of 1 and 2

The thermolysis of [ZnII(en)]2[CuI
2(CN)6] (1) and

[ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·8.4H2O (2) under oxy-

gen to CuO/ZnO was followed in situ by thermogravimetry
combined with infrared spectroscopic gas analysis (Figure 3
and Figure 4).

Figure 3.Thermogravimetry of 1 and [ZnII(en)3]6[CuI
2(CN)7]2[CuI-

(CN)3]·8.4H2O (2) to CuO/ZnO under a dynamic oxygen atmo-
sphere.

The thermolysis of [ZnII(en)]2[CuI
2(CN)6] (1) can be di-

vided into three parts. In a first step from 250 °C to about
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Figure 4. Time-resolved IR spectra of gases evolved from [ZnII(en)]2[CuI
2(CN)6] (1) (left) and [ZnII(en)3]6[CuI

2(CN)7]2-
[CuI(CN)3]·8.4H2O (2) (right) during thermolysis to CuO/ZnO.

295 °C, ethylenediamine is released without oxidation, as is
visible from the C–H bands in the infrared spectrum at
around 3000 cm–1. From 295 to 490 °C the remainder of
the ethylenediamine and a part of the cyanide undergo
combustion as indicated by the evolution of CO2 (four
bands from 3740 to 3590 cm–1 and several bands from 2560
to 2310 cm–1) and H2O. Finally, the combustion of cyanide
to carbon dioxide and nitrous oxide (NO) occurs above
490 °C. The residual mass of 61.43 wt.-% corresponds well
to the theoretical value of 60.25 wt.-% for a 1:1 mixture of
ZnO and CuO.

The thermolysis of [ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·

8.4H2O occurs in five well-separated steps. In the first step,
from 90 to 145 °C first water and then also ethylenediamine
are released. Up to 240 °C, about 10 of the 18 molecules of
ethylenediamine and all the crystal waters are lost. Starting
around 240 °C, the reaction turns to oxidative combustion
with the release of CO2, first of ethylenediamine and then
of cyanide. The final mass of 38.9 wt.-% corresponds well
to the calculated value of 37.1 wt.-% for a 6:5 mixture of
ZnO and CuO.

The morphology of the oxide mixtures, prepared by mild
thermolysis of [ZnII(en)]2[CuI

2(CN)6] (1) and [ZnII(en)3]6-
[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2) in air at 300 °C for 48 h
was investigated by scanning electron microscopy (Fig-
ure 5). The crystallites have a size of a few 100 nm up to a

Figure 5. Scanning electron micrographs of the resulting CuO/ZnO
mixtures from [ZnII(en)]2[CuI

2(CN)6] (1) (left) and [ZnII(en)3]6-
[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2) (right) after annealing for 48 h
at 300 °C.
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micrometer, comparable to those obtained earlier by ther-
molysis of Zn[Cu(CN)3].[6] High-resolution X-ray powder
diffraction (synchrotron) confirmed the absence of precur-
sors or other crystalline impurities.

Catalytic Activity of Cu/ZnO from the Precursor System
Cu/Zn/CN/Ethylenediamine (en)

The oxide samples were tested for their catalytic activity
in the formation reaction of methanol from CO/CO2/H2 by
two different methods. First, a 49-channel parallel flow
multitubular reactor was used for rapid scanning of many
samples (Table 3).[19] Note that CuO/ZnO was always re-
duced prior to the catalytic test in order to obtain the active
catalyst Cu/ZnO. This was done in situ in the catalytic reac-
tor. Because the absolute catalytic performance strongly de-
pends on the specific conditions, all activities were related
to an industrial benchmark catalyst (ICI Katalco 51–8)
whose activity was set to 100%. This multitubular reactor
permitted highly efficient parallel testing of numerous sam-
ples, including control experiments with the same sample.
The oxides derived from [ZnII(en)]2[CuI

2(CN)6] (1) and
[ZnII(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4H2O (2) showed sim-
ilar activities that were much higher than the activities of
the oxide mixtures from Zn[Cu(CN)3], which contained
only cyanide as a ligand (see above; almost no activity). In a
second experiment, both precursors were mixed with finely
dispersed Al2O3 (for chromatography) as a support before
the thermal decomposition to increase the specific surface.
However, with this support, the catalytic activity (related to
the content of CuO/ZnO in the catalyst) decreased con-
siderably, i.e. the active surface of the catalyst could not be
increased by this method.

In a single-tube reactor, the oxide mixture derived from
[ZnII(en)]2[CuI

2(CN)6] (1) was studied more closely with re-
gard to its reduction to Cu/ZnO, the specific copper surface
area and the catalytic activity. Again, it was compared to
the industrial benchmark catalyst (ICI) and also to another
oxide sample derived by the conventional coprecipitation
method of carbonates.[20] The content of CuO was approxi-
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Table 3. Catalytic activity of CuO/ZnO samples after in situ reduction to Cu/ZnO in the multitubular reactor.

Sample Activity

Cu/ZnO from Zn[Cu(CN)3] � 0%
Cu/ZnO from [ZnII(en)]2[CuI

2(CN)6] (1) 30%
5 Cu/6 ZnO from [ZnII(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4 H2O (2) 29 %
Cu/ZnO from [ZnII(en)]2[CuI

2(CN)6] (1) + Al2O3 13%
5 Cu/6 ZnO from [ZnII(en)3]6[CuI

2(CN)7]2[CuI(CN)3]·8.4 H2O (2) + Al2O3 9%
Industrial reference catalyst (ICI) 100%

mately 50 mol-% for these three samples. The content of
CuO in the oxide derived from [ZnII(en)]2[CuI

2(CN)6] (1)
was confirmed by the quantitative reduction (Figure 6). Af-
ter reduction, the sample had a copper surface area of
2.42 m2 g–1 (Figure 7). Compared with the catalyst based on
coprecipitated carbonate and the industrial catalyst, the
sample had a smaller copper surface area, but the activity
related to the copper surface area was surprisingly high (see
Table 4). Note that an adsorption of nonvolatile fragments
of the organic ligands on the copper surface that leads to a
decrease in activity is unlikely but cannot be excluded with
this compound. It was shown earlier that the Cu surface
generally decreases during the catalytic process because of
sintering of the Cu particles.[14]

Figure 6. Reduction of CuO/ZnO from thermolysis of [ZnII-
(en)]2[CuI

2(CN)6] (1) to Cu/ZnO in the single-tube reactor.

Figure 7. Measurement of the specific copper surface of Cu/ZnO
prepared from the oxide derived from [ZnII(en)]2[CuI

2(CN)6] (1) by
reaction with N2O in the single-tube reactor.

Note that the catalytic activity results obtained with the
multitubular reactor cannot be directly compared with data
from the single channel flow system. This is a result of the
different set-ups as well as differences in the reduction pro-
cess, different pressures (4.5 MPa for the parallel set-up vs.
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Table 4. Catalytic activity of CuO/ZnO prepared from [ZnII-
(en)]2[CuI

2(CN)6] (1) in the single-tube reactor (reduced to Cu/
ZnO) and of two reference catalysts.

Sample Cu surface Production rate
[m2 g–1] [µmol g–1

cat h–1]

Cu/ZnO from 1 2.42 92
Cu/ZnO from coprecipitated carbonate 17.0 115
Industrial Cu/ZnO/Al2O3 catalyst (ICI) 23.4 410

atmospheric pressure in the single-tube reactor) and slightly
different feed compositions. Thus the catalytic activity of
Cu/ZnO prepared from [ZnII(en)]2[CuI

2(CN)6] (1) measured
in the single-tube reactor corresponds to 23% of the activity
of the commercial ICI catalyst, which is in satisfactory
agreement to the data obtained from the parallel set-up
(30% of ICI). In general, the efficiency of the Cu/ZnO mix-
ture derived from the cyanide/ethylenediamine coordination
compounds is between 20 and 30% of the industrial refer-
ence catalyst.

Kurtz et al. gave a linear relationship between the specific
copper surface and the catalytic activity.[14] For our CuO/
ZnO catalyst from [ZnII(en)]2[CuI

2(CN)6] (1), only 40% of
the actually observed activity would have been expected, i.e.
about 40 µmolg–1

cat h–1. An optimised thermolysis of
[ZnII(en)]2[CuI

2(CN)6] (1) with regard to a high surface area
of copper oxide may lead to an even higher catalytic ac-
tivity. Unfortunately, the “easy route” to increase the spe-
cific surface area by adding Al2O3, as further support, was
not successful (see Table 3).

Conclusions

By the preparation and thermolysis of bimetallic coordi-
nation compounds, which contain copper and zinc in the
same crystal, it is possible to prepare active Cu/ZnO cata-
lysts for methanol synthesis. However, if only cyanide is
present as the ligand, the activity of the resulting oxide mix-
ture is almost zero, possibly because of poisoning of the
surface. The introduction of ethylenediamine as an ad-
ditional ligand leads to Cu/ZnO with a catalytic activity of
20 to 30% of the industrial reference catalyst. It is impor-
tant to note that the morphology (by scanning electron mi-
croscopy) and the chemical composition (CuO and ZnO)
of the thermolysis products from both kinds of precursors
are practically indistinguishable. This underscores the
strong influence of the precursor structure on the catalytic
activity of the resulting oxide,[1,2] which, despite sophisti-
cated in situ studies,[21,22] is not yet fully understood.
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Experimental Section
For all preparations, deionised water was used.

Preparation of [ZnII(en)]2[CuI
2(CN)6] (1): KCN (2.6 g, 40 mmol)

and (NH4)2SO4 (2.64 g, 20 mmol) were dissolved in water (50 mL).
ZnSO4·7H2O (2.91 g, 10 mmol) was added to this solution whilst
stirring until complete dissolution occurred. A second solution of
CuSO4·5H2O (2.53 g, 10 mmol) and ethylenediamine (1.1 mL,
20 mmol) was prepared in water (25 mL). The solutions were
poured together whilst stirring and a slightly blue precipitate was
obtained. Water was added to a volume of 100 mL, and the unfil-
tered mixture of precipitate and solution was stored in a closed
flask for three days. Pale green crystals were obtained, filtered,
washed with water and dried for several days at room temperature
in air. Yield: 43%. C10H16Cu2N10Zn2 (534.16) (average of four in-
dependent preparations with standard deviations): calcd. C 22.49,
H 3.02, Cu 23.79, N 26.22, Zn 24.48; found C 22.16±0.64, H
2.76±0.34, Cu 25.06±1.38, N 25.64±0.86, Zn 23.70±1.47. The
powder diffraction pattern of [ZnII(en)]2[CuI

2(CN)6] (1) was simu-
lated using the single-crystal structure data. It showed an excellent
agreement with the experimental powder diffraction pattern, there-
fore the bulk phase has the same structure as the single crystal.

Preparation of [ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·8.4H2O (2):

NaCN (1.96 g, 40 mmol) was dissolved in water (40 mL). CuCl
(0.99 g, 10 mmol) was added to this solution whilst stirring until
complete dissolution occurred. A second solution of Zn(OAc)2·
2H2O (3.29 g, 15 mmol) and ethylenediamine (3 mL, 45 mmol) was
prepared in water (35 mL). The solutions were mixed and then
stored in a sealed flask for a week. Slightly bluish crystals were
obtained. After addition of a small amount of ethanol, more crys-
tals were obtained from the mother liquor. Yield: 51%.
C53H160.8Cu5N5Zn6 (2385.41) (average of four independent prepa-
rations with standard deviations): calcd. C 26.69, H 6.79, Cu 13.32,
N 31.12, Zn 16.44; found C 26.50±0.54, H 6.83±0.15, Cu
12.71±0.46, N 30.60±0.39, Zn 16.37±0.39; traces of Na were also
detected (0.58±0.28 from three preparations). The powder diffrac-
tion pattern of 2 was simulated using the single-crystal structure
data. It showed an excellent agreement with the experimental pow-
der diffraction pattern, therefore the bulk phase has the same struc-
ture as the single crystal.

Preparation of CuO/ZnO from [ZnII(en)]2[CuI
2(CN)6] (1) and

[ZnII(en)3]6[CuI
2(CN)7]2[CuI(CN)3]·8.4H2O (2): The compounds

were heated in an open crucible in air at 300 °C for 24 h. The prod-
uct was then ground and heated again for 24 h at 300 °C. For the
carrier experiment the precursor (100 mg) was intimately ground
with Al2O3 (400 mg). The thermolysis was carried out as before.

Catalytic Measurements: (a) High-throughput screening in the
multitubular reactor: Measurements were performed with a high-
throughput 49-parallel channel reactor.[19] The catalyst (100 mg di-
luted by 200 mg quartz per well) was placed in a sample holder
consisting of a stainless-steel cartridge closed at the bottom by a
stainless-steel sinter metal frit. Prior to the catalytic measurements,
the catalysts were reduced with H2 at 518 K following the pro-
cedure for the commercial benchmark catalyst ICI Katalco 51–8.
Before measuring the catalytic activity, all samples were equili-
brated for 3 h (reaction pressure 4.5 MPa, reaction temperature
518 K, analytic flow 20 mLmin–1). The reaction gas consisted of
70% H2, 24% CO and 6% CO2. A double GC system (HP GC
6890) equipped with a methaniser FID was used for online gas
analysis. Oxo-product separation (H3COH, HCOOCH3,
H3CCOOCH3, H3CCH2OH) was carried out on a SuppelcoWAX
0.53 mm column and CO, CO2 and CH4 were separated on a Car-
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boxen 1006 column. Methanol productivities for all measured sam-
ples were compared to the productivity of the industrial benchmark
catalyst ICI Katalco 51–8 [PICI = 40 mmol MeOH/(g–1

cat h–1) at
518 K and 4.5 MPa].

(b) Single-tube reactor: 100 mg of the sample (sieves fraction 250–
355 µm) were placed in a fixed-bed glass-lined U-tube reactor. The
reduction was performed under flowing diluted H2 (2% H2 in He)
by increasing the temperature up to 448 K by 1 Kmin–1 and main-
taining it there for 14 h. To ensure complete reduction, the tem-
perature was then increased to 513 K and the sample was treated
with pure H2. The active surface area of Cu was determined by
N2O reactive frontal chromatography at 300 K as described ear-
lier.[23] The methanol formation activity was measured at 493 K
under atmospheric pressure. The feed gas consisted of 72% H2,
10% CO, 4% CO2 and 14% He. Gases of the highest available
purity (�99.9995%) were used. The online analysis of the products
was performed by a previously calibrated quadrupole mass spec-
trometer (Balzers GAM 422).

Analytical Techniques: Combined thermogravimetry-infrared spec-
troscopy (TG-IR) was carried out with a Netzsch STA 209 TG-
DTA/DSC instrument connected to a Bruker Vertex 70 infrared
system with a TGA-IR measurement cell for gas analysis. Samples
were heated from 30 °C to 800 °C at a rate of 5 Kmin–1 under a
dynamic O2 atmosphere at a flow rate of 50 mLmin–1. Infrared
spectroscopy was carried out with a Bruker Vertex 70 (KBr pellets),
scanning electron microscopy with an ESEM Quanta 400 instru-
ment (FEI) on nonsputtered samples. High-resolution X-ray pow-
der diffractometry was carried out in transmission geometry at be-
amline B2 at HASYLAB/DESY, Hamburg, Germany.[24]
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The reaction of the P,S ligands CpFe{1,2-C5H3(PPh2)(CH2SR)},
(1-R; R = Et, Ph, tBu), with 0.5 equivalents of [Ir(COD)Cl]2

(metal/ligand = 1:1) furnishes the stable mononuclear ad-
ducts [Ir(COD)Cl(1-R)], 2-R, in high yields. The molecular
structures of the three complexes 2-R have been determined
by single-crystal X-ray diffraction. Compounds 2-Et and 2-
Ph have similar five-coordinate molecular structures, with an
intermediate coordination geometry between a distorted tri-
gonal-bipyramid and a distorted square-pyramid. In the solid
state, the sulfur atom chirality (R group exo, lone pair endo
and parallel to the Cp-Fe axis) as well as the iridium chirality
(Cl atom exo relative to the ferrocene group) is controlled by
the ligand planar chirality. In solution, only one diastereoiso-
mer is observed in both cases, indicating that the geometries
observed in the solid state are maintained in solution, or that
the different species are in rapid exchange on the NMR time
scale. Complex 2-tBu, on the other hand, shows a four-coordi-
nate square-planar molecular structure with a dangling thio-
ether moiety, probably for steric reasons. For metal/ligand
ratios greater than 1, the compounds [Ir(COD){κ2-P:S-
(1-R)}]+[Ir(COD)Cl2]– (3-R) are obtained, resulting from the
chloride abstraction by the excess iridium metal on complex

Introduction

The coordination chemistry of iridium has been widely
studied during the last few decades, in part because of nu-
merous applications that have been found in various cata-
lytic systems[1] since the pioneering work of Crabtree et al.[2]

In particular, iridium has been successfully applied to asym-
metric catalyses, such as olefin hydrogenation,[3–12] C=N hy-
drogenation,[13–21] transfer hydrogenation[22–28] and allylic
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2-R. The structure of 3-Ph was confirmed by single-crystal X-
ray diffraction. A rapid equilibration between 2-R and 3-R
gives rise to only one set of NMR signals for each metal/
ligand ratio. For the ligand 1-tBu, a similar equilibration be-
tween 2-tBu and 3-tBu is again observed, in addition to a
slower equilibration with a third product, [Ir(COD)Cl](µ-1-
R)[Ir(COD)Cl] (4-tBu), which is proposed to contain a bridg-
ing P,S ligand spanning two Ir centres. Complex 2-Ph reacts
with [Rh(COD)Cl]2 to give only the heterometallic ionic pair
[Ir(COD){κ2-P:S-(1-Ph)}][Rh(COD)Cl2] without transfer of li-
gand 1-Ph from Ir to Rh. Furthermore, the rhodium complex
RhCl(COD)(1-Ph) reacts quantitatively with [Ir(COD)Cl]2 at
room temp. to yield 2-Ph and [Rh(COD)Cl]2, thereby illustrat-
ing the much stronger affinity of ligands 1-Ph for iridium
compared to rhodium. Finally, the complexes 2-tBu and 2-Ph
were found to be efficient catalysts for the diphenylacetylene
hydrogenation, affording a mixture of monohydrogenation
[both (E)- and (Z)-stilbene] and dihydrogenation (1,2-diphen-
ylethane) products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

substitution.[29–40] Furthermore, the largest scale industrial
enantioselective catalytic process involves an iridium-based
hydrogenation step in the synthesis of chiral herbicide (1S)-
Metolachlor.[41,42] Although many catalytic systems are
generated in situ by the ligand addition to the readily avail-
able chloro(cycloocta-1,5-diene)iridium dimer, a good
number of ligand adducts have been isolated and crystallo-
graphically characterized. When the supporting ligand (L-
L�) is bidentate, several species can be envisaged depending
on the ability of the ligand to act in a monodentate or bi-
dentate fashion, and on the competition between the donor
atoms and the chloride ion for the metal center. These spe-
cies correspond to five-coordinate [Ir(κ2-L-L�)(COD)Cl],
four-coordinate neutral [Ir(κ1-L-L�)(COD)Cl] with a dan-
gling L or L� donor atom, and four-coordinate ionic [Ir(κ2-
L-L�)(COD)]+Cl–. Whereas several solid-state structures are
available for five-coordinate complexes[43–47] and an exam-
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ple is also reported for neutral four-coordinate structure
with a dangling phosphanyl ester ligand,[48] no examples
are known, to the best of our knowledge, of four-coordinate
ionic [Ir(κ2-L-L�)(COD)]+ complexes with chloride as coun-
terion (though they are known for rhodium).[49–51] Whether,
for a given metal/ligand combination, the solid-state struc-
ture is maintained in solution and whether it is solvent de-
pendent, or whether equilibria between different structures
are established, has not been the subject of detailed studies
to the best of our knowledge. In addition, how the ligand
stereoelectronic properties may influence this structural
choice is also an obscure point.

The coordination chemistry of sulfur-containing li-
gands,[52,53] as well as their potential in homogeneous catal-
ysis[54,55] have recently attracted much interest, amongst
other things because the sulfur atom could become asym-
metric upon coordination to a metal. We have recently re-
ported the synthesis of a family of planar-chiral P,S ligands,
namely (R/S)-2-diphenylphosphanyl-[R-thiomethyl)ferro-
cenes (1-R), for instance with R = Et, tBu, Ph, which
proved to be very efficient in palladium-based asymmetric
allylic alkylation.[56] As a first step toward the development
of iridium-based catalytic systems, we wished to explore the
iridium coordination chemistry of such ligands, with a par-
ticular focus on the stoichiometry, stereochemistry, poten-
tial (hemi)lability, etc. In this paper, we describe the synthe-
sis and structure of a family of iridium complexes produced
upon reaction of the racemic 1-R (R = Et, tBu, Ph) ligands
with the cyclooctadieneiridium() moiety. We place particu-
lar emphasis on probing the relationship between the solu-
tion behaviour, the solid-state structure, and the nature of
the R substituent on the ferrocenyl thioether function. New
structural features and an unsuspected complex solution
behaviour have been found through these investigations.
Preliminary results on the catalytic diphenylacetylene hy-
drogenation reaction are also reported. Although the COD
ligand is replaced by other ligands or substrates under most
catalytic conditions (e.g. it is hydrogenated to cyclooctane
under hydrogenation conditions) the structural and dy-
namic features observed for the pre-catalyst (i.e., the coordi-
nation stereoselectivity, the hemilability) are potentially rel-
evant to the behaviour that one may expect under catalytic
conditions.

Results

(a) Syntheses

Addition of the 2 equivalents of the bidentate ligands
[CpFe{1,2-C5H3(PPh2)(CH2SR)}] (1-R, R = Et, tBu, Ph),
which will be abbreviated as (P,SR), to complex [Ir(COD)-
Cl]2 [i.e. 1 equiv. of (P,SR) to Ir] causes the splitting of the
chloride-bridged dinuclear structure of the iridium precur-
sor and formation of mononuclear products, according to
the stoichiometry of Equation (1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1803–18161804

(1)

The products 2-R have been characterized by analytical
and spectroscopic (1H, 31P, 13C NMR) methods. The NMR
properties are shown in Table 1. These are spectra recorded
on solutions obtained upon redissolving the isolated crys-
tals, but correspond to complex equilibria between different
species, as will be discussed in detail after the description
of the structures. The three compounds show grossly similar
physical (color, solubility) and spectroscopic properties in
solution, but have different structures in the solid state.
Whereas 2-Et and 2-Ph proved to be five-coordinate with a
κ2-P,S coordination mode for the bidentate ligand, their 2-
tBu analogue is only four-coordinate, with a κ1-P coordina-
tion mode and a dangling thioether functionality (see X-
ray structures below).

Another remarkable feature has been observed during
the crystallization of the crude product obtained from the
reaction of 1-Ph and [Ir(COD)Cl]2 (2:1 ratio). Whereas
crystals of 2-Ph were obtained from dichloromethane/hex-
ane, when the same procedure was followed for a toluene/
hexane, crystals of a different compound, namely [Ir(COD)-
(P,SPh)][Ir(COD)Cl2] (3-Ph) were produced. In fact, a
CDCl3 solution of 3-Ph gave a 31P resonance at 9.1 ppm,
quite different from the value observed for 2-Ph (–3.1 ppm).
As will be shown later, this resonance results from an equi-
librium mixture of 2-Ph and 3-Ph. When the synthesis was
repeated for a 1:1 ratio of 1-Ph and [Ir(COD)Cl]2 (1-Ph/Ir =
2), the resulting orange solid displayed solution-state NMR
properties in close correspondence with those of the iso-
lated crystals of 3-Ph. However, this solid also yielded crys-
tals of 2-Ph when recrystallized from dichloromethane/hex-
ane. It seems therefore that the choice of crystallization sol-
vent dictates the nature of the isolated product, indicating
a possible equilibrium between 2-Ph and 3-Ph [Equation
(2)]. A more detailed study of this equilibrium will be de-
scribed below.

(2)

(b) X-ray Structures

Views of the molecular geometries of compounds 2-Et,
2-tBu and 2-Ph are presented in Figure 1. It is immediately
evident that the Et and Ph derivatives are five-coordinate
because the S atoms are within reasonable bonding dis-
tances from the Ir centers [2.3928(17) Å and 2.3835(12) Å,
respectively], whereas the tBu derivative is only four-coordi-
nate (the S···Ir distance is 5.13 Å). A comparable Ir–S
bonding distances [2.3594(15) Å] has been reported for a
[(COD)Ir(P,StBu)]+ complex containing a chiral phosphin-
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Table 1. NMR properties of compounds 2-R (R = Et, tBu, Ph) in CDCl3 solution.[a]

2-Et 2-tBu 2-Ph
1H

PPh2 8.25 (m, 2 H) 8.02 (m, 2 H) 8.01 [d, 2 H (7)]
7.58 (m, 3 H) 7.50–7.46 (m, 5 H) 7.66–7.61 (m, 4 H)[e]

7.24 (s, 3 H) 7.37–7.35 (m, 3 H) 7.46–7.41 (m, 3 H)[e]

7.05 (m, 2 H) 7.27 (m, 4 H)[e]

7.12–7.09 (m, 2 H)[e]

SCH2 4.69 [d, 1 H (12)] 4.09 [d, 1 H (13)] 5.55 [d, 1 H (12)]
3.97 [d, 1 H (12)] 3.87 [d, 1 H (13)] 4.09 (br. s, 2 H)[f]

C3H5 4.49 (s, 1 H) 4.64 [d, 1 H (2)] 4.44 (br. s, 1 H)
4.22 (s, 1 H) 4.39 [t, 1 H (2.5)] 4.25 [t, 1 H (2.5)]
4.00 (s, 1 H) 4.28 (br. s, 1 H) 4.09 (br. s, 2 H)[f]

Cp 3.83 4.11 3.82
COD(CH) 3.48–3.53 (m, 4 H)[b] 3.7 (broad, 4 H) 3.32 {t, 2 H (7)}

2.96 (m, 1 H) 3.09 (m, 2 H)
2.86 (m, 1 H)

COD(CH2) 2.62 (m, 2 H) 2.33–2.28 (m, 2 H) 2.61–2.55 (m, 2 H)
2.04 (m, 4 H) 2.13–2.11(m, 2 H) 2.01–1.93 (m, 4 H)
1.40 (m, 5 H)[c] 1.80–1.77 (m, 2 H) 1.35–1.32 (m, 2 H)

1.60–1.57 (m, 2 H)
SR 3.48–3.53 (m, 4 H)[b] 1.42 (s, 9 H) [e]

1.40 (m, 5 H)[c]

13C

Ph-ipso 135.1 [d (30)] 133.8 [d (52)] 134.8 [d (46)]
133.3 [d (51)] 132.6 [d (50)] 134.0 [d (51)]

Ph-o,m,p 135.4 [d, 2 C (13)] 135.2 [d, 2 C (11)] 132.3 [d, 2 C (9)]
132.0 [d, 2 C (9)] 134.2 [d, 2 C (10)] 130.7 [d, 2 C (2)]
130.6 [d, 1 C (2)] 130.1 [d, 1 C (2)] 128.9 [d, 2 C (2)]
129.0 (1 C) 129.7 [d, 1 C (2)] 127.9 [d, 2 C (10)]
127.8 [d, 2 C (10)] 127.6 [d, 2 C (10)] 127.0 [d, 2 C (9)]
127.2 [d, 2 C (9)] 127.4 [d, 2 C (10)]

Cp 70.6 71.0 70.7
C5H3 88.0 [d, 1 C (18)] 90.0 [d, 1 C (14)] 88.7 [d, 1 C (18)]

72.6 [d, 1 C (7)] 74.9 [d, 1 C (8)] 72.3 (s, 1 C)
72.5 (s, 1 C) 74.4 [d, 1 C (50)] 72.0 [d, 1 C (7)]
70.3 [d, 1 C (38)] 71.3 [d, 1 C (17)] 71.0 [d, 1 C (43)]
68.7 [d, 1 C (5)] 69.7 [d, 1 C (7)] 69.0 [d, 1 C (5)]

SCH2 30.9 28.7 37.3
SR 66.8 (CH2) 43.6 [C (CH3)] 135.9 [d, iC (11)]

13.5 (CH3) 30.9 [C(CH3)] 132.1 (s, 2 C)
129.8 (s, 1 C)
129.0 (s, 2 C)

COD(CH) 64.5 [d, 2 C (13)] [d] 67.4 (s, 2 C)
29.8 [d, 2 C(5)] 65.1 [d, 2 C (15)]

COD(CH2) 35.8 (s, 2 C) 32.6 (s, 2 C) 35.5 (s, 2 C)
28.6 (s, 2 C) 30.6 (s, 2 C) 28.7 (s, 2 C)

31P

–3.1 15.7 –4.2

[a] Chemical shifts are reported as measured, for solutions containing ca. 10–2 mol/L of the isolated crystals. [b] Overlap between
COD(CH) and SEt (CH2) resonances. [c] Overlap between COD(CH2) and SEt (CH3) resonances. [d] Not visible (see text). [e] Overlap
between the PPh2 and SPh resonances. [f] Overlap between one SCH2 and one C5H3 resonance.

ite–thioether donor.[57] Other significant bonding param-
eters are shown in Table 2 for the five-coordinate com-
pounds and in Table 3 for the four-coordinate one. When
considering the coordination sites as corresponding to the
midpoints of the COD C–C double bonds, the geometry of
2-tBu corresponds quite closely to an ideal square plane,
the Ir atom being only 0.0206(2) Å away from the least-
squares coordination plane. The coordination geometries of
compounds 2-Et and 2-Ph, on the other hand, may be best
viewed as intermediate between a distorted trigonal-bipyra-

Eur. J. Inorg. Chem. 2006, 1803–1816 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1805

mid and a distorted square-pyramid. In the distorted trigo-
nal-bipyramidal view, the center of one C=C donor func-
tion of the COD ligand (CO2) and the S1 donor atom de-
fine the axial positions [angles of 168.1(4) and 166.703(18)°,
respectively]. However, the equatorial angles deviate se-
verely from the ideal 120° value, for instance the CT01–
Ir(1)–P(1) angle in the two compounds is 153.2(4) and
156.06(2)°, respectively, whereas the P(1)–Ir(1)–Cl(1) angle
is 91.33(7) and 90.03(3). In the alternative distorted square-
pyramidal view, the axial ligand would be the Cl(1) ligand,
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Figure 1. ORTEP views of the molecular structures of compounds
2-Et (a); 2-tBu (b) and 2-Ph (c). Ellipsoids are drawn at the 50%
probability level and hydrogen atoms are omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1803–18161806

although a few of the Cl(1)–Ir–X angles [X = P(1), S(1),
CO1 and CO2] are relatively close to 90°. It is interesting
to note that in both 2-Et and 2-Ph, the Ir is located off the
basal square plane by 0.363(8) Å and 0.3506(3) Å respec-
tively, moreover the Ir is displaced toward the Cl atom. The
distance from Cl to the square plane is 2.875(6) Å and
2.850(2) Å respectively. In fact, it would seem possible to
view the structure as derived from that of the corresponding
square planar [Ir(COD)(P,SR)]+ by addition of Cl–, re-
sulting in a minimal perturbation of the square-planar ge-
ometry. Structures of five-coordinate [IrX(COD)L2] (X =
any halogen) are not uncommon. They comprise examples
with L2 = diphosphanes[43,44] including a ferrocenyl-func-
tionalized diphosphane,[45] diimines,[46,47] and also with L =
monodentate phosphane.[58] The compounds reported here
are the first such examples containing a bidentate P,S-type
framework. More importantly, they illustrate the delicate

Table 2. Selected bond lengths [Å] and angled [°] for the pentacoor-
dinate compounds 2-R (R = Et, Ph).

2-Et 2-Ph

Ir(1)–CT01 2.026(8) 2.0216(9)
Ir(1)–CT02 2.030(7) 2.0433(8)
C(30)–C(31) 1.441(10) 1.445(4)
C(34)–C(35) 1.407(11) 1.395(4)
Ir(1)–P(1) 2.3322(15) 2.3289(13)
Ir(1)–S(1) 2.3928(17) 2.3835(12)
Ir(1)–Cl(1) 2.5739(19) 2.5576(12)
P(1)–C(1) 1.796(7) 1.807(3)
P(1)–C(111) 1.843(7) 1.835(3)
P(1)–C(121) 1.819(7) 1.837(3)
S(1)–C(21) 1.809(8) 1.826(3)
S(1)–C(211) 1.842(7) 1.790(3)
C(2)–C(21) 1.496(9) 1.488(4)
CT01–Ir(1)–CT02 85.118(19) 85.298(8)
CT01–Ir(1)–P(1) 153.2(4) 156.06(2)
CT02–Ir(1)–P(1) 90.69(6) 91.583(19)
CT01–Ir(1)–S(1) 90.3(3) 90.020(18)
CT02–Ir(1)–S(1) 168.1(4) 166.703(18)
P(1)–Ir(1)–S(1) 88.48(7) 87.66(2)
CT01–Ir(1)–Cl(1) 115.4(3) 113.814(19)
CT02–Ir(1)–Cl(1) 103.0(4) 102.980(19)
P(1)–Ir(1)–Cl(1) 91.33(7) 90.03(3)
S(1)–Ir(1)–Cl(1) 88.84(8) 90.30(2)
C(1)–P(1)–C(111) 99.6(4) 100.46(13)
C(1)–P(1)–C(121) 103.4(3) 103.36(12)
C(111)–P(1)–C(121) 104.0(3) 101.25(12)
C(1)–P(1)–Ir(1) 118.06(19) 117.07(9)
C(111)–P(1)–Ir(1) 113.2(2) 114.85(10)
C(121)–P(1)–Ir(1) 116.4(3) 117.31(9)
C(21)–S(1)–C(211) 94.5(3) 98.62(13)
C(211)–S(1)–Ir(1) 110.7(3) 112.14(9)
C(21)–S(1)–Ir(1) 108.8(3) 108.09(10)
C(2)–C(1)–P(1) 126.8(4) 127.2(2)
C(5)–C(1)–P(1) 126.5(5) 126.0(2)
C(3)–C(2)–C(21) 123.2(6) 123.1(2)
C(1)–C(2)–C(21) 128.8(6) 128.7(2)
C(2)–C(21)–S(1) 114.8(5) 111.23(18)
C(116)–C(111)–P(1) 118.9(6) 121.6(2)
C(112)–C(111)–P(1) 121.8(6) 120.1(2)
C(126)–C(121)–P(1) 119.9(6) 118.9(2)
C(122)–C(121)–P(1) 122.4(6) 122.1(2)
C(216)–C(211)–S(1) 122.7(2)
C(212)–C(211)–S(1) 116.9(2)
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Table 3. Selected bond lengths [Å] and angles [°] for the square planar compound 2-tBu.

Ir(1)–CT01 2.0859(6) Ir(1)–CT02 1.9988(5)

Ir(1)–C(30) 2.204(2) Ir(1)–C(34) 2.131(3)
Ir(1)–C(31) 2.194(2) Ir(1)–C(35) 2.110(3)
Ir(1)–P(1) 2.3312(9) Ir(1)–Cl(1) 2.3625(8)
P(1)–C(1) 1.811(3) S(1)–C(21) 1.818(3)
P(1)–C(111) 1.831(3) P(1)–C(121) 1.835(3)
S(1)–C(22) 1.828(3) C(30)–C(31) 1.392(4)

C(34)–C(35) 1.418(4)
CT02–Ir(1)–CT01 86.434(11) P(1)–Ir(1)–Cl(1) 92.49(2)
CT01–Ir(1)–P(1) 177.594(17) CT02–Ir(1)–P(1) 93.369(19)
CT01–Ir(1)–Cl(1) 87.904(18) CT02–Ir(1)–Cl(1) 172.601(17)
C(1)–P(1)–C(111) 105.28(11) C(1)–P(1)–C(121) 100.70(12)
C(111)–P(1)–C(121) 101.02(12) C(111)–P(1)–Ir(1) 116.53(8)
C(1)–P(1)–Ir(1) 116.81(9) C(121)–P(1)–Ir(1) 114.22(8)
C(21)–S(1)–C(22) 103.56(13) C(221)–C(22)–S(1) 111.1(2)
C(5)–C(1)–P(1) 124.1(2) C(223)–C(22)–S(1) 110.5(2)
C(2)–C(1)–P(1) 127.77(18) C(222)–C(22)–S(1) 104.3(2)
C(3)–C(2)–C(21) 124.5(2) C(1)–C(2)–C(21) 128.0(2)
C(2)–C(21)–S(1) 109.91(18)
C(116)–C(111)–P(1) 120.86(19) C(126)–C(121)–P(1) 120.8(2)
C(112)–C(111)–P(1) 120.18(19) C(122)–C(121)–P(1) 120.8(2)

control exerted by the ligand structure on the coordination
geometry. This control is unlikely to have an electronic ori-
gin, as the Et and tBu substituents impart analogous elec-
tronic effects, and different from those of the Ph substitu-
ent. A steric effect appears more likely, because the tBu
group is more encumbering than either the Et or the Ph
group and thus prevents the compound to attain the five-
coordinate geometry (Figure 1).

The S coordination step is interesting from the stereo-
chemical point of view. Coordination renders the S atom
and the Ir atom asymmetric. In combination with the
planar chirality of the substituted ferrocene moiety, eight
possible stereoisomers, namely four diastereomeric pairs of
enantiomers, can be obtained. There is, however, no indica-
tion from the NMR spectrum for the formation of more
than one compound. Either the diastereoisomers have sig-
nificantly different energies such that only one is present at
equilibrium, or the isomerization proceeds through a low
energy barrier (for instance by decoordination and recoor-
dination through a four-coordinate square planar interme-
diate), or finally there may be a combination of both effects.
Other observations, shown below, indicate that these com-
pounds undergo dynamic rearrangements very rapidly. In
the solid state, the compounds 2-Et and 2-Ph show the S
atom with the same configuration relative to the ferrocene
unit (R group exo, lone pair endo and parallel to the Cp–
Fe axis), and the Cl ligand is located on the same side (exo)
relative to the ferrocene group. The Ir–Cl distances of
2.5739(19) and 2.5576(12) Å compare with those in other
five-coordinate [IrCl(COD)L2] derivatives with chelating
ligands, for instance 2.549 Å in [IrCl(COD)L2] [L2 =
(2R,3R)-2,3-O-isopropylidene-1,4-bis(5H-dibenzophos-
phol-5-yl)-2,3-butanediol],[43] and 2.585(3) Å in
[IrCl(COD)(dppp)].[44] However, these distances are longer
relative to neutral four-coordinate complexes [e.g.
2.363(1) Å in Ir(COD)[= C(NCH2-p-Tol)2C2H2]Cl,[59] and
2.3625(8) Å in complex 2-tBu]. A lengthening of ca. 0.2 Å
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accompanies this coordination number increase. This obser-
vation gives credence to the hypothesis that the Ir–Cl bond
in the five-coordinate complexes is highly polarized, espe-
cially when comparing it with the insignificant change of
the Ir–P distance [2.3322(15) Å and 2.3289(13) Å in five-
coordinate 2-Et and 2-Ph, respectively; 2.3312(9) Å in four-
coordinate 2-tBu] and Ir–CT distances [CT = center of the
COD C=C bond; averages are 2.028(8) Å for 2-Et,
2.032(10) Å for 2-Ph and 2.04(4) Å for 2-tBu].

The structure of compound 3-Ph contains discrete
square-planar [Ir(COD)(κ2-P,SPh)]+ and [Ir(COD)Cl2]–

anions. An interstitial toluene molecule completes the crys-
tal packing. One H atom of a CH2 group of the COD li-
gand in the cation is located at a relatively short intermo-
lecular contact (2.759 Å) above the Ir atom in the anion,
see Figure 2, a location which places it in an approximately
ideal axial position. Indentification of such an interaction
in solution by NMR spectroscopy was precluded by the
complex redistribution equilibria (see below). However, the
Ir atom in each ion sits very close to the ideal square place
defined by the middle of the C=C bonds and the P,S or Cl
donors, respectively [0.0158(5) Å in the cation, 0.0066(5) Å
in the anion]. Structures of four-coordinate cationic com-
plexes of type [Ir(COD)L2]+ are quite common in the litera-
ture with various types of bidentate L2 and monodentate L
ligands, including two precedents with a chelating P,S-type
ligand, Ph2PO(1,2-cyclo-C6H10)StBu and Ph2PCH2P-
(tBu)2S.[57,60] All these previously reported salts contain
BF4

–, PF6
–, SbF6

–, CF3SO3
–, or tetraarylborates as coun-

terions. None contains the [Ir(COD)Cl2]– anion. In fact,
this quite simple anion does not appear to have previously
been crystallographically characterized. This situation dif-
fers considerably from that of the rhodium congeners, for
which several structure of salts of type [Rh(COD)-
L2][Rh(COD)Cl2] have been reported.[61–65]

Selected bonding parameters for compounds 3-Ph are
shown in Table 4. Both ions exhibit a relatively undistorted
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Figure 2. ORTEP view of the molecular structures of compounds 3-Ph. Ellipsoids are drawn at the 50% probability level and hydrogen
atoms are omitted for clarity.

square-planar geometry when considering the center of the
COD C=C bonds (CT) as defining the coordination posi-
tions. The Ir–CT distances are significantly shorter in the
anion [average 1.976(5) Å] than in the cation [average
2.09(4) Å], and the latter are marginally longer than in the
4- and five-coordinate neutral complexes 2-R discussed

Table 4. Selected bond lengths [Å] and angles [°] for compounds 3-Ph.

Ir(1)–CT01 2.1242(2) Ir(2)–CT03 1.9807(2)
Ir(1)–CT02 2.0518(2) Ir(2)–CT04 1.9708(2)
Ir(1)–C(30) 2.239(5) Ir(2)–C(40) 2.094(6)
Ir(1)–C(31) 2.228(5) Ir(2)–C(41) 2.113(6)
Ir(1)–C(34) 2.171(5) Ir(2)–C(43) 2.086(5)
Ir(1)–C(35) 2.164(5) Ir(2)–C(44) 2.101(5)
Ir(1)–P(1) 2.2820(13) Ir(2)–Cl(1) 2.3644(13)
Ir(1)–S(1) 2.3280(12) Ir(2)–Cl(2) 2.3706(13)
C(30)–C(31) 1.381(7) C(40)–C(41) 1.415(8)
C(34)–C(35) 1.397(7) C(43)–C(44) 1.414(8)
P(1)–C(1) 1.806(5)
P(1)–C(111) 1.828(5) P(1)–C(121) 1.824(5)
C(21)–S(1) 1.823(5) S(1)–C(211) 1.786(5)
CT02–Ir(1)–CT01 85.612(7) CT04–Ir(2)–CT03 88.285(9)
CT01–Ir(1)–P(1) 173.43(3) CT03–Ir(2)–Cl(1) 90.96(4)
CT01–Ir(1)–S(1) 89.93(3) CT04–Ir(2)–Cl(1) 177.05(4)
CT02–Ir(1)–P(1) 92.99(3) CT03–Ir(2)–Cl(2) 177.63(3)
CT02–Ir(1)–S(1) 170.56(3) CT04–Ir(2)–Cl(2) 90.72(3)
P(1)–Ir(1)–S(1) 92.35(4) Cl(1)–Ir(2)–Cl(2) 90.14(5)
C(1)–P(1)–C(111) 102.6(2) C(1)–P(1)–C(121) 103.6(2)
C(121)–P(1)–C(111) 105.2(2) C(121)–P(1)–Ir(1) 118.79(17)
C(1)–P(1)–Ir(1) 114.86(16) C(111)–P(1)–Ir(1) 110.19(16)
C(2)–C(1)–P(1) 122.4(4) C(5)–C(1)–P(1) 129.0(4)
C(1)–C(2)–C(21) 126.4(4) C(2)–C(21)–S(1) 111.9(3)
C(112)–C(111)–P(1) 121.5(4) C(122)–C(121)– P(1) 117.9(4)
C(116)–C(111)–P(1) 119.1(4) C(126)–C(121)–P(1) 123.2(4)
C(211)–S(1)–C(21) 100.5(2) C(216)–C(211)–S(1) 117.7(4)
C(211)–S(1)–Ir(1) 108.55(17) C(21)–S(1)–Ir(1) 115.67(17)
C(212)–C(211)–S(1) 121.5(4)
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above, attesting to the importance of back-bonding for the
Ir–COD interaction. The Ir–P and Ir–S bond lengths in the
cation are shorter than those in the neutral complexes, irre-
spective of their coordination number. This effect can be
attributed to the metal ion contraction on going from the
neutral to the charged system, because of an increase of
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effective nuclear charge, and agrees with a predominant σ-
bonding component for the Ir–P and Ir–S interactions.

(c) NMR Spectroscopy of Compounds 2-R

Given the subtle structural difference observed for com-
pounds 2 in the solid state depending on R, one might won-
der whether the same structural dichotomy is maintained
in solution. A detailed analysis of the NMR properties
seems to suggest that this is the case. The 31P resonance
chemical shift is essentially identical for compounds 2-Et
and 2-Ph, whereas it is significantly shifted downfield for 2-
tBu (see Table 1), in apparent agreement with donation
from the phosphorus atom to a less electron-rich metal in
the latter case. This observation is the strongest indication
in favor of a similar structure in the solid state and in chlo-
roform solution for compounds 2. Given the planar chiral-
ity of the functionalized Cp ring of the ferrocene moiety,
all COD proton and carbon nuclei are magnetically in-
equivalent in both types of structure, although a higher de-
gree of inequivalence could be expected for the five-coordi-
nate structures where there is coordination-induced chiral-
ity at both the S and Ir atoms. The NMR spectra are, how-
ever, deceptively simple as only two sets of 13C resonances
are observed for both the CH and the CH2 nuclei for all
three compounds. For compound 2-tBu, the CH resonances
could not be identified, even by an 1H–13C HMQC experi-
ment at temperatures down to 213 K. On the other hand,
these peaks were visible when the spectrum was recorded in
[D8]toluene solution (see Exp. Sect.). The pairs of C atoms
with distinct chemical shifts are probably associated to the
different coordination positions (i.e. trans to P and trans to
S/Cl), whereas the asymmetry above and below the square
coordination plane has a negligible effect on the chemical
shift. Only for the 1H CH (COD) resonances in compound
2-Et was a slight asymmetry detected in the corresponding
NMR spectra due to this asymmetry. This observation
alone is not sufficient to confirm the difference in coordina-
tion geometry within the three compounds. However, the
chemical shifts of the CH(COD) 1H and 13C resonances
change significantly on going from 2-Et and 2-Ph. In par-
ticular, the CH resonances in the 1H NMR spectrum
proved to be more spread apart in 2-tBu, while one of the

Figure 3. Dependence of the chemical shift of a few resonance for the [Ir(COD)Cl]2/1-Ph system on the 1-Ph/Ir ratio. (a) 31P resonance;
(b) 1H resonances: unsubstituted Cp (5 H, diamonds); substituted Cp (1 H, circles); CH2 (1 H, squares; 1 H, triangles). The solid lines
are obtained by fitting the data according to Scheme 1 (see text).
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two CH resonances in the corresponding 13C NMR spec-
trum is upfield shifted by ca. 15 ppm relative to the same
resonance in the other two compounds. The chemical shift
of the single 1H resonance of the unsubstituted Cp ligand
is also significantly different for 2-tBu relative to the other
two compounds, and a slight difference is even observable
for the 13C resonance of the same group. The 1H and 13C
resonances of the CH2 group linking the S donor to the
ferrocene unit, on the other hand, seem sensitive to the elec-
tronic nature of the SR group, because they are similar for
the Et and tBu derivatives and different for the Ph deriva-
tive. In conclusion, the overall NMR behaviour suggests
that the solution structures of compounds 2 may be iden-
tical to those observed in the solid state.

(d) Study of Solution Equilibria

Solutions obtained by mixing the complexes [Ir(COD)Cl]2
and the free ligand 1-Ph in various ratios were investigated
by 1H and 31P NMR spectroscopy. Only one set of reso-
nances was observed for all ratios up to 1-Ph/Ir = 1:1, but
several individual resonances of this set (notably the 31P
resonance and the 1H resonances of the ferrocene unsubsti-
tuted Cp, of one of the substituted Cp protons, and of the
two CH2 protons) exhibited a continuous variation of the
chemical shift as a function of the 1-Ph/Ir ratio (see Fig-
ure 3). The COD resonances were too broad to allow their
accurate monitoring. For 1-Ph/Ir ratios greater than 1, the
resonances of the free ligand 1-Ph (mostly evident from the
31P NMR spectrum) also appeared.

The behaviour illustrated in Figure 3 can be rationalized
on the basis of Scheme 1, where rapid site exchange be-
tween the species participating in the equilibrium is re-
quired. A similar equilibrium has previously been proposed
for an analogous system with the hemilabile N,O ligand 3-
dimethylamino-1-(2�-pyridyl)-2-propen-1-one.[64] The reso-
nances did not decoalesce into those of the individual spe-
cies upon cooling to 213 K for a solution containing a 1-Ph/
Ir ratio of 0.6. The first ligand–metal equilibrium leading
to 3-Ph must be essentially quantitative, because the NMR
signals of free 1-Ph appear immediately after consumption
of one equivalent of the ligand per Ir dimer, whereas they
are not visible before this ratio is attained.
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Scheme 1.

Under the assumption of a first quantitative addition of
1-Ph to [Ir(COD)Cl]2, the individual concentrations of 2-
Ph and 3-Ph for each measured solution were obtained
from the equilibrium expression denoted in Equation (3), R
= Ph, using K as an adjustable parameter. These concentra-
tions were then used to calculate, for each resonance, the
chemical shifts according to Equation (4) (R = Ph). Fitting
to the experimental data yielded a reasonable agreement,
using the same value of the equilibrium constant (0.008) for
all resonances, as shown in Figure 3. The full fitting pro-
cedure and the values of δ2–Ph and δ3–Ph for each reso-
nance, as obtained from the fittings, are given in the Sup-
porting Information (for details see the footnote on the first
page of this article).

(3)

(4)

When a sample of 1-Et was added to [Ir(COD)Cl]2 in a
1:1 molar ratio in CDCl3 (i.e. a 1-Et/Ir ratio of 0.5), a single
31P NMR resonance was observed at δ = 10.9 ppm. The
isolated complex 2-Et (having a 1-Et/Ir ratio of 1), on the
other hand, yielded a 31P resonance at δ –4.2 under the
same conditions (see Table 1), whereas the resonance of the
free ligand 1-Et is at –20. Addition of an excess of ligand
1-Et shifted this resonance further to δ = –4.6 ppm. We
therefore presume that the solution behaviour of “Ir(COD)-
Cl” in the presence of 1-Et is the same as with the 1-Ph
ligand. A more detailed equilibrium study was not carried

Figure 4. Chemical shift (a) and relative ratio (b) of the 31P NMR resonances for the [Ir(COD)Cl]2/1-tBu system as a function of the 1-
tBu/Ir ratio. Squares: rapidly equilibrating mixture of 2-tBu and 3-tBu; triangles: 4-tBu; diamonds: 1-tBu. The solid line in (a) is the data
fit to the model of Scheme 2 (see text).
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out in this case. In contrast, treatment of complex [Ir-
(COD)Cl]2 with various amounts of 1-tBu in CDCl3 led to
the observation of two new 31P NMR resonances. Whereas
one of these (at δ = 17.5 ppm) exhibited the same chemical
shift at all 1-tBu/Ir ratios, the other one shifted continu-
ously from ca. δ = 14.6 at 1-tBu/Ir = 0.2 to ca. 15.7 at 1-tBu/
Ir = 1, see Figure 4 (a). In addition, the relative intensity of
these two resonances changed in favor of the second one
upon increasing the 1-tBu/Ir ratio, until the first one com-
pletely disappeared at the point when 1-tBu/Ir = ca. 1, see
Figure 4 (b). Further additions of the free ligand no longer
moved the δ = 15.7 resonance, although, a new resonance
due to the excess of free 1-tBu started to appear at δ =
–20.0 ppm. This observed behaviour suggests the presence
of at least three P-containing Ir complexes: two that are
in rapid exchange on the NMR time scale, generating the
resonance that is shifting in the δ = 14.6–15.7 ppm range,
and a third one giving the δ = 17.5 ppm resonance. The
latter species exchanges slowly on the NMR timescale, or
not at all, with the other two. In addition, the appearance
of the free 1-tBu resonance immediately after attaining the
1-tBu/Ir ratio of 1, suggested an essentially quantitative first
addition of 1-tBu to [Ir(COD)Cl]2 to generate 3-tBu, like
for the case of the 1-Ph addition.

It seems logical to assume, on the basis of the results
shown above for the 1-Ph/Ir system, that the shifting reso-
nance is due to the rapidly equilibrating mixture of com-
pounds 2-tBu and the salt [Ir(COD)(κ2-P,StBu)]+[Ir-
(COD)Cl2]–, 3-tBu [equilibrium of Equation (2)]. The chem-
ical shift observed at low 1-tBu/Ir ratio [Figure 4 (a), ca. δ
= 14.5 ppm] is close to that observed at low 1-Ph/Ir ratio
(Figure 3, ca. δ = 11 ppm) and attributed to compound 3-
Ph. For the 1-Ph/Ir system, addition of the free ligand leads
to an upfield shift toward the resonance of five-coordinate
2-Ph (ca. δ = –3 ppm), whereas for the 1-tBu/Ir system,
addition of the free ligand leads to a downfield shift toward
the resonance of four-coordinate 2-tBu (ca. δ = 15.5 ppm).
This proposition is in agreement with the observed behav-
iour of the same system in C6D6: the lower polarity of this
solvent is expected to disfavor formation of the ionic system
and, indeed, the resonance does not shift significantly by
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Scheme 2.

varying the 1-tBu/Ir ratio in the 0 to � 1 range (δ always in
the 15.68–15.71 range).

We now need to assign the δ = 17.5 ppm resonance and
to rationalize the fact that it is observed only for the 1-tBu/
Ir system. The most reasonable proposal that we are able
to advance involves a neutral dinuclear complex with a
bridging P,StBu ligand (4-tBu), see Scheme 2. Precedents
for this type of structural arrangement exist for P,N li-
gands.[66,67] As the equilibrium between the five-coordinate
and the four-coordinate isomers of 2-R lies strongly in favor
of the latter when R = tBu, the pendant StBu arm is avail-
able to coordinate the Ir center in the unsaturated [Ir-
(COD)Cl] complex, which is in equilibrium with the
dichloro-bridged dimer. It is rather remarkable, however,
that this process is slower than the addition of the chloride
anion to the same position. We presume that this is so for
steric reasons. The reversible association/dissociation pro-
cess of the pendant StBu arm leading from 2-tBu to 3-tBu is
fast because it is intramolecular. The reason why analogous
compounds 4-Ph and 4-Et are not observed would then be
related to the preferred sulfur coordination to the same Ir
center, in the five-coordinate geometry of 2-Ph and 2-Et.

According to this proposal, compound 4 has an identical
stoichiometry to compound 3. Therefore, the 3-tBu/4-tBu
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ratio should be independent on the 1-tBu/Ir ratio. This ratio
can be estimated from the extrapolated relative intensities
of the δ = 14.6 and 17.5 ppmpeaks as 1-tBu/Ir � 0 (ca.
42.3:57.7), from Figure 4 (b). This number can in turn be
used to estimate the individual concentrations of 2-tBu and
3-tBu at each 1-tBu/Ir ratio. At this point, the concentration
of each iridium-containing species can be calculated solving
the equilibrium relationship [Equation (3), R = tBu], using
K as an adjustable parameter. These concentrations were
then used to calculate the 31P chemical shift according to
Equation (4) (R = tBu). Fitting of the simulated and experi-
mental data yielded a reasonable agreement for an equilib-
rium constant of 0.036, as shown in Figure 4 (a). Thus, K
is greater for R = tBu (0.036) than for R = Ph (0.008). The
release of steric pressure upon transforming the chelating
P,StBu ligand into a dangling one (whereas the P,SPh ligand
remains chelating in compound 2-Ph) may provide an ex-
planation of this difference.

(e) Comparison with Rh Coordination Chemistry and
Mixed Rh–Ir Studies

When samples of 1-R (R = Ph, Et, tBu) were treated with
[Rh(COD)Cl]2 in a 2:1 molar ratio, a single 31P resonance,
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Table 5. 31P resonances assigned to the products of 1:1 and 2:1 ligand 1-R addition to [M(COD)Cl]2 (solvent = CDCl3).

δ = 31P (JPRh)
Complex 1-R/M ratio M = Rh M = Ir[a]

M(COD)Cl(P,SEt) 1:1 5-Et: 25.2 (142 Hz) 2-Et: –4.6
M(COD)Cl(P,StBu) 1:1 5-tBu: 24.5 (147 Hz) 2-tBu: 15.6
M(COD)Cl(P,SPh) 1:1 5-Ph: 22.2 (143 Hz) 2-Ph: –2.9
[M(COD)(P,SPh)][M(COD)Cl2] 1:2 6-Ph: 24.0 (143 Hz) 3-Ph: 11.0

[a] Following the chemical shift analysis as a function of 1-R/M ratio, as outlined in the text and described in detail in the Supporting
Information.

split into a doublet by a rhodium coupling, was observed
in each case in the NMR spectrum. This resonance is there-
fore assigned to a product with the stoichiometry
RhCl(COD)(P,SR) (5-R) see Table 5. The very similar val-
ues of the chemical shifts and coupling constants, in con-
trast to the behaviour observed for the Ir complexes,
strongly indicates the same coordination mode for the three
ligands with respect to RhI.

When a sample of 1-Ph in CDCl3 was treated with
[Rh(COD)Cl]2 in a 1:1 molar ratio, a doublet resonance was
observed at δ = 24 ppm (143 Hz) in the 31P NMR spectrum.
Both the chemical shift and the coupling constant of this
resonance are very close, but not identical, to those ob-
tained using a 2:1 ratio. Therefore, we presume that the
compound formed under these conditions (6-Ph) has the
same structure as the iridium analogue 3-Ph, namely
[Rh(COD)(P,SPh)][Rh(COD)Cl2]. As for compounds 5-R,
there are two possibilities: an ionic structure
[Rh(COD)(P,SR)]+Cl–, and a neutral structure with a dan-
gling thioether function, [RhCl(COD)(κ1-P,SR)], as seen for
the iridium analogue 2-tBu. In both cases, the rhodium
complexes are consistently four-coordinate, in agreement
with the lower propensity of RhI, relative to IrI, to give
five-coordinate geometries with the involvement of the dz2
orbital. A few examples of four-coordinate [Rh(COD)L2]+

complexes having Cl– as the counterion have been charac-
terized by X-ray crystallography, namely [Rh(COD)-
(bipy)2]+,[49] [Rh(COD)L2]+ (L = 1,3-dimethylimidazolin-2-
ylidene),[50] and a chelated version of the latter {L2 =
[MeNC3H2N-(CH2)3-NC3H2NMe]}.[51] However, addition
of the 1-R ligands to [Rh(COD)Cl]2 in C6D6 generated sol-
uble products whose 31P NMR resonances [5-Et: 21.8
(147 Hz); 5-tBu: 23.6 (148 Hz); 5-Ph: 21.6 (148 Hz)] turned
out to be essentially identical to those recorded in CDCl3.
This result strongly suggests that the adducts are neutral.
In conclusion, the IrI center has a greater tendency to coor-
dinate both the thioether function and the Cl– ion. The lat-
ter, however, is rather weakly coordinated as shown by the
long Ir–Cl distances in the X-ray structures (vide supra).

Subsequent mixing experiments were carried out in order
to probe the relative stability of RhI and IrI complexes with
the coordinated P,SR ligands. The addition of [Ir(COD)-
Cl]2 to a sample of 5-Ph in a 1:2 molar ratio made the 31P
NMR resonance of the starting Rh complex and the P–Rh
coupling disappear, yielding a new resonance (singlet) at δ
= –0.25 ppm. From the observed chemical shift (cf. Table 5)
and the absence of Rh coupling, we propose that the reac-
tion leads to complex 2-Ph, according to Equation (5). The
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same 31P NMR resonance (δ = –0.21 ppm) was obtained
by adding 1/2 mol of [Ir(COD)Cl]2 and 1/2 mol of
[Rh(COD)Cl]2 simultaneously to one mol of 1-Ph. How-
ever, complex 2-Ph cannot be the only species in solution,
because its resonance is shifted relative to that assigned to
pure 2-Ph. From the observed NMR behaviour of complex
2-Ph in the presence of variable amounts of [Ir(COD)Cl]2
(see Figure 3 and related discussion above), we can presume
that the reaction mixture also contains equilibrium
amounts of complex [Ir(COD)(κ2-P,SPh)][Rh(COD)Cl2],
3�, obtained by transfer of the chloride ligand to the dinu-
clear rhodium complex as shown in Equation (6).

(5)

(6)

It is interesting to remark that the resonance observed
for this mixture (ca. –0.2 ppm), which contains a
P,SPh:(Rh+Ir) ratio of 0.5, is much closer to the resonance
of 2-Ph than that of a solution with the same P,SPh to me-
tal ratio, but containing only Ir (ca. 8 ppm, see Figure 3).
This observation shows that [Ir(COD)Cl]2 is a stronger
chloride scavenger than its rhodium analogue. Another ob-
vious conclusion of this study is that the iridium ion forms
stronger bonds with the phosphorus and sulfur atoms of
the P,SPh ligand than does the rhodium ion.

(f) Catalytic Studies

Complexes 2 were tested as catalyst for the hydrogena-
tion of diphenylacetylene. The results are presented in
Table 6. Under 30 bar of dihydrogen pressure at room tem-
perature with 1 mol-% of precatalyst, compound 2-tBu gave
a quantitative conversion after 6 h, whereas complex 2-Ph
was less active, yielding only a 59% conversion. In both
cases, significant amounts of 1,2-diphenylethane were de-
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Table 6. Diphenylacetylene hydrogenation in presence of complexes 2-Ph and 2-tBu.

Entry Complex Reaction time Conversion[a,b] Yield of cis-stilbene[b] Yield of trans-stilbene[b] Yield of 1,2-diphenylethane[b]

1 2-Ph 6 h 59 % 79 % 8 % 13 %
2 2-tBu 6 h 100 % 64 % 14 % 22 %

[a] Reaction run with 1 mmol of diphenylacetylene, 0.01 mmol of complex 2 (1 mol-%) in 2 mL CH2Cl2 at room temperature under 30
bars of dihydrogen. [b] Determined by GC.

tected by GC (alkenes/alkane ratio is 92:8 for 2-Ph and
78:22 for 2-tBu). Compared to other hydrogenation systems
for the selective transformation of alkynes into alkenes,
these systems perform rather poorly.[68–75]

Furthermore, the stereoselectivity of the reaction, espe-
cially with compound 2-tBu, is also quite poor (cis-stilbene/
trans-stilbene ratio is 91:9 for 2-Ph and 82:18 for 2-tBu).
The presence of (E)-alkenes after hydrogenation of alkynes
is commonly explained by the isomerisation of (Z)-alkenes,
which are the primary products arising from the syn-ad-
dition of H2 to the C–C triple bonds.[76–78] In order to de-
termine whether similar reasons are involved in our system,
we carried out the reaction of cis-stilbene with dihydrogen
in presence of complexes 2-Ph or 2-tBu under the same con-
ditions described in Table 6 for diphenylacetylene. Isomeris-
ation to trans-stilbene as well as hydrogenation to 1,2-di-
phenylethane did occur, although the rate of this transfor-
mation was slower than the direct formation of these two
products from diphenylacetylene. This result suggests that
the isomerization and further hydrogenation processes
probably occur mostly from the vinyl intermediate, before
the primary cis-stilbene product is formed by reductive eli-
mination. However, recoordination of the cis-stilbene fol-
lowed by both isomerization and further hydrogenation are
also possible.

Conclusion

The use of the ferrocenyl phosphane–thioether ligands 1-
R (R = Et, Ph, tBu) has allowed to reveal that the coordina-
tion geometry of chlorocyclooctadieneiridium() ligand ad-
ducts, both in the solid state and in solution, is delicately
controlled by the nature of the R substituent, yielding five-
coordinate complexes 2-R for R = Et, Ph and a four-coordi-
nate one for R = tBu, the latter featuring a dangling thio-
ether group. The ligand chirality controls the geometry at
the sulfur and iridium atoms, producing single dia-
stereomers.

The solid state geometries appear to be maintained in
solution. However, complex equilibria between various
structures are established. The chloride ligand is loosely
bound to iridium in the five-coordinate complexes 2-R,
leading to its scavenging by excess metal complex and to a
rapid equilibration between the complexes 2-R and ionic
[Ir(COD)(κ2-P,SR)]+[Ir(COD)Cl2]– (3-R). Salt-like com-
pounds of type [Ir(COD)(k2-L-L�)][Ir(COD)X2]– have not
been structurally characterized previously for any L-L� or
X, though they are quite common for the Rh congener.
Furthermore, competitive coordination reactions between
rhodium and iridium for ligand 1-Ph lead only to iridium
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coordination, probing the greater affinity of P,SR ligands
for the heavier metal. The same solution is obtained
whether the P,SR ligand is initially bonded to Rh or Ir,
indicating a high lability for such systems.

Complexes 2-R catalyse the hydrogenation of diphenyla-
cetylene at room temperature, paving the way to the appli-
cation of such complexes to other hydrogenation reactions.
Our particular attention is devoted to asymmetric hydro-
genation, taking advantage of the availability of the chiral
ligands 1-R in optically pure form. Further studies in this
direction are currently in progress in our laboratories.

Experimental Section
General: All reactions were carried out under an argon using stan-
dard Schlenk techniques. Solvents were carefully dried by conven-
tional methods and distilled under argon before use. The (R/S)-2-
diphenylphosphanyl-(R-thiomethyl)ferrocene ligands (1-R, R = Et,
tBu, Ph) were prepared according to a published procedure[56] from
racemic 2-(diphenylthiophosphanylferrocenyl)methanol.[79] NMR
spectra were recorded with Bruker AC200 and Bruker Avance 500
FT-NMR spectrometers. The resonances were calibrated relative to
the residual solvent peaks and are reported with positive values
downfield from TMS. The NMR spectra of the new compounds 2-
R (R = Et, tBu, Ph) are collected in Table 1.

Synthesis of [IrCl(COD)(P,SEt)] (2-Et): In a Schlenk tube, under
argon, ligand 1-Et (69 mg, 0.155 mmol) was dissolved in dichloro-
methane (3 mL) and [Ir(COD)Cl]2 (52 mg, 0.077 mmol) was added.
After 1 h of stirring, the addition of pentane (10 mL) yielded a
yellow precipitate, which was filtered off to give [IrCl(COD)(P,SEt)]
(104 g, 86% yield). C33H37ClFeIrPS (780.21): calcd. C 50.80, H
4.78; found C 50.64, H 5.05.

Synthesis of IrCl(COD)(P,StBu) (2-tBu): In a Schlenk tube, under
nitrogen, ligand 1-tBu (272 mg, 0.576 mmol) was dissolved in
dichloromethane (3 mL) and [Ir(COD)Cl]2 (193 mg, 0.288 mmol)
was added. The solution was stirred for 2 h at room temperature
and 10 mL of hexane was the added to form a yellow precipitate.
The precipitate was filtered off under nitrogen and washed with
hexane, to give [IrCl(COD)(P,StBu)] (416 mg, 89% yield).
C35H41ClFeIrPS·CH2Cl2 (893.13): calcd. C 48.41, H 4.85; found C
48.62, H 4.70. The presence of dichloromethane was evident from
the NMR spectrum recorded on a solution of the single crystals.
1H NMR (500 MHz, [D8]toluene: δ = 8.33 (dd, JHH = 10 Hz, JHP

= 12 Hz, 2 H, Ph), 7.38 (dd, JHH = 10 Hz, JHP = 12 Hz, 2 H, Ph),
7.19 (m, 2 H, Ph), 7.17 (m, 1 H, Ph), 6.97 (m, 2 H, Ph), 6.95 (m,
1 H, Ph), 4.67 (s, sCp), 4.58 (d, JHH = 13 Hz, 1 H, CH2), 4.24 (d,
JHH = 13 Hz, 1 H, CH2), 4.18 (s, sCp), 4.16 (s, 5 H, Cp), 4.13 (t,
JHH = 2 Hz, sCp), 3.88 (br., COD), 2.30 (m, COD), 2.08 (m, COD),
1.65 (m, COD), 1.49 (m, COD), 1.44 (s, 9 H, tBu) ppm. 13C NMR
(500 MHz, [D8]toluene): δ = 136.05 (d, JCP = 12 Hz, 2 C, Ph),
135.0 (d, JCP = 50 Hz, quat. Ph), 133.70 (d, JCP = 12 Hz, 2 C, Ph),
133.4 (d, JCP = 50 Hz, quat. Ph), 130.00 (d, JCP = 3 Hz, 1 C, Ph),
129.05 (d, Ph, JCP = 2 Hz, 1 C), 127.40 (d, JCP = 6 Hz, 2 C, Ph),
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Table 7. Crystal data and structure refinement for all compounds.

Identification code 2-Et 2-Ph 2-tBu 3-Ph

Empirical formula C33H37ClFeIrPS·CH2Cl2 C37H37ClFeIrPS·CH2Cl2 C35H41ClFeIrPS·CH2Cl2 C45H49Cl2FeIr2PS·(C7H8)0.5

Formula weight 865.08 913.12 893.13 1210.09
Temperature [K] 180(2) 180(2) 115(2) 105(2)
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic orthorhombic triclinic
Space group P21 P1̄ Pbca P1̄
a [Å] 11.6753(13) 10.177(5) 14.778(5) 10.1650(8)
b [Å] 10.9974(9) 12.983(5) 19.216(6) 13.4775(11)
c [Å] 12.7284(13) 13.676(5) 24.110(8). 16.7698(13)
α [°] 90.0 102.045(5) 90.0 81.296(2)
β [°] 100.717(13) 93.653(5) 90.0 72.575(2)
γ [°] 90.0 102.670(5) 90.0 78.406(2)
Volume [Å]3 1605.8(3) 1712.8(12) 6847(4) 2137.1(3)
Z 2 2 8 2
Density (calcd) [Mg/m3] 1.789 1.771 1.733 1.881
Absorption coefficient [mm–1] 4.980 4.674 4.675 6.792
F(000) 856 904 3552 1178
Crystal size [mm3] 0.22 × 0.17 × 0.01 0.20 × 0.12 × 0.055 0.35 × 0.12 × 0.03 0.22 × 0.19 × 0.07
Theta range [°] 2.17 to 26.14 3.30 to 32.05 1.93 to 28.40°. 2.10 to 28.32
Reflections collected 12676 18279 66063 22207
Independent reflections [R(int)] 6263 (0.0500) 10876 (0.0311) 8540 (0.0483) 10541 (0.0312)
Completeness [%] 98.5 90.3 99.2 98.8
Absorption correction multi-scan analytical SADABS SADABS
Max., min. transmission 0.6451 and 0.5709 0.64910 and 0.24012 1.000 and 0.724635 1.0 and 0.812
Refinement method F2 F2 F2 F2

Data:restraints:parameters 6263/395/372 10876/0/406 8540/0/391 10541/55/498
Goodness-of-fit on F2 0.967 0.914 1.031 1.041
Final R indices [I � 2σ(I)] R1 = 0.0326, R1 = 0.0304, R1 = 0.0241, R1 = 0.0358, wR2 = 0.0815

wR2 = 0.0682 wR2 = 0.0494 wR2 = 0.0534
R indices (all data) R1 = 0.0437, R1 = 0.0415, R1 = 0.0335 R1 = 0.0456, wR2 = 0.0855

wR2 = 0.0714 wR2 = 0.0516 wR2 = 0.0569
Absolute structure parameter 0.571(7)
Largest diff. peak and hole [e·Å–3] 1.141 and –0.817 2.188 and –1.362 1.831 and –0.749 4.945 and –1.048

126.95 (d, JCP = 10 Hz, 2 C, Ph), 91.02 (d, JCP = 16 Hz, quat. Cp),
74.8 (d, JCP = 50 Hz, quat. Cp), 74.42 (d, JCP = 6 Hz, 1 C, sCp),
71.37 (s, Cp), 71.24 (d, JCP = 7.4 Hz, 1 C, sCp), 69.7 (d, JCP =
6.5 Hz, 1 C, sCp), 52 (COD), 43.05 [s, S-C (CH3)]. 30.75 (COD),
32.72 (COD), 30.7 [s, S-C(CH3)], 29.1 (s, CH2) ppm. 31P NMR
(500 MHz, [D8]toluene): δ = 11.8 ppm.

Synthesis of IrCl(COD)(P,SPh) (2-Ph): In a Schlenk tube, under
nitrogen, ligand 1-Ph (240 mg, 0.488 mmol) was dissolved in
dichloromethane (4 mL) and solid [Ir(COD)Cl]2 (163 mg,
0.244 mmol) was subsequently added. After 10 min of stirring, a
yellow precipitate was formed. Hexane (10 mL) was added to com-
plete the precipitation and the yellow solid was filtered off to yield
[IrCl(COD)(P,SPh)] (347 g, 86% yield). C37H37ClFeIrPS·CH2Cl2
(913.12): calcd. C 53.66, H 4.50; found C 53.83, H 4.53.

X-ray Crystallography: Yellow single crystals of complexes 2-R
(R = Et, tBu, Ph) were obtained by slow diffusion of light hydro-
carbon vapors (pentane for Et, hexane for tBu and Ph) into a
CH2Cl2 solution. Diffusion of hexane vapors into a toluene solu-
tion of 2-Ph gave yellow crystals of compound 3-Ph. A single crys-
tal of each compound was mounted under inert perfluoropolyether
on the tip of glass fibre and cooled in the cryostream of either an
Oxford-Diffraction XCALIBUR CCD diffractometer for 2-Ph, a
Stoe IPDS diffractometer for 2Et or a Bruker SMART CCD dif-
fractometer for 2-tBu and 3. Data were collected using the mono-
chromatic MoKα radiation (λ = 0.71073). The structures were
solved by direct methods (SIR97)[80] and refined by least-squares
procedures on F2 using SHELXL-97.[81] All H atoms attached to
carbon were introduced in calculation in idealised positions and
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treated as riding models. As indicated by the refinement of the
Flack’s parameter,[82] compound 2-Et is twinned by inversion (“ra-
cemic twin”). In compound 3 a toluene solvent molecule is statistic-
ally disordered around an inversion center. The drawing of the
molecules was realised with the help of ORTEP32.[83] Crystal data
and refinement parameters are shown in Table 7.

CCDC-283190 to -283193 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Procedures for fitting the equilibrium constant of
Equation (1) to the experimental NMR spectroscopic data (Ir/1-
Ph and Ir/1-tBu systems).
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The organoelement subhalide R2Ga2I2 (1) [R = C(SiMe3)3] re-
acted with one equivalent of different lithium carboxylates
LiO2CR [R = -C6H5, -4-Me3C–C6H4, -4-BrC6H4, -3,5-
Me2C6H3, -CMe3] by the selective replacement of only one
iodine atom. Bifunctional digallium compounds were formed,
in which one chelating carboxylato group bridges the Ga–Ga
bonds. Thus, both gallium atoms are coordinated to one car-

Introduction

The tetrahedral cluster compounds E4[C(SiMe3)3]4 (E =
Ga, In) are easily available by the reduction of the corre-
sponding alkyltrichlorogallate with magnesium[1] or by the
treatment of indium() bromide with LiC(SiMe3)3.[2] These
compounds possess the gallium or indium atoms in an un-
usual low oxidation state of +1. Careful oxidation reactions
employing the halogens or appropriate halogen donors
open the facile access to organoelement subhalides, which
proved to be very effective starting compounds for the gen-
eration of secondary products still containing the elements
in low oxidation states. Different kinds of subhalides were
obtained depending on the halogen source or the stoichio-
metric ratio of the starting compounds. Transfer of one bro-
mine molecule to the tetraindium cluster gave the remark-
able compound Br2In4[C(SiMe3)3]4, in which the overall tet-
rahedral arrangement of the indium atoms is retained with
some distortion.[3] The bromine atoms occupy one face of
the tetrahedron and one edge of that particular face. The
average oxidation state of the metal atoms is +1.5. Such a
derivative could not be isolated with gallium atoms, which
may be caused by the ready dissociation of the tetrahedral
tetragallium cluster owing to the relatively strong steric in-
teraction between the bulky substituents.[1] An oxidation
state of +2 occurs in the compounds R(X)E–E(X)R (X =
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versität Münster,
Corrensstraße 30, 48149 Münster, Germany
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bon atom of the tris(trimethylsilyl)methyl groups and one
oxygen atom of the chelating ligand, while only one is further
attached to a terminal iodine atom. This asymmetric substitu-
tion pattern results in different coordination numbers of three
and four for the gallium atoms.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Cl, Br, I), which have E–E single bonds. They are mono-
meric for gallium with coordinatively unsaturated central
atoms,[4,5] while In4X4 cages with all of the halogen atoms
in a bridging position are formed with the larger indium
atoms.[3] A further structural motif of these subhalides was
observed for the compounds I2E3[C(SiMe3)3]3, which con-
tain chains of three gallium or indium atoms and iodine
bridges between both terminal metal atoms.[5,6] A halogen
adduct of the triindium compound with all indium atoms
possessing a coordination number of four was obtained as
a by-product of the cluster synthesis.[7] Organoelement sub-
halides that are not derived from clusters are also known in
the literature.[8,9]

The organoelement subhalides of the type X2E2R2 have
been employed in several secondary reactions, which im-
pressively showed their importance for the generation of
new compounds. Treatment with two equivalents of lithium
or silver acetylacetonates yielded the corresponding diace-
tylacetonato derivatives by the replacement of both halogen
atoms and retainment of the E–E bonds.[10] The chelating
ligands occupy terminal positions at each gallium or indium
atom. In contrast, the bridging of the E–E bonds was ob-
served for dicarboxylato compounds.[11] A very short E–E
distance resulted in particular for the indium derivative ow-
ing to the small bite of the carboxylato group. Lithium di-
phenylphosphanide and the subhalide I2Ga2R2 (1) gave an
interesting reaction course with the formation of a gallium
phosphanide possessing a Ga2P2 heterocycle.[12] Oxidation
of the gallium atoms occurred and Ga–H bonds were prob-
ably formed by the reaction of radical intermediates with
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the solvent. The reduction of some subhalides substituted
by aryl groups afforded products containing E–E multiple
bonds.[9] Several transition metal gallium or indium com-
pounds could be synthesized by treatment of these subhal-
ides with transition metal carbonylate anions.[13] In general,
the introduction of monodentate ligands such as alkyl or
alkoxy groups proved to be rather difficult, and in most
cases secondary reactions were induced with the cleavage of
the E–E bonds. This instability is probably caused by the
coordinative unsaturation of the central gallium or indium
atoms, which favors intramolecular substituent exchange
processes as the starting step for disproportionation reac-
tions. This behavior is similar to that of the solvent-free
subhalides of these elements, E2X4, which do not possess
E–E bonds, but are mixed valent with the formulae
EI[EIIIX4].[14] Therefore, we tried to synthesize digallium
compounds bearing a protecting chelating group at one gal-
lium atom, while the second one still bears its halogen
atom. These bifunctional compounds are valuable starting
compounds for the generation of a broad variety of second-
ary products.

Results and Discussion

Reactions of I2Ga2R2 (1) [R = C(SiMe3)3] with Lithium
Benzoates

The replacement of both iodine atoms of the subhalide
I2Ga2R2 (1) [R = C(SiMe3)3] by carboxylato groups re-
sulted in reasonable yields and reaction times only when
silver benzoate was employed as a starting compound,[11]

while lithium benzoate gave complicated mixtures of prod-
ucts. However, it seems that only the exchange of the second
iodine atom is relatively slow and unselective. Therefore, we
did not employ the silver salts of the carboxylic acids, but
treated 1 with one equivalent of the more easily available
lithium carboxylates. The most selective reactions were ob-
served when the components were mixed at a very low tem-
perature (–90 °C). Slow warming to room temperature and
stirring for a further 24–48 h gave almost quantitative for-
mation of the pure monosubstitution products 2–6, see
Equation (1). Despite the high selectivity of all the reactions
only compound 2 could be isolated by recrystallization in
good yield (82%). In all other cases the high solubility in
the noncoordinating solvents prevented the effective
recrystallization and yields only between 20 and 60% were
achieved. In one case (5), all attempts of crystallization
failed and the characterization was done with the solid raw
product of the reaction.

The NMR spectroscopic characterization is in complete
agreement with the molecular structures of these com-
pounds, which are schematically shown in Equation (1).
The integration ratios of the resonances of the 1H NMR
spectra clearly verify that one iodine atom of the starting
compound 1 is replaced by a carboxylato ligand. Interest-
ingly, only one resonance is observed for the trimethylsilyl
groups although the molecule is unsymmetrical in the solid
state with coordination numbers of three and four for the
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gallium atoms. A splitting of these signals could not be de-
tected even on cooling the solutions of 2 and 6 in toluene
to –100 °C. Obviously a very fast exchange process occurs,
probably including the migration of the iodine atoms. We
suppose that this process is a key step in disproportionation
reactions, which were discussed above in the Introduction
chapter and have been observed often for similar digallium
or diindium compounds bearing monodentate ligands.[15] In
the case of compounds 2–6 the opening of the Ga–Ga bond
is prevented by the chelating ligands, which bridge the Ga–
Ga bond, since they act as a clamp and stabilize that par-
ticular arrangement. The 13C NMR shift of the inner car-
bon atoms of the tris(trimethylsilyl)methyl group is worth
mentioning. Owing to the fast exchange processes only one
resonance is detected for each compound showing a chemi-
cal shift of about δ = 30 ppm. This is in the characteristic
range of carbon atoms attached to tricoordinate gallium. A
coordination number of four causes significant high field
shifts to about δ = 5 ppm.[16] Thus, although one half of
the gallium atoms are coordinatively saturated, the expected
average value is not detected here, instead a low coordina-
tion number is suggested by the NMR spectroscopic data.

Two compounds (2 and 4) were characterized by crystal
structure determinations. The molecular structures are de-
picted in Figure 1 (a and b) and Figure 2, respectively. Both
compounds contain an intact Ga–Ga bond bridged by the
chelating carboxylato ligand. One gallium atom is further
attached to an iodine atom, so that different coordination
numbers of three (Ga2) and four (Ga1) result for the metal
atoms of one molecule. Ga2 has an almost ideal planar sur-
rounding (sum of the angles 358.5 and 357.2° for 2 and 4,
respectively), while Ga1 has a strongly distorted tetrahedral
coordination sphere. The Ga–Ga bond lengths (239.9 and
240.7 pm) are quite similar to that of the starting com-
pound 1 (240.1 pm)[4] and to the corresponding dicarboxyl-
ato derivative, in which two chelating ligands bridge the
Ga–Ga bond.[11,17] However, they are shorter than the un-
supported Ga–Ga bonds of tetraalkyl or tetraaryl digallium
compounds (�260 pm,[18] for a review see ref.[5]). Despite
the different coordination numbers the Ga–C distances dif-
fer only slightly by about 1.5 pm, the slightly longer ones
belong to the coordinatively saturated gallium atoms (CN
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= 4). Also, the Ga–O distances are in a narrow range be-
tween 198.3 and 199.6 pm. In compound 2 the Ga–O bond
length to the tetracoordinate gallium atom is the slightly
shorter one. The Ga–I bonds are relatively long (267.8 and
263.2 pm) compared to those of the starting compound 1
(258.7 pm)[4] or other compounds bearing terminal iodine
atoms.[10,19] The Ga–Ga–C groups approach linearity at the
tricoordinate gallium atoms (165.2 and 162.5°) as often ob-
served before for dicarboxylato digallium compounds.[11,17]

Smaller angles were detected at the tetracoordinate atoms
(147.0 and 142.7°). The Ga–O bonds are almost ideally per-

Figure 1. (a). Molecular structure and numbering scheme of com-
pound 2; the thermal ellipsoids are drawn at the 40% probability
level; methyl groups of SiMe3 substituents and hydrogen atoms are
omitted; of the disordered gallium and iodine atoms only those
with the highest occupancy factors (0.84) were considered. Selected
bond lengths [pm] and angles [°]: Ga1–Ga2 239.9(1), Ga1–C1
198.7(3), Ga2–C2 197.3(3), Ga1–O1 199.2(2), Ga2–O2 199.4(2),
Ga1–I1 267.8(2), Ga1–Ga2–C2 165.2(1), Ga2–Ga1–C1 147.0(1),
O1–Ga1–Ga2 87.69(7), O2–Ga2–Ga1 87.44(7), I1–Ga1–Ga2
81.81(9), I1–Ga1–O1 96.91(9). (b) Molecular structure and num-
bering scheme of the second individual of the disordered com-
pound 2 possessing the lower occupation factors of the gallium and
iodine atoms (16%); the thermal ellipsoids are drawn at the 40%
probability level; methyl groups of SiMe3 substituents and hydro-
gen atoms are omitted. Selected bond lengths [pm] and angles [°]:
Ga1�–Ga2� 234.3(7), Ga1�–I1� 306(1), Ga2�–I1� 278.8(8), Ga1�–C1
196.7(5), Ga2�–C2 198.5(7), Ga1�–Ga2�–I1� 72.8(4), Ga2�–Ga1�–
I1� 60.3(4), Ga1�–I1�–Ga2� 46.9(2).
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pendicular to the Ga–Ga bonds (angle Ga–Ga–O about 88°
on average), independent of the coordination numbers of
the metal atoms. The same holds for the Ga–Ga–I moieties
where a relatively small angle of 81.8° was observed for
compound 2. The five-membered heterocycles obtained by
the bridging of the Ga–Ga bonds are almost ideally planar,
the strongest deviation was observed in both cases for the
atom O2 with a value of 8.1 and 2.1 pm, respectively, for
compounds 2 and 4. The Ga–I bonds are nearly perpendic-
ular to these planes, and the angles between their normals
and the Ga–I bonds are 11.9 and 7.7°. The distances of
the iodine atoms to the second gallium atoms are long (2:
333.1 pm; 4: 350.1 pm) and do not indicate a significant
bonding interaction. Interestingly, a disorder occurred with
compound 2, in which the iodine atom, with an occupation
factor of 16%, approaches an ideal bridging position be-
tween both gallium atoms [Ga–I 278.8(9) and 306.4(12) pm,
Ga–Ga 234.3(7) pm, Figure 1, b]. This arrangement reflects
excellently the transition state postulated for the fast ex-
change process observed in solutions of these monocarbox-
ylato compounds (2–6). Furthermore, all inner carbon
atoms of the C(SiMe3)3 groups are located in the nodal pla-
nes of the gallium p orbitals, which are oriented perpendic-
ularly to the Ga2C2O2 plane. This particular situation may
cause the shift of the 13C NMR resonances to a relatively
low field position at about δ = 30 ppm. As discussed before
these shifts are normally very characteristic of compounds
possessing tricoordinate, coordinatively unsaturated gallium
atoms.

Figure 2. Molecular structure and numbering scheme of compound
4; the thermal ellipsoids are drawn at the 40% probability level;
methyl groups of SiMe3 substituents and hydrogen atoms are omit-
ted. Selected bond lengths [pm] and angles [°]:Ga1–Ga2 240.67(7),
Ga1–C1 198.2(4), Ga2–C2 196.7(4), Ga1–O1 199.6(3), Ga2–O2
198.3(3), Ga1–I1 263.23(7), Ga1–Ga2–C2 162.5(1), Ga2–Ga1–C1
142.7(1), O1–Ga1–Ga2 87.43(9), O2–Ga2–Ga1 87.92(9), I1–Ga1–
Ga2 87.90(2), I1–Ga1–O1 97.2(1).

Reaction of I2Ga2R2 (1) [R = C(SiMe3)3] with Lithium
Dibenzoylmethanide

Two equivalents of silver or lithium acetylacetonate re-
acted readily with the digallium() (1) or diindium() sub-
halides by the formation of the corresponding bis(acetyl-
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acetonato)dielement compounds.[10,15,20] In contrast to the
bridging carboxylato ligands, the acetylacetonato groups
occupy terminal positions at the E–E bonds. These com-
pounds are thermally quite stable and decompose or melt
only above 170 °C. We hoped to synthesize products analo-
gous to 2–6 bearing one chelating acetylacetonato ligand
along with one halogen atom by procedures similar to
Equation (1).

However, the treatment of the subhalide 1 with one
equivalent of lithium dibenzoylmethanide afforded a mix-
ture of products. The three main components occur in an
almost equimolar ratio and have chemical shifts in the 1H
NMR spectrum at δ = 0.55, 0.51, and 0.23 ppm. One prod-
uct could be isolated by recrystallization as a bright yellow,
crystalline solid. It possesses the C(SiMe3)3 group (δ =
0.55 ppm) and the chelating ligand in a 1:1 ratio, which
clearly excludes the formation of the desired mixed halo-
geno acetylacetonato digallium species, see Equation (2).
Instead, crystal structure determination revealed a galli-
um() compound (7) with a C(SiMe3)3 group, an iodine
atom, and a chelating ligand bonded to the central gallium
atom. Thus in this case disproportionation occurred, and
the saturation of the coordination sphere by a terminal che-
lating ligand may not be sufficient to stabilize the galli-
um() compound. Elemental gallium is not formed. The
chemical shift of one resonance in the 1H NMR spectrum
of the raw product at δ = 0.51 ppm is identical to that of
the corresponding tetraalkyltetragallium() cluster, which
has gallium atoms in an oxidation state of +1. Thus, we
suppose that this cluster may be the second product of the
disproportionation, however, we were unable to isolate the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1817–18231820

characteristic red crystals of that compound. Also the third
main component of the reaction mixture could not be iso-
lated in a pure form. Its constitution remains unknown.
Cleavage of the Ga–Ga bond with the formation of an
alkylgallium() iodide bearing a chelating ligand was also
observed for the reaction of 1 with lithium diphenyltri-
azenide.[10]

The structural parameters of the molecule of 7 in the
solid state (Figure 3) are as expected and do not require a
detailed discussion. The gallium atom has a distorted tetra-
hedral coordination sphere. The Ga–I distance (254.1 pm)
is shorter than that for 2 and 4 and is in the normal range
for terminal Ga–I bonds.[10,19]

Figure 3. Molecular structure and numbering scheme of compound
7; the thermal ellipsoids are drawn at the 40% probability level;
methyl groups of SiMe3 substituents and hydrogen atoms are omit-
ted. Selected bond lengths [pm] and angles [°]: Ga1–I1 254.11(4),
Ga1–C1 195.9(2), Ga1–O1 189.5(2), Ga1–O2 189.3(2), O1–Ga1–
O2 95.22(8), C1–Ga1–O1 114.80(9), C1–Ga1–O2 112.64(9), C1–
Ga1–I1 125.53(7), O1–Ga1–I1 101.95(6), O2–Ga1–I1 101.86(6).

Experimental Section
General: All procedures were carried out under purified argon in
dried solvents (toluene over Na/benzophenone; n-hexane and cy-
clopentane over LiAlH4). The compound R2Ga2I2 (1) was synthe-
sized according to a literature procedure.[4] The commercially avail-
able carboxylic acids were sublimed in vacuo prior to use.

Synthesis of Ga2I(µ-O2C–C6H5)R2 (2) [R = C(SiMe3)3]: Freshly
sublimed benzoic acid (17 mg, 0.141 mmol) was dissolved in tolu-
ene (20 mL) and treated with an equimolar quantity of a solution
of n-butyllithium (0.145 ) in n-hexane (0.97 mL, 0.141 mmol) at
room temperature. The mixture was heated to its boiling point for
a minute. A suspension of lithium benzoate was obtained, which
was cooled to –90 °C and treated with a solution of the subhalide
1 (121 mg, 0.141 mmol) in toluene (10 mL). The light yellow mix-
ture was warmed slowly to room temperature und stirred for 48 h.
After filtration all volatile components were removed in vacuo. The
yellowish residue was dissolved in n-hexane and cooled to –70 °C.
After a week an amorphous powder of the colorless product 2 was
isolated. Yield: 97 mg (82%), m.p. (argon, sealed capillary) =
160 °C. 1H NMR (C6D6, 400 MHz, 298 K): δ = 0.46 (s, 54 H,
SiMe3), 7.04 (m, 3 H, m- and p-H of phenyl), 8.31 (2 H, pseudo-d,
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o-H of phenyl) ppm. 13C NMR (C6D6, 100.6 MHz, 298 K): δ = 5.5
(SiMe3), 30.2 (Ga–C), 128.9 (p-C of phenyl), 130.8 (m-C of phenyl),
131.0 (i-C of phenyl), 134.4 (o-C of phenyl), 178.3 (CO2) ppm. IR
(CsBr, paraffin): ν̃ = 1600 (w, phenyl), 1503 [m, ν(CO2)], 1461 (vs,
paraffin), 1409 [m, δ(CH)], 1377 (s, paraffin), 1320 (w), 1263 (m),
1251 [m, δ(CH3)], 1177 (vw), 976 (vw), 920 (vw), 857 (vs), 788 {sh,
ρ[CH3(Si)]}, 719 (w, paraffin), 681 (m), 662 [m, νas(SiC)], 633 (vw),
617 [vw, νs(SiC)], 488 (w), 474 [sh, ν(GaC), ν(GaO)] cm–1.
C27H59Ga2IO2Si6 (850.6): calcd. C 38.1, H 7.0; found C 38.5, H
7.1.

Synthesis of Ga2I(µ-O2C–4-Br–C6H4)R2 (3) [R = C(SiMe3)3]: 4-
Bromo-benzoic acid (41 mg, 0.207 mmol) was suspended in 50 mL
of n-hexane and treated with 1.4 mL of a 0.145  solution of n-
butyllithium (0.207 mmol) in n-hexane. The mixture was stirred at
room temperature for 2 h and cooled to –90 °C. A solution of the
subhalide 1 (177 mg, 0.207 mmol) in 20 mL of n-hexane was added.
The mixture was warmed to room temperature and stirred for 4 d.
LiI was separated by filtration, and the solvent was removed in
vacuo. The residue was dissolved in cyclopentane and cooled to
–80 °C for 4 d. The product precipitated as a colorless solid. Yield:
35 mg (18%); m.p. (argon, sealed capillary) = 135 °C. 1H NMR
(C6D6, 300 MHz, 298 K): δ = 0.45 (s, 54 H, SiMe3), 6.99 (d, 2 H,
3JHH = 8 Hz, m-H of phenyl), 7.89 (d, 2 H, 3JHH = 8 Hz, o-H of
phenyl) ppm. 13C NMR (C6D6, 50 MHz, 298 K): δ = 5.4 (SiMe3),
30.2 (Ga–C), 129.1 and 129.9 (i-C and p-C of phenyl), 132.1 and
132.3 (o-C and p-C of phenyl), 177.5 (CO2) ppm. IR (CsBr, paraf-
fin): ν̃ = 1589 (m, phenyl) 1532 (m), 1505 [m, ν(CO2)], 1463 (vs,
paraffin), 1407 [s, δ(CH)], 1377 (s, paraffin), 1320 (w), 1263 (m),
1252 [m, δ(CH3)], 1174 (w), 1155 (vw), 1074 (w), 1012 (w), 857 (vs),
824 (w), 770 {w, ρ[CH3(Si)]}, 721 (w, paraffin), 676 (w), 663 [w,
νas(SiC)], 634 (vw), 620 [vw, νs(SiC)], 529 (w), 471 [vw, ν(GaC),
ν(GaO)] cm–1.

Synthesis of Ga2I(µ-O2C–3,5-Me2C6H3)R2 (4) [R = C(SiMe3)3]:
3,5-Dimethylbenzoic acid (47 mg, 0.313 mmol) was suspended in
50 mL of toluene and treated with 2.0 mL of a 0.145  solution of
n-butyllithium (0.207 mmol) in n-hexane. The mixture was stirred
at room temperature for 15 min and cooled to –90 °C. A solution
of the subhalide 1 (255 mg, 0.298 mmol) in 25 mL of toluene was
added. The mixture was warmed to room temperature and stirred
for 24 h. All volatiles were removed in vacuo. The residue was
treated with n-hexane and filtered. The colorless product was ob-
tained upon cooling the filtrate to –80 °C. Yield: 147 mg (54%);
colorless crystals; m.p. (argon, sealed capillary) = 187 °C. 1H NMR
(C6D6, 300 MHz, 298 K): δ = 0.49 (s, 54 H, SiMe3), 2.08 (s, 6 H,
Me attached to phenyl), 6.79 (s, 1 H, p-H of phenyl), 8.02 (s, 2 H,
o-H of phenyl) ppm. 13C NMR (C6D6, 50 MHz, 298 K): δ = 5.5
(SiMe3), 21.1 (Me attached to phenyl), 31.9 (Ga–C), 128.3, 130.6,
136.2 and 138.6 (all phenyl), 178.7 (CO2) ppm. IR (CsBr, paraffin):
ν̃ = 1652 (br, w, phenyl), 1494 [m, ν(CO)2] 1461 (vs, paraffin), 1392
[m, δ(CH)], 1376 (s, paraffin), 1320 (w), 1264 (m), 1251 [m, δ(CH3),
1152 (vw), 1077 (vw), 1040 (br, w), 856 (vs), 785 (w), 768 {w,
ρ[CH3(Si)]}, 722 (w, paraffin), 675 (m), 661 [m, νas(SiC)], 634 (vw),
618 [vw, νs(SiC)], 548 (w), 488 [w, ν(GaC), ν(GaO)] cm–1. UV/Vis
(n-hexane): λmax (log ε) = 254 (3.54), 331 (2.84) nm.
C29H63Ga2IO2Si6 (878.7): calcd. C 39.6, H 7.2; found C 38.5, H
7.4.

Synthesis of Ga2I(µ-O2C–4-Me3C–C6H4)R2 (5) [R = C(SiMe3)3]:
The procedure is similar to that for the synthesis of 4 (4-tert-butyl-
benzoic acid: 48 mg, 0.269 mmol; subhalide 1: 230 mg,
0.269 mmol). We did not succeed in recrystallizing compound 5
from different solvents. However, the compound was formed di-
rectly in high purity, and the characterization was done with the
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raw product of the reaction. Owing to the unsuccessful purification
by recrystallization no elemental analysis was conducted. Yield:
188 mg (77%); pale yellow amorphous solid; m.p. (argon, sealed
capillary) = 97 °C. 1H NMR (C6D6, 200 MHz, 298 K): δ = 0.51 (s,
54 H, SiMe3), 1.09 (s, 9 H, CMe3), 7.16 (d, 2 H, 3JHH = 8 Hz, m-
H of phenyl), 8.31 (d, 2 H, 3JHH = 8 Hz, o-H of phenyl). 13C NMR
(C6D6, 50 MHz, 298 K): δ = 5.6 (SiMe3), 30.1 (Ga–C), 30.9 (Me
of tert-butyl), 35.1 (CMe3), 126.2, 128.3, 131.2, and 158.2 (all
phenyl), 178.3 (CO2) ppm. IR (CsBr, paraffin): ν̃ = 1606 (m), 1579
(m, phenyl), 1515 (m), 1491 [s, ν(CO2)], 1460 (vs, paraffin), 1407
[vs, δ(CH)], 1377 (s, paraffin), 1263 (m), 1252 [m, δ(CH3)], 1193
(m), 1150 (w), 1107 (w), 1016 (m, br), 855 (vs), 800 (m), 786 (m),
749 {vw, ρ[CH3(Si)]}, 728 (w, paraffin), 675 (m), 661 [m, νas(SiC)],
637 (vw), 621 [vw, νs(SiC)], 599 (w), 584 (vw), 541 (vw), 490 [w,
ν(GaC), ν(GaO), δ(C3C)] cm–1. UV/Vis (n-hexane): λmax (log ε) =
240 (3.53), 330 (2.87) nm.

Synthesis of Ga2I(µ-O2C–CMe3)R2 (6) [R = C(SiMe3)3]: The pro-
cedure is similar to that for the synthesis of 4 (pivalic acid: 19 mg,
0.187 mmol, after addition of butyllithium stirred for 2 h at room
temperature; subhalide 1: 160 mg, 0.187 mmol). The colorless
product was obtained upon cooling the filtrate to –80 °C. Yield:
77 mg (50%); colorless solid; m.p. (argon, sealed capillary) =
127 °C. 1H NMR (C6D6, 200 MHz, 298 K): δ = 0.42 (s, 54 H,
SiMe3), 1.15 (s, 9 H, CMe3). 13C NMR (C6D6, 50 MHz, 298 K): δ
= 5.4 (SiMe3), 27.0 (Me of tert-butyl), 30.2 (Ga–C), 39.6 (CMe3),
192.0 (CO2) ppm. IR (CsBr, paraffin): ν̃ = 1600 (m), 1502 (s), 1484
[s, ν(CO2)], 1461 (vs, paraffin), 1421 [s, δ(CH)], 1378 (s, paraffin),
1364 (sh), 1293 (w), 1263 (s), 1252 [s, δ(CH3)], 1222 (m), 1169 (w),
1000 (m, br), 855 (vs), 789 (m), 752 {vw, ρ[CH3(Si)]}, 721 (m, paraf-
fin), 675 (s), 661 [s, νas(SiC)], 632 (w), 618 [m, νs(SiC), 529 (vw),
443 [w, ν(GaC), ν(GaO), δ(C3C)] cm–1. UV/Vis (n-hexane):
λmax (log ε) = 254 (3.60) nm. Ga2IO2Si6C25H63 (830.6): calcd. Ga
16.8; found Ga 16.1.

Reaction of R2Ga2I2 1 with Dibenzoylmethyllithium. Synthesis of 7:
The procedure is similar to that for the synthesis of compound 4
(dibenzoylmethane: 76 mg, 0.341 mmol, after addition of butyllith-
ium stirred for 2 h; subhalide 1: 292 mg, 0.341 mmol). The inten-
sively yellow reaction mixture was filtered, toluene was removed in
vacuo, and the residue was recrystallized from cyclopentane
(20/–45 °C). Product 7 was precipitated as an amorphous solid.
Yield: 51 mg (23%), yellow solid; m.p. (argon, sealed capillary) =
213 °C. 1H NMR (C6D6, 200 MHz, 298 K): δ = 0.55 (s, 27 H,
SiMe3), 6.80 (s, 1 H, inner H atom of the acac ligand), 7.02 (m, 6
H, m-H and p-H of phenyl), 7.84 (4 H, pseudo-d, o-H of
phenyl) ppm. 13C NMR (C6D6, 50 MHz, 298 K): δ = 5.1 (SiMe3),
31.9 (Ga–C), 96.0 (inner C of the acac ligand), 128.9, 132.5, 133.3,
and 137.0 (phenyl), 186.0 (CO) ppm. IR (CsBr, paraffin): ν̃ = 1590
(m, phenyl), 1523 (vs), 1478 [s, ν(CO2)], 1460 (vs, paraffin), 1377
(m, paraffin), 1364 (m), 1347 (s), 1326 (m), 1303 (m), 1263 (s), 1253
[s δ(CH3), 1229 (m), 1173 (w), 1153 (w), 1122 (w), 1096 (w), 1064
(w), 1024 (w), 997 (w), 949 (w), 852 (vs), 772 (w) 758 {w, ρ[CH3(Si)]},
719 (m, paraffin), 677 (m, νas(SiC), 643 (vw), 622 [v, νs(SiC)], 592
(w), 544 (w), 462 [vw, ν(GaC), ν(GaO)] cm–1. UV/Vis (n-hexane):
λmax (log ε) = 226 (3.98), 266 (3.81), 372 (3.85) nm. GaIO2Si3C25H38

(651.5): calcd. C 46.1, H 5.9; found C 47.1, H 6.6.

Crystal Structure Determinations: Single crystals of the compounds
2, 4, and 7 were obtained by cooling the solutions in n-hexane
(20/–30 °C, 2), cyclopentane (20/–45 °C, 4), and again cyclopentane
(20/+5 °C, 7). Crystal data and structure refinement parameters are
given in Table 1.[23] The crystals of 2 enclose one molecule of n-
hexane per formula unit of 2. Owing to their relatively large iso-
tropic displacement parameters the solvent carbon atoms were not
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Table 1. Crystal data and structure refinement for the compounds 2, 4, and 7.[a]

2 4 7

Formula C33H73Ga2IO2Si6 C34H73Ga2IO2Si6 C30H48GaIO2Si3
Crystal system monoclinic monoclinic triclinic
Space group[21] P21/c (no. 14) P21/n (no. 14) P1̄ (no. 2)
Z 4 4 2
T [K] 153(2) 153(2) 153(2)
dcalcd. [g·cm–3] 1.317 1.335 1.404
a [pm] 1914.45(8) 1950.9(1) 886.64(7)
b [pm] 910.19(2) 928.04(5) 1341.6(1)
c [pm] 2837.9(1) 2676.2(1) 1609.4(1)
α [°] 90 90 65.516(1)
β [°] 107.119(3) 103.106(1) 84.529(2)
γ [°] 90 90 78.393(2)
V [10–30 m3] 4726.0(3) 4719.0(4) 1706.5(2)
µ [mm–1] 1.970 1.974 1.840
Crystal size [mm] 0.32×0.18×0.10 0.12×0.06×0.06 0.26×0.24×0.16
Diffractometer STOE IPDS Bruker Smart Apex Bruker Smart Apex
Radiation Mo-Kα; graphite monochromator
θ range [°] 1.58 � θ � 27.05 1.17 � θ � 30.07 1.39 � θ � 31.23
Index ranges –24 � h � 24 –27 � h � 27 –12 � h � 12

–11 � k � 10 –13 � k � 13 –19 � k � 18
–36 � l � 36 –37 � l � 35 –22 � l � 22

Independent reflections 10185 [Rint = 0.0359] 13701 [Rint = 0.0887] 10067 [Rint = 0.0321]
Reflections I � 2σ(I) 8827 6575 7393
Parameters 388 507 343
R = Σ||Fo| – |Fc|| / Σ|Fo| [I � 2σ(I)] 0.0346 0.0546 0.0421
wR2 = {Σw(|Fo|2 – |Fc|2)2 / Σ|Fo|2}1/2 (all data) 0.1036 0.1271 0.0860
Max./min. residual [1030 e·m–3] 1.053/–0.630 1.385/–0.821 1.109/–0.848

[a] Program SHELXL-97;[22] solutions by direct methods, full-matrix refinement with all independent structure factors.

refined anisotropically. The central Ga–Ga–I group showed a dis-
order over two positions, see the Results and Discussion chapter
for details. These atoms were refined with occupancy factors of
0.84 and 0.16. The refinement of the substituents was not affected
by this disorder. The tris(trimethylsilyl)methyl group at C2 of com-
pound 4 was disordered. Its atoms were refined with site occupa-
tion factors of 0.84 and 0.16. One molecule of cyclopentane was
enclosed per formula unit of 4. Its carbon atoms were refined only
with isotropic displacement factors. Also the crystals of 7 contained
one cyclopentane molecule.
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Binuclear mixed valence oxovanadium(IV/V) complexes of
general formula [V2O3L] containing a [OVIV(µ-Ooxo)-
(µ-Ophen)VVO]2+ core have been synthesised using conforma-
tionally labile N4O3-coordinating heptadentate ligands
(H3L). The X-ray structure of one complex has been exam-
ined. Solution EPR spectra revealed that the unpaired elec-
tron of the complexes is delocalised between the two vana-

Introduction
The chemistry of mixed valence vanadium complexes has

been of considerable interest. The main interest arises from
the complete or partial delocalisation of the single 3d elec-
tron of the vanadium() over both vanadium centres or its
complete localisation on one vanadium centre. A sizeable
number of oxo-bridged binuclear mixed valence oxovanadi-
um(/) complexes have been cited in the literature[1–14]

and depending on the geometry of [V2O3]3+ core, the struc-
turally characterised mixed valence binuclear complexes
have been classified into several categories. For the [V2O3]3+

core, containing a linear V–O–V bridge[1a,2,5,10,12,13] with
the terminal oxo groups in mutual trans position, delocali-
sation is anticipated because of significant metal dxy orbital
overlap with the px orbital of the oxo bridge. Schulz et al.[7]

reported that for the nearly trans V=O groups with a bent
V–O–V moiety, the delocalisation of the odd electron be-
tween the two vanadium centres depends on the pi-donating
ability of the equatorial ligands. Localised electronic struc-
tures have also been documented[6] for angular V–O–V moi-
eties with syn or twist V=O groups, which probably occur
due to insufficient overlap between the metal dxy orbitals.

Recently we have found[15] complete delocalisation of the
unpaired electron between the two vanadium atoms in a
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dium centres. The simulated EPR spectrum of one complex
confirms this experimental observation. DFT studies have
been performed using crystallographic coordinates in order
to obtain further insight into the electronic structure of this
type of molecule.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

mixed bridged mixed valence species containing the
[OVIV(µ-Ox)(µ-Ophen)VVO]2+ moiety, which has an angular
V–O–V group and nearly syn V=O groups. However the
reason for the delocalisation of the odd electron is not clear.
Thus, further studies of this type of system are required to
allow for a better understanding of the behaviour of the
unpaired electron.

In connection with our previous work,[15] herein we de-
scribe the synthesis of a series of mixed bridged mixed val-
ence binuclear oxovanadium(/) complexes incorporating
N4O3-coordinating heptadentate ligands. The crystal struc-
ture of one representative case is reported. A simulated
EPR spectrum is found to be similar to the EPR spectra of
the complexes observed in solution at room temperature. In
addition, DFT calculations have enabled us to understand
qualitatively the nature of the delocalisation of the unpaired
electron.

Results and Discussion

In this paper four heptadentate ligands H3L7–H3L10 (ge-
neral abbreviation, H3L) have been used (Scheme 1).

Treatment of a solution of VO(acac)2 in acetone under
air with the heptadentate ligands in a 2:1 ratio afforded
green coloured complexes with the general formula
[VIVVVO2L] in good yields. The oxygen in the air is believed
to act as the oxidant in this synthesis. The data for the char-
acterisation of these binuclear mixed valence species are
listed in the experimental section. All the compounds dis-
play a strong V=O stretch near 950 cm–1in their IR spectra,
and the V–O–V vibration occurs near 752 cm–1. The green
solution of the complexes absorb at ca. 1030 and ca. 660 nm
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Scheme 1.

respectively. The band near 1030 nm in their UV/Vis spectra
is assigned to the inter valence charge transfer transition,[15]

and the absorption at 660 nm is due to ligand field exci-
tation. The complexes exhibit an irreversible anodic re-
sponse near 0.45 V vs. SCE. The stabilisation of the mixed
valence oxovanadium(/) binuclear species by the tri-
anionic heptadentate ligand is reflected in the irreversible
[OVV(µ-Ooxo)(µ-Ophen)VVO]3+ – [OVIV(µ-Ox)(µ-Ophen)-
VVO]2+ anodic response. All the compounds are paramag-
netic, and the magnetic moment value is, µ � 1.75 BM per
molecule.

Crystal Structure

The X-ray structure of 1 has been determined, and the
molecular structure is shown in Figure 1. Selected inter
atomic distances and bond angles relevant to the coordina-
tion sphere are given in Table 1.

In 1 the vanadium centres are linked asymmetrically by
a bridging oxygen atom, O5, and the central phenolato oxy-
gen, O6. The V1–O5–V2 and V1–O6–V2 angles are
116.11(10)° and 91.79(7)° respectively. The geometry of
each vanadium atom appears to be distorted octahedral.
In the VO4N2 environment, the V=O, V–O and V–N bond
lengths are as expected[15] and are in the ranges of 1.605–
1.615 Å, 1.798–2.212 Å and 2.188–2.251 Å respectively. In
the octahedral coordination environment, the tripodal ni-
trogen atom (N1 for V1 and N3 for V2) is trans to the O5
atom, while the terminal nitrogen atoms (N2 and N4) oc-
cupy positions trans to the terminal phenoxide groups (O2
and O4). The V2–O4 [1.871 (2) Å], V2–O5 [1.885 (2) Å] and
V2–O6 [2.212 (2) Å] bond lengths are slightly longer than
the respective V1–O2 [1.838 (2) Å], V1–O5 [1.798 (2) Å] and
V1–O6 [2.140 (2) Å] bonds. The V1–N bond lengths are
slightly longer than the V2–N distances, and this can be
ascribed to the short V1–O2 and V1–O5 bonds.

Eur. J. Inorg. Chem. 2006, 1824–1829 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1825

Figure 1. Perspective view and atom labeling scheme for [V2O3L7]
CH2Cl2. The solvent molecule is excluded. All non-hydrogen atoms
are represented by 30% thermal probability ellipsoids.

Table 1. Selected bond lengths [Å] and angles (°) for
[V2O3L7] CH2Cl2.

Distances

V1–O1 1.605(2) V2–O3 1.615(2)
V1–O2 1.838(2) V2–O4 1.871(2)
V1–O5 1.798(2) V2–O5 1.885(2)
V1–O6 2.140(2) V2–O6 2.212(2)
V1–N1 2.238(2) V2–N3 2.188(3)
V1–N2 2.251(3) V2–N4 2.231(3)
V1···V2 3.125(5)

Angles

O1–V1–O2 98.53(10) O3–V2–O4 97.08(11)
O1–V1–O5 104.65(10) O3–V2–O5 104.54(11)
O1–V1–O6 169.44(10) O3–V2–O6 171.63(10)
O1–V1–N1 94.36(10) O3–V2–N3 98.39(11)
O1–V1–N2 85.41(10) O3–V2–N4 85.16(10)
O2–V1–O5 95.12(10) O4–V2–O5 89.69(10)
O2–V1–O6 91.42(8) O4–V2–O6 91.22(9)
O2–V1–N1 82.85(9) O4–V2–N3 86.46(10)
O2–V1–N2 159.60(9) O4–V2–N4 165.27(11)
O5 –V1–O6 77.80(8) O5–V2–O6 74.28(8)
O5–V1–N1 160.96(9) O5–V2–N3 157.05(9)
O5–V1–N2 103.28(10) O5–V2–N4 103.89(10)
O6–V1–N1 83.31(8) O6–V2–N3 83.18(8)
O6–V1–N2 84.04(8) O6–V2–N4 87.10(8)
N1–V1–N2 76.87(9) N3–V2–N4 78.81(10)
V1–O5–V2 116.11(10) V1–O6–V2 91.79(7)

EPR Spectra

EPR spectra of the complexes were recorded at 300 K
and 77 K. Resonance parameters are shown in Table 2.

The complexes exhibit 15 nearly equally spaced lines,
with isotropic structure, in dichloromethane solution (Fig-
ure 2, a). The 15 line spectrum arises from the hyperfine
interaction of the unpaired electron with the two vanadium
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Table 2. EPR spectral data.

Complex Matrix giso Aiso ×104 g� g� gav
[a] A� ×104 A� ×104 Aav

[b] ×104

[cm–1] [cm–1] [cm–1] [cm–1]

CH2Cl2, 300 K 1.974 49.3
[V2O3L7] CH2Cl2/toluene, 77 K

solid, 77 K 1.984 1.984 1.966 1.972 168.8 66.5 100.2
CH2Cl2, 300 K

[V2O3L8] CH2Cl2/toluene, 77 K 1.984 51
solid, 77 K 1.972 1.986 1.981 169.2 69.9 103

1.989
CH2Cl2, 300 K

[V2O3L9] CH2Cl2/toluene, 77 K 1.972 48.1
solid, 77 K 1.973 1.982 1.979 166.9 62.35 97.2

1.986
CH2Cl2, 300 K

[V2O3L10] CH2Cl2/toluene, 77 K 1.977 50.2
solid, 77 K 1.946 1.997 1.980 164 68.75 100.5

1.985

[a] gav = 1/3[2 g� + g�]. [b] Aav = 1/3[2A� + A�].

nuclei (nuclear spin I = 7/2), which appear to be equivalent
on the EPR timescale. The difference in the separation of
the hyperfine lines at the lowest and highest fields is less
than 2 gauss, suggesting that the second order shift[16] in
the line position is small. We neglected this small shift, and
determined the isotropic hyperfine coupling constant due
to vanadium to be 49.3±0.2 G. In the same way, neglecting
the second order shift, the centre of the EPR spectrum was
assumed to be the centre of the middle hyperfine line, and
the g value for the complex was determined to be
1.9741±0.0005. The isotropic coupling constant and the g
value are typical for binuclear complexes,[15] and the value
of the isotropic hyperfine coupling constant is about half of
the value observed in oxovanadium() complexes.[17] This
indicates that in solution at 300 K, the single unpaired elec-
tron is shared by the two vanadium nuclei. The observed
line width in not same for all the hyperfine lines. The depen-
dence of the line width on the hyperfine lines of the EPR
spectrum in solution has been modelled theoretically, using
a model that incorporates incomplete motional narrowing,
the anisotropic g-tensor, and hyperfine tensor interac-
tions.[18,19] Using the Kivelson’s model[18] the line width,
∆H, of a hyperfine line associated with the nuclear spin
component MI is given as equation (2) in ref.[20]

Where the parameters α, β, γ and δ are functions of the
principal values of the g-tensor, hyperfine coupling tensor,
and rotational correlation time. The line width expression
given in [Equation (1)] has been highly successful in ex-
plaining the variation in the widths of the EPR lines in the
spectrum of vanadyl acetylacetonate in toluene,[20] and has
been used to obtain the anisotropic EPR parameters from
solution spectra of copper complexes.[21,22] We have as-
sumed that Equation 1 is approximately applicable to our
binuclear complex, and have simulated the EPR spectrum
based on this line width expression with MI = –7, –6, ...,
+6, +7, corresponding to the two equivalent vanadium nu-
clei. The simulated spectrum is shown in Figure 2 (b). Here
we simply note that the simulated spectrum reproduces the
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Figure 2. EPR spectra for [V2O3L7] (a) in DCM at 300 K. Instru-
ment settings: microwave frequency, 9.45385 GHz; microwave
power, 2.0 mW; modulation frequency, 100 kHz; modulation am-
plitude, ca. 1 G. (b) Simulated EPR spectrum using isotropic hyper-
fine coupling constant = 49.3±0.2 G, and Kivelson’s parameters α
= 21.21 G, β = 0.2943 G, γ = –0.1538 and δ = 0.0007 G.

essential features of the experimental EPR spectrum of the
binuclear complex at room temperature.

∆H = α + βMI + γMI
2 + δMI

3 (1)

The complexes display axial spectra at 77 K (Figure 3).
The hyperfine structure can be attributed to the coupling
of the unpaired electron to a single 51V centre (I = 7/2), at
least on the EPR timescale.[6,8]

In frozen solution (77 K) and fluid solution (300 K) the
spectral parameters are related by the following equa-
tions:[23]

gav � giso

Aav � 2Aiso

From the above relationships it may be deduced that the
unpaired electron is equally delocalised between the two va-
nadium atoms, at least on the X-band EPR timescale, and
the complexes behave as class III type[5,24,25] mixed valance
species at room temperature.
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Figure 3. EPR spectra for [V2O3L7] in DCM/toluene at 77 K. In-
strument settings: microwave frequency, 9.1 GHz; microwave
power, 30 dB; modulation frequency, 100 kHz; modulation ampli-
tude, 12.5 G; sweep centre, 3200 G.

DFT Study

DFT calculation have been performed on the full molec-
ular structure using the crystallographic coordinates for
[V2O3L7] and the previously reported [V2O3L1] complex[15]

(ligand H3L1 is shown in Scheme 1) in order to get a better
insight into the electronic structure of µ-oxo µ-phenoxo
bridged binuclear oxovanadium(/) complexes. The spin
density, singly occupied molecular orbital (SOMO), and the
lowest unoccupied molecular orbital (LUMO) plots for the
complexes are shown in Figure 4, Figure 5 and Figure 6
respectively.

Figure 4. Spin density plots (a). [V2O3L7] (b). [V2O3L1].

The spin density population of the electron between the
two vanadium atoms is 0.5700 and 0.4300 for [V2O3L7], and
0.5664 and 0.4336 for [V2O3L1]. It is clear from the spin
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Figure 5. SOMO plots (a). [V2O3L7] (b). [V2O3L1].

Figure 6. LUMO plots (a). [V2O3L7] (b). [V2O3L1].

density plots (Figure 4) that the unpaired electron is delo-
calised between the two vanadium centres.

It is interesting to note that the bridging oxo oxygen
atom takes part in the construction of the SOMO, while the
contribution of the bridging phenoxy oxygen to the SOMO
is zero (Figure 5). The pz orbital of the bridging oxo oxygen
atom interacts with the dxz orbital of the vanadium atoms
asymmetrically in the [V2O3L7] complex, and symmetrically
in the [V2O3L1] complex. These results are consistent with
the V–Ooxo–V bond lengths observed in these complexes. It
is found from the LUMO plots that the bridging oxo oxy-
gen (Figure 6) and the bridging phenoxy group do not in-
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teract with the metal orbital. The above results suggest that
the delocalisation of the electron between the two vanadium
centres takes place via a dxz–pz–dxz super exchange pathway
in the ground state.

In summary, DFT studies reveal that in case of binuclear
mixed valence oxovanadium(/) complexes containing a
[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+core with a bent V–O–V
moiety, only the bridging oxo group is responsible for the
unpaired electron delocalisation, and as such the delocalis-
ation occurs via a dxz–pz–dxz super exchange pathway.

Conclusion

Binuclear mixed valence oxovanadium(/) complexes
containing the [OVIV(µ-Ooxo)(µ-Ophen)VVO]2+ moiety have
been synthesised using N4O3-coordinating heptadentate li-
gands. In [V2O3L7], the V1–O5–V2 moiety is angular, and
the V1–O5 and V2–O5 bond lengths are slight different
[V1–O5 = 1.798(2) and V2–O5 = 1.885(2) Å]. Solution EPR
spectra reveal that the unpaired electron is delocalised be-
tween the two vanadium atoms, which is attested by the
simulated EPR spectrum. We have also found some impor-
tant trends in the electronic structure, and hence in the be-
haviour of the unpaired electron, from the DFT studies.
DFT calculations show that the bridging phenoxo group
has no role to play in the electron delocalisation. Although
the V–O–V group is angular, the delocalisation in such sys-
tems is anticipated to occur via an dxz–pz–dxz exchange
pathway involving the oxo oxygen atom.

Experimental Section
Materials: Bis(acetylacetonato)oxovanadium()[26] and the li-
gands[27] were prepared as reported in the literature. All the starting
chemicals were analytically pure and used without further purifica-
tion, and the solvents were purified by standard procedures.[28]

Physical Measurements: UV/Vis spectra were recorded on a Perkin–
Elmer LAMBDA 25 spectrophotometer, and IR spectra were mea-
sured with a Perkin–Elmer L-0100 spectrometer. Electrochemical
measurements were performed (acetonitrile solution) on a CH
620A electrochemical analyzer using a platinum electrode. Tetra-
ethylammonium perchlorate (TEAP)[29] was used as the supporting
electrolyte, and the potentials are referenced to the standard calo-
mel electrode (SCE) without junction correction. Magnetic suscep-
tibilities were measured on a PAR-155 vibrating-sample magne-
tometer.

The room temperature solution EPR spectra were recorded for 1
in the following manner: the complex (ca. 10 m in dichlorometh-
ane) was placed in a glass tube, and degassed by repeated freeze-
pump-thaw cycles with a vacuum line working at a pressure of
about 10–4 Torr., and then sealed off. This sealed sample was used
for recording the CW-EPR spectrum at room temperature, using a
home-built EPR spectrometer,[30] which was further modified.[31]

Low microwave power (ca. 2 mW) and 100 kHz magnetic field
modulation (ca. 1 gauss) were used to avoid distortion of the EPR
lines. A proton NMR magnetometer was used to calibrate the scan
range of the magnetic field. An Agilent frequency counter, model
53181A, equipped with a highly stable oven-controlled time base,
was used to measure the microwave and NMR frequencies. For
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determining the g value of the complex, a very small amount of
DPPH powder (g = 2.0037±0.0002)[32] was attached to the outside
wall of the sealed sample, and the EPR spectrum of the complex
with DPPH was recorded.

The room temperature solution EPR spectra of the other com-
plexes, and the low temperature spectra for all the complexes, were
recorded on a Varian E-109C X-band spectrometer. Elemental
analyses (C, H, N) were performed on a Perkin–Elmer 2400 Series
II elemental analyzer.

DFT Calculation: DFT calculations were performed using the
Gaussian-03 program.[33] The complexes were described in the un-
restricted formalism using the B3LYP hybrid density function in
combination with a standard 3-21 G basis set.

Crystallographic Studies: Single crystals of suitable quality for sin-
gle-crystal X-ray diffraction studies were grown by the slow dif-
fusion of hexane into a dichloromethane solution containing
[V2O3L7] CH2Cl2. The X-ray intensity data were measured at 293 K
on a Bruker AXS SMART APEX CCD diffractometer (Mo-Kα, λ
= 0.71073 Å). The detector was placed at a distance of 6.03 cm
from the crystal. A total of 606 frames were collected over a scan
width of 0.3° at different settings of φ. The data were reduced with
SAINTPLUS[34] and an empirical absorption correction was ap-
plied using the SADABS package.[24] Vanadium atoms were located
by Direct Methods, and the rest of the non-hydrogen atoms
emerged from successive Fourier syntheses. SHELXL-97[35] was
used for structure solution, and for full-matrix least-squares struc-
ture refinement on F2. All non-hydrogen atoms were refined aniso-
tropically. All the hydrogen atoms were included at calculated posi-
tions. The dichloromethane solvent molecule is disordered over two
positions. The disorder was modelled using the PART instruction
in SHELXTL, with an initial occupancy of 0.5, which after refine-
ment gave a final value of 0.583(5). Molecular structure plots were
drawn using ORTEP.[36] Relevant crystal data are given in Table 3.

Table 3. Crystal data and structure refinement parameters for
[V2O3L7]·CH2Cl2.

[V2O3L7]·CH2Cl2

Formula C31H40Cl3N4O6V2

Formula weight 772.90
Crystal system monoclinic
Space group P21/c
a [Å] 16.181(3)
B [Å] 13.986(3)
c [Å] 15.024(3)
β [°] 97.16(3)
V [Å3] 3373.6(12)
T [K] 293(2)
Z 4
Dcalcd. (mg·m–3) 1.522
µ [mm–1] 0.841
R1,[a] wR2

[b] [I � 2σ(I)] 0.0490, 0.1121
R1,[a] wR2

[b] [all] 0.0616, 0.1196
Rint, Rsigma 2.65, 2.47
G.O.F on F2 1.058

[a] R1 = ∑|Fo| – |Fc|/ ∑|Fo|. [b] wR2 = [∑w(Fo
2 – Fc

2)2/ ∑w(Fo
2)2]1/2.

CCDC-281762 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis of Complexes: The complexes were prepared by the same
general method. Details are given here for a representative case.
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[V2O3L7]: To a stirred solution of [VO(acac)2] (0.10 g, 0.37 mmol)
in 20 mL acetone was added the H3L7 ligand (0.098 g, 0.19 mmol).
The reaction mixture was then stirred for 2 h at ambient tempera-
ture in air, and a green precipitate separated from the solution. The
solution was filtered, washed with acetone, and then dried in vacuo
over fused calcium chloride. Yield: 0.116 g (90%).
C30H38ClN4O6V2 (687.5): calcd. C 52.36, H 5.53, N 8.15; found:
C 52.61, H 5.70, N 8.31. UV/Vis (CH2Cl2): λmax (ε) = 1031 nm
(255 –1 cm–1); 640 (700). IR (KBr): ν(V=O) 950, ν(V–O–V)
752 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)VVO]3+/[OVIV(µ-Ox)(µ-Ophen)
VVO]2+): +0.56 V (irr). µeff = 1.76 BM.

[V2O3L8]: Yield: 0.117 g (87%). C32H42ClN4O6V2 (701.5): calcd. C
53.66, H 5.87, N 7.82; found: C 53.75, H 5.99, N 7.95. UV/Vis
(CH2Cl2): λmax (ε) = 1036 nm (590 –1 cm–1), 650 (785). IR (KBr):
ν(V=O) 947, ν(V–O–V) 755 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.55 V (irr); µeff =
1.79 BM.

[V2O3L9]: Yield: 0.121 g (85%). C30H36Cl3N4O6V2 (757.5): calcd.
C 47.5, H 4.88, N 7.39; found: C 47.64, H 4.96, N 7.54. UV/Vis
(CH2Cl2): λmax (ε) = 1032 nm (458 –1 cm–1), 665 (1217). IR (KBr):
ν(V=O) 955, ν(V–O–V) 745 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.49 V (irr); µeff =
1.75 BM.

[V2O3L10]: Yield: 0.130 g (88%). C32H40Cl3N4O6V2 (784.5): calcd.
C 48.94, H 5.09, N 7.14; found: C 49.12, H 5.21, N 7.25. UV/Vis
(CH2Cl2): λmax (ε) = 1036 nm (590 –1 cm–1), 650 (785). IR (KBr):
ν(V=O) 958, ν(V–O–V) 748 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.56 V (irr); µeff =
1.72 BM.
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Five compounds based on {[(benzimidazol-2-ylmethyl)imino-
]bis(methylene)}bis(phosphonic acid) [(C7H5N2)CH2N(CH2-
PO3H2)2], namely [M{(C7H5N2)CH2N(CH2PO3H)2}] [M = Mn
(1), Fe (2), Co (3), Cu (4), Cd (5)] have been synthesized un-
der hydrothermal conditions. These compounds are iso-
structural, crystallizing in the orthorhombic space group
Pbca, with a = 15.331(2), b = 10.7150(16), and c = 16.715(2) Å
for 1; a = 15.320(3), b = 10.477(2), and c = 16.764(3) Å for 2;
a = 15.207(2), b = 10.4626(16), and c = 16.794(3) Å for 3; a =
15.101(3), b = 10.3517(17), and c = 16.997(3) Å for 4; and a =
15.4679(19), b = 10.8923(13), and c = 16.6175(19) for 5. Each

Introduction

Increasing attention has been paid in recent years to me-
tal phosphonate materials due to their potential applica-
tions in catalysis, nonlinear optics, magnetism, and biotech-
nology etc.[1] Meanwhile, the rapid development in the ra-
tional design and synthesis of coordination polymers, by
using different organic ligands, has provided a variety of
compounds with interesting architectures and possible
functionalities.[2] The integration of the inorganic phos-
phonate (CPO3) group and numerous rigid or flexible or-
ganic functional groups within the same composite would,
therefore, be expected to result in new inorganic–organic
hybrid materials with interesting structures and properties.
Efforts along this line have been made where the organic
moieties of the phosphonate ligand contain amino,[3] car-
boxylate,[4] pyridyl,[5] macrocyclic,[6] and ferrocene[7] groups
etc. In this article, we report a new route to the synthesis
of {[(benzimidazol-2-ylmethyl)imino]bis(methylene)}bis-
(phosphonic acid) [(C7H5N2)CH2N(CH2PO3H2)2,
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compound shows a one-dimensional chain structure where
{MO3N2} trigonal bipyramids are connected by {CPO3} tetra-
hedra through corner-sharing. The chains are further con-
nected to each other through aromatic stacking of the benz-
imidazole rings and extensive hydrogen bonds, forming a
supramolecular 3D structure. Magnetic susceptibility studies
of 1–4 reveal that weak antiferromagnetic interactions occur
between the metal centers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bibmpH4], where a benzimidazole group is incorporated
into the diphosphonic acid. Five isostructural compounds
based on this ligand, namely [M{(C7H5N2)CH2N-
(CH2PO3H)2}] [M = Mn (1), Fe (2), Co (3), Cu (4), Cd
(5)] are obtained by hydrothermal reactions; all exhibit one-
dimensional chain structures. The magnetic properties of 1–
4 were also investigated.

Results and Discussion

Syntheses and Preliminary Characterization

The synthesis of bibmpH4 was previously reported from
2-(2-aminomethyl)benzimidazole, phosphorus, and formal-
dehyde by a Mannich reaction.[8] In this paper we describe
a new synthetic route to the same acid from the reaction
between N,N-bis(phosphonomethyl)aminoacetic acid and
1,2-diaminobenzene (Scheme 1). The final product can be
easily isolated with a much higher yield (82%) than that
reported in the patent (17%).[8]

The hydrothermal reaction of bibmpH4 and the appro-
priate metal sulfate at 140 °C for one day resulted in com-
pounds 1–5, which have identical structures even though
the experimental conditions for the formation of these com-
pounds are slightly different. A series of experiments was
conducted by changing the molar ratio of the starting mate-
rials and the pH of the reaction mixture. It was found that
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Scheme 1.

pure phases of compounds 1, 3, and 5 can be obtained with
good yields when the molar ratio of M/ligand and the pH
are 1:1 and 2.5–3.5 for 1, 1:1 and 3.0–4.0 for 3, and 1:1
and 2.0–4.0 for 5, respectively. For compounds 2 and 4, the
crystallization of the products is always accompanied by the
formation of brown powdery impurities when the molar ra-
tio of M/ligand and the pH are 1:0.75–1 and 2.9–7.0 for 2
and 1:0.75–1 and 3.0–5.9 for 4, respectively. Crystals with
the best quality are formed when the pH is 7.03 for 2 and
4.90 for 4. In preparing compound 2, Me4NOH was used
instead of NaOH to adjust the pH of the reaction mixture
in order to improve the crystal quality. The same product
can also be obtained with NaOH.

Table 1. Selected bond lengths [Å] and angles [°] for 1–5.[a]

1 2 3 4 5

M1–O1 2.032(3) 1.980(3) 1.978(3) 2.000(2) 2.148(3)
M1–O4 2.090(3) 2.029(3) 2.004(3) 2.142(2) 2.198(3)
M1–N1 2.486(4) 2.364(3) 2.345(4) 2.137(3) 2.551(3)
M1–N2 2.127(4) 2.067(3) 2.024(4) 1.981(3) 2.213(4)
M1–O5A 2.033(3) 2.035(3) 2.005(3) 1.926(2) 2.152(3)
P1–O1 1.496(4) 1.501(3) 1.504(3) 1.509(2) 1.492(3)
P1–O2 1.517(4) 1.494(3) 1.495(4) 1.513(2) 1.494(3)
P1–O3 1.580(4) 1.569(3) 1.573(3) 1.564(2) 1.604(3)
P2–O4 1.507(4) 1.524(3) 1.524(3) 1.501(2) 1.525(3)
P2–O5 1.506(4) 1.494(3) 1.493(3) 1.513(2) 1.487(3)
P2–O6 1.552(3) 1.558(3) 1.563(3) 1.554(2) 1.573(3)
O1–M1–O4 115.95(15) 122.72(12) 118.82(14) 113.52(9) 111.24(10)
O1–M1–N1 79.21(13) 82.30(11) 82.49(13) 87.18(9) 78.53(10)
O1–M1–N2 114.37(17) 113.09(13) 115.30(15) 125.68(11) 117.01(12)
O1–M1–O5A 105.68(14) 101.24(12) 100.05(13) 96.31(9) 110.01(12)
O4–M1–N1 79.16(13) 81.87(11) 82.12(12) 84.55(9) 77.49(10)
O4–M1–N2 115.67(15) 115.80(13) 118.10(14) 117.56(10) 114.86(12)
O4–M1–O5A 98.01(13) 94.78(12) 95.24(12) 91.09(9) 95.16(11)
N1–M1–N2 73.63(15) 76.41(12) 77.25(14) 80.52(10) 72.34(12)
O5A–M1–N1 175.09(14) 176.11(12) 177.02(13) 175.25(10) 170.52(11)
O5A–M1–N2 104.32(16) 103.45(13) 102.92(14) 99.92(10) 106.06(13)
M1–N1–C1 106.4(3) 105.7(2) 106.5(3) 107.95(17) 105.1(2)
M1–N1–C2 106.2(3) 107.9(2) 107.5(3) 109.77(19) 105.7(2)
M1–N1–C3 108.1(3) 107.8(2) 107.2(3) 107.02(19) 105.5(2)
M1–N2–C4 119.8(5) 118.0(3) 118.5(3) 114.9(2) 119.4(3)
M1–N2–C5 135.3(4) 136.5(3) 136.1(3) 139.9(2) 134.8(3)
M1–O1–P1 124.9(2) 122.96(17) 122.6(2) 117.48(12) 122.86(15)
M1–O4–P2 123.58(19) 122.01(16) 122.37(17) 116.85(14) 121.94(16)
M1B–O5–P2 135.5(2) 138.15(19) 137.95(19) 136.27(15) 128.28(19)

[a] Symmetry codes: A: –x, y + 1/2, –z + 1/2; B: –x, y – 1/2, –z + 1/2.
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The IR spectra of compounds 1–5 are almost identical.
The broad bands appearing around 3000 cm–1 can be as-
signed to NH and OH stretching vibrations with the pres-
ence of extensive hydrogen bonds.[9] The sharp bands at
around 1622, 1598, and 1522 cm–1 are characteristic of the
phenyl ring, and the bands near 1467 and 1455 cm–1 are
typical for ν(C=N) of the imidazole ring.[10] A series of
bands between 1236 and 915 cm–1 correspond to the the
CPO3 groups.[11]

Crystal Structures of Compounds 1–5

Compounds 1–5 are isostructural and crystallize in the
orthorhombic space group Pbca. Crystallographic and re-
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finement details of 1–5 are listed in the Experimental Sec-
tion, and selected bond lengths and angles are given in
Table 1. Figure 1 displays the building unit of 1 with the
atomic labeling scheme. The asymmetric unit of compound

Figure 1. Asymmetric building unit of compound 1 with atomic
labeling scheme (50% probability). All H atoms except H3A, H3B
and H6A are omitted for clarity.

Figure 2. A fragment of chain in structure 1. All H atoms except H3A, H3B and H6A are omitted for clarity.

Figure 3. The inter-chain π-π stacking and N···O hydrogen bond interactions in structure 1. All H atoms are omitted for clarity.
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1 contains one MnII ion and one bibmpH2
2– ligand. The

Mn1 atom has a distorted trigonal bipyramidal geometry,
with the basal plane defined by the atoms O1, O4, and N2
from the same bibmpH2

2– ligand. The Mn1–O1, Mn1–O4,
and Mn1–N2 bond lengths are 2.032(3), 2.090(3), and
2.127(4) Å, respectively, while the O1–Mn1–O4, O1–Mn1–
N2, and O4–Mn1–N2 bond angles are 116.0(2)°, 114.4(2)°,
and 115.7(2)°, respectively. The axial positions are occupied
by the atom N1 from the same bibmpH2

2– ligand and O5A
from the other equivalent bibmpH2

2– ligand. The N1–
Mn1–O5A bond angle is 175.1(1)°, and the Mn1–N1 and
Mn1–O5A bond lengths are 2.486(4) and 2.033(3) Å,
respectively.

Each bibmpH2
2– behaves as a pentadentate ligand, bind-

ing through three phosphonate oxygen atoms (O1, O4, O5),
one imino nitrogen atom (N1), and one benzimidazole ni-
trogen atom (N2). Two phosphonate oxygen atoms (O3,
O6), each from a {CPO3} terminus, are protonated [P1–O3
= 1.580(4), P2–O6 = 1.552(3) Å]. The remaining phos-
phonate oxygen (O2) is pendant [P1–O2 = 1.517(4) Å]. The
equivalent Mn atoms are bridged by phosphonate oxygen
atoms O4 and O5 to form a zigzag chain along the b-axis
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(Figure 2). The Mn1···Mn1A distance over the O4–P2–O5
bridge is 5.849 Å. The benzimidazole rings are arranged
tilted on two sides of the chain.

Between the chains, the benzimidazole rings are approxi-
mately parallel and are π–π stacked (the average centroid–
centroid distance between the two phenyl rings of the benz-
imidazole groups is 3.547 Å for 1; Figure 3).[12] Hydrogen-
bond interactions are found between the imidazole nitrogen
atom (N3) and the phosphonate oxygen atom (O2) approxi-
mately along the c-axis, and among phosphonate oxygen
atoms along the a-axis (Figures 3 and 4). The N3···O2i,
O3···O4ii, and O6···O2iii distances are 2.753(6), 2.723(5),
and 2.536(5) Å, respectively (symmetry codes: i: x, –y +
3/2, z – 1/2; ii: x + 1/2, y, –z + 1/2; iii: x – 1/2, y, –z + 1/2).
Therefore, a three-dimensional network structure is built

Figure 4. The inter-chain hydrogen bond interactions among the
phosphonate oxygen atoms in structure 1. All H atoms except
H3A, H3B and H6A are omitted for clarity.

Figure 5. Packing diagram of structure 1 projected along b-axis. All H atoms are omitted for clarity.
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up. Figure 5 shows the packing diagram of compound 1
viewed down the b-axis.

The structures of compounds 2–4 are analogous to 1 ex-
cept that the MnII ion in 1 is replaced by FeII in 2, CoII in
3, CuII in 4, and CdII in 5. The cell volume decreases in the
sequence 5 � 1 � 2 � 3 � 4, in accordance with the
decreasing sequence of the ionic radii of the corresponding
metal ions.[13] Therefore, the metal atoms in 2–5 also have
distorted trigonal bipyramidal geometries. The M–N1 dis-
tance [2.364(3) Å in 2, 2.345(4) Å in 3, 2.137(3) Å in 4, and
2.551(3) Å in 5] is significantly longer than the other M–
O(N) bond lengths, although the Cu1–N1 bond length in 4
[2.137(3) Å] is much shorter. The metal atoms are bridged
by O–P–O units to form infinite chains. The M···M dis-
tances across the O–P–O unit within the chain are 5.813 Å
for 2, 5.794 Å for 3, 5.767 Å for 4, and 5.941 Å for 5. These
chains are connected by hydrogen-bond interactions as well
as π–π stacking interactions. The average centroid–centroid
distances between the two phenyl rings of the benzimidaz-
ole groups are 3.482 Å for 2, 3.470 Å for 3, 3.490 Å for 4,
and 3.620 Å for 5. The N3···O2i, O3···O4ii, and O6···O2iii

distances are 2.757(4), 2.690(4), and 2.583(4) Å for 2,
2.739(5), 2.699(4), and 2.570(4) Å for 3, 2.715(3), 2.632(3),
and 2.550(3) Å for 4, and 2.805(5), 2.702(4), and 2.529(4) Å
for 5, respectively.

It could be of interest to compare the coordination capa-
bilities of the bibmp4– ligand with that of N,N-bis(phos-
phonomethyl)aminoacetate (bpmaa5–; Scheme 2) as both
can offer up to six phosphonate oxygen atoms for coordina-
tion with the metal ions. For the bpmaa5– ligand, the car-
boxylate group has additional two oxygen donors. Thus, se-
veral transition metal/bpmada5– compounds have been pre-
pared that show two- and three-dimensional structures.[14]

For the bibmp4– ligand, only one nitrogen atom of each
benzimidazole group can be used for the coordination when
the reaction pH is not high enough. Besides, the benzimid-
azole group present in this ligand also provides a topologi-
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cal hydrophobic environment, possible π–π stacking inter-
actions between the phenyl rings, and steric hindrance as
well. Hence, it is not unexpected that different structures
will be constructed when metal sources react with bibmpH4

and bpmaaH5 acids. This paper shows that metal/
bibmpH2

2– compounds with zigzag chain structures can be
obtained through hydrothermal reactions of metal sulfates
and the acid bibmpH4.

Scheme 2.

Magnetic Properties

The temperature-dependent magnetic behaviors of com-
pounds 1–4 were investigated in the temperature range 1.8–
300 K. The room-temperature effective magnetic moments
are 6.24 µB/Mn for 1 (expected 5.92 µB for S = 5/2), 5.12 µB/
Fe for 2 (expected 4.90 µB for S = 2), 4.57 µB/Co for 3 (ex-
pected 3.87 µB for S = 3/2), and 1.82 µB/Cu for 4 (expected
1.73 µB for S = 1/2). Figure 6 shows the χM and χMT vs. T
plots for compound 1. The continuous decrease of χMT
upon cooling suggests a dominant antiferromagnetic ex-
change coupling between the MnII centers. Since structure
1 is one-dimensional and the MnII ions are linked purely
through O–P–O units, the susceptibility data can be ana-
lyzed by Fisher’s expression for a uniform chain based on
the Heisenberg Hamiltonian H = –J∑SAi·SAi+1, with the
classical spins scaled to a real quantum spin S = 5/2 [Equa-
tion (1)],[15]

(1)

where J is the coupling constant, N, g, β and k have their
usual meanings, and Nα accounts for both the diamagnetic
and TIP contributions. A good fit, shown as the solid line
in Figure 6, gives the parameters g = 2.09, J = –0.075 cm–1,
and Nα = 4.0×10–4 cm3 mol–1. The value of g is higher than
that expected for a high-spin MnII ion (g = 2). A higher g
value has also been reported for the compounds [Mn(N3)2-
(bte)] [bte = 1,2-bis(1,2,4-triazol-1-ylethane)] (g = 2.06),[16]

[{Mn(oda)(H2O)}·H2O]n [oda = O(CH2COO)2
2–] (g =
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2.07),[17] and [Mn(OAc)(terpy)(µ1,5-dca)]n [dca = N(CN)2
–,

OAc = acetate, terpy = 2,2�:6�,2��-terpyridine] (g = 2.15).[18]

Figure 6. The χMT and χM vs. T plots for 1.

Dominant antiferromagnetic interactions are also ob-
served in compounds 2 and 3 (Figures 7 and 8, respec-
tively). As is well known, both FeII and CoII ions in octahe-
dral environments show significant single-ion anisotropies
or spin-orbital couplings. When the symmetry of the mole-
cule is lowered, the orbital contribution can be partially re-
moved. In the present case each metal atom has a distorted
trigonal-bipyramidal geometry, therefore the orbital contri-
butions of both FeII and CoII would be reduced. The
susceptibility data were initially fitted by the Fisher formula
[Equation (1)], with S = 2 for 2 and S = 3/2 for 3, which
leads to the parameters g = 2.07, J = –0.33 cm–1, and Nα =
2.0×10–4 cm3 mol–1 for 2 and g = 2.15, J = –0.35 cm–1, and
Nα = 1.7×10–3 cm3 mol–1 for 3. The J value of compound
2 is comparable to that for [NH3(CH2)2NH3]-
[Fe{HO3PC(CH3)(OH)(PO3H)}2]·2H2O, in which the FeII

ions are doubly bridged by O–P–O units (J = –0.46 cm–1)
and the same equation was employed for the data fitting.[19]

The Fisher formula, however, is a simplified model that as-
sumes Heisenberg exchange couplings between all spins and
does not take into account the single-ion anisotropy or
spin-orbit coupling of either FeII or CoII ions. A theoretical
analysis considering both zero-field splitting (ZFS) and a
small antiferromagnetic interaction would be a more logical
approach. In order to fit the χMT vs. T plots of compounds
2 and 3, we calculated the magnetic susceptibility of six-
membered closed rings. Due to the high-spin value we can
suppose that the magnetic behavior of these closed rings is
very similar to that of an infinite chain.[20] The Hamiltonian
can therefore be used in its simplified axial form with an
axial ZFS parameter (D), the antiferromagnetic exchange
interaction (J), an axial g vector, and a temperature-inde-
pendent paramagnetism (TIP). The analysis of the data was
performed with the full-matrix diagonalization program
MAGPACK.[21] After a least-squares fitting the following
parameters were found: J = –0.1 cm–1, D = 0.51 cm–1, g =
2.09, and TIP = 3.3×10–4 for the FeII complex 2 and J =
–0.15 cm–1, D = 7.6 cm–1, gz = 2.33, gxy = 2.08, and TIP =
1.1×10–3 for the CoII complex 3, shown as solid lines in
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Figures 7 and 8, respectively. The J values obtained for
compounds 2 and 3 are comparable to that of compound 1.

Figure 7. The χMT and χM vs. T plots for 2.

Figure 8. The χMT and χM vs. T plots for 3.

For compound 4 there is a maximum at around 3 K in
the χM vs. T plot (Figure 7), which is consistent with the
antiferromagnetic nature of the magnetic interactions. Con-
sidering that compound 4 also has a chain structure with
equally spaced CuII ions (S = 1/2), the susceptibility data
can be fitted by the following equation based on the Heisen-
berg Hamiltonian H = –J∑SAi·SAi+1 [Equation (2)],[15]

(2)

where x = |J|/kT. A good fit, shown as the solid line in
Figure 9, results in the parameters g = 2.18, J = –2.96 cm–1,
and Nα = –2.9×10–5 cm3 mol–1. The J value is smaller than
those found for compounds [{Cu3(di-2-pyridylamine)3(µ-
HPO4)(µ-PO4)(H2O)}(PF6)(H2O)3]n (–4.98 cm–1)[22] and
[{(bipy)Cu(H2O)}2(µ-P2O7)·7H2O] (J = –20 cm–1),[23] where
the CuII ions are also linked by O–P–O units.
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Figure 9. The χMT and χM vs. T plots for 4.

Conclusion

Hydrothermal reactions of metal sulfates and
(benzimidazol-2-ylmethyl)imino bis(methylenephosphonic
acid) have resulted in five isostructural compounds with the
formula [M{(C7H5N2)CH2N(CH2PO3H)2}] [M = Mn (1),
Fe (2), Co (3), Cu (4), and Cd (5)]. Each compound shows
a one-dimensional chain structure where {MO3N2} trigonal
bipyramids are connected by {CPO3} tetrahedra through
corner-sharing. The benzimidazole rings are involved in
both aromatic stacking and hydrogen bonds. Further work
is in progress to explore new materials with other topologies
based on the same phosphonate ligand.

Experimental Section
Materials and Methods: N,N-Bis(phosphonomethyl)aminoacetic
acid was synthesized according to the literature procedure.[14a] All
other reagents were purchased as reagent-grade chemicals and used
without further purification. Elemental analyses were performed
with a Perkin–Elmer 240C elemental analyzer. The IR spectra were
obtained as KBr disks on a VECTOR 22 spectrometer. Variable-
temperature magnetic susceptibility data were obtained for micro-
crystalline samples using a Quantum Design MPMS-XL7 SQUID
magnetometer.

Synthesis of {[(Benzimidazol-2-ylmethyl)imino]bis(methylene)}bis-
(phosphonic Acid) [(C7H5N2)CH2N(CH2PO3H)2, bibmpH4]: Bis-
(phosphonomethyl)imino acetic acid (5.26 g, 20 mmol) and 1,2-di-
aminobenzene (2.06 g, 20 mmol) were fully mixed by grinding. The
mixture was transferred to an open, single-necked flask and then
heated at 190 °C until no steam was produced. After cooling, 6 

hydrochloric acid (8 mL) was added to the flask. The resulting
solution was refluxed at 120 °C for 2 h, and then concentrated to
dryness. The blue solid was taken up in water (20 mL) and KOH
was added until the solid had dissolved (pH about 5–6). After re-
fluxing with decoloring charcoal for 30 min, the solution was fil-
tered off. The filtrate was acidified with 6  HCl until pH �

1.0.The white precipitate was collected, washed with methanol, and
dried in vacuo. Yield: 5.5 g (82%). IR (KBr): ν̃ = 3153–2346 (br)
cm–1, 1625 (m), 1573 (w), 1524 (w), 1491 (w), 1460 (m), 1438 (w),
1418 (w), 1400 (m), 1383 (w), 1367 (w), 1344 (m), 1308 (m), 1285
(m), 1252 (s), 1219 (s), 1159 (s), 1134 (s), 1059 (s), 1019 (s), 992 (s),
958 (s), 926 (s), 899 (m), 887 (m), 851 (m), 828 (m), 752 (s), 727
(w), 620 (w), 572 (w), 544 (w), 496 (s), 468 (m), 456 (m), 434 (w),
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411 (w). C10H15N3O6P2: calcd. C 35.85, H 4.51, N 12.54; found C
35.72, H 4.82, N 12.55.

Synthesis of [Mn{(C7H5N2)CH2N(CH2PO3H)2}] (1): A mixture of
bibmpH4 (0.15 mmol, 0.0495 g) and MnSO4·H2O (0.15 mmol,
0.0253 g) in 8 mL of H2O, adjusted to pH 2.5–3.5 with 1  NaOH,
was kept in a Teflon-lined autoclave at 140 °C for 24 h. After slow
cooling to room temperature, gray-blue, block-shaped crystals were
obtained as a monophasic material (according to the powder X-
ray diffraction pattern). Yield: 23 mg (40%). C10H13MnN3O6P2:
calcd. C 30.92, H 3.35, N 10.82; found C 30.93, H 3.21, N 10.80.
IR (KBr): ν̃ = 3104 (m, br) cm–1, 2939 (w), 2874 (w), 1622 (w),
1598 (w), 1522 (w), 1467 (m), 1455 (m), 1432 (m), 1387 (w), 1377
(w), 1343 (w), 1324 (w), 1309 (w), 1282 (w), 1266 (w), 1236 (m),
1181 (s), 1133 (s), 1100 (m), 1073 (s), 1035 (m), 958 (w), 941 (w),
915 (s), 852 (w), 832 (w), 754 (m), 686 (w), 651 (w), 576 (s), 505
(w), 499 (w), 472 (w), 448 (w), 408 (w).
Synthesis of [Fe{(C7H5N2)CH2N(CH2PO3H)2}] (2): A mixture of
bibmpH4 (0.10 mmol, 0.0330 g) and FeSO4·7H2O (0.20 mmol,
0.0556 g) in 8 mL of H2O, adjusted to pH 7.03 by adding 0.2 mmol
of Me4NOH, was kept in a Teflon-lined autoclave at 140 °C for
24 h. After slow cooling to room temperature, gray-green, block-
shaped crystals were obtained together with a brown powder. The
crystals were selected manually and were used for single-crystal
structural determination and physical measurements. Yield: 16 mg
(41% based on bibmpH4). C10H13FeN3O6P2: calcd. C 30.85, H
3.34, N 10.80; found C 30.35, H 3.56, N 10.46. IR (KBr): ν̃ = 3104–
2886 (m, br) cm–1, 1623 (w), 1598 (w), 1524 (w), 1467 (m), 1456
(m), 1434 (m), 1420 (m), 1387 (w), 1377 (w), 1342 (m), 1323 (w),
1309 (w), 1281 (w), 1264 (w), 1236 (m), 1185 (s), 1140 (s), 1091
(m), 1065 (s), 1036 (s), 1021 (s), 981 (m), 968 (m), 955 (m), 941
(m), 918 (s), 898 (m), 833 (m), 778 (m), 756 (m), 704 (w), 653 (w),
577 (s), 560 (m), 509 (w), 496 (w), 470 (w), 447 (w), 420 (w).

Synthesis of [Co{(C7H5N2)CH2N(CH2PO3H)2}] (3): A mixture of
bibmpH4 (0.15 mmol, 0.0495 g) and CoSO4·7H2O (0.15 mmol,
0.0422 g) in 8 mL of H2O, adjusted to pH 3.0–4.0 with 1  NaOH,
was kept in a Teflon-lined autoclave at 140 °C for 24 h. After slow
cooling to room temperature, magenta, block-shaped crystals were
obtained as a monophasic material (according to the powder X-
ray diffraction pattern). Yield: 46 mg (78%). Anal. found (calcd.)
for C10H13N3O6P2Co: calcd. C 30.60, H 3.32, N 10.71; found C
30.66, H 3.30, N 10.53. IR (KBr): ν̃ = 3100–2887 (m, br) cm–1,
1625 (w), 1598 (w), 1529 (w), 1469 (m), 1457 (m), 1433 (m), 1420

Table 2. Crystallographic data and refinement parameters for 1–5.

Compound 1 2 3 4 5

Empirical formula C10H13MnN3O6P2 C10H13FeN3O6P2 C10H13CoN3O6P2 C10H13CuN3O6P2 C10H13CdN3O6P2

Fw 388.11 389.02 392.10 396.71 445.57
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
Space group Pbca Pbca Pbca Pbca Pbca
a [Å] 15.331(2) 15.320(3) 15.207(2) 15.101(3) 15.4679(19)
b [Å] 10.7150(16) 10.477(2) 10.4626(16) 10.3517(17) 10.8923(13)
c [Å] 16.715(2) 16.764(3) 16.794(3) 16.997(3) 16.6175(19)
V [Å3] 2745.8(6) 2690.7(9) 2672.0(7) 2656.9(7) 2799.7(6)
Z 8 8 8 8 8
ρcalcd. [g cm–3] 1.878 1.921 1.949 1.984 2.114
F(000) 1576 1584 1592 1608 1760
Rint 0.0835 0.0585 0.073 0.0517 0.056
Goodness of fit on F2 1.042 1.042 1.090 1.136 1.141
R1, wR2 [I � 2σ(I)] 0.0641, 0.1169 0.0484, 0.1105 0.0564, 0.0998 0.0426, 0.0901 0.0429, 0.0599
R1, wR2

[a] (all data) 0.1107, 0.1281 0.0715, 0.1205 0.0876, 0.1110 0.0557, 0.0926 0.0707, 0.0636
(∆ρ)max, (∆ρ)min [eÅ–3] 0.407, –0.438 0.979, –1.231 0.550, –0.458 0.397, –0.433 0.870, –0.952

[a] R1 = ∑ ||Fo| – |Fc||/∑||Fo|; wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.
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(w), 1388 (w), 1342 (w), 1323 (w), 1311 (w), 1282 (w), 1184 (s),
1132 (s), 1093 (m), 1067 (s), 1040 (m), 1021 (w), 982 (w), 969 (w),
918 (s), 834 (w), 781 (w), 756 (m), 714 (w), 653 (w), 578 (s), 513
(w), 499 (w), 472 (w), 448 (w), 423 (w), 408 (w).

Synthesis of [Cu{(C7H5N2)CH2N(CH2PO3H)2}] (4): A mixture of
bibmpH4 (0.10 mmol, 0.0330 g) and CuSO4 (0.13 mmol, 0.0208 g)
in 8 mL of H2O, adjusted to pH 4.90 with 1  NaOH, was kept in
a Teflon-lined autoclave at 140 °C for 24 h. After slow cooling to
room temperature, green, block-shaped crystals were obtained to-
gether with a brown powder. The crystals were selected manually
and were used for single-crystal structural determination and physi-
cal measurements. Yield: 22 mg (55% based on bibmpH4).
C10H13CuN3O6P2: calcd. C 30.25, H 3.28, N 10.59; found C 30.34,
H 3.43, N 10.62. IR (KBr): ν̃ = 3121–2900 (m, br) cm–1, 1622 (w),
1597 (w), 1529 (w), 1494 (w), 1473 (m), 1456 (m), 1434 (m), 1419
(m), 1378 (w), 1341 (w), 1320 (w), 1281 (w), 1256 (m), 1238 (s),
1193 (s), 1128 (s), 1095 (m), 1059 (m), 1035 (m), 988 (w), 961 (w),
944 (w), 918 (s), 834 (w), 784 (w), 767 (m), 757 (m), 721 (w), 653
(w), 584 (s), 560 (m), 512 (w), 499 (w), 474 (w), 447 (w), 414 (w).

Synthesis of [Cd{(C7H5N2)CH2N(CH2PO3H)2}] (5): A mixture of
bibmpH4 (0.15 mmol, 0.0495 g) and CdSO4·2.7H2O (0.15 mmol,
0.0380 g) in 8 mL of H2O, adjusted to pH 3.0–4.0 with 1  NaOH,
was kept in a Teflon-lined autoclave at 140 °C for 24 h. After slow
cooling to room temperature, gray-blue block-shaped crystals were
obtained as a monophasic material (according to the powder X-
ray diffraction pattern). Yield: 37 mg (55%). Anal. found (calcd.)
for C10H13CdN3O6P2: calcd. C 26.93, H 2.92, N 9.43; found C
26.82, H 2.85, N 9.28. IR (KBr): ν̃ = 3102 (m) cm–1, 2939 (w), 2868
(w), 1619 (w), 1598 (w), 1521 (w), 1490 (w), 1469 (m), 1456 (m),
1432 (m), 1386 (w), 1377 (w), 1344 (w), 1325 (w), 1311 (w), 1286
(w), 1266 (w), 1238 (m), 1206 (m), 1176 (s), 1129 (s), 1097 (m),
1072 (s), 1038 (m), 979 (w), 967 (w), 955 (w), 942 (w), 913 (s), 853
(w), 830 (w), 765 (w), 754 (m), 684 (w), 649 (w), 576 (s), 502 (w),
487 (w), 460 (w), 442 (w), 410 (w).

X-ray Crystallographic Studies: Single crystals of dimensions
0.1×0.04×0.04 mm3 for 1, 0.1×0.05×0.05 mm3 for 2,
0.15×0.15×0.15 mm3 for 3, 0.04×0.02×0.02 mm3 for 4, and
0.1×0.05×0.05 mm3 for 5 were used for structural determinations
on a Bruker SMART APEX CCD diffractometer using graphite-
monochromatized Mo-Kα radiation (λ = 0.71073 Å) at room tem-
perature. Further details can be found in Table 2. A hemisphere of
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data were collected in the θ range 2.62–26.00° for 1, 2.43–26.00°
for 2, 2.43–25.99° for 3, 2.40–25.99° for 4, and 2.45–26.00° for 5
using a narrow-frame method with scan widths of 0.30° in ω and
an exposure time of 5 s per frame. Numbers of observed and
unique [I � 2σ(I)] reflections are 13496 and 2700 (Rint = 0.0835)
for 1, 13174 and 2634 (Rint = 0.0585) for 2, 13176 and 2618 (Rint

= 0.073) for 3, 12675 and 2605 (Rint = 0.0517) for 4, and 14077
and 2754 (Rint = 0.056) for 5, respectively. The data were integrated
using the Siemens SAINT program,[24] with the intensities cor-
rected for Lorentz factors, polarization, air absorption, and absorp-
tion due to variation in the path length through the detector face-
plate. Multi-scan absorption corrections were applied. The struc-
tures were solved by direct methods and refined on F2 by full-ma-
trix least-squares using SHELXTL.[25] All the non-hydrogen atoms
were located from the Fourier maps, and were refined anisotropi-
cally. All H atoms were refined isotropically, with the isotropic vi-
bration parameters related to the non-H atom to which they are
bonded.

CCDC-283019 to -283023 (for 1–5, respectively) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Acknowledgments

We thank the NNSF of China (No. 20325103), the Ministry of
Education of China and the NSF of Jiangsu province (No.
BK2002078) for financial supports, Mr. Yong-Jiang Liu for crystal
data collections, Dr. You Song and Mr. Tian-Wei Wang for mag-
netic measurements.

[1] a) C. Maillet, P. Janvier, M. Pipelier, T. Praveen, Y. Andres, B.
Bujoli, Chem. Mater. 2001, 13, 2879; b) A. Hu, H. L. Ngo, W.
Lin, Angew. Chem. Int. Ed. 2003, 42, 6000; c) P. Ayyappan,
O. R. Evans, Y. Cui, K. A. Wheeler, W. Lin, Inorg. Chem. 2002,
41, 4978; d) E. M. Bauer, C. Bellitto, M. Colapietro, G. Porta-
lone, G. Righini, Inorg. Chem. 2003, 42, 6345; e) D. Kong, Y.
Li, J. H. Ross Jr, A. Clearfield, Chem. Commun. 2003, 1720; f)
P. Yin, S. Gao, Z.-M. Wang, C.-H. Yan, L.-M. Zheng, X.-Q.
Xin, Inorg. Chem. 2005, 44, 2761; g) S. Maheswaran, G. Chas-
tanet, S. J. Teat, T. Mallah, R. Sessoli, W. Wernsdorfer, R. E. P.
Winpenny, Angew. Chem. Int. Ed. 2005, 44, 5044; h) S. Langley,
M. Helliwell, J. Raftery, E. L. Tolis, R. E. P. Winpenny, Chem.
Commun. 2004, 142; i) G. Nonglaton, I. O. Benitez, I. Guisle,
M. Pipelier, J. Leger, D. Dubreuil, C. Tellier, D. R. Talham, B.
Bujoli, J. Am. Chem. Soc. 2004, 126, 1497.

[2] a) B. Moulton, M. J. Zaworotko, Chem. Rev. 2001, 101, 1629;
b) M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke,
M. O’Keeffe, O. M. Yaghi, Acc. Chem. Res. 2001, 34, 319.

[3] a) S. Drumel, P. Janvier, D. Deniaud, B. Bujoli, J. Chem. Soc.,
Chem. Commun. 1995, 1051; b) F. Fredoueil, D. Massiot, P.
Janvier, F. Gingl, M. Bujoli-Doeuff, M. Evain, A. Clearfield,
B. Bujoli, Inorg. Chem. 1999, 38, 1831; c) S. Drumel, P. Janvier,
M. Bujoli-Doeuff, B. Bujoli, Inorg. Chem. 1996, 35, 5786; d)
N. Zakowsky, P. S. Wheatley, I. Bull, M. P. Attfield, R. E. Mor-
ris, J. Chem. Soc., Dalton Trans. 2001, 2899.

[4] For example: a) J. Zhu, X. Bu, P. Feng, G. D. Stucky, J. Am.
Chem. Soc. 2000, 122, 11563; b) M. Riou-Cavellec, M. San-
selme, N. Guillou, G. Ferey, Inorg. Chem. 2001, 40, 723; c)
G. B. Hix, D. S. Wragg, P. A. Wright, R. E. Morris, J. Chem.
Soc., Dalton Trans. 1998, 3359; d) F. Fredoueil, D. Massiot,
D. Poojary, M. Bujoli-Doeuff, A. Clearfield, B. Bujoli, Chem.

Eur. J. Inorg. Chem. 2006, 1830–1837 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1837

Commun. 1998, 175; e) E. Burkholder, V. Golub, C. J.
O’Connor, J. Zubieta, Inorg. Chem. 2003, 42, 6729; f) B. A.
Adair, S. Neeraj, A. K. Cheetham, Chem. Mater. 2003, 15,
1518; g) C. Serre, N. Stock, T. Bein, G. Ferey, Inorg. Chem.
2004, 43, 3159; h) B.-P. Yang, J.-G. Mao, Y.-Q. Sun, H.-H.
Zhao, A. Clearfield, Eur. J. Inorg. Chem. 2003, 4211; i) X. Shi,
G.-S. Zhu, S.-L. Qiu, K.-L. Huang, J.-H. Yu, R.-R. Xu, Angew.
Chem. Int. Ed. 2004, 43, 6482.

[5] a) P. Ayyappan, O. R. Evans, B. M. Foxman, K. A. Wheeler,
T. H. Warren, W. Lin, Inorg. Chem. 2001, 40, 5954; b) X.-Y.
Yi, L.-M. Zheng, W. Xu, S. Feng, Dalton Trans. 2003, 953; c)
J. Ochocki, K. Kostka, B. Zurowska, J. Mrozinski, E. Gal-
decka, Z. Galdecki, J. Reedijk, J. Chem. Soc., Dalton Trans.
1992, 2955; d) L. A. Vermeulen, R. Z. Fateen, P. D. Robinson,
Inorg. Chem. 2002, 41, 2310; e) J. L. Song, J.-G. Mao, Y. Q.
Sun, A. Clearfield, Eur. J. Inorg. Chem. 2003, 4218; f) D.-K.
Cao, Y.-J. Liu, Y. Song, L.-M. Zheng, New J. Chem. 2005, 29,
721; g) D.-K. Cao, Y.-Z. Li, L.-M. Zheng, Inorg. Chem. 2005,
44, 2984; h) D.-K. Cao, Y.-Z. Li, Y. Song, L.-M. Zheng, Inorg.
Chem. 2005, 44, 3599.

[6] a) A. Clearfield, D. Poojary, B. Zhang, B. Zhao, A. Derecskei-
Kovacs, Chem. Mater. 2000, 12, 2745; b) H. L. Ngo, W. Lin, J.
Am. Chem. Soc. 2002, 124, 14298; c) D. Kong, D. G. Medvedev,
A. Clearfield, Inorg. Chem. 2004, 43, 7308; d) G. Giambastiani,
W. Oberhauser, C. Bianchini, F. Laschi, L. Sorace, P. Brueg-
geller, R. Gutmann, A. Orlandini, F. Vizza, Eur. J. Inorg. Chem.
2005, 2027.

[7] O. Oms, J. Le Bideau, F. Leroux, A. van der Lee, D. Leclercq,
A. Vioux, J. Am. Chem. Soc. 2004, 126, 12090.

[8] K. Yoshikawa, Heterocyclic Iminobismethylenebisphosphonic
Acid Derivatives. U. S. Patent 5, 1995, 441, 945.

[9] K. Nakamoto, Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 3rd ed., John Wiley & Sons, 1978.

[10] X.-L. Liu, R. Zhao, X.-H. Liu, J.-J. Yue, Y.-X. Yin, Y. Sun, X.
Zhang, Chinese J. Chem. 2003, 21, 1047.

[11] N. Stock, T. Bein, J. Solid State Chem. 2002, 167, 330.
[12] C. Janiak, J. Chem. Soc., Dalton Trans. 2000, 3885.
[13] R. D. Shannon, Acta Crystallogr. Sect. A 1976, 32, 751.
[14] a) J.-G. Mao, Z. Wang, A. Clearfield, New J. Chem. 2002, 26,

1010; b) J.-L. Song, J.-G. Mao, Y.-Q. Sun, H.-Y. Zeng, R. K.
Kremer, A. Clearfield, J. Solid State Chem. 2004, 177, 633.

[15] O. Kahn, Molecular Magnetism, VCH Publishers, New York,
1993.

[16] X.-Y. Wang, B.-L. Li, X. Zhu, S. Gao, Eur. J. Inorg. Chem.
2005, 3277.

[17] A. Grirrane, A. Pastor, E. Alvarez, C. Mealli, A. Ienco, P.
Rosa, F. Montilla, A. Galindo, Eur. J. Inorg. Chem. 2004, 707.

[18] A. Escuer, F. A. Mautner, N. Sanz, R. Vicente, Inorg. Chim.
Acta 2002, 340, 163.

[19] H.-H. Song, L.-M. Zheng, G. Zhu, Z. Shi, S. Feng, S. Gao, Z.
Hu, X.-Q. Xin, J. Solid State Chem. 2002, 164, 367–373.

[20] E. Coronado, M. Drillon, R. Georges, in Reseach Frontiers in
Magentochemistry (Ed.: C. O’Connor), Word Scientific Pub-
lishing, Singapore, 1993, pp. 27–66.

[21] a) J. J. Borrás-Almenar, J. M. Clemente-Juan, E. Coronado,
B. S. Tsukerblat, Inorg. Chem. 1999, 38, 6081; b) J. J. Borrás-
Almenar, J. M. Clemente-Juan, E. Coronado, B. S. Tsukerblat,
J. Comput. Chem. 2001, 22, 985.

[22] S. Youngme, P. Phuengphai, C. Pakawatchai, G. A. van Al-
bada, J. Reedijk, Inorg. Chim. Acta 2005, 358, 2125.

[23] P. E. Kruger, R. P. Doyle, M. Julve, F. Lloret, M. Nieuwen-
huyzen, Inorg. Chem. 2001, 40, 1726.

[24] SAINT, Program for Data Extraction and Reduction, Siemens
Analytical X-ray Instruments, Madison, WI, 1994–1996.

[25] SHELXTL (version 5.0), Reference Manual, Siemens Indus-
trial Automation, Analytical Instruments, Madison, WI, 1997.

Received: September 7, 2005
Published Online: March 13, 2006



FULL PAPER

DOI: 10.1002/ejic.200500829

Binding of an Oxo-Bridged Dinuclear Iron(III) Complex
{[Fe(phen)(H2O)3]2O}(SO4)2 to DNA and Its Recognition of Single- and

Double-Stranded DNA As Determined by Electrochemical Studies

Qing Xiang Wang,[a] Kui Jiao,*[a] Wei Sun,[a] Fang Fang Jian,[b] and Xuan Hu[a]

Keywords: Oxo-bridged diiron() complex / Crystallography / DNA recognition / Voltammetry

An oxo-bridged dinuclear iron(III) complex, {[Fe(phen)-
(H2O)3]2O}(SO4)2, was synthesized and the molecular struc-
ture was determined by X-ray crystallography. Cyclic vol-
tammetry shows that the complex has a cathodic peak at
+0.325 V and a pair of redox peaks at +1.011 V and +0.811 V,
respectively, which can be explained by an EC–C–EC
mechanism. The binding property of the complex to fish-
sperm DNA was investigated by electronic absorption spec-
trophotometry and electrochemical methods. The change in
the electrochemical behavior of the complex after treatment
with DNA shows that the oxo-bridged diiron(III) complex in-

Introduction

Studies on the interaction between DNA and small mole-
cules are central to probing the accurate local structures of
DNA,[1–5] and to understanding the natural DNA-mediated
biological mechanisms.[6] The fields of applied pharma-
cology, novel drug design[7–8] and chemotherapy[9] also em-
phasize the interactions of small molecules with DNA.
Among DNA-binding molecules, iron complexes with the
ligands 1,10-phenanthroline (phen) or modified phen are
particularly attractive because these metal complexes can
effectively bind to DNA through different modes[10–13] and
the iron ions and the ligands of these complexes can easily
be controlled to facilitate the clear study of the DNA-bind-
ing mechanism.[14–15]

A number of studies have addressed the synthesis of a
series of mononuclear iron-phen complexes and their inter-
action with DNA.[16–20] However, compared with the mo-
nonuclear iron complexes, the synthesis and interaction
with DNA of dinuclear iron complexes have received much
less attention.[21–24] Que Jr. et al.[22] have reported a dinu-
clear ferric complex, Fe2(HPTB)(OH)(NO3)4 [HPTB =
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teracts with DNA mainly through electrostatic binding, while
the electrochemical and chemical (EC–C) process product in-
teracts mainly by intercalation. This result is further sup-
ported by experiments examining the influence of ionic
strength. The difference in the binding modes of {[Fe(phen)-
(H2O)3]2O}(SO4)2 and its EC–C product, namely a mononu-
clear phen-ligated ferrous complex, to DNA implies that this
strategy can be used to distinguish single-stranded (ss-) and
double-stranded (ds-) DNA.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

N,N,N�,N��-tetrakis(2-benzimidazolylmethyl)-2-hydroxy-
1,3-diaminopropane], and found that, in the presence of hy-
drogen peroxide or O2 and a reductant, this diiron complex
can promote the cleavage of plasmid DNA in a “hydrolytic
fashion”. This is similar to the DNA cleavage mediated by
the Fe–bleomycin complex and its mimetic compounds.[23]

Additionally, Xu et al.[24] have investigated the interaction
of DNA with a diiron complex Fe2(DTPB)(µ-O)(µ-Ac)-
Cl(BF4)2 [DTPB = 1,1,4,7,7-penta(2�-benzimidazol-2-yl-
methyl)triazaheptane, Ac = acetate] by spectroscopic meth-
ods. In addition, the hydrolytic cleavage of the supercoiled
and linear DNA by the diiron complex was supported by
evidence from anaerobic reactions, free-radical quenching,
high-performance liquid chromatography experiments, en-
zymatic manipulation, footprinting analysis, and so forth.

On the other hand, nonheme oxo-bridged dinuclear
iron() complexes have been extensively studied because of
their distinctive magnetic and spectroscopic proper-
ties.[25–26] Furthermore, the significant biological activity of
these kinds of dinuclear complexes has also attracted con-
siderable attention from researchers, as they can provide
structural models for diiron sites in nonheme proteins, such
as ribonucleotide reductase, which converts ribonucleotides
into deoxyribonucleotides in the first step in the biosynthe-
sis of DNA.[27–29] However, only a few crystal structures
of dinuclear iron() complexes with phenanthroline as a
terminal ligand have been reported to date.[30] Knowledge
of the exact molecular structure, and electrochemical and
DNA-binding properties of nonheme oxo-bridged dinuclear
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iron() complexes will be helpful for us to understand the
reaction mechanisms of these active models in cells and the
body.

Herein we report the synthesis, crystal structure, and
electrochemical property of a new oxo-bridged dinuclear
iron() complex with the ligand phen, {[Fe(phen)-
(H2O)3]2O}(SO4)2. Additionally, we paid particular atten-
tion to the binding properties of this dinuclear iron() com-
plex to DNA by using absorption spectroscopic and vol-
tammetric methods. The notable phenomenon is that the
dinuclear iron complex, and its EC–C mononuclear product
(EC and C mean electrochemical process and chemical
dissociation process, respectively), bind to DNA through
different modes under the same conditions. This suggests
that, on the basis of its electrochemical behavior, the com-
plex could be an effective recognition probe for dsDNA and
ssDNA. We also hope that this investigation is of value for
the understanding of the biological mechanism in nonheme
protein–DNA interactions and of the structure–activity re-
lationship of nonheme oxo-bridged dinuclear iron() com-
plexes in biological processes.

Results and Discussion

Crystal Structure of the Title Oxo-Bridged Diiron(III)
Compound

The crystal structure of the title compound consists of
discrete molecules in which all the atoms lie on general po-
sitions. The molecular structure of the complex is illustrated
in Figure 1. The cationic complex of {[Fe(phen)-
(H2O)3]2O}4+ has a C2 symmetry axis through the bridging
O(6) atom. The two sulfate anions are present in the lattice
to balance the charge. The iron atoms are surrounded by
two nitrogen and four oxygen atoms to form a distorted
octahedral geometry. The two parts of the dinuclear iron()
cation complex are bridged by the O(6) atom. Three water
molecues coordinate to the FeIII ion, with Fe–O distances

Figure 1. Perspective view of {[Fe(phen)(H2O)3]2O}(SO4)2 showing
the atom labeling scheme.
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of 2.004(4) Å, 2.019(4) Å, and 2.153(4) Å for Fe(1)–O(5),
Fe(1)–O(7), and Fe(1)–O(8), respectively. The Fe–O–Fe
linkage is nonlinear, exhibiting an angle of 163.9(4)° for
Fe(1)–O(6)–Fe(1A). The Fe–µ-O(6) distance [1.7877(12) Å]
is in accordance with those previously reported for
(FeL)2O (1.76–1.82 Å).[31] The combination of the nonlin-
ear bridge and the strong Fe–µ-O bonding produces an in-
termetallic spacing of 3.5417 Å. The bond lengths of C–N
and C–C in the phenanthroline all fall within the range of
the literature values,[32] and the two aromatic ring systems
in each phen are coplanar within the experimental error.

Studies on the Electrochemical Behavior of {[Fe(phen)-
(H2O)3]2O}4+

The cyclic voltammetry (CV) of {[Fe(phen)(H2O)3]2O}4+

in a 0.01  NaOAc/HOAc solution at a gold electrode was
investigated, and the results are shown in Figure 2. It is
found that the complex has a cathodic peak (p1) at
+0.325 V and a pair of redox peaks (p2 and p2�) at +1.011 V
and +0.811 V, respectively. From Figure 2b, the formal po-
tential (E0�) of the redox peaks (p2 and p2�) was calculated
to be +0.911 V, with the formula E0� = (Ep2

+Ep2�)/2. This
potential is consistent with that reported for the conversion
of ferrous complexes to ferric complexes,[33] and suggests
that this pair of redox peaks may be attributed to the elec-
tro-oxidation and electro-reduction of the mononuclear
iron complex. The ratio of the peak height of p2� to that of
p2 is much smaller than that for the complex FeIII/II-(tris-
phen); this may result from the lack of phen coordinating
to the iron atom.[34] The electron transfer number (n) of
the irreversible reduction peak p1 was calculated to be 2
according to the formula |Ep–Ep/2| = 47.7/nα (mV, 25 °C)
when α is assumed to be 0.5,[35] (Ep and Ep/2 are the peak
potential and the half-peak potential, respectively, α the
electron transfer coefficient). This indicates that the two tri-
valent iron atoms in the title complex have been reduced to
a diferrous analog. The peak potential of p1 (+0.325 V) is
almost the same as the reduction potential reported for sim-
ilar diiron() complexes.[36] According to these results, we
speculate that the electrode reaction of the title diiron()
complex may involve an EC–C–EC process, which is de-
scribed in Scheme 1.

There are similar mechanisms in the literature. Walczak
et al. have studied the electrochemical behavior of the oxo-
bridged diiron-phen complex [Fe2

III,IIIO(phen)4(H2O)]4+

and reached the conclusion that the complex undergoes a
2e reduction to an oxo-bridged diferrous-phen complex
[Fe2

II,IIO(phen)4(H2O)2]2+, which is unstable and quickly
decomposes by a fast chemical reaction to form its mono-
nuclear ferrous complex.[36] The electro-redox processes of
the FeII/III complex result in a pair of redox peaks. Chen[37]

and other authors[38–39] have also studied the electrochemi-
cal behavior of oxo-bridged diiron complexes under dif-
ferent conditions and have obtained similar results. Namely,
the electrochemical processes of these species appear as
an irreversible reduction peak, corresponding to the re-
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Figure 2. Cyclic voltammograms of 0.01  NaOAc/HOAc solution,
pH 6.8, without (a) and with 4.00×10–4  {[Fe(phen)(H2O)3]2O}4+

(b). Rest time: 2 s. Scan rate: 100 mV/s.

Scheme 1. Electrochemical mechanism of the complex {[Fe-
(phen)(H2O)3]2O}4+. The italic font of [Fe2

II,IIO(phen)2(H2O)6]2+

implies that this intermediate product is unstable.

duction of diiron() complex, and a pair of redox peaks
with the formal potential (E0�) at approximately +0.911 V,
which is ascribed to the redox of the mononuclear iron()/
() complex. Thus, the electrochemical behavior of the title
complex reported here is very similar to those described in
the conclusions in the literature.

The influence of the initial potential (Ei) on the cyclic
voltammetric behavior of the title complex was studied to
further prove the above theory involving the EC–C–EC
mechanism of the diiron() complex. The results are shown
in Figure 3. When the cyclic voltammogram was recorded
in the potential range 0.400–1.200 V with an Ei of 0.400 V,
there were no longer any electro-redox peaks (Figure 3a),
suggesting that no mononuclear iron complex was present
in the solution. If Ei was set to +1.000 V, and the potential
was scanned in the negative direction towards 0 V and then
back to +1.200 V, the reduction peak (p2�) for the mononu-
clear ferric complex still does not appear; while at +0.325 V,
there is an obvious reduction peak (p1) that corresponds to

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1838–18451840

the reduction of the title diiron() complex. There is a well-
defined oxidation peak corresponding to the oxidation of
the mononuclear divalent iron complex to the trivalent
form (Figure 3b). If Ei was set to 0 V, which is more nega-
tive than the reduction potential of the title complex, and
the cyclic voltammogram ranging from 0 V to +1.200 V was
recorded, all the peaks appear (Figure 3c). This experiment
demonstrates that the prerequisite for the formation of the
mononuclear ferrous complex is the electro-reduction of the
title oxo-bridged diiron() complex, which is consistent
with the proposed EC–C–EC mechanism.

Figure 3. Dependence of the cyclic voltammograms of 4.00×10–4 
{[Fe(phen)(H2O)3]2O}4+ in 0.01 NaOAc/HOAc solution (pH 6.8)
on the initial scan potential (Ei, represented by �). (a) Ei = 0.400 V,
a cyclic scan in the potential range from 0.400 to 1.200 V; (b) Ei =
1.000 V, the scan from 1.000 to 0 V, followed by a positive scan
from 0 to +1.200 V; (c) Ei = 0 V, the scan from 0 to +1.200 V, and
then scanned reversibly to 0 V. Scan rate: 100 mV/s.

In the following electrochemical studies, only the cath-
odic peak p1 and the anodic peak p2 are considered, as they
represent the different species involved in the electrochemi-
cal processes and are more sensitive than the cathodic peak
p2�.

Studies on the Interaction of the Iron-Phen Complex with
DNA

UV/Vis Spectroscopy

As shown in Figure 4a, the complex has a broad absorp-
tion band and a sharp peak in the spectral region 200–
320 nm, and a weak absorption band in the range 380–
520 nm, which is magnified in the inset of Figure 4. From
comparison with the spectral data from the paper by Que
Jr. et al.[40] and with those from previously studied oxo-
diiron() complexes,[41] it is known that the lower energy
band is assigned to a phenolate-to-FeIII charge-transfer
transition, and the higher energy band has been attributed
to both phenolate- and oxo-to-FeIII charge-transfer transi-
tions. While, the 300–400 nm region is featureless in Fig-
ure 4, the broad and weak absorption peak around 500 nm
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is probably related to a small amount of phen-ligated fer-
rous complex, as the dinuclear unit is somewhat oxidative
under the present conditions. After the addition of dsDNA
to the diiron() complex solution, it is clearly observed that
the absorption peaks in the 200–300 nm region undergo a
significant decrease in molecular absorption (the hypochro-
mism effect) and no detectable shift in wavelength (Fig-
ure 4b–c).

Figure 4. UV/Vis spectra of 4.00×10–4  {[Fe(phen)(H2O)3]2O}4+

in the absence (a) and the presence of 3.69×10–6  (b) and
7.37×10–6  (c) DNA.

Similarly, the broad absorption band around 500 nm, as-
cribed to the charge transfer transition of the ferrous com-
plex, decreases gradually and is accompanied by a weak red
shift (�2 nm) from 507.7 nm to 509.6 nm, as shown in the
inset in Figure 4. In the case of 1,10-phenanthroline metal
complexes, some authors have pointed out that these species
interact with dsDNA mainly by the outside-binding
mode,[42] while other authors suggest that the binding mode
is through intercalation, which involves a stacking interac-
tion of the aromatic chromophores with the base-pairs of
the dsDNA duplex.[43] In this paper, according to the rule
that when small molecules interact with dsDNA differences
in binding mode are reflected by spectral changes,[44] we can
speculate that the original diiron() complex interacts with
dsDNA mainly through external electrostatic binding, while
a small amount of the ferrous complex probably binds
through intercalation. This rationale is plausible because
the size of the ferrous complex is much smaller than that of
the diiron() complex. This difference in binding mode will
be tested by the following electrochemical experiments.

Electrochemical Recognition of dsDNA and ssDNA

Figure 5 shows the cyclic voltammetric behavior of
{[Fe(phen)(H2O)3]2O}4+ after reacting with dsDNA and
ssDNA. From Figure 5b, it is observed that the currents of
both p1 and p2 decrease significantly in the presence of
dsDNA, which proves that both the original oxo-bridged
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diiron complex and its EC–C product can interact with
dsDNA. Nonetheless, it is interesting that the potentials of
p1 and p2 shift in different directions after reacting with
dsDNA. Bard et al. have pointed out that the shift direction
of the electrochemical potential of a small molecule, after
reacting with DNA, is related to its binding mode with
DNA. A positive shift of the peak potential indicates an
intercalative interaction between the small molecule and
DNA, and a negative shift is characteristic of an electro-
static interaction.[45] Therefore, according to this rule, we
can conclude that {[Fe(phen)(H2O)3]2O}4+ may interact
with dsDNA through an electrostatic interaction, while its
EC–C product interacts by intercalation. It is noticeable
that when varying the pH values of the NaOAc/HOAc solu-
tion, the current difference of p2 (∆Ip2

) and p1 (∆Ip1
) reach

maximum values at pH 6.8 and pH 5.5, respectively, after
reacting with dsDNA (data not shown). Since pH 6.8 is
closer to natural biological conditions, and hence can avoid
the denaturing of dsDNA, which occurs at high or low acid-
ity, a NaOAc/HOAc solution at pH 6.8 was chosen as the
supporting electrolyte.

Figure 5. Cyclic voltammograms of 2.00×10–4  {[Fe(phen)-
(H2O)3]2O}4+ in 0.01  NaOAc/HOAc solution at pH 6.8 (a), and
after the addition of 2.68×10–7  dsDNA (b) and 2.68×10–7 
ssDNA (c). Rest time: 2 s, scan rate: 100 mV/s.

The change in the cyclic voltammetric behavior of
{[Fe(phen)(H2O)3]2O}4+ after reacting with ssDNA con-
firms the above conclusions. As shown in Figure 5c, both
the peak current and the peak potential of p1 change rela-
tive to those in Figure 5b, illustrating that the electrostatic
binding between the diiron() complex and ssDNA still ex-
ists. However, the inconspicuous changes in both the peak
current and the peak potential of p2, relative to those in
Figure 5a, indicate the disappearance or weakness of the
intercalation of the mononuclear ferrous complex into
ssDNA. This can be ascribed to the uncoiling of the double
helix structure because of the denaturing of the native
DNA. According to the above experiments, we can con-
clude that the oxo-bridged diiron complex and the mononu-
clear ferrous complex bind to DNA through different
modes. In other words, the diiron() complex can recognize
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dsDNA and ssDNA on the basis of the two steps of the
electrochemical process on a gold electrode. To further con-
firm the above conclusions on the binding modes of
{[Fe(phen)(H2O)3]2O}4+ and its mononuclear product to
DNA, the influence of ionic strength on their interactions
was investigated, and the results are reported in the follow-
ing section.

Figure 6 shows the effect of the ionic strength (µ) on the
peak potential of p2. The change in the ionic strength was
controlled by the addition of different concentrations of
KCl. In the absence of dsDNA, the shift in the anodic peak
potential (∆Ep2,a

) induced by the addition of KCl is ob-
tained by the relation ∆Ep2,a

= Ep2,a
– Ep2,a,µ = 20

, where Ep2,a

and Ep2,a,µ = 20
represent the peak potentials of p2 in the pres-

ence and absence of KCl in solution, respectively.

Figure 6. Effect of ionic strength (µ) on the shift in the anodic peak
potential (∆Ep2

) of the EC–C product of 4.00×10–4 
{[Fe(phen)(H2O)3]2O}4+, in the absence (a) and the presence of
7.40×10–6  dsDNA (b). Curve (c) is the plot of ∆Ep2

° versus µ,
where ∆Ep2

° = ∆Ep2,b
– ∆Ep2,a

.

The subscript “a” and “µ = 20” in the formula indicate
that DNA is absent from the solution and that the original
ionic strength calculated for the 0.01  NaOAc/HOAc elec-
trolyte is 20 m, respectively. Analogously, when DNA is
present in solution, the shift in Ep2

caused by the ionic
strength is denoted as ∆Ep2,b

, and its value is obtained by
the formula ∆Ep2,b

= Ep2,b
– Ep2,b,µ = 20

. Curve a and b in
Figure 6 are the plots of ∆Ep2,a

versus µ and ∆Ep2,b
versus

µ, respectively. From the two curves, it is found that both
∆Ep2,a

and ∆Ep2,b
are negative on the time scale of CV mea-

surements. Furthermore, the values of ∆Ep2,a
and ∆Ep2,b

de-
crease gradually with an increase in µ, which suggests that,
whether DNA exists in solution or not, the oxidation po-
tential of the phen-ligated ferrous complex shifts to more
negative values after the addition of KCl. Nonetheless, the
values of ∆Ep2

° reveal the real effect of the ionic strength
on the binding of Fe(phen)2

2+ to dsDNA, and are positive
on the time scale of the CV measurements and increase with
an increase in µ, as shown in Figure 6c. According to the
literature,[46] the positive shift in ∆Ep2

° induced by the in-
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crease in the ionic strength demonstrates the intercalative
binding mode of the mononuclear iron complex to dsDNA.
This result is also consistent with the hypothesis drawn
from Figure 5 with regard to the binding mode of the EC–
C product to dsDNA.

However, the change in the reduction peak potential of
{[Fe(phen)(H2O)3]2O}4+ (Ep1

) with an increase in the ionic
strength is much more complicated. As shown in Figure 7a,
the difference (∆Ep1,a

) between Ep1
at µ � 20 and that at µ

= 20 in the absence of dsDNA is negative and decreases
with an increase in the ionic strength. This indicates that
the reduction peak potential of {[Fe(phen)(H2O)3]2O}4+

also shifts negatively with an increase in the ionic strength
in the absence of dsDNA. After binding to dsDNA, the
plot of ∆Ep1,b

versus µ has a turning point at µ = 24 m

with an increase of the ionic strength, as shown in Fig-
ure 7b. For µ � 24 m, ∆Ep1,b

decreases with an increase in
µ and then increases for µ � 24 m. The plot of ∆Ep1

°
(∆Ep1

° = ∆Ep1,b
– ∆Ep1,a

) versus µ shows the real effect of µ
on the binding of {[Fe(phen)(H2O)3]2O}4+ to dsDNA and
is presented in Figure 7c. The dashed line divides the plot
into two regions corresponding to ∆Ep1

° � 0 and ∆Ep1
° �

0. This also demonstrates the change in the nature of the
interaction between dsDNA and {[Fe(phen)(H2O)3]2O}4+

from electrostatic to an intercalative mode with an increase
in the ionic strength. At ∆Ep1

° = 0, the electrostatic interac-
tion is equal to the intercalative interaction in strength, and
the corresponding value for the ionic strength (µ = 29 m)
is called the critical-ionic strength (CIS).[46]

Figure 7. Effect of the ionic strength (µ) on the shift in the re-
duction peak potential of {[Fe(phen)(H2O)3]2O}4+. The conditions
are the same as those in Figure 6.

From electrostatic considerations, ∆Ep1
° should vary lin-

early with µ1/2 according to Debye–Hückel theory.[47] Fig-
ure 8 illustrates the dependence of ∆Ep1

° on µ1/2. It is ob-
served that the plot is linear for µ up to 28 m, with an
intercept of –38 mV and a slope of 7 mV/mmol1/2, which
suggests that electrostatic interactions play a dominant role
in this ionic strength range. For values of the ionic strength
above 28 m, ∆Ep1

° deviates from a straight line. These ob-
servations also prove the results mentioned above with re-
gard to the change in binding mode of {[Fe(phen)-
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(H2O)3]2O}4+ to dsDNA, that is, from electrostatic binding
to intercalative binding with an increase in the ionic
strength. In addition, from the value of the intercept of
–38 mV, a limiting ratio (KO�/KR�) from the binding con-
stants for the oxidized (KO�) and reduced (KR�) forms
({[Fe(phen)(H2O)3]2O}4+ and {[Fe(phen)(H2O)3]2O}2+,
respectively) can be estimated. A value of 19 is found for
the ratio with the equations ∆E0� = ∆E1

0� + Bµ1/2 (for CKCl

�� 1 )[46] and ∆E1
0� = (–RT/nF)ln (KO�/KR�),[45–48] where

∆E1
0� is the limiting difference in the formal potential at µ

= 0; B is a constant which depends on the valences of the
ions, the dielectric characteristics of the environment sur-
rounding the ions , temperature, and the density of the sol-
vent. This result suggests that the electrostatic interaction
between the diiron() complex and DNA is significantly
more dominant than the intercalative interaction.[45–46]

Figure 8. Dependence of ∆Ep1
° on µ1/2. The conditions are the same

as those in Figure 6.

The effect of the ionic strength on the difference in peak
currents before and after the addition of dsDNA was also
investigated. It was found that both the cathodic and anodic
peak current difference (∆Ip1

and ∆Ip2
) decrease with an in-

crease in the ionic strength, as shown in Figure 9a and Fig-
ure 9b, respectively. This suggests that the extent of the
binding of both the diiron() complex and its EC–C prod-
uct to dsDNA becomes weaker at high ionic strength.

This can be explained by the fact that the excess posi-
tively charged K+ ion binds to negatively charged dsDNA
phosphatediester backbone, which results in an inhibition
in the binding of the cationic complex to dsDNA.[49]

The dependenc of the cyclic voltammetric behavior of
the dinuclear iron() complex in the absence and presence
of dsDNA on the scan rate (ν) are shown in Figure 10(A)
and Figure 10(B), respectively. It is found that both Ip1

and
Ip2

vary linearly with the square root of the scan rate (ν1/2)
both in the absence and presence of dsDNA, as shown in
the insets of Figure 10(A) and Figure 10(B). This is as ex-
pected for a diffusion-controlled process.[50]

Furthermore, the slopes of both plots (Ip1
versus ν1/2 and

Ip2
versus ν1/2) decrease after the addition of dsDNA, which

indicates a reduction in the apparent diffusion coefficient
of the complex in the presence of dsDNA.We can therefore
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Figure 9. Influence of ionic strength (µ) on ∆Ip1
(a) and ∆Ip2

(b).
The conditions are the same as those in Figure 6.

Figure 10. Dependenc of cyclic voltammetric behavior of
4.00×10–4  {[Fe(phen)(H2O)3]2O}4+ on the scan rate (ν), in the
absence (A) and the presence (B) of 7.37×10–6  dsDNA. Inset:
plots of the peak current of p1 and p2 versus the square root of the
scan rate (ν1/2).
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interpret the change in current upon dsDNA addition in
terms of the diffusion of an equilibrium mixture of free and
dsDNA-bound complex to the electrode surface.[46]

The relationship of both ∆Ip1
and ∆Ip2

to the concentra-
tion of dsDNA (CDNA) was also studied. From Figure 11a,
it can be seen that the relationship between ∆Ip1

and CDNA

is linear in two CDNA ranges corresponding to 9.36×10–7–
9.36×10–6  and 9.36×10–6–7.49×10–5 , with correlation
coefficients of 0.985 and 0.998, respectively. ∆Ip2

becomes
constant when the CDNA is larger than 1.87×10–5  (Fig-
ure 11b), which demonstrates that the intercalation between
the ferrous complex and dsDNA is saturated when the con-
centration of dsDNA is over 1.87×10–5 .

Figure 11. Plots of ∆Ip1
(a) and ∆Ip2

(b) versus the concentration
of dsDNA (CDNA).

Conclusions

In summary, a new dinuclear iron() complex
{[Fe(phen)(H2O)3]2O}(SO4)2 was synthesized and charac-
terized by X-ray crystallography. The electrochemical be-
havior of the diiron() complex indicated an EC–C–EC
mechanism at the gold electrode, and the binding mode of
the diiron() complex and its final mononuclear product
to dsDNA was studied in detail. The results indicate that
{[Fe(phen)(H2O)3]2O}(SO4)2 interacts with dsDNA mainly
through electrostatic binding, while the mononuclear EC–
C product interacts mainly by intercalation. On the basis of
its electrochemical behavior, the complex may be an effec-
tive recognition probe for dsDNA and ssDNA.

Experimental Section
Chemicals and Measurements: Native double-stranded fish sperm
DNA (dsDNA) from Beijing Baitai Biochemistry Technology
Company (China) was used as received. The ratio of the ab-
sorbance at 260 and 280 nm (A260/A280) was checked to be 1.89,
which indicates that the DNA was sufficiently free from protein.[51]

The concentration of dsDNA (per nucleotide phosphate) was deter-
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mined spectrophotometrically using the known molar-extinction
coefficient value of 6600 –1 cm–1.[52] Denatured single-stranded
DNA (ssDNA) was produced by heating a dsDNA solution in a
water bath at 100 °C for 5–6 min, followed by rapid cooling in an
ice bath.[46] The other chemical reagents used in the synthesis of
the title complex were all of analytical reagent grade, purchased
commercially, and used without further purification. The electro-
chemical and spectroscopic assays were all carried out in 0.01 

NaOAc/HOAc medium. Double-distilled water was used for pre-
paring all the solutions. Elemental analyses were measured with a
Perkin–Elmer 1400C analyzer. Voltammetry was performed with a
CHI 832 electrochemical analysis system (CHI Instrument, China).
A three-electrode system was used which consisted of a gold elec-
trode (Φ = 3 mm) as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a platinum wire as
the auxiliary electrode. All the electrochemical measurements were
carried out in a 10 mL electrolytic cell. UV/Vis absorption spectra
were recorded on a Cary 50 probe spectrophotometer (Varian, Aus-
tralia).

Preparation and Crystallographic Study of {[Fe(phen)(H2O)3]2O}-
(SO4)2: 1,10-phenanthroline (0.35 g, 2.0 mmol) was dissolved in
ethanol (15 mL), and a 10 mL solution of iron() chloride hexahy-
drate (0.28 g, 1.0 mmol) was then added while stirring. The mixture
was adjusted to a pH of 1.0 with a dilute sulfuric acid solution and
sealed in a 50 mL stainless-steel reactor with Teflon liner. The reac-
tor was heated at 100 °C for 72 h, which resulted in the formation
of red crystals. C, H and N contents were determined by elemental
analysis. C24H28Fe2N4O15S2 (788.32): calcd. C 36.53, H 3.55, N
7.10; found C 36.16, H 3.30, N 6.82.

The X-ray diffraction data for the crystal-structure determination
was collected using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å) and ω-scans with θ limits 2.04° � θ � 27.52°. An
empirical absorption correction was carried out with the SADABS
program.[53] The structure of {[Fe(phen)(H2O)3]2O}(SO4)2 was

Table 1. Crystal data and structure refinement for {[Fe(phen)-
(H2O)3]2O}(SO4)2.

Empirical formula C24H28Fe2N4O15S2

Formula weight 788.32
Temperature [K] 293(2)
Wavelength [Å] 0.71073
Crystal system, space group Orthorhombic, P21212
Unit cell dimensions
a [Å] 17.650(4)
b [Å] 8.5133(17)
c [Å] 9.971(2)
Volume [Å3] 1498.2(5)
Z, Calculated density [Mg/m3] 4, 1.748
Absorption coefficient [mm–1] 1.189
F(000) 808
Crystal size [mm] 0.20 × 0.20 × 0.30
θ range for data collection [°] 2.04–27.52
Limiting indices –22 � h � 22

–11 � k � 11
0 � l � 12

Reflections collected/unique 5376/3101[R(int) = 0.0618]
Completeness to θ = 27.53 [%] 93.7
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3101/0/214
Goodness-of-fit on F2 1.010
Final R indices[ I � 2σ(I)] R1 = 0.0558, wR2 = 0.1338
R indices (all data) R1 = 0.0762, wR2 = 0.1417
Extinction coefficient 0.0081(18)
Largest diff. peak and hole [e Å–3] 0.551 and –0.448
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solved by direct methods and refined by least-squares on Fobsd.

2 by
using the SHELXTL software package.[54] All non-H atoms were
anisotropically refined. The hydrogen atoms were located by differ-
ence synthesis and refined isotropically. The final conventional
R indices were R(F) = 0.0601 and wR(F2) = 0.1496 for 2391 reflec-
tions I � 2σ(I) with weighting scheme, w = 1/[σ2(Fo

2) + (0.0905P)2],
where P = (Fo

2 + 2Fc
2)/3. The molecular graphics were plotted

using SHELXTL. Atomic scattering factors and anomalous disper-
sion corrections were taken from the International Tables for X-ray
Crystallography.[55] A summary of the key crystallographic infor-
mation is given in Table 1. CCDC-227065 contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reaction of Ln(NO3)3·aq with K3[Fe(CN)6] or K3[Co-
(CN)6] and 2,2�:6�,2��-terpyridine in water/methanol solution
led to three one-dimensional complexes: trans-[Ln(H2O)4

(terpy)(µ-CN)2M(CN)4]n (Ln = La3+ or Sm3+; M = Fe3+ or
Co3+). The structures of [SmFe]n (1), [SmCo]n (2) and [LaFe]n

(3) have been solved; the complexes 1 and 2 crystallize in

Introduction

The design of supramolecular architectures with novel
spin-carrier topologies is of current interest in the field of
molecular magnetism. A successful strategy leading to het-
eropolymetallic systems with extended structures consists in
self-assembly processes involving anionic building blocks,
which contain a paramagnetic ion, and assembling complex
cations with potentially free coordination sites. Cyano-
bridged bimetallic systems with interesting magnetic and
photomagnetic properties have been characterized.[1] Most
of these systems contain two different transition-metal ions.
In contrast, the lanthanide cations have not been used as
much as nodes for the construction of cyano-bridged heter-
opolymetallic coordination networks.[2] Thus, although the
research on cyano-bridged complexes has mainly focused
on transition-metal ions with polycyanometallates and 4f
ions, several compounds with different dimensionality have
been reported.[3–19] In most cases the magnetic properties
of these complexes do not seem exciting, as the coupling
between the lanthanide and transition metals is very weak
because of the effective shielding of the 4f electrons by the
outer-shell electrons.

Important magnetic properties were found in only a few
cyano-bridged rare earth transition-metal complexes. Most
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the monoclinic space P21/c and are isomorphous, complex 3
crystallizes in the triclinic space P1̄. No significant magnetic
interaction was found between the samarium(III) and the
iron(III) ions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of the 3d–4f complexes that show long-range magnetic or-
dering involved the Sm3+ ion.[3b,4b,5,13a,20] We are exploring
a strategy to control the structure in the solid state that
combines elements of design towards crystal engineering
and the study of magnetic properties. We successfully ap-
plied this strategy in the preparation of new species starting
from the mononuclear species [M(CN)6]3– (M = Fe3+, Cr3+

and Co3+) as building blocks, Ln(NO3)3·xH2O and different
blocking ligands; a) with M = Fe3+ or Co3+ and dimethyl-
formamide (DMF) as blocking ligand, working with the
same conditions, we reported a family of 25 dinuclear com-
plexes of the formula [Ln(DMF)4(H2O)3(µ-CN)M(CN)5]·
nH2O (with Ln = all lanthanide() ions except Pm and Lu)
(Scheme 1, a).[4a] Structural studies of these families show
that they are isomorphous; b) changes in the anionic build-
ing block modifies the structural types: using [Cr(CN)6]3–,
Gd(NO3)3·6H2O, DMF and the same conditions of reac-
tion, a one-dimensional cis-[Cr(CN)4(µ-CN)2Gd(H2O)-
(DMF)4]n·nH2O was previously reported by the authors
(Scheme 1, c).[4c] c) Changes in the terminal blocking ligand
introduce new changes in the structural types: reactions in-
volving Ln3+ and [Co(CN)6]3–, [Fe(CN)6]3– or [Cr(CN)6]3–

ions using bpy as terminal ligand instead of DMF lead to
one-dimensional complexes of formula trans-[M(CN)4(µ-
CN)2Ln(H2O)(bpy)]n·XnH2O (bpy = 2,2�-bipyridine) form
the late lanthanide ions (Scheme 1, b)[4e] and trinuclear
complexes of the formula trans-[M(CN)4(µ-CN)2-
{Ln(H2O)4(bpy)2}2][M(CN)6]·8H2O from the early ones
(Scheme 1, d); for the one-dimensional complexes, hydrogen
bonds and π–π interactions give three-dimensional net-
works. This work is focused on the synthesis, structures, and
magnetic properties of the new one-dimensional com-
pounds with 2,2�:6�,2��-terpyridine (terpy) (Scheme 1, e)
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acting as blocking ligand: trans-[Sm(H2O)4(terpy)(µ-CN)2-
Fe(CN)4]n (1), trans-[Sm(H2O)4(terpy)(µ-CN)2Co(CN)4]n
(2) and trans-[La(H2O)4(terpy)(µ-CN)2 Fe(CN)4]n (3).

Scheme 1.

Results and Discussion

Description of the Structure of Complexes 1–3

Their crystallographic analysis revealed that complex 1
and 2 are isomorphous. Complexes 1 and 2 crystallize in
the monoclinic system and complex 3 in the triclinic system.
The structure of the three complexes consists of one-dimen-
sional (1-D) chain polymer. An ORTEP view of [SmCo]n (2)
and [LaFe]n (3) complexes with the atom-labeling scheme is
given in Figure 1 and Figure 2, respectively. Selected bond
lengths and angles for 1–3 are listed in Table 1. The coordi-
nation sphere around the Ln3+ ion comprises three nitrogen
atoms of the 2,2�:6�,2��-terpyridine ligand, four oxygen
atoms of four water molecules, and two nitrogen atoms of
the cyanide bridges, their coordination number is nine. Six
cyanide ligands surround the M3+ (Fe, Co) ion in a dis-
torted octahedral environment. In complex 3 the La–O and
La–N distances are longer than the Sm–O and Sm–N of
complexes 1 and 2 in accordance with the variation of the
radius of the two-lanthanide ions. The lowest M–C dis-
tances correspond as expected to the [Co(CN)6]3–. In the
three complexes, the chains show an alternation of
[Ln(H2O)4(terpy)] and [M(CN)6] (M3+ = Fe, Co) fragments
linked by cyanide bridges in the trans geometry, a schematic
view of the chain of [SmFe]n (1) and [LaFe]n (2) are shown
in Figure 3. In the complexes 1 and 2 the distances M–Sm
(M3+ = Co, Fe) are the same along the chain, but in com-
plex 3 there are two different distances Fe1–La of 5.412 and
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Fe2–Ln of 5.446 Å. For complexes 1 and 2, the angles Sm–
M–Sm and M–Sm–M are different (176.48 and 102.32° for
1, and 175.73 and 102.97° for 2). For complex 3, the angles
values Fe1–La–Fe2, La–Fe1–La and La–Fe2–La are
103.69°, 179.97° and 179.98°, respectively. The chains are
not in a linear configuration, the [LnMLn] trinuclear enti-
ties run along the chain in a zigzag path. An interesting
feature of the conformation of the ligands around the Sm3+

and La3+ (complex 3) ions is that they are chiral. As each
Sm3+ (complexes 1 and 2) is related to the neighboring one
by a glide plane, there are two enantiomeric coordination
spheres in an achiral chain. In complex 3, each La3+ ion is
related to the neighboring one by the inversion center at the
Fe3+ ion that is bridging them, there are two enantiomeric
coordination spheres in the achiral trinuclear unit. For com-
plexes 1–3, the supramolecular structures are created by hy-
drogen bonding. Shortest inter-contacts for complexes 1
and 2 (the hydrogen atoms of coordinated water molecules
were not located) are listed in the Supporting Information,
Table S1 (for details see the footnote on the first page of

Figure 1. ORTEP view of complex trans-[SmCo]n (2) with atom
labeling Scheme (ellipsoids draw at 50% probability level).

Figure 2. ORTEP view of complex trans-[LaFe]n (3) with atom la-
beling scheme (ellipsoids draw at 50% probability level).



A. Figuerola, J. Ribas, X. Solans, M. Font-Bardía, M. Maestro, C. DiazFULL PAPER
Table 1. Selected bond lengths [Å] and angles [°] for 1–3.

[SmFe]n (1) [SmCo]n (2) [LaFe]n (3)

Sm–O(1) 2.460(3) 2.4660(16) La(1)–O(1) 2.533(2)
Sm–O(2) 2.572(4) 2.558(2) La(1)–O(2) 2.562(2)
Sm–O(3) 2.475(3) 2.4723(17) La(1)–O(3) 2.623(2)
Sm–O(4) 2.503(4) 2.489(2) La(1)–O(4) 2.561(3)
Sm–N(1) 2.592(3) 2.576(2) La(1)–N(1) 2.666(3)
Sm–N(2) 2.654(4) 2.5667(18) La(1)–N(2) 2.660(2)
Sm–N(3) 2.579(5) 2.582(2) La(1)–N(3) 2.656(2)
Sm–N(4) 2.514(4) 2.497(2) La(1)–N(4) 2.601(2)
Sm–N(9) 2.538(4) 2.5428(19) La(1)–N(7) 2.609(2)
M–C(16) 1.909(5) 1.873(2) Fe(1)–C(19) 1.926(3)
M–C(17) 1.941(5) 1.889(3) Fe(1)–C(20) 1.947(3)
M–C(18) 1.954(5) 1.896(2) Fe(1)–C(21) 1.937(3)
M–C(19) 1.943(6) 1.890(3) Fe(2)–C(16) 1.926(3)
M–C(20) 1.953(5) 1.900(2) Fe(2)–C(17) 1.930(3)
M–C(21) 1.940(5) 1.8837(19) Fe(2)–C(18) 1.945(3)
N(4)–C(16) 1.142(6) 1.151(3) N(7)–C(19) 1.144(4)
Sm–N(4)–C(16) 154.4(4) 154.4(2) La(1)–N(4)–C(16) 152.2(2)
M–C(16)–N(4) 173.0(4) 172.5(2) La(1)–N(7)–C(19) 150.4(2)

Fe(2)–C(16)–N(4) 173.3(3)
Fe(1)–C(19)–N(7) 171.4(3)

Figure 3. Schematic representation of the chains of [SmFe]n (a) and
[LaFe]n (b).

Figure 4. Schematic representation, for complex [SmFe]n (1), of different pathways in which the chains are self-assembled through hydro-
gen bonds. Complex 2 show similar self-assembly.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1846–18521848

this article); for complex 3, the distances and angles corre-
sponding to the hydrogen bonds are listed in the Supporting
Information, Table S2. Complexes 1 and 2 show the same
pathway of hydrogen bonds, but different than complex 3.
In complexes 1 and 2 the chains are self-assembled through
hydrogen bonds in two different pathways. The O1 and O4
atoms of two coordinated water molecules to the samari-
um() ion and the two nitrogen atoms, N5 and N8 of the
[M(CN)6] entity, give an extensive 3D network. In Figure 4
the different ways and the atoms involved in the self-as-
sembled structure for complex [SmFe]n (1), as example, are
shown. In complex 3, the O1, O2 and O3 oxygen atoms of
the coordinated water molecules to the lanthanum() ion
and three nitrogen atoms, N5, N6 and N8 of the [Fe(CN)6]
entity, give an extensive 3D network. In Figure 5 the dif-
ferent ways and the atoms involved in the self-assembled
structure for complex [LaFe]n (3) are shown. The π–π inter-
actions between the terpy ligands of neighboring chains are
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Figure 5. Schematic representation, for complex [LaFe]n (3), of different pathways in which the chains are self-assembled through hydrogen
bonds.

very weak. Intermolecular stacking distances between
centroids of the terpy rings are shown for complexes 1–3 in
the Supporting Information, Table S3.

Magnetic Properties: Magnetic measurements were per-
formed for the [SmFe]n (1), [SmCo]n (2) and [LaFe]n (3)
complexes. The Sm3+ and the Fe3+ ions possess a first-order
angular momentum, which prevents the use of a spin-only
Hamiltonian for isotropic exchange. Not much is known
about the nature of the exchange interaction of rare earth
ions between themselves and with other magnetic groups,
because the large orbital contribution of these ions makes
a quantitative interpretation of the magnetic data of their
complexes very complicated. The difficulty in having quan-
titative information on both these contributions has so far
reduced the analysis of the magnetic properties of the aniso-
tropic lanthanides mainly at a qualitative level, especially in
molecular complexes. The most diffuse experimental ap-
proach to separate the different contributions of crystal
field and exchange coupling to the magnetic properties in
either heterometallic or lanthanide radical complexes in-
volves the determination of magnetic properties of a corre-
sponding complex where the second spin carrier is substi-
tuted by a diamagnetic analog, which gives rise to compar-
able ligand-field effects on the lanthanides.[21,4a,4b,4d,4e] To-
gether with the [SmFe]n complex, we attempted to synthe-
size and characterize the homologous [SmCo]n and [LaFe]n
complexes to use the typical empirical approach, mentioned
above, to obtain insights into the nature of the [SmFe]n
coupling. The approach consists of comparing its magnetic
susceptibility data with the corresponding isostructural
[SmCo]n compounds together with the magnetic properties
of the [LaFe]n complex to take the anisotropy of the Fe3+

ion into account. The Co3+ and the La3+ ions are obviously
diamagnetic, and the deviation of the magnetic suscep-
tibility of the [SmCo]n and the [LaFe]n compounds with re-
spect to the Curie law is due entirely to the thermal popula-
tion of the Sm3+ Stark components and the anisotropy of
Fe3+, respectively. The comparison of the experimental
magnetization at low temperature of the exchange-coupled
system with that of the corresponding uncorrelated spin
systems constitutes a further way to discriminate the sign
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of the coupling. Indeed if the M vs. H curve of the coupled
system is running below the curve of the non-correlated sys-
tem; an antiferromagnetic interaction within the molecular
spin system is revealed, while the reverse would be true for
a ferromagnetic situation.[22]

For most of the rare-earth compounds, the χMT value at
room temperature is close to what is predicted in the free-
ion approximation for the cases where only one level,
2S+1Lj, is thermally populated and second-order contri-
butions are ignored.[23] For the complexes containing the
Sm3+ ion, the magnetic susceptibility is affected by the ther-
mally populated excited states because of the spin-orbit
coupling. The [LaFe]n complex is not isostructural with the
[SmFe]n and [SmCo]n ones, but taking into account that the
structural features round the [Fe(CN)6] entity are very sim-
ilar in the three complexes, we can consider that the crystal
field parameters around the Fe3+ ion are analogous. So we
apply the approach in order to evaluate the presence or not
of magnetic interaction between the Sm3+ and Fe3+ ions.

trans-[Sm(H2O)4(terpy)(µ-CN)2Fe(CN)4]n, trans-[Sm-
(H2O)4(terpy)(µ-CN)2Co(CN)4]n and trans-[La(H2O)4-
(terpy)(µ-CN)2Fe(CN)4]n: The temperature dependence of
the χMT for the three complexes is shown in Figure 6 (top).
For the [SmCo]n complex, the χMT value at 300 K is ap-
proximately equal to 0.37 cm3 mol–1 K. At room tempera-
ture, allowing for χMT = 0.05 cm3 mol–1 K of Co3+ (l.s),
from the TIP value for the Co3+ ion,[24] the χMT value cor-
responding to the Sm3+ is 0.32 cm3 mol–1 K. At room tem-
perature, the experimental χMT values found in the litera-
ture are around 0.32 cm3 mol–1 K. These observed values
are inconsistent with the theoretical value of
0.09 cm3 mol–1 K expected for one Sm3+ (6H5/2) ion. This
disagreement is ascribed to the presence of thermal popu-
lated excited states, as is well known for Sm3+ complexes.
On lowering the temperature, the χMT value decreases
monotonically to 0.05 cm3 mol–1 K. For the [LaFe]n com-
plex, the χMT value at 300 K is approximately equal to
0.80 cm3 mol–1 K, while it decreases with temperature to
0.53 cm3 mol–1 K. For the [SmFe]n complex, the χMT value
at 300 K is approximately equal to 1.14 cm3 mol–1 K, while
it decreases with temperature to 0.63 cm3 mol–1 K. The χMT
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value at room temperature fits nicely to the sum
(1.12 cm3 mol–1 K) of the measured values for the Sm3+ ion
(0.32 cm3 mol–1 K) in the [SmCo]n complex and for the Fe3+

ion (0.80 cm3 mol–1 K) in the [LaFe]n complex. The ∆χMT
vs. T curve is practically superimposable with the χMT vs.
T curve of the [LaFe]n complex along the whole range of
temperatures indicating that no noticeable interaction is
active. The experimental magnetization of [SmFe]n at 2 K
(Figure 6, bottom) is superimposable with that of the un-
correlated spin system, corroborating that no exchange in-
teraction is active.

Figure 6. Top: thermal dependence at 0.1 T of χM
[SmFe]nT, χM

[SmCo]nT,
χM

[LaFe]nT and ∆χMT = χM
[SmFe]nT – χM

[SmCo]nT, the TIP value of
the Co3+ ion has been considered (see text). Bottom: magnetization
vs. H (2 K) of M[SmFe]n, M[SmCo]n, M[LaFe]n and sum M[LaFe]n +
M[SmCo]n.

Conclusions

Three one-dimensional [SmFe]n, [SmCo]n and [LaFe]n
complexes, have been structurally characterized and mag-
netically studied. Most of the 3d–4f complexes that show
long-range magnetic ordering involved the Sm3+ ion. The
replacement of Sm3+ ion by another lanthanide ion usually
gives rise to isostructural compounds that lose all three-
dimensional magnetic properties. Unfortunately the mag-
netic interaction between the Sm3+ and the Fe3+ ions in
the [SmFe]n complex is negligible. Trying to make magneto-
structural correlations has proved impossible until now due
to the complexity of the 3d–4f magnetic interactions and to
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the few complexes reported in the literature with similar
Ln–CN–Fe core.

Experimental Section
Materials: All starting materials were purchased from Aldrich and
were used without further purification.

Physical Measurements: Magnetic measurements were carried out
in the “Servei de Magnetoquímica (Universitat de Barcelona)” on
polycrystalline samples (20 mg) with a Quantum Design SQUID
MPMS-XL magnetometer working in the 2–300 K range. The mag-
netic field was 0.1 T. The field-dependent magnetization was mea-
sured in the applied magnetic field range 0–5 T. The diamagnetic
corrections were evaluated from Pascal’s constants.

Synthesis of trans-[Sm(H2O)4(terpy)(µ-CN)2Fe(CN)4]n(1), and
trans-[La(H2O)4(terpy)(µ-CN)2Fe(CN)4]n (3): The two [Ln–Fe]n
complexes were obtained by adding a solution of Ln(NO3)3·nH2O
(0.2 mmol) in water (50 mL) to an equimolar solution of
K3[Fe(CN)6] in water (50 mL). To this mixture an ethanolic solu-
tion (20 mL) of 2,2�:6�,2��-terpyridine (0.3 mmol) was added. The
solution was left undisturbed, and well-formed crystals (orange for
both complexes) were obtained after several days.

Synthesis of trans-[Sm(H2O)4(terpy)(µ-CN)2Co(CN)4]n (2): The
complex was obtained by the same procedure using K3[Co(CN)6]
instead of K3[Fe(CN)6]. Well-formed colourless crystals were ob-
tained after several days.

Complex 1: Yield: 100 mg (75%). C21H19FeN9O4Sm (667.65):
calcd. C 40.70, N 16.84, H 4.19; found C 40.9, N 17.0, H 4.0.

Complex 2: Yield: 107 mg (80%). C21H19CoN9O4Sm (670.73):
calcd. C 41.44, N 17.15, H 4.04; found C 41.5, N 17.2, H 4.0.

Complex 3: Yields: 96 mg (73%). C21H18FeLaN9O4 (656.19): calcd.
C 41.20, N 17.05, H 4.01; found C 41.1, N17.2, H 3.9.

Crystallographic Studies: Crystal data and refinement are summa-
rized in Table 2. Prismatic crystals, (0.1×0.1×0.2 mm),
(0.1×0.2×0.2 mm) and (0.1×0.3×0.3 mm) of complexes 1, 2 and
3 were selected and mounted on a Enraf–Nonius CAD4 four-circle
diffractometer for 1, on a MAR 345 diffractometer with an image
plate detector for 2, and on a Bruker SMART-CCD area dif-
fractometer for 3. Unit-cell parameters were determined from auto-
matic centering of 25 reflections (12 � θ � 21°) for 1, from 24410
reflections (3 � θ � 21°) for 2, and from 1271 frames of intensity
data covering 0.3° in ω over a hemisphere of the reciprocal space
by combination of three exposure sets, and refined by least-square
method for 3. Intensities were collected with graphite-monochro-
matized Mo-Kα radiation (λ = 0.71073 Å), using ω/2θ for 1 and 3,
and φ scan-technique for 2; 7269 reflections for 1, 26881 for 2 and
8230 for 3 were measured in the range 2.43 � θ � 29, 2.45 � θ �

31.55, and 2.12 � θ � 28.31, respectively. For complex 2, 7477
of which were non-equivalent by symmetry [Rint(I) = 0.017]; 4330
reflections of 1, 7126 reflections of 2, and 5231 of 3 were assumed
as observed applying the condition I � 2σ(I). Lorentz polarization
and absorption corrections were made.

The structures were solved by Patterson synthesis for 1 and by di-
rect methods for 2 and 3, using SHELXS computer program[25]

and refined by full-matrix least-squares method with SHELX97
computer program,[25] using 7269 reflections for 1, 7477 reflections
for 2, and 5231 for 3. The function minimized was Σw||Fo|2 – |Fc|2|2,
where w = [σ2(I) + (0.0345P)2] –1 for 1, w = [σ2(I) + (0.0274P)2 +
1.8065P] –1 for 2, and w = [σ2(I) + (0.0297P)2 + 0.8875P] –1 for 3,
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Table 2. Crystal parameters for 1, 2 and 3.

[SmFe]n (1) [SmCo]n (2) [LaFe]n (3)

Empirical formula C21H19FeN9O4Sm C21H19CoN9O4Sm C21H19FeLaN9O4

Formula mass 667.65 670.73 656.21
Crystal system monoclinic monoclinic triclinic
Space group P21/c P21/c P1̄
Z 4 4 2
a [Å] 9.710(2) 9.625(1) 9.0673(7)
b [Å] 16.745(5) 16.656(1) 9.7385(7)
c [Å] 15.709(9) 15.706(1) 14.8550(11)
α [°] 90 90 84.9580(1)
β [°] 98.98(3) 99.28(1) 87.5980(10)
γ [°] 90 90 82.5540(10)
V [Å3] 2522.9(17) 2484.9(3) 1295.01(17)
Radiation (Mo-Kα) [Å] 0.71069 0.71073 0.71073
ρcalcd. [g/cm3] 1.758 1.793 1.683
µcalcd. [mm–1] 2.925 3.054 2.232
T [K] 293(2) 293(2) 298(2)
F[000] 1312 1316 643
Θ range for data 2.43–29.97° 2.45–31.55° 2.12–28.31°
Total reflections 7269 26881 8230
Independent reflections (Rint) 7269 (0.0367) 7477 (0.0177) 5231 (0.0169)
Θmax [%] 95.9 90.1 91.0
Parameters refined, restraints 313.0 353.0 328.8
Final R indices[a] [I � 2σ(I)] R1 = 0.0341 R1 = 0.0238 R1 = 0.0256
Final wR2 indices[a] wR2 = 0.0706 wR2 = 0.0692 wR2 = 0.0608
Final R (for all data)[a] R1 = 0.0896 R1 = 0.0256 R1 = 0.0312
Final wR2 (for all data)[a] wR2 = 0.0830 wR2 = 0.0701 wR2 = 0.0632
Goodness-of-fit on F2 0.897 1.307 1.012

[a] R1 = Σ||Fo| – |Fc|| and wR2 = {Σ[w(Fo
2 – Fc

2)]/Σ[w(Fo
2)2]}1/2.

and P = (|Fo|2 + 2|Fc|2)/3, f, f� and f�� were taken from International
Tables of X-ray Crystallography.[26] For 1 all non-water hydrogen
atoms were computed and refined, using a riding model. For com-
plex 2, 7 hydrogen atoms were located from a difference synthesis
and 4 hydrogen atoms were computed and refined using a riding
model. For complex 3, 4 hydrogen atoms were located from a dif-
ference synthesis and refined using a riding model. For all com-
plexes, the isotropic temperature factor for H atoms was equal to
1.2 times the equivalent temperature factor of the atom, which is
linked. For complex 1, the final R (on F) factor was 0.034, wR (on
|F|2) = 0.070 and goodness of fit = 0.897 for all observed reflec-
tions; for complex 2, the final R (on F) factor was 0.0238, wR (on
|F|2) = 0.0692 and goodness of fit = 1.307 for all observed reflec-
tions; and for complex 3, the final R (on F) factor was 0.0256, wR
(on |F|2) = 0.0608 and goodness of fit = 1.012 for all observed
reflections. For complex 1, the number of refined parameters was
313. Max. shift/esd. = 0.00, Mean shift/esd. = 0.00. Max. and min.
peaks in final difference synthesis was 0.802 and –0.811 e·Å–3,
respectively. For complex 2, the number of refined parameters was
353. Max. shift/esd. = 0.00, Mean shift/esd. = 0.00. Max. and min.
peaks in final difference synthesis was 0.583 and –0.518 e·Å–3,
respectively. For complex 3, the number of refined parameters was
328, 8 restrictions were applied. Max. shift/esd. = 0.01, Mean shift/
esd. = 0.00. Max. and min. peaks in final difference synthesis was
0.590 and –0.79 e·Å–3, respectively.

CCDC-289051 (for 1), -289050 (for 2) and -289049 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Additional Tables with hydrogen bonds and π–π inter-
actions.
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The synthesis and structural characterisation of a new phase
with nominal composition Bi4Mn1/3W2/3O8Cl is presented.
Conventional and analytical transmission electron micro-
scopy are used to determine the composition, unit-cell sym-
metry and space group of the compound, whereas a struc-
tural model is deducted by exit-wave reconstruction in the
transmission electron microscope. This technique allows the
microscope information limit of 1.1 Å to be reached and the
(light) oxygen atoms in the presence of heavier atoms (Bi, W,

Introduction

Bismuth-based systems have been extensively studied be-
cause of their ability to form new complex intergrowth
structures with variable properties. For example, the high
Tc superconducting bismuth phases[1,2] can be described as
an alternation of n slabs of perovskite-like layers with a
double [BiO]+ layer. Related to those structures, the Aurivil-
lius phases with general composition [Bi2O2][An – 1BnO3n + 1]
are built up as a regular intergrowth of perovskite slabs
[An – 1BnO3n + 1]2– and [Bi2O2]2+ fluorite layers.[3,4] Despite
the structural similarities, superconducting properties have
not yet been found for the Aurivillius phases, whereas ferro-
electric properties with large spontaneous polarisations[5]

and high Curie temperatures[6] have been reported.
The complex oxyhalides described by Sillén[7] form an-

other structural variant of layered compounds containing
the [Bi2O2]2+ structural block. These compounds are built
up from single, double or triple halide ion sheets separated
by [Bi2O2]2+ layers.

The presence of the [Bi2O2]2+ layer in the Aurivillius
phases as well as in the Sillén complex oxyhalides suggests
that intergrowth in these structures might yield a number
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Mn) to be imaged. The average structure is refined from X-
ray powder diffraction data using the Rietveld method yield-
ing an orthorhombic unit cell with lattice parameters a =
5.467(4) Å, b = 5.466(7) Å and c = 14.159(3) Å and space
group Cm2m, which could be described as a Sillén–Aurivil-
lius intergrowth.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of new phases. In fact, Aurivillius reported a number of inter-
growths with the general sequence [Bi2O2][An – 1BnO3n + 1]-
[Bi2O2][Xm] in which A is a large cation (A: Bi3+, Pb2+,
Sr2+), B a small transition metal (B: Nb5+, Ta5+, W6+, Ti4+,
Al3+) and X a halide (Cl, Br).[8] In the above sequence, n
denotes the thickness of the perovskite layers in terms of
{BO6} octahedra and m the number of halide slabs.

The general formula for the simplest member (n = 1 and
m = 1) of the Sillén–Aurivillius intergrowth can be written
as Bi4BO8X and hence B must be a pentavalent cation.
However, if another lone pair cation like Pb2+ with a lower
oxidation state substituting for Bi3+ is introduced, the B
cation must be replaced by a hexavalent one like W6+.

Aurivillius[8] was the first to synthesise the Bi4NbO8Cl
and PbBi3WO8Cl phases. His characterisation indicated a
phase mixture (c1 = 14.5 Å and c2 = 29.0 Å) for Bi4NbO8Cl
and a single phase for PbBi3WO8Cl (a � b = 5.51 Å; c =
14.35 Å; space group Cm2m). Ackerman[9] revised these
structures and assigned the orthorhombic space group
P21cn to the niobium oxychloride Bi4NbO8Cl (a � b =
5.49 Å and c = 28.75 Å) and the tetragonal space group P4

(a = b = 3.84 Å; c = 14.35 Å) to PbBi3WO8Cl. Recently,
Kusainova et al.[10] reanalysed the structure of Bi4NbO8Cl
by using neutron diffraction powder data in the same P21cn
space group (a = 5.44 Å, b = 5.49 Å and c = 28.81 Å). A
study of the ferroelectric properties yields a Tc of 765 K.

By inserting adequate transition metals in the Aurivillius
block, phases with interesting electric and magnetic proper-
ties can be obtained. Manganese, for example, has attracted
great attention because of the colossal magnetoresistance
(CMR) observed in manganese perovskites.[11,12] In this
work, we present the synthesis as well as the structural char-
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acterisation of a new phase with nominal composition
Bi4Mn1/3W2/3O8Cl.

Results and Discussion

Composition Analysis and Mn Oxidation State
Determination

X-ray energy dispersive spectroscopy (XEDS) analyses
performed on several microcrystallites yield an average
composition Bi3.99(2)Mn0.33(1)W0.70(7)Cl0.62(9). The measured
chlorine content is lower than the nominal value, which is
due to severe overlapping between the Bi–Mα and the Cl–
Kα peak, making it impossible to assert the presence of
chlorine using XEDS. The chlorine edge is more distinctly
present in the electron energy loss spectrum (EELS)
presented in Figure 1, which shows the chlorine-L2,3 ab-
sorption edge at 200 eV and the oxygen-K edge at 532 eV.
The carbon-K edge at 284 eV is due to the carbon coating
grid of the transmission electron microscopy (TEM) speci-
men-supporting grid.

Figure 1. EEL spectrum showing the presence of the different ligh-
ter elements (Cl, O).

Figure 2 shows the magnetic susceptibility curve, with
the χ–1 curve shown as an inset. This curve obeys the Curie–
Weiss law between 50 and 300 K and µeff equals 5.20µB.

Figure 2. Curve of the magnetic susceptibility vs. temperature. The
inset shows the χ–1 curve for the sample.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1853–18581854

This value is slightly higher than the theoretical one
(4.90µB)[13] corresponding to a high-spin Mn3+.

Unit Cell and Symmetry Determination

Selected area electron diffraction (SAED) patterns of se-
veral crystals show a homogeneous sample with an either
tetragonal primitive cell (ao = bo = 3.8 Å and co = 14.1 Å)
or a pseudotetragonal centred one (a � b = 2ao = 5.4 Å
and c = 14.1 Å). In order to distinguish between the two,
microdiffraction is performed following the method pro-
posed by Morniroli and Steeds.[14] It is important to note
that in Mornirolli’s work, the lattice parameters for the or-
thorhombic system were chosen such that c � a � b,
whereas we have chosen the setting bca taking into account
the variation in the zone axes notation, for example, [001]
changes to [010] after the application of the bca setting.

In the first step the crystal system is determined. The
experimental [010] pattern, which displays the highest “net”
symmetry, has (2mm) symmetry for the zero-order Laue
zone (ZOLZ) and 2mm for the whole pattern [ZOLZ +
first-order Laue zone (FOLZ)] (Figure 3, a). According to
Table 7 in ref.[14] the crystal system is therefore orthorhom-
bic. In order to determine the Bravais lattice as well as the
presence of glide planes, a comparison between experimen-
tal and simulated [001] and [010] microdiffraction patterns
is made (Figure 3, parts a and b). The [001] zone axis con-
tains a “net” mirror m1 in the ZOLZ and the FOLZ reflec-
tions; the [010] pattern on the other hand exhibits two per-
pendicular “net” mirrors m1 and m2 in both the ZOLZ
and FOLZ, but the shift between the ZOLZ and the FOLZ
reflections parallel to the m2 allows identification of a C
centring. According to ref.[15] this gives the extinction sym-
bols:
C.-. for [010]
C..- for [001]

Figure 3. Microdiffraction patterns along (a) [010] and (b) [001].
(c) Enlarged systematic row from [010] showing the 00l reflections.

Combining these results, we find a partial extinction
symbol C.-- (Table 1), which is in agreement with two pos-
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sible space groups: Cm2m and Cc2m.[15] When looking at
the magnified central row of the [010] zone (Figure 3, c) it
is easy to note the presence of 00l reflections with l = 2n +
1. The absence of Gjønnes–Moodie lines in those reflec-
tions indicates that they are kinematically allowed. The dis-
tinction between both can be made by analysing the reflec-
tions listed in Table 2. In Cc2m the 00l reflections with l =
2n + 1 are forbidden, whereas they are allowed in Cm2m.
Figure 4 shows that 00l reflections with l = 2n + 1 are ob-
served along the [010] and [1–10] zone axes. Cm2m is there-
fore identified as the correct space group for Bi4Mn1/3W2/3-
O8Cl, which is isostructural with Bi4Ti1/2W1/2O8Cl[16] and
lattice parameters a � b = 5.4 Å and c = 14.1 Å.

Table 1. “Net” and “ideal” symmetries as well as the extinction
symbols.

Symmetries
Bi4Mn1/3W2/3O8Cl (N = “net”; I = “ideal”)

b = [010] c = [001]

N I N I

ZOLZ (2mm) (2mm) (m) (m)
FOLZ 2mm 2mm m m

Extinction symbol C.-. C..-

Figure 4. SAED patterns of Bi4Mn1/3W2/3O8Cl along the [010] and
[1–10] zone axes.

SAED patterns along the main zone axes reveal a well-
ordered phase. Only the presence of a weak streaking along
[10l] in the [010] zone axis (Figure 4, indicated by arrows)
indicates some defects or extra ordering.

Structure Model Determination by Exit-Wave
Reconstruction

Although high-resolution electron microscopy (HREM)
is considered as a standard technique to image the atomic

Table 2. Reflection conditions for the two possible space groups.

Space Reflection conditions
group

hkl 0kl h0l hk0 h00 0k0 00l

Cm2m h + k = 2n k = 2n h = 2n h + k = 2n h = 2n k = 2n –
Cc2m h + k = 2n k,l = 2n h = 2n h + k = 2n h = 2n k = 2n l = 2n

Eur. J. Inorg. Chem. 2006, 1853–1858 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1855

structure of materials, interpretation is not always straight-
forward because of aberrations of the electromagnetic lens
system. The information that can be obtained by qualitative
HREM is therefore limited by the Scherzer point-resolu-
tion, but for a coherent electron source (field emission gun)
the information limit of the microscope reaches beyond this
point-resolution. The information limit can be reached by
correcting the phase changes due to the spherical aberration
(Cs) of the objective lens. Exit-wave reconstruction uses a
set of images taken from the same area but for different
defocus values of the objective lens. The idea is to invert
the image formation process so that lens aberrations can be
eliminated and a better resolution can be obtained. A great
advantage of this inversion is that the amplitude as well as
the phase of the exit wave (i.e., the electron wave leaving the
specimen) is reconstructed. As the light atom columns are
revealed in the phase of the exit wave,[17] we are able to
image the light oxygen atoms in the presence of heavy Bi,
W and Mn atoms. In this manner, we directly obtain the
projected coordinates, which allow us to build a structural
model, assuming the Cm2m space group.

A focal series of 20 images with an equidistant focal de-
crease is recorded along the [1–10] zone axis using a slow-
scan CCD camera. After reconstruction, using the TrueIm-
age software, and correction for the aberrations, the com-
plex exit wave is retrieved and split into amplitude and
phase.

Figure 5 shows the phase of the reconstructed exit wave
with the atom positions corresponding to the bright dots;
the projected unit cell is outlined. The projected coordinates
are directly determined from the phase image and the re-
sults are listed together with the ideal positions deduced for
the Cm2m space group in Table 3.

The phase image clearly shows the projected octahedra
{WO6}/{MnO6} and it should be noted that also the oxy-
gen atoms are revealed; they are indicated in Figure 5. We
have fixed the W/Mn position in the origin (0,0,0) corre-
sponding to the Wyckoff site 2a. If we assume a model
based on a Sillén–Aurivillius intergrowth, the octahedral
layer from the Aurivillius block presents eight oxygens in
two nonequivalent positions: four in the apex [called O(1)]
and four in the equatorial plane [called O(2)]. From the
reconstructed phase we can easily determine the projected
positions for both, which correspond to 4c and 4d positions
respectively in an ideal model.

Two types of bismuth, that is, Bi(1) and Bi(2), are pres-
ent. Next to Bi(2) we can still observe smaller dots corre-
sponding to the O(3) oxygen. Around Bi(1) we can also
observe an extension of the blobs corresponding to the O(3)
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Table 3. Measured and determined coordinates from the ESW-phase image along [1–10].

Coordinates measured in the phase image Site Coordinates determined in the space group Cm2mAtom
√(x2 + y2) z x y z

Bi(1) 0 0.35 4c 0 0 0.35
Bi(2) 0.5 0.18 4c 0 0.5 0.18

W 0 0 2a 0 0 0
Mn 0 0 2a 0 0 0
Cl 0.5 0.5 2b 0 0.5 0.5

O(1) 0 0.12 4c 0 0 0.12
O(2) 0.31 0 4d 0.22 0.22 0
O(3) 0.31 0.31 8f 0.22 0.22 0.31

Figure 5. Phase of the reconstructed exit wave along [1–10]. The
bright dots correspond to the projected position of the different
atoms.

atoms. As the projected distance Bi(1)–O(3) is equal to
0.97 Å, which is below the information limit, it is not pos-
sible to observe Bi(1) and O(3) separately.

The measured coordinate for O(3) is only in agreement
with the site symmetry 8f for the Cm2m space group. Fi-
nally, the chlorine atom was located in a 2b site according
to the coordinates determined in the image. A more accu-
rate fit of the projected positions of the atomic columns is
being performed using statistical parameter estimation.[18]

Figure 6 displays an HREM image recorded along the
[010] zone, with an enlarged (filtered) area presented as an
inset on the right. This inset also shows a simulated part,
which was calculated starting from the structural model ob-
tained by exit-wave reconstruction (defocus value ∆f =
–300 Å, sample thickness was 30 Å). Obviously, a good fit
between the experimental image and the simulated one is
found. Here, the cation positions correspond to the dark
dots. The only defects observed in the HREM images are
dislocations; one of them is marked with an arrow in the
filtered image shown as an inset on the left.
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Figure 6. Experimental [010] HREM image. The upper-right en-
larged area is a filtered image and shows a good match between
the experimental and the simulated image (∆f = –300 Å; t = 30 Å).
The filtered image on the left shows the presence of a dislocation
marked by an arrow.

Average Structure: Powder X-ray Diffraction Refinement

Once the unit cell, the space group and the structural
model are determined from electron microscopy data, the
refinement of the average structure is carried out by X-ray
powder diffraction.

The Rietveld refinement of Bi4Mn1/3W2/3O8Cl (Figure 7)
is performed using the structural data obtained from the
phase of the reconstructed exit wave (see Table 3). Because
of the stronger X-ray scattering of Bi3+, Mn3+ and W6+, the
isotropic atomic displacement parameters (ADPs) of chlo-
rine and oxygen atoms are all fixed at a reasonable value of
0.8 Å2. Table 4 summarises the refined structural param-
eters; the R factors of weighted pattern (Rwp), pattern (Rp)
and Bragg (RB) converge to 16.1%, 12.9% and 5.87%
respectively. These values agree with those obtained in other
Aurivillius[19,20] and Sillén–Aurivillius[8] phases. It is worth
mentioning that the high B value obtained for Bi(2) in the
refinement agrees with our previous work on the iso-
structural Bi4Ti1/2W1/2O8Cl compound.[16] This high value
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Table 4. Refined structural parameters and main interatomic distances for Bi4Mn1/3W2/3O8Cl phase.

Atom Site x y z B [Å2] n Distances [Å]

Bi(1) 4c 0 0.004(8) 0.364(5) 0.33(6) 0.5 Bi(1)–O(3) 2.14(7) x2
Bi(2) 4c 0 0.528(8) 0.181(2) 1.6(1) 0.5 Bi(1)–O(3) 2.17(7) x2

W 2a 0 0.013(1) 0 0.3(1) 0.1666 Bi(1)–Cl 3.26(6) x1
Mn 2a 0 0.013(1) 0 0.3(1) 0.0833 Bi(1)–Cl 3.34(1) x2
Cl 2b 0 0.521(7) 0.5 0.8 0.25 Bi(1)–Cl 3.41(3) x1

O(1) 4c 0 –0.083(7) 0.117(1) 0.8 0.5 Bi(2)–O(3) 2.51(6) x2
O(2) 4d 0.188(1) 0.289(4) 0 0.8 0.5 Bi(2)–O(3) 2.54(6) x2
O(3) 8f 0.233(1) 0.266(6) 0.296(1) 0.8 1 Bi(2)–O(1) 2.31(6) x1

WMn–O(1) 1.74(3) x2
Space group Cm2m WMn–O(2) 1.82(7) x2

a = 5.467(4) Å, b = 5.466(7) Å, c = 14.159(3) Å WMn–O(2) 2.09(9) x2
Rp = 12.9%, Rwp = 16.1%, RB = 5.87%

Figure 7. Experimental (circles), calculated and difference (solid
lines) powder X-ray diffraction patterns of the Bi4Mn1/3W2/3O8Cl
phase. Vertical bars indicate the calculated Bragg angle positions.

Figure 8. (a) Structure model of the Sillén–Aurivillius intergrowth [Bi2O2][An – 1BnO3n + 1][Bi2O2][Xm] for n = 1 and m = 1. The stacking
along c shows the Aurivillius block with the octahedral sheet (WO4/MnO4) sandwiched between the square pyramidal layers (Bi2O2) and
the Sillén one with a chlorine (Cl) monolayer. The unit cell is marked by a continuous line. (b) Structural projection along [001] showing
in dark grey the distorted octahedra of the perovskite layer.
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is due to an asymmetric surrounding around the Bi2O2

layer; Bi(1) is close to the Cl sheet whereas Bi(2) is much
closer to the {BO6} octahedral layer and can establish short
contacts to the apex oxygen atoms O(1) (see Table 4),
changing its coordination from 4 to 5, as can be seen in the
structural model built for the new Sillén–Aurivillius in-
tergrowth (Figure 8, a).

Within the distorted octahedra (W/Mn)O6, the W/Mn–
O(1) bonds are shorter than the W/Mn–O(2) bonds. This
observation can be understood in terms of the Jahn–Teller
effect originated by the Mn3+ cation replacing the W6+. It
is known that while the W6+ cation is spherical and sym-
metric, the Mn3+ cation causes a Jahn–Teller effect (com-
pression or elongation). In this case, the presence of Mn3+

determined by the previous magnetic susceptibility mea-
surements confirms the Jahn–Teller effect, giving rise to an
average compression of the MnO6 octahedra involving a
decrease of the apical bonds. This phenomenon is described
in more detail in ref.[18]
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These distorted polyhedra are shown in Figure 8 (b),

where the structure of this new phase Bi4Mn1/3W2/3O8Cl is
projected along [001], presenting the lower space group
Cm2m (instead of P4/mmm) demonstrated previously by
microdiffraction observations.

Conclusions

A new phase with nominal composition Bi4Mn1/3W2/3-
O8Cl is synthesised. The composition and homogeneity of
the sample is determined by XEDS and EELS, whereas the
oxidation state of Mn3+ is confirmed by magnetic suscep-
tibility measurements.

The unit-cell symmetry and the space group are deter-
mined from microdiffraction and SAED experiments yield-
ing an orthorhombic unit cell (a � b = 5.4 Å and c =
14.1 Å) with space group Cm2m. A direct structural model
is retrieved from a focal series of HREM images along the
[1–10] zone axis. From the phase of the reconstructed exit-
wave the projected coordinates can be directly determined.
This model is used as input for a Rietveld refinement of the
powder X-ray diffraction data.

Experimental Section
Preparation of the Samples: A polycrystalline sample with nominal
composition Bi4Mn1/3W2/3O8Cl was prepared by heating stoichio-
metric amounts of the oxides Bi2O3 (4N), WO3 (4N), Mn2O3 (4N)
and BiOCl (4N) at 993 K for a week in an evacuated (P =
10–4 Torr) sealed silica tube. The sample was then slowly cooled to
room temperature for 24 h.

Characterisation Techniques: Samples for transmission electron mi-
croscopy (TEM) were prepared by ultrasonic dispersion of the crys-
tals in n-butanol. Drops of this dispersion were deposited on a
holey carbon-coated copper grid. A JEOL 2000FX equipped with
a LINK ISIS 300 analyser was used for XEDS analysis, microdif-
fraction and SAED. The EEL spectra were acquired using a Philips
CM200 FEG TEM equipped with a Gatan Image Filter (GIF) 200.
High-resolution electron microscopy (HREM) was performed
using a JEOL 3000F TEM and a Philips CM30 FEG TEM, yield-
ing an information limit of 1.1 Å. The exit wave was reconstructed
from the focal series using TrueImage software.[21] HREM image
simulations were performed with NCEMSS software.[22]

X-ray powder diffraction patterns were recorded with a Siemens
D-501 (Cu-Kα1 radiation λ = 1.5406 Å) over the angular range 10–
100°, with a step scan of 0.04°. Rietveld full-profile refinement was
done with the FULLPROF program.[23] A pseudo-Voigt function
was chosen to generate the line shape of the diffraction peaks. In
the final runs, the following parameters were refined: scale factor,
background point to point, unit-cell parameters, asymmetry pa-
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rameters, positional coordinates and isotropic thermal parameters.
Further details of the crystal-structure investigation may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository
number CSD-416293.

Magnetic susceptibility measurements were performed on polycrys-
talline samples between 2 and 300 K, using a Quantum Design
SQUID MPMS-X.
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The crystal structures and spectroscopic (IR, Raman, UV/Vis)
data for the complexes [C(NH2)3]2[Nd(HTTHA)]·3H2O (I)
and [C(NH2)3]3[Nd(TTHA)]·6H2O (II) are presented. Crystals
of I are triclinic, P1̄, a = 9.998(2), b = 10.730(2), c =
15.557(3) Å, α = 106.89(3)°, β = 90.27(3)°, γ = 93.24(3)°, V =
1594.0(5) Å3, Z = 2, while the chiral crystals of II are mono-
clinic, P21, a = 10.157(2), b = 15.958(3), c = 12.788(3) Å, β =
112.68(3)°, V = 1912.5(7) Å3, Z = 2. Both structures consist
of the complex monomeric anions, guanidinium cations and
water of hydration. The NdIII ions are ten-coordinate. The
TTHA ligand coordinates to the NdIII ions with six of its car-
boxyl oxygen atoms and four nitrogen atoms. Although the
coordination environments of both NdIII cations are essen-
tially the same, the spectral results of both crystals reveal the
influence of the degree of protonation of the ligand on the

Introduction

The wide variety of biomedical applications of lantha-
nide complexes with polyamino polycarboxylic acids, in-
cluding their use as contrast agents in MRI[1] and X-ray[2]

diagnosis, NMR hyperfine shift-reagents[3] and bioanalyt-
ical assays,[4] is the reason for their being extensively investi-
gated both in solution and in the solid state. The principal
aim of these studies is to understand the physicochemical
properties of these compounds in solution. In the case of
lanthanide systems, one of the methods of choice is electron
spectroscopy. Effective analysis of the spectroscopic data is,
however, not a trivial task since the properties of these sys-
tems are dominated by the intraconfigurational f–f transi-
tions, which are slightly influenced by the ligand field.
Therefore, the results obtained by spectroscopic and electro-
chemical methods concerning the structure of complexes in
aqueous solution are difficult to interpret. The situation is
even more complicated in the case of lanthanide complexes
with ligands characterised by a great number of functional
groups, and tautomeric species of variously protonated do-
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NdIII ion. The IR and Raman spectra allowed us to assign
some important frequencies. A comparison of the electronic
absorption spectra of NdIII–TTHA complexes in solution and
in single crystals of I and II allows the detection of a small
elongation of the Nd–O and Nd–N bonds in these complexes
as compared to the [Nd(TTHA)]3– moiety in the previously
reported complex Na3[Nd(TTHA)]·2.5NaClO4·7.617H2O and
indicates that the coordination geometry of the ten-coordi-
nate neodymium complex in solution is the same as in the
chiral crystal II. The intensities of the f–f transitions in NdIII–
TTHA solutions and of crystals I and II were analysed on the
basis of the Judd–Ofelt theory.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nor groups of the ligand may be a reason that differently
coordinated lanthanide species of diverse labilities coexist
in solution. The lanthanide complexes with triethylenete-
traaminehexaacetic acid (H6TTHA), a ligand which has a
sufficient number of donor atoms (six oxygen atoms and
four nitrogen ones) to completely fill the first coordination
sphere of the LnIII ion, well exemplify the problems related
to lanthanide species in solution. The absence of inner-
sphere water molecules for LnIII–TTHA solutions at pH
above 3 has been proved by emission spectroscopy[5,6] as
well as NMR studies,[7] and was also confirmed in the crys-
tal structures.[8–16] Previously, the coexistence of two dis-
tinct complexes of EuIII–TTHA in solution over the entire
pH range has been reported.[5,17] This is different to the
LaIII–TTHA system, where the 1H and 13C NMR spectra
revealed the existence of only one coordination arrange-
ment around the metal cation in solution.[5] Our results
based on the optical properties of NdIII,[8,16] EuIII[17,18] and
HoIII[13] complexes with TTHA revealed that species dif-
fering in the number of coordinated nitrogen and oxygen
atoms, namely [Ln(N4O6)]3–/[Ln(N3O6)]3– and [Ln(N4O5)]3–/
[Ln(N3O6)]3–, are present in the solution for the light and
heavy lanthanide ions, respectively. Each of these species
may form various stereoisomers, some of which may be op-
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tically active. Circularly polarized luminescence (CPL) spec-
troscopy following photoselective excitation has demon-
strated the presence of the optically active enantiomers in a
racemic mixture for the EuIII–TTHA system.[19]

Although many structural relationships among LnIII–
TTHA complexes in solution are still unresolved, the spec-
troscopic results obtained for single crystals of these com-
plexes are very helpful in understanding the background of
the various processes that may occur in solution. Since the
spectral properties of lanthanide complexes with TTHA in
crystals, particularly those of NdIII–TTHA crystals,[8,16]

play an important role in determining the structure of
[Nd(TTHA)]3– solution species, it seems advisable to
examine the influence of the protonation degree and the
countercation on the spectral properties of these complexes.
In this paper we therefore report the crystal structures and
UV/Vis spectroscopic data of crystalline guanidinium salts
of the monoprotonated and deprotonated NdIII–TTHA
complexes in order to compare their spectral properties
with the sodium salt of the NdIII–TTHA complex in the
crystal[8] and in aqueous solution at various pH values.

Results and Discussion

Crystal Structures

The crystal structures of [C(NH2)3]2[Nd(HTTHA)]·
3H2O (crystal I) and [C(NH2)3]3[Nd(TTHA)]·6H2O (crystal
II) were determined and it was found that I is isomorphic
with [C(NH3)2][La(HTTHA)]·3H2O.[9] The crystals of both
compounds are composed of complex NdIII–TTHA anions,
guanidinium cations and water of crystallisation. As the
TTHA anion is hexa-negative, a proton must be present in
I to compensate the deficiency of the positive charge caused
by the NdIII ion and two guanidinium cations. The complex
anions in both crystals are similar (Figure 1) and are com-
posed of the TTHA residue wrapped around the neodym-
ium cations. The metal ions are ten-coordinate, forming
bonds with six carboxylic oxygen atoms and four nitrogen
ones in each complex. The Nd–O and Nd–N bond lengths
for I and II (Table 1) are typical and are similar to those
found for the complex Na3[Nd(TTHA)]·2.5NaClO4·

Table 1. Selected bond lengths [Å] for NdIII–TTHA crystals.

[C(NH3)2]2[Nd(HTTHA)]·3H2O [C(NH3)2]3[Nd(TTHA)]·6H2O Na3[Nd(TTHA)]·2.5NaClO4·7.617H2O[8]

I II Na1

Nd–O(1) 2.448(3) 2.521(5) 2.537(3)
Nd–O(3) 2.492(3) 2.515(4) 2.491(4)
Nd–O(5) 2.418(3) 2.472(4) 2.434(4)
Nd–O(7) 2.435(2) 2.474(5) 2.430(3)
Nd–O(9) 2.439(3) 2.498(5) 2.521(3)
Nd–O(11) 2.801(3) 2.595(5) 2.524(4)
Nd–Oav 2.505 2.513 2.490
Nd–N(1) 2.774(3) 2.814(5) 2.742(4)
Nd–N(2) 2.764(3) 2.789(6) 2.763(4)
Nd–N(3) 2.720(2) 2.745(6) 2.724(4)
Nd–N(4) 2.853(3) 2.830(6) 2.823(4)
Nd–Nav 2.778 2.795 2.763
Nd–Nd 9.183(3) 10.157(3) 9.515(4)
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7.617H2O,[8] denoted here as Na1. The differences between
the positions of the atoms in both anions are most pro-
nounced for the outer-sphere carboxylate oxygen atoms,
which is most probably caused by different networks of hy-
drogen bonds. For example, the O(10) atom in I is involved
in a short (2.67 Å) H-bond with a water molecule and a
moderate bond with a guanidinium cation (O···N = 2.91 Å),
whereas in II the O(10) atom forms three H-bonds of mod-
erate lengths (2.87–3.08 Å) with two water molecules and a
guanidinium cation. The proton that is necessary for the
electric charge compensation in I is probably attached to
O(12) as the C(17)–O(12) distance of 1.306(4) Å is about
0.05 Å longer than the other C–O bond lengths.

Figure 1. A view of the superimposed complex anions of I and II.
The dashed lines represent I and the solid ones II. The atoms labels
are given for the neodymium coordination sphere only, for the sake
of clarity.

Spectral Results

IR and Raman Spectra of Crystals

A comparison of the IR and Raman spectra of I and II
with the spectra of Na1 and H6TTHA allowed us to assign
some important frequencies. These are given in Table 2. The
IR bands of the three crystals I, II and Na1, in which the
coordination environment (N4O6) around the NdIII ion is
the same, are displayed in Figure 2 (A). The vibrations of
the OH and CH2 groups, as well as of the NH2 group in
the case of the guanidinium crystals, occur in the broad and
intense IR band located in the range 2750–3750 cm–1. Since
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combinations and/or overtones transitions may also appear
in this spectral region, only the ν(OH) frequency of crystal
water molecules can be unequivocally assigned. The posi-
tions of the ν(OH) peaks found in the three crystals may
indicate that the overall strength of the hydrogen bond be-
tween water molecules and the polyatomic anion is the
weakest in the case of Na1 (Table 2). Broad bands of the
ν(NH2) mode were found in the Raman spectra of I and II.
These vibrations, which are due to the guanidinium cation,
appear in the range 3200–3400 cm–1, where a combination
band of the δ(NH2) and νas(COO) overtones also appears.
The positions of the ν(CH2) oscillations in the IR spectra
agree well with those very intense found in the Raman spec-
tra. For both guanidinium crystals a strong band of the
δ(NH2) vibration was found in the region of 1650–
1700 cm–1. The νas(COO) frequencies of the studied crystals
are very similar, with the highest frequency being found for
Na1. The presence of a protonated carboxylate group in I,
as the long NdIII–O(11) distance attests (Table 1), is the
reason for a much broader and split band of the νs(COO)
vibration in I as compared with the bands of II and Na1.

The difference, ∆, between the antisymmetric and sym-
metric frequencies of the carboxylate groups has been sug-
gested to be an indicator of the share of the M–O(COO)
bond covalency,[20] the latter being higher when ∆ increases.
Accordingly, the ∆ differences determined from the spectra

Table 2. Wavenumbers [cm–1] and relative intensities[a] of the bands observed in the IR and Raman spectra of H6TTHA and crystals of
I, II and Na1.

Tentative H6TTHA I II Na1
assignment IR R IR R IR R IR

ν(OH) 3392 (s) 3411 (vs) 3438 (vs)
ν(NH2)[b] 3386 (m) 3369 (m)

3249 (m) 3242 (m)
ν(CH2) 3026 (m) 3025 (m)

3019 (m) 3017 (m) 2986 (w) 2986 (w)
3006 (m) 3010 (m) 2970 (w) 2973 (vs) 2967 (s) 2955 (m)
2995 (m) 2982 (s) 2946 (s) 2944 (s) 2923 (m)
2966 (s) 2966 (vs) 2917 (w) 2901 (vs) 2890 (w) 2885 (s)

2934 (s) 2853 (w) 2851 (s) 2848 (w) 2849 (s) 2855 (m)
2896 (m) 2833 (w)

ν(COOH) 1739 (vs) 1739 (vw)
1702 (m)

1689 (sh) 1680 (w)
1644 (sh) 1640 (vw)

δ(NH2)[b] 1709 (sh) 1707 (vw) 1681 (vw)
1675 (sh) 1677 (vw) 1675 (vs)
1659 (s) 1659 (vw) 1666 (vw)

νas(COO) 1595 (vs) 1601 (vw) 1593 (vs) 1592 (vw) 1597 (vs)
1585 (vw)

δ(CH2) 1465 (s) 1467 (sh) 1473 (m) 1475 (s) 1466 (sh)
1456 (sh) 1460 (s) 1458 (sh)
1447 (s) 1437 (s) 1447 (s) 1437 (s) 1439 (s) 1440 (s)
1433 (vs)

νs(COO) 1415 (vs) 1414 (s) 1408 (s) 1417 (s) 1412 (s) 1414 (s) 1409 (s)
1395 (s) 1405 (s)

1397 (s)
ν[C–N(CH2)] 1125 (w) 1128 (s) 1116 (w) 1118 (m) 1120 (w) 1123 (m) 1121 (m)
ν[C–N(NH2)][b] 1007 (vw) 1007 (vs) 1006 (vw) 1007 (vs)
ν(C–C) 899 (w) 902 (vs) 928 (m) 933 (vs) 932 (m) 933 (vs) 932 (m)

[a] vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder. [b] Bands derived from the guanidinium cation.
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of the three crystals were compared. Two values of ∆ were
found for the protonated crystal I. One of these differences
was the highest one of all (200 cm–1), while the second
(187 cm–1) is close to the ∆ value of Na1 (188 cm–1). The
smallest ∆ was found for II (181 cm–1). Comparing these ∆
values with the structural data given in Table 1 one can see
that they have no connection with the M–O bond lengths.
A similar problem was encountered in the case of the NdIII–
N bond lengths, which may be reflected by the ν[C–
N(CH2)] modes. The smallest ν[C–N(CH2)] frequency was
found in the case of I (1116 cm–1), whereas the ν(C–N) vi-
brations of II (1120 cm–1) and Na1 (1121 cm–1) are similar
to that of the ligand (1125 cm–1). For both guanidinium
crystals the most intense Raman bands of 1007 cm–1 were
assigned to the ν[C–N(NH2)] vibrations of the guanidinium
cation. All ν(C–C) frequencies of the three crystals are blue-
shifted relative to the frequency of the H6TTHA ligand.

Although some similarity between the IR spectra of the
crystals can be seen (Figure 2, A), one cannot say the same
about their NIR spectra. These spectra, recorded at room
temperature and 4 K, are shown in Figure 2 (B). Apart
from the oscillation bands, the electronic 4I9/2 � 4I15/2 tran-
sition can also be observed in this region. Recently, we have
shown that the f–f transitions in this spectral region are
seriously affected by coincident combination and/or over-
tone bands.[21,22] The present data also reveal that these
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Figure 2. A – IR (powder crystals with KBr) and B – NIR (single crystals) spectra of NdIII–TTHA complexes in I, II and Na1. Some
identified bands are labelled, asterisks respond to bands of the guanidinium cation.

bands strongly dominate the f–f transitions of the NdIII ion
in the NIR region and this domination is different for the
three non-isomorphic crystals studied.

UV/Vis Spectra of the NdIII–TTHA Complex in Solutions
and in Single Crystals

Two transitions in the NdIII absorption spectrum, na-
mely 4I9/2 � 2P1/2 and 4I9/2 � 4G5/2/2G7/2, are particularly
suitable to perform studies of equilibria changes between
different species of the NdIII–TTHA complex in solution.
The peak positions in the first transition indicate splitting
of the ground level in the ligand field of the NdIII environ-
ment, whereas the intensity of the hypersensitive 4I9/2 �
4G5/2/2G7/2 transition is influenced the most among all the
f–f transitions by changes in the immediate surrounding of
the NdIII ion.

Analysis of the 4I9/2 � 2P1/2 Transition

As can be seen from the equilibria variations between
different species for sodium salts of NdIII–TTHA solutions,
exemplified by the 4I9/2 � 2P1/2 transition in Figure 3, the
shape and intensity of these bands do not change further
when the pH of the solution exceeds 4. This observation is
true for all f–f transitions in spectra of NdIII–TTHA solu-
tions for which the pH was adjusted with either NaOH or
[C(NH2)3]2CO3. It can easily be seen from Figure 3 that the
number of Stark components in the 4I9/2 � 2P1/2 spectra of
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all studied solutions exceeds five, the number of optical
lines predicted by group theory for a single environment of
the NdIII ion. This means that for NdIII–TTHA solutions
at least two complexes with a different coordination ar-
rangement around the metal ion exist over the entire pH
range. At low pH, the peak maximum of the 4I9/2 � 2P1/2

transition is at 23248 cm–1, whereas for solutions at pH
above 3 it appears at 23310 cm–1. The positions of these
peaks correspond to the two different coordination cores of
the lanthanide ion found in the previously studied single
crystals of the NdIII–TTHA complexes.[8,16] The neodym-
ium entities in those crystals, which were obtained as so-
dium salts from the same mother liquor at pH 4.5, are
[Nd2(N3O6)2]6– (peak maximum at 23231 cm–1)[16] and
[Nd(N4O6)]3– (peak maximum at 23302 cm–1).[8] From the
comparative studies of UV/Vis spectra of single crystals and
the solution at pH 7.65 it was proved that the [Nd(N3O6)]3–

and [Nd(N4O6)]3– species are present in this solution in the
molar ratio of 1:4.[16] As can be seen from Figure 3, the
highest concentration of the first species appears in the
solution at a pH below 3, whereas the second species domi-
nates in solution at a pH above 3.5. Hence, one could expect
that crystals obtained from solutions in which one of these
species prevails will contain this species. Since attempts to
obtain crystals from solutions containing sodium cations at
very low pH failed, the guanidinium salt solutions were
used. The 4I9/2 � 2P1/2 spectra of crystals I and II and solu-
tions from which they were obtained are presented in Fig-
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ure 4. Comparing the sodium (Figure 3) and guanidinium
(Figure 4) spectra of NdIII–TTHA solutions one can see
that a nine-coordinate species with a peak maximum at
23248 cm–1 for the sodium solution and 23254 cm–1 for the
guanidinium solution prevails at a pH below 3. However,
the ten-coordinate form is more favoured upon crystallisa-
tion in the presence of guanidinium cations. Although the
coordination environment of the lanthanide cation is essen-
tially the same in crystals of I and II, small differences be-
tween the bond lengths and angles bring about changes in
the position of the 2P1/2 state. It is worthwhile noting that
the first two peaks in the spectrum of the chiral crystal II
exactly match the first two peaks of the NdIII–TTHA solu-
tion at a pH above 4.

Figure 3. Absorption spectra of the 4I9/2 � 2P1/2 transition of the
NdIII–TTHA complex in solutions at different pH values adjusted
by NaOH (cNd = 2.219·10–2 , d = 2 cm).

Table 3. Positions of the 4I9/2 � 2P1/2 peaks and the splittings of the neodymium 4I9/2 ground state by the ligand field in NdIII–TTHA
solutions at pH above 4 and in crystals of Na1, Na2, I and II.

Position Splitting Position Splitting Position Splitting Position Splitting Position Splitting
[cm–1] [cm–1] [cm–1] [cm–1] [cm–1]
Solution Na1 Na2 I II

23310 0 23302 0 23294 0 23310 0
23273 37 23264 38 23273 37
23248 62 23231 0 23248 46
23165 145 23162 140 23164 67 23106 188 23157 153
22942 368 22946 356 23060 171 22913 381 22937 373
22845 465 22834 468 22899 332 22852 442 22844 466

22824 407
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Figure 4. Absorption spectra of the 4I9/2 � 2P1/2 transition of guan-
idinium salts of the NdIII–TTHA complex in solutions and in crys-
tals obtained from these solutions (in solutions: cNd = 5·10–2 , d
= 2 cm; in crystals: cNd = 2.270 , d = 0.031 cm for I and cNd =
1.898 , d = 0.059 cm for II).

The positions of the 4I9/2 � 2P1/2 peaks and the splittings
of the neodymium 4I9/2 ground state by the ligand field in
the NdIII–TTHA solutions at pH above 4 and in crystals of
Na1,[8] Na2[16] (where Na2 are crystals of Na0.5H5.5[Nd2-
(TTHA)2]·7.5NaClO4·16.83H2O with the [Nd2(N3O6)2]6–

core) as well of I and II are given in Table 3.
As it can be seen from Table 3 and Figure 4, the second

intense peak in the 4I9/2 � 2P1/2 spectrum of I has the same
position as the peak that belongs to the [Nd(N3O6)]3– spe-
cies. Therefore, to be sure that the peak at 23248 cm–1 in
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solution belongs to the nine-coordinate species, the solution
at pH 7.8 (NaOH) was frozen. It was shown previously that
only monomeric species exist in solution at this pH
value.[6,23] The 4I9/2 � 2P1/2 spectrum of this solution, as
well as of both sodium and guanidinium crystals recorded
at 4 K, are displayed in Figure 5. The spectrum of the fro-
zen solution shows a very intense peak at 23310 cm–1 and
a very weak shoulder at 23248 cm–1, which confirms the
domination of the [Nd(N4O6)]3– species over the
[Nd(N3O6)]3– one and that the peak at 23248 cm–1 in the
solution indeed represents the nine-coordinate form.

The peak maxima of the deprotonated sodium (Na1) as
well as guanidinium (II) crystals do not shift on cooling the
samples down to 4 K, whereas the peak at 23294 cm–1 in
the spectrum of I at room temperature splits into two with
energies of 23302 and 23293 cm–1 at 4 K. Since in all the
spectra of I at 4 K there are more lines than would be ex-
pected from the relevant multiplicities (J + 1/2), one can
assume that a phase transition occurs in I below room tem-
perature. This phase transition may also be reflected in the
value of the oscillator strength (P) determined at 4 K. The
smaller decrease of P in the spectra of crystal I than those
of crystal II at 4 K in comparison with the respective P
values determined at room temperature can readily be seen
from the Pexp results given in Table 4.

It should be pointed out that for crystals of Na1 and II,
for which no phase transition is observed, all f–f transitions
in the spectra of Na1 at 4 K are similarly, as can be seen
for the 4I9/2 � 2P1/2 spectrum, broadened and red-shifted in
relation to the spectra of crystal II. This may result from
vibrational lattice and/or internal ligand modes coupled
with the excited levels. This coupling is apparently much
weaker for the chiral crystal.

The non-degeneracy of the 2P1/2 level means that its shift
can be used to study the nephelauxetic effect in neodymium

Table 4. Oscillator strength values (Pexp) and Ωλ parameters for NdIII–TTHA complexes in solution at different pH values (adjusted by
NaOH) and single crystals of I and II.

[C(NH2)3]2[Nd(HTTHA)]·3H2O [C(NH2)3]3[Nd(TTHA)]·6H2O
Solution NdIII/TTHA = 1:1.1 Crystal I Crystal II
cNd = 2.219×10–2  cNd = 2.270  d = 0.031 cm cNd = 1.898  d = 0.059 cm
pH = 2.45 pH = 5.35 pH = 10.58 293 K 4 K 293 K 4 K

Transition(s) 4I9/2 � 108Pexp 108Pexp 108Pexp 108Pexp 108Pexp 108Pexp 108Pexp

4F3/2 235.55 188.07 233.40 269.20 221.90 207.61 92.01
4F5/2, 2H9/2 1079.71 934.61 936.76 886.50 744.21 861.22 459.57
4F7/2, 4S3/2 1156.00 1020.77 1030.57 883.18 651.98 913.49 571.49
4F9/2 80.36 79.68 82.92 70.65 44.41 76.27 26.57
2H11/2 20.73 20.31 20.40 15.48 15.59 17.67 10.83
4G5/2, 2G7/2 1688.05 1901.53 1935.43 1292.23 860.40 1066.66 588.19
2K13/2, 4G7/2, 4G9/2 873.72 805.78 809.34 712.30 554.93 695.79 433.97
2K15/2, 2G9/2, (2D, 2F)3/2, 4G11/2 224.32 207.22 197.55 193.30 234.82 198.87 206.56
2P1/2 36.87 32.2 33.87 39.27 37.92 39.57 16.18
2D5/2 6.10 8.31 9.14 15.39 11.44 13.49 12.05
4D3/2, 4D5/2, 2I11/2, 4D1/2, 2L15/2 1118.69 983.68 985.24 1081.66 1011.79 912.33 –
1020Ω2 [cm2] 4.06±0.46 5.53±0.47 5.66±0.40 2.10±0.32 1.65±0.36
1020Ω4 [cm2] 5.11±0.43 4.46±0.44 4.48±0.37 4.56±0.30 3.75±0.33
1020Ω6 [cm2] 10.26±0.59 8.91±0.60 9.04±0.52 6.95±0.41 7.22±0.46
rms·107 8.24 8.39 7.24 6.38 7.25
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Figure 5. Absorption spectra of the 4I9/2 � 2P1/2 transition of the
frozen NdIII–TTHA solution with pH 7.8 and crystals of I, II,
Na1[8] and Na2[16] at 4 K.
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systems. This effect is interpreted as a covalent contribution
to the bonding between the metal ion and the ligands and
is connected with metal–ligand distances and coordination
numbers.[24] However, a comparison of the structural data
given in Table 1 with the spectroscopic data of the 4I9/2 �
2P1/2 transition of [Nd(N4O6)]3– crystals contradicts this in-
terpretation: of the three [Nd(N4O6)]3– crystals, the smallest
NdIII–O and NdIII–N distances are found in the sodium
crystal, but the spectral results of this crystal do not reflect
this in a decrease of the 2P1/2 energy level. The 2P1/2 energy
level shifts, however, agree well with the ∆ differences be-
tween the νas and νs frequencies of the carboxylate groups.
Therefore, our results seem to indicate that the nephelaux-
etic effect is caused by the change of local polarizability
within the inner sphere of the metal ion.

Analysis of the Hypersensitive Transition and f–f Intensities

A comparison of the f–f transitions of all NdIII–TTHA
crystals as well as of the solution at pH 5.35, for which
there is no difference in the spectra when the pH is adjusted
with either NaOH or [C(NH2)3]2CO3, is shown in Figure 6.
From the presented spectra, one can see a very good corre-
spondence between the spectra of the monomeric sodium
crystal Na1 of the [Nd(N4O6)]3– complex and the solution,
in spite of the fact that the presence of 20% of the
[Nd(N3O6)]3– species was evidenced in the solution.[16] The
remarkable similarity of the band shape and the intensities
of the most intense f–f transitions between the spectra of
the solution and the crystal of Na1 is not preserved in the
case of the protonated crystal I or in the deprotonated crys-
tal II. For the latter crystal, although the shape of the f–f

Figure 6. Absorption spectra of f–f transitions of the NdIII–TTHA complex in solution at pH 5.35 (cNd = 2.219·10–2 , d = 2 cm) and in
crystals Na2 (cNd = 1.631 , d = 0.147 cm), I (cNd = 2.270 , d = 0.031 cm), II (cNd = 1.898 , d = 0.059 cm) and Na1 (cNd = 1.671 , d
= 0.0145 cm).
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bands corresponds, to a considerable degree, to that of the
solution, the intensity of the 4I9/2 � 4G5/2/2G7/2 transition
is significantly lower. It is worthwhile stressing that the dis-
cussed crystals show low optical anisotropy, as measured
by the difference of the intensities of various f–f transitions
with different light polarisations and crystal orientations.
The intensity results for solutions at different pH values ad-
justed by NaOH, as well as of crystals of I and II, are col-
lected in Table 4. An inspection of the oscillator strengths
given in this table shows that the largest differences between
experimentally determined P values of solutions and crys-
tals occur for the hypersensitive transition. The oscillator
strengths of the 4I9/2 � 4G5/2/2G7/2 transition of both guani-
dinium crystals are about two times smaller than those cal-
culated for the solution in which the [Nd(N4O6)]3– species
dominates. One might suppose that the discrepancies be-
tween the P values of the solution and crystals may result
from a more symmetrical arrangement of the first coordina-
tion sphere in the single crystal. However, this is not the
case. In the case of the sodium crystal Na1, the 4I9/2 �
4G5/2/2G7/2 intensity (P = 2076.51×10–8)[8] is higher than
that of the solution. Recalculation of the oscillator
strengths of the most intense transitions, namely 4I9/2 �
4G5/2/2G7/2 (560–600 nm), 4I9/2 � 4S3/2/4F7/2 (720–770 nm)
and 4I9/2 � 2H9/2/4F5/2 (770–830 nm), of the solution at a
pH above 4.5 with the P values determined for both Na1[8]

and Na2[16] crystals and the percentage shares of both
species reproduces well the oscillator strengths determined
experimentally for the solution. This experimental fact is
noteworthy, since it can be a helpful indicator of the
hypersensitivity mechanism. The small decrease of metal–
ligand bond lengths of the crystal Na1 as compared with
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guanidinium crystals (Table 1) is probably a reason for the
intensity enhancement in Na1. We also note that somewhat
different factors affect the intensities of the hypersensitive
transition and the position of the dominant peak in the
4I9/2 � 2P1/2 transition discussed above.

Conclusions

Continuing our previous investigations of the structures
and spectroscopic properties of complexes of TTHA
with lanthanides, we have obtained crystals of two
new complexes, namely [C(NH2)3]2[Nd(HTTHA)]·3H2O
and [C(NH2)3]3[Nd(TTHA)]·6H2O. The use of different
countercations (guanidinium in the present compounds and
sodium in our previous reports) has enabled us to observe
their role in crystal formation as well as their influence on
the spectroscopic properties of the investigated crystals. The
complex anions [Nd(TTHA)]3– are monomeric and the neo-
dymium cations are ten-coordinate in both crystals de-
scribed. Although the coordination environment in both the
present complexes is similar to that found in a previously
published sodium salt,[8] the oscillator strengths of the hy-
persensitive transition differ remarkably. This may be attrib-
uted to the small differences of the Nd–O and Nd–N bond
lengths, which may in turn be induced by networks of H-
bonds, strong in the case of guanidinium crystals and com-
peting with the Na–O electrostatic interactions in the case
of the sodium crystal.

Experimental Section
Material and Sample Preparation: A stock solution of neodymium
perchlorate was prepared from Nd2O3 (99.9% Merck). The NdIII

concentration was determined complexometrically using xylenol
orange as indicator. The stock solution of H6TTHA (98% Aldrich)
was prepared by half-neutralisation with NaOH. The NaOH solu-
tion was also used to adjust the pH of the investigated solutions.
All measured solutions were prepared with the same ionic strength
(0.5  NaClO4). Crystals of neodymium with the TTHA ligand
were prepared by a slightly different method to that described by
Ruloff et al.[9] The molar ratio of the applied parent substances of
Nd2O3, H6TTHA and [C(NH2)3]2CO3 was 1:2:2. The mixture of
substrates was dissolved in water and the pH of the resulting solu-
tion was 2.65. This solution was divided into two portions, one of
which was basified with guanidinium carbonate to a final pH of
4.55. These solutions of pH 2.65 and 4.55 were left to crystallise
and large, well-formed violet crystals of the formula [C(NH2)3]2-
[Nd(HTTHA)]·3H2O and [C(NH2)3]3[Nd(TTHA)]·6H2O, denoted
as I (pH 2.65) and II (pH 4.55), were obtained. The NdIII concen-
tration in these crystals, determined by ICP, was 2.270  for I and
1.898  for II. I: calcd. C 29.71, H 5.20, N 17.33, Nd 17.85; found
C 29.23, H 5.45, N 16.87, Nd 19.26 . II: calcd. C 27.36, H 5.86, N
19.76, Nd 15.66; found C 27.77, H 5.75, N 19.96, Nd 17.11. The
density of I and II was measured by the flotation method in CH3Cl
and CH3Br and was found to be 1.70 and 1.60 gcm–3, respectively.
The refractive index, n, of the crystals was assumed to be 1.50 and
that of the measured solutions 1.33.

Crystal Structure Determinations of Complexes I and II: Data for I
and II were collected on a Kuma KM4 diffractometer equipped
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with a CCD counter. The structures were solved by Patterson meth-
ods with SHELXS-97[25] and then refined with SHELXL-97.[26]

The C- and N-bonded hydrogen atoms were placed in geometrically
calculated positions. All non-H atoms were refined anisotropically.
The temperature factors for H-atoms were set as 1.2-times the fac-
tors of the C or N atoms to which they are bonded. For II the
enantiomorph with the better Flack parameter [–0.019(15)] was
chosen.

Crystal Data for I: [C(NH2)3]2[Nd(HTTHA)]·3H2O,
C20H43N10NdO15, M = 807.88, triclinic, P1̄, a = 9.998(2), b =
10.730(2), c = 15.557(3) Å, α = 106.89(3)°, β = 90.27(3)°, γ =
93.24(3)°, V = 1594.0(5) Å3, Z = 2, T = 293(2) K, µ = 1.711 mm–1,
number of reflections measured 11381, number of reflections ob-
served [I � 2σ(I)] 6691, R(F) = 0.0374, Rw(F2) = 0.0835.

Crystal Data for II: [C(NH2)3]3[Nd(TTHA)]·6H2O,
C21H54N13NdO18, M = 921.01, monoclinic, P21, a = 10.157(2), b
= 15.958(3), c = 12.788(3) Å, β = 112.68(3)°, V = 1912.5(7) Å3, Z
= 2, T = 293(2) K, µ = 1.445 mm–1, number of reflections measured
5688, number of reflections observed [I � 2σ(I)] 4837, R(F) =
0.0273, Rw(F2) = 0.0731.

CCDC-282725 (for I) and -282726 (for II) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Spectroscopic Measurements and Calculations: IR spectra of crys-
tals and H6TTHA were recorded from KBr pellets on a Bruker
FTIR IFS66 spectrometer, while FT-Raman spectra of powder
samples were measured on a Bruker RFS 100/S spectrometer with
a spectral resolution of 2 cm–1. All electronic absorption spectra
were recorded with a Cary 500 UV/Vis/near-IR spectrophotometer
which was equipped with an Oxford CF 1204 continuous flow he-
lium cryostat for single crystal measurements at 293 and 4 K.

The intensities of the 4f–4f transitions (P) and values of the Ωλ

parameters were calculated from the Judd–Ofelt[27,28] relation
[Equation (1)]:

where P denotes the oscillator strength, χ = (n2 + 2)2/9n (n is the
refractive index), J is the total quantum number of the ground
state, (fnψJ||U(λ)||fnψ�J�) is the reduced matrix element of the re-
spective unit tensor operator U(λ), tabulated by Carnall et al.,[29]

and Ωλ is the empirical least-squares-fitted parameter.
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This work describes the synthesis and characterization of five
new amine ligands and also the preparation and characteri-
zation of their respective platinum(II) complexes by reaction
with K2PtCl4 in water. These ligands were obtained by treat-
ment of different halides or epoxides with ethylenediamine.
Cytotoxic activity and cellular accumulation of three com-
plexes were investigated in a human small-cell lung carci-
noma cell line and its cisplatin resistant subline. The intro-
duction of a spacer (cycle) between the two platinum atoms
leads to a significant decrease in cytotoxic activity. At equi-
toxic doses, the intracellular platinum concentrations found

Introduction

The polyamines spermidine (1,8-diamino-4-azaoctane)
and spermine (1,12-diamino-4,9-diazadodecane), as well as
the precursor molecule putrescine (1,4-diaminobutane), are
polycation compounds that are found in significant
amounts in nearly every prokaryotic and eukaryotic cell
type.[1]

Many of these bases and their derivatives play key roles
in a number of biological processes and possess a variety of
pharmacological properties.[2] Polyamines may act as carci-
nogenesis promoting factors.[2,3] The connection between
polyamines and cancer growth has been established by bio-
logical and molecular techniques.[4] Polyamines have been
shown to accumulate in cancer tissues, and the concentra-
tion of polyamines and their derivatives increases in cancer
patient fluids.[5–9] These compounds also represent an im-
portant target for chemotherapeutic intervention, since de-
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for compounds 12 and 15 were significantly higher than
those found for the reference compounds, cisplatin, carbopla-
tin, or compound 9. This fact suggests that the formation of
adducts between compounds 12 and 15 and the putative
pharmacological target, DNA, is less favored. If these com-
pounds bind more slowly to DNA, interaction with other in-
tracellular ligands such as sulfur-containing molecules will
become relevant and it may be the reason for the elevated
intracellular platinum concentrations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pletion of polyamines results in the disruption of a variety
of functions and may, in specific cases, result in cyto-
toxicity.[10] Inhibitors of the polyamine pathway, therefore,
have traditionally been developed as potential antitumor
agents.[11]

Polyamines have multiple cellular functions that can in-
terfere with cell growth and cell death. Therefore, their ana-
logs can play an important role in controlling cancer. Com-
pounds of this class can directly bind to DNA and modu-
late DNA–protein interactions. The production of hydrogen
peroxide from polyamine catabolism might also be respon-
sible for cell death or apoptosis.[12]

In addition to these facts, neutral ligands derived from
amines have been utilized to prepare platinum() complexes
since the discovery of the anticancer activity of cisplatin by
Rosenberg et al.[13] cis-Diaminedichloroplatinum() (cispla-
tin, CDDP)[14] is one of the most widely used and effective
oncological agents against cancers of the testicles, ovaries,
bladder, head, and neck.[14–16] It is also an important ad-
junct for cancers of the lung, cervix, and breast.[16] How-
ever, its clinical usefulness has frequently been limited by
severe side effects,[17–19] such as nephrotoxicity, ototoxicity,
and neurotoxicity, and by the emergence of cancer cells re-
sistant to cisplatin.

Tumor cells having the resistance phenotype exhibit a re-
duced sensitivity to cytotoxic drugs relative to sensitive
cells. The molecular basis for resistance has been the subject
of intensive research. Three main events are frequently ob-
served: (i) decreased accumulation of the drug; the intracel-
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lular drug concentration falls below the threshold necessary
for cytotoxic activity; (ii) increased levels of sulfur-contain-
ing molecules, such as glutathione or metallothionein; these
molecules could play a role in metal detoxification; and
(iii) enhanced repair of DNA damage caused by cisplatin–
DNA adducts.[20–22]

The need to overcome these problems, as well as to in-
crease the antitumor activity of the platinum complexes, led
to the development of structurally different compounds,
which might act in different ways against the tumor cells.[23]

The family of dinuclear complexes containing two mono-
functional platinum spheres linked by a variable diamine
chain has been extensively studied.[24] The first cytotoxic
dinuclear platinum compounds described in the literature
received special attention because they have shown a degree
of cytotoxicity comparable to that of cisplatin in sensitive
cell lines, but a significantly higher activity in acquired cis-
platin-resistant cell lines.[25,26]

Since some substituted ethylenediamine platinum com-
plexes have shown antitumor activity against a variety of
cell tumors,[27,28] we sought to synthesize platinum()
mono- and dinuclear complexes containing ethylenediamine
derivatives as ligands. The novel compounds that were pre-
pared may show a different reactivity towards DNA with
the possibility of the formation of new adducts; they there-
fore may be active in cisplatin-resistant cell lines. In ad-
dition, compound 12 could possibly intercalate between the
DNA base pairs because of its aromatic ring. Furthermore,
we intended to prepare potentially active antitumor com-
pounds in an attempt to combine the activity of the ligand
to that of the metal.

Results and Discussion

The intermediate 3 was obtained in 92% yield by the
reaction of diol 2 with iodine, imidazole, and triphenylphos-
phane in toluene at reflux (Scheme 1). The diepoxide 8 (not
isolated) was prepared by treatment of ditosylate 7 with so-
dium methoxide in methanol according to the procedure
previously described in the literature.[29] The ligand a and
complex 9 were prepared as described in ref.[26] The ligands
b–g were prepared in satisfactory yields by treating ethyl-
enediamine with the corresponding intermediate (halide or
epoxide) in ethanol at room temperature for 24 h. In the
preparation of the ligand N,N�-bis(2-aminoethyl)-2-xylyl-
enediamine (e), we have also isolated the ligand N-(2-amino-
ethyl)-isoindoline (f). In the IR spectra, absorptions corre-
sponding to νN–H at 3300–3100 cm–1 can be observed for
these ligands. In the 1H and 13C NMR spectra signals for
the ethylenediamine moiety are observed.

The platinum() complexes 10–15 were obtained by the
reaction of the corresponding ligands with potassium tetra-
chloroplatinate() in water at room temperature for 24 h,
and were isolated by simple filtration (Scheme 2). Even
though we have used 2 mmol of K2PtCl4 we have observed
that under these reaction conditions, ligand c was trans-
formed into the mononuclear platinum() complex 11. For
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these compounds, one may observe IR spectra absorptions
corresponding to νPt–N and νPt–Cl at 550 and 325 cm–1,
respectively, in addition to the absorptions observed for the
ligand. In the 1H NMR spectra there is a downfield shift
for the signals corresponding to NH and NH2 relative to
the free ligands. The 195Pt NMR spectra for the complexes
show only one signal, and the chemical shift values are ex-
pected to be close to those of similar compounds in which
the platinum is coordinated to two chlorides and two nitro-
gens.[30]

Cell Growth Inhibition

The IC50 values obtained for complexes 9, 12, and 15 in
sensitive and resistant cells, together with the resistant fac-
tor (RF) and the intracellular platinum concentration, Ci,
are shown in Table 1. For the sake of comparison, cisplatin
and carboplatin data are also shown. The GLC4/CDDP
subline is 6.3-fold resistant to cisplatin and 1.4- to carbopla-
tin.

The cytotoxic activity of the compounds decreases in the
order 9 � 12 � 15. The sensitivity of the GLC4 cell line to
compound 9 is comparable to that of carboplatin, and the
GLC4/CDDP subline is not cross-resistant to compound 9.
The cytotoxic activity of compounds 12 and 15 is very low
relative to that of the reference compounds. For 12 the RF
obtained is 2.9, and for 15 the RF is 1.2 (Figure 1). In other
words, the GLC4/CDDP cells are 3- and 1.2 times less sen-
sitive than the GLC4 cells to 12 and 15, respectively.

Platinum Accumulation

Resistance to cisplatin has been intensively studied in
tumor cells repeatedly exposed to the drug in vitro. Among
the numerous mechanisms of acquired resistance to cispla-
tin that have been reported, decreased accumulation is fre-
quently present in resistant cells as a result of reduced drug
uptake. In a previous study, we have determined the uptake
rate of cisplatin, carboplatin, and aqua-substituted cisplatin
in both GLC4 and GLC4/CDDP cell lines.[31] The sensitive
cell line accumulates approximately twice as much cisplatin
as the resistant subline, mainly by an energy-dependent
mechanism. We have postulated that the uptake of cisplatin
is composed of passive diffusion of the [Pt(NH3)2Cl2] spe-
cies, which is neutral, and of an active uptake of an aqua-
substituted species, probably the [Pt(NH3)2(H2O)OH]+ or
[Pt(NH3)2(H2O)Cl]+ species. For carboplatin, the rate con-
stant for the first aquation reaction is 100-fold lower than
that for cisplatin. Therefore, the concentration of aquated
species will be 100 times lower. The uptake rate of carbopla-
tin is similar in both GLC4 and GLC4/CDDP cell lines
because the active uptake becomes negligible. Therefore,
carboplatin enters the cells mainly by passive diffusion,
which is in accordance with the low RF observed for car-
boplatin (Table 1).

The cytotoxic activities of compounds 12 and 15 were
much lower than those exhibited by cisplatin and by com-
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Scheme 1. Reagents and conditions: (i) NH2CH2CH2NH2/EtOH, reflux; (ii) Ph3P/I2/imidazole, toluene, reflux, 24 h; (iii) MeO–Na+/
MeOH, room temp., 30 min.

pound 9. These results can be explained by two possibilities:
(i) the uptake of compounds 12 and 15 is very slow, thus a
much higher concentration is needed to force their trans-
port into cells (similar to the case of carboplatin when com-
pared to cisplatin) or (ii) the interaction of the compounds
with the pharmacological target, i.e. DNA, is deficient. In
order to investigate whether the reason for this low activity
is related to a deficient uptake, we have determined the in-
tracellular platinum concentration after 72 h of incubation.

Let us first discuss the results obtained with the sensitive
cell line. In a previous study, we found that cytotoxic ac-
tivity correlates well with the intracellular drug concentra-
tion for cisplatin and carboplatin, and at IC50, the intracel-
lular platinum concentration was about 10×10–17 mol/
cell.[31] Furthermore, by studying the effect of some dinu-
clear platinum compounds, we also found that equitoxic
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platinum concentrations lead to similar intracellular plati-
num concentrations.[26]

Compound 9 exhibits the same behavior, for example, by
incubating cells with the IC50 dose, the intracellular concen-
tration is approximately 10×10–17 mol/cell. The ratio be-
tween the IC50 of carboplatin and that of cisplatin is ap-
proximately 25, i.e. more carboplatin is needed to produce
a cytotoxic effect because the former enters cells more
slowly. Our results showed that the reason for the low cyto-
toxic activities of 12 and 15 was not an insufficient intracel-
lular platinum concentration. On the contrary, the intracel-
lular platinum concentrations found for compounds 12 and
15 were significantly higher than those found for the refer-
ence compounds, cisplatin and carboplatin, and compound
9. For the sensitive cell line, at IC50 values, the intracellular
platinum concentrations were 14.9- and 9.3-fold higher for



Synthesis of Polyamines from Ethylenediamine and Their Platinum() Complexes FULL PAPER

Scheme 2. Reagents and conditions: (i) K2PtCl4, H2O, room temp.

compounds 12 and 15, respectively, than that attained with
cisplatin. This fact suggests that the formation of adducts
between compounds 12 and 15 and the putative pharmaco-
logical target DNA is less favored. Knox et al.[32] postulated
that the difference in the kinetics of the interaction with
DNA is responsible for the different sensitivity of the same
cell line to cisplatin and carboplatin. According to these
authors, 20- to 40-fold larger doses of carboplatin were re-
quired to produce equal binding to DNA and equal cytoto-
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xicity. In a review of structure–activity relationships of
some dinuclear platinum compounds, Farrell et al.[33] re-
ported that the cytotoxic activity of a dinuclear compound
containing cyclohexane-1,4-diamine as a linker between
two platinum atoms was very disappointing, probably be-
cause sterically hindered compounds bind more slowly to
DNA. Assuming that equal binding to DNA would result
in an equal cytotoxic effect, the fact that the intracellular
concentrations found for compounds 12 and 15 are much
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Table 1. IC50, RF, and intracellular platinum concentration[a] for
complexes 9, 12, and 15.

Com- Cell Line IC50 [µ₎ RF Ci×1016 [mol/cell]
pound

DDP[b] GLC4 0.40±0.05 0.98±0.09
CDDP[b] GLC4/ 2.5±0.2 6.3 1.07±0.11

CDDP
CBDCA[b] GLC4 9.9±1.1 0.79±0.08
CBDCA[b] GLC4/ 13.5±1.3 1.4 1.02±0.11

CDDP
9 GLC4 9.9±0.9 0.96±0.10
9 GLC4/ 8.9±0.9 0.9 1.05±0.10

CDDP
12 GLC4 28.10±2.80 14.92±1.50
12 GLC4/ 81.0±8.1 2.88 65.90±6.70

CDDP
15 GLC4 84.0±8.3 9.28±0.90
15 GLC4/ 102.5±10.3 1.22 24.10±2.50

CDDP

[a] IC50 is the complex concentration required to inhibit 50% of
cell growth. [b] ref.[31] RF value was calculated as resistant cell IC50/
sensitive cell IC50. The values represent the mean±SD of triplicate
determinations;·Ci is the mol number of platinum per cell at IC50

doses after 3 d.

Figure 1. Growth inhibition of GLC4 and GLC4/CDDP cells as a
function of the intracellular platinum concentration after 3 d of
incubation with equitoxic doses of complexes 12 and 15. The values
are the mean values of two independent experiments. The platinum
content was assessed by flameless atomic absorption spectroscopy.

higher than those of the reference compounds indicates that
12 and 15 bind to DNA more slowly or with a lower affin-
ity, probably because of steric hindrance.

If these compounds bind more slowly to DNA, interac-
tion with other intracellular ligands such as sulfur-contain-
ing molecules will become relevant and this may be the
reason for the elevated intracellular platinum concentra-
tions.

Considering 9 and 12, these dinuclear platinum com-
pounds are expected to form interstrand cross-links with
DNA. The structural difference between them lies in the
diamine linker. One can speculate that the insertion of a
spacer (cycle) between the two platinum atoms engenders a
steric hindrance to form DNA adducts. It is also possible
that 12 only forms monoadducts with DNA.
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An intriguing point to be considered is that a substan-
tially higher intracellular platinum concentration is required
to achieve a comparable cytotoxic effect in resistant cells by
compounds 12 and 15 than in sensitive cells. Increased
levels of sulfur-containing molecules have been found in
various resistant cell lines. Hospers et al.[34] found that the
GLC4/CDDP cell line possesses a significantly higher
amount of sulfur-containing molecules than the GLC4 cell
line, especially glutathione. Increased levels of sulfhydryl
compounds are pointed as a possible mechanism for resis-
tance. These thiols could bind to platinum and prevent it
from attaining its target, DNA. If resistant cells possess
higher levels of sulfur-containing compounds, one could ex-
pect to find a higher platinum concentration within resist-
ant cells, because these compounds could bind to platinum
in a detoxification mechanism. This is the case for com-
pounds 12 and 15. A possible explanation is that the inter-
actions of these compounds with DNA are very slow, thus
interactions of other intracellular ligands such as glutathi-
one become determinant. They are able to accumulate in
cells but are not very effective in binding to DNA and in-
hibiting cell growth.

In the cases of cisplatin, carboplatin, and compound 9
we have observed that the equal intracellular platinum
amounts are responsible for equal cytotoxicity. Thus, the
larger doses required in the case of resistant cells are neces-
sary to force the uptake, and, once inside cells, equal plati-
num amounts can produce equal binding to DNA and
equal cytotoxic effects. Sadowitz et al.[35] have shown that at
low concentrations of cisplatin, endogenous thiols intercept
cellular platinum, but this mechanism is not relevant at
CDDP concentrations within the therapeutic range.

Conclusion

This work describes the synthesis and characterization
of different amine-ligand derivatives of 1,2-ethylenediamine,
and also the preparation and characterization of their re-
spective platinum() complexes.

Concerning the dinuclear platinum complexes, the intro-
duction of a spacer (cycle) between the two platinum atoms
leads to a significant decrease in cytotoxic activity. This
finding is very important in guiding further design of dinu-
clear platinum compounds aimed at treating cancer.

Experimental Section
Reagents: All chemicals were of reagent grade and were used with-
out further purification.

Starting Materials

Compound 3: Imidazole (2.82 g, 41.6 mmol), triphenylphosphane
(10.92 g, 41.6 mmol), and iodine (10.6 g, 41.6 mmol) were added
to a solution of trans-1,4-bis(hydroxymethyl)cyclohexane (2) (2.0 g,
14 mmol) in toluene (50 mL). The reaction mixture was stirred at
60 °C in an oil bath for 2 h. The solution was cooled, treated with
an aqueous solution of sodium bisulfite and extracted with toluene
(3×50 mL). The organic phases were combined and concentrated.
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The crude product was purified on silica gel using n-hexane as the
eluent to give 3 in 92% yield (4.65 g, 12.77 mmol).

Compound 8:[29] Methanolic sodium methoxide (25 mmol of so-
dium in 10 mL of methanol) was slowly added to a solution of
ditosylate 7 (5 g, 10.35 mmol) in methanol (15 mL). The reaction
was stirred for 30 min at room temperature, concentrated under
reduced pressure and added to chloroform (10 mL). The resulting
precipitate was collected and washed, and the filtrate was concen-
trated under reduced pressure to give 8 in quantitative yield.

Synthesis of Ligands

Ligand a: This ligand was prepared by following the procedure de-
scribed in ref.[26]

General procedure for the preparation of ligands b–g is shown in
Scheme 1.

The corresponding halide or epoxide (10 mmol) was slowly added
to a solution of ethylenediamine (6.7 mL, 100 mmol) in ethanol
(20 mL) over 5 h. The reaction mixture was stirred for 12–24 h un-
der reflux, evaporated under reduced pressure, and the residue puri-
fied on silica gel using dichloromethane/methanol as the eluent.
Yields: (b) 1.37 g (60%), (c) 1.18 g (50%), (d) 1.56 g (70%), (e)
1.20 g (54%), (f) 0.18 g (11%), and (g) 1.54 g (70%)

(b): IR (KBr): ν̃max = 2925, 2853, 1634, 1401, 1350, 1037, 772 cm–1.
1H NMR (200 MHz, CD3OD): δ = 3.25 (m, 8 H, CH2N), 1.38 (m,
6 H, CH, CH2 cyclohexyl) ppm. 13C NMR (50 MHz, CD3OD): δ
= 54.0 (CH2NHCH2CH2NH2), 44.7 (NHCH2), 36.5 (CH2NH2),
35.4, 28.6 (cyclohexyl) ppm.

(c): IR (KBr): ν̃max = 2933, 1646, 1543, 1506, 1313, 1160, 1108,
1019, 859, 757 cm–1. 1H NMR (200 MHz, CD3OD): δ = 7.79 (d, 2
H, H-2, H-6, J = 8.0 Hz), 7.55 (d, 2 H, H-3, H-5, J = 8.0 Hz) ppm.
13C NMR (50 MHz, CD3OD): δ = 170.6 (C=O), 134.6, 134.0,
130.1, 128.1 (Ph), 51.0 (CH2Ph), 44.0, 39.3 (CH2NH), 37.4, 35.7
(CH2NH2) ppm.

(d): IR (KBr): ν̃max = 2948, 2821, 1594, 1384, 1352, 1247, 1055,
774, 669 cm–1. 1H NMR (200 MHz, CD3OD): δ = 7.32 (s, 4 H,
CH), 3.74 (s, 4 H, CH), 3.74 (s, 4 H, CH2Ph), 2.71 (t, 8 H, NHCH2,
CH2NH2) ppm. 13C NMR (50 MHz, CD3OD): δ = 139.7, 129.6
(Ph), 54.1 (CH2Ph), 51.8 (NHCH2), 41.7 (CH2NH2) ppm.

(e): IR (KBr): ν̃max = 2950, 2820, 1592, 1386, 1352, 1248, 1055,
772, 669 cm–1. 1H NMR (200 MHz, CD3OD): δ = 7.44 (m, 4 H,
Ph), 4.17 (s, 4 H, CH2Ph), 3.11 (m, 8 H, NHCH2, CH2NH2) ppm.
13C NMR (50 MHz, CD3OD): δ = 136.6, 132.9, 130.4 (Ph), 52.2
(CH2Ph), 46.6 (CH2NH), 39.5 (CH2NH2) ppm.

(f): IR (KBr): ν̃max = 2948, 1594, 1383, 1352, 1058, 775, 667 cm–1.
1H NMR (200 MHz, CD3OD): δ = 7.21 (m, 4 H, Ph), 4.04 (s, 4 H,
CH2Ph), 3.09 (m, 4 H, NHCH2, CH2NH2) ppm. 13C NMR
(50 MHz, CD3OD): δ = 140.4, 130.0, 124.6 (Ph), 59.9 (CH2Ph),
53.5 (CH2NH), 39.1 (CH2NH2) ppm.

(g): IR (KBr): ν̃max = 3403, 2936, 2862, 1648, 1573, 1460, 1343,
1301, 1151, 1052, 958 cm–1. 1H NMR (200 MHz, CD3OD): δ =
3.92 (m, 1 H, H-3), 3.70 (t, 1 H, H-4), 3.13 (t, 1 H, H-5), 2.64 (m,
4 H, CH2NH, CH2NH2), 1.80 (m, 4 H, H-2, H-2�, H-6, H-6�) ppm.
13C NMR (50 MHz, CD3OD): δ = 76.7, 71.1, 68.5, 65.6 (C-1, C-3,
C-4, C-7), 63.8, 59.8, 44.0 (C-5, CH2N), 38.7, 36.7 (C-2, C-6) ppm.

Synthesis of Complexes 9–15

Complex 9: Prepared following the procedure described in ref.[26]

Complexes 10–15 (Scheme 2): The appropriate ligand (1 mmol), dis-
solved in water (5 mL), was slowly added to a solution of K2PtCl4
(0.830 g, 2 mmol) in water (10 mL). After stirring for 24 h in the
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dark at room temperature, the solid that formed was filtered off,
washed with water, and dried. In the case of complexes 14 and 15
only 1 mmol of K2PtCl4 was used. Yields: (10) 0.47 g (62%), (11)
0.25 g (50%), (12) 0.69 g (92%), (13) 0.32 g (42%), (14) 0.17 g
(40%), (15) 0.364 g (75%).

(10): IR (KBr): ν̃max = 3270, 2910, 2846, 1628, 1313, 1045, 827, 549,
326 cm–1. 195Pt NMR (86 MHz, [D6]DMSO) (DMSO = dimethyl
sulfoxide): δ = –2380 ppm. C12H28N4Pt2Cl4 (760.18): calcd. C
18.95, H 3.68, N 7.37; found C 19.15, H 3.86, N 7.35.

(11): IR (KBr): ν̃max = 3207, 3114, 2923, 2847, 1639, 1541, 1462,
1306, 1188, 1060, 1014, 861, 759, 569, 317 cm–1. 1H NMR
(400 MHz, [D6]DMSO): δ = 2.83, 3.59 (m, 4 H, CH2NH,
CH2NH2), 4.25 (m, 4 H, CH2Ph), 5.08, 6.29 (s, 3 H, NH, NH2),
7.95 (m, 4 H, Ar) ppm. 13C NMR (100 MHz, [D6]DMSO): δ =
54.3–45.6 (CH2NH, CH2NH2), 61.1 (CH2Ph); 128.0–130.4
(Ar) ppm. 195Pt NMR (86 MHz, [D6]DMSO): δ = –2018 ppm.
C12H20N4PtCl2 (486.21): calcd. C 28.69, H 3.98, N 11.15; found C
29.03, H 3.86, N 11.45.

(12): IR (KBr): ν̃max = 3130, 3056, 2984, 2952, 2883, 1643, 1451,
1287, 1189, 1064, 1018, 954, 853, 759, 576, 501, 324 cm–1. 1H NMR
(400 MHz, [D6]DMSO): δ = 2.53 (m, 8 H, CH2NH, CH2NH2),
3.98 (s, 4 H, CH2Ph), 5.30, 6.25 (s, 4 H, NH2), 6.38 (s, 2 H, NH),
7.56 (m, 4 H, Ph) ppm. 13C NMR (100 MHz, [D6]DMSO): δ =
43.8, 44.7 (CH2NH2), 45.6, 46.9 (CH2NH), 54.3, 54.9 (CH2Ph),
130.4–136.7 (Ar) ppm. C12H22N4Pt2Cl4 (754,14): calcd. C 19.10, H
2.92, N 7.43; found C 19.45, H 2.86, N 7.75.

(13): IR (KBr): ν̃max = 3259, 3192, 3109, 2954, 2885, 2858, 1586,
1441, 1191, 1164, 1064, 762, 531, 314 cm–1. 1H NMR (400 MHz,
[D6]DMSO): δ = 3.40 (m, 4 H, CH2NH2); 3.80 (m, 4 H, CH2NH);
4.30 (s, 4 H, CH2Ph); 5.52 (s, 4 H, NH2); 5.80, 6.30 (s, 2 H, NH);
7.50 (m, 4 H, Ar) ppm.

(14): IR (KBr): ν̃max = 3200, 3116, 2949, 1622, 1313, 1158, 1049,
978, 926, 894, 823, 749, 609, 409 cm–1. 1H NMR (400 MHz, [D6]-
DMSO): δ = 2.51, 2.84 (2m, 4 H, CH2NH2); 4.25, 4.45 (2d, 2 H,
CH2N); 4.25, 4.45, 4.87, 4.97 (4d, 4 H, CH2Ph), 5.52 (s, 1 H, NH2),
6.31 (s, 1 H, NH2), 7.28 (m, 4 H, Ph) ppm. 13C NMR (100 MHz,
[D6]DMSO): δ = 44.7 (CH2NH2), 46.2 (NCH2), 64.4, 65.4
(CH2Ph), 122.9–136.7 (Ar). C10H14N2PtCl2 (428.13): calcd. C
28.04, H 3.27, N 6.54; found C 28.40, H 2.96, N 6.75.

(15): IR (KBr): ν̃max = 3415, 3269, 3197, 2958, 2928, 1140, 1034,
1018, 716, 549, 326 cm–1. C9H20N2O4PtCl2 (486.17): calcd. C 22.20,
H 4.12, N 5.76; found C 22.15, H 3.86, N 5.75.

Cell Lines and Cultures

The GLC4 cell line was derived from pleural effusion of a patient
with small-cell lung carcinoma in the laboratory of Prof. E. G. E.
de Vries (Department of Internal Medicine, University Hospital,
Groningen, The Netherlands). The GLC4/CDDP was obtained in
the same laboratory by continuous exposure to CDDP. No amplifi-
cation of the MDR gene or expression of P-glycoprotein was found
in the GLC4/CDDP subline.

The cell lines were cultured in an RPMI 1640 (Sigma Chemical
Co.) medium supplemented with 10% fetal calf serum (Biomedia
Co.) at 37 °C in a humidified 5% CO2 atmosphere. Cultures grow
exponentially from 105 cells/mL to about 106 cells/mL in 3 d. Cell
viability was checked by Trypan blue exclusion. The cell number
was determined by Coulter counter analysis. For the cytotoxicity
assessment, 1×105 cells/mL were cultured for 72 h in the absence
and the presence of various concentrations of each platinum-based
compound. The sensitivity to the drug was evaluated by the drug
concentration that inhibits cell growth by 50%, IC50. A resistance
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factor (RF) was obtained by dividing the IC50 of resistant cells by
the IC50 of sensitive cells. The RF to cisplatin is 6.3.

Stock solutions of compounds 9, 12, and 15 were prepared in a
mixture of water/DMSO (90:10). In the cytotoxic assays, the final
concentration of DMSO was below 1.5%.

Cellular Accumulation

Cells were incubated with different complex concentrations for 3 d.
After incubation, an aliquot was removed, washed twice with ice-
cold PBS (phosphate-buffered saline), and the pellet mineralized in
65% HNO3. The platinum concentration was determined by
atomic absorption spectroscopy with a Varian model Zeeman 220
spectrophotometer equipped with a graphite tube atomizer and an
autosampler. The heating program consisted of sequential drying
(85 °C for 5 s, 95 °C for 40 s, and 95 °C for 20 s), an ashing stage
(500 °C for 5.0 s followed by 15 s at 1100 °C), and atomizing at
2500 °C for 5 s.
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In a CH2Cl2 solution, under an atmospheric pressure of 13CO,
the bridging and terminal CO ligands of the cobalt complex
[µ2-{ethoxycarbonyl(methylene)}-µ2-(carbonyl)bis(tricarbon-
ylcobalt)(Co–Co)] (1) exchange with external 13CO at the
same rate. The overall rate of CO exchange is kobs (10 °C) =
9.4×10–3 s–1 and kobs (25 °C) = (20.1±1.2) ×10–3 s–1. In the
presence of excess ethanol diethyl malonate (DEM),
EtO2

13CCH2CO2Et is formed from 1 at a much smaller rate
[kDEM (10 °C) = 0.40×10–5 s–1 and kDEM (25 °C) =
(1.2±0.1)×10–5 s–1]. On the other hand, the complex [di-µ2-
{ethoxycarbonyl(methylene)}bis(tricarbonylcobalt)(Co–Co)]

Introduction

In the course of the past decades several dicobalt car-
bonyl complexes having no more than one or two carbene
ligands have been prepared and the crystal structures of
some representative examples determined.[1] In most of
these complexes the substituted methylene- and vinylidene-
type carbenes are in a bridging position between the two
cobalt atoms,[2–18] while in a few recent examples N-hetero-
cyclic carbene(s) are in terminal positions.[19,20]

Diverse methods of preparation have been applied to ob-
tain dicobalt carbonyl carbene complexes. In the case of 1
and 2 (see Scheme 1) the two µ2-CO ligands in Co2(CO)8

were replaced effectively one by one by ethoxycarbonylcar-
bene[18] using the carbene transfer reaction[21] between ethyl
diazoacetate and Co2(CO)8.

The complexes [µ2-{ethoxycarbonyl(methylene)}-µ2-(car-
bonyl)bis(tricarbonylcobalt)(Co–Co)] (1) and [di-µ2-
{ethoxycarbonyl(methylene)}bis(tricarbonylcobalt)(Co–Co)]
(2) were found to be intermediates in the octacarbonyldico-
balt-catalyzed carbonylation of ethyl diazoacetate to ethyl
malonic acid derivatives.[18] The key step in these carbon-
ylation reactions is the facile coupling of carbon monoxide

[a] Department of Organic Chemistry, University of Veszprém,
8201 Veszprém, Hungary
E-mail: ungvary@almos.vein.hu (F. Ungváry)

[b] Research Group for Petrochemistry of the Hungarian Academy
of Sciences,
8201 Veszprém, Hungary

Eur. J. Inorg. Chem. 2006, 1875–1880 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1875

(2) does not exchange its CO ligands for 13CO at all at 10 or
25 °C. In the presence of excess ethanol, diethyl malonate
with natural isotopic distribution, and 13CO, ligands contain-
ing complex 1 are formed simultaneously and at the same
rate, which is kobs (10 °C) = (15.2±1.1)×10–5 s–1 and kobs

(25 °C) = (33.5±1.8)×10–5 s–1. Variable temperature 13C NMR
spectra of 1 and 2 reveal fluxional behavior for both com-
plexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

with the bridging carbene ligand to form the highly reactive
ethoxycarbonyl ketene,[22] which rapidly converts in the
presence of a suitable scavenger to the corresponding malo-
nic acid monoethyl ester derivative. For example, using eth-
anol as the scavenger results in the formation of diethyl ma-
lonate [Equations (1) and (2)].

(1)

(2)
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Applying 13CO in the gas phase, as in Equations (1) and

(2), a clear decision could be made as to whether 13CO from
the gas phase or the CO from the complexes is incorporated
into the diethyl malonate product.

Results and Discussion

The infrared spectrum of a solution of 1 in dichloro-
methane under an atmosphere of 13CO changes rapidly
with time. Next to the original terminal carbonyl absorp-
tions at 2112, 2075, 2048 cm–1, and next to the bridging
carbonyl absorption at 1853 cm–1, several new initially
rapidly growing bands in the terminal ν(C�O) range and
one in the bridging ν(C=O) range appeared immediately af-
ter exposing the solution to 13CO. The well separated bridg-
ing ν(12C=O) and ν(13C=O) bands at 1853 and 1810 cm–1,
respectively, were suitable for quantitative analysis and to
calculate the rate of 13CO exchange. The strongly overlap-
ping various terminal ν(C�O) bands prevented the calcula-
tion of the concentrations of the different 13CO containing
species. However, the relative intensity values of the dif-
ferent totally symmetric bands of the complexes containing
one, two, three, four, and five 13CO ligands at 2112, 2107,
2101, 2096, and 2090 cm–1, respectively, could be estab-
lished. From the beginning of the reaction a parallelity of
the growing amounts of complexes having 13C in the bridg-
ing CO and the shift of the relative intensity values of the
total symmetric bands is observed (see Table 1). Therefore
the extent of 13CO incorporation as calculated from the in-
tensity of the ν(13C=O) band reflects the overall level of
13CO incorporation in complex 1. Because there is no per-
ceptible difference in the 13CO exchange rate of the bridging
and the terminal CO ligands it can be concluded that the
intramolecular exchange of the different CO groups in com-

Table 1. The amount of 13CO found in the µ2-position of Co2(CO)6(µ2-CO)(µ2-CHCO2Et) (1) (0.0224 mmol) in a CH2Cl2 solution
(7.0 cm3), and the observed relative intensity values of the total symmetric ν(C�O) bands in the reaction with CH2Cl2-saturated 13CO
(99% 13C) (0.30 mmol) at 10 °C and 740 Torr total pressure at various reaction times.

Reaction 13CO Relative intensity values of the observed total
time found in the symmetric ν(C�O) bands at:
[s] µ2-position[a] 2112 2107 2101 2096 2090 (2087)[b] 2080 [cm–1]

[mmol]

97 0.0035 10.0 7.4 2.2 0.5
150 0.0051 6.1 10.0 7.7 2.7 0.4
195 0.0066 5.1 10.0 9.1 4.6 1.0
240 0.0076 3.1 8.7 10.0 6.0 1.6
296 0.0087 2.0 7.3 10.0 7.6 2.7
341 0.0095 1.2 6.0 10.0 8.9 3.9
389 0.0099 0.8 5.0 10.0 9.5 5.1
428 0.0105 0.6 4.4 9.5 10.0 6.0
465 0.0110 0.5 3.8 8.8 10.0 6.4
508 0.0116 2.1 8.0 10.0 6.8
548 0.0120 2.1 7.8 10.0 7.5
596 0.0123 2.0 7.5 10.0 7.6
635 0.0128 2.0 7.3 10.0 8.0
686 0.0130 7.1 10.0 8.2
731 0.0132 6.6 10.0 8.5
2028 0.0146 4.5 9.4 10.0 1.7

[a] Calculated from the intensity value of the observed ν(13C=O) band at 1810 cm–1 using εM = 916 cm2/mmol. [b] Shoulder. Its relative
intensity value could not be established.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1875–18801876

plex 1 is much faster than the rate of 13CO incorporation.
This is in agreement with the fluxional behavior deduced
from the results of the variable temperature 13C NMR ex-
periments of 1 in CD2Cl2 solutions. At ambient tempera-
ture we observed only one coordinated carbonyl resonance
at δ = 201.85 ppm, which splits at 185 K into resonances
at 195.65, 196.95, 198.16 ppm (three different terminal CO
ligands), and 227.26 ppm (bridging CO) showing virtually
2:2:2:1 integral ratios.

From the data in Table 1 the overall rate of 13CO ex-
change of complex 1 was calculated as kobs (10 °C) =
9.4×10–3 s–1. This rate is about 50% higher than that for
Co2(CO)8 extrapolated at 10 °C from literature values[23] or
as measured by us in order to check our technique applied
in the present work. The CO-exchange reaction of Co2(CO)8

with external CO and the fluxional behavior of Co2(CO)8

have been intensively investigated in the past On the basis
of X-ray structure determination it is known that Co2(CO)8

in the solid state exists exclusively in the form of a bridged
isomer with two µ2-CO and six terminal CO ligands.[24] In
solution this bridged isomer is in fast equilibrium with two
nonbridged isomers.[25] The fast inter-conversion of the
bridged and nonbridged structures makes it understandable
that in the slower exchange reaction with external CO all
eight CO ligands exchange at the same rate.[23] Because the
rate of CO exchange was found not to depend on the CO
concentrations it was concluded that the CO exchange hap-
pens by a dissociative mechanism with the involvement of
a Co2(CO)7 intermediate.[23] A similar mechanism might be
operating in the case of complex 1, which involves the rate-
determining formation of a coordinative unsaturated
Co2(CO)6(CHCO2Et) intermediate that takes up CO in a
fast reaction. A very fast intramolecular exchange of the
bridging and terminal CO ligands distributes labeled car-
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bon monoxide statistically in the bridging and terminal po-
sitions.

In the presence of ethanol, the reaction of carbon mon-
oxide with complex 1 results in the formation of Co2(CO)8

and diethyl malonate [Equation (2)]. The data in Table 2
show that complex 1 reacts three orders of magnitude
slower to form diethyl malonate and Co2(CO)8 than in the
13CO-exchange reaction. Under an atmosphere of 13CO,
owing to the preceding fast 13CO-exchange and the subse-
quent slow diethyl malonate formation, we could not decide
whether complex-bound 13CO or external 13CO is incorpo-
rated in the EtO2

13CCH2CO2Et product. Performing the re-
action of 1 with ethanol under an atmosphere of argon
leads to reaction products of Co4(CO)12 and diethyl malon-
ate [Equation (3)], as seen from the growing intensities of
bands in the infrared spectra of the reaction solution with
elapsing reaction time at 2065 and 2055 cm–1 [most inten-
sive ν(C�O) bands of Co4(CO)12 in CH2Cl2] and at 1749
and 1732 cm–1 [ν(C=O) bands of EtO2CCH2CO2Et]. This
result strongly suggests that the source of CO is one of the
coordinated carbonyls in complex 1.

(3)

The reaction of complex 2 with ethanol under an atmo-
sphere of argon gave 1 and diethyl malonate [Equation (4)].
The amount of complex 1 formed in the reaction [Equa-
tion (4)] was found to be only about 70% of that expected
according to the stoichiometry. A reason for this might be

Table 2. Initial rate of the overall 13CO incorporation (rin) and the observed rate constant (kobs = rin/[1]) in the reaction of complex 1
with 13CO at 740 Torr total pressure in CH2Cl2 solution, and the initial rate of diethyl malonate formation (rDEM) and the observed rate
constant (kDEM = rDEM/[1]) in the presence of ethanol.

Temperature [1] [EtOH] rin ×105 kobs ×103 rDEM ×107 kDEM ×105

[°C] [mol/dm3] [mol/dm3] [mol/dm3 s] [1/s] [mol/dm3 s] [1/s]

10 0.0032 0.000 3.0 9.4 – –
10 0.0166 0.070 – – 0.66[a] 0.40[a]

25 0.0030 0.000 5.9 19.7 – –
25 0.0030[b] 0.070 – – 0.39 1.30
25 0.0061 0.070 11.7 19.2 0.71 1.16
25 0.0142 0.070 30.3 21.3 1.67 1.18
25 0.0142 0.070 4.40[c] 3.10[c]

[a] Reaction was started under an atmosphere of CO instead of 13CO. [b] Using Co2(13CO)7(CHCO2Et) with 63% 13C enrichment of the
coordinated carbonyl ligands. [c] Reaction was started under argon.

Table 3. The initial rate of diethyl malonate formation (rDEM), the observed rate constant (kDEM = rDEM/[2]), the initial rate of complex
1 formation (r2�1), and the observed rate constant (k2�1 = r2�1/[2]) in the reaction of complex 2 with 13CO at 745 Torr total pressure
in CH2Cl2 solution.

Temperature [2] [EtOH] rDEM ×107 kDEM ×105 r2�1 ×107 k2�1 ×105

[°C] [mol/dm3] [mol/dm3] [mol/dm3 s] [1/s] [mol/dm3 s] [1/s]

10 0.0166 0.070 27.0 16.3 26.4 15.9
10 0.0063 0.070 9.5 15.1 8.9 14.2
10 0.0166 0.070 9.13[a] 5.5[a] 3.3[a] 2.0[a]

10 0.0063 0.000 3.2 5.1
25 0.0063 0.070 21.7[b] 34.4[b] 20.5[b] 32.6[b]

[a] Reaction was started under argon. [b] Reaction was started under CO.
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that the missing amount served, by decomposition, as a CO
source for complex 1.

(4)

In the absence of ethanol complex 2 and CO convert to
complex 1 and the ethoxycarbonyl ketene dimer [one char-
acteristic ν(C=O) band is at 1733 cm–1] according to Equa-
tion (5).

(5)

Performing the reaction in Equation (1) under an atmo-
sphere of 13CO results in the formation of the 13C-labeled
complex 1 and diethyl malonate with a natural abundance
of 13C; these compounds were simultaneously observed in
the infrared spectrum of the reaction solution. Thus, the
several new ν(13C�O) absorptions in the 2107–1959 cm–1

range and the one new ν(13C=O) absorption at 1810 cm–1

could be assigned to complex 1, and the new ν(C=O) ab-
sorptions at 1749 and 1732 cm–1 are characteristic of
EtO2CCH2CO2Et. The observed rate of formation of com-
plex 1 and that of diethyl malonate in Equation (1) was
found to be practically the same (see Table 3). The GC-MS
analysis of the reaction product confirmed the presence of
diethyl malonate showing an identical mass spectrum to
that of an authentic sample and the published mass spec-
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trum.[26] As the reaction progressed the ν(C�O) range in
the infrared spectrum became very complex with the ap-
pearance of various 13CO-containing 1 products in the reac-
tion solution. However, the ν(C�O) bands of the starting
complex 2 at 2112 and 2080 cm–1 are well recognized until
the conversion according to Equation (1) is complete. This
means that in contrast to complex 1 no 13CO incorporation
takes place in complex 2 during the contact with external
13CO. Hence, the source of CO involved in the formation
of diethyl malonate is one of the coordinated carbon mono-
xide ligands of complex 2.

Complex 2 in solution shows fluxional behavior. In
CDCl3 at ambient temperature only one coordinated car-
bonyl resonance at δ = 196.63 ppm can be seen in the 13C
NMR spectrum. However, in CD2Cl2 solution at 200 K this
resonance splits into resonances at 195.91 and 197.84 ppm
with an integral ratio of 1:2. GIAO NMR shielding calcula-
tions gave the same qualitative results (see Table 4).

Table 4. GIAO and experimental 13C chemical shifts δ [ppm]
and intensity ratios (in parenthesis) of the coordinated carbonyl
ligands of Co2(CO)8, Co2(CO)7(CHCO2Et) (1), and Co2(CO)6-
(CHCO2Et)2 (2).

Complex Calculated 13C chemical shifts Experimentally
at the B3LYP/6-31G* level of found 13C chemical
theory shifts

Co2(CO)8 193.3, 201.3, 237.8 (1:2:1) 182, 234 (approxi-
mately 4:1)[a]

1 195.9, 199,7, 205.2, 195.65, 196.95,
234.8 (2:2:2:1) 198.16,

227.26 (2:2:2:1)[b]

2 200.5, 201.5 (1:2) 195.91, 197.84 (1:2)[b]

[a] See ref.[32] [b] This work.

Conclusions

The results of experiments with complex 1 and 2 in the
presence and in the absence of the reagents 13CO, CO, and
ethanol suggest that the origin of the new organic carbonyl
group, formed through the coupling of CO and a µ2-ethoxy-
carbonylcarbene ligand of the complexes, is one of the com-
plex-bound carbonyl ligands and not an external CO.

Experimental Section
General Comments: Handling of Co2(CO)8 and other carbonyl co-
balt complexes was carried out in an atmosphere of dry (P4O10)
and deoxygenated (BTS contact, room temp.) argon or carbon
monoxide utilizing standard Schlenk techniques.[27] Solvents were
dried and distilled under an atmosphere of argon according to stan-
dard procedures.[28] IR spectra were recorded with a Thermo Nico-
let Avatar 330 FTIR spectrometer using 0.00265, 0.00765, 0.02095,
or 0.05097 cm CaF2 solution cells, calibrated by the interference
method.[29] 13C NMR spectra were recorded with a Bruker
400 MHz spectrometer at 100 MHz using CD2Cl2 as the solvent.
Chemical shifts δ are reported in ppm relative to CH2Cl2 (δ =
53.10 ppm). The GC-MS analyses were performed with an HP
5890 instrument equipped with a mass-selective detector working at
70 eV. Octacarbonyldicobalt[30] and the µ2-ethoxycarbonylcarbene

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1875–18801878

complexes 1[18] and 2[18] were prepared by literature procedures.
13CO was obtained from Sigma–Aldrich.

13CO Exchange Experiment with Co2(CO)8: The 13CO exchange re-
actions were performed in a magnetically stirred thermostatted
glass reactor (18, 35, or 61 cm3 total volume), equipped with a gas
inlet and with a silicon disk port. The gas inlet was connected
through a two-way stopcock to a vacuum pump and a 13CO-filled
gas burette. A stainless-steel cannula connected to a 3-port T-valve
was immersed close to the bottom of the reactor through the silicon
disk. A Hamilton TLL syringe (2.5 cm3 volume) and the IR cell
(through a PTFE tube) were connected to the two other ports of
the valve. Samples from the reaction mixture for IR analyses were
withdrawn through the stainless steel cannula, and pumped into
the IR cell continuously by using the Hamilton TLL syringe, al-
lowing the liquid sample to return from the IR cell to the reactor
through a second PTFE tube. The solvent and the solution of the
reactant were added to the 13CO-filled reactor through the silicon
disk using Hamilton TLL syringes. IR spectra were recorded at
every minutes or less. The initial rates of 13CO exchange were calcu-
lated from the intensity values of the ν(13C=O) band using the first
3 to 8 points. The εM of the ν(13C=O) band was calculated from
the known εM value of the ν(12C=O) band[18,31] by multiplying it
with the mass correction value (12/13)–0.5 = 0.96077. In a typical
experiment using the reactor with a 35-cm3 total volume, the reac-
tor and its connected parts were first evacuated then filled with
13CO, and CH2Cl2 (4.5 cm3) was added. After stirring at 10 °C for
10 min the reaction was started by injection of Co2(CO)8

(0.064 mmol) in a precooled CH2Cl2 solution (2.5 cm3). Infrared
spectra were recorded from four scans after 38, 75, 114, 164, 207,
253, 297, 345 s, and so on, until 13CO enrichment of 65% had been
reached. The rate constant of the overall 13CO exchange
(6.0±1.2)×10–3 s–1 was calculated from the initial changes of the
Co2(CO)8 concentration as obtained from the intensity values mea-
sured at 1847 cm–1 (εM = 938 cm2/mmol), or that of Co2(13CO)x-
(CO)8–x from the intensity values measured at 1807 cm–1 (εM =
902 cm2/mmol) by dividing the observed initial rate by the initial
Co2(CO)8 concentration.

13CO Exchange Experiments with Complex 1: In a typical experi-
ment using the reactor with an 18-cm3 total volume, the reactor
and its connected parts were first evacuated and then filled with
13CO (740 Torr total pressure), and then CH2Cl2 (4.5 cm3) was
added. After stirring at 10 °C for 10 min the reaction was started
by injection of a precooled solution of complex 1 (0.0224 mmol) in
CH2Cl2 (2.5 cm3). Infrared spectra were recorded from four scans
after 97, 150, 195, 240, 296, 341 s, and so on (see Table 1), until a
13CO enrichment of 63% had been reached in ca. 34 min. The rate
constant of the overall 13CO incorporation (9.4×10–3 s–1) was cal-
culated from the initial changes of the concentration of complex 1,
as obtained from the intensity values measured at 1853 cm–1 (εM =
953 cm2/mmol), or that of Co2(13CO)x(CO)7–x(CHCO2Et) from the
intensity values measured at 1810 cm–1 (εM = 916 cm2/mmol), by
dividing the observed initial rate by the initial concentration of
complex 1.

At higher initial concentrations of complex 1 and at 25 °C the reac-
tor with a volume of 35 or 61 cm3 was used in order to achieve at
least 50% 13CO enrichment at the end of the reaction.

Diethyl Malonate Formation from Complex 1 and Ethanol under
13CO: Absolute ethanol (0.029 cm3, 0.496 mmol) was added to a
solution of complex 1 in CH2Cl2 (7.0 cm3, 0.003 mol/dm3) with
62.6% 13C-enrichment, obtained in a reactor with a 61-cm3 volume
at 25 °C under a 13CO atmosphere in 10 min. The initial rate of
diethyl malonate formation (rDEM) was calculated from the inten-
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sity values measured at 1749 cm–1 (εM = 579 cm2/mmol, unlabeled
diethyl malonate), at 1731 cm–1 (εM = 597 cm2/mmol, 62.6% 13C-
labeled and 37.4% unlabeled diethyl malonate), and at 1713 cm–1

(εM = 640 cm2/mmol, 13C-labeled diethyl malonate) The observed
rate constant (kDEM) was obtained from the initial rate of diethyl
malonate formation by dividing it with the initial concentration of
complex 1. The GC-MS analyses of the diethyl malonate product
show an M+· peak at m/z = 161, and the characteristic fragment
peaks: M – 27, M – 45, and M – 72 at m/z = 134, 116, and 89,
respectively.

Diethyl Malonate Formation from Complex 1 and Ethanol under Ar:
Absolute ethanol (0.031 cm3, 0.531 mmol) was added to a solution
of complex 1 (0.1075 mmol) in CH2Cl2 (7.5 cm3) under an atmo-
sphere of argon at 25 °C, and the initial rate of diethyl malonate
formation (rDEM) and the observed rate constant (kDEM) were de-
termined as described above but using the intensity values mea-
sured at 1749 and 1732 cm–1.

Attempted 13CO Exchange Experiments with Complex 2: In a typi-
cal experiment using the reactor with a 35-cm3 total volume, the
reactor and its connected parts were first evacuated and then filled
with 13CO (745 Torr total pressure), and finally CH2Cl2 (4.3 cm3)
was added. After stirring at 10 °C for 10 min the reaction was
started by injection of a precooled solution of complex 2
(0.0475 mmol) in CH2Cl2 (3.2 cm3). Infrared spectra were recorded
from 16 scans after 2, 10, 15, 20 min, and so on, until almost all
of complex 2 was converted to complex 1 (8 h), afterwhich conver-
sion could be followed by the gradual decrease of intensity of the
characteristic bands of complex 2 at 2112 cm–1 (εM = 1100 cm2/
mmol) and 2080 cm–1 (εM = 3768 cm2/mmol) and the increase of
intensity of the characteristic ν(C=O) bands of the labeled and un-
labeled complex 1 at 1810 cm–1 (εM = 916 cm2/mmol) and
1853 cm–1 (εM = 953 cm2/mmol), respectively. At the end of the
reaction 57% 13CO enrichment of complex 1 was found based on
the intensity values measured at 1853 and 1810 cm–1. From the
initial rate of the formation of complex 1 (r2�1 = 3.2×10–7 mol/
dm3 s) the observed rate constant (k2�1 = 5.1×10–5 s–1) was calcu-
lated by dividing the observed initial rate by the initial concentra-
tion of complex 2.

Diethyl Malonate Formation from Complex 2 and Ethanol under
13CO: In a typical experiment the reactor (35-cm3 total volume)
and its connected parts were first evacuated and then filled with
13CO until a barometric pressure of 740 Torr. CH2Cl2 (1.0 cm3) and
absolute ethanol (0.033 cm3, 0.565 mmol) were added. After stir-
ring at 10 °C for 10 min the reaction was started by injection of
complex 2 (0.133 mmol) into a precooled CH2Cl2 solution
(7.0 cm3) maintaining the pressure in the reactor at 740 Torr by
means of the connected gas burette. Infrared spectra were recorded
from four scans after 61, 107, 164, 221, 300, 427, 530, 645, 750,
865 s, and so on, until the infrared spectrum showed no more
changes in the 2200–1600 cm–1 range (3.5 h). The rate constant for
the formation of EtO2CCH2CO2Et was calculated from the initial
changes of its concentration as obtained from the intensity values
measured at 1749 cm–1 (εM = 579 cm2/mmol) and at 1732 cm–1 (εM

= 666 cm2/mmol) by dividing the observed initial rate by the initial
concentration of complex 2. The GC-MS analyses of the diethyl
malonate product show an M+· peak at m/z = 160, and the charac-
teristic fragment peaks: M – 27, M – 45, and M – 72 at m/z = 133,
115, and 88, respectively.

Diethyl Malonate Formation from Complex 2 and Ethanol under Ar:
Absolute ethanol (0.033 cm3, 0.565 mmol) was added to a solution
of complex 2 (0.133 mmol) in CH2Cl2 (8.0 cm3) under an atmo-
sphere of argon at 10 °C, and the initial rate of diethyl malonate
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formation (rDEM) and the observed rate constant (kDEM) were de-
termined as described above using the intensity values of diethyl
malonate measured at 1749 and 1732 cm–1.

Variable-Temperature 13C NMR Spectra of Complex 1 and 2: From
freshly chromatographed dichloromethane solutions of complex 1
and 2, or from 13CO enriched samples of complex 1 (see above),
0.25 mol/dm3 solutions in CD2Cl2 were prepared by removing the
dichloromethane solvent at –5 °C in vacuo (17 Torr) and dissolving
the oily residue in CD2Cl2 under an atmosphere of argon. The 13C
NMR spectra were recorded at 273, 233, 200, and 185 K.
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New complexes of fullerenes C60 and C70 with metal dialkyl-
dithiocarbamates, [M(R2dtc)x]·[C60(70)]·[Solvent], R = Et [M =
CuII (C60, 1; C70, 2), CuI (C60, 3; C70, 4), AgI (C60, 5), ZnII (C60,
6), CdII (C60, 7; C70, 8), HgII (C60, 9), MnII (C70, 10)], R = Et and
Me [M = CuII (C60, 11), and ZnII (C60, 12)], and R = nPr [M =
CuII (C60, 13), NiII (C60, 14), and PtII (C60, 15)] were obtained.
M(R2dtc)x efficiently cocrystallized with fullerene molecules as
tetrahedral monomers (6, 12), dimers (1, 7, 11), and tetramers
(3, 4). Fullerene molecules form closely packed hexagonal and
square layers in 1, 7, and 11, hexagonal and tetragonal 3D
structures in 6 and 12, and island motifs in 3 and 4. Complexes
1–15 have a neutral ground state. However, the formation of
the complexes with fullerenes changes the environment of
paramagnetic CuII and MnII. The EPR spectra of 1, 2, 11, and
13 are essentially modified relative to those of pristine
Cu(R2dtc)2 because of a weak coordination of CuII to fullerene

Introduction
Fullerenes form a wide variety of donor-acceptor com-

plexes ranging from molecular to ionic ones[1–3] with dif-
ferent classes of organic and organometallic donors: aro-
matic hydrocarbons,[4] amines,[5–7] tetrathiafulvalenes,[6,8]
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and a flattening of the central (NCS2)2Cu fragments. Complex
10 shows a spectrum exhibiting features from 50 to 600 mT
and manifests strong antiferromagnetic coupling of spins with
a Weiss temperature of –96 K and the maximum of magnetic
susceptibility at 46 K. Such magnetic behavior can be ex-
plained by the formation of [Mn(Et2dtc)2]2 dimers in 10. The
illumination of the crystals of 1, 2, and 7 by white light results
in up to a 103 increase in photocurrent. The photoconductivity
spectra have maxima at 470, 450–650, and 660 nm for 1, 2,
and 7, respectively. Photogeneration of free charge carriers is
realized by photoexcitation of Cu(Et2dtc)2 in 1 and 2, and by
charge transfer from Cd(Et2dtc)2 to C60 molecules in 7. The
decrease of photocurrent in 1 and 7 in a weak magnetic field
with B0 � 0.5 T was found.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

porphyrins and metalloporphyrins,[9–11] porphyrazines,[12]

metallocenes,[13–17] and others.[6] Great interest in fullerene
complexes was evoked by their intriguing properties. Ionic
compounds show ferromagnetism[5] and reversibly form σ-
bonded structures.[15–17] Neutral complexes were also used
as templates for the preparation of fullerene polymers.[18]

They can manifest photoconductivity[19] and excited ionic
states upon photoexcitation by white light.[20] The variation
of a donor component allows one to affect the packing of
fullerene molecules in a crystal, the charged state of fuller-
enes and, consequently, the properties of the resulting com-
plexes. The search for new classes of donor molecules for
the preparation of fullerene complexes can result in the de-
sign of new promising compounds. Recently, we have found
that dimeric copper() diethyldithiocarbamate, Cu(Et2dtc)2,
co-crystallizes with fullerenes to form a molecular complex,
[Cu(Et2dtc)2]2·C60, with a layered structure.[21] This work
was extended to metal() dithiocarbamates with bulkier
benzyl substituents (abbreviation: Bnz), namely,
Cu(Bnz2dtc)2, Ni(Bnz2dtc)2, Pd(Bnz2dtc)2, and Pt(Bnz2dtc)2.
They co-crystallize with C60 to form M(Bnz2dtc)2·
C60·(C6H5Cl)0.5 complexes.[22] In contrast to dimeric
Cu(dedtc)2, M(Bnz2dtc)2 are monomers with planar confor-
mation of the central (NCS2)2M fragment, which is charac-
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teristic of NiII, PdII, and PtII dithiocarbamates.[23–27] More-
over, Pd(Bnz2dtc)2 forms a multi-component ionic complex
containing C60 and bis(benzene)chromium ion-radicals:
[CrI(C6H6)2

·+]·(C60
·–)·[Pd(Bnz2dtc)2]0.5. The complex dem-

onstrates unusual low-temperature dimerization of C60
·–

with a relatively large hysteresis and the decrease of the di-
merization temperature at a fast cooling rate.[22] Thus, metal
dialkyldithiocarbamates, M(R2dtc)x, can successfully be
used in the design of molecular and ionic complexes with
fullerenes. It should be noted that although we have known
about M(R2dtc)x for a long time, their donor-acceptor com-
plexes with π-acceptors are rare. To our knowledge, only
some complexes of molybdenum and tungsten dialkyldithio-
carbamates with tetracyanoquinodimethane were de-
scribed.[28,29]

M(R2dtc)x can easily be modified. It is possible to vary
molecular structures of M(R2dtc)x by changing “M” or the
length of alkyl substituents (R). Donor properties of
M(R2dtc)x can also be varied from weak donors to strong
ones[30] potentially able to ionize fullerenes. Some of
M(R2dtc)x have broad absorption in the visible range or
outstanding magnetic properties [for example, FeIII-
(Et2dtc)2Cl is the first single-component ferromagnet with
Tc = 2.46 K][31] and, therefore, they can be used as light
harvesting or magnetic components for the complexes.

In the present work we studied the effect of M(R2dtc)x

(depending on M and R) on composition, structure, elec-
tronic, and physical properties of their complexes with
fullerenes. We used monomeric, dimeric, and tetrameric
M(R2dtc)x and varied the length of alkyl (R) substituents
(Me, Et, and nPr). M(R2dtc)x were both weak and strong
donors. The interaction of C60 with the strongest donors
(CuI, MnII, CoII, and VII diethyldithiocarbamates) was
studied in benzonitrile solution. Fifteen complexes of C60

and C70 with CuII, CuI, AgI, ZnII, CdII, HgII, MnII, NiII,
and PtII dialkyldithiocarbamates were obtained and charac-
terized in the solid state. The composition of the complexes
was determined from elemental analysis and X-ray diffrac-
tion on single crystals. Crystal structures of seven com-
plexes were solved. FTIR- and UV/Visible-NIR spectra of
the complexes were studied. Magnetic properties of the
complexes with M(R2dtc)x (M = CuI, CuII, and MnII) were
investigated by SQUID and EPR techniques. Photoconduc-
tivity of single crystals of four C60 and C70 complexes with
Cu(Et2dtc)2 and Cd(Et2dtc)2 was studied upon illumination
with white light. The comparison of the photoconductivity
and the absorption spectra allows one to suggest the mecha-
nisms of free charge carrier generation. The effect of mag-
netic field with B0 � 0.5 T on photoconductivity was deter-
mined.

Results and Discussion

1. Interaction of Fullerenes with Metal(II)
Diethyldithiocarbamates in Solution

The interaction of the strongest M(Et2dtc)2 donors (M =
CuI, MnII, CoII, and VII) with C60 was studied in solution.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1881–18951882

C60 and a fivefold molar excess of the corresponding
M(Et2dtc)x were dissolved in benzonitrile at 60 °C over 2 h,
the solutions were cooled down, filtered off, and the spectra
of the resulting solutions were measured in anaerobic con-
ditions in the 600–1600 nm range. CuI, CoII, and VII di-
ethyldithiocarbamates reduce C60 to a radical anion, and
an absorption band characteristic of C60

– is manifested at
1070 nm. On the contrary, Mn(Et2dtc)2 cannot reduce C60.
These observations are in agreement with redox potentials
of metal() dithiocarbamates. Related octahedral MIII-
(dtc)3

1–/0 (M3+/M2+ transition) are reduced at –0.77 V for
V3+/2+, and –0.92 V for Co3+/2+, whereas the reduction po-
tential for Mn3+/2+ (–0.08 V) is shifted to positive values (all
vs. Ag/AgCl).[30] C60 has the first E0/– potential at
–0.485 V(vs. Ag/AgCl).[32]

2. Synthesis of Solid Complexes

The complexes obtained and the data from the elemental
analysis are listed in Table 1. The ability of M(R2dtc)x to
co-crystallize with C60 and C70 as well as the composition
of the complexes depend on the metal (M) and the length
of the alkyl substituents (R). Pristine M(R2dtc)2 (R = Et,
nPr) have different conformations of the central (NCS2)2M
fragment. Ni(R2dtc)2 and Pt(R2dtc)2 have square planar
conformation.[23–27] Zn(R2dtc)2,[33–35] Cd(R2dtc)2,[36,37] and
Fe(Et2dtc)2

[38] are dimers with a tetrahedral environment of
MII. Mn(Et2dtc)2 is a polymer with an octahedral environ-
ment of MnII.[39] Hg(R2dtc)2

[40–42] and Cu(R2dtc)2
[43] have

both square planar or square pyramidal dimeric conforma-
tions.

M(Et2dtc)2 (M = CdII, HgII, and MnII) co-crystallize
with fullerenes in dimeric conformation to form 1:2 [C60/
M(R2dtc)2] complexes. As this takes place, Cd(Et2dtc)2, and
Mn(Et2dtc)2 precipitate C60 and C70 complexes from C6H6,
C6H5Cl, and C6H4Cl2 solutions in nearly a quantitative
yield [a similar ability was found for Fe(Et2dtc)2]. On the
contrary, square planar Ni(Et2dtc)2, and Pt(Et2dtc)2 or Co-
(Et2dtc)2 and V(Et2dtc)2, which reduce C60 in solution, do
not form crystals of the complexes with fullerenes.

Elongation of alkyl substituents in M(nPr2dtc)2 drasti-
cally changes their complex formation with fullerenes.
Ni(nPr2dtc)2 and Pt(nPr2dtc)2 with square planar confor-
mation form 2:1 [C60/M(nPr2dtc)2] complexes with C60.
Similarly, among different metal() dibenzyldithiocarba-
mates only Ni(Bnz2dtc)2, Pd(Bnz2dtc)2, and Pt(Bnz2dtc)2

with the same conformation co-crystallize with C60.[22] It is
interesting to note that Cu(R2dtc)2 form 1:2, 2:1, and 1:1
[C60:Cu(R2dtc)2] complexes independently of the R (MeEt,
Et, nPr, and Bnz) length. It seems possible that Cu-
(R2dtc)2 in the complexes with fullerenes can adopt both
square planar[43,44] and square pyramidal dimeric confor-
mations.[43]

The crystals of the complexes were obtained by the evap-
oration of solutions containing fullerenes and correspond-
ing donors. We used the diffusion method to prepare the
complexes with air-sensitive M(R2dtc)x and Cd(Et2dtc)2.
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Table 1. Data of elemental analysis for 1–15.

Elemental analysis found/calcd. Color and shape
C [%] H [%] N [%] Cl [%] S [%] M [%]

[Cu(Et2dtc)2]2·C60
[a] [21] 1 66.46 3.08 4.10 0 black hexagonal

66.70 2.77 3.88 0 17.77 8.88 plates
[Cu(Et2dtc)2]·(C70)2·(C6H5Cl)0.5 2 83.54 2.24 1.75 0.91 black prisms

83.51 1.42 1.77 1.12 8.12 4.06
{[CuI(Et2dtc)]4}5·(C60)3·(C6H4Cl2)4

[a] 3 51.71 3.11 3.75 5.58 black prisms
50.75 3.19 4.14 4.21 18.93 18.78

{[CuI(Et2dtc)]4}5·(C70)3·(C6H4Cl2)4
[a] 4 53.68 2.97 3.50 4.64 black prisms

53.26 3.03 3.93 3.93 17.97 17.83
AgI(Et2dtc)·C60·C6H6 5 82.14 1.48 1.33 – black prisms

80.85 1.52 1.32 – 6.07 10.24
Zn(Et2dtc)2·C60·(C6H5Cl)0.5·(C6H6)0.5

[a] 6 According to X-ray diffraction data brown prisms
{Cd(Et2dtc)2}2·C60

[a] 7 61.02 3.04 3.79 – red-brown rhombus
61.50 2.67 3.73 – 17.09 15.01

{Cd(Et2dtc)2}2·C70 8 64.41 3.32 3.38 �0.7 red-brown rhombus
65.20 2.41 3.33 0 15.45 13.57

{Hg(Et2dtc)2}2·C60 9 56.00 2.35 3.37 – black hexagonal
55.02 2.39 3.34 – 15.29 23.96 plates

{Mn(Et2dtc)2}2·C70 10 68.88[b] 2.59 3.69 0 black elongated
parallelepipeds

70.05 2.98 3.63 0 16.60 7.13
[Cu(EtMedtc)2]2·C60

[a] 11 66.13 2.21 4.01 – black rhombus
65.92 2.31 4.04 – 18.49 9.24

[Zn(EtMedtc)2]3·(C60)2
[a] 12 According to X-ray diffraction data black rhombus

[Cu(nPr2dtc)2]·(C60)2 13 86.74 1.48 1.44 0 thin needles
86.67 1.51 1.51 0 6.89 3.42

[Ni(nPr2dtc)2]·(C60)2 14 87.01 1.50 1.47 0 thin needles
86.91 1.50 1.50 0 6.88 3.21

[Pt(nPr2dtc)2]·(C60)2 15 80.81 2.30 1.70 0 thin needles
80.93 1.41 1.41 0 6.44 9.81

[a] The composition of the complex was proved by X-ray diffraction on single crystals. [b] A smaller content of carbon relative to the
calculated values may have been caused by the addition of oxygen during elemental analysis because of the high air-sensitivity of
Mn(Et2dtc)2.

3. Crystal Structures

Main geometric parameters of M(R2dtc)x and van der
Waals (vdW) contacts in the complexes with fullerenes are
listed in Table 2. Molecular structures of M(R2dtc)x are
shown in Figure 1.

The crystal structure of [Cu(Et2dtc)2]2·C60 (1) has been
described previously.[21]

[Cd(Et2dtc)2]2·C60 (7) has a crystal structure similar to
that of 1. Cd(Et2dtc)2 and C60 molecules are ordered at
120 K. Complex 7 has a layered structure (Figure 2, parts
a and b), in which layers of closely packed C60 molecules
alternate with those composed of Cd(Et2dtc)2 dimers. Each
C60 molecule has four neighbors in the layer with the short-
est interfullerene center-to-center distance of 9.99 Å along
the diagonal to the bc-plane (Figure 2, b). This distance is
close to that in pure C60 crystals at 153 K (9.94 Å).[45] The
vdW C···C contacts are 3.33–3.77 Å. Two other neighbor-
ing fullerenes are arranged in the c-direction with a center-
to-center distance of 10.54 Å (longer than the vdW dia-
meter of C60 molecules of 10.18 Å). Therefore, C60 mole-
cules have a square arrangement in the layers.

The projection of the Cd(Et2dtc)2 layer on the C60 one is
shown in part b of Figure 2. The central CdS4 fragments
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are arranged strictly above the C60 spheres, whereas flexible
ethyl substituents occupy available cavities in the C60 layers.
The effective packing of Cd(Et2dtc)2 and C60 molecules in a
crystal is attained due to a butterfly shape of Cd(Et2dtc)2

dimers (Figure 1), which allows them to encapsulate C60

molecules (Figure 2, c).
The packing of Cd(Et2dtc)2 dimers in the layer has a par-

quet-like motif (Figure 2, b). The shortest Cd···C(C60) con-
tacts of 3.587 and 3.592 Å are formed with two carbon
atoms of the 6–6 bond of C60. These contacts are noticeably
longer than the Cu···C(C60) contacts in 1 (3.334 and
3.379 Å).[21] Co-crystallization of Cd(Et2dtc)2 with C60 does
not affect its geometry. The pristine donor has a dimeric
structure with a nearly tetrahedral environment of CdII with
three short equatorial bonds and one short axial bond (an
average length is 2.575 Å). One equatorial bond is notice-
ably longer than the other ones (2.812 Å).[36] The dimeric
structure of Cd(Et2dtc)2 is retained in 7. Averaged lengths
of three short equatorial bonds and one short axial bond
are nearly the same (2.577 Å), but the long equatorial bond
is elongated to 2.877 Å. Two of four ethyl groups of
Cd(Et2dtc)2 are directed towards the fullerene layer in 7
(Figure 2, c), whereas in 1 three of four ethyl groups of
Cu(Et2dtc)2 are directed towards the fullerene layer.[21]
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Table 2. Geometric parameters for metal dialkyldithiocarbamates in the complexes with fullerenes.

Complex 1 11 7 3 4 6 12
Geometry Dimer Dimer Dimer Tetramer[a] Tetramer[a] Tetrahedral Tetrahedral

monomer monomer[b]

Bond lengths [Å]
1 2.3354(8) 2.3057(15) 2.8771(10) 2.245(3)– 2.247(3)– 2.3449(9) 2.340(3)
2 2.2978(8) 2.3361(12) 2.544(9) 2.281(3) 2.278(3) 2.3390(9) 2.343(3)
3 2.2994(9) 2.3389(12) 2.5333(10) 2.3425(10) 2.394(3)
4 2.3218(8) 2.3177(14) 2.6330(10) 2.3350(9) 2.357(3)
5 3.030(1) 2.7869(12) 2.5988(12) – –
6 1.725 (3) 1.718(5) 1.758(4) 1.705(4) 1.695(13)
7 1.722(3) 1.707(5) 1.714(3) 1.700(10)– 1.698(11)– 1.735(3) 1.712(14)
8 1.720(3) 1.717(6) 1.737(3) 1.764(10) 1.777(10) 1.733(3) 1.743(12)
9 1.724(3) 1.724(5) 1.717(4) 1.733(6) 1.1.754(11)
10 1.321(4) 1.328(7) 1.337(4) 1.324(4)– 1.317(14)– 1.340(5) 1.281(14)
11 1.320(4) 1.335(7) 1.331(5) 1.335(4) 1.342(15) 1.326(4) 1.355(16)
M···S (1–4) aver. 2.3135 2.3246 2.6468 2.2567 2.2618 2.3403 2.358

Bond angles [°]
1 76.90(3) 76.73(5) 66.67(3) 122.6(1)– 121.83(11)– 77.89(3) 78.17(12)
2 77.06(3) 76.44(5) 70.29(3) 123.18(11) 123.65(10) 78.29(3) 78.15(13)
3 164.84(3) 162.67(6) 143.80(3) 127.18(4) 129.21(13)
4 173.00(3) 169.49(5) 157.64(4) 128.19(4) 130.28(12)

M···M distances [Å] 3.529(1) 3.561(2) 3.802(2) tetrahedron tetrahedron – –
2.5855(17)– 2.5698(18)–
2.6239(17) 2.6306(18)

Donor–Fullerene interactions, shortest vdW contacts

M···C(Ful.) [Å] 3.269, 3.307 3.334, 3.379 3.587, 3.592 4.800, 4.838 4.437,4.476 3.659, 3.822 3.66–3.94
S···C(Ful.) [Å] 3.52–3.89 3.52–3.95 3.51–3.80 3.59–3.99 3.66–3.84 3.35–3.76 3.43–3.63
N···C(Ful.) [Å] 3.68–3.81 3.72–3.77 3.52–3.77 3.89–3.95 3.66–3.95 3.37–3.52 3.65–3.75
H···C(Ful.) [Å] 2.84–2.94 2.97–3.00 2.86–3.13 2.92–3.26 2.78–3.08 2.95–3.13 3.06–3.28

Fullerene–Fullerene interaction

Packing of hexagonal hexagonal square layers, isolated isolated hexagonal, 3D, tetragonal, 3D,
fullerenes layers, layers, 4 neighbors 6 neighbors 4 neighbors

6 neighbors 6 neighbors

Interfullerene 10.02 (×4), 9.89 (×4), 9.99 (×4) shortest 13.5 shortest 13.5 10.38 (×2), 9.83, 9.86,
center-to-center 10.25 (×2) 10.02 (×2) 10.13, 9.93, 9.88, 10.09
distances [Å] 9.81, 9.74

Interfullerene C···C 3.329–3.466, 3.276–3.410, 3.328–3.770, – – 3.250–3.360 3.269–3.410
contacts [Å] – 3.392–3.470 –

[a] The ranges for the bond lengths and angles are given for 3 and 4. [b] The bond lengths and angles for Zn(EtMedtc)2 are given for
one of three crystallographically independent molecules.

[Cu(EtMedtc)2]2·C60 (11) is isostructural to 1. The substi-
tution of two of four ethyl groups by methyl ones results in
the decrease of the unit cell parameters of 11 relative to
those of 1 (see Table 4). C60 and Cu(EtMedtc)2 molecules
are ordered. Complex 11 also has a layered structure (Fig-
ure 3, a and b) with six neighbors to each C60 molecule.
The shortest interfullerene center-to-center distances are
9.89 (four neighbors along the diagonal to the bc-plane)
and 10.02 Å (two neighbors in the c-direction; Figure 3, b).
For both cases the vdW C···C contacts between adjacent
fullerenes of 3.28–3.41 and 3.39–3.47 Å are shorter than
3.42 Å and center-to-center distances are close to the dis-
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tance in pure C60
[45] justifying the formation of closely

packed hexagonal layers.
The projection of the Cu(EtMedtc)2 layer on the C60

layer is shown in Figure 3, b. The central CuS4 fragments
arranged above C60 spheres allow two flexible ethyl groups
to occupy cavities in the C60 layers. C60 forms shortened
Cu···C(C60) contacts of 3.334 and 3.379 Å by two carbon
atoms of one 6–6 bond (Figure 3, b). VdW S, N and
H···C(C60) contacts are close to those in 1 and 7
(Table 2).

Cu(EtMedtc)2 has a dimeric structure in 11 with a square
pyramidal environment of CuII atoms (Figure 1) with four
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Figure 1. Molecular structures of M(R2dtc)x in the complexes with
fullerenes: {Cd(Et2dtc)2}2, {Cu(Et2dtc)2}2 and {Cu(EtMedtc)2}2

dimers; tetrahedral Zn(Et2dtc)2 and Zn(EtMedtc)2 monomers and
[CuI(Et2dtc)]4 tetramers.

short equatorial bonds (the average length is 2.325 Å) and
one relatively long axial bond (2.787 Å). Both ethyl groups
of Cu(EtMedtc)2 are directed towards the fullerene layer.

Thus, 1, 7, and 11 have similar crystal structures.
However, the differences in the molecular structures of
M(R2dtc)2 and the length of the alkyl substituents provide
their noticeable modifications. The packing motif of the ful-
lerene layer changes from closely packed hexagonal layers
in 11, to intermediate layers in 1 (four and two neighbors
with 10.02 and 10.25 Å center-to-center interfullerene dis-
tances)[21] and finally to square layers in 7. The character
of M(R2dtc)2-fullerene interactions also changes. Weakly
bound Cu(R2dtc)2 dimers with relatively long axial bonds
have a more planar shape of the (NCS2)2M fragments than
those in strongly bound Cd(Et2dtc)2 dimers with a short
axial bond. The dihedral angles between the NCS2M planes
are 160.9 and 158.6° in 1 and 11, and only 143.8° in 7 pro-
viding shorter Cu···C(C60) distances (by about 0.3 Å) in 11
and 1 than the Cd···C(C60) distances in 7. However, the
more concave surface of the Cd(Et2dtc)2 fragments results
in better conditions for the π-π interaction between the
NCS2Cd planes and two adjacent C60 hexagons (Figure 2,
c) since the dihedral angle of 143.8° is close to that between
adjacent C60 hexagons (138.5°). As a result, the NCS2Cd
planes and the C60 hexagons arrange parallel to each other
with the dihedral angles between them equal only to 0.8
and 8.2°. High steric complementarity is probably a reason
for the ability of Cd(Et2dtc)2 to quantitatively precipitate
C60 and C70 complexes from solutions. More planar
Cu(R2dtc)2 provides worse conditions for the π-π interac-
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Figure 2. Crystal structure of 7: the view of the unit cell on the ab-
(a) and bc-planes (b); a mutual arrangement of concave Cd-
(Et2dtc)2 fragments and a spherical C60 molecule (c).

tions in 1 and 11 with corresponding dihedral angles of 9.8,
13.6° and 9.5, 12.6°, respectively.

Zn(Et2dtc)2·C60·(C6H5Cl)0.5·(C6H6)0.5 (6) crystallizes in a
triclinic lattice. C60 and Zn(Et2dtc)2 molecules are ordered,
whereas C6H5Cl and C6H6 molecules share one position
with equal occupancies and are disordered. Complex 6 has
a unique cage structure with large channels along the a-axis
accommodating Zn(Et2dtc)2 and solvent molecules. The
channels are completely surrounded by the fullerene mole-
cules, which form a hexagonal 3D framework (Figure 4).
Each C60 molecule has six neighbors. The center-to-center
distances for three of them (9.74, 9.81, and 9.93 Å) are close
to that distance in pure C60,[45] whereas the other ones are
larger (10.38 Å ×2 and 10.13 Å). Shortened vdW C···C con-
tacts between the closest fullerenes are 3.250–3.360 Å.

Zn(Et2dtc)2 forms a complex with C60 in a monomeric
state with nonplanar pseudo-tetrahedral configuration of
ZnII (the dihedral angle between two NCS2Zn planes being
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Figure 3. Crystal structure of 11: the view of the unit cell of 11 on
the ac- (a) and bc-planes (b).

Figure 4. The view of the unit cell of 6 along the a-axis.
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91.5°) (Figure 1). This conformation is for the first time ob-
served for Zn(Et2dtc)2. Similar geometry of the (NCS2)2Zn
fragment was reported for Zn(Bnz2dtc)2 with bulky benzyl
substituents,[46] whereas pristine Zn(R2dtc)2 with R = Et,
nPr, iPr substituents have dimeric structures.[33–35]

Because of the tetrahedral geometry, only half of each
Zn(Et2dtc)2 molecule forms vdW contacts with C60

(Table 2). The closest Zn···C(C60) distances are 3.659 and
3.822 Å. The other half of the Zn(Et2dtc)2 molecule locates
above the adjacent Zn(Et2dtc)2.

The substitution of two ethyl groups by methyl ones
changes the packing motif in [Zn(EtMedtc)2]3·(C60)2 (12).
In contrast to previously described complexes, both C60

molecules are disordered at 90 K between two orientations
with 66/34 and 58/42% occupancies. These orientations are
linked by the rotation of the C60 molecule by 180° about
the axis passing through the centers of two oppositely lo-
cated 5–6 bonds. There is also certain disorder in the posi-
tions of ethyl and methyl groups in Zn(EtMedtc)2. The
complex has 3D packing of fullerenes, in which each C60

molecule has four neighbors and is located in the center of
a distorted tetrahedron. This 3D packing can be split in
strongly puckered C60 layers parallel to the ac-plane (Fig-
ure 5). Three neighbors are seen in this plane, whereas the
fourth neighbor is located in the adjacent layers. The center-
to-center distances are in the 9.83–10.09 Å range (the vdW
radius of C60 is 10.18 Å) and the shortest C···C contacts lie
in the 3.27–3.41 Å range. The cavities in the 3D framework
are occupied by Zn(EtMedtc)2 molecules. One Zn-
(EtMedtc)2 molecule arranges parallel to the ac-plane and
two other ones are perpendicular to this plane (Figure 5).
Because of the strong puckering of fullerene layers, each
Zn(EtMedtc)2 molecule forms vdW contacts with four ful-
lerene ones. The Zn···C(C60) distances of 3.66–3.94 Å are
similar to those in 6.

Figure 5. The view of the crystal structure of 12 on the ac-plane.
C60 molecules occupy two levels. Molecules belonging to one level
are connected by thin lines.

{[CuI(Et2dtc)]4}5·(C60)3·(C6H4Cl2)4 (3) and {[CuI-
(Et2dtc)]4}5·(C70)3·(C6H4Cl2)4 (4) are isostructural and have
high-symmetry cubic unit cells with parameters of
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43.7822(4) (3) and 44.2911(3) (4) Å and unusually great vol-
umes of 83925.3(13) (3) and 86885.9(10) Å (4). Two sym-
metrically independent C60 molecules are disordered. One
of them is located on a twofold axis and the other molecule
is on a fourfold axis. Because of the disorder, C60 molecules
have two and four orientations, respectively. [CuI(Et2dtc)]4
and solvent C6H4Cl2 molecules are located in general posi-
tions and are ordered.

The complexes have an island motif of fullerene packing
with the shortest interfullerene center-to-center distances of
13.5 Å. Loose layers can be outlined in the bc-plane. The
main structural motif of these layers is shown in Figure 6.
There are large (right in Figure 6) and small (left in Fig-
ure 6) squares consisting of five and four fullerene mole-
cules. Each small square is surrounded by four large squares
and vice versa. As this takes place, both squares have one
common C60 molecule. Small squares accommodate five
[CuI(Et2dtc)]4 molecules, whereas large squares accommo-
date eight [CuI(Et2dtc)]4 and eight C6H4Cl2 molecules. It is
interesting that all eight C6H4Cl2 molecules surround one
C60 molecule (Figure 6). The adjacent fullerene layers in 3D
packing are arranged in such a way that large fullerene
squares are located above and below small fullerene
squares.

Figure 6. The view of the crystal structure of 3 on the bc-plane.

[CuI(Et2dtc)]4 is a tetramer containing four CuI(Et2dtc)
units (Figure 1). CuI atoms form a slightly distorted tetra-
hedron with the Cu···Cu distance of 2.5698(18)–
2.6306(18) Å. Each CuI atom forms three Cu–S coordina-
tion bonds of 2.245(3)–2.281(3) Å length. Therefore, the co-
ordination number of CuI is 3. Pristine CuI(Et2dtc) and
AuI(Et2dtc) form dimers,[47,48] and for AgI(Et2dtc) hexa-
mers and polymers are also known.[49,50] According to the
best of our knowledge, a tetrameric structure is for the first
time observed for CuI(Et2dtc). Probably, the formation of
complexes with C60 and C70 stabilizes the tetrameric struc-
ture. The Cu···C(C60) and Cu···C(C70) distances (4.80 and
4.44 Å), as well as the vdW N and S···C(fullerene) contacts
(Table 2) are large enough to show low efficiency of the π-
π interaction in 3 and 4.
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4. Magnetic Properties of the Complexes

EPR spectroscopy is a sensitive tool used to study
changes in a local environment of CuII atoms at the forma-
tion of fullerene complexes with Cu(R2dtc)2. Pristine
Cu(R2dtc)2 with R = Et, nPr possess dimeric structures
with square pyramidal geometry of CuII (the coordination
number is 5).[43] Such geometry is characterized by the EPR
spectrum shown in part a of Figure 7. Cu(EtMedtc)2 has
an asymmetric structure and as a result shows a more asym-
metric EPR signal (Supporting Information).

Figure 7. The EPR spectra of polycrystalline pristine Cu(Et2dtc)2

(a); 1 (b), and 2 (c) at 290 K.

The EPR signal of 1 (Figure 7, b) is noticeably different
from that of pristine Cu(Et2dtc)2. According to X-ray dif-
fraction data, Cu(Et2dtc)2 has a dimeric structure in 1 as
well.[21] However, noticeable changes are observed in the
environment of CuII. Weak axial coordination of CuII to
C60 with a rather short Cu···C(C60) distance of 3.27 Å en-
hances the asymmetry of the environment of CuII. This co-
ordination directs oppositely to the axial Cu–S bond and
results in noticeable elongation of this bond from 2.844(1)
in the pristine donor to 3.030(2) Å in 1. Consequently, the
central (NCS2)2Cu fragments become more planar in 1 than
in the pristine donor. Coordination of CuII to C60 is more
favorable for planar conformation of M(Et2dtc)2, and most
probably namely this coordination evokes the flattening of
the central (NCS2)2Cu fragments. The M···C(C60) distances
(3.587, 3.334, and 3.269 Å) decrease together with the flat-
tening of M(Et2dtc)2 fragments in the following order: 7,
11, and 1 (the length of axial M–S bonds are 2.599, 2.787,
and 3.030 Å, respectively).

The EPR spectra of [Cu(Et2dtc)2]·(C70)2·(C6H5Cl)0.5 (2,
Figure 7, c), [Cu(EtMedtc)2]2·C60 (11), and [Cu(nPr2dtc)2]·
(C60)2 (13) (for spectra of 11 and 13 see supporting infor-
mation) are also noticeably changed relative to those of
pristine Cu(R2dtc)2. These changes are similar to those ob-
served in the spectrum of 1 suggesting that weak coordina-
tion of CuII to fullerenes and a flattening of the central
(NCS2)2Cu fragments can be realized in these complexes as
well.
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Magnetic susceptibilities of 1 and 2 were measured from

300 down to 1.9 K and were shown to follow the Curie–
Weiss law with the small negative Weiss constants of –2.5 K
(1) and –2.0 K (2), which indicate only a weak antiferro-
magnetic interaction between CuII centers. Axial Cu–S
bonds transfer the magnetic interaction in the {Cu-
(Et2dtc)2}2 dimers and their elongation at the formation of
complexes with fullerenes can weaken the antiferromagnetic
interaction between CuII centers.

The spectrum of C60 and an excess of CuI(Et2dtc) in ben-
zonitrile shows that CT is realized from donor to fullerene
molecules in solution. To study CT in the solid state we
measured the EPR spectra (4–290 K) and magnetic suscep-
tibilities of {[CuI(Et2dtc)]4}5·(C60)3·(C6H4Cl2)4 (3) and
{[CuI(Et2dtc)]4}5·(C70)3·(C6H4Cl2)4 (4) in the 2–300 K
range. Pristine CuI(Et2dtc) is diamagnetic and EPR silent.
3 and 4 are also diamagnetic with temperature-independent
diamagnetic contributions of –0.00522 and –0.00666 emu/
mol–1. Paramagnetic contributions of the Curie impurities
are only 0.23 and 1.3% for 3 and 4. According to EPR at
290 K (two narrow lines with g1 = 2.0009 and g2 = 2.0025
for 3 and one narrow line with g = 2.0019 for 4) these impu-
rities originate mainly from defects.[51] Thus, in spite of the
observation of CT in solution, both complexes are molecu-
lar ones in the solid state. Most probably, this is associated
with the formation of [CuI(Et2dtc)]4 tetramers, whose shape
is unfavorable for effective CT to fullerene molecules.

It is known that pristine MnII(Et2dtc)2 has a polymeric
structure with a distorted octahedral environment of
MnII.[39] In EPR it shows a single Lorentzian line with g =
2.0115 and ∆H = 61.8 mT (Figure 8, a), which is character-
istic of this environment of MnII.[52] The formation of
{Mn(Et2dtc)2}2·C70 (10) results in considerable changes in
the EPR spectrum indicating noticeable modification of the
local environment of MnII. The EPR spectrum exhibits fea-
tures extending from 50 to about 500 mT (Figure 8, b).
Such a spectrum is typical for dinuclear MnII species[53] and
previously a very similar EPR spectrum has been observed,
for example, in a dinuclear MnII complex bridged by chlo-
rine atoms.[54] Magnetic susceptibility data provides evi-
dence of a strong exchange interaction between MnII cen-

Figure 8. The EPR spectra of polycrystalline pristine Mn(Et2dtc)2

(a) and polycrystalline 10 (b) at 290 K.
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ters. The magnetic moment of 10 is equal to 7.78 µB per
formula unit at 300 K, which is close to the calculated value
of 7.75 µB if two 5/2 spins contribute to magnetic suscep-
tibility. MnII spins interact antiferromagnetically in the
150–300 K range with a large negative Weiss constant of
–96 K and magnetic susceptibility decreases below 46 K
(Figure 9). Such exchange interactions between MnII can
be realized if Mn(Et2dtc)2 forms dimers in 10 [similar to
{Cd(Et2dtc)2}2 dimers in 7]. EPR data support this conclu-
sion. The EPR signal from Mn(Et2dtc)2 in 10 remains un-
changed qualitatively down to 4 K. No EPR signals attrib-
uted to C70

·– [55] were found indicating the absence of CT
to fullerene molecules. Thus, Mn(Et2dtc)2 cannot ionize C70

in the solid state. Similarly, MnIITPP (tetraphenylporphy-
rinate) (E+/0

1/2 = –0.23 V vs. SCE)[56] forms only molecular
complexes with fullerenes C60 and C70.[57]

Figure 9. Molar magnetic susceptibility of polycrystalline 10 in the
1.9–300 K range.

5. IR- and UV/Visible-NIR Spectra of the Complexes

The IR spectra of 1–15 (see Supporting Information) are
a superposition of those of pristine metal dithiocarbamates,
fullerenes, and solvent molecules. The positions of peaks in
the UV/Visible-NIR spectra of 1–15 and pristine donors are
listed in Table 3. The absence of absorption in the NIR
spectra of 1–15 at 1070 nm indicates neutral ground states
of the complexes. Pristine Cu(Et2dtc)2 has broad absorption
in the visible range with the maximum at 442 nm and a
shoulder at 660 nm (Figure 10, part 1, c). This absorption
retains in the spectra of the complexes with the maximum
at 437 nm (1, Figure 10, part 1, b) and 455 nm (2, Fig-
ure 10, part 1, a). The bands at 341 and 263 nm (1) and
230 nm (2) were ascribed to intramolecular transitions in
fullerenes.[58] The spectra of 6 (Figure 10, part 2, b) and 7
(Figure 10, part 2, a) also contain C60 absorption bands at
263 and 340 nm and a relatively weak band at 470 nm. The
latter band ascribed to intermolecular CT between neigh-
boring C60 molecules was also found in the spectra of fuller-
ene films.[59] A condition necessary for the observation of
this band in the solid-state spectra of the complexes is close
packing of fullerene molecules in the crystal.[7,60] Since C60

molecules are closely packed in 1, 7, and 6, this band can
manifest itself in their spectra. However, in the spectrum
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Table 3. UV/Vis-NIR spectra of the starting compounds and 1–15.

Compounds The bands of fullerenes M[d(alkyl)dtc]x CT bands [nm]
[nm] [nm] A (Full.) C (D.-Full.)

C60 262 s, 341 s 470 m
C70 –, 420 s, 540 m
Cu(EtMedtc)2 267 s, 438 s, ca. 660 w
Cu(Et2dtc)2 271 s, 442s, ca. 660 w
Cu(nPr2dtc)2 277 s, 449s, ca. 650 w
Ni(nPr2dtc)2 322 s, 389 s, 606 w
1 263 s[a], 341 s 263 s[a], 434 m[a], ca. 650 w –
2 383 s, 455 m[a] 455 m[a]

3 262 s, 340 m
4 383 s, 480 m
5 263 s, 334 s
6 261 s, 337 s
7 263 s, 340 s 470 w 610 w
8 379 s, 462 m
9 255 s, 332 s
10 388 s, 484 m
11 265 s[a], 337 s 265 s[a], 443 m[a], ca. 650 w –
12 261 s, 338 m
13 262 s[a], 341 s 262 s[a], 434 m,[a] ca. 615 w 434 m[a] 900 w
14 266 s, 340 s, ca. 605 w[a] 450 w ca. 770 w[a]

15 266 s, 340 s 450 w 650 w

[a] The bands overlap.

of 1 it is closed by absorption of Cu(Et2dtc)2. A similar
interfullerene CT band was reported for pristine C70 at
550 nm,[59] and it can also contribute to broad absorption
of 2 at 500–600 nm (Figure 10, part 1, a).

The spectrum of 7 additionally contains a broad weak
band at 610 nm (Figure 10, part 2, a). Because C60 and
Cd(Et2dtc)2 do not absorb noticeably in this range, it can
be attributed to intermolecular CT from Cd(Et2dtc)2 to C60.
The observation of this band is possible due to favorable π-
π interaction between Cd(Et2dtc)2 and C60 molecules (Fig-
ure 2, c). CT bands are absent in the spectra of 6 (Figure 10,
part 2, b) and 1–5, 8–12 (Supporting Information) indicat-
ing worse conditions for the π-π interaction between non-
planar MII(R2dtc)x and fullerenes. Absorption at 600–
700 nm in the spectra of 1, 2, and 11 was attributed mainly
to Cu(R2dtc)2 (a shoulder at 660 nm).

Several processes can occur at photoexcitation of 1, 2,
and 7 in the visible range. In 1 and 2 mainly photoexcitation
of CuII(Et2dtc)2 (437 and 660 nm) is realized together with
a minor contribution of intermolecular CT between neigh-
boring C60 and C70 molecules (470 and 550 nm, respec-
tively), whereas in 7 intermolecular CT from Cd(Et2dtc)2 to
C60 molecules (610 nm) and between C60 molecules
(470 nm) is mainly realized.

The absorption spectra of 13 and pristine Cu(nPr2dtc)2

are shown in part 3 of Figure 10. Additionally to absorp-
tion of Cu(nPr2dtc)2 in the visible range (Figure 10, part 3,
a, and Table 3), the intense band with the maximum at
900 nm (Figure 10, part 3, a) was attributed to CT from
the Cu(nPr2dtc)2 to the C60 molecules. Similar bands are
observed in the spectra of 14 and 15. Therefore, planar
M(nPr2dtc)2 have better conditions for the π-π interaction
with fullerenes than nonplanar M[(Et, Me)2dtc]2.
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6. Photoconductivity in C60 and C70 Complexes with
Cu(Et2dtc)2 and Cd(Et2dtc)2 (1, 2, 7, and 8)

According to the IR- and EPR data, 1, 2, 7, and 8 are
molecular complexes without CT in the ground state. The
crystals of 1, 2, and 7 have low “dark” conductivity σ �
10–10 to 10–11 S·cm–1. The photoexcitation of single crystals
of the complexes by white light from a 150 W halogen tube
with 1012 to 1014 photons/cm2·s intensity results in a 20–50-
fold increase in the photocurrent in 1, two orders of magni-
tude in 2, and three orders of magnitude in 7. These values
remain unchanged under the illumination of the crystals for
104 s and are completely reproducible. The crystals of 8 do
not show a noticeable increase in photocurrent at photoex-
citation.

Photoconductivity spectra of the complexes are shown in
Figure 11. Photoconductivity has maxima at 470 nm for 1,
450–650 nm for 2, and about 660 nm for 7. The comparison
of the photoconductivity spectra of 1, 2, and 7 with their
absorption spectra allows one to suppose the mechanisms of
free charge carrier generation. In 1 and 2 the main contri-
bution is given by the photoexcitation of Cu(Et2dtc)2 (440
and 660 nm) as well as interfullerene CT between neighbor-
ing C60 or C70 molecules (470 nm for 1 and 550 nm for 2,
Figure 11, a and b). The major contribution is given in 7 by
CT from the Cd(Et2dtc)2 to the C60 molecule (610 nm) with
a small contribution of interfullerene CT between neighbor-
ing C60 molecules (470 nm) (Figure 11, c). In spite of similar
crystal structures, the mechanisms of free charge carrier gen-
eration are different in 1 and 7. In 1 Cu(Et2dtc)2 has intense
absorption in the visible range, whereas Cd(Et2dtc)2 is trans-
parent in 7 in this range. However, steric compatibility of the
Cd(Et2dtc)2 and C60 molecules (Figure 2, c) provides better
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Figure 10. The UV/Visible-NIR spectra of: (1) 2 (a); 1 (b); and
pristine Cu(Et2dtc)2 (c). (2) 7 (a); and 6 (b). (3) 13 (a); and pristine
Cu(nPr2dtc)2 (b) in KBr pellets.

conditions for the π-π interaction and correspondingly for
intermolecular CT in 7 than in 1. Complex 8 has no CT
band in the visible range and as a result photoconductivity
was not found in this complex.

Photoconductivity of 1 and 7 is sensitive to weak mag-
netic field (MF) with B0 � 0.5 T (Figure 12). A negative
MF effect on photoconductivity is because of the reaction
involving triplet CT excitons and paramagnetic centers.
This interaction releases charges from deep-seated traps and
increases photocurrent. A collision of triplet CT-excitons
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Figure 11. Photoconductivity spectra of the crystals of 1 (a), 2 (b),
and 7 (c). The positions of the main peaks in the spectra are shown
by dashed lines.

with doublet paramagnetic species may lead either to spin-
independent triplet scattering or quenching. During
quenching a transition from the initial spin state, which is
a mixture of a doublet and a quartet, to a purely doublet
final state takes place:

The rate constant kL of the transition from each of the
six L-th initial spin states of an intermediate complex to a
final one depends on the amplitude of the doublet compo-
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Figure 12. Magnetic field (B0, T) dependence of photocurrent (I,
%) in 1 (a) and 7 (b).

nent therein. The total rate of exciton quenching by para-
magnetic impurity is:

where k1 and k–1 are rate constants of collision and back
scattering, respectively. The value of Q has a maximum,
when a doublet component is uniformly distributed over all
six substates, the minimum of Q is attained at the complete
separation of a doublet and a quartet. The quenching rate
is maximal in ZMF. With the application of an external
MF, the doublet component concentrates on four states and
the value of Q decreases together with the rate of dissoci-
ation of CT excitons and, consequently, a number of free
charge carriers. A similar negative MF dependence was
found in anthracene.[61]

Conclusions

We studied the formation of the complexes between me-
tal dialkyldithiocarbamates, M(R2dtc)x with R = EtMe
(CuII, ZnII); Et (CuII, CuI, AgI, ZnII, CdII, HgII, MnII, FeII,
CoII, VII, NiII, and PtII); nPr (CuII, CuI, ZnII, CdII, NiII,
and PtII) and fullerenes C60 and C70. It was shown that
M(R2dtc)x co-crystallize with fullerenes C60 and C70 to
form complexes of different structures and compositions
(1–15). Pristine M(R2dtc)x (R = Et, nPr) have a large vari-
ety of molecular structures in fullerene complexes, which
can be square planar or tetrahedral monomers, strongly
and weakly bound dimers and tetramers. Tetrahedral mo-
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nomeric conformations for Zn(EtMedtc)2 and Zn(Et2dtc)2

and tetrameric {CuI(Et2dtc)}4 were for the first time found
for these metal dithiocarbamates.

Butterfly-shaped [M{(Me, Et)2dtc}2]2 dimers (M = Cu
and Cd) form layered structures in 1, 7, and 11, where the
packing of C60 layers varies from a square to hexagonal
one. The dimeric structure of dithiocarbamates provides a
characteristic 1:2 composition of the complexes {Fullerene/
M[(Et, Me)dtc]2}. Complexes 8–10 have the same composi-
tion, and M(R2dtc)2 can have similar dimeric structures in
these complexes. This supposition was justified for 10 by
magnetic data. Cd(Et2dtc)2 has geometry conforming well
to the spherical shape of fullerene molecules and shows
high ability to nearly quantitatively precipitate C60 and C70

complexes from solutions. A similar ability was found for
Mn(Et2dtc)2 and Fe(Et2dtc)2. Monomeric Ni(nPr2dtc)2 and
Pt(nPr2dtc)2 with square planar conformation of the central
(NCS2)2M fragment form 12 and 13 with a 2:1 composition
[Fullerene/M(nPr2dtc)2]. Complexes 2 and 13 have the same
composition and the formation of Cu(Et2dtc)2 and
Cu(nPr2dtc)2 monomers can be supposed for these com-
plexes as well especially because pristine Cu(R2dtc)2 can
adopt a square planar conformation.[43,44] However, X-ray
diffraction data are needed to prove this supposition. Non-
planar tetrahedral Zn(EtMedtc)2 and Zn(Et2dtc)2 provide
3D packing of fullerenes with their tetrahedral and hexa-
hedral arrangements. Bulky [CuI(Et2dtc)]4 promotes an is-
land motif in fullerene packing.

Using M(Et2dtc)x with different donor ability (the
strongest donors contain M = CuI, CoII, VII, and MnII) we
found that CuI(R2dtc), Co(R2dtc)2, and V(R2dtc)2 reduce
C60 in benzonitrile. However, among these strong donors
only fullerene complexes with Mn(Et2dtc)2 and CuI(Et2dtc)
were obtained as crystals and no CT to fullerene molecules
was found in them. The EPR spectra of paramagnetic
Cu(R2dtc)2 and Mn(Et2dtc)2 noticeably change at the com-
plex formation with fullerenes most probably due to
changes in the environment of MII. The EPR spectra of 1,
2, 11, and 13 are noticeably modified relative to those of
pristine Cu(R2dtc)2. Such changes can be a result of ad-
ditional weak coordination of CuII to C60 and the flattening
of the central (NCS2)2Cu fragment. The changes in the
EPR spectrum of Mn(Et2dtc)2 at the formation of 10 are
most probably evoked by the transition from a polymeric
structure of pristine Mn(Et2dtc)2 with an octahedral envi-
ronment of MnII to the formation in 10 of {Mn(Et2dtc)2}2

dimers, in which strong antiferromagnetic exchange interac-
tion between MnII centers is possible.

The spectra of the complexes in the visible and NIR ran-
ges indicate their neutral ground state. Cu(R2dtc)2 (1, 2, 11,
and 13) and Ni(nPr2dtc)2 (14) absorb in the visible range,
whereas other M(R2dtc)2 are nearly transparent in this
range. In addition to the bands associated with intramo-
lecular transitions in fullerenes and M(R2dtc)x, the bands
associated with intermolecular CT between neighboring
fullerene molecules (at 470 nm for C60 and at 550 nm for
C70)[59] and CT from M(R2dtc)2 to fullerene molecules are
observed. The latter CT bands are observed only in the
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spectra of 7 and the complexes with planar M(nPr2dtc)2

(13–15). The other complexes demonstrate either weak or
no CT bands indicating worse conditions for the π-π inter-
action between fullerenes and nonplanar M(R2dtc)x. In ac-
cordance with the neutral ground state, the crystals of 1, 2,
and 7 show low dark conductivity of 10–10 to 10–11 S·cm–1.
The illumination of the crystals by white light with 1012 to
1014 photons/cm2·s intensity results in up to a 103 increase
in photocurrent. The photoconductivity spectra exhibit
maxima at 470, 450–650, and 660 nm for 1, 2, and 7, respec-
tively. Three processes generate free charge carriers in the
complexes. Photoexcitation of Cu(Et2dtc)2 contributes to
photoconductivity of 1 and 2 since this donor has intense
absorption in the visible range. A similar mechanism was
observed in Bz4BTPE·C60 {Bz4BTPE: tetrabenzo[1,2-
bis(4H-thiopyran-4-ylidene)ethane]},[62] and conjugated
polymer-fullerene composites.[63] CT from donor to fuller-
ene molecules contributes to photoconductivity of the com-
plexes with relatively intense CT bands in the visible-NIR
range: 7 and TBPDA·(C60)2 (N,N,N�,N�-tetrabenzyl-p-
phenylenediamine).[19] Interfullerene CT between neighbor-
ing fullerene molecules also contributes to photoconductiv-
ity in 1 and 7 as well as in pure fullerene crystals[64] and
films.[59] Common peculiarity of the C60 complexes showing
photoconductivity is a layered arrangement of fullerene and
donor molecules in a crystal, which allow the movement of
photogenerated carriers through the crystal. Weak MF with
B0 � 0.5 T differently affects photoconductivity of fullerene
complexes. We found negative (1 and 7) and positive
(Bz4BTPE·C60)[64] MF dependences as well as the field de-
pendence with sign inversion at 0.3 T [TBPDA·(C60)2].[19] A
variety of dependences indicates that the interaction of MF
with photogenerated excitons can be different in fullerene
complexes depending on the donor used. The mechanisms
of the effects of MF on photoconductivity involve triplet
CT excitons and paramagnetic centers[61] or the population
of a triplet state from a singlet one in MF.[65] Thus, fullerene
complexes with M{Et2dtc}2 and other M{R2dtc}x may be
a new wide family of photoactive compounds. A study of
the photophysical properties of these complexes is now in
progress.

Experimental Section
Materials: Sodium diethyldithiocarbamate trihydrate, [Na(Et2dtc)·
3H2O], was purchased from Aldrich and recrystallized from an ace-
tonitrile/benzene mixture. Sodium ethylmethyldithiocarbamate,
Na(EtMedtc), and sodium di(n-propyl)dithiocarbamate,
Na(nPr2dtc), were obtained by the reported procedure.[43] Carbon
disulfide (3.1 mL, 0.052 mol) and sodium hydroxide (50% aqueous
solution, 4 mL) were added to a stirred solution of R2NH
(0.05 mol) (R2NH=EtMeNH, Aldrich, and nPr2NH, Wako) in eth-
anol (5 mL) at T � 4 °C (ice bath). After stirring for 4–6 h at T �

4 °C Na(EtMedtc) precipitated as white crystals. Na(nPr2dtc) was
obtained by the evaporation of an ethanol/water solution without
heating. Pure Na(R2dtc) were obtained by recrystallization from
acetonitrile/benzene mixtures (50–80% yields). Air-sensitive
M(R2dtc)x compounds (R = Et, M = CuI, CoII, VII, FeII, and MnII;
R = nPr, M = CuI) were obtained by stirring anhydrous CuCl
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(100 mg), CoBr2 (150 mg), VCl2 (100 mg), FeBr2 (150 mg), and
MnI2 (150 mg) and x [x = 1 (CuI) or 2 (other metals)] molar equiv-
alents of Na(Et2dtc) in 10 mL of degassed acetonitrile over 4 h in
a glove box. M(R2dtc)x were precipitated from acetonitrile as light
yellow (CuI and MnII), light pink (FeII), dark green-brown (CoII),
and light brown (VII) powders together with NaCl(Br, I). The pre-
cipitates were washed with acetonitrile (3 mL) and dried.
NaCl(Br, I) as well as possible admixtures of unreacted MCl(Br, I)x

and Na(Et2dtc) were separated from M(R2dtc)x at a stage of com-
plex formation with fullerene because of their insolubility in o-
dichlorobenzene (C6H4Cl2). Air-stable M(R2dtc)2 (R = EtMe, M =
CuII, and ZnII; R = Et, M = CuII, ZnII, CdII, HgII, AgI, NiII, and
PtII; R = nPr, M = CuII, ZnII, CdII, NiII, and PtII) were obtained
in aqueous solution from CuBr2, ZnCl2, CdBr2·4H2O, Hg(NO3)2·
H2O, AgNO3, NiCl2, PtCl2, and Na(R2dtc).[43] M(R2dtc)2 were dis-
solved in hot chlorobenzene (C6H5Cl), filtered off from NaCl,
NaBr, or NaNO3 and the solvent was removed to dryness on a
rotary evaporator to yield pure M(R2dtc)2 with satisfactory elemen-
tal analyses (50–80% yield). C60 of 99.98% purity and C70 of 99.0%
purity were used from MTR Ltd. Solvents were purified under ar-
gon. C6H4Cl2 and C6H5Cl were distilled over CaH2. Hexane and
benzonitrile (C6H5CN) were distilled over Na/benzophenone. For
the synthesis of air-sensitive M(R2dtc)x (R = Et, M = CuI, CoII,
VII, FeII, and MnII; R = nPr, M = CuI) and the preparation of the
fullerene complexes, solvents were degassed and stored in a
MBraun 150B-G glove box with a controlled atmosphere with con-
tents of H2O and O2 of less than 1 ppm. The crystals of 3, 4, and
10 were stored in a glove box and were sealed in 2-mm quartz tubes
for EPR and SQUID measurements under 10–5 Torr. KBr pellets
for IR- and UV/Visible-NIR measurements were prepared in a
glove box.

Synthesis: The composition of 1–5, 7–11, and 13–15 was deter-
mined from the elemental analysis (Table 1) and was justified for
1, 3, 4, 6, 7, 11, and 12 by X-ray diffraction on a single crystal.

The crystals of 1, 2, 5, 6, 9, and 11–15 were obtained by a slow
evaporation of chlorobenzene solution (15 mL) containing C60

(25 mg, 0.0347 mmol) and two molar equivalents of M(R2dtc)x

(0.06940 mmol) over 1 week. The crystals precipitated were washed
with an excess of acetone (50–80% yield). The shapes of the crystals
are presented in Table 1.

The crystals of 3 and 4 were obtained under anaerobic conditions
by a slow diffusion of hexane (20 mL) in C6H4Cl2 solution (20 mL)
containing C60 (25 mg, 0.0347 mmol) (3) or C70 (20 mg,
0.0238 mmol) (4) and a fourfold molar excess of CuI(Et2dtc) in a
glass tube of 45 mL volume with a ground glass plug. After
1 month large black prisms of 3 and 4 were precipitated on the wall
of the tube (up to 0.5×0.5×0.8 mm3 size). The solvent was de-
canted and the crystals were washed with hexane (50–60% yield).

Cd(Et2dtc)2, Mn(Et2dtc)2, and Fe(Et2dtc)2 nearly quantitatively
precipitate C60 and C70 from different solvents (C6H6, C6H5Cl, and
C6H4Cl2). Because of this, the crystals of 7 and 8 were obtained by
the diffusion of a benzene solution (20 mL) of C60 (20 mg,
0.02775 mmol) (7) or C70 (20 mg, 0.0238 mmol) (8) in CHCl3 solu-
tion (20 mL) containing a twofold molar excess of Cd(Et2dtc)2. The
crystals precipitated on the wall of the tube after 1 month. They
were washed with acetone (70–90% yield).

The crystals of 10 were obtained similarly under anaerobic condi-
tions by the diffusion of benzene solution (20 mL) of C70 (20 mg,
0.0238 mmol) (8) into C6H4Cl2 containing a twofold molar excess
of Mn(Et2dtc)2. The crystals precipitated on the wall of the tube
after 1 month. They were washed with hexane (70% yield).
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Table 4. X-ray diffraction data for 1, 3, 4, 6, 7, 11, and 12.

1[21] 3 4

Structural formula [Cu(Et2dtc)2]2·C60 {[CuI(Et2dtc)]4}5·(C60)3·(C6H4Cl2)4 {[CuI(Et2dtc)]4}5·(C70)3·(C6H4Cl2)4

Empirical formula C80H40Cu2N4S8 C76H54Cl2Cu5N5S10 C83.50H54Cl2Cu5N5S10

Mr [g·mol–1] 1440.72 1746.41 1836.52
Crystal shape and color black hexagonal prisms black cubes black cubes
Size [mm×mm×mm] 0.40 × 0.30 × 0.25 0.50 × 0.40 × 0.40 0.40 × 0.30 × 0.30
Crystal system monoclinic cubic cubic
Space group P21/c Pn3̄n Pn3̄n
a [Å] 16.1948(8) 43.7822(4) 44.2911(3)
b [Å] 10.2552(5) 43.7822(4) 44.2911(3)
c [Å] 17.2192(9) 43.7822(4) 44.2911(3)
α [°] 90 90 90
β [°] 102.504(2) 90 90
γ [°] 90 90 90
V [Å3] 2791.9(2) 83925.3(13) 86885.9(10)
Z 2 48 48
ρcalc [g/cm3] 1.714 1.655 1.685
µ [mm–1] 1.12 1.921 1.860
F(000) 1468 42240 44592
Absorption correction no correction no correction SADABS[66]

Max./min. transmission 0.77/0.66 0.51/0.45 0.60/0.52
T [K] 90(2) 90(2) 90(1)
Max. 2θ [°] 54.12 50.04 50.04
Reflections measured 25977 524031 690665
Unique reflections 5683 12379 12798
Rint 0.036 0.0429 0.0637
Parameters, restraints 425, 0 450, 0 458, 0
Reflections [Fo � 2σ(Fo)] 4983 9398 8774
R1 [Fo � 2σ(Fo)] 0.0404 0.0984 0.0935
wR2 (all data)[a] 0.1064 0.2904 0.3181
a 0.0341 0.1060 0.1330
b 8.2311 2219.48 2964.08
G.O.F. 1.082 1.132 1.054
Restr. G.O.F. 1.082 1.132 1.054
CCDC number 260289 286142 286143

6 7 11 12

Structural formula Zn(Et2dtc)2·C60·(C6H5Cl)0.5·(C6H6)0.5 [Cd(Et2dtc)2]2·C60 [Cu(EtMedtc)2]2·C60 [Zn(EtMedtc)2]3·(C60)2

Empirical formula C76H25.5Cl0.5N2S4Zn C80H40Cd2N4S8 C76H32Cu2N4S8 C144H54N6S12Zn3

Mr [g·mol–1] 1177.82 1538.44 1384.62 2442.71
Crystal shape and color black parallelepipeds brown rhombus black rhombus black rhombus
Size [mm×mm×mm] 0.33 × 0.20 × 0.20 0.40 × 0.30 × 0.10 0.42 × 0.38 × 0.10 0.40 × 0.30 × 0.20
Crystal system triclinic monoclinic monoclinic orthorhombic
Space group P1̄ P21/c P21 Pn21a
a [Å] 10.3762(5) 16.1712(13) 16.0626(4) 20.815(5)
b [Å] 15.1717(7) 16.9680(12) 10.0196(3) 26.072(6)
c [Å] 17.0002(8) 10.5355(8) 17.0653(5) 17.128(4)
α [°] 115.893(1) 90 90 90
β [°] 91.555(1) 99.857(2) 100.9490(13) 90
γ [°] 102.938(1) 90 90 90
V [Å3] 2322.53(19) 2848.2(4) 2696.51(13) 9298.88(12)
Z 2 2 2 4
ρcalc [g/cm3] 1.684 1.794 1.705 1.746
µ [mm–1] 0.797 1.098 1.156 1.109
F(000) 1196 1544 1404 4944
Absorption correction SADABS[66] SADABS[66] no correction no correction
Max./min. transmission 0.86/0.78 0.90/0.72 0.89/0.64 0.81/0.66
T [K] 90(1) 123(2) 100(2) 100(2)
Max. 2θ [°] 58.0 51.88 54.96 51.48
Reflections measured 25011 13023 20222 42780
Unique reflections 7276 3602 11660 17592
Rint 0.03 0.0333
Parameters, restraints 724, 10 424, 423 812, 0 2393, 11252
Reflections [Fo � 2σ(Fo)] 6312 3100 10282 8450
R1 [Fo � 2σ(Fo)] 0.042 0.0358 0.0381 0.1038
wR2 (all data)[a] 0.1177 0.085 0.0902 0.3023
a 0.0582 0.040 0.0294 0.1956
b 5.0135 5.096 3.4011 0.0000
G.O.F. 1.042 1.055 1.033 0.954
Restr. G.O.F. 1.056 1.006 1.033 0.758
CCDC number 286144 288291 288292 288293

[a] (a) w = 1/[σ2(Fo
2) + (aP)2 + bP], P = [max(Fo

2,0) + 2 Fc
2]/3.
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The C60 complexes with Mn(Et2dtc)2 and Fe(Et2dtc)2 were also
obtained as powders by mixing C60 (25 mg, 0.0347 mmol) and a
twofold molar excess of M(Et2dtc)2 in C6H4Cl2 (20 mL) on heating
(60 °C, 2 h). The hot solution was filtered, cooled down to room
temperature, and stood overnight. The solution became colorless,
and a light brown polycrystalline precipitate was formed. However,
in contrast to crystals of 10, powdered samples did not show rea-
sonable elemental analyses probably because of the high air-sensi-
tivity of the complexes. Indeed, Mn(Et2dtc)2 and Fe(Et2dtc)2 are
extremely air-sensitive and oxidize in a few seconds in air.

We tried to crystallize the C60 complexes with Co(Et2dtc)2 and
V(Et2dtc)2. C60 (25 mg, 0.0347 mmol) and a twofold molar excess
of M(Et2dtc)2 were dissolved in C6H4Cl2 (20 mL) on stirring at
60 °C for 4 h. The hot solution was filtered, cooled down to room
temperature, and filtered in a glass tube of 45 mL volume with a
ground glass plug. Slow diffusion of hexane (20 mL) was carried
out under anaerobic conditions. However, only black powder with-
out crystals formed after 2 months.

General: UV/Visible-NIR spectra were measured with a Shimadzu-
3100 spectrometer in the 240–2600 nm range. FT-IR spectra were
measured in KBr pellets with a Perkin–Elmer 1000 Series spectrom-
eter (400–7800 cm–1). A Quantum Design MPMS-XL SQUID
magnetometer was used to measure static magnetic susceptibilities
of 1–4 and 10 from 1.9 up to 300 K. A sample holder contribution
and core temperature independent diamagnetic susceptibility (χ0)
were subtracted from the experimental values. The values of Θ, χ0

were calculated using the appropriate formula: χM = C/(T – Θ) +
χ0. EPR spectra were recorded for 1, 2, 11, and 13 at room temp.
and for 3, 4, and 10 from RT down to 4 K with a JEOL JES-TE
200 X-band ESR spectrometer equipped with a JEOL ES-CT470
cryostat. Photoconductivity of 1, 2, 7, and 8 was excited using a
white light halogen tube with 1012–1014 photons/cm2s intensity. To
record the spectra of photoconductivity the light beam of a xenon
lamp was transmitted through a high-aperture monochromator. A
static magnetic field with the induction up to 1 T was generated by
an electromagnet of a Radiopan SE/X 2547 ESR spectrometer.

X-ray Crystal Structure Determination: X-ray diffraction data for
1, 3, 4, 6, 7, 11, and 12 were collected with a Bruker SMART1000
CCD diffractometer installed at a rotating anode source (Mo-Kα

radiation, λ = 0.71073 Å), and equipped with an Oxford Cryosys-
tems nitrogen gas-flow apparatus. The data were collected by the
rotation method with 0.3° frame-width (ω scan) and 10 s exposure
time per frame. Four sets of data (600 frames in each set) were
collected, nominally covering half of the reciprocal space. The data
were integrated, scaled, sorted and averaged using the SMART
software package.[66] The structures were solved by the direct meth-
ods using SHELXTL NT Version 5.10.[67] The structure was re-
fined by full-matrix least-squares against F2. The details of the X-
ray crystal structure analysis for 1, 3, 4, 6, 7, 11, and 12 including
CCDC numbers for the structures are given in Table 4. Non-hydro-
gen atoms were refined in the anisotropic approximation. Positions
of hydrogen atoms were calculated geometrically. Subsequently, the
positions of H-atoms were refined by the “riding” model with Uiso

= 1.2Ueq of the connected non-hydrogen atom or as ideal CH3

groups with Uiso = 1.5Ueq. The supplementary crystallographic
data for this paper can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): IR-data, UV/Vis-NIR spectra of pristine do-
nors and complexes 1–15, and EPR spectra of pristine Cu-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1881–18951894

(EtMedtc)2 and Cu(nPr2dtc)2 and complexes 11 and 13 (Tables S1
and S2, Figures S1–S7).
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G. Wu, R. Clérac, W. Wernsdorfer,1927
S. Qiu,* C. E. Anson, I. J. Hewitt,
A. K. Powell*

The “Building-Block” Assembly of a [Ni12Mn6]
Aggregate

Keywords: Cluster compounds / Carboxylate ligands /
Cooperative effects / Nickel / Manganese

C.-J. Li, S. Hu, W. Li, C.-K. Lam,1931
Y.-Z. Zheng, M.-L. Tong*

Rational Design and Control of the Dimensions
of Channels in Three-Dimensional, Porous
Metal-Organic Frameworks Constructed with
Predesigned Hexagonal Layers and Pillars

Keywords: Cobalt / Microporous / MOFs / Imidazole-
4,5-dicarboxylate / Pillar / Magnetism

X. Shi, J. Yang, Q. Yang*1936

Mesoporous Aluminium Organophosphonates
Functionalized with Chiral L-Proline Groups in
the Pore

Keywords: Chiral / Mesoporous compounds / Alumi-
nium organophosphonates

G. Aromı́,* P. Gamez, C. Boldron,1940
H. Kooijman, A. L. Spek, J. Reedijk

A Zig-Zag [MnII
4] Cluster from a Novel Bis(β-

diketonate) Ligand

Keywords: Ligand design / O ligands / NMR spectros-
copy / Magnetism / Mn

1906  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2006, 1905�1910



FULL PAPERS

A. Mateescu, C. P. Raptopoulou, A. Terzis,1945
V. Tangoulis, A. Salifoglou*

pH-Specific Synthesis and Structural and
Spectroscopic Characterization of a Complex
between CoII and N,N-Bis(phosphonomethyl)-
glycine: Cobalt�Phosphonate Interactions in
the Solid State and in Solution

Keywords: Cobalt / Magnetic properties / Materials
science / Phosphonates / Structural
speciation

M. Menelaou, C. P. Raptopoulou, A. Terzis,1957
V. Tangoulis, A. Salifoglou*

In Search of Binary Hybrid Systems in Manga-
nese Chemistry: The Synthesis, Spectroscopic
and Structural Characterization, and Magnetic
Properties of a New Species in the Aqueous
MnII-Quinic System

Keywords: Manganese / Structural speciation /
MnII�quinate interactions / Magnetic
properties / Hybrid materials

J. J. Eisch,* J. N. Gitua, D. C. Doetschman1968

Direct Epimetallation of π-Bonded Organic
Substrates with Titanium(II) Isopropoxide:
Intermediacy of Biradical, Oligomeric Titani-
um(II) Reagents

Keywords: Titanium(II) / EPR determination of bi-
radicals / Titanium(II) isopropoxide trimer /
Epititanation / Nonstereochemical TiII

additions
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An overview of the current state of our understanding of the
reaction mechanism of the molybdenum-containing enzyme
xanthine oxidoreductase is presented, with an emphasis on
work done in the past five years. Recent studies of the bio-
synthesis of the pterin cofactor bound to the metal in the
active site are also reviewed, as is crystallographic work that
has clarified the coordination geometry of the molybdenum

Introduction

Xanthine oxidoreductase (until recently also referred to
as xanthine oxidase) was first isolated from cow’s milk by
Dixon and Thurlow some 80 years ago,[1] and was shown
to be identical to the so-called Schardinger enzyme respon-
sible for catalyzing the oxidation of aldehydes (reducing re-
dox-active dyes in the process) that had been described even
earlier. In 1966, using an elegant 95Mo substitution proto-
col (and with protein from a very large eukaryote), R. C.
Bray showed that the enzyme from cow’s milk possessed
molybdenum in its active site, and that the metal was re-
duced to the paramagnetic MoV state in the course of re-
duction of substrate.[2] This work provided the first demon-
stration of a specific biological role for molybdenum. In
the intervening years, xanthine oxidoreductase has been the
subject of a great many mechanistic, structural and bio-
physical studies, and has come to represent the paradigm
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center. This structural work provides the context in which
to understand recent mechanistic studies of the enzyme, in
particular those aimed at elucidating the role of specific
amino acid residues in the active site of the enzyme.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

for the molybdenum-containing hydroxylases. Unlike other
biological systems that hydroxylate carbon centers (includ-
ing those that possess flavin, heme, non-heme iron or cop-
per in their active sites), members of this large and phyloge-
netically diverse family of enzymes utilize water rather than
O2 as the source of the oxygen atom incorporated into
product, and generate rather than consume reducing equiv-
alents. These enzymes thus utilize a fundamentally different
reaction stoichiometry than the monooxygenases. It is the
catalysis of familiar chemistry in an unfamiliar way that has
been the principal reason for the continued interest in the
reaction mechanism of xanthine oxidoreductase and related
enzymes.

The molybdenum hydroxylases constitute by far the
largest of the three categories of molybdenum-containing
enzymes, with more than 30 discrete members known from
sources ranging from hyperthermophilic archaea to higher
vertebrates.[3] Most of these enzymes catalyze the hydroxyl-
ation of (relatively activated) carbon centers of aromatic
heterocycles, but some (like aldehyde oxidase and CO dehy-
drogenase) catalyze other types of reactions. The human
genome encodes four molybdenum hydroxylases: xanthine
oxidoreductase proper (expressed under normal circum-
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stances as a NAD+-reducing dehydrogenase form), and
three different aldehyde oxidases [which, like the oxidase
form of xanthine oxidoreductase generated under a variety
of (patho)physiological conditions, reduce O2 to either O2·–

or H2O2].[4] The aldehyde oxidases appear to represent tis-
sue-specific isozymes that are under different regulation of
gene expression. This is certainly the case in higher plants,
where one aldehyde oxidase isozyme oxidizes indoleacetal-
dehyde to the hormone indoleacetic acid, and a second the
oxidation of abscissaldehyde to abscissic acid, a second
plant hormone.[5] The physiological circumstances under
which these two hormones are synthesized are quite distinct
and genetic expression of the enzymes involved in the two
biosynthetic pathways is under completely separate regula-
tory control. Thus, while the isolated enzymes may well ex-
hibit considerable overlapping substrate specificity (most
members of this family of enzymes exhibit rather broad
substrate specificity),[6] under physiological conditions each
has a specific physiological reaction for which it is responsi-
ble.

What follows is a review of our present understanding of
the structure and function of xanthine oxidoreductase. Re-
cent crystallographic studies of the enzyme have refined our
understanding of the structure of the active site, particularly
with regard to the coordination geometry of the molybde-
num center, and this provides the structural context in
which the reaction mechanism can be understood – both in
the sense of the nature of the chemistry catalyzed and the
roles of specific active site amino acid residues in accelerat-
ing reaction rate. Before considering these, however, we first
review the current status of our understanding of the bio-
synthesis of the novel pterin cofactor found coordinated to
the metal in the enzyme active site. Related subjects, par-
ticularly dealing with inorganic systems related to the en-
zymes of interest here, have been dealt with in recent re-
views by other authors.[7–11]

The Pterin Cofactor

With the exception of the extraordinary MoFe7 active
site of nitrogenase, molybdenum-containing enzymes all
possess an organic pterin cofactor that is coordinated to the
metal through an enedithiolate side chain of a third pyran
ring, as shown in Figure 1.[12,13] The cofactor is in fact fre-
quently referred to in the literature as molybdopterin, al-
though this is somewhat confusing since: (i) the term refers
to the organic component only, not to the metal complexed
center; and (ii) the identical cofactor is found in tungsten-
containing enzymes – the first crystal structure of an en-
zyme possessing this cofactor was in fact the tungsten-con-
taining aldehyde oxidoreductase from Pyrococcus fu-
riosus.[14] We will use the term pyranopterin here to avoid
any possible confusion, but will occasionally use the trivial
abbreviation “MPT” (for “molybdopterin” or “metal-bind-
ing pterin”[15]) when convenient. In eukaryotes the cofactor
has only the phosphorylated side chain shown, but in many
bacterial systems it is elaborated as the dinucleotide of gua-
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nosine, cytosine, adenosine or even inosine. As shown in
Figure 2, the biosynthetic pathway for the pyranopterin co-
factor can be divided into steps leading from GTP to an
intermediate initially termed Precursor Z,[16,17] but more re-
cently renamed cyclic pyranopterin monophosphate,
cPMP,[18] and then on to the mature cofactor with molybde-
num incorporated and (where appropriate in prokaryotes)
elaborated to the dinucleotide form. The gene products re-
quired for most of the discrete steps are known; many have
been crystallographically characterized and their functions
are increasingly well understood, as discussed below.

Figure 1. The structure of the pyranopterin cofactor found in mo-
lybdenum-containing enzymes. The cofactor consists of a pterin
system fused to a pyran ring with a phosphorylated side-chain;
molybdenum is coordinated by the dithiolene moiety of the pyran
ring. As indicated in the text, the cofactor shown is that seen in
eukaryotes. In prokaryotes, it is most often extended as a dinucleo-
tide.

The intermediate cPMP is synthesized from GTP in a
reaction that expands the imidazole subnucleus of the gua-
nine moiety to a six-membered pyrazine ring using a carbon
from the ribose ring of the nucleotide; the remainder of the
ribose ring and α-phosphate group become incorporated
into the phosphorylated four-carbon side chain destined to
become the pyran ring of the mature cofactor.[19,20] The sys-
tem responsible for catalyzing this reaction (in E. coli con-
sisting of the MoaA and MoaC gene products) is distinct
from those involved in biopterin, folate and flavin biosyn-
thesis, and the crystal structures of MoaA[21] and MoaC[22]

are each known (Table 1). MoaA is a homodimer, with a
[4Fe-4S] cluster in the N-terminal domain that has only
three external cysteine ligands to the irons. The missing
fourth cysteine position constitutes the binding site for S-
adenosylmethionine, with its α-amino and carboxyl groups
coordinated to the unique iron site of the cluster in a biden-
tate fashion. As with other [4Fe-4S]/SAM-containing sys-
tems, it is likely that the overall reaction involves reductive
cleavage of SAM by the iron-sulfur cluster to initiate a radi-
cal-based mechanism for formation of the pterin ring, and
specific mechanisms have been proposed.[20,23] A second
[4Fe-4S] cluster of unknown function is present in the C-
terminal portion of MoaA, and like the N-terminal cluster
it lacks one of the external cysteine ligands; the C-terminal
[4Fe-4S] cluster lies opposite the active site from the N-
terminal [4Fe-4S] cluster and may be involved in binding
of GTP, or alternatively in quenching the radical-initiated
reaction. The role of MoaC is at present unknown, al-
though it is believed to form a complex with MoaA and
may play a role in modulating its activity.[22]
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Figure 2. The biosynthetic pathway for the pyranopterin cofactor. Starting from GTP, the key intermediates are: cyclic pyranopterin
monophosphate (cPMP), the pyranopterin itself (MPT), and its adenylylated form generated in the course of molybdenum insertion
(MPT-AMP).

The structure of cPMP, the product of the MoaAC reac-
tion, was originally thought to be a dihydropterin with a
keto (or enol) group at C1� of the side chain.[19,20] More
recently, however, a detailed NMR and mass spectrometric
analysis has shown that the pterin ring is fully reduced in
cPMP, that C1� has a geminal diol and that the pyran ring
has closed, as shown in Figure 2.[24]
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Once formed by MoaAC, cPMP is next doubly sulfu-
rated, a reaction catalyzed by MPT synthase. In E. coli,
MPT synthase is an α2β2 tetramer consisting of two sub-
units each of the MoaD (small subunit) and MoaE (large
subunit) gene products. Each αβ dimer appears to be func-
tionally independent, with the C-terminal tail of the smaller
MoaD subunit inserted into an active site on its partner
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Table 1. Orthologues among proteins involved in pyranopterin biosynthesis from various organisms.

MoaE subunit within the tetramer.[25] Interestingly, MoaD
has strong structural similarity to ubiquitin, including a C-
terminal gly–gly pair, suggesting similar modes of action.
Indeed, the overall reaction of MPT synthase involves the
formation of an acyl-adenylate at the C-terminus of MoaD
(using ATP as the source, by analogy to the mechanism of
ubiquitin), with the subsequent formation of a thiocarbox-
ylate. The sulfur atom used to form this thiocarboxylate is
delivered by the MoeB gene product, which functions as a
biotin-dependent MPT synthase sulfurase and is itself ho-
mologous to the E1 family of enzymes involved in adenylyl-
ation of ubiquitin.[26] The crystal structure of a (MoeB)2-
(MoaD)2 heterotetramer has been reported in several
forms, including one in which the C-terminus of MoaD has
become adenylylated.[27] For the bacterial system, no evi-
dence has been found for the occurrence of a transiently
sulfurated form of E. coli MoeB in the course of thiocar-
boxylate formation, but eukaryotic homologues of MoeB
(including the human MOCS3) possess a C-terminal exten-
sion with distant homology to rhodanese, and recently it
has been shown that Cys 412 of MOCS3 is converted to a
persulfide upon incubation with thiosulfate (analogous to
the reaction of rhodanese).[28] This persulfide presumably
represents the proximal donor of sulfur to the adenylylated
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MoaD C-terminus, at least in eukaryotic systems. Once
charged with sulfur, the synthase first makes a mono-sulfu-
rated form of the pterin (at either C1� or C2� of the pterin
side chain), at which point it must be recharged with a sec-
ond sulfur by MoeB prior to completing formation of the
dithiolene side chain of the mature pyranopterin cofac-
tor.[29,30]

At least some organisms encode proteins that appear to
serve a storage or transport function for the now mature
pyranopterin cofactor. Fernandez and co-workers have
characterized a protein from Chlamydomonas rheinhardtii,
for example, that binds pyranopterin and prevents its oxi-
dation.[31–33] The protein is a 64 kDa homotetramer which
on the basis of its amino acid sequence is likely to possess
a typical nucleotide-binding Rossman fold. Similar proteins
exist in both bacteria and higher plants,[33] and may well
prove to be widely distributed in nature.

Once the dithiolene moiety is incorporated into the py-
ranopterin cofactor, molybdenum must be inserted. In E.
coli, molybdenum is taken up as molybdate by a specific
ABC-type transporter system encoded by the modABCD
operon.[34] The first component of this system is ModA,[35]

which has the classic two-domain structure of a periplasmic
binding protein.[36] Molybdenum is subsequently transfer-
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red to ModB, a peripheral membrane protein in the inner
membrane, then internalized to the cytoplasm in an ATP-
dependent reaction catalyzed by the membrane-integral
ModC gene product.[34] The fourth component of this
transport system, the ModD gene product, has an as-yet
unidentified function. Recent crystallographic work[37–39]

has demonstrated that the process by which molybdate,
once in the cell cytoplasm, becomes bound to the pyranop-
terin cofactor is considerably more complicated than might
have been suspected. In particular, solving crystal structures
of two forms of the N-terminal Cnx1G domain of the Cnx1
gene product from A. thaliana (equivalent to MogA from
E. coli) in complex with the mature cofactor,[39] it has been
shown that the cofactor is first adenylylated to MPT-AMP
by Cnx1G, and at this point is coordinated to a copper ion.
The cuprated MPT-AMP is then thought to be transferred
to the C-terminal Cnx1E domain of Cnx1 (equivalent to
MoeA of E. coli), which hydrolyzes the dinucleotide in the
course of replacing the copper with molybdate. The manner
in which this reaction occurs is not yet understood, al-
though the process is known to require magnesium.[39] It is
interesting that Cnx1 exhibits significant homology to the
mammalian protein gephyrin,[38] a cellular structural ele-
ment involved in, among other things, neuroreceptor aggre-
gation in certain cell signaling processes.

With molybdate incorporated, the cofactor is in the form
seen utilized in two different types of eukaryotic molybde-
num enzyme, sulfite oxidase and the assimilatory nitrate re-
ductase, and may now be directly incorporated into the
apoproteins. The structure of the center is as indicated in
Figure 2, with the molybdenum having a (presumably
square-pyramidal) LMoVIO2(OH), with L representing the
bidentate pyranopterin cofactor coordinated to the metal
by its enedithiolate side chain. Insertion into apoprotein,
which involves replacement of the Mo–OH ligand by a cys-
teine residue in the active site of the protein, likely involves
additional gene products. For example, for some prokary-
otic molybdenum enzymes (notably the dissimilatory nitrate
reductases and the xanthine dehydrogenase from bacteria
such as R. capsulatus), cofactor incorporation appears to
involve an enzyme-specific “chaperone” protein. The nar
operon of E. coli encodes a NarJ protein that is not a com-
ponent of the mature protein, but whose deletion prevents
proper maturation of the molybdenum center.[40] The XdhC
gene product of R. capsulatus appears to play a similar role
in the maturation of the xanthine dehydrogenase of that
organism.[41]

As mentioned above, most prokaryotic enzymes utilize a
dinucleotide form of the cofactor, most frequently of gua-
nosine but occasionally of adenosine, cytosine or inosine,
which must be generated prior to insertion into the apop-
rotein. In E. coli, MGD (“MPT guanosine dinucleotide”) is
synthesized by MGD synthase, which consists of the MobA
and MobB gene products.[42] The active site is found in
MobA, whose crystal structure has been determined.[43]

MobB appears not to be essential for the in vitro synthesis
of MGD, although it seems to increase the efficiency of the
process in vivo.[44] The dinucleotide form of the cofactor is
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now ready to be incorporated into appropriate prokaryotic
apoprotein. For those enzymes that require two equivalents
of the pyranopterin, however, it is not known at present
whether incorporation of the second equivalent occurs be-
fore or after insertion of the first (with molybdenum at-
tached) into the apoprotein. There is suggestive evidence
that the MoeA gene product may play a specific, if as yet
unidentified, role in the maturation of bisMPT-containing
active sites (as discussed by Schwarz[18]).

Once incorporated into the polypeptide, the molybde-
num center is in its functional form for those molybdenum
enzymes that catalyze oxygen atom transfer reactions (e.g.,
sulfite oxidase, the nitrate reductases and DMSO re-
ductase). For the molybdenum hydroxylases from both pro-
karyotic and eukaryotic sources, however, there is a final
aspect of maturation: the replacement of one of the two
Mo=O groups of the cofactor by a sulfido (Mo=S) group.
This sulfuration is strictly required for activity of these en-
zymes – the so-called desulfo form of enzymes such as xan-
thine oxidoreductase have been well-characterized and are
devoid of catalytic activity.[45,46] In A. thaliana, the sul-
furation reaction is catalyzed by the ABA3 gene prod-
uct,[47,48] a pyridoxal phosphate-utilizing enzyme that uses
cysteine as the ultimate source of the sulfur atom incorpo-
rated into the molybdenum coordination sphere. ABA3 is
a homodimer whose subunits fold into distinct N- and C-
terminal domains. Pyridoxal phosphate binds to the N-ter-
minal domain, which exhibits considerable homology to the
NifS family of gene products, cysteine desulfurases that are
involved in the maturation of, for example, iron-sulfur clus-
ters.[49] The ABA3 reaction proceeds with the transient for-
mation of a cysteine persulfide at Cys 430 of ABA3, which
then transfers its terminal sulfur to the molybdenum cen-
ter,[50] and there is evidence to suggest that the sulfur is
transferred transiently to the C-terminal domain of ABA3.
This appears not to be an essential step, however: deletion
of the C-terminal domain of ABA3 compromises the effec-
tiveness of sulfur incorporation, but does not eliminate it
altogether. Interestingly, ABA3 is also able to utilize seleno-
cysteine as substrate,[51] raising the possibility of preparing
selenido forms of the hydroxylases which may have interest-
ing catalytic properties.

The Structure of the Active Site of Xanthine
Oxidoreductase

The molybdenum hydroxylases are fairly complicated
systems as enzymes go, since in addition to the molybde-
num center, all members of this family possess additional
redox-active centers. The typical constitution is a pair of
[2Fe-2S] clusters of the spinach ferredoxin variety and, usu-
ally, FAD as well (see Figure 3 for the structure of the bo-
vine xanthine oxidoreductase). In most enzymes, all these
prosthetic groups are to be found in discrete domains
within a single subunit of an α2 dimer, although in the R.
capsulatus xanthine dehydrogenase the iron-sulfur centers
and FAD are found in one subunit and the molybdenum
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center in a second within an α2β2 tetramer.[51] In the CO
dehydrogenase from O. carboxydovorans [52] and the quino-
line-2-oxidoreductase from Pseudomonas putida,[53] the two
iron–sulfur centers, the FAD and the molybdenum center
are found in separate subunits within an α2β2γ2 hexamer. It
is evident from an inspection of the genes encoding these
proteins from a variety of organisms that they were built
up in gene duplication/fusion events over the course of evol-
ution: not only do the protein domains fold into autono-
mous structural elements, but they are encoded by contigu-
ous stretches of the gene.

Figure 3. The structure of bovine xanthine oxidoreductase. Top, the
overall domain fold of the enzyme, with (from the N-terminus): the
two [2Fe–2S] domains in blue and green; the FAD domain in gray
(the FAD is shown edge-on, immediately to the left of the first
iron-sulfur cluster); and the molybdenum-binding portion of the
protein in red. The illustration was prepared with the application
MOLSCRIPT, using the structure reported by Enroth et al.[99] Bot-
tom, two representations of the active site with specific amino acid
residues discussed in the text indicated.

The first molybdenum hydroxylase to be crystallographi-
cally characterized was the aldehyde oxidoreductase from
Desulfovibrio gigas.[54,55] Several important structural fea-
tures of the enzyme were established in this work, including:
the overall domain architecture of the protein (with the two
[2Fe–2S] clusters of the enzyme in separate N-terminal do-
mains and the molybdenum center at the interface of two
much larger C-terminal domains); the orientation of the
molybdenum center with respect to the remaining redox-
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active centers of the enzyme (including the hydrogen-bond-
ing interaction between the distal amino group of the py-
ranopterin cofactor to one of the cysteine ligands of the
nearer [2Fe–2S] cluster); the identity of specific amino acid
residues in the active site likely to be involved in catalysis
(including, most importantly, a highly conserved glutamate
residue that was suggested to function as an active-site
base[55] – see Figure 3, bottom for the active site of the bo-
vine xanthine oxidoreductase); the overall square-pyrami-
dal coordination geometry of the molybdenum coordina-
tion sphere, with an LMoO2(OH(2)) coordination geometry
and a hydroxy/water ligand that points toward the substrate
binding site; and the long channel that provides solvent ac-
cess to the deeply buried active site. Unfortunately, the D.
gigas aldehyde oxidoreductase is an example of the molyb-
denum hydroxylases that does not possess FAD, and the
structure provided no information regarding the flavin site
found in most other molybdenum hydroxylases. More im-
portantly, the enzyme used in this initial crystallographic
study was predominantly in the inactive desulfo form and
lacked the catalytically essential Mo=S group. It was not
possible to say which of the two Mo=O groups present in
the molybdenum coordination sphere of the desulfo form
(one in the apical position and the other in an equatorial
position) was the one that was replaced by a sulfido group
in the functional enzyme. A subsequent study of (partially)
activated enzyme, obtained by treating crystals with a resul-
furating agent, suggested on the basis of electron density
analysis that is was the apical Mo=O that was replaced by
sulfur to become Mo=S.[55] This assignment is surprising
from the standpoint of the known coordination chemistry
of model molybdenum complexes – inevitably, a single
Mo=O group is located in the apical position within a
square-pyramidal coordination sphere, opposite the vacant
ligand position, owing to its strong trans effect. This being
the case, one would have expected the equatorial position
to be substituted by sulfur, not the apical one. Indeed, the
magnetic circular dichroism electron of a catalytically rel-
evant MoV form of xanthine oxidoreductase, that giving
rise to the “very rapid” EPR signal (see below), is virtually
identical to that exhibited by simple model complexes
known to have an apical Mo=O, indicating that the enzyme
has an electronic (and presumably also physical) structure
fundamentally the same as the crystallographically defined
model complexes.[56]

More recently, three other enzyme crystal structures have
become available that strongly indicate it is indeed the equa-
torial position that becomes sulfurated upon activation in
the molybdenum hydroxylases. The first of these is that of
the molybdenum-containing CO dehydrogenase from the
aerobic Oligotropha carboxydovorans (as opposed to the Ni-
containing enzyme from anaerobes such as Methanosarcina
thermophila or Rhodospirillum rubrum[57,58]). This enzyme is
an interesting variation on the theme of the molybdenum
hydroxylases, with a binuclear Mo/Cu active site.[59,60] In
the crystal structure,[59] the copper ion occupies a position
in the equatorial plane of the molybdenum coordination
sphere, connected to the molybdenum itself by a bridging
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acid-labile sulfur that is analogous to the catalytically essen-
tial sulfur of other members of this enzyme family. Al-
though unique among the molybdenum hydroxylases char-
acterized to date in possessing a binuclear center, the active-
site structure of CO dehydrogenase is clearly related to
those of other members of this class of enzyme, and the
position of the copper site suggests an equatorial Mo=S in
the other enzymes. The second structure is that of the P.
putida quinoline-2-oxidoreductase, where a careful analysis
of the structure of the molybdenum center in the oxidized
enzyme indicated an apical Mo=O at 1.69 Å and an equato-
rial Mo=S at 2.13 Å.[53] The third structure is that of a
high-specific activity preparation of the (reduced) bovine
oxidoreductase in complex with a potent mechanism-based
inhibitor termed FYX-051.[61] This inhibitor is actually a
substrate for the enzyme, but once hydroxylated becomes
very tightly bound to the reduced enzyme in a classic
mechanism-based mode of enzyme inhibition. In the crystal
structure of this complex, it is abundantly clear that it is
the equatorial position, adjacent to the bound inhibitor
(which is coordinated to the molybdenum center through
the newly introduced hydroxy group of the product), that
has the added electron density of sulfur and not the apical
position. On the basis of the present evidence, it thus seems
clear that the apical position of the molybdenum centers in
the molybdenum hydroxylases is an Mo=O, with an equato-
rial Mo=S in the oxidized from of the enzyme (or Mo–SH
in the reduced form, see below).

The Reaction Mechanism of Xanthine
Oxidoreductase

The structure of the molybdenum center of xanthine ox-
idoreductase (Figure 3, bottom) provides the structural con-
text in which to understand the reaction mechanism of the
enzyme. It had been known for many years that the active
site began in a MoVIOS oxidation state and at the comple-
tion of the reaction was reduced by two equivalents and
protonated at the Mo=S group to give a MoIVO(SH).[62,63]

Rather more recently it was also shown that a proximal site
on the enzyme was the source the oxygen atom incorpo-
rated into product;[64] this site was regenerated with oxygen
from solvent (i.e., already reduced to the level of water) at
the completion of each catalytic cycle.[65] It has sub-
sequently been demonstrated that 17O from water ex-
changes into the molybdenum center rapidly under turn-
over conditions, and that the site labeled is strongly and
anisotropically coupled to the molybdenum when in the
MoV valence state.[66] From a comparison with model com-
pounds of known structure,[67] the labeled site corresponds
to the equatorial Mo–OH rather than the equatorial Mo=O
site. A similar conclusion has been drawn from the inability
to observe a second, more weakly 17O coupling in the “very
rapid” EPR signal underneath the stronger coupling of the
Mo–O-product oxygen under conditions when the molyb-
denum should have become labeled catalytically.[68] It is
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noteworthy that although initially assigned as a bound
water molecule on the basis of the crystallographically de-
termined Mo–O distance in the D. gigas aldehyde oxidore-
ductase structure, a more precise determination of this dis-
tance using X-ray absorption spectroscopy with the bovine
xanthine oxidoreductase indicates that at 2.1 Å it is in fact
a hydroxide ligand.[69] This is actually a fairly important
mechanistic point, because a Mo–OH group deprotonated
to Mo–O– is expected to be a considerably better nucleo-
phile in initiating catalysis than would be a Mo–OH2 group
deprotonated to Mo–OH (see below). The protonation of
the Mo=S group upon reduction of the molybdenum center
in going from an LMoVIOS(OH) to an LMoIVO(SH)(OH)
center is consistent with the concept of electroneutrality –
that the protein environments of metal centers are designed
to accommodate a specific net charge, and that changes in
charge associated with reduction tend to be compensated by
uptake of protons at or near the metal center. The uptake of
protons by ligands to molybdenum upon reduction of the
metal is in fact a property of even the simplest molybdate
complexes.[70,71]

Other clues as to the chemical course of the reaction of
xanthine oxidoreductases come from studies of the reaction
of enzyme with the (poor) substrate 2-hydroxy-6-methylpu-
rine. Although turnover with this substrate is some 103-fold
slower than with xanthine, the reaction (at least at high pH)
proceeds with sequentially smaller rate constants associated
with each of several steps in the catalytic sequence.[72] The
result is that two reaction intermediates accumulate to an
appreciable degree. The first of these has an absorption
maximum (relative to oxidized enzyme) at 470 nm in the
visible region, and upon oxidation by one equivalent is con-
verted to a second species with an absorption maximum at
540 nm.[72] Formation of this latter species is coincident
with the accumulation of the EPR-active MoV state giving
rise to the “very rapid” signal referred to above. This signal,
so named on the basis of the kinetics of its formation and
decay in the course of the reaction of enzyme with xan-
thine,[73,74] has long been recognized to be a fully competent
catalytic intermediate. The implication of the work with the
hydroxymethylpurine substrate is that the 470 nm-absorb-
ing species must be the MoIV species from which the MoV

species arises, and that the initial step of the reaction in-
volves the two-electron reduction of the molybdenum cen-
ter. Further, since earlier work had demonstrated that weak
coupling to 13C (I = 1/2) is observed in the “very rapid”
EPR signal when the sample is prepared using 8–13C-lab-
eled substrate,[75] the purine nucleus must be present in the
EPR-active species (and hence also in its mechanistic pre-
cursor). The final mechanistically relevant observation is
that the Mo–O bond of product has formed at the point of
formation of the MoIV species: acid quenching of the reac-
tion mix at the point of maximum accumulation of this spe-
cies followed by work-up affords the hydroxylated product
of the reaction and not substrate.[72]

Under the conditions used, with 2-hydroxy-6-methylpu-
rine as substrate and at pH 10, the entirety of the catalytic
throughput passes through the “very rapid” EPR-active
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state, and the integrated EPR intensity at maximum ac-
cumulation of the species (approximately 85% of the func-
tional enzyme) agrees well with that expected given the ob-
served rate constants for formation and decay of the species
(1.0 and 0.1 s–1, respectively, at 25 °C). With other sub-
strates, and at other reaction conditions, however, the ob-
served accumulation of this EPR-active state is significantly
smaller than expected on the basis of the observed rate con-
stants for formation and decay of the “very rapid” spe-
cies.[76,77] The most likely explanation is that the reaction
mechanism is bifurcated at the point of the Mo(VI)*P inter-
mediate that precedes the “very rapid” species; oxidation by
one electron yields the EPR-active species, but alternatively
product may dissociate prior to oxidation of the MoIV with
the result that the “very rapid” species does not form. On
the basis of the amount of “very rapid” signal accumulating
under a variety of conditions with a wide range of substrate,
it is evident that the fraction of total catalytic flux that
passes through the EPR-active “very rapid” species is in
fact usually quite small.

While the “very rapid” species may arise in only a rela-
tively small fraction of turnover events, it nevertheless pro-
vides an important opportunity to understand the structure
of the MoIV state that precedes it, and this MoIV species
appears to be an obligatory catalytic intermediate. The
“very rapid” EPR signal is devoid of proton superhyperfine
splitting and has strong, anisotropic coupling to 33S when
enzyme is appropriately labeled, consistent with the exis-
tence of an MoV=S unit.[78] Strong but isotropic coupling
is also observed when the sample is prepared in 17O-labeled
water,[79] interpreted as evidence for a Mo–O product spe-
cies. Overall, EPR work had thus early on provided strong
evidence that the “very rapid” species possessed a
MoOS(O-product) structure.

As indicated above, when the “very rapid” species is gen-
erated using substrate that has been labeled at C8, weak
superhyperfine coupling is seen in the EPR signal due to
the I = 1/2 spin of the 13C nucleus. This permits a distance
from the carbon to the molybdenum to be obtained from
the anisotropy of the coupling as ascertained by ENDOR
spectroscopy. An initial study arrived at a short Mo–C dis-
tance – ca. 2.4 Å or shorter – which was interpreted as evi-
dence in favor of a direct metal–carbon bond.[68] Subse-
quent work, however, has demonstrated convincingly that
the distance is no shorter than 2.8 Å, indicating that the
carbon is in the second coordination shell of the molybde-
num rather than the first.[80] Further, although no proton
superhyperfine is evident in the “very rapid” EPR signal,
weak coupling to two sets of protons is seen using electron
spin echo spectroscopy and as in the case with ENDOR
distances can be estimated from the molybdenum: the re-
sults of the analysis indicate a single proton at ca. 2.4 Å
and a set of two or more at ca. 6.1 Å (from the methyl
group of the 2-hydroxy-6-methylpurine substrate that was
used in the study).[81] With the Mo–C distance obtained
from the ENDOR experiments above, it is possible to tri-
angulate and obtain the orientation of the purine nucleus
relative to the molybdenum atom. The data are consistent
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with binding of the (now hydroxylated) purine nucleus di-
rectly to molybdenum in an end-on fashion by the catalyti-
cally introduced hydroxy oxygen (Figure 4).

Figure 4. The structure of bound product to the molybdenum in
the active site of xanthine oxidoreductase. The structure shown is
for the product of the enzyme reaction with the slow substrate 2-
hydroxy-6-methylpurine, which was used in the work. The Mo–C
distance was obtained by ENDOR spectroscopy with 8-13C-labeled
substrate as substrate,[80] and the Mo–H distances by ESEEM spec-
troscopy,[81] as discussed in the text.

The above work using MCD, EPR and related methods
to probe the MoV state of the molybdenum center has been
used to infer the structure of the preceding MoIV intermedi-
ate in the catalytic sequence. Happily, with certain sub-
strates of the enzyme this intermediate can be prepared in
a stable form simply by addition of the hydroxylated prod-
uct to enzyme that has been non-catalytically reduced by a
reagent such as sodium dithionite. The best characterized
case is that of violapterin, the product of enzyme action on
the pteridine substrate lumazine (2,6-dihydroxypteridine).
Addition of violapterin to reduced enzyme results in forma-
tion of a MoIV-containing reduced enzyme–product com-
plex (Ered·P) that exhibits a relatively strong and broad
charge-transfer transition centered at 640 nm.[82–84] This
characteristic long-wavelength absorbance has been used in
kinetic experiments to demonstrate that the charge-transfer
complex is indeed an authentic catalytic intermediate.[83]

The inhibitor FYX-051 used in the crystallographic work
described above is another substrate that forms such a
charge-transfer complex, and it is the Ered·P complex
formed with this substrate whose structure has recently
been reported.[61] In addition to establishing that the sulfido
sulfur of the active form of the enzyme is in the equatorial
rather than apical position, this work unambiguously shows
product coordinated end-on to the molybdenum atom by
the catalytically introduced hydroxy oxygen in a manner
comparable to that shown in Figure 4. The position in the
molybdenum coordination sphere is that occupied by the
Mo–OH group of oxidized enzyme, lending further support
to the conclusion that the Mo–OH represents the catalyti-
cally labile oxygen in the active site. Wedd and co-workers
had in fact previously suggested that the catalytically labile
oxygen could be a molybdenum-bound hydroxide.[67] The
simple end-on binding of product (which formally is in the
enolate tautomer at C7, the site that has become hydroxyl-
ated) contrasts with other proposals where product, in the
keto tautomer, binds side-on (a so-called η2 interaction with
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the molybdenum) with partial formation of a Mo–C
bond.[68] It is evident from the crystal structure that such a
binding mode is sterically impossible in the active site.

The evidence thus summarized above indicates that the
MoIV species is formed in the first step of the catalytic se-
quence: the molybdenum has been reduced from MoVI to
MoIV, the O–C bond of product formed and the Mo=S of
oxidized enzyme protonated to Mo–SH, all simultaneously.
An important clue as to the chemical mechanism by which
the Ered·P intermediate is generated comes from the pH de-
pendence of its formation, as reflected in the kinetic param-
eter kcat/km from steady-state experiments (or equivalently,
since the rate-limiting step for turnover is known to be in
the reductive half-reaction, kred/Kd from rapid reaction
studies following the rate of reduction of enzyme by excess
xanthine as a function of substrate concentration). The pH
profile for both kinetic parameters track the reaction of free
enzyme with free substrate through to the formation of the
Ered·P complex; it is bell-shaped with a pKa for the acid
limb of 6.6 and for the alkaline limb of 7.4.[85] The latter
value agrees very well with the pKa for the first ionization
of substrate, indicating that enzyme acts on the neutral
rather than monoanionic form of substrate. This is expected
if the reaction is initiated by nucleophilic attack, since a
negative charge on substrate would compromise this first
step of catalysis. The former pKa has been assigned to Glu
1261 in the active site of the enzyme, the same highly con-
served glutamate first seen in the crystal structure of the D.
gigas aldehyde oxidoreductase and proposed to be the
active-site base.[55] The implication is that the glutamate
must be unprotonated prior to the onset of catalysis, as
should be the case if its role is to abstract a proton from
substrate to initiate the catalytic sequence.

The chemical mechanism for formation of the initial
Ered·P complex that emerges from all of the above is one in
which the reaction is initiated by base-catalyzed abstraction
of a proton from the Mo–OH group by Glu 1261, followed
by nucleophilic attack of the oxyanion thus generated on
the C8 of substrate. Concomitant hydride transfer to the
Mo=S group in the equatorial plane of the molybdenum
coordination sphere generates Ered·P as shown in Figure 5.
Direct hydride transfer to the Mo=S in the course of the
reaction is consistent with the observation of Bray and
Knowles that the C8–H proton of substrate is initially trans-
ferred to the molybdenum center, and only subsequently
exchanges with solvent.[86] Since both pairs of electrons in
the Mo=S bond belong to the sulfur in a formal valence
count, conversion of Mo=S to Mo–SH with this hydride
transfer brings about the formal two-electron reduction of
MoVI to MoIV. The reaction is completed by electron trans-
fer from the molybdenum to the other redox-active centers
of the enzyme and deprotonation of the MoIV–SH group.
Displacement of bound product by hydroxide from solvent
may occur prior to transfer of the first electron out of the
molybdenum center or after (in which case the “very rapid”
species is generated).

A reaction predicated on nucleophilic attack on the het-
erocycle nucleus had in fact been suggested previously be
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Lee and Skibo,[87] who showed that for enzyme acting on a
homologous series of substituted quinazoline substrates, a
linear correlation existed between log(kcat/Km) and the pKa

of the quinazoline (at least for substrates having a pKa �
9). The implication was that, as with xanthine, the substrate
was required to be in the neutral rather than monoanionic
form for the reaction to proceed. In addition, a variety of
computational studies of the reaction mechanism are fully
consistent with a mechanism involving concomitant nucleo-
philic attack and hydride transfer.[88–91] In the earliest of
these studies, Voityuk and co-workers[88] showed that the
Mo–OH form of a model for the molybdenum center was
considerably more stable than a Mo–OH2 form, an impor-
tant observation because deprotonating the latter species
(to Mo–OH) is unlikely to generate a sufficiently effective
base as to function catalytically, as discussed above. Subse-
quent work by this same group[89] examined the reaction of
the model (surprisingly, starting from a Mo–OH2 species
rather than the more stable Mo–OH shown in their pre-
vious study) with formaldehyde, a known inhibitor of xan-
thine oxidoreductase. The work implicated a reaction
mechanism involving hydride transfer from the substrate to
the MoVI=S, yielding MoIV–SH, in the course of the nucle-
ophilic attack on substrate. Working with a similar model
for the enzyme molybdenum center, but importantly start-
ing with a Mo–OH rather than Mo–OH2 species, Ilich et
al.[90] established the same two points (i.e., nucleophilic at-
tack on substrate with concomitant hydride transfer to the
Mo=S) for the reaction of the model with the bona fide
enzyme substrate formamide (which is hydroxylated to car-
bamate). Most significantly from this study, the transition
state was well-defined, permitting the unambiguous demon-
stration of partial negative charge on the hydrogen being
transferred and indicating hydride-like character.[90] Subse-
quent work with the same system provided a rationale as
to why substitution of a second Mo=O group for the Mo=S
of functional enzyme resulted in loss of activity: the transi-
tion state for the reaction of the MoO2 model was found to
lie considerably earlier along the reaction coordinate than
with the MoOS model and at approximately 13 kcal/mol
higher in energy (corresponding to a reduction in rate of
over nine orders of magnitude as compared with the sulfido
form).[91] Interestingly, although calculations with a puta-
tive selenated form of the model (MoOSe) did not converge,
those with a tellurated form (MoOTe) were successful and
suggested that such a form of the enzyme should exhibit
even greater reactivity than the naturally occurring MoOS
form.[91]

Finally, it has been suggested that the initial Ered·P com-
plex forms through a radical mechanism rather than the
two-electron chemistry implicit in a mechanism involving
nucleophilic attack, with rate-limiting formation of a (pre-
sumably extremely unstable) MoV···xanthine·+ diradical
species upon direct one-electron transfer from substrate to
molybdenum in the MoVI···xanthine Michaelis complex.[92]

Were this the case, however, a linear relationship should ex-
ist between the substrate/substrate·+ one-electron reduction
potential and reaction rate. Examining a homologous series
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Figure 5. The reaction mechanism of xanthine oxidoreductase. The reaction involves base-assisted nucleophilic attack on the C8 position
of substrate, with concomitant hydride transfer to the Mo=S group of the oxidized enzyme and reduction of the molybdenum itself by
two equivalents. From the initial Ered·P intermediate, the molybdenum may become oxidized (by electron transfer to the other redox-
active centers of the enzyme) and deprotonated to form the species giving rise to the “very rapid” EPR signal as discussed in the text,
or alternatively hydroxide may displace product from the molybdenum coordination sphere, followed by subsequent reoxidation of the
molybdenum.

of purine substrates for xanthine oxidoreductase, Stockert
et al. failed to observe such a relationship[93] arguing
strongly against a radical-based mechanism and leaving the
two-electron chemistry shown in the proposed reaction
predicated on nucleophilic attack as the most likely mech-
anistic alternative. It is worth noting that for the molybde-
num-containing aldehyde oxidases a reaction mechanism
involving nucleophilic attack on the aldehyde carbonyl moi-
ety had long been the preferred reaction mechanism for oxi-
dation of aldehydes to carboxylic acids. It thus appears that
the two principal subclasses of the molybdenum hydrox-
ylases (those that act on aromatic heterocycles and those
that act on aldehyde substrates) utilize fundamentally the
same mechanism to accelerate reaction rate. This goes a
long way in explaining the extremely broad and overlapping
substrate specificities of the mammalian xanthine oxidore-
ductases and aldehyde oxidases.

The Roles of Specific Amino Acid Residues in
Catalysis

On the basis of the above, there is broad experimental
support for a reaction mechanism initiated by nucleophilic
attack, and in the past five years such a mechanism (Fig-
ure 5) has received general acceptance in the field. It is sig-
nificant that computational studies, involving minimal
structures for both the molybdenum center and substrate
and not including the protein structure at all, have success-
fully defined the trajectory of the system across the poten-
tial energy surface that defines the reaction. This indicates
that the course of the reaction is dictated by the electronic
structure of the metal center itself; that is, the reactivity of
the enzyme is an intrinsic property of the metal center. Hav-
ing said this, it is evident that (as in all enzymes) the poly-
peptide (and specific amino acid residues in the active site
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of the enzyme in particular) is crucially involved in lowering
the energies of the transition states encountered along this
trajectory, in some cases enormously so. The structure of
the active site of bovine xanthine oxidoreductase is shown
in Figure 3, with several specific amino acid residues that
are likely to play a role in catalysis indicated. Glu 1261 (in
the bovine enzyme sequence) has already been referred to
as the candidate active-site base that initiates nucleophilic
attack on substrate. This residue is universally conserved in
the molybdenum hydroxylases, both in those enzymes hy-
droxylating aromatic heterocycles and in the aldehyde ox-
idases. In addition, a second glutamate (802 in the bovine
enzyme) is conserved in the heterocycle-hydroxylating en-
zymes, but not in those that have aldehydes as substrates.
Other residues that are conserved in the heterocycle-hydrox-
ylating enzymes, (but not always in those that act on alde-
hydes) include the two phenylalanine residues between
which the aromatic substrate is sandwiched on binding in
the active site (914 and 1009 in the bovine enzyme), Gln
767 which is within hydrogen-bonding distance of the apical
Mo=O, and Arg 880, which appears to interact with the
distal end of substrate opposite the C8 position that be-
comes hydroxylated. We consider now the results of recent
studies of the roles of these active-site residues in two re-
combinant systems that have been developed for site-di-
rected mutagenesis studies: the bacterial xanthine dehydro-
genase from Rhodobacter capsulatus (as expressed in
E. coli)[94] and the rat xanthine oxidoreductase, as expressed
in insect cells using the baculovirus vector.[95]

The residues that have been examined to date are the
two glutamates in the active site. Leimkühler et al.[96] have
mutated both Glu232 and Glu730 in the xanthine dehydro-
genase from R. capsulatus to alanine (these residues corre-
spond to Glu 802 and Glu1261, respectively, in the bovine
enzyme). The E232A mutant exhibits considerably reduced
activity, with the limiting rate of reduction of enzyme by
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xanthine in rapid kinetic experiments decreased from 67 s–1

for the wild-type enzyme to 5.5 s–1 for the mutant. The Kd

is correspondingly affected, increasing from 34 µ to
410 µ. It is evident that the free energy associated with the
interaction of this residue with substrate, ca. 3 kcal/mol, is
used approximately equally to bind substrate on the one
hand, and lower the activation barrier for the reaction on
the other. The result is that kred/Kd (the effective second-
order rate constant of free enzyme with free substrate in
the lower [S] regime) is compromised by over two orders
of magnitude in the mutant enzyme. The E730A mutant is
profoundly compromised in reactivity toward substrate –
no reduction of enzyme was detected in an overnight incu-
bation with excess xanthine under anaerobic conditions
(with wild-type enzyme, the reaction is complete in less than
200 ms under the conditions). Control experiments estab-
lished that the mutant enzyme had only about 30% func-
tional active sites (based on molybdenum and sulfur con-
tent), but still the absorbance change associated with re-
duction of the active enzyme should have been easily de-
tected. Further, other mutants (notably E730Q and E730R)
had more molybdenum and sulfur incorporated, but were
similarly inactive. Conservatively, the E730A mutant has a
lower limiting rate of reduction by substrate of at least 107

compared to wild-type enzyme, indicating that this residue
contributes at least 10 kcal/mol toward transition state sta-
bilization in the reduction of enzyme by substrate. Clearly,
this residue is essential for catalysis, consistent with its pro-
posed role as an active base initiating the reaction. Unfortu-
nately, it was not possible to carry out a “chemical rescue”
of the E730A mutant by addition of acetate (which conceiv-
ably might have bound in the empty pocket otherwise occu-
pied by the glutamate side chain, possibly restoring at least
some activity) and an E730G mutant is not stable (S. Le-
imkühler, unpublished). It thus remains to be established
that Glu 730 functions specifically as an active-site base in
the course of the reaction.

Resonance Roman Studies of the Molybdenum
Center of Xanthine Oxidoreductase

The above site-directed mutagenesis studies illustrate
how interactions between substrate and enzyme can be
mapped out in the active site, and rapid reaction kinetic
studies used to quantitate the extent to which the free en-
ergy associated with these interactions is used to either bind
substrate (i.e. influence Kd) or accelerate reaction time (i.e.
influence kred). It is also possible to probe enzyme-substrate
interactions using resonance Raman spectroscopy, which
provides detailed information about the vibrational fre-
quencies (and hence bond strengths) of bonds in chromo-
phores. The method is particularly useful when applied to
metalloproteins, where by virtue of resonance enhancement
it is frequently possible to focus on just those bonds in the
active site, ignoring those of the polypeptide in general. In
the case of xanthine oxidoreductase, Kitagawa, Nishino and
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co-workers have examined the as-isolated, oxidized enzyme
by resonance Raman spectroscopy and identified specific
vibrational modes attributable to ligands to the metal, in
particular the Mo=O and Mo=S stretching frequencies at
899 and 474 cm–1, respectively.[97] Interestingly, while sub-
stitution of the Mo=S with 34S was facile, the Mo=O group
could not be exchanged with solvent H2

18O even under
rather extreme reaction conditions, indicating that the api-
cal oxo group is stable and does not readily exchange with
solvent. Other vibrational modes due to the [2Fe–2S] clus-
ters and FAD of the enzyme were assigned, but no modes
attributable to the enedithiolate ligand to molybdenum
could be identified.

Advantage can also be taken of the long-wavelength ab-
sorption of the Ered·P complex seen with violapterin that
was discussed earlier to use resonance Raman as an active-
site probe. As illustrated in Figure 6 (bottom) the (ordinary)
Raman spectrum of violapterin is significantly perturbed
on binding to the reduced enzyme (top).[98] Apart from the
differences in band intensity, which have largely to do with
the fact that only certain modes seen in the Ered·P complex
are resonance-enhanced (while those of the violapterin in
free solution are not), it is evident that almost every mode
seen in the spectrum of violapterin is shifted in the enzyme
complex to at least a small extent. The principal reason for
this is that while both the free and enzyme complexed forms
are monoanionic under the experimental conditions, the
free violapterin has the negative charge accumulated in the
N3 region of the pyrimidine subnucleus, while in the enzyme
complexed formal negative charge accumulates to a much
greater extent at the C7–O, which coordinates to the molyb-
denum [by analogy to the crystal structure of the
Ered·(FYX-051) complex]. Two of the most prominent vi-
brational modes in the free violapterin monoanion, at 704
and 1286 cm–1, are shifted modestly (to 699 and 1294 cm–1,
respectively), and the third, at 1379 cm–1, is greatly dimin-
ished in intensity. The shifts are on the order expected for
increased negative charge accumulation at the C7–O upon
binding the enzyme. A normal mode analysis of the Ered·P
complex indicates that the bands seen at 699, 852, 1294 and
146 cm–1 vibrations have motions that include significant
ring deformation.[98] In addition, the set of modes in the
1550–1700 cm–1 region can be assigned to a second group
of vibrations that have major contributions by C2=O and
C4=O stretching motions. It is interesting that when the
sample is prepared in such a way as to label the bridging
oxygen between C7 of the pterin nucleus and the molybde-
num that the two most isotope-sensitive modes are those
seen at 1467 and 1563 cm–1, shifting 12 and 15 cm–1, respec-
tively, to lower energy with the heavier isotope.[98] That both
these modes lie to considerably lower energy than expected
for a typical carbonyl group is consistent with the C7–O
bond having significant single-bond character in the en-
zyme-bound product.

With the mode assignments for specific experimentally
observed vibrational bands that have been made to date,[98]

it is possible to begin to map out the regions on the hetero-
cycle that interact with specific amino acid residues in the
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Figure 6. Resonance Raman spectra of the monoanion of violapterin (bottom) and the complex of reduced enzyme with violapterin
(top). The spectra were obtained using 647-nm excitation.

active site and, importantly, quantify the amount of free
energy associated with each interaction using site-directed
mutagenesis. It is to be expected that work along these lines
in the immediate future will provide a quantitative map of
enzyme-substrate interactions, which can be correlated with
changes in reactivity among the set of enzyme mutants.

Prospectus

The crystal structures of an increasing number of mem-
bers of the molybdenum hydroxylase family of enzymes
have become known, and both the common and unique
structural elements of these enzymes identified. There is an
emerging consensus regarding the fundamental nature of
carbon center hydroxylation as catalyzed by enzymes such
as xanthine oxidoreductase, and the specific roles of active
site amino acid residues in accelerating reaction rate at each
of the several steps of this mechanism are increasingly well
understood. The continued application of site-directed mu-
tagenesis will very likely further our understanding of the
catalytic process in the near future, and computational ap-
proaches in conjunction with spectroscopic methods such
as resonance Raman can be expected to advance our under-
standing of the electronic as well as physical structures of
intermediates and transition states. Finally, it can be hoped
that new enzymes similar to CO dehydrogenase will be iden-
tified whose active-site structures and reaction mechanisms
represent interesting variations on the theme for these en-
zymes that reflect the diversity of chemistry available to mo-
lybdenum in a biological context.
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Reaction of MnII(bdoa)(H2O)3 with Ni(CH3COO)2·3H2O in
methanol gives a heterometallic cluster, [Ni12Mn6(bdoa)6-
(O2CMe)12(µ3-OMe)12(MeOH)12]·21MeOH, which was struc-
turally characterised by single-crystal X-ray diffraction and
possesses three self-assembled tetranuclear nickel cubes
connected by a MnII

6(bdoa)6(CH3COO)3 subunit. The mag-

One of the principal synthetic challenges in the area of
polynuclear metal complexes is control of molecular top-
ology. In recent years, this has become of particular impor-
tance in the field of Single-Molecule Magnets, in which a
combination of high-spin ground states and uniaxial anisot-
ropy leads to an energy barrier to the reversal of the magne-
tization.[1] Heterometallic aggregates are also of particular
interest in the understanding of magnetic interactions be-
tween different spin carriers.[2] For the construction of such
aggregates, the “metal complex as ligand” approach has
often proved to be fruitful in the designed synthesis of com-
pounds,[3] amongst the most successful examples of which
are the pre-designed metal-cyanide complexes. By careful
selection of such building blocks, the fine control of target
compounds with desirable architectures and magnetic prop-
erties therefore becomes a reality.[3c,3d,3f] Such a strategy has
also been successfully employed in the synthesis of frame-
work compounds constructed from secondary building
units (SBUs) in which coordination-compound units are
connected through rigid ligands such as 1,3,5-benzene-
tricarcoxylate or 4,4�-bipyridyl.[4] Using such ideas we
thought it should be possible to construct a discrete mole-
cule by choosing the correct combination of SBUs or SBU
precursors. For example, a suitable metal-complex building
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netic properties were studied in detail and indicate that the
compound possesses a high density of spin states with small
energy gaps between them.
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block is one that possesses coordinated functional groups,
such as carboxylate groups, which can form magnetically
active bridges to other paramagnetic metal ions, and/or has
exchangeable terminal ligands (e.g. H2O, MeOH) that can
be replaced by bridging units from other metal complexes.
On the other hand, synthetic conditions can be chosen to
favour known self-assembly motifs such as metal-cubane
structures. Ideally, the components should be soluble in
common solvents, and the desired structural motifs should
be conserved during the reaction leading to a predictable
final structure. Here we present the realisation of such a
strategy with the synthesis, structure and magnetic proper-
ties of the large heterometallic aggregate [Ni12Mn6(bdoa)6-
(O2CMe)12(µ3-OMe)12(MeOH)12]·21MeOH (2·21MeOH)
(bdoa2– = benzene-1,2-dioxyacetate), which can be de-
scribed in terms of a trigonal prismatic framework that cor-
responds to a central {MnII

6(bdoa)6(µ-O2CMe)3} core dec-
orated by three self-assembled {Ni4(µ3-OMe)4} cubane
units.

The complex [MnII(bdoa)(H2O)3] (1) was selected as the
mononuclear, metal-complex building block since, as the X-
ray crystal structure[5] shows, the compound is monomeric
and has a seven-coordinate metal centre, the tetradentate
ligand and three aqua ligands forming a pentagonal-bipy-
ramidal geometry (Figure 1 top). In this way, the two non-
coordinated oxygen atoms of the carboxylate groups can be
used to form bridges to other metal centres and the three
mer-distributed aqua ligands can either be replaced by
other bridging units, as we indeed observe in the final prod-
uct, or be deprotonated to form single- or double-hydroxo
bridges to other metal centres.

Reaction of complex 1 with Ni(O2CMe)2·3H2O in meth-
anol in a 1:2 molar ratio gave pale-green plate-like crystals
of 2·21MeOH in good yield after one week. The structure
of 2, viewed down the molecular threefold axis, is shown in
Figure 1. The structure can be described as being built up
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Figure 1. The self-assembly of six MnII(bdoa)(H2O)3 building
blocks and three [Ni4(O2CMe)4(OMe)4(MeOH)4] cubanes to form
the [Ni12Mn6] cluster. The bottom picture shows the structure of
2, viewed down the molecular threefold axis.

round a central, slightly twisted, trigonal-prismatic
{Mn6(bdoa)6(µ-O2CMe)3} core, and the triangular faces
correspond to two trinuclear units in which each Mn(bdoa)
centre is bridged, through an outer, non-chelating bdoa2–

carboxylate oxygen atom, to the next manganese atom in a
cyclic fashion. The resulting {Mn3(bdoa)3} triangles are
linked by three anti-anti-bridging acetate ligands to form
the prism, which has an idealised D3 (32) molecular sym-
metry. The pentagonal-bipyramidal coordination geometry
of the MnII centres in precursor 1 (Figure 1, top) has been
preserved during the self-assembly process. As hoped, the
three mer terminal water ligands have been substituted and
replaced by oxygen atoms from two acetate ligands and one
carboxylate oxygen atom from another precursor unit. In
the structure of 2, each of the three acetate ligands that link
the triangles together is incorporated into and is thus also
structurally part of each of the [Ni4(O2CMe)4(OMe)4-
(MeOH)4] cubane structures. They are oriented such that

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1927–19301928

their methyl groups point towards the centre of the core
and bridge the two NiII centres of one face of the cubane
in a syn,syn coordination mode. Another acetate ligand
bridges across the opposite face of the cubane in the same
fashion and the remaining two acetates provide further
links between the cubane and the Mn core. The µ3-methoxy
ligands bridge three Ni centres rather unsymmetrically, and
for each ligand, the three Ni–O–Ni angles fall in the ranges
89.3–91.5°, 96.3–97.5° and 99.6–101.8°; the smallest angle
refers to an acetate-bridged Ni···Ni edge. All Ni centres are
six coordinate, and the coordination spheres of the outer
Ni centres are completed by two further methanol ligands
on each centre. Conceptually, compound 2 is the combina-
tion of three neutral NiII cubanes and six neutral MnII pre-
cursors, which results in a neutral molecular framework.

Figure 2 shows the attachment of the cubanes onto the
Mn6 core in detail. As well as the links involving ligand
oxygen atoms mentioned above, in which each Mn···Ni
linkage involves a pair of oxygen bridges with Mn–O–Ni
angles in the range 96.5–99.0°, further stabilisation of the
overall structure is provided by rather strong hydrogen
bonds between the methanol ligands on the cubanes and
the carboxylate oxygen atom of the Mn6 core unit. Complex
2 can be likened to a wind-turbine and the three Ni4-
(OMe)4 cubanes correspond to the blades attached to the
Mn6(bdoa)6(µ-O2CMe)3 core that acts as the spindle (Fig-
ure 1 bottom).

Figure 2. The linkage of the Ni4Mn2 units to the {Mn6(bdoa)6-
(O2CMe)3} core in 2; the magnetic interaction pathways are high-
lighted by dashed lines and the triangular prismatic framework in
pink.

Metal-cubane complexes, which have four metal ions and
four µ3-bridging atoms alternately aligned at the vertices of
the cube, often have high-spin ground states because of the
orthogonality of the magnetic orbitals. The Ni–O–Ni angles
and Ni–Ni distances of the Ni4(OMe)4 portions in complex
2 are very similar to those in previous examples in which
all the NiII couple ferromagnetically to give an ST =4 spin
ground state.[6] To the best of our knowledge, 2 is the first
cluster compound that contains more than one such tetra-
nuclear Ni cubane complex in which the cubane units are
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well-separated but linked through a magnetically active
structure. The magnetic properties of 2 were therefore inves-
tigated.

The temperature dependence of the magnetic suscep-
tibility of 2·21CH3OH was measured between 1.8 and
300 K at H=1000 Oe (Figure 3). The χT value at room tem-
perature is 42.3 cm3 Kmol–1, which is in very good agree-
ment with the spin-only value of twelve S=1 NiII and six
S=5/2 MnII metal ions (42.25 cm3 Kmol–1 with g=2).
Upon decreasing the temperature, the slight increase fol-
lowed by a decrease in the χT product reveals the presence
of competing magnetic interactions. The maximum value of
44.6 cm3 K mol–1 for χT, reached at ca. 12 K, suggests, at a
first glance, that 2 has a large-spin ground state. Below
12 K, the χT product significantly decreases rapidly, proba-
bly as a result of zero-field splitting of the ground state or
antiferromagnetic intra-/intercluster interactions.

Figure 3. Plot of χT vs. T for 2 measured at 1000 Oe. The solid line
is the best fit using the model described in the text. Inset: M vs. H
data for 2 between 0.04 and 7 K at a sweep field rate of 0.017 T/s.

Unfortunately, the large number of magnetic centres and
the presence of multiple magnetic exchange pathways pre-
clude a determination of the individual exchange param-
eters in 2. Nevertheless, by considering previously reported
magneto–structural analyses of different bridging modes in
the literature, two qualitative approaches can be carried out
in order to analyse the magnetic properties. The strongest
magnetic couplings are most likely located in a Ni4Mn2 unit
(Figure 2) that contains two types of magnetic interactions:
NiII–NiII (JNi–Ni) and NiII–MnII (JNi–Mn). Since all of the
previously reported Ni4O4 cubane complexes were found to
possess an ST =4 spin ground state with intracubane ferro-
magnetic Ni–Ni interactions,[6] we can predict that in the
Ni4Mn2 units, JNi–Ni couplings are also likely to be ferro-
magnetic. We are not aware of any previous case of JNi–Mn

mediated by a double alkoxo- and a syn-syn carboxylate
bridge, although there are two reports on weakly ferromag-
netic NiII–MnIII interactions through two alkoxo bridges.[7]

In 2, three such Ni4Mn2 units are linked in a triangular
arrangement through anti-anti carboxylate bridges between
MnII ions (JMn–Mn) that are known to be very weakly anti-
ferromagnetic.[8]

On the basis of this analysis, two possibilities can be con-
sidered, depending on the magnitude of these interactions.
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Firstly, these interactions could be strong enough to stabi-
lise a well-defined ground state at 12 K, which corresponds
to a χT value of 44.6 cm3 Kmol–1. In this case, the resulting
overall ground state (ST) of 2 is obtained by considering an
antiferromagnetically coupled triangle of Ni4Mn2 units. In
other words, ST corresponds to the spin ground state of one
Ni4Mn2 unit. In order to reproduce the experimental χT
value at low temperature, the only possibility is to have fer-
romagnetic JNi–Mn couplings, which leads to an ST =9
Ni4Mn2 unit and thus ST =9 for the cluster 2 as a whole,
giving a theoretical χT value of 45 cm3 Kmol–1 (with g=2).
Nevertheless, a second hypothesis can be proposed. From
the increase in the χT product, it is clear that the ferromag-
netic interactions are dominant, but the other exchanges
could be very weak and only experimentally observable be-
low 12 K with the decrease in the χT product. In this case,
the magnetic behaviour of 2 should be described at a first
approximation by the magnetism of three isolated Ni4 cub-
anes in addition to the Curie contributions from the six Mn
metal ions. By using an isotropic Heisenberg model and the
same JNi–Ni value between the Ni spins,[9] the magnetic
susceptibility was perfectly reproduced down to 15 K[10]

and leads to JNi–Ni/kB = +0.99(1) K and g=2.19(1) (solid
line Figure 3). Hence, both hypotheses might be relevant
even if the usually weak antiferromagnetic JMn–Mn interac-
tions are in favour of the second one. M vs. H measure-
ments were performed on powdered crystalline samples in
fields of up to 7 T at 1.8 K. Even at 7 T, the magnetization
is not completely saturated, and reaches 42 µB. This value
is much larger than expected for a well-defined ST =9 spin
ground state. On the other hand, this result is not surprising
as a high-nuclearity complex such as 2, particularly one in
which many of the magnetic interactions are likely to be
weak, as would be the case for our second hypothesis, vide
supra, is likely to possess a high density of spin states with
small energy gaps. So low-lying excited states, including
those of greater S value (for example, an S=27 spin state
where the spins of the three Ni4Mn2 units are aligned paral-
lel), can be populated under an applied field.[11]

Since some Ni4 cubane complexes have either been found
to be or suspected to be SMMs,[6c,6d] magnetization mea-
surements were made on 2 at low temperatures by using a
microSQUID. Measurements performed at different angles
of the applied field with respect to the molecule showed
no significant differences. A typical measurement at several
temperatures is presented in the inset of Figure 3. Only very
small hysteresis effects were observed below 0.3 K in the
rather featureless magnetization curves. However, for a clus-
ter with ST =9 as the ground state, a sharp step in the mag-
netization at H=0 should be observed at very low tempera-
ture (0.04 K). The absence of such a step thus confirms the
second hypothesis given above and suggests that, at 0.04 K,
2 possesses a small spin ground state. Moreover, the absence
of significant anisotropy in the M vs. H data is indicative
of rather low anisotropy within the cluster.

In summary, a new building block, MnII(bdoa)(H2O)3,
has been successfully incorporated into the framework of a
new heterometallic cluster, [Ni12Mn6(bdoa)6(O2CMe)12(µ3-
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OMe)12(MeOH)12]·21MeOH, which suggests that MnII-
(bdoa)(H2O)3 is a useful precursor for the construction of
heterometallic assembles in a rational manner and thus is a
potential candidate for the synthesis of new SMMs. A fur-
ther attractive feature of this strategy is that it should be
possible to decorate the M6(bdoa)6(O2CMe)3 frame with
different metal cube units, allowing us to probe the effect
on magnetic interactions between metal cubes with high-
spin ground states and different transition-metal ions.
Attempts to synthesize new heterometallic compounds with
this precursor are underway.

Experimental Section
Reaction of 1 (prepared following a reported method[5a])
(0.2 mmol) and Ni(OAc)2·3H2O (0.4 mmol) in wet methanol
(15 mL) gave a light-green solution, which was filtered and layered
with diethyl ether (10 mL). Green plates of 2 were collected in
high yield (100 mg, 70%) by filtration after 1 week.
C128H248Mn6Ni12O104 (4486.44): calcd. C 34.25, H 5.53; found: C
33.89, H 5.21.

Crystal Structural Data for 2: C129H252Mn6Ni12O105, FW =
4517.47 gmol–1; monoclinic, P21/c, a = 20.4004(11), b = 20.0722(9),
c = 48.307(3) Å, β = 94.067(5)°, U = 19730.9(18) Å3, Z = 4, T =
150 K, ρcalcd. = 1.521 Mgm–3, ρ(Mo-Kα) = 1.582 mm–1, F(000) =
9408; pale-green plate 0.21×0.17×0.03 mm, Stoe IPDS-II area de-
tector diffractometer with graphite-monochromated Mo-Kα radia-
tion; 98171 data measured and corrected for absorption, 33821
unique. Rint = 0.1378, 2θmax = 50°, wR2 = 0.2248, S = 0.966 (all
data), R1 = 0.0942 [13949 reflections with I � 2σ(I)], 2166 param-
eters, residual electron density +0.72/–0.61 eÅ–3; structure solution
(direct methods) and full-matrix least-squares refinement with
SHELXTL;[12] anisotropic refinement for all non-H atoms in the
cluster and one lattice methanol, C and O of remaining methanol
groups isotropic, hydrogen atoms in calculated position except for
OH of coordinated methanol groups. Most of the lattice methanol
groups were disordered; solvent-accessible voids remained in the
structure, and the data were corrected using the squeeze option in
PLATON,[13] which indicated the presence of an additional lattice
methanol per cluster.

CCDC-295080 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): MicroSQUID data is available.
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New three-dimensional, microporous metal-organic frame-
works exhibiting reversible water adsorption, constructed
from hexagonal [Co3(imda)2] layers and N,N�-pillars, in
which the dimensions of the channels are rationally adjusta-

Introduction

Pillared metal-organic framework (MOF) structures,
analogous to natural clays and zeolites, are potentially im-
portant for applications in adsorption, separation and ca-
talysis.[1,2] Although many attempts have been made to pre-
pare functionalized pillared materials through cross-linking
metal-phosphate, metal-phosphonate, or metal-sulfonate
layers,[1a] these structures are built upon closed-window lay-
ers and pillars.[1,2] Contrasting the metal-phosphate, -phos-
phonate or -sulfonate systems, we have, with the aid of crys-
tal engineering, been recently investigating rational syn-
thetic strategies towards designed assembly of microporous
MOFs constructed from the cationic layers with “open win-
dows” and anionic linear dicarboxylates as pillars.[3] The
advantage of this synthetic method promises not only to
produce a wide variety of porous MOF materials with con-
trolled channel sizes but also to mediate their chemical be-
havior by the decoration of diverse functional groups as
part of the pillars. Recently, imidazole-4,5-dicarboxylic acid
(imdaH3) has been used as a versatile ligand to construct
some intriguing porous MOFs, such as the molecular
square[4a] and cube[4b,4c] in Na2[Co4(imda)4(2,2�-bpy)] and
[Ni8(imdaH)12]8–, respectively. Among the coordination
modes of the imda3– ligand in the reported complexes, the
most remarkable one is the triangular arrangement of the
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ble by varying the lengths of pillars, have been designed,
hydrothermally synthesized, and characterized.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

three metal ions around imda3– (Scheme 1), which implies
that it can be employed as a module in the construction of
hexagonal layers by sharing the corners of the trigonal sub-
unit [M3(imda)2]. In this communication, we report a strat-
egy for pillaring the hexagonal [M3(imda)2] layers into three
3D, porous MOF solids with controlled channel sizes
(Scheme 2): [Co3(imda)2(pyz)3]·8H2O (1), [Co3(imda)2(4,4�-
bpy)3]·4,4�-bpy·8H2O (2), and [Co3(imda)2(2,5-bptz)3]·2,5-
bptz·9H2O (3) [pyz = pyrazine, 4,4�-bpy = 4,4�-bipyridine,
2,5-bptz = 2,5-bis(pyrid-4-yl)-1,3,4-thiadiazole].

Scheme 1. Predesigned hexagonal layer constructed from the 3-con-
nected 4,5-imda ligand.

Scheme 2. A strategy for design and control of the channels in 1–
3.

Results and Discussion

Hydrothermal reactions of CoCl2·6H2O, imdaH3,
NaOH, and different N,N�-pillars (pyz, 4,4�-bpy, or 2,5-
bptz) in a mol ratio of 1.5:1:3:1.5 generate crystals of 1–3.
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Single-crystal X-ray analysis has revealed that 1 crys-

tallizes in the hexagonal space group P6/mmm. The CoII

ions occupy Wyckoff position 3(f) with site symmetry mmm.
Notably, the ideal molecular symmetries of the pyz ligand
(D2h) and the imda trianion (C2v) are retained in the crystal
structure, but the imda trianion exhibits a threefold disor-
der about the 6̄-axis (Figure S1). The CoII ions are located
in two different distorted octahedral coordination environ-
ments, [CoO2N4] or [CoO4N2] (Figure 1a). The coordina-
tion sphere is formed by four N atoms (two from pyz and

Figure 1. Coordination geometries of the Co2+ ions in 1 (a), 2 (b),
and 3 (c).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1931–19351932

two from imidazolate) and two carboxylato O atoms, or by
two pyridyl N atoms and four carboxylato O atoms
[Co–Nimda = 1.955(13), Co–Nbpy = 2.162(12), Co–O =
2.193(15) Å]. Each imda ligand bridges three Co atoms
[Co···Co separations of 6.091(4) Å] to generate neutral and
essentially planar [Co3(imda)2] layers with (6,3) topology
(Figure 2a). For simplicity, one of three possible orienta-
tions of imda3– is considered. Each 2D layer consists of two
types of hexagonal 24-membered rings: Co6(imidazolato)6

and Co6(carboxylato)6. Interestingly, each Co6(imidazol-
ato)6 ring is surrounded by six Co6(carboxylato)6 rings,
while each Co6(carboxylato)6 ring is alternately surrounded
by three Co6(imidazolato)6 rings and three Co6(carboxyl-
ato)6 rings. A sixfold axis lies across each cavity of the hex-
agonal layer. It is noteworthy that the hexagonal [Co3-
(imda)2] layers are ideally stacked in an AAA fashion along
the c-axis and are further pillared by pyz spacers into a
non-interpenetrated 3D microporous MOF structure with
the effective channel size of 4.7×4.7 Å estimated from the
van der Waals radii for carbon (1.70 Å), hydrogen (1.20 Å),

Figure 2. 2D hexagonal layers in 1 (a), and 2 or 3 (b).
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nitrogen (1.55 Å), and oxygen (1.40 Å) (Figure S2 and Fig-
ure 3a). The disordered guest water molecules are located
within these channels. An analysis with PLATON[5] sug-
gested that the channels occupy 39.1% of the crystal vol-
ume. The network topology can be simplified by consider-
ing just the cobalt atoms (represented by a square-planar
node) and the tri-connected imda ligands (represented by a
triangular node); the bidentate pyz ligands can be repre-
sented simply as links between the cobalt nodes. The re-
sulting net, shown in Figure 3b, is a rare 3D (3,4)-connected
net with triangular and square-planar nodes in the ratio
2:3. A topological analysis of this net was performed with
OLEX.[6] The long topological (O’Keeffe) vertex symbol is
62.62.62.62.122 for the Co node and 62.62.62 for the imda
node, giving the short vertex symbol (63)2(64.8.10)3. The net
is different to other previously identified (3,4)-connected
networks.[7]

The porous MOF structures of 2 and 3 are similar to
that of 1. Both of them are built of neutral hexagonal [Co3-
(imda)2] layers and longer 4,4�-bpy or 2,5-bptz pillars. The

Figure 3. (a) The pillared 3D MOF in 1. (b) Topological connectivity in 1. (c) Topological net of the pillared 3D MOF in 2 or 3. (d)
Topological connectivity in 2 or 3. The big dark grey or black spheres represent cobalt atoms, while the small grey spheres represent the
centers of mass of imda ligands. The N,N�-pillar ligands are represented by interlayer bold lines.

Eur. J. Inorg. Chem. 2006, 1931–1935 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1933

asymmetric unit of 2 contains one and a half 4,4�-bpy li-
gand, one imda3– ion, and three independent CoII ions lying
at inversion centers (Figure 1b). Both Co1 and Co2 atoms
are similarly in a distorted octahedral [CoO2N4] environ-
ment, in which the coordination sphere for Co1 or Co2 is
formed by two pyridyl N atoms, two imidazolate N atoms,
and two carboxylate O atoms [Co–Nimda = 2.046(3)–
2.048(4), Co–Nbpy = 2.172(4)–2.206(3), Co–O = 2.106(3)–
2.119(3) Å], while the coordination sphere for Co3 is
formed by two pyridyl N atoms and four carboxylato O
atoms [Co–N = 2.157(3), Co–O = 2.063(3)–2.066(3) Å].
Each imda ligand bridges three Co atoms with Co···Co sep-
arations of 5.7704(5)–6.2939(4) Å. For 3, the asymmetric
unit of the host MOF contains five unique CoII atoms, four
(Co1, Co2, Co4, and Co5) of which lie across inversion cen-
ters and the other one (Co3) on a general position, two
imda ligands which lie on general positions, and three
unique 2,5-bptz ligands (Figure 1c). The adjacent intralayer
Co···Co distances separated by the imda ligands are
5.8168(9)–6.3064(9) Å.
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In contrast to that in 1, each 2D hexagonal layer in 2 or 3

consists of only hexagonal Co6(imidazolato)2(carboxylato)4

24-membered rings (Figure 2b). Adjacent hexagonal layers
are stacked in a ABAB fashion and are further pillared by
4,4�-bpy or 2,5-bptz spacers into a non-interpenetrated 3D
microporous MOF structure with the effective channel sizes
of 4.2×6.2 Å and 4.7×6.5 Å for 2 and 3, respectively. It
should be noted that the network topology of 2 and 3 are
identical, but different from that of 1 though the three 3D
MOF structures are 3D (3,4)-connected nets with triangu-
lar and square-planar nodes in the ratio 2:3. In 1, all the
Co nodes are the same. But in 2 and 3, only two-thirds of
the Co nodes are equivalent (for 2: Co1 and Co3; for 3:
Co1, Co2, Co4 and Co5). The difference between the two
types of nodes can be seen in Figure 3c, d. The long topo-
logical (O’Keeffe) vertex symbol is 62.62.6.6.122.122 and
6.6.6.6.102 for the two kinds of Co nodes, and 6.6.62 for the
imda node, giving the short vertex symbol (63)2(64.82)2-
(64.102). An analysis with PLATON[5] suggested that the
channels occupy 38.8% and 44.6% of the crystal volume
for 2 and 3, respectively. The guest 4,4�-bpy/2,5-bptz and
water molecules are located within these channels. The cal-
culated crystal densities (in the absence of guests) of
1.172 gcm–3 and 1.09 gcm–3 are comparable to those found
for some porous MOF materials with low density.[8]

To examine the thermal stability of these porous net-
works, thermal gravimetric (TG) analyses and powder X-
ray diffraction (XRD) measurements were carried out. The
thermal decomposition behaviors of 1, 2, and 3 are much
alike. For 1, the first weight loss of 15.7% from 20 to 180 °C
is in accordance with the loss of eight lattice water mole-
cules per Co3 (calculated: 16.6%), while the release of the
pyz and imda components occurs at ca. 250 °C and 360 °C
in two separate steps (Figure S4) to yield the residue Co3O4

at ca. 410 °C (found: 28.6%; calculated: 27.8%). The TG
curve of 2 indicate the release of all lattice water molecules
before 106 °C (found: 11.3%; calc: 11.5%). At 265 °C, the
solvated 4,4�-bpy and coordinated ligands start to be re-
leased (Figure 4). No chemical decomposition was observed
between 106 and 265 °C. The TG curves of the dehydrated
and rehydrated samples of 2 show that it exhibits reversible
water adsorption. Powder XRD patterns of 2 and dehy-
drated samples of 2 are nearly identical, indicating that the
initial framework is retained after the lattice water mole-
cules are removed by heating at 180 °C under vacuum for
8 h. For 3, the first weight loss of 9.9% from 20 to 120 °C
is in accordance with the loss of nine lattice water molecules
per Co3 (calculated: 10.1%). No chemical decomposition
was observed between 120 and 350 °C (Figure S6). Similar
reversible dehydration and rehydration are also found for 1
and 3 (Figures S4–6).

The temperature-dependent magnetic susceptibility, χM,
of 1, 2, and 3 were measured in a 5.0-kOe field (Figure S7).
At room temperature, χMT is 8.30, 8.29, and
7.20 cm3 mol–1 K per Co3 unit for 1, 2, and 3, respectively,
which is significantly higher than the spin-only value
(5.63 cm3 mol–1 K) expected for three uncoupled CoII ions
(S = 3/2), indicating that the orbital contribution is incom-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1931–19351934

Figure 4. TG data for 2: (a) as-synthesized sample, (b) dehydrated
sample at 180 °C, (c) re-hydrated sample.

pletely quenched. Upon cooling, the χMT gradually de-
creases owing to the contribution of single-ion behavior of
high-spin CoII ions and also to antiferromagnetic exchange
between the Co centers. The χM(T) in the high-temperature
region (30–280 K) can be fit into the Curie–Weiss equation
with C = 9.77 cm3 mol–1 K and θ = –53.99 K for 1, C =
9.69 cm3 mol–1 K, and θ = –46.24 K for 2 and C =
8.48 cm3 mol–1 K and θ = –58.94 K for 3; these values agree
well with those expected for high-spin CoII ions in octahe-
dral sites.[9a] The negative sign of θ and the decrease of χT
point to the existence of antiferromagnetic exchange inter-
actions. Spin-orbit coupling most certainly also contributes
to this decay.[9a–9c] Detailed magnetic studies and other
functions of this porous family are under way.

In conclusion, we present a new strategy for the genera-
tion of novel 3D porous metal-organic framework solids
that exhibit reversible water adsorption with predesigned
hexagonal [Co3(imda)2] layers and length-controllable
N,N�-spacers as pillars. They may be good candidates for
porous materials owing to their high thermal stability and
reversible guest exchange.

Experimental Section
X-ray Crystallographic Study: Diffraction intensities of 1, 2, and 3
were collected with a Bruker Apex CCD area-detector dif-
fractometer (Mo-Kα, λ = 0.71073 Å). Absorption corrections were
applied by using the multiscan program SADABS.[10] The struc-
tures were solved with direct methods and refined with a full-matrix
least-squares technique with the SHELXTL program package.[11]

Crystal and structure-refinement parameters. Compound 1:
C22H30Co3N10O16, M = 867.35, hexagonal, space group P6/mmm
(No. 191), a = 12.183(1), c = 7.092(1) Å, V = 911.6(2) Å3, Z =
1, T = 123(2) K, F(000) = 441, Dc = 1.580 gcm–3, µ(Mo-Kα) =
1.427 mm–1; R1 = 0.0847, wR2 = 0.1687 and GOF = 1.159 for 61
parameters, 307 reflections with |Fo| � 4σ(Fo). Compound 2:
C50H50Co3N12O16, M = 1251.81, triclinic, space group P1̄ (No. 2),
a = 11.448(1), b = 11.541(1), c = 11.766(1) Å, α = 65.370(1), β =
80.540(1) γ = 72.759(1)°, V = 1348.2(2) Å3, Z = 1, T = 123(2) K,
F(000) = 663, Dc = 1.542 gcm–3, µ(Mo-Kα) = 0.993 mm–1; R1 =
0.0580, wR2 = 0.1552 and GOF = 1.036 for 412 parameters, 4147
reflections with |Fo| � 4σ(Fo). Compound 3: C58H52Co3N20O17S4,
M = 1606.23, triclinic, space group P1̄ (No. 2), a = 11.791(1), b =
17.050(2), c = 20.795(2) Å, α = 104.726(2), β = 106.360(2), γ =
103.481(2)°, V = 3664.6(7) Å3, Z = 2, T = 123(2) K, F(000) = 1642,
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Dc = 1.456 gcm–3, µ(Mo-Kα) = 0.862 mm–1; R1 = 0.0834, wR2 =
0.2467 and GOF = 1.029 for 955 parameters, 7210 reflections with
|Fo| � 4σ(Fo). The PLATON SQUEEZE procedure[12] was also
used to treat regions of disordered solvent in 2 which could not be
sensibly modeled in terms of atomic sites. Their contribution to the
diffraction pattern was removed and modified Fo

2 written to a new
HKL file. The number of electrons thus located, 160.1 per unit cell,
is included in the formula, formula weight, calculated density, µ,
and F(000). This residual electron density was assigned to eight
water molecules and a 4,4�-bpy [8×10 (H2O) + 1×82 (4,4�-bpy) =
162e]. However, the disordered solvents in 1 and 3 could not be
subtracted from the corresponding diffraction patterns by the
squeeze/bypass procedure because of their disordered host MOF
structures.

CCDC-289570 (1), CCDC-284833 (2) and CCDC-284834 (3) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystallographic files of 1–3 (CIF), synthesis, packing
plots, TG curves, simulated and experimental powder XRD data,
temperature- and field-dependent magnetic susceptibility of 1–3.
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Mesoporous aluminium organophosphonates with chiral L-
proline groups in the pore were synthesized for the first time
through surfactant-assisted one-pot co-condensation of
Al(OsBu)3 with a mixture of 1-phosphonomethylproline (S)-
H2PO3CH2NC4H7COOH (H3PMP) and phosphoric acid

Introduction

Recently, the interest in the design and fabrication of or-
ganic-inorganic materials with high surface area and hierar-
chically ordered porous structure is growing because of
their potential applications in the fields of optics, elec-
tronics, membranes, catalysis, biology and etc.[1,2] The per-
iodic mesoporous organosilicas (PMOs) with organic bridg-
ing groups in the framework were regarded as one of the
recent breakthroughs in the fields of hybrid organic-inor-
ganic mesoporous materials.[3,4] Compared with the silica-
based materials, metal organophosphonates are more
promising in respect of their unique properties, such as pro-
ton conductivity, nonlinear optical effects, electron transfer,
topochemical reactivity, and photochromism.[5–7] Inspired
by the success of PMOs, a pure mesostructured aluminium
organophosphonate (AOPs) containing internal methylene
groups was first reported by Kimura in 2003.[8] To the best
of our knowledge, only limited types of organic groups
(alkyl, alkylene and phenyl) were incorporated in the meso-
porous metal organophosphonates,[8–12] however, mesopo-
rous AOPs functionalized with chiral organic groups have
not been reported so far.

Amino acids are the principal building blocks of proteins
and enzymes. Among them, -proline is one of the cyclic
aliphatic amino acids that is a major component of the pro-
tein collagen. Also, -proline is an efficient catalyst for the
asymmetric catalysis and chiral selector for the chiral sepa-
ration.[13,14] The combination of the mesoporous AOPs
with -proline will be interesting in view of the enzyme ad-
sorption, chiral synthesis etc. Here, we report for the first
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(H3PO4) [H3PMP/(H3PMP + H3PO4) = 50, 75, 100 mol-%] un-
der basic conditions in the presence of cetyltrimethylammon-
ium bromide.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

time the synthesis of mesoporous AOPs containing chiral
-proline groups in the pore by a one-pot synthetic method.

Results and Discussion

Mesoporous AOPs with different amounts of -proline
were synthesized through the “atrane route” previously re-
ported for the synthesis of aluminium phosphonates and
diphosphonates with slight modification.[11] During the
synthesis, the pre-hydrolysis of aluminium species is essen-
tial for the formation of pure mesoporous AOPs, otherwise
pure mesoporous AOPs cannot be obtained. The mesopo-
rous AOPs with different amounts of -proline in the pore
are designated as MAOP-n, while n (= 50, 75, 100) is the
mol-% value of H3PMP/(H3PMP + H3PO4) in the initial
mixture.

The powder XRD patterns of all as-synthesized MAOPs-
n display a single broad diffraction peak at low diffraction
angle, suggesting that these hybrid materials have a “worm-
like” mesoporous structure (Figure 1). The TEM images of
as-synthesized MAOPs-n clearly show the “worm-like”
pore arrangement throughout the materials, which is con-
sistent with the XRD results (Figure 2). It is noteworthy to
mention that the mesoporous structure could be formed
even for MAOP-100, synthesized from 100 mol-% of
H3PMP. With the amounts of organophosphonic acid,
H3PMP, in the initial mixture increasing, the intensity of
the diffraction peak decreased. The XRD patterns of MA-
OPs-n remain almost the same before and after the surfac-
tant extraction, showing that the mesoporous structure of
MAOPs-n is stable enough to survive during the surfactant
removal process. Additionally, the diffraction peaks shift to-
ward lower 2θ angles after removal of the surfactant, which
is in agreement with the results of previous reports on
mesoporous ALPOs.[11,15,16] All surfactant-extracted
MAOP-n solids present typical type IV isotherms with H2
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hysteresis loop according to IUPAC classification, charac-
teristic of the mesoporous material with “ink-bottle” pores
(see Supporting Information). The BET surface area, the
pore volume, and the pore diameter of MAOP-100 are
lower than those of MAOP-50 and MAOP-75. The results
of XRD and N2 sorption isotherms imply that the mesopo-
rous structure of MAOPs-n are disturbed by the incorpora-
tion of -proline groups in the materials. This can be ex-
plained by the fact that it is difficult for the monophos-
phonic acid to construct the mesoporous framework[11] and
the steric hindrance resulting from the large -proline
group.

Figure 1. Powder X-ray diffraction patterns of (left) as-synthesized
and (right) surfactant-extracted MAOPs-n: (a) MAOP-50; (b)
MAOP-75; (c) MAOP-100.

The ratio of Al/P for the mesoporous aluminium phos-
phates varies in the range of 1.0 to 5.5 depending on the
synthetic conditions.[17] The ratio of Al/P for MAOPs-n is
about 3, which is higher than the ideal stoichiometric value
of 1 (Table 1). This fact shows that the extra aluminium
species participate in the formation of the mesoporous
framework. During the synthesis, the reaction rate between
the aluminium species and H3PMP is retarded because of
the steric restriction derived from the -proline group. Also,
before the addition of H3PMP/H3PO4, the aluminium pre-
cursor was allowed to pre-hydrolyze. As a result, the inter-
action of the hydrolyzed aluminium species with H3PMP
and the condensation between the hydrolyzed aluminium
species occurred simultaneously. The excess aluminium spe-
cies that could be incorporated in the mesoporous frame-
work of MAOPs-n in a controllable way can act as a stabi-

Table 1. Physicochemical data for surfactant-extracted MAOPs-n.[a]

H3PMP in the solu-Sample H3PMP in the solid[b] d(100) Al/P[c] SBET Pore volume BJH pore diameter[d]
tion

[mol%] [mol%] [nm] [m2g–1] [cm3g–1] [nm]

MAOP-50 50 10 6.7 (5.8) 3.22 373 0.43 3.5
MAOP-75 75 22 5.3 (5.1) 3.41 422 0.54 3.7
MAOP-100 100 100 6.9 (5.5) 2.78 215 0.13 2.9

[a] Data in parentheses are for the as-synthesized materials. [b] Based on 31P MAS NMR spectroscopy. [c] Calculated from ICP analysis.
[d] Calculated by using the BJH model on the adsorption branch of the isotherm.
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Figure 2. TEM images of as-synthesized MAOPs-n: (a) MAOP-50;
(b) MAOP-75; (c) MAOP-100.

lizer in the pore wall to stabilize the mesoporous framework
of MAOPs-n.

31P MAS NMR spectra of the surfactant-extracted MA-
OPs-n show that the organophosphonate groups are actu-
ally incorporated in the materials (Figure 3). MAOP-100
displays a broad peak centered at δ = 2 ppm with a shoul-
der at δ = 6 ppm, which could be assigned to P atoms of
RPO3

2– and RPO3H–, respectively. The presence of
RPO3H– in MAOP-100 is also supported by the FT-IR.
The stretching vibration of the P–OH band was clearly ob-
served at 950 cm–1 (see Supporting Information). A broad
signal centered at δ = –12 ppm was observed in 31P MAS
NMR spectra of MAOP-50 and MAOP-75. After deconvol-
ution by computer simulation, the broad peak was divided
into two singals. The signal at δ = –12 ppm is attributed to
the inorganic phosphorus species according to ref.[18], while
the singal at δ = 2 ppm is derived from the organic phos-
phorus species, RPO3

2–. From the ratio of Pinorg/Porg (calcu-
lated from the peak area, Table 1), we could see that only
10 and 22 mol-% of H3PMP could be incorporated in
MAOP-50 and MAOP-75, respectively. This is probably due
to the severe steric hindrance of H3PMP.

13C MAS NMR spectrum of MAOP-100 also confirms
that -proline groups have been incorporated in the material
(Figure 4). The signals at δ = 174 and 179 ppm are associ-
ated with the C atoms of CO2H and CO2–, respectively. The
resonance at δ = 72 ppm can be assigned to the C atom of
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Figure 3. 31P MAS NMR spectra of surfactant-extracted MAOPs-
n: (a) MAOP-50; (b) MAOP-75; (c) MAOP-100.

the CH group connected with the carboxy group, while the
signal at δ = 56 ppm is attributed to the C atom of CH2

group connected with the phosphonic group. The signals
related to the CH2 group of the pyrrolidine ring are ob-
served at δ = 23, 29 and 59 ppm. The 13C MAS NMR spec-
trum shows that organophosphonic acid, H3PMP, retains
its integrity in the mesoporous solid. In addition, the peak
at δ � 15 ppm, associated with the C atom of the terminal
CH3 group of the surfactant CTAB, cannot be observed in
the spectrum, which illuminates that the surfactant is al-
most completely removed using the extraction method.

Figure 4. 13C MAS NMR spectra of surfactant-extracted MAOP-
100.

The 27Al MAS NMR spectra of surfactant-extracted
MAOPs-n give information of the aluminium coordination
environment (see Supporting Information). Two signals at
δ = 0 and 50 ppm are observed in the spectra of MAOP-50
and MAOP-75, which could be assigned to octahedral and
tetrahedral Al centers, respectively. The peak at δ = 0 ppm
is dominant, showing that almost all aluminium species are
six-coordinate. Only a six-coordinate Al species is observed
for MAOP-100. This may be due to the large influence of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1936–19391938

the charge balance of MAOPs-n on the coordination envi-
ronment of the Al species. The different charges between
H3PO4 and H3PMP may be the main reason for the dif-
ferent aluminium coordination environments in MAOPs-n.

The chirality of -proline in the solid product was ana-
lyzed by CD spectroscopy (see Supporting Information). A
positive Cotton effect was observed for MAOP-100, which
is consistent with that of H3PMP. From the CD results, we
can draw the conclusion that -proline groups retain their
chirality during the synthesis and subsequent surfactant-re-
moving process.

Conclusion
In summary, mesoporous AOPs with different amounts

of chiral -proline groups in the pore were synthesized for
the first time through the surfactant-templated method.
The existence of extra aluminium species in the mesoporous
framework (formed through “pre-hydrolysis” of the alumin-
ium precursor) plays an important role in stabilizing the
mesoporous structure of the materials. The integrity and
chirality of -proline were retained in the mesoporous
AOPs. The successful synthesis of mesoporous AOPs con-
taining chiral molecules may provide a new method for the
design and synthesis of chiral solid materials.

Experimental Section
MAOP-n Materials: In a typical synthesis, Al(OsBu)3 (0.985 g,
4 mmol) was added dropwise to a solution of triethanolamine
(2.389 g, 16 mmol) at 160 °C. After cooling to 120 °C, cetyltri-
methylammonium bromide (0.364 g, 1 mmol) was added to the
above mixture. The solution was further cooled to 70 °C and dis-
tilled water (20 mL) was added. The mixture was stirred for a few
minutes to “pre-hydrolyze” the aluminium precursor (this “pre-hy-
drolysis” process for the aluminium precursor is essential, other-
wise pure mesoporous AOPs cannot be obtained). An aqueous
solution (20 mL) containing a mixture (6 mmol) of phosphoric acid
and 1-phosphonomethylproline [(S)-H2PO3CH2NC4H7COOH,
H3PMP] was added to above mixture under vigorous stirring. The
mixture was kept at 70 °C for 30 min. After filtration, the resulting
white powder was dried under vacuum at 60 °C. The surfactant
was extracted using an acetic acid/ethanol solution (1 g of powder
in 130 mL of ethanol containing 16 mL of acetic acid) at room
temperature.

Supporting Information (see footnote on the first page of this arti-
cle): N2 sorption isotherms, FT-IR spectra, and 27Al MAS NMR
specra of MAOPs-n; CD spectrum of MAOP-100.
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A new ligand, H5L3, has been synthesized featuring seven
linearly arranged oxygen donors in form of two 1,3-diketone
and three phenol groups. The X-ray structure of H5L3 unveils
a rare case where one of the diketones is in the enolic form
and the other one in the bis(carbonyl) form. This structure is
shown by 1H NMR to persist in solution. Reaction of H5L3
with Mn(AcO)2 in pyridine leads to the novel tetranuclear
cluster [Mn4(H2L3)2(OAc)2(py)5] (1), which displays an un-

The preparation of molecular cluster complexes of inter-
acting transition-metal ions is useful to areas as important
and diverse as molecular magnetism,[1,2] homogeneous ca-
talysis[3] or bioinorganic chemistry.[4,5] A very successful ap-
proach for accessing such species has been the assembly of
metal ions by means of small bridging ligands, such as car-
boxylates, where growth into infinite arrays is often pre-
vented by additional terminal ligands.[6,7] Such a method
has been sometimes termed “serendipitous approach” since
it does not allow prediction of the structure of the final
species.[8] An alternative strategy has been the design and
preparation of complicated multidentate ligands favoring
the assembly of metal ions into aggregates with topologies
that may be anticipated from the structure of these ligands.
This second course of action has led to the production of a
large amount of polynuclear edifices displaying sophisti-
cated shapes and architectures, such as helicates,[9] grids,[10]

cylinders,[11] catenates,[12] and many more. Of these molecu-
lar species, only a minority have the metal ions disposed in
close proximity so as to show cooperative effects resulting
from strong magnetic-exchange interactions[13] or metal–
metal bonding.[14] We have been interested in preparing new
ligands incorporating various β-diketone units and other
donor groups in a linear fashion (H3L1 and H4L2 in
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Diagonal 647, 08028 Barcelona, Spain
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usual core in form of a zig-zag chain. Bulk magnetic mea-
surements revealed the existence of weak antiferromagnetic
coupling within the molecule. Numerical fits to a model de-
scribed by the Hamiltonian H = –2J1(S1S2 + S3S4) – 2J2(S2S3)
yield coupling constants of J1 = –2.23 cm–1, J2 = –0.85 cm–1

and g = 2.08.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1),[15,16] aimed at forming molecular strings of
metal ions in close proximity. Maximum occupancy of their
coordination pockets would result in tetranuclear clusters
in form of [M4] chains[17] for H3L1 and aligned [M2]2 di-
mers of dimers for H4L2. Reactions of the latter with
M(OAc)2 salts have resulted invariably in the formation of
complexes of the type [M2(H2L2)2(S)n] (n = 2 or 4; S =
solvent; M = Mn, Ni, Co, Cu).[16] Similar dinuclear com-
pounds have been obtained with H3L1.[18] However, in the
absence of a coordinating solvent, molecules exhibiting
higher occupancy, [Co3(HL1)3] and [Mn3(HL1)3], were
characterized, which represented a new asymmetric top-
ology within the context of coordination helicates.[19] In-
spired by these early results, we have now designed and syn-
thesized a new ligand displaying as many as six adjacent
coordination pockets (H5L3, Scheme 1). Reaction of H5L3
with MnII produces a very rare magnetically exchanged tet-
ranuclear complex featuring an [Mn4O6] core in form of a
zig-zag chain.

The new ligand H5L3 {2-hydroxy-1,3-bis[3-(2-hydroxy-
phenyl)-3-oxopropionyl]benzene} was prepared from the
methoxide derivative H4L4 (Scheme 1).[20] The latter is
also a new molecule not described in the literature and con-
stitutes a bis(β-diketone) with potentially interesting coor-
dination chemistry. The NMR spectra (1H and 13C) of
H5L3 (Figure 1) do not reflect the symmetry presumed for
this molecule in Scheme 1. The crystal structure of the com-
pound (Figure 1),[21] obtained following its recrystallization
from MeOH, threw light into the solution structure respon-
sible of its 1H NMR pattern, allowing its assignment, with
help of a COSY spectrum (see Supporting Information). In
fact, the molecule of H5L3 crystallizes with one of its 1,3-
diketone groups in its enolic form and the other one in the
bis(carbonyl) form, constituting a very rare example where
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Scheme 1.

both forms are present simultaneously in one molecule. The
only such previous example featured by the Cambridge data
base is a cyclic polyketide lactone where the strain of the
macrocycle is forcing the formation of the mixed tauto-
mer.[22] In H5L3, the simultaneous occurrence of both
forms may be favored by the formation of five intramolecu-
lar [O–H···O] hydrogen bonds, which are all part of π-delo-
calized systems. The structural parameters within these de-
localized systems follow indeed the criteria of resonance-
assisted hydrogen bonding (RAHB).[23] According to this
theory, intramolecular hydrogen bonds within β-diketone
enols are reinforced by the existence of π-delocalization
within the heterodienic O=C–C–C=O–H chain, translating
into abnormally short O···O distances. The same phenome-
non occurs, although less pronounced, within 2-hydroxy-
benzoketones, such as these present in H5L3, and this trend
is clearly observed on the crystal structure of the molecule.
RAHB predicts a good correlation between d(O···O) and
the 1H NMR chemical shift of the proton concerned by the
H-bond, and this criterion was used to assign this class of
protons in H5L3 (Figure 1).

The reaction of H5L3 with 2 equiv. of Mn(OAc)2·H2O in
pyridine affords a dark orange solution that produces
orange crystals upon layering with Et2O. This product
was identified by single-crystal X-ray diffraction to be
[Mn4(H2L3)2(OAc)2(py)5] (1).[24] The structure of 1 (Fig-
ures 2 and 3)[21] reveals a linear tetranuclear array of MnII,
assembled by the action of two triply deprotonated µ4-
(H2L3)3– ligands located face-to-face, through four adjacent
chelating units per side constituted by the five central oxy-
gen donors of each ligand. All chelating units form six-
membered rings. The peripheral ones, formed by the 1,3-
diketonate units, deviate significantly from planarity
[Cremer and Pople puckering amplitude in the range
0.0756(13)–0.2321(15) Å],[25] although not as much as the
central ones, involving the phenoxide moiety [puckering
amplitudes in the range 0.3804(15)–0.8351(16) Å]. The lat-
ter can be described as in a distorted boat, twist-boat or
screw-boat conformation. The ionizable protons remaining
on each (H2L3)3– moiety are those of the peripheral neutral
phenol groups and are involved in internal hydrogen bonds,
as seen with the free ligand. Interestingly, each chelating
pocket binds a metal ion disposed in cis configuration with
respect to its counterpart from the other ligand. This is pre-
sumably because the ionic radius of MnII is too large to
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Figure 1. Top: ORTEP representation at the 50% probability level
of the ligand H5L3. Only the oxygen atoms are labeled. Intramolec-
ular hydrogen bonds are shown as dashed lines. H-bond [O–H···O]
distances [Å]: 2.578(2) (O1,O2), 2.533(2) (O3,O4), 2.488(2)
(O5,O6), 2.536(2) (O6,O7). Bottom: 300 MHz 1H NMR spectrum
of H5L3 in CDCl3 reflecting the symmetry of the solid state. The
assignment of the non-aromatic protons is shown (see text for de-
tails). Full assignments are given in the Supporting Information.

accommodate the four metal ions in a linear array with the
chelating units disposed equatorially (i.e. trans). The result
is an [Mn(µ-O)2Mn(µ-O)2Mn(µ-O)2Mn] chain with a very
unusual “zig-zag” shape. In complex 1, each peripheral pair
of metal ions is further bridged by one µ-OAc– ligand, while
pyridine ligands complete the six- (Mn1, Mn2 and Mn4)
or seven-donor (Mn3) coordination spheres present in this
system. Thus, the external Mn2 pairs are bridged by one
syn,syn-OAc and two alkoxide-type µ-O donors, while the
central Mn2 is linked by just two phenoxide-type bridges.
The bond lengths around the metal ions range from
2.066(1) to 2.488(2) Å, within the limits expected for MnII

ions (ranges for each type of bond are listed in the caption
of Figure 2). The average nearest and second-nearest
neighbor Mn···Mn separations are 3.378 and 5.826 Å,
respectively.
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Figure 2. Labeled Pov-ray representation of [Mn4(H2L3)2(AcO)2-
(py)5] (1). Only hydroxy H-atoms are shown. Intramolecular hydro-
gen bonds are shown as dashed lines. Ranges of selected in-
teratomic distances [Å] and angles [°]: Mn–O 2.0661(14) to
2.4031(14), Mn–N 2.2660(18) to 2.488(2), Mn1···Mn2 3.2876(6),
Mn2···Mn3 3.4950(7), Mn3···Mn4 3.3502(6), Mn2···Mn4 5.7526(9),
Mn3···Mn1 5.8984(9), Mn1···Mn4 8.8046, Mn1–Mn2–Mn3
120.80(2), Mn2–Mn3–Mn4 114.35(2), O107–H···O106 2.513(2),
O207–H···O206 2.500(2), O101–H···O102 2.501(2), O201–H···O202
2.495(2).

Figure 3. Platon representation of the core of [Mn4(H2L3)2-
(AcO)2(py)5] (1) emphasizing two different views. Code for atoms:
large, Mn; small hatched, O; shaded, N.

Tetranuclear manganese clusters are interesting from the
magnetic point of view,[26] or as synthetic models of the
dioxygen-evolving complex of photosystem II.[27] Of the
dozens of examples existing in the literature only three
types consist of linear arrays of fused [Mn2(µ-O)2] moieties
as in 1; the [Mn4

IVO6(bpy)6]4+ cation,[28,29] the [Mn2
III-

Mn2
II(Me-hmp)6Cl4] cluster [Me-hmpH = 2-(hydroxy-

methyl)-6-methylpyridine],[30] and the cations [Mn4
IIL6]2+

[HL = a (2-hydroxyphenyl)bipyridine or -phenanthroline li-
gand].[31,32] All of these display a cis conformation with re-
spect to the central [Mn2O2] unit (Scheme 2), while complex
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1 is the first example of the trans form as forced presumably
by the structure of the (H2L3)3– ligand.

Scheme 2.

The magnetic exchange within complex 1 was examined
by means of variable-temperature (2–300 K) bulk-magne-
tization measurements under a constant magnetic field of
0.3 T. The results are given in Figure 4 in form of a χMT vs.
T plot. The product χMT at 300 K is 18.43 cm3·K·mol–1

(quite near to the value of 17.5 cm3·K·mol–1 for four inde-
pendent high-spin MnII centers with g = 2), and it decreases
slowly and then more rapidly near 70 K to reach a value
of 1.22 cm3·K·mol–1 at 2 K. This indicates the presence of
dominant antiferromagnetic interactions within the cluster.
A fit of the experimental data was obtained through a ma-
trix diagonalization procedure using the program CLU-
MAG,[33] by considering the Heisenberg spin Hamiltonian
H = –2J1(S1S2 + S3S4) – 2J2(S2S3), where Si is the spin
angular momentum operator of Mni (Si = 5/2) and the in-
teraction between the metal ions of both external Mn2 pairs
was assumed to be equal (see inset in Figure 4). Good fits
were obtained for two sets of solutions. One was reached
for values J1 = –1.37 cm–1, J2 = +0.77 cm–1 and g = 2.06,
which leads to a total spin ground state of ST = 0. Since J1

� J2, a very similar behavior is expected if J2 were instead
negative but with comparable absolute value. This turns out
to be the case if the fit is performed by restricting both
coupling constants to be antiferromagnetic, yielding the pa-
rameters J1 = –2.23 cm–1, J2 = –0.85 cm–1 and g = 2.08. The
latter fit is preferred since it yields a smaller error factor R
(R = Σ[χMTexp – χMTcalc]2/Σ[χMTexp]2) than the first fit (R =
7.73·10–5 vs. 1.62·10–4). The value of g is similar in both
cases; however, it must be taken with caution, since this
parameter is the most affected by errors in the molecular
weight used for treatment of the magnetic data. The bridg-
ing arrangement found within the Mn1–2 and Mn3–4 pairs
(see above) is very uncommon for MnII ions; however, the
few reports showing preliminary magnetic studies on sys-
tems containing this moiety suggest weak antiferromagnetic
coupling as found in 1.[34,35] The central [Mn2O2] unit on
the other hand, is bridged by two phenoxide-type ligands.
Such a type of link between divalent Mn centers has been
reported to lead to both, ferro-[31,36–39] and antiferromag-
netic interactions.[40–43] The actual magnetic behaviour
depends strongly on the efficiency of the overlap between
dx2–y2 orbitals of the metal ions through the phenoxide O-
donors, which is considered the main pathway to antiferro-
magnetism. In 1, the latter is expected to be much reduced,
given the weakening of antiferromagnetic pathways that
might be caused by the severe distortion in the coordination
geometry shown by the metal ions. The coupling appears
thus antiferromagnetic and very weak in any case, as for all
previous analogous cases.
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Figure 4. Plot of χMT vs. T per mol of [Mn4(H2L3)2(AcO)2(py)5]
(1). The solid line is a fit to the experimental data (see text for
details). The inset shows the model and spin coupling scheme used
for the fitting procedure.

The preparation of H5L3 and its association with MnII

ions have demonstrated that rigid ligands with linearly dis-
posed O-donors do provide access to metallic coordination
chains with interesting magnetic properties, difficult to ob-
tain otherwise. The preparation of 1 offers a very promising
prospect in this direction. We are currently exploring the
coordination chemistry of this new ligand with other metals
and in the presence of other small co-ligands.

Supporting Information (see footnote on the first page of this arti-
cle): This material includes the description of the preparation of
ligands H5L3 and H4L4, full 1H NMR characterization of the li-
gands and the COSY diagram of H5L3.
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The presence of cobalt in biological systems has been associ-
ated with a variety of regulatory roles as an inorganic cofac-
tor. Its involvement in (bio)chemical processes, where it con-
tributes to the integrity of the physiology of humans, under-
scores its ability to promote (bio)chemistry with molecular
targets of variable mass and biological properties. Given the
fact that organic phosphonates are widespread substrates/
ligands in biological fluids, we sought to investigate the rel-
evant chemistry with CoII. With the organophosphonate li-
gand N,N-bis(phosphonomethyl)glycine (H5NTA2P) as the
main metal ion binder, aqueous reactions with CoII were ex-
amined, ultimately leading to the isolation of the complex
[Co(C4H9O8NP2)(H2O)2]·2H2O (1) at pH 1.5. This complex
was characterized analytically, spectroscopically (FT-IR, UV/
Vis, EPR), magnetically, and by cyclic voltammetry. X-ray
crystallography shows that 1 is a compound with a molecular
type of lattice. The complex consists of a mononuclear, octa-
hedral CoII center coordinated by oxygen atoms belonging

Introduction
Cobalt has been known to be present in biological sys-

tems for a long time. Its involvement in biomolecular ac-
tivity is intimately linked to its entry in molecular targets
like B12 coenzyme and vitamin B12 and its potential as an
inorganic cofactor to influence biological processes.[1–4] To
this end, cobalt has been found in metallohydrolases like
methionine aminopeptidase,[5] nitrile hydratases,[6] ribonu-
cleotide reductase, glutamate mutase, and others.[7] Beyond
that, an absence or excess of cobalt has been linked to
pathological aberrations in human physiology. In particular,
vitamin B12 deficiency has been linked to pernicious ane-
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to the terminal phosphonate and carboxylate groups of
H3NTA2P2–, the ligand nitrogen, and two bound water mole-
cules. It should be emphasized that similar structural features
have been observed in other metal organophosphonate lat-
tices of materials with potential catalytic and chemical reac-
tivity. The magnetic and EPR data for 1 suggest the presence
of a high-spin octahedral CoII, with a ground state of an ef-
fective spin S = 1/2. The solution UV/Vis and EPR spectra
suggest retention of the integrity of 1, which is consistent
with the magnetization measurements in the solid state. Col-
lectively, the data suggest a soluble CoII–organodiphosphon-
ate species, not unlike those expected in bio-fluids contain-
ing the specific ligand or ligands structurally akin to
H3NTA2P2–.The biological relevance of 1 to species in bio-
fluids and the structural association with CoII–organophos-
phonate materials is discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

mia,[8] while overexposure to the metal has been associated
with toxic effects linked to heart disease and excessive for-
mation of red corpuscles.[9,10]

Understanding the role of cobalt in those biological sys-
tems entails a deep understanding of its (bio)chemical inter-
actions with low as well as high molecular mass biomolec-
ules in the requisite fluids.[2,3,6,7] These interactions reflect
the potential binding of cobalt to organic substrates/ligands
of variable structure and function in physiological or ab-
errant processes thereof. The binary and ternary species of
cobalt thus formed participate in complex equilibria, the
delineation of which is essential in defining soluble bioavail-
able species that actively participate in bioprocesses. At the
low mass end of the spectrum of molecular targets are
molecules like organic acids, amino acids, small peptides,
and other molecules that possess variable structural fea-
tures, prominent among which are the carboxylate and
phosphonate groups.[11] Phosphonate groups are known to
participate in key phosphorylation events that influence the
(bio)chemical activity, signal transduction, enzyme inhibi-
tion, neuroactivity, plant-growth regulation, antibiotic, and
herbicidal activity of both small and large molecules.[11,12]
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Organophosphonates are a particularly interesting family

of organic targets in the biochemistry of metal ions and the
chemistry of materials.[13] Such materials have been known
for some time for their versatility in coordination and vari-
ability in nuclearity.[14] Both these properties are intimately
associated with variable dimensionality[15] materials and
layered metal organophosphonates[16] and also with a di-
verse reactivity that is linked to catalysis, intercalation
chemistry, optical properties of novel materials, and
others.[17,18]

The significance of metal organophosphonate chemistry
in the fields of research mentioned above necessitates the
extensive perusal of the relevant chemistry with CoII, many
aspects of which[19] have yet to be discovered. Bearing in
mind that the structural features of potential metal ion
binders, like organophosphonates, dictate the chemistry of
interactions with the metal ion under investigation and
most likely influence any arising physical and/or biological
properties, we have launched research efforts targeting the
reactivity of one such class of diphosphonic ligands toward
CoII. Herein, we report on the synthesis, isolation, spectro-
scopic and structural characterization, and cyclic voltam-
metric, magnetic, and EPR studies of a new species between
CoII and the carboxydiphosphonate ligand N,N-bis(phos-
phonomethyl)glycine (H5NTA2P).

Results and Discussion

Synthesis

The synthesis of complex 1 was carried out in aqueous
solutions containing CoII and N,N-bis(phosphonomethyl)-
glycine. The overall reaction leading to compound 1 is de-
picted schematically below.

The metal-to-ligand stoichiometry employed was 1:1, with
a pH of 1.5. Slow diffusion of ethanol into the reaction
mixture led to the precipitation of well-formed pink pris-
matic crystals. Elemental analysis of the crystalline material
was consistent with the formulation [Co(C4H9O8NP2)-
(H2O)2]·2H2O for complex 1. The yield of the reaction was
approximately 60%.
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The isolated crystalline material 1 appears to be stable in
the solid state for long periods of time, with no discernible
deterioration. Complex 1 is soluble in water and insoluble
in alcohols (CH3OH, iPrOH), acetonitrile, and DMSO.

X-ray Crystal Structure of [Co(C4H9O8NP2)(H2O)2]·2H2O
(1)

The X-ray crystal structure of 1 reveals the presence of a
molecular lattice. The compound crystallizes in the mono-
clinic system P21. Crystallographic details are given in the
Experimental Section. The ORTEP diagram of 1 is shown
in Figure 1, and selected interatomic distances and bond
angles for 1 are listed in Table 1. The structure consists of
a mononuclear core unit containing an octahedral CoII ion.
The coordination sphere of CoII is formulated by an oxy-
gen–nitrogen donor atom environment created by the two
main participant ligands, namely bis(phosphonomethyl)gly-
cinate [(–HO3PCH2)2NCH2COOH = H3NTA2P2–] and
water. More specifically, each H3NTA2P2– ligand, em-
ploying both phosphonate groups as well as the carboxylic
terminal oxygen, coordinates to the metal ion through its
singly deprotonated phosphonates, with the carboxylic acid
anchor staying in its protonated form. In addition, two
water molecules are coordinated to the CoII ion. Both they
as well as the H3NTA2P2– ligand fulfill the coordination
requirements of the octahedral sphere around CoII. A
closer look at the octahedron shows that one of the water
molecules along with the two phosphonate oxygens and the
terminal carboxylate of the H3NTA2P2– ligand form the
equatorial plane of the octahedral metal ion. The second
bound water molecule along with the nitrogen of the
H3NTA2P2– ligand bound to CoII occupy the axial posi-
tions in the octahedron. In view of the above description
and the available structural data, the mononuclear CoII ion
resides in a distorted octahedron.

Figure 1. The molecular structure of the Co(C4H9O8NP2)(H2O)2

unit, with the atom labeling scheme in 1. Thermal ellipsoids repre-
sent 50% probability surfaces.

The Co–O distances in 1 are similar to those observed in
other mononuclear octahedral CoII sites, among which are
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Table 1. Bond lengths [Å] and angles [°] for [Co(C4H9O8NP2)-
(H2O)2]·2H2O (1).

Co–Ow2 2.012(2) Co–Ow1 2.127(2)
Co–O(1) 2.100(2) Co–O(7) 2.141(2)
Co–O(4) 2.101(2) Co–N 2.229(2)
Ow2–Co–O(1) 95.99(8) O(4)–Co–O(7) 97.58(8)
Ow2–Co–O(4) 95.41(9) Ow1–Co–O(7) 172.24(8)
O(1)–Co–O(4) 164.81(7) Ow2–Co–N 173.94(9)
Ow2–Co–Ow1 90.06(9) O(1)–Co–N 84.22(7)
O(1)–Co–Ow1 82.68(8) O(4)–Co–N 85.51(7)
O(4)–Co–Ow1 87.30(8) Ow1–Co–N 95.97(8)
Ow2–Co–O(7) 95.46(9) O(7)–Co–N 78.47(7)
O(1)–Co–O(7) 91.30(8)

those in [Co(C2H8O6NP2)2(H2O)2] [2.067(2)–2.132(2) Å]
(2),[20] (NH4)4[Co(C6H5O7)2] [2.051(2)–2.157(2) Å] (3),[21]

[Co{COOCH2CH(OH)COO}]·3H2O [2.067(3)–2.136(3) Å]
(4),[22] the phosphonate derivatives [Co(NH3CH2PO3)2-
(H2O)2]n·nH2O [2.104(4)–2.121(4) Å] (5),[23] [Co{HO3P-
C(CH3)(OH)PO3H}2(H2O)2][NH2(C2H5)2]2 [2.064(2)–
2.179(2) Å] (6),[24] and [Co(OPMe3)3(H2O)2]I2·[Co(OP-
Me3)3(H2O)3]I2 [1.87(6)–2.18(4) Å for the octahedral
site].[25]

The Co–O distances in the equatorial plane of the octa-
hedron are of similar length [2.100(2)–2.141(2) Å], despite
the variable nature of the anchor terminals in the two dif-
ferent ligand components in the coordination sphere of CoII

and the fact that they all utilize their oxygens as terminal
anchors to the metal ion. In contrast to the equatorial dis-
tances, the corresponding axial Co–L bonds reflect more
radically varying lengths, with the Co–N distance being
about 0.1 Å longer than the equatorial ones, while the Co–
Ow distance is about 0.1 Å shorter than the equatorial ones.
It is not unlikely that such bond-length variations might be
due to Jahn–Teller distortions, which are usually encoun-
tered in high-spin CoII octahedral species.

The angles within the equatorial plane defined by O(1),
O(4), Ow(1), and O(7) are in the range 82.68(8)–97.58(8)°,
with the average being very close to the ideal octahedral
angle of 90°. A similar yet wider angle variation is observed
between the axial donor atoms N and Ow(2) and those in
the equatorial plane [range: 78.47(7)–95.99(8)°]. The afore-
mentioned sets of angles are similar to those observed in
2–6 and in the complexes [Cu{HO3PC(CH3)(OH)-
PO3H}2(H2O)2]2– [84.7(2)–95.3(2)° and 87.8(2)–92.2(2)°,
respectively][24] and [Zn{HO3PC(CH3)(OH)PO3H}2-
(H2O)2]2– [84.98(6)–95.02(6)° and 88.65(6)–91.37(6)°,
respectively].[26]

The H3NTA2P2– ligand in 1 binds to the central metal
ion through all of its available anchors each in a unidentate
coordination mode. This is in contrast to the bidentate
mode of coordination that the H3IDA2P– ligand employs
in its binding to the same metal ion in [Co(C2H8O6NP2)2-
(H2O)2]. The latter observation is exemplified through the
binding of the two phosphonate anchors to two different
CoII ions. Moreover, the four H3IDA2P– molecules sur-
rounding the central metal ion are also coordinated to four
other CoII ions as a consequence of the presence of the
second phosphonate group in each molecule. In this sense,
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occupancy of the coordination sites in contiguous octahe-
dral CoII ions extends to infinity, thus affording the molecu-
lar lattice in 2.

Another interesting attribute of the H3NTA2P2– ligand’s
participation in the coordination sphere of CoII is the pres-
ence of a nonprotonated central imino moiety in the ligand.

Table 2. Hydrogen bonds in [Co(C4H9O8NP2)(H2O)2]·2H2O (1).

Interaction D···A H···A D–H···A Symmetry operation
[Å] [Å] [°]

O3–HO3···O5 2.547 1.704 174.9 1 – x, –0.5 + y, 1 – z
O6–HO6···O1 2.559 1.812 174.2 1 + x, y, z
O8–HO8···O4 2.593 1.850 158.7 1 – x, –0.5 + y, –z
Ow1–Hw1A···Ow3 2.720 1.841 166.4 x, y, z
Ow1–Hw1B···O5 2.922 2.111 166.7 –1 + x, y, z
Ow2–Hw2A···Ow4 2.672 1.906 162.6 –x, 0.5 + y,–z
Ow2–Hw2B···O2 2.691 1.845 167.8 x, y, –1 + z
Ow3–Hw3A···O2 2.785 1.970 166.8 –x, 0.5 + y, 1 – z
Ow3–Hw3B···O6 2.934 2.187 157.8 1 – x, 0.5 + y, –z
Ow4–Hw4A···O3 2.983 2.203 171.8 x, y, z

Figure 2. a) The polymeric chains of 1 along the a axis and their
connection along the c axis due to hydrogen-bonding interactions
(dashed lines). b) The 3D network of 1 formed by H bonds as
shown looking down the a axis.
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As a result, the overall charge of the H3NTA2P2– ligand
coordinated to CoII is 2–, which means that the overall
charge for complex 1 is zero. Again, this behavior contrasts
with that which has been previously observed for H3I-
DA2P– bound to CoII in complex 2. There, the central
imino moiety of the bound ligand is protonated, thus yield-
ing an overall charge of 1– for the ligand and a zero charge
for the complex.

Hydrogen-bonding interactions are present in the crystal
structure of 1 (Table 2). These interactions involve the coor-
dinated water molecules, the phosphonate oxygen and hy-
droxy moieties on the H3NTA2P2– ligand, and the solvent
water molecules. These hydrogen-bonding interactions (Fig-
ures 2, parts a and b) generate an extensive network, which
very likely contributes to the overall stability of the crystal
lattice in 1 (see Discussion).

Electronic Spectroscopy

The UV/Vis spectrum of 1 was recorded in water at the
autogenous pH (Figure 3). The spectrum shows a shoulder-
like band at around λmax = 550 nm (ε � 6.8), ultimately
reaching a well-formed major peak at λmax = 517 nm (10),
with ensuing, subtly discernible, shoulders at around 473
(4) and 462 nm (7.6). A distant band rising into the UV
region appears at 222 nm (122.7). The absorption features
are likely due to d–d transitions, which are typical for a
CoII d7 octahedral species.[27] The multiply structured band
around 517 nm can be tentatively attributed to the 4T1g �
4T1g(P) transition. The observed multiple structure is in line
with literature reports that invoke an admixture of spin-
forbidden transitions to doublet states derived from 2G and
2H, spin-orbit coupling, and vibrational or low-symmetry
components to account for the complexity of the spec-
trum.[28] No further assignments can be made in the ab-
sence of detailed specific studies. The spectrum of 1 in water
is different from that of CoII

aq,[29] thus indicating that the
coordination sphere of CoII in 1 is likely to be retained in
solution.

Figure 3. UV/Visible spectrum of 1 in water.
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FT-IR Spectroscopy

The FT-IR spectrum of complex 1 in KBr shows strong
absorptions for the various vibrationally active groups.
Antisymmetric as well as symmetric vibrations for the car-
boxylate group of the coordinated H3NTA2P2– ligand
dominate the spectrum. Specifically, the antisymmetric
stretching vibrations, νas(COO–), are present for the carbox-
ylate carbonyls at around 1664 cm–1, with the symmetric
vibrations, νs(COO–), for the same group appearing in the
range 1461–1408 cm–1. The frequencies of the observed car-
bonyl vibrations are shifted to lower values in comparison
to the corresponding vibrations in the free H5NTA2P acid.
The difference between the symmetric and antisymmetric
stretches, ∆[νas(COO–) – νs(COO–)], is greater than
200 cm–1, which indicates that the carboxylate group of the
H3NTA2P2– ligand is either free or coordinated to the
metal ion in a monodentate fashion.[30] This was further
confirmed by the X-ray crystal structure of 1.

Vibrations for the PO3 groups were observed for the anti-
symmetric stretching vibrations, νas(PO3), between 1060
and 986 cm–1. Symmetric stretching vibrations, νs(PO3),
were observed in the range 967–906 cm–1. The frequencies
for the aforementioned stretches appear to be shifted to
lower values compared to those of free H5NTA2P acid,
thereby indicating changes in the vibrational status of the
ligand upon binding to the CoII ion.[31,32] The aforemen-
tioned tentative assignments are also in line with previous
data reported for iminophosphonate-containing complexes
of various metals.[33]

Cyclic Voltammetry

The cyclic voltammetric behavior of complex 1 was
studied in aqueous solution at the autogenous pH, in the
presence of KNO3 as a supporting electrolyte. The cyclic
voltammogram shows an irreversible oxidation wave at
E1/2 = 1.18 V vs. Ag/AgCl, corresponding to the CoII/CoIII

redox couple and a quasi-reversible wave (∆E = 105 mV,

Figure 4. Cyclic voltammogram of 1 in water.
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0 � ipa

/ipc
� 1, ipc

/{(v)1/2C} variable) at E1/2 = –0.40 V vs.
Ag/AgCl corresponding to the CoII/CoI redox couple (Fig-
ure 4). The observed E1/2 value for the reduction wave is
comparable to, albeit lower than, the one reported for other
CoII–organophosphonate species. Attempts to pursue the
isolation of the one-electron-reduced product of the title
complex 1 are currently ongoing.

Magnetic-Susceptibility Studies

Magnetic Susceptibility

Magnetic-susceptibility measurements were carried out
at different magnetic fields and in the temperature range
2.3–300 K. Figure 5 shows the χMT vs. T susceptibility data
at 0.1 T, where the solid line represents the fit according to
the following general Hamiltonian [Equation (1)]

where all the parameters have their usual definitions, and
S = 3/2.

Figure 5. Temperature dependence of the magnetic susceptibility of
1, in the form of χMT [emu mol–1 K] vs. T [K], in the temperature
range 2.3–300 K using an external magnetic field of 0.1 T. The solid
line represents the fitting results (see text).

The χMT values decrease smoothly from
2.98 emumol–1 K at 300 K to 2.82 emumol–1 K at 98 K and
then more steeply to a value of 1.73 emumol–1 K at 2.3 K.
The high-temperature value of χMT is higher than
1.875 emumol–1 K, the value that would be expected for a
CoII system with S = 3/2. This behavior is consistent with
the presence of a significant orbital contribution to the an-
isotropic nature of the CoII system investigated. The fitting
model employed for the susceptibility data is shown in
Equation (1). The model takes into account both the axial
and rhombic parts of the distortion of the crystal field (D,
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E), and an isotropic g value, with the fitting results yielding
the following parameters: D = 41.1 cm–1 and g = 2.53. The
theoretical curve is shown as a solid line in the same figure.
It must be pointed out that the signs of D and E cannot be
resolved from the magnetic measurements, while introduc-
tion of an axial symmetry to g (g�, g�) leads to no improve-
ment of the fit. The large value of D is in accordance with
an octahedral CoII, where the ground-state doublet is well-
isolated from the excited ones.[34]

Magnetization Studies

The magnetization data for 1 in the form of an M/NµB

vs. H plot are shown in Figure 6 for two different tempera-
tures and in the field range 0–6 T. The dotted lines represent
the theoretical magnetization curves for a system having a
ground state with an effective spin, S, of 1/2 and an effective
g value equal to 4.697. The ground state of the free high-
spin CoII ion in an octahedral environment is 4F, but the
orbital degeneracy is removed in an octahedral crystal field,
yielding one 4A and two 4T levels, with the lowest-lying
state being a 4T1g. The degeneracy of the 4T1g level is re-
moved through the action of axial and rhombic distortions
of the crystal field as well as through spin-orbit coupling.
The overall effect of low-symmetry crystal-field compo-
nents and spin-orbit coupling produces six Kramers dou-
blets and results in a doublet ground state. Since the same
doublet energy level remains lowest in energy for all values
of the applied field strength, and the energy difference be-
tween the two lowest lying doublets is relatively large with
respect to the thermal energy present at low temperatures
(�30 K), the CoII system may be described as having a
ground state with an effective spin of S = 1/2.

Figure 6. Magnetization of 1, in the form of M/NµB vs. H [T], at
different temperatures and in the field range 0-6 T. The dotted lines
represent the theoretical Brillouin functions for an isolated S =
1/2 system with a geff = 4.697, while the solid lines represent a mean
field correction (zJ = –1.5 cm–1) taking into account the complex
intermolecular interactions.
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The discrepancy between the theoretical and the experi-

mental curves is mainly due to the fact that a complex hy-
drogen-bonding network exists, which introduces intermo-
lecular interactions that are important in the low-tempera-
ture regime.

A different magnetic model was used to fit the magne-
tization data according to the following modified Hamilto-
nian:

H = gµBH·Sz – zJ�Sz�Sz (2)

where the magnetic field is assumed to be along the z direc-
tion and the g-tensor is taken to be isotropic. �Sz� is given
by the Boltzmann distribution law

(3)

According to Equations (2) and (3) the magnetization
formula becomes [Equation (4)]

M = –NgµB�Sz� (4)

with the negative sign originating from the negative charge
of the electron.

An excellent agreement between the experimental modi-
fied and theoretical curves (solid lines) was obtained for the
following fitting parameters: zJ = –1.5 cm–1, geff = 4.7.

EPR Spectroscopy

X-Band EPR measurements were carried out in powder
samples as well as in frozen solutions of 1 in water and are
shown in Figures 7 and 8, respectively. As a consequence of
the fast spin-lattice relaxation time of high-spin CoII, sig-
nals were observed only below 70 K. For the powder spec-
tra, a strong signal appears at low fields and a small broad
one at g = 2.30 at temperatures below 23 K. In an attempt
to comprehend the observed behavior, a simulation[34] was
carried out in order to derive the effective g values riding
on a Hamiltonian formalism [Equation (5)]

H = gzµBHzSz + gxµBHxSx + gyµBHySy (5)

with an effective spin of 1/2 and an anisotropic g-tensor.
The results are shown in Figure 9. An isotropic magnetic-
field domain line-width was used in both cases (lw = 35 G
for the powder and 75 G for the frozen solution), with the
broadness of the spectra revealing g-strain effects. Gaussian
distributions of the g-principal values were used and the
results were σgx = σgz = 0.78, σgy = 0.23 for the powder,
and σgx = σgy = σgz = 0.78 for the frozen solution. The
principal g values for the powder spectrum are gx = 4.92(1),
gy = 2.28(1), gz = 6.33(1) (geff = 4.51) and for the frozen
solution gx = 4.20(1), gy = 2.35(1), gz = 5.33(1) (geff = 3.96).

The dominant broadening effect emerges when the g-
strain is converted into B-strain through the equation ∆B
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Figure 7. Temperature dependence of the powder X-Band EPR
spectrum (the intensity is multiplied by the temperature) of 1 in the
field range 0–5000 Oe.

Figure 8. Temperature dependence of the water solution X-Band
EPR spectrum (the intensity is multiplied by the temperature) in
the field range 0–5000 Oe.

= –(hν/µB)·(∆g/g2), where the parameters have their usual
meaning. Thus, the largest and smallest g values of the pow-
der and solution spectra have field widths that differ by an
order of magnitude, thereby rationalizing the broad high-
field features of the spectrum.

A very important feature of the CoII ion is the value
of the effective g parameter, geff, extracted from the EPR
measurements, as a result of which interesting comments
can be made. To this end, one important issue, not suffic-
iently discussed in the literature, pertains to an octahedron
in a high-spin CoII system with a small tetragonal or trigo-
nal distortion, whereby additional terms are added in the
ground-state doublet. Provided that these terms are small
compared with the spin-orbit coupling of the ground-state
doublet, they may be written in the form [Equation (6)]
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Figure 9. Simulations of the solution (1a) and powder (2a) EPR
spectrum are shown as solid lines (1b) and (2b), respectively. The
derived g values and the distribution widths of the g principal val-
ues in each case are given in the text.

where a, and even more so b, are small compared to unity.
According to Abragam and Bleaney,[35] and by neglecting
terms of order a2 and b2, the expressions for the g param-
eters of the CoII system are [Equations (7)]

where gs = 2.0 and gl = –3/2.
The dependence of the g parameters on the a parameter

of Equation (6) is shown in Figure 10. From Equations (7)
and Figure 10, it is clear that the value of geff = (g� + 2g�)/

Table 3. Magnetic and EPR properties of various CoII carboxylate and mixed carboxylate-phosphonate compounds.

Compounds geff
[a] geff

[b] Model S = 3/2[c]

(EPR) (Magnetization)

This work 4.51(1) (p) 4.70(1) g = 2.53(1), D = 41(1) cm–1

3.96(1) (s) zJ = –1.5 cm–1

[Co(C4H8NO3)2(H2O)2][36a] 4.45(1) (p) 4.50(1) g = 2.60(1), D = 114(4) cm–1

[Co(C2H8O6NP2)2(H2O)2][20] 4.10(1) (p) 4.20(1) g = 2.33, D = 40(1) cm–1

4.10(1) (s) (g� = 1.7, g� = 2.53), D = 52(1) cm–1

λ = 0.33
(NH4)4[Co(C6H5O7)]2[21] 4.00(1) (p) 4.50(1)[d] g = 2.42, D = 0.83 cm–1

K2[Co2(C6H5O7)2(H2O)4]·6 H2O[e][36b] 3.75(1) (s) 3.87(1) –

[a] geff [(gx + gy + gz)/3] is derived from the EPR measurements performed in powder (p) or solution (s) samples. [b] geff is derived by
simulation of the magnetization data at different temperatures using the Brillouin function for an isolated S = 1/2 system, or Equation (4)
in the case of intermolecular interactions. [c] Fitting parameters (D, E, g) obtained from Equation (1) for the fit of the susceptibility data.
[d] The simulation was carried out using the magnetization data from ref.[21]. [e] This complex is a dimer in the solid state. We only used
the solution spectrum of the complex, since it dissociates into monomers in solution.[36b]
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3 � (5gs – 2gl)/3 � 4.33. Therefore, an isotropic g value of
g� = g� = 4.33 corresponds to a = 0 (the energy difference
between the ground-state doublet and the excited one is
very large), whereas for an admixture of other terms the
value of geff increases accordingly (Figure 10).

Figure 10. Anisotropy dependence of the g parameters (g� and g�)
of a high-spin CoII octahedron resulting from a small tetragonal
or trigonal distortion.

Another issue emerges from the fact that weak intermo-
lecular interactions (hydrogen bonding) between CoII ions
can influence the value of geff, and this can be resolved only
if EPR measurements are carried out in both powder and
solution samples.

The magnetic and EPR parameters of different high-spin
CoII complexes are shown in Table 3.[36] Based on the col-
lective data and the aforementioned comments, several
interesting conclusions can be drawn. First of all, it seems
that for values of geff above 4.33 (in the EPR spectra of
powder samples), the intermolecular interactions contribute
significantly to the magnetic behavior of the system. In the
case of [Co(C4H8NO3)2(H2O)2],[36a] a weak exchange inter-
action transmitted through hydrogen bonds is proposed be-
tween neighboring CoII centers in the exchange limit 0.25
� |J| � 1.2 cm–1. To this end, the Brillouin function of an
isolated S = 1/2 system could reproduce the magnetization
curves, leading to the conclusion that its contribution is
small. For all the other cases (geff � 4.33) no significant
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intermolecular interactions are observed. The significance
of the aforementioned point is also exemplified in the small
geff value of the frozen-solution spectrum, where the hydro-
gen-bonding system breaks apart and no longer exists. Sec-
ondly, the geff value derived from the magnetization data is
not equal to the value obtained from EPR measurements
due to the fact that, in the magnetization data, there is also
some contribution from intermolecular interactions, a fact
amply emphasized and alluded to in the magnetization
study of this work.

Linking the Aqueous Chemistry of the Binary CoII–
H5NTA2P System to the Organophosphonate Structural
Features

In a simple and pH-specific manner, the employment of
the binary system CoII-(H5NTA2P) led to the isolation of a
clean product 1 in crystalline form. The idea was to initially
explore the reactivity of the aforementioned system at low
pH. The H5NTA2P ligand projects important features that
emerge due to its structure containing both carboxylic and
phosphonic moieties (see below). Under such conditions,
addition of ethanol contributed to the isolation of [Co-
(C4H9O8NP2)(H2O)2]·2H2O (1) at pH 1.5. The nature of 1
is that of a molecular type of lattice comprised of mononu-
clear units linked together through water molecules of
crystallization and an extensive network of hydrogen bonds.

The carboxydiphosphonate ligand anchored onto the oc-
tahedral CoII site reveals a coordination mode that reflects
employment of all potential anchor sites in H5NTA2P. Vari-
able modes of phosphonate coordination have previously
been observed in a plethora of metal organophosphonate
complexes containing the phosphonate ligand termini in
varying deprotonation states.[37] In the present case, the co-
ordinated H5NTA2P ligand loses two of its protons from
the two terminal phosphonate groups, rendering each one
of them singly deprotonated. As a result, the remaining car-
boxylic acid moiety remains protonated and, as such, it is
anchored to the metal site. The double deprotonation of the
H5NTA2P ligand yields an overall charge of zero for the
assembled mononuclear complex, affording the previously
mentioned molecular type of lattice in 1.

The nitrogen center plays a prominent role in the coordi-
nation of the H5NTA2P ligand around CoII. A strong inter-
action with the metal center brings it to a distance of
2.229(2) Å from CoII. Thus, the tetradentate ligand imparts
significant stability upon the resulting species. Due to the
fact that the ligand itself employs four potential anchoring
sites to bind the metal ion, the octahedral coordination en-
vironment is left with two unoccupied sites, which are occu-
pied by water molecules from the reaction medium.

As a consequence of the molecular chemistry between
the H5NTA2P and CoII, discrete moieties evolve as mixed
carboxylate-phosphonate species in aqueous media. This is
in contrast to the intermolecular chemistry previously ob-
served between another diphosphonate ligand, namely im-
inodiphosphonic acid (IDA2P), and CoII.[36b] There, the li-
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gand promotes an intermolecular linkage of nearby CoII

centers, affording a molecular lattice with distinct structural
features, at low pH.

The magnetic susceptibility and magnetization measure-
ments on complex 1 support the presence of a high-spin
octahedral CoII species having a ground state with an effec-
tive spin of 1/2. EPR measurements in the solid state and
in aqueous solution corroborate the magnetization data,
suggesting the existence of a high-spin CoII complex in
solution. Such a complex would very likely include the li-
gand octahedral environment provided by H3NTA2P2– and
the two water molecules.[37] To this end, both UV/Vis and
EPR data suggest a species with a formulation not unlike
that of the title complex [Co(C4H9O8NP2)(H2O)2]0. A sim-
ilar behavior has previously been observed for [Co-
(C2H8O6NP2)2(H2O)2].[20]

To the extent that the title complex is an aqueous species
of CoII, it appears that the aqueous distribution of species
arising from the binary system CoII–H5NTA2P encom-
passes such components emerging at low pH. That, in turn,
hints at the existence of other species that might participate
in the requisite speciation at higher pH values. This conten-
tion is potentially exemplified by the nature of the
H5NTA2P ligand, with its mixed composition eliciting vari-
able chemical coordination events around CoII with equally
variable protonation states. Furthermore, H5NTA2P is a li-
gand that can be viewed as a derivative of the nitrilotria-
cetic acid ligand (HOOCCH2)3N (H3NTA), with the two
terminal carboxylates replaced by phosphonates. Solution
as well as synthetic studies have been carried out for dicar-
boxylic acids,[38,39] aminoalkylphosphonates, and IDA-de-
rived phosphonate ligands, like N-(phosphonomethyl)gly-
cine,[40] in the presence of various metal ions.[41,42] These
studies suggest that these ligands bind metal ions like CoII

efficiently to form soluble complexes.[12a] Despite the fact
that analogous studies with (H2O3PCH2)2NCH2COOH
and CoII have not been carried out, it would not be unrea-
sonable to suggest that a similar chemistry may be un-
folding in this system too. In this sense, solution investi-
gations would be helpful in revealing the nature of the inter-
action as well as the properties of the arising species as a
function of pH and molecular stoichiometry. Such studies
are under way in our laboratory.

Given that solubility is a prerequisite for bioavailability
of species eliciting interactions at the cellular level, the
structural and molecular composition of complex 1 suggest
that significant features of CoII might be associated with
interactions with biological targets. The distinct nature of
H5NTA2P allows both phosphorylated and carboxylic side-
chains of abutting biomolecular sites to interact concur-
rently with CoII, thus giving rise to soluble species. Even
though studies of soluble bioavailable CoII–carboxyphos-
phonate species have yet to be performed, they could pro-
vide significant insight into the nature and properties of
binary or ternary CoII–ligand species of potential biological
value to variable activity pathways in human physiology.
Along these lines, the value of E1/2 (–0.40 V) observed in
the cyclic voltammogram of 1 for CoII/CoI is an indicator
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of the physicochemical properties bestowed on CoII upon
coordination by H5NTA2P and tuned into in the biolo-
gically relevant redox potential range.

Potential Formation of Organophosphonate-Containing
Materials

The nature and properties of organophosphonate sub-
strates have drawn keen interest in the search for new mate-
rials containing a variety of metals. Numerous approaches
and synthetic methodologies have been employed in the qu-
est for metal-organophosphonate materials with varying
structures. The search for new materials has targeted diverse
applications, extending from electronics to catalysis. To that
end, organophosphonic acid substrates like H2O3PCH2CH2-
COOH, or diphosphonic acids[43] like H2O3PRPO3H2, have
been employed with different R groups [C6H4, (CH2)n],[44]

joining the phosphonate moieties, that influence the struc-
tural features of the derived material significantly (compare
[Co(C4H9O8NP2)(H2O)2]·2H2O (1) with [Zn2{O2CCH2NH-
(CH2PO3)2}]).[45,46] Such features include lattice param-
eters, shape, size, and dimensionality, all of which affect the
applied chemistry in selective and specific low molecular
mass (alcohol, amine, etc.) transformation processes.

One such key factor that influences the nature of the lat-
tice formed in a solid-state material is hydrogen bonding.
This dominates the lattice structure of 1 and involves the
coordinated and solvent water molecules as well as the pro-
tonated phosphonate and carboxylate moieties. The exten-
sive network of hydrogen bonds can be simplified if one
attempts to assemble it step by step. Specifically, the mono-
nuclear species of 1 are hydrogen bonded through O6–
HO6···O1 (1 + x, y, z) and Ow1–Hw1B···O5 (–1 + x, y, z)
interactions to form polymeric chains that extend in a direc-
tion parallel to the crystallographic a axis. These chains are
further hydrogen bonded through an Ow2–Hw2B···O2 (x,
y, –1 + z) interaction to form a two-dimensional network
lying parallel to the crystallographic ac plane. As shown
in Figure 2 (a), the layered structure thus formed contains
vacancies between the mononuclear species. Furthermore,
the involvement of the remaining protonated phosphonate
and carboxylate moieties in hydrogen-bonding interactions
[O3–HO3···O5 (1 – x, –0.5 + y, 1 – z) and O8–HO8···O4
(1 – x, –0.5 + y, –z)] leads to the extended 3D lattice struc-
ture of 1. As shown in Figure 2 (b), tubular channels are
formed down the crystallographic a axis, where the lattice
water molecules are encapsulated. Ostensibly, hydrogen-
bonding interactions between the encapsulated lattice water
molecules and the protonated phosphonate and carboxylate
groups of the ligand, as well as the coordinated water mole-
cules, are responsible for the stabilization of the encapsu-
lated solvent molecules.

The nature of the metal ion is another key factor in metal
organophosphonate materials. To this end, phosphonate-
containing pillared layered structures have been synthesized
from vanadium, such as the material [(VO)(H2O)-
{O3PCH2NH(C2H4)2NHCH2PO3}],[46,47a] while manga-
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nese- and cobalt-containing materials such as
[M{O3PCH2NH(C2H4)2NHCH2PO3}]·H2O (M = MnII,
CoII) have also been isolated.[47b] Numerous such materials
have emerged in the past few years, with key representatives
including the compounds [Co{(CH3COO)2NCH2PO3}-
(H2O)5]·H2O,[48] [Co(C2H8O6NP2)2(H2O)2],[20] [Co2(O3-
PC6H4PO3)(H2O)2],[49] and [Co2(O3PC6H4OC6H4PO3)]·
2H2O,[50] amongst others. Collectively, the physical and
chemical properties of CoII–organophosphonate materials
signify the decisive role of features upon which rests the
design of future compounds with specific attributes for po-
tential selective applications. To this end, examination of
the herein described binary CoII-H5NTA2P system under
conditions far removed from a room-temperature environ-
ment (e.g. hydrothermal conditions) could, in principle, re-
sult in a material with distinct physical and chemical char-
acteristics not necessarily similar to those observed in the
title species 1. This approach could prove to be effective in
affording diverse species that could potentially participate
in the aqueous binary speciation scheme and possess
physicochemical characteristics associated with applications
alluded to above in other cobalt-containing materials.

Conclusions

The mixed carboxydiphosphonate complex of CoII, re-
flected in the structural formulation of [Co(C4H9O8NP2)-
(H2O)2]0 (1), contains basic structural features of species
that might arise as a result of the interaction of CoII with
adjacent carboxy and phosphorylated sites on low molecu-
lar mass biotargets in biological fluids. Complex 1, in fact,
constitutes proof of a species arising from speciation of bi-
nary systems containing CoII and simple phosphonate li-
gands.[40] In the absence of solution speciation studies on
the specific CoII-H5NTA2P system, the synthetic efforts of
this work prove the existence of discrete species with char-
acteristic structural and chemical properties both in the so-
lid state as well as in solution. Spectroscopic studies com-
bined with cyclic voltammetric, magnetic, and EPR data
in the solid state and in solution support the experimental
observations and formulate the speciation signature of the
investigated binary system, and hint at the existence of
other, as yet elusive, species arising in a pH-dependent fash-
ion across the pH physiological range under both room
temperature and hydrothermal conditions. Albeit low, the
pH at which the assembly of the investigated species was
pursued gives clues to the physicochemical properties of
soluble species that might become bioavailable in the pres-
ence of suitable molecular targets at the cellular level. The
investigation of such interactions and in-depth research of
related materials and their potential applications are cur-
rently being pursued in our laboratory.

Experimental Section
Materials and Methods: All experiments were carried out in the
open air at room temperature. Nanopure-quality water was used
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for all reactions. Co(NO3)2·6H2O and N,N-bis(phosphonomethyl)-
glycine (H5NTA2P) were purchased from Aldrich.

Physical Measurements: FT-IR measurements were taken with a
Perkin–Elmer 1760X FT-infrared spectrometer. UV/Vis spectra
were recorded with a Hitachi U-2001 spectrophotometer in the
range 200–1000 nm. The EPR spectra of complex 1 in the solid
state and in aqueous solution were recorded with a Bruker ER
200D-SRC X-band spectrometer, equipped with an Oxford ESR 9
cryostat. The powder spectra were recorded at 9.4261 GHz in the
temperature range 4–77 K. The solution spectra were recorded at
9.3979 GHz in the temperature range 4–23 K. Magnetic suscep-
tibility data were collected on powdered samples of 1 with a Quan-
tum Design SQUID susceptometer in the temperature range 2.3–
300 K, under various applied magnetic fields. Magnetization mea-
surements were carried out at three different temperatures in the
field range 0–6 T. Fitting procedures for the acquired experimental
data were applied through the use of Fortran programming rou-
tines relating to the Hamiltonians employed and the basic param-
eters D, E, and g.[20,21,36b] Elemental analyses were performed by
Quantitative Technologies, Inc. Electrochemical measurements
were carried out with a Uniscan Instruments Ltd. model PG580
potensiostat-galvanostat. The entire system was under computer
control and supported by the appropriate computer software (Ui
Chem. Version 1.08RD) running on Windows. The electrochemical
cell used had platinum (disk) working and auxiliary (wire) elec-
trodes; an Ag/AgCl electrode was used as reference electrode. The
water used in the electrochemical measurements was of nanopure
quality. KNO3 was used as supporting electrolyte. Normal concen-
trations used were 1–6 m in electroanalyte and 0.1  in supporting
electrolyte. Purified argon was used to purge the solutions prior to
the electrochemical measurements.

Preparation of [Co(C4H9O8NP2)(H2O)2]·2H2O (1): Co(NO3)2·
6H2O (0.17 g, 0.58 mmol) and N,N-bis(phosphonomethyl)glycine
(H5NTA2P; 0.16 g, 0.59 mmol) were dissolved in nanopure water.
The pH of the resulting solution was 1.5. This reaction mixture
was stirred at room temperature for 10–15 min. Subsequently, the
reaction flask was cooled to 4 °C in the presence of ethanol. A
couple of weeks later pink prismatic crystals grew out of the solu-
tion. The crystalline material was collected by filtration, and was
dried under vacuum. Yield: 0.14 g (� 61%). C4H17CoNO12P2

(392.06): calcd. C 12.24, H 4.34, N 3.57; found C 12.53, H 4.45, N
3.54.

X-ray Crystal Structure Determination of 1: X-ray quality crystals
of compound 1 were grown from aqueous solution. A single crystal
with dimensions 0.12×0.40×0.60 mm3 was mounted on a Crystal
Logic dual-goniometer diffractometer equipped with a graphite-
monochromated Mo-Kα radiation source. Unit-cell dimensions for
1 were determined and refined by using the angular settings of 25
automatically centered reflections in the range 11 � 2θ � 23°. In-
tensity data were measured by the θ–2θ scans technique. Through-
out data collection, three standard reflections were monitored every
97 reflections, and showed less than 2% variation and no decay.
Lorentz, polarization, and psi-scan absorption corrections were ap-
plied by using Crystal Logic software. Further experimental crys-
tallographic details for 1: 2θmax = 50°; scan speed: 4.0°min–1; scan
range: 2.25 + α1α2 separation; number of reflections collected/
unique/used: 2670/2474 (Rint = 0.0198)/2474; 249 parameters re-
fined; F(000) = 402; (∆/σ)max = 0.015; (∆ρ)max/(∆ρ)min = 0.341/
–0.227 eÅ–3; GOF = 1.049; R/Rw (for all data), 0.0226/0.0611.

The structure of complex 1 (Table 4) was solved by direct methods
using SHELXS-86,[51] and refined by full-matrix least-squares tech-
niques on F2 with SHELXL-97.[52] All non-H atoms in the struc-
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ture of 1 were refined anisotropically. All H atoms in the structure
of 1 were located by difference maps and were refined isotropically.

Table 4. Summary of crystal, intensity collection, and refinement
data for [Co(C4H9O8NP2)(H2O)2]·2H2O (1).

Formula C4H17CoNO12P2

Formula weight 392.06
Temperature [K] 298
Wavelength [Å] 0.71073, Mo-Kα

Space group P21

a [Å] 7.566(3)
b [Å] 12.721(5)
c [Å] 7.361(3)
β [°] 96.271(13)
V [Å3] 704.2(5)
Z 2
Dcalcd./Dmeasd (Mgm–3) 1.849/1.83
Abs. coeff. (µ) [mm–1] 1.504
Range of h,k,l –8�8, –15�15, 0�8
Goodness-of-fit on F2 1.049
w* a = 0.0337 b = 0.1093
R[a] R = 0.0226[b]

Rw
[a] Rw = 0.0610[b]

[a] R Values are based on F values, Rw values are based on F2

. [b] For
2468 reflections with I � 2σ(I); w* = 1/[σ2(Fo

2) + (aP)2 + bP] where
P = [Max(Fo

2,0) + 2Fc
2]/3.

CCDC-283144 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
the Cambridge Crystallographic Data Center via www.ccdc.cam.
ac.uk/data_request/cif.
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Manganese is a metal with diverse (bio)chemical reactivity
in aqueous media in the presence of biologically relevant li-
gands. Key to that reactivity is the existence of soluble and
bioavailable forms of MnII across the physiological range of
pH. To probe the interactions arising between MnII and the
low-molecular-mass ligand D-(–)-quinic acid, research efforts
were targeted at the synthetic aqueous chemistry in the req-
uisite binary system. The pH-specific synthetic reaction of
MnII with D-(–)-quinic acid led to the isolation of the new
species [Mn2(C7H11O6)4]n·nH2O (1). Complex 1 was charac-
terized by elemental analysis, spectroscopic techniques
(EPR, FTIR), thermal and magnetic studies, and X-ray crys-
tallography. The molecular lattice of 1 reveals the presence
of dimeric units of MnII centers, with the quinate ligands co-
ordinated to the metal ions through variable binding modes,
indicating the diversity of chemical reactivity in the system.

Introduction

Manganese is an element of considerable occurrence in
the earth’s lithosphere. It is found in minerals as well as
biological systems. In the biotic systems, manganese is an
essential element[1] and is involved in the active sites of me-
talloenzymes, key to the integrity of cellular processes.[2]

Among those are catalases,[3] the mitochondrial superoxide
dismutase (SOD) and pyruvate carboxylase, the glial-spe-
cific enzyme glutamine synthetase, and others.[4] Albeit con-
troversial, the role of manganese in cellular processes in the
brain has been the subject of considerable research, given
that the specific metal in its ionic forms can cross the blood
brain barrier and behave as a neurotoxin.[5] As a result,
manganese ions and their chemical reactivity have been as-
sociated with physiological aberrations in humans, includ-
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The octahedral MnII centers in the molecular assembly of 1
serve as chemical prototypes of the forms of interactions that
most likely develop in biologically relevant fluids, similar to
those encountered in plant exudates and plant cellular struc-
tures. Concurrently, the physicochemical features of 1 (from
the 3D hydrogen-bonding network to the magnetic suscep-
tibility properties and EPR spectral results) exemplify the key
features that constitute the rudiments of MnII-organic hybrid
lattices of specific functions and (bio)chemical reactivity pat-
terns. The collective properties of 1 are discussed in the con-
text of their occurrence in natural binary MnII-influenced
systems and advanced metal-hybrid materials of potential
applications.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing manganism and a number of other neurological impair-
ments such as Parkinson’s disease. Outstanding, on the
other hand, is the participation of manganese in the oxy-
gen-evolving complex of photosystem II (PSII), with the
manganese playing an important role as an inorganic cofac-
tor of catalytic importance.[6]

Metal ions in biological systems are mobilized efficiently
through interactions with organic substrates, that is, ligands
capable of coordinating them and solubilizing them in bio-
logical fluids. These ligands include both low- and high-
molecular-mass cellular targets. Manganese, as MnII and/or
MnIII, aptly coordinates to such ligands and enters further
ternary interactions with biological molecules. One such
low-molecular-mass molecule is -(–)-quinic acid,
1α,3α,4α,5β-tetrahydroxy-1-cyclohexane carboxylic acid. It
is a molecule that is found widely in plants where it is a
precursor to shikimic acid.[7] The latter molecule is involved
in the synthesis of essential amino acids. Hence, the pres-
ence of quinic acid appears to be vital to cellular physiolo-
gy,[7a,8] with the organic acid capable of binding metal ions
in biological fluids. Among the metal-ion nutrients targeted
by such ligands are FeII,III, MnII, ZnII, CuII, and others. In
exemplifying its chemical reactivity towards MnII, quinic
acid contains three very important features that render it
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an efficient metal-ion binder. It contains (a) a carboxylate
moiety known to promote binding, (b) alcohol moieties,
one of which is in an α position to the carboxylate group,
and (c) three alcohol groups relevant to polyol functionali-
ties. In all cases, coordination to a metal ion like MnII pro-
motes solubilization and contributes to MnII bioavailability,
leading to metallo(bio)chemical interactions characterizing
the role of the specific metal ion in cellular environments
like those of a plant.

On the basis of these views, the exploration of the aque-
ous chemistry of MnII with α-hydroxycarboxylate binders,
like -(–)-quinic acid, is expected to (a) shed light on the
structural speciation of that aqueous binary system and (b)
provide chemical clues on the interaction of that metal ion
with a biologically important substrate, the reactivity of
which plays an important role in cellular biosynthetic path-
ways. The paucity of related MnII-quinic acid derivative
species prompted us to look into the pH-specific synthetic
chemistry of that binary system. To this end, we herein re-
port on (a) the synthesis and spectroscopic properties of a
new MnII-quinate species [Mn2(C7H11O6)4]n·nH2O (1) and
(b) the relevance of the physicochemical properties of 1 in
the development of interactions of MnII with biologically
relevant targets and the assembly of lattices illustrating the
solid-state features of multimodal quinate-containing MnII

materials.

Results and Discussion

Synthesis

A simple procedure was employed for the synthesis of 1.
A facile reaction between MnII and quinic acid in aqueous
media occurred at pH 3. The pH was adjusted to 3 by ad-
dition of aqueous ammonia. The stoichiometric reaction
that led to the formation of compound 1 is shown by Reac-
tion 1.

The derived hybrid MnII-quinate material was easily re-
trieved in pure crystalline form upon standing of the reac-
tion mixture at room temperature and allowing for slow
evaporation over a period of 24 to 36 hours. Elemental
analysis of the isolated colorless crystalline product indi-
cated the molecular formulation [Mn2(C7H11O6)4]·H2O.
Further evaluation of the crystalline product by FTIR spec-
troscopy confirmed the presence of quinate bound to MnII,
consistent with the proposed formulation. Finally, X-ray
crystallography confirmed the analytical and spectroscopic
results by rendering the molecular formulation of the crys-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1957–19671958

talline product as [Mn2(C7H11O6)4]n·nH2O (1). In a syn-
thetic effort making use of various bases, the same reaction
mixture of MnII and quinic acid reacted in the presence of
NaOH and KOH to a final pH value of 3, finally affording
a crystalline solid. That solid proved to be complex 1 by
virtue of its identical FTIR spectrum with that of the title
compound beyond the elemental analysis results. Attempts
to synthesize a congener MnIII-quinate species in aqueous
solutions under identical conditions to Reaction 1 [using
MIII(acetate)3 and quinic acid with a molecular ratio 1:2 in
the presence of ammonia] consistently led to the isolation
of a MnII species, which was shown to be 1 by spectroscopic
and crystallographic methods. Other reaction conditions
leading to MnIII species of quinate are currently being in-
vestigated.

Compound 1 is insoluble in water. It is also insoluble
in organic solvents like methanol, acetonitrile, chlorinated
solvents (CHCl3, CH2Cl2), toluene, and DMF. Complex 1
is stable in the crystalline form in the air at room tempera-
ture for long periods of time.

Description of the Crystal Structure

Compound 1 emerges from a molecular type of crystal
lattice. The ORTEP diagram for complex 1 is shown in Fig-
ure 1. Selected bond lengths and angles for 1 are given in
Table 1. Complex 1 crystallizes in the monoclinic space
group P21 with two molecules per unit cell. In complex 1,
there are two distinct types of MnII ions, with each residing
in a variable-nature coordination environment. In the first
type of MnII ions, reflected in the Mn1II assembly, one qui-
nate ligand coordinates to the metal ion through the car-
boxylate and alcohol oxygens O1 and O3, respectively.
These two moieties bind to MnII through the formation of
a five-membered metallacyclic ring, rendering the arising
species quite stable. The second carboxylate oxygen atom,
O2, of that quinate ligand coordinates to a neighboring
Mn1� ion [(�): 1 + x, y, z] leading to the syn-anti bridging
mode of the carboxylate moiety depicted as mode I in
Scheme 1. The interatomic distance between the so bridged
MnII ions (Mn1 and Mn1�) is evidently equal to the length
of the a crystallographic axis [5.813(3) Å]. This type of
bridging is responsible for the formation of chains of Mn1
assemblies along the a axis (Figure 2). A second quinate
ligand entering the coordination sphere of the Mn1 ion em-
ploys a similar coordination mode by using one of the car-
boxylate and the alcohol oxygen atoms to anchor to Mn1
(O11 and O13, respectively). The second terminal oxygen,
O12, of the carboxylate group, however, does not partici-
pate in the coordination of an adjacent manganese ion as
was the case with the first quinate ligand. Thus, the carbox-
ylate group of the second quinate ligand adopts the mono-
dentate coordination mode depicted as mode II in
Scheme 1. The remaining two coordination sites around
Mn1 are taken up by the oxygen terminals O21�� [(��): 2 –
x, –0.5 + y, 1 – z] and O2��� [(���): –1 + x, y, z] of the quinate
ligands belonging to two abutting MnII ions in the lattice
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Figure 1. The molecular structure of [Mn2(C7H11O6)4]n·nH2O (1) with the atom labeling scheme (50% thermal probability ellipsoids).
Symmetry operations shown: (�): 1 + x, y, z; (��): 2 – x, –0.5 + y, 1 – z; (���): –1 + x, y, z; (*): 1 – x, –0.5 + y, 1 – z; (**): 2 + x, y, z; (#):
3 – x, –0.5 + y, 1 – z.

{Mn2�� [(��): 2 – x, –0.5 + y, 1 – z] and Mn1��� [(���): –1
+ x, y, z], respectively}. Collectively, the assembly of the
aforementioned quinate ligands render the Mn1 ion six-co-
ordinate with distorted octahedral geometry. In this octahe-
dron, the terminal oxygens O1, O11, O21��, and O2��� de-
fine the equatorial plane, while the two remaining oxygens
O3 and O13 occupy the axial positions.

A different type of coordination sphere is formulated
around a second distinct manganese ion in the lattice. In
particular, four coordination sites are taken up by two qui-
nate ligands, both of which bind the manganese ion Mn2
through the carboxylate and alcohol oxygen terminals.

Table 1. Bond lengths [Å] and angles [°] in 1.[a]

Lengths

Mn1–O21�� 2.067(4) Mn2–O32� 2.104(4)
Mn1–O2��� 2.132(4) Mn2–O31 2.132(4)
Mn1–O11 2.134(5) Mn2–O22 2.142(4)
Mn1–O1 2.178(4) Mn2–O33 2.202(4)
Mn1–O3 2.199(4) Mn2–O23 2.216(5)
Mn1–O13 2.324(4) Mn2–O14 2.314(4)

Angles

O21��–Mn1–O2��� 96.75(17) O32�–Mn2–O31 149.62(15)
O21��–Mn1–O11 148.53(17) O32�–Mn2–O22 88.94(17)
O2���–Mn1–O11 90.58(19) O31–Mn2–O22 108.90(17)
O21��–Mn1–O1 92.25(18) O32�–Mn2–O33 81.82(15)
O2���–Mn1–O1 146.94(16) O31–Mn2–O33 73.55(13)
O11–Mn1–O1 98.1(2) O22–Mn2–O33 91.54(15)
O21��–Mn1–O3 119.46(16) O32�–Mn2–O23 113.60(17)
O2���–Mn1–O3 76.52(15) O31–Mn2–O23 95.41(15)
O11–Mn1–O3 92.00(16) O22–Mn2–O23 73.02(15)
O1–Mn1–O3 71.38(14) O33–Mn2–O23 157.31(16)
O21��–Mn1–O13 80.11(16) O32�–Mn2–O14 79.49(15)
O2���–Mn1–O13 118.34(16) O31–Mn2–O14 87.53(16)
O11–Mn1–O13 69.56(15) O22–Mn2–O14 162.08(17)
O1–Mn1–O13 94.52(15) O33–Mn2–O14 100.20(15)
O3–Mn1–O13 155.38(16) O23–Mn2–O14 99.03(16)

[a] Symmetry transformations used to generate equivalent atoms: (�): 1 + x, y, z; (��): 2 – x, –0.5 + y, 1 – z; (���): –1 + x, y, z.
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Scheme 1.

These oxygen anchors are O31, O33 and O22, O23 for the
corresponding carboxylate and alcohol oxygen terminals.
One coordination site is occupied by the oxygen terminal
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Figure 2. A: Packing diagram showing the chains of the Mn1 and
Mn2 assemblies in 1 along the a axis. B: Layer diagram showing
the bridging between Mn1 and Mn2 assemblies of 1 along the a
axis forming the 2D polymeric structure.

O32� [(�): 1 + x, y, z] of the carboxylate group of an abutting
quinate ligand attached to a nearby manganese ion Mn2�
[(�): 1 + x, y, z], leading to a Mn2···Mn2� separation equal
to 5.813(3) Å, which is the length of the a axis. As a result,
polymeric chains of the Mn2 assemblies are formed which
are parallel to the crystallographic a axis. The last coordina-
tion site is occupied by the oxygen atom of one of the three
alcohol moieties borne by the quinate ligand, namely O14,
which is anchored to the first discrete Mn1 site discussed
earlier. Overall, the coordination number of the Mn2 site is
six, and the arising environment is distorted octahedral.
The oxygen terminals O22, O32�, O31, and O14 formulate
the equatorial composition of the octahedron, whereas the
alcohol oxygen atoms O23 and O33 fulfil the axial require-
ments of the Mn2 environment.

The four crystallographically independent quinate li-
gands are divided into two groups according to their coor-
dination mode around the two MnII ions. The first group
contains three members which anchor to MnII through the
carboxylate and alcohol oxygen atoms (O1, O3, O22, O23,
O31, O33). In particular, the first member of the group

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1957–19671960

binds to Mn1, while the two remaining members bind to
Mn2 assemblies. The second carboxylate oxygen atom in all
three quinate ligands is attached to a neighboring MnII ion
in a syn,anti binding mode. More specifically, O1, O2 and
O31, O32 bridge MnII ions belonging to Mn1 and Mn2
assemblies, respectively, and are responsible for the forma-
tion of the Mn1 and Mn2 polymeric chains along the a
axis, while O21, O22 bridge Mn1 and Mn2�� [Mn1···Mn2��
5.758(3) Å] and are responsible for the linkage of the chains.
The second group contains one quinate ligand, which is an-
chored to Mn1 through O11 and O13, in the same way as
the quinate ligands of the first group. In this case, however,
the carboxylate moiety is coordinated to the metal ion in
an η1 fashion, and the alcohol oxygen O14 is used as a
bridge to Mn2. Thus, that particular quinate ligand is used
as an extended bridge between the chains of the two MnII

assemblies yielding an 8.065(11) Å separation between Mn1
and Mn2. In conclusion, the multifunctional nature of the
crystallographically distinct quinate ligands and the way
they extend into the coordination sphere of MnII ions, pro-
moting various coordination modes, are responsible for the
formation of the 2D polymeric structure of compound 1
(Figure 2). This structure becomes even more complicated
when hydrogen-bonding interactions are taken into con-
sideration for the assembly of the requisite network.

Variable coordination modes of carboxylate-bearing or-
ganic ligands were previously observed in the coordination
sphere of other divalent metal ions like CdII and PbII.
Representative examples of such complexes include
CuI(OOCCH3),[9] and the physiological ligand citrate-
containing complexes [Cd(C6H6O7)(H2O)]n (2),[10]

[Cd3(C6H5O7)2(H2O)5]·H2O (3) and (NH4)[Cd(C6H5O7)-
(H2O)]·H2O (4), and [Pb(C6H6O7)]n·nH2O (5).[11]

The Mn–O bond lengths for 1 are in the range from
2.067(4) to 2.324(4) Å, very similar to corresponding dis-
tances in complexes (NH4)4[MnII(C6H5O7)2] (6),[12] MnII-
(C4H4O5)·3H2O [2.111(2)–2.220(2) Å],[13] MnII(C7H3NO5)-
(H2O)2 [2.124(3)–2.262(1) Å],[14] MnII(C2H3O3)2·2H2O
[2.124(3)–2.225(3) Å],[15] [MnII(XDK)(NO3)(CH3OH)4-
(H2O)2](NO3) [2.116(2)–2.345(2) Å][16] [H2XDK = m-xy-
lenediamine bis(Kemp’s triacid imide)] and [MnII(bpca)2-
{MnII(hfac)2}2] [2.113(3)–2.190(2) Å],[17] [Hbpca = bis(2-
pyridylcarbonyl)amine; Hhfac = hexafluoroacetylacetone],
where oxygen-containing octahedral coordination is the
predominant feature of the structure around the MnII ion.
Also worth noting is the case of the polymeric material
[MnII(H2O)6][MnII(C6H5O7)(H2O)]2·2H2O.[18] In this com-
pound, the observed Mn–O distances between the triden-
tate citrate and MnII range from 2.123(2) to 2.224(2) Å and
compare favorably with those seen in 1. The octahedral
MnII ion in 1 corresponds to other octahedral divalent me-
tal ions like ZnII,[19] CuII,[20] and NiII[21] in analogous octa-
hedral species bearing citrates. The M–O distances observed
in those complexes are in agreement with those seen in 1
and range from 2.052(2) to 2.164(2) Å (ZnII) and 2.021(3)
to 2.072(3) Å (NiII), while a wider range due to Jahn–Teller
distortions is observed in the copper analog [1.969(3)–
2.341(3) Å]. Equally comparable are the M–O distances oc-



A New Species in the Aqueous MnII-Quinic System FULL PAPER
curring in the congener quinate complexes [Zn(C7H11-
O6)2],[22] [Cd(C7H11O6)2]·H2O, [Cu(C7H10O6)(H2O)]2-
(H2O)2,

[23] {[Cu(NO3)(C7H11O6)(H2O)]·2H2O}n, {[CuCl-
(C7H11O6)(H2O)]·H2O}n,[24] [Pt(C6H14N2)(C7H10O6)],[25]

and the trinuclear (NH4)2{[V(O)2]2[V(O)](µ-C7H10O6)2}·
H2O.[26]

Overall, the quinate ligand plays the role of an efficient
metal-ion chelator, employing all possible types of anchors
available in its structure and effectively formulating the co-
ordination environment around MnII.

Hydrogen-bonding interactions are a dominant feature
of the crystal structure of 1. Specifically in 1, the alcohol
and carboxylate moieties of the quinate ligands along with
the lattice water molecules participate in an extensive net-
work of intra- and intermolecular hydrogen bonds
(Table 2), which very likely contributes to the stability of
the crystal lattice.

Table 2. Hydrogen bonds in 1.

Interaction D···A H···A D–H···A Symmetry operation
[Å] [Å] [°]

O3–HO3···O4 2.663 1.891 155.3 x, y, z
O4–HO4···O36 2.793 1.980 166.1 1 – x, –0.5 + y, 1 – z
O5–HO5···O26 2.955 2.115 157.2 2 – x, –0.5 + y, –z
O6–HO6···O15 2.769 1.786 151.1 1 + x, y, –1 + z
O13–HO13···O16 2.704 1.963 142.9 x, y, z
O14–HO14···O6 2.725 1.820 169.8 x, y, 1 + z
O15–HO15···O5 2.831 2.001 145.2 x, y, 1 + z
O16–HO16···O26 2.872 2.098 177.9 1 – x, –0.5 + y, 1 – z
O23–HO23···O24 2.667 2.017 148.5 x, y, z
O24–HO24···O12 2.768 1.917 123.3 1 + x, y, z
O25–HO25···O35 2.740 1.904 169.4 x, y, –1 + z
O26–HO26···O36 2.919 2.162 159.9 x, y, –1 + z
O33–HO33···O34 2.648 1.962 146.5 x, y, z
O34–HO34···OW1 2.719 1.719 166.5 1 + x, y, 1 + z
O35–HO35···O12 2.683 1.800 162.2 x, y, 1 + z
O36–HO36···O25 2.781 1.831 164.1 –1 + x, y, 1 + z
OW1–HW1A···O12 2.960 2.282 143.7 x, y, z
OW1–HW1B···O11 2.908 1.959 167.4 –1 + x, y, z

FTIR Spectroscopy

The FTIR spectrum of 1 exhibits strong absorptions for
the carbonyl groups of the carboxylate groups in both the
antisymmetric and symmetric vibration regions. The anti-
symmetric stretching vibrations νas(COO–) appear in the
range 1639–1607 cm–1, whereas the symmetric stretches
νs(COO–) appear in the range 1451–1380 cm–1. The fre-
quencies for the carbonyl stretches in 1 are shifted to lower
values relative to those of the free quinic acid. Hence, they
indicate a change in the vibrational status of the quinate
anion upon coordination to the metal ion. The difference
between the symmetric and antisymmetric stretches, ∆[νas-
(COO–) – νs(COO–)], is greater than 200 cm–1, indicating
that the carboxylate groups of the quinate ligand are either
free or coordinated to the metal ion in a monodentate fash-
ion.[9b,27] The latter contention is further confirmed by the
X-ray crystal structure of 1. Similar trends in the fre-
quencies for the carboxylate carbonyl groups have also been
observed in the FTIR spectra of other metal-quinate com-
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plexes as well as α-hydroxycarboxylate complexes with
metal ions.[28]

Thermal Studies

The thermal decomposition of the title complex was
studied by TGA-DSC under an atmosphere of oxygen.
[Mn2(C7H11O6)4]n·nH2O (1) is thermally stable up to
190 °C. From that point on, an initial process emerges that
involves dehydration of 1, with the release of water between
190 and 210 °C signifying an endothermic process. A fairly
clear plateau is reached at 210 °C, suggesting that the aris-
ing anhydrous species is thermally stable. The observed
weight loss, attributed to the release of the water content,
amounts to 4.8%, a value very close to the calculated value
of 5.1% based on the molecular formula of the title com-
plex 1.

Two additional steps are observed in the thermal decom-
position of complex 1. No clear plateaus are reached in
these stages, suggesting that the derived products are un-
stable and decompose further. The total weight loss of 83%,
due to the decomposition of the title complex, is reached at
450 °C with no further loss up to 1000 °C. This value is in
agreement with the calculated weight loss of 83%, derived
upon the proposition that the final product at 1000 °C is
Mn3O4. The DSC profile of the complex exhibits clear fea-
tures that correspond to the TGA diagram. Collectively, the
rather small number of observed TGA and DSC peaks
likely reflects simple mechanisms of decomposition path-
ways for the title complex.

Magnetic Susceptibility

The temperature dependence of χM and χMT (χM being
the magnetic susceptibility for two MnII ions) for complex
1 is shown in Figure 3. The χMT value is 8.5 emumol–1 K
at 300 K (close to the value expected for two isolated MnII

ions). From 300 K down to 50 K there is a smooth decrease
of the χMT value (Figure 3, A), while from 50 K down to
2 K there is a more pronounced decline of the χMT ulti-
mately reaching the value of 1.5 emumol–1 K. In the inset
of Figure 3 (A), the maximum of the χM data is shown at
3.5 K. The shape of these curves is characteristic of the oc-
currence of weak antiferromagnetic interactions between
the MnII centers. Taking into account the 2D character of
1, the susceptibility data were fitted through the following
approaches:

(a) The first one was based on the expansion series[29] of
Lines for a S = 5/2 antiferromagnetic quadratic layer, riding
on the exchange Hamiltonian H = �

nn
JSi·Sj, where �

nn
runs

over all pairs of nearest-neighbor spins i and j [Equa-
tion (1)], in which θ = kT/|J|S(S + 1) C1 = 4, C2 = 1.448,
C3 = 0.228, C4 = 0.262, C5 = 0.119, C6 = 0.017, and N, g,
and β have their usual meanings.



M. Menelaou, C. P. Raptopoulou, A. Terzis, V. Tangoulis, A. SalifoglouFULL PAPER

Figure 3. A: Temperature dependence of the susceptibility data at
0.6 T, in the form of χMT vs. T (solid stars). In the inset, the tem-
perature dependence of the susceptibility data is shown at 0.6 T, in
the form of χM vs. T near the maximum. The solid line represents
the best fit according to the model discussed in the magnetic
susceptibility section. B: Temperature dependence of the suscep-
tibility data at different external fields in the range 0.5–5 T. The
solid line represents the best fit according to the model discussed
in the text.

The best fit is given by the superexchange parameters J
= –0.28 cm–1 and g = 1.98. In this hypothesis, a quadratic
character of the layer has been assumed, that is, only one J
value. In fact, in complex 1 there are two J values because
there are two chemically distinct pathways: The first coup-
ling pathway involves pairs of abutting MnII ions, with the
intervening linker emanating from a specific MnII ion and
traversing through the α-hydroxycarboxylate moiety, the
quinate cyclic backbone, and the terminal alcohol anchor,
ultimately binding the abutting MnII ion. The second coup-
ling pathway involves adjacent MnII ions with the shorter
spacer linker being the α-hydroxycarboxylate moiety. The
two distinct pathways in the ab plane are explicitly por-
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trayed in Figure 4, with the appropriate schematic and the
associated J (J1 and J2) coupling constants. As indicated
earlier, both cases give a weak antiferromagnetic coupling,
which we can assume to be similar for the fit.

Figure 4. Different views (A and B) of the magnetic pathways of
the system in 1.

(b) The second one involved the analytical expression,
derived by Curely, for an infinite 2D square lattice com-
posed of classical spins (S = 5/2) isotropically coupled and
based on the exchange Hamiltonian H = �

nn
JSi·Sj, where

�
nn

runs over all pairs of nearest-neighbor spins i and j (Hei-

senberg couplings), see Equation (2).[30]

Here, N is Avogadro’s number, β is Bohr’s magneton, k
is Boltzmann’s constant, and u is the well-known Langevin
function, see Equation (3).

The best fit leads to J = –0.2 cm–1 and g = 1.98 (Figure 3,
part A, solid line). The J values obtained through the Lines



A New Species in the Aqueous MnII-Quinic System FULL PAPER
or Curely expressions are very similar: –0.28 and –0.2 cm–1,
respectively. Taking into consideration the fact that the Cu-
rely formula is more accurate and is valid down to 0 K (the
Lines formula is only valid up to the maximum of χM, ap-
proximately), the value of –0.2 cm–1 seems to be the most
accurate estimate for complex 1.

(c) Another possible magnetic model could also be con-
sidered. Such a model takes into account the fact that the
only significant and maybe measurable interaction is the
one through the α-hydroxycarboxylate ligand, thus re-
flecting a potential 1D character for 1. For that reason, the
susceptibility data were fitted to the following Equation (4),

which is based on Weng’s numerical approach,[31] and the
coefficients have been generated by Hatfield et al.[32] for a
S = 5/2 antiferromagnetic linear chain, where x = |J|/kT, A
= 2.9167, B = 208.04, C = 15.543, D = 2707.2, and N, g,
and β have their usual meanings. The best fit is given by the
parameters J = –0.2 cm–1 and g = 2.0, and it is equally
good, indicating that the couplings are weak. The distinc-
tion between a 2D and 1D magnetic model is quite difficult
to address solely through the fitting of the susceptibility
data. In order to investigate and confirm the 2D magnetic
character of the system, a different experimental approach
was employed and it is explained later.

The comparison of χM (note that here the quantity actu-
ally measured is the ratio between the magnetization and
the applied magnetic field) versus T curves at different mag-
netic fields from 0.5 to 5.0 T applied fields (Figure 3, B)
provides additional information. At the lower field, a clear
sign of a transition to an antiferromagnetic state is observed
with a maximum at 3.5 K. The critical temperature, taken
as the maximum of the Tdχ/dT versus T curve, was esti-
mated to occur at 2.0 K.[33] On the other hand, no maxi-
mum is observed at 5 T, thus indicating that the transition
is suppressed at this field. Interestingly, ZFC/FC curves
measured at 50 G (not shown) did not reveal any diver-
gence, thus indicating that no hysteretic phenomenon is
active below the ordering temperature.

Isothermal magnetization curves at T = 2–5 K in the ap-
plied field 0–5 T are shown in Figure 5 (A). The curves for
the increasing and decreasing fields are identical. The mag-
netization at 5 T reaches 8.4 and 6.8 µB at T = 2 and 5 K,
respectively, values which are smaller than the expected sat-
uration value of 10 µB (two isolated MnII ions) for the mole-
cule of 1. The sigmoidal shape of the M(H) dependence is
shown in Figure 5 (B), where a pronounced peak appears in
the dM(H)/dH curve that disappears at temperatures higher
than 5 K.[34] This shape reveals the metamagnetic-like be-
havioral characteristic for systems in which the magneto-
crystalline anisotropy is superimposed on the exchange
couplings. Similar features have been recently observed for
CuII–WV coordination polymers with 2D structures.[35] The
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shape of the T = 2 K curve suggests that the effective an-
isotropy field (HA) is less than the exchange field (HE), in
contrast to the case of metamagnets, where HA � HE and
an immediate spin-flip transition to the saturated ferromag-
netic state occurs. When the anisotropy field is of moderate
intensity, the magnetization process proceeds through the
spin-flop transition connected with reorientation of the anti-
ferromagnetically coupled spins to the configuration per-
pendicular to the field. The threshold field for the spin-flop
transition in the polycrystalline sample is 0.3 T, whereas the
inflection point of the dM(H)/dH curve (Figure 5, B) oc-
curs at HSF = 2.1 T. At T = 5 K, the M(H) curve hardly
shows any transition, most probably because of the change
of the HA/HE ratio.[36]

Figure 5. A: Magnetization curves at different temperatures in the
field range 0–5 T. B: Field dependence of the magnetization deriva-
tives in order to reveal their sigmoidal character (see text for de-
tails).
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EPR Spectroscopy

The EPR spectrum of complex 1 measured on a poly-
crystalline powder at room temperature shows an isotropic
signal centered at g = 2.00, with a line width of 380 G. The
spectra measured at variable temperatures are practically
identical, but the line width of the signal increases upon
lowering of the temperature (at 4 K it is 650 G). Since the
EPR signal does not vanish at low temperatures, proof for
antiferromagnetic ordering below the temperature of the
transition, the possible magnetic ordering, needs further
measurements at a lower temperature (about 2 K, see ear-
lier).

The Binary MnII-Quinate System in Aqueous Media

The synthesis of [Mn2(C7H11O6)4]n·nH2O (1) through a
facile reaction of MnCl2 with quinic acid at pH 3, demon-
strates the strong affinity of -(–)-quinic acid for the di-
valent metal ion MnII. Albeit low, the pH of the reaction
solution was sufficient to promote the reaction to comple-
tion and to afford the crystalline product in a pure form in
a few hours. The physicochemical characterization of the
derived material reflected the physical and chemical proper-
ties of 1 and revealed a considerable number of structural
details linked to the reactivity of the binary system investi-
gated. Specifically, the points worth noting are the follow-
ing:

(a) the retention of the protonation of the α-hydroxy group
in the quinate ligand. It appears that in the presence of MnII,
the alcohol group adjacent to the carboxylic acid moiety
retains its proton, following binding of the quinate group
to the metal ion. Protonation of the alcohol group in the α
position to the carboxylate group has also been observed in
the case of the congener α-hydroxycarboxylic acid, citric
acid, upon binding of the latter to MnII.[12]

(b) employment of the terminal alcohol moieties in the co-
ordination of the quinate ligand to an adjacently located MnII

ion. In that respect, the organic moiety extends its coordina-
tion to two distinct manganese ions by (1) employing dif-
ferent anchors to bind them, (2) satisfying the coordination
requirements of both MnII ions, (3) preserving the proton-
ation state of the alcohol group(s) upon binding to the
metal ions, and (4) retaining the overall (de)protonation
state of the carboxylate ligand bound to the manganese
ion(s) to –1.

(c) the variable mode of binding of the quinate carboxylate
group to the MnII ions. Here, there exist two coordination
modes, one of which is the conventional mode and is often
observed in the case of other metal ions bound to carboxyl-
ate-containing substrates. The second one is a characteristic
coordination-binding motif (Scheme 1). In this sense, the
two MnII ions to which the carboxylate group spans lie in
the syn-anti conformation. This distinct mode of coordina-
tion has been observed for other metal ions bound to car-
boxylate-bearing molecules.[37] The two manganese ions lie
in the same plane with carboxylate oxygen atoms and the
abutting carbon atoms (the atoms, C1, C2, O1, O2, of the
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quinate backbone, Mn1, and Mn1� are coplanar with the
largest standard deviation 0.18 Å for O2).

The aforementioned structural features define the physi-
cal formulation of complex 1 and reflect the chemical reac-
tivity, due to which the title species arose out of the reaction
mixture and crystallized out of solution. The distinct modes
of binding of the quinate ligand to the MnII ions led
inevitably to the formulation of a dimeric assembly
Mn2(C7H11O6)4 in 1. The latter moiety is the repeat unit of
the polymeric compound 1. To this end, species 1 is a poly-
mer similar to the one in the previously reported polymeric
manganese complex [MnII(H2O)6][MnII(C6H5O7)(H2O)]2·
2H2O. Despite the obvious differences between the funda-
mental ligands bound to the MnII in the two different com-
plexes, (a) the underlying variability in the coordination
mode of the two ligands to MnII and (b) the resulting geo-
metric features with the associated total variable charges,
signify the diversity of the chemical reactivity of the MnII

ions towards α-hydroxycarboxylate ligands differing in their
structure. In this case, the structural differences in the or-
ganic ligands reflect commensurate structural differences in
the metal complexes in the two polymeric species. Such pro-
foundly different chemical reactivity and structural variabil-
ity may reflect analogously variable chemical reactivity at
the biological level, where the two organic ligands consti-
tute key molecular targets of essential biosynthetic path-
ways linked to cellular integrity and survival in bacteria and
plants.

Further structural characteristics inherent to the lattice
of 1 include the involvement of water molecules in the as-
sembly. To that end, solvent water molecules of crystalli-
zation participate in the establishment of extensive hydro-
gen-bonding interactions throughout the lattice of 1.

MnII Aqueous Speciation in Plants and Plant Fluids

Manganese is widely found in various structures and
compartments in plants (e.g., older leaves, the plant stem,
etc.),[38,39] contributing to their physiology.[40] Given that
any influence of cellular biochemical processes entail bio-
available and thus soluble forms of manganese ions, MnII

bound to quinic acid presents a distinct form of an essential
ion promoting binary and ternary interactions in biological
fluids. Akin to this notion is the fact that solubility of MnII

increases at low pH, that is, under conditions employed in
this work.[41] It is through such interactions that (bio)chem-
ical reactivity arises, similar to the one linked to enzymes
in the shikimate pathway in plants.[42] Of the variety of spe-
cies that might form in solution, compound 1, albeit insolu-
ble itself, illustrates multimodal interactions of quinic acid
with MnII at low pH. In this sense, the dinuclear core spe-
cies in 1, is only one of the various forms potentially arising
in the aqueous milieu. Undoubtedly, a solution speciation
study would help delineate the nature and properties of spe-
cies forming as a function of pH and metal-ligand stoichi-
ometry.

Furthermore, the chemical reactivity of the binary sys-
tem studied here exemplifies one more aspect of the chemis-
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try unfolding at the biological level, that is, the ability of
the cell to seek and identify micronutrients influencing its
physiology. In that respect, aqueous MnII-quinate species at
low pH provide a first glimpse of the chemistry promoted
by bacterial organisms to (a) internalize, and/or (b) metabo-
lize organic substrates in the presence of MnII, and/or (c)
bind substrates in the presence of toxic metal ions (e.g.,
CdII), thus inhibiting their metabolic processing.[43,44] Such
chemistries could arise from the needs of a plant under vari-
able environmental adversities (e.g., nutritional deficiencies,
extreme changes in soil pH, accumulation of toxic metals
and substrates, etc.).[45]

MnII-Containing Lattices in MnII-Organic Hybrid
Materials

The lattice in 1 indicates the diversity of structural motifs
generated by a single polydentate ligand: -(–)-quinic acid
gives rise to distinct MnII sites, binding to it through the
hydroxy carboxylate groups on one hand and the triol moi-
eties on the other. The 1D wires strewn along the a axis
formulate a 2D lattice with gaps in between the MnII-qui-
nate strings that potentially allow for variable chemical re-
activity in the intervening space (Figure 2). In those strings,
the octahedrality of MnII sites is a feature previously ob-
served in [Zn(C7H11O6)2], but not in [Cd(C7H11O6)2]·H2O,
where a monocapped trigonal prismatic arrangement of
quinates around CdII dictates a different lattice. Equally
interesting is [Cu(C7H10O6)(H2O)]2(H2O)2, where the lattice
is dictated by the square pyramidal geometry around CuII.
Even more complex appears to be the 3D MnII–citrate lat-
tices of various species, like [NaMn(C6H5O7)] and
[Ca2Mn(C6H5O7)2(H2O)4]n.[46] This plethora of lattice types
involving variable structure ligands bearing similarity to
quinic acid, project an equally diverse type of hybrid mate-
rials still eluding isolation and characterization under speci-
ation conditions in binary and even ternary systems.

Conclusions

Collectively, the work on the binary MnII-quinic system
of 1 (a) projects a clear view of the complexity of the specia-
tion in aqueous media and the diversity of interactions de-
veloping in plant fluids, (b) sheds light on specific structural
features of the related solid-state lattices that could be use-
ful in designing new MnII-organic hybrid materials, and (c)
defines the challenges of the future in the bioinorganic
chemistry of quinic acid.

Experimental Section
Materials and Methods: All manipulations were carried out in the
open air. MnCl2·4H2O was purchased from Merck and -(–)-quinic
acid from Fluka. Nanopure-quality water was used for all reac-
tions.

Physical Measurements: FTIR measurements were recorded with a
1760X FT-Infra Red spectrometer from Perkin–Elmer, using KBr
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pellets. A ThermoFinnigan Flash EA 1112 CHNS elemental ana-
lyzer was used for the simultaneous determination of carbon, hy-
drogen, and nitrogen (%). The analyzer was based on the dynamic
flash combustion of the sample (at 1800 °C) followed by reduction,
trapping, complete GC separation and detection of the products.
The instrument was fully automated and controlled by PC using
the Eager 300 dedicated software and was capable of handling so-
lid, liquid or gaseous substances.

A TA Instruments thermal analyzer, model Q 600, system was used
to run the simultaneous TGA-DSC experiments. The employed
heating rate was 10 °Cmin–1. The instrument mass precision was
0.1 µg. Sample (about 20 mg) was placed in an open alumina sam-
ple pan for each experiment. High purity helium and air (80:20 in
N2/O2) were used at a constant flow rate of 100 mLmin–1, de-
pending on the conditions required for running the experiment(s).
During the experiments, the sample weight loss and rate of weight
loss were recorded continuously under dynamic conditions, as a
function of time or temp., in the range 30–1000 °C. Prior to activa-
ting the heating routine program, the entire system was purged with
the appropriate gas for 10 min, at a rate 400 mLmin–1, to ensure
that the desired environment was established.

The EPR spectra of complex 1 in the solid state and in aqueous
solutions were recorded with a Bruker ER 200D-SRC X-band spec-
trometer, equipped with an Oxford ESR 9 cryostat at 9.174 GHz,
10 dB, and at 4 K. Magnetic susceptibility data were collected using
powdered samples of 1 with a Quantum Design SQUID suscepto-
meter in the 2–300 K temp. range, under various applied magnetic
fields. Magnetization measurements were carried out at three dif-
ferent temp. in the field range 0.5–5 T.

Synthesis of [Mn2(C7H11O6)4]n·nH2O (1): MnCl2·4H2O (0.50 g,
2.5 mmol) and -(–)-quinic acid (0.97 g, 5.0 mmol) were placed in
a round-bottomed flask (25 mL) and dissolved in water (5 mL).
The reaction mixture was then stirred at room temp. until both
reactants were completely dissolved. Subsequently, the pH of the
clear solution was adjusted to 3 with aqueous ammonia. The re-
sulting reaction mixture was allowed to stand at room temp. for
slow evaporation. A few hours later, colorless crystalline material
appeared on the bottom of the flask. The crystalline product was
isolated by filtration and dried in vacuo. Yield 0.56 g (50%). 1,
[Mn2(C7H11O6)4]n·nH2O, C28H46Mn2O25 (892.52): calcd. C 37.64,
H 5.15; found C 37.39, H 5.09.

X-ray Crystal Structure Determination: X-ray quality crystals
of compound 1 (Table 3) were grown from reaction mixtures
upon slow evaporation. A single crystal with dimensions
0.50×0.30×0.20 mm (1) was mounted on a P21 Nicolet dif-
fractometer using graphite monochromated Cu-Kα radiation. Unit
cell dimensions for 1 were determined and refined by using the
angular settings of 25 automatically centered reflections in the
range 22 � 2θ � 54°. Relevant crystallographic data appear in
Table 3. Intensity data were measured by using a θ-2θ scan. Three
standard reflections were monitored every 97 reflections, over the
course of data collection. They showed less than 3% variation and
no decay. Lorentz, polarization, and psi-scan absorption correc-
tions were applied using Crystal Logic software. Further crystallo-
graphic details for 1: 2θmax = 118°; scan speed 3.0° min–1; scan
range 2.45 + α1α2 separation; reflections collected/unique/used,
4667/4467[Rint = 0.0372]/4467; 620 parameters refined; [∆/σ]max =
0.018; Flack parameter = 0.023(5); [∆ρ]max/[∆ρ]min = 0.312/–
0.639 eÅ–3; R/Rw (for all data) = 0.0506/0.1140. The structure of
compound 1 was solved by direct methods using SHELXS-86[47]

and refined by full-matrix least-squares techniques on F2 by using
SHELXL-97.[48] All the non-hydrogen atoms were refined aniso-
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tropically. The methylene hydrogen atoms of the quinate ligand
were introduced at calculated positions as riding on bonded atoms.
The remainder of the hydrogen atoms were located by difference
Fourier maps and were refined isotropically.

Table 3. Summary of crystal, intensity collection, and refinement
data for [Mn2(C7H11O6)4]n·nH2O (1).

Formula C28H46Mn2O25

Formula weight 892.52
T [K] 298
Wavelength Cu-Kα 1.5480
Space group P21

a [Å] 5.813(3)
b [Å] 21.72(1)
c [Å] 13.334(8)
β [°] 93.17(2)
V [Å3] 1681.0(15)
Z 2
Dcalcd./Dmeasd. [Mg m–3] 1.763/1.77
Absorption coeff. (µ) [mm–1] 7.061
Range of h, k, l –6 to 6, –24 to 23, –14 to 0
Goodness-of-fit on F2 1.031
R indices[a] R = 0.0440, Rw = 0.1085[b]

[a] R values are based on F values, Rw values are based on F2.

. [b] For 4058 re-
flections with I � 2σ(I).

CCDC-290297 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Extensive EPR experiments show that a titanium-containing
molecular triplet state is formed in solution by the reaction
of two equivalents of butyllithium with one equivalent of tita-
nium(IV) isopropoxide. At higher concentrations this product,
titanium(II) isopropoxide, admixed with two equivalents of
lithium isopropoxide, is accompanied by the formation of a
variety of nontitanium-containing side products. The powder
EPR spectrum of the molecular triplet state in frozen solution
is consistent with an asymmetric molecular chain of three Ti
centers on which the unpaired electron centers are three
metal atoms apart. Dilution experiments show that at lower
concentrations, where the nontitanium-containing side prod-
ucts have dissipated, the intensity of the molecular triplet
spectrum varies approximately linearly with concentration.
Thus there is no evidence that the observed triplet molecule
is one component in a series of concentration-dependent
oligomerization steps. The bulky isopropoxy substituents and
the coordination of the isopropoxide anions from the LiOiPr
present appear to prevent closure of the Ti3 centers into an
equilateral triangular diamagnetic structure. This steric hin-

Introduction

The complexation of subvalent transition-metal reagents
(LmMt

n, 1) with various C=C, C�C, C=O, or C=N linkages
(as in 2) has led to adducts 3 that may be considered as π
complexes 3a, where the metal has undergone little change
in oxidation number (Mt

n). On the other hand, the metal
center can have released significant electron density to the
π*-orbital of the organic substrate with the formation of
three-membered metallocycles 3b, and the metal may
thereby have a higher oxidation number (Mt

n+2) [Equa-
tion (1)]. To determine which of the resonance structures 3a
and 3b is the better single structure of adduct 3, it is neces-
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drance, operative at the terminal diisopropoxytitanium cen-
ters and preventing closure to a ring, seems not to be ob-
served with TiCl2·2THF, which is diamagnetic and may thus
be expected to exist as an equilateral triangular cluster of
three units of TiCl2·2THF, a structural model currently under
further investigation. The smaller steric demand of the chloro
and THF units would seem to permit octahedral coordination
about each Ti center in such an equilateral trigonal array of
Ti3 atoms. Chemical reactions carried out individually with
diphenylacetylene, cis-stilbene or cis-stilbene oxide and tita-
nium(II) diisopropoxide provide stoichiometric and stereo-
chemical evidence that the attacking titanium(II) reagent is
in fact the trimeric biradical. The role of the lithium isopro-
poxide byproduct in fostering the course of the previously
reported SET reactions of titanium(II) isopropoxide and in de-
termining the detailed structure of the open-chain Ti trimer
biradical has been explicated.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sary to perform individual evaluations of the structural pa-
rameters of adduct 3, if isolated, or of its observed chemical
reactions.[2–4]

(1)

The process involved in the formation of adduct 3 has
been termed epimetallation, because the metal reagent 1 is
added with the rupture of a π-bond.[2] If reagent 1 is gener-
ated in a separate step and then added to 2, this process
may be termed direct epimetallation (Scheme 1, path a).
More recently, however, we have found that a precursor di-
alkyl derivative of higher oxidation number, R2Mt

n+2Lm (4),
can itself transfer the LmMt

n unit to the unsaturated sub-
strate 2 with concomitant loss of the R groups (Scheme 1,
path b). This latter process has accordingly been termed
transfer-epimetallation.[5a, 6]
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Scheme 1.

It is noteworthy to observe that the epititanation of ethyl-
ene by titanium() diisopropoxide (7) is widely thought to
lead to 1,1-diisopropoxy-1-titanacyclopropane, postulated
as the key intermediate in the Kulinkovich cyclopropanol
synthesis.[5]

A most unusual and unexpected observation made in
comparing such epimetallations with titanium reagents is
that the direct epititanations with preformed TiL2 (L = Cl,
OiPr)2 are much slower than transfer-epititanations with
Bu2TiL2.[2,5] For example, preformed TiCl2 (5) in THF can
achieve no epititanation of diphenylacetylene (6) whatso-
ever at 25 °C; similarly, Ti(OiPr)2 (7) in THF reacts with 6
over 24 h to provide only 31% of the epititanation product
9, presumed to stem from adduct 8, which was detected
through D2O cleavage as 9 [Equation (2)]. In considering
this low reactivity of TiCl2 or Ti(OiPr)2 in direct epititana-
tions, it is still noteworthy that some moderate activity is
shown by Ti(OiPr)2 at 25 °C, while TiCl2 is completely un-
reactive. As will be observed later in this study, this distinct
difference in the chemical reactivity of Ti(OiPr)2 vs. TiCl2
is also reflected in their respective EPR activity.

(2)

In sharp contrast, however, when either Bu2TiCl2 (10)
or Bu2Ti(OiPr)2 (11) was generated in THF at –78 °C and
0.9 equiv. of diphenylacetylene (6) was then added, subse-
quent warming to 25 °C and treatment with D2O gave a
91–99% yield of cis-[D1,2]stilbene (9). This outcome clearly
demonstrates that 10 or 11 achieves a rapid epititanation of
6 at or below 25 °C. The facility of such transfer-epititan-
ation has been rationalized by the formation of an octahe-
dral transition state 12 with 6, in which the new, incipient
C–Ti bonds of the epititanated product are formed as the
butyl–titanium bonds are thereby predisposed to homolytic
cleavage [Equation (3)].

(3)
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A most likely reason for the greater epititanation activity
of Bu2TiL2 (10 or 11) over that of TiL2 (5 or 7) may well
be the more associated character of TiL2. In the solid state,
it should be noted that the TiCl2 crystal lattice consists of
layers of an infinite plane of Ti atoms flanked on both sides
by infinite planes of chlorine atoms. It is understandable
that considerable activation energy would be required to
generate monomeric TiL2 units, even from a far less associ-
ated form of these titanium() salts. As produced from
2 equiv. of butyllithium with 1 equiv. of TiCl4 or Ti(OiPr)4,
the resulting TiL2 remains admixed with 2 equiv. of either
LiCl or Li(OiPr)2. The separation of pure TiCl2 or Ti(OiPr)2,
free of Li salts, for analytical or molecular weight measure-
ments, is a difficult task. We have been able to isolate and
analyze successfully TiCl2·2THF, free of LiCl, but we have
been uniformly unsuccessful in separating Ti(OiPr)2 from
LiOiPr, since both components are freely soluble in pure
THF or in hexane.

Hindered from determining the degree of association of
pure Ti(OiPr)2 (7) in solution, we have availed ourselves of
another interesting physical property of 7. In contrast with
the diamagnetic character of TiCl2 (5) in THF over a range
of temperatures below 25 °C, we have found that Ti(OiPr)2

with its byproduct LiOiPr in heptane/toluene solution is
pronouncedly paramagnetic and displays an EPR triplet
signal characteristic of a biradical. The detailed study of
such an EPR spectrum now permits us to estimate the de-
gree of association of such Ti(OiPr)2 units.[7] Extrapolating
from data on alkali metal complexes of TiCl2, such as
Na2Ti3Cl8, we now suggest a possible similarity in the asso-
ciation of TiCl2 units in THF.

Results and Discussion

The EPR Investigation of the 1:2 Mixture of Titanium(II)
Diisopropoxide (7) and Lithium Isopropoxide in 1:1
Solutions of Heptane/Toluene

The initial CW EPR investigation of diluted samples of
such mixtures, where the concentration of 7, formally con-
sidered as the monomer, was successively 20.0, 7.0, 2.0, and
0.7 m, revealed a broad, strong line at g = 1.944, a sharp
line at g = 1.964, and a complex set of lines around g =
1.98. Subsequent examination of this flash-frozen sample at
80 K gave a spectrum with a central set of features between
3100 and 3800 Gauss (microwave frequency, ν =
9.36947 GHz) and a weak feature at 1690 Gauss (micro-
wave frequency, ν = 9.36583 GHz). The experiment was re-
peated with the spin-echo technique at 25 K, which con-
firmed the CW EPR results. In both cases, the central re-
gion appeared to comprise weak wing features at 3150 and
3750 Gauss, shoulders at 3125 and 3575 Gauss, and a peak
at 3460 Gauss, relative to ν = 9.4181 GHz. After refine-
ments in sample preparation had been made, the 3150 and
3575-Gauss features were eliminated. Please note the g-
value representation of the central region of the spectrum
as presented in Figure 1, as the derivative of EPR absorp-
tion with respect to the field. An integral (absorption vs.
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field) of the EPR spectrum in this region is shown in Fig-
ure 2. The low-field part of the EPR spectrum is shown in
Figure 3.

Figure 1. CW EPR derivative spectrum of a 0.7 m frozen 1:1 hex-
ane/toluene solution of titanium isopropoxide at 50 K as a function
of g value in the g = 2 region.

Figure 2. CW EPR absorption spectrum of a 0.7 m frozen 1:1
hexane/toluene solution of titanium isopropoxide at 50 K, experi-
ment and theory at microwave frequency 9.54971 GHz. (The nor-
mal derivative output of the EPR spectrometer has been numeri-
cally integrated.).

Figure 3. CW EPR derivative spectrum of a 0.7 m frozen 1:1 hex-
ane/toluene solution of titanium isopropoxide at 50 K as a function
of g value in the g = 4 region.

Dilution experiments were done in order to try to under-
stand the relationships between the several features ob-
served in the CW EPR solution spectrum (not shown) and
to consider the possibility that various oligomers of titani-
um() isopropoxide were being observed. Four sets of di-
lution experiments at nominal monomeric titanium() iso-
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propoxide concentrations of 20.0, 7.0, 2.0, and 0.7 m were
done with successively greater refinements in the pro-
cedures. The sharp line at g = 1.964 observed at 20.0 and
7.0 m was largely eliminated with this improved pro-
cedure. The complex set of weak lines around g = 1.98 ini-
tially observed at all concentrations except 0.7 m was elim-
inated by means of the improved technique at all concentra-
tions except 20.0 m. The intensity of the triplet signal var-
ies approximately in a linear dependence with the concen-
tration, once the complex at g = 1.98 disappears upon di-
lution.

Analysis of the Observed EPR Spectra of Titanium
Diisopropoxide (7)

The central part of the frozen solution spectrum, shown
in integral form in Figure 2, is characteristic of a powder
pattern of a molecular triplet state. The so-called half-field
feature shown in the frozen solution spectrum of Figure 3
is located at a field consistent with a weakly allowed ∆ms =
±2 transition between the levels of a triplet state under the
influence of the dipole–dipole interaction of the unpaired
triplet-state electrons.[8] The parameters determined with
the following triplet-state spin Hamiltonian [Equation ()]
are given in Table 1.

H = H·g·S + DSz
2 + E(Sx

2 – Sy
2) (4)

Table 1. Spin Hamiltonian parameters obtained from a least-
squares fit of the parameters in Equation (4) to the titanium diiso-
propoxide frozen solution in Figure 2. (The standard deviations σ
in the parameters are also presented. The absolute signs of D and
E are unknown but their relative signs are opposite.).

Value σ

D (10–4 cm–1 hc) ±81.7 1.8
E (10–4 cm–1 hc) �23.1 0.2
gxx 1.9293 0.0002
gyy 1.9449 0.0002
gzz 1.9304 0.0002
∆H (Gauss) 18.7 0.5

The g value (1.944) of the broad strong line in the solu-
tion spectrum (not shown) is the same as that of the triplet
molecule. Thus the solution spectrum is believed to be the
motionally averaged spectrum of the powder pattern of the
triplet molecule observed at lower temperatures (See Fig-
ure 2). The relatively smaller g-shift of the complexes giving
the variable set of lines at g = 1.98 suggests that these are
radicals free of a Ti center. In the most highly refined di-
lution spectra it appears that the only highly concentration-
dependent spectrum is that of the non-Ti-containing com-
plex. It would appear that the triplet spectrum associated
with Ti at g = 1.944 is present at all concentrations and its
spectrum does not change appreciably with concentration.
Its intensity scales approximately with concentration, once
the complex at g = 1.98 disappears upon dilution.

Ignoring the E value for the moment, the D value alone
corresponds to the dipolar interaction of two point-electron
spins on titanium atoms at a distance of 0.668 nm.[9] Since
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this Ti–Ti separation is more than twice the titanium atom
separation in the [Ti3] cluster found in Na2Ti3Cl8, the un-
paired electrons are clearly not on the same Ti center or
unlikely even on adjacent Ti centers. The nonzero E value
rules out a symmetric trigonal (equilateral) array, such as
the [Ti3] cluster[10] for which E = 0 by symmetry.

Quantitative estimates of the triplet component(s) pres-
ent in samples with 0.7, 2.0, 7.0, and 20.0 m Ti content
gave an average of 0.28±0.14 triplet spins per Ti atom. Al-
though within one standard deviation such a value is not
consistent with triplet spins on the same Ti atom (1.0) or
on adjacent Ti atoms (0.50). However, this value is in agree-
ment with three Ti atoms per triplet molecule (0.33). Of
course, this value is also consistent with four (0.25), five
(0.20), six (0.17), or seven (0.14) Ti atoms per triplet mole-
cule. This outcome supports the conclusion that a determi-
nation of the number of Ti atoms per triple molecule, mea-
sured with a precision typical of such experiments, cannot
by itself be expected to determine the specific number of Ti
atoms per Ti cluster.

Comparison of the EPR Data for Titanium(II)
Diisopropoxide (7) with Various Structural Models

A continuum of titanium() isopropoxide oligomers
come under consideration (7a–7d, arrow = relative orienta-
tion of electron spin). From the D and E values, monomer
7a and diamagnetic trimer 7d can be excluded from further
consideration. From the D values alone the Ti–Ti distance
in 7b (0.2996 nm) is too short, and even a linear trimer of
7c (θ = 180°) falls short (0.599 nm) of the calculated experi-
mental value of 0.668 nm (see Figure 4). The linear tetra-
mer of 7 would lead to a D value of 0.8988; however, the
substantial value of E is not predicted by a range of models
reproducing the value of D, including one with parallel p-
type orbitals simulated by point spins on terminal Ti atoms,
a model with a twist angle between the terminal Ti p-type
orbitals, and a model with in-plane p-type point spins and
a Ti–Ti–Ti bond angle θ = 105°. This failure in prediction
suggests that there may also be one-center dipole–dipole
contributions from different orbitals for different spin con-
tributions or spin-orbit contributions to the zero-field pa-
rameters of Equation (4). The D value and the nonzero E
value suggest a structure differing fundamentally in two re-
spects from that of the [Ti3]6+ cluster found by Hinz et al.
in Na2Ti3Cl8 at low temperatures.[10] The D value suggests
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a greater average triplet electron separation than the
�0.2996 nm value in the [Ti3]6+ cluster. The nonzero E
value rules out a symmetric trigonal structure, such as was
found for the [Ti3]6+ cluster, for which E = 0 by symmetry.
Thus, with all factors considered, the structural model most
in accord with the EPR data would appear to be 7c, where
θ approaches 180°, and the individual Ti–Ti bonds are
lengthened to greater than 0.2996 nm by the steric repulsion
of the isopropoxy groups attached to adjacent titanium cen-
ters (7e, L = OiPr) (See Figure 4). The same steric bulk of
the isopropoxy groups would weaken any coordination of
THF units to Ti centers, as well as hindering spin-pairing
and closure to the symmetrical [Ti3] cluster 7f [Equa-
tion (5)].

(5)

Figure 4. Logarithmic plot of the D values as a function of point-
spin–point-spin distance, according to a simple dipole-dipole
model placing the spins on terminal Ti atoms. On this plot, the
experimentally measured value of D is indicated in relation to mul-
tiples of the Ti–Ti internuclear distance in the Ti3 cluster reported
by Hinz and co-workers.[10]

The tendency of divalent titanium centers to form tri-
meric Ti clusters, as in the solid state of Na2Ti3Cl8[10] and
as here in solutions of Ti(OiPr)2 (7), encourages us to sug-
gest that diamagnetic TiCl2·2THF (5·2THF) may exist in
solution as the cyclic symmetrical structure 7f, (L = Cl), in
which each Ti center, because of the smaller, electronegative
chlorine ligand, could further accommodate two THF li-
gands and thereby attain octahedral coordination. The pos-
sible existence of cyclic and open-chain trimeric clusters of
7e and 7f (L = Cl) will be probed by EPR measurements of
TiCl2·2THF conducted at higher temperatures.[11]

Structure of Titanium(II) Diisopropoxide (7) Implied by Its
Chemical Reactions

In both [Ti(OiPr)2]3 and [TiCl2·2THF]3, it is readily ap-
parent that the monomeric TiL2 unit, necessary for the epi-
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titanation of unsaturated organic ligands [Equation (1)],
would require considerable activation energy to be liberated
from its trimer, and thus such direct epititanations [Equa-
tion (1)] would understandably be slower than transfer-epit-
itanations [Equation (3)].

Moreover, certain reactions of Ti(OiPr)2 (7) with organic
substrates, as reported in this study, follow pathways consis-
tent with the participation mainly of the trimeric biradical
7c. For example, with 1 equiv. of diphenylacetylene (6) and
2 equiv. of 7, the addition reaction leading to cis-stilbene
(15) upon hydrolysis proceeded to the extent of 30% at
25 °C. When a similar reaction mixture was heated at re-
flux, the reaction went only to an extent of 74%, despite
the presence of an excess of 7. Now, if the 2 equiv. of 7 is
actually present as trimer 7c, then the 0.67 equiv. of 7c
could react with only 0.67 equiv. of 6, close to the observed
0.74 equiv. of 6 consumed. Thus, we conclude that the ad-
dition reaction to 6 should be described as involving mostly
attack by 7c [Equation (6)] to form 14. Hydrolysis would
then yield 15 or with D2O, 1,2-dideuterio-cis-stilbene (9),
as is observed.

(6)

Two other reactions giving evidence for the participation
of biradical 7c directly are those involving cis-stilbene (15)
itself and cis-stilbene oxide (20). Regardless of how long
and at what temperature the reaction proceeded and
whether 7 contained LiOiPr or not, the main reaction of a
1:2 equiv. ratio of 15 and 7, as revealed by hydrolysis, was
isomerization to trans-stilbene (17), rather than addition to
form 18 (detected as deuteriolysis product 19). Workup
with D2O produced 1,2-dideuteriobibenzyl (19), consistent
with its formation from organotitanium precursor 18.
Again, we suggest that the 0.67 equiv. of trimer 7c is opera-
tive, as shown in Scheme 2. The trans-stilbene could be
formed directly from 16 by reeliminating 7c or from 18 by
stepwise Ti–C bond homolysis. In the conversion of 16 into
17, the greater thermodynamic stability of 17 over 15 (about
91:9) should favor the formation of the trans isomer.

In a similar manner, the deoxygenation of cis-stilbene ox-
ide (20) by 7 to give the thermodynamic mixture of trans-
and cis-stilbenes (17 and 15) in a 91:9 ratio is consistent
with the stepwise attack of biradical 7c on 20 to form an
acyclic biradical intermediate 21. Biradical 21 could exist
sufficiently long to permit rotation about the C–C bond
before the second Ti–C bond undergoes induced homolysis
and thereby produces the thermodynamic mixture of 15
and 17 (Scheme 3).

The first indication that the isopropoxy ligand exerts an
activating effect on titanium(), over that observed with the
chloro ligand, was the faster direct epimetallating action of
the Ti(OiPr)2/2LiOiPr system on diphenylacetylene (6) over
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Scheme 2.

Scheme 3.

that of the similar TiCl2/2LiCl reagent (5) on 6 [Equa-
tion (2) and related text]. The greater reactivity of 7 over 5
has been ascribed to the electron-withdrawal effect of the
isopropoxy groups already bonded in 7, as well as any iso-
propoxy anions (from the LiOiPr) that may also coordinate
with the Ti(OiPr)2 with the formation of complex titani-
um() anions, such as [Ti(OiPr)4]2–.[12]

A final previously studied reaction of 7 that clearly in-
volves the participation of radical intermediates in SET
(Single Electron Transfer) processes and implicates the by-
product LiOiPr as an essential coreactant, is the reaction of
7 with aromatic nitriles (22) or geminal dichlorides (23),
as shown in Scheme 4. The hydrolysis products, 24 and 25
respectively, had individually resulted from a reductive iso-
propylation. Since Ti(OiPr)2 containing no LiOiPr bypro-
duct (only LiCl) was unable to bring about such a reaction,
the necessary SET reagent was proposed to be 26, a com-
plex of LiOiPr with the supposed monomer Ti(OiPr)2.[12]

Scheme 4.

With the new structural insight into the nature of 7 of-
fered by the present study, we would now propose that tri-
meric 7c or 7d undergoes coordination with one or more
equivalents of LiOiPr to form anionic coordination com-
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plex(es), such as 27 [Equation (7)]. The coordination of the
LiOiPr with adjacent Ti atoms in 7d or terminal Ti atoms
in 7c would tend to force the Ti trimer into the open-chain
dianionic biradical 27. Therefore, we can deduce from this
chemical evidence that a mixture of 7 and LiOiPr most
likely exists in solution as one or more coordination com-
plexes of the type depicted in 27.

(7)

A corollary deduction of these considerations is that
highly pure titanium() diisopropoxide, absolutely free of
coordinating anions, such as from LiOiPr or LiCl, and per-
haps even free of coordinating solvents such as THF, might
well exist at lower temperatures as the diamagnetic trimer
7d. This possibility is currently under investigation.[11]

Conclusions

In summary, the EPR experiments show that a Ti-con-
taining molecular triplet state is formed in solution from
the reaction of 2 equiv. of butyllithium with 1 equiv. of tita-
nium() isopropoxide. At high concentrations this product,
titanium() isopropoxide, admixed with 2 equiv. of lithium
isopropoxide, is accompanied by the formation of a variety
of non-Ti-containing side products. The powder EPR spec-
trum of the molecular triplet state in frozen solution is con-
sistent with an asymmetric molecule or chain of three Ti
centers on which the unpaired electron centers are most
probably three centers apart. Dilution experiments show
that at lower concentrations, where the non-Ti-containing
side products have dissipated, the molecular triplet spec-
trum intensity varies approximately linearly with concentra-
tion. Thus there is no evidence that the observed triplet
molecule is one component in a series of concentration-de-
pendent oligomerization steps. Coordination of this open-
chain, three-titanium cluster with the lithium isopropoxide
byproduct would, for steric reasons, tend to keep such
anions in their open-chain biradical form. This steric hin-
drance for the terminal diisopropoxytitanium centers clos-
ing to a ring seems not to be observed with TiCl2·2THF,
which is diamagnetic and may thus exist as an equilateral
triangular cluster of three units of TiCl2·2THF. The smaller
steric demand of the chloro and THF units may permit
octahedral coordination about each Ti center in such a tri-
gonal array of Ti3 atoms.
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Finally, chemical reactions carried out individually with
diphenylacetylene, cis-stilbene, or cis-stilbene oxide and ti-
tanium() isopropoxide provide stoichiometric and stereo-
chemical evidence that the attacking titanium() reagent is
in fact the trimeric biradical 7c, rather than some mono-
meric form of titanium() isopropoxide. The previously re-
ported SET reductive isopropylation of aromatic nitriles
and geminal dichlorides is reinterpreted in light of this new
evidence on the structure of titanium() isopropoxide, and
the essential role of lithium isopropoxide in shaping the de-
tailed structure of the trimeric titanium biradical is expli-
cated.

Experimental Section
Starting Materials, Reaction Conditions, and Instrumentation

The starting TiCl4 and Ti(OiPr)4 employed were of 98% or greater
purity as commercially available, and the n-butyllithium used was
as a 1.60- solution in hexane. All reactions, transfers, and separa-
tions were carried out under a positive pressure of anhydrous, oxy-
gen-free argon. All solvents, mainly tetrahydrofuran, heptane, and
toluene, employed with these air- and moisture-sensitive reagents
were dried and distilled from a mixture of sodium metal and benzo-
phenone ketyl prior to use.[13] The 1H- and 13C NMR spectra were
recorded with a Bruker spectrometer, model EM-360, with tet-
ramethylsilane (Me4Si) as the internal standard. The chemical
shifts reported are expressed on the δ-scale in parts per million
(ppm) from the Me4Si reference signal.

The electron paramagnetic spectra (EPR) measurements were per-
formed with a Bruker EPR spectrometer, model ESP580 X-band,
equipped with a split-ring ER4AA9 resonator and were detected
with 100-kHz field modulation and phase-sensitive detection. Tem-
peratures below room temperature were achieved with an Oxford
Instruments CF935 cryostat and an ITC502 temperature controller.
Two types of EPR experiments were performed on solutions of the
divalent titanium derivatives in THF, heptane, or 1:1 (v/v) heptane/
toluene mixtures: (1) CW EPR scans of various widths (200–
1000 Gauss) were performed at room temperature (20–25 °C),
mainly about fields corresponding to g = 2, and similar CW EPR
experiments were performed with solutions flash-frozen at 50 K or
80 K; and then (2) a Hahn-echo detected, pulsed EPR spectrum
was acquired at 20 K. Quantitative estimates of the concentrations
of paramagnetic components present in the samples were obtained
by comparison with the spectrum of a freshly prepared 1.032-m

standard solution of 1,1-diphenyl-2-picrylhydrazyl.

Preparation of Titanium(II) Isopropoxide (7, containing LiOiPr): In
a typical procedure on a 10-mmol scale, a solution of titanium()
isopropoxide (1.28 g, 10 mmol) in THF (40 mL) and cooled to
–78 °C was slowly treated with n-butyllithium (12.5 mL, 1.6 ) in
hexane (20 mmol) in an argon atmosphere. Stirring the light-brown
mixture for 2 h at this temperature and then warming to 25 °C
over 10 h gave a black, completely soluble mixture of titanium()
diisopropoxide (7) containing lithium isopropoxide (2 equiv.). This
THF solution measured directly gave a strong EPR signal (cf. Re-
sults) and was employed for reactions with diphenylacetylene (6),
with cis-stilbene (15) and with cis-stilbene oxide (20).[12]

Upon removal of all volatiles from THF solutions of 7 and redis-
solving the residue in heptane or 1:1 mixtures of heptane and tolu-
ene (v/v), black complete solutions of the 1:2 mixtures of 7 and
LiOiPr resulted. For EPR studies, solutions of 7 in a 1:1 heptane/
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toluene mixture were prepared individually at concentrations of
20.0, 7.0, 2.0, and 0.7 m. That the THF had been completely re-
moved was indicated by 1H NMR spectra of these hydrocarbon
solutions of 7, which showed no 1H triplets of THF at δ = 3.72
and 1.84 ppm. Instead, only broad 1H signals of the isopropoxy
group were evident at around 4.0 and 1.2 ppm. These hydrocarbon
solutions also displayed strong EPR signals.

Preparation of Titanium(II) Diisopropoxide (7, free of LiOiPr): To
a stirred solution of titanium() chloride (1.89 g, 10 mmol) in THF
(40 mL), prepared and maintained under an argon atmosphere at
–78 °C, in order to avoid cleavage of the THF ring by the TiCl4,
was added slowly with stirring nBuLi (2 equiv.) in hexane (12.5 mL,
1.6 , 20 mmol), and the resulting mixture was stirred for 30 min.
The di-n-butyltitanium() dichloride thereby formed was then
treated with isopropyl alcohol (2 equiv., 1.20 g, 20 mmol), also at
–78 °C. The resulting mixture was warmed to 25 °C over 10 h, and
the dark brown suspension of the proposed titanium() dichloride
diisopropoxide was cooled again to –78 °C. Finally, a further ali-
quot of nBuLi (2 equiv.) was added. A subsequent warming of this
last reaction product gave a black solution of titanium() diisopro-
poxide from which the white LiCl slowly precipitated. Concentra-
tion and cooling of the solution permitted about 1.6 g (94%) of
the LiCl to be removed. Thus the yield of titanium() seems to
have been almost quantitative.[12]

The careful examination of such titanium() diisopropoxide solu-
tions, which contain little LiOiPr or LiCl, will have to await further
refinements in mixing the reactants and filtering the solutions to
remove suspected paramagnetic particles in suspension. It will be
of great interest to learn whether solutions of absolutely pure titani-
um() diisopropoxide show any EPR activity. Such information
will be valuable in determining what the role of LiOiPr in influenc-
ing the triplet character of trimeric clusters of [Ti(OiPr)2]3, com-
mingled with LiOiPr.

Preparation of Titanium(II) Chloride (5): In a procedure analogous
to the foregoing, a stirred solution of titanium() chloride (1.89 g,
10 mmol) in THF (40 mL) was treated at –78 °C under argon with
n-butyllithium (20 mmol) in hexane. Further stirring at –78 °C and
warming to 25 °C yielded a gray-black suspension of titanium()
chloride (5) and lithium chloride as a 1:2 mixture. The resulting
black solution of 5 with suspended LiCl showed no EPR signal,
either at 25 °C or at lower temperatures.

As already has been published,[14] titanium() chloride (5) can be
isolated free of LiCl from the suspension in THF by removing the
THF and all volatiles under reduced pressure in argon. The residue
is then slurried with toluene, and the suspension is filtered to re-
move all the LiCl. The filtrate is concentrated and chilled, in order
to deposit black crystals, whose analysis corresponds to a 1:2 ratio
of Ti/Cl and a Ti analysis agreeing with the empirical formula of
TiCl2·THF (5). Solutions of 5 in toluene again showed no EPR
signal either at room temperature or at 80 K.

Reactions of Titanium(II) Isopropoxide with cis-Stilbene (15)

(1) The reaction of 15 (5.0 mmol, 0.89 mL) with 7 (10 mmol, con-
taining LiOiPr) in THF (30 mL) for 24 h gave a product (880 mg)
after hydrolytic workup with aqueous HCl (6 ) and extraction of
the organic products into ethyl ether, drying of the ether with
Na2SO4, and removal of volatiles by rotary evaporation. Analysis
of the product by 1H NMR spectroscopy showed the presence of
35% of trans-stilbene (17), 25% of bibenzyl, and 40% of the start-
ing 15.

(2) A reaction identical to that given above, except that 7 did not
contain any LiOiPr, produced a somewhat greater amount of isom-
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erization of cis-stilbene: 50% of trans-stilbene (17), 15% of biben-
zyl, and 35% of the starting 15.

(3) A reaction identical to run (1), except that a 3-h reflux period
was included, yielded 64% of trans-stilbene (17), 27% of bibenzyl,
and 9% of the starting 15.

(4) One-half of the reaction mixture in run (3) was worked up with
D2O (min. 98%). The cis- and trans-stilbenes were found to contain
no deuterium, but the bibenzyl was found to be 1,2-dideuteriated
(PhCHD-CHDPh, 19).

Diphenylacetylene (6)

(1) A solution of 6 (5.0 mmol, 890 mg) and 7 (10 mmol, containing
LiOiPr) in THF (40 mL) was heated at reflux for 12 h and then
subjected to the usual hydrolytic workup. Flash column chromatog-
raphy of the product by using a 60:1 (v/v) hexane/THF mixture
showed the presence of 74% of cis-stilbene (15), 5% of bibenzyl,
1% of hexaphenylbenzene, and 20% of the starting 6.

(2) A reaction mixture identical with the foregoing was stirred for
24 h at 25 °C. Hydrolysis and a similar 1H NMR analysis revealed
the presence of only 30% of cis-stilbene (15) and 5% of bibenzyl,
the rest being unreacted 6. A deuteriolytic workup produced exclu-
sively cis-1,2-dideuterio-cis-stilbene (9, with deuterons at the vinyl
carbons).

(3) A reaction mixture treated as in run (2), except that 7 did not
contain any LiOiPr, gave again 31% of 15 and 4% of bibenzyl,
essentially in the same product ratio as in section (2).

cis-Stilbene Oxide (20): A mixture of 20 (5.0 mmol) and 7
(10 mmol) in THF (30 mL) was allowed to react for 12 h at 25 °C.
Hydrolytic workup and 1H NMR analysis of the flash-chromatog-
raphy eluate obtained with a 60:1 (v/v) mixture of hexane/THF
showed the presence of 91% of trans-stilbene (17) and 9% of its
cis isomer (15).
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The thermodynamic and kinetic stabilities of the complexes
of phosphonate and phenylphosphinate analogues of H5dtpa
with selected transition- and lanthanide-metal ions are pre-
sented. Both phosphorus-containing ligands form thermody-
namically very stable complexes, with stability constants
comparable with or even higher than those reported for the
parent H5dtpa. However, the kinetic inertness of their gado-
linium(III) complexes against acid- and metal-assisted de-
complexations is surprisingly much lower. The half-life times
of gadolinium(III) complexes of the new ligands in the pres-

Introduction

Multidentate ligands and their complexes are frequently
used in medicine. Gadolinium() complexes of octadentate
ligands having the ninth coordination site occupied with a
water molecule are utilized as contrast agents (CA) in mag-
netic resonance imaging (MRI).[1–3] As such toxic-metal-
containing contrast agents have to be administered in rela-
tively high doses, the gadolinium() ion must be encapsu-
lated in stable complexes. These must survive with no de-
complexation in body fluids containing many concurrent
ligands (amino acids, phosphate anion, peptides etc.) and
metal ions (e.g. Ca2+, Zn2+, Cu2+). Ligands whose com-
plexes fulfil such stability requirements are mostly deriva-
tives of two prototype ligands (Scheme 1) – macrocyclic
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(H4dota) and acyclic diethylenetriaminepentaacetic acid
(H5dtpa, 1,4,7-triazaheptane-1,1,4,7,7-pentaacetic acid). In
vivo stability of the complexes may be estimated from
thermodynamic and kinetic properties. The thermodynamic
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ence of excess of concurrent metal ions [copper(II) or europi-
um(III)] are about 2–3 orders of magnitude shorter compared
to H5dtpa and its amide derivatives. The behaviour can prob-
ably be attributed to steric strain in the new complexes, to
the high affinity of phosphonate ligand for proton, and/or to
easy formation of binuclear complexes, which act as interme-
diates in the complex dissociation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

stability of metal complexes of H5dtpa and H4dota (ex-
pressed as stability constants) is very high. Ligands derived
from the linear ligand H5dtpa are in general much cheaper
and more easily available than derivatives of the macro-
cyclic H4dota. However, the resistance of complexes of
macrocyclic ligands against decomplexation in body fluids
(measured e.g. as acid- or metal-assisted dissociations) is
usually much higher.[4,5]

According to theory, the water molecule which saturates
the coordination sphere of the central Gd3+ ion should be
bound in the complex for an optimal residence time before
exchange with bulk water. The residence time should lay in
the range of 20–30 ns for MRI contrast agents used at mag-
netic fields applied in commercial tomographs, and in ad-
dition, the molecular tumbling of the CA should be as slow
as possible.[1–3,6] However, the complexes of H4dota and
H5dtpa themselves are far from such optimum.[7] In the se-
arch for better MRI contrast agents, sterically crowded li-
gands were developed as the enhanced steric strain around
metal-binding site increases the exchange rate of coordi-
nated water molecule. The steric strain was usually reached
by introduction of one extra methylene group into the back-
bone (propylene group instead of ethylene bridge) or in one
of the pendant arms (i.e. with propionate pendant instead
of acetate),[8–11] or by substitution of ligand backbone by
alkyl/aryl group.[12,13] The complexes formed with these new
ligands are thermodynamically usually slightly less stable
than those of H4dota and H5dtpa.[9,10,14,15] Unfortunately,
no detailed kinetic studies are available in the literature for
these complexes.
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Scheme 1. Structural formulas of the ligands mentioned in the text.

To contribute to this field, we prepared several analogues
of H4dota and H5dtpa having a bulkier phosphorus acid
pendant moiety instead of the carboxylate group. The cor-
responding lanthanide() complexes of the linear ligands
H6L1 and H5L2 (Scheme 1) have been studied by NMR and
relaxometry.[16] It was shown, that the water-exchange rate
is much higher for the complexes with phosphorus-contain-
ing ligands than what was reported for the complexes of
H5dtpa and its amides. Noticeable acceleration of water ex-
change was observed also for macrocyclic ligands with one
phosphorus-based pendant arm (e.g. H5do3ap or
H4do3apABn, Scheme 1) comparing to H4dota.[17,18]

Furthermore, the relatively easy substitution on the phos-
phorus atom offers the possibility to attach the complex to
a macromolecular carrier,[19–21] or to bind it non-covalently
to plasma proteins (e.g. by hydrophobic interactions).[16]

Here we report on the thermodynamic and kinetic stability
studies of the complexes of two linear ligands – phos-
phonate and phenylphosphinate derivatives H6L1 and

Figure 1. Molecular structure of (H7L1)+ with atom numbering scheme.

Eur. J. Inorg. Chem. 2006, 1976–1986 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1977

H5L2, respectively (Scheme 1) – with selected divalent tran-
sition and trivalent lanthanide metal ions.

Results and Discussion

Crystal Structure of H6L1·HCl·1.5H2O

In the crystal structure, a molecule of the ligand is pres-
ent in the charged sevenfold-protonated form (H7L1)+ (Fig-
ure 1). All the nitrogen atoms of the backbone are proton-
ated together with one oxygen atom of the phosphonate
moiety (O1) and three carboxylate oxygen atoms (O111,
O211 and O311). The geometry around the phosphorus
atom is tetrahedral, with noticeably longer P–O bond to the
protonated oxygen O1 comparing to others (Table 1). One
chloride anion serves as counterion. Additionally, two water
molecules were found in the structure, but one of them
(O2W) is best refined with a half-occupancy. Molecules of
the ligand are connected by short hydrogen bonds (2.45–
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2.65 Å) between protonated and unprotonated oxygen
atoms of acetate and phosphonate moieties. Furthermore,
the protonated amino groups are also involved in rather
strong (2.64–2.77 Å) hydrogen binding to oxygen atoms of
neighbouring ligand molecules. Additionally, the solvate
water molecules and chloride anion bind each other (3.04–
3.20 Å), and also the water molecule O1W has a short con-
tact to protonated carboxylate oxygen atom O311 (Table
S1).

Table 1. Geometry of the phosphonate group in the structure of
H6L1·HCl·1.5H2O.

Distances [Å] Angles [°]

P1–O1 1.5740(13) O1–P1–O2 110.00(8)
P1–O2 1.5038(13) O1–P1–O3 110.87(7)
P1–O3 1.4977(13) O2–P1–O3 115.71(7)
P1–C50 1.827(2) C50–P1–O1 101.94(8)

C50–P1–O2 109.53(8)
C50–P1–O3 107.85(9)

Equilibrium Studies

The protonation and complexation equilibrium were
studied by conventional potentiometry. Table 2 lists the pro-
tonation constants of concerned ligands together with those
of H5dtpa. Distribution diagrams of H6L1 and H5L2 are
shown in Figure S1 (supporting information; for supp. inf.
see also the footnote on the first page of this article. As
polydentate aminocarboxylic acids can form relatively
strong complexes with alkali metal ions, the potentiometric
studies were performed using tetramethylammonium chlo-
ride (TMAC) as a background electrolyte. Indeed, the de-
termined values of the highest protonation constants are
systematically higher than those reported previously,[16]

which were obtained by NMR and are lower as a conse-
quence of sodium()-induced deprotonation (Table 2). A
similar trend was observed also for H5dtpa, where constant
logβ1 determined with NaCl as the supporting electrolyte
is about one order of magnitude lower (9.45[22]) than that
measured in TMAC (10.41,[22] Table 2). Accordingly to
NMR-assigned sites of protonations[16] and well-known
protonation Scheme of H5dtpa itself,[23] the first and second
protonations take place on the nitrogen atoms of the ligand

Table 2. Protonation constants logβh
[a] of H6L1, H5L2 and H5dtpa and corresponding dissociation constants pKA,h

[a](I = 0.1  NMe4Cl,
25 °C, unless stated otherwise).

Constant H6L1 H5L2 H5dtpa
present work ref.[16][b] present work ref.[16][b] ref.[22]

log βh pKA,h logβh pKA,h log βh pKA,h log βh pKA,h logβh pKA,h

log β1 11.82(8) 11.82 10.75 10.75 10.28(1) 10.28 9.60 9.60 10.41 10.41
logβ2 20.12(5) 8.30 18.63 7.88 19.29(1) 9.01 18.7 9.10 18.78 8.37
logβ3 27.69(3) 7.57 25.55 6.92 22.46(2) 3.17 21.33 2.63 22.87 4.09
logβ4 30.78(7) 3.09 28.25 2.70 24.82(2) 2.36 23.48 2.15 25.38 2.51
logβ5 33.33(5) 2.55 30.42 2.17 26.97(2) 2.15 – – 27.42 2.04
logβ6 35.23(8) 1.90 – – – – – – – –
logβ7 36.44(9) 1.21 – – – – – – – –

[a] βh = [HhL]/([H]h[L]); KA,h = ([H][Hh–1L])/[HhL]. [b] NMR titration, no control of ionic strength, NaOH/HCl/D2O for pH adjustment.
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backbone. In the case of the phosphonate ligand H6L1, the
third protonation (pKA = 7.57) corresponds to the proton-
ation of the phosphonate moiety. Other protonations have
pKA’s values close to each other and correspond to the car-
boxylate pendants. Deprotonation of the singly protonated
phosphonate ligand (HL1)5– occurs at very high pH (pKA =
11.82) comparing to the phosphinate derivative and H5dtpa
(pKA’s 10.28 and 10.41, respectively), as a result of spread-
ing of high electron density of fully deprotonated phos-
phonate (charge 2–) to the neighbouring nitrogen atom.
This trend is usually observed for analogous aminocarbox-
ylic/phosphorus acid derivatives.[24] The potentiometric
data of the ligand/metal mixtures were best fitted according
to a model employing the formation of 1:1 and 1:2 ligand-
to-metal complexes in various protonation states. The re-
sulting stability constants of the complexes are compiled in
Tables 3, 4, 5 and 6. In the case of 1:1 complexes with the
transition-metal ions Cu2+ and Zn2+, all nitrogen atoms of
the ligands are probably coordinated to the metal ion, and
no free metal ions are present in the mixtures above pH �
2.7. As usual, the coordination number of transition metal
ions is 6, and the hapticity of the ligands studied is higher
(8), the coordination sphere of the central metal ion is
closed by two or three oxygen atoms of the pendant arms
and some pendants remain uncoordinated (and can bind
another metal ion in binuclear complexes, see below). The
protonation of the [M(L1)]4– species takes place on the
phosphonate pendant moiety, which is probably coordi-
nated (corresponding pKA slightly dropped comparing to
the free ligand, 6.86 and 7.24 vs. 7.57, respectively). Other
protonations takes place on oxygen atoms of the uncoordi-
nated carboxylates (pKA’s in range 1.37–3.97). Contrary,
protonation of calcium() complexes takes place on the ni-
trogen atoms, as the corresponding pKA’s are noticeably
higher than that of acetates in the free ligands. In a twofold
excess of the metal ion, complexes of M2L stoichiometry
are formed. They loose additional two protons with increas-
ing pH, forming bis(hydroxo) species. Because the corre-
sponding dissociation constants are similar for both step-
wise deprotonations [9.39 and 7.74 for copper() and 8.81
and 8.86 for zinc() complexes, respectively], these depro-
tonations occur almost simultaneously. The stability con-
stant of the dinuclear species is lower, but still comparable
to that of iminodiacetic acid, so the coordination of each
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Table 3. Stability constants logβhlm

[a] of complexes of H6L1, H5L2 and H5dtpa with divalent metal ions and corresponding dissociation
constants pKA,hlm

[a] (I = 0.1  NMe4Cl, 25 °C, unless stated otherwise). Metal-coordinated water molecules are omitted for clarity.

Equilibrium Cu2+ Zn2+ Ca2+

H6L1 H5L2 H5dtpa[b] H6L1 H5L2 H5dtpa[b] H6L1 H5L2 H5dtpa[b]

log βhlm

M2+ +Ln–
w [M(L)](n–2)– log β011 21.43(6) 19.47(4) 21.2 19.67(6) 18.18(3) 18.2 10.70(4) 9.38(2) 10.75

M2+ +Ln– + H+
w [M(HL)](n–3)– log β111 28.29(5) 23.30(3) 26.00 26.92(5) 22.15(2) 23.80 18.27(2) 15.48(5) 16.86

M2+ +Ln– + 2H+
w [M(H2L)](n–4)– log β211 31.95(3) 25.90(3) 28.96 30.65(2) 24.32(1) – 23.83(8) 21.03(4) –

M2+ +Ln– + 3H+
w [M(H3L)](n–5)– log β311 34.41(4) – – 32.82(3) 25.69(8) – – 24.06(4) –

2M2+ +Ln– + 2H2O w [M2(OH)2(L)](n–2)– + 2H+ log β-212 11.02(7) 8.25(5) – 7.43(9) 5.10(4) – – – –

2M2+ +Ln– + H2O w [M2(OH)(L)](n–3)– + H+ log β-112 20.41(7) 16.46(7) – 16.2(1) – – – – –

2M2+ +Ln–
w [M2(L)](n–4)– log β012 28.15(7) 24.10(4) – 25.10(9) 20.81(8) – 13.23(8) 11.62(8) –

2M2+ +Ln– + H+
w [M2(HL)](n–5)– log β112 32.60(4) – – – – – – – –

pKA,hlm

[M(HL)](n–3)–
w [M(L)](n–2)– + H+ 6.86 3.83 4.80 7.24 3.97 5.60 7.57 6.10 6.11

[M(H2L)](n–4)–
w [M(HL)](n–3)– + H+ 3.66 2.60 2.96 3.74 2.17 – 5.56 5.55 –

[M(H3L)](n–5)–
w [M(H2L)](n–4)– + H+ 2.46 – – 2.16 1.37 – – 3.03 –

[M2(OH)(L)](n–3)– + H2O w [M2(OH)2(L)](n–2)– + H+ 9.39 8.21 – 8.81 7.86[c] – – – –

[M2(L)](n–4)– + H2O w [M2(OH)(L)](n–3)– + H+ 7.74 7.64 – 8.86 7.86[c] – – – –

[M2(HL)](n–5)–
w [M2(L)](n–4)– + H+ 4.45 – – – – – – – –

[a] βhlm = [HhLlMm]/([H]h[L]l[M]m); KA,hlm = ([H][Hh–1LlMm])/[HhLlMm]. [b] Ref.[25], 0.1  K+ salts as background electrolytes. [c] Simulta-
neous dissociation of two protons.

Table 4. Stability constants logβhlm
[a] of complexes of H6L1, H5L2 and H5dtpa with trivalent metal ions La3+, Eu3+ and Gd3+ and

corresponding dissociation constants pKA,hlm
[a] (I = 0.1  NMe4Cl, 25 °C, unless stated otherwise). Metal-coordinated water molecules

are omitted for clarity.

Equilibrium La3+ Eu3+ Gd3+

H6L1 H5L2 H5dtpa[b] H6L1 H5L2 H5dtpa[b] H6L1 H5L2 H5dtpa[b]

log βhlm

M3+ + Ln–
w [M(L)](n–3)– log β011 20.54(8) 17.54(2) 19.5 22.36(3) 19.82(1) 22.4 22.34(2) 19.47(2) 22.2[c]

M3+ +Ln– + H+
w [M(HL)](n–4)– log β111 26.25(5) 20.44(5) 21.1 28.75(1) 22.23(1) 24.6 28.82(1) 22.01(2) 24.6

M3+ +Ln– + 2H+
w [M(H2L)](n–5)– log β211 29.43(3) 22.86(7) – 31.07(1) 23.52(8) – 31.17(1) 23.4(1)

M3+ +Ln– + 3H+
w [M(H3L)](n–6)– log β311 – 25.26(6) – – – – – –

2M3+ + Ln– + 2H2O w [M2(OH)2(L)](n–4)– + 2H+ log β-212 7.3(2) 3.45(4) – 10.94(6) 7.39(6) – 11.53(7) 7.29(6)

2M3+ + Ln– + H2O w [M2(OH)(L)](n–5)– + H+ log β-112 17.2(2) – – 20.04(6) – – 20.46(8) –

2M3+ + Ln–
w [M2(L)](n–6)– log β012 25.2(2) – – 27.53(5) – – 27.92(5) 22.10(9)

2M3+ +Ln– + H+
w [M2(HL)](n–7)– log β112 – – – – – – 31.05(8) –

pKA,hlm

[M(HL)](n–4)–
w [M(L)](n–3)– + H+ 5.70 2.99 2.6 6.39 2.41 2.2 6.48 2.54 2.4

[M(H2L)](n–5)–
w [M(HL)](n–4)– + H+ 3.18 2.42 – 2.32 1.29 – 2.34 1.41

[M(H3L)](n–6)–
w [M(H2L)](n–5)– + H+ – 2.40 – – – – – – –

[M2(OH)(L)](n–5)– + H2O w [M2(OH)2(L)](n–4)– + H+ 9.9 – – 9.10 – – 8.92 7.41[d] –

[M2(L)](n–6)– + H2O w [M2(OH)(L)](n–5)– + H+ 8.1 – – 7.49 – – 7.46 7.41[d] –

[M2(HL)](n–7)–
w [M2(L)](n–6)– + H+ – – – – – – 3.14 – –

[a] βhlm = [HhLlMm]/([H]h[L]l[M]m); KA,hlm = ([H][Hh–1LlMm])/[HhLlMm]. [b] Ref.[25], 0.1  K+ salts as background electrolytes. [c] Ref.[22]

[d] Simultaneous dissociation of two protons.

metal ion to these ligands is probably analogous. Therefore,
one can suggest that both metal ions in the dinuclear com-
plexes are coordinated separately by the opposite H2ida-
like sides of ligands and behave almost independently. The
stabilities of these dinuclear complexes with transition-
metal ions are comparable in the cases of H6L1 and H5dtpa,
but corresponding complexes of the phosphinate ligand are
much less stable. However, stability of calcium() dinuclear
complexes is comparable in all the cases (Table 6). Repre-
sentative distribution diagrams of copper()/ligand systems
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are shown in Figures S2 and S3 (see Supporting Infor-
mation).

Lanthanide() ions are usually fully encapsulated in
eight coordinating atoms of H5dtpa-like ligands. This coor-
dination mode was also proved in the case of these phos-
phorus-containing ligands.[16] Therefore, protonations of
their complexes occurs on non-coordinated oxygen atoms
of the coordinated pendant moieties. In the case of the
phosphonic ligand, first pKA’s are in range 5.70–6.48, which
corresponds to the deprotonation of the coordinated
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Table 5. Stability constants logβhlm

[a] of complexes of H6L1, H5L2 and H5dtpa with the trivalent metal ions Lu3+ and Y3+and correspond-
ing dissociation constants pKA,hlm

[a] (I = 0.1  NMe4Cl, 25 °C, unless stated otherwise). Metal-coordinated water molecules are omitted
for clarity.

Equilibrium Lu3+ Y3+

H6L1 H5L2 H5dtpa[b] H6L1 H5L2 H5dtpa[b]

log βhlm

M3+ + Ln–
w [M(L)](n–3)– logβ011 21.82(4) 19.35(3) 22.5 21.16(2) 18.80(3) 22.5[c]

M3+ +Ln– + H+
w [M(HL)](n–4)– logβ111 27.85(2) 21.81(3) 24.7 27.52(1) 21.30(4) 24.4

M3+ +Ln– + 2H+
w [M(H2L)](n–5)– logβ211 30.27(3) 23.79(5) – 30.18(1) 23.34(7)

M3+ +Ln– + 3H+
w [M(H3L)](n–6)– logβ311 32.11(5) – – – – –

2M3+ + Ln– + 2H2O w [M2(OH)2(L)](n–4)– + logβ-212 11.99(8) 8.28(6) – – 6.7(1) –
2H+

2M3+ + Ln– + H2O w [M2(OH)(L)](n–5)– + H+ logβ-112 20.05(8) – – 16.48(4) – –
2M3+ + Ln–

w [M2(L)](n–6)– logβ012 26.74(7) – – – – –
2M3+ +Ln– + H+

w [M2(HL)](n–7)– logβ112 30.42(6) – – – – –

pKA,hlm

[M(HL)](n–4)–
w [M(L)](n–3)– + H+ 6.04 2.46 2.2 6.36 2.50 1.9

[M(H2L)](n–5)–
w [M(HL)](n–4)– + H+ 2.41 1.98 – 2.66 2.04 –

[M(H3L)](n–6)–
w [M(H2L)](n–5)– + H+ 1.84 – – – – –

[M2(OH)(L)](n–5)– + H2O w [M2(OH)2(L)](n–4)– + H+ 8.05 – – – – –
[M2(L)](n–6)– + H2O w [M2(OH)(L)](n–5)– + H+ 6.69 – – – – –
[M2(HL)](n–7)–

w [M2(L)](n–6)– + H+ 3.68 – – – – –

[a] βhlm = [HhLlMm]/([H]h[L]l[M]m); KA,hlm = ([H][Hh–1LlMm])/[HhLlMm]. [b] Ref.[25], 0.1  K+ salts as background electrolytes. [c] Ref.[22]

Table 6. Stability constants of dinuclear complexes [M2L] of H6L1,
H5L2 and H5dtpa and the complex [ML] of H2ida with selected
metal ions (I = 0.1  NMe4Cl, 25 °C, unless stated otherwise).

Ligand logK[a]

Cu2+ Zn2+ Ca2+ La3+ Eu3+ Gd3+ Lu3+

H6L1 6.72 5.43 2.53 4.7 5.17 5.58 4.92
H5L2 4.63 2.63 2.24 – – 2.63 –
H5dtpa[b] 6.79 4.48 1.6 – 3.2 – –
H2ida[b,c] 10.56 7.15 2.60 5.88 6.73 6.68 7.61

[a] K = [M2L]/([M][ML]) for H6L1, H5L2 and H5dtpa and K =
[ML]/([M][L]) for H2ida. [b] Ref.[25], 0.1  K+ salts as background
electrolytes. [c] H2ida = iminodiacetic acid.

phosphonate arm. Second protonations occur with pKA’s in
the range 2.3–3.2, comparable to that reported for com-
plexes of H5dtpa (1.9–2.6) and take place on carboxylate
moieties. The phosphonate ligand forms relatively stable di-
nuclear complexes, which is probably a consequence of the

Figure 2. Distribution diagrams of H6L1/Gd3+ systems in (A) 1:1 and (B) 1:2 ratios [c(H6L1) = 0.004 ].
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high charge of the deprotonated phosphonate and its ability
to bridge coordination polyhedrons (Table 6). Contrary, di-
nuclear complexes of the phenylphosphinate ligand and
H5dtpa itself are much less stable and were detected only in
few cases due to a precipitation of metal hydroxides, which
occurred in the other systems.

Representative distribution diagrams of gadolinium()/
ligand systems are shown in Figure 2 and Figure 3. In the
1:1 mixtures, the Gd3+ ion is fully encapsulated to the com-
plexes above pH 3. Comparing the distributions simulated
for twofold excess of the metal ion, the phosphonate ligand
binds second Gd3+ ion much better than the phosphinate,
as a result of the higher negative charge of the ligand and
the better possibility of the phosphonate to serve as a bridg-
ing group in the binuclear complexes (see parts B in Fig-
ures 2 and 3). Relatively high concentration of the free Gd3+

ion in Figure 3 (B) at high pH values is not reasonable, and
it is a result of the conditions used for the simulation. In
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Figure 3. Distribution diagrams of H5L2/Gd3+ systems in (A) 1:1 and (B) 1:2 ratios [c(H5L2) = 0.004 ].

the real titration of H5L2/Ln3+ systems, only 1.5-fold excess
of hydrolyzable Ln3+ ions was used and, therefore, the con-
centration of the free metal ions was suppressed.

Comparison of the determined stability constants of
phosphorus acid derivatives with those found for H5dtpa
and H2ida shows differences. The stability constants in
H2ida series follow the expected trend and increase from
lanthanum() to lutetium(). For H5dtpa, the values in-
crease from LaIII to EuIII and then are similar to the end
of lanthanide series. For the phosphorus acid derivatives,
the highest values were found for EuIII and GdIII, and then
decrease to LuIII and YIII. These results indicate that size
of the coordination cavity of H5dtpa and its phosphorus
acid derivatives is optimal for ions in the middle of lantha-
nide series. In contrast to the H5dtpa, in the new ligands
the phosphorus groups are too large and the ligands form
bigger cavity which do not fit to the heavy lanthanides(III)
or yttrium().

Dissociation Kinetics

In preliminary experiments, the gadolinium() com-
plexes with the new ligands were found to be much less
stable against proton- and metal-assisted dissociations,
comparing to the gadolinium() complex of H5dtpa[26] and
its mono- and bis-amides.[27,28] Therefore, the kinetic data
had to be acquired by a stopped-flow technique. Dissoci-
ation reactions were performed in high excess (10–70×) of
the concurrent metal ion (Cu2+ or Eu3+), ensuring pseudo-
first-order reaction conditions, and in buffered solutions
(pH in range 3.5–5.7). The dependences of the observed
pseudo-first-order rate constants on the acidity of the solu-
tions are shown in Figure 4, together with the best fits of
the experimental data (for discussion of fittings see below).

For decomplexation of the gadolinium() complexes of
H5dtpa-like ligands, the general reaction Scheme is usually
accepted,[26] where proton and metal-assisted pathways are
taking place as shown in Scheme 2.
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Scheme 2. Reaction mechanism of the dissociation of gadolini-
um() complexes of H5dtpa-like ligands (charges are omitted for
clarity).

Rearrangement of the corresponding rate law gives de-
pendence of pseudo-first order constant kobsd. on proton
and concurrent metal ion concentrations as given in Equa-
tion (1), similarly as it was evaluated for the fitting of disso-
ciation kinetics of the [Gd(dtpa)]2– complex.[26] Here, the
constants KH and KM are the protonation constant of the
gadolinium() complex [Gd(HL)] and the stability con-
stant for the mixed dinuclear gadolinium()-attacking
metal-ion complex [Gd(L)M], respectively. The protonation
and stability constants of [Gd(H2L)] and [Gd(HL)M] can
be omitted from the denominator as the concentration of
these complexes is negligible (the values of the correspond-
ing constants are low).

As k1
H and k2

H are independent of the nature of concur-
rent metal ion, the dissociation kinetics for copper() and
europium() systems with the same starting gadolinium()
complex were fitted simultaneously keeping these param-
eters identical in both cases. The results of these fittings are
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Figure 4. Dependence of pseudo-first-order rate constant kobsd. on proton and metal ion concentrations. Excess of the concurrent metal
ion: 10×: full diamond; 20×: full square; 30×: full triangle; 40×: open diamond; 50×: open square; (A) [Gd(L1)]3–/Cu2+ system, (B)
[Gd(L1)]3–/Eu3+ system, (C) [Gd(L2)]2–/Cu2+ system, (D) [Gd(L2)]2–/Eu3+ system.

compiled in Table 7 and the representative fits of the pH-
dependence of the first-order rate constants kobsd. are
shown in Figure 4.

As the pH region where dissociations were studied is
much lower (3.5–5.7) than the pKA of the [Gd(HL1)]2– com-
plex (6.5, Table 4), one can suggest that the singly proton-
ated complex species [Gd(HL1)]2– is the major species in

Table 7. Rate and equilibrium constants characterizing the dissociation reactions between the complexes [Gd(L1)]3–, [Gd(L2)]2– and
[Gd(dtpa)]2–, and Cu2+ and Eu3+ ions (25 °C, 1.0  KCl).

Constant Complex
[Gd(L1)]3– [Gd(L2)]2– [Gd(dtpa)]2– [a]

k1
H [–1 s–1] (3.38±0.22)×103 (1.57±0.18)×103 0.58

k2
H [–2 s–1] (1.02±0.20)×107 (1.51±0.11)×107 9.7·104

k3
Cu [–1 s–1] 33±3 – 0.93

k4
Cu [–2 s–1] (9.4±1.3)×105 (5.4±0.3)×105 –

KCu [–1] – – 13
k3

Eu [–1 s–1] – 2.2±0.5 4.9·10–4

k4
Eu [–2 s–1] – – 40

KEu [–1] 50±7 20.0±2.3 20
KH [–1] (5.7±0.8)×103 – 100

[a] Ref.[26]
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the reacting solution (Figure 2). Therefore, the calculated
constant KH corresponds to the second protonation of the
complex species. This hypothesis can be supported by the
relatively low value of this constant (the corresponding pKA

is 3.7, Table 7).
In the case of the copper()-assisted dissociation of the

[Gd(L1)]3– complex (Figure 4, A), the most complicated rate



Stability of Complexes of DTPA Analogues with a Phosphorus Acid Pendant Arm FULL PAPER
law was found. The best fits were obtained according to
Equation (2) which is formally derived from Equation (1)
when the term KM[Cu2+] in the denominator is neglected,
as can be because the KM value is low, comparing to the
value of the protonation constant KH. The reaction rate in-
creases with both proton and copper() concentrations, and
a saturation-like shape of kobsd. dependences (Figure 4, A)
reveals a formation of the protonated complex, which
slightly slow down the dissociation reaction as the Cu2+ ion
cannot easily attack the less negatively charged protonated
complex [Gd(H2L1)]– in comparison with [Gd(HL1)]2–.

However, in the europium()-promoted dissociation of
[Gd(L1)]3– complex, only proton-assisted pathways were
found, as the observed rate constant kobsd. can be extrapo-
lated to zero at zero proton concentration. Furthermore,
the increase in the Eu3+ concentration dropped the value of
kobsd. (Figure 4, B), which is an evidence for the formation
of a dinuclear complex. This complex is kinetically rela-
tively stable, and its structure should be analogous to the
dinuclear [Gd2(L1)] species (Figure 2, B). The presence of
the highly charged metal ions bound on opposite sides of
the complex prevents the attack by an additional proton.
Therefore, the data were best fitted according to Equation
(3).

The copper()-assisted dissociation of the [Gd(L2)]2–

complex can be best fitted by Equation (4), which can be
derived from Equation (1) by neglecting of the stabilization
of the gadolinium() complex by the protonated and dinu-
clear species formation [i.e. 1 �� KH[H+] + KM[Cu2+] in
the denominator of Equation (1)], as the stability of the
dinuclear complex with Cu2+ is even lower for the phosphi-
nate derivative H5L2 comparing to phosphonate ligand
H6L1 and also because of the lower protonation constants
of the [Gd(L2)]2– complex the term KH[H+] is of a low im-
portance. The representative data are given together with
the best fits in Figure 4 (C).

In the case of the europium()-assisted dissociation of
the [Gd(L2)]2– complex, the crossing region in kobsd. depen-
dences on the proton concentration was found at [H+] of
about 5·10–5  (pH � 4.3, Figure 4, D). At higher proton
concentrations, the increase in Eu3+ concentration slows
down the reaction rate, contrary, at low proton concentra-
tions, the reaction accelerates with increasing Eu3+ concen-
tration. Similar behaviour was reported for the Eu3+-pro-
moted dissociation of the [Gd(dtpa)]2– complex.[26] The
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non-zero reaction rate at the zero proton concentration is
an evidence for the proton-independent term in the rate law.
Therefore, the best fits were obtained using Equation (5).

Spontaneous dissociation of diprotonated complex
[Gd(H2L1)]– and the monoprotonated complexes [Gd(HL2)]–

is about three orders in magnitude faster than in the case
of [Gd(Hdtpa)]– complex (Table 7). Further protonation
causes noticeable increase in the reaction rate of about four
orders in all the cases.

To compare the kinetic inertness of the complex species
with the new ligands and that with H5dtpa, we calculated
half-life times of all the complex species under various con-
ditions (Table 8).

Table 8. Comparison of half-life times of the complexes [Gd(L1)]3–,
[Gd(L2)]2– and [Gd(dtpa)]2– in various reaction media (25 °C, I =
1.0  KCl).

Conditions Half-life times [s]
[Gd(L1)]3– [Gd(L2)]2– [Gd(dtpa)]2–

pH = 4.0

without metal ions 2.5 2.2 680
0.001  Cu2+ 1.9 1.9 360
0.001  Eu3+ 2.6 2.3 690
0.01  Cu2+ 0.6 0.8 77
0.01  Eu3+ 3.3 2.5 780

pH = 5.0

without metal ions 21 40 4.5·104

0.001  Cu2+ 9.5 31 740
0.001  Eu3+ 22 37 4.3·104

0.01  Cu2+ 1.6 9.7 84
0.01  Eu3+ 31 21 3.4·104

pH = 6.0

without metal ions 210 440 1.0·106

0.001  Cu2+ 19 330 750
0.001  Eu3+ 220 190 5.8·105

0.01  Cu2+ 2.0 99 84
0.01  Eu3+ 310 35 1.4·105

In general, the stability of the complexes of new phos-
phorus-containing ligands is much lower comparing to that
of [Gd(dtpa)]2–. Increase in copper() concentration speed-
up the dissociation reaction in all the cases, bud especially,
for [Gd(dtpa)]2– complex in neutral solutions, where is the
half-life time comparable to that calculated for [Gd(L2)]2–.
It is a consequence of a spontaneous dissociation of dinu-
clear [Gd(dtpa)Cu] complex. In the case of [Gd(L2)]2–, the
lower basicity of the donor groups results in lower ability of
binuclear complex formation (see also the values of stability
constants of dinuclear species, Table 6) and therefore, to
worse formation of such reactive intermediate. For europi-
um()-promoted dissociations, the stabilization of [Gd(L)]
complexes with increasing Eu3+ concentration was found in
all the cases at low pH. It is the result of formation of
[Gd(L)Eu] complexes, which cannot be easily attacked by
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proton and their own dissociation is slower comparing to
proton-assisted pathway. Increasing the pH, half-life times
slightly drop with increasing Eu3+ concentration for
[Gd(dtpa)]2– and [Gd(L2)]2– complexes, as result of their
spontaneous dissociation. However, in the case of [Gd(L1)
Eu], there was no evidence for such process and therefore,
half-life times still increase.

For the H5dtpa and its various amide derivatives, all the
gadolinium() complexes have similar kinetic stability
comparing to each other.[26–28] Surprisingly, we found that
the gadolinium() complexes with H5dtpa-analogues de-
rived on the central nitrogen atom by the phosphorus acid
pendant arm are much less kinetically stable with the half-
life times about two to three orders of magnitude shorter.
This can probably be attributed to a steric strain in the new
complexes, which coordination sphere is not so compact
and which can be attacked by a proton or by an additional
metal ion. Furthermore, the complex of phosphonate li-
gand can easily be protonated due to the high basicity of
the pendant arm. Also, it can easily form dinuclear com-
plexes, which are the intermediates in the dissociation
mechanism. Anyway, the rate constants for complexes of
both ligands with phosphorus pendant arm are comparable,
so the stereochemistry of both the complexes and the inter-
mediates is probably similar. It should be noticed that as-
sistance of proton or the metal ions in the decomplexation
is much more pronounced for H5dtpa complex itself. The
results obtained here correspond very well with trans-chela-
tion experiments between the gadolinium() complexes
and Zn2+ followed by 1H relaxation measurements (Gd3+

complex/Zn2+ = 1:1, pH 7, phosphate buffer, 37 °C).[16] The
experiments gave the same relative kinetic inertness of the
complexes [Gd(dtpa)]2– �� [Gd(L1)]3– � [Gd(L2)]2–. On
the other hand, a difference in kinetic inertness (pH 2,
25 °C) of the gadolinium() complexes of H4dota and its
monophosphonate analog H5do3ap are much smaller; the
[Gd(do3ap)]2– complex decomposes about one order of
magnitude faster (τ1/2 = 7.9 h) than the [Gd(dota)]– com-
plex (τ1/2 = 95.5 h).[29]

Conclusions

The study of thermodynamic and kinetic stabilities of the
complexes of phosphonate and phenylphosphinate ana-
logues of H5dtpa (derived by phosphorus functionality on
the central nitrogen atom) with selected transition and lan-
thanide metal ions is presented. Both phosphorus-contain-
ing ligands form thermodynamically very stable complexes,
with stability constants comparable or even higher than
those reported for parent H5dtpa. However, the kinetic sta-
bility of their gadolinium() complexes against acid- and
metal-assisted decomplexations is surprisingly much lower.
The half-life times of the gadolinium() complexes of the
new ligands in the presence of an excess of the concurrent
metal ions [copper() or europium()] are shorter by about
2–3 orders of magnitude comparing to those of H5dtpa and
its amidic derivatives. This can probably be attributed to
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the steric strain in the new complexes, to a high affinity
of the phosphonate ligand for protons and/or to the easy
formation of binuclear complexes, which acts as the inter-
mediates in the dissociation mechanism. The data presented
here show that lanthanide() complexes of this class of li-
gands are less suitable for medicinal use due to the rather
low kinetic inertness.

Experimental Section
Materials: The ligands used in this work were prepared according
to reported procedures.[16] Metal salts were of analytical grade and
were used as obtained from commercial sources or after re-
crystallization from water. The deionized water (Milli-Q, Millipore,
20 kΩ) was used for physico-chemical experiments. Materials (ana-
lytical grade) for preparation of the buffer solutions were obtained
from commercial sources.

Equilibrium Studies

The stock solution of hydrochloric acid (ca. 0.03 mol·dm–3) was
prepared from 35% aqueous solution (quality “puriss.”, Fluka).
Commercial NMe4Cl (99%, Fluka) was recrystallized from boiling
iPrOH and the solid salt was dried with P2O5 in vacuo to constant
weight (this dried form of the salt is extremely hygroscopic).[29] Car-
bonate-free NMe4OH solution (ca. 0.2 mol·dm–3) was prepared
from NMe4Cl using ion exchanger Dowex 1 in the OH– form (elu-
tion with carbonate-free water, under argon). The hydroxide solu-
tion was standardized against potassium hydrogen phthalate and
the HCl solution against the ca. 0.2 mol·dm–3 NMe4OH solution.

The ligand stock solutions (c � 0.02 mol·dm–3) were prepared by
dissolution of a weighted amount of the solid hydrochloride salts
of ligands (H6L1·HCl·2H2O and H5L2·2HCl·H2O, respectively) in
an appropriate amount of deionized water. The exact content of
hydrochloric acid was determined gravimetrically as AgCl. Concen-
trations of the ligands were calculated from potentiometrical data
during the determination of the protonation constants using the
OPIUM program package.[30] The exact concentrations of metal
chlorides stock solutions were determined by titrations with stan-
dardized solution of Na2H2edta.

Titrations were carried out in a vessel thermostatted at 25±0.1 °C,
at an ionic strength I(NMe4Cl) = 0.1 mol·dm–3 and in the presence
of extra HCl in the –log [H+] range 1.5–12.0 (except of titrations in
presence of excess of hydrolyzing metal ions, which were finished
at –log [H+] of about 9.5) using a PHM 240 pH meter, 2-mL ABU
900 automatic piston burette and a GK 2401B combined electrode
(Radiometer). The initial volume of the measured solution was
about 5 cm3 and concentrations of ligands were about
0.004 mol·dm–3. For determination of the stability constants of
metal complexes, the mixtures with one or 1.5–2 equivalents of
metal ions were used. Titration of each system in each M:L ratio
was carried out at least three times and each titration consisted of
about 40 data points. An inert atmosphere was ensured by constant
flow of dinitrogen saturated with the water vapour by passing
through 0.1 mol·dm–3 solution of NMe4Cl. The concentration pro-
tonation constants βh are defined by the equation

βh = [HhL]/([H]h[L])

As dissociation constant KA,h is commonly defined by

KA,h = ([H][Hh–1L])/[HhL],

it is evident, that pKA,h = logβh – log βh–1.
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The concentration stability constants βhlm are defined by the equa-
tion

βhlm = [HhLlMm]/([H]h[L]l[M]m),

and dissociation constant KA,hlm can be defined similarly to the
case of free ligand as

KA,hlm = ([H][Hh–1LlMm])/[HhLlMm].

Analogously, pKA,hlm = logβhlm – logβh–1lm.

The constants (and their standard deviations) were calculated with
the OPIUM program package.[30] This program minimizes the cri-
terion of the generalized least-squares method using the calibration
function

E = E0 + S×log [H+] + j1 × [H+] + j2 ×Kw/[H+]

where the additive term E0 contains the standard potentials of the
electrodes used and contributions of inert ions to the liquid-junc-
tion potential, S corresponds to the Nernstian slope, the value of
which should be close to the theoretical value of RT/zF{log (e)} =
59.159 mV. It was reported in the literature that for a glass electrode
this value can oscillate at about 99.7% of the theoretical value.[31]

The terms j1 × [H+] and j2 ×Kw/[H+] = j2 × [OH–] are contributions
of H+ and OH– ions to the liquid-junction potential. By simple
view on the calibration function, it is clear, that they cause a devia-
tion from a linear dependence of E on [H+] and are significant
only in strong acidic and strong alkaline solutions. The calibration
parameters were determined from titration of standard HCl with
standard NMe4OH before and immediately after the titration of
ligand or ligand-metal system. Thus, two sets of calibration param-
eters for each titration were used for the calculations of the con-
stants. The water ion product pKw = 13.81 and the stability con-
stants of hydroxo metal complexes were taken from the litera-
ture.[25,32]

Kinetic Studies

The stock solutions of ligands of the concentration of about
0.05 mol·dm–3 were prepared by dissolution of a weighted amount
of solid hydrochloride salts (H6L1·HCl·2H2O and H5L2·2HCl·H2O,
respectively) in appropriate amounts of double-distilled water. Ex-
act content of ligands was determined by addition of a defined
excess of EuCl3 and re-titration with a standardized solution of
Na2H2edta (xylenol orange indicator, pH 5.8–6.0, urotropine
buffer). The concentrations of lanthanide() chlorides stock solu-
tions were determined by titrations with standardized solution of
Na2H2edta. From the solutions, the gadolinium() complexes [c =
0.2 mmol·dm–3 for copper()-exchange reaction and 2 mmol·dm–3

for europium()-exchange reaction, respectively] of each ligand
were prepared. Constant ionic strength of potassium chloride
(1 mol·dm–3) and buffers [0.02 mol·dm–3 boric acid in
0.08 mol·dm–3 mannitol for the copper()-exchange reaction and
0.02 mol·dm–3 N-methylpiperazine for the europium()-exchange
reaction] were used to adjust the pH in the range 3.5–5.7. Large
excesses of copper() (10–50×) and europium() (10–70×) chlo-
rides were employed to assure pseudo-first order conditions of the
exchange reactions. All metal-assisted dissociation kinetics experi-
ments were followed spectrophotometrically on a stopped-flow ap-
paratus (Applied Photophisics DX-17MV) at 25 °C at 300 nm [cop-
per()-promoted decomplexations], 250 nm [europium()-ex-
change on Gd–H6L1 system] and 290 nm [europium()-exchange
on Gd–H5L2 system]. The rate constants kobsd. were determined by
fitting of the time-dependence of the absorbance with At = (A� –
A0)e–kt + A0 and were reproducible within ±5% in the independent
runs. The values of the rate constants used for the fittings were the
averages from at least two independent runs using a firmware.
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X-ray Measurement

A single crystal of H6L1·HCl·1.5H2O suitable for a diffraction ex-
periment was prepared by slow evaporation of a saturated aqueous
solution at room temperature. The colourless block-like crystal was
mounted on a glass fibre by silicone fat. Diffraction data were col-
lected using graphite-monochromated Mo-Kα radiation with an
Enraf–Nonius KappaCCD diffractometer at 150(1) K [Cryostream
Cooler (Oxford Cryosystem)] and analyzed using the HKL
DENZO program package (ref.[33]). Cell parameters were deter-
mined from all data by the same program package.[33] The structure
was solved by direct methods (SIR 97[34]) and refined by full-matrix
least-squares techniques (SHELXL97[35]). The used scattering fac-
tors for neutral atoms were included in the SHELXL97 program.
All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were localized in the difference map of electronic density
and refined isotropically. The pertinent crystallographic data are
presented in Table 9. CCDC-287906 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Table 9. Experimental data for determination of the crystal struc-
ture of H6L1·HCl·1.5H2O.

Formula C13H28ClN3O12.50P
M 492.80
T [K] 150
Crystal dimension, mm 0.25×0.28×0.55
Colour and shape colourless block
Crystal system triclinic
Space group P1̄ (No. 2)
a [Å] 8.6219(2)
b [Å] 11.8231(2)
c [Å] 12.0663(3)
α [°] 114.9404(12)
β [°] 96.9488(12)
γ [°] 105.7311(14)
V [Å3] 1033.78(4)
Z 2
Dc [g cm–3] 1.583
λ [Å] 0.71073
µ [mm–1] 0.333
F(000) 518
θ range of data collection [°] 2.63–27.50
Index ranges –11 � h � 11

–15 � k � 15
–15 � l � 15

Data, restraints, parameters 4735, 0, 390
GOF on F2 1.025
wR (all data), wR� [I � 2σ(I)][a] 0.1097, 0.0984
R (all data), R� [I � 2σ(I)][b] 0.0604, 0.0391
Largest diff. peak and hole [e·Å–3] 0.386, –0.493

[a] wR = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2, w = 1/[σ2(Fo

2) + (A×P)2 +
B×P]; where P = (Fo

2 + 2Fc
2)/3. [b] R = Σ|Fo – Fc|/Σ|Fc|.

Supporting Information (see footnote on the first page of this arti-
cle): Table of hydrogen bonds found in the structure of
H6L1·HCl·1.5H2O; and distribution diagrams of free H6L1, free
H5L2, and 1:1 and 2:1 copper()/ligands (H6L1 and H5L2) mixtures
on pH.
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Synthesis of the title compounds, viz. [RN(CH2CH2O)-
(CHR1CR2R3O)]Ti(OiPr)2 (13–15) and [RN(CH2CH2O)-
(CHR1CR2R3O)]2Ti (18–28), by the reaction of one or
two equivalents of the corresponding dialkanolamines
RN(CH2CH2OH)(CHR1CR2R3OH) (1–12) with Ti(OiPr)4 is re-
ported. Other routes to [RN(CH2CH2O)(CHR1CR2R3O)]2Ti,
such as the reaction of Ti(CH2Ph)4 with dialkanolamine and
the reaction of TiCl4(THF)2 with dialkanolamine/Et3N were
also tested. Dimeric titanocane 16, [PhCH2N(CH2CH2O)2Ti-
(OMe)2]2, was obtained from the reaction of one equivalent
of dialkanolamine 3 with CpTi(OMe)3. PhCH2N(CH2CH2O)2-
Ti(OMenth)2 (17) was prepared from the transalkoxylation
reaction of 15 with two equivalents of menthol. The composi-
tion and structures of all novel compounds were established
by 1H and 13C NMR spectroscopy as well as elemental analy-
sis data. The possible solution structure features of 13–28 are

Introduction

Alkoxy- or aroxytitanium derivatives have attracted the
attention of researchers during the last five decades because
of their possible application as catalysts in various organic
reactions,[1–8] as well as precursors for titanium sol-gel
chemistry[9] and metal-organic chemical vapor deposition
(MOCVD) processes.[10] Among these species, the com-
pounds with different trialkanolamines, titanatranes,
N(CR1R4CR2R3O)3TiX, with different substituents at the
carbon atoms of the atrane skeleton, have been investigated
to a considerable extent because of their rich structural fea-
tures and catalytic activities including polymerization reac-
tions of alkenes (see key references and references cited
therein).[11–19] At the same time the closely related deriva-
tives of dialkanolamines, titanocanes, RN(CR1R4CR2-

[a] Chemistry Department Moscow State University,
B-234 Leninskie Gory, 119899 Moscow, Russia
Fax: +007-095-932-8846
E-mail: sergej@org.chem.msu.su

[b] Institute of General and Inorganic Chemistry, RAS,
Leninskii pr., 31, 119991 Moscow, Russia

[c] Fachbereich Chemie, Philipps-Universität Marburg,
Hans-Meerwein-Strasse, 35032 Marburg/Lahn, Germany

[d] Department of Chemistry, University of Durham,
South Road, DH1 3LE Durham, United Kingdom

Eur. J. Inorg. Chem. 2006, 1987–1999 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1987

discussed. The single-crystal X-ray diffraction study of
titanocane 16 clearly indicates a dimeric structure for this
compound in the solid state. According to X-ray data, com-
pounds [PhCH2N(CH2CH2O)2]2Ti (19), [MeN(CH2CH2O)-
(CH2CHPhO)]2Ti (20), [MeN(CH2CH2O)(CH2CPh2O)]2Ti
(23), erythro-[MeN(CH2CH2O)(CHPhCHPhO)]2Ti (24), threo-
[MeN(CH2CH2O)(CHPhCHPhO)]2Ti (25), and {MeN(CH2-
CH2O)[CH(CH2)4CHO]}2Ti (27) possess a monomeric struc-
ture with a hexacoordinate titanium atom in the solid state.
Among them complexes 19, 20, 23, 25, and 27 are charac-
terized by a cis disposition of the nitrogen atoms in the coor-
dination environment of the Ti atom, while nitrogen atoms in
24 occupy trans positions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

R3O)2Ti(X)X�, are less studied.[20–26] However, this class of
compounds could be more promising for investigations be-
cause of their greater chemical and structural flexibility. In
addition, some cyclic titanium alkoxides with transannular
interactions were recently found to be good catalysts in ole-
fin polymerization reactions.[27–33]

As a part of our program to investigate the structure and
chemical behavior of metal complexes containing di- and
trialkanolamine ligands,[34–43] we present the study of reac-
tions of dialkanolamines 1–12 with Ti(OiPr)4. In the case
of the reaction of RN(CH2CH2OH)2 with Ti(OiPr)4 (1:1
ratio) novel titanocanes 13–15 formed (R = Ph, Me,
PhCH2). The dimer [PhCH2N(CH2CH2O)2Ti(OMe)2]2 (16),
was obtained from the reaction of dialkanolamine 3 with
CpTi(OMe)3. The reaction of 15 with two equivalents of
menthol led to PhCH2N(CH2CH2O)2Ti(OMenth)2 (17).
1,1�-Spirobititanocanes 18–28 of type [RN(CH2CH2O)-
(CHR1CR2R3O)]2Ti were prepared from the reaction of
two equivalents of the corresponding dialkanolamines with
Ti(OiPr)4. The solid state and solution structures of pre-
pared compounds are discussed on the basis of X-ray dif-
fraction and NMR spectroscopic data. Once this work had
been finished the report of Carpentier and coworkers was
published where the synthesis and structural investigations
of several closely related titanocanes and 1,1�-spirobititano-
canes were reported.[44]
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Results and Discussion

Dialkanolamines 1–12 were involved in this study. The
compounds 8–12 were obtained from the reaction of the
corresponding alkene oxides with N-methylethanolamine in
high yields (Scheme 1). The reaction with indene oxide was
previously reported, but the structure of product 12 was
not discussed.[45] Compound 7 was previously prepared by
another method.[46] Compounds 8–11 are novel.

The reactions proceeded regiospecifically, only one ex-
pected product formed in the reactions with but-1-ene ox-
ide, 1,1-diphenylethylene oxide, and indene oxide. Only one
diastereomer formed in the reactions with cis- and trans-
stilbene oxides, as well as cyclopentene and cyclohexene ox-
ides.

Titanocanes: According to the literature, the most suit-
able approach to the dialkoxy complexes of titanium with
chelate ligands is the transalkoxylation reaction of
Ti(OAlk)4 with the free ligand containing two OH groups.
This method was used in the case of the closely related li-
gands RN(CH2-o-ArOH)2, where o-Ar is a benzene ring
with different alkyl (methyl or tert-butyl) substituents and
R is CH2CH2NMe2.[27] When R is nPr, the presence of an
alkyl group in the other ortho position to the OH group of
such ligands is required for the formation of bis(isopropox-
ide) complexes, otherwise the formation of bishomoleptic
substances [RN(CH2-o-ArO)2]2Ti has been found.[27] Anal-
ogous results were found for other structurally close
bis(phenols). The treatment of Ti(OAlk)4 (Alk = iPr, Me)
with one equivalent of the bis(phenol), CH2[(3-tBu-5-
MeC6H2)-2-OH]2, gave monomeric complexes with a tetra-
coordinate Ti atom (NMR spectroscopic data), CH2[(3-
tBu-5-MeC6H2)-2-O]2Ti(OAlk)2.[30] Reacting the thio-bis-
(phenol), S[(3-tBu-5-MeC6H2)-2-OH]2, with Ti(OiPr)4 re-
sulted in the dimeric [S[(3-tBu-5-MeC6H2)-2-O]2Ti(OiPr)2]2
(X-ray data) where dimerization ensues from the interaction
of the oxygen atom of the isopropoxy group of one mono-
meric unit with the Ti atom of the other.[31] The diisopro-
poxy titanium complexes based on diamino-dialkoxide li-
gands, [-CH2N(Me)CH2C(CF3)2OH]2 and CH2[CH2N-
(Me)CH2C(CF3)2OH]2, were also recently prepared by
Carpentier and coworkers by the transalkoxylation reaction
of Ti(OiPr)4.[32]

To the best of our knowledge, the reactions of dialkanol-
amines with Ti(OiPr)4 have only been published in a series
of works by Kemmitt et al. and very recently in the report
of Lavanant et al.[20–23,44] Kemmitt et al. noted that the re-

Scheme 1.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 1987–19991988

action of two equivalents of dialkanolamine 2 with
Ti(OiPr)4 gave the bishomoleptic complex [MeN(CH2-
CH2O)2]2Ti (29). This transformation was supposed to pro-
ceed through a very reactive and unstable MeN(CH2-
CH2O)2Ti(OiPr)2 but this suggestion was not confirmed by
any analytical methods.[20] Increasing the amount of
Ti(OiPr)4 in the reaction mixture led to the unexpected
[Ti2{µ2-(OCH2CH2)2NMe}(µ2-OiPr)(OiPr)5].[21] The analo-
gous species, Ti2(OCH2CH2NMe)2(OtBu)6, was prepared
by the reaction of Ti(OtBu)4 with 2.[22] The treatment of
Ti(OiPr)4 with one equivalent of 2 in the presence of one
equivalent of different diols led to dimeric titanium amino-
alkoxydiolates, [MeN(CH2CH2O)2Ti(O-A-O)]2 (O-A-O =
OCMe2CMe2O, OCEt2CEt2O, OCMe2CH2CMe2O, OC-
Me2CH2CHMeO). Dimerization in latter complexes is real-
ized by the interaction of the oxygen atom of one dialkanol-
amine “arm” of one monomeric unit with the Ti atom of
the other.[23] Lavanant et al. have found that the reaction of
one equivalent of PhCH2N(CH2CMe2OH)2 with Ti(OiPr)4

gave the complex PhCH2N(CH2CMe2O)2Ti(OiPr)2, which
is monomeric in the solid state and in solution ([D8]tolu-
ene).[44]

We have found that dialkanolamines 1–3 reacted readily
with an equimolar amount of Ti(OiPr)4 at room tempera-
ture in chloroform or toluene solution to give the corre-
sponding titanocanes 13–15 in high yields (Scheme 2). We
also tested two other reactions that may lead to the titano-
canes, where X = X�. However, both reactions did not result
in the desired products (Scheme 2). CpSn-nBu3, one of the
possible by-products in the reaction of Cp2TiCl2 with
MeN(CH2CH2OSn-nBu3)2, was detected by NMR spec-
troscopy.

Our efforts to prepare titanocane with different substitu-
ents X and X� by the transalkoxylation reaction of dialkan-
olamine 3 with (MeO)3TiCp failed. Only the dimer 16
was obtained. In contrast, Kim et al. synthesized
RN(CH2CH2O)2Ti(Cl)Cp* by the reaction of Cl3TiCp*
(where Cp* = pentamethylcyclopentadienyl) with
RN(CH2CH2OH)2 (R = Me, nBu).[25] We believe that the
difference in the behavior of (MeO)3TiCp and Cl3TiCp*
(the rupture of Ti–Cp bond and the stability of Ti–Cp*
bond in the course of the reaction) is because of the dif-
ferent properties of these bonds.

The possibility of alkoxy groups exchanging at the tita-
nium atom was confirmed by the formation of complex 17
in the reaction of diisopropoxy derivative 15 with -(–)-
menthol (Scheme 2).
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Scheme 2.

One of the most important questions in the chemistry of
titanium is the coordination state of the Ti atom both in
the solid state and in solutions. In our opinion the type of
coordination environment around the titanium atoms is
very important because of the potential ability of these
compounds to catalyze different organic reactions where
the stereochemistry of the catalytic center is significant.[3–8]

Titanocanes prepared by us may possess monomeric struc-
tures with pentacoordinate titanium atoms or dimeric struc-
tures with hexacoordinate titanium atoms. There are two
possibilities for dimerization: through the dialkanolamine
moiety or through the alkoxy groups. According to the lit-
erature, most of the titanocanes prepared to date,
[MeN(CH2CH2O)2Ti(O-A-O)]2 (O-A-O = OCMe2CMe2O,
OCEt2CEt2O, OCMe2CH2CMe2O, OCMe2CH2CH-
MeO),[23] are dimeric in the solid state. The dimerization is
realized by the additional contact of the oxygen atom of
one diethanolamine “arm”. In CDCl3 solutions two com-
pounds are also dimeric at room temperature (O-A-O =
OCMe2CMe2O, OCEt2CEt2O) while two others are mono-
meric (O-A-O = OCMe2CH2CMe2O, OCMe2CH2CH-
MeO).[23] PhCH2N(CH2CMe2O)2Ti(OiPr)2 is monomeric
in the solid state and in solution (toluene-d8).[44] As cited
above, the closely related derivatives, nPrN{CH2[3,5-
bis(tBu)-C6H2]-2-O}2Ti(OiPr)2 and nPrN{CH2[3,5-bis-
(Me)-C6H2]-2-O}2Ti(OiPr)2, are monomeric both in the so-
lid state and in solution (C6D6).[27]

Among five dialkoxytitanocanes prepared by us only one
compound 16, the titanocane with two methoxy groups at
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the titanium atom, gave crystals suitable for an X-ray dif-
fraction study. The molecular structure of 16 is shown in
Figure 1. Table 1 lists selected geometrical parameters for
16. The molecule of 16 represents a centrosymmetric com-
plex with a Ti2O2 lozenge. The dimer results from µ2-bridg-
ing by one methoxy group of one monomeric unit. The di-
ethanolamine ligands in each dimer are bound meridionally
to each titanium atom. Of interest, all previously studied
alkoxytitanocanes except PhCH2N(CH2CMe2O)2Ti(OiPr)2

are also dimeric, but the dimerization results from µ2-bridg-
ing by one alkoxy “arm” of the diethanolamine ligand.[23,44]

The coordination polyhedron of the Ti atoms in compound
16 represents a distorted octahedral geometry with the N(1)
atom and O(4) atom (nonbridging methoxy group) in a
trans orientation. The Ti(1)–N(1) distance in 16 [2.355(2) Å]
is close to that previously found for [MeN(CH2CH2O)2-
Ti(O-A-O)]2 [2.351(4)–2.431(4) Å].[23] The longest Ti–O dis-
tances in 16 [Ti(1)–O(3A) 2.024(1); Ti(1)–O(3) 2.066(1) Å]
correspond to the bonds of titanium with both bridging
methoxy groups, as expected. All five-membered rings of
the ocane skeletons in 16 adopt an envelope-like conforma-
tion, all carbon atoms in the α positions to the N atom
occupy “flap” sites, while the C-β atoms form the base of
these envelope planes.

Figure 1. Molecular structure of 16. Hydrogen atoms and solvate
dichloromethane molecules are omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for 16.

Ti(1)–O(4) 1.808(1) O(4)–Ti(1)–N(1) 162.26(6)
Ti(1)–O(1) 1.868(1) O(1)–Ti(1)–N(1) 75.59(6)
Ti(1)–O(2) 1.873(1) O(2)–Ti(1)–N(1) 76.79(6)
Ti(1)–O(3A) 2.024(1) O(3A)–Ti(1)–N(1) 94.03(5)
Ti(1)–O(3) 2.066(1) O(3)–Ti(1)–N(1) 92.07(5)
Ti(1)–N(1) 2.355(2)

1H and 13C NMR spectroscopic data (CDCl3 solution,
room temperature) of 16 are in agreement with the centro-
symmetric dimeric solid-state structure. In the 1H NMR
spectrum of 16 there are two singlets of methoxy groups.
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The signals of the methylene protons of one ocane skeleton
appear as a set of multiplets resulting from the nonequiva-
lence of all protons. Separate 13C NMR signals were found
for each carbon of the diethanolamine ligand in 16. On the
contrary, two other titanocanes with the benzyl group at
the nitrogen atom (15 and 17) are monomeric in CDCl3
solution at room temperature. This conclusion is based on
the presence of one signal of the OCH2 group and one sig-
nal of the NCH2 group for the C atoms of the ocane skel-
eton of these compounds. Thus, these species (15 and 17)
possess monomeric structures with trigonal-bipyramidal
coordination environments of the titanium atom. These
compounds may undergo exchange processes in solution
(the exchange between equatorial and axial alkoxy
groups).[44] Thus, the drastic difference in 1H NMR spectra
of 15 (OCH protons of the isoproxy group represent one
broad singlet) and 17 (OCH protons of two menthoxy
groups represent two spaced multiplets), to our opinion, re-
sulted from the different dynamic behavior of these com-
pounds in solution. While isopropoxy groups in 15 undergo
fast position exchange around the Ti atom, more bulky
menthoxy groups in 17 resulted in the rigid structure of
the molecule. It should be noted that previously prepared
PhCH2N(CH2CMe2O)2Ti(OiPr)2 demonstrated the same
trends in the NMR spectra as compound 15.[44] The au-
thors concluded that a monomeric structure of
PhCH2N(CH2CMe2O)2Ti(OiPr)2 occurs. This conclusion
was also supported by variable temperature NMR spec-
troscopy.[44] The structure of diisopropoxytitanocane 14 is
close to that of 15 according to the NMR spectroscopic
data. In the 13C spectrum of 13 the broadening of each
signal is observed, probably because of possible monomer-
dimer interconversion in this compound. Thus we can con-
clude that the steric bulkiness of alkoxy ligands in titano-

Scheme 4.
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canes is the determining factor that governs the coordina-
tion number in titanocanes.

Spirobititanocanes: Only two spirobititanocanes were re-
ported by the beginning of our investigation, one of them
is [MeN(CH2CH2O)2]2Ti (29).[20] Very recently the synthe-
sis of [PhCH2N(CH2CMe2O)2]2Ti from the reaction of
Ti(OiPr)4 with two equivalents of corresponding dialkanol-
amine was reported.[44] For synthesis of 29 the treatment of
two equivalents of dialkanolamine 2 with Ti(OiPr)4 or
freshly prepared α-titanic acid was used. The structure of
29 was confirmed by X-ray diffraction, this species is mono-
meric in the solid state. The coordination polyhedron of the
Ti atom represents a distorted octahedral geometry with
two nitrogen atoms in a cis orientation (Scheme 3).[20] We
have very recently found an analogous situation in spirobi-
germocanes. Both [PhN(CH2CH2O)2]2Ge and [MeN(CH2-

CH2O)(CH2CHPhO)]2Ge possess the structure of the cis
isomer.[34] The bishomoleptic titanium derivative, {S[(3-
tBu-5-MeC6H2)-2-O]2}2Ti, has an analogous structure.[47]

Lavanant et al. supposed that the monomeric structure is
present in solution for [PhCH2N(CH2CMe2O)2]2Ti.[44]

Scheme 3.

The closely related spiro-bishomoleptic or spiro-bisheter-
oleptic complexes of titanium were prepared by Tshuva et
al. by the reaction of nPrN(CH2-o-ArOH)2 or RN(CH2-o-
Ar�OH)2 (R = nPr or CH2CH2NMe2) with Ti(OiPr)4 lead-
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ing to [nPrN(CH2-o-ArO)2]2Ti or [nPrN(CH2-o-ArO)2]
Ti[(O-o-Ar�-CH2)2NR], respectively.[27] Three complexes
were studied by X-ray diffraction and showed the structure
of trans-isomer A (Scheme 3). The authors noted that the
bulky substituents in the Ar groups prevent the formation
of spiro-bishomoleptic species and the reaction stops at the
titanocanes.[27] An analogous result in Zr chemistry has
been found by Mountford and coworkers.[33] A very inter-
esting result was found by Lavanant et al. for Zr derivatives
of two dialkanolamines: [PhCH2N(CH2CMe2O)2]2Zr and
[PhCH2N(CH2C-p-Tol2O)2]2Zr.[44] According to the NMR
spectroscopic data both spirobizirconocanes are monomeric
in solution while the X-ray diffraction study of
[PhCH2N(CH2CMe2O)2]2Zr showed the dimeric structure
of this compound in the solid state resulting from the rup-
ture of three of the four Zr–N bonds into two monomeric
units.[44] Thus, one can conclude that the structure of the
ligand is the main factor governing the coordination envi-
ronment around the metal atom in spirobiocanes.

In order to clarify the structure of the ligand influence
we explored the synthesis and structures of the number of
novel spirobititanocanes. The compounds 18–28 were ob-
tained in high yields from the reaction of Ti(OiPr)4 with
two equivalents of corresponding dialkanolamines 1, 3–12
at reflux in toluene (Scheme 4). Compound 19 was also pre-
pared in 33% yield from the treatment of TiCl4·(THF)2

with 3 in the presence of Et3N or in quantitative yield from
the reaction of Ti(CH2Ph)4 with two equivalents of 3
(Scheme 4). The latter approach was also used for the syn-
thesis of 23.

We also tried to prepare spiro-bisheteroleptic ocanes
(Scheme 5), but in all of the studied cases equimolar mix-
tures of spiro-bishomoleptic ocanes were obtained (NMR
spectroscopic data). This result contradicts that previously
found for bis(aminophenol)-type ligands, where the bishet-
eroleptic species are stable.[27] We suppose that, on the one

Scheme 5.
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hand, the symmetric bis(ocanes) are more thermodynami-
cally stable in the case of dialkanolamine type ligands. On
the other hand, the unsymmetric bis(ocanes) are probably
formed in the course of the reactions, but because of their
higher flexibility in comparison with that for phenolic spe-
cies[27] a mixture of symmetric compounds forms through
a metathetical process.

One dialkanolamine ligand in spirobititanocane 18 can
easily be exchanged by the treatment with equimolar
amounts of Ti(OiPr)4 (Scheme 6). The reaction of 19 with
one equivalent of TiCl4 resulted in a mixture of unidentified
products (Scheme 6).

Scheme 6.

According to the NMR spectroscopic data, spirobititan-
ocane 19 possesses a monomeric structure in solution
(CDCl3) and exists as one isomer (Scheme 3). It should be
noted that in the trans and cis isomers of 19 the two dialk-
anolamine groups are equivalent. Thus, in theory it is im-
possible to define what kind of isomer exists in CDCl3 solu-
tion, but we can conclude that only one isomer is present
under these conditions. We believe that spirobititanocane
18 is also monomeric in solution, but the broadening of
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signals was found for its NMR spectra (like in closely re-
lated titanocane 13). This indicates the presence of dynamic
processes in solution of 18, such as Berry pseudorotation,
cis-trans isomerization and/or N–Ti bond dissociation. Al-

Figure 2. Molecular structure of 19 (one independent molecule).
Hydrogen atoms are omitted for clarity.

Figure 3. Molecular structure of 20. Hydrogen atoms and solvate
toluene molecules are omitted for clarity.
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though different sets of signals should be present in the 13C
NMR spectra of the trans and cis isomers for compound
20–28, it is very difficult to determine unambiguously the
type of isomer in this case because of the presence of several
diastereomers of these compounds in solution resulting
from the asymmetric carbon atoms. However, the impor-
tance of the synthesis of compounds with asymmetric car-

Figure 4. Molecular structure of 23. Hydrogen atoms and solvate
dichloromethane molecules are omitted for clarity.

Figure 5. Molecular structure of 24. Hydrogen atoms and solvate
toluene molecules are omitted for clarity.
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Figure 6. Molecular structure of 25. Hydrogen atoms and solvate
dichloromethane molecules are omitted for clarity.

bon atoms is connected with the usefulness of these deriva-
tives in catalytic processes.

The structures of six spirobititanocanes 19, 20, 23, 24,
25, 27 were studied by X-ray diffraction. The monomeric
nature of all the studied species with a hexacoordinate tita-
nium center was confirmed. The coordination polyhedron
of the titanium atom in these compounds represents a dis-
torted octahedron. The molecular structures of 19 (one in-
dependent molecule), 20, 23, 24, 25, and 27 are shown in
Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, and Fig-
ure 7, respectively. Table 2 and Table 3 list selected geomet-
rical parameters for these compounds.

Table 2. Selected bond lengths [Å] and angles [°] for 19, 20, 23, 25, 27.

19 20 23 25 27

Ti–N 2.451(2) 2.467(2) 2.352(2) 2.357(2) 2.363(2) 2.471(3)
2.367(2)

Ti–Otrans to N 1.839(2) 1.830(2) 1.855(2) 1.865(1) 1.872(2) 1.849(2)
1.862(2)

Ti–Otrans to O 1.852(2) 1.844(2) 1.875(2) 1.859(1) 1.867(2) 1.845(3)
1.885(2)

N(1)–Ti–O 73.40(7) 74.55(9) 75.66(7) 73.68(5) 74.55(6) 74.1(1)
75.87(7) 75.52(8) 75.88(7) 75.46(6) 75.12(7) 75.2(1)
83.15(7) 81.94(8) 82.31(7) 82.34(6) 82.15(7) 81.7(1)
163.61(7) 164.91(8) 163.95(7) 154.98(5) 158.18(7) 161.9(1)

N–Ti–N 118.1(1) 117.8(1) 117.58(7) 129.69(8) 125.37(9) 120.5(1)
O–Ti–O 91.9(1) 92.4(1) 92.38(7) 85.33(8) 87.68(9) 91.2(2)

101.50(8) 101.9(1) 98.95(7) 102.89(6) 101.81(7) 101.4(1)
110.35(8) 109.8(1) 99.17(7) 116.23(6) 114.44(7) 113.3(1)
133.7(1) 133.7(1) 110.72(7) 126.24(9) 129.2(1) 130.0(2)

111.40(7)
136.17(8)

Eur. J. Inorg. Chem. 2006, 1987–1999 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1993

Figure 7. Molecular structure of 27. Hydrogen atoms are omitted
for clarity.

Table 3. Selected bond lengths [Å] and angles [°] for 24.

Ti(1)–N(1) 2.339(2) O(12)–Ti(1)–O(21) 95.6(1)
Ti(1)–N(2) 2.310(2) O(22)–Ti(1)–O(21) 146.1(1)
Ti(1)–O(11) 1.878(2) O(11)–Ti(1)–O(21) 86.41(9)
Ti(1)–O(12) 1.864(2) O(12)–Ti(1)–N(1) 74.34(9)
Ti(1)–O(21) 1.883(2) O(22)–Ti(1)–N(1) 93.17(9)
Ti(1)–O(22) 1.873(2) O(11)–Ti(1)–N(1) 74.39(8)
O(12)–Ti(1)–O(22) 102.1(1) O(21)–Ti(1)–N(1) 119.57(8)
O(12)–Ti(1)–O(11) 145.0(1) N(2)–Ti(1)–N(1) 162.91(8)
O(22)–Ti(1)–O(11) 95.0(1)

The compounds 19, 20, 23, 25, and 27 exhibit a cis dispo-
sition of the two nitrogen atoms at the Ti atom. An analo-
gous structure was previously found in 29.[20] On the con-
trary, the nitrogen atoms in 24 occupy the trans positions
in an octahedral environment of the Ti atom. This type of
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structure is considered to be trans-isomer B (Scheme 3). To
the best of our knowledge, compound 24 is the first exam-
ple of such a structure; however, a similar trans disposition
of the nitrogen atoms in TiO4N2 was previously found.[48]

The Ti–N distances in 19, 20, 23, 24, 25, and 27 vary
over the range 2.310(2)–2.471(3) Å, the shortest distance
being found in compound 24 (trans disposition of N
atoms). These values are close to that previously found for
29 [2.422(2) Å].[20] The substitution of hydrogen atoms (19,
29) of the ocane skeleton for phenyl groups (20, 23, 24, 25)
shortens the Ti–N bond, while the substitution with alkyl
groups (27) slightly elongates this distance. In general, the
Ti–N distances in phenolic compounds [nPrN(CH2-o-ArO)2]-
Ti[(O-o-Ar�CH2)2NR] [2.248(2)–2.308(4) Å][27] are shorter
than those in 19, 20, 23, 24, 25, 27, and 29 based on dialk-
anolamine-type ligands. This difference is probably ex-
plained by the higher polarity of the Ti–O bonds in pheno-
lic species, which leads to depletion of electron density at
the titanium center. A similar tendency was found for Ti–
O bonds in hexacoordinate compounds discussed above. In
general, the shorter Ti–N bonds in the molecules corre-
spond to longer Ti–O bonds. This tendency is also sup-
ported by the fact that Ti–O bonds in the only X-ray
studied monomeric tetraalkoxy titanium derivative with a
tetracoordinate Ti atom [1.752(2)–1.825(2) Å][49] are con-
siderably shorter than those in the hexacoordinate com-
pounds.

All five-membered unsubstituted rings of the ocane skel-
etons in 19, 20, 23, 24, 25, and 27 adopt an “envelope”-like
conformation, all carbon atoms in the α positions to the N
atom occupy “flap” sites. In the case of substituted rings
their conformation may be treated as an “envelope” with α-
C atoms in “flap” sites (20, 23, and 25) or a “twist” (24 and
27).

Conclusion
We have found that tetraisopropoxytitanium or cyclo-

pentadienyltrimethoxytitanium react with one equivalent of
dialkanolamines 1–3 leading to the formation of the corre-
sponding dialkoxytitanocanes 13–16. The substitution reac-
tion of diisopropoxy derivative 15 with -(–)-menthol easily
occurs to give dimenthoxytitanocane 17. The nature of the
alkoxy substituent at the Ti atom strongly affects the struc-
ture and dynamic behavior of 13–17 in solution. The reac-
tion of Ti(OiPr)4 with two equivalents of dialkanolamines
1, 3–12 led to the corresponding spirobititanocanes 18–28
with a hexacoordinate Ti atom. The structure of latter com-
pounds is governed by the nature of the ligands: depending
on the substituents in the ocane skeleton the nitrogen atoms
occupy cis or trans positions around the Ti atom. Spirobitit-
anocane 18 is easily converted into the corresponding titan-
ocane 13 by its reaction with one equivalent of Ti(OiPr)4.
The reaction of titanocanes 14 and 15 with the different
dialkanolamines (1, 3 and 2, 8, respectively) did not give
the expected bisheteroleptic compounds but resulted in a
mixture of bishomoleptic titanocanes 18 and 29, 19 and 29
and 19 and 29, 19 and 24, respectively.
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Experimental Section
General Remarks: All manipulations were performed under a dry,
oxygen-free argon atmosphere using standard Schlenk techniques.
Solvents were dried by standard methods and distilled prior to use.
PhN(CH2CH2OH)2 (1), MeNHCH2CH2OH (Aldrich) and
(1R,2S,5R)-menthol (Acros) were used as supplied. HN(SiMe3)2

(Aldrich), Ti(OiPr)4 (Aldrich), and TiCl4 (Aldrich) were distilled
before use. CpTi(OMe)3,[50] TiCl4(THF)2,[51] Ti(CH2Ph)4,[52]

MeN(CH2CH2OH)2 (2),[53] PhCH2N(CH2CH2OH)2 (3),[54]

MeN(CH2CH2OH)CH2CH(Ph)OH (4a) and MeN(CH2CH2OH)-
CH(Ph)CH2OH (4b) as a mixture 9:1,[34] MeN(CH2CH2OH)-
CH2CH(Me)OH (5),[55] and MeN(CH2CH2OH)CH2CH(Et)OH
(6)[55] were prepared according to the literature. 13C{1H} NMR
spectrum for 5: δ = 20.17 (Me), 42.42 (MeN), 59.21, 59.73 (2 NCH2

groups), 63.65, 65.52 (OCH2 and OCH groups) ppm. 13C{1H}
NMR spectrum for 6: δ = 9.86 (CH2CH3), 27.71 (CH2CH3), 42.48
(NCH3), 59.30, 59.75 (NCH2), 63.77, 68.91 (OCH and
OCH2) ppm. PhCH2N(CH2CH2OSiMe3)2

[43] and MeN(CH2-

CH2OSn-nBu3)2
[38] were prepared according to the method re-

ported previously. PhCH2N(CH2CH2OSiMe3)2: B.p. = 126–129 °C
(0.7 Torr). NMR spectra: 1H NMR: δ = 0.07 (s, 18 H, SiMe3), 2.67
(t, 4 H, NCH2), 3.61 (t, 4 H, OCH2), 3.69 (s, 4 H, PhCH2N), 7.18–
7.32 (m, 5 H, C6H5) ppm. 13C{1H} NMR: δ = –0.54 (SiMe3), 56.66
(NCH2), 60.07 (OCH2), 61.17 (PhCH2), 126.83, 128.13, 128.78,
139.83 (aromatic carbons) ppm. MeN(CH2CH2OSn-nBu3)2: NMR
spectra: 1H NMR: δ = 0.95–0.82 (m, 18 H, CH2CH3), 1.14–0.98
(m, 12 H, CH2CH3), 1.33–1.26 (m, 12 H, SnCH2CH2), 1.57–1.49
(m, 12 H, SnCH2), 2.24 (s, 3 H, NCH3), 2.47 (t, 4 H, NCH2), 3.74
(t, 4 H, OCH2) ppm. 13C{1H} NMR: δ = 13.61 (CH2CH3), 14.55
(CH2CH3), 27.16 (SnCH2CH2), 27.95 (SnCH2), 43.83 (NCH3),
62.65 (NCH2), 64.04 (OCH2) ppm.

A solution of n-butyllithium in hexane was obtained and analyzed
by the Gilman double-titration method.[56] CDCl3 was obtained
from Deutero GmbH and dried with P4O10. 1H NMR (300 MHz)
and 13C NMR (75 MHz) spectra were recorded with a Bruker–
Evance spectrometer (in CDCl3 at 295 K unless otherwise stated).
Chemical shifts in the 1H and 13C NMR spectra are given in ppm
relative to internal Me4Si. Elemental analyses were carried out by
the Microanalytical Laboratory of the Chemistry Department of
the Moscow State University.

MeN(CH2CH2OH)CH2C(Ph)2OH (7): A mixture of N-methyl-
ethanolamine (1.15 g, 15 mmol) and 2,2-diphenyloxyrane (3.00 g,
15 mmol) was heated at 90 °C for 35 h. The resulting dense yellow
oil was crystallized from the mixture diethyl ether/hexane (1:1) at
–20 °C to give 7 as a white crystalline solid [3.14 g, 77%; 109–
110 °C (110–111 °C[46])]. NMR spectra: 1H NMR: δ = 2.12 (s, 3 H,
NCH3), 2.61 (t, 2 H, NCH2), 3.36 (s, 2 H, NCH2), 3.56 (t, 2 H,
OCH2), 7.16–7.20, 7.26–7.31, 7.46–7.49 (3 m, 10 H, 2 C6H5) ppm,
the signal from the OH groups was not observed. 13C{1H} NMR:
δ = 44.15 (NCH3), 59.86, 61.27, 67.76 (2 NCH2 and OCH2 groups),
75.60 [C(C6H5)2], 125.79, 126.73, 128.15, 146.55 (C6H5) ppm.

erythro-MeN(CH2CH2OH)CH(Ph)CH(Ph)OH (8): A mixture of
N-methylethanolamine (2.0 mL, 25 mmol) and trans-stilbene oxide
(4.91 g, 25 mmol) was heated at 130 °C for 22 h. The resulting
dense orange oil was crystallized from the mixture of diethyl ether/
hexane (1:1) at –20 °C to give 8 as a light yellow crystalline solid
(6.20 g, 91%; 90–91 °C). NMR spectra: 1H NMR: δ = 1.98 (br. s,
2 H, 2 OH), 2.13 (s, 3 H, NCH3), 2.38–2.51 (m, 2 H, NCH2), 3.30–
3.40 (m, 2 H, OCH2), 3.71 (d, 1 H, NCH), 5.22 (d, 1 H, OCH),
7.23–7.37 (m, 10 H, 2 C6H5) ppm. 13C{1H} NMR: δ = 37.36
(NCH3), 56.78 (NCH2), 57.97 (OCH2), 72.98 (NCH), 74.63 (OCH),
126.58, 127.89, 127.92, 128.30, 129.51, 134.85, 142.19 (C6H5).



Titanium Complexes of Dialkanolamine Ligands FULL PAPER
C17H21NO2 (271.35): calcd. C 75.25, H 7.80, N 5.16; found C
75.33, H 7.82, N 5.32 ppm.

threo-MeN(CH2CH2OH)CH(Ph)CH(Ph)OH (9): Analogously to
8, dialkanolamine 9 was obtained from N-methylethanolamine
(0.82 mL, 10 mmol) and cis-stilbene oxide (1.96 g, 10 mmol) as a
light yellow crystalline solid (2.26 g, 83%; 88–89 °C). NMR spec-
tra: 1H NMR: δ = 2.27 (s, 3 H, NCH3), 2.42–2.49 (m, 1 H), 2.69–
2.76 (m, 1 H) (NCH2), 3.65–3.78 (m, 2 H, OCH2), 3.69 (d, 1 H,
NCH), 5.05 (d, 1 H, OCH), 7.05–7.15, 7.18–7.23 (2 m, 10 H, 2
C6H5) ppm, the signal of OH groups was not observed. 13C{1H}
NMR: δ = 37.37 (NCH3), 55.39 (NCH2), 59.51 (OCH2), 71.49
(NCH), 75.24 (OCH), 127.33, 127.39, 127.68, 127.89, 127.92,
129.77, 133.36, 141.10 (C6H5) ppm. C17H21NO2 (271.35): calcd. C
75.25, H 7.80, N 5.16; found C 75.39, H 7.86, N 5.25.

MeN(CH2CH2OH)CH(C3H6)CHOH (10): A mixture of N-methyl-
ethanolamine (2.95 g, 40 mmol) and cyclopentene oxide (3.36 g,
40 mmol) was stirred at 85 °C for 20 h. The distillation of the reac-
tion mixture gave 10 as a viscous light-yellow liquid [5.29 g, 91%;
105–106 °C (0.2 Torr)]. NMR spectra: 1H NMR: δ = 1.93–1.35 (m,
6 H, cyclopentane 3CH2), 2.25 (s, 3 H, NCH3), 2.59 (m, 2 H,
NCH2), 2.74–2.81 (m, 1 H, NCH), 3.52–3.65 (m, 2 H, OCH2), 3.76
(br. s, 2 H, OH), 3.99–4.06 (m, 1 H, OCH) ppm. 13C{1H} NMR:
δ = 20.72, 24.39, 33.15 (cyclopentane carbons CH2), 38.64 (NCH3),
56.20 (NCH2), 58.57 (OCH2), 73.34 (NCH), 74.41 (OCH) ppm.
C8H17NO2 (159.23): calcd. C 60.35, H 10.76, N 8.80; found C
59.98, H 10.63, N 9.20.

MeN(CH2CH2OH)CH(C4H8)CHOH (11): A mixture of N-methyl-
ethanolamine (13.2 mL, 0.165 mol) and cyclohexene oxide
(15.2 mL, 0.15 mol) was heated at 100 °C for 48 h. The distillation
of the reaction mixture gave 11 as a viscous colorless liquid
[22.89 g, 88%; 105–107 °C (0.2 Torr)]. NMR spectra: 1H NMR: δ
= 0.99–1.24, 1.59–1.69, 1.96–2.03 (3 m, 8 H, cyclohexane, 4 CH2),
2.19 (s, 3 H, NCH3), 2.14–2.22, 2.36–2.44, 2.58–2.67, 3.27–3.35,
3.48–3.59 (5 m, 6 H, NCH2, OCH2, NCH, OCH), 3.75 (br. s, 2 H,
2 OH) ppm. 13C{1H} NMR: δ = 21.82, 24.12, 25.20, 33.38 (cyclo-
hexane carbons CH2), 36.68 (NCH3), 54.98 (NCH2), 59.42
(OCH2), 69.25, 69.42 (NCH, OCH) ppm. C9H19NO2 (173.25):
calcd. C 62.39, H 11.05, N 8.08; found C 61.99, H 11.07, N 8.42.

MeN(CH2CH2OH)CH(C6H4CH2)CHOH (12): Analogously to 8
(except only diethyl ether was used for recrystallization), dialkanol-
amine 12 was obtained from N-methylethanolamine (2.30 g,
30 mmol) and indene oxide (3.96 g, 30 mmol) as a light-yellow crys-
talline solid (5.82 g, 94%; 75–76 °C). NMR spectra: 1H NMR: δ =
2.44 (s, 3 H, NCH3), 2.82–2.95, 3.26–3.34 [2 m, 2 H, CH2C(OH)
H], 2.88–2.95 (m, 2 H, NCH2), 3.19 (br. s, 2 H, 2 OH), 3.66–3.79
(m, 2 H, OCH2), 4.29 (d, 1 H, NCH), 4.66 (q, 1 H, OCH), 7.23–
7.35 (m, 4 H, aromatic protons) ppm. 13C{1H} NMR: δ = 37.34
(CHCH2), 39.68 (NCH3), 55.87 (NCH2), 58.44 (NCH), 73.75
(OCH2), 113.46 (OCH), 125.06, 125.08, 126.79, 127.94, 140.00,
140.10 (aromatic carbons) ppm.

PhN(CH2CH2O)2Ti(OiPr)2 (13): A mixture of alkanolamine 1
(2.00 g, 11.0 mmol), Ti(OiPr)4 (3.14 g, 11.0 mmol), and chloroform
(20 mL) was refluxed for 8 h, and all volatiles were removed under
reduced pressure. Hexane (20 mL) was added to a yellow, waxy
solid. The solution was filtered and the solvent removed under re-
duced pressure to give 13 as a yellow solid (3.05 g, 80%). NMR
spectra: 1H NMR: δ = 1.19 (br. s, 12 H, CH3), 3.47 (br. s, 4 H,
NCH2), 4.30–4.90 (br. m, 6 H, OCH2, OCH), 6.53–6.70, 7.07–7.19
(2 m, 5 H, C6H5) ppm. 13C{1H} NMR (323 K): δ = 26.24 (CH3),
55.21 (broad, NCH2), 73.22 (broad, OCH2), 77.44 (OCH), 113.38,
116.58, 130.05, 149.41 (broad, C6H5) ppm. Satisfactory results for
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the elemental analyses were unobtainable because of the presence
of traces of 18.

MeN(CH2CH2O)2Ti(OiPr)2 (14): A mixture of alkanolamine 2
(2.14 g, 18.0 mmol), Ti(OiPr)4 (5.11 g, 18.0 mmol), and chloroform
(20 mL) was refluxed for 7 h, all volatiles were removed under re-
duced pressure. The residue was dissolved in hexane (20 mL), the
solution was filtered and stored at –30 °C for 18 h to give an oil
under a supernatant solution. The solvent was removed through a
cannula and 14 was obtained as a colorless oil (4.53 g, 89%). NMR
spectra: 1H NMR: δ = 1.07 (d, 12 H, CHCH3), 2.48 (s, 3 H, NCH3),
2.80 (br. s, 4 H, NCH2), 4.20 (br. s, 4 H, OCH2), 4.48 (br. s, 2 H,
OCH) ppm. 13C{1H} NMR: δ = 25.70 (CHCH3), 44.38 (NCH3),
59.50 (NCH2), 69.20 (OCH2), 76.30 (OCH) ppm. Satisfactory re-
sults for the elemental analyses were unobtainable because of the
presence of traces of 29.

PhCH2N(CH2CH2O)2Ti(OiPr)2 (15): The procedure was the same
as for 14 except that Ti(OiPr)4 (3.70 g, 13.0 mmol) was treated with
alkanolamine 3 (2.50 g, 13.0 mmol) in toluene. The compound 15
was obtained as a white oil (4.30 g, 92%). NMR spectra: 1H NMR:
δ = 1.26 (d, 12 H, CHCH3), 2.93 (br. s, 4 H, NCH2), 4.19 (s, 2 H,
PhCH2), 4.39 (br. s, 4 H, OCH2), 4.66 (br. s, 2 H, OCH), 7.23–7.34
(m, 5 H, C6H5) ppm. 13C{1H} NMR: δ = 26.11 (CHCH3), 54.21
(NCH2), 58.01 (PhCH2), 69.43 (OCH2), 76.53 (OCH), 128.01,
128.30, 131.01, 133.74 (C6H5) ppm. C17H29NO4Ti (359.28): calcd.
C 56.51, H 7.98, N 3.72; found C 56.83, H 8.14, N, 3.90.

Reaction of PhCH2N(CH2CH2OSiMe3)2 with TiCl4(THF)2:
PhCH2N(CH2CH2OSiMe3)2 (0.95 g, 2.8 mmol) was added drop-
wise to a suspension of TiCl4(THF)2 (0.94 g, 2.8 mmol) in toluene
(15 mL). The reaction mixture was refluxed for 14 h, and then fil-
tered off to give a yellow solid, which was insoluble in the usual
organic solvents. According to NMR spectroscopic data in (CD3)2-
SO, a mixture of unidentified compounds formed.

Reaction of MeN(CH2CH2OSn-nBu3)2 with Cp2TiCl2: MeN(CH2-
CH2OSn-nBu3)2 (2.35 g, 3.4 mmol) was added dropwise to a solu-
tion of Cp2TiCl2 (0.60 g, 2.4 mmol) in CHCl3 (65 mL). The reac-
tion mixture was stirred for 10 h, then all volatiles were removed
under reduced pressure. According to NMR spectroscopic data of
the residue a mixture of CpSn-nBu3 with unidentified compounds
formed.

[PhCH2N(CH2CH2O)2Ti(OMe)2]2 (16): A solution of alkanol-
amine 3 (0.71 g, 3.6 mmol) in THF (10 mL) was added dropwise
at –50 °C to a solution of CpTi(OMe)3 (0.75 g, 3.6 mmol) in THF
(20 mL). The mixture was warmed to room temperature and stirred
overnight. The solid that formed was filtered off and recrystallized
from the mixture of dichloromethane/heptane (1:1) to give 16 as
white microcrystals (0.84 g, 77%). NMR spectra: 1H NMR: δ =
2.85–2.90, 3.05–3.10 (2 br. m, 4 H, NCH2), 4.17, 4.22 (2 s, 6 H,
OCH3), 4.43 (br. s, 2 H, PhCH2), 4.28–4.36, 4.57–4.63 (2 br. m, 4
H, OCH2), 7.25–7.36 (m, 5 H, C6H5) ppm. 13C{1H} NMR: δ =
54.22 (NCH2), 55.70 (PhCH2), 60.46, 64.74 (OCH3), 68.82 (OCH2),
127.88, 128.22, 131.47, 134.01 (C6H5) ppm. Satisfactory results for
the elemental analyses were unobtainable because of the presence
of traces of 19.

PhCH2N(CH2CH2O)2Ti(OMenth)2 (17): -(–)-Menthol (1.56 g,
10 mmol) was added to a stirred solution of the compound 15
(1.80 g, 5.0 mmol) in chloroform (30 mL) at room temperature. The
reaction mixture was refluxed for 6 h, all volatiles were removed
under reduced pressure. Hexane (20 mL) was added to the white
oil. The mixture was stored at –30 °C for several days. The solid
that formed was filtered off to give 17 as a white powder (2.64 g,
96%). NMR spectra: 1H NMR: δ = 0.76 (d, 3 H, CH3), 0.82 (br.
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d, 6 H, CH3), 0.85–0.95 (m, 13 H, CH3, CH2), 1.01–1.18 (m, 4 H,
CH2), 1.38 (br. s, 2 H, CH), 1.50–1.62 (br. m, 4 H, CH2), 2.07–
2.12, 2.17–2.22 (2 br. m, 2 H, CH), 2.33–2.48 (br. m, 2 H, CH),
2.84, 3.00 (2 br. s, 4 H, NCH2), 3.83–3.90, 4.05–4.14 (2 m, 2 H,
OCH), 4.16 (br. s, 2 H, PhCH2), 4.33, 4.46 (2 br. s, 4 H, OCH2),
7.26–7.37 (m, 5 H, C6H5) ppm. 13C{1H} NMR: δ = 15.78, 21.20,
22.25 (CH3), 22.70 (CH2), 25.45, 31.65 (CH), 34.63, 46.51 (CH2),
50.98 (CH), 54.22 (broad, NCH2), 57.84 (PhCH2), 69.37 (OCH2),
84.14, 85.01 (OCH), 128.05, 128.36, 131.10, 133.89 (C6H5) ppm.
Satisfactory results for the elemental analyses were unobtainable
because of the presence of traces of 19.

[PhN(CH2CH2O)2]2Ti (18): A mixture of alkanolamine 1 (0.83 g,
4.6 mmol), Ti(OiPr)4 (0.65 g, 2.3 mmol), and toluene (15 mL) was
refluxed for 13 h, and all volatiles were removed under reduced
pressure. The residue was recrystallized from toluene to give 18 as
a yellow solid (0.77 g, 82%). NMR spectra: 1H NMR: δ = 3.41 (br.
s, 8 H, NCH2), 4.17 (br. s, 8 H, OCH2), 6.58–6.70, 7.13–7.26 (m,
10 H, C6H5) ppm 13C{1H} NMR: δ = 56.71 (broad, NCH2), 73.52
(broad, OCH2), 112.01, 116.02, 130.46, 148.16 (C6H5) ppm.
C20H26N2O4Ti (406.30): calcd. C 59.12, H 6.45, Ti 11.79; found C
59.46, H 6.44, Ti 11.51.

[PhCH2N(CH2CH2O)2]2Ti (19). Method 1: The procedure was the
same as that for 18 except that Ti(OiPr)4 (0.94 g, 3.3 mmol) was
treated with alkanolamine 3 (1.29 g, 6.6 mmol). The compound
was obtained as white microcrystals (1.22 g, 85%). NMR spectra:
1H NMR: δ = 3.00 (t, 8 H, NCH2), 4.11 (s, 4 H, PhCH2), 4.49 (t,
8 H, OCH2), 7.27–7.38 (m, 10 H, C6H5) ppm. 13C{1H} NMR: δ =
53.48 (broad, NCH2), 56.73 (PhCH2), 70.22 (OCH2), 127.92,
128.29, 130.99, 133.90 (C6H5) ppm. C22H30N2O4Ti (434.38): calcd.
C 60.83, H 6.96, N 6.45; found C 61.01, H 7.10, N 6.59.

Method 2: A solution of alkanolamine 3 (1.10 g, 5.6 mmol) and
triethylamine (1.15 g, 11.4 mmol) in THF (30 mL) was added drop-
wise at –50 °C to a suspension of TiCl4(THF)2 (0.94 g, 2.8 mmol)
in THF (20 mL). The mixture was stirred for 1 h at the same tem-
perature, and was then warmed to room temperature overnight. All
volatiles were evaporated under reduced pressure. A white solid was
extracted with hot benzene (3×20 mL). The solvent was removed
under reduced pressure, and the residue was recrystallized from
toluene to give 19 as white microcrystals (0.4 g, 33%).

Method 3: A solution of alkanolamine 3 (0.70 g, 3.6 mmol) in tolu-
ene (5 mL) was added dropwise to a solution of Ti(CH2Ph)4

(0.75 g, 1.8 mmol) in toluene (40 mL) at (–40 °C). The reaction
mixture was slowly warmed to room temperature and then refluxed
for 1 h. The resulting solution was concentrated under vacuum, to
give 20 as a white solid (0.78 g, 100%).

[MeN(CH2CH2O)(CH2CHPhO)]2Ti (20): The procedure was the
same as that for 18 except that Ti(OiPr)4 (0.77 g, 2.7 mmol) was
treated with a mixture of (4a and 4b) (9:1) (1.05 g, 5.4 mmol). The
compound 20 was obtained as colorless microcrystals, a mixture of
diastereomers. NMR spectra: 1H NMR: δ = 2.61, 2.64, 2.66 (3 s, 6
H, NCH3), 2.72–2.85, 2.98–3.25, 3.37–3.54 (3 m, 8 H, NCH2),
4.26–4.31, 4.57–4.66 (2 m, 4 H, OCH2), 5.63–5.70, 5.75–5.81 (2 m,
2 H, OCH), 7.13–7.47 (m, 10 H, C6H5) ppm. 13C{1H} NMR: δ =
42.15, 42.72, 44.18 (NCH3), 56.23, 59.49 (NCH2), 69.43 (broad,
OCH2), 80.67, 80.78 (OCH), 124.33, 124.86, 125.55, 126.18, 126.35,
126.93, 127.32, 128.04, 128.24, 143.73, 143.85, 144.18 (C6H5) ppm,
the signals of several carbons were not found, the signals of sol-
vated toluene are not described. C22H30N2O4Ti*PhCH3 (526.51):
calcd. C 66.16, H 7.27, N 5.32; found C 66.06, H 7.01, N 4.89.

[MeN(CH2CH2O)(CH2CHMeO)]2Ti (21): The procedure was the
same as for 18 except that the mixture of alkanolamine 5 (2.40 g,
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18.0 mmol) and Ti(OiPr)4 (2.56 g, 9.0 mmol) was refluxed for 15 h
in toluene (15 mL). The compound 21 was obtained as a colorless
oil (2.67 g, 96%), a mixture of diastereomers. NMR spectra: 1H
NMR: δ = 1.00, 1.02, 1.11 (3 d, 6 H, CHCH3), 2.41, 2.43, 2.45 (3
s, 6 H, NCH3), 2.48–2.53, 2.60–2.81, 3.00–3.24 (3 br. m, 8 H,
NCH2), 4.00–4.09, 4.46–4.51 (2 m, 4 H, OCH2), 4.70 (br. s, 2 H,
OCH) ppm. 13C{1H} NMR (323 K): δ = 20.90, 21.05, 21.22
(CHCH3), 43.42, 44.27, 44.51 (NCH3), 58.92, 59.70, 59.91 (NCH2),
69.57, 69.51 (OCH2), 74.89, 75.04 (OCH) ppm, the signals of se-
veral carbons were not found. C12H26N2O4Ti (310.21): calcd. C
46.46, H 8.45, N 9.03; found C 46.20, H 8.56, N 8.94.

[MeN(CH2CH2O)(CH2CHEtO)]2Ti (22): The procedure was the
same as for 18 except that alkanolamine 6 (2.97 g, 20 mmol) was
treated with Ti(OiPr)4 (2.87 g, 10 mmol) in toluene (15 mL). Com-
pound 22 was obtained as a colorless oil (3.18 g, 94%), a mixture
of diastereomers. NMR spectra: 1H, δ = 0.78–0.81 (m, 6 H,
CH2CH3), 1.30 (br. s, 4 H, CH2CH3), 2.42 (br. s, 6 H, NCH3),
2.45–2.55, 2.76–2.85, 3.15–3.39 (3 br. m, 8 H, NCH2), 4.07, 4.48 (2
br. s, 6 H, OCH2, OCH); 13C{1H}, δ = 9.08 (broad, CH2CH3),
27.67 (broad, CH2CH3), 41.93, 43.71 (NCH3), 59.22, 60.35
(NCH2), 68.25 (broad, OCH2), 79.64 (broad, OCH), the signals of
several carbons were not found. C14H30N2O4Ti (338.27): calcd. C
49.71, H 8.94, N 8.28; found C 49.29, H 8.73, N 8.09.

[MeN(CH2CH2O)(CH2CPh2O)]2Ti (23). Method 1: The procedure
was the same as for 18 except that alkanolamine 7 (0.97 g,
3.6 mmol) was treated with Ti(OiPr)4 (0.51 g, 1.8 mmol) in chloro-
form (10 mL). Compound 23 was obtained as white microcrystals
(0.70 g, 90%). NMR spectra: 1H NMR: δ = 2.42 (br. s, 6 H,
NCH3), 2.84, 2.97 (2 br. s, 4 H, NCH2), 3.85, 3.98 (2 d, 4 H,
NCH2CPh2), 4.35 (br. s, 4 H, OCH2), 7.10–7.30, 7.50–7.56 (2 m,
20 H, C6H5) ppm. 13C{1H} NMR: δ = 44.79 (NCH3), 61.45
(NCH2), 70.41 (OCH2), 88.75 (OCPh2), 125.46, 125.51, 126.08,
126.14, 127.98, 128.01, 149.68 (C6H5) ppm, the signals of several
carbons were not found. C34H38N2O4Ti (586.54): calcd. C 69.62,
H 6.53, Ti 8.16; found C 69.86, H 6.64, Ti 8.17.

Method 2: Alkanolamine 7 (1.14 g,4.2 mmol) was added to a solu-
tion of titanium tetrabenzyl (0.87 g, 2.1 mmol) in toluene (50 mL)
at (–40 °C). The reaction mixture was slowly warmed to room tem-
perature and then refluxed for 1 h. The resulting colorless solution
was concentrated under vacuum, to give 23 as a white solid (1.23 g,
100%). Crystals, suitable for X-ray analysis, were obtained by
recrystallization from the mixture of dichloromethane/n-hexane.

erythro-[MeN(CH2CH2O)(CHPhCHPhO)]2Ti (24): The procedure
was the same as that for 13 except that alkanolamine 8 (2.17 g,
8.0 mmol) was treated with Ti(OiPr)4 (1.14 g, 4.0 mmol) in chloro-
form (20 mL). Compound 24 was obtained as colorless microcrys-
tals (1.97 g, 84%), a mixture of diastereomers. NMR spectra: 1H
NMR: δ = 2.57 (br. s, 6 H, NCH3), 2.96–3.38 (br. m, 4 H, NCH2),
4.15–4.32 (br. m, 4 H, OCH2), 4.50–4.59 (br. m, 2 H, NCH), 6.10–
6.15, 6.26–6.45 (br. m, 2 H, OCH), 7.05–7.34 (m, 20 H, C6H5) ppm.
13C{1H} NMR: δ = 42.29, 42.36, 45.82 (NCH3), 60.63 (broad,
NCH2), 69.72, 70.46 71.48, 71.52 (OCH2, NCHPh), 86.51 (broad,
OCHPh), 125.90, 126.22, 126.43, 126.90, 127.11, 127.27, 127.45,
127.68, 127.84, 131.21, 142.11, 142.77 (C6H5) ppm, the signals of
several carbons were not found. C34H38N2O4Ti (586.54): calcd. C
69.62, H 6.53, Ti 8.16; found C 70.55, H 6.83, N 4.55.

threo-[MeN(CH2CH2O)(CHPhCHPhO)]2Ti (25): The procedure
was the same as that for 13 except that the mixture of alkanolamine
9 (2.00 g, 7.4 mmol),Ti(OiPr)4 (1.05 g, 3.7 mmol) and chloroform
(20 mL) was refluxed for 16 h. The compound 25 was recrystallized
from the mixture of dichloromethane/heptane (4:1) and isolated as
colorless microcrystals (1.52 g, 96%), a mixture of diastereomers.
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NMR spectra: 1H NMR: δ = 2.42, 2.47, 2.55 (s, 6 H, NCH3), 2.68–
2.79, 3.35–3.48, 3.93–4.05 (m, 4 H, NCH2), 4.26–4.32, 4.41–4.48
(m, 2 H, NCH), 4.50–4.58, 4.92–4.97 (m, 4 H, OCH2), 5.94–6.02
(m, 2 H, OCH), 7.00–7.42 (m, 20 H, C6H5) ppm. 13C{1H} NMR:
δ = 38.40, 39.87, 40.20 (NCH3), 54.10, 56.84 (NCH2), 69.80, 70.00,
73.09 (NCHPh), 78.84, 79.36 (OCH2), 84.93, 86.01 (OCH), 126.86,
127.08, 127.37, 127.54, 127.84, 128.14, 128.38, 130.15, 131.01,
131.75, 133.36, 143.45 (C6H5) ppm, the signals of several carbons
were not found, the signals of solvated dichloromethane are not
described. C34H38N2O4Ti·CH2Cl2 (671.49): calcd. C 62.60, H 6.00,
N 4.17; found C 62.08, H 5.84, N 3.85.

{MeN(CH2CH2O)[CH(CH2)3CHO]}2Ti (26): The procedure was
the same as that for 18 except that the mixture of alkanolamine 10
(1.08 g, 6.8 mmol), Ti(OiPr)4 (0.97 g, 3.4 mmol) and toluene (7 mL)
was refluxed for 15 h. The compound 26 was obtained as a yellow
solid (1.10 g, 89%), a mixture of diastereomers. NMR spectra: 1H
NMR: δ = 1.21–1.36, 1.55–1.79 (br. m, 12 H, cyclopentane 6 CH2),
2.46, 2.49, 2.50 (c, 6 H, NCH3), 2.41–2.46, 3.01–3.15 (br. s, 6 H,
NCH2, NCH), 4.04–4.08, 4.65–4.72 (m, 4 H, OCH2), 4.73–4.81 (m,
2 H, OCH) ppm 13C{1H} NMR: δ = 16.20, 18.56, 27.34 (broad,
CH2 groups of cyclopentane rings), 40.61, 41.20, 41.53 (NCH3),
53.59, 53.88 (NCH2), 71.02, 71.17, 71.38 (OCH2), 73.50 (broad,
NCH), 84.28 (broad, OCH) ppm, the signals of several carbons
were not found. C16H30N2O4Ti (362.29): calcd. C 53.04, H 8.35, N
7.73; found C 52.12, H 8.11, N 7.53.

{MeN(CH2CH2O)[CH(CH2)4CHO]}2Ti (27): The procedure was
the same as that for 18 except that alkanolamine 11 (1.49 g,
8.6 mmol) was treated with Ti(OiPr)4 (1.22 g, 4.3 mmol) in toluene
(15 mL). Compound 27 was obtained as colorless microcrystals
(1.54 g, 92%), a mixture of diastereomers. NMR spectra: 1H, δ =

Table 4. Crystal data, data collection, structure solution, and refinement parameters for 16, 19, 20, 23, 24, 25, and 27.

16 19 20 23 24 25 27

Formula C26H38N2O8Ti2· C22H30N2O4Ti C22H30N2O4Ti· C34H38N2O4Ti· C34H38N2O4Ti· C34H38N2O4Ti· C18H34N2O4Ti
2CH2Cl2 C7H8 2CH2Cl2 0.5C7H8 CH2Cl2

Mr [g·mol–1] 772.24 434.38 526.51 756.42 632.63 671.49 390.37
Crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic orthorhombic monoclinic
Space group Pbcn P2/n P21/c C2/c P21/c Pbcn C2/c
a [Å] 15.9481(9) 9.443(4) 12.8626(12) 21.447(3) 13.401(1) 6.9964(4) 21.545(5)
b [Å] 9.8954(5) 12.749(3) 16.5027(16) 8.223(1) 12.780(2) 20.5113(11) 8.943(4)
c [Å] 22.2450(12) 18.207(3) 12.5842(13) 21.056(3) 19.660(3) 23.6918(14) 10.435(6)
β [º] 93.17(2) 90.558(2) 98.54(1) 91.28(1) 93.79(4)
V [Å3] 3510.5(3) 2188.6(11) 2671.1(5) 3672.2(9) 3366.2(8) 3399.9(3) 2006.2(15)
Z 4 4 4 4 4 4 4
dcalcd [g·cm–3] 1.461 1.318 1.309 1.368 1.248 1.312 1.292
Abs. coeff. [mm–1] 0.807 0.421 1.357 0.564 0.295 0.449 0.450
F(000) 1600 920 1120 1576 1340 1408 840
Diffractometer Bruker SMART Nonius CAD4 Bruker SMART Stoe IPDS II Nonius CAD4 Bruker SMART Nonius CAD4
Temperature [K] 120 293 120 173 293 120 293
θ range [º] 3.04–28.00 2.24–25.48 1.23–28.00 1.92–25.98 2.07–25.47 1.72–28.00 2.47–25.97
Index ranges –15 � h � 21 –11 � h � 11 –14 � h � 16 –26 � h � 26 –16 � h � 16 –9 � h � 9 –26 � h � 26

–13 � k � 8 –3 � k � 15 –21 � k � 21 –10 � k � 9 –2 � k � 15 –27 � k � 15 –4 � k � 11
–29 � l � 29 –4 � l � 22 –15 � l � 16 –25 � l � 25 –3 � l � 23 –31 � l � 29 –4 � l � 12

Reflections 16611 6766 17996 24987 9029 21508 4419
collected
Independent 4205 4071 6400 3570 6247 4120 1969
reflections
Rint 0.03332 0.0283 0.0401 0.0746 0.0306 0.0394 0.1158
Data/param. 4205/283 4071/281 6400/478 3570/215 6247/390 4120/281 1969/115
GOF on F2 1.051 1.008 1.027 0.787 1.007 1.090 0.991
R1 [I � 2σ(I)] 0.0399 0.0372 0.0507 0.0323 0.0446 0.0536 0.0637
wR2 (all data) 0.1088 0.1094 0.1352 0.0619 0.1498 0.1315 0.1788
Largest diff. 0.875/–0.312 0.226/–0.238 0.403/–0.476 0.265/–0.379 0.691/–0.399 1.318/–1.085 1.059/–0.589
peak/hole [e·Å–3]

Eur. J. Inorg. Chem. 2006, 1987–1999 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1997

1.07–1.15, 1.61–1.68, 1.85–1.91 (br. m, 16 H, cyclopentane 8 CH2),
2.41 (br. s, 6 H, NCH3), 2.25–2.37, 2.60–2.90, 3.10–3.14, 3.29–3.36
(br. m, 6 H, NCH, NCH2), 3.91–4.13, 4.29–4.37 (br. m, 4 H,
OCH2), 4.41–4.63 (br. m, 2 H, OCH); 13C{1H}, δ = 23.14, 24.57,
24.88, 34.95 (broad, CH2 groups of cyclohexane ring), 39.61
(NCH3), 52.38 (NCH2), 70.34, 73.00 (NCH, OCH2), 82.90 (broad,
OCH), the signals of several carbons were not found.
C18H34N2O4Ti (390.37): calcd. C 55.39, H 8.78, N 7.19; found C
55.65, H 8.76, N 7.21.

{MeN(CH2CH2O)[CH(C6H4CH2)CHO]}2Ti (28): The procedure
was the same as that for 18 except that alkanolamine 12 (1.00 g,
4.8 mmol) was treated with Ti(OiPr)4 (0.69 g, 2.4 mmol) in toluene
(15 mL). The compound 28 was recrystallized from the mixture of
toluene/heptane (2:1) and isolated as a yellow solid (0.91 g, 83%),
a mixture of diastereomers. NMR spectra: 1H (323 K), δ = 2.71
(br. s, 6 H, NCH3), 2.60–2.66, 2.92–3.04 (m, CH2), 3.15, 3.28 (br.
s, 4 H, NCH2), 4.25–4.34 (m, 4 H, OCH2), 4.64 (br. s, 2 H, NCH),
5.13 (br. s, 2 H, OCH), 7.09–7.28 (m, 8 H, C6H4); 13C{1H} (323 K),
δ = 37.85 (broad, NCH3, CH2), 57.88 (broad, NCH2), 69.09 (broad,
OCH2), 76.31 (broad, NCH), 83.62 (broad, OCH) 123.82, 125.44,
126.22, 127.20, 139.37, 140.39 (C6H4). C24H30N2O4Ti (458.37):
calcd. C 62.89, H 6.60, N 6.11; found C 62.43, H 6.32, N 5.94.

Reaction of 14 with Alkanolamine 1: Alkanolamine 1 (0.83 g,
4.6 mmol) was added to a solution of 14 (1.30 g, 4.6 mmol) in tolu-
ene (10 mL). The mixture was refluxed for 2 h, and all volatiles
were removed under reduced pressure. According to NMR spectro-
scopic data a mixture of 18 and 29[20] was formed.

Reaction of 14 with Alkanolamine 3: Alkanolamine 3 (0.90 g,
4.6 mmol) was added to a solution of 14 (1.30 g, 4.6 mmol) in tolu-
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ene (10 mL). The mixture was refluxed for 2 h, and all volatiles
were removed under reduced pressure. According to NMR spectro-
scopic data, a mixture of 19 and 29[20] was formed.

Reaction of 15 with Alkanolamine 2: Alkanolamine 2 (0.46 g,
2.5 mmol) was added to a solution of 15 (0.91 g, 2.5 mmol) in chlo-
roform (15 mL). The mixture was refluxed for 3 h, and all volatiles
were removed under reduced pressure. According to NMR spectro-
scopic data, a mixture of 19 and 29[20] was formed.

Reaction of 15 with Alkanolamine 8: Alkanolamine 8 (1.32 g,
4.9 mmol) was added to a solution of compound 15 (1.75 g,
4.9 mmol) in toluene (10 mL). The mixture was refluxed for 2 h,
and all volatiles were removed under reduced pressure. Ether
(20 mL) was added to the residue, the precipitate was filtered off
to give 19 as a white powder (1.02 g). According to NMR spectro-
scopic data, the mother liquor contained a mixture of 19 and 24.

Reaction of 18 with Ti(OiPr)4: Ti(OiPr)4 (0.52 g, 1.8 mmol) was
added dropwise to a solution of compound 18 (0.74 g, 1.8 mmol)
in chloroform (20 mL), and the reaction mixture was refluxed for
5 h. After cooling to room temperature, all volatiles were removed
under reduced pressure. Hexane (10 mL) was added to the yellow
oil. The solution was filtered, and the solvent was removed under
reduced pressure to give 13 as a yellow solid (1.22 g, 97%).

Reaction of 19 with TiCl4: TiCl4 (0.44 g, 2.3 mmol) was added at
–78 °C to a suspension of 19 (1.00 g, 2.3 mmol) in toluene (15 mL)
and the mixture was stirred for 2 h at the same temperature. A
yellow solid formed. The reaction mixture was warmed to room
temperature, and all volatiles were removed under reduced pressure.
The formed yellow solid was insoluble in the usual organic solvents.
According to NMR spectroscopic data in (CD3)2SO, a mixture of
unidentified compounds formed.

X-ray Crystallographic Study: Crystal data, data collection, struc-
ture solution, and refinement parameters for compounds 16, 19,
20, 23, 24, 25, and 27 are given in Table 4. Experimental data were
collected using Mo-Kα radiation (λ = 0.71073 Å). The structures
were solved by direct methods[57] and refined by full-matrix least-
squares based on F2 with anisotropic thermal parameters for all
non-hydrogen atoms.[58] In the structures 16, 20, and 25, all hydro-
gen atoms were found from diff. Fourier syntheses and refined iso-
tropically. As for 19, 23, 24, and 27 all hydrogen atoms were placed
in calculated positions and refined using a riding model. The struc-
ture 25 contains disordered CH2Cl2 molecules lying on a crystallo-
graphic twofold axis; 24 contains disordered toluene molecules ly-
ing on a crystallographic inversion center. In 19, one of the two
independent molecules possesses disordered -CH2CH2- skeleton
fragments with an occupancy ratio of 0.71/0.29.

CCDC-292591 to -292597 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Rare Earth Benzotriazolates: Coordination Polymers Incorporating
Decomposition Products from Ammonia to 1,2-Diaminobenzene in

�
1 [Ln(Btz)3(BtzH)] (Ln = Ce, Pr), �

1 [Ln(Btz)3{Ph(NH2)2}] (Ln = Nd, Tb, Yb),
and �

1 [Ho2(Btz)6(BtzH)(NH3)][‡]

Klaus Müller-Buschbaum,*[a] and Yassin Mokaddem[a]

Keywords: Solvent-free synthesis / Lanthanides / Benzotriazolate / Crystal structure / X-ray diffraction

The solvent-free melt reactions of benzotriazole (BtzH,
C6H4N2NH) with rare earth metals result in three different
types of benzotriazolate coordination polymers. Early 4f met-
als yield �

1[Ln(Btz)3(BtzH)] [Ln = Ce (1), Pr (2)], from neodym-
ium to ytterbium the type �

1[Ln(Btz)3{Ph(NH2)2}] is observed
[Ln = Nd (3), Tb (4), Yb (5)], whereas the late 4f metal Ho
gives �

1[Ho2(Btz)6(BtzH)(NH3)] (6). Depending on the reaction
conditions and the respective rare earth element, ligand frag-
ments originating from decomposition products are incorpo-
rated in the coordination polymers. Compounds 1–3 and 6
were obtained as single crystals and their crystal structures
determined by single-crystal X-ray analysis, whilst 4 and 5
were obtained as powders. X-ray powder diffraction shows

Introduction

Nearly all syntheses in coordination chemistry, including
rare earth chemistry, are carried out in solution, mostly in
classical solvents such as THF, toluene, DME etc.[1–7] These
syntheses are used to form a range of complexes, from the
first cyclopentadienyl complexes[8] and metallocenes[9] to
the oxo and amido complexes of today.[1–7] In contrast sol-
vent-free syntheses by high-temperature reactions have been
successfully utilized to obtain organic amides of the rare
earth elements over the past seven years.[10–20] It has been
shown that novel coordination chemistry is possible with-
out classical solvent procedures. The products obtained
from the extreme conditions of melt reactions are unique
and exhibit interesting features such as the formation of
homoleptic compounds[10–16] and coordination poly-
mers,[10,16,17,19,20] whereas for syntheses in solvents, ligand
criteria such as multi-chelating[21–27] are necessary to obtain
homoleptic complexes. The reactivity of rare earth metals
has proven to be high enough so that they can directly react
with amine melts without the need for multi-chelation or
high steric congestion. We have systematically developed

[‡] Btz–: benzotriazolate anion, C6H4N3
–; BtzH: benzotriazole,

C6H4N2NH
[a] Institut für Anorganische Chemie, Universität zu Köln,
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E-mail: Klaus.Mueller-Buschbaum@Uni-Koeln.DE

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2000–20102000

the isotypic character of polymers 3, 4, and 5. The benzotria-
zolates contain trivalent lanthanide ions with complete nitro-
gen coordination. Decomposition of the ligand accompanies
the formation of the coordination polymers. X-ray analysis
was combined with thermal analysis and mass spectrometry
to investigate the influence of reaction temperatures on li-
gand decomposition. Ln-benzotriazolates exhibit aspects of
materials science such as luminescence {5D4�7FJ, J = 4–6 for
�
1[Tb(Btz)3{Ph(NH2)2}] (4)} without quenching by concentra-
tion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

this kind of solvent-free synthesis including the crystalli-
zation of products under the reaction conditions.[9,12–17,19,20]

Independent from the synthesis, a systematic approach that
involves the amine ligand leads from ammonia to unsubsti-
tuted and substituted 1-N heterocycles such as pyrrole[28–32]

and carbazole,[16,20] to 2-N ligands such as imidazole[33] and
pyrazole,[11,12,17,19] and to ring systems that contain three
or more nitrogen atoms per ring. The tendency to release
N2 upon heating N-heterocycles increases as the number of
N atoms they contain increases. It becomes exothermic for
triazoles, whereas tetrazoles tend to become explosive.[34]

Accordingly, high-temperature chemistry with these ligands
is a synthetic challenge. 1H-Benzotriazole (BtzH) marks the
first step in our approach as it is thermally more stable than
one-ring 3-N ligands. Nonetheless, our results (1–6) already
illustrate the influence of thermal decomposition on this
chemistry. To the best of our knowledge no benzotriazolates
of the rare earth elements have been previously known.

Results and Discussion

The solvent-free ampoule reactions of cerium, praseo-
dymium, neodymium, terbium, holmium, and ytterbium
with 1H-benzotriazole were carried out in the amine melt.
The reactions with cerium and praseodymium yield single
crystals of �

1 [Ln(Btz)3(BtzH)] (1, 2) [Equation (1)], whereas
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reactions with neodymium, terbium, holmium, and ytter-
bium metal result in compounds that contain additional li-
gands, 1,2-diaminobenzene and ammonia. Two different
types are observed depending on the metal, �

1 [Ln(Btz)3-
{Ph(NH2)2}] for Ln = Nd (3), Tb (4), and Yb (5) [Equa-
tion (2)], and�

1 [Ln2(Btz)6(BtzH)(NH3)] for Ln = Ho (6)
[Equation (3)].

Ln + 4 H–Btz �
∆T

�
1 [Ln(Btz)3(BtzH)] + H2 (1)

Ln + 4 H–Btz �
∆T

�
1 [Ln(Btz)3{Ph(NH2)2}] + ½ N2 (2)

2 Ln + 8 H–Btz �
∆T

�
1 [Ln2(Btz)6(BtzH)(NH3)] + N2 + H2 + C6H6 (3)

Of the decomposition products of 1H-benzotriazole,
both 1,2-diaminobenzene and ammonia are incorporated
into the products and in the coordination spheres of the
metal atoms, whilst the neutral molecules N2, H2, and ben-
zene are not. Consequently, 6 was formed at the highest
reaction temperatures used as Ho is the metal with the
highest melting point in 1–6. In order to illuminate this de-
composition influence, we investigated the thermal behavior
of 1H-benzotriazole and of the products of the synthe-
ses.[35,36] It can be concluded that rare earth metals promote
and induce the decomposition of BtzH by a redox reaction.
With compound 5 a red phase is reproducibly formed in a
ratio of 4:1, which probably contains YbII though this has
not yet been confirmed as we have not succeeded in crys-
tallizing it. In order to crystallize the products from Equa-
tion (2), solvothermal reaction and crystallization from pyr-
role were carried out for 3, whereas the melt synthesis re-
sults in powders to microcrystalline products as for 4 and
5.

The thermal decomposition of each type of lanthanide
benzotriazolates was investigated by simultaneous DTA/
TG[37] on the bulk as well as on single crystalline materials
of 1, 3, and 6. This analysis provides additional information
with regard to the completeness of the reactions, the pos-
sible phase impurities, and the decomposition path of the
product of the melt reactions and the ligand used. We have
already shown the value of this method for the comprehen-
sion of comparable melt reactions with 2,2-(pyridyl)benz-
imidazole, 2,2�-dipyridylamine, as well as with pyr-
azole.[10,14,38,39]

The DTA/TG versus temperature diagrams of the rare
earth benzotriazolates presented here show an ensemble of
endothermic as well as exothermic signals in the heat flow
and are accompanied by several steps of mass losses, which
end in the decomposition of the coordination polymers. In-
vestigations of the bulk materials show additional signals
that can be identified with excess ligand (BtzH: m.p. 98 °C,
b.p. 204 °C, measured 95 °C, 205 °C). The diagram of the
single crystalline material is free of these signals and exhib-
its the thermal processes of the products only (see Figure 1).
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Figure 1. The thermal decompositions of �
1 [Ce(Btz)3(BtzH)] (1,

top), �
1 [Nd(Btz)3(BtzH)] (3, middle) and �

1 [Ho2(Btz)6(BtzH)(NH3)]
(6, bottom), which were purified by sublimation. The compounds
were investigated by simultaneous DTA/TG in the temperature
range 20–700 °C. The release of amine ligands is observed first and
is endothermic, whereas the decomposition of the amido backbone
of the polymers is exothermic releasing N2.

�
1 [Ce(Btz)3(BtzH)] (1) releases coordinating benzotriazole

in two endothermic steps at 250 °C and 320 °C [signals (i)
and (ii)], which adds up to the mass loss of one equivalent
of BtzH per formula (calculated 19%, observed 18%) and
thus all coordinating BtzH. A strong exothermic peak [sig-
nal (iii)] follows at 470 °C, indicating decomposition of the
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homoleptic polymer [Ce(Btz)3] with the release of N2.
Furthermore, Ph(NH2)2, its decomposition products, and
NH3 can be observed in the mass spectrum.

Because of the different chemical formulas of �
1 [Nd-

(Btz)3{Ph(NH2)2}] (3) and 1, differences in their simulta-
neous DTA/TG/MS 1 can be seen. Compound 3 shows a
multistep decomposition with endothermic and exothermic
signals but also three mass loss steps. At 270 °C [signal (i)],
the release of coordinated Ph(NH2)2 begins [Ph(NH2)2: cal-
culated 17.8%, observed 18%] before the polymer [Nd-
(Btz)3] decomposes without a stable temperature plateau
[310 °C: at least two steps, endothermic signal group (ii);
440 °C: exothermic step (iii)]. Prior to the exothermic re-
lease of N2, Ph(NH2)2 as well as NH3 are formed again
from the coordinating Btz– anions.

�
1 [Ho2(Btz)6(BtzH)(NH3)] (6) exhibits only two thermal

decomposition steps. The first step at 240 °C [signal (i)] is,
again, endothermic and can be identified with the release
of the coordinated equivalent of BtzH and NH3 (calculated
13.8%, observed 15.5%). Signal (ii) at 450 °C represents de-
composition of [Ho(Btz)3] accompanied by the release of
the same products as for 1 and 3 (observed 17%).

It can thus be deduced that none of the coordination
polymers melts congruently, that additional coordinating
amine ligands in 1–6 are released prior to amide anions,
and that the release of amide groups results in overall de-
composition of the polymers. A general formula for a
homoleptic decomposition intermediate is assumed to be
[Ln(Btz)3], though investigation of 3 shows that it is ques-
tionable to isolate these polymers for all lanthanide ions.
Thermal stabilities of these coordination polymers are high,
up to 450 °C for 5. The exothermic release of N2 is delayed
to higher temperatures for 1–6 than for the free ligand.

Each of the far-infrared as well as Raman spectra of
1–6 show bands that cannot be identified with the ligand
and thus represent the ν(Ln–N) and δ(N–Ln–N) stretching

Scheme 1. µ-η2;η1- and η2 coordination of the benzotriazolate and 1H-benzotriazole ligands in the coordination polymer �
1 [Ce(Btz)3-

(BtzH)] (1). PrIII exhibits an identical coordination in 2.
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modes {�
1 [Ce(Btz)3(BtzH)] (1) FarIR: 244, 200, 183, 169,

Raman 123 cm–1; �
1 [Pr(Btz)3(BtzH)] (2) FarIR: 250, 195,

179, 171, Raman: 120 cm–1; �
1 [Nd(Btz)3(Ph(NH2)2)] (3)

FarIR: 249, 195, 178, 147, Raman 150, 124 cm–1; �
1 [Tb-

(Btz)3(Ph(NH2)2)] (4) FarIR: 247, 193, 175, 146, Raman:
150 sh, 125 cm–1; �

1 [Yb2(Btz)6(BtzH)(NH3)] (5) FarIR: 254,
214, 173, 144 cm–1; �

1 [Ho2(Btz)6(BtzH)(NH3)] (6) FarIR:
249, 230, 210, 191, 176, 158, 146, Raman 122 cm–1}. These
bands match well with other Ln–N containing compounds
like rare earth porphyrin complexes,[40] dipyridyl
amides,[10,15,38] pyridylbenzimidazolates,[10,13,14] and carba-
zolates[10,16,20] with regard to the coordination spheres, val-
ences, and ionic radii. Ligand lattice stretching modes are
reflected by rather broad bands (FarIR: 423, 286 cm–1). The
MIR and Raman spectra additionally present vibrational
bands of the benzotriazolate, diaminobenzene, and ammo-
nia ligands, which are shifted by about ten wavenumbers
relative to those of the free ligand, or show band splitting
as a result of coordination to the metal centers and thus
weakening of the C–N and C–C bonds. The ν(N–H) vi-
brational bands[41] of the amine ligands are also observed
[1, 2: BtzH: 3430 and 3422 cm–1, respectively; 3, 4, 5:
Ph(NH2)2: 3360 and 3339, 3362 and 3333, 3363 and
3342 cm–1, respectively; 6: BtzH and NH3: 3390 and
3367 cm–1, respectively] and are confirmed by the MIR
spectrum of the free ligands.[34] Furthermore, 3 shows a
strong and broad band at 1975 cm–1 in the Raman spec-
trum according to the luminescence 4I11/2�4I9/2 for NdIII[42]

resulting from the frequency of the Nd-YAG laser of the
IR-/Raman spectrometer.

The crystal structures of 1–6 consist of structurally re-
lated one-dimensional coordination polymers. Benzotria-
zolate ligands connect the metal centers and are thus vital
for the formation of the strands. The coordination spheres
of the 4f ions contain N atoms only of both amido and
amino character. No π coordination is observed. As the
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structure analyses of 1 and 2 show, four Btz– anions link a
cerium or praseodymium center with two adjacent metal
cations in a µ-η2;η1 manner such that two nitrogen atoms
of one ligand coordinate to one metal ion and the third to
the next metal center (see Scheme 1). Another Btz– anion
and the coordinated BtzH molecule do not participate in
the polymer backbone and are coordinated to a single ce-
rium atom in an η2 fashion; a hydrogen bond between the
two noncoordinating N atoms is present. The η2 coordina-
tion shows a slight asymmetry of 5–10 pm in the corre-
sponding Ln–N distances of 1 and 2. Despite an octahedral
arrangement of ligands the C.N. is ten for each Ce/Pr. Fig-
ure 2 depicts a part of the polymeric structure of �

1 [Ln-
(Btz)3(BtzH)] [Ln = Ce (1) and Pr (2)] and Figure 3 the unit
cell of the crystal structure.

The backbone of polymer 3 is identical to that of 1, the
difference stems from coordinated 1,2-diaminobenzene li-
gands that replace the benzotriazole molecules (see
Scheme 2). The diaminobenzene ligands coordinate in a
η1;η1 manner, with no hydrogen bond to the noncoordina-
ting N atom of the third benzotriazolate equivalent. Re-
placement of the BtzH ligand in 1 and 2 with a Ph(NH2)2

ligand neither changes the C.N. nor the coordination poly-
hedron for 3–5. Figure 4 displays part of the polymeric
structure of �

1 [Nd(Btz)3{Ph(NH2)2}] (3) and Figure 5 the
unit cell of the crystal structure.

Figure 2. Section of the polymeric structure of �
1 [Ln(Btz)3(BtzH)], Ln = Ce (1, top) and Pr (2, bottom). The hydrogen bond between the

terminal Btz– and BtzH ligands is represented by a dotted line. In this, and the following Figures, the thermal ellipsoids are scaled to a
probability density level of the atoms of 50%. N–N connection lines mark only the coordination polyhedra and do not represent bonds.
Metal atoms are depicted by large mid grey balls, nitrogen atoms by dark grey balls, and carbon atoms by small light grey balls.
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Figure 3. The crystal structure of �
1 [Ce(Btz)3(BtzH)] (1) with a view

along the chain direction [001]. N–N connection lines mark only
the coordination polyhedra and not bonds.
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Scheme 2. µ-η2;η1- and η1;η1 coordination of the benzotriazolate and 1,2-diaminobenzene ligands in the coordination polymer �
1 [Nd-

(Btz)3{Ph(NH2)2}] (3). TbIII and YbIII exhibit identical polymers in 4 and 5.

Figure 4. Section of the polymeric structure of �
1 [Nd(Btz)3{Ph(NH2)2}] (3) displaying thermal ellipsoids (top) and coordination polyhedra

(bottom).

Polymer 6 differs from 1 and 3 in its backbone and ad-
ditional ligands. The holmium ions are arranged in a tri-
angular fashion that resembles a ladder-like structure (see
Figure 6). No Ho–Ho bonds are observed in the triangles
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as benzotriazolate ligands again link the metal centers to
build up a polymeric strand (see Scheme 3). Benzotriazole
and ammonia molecules complete the coordination spheres
of Ho. In contrast to 1–5, the holmium polymer 6 exhibits
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Figure 5. The crystal structure of �
1 [Nd(Btz)3{Ph(NH2)2}] (3) with

a view along the chain direction [010]. The relation between the
structures of the types �

1 [Ln(Btz)3{Ph(NH2)2}], Ln = Nd (3), Tb
(4), Yb (5), and �

1 [Ln(Btz)3(BtzH)], Ln = Ce (1), Pr (2), is evident.

Scheme 3. µ-η2;η1-, η2- and η1;η1 coordination of the benzotriazolate and 1H-benzotriazole ligands as well as the η1 coordination of
ammonia in polymeric �

1 [Ho2(Btz)6(BtzH)(NH3)] (6).
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Figure 6. The arrangement of Ho atoms in 6 (top). Triangular units
are combined to di-triangles with a common edge and form a lad-
der-like arrangement with no Ln–Ln bonds. The depiction at the
bottom displays the ligands linking the metals to form double tri-
angles. No triangular arrangement is observed for 1–5.
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a C.N. of 9 with two different holmium ions. Ho1 is sur-
rounded by four µ-η2;η1 Btz– ligands, one η1;η1 coordinated
BtzH molecule, and one µ-(η1;η1) Btz– anion that is linked
to Ho2. Ho2 is also coordinated by four µ-η2;η1 Btz– li-
gands, one µ-(η1;η1) Btz– anion that is linked to Ho1, and
one η1-coordinated NH3 molecule. Thus, one of the benzo-
triazolate ligands does not coordinate with its center nitro-
gen atom to any Ho atom. Two of the η2-coordinated Btz–

anions show a strong asymmetry of �25 pm in their Ho–N
distances, so that this coordination mode can also be re-
ferred to as µ-η1;η1;η1. Figure 7 displays part of the poly-
meric structure of �

1 [Ho2(Btz)6(BtzH)(NH3)] (6) and Fig-
ure 8 the unit cell of the crystal structure.

Figure 7. Part of the polymeric structure of �
1 [Ho2(Btz)6-

(BtzH)(NH3)] (6) displaying thermal ellipsoids (top) and coordina-
tion polyhedra (bottom).

The contraction of the radii of the lanthanide ions[43] in-
fluences both the C.N. as well as the Ln–N distances and
is observed throughout the course of the products. In gene-
ral, the C.N.s are high also for lanthanides, which mainly
derives from the η1;η1 mode of the coordinated neighboring
N atoms of the ligands. All rare earth ions are trivalent in
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Figure 8. The crystal structure of �
1 [Ho2(Btz)6(BtzH)(NH3)] (6)

with a view on the chains along [010].

1–6. The Ln–N distances range from 232.6(9)–253(1) pm
for Ho–N amide and amine distances, to 248(2)–264(2) pm
for Nd, through to 251.6(9)–265.0(9) pm for Ce. These dis-
tances match well with those of other trivalent lanthanide
amido and amino complexes in which the metal ions are
linked such as dipyridylamides [Ln2(Dpa)6], Dpa– =
(C5H4N)2N–, with 236–255 pm for HoIII, 244–268 pm for
NdIII, and 247–273 pm for CeIII.[38] For a detailed selection
of interatomic distances and angles see Table 1. Deviations
of the coordination polyhedron from a regular octahedron
are less than five degrees for all metal ions.

Powder diffraction of �
1 [Tb(Btz)3{Ph(NH2)2}] (4) and

�
1 [Yb(Btz)3{Ph(NH2)2}] (5) shows that the compounds crys-
tallize in a manner isotypic to that of �

1 [Nd(Btz)3-
{Ph(NH2)2}] (3). Thus, the description of the crystal
structure in the space group P1̄ is analogous to that of 3.
According to the larger ionic radius of NdIII than those of
TbIII and YbIII,[43] the unit cells of 4 and 5 are smaller than
that of 3 {3: 1314.2(2), 4: 1258.2(3), 5: 1232(1) [×106 pm3]}.

�
1 [Tb(Btz)3{Ph(NH2)2}] (4) exhibits a strong green emis-

sion when exposed to UV light. The luminescence can be
identified with the emission processes of the Tb3+ ions
5D4�7F4 at 590 nm, 5D4�7F5 at 545 nm, and 5D4�7F6 at
490 nm.[44,45] Though 4 contains 100% Tb and is not a
doped compound, no quenching of the luminescence by
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Table 1. Selected distances and angles for �

1 [Ce(Btz)3(BtzH)] (1),
�
1 [Pr(Btz)3(BtzH)] (2), �

1 [Nd(Btz)3{Ph(NH2)2}] (3), and �
1 [Ho2-

(Btz)6(BtzH)(NH3)] (6). Deviations are given in brackets.

�
1 [Ce(Btz)3(BtzH)] �

1 [Pr(Btz)3(BtzH)]
(1) (2)

Atoms Distance [pm] Atoms Distance [pm]
Ce–N1 259(1) Pr–N1 256.2(6)
Ce–N2 252.1(9) Pr–N2 251.7(5)
Ce–N3[a] 265.3(9) Pr–N3[a] 265.6(5)
Ce–N4 259.1(8) Pr–N4 258.1(8)
Ce–N5 264.1(7) Pr–N5 262.5(7)
Ce–Ce[a] 535.8(1) Pr–Pr[a] 534.9(1)
N–C(range) 136(2)–138(2) N–C(range) 135.3(9)–137.1(9)
N–N(range) 132(1)–135(1) N–N(range) 132.8(8)–133.6(8)

Atoms Angles [°] Atoms Angles [°]
N1–Ce–N2 30.2(3) N1–Pr–N2 30.5(2)
N1–Ce–N3 102.1(3) N1–Pr–N3 102.0(2)
N2–Ce–N4 86.5(4) N2–Pr–N4 86.6(3)
N2–Ce–N5 102.4(3) N2–Pr–N5 103.6(3)
N3–Ce–N2 74.0(3) N3–Pr–N2 73.7(2)
N3–Ce–N5 97.4(3) N3–Pr–N5 98.0(3)
N4–Ce–N5 29.1(3) N4–Pr–N5 29.5(2)

�
1 [Nd(Btz)3{Ph(NH2)2}] �

1 [Ho2(Btz)6(BtzH)(NH3)]
(3) (6)

Atoms Distance [pm] Atoms Distance [pm]
Nd–N1 262(2) Ho1–N1 244(1)
Nd–N2 250(2) Ho1–N2 279.5(8)
Nd–N3[b] 259(2) Ho1–N4 245(1)
Nd–N4 258(2) Ho1–N5 236.5(9)
Nd–N5[c] 250(2) Ho1–N7 244.5(9)
Nd–N6[c] 257(2) Ho1–N13 244.3(9)
Nd–N8 248(2) Ho1–N14[d] 236.5(9)
Nd–N9 255(2) Ho1–N15[d] 253(1)
Nd–N10 261(2) Ho1–N18[d] 244.8(9)
Nd–N11 264(2) Ho2–N8 283(1)
N–C(range) 136(2)–145(3) Ho2–N9 234.4(9)
N–N(range) 132(2)–136(2) Ho2–N10 232.6(9)
Nd–Nd[b] 521.6(1) Ho2–N11 242.4(9)
Nd–Nd[c] 514.8(1) Ho2–N16 241(1)

Ho2–N19 249(1)
Ho2–N20 241.2(9)

Ho2–N21[e] 247.4(9)
Ho2–N22 245.6(9)
Ho1–Ho2 591.5(1)

Ho1–Ho1[d] 493.6(1)
Ho2–Ho2[e] 478.5(1)
N–C(range) 134(2)–138(2)
N–N(range) 132(1)–136(2)

Atoms Angles [°] Atoms Angles [°]
N1–Nd–N2 30.1(4) N1–Ho1–N4 86.7(4)
N1–Nd–N3 107.2(5) N2–Ho1–N7 88.2(3)
N2–Nd–N4 101.6(5) N5–Ho1–N13 99.8(3)
N5–Nd–N6 30.1(5) N9–Ho2–N10 88.0(4)
N4–Nd–N5 78.5(6) N11–Ho2–N16 89.6(3)
N8–Nd–N9 30.2(4) N8–Ho2–N9 27.7(3)
N10–Nd–N11 63.3(5) N19–Ho2–N22 78.8(4)

[a] –x, y, –z + 1/2. [b] –x + 1, –y, –z + 1. [c] –x + 2, –y, –z + 1.
[d] –x + 2, –y + 1, –z + 1. [e] –x + 2, –y + 1, –z.
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concentration is observed. The emission spectrum of 4, and
the absorption spectra of 4 (room temperature and 120 K)
and 1H-benzotriazole (room temperature) can be seen in
Figure 9. A comparison of the absorption spectra of the
free ligand with that of polymer 4 shows excitation of the
ligand into the Soret band in the UV region. Benzotriazole
and its derivatives are commercially used as UV absor-
bers.[46,47] We assume an energy transfer from the ligand to
the metal ions as the luminescence is present independent of
whether the excited states of Tb or the ligand are populated;
additionally both absorption maxima of �

1 [Tb(Btz)3-
{Ph(NH2)2}] (4) at 310 and 205 nm cannot be identified
with TbIII absorptions. We chose 310 nm as the excitation
wavelength for the emission spectrum of 4. Furthermore,
an energy back-transfer from the metal centers to the ligand
is possible, which would lead to quenching. Presently, we
cannot explain why no quenching by concentration is ob-
served. High resolution excitation spectra of 4 as well as of
BtzH, emission efficiency, and decay time measurements are
planned to further investigate the luminescence properties
of �

1 [Tb(Btz)3{Ph(NH2)2}].

Conclusions

The formation of 1–6 shows that triazolates can also be
utilized for high-temperature oxidations of rare earth met-
als with amines. Though the release of N2 from BtzH is
exothermic, coordination polymers of the 4f elements can
be obtained below the decomposition temperature. De-
pending on the temperature and lanthanide, three chemi-
cally different polymers can be obtained. With the largest
lanthanide ions and the lowest melt temperatures,
�
1 [Ln(Btz)3(BtzH)] is formed up to praseodymium.
�
1 [Ln(Btz)3{Ph(NH2)2}] is formed from neodymium to
ytterbium. �

1 [Ln2(Btz)6(BtzH)(NH3)] has so far been iso-
lated for holmium only, and at the highest reaction tem-
peratures investigated. Compounds 1–6 are the first triazol-
ates of the lanthanides. Partial decomposition of the benzo-
triazole ligands accompanies the syntheses and yields 1,2-
diaminobenzene as well as ammonia, which are both incor-
porated in the coordination polymers of the heavier 4f ele-
ments. Thermal analyses of 1, 3, and 6 lead to the assump-
tion that homoleptic polymers [Ln(Btz)3] are formed upon
release of the coordinated amine ligands, though these poly-
mers could not be isolated as single crystalline material so
far. The coordination polymers also exhibit aspects of mate-
rials science such as a green luminescence {5D4�7FJ,
J = 4–6 for �

1 [Tb(Btz)3{Ph(NH2)2}] (4)} without quenching
by concentration, and an energy transfer from the ligand to
the Tb3+ ions.

Experimental Section
All reactions were carried out under argon using a dry box and
standard Schlenk and ampoule techniques because of the air- and
moisture-sensitivity of 1–6. The lanthanide metals (ChemPur,
STREM, 99.9%) and 1H-benzotriazole (ACROS, 99%) were used
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Figure 9. The absorption spectra of �
1 [Tb(Btz)3{Ph(NH2)2}] (4) at 293 and 120 K and that of 1H-benzotriazole at 293 K (top), and the

emission spectrum of 4 with an excitation wavelength of λ = 310 nm (bottom).

as purchased. Mercury (Fluka, 99.9%) was used for activation of
the metals. The IR spectra were recorded with a BRUKER FTIR-
IS66V-S spectrometer, the Raman spectra with a BRUKER FRA
106-S spectrometer. For MIR investigations KBr pellets and for
FIR measurements PE pellets were used under vacuum. The ab-
sorption spectroscopy was carried out at 293 and 120 K with a
VARIAN Carey 05E (BRUKER) spectrometer on samples sealed
under argon between CaF2 windows. Emission spectroscopy was
carried out with a SPEX-Flurolog DM3000F fluorescence spec-
trometer (JOBIN YVON GmbH) on samples sealed under vacuum
in quartz tubes. The thermal decompositions of 1, 3, and 6 were
studied using simultaneous DTA/TG (NETZSCH STA-409) on
samples that were previously purified of excess BtzH and pyrrole
by evaporation (16.1 mg of the Ce product 1, 18.5 mg of the Nd
product 3, and 12.0 mg of the Ho product 6). The samples were
heated from 20–700 °C at a heating rate of 10 °C/min in a constant
Ar flow of 60 mL/ min.
1
�[Ce(Btz)3(BtzH)] (1): Cerium metal (70 mg, 0.5×10–3 mol), the
amine 1H-benzotriazole (BtzH, C6H4N2NH; 179 mg,
1.5×10–3 mol), and Hg (20 mg) were sealed in an evacuated
DURAN glass ampoule. The reaction mixture was heated over 5 h
to 100 °C and over another 80 h to 140 °C. The temperature was
held constant for 48 h. The melt was cooled down to 90 °C over
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150 h and then to room temperature over 14 h. Except for a slight
excess of Ce metal and BtzH, the reaction reached completion to
give highly reflective colorless crystals of 1 (0.2–0.3 mm in size).
Yield: 275 mg (91%). MIR: 3430 (m), 3343 (m), 3260 (m), 3076
(m), 1577 (m), 1502 (m), 1483 (m), 1444 (m), 1388 (w), 1280 (s),
1259 (m), 1208 (m), 1188 (s), 1143 (s), 1084 (m), 991 (m), 937 (m),
914 (s), 781 (vs), 753 (vssh), 744 (vs), 694 (m), 633 (s) cm–1. FarIR:
551 (s), 438 (m), 420 (w), 286 (w), 244 (m), 200 (s), 183 (m), 169
(s), 101 (w) cm–1. Raman: 3307 (w), 3247 (s), 3078 (w), 1575 (w),
1387 (m), 1283 (w), 1128 (w), 1020 (m), 782 (m), 631 (s), 123 (s),
100 (msh) cm–1. CeC24H17N12 (613.36): calcd. C 47.28, H 2.79, N
27.55; found C 47.8, H 3.0, N 27.6.
1
�[Pr(Btz)3(BtzH)] (2): Praseodymium metal (71 mg, 0.5×10–3 mol),
the amine 1H-benzotriazole (BtzH, C6H4N2NH; 179 mg,
1.5×10–3 mol), and Hg (20 mg) were sealed in an evacuated DU-
RAN glass ampoule. The reaction mixture was heated over 18 h to
135 °C. The temperature was held constant for 672 h. The melt was
cooled down to room temperature over 18 h. Except for a slight
excess of Pr metal and BtzH, the reaction reached completion to
give highly reflective greenish yellow crystals of 2 (0.05–0.15 mm in
size). Yield: 260 mg (84%). MIR: 3422 (m), 3341 (m), 3135 (s),
1577 (w), 1502 (w), 1484 (w), 1442 (m), 1401 (vs), 1281 (m), 1259
(w), 1208 (w), 1175 (s), 1151 (m), 1085 (w), 1008 (w), 988 (w), 962
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(w), 914 (m), 781 (s), 744 (vs), 694 (w), 633 (m) cm–1. FarIR: 550
(m), 433 (w), 422 (w), 290 (w), 242 (w), 195 (m), 179 (m), 171 (m),
101 (w) cm–1. Raman: 3216 (w), 3066 (m), 1574 (m), 1485 (w), 1442
(w), 1386 (s), 1283 (m), 1127 (m), 1020 (s), 783 (s), 633 (m), 551 (w),
120 (vssh), 110 (vs) cm–1. C24H17N12Pr (614.24): calcd. C 46.91, H
2.77, N 27.34; found C 47.0, H 2.9, N 27.3.

1
�[Nd(Btz)3{Ph(NH2)2}] (3): Neodymium metal (72 mg, 5×10–4 mol),
pyrrole (503 mg, 7.5×10–3 mol), the amine 1H-benzotriazole (BtzH,
C6H4N2NH; 179 mg, 1.5×10–3 mol) together with Hg (20 mg) were
frozen with liquid nitrogen, degassed, and sealed in an evacuated
DURAN glass ampoule. The reaction mixture was heated over 4 h
to 100 °C and over another 100 h to 150 °C. The temperature was
held constant for 48 h. The reaction was cooled to 90 °C over 200 h
and down to room temperature over 13 h. Except for the liquid pyr-
role, the reaction reached completion to give reflective violet crystals
of 3 (0.15–0.2 mm in size). Yield: 285 mg (94%). MIR: 3360 (m),
3338 (m), 3138 (s), 1593 (w), 1576 (m), 1484 (m), 1443 (m), 1400 (s),
1283 (m), 1259 (m), 1181 (s), 1150 (s), 1082 (m), 1010 (w), 989 (w),
942 (w), 914 (m), 848 (w), 781 (vs), 747 (vs), 696 (m), 633 (m) cm–1.
FarIR: 550 (m), 433 (w), 277 (w), 249 (w), 195 (m), 178 (m), 147
(w) cm–1. Raman: 3067 (m), 1975 (vs), 1568 (w), 1386 (m), 1282 (w),
1127 (m), 1020 (m), 782 (m), 631 (w), 551 (w), 150 (vssh), 124
(vs) cm–1. C24H20N11Nd (606.48): calcd. C 47.47, H 3.30, N 25.38;
found C 48.0, H 3.3, N 25.5.

1
�[Tb(Btz)3{Ph(NH2)2}] (4): Terbium metal (80 mg, 5×10–4 mol),
the amine 1H-benzotriazole (BtzH, C6H4N2NH; 179 mg,
1.5×10–3 mol) together with Hg (20 mg) were sealed in an evacu-
ated DURAN glass ampoule. The reaction mixture was heated over
4 h to 100 °C and over another 120 h to 160 °C. The temperature
was held constant for 240 h. The melt was cooled to 90 °C over
140 h and down to room temperature over 13 h. Except for a slight
excess of the reactants, the reaction reached completion to give a
reflective colorless microcrystalline material of 4. Yield: 265 mg
(85%). MIR: 3333 (w), 3146 (m), 3069 (m), 1593 (w), 1577 (m),
1487 (m), 1443 (m), 1400 (m), 1284 (m), 1259 (m), 1183 (s), 1167
(s), 1141 (m), 1008 (w), 990 (m), 942 (w), 915 (m), 781 (vs), 742
(vs), 694 (m), 634 (m) cm–1. FarIR: 550 (s), 432 (m), 279 (w), 247
(w), 193 (m), 175 (m), 146 (w) cm–1. Raman: 3066 (s), 1567 (m),
1442 (m), 1387 (s), 1285 (m), 1172 (w), 1127 (m), 1022 (s), 784 (s),
631 (m), 432 (w), 150 (mssh), 125 (vssh), 110 (vs) cm–1.
C24H20N11Tb (621.16): calcd. C 46.38, H 3.22, N 24.78; found C
46.0, H 2.8, N 25.1.

1
�[Yb(Btz)3{Ph(NH2)2}] (5): Ytterbium metal (87 mg, 5×10–4 mol),
the amine 1H-benzotriazole (BtzH, C6H4N2NH; 179 mg,
1.5×10–3 mol), and Hg (20 mg) were sealed in an evacuated DU-
RAN glass ampoule. The reaction mixture was heated over 4 h to
100 °C and over another 168 h to 150 °C. The temperature was held
constant for 48 h. The melt was cooled to 90 °C over 200 h and
down to room temperature over 13 h. Except for a slight excess of
the reactants, the reaction gave reflective colorless microcrystalline
material of 5 as well as an unknown, poorly crystalline, red material
in a ratio of 4:1. Yield: 178 mg (60%). MIR: 3393 (w), 3342 (w),
3141 (m), 3065 (m), 1613 (w), 1570 (m), 1501 (w), 1487 (m), 1443
(m), 1390 (m), 1285 (s), 1258 (m), 1205 (s), 1175 (s), 1140 (m), 1129
(w), 1076 (w), 990 (m), 914 (m), 782 (vs), 742 (vs), 694 (m), 633
(s) cm–1. FarIR: 552 (m), 431 (m), 279 (w), 254 (m), 214 (msh), 173
(msh), 148 (m) cm–1. C24H20N11Yb (635.28): calcd. C 45.35, H
3.15, N 24.23; found C 44.9, H 3.1, N 24.1.

1
�[Ho2(Btz)6(BtzH)(NH3)] (6): Holmium metal (83 mg,
5×10–4 mol), the amine 1H-benzotriazole (BtzH, C6H4N2NH;
179 mg, 1.5×10–3 mol), and Hg (20 mg) were sealed in an evacu-
ated DURAN glass ampoule. The reaction mixture was heated over
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8 h to 100 °C and over another 200 h to 180 °C. The melt was co-
oled without a temperature plateau to 90 °C over 100 h and down
to room temperature over 24 h. Except for a slight excess of the
reactants, the reaction reached completion to give pink crystals of
6 (0.15–0.2 mm in size). Yield: 280 mg (95%). MIR: 3367 (w), 3150
(m), 3073 (m), 1593 (w), 1502 (w), 1485 (m), 1444 (m), 1387 (w),
1285 (m), 1261 (m), 1207 (s), 1184 (s), 1149 (m), 1129 (w), 1009
(w), 989 (m), 915 (m), 782 (vs), 744 (vs), 695 (m), 634 (m) cm–1.
FarIR: 551 (m), 430 (m), 422 (m), 409 (w), 286 (w), 249 (w), 230
(w), 210 (ssh), 191 (s), 176 (s), 158 (m), 146 (w) cm–1. Raman: 3071
(s), 1570 (m), 1443 (w), 1386 (s), 1284 (m), 1172 (w), 1127 (m), 1040
(w), 1022 (s), 1000 (w), 784 (s), 633 (m), 123 (vs), 107 (vs) cm–1.
C42H32Ho2N22 (1174.58): calcd. C 42.94, H 2.75, N 26.23; found
C 43.1, H 2.9, N 26.1.

X-ray Crystal Structure Determination: The data collections for sin-
gle-crystal X-ray determinations of 1, 2, 3, and 6 were carried out
with an IPDS-II diffractometer (STOE). Structure solutions:
SHELXS-86;[48] structure refinements: SHELXL-97.[49] Integrity of
symmetry and geometry: PLATON.[50] All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in
calculated positions and assigned to an isotropic displacement pa-
rameter of 1.2× the size of the isotropic displacement parameter of
the referring carbon atom. The crystal of 3 used for data collection
shows another small crystalline individual that grows on the sur-
face (RECIPE).[51] The two individuals were separated (TWIN)[52]

and refined individually.

The powder samples of compounds 4 and 5 were investigated in
sealed capillaries with a Huber Image Foil Guniner Camera 670
diffractometer with a focused single crystal germanium monochro-
mator (Mo-Kα1 radiation, λ = 0.709300 Å for 4 and Cu-Kα1 radia-
tion, λ = 1.540598 Å for 5). Because 4 and 5 decline in their grade
of crystallinity upon grinding, samples of both compounds could
be made only roughly homogeneous and were investigated in
0.3 mm capillaries, though this led to a higher background due to
absorption phenomena of the rare earth atoms. The diffraction pat-
terns of the terbium (4) and the ytterbium (5) compounds were
compared with simulated diffractograms of 1, 2, 3, and 6 and reveal
that 3, 4, and 5 crystallize isotypically, whereas the powder patterns
of 1, 2, and 6 are completely different. The cell constants of 4 were
refined on 23 reflections, and the best possible resolution leads to
a triclinic unit cell without unindexed lines and an average δ(2θ)
of 0.020° [T = 293(2) K, a = 1019.0(14) pm, b = 1061.3(21), c =
1248.1(21) pm, α = 72.27(13), β = 84.12(14), γ = 78.43(13)°, V =
1258.3(24)×106 pm3]. The cell constants of 5 were refined on 20
reflections with the best possible resolution without unindexed lines
and an average δ(2θ) of 0.044° [T = 293(2) K, a = 1008.7(9) pm, b
= 1068.7(10), c = 1214.6(11) pm, V = 1232.2(12) 106 pm3].[53]

Crystallographic Data for CeC24H17N12 (1): monoclinic, C2/c, Z =
4, T = 170(1) K, a = 1385.2(3), b = 1789.7(4), c = 1071.5(3) pm, β
= 115.90(3)°, V = 2389.7(5)·106 pm3, µ = 19.5 cm–1, Mo-Kα, 4.56
� 2 θ � 59.30°, –6 � h � 18, –24 � k � 24, –12 � l � 13, F(000)
= 1212, R1 = 0.0827 for 1523 reflections [I � 2σ (I)], R1 = 0.1313
and wR2 = 0.1670 for all 2333 unique reflections, GOOF on F2 =
1.008.

Crystallographic Data for C24H17N12Pr (2): monoclinic, C2/c, Z = 4,
T = 170(1) K, a = 1382.1(3), b = 1792.8(4), c = 1069.8(3) pm, β =
115.85(3)°, V = 2385.5(5)·106 pm3, µ = 20.1 cm–1, Mo-Kα, 3.98 � 2
θ � 59.26°, –19 � h � 19, –24 � k � 24, –14 � l � 14, F(000) =
1216, R1 = 0.0526 for 1781 reflections [I � 2σ (I)], R1 = 0.1295 and
wR2 = 0.1121 for all 3309 unique reflections, GOOF on F2 = 0.994.

Crystallographic Data for C24H20N11Nd (3): triclinic, P1̄, Z = 2, T
= 170(1) K, a = 1034.0(2), b = 1075.0(2), c = 1270.2(2) pm, α =
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72.51(3), β = 84.96(3), γ = 78.93(3)°, V = 1320.9(4)·106 pm3, µ =
20.4 cm–1, Mo-Kα, 3.76 � 2 θ � 50.0°, –12 � h � 12, –12 � k �

12, –15 � l � 15, F(000) = 864, R1 = 0.0779 for 1718 reflections [I
� 2σ (I)], R1 = 0.2006 and wR2 = 0.1839 for all 4631 unique reflec-
tions, GOOF on F2 = 0.956.

Crystallographic Data for C42H32Ho2N22 (6): triclinic, P1̄, Z = 2,
T = 170(1) K, a = 1239.1(3), b = 1294.4(4), c = 1443.0(3) pm, α =
85.43(2), β = 87.81(2), γ = 68.99(2)°, V = 2153.5(4)·106 pm3, µ =
37.1 cm–1, Mo-Kα, 2.82 � 2 θ � 54.60°, –15 � h � 15, –16 � k �

16, –18 � l � 18, F(000) = 1144, R1 = 0.0593 for 5192 reflections
[I � 2σ (I)], R1 = 0.1262 and wR2 = 0.1305 for all 9449 unique
reflections, GOOF on F2 = 0.896.

CCDC-294357 (1), -294360 (2), -294359 (3) and -294358 (6) con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Hydrothermal reactions of different lanthanide(III) salts with
(H2O3PCH2)2NCH2COOH (H5L1) led to two new layered
lanthanide(III) carboxylate-diphosphonates, namely La-
(H2L1)(H2O)2·H2O (1) and La(H2L1)(H2O) (2). The structure of
compound 1 features a layered architecture in which the
nine-coordinate La3+ ions are bridged by phosphonate
groups of the ligands. The carboxylate group of the phos-
phonate ligand remains protonated and is involved in the
interlayer hydrogen bonding. Compound 2 features a double
layer structure in which the La3+ ion is eight-coordinated and
the carboxylate group of the ligand is chelated to a La3+ ion
in a bidentate fashion. Hydrothermal reactions of lantha-
nide(III) salts with 4-HOOC–C6H4–CH2N(CH2PO3H2)2 (H5L2)
afforded three new compounds, namely, La(H4L2)(H3L2)-
(H2O)·2H2O (3), Er(H3L2)(H4L2) (4), and Er(HL3)(H2L3)(H2O)
(5) [H2L3 = H2O3PCH2N(CHO)(CH2–C6H4–COOH)]. H2L3

was formed by the in situ oxidation of one P–C bond of the
H5L2 ligand. Compound 3 features a (002) lanthanum(III)

Introduction

During the past two decades, a lot of research attention
has been devoted to the chemistry of metal phosphonates
for their potential applications in the areas of catalysis, ion
exchange, proton conductivity, intercalation chemistry, pho-
tochemistry, and materials chemistry.[1] Most metal phos-
phonates exhibit a variety of open framework architectures
such as layered and microporous structures. The use of bi-
functional or multifunctional anionic units, such as diphos-
phonates, aminophosphonates, or phosphonocarboxylates,
has been found to be an effective method to prepare new
materials with microporous or open framework struc-
tures.[2–5] Results from ours and other groups indicate that
amino-carboxylic-phosphonic acids are good ligands for
building inorganic–organic hybrid open frameworks.[6] Re-
ports on lanthanide phosphonates are rather limited and a
number of them are based on X-ray powder diffrac-
tion.[7–11,13–16] Low solubility and poor crystallinity are two
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phosphonate layer in which the seven-coordinate La3+ ions
are bridged by diphosphonate moieties of the ligands. The
carboxylate group remains protonated and is involved in the
interlayer hydrogen bonding. The structure of compound 4
contains a 1D chain along the a axis in which each pair of
ErO6 octahedra is bridged by a pair of phosphonate groups.
These 1D chains are further interconnected by hydrogen
bonds between noncoordinated phosphonate oxygen atoms
into a (002) layer with the phenyl carboxylate groups hang-
ing on the interlayer space. The structure of compound 5 is
also layered. The interconnection of Er3+ ions by bidentate
and tetradentate bridging phosphonate groups resulted in a
(002) inorganic layer with the organic groups orientated to
the interlayer space. Luminescence properties of compounds
4 and 5 have also been studied.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

big obstacles for the structural studies for these lantha-
nide() compounds. The elucidation of the structures of
lanthanide phosphonates is very important, as these com-
pounds may exhibit useful luminescent properties in both
visible and near IR regions.[12] A series of lanthanide di-
phosphonates with a 3D pillared-layer structure were iso-
lated by the Ferey group.[13] Several lanthanide phosphon-
ates with a crown ether or calixarene moiety have been re-
ported by Clearfield, Bligh, Lukes, and Lin et al.[8a,14] Their
structures normally feature a chelating mononuclear unit or
a layer architecture. A series of one-dimensional lanthanide
diphosphonates containing a hydroxy group were also re-
ported.[15] Results from our group indicate that introducing
a second ligand such as 5-sulfoisophthalic acid (H3BTS) or
oxalate acid, whose lanthanide compounds have good solu-
bility and very good crystallinity, into the lanthanide–phos-
phonate system can lead to novel luminescent lanthanide
phosphonate hybrids.[16] Another useful alternative method
is the use of a phosphonic acid to which the carboxylate
group or amino acid moiety is directly attached. So far, re-
search on this aspect is scarce. Only a few 2D or 3D lantha-
nide phosphonates with additional carboxylate group or
amino acid moiety have been prepared.[17] We have initiated
a research project to systematically study the influence of
counteranion, pH value, the ionic size of the lanthanide()
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ion and the substituent on the structures, and luminescence
properties of lanthanide amino-carboxylate-phosphonates
formed. Two carboxylate-phosphonic acids, H5L1 [H5L1 =
(H2O3PCH2)2NCH2COOH] and H5L2 [H5L2 = 4-HOOC–
C6H4–CH2N(CH2PO3H2)2], in which the carboxylate group
is well separated from the diphosphonate moiety were se-
lected. Hydrothermal reactions of the lanthanide() salts
with the above two phosphonic acids afforded five
new compounds, namely, La(H2L1)(H2O)2·H2O (1),
La(H2L1)(H2O) (2), La(H4L2)(H3L2)(H2O)·2H2O (3),
Er(H3L2)(H4L2) (4), and Er(HL3)(H2L3)(H2O) (5) [H3L3 =
H2O3PCH2N(CHO)(CH2–C6H4–COOH)]. H3L3 resulted
from the in situ oxidation of one P–C bond of the H5L2

ligand during the reaction (Scheme 1). Herein we report
their syntheses, crystal structures, and luminescent proper-
ties.

Scheme 1. The formation of H3L3 by the in situ oxidation of H5L2.

Results and Discussion

Hydrothermal reactions of different lanthanide() salts
with (H2O3PCH2)2NCH2COOH (H5L1) at two different
temperatures lead to two new layered lanthanide() car-
boxylate-diphosphonates, namely La(H2L1)(H2O)2·H2O (1)
and La(H2L1)(H2O) (2). The higher temperature used for
the synthesis resulted in compound 2 with fewer water
molecules. Hydrothermal reactions of lanthanide() salts
with 4-HOOC–C6H4–CH2N(CH2PO3H2)2 (H5L2) afforded
three new compounds, namely, La(H4L2)(H3L2)(H2O)·
2H2O (3), Er(H3L2)(H4L2) (4), and Er(HL3)(H2L3)(H2O)
(5) [H2L3 = H2O3PCH2N(CHO)(CH2–C6H4–COOH)]. The
higher number of water molecules present in the lantha-
num() compound are probably due to the higher coordi-
nation number for the La3+ ion than that for the Er3+ ion.
H2L3 was formed by the in situ oxidation of one P–C bond
of the H5L2 ligand by oxidizing nitrate anion. Hence the
counteranion, the temperature, and the ionic size of the lan-
thanide() ion have a strong effect on lanthanide phos-
phonates formed.

Compound 1 features a layered structure. The LaIII ion
is nine-coordinate by seven phosphonate oxygen atoms
from five {H2L1}3– anions and two aqua ligands (Figure 1).
The La–O distances are in the range 2.4453(19)–2.888(2) Å,
which is comparable to those reported for other LaIII phos-
phonates.[16] The H2L1 anion is septadentate; it chelates bi-
dentately with one La3+ ion by using a phosphonate group
and another LaIII ion by using two oxygen atoms from two
phosphonate groups, and also bridges with three other LaIII
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ions. Two phosphonate oxygen atoms [O(11) and O(12)] are
bidentate metal linkers. The carboxylate group of the ligand
remains protonated and noncoordinated; so does its amine
group. The protonation of the amine group in a phos-
phonate ligand is well known, as amino-phosphonic acid
usually exists as a zwitterion in which a proton of the phos-
phonate group is transferred to the basic amine group.[1,5]

Figure 1. ORTEP representation of the selected unit of compound
1. The thermal ellipsoids are drawn at 50% probability. The lattice
water molecules have been omitted for clarity. Symmetry codes for
generated atoms: A) x, –y + 1/2, –z – 1/2; B) –x + 2, –y + 1,
–z + 1; C) x, –y + 3/2, –z – 1/2; D) –x + 2, –y – 1/2, –z + 3/2;
E) –x + 2, y + 1/2, –z + 3/2; F) x, –y + 1/2, z + 1/2; G) x, –y +
3/2, z + 1/2.

The interconnection of the La3+ ions by bridging phos-
phonate ligands resulted in (100) inorganic layers with the
carboxylate moieties orientating toward the interlayer space
(Figure 2). The interlayer distance is about 12.0 Å. Neighb-
oring layers are held together by hydrogen bonds among
carboxylate oxygens, noncoordinated phosphonate oxygen
[O(10)], aqua ligand O(2w), and lattice water [O(3w)]
(Table 1).

Figure 2. View of the structure of compound 1 down the b axis.
The phosphonate tetrahedra are shaded in medium gray. La, C, N,
and O atoms are drawn as open, black, octand, and crossed circles,
respectively.
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Compound 2 has a different layered structure. The asym-

metric unit of 2 consists of one unique La3+ ion, one
{H2L1}3– anion, and an aqua ligand (Figure 3). The La3+

ion is eight-coordinate by five phosphonate oxygen atoms
from five phosphonate groups of four {H2L1}3– anions, two
carboxylate oxygens of another phosphonate ligand, and an
aqua ligand. The La–O distances are in the range 2.360(9)–
2.728(8) Å, which is comparable to those in compound 1
and other lanthanum() phosphonates.[16] The coordinat-
ing mode of the phosphonate anion is different from that

Table 1. Selected bond lengths [Å] for compounds 1–5.[a]

Compound 1

La(1)–O(21)#1 2.445(2) P(1)–O(12) 1.524(2)
La(1)–O(20)#2 2.485(2) P(1)–O(10) 1.534(2)
La(1)–O(11)#1 2.509(2) P(2)–O(22) 1.520(2)
La(1)–O(22) 2.517(2) P(2)–O(20) 1.523(2)
La(1)–O(1w) 2.564(2) P(2)–O(21) 1.524(2)
La(1)–O(12)#3 2.587(2) C(4)–O(1) 1.225(4)
La(1)–O(2w) 2.589(3) C(4)–O(2) 1.276(4)
La(1)–O(12)#4 2.694(2) O(2)···O(10)#5 2.478(3)
La(1)–O(11)#4 2.888(2) O(2)···O(2w)#6 2.835(4)
O(1)···O(2 W)#7 2.800(4) O(10)···O(3 W) 2.822(4)

Compound 2

La(1)–O(11)#1 2.360(9) La(1)–O(2) 2.728(8)
La(1)–O(22)#2 2.407(9) P(1)–O(11) 1.499(9)
La(1)–O(21)#3 2.456(8) P(1)–O(12) 1.504(8)
La(1)–O(12)#3 2.469(9) P(1)–O(13) 1.562(8)
La(1)–O(23)#4 2.509(9) P(2)–O(21) 1.489(9)
La(1)–O(1w) 2.630(9) P(2)–O(22) 1.508(9)
La(1)–O(1) 2.693(8) P(2)–O(23) 1.515(9)
N(1)···O(13) 3.24(1) N(1)···O(1w)#5 3.32(1)

Compound 3

La(1)–O(43)#1 2.409(5) P(3)–O(32) 1.574(4)
La(1)–O(13)#2 2.430(5) P(4)–O(43) 1.511(4)
La(1)–O(42) 2.441(5) P(4)–O(42) 1.515(4)
La(1)–O(33)#1 2.466(5) P(4)–O(41) 1.520(4)
La(1)–O(22) 2.495(5) C(10)–O(1) 1.196(8)
La(1)–O(31)#3 2.575(6) C(10)–O(2) 1.302(8)
La(1)–O(1w) 2.632(7) O(1)···O(2w)#4 2.732(7)
P(1)–O(13) 1.490(4) O(2)···O(23)#5 2.700(8)
P(1)–O(11) 1.528(4) O(4)···O(41)#6 2.505(7)
P(1)–O(12) 1.533(5) O(11)···O(11)#7 2.474(8)
P(2)–O(22) 1.504(4) O(12)···O(23)#8 2.493(7)
P(2)–O(23) 1.517(4) O(21)···O(21)#2 2.606(8)
P(2)–O(21) 1.542(4) O(32)···O(41)#8 2.539(7)
P(3)–O(33) 1.496(5) N(2)···O(2w) 2.782(8)
P(3)–O(31) 1.504(4) N(1)···O(3w) 2.757(8)

Compound 4

Er(1)–O(12) 2.206(4) Er(1)–O(23)#1 2.208(4)
Er(1)–O(13)#2 2.230(4) Er(1)–O(33)#3 2.237(4)
Er(1)–O(42) 2.244(4) Er(1)–O(43)#1 2.258(4)
P(1)–O(11) 1.512(5) P(1)–O(13) 1.513(5)
P(1)–O(12) 1.516(5) P(2)–O(23) 1.495(5)
P(2)–O(22) 1.499(4) P(2)–O(21) 1.568(4)
P(3)–O(32) 1.494(5) P(3)–O(33) 1.504(4)
P(3)–O(31) 1.564(5) P(4)–O(42) 1.501(4)
P(4)–O(43) 1.507(4) P(4)–O(41) 1.556(5)
C(10)–O(1) 1.192(12) C(10)–O(2) 1.309(11)
C(20)–O(4) 1.203(11) C(20)–O(3) 1.323(11)
N(1)···O(32)#1 2.680(7) N(2)···O(22)#1 2.772(7)
O(3)···O(11)#4 2.624(8) O(11)···O(41) 2.535(7)
O(21)···O(22)#5 2.558(6) O(31)···O(32)#6 2.681(6)
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Table 1. (continued)

Compound 5

Er(1)–O(13)#1 2.213(6) P(2)–O(23) 1.523(6)
Er(1)–O(23)#2 2.239(7) P(2)–O(21) 1.549(6)
Er(1)–O(12) 2.253(7) N(1)–C(4) 1.314(13)
Er(1)–O(21)#3 2.290(6) N(2)–C(21) 1.285(14)
Er(1)–O(1w) 2.356(7) O(5)–C(4) 1.167(14)
Er(1)–O(21) 2.403(6) O(6)–C(21) 1.186(14)
Er(1)–O(22) 2.437(6) C(6)–O(1) 1.266(16)
P(1)–O(12) 1.497(6) C(6)–O(2) 1.290(14)
P(1)–O(13) 1.502(6) C(27)–O(4) 1.228(16)
P(1)–O(11) 1.586(8) C(27)–O(3) 1.270(17)
P(2)–O(22) 1.517(7) O(1)···O(4)#4 2.614(13)
O(2)···O(3)#4 2.585(13)

[a] Symmetry transformations used to generate equivalent atoms:
For 1: #1 x, –y + 1/2, –z + 1/2; #2 –x + 2, –y + 1, –z + 1; #3 x, –
y + 3/2, –z – 1/2; #4 –x + 2, y – 1/2, –z + 3/2; #5 –x + 1, –y – 1/
2, –z + 3/2; #6 –x + 1, –y + 1, –z + 1; #7 x, 1/2 – y, 1/2 + z. For
2: #1 –x – 1/2, y, z – 1/2; #2 x + 1/2, –y, z; #3 x + 1, y, z; #4 –x –
1/2, y, z + 1/2; #5 –1/2 + x, –y, z. For 3: #1 –x + 2, –y + 1, –z +
1; #2 –x + 2, –y + 2, –z + 1; #3 –x + 1, –y + 1, –z + 1; #4 x, y, z
+ 1; #5 –x + 2, –y + 2, –z + 2; #6 –x + 2, –y + 1, –z; #7 –x + 1, –
y + 2, –z + 1; #8 x – 1, y, z. For 4: #1 –x + 1, –y + 2, –z + 1; #2 –
x + 2, –y + 2, –z + 1; #3 x + 1, y, z; #4 –x + 1, –y + 1, –z; #5 –x
+ 1, –y + 3, –z + 1; #6 –x, –y + 1, –z + 1. For 5: #1 –x, –y + 2, –
z + 1; #2 –x – 1, –y + 1, –z + 1; #3 –x, –y + 1, –z + 1; #4 x + 1,
y + 1, –1 + z.

in compound 1. The singly protonated phosphonate group
(P1) is bidentate and connects with two La3+ ions. The fully
deprotonated phosphonate group (P2) is tridentate and is
bridged to three La3+ ions. Unlike that in compound 1, the
carboxylate group of the phosphonate ligand in compound
2 is deprotonated and forms a four-member chelating ring
[La(1)–O(2)–C(4)–O(1)] (Figure 3). The amine group is pro-
tonated as in compound 1.

Figure 3. ORTEP representation of the selected unit of compound
2. The thermal ellipsoids are drawn at 50% probability. Symmetry
codes for the generated atoms: A) –x – 1/2, y, –z – 1/2; B) x +
1/2, –y, z; C) x + 1, y, z; D) –x – 1/2, y, z + 1/2; E) x – 1, y, z; F)
x – 1/2, –y, z.

The interconnection of La3+ ions by phosphonate li-
gands led to a (010) double layer (Figure 4). The thicknes
of the double layer is about 9.0 Å. Neighboring 2D layers
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are held together by weak hydrogen bonds among the
amine group, aqua ligand, and noncoordination phos-
phonate oxygen, as well as a weak van der Waals force
(Table 1, Figure 4).

Figure 4. View of the structure of compound 2 down the a axis.
The phosphonate tetrahedra are shaded in medium gray. La, C, N,
and O atoms are drawn as open, black, octand, and crossed circles,
respectively.

Compound 3 also features a layered structure. The asym-
metric unit of 3 consists of one La3+ ion, one {H4L2}–

anion, one {H3L2}2– dianion, an aqua ligand, and two lat-
tice water molecules (Figure 5). The La3+ ion is seven-coor-
dinate by six phosphonate oxygen atoms from five phos-
phonate ligands and an aqua ligand. The La–O distances
are in the range 2.409(5)–2.632(7) Å, which is comparable
to those in compounds 1 and 2. The {H4L2}– anion com-
posed of P(1) and P(2) is bidentate and bridges with two
La3+ ions; each phosphonate group is singly protonated, as
are the amine group and the carboxylate group. The
{H3L2}2– anion composed of P(3) and P(4) is tetradentate;
it forms an eight-member chelating ring with a La3+ ion,
and also bridges with two other La3+ ions. Only one phos-
phonate group is singly protonated; the amine group and
the carboxylate group are also protonated.

Figure 5. ORTEP representation of the selected unit of compound
3. The thermal ellipsoids are drawn at 50% probability. Hydrogen
bonds are drawn as dashed lines. Symmetry codes for the generated
atoms: A: –x + 2, –y + 1, –z + 1; B) –x + 2, –y + 2, –z + 1; C)
–x + 1, –y + 1, –z + 1.

Adjacent La3+ ions are bridged by the above two types
of phosphonate anions into a (002) lanthanide phosphonate
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layer with –C6H4–COOH moieties hanging on both sides
of the layer (Figure 6). Extensive intralayer and interlayer
hydrogen bonds further crosslink these layers into a 3D
supramolecular network (Figure 6, Table 1). The lattice
water molecules are located at the voids of the structure
and are involved in hydrogen bonding (Figure 6, Table 1).
The interlayer distance of about 16.8 Å is significantly
larger than that in compound 1, which is due to the intro-
duction of the additional phenyl group into the phos-
phonate ligand.

Figure 6. View of the structure of compound 3 down the a axis.
The phosphonate tetrahedra are shaded in grey. La, N, C, and O
atoms are represented by open, dark grey, black, and light grey
circles, respectively. Hydrogen bonds are drawn as dashed lines.

The structure of Er(H3L2)(H4L2) (4) features a 3D supra-
molecular network based on 1D erbium() phosphonate
chains. The asymmetric unit of 4 is composed of one Er3+

ion, one (H3L2)2– dianion, and one (H4L2)– anion. The Er3+

ion is octahedrally coordinated by six phosphonate oxygens
from six different phosphonate ligands (Figure 7). The Er–
O distances [2.280(2)–2.331(2) Å] are comparable to those
found in the other erbium() phosphonate.[16] The coordi-
nation modes for the (H3L2)2– dianion and (H4L2)– anion
are similar. One phosphonate group is monodentate
whereas the other is bidentate. The amine group and the
carboxylate group for both types of anion are singly pro-
tonated. The main difference between the two phosphonate
anions are that both phosphonate groups are singly proton-
ated for the (H4L2)– anion [O(31) and O(41)] whereas only
one phosphonate group is singly protonated for the
(H3L2)2– dianion [O(21)].

Each pair of Er3+ ions is bridged by a pair of phos-
phonate groups to form a 1D chain along the a axis. Such
chains are further interconnected by strong hydrogen bonds
between noncoordinated phosphonate oxygens into a (002)
layer. These hydrogen bonds are O(21)···O(22) 2.558(6) Å
(symmetry code: 1 – x, 3 – y, 1 – z) and O(31)···O(32)
2.681(6) Å (symmetry code: –x, 1 – y, 1 – z). The –CH2–
C6H4–COOH groups of the phosphonate ligands are hang-
ing on the interlayer space (Figure 8). Intrachain hydrogen
bonds are also formed between the amine group and non-
coordinated phosphonate oxygens, and between two nonco-
ordinated phosphonate oxygens (Table 1). The interlayer
distance is about 14.3 Å, which is shorter than that of com-
pound 3. These 2D layers are further interlinked by hydro-
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Figure 7. ORTEP representation of the selected unit of compound
4. The thermal ellipsoids are drawn at 50% probability. Hydrogen
bonds are drawn as dashed lines. Symmetry codes for the generated
atoms: A) 1 + x, y, z; B) 2 – x, 1 – y, 1 – z; C) 2 – x, 2 – y, 1 – z;
D) –1 + x, y, z.

Figure 8. An erbium() phosphonate inorganic chain along the a axis (a) and view of the structure of compound 4 down the a axis (b).
The ErO6 octahedra and phosphonate tetrahedra are shaded in dark gray and medium gray, respectively. N, C, and O atoms are repre-
sented by octand, black, and crossed circles, respectively.
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gen bonds between carboxylate oxygen and noncoordinated
phosphonate oxygen [O(3)···O(11) 2.624(8) Å, symmetry
code: 1 – x, 1 – y, –z].

When erbium() nitrate was used instead of erbium()
chloride, compound 5 was isolated. H5L2 was also oxidized
by the nitrate anion to a new ligand, H3L3 (Scheme 1). Such
in situ oxidation of the P–C bond has also been observed
during the hydrothermal reactions of cobalt() nitrate with
H5L.[2,18] The asymmetric unit of 5 consists of one er-
bium() ion, a {H2L3}– anion, a {HL3}2– dianion, and an
aqua ligand (Figure 9). The erbium() ion is seven-coordi-
nate by six phosphonate oxygens from five phosphonate li-
gands and an aqua ligand. The Er–O distances range from
2.214(6) to 2.438(6) Å, which is comparable to those in
compound 4. The {HL3}2– dianion is tetradentate; it forms
a chelating ring with an erbium() ion [Er(1)–O(21)–P(2)–
O(22)] and also bridges with two other erbium() ions
[Er(1b) and Er(1c)]. The phosphonate group is fully depro-
tonated whereas the amine group remains protonated. The
{H2L3}– anion is bidentate and bridges with two erbium()
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Figure 9. ORTEP representation of the selected unit of compound 5. The thermal ellipsoids are drawn at 50% probability. Symmetry
codes for the generated atoms: A) –x, –y + 2, –z + 1; B) –x – 1, –y + 1, –z + 1; C) –x, –y + 1, –z + 1.

ions using two oxygen atoms [O(12) and O(13)]. The third
phosphonate oxygen and the amine group are protonated
and noncoordinated. The carboxylate groups in both types
of anions are noncoordinated.

The Er3+ ions in compound 5 are bridged by phos-
phonate groups of ligands into a (002) inorganic layer (Fig-
ure 10). Within the layer, Er2O2 rings and Er(–O–P–O–)2Er
rings can be found. Neighboring 2D layers are further inter-
linked by hydrogen bonds between carboxylate groups.
These hydrogen bonds are O(1)···O(4) 2.614(13) Å and O(2)···
O(3) 2.585(13) Å (symmetry codes are the same for both
bonds: 1 + x, 1 + y, –1 + z). The interlayer distance of
about 21.6 Å is the largest among five compounds, because
the carboxylate groups in other compounds are directly hy-
drogen bonded to a neighboring inorganic layer, whereas
the interlayer hydrogen bonding in compound 5 is between
two hanging organic groups (head to head).

Figure 10. View of the structure of compound 5 down the a axis.
The phosphonate tetrahedra are shaded in medium gray. Er, C, N,
and O atoms are drawn as open, black, octand, and crossed circles,
respectively. Hydrogen bonds are shown as dashed lines.

Based on X-ray powder diffraction studies, compounds
2–5 are prepared as single phases. The measured patterns
are in good agreement with those simulated from single-
crystal structures (see Supporting Information).

The solid-state luminescent properties of compounds 4
and 5 were investigated at room temperature. The emission
spectrum of compound 4 shows three strong near IR emis-
sion bands at 1477, 1541, and 1561 nm under 520 nm exci-
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tation (Figure 11a), all of which can be attributed to the
4I13/2 � 4I15/2 transition for the Er3+ ion.[16] The splitting
of the 4I13/2 � 4I15/2 transition into several sub-bands is due
to the low symmetry of the coordination geometry around
the Er3+ ion (C1). The luminescence properties of com-
pound 5 are very interesting. Under emission of 330 nm,
the excitation spectrum of compound 5 displays one weak

Figure 11. Luminescence spectra for compounds 4 (a) and 5 (b) at
room temperature.
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absorption peak at 324 nm and a very strong absorption
peak at 408 nm. Surprisingly, compound 5 shows no near
IR emission band under our experimental conditions. Un-
der excitation of 408 nm, the emission spectrum of com-
pound 5 exhibits a very broad band with two maximum
intensity peaks at 460 and 571 nm (Figure 11b), which may
be assigned to the intraligand π–π* fluorescence. The ab-
sence of near IR emission is probably due to the quenching
effect of the luminescent state by high-frequency vibrating
water molecules.[16a]

TGA curves for compounds 2–5 are shown in Figure 12.
TGA curves of compound 2 indicate one main step of
weight loss. The weight loss between 260 and 620 °C corre-
sponds to the release of water molecules and the combus-
tion of the phosphonate ligand. The weight loss is about
20.5%. There is small weight loss starting from 800 °C,
which can be attributed to the further decomposition of the
compound. The total weight loss at 1000 °C is 24.4%. The
residue was not characterized. Compound 3 shows no obvi-
ous weight loss before 135 °C. The weight loss in the tem-
perature range of 135–270 °C corresponds to the release of
two lattice water molecules and an aqua ligand. The ob-
served weight loss of 6.8% is close to the calculated value
(6.2%). Then the compound decomposes continuously up
to 1000 °C, which corresponds to the combustion of or-
ganic groups. The total weight loss at 1000 °C is 48.6% and
the residue was not characterized. Compound 4 is stable up
to 355 °C. Then it exhibits a sharp weight loss between 355
and 575 °C with a weight loss of 23.8%. The total weight
at 1000 °C is 34.3% and the final residue was not charac-
terized. TGA curves for compound 5 display two main
steps of weight losses. There is no obvious weight loss be-
fore 280 °C. The weight loss in the range of 280–340 °C
corresponds to the release of an aqua ligand and the de-
composition of the two carboxylate groups of two phos-
phonate ligands. The observed weight loss of 13.4% is
slightly smaller than the calculated one (14.5%). The sec-
ond weight loss covers a temperature range from 340 to
650 °C, which corresponds to further combustion of the

Figure 12. TGA curves for 2 (thick line, black), 3 (thin line, black),
4 (light grey line), and 5 (medium grey line).
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phosphonate ligands. The total weight loss at 1000 °C is
34.3% and the final residue was not characterized.

Conclusion

In summary, the hydrothermal syntheses, crystal struc-
tures, and luminescent properties of five new lanthanide()
phosphonates with layered structures have been described.
Results from this and previous work indicate that we can
greatly improve the solubility and crystallinity of lanthanide
phosphonates by attaching amino acid moiety to the phos-
phonic acid or introducing a second ligand such as oxalate
or carboxylate-sulfonate. The counteranion used plays an
important role. It affects the acidity of the solution and the
extent of deprotonation of phosphonate ligands, as well as
the coordination mode a phosphonate ligand adopts. Oxid-
izing anions such as nitrate groups may also trigger the in
situ oxidation of P–C bonds. Furthermore, the so-called
“lanthanide contraction” is also important. Heavy lantha-
nide ions usually have smaller coordination numbers than
the light ones, which may result in different coordination
modes for the phosphonate ligands. However, more system-
atic studies are still needed to further understand the chem-
istry of lanthanide phosphonates.

Experimental Section
Materials and Methods: (H2O3PCH2)2NCH2CO2H (H5L1) and 4-
HO2C–C6H4–CH2N(CH2PO3H2)2 (H5L2) were prepared by a
Mannich-type reaction according to the procedures described pre-
viously.[6] All other chemicals were obtained from commercial
sources and used without further purification. Elemental analyses
were performed on a Vario EL III elemental analyzer. Thermograv-
imetric analyses were carried out on a NETZSCH STA 449C unit
at a heating rate of 15 °C/min under nitrogen. IR spectra were re-
corded with a Magna 750 FTIR spectrometer photometer as KBr
pellets in the range 4000–400 cm–1. Photoluminescence analyses
were performed on an Edinburgh FLS920 fluorescence spectrome-
ter. X-ray powder diffraction patterns (Cu-Kα) were collected in a
sealed glass capillary on a XPERT-MPD θ–2θ diffractometer.

Preparation of La(H2L1)(H2O)2·H2O (1): A mixture of LaCl3·6H2O
(176.7 mg, 0.5 mmol), H5L1 (131.6 mg, 0.5 mmol), and 2-hydroxy-
pyridine (95.1 mg, 1.0 mmol) in 10 mL of distilled water was sealed
into an autoclave equipped with a Teflon liner (25 mL) and then
heated at 120 °C for 4 days. The initial pH value of the resultant
solution was 3.0. Colorless plate-shaped crystals of 1 were col-
lected. Yield: 11.3 mg (5%, based on La). Based on the X-ray pow-
der diffraction study, the majority of impurity was powder of com-
pound 2. Efforts to prepare a single-phase product of compound 1
were unsuccessful.

Preparation of La(H2L1)(H2O) (2): A mixture of La(OH)3

(189.9 mg, 1.0 mmol) and H5L1 (263.1 mg, 1.0 mmol) in 10 mL of
distilled water was sealed into a bomb equipped with a Teflon liner
(25 mL) and then heated at 150 °C for 4 days. The initial and final
pH values of the resultant solution were 3.5 and 2.5, respectively.
Colorless plate-shaped crystals of 2 were collected. Yield: 250 mg
(60%, based on La). IR (KBr): ν̃ = 3359 m, 3139 m, 1607 m, 1448
w, 1407 s, 1371 m, 1305 w, 1214 m, 1164 m, 1083 vs, 1008 m, 974
w, 949 w, 844 w, 768 w, 720 m, 587 w, 496 w, 468 w, 447 w cm–1.
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C4H10LaNO9P2 (416.98): calcd. C 11.52, H 2.42, N 3.36; found C
11.60, H 2.54, N 3.28.

Preparation of La(H4L2)(H3L2)(H2O)·2H2O (3): A mixture of
La(OH)3 (56.98 mg, 0.3 mmol) and H5L2 (169.6 mg, 0.5 mmol) in
10 mL of distilled water was sealed into a bomb equipped with a
Teflon liner (25 mL) and then heated at 145 °C for 4 days. The
initial and final pH values of the resultant solution were 4.5 and
2.5, respectively. Colorless plate-shaped crystals of 3 were collected.
Yield: 121.6 mg (56%, based on H5L2). IR (KBr): ν̃ = 3480 m,
3387 m, 3219 m, 3020 w, 3010 w, 2614 w, 1697 s, 1642 m, 1460 w,
1403 m, 1321 w, 1274 w, 1163 m, 1115 vs, 991 m, 931 m, 825 w,
761 m, 644 w, 560 m, 535 m, 484 w, 451 w cm–1. C20H33LaN2O19P4

(868.27): calcd. C 27.65, H 3.83, N 3.23; found C 27.70, H 3.92, N
3.18.

Preparation of Er(H3L2)(H4L2) (4): A mixture of ErCl3·6H2O
(95.4 mg, 0.25 mmol) and H5L2 (84.8 mg, 0.25 mmol) in 10 mL of
distilled water was sealed into an autoclave equipped with a Teflon
liner (25 mL) and heated at 145 °C for 5 days. The initial and final
pH values of the resultant solution were 3.5 and 2.0, respectively.
Pink brick-shaped crystals of 4 were collected. Yield: 147 mg (70%,
based on Er). IR (KBr): ν̃ = 3494 m, 3114 m, 2674 w, 2557 w, 1705
s, 1401 m, 1318 m, 1206 m, 1113 vs, 1020 m, 994 m, 951 m, 908 w,
879 w, 820 w, 808 w, 763 m, 719 m, 681 w, 637 w, 582 m, 515 w,
493 w, 465 w, 413 w cm–1. C20H26ErN2O16P4 (841.57): calcd. C
28.54, H 3.11, N 3.33; found C 28.50, H 3.17, N 3.39.

Synthesis of Er(HL3)(H2L3)(H2O) (5): A mixture of Er(NO3)3·
6H2O (230.70 mg, 0.5 mmol), H5L2 (169.6 mg, 0.5 mmol), and 2-
hydroxypyridine (95.10 mg, 1.0 mmol) in 10 mL of distilled water
was sealed into a bomb equipped with a Teflon liner (25 mL) and
then heated at 120 °C for 4 days. The initial and final pH values of
the resultant solution were 3.0 and 2.5, respectively. Light yellow
brick-shaped crystals of 5 were collected. Yield: 91 mg (25%, based
on Er). IR (KBr): ν̃ = 3494 m, 3116 m, 2674 w, 2557 w, 1686 s,
1611 m, 1579 w, 1511 w, 1453 m, 1430 m, 1324 m, 1296 m, 1239
m, 1175 w, 1104 vs, 1025 m, 994 m, 951 m, 908 w, 879 w, 820 w,
791 w, 763 m, 719 w, 681 w, 641 w, 575 m, 506 w, 493 w, 465 w,
414 w cm–1. C20H23ErN2O13P2 (728.60): calcd. C 29.59, H 3.18, N
7.51; found C 30.08, H 3.26, N 7.46.

Single-Crystal Structure Determination: Data collections for com-
pounds 1–5 were performed with a Rigaku Mercury CCD dif-
fractometer equipped with graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å). Intensity data were collected by the narrow
frame method at 293 K. The data sets were corrected for Lorentz
and polarization factors as well as for absorption by the multiscan
technique.[18] All five structures were solved by the direct methods
and refined by full-matrix least-squares fitting on F2 by SHELX-
97.[19] All non-hydrogen atoms were refined with anisotropic ther-
mal parameters, except for C(1), C(4), and O(11) in compound 2,
and C(21) in compound 5, which were refined isotropically. The
lattice water molecule in compound 1 was disordered over two ori-
entations [O(3w) and O(3w�)], with an interatomic distance of
0.932 Å. Each orientation was refined with 50% occupancy. Hydro-
gen atoms attached to carbon atoms, amine groups, and phos-
phonate groups were located at geometrically calculated positions
and refined with isotropic thermal parameters. The protonation for
the amine groups as well as phosphonate groups was based on P–
O distances and charge balance. Hydrogen atoms for water mole-
cules were not included in refinements.

Crystal Data for 1: C4H14LaNO11P2 (453.01), monoclinic, space
group P21/c, T = 293(2) K, a = 12.675, b = 7.300, c = 14.212 Å, β
= 108.125(2)°, V = 1249.6 Å3, Z = 4, dcalcd = 2.408 Mg/m3, F(000)
= 880, µ(Mo-Kα) = 3.730 mm–1, 9815 reflections collected, 3093
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unique (Rint = 0.0307). R1 = 0.0236, wR2 = 0.0612 [I � 2σ(I)], R1

= 0.0263 and wR2 = 0.0627 (all data) and final Gof = 1.056.

Crystal Data for 2: C4H10LaNO9P2 (416.98), orthorhombic, space
group Pca21, T = 293(2) K, a = 9.9649(13), b = 10.5833(15), c =
10.5288(15) Å, V = 1110.4(3) Å3, Z = 4, dcalcd = 2.494 Mg/m3,
F(000) = 800, µ(Mo-Kα) = 4.173 mm–1, 8258 reflections collected,
2418 unique (Rint = 0.0891). R1 = 0.0644, wR2 = 0.1039 [I � 2σ(I)],
R1 = 0.0793 and wR2 = 0.1113 (all data) and final Gof = 1.142.

Crystal Data for 3: C20H33LaN2O19P4 (868.27), triclinic, space
group P1̄, T = 293(2) K, a = 8.246(17), b = 10.58(2), c = 16.79(3) Å,
α = 90.34(3), β = 90.21(4), γ = 93.52(3)°, V = 1461(5) Å3, Z = 2,
dcalcd = 1.973 Mg/m3, F(000) = 872, µ(Mo-Kα) = 1.772 mm–1, 11453
reflections collected, 6609 unique (Rint = 0.0456). R1 = 0.0542, wR2

= 0.1036 [I � 2σ(I)], R1 = 0.0722 and wR2 = 0.1143 (all data) and
final Gof = 1.088.

Crystal Data for 4: C20H26ErN2O16P4 (841.57), triclinic, space
group P1̄, T = 293(2) K, a = 7.9178(7), b = 12.5608(5), c =
15.3008(7) Å, α = 110.453(7), β = 90.296(12), γ = 90.586(13)°, V =
1425.66(15) Å3, Z = 2, dcalcd = 1.960 Mg/m3, F(000) = 832, µ(Mo-
Kα) = 3.247 mm–1, 11127 reflections collected, 6439 unique (Rint =
0.0456). R1 = 0.0528, wR2 = 0.0984 [I � 2σ(I)], R1 = 0.0684 and
wR2 = 0.1072 (all data) and final Gof = 1.107.

Crystal Data for 5: C20H23ErN2O13P2 (728.60), triclinic, space
group P1̄, T = 293(2) K, a = 5.752(4), b = 9.382(5), c =
22.050(15) Å, α = 101.507(16), β = 92.62(2), γ = 98.155(19)°, V =
1151.0(12) Å3, Z = 2, dcalcd = 1.715 Mg/m3, F(000) = 718, µ(Mo-
Kα) = 3.839 mm–1, 3176 reflections collected, 2217 unique (Rint =
0.0277). R1 = 0.0440, wR2 = 0.1207 [I � 2σ(I)], R1 = 0.0469 and
wR2 = 0.1239 (all data) and final Gof = 1.033.

CCDC-295013 to -295017 (for 1–5) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray powder diffraction patterns for compounds 2–5.
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Aiming at the development of novel NO donors, the synthe-
sis and reactivity of the trans-[Ru(bpy)2(SO3)(NO)](PF6) and
cis-[Ru(bpy)2(L)(NO)](PF6)n complexes (L = imidazole, isoni-
cotinamide, or sulfite ions) were investigated. The complexes
were characterized and the NO release capabilities were
evaluated. The rate constant for NO dissociation for the cis-
[Ru(bpy)2(SO3)(NO)]+ complex is k = 2.0·10–3 s–1. The cis and
trans- [Ru(bpy)2(SO3)(NO)]+ complexes showed promising
physical-chemical properties towards nitric oxide generation,

Introduction

Nitric oxide (NO) has a critical role in physiological and
pathophysiological processes in the cardiovascular sys-
tem.[1–3] NO insufficiency limits NO-mediated signal trans-
duction of normal or protective physiological processes.
Dysfunction of the normally protective endothelium is
found in several cardiovascular diseases, including hyper-
tension, coronary heart disease, and arterial thrombotic dis-
orders.[4] The endothelial dysfunction leads to nitric oxide
(NO) deficiency, which has been implicated in the underly-
ing pathobiology of many of these disorders.[5] Exogenously
administered NO donors have provided the basis for a
broad field of pharmacotherapeutics in cardiovascular
medicine. Pharmacological compounds that release NO
have been useful tools for evaluating the pivotal role of NO
in cardiovascular physiology and therapeutics. NO donors
are pharmacologically active substances that spontaneously
release or are metabolized to NO or its redox partners. For
example in cases of emergency hypertension or heart at-
tacks, NO needs to be administered due to its vasodilator
effect. Sodium nitroprusside, Na2[Fe(CN)5NO]·2H2O, is
part of a class of compounds that release NO spontane-
ously and is the unique NO metal complex used clinically.[6]

Problems associated with the use of Na2[Fe(CN)5NO]·
2H2O include susceptibility to photolysis and oxidative
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and great stability towards hydroxide attack in the 2.0–9.0
pH range. The reduction potential of the {RuNO}6/7 process
of the cis and trans-[Ru(bpy)2(SO3)NO]+ complexes (E1/2 =
–0.14 and –0.34 V vs. Ag/AgCl) is appropriated for reduction
in vivo by biological reducing agents, with consequent NO
release.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

breakdown through the action of the immune system, both
of which lead to the release of cyanide.[7] There are also Ru-
edta complexes that can control the levels of circulating NO
such as K[Ru(Hedta)Cl] that exists in equilibrium with its
aqua species.[8] This aqua species has been shown to be use-
ful in some conditions such as septic shock (also for diabe-
tes, arthritis, inflammation, and epilepsy) where excessive
production of NO can be a problem. This can lead to arter-
ies responding poorly to vasoconstrictor drugs during treat-
ment.[9]

Many drugs have direct vasoactive effects and have been
used to treat ischemic heart disease, heart failure, and hy-
pertension for many years. Nevertheless, undesirable effects
such as the short therapeutic half-life, adverse hemodyn-
amic effects, and drug tolerance limit the use of most of
them.[5] To overcome these limitations, the development of
novel NO donors are of great interest. The literature[10–12]

has pointed out that it is possible to modulate the NO re-
duction potential by coordination to transition metals and
by the π character of the spectator ligands. Hence, the cor-
rect establishment of the NO reduction potential in a spe-
cific compound is an important requirement for its use as
a metallodrug.[10] With this purpose in mind, we have inves-
tigated the synthesis and reactivity of the trans-[Ru(bpy)2-
(SO3)(NO)](PF6) and cis-[Ru(bpy)2(L)(NO)](PF6)n com-
plexes, where L = imidazole (imN), isonicotinamide (isn),
or sulfite ions (SO3

2–), and bpy = 2,2�-bipyridine. The com-
plexes were characterized in order to infer the correct com-
position and coordination modes of the ligands, and to
evaluate their NO release capabilities.
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Results and Discussion

The electronic spectra of the cis-[Ru(bpy)2L(NO2)]+/– ni-
tro complexes (L = imN, isn, SO3

2–) are dominated by in-
tense (bpy)π*�dπ(Ru) MLCT bands (around 410 nm) and
by the bpy intraligand bands, which are characteristic of
the RuII-bipyridine complexes.[13,14] The bands observed in
the 320–326 nm range for the cis-[Ru(bpy)2L(NO)]n+ and
trans-[Ru(bpy)2(SO3)(NO)]+ nitrosyl complexes (Table 1)
are attributed to the (bpy)π*�dπ(Ru) MLCT transition.
These bands are shifted to a higher energy range when com-
pared with the spectra of the corresponding nitro com-
plexes. This effect can be explained by the strong
(NO+)π*�dπ(Ru) backbonding interaction, which causes a
large stabilization of the molecular orbitals that have a high
contribution of the metal dπ levels. Unfortunately, the
(NO+)π*�dπ(Ru) transitions were not detected in the spec-
tra probably because of superposition with those of
(bpy)π*�dπ(Ru) transitions. These bands are expected to
appear in the higher energy region of the spectra because
of the stabilization of the dπ levels by the (bpy)π*�dπ(Ru)
backbonding interaction. In fact, the (NO+)π*�dπ(Ru)
transition is observed in the range of 420–480 nm for
[Ru(NH3)4(NO)X]n+ complexes (X = OH–, Cl–, Br–, and
I–), with a very weak intensity (ε � 50 mol–1·cm–1·L).[15,16]

The intense bands observed at about 290 nm are assigned
to the π*�π (bpy) transition, which commonly appears in
the spectra of bis(2,2�-bipyridine)ruthenium() com-
plexes.[17]

Table 1. Electronic spectra data for the nitro and nitrosyl-bis(2,2�-
bipyridine)ruthenium() complexes, in 0.10  CF3CO2Na aqueous
solution.

Complexes (bpy)π*�dπ(Ru) MLCT, λ [nm]
(ε, mol–1 L·cm–1)

cis-[Ru(bpy)2(imN)(NO2)]+ 412 (7.30·103)
cis-[Ru(bpy)2(isn)(NO2)]+ 408 (9.04·103)
cis-[Ru(bpy)2(SO3)(NO2)]– 405 (1.02·103)
cis-[Ru(bpy)2(imN)(NO)]3+ 325 sh (8.92 × 103)
cis-[Ru(bpy)2(isn)(NO)]3+ 321 sh (1.11·104)
cis-[Ru(bpy)2(SO3)(NO)]+ 326 (8.27·103)
trans-[Ru(bpy)2(SO3)(NO)]+ 320 sh (3.08·104)

The electronic spectra of the nitrosyl complexes were ob-
served to be pH dependent. As the pH of the solutions con-
taining these complexes is increased, new intense bands
with a maximum in the 400–450 nm range are observed.
These bands can be assigned to the (bpy)π*�dπ(Ru)
MLCT transition of the nitro species formed according to
the chemical equilibrium displayed in Reaction (1).[18–20]

Similar behavior was observed in the spectra of the trans-
[Ru(NH3)4(L)(NO)]3+ complexes.[21]

The pH vs. absorbance plots for all nitrosyl complexes
showed only one inflection (Figure 1), indicating a unique
equilibrium assigned to the [NO]+ h [NO2]– interconver-

(1)
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sion, with both species present in equal concentrations at
pH = 1.45 for L = isn, pH = 5.54 for L = imN, and pH =
10.32 for L = SO3

2–. The calculated Keq equilibrium con-
stants are displayed in Table 2 together with ν(NO+) and
E1/2{RuNO}6/7 values for correlation purposes. The electro-
philic character of coordinated nitrosyl has been associated
with the ν(NO) frequency.[22] The ν(NO) values reflect the
electron density at the nitrogen atom of the nitrosyl group,
which is the target for the nucleophilic attack. The literature
has established that complexes with ν(NO) greater than
1860 cm–1 are reactive OH–.[16] It has also been observed
that the equilibrium constant [Reaction (1)] is greater as the
ν(NO) frequency is more positive. Therefore, the Keq values
might also reflect the electrophilic character of the nitrosyl
complex involved in the chemical equilibrium.

Figure 1. Spectrophotometric titration of [Ru(bpy)2(SO3)(NO)]+

complex, λmax = 410 nm; µ = 1.0  CF3CO2Na aqueous solution.

Table 2. Values of Keq for the equilibrium (1), ν(NO+), and E1/2

{RuNO}6/7 for the [Ru(bpy)2(L)(NO)]n+ complexes, pH = 2.0; *pH
= 1.0.

Complexes Keq ν(NO+) E1/2, {RuNO}6/7

[cm–1] [V]

cis-[Ru(bpy) 1.80·1025 1948 +0.34*
2(isn)(NO)](PF6)3

cis-[Ru(bpy) 1.42·1016 1944 +0.20
2(imN)(NO)](PF6)3

cis-[Ru(bpy)2(SO3)(N- 1.74·107 1911 –0.14
O)](PF6)
trans-[Ru(bpy)2(SO3)(N- 6.42·103 1881 –0.34
O)](PF6)

From the data presented in Table 2, the proportionality
between the Keq, ν(NO+), and E1/2 parameters is clearly ob-
served. Compounds in which the NO+ character is favored
[larger ν(NO+)] present large Keq values in the whole series.
In fact, the greater the electron deficiency of the NO moiety
resulting from the π-acid character of the [Ru(bpy)2L]2+

group, the larger will be the driving force for reaction of
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the coordinated NO+ with OH– in Reaction (1). The E1/2

values are in accordance with the ν(NO+) and Keq data, and
reflect well the influence of electronic effects on the reactiv-
ity of the nitrosyl metal complexes. In addition, a good lin-
ear correlation between E1/2 {RuNO}6/7 and ν(NO+) is ob-
served for the series of nitrosyl complexes. From Figure 2, it
is observed that the lower redox potential of the {RuNO}6/7

redox couple gives also a lower ν(NO+), which is in agree-
ment with the decrease seen in the electronic density of the
NO+ group because of the higher π-acceptor character of
the L ligand.

Figure 2. ν(NO+) vs. E1/2 {RuNO}6/7 plot for the [Ru(bpy)2(L)-
NO]n+ complexes.

Generally, when a good σ-donor ligand is coordinated to
nitrosyl-metal complexes in the trans position in relation to
the NO+ moiety, an increase of the NO+�M backbonding
interaction occurs and the ν(NO+) stretching shifts to a
lower frequency in the infrared (IR) spectrum. Conversely,
the electron-withdrawing capability of π-acid ligands re-
duces the NO+�M backbonding interaction causing an
opposite effect on the ν(NO+).[23] It should be noted that
the ν(NO+) peak of free NO is located at 1876 cm–1, but in
the metal complexes it is very sensitive to the binding prop-
erties and oxidation states of the metal ion. The literature
reports that the ν(NO+) frequencies for cis-[RuII(bpy)2-
(NO)L] complexes (L = N3

–, Cl–, NO2
–, NH3, py, CH3CN)

have been observed in the 1923–1970 cm–1 range.[17] For
[RuII(NH3)5(NO)]3+[24] and trans-[RuII(NH3)4(NO)L][25]

complexes [L = imidazole, -histidine, py, isonicotinamide,
pyrazine, P(OEt)3], ν(NO+) values lie in the 1909–1941 cm–1

range, whereas for L = SO3
2–, the ν(NO) value is 1871 cm–1.

In the case of trans-[RuII(py)4(NO)L][26] complexes, for L =
Cl– and Br–, ν(NO+) = 1910 and 1901 cm–1, respectively,
but for L = OH–, ν(NO+) = 1860 cm–1. Also, ν(NO+) =
1860 cm–1 is observed for the trans-[RuCl([15]aneN4)NO]2+

complex.[27] In such examples, the ruthenium center has
been considered as mainly RuII, thus giving a predomi-
nantly NO+ character to the nitrosyl ligand.

On the basis of these discussions, the very intense peaks
observed in the IR spectra of the nitrosyl complexes at
1948, 1944, 1911, and 1882 cm–1 for the cis-[Ru(bpy)2(isn)-
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(NO)](PF6)3, cis-[Ru(bpy)2(imN)(NO)](PF6)3, cis-[Ru(bpy)2-
(SO3)(NO)](PF6), and trans-[Ru(bpy)2(SO3)(NO)](PF6)
complexes, respectively, are assigned to ν(NO+). The most
relevant features in the IR spectra of the nitro complexes
are the strong absorptions at 1340 and 1280 cm–1 attributed
respectively to the symmetric and asymmetric ν(NO2)
stretching modes of the coordinated nitro ligand.[28] It is
important to point out that the infrared spectrum for the
product isolated from Reaction (1) for L = SO3

2– at pH 12.0
does not show the ν(NO) frequency value, characteristic of
the NO+ form. Instead of the band at 1911 cm–1, this spec-
trum presented bands at 1321 and 1271 cm–1, which are as-
sociated with the asymmetric and symmetric stretching
mode of the nitro ligand (NO2). This result supports the
proposed equilibrium suggested by Reaction (1), in agree-
ment with that reported in the literature.[21,23]

To better characterize the nitrosyl complexes, their 1H
NMR, 2D COSY, and HMQC spectra were acquired. Fig-
ure 3 illustrates the HMQC spectrum for the cis-[Ru-
(bpy)2(imN)(NO)]3+ complex. The presence of all signals of
the N-heterocyclic ring suggests that the imN and isn li-
gands are coordinated to the metal center through the ni-
trogen atom.[10] The appearance of 16 signals for the hydro-
gen atoms of the two bipyridine molecules suggests that all
hydrogen atoms are nondiamagnetically equivalent,[29,30]

strongly indicating the cis configuration for the [Ru(bpy)2-
(isn)(NO)]3+, [Ru(bpy)2(imN)(NO)]3+, and [Ru(bpy)2(SO3)-
(NO)]+ complexes. On the other hand, the 1H NMR spec-
trum of the trans-[Ru(bpy)2(SO3)(NO)]+ complex shows
only four signals at δ = 8.85 ppm (d; H6, H11), δ = 8.57 ppm
(d; H3, H8), δ = 8.40 ppm (t; H5, H10), and δ = 7.87 ppm
(t; H4, H9), which is characteristic of the trans configuration
of the bipyridine ligands.[31]

The cyclic voltammograms (Figure 4) of the nitro com-
plexes show only one reversible redox process. The data are
summarized in Table 3.

Because of the π-acceptor character of the imidazole, iso-
nicotinamide, and nitro moieties, all values of E1/2 for the
RuIII/II redox couple are more positive than that for the
[Ru(bpy)2Cl2] complex in aqueous solution.[32]

The electrochemical studies of the nitrosyl complexes
were performed by using cyclic voltammetry and square
wave voltammetry techniques. Figure 5 presents the cyclic
voltammogram of the cis-[Ru(bpy)2(SO3)(NO)]+ complex in
an aqueous medium, at pH = 7.0. The electrochemical data
for all complexes are illustrated in Table 2.

By applying a negative scan potential to the working
electrode, starting from +0.90 V, only one reversible electro-
chemical process characteristic of the {RuNO}6/7 redox
couple was observed (Figure 5, dotted line). With a positive
scan potential, a second electrochemical process is observed
at 0.72, 0.70, and 0.62 V for L = isn, imN, and SO3

2–,
respectively. This process is strongly dependent on the
NO+/0 redox couple, as can be observed in Figure 5 (solid
line), and is assigned to the RuIII/II redox process of the
[Ru(bpy)2(L)(H2O)]2+ complexes, which are generated by
NO dissociation from the [Ru(bpy)2(L)(NO)]n+ nitrosyl
compounds. These results suggest the existence of a chemi-
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Figure 3. HMQC spectrum of cis-[Ru(bpy)2(imN)(NO)]3+ in CD3COCD3.

Figure 4. Cyclic voltammograms at 0.10 Vs–1 of the cis-[Ru-
(bpy)2(SO3)(NO2)]– complex in 0.10  CF3CO2Na aqueous solu-
tion, pH 7.0.

Table 3. E1/2 values for the RuIII/II redox couple in [Ru(bpy)2-
L1L2]+/2+ complex ions.

L1, L2 E1/2 [V]

isn, NO2
– +0.97

imN, NO2
– +0.75

SO3
2–, NO2

– +0.45
SO3

2–, H2O +0.38

cal reaction that precedes the oxidation of the metal center in
the aqua complexes. A reasonable interpretation of the elec-
trochemical results is proposed in Reactions (2), (3), and (4).
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Figure 5. Cyclic voltammograms at 0.10 Vs–1 of the cis-[Ru-
(bpy)2(SO3)(NO)]+ complex in 0.10  CF3CO2Na aqueous solu-
tion, pH 7.0, scan starting at –0.3 V (solid line) and at 0.9 V (dotted
line). + � i = 0.0 µA and E = 0.0 V.

The chemical scheme of the reaction proposed in Reac-
tion (3) is corroborated by the redox process observed in
the 0.72–0.62 V range, which is characteristic of the aqua
complex, illustrated in Figure 5 (solid line).

Aiming to reinforce this assignment, the square wave vol-
tammograms for the cis-[Ru(bpy)2(L)(NO)]n+ complexes
were acquired by a change in the time polarization of the
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working electrode, at –0.30 V. For all nitrosyl complex
series, it was observed that the peak current related to the
RuIII/II redox process increases with an increase in time po-
larization. Figure 6 illustrates the electrochemical behavior
of the cis-[Ru(bpy)2(SO3)(NO)]+ complex.

Figure 6. Square wave voltammogram at 0.10 Vs–1 of the cis-
[Ru(bpy)2(SO3)(NO)]+ complex in 0.10  CF3CO2Na aqueous
solution, pH 7.0, scans starting at –0.30 V.

The proposed scheme for the reaction is also supported
by the electronic and FTIR spectra obtained for the
[Ru(bpy)2(L)(NO)]3+ complexes acquired after the electrol-
ysis experiments in which the potential was controlled at
–0.30 V. Upon reduction, the electronic spectrum showed
the two MLCT bands characteristic of the [Ru(bpy)2-
(L)(H2O)]2+ complexes.[32] Furthermore, the IR spectra of
all the reduced species, in the solid state, do not present the
characteristic ν(NO+) band. The rate constant of the NO
dissociation, determined by the chronoamperometric
method, was kNO = 2.0·10–3·s–1 for L = SO3

2–.
Preliminary photochemical studies of the nitrosyl com-

plexes presented here were performed by irradiation at
355 nm wavelength. The electronic spectra changes ob-
served during the photolysis of the cis-[Ru(bpy)2(SO3)-
(NO)]+ complex in aqueous solution are presented in Fig-
ure 7.

From Figure 6, the appearance of the LMCT band at
450 nm is clearly observed, typical of the cis-[Ru(bpy)2-
(SO3)(OH)] generated after the release of NO, in accord-
ance with Scheme 1.[33]

Scheme 1. Photochemical reaction of NO release by the cis-[Ru(bpy)2(SO3)(NO)]+ complex.
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Figure 7. Spectral changes observed during the photolysis of the
cis-[Ru(bpy)2(SO3)(NO)]+ complex in CF3CO2Na aqueous solu-
tion, pH 7.0 at 355 nm.

The calculated quantum yield for photochemical NO re-
lease from the cis-[Ru(bpy)2(SO3)(NO)]+ complex was
0.10±0.01. A similar photochemical behavior is found for
the other complexes as reported in the literature.[34,35]

In addition, the photolysis of the cis-[Ru(bpy)2(SO3)-
(NO)](PF6) complex dispersed in solid KBr was performed
and monitored by IR spectroscopy. The successively ac-
quired IR spectra show the decrease in the intensity of the
ν(NO+) peak at 1915 cm–1, which corroborates the pro-
posed photochemical reaction (Scheme 1). The same behav-

Figure 8. Chronoamperogram of NO release by reaction of
1.0·10–4  of [Ru(bpy)2(SO3)(NO)]+ aqueous solution with cysteine,
in a pH 7.4 phosphate buffer solution.
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ior has been observed for several nitrosyl ruthenium com-
plexes.[25,27,35]

The cis- and trans-[Ru(bpy)2(SO3)(NO)]+ nitrosyl com-
plexes are also reduced by biological reducing agents, such
as cysteine, with subsequent NO release. The signal re-
corded by the NO sensor was observed when a reaction
with cysteine was initiated (Figure 8), which indicated the
presence of free NO. These results, along with other bio-
logical experiments, are currently under investigation and
will be reported in a further publication.

Conclusion

The properties of the cis and trans- [Ru(bpy)2(SO3)-
(NO)]+ species reported here suggest the considerable ad-
vantages provided by these complexes because of their nitric
oxide generation, when compared with other NO donors
reported in the literature.[36–38] For instance, the trans-
[Ru(NH3)4P(OEt)3(NO)]3+ complex is considered a promis-
ing compound that enhances neuronal firing in mice hippo-
campal slices.[39] Unfortunately, this complex is chemically
modified by hydroxide attack on the NO+ moiety, resulting
in dissociation of nitrite ions in physiological conditions.[39]

Since the cis and trans- [Ru(bpy)2(SO3)(NO)]+ complexes
are inert to hydroxide attack in the 2.0–9.0 pH range, and
the reduction potential of the {RuNO}6/7 redox process for
the cis-[Ru(bpy)2(SO3)(NO)]+ species (E1/2 = –0.14 V vs.
Ag/AgCl) is close to that of the trans-[Ru(NH3)4P-
(OEt)3(NO)]3+ complex,[38] the sulfite complex is potentially
a better NO donor in vivo.

Experimental Section
Chemicals and Reagents: Ultrahigh purity water from a Millipore
system was used throughout the experiments. RuCl3·xH2O, imid-
azole, isonicotinamide, cysteine, and sodium sulfite were purchased
from Aldrich and used without further purification. [Ru(bpy)2Cl2]
and trans-[Ru(NH3)4(SO2)Cl]Cl were prepared according to the lit-
erature procedures.[13,14,40]

Synthesis of the Complexes: The [Ru(bpy)2(SO3)(H2O)] complex
was prepared by dissolving trans-[Ru(NH3)4(SO2)Cl]Cl (0.080 g,
0.26 mmol) in water (5.0 mL) under argon. 2,2�-Bipyridine
(0.082 g, 0.52 mmol) was then added, and the mixture was stirred
for 2 h. The solution volume was reduced under vacuum to approx-
imately 2 mL. Addition of ethanol (10 mL) resulted in the precipi-
tation of the product as a black solid. The precipitation of the
product was induced by the addition of ethanol (10 mL). Yield
(0.107 g) �80%. C20H16N4O4RuS (511.38): calcd. C 46.92, H 3.52,
S 6.25; found C 46.83, H 3.50, N 6.21.

The [Ru(bpy)2(L)(NO2)](PF6)n complexes were prepared by follow-
ing a standard procedure in all series. In a typical procedure, the
reactions were performed by mixing a sample of [Ru(bpy)2Cl2]
(0.200 g, 0.41 mmol) and L (0.49 mmol; L = imidazole, isonicotin-
amide, sodium sulfide) in a 1:1 ethanol/water solution (20 mL). The
mixtures were kept under reflux for 1 h. To these solutions, NaNO2

(0.034 g, 0.49 mmol) was added and the mixtures were then allowed
to react for 2 h, under reflux. The resulting solutions were concen-
trated by rotary evaporation until reduction of the volume to ap-
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proximately 10 mL has been achieved. The solids were precipitated
by the addition of saturated aqueous NH4PF6 solution (2 mL).
Yields (0.209 g, 0.126 g, and 0.195 g for L = imidazole, isonicotin-
amide and sulfite, respectively) �75%. C23H19F6N7O2PRu
(672.36): calcd. C 41.05, H 2.82, N 14.58; found C 41.23, H 2.79,
N 14.38. C26H22F6N7O3PRu (726.46): calcd. C 42.94, H 3.02, N
13.49; found C 42.65, H 2.98, N 13.32. C20H16N5NaO5Ru (562.38):
calcd. C 42.67, H 2.85, N 12.45; found C 42.37, H 2.78, N 12.19.

The [Ru(bpy)2L(NO)](PF6)n complexes (L = imidazole, isonicotin-
amide, sulfite) were prepared by dissolving the [Ru(bpy)2L-
(NO2)](PF6)n complexes (0.2 mmol) in methanol (15 mL) under an
argon atmosphere. To this mixture, concentrated trifluoroacetic
acid solution (2 mL) was added to promote the conversion of NO2

to NO+.[28] The reaction was monitored by HPLC by following the
decrease of the peak at Rt = 6.78 min of the nitro complex at the
expense of the increase of the peak at Rt = 3.93 min of the nitrosyl
complex. After 2 h, no changes in the heights of the peaks were
observed, indicating that the reaction is close to the saturation ki-
netics point. The solvent was then concentrated in a rotary evapo-
rator to near 8 mL, and the solid was precipitated by the addition
of ammonium hexafluorophosphate (1.0 g), collected by filtration
and stored under vacuum. Yields (0.151 g, 0.160 g, and 0.107 g for
L = imidazole, isonicotinamide, and sulfite, respectively) �80%.
C23H23F18N7O3P3Ru (982.36): calcd. C 28.15, H 2.36, N 9.99;
found C 28.23, H 2.29, N 9.68. C26H22F18N7O2P3Ru (1000.42):
calcd. C 31.18, H 2.19, N 9.80; found C 31.09, H 2.12, N 9.75.
C20H16F6N5OPRuS (619.98): calcd. C 35.90, H 2.39, N 10.47;
found C 35.81, H 2.31, N 10.32.

Determination of the Equilibrium Constant: The literature reports
of the study of some similar chemical systems that exhibit the NO2

–

h NO+ equilibrium.[23,41] The determination of the equilibrium
constant Keq for Reaction (1) was carried out using the spectropho-
tometric method (absorbance measurements were performed at
410 nm). The total ionic strength was kept at 1.0  with
CF3CO2Na, according to similar studies reported for the FeII [42]

and RuII [28] systems.

Determination of the Rate Constant for the NO Dissociation: The
rate constant for the NO dissociation in the [Ru(bpy)2(SO3)-
(NO)](PF6) complex was determined by the chronoamperometric
method, according to the procedure reported in the literature.[43]

Quantum Yield: Quantum yield was determined from initial spec-
tral changes and was plotted vs. reaction percentage and extrapo-
lated back to 0% reaction to minimize inner filter effects. The re-
ported quantum yield is the average of, at least, three independent
experiments.

Apparatus: Electrochemical experiments were performed with an
electrochemical analyzer BAS 100W from Bioanalytical Systems at
25.0±0.2 °C. These were generally performed on millimolar solu-
tions of the complexes in 0.10  CF3CO2Na (pH = 7.0) aqueous
solution by using a conventional three-electrode glass cell with a
glassy carbon (ca. 0.13 cm2 of geometrical area) and Pt foil as the
working and auxiliary electrodes, respectively. The electrochemical
experiments were performed at room temperature. The reversibility
of the electrochemical processes was checked by the linearity of the
peak height for the reduction process as a function of the square
root of the scan rate, and the separation between the anodic (Ea)
and cathodic potential peaks in the range of 50–80 mV at 25 °C.[44]

NO release was measured with an ISONOP NO meter from World
Precision Instruments that directly detects NO concentration by an
amperometric technique.

The chromatographic analyses were performed with a Shimadzu
liquid chromatograph equipped with a model LC-10AD pump and
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an SPD-M10A UV/Visible photodiode-array detector with a CBM-
10AD interface. An ODS column (250 mm × 4.6 mm id., 5 µm par-
ticles; from Altech) was used with an isocratic elution with 20:80
acetonitrile/water containing 0.1% CF3CO2H, pH = 3.7. The chro-
matograms were taken at a constant flow rate of 1.0 mL·min–1.
Samples for analyses were dissolved in the mobile phase and 5 µL
of volumes were injected.

Elemental analyses were performed with a Perkin–Elmer CHN
2400 analyzer. Electronic spectra were acquired with a HP-8453
diode-array spectrophotometer. NMR spectra were obtained with
a Bruker AVANCE DPX 500 spectrometer in D2O and
CD3COCD3. IR spectra were obtained in KBr pellets with a Shim-
adzu IR Prestige-21 spectrophotometer.

Monochromatic irradiation at 355 nm was carried out using an
Oriel 200-Watt universal arc lamp source in model 68805. The irra-
diation wavelength was selected with an Oriel interference filter for
photolysis at the appropriate wavelength. The interference filter
had an average band pass of 10 nm and the collimated beam inten-
sities ranged from 4·10–8 to 1·10–9 einstein–1·cm–2 as determined by
ferrioxalate actinometry. The progress of the photoreactions was
monitored spectrophotometrically with an HP-8453 diode-array
spectrophotometer.
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Reaction of the potassium salt of N-(diisopropoxyphosphor-
yl)thiobenzamide (iPrO)2P(O)NHC(S)C6H5 (HL) with ZnII

and CdII cations in aqueous EtOH leads to three different
complexes: [Zn(L-O,S)2] (1), [Cd2(L-O,S)4] (2) and [Cd(HL-
O)2(L-O,S)2] (3). The structures of these compounds were in-
vestigated by single-crystal X-ray diffraction analysis, EI-MS
and ES-MS, IR, 1H, 13C and 31P NMR spectroscopy and mi-
croanalysis. The zinc(II) atom in complex 1 is in a distorted
tetrahedral ZnO2S2 environment formed by the C=S sulfur
atoms and the P=O oxygen atoms of two deprotonated li-
gands. The cadmium(II) complex 2 is centrosymmetric and
consists of dimeric species. Two [Cd(L-O,S)2] moieties are

Introduction

Amidophosphates of the type RC(X)NHP(Y)R�2 (X, Y
= O or S; R = Alk, Ar, ArNH, AlkNH, Alk2N; R� = OAlk,
OAr, Ar) are attractive because of their ability to form
stable chelates with d- and f-metal cations. These complexes
possess antivirus[1] and anticancer activity,[2] and show non-
linear optical properties.[3] They can be used as components
of ion-selective electrodes,[4–7] or as extragents and masking
reagents in analytical chemistry.[8,9]

An application as structural blocks for the synthesis of
supramolecular coordination compounds has excited a new
wave of interest in the coordination chemistry of amido-
phosphates[10,11] and their nearest analogues such as 1,3-
dichalcogenimidodiphosphinates R2P(X)NHP(Y)R�2

[12] or
carbamoylphosphane oxide R2P(O)CH2C(X)R�.[13] Polynu-
clear complexes of the type MnLn (M = CoII, NiII, PdII,
AgI, ZnII, CdII, HgII) of bis(bipodal) amidothiophosphates
with the general formula [(iPrO)2P(S)NHC(S)NH]2Z [Z =
(CH2)2O(CH2)2, (CH2)2O(CH2)2O(CH2)2, (CH2)2, (CH2)7]
have been investigated.[14,15] It was established that the cad-
mium() complex with bipodal amidophosphate, where Z
= (CH2)2,[15] represents a macrocyclic dimer (n = 2) con-
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Kremlevskaya St. 18, 420008 Kazan, Russia
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connected by two bridging [S–Cd–S] units through the sulfur
atoms of the ligand C=S groups. Complex 2 has a distorted
trigonal-bipyramidal Cd(Oax)2(Seq)3 core. Complex 3 has a
tetragonal-bipyramidal environment, Cd(Oax)2(Oeq)2(Seq)2,
and two neutral ligand molecules are coordinated in the axial
positions through the oxygen atoms of the P=O groups. The
base of the bipyramid is formed by two anionic ligands in a
typical 1,5-O,S coordination mode. The ligands are in a trans
configuration.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

taining two CdII cations in a distorted tetrahedral CdS4 en-
vironment.

The structure of ZnII and CdII complexes with the gene-
ral formula M[L-S,S�]2 {L = [H2NC(S)NP(S)(C6H5)2]–, M
= ZnII;[16] L = [C6H5NHC(S)NP(S)(OiPr)2]–, M = ZnII or
CdII;[17] L = [C6H5C(S)NP(S)(OiPr)2]–, M = ZnII[17] and
CdII[18]} has been investigated by IR and NMR spec-
troscopy[16–18] and X-ray analysis.[16] It was established that,
in all cases, there is chelate formation in which the metal
cation has a distorted tetrahedral MS4 environment.

In contrast to dithio derivatives, the ZnII and CdII com-
plexes with N-acylamidophosphates RC(X)NHP(Y)R�2,
containing both donor atoms of sulfur and oxygen (X �
Y), were not studied earlier. The substitution of two sulfur
atoms in the central ion coordination sphere by oxygen
atoms lowers the degree of stabilisation of π interactions.
This leads to an increase in the coordination numbers of
the ZnII and CdII cation from 4 to 5 and 6, respectively. For
example, it is known that CdII complexes with R2P(X)-
NHP(Y)R�2 (X = S, Y = O or X = Y = O) exhibit dinuclear
structures in which the imidodiphosphinate anions act
simultaneously as didentate ligands and as bridging units
through the oxygen atoms of the P=O groups.[12]

The present work was carried out with the aim of ap-
praising the influence of the cation (MII = ZnII and CdII)
on the formation of either mono- or dinuclear complexes
with the amidophosphate ligand (iPrO)2P(O)NHC(S)C6H5

(HL).
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Results and Discussion

Synthesis

The ligand HL was prepared by reaction of thiobenz-
amide C6H5C(S)NH2 with diisopropyl chlorophosphate
(iPrO)2P(O)Cl.

Complexes of HL with ZnII and CdII cations (1–3) were
prepared by the following procedure: the ligand was con-
verted into the potassium salt KL, followed by reaction
with salts of the corresponding metals. The compounds ob-
tained are crystalline solids that are soluble in most polar
solvents. Reaction of the salt KL with ZnCl2 in aqueous
EtOH leads only to the formation of the complex [ZnL2]
(1). Reaction with Cd(CH3COO)2 leads to the formation
of two complexes: [Cd2L4] (2) and [Cd(HL)2L2] (3)
(Scheme 1). Complex 3 was separated from the mixture by
extraction with n-hexane.

Scheme 1.

It has been shown that in the crystal form all listed com-
plexes have various coordination environments at the metal
atoms. The IR and NMR spectroscopic data confirm that
in CDCl3 and CCl4 solutions and in all three cases the dom-
inating forms are [ML2] chelates with a tetrahedral MO2S2

core.

IR and NMR Spectroscopy

The IR spectrum of 1 in Nujol is similar to the spectrum
of 2. The absorption bands of the P=O group of the anionic
forms L in complexes 1 and 2 are shifted by approximately
70 cm–1 to low frequencies relative to the band of the parent
ligand HL. This confirms their participation in chelate for-
mation. The signal for the NH proton is absent in the IR
spectra of complexes 1 and 2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2027–20342028

The main difference involves the absorption bands of the
SCN group.[19,20] In the spectrum of a suspension of 1 in
Nujol there is an intense absorption band at 1528 cm–1,
whereas in 2 the participation of sulfur atoms in dimer for-
mation results in the occurrence of three intense absorption
bands in the given area: 1536, 1576 and 1584 cm–1. In a
CCl4 solution of complex 2 the bands merge into one with
a maximum of 1536 cm–1, which suggests the dissociation
of the dimeric molecules.

The IR spectrum of 3 contains two bands for different
phosphorus groups. Along with the above band corre-
sponding to the L form, a strong P=O band is observed at
1240 cm–1 because of the bound neutral molecules of HL.
Its frequency also decreases relative to that of the band of
the free ligand; however, the shift is 12 cm–1. The absorp-
tion band for the NH group at 3176 cm–1 also indicates the
presence of HL molecules in complex 3.

The 31P{1H} NMR signals of complexes 1 and 2 appear
at δ = 5.7 and 3.0 ppm, respectively, and a down-field shift,
relative to that of the free ligand HL (δ = –5.6 ppm), is
observed. Full width at half peak maximum is in the range
1.0–5.0 Hz.

The 1H NMR spectra contain a single set of signals for
the (iPrO)2P(O) and C6H5 protons. The o-phenyl proton
signals in complexes 1 and 2 are shifted down-field. The
signal for the NHP(O) group proton is absent in 1H NMR
spectra. This confirms the presence of the HL anionic form
in the structures of complexes 1 and 2.

The formation of dimeric structures in solution would
lead to doubling or to exchange broadening of the signals
in the NMR spectra. Distinction between the trailer and
bridging ligand forms should be shown in the NMR spectra
for 13C and 31P nuclei. Experimental evidence has shown
that in both complexes 1 and 2 the 13C and 31P NMR spec-
tra indicate that there is no doubling or exchange broaden-
ing of the signals for carbon and phosphorus atoms. Thus,
the NMR spectroscopic data confirm that in CDCl3 solu-
tion complexes 1 and 2 are exclusively in the monomeric
form.

There are two singlet signals at δ = –6.0 and 3.7 ppm,
which have identical integrated intensities, in the 31P{1H}
NMR spectrum of complex 3. The signal at δ = –6.0 ppm
is in the region that is characteristic for neutral N-phos-
phorylated thioamides and thioureas, whereas the second
signal corresponds to the amidophosphate environment in
complexes of N-acylamidophosphate anions.

The 1H NMR spectrum contains a double set of equal-
intensity signals for the (iPrO)2P(O) and C6H5 protons. The
spectrum of complex 3 basically represents the sum of the
spectra of ligand HL and complex 2 (Figure 1). The assign-
ment of the 1H NMR spectrum of compound 3 is executed
by comparing the spectrum of 3 with those of HL and com-
plex 2. For a more exact reference of OCH proton signals
of complex 3, the spectrum of a mixture of 3 and HL was
run at a molar ratio of 3:1. The increase in intensities of
the low-field OCH group signal and the signal for the high-
field o-C6H5 protons, concerning the neutral HL form, con-
firms the reference made by comparison of the spectra.
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Figure 1. 1H NMR spectra of complexes 3 (A), 2 (C) and HL (B).
Signals of HL (free and in the structure of 3) are marked * and a
signal for the solvent #.

EI and ES Mass Spectrometry

The electron impact mass spectrum (EI-MS) of 1 con-
tains the [ZnL2]+ structure molecular ion peak. The molec-

Figure 2. ES-MS spectra of complex 2. Peak A is observed for the
[CdL2 + Na]+ cation, pattern B is calculated for C26H38CdN2Na-
O6P2S2, peak C is observed for the [Cd2L3]+ cation and pattern D
is calculated for C39H57Cd2N3O9P3S3.

Eur. J. Inorg. Chem. 2006, 2027–2034 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2029

ular ions of 2 [Cd2L4]+ and 3 [Cd(HL)2L2]+ are unstable
under the measurement conditions, and the heaviest molec-
ular ion observed in the spectra of 2 and 3 corresponds to
the neutral [CdL2]+ complex core.

ES-MS experiments (electrospray method) on complexes
1 and 2 show peaks for the molecular ions [ML2 + Na]+

and [ML2 + K]+. The cations [ML2 + H]+, on the contrary,
are unstable. This is, apparently, connected to the separat-
ing of the HL molecule.

The ES-MS data of 2 (Figure 2) shows propensity to di-
mer formation. The intensity of the [Cd2L3]+ peak in the
electrospray spectrum of complex 2 is 38% and is maximal
in a number of the investigated compounds. The [Cd2L4 +
Na]+ peak has an intensity of 0.8%.

The molecular ion peak of 3 is absent. Its electrospray
spectrum contains all ions characteristic of the [CdL2] com-
plex core: [CdL2 + H]+ (low intensity), [CdL2 + Na]+,
[CdL2 + K]+, [Cd2L3]+.

Crystal Structure of 1

According to the X-ray data, complex 1 is a spirocyclic
chelate with a distorted tetrahedral ZnO2S2 core (Figure 3).

Figure 3. Molecular structure of complex 1.

Table 1. Selected bond lengths [Å], and bond and torsion angles [°]
for complex 1.[a]

Bond lengths

Zn1–S2 2.288(1) P1–O1 1.492(2)
Zn1–O1 1.962(2) P1–N1 1.614(2)
S2–C1 1.735(3) N1–C1 1.285(3)

Bond angles

S2–Zn1–O1 102.83(8) O1–P1–N1 118.9(1)
S2–Zn1–S2_a 118.82(8) Zn1–O1–P1 125.1(1)
S2–Zn1–O1_a 104.52(14) P1–N1–C1 133.4(1)
O1–Zn1–O1_a 113.64(80) S2–C1–N1 129.1(2)
Zn1–S2–C1 107.7(1) S2–C1–C2 114.7(2)

Torsion angles

O1–Zn1–S2–C1 1.4(1) N1–P1–O1–Zn1 –21.2(2)
S2–Zn1–O1–P1 11.4(2) O1–P1–N1–C1 –108.6(3)
Zn1–S2–C1–N1 –4.9(3) P1–N1–C1–S2 –4.6(4)

[a] Symmetry transformations used to generate equivalent atoms:
_a (–x, y, –z + 1/2).
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Similarly to those of the [CoIIL2] complex with the same
ligand, investigated by us earlier,[21] the six-membered che-
late rings are practically flat. The phosphorus atoms usually
have a tetrahedral configuration in such compounds. Se-
lected values of bond lengths, bond and torsion angles are
given in Table 1.

Crystal Structure of 2

The X-ray data show that in a crystal form complex 2 is
a centrosymmetric dimer. In contrast to the imidodiphos-
phinate complexes, the bond does not occur through the
oxygen atoms of the P=O[12] groups, but through the sulfur
atoms of the C=S groups of the deprotonated ligand HL.
Complex 2 contains two types of ligand anions – tridentate
bridging and didentate terminal (Figure 4).

The CdII cations are in a distorted trigonal-bipyramidal
environment (CdO2S3). The axial positions are occupied by
the oxygen atoms of the P=O groups, and the sulfur atoms
lie in its base. The Cd2S4 moiety is flat in the molecule of 2
(Table 2). Predictably, coordination bonds with the sulfur
atoms of terminal ligands Cd01–S2A are, essentially, more
than 0.16 Å shorter than with the bridging sulfur atoms
Cd01–S2B. The lengths of the Cd–O bonds in the CdII cat-
ion’s coordination sphere are practically equivalent, but the
bond with the oxygen atom of the bridging ligand, Cd01–
O1B, deviates from the normal to the Cd2S4 plane (O1A–

Table 2. Selected bond lengths [Å], and bond and torsion angles [°] for complex 2.[a]

Bond lengths

Cd01–S2A 2.5015(2) P1A–O1A 1.444(2)
Cd01–S2B 2.6620(1) P1A–N1A 1.616(5)
Cd01–O1A 2.313(3) P1B–O1B 1.468(4)
Cd01–O1B 2.300(3) P1B–N1B 1.625(5)
Cd01–S2B_a 2.5957(1) N1A–C1A 1.283(7)
S2A–C1A 1.744(5) N1B–C1B 1.278(7)
S2B–C1B 1.761(5)

Bond angles

S2A–Cd01–S2B 143.94(5) Cd01–S2B–C1B 114.2(2)
S2A–Cd01–S2B_a 123.91(5) Cd01–S2B–Cd01_a 87.86(4)
S2B–Cd01–S2B_a 92.14(4) C1B–S2B–Cd01_a 96.4(2)
O1B–Cd01–S2B_a 105.9(1) O1A–P1A–N1A 119.7(2)
S2A–Cd01–O1A 91.3(1) O1B–P1B–N1B 120.6(2)
S2A–Cd01–O1B 85.0(1) Cd01–O1A–P1A 125.2(2)
S2B–Cd01–O1A 83.46(9) Cd01–O1B–P1B 128.8(2)
S2B–Cd01–O1B 85.33(9) P1A–N1A–C1A 132.8(4)
O1A–Cd01–O1B 155.3(1) P1B–N1B–C1B 130.4(4)
O1A–Cd01–S2B_a 96.4(1) S2A–C1A–N1A 128.6(4)
Cd01–S2A–C1A 110.6(2) S2B–C1B–N1B 127.6(4)

Torsion angles

C1A–S2A–Cd01–O1A –18.2(2) C1B–S2B–Cd01–O1B –167.73(19)
P1A–O1A–Cd01–S2A –6.8(2) P1B–O1B–Cd01–S2B –19.3(3)
Cd01–O1A–P1A–N1A –34.5(6) Cd01–O1B–P1B–N1B 43.7(4)
C1A–N1A–P1A–O1A –34.5(6) C1B–N1B–P1B–O1B –35.5(6)
N1A–C1A–S2A–Cd01 25.8(5) N1B–C1B–S2B–Cd01 20.5(5)
S2A–C1A–N1A–P1A –0.1(8) S2B–C1B–N1B–P1B –0.3(7)

[a] Symmetry transformations used to generate equivalent atoms: _a (1–x, 1 –y, 1 –z).
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Figure 4. Molecular structure of complex 2.

Cd01–O1B 155°), while the Cd01–O1A bond is practically
perpendicular to the Cd2S4 plane. The S2B–Cd01–S2B_a
angle in the Cd2S4 plane is more than 50° sharper than
S2A–Cd01–S2B.

The lengths of the bonds in the S–C–N–P–O backbone
confirm the distinction in negative charge delocalisation
mechanisms in bridging and terminal ligands. It is known
that three tautomeric forms, A, B and C, contribute to the
distribution of electronic density in six-membered chelates
of (thioacylamido)phosphates (Scheme 2).
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Scheme 2.

Displacement of electronic density on the sulfur atom in
bridging ligands leads to the shortening of the C–N and
P=O bonds and also to the lengthening of the P–N and
C=S bonds because of the prevalence of the tautomeric
form A. The P=O bond in these ligands is even shorter than
in the free ligand molecule.[19] In the cases with terminal
ligands, the contribution of forms B and C which leads to
average bonds lengths in the cycle, is shown to a greater
degree.

The dimer formation leads to a significant lengthening
of the Cd–S bonds in six-membered chelate cycles of the
bridging ligands. Therefore, these bonds are the longest in
a number of compounds investigated by us, their lengths
exceeding even those of the bridging Cd–S bonds connect-
ing [CdL2] moieties in the structure of the dimer.

Crystal Structure of 3

According to the Cambridge Crystallographic Database,
there are no structural analogues of complex 3 that involve
N-acylamidophosphates or related chelators such as imido-
diphosphinates and β-dicarbonyl compounds and Group
IIB cations. The nearest analogue of complex 3 is described
for iBu2NC(S)NHC(O)C6H5 (HQ). The complex has the
structure [Cd(HQ-S)(Q-O,S)2] (4).[22] As in complex 2, the
CdII cation in complex 4 is in a distorted trigonal-bipyrami-
dal Cd(Oax)2(Seq)3 environment.

The molecule of complex 3 in a crystal is located in a
special position at the symmetry centre. The coordination
geometry of the CdII atom is tetragonal bipyramidal (D2h)
(Figure 5). Isostructural complexes of CoII and NiII with
HL exist and have been synthesised by us previously.[21]

The equatorial positions of the bipyramid are occupied
by two N-phosphorylthiobenzamide anions, bonded
through sulfur atoms and oxygen atoms of the phosphoryl
groups. The six-membered Cd–O–P–N–C–S cycle has a
half-chair conformation; the O–P–N–C–S backbone is flat
(Table 3). The ligands are in a trans configuration. A nega-
tive charge delocalisation in the S–C–N–P–O moiety also
takes place in this case. This leads to the contraction of the
C–N and P–N bonds and also to the lengthening of the
C=S bonds, but the P=O bond lengths decrease by 0.013 Å
relative to that of the free ligand HL. As in complex 2, this
observation results from a significant preference of the form
A (Scheme 2).

Neutral ligand molecules are coordinated in the axial po-
sitions through the oxygen atoms of the phosphoryl groups.
The conformation of the neutral molecules and the lengths

Eur. J. Inorg. Chem. 2006, 2027–2034 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2031

Figure 5. Molecular structure of complex 3.

Table 3. Selected bond lengths [Å], and bond and torsion angles [°]
for complex 3.[a]

Bond lengths

Cd1–S2 2.546(2) P1–N1 1.611(3)
Cd1–O1 2.273(2) P1A–O1A 1.467(2)
Cd1–O1A 2.372(2) P1A–N1A 1.677(3)
S2–C1 1.687(3) N1–C1 1.289(3)
S2A–C1A 1.637(3) N1A–C1A 1.363(4)
P1–O1 1.444(2) N1A–H1A 0.81(3)

Bond angles

S2–Cd1–O1 89.74(8) O1A–P1A–N1A 106.4(1)
S2–Cd1–O1A 88.76(7) Cd1–O1–P1 120.6(1)
S2–Cd1–S2_a 180.00 Cd1–O1A–P1A 137.0(1)
O1–Cd1–O1A 89.25(8) P1–N1–C1 134.6(2)
O1–Cd1–O1_a 180.00 P1A–N1A–C1A 131.1(2)
O1A–Cd1–O1A_a 180.00 N1–C1–C2 116.7(2)
Cd1–S2–C1 105.1(1) S2–C1–N1 128.6(2)
O1–P1–N1 122.3(1) S2–C1–C2 114.6(2)
N1A–C1A–C2A 114.9(2) S2A–C1A–N1A 123.4(2)
S2A–C1A–C2A 121.8(2)

Torsion angles

O1–Cd1–S2–C1 –39.8(1) O1–P1–N1–C1 –15.6(3)
O1A–Cd1–S2–C1 49.5(1) O1A–P1A–N1A–C1A 177.2(2)
S2–Cd1–O1–P1 39.2(1) N1A–P1A–O1A–Cd1 –30.1(2)
O1A–Cd1–O1–P1 –49.5(1) P1–N1–C1–C2 –174.5(2)
S2–Cd1–O1A–P1A 68.8(2) P1–N1–C1–S2 5.9(4)
Cd1–S2–C1–N1 27.8(3) P1A–N1A–C1A–S2A 0.1(4)
N1–P1–O1–Cd1 –18.9(2) P1A–N1A–C1A–C2A 179.1(2)

[a] Symmetry transformations used to generate equivalent atoms:
_a (2 – x, –y, 2 – z).

of C–N and P–N bonds in a crystal are practically identical
to those of free N-phosphorylthiobenzamide HL. Some
lengthening of the P=O and C=S bonds is observed, which
results from the displacement of electronic density in the S–
C–N–P–O moiety on the oxygen atom of the phosphoryl
group.
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There are two intramolecular NH···S bonds between the

neutral and anionic ligands in the crystal of complex 3. The
hydrogen bond parameters are as follows: N(1A)–H(1A)···
S(2) (–x, –y, –z), d(N–H) 0.81(3) Å, d(H···S) 2.72(3) Å,
d(N···S) 3.499(3) Å, �(N–H···S) 164(2)°.

Conclusion

Comparison of the data of complex compounds of cad-
mium(), known from the literature, with acylureas and im-
idodiphosphinates shows that the cadmium() cation in the
structure of the complex CdO2S2 core exhibits properties of
a “universal” Lewis acid. Its coordination environment can
be expanded because of interaction with both “soft” and
“hard” bases. Differences in modes of interaction are ap-
parently related to the distribution of electronic density in
the ligand molecules.

These features of complexes with a CdO2S2 core can be
used in the future for the creation of new types of building
blocks for polynuclear metal-containing macrocyclic com-
pounds. We have recently reported the synthesis of close
structural analogues of the ligand HL that contain crown
ether moieties and their complexes with NiII and
CuI.[11,23–25] The cavities of the macrocycles in the given
structures remain free and are capable of participating in
secondary coordination. We suppose that the combination
of the CdO2S2 core and crown ether in the molecule will
allow one to synthesise compounds that are able to bind
cations, by the crown ether moiety, and anions and neutral
molecules, by the electrophilic CdO2S2 core. Such kinds of
compounds are of interest as agents for molecular recogni-
tion and membrane transport.

Experimental Section
Physical Measurements: Infrared spectra (Nujol) were recorded
with a Specord M-80 spectrometer in the range 400–3600 cm–1.
NMR spectra were obtained on a Varian Unity-300 NMR spec-
trometer at 25 °C. 1H, 31P{1H} and 13C{1H} NMR spectra were
recorded at 299.948, 121.420 and 75.429 MHz, respectively. Chemi-
cal shifts are reported with reference to SiMe4 (1H and 13C{1H})
and H3PO4 (31P{1H}). Electron ionisation mass spectra were mea-
sured on a TRACE MS Finnigan MAT instrument. The ionisation
energy was 70 eV. The substance was injected directly into the ion
source at 150 °C. Heating was carried out in a programmed mode
from 35–200 °C at a rate of 35 °C/min. Electrospray ionisation
mass spectra were measured with a Thermo Finnigan LCQ mass
spectrometer on a 10–6  solution in a CHCl3/CH3OH mixture (1:1
v/v). The speed of a sample submission was 3 µL/min. The ioni-
sation energy was 4.1 kV. The capillary temperature was 210 °C.
Elemental analyses were performed on a Perkin–Elmer 2400 CHN
microanalyser.

Synthesis of (iPrO)2P(O)NHC(S)C6H5 (HL): N-Diisopropoxy-
phosphorylthiobenzamide was prepared according to previously
described methods.[26] M.p. 134 °C. 1H NMR (CDCl3): δ = 1.34 (d,
3JH,H = 5.9 Hz, 6 H, CH3), 1.38 (d, 3JH,H = 6.2 Hz, 6 H, CH3),
4.83 (d. sept, 3JPOCH = 3JH,H = 6.1 Hz, 2 H, OCH), 8.49 [s, 1 H,
NHP(O)], 7.37–7.42 (m, 2 H, m-H, C6H5), 7.49–7.54 (m, 1 H, p-
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H, C6H5), 7.85–7.88 (m, 2 H, o-H, C6H5), 8.49 (s, 1 H, NH) ppm.
31P{1H} NMR (CDCl3): δ = –5.6 ppm. IR: ν̃ = 3104 (NH), 1500
(S=C–N), 1012 (POC), 1252 (P=O) cm–1.

Synthesis of [ZnL2] (1): A suspension of HL (1.505 g, 5 mmol) in
aqueous ethanol (20 mL) was mixed with an ethanol solution of
potassium hydroxide (0.28 g, 5 mmol). An aqueous (20 mL) solu-
tion of ZnCl2 (0.381 g, 2.8 mmol) was added dropwise under vigor-
ous stirring to the resulting potassium salt. The mixture was stirred
at room temperature for a further 3 h and left overnight. The re-
sulting complex was extracted with dichloromethane, washed with
water and dried with anhydrous MgSO4. The solvent was then re-
moved in vacuo. A colourless precipitate was isolated from dichlo-
romethane by n-hexane. Yield (based on the metal salt): 0.865 g
(52%). M.p. 92 °C. 1H NMR (CDCl3): δ = 1.34 (d, 3JH,H = 5.9 Hz,
12 H, CH3), 1.35 (d, 3JH,H = 5.8 Hz, 12 H, CH3), 4.72 (d. sept,
3JPOCH = 7.6 Hz, 3JH,H = 6.2 Hz, 4 H, OCH), 7.35–7.40 (m, 4 H,
m-H, C6H5), 7.45–7.50 (m, 2 H, p-H, C6H5), 8.26–8.29 (m, 4 H, o-
H, C6H5) ppm. 13C{1H} NMR (CDCl3): 24.5 (CH3), 73.5 (OCH),
128.4 (o-C, C6H5), 129.3 (m-C, C6H5), 132.6 (p-C, C6H5), 143.8
(ipso-C, C6H5), 195.2 (C=S) ppm. 31P{1H} NMR (CDCl3):
5.7 ppm. IR: ν̃ = 1528 (SCN), 996 (POC), 1152 (P=O) cm–1. EI-
MS: m/z (%) = 664 (8) [M]+, 301 (8) [HL]+. ES-MS (positive ion):
m/z (%) = 687 (100) [M + Na]+, 703 (10) [M + K]+, 1032 (1)
[M2L3]+, 1353 [M2L4 + Na]+. C26H38N2O6P2S2Zn (666.05): calcd.
C 46.87, H 5.77, N 4.18; found C 46.88, H 5.75, N 4.19.

Synthesis of [Cd2L4] (2) and [Cd(HL)2L2] (3): A suspension of HL
(1.806 g, 6 mmol) in aqueous ethanol (20 mL) was mixed with an
ethanol solution of potassium hydroxide (0.336 g, 6 mmol). An
aqueous (20 mL) solution of Cd(CH3COO)2·2H2O (0.798 g,
3 mmol) was added dropwise to the resulting potassium salt under
vigorous stirring. The mixture was stirred at room temperature for
a further 3 h and left overnight. The resulting complex was ex-
tracted with dichloromethane, washed with water and dried with
anhydrous MgSO4. The solvent was then removed in vacuo. The
residue was extracted by n-hexane. A hexane insoluble deposit was
recrystallised from a dichloromethane/n-hexane mixture, and com-
plex 2 was isolated. Complex 2 was obtained as colourless crystals.
Yield (based on the metal salt): 0.918 g (43%). M.p. 102 °C. 1H
NMR (CDCl3): 1.40 (d, 3JH,H = 6.4 Hz, 24 H, CH3), 4.82 (d. sept,
3JPOCH = 7.5 Hz, 3JH,H = 6.4 Hz, 4 H, OCH), 7.34–7.39 (m, 4 H,
m-H, C6H5), 7.44–7.49 (m, 2 H, p-H, C6H5), 8.23–8.26 (m, 4 H, o-
H, C6H5) ppm. 13C{1H} NMR (CDCl3): 24.5 (CH3), 73.2 (OCH),
128.4 (o-C, C6H5), 129.5 (m-C, C6H5), 132.4 (p-C, C6H5), 144.3
(ipso-C, C6H5), 193.9 (C=S) ppm. 31P{1H} NMR (CDCl3):
3.0 ppm. IR: ν̃ = 1536, 1576, 1584 (SCN), 1015 (POC), 1184 (P=O)
cm–1. EI-MS: m/z (%) = 714 (34) [ML2]+, 301 (15) [HL]+. ES-MS
(positive ion): m/z (%) = 715 (2) [ML2 + H]+, 737 (100) [ML2 +
Na]+, 753 (2) [ML2 + K]+, 1126 (38) [M2L3]+, 1449 (0.8) [M2L4 +
Na]+. C52H76Cd2N4O12P4S4 (1424.12): calcd. C 43.80, H 5.34, N
3.97; found C 43.81, H 5.33, N 3.98.

At the solvent-removal stage (hexane soluble), product 3 was iso-
lated. Complex 3 was obtained as yellow crystals. Yield (based on
the metal salt): 0.355 g (18%). M.p. 94 °C. 1H NMR (CDCl3): 1.29
(d, 3JH,H = 6.1 Hz, 36 H, CH3, L + HL), 1.35 (d, 3JH,H = 6.1 Hz,
12 H, CH3, L), 4.67 (d. sept, 3JPOCH = 3JH,H = 6.2 Hz, 4 H, OCH,
L), 4.82 (d. sept, 3JPOCH = 3JH,H = 6.4 Hz, 4 H, OCH, HL), 7.47–
7.74 (m, 12 H, m-H + p-H, C6H5, L + HL), 7.95–7.98 (m, 4 H, o-
H, C6H5, HL), 8.26–8.28 (m, 4 H, o-H, C6H5, L), 9.15 [s, 2 H,
NHP(O)] ppm. 31P{1H} NMR (CDCl3): –6.0 (HL), 3.7 (L) ppm.
IR: ν̃ = 1536 (SCN), 1013 (POC), 1168 (L, P=O), 1240 (HL, P=O)
cm–1. EI-MS: m/z (%) = 714 (29) [M – 2HL]+, 301 (73) [HL]+. ES-
MS (positive ion): m/z (%) = 715 (2) [ML2 + H]+, 737 (100) [ML2 +
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Table 4. Crystal data, data collection and refinement details for complexes 1–3.

1 2 3

Empirical formula C26H38N2O6P2S2Zn C52H78Cd2N6O10P4S4 C52H78CdN4O12P4S4

Formula mass 666.05 1424.12 1315.70
Space group C2/c (molecule in special P1̄ (molecule in special P21/n (molecule in special

position on the axis 2) position) position)
a [Å] 18.324(9) 10.569(3) 13.375(9)
b [Å] 9.730(9) 10.941(2) 12.858(7)
c [Å] 18.24(2) 15.560(4) 18.594(7)
α [°] 90 74.11(2) 90
β [°] 93.35(7) 72.92(3) 90.71(6)
γ [°] 90 79.93(3) 90
V [Å3] 3247(5) 1645.5(8) 3197(3)
Z 4 1 2
Dcalcd. (mg/m3) 1.36 1.44 1.37
F(000) 1392 732 1372
Crystal colour colourless colourless colourless
Crystal form prismatic prismatic prismatic
Crystal size [mm] 0.3×0.3×0.3 0.4×0.3×0.2 0.2×0.3×0.2
Radiation [Å] 1.54184 0.71073
Temperature [K] 293 293 293
Scan mode ω ω ω
Recording range θmax [°] 70.07 57.19 6.29
Absorption correction ψ-scan ψ-scan ψ-scan
µ [cm–1] 35.14 77.46 28.11
Scan speed (°/min) variable, 1–16.4 variable, 1–16.4 variable, 1–16.4
No. of recorded reflections 3373 3726 7205
No. of independent reflections with I � 3σ(I) 3016 3695 5022
No. of independent reflections with F2 � 2σ(F2) 2999 3239 6606
R (%) 0.0449 0.0557 0.033
Rw (%) 0.1236 0.1362 0.083
S 1.061 1.047 1.011

Na]+, 753 (2) [ML2 + K]+, 1126 (7) [M2L3]+. C52H78CdN4O12P4S4

(1315.70): calcd. C 47.44, H 6.01, N 4.29; found C 47.42, H 6.03,
N 4.28.

Crystal Structure Determination and Refinement: The X-ray diffrac-
tion data for the crystals of 1–3 were collected on a CAD4 Enraf–
Nonius automatic diffractometer using graphite-monochromated
Mo-Kα (0.71073 Å) and Cu-Kα (1.54184 Å) radiation. The crystal
data, data collection and the refinement are given in Table 4. The
stability of the crystals and the experimental conditions were
checked every 2 h using three control reflections, while the orienta-
tion was monitored every 200 reflections by centring two standards.
No significant decay was observed. An empirical absorption cor-
rection based on ψ-scans was applied. The structure was solved by
direct methods using the SIR[27] program and refined by the full-
matrix least-squares using the SHELXS-97[28] program. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms for
compounds 1 and 3 were located from a subsequent difference map
and refined isotropically in the final cycles. The hydrogen atoms
for compound 2 were included in calculated positions with thermal
parameters 30% larger than the atom to which they were attached.
All calculations were performed on a PC using the WinGX[29] pro-
gram. Cell parameters, data collection and data reduction were per-
formed on an Alpha Station 200 computer using the MolEN[30]

program. All figures were made using the program PLATON.[31]

CCDC-286427, CCDC-286426 and CCDC-286425 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The lowest singlet and triplet states of SPS-type pincer-based
[M(SPS)(PPh3)] complexes (M = Co, Rh, and Ir) were studied
by means of DFT/B3PW91 calculations on the model com-
plexes in which the nine phenyl substituents were replaced
by H atoms. Although the Rh and Ir compounds were found
to be diamagnetic with a square-planar geometry, the yet un-
known Co complex was predicted to be paramagnetic
(∆ES/T = –22.4 kcal·mol–1) with two unpaired electrons local-
ized on the metal center. Three minima were actually located

Introduction

Since the pioneering work of Shaw in 1976,[1] the devel-
opment of pincer-based ligands has been flourishing and
many of these polydentate systems have found numerous
applications in coordination chemistry, homogeneous and
heterogeneous catalysis.[2–4] Whereas the first studies fo-
cussed on PCP-based systems, it rapidly appeared that the
introduction of heteroatoms (N, O, P, S) either as central or
ancillary ligands could be used to finely tune the electronic
properties of the corresponding complexes.[5–7] However,
the use of oxygen and sulfur as ancillary ligands remains
limited compared to their nitrogen (amine, amide, imine),
phosphorus (phosphane, phosphite, phosphaalkene), or
carbon (NHC) counterparts. Sulfur-based systems are of
great interest as they can be used to modelize enzyme active
sites.[8] Sulfur ligands can be found either as thioethers,[9–12]

thiolates,[13,14] sulfoxides,[15] or phosphanyl sulfides.[16–19]

Scheme 1.
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on the triplet potential energy surface that differ by the ar-
rangement of the ligands (nearly tetrahedral or butterfly ge-
ometries), two of them being close in energy (∆E =
2.5 kcal·mol–1). Finally, the paramagnetism of the Co com-
plex was confirmed by calculations on the real complex at
the B3PW91//ONIOM(B3PW91:UFF) level of theory (∆ES/T

= –29.6 kcal·mol–1).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Recently, we described the synthesis and the coordina-
tion chemistry of the anionic SPS-based pincer ligand I,
which features two ancillary P=S ligands and a phosphorus
atom as the central binding site (Scheme 1).[20] In a series
of papers we showed that these ligands can accommodate
various metal fragments in different oxidation states (ReI,
MnI, RhI, RhII, RhIII, IrI, IrIII, NiII, PdII, PtII, AuI,
CuI).[21–24] Some of these complexes have found applica-
tions in catalysis,[25] photochemistry[21] and activation of
small molecules.[26–28] Among these complexes, the 16 VE
square-planar RhI complex [Rh(SPS)(PPh3)] (II) proved to
be particularly reactive towards small molecules such as
CO, SO2, O2, CS2, and H2 and the corresponding RhIII

complexes, [Rh(η2-O2)(SPS)(PPh3)], [Rh(η2-CS2)(SPS)-
(PPh3)], and [Rh(H)2(SPS)(PPh3)], or RhI complexes,
[Rh(η1-CO)(SPS)(PPh3)] and [Rh(η1-SO2)(SPS)(PPh3)],
were isolated and structurally characterized in most cases

(Scheme 1).[23,28] Later it was found that the iridium coun-
terpart of II, the [Ir(SPS)(PPh3)] complex III, could also
activate O2 and H2.[27,28] Moreover, the attack of the small
molecule proved to be stereospecific and only led to a single
isomer (the attack occurring syn to the P–Me moiety). This
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planar discrimination has been studied in the case of O2,[27]

CO,[26] and H2.[28]

We now wish to report on a theoretical study of the co-
balt complex [Co(SPS)(PPh3)], analog of II and III. In or-
der to shed some light on the electronic structure of these
SPS-based complexes, examination of the singlet and triplet
states of this yet unknown cobalt complex is presented
herein and a comparison is drawn with its Rh and Ir ana-
logs.

Results and Discussion

The geometry of the [Co(SPS)(PH3)] model complex was
first optimized in the singlet state without any symmetry
constraint. The optimized structure (1, Figure 1) came out
to be nearly of Cs symmetry with an almost perfect square-
planar (SP) arrangement around the metal center (S1–Co–
S2 = 178.4° and P1–Co–P4 = 177.8°), a geometry usual for
a diamagnetic complex of the d8-[ML4] type.

The optimization of the triplet state led to three minima
of Cs symmetry (2, 3, and 4, Figure 1), which differ by the
arrangement of the ligands around the metal center. A
pseudotetrahedral (Td) geometry was found for 2 (3A�) with
S1–Co–S2 and P1–Co–P4 angles of 128.3 and 113.1°,
respectively. The two other minima can be described as but-
terfly structures: in 3 (3A��) there is a large P1–Co–P4 angle
(164.2°) and a smaller S1–Co–S2 angle (124.2°), while the
reverse is true for 4 (3A�) (111.5 and 169.3°, respectively).
Such a change in the geometry in going from the singlet to
the triplet state is consistent with qualitative molecular or-
bital arguments: moving away from the square-planar ge-
ometry towards tetrahedral or butterfly structures reduces
the energy gap between the frontier MOs of d8-[ML4] com-
plexes,[29] a trend which is favorable for the triplet state. The
total spin density (sd) surface is pictured in Figure 2 and,
for each complex, it was found to be mainly developed on
the metal center with a Mulliken spin density of 1.970,
1.993, and 1.857 for 2, 3, and 4, respectively.

Figure 1. Optimized geometries for the [Co(SPS)(PH3)] complex in its singlet (1) and triplet (2, 3, and 4) states. Hydrogen atoms are
omitted for clarity. E: relative energies (at the B3PW91 level) are given in kcal·mol–1. Selected geometrical parameters (bond lengths in
Å and bond angles in °): 1: Co–S 2.292, Co–P1 2.175, Co–P4 2.203; S1–Co–S2 178.4, P1–Co–P4 177.8. 2: Co–S 2.455, Co–P1 2.324,
Co–P4 2.288; S1–Co–S2 128.3, P1–Co–P4 113.1. 3: Co–S 2.513, Co–P1 2.317, Co–P4 2.308; S1–Co–S2 124.2, P1–Co–P4 164.2. 4: Co–
S 2.568, Co–P1 2.286, Co–P4 2.340; S1–Co–S2 169.3, P1–Co–P4 111.5.
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Figure 2. Total spin density (sd) surfaces computed for the triplet
state of the cobalt complexes 2, 3, and 4. Hydrogen atoms are omit-
ted for clarity.

From an energetic point of view, complex 2 was found
to be more stable than 3 and 4 by 2.5 and 12.9 kcal·mol–1,
respectively. Interestingly, all these triplet-state structures
are lower in energy than the singlet-state 1, as ∆ES/T =
–22.4 kcal·mol–1 between 1 (singlet state) and 2 (lowest trip-
let state) (Figure 1). Note that 2 and 3, which differ by their
symmetry (3A� and 3A��) and their geometry [nearly tetra-
hedral (2) and butterfly-type with a wide P1–Co–P4 angle
(3)], are predicted to be competitive in energy (∆E =
2.5 kcal·mol–1). It is remarkable that large changes in the
metal–ligand bond angles induce rather small energy
changes on the triplet potential energy surface. Note, how-
ever, that relative energies and even orderings can depend
critically on the amount of HF exchange included in the
functional. The energy separation of the four structures was
therefore tested by single-point ab initio calculations at the
MP2 level. The same energy ordering is found: 2 (0.0) � 3
(+4.1) � 4 (+14.1) � 1 (+34.5) (in kcal·mol–1), the main
change being an increase of the singlet–triplet energy sepa-
ration (34.5 instead of 22.4 kcal·mol–1 at the B3PW91
level). These values are large enough to conclude unambig-
uously that the model complex [Co(SPS)(PH3)] is paramag-
netic. The energy ordering of the three triplet-state struc-
tures can be qualitatively traced to two factors: (i) the en-
ergy required to distort the complex in its singlet state from
the equilibrium square-planar geometry to the actual geom-
etry in the triplet-state structure. This distortion energy (in
kcal·mol–1) increases in the order 3 (14.0) � 2 (19.8) � 4
(23.7) (restricted B3PW91 calculations); (ii) the energy gap
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between the two singly occupied MOs in the triplet state (a
small value favoring a low-lying triplet state), which in-
creases in the order 2 (10.7) � 3 (23.8) � 4 (29.5). Therefore
structure 4 appears to be the least favorable, while the two
factors work in opposite direction for structures 2 and 3,
which were actually found to be close in energy.

For the sake of comparison, similar calculations were
performed on the rhodium and iridium analogs, the ener-
getic results and the main geometrical parameters being re-
ported in Table 1. A nearly square-planar geometry was
found for the singlet state[26,27] and three minima were lo-
cated for the triplet state. Their geometries are close to that
pictured in Figure 1 for the cobalt complex and two of them
(2 and 3) are still found to be close in energy. However, the
singlet state is now located well below the lowest triplet
state, by 19.0 and 26.2 kcal·mol–1 for M = Rh and Ir,
respectively (Table 1). The electronic ground state of the Rh
and Ir complexes is thus found to be diamagnetic, in agree-
ment with NMR spectroscopic data.[23,27] Therefore, the
trend for the first-row transition metals to form high-spin

Table 1. Relative energies (given in kcal·mol–1) at the B3PW91 level
of the lowest square-planar (SP) singlet state (1) and triplet states
[2 (pseudo-Td), 3 (butterfly-1), and 4 (butterfly-2)] of the
[M(SPS)(PH3)] model complexes (M = Co, Rh, and Ir).[a]

1 (SP) 2 (pseudo-Td) 3 (butterfly-1) 4 (butterfly-2)
1A� 3A� 3A�� 3A�

Co +22.4 0.0 +2.5 +12.9
Rh 0.0 +19.0 +19.9 +27.8
Ir 0.0 +26.7 +26.2 +39.7

[a] Selected geometrical parameters (bond lengths in Å and bond
angles in °) for Rh and Ir complexes: Rh(1): Rh–S 2.401, Rh–P1
2.259, Rh–P4 2.303; S1–Rh–S2 173.9, P1–Rh–P4 174.3. Rh(2): Rh–
S 2.551 (av.), Rh–P1 2.335, Rh–P4 2.304; S1–Rh–S2 138.1, P1–Rh–
P4 106.6. Rh(3): Rh–S 2.568, Rh–P1 2.358, Rh–P4 2.369; S1–Rh–
S2 111.3, P1–Rh–P4 170.4. Rh(4): Rh–S 2.642, Rh–P1 2.309, Rh–
P4 2.332; S1–Rh–S2 168.3, P1–Rh–P4 103.2. Ir(1): Ir–S 2.380, Ir–
P1 2.274, Ir–P4 2.272; S1–Ir–S2 172.7, P1–Ir–P4 171.4. Ir(2): Ir–S
2.461, Ir–P1 2.275, Ir–P4 2.240; S1–Ir–S2 128.6, P1–Ir–P4 106.5.
Ir(3): Ir–S 2.509, Ir–P1 2.304, Ir–P4 2.300; S1–Ir–S2 106.0, P1–Ir–
P4 166.5. Ir(4): Ir–S 2.453, Ir–P1 2.266, Ir–P4 2.284; S1–Ir–S2
163.1, P1–Ir–P4 107.6.

Figure 3. Optimized geometries for the real complex [Co(SPS)(PPh3)] in its singlet (1-rc) and triplet (2-rc and 3-rc) states. Hydrogen
atoms are omitted for clarity. E: relative energies [at the B3PW91//ONIOM(B3PW91:UFF) level] are given in kcal·mol–1. Selected geomet-
rical parameters (bond lengths in Å and bond angles in °): 1-rc: Co–S1 2.290, Co–S2 2.283, Co–P1 2.176, Co–P4 2.244; S1–Co–S2 172.5,
P1–Co–P4 173.2. 2-rc: Co–S1 2.405, Co–S2 2.367, Co–P1 2.285, Co–P4 2.278; S1–Co–S2 119.8, P1–Co–P4 112.2. 3-rc: Co–S1 2.428,
Co–S2 2.420, Co–P1 2.277, Co–P4 2.299; S1–Co–S2 103.2, P1–Co–P4 150.9.
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complexes is large enough to induce a change of the mag-
netic properties in this family of SPS-based complexes.

Finally, optimizations of both the singlet and triplet
states were performed at the ONIOM(B3PW91:UFF) level
of calculation on the real complex (rc) [Co(SPS)(PPh3)]
bearing nine phenyl substituents. The square-planar singlet
state (1-rc) and the two lowest structures optimized for the
triplet state (2-rc and 3-rc) are pictured in Figure 3.[30] Com-
plex 2-rc is a slightly distorted tetrahedral complex with S1–
Co–S2 and P1–Co–P4 angles of 119.8 and 112.2°, respec-
tively, and 3-rc adopts a butterfly-type structure with S1–
Co–S2 and P1–Co–P4 angles of 103.2 and 150.9°, respec-
tively. From an energetic point of view, complex 2-rc was
found to be more stable than 3-rc by 6.2 kcal·mol–1, the two
triplet-state structures being lower in energy than the sing-
let-state 1-rc (∆ES/T = –20.3 kcal·mol–1 between 2-rc and 1-
rc). Finally, the influence of a QM treatment of the phenyl
ligands was tested by single-point calculations at the
B3PW91//ONIOM(B3PW91:UFF) level (Figure 3). A trip-
let ground state was still found, with 2-rc and 3-rc very close
in energy (only 0.4 kcal·mol–1 in favor of 3-rc) and signifi-
cantly more stable than the square-planar singlet-state 1-rc
(∆ES/T = –29.6 kcal·mol–1 between 3-rc and 1-rc). Both
from the geometrical and energetic points of view, the re-
sults of these calculations on the real complex are similar
to those from the study of the model complex (Figure 1).

Conclusion

According to DFT calculations, there is a change in the
nature of the electronic ground state when Rh or Ir is re-
placed by Co in the family of SPS-based pincer-based
[M(SPS)(PH3)] model complexes. While Rh and Ir com-
pounds are found to be diamagnetic, a triplet ground state
is predicted for the yet unknown cobalt complex, a conclu-
sion confirmed by calculations on the real complex
[Co(SPS)(PPh3)] with nine phenyl substituents. This change
in the electronic ground state in going from (Rh, Ir) to Co
is likely to result in a different chemical behavior of the Co
complex compared to its rhodium or iridium analogs. This
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result has prompted us to synthesize this interesting Co de-
rivative and to study its reactivity towards small molecules.

Computational Details
Calculations on the model complexes (quoted as [M(SPS)(PH3)]
with M = Co, Rh, and Ir), in which the phenyl groups were re-
placed by H atoms, were performed with the GAUSSIAN 03 series
of programs.[31] Density functional theory (DFT)[32,33] was applied
with the B3PW91 functional.[34] A quasirelativistic effective core
potential operator was used to represent the 10 innermost electrons
of the cobalt atom, the 28 innermost electrons of the rhodium
atom, and the 60 innermost electrons of the iridium atom.[35] The
basis set for the metal atom was that associated with the pseudopo-
tential, with a standard double-ζ LANL2DZ contraction[35] com-
pleted by a set of polarization f functions.[36] Geometry optimiza-
tions were performed with the 6-31+G* basis for phosphorus and
sulfur atoms, 6-31G* for the carbon atoms, and 6-31G for hydro-
gen atoms[37–40] (basis set A) and the minimum energy structures
were characterized by vibration frequency calculations. Finally, the
energies were recomputed by single-point calculations on the opti-
mized structures using the same basis set for the metal center and
the 6-31+G* basis set for all the other atoms (basis set B). Note
that the changes in relative energies were found to be lower than
0.7 kcal·mol–1 in going from basis set A to basis set B. The restric-
ted singlet-state wave function was reoptimized in the Co complex
1, as an RHF � UHF instability was detected (single-point calcu-
lation on the geometry optimized at the restricted level). The geom-
etry of the real complex (rc) [Co(SPS)(PPh3)] with nine phenyl sub-
stituents was optimized and characterized by vibration frequency
calculations by means of QM/MM calculations at the ONI-
OM(B3PW91:UFF) level with the phenyl substituents in the MM
part.[41] The QM part was treated at the DFT/B3PW91 level with
the basis set A (see above) and the UFF force field was used for
the MM part.[42] Finally, DFT-B3PW91 single-point calculations
were performed on the optimized structures [B3PW91//ONI-
OM(B3PW91:UFF) calculations] using the 6-31G basis set for the
phenyl substituents and the basis set A for the other atoms.

Supporting Information (see footnote on the first page of this arti-
cle): Optimized geometry and frequencies of 1–4, 1-rc, 2-rc, 3-rc,
Rh(1), Rh(2), Rh(3), Rh(4), Ir(1), Ir(2), Ir(3), and Ir(4).
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The heteroleptic complex [(HOOC-tpy)Ru(tpy-NH2)](PF6)2

(tpy = 2,2�;6�,2��-terpyridine) has been incorporated into a
multicomponent system with ferrocene moieties attached on
either the N-terminal end or the C-terminal end and on both
ends of the ruthenium complex. Electrochemical studies re-
veal almost noninteracting subunits in the oligonuclear sys-

Introduction

Design and synthesis of multicomponent systems such
as polynuclear metal complexes incorporating electroactive
and/or photoactive moieties, especially ruthenium polypyri-
dine complexes,[1–11] is of great current interest for funda-
mental studies of energy and electron transfer and photoin-
duced charge separation modelling natural photosynthe-
sis[12] as well as in terms of potential applications in molecu-
lar wires and devices, photocatalysis, energy conversion and
information storage.[13–17] Most of these topics rely funda-
mentally on vectorial energy or electron transfer that re-
quires asymmetric multicomponent systems. This require-
ment has been elegantly met by the design of metallostars
and metallodendrimers.[18,19]

Natural proteins represent an archetype for directional
multicomponent systems with a well-defined sequence of
building blocks. Biological peptides and proteins already
provide interesting functions such as molecular recognition
and catalysis,[20,21] while artificial amino acid building
blocks expand the diversity of peptides and proteins. Com-
bining metal-containing electroactive and photoactive units
in peptide-like structures should merge the advantages of
both worlds: the amide linkage provides directionality and
the introduction of metal complexes provides function-
ality.[22–31]

In this contribution the synthesis of a bis(terpyridine) ru-
thenium complex with amino and carboxylato substituents
and its conjugates with ferrocene units attached on the N
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tems, whereas ground-state and excited-state optical proper-
ties are shown to strongly depend on the site of ferrocene
attachment. Interpretation of the experimental results is sup-
ported by DFT calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

or C terminus as well as on both ends is reported. The influ-
ence of the site of ferrocene attachment on ground- and
excited-state properties of the multicomponent systems is
investigated.

Results and Discussion

Design and Synthetic Strategy

The assembly of ruthenium and ferrocene building
blocks is based on a modular approach using peptide chem-
istry.[22–24,32] The key building block is the heteroleptic com-
plex 2(PF6)2 with a bis(terpyridine) ruthenium() core. This
asymmetrical complex can be functionalised on either the
C-terminal or the N-terminal end giving access to asym-
metric multinuclear complexes with a well-defined sequence
of building blocks.

Two synthetic challenges have to be met for the success
of the synthetic strategy: (i) the selective formation of the
heteroleptic complex 2(PF6)2 and (ii) the activation of the
unreactive amino group of the positively charged complex
for amide formation. The synthetic approach to 2(PF6)2 is
outlined in Scheme 1.

The terpyridine ligands tpy-COOEt and tpy-NH2 were
prepared using Stille coupling reactions according to litera-
ture procedures.[33–35] To selectively obtain the heteroleptic
complex 1(PF6)2 the ester-substituted terpyridine ligand is
coordinated to ruthenium trichloride[34] before the amino-
substituted terpyridine is attached using microwave irradia-
tion (Scheme 1). This optimised procedure results in a negli-
gible amount of homoleptic complexes and 1(PF6)2 was iso-
lated in 85% yield. In the 1H NMR spectrum of 1(PF6)2

characteristic singlet signals for the protons H2 and H2� are
observed at δ = 9.15 and δ = 7.96, respectively, while the
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Scheme 1.

amine protons resonate at δ = 6.00 and the aliphatic pro-
tons of the ethyl group at δ = 4.64 and δ = 1.57 with ex-
pected intensity ratios (for full assignment see Table 1). The
assignment of 13C NMR signals is summarised in the Exp.

Table 1. 1H NMR spectroscopic data of complexes 1(PF6)2–5(PF6)2 in CD3CN (atom numbering according to Scheme 1).

1(PF6)2 2(PF6)2
[a] 3(PF6)2 4(PF6)2 5(PF6)2

H2 9.15 (s, 2 H) 9.18 (s, 2 H) 9.16 (s, 2 H) 9.16 (s, 2 H) 9.20 (s, 2 H)
H5 8.63 (d, 2 H, 3JHH = 8.63 (d, 2 H, 3JHH = 8.64 (d, 2 H, 3JHH = 8.65 (d, 2 H, 3JHH = 8.67 (d, 2 H, 3JHH =

8.0 Hz) 8.1 Hz) 7.5 Hz) 8.0 Hz) 8.0 Hz)
H6 7.89 (m, 2 H) 7.93 (m, 2 H) 7.96 (m, 2 H) 7.97 (m, 2 H) 7.97 (m, 2 H)
H7 7.26 (dd, 2 H, 3JHH = 7.28 (dd, 2 H, 3JHH = 7.26 (pt, 2 H) 7.31 (pt, 2 H) 7.26 (m, 2 H)

5.4; 4JHH = 1.2 Hz) 5.4; 4JHH = 1.2 Hz)
H8 7.56 (d, 2 H, 3JHH = 7.55 (d, 2 H, 3JHH = 7.56 (d, 2 H, 3JHH = 7.52 (d, 2 H, 3JHH = 7.52 (d, 2 H, 3JHH =

5.0 Hz) 5.4 Hz) 5.4 Hz) 5.2 Hz) 5.0 Hz)
H2� 7.96 (s, 2 H) 7.98 (s, 2 H) 7.97 (s, 2 H) 9.24 (s, 2 H) 9.28 (s, 2 H)
H5� 8.26 (d, 2 H, 3JHH = 8.27 (d, 2 H, 3JHH = 8.27 (d, 2 H, 3JHH = 8.43 (d, 2 H, 3JHH = 8.45 (d, 2 H, 3JHH =

8.0 Hz) 8.1 Hz) 8.0 Hz) 8.0 Hz) 8.0 Hz)
H6� 7.84 (m, 2 H) 7.83 (m, 2 H) 7.84 (m, 2 H) 7.93 (m, 2 H) 7.93 (m, 2 H)
H7� 7.03 (dd, 2 H, 3JHH = 7.03 (dd, 2 H, 3JHH = 7.05 (pt, 2 H) 7.14 (pt, 2 H) 7.13 (pt, 2 H)

5.2; 4JHH = 1.2 Hz) 5.2; 4JHH = 1.2 Hz)
H8� 7.16 (d, 2 H, 3JHH = 7.18 (d, 2 H, 3JHH = 7.22 (d, 2 H, 3JHH = 7.23 (d, 2 H, 3JHH = 7.28 (d, 2 H, 3JHH =

5.2 Hz) 5.2 Hz) 5.2 Hz) 5.4 Hz) 5.2 Hz)
CH2 4.64 (q, 2 H, 3JHH = – – – 4.67 (q, 2 H, 3JHH =

7.1 Hz) 7.1 Hz)
CH3 1.56 (t, 3 H, 3JHH = – – – 1.59 (t, 3 H, 3JHH =

7.1 Hz) 7.0 Hz)
NH2 6.00 (br. s, 2 H) 6.03 (br. s, 2 H) 6.00 (br. s, 2 H) – –
NH – – 9.21 (s, 1 H) 9.08 (s, 1 H)[b] –
NH� – – – 9.31 (s, 1 H)[b] 9.43 (s, 1 H)
Cp-H 4.99 (s, 2 H), 4.29 (s, 5 4.98 (s, 2 H), 4.31 (s, 5

H), 4.18 (s, 2 H) H), 4.19 (s, 2 H)
Cp�-H – – 5.14 (s, 2 H), 4.66 (s, 2 5.17 (s, 2 H), 4.68 (s, 2

H), 4.41 (s, 5 H) H), 4.42 (s, 5 H)

[a] At pH 2. [b] Assignment according to NOE crosspeak NH�–Cp–H.
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Sect. (Table 5). The FAB mass spectra establish the compo-
sition of 12+ showing signals for [1 + H,PF6]+ and [1]+ at
m/z = 801 and m/z = 655, respectively. In the IR spectrum
of 1(PF6)2 characteristic absorption bands are observed for
the substituents and the hexafluorophosphate counterions
(Table 2; Supporting Information, see footnote on the first
page of this article).

Table 2. Characteristic IR spectroscopic data [ν̃/cm–1] of complexes
1(PF6)2–5(PF6)2.

1(PF6)2 2(PF6)2 3(PF6)2 4(PF6)2 5(PF6)2

CO (ester/acid) 1723 1719 – – 1721
Amide I – – 1622 1668, 1619 1674
Amide II – – 1551 1574, 1560 1577
NH2 (def.) 1636 1634 1634 – –
PF 838 838 841 839 841

Hydrolysis of the ester moiety of 1(PF6)2 to the corre-
sponding acid was unsuccessful with a catalytic amount of
hydrochloric acid at room temperature and under micro-
wave heating, while under more forcing conditions (20%
sulfuric acid, reflux) the acid 2(PF6)2 was isolated in 74%
yield (Scheme 1). The successful synthesis of 2(PF6)2 was
confirmed by NMR and IR spectroscopy (Tables 1, 2 and
5) as well as mass spectrometry (see Exp. Sect.).

Single crystals have been obtained from an aqueous
acidic solution of 2(PF6)2. The mixed salt 2(PF6)(F) crystal-
lises in the triclinic space group P1̄ with two independent
cationic molecules in the asymmetric unit (Figure 1). The
cations and anions are embedded in strands of solvent
water (about 4–5 per ruthenium centre) held together by
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hydrogen bonds and involving both the acid and amine
groups of the cations. Selected bond lengths and angles of
the independent complex molecules (Table 3) show that
both cations exhibit similar primary coordination geome-
tries. However, the two cations display different secondary
coordination spheres. The amine group of one cation is hy-
drogen-bonded to a hexafluorophosphate counterion while
the amine group of the other cation is hydrogen-bonded to
solvent water (Figure 1).

Figure 1. Two independent complex cations of 2(PF6)(F) and their
partial secondary coordination sphere (O3, O5, O8, O13, O16 and
O18 denote solvent water).

The acid group of 2(PF6)2 is activated by 1-hydroxy-
benzotriazole (HOBt) in the presence of 1,3-dicyclohex-
ylcarbodiimide (DCC). Subsequent reaction with aminofer-
rocene[22] gives the C-terminal-substituted ferrocene conju-
gate 3(PF6)2 (Scheme 2). Under these conditions the less
reactive aromatic amino group of 2(PF6)2 remains intact,
thus the use of protective groups can be avoided.

Table 3. Experimental and DFT calculated selected bond lengths [Å] and angles [°] of 2(PF6)(F).

Ru1 Ru11 DFT Ru1 Ru11 DFT

Ru1–N1 2.082(9) 2.063(9) 2.111 N1–Ru1–N2 78.3(4) 79.2(4) 78.4
Ru1–N2 1.988(10) 1.975(11) 2.023 N1–Ru1–N3 156.4(4) 156.9(4) 156.7
Ru1–N3 2.077(8) 2.101(8) 2.111 N1–Ru1–N4 94.7(4) 89.7(4) 92.1
Ru1–N4 2.090(10) 2.066(10) 2.110 N1–Ru1–N5 101.5(4) 103.5(4) 101.7
Ru1–N5 1.969(9) 1.974(10) 1.998 N1–Ru1–N6 89.3(4) 94.7(4) 92.1
Ru1–N6 2.049(9) 2.084(10) 2.110 N2–Ru1–N3 78.2(3) 77.8(4) 78.4
C31–O1 1.211(16) 1.231(16) 1.230 N2–Ru1–N4 101.7(4) 104.2(4) 100.9
C31–O2 1.284(18) 1.295(15) 1.375 N2–Ru1–N5 179.1(4) 176.9(4) 179.4
N7···F7 3.0 – N2–Ru1–N6 99.8(4) 99.1(4) 101.0
N7···F10 3.3 – N3–Ru1–N4 91.5(4) 94.3(4) 92.1
N7···F11 3.2 – N3–Ru1–N5 102.0(3) 99.6(3) 101.2
N7···O18 3.5 – N3–Ru1–N6 93.2(4) 90.6(4) 92.2
N17···O1 3.4 – N4–Ru1–N5 79.2(4) 77.6(4) 79.1
N17···O13 3.2 – N4–Ru1–N6 158.5(4) 156.7(4) 158.1
N17···O16 3.1 – N5–Ru1–N6 79.4(4) 79.1(4) 79.0
O2···O8 2.6 – O1–C31–O2 123(1) 122(1) 124.3
O8···O13 2.8 –
O11···O3 2.8 –
O12···O5 2.6 –
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Scheme 2.

Under more forcing conditions employing the organic-
soluble, nonionic Schwesinger phosphazene base P1-
tBu[36–38] the amino groups of 1(PF6)2 and 3(PF6)2 form
peptide bonds with ferrocenoyl benzotriazol ester Fc-CO-
OBt[39] to give the N-terminal-substituted ferrocene conju-
gate 5(PF6)2 and the bis-ferrocene bisamide 4(PF6)2, respec-



Photo-Induced Electron Transfer in Oligonuclear Complexes FULL PAPER
tively (Scheme 2 and Scheme 3). All ferrocene conjugates,
3(PF6)2, 4(PF6)2 and 5(PF6)2, were fully characterised by
NMR and IR spectroscopy (see Tables 1, 2, 5 and Support-
ing Information) as well as mass spectrometry and elemen-
tal analyses (see Exp. Sect.).

Scheme 3.

The amide protons of 3(PF6)2, 4(PF6)2 and 5(PF6)2 reso-
nate at low field around δ = 9.0–9.4 ppm. The signals of the
cyclopentadienyl protons are found between δ = 4.2 and
5.2 ppm with typical chemical shifts of N- and C-substi-
tuted ferrocenes.[22,24,39] Amide formation at the N terminus
of the terpyridine complex results in a downfield shift of
the terpyridine proton signal H2� by 1.3 ppm, confirming
the activation of the amino group.

Acid/Base Equilibria of 2(PF6)2

Solubility and reactivity of 2(PF6)2 strongly depends on
the pH of the solution. Thus 2(PF6)2 was investigated in
aqueous solution at different pH values. The corresponding
UV/Vis spectra are shown in Figure 2 and Figure 3. As can
be deduced from the spectra, three different species exist in
aqueous solution, which are assigned different protonated
forms of 22+ namely [2 – H]+, [2]2+ and [2 + H]3+

(Scheme 4) with absorption maxima of the MLCT transi-
tions at 494, 498 and 486 nm, respectively. Isosbestic points
are observed in the spectra of [2 – H]+ and [2]2+ at 494 and
531 nm (Figure 2) and in the spectra of [2]2+ and [2 + H]3+

at 491 and 533 nm (Figure 3). The monocationic deproton-
ated carboxylate complex [2 – H]+ exists at pH � 4 (up to
pH � 12 in aqueous solution) and the ammonium trication
[2 + H]3+ at pH � 0 (concentrated sulfuric acid), while the
dication [2]2+ dominates in the intermediate pH range. The
pKa values for the two protonation steps are pKa1 = 2.69(8)
and pKa2 � 0, showing that [2]2+ is a stronger acid than
benzoic acid and a weaker base than aniline.
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Figure 2. Absorption spectra of 2(PF6)2 measured between pH 4
and pH 2.

Figure 3. Absorption spectra of 2(PF6)2 during titration with conc.
sulfuric acid.

Scheme 4.

The strong base P1-tBu activates the amino groups in the
ruthenium complexes 1(PF6)2 and 3(PF6)2 (see above). This
can also be monitored in the UV/Vis spectra of 2(PF6)2

during titration with P1-tBu in CH3CN (Figure 4). The acid
group of [2]2+ is deprotonated first to give [2 – H]+ (Fig-
ure 4 top, λmax = 491 nm; isosbestic points at 351, 474, 489
and 523 nm) and upon further addition of P1-tBu the
amino group is deprotonated to give the neutral complex
[2 – 2H]0 with an absorption maximum at λmax = 493 nm
(Figure 4 bottom, isosbestic points at 342, 423 and 515 nm).
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Figure 4. Absorption spectra of 2(PF6)2 during titration with P1-
tBu in CH3CN from [2]2+ to [2 – H]+ (top) and from [2 – H]+ to
[2 – 2H]0 (bottom).

For both [2 + H]3+ and [2 – H]+ the low-energy 1MLCT
absorption (involving the tpy-COOH and the tpy-COO– li-
gands, respectively; see below) is shifted to higher energy as
compared to [2]2+. Protonation of the amino group renders
the tpy-NH3

+ ligand a weaker σ donor, thus decreasing the
electron density at the metal centre and lowering the occu-
pied metal-based orbitals.[12,40] Deprotonation of the
COOH group of [2]2+ shifts the unoccupied orbitals of the
tpy-COO– ligand to higher energies. Further deprotonation
(of the NH2 group) renders the tpy-NH– ligand a better
donor, increasing the energy of the occupied ruthenium or-
bitals and thus shifting the 1MLCT absorption to lower en-
ergy. These simple molecular orbital arguments explain the
experimentally observed relative positions of the absorption
maxima of [2 + H]3+, [2]2+, [2 – H]+ and [2 – 2H]0.

The proton NMR spectrum of [2]2+ (precipitated from
solutions of pH 2) shows a singlet at δ = 6.03 for the amine
substituent with an intensity corresponding to two protons
(Figure 5). At lower pH the amino group of [2]2+ is proton-
ated to give [2 + H]3+, which does not display any signal for
the nitrogen-bonded hydrogen nuclei because of fast proton
exchange. Raising the pH to 7 (presence of [2 – H]+) results
in downfield shifts of the 1H NMR signals of the amino
group and the protons H2 and H2� (Figure 5). Thus the
NMR spectra confirm that the amine group is protonated
only at pH � 2. On the other hand the IR spectrum of
[2]2+ in dilute solution shows a signal at 1732 cm–1, charac-
teristic for a COOH group (see Supporting Information).
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Figure 5. NMR spectra of 2(PF6)2 at pH 0, 2 and 7.

Thus the NMR and IR spectra provide evidence that
[2]2+ does not form a zwitterion in solution in contrast to
aliphatic amino acids with basic amino groups. This finding
is easily explained by the very low basicity of the aromatic
amino group of [2]2+.

Electrochemistry, Absorption and Emission Spectra

Optical and electrochemical data of 1(PF6)2–5(PF6)2 are
collected in Table 4. For all complexes a ruthenium-centred
oxidation is observed around 1.1 V versus SCE and two
ligand-centred reductions are found around –1.2 V and
–1.5 V (irr.). The ferrocene conjugates 3(PF6)2 and 5(PF6)2

undergo additional oxidations at 0.37 and 0.64 V, respec-
tively, while 4(PF6)2 shows two further oxidation waves at
0.37 and 0.66 V corresponding to the two differently substi-
tuted ferrocene moieties in the oligonuclear species (Fig-
ure 6).

All compounds display two intense 1MLCT bands
centred around 460–500 nm with a tail on the low-energy
side extending as far as 650 nm and corresponding to spin-
forbidden 3MLCT transitions around 550–600 nm, which
become partially allowed because of spin-orbit coupling
(Table 4, Figure 7). The 1MLCT bands undergo a slight ba-
thochromic shift with increasing solvent polarity from ace-
tonitrile to DMSO (Table 4).

For 3(PF6)2–5(PF6)2, distinct transitions that could be
assigned to ferrocene � terpyridine transitions have not
been observed on the low-energy side of the absorption
bands as found in, for example, [Ru(tpy-Fc)2](PF6)2

[42] or
[(Fc-tpy)Ru(tpy-FcFc-tpy)Ru(tpy-Fc)](PF6)4.[43] However,
the extinction coefficients of the MLCT bands of 4(PF6)2

and 5(PF6)2 are significantly higher than those of
1(PF6)2–3(PF6)2. The difference spectra “4(PF6)2 – 3(PF6)2”
and “5(PF6)2 – 1(PF6)2” (Supporting Information) reveal
an additional band around λmax � 493 nm with ε �
7000 –1 cm–1, which could be assigned to a d(Fe) �
π*(tpy-NHR�) transition originating from the C-substituted
(the N-terminal) ferrocene to the electron-deficient aro-
matic tpy system.[22,42,43] Thus the 1MLCT region contains
contributions arising from electron injection from the
ruthenium centre and from the ferrocene [in the case of
4(PF6)2 and 5(PF6)2] into the differently substituted terpyri-
dine ligands (see below).
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Table 4. Cyclic voltammetric (vs. SCE), absorption and emission data of complexes 1(PF6)2–5(PF6)2.

1(PF6)2 2(PF6)2
[a] 3(PF6)2 4(PF6)2 5(PF6)2

CV[b]

E1/2 [V] (∆E [V]) RuII/RuIII 1.08 (0.09) 1.06 (0.08) 1.30 (qrev.)[c] 1.30 (0.19)[c] 1.05 (0.15)[c]

E1/2 [V] (∆E [V]) Fc/Fc+ – – 0.37 (0.06) 0.37 (0.11) –
E1/2 [V] (∆E [V]) Fc�/Fc�+ – – – 0.66 (0.12) 0.64 (0.07)
E1/2 [V] (∆E [V]) tpy/tpy– –1.14 (0.08), –1.20 (irr.), –1.39 (irr.) –1.21 (0.10), –1.6 –1.18 (0.12), –1.50 –1.10 (0.09), –1.55

–1.59 (0.12) (irr.) (irr.) (irr.)
Absorption[41]

λmax [nm] (ε [–1 cm–1])[b][f] 557 (3690), 502 570 (1900), 501 (20740), 601 (1830), 502 597 (2380), 496 583 (2350), 496
(19080), 467 467 (14370) (19260), 479 (25310), 477 (26190), 476 (18270)
(13790) (15630) (20030)

λmax [nm] (ε [–1 cm–1])[d][f] 560 (3700), 503 569 (1700), 502 (20970), 612 (1610), 502 601 (2290), 496 546 (6570), 498
(19250), 472 469 (14600) (18320), 478 (25200), 478 (25730), 478 (19080)
(13550) (14910) (20090)

λmax [nm] (ε [–1 cm–1])[e][f] 562 (4170), 509 571 (2230), 507 (20550), 626 (1260), 508 547 (10950), 505 552 (8940), 506
(19640), 475 474 (14390) (19570), 482 (26440), 485 (26940), 477 (18240)
(13810) (15820) (21470)

Emission[d]

λmax [nm][g] 799 739 739 704 704
Φ[h] 3.4×10–4 1.1×10–4 �0.1×10–4 �0.1×10–4 1.1×10–4

E0�–0 [eV][i] 1.88 1.82 n.d. n.d. 1.89

[a] Species obtained by precipitating from solutions of pH 2. [b] In acetonitrile. [c] These waves are no more reversible as oxidation to a
highly charged species (+4, +5) results in precipitation of the complexes on the electrode. [d] In acetone. [e] In DMSO. [f] The extinction
coefficients ε are the experimentally observed values at the fitted band maxima. [g] Excitation at low-energy 1MLCT absorption maximum.
[h] Luminescence quantum yield (±15%), using fluorescein in ethanol as standard. [i] Determined by fitting the emission data to Meyers
equation.[44]

Figure 6. Cyclic voltammogram of 4(PF6)2 in CH3CN/nBu4NPF6.

Figure 7. Absorption spectrum of 4(PF6)2 in CH3CN and calcu-
lated band profiles (the open circles represent the sum of the calcu-
lated profiles[41]). The inset shows an expansion of the 3MLCT re-
gion (fitted band profile).

All complexes are luminescent in argon-saturated ace-
tone at room temperature (λmax � 700–800 nm; Table 4),
although intensity is very weak for 3(PF6)2 and 4(PF6)2
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(Φ � 0.1×10–4). Deactivation of the emitting state
(3MLCT) in the parent complex [Ru(tpy)2]2+ occurs
through a 3MC(Ru) state.[1,12] In complexes 1(PF6)2–5(PF6)2

the 3MC(Ru) state is shifted to higher energy because of the
stronger averaged ligand field raising the energy of the eg

(Ru) orbitals and increasing the 3MLCT–3MC(Ru) energy
gap.[1,12]

The emission spectra of 1(PF6)2, 2(PF6)2 and 5(PF6)2

could be fitted to the Meyers equation[44] with E0�–0 around
1.9 eV (Figure 8). The emission properties of 2(PF6)2

strongly depend on the pH with higher luminescence quan-
tum yield (Φ = 2.1×10–4 in water) between pH � 4 and pH
� 10 (corresponding to the presence of [2 – H]+, see above)
and weak emission at either lower or higher pH (Φ =
0.6×10–4 in water; see Supporting Information).

For 1(PF6)2 and 2(PF6)2 emission gains intensity with
increasing excitation wavelength (λexc = 500–650 nm), while
for 5(PF6)2 the reverse is observed (see Supporting Infor-
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Figure 8. Emission spectra of 1(PF6)2, 2(PF6)2 and 5(PF6)2 (�) in
acetone at room temperature and spectral fitting according to Mey-
ers equation.[44]

mation). The C-terminal ferrocene conjugates 3(PF6)2 and
4(PF6)2 show a much weaker luminescence than their ester
analogues 1(PF6)2 and 5(PF6)2, respectively (Table 4).[45]

DFT Calculations

All complex cations 12+–52+ were studied using the
B3LYP/LanL2DZ functional. The energy-minimised struc-
ture of 52+ shown in Figure 9 as an example shows the ex-

Figure 10. Partial molecular orbital diagrams for 12+–52+.
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Figure 9. Energy-minimised structure of 52+.

pected pseudo-octahedral geometry around the ruthenium
centre. The geometric results of the calculation for 22+ re-
produce the experimental data of 2(PF6)(F) sufficiently well
(Table 3).

The frontier orbital region of the complex cations con-
sists of closely spaced molecular orbitals (Figure 10). The
lowest unoccupied molecular orbitals are π* orbitals of the
terpyridine ligands with the LUMO level lying 0.2–0.3 eV
below the next highest virtual orbital. Throughout the
series the LUMO is localised on the C-terminal terpyridine
(tpy-COR). The “t2g” manifold of the ruthenium centre
provides the high-lying occupied orbitals. For the ferrocene
conjugates 32+–52+ molecular orbitals composed of iron
and cyclopentadienyl moieties are inserted in between (Fig-
ure 10). The C-terminal ferrocene orbitals d(Fe) + π*(Cp-
NHR��) are found at higher energies than the N-terminal
ferrocene orbitals d(Fe) + π*(Cp-COR���), as expected from
the respective oxidation potentials (Table 4).

The 1MLCT transitions arise from t2g (Ru) � π*(tpy)
excitations. The low-energy transition (�500 nm) can be as-
signed to involve the C-terminal terpyridine tpy-COR,
while the next highest transitions (�480 nm) can be as-
signed to involve mixtures of both terpyridine ligands tpy-
NHR� and tpy-COR. Low-energy d(Fe) � π*(tpy-NHR�)
transitions were observed experimentally for 4(PF6)2 and
5(PF6)2 around 493 nm with significant intensity (Support-
ing Information).

A schematic energy level diagram (Figure 11) shows the
typical ruthenium 1MLCT and 3MLCT states. The numeri-
cal values are estimates using experimental data obtained
under different conditions, thus some caution in their in-
terpretation is advisable. The UV/Vis spectroscopic data
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provide estimates for the energies of the Franck–Condon
excited 1MLCT states around 2.5 eV. The emission data
indicate that the energy level of the emitting 3MLCT state
has an energy around 1.9 eV,[44] which fits to the Franck-
Condon excited 3MLCT state (not shown in Figure 11), es-
timated to be around 2.1–2.2 eV (Table 4).

Figure 11. Schematic Jablonski-type energy level diagram (solid
lines: excitation; dashed lines: intersystem crossing and electron
transfer; dotted line: emission).

Excitation of 1(PF6)2 or 2(PF6)2 with λexc = 480–500 nm
will populate the 1MLCT states that undergo intersystem
crossing to the emitting 3MLCT state while excitation of
1(PF6)2 or 2(PF6)2 with λexc � 500 nm will also directly
populate the 3MLCT state leading to the experimentally ob-
served increase of the emission intensity (see above; Sup-
porting Information).

For 3(PF6)2–5(PF6)2 states arising from the presence of
the ferrocene moieties are depicted on the left side of Fig-
ure 11. The Franck–Condon excited state d(Fe) � π*(tpy-
NHR�) could be observed for 4(PF6)2 and 5(PF6)2 in the
UV/Vis difference spectra around 493 nm (see above and
Supporting Information). The ferrocene oxidation poten-
tials and ligand reduction potentials of 3(PF6)2–5(PF6)2

(Table 4) allow approximation of the energies of the charge
separated states [Fc+-COR���/tpy-NHR�–] and [Fc+-
NHR��/tpy-COR–] by 2.2 and 1.6 eV. The former level lies
above and the latter below the emitting 3MLCT state of the
ruthenium core. For 3(PF6)2 and 4(PF6)2 with a C-terminal
ferrocene photoinduced electron transfer is exergonic by
0.3 eV while for 5(PF6)2 containing an N-terminal ferrocene
photoinduced electron transfer would be endergonic by
0.3 eV. Thus reductive electron transfer from ferrocene to
ruthenium is conceivable for 3(PF6)2 and 4(PF6)2 but not
for 5(PF6)2, accounting for the experimentally observed lu-
minescence quenching (Table 4).

In contrast to 1(PF6)2 and 2(PF6)2, direct population of
the 3MLCT state of 5(PF6)2 is hampered because of the
population of the d(Fe) � π*(tpy-NHR�) state leading to
the experimentally observed decrease in emission intensity
at λexc � 500 nm (see above and Supporting Information).

The low-lying ferrocene triplet state (not shown in the
diagram) has been estimated at an energy between 1.1 and
1.8 eV,[1] that is, in the same energy range as the 3MLCT
and charge-separated states. Thus energy transfer might
also be an additional channel for radiationless excited-state
decay.[46–50] Further photophysical investigations including
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low-temperature emission spectroscopy, lifetime measure-
ments and transient absorption spectroscopy as well as
DFT calculations on excited states are currently underway.

Conclusion

The amino-substituted acid 2(PF6)2 and its ester 1(PF6)2

have been synthesised and characterised. Complex 22+ un-
dergoes several protonation and deprotonation steps, which
have been observed by UV/Vis and emission spectroscopy
as well as NMR spectroscopy. Amide formation of 1(PF6)2

or 2(PF6)2 with ferrocene derivatives was successful in spite
of the low reactivity of the aromatic amino group. Ferro-
cenes have been attached on either side or on both sides of
the bis(terpyridine) ruthenium() core [3(PF6)2–5(PF6)2].

The ground-state electronic situation of these multinu-
clear species has been investigated by electronic spec-
troscopy and cyclic voltammetry, while preliminary emis-
sion studies gave insight into the excited-state properties.
The ground-state properties of the bis(terpyridine) rutheni-
um() moiety are only slightly modified by the presence of
the ferrocenes. The exception is an additional charge-trans-
fer band observed in the absorption spectra of 4(PF6)2 and
5(PF6)2 but not in the spectra of 3(PF6)2. This transition is
associated with N-terminal bound ferrocenes and has been
assigned d(Fe) � π*(tpy-NHR�) charge transfer character.

The excited-state behaviour of the ferrocene conjugates
is strongly dependent on the site of ferrocene attachment:
5(PF6)2 with an N-terminal bound ferrocene is luminescent
with an inverse correlation to the excitation wavelength as
compared to the ferrocene-free 1(PF6)2. This behaviour
arises from the presence of d(Fe) � π*(tpy-NHR�) charge-
transfer bands. Complexes 3(PF6)2 and 4(PF6)2 with C-ter-
minal bound ferrocenes are much less luminescent. This
finding is explained on the assumption that electron trans-
fer from the ferrocene to the ruthenium centre efficiently
quenches the 3MLCT state of ruthenium.

Thus the optical ground-state properties of the bis(ferro-
cene) conjugate 4(PF6)2 resemble those of the N-terminal
conjugate 5(PF6)2, while its excited-state properties are
analogous to those of the C-terminal conjugate 3(PF6)2.

To expand the scope of this design strategy we currently
build larger arrays from ruthenium and ferrocene amino ac-
ids as well as chiral α-amino acids[22–24] using peptide chem-
istry for application in electron storage devices, molecular
wires, photosensitisers and molecular sensors.

Experimental Section
General Methods: Unless otherwise noted, starting materials were
obtained from commercial suppliers and used without further puri-
fication. The terpyridine ligands tpy-COOEt[33] and tpy-NH2

[34,35]

as well as the ferrocene derivatives[22,39] were synthesised according
to literature procedures.

NMR spectra were recorded with a Bruker Avance DPX 200 at
200.15 MHz (1H) and 50.323 MHz (13C); chemical shifts (δ) in ppm
with respect to residual solvent peaks as internal standards:
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CD3CN (1H: δ = 1.93; 13C: δ = 1.3 ppm). IR spectra were recorded
with a BioRad Excalibur FTS 3000 spectrometer using CaF2 cells
or CsI disks. UV/Vis/NIR spectra were recorded with a Perkin–
Elmer Lambda 19, 0.2-cm cells (Hellma, suprasil). Cyclic voltam-
metry was performed using a glassy carbon electrode, a platinum
electrode and a SCE electrode, 10–3  in 0.1  nBu4NPF6/CH3CN;
potentials are given relative to that of SCE. Mass spectra were re-
corded with a Finnigan MAT 8400 spectrometer. Emission spectra
were recorded with a Varian Cary Eclipse Fluorescence Spectrome-
ter, slit widths 5 nm, in argon-saturated solution. Quantum yields
were determined by comparing the areas under the emission spec-
tra recorded for optically matched solutions of the samples and the
fluorescein reference (Φ = 0.79 in ethanol). Elemental analyses were
performed by the microanalytical laboratory of the Organic Chem-
istry Department, University of Heidelberg. Microwave-assisted re-
actions were performed in a domestic microwave oven operating at
a frequency of 2450 MHz and maximum power of 700 W in 20-
mL test tubes (Rotilabo).

Computational Method: Density functional calculations were car-
ried out with the Gaussian03/DFT[51] series of programs. The
B3LYP formulation of density functional theory was used em-
ploying the LanL2DZ basis set.[51] All structures were characterised
as minima by frequency analysis (Nimag = 0) except 32+, which
shows one imaginary frequency for Cp rotation (–10.4 cm–1).

X-ray Crystallography: Data were collected with an Enraf–Nonius
Kappa CCD diffractometer using graphite-monochromated Mo-
Kα radiation. The data were processed using the standard Nonius
software.[52] All calculations were performed using the SHELXT
PLUS software package. Structures were solved using direct or Pat-
terson methods with the SHELXS-97 program and refined with the
SHELXL-97 program.[53] Graphical handling of the structural data
during refinement was performed using XMPA[54] and WinRay.[55]

Atomic coordinates and anisotropic thermal parameters were re-
fined by full-matrix least-squares calculations on F2.

Crystal dimensions 0.1×0.02×0.02 mm; triclinic crystal system;
space group P1̄; a = 8.6940(17), b = 21.412(4), c = 21.588(4) Å; α
= 94.86(3); β = 96.52(3); γ = 101.01(3)°; V = 3895.9(13) Å3; ρcalcd.

= 1.474 gcm–3; 2θmax = 50.1°; ω-scans; T = 200 K; measured reflec-
tions 21949; independent reflections 13619; observed reflections
6146 [I � 2σ(I)]; Lorentz and polarisation correction; µ =

Table 5. 13C NMR spectroscopic data of complexes 1(PF6)2–5(PF6)2 in CD3CN (atom numbering according to Scheme 1).

1(PF6)2 2(PF6)2
[a] 3(PF6)2 4(PF6)2 5(PF6)2

C1 135.6 135.3 159.5 156.6 136.6
C2 125.0 125.0 121.6 121.7 123.1
C3,3�,4,4� 158.7, 158.4, 157.5, 156.5 158.7, 158.4, 157.5, 156.5 158.8, 158.6, 157.1, 156.4 158.6, 158.5, 158.3, 158.1 158.4, 158.2, 157.0, 155.2
C5 124.2 124.2 124.8 125.0 124.8
C6 138.2 138.2 138.2 138.5 138.5
C7 128.3 128.3 128.2 128.2 128.3
C8 152.5 152.5 152.6 152.9 152.7
C1� 154.4 154.4 154.5 155.3 148.0
C2� 109.1 109.1 109.1 114.0 114.0
C5� 122.9 123.3 124.2 124.7 125.2
C6� 138.6 138.6 138.5 138.8 138.8
C7� 127.4 127.4 127.4 127.9 127.8
C8� 153.2 153.1 153.1 153.1 153.2
CH2 63.2 – – – 63.3
CH3 14.1 – – – 14.1
C=O n.o.[b] 165.1 162.6 n.o.[b] 164.5
C�=O – – – n.o.[b] 171.2
Cp–C – – 69.7 (C5H5), 65.4, 62.4[c] 69.8 (C5H5), 65.4, 62.4[c] –
Cp�–C – – – 70.6 (C5H5), 72.5, 69.5[c] 70.6 (C5H5), 72.5, 69.5[c]

[a] At pH 2. [b] n.o., not observed. [c] Cipso of the cyclopentadienyl rings not observed.
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0.530 mm–1; R1 = 0.102 [I � 2σ(I)]; wR2 = 0.271 [I � 2σ(I)]; resid-
ual electron density 0.915 eÅ–3.

Because of the large amount of solvent water present in the crystal
of 2(PF6)(F) causing diffuse reflection data and the rather poor
data/parameter ratio, carbon atoms, solvent water, some counteri-
ons and hydrogen atoms have been refined isotropically.

CCDC-280162 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis of 1(PF6)2: (EtOOC-tpy)RuCl3[33–35] (200 mg, 0.39 mmol)
and tpy-NH2 (97 mg, 0.39 mmol) were finely suspended in dry eth-
anol (15 mL) with the aid of an ultrasonic bath. The test tube was
closed and heated in the microwave oven for 5×1 min at the lowest
operating power (80 W). The solution was filtered through a small
pad of Celite, washed with water, and NH4PF6 (191 mg,
1.17 mmol) dissolved in 1 mL water was added. After cooling for
12 h to 4 °C the red product was collected by filtration, washed
with water and dried in vacuo. Yield 85% (312 mg, 0.33 mmol).
MS (FAB): m/z (%) = 801 (11) [M + H,PF6]+, 655 (55) [M+].
C33H27F12N7O2P2Ru (944.6): calcd. C 41.96, H 2.88, N 10.38;
found C 42.09, H 3.15, N 10.22. 13C NMR data see Table 5.

Synthesis of 2(PF6)2: 1(PF6)2 (250 mg, 0.27 mmol) was dissolved in
20% sulfuric acid (50 mL) and heated under reflux for 2 h. After
cooling to room temperature and adjusting the pH to 2 with
NaOHaq, NH4PF6 (132 mg, 0.81 mmol) dissolved in 1 mL water
was added and the product precipitated. The red product was col-
lected by filtration, washed with water and dried. Yield 74%
(185 mg, 0.20 mmol). MS (FAB): m/z (%) = 772 (60) [M, PF6]+,
626 (100) [M+ – H]. C31H23F12N7O2P2Ru (916.6): calcd. C 40.62,
H 2.53, N 10.70; found C 40.63, H 3.20, N 10.65. 13C NMR data
see Table 5.

Synthesis of 3(PF6)2: 2(PF6)2 (150 mg, 0.16 mmol) was activated
with HOBt (34 mg, 0.25 mmol) and DCC (52 mg, 0.25 mmol) in
acetonitrile (25 mL) for 2.5 h. A solution of aminoferrocene
(51 mg, 0.25 mmol) and N-ethylmorpholine (0.1 mL) in acetonitrile
(5 mL) was added and the reaction mixture was stirred at room
temperature for 2.5 h. The solvent was removed in vacuo, the resi-
due was dissolved in dichloromethane and the product was
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precipitated by adding diethyl ether. Recrystallisation from hot eth-
anol and precipitating with NH4PF6 (78 mg, 0.48 mmol) dissolved
in 1 mL water gave the pure product. Yield 88% (150 mg,
0.14 mmol). MS (FAB): m/z (%) = 810 (40) [M+ – H].
C41H32F12FeN8OP2Ru·2H2O (1099.6·2H2O): calcd. C 43.36, H
3.20, N 9.87; found C 43.44, H 3.61, N 10.07. 13C NMR data see
Table 5.

Synthesis of 4(PF6)2: 3(PF6)2 (100 mg, 0.09 mmol), ferrocenoyl
benzotriazol ester Fc-COOBt (38 mg, 0.11 mmol) and phos-
phazene base P1-tBu (43 mg, 0.18 mmol) were dissolved in acetoni-
trile (15 mL) and stirred at room temperature for 16 h. The solvent
was removed in vacuo, the residue was dissolved in dichlorometh-
ane and the product was precipitated by adding diethyl ether.
Recrystallisation from hot ethanol and precipitating with NH4PF6

(44 mg, 0.27 mmol) dissolved in 1 mL water gave the pure product.
Yield 89% (110 mg, 0.08 mmol). MS (FAB): m/z (%) = 1167 (92)
[M, PF6]+, 1021 (100) [M+ – H]. C52H40F12Fe2N8O2P2Ru·5H2O
(1311.6·5H2O): calcd. C 44.56, H 3.60, N 7.99; found C 44.40, H
3.60, N 8.11. 13C NMR data see Table 5.

Synthesis of 5(PF6)2: 2(PF6)2 (100 mg, 0.11 mmol), ferrocenoyl
benzotriazol ester Fc-COOBt (37 mg, 0.11 mmol) and phos-
phazene base P1-tBu (53 mg, 0.22 mmol) were dissolved in acetoni-
trile (15 mL) and stirred at room temperature for 16 h. The solvent
was removed in vacuo, the residue was dissolved in dichlorometh-
ane and the product was precipitated by adding diethyl ether.
Recrystallisation from hot ethanol and precipitating with NH4PF6

(54 mg, 0.33 mmol) dissolved in 1 mL water gave the pure product.
Yield 91% (115 mg, 0.10 mmol). MS (FAB): m/z (%) = 1113 (50)
[M + H, PF6]+, 866 (100) [M+ – H]. C44H35F12FeN7O3P2Ru·H2O
(1156.6·H2O): calcd. C 44.99, H 3.17, N 8.35; found C 44.96, H
3.52, N 8.68. 13C NMR data see Table 5.

Supporting Information Available (for details see the footnote on
the first page of this article): Absorption spectra of 1(PF6)2–5(PF6)2

in CH3CN, difference spectrum “3(PF6)2 – 1(PF6)2”, difference
spectrum “4(PF6)2 – 3(PF6)2”, difference spectrum “5(PF6)2 –
1(PF6)2”, IR spectra of 1(PF6)2, 2(PF6)2 and 5(PF6)2 in CH3CN,
emission spectra of 3(PF6)2 and 4(PF6)2 with excitation at λmax in
acetone at room temperature, emission spectra of 2(PF6)2 at dif-
ferent pH in water (excitation wavelength 497 nm) at room tem-
perature, pH profile of the emission of 2(PF6)2 (excitation wave-
length 497 nm, monitored at λ = 719 nm), emission spectra of
1(PF6)2, 2(PF6)2 and 5(PF6)2 with different excitation wavelengths
in acetone at room temperature, excitation profiles of 1(PF6)2,
2(PF6)2 and 5(PF6)2 in acetone at room temperature, Cartesian co-
ordinates of DFT calculated geometries of 12+–52+, molecular or-
bital energies (eV) of selected orbitals of 12+–52+, absorption spec-
trum of 2(PF6)2 in CH3CN in the range 250–800 nm.
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The Staudinger reactions of SP(N3)3 (1) with 1, 2 and 3 equiv.
of triphenylphosphane PPh3 and (TMS)2N–(TMS)N–PPh2 (2)
have been investigated (TMS = Me3Si). Reaction with PPh3

yields the single and double Staudinger products SP(N3)2-
NPPh3 (3) and SP(N3)(NPPh3)2 (4), but not the triple, while
the reaction with 2 results only in the formation of the single
Staudinger product SP(N3)2NPPh2[N(TMS)N(TMS)]2 (5).
Compound 5 is air- and moisture-sensitive but stable under
argon over a long period in the solid state and in common
organic solvents. Although there are covalently bound azide
groups in 3, 4 and 5, these Staudinger products are neither
shock- nor heat-sensitive in contrast to 1. Furthermore 3, 4

Introduction

As early as 1919, Staudinger and Meyer investigated the
reaction of triphenylphosphane and phenylazide in diethyl
ether.[1] Ever since, this reaction has been known as the
Staudinger reaction and describes an oxidation of phospho-
rus() to phosphorus() compounds, which is ac-
companied by a linkage of a P (phosphane) and a N (azide)
atom of two different molecules upon N2 release. With re-
spect to the azide and phosphorus() compounds, the
Staudinger reaction is very flexible. Hence, a great diversity
of iminophosphanes and their applications are well
known.[2–6] Phosphorus() nitrogen species represent a well-
established group of compounds that is still growing. Of
special interest are PN compounds that can be used as
interesting reagents in organic synthesis.[7]

Recently, we reported on the reaction of 2,4,6-triazido-
1,3,5-triazine with triphenylphosphane resulting in the
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and 5 are easily prepared in bulk (yield � 95%), and unlimi-
tedly stable when cooled and stored in the dark. Compound
5 is thermally stable up to over 150 °C while 3 and 4 are
stable only up to 96 °C. However, when a solution of 5 is
heated, a new surprising eight-membered ring (6) is formed
in an intermolecular TMS–N3 elimination reaction. The struc-
ture and bonding is discussed on the basis of experimental
X-ray data and theoretical B3LYP calculations (thermody-
namics, energy landscape and charge distribution).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

formation of different triphenylphosphanimino-azido- or
tetrazolo[1,3,5]triazines, depending on the stoichiometry of
the azide and phosphane component (1:1, 1:2, 1:3).[8] Be-
cause the azido group in 2,4,6-triazido-1,3,5-triazine is at-
tached to a C atom adjacent to an annular nitrogen, it can
spontaneously cyclise to give a tetrazole.

Lately, the chemistry of hydrazinophosphanes of the type
(TMS)2N–(TMS)N–PR2 (R = Ph, Cl; TMS = Me3Si) has
attracted considerable interest.[9] Experimentally and theo-
retically the intramolecular GaCl3-assisted TMS–Cl elimi-
nation in (TMS)2N–N(TMS)–PCl2 has been studied, re-
sulting in the first binary triazadiphosphole.[10]

We found it of interest to investigate the Staudinger reac-
tion of hydrazinophosphanes with phosphorus azides.
Table 1 displays a compilation of neutral phosphorus
azides. However, only a few neutral singly, doubly or multi-
ply substituted phosphorus azides are known that have been
structurally characterised (Table 1). More structural data of
phosphorus azides are needed to gain further insight into
the relationship between bonding and stability.

In this study we demonstrate that the final products of
the reaction of highly explosive SP(N3)3 (1) with PPh3 and
N,N�,N�-[tris(trimethyl)silyl]hydrazinodiphenylphosphane
[(TMS)2N–(TMS)N–PPh2] (2), as well as their distribution,
strongly depend on the reaction conditions, stoichiometry
and temperature (Figure 1). Depending on the temperature,
different products are formed, which can be isolated and
characterised.
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Table 1. Hitherto known neutral phosphorus azides.

[a] Characterised by X-ray analysis.

Results and Discussion

Reaction of SP(N3)3 with PPh3

By addition of 1 equiv. of triphenylphosphane to a solu-
tion of 1 in ether at ambient temperature, initially a yellow-
green intermediate is formed, thought to be due to the for-
mation of R–NNN–P(C6H5)3 [R = SP(N3)2]. This adduct
has only a fleeting existence and decomposes by giving off
N2, resulting in the formation of a monophosphaniminodi-
azide species, SP(N3)2(NPPh3) (3) (Figure 1), as illustrated
by 31P NMR experiments; two duplets with the same inten-
sity are detected at δ = 50.3 ppm [SP(N3)2NPPh3] and
16.8 ppm [SP(N3)2NPPh3] (2JPP = 22.6 Hz). By addition of
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Figure 1. Top: Staudinger reaction of thiophosphoryl azide,
SP(N3)3, with triphenylphosphane; bottom: Staudinger reaction of
thiophosphoryl azide and N,N�,N�-[tris(trimethyl)silyl]hydrazinodi-
phenylphosphane, (TMS)2N–(TMS)N–PPh2 (2) [R = N(TMS)–
N(TMS)2].

a second equiv. of triphenylphosphane, again N2 release was
observed. 31P NMR spectroscopic data suggest the exclus-
ive formation of only one species (Table 2): a triplet at δ =
42.4 ppm [t, SP(N3)(NPPh3)2] and a duplet at 7.5 ppm [d,
SP(N3)(NPPh3)2] are observed as expected for the double
Staudinger product, SP(N3)(NPPh3)2 (4) (2JPP = 7.6 Hz).
Addition of a third equiv. of PPh3 results in no further reac-
tion, as shown by 31P NMR experiments. Also heating un-
der reflux condition of this reaction mixture does not sup-
port the release of a third molecule N2 and finally the for-
mation of the triple Staudinger product [SP(NPPh3)3,
Figure 1].

Table 2. 31P NMR spectroscopic data of different Staudinger prod-
ucts and the starting materials.

Compound δ [ppm] 2JPP [Hz]

SP(N3)3 (1) 65.0 (s), ref.[29] –
(Me3Si)2N–(Me3Si)N–PPh2 (2) 61.4 (s), ref.[9] –
SP(N3)2NPPh3 (3) 50.3 (d); 16.8 (d) 22.6
SP(N3)(NPPh3)2 (4) 42.4 (t); 7.5 (d) 7.6
SP(N3)2NPPh2N(TMS)N(TMS)2 (5) 46.6 (d); 26.5 (d)[a] 34.3

[a] 31P MAS: 30.7 and 51.0 ppm.
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Reaction of SP(N3)3 with Ph2P–N(TMS)N(TMS)2

(TMS = Me3Si)

Similar to the reaction with PPh3, 1 equiv. of Ph2P–
N(TMS)N(TMS)2 reacts spontaneously with SP(N3)3 in an
ether/acetonitrile mixture at ambient temperature to give
the single Staudinger product SP(N3)2NPPh2[N(TMS)-
N(TMS)]2 (5). As expected, two duplets, at δ = 46.6 ppm
{SP(N3)2N–PPh2[N(TMS)N(TMS)2]} and 26.5 ppm
{SP(N3)2NPPh2[N(TMS)N(TMS)2]} (2JPP = 34.3 Hz), are
observed in the 31P NMR experiment (31P MAS: 30.7 and
51.0 ppm). The presence of two remaining azide groups in
the single Staudinger product (Figure 1) was also deduced
from Raman and IR spectroscopy. Bands at 2153 and
2129 cm–1 assigned to the characteristic asymmetric stretch-
ing vibration of the azide group in combination with the
molecular peak (mass spectrometry) supported this as-
sumption. Crystals (colourless plates) of sufficient quality
for X-ray structure determination were obtained from a
colourless ether/CH3CN solution of 5 after stepwise re-
moval of solvent at –10 °C.

In contrast to the Staudinger reaction with PPh3, ad-
dition of another equivalent of 2 to 5 leads to no further
substitution in solution, even upon long heating.[11] How-
ever, when this reaction mixture was slowly cooled, two dif-
ferent types of crystals were obtained within two weeks:
colourless plates and needles. X-ray investigations of crys-
tals of both types revealed a surprising eight-membered
ring, 6, for the colourless needles and again the single
Staudinger product 5 for the plates.

The exothermic formation (∆calcE = –8.8 kcal/mol, see
computational details) of an eight-membered P4N4 ring
starting from 5 seems to be quite interesting, as two inter-
molecular TMS–N3 elimination steps (corresponding to
two condensation steps) are required (Figure 2).

Figure 2. Formation of 6 by two intermolecular TMS–N3 elimi-
nation steps (TMS = Me3Si).

The single Staudinger product 5 is air- and moisture-sen-
sitive but stable under argon over a long period in the solid
state and in common organic solvents (e.g. benzene,
CH2Cl2, diethyl ether etc.). Although there are two azide
groups, 5 is neither shock- nor heat-sensitive, is easily pre-
pared in bulk (yield � 95%) and infinitely stable when
stored in a sealed tube and kept cool at 5 °C in the dark.
Compound 5 is thermally stable up to over 150 °C while 3
and 4 are stable only up to 96 °C. At these temperatures
decomposition starts, accompanied by a slow release of ni-
trogen (MS experiments).
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X-ray Structure Elucidation of 5 and Bonding

Compound 5 crystallises in the monoclinic space group
P21/c with four molecules in the unit cell. The perspective
view of 5 is depicted in Figure 3 and selected bond lengths
and angles are given in Table 3.

Figure 3. ORTEP drawing of the molecular structure of 5 in the
crystal. Thermal ellipsoids with 50% probability at 200 K (hydro-
gen atoms omitted for clarity).

Table 3. X-ray analysis of 5: selected bond lengths [Å] and angles [°].

S–P1 1.9305(8) Si1–N8 1.803(2)
P1–N1 1.713(3) Si2–N9 1.767(2)
P1–N4 1.713(3) Si3–N9 1.776(2)
P1–N7 1.583(2) N1–N2 1.235(4)
P2–N7 1.586(2) N2–N3 1.135(4)
P2–N8 1.662(2) N4–N5 1.225(3)
P2–C1 1.801(2) N5–N6 1.124(4)
P2–C7 1.795(2) N8–N9 1.475(3)

S–P1–N1 113.00(9) P1–N1–N2 116.3(2)
S–P1–N4 111.91(8) N1–N2–N3 175.2(3)
S–P1–N7 123.55(8) P1–N4–N5 118.5(2)
N1–P1–N4 99.3(1) N4–N5–N6 174.0(3)
N1–P1–N7 99.9(1) P1–N7–P2 129.1(1)
N4–P1–N7 105.9(1) P2–C1–C2 117.5(2)
N7–P2–N8 103.2(1) P2–C1–C6 123.2(2)

Both PV atoms in 5 sit in a slightly distorted tetrahedral
environment (angles around the P atoms between 99 and
112°) with the two azide groups at P1 in a cis position to
the sulfur atom. Interestingly, two further isomers are pos-
sible with respect to the two azide groups: (i) only one azide
group in a trans position, and (ii) both azide groups in a
trans position to the sulfur atom. In agreement with the
experiment, the close inspection of the conformational
space of 5 revealed the experimentally observed cis/cis iso-
mer to be the global minimum. The potential energy surface
(PES) with respect to the rotation about all P–N bonds is
very flat (see Supporting Information). The energy differ-
ence between the rotamers is smaller than 8 kcal/mol. The
largest energy gap was found for the cis/trans isomers,
whereas a trans/trans arrangement of both azide groups
does not represent a minimum on the PES of 5.
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As shown on numerous occasions,[12] both covalently

bound azide groups display a trans-bent configuration (re-
garding the P atom) with a N–N–N bond angle of 175.2(3)
(N1–N2–N3) and 174.0(3)° (N4–N5–N6). The P1–N7–P2
angle is rather large at 129.1(1)° compared to the N9–N8–
P2 angle at 117.4°(1). Another interesting feature of this
structure is the almost planar environment of both hydra-
zine nitrogen atoms (�Si3–N9–Si2–N8 = 173.1, �N9–N8–
Si1–P2 = 177.1°; all N–N–X angles are between 117 and
121°, X = P, Si; Table 3), however both planes are almost
perpendicular to each other. Hence, as displayed by NBO
analysis,[13] the lone pair on both nitrogen atoms is localised
in a pure p-type atomic orbital. Both lone pairs are also
perpendicular to each other.[9]

Three different types of P–N bond lengths are found: (i)
the longest between P1 and the N atoms of the azide groups
with 1.713(3) Å, (ii) 1.662(1) Å for the P2–N8 bond (N
atom of the hydrazine group) and (iii) the smallest with
1.583(2) and 1.586(2) Å for the two P–N bonds of the dico-
ordinated imino N atom connecting the two P atoms. These
P–N distances are substantially shorter than the sum of the
covalent radii [dcov(N–P) = 1.8, dcov(N=P) = 1.6 Å],[14,15]

which indicates partial double bond character, especially for
the P1–N7 and P2–N7 bonds. A typical P–N bond with π
character is found in R–P=N–R� species with P–N dis-
tances between 1.495(4) Å (R = Cl, R� = aryl)[16] and
1.619(2) Å [R = tBu2P, R� = N(SiMe3)2].[17] According to
NBO analysis, all P–N bonds are highly polarised (25–27%
P, 73–75% N) and almost ideally covalent between the adja-
cent N–N and P–S bonds (P: 48%, S: 52%).

Figure 4 shows the energetically preferred Lewis repre-
sentation (from NBO analysis) along with the calculated
partial charges of 5, indicating a highly ionic molecular sys-
tem.[18] Both four-coordinate P atoms formally obey the oc-
tet rule by forming only four single bonds. A positive for-
mal charge is found on both P atoms and a negative on the
dicoordinated N atom and the S atom. The experimentally
found short P–N (between P1–N7 and P2–N7, Table 3) and
P–S bonds possess double bond character, which can be
explained by intramolecular donor–acceptor interactions

Figure 4. Lewis representations of 5 (top) and 6 (bottom) along
with NPA partial charges (TMS = Me3Si).
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(hyperconjugation, noncovalent effects) along the P1(S)–
N7–P2 moiety (Figure 3). As shown by NBO analysis (see
below), these interactions describe a highly delocalised π
system including the lone pairs of the dicoordinated N
atom (N7) and the S atom but not the tricoordinated N
atom (N8).[19]

X-ray Structure Elucidation of 6 and Bonding

SP(N3)[NP(Ph)2NN(TMS)2]2 (6) crystallises in the mo-
noclinic space group P21/n with four molecules in the unit
cell (Figure 5, Table 4). The eight-membered P4N4 ring
adopts a chair conformation with all four N atoms being
in one plane as well as all four P atoms. An inversion centre
is found right in the middle of the P4N4 ring. Interestingly,
all N and P ring atoms of each of the monomeric fragments
lie within a plane (e.g. N1–P1–N2–P2 = 3.6°). These two
N–P–N–P planes are distorted by about 104°, forming the
eight-membered P4N4 chair. As two tri- and dicoordinated
nitrogen atoms form the P4N4 ring, 6 cannot be regarded
to be a phosphazene, but a tetrazatetraphosphocine with
two formal double and two single P–N bonds. Traditional
bonding descriptions for cyclic PN rings have involved
N(2p)–P(3d) overlap,[20] both in and perpendicular to the
plane of the PN ring. However, this model is not consistent
with the fact that phosphorus makes little or no use of its
3d orbitals (see above).[18,21] In accord with this, NBO
analysis localises only single bonds (Figure 4) within the
ring, again obeying the octet rule for all involved elements.
However, according to the X-ray analysis, two smaller P–
N bond lengths [π PN: d(N1–P2) = 1.573(3), d(N1–P2) =
1.586(3) Å] and two longer P–N distances [σ PN: d(N2–
P1) = 1.703(2), d(N2–P2) = 1.707(2) Å] are experimentally
observed. Both types of P–N bond lengths are a little bit
shorter than the sum of the covalent radii for a single
[dcov(N–P) = 1.8 Å] and a double bond [dcov(N=P) =
1.6 Å],[22,23] indicating a certain degree of multiple bond

Figure 5. ORTEP drawing of the molecular structure of 6 in the
crystal. Thermal ellipsoids with 50% probability at 200 K (hydro-
gen atoms omitted for clarity).
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character due to intramolecular donor–acceptor interac-
tions. For comparison, the P–NNN distance with
1.738(3) Å represents a typical single bond.

Table 4. X-ray analysis of 6: selected bond lengths [Å] and angles [°].

S–P1 1.932(1) P2–C1 1.805(3)
P1–N1 1.586(3) P2–C7 1.810(3)
P1–N2 1.703(2) N2–N3 1.462(3)
P1–N4 1.738(3) N2–P2 1.707(2)
P2–N1 1.573(3) N4–N5 1.113(5)
P2–N2 1.707(2) N5–N6 1.193(7)

N1–P1–N2 104.9(1) N1–P2–N2 108.9(1)
N1–P1–N4 103.1(1) N1–P2–C1 108.5(1)
N2–P1–N4 99.6(1) N2–P2–C1 108.4(1)
N1–P1–S 122.1(1) N1–P2–C7 114.8(1)
N2–P1–S 115.35(9) N2–P2–C7 110.3(1)
N4–P1–S 108.9(1) C1–P2–C7 105.6(1)

NBO analysis of 6 gives an almost identical picture com-
pared to 5 (Figure 4) with respect to the type and magni-
tude of intramolecular donor–acceptor interactions, charge
distribution and bond properties. Upon ring closure the
partial charges of all atoms hardly change. The same holds
for polarisation effects (similar PN and SP bond polarisa-
tion, see above) and the intramolecular donor–acceptor in-
teractions describing the π system along the P–N moie-
ties.[19,20] Only a close inspection of these interactions uti-
lising the NBO partitioning scheme clearly indicates a
highly delocalised π system along the P1(S)–N1–P2 moiety,
which includes the lone pairs of both the S and the dicoor-
dinated N atoms but not the azide group and the tricoordi-
nated N atoms. These noncovalent effects represent typical
n(X) � σ*(Y–Z) hyperconjugative interactions (n = spλ- or
p-type lone pair; X = S, N1; Y = P1, P2; Z = C1, C7, S,
N1, N2, N4) and explain the partial double bond character
of the P1–S, P1–N1 and N1–P2 bonds (Figure 4 and Fig-
ure 5).[19,20]

To summarise, the molecular and electronic structure of
6 strongly resembles the molecular structure of 5: (i) a stag-
gered conformation with two perpendicular planes was also
found for the hydrazine groups (dihedral angle: �P2–N2–
N3–Si2 = –90.1°), (ii) both nitrogen atoms of the hydrazine
group are in an almost planar environment [Σ�(N2) =
359.98°, Σ�(N3) = 358.9°][9] and (iii) the azide groups are
slightly trans-bent with an N–N–N angle of 171.7(5)°,
which is in accordance with the structures of other covalent
phosphorus azides.[24] Because of inversion symmetry, both
azide groups adopt a trans position to each other. It is inter-
esting to note that the longest chain composed of only pnic-
togen atoms in 6 consists of eleven pnictogens (eight N and
three P atoms) compared to eight in compound 5 (six N
and two P atoms). Moreover, 6 represents a rare example
of a structurally characterised phosphorus azide involving
a binary PN ring (Table 1).

Summary and Conclusions

Two different Staudinger reactions of thiophosphoryl tri-
azide have been investigated: (i) with triphenylphosphane,
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PPh3, and, (ii) with N,N�,N�-[tris(trimethyl)silyl]hydrazine-
diphenylphosphane, (Me3Si)2N–(Me3Si)N–PPh2 (2). While
the reactions with PPh3 utilising 1:1, 1:2 and 1:3 stoichio-
metries yield the single and double but not the triple Staud-
inger product, only the single Staudinger product was ob-
served when (Me3Si)2N–(Me3Si)N–PPh2 was reacted. Even
upon heating no further reaction of the remaining two azide
groups with an excess of (Me3Si)2N–(Me3Si)N–PPh2 was
detected. However, heating results in a partial intermo-
lecular trimethylsilylazide elimination, which is combined
with two condensation steps, yielding an eight-membered
P4N4 ring (6). All four isolated Staudinger products repre-
sent new substituted phosphorus azides, are neither heat-
nor shock-sensitive and, except for 6, all can be prepared in
large quantities (with yields �95%). Moreover, only a few
neutral singly, doubly or multiply substituted phosphorus
azides are known that have been structurally characterised
(Table 1). Hence, the X-ray data of compound 5 and 6 may
fill this gap.

Experimental Section
Caution: Although compounds 2–5 are kinetically stable com-
pounds, they are nonetheless energetic materials and appropriate
safety precautions should be taken, especially when these com-
pounds are prepared on a larger scale. In the case of SP(N3)3 (1),
special care has to be taken because of the extreme risk of ex-
plosion. Never handle this compound neat.

General Remarks: Solvents were freshly distilled, dried and stored
under nitrogen. NMR: JEOL Eclipse 400 and 270 (1H, 13C chemi-
cal shifts refer to δTMS = 0.00; 31P to δH3PO4(85%) = 0.00). IR: Nico-
let 520 FTIR (as KBr pellets or in Nujol mulls between KBr win-
dows). Raman: Perkin–Elmer Spectrum 2000R NIR FT equipped
with a Nd:YAG laser (1064 nm). CHN analyses: Analysator Ele-
mentar Vario EL. MS: Jeol MStation JMS 700. Melting points are
uncorrected (Büchi B540). Thiophosphoryl triazide[30] and
N,N�,N�-[tris(trimethyl)silyl]hydrazinediphenylphosphane[9] were
prepared according to the procedures given in the literature.

Synthesis of 5: A solution of freshly prepared SP(N3)3 (0.242 g,
1.28 mmol) in acetonitrile (25 mL) was added to a solution of
Ph2PN(TMS)N(TMS)2 (0.55 g, 1.28 mmol) in diethyl ether
(50 mL) over a period of 1 h at ambient temperature. An immediate
release of gas was observed. After the N2 release stopped (about
2 h) the solvent was removed in vacuo and a white solid (5) was
obtained. Complex 5 was purified by recrystallisation from an
ether/acetonitrile mixture. SP(N3)2[NP(Ph)2N(TMS)N(TMS)2] (5)
(593.86) yield: 714 mg (94%) colourless crystals, m.p. 153 °C (de-
composition). IR (KBr): ν̃ = 3051 w, 2960 w, 2109 vs, 1588 w, 1482
w, 1436 s, 1260 vs, 1219 vs, 1177 s, 1111 vs, 1026 m, 996 m, 803 m,
777 m, 745 m, 718 s, 690 s, 675 m, 586 w, 529 s, 505 w cm–1. Raman
(200 mW, 25 °C, 100 scans): 3178 (4), 3146 (5), 3066 (100), 3052
(56), 2993 (18), 2958 (23), 2907 (84), 2255(2), 2153 (10), 2129 (7),
1591 (58), 1576 (21), 1442 (5), 1411 (6), 1316 (3), 1288 (17), 1267
(4), 1256 (4), 1184 (13), 1168 (9), 1107 (25), 1031 (40), 1002 (82),
935 (2), 858 (5), 762 (5), 728 (6), 692 (18), 650 (39), 619 (19), 598
(3), 569 (10), 542 (39), 523 (6), 506 (18), 381 (14), 345 (13), 314
(14), 296 (13), 270 (40), 239 (29), 191 (21), 168 (21), 139 (22) cm–1.
1H NMR (109 MHz, C6D6, 25 °C): δ = 0.01 (s, 18 H, N[Si(CH3)3]-
N[Si(CH3)3]2), 0.37 (s, 9 H, N[Si(CH3)3]N[Si(CH3)3]2), 7.5–8.0 (m,
10 H, C6H5) ppm. 13C NMR (68 MHz, CDCl3, 25 °C): δ = 3.90 (s,
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N[Si(CH3)3]2), 4.54 (s, PN[Si(CH3)3]), 128.2 (d, 1JCP = 113.9 Hz,
Cphenyl), 128.3 (d, 3JCP = 12.5 Hz, Cphenyl), 133.1 (d, 4JCP = 3.1 Hz,
Cphenyl), 134.7 (d, 1JCP = 10.4 Hz, Cphenyl) ppm. 14N NMR
(28.9 MHz, C6D6, 25 °C): δ = –142 (Nβ, ∆ν1/2 57 Hz), –163 (Nγ,
∆ν1/2 245 Hz), –285 (Nα, ∆ν1/2 580 Hz) ppm. 29Si{1H} NMR
(270 MHz, C6D6, 25 °C): δ = 12.92 (s, N[Si(CH3)3]2), 18.15 (d, 2JSiP

= 19.0 Hz, N[Si(CH3)3]) ppm. 31P NMR (109 MHz, CH3CN/Et2O,
25 °C): δ = 46.6 (d, 2JPP = 34.3 Hz, SP(N3)[NP(Ph)2N(TMS)-
N(TMS)2]), 26.5 (d, 2JPP = 34.3 Hz, SP(N3)[NP(Ph)2N(TMS)-
N(TMS)2]) ppm. 31P MAS NMR (25 kHz, 25°°C): 30.7
(SP(N3)[NP(Ph)2N(TMS)N(TMS)2]), 51.0 (SP(N3)[NP(Ph)2N-
(TMS)N(TMS)2]). MS (EI = 70 eV, �5%): m/z (%) = 593 (11)
[M+], 578 (40) [M+ – CH3], 493 (9), 492 (23) {NPNPh2PN[Si-
(CH3)3]N[Si(CH3)3]2+}, 404 (7), 377 (8) [N2(S)PNPh2PNSi-
(CH3)3

+], 334 (6), 290 (9), 275 (6) [(Ph)2PN2Si(CH3)3 + 2H+], 272
(20) [(Ph)2PN2Si(CH3)3 – H+], 247 (10) {[Si(CH3)3]2N – N[Si-
(CH3)3]+}, 217 (11), 200 (5) [(Ph)2PN – H+], 199 (5), 185 (7)
[(Ph)2P – H+], 183 (8), 175 (5) [(CH3)3SiNNSi(CH3)3 – H+], 174
(28) [(CH3)3SiNNSi(CH3)3 – 2H+], 146 (12) [Si(CH3)3 – Si-
(CH3)3

+], 135 (13) [SPN3P+], 122 (8), 77 (30) [Ph+], 74 (12)
[HSi(CH3)3

+], 73 (100) [Si(CH3)3
+]. C21H37N9P2S1Si3 (593.86):

calcd. C 42.47, H 6.28, N 21.23, S 5.40; found C 42.60, H 6.30, N
21.42, S 5.95.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details for the synthesis of 3, 4 and 6, and com-
putational details.

X-ray Analyses of 5 and 6: Crystals of sufficient quality for X-ray
structure determination were mounted on a glass fibre and the X-
ray crystallographic data collected on a Nonius Kappa CCD dif-
fractometer with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Selected bond lengths and angles are available in
Table 3 and Table 4. All structures were solved by direct methods
(structure solution program: SIR97[25] for 5 and 6) and refined by
full-matrix least-squares methods with SHELXL-97.[26] Hydrogen
atoms were included at geometrically idealised positions and were
not refined; the non-hydrogen atoms were refined anisotropically.

Crystallographic Data for 5: C21H37N9P2SSi3, fw = 593.87, mono-
clinic, P21/c, a = 9.0514(1), b = 18.2759(3), c = 18.7805(3) Å, α =
90.0, β = 96.4276(8), γ = 90.0°, V = 3087.19(8) Å3, Z = 4, ρcalcd. =
1.278 g/cm3, µ = 0.353 mm–1, λ(Mo-Kα) = 0.71073 Å, T = 200 K,
36065 reflections collected, 6983 independent reflections, Rint =
0.092, 5381 observed reflections, R1 = 0.0469, wR2 = 0.1308.

Crystallographic Data for 6: C36H56N12P4S2Si4, fw = 957.29, mono-
clinic, P21/n, a = 11.6491(3), b = 13.8277(4), c = 15.1723(5) Å, α =
90.0, β = 95.776(1), γ = 90.0°, V = 2431.5(1) Å3, Z = 2, ρcalcd. =
1.308 g/cm3, µ = 0.381 mm–1, λ(Mo-Kα) = 0.71073 Å, T = 200 K,
5520 reflections collected, 28073 independent reflections, Rint =
0.080, 3880 observed reflections, R1 = 0.0558, wR2 = 0.1364.

CCDC-283470 (for 5) and -283471 (for 6) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: The structural data of all considered species
were calculated using the hybrid density functional theory (B3LYP)
with the program package Gaussian 98.[27] For all elements a stan-
dard 6-31G(d,p) basis set was used. Comparison with experimental
data shows differences in bond lengths no larger than 0.01–
0.02 Å.[12a] As frequency analyses were not possible because of the
large size of all species at the B3LYP level, PM3 optimised struc-
tures (stationary points) were characterised by a frequency analysis
displaying only positive frequencies. NBO analyses[13a,28] were car-
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ried out to investigate the bonding in all molecules at the SCF
level utilising the optimised B3LYP/6-31G(d,p) geometry and RHF
orbitals. Also, NBO population analysis for 5 and 6 was carried
out with the structure fixed at the position determined from X-ray
analysis of 5 and 6 to investigate the bonding and hybridisation
in this experimentally observed species. The computed geometrical
parameters for all molecules, relative energies, details of the NBO
analyses and absolute energies are given as Supporting Infor-
mation. The computed frequencies can be obtained from the au-
thors. It should be emphasised that the computation was carried
out for a single, isolated (gas-phase) molecule. There may well be
significant differences among gas-phase, solution and solid-state
data.
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Thermal treatment of [Os3(CO)12] with diphenyl(2-thienyl)-
phosphane, Ph2P(C4H3S), results in the formation of
[Os3(CO)12–x{Ph2P(C4H3S)}x] (x = 1–3, 1–3), but no C–H bond
activation was observed. Reaction of [H2Os3(CO)10] with di-
phenyl(2-thienyl)phosphane at ambient temperature affords
[HOs3(µ-H)(CO)10{Ph2P(C4H3S)}] (4), but when the same
reaction is repeated at elevated temperatures, the cyclo-
metallated species [(µ-H)Os3(CO)9{µ3-Ph2P(C4H2S)}] (5) and
[(µ-H)Os3(CO)8{µ3-Ph2P(C4H2S)}{Ph2P(C4H3S)}] (6) are
formed. In addition, two more products, tentatively assigned
as [(µ-H)Os3(CO)6{µ3-Ph2P(C4H2S)}{µ-Ph2P(C4H3S)}{Ph2P-
(C4H3S)}] (7) and [(µ-H)Os3(CO)7{µ-Ph2P(C4H2S)}{µ-
Ph2P(C4H3S)}{Ph2P(C4H3S)}] (8) are obtained. The dynamic
behaviours of 2, 5 and 6 have been studied by variable-tem-
perature (VT) 1H and 31P{1H} NMR spectroscopy. The VT

Introduction

More strict laws concerning sulfur-containing emissions
have intensified the interest in hydrodesulfurisation (HDS)
processes. As a consequence, studies of adsorption and acti-
vation of organosulfur compounds onto metal surfaces is a
rapidly developing area. The objectives of this research are
the understanding of the nature of the active HDS catalysts,
the binding modes and the activation of sulfur-containing
molecules – in particular thiophenes – at the active catalyst
sites, and the improvement of the efficiency of the cata-
lysts.[1–6] Organometallic complexes,[3–5] including transi-
tion-metal clusters,[7] have been used as models for HDS
catalysts because mechanistic information easily can be ex-
tracted by spectroscopic and analytical studies of discrete
molecular complexes.
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31P{1H} NMR spectra of [Os3(CO)10{Ph2P(C4H3S)}2] (2) dem-
onstrate that a mixture of two isomers, which are in rapid
exchange at room temperature, is present and that the less
common cis-trans isomer, whose structure has been deter-
mined by X-ray crystallography, is favoured for this cluster.
The VT 1H NMR spectra of 5 indicate the presence of two
isomers which are proposed to arise from an oscillation of
the σ,η2-vinyl group of the thienyl moiety between two metal
atoms. A similar fluxional process is proposed to occur in 6
and the assignment of the room-temperature structure(s) of
this cluster was confirmed by 1H-187Os 2D HMQC spec-
troscopy. In addition to 2, the solid-state structures of 3, 5 and
6 have been determined by X-ray crystallography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

One of the very first reports of the interaction of
thiophene with organometallic compounds described the
desulfurisation of the heterocycle by a metal cluster,
[Fe3(CO)12].[8,9] Rauchfuss and co-workers[10] demonstrated
shortly after, that thiaferroles are easily converted into the
corresponding ferroles on heating and thereby established
that insertion of an iron atom into a C–S bond clearly acti-
vates the heterocycle towards desulfurisation [Scheme 1(a)].
Similarly, the reaction of [Ru3(CO)12] with thiophene pro-
ceeds through C–S bond cleavage, producing the sulfur-free
ferrole-type compound [Ru2(µ-C4H4)(CO)6] and the tetra-
nuclear cluster [Ru4(µ3-S)(µ-C4H4)(CO)11];[11] this is the
first reported example of desulfurisation of a thiophene in
which both the extruded sulfur and the hydrocarbon resi-
due remain coordinated within the same complex
[Scheme 1(b)]. More recently, Angelici and co-workers[12]

have demonstrated [Re2(CO)10]-promoted C–S bond cleav-
age in benzothiophenes.

Despite the above-mentioned examples of C–S bond acti-
vation, C–H bond activation predominates over other types
of oxidative addition in reactions of thiophenes with
[M3(CO)12] (M = Ru, Os) and their derivatives.[7] Thus, the
carbonyltriosmium clusters [Os3(CO)12] and [Os3(CO)10-
(MeCN)2] react with thiophene and thiophene derivatives
through C–H bond cleavage in preference to C–S bond
cleavage to afford the endo- and exo-thienyl isomers of
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Scheme 1. Examples of desulfurisation of benzothiophene and 2-methylthiophene by carbonyl transition-metal clusters (see text and
references cited therein).

Scheme 2. Room-temperature C–S bond cleavage effected by a carbonyltriosmium cluster (cf. ref.[17]).

[Os3(µ-H)(CO)9(µ-C4H2S)], which are in rapid equilibrium
at room temperature.[13–15] Similar results have been ob-
served for 2-methylthiophene, 2,2�-bithiophene and
2,2�:5�,2��-terthiophene.[16] The first room-temperature C–S
bond cleavage of a (benzo)thiophene coordinated to a met-
allic cluster was reported by Arce et al.[17] In chloroform at
room temperature the cluster [Os3(µ-H)(CO)10(µ-C8H5S)],
which contains a µ-η2-benzothienyl ligand, undergoes
C(vinyl)–S bond cleavage to yield the cluster [Os3(CO)10(µ-
C8H6S)], which contains an open benzothiophene ligand
coordinated to an open Os3 unit through a µ-S atom and a
µ-η2-vinyl group (Scheme 2).

Despite the above-mentioned examples of thiophene co-
ordination and activation, thiophene remains a relatively
poor ligand for low-valent metal complexes, and thienyl-
phosphanes [e.g. diphenyl(2-thienyl)phosphane] have there-
fore been used to bring the heterocycle into the coordina-
tion sphere of transition-metal clusters through the phos-
phane moiety of the ligand.[18–20] Treatment of diphenyl(2-
thienyl)phosphane with [Ru3(CO)12] has led to the incorpo-
ration of the thiophene ring into tri- and tetraruthenium
clusters by cyclometallation and C–P bond cleavage of the
ligand.[20] Here we report the reactions of [Os3(CO)12]
and [H2Os3(CO)10] with diphenyl(2-thienyl)phosphane,
Ph2P(C4H3S), which have been undertaken in an effort to
achieve C–P and C–S bond cleavage of the ligand.

Eur. J. Inorg. Chem. 2006, 2058–2068 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2059

Results and Discussion

Thermal Treatment of [Os3(CO)12] with Ph2P(C4H3S)

Reaction of [Os3(CO)12] with diphenyl(2-thienyl)phos-
phane, Ph2P(C4H3S), in refluxing toluene yielded, after sep-
aration by thin layer chromatography, three yellow, substi-
tuted compounds, which were identified as [Os3(CO)11-
{PPh2(C4H3S)}] (1) (23%), [Os3(CO)10{PPh2(C4H3S)}2] (2)
(44%), and [Os3(CO)9{PPh2(C4H3S)}3] (3) (8%) on the ba-
sis of their IR spectra. They are analogous with those of
known mono-, bis-, and tris(phosphane)-substituted tri-
osmium clusters.[21–24] The FAB mass spectra of all three
compounds are also in complete agreement with the pro-
posed formulas.

The 1H NMR spectra of 1–3 display only aromatic reso-
nances. No hydrido signals could be detected, indicating
that ortho-metallation had not taken place. The room-tem-
perature 31P{1H} NMR spectra show a singlet at δ =
–16.2 ppm for 1, a signal at δ = –17.3 (br.) ppm and doublet
at δ = –32.7 (JP–P = 6.4 Hz) ppm for 2 (vide infra), and a
singlet at δ = –17.2 ppm for 3. The 31P{1H} spectra of both
1 and 3 remain unchanged when the temperature is de-
creased to –60 °C. This is consistent with the presence of
one isomer of both 1 and 3, in which the phosphane li-
gand(s) adopt equatorial positions with respect to the clus-
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ter. However, the low-temperature 31P{1H} NMR spectrum
of 2 indicates the presence of more than one isomer. The
two most reasonable isomers are the cis-trans and trans-
trans isomers (cis or trans with respect to the Os–Os vector)
shown in Figure 1, which have previously been detected for
related [Os3(CO)10(phosphane)2] clusters.[25,26] The 31P{1H}
NMR spectrum at –60 °C (Figure 1) reveals that the pre-
dominant form is the cis-trans isomer with non-equivalent
phosphorus nuclei, represented by two singlets at δ = –18.12
and –21.97 ppm.

Figure 1. 31P{1H} NMR spectrum (CD2Cl2, 300 MHz) of
[Os3(CO)10(Ph2PC4H3S)2] (2) at –60 °C. The appearance of two
equally intense singlets (δ = –18.12 and –21.97 ppm) is consistent
with the cis-trans isomer and the third singlet (δ = –18.26 ppm) is
attributed to the trans-trans isomer.

Until recently, only the trans-trans form of an [Os3-
(CO)10(phosphane)2] cluster had been verified crystallo-
graphically. Leong and Liu[27] have reported the first crys-
tallographic confirmation of a cis-trans structure, that of
cis-trans-[Os3(CO)10(PPh3)2], which can be crystallised in
both isomeric forms. We were able to grow yellow crystals
of compound 2 by slow concentration of a dichlorometh-
ane/n-hexane solution at 4 °C, and these crystals were some-
what surprisingly found to contain only the cis-trans isomer.
The molecular structure of 2 is shown in Figure 2; selected
bond lengths and angles are listed in Table 1.

The molecule consists of a triangle of osmium atoms
with ten carbonyl ligands, four bonded to Os(3) and three
to each of Os(1) and Os(2). Two diphenyl(2-thienyl)phos-
phane ligands occupy equatorial coordination sites on
Os(1) and Os(2), respectively. The average Os–Os distance
[2.901(1) Å] is slightly longer than that found in the parent
cluster, [Os3(CO)12] [Os–Osave = 2.877(3) Å].[28] In agree-
ment with previous studies indicating that the presence of
a tertiary phosphane ligand tends to lengthen the cis-Os–
Os bond in [Os3(CO)11(phosphane)] clusters,[29,30] some
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Figure 2. Molecular structure of [Os3(CO)10{Ph2P(C4H3S)}2] (2)
(thermal ellipsoids at 30% probability). The carbon atoms of the
carbonyl ligands bear the same numbering as the oxygen atoms.
Hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for [Os3(CO)10-
(Ph2PC4H3S)2] (2).

Os(1)–Os(2) 2.9104(7) Os(1)–C(1) 1.946(7)
Os(1)–Os(3) 2.8860(8) Os(1)–C(2) 1.887(6)
Os(2)–Os(3) 2.9072(6) Os(1)–C(3) 1.932(6)
Os(1)–P(1) 2.343(2) Os(2)–C(4) 1.884(6)
Os(2)–P(2) 2.333(2) Os(2)–C(5) 1.948(7)
P(1)–C(11) 1.847(3) Os(2)–C(6) 1.918(7)
P(1)–C(17) 1.825(3) Os(3)–C(7) 1.947(7)
P(1)–C(23) 1.828(6) Os(3)–C(8) 1.920(7)
P(2)–C(27) 1.820(6) Os(3)–C(9) 1.951(7)
P(2)–C(31) 1.851(4) Os(3)–C(10) 1.885(7)
P(2)–C(37) 1.833(4)
C(1)–Os(1)–C(3) 174.9(2) P(2)–Os(2)–Os(3) 104.46(4)
C(2)–Os(1)–C(3) 92.6(3) C(4)–Os(2)–Os(1) 99.1(2)
P(1)–Os(1)–C(2) 96.0(2) C(4)–Os(2)–Os(3) 156.3(2)
P(1)–Os(1)–Os(2) 106.49(4) C(7)–Os(3)–C(9) 173.0(3)
P(1)–Os(1)–Os(3) 166.48(4) C(8)–Os(3)–C(10) 99.6(3)
C(2)–Os(1)–Os(2) 157.1(2) C(8)–Os(3)–Os(1) 90.9(2)
C(5)–Os(2)–C(6) 178.5(3) C(8)–Os(3)–Os(2) 151.2(2)
P(2)–Os(2)–C(4) 97.9(2) C(10)–Os(3)–Os(1) 169.4(2)
P(2)–Os(2)–Os(1) 162.55(4) C(10)–Os(3)–Os(2) 109.2(3)

lengthening of the Os(1)–Os(2) and Os(2)–Os(3) interac-
tions in cis position is observed [2.910(1) and 2.907(1) Å,
respectively, vs. Os(1)–Os(3) 2.886(1) Å]. This trend con-
firms the similar lengthening of the two Os–Os distances in
cis position in the cis-trans form of the cluster [Os3(CO)10-
(PPh3)2].[27] On the other hand, in trans-trans structures of
[Os3(CO)10(phosphane)2] [phosphane = PPh3, PPh(OMe)2,
P(OMe)3] there is no change of Os–Os bond lengths that
can be related to the presence of two phosphane ligands.[31]

The Os(1)–P(1) (2.343 Å) and Os(2)–P(2) [2.333(2) Å] dis-
tances are normal and close to those reported for [Os3-
(CO)10(PPh3)2].[27] (cis-trans and trans-trans forms) and the
phosphane-substituted compounds mentioned above. The
phosphorus atoms are slightly displaced out of the Os3

plane [P(1) +0.102(1) and P(2) +0.292(1) Å]. This structure
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determination and the above-mentioned low-temperature
NMR measurements indicate that the cis-trans isomer of 2
is the thermodynamically favoured compound, as has pre-
viously been found by Deeming and co-workers for related
clusters.[25,26]

Compound 3 crystallises with two independent mole-
cules, which are conformational isomers (vide infra), in the
asymmetric unit. The molecular structure of 3 is similar to
that of previously characterised trisubstituted complexes of
the general formula [M3(CO)9(phosphane)3] [M = Os, Ru
and phosphane = PMe2(CH2Ph), PMe2Ph, PPh(OMe)2,
P(OEt)3, P(OCH2CF3)3 and PPh3].[31] The molecular struc-
ture of one of the two crystallographically independent
molecules of 3 is shown in Figure 3; selected bond lengths
and angles are listed in Table 2. The cluster consists of a
triangular Os3 core with nine terminal carbonyl ligands.
Three diphenyl(2-thienyl) ligands, each one coordinated to
an osmium atom, occupy equatorial sites in such a way as
to minimize steric interactions. The Os–Os distances
average 2.894 Å, which is slightly longer than that found
for [Os3(CO)12] (vide supra), and the Os–P distances are
comparable to those observed in compound 2. It is worth
noting that the introduction of the three diphenyl(2-thienyl)-
phosphane ligands results in a significant twisting of the
Os(CO)3(Ph2PC4H3S) units with respect to the Os3 plane.
This distortion towards D3 symmetry, which presumably
occurs to minimize the steric interaction of the large phos-
phane ligands and may be rationalised in terms of more
effective ligand packing, has been observed previously for
related mono-, di- and tri-substituted complexes.[29,31,32]

The usual arrangement of the phosphane substituents, with
one lying below the metal plane and the other two lying
above, is found in both of the conformationally distinct
molecules that are present in the asymmetric unit. However,
these conformational isomers differ in the orientations of

Figure 3. Molecular structure of one of the two crystallographically
independent molecules of [Os3(CO)9(Ph2PC4H3S)3] (3) (thermal el-
lipsoids at 30% probability). The carbon atoms of the carbonyl
ligands bear the same numbering as the oxygen atoms. Hydrogen
atoms have been omitted for clarity.
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the phosphane substituents. In the isomer shown in Fig-
ure 3, the two substituents on the same side of the metal
plane are one phenyl and one thienyl ring for all three phos-
phane ligands, and the sulfur atom points towards the inner
part of the phosphane cone. In the other isomer, one phos-
phane ligand is rotated so that its thienyl group occupies
the “other” side of the Os3 plane.

Table 2. Selected bond lengths [Å] and angles [°] for [Os3(CO)9-
{Ph2P(C4H3S)}3] (3).

Molecule A

Os(1)–Os(2) 2.902(1) P(3)–C(42) 1.81(1)
Os(1)–Os(3) 2.877(2) P(3)–C(48) 1.83(1)
Os(2)–Os(3) 2.904(1) P(3)–C(54) 1.82(2)
Os(1)–P(1) 2.325(5) Os(1)–C(1) 1.94(2)
Os(2)–P(2) 2.333(6) Os(1)–C(2) 1.94(2)
Os(3)–P(3) 2.327(6) Os(1)–C(3) 1.87(1)
P(1)–C(10) 1.82(1) Os(2)–C(4) 1.86(2)
P(1)–C(16) 1.81(1) Os(2)–C(5) 1.88(2)
P(1)–C(22) 1.83(2) Os(2)–C(6) 1.89(3)
P(2)–C(26) 1.85(1) Os(3)–C(7) 1.92(2)
P(2)–C(32) 1.82(1) Os(3)–C(8) 1.86(2)
P(2)–C(38) 1.80(2) Os(3)–C(9) 1.86(3)
C(1)–Os(1)–C(2) 172.0(9) P(2)–Os(2)–Os(3) 165.7(1)
P(1)–Os(1)–C(3) 97.7(6) C(5)–Os(2)–Os(1) 150.6(7)
P(1)–Os(1)–Os(2) 167.8(2) C(5)–Os(2)–Os(3) 94.4(7)
P(1)–Os(1)–Os(3) 110.0(2) C(7)–Os(3)–C(8) 170.1(9)
C(3)–Os(1)–Os(2) 93.0(6) P(3)–Os(3)–Os(1) 171.2(2)
C(3)–Os(1)–Os(3) 151.4(6) P(3)–Os(3)–Os(2) 111.9(1)
C(4)–Os(2)–C(6) 172.8(9) C(9)–Os(3)–Os(1) 91.2(8)
P(2)–Os(2)–C(5) 99.0(7) C(9)–Os(3)–Os(2) 149.9(8)
P(2)–Os(2)–Os(1) 108.6(1)

Molecule B

Os(4)–Os(5) 2.919(1) P(6)–C(101) 1.83(1)
Os(4)–Os(6) 2.903(1) P(6)–C(107) 1.83(1)
Os(5)–Os(6) 2.912(1) P(6)–C(113) 1.78(3)
Os(4)–P(4) 2.347(5) Os(4)–C(60) 1.85(3)
Os(5)–P(5) 2.331(6) Os(4)–C(61) 1.90(2)
Os(6)–P(6) 2.342(6) Os(4)–C(62) 1.90(2)
P(4)–C(69) 1.76(2) Os(5)–C(63) 1.90(2)
P(4)–C(75) 1.88(1) Os(5)–C(64) 1.90(2)
P(4)–C(81) 1.82(2) Os(5)–C(65) 1.90(2)
P(5)–C(85) 1.81(1) Os(6)–C(66) 1.87(1)
P(5)–C(91) 1.82(1) Os(6)–C(67) 1.89(2)
P(5)–C(97) 1.82(2) Os(6)–C(68) 1.89(2)
C(61)–Os(4)–C(62) 175.6(9) P(5)–Os(5)–Os(6) 164.4(1)
P(4)–Os(4)–C(60) 96.7(7) C(64)–Os(5)–Os(4) 163.8(7)
P(4)–Os(4)–Os(5) 161.7(1) C(64)–Os(5)–Os(6) 106.6(7)
P(4)–Os(4)–Os(6) 102.4(1) P(6)–Os(6)–C(66) 99.8(7)
C(60)–Os(4)–Os(5) 101.5(7) P(6)–Os(6)–Os(4) 154.6(1)
C(60)–Os(4)–Os(6) 159.3(7) P(6)–Os(6)–Os(5) 95.3(1)
C(63)–Os(5)–C(65) 172.1(9) C(66)–Os(6)–Os(4) 104.8(7)
P(5)–Os(5)–C(64) 89.0(7) C(66)–Os(6)–Os(5) 164.9(7)
P(5)–Os(5)–Os(4) 105.1(1)

Room-Temperature Reaction of [H2Os3(CO)10] with
(Ph2PC4H3S)

A colour change from purple to yellow was observed im-
mediately upon mixing 1 equiv. of diphenyl(2-thienyl)phos-
phane with [H2Os3(CO)10] in dichloromethane at room
temperature. Comparison of the IR and NMR spectra of
the product to the known [H2Os3(CO)10(L)] clusters,[32]
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indicated that the product is [HOs3(µ-H)(CO)10-
{Ph2P(C4H3S)}] (4), which was isolated in 26% yield after
TLC purification. The room-temperature 1H NMR spec-
trum shows a broad hydrido signal (δ � –15 ppm) due to
rapid exchange of the two hydrido ligands, but at –35 °C
the exchange is frozen out and two distinct resonances are
observed in the hydrido region – one for the terminal hyd-
rido ligand at δ = –10.2 ppm and one for the bridging hyd-
rido ligand at δ = –19.7 ppm. The 31P{1H} NMR spectrum
displays one singlet at δ = –16.7 ppm. On the basis of these
NMR spectra we propose that the phosphane ligand in 4 is
situated trans to the Os–Os bond and cis to the bridging
hydrido ligand, which is reported as the thermodynamically
most favourable of the isomers of [HOs3(µ-H)(CO)10(phos-
phane)] that have been identified.[33,34] Earlier investigations
have shown that four more isomers have been detected from
the reaction between [H2Os3(CO)10] and phosphanes.[35] In
contrast to those results, we did not observe any additional
isomers, even at –75 °C. This lack of observation of isomers
may be related to the relative bulk of the ligand, making
the other possible isomers sterically unfavourable. An alter-
native explanation is that the populations of (transient) iso-
mers were too low to be observed.

Thermal Treatment of [H2Os3(CO)10] with Ph2P(C4H3S)

Reaction of an excess of diphenyl(2-thienyl)phosphane
with [H2Os3(CO)10] in refluxing toluene for 3 h gives a col-
our change from initial purple colour to yellow, then to
dark green and ultimately to brown. Separation by TLC led
to the isolation of three products.

The first product was isolated in 21% yield. Although IR
spectra of isostructural Os and Ru clusters are not always
comparable, the product was identified as the cyclometall-
ated cluster [(µ-H)Os3(CO)9{µ3-Ph2P(C4H2S)}] (5) on the
basis of the similarity of its IR spectrum to that of the
known cluster [Ru3(µ-H)(CO)9{µ3-Ph2P(C4H2S)}].[20] Mass
spectrometric and microanalytical data were found to be
consistent with the proposed formula. The 1H NMR spec-
trum displays a doublet at δ = –18.0 ppm confirming the
presence of a bridging hydrido ligand, which couples to one
phosphorus atom (JP–H = 13.2 Hz). In the phenyl region,
two ortho signals are observed, corresponding to two iso-
mers. This is similar to that previously observed for [Ru3(µ-
H)(CO)9{µ3-Ph2P(C4H2S)}].[20] Unlike the ruthenium ana-
logue, where the ortho-protons are fluxional at 20 °C and
only become static on the NMR timescale at –20 °C, the
ortho-protons of 5 were not fluxional at ambient tempera-
ture. The 31P{1H} NMR spectrum of 5 at 27 °C displays a
singlet at δ = –3.3 (1JP–Os = 147 Hz) ppm, with a small
change of shift to δ = –5.3 ppm at –80 °C. The small 1JP–Os

coupling of 147 Hz is in agreement with axial coordination
of the phosphorus atom with respect to the plane of the
metal triangle. Typical equatorial 1JP–Os couplings are of
the order of 185–225 Hz while axial couplings are much
smaller as the metal–phosphane bond is no longer aligned
with the electron density of the metal triangle.[36–39]
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It was possible to grow crystals suitable for X-ray diffrac-
tion for cluster 5, and single-crystal diffraction studies were
undertaken in order to confirm the structure. The molecu-
lar structure of 5 is shown in Figure 4; selected bond
lengths and angles are listed in Table 3. [Os3(µ-H)(CO)9{µ3-
Ph2P(C4H2S)}] (5) crystallises with two independent slightly
different conformers in the asymmetric unit and is
isostructural with [(µ-H)Ru3(CO)9{µ3-Ph2P(C4H2S)}].[20]

Compound 5 consists of an irregular triangle of osmium
atoms, each of which is coordinated by three carbonyl li-
gands. A triply bridging diphenyl(2-thienyl)phosphane li-
gand and a bridging hydrido ligand complete the coordina-
tion sphere of the cluster. The µ3-Ph2P(C4H2S) ligand,
which acts as a five-electron donor, is coordinated through
the phosphorus atom in axial position to Os(1) and through
the ortho-metallated thienyl ring to Os(3) with a C(11)–
Os(3) σ-bond [Os(3)–C(11) 2.10(1) and 2.09(1) Å in mole-
cule A and B] and to Os(2) with an η2(π)-interaction be-
tween C(10)–C(11) and Os(2) [Os(2)–C(10) 2.34(1) and
2.36(1) Å, Os(2)–C(11) 2.35(1) and 2.32(1) Å in A and B,
respectively]. This σ,η2-vinyl-type interaction is not un-
precedented; it has, for example, been observed in [(µ-H)-
Ru3(CO)9{µ3-Ph2P(C4H2S)}][20] and [(µ-H)Ru3(CO)9{µ3-
Ph2P(C8H4S)}] (C8H4S = benzothienyl),[40] [Os3(µ-H)-
(CO)9(µ-Ph2PCH=CH)],[34] [Os3(µ-H)(CO)9{µ3-PMePh-
(C6H4)}][41] as well as in the closely related [Os3(µ-H)-
(MeSC4H2S)(CO)9],[42] in which the Ph2P unit in 5 is substi-
tuted by an SMe group. The C4H2S ring is tilted with re-
spect to the Os3 plane [dihedral angle between the Os3 and
C4H2S planes 129.2(3) and 128.5(5)° for A and B, respec-
tively] as has previously been noticed for the triruthenium
analogue [(µ-H)Ru3(CO)9{µ3-Ph2P(C4H2S)}][20] and [Os3(µ-
H)(MeSC4H2S)(CO)9].[42] This tilt of the thienyl ring, which
has been found also for the ortho-metallated phenyl ring in
[Os3(µ-H)(CO)9{µ3-PMePh(C6H4)}],[41] takes place in order

Figure 4. Molecular structure of one of the two crystallographically
independent molecules of [(µ-H)Os3(CO)9{µ3-Ph2P(C4H2S)}] (5)
(thermal ellipsoids at 30% probability). The carbon atoms of the
carbonyl ligands bear the same numbering as the oxygen atoms.
All hydrogen atoms except the hydrido ligand have been omitted
for clarity.
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Table 3. Selected bond lengths [Å] and angles [°] for [(µ-H)Os3(CO)9{µ3-Ph2P(C4H2S)}] (5). The values in brackets refer to molecule B.

Os(1A)–Os(2A) 2.857(1) [2.859(1)] S(1A)–C(13A) 1.70(1) [1.72(1)]
Os(1A)–Os(3A) 3.004(1) [3.020(1)] C(12A)–C(13A) 1.89(1) [1.89(2)]
Os(2A)–Os(3A) 2.755(1) [2.762(1)] S(1A)–C(13A) 1.70(1) [1.72(1)]
Os(1A)–H(1A) 1.84(2) [1.83(2)] C(12A)–C(13A) 1.34(2) [1.32(2)]
Os(3A)–H(1A) 1.82(2) [1.83(2)] Os(1A)–C(3A) 1.90(2) [1.90(1)]
Os(1A)–P(1A) 2.350(3) [2.344(3)] Os(2A)–C(4A) 1.88(1) [1.85(1)]
Os(2A)–C(11A) 2.35(1) [2.32(1)] Os(2A)–C(4A) 1.88(1) [1.85(1)]
Os(3A)–C(11A) 2.35(1) [2.32(1)] Os(2A)–C(4A) 1.88(1) [1.85(1)]
P(1A)–C(10A) 2.10(1) [2.09(1)] Os(2A)–C(6A) 1.88(1) [1.90(2)]
P(1A)–C(14A) 1.77(1) [1.78(1)] Os(3A)–C(7A) 1.93(1) [1.93(1)]
P(1A)–C(20A) 1.832(7) [1.831(6)] Os(3A)–C(8A) 1.89(1) [1.88(1)]
C(10A)–C(11A) 1.801(6) [1.827(7)] Os(3A)–C(9A) 1.89(1) [1.88(1)]
Os(1A)–C(1A) 1.45(1) [1.43(1)] C(10A)–S(1A) 1.77(1) [1.78(1)]
Os(1A)–C(2A) 1.93(1) [1.93(1)] C(11A)–C(12A) 1.46(2) [1.45(2)]
C(2A)–Os(1A)–C(3A) 95.6(6) [95.7(7)] C(5A)–Os(2A)–Os(3A) 160.4(4) [160.9(4)]
P(1A)–Os(1A)–C(1A) 170.3(4) [168.5(5)] C(6A)–Os(2A)–Os(1A) 170.1(4) [169.4(4)]
P(1A)–Os(1A)–Os(2A) 73.90(7) [74.53(8)] C(6A)–Os(2A)–Os(3A) 105.4(4) [105.0(4)]
P(1A)–Os(1A)–Os(3A) 86.17(7) [86.03(7)] C(11A)–Os(2A)–Os(3A) 47.7(3) [47.5(3)]
C(2A)–Os(1A)–Os(2A) 167.7(4) [168.5(4)] C(7A)–Os(3A)–C(11A) 165.6(5) [166.0(5)]
C(2A)–Os(1A)–Os(3A) 119.1(5) [116.4(4)] C(8A)–Os(3A)–C(9A) 95.5(7) [94.0(6)]
C(3A)–Os(1A)–Os(2A) 90.0(4) [92.5(5)] C(8A)–Os(3A)–Os(2A) 92.7(5) [95.5(5)]
C(3A)–Os(1A)–Os(3A) 145.4(4) [147.9(5)] C(8A)–Os(3A)–Os(1A) 150.3(5) [152.3(5)]
C(5A)–Os(2A)–C(6A) 94.1(5) [93.9(6)] C(9A)–Os(3A)–Os(2A) 155.3(4) [151.4(4)]
C(5A)–Os(2A)–Os(1A) 95.8(4) [96.0(4)] C(9A)–Os(3A)–Os(1A) 114.1(5) [113.5(4)]

to favour the η2-interaction. The hydrido ligand which, as
expected, is bridging the longest edge of the cluster, was
located directly in the electron-density map. In both mole-
cules, the hydrido ligand is on the same side of the Os3

plane as the µ3-Ph2P(C4H2S) ligand [ca. 0.4 Å above the
metal plane]. The Os–P bond lengths [Os(3)–P(1) 2.350(3)
and 2.344(3) Å in A and B, respectively] are similar to those
found in the cyclometallated compounds [Os3(µ-H)(CO)9-
{µ-Ph2P(CH=CH)}][34] [2.361(4) Å] and [Os3(µ-H)(CO)9-
{µ3-PMePh(C6H4)}][41] [2.342(6) Å].

The second product, which was isolated in 34% yield,
was identified as [(µ-H)Os3(CO)8{µ3-Ph2P(C4H2S)}{Ph2P-
(C4H3S)}] (6). The IR spectrum of 6 is similar to that of
[(µ-H)Ru3(CO)8{µ3-Ph2P(C8H4S)}{Ph2P(C8H5S)}][40] and
mass spectrometric and microanalytical data are consistent
with the proposed formula. The variable-temperature 1H
and 31P{1H} NMR spectra of 6 demonstrate that this com-
plex is highly fluxional. The 31P{1H} NMR spectrum of 6
at 20 °C shows two doublets at δ = –0.63 and –1.48 (JP–P =
16.6 Hz) ppm (Figure 5). This is supported by the bridging
hydrido signal (δ = –17.4 ppm), appearing as a doublet of
doublets due to the coupling to two non-equivalent phos-
phorus ligands. At –100 °C, the spectrum freezes out to
show two distinct isomers in both the 31P{1H} and 1H
NMR spectra, although the 1H spectrum had to be ac-
quired at 600 MHz before the shift differences could be
clearly discerned (Figure 5). The limiting 31P{1H} spectrum
(–100 °C) shows two pairs of doublets centred at δ �
1.2 ppm, while the signal in the hydrido region of the 1H
spectrum is shifted upfield and split into two doublets of
doublets. It is possible that the two isomers that are ob-
served in solution are related by the relative location of the
terminal phosphane ligand with respect to the hydrido li-
gand. This is supported by the observed differences in the
phosphane–hydrido couplings. We believe that this may be
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explained in terms of an oscillation of the thienyl group
identical to that observed for 5 (vide supra) except that,
unlike 5, the isomers of 6 (Figure 6) are observable by
NMR due to the presence of the terminally coordinated
phosphane ligand, which renders the two hydrido positions
non-equivalent.

Figure 5. 31P{1H} and 1H NMR spectra of [(µ-H)Os3(CO)8{µ3-
Ph2P(C4H2S)}{Ph2P(C4H3S)}] (6) at 293 K and 173 K. The low-
temperature 1H NMR spectrum (CD2Cl2, 600 MHz) shows the
very small shift differences between the two isomers.

Figure 6. Proposed structures of the two isomers of 6.

The assignment of the room-temperature structure could
be confirmed by the acquisition of a 187Os NMR spectrum
by inverse methods.[38] The presence of a P–P coupling
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makes it potentially more difficult to extract the 1JOs–P val-
ues directly from a 31P{1H} spectrum. The 1H-187Os 2D
HMQC spectrum at –100 °C (Figure 7) shows two shifts (δ
= –13965 and –13230 ppm), corresponding to two osmium
centres directly bonded to the bridging hydrido ligands, and
it is possible to extract the two 1JOs–P couplings of 147 Hz
and 211 Hz from the HMQC spectrum. The first coupling
constant corresponds to that observed for 5 (147 Hz) and
the coupling constant of 211 Hz is similar to other known
1JOs–P values for terminal phosphane ligands.[39] The fact
that the 1JOs–P values for the axial phosphane ligands in 5
and 6 are identical is surprising (and may be coincidental),
but it is indicative of the low level of electronic communica-
tion between the metal centres in the clusters.

Figure 7. 2D 1H-187Os HMQC spectrum of 6 which clearly demon-
strates the two different 187Os-31P couplings for each of the hyd-
rido-bridged osmium centres (cf. Figure 5).

It was possible to grow crystals suitable for X-ray diffrac-
tion for cluster 6, and a single-crystal diffraction study was
undertaken in order to confirm its structure and investigate
whether isomers could be detected also in the solid state.
The structure of [Os3(µ-H)(CO)8{µ3-Ph2P(C4H2S)}{Ph2P-
(C4H3S)}] (6) is shown in Figure 8; selected bond lengths
and angles are listed in Table 4.

As expected, the structure is similar to that of [(µ-H)-
Ru3(CO)8{µ3-Ph2P(C4H2S)}{Ph2P(C4H3S)}][20] and of [(µ-
H)Ru3(CO)8{µ3-Ph2P(C8H4S)}{Ph2P(C8H5S)}].[40] It is also
closely related to [Ru3(µ-H)(CO)8{µ3-Ph2P(CH=CH)}-
{Ph2P(CH=CH2)}][43] and differs from 5 only in the substi-
tution of one carbonyl ligand by one terminal thienylphos-
phane ligand. The cluster consists of a scalene triangle of
Os atoms [Os(1)–Os(2) 3.014, Os(1)–Os(3) 2.863 Å, Os(2)–
Os(3) 2.780(1) Å] bound to eight terminal carbonyl ligands,
a terminal Ph2PC4H3S ligand, a µ3-Ph2PC4H2S and a µ2-
bridging hydrido ligand. The µ3-Ph2PC4H2S ligand behaves
as a five-electron donor and interacts with all three metal
atoms in the same fashion as observed in 5. The σ- and
η2-interactions of the ortho-metallated thienyl ring [Os(2)–
C(22) 2.10(1), Os(3)–C(21) 2.32(1) and Os(3)–C(22)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2058–20682064

Figure 8. Molecular structure of [(µ-H)Os3(CO)8{µ3-Ph2P(C4H2S)}-
{Ph2P(C4H3S)}] (6) (thermal ellipsoids at 30% probability). The
carbon atoms of the carbonyl ligands bear the same numbering as
the oxygen atoms. All hydrogen atoms except the hydrido ligand
have been omitted for clarity.

Table 4. Selected bond lengths [Å] and angles [°] for [(µ-H)Os3-
(CO)8{µ3-Ph2P(C4H2S)}{Ph2P(C4H3S)}] (6).

Os(1)–Os(2) 3.0142(6) P(2)–C(37) 1.805(9)
Os(1)–Os(3) 2.8626(7) C(21)–C(22) 1.45(1)
Os(2)–Os(3) 2.7799(8) C(21)–S(1) 1.77(1)
Os(1)–H(1) 1.84(3) C(23)–C(24) 1.35(1)
Os(2)–H(1) 1.85(3) Os(1)–C(1) 1.93(1)
Os(1)–P(1) 2.360(2) Os(1)–C(2) 1.86(1)
Os(2)–P(2) 2.325(3) Os(1)–C(3) 1.93(1)
Os(2)–C(22) 2.10(1) Os(2)–C(4) 1.92(1)
Os(3)–C(21) 2.32(1) Os(2)–C(5) 1.83(1)
Os(3)–C(22) 2.33(1) Os(3)–C(6) 1.90(1)
P(1)–C(9) 1.835(5) Os(3)–C(7) 1.91(1)
P(1)–C(15) 1.839(6) Os(3)–C(8) 1.86(1)
P(1)–C(21) 1.793(9) C(22)–C(23) 1.46(1)
P(2)–C(25) 1.833(5) S(1)–C(24) 1.69(1)
P(2)–C(31) 1.811(5)
C(2)–Os(1)–C(3) 96.4(5) P(2)–Os(2)–C(22) 99.9(3)
P(1)–Os(1)–C(2) 92.3(3) P(2)–Os(2)–Os(1) 115.53(6)
P(1)–Os(1)–C(3) 98.2(3) P(2)–Os(2)–Os(3) 153.52(6)
P(1)–Os(1)–Os(2) 87.37(6) C(5)–Os(2)–Os(1) 151.0(3)
P(1)–Os(1)–Os(3) 72.88(6) C(5)–Os(2)–Os(3) 93.9(3)
C(2)–Os(1)–Os(2) 145.1(4) C(6)–Os(3)–C(7) 93.6(6)
C(2)–Os(1)–Os(3) 90.2(4) C(7)–Os(3)–C(8) 99.3(5)
C(3)–Os(1)–Os(2) 118.2(3) C(6)–Os(3)–Os(1) 169.2(3)
C(3)–Os(1)–Os(3) 169.1(3) C(6)–Os(3)–Os(2) 105.6(4)
P(2)–Os(2)–C(4) 93.2(4) C(7)–Os(3)–Os(1) 95.9(4)
P(2)–Os(2)–C(5) 93.3(4) C(7)–Os(3)–Os(2) 160.2(4)

2.33(1) Å] are very similar to those found in 5 and unaffec-
ted by the presence of the terminal phosphane ligand. The
C(21)–C(22) distance [1.45(1) Å] in the bridging thienyl ring
is identical to the equivalent interaction in 5 and similar to
the analogous bonds in [(µ-H)Ru3(CO)8{µ3-Ph2P(C4H2S)}-
{Ph2P(C4H3S)}][20] [1.425(5) Å]. The terminal diphenyl(2-
thienyl)phosphane ligand is coordinated in an equatorial
position, but the phosphorus atom is displaced out of the
metal plane [P(2) +1.034(2) Å] on the same side of the µ3-
Ph2PC4H2S ligand. The two Os–P interactions [Os(1)–P(1)
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Scheme 3. Possible reaction scheme for the reaction between [H2Os3(CO)10] and Ph2P(C4H3S) in toluene.

2.360(2) and Os(2)–P(2) 2.325(3) Å] are not equivalent; the
Os–P(axial) distance is longer than the Os–P(equatorial)
but very similar to the corresponding distance in 5. The
bridging hydrido ligand has been directly located along the
Os(1)–Os(2) edge which is, as usual, the longest Os–Os in-
teraction.

The third product, compound 7, was isolated in 5%
yield. The mass spectrometric analysis suggests the stoichio-
metric formula [Os3(CO)6{Ph2P(C4H3S)}3] for this product,
and microanalytical data are consistent with the proposed
formula. The 1H NMR spectrum displays a signal in the
(bridging) hydrido region (δ = –16.67 ppm) indicating that
an ortho-metallation has taken place. The hydrido signal
appears as a triplet (overlapping doublet of doublets), indi-
cating coupling to two non-equivalent phosphorus atoms.
Three signals are observed in the 31P{1H} NMR spectrum,
confirming the presence of three non-equivalent phospho-
rus atoms; a multiplet at δ = 4.50 ppm, a doublet at δ =
–1.65 (JP–P = 16 Hz) ppm and a multiplet at δ = –5.98 ppm.
On the basis of these data, we propose the molecular for-
mula [(µ-H)Os3(CO)6{µ3-Ph2P(C4H2S)}{µ2-Ph2P(C4H3S)}-
{Ph2P(C4H3S)}] (cf. Scheme 3) for compound 7, containing
three diphenyl(2-thienyl) ligands coordinated in three dif-
ferent coordination modes; a µ3-fashion, a µ-(P,S) fashion
and a terminal fashion. The µ-(P,S) coordination mode has
been detected for a diphenyl(2-benzothienyl)phosphane de-
rivative of [Os3(CO)12][44] as well as in thienylphosphane de-
rivatives of [Rh6(CO)16].[45]

The fourth product, compound 8, was isolated in 3%
yield. The mass spectrum of this compound indicates that
it has one more carbonyl ligand than compound 7. The 1H
NMR spectrum displays, in addition to signals of aromatic
hydrogen atoms, a triplet (overlapping doublet of doublets)
at δ = –17.05 ppm, thus confirming the presence of a single
bridging hydrido ligand. In the 31P{1H} NMR spectrum,
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three non-equivalent phosphorus resonances are observed
at δ = –3.19 (m), –5.30 (d) and –9.15 (m) ppm. These data
suggest that this complex and compound 7 are structurally
similar except for one carbonyl ligand. Therefore, we pro-
pose the molecular formula [(µ-H)Os3(CO)7{µ-Ph2P-
(C4H2S)}{µ-Ph2P(C4H3S)}{Ph2P(C4H3S)}] for compound
8, containing the µ-Ph2P(C4H2S) ligand bonded through P
and a σ-interaction to the osmium triangle, but lacking an
η2-interaction with an osmium atom (cf. Scheme 3).

Several colour changes were observed during the reaction
of diphenyl(2-thienyl)phosphane with [H2Os3(CO)10], indi-
cating that the reaction proceeds via a number of intermedi-
ates. A possible reaction scheme is shown in Scheme 3. Ad-
dition of the ligand to the cluster results in an immediate
colour change from purple to yellow and formation of
[HOs3(µ-H)(CO)10{Ph2P(C4H3S)}] (4) (indicated by IR
spectroscopy). Cluster 4 then reacts further, possibly under-
going a loss of one CO ligand and forming an unsaturated
intermediate cluster which is likely to be [H2Os3(CO)9-
{Ph2P(C4H3S)}]. It has previously been observed, that heat-
ing solutions of compounds of the type [H2Os3(CO)10(L)]
(L = tertiary phosphane), leads to a loss of one carbonyl
ligand giving [H2Os3(CO)9(L)].[33,46] [H2Os3(CO)9{Ph2P-
(C4H3S)}] then presumably undergoes further decarbon-
ylation ultimately giving rise to the four products isolated.

Conclusion

In conclusion, the introduction of diphenyl(2-thienyl)-
phosphane into the coordination sphere of triosmium clus-
ters by direct thermal substitution of carbonyl ligands or
room-temperature reaction with the unsaturated cluster
[H2Os3(CO)10] is facile. In all cases surveyed in this study,
the ligand initially coordinates as a monodentate phos-
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phane, but further activation/metallation of the ligand is
possible at elevated temperatures, although the osmium
clusters are considerably less reactive than their ruthenium
analogues.[20]

Experimental Section
General Remarks: The clusters [Os3(CO)12][47] and [Os3(µ-H)2-
(CO)10][48–50] and the ligand diphenyl(2-thienyl)phosphane[20] were
synthesised by published methods. Solvents were dried by standard
methods prior to use. TLC was performed on commercial plates
precoated with Merck Kieselgel 60 to 0.5 mm thickness. NMR
spectra were acquired with Bruker DRX300 WB, DRX500 and
DRX600 spectrometers. Gradient-selected 187Os 2D HMQC ex-
periments were carried out with a Bruker DMX600 equipped with
an XYZ 10A gradient amplifier (z-gradient strength 0.05 Tm–1).
Details regarding the experimental setup and acquisition param-
eters for the 187Os 2D HMQC experiments are listed in the Sup-
porting Information (see footnote on the first page of this article).
IR spectra were acquired with a Nicolet Avatar FT-IR spectrome-
ter and FAB-MS (3-nitrobenzyl alcohol matrix) data with a JEOL
SX-102 mass spectrometer.

Direct Thermal Reaction of [Os3(CO)12] and Diphenyl(2-thienyl)-
phosphane in Toluene: A solution of [Os3(CO)12] (300 mg,
0.33 mmol) and diphenyl(2-thienyl)phosphane (98 mg, 0.37 mmol)
in toluene (40 mL) was refluxed under nitrogen for 2.5 h. The sol-
vent was removed under reduced pressure. Preparative TLC of the
residue, using dichloromethane/n-hexane (3:7, v/v) as eluent gave
four compounds, in order of decreasing Rf: [Os3(CO)12] (pale yel-
low, trace), [Os3(CO)11{Ph2P(C4H3S)}] (1, intense yellow, 96 mg,
23%), [Os3(CO)10{Ph2P(C4H3S)}2] (2, intense yellow, 203 mg,
44%), [Os3(CO)9{Ph2P(C4H3S)}3] (3, orange, 42 mg, 8%).

1: C27H13O11Os3PS (1147.12): calcd. C 28.27, H 1.14, P 2.76; found
C 28.19, H 1.33, P 2.76. FAB-MS: m/z = 1148 [M+], [M+ – n CO,
n = 1–11]. IR (CH2Cl2): ν̃co = 2108 s, 2056 s, 2031 sh, 2018 sh,
1988 m, 1958 sh cm–1. 1H NMR (300 MHz, CDCl3, 30 °C): δ =
7.9–7.1 (m, 13 H, arom.) ppm. 31P NMR (300 MHz, CDCl3,
30 °C): δ = –16.2 (s, 1 P, terminal phosphane) ppm.

2: C42H26O10Os3P2S2 (1387.42): calcd. C 36.36, H 1.89, P 4.46;
found C 36.33, H 1.62, P 4.94. FAB-MS: m/z = 1388 [M+], [M+ –
n CO, n = 1–10]. IR (CH2Cl2): ν̃co = 2086 w, 2070 s, 2031 s, 1999
s, 1970 w, 1956 w cm–1. 1H NMR (300 MHz, CDCl3, 20 °C): δ =
7.82–7.17 (m, 26 H, arom.) ppm. 31P NMR (300 MHz, CD2Cl2,
–60 °C): δ = –18.12 (s, 1 P, terminal), –18.26 (s, 2 P, terminal),
–21.97 (s, 1 P, terminal) ppm.

3: C57H39O9Os3P3S3 (1627.72): calcd. C 42.06, H 2.42, P 5.71:
found C 42.48, H 2.85, P 5.23. FAB-MS: m/z = 1628 [M+], 1600
[M+ – CO]. IR (CH2Cl2): ν̃co = 2068 sh, 2034 sh, 2013 w, 1998 m,
1975 m, 1945 w cm–1. 1H NMR (500 MHz, CDCl3, 25 °C): δ = 7.6–
7.12 (m, 39 H, arom.) ppm. 31P NMR (500 MHz, CDCl3, 25 °C): δ
= –17.2 (s, 3 P, terminal) ppm.

Room-Temperature Reaction of [H2Os3(CO)10] with Diphenyl(2-thi-
enyl)phosphane in CH2Cl2: Diphenyl(2-thienyl)phosphane (2 equiv.,
95 mg, 0.36 mmol) was added to [H2Os3(CO)10] (1 equiv., 150 mg,
0.18 mmol) in freshly distilled dichloromethane (30 mL) at room
temperature under nitrogen. Within 5 min, the solution turned
from purple to yellow and the IR spectrum indicated that no start-
ing material had remained unreacted. The solution was concen-
trated and absorbed onto TLC plates using dichloromethane/n-hex-
ane (3:7, v/v) as eluent. Two bands were recovered, in order of
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decreasing Rf: [HOs3(µ-H)(CO)10{Ph2P(C4H3S)}] (4, 34 mg, 26%,
yellow), uncharacterised product (5 mg, 4%, red).

4: C26H15O10Os3PS (1121.12): calcd. C 27.85, H 1.35, P 2.76; found
C 28.86, H 1.38, P 2.72. FAB-MS: m/z = 1120 [M+], [M+ – n CO,
n = 1–10]. IR (CH2Cl2): ν̃co = 2106 s, 2090 m, 2086 m, 2068 s, 2052
s, 2025 s, 1984 m, 1972 m, 1933 sh cm–1. 1H NMR (300 MHz,
CDCl3, 20 °C): δ = 7.79–7.27 (m, 13 H, arom.), –10 to –20 (br. s,
2 H, hydrido) ppm. 1H NMR (300 MHz, CDCl3, –45 °C): δ = 7.8–
7.3 (m, 13 H, arom.), –10.12 (d, JH,H = 3.3 Hz, 1 H, terminal hyd-
rido), –19.72 (dd, JH,H = 3.3 Hz, JP,H = 11 Hz, 1 H, bridging hyd-
rido) ppm. 31P NMR (300 MHz, CDCl3, –45 °C): δ = –16.7 (s, 1
P, terminal phosphane) ppm.

Thermal Reaction of [H2Os3(CO)10] with Diphenyl(2-thienyl)phos-
phane in Toluene: A solution of [H2Os3(CO)10] (150 mg, 0.18 mmol)
and (Ph2PC4H3S) (95 mg, 0.36 mmol) in toluene (30 mL) was re-
fluxed under nitrogen for 3 h. During the reaction the colour
changed from purple to yellow, to green, and finally to brown. The
products were separated by TLC using dichloromethane/n-hexane
(2:3, v/v) as eluent. Five bands were recovered, in order of decreas-
ing Rf: [H2Os3(CO)10] (purple, trace), [(µ-H)Os3(CO)9{µ3-Ph2P-
(C4H2S)}] (5, intense yellow, 99 mg, 21%), [(µ-H)Os3(CO)8{µ3-
Ph2P(C4H2S)}{Ph2P(C4H3S)}] (6, intense yellow, 197 mg,
34%), [(µ-H)Os3(CO)6{µ3-Ph2P(C4H2S)}{µ-Ph2P(C4H3S)}{Ph2P-
(C4H3S)}] (7, yellow, 32 mg, 5%), [(µ-H)Os3(CO)7{µ-Ph2P(C4H2S)}-
{µ-Ph2P(C4H3S)}{Ph2P(C4H3S)}] (8, intense yellow, 22 mg, 3%).

5: C25H13O9Os3PS (1091.1). FAB-MS: m/z = 1092 [M+], [M+ – n
CO, n = 1–9]. IR (CH2Cl2): ν̃co = 2088 s, 2060 s, 2034 s, 2019 s,
1989 s, 1974 w, 1965 m cm–1. 1H NMR (300 MHz, CDCl3, 20 °C):
δ = 7.93–7.07 (m, 12 H, arom.), –18.0 (d, JH,P = 13.2 Hz, 1 H,
bridging hydrido) ppm. 31P NMR (300 MHz, CDCl3, 20 °C): δ =
–3.27 (s, JOs,P = 147 Hz, 1 P, axial phosphorus) ppm.

6: C40H26O8Os3P2S2 (1331.4): calcd. C 36.09, H 1.97, P 4.65; found
C 36.09, H 1.97, P 4.56. FAB-MS: m/z = 1332 [M+], [M+ – n CO,
n = 1–8]. IR (CH2Cl2): ν̃co = 2074 s, 2032 s, 2015 s, 1993 sh, 1981
m, 1967 m, 1957 m, 1945 sh cm–1. 1H NMR (300 MHz, CDCl3,
20 °C): δ = 7.86–6.35 (m, 25 H, arom.), –17.4 (dd, JH,P = 15.4 Hz,
JH,P = 11 Hz, 1 H, bridging hydrido) ppm. 31P NMR (300 MHz,
CD2Cl2, 27 °C): δ = –0.70 (d, JP,P = 16.7 Hz, 1 P), –1.22 (d, JP,P =
16.7 Hz, 1 P) ppm. 31P NMR (300 MHz, CD2Cl2, –90 °C): δ = 1.27
(d, JP,P = 16.8 Hz, 1 P), –0.36 (d, JP,P = 16.8 Hz, 1 P), –0.69 (d,
JP,P = 16.5 Hz, 1 P), –2.13 (d, JP,P = 16.4 Hz, 1 P) ppm. 1H-187Os
2D HMQC NMR (600 MHz, CD2Cl2, –100 °C): δ = –13965 (1JOs,P

= 147 Hz), –13230 (1JOs,P = 211 Hz) ppm.

7: C54H39O6Os3P3S3 (1543.69). FAB-MS: m/z = 1544 [M+], 1516
[M+ – CO], 1488 [M+ – 2 CO], 1460 [M+ – 3 CO]. IR (CH2Cl2):
ν̃co = 2068 w, 2058 w, 2025 sh, 2015 m, 1985 s, 1961 sh, 1929 sh
cm–1. 1H NMR (300 MHz, CDCl3, 20 °C): δ = 7.85–6.65 (m, 38 H,
arom.), –16.67 [t, JH,P = 11 Hz, 1 H, bridging hydrido] ppm. 31P
NMR (300 MHz, CDCl3, 20 °C): δ = 4.50 (m, 1 P), –1.65 (d, J =
16.18 Hz, 1 P), –5.98 (m, 1 P) ppm.

8: C55H39O7Os3P3S3 (1571.7). FAB-MS: m/z = 1572 [M+], 1544
[M+ – CO]. IR (CH2Cl2): ν̃co = 2061 m, 2040 vs, 2002 s, 1988 m,
1968 w, 1944 m cm–1. 1H NMR (300 MHz, CDCl3, 20 °C): δ =
7.85–6.20 (m, 38 H, arom.), –17.05 [t (dd), JH,P = 14.7 Hz, JH,P =
13.2 Hz, 1 H, bridging hydrido] ppm. 1H NMR (300 MHz,
CD2Cl2, –50 °C, hydrido region): δ = –17.16 (t, J = 13.5 Hz,
12.9 Hz, 1 H) ppm. 31P NMR (300 MHz, CDCl3, 20 °C): δ = –3.19
(m), –5.30 (d, J = 17.1 Hz), –9.15 (m) ppm. 31P NMR (300 MHz,
CD2Cl2, –35 °C): δ = –0.58 (d, J = 9.95 Hz, 1 P), –9.5 (2, 1 P),
–11.15 (s, 1 P) ppm.

X-ray Crystallographic Study: Crystals of 2, 3, 5 and 6 were ob-
tained by slow concentration of dichloromethane/n-hexane solu-
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Table 5. Crystal data and experimental details for [Os3(CO)10{Ph2P(C4H3S)}2] (2); [Os3(CO)9{Ph2P(C4H3S)}3] (3); [(µ-H)Os3(CO)9{µ3-
Ph2P(C4H2S)}] (5); [(µ-H)Os3(CO)8{µ3-Ph2P(C4H2S)}{Ph2P(C4H3S)}]( 6).

2 3 5·0.5C6H14 6

Empirical formula C42H26O10Os3P2S2 C57H42O9Os3P3S3 C25H13O9Os3PS·0.5C6H14 C40H26O8Os3P2S2

Formula mass 1387.29 1630.60 1112.53 1331.27
T [K] 293(2) 293(2) 293(2) 293(2)
λ [Å] 0.71069 0.71069 0.71069 0.71069
Crystal system triclinic triclinic triclinic orthorhombic
Space group P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2) P212121 (no. 19)
a [Å] 12.461(2) 14.067(2) 13.474(3) 10.846(4)
b [Å] 12.857(4) 18.872(5) 13.669(2) 14.370(3)
c [Å] 14.180(5) 25.004(3) 17.309(5) 25.455(4)
α [°] 70.69(2) 70.26(2) 85.68(2) 90
β [°] 79.12(2) 75.08(2) 77.86(2) 90
γ [°] 88.55(2) 86.97(2) 74.05(1) 90
V [Å3] 2103.8(9) 6033(2) 2996(1) 3967(2)
Z 2 4 4 4
Dcalcd. [Mg·m–3] 2.190 1.795 2.466 2.229
µ(Mo-Kα) [mm–1] 9.270 6.537 12.863 9.822
F(000) 1296 3108 2026 2480
Crystal size [mm] 0.35 × 0.24 × 0.20 0.25 × 0.11 × 0.08 0.27 × 0.25 × 0.20 0.30 × 0.25 × 0.22
θ limits [°] 2–27 2–25 2–27 2–27
Reflections collected 9104 ( ± h, ±k, +l) 21091 (±h, ±k, +l) 13008 (±h, ±k, +l) 4801(+h, +k, +l)
Unique observed reflections [I � 2σ(I)] 6941 8123 8000 4062
Goodness of fit (F2) 1.033 0.933 0.989 1.063
R1 (F)[a], wR2 (F2)[b] [I � 2σ(I)] 0.0268, 0.0683 0.0766, 0.1544 0.0441, 0.1081 0.0249, 0.0601
Absolute structure parameter – – – –0.02(1)
Largest diff. peak/hole [e·Å–3] 1.340/–0.989 2.055/–2.330 2.204/–2.184 0.925/–0.963

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2, w = 1/[σ2(Fo

2) + (aP)2 + bP], P = (Fo
2 + 2Fc

2)/3.

tions at 4 °C. Crystal data and other experimental details for all
structures are reported in Table 5. The diffraction experiments were
carried out with an Enraf–Nonius CAD4 diffractometer at room
temperature, using graphite-monochromatized Mo-Kα radiation (λ
= 0.71073 Å). The unit cells were determined by a least-squares
fitting procedure using 25 randomly selected strong reflections. The
diffracted intensities were corrected for Lorentz and polarisation
effects. An empirical absorption correction was applied using the
azimuthal scan method.[51] The positions of the metal atoms were
determined by direct methods (SIR-97[52]) and all non-hydrogen
atoms were located from Fourier difference syntheses. In com-
pounds 5 and 6, the bridging hydrido ligands were also located in
the Fourier map. The phenyl and thienyl H atoms were added in
calculated positions (dC–H 0.93 Å). The final refinement on F2 pro-
ceeded by full-matrix least-squares calculations (SHELXL97[53])
using anisotropic thermal parameters for all non-hydrogen atoms
in 2, 5 and 6, whereas in 3 only the Os, P and S atoms were treated
anisotropically. The asymmetric units of 3 and 5 contain two inde-
pendent molecules, and the latter contains also one-half of a disor-
dered n-hexane solvent molecule, which is related to the other half
by an inversion centre. The 2-thienyl rings [bound to P(4) and P(5),
respectively] of one of the molecules present in the asymmetric unit
of 3 showed disorder due to a 180° rotation around the P–C axis,
and therefore the sulfur and α-carbon atoms of the rings were re-
fined for the two orientations. The refined occupancy factors of
S(4) and S(5) in the second conformer of the molecule (Figure S3,
Supporting Information) were 52 and 66%, respectively. The
phenyl and thienyl H atoms were assigned isotropic thermal param-
eters 1.2 times Ueq of the carrier carbon atoms. The relatively low
quality of the diffraction data for compound 3 was due to the fact
that good quality crystals could not be obtained despite repeated
crystallisations by different techniques. CCDC-203202 (2), -203203
(3), -203204 (5) and -203205 (6) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of

Eur. J. Inorg. Chem. 2006, 2058–2068 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2067

charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Rational Synthesis and Characterization of Two Three-Dimensional Metal-
Organic Frameworks Incorporating Silver Chains and 1,2,3,4,5,6-

Cyclohexanehexacarboxylate

Jing Wang,[a] Sheng Hu,[a] and Ming-Liang Tong*[a]

Keywords: Silver / MOFs / Cyclohexanehexacarboxylate / Water tape / Ag···Ag interactions / Supramolecular chemistry

Two new silver polycarboxylate coordination polymers,
[Ag3(H3L)(H2O)2]n·2nH2O (1) and [Ag6L(NH3)(H2O)3]n·nH2O
(2), have been obtained from the reaction of [Ag(NH3)2](OH)
(freshly synthesized from Ag2O and aqueous ammonia) with
cis,cis,cis,cis,cis-1,2,3,4,5,6-cyclohexanehexacarboxylic acid
(H6L) by control of the molar ratio of starting materials. The
X-ray crystal structure analysis reveals that both of them
crystallize in the triclinic space group P1̄ with a = 6.375(4), b
= 9.505(6), c = 15.097(8) Å, α = 93.249(14), β = 100.364(15), γ
= 96.453(15)°, V = 891.4(9) Å3, Z = 2 for 1, and a = 8.0380(7),
b = 10.1220(9), c = 13.8458(12) Å, α = 76.3450(10), β =
80.9370(10), γ = 68.7230(10)°, V = 1016.83(15) Å3, Z = 2 for 2.
Complex 1 features a three-dimensional (3D) metal-organic
framework (MOF) with one-dimensional (1D) rectangular
channels surrounded by carboxylato-supported Ag–Ag di-

Introduction
The design and synthesis of metal-organic frameworks

(MOFs) are of great interest because of their intriguing
structural topologies and novel properties for potential ap-
plications.[1–3] In the past few decades, the development of
supramolecular assembled chemistry has allowed the pos-
sibility to rationally design and prepare supramolecular
architectures through noncovalent interactions, in which it
is crucial to meet both geometric as well as energetic con-
siderations.[4] Recent advances in this field have led to many
periodic MOFs formed through the deliberate selection of
functionalized organic ligands and coordination geometries
of transition-metal ions.[5] A successful strategy in building
such networks is to employ appropriate bridging ligands
that can bind metal ions in different modes and provide
a possible way to achieve more robust MOF structures.[6]

Moreover, the recent development of self-assembled supra-
molecular chemistry has made it possible to rationally de-
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mers, Ag–Ag chains, and half deprotonated [H3L]3– ligands.
Each [H3L]3– ligand connects eight AgI atoms. The weakly
coordinated water ligands and lattice water molecules are
located at the channels and form interesting 1D hydrogen-
bonded T4(2)8(2) water tapes with cyclic R8

6(16) (H2O)8 and
R4

4(8) (H2O)4 units. Complex 2 is also a 3D MOF structure
constructed by two types of Ag–Ag chains with Ag8 cluster
units and linear Ag4 units, respectively, and fully deproton-
ated L6– ligands. The silver(I) atoms in 2 exhibit linear, T-
shaped, Y-shaped, and tetrahedral coordination geometries.
Each L6– ligand connects thirteen AgI atoms. The intrachain
robust argentophilic interactions play a vital role in the for-
mation of the structure.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sign and synthesize MOFs depending on the ligand geome-
try and coordination propensity of the metal ion, which has
been proved by the reports of a large number of silver
MOFs.[7]

Silver() ion principally exhibits linear, trigonal, and tet-
rahedral coordination and has high affinity for hard donor
atoms such as nitrogen or oxygen atoms and soft donor
atoms such as sulfur atoms, being a favorable and fashion-
able building block for MOFs.[8] Furthermore, silver ion is
apt to form short Ag···Ag contacts as well as ligand unsup-
ported interactions, which have been proved to be two of
the most important factors contributing to the formation
of such complexes and special properties.[9–11] Previous
works[12,13] have proved rigid benzene-multicarboxylic ac-
ids, such as 1,4-benzenedicarboxylic acid, 1,3,5-benzenetri-
carboxylic acid, and 1,2,4,5-benzenetetracarboxylic acid,
are a good choice for the construction of MOFs owing to
their versatile coordination modes. However, although
many benzene multicarboxylate-bridged MOFs have been
reported, those on a silver() ion are relatively rare, probably
because of their low solubility, which makes structural
analyses difficult.[14–16] Compared with benzene multicar-
boxylic acid, cyclohexane multicarboxylic acid not only has
advantages over the former such as having rich coordina-
tion modes, being the hydrogen-bond donors and acceptors
as well as possessing potential high symmetries, but also
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has more conformations and flexibility, which remain
largely unexplored for constructing 3D MOFs. Cyclohexa-
nedicarboxylates and cyclohexanetricarboxylates are there-
fore regarded as excellent candidates for the construction of
multidimensional MOFs.[17] Although one could anticipate
that 1,2,3,4,5,6-cyclohexanehexacarboxylic acid (H6L) will
be applied as a more flexible ligand than cyclohexanedicar-
boxylates and cyclohexanetricarboxylates in the construc-
tion of functional MOFs (Scheme 1), its coordination
chemistry has not been explored until now. Herein, we re-
port the creation of two interesting silver() complexes with
robust argentophilic interactions by the self-assembled reac-
tion of cis,cis,cis,cis,cis-1,2,3,4,5,6-cyclohexanehexacarbox-
ylic acid (H6L) with freshly synthesized [Ag(NH3)2](OH),
[Ag3(H3L)(H2O)2]n·2nH2O (1), and [Ag6L(NH3)(H2O)3]n·
nH2O (2). Complex 1 is a 3D MOF with 1D rectangular
channels surrounded by carboxylato-supported Ag–Ag di-
mers, Ag–Ag chains and half deprotonated µ8-[H3L]3– brid-
ges, and water molecules in the channels forming interesting
hydrogen-bonded water tapes of eight- and four-membered
rings; while 2 is a 3D MOF constructed with two types of
Ag–Ag chains with Ag8 cluster units and linear Ag4 units,
respectively, and fully deprotonated µ13-L6– bridges.

Scheme 1. Schematic presentation of the L ligand in cis,cis,cis,cis,cis
(a) and trans,trans,trans,trans,trans conformations (b).

Results and Discussion

Synthesis and Characterization

As is well known, the reactions of silver() ion with multi-
carboxylates in aqueous solution often result in the forma-
tion of insoluble ‘silver salts’, presumably because of the
fast coordination of the carboxylates to silver ion to form
polymer structures. Mak and co-workers pioneered the gen-
eration of polymeric structures in silver()-carboxylate-like
complexes by using various zwitterionic betaine ligands.[18]

Smith and co-workers[19] obtained a series of Ag–multicar-
boxylate complexes by using ammoniacal conditions to en-
hance the solubility of the silver carboxylates. Michaelides
and co-workers[14b] reported a novel succinatodisilver()
complex that was synthesized by gel permeation. Hence,
properly tuning the reaction conditions may result in the
formation of appropriate crystalline products for X-ray
structural analysis. Considering this, we tried reactions of
freshly synthesized [Ag(NH3)2](OH) and the H6L ligand in
various molar ratios [Equations (1), (2), and (3)].

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2069–20772070

Ag2O + 4NH3 + 2H2O = 2[Ag(NH3)2](OH) (1)

3n[Ag(NH3)2](OH) + nH6L + nH2O =
[Ag3(H3L)(H2O)2]n·2nH2O + 6nNH3 (2)

6n[Ag(NH3)2](OH) + nH6L =
[Ag6L(NH3)(H2O)3]n·nH2O + 2nH2O + 11nNH3 (3)

We first selected the molar ratio of [Ag(NH3)2](OH)/H6L
= 3:1, resulting in the formation of complex 1, which pos-
sesses a 3D microporous MOF structure filled with water
molecules. As anticipated, only half of the carboxylate
groups are deprotonated and the others form intra- or inter-
molecular hydrogen-bond interactions with the deproton-
ated ones, which may be attributed to the cis conformation
of the ligand. The carboxylate groups lie alternately on the
axial position and on the equatorial position, which is use-
ful for the formation of intramolecular hydrogen-bonded
interactions.

As the self-assembly of the frameworks is greatly influ-
enced by factors such as the solvent system,[3a,20a] the tem-
plate,[16] the pH value of the solution,[20b,20c] and the steric
requirement of the counterion,[21] some changes in the reac-
tion conditions may result in significantly different final re-
action products. The successful isolation of 1, in which not
all the carboxylate groups are deprotonated, prompted us
to extend our study to change the molar ratio of [Ag-
(NH3)2](OH)/H6L. As expected, when the molar ratio of
[Ag(NH3)2](OH)/H6L was increased to 6:1, all the carboxyl-
ate groups were deprotonated and then complex 2 was ob-
tained. Furthermore, we attempted to change the silver()
salts and solvents such as MeOH or EtOH, and raise the
pH values in order to prepare different silver MOFs. How-
ever, the same product as 2 was obtained, although the
yields were somewhat different or precipitates were ob-
tained when treated by other silver() salts at higher pH
values, suggesting that the proper pH value and molar ratio
of the reactants play a vital role in the formation of the
products. It should be noted that, in our recently synthe-
sized 3D MOFs [M3(trans-L)(H2O)6]n (M = Co2+, Mn2+,
and Fe2+; [trans-L]6– = trans,trans,trans,trans,trans-
1,2,3,4,5,6-cyclohexanehexacarboxylate),[22] the fully depro-
tonated L6– ligand changed its cis conformation to trans
conformation under hydrothermal conditions, while in 1
and 2, the half and fully deprotonated L ligands keep their
cis,cis,cis,cis,cis conformation, which may be ascribed to the
cooperative effect of the intraligand hydrogen-bonding in-
teraction and the metal coordination.

Crystal Structure

X-ray crystallography has established that 1 is a 3D
MOF structure with 1D rectangular channels along the a



Three-Dimensional Metal-Organic Frameworks FULL PAPER
axis. As illustrated in part (a) of Figure 1, each asymmetric
unit in 1 contains three crystallographically unique silver()
atoms, one [H3L]3– ligand, two coordinated water mole-
cules, and two lattice water molecules, all of which lie on
general positions. The selected bond lengths and angles are
listed in Table 1. Noticeably, the three deprotonated carbox-
ylate groups of each [H3L]3– ligand are located at the equa-
torial positions and the rest at the axial positions, in agree-
ment with the IR spectrum, where the absorption peak is
at around 1720 cm–1 for the protonated carboxylic groups.
Ag1 is coordinated in a greatly irregular geometry, by three
oxygen atoms from three [H3L]3– ligands [Ag1–O =
2.256(4)–2.584(4) Å, O–Ag1–O = 82.5(2)–162.4(2)°], an
aqua ligand [Ag1–O1w = 2.457(5) Å, O–Ag1–O1w =
80.0(2)–116.1(2)°], as well as a Ag···Ag contact [2.916(1) Å].
The Ag1–Ag1a distance is significantly shorter than the van
der Waals contact distance 3.40 Å,[23a] is comparable to the
Ag···Ag separation (2.89 Å) in metallic silver, and twice the
covalent radius of silver (1.455 Å for four-coordinate sil-

Figure 1. Perspective views showing the coordination environments
of silver atoms (a) and the bridging mode of the [H3L]3– ligand (b)
in 1.
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ver),[24] which provides supporting evidence for the signifi-
cance of argentophilicity.[25] Similar Ag···Ag distances were
found in silver benzenesulfonate (2.915 Å)[23b] and in the

Table 1. Selected bond lengths [Å] and angles [°] for 1 and 2.[a]

Compound 1

Ag(1)–O(2a) 2.256(4) Ag(3)–O(9f) 2.356(4)
Ag(1)–O(1) 2.267(4) Ag(3)–O(6g) 2.542(5)
Ag(1)–O(1w) 2.457(5) Ag(1)···Ag(1a) 2.916(1)
Ag(1)–O(3b) 2.584(4) Ag(2)···Ag(2c) 2.916(1)
Ag(2)–O(6c) 2.187(4) Ag(2)···Ag(3e) 3.162(1)
Ag(2)–O(5) 2.191(4) Ag(3)···Ag(2h) 3.162(1)
Ag(2)–O(2wd) 2.632(6) Ag(3)···Ag(3f) 3.329(2)
Ag(3)–O(10) 2.235(4)
O(2a)–Ag(1)–O(1) 162.4(2) O(5)–Ag(2)–O(2wd) 130.2(2)
O(2a)–Ag(1)–O(1w) 116.1(2) O(10)–Ag(3)–O(9f) 142.3(2)
O(1)–Ag(1)–O(1w) 80.0(2) O(10)–Ag(3)–O(6g) 115.3(2)
O(2a)–Ag(1)–O(3b) 82.5(2) O(9f)–Ag(3)–O(6g) 85.0(2)
O(1)–Ag(1)–O(3b) 106.5(2) Ag(2c)–O(6)···Ag(3i) 91.2(2)
O(1w)–Ag(1)–O(3b) 87.5(2) Ag(2c)···Ag(2)···Ag(3e) 77.56(3)
O(6c)–Ag(2)–O(5) 153.8(2) Ag(2h)···Ag(3)···Ag(3f) 62.89(2)
O(6c)–Ag(2)–O(2wd) 74.5(2)

Compound 2

Ag(1)–O(1a) 2.213(3) Ag(5)–O(4g) 2.193(3)
Ag(1)–O(1w) 2.340(4) Ag(6)–N(1) 2.125(4)
Ag(1)–O(3) 2.397(3) Ag(6)–O(11) 2.135(3)
Ag(1)–O(1) 2.587(3) Ag(6)–O(10i) 2.528(3)
Ag(2)–O(2c) 2.196(3) Ag(1)···Ag(2b) 3.0938(6)
Ag(2)–O(2w) 2.320(4) Ag(1)···Ag(1a) 3.3396(8)
Ag(2)–O(5) 2.335(3) Ag(2)···Ag(2d) 3.336(1)
Ag(3)–O(3e) 2.229(3) Ag(3)···Ag(5f) 2.9040(6)
Ag(3)–O(3w) 2.344(4) Ag(3)···Ag(4) 3.1645(6)
Ag(3)–O(7) 2.354(3) Ag(4)···Ag(6e) 2.9438(5)
Ag(3)–O(6) 2.400(3) Ag(4)···Ag(5f) 3.1282(6)
Ag(4)–O(12e) 2.166(3) Ag(4)···Ag(5e) 3.3159(6)
Ag(4)–O(7f) 2.204(3) Ag(5)···Ag(5g) 3.1160(8)
Ag(4)–O(9) 2.502(3) Ag(5)···Ag(6) 3.1310(6)
Ag(5)–O(8) 2.176(3) Ag(6)···Ag(6j) 3.2021(8)
O(1a)–Ag(1)–O(1w) 132.8(1) Ag(4f)–O(7)–Ag(3) 125.9(1)
O(1a)–Ag(1)–O(3) 134.0(1) Ag(2b)···Ag(1)···Ag(1a) 125.76(2)
O(1w)–Ag(1)–O(3) 93.2(1) Ag(1b)···Ag(2)···Ag(2d) 106.84(2)
O(1a)–Ag(1)–O(1) 92.2(1) Ag(5f)···Ag(3)···Ag(4) 61.88(1)
O(1w)–Ag(1)–O(1) 100.8(1) Ag(6e)···Ag(4)···Ag(5f) 116.21(2)
O(3)–Ag(1)–O(1) 75.6(1) Ag(6e)···Ag(4)···Ag(3) 160.47(2)
O(2c)–Ag(2)–O(2w) 135.3(1) Ag(5f)···Ag(4)···Ag(3) 54.96(1)
O(2c)–Ag(2)–O(5) 136.0(1) Ag(6e)···Ag(4)···Ag(5e) 59.67(1)
O(2w)–Ag(2)–O(5) 87.7(1) Ag(5f)···Ag(4)···Ag(5e) 57.75(2)
O(3e)–Ag(3)–O(3w) 126.7(1) Ag(3)···Ag(4)···Ag(5e) 112.31(1)
O(3e)–Ag(3)–O(7) 139.1(1) Ag(3f)···Ag(5)···Ag(5g) 126.77(2)
O(3w)–Ag(3)–O(7) 93.9(1) Ag(3f)···Ag(5)···Ag(4f) 63.15(1)
O(3e)–Ag(3)–O(6) 92.9(1) Ag(5g)···Ag(5)···Ag(4f) 64.15(2)
O(3w)–Ag(3)–O(6) 104.6(1) Ag(3f)···Ag(5)···Ag(6) 121.92(2)
O(7)–Ag(3)–O(6) 79.0(1) Ag(5g)···Ag(5)···Ag(6) 111.25(2)
O(12e)–Ag(4)–O(7f) 161.7(1) Ag(4f)···Ag(5)···Ag(6) 168.66(2)
O(12e)–Ag(4)–O(9) 97.7(1) Ag(3f)···Ag(5)···Ag(4h) 171.34(2)
O(7f)–Ag(4)–O(9) 100.6(1) Ag(5g)···Ag(5)···Ag(4h) 58.10(1)
O(8)–Ag(5)–O(4g) 166.5(1) Ag(4f)···Ag(5)···Ag(4h) 122.25(2)
N(1)–Ag(6)–O(11) 170.1(2) Ag(6)···Ag(5)···Ag(4h) 54.25(1)
N(1)–Ag(6)–O(10i) 93.5(1) Ag(4h)···Ag(6)···Ag(5) 66.08(1)
O(11)–Ag(6)–O(10i) 94.9(1) Ag(4h)···Ag(6)···Ag(6j) 89.51(2)
Ag(1a)–O(1)–Ag(1) 87.8(1) Ag(5)···Ag(6)···Ag(6j) 154.36(2)
Ag(3h)–O(3)–Ag(1) 114.0(1)

[a] Symmetry codes for 1: a) –x + 1, –y + 2, –z; b) –x, –y + 2, –z;
c) –x, –y + 3, –z – 1; d) x, y + 1, z; e) –x, –y + 1, –z; f) –x – 1, –y
+ 1, –z – 1; g) x – 1, y – 1, z; h) x, y – 1, z; i) x + 1, y + 1, z. For
2: a) –x + 2, –y + 3, –z; b) –x + 3, –y + 2, –z; c) x + 1, y – 1, z;
d) –x + 4, –y + 2, –z; e) x + 1, y, z; f) –x + 4, –y + 3, –z – 1; g) –
x + 3, –y + 3, –z – 1; h) x – 1, y, z; i) –x + 3, –y + 4, –z – 1; j) –x
+ 2, –y + 4, –z – 1; k) x – 1, y + 1, z.
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succinatodisilver complex (2.938 and 3.104 Å).[14b] Ag2
adopts a slightly distorted Y-shaped geometry, coordinated
by two oxygen atoms from two [H3L]3– ligands [Ag2–O =
2.187(4) and 2.191(4) Å, O–Ag2–O = 153.8(2)°] and a
weakly coordinated aqua ligand [Ag2–O2w = 2.632(6) Å,
O–Ag2–O2w = 74.5(2) and 130.2(2)°] as well as two
Ag···Ag contacts [2.916(1) and 3.162(1) Å]. Similarly, Ag3
also has a distorted Y-shaped geometry, surrounded by
three oxygen atoms from three [H3L]3– ligands [Ag3–O =
2.235(4)–2.542(5) Å, O–Ag3–O = 85.0(2)–142.3(2)°] as well
as by two Ag···Ag contacts [3.162(1) and 3.329(2) Å]. Each
[H3L]3– ligand connects eight AgI atoms through one pro-
tonated carboxylic group and three deprotonated carboxyl-
ato groups with µ2:η1:η1, µ2:η1:η1, and µ3:η2:η1 coordina-
tion modes, respectively (Figure 1, b). Two of the three pro-
tonated carboxylic groups of each [H3L]3– ligand donate
two strong intraligand hydrogen bonds to the deprotonated
carboxylato groups, further stabilizing their cis conforma-
tion [O8···O9 = 2.564(6) Å, O8–H8O···O9 = 164(9)°;
O12···O1 = 2.582(6) Å, O12–H12O···O1 = 160(9)°]. More-
over, there are rich intermolecular hydrogen-bond interac-
tions between the protonated or deprotonated carboxylate
groups with water molecules (Table 2). Two types of cluster
units of Ag···Ag interactions exist: the carboxylato-sup-
ported Ag1···Ag1 dimer and the 1D carboxylato-supported
Ag2···Ag3···Ag3···Ag2 chain unit (Figure 2, a and b). The
distances of Ag2···Ag2a, Ag2···Ag3a, and Ag3···Ag3d are
2.916(1), 3.162(1), and 3.329(2) Å, respectively. Such robust

Table 2. Geometrical parameters of hydrogen bonds for 1 and 2.[a]

D–H···A d(D–H) d(H···A) d(D···A) �(DHA)

Compound 1
O(4)–H(4O)···O(4wb) 0.85(1) 1.89(3) 2.731(6) 168(13)
O(8)–H(8O)···O(9) 0.85(1) 1.74(3) 2.564(6) 164(9)
O(12)–H(12O)···O(1) 0.85(1) 1.77(3) 2.582(6) 160(9)
O(1w)–H(1wa)···O(2w) 0.85(1) 2.08(3) 2.905(9) 163(8)
O(1w)–H(1wb)···O(3w) 0.85(1) 1.99(4) 2.775(7) 154(9)
O(2w)–H(2wa)···O(11d) 0.85(1) 1.90(3) 2.738(7) 168(13)
O(2w)–H(2wb)···O(4we) 0.85(1) 2.34(3) 3.161(8) 162(8)
O(3w)–H(3wa)···O(2c) 0.85 2.12 2.923(6) 157.9
O(3w)–H(3wb)···O(1wf) 0.85 2.02 2.790(7) 151.7
O(4w)–H(4wa)···O(3w) 0.85 2.01 2.817 159.1
O(4w)–H(4wb)···O(2a) 0.85 2.17 3.008(6) 170.7
Compound 2
O(1w)–H(1wa)···O(4w) 0.85(1) 1.94(1) 2.772(5) 166(5)
O(1w)–H(1wb)···O(5) 0.85(1) 1.90(2) 2.734(5) 168(7)
O(2w)–H(2wa)···O(6c) 0.85(1) 1.82(2) 2.644(5) 162(6)
O(2w)–H(2wb)···O(4w) 0.85(1) 1.98(2) 2.811(6) 165(8)
O(3w)–H(3wa)···O(9d) 0.85(1) 1.84(1) 2.675(5) 171(4)
O(3w)–H(3wb)···O(10b) 0.85(1) 1.93(2) 2.727(5) 157(5)
O(4w)–H(4wa)···O(4a) 0.85(1) 2.31(4) 3.039(5) 144(6)
O(4w)–H(4wa)···O(5a) 0.85(1) 2.33(4) 2.970(6) 133(5)
O(4w)–H(4wb)···O(10g) 0.85(1) 1.82(2) 2.650(5) 167(6)
N(1)–H(1Na)···O(2f) 0.89(1) 2.24(2) 3.048(5) 151(4)
N(1)–H(1Nb)···O(3we) 0.90(1) 2.26(2) 3.134(6) 165(4)
N(1)–H(1Nc)···O(6e) 0.89(1) 2.36(3) 3.109(6) 142(4)

[a] Symmetry codes for 1: a) –x + 1, –y + 2, –z; b) –x, –y + 2, –z;
c) x, y – 1, z; d) x + 1, y, z; c) –x + 1, –y + 1, –z; f) –x, –y + 1, –
z. For 2: a) –x + 3, –y + 2, –z; b) x + 1, y – 1, z; c) –x + 4, –y +
2, –z; d) –x + 4, –y + 3, –z – 1; e) –x + 3, –y + 3, –z – 1; f) –x +
2, –y + 4, –z – 1; g) –x + 3, –y + 3, –z.
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Ag···Ag interactions make the silver() atoms form a silver
chain running along the a axis direction supported by the
µ2- and µ3-carboxylate bridges. These dimeric motifs and
1D Ag···Ag chains are connected by the [H3L]3– ligands
into an open MOF having a rectangular channel along the
a axis direction (Figure 2, c). Water molecules are located
at these channels and form 1D hydrogen-bonded water
tapes[26] (Figure 3, a, b). There are cyclic R8

6(16) (H2O)8 and
R4

4(8) (H2O)4 units with two water molecules shared be-
tween the adjacent circles, leading to a T4(2)8(2) water tape.
The water tapes further donate hydrogen bonds to the de-
protonated carboxylate groups of the host [O···O 2.738(7)–
3.161(8) Å] (Table 2). Each water molecule is tetrahedrally
surrounded by four hydrogen bonds or three hydrogen
bonds and one Ag–H2O coordination bond (Figure 3, b).
Other interesting water chains and tapes have been observed
in MOF structures of [(H2O)2�{Ni(Hsglu)(H2O)2}]·
H2O [Hsglu = N-(2-hydroxybenzyl)-l-glutamic acid],[27a]

apdo·4H2O (apdo = trans-4,4�-azopyridine dioxine),[27b]

[Co(tartarate)(2,2�-bipy)·5H2O],[27c] [Cu(DPA)(CO3)]·3H2O
(DPA = 2,2�-dipyridylamine),[27d] [Fe(2,2�-bipy)2(CN)2]·

Figure 2. (a) The silver chain along the a axis, (b) the binuclear
motif of silver atom, and (c) perspective view of the 1D channels
along the a axis direction in 1.
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2.5H2O,[27e] and [Co2(ptc)(py)2(H2O)4]·4H2O (ptc =
pyrazine-2,3,5,6-tetracarboxylate).[27f]

Complex 2 is also a 3D MOF structure with more com-
plicated Ag···Ag interactions. As illustrated in Figure 4 (a),
each asymmetric unit in 2 contains one formula unit, and
therefore there are six crystallographically unique silver()
atoms, one L6– ligand, one ammonia ligand, three aqua li-
gands, and one lattice water molecule, all of which lie in
general positions. Compared with 1, all the carboxylate
groups are deprotonated, which is in agreement with the IR
spectrum with no absorption peak around 1720 cm–1. Ag1
and Ag3 have similar greatly distorted tetrahedral coordi-
nation geometries. They are coordinated by three carboxyl-

Figure 3. Perspective views showing 1D water tape (a) and the hydrogen-bonding modes of each water molecule (b) in 1.
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ato oxygen atoms from two L6– ligands [Ag1–O = 2.213(3)–
2.587(3) Å, O–Ag1–O = 75.6(1)–134.0(1)°; Ag3–O =
2.229(3)–2.400(3) Å, O–Ag3–O = 79.0(1)–139.1(1)°] and an
aqua ligand [Ag1–O1w = 2.340(4) Å, O–Ag1–O1w =
93.2(1)–132.8(1)°; Ag3–O3w = 2.340(4) Å, O–Ag3–O3w =
93.9(1)–126.7(1)°] as well as surrounded by two Ag···Ag
contacts [3.0938(6) and 3.3396(8) Å for Ag1 and 2.9040(6)
and 3.1645(6) Å for Ag3]. Ag2 is coordinated in a Y-shaped
coordination geometry by two carboxylato oxygen atoms
from different L6– ligands [Ag2–O = 2.196(3) and
2.335(3) Å; O–Ag2–O = 136.0(1)°] and an aqua molecule
[Ag2–O2w = 2.320(4), O–Ag2–O2w = 87.7(1) and
135.3(1)°] as well as two relatively weak Ag···Ag contacts
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[Ag2···Ag1b = 3.0938(6) Å, Ag2···Ag2d = 3.336(1) Å]. Ag4
and Ag6 have similar slightly distorted T-shaped coordina-
tion geometries. Ag4 is coordinated by three carboxylato
oxygen atoms from three L6– ligands [Ag4–O = 2.166(3),
2.204(3), and 2.502(3) Å, O–Ag4–O = 97.7(1), 100.6(1), and
161.7(1)°], while Ag6 is coordinated by two carboxylato
oxygen atoms from two L6– ligands and an ammonia ligand
[Ag6–O/N = 2.125(4), 2.135(3), and 2.528(3) Å, O/N–Ag6–
O = 93.5(1), 94.9(1), and 170.1(2)°]. Moreover, Ag4 and
Ag6 are further surrounded by four and three Ag···Ag con-
tacts, respectively [Ag···Ag = 2.9438(6)–3.3159(6) Å for Ag4
and 2.9438(6)–3.2021(8) Å for Ag6]. Ag5 adopts a nearly
linear geometry, coordinated by two oxygen atoms from dif-
ferent L6– ligands [Ag5–O = 2.176(3) and 2.193(3) Å, O–
Ag5–O = 166.5(1)°]. Interestingly, Ag5 is surrounded by
five strong or weak Ag···Ag contacts [Ag···Ag = 2.9040(6)–
3.3159(6) Å]. Most of these Ag···Ag interactions are
slightly longer than that found in ternary silver-hexa-
methylenetetramine-carboxylato compounds (2.8154–

Figure 4. Perspective views showing the coordination environment
of silver atoms (a) and the bridging mode of the L6– ligand (b) in 2.
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2.9144 Å).[9b] Each L6– ligand connects 13 silver atoms
(Figure 4, b) to generate a complicated 3D MOF structure.

Figure 5. (a) The 1D silver chain constructed from Ag1 and Ag2
atoms by Ag···Ag interactions, (b) the Ag8 cluster aggregated by
Ag···Ag interactions, (c) the 1D silver chain constructed by Ag8

clusters, (d) the 2D silver layer formed by the 1D silver chains and
carboxylates along the c axis, and (e) the 3D MOF along the b axis
direction in 2.
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The Ag···Ag interactions in 2 are much more compli-

cated and interesting than in compound 1. As shown in
Figure 5, the six crystallographically independent silver()
atoms can be divided into two groups. Ag1 and Ag2 are
connected by Ag···Ag interactions to generate 1D µ3-car-
boxylato-supported ···Ag1···Ag1···Ag2···Ag2··· silver()
chains running along the b axis (Figure 5, a), while Ag3,
Ag4, Ag5, and Ag6 are aggregated by complicated µ2-car-
boxylato-supported Ag···Ag interactions into 1D Ag···Ag
tapes with a Ag8 cluster unit with six edge-sharing triangles
(Figure 5b, c, d). Two of the six triangles constructed by
Ag4, Ag4a, Ag5, and Ag5a are coplanar but others are
somewhat out of the plane. The dihedral angles between
this plane and the plane made of Ag3, Ag4, and Ag5a as
well as the plane of Ag5, Ag6, and Ag4a by edge-sharing
are 7.8 and 13.0°. Interestingly, the 1D Ag···Ag tapes are
further connected by carboxylates into 2D layers along the
bc plane (Figure 5, c), which are further extended by adja-
cent ···Ag1···Ag1···Ag2···Ag2··· silver() chains into a 3D
MOF structure (Figure 5e). The lattice water molecules are
located at the cavities of 2 and form rich hydrogen-bonding
interactions with the MOF host [O4w···O4a = 3.039(5) Å,
O4w–H4wa···O4a = 144(6)°; O4w···O5a = 2.970(6) Å,
O4w–H4wb···O5a = 133(5)°; O4w···O10g = 2.650(5) Å,
O4w–H4wb···O10g = 167(6)°; O1w···O4w = 2.772(5) Å,
O1w–H1wa···O4w = 166(5)°; O2w···O4w = 2.811(6) Å,
O2w–H2wb···O4w = 165(8)°].

Thermogravimetric Analysis

In order to examine the thermal stabilities of the porous
networks, we carried out thermogravimetric (TG) analyses
and measurement of the XPRD patterns to confirm the pu-
rity of the two complexes (Figure 6). Samples of the com-
plexes were heated to 600 °C with exposure to air. The TGA
curve (Figure 7) of 1 shows that the first weight loss of
5.1% between 20 and 68 °C corresponds to a loss of the
included water molecules (calculated: 4.9%), while the sec-
ond weight loss of 2.4% between 68 and 93 °C is in accord-
ance with the loss of one coordinated water molecule per
unit cell (calculated: 2.5%), and the succeeding weight loss
of 2.8% corresponds to another coordinated water mole-
cule between 93 and 175 °C (calculated: 2.5%). Complex 1
began to decompose at 190 °C to yield the residue Ag2O at
about 450 °C (found: 43.4%; calculated: 46.9%). The TGA
curve of 2 shows that the first weight loss of 4.5% between
50 and 110 °C corresponds to the gradual loss of one in-
cluded molecule, one coordinated water, and one coordi-
nated ammonia molecule or two coordinated water mole-
cules per unit cell (calculated: 4.8%), while the remaining
water molecules were completely removed at 225 °C. Com-
plex 2 began to decompose at 230 °C to yield the residue
Ag2O at about 455 °C (found: 61.3%; calculated: 64.5%).
Powder XRD patterns (Figure S2 in the Supporting Infor-
mation) of the dehydrated samples of 1 and 2 indicate that
removal of the guest molecules causes a significant struc-
tural change of crystalline to amorphous to the framework
of 1 and 2.
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Figure 6. Observed (black) and calculated (gray) powder X-ray dif-
fraction patterns for 1 and 2.

Figure 7. TG analyses for 1 (black) and 2 (gray).

Conclusion

Two new silver() compounds incorporating cis,cis,cis,cis,-
cis,cis-1,2,3,4,5,6-cyclohexanehexacarboxylic acid (H6L)
have been successfully obtained, by controlling the molar
ratio of the self-assembled reactions, and crystallographi-
cally characterized. Rich Ag···Ag interactions and versatile
coordination modes of the half or fully deprotonated li-
gands ([H3L]3– or L6–) lead to two interesting microporous
MOFs. Our work is the first to reveal that the H6L ligand
is characteristic of multifunctional coordination sites and
pH-dependent coordination fashions and has a much more
important effect on the structures of MOFs.

Experimental Section
General Remarks: The reagents and solvents employed were com-
mercially available and used as received without further purifica-
tion. The C, H, and N microanalyses were carried out with an
Elementar Vario-EL CHNS elemental analyzer. The IR spectra
were recorded from KBr pellets in the range 4000–400 cm–1 with a
Bio-Rad FTS-7 spectrometer. Powder X-ray diffraction (PXRD)
intensities for 1 and 2 were measured at 293 K on a Rigaku D/max-
IIIA diffractometer (Cu-Kα, λ = 1.54056 Å). The crushed single-
crystalline powder samples were prepared by crushing the crystals
and scanned from 5 to 60° with a step of 0.1°/s.
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Table 3. Crystal and structure refinement for compounds 1 and 2.[a]

Compound 1 2

Empirical formula C12Ag3H17O16 C12H17Ag6NO16

Formula weight 740.87 1078.49
Temperature [K] 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073
Crystal system triclinic (no. 2) triclinic (no. 2)
Space group P1̄ P1̄
a [Å] 6.375(4) 8.038(1)
b [Å] 9.505(6) 10.122(1)
c [Å] 15.097(8) 13.846(1)
α [°] 96.453(15) 80.937(1)
β [°] 93.249(14) 76.345(1)
γ [°] 100.364(15) 68.723(1)
V [Å3] 891.4(9) 1016.8(2)
Z 2 2
Calculated density [g/cm3] 2.768 3.522
Absorption coefficient [mm–1] 3.363 5.753
F(000) 716 1012
Crystal size [mm] 0.17×0.17×0.14 0.18×0.12×0.05
θ range for data collection [°] 2.2–27.0 2.2–26.0
Limiting indices –8 � h � 7, –11 � k � 12, –19 � l � 16 –9 � h � 9, –12 � k � 12, –16 � l � 17
Reflections collected/unique 6378/3635 7866/3894
Completeness 93.9% (θmax = 27.0°) 97.4% (θmax = 26.0°)
Absorption correction multiscan (SADABS; Bruker, 2002) multiscan (SADABS; Bruker, 2002)
Max. and min. transmission 0.6521/0.5922 0.7619/0.4241
Refinement method full-matrix least-square on F2 full-matrix least-square on F2

Data/restraints/parameters 3635/16/321 3894/18/359
Goodness-of-fit on F2 1.026 1.064
R indexes [I � 2σ(I)] R1 = 0.0454, wR2 = 0.1132 R1 = 0.0270, wR2 = 0.0599
R indices (all data) R1 = 0.0494, wR2 = 0.1165 R1 = 0.0315, wR2 = 0.0618
Largest diff. peak and hole [e/Å3] 2.803/–1.661 0.820/–0.751

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|, wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.

Synthesis of 1: Excess aqueous NH3 solution was dropped slowly
into a suspension of Ag2O (0.087 g, 0.375 mmol) in MeCN/H2O
(30 mL, v/v = 2:1) with magnetic stirring for 15 min. Then the pow-
der of the ligand cis,cis,cis,cis,cis-1,2,3,4,5,6-cyclohexanehexacar-
boxylic acid (0.092 g, 0.25 mmol) was slowly added to the former
solution and stirred for 30 min after being dissolved. The resultant
solution was allowed to slowly diffuse in darkness at room tem-
perature for several weeks to give colorless needle-like crystals. The
crystals were isolated by deionized water and dried in air (yield
0.112 g, about 60% based on Ag). C12H17Ag3O16 (740.87): calcd.
C 19.45, H 2.31; found C 19.69, H 2.34. IR (KBr) (400–4000 cm–1):
ν̃ = 3430 m, 2903 w, 2563 w, 1916 vw, 1717 vs, 1557 vs, 1460 vs,
1385 vs, 1316 s, 1240 s, 1206 s, 1160 m, 1028 m, 994 m, 894 m,
803 m, 760 m 687 m, 618 w, 495 w cm–1.

Synthesis of 2: Complex 2 was prepared as described for 1 by only
changing the molar ratio of Ag2O to H6L ligand from 1.5:1 to 3:1.
Colorless prism-like crystals were isolated by deionized water and
dried in air (yield 0.135 g, about 80% based on Ag).
C12H17Ag6NO16 (1078.49): calcd. C 13.36, H 1.59, N 1.30; found
C 13.47, H 1.58, N 1.22. IR (KBr) (400–4000 cm–1): ν̃ = 3354 m,
3320 m, 3259 m, 3181 m, 1545 vs, 1386 vs, 1319 s, 1203 m, 1166 m,
1032 w, 994 w, 916 w, 844 m, 767 m, 692 m, 591 m, 523 w cm–1.

X-ray Crystallographic Study: Single crystals of complexes 1 and 2
with approximate dimensions 0.21×0.20×0.14 mm3 (1) and
0.20×0.30×0.26 mm3 (2) were used for X-ray diffraction analyses.
The crystals were mounted on the end of a thin glass fiber using
an inert epoxy gel. Data collection of 1 and 2 was performed with
Mo-Kα radiation (λ = 0.71073 Å) with a Bruker Apex CCD dif-
fractometer at 123(2) K. The raw data frames were integrated with
SAINT+, which also applied corrections for Lorentz and polariza-
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tion effects. Absorption corrections were applied by using the
multiscan program SADABS.[28] The structures were solved by di-
rect methods, and all non-hydrogen atoms were refined anisotropi-
cally by least-squares on F2 using the SHELXTL program.[29] Hy-
drogen atoms on organic ligands were generated by the riding mode
(C–H bond length: 0.98 Å); the water, hydroxy, and ammonia hy-
drogen atoms were located from difference maps, and refined with
nominal geometric restraints [O–H 0.85(1), N–H 0.90 Å]. Selected
bond lengths and bond angles are listed in Table 1. A summary of
the crystal data is given in Table 3.

CCDC-291579 (for 1) and -291580 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): The supporting information contains the IR
spectra for compounds 1 and 2, and the powder XRD of the dehy-
drated samples of 1 and 2.
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The reaction of a tungsten acetylide complex [(η5-C5H5)(CO)-
(NO)W–C�C–R]Li (1) [1a, R = C6H5; 1b, R = C(CH3)3; 1c, R
= Si(CH3)3] with one equivalent of ferrocenium tetrafluorobo-
rate [Cp2Fe][BF4], acting as a one-electron oxidant in THF
at –50 °C, leads to the bimetallic tungsten–alkynyl complexes

Introduction

The chemistry of transition-metal acetylides M–C�C–R
and η2-acetylene complexes has been the subject of much
attention in the past years.[1] The nature of the metal–car-
bon bond in these systems and the possibility of conversion
of alkynyl complexes to other organometallic derivatives,
such as η1-vinylidene complexes, are the subject of many
investigations.[2] Furthermore, the fascinating properties of
some alkynyl complexes in the field of materials science as
possible nonlinear optical or luminescent materials as well
as polymeric compounds have attracted much interest in
recent years.[3]

As a strong σ-donor, the alkynyl group has a strong ten-
dency to bind terminally to a main-group-metal- or transi-
tion-metal center. In the presence of a second metal atom,
an alkynyl group can act either as a σ-donor to both metals
(structure A, Scheme 1), or preferably as a σ-donor to one
metal and a π-donor to the other metal center (structures

Scheme 2.
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[(η5-C5H5)(NO)W–C�C–R]2 (9) [9a, R = C6H5; 9b, R = C(CH3)
3; 9c, R = Si(CH3)3] as pale-orange crystals. The crystal struc-
ture of complex 9a is reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

B or C), depending on the nature of the metal and the li-
gands.[4,5] In this paper we describe the formation of binu-
clear σ,π-acetylide bridged complexes of type D, a structure
analogous to C and additionally containing a tungsten–
tungsten σ-bond.[6]

Scheme 1.

In a series of publications we have described the richly
faceted chemistry of the σ-acetylide complexes [(η5-
C5H5)(CO)(NO)W–C�C–R]Li (1).[7] The preferred reacti-

vity mode of these η1-acetylide complexes is the addition
of “hard” electrophiles E+, such as a proton or alkylating
reagents e.g. methyl triflate, to the β-carbon atom, which
generates the corresponding η1-vinylidene complexes 2.[7g]
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The addition of “soft” electrophiles, such as allyl iodide,
furnishes complex 3[7f] by allylation of the metal center, and
η2-acetylene complexes such as 4 are formed by reaction
with trimethylsilylchloride (Scheme 2).[7g] The single-elec-
tron oxidation of this tungsten σ-acetylide complex by
ferrocenium tetrafluoroborate [Cp2Fe][BF4] is the subject of
the present study.

Results and Discussion

The reactants [(η5-C5H5)(CO)(NO)W–C�C–R]Li [1a, R
= C6H5; 1b, R = C(CH3)3; 1c, R = Si(CH3)3] were prepared
as described previously,[7] either by the deprotonation of η1-
vinylidene complexes 5 and 6, or alternatively by the reac-
tion of lithium η1-acetylide 8 with the tungsten–carbonyl
complex 7. Reaction of an emerald-green solution of 1 in
THF at –50 °C with 1 equiv. of [Cp2Fe][BF4], was moni-
tored by IR spectroscopy. After 2 h the typical ν̃(CO) band
for the acetylide 1 (�1870 cm–1) disappeared while a new
band characteristic for the C�C group, in the range 1820–
1852 cm–1, appeared. Workup of the dark-red solution re-
sulted, after purification through chromatography, in the
formation of binuclear complexes 9a–c as orange crystals in
25–54% yield (Scheme 3). The complexes 9a–c are sparingly
soluble in CHCl3 and CH2Cl2 and can be stored under inert
gas at –20 °C.

The unequivocal characterization of complexes 9a–c was
achieved by means of elemental analysis and by standard
spectroscopic techniques. The structure of the products is
further confirmed by the result of the single-crystal struc-
ture analysis of complex 9a. In the IR spectrum, the signal

Scheme 3.
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for the ν̃(C�C) stretch of 9c at 1820 cm–1 and similar IR
bands for complexes 9a (1847 cm–1) and 9b (1852 cm–1) are
in accordance with the related absorptions of the zir-
conocene complexes [(RCp)2Zr]2(µ-C�C–R)2

[5a,5c] (1770–
1820 cm–1) and the bimetallic tungsten–iron complexes
{[(η5-C5H5)-µ-(CO)(NO)W][(η5-C5H5)(CO)Fe–C�C–R]}
(1861–1908 cm–1).[8] The decrease in the ν̃(C�C) stretching
frequency of 9c is a result of the strong electron back-do-
nation Si�Cπ.[9] Additionally, the IR spectra of complexes
9a–c show for the nitrosyl ligand, as expected, a strong and
broad signal in the 1553–1560 cm–1 region. At ambient tem-
perature, the 1H- and 13C NMR spectra of complexes 9b
and 9c show two singlets for both the Cp ligand and for
the methyl groups, in the ratio 6:1 and 5:1 for 9b and 9c,
respectively, indicating the presence of two isomers. Besides
these signals, the most informative absorptions in the 13C
NMR spectra are the signals for the α-carbon atoms at δ =
167.7 ppm (9b) and 197.9 ppm (9c) and for the β-carbon
atoms at δ = 124.4 ppm (9b) and 108.1 ppm (9c), which are
characteristic for the π-bridging acetylide ligand.[8] Because
of the β-effect of the (CH3)3Si group in complex 9c, the
singlet of the α-carbon atom appears at lower-field. We be-
lieve that the minor signals of the Cp ligands and methyl
groups present in the NMR spectra can be attributed to
a stereoisomer of 9b and 9c, with (Z)-orientation of the
cyclopentadienyl rings.[8]

Contrary to complexes 9b and 9c, the 1H NMR spectrum
of complex 9a shows at room temperature, for the cyclopen-
tadienyl ligand, one singlet at δ = 5.71 ppm, and in the 13C
NMR spectrum, a broad signal with low intensity at δ =
98.3 ppm. Signals for the acetylide carbon atoms were not
detectable. Low-temperature 13C NMR spectroscopy of this



J. Ipaktschi, F. MunzFULL PAPER

Scheme 4.

complex in CD2Cl2 at –40 °C revealed sharp singlets for the
Cp-carbon atoms (δ = 98.0 ppm), the α-carbon atom (δ =
177.3 ppm), and the β-carbon atom (δ = 112.2 ppm). Ad-
ditionally, a small signal appeared at δ = 97.5 ppm, and was
attributed to the Cp ligand of a second minor stereoisomer.
Increasing the temperature to 90 °C ([D2]-1,1,2,2-tetrachlo-
roethane) also resulted in the sharpening and increased rel-
ative intensity of the Cp signal, as well as in the emergence
of a signal for the β-carbon atom.[10] The observed dynamic
features of complex 9a are not yet fully understood. One
possible explanation would be an (E/Z) isomerization at the
metal center by the reversible opening of the tungsten–tung-
sten bond.

Mechanistic Considerations

As expected, the single-electron oxidation of the 18-elec-
tron tungsten–alkynyl complex 1 generates the reactive spe-
cies 10, which can be represented by resonance structures
of a 17-electron metal-centered radical and an 18-electron
carbon-centered radical (Scheme 4). As a result of metal-
centered reactivity, the 17-electron radical dimerizes to form
11, which has a metal–metal bond. Subsequent elimination
of carbon monoxide leads to the binuclear 18-electron com-
plexes 9a–c with bridged σ,π-acetylide ligands. Products
such as 12 and 13, which could be formed by an alternative
path through dimerization of radical 10, could not be de-
tected.[11,12]

Molecular Structure of 9a

The structure of 9a is further supported by single-crystal
X-ray diffraction analysis. Single crystals were obtained by
slow diffusion of n-pentane into a dichloromethane solution
of 9a at –20 °C. The crystal parameters, data collection pa-
rameters, and conditions for structure refinement are sum-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2078–20822080

marized in Table 1. Selected bond lengths and angles are
given in Table 2. The ORTEP drawing with atomic number-
ing scheme is provided in Figure 1. Complex 9a crystallizes
in a C2h-symmetric molecular structure with a planar ar-
rangement of the atoms W(1)–C(6)–W(1#)–C(6#), which
have a dihedral angle of 0° and an angle of 163.4° for W(1)–

Table 1. Crystal data and conditions for crystallographic data col-
lection and structure refinement of 9a.

Empirical formula C26H20 N2 O2W2

Formula mass 760.14
Color orange, transparent
Crystal system monoclinic
Space group P21/n (No. 14)
Cell parameters a = 9.7353(9) Å

b = 13.0525(13) Å; β = 118.073(9)°
c = 9.8758(9) Å

V [Å3] 1107.27(18)
Z 4
dcalcd. [g cm–3] 2.280
µ [cm–1] 104.07
Diffractometer Image Plate Diffractometer System (STOE)
Radiation Mo-Kα

Monochromator graphite
2θ [°] 5.76 � 2θ � 56.16
h, k, l range –12 � h � 12, –17 � k � 17, –13 � l � 12
Reflections measured 9994
Independent reflections 2647
Rint 0.0413
Reflections with Fo � 4σ(Fo) 2232
Temperature [K] 293
Applied corrections Lorentz and polarization coefficients
Structure determination and W positional parameters from direct meth-
refinement ods (SHELXS-97)[a]

Refined parameters 146
wR2 0.0567
R1 0.0287
R1 [Fo � 4σ(Fo)] 0.0212
max, min in ∆σ [e·Å–3] 1.24, –0.80

[a] Ref.[18a] Further atoms were found from ∆F synthesis.[18b] Re-
finement by anisotropic full-matrix least-squares procedure for all
non-hydrogen atoms; hydrogen position refinement by riding
model.
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C(6)–C(7#). The W(1)–C(6) bond length (2.025 Å) is
shorter than those reported for the σ-acetylide complexes
[(η5-C5H5)(η3-crotyl)(NO)W–C�C–Ph] (2.104 Å)[7f] and
[(η5-C5H5)WRe(µ-I)(C�C–Ph)(CO)5] (2.09 Å).[13] The Cα–
Cβ bond length (1.250 Å) is comparable to those reported
for {[(η5-C5H5)µ-(CO)(NO)W][(η5-C5H5)(CO)Fe–C�C–Ph]}
(1.25 Å),[8] [{(H3CCp)2Zr}2(µ-C�C–Ph)2] (1.261 Å),[5a] and
[Cp2Zr(µ-C�C–SiMe3)(µ-C�C–Ph)ZrCp2] (1.267 Å),[5b] but
elongated compared to non-coordinated C�C bonds (H–
C�C–H: 1.21 Å; H–C�C–CH3: 1.207 Å)[14] and σ-ace-
tylide complexes (1.206–1.21 Å).[7f,5a] The tungsten–tung-
sten distance, with 3.0389 Å, is slightly shorter than the
tungsten–tungsten single bond in [{(OC)5W}2C=C=CPh2]
(3.15 Å).[15]

Table 2. Selected bond lengths [Å] and angles [°] for 9a.

Distances Angles

W(1)–W(1#) 3.0389(4) W(1)–C(6)–C(7#) 163.4(4)
W(1)–C(6) 2.025(4) C(6#)–C(7)–C(8) 151.1(4)
W(1)–C(6#) 2.242(4) C(6)–W(1)–W(1#) 47.54(11)
W(1)–C(7) 2.298(4) C(6)–W(1)–C(6#) 89.32(15)
C(6)–C(7#) 1.250(6) N(1)–W(1)–C(6) 96.23(18)
C(7)–C(8) 1.449(6) N(1)–W(1)–W(1#) 105.22(13)

Figure 1. Molecular structure and atom numbering scheme for 9a.
Thermal ellipsoids are shown at the 30% probability level (ORTEP
drawing).

Experimental Section
General Procedures: All operations were carried out under argon.
All solvents were purified by standard techniques. Literature meth-
ods were used to prepare 5, 6,[7g] 7,[16] and [Cp2Fe][BF4].[17] NMR
spectra were recorded with a Bruker AM 400 spectrometer. 1H
NMR spectra were measured at 400 MHz, 13C NMR spectra were
measured at 100 MHz. Proton and carbon-13 chemical shifts are
relative to TMS. IR spectra were recorded with a Bruker FT-IR
IFS 85. Microanalyses were done with a Carlo–Erba 1104 elemen-
tal analyzer.

Preparation of [(η5-C5H5)(NO)W–C�C–C6H5]2 (9a): nBuLi
(1 mmol) in hexane was added to a solution of [(η5-
C5H5)(CO)(NO)W=C=CH(C6H5)] (5) (409 mg, 1 mmol) in THF
(30 mL) at –78 °C. The resulting emerald-green solution was stirred
for 15 min and then warmed up to –50 °C. [Cp2Fe][BF4] (273 mg,
1 mmol) was added in small portions to the solution over 30 min
and stirred for 2 h. The color of the solution changed from green
to dark red. After removing the solvent under reduced pressure at
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low temperature (–10 °C), the crude product was extracted several
times with pentane to remove ferrocene. Chromatography of the
residue on silica gel with pentane/diethyl ether (1:1), followed by
crystallization from CH2Cl2 layered with pentane, gave 130 mg
(39%) of complex 9a as orange crystals [m.p. 252 °C (dec.)].
C26H20N2O2W2 (760.16): calcd. C 41.08, H 2.65, N 3.68; found C
41.09, H 2.23, N 3.84. 1H NMR (400 MHz, CDCl3, r.t.): δ = 7.90–
7.83 (m, 4 H, Ph), 7.53–7.38 (m, 6 H, Ph), 5.71 (s, 10 H, Cp) ppm.
13C NMR (100 MHz, CDCl3, r.t.): δ = 131.9, 131.4, 128.98, 128.5
(4s, Ph), 111.7 (s, Cβ), 98.3 (br. s, Cp) ppm. IR (KBr): ν̃ = 1847
(C�C), 1553 (NO) cm–1. MS (70 eV): m/z = 760 [M+, 184W].
HRMS: calcd. for C26H20N2O2

182W2 [M+] 756.0489; found
756.0474.

Preparation of [(η5-C5H5)(NO)W–C�C–C(CH3)3]2 (9b): The reac-
tion was carried out as described for 9a by using [(η5-
C5H5)(CO)(NO)W=C=CH{C(CH3)3}] (6) (389 mg, 1 mmol) in-
stead of 5. Chromatography followed by crystallization yielded
90 mg (25%) of the product as orange crystals [m.p. 245 °C (dec.)].
C22H28N2O2W2 (720.18): calcd. C 36.69, H 3.91, N 3.88; found C
36.45, H 3.59, N 3.30. 1H NMR (400 MHz, CDCl3, r.t.): δ = 5.69,
5.65 (2 s, 6:1, 10 H, Cp), 1.58 and 1.54 (2 s, 6:1, 18 H, CH3) ppm.
13C NMR (100 MHz, CDCl3, r.t.): δ = 167.7 (s, Cα), 124.5 [t,
2J(183W–13C) = 29.6 Hz] and 123.9 (s) (2 Cβ), 97.0 and 96.1 (2 s, 2
Cp), 37.9 and 37.5 [2 s, C(CH3)3], 33.2 and 32.7 (2 s, CH3) ppm.
IR (KBr): ν̃ = 1852 (C�C), 1560 (NO) cm–1. MS (70 eV): m/z =
720 [M+, 184W]. HRMS: calcd. for C22H28N2O2

182W2 [M+]
716.1115; found 716.1107.

Preparation of [(η5-C5H5)(NO)W–C�C–Si(CH3)3]2 (9c): nBuLi
(1.2 mmol) in hexane was added to a solution of ethinyltrimethylsi-
lane (0.167 mL, 1.2 mmol) in THF (15 mL) at –78 °C. The resulting
green solution of the tungsten acetylide [(η5-C5H5)(NO)(CO)W–
C�C–Si(CH3)3]Li (1c) was transferred dropwise to a precooled (–
30 °C) solution of [(η5-C5H5)(CO)2(NO)W] (7) (335 mg, 1 mmol)
in THF (15 mL) and stirred for 3 h. The green solution was treated,
as above, with [Cp2Fe][BF4] (273 mg, 1 mmol). Removal of the sol-
vent followed by recrystallization yielded 208 mg (54%) of complex
9c as orange crystals [m.p. 243 °C (dec.)]. C20H28N2O2Si2W2

(752.33): calcd. C 31.93, H 3.75, N 3.72; found C 31.64, H 3.40, N
3.85. 1H NMR (400 MHz, CDCl3, r.t.): δ = 5.69 and 5.64 (2 s, 5:1,
10 H, Cp), 0.46 and 0.44 (2 s, 5:1, 18 H, CH3) ppm. 13C NMR
(100 MHz, CDCl3, r.t.): δ = 197.9 (s, Cα), 108.1 (s, Cβ), 97.2 and
96.2 (2 s, Cp), 1.6 and 1.2 (2 s, CH3) ppm. IR (KBr): ν̃ = 1820
(C�C), 1560 (NO) cm–1. MS (70 eV): m/z = 752 [M+, 184W].
HRMS: calcd. for C20H28N2O2Si2182W2 [M+] 748.0653; found
748.0643.

CCDC-602108 contains the supplementary crystallographic data
for compound 9a. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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The reaction of pyridine (py), nicotinamide (nica), nicotinic
acid (nic), and its nicotinate anion (nic–) with [Cu(dien)X2]
(dien = diethylenetriamine; X = Br–, NO3

–) in a 1:1 molar ratio
affords the new compounds [Cu(dien)(py)(NO3)2], [Cu(dien)-
(nica)(NO3)2], [Cu(dien)(nic–)(NO3)(H2O)]·H2O, [Cu(dien)-
(nic–)(Br)(H2O)]·2H2O, and [Cu(dien)(NO3)(nic–)(Guo)]·5H2O.
These compounds were characterized by elemental analysis,
and their molecular structures were determined by spectro-
scopic methods (infrared and electronic spectra), magnetic
susceptibility, and molar conductivity measurements, and
further corroborated by geometry optimization using elec-
tronic structure calculation methods at the B3LYP/6-31G(d,p)
level of theory. The structural, bonding and electronic prop-
erties of the complexes are adequately described by B3LYP
computational techniques. According to the experimental
data, the complexes can be characterized in the solid state

Introduction

Nicotinamide (nica) and nicotinic acid (nic) are two of
most extensively studied pyridine derivatives. The former is
a component of the vitamin B complex and of the vital
coenzyme NAD (nicotinamide adenine dinucleotide),[1] and
is a typical N-donor ligand system in crystal engineering.[2]

Furthermore, early administration of nicotinamide has
been reported to impair learning and memory in mice.[3]

The medicinal chemistry of nicotinamide in the treatment
of ischemia and reperfusion has also developed rapidly in
the past few years. Nicotinic acid has a wide-ranging ability
to reduce lipid levels, but its clinical uses are restricted due
to its various side-effects. Nicotinic acid and nicotinamide
form niacin, a water-soluble vitamin that reduces VLDL
cholesterol and increases HDL cholesterol (the so-called
“good” cholesterol).[4] Moreover, coordination compounds
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as mononuclear, with a distorted octahedral stereochemistry.
The distorted octahedral stereochemistry adopted by the
complexes was further confirmed by the X-ray structure
analysis of [Cu(dien)(nica)(NO3)2], which consists of a six-co-
ordinate Cu atom in a distorted octahedral environment con-
structed from four N atoms (three from dien and one from
nica) and two O atoms from the loosely associated NO3

–

counteranions, with the former occupying the equatorial
square plane of the octahedron and the latter the axial posi-
tions, Cu–O bond lengths being rather long (2.373 and
2.858 Å, respectively). Some substitution reactions have also
been studied and are discussed in light of the electronic
structure of the complexes computed at the B3LYP/
6-31G(d,p) level.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of nicotinic acid, nicotinamide, and their derivatives are
known to have antiviral or antibacterial activity,[5,6] and
they also selectively affect tumor tissues.[7]

Preliminary toxicity and anticancer results of diethyl-
enetriamine (dien)–CuII mixed-ligand complexes with nico-
tinic acid (nic) and nicotinamide (nica) ligands encouraged
us to thoroughly study such complexes. In effect, what we
want to address here is the synthesis and the structural,
bonding, electronic, and spectroscopic properties of a
number of new compounds resulting from interaction of
[Cu(dien)X2] (X = Br–, NO3

–) with pyridine (py), nicotinic
acid, and nicotinamide. The electronic structure and bond-
ing of the new complexes was inferred from electronic struc-
ture calculation methods at the DFT level.

Results and Discussion

Synthesis

The synthetic procedures used to prepare the new com-
plexes can be divided into two categories: the first method
is based on the reaction of [Cu(dien)(NO3)2] with nicotinic
acid (nic), nicotinamide (nica), or pyridine (py), while the
second one involves the reaction of deprotonated nic (nic–)
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with [Cu(dien)(NO3)2] (1) or [Cu(dien)Br2] (2). Both syn-
theses were performed in methanol using a 1:1 molar ratio
of the reactants. The new CuII complexes, formulated as
[Cu(dien)(py)(NO3)2] (3), [Cu(dien)(nica)(NO3)2] (4),
[Cu(dien)(nic–)(NO3)(H2O)]·H2O (5), [Cu(dien)(nic–)(Br)-
(H2O)]·2H2O (6), and [Cu(dien)(NO3)(nic–)(Guo)]·5H2O
(7), are paramagnetic, as expected from the d9 electron con-
figuration of the CuII central atom, blue in color, and stable
in air. They are soluble in water and other coordinating
solvents such as DMF and DMSO, slightly soluble in
alcohols, but insoluble in common organic solvents.

Spectroscopy

The salient structural features of the new complexes were
determined by spectroscopic methods (infrared and elec-
tronic spectra), while details of the structures were obtained
by the X-ray structural investigation of a representative
complex, namely [Cu(dien)(nica)(NO3)2] (4). In the IR spec-
tra of the precursor complexes [Cu(dien)(NO3)2] (1) and
[Cu(dien)Br2] (2) the absorption bands at around 3270 and
3233 cm–1 are attributed to the antisymmetric and symmet-
ric stretching vibration of the primary and secondary amino
group of dien, respectively, thus confirming the tridentate
coordination bonding mode of the ligand.[9] In the IR spec-
trum of [Cu(dien)(py)(NO3)2] (3), the ν(C–�N) stretching vi-
bration at 1608 cm–1 is shifted towards lower frequencies
with respect to that of the free pyridine (1622 cm–1), thereby
indicating coordination of the pyridine through the endo-
cyclic nitrogen atom. The same also holds true for the rest
of the complexes involving the nic and nic– ligands. In con-
trast, upon coordination of the nica ligand the absorption
band at 1593 cm–1 is shifted slightly towards higher fre-
quencies (1603 cm–1), in line with previous observations.[10]

The new bands at around 520–535 cm–1 due to ν(Cu–N)
stretching vibrations[11] confirm the N-coordination of py
and its derivatives through the endocyclic nitrogen atom. In
addition, the experimental ν(C=O) stretching vibration of
the free nicotinamide ligand appearing at 1681 cm–1 is
slightly shifted to higher frequencies (1693 cm–1) upon co-
ordination to the metal center in [Cu(dien)(nica)(NO3)2] (4),
in line with previous studies.[12–14] In the IR spectrum of
nicotinic acid the ν(C=O) stretching vibration absorbing at
1709 cm–1[15,16] is shifted to lower frequencies (1661–
1668 cm–1) upon coordination, regardless of the deproton-
ation of the ligand. Moreover, the IR spectra of [Cu(dien)-
(NO3)(nic–)]·2H2O (5) [Cu(dien)(Br)(nic–)]·3H2O (6), and
[Cu(dien)(NO3)(nic–)(Guo)]·5H2O (7) show that the nic– li-
gand is not coordinated through the N atom of the pyridine
ring. The two IR absorption bands at 1760 and 1745 cm–1,
combined with a very intense and broad band at around
1380 cm–1, are indicative of the unidentate coordination
mode of the nitrate anions with copper(). Finally, the very
weak band at 324 cm–1 should be attributed to the ν(Cu–
Br) stretching vibration of 6.[11] The presence of water in all
hydrated complexes, either as ligands or as lattice water, as
well as the large number of hydrogen bonds, was indicated
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by the appearance of broad bands at 3414 and 3476 cm–1,
respectively. The former can be attributed to hydrogen
bonds and the latter to the existence of water either in the
lattice or as a ligand. The presence of water was further
corroborated by thermal DTA analysis (vide infra).

The UV/Vis electronic spectra of the complexes in aque-
ous 10–3  solutions show a band in the visible region at
608–623 nm (Figure 1), which can be attributed to crystal-
field d–d electronic transitions (probably 3dx2–y2 � 3dz2).
This band is characteristic for CuII complexes with a dis-
torted square-pyramidal geometry.

Figure 1. Electronic spectra of [Cu(dien)(NO3)2] (1) and [Cu(dien)-
(nica)(NO3)2] (4) in aqueous solution.

In the UV region of the spectra of the “free” py, nic,
nic–, and nica ligands the absorption bands and shoulders
occur around 240–260 nm (log ε = 3.63–3.90), which can be
attributed to intraligand π* � π electronic transitions due
to the conjugated C–�N, C–�C, and C–�O groups of the pyri-
dine-ring-containing ligands. These bands are shifted either
to lower or higher frequencies, depending on the coordina-
tion mode of the ligand. The band at 204–214 nm could be
assigned to σ* � σ type transitions of the free dien mole-
cule, which is not shifted upon coordination.

In the solid state (Nujol mulls), all CuII complexes show
the crystal-field band at around 560–580 nm. Such bands
are typical for octahedral CuII complexes. Therefore, it is
obvious that the different structures adopted by the com-
plexes in aqueous and methanol solutions and in the solid
state may be due to the dissociation of the compounds in
solution.[17]

Conductivity and Magnetic Measurements

The molar conductivity values, Λµ, for the complexes,
which vary between 159–423 and 77–213 µScm–1 for 10–3 

aqueous and methanol solutions, respectively, strongly sug-
gest the ionic nature of the complexes. Specifically, in aque-
ous solutions, the zwitterionic complexes [Cu(dien)(nic–)-
(NO3)(H2O)]·H2O (5), [Cu(dien)(nic–)(Br)(H2O)]·2H2O (6),
and [Cu(dien)(NO3)(nic–)(Guo)]·5H2O (7) are 1:1 electro-
lytes[18] that dissociate according to the following general
scheme:
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[Cu(dien)(X)(nic–)(H2O)] w [Cu(dien)(nic–)]+ + X– (X = NO3

–, Br–)

[Cu(dien)(py)(NO3)2] (3) and [Cu(dien)(nica)(NO3)2] (4)
are 2:1 electrolytes in aqueous solutions, with two dissociat-
ing nitrate anions. In methanol solution, complexes 3–7 are
1:1 electrolytes. Taken together, the above data lead to the
conclusion that the complexes dissociate to a lesser degree
in methanol solution.

The µeff values for the CuII complexes were found in the
range 1.72–1.93 µB, consistent with their mononuclear
structures.

Thermal Analysis

The thermal behavior of selected CuII complexes was
studied by TG/DTG/DTA thermal analysis in the tempera-
ture range 40–1000 °C. The intermediates were confirmed
from the mass-loss calculations. Generally, the thermal de-
composition of the complexes proceeds in 4–6 stages, which
depend on the nature of the ligands involved. For example,
the thermal behavior of 4 (Figure 2) is characterized by four
decomposition stages. The first one (200–281 °C) corre-
sponds to the removal of the dien and nica ligands, while
during the next two stages, which are non-distinct (281–
519 and 519–865 °C), the successive decomposition of two
nitrate ions to a nitrite moiety takes place; the calculated
and found values for this process are almost identical. Dur-
ing the fourth step (865–973 °C), the elimination of an oxy-
gen molecule, derived from the decomposition of two ni-
trate ions to the corresponding nitrito moiety, occurs. The
elimination of O2 at such a high temperature should be due
to its strong binding with Cu as a CuO2 fragment. The last
step corresponds to the formation of metallic copper as a
residue, as proved by IR spectroscopy and its quantitative
analysis.

The thermal analysis of 5 (Figure 3) starts with the dehy-
dration of the molecule, which takes place in a single mass-
loss step corresponding to 9.2% (calcd. 9.3%), up to

Figure 2. Thermal analysis diagram of [Cu(dien)(nica)(NO3)2] (4).
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123 °C, due to the endothermic elimination of lattice and
coordinated water molecules. A total weight loss of 58.00%
occurs in the temperature range 212–327 °C, presumably
due to the loss of nic– and dien ligands (calcd. 58.22%).
The third step (665–964 °C) involves loss of the nitrate
anion, while the residue remaining at temperatures higher
than 964 °C is metallic copper, as evidenced by the mass
loss (calcd. 16.45; found 16.80%) and the IR spectroscopic
data.

Figure 3. Thermal analysis diagram of [Cu(dien)(nic–)(NO3)-
(H2O)]·H2O (5).

Complex 6 partly dehydrates up to 110 °C in a single
mass-loss process that corresponds to the endothermic eli-
mination of two lattice water molecules, for which the theo-
retical and experimental mass loss are almost the same
(Figure 4). The removal of the nicotinate anion takes place
in the temperature range 216–300 °C in a second endother-
mic mass-loss procedure (28.75% found, 29.36% theoreti-
cal), as was proposed by Yeh et al.[19] The Br atom is re-
moved between 300 and 432 °C (18.75% found, 19.37%
calcd.), while the liberation of the dien molecule takes place
at 432–848 °C (24.38% found, 24.97% calcd.). The elimi-
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Figure 4. Thermal analysis diagram of [Cu(dien)(nic–)(Br)(H2O)]·2H2O (6).

nation of the coordinated water at a higher temperature
(848–964 °C) is tentatively proposed. The solid residue of
the procedure above 964 °C corresponds to metallic copper.

Crystal Structure of [Cu(dien)(nica)(NO3)2] (4)

The molecular structure of 4 is shown in Figure 5, while
bond lengths and angles along with the established hydro-
gen bonds are given in Table 1. The coordination polyhe-
dron around the CuII central atom is a distorted octahedron
(4 + 1 + 1) with three of the equatorial positions occupied
by the three nitrogen atoms of the dien ligand and the
fourth position occupied by the nitrogen atom of the pyri-
dine ring. The two axial positions of the coordination poly-
hedron are occupied by oxygen atoms from each of the two
NO3

– anions at considerably different distances from the
copper atom [Cu1–O2 = 2.373(2) and Cu1–O5 =
2.858(3) Å]. The conformation of the dien ligand is as ex-
pected.[21–23] The Cu–N distances range from 1.998(3) to
2.015(3) Å, while both the Np–Cu–Ns valence angles (Np

from primary and Ns from secondary amino groups) are
smaller than 90° [84.1(1)° and 84.3(1)°]. Moreover, the Np–
Cu–Np angle is much smaller than 180° [163.7(1)°], which
indicates a slight strain in the coordinated dien ligand. The
reported observation that the Cu–Ns distance is signifi-
cantly shorter than the Cu–Np distances[22,24] seems to be
generally valid only when referred to the mean Cu–Np dis-
tance [compare, for example, the Cu–N(dien) distances re-
ported previously[8,25]]. The Cu–N(pyridine) distance of
2.036(3) Å deviates only slightly from the mean Cu–N(dien)
distance [2.005(5) Å]. The four equatorial nitrogen atoms of
the copper coordination polyhedron lie almost on a plane
(rms deviation of the fitted atoms of 0.06 Å), forming an
angle of 58.9(1)° to the plane of the pyridine ring. The cop-
per atom deviates significantly from the above equatorial
plane by 0.150(2) Å towards the axial O(2) atom with the
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shorter Cu–O bond. The established geometry of the pyri-
dine ring is as expected, with the C–C bond lengths lying
in the range 1.375(5)–1.391(5) Å and the C–N bond lengths
lying in the range 1.333(4)–1.339(4) Å. The two nitrato
groups also have a normal geometry, with the N6–O and
N7–O bond lengths ranging from 1.226(4) to 1.258(4) Å
and 1.217(4) to 1.246(4) Å, respectively.

Figure 5. DIAMOND[20] plot of the molecular structure of [Cu(di-
en)(nica)(NO3)2] (4), with the labeling scheme of the non-H atoms.
Displacement ellipsoids are shown at the 30% probability level.

Hydrogen bonding plays a predominant role in the stabi-
lization of the structure. As can be seen from Table 1, both
the Np atoms of the dien ligand and the N atom of the
amide group donate exclusively to oxygen atoms of NO3

groups of neighboring molecules, while the Ns atom of the
dien ligand donates to the oxygen atom of the amide group
of another molecule.
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Table 1. Selected bond lengths [Å] and angles [°] for [Cu(dien)-
(nica)(NO3)2] (4).

Cu1–N1 2.015(3) C2–N2 1.476(5)
Cu1–N2 2.002(3) C3–N2 1.479(5)
Cu1–N3 1.998(3) C3–C4 1.499(6)
Cu1–N4 2.036(3) C4–N3 1.482(5)
Cu1–O2 2.373(2) C6–C10 1.515(5)
Cu1–O5 2.858(3) C10–N5 1.321(5)
C1–N1 1.479(5) C10–O1 1.211(4)
C1–C2 1.503(6)
N1–Cu1–N2 84.11(13) C3–C4–N3 109.0(3)
N2 –Cu1–N3 84.31(13) Cu1–N4–C5 122.5(2)
N3–Cu1–N4 97.30(13) Cu1–N4–C9 119.4(2)
N1–Cu1–N4 93.20(13) C5–N4–C9 117.8(3)
N1–C1–C2 107.9(3) C6–C10–N5 117.6(3)
C1–C2–N2 107.8(3) C6–C10–O1 119.9(3)
C2–N2–C3 116.8(3) N5–C10–O1 122.4(4)
N2–C3–C4 107.6(3)

Hydrogen bonding geometry
D–H···A D–H [Å] H···A [Å] D···A [Å] D–H···A [°]

N1–H9A···O5[a] 0.86(4) 2.50(4) 3.167(5) 135(3)
N1–H9A···O7[a] 0.86(4) 2.54(4) 3.290(4) 146(3)
N1–H9B···O6 0.87(4) 2.40(4) 3.216(4) 157(3)
N2–H10···O4 0.88(4) 2.44(4) 3.161(5) 140(3)
N2–H10···O1[a] 0.88(4) 2.42(4) 3.064(4) 131(3)
N3–H11A···O2[b] 0.71(4) 2.57(4) 3.261(4) 168(4)
N3–H11A···O3[b] 0.71(4) 2.45(4) 2.940(5) 128(4)
N3–H11B···O6[c] 0.85(5) 2.34(5) 3.178(5) 166(4)
N5–H12A···O6[d] 0.79(5) 2.19(5) 2.967(5) 167(5)
N5–H12B···O7[e] 0.94(5) 2.16(5) 3.079(5) 168(4)

[a] Symmetry codes: x, 1/2 – y, 1/2 + z. [b] x, 1/2 – y, –1/2 + z. [c]
–1 + x, y, z. [d] 1 – x, –y, –z. [e] 1 – x, –1/2 + y, –1/2 – z.

Reactivity of [Cu(dien)(nica)(NO3)2] (4) and [Cu(dien)-
(NO3)(nic–)(OH2)]·H2O (5)

We selected [Cu(dien)(nica)(NO3)2] and the zwitterionic
complex [Cu(dien)(NO3)(nic–)(OH2)]·2H2O to exploit their
chemical reactivity towards nucleophiles. In particular, the
zwitterionic form is expected to exhibit interesting reactivity
due to the different electronic, steric, and nucleophilicity
factors of the coordinated dien, NO3, H2O, nic–, and nica
ligands. The reactivity studies were performed using the re-
action of a water/methanol solution of the precursor com-
plex with various nucleophiles, such as SCN–, N3

–, Cl–,
CH3COO–, guanosine (GuO), and 2-amino-5-methylthi-
azole (2a-5mt) in a 1:1 molar ratio. All the reactions of
complexes 4 and 5 studied are depicted schematically in
Schemes 1 and 2, respectively.

The reaction products were identified by elemental
analysis, spectroscopic measurements (IR and UV/Vis spec-
tra), and magnetic and molar conductivity measurements,
and the results compared with the experimental data avail-
able.[26] All reaction products are blue crystalline solids that
are very soluble in water and in coordinating solvents, and
slightly soluble in alcohols. The compounds are monomers
or dimers and their magnetic moments are as expected for
the d9 electron configuration of CuII.

The reaction of 4 with NH4SCN or NaN3 leads to the
nucleophilic substitution of the nica and one of the NO3

–

ligands to afford the dinuclear complexes [Cu(dien)(µ-
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Scheme 1. Reactivity of [Cu(dien)(nica)(NO3)2] (4) towards nucleo-
philes.

Scheme 2. Reactivity of complex 5 towards nucleophiles.

SCN)(NO3)2] (8) and [Cu(dien)(µ-N3)(NO3)2] (9), which are
bridged by the ambidentate SCN– and N3

– ligands, respec-
tively. In the IR spectra of 8 and 9 the bands related with
the nicotinamide ligand disappear, while the new bands ab-
sorbing at 2073 and 2049 cm–1 are characteristic of the co-
ordinated thiocyanate and azide ligands, respectively. The
dinuclear nature of 8 and 9 was further confirmed by their
molar conductivity values of 240–250 µScm–1 in water solu-
tions, which are indicative of the 1:2 electrolytic character
of the complexes due to the dissociation of the NO3

– coun-
terion. The UV/Vis spectroscopic data of 8 and 9 in the
solid state are characteristic of CuII complexes with octahe-
dral stereochemistry.[26]

The reaction of 4 with Mn(CH3COO)2·4H2O leads to the
substitution of one nitrate ion by an acetato group to yield
[Cu(dien)(nica)(CH3COO)(NO3)] (10). This was confirmed
by the IR spectrum of 10, where the nitrato peak at
1749 cm–1 has disappeared and a new band at 1604 cm–1,
characteristic of the acetate ligand, has appeared. The ace-
tate ligand binds in a κO fashion.[27]

The analytical and spectroscopic data of the crystals iso-
lated from the reaction mixture resulting from the reaction
of 4 with ZnCl2 correspond to the dinuclear CuII complex
formulated as [Cu(dien)(µ-Cl)]2·[NO3]2 (11), which contains
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bridging chloride ligands.[28] The reaction of 4 with Guo or
2a-5mt leads to the formation of the adducts [Cu(dien)(N7-
Guo)(NO3)2] (12) and [Cu(dien)(2a-5mt)(NO3)2] (13) by re-
placement of the coordinated nica ligand with the respec-
tive nucleophile. The IR spectra of 12 and 13 show the pres-
ence of characteristic bands for guanosine and 2-amino-5-
methylthiazole, which are indicative of their coordination
with copper(), while the UV/Vis spectra suggest an octahe-
dral geometry of the complexes. The molecular structure of
12 has been determined previously by X-ray crystallogra-
phy.[29]

The reaction of the zwitterionic complex 5 with
NH4SCN yields blue needles of the mixed-ligand complex
[Cu(dien)(NCS)(nic–)(H2O)] (14) by substitution of the ni-
trate ion by the thiocyanato ligand. The substitution reac-
tion was monitored by the disappearance of the two bands
at 1745 and 1380 cm–1 due to the stretching vibration of the
nitrato ligands, and the appearance of the strong and sharp
band at 2072 cm–1 due to the isothiocyanato ligand coordi-
nated as a terminal ligand through its hard N-end.[30] The
bands due to nic– remain almost unchanged.

The reaction of 5 with NaN3 leads to the replacement of
both the nic– ligand and the coordinated H2O molecule by
the azido ligand, which bridges the two CuII centers in an
asymmetric end-on fashion to afford the dinuclear complex
[Cu(dien)(NO3)(1,1-µ-N3)]2 (15). The end-on bridging
mode of the N3

– group was proved by the presence of one
intense band at 2049 cm–1.

The reaction of 5 with ZnCl2 leads to the dissociation of
the complex and the formation of two new complexes: one
of them, which is blue, corresponds to the dinuclear com-
plex 11.[28] Specifically, the IR spectrum of 11 is dominated
by the absence of peaks for the nic– ligand, while the bands
at 344 and 388 cm–1 confirm the bridging mode of the
chloro ligand. Moreover, the molar conductivity value
(238 µScm–1) in water substantiates the 1:2 electrolytic na-
ture of 11. The second complex is a white solid that corre-
sponds to Zn(nicotinate)2 (16), where the Zn center is coor-
dinated by two bidentate chelating carboxylato groups of
the nicotinate anions.

Finally, the reaction of 5 with guanosine leads to the for-
mation of the adduct [Cu(dien)(nic–)(NO3)(N7-Guo)] (17)
by replacement of the coordinated H2O ligand. The IR
spectrum of 17 shows the presence of both nic– and Guo
bands, which are indicative of their coordination with the

Scheme 3.
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copper() center, while the UV/Vis spectra suggest an octa-
hedral stereochemistry for the CuN5O chromophore. The
reactions of complexes 4 and 5 with guanosine clearly mir-
ror their ability to react with DNA components in the cell
nucleus, which, in turn, could open up a new pathway for
their further biological studies. Despite many attempts, the
reactions of 5 with Mn(OOCCH3)2·4H2O or 2-amino-5-
methylthiazole were unsuccessful.

Computational Studies Using DFT

Equilibrium Geometries, Electronic Structure, and Bonding
Mechanism of [Cu(dien)(nic)] and [Cu(dien)(nica)]
Complexes

In an attempt to understand some marked structural fea-
tures of the complexes under investigation, we performed
electronic-structure calculations based on density func-
tional theory at the B3LYP/6-31G(d,p) level. We started the
calculations with the various possible forms of nicotinic
acid that exist in aqueous solutions. These species, along
with their pK values,[31] are shown in Scheme 3.

The equilibrium geometries of the various forms of nico-
tinic acid (A, B, and C) and that of a deprotonated form of
A at the heterocyclic N-atom (A�), computed at the B3LYP/
6-31G(d,p) level, are given in Figure 6. No significant struc-
tural differences can be observed in the pyridine ring of the
various forms of nicotinic acid. However, there are some
changes in the structural parameters of the carboxylic
group. For instance, the C–COO– bond lengthens and the
OCO bond angle decreases upon going from B to C, follow-
ing the trend B � A � A� � C.

The vibrational frequencies obtained from our calcula-
tions are in line with those obtained from a previous theo-
retical study by Sala et al.[32] The β(COO) in-plane pyridinic
ring deformation appears at 629, 631, and 625 cm–1 for A�,
B, and C, respectively, and the ν(C=O) stretching vibration
appears at 1855 and 1796 cm–1 for A� and B, respectively.

The various forms of nicotinic acid are expected to act
as ambidentate ligands that coordinate to a metal center
either through the carboxylato O- or heterocyclic N-donor
atoms. This is clearly illustrated by their frontier molecular
orbitals (FMOs; Figure 7).

In both A and A� the two occupied FMOs (HOMO and
HOMO–1), which are involved in the formation of a coor-
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Figure 6. Equilibrium geometries of the various forms of nicotinic
acid that exist in aqueous solution (a) and nicotinamide (b) com-
puted at the B3LYP/6-31G(d,p) level of theory.

dination bond with the CuII central atom, have significant
contributions from p-AOs of the carboxylato O-donor
atoms. However, the HOMO–1 has a significant contri-
bution from a p-AO of the heterocyclic N-donor atom only

Table 2. Selected energetic and electronic properties along with proton affinities (PA) of the various forms of nicotinic acid and nicotin-
amide calculated at the B3LYP/6-31G(d,p) level.

Property A A� B C nica

E [hartrees] –437.118717 –436.751872 –436.711249 –436.100562 –416.882167
Ehomo –0.44047 –0.26242 –0.19291 –0.27399 –0.25179
Elumo –0.26295 –0.06366 –0.10234 –0.07168 –0.05065
Q(N)[a] –0.48 –0.44 –0.49 –0.43 –0.45
Q(O) –0.54 –0.6 –0.7 –0.34 –0.6
Q(OH) –0.71 –0.66 –0.72 –0.43
nec(N)[a] 2s1.252p4.22 2s1.402p4.02 2s1.252p4.22 2s1.402p4.0 2s1.382p4.05

nec(O) 2s1.702p4.81 2s1.732p4.85 2s1.732p4.96 2s1.742p4.67 2s1.702p4.89

nec(OH) 2s1.682p5.02 2s1.642p5.00 2s1.732p4.96 2s1.752p4.59

bop(C–COO)[b] 0.28 0.27 0.13 0.26 0.26
bop(C=O) 0.58 0.55 0.5 0.42 0.61
bop(C–OH)[c] 0.29 0.27 0.51 0.37 0.26
η [eV] 4.83 5.41 2.46 5.5 5.47
µe [D] 6.8 5.5 13.8 3.3 4.9
PA(N) [kcal mol–1] 230.2 230.2 383.2 383.2 225.8
PA(O) [kcal mol–1] 255.7 255.7 408.7 408.7 213.2

[a] Natural charges. [b] Mulliken bond overlap populations [for nica it refers to the C–CO(NH2) bond]. [c] C–NH2 for nica.
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Figure 7. Frontier molecular orbitals (FMOs) of the various forms
of nicotinic acid calculated at the B3LYP/6-31G(d,p) level.

in A�. In the latter, the unoccupied FMO (LUMO) has sig-
nificant contributions from p-AOs located on the carboxyl-
ato O- or heterocyclic N-donor atoms, which could be in-
volved in a π-back-bonding interaction with the central
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CuII atom. The HOMO and LUMO eigenvalues, along with
selected electronic properties of the various nicotinic acid
forms, are compiled in Table 2.

The proton affinities (PA) of the various forms of nico-
tinic acid calculated at the B3LYP/6-31G(d,p) level are also
given in Table 2. Based upon the PA values, it is expected
that the σ-donor ability of C and B through either the
N- or O-donor atoms should be higher than that of A or
A�.

The various forms of nicotinic acid can coordinate to
copper() either through their endocyclic N-donor atom or
through their carboxylato O-donor atoms to form a series
of [Cu(dien)(nic)] complexes. The equilibrium geometries of
the complexes computed at the B3LYP/6-31G(d,p) level are
given in Figure 8 along with selected structural parameters.

Figure 8. Equilibrium geometries of the [Cu(dien)(nic)] and [Cu(dien)(nica)] complexes computed at the B3LYP/6-31G(d,p) level of theory.
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All complexes adopt a distorted square-planar geometry.
In [Cu(dien)(A�)] (1A�) the plane of A�, which is coordi-
nated to CuII through its N-donor atom, is twisted almost
60° out of the coordination plane (Figure 8a). The same
also holds true for the complex [Cu(dien)(C)] (1C), with C
coordinated to copper() through its N-donor atom (Fig-
ure 8c). On the other hand, the torsion angle between the
two planes is estimated to be diminished to around 25° in
[Cu(dien)(B)] (1B) and [Cu(dien)(C�)] (1C�; Figures 8b and
8d, respectively), where ligands B and C� are coordinated
to copper() through their carboxylato O-donor atoms. The
three Cu–N coordination bonds formed between CuII and
the dien ligand are longer in 1B than in 1A, 1C, and 1C�.
The length of the Cu–N coordination bond formed between
nicotinic acid and CuII decreases slightly upon going from
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1A to 1B. No significant changes in the structural param-
eters of the various nicotinic acid species could be observed
upon coordination to CuII.

Selected energetic and electronic properties of the [Cu-
(dien)(nic)] and [Cu(dien)(nica)] complexes computed at the
B3LYP/6-31G(d,p) level of theory are summarized in
Table 3.

According to the natural bond orbital (NBO) analysis
the CuII center acquires a positive natural charge of about
1.20–1.38 |e|. Based upon the natural electron configura-
tions, the electron density is transferred from the N-donor
atoms of the dien and nicotinic acid ligands to the 4s- and
3d-AOs of CuII (Table 2). Note that the natural electron
configuration on the CuII central atom does not vary signif-
icantly upon going from 1A� to 1C. Interestingly, there is
an increase in natural atomic charges of the N-donor atom
of the nicotinic acid ligand in 1A� and 1C upon coordina-
tion to the CuII center, which could be attributed to a π-
backbonding interaction between the 3d lone pair AOs of
the CuII center and the vacant LUMO of A� or C (Fig-
ure 5). On the other hand, the same also holds true for 1B,
where an increase of the natural atomic charge on the O-
donor atom of the nicotinic acid ligand is observed upon
coordination. In all [Cu(dien)(nic)] complexes the spin den-
sity is mainly localized on the CuII and the N-donor atoms

Table 3. Selected energetic and electronic properties of the [Cu(dien)(nic)] and [Cu(dien)(nica)] complexes computed at the B3LYP/
6-31G(d,p) level of theory.

Property 1A� 1B 1C 1C� 18

E [hartrees][a] –2400.92235 –2400.98113 –2400.60805 –2400.68319 –2381.07330
BDE(Cu–X)[b] 54.2 116.6 265.7 312.8 67.2
Q(Cu) 1.38 1.39 1.20 1.35 1.37
Q(N1)[c] –0.63 –0.48 –0.63 –0.45 –0.63
Q(O1)[d] –0.49 –0.83 –0.5 –0.85 –0.59
Q(O2) –0.68 –0.66 –0.66 –0.68
Q(N2)[e] –1.00 –1.01 –1.00 –1.01 –1.00
Q(N3)[e] –1.00 –1.00 –1.00 –0.99 –1.00
Q(N4)[f] –0.80 –0.80 –0.81 –0.79 –0.79
SD(Cu)[g] 0.65 0.68 0.44 0.68 0.65
SD(N1) 0.08 0.00 0.06 0.00 0.07
SD(O1) 0.00 0.07 0.01 0.10 0.01
SD(O2) 0.00 0.00 0.36 0.00
SD(N2) 0.08 0.07 0.03 0.08 0.08
SD(N3) 0.09 0.08 0.04 0.07 0.09
SD(N4) 0.10 0.10 0.03 0.06 0.10
nec(Cu)[h] 4s0.423d9.18 4s0.413d9.17 4s0.383d9.36 4s0.413d9.20 4s0.423d9.19

nec(N) 2s1.342p4.26 2s1.252p4.21 2s1.352p4.26 2s1.382p4.39 2s1.342p4.26

nec(O1) 2s1.742p4.75 2s1.722p5.10 2s1.722p4.93 2s1.732p5.11 2s1.702p4.87

nec(O2) 2s1.682p4.99 2s1.712p4.93 2s1.742p4.75 2s1.702p4.96

nec(N2) 2s1.462p4.52 2s1.452p4.54 2s1.452p4.52 2s1.442p4.55 2s1.462p4.52

nec(N3) 2s1.462p4.52 2s1.452p4.52 2s1.452p4.52 2s1.452p4.52 2s1.462p4.52

nec(N4) 2s1.392p4.39 2s1.382p4.39 2s1.382p4.40 2s1.382p4.39 2s1.392p4.38

bop(Cu–X)[i] 0.18 0.19 0.21 0.21 0.19
bop(Cu–N2) 0.16 0.16 0.14 0.16 0.16
bop(Cu–N3) 0.16 0.16 0.14 0.15 0.16
bop(Cu–N4) 0.16 0.15 0.14 0.14 0.16

[a] Total electronic energy plus zero point energy. [b] BDE is the bond dissociation energy [kcalmol–1] for the Cu–X (X = N or O) bond
between CuII and the X donor atom of nicotinic acid. [c] N1 donor atom of the nicotinic acid or nicotinamide ligands. [d] O1 donor
atom of the nicotinic acid ligand. [e] N2 and N3 are the N-donor atoms of the dien ligand cis to nicotinic acid or nicotinamide. [f] N4
is the N-donor atom of the dien ligand trans to nicotinic acid or nicotinamide. [g] Spin density. [h] Natural electron configuration. [i]
Mulliken bond overlap population.

Eur. J. Inorg. Chem. 2006, 2083–2095 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2091

of the dien and nicotinic acid ligands, while in 1C it is delo-
calized over the nicotinic acid ring and mainly on one of
the carboxylate O donor atoms (Figure 8).

The equilibrium geometry of [Cu(dien)(nica)] (18), com-
puted at the B3LYP/6-31G(d,p) level, is also given in Fig-
ure 8. The complex adopts a distorted square-planar geom-
etry with the nicotinamide ligand being twisted almost 60°
out of the coordination plane. The calculated structural pa-
rameters of 18 are in line with those obtained from the X-
ray structural analysis for [Cu(dien)(nica)(NO3)2] (4). No
significant structural changes in nicotinamide could be ob-
served upon coordination to CuII.

According to the NBO analysis the CuII center acquires
a positive natural atomic charge of about 1.37 |e|. The natu-
ral electron configurations illustrate that the electron den-
sity is transferred from the N-donor atoms of the dien and
nicotinamide ligands to the 4s- and 3d-AOs of CuII

(Table 3). Also, there is an increase in the natural atomic
charge of the N-donor atom upon coordination of the nico-
tinamide ligand to the CuII center in 18, which could be
attributed to a π-backbonding interaction between the 3d
lone pair AOs of CuII and the LUMO of the nica ligand
(Figure 7). Finally, the bond dissociation energy (BDE) of
the nica ligand is predicted to be 67.2 kcalmol–1 at the
B3LYP/6-31G(d,p) level.
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Vibrational and Electronic Spectra of [Cu(dien)(nic)] and
[Cu(dien)(nica)] Complexes

The unscaled vibrational frequencies in the vibrational
spectra of the [Cu(dien)(nic)] and [Cu(dien)(nica)] com-
plexes, calculated at the B3LYP/6-31G(d,p) level, appear
within the range 3450–3530 cm–1. The ν(C=O) stretching
vibration for A�, B, and C appears at 1855, 1796, and
1591 cm–1 respectively. Upon coordination to CuII this vi-
bration is red-shifted for 1A�, 1C, and 1C�, appearing at

Table 4. Principal electronic transitions, wavelengths (λ), and oscillator strengths (f) for [Cu(dien)(nic)] (1B) and [Cu(dien)(nica)] (18)
computed at the B3LYP/6-31G(d,p) level.

λ [nm] f Excitation Composition of the participating MOs

1B
608 (618)[a] 0.001 HOMO–2 � SOMO (pzOnic) � (dσCu+2pNdien+3pOnic)
270 (263) 0.128 HOMO–3 � SOMO (π*nic) � (dσCu+2pNdien+3pOnic)

HOMO–10 � SOMO (dσCu+2pNdien) � (dσCu+2pNdien+3pOnic)
248 (255) 0.034 HOMO–5 � SOMO (dπCu+2pNdien+3pOnic) � (dσCu+2pNdien+3pOnic)
208 0.065 HOMO–4 � LUMO+1 (dπCu+2pNdien+3pOnic) � (π*nic)
185 0.018 HOMO–6 � LUMO+1 (dπCu+2pNdien) � (π*nic)

HOMO–7 � LUMO+1 (π*nic) � (π*nic)
18

604 (612)[b] 0.005 HOMO–1 � SOMO (3pOnica) � (3pOnica)
533 0.002 HOMO–2 � SOMO (dσCu+2pNdien+π*nica) � (3pOnica)
344 0.004 SOMO � LUMO (3pOnica) � (π*nica)

HOMO–1 � LUMO (3pOnica) � (π*nica)
272 (269) 0.14 HOMO–5 � SOMO (dCu+2pNdien+π*nica) � (3pOnica)
204 0.043 HOMO–15 � SOMO (dCu+2pNdien) � (3pOnica)
195 0.023 HOMO–16 � SOMO (π*nica) � (3pOnica)

[a] Experimental values for complex 5. [b] Experimental values for complex 4.

Figure 9. Single-electron transitions with the CI coefficients in the TD-DFT calculations for nic, nica, 1B, and 18.
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1876, 1688, and 1681 cm–1 respectively, while it is blue-
shifted for 1B, appearing at 1731 cm–1. The N-coordination
of nicotinic acid species is reflected in the calculated un-
scaled in-plane pyridinic ring deformation, δpy, which is red-
shifted in 1A� and 1C relative to the corresponding uncoor-
dinated nicotinic acid species A� and C, appearing at 673
and 668 cm–1, respectively. In contrast, it remains almost
unaffected in 1B and 1C�, appearing at 635 and 633 cm–1

respectively. Moreover, the N-coordination of the nicotin-
amide is also reflected in the calculated in-plane pyridinic
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ring deformation, δpy, vibrational frequency, which in 18
appears at 801 and 672 cm–1, while in uncoordinated nico-
tinamide it appears at 782 and 642 cm–1, respectively.

TD-DFT calculations at the B3LYP/6-31G(d,p) level
were performed in order to evaluate the properties of the
excited states of [Cu(dien)(nic)] and [Cu(dien)(nica)] com-
plexes. The principal singlet–singlet electronic transitions,
excitation energies, and oscillator strengths, along with as-
signments, for 1B and 18 are compiled in Table 4.

The computed electronic transitions for 1B and 18 at 608
and 604 nm, respectively, are in excellent agreement with
the experimental values. This broad and very intense band
for 1B arises from the HOMO–2 � SOMO electronic tran-
sition (Figure 9). However, because of the highly delocal-
ized MOs involved and the high mixing of the excited con-
figurations due to the low symmetry of the complexes, it
could not be assigned to one of the well-known LL, MLCT,
LMCT, or d � d transitions. On the other hand, for 18 this
band arises from a HOMO–1 � SOMO (Figure 9) elec-
tronic transition and can be classified as an intraligand
(LL) transition.

The calculated electronic transitions at 249 and 256 nm
for nic and nica, respectively, are in excellent agreement
with the experimental values. These bands arise from π �
π* and σ � π* type transitions for nic and nica, respec-
tively (Figure 9). Upon coordination of the latter to CuII

these bands are blue-shifted, appearing at 235 and 204 nm
for 1B and 18, respectively.

Conclusions

We have reported the synthesis, structural characteriza-
tion, and DFT study of the novel mixed-ligand CuII com-
plexes formed upon reaction of [Cu(dien)X2] (dien = dieth-
ylenetriamine; X = Br–, NO3

–) with pyridine (py), nicotin-
amide (nica), nicotinic acid (nic), and nicotinate anion
(nic–) in a 1:1 molar ratio. The salient structural features of
the new complexes were determined by spectroscopic mea-
surements (infrared and electronic spectra), while details of
the structures were obtained by an X-ray structural investi-
gation of the [Cu(dien)(nica)(NO3)2] complex. Conductivity
measurements revealed the electrolytic nature of the com-
plexes, while magnetic measurements are compatible with
the d9 electron configuration of the CuII centers. Moreover,
DFT/B3LYP calculations of the structural, bonding, and
electronic properties of the complexes corroborate the ex-
perimental evidence for the coordination of nicotinic acid
preferably through the pyridine N-donor atom. Finally, the
chemical reactivity of the CuII complexes towards a variety
nucleophiles has been studied experimentally and discussed
in relation with the electronic structure of the complexes
computed at the DFT level.

Experimental Section
Materials and Instrumentation: All chemicals were purchased from
Aldrich, EDH Chemicals and Merck, as reagent grade, and were
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used as received. C, H, and N were analyzed with a Perkin–Elmer
240B elemental analyser. IR spectra were recorded with a Perkin–
Elmer Spectrum One spectrophotometer in the 400–4000 cm–1 re-
gion using KBr pellets and in the 200–400 cm–1 region using poly-
ethylene disks. Electronic spectra were recorded with a Hitachi
U-2001 spectrophotometer in the 200–1100 nm region, using 10-
mm Teflon-stoppered quartz cells. Molar conductivities were mea-
sured with a WTW conductivity bridge and a calibrated dip-type
cell. Magnetic susceptibilities on powdered samples were measured
at room temperature using a Johnson–Matthey balance. Diamag-
netic corrections were estimated from Pascal constants. The TG/
DTA curves were obtained in a dynamic nitrogen atmosphere with
a Setaram SETSYS-1200 thermal analyzer at a heating rate of
5 °Cmin–1 in a platinum crucible, in the temperature range 40–
950 °C, with a sample mass of about 10 mg.

Synthesis of the Complexes: The starting material [Cu(dien)-
(NO3)2] (1) was prepared according to a literature procedure,[9]

while [Cu(dien)Br2] (2) was prepared by the direct reaction of dien
and CuBr2.

[Cu(dien)(py)(NO3)2] (3): Pyridine (0.16 mL) was added dropwise
to a suspension of1 (0.581 g,2 mmol) in of methanol (20 mL). After
stirring for 4 h, the solution was filtered to remove any impurities.
Diethyl ether (10 mL) was then added to the filtrate, which was left
at low temperature (5 °C) overnight. The dark-blue solid formed
was isolated by filtration, washed with diethyl ether, and dried in
air. Yield: 0.144 g (19%). C9H18CuN6O6 (369.82): calcd. C 29.23,
H 4.91, N 22.72; found C 29.11, H 4.89, N 22.63. IR (KBr disk):
νa(N–H) 3266 vs, νs(N–H) 3238 vs, νsec(N–H) 3196 vs, ν(C=N)
1608 s, ν(Cu–N) 523 m, ν(Cu–O) 456 m cm–1. UV/Vis (H2O): λ
(log ε) = 616 nm (1.91), 263 sh, 256 sh, 249 (3.73), 243 sh. Λµ (H2O)
= 247 µS cm–1. µeff = 1.93 BM. M.p. 247 °C (dec.).

[Cu(dien)(nica)(NO3)2] (4): Complex 1 (1.456 g, 5 mmol) was dis-
solved in H2O (2 mL) and further diluted with MeOH (10 mL).
Nicotinamide (0.623 g, 5 mmol) in MeOH (15 mL) was added to
this solution, with a concomitant darkening of the color. After the
addition of diethyl ether (10 mL), the solution was left at low tem-
perature (5 °C). After 14 h at this temperature, the dark-blue crys-
tals formed were isolated by filtration, washed with diethyl ether,
and dried at room temperature. Yield: 1.89 g (92%).
C10H19CuN7O7 (412.85): calcd. C 29.09, H 4.64, N 23.75; found C
29.06, H 4.56, N 23.68. IR (KBr disk): νa(N–H) 3273 vs, νs(N–H)
3244 s, νsec(N–H) 3156 s-br, ν(C=O) 1693 vs, ν(C=N) 1603 s, ν(Cu–
N) 537 m, ν(Cu–O) 461 m cm–1. UV/Vis (H2O): λ (log ε) = 612 nm
(1.87), 269 sh, 254 (3.72). Λµ (H2O) = 206 µScm–1. µeff = 1.82 BM.
M.p. 193–195 °C.

[Cu(dien)(nic–)(NO3)(H2O)]·H2O (5): A solution of nicotinic acid
(0.62 g,5 mmol) in methanol (10 mL) was added to an aqueous
solution of NaOH (0.2 g in 2 mL) with vigorous stirring. This solu-
tion of sodium nicotinate was added to a solution of 1 (1.45 g,
5 mmol) in H2O/MeOH (1 mL/10 mL). The final solution was left
overnight at room temperature. The blue needles formed were iso-
lated by filtration, washed with diethyl ether, and dried at room
temperature. Yield: 0.81 g (42%). C10H21CuN5O7 (386.85): calcd.
C 31.05, H 5.47, N 18.10; found C 31.02, H 5.43, N 18.02. IR
(KBr disk): νa(N–H) 3270 vs, νs(N–H) 3204 vs, νsec(N–H) 3163 vs,
ν(C=O) 1668 s, ν(C=N) 1591 vs, ν(Cu–N) 527 s, ν(Cu–O) 449 m
cm–1. UV/Vis (H2O): λ (log ε) = 618 nm (1.62), 269 sh, 262 sh,
255(3.84). Λµ (H2O) = 164 µS cm–1. µeff = 1.76 BM. M.p. 141 °C
(dec.).

[Cu(dien)(nic–)(Br)(H2O)]·2H2O (6): A solution of nicotinic acid
(0.262 g, 2.5 mmol) in methanol (10 mL) was added to an aqueous
solution of NaOH (0.2 g in 2 mL) with vigorous stirring. This solu-
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tion of sodium nicotinate was added to a solution of 2 (0.82 g,
2.5 mmol) in H2O/MeOH (2 mL/10 mL). The final solution was
stirred to give a blue solid, which was isolated by filtration, washed
with diethyl ether, and dried at room temperature. Yield: 0.44 g
(40%). C10H23BrCuN4O5 (422.76): calcd. C 28.41, H 5.48, N 13.25;
found C 28.48, H 5.49, N 13.28. IR (KBr disk): νa(N–H) 3271 s,
νs(N–H) 3203 s, νsec(N–H) 3163 m, ν(C=O) 1667 m, ν(C=N)
1591 s, ν(Cu–N) 525 m, ν(Cu–O) 448 m cm–1. UV/Vis (H2O): λ
(log ε) = 608 (1.93), 269 sh, 262 sh, 255 (3.77), 214 sh. Λµ (H2O) =
173 µScm–1. µeff = 1.80 BM. M.p. 131–133 °C.

[Cu(dien)(NO3)(nic–)(N7-Guo)]·5H2O (7): A solution of sodium
nicotinate (5 mmol) in H2O/EtOH (1 mL/10 mL) was added drop-
wise to a water/methanol (1 mL/10 mL) solution of 1 (1.453 g,
5 mmol) and the mixture stirred continuously for 5 min. After the
addition of guanosine (Guo) (1.516 g, 5 mmol) in small quantities
and ethanol (80 mL), the new suspension was further stirred for
12 h so as to allow complete reaction of Guo, after which the blue-
purple solid formed was isolated by filtration, washed with diethyl
ether, and dried at room temperature. Yield: 3.55 g (98%).
C20H40CuN10O15 (724.14): calcd. C 33.17, H 5.57, N 19.34; found
C 33.52, H 5.66, N 19.71. IR (KBr disk): νa(N–H) 3270 vs,br, νs(N–
H) 3226 vs-br, νsec(N–H) 3165 vs, ν(C=O) 1680 s, ν(C=N)1591 s,
ν(Cu–N) 527 m, ν(Cu–O) 449 w cm–1. UV/Vis (H2O): λ (log ε) =
612 (1.86), 269 sh, 253 (4.24). Λµ (H2O) = 159 µScm–1. µeff =
1.83 BM. M.p. 108–110 °C.

Table 5. Crystal data, data collection and refinement details for
[Cu(dien)(nica)(NO3)2] (4).

Empirical formula C10H19CuN7O7

Formula mass 412.86
Crystal size [mm] 0.45×0.15×0.10
Crystal system monoclinic
Space group P21/c
a [Å] 8.1636(14)
b [Å] 15.7067(18)
c [Å] 12.7266(13)
β [°] 98.451(12)
Cell volume [Å3] 1614.1(4)
Z 4
T [K] 293(2)
Dcalcd. [Mg m–3] 1.699
µ [mm–1] 1.405
F(000) 852
Diffractometer upgraded Philips PW1100
Radiation Mo-Kα (0.71073 Å)
Monochromator graphite
Data-collection method θ/2θ
2θ range [°] 4.14–52.04
Index ranges –10 � h � 9

–19 � k � 19
0 � l � 15

Reflections collected 6710
Independent reflections (Rint) 3167 (0.0737)
Observed reflections [I � 2σ(I)] 1993
Completeness to θ = 26.02° 99.9 (%)
Max./min. transmission factors 0.870, 0.498
Refinement method full-matrix least squares
Data/restraints/parameters 3167/0/283
Final R indices [I � 2σ(I)][a] R1 = 0.0403, wR2 = 0.0799
R indices (all data) R1 = 0.0970, wR2 = 0.0949
GOF 0.982
Maximum shift/error 0.007
ρmax, ρmin [e Å–3] 0.510, –0.408

[a] R indices and GOF defined as: R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 =
[Σw(Fo

2 – Fc
2)2/Σw(Fo

2)2]1/2, GOF = {Σ [w(Fo
2 – Fc

2)2]/(n – p)}1/2,
n = no. of reflections, p = no. of parameters refined.
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Computational Details: The structural, electronic, and energetic
properties of all compounds were computed with Becke’s three-
parameter hybrid functional[33] combined with the Lee–Yang–Parr
correlation functional,[34] abbreviated as B3LYP, using the
6-31G(d,p) basis set. In all computations no constraints were im-
posed on the geometry. Full geometry optimization was performed
for each structure using Schlegel’s analytical gradient method[35]

and the attainment of the energy minimum was verified by calculat-
ing the vibrational frequencies that result in absence of imaginary
eigenvalues. All calculations were performed using the
GAUSSIAN03 suite of programs.[36]

X-ray Crystallographic Study: Crystal data, data collection, and re-
finement details for [Cu(dien)(nica)(NO3)2] are given in Table 5.
Cell parameters were calculated by least-squares refinement of the
setting angles of 21 reflections and their equivalents (13.60° � 2θ
� 22.20°). Intensities were collected using graphite-monochro-
mated Mo-Kα radiation and a scintillation counter.[37] Three stan-
dard reflections monitored every 120 min showed no significant de-
terioration. They were used to scale the intensities, which were fur-
ther corrected for Lorentz and polarization effects,[38] as well as for
absorption (empirical ψ-scan method).[39] Most calculations were
performed with the WinGX system of programs.[40] The structure
was solved by direct methods and subsequent difference Fourier
syntheses with the SHELXS-97 program[41] and refined with the
SHELXL-97 program.[42] Some of the geometrical calculations
were performed with the PLATON program.[43] All the non-hydro-
gen atoms were refined anisotropically. The hydrogen atoms could
be located on the difference Fourier map, and in the final refine-
ment step their positions were varied freely but their displacement
parameters were constrained to 1.2Ueq of the corresponding values
of the atoms to which they are bonded. CCDC-264390 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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The bonding coordination mode of various silanes to ruthe-
nium complexes is discussed on the basis of a detailed analy-
sis of NMR, IR, X-ray and DFT data. It is now more and more
obvious that a continuum exists between the two extreme
situations, i.e. formation of a σ-silane complex or Si–H bond
breaking leading to oxidative addition. Within this contin-
uum, secondary interactions involving Si and H play a sig-

Introduction

A σ-complex is defined by the coordination of an H–E
(E = H, Si, B, C...) bond to a metal center, a three center-
two electron bond. “True” σ-complexes display no intramo-
lecular interaction as the one found in the related family of
agostic complexes. σ-complexes are now well recognized,
and their properties have been reviewed in an excellent
monograph by G. Kubas.[1] A parallel is often made with
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nificant role, in particular for the stabilization of unusual
structures or as intermediates in exchange processes. Here,
we highlight the criteria allowing the best description of the
different bonding modes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the Chatt–Dewar and Duncanson model, thus involving
two components, σ-donation and back-donation (see Fig-
ure 1). Among the four main classes of σ-complexes (σ-di-
hydrogen,[1–3] σ-silane,[1,4–6] σ-borane[1,7] and σ-alcane[1,8,9])
σ-dihydrogen complexes are the most numerous and also
the most documented. One of the main reasons is that two
identical atoms are involved in the σ-coordination, whereas
the situation is much more complex for the other cases. The
substituents on the E atom have a tremendous impact, as
steric and electronic effects can tune the σ-coordination. We
will see in this review that in silane chemistry, the situation
is quite complex, in particular as a result of the hyperval-
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ence properties of silicon.[10] It is first interesting to com-
pare the coordination of a dihydrogen and of a silane ligand
to a metal center. The silane ligand imposes a dissymmetry
in the coordination mode, due to the difference in size and
electronegativity of the two elements. The Si–H bond is
more basic than the H–H bond, and thus is a better σ-
donor. Moreover, the Si–H bond is also a better π acceptor,
as the σ*(Si–H) orbital is lower in energy than the σ*(H–
H) orbital (dissociation energy for the Si–H bond in the
range 350–430 kJ·mol–1 vs. 435 kJ·mol–1 for H2). When a
competition between σ-dihydrogen or σ-silane coordination
exists, σ-silane coordination is thus favoured. By compari-
son to the dihydrogen complexes, the σ-silanes are generally
more advanced in the process of oxidative addition, thanks
again to a better back donation. For this reason, it is often
difficult to discriminate a σ-silane coordination from a hyd-
rido(silyl) formulation.[11] σ-Silane complexes exist for a
wide variety of metals, but this review will focus on ruthe-
nium complexes, a metal of choice to act as catalyst precur-
sor for several processes such as hydrosilylation, dehydrosi-
lylative coupling of alkenes, and dehydrogenative polymeri-
sation.[12,13] Moreover, polyhydride ruthenium complexes
offer to analyze a wide range of situations. Indeed, a hydro-
gen atom can be coordinated to the metal as a classical
hydride, involved in a σ-coordination (σ-dihydrogen or σ-
silane), or in a secondary interaction with a silicon atom.
We will in particular highlight the role of additional interac-
tions in the coordination sphere of a metal, as they play a
major role for the stabilization of silane complexes and are
involved in most of the exchange processes that are often
present in these highly dynamic systems.[14]

Figure 1. Bonding interactions in a σ-complex.

However, before presenting the different complexes, we
would like to give some essential and fairly general features
to illustrate the main issues in relation with the degree of
activation of the Si–H bond. Between the two extreme situ-
ations, formation of a σ-silane complex or Si–H bond
breaking and formation of a hydrido(silyl) complex, the Si–
H bond activation can be viewed as a continuum (Figure 2).
As a consequence, it is extremely difficult to establish the
boundaries between the extremes, especially when other hy-
drogen atoms are present in the coordination sphere of the
metal. In such a case, thanks to the tendency of Si to be
hypervalent, additional interactions can be established. We
have introduced the term SISHA to shorten the rather long
quotation: Secondary Interaction between a Silicon and a
Hydrogen Atom.[14] These interactions play an important
role both in the stabilization of unusual geometries and in
the exchange processes occurring in polyhydride species. At
this point, it is important to remember the preference of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2115–21272116

ruthenium for oxidation state (II) vs. (IV) and that polyhyd-
ride ruthenium chemistry is dominated by σ-ligand coordi-
nation.

Figure 2. E–H bond activation: a continuum between the σ-com-
plex and the product of oxidative addition.

Multinuclear NMR studies are particularly useful and
give key information on the exchange processes and the ac-
tivation of the Si–H bond. 1H chemical shift values are not
a very useful parameter, as those for classical hydrides and
hydrogen atoms involved in a σ-bond fall in the same range.
A similar situation is found for 29Si chemical shift values of
the corresponding silane or silyl complexes. Coupling con-
stant values have been extensively used in particular to dis-
criminate the two extremes, σ-silane complex and oxidative
addition product. However, as we will detail below (see pri-
mary silane section) cautious must be taken in particular
for values between 20 and 50 Hz, depending on the substit-
uents on the silicon and in presence of fast exchange pro-
cesses, which is unfortunately the case for many systems.
Activation of the Si–H bond can also be monitored by IR.
It is easy to follow the addition of a silane to a transition-
metal complex by checking the disappearance of the
stretching Si–H bond in the free silane (around 2100–
2150 cm–1). It is much more difficult to identify the corre-
sponding band in a σ-silane complex (around 1000 cm–1)
due to extensive mixing of vibrational motions and overlap
with some bands of other ligands. However, in many cases,
a broad and rather intense band can be observed in the
range 1650–1800 cm–1, identified as an antisymmetric
stretch of the activated Ru–H bond, with H still coordi-
nated to Si. X-ray analysis and DFT calculations are very
informative for the identification of σ-bonds and secondary
interactions. It is worth noting that X-ray data are now
more and more reliable for hydrogen location.[15] Low tem-
perature and high quality measurements are of course re-
quired, and comparison with DFT data is very useful. Key
parameters, as we will see below, are not only the Si–H dis-
tances, but also the Ru–Si distances. The Ru–Si distance
within a series of compounds diminishes as the activation
of the Si–H bond increases. For Si–H distances of typically
1.7–1.8 Å, σ-bond coordination can be reasonably pro-
posed. The situation becomes more controversial for values
around 1.9–2.0 Å. Higher values up to 2.4 Å are typically
the range indicating a significant interaction between a hy-
drogen and a silicon, values still much shorter than the sum
of the van der Waals radii, 3.4 Å. The nature of the silicon
substituents is highly important. For electron-withdrawing
substituents, the tendency of Si to be hypervalent is favored
as a result of a σ�(Si–R) orbital lower in energy. The IHI
(interligand hypervalent interaction) analysis developed by
Nikonov is nothing more than the direct consequence of
this well-known hypervalence property applied to hydrido(-
silyl) complexes.[16]
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Through some selected examples, we will see the need to

combine these various techniques to draw the best view of
the bonding nature of a silane. Two main classes of com-
pounds will be examined in details. The first section deals
with a series of complexes resulting from the activation of
disilane compounds, whereas in a second part we will exam-
ine the reactivity of ruthenium complexes with monosilane
compounds, either primary or secondary silanes.

Disilane Coordination

In view of the fascinating chemistry displayed by the
bis(dihydrogen) ruthenium complex RuH2(H2)2(PCy3)2

(1),[17] we were interested to isolate an analogous complex
but incorporating two other σ-ligands, silane in place of
dihydrogen. This was achieved by using disilane com-
pounds. The chelating effect allowed for the stabilization
but was not the determinant factor, as we will detail below.
The series of general formula [RuH2{(η2-HSiMe2)2-
X}(PCy3)2] [the spacer X between the two Si atoms contains
two or three atoms, X = C6H4, (CH2)n, OSiMe2O] was iso-
lated and fully characterized (Scheme 1).[18] The most rel-
evant data from multinuclear NMR experiments (see
Table 1, compounds 2–5) were the following: (i) one triplet
near –8 ppm for the σ-Si–H protons and an AA�XX� reso-
nance near –12 ppm for the two classical hydrides. Coalesc-
ence of the two signals was observed at high temperature
and an exchange barrier of roughly 65 kJ·mol–1 was deter-
mined. Deuterium incorporation was equally observed on
the two hydride sites implying a rather easy exchange pro-
cess between the two types of hydrogen atoms. (ii) The
29Si{31P} INEPT spectra showed a doublet with JSiH values
in the range 65–82 Hz, representing a significant reduction
from the values for the free disilane (∆ = 106 to 125 Hz) in
agreement with a stretching of the Si–H bond as a result of
σ-coordination.

Scheme 1. Synthesis of the bis(silane) complexes of general formula
[RuH2{(η2-HSiMe2)2X}(PCy3)2].

The complexes were characterized by X-ray diffraction,
and the measurements at low temperature allowed a very
good location of the hydrogen atoms, ascertained by DFT
calculations (see below and Table 2). They display the same
overall structure, a distorted octahedral with two cis phos-
phane groups (P–Ru–P angle close to 108°) and the disilane
ligand bonded to the ruthenium through two σ-Si–H bonds
in a trans position. Activation of the Si–H bond is illus-
trated by a significant lengthening compared to the free si-
lane. For example for [RuH2{(η2-HSiMe2)2(C6H4)}(PCy3)2]
(2) the two σ-Si–H bond lengths are 1.84(2) Å as deter-
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mined by X-ray diffraction and 1.848 Å by DFT calcula-
tions at the B3LYP level, whereas the Ru–Si distances are
close to 2.42 Å by X-ray diffraction or DFT calculations
(Table 2, Figure 3). After obtaining the first X-ray struc-
ture,[19] we were quite surprised by the cis position of the
bulky phosphane groups. In fact, no matter the nature of
the disilane [HMe2Si(X)SiMe2H with X = C6H4, (CH2)2,
OSiMe2O] or the phosphane (PCy3, PPh3) coordinated, the
same overall geometry was obtained (Table 2).[18] We noted
that the distances between the classical hydrides and the
silicon atoms were close to 2.2 Å, much shorter than the
sum of the van der Waals radii (3.4 Å for hydrogen and
silicon). Detailed DFT studies by means of two hybrid
functionals B3LYP and B3PW91 gave important infor-
mation on the coordination mode of the disilane ligand to
the ruthenium. Three isomers were characterized on the sin-
glet potential energy surface. As an example, we will con-
centrate on the three isomeric structures of [RuH2{(η2-
HSiH2)2(C6H4)}(PH3)2]. The most stable isomer A has a
geometry closely resembling that found by X-ray diffraction
for 2 (Figure 3). The disilane is symmetrically coordinated
to the ruthenium with the two σ-hydrogen atoms almost
trans to each over (the H–Ru–H angle is 172°). The two Si–
H distances of 1.848 Å are identical to the values found by
X-ray diffraction. More interesting, the classical hydrides
are turned toward the silicon atoms, imposing a cis position
for the phosphane groups. The distances between the silicon
atoms and the hydrides are 2.25 Å, indicative of weak at-
tractive interactions again in excellent agreement with X-
ray data. It is worth noting that location of hydrogen atoms
in the coordination sphere of a metal has been always sub-
ject to debate. Very recently, we have published X-ray and
neutron data for the bis(dihydrogen) complex RuH2(H2)2-
(PCyp3)2 incorporating two tricyclopentylphosphane li-

Figure 3. (a) X-ray crystal structure of [RuH2{(η2-HSiMe2)2-
(C6H4)}(PCy3)2] (2). (b) DFT/B3PW91-optimized geometry of
[RuH2{(η2-HSiH2)2(C6H4)}(PH3)2].
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Table 1. Selected NMR and IR [cm–1] data[a] for various silane and silyl ruthenium complexes.

Formula δ = 1H [ppm] JSiH [Hz] δ = 29Si [ppm] νRu–H–Si νRu–H Ref.

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 –7.74 (t) 65 4.8 1778 1969 [16,17]

–12.03 (m) 1985
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 –8.21 (t) 70 12.2 1773 1981 [16]

–12.65 (m) 2012
3b RuH2[(η2-HSiMe2)2(CH2)2](PCy3)(PPh3) –7.68 (t) 64 14.7 1768 [16]

–11.10 (dd) 1989
–11.47 (dd) 2008

3c RuH2[(η2-HSiMe2)2(CH2)2](PPh3)2 –7.60 (t) 64 16.4 1797 1961 [16]

–10.92 (m) 1978
4 RuH2[(η2-HSiMe2)2(CH2)3](PCy3)2 –8.49 (t) 75 –11.1 1803 1961 [16]

–12.17 (m) 1994
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 –9.14 (t) 82 4.9 1798 1955 [16]

11.20 (m) 2045
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 –8.36 (br) – – 1712 [13]

–8.62 (br) 1972
–9.93 (br) 2040
–10.76 (br)

7 RuH2[(η2-HSiMe2)2O](PCy3)2 –8.1 (br) 22 (av.)[b] –5.61 1699 [16,17]

–8.5 (br) 1969
–9.4 (br) 2045
–10.2 (br)

8a RuH2[(η2-HSiPh2)2O](PCy3)2 (sym) –7.67 (br) 41 (av.)[b] 4.80 1670 1976 [16,12]

–9.70 (t) 2019
8b RuH2[(η2-HSiPh2)2O](PCy3)2 (non-sym) –7.08 (br)

–8.11 (br)
–8.99 (br. t)
–9.81 (br. t)

9a RuH2[(η2-HSiPh2)-O-(SiHPh2)](PPh3)3 –8.97 (dt, 1 H) 35 (av.)[b] 11.7 – – [12]

–9.40 (br. t, 2 H) –21.4 (free)
9b RuH2[(η2-HSiPh2)-O-(Si(OH)Ph2)](PPh3)3 –9.15 (m, 3 H) – – – – [12]

10 RuH3(SiCl2Me)(PPh3)3 –9.76 (m) 39.7 (av.)[b] 36.4 – 1961.5 [19]

11 RuH3(SiPyr3)(PPh3)3 –9.80 (m) 47.4 (av.)[b] 8.6 – 1960 [21]

1969
12a RuH3(SiMe3)(PMe3)3 –10.18 (br. m) – –10.8 – 1887 (av.) [25]

12b RuH3(SiEt3)(PMe3)3 –10.53 (br. m) – 12.7 – 1897 [25]

(av.)

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 –10.15 (br. m) 25 –9.2 – 1898 [20]

(av.)
–0.9 (free)

13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 –8.3 (br. s) 18 (av.)[b] 5.7 – – [26]

14 RuH2(η2-HSiMe2Cl)(η2-H2)(PCy3)2 –8.51 (br. s) – 38 – – [27]

15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 –8.77 (br.) 105 –11.3 – 1945 [30]

–9.46 (dt) 2021
–12.46 (dt)

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (fac) –7.7 (dt) 75.0 –19.4 1615 – [31]

RuCl(H)(-CH2SiMe2)(PMe3)3 (mer) –6.0 (dt) 77.5 –19.8 – – [31]

17 RuH(η2-HSiEt3){(η3-C6H8)PCy2}(PCy3) –9.54 (br. t) 36.7 – – – [36]

–12.63 (dd) 24.7
18 RuH(η2-HSiMe2Et){(η3-C6H8)PCy2}(PCy3) –9.45 (ps t) 40.1 5.0 – – [35]

–12.46 (dd) 24.1
19 RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}(PCy3) –9.06 (ps t) 37.3 46.2 – – [27]

–11.98 (dd) 24.1
20 Cp*RuCl(η2-HSiClMe2)(PiPr3) –9.65 (t) 33.5 – 1916 – [33]

21 [CpRuH(SiCl3)(PMe3)2][B(3,5-(CF3)2C6H3)4] –9.87 (t) 48 30.6 – – [37]

22a Ru2H4(µ-η2:η2:η2:η2-SiH4)(PCy3)4 –6.0 (br.) 36 (av.)[b] 290.2 1667 1911 [38,39]

–8.6 (br.)
23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 –9.94 (br.) 22 (av.)[b] 85.7 1703 1899 [39]

2022
24 [Cp*RuH]2(η2:η2-H2SitBu2) –6.15 (s) 75 75.5 1790 – [40]

–16.63 (s)
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σ-Silane Ruthenium Complexes: The Crucial Role of Secondary Interactions MICROREVIEW
Table 1. (continued).

Formula δ = 1H [ppm] JSiH [Hz] δ = 29Si [ppm] νRu–H–Si νRu–H Ref.

25a [Cp*Ru(CO)]2(η2:η2-H2SitBu2) –13.60 (s) 22.4 186.2 – – [40]

25b [Cp*Ru(CO)]2(η2:η2-HSitBu2)H –11.79 (s) 31.6 168.2 – – [40]

–14.40 (s)
26a [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiPhH)(µ-H)H –11.64 (s) 26 – 1813 2054 [40]

–12.84 (s) 1613
–14.00 (s) 49
–16.46 (s)

26b [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiEtH)(µ-H)H –12.32 (s) – – 1835 2062 [40]

–13.26 (s) 1659
–14.29 (s)
–16.67 (s)

[a] NMR/IR data were obtained under the following conditions: 2–5,12,17,23, C6D6, room temp./Nujol mull; 6,8,9a,22, C7D8, 193 K/
Nujol mull; 7, C7D8, 178 K/Nujol mull; 9b,11,13–15,18–19, C7D8, room temp./Nujol mull; 10, CD2Cl2, room temp./KBr; 16, C7D8, 301 K/
Fluorolube; 20, C7D8, 233 K/Nujol mull; 21, CD2Cl2, 298 K; 24–26, C7D8, 298 K/KBr. [b] JSiH values were determined at room tempera-
ture. Average values involving all the hydrides and dihydrogen ligand in the case of 13.

Table 2. Selected interatomic distances [Å] for various silane and silyl ruthenium complexes.

Formula Ru–Si Si–H Si···H Ref.
X-ray data DFT[a] X-ray data DFT[a] X-ray data DFT[a]

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 2.425(1) 2.425 1.84(2) 1.848 2.22(2) 2.253 [16,17]

2.18(2) 2.253
2.429(2) 2.425 1.84(2) 1.848 2.12(2) 2.253

2.21(2) 2.253
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 2.428(1) 2.441 1.73(3) 1.853 2.27(3) 2.22 [16]

2.13(3) 2.329
2.411(1) 2.441 1.78(3) 1.853 2.12(3) 2.329

2.31(3) 2.22
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 2.484(1) 2.451 1.77(4) 1.826 2.25(3) 2.170 [16]

2.43(3) 2.484
2.434(1) 2.447 1.81(3) 1.839 2.32(3) 2.426

2.04(3) 2.168
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 2.395(2) 2.416 1.93(5) 1.922 2.35(6) 2.510 [13]

2.25(6) 2.191
2.434(2) 2.490 1.91(5) 1.775 2.39(5) 2.500

2.09(6) 2.367
9b RuH2[(η2-HSiPh2)-O-(Si(OH)Ph2)](PPh3)3 2.356(2) – 1.97(5) – 2.03(5) – [12]

2.07(5)
10 RuH3(SiCl2Me)(PPh3)3 2.2760(4) – – – 1.86(2) – [19]

1.94(2)
1.94(3)

12a RuH3(SiMe3)(PMe3)3 2.376(1) – – – 2.13(5) – [25]

2.18(5)
2.23(5)

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 2.3774(8) – – – 2.00(4) – [20]

2.09(4)
2.05(5)

12d RuH2(SiMe2CH2CH2SiMe2)(PMe3)3 2.4682(9) – 1.81(4) – – – [20]

2.4514(9)
13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 2.385(2) 2.394 1.72(3) 1.946 1.83(3) 2.071 [23]

2.40(4) 2.116
15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 2.498(2) 2.499 1.59(8) 1.658 – – [31]

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (fac) 2.526(2) – 1.664 – – – [25]

16 RuCl(H)(-CH2SiMe2)(PMe3)3 (mer) 2.468(2) – 1.557 – – – [25]

18 RuH(η2-HSiMe2Et){(η3-C6H8)PCy2}(PCy3) 2.418(1) 2.468 – 1.847 – 2.164 [35]

19[b] RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}(PCy3) 2.353(2) 2.398 1.91 (2) 1.891 1.99(2) 2.076 [27]

20 Cp*RuCl(η2-HSiClMe2)(PiPr3) 2.398(1) 2.427 2.05 2.072 – – [33]

21 [CpRuH(SiCl3)(PMe3)2]+ 2.329(1) – 1.77(5) – – – [37]

22b Ru2H4(µ-η2:η2:η2:η2-SiH4)(PiPr3)4 2.1875(4) 2.229 1.69(3) 1.685 – – [39]

1.73(3) 1.685
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Table 2. (continued).

Formula Ru–Si Si–H Si···H Ref.
X-ray data DFT[a] X-ray data DFT[a] X-ray data DFT[a]

23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 2.456(3) 2.486 – in the – – [39]

2.364(3) 2.398 range
2.408(3) 2.551 1.654–1.760
2.419(3) 2.551
2.355(3) 2.400
2.408(3) 2.487

[a] All the calculations were carried out at the B3LYP level of theory, except for compounds 2, 6 (B3PW91) and 20 (BP86), by using the
following model compounds: 2 RuH2[(η2-HSiH2)2(C6H4)](PH3)2, 3a RuH2[(η2-HSiH2)2(CH2)2](PH3)2, 5 RuH2[(η2-HSiH2)2(OSiH2-
O)](PH3)2, 6 RuH2[(η2-HSiMe2)2NH](PCy3)2, 13 RuH2(η2-HSiH3)(η2-H2)(PH3)2, 15 RuH2{η4-HSiH2(CH=CHMe)}(PH3)2, 18 RuH(η2-
HSiMe3){(η3-C6H8)PH2}(PH3), 19 RuH(η2-HSiMe2Cl){(η3-C6H8)PH2}(PH3), 20 Cp*RuCl(η2-HSiClMe2)(PiPr3), 22 Ru2H4(µ-
SiH4)(PH3)4, 23 Ru2H2(µ-H2Si(OMe)2)]3(PH3)2. [b] Data for one isomer.

gands.[15] Additional comparison with DFT values shows
that X-ray data are more and more reliable for hydride loca-
tion, when of course, high quality measurements can be ob-
tained at low temperature. Isomer B was optimized as a
minimum lying 32 kJ·mol–1 above A. Isomer B has no sym-
metry whatsoever, and the two Si–H bonds are now very
different: one is trans to a phosphane whereas the second
one is trans to a hydride. One more striking difference with
isomer A is that all the distances between the hydrides and
the silicon atoms exceed the sum of the van der Waals radii
(3.52 and 3.58 Å). A similar situation is found in isomer C
with distances between the hydrides and the silicon atoms
of 3.42 Å. Isomer C is characterized by a trans position of
the phosphane groups, with the two Si–H bonds being trans
to a hydride. Thus, C displaying an analogous geometry
to the bis(dihydrogen) complex 1, with in particular trans
phosphane groups and two σ-ligands trans to the hydrides,
is not the most stable isomer and is in fact 45 kJ·mol–1

above A. Similar observations were found when using vari-
ous disilanes with at least two atoms bridging the two Si.
Thus, these close H···Si contacts are a stabilizing feature
of the overall structure: we call them SISHA interactions
(Secondary Interaction between a Silicon and a Hydrogen
Atom). These SISHA interactions energetically compensate
not only the hindered cis position of the bulky phosphane
groups, but also the disfavored trans position of the σ-
bonds (back-donation competition).

In the specific case of only one atom between the two Si,
as for example in the case of disiloxane or disilazane, the
situation is different as a result of a steric constraint upon
coordination of the disilane ligand. Indeed, we have re-
cently characterized both by X-ray diffraction and DFT
calculations the disilazane complex [RuH2{(η2-HSiMe2)2-
NH}(PCy3)2] (6).[20] For the first time the choice of the
functional for DFT calculations in silane ruthenium chem-
istry turned to be crucial. Major differences were observed
with the use of B3LYP by comparison to the X-ray data,
whereas a very good match was obtained with B3PW91
(Figure 4). The two phosphane groups in 6 are still in a cis
disposition but the disilazane ligand has now the two Si–H
bonds also in a cis disposition, similarly to the case of iso-
mer B described above. In 2 by X-ray diffraction or A by
DFT calculations, the four Si···H distances between the hy-
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drides and the silicon atoms were close to 2.2 Å, whereas in
6 they lie between 2.1 and 3.7 Å by X-ray diffraction and
2.2 to 3.9 Å by DFT calculations. It is now interesting to
compare the NMR properties of the two complexes. At
room temperature, as already pointed out, the 1H NMR
spectrum of 2 displays two signals for the two types of hy-
drogen atoms. Coalescence is observed at much higher tem-
perature. In contrast, in the case of 6, only one signal is
observed at room temperature, whereas decoalescence is
achieved at low temperature. The exchange process is thus
easier in the case of 6. In-depth NMR and theoretical stud-
ies of the mechanism of the exchange process were under-
taken on [RuH2{(η2-HSiMe2)2(C2H4)}(PCy3)2] (3a), a com-
plex very similar to 2 as shown by X-ray, NMR and DFT
data.[14] The free energy of activation for exchange is
72 kJ·mol–1 at 376 K, and the entropy of activation is close
to zero, indicative of an intramolecular process. A complete

Figure 4. (a) X-ray crystal structure of [RuH2{(η2-HSiMe2)2-
NH}(PCy3)2] (6). (b) DFT/B3PW91-optimized geometry of
[RuH2{(η2-HSiMe2)2NH}(PCy3)2].
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Figure 5. A picture of the intermediates and the transition states involved in the exchange process between the hydrides and the Si–H
hydrogen atoms within the model complex [RuH2{(η2-HSiH2)2(C2H2)}(PH3)2] at the DFT/B3LYP level.

picture of the exchange process deriving from DFT calcula-
tions is drawn in Figure 5. Isomer I [RuH2{(η2-HSiH2)2-
(C2H2)}(PH3)2] was also used as a model complex for 3a.
Exchange of all the different hydrogen atoms can be
achieved through the intermediacy of new σ-dihydrogen
complexes. Indeed conversion of isomer I to the asymmetric
isomer II in which the SISHA interactions have been
broken is the first step. It is then easy to break a Si–H bond.
Two hydrogen atoms are now close enough to form a new
σ-ligand as in isomer III. A similar process with the second
Si–H bond leads to isomer IV with two dihydrogen ligands.
Exchange can now occur via rotation of the dihydrogen li-
gands and reversal of the isomerisation process. All the
transition states connecting the different isomers have been
calculated. TSI–II is the most energetically demanding step.
The overall barrier is 42.8 kJ·mol–1. In summary, breaking
of the SISHA interactions is responsible for the most ener-
getically demanding step in the exchange process.

Monosilane Coordination

Primary Silanes

A wide variety of monosilanes of the type HSiR3 (R =
alkyl, aryl, alkoxy or halogen) reacts with dihydride ruthe-
nium complexes to form the corresponding silane com-
plexes stabilized by various interactions between the hy-
drides and the silicon atom (see Figure 6).[21–25] Depending
on the activation degree of the Si–H bond, they can be in-
terpreted as σ-silane or silyl hydride complexes, namely
RuH2(σ-HSiR3)L2L� or RuH3(SiR3)L2L�, respectively (L,
L� = PR3, CO, σ-H2). The NMR spectroscopic data are
very similar for most of the complexes, as can be seen from
Table 1. In the case of RuH3(SiCl2Me)(PPh3)3 (10) for ex-
ample,[21] the 1H NMR spectrum exhibits only one hydride
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resonance at –9.76 ppm with the characteristic
AA�A��XX�X�� coupling pattern of MH3(SiX3)(PR3)3 com-
plexes arising from the sum of three phosphorus–hydrogen
coupling constants, |2JHPtrans + 2 2JHPcis|. The 1H{31P}
NMR spectrum gives a singlet with 29Si satellites (JSiH =
39.7 Hz) in agreement with a possible σ-silane bonding
mode and/or Si···H interactions. The 31P{1H} NMR spec-
trum shows only a singlet at δ = 38.31 ppm, suggesting that
the three phosphorus are equivalent on the NMR time
scale. This is confirmed by the 29Si{1H} DEPT NMR spec-
trum that exhibits a quadruplet centered at δ = 36.4 ppm
(2JSiP = 12.8 Hz). No decoalescence of the hydride or phos-
phorus signals was observed even at low temperature, in-
dicative of a fast exchange process in this unsymmetrical
compound.

Figure 6. Schematic representation of a series of complexes of gene-
ral formula RuH3(SiR3)L2L�.

In the case of symmetrical complexes (C3 axis), the
equivalency of the hydrides prevents any further interpret-
ation regarding the bonding mode. This situation leads to
some disagreement on whether or not the SiPyr3 group is
rotating in RuH3(SiPyr3)(PPh3)3 (11) for example (Pyr =
pyrrolyl). Hübler et al. proposed a bonding scheme that al-
lows a facile rotation when considering the contribution
represented in Figure 7 (b) to be preponderant.[23] On the
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contrary, Nikonov pleads an electron-density transfer from
the σ(M–H) bonding orbitals into the σ�(Si–N) antibond-
ing orbitals to be the main contribution, thus leading to a
rigid structure (Figure 6 and Figure 7, a).[26] However, Ni-
konov uses a DFT study reported by Hübler et al. to sup-
port his argumentation, but this was actually a MP2 study
of an osmium analogue, which is certainly not transposable
to the ruthenium case. It is thus difficult to make conclu-
sions on the basis of these experimental and computational
data. In the case of the SiMe3 group, Berry et al. observed
no dynamic process in RuH3(SiMe3)(PMe3)3 (12a) on the
NMR time scale (only a slight broadening of the Ru–H
resonances at 190 K).[27] In these symmetrical compounds,
the presence of a Ru-η2-H–Si bond (or one strong Si···H
interaction) could have led to decoalescence of the hydride
signal. However, due to the limited range in temperatures,
one cannot conclude on whether the activation energy for
the formation/breaking of such interactions would be very
low or very high.

Figure 7. Orbital representation of Ru–H···Si bonding adapted
from ref.[19,21]

The fluxionality observed at the NMR time scale for
RuH3(SiMeCl2)(PPh3)3,[21] (10) but also for RuH2(η2-
HSiPh3)(η2-H2)(PCy3)2 (13),[28] RuH2(η2-HSiMe2Cl)(η2-
H2)(PCy3)2 (14),[29] and RuH3(SiMe2CH2SiMe3)(PMe3)3

(12c),[22] is consistent with exchange processes characterized
by low activation energy barriers. In 10 and 12c, the silane
ligand is bearing different substituents (a situation not de-
picted in Figure 7, a). The presence of different R substitu-
ents should affect more or less the balance between the
three Si···H interactions in the contribution shown in Fig-
ure 7 (a). In 13 and 14, one phosphane is now replaced by
a dihydrogen ligand. It is thus expected a reinforcement of
hydride inequivalency. Again, one cannot conclude when no
decoalescence of the hydride resonance is observed. NMR
spectroscopy can still provide JSiH coupling constants but
they are mean values. The interpretation of the raw values
has to be done cautiously since the typical ranges for which
the Si–H bonds were considered to be either fully activated
(� 20 Hz) or just partially elongated (20–70 Hz) have been
recently reconsidered.[22,30] The free silane 1JSiH substituent-
dependency clearly illustrates the problem. Values vary
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from 190 Hz in HSiMe3 to 370.6 Hz in HSiCl3 due in part
to an increase in the s character in the Si–H bond (Bent’s
rule). This naturally applies to the JSiH coupling in a com-
plex, more precisely to its two contributions of opposite
signs, 1JSiH and 2JSiH. The measured JSiH value corresponds
to the sum |1JSiH + 2JSiH|. In the series of CpRu(SiR3)-
(PR�3)2 complexes, Lemke et al. have shown that an in-
crease in the electron-withdrawing character of the SiR3

group leads to stronger Ru–Si bonds as monitored by the
increase of the |2JSiP| values.[31] For hydrido(silyl) or σ-silane
species with different SiR3 groups, but considering a similar
activation of the Si–H bond, the |1JSiH| values should in-
crease as a function of the R substituent, with the highest
value for the more electronegative group. As an example,
coordination of HSiR3 to a metal center leading to 80%
activation of the Si–H bond would result to a |1JSiH| value
of 74 Hz for R = Cl and 38 Hz for R = Me. Assuming that
the |2JSiH| values will follow the same trend as the |2JSiP|
values in silyl complexes, the magnitude of the apparent
JSiH coupling may not necessarily reflect the silane bonding
and its modifications. For example, the apparent JSiH values
of 39.7 Hz in RuH3(SiMeCl2)(PPh3)3 (10) and 47.4 Hz in
RuH3(SiPyr3)(PPh3)3 (11) do not necessarily indicate the
presence of a σ-silane bond. However, in order to define a
trend for the JSiH coupling constants in silane ruthenium
complexes, one can start with the coupling constant of
105 Hz measured in the allylsilane complex RuH2[η4-HSi-
Me2(CH=CHMe)](PCy3)2 (15) to give an idea of the upper
limit corresponding to an agostic Si–H interaction.[32] We
can then consider the fac and mer isomers of RuCl-
(CH2SiHMe2)(PMe3)3 described by Berry et al. that reflect
a further point on the oxidative addition process (still close
to the agostic interaction type).[33] They respectively exhibit
JSiH values of 75 and 77.5 Hz associated to Si–H distances
of 1.664 Å in the fac isomer and 1.557 Å in the mer one, in
agreement with only slightly elongated Si–H bonds. The
next step can be represented by the bis(σ-silane) complexes
described in the previous section with coupling constants
around 70 Hz. Below that value, it is recommended to inter-
pret the JSiH values with caution, especially when the silicon
atom has electron-withdrawing substituents. More infor-
mation could be now gained thanks to recent improvements
in DFT calculations, which allow calculations of JSiH val-
ues.[34] Generally, a negative value is the sign of a direct
Si–H interaction as 1JSiH are negative due to the negative
magnetogyric value of silicon.[35]

Decoalescence of the hydride signal in a polyhydride sys-
tem is rarely observed. The 1H NMR spectrum of
RuH2{(η2-HSiPh2)O(SiHPh2)}(PPh3)3 (9a) at 203 K, a
complex with a dangling Si–H ligand, shows two broad
multiplets at –8.97 ppm and –9.40 ppm (2JHPtrans = 50 Hz
and 2JHPcis = 25 Hz) in a 2:1 ratio.[14] At this temperature,
the 31P{1H} NMR spectrum displays a triplet at δ = 42.62
and a doublet at δ = 38.49 with JPP of 23 Hz. The 29Si-1H
COSY spectrum acquired at 203 K shows a signal corre-
sponding to the dangling Si–H bond (δ –21.4) and another
one (δ = 11.7 ppm) correlated to the hydride high-field reso-
nance at δ –8.97 ppm attributed to an (η2-Si–H) hydrogen.
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The fast exchange at room temperature is associated to a
JSiH mean value of 35 Hz. Due to line broadening, no JSiH

value could be measured at low temperature. According to
the above discussion about coupling constants, a definitive
assignment between the two formulations, dihydride σ-si-
lane or trihydride silyl with one strong Si···H interaction, is
difficult. An X-ray structure of RuH2{(η2-HSiPh2)-
O(Si(OH)Ph2)}(PPh3)3 (9b), resulting from hydrolysis of the
dangling Si–H bond of 9a was obtained. The structure is
similar to those described for other RuH3(SiR3)L3. The ru-
thenium is surrounded by the three phosphane groups in a
tripodal position with P–Ru–P angles of 103° (av.) and Si–
Ru–P angles of 115° (av.). However, one Si–Ru–P angle is
119°, indicating a dissymmetric geometry. The hydrogen
atoms were located in the vicinity of the ruthenium at 1.6 Å
(av.). The distances between the silicon and the three hy-
drides are 1.97(5), 2.03(5) and 2.07(5) Å. They are in agree-
ment with an elongated σ-Si–H bond and two SISHA inter-
actions (unfortunately, we have no DFT data for compari-
son). The Ru–Si distance is 2.356(2) Å, thus at the lower
limit of the Ru–Si distances observed in other silane ruthe-
nium complexes. We note that steric hindrance between the
phosphane groups and the OSi(OH)Ph2 group may have
influenced the bonding. As a matter of fact, there is no
decoalescence of the hydride resonance for RuH3(Si-
Me2CH2SiMe3)(PMe3)3 (12c) in which the phosphane
groups are rather small.[22] In this series of complexes, X-
ray data show that the Ru–Si bond lengths range from
2.2760(4) Å in RuH3(SiCl2Me)(PPh3)3 to 2.385(2) Å in
RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 (see Table 2). They over-
lap the distances reported for silyl and σ-silane species and
they are mainly in the lower limit region (taking into ac-
count the nature of the silicon substituents). In fact, the
process of Si–H bond activation can be described similarly
to the one proposed for C–H bond activation. Once the
proton/metal interaction is established, the Si–M distance
decreases while the M–H and Si–H distances stay almost
unchanged (until a certain point).[6,36] The main difference
comes from the silicon hypervalence that may favor Si···H
interactions, keeping the atoms close together in a cis posi-
tion. Lin has discussed this point in a previous review on
the structural and bonding characteristics in transition
metal–silane complexes.[5] Consequently, a long Ru–Si dis-
tance is consistent with an early stage in the activation, i.e.
a σ-silane bonding mode, while it remains difficult to con-
clude for a short one, which appears to be the case in this
series. When comparing the Ru–Si distances obtained for
this family to the ones measured in the bis(σ-silane) com-
plexes, we deduce that the latter represents an earlier stage
in the Si–H bond activation process. This is confirmed by
the shorter σ-Si–H bond lengths and the weaker SISHA
interactions (longer Si···H distances). For the complexes we
are considering here, the SISHA interactions are dedicated
to only one silicon atom. This certainly results in a better
stabilization of the activated silane and consequently high-
lights a tight relationship between the Si–H bond activation
level and the SISHA interaction strength. The Si–H bond
oxidative addition process is better seen as a continuum in
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energy. SISHA interactions help to equilibrate the elec-
tronic density transfers between the ruthenium, the hydrides
and the silicon.

The X-ray structure analysis of RuH2(η2-HSiPh3)(η2-
H2)(PCy3)2 (13) done at 160 K exhibits an elongated σ-Si–
H bond [1.72(3) Å] and one strong SISHA interaction
[1.843(3) Å]. The remaining hydride is at 2.40(4) Å. This
can be related to the nature of the trans ligands (PCy3 and
σ-H2) and the steric hindrance as much as the electronic
effects can be invoked. The Ru–Si distance [2.385(2) Å] is
the longest reported for that series, consistent with a rather
early stage in the Si–H bond activation process and one
main SISHA interaction. A JSiH value of 18 Hz was re-
cently determined. Considering that five hydrogen atoms
are in fast exchange, this observed value is in agreement
with the presence of a σ-silane. However the overall geome-
try was not predictable by NMR spectroscopy, but was con-
firmed by DFT/B3LYP calculations on the model RuH2(η2-
HSiH3)(η2-H2)(PH3)2.[25] The ground state structure shows
two SISHA interactions (2.071 and 2.116 Å) and an elon-
gated σ-Si–H (1.946 Å) that is less than 0.2 Å shorter. This
short difference is in agreement with the high fluxionality
observed by NMR spectroscopy. An analogous study per-
formed on the model RuH2(η2-HSiMe2Cl)(η2-H2)(PH3)2

gives the same results. The location of Cl with respect to
the hydrides influences the positioning of the σ-Si–H bond
but does not change the energy that much (∆E = 4.8 kJ/
mol between isomers A and B) (see Figure 8 and Table 3).
The closest Si···H contact is not in a position trans to Cl,
as would be predicted for a hydrido(silyl) formulation by
using the Nikonov model of interaction, IHI. All the obser-
vations are consistent with a σ-bonding mode of the silane.

Figure 8. The two DFT/B3LYP-optimized isomeric structures of
RuH2(η2-HSiMe2Cl)(η2-H2)(PH3)2.

We undertook a detailed investigation on the complexes
RuH(η2-HSiR3){(η3-C6H8)PCy2}(PCy3) (SiR3 = SiEt3, Si-
Me2Et and SiMe2Cl). In this series, the situation is different
because there is no hydride exchange at room temperature,
as the result of the presence of two different phosphane
groups.[29,37,38] In RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}-
(PCy3) (19) for example, the two hydrides resonate at
–9.06 ppm (br. t) and –11.98 ppm (dd) and an AB pattern
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Table 3. Selected distances [Å] and angles [°] for RuH2(η2-HSi-
Me2Cl)(η2-H2)(PH3)2 rotamers optimized at the DFT/B3LYP level.

Rotamer A Rotamer B

Ru–P1 2.373 2.371
Ru–P2 2.372 2.375
Ru–Si 2.382 2.387
Si–Cl 2.158 2.145
Si–C 1.892 (C1) 1.893 (C1)

1.890 (C2) 1.893 (C2)
Ru–H1 1.644 1.637
Ru–H2 1.636 1.633
Ru–H3 1.619 1.627
Ru–H4 1.788 1.808
Ru–H5 1.807 1.786
H4–H5 0.849 0.847
Si–H1 2.091 1.924
Si–H2 1.919 2.076
Si–H3 2.159 2.166
P1–Ru–P2 98.1 97.8
P1–Ru–H1 171.0 178.4
P2–Ru–H2 178.5 173.5
P1–Ru–H3 82.0 84.3
P2–Ru–H3 83.0 83.4
Si–H1–Ru 78.2 83.7
Si–H2–Ru 83.7 79.1
Si–H3–Ru 76.7 76.5
Cl1–Si–H1 153.4 89.0
Cl1–Si–H3 91.3 154.2
C1–Si–H1 90.3 158.0
C1–Si–H2 158.1 86.4
C2–Si–H3 158.3 94.7
H4–Ru–H5 27.3 27.3
Cent(H4,H5)–Ru–H3 176.8 176.6
∆E [kJ/mol] 0.0 +4.8

(83.9 and 68.8 ppm, JPP = 18.6 Hz) is observed in the
31P{1H} spectrum. A 1D HMQC 29Si-1H{31P} experiment
shows two doublets in the high-field region with JSiH values
of 37.3 and 24.1 Hz (see Figure 9). The coupling of H1 and
H2 with silicon are different by more than 10 Hz, but are
surprisingly almost the same in the two analogous com-
plexes 17 and 18 with HSiEt3 and HSiMe2Et, respectively
(see Table 1). A rather significant change on the Si–H bond
activation was expected at least between HSiMe2Cl and
HSiMe2Et because of the chloride substituent. This point
comforts the idea that a direct interpretation of the JSiH

value is not appropriate to the description of the bonding
mode of the silane. The X-ray structures of the latter two
species have been obtained. A partial disorder on the Si
substituents could not be solved and the hydrides could
only be detected for 19 (see Figure 10). The Si–H distances
of 1.91(2) Å (1.891 by DFT calculations) and 1.99(2) Å
(2.076 by DFT calculations) can be assigned to an η2-Si–H
and a SISHA interaction, respectively. Even if the values
overlap when taking into account the standard deviations,
they seem to be in agreement with the corresponding coup-
ling constants. The Ru–Si bond lengths in 18 [2.418(1) Å]
and 19 [2.353(2) Å] are clearly different, in agreement with
the higher electronegativity of the more tightly bound Si-
Me2Cl group. The Ru–Si distances mirror the stability of
the silane bonding. As a matter of fact, 19 is stable under
an atmospheric pressure of ethylene in toluene, whereas 18
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leads to C–Si coupling product and formation of RuH(η2-
C2H4){(η3-C6H8)PCy2}(PCy3).[37] Compound reactivity is
certainly an interesting criterion to differentiate the bond-
ing in this series of silanes. However, what does this shorter
Ru–Si bond really mean? The Ru–Si interaction can be
strong both in a silyl and in a σ-silane species and increased
by the hypervalence tendency of Si. The Ru–Si bond can
be shorter thanks to an additional contribution: a bonding
overlap between an occupied d(Ru) orbital and empty
σ�(Si–R) orbitals. Such a bonding contribution, favored by
chloro substituents, has already been used by Lemke et al.
to describe a large series of silyl ruthenium complexes.[31]

When no d(Ru) orbital is “available”, one can consider that
the σ(Ru–H) orbital can play the same role. As we have
already explained, SISHA interactions help back-donation
of electronic density from Ru to Si via the hydrides. This
has also been extensively studied by Nikonov et al. but
mainly in the particular case of Cl substituents.[16] In sum-
mary, the interpretation of the similarities and differences

Figure 9. (a) 1H NMR spectrum (C6D6, 400 MHz) and (b) 1D
HMQC 29Si-1H-{31P} in the hydride region of RuH(η2-HSiMe2Cl)-
{(η3-C6H8)PCy2}(PCy3) (19).

Figure 10. X-ray crystal structure of RuH(η2-HSiMe2Cl){(η3-
C6H8)PCy2}(PCy3) (19).
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between 18 and 19 is tricky and requires more information.
We will publish in due course a full experimental and theo-
retical study on that series, focusing particularly on the
bonding nature of the silane as a function of the chloride
number.

It is worth to note that SISHA interactions are not lim-
ited to chloride-containing silanes as they clearly appear in
most of the examples presented above. But Cl seems to
favor secondary interactions as illustrated by the work of
Nikonov et al. Cp*RuCl(η2-HSiMe2Cl)(PiPr3) (20) is de-
fined as a σ-silane complex on the basis of experimental
and theoretical data (see Figure 11 and Table 1, Table 2).[35]

Its X-ray structure exhibits an unusual interaction between
the Cl ligand and the silicon atom [dCl···Si = 3.014(1) Å and
the sum of the van der Waals radii is 3.81 Å]. This is well
reproduced by DFT calculations on the model CpRuCl(η2-
HSiMe2Cl)(PMe3). The ground state corresponds to the X-
ray structure, i.e. the chloride substituent on the silicon is
almost “trans” to the chloride [Cl–Si···Cl = 165.61(3)°]. The
rotamer with a methyl group in “trans” is 10.5 kJ/mol less
stable and the Si···Cl distance is elongated by about 0.2 Å.
This confirms the stabilizing role played by the chloride as
it is more electron-withdrawing than the methyl group. A
small elongation of the Si–R bond “trans” to the secondary
interaction is always reported, in agreement with the impli-
cation of the σ�(Si–R). In this example, the Si–H bond is
absolutely not in the same plane as the Cl substituent which
is the case in several silyl hydrido complexes with IHI de-
scribed by Nikonov et al. Here, the compound is a “real” σ-
silane complex. In the absence of any other hydride, further
stabilization can only be gained by the formation of a sec-
ondary interaction between Si and Ru–Cl. Such an interac-
tion is maximized for a Ru–Cl not orientated trans to Si–
H. As discussed above, a similar situation has been ob-
served when considering the RuH2(η2-HSiMe2Cl)(η2-
H2)(PH3)2 rotamers.

Figure 11. Schematic view of Cp*RuCl(η2-HSiMe2Cl)(PiPr3) (20)
and [CpRu(η2-HSiCl3)(PMe3)2]+ (21).

Lemke et al. reported the full characterization of the cat-
ionic complex [CpRu(η2-HSiCl3)(PMe3)2]+ (21) formed by
protonation of the silyl complex CpRu(SiCl3)(PMe3)2.[39]

Compound 21 was formulated as a σ-silane species on the
basis of X-ray diffraction and NMR spectroscopic data (see
Figure 11). The silane ligand was characterized by a Si–H
bond length of 1.77(5) Å in the typical range for σ-silane
ligands. The JSiH value of 48 Hz is also in the range ex-
pected for a σ-coordination. However, comparison with the
corresponding value for the free silane HSiCl3 (370 Hz) de-
notes a very strong reduction in the Si–H interaction. NMR
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spectroscopic data also indicate some fluxionality of the si-
lane with respect to its orientation with the two phosphane
ligands. The authors associate their data to a σ-silane ar-
rested in its oxidative addition to the ruthenium center in-
dicative of a latter stage of such a process. The geometry
can be described as a “three- or four-legged piano stool”
depending on how the HSiCl3 ligand is considered. This
appears to be in agreement with the measured Si–H dis-
tance, only if we analyze this strong interaction to be the
consequence of the silicon hypervalence enhanced by the
chloro substituents. This is a perfect example to highlight
the crucial role of silicon hypervalency on silane bonding.

Secondary Silane

The next step in our silane studies was to examine the
reactivity of the bis(dihydrogen) complex 1 with dihydro-
genosilanes. We mentioned in the introduction the complex-
ity of silane activation toward σ-coordination as compared
to dihydrogen activation. Steric and electronic effects of the
Si substituents can tune the σ-coordination as well as the
hypervalence properties of the silicon. But one can also face
redistribution reactions. Indeed, by adding dihydrogenosil-
anes to 1, several silanes were generated in situ. For exam-
ple, when starting with H2SiMePh, HSiMe2Ph and HSi-
MePh2 were formed and remained in solution whereas for-
mation of SiH4 and HSiPh3 resulted in their coordination
to a metal fragment to produce the corresponding com-
plexes [Ru2H4(µ-η2:η2:η2:η2-SiH4)(PCy3)4] (22) and
[RuH2(η2-H2)(η2-HSiPh3)(PCy3)2] (13) (Scheme 2).[40,41]

Compound 22 is a unique example of a SiH4 ligand in a
bridging position. It is coordinated to two Ru through four
σ-Si–H bonds. Each σ-bond [dSi–H = 1.69(3) Å and
1.73(3) Å by X-ray diffraction and 1.685 Å by DFT calcula-
tions] is the result of a σ-donation to an empty d orbital of
one ruthenium and backbonding from the occupied d or-
bital of the other ruthenium into the σ�(Si–H) antibonding
orbital. Interestingly, 22 is characterized by a fast exchange
process as the eight hydrogen atoms (four hydrides and four
involved in the σ-Si–H bonds) gave a nonet in the 29Si IN-
EPT spectrum with an average JSiH value of 36 Hz. The 1H
NMR spectrum displayed one signal in the hydride region
at room temperature, but decoalescence into two signals of
equal intensity was obtained at 203 K characterized by a
low barrier of 36 kJ·mol–1. Another redistribution process
was observed by adding an excess of HSi(OMe)3 to 22
(Scheme 2). Formation of Si(OMe)4 and of a new dinuclear
complex [Ru2H2(µ–η2:η2-H2Si(OMe)2)3(PCy3)2] (23) was
obtained. Compound 23 represents a very interesting case,
illustrating the difficulty in assigning a defined structure in
such highly delocalized species. Again eight hydrogen atoms
in fast exchange are detected by multinuclear NMR studies
with an average JSiH value of 22 Hz. Location of the hy-
drides was not possible by X-ray diffraction and the pro-
posed formulation was deduced in particular from DFT
studies (see Figure 12) and correlated to NMR spectro-
scopic data. In the model complex [Ru2H2(µ-H2Si-
(OMe)2)3(PH3)2], one bridging H2Si(OMe)2 ligand is sym-
metrically coordinated to the two Ru with rather long Ru–
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Si distances (2.551 Å) and short Si–H distances (1.653 Å)
whereas the two other ligands are dissymetrically bonded
to the ruthenium but with shorter Ru–Si distances (2.40 and
2.49 Å) and longer Si–H distances (1.74 and 1.76 Å). The
Wiberg bond indices obtained from a natural bond orbital
analysis are also in agreement with a different level of acti-
vation within the three ligands.

Scheme 2. Redistribution at silicon.

Figure 12. DFT/B3LYP-optimized structure of [Ru2H2(µ-H2Si-
(OMe)2)3(PH3)2].

An elegant study concerning the synthesis of dinuclear
silane ruthenium complexes was reported by Suzuki et al.[42]

The mono(silane) complex [Cp*Ru(µ-H)]2(µ-η2:η2-
H2SitBu2) (24) was obtained by reacting H2SitBu2 with the
ruthenium tetrahydride complex Cp*Ru(µ-H)4Cp*Ru (see
Scheme 3). The fluxionality observed by NMR at room
temperature for the two types of hydrogen was blocked at
153 K resulting in the formation of two signals. The signal
at –6.15 ppm displaying a coupling constant of 75 Hz was
thus assigned to the σ-ligands, whereas the signal at
–16.63 ppm was assigned to the bridging hydrides. The
broad adsorption in the IR spectrum at 1790 cm–1 (con-
firmed by deuterium labeling) was also in agreement with
σ-silane coordination. Reaction of (24) with CO yields a
mixture of two new σ-complexes [Cp*Ru(CO)]2(µ-η2:η2-
H2SitBu2) (25a) and [Cp*Ru(CO)]2(µ-η2-HSitBu2)H (25b).
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The X-ray structure of 25a shows long Ru–Si bonds
[2.447(1) Å and 2.457(1) Å] and two Si–H bond lengths of
1.77(3) Å and 1.75(3) Å in agreement with two σ-Si–H
bonds. (25a) is in equilibrium in solution with 25b. When
compound 24 was treated with H3SiPh or H2SiEt2 the cor-
responding mixed-bridge complexes were obtained,
[Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiPhH)(µ-H)H (26a) and
[Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiEtH)(µ-H)H (26b), respec-
tively. Again the σ-Si–H bonds are characterized by long
Ru–Si bond lengths.

Scheme 3. Synthesis of diruthenium complexes containing µ-silane
ligands.

Conclusions

Much work has been published in the area of catalytic
silane activation by metal complexes as a wide variety of
valuable substrates can be produced. No matter the cata-
lytic process in consideration, one of the main important
goal remains selectivity control. This can be achieved by a
knowledge of the different key steps occurring in a catalytic
cycle. Silane activation by the metal complex is one of these
key steps. Throughout all the examples we have considered,
it is clear that it is difficult to control this activation process.
A continuum exists between the two extremes leading either
to σ-silane coordination or oxidative addition. There is no
doubt that the tendency of silicon to be hypervalent favors
such a continuum, by creating secondary interactions as de-
scribed above (SISHA interactions).

None of the useful criteria i.e. JSiH, IR bands, dSi–H and
dRu–Si by X-ray diffraction or DFT calculations, can be
used alone to evaluate the degree of silane activation. In
particular, it appears that the interpretation of JSiH values
can be difficult, especially for systems including electron-
withdrawing substituents and showing fluxional behavior.



σ-Silane Ruthenium Complexes: The Crucial Role of Secondary Interactions MICROREVIEW
The lower limit of 20 Hz used by several authors (including
us) should now be set up to 65 Hz for a secure criterion of
a σ-Si–H bond. Observation of a broad and intense IR
band in the range 1650–1800 cm–1 remains a good indica-
tion of σ-coordination. When X-ray data involving hydro-
gen atoms can be supported by DFT calculations, one can
considered that a dSi–H value around 1.7–1.8 Å will support
the formation of a σ-silane complex. Moreover, silicon-hy-
drogen distances around 1.9–2.4 Å should alert the re-
searchers of the presence of secondary interactions. The
Ru–Si bond strength depends significantly on the silicon-
attached substituents, but a short bond length will be con-
sistent with an advanced oxidative addition process.

We have shown that σ-Si–H bonds and SISHA interac-
tions play a major role in alkyl and chloro silane catalytic
activation.[29,32,38,43] Moreover, in 2002 we proposed a σ-
bond metathesis mechanism which offers alternatives that
are distinct from the standard σ-bond metathesis mecha-
nisms and the oxidative addition pathways.[14,44] Successive
formation of σ-bonds and secondary interactions (see
Scheme 4) allow operating at constant oxidation state
whereas oxidative addition/reductive elimination mecha-
nisms change oxidation states by two units. More work is
needed both at the stoichiometric and catalytic level to ex-
amine the relevance of these types of bonding (σ-Si–H
bonds and SISHA interactions) in various catalytic systems
with the main goal to achieve better selectivity.

Scheme 4. Functionalization assisted by σ-ligand substitutions and
secondary interactions.
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A method for synthesizing triangular dithiolene-bridged trin-
uclear cluster complexes [{LM(S2C6H4)}Ru2(CO)4(S2C6H4)]
[M = Rh, L = (η5-C5Me5); M = Ir, L = (η5-C5Me5); M = Ru, L
= (η6-C6Me6)] by complete reconstruction of the metal frame-
work was developed. The complexes thus obtained have 50

There have been various reports about syntheses of tran-
sition-metal cluster complexes and their unique properties,
and the finding of a new metal–metal bond formation reac-
tion and a new metal–metal bond character can lead to
the creation of valuable metal cluster materials with novel
chemical functions (including catalytic reactivity) and with
novel optical, magnetic, and electronic properties.[1] We
have recently reported the synthesis of a triangular
trinuclear heterometal cluster complex [{(η6-C6Me6)Ru-
(S2C6H4)}Co2(CO)5] (3), a rare example containing a
planar metalladithiolene ring.[2] The number of the elec-
trons around the trimetal framework in 3 is 48, adjusted to
make three metal–metal single bonds in a triangle. We re-
port here the unique reactivity of 3 and [{(η6-p-cymene)-
Ru(S2C6H4)}Co2(CO)5] (4) [p-cymene = p-(Me2CH)-
C6H4Me], with mononuclear complexes [(η5-C5Me5)-
Rh(S2C6H4)] (1) and [(η5-C5Me5)Ir(S2C6H4)] (2) to give
new triangular cluster complexes composed of other metals.
These reactions show the first complete reconstruction of
the trimetal framework caused by successive metal–metal
bond scission and formation reactions. The obtained com-
plexes [{(η5-C5Me5)Rh(S2C6H4)}Ru2(CO)4(S2C6H4)] (5),
[{(η5-C5Me5)Ir(S2C6H4)}Ru2(CO)4(S2C6H4)] (6), and [{(η6-
C6Me6)Ru(S2C6H4)}Ru2(CO)4(S2C6H4)] (7) have triangular
metal frameworks with 50 electrons around the trimetal
framework, indicating that they belong to electron-rich
compounds. Their unusual metal–metal bond properties
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electrons around the metal atoms, indicating 3c4e– bonds;
their molecular structures were determined by X-ray diffrac-
tion analyses and theoretical calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

were clarified by X-ray crystallography and molecular or-
bital calculations.

The reactions of the cluster complexes 3 and 4 with the
mononuclear complexes 1 and 2 are summarized in
Scheme 1 and Table 1. Scheme 1 shows the formation of the
cluster complexes by transmetallation; products 5–7 were
synthesized from another cluster complex consisting of
completely different transition metals. There have been re-
ports on syntheses of cluster complexes by transmetalla-
tion,[1d] but the syntheses of cluster complexes by complete
metal framework reconstruction is new. A mixture of 1 and
3 in a 1:1 molar ratio was refluxed in 1,4-dioxane to afford
a red compound 5 in 41% yield based on the Ru cluster 3
(Entry 1). Product 5 seems to be generated from 1 equiv. of
1 and 2 equiv. of 3; when the same reaction of 1 and 3 was
performed in a 1:2 molar ratio, the same product 5 formed,
however in a lower yield (24%). Similarly, the reaction of 2
with 3 gave the red compound 6 in 10% yield as a major
product and a trace amount of 7 (Entry 2). The same clus-
ter complexes 5 and 6 were obtained when 4 was used in-
stead of 3, but in relatively low yields (Entries 3 and 4).
The trinuclear complexes 5–7 did not appear to be air- or
moisture-sensitive either in the crystalline state or in solu-
tion, irrespective of their unusual electronic configuration
(vide infra). In these reactions, a black powder precipitated
which contained Co, but unfortunately it could not be char-
acterized because of the insolubility in common solvents.

The molecular structures of 5, 6, and 7 were determined
by single-crystal X-ray diffraction analysis, and an ORTEP
drawing of 5 is shown in Figure 1.[3] The metal frameworks
of 5–7 are those of isosceles triangles, and the bond lengths
and angles of 5–7 are similar to each other (Figure 1; Fig-
ures S1 and S2, Supporting Information). There are two
benzenedithiolato ligands in 5; one of them bridges two Ru
atoms, and the other one bridges Rh and Ru atoms. The
dihedral angle of the SRuS plane vs. the SCCS plane in the
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Scheme 1. Reactions of the mononuclear complexes 1 and 2 with
the trinuclear cluster complexes 3 and 4.

Table 1. Reactions of 1 and 2 with 3 and 4.

Entry Starting Products Yield
compounds

1 1 + 3 5 41 %
2 2 + 4 6 (major) and 7 (minor) 10 % (for 6)
3 1 + 3 5 28 %
4 2 + 4 6 4 %

ruthenadithiolene in 5, which bridges two Ru atoms, is
48.5°, indicating that the planarity of the metalladithiolene
is lost; in contrast, the dihedral angle in the rhodiadithi-
olene, which bridges Rh and Ru atoms, is 15.5°, indicating
that the planarity and thus the quasi-aromaticity of the
metalladithiolene ring are not totally lost after coordination
of S to Ru. The maintenance of the planarity of the metalla-
dithiolene ring with the coordination of S to other metal
atoms is rare but is found in some cases like 3, [{(η5-C5-
Me5)Rh(S2C6H4)}Co2(CO)5] (8), and [{(η5-C5Me5)Ir-
(S2C6H4)}Co2(CO)5] (9), the structures of which are similar
to each other.[2] As mentioned above, an intriguing differ-
ence in the electronic structure of the trinuclear complexes
between the starting materials 3 or 4 and the products 5–7
is the number of electrons around the three metal atoms; in
3 or 4 this number is 48, satisfying the 18-electron rule at
each metal atom for three metal–metal single bonds in a
triangle, which is common in transition-metal cluster com-
plexes containing three metals in a triangular arrange-
ment,[4,5] whereas in 5–7 this number is 50. We have pre-
viously reported that the molecular structure of 3 as deter-
mined by X-ray crystallography is actually consistent with
the existence of three metal–metal single bonds (Figure 2,
closed form A).[2] In contrast, the existence of two excess
electrons around the trimetal framework in 5–7 suggests
that some of the metal–metal bonds should be weaker than
a single bond. Most trinuclear 50e– complexes are known
to have linear or bent metal frameworks with two direct
metal–metal single bonds (Figure 2, open form B),[6] while
some triangular cluster complexes exist that have more than
48 electrons around their metal frameworks and longer
metal–metal bonds than the usual single metal bonds (Fig-
ure 2, closed form C).[7] Compounds 5–7 are new examples
of 50e– closed triangle complexes for which the Ru–Ru dis-
tance is 2.7648(4) Å, which is nearly equal to a single Ru–

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2129–21312130

Ru bond in other complexes.[8] The average Rh–Ru distance
is 3.019 Å, which is apparently longer than a single bond.

Figure 1. ORTEP drawing of 5 with 50% probability; hydrogen
atoms are omitted for clarity. Selected bond lengths [Å] and angles
[°]: Rh1–Ru1 3.0062(4), Rh1–Ru2 3.0308(4), Ru1–Ru2 2.7648(4),
Rh1–S1 2.2910(8), Rh1–S2 2.2968(8), Ru1–S1 2.3838(8), Ru1–S3
2.3862(9), Ru1–S4 2.4531(9), Ru2–S2 2.3832(9), Ru2–S3 2.3693(9),
Ru2–S4 2.4555(9); Ru1–Rh1–Ru2 54.511(9), Rh1–Ru1–Ru2
63.198(9), Rh1–Ru2–Ru1 62.29(1).

Figure 2. The metal frameworks of a trinuclear 48e– cluster com-
plex and trinuclear 50e– cluster complexes.

To clarify the metal–metal bond characters in these 50e–

triangle complexes, theoretical calculations were carried out
for 5 using the DFT(B3LYP) method based on the molecu-
lar structures determined by X-ray crystallography. The
HOMO of 5, is drawn in Figure 3, together with the frontier
orbitals of the molecular fragments, (η5-C5Me5)-
Rh(S2C6H4) and Ru2(S2C6H4)(CO)4. The result shows that
the HOMO of the Rh fragment is primarily the Rh dz2 or-
bital directing the midpoint of the Ru–Ru bond, and the
LUMO of the Ru2 fragment is the Ru–Ru π-bonding orbital
primarily made up of dz2 orbitals of two Ru atoms. The
HOMO of 5 is a bonding orbital among three metal atoms
that includes π-electron donation from the HOMO of the
Ru2 fragment to the LUMO of the Rh fragment. Therefore,
the trimetal framework is composed of one Ru–Ru single
bond and one coordination bond from Ru2 to Rh, and thus
the trimetal bonding character in 5 is a three-centers-four-
electrons (3c4e–) bond. This finding is consistent with the
longer Ru–Rh distances than that observed for a regular
Ru–Rh single bond. Compounds 6 and 7 can be elucidated
to have similar 3c4e– characteristics according to their simi-
larity in structure and in the bond length distribution to 5.
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Figure 3. HOMO of 5 and frontier orbitals of the Ru2 fragment
and the Rh fragment calculated by the DFT(B3LYP) method. The
core electrons of Ru and Rh have been replaced with the effective
core potential, and their valence orbitals are described with the
LANL2DZ basis set. To the other atoms, the all-electron 6-31G
basis set was applied. Energy values of the orbitals in eV are given
in the parentheses. The HOMO of 5 was composed of the interac-
tion of an Ru–Ru π-bonding orbital (HOMO of the Ru2 fragment)
and an Rh orbital (LUMO of the Rh fragment).

UV/Vis/NIR spectra of 5 and 6 show no absorption peak
around 900 nm, whereas 3, 8, and 9 have peaks attributable
to the excitation from the HOMO to the LUMO.[2] This
result indicates that the energy gaps between the HOMO
and the LUMO in 50e– trinuclear cluster complexes 5–7 are
larger than those in 48e– trinuclear cluster complexes 3, 4,
8, and 9 because the metal–metal bonds in 5–7 are weaker
than those in 3, 4, 8, and 9. Cyclic voltammetry of 5–7 in
Bu4NClO4 in CH2Cl2 showed an irreversible reduction
peak at –1.79 V vs. ferrocenium/ferrocene, while metallad-
ithiolene cluster complexes 3, 4, 8, and 9 underwent revers-
ible 1e– reduction.[2] This result indicates that the metal
frameworks of 5–7 would be corrupted when electrons are
added to the LUMO, the antibonding orbital of metal
atoms.

Contrary to the reactions of 1 (Rh) or 2 (Ir) with 3
(RuCo2) or 4 (RuCo2), a mixture of 1 (Rh) and 9 (IrCo2)
in a 1:1 molar ratio was refluxed in 1,4-dioxane to give a
1:1 mixture of 8 (RhCo2) and 9 (IrCo2). The same result
was obtained by the reaction of 2 (Ir) with 8 (RhCo2). The
differences in reactivity of the cluster complexes were
thought to be due to the leaving ability of the ligands; neu-
tral η6 ligands, C6Me6 and p-cymene, on Ru cluster com-
plexes 3 and 4, have a higher leaving ability than C5Me5,
an anionic η5 ligand on Rh cluster complex 8 and Ir cluster
complex 9.

Eur. J. Inorg. Chem. 2006, 2129–2131 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2131

In summary, we have found a novel synthetic method for
cluster complexes involving complete reconstruction of the
trimetal framework. The cluster complexes obtained have
50 electrons around the trimetal framework, which is ex-
plained by a 3c4e– bond character supported by bond
lengths and theoretical calculation of molecular orbitals.
Supporting Information (see the footnote on the first page of this
article): Synthesis, characterization of 8, 9, and 10, 1H and 13C
NMR spectra and UV/Vis/NIR spectra of 8 and 9, X-ray crystal-
lography of 9 and 10, DFT calculation results for 8, and a cyclic
voltammogram of 8.
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Two photoluminescent coordination polymers, {[Cu10(µ3-
Mtta)3(µ4-Mtta)7]·2H2O}n (1), containing 2-D wavy motifs
with inorganic buckybowl analogues, and [Cu5(µ3-Mtta)2(µ4-
Mtta)3(NH3)2]n (2, Mtta = 5-methyl tetrazolate), were ob-
tained by the control of solvents and auxiliary complexing

Introduction

As a bridge between the fullerene family and flat aro-
matic compounds, buckybowls, curved-surface fragments of
fullerenes, were found a few years ago, and only a few ex-
amples are available to date.[1] Great attention has been
paid to the coordination chemistry of transition-metal
buckybowl complexes because of their intriguing curvatures
and reactivity.[2] On the other hand, substantial effort has
recently been directed towards studies of metal-containing,
inorganic, fullerene-like molecules that comprise five- and
six-membered rings mapping onto the surface of the C60

analogue.[3] The design and construction of inorganic, ful-
lerene-like molecules, even of their fragments, are still a
great challenge for inorganic chemists because of the diffi-
culty to control the formation of the curvature. The five-
membered ring tetrazole is possibly a potential candidate
for constructing fullerene-like fragments. In our continuing
research of designing novel coordination networks,[4] herein
we report the synthesis and the structural characteriza-
tion of a supramolecular network containing inorganic
buckybowl analogs, and of another 2D polymeric network
for comparison, by using Sharpless’ cycloaddition reactions
of nitriles and azides.[5]

Results and Discussion

Reactions of Cu(NO3)2, NaN3, and CH3CN with 2, 2�-
bipyridine/H2O or toluene/NH3·H2O (v/v, 2:1) gave two
complexes {[Cu10(µ3-Mtta)3(µ4-Mtta)7]·2H2O}n (1) or
[Cu5(µ3-Mtta)2(µ4-Mtta)3(NH3)2]n (2), respectively, (Mtta =

[a] Department of Chemistry, Shantou University,
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agent. The ligand Mtta is a likely candidate for the construc-
tion of metal-organic, fullerene-like molecules. The lumines-
cent properties of 1 and 2 are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

5-methyltetrazolate). Interestingly, 2, 2�-bipiridine does not
appear in 1. The influence of bipyridine on the self-as-
sembly of the complex is obvious because 1 cannot be syn-
thesized in the absence of bipyridine.

X-ray single-crystal analyses of 1 and 2 confirm the for-
mation of 5-methyl tetrazolate. Complex 1 is composed of
guest water molecules and a 3D neutral microporous frame-
work based on copper() and the ligand Mtta, with a space
group of C2/m (Figure 1a, and Figures S1 and S2 in the
Supporting Information). The elliptic cavities along the c
axis in the 3D framework of 1 are constructed by stacking
two different kinds of 2D layers (Part A and Part B, Fig-
ure 1b and Figure 1c, respectively) in the alternative mode
ABAB. Approximately 18.3% of the crystal volume can be
occupied by free water molecules, with a volume of ca.
958.6 Å3 in each cell unit.[6]

In Part A (Figure 1b), each CuI center adopts a distorted
tetrahedral geometry. The copper atoms bound to the tetra-
dentate Mtta ligands show significant out-of-plane dis-
placements with respect to the “best plane” of the heterocy-
cle (in the range +0.1328 to +1.6078 Å). Markedly, the out-
of-plane displacements result in the formation of a bucky-
bowl analogue that possesses 26 inorganic core atoms of
Cu6(Mtta)4 with four five-membered rings and five six-
membered rings (Figure 2a). In the buckybowl analogue,
each N4C ring of Mtta is surrounded by six-membered
N4Cu2 rings. Adjacent buckybowl analogues facing the op-
posite direction in an alternating convex and concave fash-
ion are linked by Cu–N coordination bonds to form a wavy
ribbon along the b direction (Figure 2b). Adjacent ribbons
are fused by the Cu–N bonds into a 2D wavy layer (Fig-
ure 1b, Figure S3). The ligand Mtta possesses a µ4-
η1:η1:η1:η1 coordination mode which is rare in tetrazolate
derivatives.[7] Because of the tetrahedral coordination
sphere of the CuI ions, the nonplanar, six-membered rings
formed are folded along the Cu···Cu axis by about 131–
170°. The existence of carbon atoms that cannot be coordi-
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Figure 1. Structure of 1: (a) Three dimensional packing diagram
along the ab plane; (b) 2D layer of Part A; (c) 2D layer of
Part B.

Eur. J. Inorg. Chem. 2006, 2132–2135 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2133

nated and the steric hindrance of methyl groups most likely
prevents the assembly from developing a larger fullerene-
like fragment.

Figure 2. View of the buckybowl composed of Cu6(Mtta)4 with
four five-membered rings and five six-membered rings. (b) 1D wavy
ribbon constructed by alternating convex and concave buckybowls.

In Part B, the copper() centers adopt two types of coor-
dination geometries: the trigonal planar copper() center
that binds three nitrogen atoms from three different ligands,
and the distorted tetrahedral copper() center that binds
four nitrogen atoms from four different ligands. The Mtta
ligand bridges the copper atom through µ3 and µ4 bridging
modes (in the ratio 1:1) to form a 2D double-layer plane
with an approximately rectangular cavity (Figure 1c). All
Mtta ligands located above and below the double-layer
plane occupy the fourth coordination site of the copper
atoms of Part A and form Cu–N bonds to construct the
final 3D framework (Figure S2).

In 2, there are four crystallographically unique copper
atoms, which adopt trigonal and tetrahedral geometries
(Figures S4 and S5). The Mtta ligand bridges the copper
atom through µ3 and µ4 bridging modes (in the ratio 2:3)
to form a 2D double-layer plane with rectangular cavities
as shown in Figure 3. The coordination geometry around
the rectangular cavities is identical to that of our previously
reported 3D network [Cu(µ4-Mtta)]n[4c] shown in Figure S6
(top). The NH3 molecules most likely act as a “molecular
scissor” to cut the 3D network of [Cu(µ4-Mtta)]n along the
b axis to form the 2D layer and to occupy the vacancy of
the CuI center.

The tetrazolate group in Part B of 1 and 2, which bears
a µ3 bridging mode, does not allow for the formation of a
buckybowl. It seems that the µ4-η1:η1:η1:η1 coordination
mode is crucial for the construction of an arched surface.

Both 1 and 2 in the solid state show strong photolumi-
nescence at room temperature with emission maxima at
469 nm and 497 nm, respectively (Figure 4). In comparison
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Figure 3. 2D double-layer plane with rectangular cavitivies in com-
plex 2.

with the photoluminescence of CuI azolate,[8] the possibility
of an MLCT [Cu�Mtta] excited state in the two complexes
may be suggested. The similar emission spectra of these two
complexes imply that the properties of the excited state are
related only to the local coordination geometry. This ex-
plains the red shift of the bands in the spectrum of complex
2 relative to that of complex 1, since the d* energy level in
trigonal planar CuI is higher than that in tetrahedral CuI.

Figure 4. Solid-state excitation (left) and emission (right) spectra of
complex 1 (dashed line) and 2 (solid line) at room temperature.

The TG curve of 1 shows a weight loss of 2.28% (calcd.
2.39%) from 45–230 °C that corresponds to the release of
lattice water (Figure S7). After a stable platform, complex
1 begins to decompose at 298 °C and finally sublime at
415 °C. The observed weight loss that corresponds to NH3

(5.15%) in complex 2 is in good agreement with the calcu-
lated value from 202–229 °C. A very stable platform from
229–276 °C is observed, which increases the possibility of
the solid transformation from 2 to [Cu(µ4-Mtta)]n, and this
is followed by an abrupt decline (approximately 100%). Un-
fortunately, the XPRD pattern of the solid prepared by
heating complex 2 at 250 °C under argon for 0.5 h is dif-
ferent from the simulated pattern of [Cu(µ4-Mtta)]n (Fig-
ure S8), which implies that the solid transformation from 2
to [Cu(µ4-Mtta)]n was unsuccessful.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2132–21352134

Conclusions

In summary, we obtained a 3D coordination network
containing inorganic buckybowl analogues. The ligand
Mtta with a µ4-η1:η1:η1:η1 coordination mode is most likely
a good candidate for the construction of inorganic, fuller-
ene-like molecules. Furthermore, the N5 ring may be an op-
timal component, demonstrating the great potential for the
synthesis of other half shells, nano-sized molecules, and
full-shell structural motifs. This work provides a new avenue
for designing and constructing an inorganic, fullerene-like
molecule.

Experimental Section
Preparation of Complex 1: A mixture of Cu(NO3)2·3H2O (0.241 g,
1.0 mmol), NaN3 (0.065 g, 1.0 mmol), 2, 2�-bipyridine (0.156 g,
1.0 mmol), and acetonitrile (5.0 mL) was stirred for 10 min in air,
and then transferred and sealed in a 15-mL Teflon-lined reactor.
The reactor was heated in an oven to 140 °C for 72 h and then
cooled to room temperature at a rate of 5 °Ch–1. The pale-yellow
block crystal was attained in a reasonable yield (35.5%, 0.053 g)
based on Cu(NO3)2·3H2O. C20H34Cu10N40O2 (1502.27): calcd. H
2.28, C 15.99, N 37.29; found H 2.31, C15.90, N 37.34. IR data
(KBr): 2921 (m), 1634 (m), 1499 (s), 1384 (s), 1135 (m), 1045 (m),
698 (w) cm–1.

Preparation of Complex 2: A mixture of Cu(NO3)2·3H2O (0.241 g,
1.0 mmol), NaN3 (0.065 g, 1.0 mmol), acetonitrile (5.0 mL), and
aqueous ammonia (25%, 5.0 mL) was stirred for 10 min in air, and
then transferred and sealed in a 15-mL Teflon-lined reactor. The
reactor was heated in an oven to 140 °C for 50 h and then cooled
to room temperature at a rate of 5 °Ch–1. The colorless, bar crystal
was attained in a reasonable yield (46.3%, 0.036 g) based on
Cu(NO3)2·3H2O. C10H21Cu5N22 (767.19): calcd. H 2.76, C 15.66,
N 40.17; found H 2.72, C15.71, N 40.60. IR data (KBr): 3419 (s),
2921 (m), 1646 (m), 1482 (s), 1372 (s), 1123 (s), 1083 (m), 702
(w) cm–1.

X-ray Crystallographic Study: Data collections of 1 and 2 were per-
formed on a Bruker Smart Apex CCD diffractometer with Mo-Kα

radiation (λ = 0.71073 Å), using frames of 0.3° oscillation (2θ �

56°). The structures were solved with direct methods and refined
with the full-matrix least-squares technique with the SHELXTL
programs. Anisotropic thermal parameters were applied to all non-
hydrogen atoms. The hydrogen atoms were generated geometrically
(C–H = 0.960 Å). The crystallographic calculations were conducted
with the SHELXL-97 programs.[9] Crystal data for 1:
C20H34Cu10N40O2, monoclinic, space group C2/m (no. 12), Mr =
1502.27, a = 21.5327(12) Å, b = 16.4443(9) Å, c = 14.8195(8) Å, β
= 92.5190(10)°, V = 5242.4(5) Å3, Z = 4, Dc = 1.903 gcm–3, µ =
4.036 mm–1, F(000) = 2960, T = 298(2) K, 16576 reflections mea-
sured, 6175 unique (Rint = 0.0268), final R1 = 0.0553, wR2 = 0.1483,
S = 1.083 for all data. Crystal data for 2: C10H21Cu5N22, mono-
clinic, space group C2/m (no. 12), Mr = 767.19, a = 11.5328(6) Å,
b = 30.1639(17) Å, c = 8.8471(5) Å, β = 130.2320(10)°, V =
2349.6(2) Å3, Z = 4, Dc = 2.169 gcm–3, µ = 4.504 mm–1, F(000) =
1520, T = 298(2) K, 7343 reflections measured, 2762 unique (Rint

= 0.0185), final R1 = 0.0294, wR2 = 0.0791, S = 1.108 for all data.
CCDC-279776 and CCDC-279777 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Supporting Information (see footnote on the first page of this arti-
cle): Additional figures for structural illustration (Figures S1–S6),
TG analysis of complexes 1 and 2 (Figure S7), and XPRD pattern
of the solid prepared by heating complex 2 (Figure S8) are avail-
able.
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Treatment of the µ3-ethylidyne complex [{TiCp*(µ-O)}3(µ3-
CMe)] (1) (Cp* = η5-C5Me5) with the alkaline earth amides
[M{N(SiMe3)2}2(thf)2] (M = Mg, Ca, Sr) promotes the depro-
tonation of the alkylidyne moiety µ3-CMe and leads to the
oxoheterometallocubane derivatives [{(thf)x(Me3Si)2NM}-
(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] [M = Mg, x = 0 (2a); Ca, x = 1 (3);
Sr, x = 1 (4)]. In the case of the magnesium amide, complex
2a is obtained together with the isomer [{(Me3Si)2NMg}-
(µ3-O)3{Ti3Cp*3(µ3-η2-CHCH)}] (2b). The addition of penta-
methylcyclopentadiene (C5Me5H) or triphenylmethanol
(Ph3COH) to these compounds causes the displacement of
the amide fragment to give the heterometallocubanes
[RM(µ3-O)3{Ti3Cp*3(µ3-C2H2)}] [R = C5Me5, M = Ca (5), Sr

Introduction

The alkylidyne groups of the complexes [{TiCp*(µ-O)}3-
(µ3-CR)] (Cp* = η5-C5Me5; R = H, Me)[1] have revealed a
surprising and unprecedented reactivity[2] that allows us to
form an understanding between molecular and surface
chemistry.[3] Both discrete systems may provide relevant in-
formation about the mechanisms and the presence of inter-
mediate species on catalytic surfaces even though the reac-
tion conditions are different.

Ethylidyne, in particular, is a well-known hydrocarbon
fragment in the dehydrogenation of ethylene on metallic
surfaces and its transformation has been actively investi-
gated.[4] However, at present, detailed studies concerning
the titanium surface reactivity are scarce and evidence for
the formation of ethylidyne has only recently appeared
during the decomposition of ethylene on carbon–modified
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(6); R = Ph3CO, M = Mg (7a,b), Ca (8), Sr (9)]. This substitu-
tion can also be performed on 3 and 4 by treatment with the
starting complex 1, which gives the corner-shared double
cubanes [M{(µ3-O)3(Ti3Cp*3)(µ3-CCH2)}2] [M = Ca (11), Sr
(12)]. Complexes 2a,b do not react with 1, and heating of this
mixture affords the edge-linked double cubane [Mg(µ4-O)-
(µ3-O)2{Ti3Cp*3(µ3-CCH)}]2 (10). The combination of the bar-
ium reagents [Ba(CH2Ph)2] or [Ba{N(SiMe3)2}2] with 1 leads
to the corner-shared double cubane [Ba{(µ3-O)3(Ti3Cp*3)(µ3-
CCH2)}2] (13). The molecular structures of 3 and 10 have
been established by single-crystal X-ray analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

titanium surfaces.[5] Nevertheless, complete dissociation to
produce carbon and hydrogen takes place when a clean tita-
nium surface interacts with ethylene.[5] However, the path-
ways for ethylidyne dehydrogenation to C2H2, C2H or car-
bonaceous species and possible hydrogen exchange have not
been well established.

In our molecular approach to the interaction of hydro-
carbons with a surface, we have shown that µ3-ethylidyne
groups supported on a Ti3O3 core can be sequentially hy-
drogenated (ethylidene, ethyl, and ethane) upon reaction
with amines (see Scheme 1).[2d] The dehydrogenation of the
µ3-ethylidyne ligand has also been observed during the in-
corporation of ketones into the complex [{TiCp*(µ-O)}3-
(µ3-CMe)] (1) by an insertion of the carbonyl groups into a
Ti–H bond of the hydridovinylidene intermediate
[{TiCp*(µ-O)}3(µ-CCH2)(H)] formed in situ.[2b] Recently,
we have also shown how the incorporation of alkali metal
cations into the organometallic titanium oxide 1 takes place
with proton abstraction from the alkylidyne and formation
of the species [M(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (M = Li, Na,
K, Rb, Cs).[6]

Herein we discuss the evolution of the ethylidyne frag-
ment when the molecular model [{TiCp*(µ-O)}3(µ3-CMe)]
(1) tries to incorporate alkaline-earth derivatives.
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Scheme 1. Chemical reactivity of the µ3-ethylidyne group on the
Ti3O3 core with amines, alkali metal amides, and ketones.

Results and Discussion

We began our study with the reaction between the beryl-
lium amide Be[N(SiMe3)2]2 and [{TiCp*(µ-O)}3(µ3-CMe)]
(1), but we did not observe any reaction, even when heating
the mixture to over 200 °C. However, the thermal treatment
of 1 with [M{N(SiMe3)2}2(thf)2] (M = Ca, Sr) in a 1:1 ratio,
in hexane or toluene, leads to the oxoheterometallocubanes
[{(thf)(Me3Si)2NM}(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] [M = Ca
(3), Sr (4)] in high yields (Scheme 2). The isolated com-
pounds 3 and 4 proved to be stable under argon at room
temperature and sufficiently soluble in most common sol-
vents (toluene, hexane, dichloromethane...).

Scheme 2. Reactivity of 1 with calcium and strontium bis(tri-
methylsilyl)amides. [Ti] = Ti(η5-C5Me5).

The NMR spectra of these species in [D6]benzene show
the equivalence of the η5-C5Me5 groups, with only one sig-
nal in the 1H NMR [δ = 1.99 (3) and 2.00 ppm (4)] and two
in the 13C{1H} NMR spectra [δ = 11.7 (3) and 11.6 ppm
(4) for C5Me5 and δ = 117.9 (3) and 117.5 ppm (4) for
C5Me5]. The NMR spectra also display resonances due to
the µ3-CCH2

– group, as a singlet at δ = 2.82 (3) and
2.72 ppm (4) in the 1H NMR spectra and a triplet at δ =
82.3 (3) and 81.2 ppm (4) [JC,H = 149 Hz (av.)], attributed
to the Cβ resonance, in the 13C NMR spectra. Furthermore,
the apical µ3-carbon appears as a singlet at δ = 380.1 (3)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2137–21452138

and 377.3 ppm (4), which is shifted to high field with re-
spect to complex 1 [δ(µ3-CMe) = 401.7 ppm].[1a] These data
are in agreement with the rotation of the organometallic
ligand around the alkaline-earth metal center, analogously
to the situation found in other similar compounds,[7] and
with removal of the proton of the starting µ3-ethylidyne
group. The molecular structure of these derivatives was con-
firmed by an X-ray single crystal structure analysis of 3
(see Figure 1). Selected bond lengths and angles for 3 are
included in Table 1.

Figure 1. Molecular structure of 3 in the crystal. Hydrogen atoms
and the methyl groups of the rings have been omitted for clarity.

Table 1. Selected bond lengths and angles for complex 3.

Ca(1)–N(1) 2.314(9) Ca(1)–O(1) 2.424(11)
Ca(1)–O av. 2.444(8) Ti···Ca av. 3.243(3)
Ti···Ti av. 2.832(3) Ti–C(1) av. 2.088(15)
C(1)–C(2) 1.23(2) Ti–O av. 1.901(8)
Si–N(1) av. 1.685(10) Si–C av. 1.872(15)
Ca–Si av. 3.423(5) Ti–Cp* av. 2.069
Cp*–Ti–C(1) av. 129.0 C(1)–Ti–O av. 88.9(5)
Ti–O–Ti av. 96.4(3) O–Ti–O av. 95.7(3)
Ti–O–Ca av. 95.7(3) O–Ca–O(1) av. 113.0(3)
O–Ca–O av. 70.4(2)

The crystal structure of compound 3 reveals a cubic core
where the [CaN(SiMe3)2(thf)] moiety occupies the free ver-
tex of the incomplete cube-type complex 1, being linked
through the three oxygen atoms. The calcium atom adopts
a distorted trigonal bipyramid geometry constituted by the
three oxygen atoms of the organometallic oxide, the oxygen
of the tetrahydrofuran molecule and the nitrogen atom of
the bis(trimethylsilyl)amide ligand, in a similar way to that
found for the calcium atom of the previously reported com-
pound [{(thf)(Me3Si)2NCa}(µ3-O)3{Ti3Cp*3(µ3-C)}].[8] The
axial positions of this bipyramid in complex 3 are occupied
by the N(1) and O(12) atoms.

The [CaN(SiMe3)2(thf)] fragment presents similar bond
lengths and angles to other calcium complexes containing
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this unit.[9] Also, the distances from calcium to the oxygen
atoms of the organometallic oxide are in the range
2.421(8)–2.488(8) Å, and the longest is that corresponding
to the trans position to the bis(trimethylsilyl)amide ligand.
Both the amide and the tetrahydrofuran fragments are lo-
cated in an alternate position with respect to the penta-
methylcyclopentadienyl rings to minimize the steric repul-
sion.

The incorporation of the alkaline earth atom into the
organometallic ligand 1 does not produce significant varia-
tions in the [CTi3O3] core, although it leads to a significant
shortening of the C(1)–C(2) length, from 1.514(7) Å[1] in 1
to 1.23(2) Å in 3. At the same time the C(1)–C(2) bond,
which is perpendicular to the plane formed by the three
titanium atoms in 1, now forms an angle of 64.1(1)°.[10] This
arrangement contrasts with that found for the complex
[(thf)2Cs(µ3-O)3{Ti3Cp*3(µ3-CCH2)}], where the spatial dis-
position of the deprotonated ethylidyne is also perpendicu-
lar and the carbon–carbon distance is 1.528(11) Å.[6]

Interestingly, the reaction of 1 with the magnesium amide
[Mg{N(SiMe3)2}2(thf)2], in hexane at 180 °C, takes place
with deprotonation of the µ3-ethylidyne group and forma-
tion of two compounds, 2a and 2b, in approximately a 45:55
ratio (Scheme 3). Both species co-crystallize as red crystals
that are soluble in the usual solvents (toluene, hexane...)
and are highly air-sensitive. Attempts to separate these
compounds were unsuccessful.

Scheme 3. Reaction of 1 with magnesium bis(trimethylsilyl)amide.
[Ti] = Ti(η5-C5Me5).

Compounds 2a and 2b were characterized by standard
analytical and spectroscopic techniques. The most notable
features in the 1H and 13C NMR spectra of [{(Me3Si)2-
NMg}(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (2a) are the resonances
for the µ3-CCH2

– group. The 1H NMR spectrum displays
a singlet at δ = 2.95 ppm and the 13C NMR spectrum re-
veals a triplet at δ = 85.1 ppm (JC,H = 151 Hz), assigned to
the β-carbon atom, and the α-carbon atom resonance at δ
= 384.3 ppm, similar to the values found for the calcium (3)
and strontium (4) derivatives. [{(Me3Si)2NMg}(µ3-O)3-
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{Ti3Cp*3(µ3-η2-CHCH)}] (2b) exhibits a singlet at δ =
6.55 ppm in the 1H NMR spectrum and a doublet of dou-
blets at δ = 206.2 ppm (JC,H = 156, 2JC,H = 5.1 Hz) in the
13C NMR spectrum for the µ3-η2-CHCH– group. Further-
more, the presence of single signals at δ = 1.86 ppm for the
methyl group, δ = 119.9 ppm for the ring carbons, and δ =
12.5 ppm for the methyl carbons of the Cp* ligands in these
spectra suggest a dynamic behavior for compound 2b. An
analogous situation has been reported[11] for the complex
[Rh3Cp*3(µ3-η2-C2H2)(µ3-S)]2+, where the authors suggest
that the cavity constructed by the three Cp* ligands and the
metal atoms is big enough to allow the movement of the
hydrocarbon ligand µ3-η2-CHCH.

The reaction of 2–4 with protic reagents such as penta-
methylcyclopentadiene (C5Me5H) and the alcohol Ph3COH
led to the metathesis of the amide group in a regioselective
way, although, surprisingly, the µ3-ethylidyne group was not
regenerated. C5Me5H reacts with complexes 3 and 4 at
about 90 °C to give the derivatives [Cp*M(µ3-O)3-
{Ti3Cp*3(µ3-CCH2)}] [M = Ca (5), Sr (6); see Scheme 4].
However, it does not react with the magnesium complexes
2a and 2b, probably due to the steric hindrance and low
acidity of the pentamethylcyclopentadiene. Compounds 5
and 6 were isolated as brown solids in good yields and char-
acterized by standard analytical and spectroscopic tech-
niques.

Scheme 4. Reactivity of 3 and 4 with pentamethylcyclopentadiene.
[Ti] = Ti(η5-C5Me5).

The NMR spectroscopic data are consistent with the
structure shown in Scheme 4, thus confirming the existence
of the Cp* group at the coordination sphere of the alkaline-
earth elements and revealing the presence of the fragment
µ3-CCH2

– [δ(CCH2) = 2.64 (5) and 2.55 ppm (6) (s);
δ(CCH2) = 82.5 (5) and 81.3 ppm (6) (t, JC,H � 150 Hz);
δ(CCH2) = 378.2 (5) and 375.6 ppm (6)].

The reactions of the alcohol Ph3COH with complexes 2–
4 were carried out in NMR tubes in [D6]benzene as solvent
at room temperature (see Experimental Section). In all
cases the elimination of the amide group as free amine was
detected and the complexes [(Ph3COMg)(µ3-O)3{Ti3Cp*3-
(µ3-C2H2)}] (7a,b) and [(Ph3COM)(µ3-O)3{Ti3Cp*3(µ3-
CCH2)}] [M = Ca (8) and Sr (9)] characterized.

Once the displacement of the amide group by several rea-
gents had been established, we wondered what would hap-
pen if compounds 2–4 were treated with the starting com-
plex 1 as organometallic tridentate ligand. The oxometallo-
cubanes 2a,b did not react with 1 at room temperature.
However, when the solution was heated for several days at
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about 200 °C and then slowly cooled, an insoluble micro-
crystalline red solid 10 was isolated in high yield. Curiously,
the same result was obtained when complexes 2a,b were
heated at that temperature in the absence of 1 (see
Scheme 5). Furthermore, compound 10 also resulted from
the combination of equimolecular amounts of 1 and the
dialkylmagnesiums [MgR2(thf)2] (R = CH2Ph, CMe3). So-
lid 10 proved to be stable under argon at room temperature
and insoluble in most common solvents (toluene, hexane,
THF...). The new complex was characterized by elemental
analysis, IR spectroscopy, and by single-crystal X-ray dif-
fraction.

Scheme 5. Thermal treatment of complexes 2a,b and reaction of 1
with dialkylmagnesiums. [Ti] = Ti(η5-C5Me5).

The molecular structure of 10 is shown in Figure 2, while
selected bond lengths and angles are included in Table 2.
The crystallographic study of 10 revealed the presence of
two [MgO3Ti3C2] cores directly linked by two Mg–O bonds
to form a central planar rhombic Mg2O2 moiety. The alka-
line-earth atoms are located in the vacant vertex of the pre-
organized organometallic oxide 1 and present a tetracoordi-
nate environment. The pentamethylcyclopentadienyl rings
of the cubes adopt an alternate configuration to minimize
steric hindrance. The disposition of the core in complex 10
is similar to that reported for [Li(µ4-O)(µ3-O)2{Ti3Cp*3(µ3-
C)}]2,[12] and confirms the ability of 1 to encapsulate mag-
nesium atoms.

The magnesium···magnesium distance [2.765(4) Å] is
shorter than those found in the literature for other com-
plexes containing Mg2O2 units,[13] and even shorter than the
sum of the Van der Waals radii (3.40 Å).[14] This shortening
could be due to the geometry of the molecule itself and the
steric hindrance of the ligands around the magnesium

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2137–21452140

Figure 2. Molecular structure of 10. The methyl groups of the Cp*
rings and hydrogen atoms have been omitted for clarity.

Table 2. Selected bond lengths and angles for complex 10.

C(1)–C(2) 1.297(12) C(1)–Ti(1) 2.147(7)
C(1)–Ti(2) 1.956(7) C(1)–Ti(3) 2.068(9)
C(2)–Ti(1) 2.094(9) C(2)–Ti(3) 2.239(10)
Mg(1)···Mg(1) 2.765(4) Mg(1)–O(1) 2.149(4)
Mg(1)–O(2) 1.986(5) Mg(1)–O(3) 1.985(4)
Mg(1)–O(1)[a] 1.929(4) O(1)–Ti(2) 2.053(4)
O(1)–Ti(3) 2.115(4) O(2)–Ti(1) 2.010(4)
O(2)–Ti(2) 1.909(4) O(3)–Ti(1) 1.985(4)
O(3)–Ti(3) 1.930(4) Ti(1)···Ti(3) 2.801(2)
Ti(1)···Ti(2) 2.819(2) Ti(2)···Ti(3) 2.870(2)
C(2)–C(1)–Ti(2) 155.6(6) C(2)–C(1)–Ti(3) 79.8(6)
Ti(2)–C(1)–Ti(3) 90.8(3) C(2)–C(1)–Ti(1) 70.0(5)
Ti(2)–C(1)–Ti(1) 86.6(3) Ti(3)–C(1)–Ti(1) 83.3(3)
C(1)–C(2)–Ti(1) 74.4(5) C(1)–C(2)–Ti(3) 65.4(5)
Ti(1)–C(2)–Ti(3) 80.5(3) O(1)[a]–Mg(1)–O(3) 134.3(2)
O(1)[a]–Mg(1)–O(2) 137.1(2) O(3)–Mg(1)–O(2) 88.4(2)
O(1)[a]–Mg(1)–O(1) 94.8(2) O(3)–Mg(1)–O(1) 83.7(2)
O(2)–Mg(1)–O(1) 84.2(2) Ti(2)–O(1)–Ti(3) 86.9(2)
Mg(1)–O(1)–Mg(1) 85.2(2) Ti(2)–O(1)–Mg(1) 88.9(2)
Ti(3)–O(1)–Mg(1) 89.8(2) Ti(2)–O(2)–Mg(1) 98.1(2)
Ti(2)–O(2)–Ti(1) 91.9(2) Mg(1)–O(2)–Ti(1) 90.9(2)
Ti(3)–O(3)–Ti(1) 91.4(2) Ti(3)–O(3)–Mg(1) 100.5(2)
Ti(1)–O(3)–Mg(1) 91.6(2) O(3)–Ti(1)–O(2) 87.7(2)
O(3)–Ti(1)–C(2) 88.3(3) O(2)–Ti(1)–C(2) 121.8(3)
O(3)–Ti(1)–C(1) 90.5(3) O(2)–Ti(1)–C(1) 86.4(2)
O(2)–Ti(2)–C(1) 95.0(2) O(2)–Ti(2)–O(1) 88.8(2)
C(1)–Ti(2)–O(1) 93.4(3) O(3)–Ti(3)–C(1) 94.4(2)
O(3)–Ti(3)–O(1) 85.9(2) C(1)–Ti(3)–O(1) 88.5(2)
O(3)–Ti(3)–C(2) 85.7(3) O(1)–Ti(3)–C(2) 121.3(3)

[a] Intercube.

atoms, giving rhombic and not square arrangements. The
distance between the magnesium atom and the closer oxy-
gen atom of the other cube Mg(1)–O(1) [1.929(4) Å] is sim-
ilar to those to O(2) and O(3) of the same cube, while the
distance with respect to O(1) of the same cube [2.149(4) Å]
is clearly longer and allows us to describe the environment
of each magnesium atom as a trigonal pyramid instead of
tetrahedral. The sum of the angles in the base of that pyra-
mid is 359.8(2)°.

Complex 10 presents narrower Ti–O–Ti and O–Ti–O
angles (10° and 16.5° respectively) and Ti–O distances up
to 0.28 Å longer than those found in 1. However, the Ti···Ti
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distances stay in the same range [2.819(1) Å in 1 and an
average value of 2.830(2) Å in 10].

The main feature of the solid-state structure of complex
10 is undoubtedly the relative disposition of the hydrocarbyl
unit that is formed as a result of the double deprotonation
of the µ3-CCH3 group with respect to the Ti3O3 surface
(see Figure 3). The C(1)–C(2) bond length of 1.297(12) Å is
similar to that found in compound 3 but now the Ti–C(1)
lengths are quite different, with values ranging from
1.956(7) Å for Ti(2)–C(1) to 2.147(7) Å for Ti(1)–C(1). This
means that C(1) is no longer equidistant to the three tita-
nium atoms, being closer to Ti(2). Simultaneously, C(2)
shows shorter distances to the titanium atoms [Ti(1)–C(2)
= 2.094(9) and Ti(3)–C(2) = 2.239(10) Å] than those found
in complex 3.[15] All this leads to the fact that the C(1)–C(2)
line forms an angle of only 20.5° with respect to the plane
constituted by the three titanium atoms. The different dis-
positions of the C(1)–C(2) bond with respect to the Ti3
plane in complexes 1, 3, and 10 are represented in
Scheme 6.

Figure 3. View of the [MgO3Ti3C2] core in complex 10.

Scheme 6. Disposition of the C(1)–C(2) bond with respect to the
Ti3 plane in 1, 3, and 10.

Complexes 1, 3, and 10 present an organic ligand sup-
ported on an organometallic oxide containing titanium
atoms in their higher oxidation state. The electronic de-
ficiency of the titanium centers of 3 and 10 can be allevi-
ated, at least partially, by the donation of electron density
from the respective carbanions µ3-CCH2

– and µ-CCH2–,
which bends the C(1)–C(2) bond towards the titanium
atoms.

In the case of the calcium and strontium complexes, the
addition of 1 to toluene solutions of 3 or 4 and heating to
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180 °C for several days afforded the corner-shared double
cubane compounds [M{(µ3-O)3Ti3Cp*3(µ3-CCH2)}2] [M =
Ca (11), Sr (12)] as dark-red, microcrystalline solids that
are insoluble in the usual solvents (toluene, hexane, tetra-
hydrofuran,...). The IR spectra, elemental analysis, and an
X-ray diffraction study of 11 confirmed the structures pro-
posed in Scheme 7.

Scheme 7. Formation of calcium, strontium, and barium oxoheter-
ometallodicubanes.

Repeated attempts to obtain crystals of complex 11 failed
and only once did we succeed in performing an X-ray dif-
fraction study. The crystals were obtained from a toluene
solution at –20 °C, but unfortunately their quality was very
poor and the results[16] prevent us from making a detailed
discussion of the structure. However, it can be established
that 11 shows a double cube [C2Ti6O6Ca] core with the cal-
cium atom located at the shared vertex of a distorted octa-
hedral environment formed by the oxygen atoms of both
preorganized ligands (Figure 4) in a similar way to other
already reported double cube complexes.[8]

The analogous barium complex [Ba{(µ3-O)3Ti3Cp*3(µ3-
CCH2)}2] (13) can be obtained by treatment of [BaR2] [R
= N(SiMe3)2, CH2Ph] with the µ3-ethylidyne complex 1 (see
Scheme 7). Both reactions occur with formation of the com-
plex, after heating [R = N(SiMe3)2, 100 °C, 2 days; R =
CH2Ph, 90 °C, one night], to give a red microcrystalline in-
soluble solid in 77–87% yield. The new complex was char-
acterized by elemental analysis and IR spectroscopy.
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Figure 4. Molecular structure of compound 11.

Conclusions

This work is part of an ongoing effort to study the pecu-
liar chemical behavior exhibited by the µ3-ethylidyne com-
plex [{TiCp*(µ-O)}3(µ3-CMe)] (1). Treatment of this molec-
ular model with alkaline-earth metal amides and alkyls pro-
duces the deprotonation of the µ3-ethylidyne fragment to
give µ3-CCH2

–, µ3-CHCH–, or µ3-CCH2– carbanions. The
interaction of these fragments with the titanium atoms in-
creases with a higher charge of the carbanion. Simulta-
neously, the alkaline-earth cation is incorporated through
the oxygen atoms to build new cage structures.

Experimental Section
General Remarks: All manipulations of the described compounds
were carried out with exclusion of air and moisture using Schlenk-
line or glovebox techniques. Solvents were carefully dried with the
appropriate drying agents and distilled prior to use.

[{TiCp*(µ-O)}3(µ3-CMe)] (1) was synthesized according to the
published procedure.[1] [MgR2(thf)2] (R = CH2Ph,[17] CMe3

[18]),
[Ba(CH2Ph)2],[19] and [M{N(SiMe3)2}2(thf)2], (M = Mg,[20] Ca,[21]

Sr,[21] Ba[21]) were prepared following the literature methods. Penta-
methylcyclopentadiene was purchased from Aldrich and Ph3COH
from Fluka and sublimed before use.

Elemental analyses (C, H, N) were performed with a Heraeus
CHN-O-RAPID and/or Perkin–Elmer 2400-Serie II C, H, N, S/O.
IR spectra were obtained in KBr pellets with a FT-IR Perkin–El-
mer SPECTRUM 2000 spectrophotometer. NMR spectra were re-
corded on Varian NMR System spectrometers: Gemini-200, Unity-
300, or Mercury-VX. Trace amounts of protonated solvents were
used as references, and chemical shifts are reported relative to
TMS. Thermal reactions were carried out in a Roth autoclave
model III (300 mL), with heater model 30S (20–300 °C) and tem-
perature regulator model DR 500.

Preparation of [{(Me3Si)2NMg}(µ3-O)3{Ti3Cp*3(µ3-C2H2)}] (2a,b):
A 100-mL Carius tube was charged with [{TiCp*(µ-O)}3(µ3-CMe)]
(1; 0.30 g, 0.48 mmol), [Mg{N(SiMe3)2}2(thf)2] (0.24 g, 0.48 mmol),
and hexane (30 mL) and then sealed under vacuum. This solution
was heated in an autoclave at 180 °C for one day. The Carius tube
was opened in a glovebox and the solution concentrated and cooled
to –40 °C to give a clean mixture of products which contained com-
plexes 2a and 2b in approximately a 45:55 ratio (yield: 0.32 g, 82%).
IR (KBr): ν̃ = 2945 cm–1 (s), 2911 (vs), 2859 (s), 1492 (w), 1433
(m), 1377 (s), 1242 (s), 1180 (w), 997 (vs), 931 (w), 888 (s), 843 (s),
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829 (s), 752 (m), 669 (m), 543 (s), 576 (s), 513 (m), 476 (m), 429
(m). C38H65MgNO3Si2Ti3 (807.91): calcd. C 56.48, H 8.11, N 1.73;
found C 56.12, H 8.37, N 1.38.

2a: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 0.46 [s, 18
H, N(SiMe3)2], 1.91 (s, 45 H, C5Me5), 2.95 (s, 2 H, µ3-CCH2) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 7.4
[N(SiMe3)2], 12.1 (C5Me5), 85.1 (µ3-CCH2), 120.0 (C5Me5), 384.3
(µ3-CCH2) ppm.

2b: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 0.45 [s, 18
H, N(SiMe3)2], 1.86 (s, 45 H, C5Me5), 6.55 (s, 2 H, µ3-η2-HCCH)
ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 7.2
[N(SiMe3)2], 12.5 (C5Me5), 119.9 (C5Me5), 206.2 (µ3-η2-HCCH)
ppm.

Preparation of [{(thf)(Me3Si)2NM}(µ3-O)3{Ti3Cp*3(µ3-CCH2)}]
[M = Ca (3), Sr (4)]: The preparation of 3 or 4 was performed in
a similar fashion to 2. Complex 1 (0.4 g, 0.64 mmol) was treated
with [Ca{N(SiMe3)2}2(thf)2] (0.32 g, 0.64 mmol) or [Sr{N-
(SiMe3)2}2(thf)2] (0.33 g, 0.64 mmol) in hexane (50 mL) at 140 °C
for 4 d to afford 3 as red crystals (0.51 g, 88%) or at 100 °C for
two days to give 4 as a bright red solid (0.50 g, 83%).

3: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 0.37 [s, 18
H, N(SiMe3)2], 1.41 [m, 4 H, O(CH2CH2)2], 1.99 (s, 45 H, C5Me5),
2.82 (s, 2 H, µ3-CCH2), 3.87 [m, 4 H, O(CH2CH2)2] ppm. 13C{1H}
NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 6.2 [N(SiMe3)2],
11.7 (C5Me5), 25.5 [O(CH2CH2)2], 69.6 [O(CH2CH2)2], 82.3 (µ3-
CCH2), 117.9 (C5Me5), 380.1 (µ3-CCH2) ppm. IR (KBr): ν̃ =
2955 cm–1 (s), 2908 (vs), 2857 (s), 1493 (w), 1437 (m), 1377 (s), 1254
(s), 1179 (m), 1055 (vs), 1031 (vs), 931 (m) 879 (s), 820 (vs),762 (w),
618 (s), 584 (s), 520 (m), 415 (s). C42H73CaNO4Si2Ti3 (895.82):
calcd. C 56.31, H 8.21, N 1.56; found C 56.17, H 8.58, N 1.18.

4: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 0.35 [s, 18
H, N(SiMe3)2], 1.37 [m, 4 H, O(CH2CH2)2], 2.00 (s, 45 H, C5Me5),
2.72 (s, 2 H, µ3-CCH2), 3.62 [m, 4 H, O(CH2CH2)2] ppm. 13C{1H}
NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 5.8 [N(SiMe3)2],
11.6 (C5Me5), 25.3 [O(CH2CH2)2], 69.4 [O(CH2CH2)2], 81.2 (µ3-
CCH2), 117.5 (C5Me5), 377.3 (µ3-CCH2) ppm. IR (KBr): ν̃ =
2911 cm–1 (vs), 2858 (s), 1493 (w), 1435 (s), 1376 (s), 1244 (s), 1178
(w), 1077 (vs), 1033 (s), 932 (m), 879 (s), 819 (vs), 758 (s), 645 (s),
623 (s), 584 (s), 391 (s). C42H73NO4Si2SrTi3 (943.34): calcd. C
53.47, H 7.80, N 1.48; found C 53.22, H 7.75, N 1.43.

Preparation of [Cp*Ca(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (5): Pentameth-
ylcyclopentadiene (53 µL, 0.34 mmol) was added to a solution of 3
(0.30 g, 0.33 mmol) in hexane (40 mL) and the reaction mixture
was heated at 90 °C for 6 h to afford a dark-red solution. The sol-
vent was removed in vacuo and the product was isolated in a 75%
yield (0.20 g). 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ =
1.90 (s, 45 H, TiC5Me5), 2.22 (s, 15 H, CaC5Me5) 2.64 (s, 2 H, µ3-
CCH2) ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 20 °C, TMS):
δ = 11.4 (TiC5Me5), 11.4 (CaC5Me5), 114.0 (CaC5Me5), 118.1
(TiC5Me5), 82.5 (µ3-CCH2), 378.2 (µ3-CCH2) ppm. IR (KBr): ν̃ =
2962 cm–1 (m), 2910 (s) 2857 (m), 1495 (w), 1438 (m), 1377 (m),
1088 (m), 1022 (m), 791 (vs), 675 (s), 617 (m), 579 (m), 420 (m).
C42H62CaO3Ti3 (798.64): calcd. C 63.16, H 7.82; found C 63.09, H
8.11.

Preparation of [Cp*Sr(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (6): Complex 4
(0.30 g, 0.32 mmol) was dissolved in toluene (40 mL) in a 100-mL
Carius tube fitted with a Young valve and pentamethylcyclopenta-
diene (50 µL, 0.32 mmol) was added. The reaction mixture was
heated at 90 °C for 6 h. After that, the solution was filtered and
the solvent was removed to yield 6 (0.20 g, 74% yield). 1H NMR
(300 MHz, [D6]benzene, 20 °C, TMS): δ = 1.90 (s, 45 H, TiC5Me5),
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2.20 (s, 15 H, SrC5Me5) 2.55 (s, 2 H, µ3-CCH2) ppm. 13C{1H}
NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 11.0 (SrC5Me5),
11.3 (TiC5Me5), 81.3 (µ3-CCH2), 113.7 (SrC5Me5), 117.6
(TiC5Me5), 375.6 (µ3-CCH2) ppm. IR (KBr): ν̃ = 2956 cm–1 (m),
2908 (s), 2856 (s), 1494 (w), 1437 (m), 1375 (m), 1082 (m), 1024
(m), 791 (vs), 680 (s), 619 (m), 582 (m), 390 (m). C42H62O3SrTi3
(846.16): calcd. C 59.61, H 7.38; found C 60.26, H 7.70.

Reaction of [{(Me3Si)2NMg}(µ3-O)3{Ti3Cp*3(µ3-C2H2)}] (2a,b) with
Ph3COH: Complexes 2a,b (22 mg, 0.027 mmol) and Ph3COH (ca.
7 mg, 0.027 mmol) were dissolved in [D6]benzene (1.0 mL). The
mixture reaction was transferred to a 5-mm NMR tube and once
2a,b had been consumed at room temperature, the solvent and most
of the amine formed, [NH(SiMe3)2], were removed under vacuum.
The solid was then dissolved in [D6]benzene and the solution was
checked by 1H and 13C NMR spectroscopy allowed us to character-
ize the products as [(Ph3COMg)(µ3-O)3{Ti3Cp*3(µ3-C2H2)}] (7a,b).

7a: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 1.87 (s, 45
H, C5Me5), 2.82 (s, 2 H, µ3-CCH2), 6.9–7.5 (m, OCPh3) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 11.8
(C5Me5), 83.7 (µ3-CCH2), 120.0 (C5Me5), 125.0–155.0 (OCPh3),
379.1 (µ3-CCH2) ppm.

7b: 1H NMR (300 MHz, [D6]benzene, 20 °C, TMS): δ = 1.80 (s, 45
H, C5Me5), 6.18 (s, 2 H, µ3-η2-CHCH), 6.9–7.5 (m, OCPh3) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 20 °C, TMS): δ = 12.2
(C5Me5), 120.2 (C5Me5), 125.0–150.0 (OCPh3), 200.8 (µ3-η2-
CHCH) ppm.

Reaction of [{(thf)(Me3Si)2NCa}(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (3)
with Ph3COH: In a similar fashion to 7, complex 3 (21 mg,
0.023 mmol) and Ph3COH (ca. 6 mg, 0.023 mmol) were dissolved
in [D6]benzene (1.0 mL). After thirty minutes at room temperature,
the solvent and most of the amine formed were removed under
vacuum and the solid was dissolved in [D6]benzene. The NMR
spectra allowed us to characterize the product as [(Ph3COCa)(µ3-
O)3{Ti3Cp*3(µ3-CCH2)}] (8). 1H NMR (300 MHz, [D6]benzene,
20 °C, TMS): δ = 1.98 (s, 45 H, C5Me5), 2.80 (s, 2 H, µ3-CCH2),
6.9–7.7 (m, OCPh3) ppm. 13C{1H} NMR (75 MHz, [D6]benzene,
20 °C, TMS): δ = 12.0 (C5Me5), 81.3 (µ3-CCH2), 117.8 (C5Me5),
125.0–155.0 (OCPh3), 378.6 (µ3-CCH2) ppm.

Reaction of [{(thf)(Me3Si)2NSr}(µ3-O)3{Ti3Cp*3(µ3-CCH2)}] (4)
with Ph3COH: The preparation was similar to that for 8, but with
4 (22 mg, 0.023 mmol) and Ph3COH (ca. 6 mg, 0.023 mmol) in
[D6]benzene (1.0 mL). The NMR spectra of the resulting solution
allowed us to characterize the product as [(Ph3COSr)(µ3-O)3-
{Ti3Cp*3(µ3-CCH2)}] (9). 1H NMR (300 MHz, [D6]benzene, 20 °C,
TMS): δ = 2.03 (s, 45 H, C5Me5), 2.78 (s, 2 H, µ3-CCH2), 6.9–7.7
(m, OCPh3) ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 20 °C,
TMS): δ = 11.6 (C5Me5), 80.5 (µ3-CCH2), 82.6 (OCPh3), 117.0
(C5Me5), 125.0–155.0 (OCPh3), 377.7 (µ3-CCH2) ppm.

Preparation of [Mg(µ4-O)(µ3-O)2{Ti3Cp*3(µ3-CCH)}]2 (10).
Method A: [{TiCp*(µ-O)}3(µ3-CMe)] (1; 0.20 g, 0.32 mmol),
[Mg{N(SiMe3)2}2(thf)2] (0.16 g, 0.32 mmol), and hexane (30 mL)
were placed in a 100-mL Carius tube. The pressure of the argon
atmosphere was reduced and the reaction mixture was heated at
200 °C for four days. Slow crystallization of the solution at room
temperature afforded 10 as red crystals suitable for an X-ray dif-
fraction analysis. The isolated compound was obtained in 82%
(0.17 g) yield.

Method B: Complex 1 (0.20 g, 0.32 mmol) and [Mg(CH2Ph)2-
(thf)2] (0.112 g, 0.32 mmol) or [Mg(CMe3)2(thf)2] (0.091 g,
0.32 mmol) were placed in a 100-mL Carius tube fitted with a
Young valve and dissolved in toluene (30 mL). The mixture was
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heated at 90 °C for two days. The reddish solution was filtered,
concentrated until 15 mL, and, finally, cooled to –40 °C to give a
dark-red microcrystalline solid with a yield of 77% (0.16 g) from
[Mg(CH2Ph)2(thf)2] and 82% (0.17 g) from [Mg(CMe3)2(thf)2]. IR
(KBr): ν̃ = 2906 cm–1 (vs), 2855 (s), 1489 (w), 1437 (s), 1373 (s),
1023 (m), 793 (m), 645 (vs), 534 (s), 492 (s), 454 (m), 403 (m).
C64H92Mg2O6Ti6 (1293.3): calcd. C 59.44, H 7.17; found C 59.29,
H 7.52.

Preparation of [Ca{(µ3-O)3Ti3Cp*3(µ3-CCH2)}2] (11): Compound
11 was prepared by heating 3 (0.15 g, 0.17 mmol) and 1 (0.104 g,
0.17 mmol) in toluene (20 mL) at 180 °C for two days. The Carius
tube was opened in a glovebox and the solution was concentrated
and cooled (–20 °C) to yield 11 as a dark-red, microcrystalline solid
(0.19 g, 88%). IR (KBr): ν̃ = 2907 cm–1 (vs), 2857 (s), 1492 (w),
1437 (m), 1375 (s), 1023 (m), 793 (m, br), 615 (vs), 518 (m), 472
(w), 418 (s), 387 (s). C64H94CaO6Ti6 (1286.8): calcd. C 59.74, H
7.36; found C 60.03, H 7.52.

Preparation of [Sr{(µ3-O)3Ti3Cp*3(µ3-CCH2)}2] (12): Similarly to
the preparation of 11, 4 (0.15 g, 0.16 mmol) and 1 (99 mg,
0.16 mmol) were heated in toluene (20 mL) at 180 °C for two days
to afford 12 as a red, microcrystalline solid (0.16 g, 75%). IR
(KBr): ν̃ = 2908 cm–1 (vs), 2857 (s), 1493 (w), 1435 (m), 1375 (s),
1023 (m), 793 (vs), 664 (m), 615 (vs), 528 (m), 416 (m), 389 (m).
C64H94O6SrTi6 (1334.29): calcd. C 57.61, H 7.10; found C 57.70,
H 7.20.

Preparation of [Ba{(µ3-O)3Ti3Cp*3(µ3-CCH2)}2] (13): The thermal
treatment of a mixture of 1 and BaR2 [R = N(SiMe3)2, CH2Ph] led
to the formation of compound 13. Thus, a solution of 1 (0.40 g,
0.64 mmol) and [Ba{N(SiMe3)2}2(thf)2] (0.183 g, 0.32 mmol) in tol-
uene (40 mL), in a 100-mL Carius tube sealed under vacuum by
flame, was heated in an autoclave at 100 °C for 2 d. When using
[Ba(CH2Ph)2] (0.077 g, 0.24 mmol) and 1 (0.30 g, 0.48 mmol), the
solution was heated at 90 °C for one night. After that, the Carius
tube was opened in a glovebox and the solution concentrated and
cooled to –40 °C to yield a dark-red, microcrystalline solid, which
was identified as 13, in a yield of 86% (0.38 g) for the reaction with
[Ba{N(SiMe3)2}2(thf)2] and 78% (0.26 g) with [Ba(CH2Ph)2]. IR
(KBr): ν̃ = 2911 cm–1 (vs), 2858 (s), 1493 (w), 1436 (s), 1377 (s),
1103 (m), 1023 (m), 795 (vs), 668 (m), 616 (s), 543 (m), 486 (w),
394 (m). C64H94BaO6Ti6 (1384.0): calcd. C 55.54, H 6.85; found C
55.02, H 6.97.

X-ray Structure Determinations of 3 and 10: Crystals of 3 were
grown from a hexane solution at –20 °C. Crystals of 10 were grown
as described in the Experimental Section using Method A. Crystals
were mounted in a glass capillary in a random orientation and
transferred to an Enraf–Nonius CAD4 diffractometer for charac-
terization and data collection at room temperature. Table 3 pro-
vides a summary of the crystal data, data collection, and refine-
ment parameters for both complexes.

Intensity measurements were performed by ω–2θ scans in the range
3° � 2θ � 46° for 3. Of the 15341 measured reflections, 7387 were
independent; R1 = 0.083 and wR2 = 0.219 [for 2706 reflections with
F � 4σ(F)]. The values of R1 and wR2 are defined as: R1 = Σ||Fo| –
|Fc||/[Σ|Fo|]; wR2 = {[Σw(Fo

2 – Fc
2)2] /[Σw(Fo

2)2]}1/2.

Intensity measurements were performed by ω–2θ scans in the range
3.6° � 2θ � 46° for 10. Of the 4721 measured reflections, 4472
were independent; R1 = 0.074 and wR2 = 0.198 [for 3174 reflections
with F � 4σ(F)].

The structures were solved, using the WINGX package,[22] by di-
rect (3) and Patterson (10) methods (SHELXS-97)[23] and refined
by least-squares against F2 (SHELXL-97).[23] Complex 3 crys-
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Table 3. Crystal data and structure refinement for 3 and 10.

3 10

Empirical formula C42H73CaNO4Si2Ti3·1/2C6H14 C64H92Mg2O6Ti6
Formula weight 939.06 1293.40
Temperature [K] 293(2) 293(2)
Wavelength (Mo-Kα) [Å] 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 11.622(3) 11.705(5)
b [Å] 21.314(5) 20.419(6)
c [Å] 24.260(5) 15.567(7)
β [°] 118.0(1) 119.7(1)
V [Å3]; Z 5307(2); 4 3233(2); 2
ρcalcd. [g cm–3] 1.175 1.329
µ [mm–1] 0.619 0.772
F(000) 2012 1360
Crystal size [mm] 0.35×0.28×0.24 0.40×0.25×0.22
Diffractometer Enraf–Nonius CAD-4 Enraf–Nonius CAD-4
Scan mode; θ range ω–2θ; 1.35 to 23.00° ω–2θ; 1.81 to 22.96°
Index ranges –12 to 0, –23 to 23, –23 to 26 –12 to 0, –22 to 0, –14 to 17
Collected reflections 15341 4721
Independent reflections 7387 [Rint = 0.176] 4472 [Rint = 0.103]
Goodness-of-fit on F2 0.939 1.032
Final R indices [F � 4σ(F)] R1 = 0.083; wR2 = 0.219 R1 = 0.074; wR2 = 0.198
R indices (all data) R1 = 0.251; wR2 = 0.331 R1 = 0.110; wR2 = 0.225
Largest diff. peak/hole [eÅ–3] 0.680 and –0.631 0.789 and –0.611

tallized with half a molecule of hexane. All non-hydrogen atoms of
3 were refined anisotropically, except those of the solvent, and the
hydrogen atoms positioned geometrically and refined by using a
riding model in the last cycles of refinement.

Compound 10 showed disorder in the pentamethylcyclopentadienyl
linked to Ti(1) and also in C(2). Both disorders were treated con-
ventionally by using the PART command of the SHELXL[23] pro-
gram and allowing free refinement of the occupancy factors with
the FVAR command. The final values were 70% of occupancy for
C(2) and 53% for the C(11)–C(20) ring. All non-hydrogen atoms,
except those of the disordered pentamethylcyclopentadienyl frag-
ment, were refined anisotropically. All the hydrogen atoms were
positioned geometrically and refined by using a riding model in the
last cycles of refinement.

CCDC-296004 (for 3) and -296005 (for 10) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.
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Syntheses, Spectroscopic Studies, and Crystal Structures of Chiral
[Rh(aminocarboxylato)(η4-cod)] and Chiral [Rh(amino alcohol)(η4-cod)]-
(acetate) Complexes with an Example of a Spontaneous Resolution of a

Racemic Mixture into Homochiral Helix-Enantiomers

Mohammed Enamullah,*[a] Aisha Sharmin,[a] Miki Hasegawa,[b] Toshihiko Hoshi,[b]

Anne-Christine Chamayou,[c] and Christoph Janiak*[c]

Keywords: Rhodium() / Amino acids / Chirality / Spontaneous resolution / Helix

The dimeric complex acetato(η4-cycloocta-1,5-diene)rhodi-
um(I), [Rh(O2CMe)(η4-cod)]2 (cod = cycloocta-1,5-diene), re-
acts with amino acids [HAA = L-alanine, (S)-2-amino-2-phen-
ylacetic acid (L-phenylglycine), N-methylglycine, and N-
phenylglycine] and with the amino alcohol (S)-2-amino-2-
phenylethanol to afford the aminocarboxylato(η4-
cycloocta-1,5-diene)rhodium(I) complexes [Rh(AA)(η4-cod)]
(AA = deprotonated amino acid = aminocarboxylato ligand)
and [(S)-2-amino-2-phenylethanol](η4-cycloocta-1,5-diene)-
rhodium(I) acetate, [Rh{(S)-HOCH2–CH(Ph)-NH2}(η4-cod)]-
(O2CMe) (V). The complexes are characterized by IR, UV/
Vis, 1H/13C NMR and mass spectroscopy. The achiral N-
phenylglycine ligand gives a chiral N-phenylglycinato com-
plex [Rh(O2C–CH2–NHPh)(η4-cod)] (IV) with the amine ni-
trogen atom becoming the stereogenic center upon metal co-
ordination. Complex IV crystallizes in the tetragonal, chiral
space group P43 and the crystal structure reveals twofold

Introduction

Syntheses and reactivities of metal complexes with amino
acids or peptides are of considerable interest and some of
them show potential applications as chiral catalysts.[1] Singh
first reported the syntheses of [Rh(AA)(CO)2][2a,2b] and
[Rh(AA)(CO)(L)2] (AA = deprotonated amino acid = ami-
nocarboxylato ligand; L = PPh3 or AsPh3) complexes.[2c,2d]

Later, Marko synthesized the [Rh(AA)(CO)2] complexes
starting from the dimeric [Rh(O2CR)(η4-cod)]2 by synthesis
of the intermediate [Rh(AA)(η4-cod)] complexes (cod =
cycloocta-1,5-diene).[3] Accordingly, Beck has reported the
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spontaneous resolution of a racemic mixture into homochiral
helix-enantiomers. The investigated crystal contained only
one type of helix, namely (left-handed or M-) 43-helical
chains. This is traced first to an intermolecular N–H···O hy-
drogen bonding from the stereogenic amino group to a
neighboring unligated carboxyl oxygen atom that connects
only molecules of the same (R)-configuration into (left-han-
ded or M-) 43-helical chains. This intrachain homochirality is
supplemented, secondly, by the interlocking of adjacent
chains with their corrugated van der Waals surface to allow
for an interchain transmission of the sense of helicity, build-
ing the single crystal from the same homochiral helix-enanti-
omer. The enantiomeric amino alcohol complex V crystallizes
in the monoclinic, noncentrosymmetric (Sohncke) space
group P21.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

syntheses and crystal structures of the [Rh(AA)(CO)(L)]
(L = PPh3, AsPh3)[4a] and [Rh(-aziridin-2-carboxyl-
ato)(CO)2][4b] complexes and efforts to synthesize the analo-
gous RuII-aminocarboxylato complexes containing the bi-
dentate 2,7-dimethylocta-2,6-dien-1,8-diyl ligand.[4c] Mo-
lybdocene and titanocene compounds of the formulae
[Cp2MoIV(κN,κO-AA)]+Cl–,[5] [Cp2MoIV(κN,κO-AA)]+-
PF6

–,[6] [Cp2TiIV(κO-AA)2]2+,[7,8] and the isoelectronic half-
sandwich molybdenum compounds [CpMoII(CO)2(κN,κO-
AA)][9] and [CpMoII(NO)(I){κN,κO--H2NCH(tBu)-
COO}][10] have been prepared and structurally elucidated
(Cp = η5-C5H5, η5-cyclopentadienyl). However, no detailed
studies on the syntheses, spectroscopy, and crystal struc-
tures of Rh(η4-cod) complexes containing chiral amino
acid/amino alcohol or N-amino acids have been reported so
far. It is envisioned that these coligands will exercise strong
influences on the stereochemistry as well as the stability and
reactivity of the Rh complexes and their uses as catalysts
for the enantioselective hydrogenation of olefins, unsatu-
rated carboxylates, amidocinnamic acids, and their ester de-
rivatives.
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Recently, we attempted to synthesize and characterize the

Rh(η4-cod/diphos/triphos) complexes containing chiral
amino acids and amino alcohols as coligands[11] and to
study their catalytic behaviors in an asymmetric hydrogena-
tion reaction. Here, we report the syntheses and spectro-
scopic studies of the complexes [Rh(AA)(η4-cod)] {AA =
-alaninato (I), (S)-2-amino-2-phenylacetato (II), N-methyl-
glycinato (III), N-phenylglycinato (IV)} and [Rh{(S)-
HOCH2–CH(Ph)-NH2}(η4-cod)](O2CMe) (V) as well as the
crystal structures of IV and V.

Results and Discussion

Reaction of dimeric [Rh(O2CMe)(η4-cod)]2 (cod = 1,5-
cyclooctadiene) with amino acids in toluene/MeOH yields
the monomeric complexes [Rh(AA)(η4-cod)] (AA = depro-
tonated amino acid = aminocarboxylato) (I–IV in
Scheme 1). Reaction of [Rh(O2CMe)(η4-cod)]2 with the
amino alcohol (S)-2-amino-2-phenylethanol gives the com-
plex [Rh{(S)-HOCH2–CH(Ph)-NH2}(η4-cod)](O2CMe) (V
in Scheme 1).

UV/Vis absorption spectra of complexes I–IV, measured
in toluene at 25 °C, are identical with each other and dif-
ferent from those of the dimeric [Rh(O2CMe)(η4-cod)]2 and
[RhCl(η4-cod)]2 complexes and different from those of the
amino alcohol compound V (see Figure S1, Table S1 in the
Supporting Information).[12]

In the infrared spectrum the aminocarboxylato com-
plexes I–IV show a strong carbonyl band (νCO2, asymmet-

Scheme 1. Synthetic route to and formula of the complexes I–V.
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ric) around 1620 cm–1, which is typical for the N,O-coordi-
nation of the aminocarboxylato ligand to RhI, as is the
shifting and splitting of the νNHasy/νNHsy stretching vi-
brations.[2–4,11] Absence of the νO–H stretching band
(which is usually observed as a strong broad band at about
3450 cm–1 for the free carboxylic group of the amino acid)
in I–IV indicates acid deprotonation and bond formation
between RhI and –O–C(O). The vibrational results strongly
suggest that the amino acidato ligand is bound to Rh by its
nitrogen and oxygen atoms as a N,O-chelate, as depicted
in Scheme 1.[2–4,11] In contrast to these findings, van Koten
synthesized the [Rh(-alaninato)(η4-cod)]2 complex starting
from [Rh{C6H3(CH2NMe2)2-o,o�-C,N}(η4-cod)] and de-
scribed it as an O,O-coordinated carboxylato-bridged di-
mer.[14]

FAB-MS spectra are dominated by ions containing the
species M2, M2 – AA = M + Rh(cod), M + AAH2, M +
H, M – CO2, and Rh(cod) (M = molecule, AA = amino-
carboxylato) for the aminocarboxylato complexes
[Rh(AA)(η4-cod)] (I–IV). The appearance of dinuclear spe-
cies may be due to intermolecular hydrogen bonding as evi-
denced by the crystal structure of IV (see below).

The rhodium-coordinated 1,5-cyclooctadiene ligand
shows three proton NMR signals corresponding to the exo-
and endo-methylene proton and to the methine pro-
ton.[11,15,16] The CH2codexo signal appears as doublet–
doublet, while CH2codendo and CHcod exhibit a multiplet.
In V the methylene protons of the chiral amino alcohol li-
gand are diastereotopic and couple differently to the vicinal
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Scheme 2. Hydrolysis of complexes I–V from NMR studies.

methine proton, thereby showing two sets of doublet of
doublets at 3.63 ppm and 3.71 ppm.[13] Similarly in I and II
the amino protons of the chiral amino carboxylate ligands
are diastereotopic and appear as two multiplets that are
more than 0.7 ppm apart. 13C NMR spectra of complexes
I–IV show a singlet at about 30 ppm for CH2cod and broad
peaks at 72–80 ppm for CHcod in [D6]DMSO.[11,15,16] Com-
plex V shows two peaks of equal intensity around 30 ppm
for CH2cod, indicating the nonequivalency of the carbon
atoms at either side of the chiral amino alcohol ligand. In
contrast to the related chiral complexes I and II, the non-
equivalency of the CH2cod carbon atoms may be enhanced
in V by the acetate anion coordination through N–H···O
hydrogen bonding (see structural analysis below).

Upon addition of acid (as 5% DCl/D2O in CD3CN) the
1H and 13C NMR spectra indicate that complexes I–V are
readily hydrolyzed with dissociation of the amino carboxyl-
ate or amino alcohol ligand to form the dimeric chloro
complex [RhCl(η4-cod)]2 and the free amino acid or amino
alcohol (Scheme 2).[11]

Complexes IV and V could be crystallized and subjected
to single-crystal X-ray diffraction studies. The single-crystal
X-ray analysis proved the suggested N,O-chelate formation
of the aminocarboxylato or amino alcohol ligand to the
rhodium atom of the Rh(η4-cod) fragment (Figure 1 and
Figure 2). Related Rh(η4-cod) complexes with a five-mem-
bered Rh-N,O-chelate ligand are structurally elucidated
with 8-hydroxyquinolinato,[17] tryptophan benzyl ester,[18]

4-methylpyridinium 2-pyridylcarbonylmethylide,[19] 1-(2�-
pyridyl)-3-(dimethylamino)-2-propenone,[20] imidazole-4,5-
carboxylato,[21] orotato,[22] and 3-oxo-1-(pyridin-2-yl)-
prop-1-en-1-olato.[16a] The five-membered N,O-chelate ring
with rhodium is planar within (largest deviation) ±0.16 Å
in IV and ±0.28 Å in V. Selected distances and angles are
compared in Table 1. Both complexes are highly similar in
their relevant bonding parameters. The Rh–O distance to
the carboxylate oxygen in IV and to the alcohol oxygen in
V is identical.

The achiral (prochiral) N-phenylglycine ligand acquires
a stereogenic center at the nitrogen atom upon metal coor-
dination. Initially this metal–ligand coordination will give
a racemic mixture of (R)- and (S)-configured complexes.
The chiral N-phenylglycinato complex [Rh(O2C–CH2–
NHPh)(η4-cod)] (IV) crystallizes in the tetragonal, chiral
space group P43

[23,24] with spontaneous resolution within
the single crystal. The homochirality results from the solid-
state packing in that N–H···O hydrogen bonding from the
stereogenic amino group to a neighboring unligated car-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2146–21542148

Figure 1. Molecular structure of IV.

Figure 2. Molecular structure of V showing the hydrogen bonding
to the surrounding symmetry-related acetate anions. Hydrogen-
bonding interactions (dashed lines) as D–H, H···A, D···A, D–H···A
[Å (°)]: O1–H1···O3 0.89(5), 1.58(4), 2.429(4), 159(4); N–H2···O22

0.99(5), 2.14(5), 3.001(7), 145(4); N–H2···O32 0.99(5), 2.51(5),
3.278(7), 134(4); N–H3···O21 0.89(4), 2.00(4), 2.885(5), 173(3);
symmetry transformations 1 = 1 + x, y, z; 2 = 1 – x, y + 1/2,
2 – z.

Table 1. Selected bond lengths [Å] and angles [°] in IV and V.

IV V

Rh–O1 2.059(3) 2.058(2)
Rh–N 2.145(3) 2.110(2)
Rh–C9 2.112(5) 2.144(6)
Rh–C10 2.131(4) 2.113(6)
Rh–C13 2.108(4) 2.093(6)
Rh–C14 2.125(4) 2.105(6)
O1–Rh–N 80.82(12) 79.94(8)
O1–Rh–C9 90.82(16) 95.8(2)
O1–Rh–C10 95.39(16) 93.9(2)
O1–Rh–C13 160.63(15) 162.5(2)
O1–Rh–C14 161.03(17) 159.0(2)
N–Rh–C9 158.73(18) 164.3(2)
N–Rh–C10 161.51(17) 156.7(2)
N–Rh–C13 95.59(16) 95.97(18)
N–Rh–C14 99.11(18) 96.32(17)
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Figure 3. 43-Helical chain in IV along c. Hydrogen-bonding interaction (dashed line) as D–H, H···A, D···A, D–H···A [Å (°)]: N–H···O22�

0.73(4), 2.19(4), 2.925(5), 176(5); symmetry transformations: 2 = 2 – y, x, 0.75 + z; 2� = 2 – y, x, –0.25 + z; 3 = 2 – x, 2 – y, 0.5 + z; 3�
= 2 – x, 2 – y, –0.5 + z; 4 = y, 2 – x, 0.25 + z.

boxyl oxygen atom (Figure 3 and Figure 4) connects and
assembles only molecules of the same configuration [here
(R), see Figure 1 and Figure 3] into a (left-handed or M-)
43-helical chain (in the crystal investigated) along c (Fig-
ure 3 and Figure 4).

Figure 4. Left-handed 43-helical chain in IV viewed along the chain
direction.

Yet, most homochiral helices that are formed from achi-
ral ligands and even from racemic mixtures of chiral build-
ing blocks almost always lead to racemic mixtures of P-
and M- (right- and left-handed) helices.[25–30] Of interest are
structures that spontaneously resolve to contain only one
type of helix (within a crystal), that is a single, homochiral
helix-enantiomer that requires a sufficient homochiral hel-
icating element in the molecular building block, for exam-
ple, the ligand. This is typically a stereogenic center of an
enantiomerically pure ligand in combination with strong in-
terhelix supramolecular interactions. However, in the struc-
ture of IV there are no classical hydrogen-bonding interac-
tions between neighboring chains. The exterior of the
chains is covered by CH bonds (Figure 4). Also, there are no
noteworthy reasonable π–π stacking or C–H···π interactions
seen in IV (or V) [that is, for π–π with centroid–centroid
distances �6.0 Å, a dihedral angle between the ring planes
�10° and an angle between the centroid vector Cg(I)···
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Cg(J) and the normal to the plane I �60°; for C–H···π,
H···Cg � 3.0 Å and an angle between the vector H···Cg(J)
and the normal to the plane J �30°].[31,32] In IV the shortest
perpendicular distance of H on a phenyl ring plane is 3.3 Å,
about 0.4–0.5 Å longer than seen in typical C–H···π interac-
tions.[33]

The investigated crystal of IV contained only one type of
helix, namely (left-handed or M-) 43-helical chains, thereby
representing a case of spontaneous resolution of a racemic
mixture into homochiral helix-enantiomers. To account for
this fact we invoke an interlocking of adjacent chains with
their corrugated van der Waals surface in order to transmit
the sense of helicity upon crystallization (Figure 5). The
overall ensemble of the crystals in a batch of IV can be
expected to be racemic, that is, to contain crystals of space
groups P43 and P41 with left- and right-handed helices
based on (R)- and (S)-configured metal–ligand complexes,
respectively, in equal amounts.

Figure 5. The interlocking of two neighboring left-handed (M-) 43-
helical chains in IV based on the corrugated van der Waals surface
without any strong supramolecular interactions; space-filling repre-
sentation of the chains, which are differentiated by light and dark
gray shading.

Spontaneous resolution of achiral or of racemic chiral
molecular materials within the single crystal, that is,
crystallization in noncentrosymmetric (polar) space groups,
can be dictated by supramolecular solid-state packing inter-
actions. This phenomenon has been observed by us in the
crystallization of achiral hydrotris(pyrazolyl)boratothalli-
um() (in P21),[34,35] dihydrobis(1,2,4-triazolyl)boratothalli-
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um()[35] and -potassium (in P212121),[36] hydrotris(indazo-
lyl)boratothallium() (in C2),[35,37] and hydrotris(1,2,4-tri-
azolyl)boratosilver() (in polar Pna21).[38] The spontaneous
resolution of a racemic chiral material within a noncentro-
symmetric space group was seen in the crystallization of
[Ag+(NH3)2](BINOLAT–)(BINOL)(EtOH) (in P1).[39] The
crystallization of a racemic chiral material within a non-
centrosymmetric polar space group was encountered in the
crystallization of [Λ/∆-Fe3(DABP)3]2+[∆/Λ-Fe2(DABP)3�
Λ/∆-Fe1(DABP)3(nitrophenolate)6]2– (in P31c).[40] The
spontaneous resolution of rac-2,3-dihydro-2,3-dipyridyl-
benzo[e]indole with Cd(ClO4)2·6H2O is a recent example of
symmetry breaking through supramolecular interactions
and solvent, where in the presence of either 2-butanol or
ethanol crystals of the opposite enantiomers were favored
(crystallizing in the enantiomorphous space groups P6122
and P6522).[41] Particularly intriguing is the formation of a
homochiral (helical) polymer from achiral components
through spontaneous enantiomer resolution. A homochiral
helix winding together with homochiral crystallization was
reported for the adduct of 5-(9-anthracenyl)pyrimidine with
Cd(NO3)2·H2O·EtOH. The chirality arises from a pyrimi-
dine-Cd2+ helical array and is preserved in each crystal by
homochiral interstrand water–nitrate hydrogen bonding.
All the crystals are of the same chirality as a result of single-
colony homochiral crystal growth (homochiral crystalli-
zation).[42] The achiral building blocks in 1

�{[Ni(PhCOO)2-
(4,4�-bipy)]·2MeOH} gave rise to a 41- or 43-helical polymer
with homochirality in the crystal. Different crystals contain
statistically either P- or M-helices.[43] Homochiral right-
handed (P-) 61 helices of Cd{B(OMe)4} are found in
3
�{[Cd(tcm){B(OMe)4}]·xMeOH} with neighboring helices
connected by the tricyanomethanide (tcm) ion.[44] Com-
pound 1

�{[Mn(hfac)2{ferrocenyl bis(nitronyl nitroxide)}]·
CH2Cl2} spontaneously resolves in enantiomorphous crys-
tals with either Λ- or ∆-configuration at Mn and an ad-
ditional six sources of chirality within the P- or M-helices,
respectively (hfac = hexafluoroacetylacetonate).[45] Varia-
tion of the proton content with KOH/HClaq allows for a
reversible interconversion between the achiral molecular
square of [Cu(HL)(H2O)0.5]4(ClO4)4 (high pH) and a spon-
taneously resolved homochiral double-chain motif of
1
�{[H3O]2[Cu3(L)2Cl](ClO4)2(Cl)} (low pH) {H2L = 1,5-
diazacyclooctane-1,5-bis(3-propionic acid)}.[46]

Figure 6. Two-dimensional hydrogen-bonded network in V. Phenyl
groups and cod ligands are not shown for clarity but only indicated
as broken-off bonds. For details of the hydrogen bonds see caption
to Figure 2.
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The enantiomeric amino alcohol complex V crystallizes
in the monoclinic, noncentrosymmetric (Sohncke) space
group P21.[23,24] Hydrogen-bonding interactions between
the amino and hydroxy donor groups in the metal complex
to the acetate anion acceptors link the building blocks into
supramolecular two-dimensional nets co-planar to the ab
plane (Figure 6). Along c the nets are separated by the
phenyl groups and cod ligands without meaningful π–π-
stacking or C–H···π interactions (see above).

Conclusions

Aminocarboxylato(η4-cycloocta-1,5-diene)rhodium()
complexes [Rh(AA)(η4-cod)] could be easily prepared from
dimeric [Rh(O2CMe)(η4-cod)]2 with amino acids in toluene/
MeOH. The compounds [Rh(AA)(η4-cod)] (AA = depro-
tonated amino acid = aminocarboxylato) were found to be
monomeric. Solid-state structures of [Rh(O2C–CH2–
NHPh)(η4-cod)] (IV) and [Rh{(S)-HOCH2–CH(Ph)–
NH2}(η4-cod)](O2CMe) (V) reveal strong intermolecular
N–H···O hydrogen-bonding interactions to assemble the
molecular units into 1D chains (IV) or 2D nets (V). In IV
the achiral (prochiral) N-phenylglycine ligand acquires a
stereogenic center at nitrogen upon complexation and the
racemic compound undergoes spontaneous resolution upon
crystallization. Supramolecular N–H···O and van der Waals
interactions are responsible for collecting only one enanti-
omer along fourfold screw axes of the same handedness
within a single crystal. This could be called a twofold spon-
taneous resolution in two homochiral building units, na-
mely the molecular complex and the fourfold helix.

Experimental Section
All reactions were carried out under dry nitrogen using Schlenk
techniques. Solvents used were highly purified and distilled: toluene
and benzene over Na metal; petroleum ether (PE) (boiling range
40–60 °C) over CaH2; methanol and ethanol over CaO under nitro-
gen. The starting complex [Rh(O2CMe)(η4-cod)]2 was synthesized
from [RhCl(η4-cod)]2[47] according to the literature.[3a] UV/Vis spec-
tra were obtained with a Shimadzu UV 3150 spectrophotometer in
toluene at 25 °C. IR spectra were recorded as KBr disks with a
Bruker IFS 66 FTIR Spectrometer at ambient temperature. NMR
spectra were run on a Bruker AC DPX 200 spectrometer operating
at 200 MHz (1H) and a JEOL AC 500 at 500 MHz (1H), 125 MHz
(13C) at 25 °C. NMR grade solvents [D6]DMSO, CD3OD, CD3CN,
and DCl/D2O solution (20% v/v) were used as internal standard
and deoxygenated prior to use. 1H and 13C NMR chemical shifts
are expressed in ppm relative to SiMe4 (δ = 0 ppm). FAB-MS (posi-
tive mode): Finnigan MAT 8230 with data system SS 300, matrix:
m-nitrobenzyl alcohol (NBA). EI- and CI-MS: Thermo-Finnigan
TSQ 700, with NH3 as ionization gas for CI.

(L-Alaninato)(η4-cycloocta-1,5-diene)rhodium(I), {Rh[(S)-O2C–
CHMe–NH2](η4-cod)} (I): -Alanine (166 mg, 1.86 mmol) was dis-
solved in methanol (5 mL) and this solution was poured into a
solution of [Rh(O2CMe)(η4-cod)]2 (503 mg, 0.93 mmol) in toluene
(20 mL). Stirring the solution for 10–12 h at room temperature led
to the formation of a yellow precipitate. After the solvent was evap-
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orated in vacuo, toluene/MeOH (4:1, v/v) (10 mL) was added to
the dried precipitate and evaporated again. This procedure was re-
peated three times. Finally, the precipitate was dried in vacuo (0.1–
0.2 mbar) at 40 °C to give a yellow powder (yield 417 mg, 75%).
1H NMR (200 MHz, CD3OD): δ = 1.45 (d, J = 7.0 Hz, 3 H, CH3),
1.88 (dd, J = 8.2 Hz, 4 H, CH2codexo), 2.46 (m, 4 H, CH2codendo),
3.43 (q, J = 7.0 Hz, 1 H, CH), 4.13 (m, 4 H, CHcod) ppm. 1H
NMR (500 MHz, [D6]DMSO): δ = 1.20 (d, J = 7.0 Hz, 3 H, CH3),
1.72 (dd, J = 8.0 Hz, 4 H, CH2codexo), 2.32 (m, 4 H, CH2codendo),
3.09 (q, J = 7.0 Hz, H, CH), 3.68 (m, 1 H, NH), 3.92 (m, 4 H,
CHcod), 4.31 (m, 1 H, NH) ppm. 1H NMR (500 MHz, CD3CN +
5% DCl/D2O): δ = 1.50 (d, J = 8 Hz, 3 H, CH3), 1.77 (dd, J =
8.5 Hz, 4 H, CH2codexo), 2.36 (m, 4 H, CH2codendo), 4.02 (q, J =
8.5 Hz, 1 H, CH), 4.22 (m, 4 H, CHcod) ppm. 13C NMR
(125 MHz, [D6]DMSO): δ = 20.4 (s, CH3), 30.1 (s, CH2cod), 52.5
(s, CH), 72.1, 79.6 (br., CHcod), 183.2 (s, CO2) ppm. 13C NMR
(125 MHz, CD3CN + 5% DCl/D2O): δ = 15.1 (s, CH3), 30.2 (s,
CH2cod), 48.5 (s, CH), 80.3 (d, JC,Rh = 13 Hz, CHcod), 171.1 (s,
CO2) ppm. IR (KBr): ν̃ = 3258 s, 3190 sh (νNHasy), 3134 s, 3109 s
(νNHsy), 2940 s (νCH), 1620 vs (νCO2 asy), 1585 sh (δNH), 1383 s
(δCH3), 1363 s (νCO2 sy) cm–1. MS (FAB): m/z (%) = 601 (20) [M2

+ H+ + 2H]+, 510 (58) [M2 – AA– = M + Rh(cod)+]+, 392 (40) [M
+ AAH2

+ + 2H]+, 300 (100) [M + H]+, 255 (25) [M+· – CO2]+, 211
(68) [Rh(cod)]+ (AA = aminocarboxylato). MS (EI = 70 eV): 299
(7) [M]+, 297 (13) [M – 2H]+, 255 (40) [M – CO2]+, 210 (50)
[Rh(cod) – H]+, 208 (55) [Rh(cod) – 3H]+, 44 (100) [CO2]+.
C11H18NO2Rh (299.18): calcd. C 44.16, H 6.06, N 4.68; found C
44.26, H 6.38, N 4.69.

[(S)-2-Amino-2-phenylacetato](η4-cycloocta-1,5-diene)rhodium(I),
(η4-Cycloocta-1,5-diene)(L-phenylglycinato)rhodium(I), {Rh[(S)-
O2C–CHPh–NH2](η4-cod)} (II): The compound was prepared fol-
lowing the same procedure as for I, using (S)-2-amino-2-phenylace-
tic acid (-phenylglycine). The complex was obtained as a yellow
powder (yield 470 mg, 70%). 1H NMR (200 MHz, CD3CN): δ =
1.84 (dd, J = 8.0 Hz, 4 H, CH2codexo), 2.44 (m, 4 H, CH2codendo),
2.81 (m, 1 H, NH), 3.57 (m, 1 H, NH), 4.05 (m, 4 H, CHcod), 4.36
(m, 1 H, CH), 7.42 (m, 3 H, Hp/m-Ar), 7.76 (d, J = 6.6, 2 H, Ho-
Ar) ppm. 1H NMR (200 MHz, CD3OD): δ = 1.92 (dd, J = 8.0 Hz,
4 H, CH2codexo), 2.48 (m, 4 H, CH2codendo), 4.16 (m, 4 H, CHcod),
4.49 (m, 1 H, CH), 7.47 (m, 3 H, Hp/m-Ar), 7.76 (m, 2 H, Ho-Ar)
ppm. 1H NMR (500 MHz, CD3CN + 5% DCl/D2O): δ = 1.76 (dd,
J = 8.5 Hz, 4 H, CH2codexo), 2.36 (m, 4 H, CH2codendo), 4.13 (m,
1 H, NH), 4.21 (m, 4 H, CHcod), 5.07 (m, 1 H, CH), 7.46–7.75
(m, 5 H, H-Ar) ppm. 13C NMR (125 MHz, CD3CN + 5% DCl/
D2O): δ = 30.4 (s, CH2cod), 56.1 (s, CH), 80.5 (d, JC,Rh = 13 Hz,
CHcod), 128.2 (s, Cm-Ar), 128.7 (s, Cp-Ar), 129.3 (s, Co-Ar), 130.0
(s, C-Ar), 170.0 (s, CO2) ppm. IR (KBr): ν̃ = 3259 m, 3213 m
(νNHasy), 3136 sh, 3102 m (νNHsy), 3056 s (νH-Ar), 2935 s (νCH),
1621 vs (νCO2 asy), 1591 s (δNH), 1363 s (νCO2 sy) cm–1. MS (FAB):
m/z (%) = 1017 (20) [(RhAA)4 + 4H + H+]+, 722 (8) [M2]+, 572
(30) [M2 – AA– = M + Rh(cod)+]+, 362 (100) [M + H]+, 317 (45)
[M+· – CO2]+, 211 (60) [Rh(cod)]+ (AA = aminocarboxylato).
C16H20NO2Rh (361.25): calcd. C 53.20, H 5.58, N 3.88; found C
54.04, H 6.57, N 3.98.

(η4-Cycloocta-1,5-diene)(N-methylglycinato)rhodium(I), [Rh(O2C–
CH2–NHMe)(η4-cod)] (III): Two equiv. of N-methylglycine [2-
(methylamino)acetic acid] (50 mg, 0.56 mmol) were dissolved in
MeOH (5 mL) and this solution was poured into a solution of
[Rh(O2CMe)(η4-cod)]2 (150.4 mg, 0.28 mmol) in toluene (20 mL).
A yellow precipitate was formed after stirring the solution for 10–
12 h at room temperature. After the solvent was evaporated in
vacuo at 40 °C, the dried precipitate was dissolved in toluene/
MeOH (4:1, v/v) (10 mL) and evaporated again. This procedure
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was repeated three times. Then the dried precipitate was again dis-
solved in toluene/MeOH (4:1) (10 mL) and the volume reduced to
50% in vacuo at 40 °C. PE (40/60) (10 mL) was added very slowly
to this hot solution. The precipitate formed was filtered off, washed
with PE (40/60) and dried in vacuo (0.1–0.2 mbar) at 40 °C to give
a yellow powder (yield 125 mg, 75%). 1H NMR (200 MHz, [D6]-
DMSO): δ = 1.71 (dd, J = 8.0 Hz, 4 H, CH2codexo), 2.14 (s, 2 H,
CH2), 2.30 (m, 4 H, CH2codendo), 2.74 (s, 3 H, CH3), 3.51 (m, 4 H,
CHcod), 3.64 (m, 1 H, NH) ppm. 1H NMR (500 MHz, CD3CN +
5% DCl/D2O): δ = 1.75 (dd, J = 8.0 Hz, 4 H, CH2codexo), 2.35 (m,
4 H, CH2codendo), 2.70 (s, 3 H, CH3), 3.86 (s, 2 H, CH2), 4.19 (m,
4 H, CHcod) ppm. 13C NMR (125 MHz, CD3CN + 5% DCl/D2O):
δ = 30.6 (s, CH2cod), 33.0 (s, CH3), 48.7 (s, CH2), 80.3 (d, JC,Rh =
13 Hz, CHcod), 167.5 (s, CO2) ppm. IR (KBr): ν̃ = 3197 m
(νNHasy), 3100 sh (νNHsy), 2931 s (νCH), 1623 vs (νCO2 asy),
1590 sh (δNH), 1484 s (δCH2), 1381 s (δCH3), 1365 s (νCO2 sy)
cm–1. MS (FAB) m/z (%) = 600 (30) [M2 + H+ + H]+, 510 (50)
[M2 – AA– = M + Rh(cod)+]+, 391 (35) [M + AAH2

+ + H]+, 300
(100) [M + H]+, 255 (35) [M – CO2]+, 211 (55) [Rh(cod)]+ (AA =
aminocarboxylato). C11H18NO2Rh (299.18): calcd. C 44.16, H
6.06, N 4.68; found C 43.85, H 5.89, N 4.53.

(η4-Cycloocta-1,5-diene)(N-phenylglycinato)rhodium(I), [Rh(O2C–
CH2–NHPh)(η4-cod)] (IV): Two equiv. of N-phenylglycine [2-
(phenylamino)acetic acid] (85.9 mg, 0.57 mmol) were dissolved in
MeOH (5 mL). This solution was poured into a solution of
[Rh(O2CMe)(η4-cod)]2 (150.4 mg, 0.28 mmol) in toluene (20 mL)
and stirred for 10–12 h at room temperature. The volume was re-
duced to 60 % in vacuo at 40 °C, PE (40/60) (10 mL) was very
slowly added to the hot solution, and the combined solution was
left for crystallization. Red-orange needle crystals, suitable for X-
ray measurement, were obtained after 3 days. The crystals were
filtered off and washed three times with PE (5 mL each). Finally,
the red-orange crystals were dried in vacuo (0.1–0.2 mbar) at 40 °C
(yield 150 mg, 75%). 1H NMR (500 MHz, [D6]DMSO): δ = 1.64
(dd, J = 8.0 Hz, 4 H, CH2codexo), 2.09 (s, 2 H, CH2), 2.25 (m, 4
H, CH2codendo), 3.60 (m, 4 H, CHcod), 3.67 (m, 1 H, NH), 7.01
(t, J = 7.0 Hz, 2 H, Ho-Ar), 7.27 (t, J = 6.5 Hz, 1 H, Hp-Ar), 7.33 (t,
J = 7.5 Hz, 2 H, Hm-Ar) ppm. 13C NMR (125 MHz, [D6]DMSO): δ
= 29.7 (s, CH2cod), 55.9 (s, CH2), 77.9 (br., CHcod), 119.5 (s, Co-
Ar), 124.3 (s, Cp-Ar), 129.2 (s, Cm-Ar), 146.1 (s, NC-Ar), 179.2 (s,
CO2) ppm. 1H NMR (500 MHz, CD3CN + 5% DCl/D2O): δ =
1.76 (dd, J = 8.0 Hz, 4 H, CH2codexo), 2.33 (m, 4 H, CH2codendo),
4.19 (m, 3 H, CH2 + NH), 4.22 (m, 4 H, CHcod), 7.45–7.52 (m, 5
H, H-Ar) ppm. 13C NMR (125 MHz, CD3CN + 5 % DCl/D2O): δ
= 29.9 (s, CH2cod), 50.7 (s, CH2), 80.5 (d, JCRh = 13 Hz, CHcod),
122.5 (s, Co-Ar), 129.6 (s, Cp-Ar), 130.0 (s, Cm-Ar), 134.4 (s, NC-
Ar), 167.3 (s, CO2) ppm. IR (KBr): ν̃ = 3142 m (νNHasy), 3097 m
(νNHsy), 3053 s (νHAr), 2943 s (νCH), 1616 vs (νCO2 asy), 1600 s
(δNH), 1491 s (δCH2), 1366 s (νCO2 sy) cm–1. MS (FAB) m/z (%)
= 723 (5) [M2 + H]+, 573 (100) [M2 + H+ – AA = M + H+ +
Rh(cod)]+, 363 (100) [M + H+ + H]+, 315 (100) [M+· – H2 – CO2]+,
211 (100) [Rh(cod)]+ (AA = aminocarboxylato). C16H20NO2Rh
(361.25): calcd. C 53.20, H 5.58, N 3.88; found C 52.90, H 5.46, N
4.00.

[(S)-2-Amino-2-phenylethanol](η4-cycloocta-1,5-diene)rhodium(I)
Acetate, [Rh{(S)-HOCH2–CH(Ph)-NH2}(η4-cod)](O2CMe) (V):
Two equiv. of (S)-2-amino-2-phenylethanol (71 mg, 0.52 mmol)
were dissolved in MeOH (5 mL). This solution was poured into a
solution of [Rh(O2CMe)(η4-cod)]2 (133.4 mg, 0.25 mmol) in ben-
zene (20 mL) and stirred for 4–5 h at room temperature. The vol-
ume was reduced to 60% in vacuo at 40 °C, PE (40/60) (10 mL)
was very slowly added to the hot solution, and the combined solu-
tion was left for crystallization. Bright-yellow crystals, suitable for
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X-ray measurement, were obtained after 3 days at room tempera-
ture. The crystals were filtered off and washed three times with PE
(5 mL each). Finally, the bright-yellow crystals were dried in vacuo
(0.1–0.2 mbar) at 40 °C (yield 141 mg, 70%). 1H NMR (500 MHz,
[D6]DMSO): δ = 1.65 (dd, J = 8.0 Hz, 4 H, CH2codexo), 1.73 (s, 3
H, CH3), 2.25 (m, 4 H, CH2codendo), 3.55 (t, J = 9.0 Hz, 1 H, CH),
3.63 (dd, 3J = 10.5 Hz, 4J = 5.5 Hz, 1 H, CH2), 3.71 (dd, 3J =
8.5 Hz, 4J = 5.5 Hz, 1 H, CH2), 3.87 (m, 4 H, CHcod), 7.27 (t, J
= 7.5 Hz, 1 H, Hp-Ar), 7.34 (t, J = 7.5 Hz, 2 H, Ho-Ar), 7.45 (d, J
= 7.5 Hz, 2 H, Hm-Ar) ppm. 13C NMR (125 MHz, [D6]DMSO): δ
= 23.6 (s, CH3), 30.0, 30.1 (d, CH2cod), 60.8 (s, CH), 69.1 (s, CH2),
75.8 (br., CHcod), 127.2 (s, Co-Ar), 127.3 (s, Cp-Ar), 128.1 (s, Cm-
Ar), 140.3 (s, C-Ar), 174.6 (s, CO2) ppm. 1H NMR (500 MHz,
CD3CN + 5% DCl/D2O): δ = 1.77 (dd, J = 8.0 Hz, 4 H, CH2cod-
exo), 1.93 (s, 3 H, CH3), 2.36 (m, 4 H, CH2codendo), 3.87 (dd, J =
7.0 Hz, 2 H, CH2), 4.21 (m, 4 H, CHcod), 4.45 (t, J = 6.0 Hz, 1 H,
CH), 7.27 (m, 3 H, Hp/o-Ar), 7.48 (d, J = 2.0 Hz, 2 H, Hm-Ar)
ppm. 13C NMR (125 MHz, CD3CN + 5% DCl/D2O): δ = 20.1 (s,
CH3), 30.6 (s, CH2cod), 57.1 (s, CH), 62.7 (s, CH2), 80.1 (d, JC,Rh

= 13.0 Hz, CHcod), 127.7 (s, Co-Ar), 129.0 (s, Cm-Ar), 129.2 (s, Cp-
Ar), 134.1 (s, C-Ar), 173.0 (s, CO2) ppm. IR (KBr): ν̃ = 3410 m
(νOH), 3193 m (νNHasy), 3083 s (νNHsy), 3055 s (νHAr), 2937 s
(νCH), 1575 s (δNH), 1558 sh (νCO2 asy), 1486 s (δCH2), 1442 s
(νCO2 sy), 1385 s (δCH3) cm–1. MS (EI = 70 eV): 210 (2) [Rh(cod) –
H]+, 106 (100) [AA – CH2OH = Ph–CH–NH2]+. MS (CI, NH3):
348 (0.4) [M – acetate = Rh(AA)(cod)]+, 228 (1.5) [Rh(NH3)-
(cod)]+, 138 (100) [AA + H]+, 106 (45) [AA – CH2OH = Ph–CH–
NH2]+ (AA = amino alcohol). C18H26NO3Rh (407.31): calcd. C
53.08, H 6.43, N 3.44; found C 53.06, H 6.33, N 3.44.

Table 2. Crystal data and structure refinement for IV and V.

Compound IV V

Empirical formula C16H20NO2Rh C18H26NO3Rh
M [gmol–1] 361.24 407.31
Crystal size [mm] 0.42×0.10×0.09 0.40×0.27×0.16
θ range [°] 4.26–58.00 3.42–57.56
h; k; l range –12, 12; –12, 12; –21, 21 –12, 12; –10, 10; –16, 17
Crystal system tetragonal monoclinic
Space group P43 P21

a [Å] 9.556(3) 9.5506(15)
b [Å] 9.556(3) 7.9810(13)
c [Å] 16.281(6) 12.773(2)
α [°] 90 90
β [°] 90 111.524(2)
γ [°] 90 90
V [Å3] 1486.8(8) 905.7(2)
Z 4 2
Dcalcd [gcm–3] 1.614 1.493
F(000) 736 420
µ [mm–1] 1.149 0.956
Max./min. transmission 0.9076/0.6440 0.8620/0.7010
Reflections collected 13666 8286
Independent reflections 3671 (Rint = 0.0719) 4189 (Rint = 0.0187)
Observed reflections [I � 2σ(I)] 2700 3800
Parameters refined 184 200
Max./min. ∆ρ[a] [eÅ–3] 0.566/–0.452 0.891/–0.502
R1/wR2 [I � 2σ(I)][b] 0.0372/0.0594 0.0265/0.0636
R1/wR2 (all reflect.) [b] 0.0581/0.0646 0.0295/0.0647
Goodness-of-fit on F2 [c] 0.897 0.976
Weight scheme w; a/b[d] 0.0217/0.0000 0.0370/0.0000
Absolute structure parameter (Flack value[53]) 0.01(4) 0.01(3)

[a] Largest difference peak and hole. [b] R1 = [Σ(||Fo| – |Fc||)/Σ|Fo|]; wR2 = [Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]]1/2. [c] Goodness-of-fit = [Σ[w(Fo

2 –
Fc

2)2]/(n – p)]1/2. [d] w = 1/[σ2(Fo
2) + (aP)2 + bP] where P = [max(Fo

2 or 0) + 2Fc
2]/3.
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X-ray Crystallography: Data Collection: Bruker AXS with CCD
area-detector, temperature 203(2) K, Mo-Kα radiation (λ =
0.71073 Å), graphite monochromator, ω-scans, data collection and
cell refinement with SMART,[48] data reduction with SAINT,[48] ex-
perimental absorption correction with SADABS.[49] Structure
Analysis and Refinement: The structure was solved by direct meth-
ods (SHELXS-97);[50] refinement was done by full-matrix least-
squares on F2 using the SHELXL-97 program suite.[50] For IV
structure refinement has also been attempted in the enantiomor-
phic space group P41 but this gave a Flack parameter of 1 with the
message “absolute structure probably wrong – invert and repeat
refinement”. All non-hydrogen positions were found and refined
with anisotropic temperature factors. Hydrogen atoms on oxygen
(–OH) and nitrogen (–NH–Ph, –NH2) were found and refined with
Ueq(H) = 1.2Ueq(N) in IV and freely in V. Hydrogen atoms on C
(phenyl, CH, CH2, and CH3) were calculated with appropriate ri-
ding models (AFIX 43, 13, 23, and 33, respectively) and Ueq(H) =
1.2Ueq(C) (CH, CH2) or Ueq(H) = 1.5Ueq(C) (CH3). Details of the
X-ray structure determinations and refinements are provided in
Table 2. Graphics were drawn with DIAMOND (Version 3.0e).[51]

Computations on the supramolecular interactions were carried out
with PLATON for Windows.[52]

CCDC-297844 (for IV) and -297845 (for V) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (for details see the footnote on the first
page of this article): UV/Vis spectra and data.
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The photophysical characterization of a nonameric porphyrin
assembly made up of a central free-base and eight peripheral
zinc porphyrins connected by flexible nucleosidic linkers,
and the identification of the photoinduced processes taking
place in the array, is reported. Both singlet–singlet and trip-
let–triplet energy transfer from the peripheral zinc porphy-
rins to the free-base porphyrin core is detected. The kinetic
parameters of singlet–singlet energy transfer are interpreted
by assuming the existence of several nonequilibrated confor-
mations in the array due to the flexibility of the linkages. A
fast quenching of the donor beyond the time detection limit
of the instrument is also hypothesized and assigned to strong
interactions between the zinc chromophores in close contact
which can give self-quenching phenomena. For the zinc por-
phyrin triplet excited state, a triplet–triplet annihilation is de-
tected at moderate photon flux as a consequence of multi-

Introduction
Natural photosynthesis is triggered by the absorption of

photons by a light-harvesting antenna system with a large
absorption cross-section, followed by a rapid and efficient
transfer of excitation energy to the reaction center. To
mimic the natural processes, artificial light-harvesting an-
tennae require a great number of chromophore units that
are well organized in space and able to transfer the ab-
sorbed energy to one specific site with high efficiency. Por-
phyrins are ideal candidates for the construction of light-
harvesting arrays and, in the past decade, many artificial
multi-porphyrin systems have been developed, such as lin-
ear or linear-branched arrays,[1–5] rings,[6–8] windmills,[9]

dendrimers,[10,11] and other assemblies.[12,13] Among these,
dendritic frameworks appear to be the most promising ar-
rays as they allow site-specific placement of the dye mole-
cules in a three-dimensional hyperbranched treelike fashion,
and a good choice of the chromophoric units permit the
conveyance of the collected energy toward the central core.
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excitation of the same array. Drastic reduction of the photon
flux allows us to determine the triplet energy transfer rate
from zinc porphyrin to free-base porphyrin, which is the final
recipient of the energy collected by the array. The decay of
the triplet state of the core free-base porphyrin is prolonged
with respect to the model, indicating a shielding effect of the
peripheral groups. Complexation experiments with mono-
dentate and didentate bases have been performed in order
to gain insight into the spatial arrangement of the zinc por-
phyrin chromophores and the proposed mechanism of self-
quenching. Association of didentate bases increases the ri-
gidity of the multi-porphyrin structure and improves the en-
ergy collection ability.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Many dendritic arrays with a variety of linkers have been
developed recently.[10,13] We present here a study of the pho-
toinduced processes in a dendritic nonameric porphyrin as-
sembly (Scheme 1) made up of a central free-base porphyrin
and eight peripheral zinc porphyrins connected in pairs to
the core by a flexible nucleosidic linker whose synthesis has
been reported recently.[14] The structure can be considered
a further step in the elaboration of porphyrin-based anten-
nas with respect to a pentaporphyrin previously reported
by our groups.[15] The eight peripheral zinc porphyrin chro-
mophores can absorb light extensively over the full visible
spectrum and the energy stored can be conveyed to the cen-
tral free-base porphyrin. The study of convenient model
compounds, Zn and FBS (Scheme 1), can help in the eluci-
dation of the fundamental steps occurring upon light ab-
sorption in the nonaporphyrin FB-Zn8, whose photophysi-
cal behavior could be strongly influenced by the existence
of different conformations due to the flexible linkers.
Steady-state and time-resolved spectroscopic methods are
used to quantify the energy-transfer processes.

Results and Discussion

Absorption Spectroscopy

Scheme 1 shows the structures of the nonaporphyrin FB-
Zn8 and of the molecules used as models of the periphery
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Scheme 1. The component models Zn and FBS and the nonaporphyrin FB-Zn8.

and the core units, Zn and FBS, respectively. The absorp-
tion spectrum of FB-Zn8 in toluene is in good agreement
with the superposition of the model components, as can be
seen in Figure 1, where the absorption spectra of the models

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2155–21652156

are reported with the sum of the nine components and the
experimental absorption spectrum of the nonaporphyrin
FB-Zn8. In addition to the usual broadening of the Soret
band, which is typical of covalently bound porphyrinic ar-
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rays, a 2–3-nm shift to lower energies can be detected in the
maximum wavelength of both the Soret and Q bands with
respect to the simple superposition of the components. A
long, weak tail extending up to 700 nm can be detected in

Figure 1. Molar absorption coefficients of the models Zn (dot) and
FBS (dash), and of FB-Zn8 (solid) in toluene solution. The sum of
the molar absorption coefficients of the nine components is also
reported (dash-dot).

Figure 2. UV (upper panel) and CD (lower panel) spectra of FB-
Zn8 (solid) in toluene solutions. In the upper panel the absorption
spectra of components Zn (dot) and FBS (dash) are also reported.

Table 1. Luminescence properties of the nonaporphyrin and of the models at 295 and 77 K.

State 295 K 77 K
λmax [nm] Φfl

[a] Φfl
[b] τ [ns][c] (% component) λmax [nm] E [eV][d]

FBS 1FBS 652 0.18 9.5 646 1.92
3FBS[e] 840 1.48

Zn 1Zn 594 0.08 2.2 596 2.08
3Zn[e] 776 1.60

FB-Zn8
1FB-Zn8 651 0.10 9.0 648 1.91
FB-1Zn8 600 0.015 0.175; 0.990; 2.2 (50%; 30%; 20%) 605 2.05
3FB-Zn8 n.d.
FB-3Zn8 n.d.

[a] FBS Emission quantum yield; selective excitation of the free-base porphyrin unit was at 650 nm. [b] Emission quantum yield, the
excitation was at 550 nm; the yield for the array was calculated on the basis of the photons absorbed by the Zn unit. [c] Excitation at
532 nm for lifetimes of less than 1 ns, excitation at 337 nm for lifetimes above 1 ns. [d] Energy levels from the emission maxima at 77 K.
[e] Taken from the literature.[16]

Eur. J. Inorg. Chem. 2006, 2155–2165 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2157

the array compared to the superposition of components,
which can be taken as an indication of some interaction
between the porphyrinic chromophores. Nonetheless, this
interaction is modest and the single chromophores in the
array can be considered to retain essentially their own spec-
troscopic properties (see below).

FB-Zn8 displays optical activity − the CD spectrum is
reported in Figure 2, lower panel, with the absorption spec-
tra of the two models Zn and FBS and the array shown in
the upper panel. In the spectrum the positive band is almost
absent, whereas a strong, negative band can be detected. Its
origin could be assigned to exciton interactions between the
porphyrin chromophores, similarly to what was recently re-
ported and discussed in detail for a similar porphyrin pen-
tamer;[15a] however, we cannot exclude a CD effect induced
on the porphyrin by the chiral nucleosidic linkers.

Luminescence

The Zn singlet excited state at 295 K in toluene has a
lifetime of 2.2 ns and an emission quantum yield of 0.08,[16]

whereas the lifetime of FBS under the same conditions is
9.5 ns and the emission quantum yield is 0.18. The energy
levels of the lowest singlet excited state of the models, de-
rived from the maximum of the emission band at 77 K, are
2.08 eV for 1Zn and 1.92 eV for 1FBS (Table 1), which me-
ans that a photoinduced energy transfer from the peripheral
Zn to the core FBS would spontaneously occur with a ∆G0

value of –0.16. Phosphorescence from porphyrin compo-
nents could be detected in the near-IR region at 77 K in
glassy media.[17] From the maximum of the phosphores-
cence bands, the energy levels of the triplet can be derived
for 3Zn (1.6 eV) and for 3FBS (1.48; Table 1). An energy
transfer could also occur spontaneously in this case from
the triplet excited state localized on the zinc porphyrin to
the free-base central unit with a ∆G0 of –0.12 eV.

The luminescence spectrum of FB-Zn8 in toluene upon
excitation at 550 nm is reported in Figure 3 together with
the superposition of the emission spectra of the individual
components (Zn and FBS) in toluene, for absorbance corre-
sponding to the same number of photons absorbed by the
units in the array. The band positions of the units in the
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array are essentially unaltered with respect to the models,
thereby confirming that the components retain their own
spectroscopic properties. A partial quenching of the zinc
porphyrin component (λmax = 600 nm) to about 20% can
be detected, (Φfl = 0.015) but no corresponding sensitiza-
tion of the free-base component (λmax at 651 nm and
720 nm) appears. This observation could be explained by a
self-quenching of the zinc porphyrin donors that does not
lead to a sensitization of the free-base acceptor and/or to
a change in the emissive properties of the free-base core
compared to the model FBS. In order to establish whether
the present system displays some form of light energy col-
lection and transfer properties, the experiments described
below were carried out.

Figure 3. Emission spectra at 295 K of the models Zn (dot), FBS
(dash), and of FB-Zn8 (solid) in toluene solution upon excitation
at 550 nm. The concentrations are adjusted to provide the same
absorbance of the models and of the corresponding unit in FB-
Zn8. The inset shows the excitation spectrum registered at λem =
720 nm for the models and the array.

The emission quantum yield of the porphyrin core in the
array was determined by selective excitation of the free-base
porphyrin unit at 650 nm and turned out to be reduced (Φfl

� 0.10[18] with respect to Φfl = 0.18 in the model FBS).
This perturbation could be the result of interaction of the
porphyrin core with some peripheral Zn porphyrin that is
in close contact because of the flexibility of the linker. At
short distances, low lying charge-transfer states could play
a role, leading to a static quenching of the free-base porphy-
rin. The long absorption tail detected in the nonamer (see
above) up to 700 nm could confirm the presence of such an
interaction generating low-lying states that are able to
quench the free-base porphyrin luminescence. Support in
favor of an energy transfer in the array comes from the
excitation spectrum detected at λem = 720 nm, where only
the free-base porphyrin core emits (inset of Figure 3). From
this spectrum, which is displayed with the excitation spectra
of the components, the contribution of the zinc porphyrin
unit at 550 nm to the emission of the free base at 720 nm is
quite evident, and confirms that an energy transfer from
the peripheral components to the core is actually taking
place. The fact that there is no evidence of this transfer
from the steady-state luminescence experiment as a sensiti-
zation of the free-base porphyrin unit (Figure 3) could be
ascribed to a decreased emission yield of the energy ac-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2155–21652158

ceptor free-base unit from Φfl = 0.18 to 0.10, as reported
above.

The spectroscopic data from Table 1 allow us to draw a
schematic energy-level diagram for FB-Zn8 (Scheme 2),
from which both a singlet-to-singlet (FB-1Zn8 � 1FB-Zn8)
and a triplet-to-triplet (FB-3Zn8 � 3FB-Zn8) energy trans-
fer appear feasible.

Scheme 2. Schematic energy-level diagram and photoinduced pro-
cesses in FB-Zn8. The percentage of units following different reac-
tion paths is reported.

Singlet–Singlet Energy Transfer

The mechanism of singlet–singlet energy transfer be-
tween porphyrins is generally of the Förster type,[19] with a
mechanism involving a dipole–dipole interaction. For this
mechanism it is possible to calculate the rate, kF

en, as a
function of the donor–acceptor distance, dDA, with some
accuracy as the emission quantum yield, Φ, and the lifetime,
τ, of the donor Zn, the overlap integral, JF, and the refrac-
tive index of toluene, n, are known; see Equation (1).[19]

kF
en =

8.8×10–25·κ2·Φ
n4·τ·dDA

6
·JF (1)

JF is calculated from the experimental emission and ab-
sorption spectra to be 5.47×10–14 cm3 –1 and κ2, the orien-
tation factor, is taken as 2/3 since the partners can be as-
sumed to randomly approach each other because of the
long, flexible linker. On the basis of these parameters and
of the data in Table 1, a critical transfer distance, Rc, which
is the distance at which the energy transfer rate equals the
intrinsic deactivation rate of the donor, of about 28 Å can
be calculated. In view of the approximations involved in
the present determinations, we can assume that for a fully
extended linkage, corresponding to a center-to-center dis-
tance of about 34 Å, essentially no quenching of the donor
can occur.[20] Due to the flexibility of the linkages, a large
number of conformations are expected, characterized by
distances varying between a few angstroms, for conforma-
tions corresponding to a highly bent linkage, and a maxi-
mum distance of 34 Å. The time decay of the luminescence
of the zinc porphyrin detected at 600 nm in FB-Zn8 in tolu-
ene (Figure 4) is in perfect agreement with this picture as it
displays a multi-exponential decay. This is typical of the
luminescence decay of Zn porphyrin donors in either flexi-
ble or rigid dendritic multiporphyrin arrays for light har-
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vesting and is due to the existence of several donor–ac-
ceptor couples with different distances and orientations.[21]

A three exponential fitting of the zinc porphyrin lumines-
cence decay gives satisfactory results, with average calcu-
lated lifetimes of 0.175, 0.990, and 2.2 ns with relative
weights of 50%, 30%, and 20% respectively. Whereas most
of the emission is fitted by lifetimes shorter than that of the
reference model Zn, indicating an important quenching, a
residual 20% (under our experimental conditions) displays
the same lifetime (2.2 ns) as the model. This could be due to
the fraction of conformers with donor–acceptor distances
corresponding to the fully extended array (34 Å), which are
not liable to quenching, although the contribution of zinc
porphyrin impurities cannot be excluded. The time profile
of the luminescence detected at 720 nm, a wavelength typi-
cal of the free-base acceptor, is also shown in Figure 4. Al-
though rather weak, it comes, in fact, from one of the nine
chromophores − the luminescence-time evolution in FB-
Zn8 shows a clear rise in the luminescence at early times on
the same time scale as the fast decay of the zinc porphyrin
donor at 600 nm. A fitting of the formation and decay sig-
nal would be meaningless due to the poor signal-to-noise
ratio and the multi-exponential nature of the kinetics. The
detected formation at 720 nm can be assigned to sensitiza-
tion of the free-base porphyrin units by the Zn porphyrin
moieties. The subsequent time evolution detected at 720 nm
can be considered a superposition of the tail of the zinc
porphyrin moiety (λmax = 600 nm; lifetime: 2.2 ns) and the
decay of the free-base unit emissions (λmax = 720 nm; life-
time: 9 ns).

Figure 4. Time-resolved luminescence of FB-Zn8 in toluene solu-
tion after excitation at 532 nm. Decay at 600 nm (circle) is shown
with the tri-exponential fitting with lifetimes of 175 ps, 990 and
2.2 ns. The time profile of the luminescence at 720 nm is also re-
ported (triangle) with the exciting flash profile.

It is interesting to compare the steady-state luminescence
results with the time-resolved data. The emission quantum
yield, Φfl, is related to the lifetime of a species by the equa-
tion Φfl = τkr, where τ is the lifetime and kr is the radiative
rate constant. In case of more than one lifetimes of the
species, as in the present case, where a multi-exponential
decay of the luminescence is present, the equation becomes
Φfl = Σ(fiτikr), where fi is the fraction of component corre-
sponding to the lifetime τi. Assuming that kr of the zinc
porphyrin singlet excited state in FB-Zn8 is identical to that
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of the model Zn (kr = Φfl/τ; kr = 3.6×107 s–1) the fluores-
cence quantum yield can be calculated from the following
equation: Φf = kr × (f1τ1 + f2τ2 + f3τ3), where the index 1,
2, and 3 is relative to the average conformations displaying
the three different lifetimes. The result of this calculation is
Φf = 0.03, which is different from the experimental value
(Φf = 0.015; Table 1). This discrepancy, which is much
higher than the experimental uncertainty, could be ac-
counted for by: (i) the radiative rate constant of the zinc
porphyrin moiety in the nonaporphyrin is different than the
one of the model, and/or (ii) there is some faster quenching,
which escapes the time resolution of the experimental set-
up (20 ps) and can therefore be considered a “static quench-
ing”. This would be detectable by steady-state techniques,
which integrate a signal over time, but not by time-resolved
methods with time resolution exceeding the timescale of the
process. In the latter case, the correct fraction, fi, of each
component for the calculation of Φf should be scaled to
take into account the component which gives “static”
quenching and which is missed by our apparatus.

The luminescence properties at 295 K and 77 K are sum-
marized in Table 1.

Triplet–Triplet Energy Transfer

Porphyrin triplets exhibit strong and well-characterized
triplet absorption spectra and lifetimes in the hundreds of
microseconds range in fluid, oxygen-free solutions. They
can be conveniently monitored by laser flash photolysis
with nanosecond/microsecond resolution. The transient
change in the absorption spectra due to the triplet excited
states of the models FBS and Zn are reported in Figures 5
and 6, respectively, with one inset (a) showing the lifetime
in oxygen-free and the other (b) in air-equilibrated toluene
solutions at 295 K. To prevent triplet–triplet second-order
competitive reactions, which are a very common phenome-
non for long-lived triplet excited states, the lifetime of the
species in air-free solutions was measured at extremely low
excitation energy (�0.2 mJ per pulse) in order to provide
a low concentration of excited species and a good single
exponential decay of the excited triplet [insets (a) of Fig-
ures 5 and 6]. The triplets are quenched by oxygen and their
lifetime in air-saturated solutions is greatly decreased [see
Table 2, insets (b) of Figures 5, and 6]. Since the concentra-
tion of O2 in air-equilibrated toluene solutions is
1.8×10–3 ,[22] a reaction rate with oxygen in toluene of the
order of 1–1.5×109 –1 s–1 can be derived for Zn and FBS,
in agreement with previous reports.[23]

In FB-Zn8, once the triplet state of the zinc porphyrin
unit is formed, a triplet energy transfer to the core free-base
porphyrin can be envisaged. Energy transfer between triplet
states occurs generally by a Dexter (electron-exchange)
mechanism.[24] This type of mechanism involves the syn-
chronized transfer of two electrons, one from the LUMO
of the donor to the LUMO of the acceptor and the other
from the HOMO of the acceptor to the HOMO of the do-
nor. It requires either a direct physical contact (through
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Figure 5. Transient absorbance changes of FBS (A = 0.13) follow-
ing laser excitation at 532 nm (5 mJ per pulse) in toluene solutions.
Inset a) shows the decay in oxygen-free (0.2 mJ per pulse) and inset
b) the decay in air-saturated solution (5 mJ per pulse).

Figure 6. Transient absorbance changes of Zn (A = 0.12) following
laser excitation at 532 nm (5 mJ per pulse) in toluene solutions.
Inset a) shows the decay in oxygen-free (0.125 mJ per pulse) and
inset b) the decay in air-saturated solution (5 mJ per pulse).

Table 2. Transient absorbance data at 295 K in toluene.

State τ [µs][a] τ [µs][b] ΦT
[c]

Zn 3PZn 250 0.50 1
FBS 3FBS 200 0.37 1
FB-Zn8 FB-3Zn8 1.1 n.d. 0.2

3FB-Zn8 300 n.d. ca. 1[d]

[a] Lifetime in air-free toluene, low laser energy (see text). [b] Life-
time in air-saturated toluene. [c] Triplet formation quantum yields,
relative to the models and calculated on the basis of the photons
absorbed by the unit in the array. [d] Poor signal to noise ratio, the
determination is subject to an error of the order of 30%.

space), or the intermediacy of a linkage (through bond),
between the reacting partners. Without entering into detail,
in the case of through-bond transfer the rate depends on
the type of bond and its length. For alkane chains and large
distances, as in the present case, the through-bond energy
transfer rate is slow and is expected to occur on the micro-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2155–21652160

second timescale; it is therefore able to compete with the
deactivation rate of the Zn porphyrin triplet in air-free solu-
tions.

A nanosecond flash photolysis experiment on the nona
FB-Zn8 in air-free solution allowed us to detect an end-of-
pulse spectrum mostly ascribable to the zinc porphyrin trip-
let state (Figure 7). The yield of formation of this state cal-
culated with respect to the model Zn in the wavelength
range out of the ground-state absorbance (650–700 nm) is
about 20%, which is in good agreement with the fraction of
unquenched singlet derived by luminescence time-resolved
determinations (see above). This clearly indicates that the
triplet states are produced only by the unquenched singlet
excited states of the zinc porphyrin donor via an intersys-
tem-crossing step. The end-of-pulse spectrum of FB-Zn8

evolves rapidly, with a slight shift of the maximum from
490 to 480 nm, and after a few microseconds it reaches a
value that is stable on the microsecond timescale (Figure 7).
The exponential decay rate of the fast decay was found to
depend on the laser intensity, as shown in inset (a) of Fig-
ure 7. This can be understood by considering that excitation
of a 3×10–6  solution with several millijoules at 532 nm is
able to produce multiple excitation of porphyrins (mostly of
the zinc porphyrin units, which absorb 85% of the incident
photons) within the same array.[25] Multiple excitation in
an array that has a very high local concentration of zinc
porphyrins would cause a fast intramolecular triplet–triplet
reaction and lead to a rapid self-quenching of the zinc por-
phyrin triplet. The experimental first-order reaction rate
would therefore be due to the contribution of two different
processes: the intramolecular triplet–triplet annihilation,
which is dependent on the square of the laser energy, and
the energy-transfer process, which is independent of it. The
rate at different incident laser conditions was measured and
a plot of rate versus laser intensity was extrapolated to zero
energy [inset (a) of Figure 7] in order to derive the decay
rate of FB-3Zn8 in the absence of multi-photonic excitation.
Under these conditions, the first-order decay rate of FB-
3Zn8 was 8.8×105 s–1 and was assigned to an energy-trans-
fer process from the triplet localized on the zinc porphyrin
moiety (FB-3Zn8) to the triplet localized on the free-base
central unit (3FB-Zn8).[26] The latter species, which can be
identified from the spectrum after 3 µs in Figure 7, decays
exponentially with a lifetime of 300 µs [inset (b) of Fig-
ure 7]. The lifetime of the triplet porphyrin core in 3FB-Zn8

is longer than that determined for the model FBS under the
same conditions (ca. 200 µs), very likely because of a sort
of shielding effect of the periphery components toward
traces of oxygen or quenching contaminants in the solution.
A similar protecting effect of the periphery on the triplet
excited state of a core chromophore was previously found
for a similar pentaporphyrin[15] and has also been reported
for a fullerene-based dendrimeric structure.[27]

Scheme 2 shows the rate constants of the intramolecular
processes; the decay of the excited state localized on the zinc
porphyrin chromophore, FB-1Zn8, is assigned to different
processes depending on the type of conformation: the 20%
extended conformation decays mainly to the triplet state
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Figure 7. Transient absorbance changes of FB-Zn8 (A = 0.17) fol-
lowing laser excitation at 532 nm (5 mJ per pulse) in toluene solu-
tions; end-of-pulse spectra (filled circle) and 3 µs after the end of
the pulse (open circle). Inset a) shows the rate constant dependence
of the fast decay (see text) from the laser intensity and inset b)
shows the decay of the 3-µs species, assigned to 3FB-Zn8, in oxy-
gen-free solutions.

FB-3Zn8, whereas the other conformations with lower do-
nor–acceptor distances decay by energy transfer to 1FB-Zn8

with average rates of 5.2×109 and 5.5×108 s–1, correspond-
ing respectively to average lifetimes of 175 and 990 ps.

Complexation

Zinc porphyrins are know to axially bind pyridine or py-
ridyl residues with association constants of the order of
104 –1. These constants have been found to increase dra-
matically up to around 106 to 108 –1 when multiple bonds
can contribute to the formation of the complex.[28,29]

We have undertaken this type of experiment with both
monodentate pyridine (Pyr) and didentate 4,4�-bipyridine
(Bipy) in order to gain information about the spatial ar-
rangement and the interactions between the zinc porphyrin
chromophores in FB-Zn8. As a reference, the same experi-
ments were performed with Zn. Our aim was to derive the
association constants by spectrophotometric and spectro-
fluorimetric methods and to monitor the effect of FB-Zn8

complexation on CD spectroscopy, in order to gain some
insight into the system. The association constants were de-
rived by a nonlinear treatment previously developed for the
analysis of absorption and emission signals at a selected
wavelength (see Exp. Sect. for details).[29]

The results for the absorption of Zn (1.7×10–6 ) upon
titration with increasing amounts of Pyr are reported in
Figure 8, together with the emission spectra of the same
solutions upon excitation at 428 nm, which is the isosbestic
point between the complexed and uncomplexed forms. The
insets show the nonlinear fittings to the experimental data,
and the derived association constants are summarized in
Table 3. The same type of experiment was also performed
with Bipy as a titration agent, and the results are illustrated
in Figure 9. The plots of the signals at the selected wave-
lengths (inset) allow us to derive the association constants
(Table 3). The behavior with the two different titration
agents is essentially the same for Zn: in both cases the ab-
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sorption of the porphyrin Soret band shifts from 424 to
431 nm (7 nm), with a clear isosbestic at 428 nm typical of
the formation of a 1:1 complex.[30] In principle, the diden-
tate Bipy could complex two Zn molecules to form a 2:1
(Zn/Bipy) complex, which should be favored at low concen-
trations of Bipy. Nonetheless, in the present experimental
conditions we were unable to detect the 2:1 complex, which
is reported to display a red shift of only about 4 nm with
respect to the Zn porphyrin band, i.e. a band maximum at
lower wavelengths with respect to the 1:1 complex.[30] The
low association constant and the use of a large excess of
Bipy are very likely to be unfavorable for the formation of
the 2:1 complex.

Figure 8. Zn (1.7×10–6 ) in toluene solution upon titration with
increasing amounts of Pyr. The upper panel shows the change of
absorbance in the Soret band region and the inset shows the data
points at 431 nm, fitted according to Equation (2). In the lower
panel the change in emission intensity is shown and in the inset the
data points at 608 nm, fitted to Equation (2), are reported.

Table 3. Association constants Ka [–1] of the model Zn and of FB-
Zn8 with pyridine and bipyridine.

Pyr Bipy
Abs Em Average Abs Em Average

Zn 8 ×103 1×104 9×103 9×103 1.4×104 1.2×104

FB-Zn8 6×103 6×103 6×103 – – –

In the case of titration of a solution of FB-Zn8

(2.6×10–7 ), the results obtained with Pyr and Bipy are
rather different. The effects on the absorption and emission
properties upon titration with the monodentate Pyr are
shown in Figure 10. The absorption titration data do not
differ appreciably from that of the model Zn − the shift in
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Figure 9. Zn (1.7×10–6 ) in toluene solution upon titration with
increasing amounts of Bipy. The upper panel shows the change of
absorbance in the Soret band region and the inset shows the data
points at 424 nm, fitted according to Equation (2). In the lower
panel the change in emission intensity is shown and in the inset the
data points at 608 nm, fitted to Equation (2), are reported.

the Soret band of the zinc porphyrin unit upon complex-
ation is from 426 to 431 nm, with a single isosbestic point
at 428 nm. The emission data, making allowance for the
bands of the free-base unit in FB-Zn8, do not appear dif-
ferent from the titration results of the model Zn in the re-
gion 570–640 nm, where only the zinc porphyrin chromo-
phore emits. The derived association constant is slightly
lower than that determined for the model Zn, and this is
perhaps related to the less accessible Zn porphyrin units in
the nona structure compared to simple Zn.

The results of titration of FB-Zn8 with the didentate Bipy
are more interesting. Absorption data show that in this case
there is no isosbestic point (see Figure 11), but from the
initial spectrum of the free nonaporphyrin (λmax = 426 nm)
a rather complicated evolution can be detected. This shows
an initial decrease of the band at 426 nm with a shift to
429 nm in the concentration range from 5×10–7 to
5×10–6 , followed by an increase of the band at 429 nm,
which reaches a maximum for a Bipy concentration of
10–4 , and a final evolution for concentrations above
5×10–3  to the absorption with maximum at 431 nm typi-
cal of the 1:1 complex spectrum, in analogy to the model
system. An absorption maximum around 429 nm is typical
of the 2:1 (Zn/Bipy) complex spectrum, but the exact posi-
tion of the maximum and the extinction coefficient of the
species could change slightly depending on the geometry
and conformations of the complex. Similar data have re-
cently been reported by Hunter and Ballester.[31] In one of
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Figure 10. FB-Zn8 (2.6×10–7 ) in toluene solution upon titration
with increasing amounts of Pyr. The upper panel shows the change
of absorbance in the Soret band region and the inset shows the
data points at 431 nm, fitted according to Equation (2). In the
lower panel the change in the emission intensity is shown and in the
inset the data points at 610 nm, fitted to Equation (2), are reported.

the cases studied − a calixa-tetraporphyrin titrated by di-
dentate DABCO − they detected a similar behavior in the
middle part of the titration by absorption spectroscopy.
That behavior was assigned, and confirmed by 1H NMR
spectroscopy, to the formation of a 2:1 complex (Zn/
DABCO) with different conformations and geometries.
Whereas in Hunter and Ballester’s case the presence of dif-
ferent conformations was mainly ascribed to the possibility
of formation of intra- or intermolecular complexes, in the
present experiment the possibility of forming different 2:1
complexes depends on the relative positions of the porphy-
rins involved, i.e. whether they are on the same branch or
on different branches. We also expect that, due to the high
flexibility of the system, the geometry of the complexes
could be extremely variable.

The situation is obviously rather complex, and we can
only derive from the present data the information that an
intermediate group of slightly different 2:1 complexes is
formed prior to the formation of a 1:1 complex, which is
favored in conditions of high concentration of Bipy. The
determination of one or more association constants for this
system is far too complex and beyond the purposes of the
present work.

Due to the absence of a clear isosbestic point in the ab-
sorption experiment it was not possible to perform a neat
luminescence titration experiment, as done in the previous
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Figure 11. FB-Zn8 (2.6×10–7 ) in toluene solution upon titration
with increasing amounts of Bipy (range 5×10–75×10–2 ).

cases. It was, however, possible to select some concentra-
tions of titrant and to compare the luminescence of the
complex to the luminescence of FB-Zn8 alone, upon exci-
tation at the iso-absorbing wavelength for the couple of
solutions. The data are reported in Figure 12 and seem to
indicate that an increase of the luminescence of the zinc
porphyrin at 610 nm and of the free-base moiety around
715 nm occurs in FB-Zn8 upon increasing the complexation
degree. In fact, comparing the results of Figure 12 with
those of Figure 9, which shows data for the model Zn and
Bipy, the band at 610 nm, due to the complexed zinc por-
phyrin component, appears to be higher in the system FB-
Zn8 plus Bipy than in the model complex Zn plus Bipy (2.4
vs. 1.6). This finding, which is ascribable to a disruption of
the interaction between zinc porphyrin chromophores by
Bipy, could make available more excitation energy of the
zinc porphyrin donor for the energy-transfer process. This
type of behavior does not seem to take place for the system
FB-Zn8 plus Pyr (see Figure 10); the difference in the two
systems could very likely be due to the larger dimensions
and to the didentate binding by Bipy.

Figure 12. Luminescence spectra of FB-Zn8 (2.6×10–7 ) in tolu-
ene solutions upon different Bipy additions compared to the lumi-
nescence of FB-Zn8 alone. The excitation wavelength corresponds
to the isoabsorbing wavelength for each pair of solutions (see text
for details).

What is worth noting is the effect that complexation by
both Pyr and Bipy has on the CD signal, as shown in Fig-
ure 13. It can be seen that complexation is effective in
decreasing the optical activity. The CD signal is, however,
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not fully cancelled by complexation, as can be seen in the
upper panel of Figure 13, where about 40% of the original
signal remains at concentrations of Pyr corresponding to
complexation of the zinc porphyrin units of 95%.[32] Similar
results are obtained for the titration with Bipy (lower panel
of Figure 13). These data indicate that a nearly complete
association of the array with Pyr and Bipy (the complete-
ness of the complexation reaction in the Bipy case can be
derived from the invariance of the absorption spectra upon
further addition of Bipy) can decrease most of the CD ac-
tivity but not completely suppress it. Complexation can cer-
tainly interfere with exciton coupling by changing the ge-
ometry and/or the distance between interacting porphyrins
but can also increase the rigidity and influence the geome-
try of the structure affecting the CD activity induced by
chiral nucleosidic linkers. So this does not help to provide a
clear identification of the origin of the observed CD effect.

Figure 13. CD spectra of FB-Zn8 in toluene solutions upon Pyr
(upper panel; [Pyr] range 0–10–3 ) and Bipy complexation (lower
panel; [Bipy] range 0–5×10–2 .

Conclusions

A full spectroscopic characterization of FB-Zn8 and of
the photoinduced processes in this nonaporphyrin have
been performed; singlet–singlet and triplet–triplet energy-
transfer processes have been detected and their kinetic pa-
rameters derived. Complexation experiments withy mono-
dentate Pyr and didentate Bipy have been performed and
the association constants have been derived; furthermore,
the effect of complexation on the luminescence and on the
optical activity have been monitored.
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Light absorption of this nonaporphyrin structure ap-

pears rather promising for possible applications in solar-
energy conversion devices; the molar absorption coefficient
has, in fact, extremely high values throughout the visible
region with a maximum on the Soret band higher than
3000000 –1 cm–1. Nonetheless, its performance with re-
spect to the ability to convey the collected light energy to
the focal free-base porphyrin seems to be less satisfactory,
and transfer to the core free-base porphyrin is not complete
in spite of the fact that the quenching of the donor is, for
most of the conformations, rather fast. The fact that the
absorbed energy is not completely conveyed to the core en-
ergy acceptor and/or is not released by the latter as emitted
light could be due to interactions between the chromo-
phores, which can come into close contact because of the
flexibility of the linkers and bring about self-quenching
phenomena. Disruption of the interactions by using some
coordinating component to separate the chromophores ap-
pears to be a promising strategy to try to overcome/reduce
the undesired interactions with a consequent increase of the
energy available for the transfer to the core free-base por-
phyrin acceptor.

Experimental Section
The synthesis of the nonaporphyrin has been reported elsewhere.[15]

Spectroscopic and Photophysical Determinations: The solvent used
was spectroscopic grade toluene (C. Erba). Absorption spectra
were recorded with a Perkin–Elmer Lambda 9 spectrophotometer
and emission spectra, uncorrected if not otherwise specified, were
recorded with a Spex Fluorolog II spectrofluorimeter equipped
with a Hamamatsu R928 photomultiplier. Relative luminescence
intensities were evaluated from the area (on an energy scale) of the
luminescence spectra corrected for the photomultiplier response.
Luminescence quantum yields, Φ, for the components were ob-
tained with reference to a standard, namely (1,5,10,15-tetra-tert-
butylphenyl)porphyrinatozinc(), in toluene with Φ = 0.08.[16] Ex-
periments at 77 K made use of quartz capillary tubes immersed in
liquid nitrogen contained in a home-made quartz dewar. Circular
dichroism spectra were obtained with a Jasco J-710 dichrograph.

Titration experiments for the determination of the association con-
stants were performed using a constant concentration of porphy-
rins and variable concentrations of Pyr or Bipy. In titration experi-
ments excitation was performed at the isosbestic point of the com-
plexed and uncomplexed porphyrin spectra. Equation (2) was used
to derive the association constant, Ka, where Ka is 1/Kd, Obs is any
observable (i.e. absorbance or emission intensity), S0 is the constant
concentration of FB-Zn8, X is the variable concentration of the
complexing agent, ∆Obs is the maximum variation of the observ-
able under examination and Obs0 is its value at zero concentration
of titration agent.[28,29]

Obs = Obs0 +
∆Obs

2S0
·{Kd + X + S0 – [(Kd + X + S0)2 – 4XS0]1/2}

(2)

Fluorescence lifetimes in the nanosecond range were detected by
an IBH Time-Correlated Single Photon Counting apparatus with
excitation at 337 nm. Luminescence lifetimes shorter than one
nanosecond were determined by an apparatus based on a Nd:YAG
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laser (Continuum PY62-10) with a 35-ps pulse duration (532 nm,
1 mJ per pulse) and a Streak Camera (Hamamtsu C1587 equipped
with M1952). The luminescence signals from 1000 laser shots were
averaged and the time profile was measured from the streak image
in a wavelength range of about 20 nm around the selected wave-
length. The fitting of the luminescence decays was performed by
standard iterative nonlinear programs taking into consideration the
instrumental response.[33a] Transient absorbance in the nanosecond
range made use of a laser flash photolysis apparatus based on a
Nd:YAG laser (JK Lasers) delivering 532-nm pulses of 18 ns. Ab-
sorbance of the solutions at the exciting wavelength was about 0.2
and the energy used was 5 mJ per pulse for the determination of
the spectra and less than 0.2 mJ per pulse for the triplet lifetime
determination, in order to prevent undesired second-order T-T an-
nihilation reactions. Relative triplet yields were calculated with re-
spect to the photons absorbed only by the unit of interest, calcu-
lated on the basis of the photon partition in the array, and were
determined by comparing the transient absorbance in the region
600–650 nm with that of Zn for FB-3Zn8 and at 680–700 nm with
that of FBS for 3FB-Zn8. Experiments on triplets were conducted
in homemade, 10-mm optical path cuvettes, bubbled with argon for
5 min, if not otherwise specified. Further details on the experimen-
tal setup can be found elsewhere.[33b,33c]

Computation of the integral overlap and of the rate of the energy-
transfer processes according to the Förster mechanism was per-
formed with Matlab 5.2.[34]

Estimated errors are 20% for quantum yields, 30% for association
constants, and 10% for lifetimes; the working temperature, if not
otherwise specified, was 295±2 K. The error in lifetime determi-
nations is increased in case of multi-exponential fitting to 20%.
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The reactions between L=E donors [L: 1,3-dimethylimid-
azolyl framework; E: S (1), Se (2)] and halogens X2 (X: Cl, Br,
I) to form either “T-shaped” hypervalent chalcogen (TY) or
linear charge-transfer-type adducts (CT) have been studied
in the density functional theory (DFT) context by considering
both thermodynamic and kinetic aspects. Apart from the case
of the adducts between sulfur donors and diiodine, hyperval-
ent compounds are calculated to be always more stable than
CT ones in the gas phase, in agreement with the experimen-
tal results based on spectroscopic and structural determi-

Introduction
The reactions between chalcogenone donors (L=E; L:

organic framework; E: S, Se) and X2 halogen molecules (X:
Cl, Br, I) continue to attract a great deal of interest in the
scientific community due to their implication in numerous
and different fields of research, which span from synthetic
and supramolecular aspects to biological, materials, and in-
dustrial chemistry.[1–10] In particular, in the last ten years
we have reported[4] the isolation of several classes of com-
pounds from the reactions of thio- and selenoketone donors
with halogens. In fact, besides charge transfer (CT) and T-
shaped (TY) adducts, which bear linear E–X–X and X–E–
X groups, respectively, donor oxidation products with chal-
cogen–halogen terminal bonds (L–E–X), linear two-coordi-
nate halogen (I) atoms with chalcogen ligands ([LE–X–
EL]+), and dications containing a chalcogen–chalcogen sin-
gle bond ([(LE)2]2+) represent some of the most common
types of products characterised by X-ray crystallography. In
many cases, a very small change in the chemical environ-
ment of the donor or the experimental conditions is enough
to produce each of the above-mentioned products.[8] There-

[a] Dipartimento di Chimica Inorganica ed Analitica, Università
di Cagliari, S.S. 554,
Bivio per Sestu, 09042 Monserrato (CA), Italy
E-mail: devilla@vaxca1.unica.it

[b] LaMI Dipartimento di Chimica and LaSCaMM-INSTM
Sezione Basilicata, Università della Basilicata,
Via N. Sauro, 85100 Potenza, Italy
E-mail: grimaldi@unibas.it

lelj@unibas.it

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2166–21742166

nations. NBO and FMO analyses suggest explanations for
this. Reaction mechanism studies reveal that CT adducts are
always the first products of the reactions and no transition
states connecting the reactants directly to TY adducts have
been found. The present calculations indicate that, at least
for 1 and 2, TY adducts are obtained from CT adducts and
not directly from the reactants.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

fore, an important goal in this field is the complete under-
standing of all possible pathways that allow for the in-
terconversion between the various species in equilibrium.

The first general qualitative criterion that can be used to
foresee the formation of CT or TY adducts was based on
the electronegativity values of the halogen and the chal-
cogen: the formation of TY adducts prevails if the elec-
tronegativity value of the halogen is higher than that of the
chalcogen atom, while CT adducts prevail if the reverse is
true.[2] However, a more general attempt to explain the for-
mation of the various types of compounds obtainable by
reacting L=E donors with halogens has been made by Hu-
sebye and co-workers,[3] who proposed a chemical scheme
according to which the [LEX]+ cation plays a central role
in determining the different pathways of the reactions and
the nature of the final products. This cation might originate
from either the CT adduct or from the TY adduct by het-
erolytic cleavage of the X–X or E–X bond, respectively.

Recently, the central role of the cation [LEX]+ in the for-
mation of the various products has been tested on a series
of different L=E donors on the basis of DFT calcula-
tions.[4h] In particular, the NBO charge distribution calcu-
lated for the hypothetical cationic species allowed the pre-
diction of the preferential formation of CT or TY adducts
when X is Br or I. In addition, a criterion was proposed to
draw-up an order of ability to form the dicationic species
([L–E–E–L]2+) for the considered L=E donors. This crite-
rion suggested imidazoline-2-thione to be the top-ranking
sulfur donor in the ability to form these dications, as sub-
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sequently observed experimentally.[7] On the basis of these
encouraging results, we decided to use DFT calculations in
order to achieve further insight into the origin of the rela-
tive stability of the various products and to explore the pos-
sibility of interconversion among the various species in
solution. In fact, this seemed very important in order to
clarify the whole reaction mechanism and test the hypothe-
sis of Husebye from a computational point of view. A first
problem to clarify was whether it is always necessary to
hypothesize the formation of the [LEX]+ cation as an inter-
mediate or whether there are other accessible reaction path-
ways that lead to formation of the final products.

The most general reactivity scheme of L=E donors with
halogens or inter-halogens in forming CT and TY adducts
is depicted in Scheme 1.

Scheme 1. General scheme for the reactivity of LE donors with
halogen (X equal to Y) and interhalogen molecules (X not equal to
Y), involving only the CT and TY adducts and the [LEX+] cation.

In the present study we discuss the mechanistic aspects
with respect to non-ionic species also, addressing our atten-
tion to the kinetic and thermodynamic aspects of the for-

Figure 1. �2ρ computed for 1·Br2 using MP2 density showing a
charge concentration on the outer side of the chalcogen atom.
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mation of CT and TY adducts (pathways I� and I of Fig-
ure 1) by direct attack of an X2 molecule (X: Cl, Br or I) on
1,3-dimethylimidazoline-2-thione (1) and -2-selone (2) (see
Scheme 2), and on the possible interconversion between
these adducts (pathway II).

Scheme 2. The two donors and the two possible products (CT and
TY adducts) of the interaction between the imidazoline donors and
X2.

Computational Methods and Search Techniques for
Transition States

DFT and MP2[11] calculations were performed on an Al-
pha workstation using the Gaussian 98 (rev. A7 and A11)
program and the implemented version of the NBO (natural
bond orbital) analysis program.[12,13] The geometries of the
adducts were fully optimised at the DFT level. In our pre-
vious DFT calculations on the TY adducts,[4h,4j] we used
the hybrid B3LYP functional,[14] the Schafer, Horn and
Ahlrichs[15] basis sets for C, H, N, O, S and Se, and the
LANL2DZ basis sets together with effective core potentials
(ECP)[16] for halogen atoms. The geometries of the CT and
TY halogen adducts of 1,3-dimethylimidazoline-2-thione
(1) and 1,3-dimethylimidazoline-2-selone (2) were therefore
optimised at the same level of theory. In order to evaluate
the influence of the model on the optimisations, CT and
TY Br2 adducts of 1 and 2 were also optimised at the MP2
and DFT with an asymptotic corrected hybrid functional[17]

level with the Schafer, Huber and Ahlrichs basis sets.[18] Br2

adducts were been chosen because it is possible to use a
basis set without pseudo-potentials and because of the in-
termediate position of Br between Cl and I. In both cases
the results showed no significant differences with respect to
those obtained with the other model. The transition states
of the reactions between 1 and 2 and halogens X2 (X: I,
Br, Cl) were localised by the NEPR (negative eigenvalues
progressive reduction) technique.[19]

Since it has been observed[20] that the DFT approach can
give incorrect indications about the structures and energies
of transition states of closed-shell interacting fragments, we
have also performed some MP2 calculations on the poten-
tial energy surface (PES) of selected reactants (1 and Br2)
towards the CT isomer. The relative stabilities of the CT
and TY adducts in the gas phase were analysed according
to the NBO method.[13] NBO analysis is based on a method
for optimally transforming a given wavefunction into its
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localised form, corresponding to the one-centre (lone pair)
or two-centre (bond) functions. Delocalisation effects ap-
pear as weak departures from this idealised localised pic-
ture. The energetic importance of these effects can be esti-
mated according to a second-order perturbation theory ap-
proach. Since these delocalisation effects lead to loss of oc-
cupancy from the localised NBO (σ, π or lone pair) of the
idealised Lewis structure into the empty non-Lewis, anti-
bonding (σ* or π*) and Rydberg (R*) orbitals, and thus to
departures from the idealised Lewis structure description,
they are referred to as “delocalisation” corrections to the
zeroth-order Lewis structure. For each donor NBO (i) and
acceptor NBO (j), the stabilisation energy (∆Eij) associated
with delocalisation i�j is estimated as ∆Eij = qi·[F(i,j)2]/(εj –
εi), where qi is the donor orbital occupancy, εj and εi are the
diagonal elements (orbital energies) and F(i,j) is the off-
diagonal NBO Fock matrix element (see ref.[13] for a de-
tailed discussion).

Results and Discussion

Relative Stability of Isomers: Optimisations, NBO and
FMO Analysis

Table 1 reports some relevant optimised geometrical pa-
rameters together with available experimental data of the
CT and TY adducts of 1 and 2. The agreement is very good
and, furthermore, it is worthy to note that for TY adducts
the method is able to account for the small deviations of
the angle X–E–X from 180°, as observed for 2·I2 and other
related adducts.[4h–4k,8,9] Analysis of �ρ2[22] suggests an ex-
planation for this deviation (see Figure 1). According
to the �ρ2 values there is a charge accumulation near the
chalcogen on the outer side of the adduct that bends
the two halogen atoms towards the molecular ring.
DFT calculations indicate that hypervalent compounds
for both 1 and 2 are thermodynamically favoured with
respect to the CT isomers in all but the case of 1·I2 (see

Table 1. Relevant geometrical parameters of the optimised geometries of CT and TY adducts of 1 and 2 (X: halogen, E: chalcogen;
distances in angstroms and angles in degrees). The structural data available for related compounds are reported in parentheses.

TY Adducts 1·Cl2 2·Cl2 1·Br2 1·Br2
[a] 1·Br2

[4h],[b,c] 2·Br2
[4k],[d] 1·I2 2·I2

[8]

X–E 2.53 2.59 2.71 2.54 2.53 (2.49) 2.77 (2.66, 2.52) 2.91 2.98 (2.74, 2.89)
E–C 1.78 1.90 1.78 1.73 1.73 (1.75) 1.90 (1.95) 1.78 1.89 (1.89)
X–E–X 170.64 170.17 171.95 168.41 170.59 (179.38) 170.76 (175.7) 175.70 170.24 (178.64)
X–E–C–N 102.30 109.15 95.06 90.01 90.09 (76.0) 102.84 (–101 to 78) 90.00 89.93 (–94.4 to 90.0)

CT Adducts 1·Cl2 2·Cl2 1·Br2 1·Br2
[a] 1·Br2

[b] 2·Br2 1·I2
[4l],[e] 2·I2

[8],[e]

X–X 2.40 2.43 2.66 2.45 2.44 2.69 3.01 (2.90) 3.03 (2.99, 2.91)
X–E 2.66 2.72 2.80 2.73 2.73 2.89 2.99 (2.68) 3.09 (2.72, 2.78)
E–C 1.74 1.87 1.74 1.69 1.69 1.87 1.74 (1.72) 1.87 (1.88, 1.86)
X–X–E 176.81 175.95 178.12 176.69 178.70 178.13 178.46 (175.7) 178.37 (176.86, 175.63)
X–E–C 91.94 89.88 94.45 85.83 93.56 92.34 96.64 (96.8) 93.59 (93.0, 96.9)
X–E–C–N 111.21 115.85 106.98 88.55 109.48 111.42 104.07 (–96.4 to 84.4) 108.63 (–100.4 to 84.6)

[a] MP2 calculations. [b] DFT with asymptotic corrected hybrid functional. [c] Structural data refer to N,N�-dimethylbenzoimidazole-2-
ylium dibromosulfanide. [d] Structural data refer to 1,2-bis(3-methyl-4-imidazolin-2-ylium dibromoselenanide)ethane. [e] Structural data
refer to 1,1�-bis(3-methyl-4-imidazolin-2-chalcogenone)methane bis(diiodine).
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Table 2). The energy difference between CT and TY
adducts decreases as the halogen atomic number increases
and the chalcogen one reduces.

Table 2. Calculated stability [kcalmol–1] of the CT with respect to
the TY isomers (taken as 0.0) for 1 and 2.

1 2

Cl2 11.5 21.3
Br2 2.1 10.6
I2 –3.7 3.5

In the cases of 1·Cl2, 2·Cl2, and 2·Br2 the TY adduct
formation is clearly preferred, whereas in the cases of 1·Br2,
1·I2 and 2·I2 the energy differences between the two types
of adducts are so small (�4 kcalmol–1) that the experimen-
tal trend in the stability of the possible isomers can be
modified by environmental effects. However, it should be
remembered that no CT adducts between thioketonic do-
nors and Br2 or TY adducts with I2 have been characterised
so far. This relative order of stability does not change when
using different approximations both in basis set and in the
level of approximations.

Figure 2 reports the HOMO–1 and HOMO energies of
1 and 2 and the LUMO energies of the X2 molecules. As
can be seen, the HOMO energy of 1 is lower than the
LUMO energy of I2 only in the case of the couple 1/I2,
and only in this case is the CT adduct thermodynamically
favoured with respect to the TY one. It is also interesting
to observe that there is a linear relationship between the
NBO charges on the chalcogen atom E of the TY adducts
and the frontier molecular orbital (HOMO–1)LE –
(LUMO)X2

energy difference (see Figure 3).
In fact, Figure 2 shows that (HOMO–1)LE – (LUMO)X2

is lower than the (HOMO)LE – (LUMO)X2
energy differ-

ence in all cases, the exception being the case of 1·I2. More-
over, the HOMO–1 is mainly a p orbital on the chalcogen,
whereas the HOMO has a non-negligible delocalisation on
the imidazoline ring. This makes the interaction of dihalo-
gen LUMOs with (HOMO–1)LE more relevant than the in-
teraction with (HOMO)LE.
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Figure 2. Calculated KS orbital energy of the HOMOs and HOMO–1s of 1 and 2, and of LUMOs of the halogens X2.

Figure 3. NBO net charges on the chalcogen (E) atoms of the TY adducts between 1 and 2 with the halogen X2 as a function of the
energy difference between (HOMO–1)LE and (LUMO)X2

.

To gain a deeper insight into the relative stability of TY
and CT adducts, an NBO energetic analysis was performed
on all the compounds at the B3LYP/(SV-LanL2DZ) level
by assigning the electrons in order to obtain two closed-
shell fragments: a halide anion, X–, and the remaining
[LEX]+ cation. The interaction of X– either with the chal-
cogen atom or with the halogen atom of the [LEX]+ cation
formally accounts for the formation of the TY and CT ad-
ducts, respectively. We must stress, however, that this
scheme does not suggest any underlying reaction mecha-
nism but is simply a useful approach that allows us to com-
pare the origin of the stability in the two isomers (CT and
TY) with respect to the same reference fragments.

The NBO energetic analysis (see Table 3) and the par-
ticular choice of the interacting fragments allow us not only
to quantify the energy contribution of the charge transfer
from the halide anion to the cation (column e in Table 3)
but also to account for the contributions of the polarisation
effects within the [LEX]+ fragment. As an example, the
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NBO orbitals that contribute most to the relative stabilities
of the TY adduct 1·Br2 are depicted in Figure 4.

For all the adducts examined the excitation processes
within the [LEX]+ cation involve two-centre localised bond
orbitals (σ) and a one-centre valence lone pair (lp) orbital
as donors and higher energy empty orbitals (σ*, π* and
R*) that can behave as acceptors and, subsequently, as do-
nors. In the interaction between the two fragments, two of
the numerous delocalisation contributions are found to be
the most relevant ones (see Table 3 and Figure 4). The first
of these is due to an intramolecular polarisation effect and
involves the reorganisation of the electronic structure of the
cation due to the presence of the anion. This reorganisation
can be described by two intra-cation charge-transfer pro-
cesses, one from a carbon–chalcogen bonding orbital to a
carbon–nitrogen antibonding orbital, which occurs through
two intermediate orbitals: a carbon–chalcogen antibonding
and a carbon Rydberg orbital (see columns a–c of Table 3),
and the other involving a relatively small back-donation
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Table 3. NBO energetic analysis results. Columns a–d are relative to the intrafragment polarisation effects. Column e concerns the
interfragment charge transfer. All data are in kcalmol–1.

Intramolecular polarisation effects Total polarisation Charge transfer
effect contributions

a b c d (a+b+c+d) e
Adducts/Orbitals σ(C–E) � π*(C–E) π*(C–E) � R*C R*C � σ*(C–N) σ(C–N) � π*(C–E) σ(C–E) � σ*(C–N) lpX � σ*(E–X)

σ(C–N) � π*(C–E)

1·Cl2 (TY) 1.9 45.0 45.0 5.0 96.9 48.0
1·Cl2 (CT) 5.3 14.0 0.45 3.0 22.7 110.0
2·Cl2 (TY) 3.0 20.0 50.0 12.0 85.0 45.0
2·Cl2 (CT) 6.0 11.0 0.45 5.0 22.4 90.0
1·Br2 (TY) 0.7 182.0 80.0 28.0 290.7 48.0
1·Br2 (CT) 2.0 110. 120. 13.0 245.0 92.0
2·Br2 (TY) 1.6 30.0 40.0 10.0 81.6 45.0
2·Br2 (CT) 5.0 12.0 45.0 5.0 22.5 95.0
1·I2 (TY) 0.5 0.7 45 37.0 83.2 48.0
1·I2 (CT) 0.6 30.0 0.5 7.0 38.1 100.0
2·I2 (TY) 0.45 300.0 50.0 13.0 363.4 30.0
2·I2 (CT) 40.0 250.0 0.5 1.5 292.0 97.0

Figure 4. NBO localised orbitals calculated for 1·Br2 involved in the polarisation effects (see Table 3).

from carbon–nitrogen bonding orbitals to carbon–chal-
cogen antibonding orbitals (see column d of Table 3). The
second is an inter-fragment process that involves the two
[LEX]+ and X– fragments. It is a strong charge-transfer
from the halide anion lone pair to the halogen–chalcogen
σ* orbital.

The sum of the energy stabilisation contributions
(Table 3) gives, approximately, the relative stability for every
pair of isomers. As can be deduced from this table, the dif-
ferent weight of each contribution determines the energy
differences between the CT and TY compounds (see
Table 2). In particular, the total polarisation effect contri-
bution in the cation is bigger for the latter compounds,
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whereas the interfragment charge-transfer prevails in the
former.

This approach also allows us to analyse the different be-
haviour shown by sulfur and selenium derivatives. The
NBO analysis shows that the smaller energy difference be-
tween 1·Cl2 adducts (11.5 kcalmol–1) with respect to 2·Cl2
ones (21.3 kcalmol–1) is due to a greater stabilisation energy
of the charge transfer in the case of the chlorine anion lone
pair towards the antibonding S–Cl NBO orbital of the CT
adduct. The growing importance of this charge transfer in
the selenium CT adducts is the main factor responsible for
the smaller energy difference for bromine and iodine com-
pounds with respect to chlorine ones.
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Reaction Mechanism

Path I

Scanning the PES for the motion of X2 toward 1 and 2
allowed the identification of putative transition states, al-
though their refinement did not give definite stationary
structures in any case. Therefore a deeper investigation was
performed in the case of the motion of Br2 toward 1 using
different approximations both in the Hamiltonian and in
the basis set. DFT with an asymptotic corrected hybrid
functional[17] and a post Hartree–Fock perturbative MP2
approach were used. The MP2 approach was used since
long-range dispersive interactions need at least a bi-excited
configuration contribution. In all cases the Schafer, Horn
and Ahlrichs pVDZ[18] basis sets with polarisation func-
tions on all atoms were used in order to better describe
polarisation effects. All the models used showed the same
Morse-like shape for the total energy, which can be fitted
with the Morse function y = D*[1 – e–β(x–x0)]2 with the fol-
lowing parameters: β = 1.3133, x0 = 2.7180 Å and D =
13.5461 kcalmol–1 (see Figure 5), thereby excluding the
existence of a transition state between reactants and CT
adducts. Indeed, the Morse function, starting from a dis-
tance x = x0 – βln2, always has a negative value of the
second derivative with a stationary point at x = �. This
is the reason why, in our opinion, approximately localised
putative transition states did not converge to definite transi-
tion states but were taken apart to very large distances dur-
ing the optimisations.

Figure 5. Computed data (in MP2 approximation) and fitted
Morse function for the motion of Br2 toward 1. (energy in
kcalmol–1 and x in angstroms).

Furthermore, the study of �2ρ[21] allowed us to describe
the possible interaction of the two fragments due to electron
density. As matter of fact, the �2ρ (see Figure 6) shows a
definite accumulation of the density in an sp shape in front
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of the chalcogen and a toroidal hole around the π C=E
bond in the case of 1. This can explain the fact that at large
distances the interaction is between the “density hole ” on
the halogen and the charge concentration on the chalcogen,
whereas at shorter distances the interaction is on the toroi-
dal hole around the chalcogen and with a spherical charge
concentration to even shorter distance in the CT adduct.

Figure 6. �2ρ computed for 1 using MP2 density showing a charge
concentration in front of the chalcogen atom and a depletion with
cylindrical symmetry around the same atom.

Path I� and II

The six transition states leading to the six TY adducts in
the reactions between 1 and 2 with halogens X2 (X: Cl,
Br, I) were successfully identified by applying the NEPR
technique and confirmed by calculations of the second de-
rivative matrix of the energy with respect to the coordinates.
Only one negative eigenvalue was found for each of them,
thus confirming the nature of the transition state for the
computed structures.

To further confirm the assignment of the transition states
to a given reaction path we used the intrinsic reaction coor-
dinate (IRC) approach.[22] This approach allows the connec-
tion of each saddle-point to a given reactant/product cou-
ple. Indeed, the IRC approach confirmed that the six transi-
tion states (of the kind reported in Figure 7) link TY ad-
ducts to CT ones but, surprisingly, not to the (LE + X2)
reactants. Any further attempt to find a different transition
state connecting TY adducts and LE and X2 failed because
we always found the same transition state that connected
TY and CT adducts. As a consequence of these findings,
step I� of Scheme 1 should be excluded as a possible path-
way leading to the TY adduct. Some relevant structural pa-
rameters of each optimised transition state are reported in
Table 4.

Interestingly, all the six transition states leading to the
TY from the CT adducts (see Figure 6) show the halogen
molecule occupying the axial and equatorial position of a
hypothetical trigonal bipyramid centred on the chalcogen
atom. Figure 8 shows the snapshot sequence of the in-
terconversion leading from the CT to the TY adduct
through the axial–equatorial transition state. The energy
barrier to overcome, with respect to the CT adduct, is in
the range 25–40 kcalmol–1. In order to evaluate the direct
interconversion between the CT and TY adducts (pathway
II) of the general Scheme 1 and the paths III and IV
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Figure 7. Transition state leading from the CT to the TY adduct
in 1·I2.

Table 4. Relevant geometrical parameters of transition states of TY
adducts (distances in angstoms, angles in degreees; X:halogen; E:
chalcogen).

E–Xeq E–Xax X–X X–E–X Xax–E–C–N

1·Cl2 2.6 2.4 3.7 97.6 81.1
1·Br2 3.4 2.7 3.7 74.7 69.2
1·I2 3.4 2.9 4.0 76.9 71.7
2·Cl2 3.3 2.5 4.1 89.3 111.5
2·Br2 3.4 2.9 3.3 61.8 107.2
2·I2 3.5 3.0 3.9 72.3 64.3

through association and dissociation processes, we evalu-
ated the difference between the energy of the transition state
leading to the TY from the CT adducts and the energies of
the LEX+ and X– products, which should be lower than the

Figure 8. Snapshot sequence from the CT to the TY adduct through an axial–equatorial transition state in 1·Br2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2166–21742172

transition state energy of paths III and IV. Our calculation
showed that the energies of the LEX+ and X– ions at infi-
nite distance is of the order of 300 kcalmol–1, thus exclud-
ing III and IV as possible paths, at least in the gas phase.
However, in solvents of high dielectric constant or in the
presence of “acid” molecules that can accept the X– ion
(e.g. free X2 molecules), III and IV might compete with the
path II. Thus, on the basis of these results it seems very
likely that, in the case examined in the present study, the
initial product of the interaction between 1 and 2 and X2 is
always a linear charge-transfer adduct. In the case of 1 and
I2, the CT adduct is the final product of the reaction, other-
wise the CT adduct can evolve to the thermodynamically
more stable TY adduct. So, although we can’t rule out the
Husebye hypothesis in polar media, we have shown that a
monomolecular process can give rise to the formation of
the TY adduct.

Conclusions

In order to get a deeper insight into the reactions be-
tween L=E [L: 1,3-dimethylimidazolyl framework; E: S (1),
Se (2)] and halogens X2 (X: Cl, Br, I), twelve adducts (six of
the CT type and six of the TY type) have been theoretically
investigated. DFT calculations indicate that, except for the
case of 1 and I2, hypervalent adducts (TY) are generally
more stable than the linear (CT) ones. Nevertheless, the CT
compounds always play an important role in the process as
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Scheme 3. Reactivity scheme proposed in the present study.

they are always the first product of the reaction from which
the TY isomers can be formed through an axial–equatorial
transition state.

This study suggests that the supposed formation of the
cation [LEX]+ is not always necessary to explain the forma-
tion of the TY adducts since the direct interconversion path
of the CT to the TY adducts is accessible. In conclusion,
on the basis of our calculations we propose the reaction
mechanism reported in Scheme 3.
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A series of ionic pseudo-octahedral trans-hydrido(nitrile)-
iron(II) complexes with the general formula [Fe(H)(dppe)2(4-
NCR)][PF6] [dppe = 1,2-bis(diphenylphosphanyl)ethane; R =
acceptor-substituted conjugated ligand] have been synthe-
sised by chloride abstraction from the starting compound
trans-[FeHCl(dppe)2] and fully characterised. First hyperpo-
larisabilities (β) have been determined by hyper-Rayleigh
scattering (HRS) at the fundamental wavelength of 1072 nm
and the high near-resonant values obtained (up to 1130×10–

30 esu) are interpreted in terms of the two-level model (TLM)
and are correlated with IR and NMR spectroscopic data.
Wavelength-dependent HRS has been performed in the

Introduction

Organometallic molecules have been extensively studied
in the search for new materials with enhanced second-order
nonlinear optical (NLO) properties.[1–7] Because of their
large first hyperpolarisabilities (β), fast response times and
architectural flexibility, they have many potential applica-
tions in photonic devices such as frequency doublers, pho-
tonic switches and electro-optic modulators.[8] Many studies
have focused on organic and organometallic molecules
composed of a highly polarisable π-conjugated backbone
with an electron-donor (D) and an -acceptor (A) group at-
tached to opposite ends. In this way a so called asymmetric
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1072–1580 nm range for two of the compounds, namely
[Fe(H)(dppe)2{4-NC(CH)(CH)C6H4NO2}][PF6] and [Fe(H)-
(dppe)2{4-NCC6H4(CH)(CH)C6H4NO2}][PF6]. These results
clearly show the two-photon resonance but also the short-
comings of the TLM when it comes to deriving reliable static
β values. A structural study of the compound [Fe(H)(dppe)2-
(4-NCC6H4NO2)][PF6] by X-ray diffraction shows that it crys-
tallises in the centrosymmetric monoclinic space group
P21/n, with four molecules in the unit cell and a pairwise
antiparallel alignment of the dipoles.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

“push-pull” or D-π-A system is created, which can be used
to obtain a macroscopically non-centrosymmetric medium
with a large second-order nonlinear susceptibility.[3] In the
search for better donor and acceptor groups, it appeared
that an organometallic moiety could serve as a very efficient
alternative electron-donor group to the traditional, purely
organic, push-pull system.[1,2,5–7,9] In these systems, the
characteristic charge transfer from metal to ligand (MLCT)
could be the origin of a large charge separation over the
long conjugated ligand, which can be tuned to optimise the
molecular nonlinear optical properties. We have previously
reported hyper-Rayleigh scattering (HRS) results for such a
systematically varied series of ionic organometallic com-
plexes, consisting of a transition metal centre coordinated
by an η5-monocyclopentadienyl ring, a bidentate phos-
phane ligand and a conjugated nitrile ligand.[10–12] By com-
paring complexes with electron-donor and -acceptor substi-
tuted ligands we found that the ruthenium and especially
the iron fragments could be used as very efficient electron-
donor groups.

In order to further enhance the NLO response new struc-
tural changes are now implemented. First of all, the donor
fragment is modified by replacing the η5-monocyclopentad-
ienyl ring by a second bidentate phosphane ligand [1,2-
bis(diphenylphosphanyl)ethane, Ph2P(CH2)2PPh2, dppe]
and a hydride, which leads to a pseudo-octahedral coordi-
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nation at the transition metal. This coordination creates
new possibilities for fine-tuning the molecular structure
since an extra ligand can be bound to the metal trans to the
conjugated ligand. Because of the pseudo-octahedral coor-
dination it also becomes possible to use these complexes
as a building block for highly branched macromolecules or
metallodendrimers,[13,14] which have promising applications
in nonlinear optics. A series of pseudo-octahedral ruthe-
nium acetylide compounds[15] exhibits even higher β val-
ues[16] than the analogous cyclopentadienyl compounds
studied before,[17] although they are about equally resonant.
Therefore, in this work, the favourable iron centre is com-
bined with the pseudo-octahedral surrounding and with a
nitrile linkage in order to obtain very high hyperpolarisabil-
ities together with extensive molecular versatility. Apart
from the improvement of the metallic electron donor, we
have also looked for a more efficient acceptor by introduc-
ing a second nitro group at the conjugated backbone. Fi-
nally, the conjugated backbone itself, which connects the
electron-acceptor and -donor groups, is also varied in both
length and structure to further optimise the hyperpolaris-
ability.

Results and Discussion

Preparation of the Pseudo-Octahedral Iron(II) Dppe
Derivatives

The complexes of general formula [Fe(H)(dppe)2(4-
NCR)][PF6] were prepared following a general procedure
that involves chloride abstraction from the starting com-
pound trans-[FeHCl(dppe)2] by TlPF6, in the presence of a
slight excess of the corresponding nitrile chromophores (see
Scheme 1). The reactions were carried out in CH2Cl2 or

Scheme 1. Synthesis of complexes 1–6 (showing the numbering scheme for NMR spectral assignments).
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THF by stirring at room temperature for several hours. Af-
ter work-up, the compounds were obtained in moderate to
high yields (37–71%).

Characterisation of the New Complexes [Fe(H)(dppe)2-
(4-NCR)][PF6]

All of the trans-hydrido(nitrile)iron() complexes were
obtained as deep-red or purple crystals with the exception
of [Fe(H)(dppe)2{2,4-NCC6H3(NO2)2}][PF6] (4), which is
dark green. They are fairly air stable in the solid state
towards oxidation, but less stable in solution. They are solu-
ble in polar solvents and insoluble in less polar and apolar
organic solvents. The complexes were characterised by a
combination of IR and 1H, 13C and 31P NMR spectroscopy,
and elemental analysis.

The solid-state IR spectra (KBr pellets) of complexes 1–
6 present a large number of bands due to the presence of
the various co-ligands. They exhibit strong ν(NC) bands in
the range 2138–2185 cm–1 (see Table 1) at lower wave-
numbers than those observed for the corresponding unco-
ordinated nitriles. Thus, on coordination of the nitrile to
the metal fragment, the NC stretching band shifts by 33 to
101 cm–1 to lower frequency. This weakening of the NC
bond is consistent with a π back-donation interaction
dπ(Fe)–π*(NC), which makes the metal group a more effec-
tive donor. This shift is found to be much higher in the
present complexes than in the cyclopentadienyl com-
pounds,[10] where shifts of up to 35 cm–1 were obtained. The
π back-donation is enhanced by the interaction between the
electron-donating metal moiety and the electron-accepting
nitro group through the conjugated chain, as desired for a
large first hyperpolarisability. In agreement with this in-
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Table 1. The experimental hyperpolarisabilities, βzzz, measured by HRS at λ = 1072 nm in chloroform, together with optical and spectro-
scopic data. λmax is the spectral position of the lowest energy transition; εmax is the corresponding extinction coefficient.

Pseudo-octahedral compounds η5-Monocyclopentadienyl compounds[12]

[Fe(H)(dppe)2(p-NC-R)]+ [PF6]– (for R see Scheme 1)
Complexes 1 2 3 4 5 6 7 (p-NC-R = L1) 8 (p-NC-R = L2)

λmax (nm) 546 549 485 723 505 503 460 484
εmax (L mol–1 cm–1) 7700 8800 8300 8300 10300 10700 6000 8700
βcomplex

zzz (10–30 esu) 700 860 800 435 1130 1026 395[a] 570[a]

βligand
zzz (10–30esu) 4.4[a,b] – 33 5.6 41 47

ν(C�N)[c] (cm–1) 2177 2174 2185 2138 2182 2183 2205 2205
∆ν(C�N)[c] (cm–1) –56 -43 –33 –101 –40 –39 –35 –15
ν(Fe–H)[c] (cm–1) 1870 1853 1888 1891 1891 1896 – –
δ(1Hhydride)[d] (ppm) –17.48 –18.03 –18.83 –14.60 –18.67 –18.54 – –
δ(1Har)[d]* (ppm) 6.73 5.65 6.76 5.43 6.77 6.79 6.97[e] 5.95[e]

∆δ(1Har)[d] (ppm) –1.17 –0.43 –0.94 –2.78 –0.96 –1.11 –1.16[e] –0.64[e]

δ(31Pdppe)[d] (ppm) 83.34 83.80 83.74 81.00 83.48 83.45 98.09[f] 97.64[f]

[a] At 1064 nm. [b] In methanol.[10] [c] KBr pellets, some bands are very weak. [d] CD2Cl2, room temperature. [e] (CD3)2CO, room tem-
perature. [f] CDCl3, room temperature; * H adjacent to NC group.

terpretation, the shifts are dependent on the number of ni-
tro groups present at the nitrile ligand and on the distance
between the NC and NO2 groups. Thus, the highest shift is
found for 4 due to the presence of two strongly electron-
withdrawing nitro groups separated by only a short, well-
conjugated link from the donor group. The trend in the
values indicates that removal of electron density from the
nitrile linkage becomes less marked on chain lengthening.
For the dinitro derivatives (compounds 5 and 6), the posi-
tion of the ν(NC) absorption seems to be independent of
the type of conjugated bridge between the aromatic rings.
The ν(Fe–H) bands are very weak, with high frequencies in
the range 1853–1896 cm–1, consistent with a strongly bound
hydride trans to an aromatic nitrile.[18,19]

The 1H NMR spectra of the compounds were obtained
in CD2Cl2 solutions. The chemical shifts of the dppe pro-
tons are within the range of other octahedral iron() com-
plexes with coordinated nitriles and are almost constant in
all compounds synthesised. The hydride is observed upfield
of the TMS signal (δ = –14.6 to –18.8 ppm) (see Table 1) as
a quintuplet due to coupling with the phosphorus atoms of
the dppe units, thus showing that all phosphorus atoms are
equivalent, in an equatorial position, with a trans orienta-
tion between the hydride and the nitrile ligands. The posi-
tion of the hydride signal is affected by the nitrile ligand
and it also seems to be dependent on the distance between
the NC and NO2 groups, with short distances changing the
signal to less-negative chemical shifts. This observation is
consistent with a hydride ligand coordinated trans to a good
π-acceptor like the nitrile ligands, as reported before.[20]

Upon coordination of the nitrile ligand, the chemical shifts
of the aromatic ortho protons (relative to the nitrile group)
can be used to assess the electron-donating capabilities of
the metal centre (see, for instance, refs.[11,12,21]) and have
been shown to be correlated with high molecular hyperpo-
larisabilities β. An upfield shift of the ortho protons, corre-
sponding to a stronger shielding effect, indeed indicates a
back-donation from the metal centre to the nitrile ligand
and suggests a more efficient donor and/or a stronger ac-
ceptor group. For the present complexes all the ortho pro-
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tons or the Hβ (in compound 2) are shielded, with upfield
shifts between 0.43 and 2.78 ppm, with the highest shift
found for the ortho proton of complex 4. These shifts are
much higher than those measured in our previous studies
of the cyclopentadienyl compounds (0.05–1.2 ppm),[11,12,21]

which makes the high β values obtained comprehensible
(see Table 1).

The compounds were also characterised by 13C NMR
spectroscopy in [D2]dichloromethane. The deviations in the
chemical shifts of the carbon atoms are small and in agree-
ment with the data observed in the 1H NMR spectra. The
31P{1H} NMR spectra of these compounds show a single
sharp signal in the range δ = 81–84 ppm, attributed to the
phosphorus atoms of the dppe ligand, which confirms that
all the complexes adopt an exclusively trans configuration
in solution. These data are also consistent with the expected
deshielding effect upon coordination of the phosphane,
since free dppe shows a singlet at δ = –12.1 ppm in the same
solvent.

X-ray Structural Determination of [Fe(H)(dppe)2-
(4-NCC6H4NO2)][PF6] (1)

Recrystallisation of compound [Fe(H)(dppe)2(4-
NCC6H4NO2)][PF6] (1) by slow diffusion of diethyl ether
into a dichloromethane solution gave crystals suitable for
X-ray diffraction studies. The crystals belong to the mono-
clinic system (space group P21/n), with four molecules in
the unit cell. The structural studies confirm the presence of
1+ cations, hexafluorophosphate anions and a crystallisa-
tion solvent molecule of dichloromethane. The molecular
structure of the cation is shown in Figure 1 (obtained with
ORTEP-3[22]), along with the atom-numbering scheme. Se-
lected bond lengths and angles are given in Table 2.

Complex 1 presents a distorted octahedral coordination
geometry with the atoms coordinated to Fe displaying bond
angles close to 90° (see Table 2). The X-ray structure con-
firms the trans position of the nitrile and hydride ligands,
which define a vertical axis, with the two bidentate phos-
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Figure 1. Molecular structure of the cation [Fe(H)(dppe)2(4-
NCC6H4NO2)]+ with 40% probability thermal ellipsoids, showing
the labelling scheme (the hydrogen atoms, except the hydride, have
been omitted for clarity).

Table 2. Selected bond lengths [Å], angles [°] and torsion angles [°]
for [Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1).

Bond lengths [Å] Angles [°]

Fe(1)–H(1) 1.45(5) Fe(1)–N(1)–C(1) 174.2(5)
Fe(1)–N(1) 1.880(5) N(1)–C(1)–C(2) 175.4(7)
N(1)–C(1) 1.162(7) C(1)–C(2)–C(3) 119.9(6)
C(1)–C(2) 1.429(8) C(5)–N(2)–O(1) 118.3(8)
N(2)–C(5) 1.485(9) C(5)–N(2)–O(2) 117.8(7)
N(2)–O(1) 1.211(9) O(1)–N(2)–O(2) 123.9(7)
N(2)–O(2) 1.225(9) H(1)–Fe(1)–P(1) 93(2)
C(Ar)–C(Ar) 1.363–1.388 P(1)–Fe(1)–N(1) 87.78(14)
Fe(1)–P(1) 2.274(2) H(1)–Fe(1)–P(2) 84(2)
Fe(1)–P(2) 2.256(2) P(2)–Fe(1)–N(1) 97.57(15)
Fe(1)–P(3) 2.276(2) H(1)–Fe(1)–P(3) 87(2)
Fe(1)–P(4) 2.226(2) P(3)–Fe(1)–N(1) 92.37(14)

H(1)–Fe(1)–P(4) 81(2)

Torsion angles [°]

Fe(1)–N(1)–C(1)–C(2) 29(11) P(4)–Fe(1)–N(1) 96.99(15)
N(1)–C(1)–C(2)–C(3) –38(8) P(1)–Fe(1)–P(2) 83.15(7)
C(2)–C(7)–C(6)–C(5) –0.2(12) P(1)–Fe(1)–P(4) 96.44(7)
C(2)–C(3)–C(4)–C(5) 1.9(11) P(3)–Fe(1)–P(2) 97.22(7)
C(7)–C(6)–C(5)–N(2) 177.5(7) P(3)–Fe(1)–P(4) 83.14(7)
C(6)–C(5)–N(2)–O(1) 11.4(8) P(1)–Fe(1)–P(3) 179.57(8)
C(6)–C(5)–N(2)–O(2) 10.2(11) P(4)–Fe(1)–P(2) 165.41(7)
C(4)–C(5)–N(2)–O(1) 10.7(10) H(1)–Fe(1)–N(1) 178(2)
C(4)–C(5)–N(2)–O(2) 9.4(8)

phane ligands occupying the equatorial plane. The four
phosphorus atoms (P1–P4) are roughly coplanar, with an
average atomic displacement of 0.1407(6) Å with the Fe
atom lying within the plane.

The investigation of the Fe–N and Fe–H bond lengths is
of particular interest as they can often indicate the presence

Table 3. Structural data for pseudo-octahedral iron derivatives containing hydride and nitrile ligands.

Compound Fe–H [Å] Fe–N [Å] N�C [Å] Reference

[Fe(H)(dppe)2(NC–SCH3)][CF3SO3] 1.45(3) 1.916(2) 1.153(3) [23]

[Fe(H)(dppe)2(NC–NH2)][BF4] 1.59(9) 1.95(1) 1.15(2) [19]

[Fe(H)(depe)2(NC–CHCOOEt)] 1.50(6) 1.945(4) 1.167(6) [24]

[Fe(H)(dppe)2(NC–CH3)][BPh4] 1.50(2) 1.933(2) 1.141(3) [18]

[Fe(H)(dppe)2(NC–CH2CH2OMe)][BPh4] 1.44(2) 1.930(2) 1.149(2) [18]

[Fe(H)(dppm)2(NC–CH3)][BF4] 1.35(6) 1.927(4) 1.137(6) [20]

[Fe(H)(dppe)2(NC–C6H4NO2)][PF6] (1) 1.45(5) 1.880(5) 1.162(7) this work
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of a d-p π overlap in the Fe–N bond. The hydride could be
located and reasonably isotropically refined with an Fe–H
bond length of 1.45(5) Å, which is in the lower range of the
values observed in similar compounds, as can be seen in
Table 3 (hydride structures in refs.[18–20,23,24]). The Fe–N
bond length [1.880(5) Å] is slightly shorter than those ob-
served in these compounds, while the N�C bond length
[1.162(7) Å] is relatively longer (see Table 3). These observa-
tions, as well as the Fe(1)–N(1)–C(1) and N(1)–C(1)–C(2)
bonding angles of 174.2(5)° and 175.4(7)°, respectively, con-
firm the existence of Fe�N π back-donation. The distances
and angles within the benzonitrile group, in particular the
absence of any obvious bond-length alternation, are consis-
tent with the retention of aromaticity. The nitro group is
slightly twisted relative to the aromatic ring plane, charac-
terised by Car–Car–N–O torsion angles of around 10°.

The dppe chelate ring is not planar but exhibits an enve-
lope conformation, i.e. the atoms Fe, P1, P2 and C(231) are
essentially coplanar while atom C(131), the “flap” atom of
the envelope, lies more than 0.73 Å away from this plane.
The same applies to the other phosphane. The non-planar-
ity of this conformation diminishes the contacts between
the chelate phenyl groups and the nitrile ligand.

The compound displays a pseudo-fourfold rotation axis
through H–Fe–N, relating the P atoms, which is almost per-
pendicular to the equatorial plane [87.6(5)°]. This equiva-
lency of the P atoms agrees with the NMR spectroscopic
data of the compounds, which show a quintuplet for the H
ligand in their 1H NMR spectra and a singlet for the four
P atoms in their 31P{1H} NMR spectra. These results show
that these molecules maintain in the solid state the general
structure found in solution.

In the crystal packing, the molecules of compound 1
form pseudo-dimers with an antiparallel alignment due to
a Car–H···O(1)nitrile hydrogen-bond interaction [D–A =
2.58(2) Å], thus cancelling their NLO responses in the crys-
talline state (Figure 2, a). Each constituent of this dimer is
part of a chain in which the molecules are aligned due to
the other Car–H···O(2)nitrile hydrogen-bond interaction [D–
A = 2.58(2) Å] and also through the PF6 anion, with C–
H···F interactions [C123–H···F5 = 2.67(2), C7–H···F2 =
2.51(2), C212–H···F2 = 2.30(2), C246–H···F4 = 2.54(2),
C226–H···F4 = 2.58(2), C341–H···F1 = 2.50(2) Å], which
arrange the molecules in a straight line (along a). Overall,
as can be seen in Figure 2 (b), the crystal structure is
formed by alternating chains of molecules aligned in oppo-
site directions. It can also be seen that, in each chain, the
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Figure 2. a) View of the antiparallel dimer; b) view of the crystal arrangement showing the alternating chains of cations aligned in
opposite directions (solvent molecules have been omitted for clarity).

PF6 anion occupies the “open space” to form an anion
channel along c.

The second-order NLO response of compound 1 is can-
celled in the solid state because of the pairwise antiparallel
alignment of the chromophores, which results in a centro-
symmetric structure. It has been shown previously that it is
possible to overcome this problem of antiparallel alignment
of neighbouring dipolar molecules by appropriate design of
the molecular shape, in particular by introducing a spacer
group between the successive chromophores.[25,26] In this
approach, the Coulomb interaction becomes equally
favourable for the parallel alignment as for the antiparallel
alignment of the chromophores. The actual crystal struc-
ture formed is then determined by more subtle factors, such
as chirality, hydrogen bonding and steric (van der Waals)
interactions. These considerations are the subject of a pre-
vious paper,[25] where we have shown that this strategy
works for complexes of very similar size and dipole mo-
ment. In fact, an ideal crystal structure with perfectly
aligned chromophores was obtained for two cyclopen-
tadienylruthenium and -iron complexes with chiral co-
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ligands;[25,27] in both cases the analogous complex with an
achiral coligand crystallised centrosymmetrically. While the
condition of proper spacing along the dipolar axis was met
accurately in those Cp complexes,[25] this spacing was hard
to control. In view of these design strategies, the new com-
plexes studied here, besides the obvious possibility to re-
place the dppe co-ligands with chiral phosphanes, have the
additional advantage of an available valence trans to the
nitrile ligand due to their pseudo-octahedral geometry. This
should allow a better control of the spacing (adapted to the
length of the dipolar chromophore) and thus enable op-
timisation of the microscopic and macroscopic NLO prop-
erties.

UV/Visible Studies

The electronic spectra of the compounds and of the un-
coordinated nitrile ligands were recorded for 10–4 to 10–5 

chloroform solutions (Figure 3) in order to identify the M–
L charge transfer and π–π* absorption bands expected in
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Figure 3. Optical absorption spectra of the compounds of Table 1: The nitro complexes (a) with an associated free ligand (c) and the
dinitro complexes (b) with the free ligands (d). The downward arrow indicates the second harmonic wavelength of 536 nm at which most
of the HRS measurements were performed.

these complexes. Additionally, a study of one of the com-
pounds in other solvents was carried out to examine the
solvatochromic effect.

The absorption bands in the 253–376 nm range are asso-
ciated with the π � π* and n � π* transitions in the nitrile
ligands, since they are also observed in this region for the
corresponding free nitriles. Transitions at longer wave-
lengths (500–725 nm) are due to M–L charge transfer in-
volving the FeII centre and the nitro-substituted aromatic
nitrile and are explained by π back-donation involving
dπ(Fe)–π*(NC) orbitals (see Table 1). Dinitro substitution
of the aromatic nitrile, going from 1 to 4, results in a red-
shift of 177 nm for the MLCT band. Chain lengthening
leads to different behaviours for the absorption bands in
the spectra: while the short wavelength absorption band,
associated with the π–π* transition of the conjugated nitrile
ligand (250–375 nm range), displays a red-shift with in-
creasing chain length, as would be expected, a reverse effect
was observed for the lowest energy band. In fact, going
from 1 to 3 (or from 4 to 5) we can observe a blue-shift and
a slight enhancement of the MLCT band. Such a blue-shift
has been observed before for CT transitions in organic[28,29]

and organometallic[30] strong push-pull systems, for which
a lower energy charge-transfer transition is obtained when
the donor and acceptor groups are well-coupled through a
shorter conjugated path.
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Sizable solvent-induced shifts of absorption maxima (sol-
vatochromism) are a measure of the CT character of the
transition (large change in dipole moment ∆µ), and there-
fore have been used as an indication of appreciable qua-
dratic molecular hyperpolarisabilities β.[27] It was therefore
of interest to assess the solvatochromic response of the
MLCT band for the complexes and [Fe(H)(dppe)2(4-
NCC6H4NO2)][PF6] (1) was studied in solvents of different
polarity (chloroform, acetone and DMSO). A positive sol-
vatochromic shift of 21 nm across the range of these sol-
vents was observed, with the lowest energy transition found
in the polar solvent DMSO. This identifies this band as a
CT transition and shows that the dipole moment increases
upon excitation, consistent with a charge transfer from the
metallic donor to the acceptor side of the complex.

Hyper-Rayleigh Scattering Measurements

The experimental resonant hyperpolarisabilities obtained
by hyper-Rayleigh scattering (HRS) at 1072 nm for the
series of compounds studied in this work and the chemical
structures of the acceptor-substituted ligands are summa-
rised in Table 1. In general, high β values are obtained for
the complexes. HRS measurements were also performed on
the free acceptor-substituted nitrile ligands, which exhibit
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very low hyperpolarisabilities, in contrast to the corre-
sponding push-pull systems.

To interpret the nearly resonant β values of the com-
plexes in terms of electronic properties it is useful to con-
sider the two-level model (TLM), which is based on the
assumption that only one excited state [i.e. the charge trans-
fer (CT) state] contributes to the β value. Assuming that the
difference between the dipole moment in the ground and
excited state, ∆µ, and the transition dipole, µeg, are parallel
to each other (along the z-axis), the β tensor only has a
diagonal zzz-component and can be written as[3,31,32]

where fosc is the oscillator strength of the CT transition and
ωeg its frequency. The expression consists of a static value,
β0, multiplied by a wavelength-dependent resonance factor.

Because this model does not take into account the line
broadening of the transition, it cannot be used to describe

Figure 4. Wavelength-dependent HRS data for complexes 2 (top) and 3 (bottom) together with their extinction spectra. The two-level
model (TLM) curves based on the most and least resonant β values are also shown (overlapping for 3). For a clear view of the two-
photon resonance, the experimental hyperpolarisabilities and the TLM curves are displayed at the frequency-doubled wavelength.
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the dispersion of β close to resonance. Hence, because most
of the compounds studied in this work have a λmax value
close to the second harmonic wavelength of 536 nm, the
model is not suitable to calculate static β values. To study
the wavelength dependence of β in the NIR, and eventually
derive a more reliable estimate of the static value β0, two of
the compounds (2 and 3) were studied in the 1072–1580 nm
range. These wavelength-dependent HRS data are presented
in Figure 4, where a pronounced resonant enhancement as-
sociated with the low-energy charge-transfer transition can
be seen in both cases.

The TLM curves based on the most resonant (1072 nm)
and the least resonant β value (1540 nm, shown for 2 only)
are also plotted in Figure 4. For compound 3, which is not
extremely resonant, the TLM curve going through the
1072 nm value appears to give quite a good description of
the dispersion of β, and the obtained static value of
115×10–30 esu seems adequate. In fact, this curve is (coinci-
dentally) overlapping with the one based on the 1580 nm
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value, which leads to practically the same β0 value
(113×10–30 esu). Compound 2, on the other hand, is closer
to resonance and it is clearly seen that the undamped TLM
is totally inadequate to derive the static value from β at
1072 nm. The dispersion is very poorly modelled and a far
too low β0 would be obtained using only this resonant
value. However, using only the least resonant β (at 1540 nm)
shows that the TLM gives a good description of the long
wavelength tail of the dispersion curve and yields a more
reliable static β0 (163×10–30 esu). So, this wavelength-de-
pendent HRS study clearly shows that the TLM cannot be
used to calculate β0 from strongly resonant hyperpolaris-
abilities and therefore, in the following discussion, we will
use the TLM for only qualitative comparisons between the
different structural variations. One way to improve on this
model is to introduce an ad hoc damping factor, Γ, into the
expression of β but, unfortunately, some additional compli-
cations arise in this procedure. Firstly, it is not clear
whether such a damping factor (i.e. a homogeneous line-
broadening) can also be used to properly describe the actual
linewidth, which is largely due to inhomogeneous broaden-
ing and vibronic coupling, and secondly, there is a possible
red-shift between the absorption and the β maximum, as
reported by Wang et al.[33] Therefore, more extended wave-
length-dependent HRS measurements are needed to decide
between different possible models.[31,34–37]

The first structural variation which will be discussed is
the replacement of the η5-monocyclopentadienyl ring at the
organometallic donor fragment by a second bidentate phos-
phane (dppe) ligand to create a pseudo-octahedral sur-
rounding of the iron moiety. Comparing 1 with 7 and 2
with 8 (see Table 1) we can see that in both cases the intro-
duction of the second dppe ligand results in a red-shift of
the CT band and an increase of the extinction coefficient,
εmax, which results in an increase of the resonant β value,
in agreement with the two-level model. From IR measure-
ments a significant shift to lower ν(N�C) values was ob-
served upon coordination (∆νNC = –56 cm–1 for 1 and
–43 cm–1 for 2; see Table 1). This points to a stronger π
back-donation and hence a higher donor efficiency in the
pseudo-octahedral cases 1 and 2 as compared to the analo-
gous cyclopentadienyl compounds 7 and 8, where a shift of
only –35 and –15 cm–1 was found, respectively.[12] This is
indeed supported by the higher static value of
163×10–30 esu obtained for the pseudo-octahedral com-
pound 2 than the β0 of 112×10–30 esu for the analogous
cyclopentadienyl complex 8.[12] So, in conclusion, based on
the spectroscopic measurements and the increase of the
static β value it appears that the pseudo-octahedral sur-
rounding yields a more efficient electron donor.

A second strategy we used to optimise the push-pull sys-
tem was to also increase the strength of the electron-with-
drawing moiety by introducing an extra nitro group at the
ortho position of the last phenyl ring of the conjugated
backbone. Comparing compounds 1 and 4 and 3 and 5 we
can see that in both cases the introduction of the second
nitro group results in a shift of the CT band to higher wave-
lengths and an increase of the extinction coefficient. It ap-
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pears that introducing the second nitro group results in a
more efficient electron-withdrawing moiety, thereby lower-
ing the energy of the CT transition. The energy shift makes
the longer compound 5 more resonant than compound 3,
while for the shorter compound 4, the shift is much more
drastic and results in a CT band in the NIR, beyond reso-
nance. However, compound 4 has a remarkably high β
value, taking into account that it is farther from resonance,
so it probably has a higher static value β0 than compound
1.

The smaller red-shift observed for the longer compounds
(3 and 5) can be understood by considering that the second
nitro group was introduced on the second phenyl ring, far-
ther from the donor metal fragment, leading to a less effec-
tive D–A interaction through the π back-donation effect.

The third degree of freedom which can be used to optim-
ise the molecular β value is the structure and length of the
conjugated backbone connecting the electron donor and ac-
ceptor. It is well known that β increases sharply with conju-
gation length, therefore we extended the conjugated back-
bone of both the nitro (1, 2 and 3) and the dinitro com-
pounds (4 and 5). A very surprising result is that, for both
forms, the CT band shifts to higher energy for the longer
compounds. As we mentioned previously, this can be ex-
plained by a better interaction of the donor with the ac-
ceptor through the shorter conjugated path, leading to a
very low energy CT transition. However, the longer com-
pound 2 yields a larger β than the shorter one 1, which
in this case is compatible with the difference in extinction
coefficients, εmax. This trend is continued for the even longer
compound 3. Indeed, comparing compounds 2 and 3 we
see that although compound 3 is much less resonant and
has about the same extinction coefficient, it still has a com-
parable β value to compound 2. This points to a large static
β value for compound 3 as a consequence of a large dipole
moment difference, according to the two-level model. In the
case of the dinitro compounds the difference between the β
values of the shorter compound 4 and the longer one 5
can be explained in terms of resonant enhancement and
difference between extinction coefficients.

Finally, the structural change of introducing one hydra-
zone spacer (–C=N–NH) between the two phenyl rings
forming the backbone on going from compound 5 to 6
seems to have virtually no effect on the β values; ν(N�C),
δ1Hhydride

and δ31Pdppe
(see Table 1) also remain unchanged,

and only ν(Fe–H) is slightly higher. Neither the spectral po-
sition of the CT band nor the extinction coefficient is modi-
fied significantly so it seems that the D–A interaction is
barely changed by this last modification.

In conclusion, a series of hydrido(nitrile)iron() com-
plexes have been synthesised that show improved molecular
NLO properties, which we ascribe to an improved donor
character of the pseudo-octahedral organometallic moiety.
The NLO push-pull system was further improved by in-
creasing the conjugation length and by double nitro substi-
tution to form a better electron-accepting moiety. Wave-
length-dependent HRS measurements, performed for the
first time on organometallic NLO chromophores, show the
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effect of two-photon resonance enhancement and demon-
strate that for highly resonant cases the TLM is inadequate
and therefore wavelength-dependent measurements are
needed to model the dispersion of β. The X-ray structure
of [Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1) showed that the
NLO response is cancelled at the macroscopic level for this
compound by a pairwise antiparallel orientation of the
complexes. However, the pseudo-octahedral coordination
appears to be very suitable for a more systematic implemen-
tation of the previously demonstrated[25,27] design strategies
(replacement of dppe by chiral phosphanes and inclusion
of appropriate spacing groups along the dipolar axis) to
promote a favourable non-centrosymmetric crystal struc-
ture.

Experimental Section
General Procedures: All preparations were carried out under vac-
uum or nitrogen using standard Schlenk techniques. The solvents
were dried before use following published methods.[38] The starting
material [FeHCl(dppe)2] was synthesised according to a published
method.[39] The aromatic nitrile ligands 4-nitrobenzonitrile and 2,4-
dinitrobenzonitrile were purchased from Sigma–Aldrich and used
as received. Ligands (E)-4-[2-(4-nitrophenyl)ethenyl]benzonitrile,[40]

(E)-3-(4-nitrophenyl)acrylonitrile,[41] 4-[N-(2,4-dinitrophenyl)hy-
drazonomethyl]benzonitrile[42] and (E)-4-[2-(2,4-dinitrophenyl)eth-
enyl]benzonitrile[43] were prepared following the literature pro-
cedures.

IR spectra were recorded for KBr pellets on a Perkin–Elmer Para-
gon 1000 PC FT-IR or a Bio-Rad Excalibur FTS 3000MX spectro-
photometer; only the significant bands are cited. 1H, 13C and 31P
NMR spectra were recorded for [D2]dichloromethane solutions
with a Varian Unity 300 spectrometer at probe temperature, using
SiMe4 as internal reference (1H and 13C NMR chemical shifts) and
85% H3PO4 as external reference for 31P NMR chemical shifts.
Spectral assignments follow the numbering scheme given in
Scheme 1. The UV/Vis spectra were recorded with a Shimadzu
1603 spectrophotometer for 10–4 or 10–5  solutions in several sol-
vents. Elemental analyses were performed at the Laboratório de
Análises of the Instituto Superior Técnico, using a Fisons Instru-
ments EA1108 system, with data acquisition, integration and hand-
ling performed with a PC and the software package Eager-200
(Carlo Erba Instruments). Melting points were measured with a
Leica Galen III melting point apparatus and are not corrected.

General Procedure for the Synthesis of the Pseudo-Octahedral
Iron(II) Derivatives: A slight excess of the nitrile chromophore (1.1–
1.2 equiv.) and TlPF6 (1.1–1.2 equiv.) were added to a solution of
[Fe(H)(Cl)(dppe)2] (0.68–1.01 mmol) in dichloromethane (THF for
compound 1). The mixture was then stirred at room temperature
for 2–4 h (18 h for compounds 1 and 6). A colour change was ob-
served with simultaneous precipitation of thallium chloride. After
filtration, the solvents were evaporated under vacuum to dryness
and the residues were washed several times with diethyl ether to
remove the excess of nitrile. Recrystallisation from dichlorometh-
ane/diethyl ether afforded powder or crystalline samples of the pure
compounds.

[Fe(H)(dppe)2(4-NCC6H4NO2)][PF6] (1): Yield: 97 mg (37%), pur-
ple crystals; m.p. 132.7–134.2 °C. IR (KBr): ν̃max = 2177 cm–1 (s)
(CN), 1870 (w) (Fe–H), 1516 (m) and 1338 (s) (NO2), 838 (s)
(PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –17.48 (quint, 2JH,P =
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47.6 Hz, 1 H, FeH), 2.13 (s, 4 H, PCH2), 2.59 (s, 4 H, PCH2), 6.73
(d, J = 8.4 Hz, 2 H, H2,H6), 6.77 (s, 8 H, PPh-Hortho), 7.07 (t, J =
7.5 Hz, 8 H, PPh-Hmeta), 7.18 (t, J = 7.5 Hz, 8 H, PPh-Hmeta), 7.27–
7.36 (m, 8 H, PPh-Hpara), 7.47 (s, 8 H, PPh-Hortho), 8.18 (d, J =
8.4 Hz, 2 H, H3,H5) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.54 (qt,
1JC,P = 11.4 Hz, PCH2), 118.81 (C1), 123.11 (NC), 124.56 (C3,C5),
128.35 and 129.11 (PPh-Cmeta), 130.46 and 130.60 (PPh-Cpara),
132.70 (PPh-Cortho), 132.97 (C2,C6), 133.38 (PPh-Cortho), 134.64
(m, PPh-Cipso), 149.24 (C4) ppm. 31P{1H} NMR (CD2Cl2): δ =
–143.50 (sept, 1JP,F = 709.2 Hz, PF6), 83.34 (s, dppe) ppm.
C59H53F6FeN2O2P5·1/2CH2Cl2 (1190.3) calcd. C 60.09, H 4.58, N
2.36; found C 60.31, H 4.64, N 2.27. UV (CHCl3): λmax (ε) =
265 nm (49937 –1 cm–1), 546 (7706); [(CH3)2CO]: 535 (8155);
(DMSO): 266 (73979), 556 (11263).

[Fe(H)(dppe)2{(E)-4-NCCH=CHC6H4NO2}][PF6] (2): Yield,
380 mg (48%), purple solid; m.p. 134.2–135.7 °C. IR (KBr): ν̃max

= 2174 cm–1 (s) (CN), 1853 (w) (Fe–H), 1515 (m) and 1339 (s)
(NO2), 839 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –18.03
(quint, 2JH,P = 46.8 Hz, 1 H, FeH), 2.12 (s, 4 H, PCH2), 2.61 (s, 4
H, PCH2), 5.65 (d, J = 15.9 Hz, 1 H, H8), 6.22 (d, J = 15.9 Hz, 1
H, H7), 6.76 (s, 8 H, PPh-Hortho), 7.17 (t, J = 6.6 Hz, 16 H, PPh-
Hmeta), 7.26–7.37 (m, 8 H, PPh-Hpara), 7.49 (s, 10 H, PPh-Hortho

and H2,H6), 8.26 (d, J = 7.5 Hz, 2 H, H3,H5) ppm. 13C{1H} NMR
(CD2Cl2): δ = 32.80 (t, 1JC,P = 12.0 Hz, PCH2), 101.10 (C8), 124.58
(NC), 124.69 (C3,C5), 128.12 (C2,C6), 128.23 and 128.90 (PPh-
Cmeta), 130.22 and 130.45 (PPh-Cpara), 132.79 and 133.43 (PPh-
Cortho), 134.07 and 135.07 (m, PPh-Cipso), 139.83 (C1), 146.73 (C7),
148.16 (C4) ppm. 31P{1H} NMR (CD2Cl2): δ = –143.50 (quint,
1JP,F = 710.1 Hz, PF6), 83.80 (s, dppe) ppm. C61H55F6FeN2O2P5

(1172.8) calcd. C 62.47, H 4.73, N 2.39; found. C 62.88, H 4.70, N
2.73. UV (CHCl3): λmax (ε) = 265 nm (48916 –1 cm–1), 297 (27695),
549 (8762).

[Fe(H)(dppe)2{(E)-4-NCC6H4CH=CH-4-C6H4NO2}][PF6] (3):
Yield: 900 mg (71%), dark-red solid; m.p. 145.1–145.9 °C. IR
(KBr): ν̃max = 2185 cm–1 (w) (NC), 1888 (w) (Fe–H), 1510 (m) and
1339 (s) (NO2), 830 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ =
–18.83 (quint, 2JH,P = 47.0 Hz, 1 H, FeH), 2.12 (s, 4 H, PCH2),
2.55 (s, 4 H, P–CH2), 6.76 (d, J = 8.1 Hz, 2 H, H2,H6), 6.85 (s, 8
H, PPh-Cortho), 7.09 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.16 (t, J =
7.5 Hz, 8 H, PPh-Cmeta), 7.25–7.36 (m, 10 H, PPh-Cpara, H7 and
H8), 7.45 (s, 8 H, PPh-Cortho), 7.57 (d, J = 8.4 Hz, 2 H, H3,H5),
7.74 (d, J = 9.0 Hz, 2 H, H10,H14), 8.27 (d, J = 9.0 Hz, 2 H,
H11,H13) ppm; some signals are obscured by the para aromatic
protons of dppe. 13C{1H} NMR (CD2Cl2): δ = 32.47 (t, J =
12.2 Hz, PCH2), 111.95 (C1), 124.24 (C11,C13), 126.43 (NC),
127.66 (C10,C14), 127.91 (C3,C5), 128.05 and 128.85 (PPh-Cmeta),
129.98 (C7), 130.12 (PPh-Cpara), 131.35 (C8), 132.34 (C2,C6),
132.65 and 133.20 (PPh-Cortho), 133.97 and 134.95 (m, PPh-Cipso),
140.79 (C4), 142.97 (C9), 147.45 (C12) ppm. 31P{1H} NMR
(CD2Cl2): δ = –143.47 (sept, 1JP,F = 708.6 Hz, PF6), 84.71 (s, dppe)
ppm. C67H59F6FeN2O2P5·CH2Cl2 (1257.7) calcd. C 60.78, H 4.64,
N 2.31; found C 60.71, H 4.96, N 1.99. UV (CHCl3): λmax (ε) =
266 nm (34316 –1 cm–1), 346 (51278), 485 (8255).

[Fe(H)(dppe)2{2,4-NCC6H3(NO2)2}][PF6] (4): Yield: 386 mg (48%),
dark-green solid; m.p. 144.4 °C (dec.). IR (KBr): ν̃max = 2138 cm–1

(m) (NC), 1891 (w) (Fe–H), 1527 (m) and 1338 (d) (NO2), 839 (s)
(PF6

–). 1H NMR (300 MHz, CD2Cl2): δ = –14.60 (quint, 2JH,P =
48.5 Hz, 1 H, FeH), 2.31 (s, 4 H, PCH2), 2.88 (s, 4 H, PCH2), 5.43
(d, JH6,H5 = 9.0 Hz, 1 H, H6), 6.72 (s, 8 H, PPh-Cortho), 6.99 (t, J
= 7.5 Hz, 8 H, PPh-Cmeta), 7.16–7.25 (m, 12 H, PPh-Cmeta and PPh-
Cpara), 7.30 (t, J = 6.9 Hz, 4 H, PPh-Cpara), 7.43 (s, 8 H, PPh-Cortho),
7.90 (dd, JH5,H6 = 8.4, 4JH5,H3 = 2.4 Hz, 1 H, H5), 8.99 (d, 4JH3,H5
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= 2.4 Hz, 1 H, H3) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.95 (s,
PCH2), 113.97 (C1), 118.70 (NC), 121.66 (C3), 127.50 (C5), 128.40
and 129.16 (PPh-Cmeta), 130.66 and 130.85 (PPh-Cpara), 132.76 and
133.44 (PPh-Cortho), 134.38 (m, PPh-Cipso), 138.07 (C6), 146.78 and
147.24 (C2 and C4) ppm. 31P{1H} NMR (300 MHz, CD2Cl2): δ
= –143.50 (sept, 1JP,F = 708.9 Hz, PF6), 81.00 (s, dppe) ppm.
C59H52F6FeN3O4P5·1/2CH2Cl2 (1237.7) calcd. C 57.90, H 4.33, N
3.40; found C 57.46, H 4.47, N 3.36. UV (CHCl3): λmax (ε) =
254 nm (shoulder), 266 (shoulder), 723 (8274 –1 cm–1).

[Fe(H)(dppe)2{(E)-4-NCC6H4CH=CH-2,4-C6H3(NO2)2}][PF6] (5):
Yield: 444 mg (51%), purple solid; m.p. 161.9–163.6 °C. IR (KBr):
ν̃max = 2182 cm–1 (w) (NC), 1891 (w) (Fe–H), 1528 (m) and 1345
(m) (NO2), 840 (s) (PF6

–). 1H NMR (300 MHz, CD2Cl2): δ =
–18.67 (quint, 2JH,P = 47.4 Hz, 1 H, FeH), 2.11 (s, 4 H, PCH2),
2.55 (s, 4 H, PCH2), 6.77 (d, J = 7.8 Hz, 2 H, H2,H6), 6.83 (s, 8
H, PPh-Cortho), 7.09 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.16 (t, J =
7.2 Hz, 8 H, PPh-Cmeta), 7.28 (t, J = 7.5 Hz, 4 H, PPh-Cpara), 7.35
(t, J = 7.2 Hz, 4 H, PPh-Cpara), 7.46 (s, 8 H, PPh-Cortho), 7.60 (d,
J = 7.5 Hz, 2 H, H3,H5), 7.73 (d, J = 15.3 Hz, 1 H, H8), 8.08 (d,
J = 8.7 Hz, 1 H, H14), 8.52 (dd, JH13,H14 = 8.7, 4JH13,H11 = 1.8 Hz,
1 H, H13), 8.86 (d, JH11,H13 = 2.4 Hz, 1 H, H11) ppm; the signal
for H7 is obscured by the para aromatic protons of dppe. 13C{1H}
NMR (CD2Cl2): δ = 32.60 (t, 1JC,P = 11.7 Hz, PCH2), 113.07 (C1),
120.97 (C11), 125.42 (C8), 126.28 (NC), 127.98 (C13), 128.28 (PPh-
Cmeta), 128.33 (C3,C5), 129.01 (PPh-Cmeta), 130.24 (C14), 130.37
and 130.44 (PPh-Cpara), 132.44 (C2,C6), 132.83 and 133.42 (PPh-
Cortho), 134.14 and 135.14 (2 m, PPh-Cipso), 135.76 (C7), 138.24
(C4), 140.05 (C9), 147.29 and 148.04 (C10 and C12) ppm. 31P{1H}
NMR (CD2Cl2): δ = –143.73 (quint, 1JP,F = 708.0 Hz, PF6), 83.48
(s, dppe) ppm. C67H58F6FeN3O4P5 (1293.9) calcd. C 62.19, H 4.52,
N 3.25; found C 61.98, H 4.33, N 3.23. UV (CHCl3): λmax (ε) =
265 nm (50967 –1 cm–1), 349 (26449), 505 (10348).

[Fe(H)(dppe)2{4-NCC6H4CH=N-NH-2,4-C6H3(NO2)2}][PF6] (6):
Yield: 440 mg (50%), dark-red solid; m.p. 153.5–155.4 °C. IR
(KBr): ν̃max = 3289 cm–1 (w) (N–H), 2183 (w) (NC), 1896 (w) (Fe–
H), 1616 (m) (C=N), 1513 (m) and 1333 (m) (NO2), 841 (s) (PF6

–).
1H NMR (300 MHz, CD2Cl2): δ = –18.54 (quint, 2JH,P = 47.6 Hz,
1 H, FeH), 2.12 (s, 4 H, PCH2), 2.56 (s, 4 H, PCH2), 6.79 (d, J =
9.3 Hz, 2 H, H2,H6), 6.83 (s, 8 H, PPh-Cortho), 7.10 (t, J = 7.8 Hz,
8 H, PPh-Cmeta), 7.17 (t, J = 7.5 Hz, 8 H, PPh-Cmeta), 7.28 (t, J =
7.5 Hz, 4 H, PPh-Cpara), 7.35 (t, J = 7.2 Hz, 4 H, PPh-Cpara), 7.46
(s, 8 H, PPh-Cortho), 7.79 (d, J = 8.4 Hz, 2 H, H3,H5), 8.17 (d, J =
8.7 Hz, 1 H, H13), 8.20 (s, 1 H, H7), 8.44 (dd, JH12,H13 = 9.6,
4JH12,H10 = 2.4 Hz, 1 H, H12), 9.15 (d, JH10,H12 = 2.7 Hz, 1 H,
H10), 11.44 (s, 1 H, NH) ppm. 13C{1H} NMR (CD2Cl2): δ = 32.64
(t, 1JC,P = 12.20 Hz, PCH2), 114.08 (C1), 117.31 (C10), 123.65
(C12), 126.03 (NC), 128.18 (C3,C5), 128.31 and 129.05 (PPh-
Cmeta), 130.40 and 130.48 (PPh-Cpara), 132.41 (C2,C6), 132.84 and
133.43 (PPh-Cortho), 134.14 and 135.12 (2 m, PPh-Cipso), 137.15
(C12), 137.55 (C4), 138.02 (C7), 139.32 (C8), 144.93 and 145.74
(C9 and C11) ppm. 31P{1H} NMR (CD2Cl2): δ = –143.66 (quint,
1JP,F = 707.2 Hz, PF6), 83.45 (s, dppe) ppm.
C66H58F6FeN5O4P5·C4H10O (1309.90) calcd. C 58.77, H 4.93, N
5.35; found C 58.91, H 4.59, N 4.90. UV (CHCl3): λmax (ε) =
266 nm (35898 –1 cm–1), 380 (19559), 503 (10679).

Crystal Structure of 1: C59H53F6FeN2O2P5·CH2Cl2, M = 1231.66,
µ = 4.774 mm–1, ρ = 1410 mgm–3, monoclinic, P21/n, Z = 4, a =
12.48(1), b = 35.599(9), c = 13.243(9) Å, β = 99.49(2)°, V =
5803(6) Å3, from 23 reflections (16.7° � 2θ � 18.9°). Cell dimen-
sions and intensities were measured at 293(2) K with an Enraf–
Nonius TURBOCAD4 diffractometer (Cu rotating anode, λ =
1.54180 Å). As a general procedure, the intensity of three standard
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reflections was measured periodically every 5 h. This procedure did
not reveal any appreciable decay. Using the CAD4 software, data
were corrected for Lorentz and polarisation effects and empirically
for absorption (from Ψ-scan measurements). Data were collected
in the range 3.6° � θ � 67° (–13 � h � 14, 0 � k � 42, 0 � l �

15); 10579 measured reflections, 10140 of which were considered
as observed [|Fo|2 � 3σ(|Fo|2)]; Rint = 0.0503 for equivalent reflec-
tions. The structure was solved by direct methods using SIR97[44]

and refined with SHELXL[45] in the WINGX[46] program package.
Full-matrix least-squares refinement based on F2 gave final values
R = 0.0729, wR2 = 0.1397 for 923 variables and 10140 contributing
reflections. The position of the Fe atom was obtained from a three-
dimensional Patterson synthesis, while all the other non-hydrogen
atoms were located in subsequent difference Fourier maps. The hy-
drogen atoms were inserted in calculated positions and refined iso-
tropically as riding on the parent carbon atom. The final difference
electron density map showed a maximum of 0.558 and a minimum
of –0.695 eÅ–3.
CCDC-286415 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Hyper-Rayleigh Scattering Measurements: First hyperpolarisabili-
ties were determined by means of the hyper-Rayleigh scattering
(HRS) technique.[47,48] The measurements were performed in a new
HRS setup based on an optical parametrical amplifier (OPA)
pumped by a Ti:sapphire regenerative amplifier (pulse width: 2 ps,
repetition rate: 1.5 kHz, average power: ca. 30 mW). The different
fundamental wavelengths used (1072, 1200, 1300, 1440, 1540 and
1580 nm) were obtained by tuning the signal beam of the OPA,
and were chosen carefully to avoid vibrational absorption bands of
chloroform. To prevent dielectric breakdown and self-focusing, the
pulses were focused onto the sample with cylindrical lenses. The
scattered second harmonic light was collected at 90° and detected
with a combination of a spectrograph and an intensified charge
coupled device (ICCD) with red-sensitive photocathode. The ICCD
provides nanosecond-gated parallel detection of a small (ca. 23 nm)
spectral area around the harmonic wavelength. The outer regions
of this range was used to correct the HRS signal for multi-photon
fluorescence, as described before.[4,10] A large photoluminescence
background was only observed for one of the free ligands (L3, see
Table 1), for which the luminescence signal, integrated over the cen-
tral region of 6 nm, was about equal to the actual HRS signal.
HRS measurements were performed in a rectangular fused silica
cell containing a dilute solution of the compound in chloroform.
Concentrations used were of the order of 10–6–10–4  for the com-
plexes and 10–3–10–4  for the free ligands. With these concentra-
tions the absorption of the second harmonic wavelength was kept
well below 10%, so that an accurate correction for this effect could
be carried out. The absorption measurements where performed
with a Varian Cary 5 absorption spectrometer. All hyperpolaris-
abilities were determined by internal reference relative to chloro-
form,[48] as described before.[4,10] Within the assumption of only
one significant diagonal β tensor component along the z-axis (i.e.
the conjugated backbone of the molecule), βzzz values can be calcu-
lated by measuring the HRS signal for a dilute solution with known
concentration of the chromophores and from pure chloroform. The
β value of 0.49×10–30 esu for chloroform, determined with the
EFISHG technique at 1064 nm,[49] was used as internal reference.
The dispersion of the reference value in the explored 1072–1580 nm
range was neglected. An upper limit of 5% to this effect was esti-
mated using the TLM expression with the maximum of the longest
wavelength absorption band of chloroform (143 nm)[50] taken as λeg.
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Xin Liang,[a] Xun Wang,*[a] Leyu Wang,[a] Ruoxue Yan,[a] Qing Peng,[a] and Yadong Li[a]

Keywords: Nanostructures / Lanthanides

In this paper, a new class of NH4Ln2F7 (Ln = Y, Ho, Er, Tm,
Yb, Lu) inorganic nanocages that has been discovered will
be presented. A facile template-free synthetic route was de-
veloped for one step, high yield, and large scale synthesis of
ternary NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb, Lu) nanocages.
On the basis of our studies, these nanocages are thermody-
namically stable forms of this group of NH4Ln2F7 com-
pounds. The tendency of NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb,

Introduction
In recent years, novel nano-sized morphologies of inor-

ganic materials have become a new focus of research as they
may offer new opportunities for application in various areas
of nanotechnology, such as optical, biology, and catalysis,
etc. Among these different morphologies, hollow nano-
structures, as competitive building blocks for future nano-
devices, attract considerable interest due to their high surface
area and low-density characteristics as well as their other
shape-dependent properties.[1–7] Great effort has been fo-
cused on the fabrication of different kinds of hollow nano-
structures for this is a crucial step in the research and appli-
cation of hollow nanostructures. Tenne and co-workers suc-
cessfully synthesized a series of transition metal sulfide ful-
lerene-like hollow nanostructures, such as MoS2, WS2, and
ReS2.[8–11] Many other hollow nanostructures (e.g., TiO2,
SnO2, CdTe) have been prepared by using layer-by-layer
self-assembly, sonochemical deposition, chemical-bath de-
position, and other template-dependent methods.[12–19] On
the basis of the colloidal chemical template-free hydrother-
mal method, binary lanthanide fluoride and hydroxide ful-
lerene-like hollow spheres have been synthesized.[20] How-
ever, to the best of our knowledge, there are few reports
concerning a colloidal chemistry-based template-free one-
step synthesis of hollow nanostructures with small dia-
meters for ternary (quaternary) lanthanide fluoride com-
pounds. As is well known, MF-LnF3 is a big family of com-
pounds including many useful materials, such as KY3F10

and NaYF4, which have great potential as biological lab-
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Lu) to form these new-type nanostructures is believed to
have a close relationship with their inherent layered struc-
tures, similar to that of inorganic fullerene-like nanoparticles.
This new type of nanocage can be easily doped with other
lanthanide ions, which may endow these nanocages with
novel properties.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

els,[21] in solid lasers, and display panels.[22] The tendency
of NH4Ln2F7 to form these new types of nanostructures is
believed to have a close relationship with their inherent lay-
ered structures, similar to inorganic fullerene-like nanopar-
ticles. The synthesis of hollow spheres of such complex
compounds has great importance and is worthy of thought-
ful research.

Herein we report a facile water/ethanol solvothermal
synthetic method for one-step, high-yield preparation of a
novel family of ternary NH4Ln2F7 (Ln = Y, Ho, Er, Tm,
Yb, Lu) nanocages under a temperature of 180 °C. The ten-
dency of NH4Ln2F7 to form these new types of nanostruc-
tures is believed to have a close relationship with their in-
herent layered structures, similar to inorganic fullerene-like
nanoparticles. Since the structures of such materials have
great similarity, especially for the KF-LnF3 and NH4F-
LnF3 systems, synthesis of other MF-LnF3 hollow nano-
structures should be possible and have great significance.

Results and Discussion

NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb, Lu) crystallized in
a cubic structure. The XRD pattern of NH4Y2F7 shown in
part a of Figure 1 can be indexed as arising from the pure
cubic phase (JCPDS 43-0842) with lattice constant a =
13.4 Å. Similar XRD patterns of a cubic phase were also
observed from NH4Ho2F7 (JCPDS 43-0842) to NH4Lu2F7

(JCPDS 43-0842). The peak positions and relative inten-
sities in those samples were almost identical to those ob-
served in NH4Y2F7, which indicated that this class of com-
pounds shares a similar crystal structure. By careful obser-
vation a tiny difference can be found in the 2θ values of
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the XRD peaks, which gradually increase on going from
NH4Ho2F7 to NH4Lu2F7, indicating the gradual shrinkage
of crystal structures according to the atomic number. The
diffraction patterns for NH4Ln2F7 (Ln = Y, Ho, Er, Tm,
Yb, Lu) group compounds reveal an internal consistency
associated with structural isotypes. The work of Krishnan
Rajeshwar and Etalo A. Secco et al., showed that the struc-
ture of NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb, Lu) can be
visualized as layers of LnF6 octahedron (built up by mutual
sharing of corners and edges) with interleaving layers of
NH4 groups,[23] which is somewhat similar to that of inor-
ganic fullerene-like nanoparticles.

Figure 1. XRD patterns of (a) NH4Ln2F7 (Ln = Y, Ho, Er, Tm,
Yb, Lu); (b) NH4Ln3F10 (Ln = Gd, Dy, Tb); (c) LnF3 (Ln = La–
Eu).

Table 1. Crystal structure and chemical composition of lanthanide compounds obtained under the identical synthetic condition (h&o is
short for hexagonal and orthorhombic).

Ln3+ La Ce Nd Pr Sm Eu Gd Tb Dy Ho Y Er Tm Yb Lu

R(Ln3+) [Å] 1.06 1.03 1.01 1.00 0.96 0.95 0.94 0.92 0.91 0.89 0.89 0.88 0.87 0.86 0.85
Products LnF3 NH4Ln3F10 NH4Ln2F7

Crystal structures hexagonal h&o cubic cubic

Eur. J. Inorg. Chem. 2006, 2186–2191 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2187

On the basis of our former work, we realized that for
families of lanthanide compounds that share a similar com-
position, such as LnF3

[24] and LnPO4,[25] both the crystal
structures and physical properties may vary gradually on
ascending the series as a result of the lanthanide contrac-
tion. For our system, the ionic radii of lanthanide elements
were found to be greatly responsible for the phase forma-
tion. For all the lanthanide members, the resulting products
derived under the same synthetic conditions were of dif-
ferent structure. The variation in the structure is believed to
be caused by the contraction of ionic radii of Ln3+

(Table 1). The members from Lu to Ho, ionic radius 0.85–
0.89 Å, formed NH4Ln2F7 compounds; the members from
La to Dy, whose ionic radii range 1.06–0.91 Å, adopt other
crystal structures that are different from the layered struc-
tures of NH4Ln2F7. The XRD patterns of other lanthanide
categories from La–Dy can be seen in Figure 1 (parts b, c).
For the larger lanthanide ions (Ln = La, Ce, Nd, Pr, Sm,
Eu), LnF3 structures were obtained (Ln = La–Sm, the re-
sulting products are pure hexagonal structures; Ln = Eu,
a mixture of hexagonal and orthorhombic structures were
found). For the intermediate-sized lanthanide ions (Ln =
Gd, Tb, Dy) NH4Ln3F10 was formed.[26]

The morphology and microstructural details can be ob-
served from the TEM, HRTEM observations. The typical
low-magnification images of the as-prepared NH4Ln2F7

(Ln = Y, Ho, Er, Tm, Yb, Lu) nanocages (here Y, Ho, and
Tm have been chosen as examples) are shown in Figure 2.
The hollow interior features of NH4Ln2F7 nanocages were
confirmed by the TEM observations. It can be seen from
Figure 2 (a–c) that nearly all the nanoparticles in the images
are of hollow interiors and the nanoparticles are uniform
with an average size of 20–30 nm. Careful TEM observa-
tions were also carried out on both the LnF3 (Ln = La–Eu)
and NH4Ln3F10 (Ln = Gd–Dy) series (TEM images are
found in the supporting information). However, only a few
hollow-sphere-type structures were found. This morphology
difference between NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb,
Lu), LnF3 (Ln = La–Eu), and NH4Ln3F10 (Ln = Gd–Dy)
indicates that the formation of the hollow interior forms
is unique to the NH4Ln2F7 series and it also excludes the
possibility that the nanocages were formed by the Maran-
goni effect. That is where the concentrated solutes diffuse
out into the droplet-vapor interface leaving the pure solvent
behind in the center of the nanoparticle. At this point the
solvent evaporates leaving the polycrystalline material to
deposit on the outer circumference and leaving a hollow
core in the center. According to this assumption, nanocages



X. Liang, X. Wang, L. Wang, R. Yan, Q. Peng, Y. LiFULL PAPER
would form in other lanthanide categories from La to
Dy, because of the similar environments in the growth
procedure.

Figure 2. TEM images of (a) NH4Y2F7 nanocages; (b) NH4Tm2F7

nanocages; (c) the Tem images of NH4Ho2F7 nanocages.

HRTEM characterization (Figure 3, a–f) provides us
with further insight into the structural details of NH4Ln2F7

nanocages. It can be seen from the HRTEM images that
most of the nanoparticles usually had a hollow interior,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2186–21912188

which proved the formation of hollow sphere nanostruc-
tures under current experimental conditions. The distance
between the inner and outer layers was calculated to be ap-
proximately 0.32 nm for NH4Y2F7 nanocages, correspond-
ing to the crystal plane of (410), and the other categories
show a close value of about 0.32 nm, indicating a similar
formation mode under adopted conditions. Though the
crystal lattices were somewhat distorted compared with the
typical onion-like lattices of fullerene-like nanoparticles, the
lattice striations displayed a nearly close-caged configura-
tion with high crystallinity. The electronic diffraction of the
selected area (insert in Figure 3, a), where the diffractive
dots of single crystal can be clearly seen, further confirmed
the single crystal features of the nanocages. It is interesting
to note that the inner spaces are usually quite different in
shape, including all kinds of irregular polygons, indicating
that the growth of these structures might be rather sensitive
to fluctuations from the outer environment. Nevertheless,
the nanoparticles with hollow interiors can be easily ob-
tained under designed synthetic conditions, and from the
TEM images we can see that almost all of the final products
are hollow nanostructures. The HRTEM observations con-
firmed that the formation of the nanocages may have a
close relationship with the inherent layered structure of
NH4Ln2F7.

The thermal gravimetric analysis was carried out to study
the thermal stability of these nanocages. NH4Ln2F7 (Ln =
Y, Ho, Er, Tm, Yb, Lu) decomposes at high temperature.
The TGA curves for NH4Ln2F7 (Ln = Y, Ho, Tm) powders
are shown in Figure 4. From the TGA curves, two weight-
loss steps can be observed. The first step is from room tem-
perature to 250 °C, in which, the mild weight loss may be
caused by desorption of water and other solvents such as
ethanol on the NH4Ln2F7 surface. The main weight loss
occurs in the temperature range from 250 to 360 °C. In this
step, NH4Ln2F7 converted to LnF3. The experimental
weight loss is about 11.10 wt.-% for NH4Y2F7, 7.35 wt.-%
for NH4Ho2F7, and 6.84 wt.-% for NH4Tm2F7, respectively,
which agrees well with the theoretical weight loss of the
decomposition of NH4Ln2F7 to LnF3 (11.25 wt.-% for
NH4Y2F7, 7.69 wt.-% for NH4Ho2F7, and 7.57 wt.-% for
NH4Tm2F7). The chemical reaction that occurs in the pro-
cess of this main weight loss can be expressed as follows:

NH4Ln2F7 � LnF3 + NH3 � + HF �

The decomposition temperature of these three samples is
quite similar. It is about 356 °C for NH4Y2F7, 352 °C for
NH4Ho2F7, and 361 °C for NH4Tm2F7.

NH4Y2F7 samples were annealed at 200 and 400 °C for
3 h to investigate this conversion process. XRD confirmed
that the sample annealed at 200 °C remained as NH4Y2F7;
in contrast the sample annealed at 400 °C converted to YF3

completely. TEM images of the samples derived at different
annealing temperatures are shown in Figure 5 from which
we can see that most of the NH4Y2F7 nanoparticles remain
intact with hollow interiors and have no apparent aggrega-
tion after being annealed at 200 °C for 3 h, in contrast to
the nanoparticles annealed at 400 °C that have aggregated
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Figure 3. HRTEM image of (a) an individual NH4Y2F7 nanocage with diameter about 22 nm, the inset is an EDS analysis of the selected
area; (b) three conterminous NH4Y2F7 nanocages; (c) an individual NH4Y2F7 nanocage with diameter ca. 20 nm; (d) an individual
globular NH4Tm2F7 nanocage; (e) an individual NH4Yb2F7 nanocage; (f) NH4Ho2F7 nanocage.

Figure 4. TGA curves of NH4Ln2F7 (Ln = Y, Ho, Tm).

to a large extent with no remaining nanocages. These results
show that the nanocages can be maintained at the relatively
high temperature of 200 °C before the composition of
NH4Y2F7 and the hollow interior forms collapse as

Eur. J. Inorg. Chem. 2006, 2186–2191 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2189

NH4Y2F7 converts to YF3 at higher temperature. As the
literature has reported, the structure of NH4Y2F7 can be
visualized as layers of YF6 octahedron with interleaving lay-
ers of NH4 groups and the hydrogen bonding effect of
NH4

+ is a critical factor responsible for the stability of am-
monium fluorometallates.[27–28] The layered structure of
NH4Y2F7 would collapse if the interleaving layers of NH4

groups were lost. So it is believed that ammonium loss in
the process of conversion of NH4Y2F7 to YF3 is an impor-
tant factor in the collapse of the nanocages. These phenom-
ena show that the inner structure of NH4Y2F7 is very im-
portant for the stability of these hollow interior forms.

Y3+, Ho3+, Er3+, Tm3+, Yb3+, and Lu3+ can crystallize
in homogeneous phase NH4Ln2F7 and their ionic radii are
similar, thus making it convenient to dope NH4Ln2F7 nan-
ocages with these lanthanide ions, which may then endow
this class of nanocage with novel properties. The most fre-
quently used up-conversion ion Er3+ and the sensitizer ion
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Figure 5. TEM images of samples annealed at (a) 200 °C; (b)
400 °C.

Yb3+ were co-doped into NH4Y2F7 to denote the feasibility
of doping lanthanide ions into NH4Ln2F7. Doped samples
were prepared by the same synthetic procedure, except for
adding 5% (total molar ration) YbCl3 and ErCl3 in YCl3 in
the first stage. The up-conversion fluorescence property of
the final product was measured by a 980-nm IR laser. The
up-conversion emission of doped NH4Y2F7 sample is weak
due to the quenching effect of ammonium. After being an-
nealed at 500 °C for 3 h, the NH4Y2F7 can convert into

Figure 6. UC emission spectra of YF3 (Er3+, Yb3+).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2186–21912190

YF3 (revealed by the XRD analysis). It can be seen that the
up-conversion emission is stronger and can be observed by
the naked eye. The UC spectrum exhibits the characteristic
peaks of an Er3+- and Yb3+-doped YF3 system (Figure 6).
This consequence proves the successful doping of Er3+/
Yb3+ into NH4Y2F7.

Conclusion

In this work, a novel class of ammonium lanthanide fluo-
ride nanocage was successfully synthesized. The tendency
of NH4Ln2F7 to form nanocages is believed to have a close
relationship with their inner structure. Our study presents
the first example of ternary nanocages to the best of our
knowledge. We believe that this method could be expanded
to the synthesis of other rare-earth hollow nanostructures,
especially the MF-LnF3 categories, and thus brings new op-
portunities to these fast expanding research fields.

Experimental Section
In a general preparation, EDTA chelated with Ln3+ to form a clear
solution at pH 2–3 by adding diluted HCl and NH3·H2O solution.
And then NH4F, which was dissolved into water/ethanol mixed sol-
vents, was added. The mixture was transferred to an autoclave and
was treated at 180 °C for 20 h under solvothermal conditions. The
autoclave was then cooled to room temperature. The precipitate
was then filtered, washed with water to remove ions possibly rem-
nant in the final products, and dried at 80 °C in air. Following the
above procedures, NH4Ln2F7 (Ln = Y, Ho, Er, Tm, Yb, Lu) nano-
cages with high yield (90%) could be obtained.

NH4
+ and EDTA are found to be responsible for the phase forma-

tion of NH4Y2F7. To investigate the influence of NH4
+, EDTA was

dissolved with NaOH instead of NH3·H2O, and then NaYF4 was
prepared and no hollow-sphere structures were found in the sam-
ples. This result confirms that it is easy to induce other cations to
take the place of ammonium in the products. The concentration of
EDTA greatly affects the phase purity of NH4Y2F7. Keeping the
amount of Y3+ (0.2 mmol) unchanged, when the amount of EDTA
is less than 0.2 g, the resulting products are mixtures of flakes and
hollow-spheres. When the amount of EDTA is more than 1.0 g, the
nanocages were elongated to an irregular form. Similar phenomena
have been observed on the samples of other NH4Ln2F7 (Ln = Ho,
Er, Tm, Yb, Lu). When the amount of EDTA is kept at 0.2–1.0 g,
regular nanocages can be easily obtained on a large scale.

The obtained sample was characterized by a Bruker D8-Advance
X-ray powder diffractometer with Cu-Ka radiation (λ = 1.5418 Å).
The size and morphology of the IF nanoparticles were determined
at 200 kV by a Hitachi H-800 transmission electron microscope
(TEM) and a JEOL JEM-2010F high-resolution transmission elec-
tron microscope. Fluorescent spectra were recorded with a Hitachi
F-4500 Fluorescence Spectrophotometer. Up-conversion fluores-
cent spectra were obtained with the LS-50B fluorescence spectro-
photometer (Perkin–Elmer Corp., Forster City, CA) with an exter-
nal 0–800 mW adjustable laser (980 nm, Beijing Hi-Tech Optoelec-
tronic Co., China) as the excitation source, instead of the Xenon
source in the spectrophotometer, and with an optic fiber accessory.
The thermal decomposition behavior of the NH4Ln2F7 (Ln = Y,
Ho, Tm) samples was studied by thermogravimetric analysis (TGA)
with a TGA2050 thermal analysis device (American TA Corpora-
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tion). TGA determination was carried out in nitrogen at a heating
rate of 20 °C/min in a range of room temperature to 900 °C.

Supporting Information (for details see the footnote on the first
page of this article): XRD patterns of samples that were annealed
at 200 °C and 400 °C, respectively, and the TEM images of CeF3,
SmF3, and NH4Tb3F10.
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The interaction between [Cp*MoH3(dppe)] (dppe =
Ph2PCH2CH2PPh2) and a variety of proton donors has
been investigated by a combination of experiments and
DFT calculations. Weak proton donors [2-monofluoroethanol
(MFE) and trifluoroethanol (TFE)] allow the determination of
basicity factor (Ej = 1.42±0.02) and thermodynamic
parameters for the hydrogen bond formation (∆HHB =
–4.9±0.2 and –6.1±0.3 kcalmol–1; ∆SHB = –15.7±0.7 and
–20.4±1 calmol–1 K–1 for MFE and TFE, respectively). For
TFE, a stable low-temperature proton-transfer equilibrium
(220–240 K) with the cationic classical tetrahydrido deriva-
tive [Cp*MoH4(dppe)]+ could be investigated independently
by UV/Vis (∆H°PT = –2.8±0.4 kcalmol–1 and ∆S°PT =
–15±2 calmol–1 K–1) and 1H NMR (∆H°PT = –2.7±0.5
kcalmol–1 and ∆S°PT = –11±2 calmol–1 K–1) spectroscopy.
Upon warming, however, the tetrahydride evolves by dihy-
drogen loss and formation of a hydride-free diamagnetic
product. Stronger proton donors [hexafluoroisopropanol
(HFIP), p-nitrophenol (PNP), perfluoro-tert-butyl alcohol
(PFTB), and HBF4·OEt2] lead to more extensive proton trans-
fer at lower donor/Mo ratios. A 1:1 proton-transfer stoichiom-
etry is indicated independently by a titration experiment
with UV/Vis monitoring for the [Cp*MoH3(dppe)]–PNP reac-
tion, and by a stopped-flow kinetics investigation for the

Introduction

Proton-transfer processes to and from transition-metal
centers and hydride ligand sites continue to attract con-
siderable research interest because of their fundamental im-
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[Cp*MoH3(dppe)]–HFIP reaction. For all proton-transfer pro-
cesses investigated, the classical tetrahydrido cation forms
directly, without the observation of a nonclassical intermedi-
ate. DFT calculations have been carried out on the interac-
tion between TFE and HFIP and the model compound
[CpMoH3(dpe)] (dpe = H2PCH2CH2PH2) both in the gas
phase and in CH2Cl2 solvent with the polarizable continuum
model and, to a more limited extent, on the full
[Cp*MoH3(dppe)] system. A detailed comparison of the ob-
served and calculated frequency shifts for the M–H vi-
brations is presented. The calculations have explored the
relative energy and geometry of various configurations in-
volving either a hydride ligand or the metal as the principal
proton-accepting site. They have also probed two principal
proton-transfer pathways, leading to the unobserved non-
classical intermediate and to the observed classical product.
From these studies, it appears that a nonclassical intermedi-
ate may be obtained by a kinetically controlled proton trans-
fer to a hydride site, followed by an intramolecular re-
arrangement through a very low energy barrier. However, a
competitive low-energy pathway for direct proton transfer at
the metal site is also revealed by the calculations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

portance for catalysis and in biochemistry.[1,2] The kinetic
preference for hydride versus metal protonation is now
quite firmly established,[3–9] though exceptions have recently
been reported from studies carried out in our laborato-
ries.[10,11] The proton transfer occurs via intermediates, for
which characteristic spectroscopic signatures have been es-
tablished, that contain hydrogen bonds between the proton
donor and the proton acceptor (the metal center or a hy-
dride ligand) (see Scheme 1).[12,13] The term “nonclassical
hydrogen bonding” has been coined to address these inter-
actions, while H-bonding specifically involving a hydride li-
gand has also been termed “dihydrogen bonding”.[14] The
relationship between the preferred thermodynamic site of
hydrogen bonding (i.e., the relative energy of species I and
IV) and the kinetic site of proton transfer (i.e., the relative
energy barrier leading to species II and V) is of interest to
us. We have recently presented combined experimental and
theoretical results showing that the preferred hydrogen-
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Scheme 1.

bonding site for compound [Cp*Fe(dppe)H], that is, the hy-
dride site, corresponds to the site of preferred proton trans-
fer.[15] In parallel work, some of us have studied the mecha-
nism of the hydride protonation, analyzing the influence of
medium polarity and concentration effects, both experimen-
tally and theoretically.[16–18] We have demonstrated the in-
volvement of ion pairs formed by cationic dihydrogen com-
plexes and the anionic conjugate basis of the proton donor.
In these studies the stabilizing role of the solvent and the
homoconjugate anions [A···H···A]– in the protonation pro-
cess has also been recognized.

In order to determine the general relationship between
the thermodynamics of hydrogen bonding to various pos-
sible sites and the energy barrier leading from each of these
sites to proton transfer, a greater number of case studies is
necessary, especially for polyhydride complexes where the
hydride ligands occupy inequivalent positions so that it is
also possible in principle to discriminate between different
hydride sites. For this reason, we have selected compound
[Cp*Mo(dppe)H3], which was synthesized in one of our
laboratories a few years ago.[19] In this system there are four
basic potential sites (the metal and the three hydride li-
gands) able to establish hydrogen bonds with a proton do-
nor. Moreover, several isomers could result from the pro-
ton-transfer process. The X-ray structure of the trihydride
compound was of sufficient quality to locate the hydride
ligands and showed that they occupy two different sites, as
shown in Scheme 2.[20] The geometry is best described as an
ideal trigonal prism if the Cp* ligand is considered to oc-
cupy a single position in correspondence to its ring
centroid. However, the compound is highly fluxional and a
single hydride resonance, which is split into a binomial trip-
let by the two equivalent P nuclei, remained sharp down to
183 K.[19]

Protonation studies have previously been carried out
only with HBF4, leading to the formal product of metal
protonation, the classical tetrahydride complex
[Cp*MoH4(dppe)]+.[19] However, this product is unstable
and easily loses H2. It could be isolated upon low-tempera-
ture protonation in ether, where it precipitates. An X-ray
structure was not obtained for the Mo complex, but the
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Scheme 2.

analogous W derivative displays a pseudopentagonal bipy-
ramidal structure. As the two metal complexes show analo-
gous NMR properties, the same structure is also assumed
to be adopted by the Mo complex and is illustrated in
Scheme 2. Both Mo and W cationic tetrahydride complexes
are fluxional at room temperature, showing only one hy-
dride resonance and one phosphorus resonance, but the P
resonance decoalesces at low temperature, whereas the hy-
dride resonance does not. The protonation of
[Cp*Mo(dppe)H3] in MeCN or the dissolution of
[Cp*MoH4(dppe)]+ in MeCN gives a variety of products
resulting from the substitution of H2 with MeCN. The
tungsten compound is stable under these conditions.[19]

Preliminary studies of the hydrogen bonding and proton
transfer to the Cp*M(dppe)H3 (M = Mo, W) compounds
with weaker proton donors has been recently communi-
cated.[21] We present here a full report of our investigation
on the Mo compound, whereas further details concerning
the W system, including a comparison of the two metal
complexes, will be reported in a forthcoming paper.[22]

Results

Experimental Studies

Two solvents – THF or CH2Cl2 – were used for spectro-
scopic studies. Their relatively high polarity (ε = 7.3 for
THF and 8.9 for CH2Cl2) helps maintain the ionic proton-
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transfer products in solution. However, THF has itself pro-
nounced proton-acceptor properties and competes with the
hydride complex for hydrogen bonding to the proton donor.
Therefore, much higher proton donor concentrations are
needed in order to observe similar spectral changes to those
in CH2Cl2.[23] Unfortunately, compound [Cp*Mo(dppe)H3]
slowly decomposes at room temperature in dichlorometh-
ane, probably by attack of the solvent C atom by the hy-
dride ligand. The stability of the trihydride complex in
CH2Cl2 is greatly enhanced at low temperatures, with no
visible change occurring at 200 K for at least 3 h. Thus IR
and UV/Vis studies were carried out either in THF or in
CH2Cl2 at low temperatures, or in CH2Cl2 at higher tem-
peratures within a short timescale relative to the decompo-
sition reaction. The NMR studies were carried out at low
temperatures in CD2Cl2. In all cases, the extent of decom-
position was carefully monitored to insure the significance
of the results. The proton donors used in this study were
2-monofluoroethanol (MFE), 2,2,2-trifluoroethanol (TFE),
hexafluoroisopropanol (HFIP), perfluoro-tert-butyl alcohol
(PFTB), and p-nitrophenol (PNP).

Analysis of the νOH Region in the IR Spectra

The interaction between [Cp*Mo(dppe)H3] and proton
donors was first studied by IR in the νOH range by using
MFE and TFE in CH2Cl2. The observed decrease of the
intensity (A) of the νOH(free) band and the appearance of a
low-frequency shifted broad νOH band for the hydrogen-
bonded OH group is unquestionable evidence for the for-
mation of hydrogen bonds between the alcohol OH proton
and the transition-metal hydride complex, although it does
not establish the nature of the hydrogen-bonding site. The
∆νOH band shift [∆νOH = νOH(free) – νOH(bonded)] increased
with the strength of the proton donors (see Figure 1 and
Table 1).

Figure 1. IR spectra in the ν(RFO–H) stretching region of MFE
(1) or TFE (2) in CH2Cl2 in the presence of [Cp*Mo(dppe)H3].

Table 1. Parameters of the dihydrogen bonding between [Cp*Mo(dppe)H3] and MFE or TFE, and basicity factors.

ROH νOH(free) νOH(bonded) ∆ν ∆HHB
[a] ∆HHB

[b] ∆SHB
[b] Ej

cm–1 cm–1 cm–1 kcalmol–1 kcalmol–1 calmol–1 K–1

MFE 3612 3368 244 –4.9 –4.9±0.2 –15.7±0.7 1.44
TFE 3604 3248 364 –5.9 –6.1±0.3 –20.4±1 1.41

[a] Calculated by the empirical relationship of Equation (1). [b] From van’t Hoff ’s method.
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The hydrogen bond enthalpies, ∆HHB, were obtained by
two independent methods (see Table 1). The first one is
based on the empirical correlation outlined in Equation (1),
originally established for classical H bonds and later ex-
tended to hydrogen bonds to metal centers and to hydride
ligands as proton acceptors.[12,13] The van’t Hoff method
uses the integrated IR intensities for the free alcohol ab-
sorption band in the presence or absence of the hydride
complex as a function of temperature. It has the advantage
of also yielding the reaction entropy. There is quite good
agreement between the reaction enthalpies obtained from
the two methods. It should be noted that the computed val-
ues for the interaction with TFE (see later) are in good
agreement with these experimental results.

Analysis of the νMH Region in the IR Spectra

The IR analysis in the νMH stretching vibration range
was carried out with the goal of learning about the nature
of the preferred hydrogen-bonding site. Previous studies on
monohydride complexes have demonstrated that the inter-
action with a hydride ligand has the effect of shifting the
M–H stretching vibration to lower frequencies, whereas the
opposite effect is associated to an interaction with the metal
site or other ligands.[12,13] For polyhydride compounds,
however, the situation may not be so simple, as each vi-
brational normal mode results from the combination of
more M–H bond stretching vibrations, each of which may
be affected by hydrogen bonding in a different way. A pre-
vious combined experimental and theoretical study on the
dihydride complex Ru(PP3)H2 [PP3 = P(CH2CH2PPh2)3][23]

was simplified by the fact that the two M–H bonds, being
trans to ligands that exert a very different trans effect, do
not mix extensively with each other, thus each of the two
bands is composed of an essentially pure stretching vi-
bration of a single M–H bond. The study of hydrogen
bonding implicating the Cp2NbH3 complex,[18] having C2v

symmetry and one νMH vibrational band resulting from the
overlap of 2a1 + b1 vibrations,[24] revealed the formation of
dihydrogen-bonded complexes leading to band splitting
with a low-frequency shift for the hydrogen-bonded νMH

band. Although hydrogen bonding for other polyhydride
compounds has been investigated,[11] no detailed analysis of
the normal modes and how these are affected by hydrogen
bonding have been reported. We intend to carry out such
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an analysis here for the [Cp*Mo(dppe)H3] complex, by a
combination of experimental and computational methods.

The trihydride complex displays wide νMH bands of com-
plex shape with the maxima at 1772 cm–1 in CH2Cl2 and at
1785 cm–1 in THF. Deconvolution of the spectrum in
CH2Cl2, after subtraction of overtones because of the
phenyl groups, yields two overlapping bands at 1821 and
1772 cm–1 (∆ν1/2 = 57 and 54 cm–1, correspondingly) (see
Figure 2). A third, much weaker band is found at 1904 cm–1

(∆ν1/2 = 41 cm–1). However, its parameters are less reliable
because of the low intensity and superposition with one of
the phenyl overtones. Therefore, it will not be used later for
the comparison with the theoretical data on νMH in hydro-
gen-bonded complexes. The intensities of the νMH bands
increase as the temperature is decreased. The extinction co-
efficient of the strongest band increases from 49.0 to
60.3 Lmol–1 cm–1 upon cooling from 290 to 200 K in THF.

Figure 2. IR spectrum in the ν(Mo–H) stretching region of
[Cp*Mo(dppe)H3] (0.030 ) in CH2Cl2, after subtraction of the
phenyl overtones, showing the band decomposition.

Upon interaction between the [Cp*Mo(dppe)H3] com-
plex and MFE at 200 K in CH2Cl2 the νMH band becomes
wider and shifts to lower frequencies by about 5 cm–1. A
band decomposition analysis carried out after the subtrac-
tion of both dppe and MFE spectra shows that the two
major bands become wider and appear at different posi-
tions: 1822 and 1769 cm–1 (∆ν1/2 = 73 and 60 cm–1, ∆ν =
+1 and –3 cm–1, respectively). These changes can be attrib-
uted to the effect of hydrogen bonding on the MoH3 moi-
ety. The experiments in THF, as expected, necessitated the
use of the stronger proton donors at higher concentrations
in order to observe similar changes. For instance, using just
a 10-fold excess of TFE, the only observed change was a
small low-frequency band shift and intensity decrease upon
increasing the temperature, just like in the absence of
alcohol, without a shape change. This change is reversible
up to 270 K, demonstrating that no proton transfer occurs
with this alcohol in THF up to 270 K (cf. proton transfer
in CH2Cl2 later). A deeper analysis of the M–H stretching
vibrations in the absence and presence of proton donors
will be carried out below in the light of the theoretical data.

NMR and IR Studies of Proton Transfer

As stated in the Introduction, the molybdenum trihyd-
ride complex can be protonated by HBF4·Et2O to give the
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tetrahydride complex [Cp*Mo(dppe)H4]+.[19] New 1H
NMR investigations carried out at low temperatures (200–
250 K) in CD2Cl2 using either HBF4·Et2O or TFE show a
direct transformation, without the detection of any interme-
diate (notably nonclassical species). With the weaker proton
donor TFE, an equilibrium between the starting
[Cp*Mo(dppe)H3] complex and the protonated product is
established and a large excess is needed to achieve a high
degree of proton transfer.

Well-established, free, and hydrogen-bonded complexes
exchange rapidly on the NMR timescale, yielding only one
resonance. Typically, the effect of hydrogen bonding on
chemical shifts is small, especially in the case of polyhyd-
rides, where the effect is averaged over the various hydride
ligands. The [Cp*Mo(dppe)H4]+ complex on one side, and
the rapidly equilibrating mixture of the free trihydride com-
plex and the hydrogen-bonded adduct [Cp*Mo(dppe)-
H3···HORF] on the other side, give rise to triplet resonances
at about δ –3.7 (JHP = 37.4 Hz) and –6.0 (JHP = 48.0 Hz)
in the 1H NMR spectrum at low temperatures (190–210 K).
The positions of these peaks change significantly with the
temperature, moving to about –3.5 and –5.7 at 300 K. The
chemical shift difference between these resonances de-
creases steadily from 2.32 ppm at 200 K to 2.22 ppm at
300 K. On the other hand, neither chemical shift, at a given
temperature, seems highly dependent on the nature of the
proton donor (TFE, HFIP, or HBF4) or on its concentra-
tion. Furthermore, the JHP values remain practically un-
changed over the entire temperature range. Therefore, the
chemical shift changes are probably unrelated to variations
in hydrogen-bonding equilibria. The relative amounts of the
two species are also afforded by a parallel monitoring of
the 31P{1H} NMR spectrum (resonance at –75.0 ppm and
–92.8 ppm, respectively). As for the case of the 1H NMR
resonances, the 31P{1H} NMR chemical shifts do not
depend on the nature and concentration of the proton
donor.

The establishment of hydrogen bonding is more clearly
evidenced from the change of longitudinal relaxation time
(T1) for the trihydride resonance (see Table 2). As expected,
this parameter decreases upon addition of proton donors,
in proportion to the strength of the donor.[2,13] It is also
significant that the temperature corresponding to T1min

increases slightly upon protonation from 220 to 230 K.
This phenomenon signals a decreased correlation time
(τC), that is, a slower tumbling motion, for the protonated
species, in agreement with its expected larger size. Thus,
slightly higher temperatures are needed to again raise τC

to the conditions required for the most efficient long-
itudinal relaxation (w0

2τC
2 � 1). The T1min of the tetra-

hydride product is smaller relative to the parent complex,
but not in the range expected for dihydrogen complexes.[25]

This decrease is expected, as the dipolar relaxation im-
plicates four hydride ligands instead of three. Note, how-
ever, that the tetrahydride resonance T1 value is also sen-
sitive, like that of the parent trihydride, to the nature of
the proton donor used. A possible interpretation of this
difference is a stronger hydrogen bonding between one or



A. Lledós, R. Poli, E. S. Shubina et al.FULL PAPER
more hydride ligands with the stronger conjugate base
CF3CH2O–, thereby increasing the average H···H
distances.

Table 2. Longitudinal relaxation time T1min (ms) for [Cp*Mo-
(dppe)H3] in CD2Cl2 solution under different conditions.[a]

Tmin [K] [Cp*Mo(dppe)H3] [Cp*Mo(dppe)H4]+

Free 220 302
+HBF4 (1 equiv.) 230[b] 274 174
+TFE (6 equiv.) 230[b] 295 191

[a] At 400 MHz. [b] The resonances of both complexes have a mini-
mum T1 at the same temperature.

The complex [Cp*Mo(dppe)H4]+ was also characterized
by means of IR spectroscopy (see Figure 3). After the ad-
dition of 1.1 equiv. of HBF4, new bands appeared in the
spectrum at 1818, 1839, and 1920 cm–1 (see spectrum b).
Formation of bands at higher frequency upon protonation
is spectroscopic evidence for the formation of a cationic
classical product. Treating [Cp*Mo(dppe)H3] with 7 equiv.
of HFIP in THF at 200 K did not lead to significant proton
transfer, only a minor decrease of the initial 1785 cm–1 band
observed after the subtraction of the HFIP spectrum (see
spectrum c).

Figure 3. IR spectra in the ν(Mo–H) stretching region of
[Cp*Mo(dppe)H3] (0.084 ) in THF at 200 K. (a) Without proton
donor. (b) With HBF4 (1.1 equiv.). (c) With HFIP (7 equiv.) after
subtraction of the HFIP spectrum.

The protonation process was studied more extensively
with a wider range of fluorinated alcohols of different
strength in dichloromethane by variable temperature IR.
An equilibrium between the hydrogen-bonded system and
the tetrahydride complex was observed, which shifts toward
the protonation product for stronger alcohols and higher
alcohol/Mo ratios. For PFTB, the complete disappearance
of the trihydride occurs in the presence of a twofold excess
at 200 K. The addition of 2 equiv. of TFE leads to only
20% conversion, while a 10-fold excess is required to con-
sume nearly all the hydride precursor (see Figure 4). For the
case of the weakest fluorinated alcohol MFE, a 50-fold ex-
cess leads only to a moderate decrease of the MoH band
intensity. The proton transfer with TFE at variable tem-
peratures has given kinetic information (see later). Above
250 K, a slow evolution of the spectroscopic properties was
observed, indicating instability for the tetrahydride product
(see below). A quantitative measurement of the equilibrium
position in a wide temperature range was not possible by IR
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spectroscopy because of the complex shape of the spectra,
further complicated by the temperature dependence of the
extinction coefficients. The thermodynamic parameters of
this equilibrium were obtained from UV and NMR investi-
gations as shown below.

Figure 4. IR spectra in the ν(Mo–H) stretching region of
[Cp*Mo(dppe)H3] (0.037 ) in CH2Cl2 at 200 K. (a) Without TFE.
(b) With TFE (2 equiv.). (c) With TFE (5 equiv.). (d) With TFE
(10 equiv.).

Establishment of the Proton-Transfer Stoichiometry

The equilibrium resulting from the interaction between
[Cp*Mo(dppe)H3] and p-nitrophenol (PNP; Pi = 1.27) was
investigated by UV/Vis spectroscopy. This was rendered
possible by the sensitivity of the proton donor chromo-
phore to hydrogen bonding and proton transfer,[26] making
it possible to probe the nature of the species in equilibrium.
However, quantitative information on the concentration of
each species was not accessible. Spectra were recorded for
CH2Cl2 solutions of PNP (0.001 ) in the presence of
[Cp*Mo(dppe)H3] at different ratios from 1:0.1 to 1:2, in
the 200–250 K temperature range, where the observed spec-
tral changes were fully reversible. The spectra show wide
overlapping bands of both the phenol in its various forms
and the hydride complexes (both free and dihydrogen
bonded). The absence of free phenolate is signaled by the
absence of a band at 430 nm. A deconvolution analysis
yields three bands with maxima at 312, 351, and 395 nm.
The first two bands are assigned to free PNP and to the
dihydrogen-bonded complex [Cp*(dppe)MoH3]···HOC6H4-
NO2. Note that the 351 nm band is red-shifted not only
relative to free PNP (∆λ = 39 nm), but also to the related
iron complex [Cp*(dppe)FeH]···HOC6H4NO2 (340 nm, ∆λ
= 11 nm),[27] signaling a stronger hydrogen bonding. This is
consistent with the higher basicity factor of [Cp*Mo-
(dppe)H3] (Table 1) versus that of [Cp*Fe(dppe)H] (1.35–
1.38).[27] The band at 395 nm is attributed to a hydrogen-
bonded phenolate ion, [Cp*(dppe)MoH4]+···[OAr]–, be-
cause this is blue-shifted from the free phenolate band by
35 nm. Notably, this band is red-shifted in comparison to
the corresponding band previously attributed to [Cp*(dppe)-
Fe(H2)]+···[ArOHOAr]–.[15] The assignment of this absorp-
tion to the 1:1 hydrogen-bonded ion pair, rather than to a
species containing a homoconjugated pair [ArOHOAr]–,
was confirmed by the titration experiment (see Figure 5).
Therefore, the proton-accepting strength of the Cp*(dppe)-
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MoH3 complex is sufficiently high to abstract a proton
from a single molecule of PNP.

Figure 5. Intensity changes at 390 nm vs. the PNP/Mo ratio.

The stoichiometry was also probed with a weaker proton
donor, that is HFIP (Pi = 1.05), by way of a kinetics ap-
proach, as HFIP and the species derived from its proton-
ation do not contain chromophores allowing their direct
detection. The reaction was studied in toluene at 293 K un-
der pseudo-first-order conditions with HFIP/MoH3 ratios
in the 20–80 range, using the stopped-flow technique. The
proton-transfer step required a few seconds to reach equi-
librium. On a much longer timescale, a slower decomposi-
tion reaction occurred, as indicated by NMR monitoring
(see below). The time evolution of the spectra could be
properly fitted on the basis of a first-order decay, giving an
observed rate constant that turned out to be independent
of the alcohol concentration (see Figure 6). The average
value for k1obs is 10.1±0.2 s–1. This result is consistent with
the involvement of a single HFIP molecule in the rate-de-
termining step (Scheme 3), because the hydrogen-bonding
pre-equilibrium is heavily shifted to the adduct under these
conditions [see Equation (2)]. Therefore, as KHB[HA] ��
1, the expression simplifies to kobs = (k1 + k–1). In the pre-
viously published kinetics study of the [Cp*Fe(dppe)H] +
HFIP system, on the other hand, a first-order dependence

Figure 6. Pseudo-first-order rate constants (k1obs) for the proton
transfer from HFIP to [Cp*Mo(dppe)H3].

Scheme 3.
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on [HFIP] was observed under the same (KHB[HA] �� 1)
conditions. This difference is again consistent with the
higher proton-accepting ability of [Cp*Mo(dppe)H3] versus
[Cp*Fe(dppe)H].

Thermodynamics of the Proton-Transfer Equilibrium

The equilibrium of proton transfer to [Cp*Mo(dppe)H3]
was investigated by UV/Vis and 31P NMR spectroscopy in
the 200–240 K temperature range using TFE as proton do-
nors. The results of the UV/Vis study using TFE are shown
in Figure 7. The spectra of the initial trihydride (a) and final
tetrahydride (b) complexes have very different extinction co-
efficients at the λmax of the trihydride species (400 nm): 2128
and 245, respectively. The UV/Vis properties of the dihydro-
gen-bonded complexes are essentially indistinguishable
from those of the free hydride complex: the UV/Vis spectra
of [Cp*Mo(dppe)H3] (0.02 ) in the presence of 15 equiv.
MFE do not differ significantly from those of pure trihyd-
ride. The same phenomenon was observed earlier for iron
hydride.[15] Upon addition of TFE at 200 K, 54% of the
complex converts to the tetrahydride, leading to an absorp-
tion decrease. The intensity of the band increases upon
heating, showing that the equilibrium shifts towards the ini-
tial complex. These changes are perfectly reversible in the
200–240 K range.

Figure 7. UV/Vis study of the interaction between [Cp*Mo(dppe)-
H3] and TFE (4 equiv.) in CH2Cl2. (a) Initial complex c = 0.02 .
(b) Tetrahydride c = 0.02 . (c) T = 200 K. (d) T = 240 K. The
other intermediate spectra were recorded at each 10 K step.

The temperature reversibility enabled the determination
of the equilibrium constant for the formation of
[Cp*Mo(dppe)H4]+OCH2CF3

–. It was assumed that the
equilibrium involves only one TFE molecule, as experimen-
tally verified for the PNP and HFIP systems (see above,
Scheme 3). Taking into account the above-determined hy-
drogen-bond formation constant KHB, the analysis of the
data of Figure 7 led to the calculation of the proton-trans-
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fer equilibrium constant KPT at each temperature. A van’t
Hoff analysis of these KPT constants yields ∆H°PT =
–2.8±0.4 kcalmol–1 and ∆S°PT = –15±2 calmol–1 K–1 for
the proton-transfer process.

The proton-transfer equilibrium constants were also ob-
tained by 1H NMR spectroscopy. Like for the UV/Vis inves-
tigation, the NMR technique only provides information on
the sum of the concentrations of rapidly equilibrating free
trihydride and its hydrogen-bonded adduct. Knowledge of
the KHB allowed the calculation of the individual concen-
trations, from which the KPT constants could be calculated
at each temperature. The van’t Hoff analysis yields ∆H°PT

= –2.7±0.5 kcalmol–1 and ∆S°PT = –11±2 calmol–1 K–1.
These values are identical to those established from the low-
temperature UV/Vis data within experimental error.

Decomposition of the Proton-Transfer Product: Hydrogen
Evolution

NMR monitoring of the [Cp*Mo(dppe)H3]–TFE inter-
action at high temperatures (�280 K) revealed further
irreversible evolution. The hydride resonances of the start-
ing trihydride and the protonated tetrahydride complexes
disappeared completely within 2 h at room temperature. No
new hydride resonance appeared in the spectrum. On the
other hand, the formation of a new diamagnetic product
was indicated by the replacement of the Cp* resonances
(δ = 1.69 for the trihydride and 1.83 for the tetrahydride
complexes) with a new one at δ = 1.58 in the 1H NMR and
by the appearance of a resonance at δ –69.5 in the 31P{1H}
NMR spectrum. This indicates the selective formation of a
single, hydride-free diamagnetic product. This evolution is
accompanied by the appearance of a new sharp resonance
at δ = 4.61 in the 1H NMR spectrum, which is characteristic
of free H2. All this evidence points to reductive elimination
of two H2 molecules from the tetrahydride complex
[Cp*MoH4(dppe)]+, the product being stabilized by coordi-
nation of the trifluoroethoxide anion.

Stable 16-electron compounds of type [(C5R5)MoL2X]
(the X ligand has π-donating properties) have previously
been reported, for example [CpMo(CO)2{As(tBu)2}],[28]

[Cp*Mo(PMe3)(PHPh2)(PPh2)],[29] [Cp*Mo(dppe)Cl],[30]

and [CpMo(PMe3)2(OH)].[30,31] These precedents suggest
that the [Cp*Mo(dppe)(OCH2CF3)] molecule may be
stable. Interestingly, compounds [CpMo(PMe3)2(OH)] and
[Cp*Mo(dppe)Cl] have two unpaired electrons, whereas our
observed H2 elimination product is diamagnetic like com-
pound [Cp*Mo(PMe3)(PHPh2)(PPh2)].[29] It is also pos-
sible, however, that one additional TFE molecule adds to
the system to afford an 18-electron adduct, which could
even be further stabilized by intramolecular hydrogen bond-
ing (see Scheme 4).

The 1H NMR spectrum does not remove this ambiguity,
because only one δCH2

resonance for TFE is observed, at
the same position as in free TFE (δ � 3.9). It is not split
or shifted by the deprotonation process, possibly because of
a rapid exchange between the free alcohol and its conjugate
anion. The absence of a new resonance for a coordinated
TFE molecule represents only negative evidence, because

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2192–22092198

Scheme 4.

fast exchange could also average the resonances of free
TFE/CF3CH2O– with that of any coordinated TFE. Nei-
ther does the OH resonance give any useful information, as
it also remains unsplit under all conditions because of rapid
exchange processes. In addition, the position of this reso-
nance is highly temperature- and concentration-dependent,
even before any dihydrogen evolution from
[Cp*MoH4(dppe)]+ takes place. All our attempts to isolate
the final product in the crystalline state have failed. The
spin states’ dichotomy for complex [Cp*Mo(dppe)-
(OCH2CF3)], as well as the thermodynamics of further
TFE coordination, has been investigated by DFT calcula-
tions (vide infra).

Computational Studies

The interaction of [Cp*Mo(dppe)H3] with fluorinated
alcohols has been studied theoretically by using the model
complex [CpMo(dpe)H3] (dpe = H2PCH2CH2PH2) and
TFE and HFIP as proton donors, both in gas phase and in
dichloromethane. Test calculations for the real complex
have also been performed. The computational study was
carried out with several objectives in mind: (i) explore the
thermodynamics of hydrogen bonding at different sites; (ii)
investigate the effect of hydrogen bonding at different sites
on the vibrational modes of the MoH3 moiety; (iii) investi-
gate the stability of the protonation products and the pos-
sible involvement of nonclassical intermediates during the
proton-transfer process; (iv) determine the protonation
pathway; and (v) rationalize the further evolution of the
protonation product.

The Free Trihydride Complex

The optimization of the free [CpMo(dpe)H3] model
system gave a geometry that is in close correspondence
with that observed experimentally[19,20] for the full
[Cp*Mo(dppe)H3] system. For the purpose of the present
discussion, the most important parameters are those related
to the MoH3 moiety (see Figure 8). Taking the plane that
contains the two P atoms and the center of the Cp as a
reference, the three H ligands are disposed asymmetrically,



Hydrogen Bonding and Proton Transfer to [Cp*MoH3(dppe)] FULL PAPER
two (H1 and H2) on one side and one (H3) on the other
side. The unique H3 atom shows the longest distance to the
Mo center (1.724 Å). The other two hydrides seem to oc-
cupy approximately symmetric positions relative to the
Mo–H vector to the unique H ligand (H3–Mo–H1 = 132°,
H3–Mo–H2 = 129°), but they in fact show quite different
Mo–H distances. One distance (to H2) is similar to that of
the unique hydride (1.717 Å), whereas the other one is
much shorter (1.682 Å). This asymmetry parallels a slight
asymmetry in the Cp*Mo(dppe) moiety (the two CNT–
Mo–P angles are different at 131.1 and 143.1°) and its ori-
gin is not clear. The three hydride ligands have quite dif-
ferent Mulliken charges: –0.017, –0.003, and –0.053 for H1,
H2, and H3, respectively. Thus H3 is clearly the most hyd-
ridic site. The distance between H1 and H2 (1.753 Å) indi-
cates that they do not directly interact with each other, be-
cause it is longer than the longest separation between hy-
drogen atoms in what have been described as “stretched di-
hydrogen ligands” {e.g., 1.49 Å in [OsH5(PMe2Ph)3]+}.[32]

In addition, a theoretical analysis of another stretched dihy-
drogen complex {i.e., [Os(H···H)(NH2CH2CH2NH2)2-
(HCO2)]+ with a distance of 1.428 Å} indicates no critical
point connecting the two atoms.[33]

Figure 8. ORTEP view of the DFT optimized [CpMo(dpe)H3]
molecule. The Cp- and P-bonded H atoms and ethylene backbone
have been omitted for clarity. The M–H normal modes are repre-
sented with their respected computed frequency and intensity
(104 Lmol–1 cm–2) in parentheses.

The analysis of the M–H normal modes in the free com-
plex, also represented in Figure 8, will serve as a basis for
discussion of the changes induced by hydrogen bonding. A
comparison between the experimental spectrum for com-
pound [Cp*Mo(dppe)H3] and the computed one for the
[CpMo(dpe)H3] model shows a rather good agreement,
both in terms of the frequencies and the relative intensities.
As shown in Figure 8, the higher-energy normal mode (ν1)
is essentially a pure stretching vibration of the hydride li-
gand H1, which shows the shortest (and therefore strongest)
bond. The other two vibrations are relatively close to each
other in frequency and are a mixture of the other two M–
H bond vibrations, the higher-frequency one (ν2) being an
in-phase combination with the major contribution from the
shorter bond to H2, and the lower-frequency one (ν3) being
an out-of-phase combination with the major contribution
from the longer bond to H3.

Hydrogen-Bonded Adducts with TFE: Structures and
Vibrational Modes

[CpMo(dpe)H3] has four potential hydrogen-bonding
sites: the three hydrides and the metal (Scheme 5).
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Scheme 5.

To account for all the possible hydrogen-bonded minima
we optimized the adduct between TFE and the [CpMo-
(dpe)H3] starting from the different regions around the
metal. In this way five stable hydrogen-bonded structures
were obtained, as shown in Figure 9. Table 3 shows the rel-

Figure 9. Optimized geometries of [CpMo(dpe)H3] and the
[CpMo(dpe)H3···TFE] hydrogen-bonded adducts A–C.

Table 3. Relevant optimized geometrical parameters (distances in
Å; angles in °) for [CpMo(dpe)H3···TFE] (A–C) adducts.[a]

A B1 B2 B3 C

Mo–H1[b] 1.678 1.687 1.684 1.682 1.680
(–0.004) (+0.005) (+0.002) (0.000) (–0.002)

Mo–H2[b] 1.722 1.713 1.725 1.736 1.725
(+0.005) (–0.004) (+0.008) (+0.019) (+0.008)

Mo–H3[b] 1.734 1.724 1.720 1.717 1.731
(+0.010) (0.000) (–0.004) (–0.007) (+0.007)

O–H[c] 0.977 0.980 0.977 0.979 0.979
(+0.012) (+0.015) (+0.012) (+0.014) (+0.014)

H···H1 2.057 1.944 2.942
H···H2 1.779 1.799 1.653
H···H3 1.816 2.104
H···Mo 3.068 2.927 3.034 2.987 2.864
O–H···H1 152.5 148.5 147.1
O–H···H2 150.1 150.6 160.3
O–H···H3 155.2 140.0
O–H···Mo 152.9 160.4 177.8 170.4 172.4

[a] For the location of H1, H2, and H3, see Figure 8. [b] Values in
parentheses are the changes relative to free [CpMo(dpe)H3]. [c] Val-
ues in parentheses are the changes relative to free TFE.
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evant optimized geometrical parameters. The computed fre-
quencies and the normal modes for the M–H stretching
vibrations are depicted in Figure 10.

The adducts can be classified depending on the proton-
acceptor site. System A is the only one where TFE interacts
with the unique hydride ligand H3. In systems B (B1–B3)
the interaction occurs at one or both of the other two hy-
dride ligands, H1 and H2, that occupy pseudoequivalent
positions. Systems B2 and B3 are topologically related, as
they exhibit the same Mo–H···H–O moiety. They differ in
the relative orientation of the proton donor molecule, which
places the C–H bond in front of the second hydride in B3
and in the opposite direction in B2. In system B1 the
alcohol molecule is placed with the same relative orienta-
tion as in B2 but farther from the Cp ring. Both in B1 and
B2 the proton is closer to H2, but also interacts with H1.
Thus, these geometries may be better described as contain-
ing a “bifurcated hydrogen bond”, similar to that described
for the Cp2NbH3·HORF adducts.[18] In addition, the dis-

Figure 10. ORTEP view of the DFT optimized [CpMo(dpe)H3···TFE] adducts, showing selected bonding parameters and a representation
of the normal modes with the computed frequency and intensity (A = 104 Lmol–1 cm–2) in parentheses. The P-bonded H atoms and
ethylene backbone have been omitted for clarity.
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tance of the proton from the metal center in system B1 is
also relatively short. In B3 the proton interacts only with
H2, with H2···H–O and Mo···H–O angles of 160.3° and
170.4°, respectively. Finally, system C is the only one where
the most important interaction appears to involve the metal
center, as indicated by the shortest Mo···H distance and the
almost linear Mo···H–O bond. The metal–proton interac-
tion is accompanied by a relatively long H···H3 interaction
(2.104 Å). This initial description of the hydrogen-bonded
adducts, based on the structural data, will be reinforced by
the analysis of the changes in the vibrational frequencies
and atomic charges of the MoH3 moiety on going from the
free complex to the TFE adduct.

The evolution of the Mulliken charges on the hydride
atoms and on the Mo atom upon going from the free com-
plex to the TFE adducts also provides useful information.
The relevant charges are collected in Table 4. The O–H
bond is lengthened in all complexes, in comparison to free
TFE (0.965 Å). The magnitude of this elongation is variable
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but is always rather large (0.012–0.015 Å). The positive
charge of the proton increases by 0.027–0.047 units. In sys-
tem A TFE interacts only with the unique hydride ligand
(H3). The negative charge of H3 increases from –0.053 to
–0.128 (∆q = –0.075), whereas the charges of H1 and H2
remain essentially unchanged and that of Mo slightly de-
creases (∆q = +0.009). The Mo–H3 bond is significantly
elongated (∆rM–H = +0.010 Å), whereas the Mo–H1 and
Mo–H2 bonds are less affected (slight contraction for the
former and slight elongation for the latter). The composi-
tion of the three M–H vibrational modes (Figure 10) re-
mains close to that observed in the free trihydride (Fig-
ure 8). The ν1 mode is blue-shifted by +17 cm–1, in agree-
ment with the slight contraction of the Mo–H1 bond; the
ν2 mode does not shift significantly (the major contribution
is from Mo–H2, which maintains essentially the same dis-
tance); and the ν3 mode is strongly red-shifted (∆ν3 =
–21 cm–1), correlating with the weakening of the Mo–H3
bond by the hydrogen bond.

Table 4. Computed Mulliken charges for selected atoms in the
[CpMo(dpe)H3] complex and its TFE adducts.[a]

H(TFE) Mo H1 H2 H3

[CpMo(dpe)H3] –0.316 –0.017 –0.003 –0.053
TFE 0.326
A 0.353 –0.307 –0.015 –0.001 –0.128
B1 0.373 –0.367 –0.017 –0.076 –0.047
B2 0.368 –0.310 –0.046 –0.088 –0.051
B3 0.364 –0.296 –0.020 –0.123 –0.049
C 0.373 –0.422 –0.010 0.002 –0.072

[a] For the location of H1, H2, and H3, see Figure 8.

The H1 and H2 hydrides are involved in the hydrogen
bond in systems B1–B3. For system B3, the major observed
effects of hydrogen bonding are a significant lengthening of
the Mo–H2 bond (+0.019 Å), a slight shortening of Mo–
H3 (–0.007 Å), a dramatic increase for the H2 negative
charge (–0.120), and a slight decrease for that of Mo
(+0.020). Therefore, these charge and bond length changes
confirm the description of this adduct as involving a dihy-
drogen bond to H2. The ν1 vibration is very weakly influ-
enced by the dihydrogen bonding (∆ν1 = +4 cm–1), whereas
ν2 and ν3 are dramatically affected (Figure 10). In fact, hy-
drogen bonding with H2 weakens the Mo–H2 bond to such
a point that the ν2 mode (to which the Mo–H2 vibration
contributes the most) now appears at a lower frequency
than ν3 (∆ν2 = –36 cm–1). Conversely, ν3 is shifted to a
higher frequency (∆ν3 = +17 cm–1), in agreement with the
Mo–H3 bond shortening, and the band intensity is de-
creased by a factor of two. An additional contribution to
the red-shift of ν2 and to the blue-shift of ν3 may be associ-
ated with the modified mixing: in-phase for ν2 and out-of-
phase for ν3, that is, the opposite of the situation in the free
trihydride.

For system B2, the negative charge increases signifi-
cantly, relative to the free trihydride complex, on both H1
(∆q = –0.029) and especially H2 (∆q = –0.085), correlating
well with the H···H distances (longer for H1, 1.944 Å;

Eur. J. Inorg. Chem. 2006, 2192–2209 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2201

shorter for H2, 1.799 Å). The charge slightly decreases on
Mo (∆q = +0.006). The trends of the H···H distances and
hydride charges agree with the evolution of the Mo–H bond
lengths: both Mo–H1 and Mo–H2 are lengthened (by
+0.002 and +0.008 Å, respectively), whereas Mo–H3 is
shortened (–0.004 Å) (Table 3). The O–H vector bisects
the H1MoH2 angle, with an essentially coplanar
MoH1H2···HO fragment. System B2, therefore, appears to
be best described as having a bifurcated hydrogen bond
with H1 and H2. This situation reflects onto the vibrational
modes as follows. The ν1 mode appears at a slightly higher
frequency (+3 cm–1), which is unexpected because the Mo–
H1 bond is slightly lengthened by the hydrogen bond. The
ν2 mode exhibits a moderate low-frequency shift (–16 cm–1;
a compromise between the Mo–H2 bond weakening and
the Mo–H3 bond strengthening), whereas the ν3 mode cor-
respondingly shows a moderate high-frequency shift
(+3 cm–1) for the same reasons.

For system B1, on the other hand, the charge on H1
remains unchanged, whereas it increases significantly on H2
(–0.073) and also on the Mo atom (–0.051), suggesting that
the metal center also participates directly in the hydrogen
bonding. The O–H···Mo distance is 0.1 Å shorter in B1
than in B2. A folding of the O–H vector along the H1H2
axis by 141.2° toward the metal, in the opposite direction
from the Cp ring, signals an interaction that forces the pro-
ton donor to approach the metal center. These changes sug-
gest the description of adduct B1 as featuring a bifurcated
hydrogen bond to H2 and Mo. Note that, whereas the
H···H distances would suggest that hydrogen bonding with
H2 is stronger in B1 than in B2 (1.779 Å vs. 1.799 Å), the
Mo–H2 distance shortens (–0.004 Å), rather than lengthens,
in B1. In addition, the charge on H2 increases to a smaller
extent in B1 than in B2. These perturbations may be caused
by the Mo···HO interaction and suggest that conclusions
about the hydrogen bond nature in a complicated poly-
atomic system should not be based solely on the H···H dis-
tances. The low-frequency shift for ν1 (–12 cm–1) correlates
with the lengthening of the Mo–H1 bond and the strong
high-frequency shift for ν2 (+23 cm–1) correlates with the
Mo–H2 bond compression, whereas there is no clear corre-
lation with the H···H distances. Note that system B1 exhib-
its mixing of the Mo–H1 and Mo–H2 vibrations in ν1 and
ν2, whereas ν3 is an essentially pure Mo–H3 vibration. The
latter experiences no shift relative to the free trihydride
compound, consistent with the invariance of the Mo–H3
bond length.

Finally, system C shows a dramatic increase of the metal
negative charge (∆q = –0.106), whereas the charge on H3
increases only slightly (∆q = –0.019). Together with the
structural features discussed above, these charge variations
suggest that the bonding in this adduct is dominated by the
metal site, and is unique amongst all the optimized adducts
A–C in this respect. It is interesting to observe that not only
is the Mo–H3 bond elongated in this adduct (+0.007), but
the Mo–H2 bond is also (+0.008 Å), whereas the Mo–H1
bond is slightly shortened. There is no obvious explanation
for this phenomenon. The evolution of the normal modes
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is again in line with the observed changes of Mo–H bond
lengths: ν1 shows a small high-frequency shift (+4 cm–1),
whereas ν2 and ν3 exhibit large low-frequency shifts (–33
and –20 cm–1, respectively).

Hydrogen-Bonded Adducts with TFE: Relative Stability

The relative stability of these systems was estimated in
different ways (see Table 5). Comparing the energy changes
associated to the hydrogen bond formation, the stronger in-
teractions are those involving the two equivalent hydride
ligands. Structures B show the most exothermic hydrogen
bond. This behavior can be traced back to the establish-
ment of two dihydrogen bonds in B1 and B2 or only one
strong dihydrogen bond in B3.[18] Although the primary in-
teraction is shorter in system B3, the relative stability of the
three systems is not too different. A fast exchange of the
ROH molecule between the three B sites can be expected
from the structural features and low energy differences
found between the three isomers. The interactions at the
unique hydride site (A) and at the metal site (C) have similar
energies, around 2 kcalmol–1 less exothermic than for the B
structures. A fast exchange between the A and C sites can
be also expected. The gas-phase complexation energies span
a range between 9 and 12 kcalmol–1, similar to those calcu-
lated for the same kind of interactions in other transition-
metal hydride systems,[15,17,18] and notably higher than the
experimental enthalpies. Previous results concerning hydro-
gen bonding in transition-metal systems showed that the
Basis Set Superposition Error (BSSE) can be very impor-
tant in this type of system.[18] BSSE-corrected bonding en-
ergies have been calculated, showing that the BSSE ac-
counts for 40–50% of the interaction energy. However, after
correction all the adducts are still stable, with interaction
energies between 5 and 8 kcalmol–1. It is worth mentioning
that a negative and significant interaction energy remains
at the metal site after the BSSE correction, in contrast with
what we have found in a recent study of the hydrogen bond-
ing to the [Cp*Fe(dppe)H].[15] This result demonstrates the
basicity of the molybdenum center in this compound and
points towards competition between the hydride and the
metal sites for the proton.

Table 5. Calculated parameters of the hydrogen bonding between
[CpMo(dpe)H3] and TFE.

A B1 B2 B3 C

∆E [kcalmol–1] –9.6 –11.3 –11.2 –11.5 –10.4
∆E(BSSE)[a] [kcalmol–1] –5.1 –7.9 –7.8 –5.9 –5.9
∆H(BSSE)[b] [kcalmol–1] –3.5 –6.0 –6.1 –5.9 –4.3
ν(OH) [cm–1] 3617 3553 3605 3552 3576
A (10–4) [Lmol–1 cm–2] (4.99) (7.25) (7.15) (7.77) (6.23)
∆H(∆ν)[c] [kcalmol–1] –4.3 –5.2 –4.5 –5.2 –4.9
∆H(∆A)[d] [kcalmol–1] –4.7 –5.8 –6.0 –6.3 –5.5
∆G(CH2Cl2)[e] [kcalmol–1] –1.6 –3.1 –3.2 –3.4 –2.8

[a] Complexation energy corrected by the basis set superposition
error. [b] Complexation enthalpy, taking the BSSE-corrected en-
ergy. [c] Application of Equation (1),[34] using the computed
∆ν(OH). [d] Application of Equation (3),[35] using the computed in-
tensities A. [e] Complexation free energy in dichloromethane.
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The calculated enthalpies, taking the BSSE-corrected en-
ergies, are slightly decreased, but the ordering B � C � A
is preserved. The interaction enthalpy was also estimated
on the basis of Iogansen’s empirical relationships [Equa-
tion (1)[34] and Equation (3)[35]] using the computed ν(OH)
stretching vibration frequencies or ν(OH) band intensities
A, which are also reported in Table 5. Remarkably, the ∆H
computed in the different ways are very similar. Indeed, the
highest values obtained (about 6 kcalmol–1) are close to the
experimental hydrogen-bond enthalpies. The ν(OH) bands
are found at lower frequency {∆ν(OH) = 227–292 cm–1},
and with a dramatically increased intensity [from
0.38×104 Lmol–1 cm–2 in free TFE to (4.99–
7.77)×104 Lmol–1 cm–2 in the H-bonded adducts], in good
agreement with the experimental observations. Both corre-
lations work well for medium-strength hydrogen bonds of
organic bases and appear to be successfully applicable also
to organometallic complexes.[12,13] Note that Equation (3)
is considered as universal (valid for different types of H
complexes in solution or in the gas phase) and more precise.

∆H = 2.9∆A1/2 = 2.9(A1/2
bonded – A1/2

free) (3)

PCM calculations give the solvation free energy of a spe-
cies, and its partition into enthalpic and entropic parts is
not possible.[36] From the ∆Gsolv of free [CpMo(dpe)H3],
free TFE, and their adduct, it is possible to get a rough
estimation of the ∆G of the hydrogen-bond formation in
solution, which does not take into account the internal con-
tributions to the entropy. The ∆G obtained in this way for
adducts A–C in CH2Cl2 are collected in Table 5. Although
the ∆G(CH2Cl2) are less exothermic than the ∆H in gas
phase, for all the adducts ∆G(CH2Cl2) is negative, pointing
out the stability of the hydrogen-bonded species in solution.
Moreover, the ordering B � C � A is maintained.

Protonation Products

The calculations on the protonation product, the system
having the [CpMo(dpe)H4]+ stoichiometry, reveal the exis-
tence of two stable local minima for the classical tetrahy-
dride complex and another two for a dihydrogen–dihydride
tautomer, [CpMo(dpe)(H2)H2]+. They can be envisaged as
the products of the proton transfer to the different proton-
acceptor sites revealed by the hydrogen-bonded adducts.
The optimized structures are shown in Figure 11. Relevant
geometrical parameters are available as Supporting Infor-
mation.

The most stable isomer is the tetrahydride TETRA1. This
structure presents a rather symmetrical arrangement, with
two hydrides at each side of the plane defined by the two
phosphorus atoms and the center of the Cp ring. The tetra-
hydride nature of this complex is evident from the H···H
distances, the shortest one being 1.799 Å. There are two sets
of Mo–H distances, longer (1.708 and 1.706 Å) for the two
most distant hydrides, and shorter (1.671 and 1.674 Å) for
the closest ones. The geometry of TETRA1 agrees with the
experimental structure of [Cp*WH4(dppe)]+ and its descrip-
tion as a distorted pseudopentagonal bipyramid (see
Scheme 2).[19] The four H ligands are practically in the same
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Figure 11. Views of the optimized geometries for isomeric struc-
tures having the [CpMo(dpe)H4]+ stoichiometry.

plane (the fourth H is only 0.010 Å away) and one P atom
is only 0.035 Å away from the least-squares H4 plane. The
five angles between adjacent bonds in the pseudopentago-
nal plane are relatively similar and close to that expected
for the equatorial ligands in a pentagonal bipyramid (72°).
TETRA1 can be considered the product of proton transfer
to the metal site, although it may also result from the oxi-
dative addition of a coordinated dihydrogen ligand. Both
possibilities will be considered in the next two sections.

The second tetrahydride minimum, TETRA2, has three
hydrides on one side of the P–Cpcentroid–P plane and one
on the opposite side. The Mo–H distances for the three hy-
drides on the same side are 1.666, 1.710, and 1.668 Å, the
longest one being that to the central hydride. The shortest
H···H distance is 1.602 Å (H1···H2), in agreement with the
tetrahydride nature of this isomer. The Mo–H distance of
the unique hydride H3 is 1.691 Å. TETRA2 could be re-
garded as the protonation product at the metal site close to
hydrides H1 and H2. TETRA2 is considerably less stable
than TETRA1, lying 8.0 kcalmol–1 higher.

Two dihydrogen–dihydride structures have been charac-
terized as local minima (DIH1 and DIH2). Their geome-
tries are comparable to that of the parent complex
[CpMo(dpe)H3], but with a η2-H2 ligand in place of a hy-
dride. DIH1 is the most stable dihydrogen–dihydride iso-
mer, only 3.7 kcalmol–1 above TETRA1. The presence of a
dihydrogen ligand in the coordination sphere of the metal
is apparent from the H–H distance of 0.896 Å between the
adjacent H3 and H4 atoms. This structure is reached by
protonation of the unique hydride H3 in the initial trihyd-
ride. The second dihydrogen–dihydride isomer (DIH2) is at-
tained by proton transfer to the H1 or H2 ligands. The H–
H distance in the dihydrogen ligand (0.851 Å) is shorter
than in DIH1, indicating a weaker metal–H2 interaction. In
agreement with this, DIH2 is less stable than DIH1,
5.1 kcalmol–1 above TETRA1.

We have also considered the relative stability of the four
[CpMo(dpe)H4]+ isomers in dichloromethane. There is little
change on going from the gas phase to the CH2Cl2 medium.
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The tetrahydride TETRA1 remains the most stable species
in CH2Cl2, with TETRA2, DIH1, and DIH2 being placed
6.6, 3.3, and 5.0 kcalmol–1 above TETRA1.

To assess how the chosen model affects the results, we
have studied the protonation products in the full system,
performing full QM calculations on the actual
[Cp*Mo(dppe)H4]+ complex. The four stable structures
found for the model [CpMo(dpe)H4]+ system have also
been located in the full system, with very similar arrange-
ments of the MoH4 unit to the model systems. A general
view of the optimized geometries is shown in the Support-
ing Information. As can be appreciated in Table S1, the
structural changes induced by the modeling of the real li-
gands are minor.

The relative energies of the different isomers of the full
system are comparable to those of the model system. The
tetrahydride TETRA1 is still the most stable species, with
TETRA2, DIH1, and DIH2 placed 7.0, 4.4, and
6.6 kcalmol–1 above TETRA1. Thus, the calculations indi-
cate that the classical tetrahydride product TETRA1 is
strongly favored relative to all possible dihydrogen struc-
tures. This result agrees with the experiment, as the tetrahy-
dride is the only observed protonation product. The pres-
ence of dihydrogen–dihydride species at low relative ener-
gies suggests that they may be intermediates along the pro-
ton-transfer pathway.

The simplifications introduced in the modeling of the
system have very little influence in the relative energies of
the protonation products. To further check the differences
between the model and the full systems we have computed
the gas phase proton affinity (PA), that is the energy change
associated to Equation (4)

([Mo]-H3) + H+ � ([Mo]-H4)+ (4)

where [Mo] stands for CpMo(dpe) or Cp*Mo(dppe) and
TETRA1 has been considered the protonation product. The
model system presents a slightly lower proton affinity
(249.9 kcalmol–1) than the full system (271.0 kcalmol–1),
but the difference amounts to only 8%. As all four proton-
ated structures have very similar relative energies in the full
and model systems, we can conclude that all the proton-
acceptor sites of the MoH3 unit are a little more basic in
the full system than in the model one.

Proton-Transfer Reaction Profiles with HFIP

We have also carried out a study of the [CpMoH3(dpe)·
HFIP] adduct, analogous to that illustrated above for the
[CpMoH3(dpe)·TFE] adduct. The results are not detailed
for the sake of brevity, but the main outcome is that five
hydrogen-bonded structures comparable to the A–C ones
reported for TFE (Figure 9) have been located, which will
be correspondingly labeled A�, B1�, B2�, B3�, and C�. They
follow the same stability ordering B� � C� � A�, with
slightly increased interaction energies, caused by the
stronger acidity of HFIP compared with TFE. For instance,
the ∆H(BSSE) are –3.9, –6.3, –5.7, –6.8, and –4.4 kcalmol–1

for the HFIP adducts A�, B1�, B2�, B3�, and C�, respec-
tively.
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When one imagines the reaction trajectory leading to

proton transfer, it can be predicted that system C� may lead
to the classical tetrahydride complex directly, whereas sys-
tems A�–B� could yield dihydrogen intermediates. The most
stable protonation product (TETRA1) formally arises from
proton transfer to C�, whereas the most stable dihydrogen
complex (DIH1) may be viewed as formally arising from
proton transfer from A� to the H3 hydride site. For this
reason we have studied both proton-transfer pathways. In
addition, the close vicinity of the protonation sites in the
A� and C� structures will allow a study of the direct compe-
tition for the proton between a hydride and the metal sites
and a discussion of whether a direct proton transfer to the
metal is possible in this case.

Starting from the hydrogen-bonded adducts C� and A�,
the final products of the proton transfer should be the ion
pairs made up by the TETRA1 (metal site protonation) or
DIH1 (hydride site protonation) cations and the
[(CF3)2HCO]– ([X]–) anion. However, whereas the optimiza-
tion of the TETRA1·[X] ion pair was successful, attempts to
optimize the DIH1·[X] ion pair failed. Several optimizations
starting from different input geometries were tried but led
systematically to the same initial hydrogen-bonded adduct.
The optimized geometries of hydrogen-bonded complexes
and the ion pair are available in the Supporting Infor-
mation.

As no stable dihydrogen–conjugate base ion pair was
found, we have not pursued the proton-transfer pathway at
the hydride site. We have further explored the protonation
at the metal. Initially the gas-phase reaction profile leading
from C� to TETRA1·[X] has been investigated by using the
O–H distance of the HFIP donor as the pivot parameter
along the reaction coordinate, all other geometrical param-
eters being optimized. Then, the maximum of this curve has
been used as the starting point to locate the transition state,
which practically coincides with this maximum. The profile
in the dichloromethane solvent was obtained from single-
point calculations on each point of the gas-phase profile
with the solvent PCM. The energy of the starting hydrogen-
bonded adduct C� was taken as the zero of energy. The
energetic profiles are depicted in Figure 12.

The gas-phase energy barrier to form the ion pair at the
metal site is 24.7 kcalmol–1. The CH2Cl2 solvent slightly
favors the kinetics of the proton transfer, decreasing the en-
ergy barrier to 22.8 kcalmol–1. In the transition state the
O–H bond is completely broken (O–H = 1.581 Å) and the
Mo–H bond is almost formed (Mo–H = 1.795 Å). The dis-
tance between the proton that is being transferred and the
contiguous H3 hydride (1.795 Å) is too long to consider the
formation of a dihydrogen ligand. Thus, even in this
crowded system there is a pathway for protonating the
metal, without involvement of the hydride ligands.

There is experimental evidence that the participation of
a second molecule of the proton donor might be crucial for
the proton transfer to transition-metal hydride by means
of the so-called homoconjugate pairing effect.[8,16,27] In our
previous theoretical studies, the second proton donor mole-
cule was used to locate the gas-phase minima of the proton-
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Figure 12. Potential energy curves for the proton transfer from
HFIP to the Mo trihydride at the metal site. Plain curve and
squares: in the gas phase; dashed line and triangles: in dichloro-
methane solution. The O–H length of the transferring proton has
been taken as the reaction coordinate.

ated species.[15,17,18] Thus, we have also studied the proton
transfer to complex [CpMo(dpe)H3] with two HFIP mole-
cules.[15,27] The final products of the proton transfer are the
ion pairs made up by the TETRA1 or DIH1 cations and
the [(CF3)2HCO···HOCH(CF3)2]– ([XHX]–) homoconjugate
anion. With the inclusion of the second AH molecule, both
ion pairs give stable local minima and it is possible to study
the proton-transfer process both at the metal and hydride
sites. The corresponding starting points are the hydrogen-
bonded adducts C�·HFIP and A�·HFIP, with a second
HFIP molecule joined by a O···H hydrogen bond to the
first HFIP molecule. The optimized geometries are available
in the Supporting Information.

The thermodynamic viability of the proton transfer in-
volving a second alcohol molecule [Equation (5)] is very dif-
ferent from the situation shown above for a single HFIP
molecule. Now the reaction is clearly exothermic, by
–5.2 kcalmol–1 for the C�+HFIP/TETRA1·[XHX] couple
and –3.2 kcalmol–1 for the A�+HFIP/DIH1·[XHX] one.
∆G(CH2Cl2) values, although considerably decreased (–1.6
and –0.7 kcalmol–1 for TETRA1 and DIH1, respectively),
suggest the thermodynamic feasibility of the reaction in
dichloromethane and indicate that the equilibrium is dis-
placed toward the right. The presence of a strong hydrogen
bond in the homoconjugated pair has a substantial impact
on the overall reaction energy.

[CpMoH3(dpe)···HOCH(CF3)2] + (CF3)2CHOH �
[CpMo(dpe)“H4”]+·[(CF3)2CHO···H···O–CH(CF3)2]– (5)

Both reaction profiles, leading from A�·HFIP to
DIH1·[XHX] and from C�·HFIP to TETRA1·[XHX], have
been investigated, both in the gas phase and in dichloro-
methane solvent, taking the O–H distance of the transfer-
ring proton as the reaction coordinate. The energy of the
starting hydrogen-bonded adduct was taken as the zero of
energy in each case. The energetic profiles are depicted in
Figure 13.
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Figure 13. Potential energy curves for the proton transfer from two
HFIP molecules to the Mo trihydride: (a) at the metal site; (b) at
the hydride site. Plain curves and squares: in the gas phase; dashed
lines and triangles: in dichloromethane solution. The O–H length
of the transferring proton has been taken as the reaction coordi-
nate.

The gas-phase barriers to form the ion pair at the hydride
and the metal site are 11.2 and 12.9 kcalmol–1, respectively.
As already found with one HFIP molecule, the CH2Cl2 sol-
vent favors the kinetics of the proton transfer, decreasing
the energy barriers to 9.4 and 10.2 kcalmol–1, respectively.
The ion pairs resulting from the protonation at the hydride
([DIH1]+·[XHX]–) and metal site ([TETRA1]+·[XHX]–) are
found to be 6.3 and 4.8 kcalmol–1, respectively, above the
hydrogen-bonded complexes in the gas phase, and 2.7 above
and 0.3 kcalmol–1 below, in dichloromethane. The solvent
also favors the thermodynamics of the proton transfer, sta-
bilizing the charged species to a greater extent than the ini-
tial neutral hydrogen-bonded ones. The role played by the
homoconjugate pairing in the proton-transfer process can
be appreciated following the evolution of the two O–H dis-
tances of the HFIP dimer throughout the protonation pro-
cess. In the hydrogen-bonded initial species A�·HFIP and
C�·HFIP there is a normal hydrogen bond between the oxy-
gen atom of the first HFIP molecule and the proton of the
second one. The O···O and O···H distances are 2.718 and
1.761 Å in A�·HFIP and 2.703 and 1.745 Å in C�·HFIP. The
O–H bond of the second HFIP molecule is only slightly
lengthened by the hydrogen bond interaction (O–H = 0.980
and 0.981 Å in A�·HFIP and C�·HFIP, respectively; the
O–H distance in free HFIP is 0.968 Å). The presence of a
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strong [A···H···A]– hydrogen bond in the anion of the ion
pair can be inferred from the shortening of the O···O
distance (2.439 and 2.396 Å in [DIH1]+·[XHX]– and
[TETRA1]+·[XHX]–, respectively). The O··H distances
(1.359 and 1.241 Å) and O–H–O angles (178.5 and 178.1°)
also agree with a proton shared by two [X]– units. The acid-
ity of the coordinated dihydrogen makes the homoconju-
gate anion interact more strongly with the H of the dihydro-
gen than with that of the tetrahydride (M–H···O distances
of 2.467 and 2.493 Å in [DIH1]+·[XHX]– and
[TETRA1]+·[XHX]–, respectively). In opposition, the
O···H···O interaction in the homoconjugate anion is
stronger in [TETRA1]+···[XHX]– than in [DIH1]+···[AHA]–,
according to both O···O and O···H distances.

Dihydrogen–Dihydride � Tetrahydride Interconversion in
the Ion Pair

To solve the dichotomy between easy protonation at the
hydride site and no detection of dihydrogen intermediates,
we have studied the interconversion from the [DIH1]+···
[XHX]– to the [TETRA1]+···[XHX]– ion pair. As in previous
studies of dihydrogen � dihydride interconversions,[37] we
have chosen the H–H distance as a reaction coordinate for
the H–H bond breaking. This distance varies from 0.884 Å
in the dihydrogen structure to 1.812 Å in the tetrahydride.
For each fixed value of the reaction coordinate all the other
geometrical parameters, including those of the homoconju-
gate anion, were optimized. The profiles in dichlorometh-
ane solvent were obtained from single-point calculations on
each point of the gas-phase profiles with the solvent PCM.
The energy of the dihydrogen ion pair was taken as the zero
of energy. The energetic profiles in gas phase and CH2Cl2
are depicted in Figure 14.

Figure 14. Potential energy curve for the interconversion from the
([DIH1]+·[XHX]–) to the ([TETRA1]+·[XHX]–) ion pairs. Plain
curves and squares: in the gas phase; dashed lines and triangles:
in dichloromethane solution. The H–H length of the coordinated
dihydrogen has been taken as the reaction coordinate.

The calculations illustrate that the dihydrogen–dihydride
� tetrahydride rearrangement in the ion pairs easily takes
place. The energy barrier is only 1.8 kcalmol–1 in gas phase
and 1.3 kcalmol–1 in CH2Cl2. The homoconjugate anion
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does not appreciably change its position along the intercon-
version, as proved by the evolution of the H···O distance
(from 1.359 Å in the dihydrogen structure to 1.241 Å in the
tetrahydride). The process is exoergic, ending up in a tetra-
hydride ion pair 1.5 kcalmol–1 more stable than the initial
dihydrogen in the gas phase (–1.7 kcalmol–1 in CH2Cl2).
The solvent influence in this process is very small because
it does not involve a charge change.

Dihydrogen Evolution

We have theoretically studied the successive elimination
of two H2 molecules in the model [CpMo(dpe)H3]–TFE
system. The results are graphically assembled in Figure 15
and discussed only briefly here. More details can be found
in the Supporting Information. The significant difference
between the results in the gas phase and in CH2Cl2 can be
attributed to the solvation of the free TFE molecules (note
that the gap is about twice greater when both molecules
have been consumed, relative to the intermediate situations
where only one has been consumed). The results show that
the first H2 elimination, affording the [CpMo(dpe)-
H2(ORF)] intermediate (unobserved for the real system), is
less favorable than the process leading to loss of two H2

molecules. Note also that the H2 elimination process will
further benefit from an entropic drive. Furthermore, the
subsequent addition of a second alcohol molecule, to afford
the 18-electron adduct, results in a significant stabilization.
At least part of this stabilization may be attributed to the
intramolecular hydrogen bond. Thus, the calculations point
to the identity of the final product as a solvated species. It
is also of interest to mention that the 16-electron [CpMo-
(dpe)(ORF)] intermediate prefers to adopt a singlet ground
state (the triplet is higher in energy by 6.5 and 7.3 kcalmol–1

in the gas phase and in solution, respectively). On the other
hand, a parallel calculation on [CpMo(PMe3)2(OH)] shows
that the triplet is 2.3 kcalmol–1 lower than the singlet, in
agreement with the experimental observation or paramag-
netism for this molecule.[30,31]

Figure 15. Computed energy profile (solid lines: gas phase; dashed lines: CH2Cl2 solution) in kcalmol–1 for the H2 elimination from
complex [CpMo(dpe)H3] (RFOH = TFE). Full details are reported in the Supporting Information.
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Discussion

It has been shown in previous spectroscopic[14,38] and
theoretical[15,17,39] studies of monohydride compounds that
the MH···HX interaction weakens the MH bond (low-fre-
quency shift for the M–H stretching vibration), whereas the
HM···HX interaction strengthens it (high-frequency shift).
The present contribution reports the first detailed analysis
of the effect of hydrogen bonding on the M–H stretching
vibrations for a polyhydride compound where the individ-
ual M–H stretching components are heavily mixed into the
normal modes. The first outcome of this investigation is
that the variation of the vibrational frequencies can be pre-
dicted, in most cases, by extension of the previously estab-
lished trends for monohydride complexes:[12,13] normal
modes whose main contribution is from M–H vibrations
where the hydride is directly implicated in hydrogen bonds
as a proton acceptor experience a low-frequency shift. Con-
versely, normal modes whose main contribution is from M–
H vibrations where the hydride is not directly implicated in
hydrogen bonds (either the metal center or other hydride
ligands act as the proton-acceptor site) experience a low-
frequency shift. However, the contribution of various M–H
stretching vibrations, some of which may be proton ac-
ceptors in hydrogen bonds while others may not, in the nor-
mal modes calls for a more detailed and in-depth analysis.

Secondly, the existence, in the present case, of additional
interactions with other neighboring proton-accepting sites
may be the major cause of the complicated changes found,
for example the changes of certain Mo–H bond lengths that
are found to be opposite to expectations based on H···H
distances (e.g., shortening of Mo–H2 in B1, lengthening of
Mo–H2 in C). An interaction involving exclusively the
metal center, without involvement of at least secondary in-
teractions with hydride ligands, does not occur for this com-
pound. It can be easily imagined, by extrapolation, that a
direct hydrogen bond with a metal site may be difficult in
general, if not impossible, when the system has a relatively
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crowded coordination sphere and especially when more
than one hydride ligand is present. Also, the same circum-
stances may favor the establishment of simultaneous inter-
actions with more than one hydride ligand.

The computational study allows rather good repro-
duction of the experimentally determined hydrogen bond
enthalpy for the [Cp*Mo(dppe)H3]·TFE interaction by use
of the [CpMo(dpe)H3] model system. The calculations also
indicate that the most stable hydrogen-bonded adducts be-
tween [CpMo(dpe)H3] and TFE are complexes B, where the
proton donor approaches the complex from the side of the
molecule containing hydrides H1 and H2. Structure B3,
which yields the lowest energy minimum, is also the model
structure that best reproduces the experimentally observed
frequency shifts: the ν2 band experiences a large low-fre-
quency shift and appears 3 cm–1 lower than ν3 mode in free
trihydride, whereas the ν3 band experiences a large high-
frequency shift, ending up near the position of the ν2 mode
in free trihydride (compare Figure 8 and Figure 10). The
composition of the normal modes is in agreement with this
interpretation (the low-frequency band in B3 has the major
component from the Mo–H2 vibration, whereas the low-
frequency band in the free trihydride is mostly a Mo–H3
vibration). The other structural models of the hydrogen-
bonded adduct (A, B1, B2, and C) yield calculated normal
mode frequency patterns in greater discrepancy with the ex-
periment. In conclusion, it seems that the proton donor ap-
proaches the complex from the side of the molecule con-
taining the hydrides H1 and H2, and establishes a hydrogen
bond with the hydride H2.

One interesting issue for proton-transfer reactions to hy-
dride molecules is the number of proton donor molecules
that are involved in proton transfer. Although the involve-
ment of only one molecule should be sufficient in principle,
it has been shown in several cases that the protonation
product contains the homoconjugate anion, therefore im-
plicating two proton donor molecules in the reaction stoi-
chiometry.[8,16,17] It was also shown by kinetics investi-
gations that a second proton donor molecule is necessary
to trigger proton transfer from fluorinated alcohols to the
hydride complex [Cp*Fe(dppe)H].[15,27] On the other hand,
when the stronger acid CF3COOH was used with the same
hydride system, even a single acid molecule was sufficient
to transfer the proton. Theoretical calculations have also
shown that the involvement of a second proton donor (HX)
molecule strengthens hydrogen bonding of the first HA
molecule with the proton acceptor in the MH···HX···HX
adduct.

The basicity of the hydride ligand of Cp*MoH3(dppe)
(Ej = 1.42±0.02) is higher than that of trihydride complexes
studied previously [compare with Ej of 0.93 for Cp2NbH3

[18]

and 0.94 for Cp*RuH3(PCy3)][40] and is among the highest
reported in the literature.[13] Consequently, it can be proton-
ated by such a weak acid as TFE. Two separate experiments
on the proton-transfer process indicate that complex
Cp*MoH3(dppe) is able to accept a proton from a single
molecule of proton donor, at least from donors as weak as
HFIP. The UV/Vis study of the Cp*MoH3(dppe)–PNP (Pi
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= 1.27) interaction shows a breakpoint at a 1:1 ratio and a
visible band consistent with the formation of the
[Cp*(dppe)MoH4]+···[OAr]– ion pair. On the other hand,
the kinetic study of the Cp*MoH3(dppe)–HFIP (Pi = 1.05)
interaction illustrates the need for only one HFIP molecule
to reach the transition state for proton transfer. This situa-
tion markedly differs from that previously established for
the protonation of the less basic hydride ligand in complex
[Cp*Fe(dppe)H] (Ej = 1.35±0.02), where a second molecule
is necessary.[27] Interestingly, the formation of hydrogen-
bonded ion pairs is not only evident from the UV/Vis study
of the Cp*MoH3(dppe)–PNP system, but also from the 1H
NMR spectroscopic data through the different T1 values
obtained for the TFE and HBF4 protonation products
(Table 2), although the latter result cannot distinguish be-
tween the simple (X–) and the homoconjugate (XHX–)
anion.

The low-temperature NMR study does not show any evi-
dence for the formation of a dihydrogen intermediate,
whereas the low-temperature IR study suggests that the pre-
ferred hydrogen-bonding pathway involves the hydride li-
gand. Thus, an intermediate dihydrogen complex along the
proton-transfer pathway may be expected. The computa-
tional investigation suggests that, both in gas phase and in
dichloromethane, the tetrahydride ion pair resulting from
the protonation at the metal site is more stable than the
dihydrogen–dihydride ion pair arising from the hydride pro-
tonation, in agreement with the experiment. Both proton-
transfer pathways leading to hydride and metal protonation
show low barriers, in agreement with the experimental evi-
dence of a very fast process. However, these values are
rather similar (9.4 and 10.2 kcalmol–1 for proton transfer
from the HFIP dimer in CH2Cl2), indicating that in this
molybdenum trihydride there is no clear kinetic preference
for the protonation at the hydride site. This theoretical re-
sult contrasts with the commonly admitted kinetic prefer-
ence for the protonation at the hydride site, and with a re-
cent theoretical study of the protonation of CpFe(dpe)H
with two HFIP molecules.[15]

If the nonclassical intermediate indeed forms during the
proton-transfer process, its activation barrier to the re-
arrangement leading to the classical tetrahydride product
must be very low. Indeed, a very low barrier for the re-
arrangement of the model compounds ([DIH1]+···[XHX]–

to [TETRA1]+···[XHX]– where HX = HFIP) is shown by
the calculations. Note that this rearrangement does not ne-
cessitate any ion pair dissociation, as the anion does not
appreciably change its position along the interconversion.

To summarize, the tetrahydride product can originate
either from the direct protonation at the metal site or from
the fast isomerization of the dihydrogen intermediate and
the available experimental and theoretical results do not al-
low us to clearly distinguish these two possibilities. The in-
volvement of a transient dihydrogen species in the forma-
tion of trihydride by protonation of a transition-metal dihy-
dride has been reported in a mechanistic study of the pro-
tonation of Cp2MH2 (M = Mo, W) by an excess of anhy-
drous HCl.[41]
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Conclusions

The unambiguous determination of the hydrogen-bond-
ing site for a polyhydride compound by NMR and IR spec-
troscopic techniques is not an easy task. The high fluxion-
ality of polyhydride complexes on the NMR timescale ren-
ders the application of this method less straightforward,
while the use of vibrational spectroscopy is complicated by
the normal mode structure and weak intensity of the M–H
stretching bands. The theoretical analysis of the vibrational
modes, which was performed here for the first time for a
transition-metal polyhydride compound in the absence and
presence of hydrogen bonding, shows a different behavior
for each M–H vibrational normal mode. Nevertheless, the
evolution of the vibrational frequencies follows in most
cases the trends previously established for monohydride
complexes: a low-frequency shift for modes that primarily
involve the M–H vibrations where the H ligand is impli-
cated in the hydrogen bond and a high-frequency shift for
modes that primarily involve M–H vibrations where the H
ligand is not implicated in the hydrogen bond (hydrogen
bonding to other hydride ligands or to the metal atom).
According to the calculations the most stable hydrogen-
bonded adducts are those where the proton donor ap-
proaches the Cp*MoH3(dppe) complex from the side of the
molecule containing the hydrides H1 and H2. Of these, the
one giving good agreement with the experimental IR obser-
vations features a hydrogen bond with H2.

Dihydrogen bond formation precedes the proton transfer
to form the cationic tetrahydride [Cp*(dppe)MoH4]+ com-
plex, stabilized by hydrogen bonding to the proton donor
conjugate base. This is reversible at low temperatures (be-
low 250 K) when using p-nitrophenol or TFE. The precur-
sor Cp*(dppe)MoH3 complex is sufficiently basic to accept
the proton from a single molecule of these two proton donors.

The experiments do not show any direct evidence for the
formation of a dihydrogen intermediate, whereas the pre-
ferred hydrogen-bonding pathway, according to the compu-
tational study, appears to involve the hydride ligand. The
intermediacy of a dihydrogen complex along the proton-
transfer pathway is possible, as suggested by the computa-
tions. However, the calculated low barrier for its isomeriza-
tion into the classical tetrahydride complex would rational-
ize our inability to observe it experimentally.

Experimental Section
General: All manipulations were carried out under argon by stan-
dard Schlenk techniques. The [Cp*Mo(dppe)H3] hydride was syn-
thesized according to the literature.[19] All solvents used (CH2Cl2,
THF, toluene) were dried using appropriate agents and freshly dis-
tilled prior to use.

IR and UV/Vis Investigations: IR measurements were performed
on “Specord M82” and Infralum FTIR-81 (Lumex) spectrometers
using CaF2 cells (0.12 cm path length). In order to limit the signifi-
cance of self-association phenomena, a concentration of the proton
donor between 0.005 and 0.01  was used for the ν(OH) measure-
ments. The UV measurements were performed on Specord M-40
and Varian Cary 5 spectrophotometers. Low-temperature IR and
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UV measurements were carried out by use of a cryostat (Carl Zeiss
Jena) in the 200–290 K temperature range. The accuracy of the
temperature adjustment was ±0.5 K. The reagents were mixed at
low temperature and the cold mixtures were subsequently transfer-
red into the precooled cryostat.

NMR Investigations: NMR studies were carried out in standard 5-
mm NMR tubes containing solutions of the complexes in CD2Cl2.
1H and 31P NMR spectroscopic data were collected with a Bruker
AMX 400 spectrometer operating at 400.13 and 161.98 MHz,
respectively. The conventional inversion-recovery-pulse method
(180-τ-90) was used to determine the variable-temperature longitu-
dinal relaxation time T1. Low-temperature experiments were car-
ried out in the 180–260 K temperature range using a TV-3000
Bruker temperature control unit. The accuracy and stability of tem-
perature was ±1 K. All mixings between the alcohols and the hy-
dride complexes were performed at low temperature.

Stopped-Flow Investigations: The stopped-flow kinetic runs were
carried out at 293 K with a Bio-Logic SF20 apparatus coupled to
a J&M TIDAS MMS-UV/Vis diode-array UV/Vis spectrophotom-
eter using a cuvette with a 0.15-cm pathlength. The data were col-
lected within the first 10 s, yielding reproducible results. Data
analyses were carried out by using the SPECFIT3 global analysis
package of programs.[42] At least three runs were averaged to yield
the reported results.

Computational Details: Calculations were performed with the
Gaussian98[43] package at the DFT/B3LYP level.[44–46] Effective
core potentials (ECP) were used to represent the innermost elec-
trons of the molybdenum atom as well as the electron core of phos-
phorus atoms.[47,48] The basis set for the Mo and P atoms was that
associated with the pseudopotential,[47,48] with a standard double-
ζ LANL2DZ contraction,[43] supplemented in the case of P with a
set of d-polarization functions.[49] The carbon and hydrogen atoms
of the transition-metal complexes that are not bonded to the metal
atom, together with the atoms of proton donor molecules (C, F,
H) that are not involved in hydrogen bonds, were described with a
6-31G basis set.[50] The carbon and hydrogen atoms directly
bonded to the metal and the proton donor molecules’ hydrogen
and oxygen atoms involved in hydrogen bonding were described
with a 6-31G(d,p) set of basis functions.[51] Geometry optimiza-
tions were carried out without symmetry restrictions and the re-
sulting structures were characterized as minima by the real value
of all 3N-6 vibrational frequencies. Solvent effects were taken into
account by means of polarized continuum model (PCM) calcula-
tions,[52,53] using standard options.[43] The solvation free energies
were computed in dichloromethane (ε = 8.93) at the gas-phase opti-
mized geometries. The gas-phase complexation energies were cor-
rected from the BSSE according to the counterpoise method of
Boys and Bernardi.[54]

Supporting Information (for details see the footnote on the first
page of this article): Table of optimized geometrical parameters for
[CpMo(dpe)H3] and [CpMo(dpe)H4]+ complexes, views of opti-
mized [Cp*Mo(dppe)H3], [Cp*Mo(dppe)H4]+, a variety of dihydro-
gen-bonded adducts, and a description of computational results on
the H2 elimination process from [CpMo(dpe)H4]+ (7 pages).
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The azide–tetrazole isomerism in several polyazido-1,3,5-tri-
azines, triazido-sym-heptazine, and some diazido-1,2,4,5-
tetrazines was investigated by ab initio quantum chemical
methods in order to determine whether the polyazides are
suitable starting materials for the synthesis of the isomeric
tetrazoles. The effects of solvation in CCl4, DMSO and water
on this isomerism were included using the self consistent re-
action field (SCRF) method. The effect of amino- and nitro-
substituents on the azide–tetrazole isomerism was also exam-
ined. In the gas phase all investigated polyazidoheterocycles
do not cyclize to form tetrazoles. An electron-donating amino
group favors the ring closure to tetrazoles, whereas an elec-
tron-withdrawing nitro group favors the azides. Solvation in
polar solvents favors the formation of a tetrazole ring system

Introduction

In recent years nitrogen-rich azidoheterocycles have been
investigated as potential high energy density materials[1] and
as precursors for carbon nitrides. Their clean and thermo-
dynamically favorable decomposition, where only N2 is re-
leased, makes them good precursors for nitrogen rich car-
bon nitrides, whose application is not only governed by tex-
ture and size of the particles,[2] but also by the relative nitro-
gen content. Nitrogen-rich carbon nitrides with the bulk
formulas C3N4 and C3N5 have been prepared from cyanuric
azide[3] as well as bis(azido)-1,2,4,5-tetrazine[4] and nitrides
with the formulas C2N3 and C3N5 have been prepared from
tetra(azido)azo-1,3,5-triazine.[5] Unfortunately, all described
polyazides are very sensitive toward shock and friction and
are classified as primary explosives. This makes the hand-
ling of these substances, especially in the amounts needed
for commercial purposes, very difficult. The isomeric tetra-
zoles,[6] which are formed by an 1,5-dipolar cyclization[7] of
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due to higher charge separation in the tetrazole ring system,
but for all polyazido-1,3,5-triazines, including triazido-s-hep-
tazine, the effects of solvation are not strong enough to shift
the equilibrium to the tetrazole side, which explains why se-
veral attempts to detect these compounds have failed. The
monotetetrazoles of diazidotetrazine and bis(azido)azo-
1,2,4,5-tetrazine and the ditetrazole of bis(azido)hydrazo-
1,2,4,5-tetrazine are the minimum energy species in DMSO
and water. Thus we predict that the diazidoazo- and hydra-
zotetrazines will readily cyclize to the tetrazoles in polar sol-
vents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the polyazides, are potential replacements for the hazardous
polyazides. Even though we know of no precise data com-
paring the sensitivity of an azide to its isomeric tetrazole,
the aromatic tetrazoles are, in general, less sensitive toward
shock or friction than covalent azides. The nature of R1

and R2 determines whether the azide or the tetrazole isomer
is dominant or whether both compounds are in equilib-
rium.[8] The open-ring azidoimine form is favored by elec-
tron-withdrawing groups and the tetrazole form is favored
in the presence of electron-donating groups.[9] A wide series
of fluoroalkyl-substituted imidoazyl azides is known that
do not form a tetrazole.[10]

A key prerequisite for this cyclization is a cis orientation
of the imino lone pair and the azide group. Therefore, elec-
tron-rich imidoazyl azides without the required conforma-
tion do not cyclize easily to the tetrazoles. Higher tempera-
tures may help to overcome the activation barrier for tetra-
zole formation,[11] but higher temperatures generally favor
the azide form.[12,13]

A decrease of solvent polarity shifts the equilibrium
towards the azide form.[14] In the gas phase the reaction
from the tetrazoles to the azides is exothermic.[15] Other
reports indicate that the ring opening of the tetrazoles in
the solid phase is endothermic.[16–18]
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In this investigation we address several points regarding

the azide–tetrazole isomerism of the polyazidoheterocycles
shown in Figure 1. Earlier investigations of the azide–tetra-
zole isomerism of cyanuric azide showed that the azide
groups of cyanuric azide do not cyclize to form tetrazoles,
but that the reaction of cyanuric acid with PPh3 leads to
triphenylphosphanimino compounds where an azide group
is in equilibrium with the ring-closed tetrazole in solution
and a tetrazole is formed upon precipitation.[19,20] While no
tetrazole formed from a polyazido-1,3,5-triazine has yet
been detected, the mono- and ditetrazoles of diazido-
1,2,4,5-tetrazine were synthesized only very recently.[21] In
order to better understand the effects of electron-donating
and electron-withdrawing groups on the azide–tetrazole
equilibrium of cyanuric azide, we replaced one azide group
with an amino and a nitro group, respectively. We also in-

Figure 1. Investigated polyazidoheterocycles.

Eur. J. Inorg. Chem. 2006, 2210–2228 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2211

vestigated the recently synthesized azo- and hydrazo-
bridged dimers[5,22] of bis(azido)-1,3,5-triazine as well as tri-
azido-s-heptazine.[23] The same calculations were also per-
formed for several polyazido-1,2,4,5-tetrazines: bis(azido)-
tetrazine[4] and the yet unknown azo- and hydrazo- bridged
dimers of azidotetrazine.

The differences in electronic energy in the gas phase were
used to determine the favored side of the equilibrium in the
gas phase. In order to understand the favorization of the
azides at higher temperatures, the entropies of the involved
species were compared.

The Mulliken charges of the molecules were analyzed to
understand the effect of different solvent polarities. Three
different continuum environments with the characteristics
of CCl4, DMSO, and water were calculated using the polar-
ized continuum model to explore the influence of increasing
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the dielectric permittivity on the potential energy of the in-
vestigated compounds.

Results and Discussion

The azide groups of the discussed compounds can rotate
along the C–N σ bond. Scheme 1 shows the energy profile
of the rotation of an azide group around the C–N single
bond determined by single point energy calculations in 15°
intervals. The azide groups prefer a planar configuration
with a slight energy difference between the two possible
planar configurations. The rotation profiles of the azo-
bridged compounds show a slightly higher activation energy
for a 180° rotation than for the hydrazo-bridged dimers.

Scheme 1. Energy profile for the rotation of an azide group around
the Nα–Caryl σ bond at the MP2 level. Single point energy calcula-
tions were performed at 15° intervals.

The minimum energy conformations for cyanuric azide
and triazido-s-heptazine are the C3h isomers 1 and 134. The
global minima 22 and 38 of amino- and nitro-1,3,5-triazine
are derived from this structure by replacing one azide group
with the respective substituent. The minimum energy struc-
tures 54 and 94 of the azo- and hydrazo-bridged dimers of
bis(azido)-1,3,5-triazine are dimers of 1. The global mini-
mum for bis(azido)tetrazine is the C2h conformer 149. The
global minima 159 and 172 of the azo- and hydrazo-bridged
dimers of azidotetrazine also have a trans alignment of the
azido groups.

Triazido-1,3,5-triazine (Cyanuric Azide)

Structures for all planar isomers and their possible inter-
mediates for all three cyclization steps of cyanuric azide
were calculated (Scheme 1). The calculated bonding param-
eters of 1 (see Supporting Information) are in good agree-
ment with structural data.[19] The Nβ–Nγ and bonding dis-
tances of the azide unit and the carbon–nitrogen bond of
the azide unit are longer than in the X-ray structure.

Two series of rotamers are formed based on the success-
ive cyclization of the isomers 1 and 9. The minimum energy

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2210–22282212

reaction path (Scheme 2) is formed by cyclization of the C3h

isomer 1, the less symmetric isomer 9 is about 0.5 kcalmol–1

higher in energy.
The energy difference calculated at the CCSD(T) level

of theory are in good agreement with previously calculated
values at the B3LYP level of theory (Table 1).[20] The MP2
energy differences are higher than the CCSD(T) values and
increase for isomers with more tetrazole rings. The energy
differences between the MP2 and CCSD(T) values are big-
ger for the transition states than for the ground states. At
the CCSD(T) level, isomer 3 with one tetrazole ring system
is 11.1 kcalmol–1 higher in energy than the triazide 1, the
ditetrazole 6 is 7.9 kcalmol–1 higher in energy than 3 and
the tritetrazole 8 is 9.7 kcalmol–1 higher in energy than the
ditetrazole 6. The formation of the first tetrazole ring sys-
tem has a CCSD(T) activation energy of 23.8 kcalmol–1,
the second cyclization requires an activation energy of
21.0 kcalmol–1 and the third cyclization requires an acti-
vation energy of 22.4 kcalmol–1 based on the respective az-
ides. This shows that the formation of the first tetrazole
ring system requires the most energy and consecutive ring
formations are slightly easier.

The entropies slightly favor the azides over the ring-
closed isomers. The entropy decreases with an increasing
amount for every ring closure, in agreement with the loss
of degrees of freedom upon cyclization. According to the
equation ∆G = ∆H – T∆S a temperature increase would
therefore shift the equilibrium from the tetrazole to the az-
ide in the long run. The slight entropy difference allow the
use of heat to overcome the activation barrier for the forma-
tion of a tetrazole, but at higher temperatures the entropy
favors the azides.

The sum of the positive and negative Mulliken charges
is higher for the azide than for the tetrazole compounds
(see Supporting Information). The individual charges of the
atoms are higher in the tetrazoles. The positive charge is
spread over more atoms in the azides. In the tetrazoles gen-
erally only the carbon atoms retain positive charges while
in the azides the azide Nβ atom is also positively charged.
The charge in the tetrazoles is concentrated in the five-
membered aromatic ring system, while in the azides the Nα

and Nβ atoms also retain a significant charge. The higher
individual charges in the tetrazoles can be stabilized by
more polar solvents, thus shifting the azide–tetrazole equi-
librium to the tetrazole side. This explains the experimen-
tally observed shift to the azide compounds with a decreas-
ing solvent polarity, which was observed for example for
thiazole[3,2-d]tetrazole[15] and diazidotetrazine.[21]

The PCM calculations for CCl4, DMSO, and water also
indicate that more polar solvents favor the tetrazoles. The
ground states are influenced more by solvation than the
ground states. Solvation in CCl4 favors the monotetrazole
3 by 3.9 kcalmol–1, the ditetrazole 6 by 6.5 kcalmol–1 and
the tritetrazole 8 by 8.1 kcalmol–1. The activation energy
for the first cyclization is only slightly favored by
0.6 kcalmol–1, the activation energy for the second cycliza-
tion is favored by 3.7 kcalmol–1 and the activation energy
for the third cyclization is favored by 6.0 kcalmol–1 over the
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Scheme 2. Calculated triazido-1,3,5-triazine isomers.

Table 1. Calculated energy differences between different triazido-1,3,5-triazine isomers. The gas-phase values include zero point energy
corrections. The PCM values represent the differences in free energy of the various species.

1 2 3 4 5 6 7 8 9 10 11

Erel (B3LYP/6-31G(d)) / kcalmol–1 0 24.0 10.6 32.5 34.1 18.5 41.8 29.3 0.5 – –
Erel (MP2) / kcal mol–1 0 33.4 14.5 44.3 46.3 25.4 56.5 38.2 0.3 34.4 35.2
Erel (CCSD(T)) / kcalmol–1 0 23.8 11.1 32.1 33.7 19.0 41.4 28.7 0.5 25.0 25.7
S / cal mol–1 K–1 108.5 105.8 105.2 100.2 100.4 99.9 95.0 92.7 110.7 105.6 105.7
Erel (MP2) / kcal mol–1 PCM H2O 0 32.2 7.1 37.4 39.2 13.2 45.4 22.7 0.1 32.4 32.7
Erel (MP2) / kcal mol–1 PCM DMSO 0 32.2 7.6 37.5 40.6 13.5 45.7 23.3 0 32.3 32.7
Erel (MP2) / kcal mol–1 PCM CCl4 0 32.8 10.6 40.6 42.5 18.9 50.5 30.1 0.2 33.4 34.1

12 13 14 15 16 17 18 19 20 21

Erel (B3LYP/6-31G(d)) / kcalmol–1 – 11.9 – 11.9 – – – – 22.6 –
Erel (MP2) / kcal mol–1 34.5 16.5 17.5 15.8 46.2 49.1 59.3 59.7 28.5 46.1
Erel (CCSD(T)) / kcalmol–1 25.0 13.8 14.7 12.6 34.3 37.1 45.4 46.0 23.1 38.9
S / cal mol–1 K–1 105.9 105.2 105.2 105.3 100.2 100.7 99.8 99.8 100.4 99.1
Erel (MP2) / kcal mol–1 PCM H2O 32.7 9.6 10.1 7.7 38.0 42.0 47.5 48.9 16.3 30.4
Erel (MP2) / kcal mol–1 PCM DMSO 32.6 9.7 10.3 11.7 38.2 42.2 47.8 49.2 16.6 30.8
Erel (MP2) / kcal mol–1 PCM CCl4 33.8 12.9 13.7 7.9 42.0 45.4 53.9 54.7 22.1 38.7

gas phase. The solvation in the more polar solvents water
and DMSO also favors the tetrazoles. The differences be-
tween water and DMSO solvation are less than
0.4 kcalmol–1, therefore only water solvatization is dis-
cussed here. In water the monotetrazole 3 is favored by
7.4 kcalmol–1, the ditetrazole 6 by 12.2 kcalmol–1 and the
tritetrazole 8 by 15.5 kcalmol–1 over the gas phase. The ac-
tivation energy for the first cyclization is only slightly fa-
vored by 1.2 kcalmol–1, the activation energy for the second
cyclization is favored by 6.6 kcalmol–1 and the activation
energy for the third cyclization is favored by 11.1 kcalmol–1

over the gas phase. While solvation in water favors the trite-
trazole 8 to a great extent, it is still 22.7 kcalmol–1 higher
in energy than 1 and has not yet been detected experimen-
tally.[20,21] Thus cyanuric azide is not a suitable starting ma-
terial for the synthesis of its tetrazole isomers.

Eur. J. Inorg. Chem. 2006, 2210–2228 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2213

Amino- and Nitro-diazido-1,3,5-triazine

One azide substituent of cyanuric azide was replaced by
the electron-donating amino group and the electron-with-
drawing nitro group. As before, all possible planar confor-
mations of the azide groups were considered (see Scheme 2
and Scheme 3).

Both diazides have three planar isomers whose successive
cyclization leads to the isomers shown in Scheme 4 and
Scheme 5. The minimum energy reaction paths (Scheme 6
and Scheme 7) are formed by cyclization of the isomers 22
and 38, which are derived from 1. Isomers 30 and 31 as well
as 40 and 41, which are derived from 9, have similar ener-
gies but their cyclization leads to tetrazoles with higher en-
ergies (Tables 2, 3). Interestingly, the amino compound first
closes the tetrazole ring next to the amino group whereas
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Scheme 3. Reaction profile for the ring closures in triazido-1,3,5-triazine.

Scheme 4. Calculated amino-diazido-1,3,5-triazine isomers, all isomers have C1 symmetry.

Scheme 5. Calculated diazido-nitro-1,3,5-triazine isomers, isomers have C1 symmetry.

the nitro compound prefers to close the tetrazole ring far-
ther away from the nitro group.

At the CCSD(T) level the amino derivative 26 with one
tetrazole ring is 8.1 kcalmol–1 higher in energy than the az-
ide 22 and the ditetrazole 29 is 8.5 kcalmol–1 higher in en-
ergy than the monotetrazole 26. The activation energy for
the cyclization of the amino compound 22 is 23.2 kcalmol–1
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and the activation energy for the second cyclization is
22.7 kcalmol–1. The nitro derivative 41 with one tetrazole
group is 11.8 kcalmol–1 higher in energy than the azide 38
and the ditetrazole 45 is 13.8 kcalmol–1 higher in energy
than the monotetrazole 41. The activation energy for the
cyclization of the nitro compound 41 is 24.6 kcalmol–1 and
the activation energy for the second cyclization is
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22.6 kcalmol–1. As mentioned above for cyanuric azide, the
MP2 energy differences for both compounds are larger and
increase with the number of tetrazole rings.

Scheme 6. Reaction profile for the ring closures in 2-amino-4,6-
diazido-1,3,5-triazine.

Scheme 7. Reaction profile for the ring closures in 4,6-diazido-2-
nitro-1,3,5-triazine.

Table 2. Calculated energy differences between different amino-diazido-1,3,5-triazine isomers. The gas phase calculations include zero
point energy corrections. The PCM values represent the differences in free energy of the various species.

22 23 24 25 26 27 28 29

Erel (MP2) / kcal mol–1 0 33.5 32.7 14.4 11.1 43.0 44.5 22.7
Erel (CCSD(T)) / kcalmol–1 0 23.8 23.2 11.5 8.1 30.8 32.2 16.6
S / cal mol–1 K–1 102.7 97.4 97.9 97.1 97.6 92.9 92.1 97.8
Erel (MP2) / kcal mol–1 PCM H2O 0 32.1 30.8 6.7 3.0 35.4 36.3 9.3
Erel (MP2) / kcal mol–1 PCM DMSO 0 32.1 30.9 6.9 3.2 35.6 36.6 9.7
Erel (MP2) / kcal mol–1 PCM CCl4 0 32.8 31.8 10.9 6.9 38.8 40.3 15.7

30 31 32 33 34 35 36 37

Erel (MP2) / kcal mol–1 0.3 –0.1 34.1 33.9 12.2 16.6 53.3 38.4
Erel (CCSD(T)) / kcalmol–1 0.5 –0.1 24.4 24.3 9.2 13.4 39.6 30.6
S / cal mol–1 K–1 102.8 102.8 98.0 98.2 97.8 97.2 93.3 91.9
Erel (MP2) / kcal mol–1 PCM H2O –0.1 0.2 30.9 32.2 3.2 9.3 40.0 18.9
Erel (MP2) / kcal mol–1 PCM DMSO –0.1 0.1 31.1 32.1 3.5 9.4 40.6 19.6
Erel (MP2) / kcal mol–1 PCM CCl4 0.2 –0.1 32.6 32.9 5.3 12.7 47.3 29.3
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The formation of a tetrazole system leads to an entropy
decrease for both amino- and nitro derivatives.

As observed for cyanuric azide, the sum of the positive
and negative Mulliken charges is higher for the azide than
for the tetrazole compounds (see Supporting Information)
for both the amido and nitro derivatives, but the tetrazoles
have higher individual charges. Similar to cyanuric azide,
the ground states are influenced more by solvation in CCl4,
DMSO and water than the transition states.

Solvation of the amino derivatives in CCl4 favors the
monotetrazole 26 by 1.2 kcalmol–1 and the ditetrazole 29
by 7.0 kcalmol–1 over the gas phase. The activation energy
for the first cyclization is only slightly favored by
0.9 kcalmol–1 and the activation energy for the second cy-
clization is favored by 4.2 kcalmol–1 over the gas phase. For
the nitro derivatives solvation in CCl4 decreases the energy
difference to the diazide 1 by 3.6 kcalmol–1 for the monote-
tetrazole 39 and by 4.9 kcalmol–1 for the ditetrazole 29 over
the gas phase. The activation energies are lowered by
0.5 kcalmol–1 for the first cyclization and by 3.3 kcalmol–1

for the second cyclization compared to the gas phase. As
observed for cyanuric azide, the effects of solvation in
DMSO and water are similar. The amino-monotetrazole 26
is favored by 8.1 kcalmol–1 and the ditetrazole 29 by
13.4 kcalmol–1 over the gas phase. The activation energy
for the first cyclization is lowered by 1.9 kcalmol–1 and the
activation energy for the second cyclization by
7.6 kcalmol–1 over the gas phase. The nitro derivatives show
a similar picture. Here the monotetrazole 41 is favored by
7 kcalmol–1 and the ditetrazole 45 by 9.5 kcalmol–1 in
aqueous solution. The activation energies are lowered by
0.9 kcalmol–1 for the first cyclization and by 6.0 kcalmol–1

for the second cyclization.
In comparison to cyanuric azide, where the ditetrazole

16 is 19 kcalmol–1 higher in energy than the respective diaz-
ide 1, the aminoditetrazole 29 is 16.6 kcalmol–1 higher in
energy than the diazide 22 and the nitroditetrazole 45 is
25.6 kcalmol–1 higher in energy than the diazide 38
[CCDS(T) values]. This shows that substitution with an
electron-donating group favors the tetrazole whereas substi-
tution with an electron-withdrawing group favors the azide.
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Table 3. Calculated energy differences between different diazido-nitro-1,3,5-triazine isomers. The gas phase calculations include zero point
energy corrections. The PCM values represent the differences in free energy of the various species.

38 39 40 41 42 43 44 45

Erel (MP2) / kcal mol–1 0 34.3 35.3 14.5 20.0 52.6 45.7 31.3
Erel (CCSD(T)) / kcalmol–1 0 24.6 25.9 11.8 17.0 40.1 34.4 25.6
S / cal mol–1 K–1 111.9 107.0 108.4 106.3 106.1 101.5 101.9 100.6
Erel (MP2) / kcal mol–1 PCM H2O 0 33.4 35.1 7.5 15.0 48.4 39.7 21.8
Erel (MP2) / kcal mol–1 PCM DMSO 0 33.4 34.5 7.7 15.1 48.5 39.8 22.1
Erel (MP2) / kcal mol–1 PCM CCl4 0 33.8 34.9 10.9 17.4 50.2 42.4 26.4

46 47 48 49 50 51 52 53

Erel (MP2) / kcal mol–1 –0.1 0.4 36.1 35.6 20.7 16.8 67.4 54.0
Erel (CCSD(T)) / kcalmol–1 0 0.6 26.7 26.1 18.3 14.7 54.9 52.0
S / cal mol–1 K–1 112.1 111.9 108.0 106.9 106.3 106.2 101.3 100.7
Erel (MP2) / kcal mol–1 PCM H2O 0.3 –0.2 35.4 33.6 16.0 9.7 60.4 44.1
Erel (MP2) / kcal mol–1 PCM DMSO 0.4 –0.3 35.3 33.5 16.1 9.9 60.6 44.5
Erel (MP2) / kcal mol–1 PCM CCl4 0.1 0.2 35.8 34.6 18.6 13.2 64.3 49.3

The activation energies for the first (23.8 kcalmol–1 for cya-
nuric azide, 23.8 kcalmol–1 for the amino derivative and
24.6 kcalmol–1 for the nitro derivative) and second cycliza-
tion (21.0 kcalmol–1 for cynuric azide, 22.7 kcalmol–1 for
the amino derivative and 22.6 kcalmol–1 for the nitro deriv-
ative) are barely influenced by the substitution.

4,4�,6,6�-Tetra(azido)azo-1,3,5-triazine and 4,4�,6,6�-
Tetra(azido)hydrazo-1,3,5-triazine

Here the size of the molecules prevented MP2 calcula-
tions due to computational cost. The good agreement be-
tween the B3LYP and CCSD(T) energy differences for cya-
nuric azide shows that these compounds could be investi-
gated with density functional theory. Scheme 8, Scheme 9,
and Scheme 10 show the rotation profiles around the C–N

Scheme 8. Energy profile for the rotation of 54 and 159 around the Nhydrazo–Caryl σ bond with the minimum energy bonding angle set
to zero at the MP2 level. Single point energy calculations were performed at 15° intervals.
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and N–N single bonds of the hydrazo-bridged 74 and the
C–N bond of the azo-bridged dimer 54 with the minimum
energy bonding angle set to zero. As expected, the C–N
rotation barrier in the azo-bridged dimer is higher due to a
partial double bond. The rotation around the N–N single
bond in the hydrazo-bridged 94 is sterically hindered.

As there are too many possible routes for cyclization, not
all possible isomers for the cyclization were calculated. In-
stead all possible tetraazides and tetratetrazoles were calcu-
lated. Then the isomers on the cyclization route linking the
lowest energy tetraazide to the lowest energy tetratetrazole
were calculated.

Two conformers of the azo-bridged tetraazide have al-
ready been found in the same crystal structure and yet an-
other in a second crystal structure.[22] This confirms that
the energy differences between the different tetraazide con-
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Scheme 9. Energy profile for the rotation of 94 and 172 around the Nhydrazo–Caryl σ bond with the minimum energy bonding angle set
to zero at the MP2 level. Single point energy calculations were performed at 15° intervals.

Scheme 10. Energy profile for the rotation of 94 and 159 around the Nhydrazo–Caryl σ bond with the minimum energy bonding angle set
to zero at the MP2 level. Single point energy calculations were performed at 15° intervals.

formers are only slight. For the azo-bridged dimers we find
differences of only 1.3 kcalmol–1 between isomers 54–63.
Interestingly, the highest energy conformer 56 was found in
a crystal structure together with conformer 55. This is prob-
ably due to a better space filling in the crystal in the pres-
ence of both isomers. While isomer 54 does not have the
lowest energy in the gas phase, it is the lowest energy isomer
in solution and its cyclization product 88 is the lowest en-
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ergy tetratetrazole. The tetratetrazoles have higher energy
differences of up to 25.7 kcalmol–1. Therefore, a cyclization
route linking 54 to 88 was calculated. The hydrazo-bridged
dimers 94–103 are also only separated by 1.5 kcalmol–1 in
energy. Here the lowest energy tetraazide 94 was also found
in the crystal structure[22] and no other conformers have yet
been observed. The cyclization route linking 94 to the low-
est energy tetratetrazole 128 was calculated. Similar to the
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azo compounds the tetratetrazole isomers 128–133 have en-
ergy differences up to 27.0 kcalmol–1. The lowest energy
azo- and hydrazo-bridged tetraazides 54 and 94 and tetra-
tetrazoles 88 and 128 have the same conformation of the
azide groups and are, like the minimum energy amino- and
nitro-diazido-1,3,5-triazines, derived from the minimum en-
ergy triazido-1,3,5-triazine 1. The calculated bonding pa-
rameters of 55, 56, 57, and 94 are in good agreement with
the structural data.[22] The Nβ-Nγ bond of the azide units is
slightly longer than in the X-ray structures (see Supporting
Information).

Scheme 11 and Scheme 12 show that the azo- and hy-
drazo-bridged dimers first cyclize both azide groups be-
longing to one triazine ring and then the azide groups of
the second triazine unit.

The azo-bridged monotetrazole 67 is 11.2 kcalmol–1

higher in energy than the tetraazide 54, the ditetrazole 74
20.8 kcalmol–1, the tritetrazole 84 32.5 kcalmol–1 and the
tetratetrazole 88 44.3 kcalmol–1, which translates to energy
differences of 9.6 kcalmol–1 between the monotetrazole 67
and the ditetrazole 74, 11.7 kcalmol–1 between the ditetra-
zole 74 and the tritetrazole 84 and 11.8 kcalmol–1 between
the tritetrazole 84 and the tetratetrazole 88 (Scheme 13,

Scheme 11. Calculated isomers of 4,4�,6,6�-tetra(azido)azo-1,3,5-triazine.
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Table 4). The ditetrazoles 75–77 with tetrazole rings at dif-
ferent triazine rings are about 3 kcalmol–1 less favored than
74, where both tetrazole rings are bonded to the same
triazine ring. The activation energies for the cyclizations
are 23.5 kcalmol–1, 21.4 kcalmol–1, 23.9 kcalmol–1 and
22.5 kcalmol–1. The third cyclization transition state 79,
which links ditratrazole 77 with tritetrazole 84, is
0.6 kcalmol–1 lower than 78, but the ditetrazole 77 is
1.7 kcalmol–1 higher in energy than ditetrazole 74. The cyc-
lization therefore should lead to ditetrazole 77, which then
requires a slightly higher activation energy to cyclize to trit-
etrazole 84.

The hydrazo-bridged compounds have slightly lower en-
ergy differences than the azo-bridged compound to the tet-
raazide 94 for the mono- and ditetrazoles, while the tri- and
tetratetrazoles have similar energies (Scheme 14, Table 5).
The monotetrazole 106 is 10.7 kcalmol–1 higher in energy,
the ditetrazole 114 20.5 kcalmol–1, the tritetrazole 124
33.0 kcalmol–1 and the tetratetrazole 128 44.3 kcalmol–1.
This translates to energy differences of 9.8 kcalmol–1 be-
tween one and two tetrazole rings, 12.5 kcalmol–1 between
two and three tetrazole rings and 11.3 kcalmol–1 between
three and four tetrazole rings. The ditetrazoles 115–117
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Scheme 12. Calculated isomers of 4,4�,6,6�-tetra(azido)hydrazo-1,3,5-triazine.

with tetrazole rings at both triazine rings are about
2.5 kcalmol–1 less favored than 114, where both tetrazole
rings are bonded to the same triazine ring. The activation
energies for the cyclizations are 23.4 kcalmol–1,
22.3 kcalmol–1, 23.0 kcalmol–1, and 22.5 kcalmol–1. Transi-
tion state 105 for the first cyclization, which links the tet-
raazide 94 with the monotetrazole 107, is 0.7 kcalmol–1

lower than 104, but the montetrazole 107 is 0.8 kcalmol–1

higher in energy than the monotetrazole 106. The kinetic
product 107 also requires a higher activation energy for a
second cyclization, therefore the minimum energy cycliza-
tion route includes transition state 104 and monotetrazole
106. As observed for all previous compounds, successive
cyclization leads to a successive decrease of the entropy for
both azo and hydrazo compounds. The sum of the positive
and negative Mulliken charges is higher for the azides than
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for the tetrazole compounds (see Supporting Information)
for both the azo- and hydrazo compounds, but the tetra-
zoles have higher individual charges.

Solvatization in CCl4, DMSO and water has a higher
influence on the ground states than on the transition states.
Solvation in CCl4 of the azo compound favors the monote-
trazole 67 by 3.5 kcalmol–1, the ditetrazole 74 by
5.2 kcalmol–1, the tritetrazole 84 by 8.8 kcalmol–1 and the
tetratetrazole 88 by 10.6 kcalmol–1 over the gas phase. The
activation energy for the first cyclization is only slightly fa-
vored by 0.2 kcalmol–1, the second cyclization is favored by
2.8 kcalmol–1, the third cyclization by 5.5 kcalmol–1 and
the final cyclization by 8.1 kcalmol–1 over the gas phase.
The hydrazo compounds are favored by 3.1 kcalmol–1 for
the monotetrazole 106, by 5.8 kcalmol–1 for the ditetrazole
114, by 10.3 kcalmol–1 for the tritetrazole 124, and by
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Scheme 13. Reaction profile for the ring closures in 4,4�,6,6�-tetra(azido)azo-1,3,5-triazine.

Table 4. Calculated energy differences between different 4,4�,6,6�-tetra(azido)azo-1,3,5-triazine. The gas phase calculations include zero
point energy corrections. The PCM values represent the differences in free energy of the various species.

54 55 56 57 58 59 60 61 62 63 64 65 66 67

Erel (B3LYP) / kcal mol–1 0 –0.2 0.9 –0.1 –0.1 0.5 0.3 –0.1 –0.2 0.4 23.8 23.5 12.1 11.2
S / cal mol–1 K–1 160.5 160.5 160.6 160.7 160.2 160.4 160.3 160.2 160.3 160.4 155.6 155.4 154.7 154.5
Erel (B3LYP) / kcal mol–1 PCM H2O 0 0.2 0.5 0.3 0.1 0.2 0.3 0.1 0.3 0.4 23.5 22.7 6.8 4.6
Erel (B3LYP) / kcal mol–1 PCM DMSO 0 0.5 0.3 0.7 0.2 0.1 0.4 0.3 0.6 0.5 23.5 22.7 7.0 4.9
Erel (B3LYP) / kcal mol–1 PCM CCl4 0 0.2 0.8 0.4 0.1 0.3 0.4 0.1 0.3 0.5 23.8 23.3 9.2 7.7

68 69 70 71 72 73 74 75 76 77 78 79 80 81

Erel (B3LYP) / kcal mol–1 35.0 36.8 35.9 32.6 34.8 35.0 20.8 23.7 25.9 22.5 44.7 44.1 46.7 45.8
S / cal mol–1 K–1 150.1 149.7 149.8 149.6 149.7 149.5 149.0 149.0 148.9 148.8 144.1 143.8 144.2 144.2
Erel (B3LYP) / kcal mol–1 PCM H2O 30.2 30.9 29.8 27.3 27.4 28.2 11.4 11.7 14.8 9.3 34.4 32.0 35.1 35.6
Erel (B3LYP) / kcal mol–1 PCM DMSO 30.5 31.2 30.1 27.4 27.6 28.4 11.7 12.1 15.2 9.6 34.8 32.4 35.5 35.9
Erel (B3LYP) / kcal mol–1 PCM CCl4 32.5 33.9 32.8 29.8 31.1 31.7 15.6 17.3 20.1 15.4 39.2 37.8 40.6 40.5

82 83 84 85 86 87 88 89 90 91 92 93

Erel (B3LYP) / kcal mol–1 49.2 45.9 32.5 35.1 55.0 58.4 44.3 45.8 70.0 45.0 48.5 59.3
S / cal mol–1 K–1 144.4 144.0 143.2 143.4 138.4 138.8 137.8 137.9 138.7 137.7 137.8 137.4
Erel (B3LYP) / kcal mol–1 PCM H2O 38.5 16.2 16.2 19.6 39.5 43.3 24.4 26.5 49.6 25.4 38.0 39.7
Erel (B3LYP) / kcal mol–1 PCM DMSO 38.9 16.8 16.8 20.2 40.1 44.0 25.1 27.4 50.7 27.4 39.0 40.1
Erel (B3LYP) / kcal mol–1 PCM CCl4 43.7 23.7 23.7 26.7 46.9 50.6 33.7 35.6 60.6 34.6 48.5 49.5

11.1 kcalmol–1 for the tetratetrazole 128 by solvation in
CCl4. The activation energy for the first cyclization is
slightly increased by 0.2 kcalmol–1 while the activation
energy for the second, third and fourth cyclization
are favored by 2.9 kcalmol–1, 6.0 kcalmol–1, and
10.0 kcalmol–1.

The difference between solvation in water and DMSO is
more pronounced compared to the previous compounds,
probably due to different displacement of solvent molecules.
Still, the energy differences between DMSO and water sol-
vation are within 1 kcalmol–1. The azo-bridged mono- 67,
di- 74, tri- 84, and tetratetrazoles 88 are favored by 6.6, 9.4,
16.3, and 19.9 kcalmol–1 over the gas phase and the
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activation energy for the first, second, third, and fourth cy-
clization by 0.8, 5.3, 10.3, and 15.5 kcalmol–1. Solvation of
the hydrazo compounds in water leads to an even higher
stabilization of the tetrazoles. The hydrazo-bridged mono-
106, di- 114, tri- 124, and tetratetrazoles 128 are stabilized
by 6.7, 11.2, 20.4, and 24.6 kcalmol–1 over the gas phase.
The activation energy for the first, second, third, and fourth
cyclizations are favored by 1.4, 6.3, 12.4, and
20.4 kcalmol–1 by solvation in water.

As a consequence, both 4,4�,6,6�-tetra(azido)azo-1,3,5-
triazine and 4,4�,6,6�-tetra(azido)hydrazo-1,3,5-triazine do
not form tetrazoles in gas phase or in solution. Solvation
in polar solvents favors the tetrazoles, even more for the
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Scheme 14. Reaction profile for the ring closures in 4,4�,6,6�-tetra(azido)hydrazo-1,3,5-triazine.

Table 5. Calculated energy differences between different4,4�,6,6�-Tetra(azido)hydrazo-1,3,5-triazine. The gas phase calculations include
zero point energy corrections. The PCM values represent the differences in free energy of the various species.

94 95 96 97 98 99 100 101 102 103 104 105 106 107

Erel (B3LYP) / kcal mol–1 0 1.0 0 1.9 0.6 0.0 0.5 1.0 1.5 0.9 23.4 22.7 10.7 11.5
S / cal mol–1 K–1 163.6 165.0 162.9 166.4 164.2 163.6 163.4 164.3 164.6 165.9 160.9 158.6 157.1 158.9
Erel (B3LYP) / kcal mol–1 PCM H2O 0 2.0 0.2 2.6 1.2 0.3 1.2 1.3 2.3 1.3 22.0 21.8 4.0 4.0
Erel (B3LYP) / kcal mol–1 PCM DMSO 0 3.7 0 4.7 2.0 0.0 1.9 2.2 4.0 2.1 23.3 21.7 5.2 4.2
Erel (B3LYP) / kcal mol–1 PCM CCl4 0 2.4 –0.2 3.6 1.3 –0.1 1.1 1.8 2.9 1.6 23.6 22.3 7.6 7.6

108 109 110 111 112 113 114 115 116 117 118 119 120 121

Erel (B3LYP) / kcal mol–1 33.0 35.0 33.8 33.2 34.2 35.2 20.5 23.0 23.0 23.0 43.5 44.4 45.4 46.9
S / cal mol–1 K–1 152.6 152.8 153.8 156.3 153.0 155.5 152.7 152.3 154.1 153.4 148.7 151.3 147.5 139.9
Erel (B3LYP) / kcal mol–1 PCM H2O 26.7 26.6 25.8 26.1 25.7 26.1 9.3 12.9 8.8 8.1 31.1 30.4 31.0 34.2
Erel (B3LYP) / kcal mol–1 PCM DMSO 27.8 29.4 27.0 27.6 25.8 37.5 10.4 9.7 12.3 8.3 32.3 30.3 23.3 37.3
37Erel (B3LYP) / kcal mol–1 PCM CCl4 30.1 32.3 30.3 30.3 29.8 31.5 14.7 16.0 17.3 15.1 37.5 38.2 23.6 42.3

122 123 124 125 126 127 128 129 130 131 132 133

Erel (B3LYP) / kcal mol–1 45.8 47.6 33.0 33.6 55.5 56.4 44.3 50.2 71.3 46.7 57.5 60.3
S / cal mol–1 K–1 148.9 140.1 144.8 151.0 140.0 149.6 146.6 139.2 137.6 141.7 140.7 138.3
Erel (B3LYP) / kcal mol–1 PCM H2O 31.7 33.4 12.6 14.6 35.1 37.4 19.7 29.6 46.7 23.6 33.1 37.3
Erel (B3LYP) / kcal mol–1 PCM DMSO 35.2 37.1 13.9 17.9 36.3 40.8 23.6 30.7 47.7 25.1 35.1 38.4
Erel (B3LYP) / kcal mol–1 PCM CCl4 40.2 42.6 22.7 25.2 45.5 48.1 33.2 39.2 60.1 35.0 46.1 49.0

hydrazo compounds than the for the azo compounds. The
solvation effect is not sufficient so that the detection of the
tetrazoles in solution was not observed.[21]

Triazido-s-heptazine

Triazido-s-heptazine behaves similarly to triazido-1,3,5-tri-
azine. Two azide rotamers cyclize to different tetrazoles. To
save computer time, we only calculated the ground states
and the transition states linking the lowest ground states
(Scheme 15).
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The minimum energy C3h isomer 139 is similar to the
minimum energy cyanuric azide isomer 1. The bonding pa-
rameters are in agreement with X-ray structural data,[23]

with the same longer azide Nβ–Nγ bond found for all pre-
vious compounds (Scheme 16, Table 6).

The reaction profile for the cyclization of the triazido-
heptazine 139 is similar to the reaction profile of triazido-
triazine 1. The energy differences between the triazide
134 and monotetrazole 136, the ditetrazole 139 and the tri-
tetrazole 141 are 12.6, 23.8, and 34.9 kcalmol–1. The di-
tetrazole 139 is therefore 11.2 kcalmol–1 higher in energy
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Scheme 15. Calculated isomers of triazido-s-heptazine.

Scheme 16. Reaction profile for the ring closures in triazido-s-heptazine.

Table 6. Calculated energy differences between different triazido-s-heptazine isomers. The gas phase calculations include zero point energy
corrections. The PCM values represent the differences in free energy of the various species.

134 135 136 137 138 139 140 141 142 143 144 145 146 147 148

Erel (B3LYP) / kcal mol–1 0 23.5 12.6 35.4 35.4 23.8 46.5 34.9 0.1 13 13.2 13.0 24.5 31.7 55.3
S / cal mol–1 K–1 127.8 125.4 124.9 120.5 120.4 119.8 115.3 112.5 130.0 125 125.0 125.0 119.9 120.3 116.3
Erel (B3LYP) / kcal mol–1 PCM 0 23.1 5.9 29.0 29.0 11.4 34.7 17.1 0.0 6.0 6.4 6.4 11.9 16.6 36.3
H2O
Erel (B3LYP) / kcal mol–1 PCM 0 23.0 6.1 29.2 29.3 11.8 35.1 17.8 –[a] –[a] 6.7 6.6 12.4 17.2 37.0
DMSO
Erel (B3LYP) / kcal mol–1 PCM 0 23.5 9.3 32.4 32.4 17.6 40.8 26.1 –[a] –[a] 10.1 9.9 18.4 25.0 47.2
CCl4

[a] Calculation did not converge.
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than the monotetrazole 136 and the tritetrazole 141
11.1 kcalmol–1 higher than the ditetrazole 139. The acti-
vation energies for the first, second and third cyclization
are 23.5, 22.8, and 22.7 kcalmol–1. The formation of the
tetrazole rings is accompanied by a decrease of the entropy
and a decrease of the sum of the positive and negative Mul-
liken charges. The tetrazoles have higher individual positive
charges. Similar to cyanuric azide, the ground states are
more influenced by solvation in CCl4, DMSO, and water
than the ground states.

Solvation in CCl4 favors the monotetrazole 136 by
3.3 kcalmol–1 and the ditetrazole 139 by 6.2 kcalmol–1 and
the tritetrazole 141 by 8.8 kcalmol–1 over the gas phase.
The activation energy for the first cyclization is only slightly
favored by 0.4 kcalmol–1 and the activation energy for the
second and third cyclization are favored by 3.0 kcalmol–1

and 5.7 kcalmol–1 over the gas phase. The optimization of
the solvation of 142 and 143 in DMSO and CCl4 did not
converge. Solvation in water and DMSO is only different
by maximally 1 kcalmol–1. Solvation lead to a favorization
of 6.7 kcalmol–1 for the monotetrazole 136, of
12.4 kcalmol–1 for the ditetrazole 139 and of
17.8 kcalmol–1 for the tritetrazole 141 over the gas phase.
The activation energies for the cyclization are favored by
0.4, 6.4, and 11.8 kcalmol–1 for the first, second and third
cyclization. Compared to triazido-1,3,5-triazine, triazido-s-
heptazine is even less likely to form a tetrazole and it is
therefore not surprising that the attempt to form a tetrazole
isomer from triazido-s-heptazine have not been success-
ful.[21]

Diazidotetrazine

The rotation barriers of the azide unit around the C–N
bonds of diazidotetrazine are slightly lower than those of
the azido-1,3,5-triazines (see Scheme 1). Cyclization of di-
azidotetrazine in a trans 149 and a cis 154 conformation
was investigated (Scheme 17). In the crystal structure only
trans 149 was found.[4] Its bonding parameters are in agree-
ment with the calculation. As observed for the triazines,
the azide Nβ–Nγ bond is shorter in the X-ray structure (see
Supporting Information).

Scheme 17. Calculated diazidotetrazine isomers.
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The trans and cis diazides 149 and 154 as well as the
trans and cis monotetrazoles 151 and 156 are only separated
at most 0.5 kcalmol–1 at the MP2 level and even less at the
CCSD(T) level of theory (Scheme 18). The B3LYP values
in Table 7 show the same tendency. Similar to the results
for the triazines, the MP2 energy differences between azide
and tetrazoles are larger. The cis ditetrazole 158 has an en-
ergy that is 5.2 kcalmol–1 higher than that of the trans di-
tetrazole 153 at the CCSD(T) level of theory. Therefore, the
minimum energy cyclization path connects the trans diazide
149 with the trans ditetrazole 153. The difference between
the ditetrazole 153 and the monotetrazole 151 is with
12.6 kcalmol–1 much larger than the difference of
2.9 kcalmol–1 between diazide and monotetrazole. The cy-
clization of an azide group belonging to one of the pre-
viously mentioned 1,3,5-triazine derivatives resulted in rela-
tively constant energy differences of 9 to 12 kcalmol–1 per
tetrazole ring. Therefore the cyclization of an azide group,
especially the first cyclization, is favored for the tetrazine
ring system compared to the triazine ring system. The acti-
vation energies for the first and second cyclization are 23.6
and 28.6 kcalmol–1. For comparison, the monotetrazoles of
pyridazine diazides and triazides are favoured by about
3 kcalmol–1 over the all-azide and all-tetrazole isomers

Scheme 18. Reaction profile for the ring closures in diazido-
tetrazine.
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Table 7. Calculated energy differences between different diazidotetrazine isomers. The gas phase calculations include zero point energy
corrections.

149 150 151 152 153 154 155 156 157 158

Erel (B3LYP/aug-cc-pVTZ) / kcalmol–1 0 24.9 5.9 34.5 19.7 0.1 – 5.9 – 26.9
Erel (MP2) / kcal mol–1 0 31.7 4.7 41.2 17.2 0.1 31.8 5.2 42.8 24.9
Erel (CCSD(T)) / kcalmol–1 0 23.6 2.9 31.5 15.5 0.1 23.6 3.2 31.9 20.7
S / cal mol–1 K–1 96.4 92.8 90.7 85.5 82.9 96.4 92.8 90.7 86.2 83.9
Erel (MP2) / kcal mol–1 PCM H2O 0 31.6 –0.2 33.5 6.80 0.0 31.3 –0.2 37.7 15.1
Erel (MP2) / kcal mol–1 PCM DMSO 0 31.5 0.9 36.1 7.2 0.0 31.4 –0.1 38.9 16.1
Erel (MP2) / kcal mol–1 PCM CCl4 0 31.6 2.0 37.9 10.9 0.1 31.6 2.1 40.0 19.9

with activation energies of about 20 kcalmol–1 for one
cyclization.[24]

The formation of the tetrazole rings is accompanied by
a decrease of the entropy and a decrease of the sum of the
positive and negative Mulliken charges. Again the tetrazoles
have higher individual positive charges. Solvation has a big-
ger effect on the ground states than on the transition states.
In CCl4 the monotetrazole 151 is favored by 2.7 kcalmol–1

and the ditetrazole 153 by 6.3 kcalmol–1, while the first
and second transition states are favored by 0.1 and
3.3 kcalmol–1. As before, the results of DMSO and water
are similar. Solvation in water leads to a stabilization of the
monotetrazole 151 by 4.9 kcalmol–1 and of 10.4 kcalmol–1

for the ditetrazole 153. The activation energies for the
first and second cyclization are lowered by 0.1 and
6.7 kcalmol–1. After solvation in water, the monotetrazole
151 is 0.2 kcalmol–1 lower in energy than the diazide 149.

Very recently an equilibrium of diazidotetrazine with its
monotetrazole in DMSO was observed with NMR spec-
troscopy.[21] Heating to 80 °C overcame the activation bar-
rier and a ditetrazole was observed. The authors indicate
that the ditetrazole 158 was formed. 13C NMR spectro-
scopic data are not sufficient for this prediction. According
to the energies caculated for the ditetrazole isomers 153 and
158, we believe that ditetrazole 153 is formed in this reac-
tion. For better identification of the diazide 149, the mono-
tetrazole 151 and the ditetrazole 153, we included the

Figure 2. Vibrational spectra of diazidotetrazine isomers.
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calculated MP2 vibrational spectra in Figure 2 for easier
assignment and positive identification of the respective iso-
mers.

6,6�-Bis(azido)-azo-1,2,4,5-tetrazine and 6,6�-Bis(azido)-
hydrazo-1,2,4,5-tetrazine

For comparison with the polyazidoazo- and hydrazo-
1,3,5-triazines we also calculated the yet unknown bis(az-
ido)azo- and bis(azido)hydrazo-1,2,4,5-tetrazines. In order
to keep the computational costs low, all calculation were
performed at the B3LYP level only. The rotation profiles
along the C–N bond of the azo and hydrazo group are
given in Scheme 11 and Scheme 12 and the rotation profile
around the N–N bond of the hydrazo group in Scheme 13.

Both the azo- and hydrazotetrazines have the same cis
and trans alignments of the azide groups found in bis(azido)-
tetrazine. The hydrazo compound also has a third confor-
mation due to the conformation of the hydrazo-hydrogen
atoms.

The trans orientation of the azide groups is the lowest
energy conformation of the azo- and hydrazo compounds,
but the energy differences are negligible for the diazides and
only very slight for the mono- and ditetrazoles. The azo-
bridged monotetrazole 161 is 4.1 kcalmol–1 higher than the
diazide 159 and the ditetrazole 163 9.2 kcalmol–1

(Scheme 19, Table 8). The activation energies for the first
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Scheme 19. Calculated isomers of bis(azido)azo-1,2,4,5-tetrazine.

Table 8. Calculated energy differences between different bis(azido)azo-1,2,4,5-tetrazine isomers. The gas phase calculations include zero
point energy corrections.

159 160 161 162 163 164 165 166 167 168 169 170 171

Erel (B3LYP) / kcal mol–1 0 20.95 4.1 25.4 9.2 0.0 21.0 21.0 4.2 4.35 26.5 25.5 9.2
S / cal mol–1 K–1 133.5 127.9 127.5 121.7 122.3 133.6 128.0 127.7 127.9 127.2 121.3 121.2 119.5
Erel (B3LYP) / kcal mol–1 PCM 0 21.63 –0.3 21.6 0.1 0.0 21.7 21.8 –0.2 0.1 21.8 21.8 0.7
H2O
Erel (B3LYP) / kcal mol–1 PCM 0 21.65 –0.1 21.7 0.5 0.0 21.7 21.8 –0.1 0.2 21.8 22.0 6.9
DMSO
Erel (B3LYP) / kcal mol–1 PCM 0 21.33 1.36 23.0 3.6 0.0 21.4 21.4 1.4 1.6 21.4 23.1 3.7
CCl4

Scheme 20. Calculated isomers of bis(azido)hydrazo-1,2,4,5-tetrazine.

Table 9. Calculated energy differences between different bis(azido)azo-1,2,4,5-tetrazine isomers. The gas phase calculations include zero
point energy corrections.

172 173 174 175 176 177 178 179 180 181

Erel (B3LYP) / kcal mol–1 0 22.2 1.9 24.5 4.6 0.0 22.8 3.1 26.2 6.8
S / cal mol–1 K–1 135.0 130.0 128.3 123.0 121.5 135.0 129.7 127.9 123.0 119.9
Erel (B3LYP) / kcal mol–1 PCM H2O 0 21.6 –4.2 17.6 –7.9 0.0 22.1 –2.7 19.9 –5.25
Erel (B3LYP) / kcal mol–1 PCM DMSO 0 21.7 –3.7 18.1 –7.0 0.0 22.1 –2.5 19.5 –4.6
Erel (B3LYP) / kcal mol–1 PCM CCl4 0 22.2 –1.4 20.9 –2.3 0.0 22.6 –0.4 22.5 –0.2

182 183 184 185 186 187 188 189

Erel (B3LYP) / kcal mol–1 0.0 22.2 22.8 1.9 3.1 25.4 25.6 5.6
S / cal mol–1 K–1 134.9 129.7 129.5 128.1 128.0 123.8 122.7 121.1
Erel (B3LYP) / kcal mol–1 PCM H2O 0 21.6 22.0 –4.1 –2.8 18.3 18.9 –6.6
Erel (B3LYP) / kcal mol–1 PCM DMSO –0.1 21.8 22.2 –3.7 –2.5 18.8 19.4 –5.9
Erel (B3LYP) / kcal mol–1 PCM CCl4 0.0 22.2 22.6 –1.5 –0.4 21.7 22.1 –1.3
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and second cyclization are 21.0 and 16.2 kcalmol–1. The hy-
drazo-bridged monotetrazole 174 is only 1.9 kcalmol–1

higher than the diazide 172 and the ditetrazole 176
4.6 kcalmol–1 (Scheme 20, Table 9). The activation energies
for the first and second cyclization of the hydrazo-bridged
compound are 22.2 and 19.9 kcalmol–1. As observed be-
fore, the formation of the tetrazole rings is accompanied by
a decrease of the entropy and a decrease of the sum of the
positive and negative Mulliken charges with have higher in-
dividual charges for the tetrazoles.

Solvation also leads to a stabilization of the tetrazoles.
In CCl4 the azo-bridged monotetrazole 160 is favored by
2.4 kcalmol–1 and the ditetrazole 163 by 9.1 kcalmol–1. The
activation energy for the first cyclization is increased by
0.3 kcalmol–1 and the activation energy for the second cy-
clization is decreased by 2.4 kcalmol–1. The hydrazo-
bridged monotetrazole 174 is favored by 3.3 kcalmol–1 and
the ditetrazole 174 by 6.9 kcalmol–1 in CCl4. The activation
energy for the first cyclization of the hydrazoazide is not
influenced by CCl4 and the activation energy for the second
cyclization is lowered by 3.6 kcalmol–1. DMSO and water
solvation give similar energy differences. The energy differ-
ence to the diazide 159 for the azo-bridged tetrazole is low-
ered by 4.4 kcalmol–1 and for the ditetrazole 163 by
9.1 kcalmol–1 (Scheme 21). The activation energies for the
first cyclization is increased by 0.6 kcalmol–1 and the acti-
vation energy for the second cyclization is decreased by
3.8 kcalmol–1. The solvation in water has a larger effect on
the hydrazo-bridged compounds. Here the monotetrazole
174 is stabilized by 6.1 kcalmol–1 and the ditetrazole 176
is stabilized by 12.5 kcalmol–1 (Scheme 22). The activation
energies for the first and second cyclization are lowered by
0.6 and 6.9 kcalmol–1, respectively.

Scheme 21. Reaction profile for the ring closures in bis(azido)azo-
1,2,4,5-tetrazine.

In absolute terms, the azo-bridged monotetrazole 161 is
favored over the diazide 159 in the investigated solvents and
the azo-bridged ditetrazole is only 0.1 kcalmol–1 above the
diazide in aqueous solution. The hydrazo-bridged mono-
174 and ditetrazoles 176 are even more favored over the
diazides in solution. The diazide 176 is the lowest energy
diazo-bridged compound in all solvents and is favored by
7.9 kcalmol–1 over the diazide in aqueous solution.

For better experimental assignment, the calculated
B3LYP vibrational spectra of the azo- and hydrazo-bridged
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Scheme 22. Reaction profile for the ring closures in bis(azido)-
hydrazo-1,2,4,5-tetrazine.

diazides, azidotetrazoles, and ditetrazoles are shown in Fig-
ure 3 and Figure 4.

Conclusions

The formation of a tetrazole ring requires a planar ar-
rangement of the azide group. Both for polyazido-1,3,5-tri-
azines and bis(azido)-1,2,4,5-tetrazines several planar orien-
tations of the azide group are possible. The rotation barrier
of the azide group is around 10 kcalmol–1 and the energy
differences between the different planar conformers of the
polyazides are slight. The ring closed polytetrazoles show
larger energy differences. The minimum energy conformers
derive from the C3h isomer of triazido-1,3,5-triazine and
from trans bis(azido)tetrazine.

The ring closure of an azide to a tetrazole in the 1,3,5-
triazine systems increases the electronic energy by 9–
12 kcalmol–1 per tetrazole ring, the activation energy for a
tetrazole ring formation is around 20 kcalmol–1. The elec-
tronic energy of the tetrazines increases by 2–5 kcalmol–1

for the first tetrazole ring and by another 3–10 kcalmol–1

for the second tetrazole ring. It was shown that the electron-
donating amino group lowers the energy of a tetrazole ring
relative to the azide by about 3 kcalmol–1 and the electron-
withdrawing nitro group increases the relative energy of a
tetrazole ring by about 6 kcalmol–1 relative to the azide.
The entropy of the investigated compounds decreases
slightly with every tetrazole ring closure due to the loss of
degrees of freedom. Thus it is possible to overcome the acti-
vation barrier for the formation of some tetrazoles, e.g. di-
azidotetrazine, by heating, but at higher temperatures the
azides are generally favored.

Taking into account solvent effects using a continuum of
an uniform dielectric, the energy differences between the
tetrazoles and the azides are lowered for both the poly-
azido-1,3,5-triazines and -tetrazines. This is explained by
higher charges of individual atoms in the tetrazoles com-
pared to the azides. Polar solvents stabilize these charges
compared to the gas phase and lower the energy difference
to the azides. The effect is smaller for the apolar CCl4 with
about 3 kcalmol–1 per tetrazole unit and larger for the more
polar solvents DMSO and water with about 6 kcalmol–1
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Figure 3. Vibrational spectra of bis(azido)azo-1,2,4,5-tetrazine isomers.

Figure 4. Vibrational spectra of bis(azido)hydrazo-1,2,4,5-tetrazine isomers.

per tetrazole unit. Solvation in DMSO has about the same
effect as solvation in water. We conclude that solvation can
change the equilibrium for the tetrazines. For the 1,3,5-tri-
azines the energy differences are too large for the effects of
the solvation to allow the formation of a tetrazole. For
practical consequences two other effects have to be taken
into account: hydrogen bonds to solvents like water which
are not included in our treatment and the lattice energy of
the respective azide and tetrazole species. Depending on lat-
tice energy and therefore solubility, it is possible that both
the ditetrazoles and the diazides of tetrazines can be iso-
lated, while the energy differences of the 1,3,5-triazines sug-
gest that the tetrazoles derivatives cannot be prepared from
the corresponding azides. Solvation in DMSO and water
makes the monotetrazoles 151 and 161 the minimum energy
species for the bis(azido)-1,2,4,5-tetrazine and the bis-
(azido)azo-1,2,4,5-tetrazine system. The ditetrazole 176 is
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the minimum energy species in the bis(azido)hydrazo-
1,2,4,5-tetrazine system.

The calculated data explain the experimental detection
of the mono- and ditetrazole derivatives of diazidotetrazine.
As the data supplied by the authors do not confirm the
conformation of the ditetrazine, we believe that isomer 153,
which is 8.3 kcalmol–1 lower in energy, is formed in the re-
action in contrast to the reported isomer 158.

Computational Methods
The geometries of the triazido-1,3,5-triazine, aminodiazido-1,3,5-
triazine, diazidonitro-1,3,5-triazine, and diazidotetrazine com-
pounds were optimized at the MP2 level (full active orbital space)
within the symmetry constraints stated in the respective Tables
using a cc-pVDZ basis set.[25] Due to computational cost all other
compounds were optimized on the B3LYP level of theory with the
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same basis set. Comparison of the B3LYP energies from refer-
ence[20] for cyanuric azide and of values obtained for the diazidote-
trazine isomers at the B3LYP/aug-cc-pVTZ level of theory shows
good agreement with the energies obtained at the CCSD(T) level.
The vibrational frequencies, which were computed at the optimized
structures, show true minima on the potential energy surface with
no imaginary frequencies for all azides and tetrazoles. The located
transition states are of the first order, the Cartesian displacement
coordinates of the imaginary frequency mode correspond to the
ring opening of a tetrazole to an azide. For further validation sin-
gle-point CCSD(T) calculations using a cc-pVDZ basis set were
performed using the full orbital space for the triazido-1,3,5-tri-
azine, aminodiazido-1,3,5-triazine, diazidonitro-1,3,5-triazine, and
diazidotetrazine compounds. A Mulliken analysis was used for the
charge discussion. For the discussion of solvent-induced changes,
the solvent effects were introduced within the self-consistent reac-
tion field (SCRF) formalism by means of the polarized continuum
model (PCM) of Tomasi et al.[26] as implemented in GAUSSIAN
03. This method models the solvent as a continuum of uniform
dielectric and therefore does not take into account explicit solvent–
solute interactions such as hydrogen bonding. Three different con-
tinuum environments with the characteristics of CCl4, DMSO and
water were employed to explore the influence of an increasing di-
electric permittivity on the potential energy of the investigated
compounds. While the isomers of cyanuric azide, triazido-s-hept-
azine and diazidotetrazine were optimized within the PCM model,
for all other compounds single point calculations were used due to
computational cost. Coupled cluster single point calculations, for
which the MP2 geometries were used, were performed with the
MOLPRO program package,[27] all other calculations were per-
formed with Gaussian03.[28]

Supporting Information (see also the footnote on the first page of
this article): Computational details.
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Three small inorganic compounds [acetic acid (CH3COOH),
nitric acid (HNO3), and hydrochloric acid (HCl)] and
five small organic compounds [n-butyl alcohol
(CH3CH2CH2CH2OH), 1,2-propanediol (CH2OHCHOH-
CH3), propane-1,3-dicarboxylic acid (HOOCCH2COOH),
butane-1,4-dicarboxylic acid (HOOCCH2CH2COOH), and
ethylenediamine (H2NCH2CH2NH2)] with different donors
(Cl–, NO3

–, OH, COO–, and NH2) are used respectively and
comparatively in different reaction media for tailoring the
sol–hydrothermal synthesis of TiO2 nanocrystals at a specific
reaction temperature and/or for different reaction times. Both
anatase and rutile with a variety of nanostructures such as
nanocubes, nanorods, nanoneedles, and their self-assembled

Introduction

Titanium dioxide has great potential in pigments, sen-
sors, dielectric ceramics, as a catalyst supporter, and in solar
cells as it exhibits outstanding ability for deodorization, air
purification, and sterilization by strong photocatalysis.[1–10]

Its performance depends to a large extent on its physical
and chemical nature, which are related to its crystal struc-
ture, grain (crystal) size, morphology, and even surface
structure.[11] Therefore, there is considerable interest in the
controlled preparation of TiO2 with a specific nanostruc-
ture.[12–24]

Many chemical routes have been developed to synthesize
titania nanoparticles, typically gas condensation and wet
chemistry.[25–32] In the former, it is not easy to control grain
size and crystal shape; in addition, there are some limita-
tions such as low output, complex equipment, and high
cost. In contrast, it is much easier to control and modify
the growth by adopting appropriate organic ligands in wet
chemical processing such as sol–gel and hydrothermal syn-
thesis.
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nanospheres are selectively grown. Well-defined and crystal-
line anatase nanocrystals with a narrow size distribution are
prepared in the presence of n-butyl alcohol. With the use of
HCl, nanoneedles and their assembled nanospheres of
phase-pure rutile are obtained under much less drastic con-
ditions, even at 100 °C and for only two hours. The effects of
the reaction media, synthesis temperatures, and aging times
on the structures and shapes of the products are investigated
in detail by powder X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and transmission electron micro-
scopy (TEM).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The sol–gel approach provides a feasible route to prepare
nanosized particles by using organic ligands to confine the
growth. However, the high-temperature calcination may
lead to aggregation into larger particles, phase transforma-
tion, and unavoidable evaporation of organic molecules.
More attention has been paid to hydrothermal synthesis be-
cause of its much milder and friendly reaction conditions
in a tightly closed vessel, and it shows advantages over sol–
gel processes in most aspects.[30,31]

Multidispersed nanocrystals are generally produced be-
cause of the heterogeneous nature of the reaction and
Ostwald ripening during hydrothermal aging. Therefore, the
use of an organic solvent as a reaction medium[16,32] and of
organic surfactants as ligands to confine the growth has
raised great interest.[21,22] It has been reported that rutile
nanofibers and poorly crystalline, multidispersed anatase
nanoparticles can be prepared using alcohols as solvents.[33]

In the first part of this manuscript, we will use n-butyl
alcohol instead of water as a nonaqueous reaction medium
and titanium n-butoxide (TNB) as a titanium precursor to
prepare monodispersed anatase TiO2 nanocubes.

Besides the use of organic surfactants with long alkyl
chains, some smaller organic acids and amines with oxygen
and nitrogen as donors have also been employed to modify
the growth of titania in aqueous or nonaqueous sol-
vents.[17,34] For example, Sugimoto and co-workers have in-
vestigated organic amines for the shape-controlled synthesis
of TiO2 nanoparticles by employing titanium isopropoxide
as a titanium source[29] while Jiang and co-workers have
investigated carboxylic acids for the size-controlled synthe-
sis of TiO2 by employing inorganic metatitanic acid as a
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titanium source.[35] The use of diols in an autoclave synthe-
sis of nanosized TiO2 crystals has also been reported in se-
veral papers.[36,37] Herein we compare the use of organic
diamines, diacids, and diols as additives on the growth of
TiO2 nanocrystals in a sol–hydrothermal approach.

As with the use of organic molecules, inorganic acidic
aqueous solutions have been extensively used in the past
few decades to precipitate TiO2 nanocrystals. Besides our
previous work, the influence of some small inorganic acids
such as HCl on the growth of products has been investi-
gated in detail.[30,38,39] Recently, the growth process of TiO2

nanocrystals is receiving more and more interests.[40–42]

However, to the best of our knowledge there are no reports
about the evolution of one-dimensional rutile nanostruc-
tures with hydrothermal growth and aging. Such a growth
and aging process of pure-phase rutile nanocrystals is inves-
tigated here in detail based on our previous work.[30]

Results and Discussion

The Use of Pure Water as Solvent

TNB is very reactive towards nucleophilic reagents and
its hydrolysis occurs very easily in water. However, its hy-
drolysis can be modified and the growth of the resultant
TiO2 controlled by organic alcohols, acids, and even amines.
A comparable experiment was performed without adding
any additive or co-solvent to investigate the effect of
alcohol, acid, and amine on the crystallization of TiO2. The
powder XRD pattern shown in part a of Figure 1 reveals
that TiO2 particles from “pure hydrothermal treatment” of
TNB crystallize in phase-pure tetragonal anatase (JCPDS
card no. 84-1286) in the space group I41/amd (no. 141) with
unit cell dimensions a = 0.3782 and c = 0.9502 nm. The
TEM image in Figure 1 (b) demonstrates that most of the
particles range from 10 to 20 nm in size and are finely dis-
persed. The crystal sizes calculated from the 101 and 200
diffractions using Scherrer’s equation are 15.7 and 12.2 nm,
respectively. The ratio of D101/D200 is about 1.30, which in-
dicates some anisotropic growth. A few aggregates and
much larger particles can be clearly observed, which is
probably due to the easy hydrolysis of TNB, precipitation
of amorphous titania particles, and heterogeneous reac-
tions. In order to obtain more uniform titania nanocrystals,
organic solvents such as n-butyl alcohol were used as sol-

Figure 1. (a) Powder XRD pattern of the nanocrystalline titania product generated in “pure water” at 220 °C for 24 h (top), and pattern
with vertical bars (bottom) derived from the JCPDS card (no. 84-1286) of anatase TiO2. (b) TEM image of the product.
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vents and/or chelating ligands to inhibit hydrolysis and ma-
nipulate the growth of TiO2.

The Use of Organic Compounds

n-Butyl Alcohol as Solvent

Recently, highly crystalline anatase nanoparticles have
been synthesized by the reaction of titanium tetraisopro-
poxide with common ketones and aldehydes as oxygen-sup-
plying agents under solvothermal conditions.[32] In our
present work, highly crystalline and monodispersed anatase
nanocrystals are obtained in n-butyl alcohol. TNB is dis-
solved in n-butyl alcohol to form a transparent sol. This
homogeneous sol can be used in a solvothermal reaction to
prepare uniform TiO2 nanocrystals. During the synthesis,
the etherification of n-butyl alcohol in the system would
occur and slowly generate water, which could play a role as
an oxygen donor in the hydrolysis of TNB to form tita-
nia.[33]

The powder XRD pattern (Figure 2, a2) indicates the
product is phase-pure anatase. The calculated crystallite

Figure 2. XRD patterns (left panel) of TiO2 powders derived from
several different media at 220 °C after 6.0 h (a1–e1) and 24 h (a2–
e2), and a comparison of the corresponding calculated particle sizes
by fitting the FWHM of (101) (top-right panel) and (200) (bottom-
right panel) peaks: (a) n-butyl alcohol, (b) 1,2-propanediol, (c) pro-
panedicarboxylic acid, (d) butanedicarboxylic acid, (e) ethylenedi-
amine. B means Brookite.
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Figure 3. TEM images of nanocrystalline TiO2 samples obtained under various sol–hydrothermal conditions: (a) n-butyl alcohol, (b)
propanedicarboxylic acid, (c) butanedicarboxylic acid, (d) ethylenediamine. Scale bar: 20 nm.

sizes are 10.0 (D101) and 10.4 nm (D200), which imply an
isotropic growth of TiO2 nanocrystals. Besides the crystal
sizes, the particle sizes of TiO2, as displayed in Figure 3
(a2), are smaller than those in Figure 1 (b), further confirm-
ing that the use of n-butyl alcohol can confine the growth
of titanium dioxide. Besides acting as an oxygen donor, n-
butyl alcohol is also the by-product of the hydrolysis of
TNB, therefore the use of n-butyl alcohol as a solvent
would significantly retard the hydrolysis, polycondensation,
and eventual crystallization and growth. More significantly,
monodispersed nanocubes of highly crystalline anatase
crystals are obtained from such a solvothermal growth in
n-butyl alcohol.

An Organic Diol

In order to compare the effect of a monoalchol and diol
on the growth of TiO2, 1,2-propanediol was used as an ad-
ditive. A homogeneous sol of the precursor was formed by
mixing TNB and 1,2-propanediol with magnetic stirring be-
fore performing the reaction. The product was indexed to
be anatase, with crystallite sizes of 7.4 (D101) and 7.5 nm
(D200; Figure 2, b2), which also indicate an isotropic growth
as compared to that obtained with n-butyl alcohol. How-
ever, 1,2-propanediol inhibits the growth of TiO2 more,
probably due to its stronger chelating ability because of its
didentate structure.

Organic Diacids

A carboxyl group could serve as a donor to coordinate
titanium atom in aqueous solution,[35] and organic acids
can serve as ligands to limit the hydrolysis of TNB. Thus,
a homogeneous hydrosol was produced as a hydrothermal
reaction precursor for the formation of uniform titania
nanoparticles. Herein, propanedicarboxylic acid and but-
anedicarboxylic acid were chosen as additives in the reac-
tion media to modify the hydrothermal growth of TiO2.
The products were identified from their powder XRD pat-
terns to be anatase (parts c2 and d2 in Figure 2). Highly
dispersed nanoparticles, as shown in Figure 3 (see b2 and
c2), are clearly obtained. Although organic diacids could be
used as ligands to complex titanium atoms and might con-
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fine the growth of TiO2 crystals, in our present work the
calculated crystal sizes (D101 = 16.2, D200 = 15.7 nm and
D101 = 16.2, D200 = 16.6 nm for propanedicarboxylic acid
and butanedicarboxylic acid, respectively) are a little larger
than those from a “pure hydrothermal reaction”, and are
much larger than those from alcohols (Figure 2, right
panel). Thus, the ability of these diacids to confine the
growth is greatly reduced. This can be attributed to the
presence of H3O+ ions[30,31] and esterification of the acid
with n-butyl alcohol, which is the by-product of the hydrol-
ysis of TNB. In this way, the chelating ability of the acid is
greatly reduced.

A Diamine

The titanium dioxide product from the reaction with the
addition of ethylenediamine is anatase with a trace of
brookite (Figure 2, e2). The existence of brookite might re-
sult from the weakly basic nature of the amine.[43]

The crystal sizes of the product are related to both nucle-
ation and growth: a greater number of nuclei generally re-
sult in a smaller crystal size. The isoelectronic point (IEP)
of titania is around pH 6. In either basic or acidic medium,
the solubility of titania is greater than that in both alcohol
and water, which means that the number of nucleation sites
in either a basic or acidic medium is less than that in
alcohol. Therefore, the sizes of crystals grown in either
acidic or basic medium should be larger than those grown
in alcohol or water. In addition, it has been well established
that both organic amines and acids can catalyze the growth
of titania particles.[13,30] The crystal sizes, as shown in Fig-
ure 2 (e2), are larger than those from alcohol (parts a2 and
b2 in Figure 2).

Figure 3 (d2) reveals that the use of ethylenediamine can
significantly promote an anisotropic growth of TiO2 nano-
crystals and, consequently, TiO2 nanorods are obtained.
The anisotropic growth of anatase is attributed to its
stronger adsorption of ethylenediamine onto the crystal
faces parallel to the c-axis than the others.[29] This organic
diamine is a strong ligand for some transition metals such
as zinc, copper, and nickel, and is widely used in coordina-
tion chemistry.[44] However, the capping ability of nitrogen
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atoms − the electron donors in amines − with titanium is
relatively weaker than the oxygen atoms in carboxyl moie-
ties or hydroxide ions. Therefore, the particle sizes of the
final products obtained from the aqueous solution of ethyl-
enediamine are significantly larger than those from the or-
ganic media mentioned above (Figure 2).

Reaction Times

In order to further investigate the growth behavior of
TiO2 in various reaction media in the presence of organic
alcohol, acid, or amine, the reaction time was shortened to
six hours. The powder XRD and TEM images in Figures 2
and 3, respectively, confirm similar growth features to those
observed after 24 h, and it can also be observed that the
crystal sizes of TiO2 from the amine medium are the largest
and those from the alcohol medium are the smallest. How-
ever, some titania particles are not well crystallized after a
crystallization time of only 6.0 h, as observed in Figure 3
(a1).

Well-crystallized anatase particles can be observed after
only a short time either in butanediacarboxylic acid or in
propanedicarboxylic acid. Anatase crystals exhibit very
similar growth behavior in these two organic acids. The
TEM images and calculated crystal sizes indicate a similar
isotropic growth behavior of TiO2 nanocrystals in the pres-
ence of these organic acids, which have similar structures
except for the length of their alkyl chain.

The resultant crystal sizes are dependent on a coopera-
tive effect of hydrolysis, nucleation, growth, and aging. Be-
side the growth, the other fundamental significance for
studying the size and shape control of the nanocrystals lies
in the understanding of their nucleation. Facile hydrolysis,
such as in “pure water”, might yield larger amount of nuclei
and reduce crystal sizes, especially without aging, although
it could also shorten the time to reach the nucleation and
growth step, which might increase the crystal sizes. There-
fore, the role of the nucleation and its effect on the crystal
sizes is quite complicated and generally poorly understood
due to a lack of reliable experimental data.[45] Here, for ex-
ample, the growth of anatase crystals in alcohol, particu-
larly in the diol, is obviously inhibited, whereas in amine it

Figure 4. XRD patterns and TEM images of titania samples generated from various solutions at 220 °C: (a) HOAc, (b) HNO3, and (c)
HCl for 24 h; (d) HCl for 7 d. Scale bar: 100 nm.
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is considerably accelerated (Figure 2, right panel). In sum-
mary, the ability to retard the growth of anatase follows the
trend 1,2-propanediol � n-butyl alcohol � water � bu-
tane(or propane)dicarboxylic acid � ethylenediamine, with
the donor sequence OH, COO–, NH2. Based on these ex-
perimental results, we are convinced that the growth step
generally plays a crucial role during the hydrothermal reac-
tion.[17] Therefore, in order to obtain optimal nanostruc-
tured materials, it is quite important to adopt appropriate
organic molecule to modify the growth behavior.[45,46]

The Use of Inorganic Acids: A Typical Growth and Aging
of Rutile in Hydrochloric Acid

In our previous work we investigated the effects of inor-
ganic acids on the growth of TiO2 and found that pure-
phase anatase, a mixture of anatase and rutile, and pure-
phase rutile were obtained in acetic acid, nitric acid, and
hydrochloric acid, respectively.[30] It has also been reported
that pure rutile can be grown in nitric acid.[47] However,
upon changing the TNB and nitric acid concentrations
from those in the literature,[30,47] no rutile phase appeared,
and phase-pure anatase was formed instead. This suggests
that the growth of TiO2 in nitric acid is very complicated.
The anatase products formed as nanograins and rutile as
nanorods (Figure 4, right panel, parts b and c).

We have previously reported the synthesis of rutile nano-
crystals at temperatures above 200 °C by using TNB as a
starting material in sol–hydrothermal reactions. A low-tem-
perature preparation of rutile nanorods was also achieved
at around 100 °C by using either titanium tetrachloride or
trichloride as titanium source.[33,40] However, titanium chlo-
rides release large amounts of heat, which prevents the
homogeneous precipitation of TiO2 particles because of the
vigorously exothermic reaction, when titanium chloride is
dissolved in water.[15,30]

According to the above experimental results with inor-
ganic media (Figure 4), it can be concluded that phase-pure
rutile nanorods can be formed in HCl. Therefore, HCl solu-
tion was selected as a representative inorganic medium to
examine the growth of rutile at a much lower temperature.
We used a modified sol–hydrothermal growth to prepare
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rutile nanoneedles with a much higher aspect ratio at 100
and 140 °C, respectively. As indicated in Figure 5 (a1), rutile
was obtained as the exclusive product at 100 °C after only
two hours. The nanoparticles of rutile prepared at this point
are highly aggregated into nanospheres consisting of very
thin nanorods (Figure 6, a1 and inset). Their radial as-
sembly in a good geometrical match to create the spherical
nanostructure could significantly reduce the total free en-
ergy. These spherical structures are present for about 10 h
at 100 °C and are then destroyed by further hydrothermal
reaction (Figure 6, a4). The calculated crystalline sizes of
rutile prepared at 100 °C after two hours are about 2.1 and
5.5 nm for the 110 and 101 diffractions, respectively. With
an increase of reaction time, the crystal sizes assigned to
D110 tend to increase progressively. However, the crystal
sizes calculated from the 101 diffraction tend to increase
only up to 10 h and decrease a little thereafter (Figure 5,
middle).

Figure 5. XRD patterns (left panel) of the products formed with
HCl at 100 °C (a1–a5) and 140 °C (b1–b5) after 2.0 h (a1, b1), 6.0 h
(a2, b2), 10 h (a3, b3), 15 h (a4, b4), and 20 h (a5, b5). Crystallite
sizes (middle panel) calculated by fitting the FWHM of the (110)
and (101) peaks. D101/D110 ratios (right panel).

Phase-pure rutile can also be obtained at 140 °C (Fig-
ure 5, b1) and a similar hydrothermal growth behavior to
that at 100 °C is observed (Figure 5, middle). These rutile

Figure 6. Electron microscopy images of the products obtained with HCl at 100 °C (a1–a4) and 140 °C (b1–b4) after 2.0 h (a1, b1), 6.0 h
(a2, b2), 10 h (a3, b3), and 15 h (a4, b4). The inset in a3 is the magnified sphere indicated by the white arrow. Scale bar: 200 nm.
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particles synthesized at 140 °C also self-aggregate into
microspheres up to 10 h (Figure 6, b1–b3). However, the
aggregated microspheres self-disperse after a longer hydro-
thermal aging such as for 15 h (Figure 6, b4). This might
be due to a much higher activation energy for self-aggrega-
tion for the formation of larger nanorods. The typical prod-
uct obtained at 140 °C after 10 h consists of well-defined
nanoneedles, as clearly illustrated in Figure 7 (a), in which
the sample for TEM observation has been highly and
strongly ultrasonically dispersed. The anisotropic growth of
rutile nanoneedles into self-assembled sub-microspheres
can clearly be observed in the low-magnification TEM im-
age (Figure 7, b). The lattice spacing of 0.32 nm perpendic-
ular to the longitudinal direction in the high-magnification
TEM image implies a �001� growth direction (Figure 7,
c). The favorable growth along the c-axis in the early stages
is due to the internal structure, as we described pre-
viously.[30] The growth velocity at the initial stage either in
the radial or longitudinal direction is much faster than that
at 100 °C due to kinetic factors. This type of quick growth
feature during the initial stage has been well documented
by Peng for semiconductors.[45] With further aging after
10 h, the radial growth tends to be slower and the longitudi-
nal growth also tends to be retarded. The maximum value

Figure 7. TEM images of ultrasonically dispersed rutile
nanoneedles (a), a self-assembled sphere (b), and a high-resolution
TEM image of a specific nanoneedle (c). Scale bar: 200 nm.
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of D101 at 10 h and the slow decrease of D101 after 10 h
(Figure 5, middle) reveals an obvious 1D/2D ripening dur-
ing hydrothermal aging, as described previously for CdSe
nanorods.[45]

The ratio of D101/D110 indicates that the aspect ratio
drops noticeably with hydrothermal reactions longer than
two hours in our present work. We did not observe the 1D
and 3D growth stage described previously by Peng for the
growth of CdSe nanocrystals[45] when our reaction is
shorter than two hours (Figure 5, right panel). However,
both the short and long axes increase when the reaction
time is shorter than 10 h at either 100 °C or 140 °C (Fig-
ure 5, middle). Thus, the reaction at times shorter than 10 h
can be referred to as a three-dimensional growth stage. Af-
ter 10 h, the short axis keeps growing while the long axis
becomes shorter. There is therefore a noticeable net growth
and net dissolution along the short and long axes, respec-
tively, along with a 1D/2D ripening. This produces nanor-
ods with smaller aspect ratios, and granular particles are
produced if allowed enough reaction time. A significant ex-
perimental result in our present work is that the aspect ratio
at 100 °C is greater than that at 140 °C, as shown in Fig-
ure 5 (right). This means that the higher reaction tempera-
ture accelerates the 1D/2D ripening, especially for longer
reaction times. For example, many more and larger granular
crystals are noticeable at 220 °C after one day, and even
more so after seven days (Figure 4, c, d, right).

Conclusions

A variety of sol–hydro(solvo)thermal syntheses of ana-
tase and rutile nanocrystals have been comparatively de-
scribed that use small inorganic and organic compounds as
additives at various reaction temperatures for different
aging times. Instead of water, alcohol as a solvent in the
sol–hydrothermal synthesis can result in a confined growth
of well-crystalline and uniform anatase nanocubes. Except
for HCl medium, phase-pure anatase can be formed in an
organic alcohol, an organic diamine, an organic diacid, and
acetic and nitric acids. The use of a diamine promotes the
anisotropic growth of anatase nanocrystals, while the use of
a diacid cannot do this efficiently because of its stronger
capping ability. Rutile nanospheres self-assembled from ru-
tile nanorods are obtained through a facile sol–hydrother-
mal growth route in HCl medium. More significantly, a 3D
growth and 1D/2D ripening mechanism of rutile nanocrys-
tals are revealed. It is proposed that prolonging the reaction
time and increasing the reaction temperature will lead to
the formation of larger rutile crystals but will reduce the
aspect ratios of one-dimensional rutile nanocrystals.

Experimental Section
Preparation: Titanium salts such as titanium chloride (TiCl3 or
TiCl4),[40,42] titanium sulfate Ti(SO4)2,[48,49] and titanium alkoxide
[Ti(OR)4][30,41] in solution are often used as titanium sources to
synthesize TiO2 nanoparticles. The hydrolysis of Ti(OR)4 is rela-
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tively mild as compared with inorganic salts and is easy to control.
Therefore, tetrabutyl titanate was employed here as the titanium
source. In the present work, besides H2O and n-butyl alcohol as
“pure solvents”, the others were used as aqueous 2.0  solutions
of acetic acid, nitric acid, hydrochloric acid, 1,3-propanedicarbox-
ylic acid, 1,4-butanedicarboxylic acid, 1,2-propanediol, and ethyl-
enediamine. Titanium n-butoxide [Ti(OC4H9)4, TNB] was added
dropwise to one of the pure organic solvents or one of the concen-
trated inorganic acids/amine under magnetic stirring to form a
clear sol. Then, distilled water was added dropwise to the sol while
stirring to prepare a reagent with a fixed concentration of diol,
acid, amine, and titanium (2.0 ). Subsequently, the homogeneous
hydrosol was transferred into a Teflon-lined stainless-steel vessel,
which was tightly closed instantly for sol–hydrothermal reaction
under an autogenous pressure at 220 °C for one day, unless other-
wise mentioned. The vessel was then taken out from the oven and
cooled to ambient temperature. The white product was filtered,
washed with distilled water, and dried in a desiccator at ambient
temperature.

Characterization: Products were characterized by powder X-ray dif-
fraction using Cu-Kα radiation (λ = 0.15045 nm) and a graphite
monochromator on a RIGAKUD/MAX 2200 VPC diffractometer
operating at 40 kV and 30 mA. Crystallite sizes of TiO2 particles
were calculated using Scherrer’s equation from the FWHM (full-
width at half-maximum) of the anatase (101 and 200) and rutile
(110 and 101) diffractions, respectively. Electron microscopy obser-
vations were carried out with a JSM-6330F Field Emission scan-
ning electron microscope at 15 kV or JEM-100CX and JEM-2010
transmission electron microscopes at 100 kV and 200 kV, respec-
tively. The samples for TEM examination were prepared by de-
positing an ultrasonically dispersed suspension of TiO2 powder
from a water/alcohol mixture onto a carbon-coated copper grid.
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The further use of di-2-pyridyl ketone [(2-py)2CO] in
nickel(II) acetate chemistry has been investigated. Various
synthetic procedures have led to the synthesis of
complexes [Ni4(O2CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2

(1), [Ni(O2CMe){(2-py)2C(OH)2}{(2-py)2CO}](ClO4)·H2O (2·
H2O), [Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)·2H2O·2EtOH
(3·2H2O·2EtOH), [Ni4(O2CMe)4{(2-py)2C(OH)O}4]·2MeCN
(4·2MeCN), and [Ni4(O2CMe)3{(2-py)2C(OH)O}4](O2CMe)·
6H2O·MeCN (5·6H2O·MeCN). The NiII-mediated hydrolysis
of (2-py)2CO to give the coordinated molecule (2-py)2C(OH)2
or the monoanion (2-py)2C(OH)O– involves nucleophilic at-
tack by H2O on the carbonyl group. The NiII ion in 2·H2O is
coordinated by one monodentate acetate, one N,N�,O-triden-
tate chelating (2-py)2C(OH)2 molecule, and one N,N�-biden-
tate chelating (2-py)2CO ligand. The tetranuclear cluster cat-
ion of 1 has a cubane {Ni4(µ3-OR)4}4+ core with NiII ions and
deprotonated oxygen atoms occupying alternate vertices.

Introduction

The last 15 years have witnessed explosive growth in
interest in the polynuclear complexes (clusters) of 3d-metals
at intermediate oxidation states with primarily oxygen- and/
or nitrogen-based ligation.[1] This has been mainly due to
their relevance to two fields, bioinorganic chemistry[2] and
molecular magnetic materials. For the latter field, the dis-
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The [Ni4(O2CMe)3{(2-py)2C(OH)O}4]+ cations present in the
complexes 3·2H2O·2EtOH and 5·6H2O·MeCN have almost
identical cubane structures that are different from the struc-
ture of the cation of 1. The four metal ions in the centrosym-
metric molecules of 4·2MeCN are located at four vertices of
a defect dicubane (with two missing vertices) and are
bridged by six oxygen atoms. Characteristic IR bands are dis-
cussed in terms of the known structures of 1–5. The magnetic
data for the NiII cubane 1 has been modeled with two J
values, and shows that the coupling consists of two ferromag-
netically coupled pairs that are antiferromagnetically cou-
pled to give a diamagnetic ground state. The magnetic
properties of 4 have been modeled with three J values, and
reveal competing antiferromagnetic and ferromagnetic
coupling between the four NiII ions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

covery that individual polynuclear molecules can function
as nanoscale magnets was a significant development.[3,4]

Such molecules have since been named single-molecule
magnets (SMMs). Although Mn clusters at various oxi-
dation levels have to date proven to be the most fruitful
source of SMMs, complexes displaying SMM behavior are
known for several other 3d-metals (e.g., VIII, FeII, FeIII,
CoII, NiII)[5] with various S values, both integer and half-
integer. The future health of the field of 3d-metal clusters,
and the chances of discovering high-spin molecules (mole-
cules with a large S) and/or identifying new SMMs will ben-
efit from the development of new synthetic routes for poly-
nuclear complexes.

With the points mentioned above in mind, and in the
context of “serendipitous assembly”,[1b] our group[6] and
others[7] have been exploring “ligand blend” reactions in-
volving (i) the monoanion, (2-py)2C(OH)O–, or the di-
anion, (2-py)2CO2

2–, of the gem-diol form (derivative) of di-
2-pyridyl ketone, (2-py)2CO, and carboxylates; and (ii) the
monoanion, (2-py)2C(OR)O–, of the hemiacetal form of (2-
py)2CO and carboxylates, with the belief that they might
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Figure 1. The formulae of the ligands discussed in the text; note that (2-py)2C(OH)2, (2-py)2C(OR)(OH), and all four anions do not exist
as free species but exist only in their respective metal complexes.

foster the formation of discrete polynuclear metal systems.
The formulae of these ligands are shown in Figure 1. The
reactions of (2-py)2CO with 3d-metal ions have been well
studied over the years.[6–9] There is a chemical characteristic
of (2-py)2CO that makes this molecule a special ligand, this
is its carbonyl group. Water and alcohols (ROH) have been
shown to add to the carbonyl group upon coordination of
the carbonyl oxygen atom and/or the 2-pyridyl rings form-
ing the ligands (2-py)2C(OH)2 [the gem-diol form of
(2-py)2CO] and (2-py)2C(OR)(OH) [the hemiacetal form of
(2-py)2CO], respectively. The neutral ligands (2-py)2C(OH)2

and (2-py)2C(OR)(OH) coordinate to the metal centers as
N,N�,O chelates, with the M–O bond often being weak;
therefore, both neutral ligands do not hold much interest
from the viewpoint of cluster formation.[8] Completely dif-
ferent and much more interesting (for cluster chemistry) co-
ordination modes are seen when the ligands (2-py)2C(OH)2

and (2-py)2C(OR)(OH) are deprotonated. Upon deproton-
ation, the latter becomes monoanionic, while the former
can function either as mono- or dianionic. The presence of
deprotonated hydroxy group(s) leads to a great coordinative
flexibility, because of the well-known ability of the nega-
tively charged oxygen atom to bridge two or three metal
ions. The monoanionic forms usually bridge two (µ2) or
three (µ3) metal ions, while the dianionic form can bridge
as many as five metal sites (µ5). The immense structural
diversity displayed by the complexes reported stems in part
from the ability of (2-py)2CO2

2–, (2-py)2C(OH)O–, and (2-
py)2C(OR)O– to exhibit no less than ten distinct coordina-
tion modes.[8] Carboxylates (R�CO2

–) are employed for two
reasons in the “ligand blends”. Firstly, they are able to de-
protonate the hydroxy group(s) under mild conditions (the
use of external hydroxides often perplexes the reactions).
Secondly, they are flexible ligands, a consequence of their
ability to adopt a number of different ligation modes, both
terminal and bridging as well as both bidentate and triden-
tate, giving an extraordinary structural versatility in the
mixed-ligand systems. Thus, the (2-py)2CO2

2–/R�CO2
–,

(2-py)2C(OH)O–/R�CO2
–, and (2-py)2C(OR)O–/R�CO2

–

“blends” (R = Me, Et; R� = Me, CF3, Ph), without (binary
“blends”) or with (ternary “blends”) additional inorganic

Eur. J. Inorg. Chem. 2006, 2236–2252 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2237

ligands [NO3
–, N3

–, SCN–, N(CN)2
–] have led to a variety

of Mn, Fe, Co, Ni, and Cu clusters with nuclearities ranging
from 3 to 14[8] and with interesting magnetic properties, in-
cluding single-molecule magnetism.[6b]

Restricting further discussion to nickel() chemistry, the
investigation of the binary (2-py)2CO2

2–, (2-py)2C(OH)O–,
or (2-py)2C(OR)O–/MeCO2

– “blend” has up to now led
to clusters [Ni9(OH)2(O2CMe)8{(2-py)2CO2}4],[6f] [Ni4-
(O2CMe)3{(2-py)2C(OH)O}4](ClO4),[7a] and [Ni4(O2CMe)4-
{(2-py)2C(OH)O}4].[7b] We suspected that our,[6f] Tong’s and
Chen’s,[7a] and Brown’s and Krebs’[7b] groups had merely
scratched the surface of this binary reaction system and we,
thus, decided to perform a systematic synthetic study of the
NiII/MeCO2

–/(2-py)2CO reaction system. Here we discuss
the syntheses, structures, and IR spectra of the resulting
products; the magnetic properties of two representative
clusters will also be described and analyzed. The discovery
of single-molecule magnetism in high-spin NiII cubane clus-
ters[10] revived the interest in such compounds.

Results and Discussion

Synthesis

As stated above, we were interested in extending the very
small family of NiII/MeCO2

–/(2-py)2CO-based ligand com-
plexes[6f,7a,7b] without the introduction of additional anionic
inorganic ligands (binary “blends”). The chemical and
structural identity of the products from the Ni(O2CMe)2·
4H2O/(2-py)CO reaction system depends on the solvent
used, the presence/absence of counterions (this synthetic
parameter is related to the choice of the solvent), the li-
gand–to-metal reaction ratio and the OH– concentration.
Our general route for the isolation of heteroleptic (2-py)2-
CO2

2–, (2-py)2C(OH)O–, or (2-py)2C(OR)O–/MeCO2
– NiII

clusters was to treat an excess of nickel() acetate with (2-
py)2CO; we shall describe our efforts in terms of the sol-
vent. Obviously “(2-py)2C(OH)2” and “(2-py)2C(OR)-
(OH)” can be fully/partially deprotonated by the basic ace-
tate groups and polynuclear NiII/(2-py)2CO2

2–, (2-py)2C-
(OH)O–, or (2-py)2C(OR)O–/MeCO2

– complexes may result
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from the reactions as long as the MeCO2
–-to-(2-py)2CO ra-

tio is high enough to leave an amount of nonprotonated
acetate in the reaction mixture, given the fact that the an-
ionic forms of (2-py)2CO and the acetate can adopt a vari-
ety of terminal and bridging modes.

Complexes 1 and 2 were prepared from aqueous reaction
mixtures. The preparation of compound 1 can be achieved
by the reaction of Ni(O2CMe)2·4H2O with (2-py)2CO ac-
cording to the balanced Equation (1). One feature of the
chemical Equation (1) deserves a comment.

This is the “wrong” stoichiometry, i.e. Ni(O2CMe)2·
4H2O/(2-py)2CO = 1.5:1, employed for the preparation of
1 (see Exp. Sect.) compared with that required by Equa-
tion (1) [1:1]. The “incorrect” reaction ratio is because of
our desire to avoid the formation of the mononuclear com-
plexes 2 and [Ni{(2-py)2C(OH)O}{(2-py)2C(OH)2}]2[Ni{(2-
py)2C(OH)O}2](ClO4)2·7H2O[11] that contain a 1:2 NiII/(2-
py)2CO-based ligand ratio (vide infra). If we assume that
the simplified chemical equilibrium represented by Equa-
tion (2) takes place (this is only one of the possible chemical
equilibria), then the presence of an excess of nickel() ace-
tate shifts the equilibrium to the right.

Having obtained and identified complex 1, the next ques-
tion addressed was whether, and in what manner, changes
to the Ni(O2CMe)2·4H2O/(2-py)2CO ratio might affect the
product identity. In particular, we wondered whether it
might be possible to prepare mononuclear complexes con-
taining the ligand (2-py)2C(OH)2 [the neutral gem-diol form
of (2-py)2CO, Figure 1] and/or clusters containing the di-
anion (2-py)2CO2

2– [Figure 1] that are different from
[Ni9(OH)2(O2CMe)8{(2-py)2CO2}4] previously reported.[6f]

We were successful with the first goal but unsuccessful with
the second.

The 1:2 reaction between Ni(O2CMe)2·4H2O and
(2-py)2CO in H2O in the presence of an excess of NaClO4

gave a mauve solution. Slow solvent evaporation at room
temperature yielded crystals that were obviously a mixture
of two products. Microscopic examination showed both
brown-red prisms and mauve needles to be present in a vis-
ual ratio of roughly 3:1. The unit cell dimensions of hand-
picked prisms and needles did not correspond to known
compounds. Since repeated crystallizations from H2O or
H2O/Me2CO could not yield a sample free of the needles
for elemental analysis, full data sets were collected for both
compounds and the structures solved. The extreme differ-
ences in color and in crystal shape were fortuitous and al-
lowed easy manual separation of the two materials. The

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2236–22522238

prisms proved to be [Ni(O2CMe){(2-py)2C(OH)2}{(2-py)2-
CO}](ClO4) (2) as its mono(water) solvate, while the needles
were shown to be [Ni{(2-py)2C(OH)O}{(2-py)2C(OH)2}]2-
[Ni{(2-py)2C(OH)O}2](ClO4)2·7H2O consisting of two
chemically similar cations, one neutral complex molecule,
two perchlorate anions, and water solvate molecules.[11] The
latter compound will not be further discussed because it
will be incorporated into a full paper dealing with all the
acetate-free complexes that have been isolated from the
Ni(O2CMe)2·4H2O/(2-py)2CO and Ni(O2CMe)2·4H2O/(2-
py)2CO/ClO4

– reaction mixtures. The formation of 2 as an
individual species can be summarized in the balanced
Equation (3). With the identity of 2 established, we sub-
sequently tried to devise a route to pure material. Complex
2 has a NiII/ClO4

– ratio of 1:1, whereas the acetate-free
complex has a NiII/ClO4

– ratio of 3:2, i.e. 1.5:1. Thus,
attempts to obtain pure 2 were made by further lowering
the NiII/ClO4

– ratio.

Somewhat to our disappointment, the use of NiII/ClO4
–

ratios of 1:2 or even of 1:3 again gave mixtures of 2 and
[Ni{(2-py)2C(OH)O}{(2-py)2C(OH)2}]2[Ni{(2-py)2C(OH)-
O}2](ClO4)2·7H2O. It is likely that the reaction solution
contains a complicated mixture of several mononuclear spe-
cies in equilibrium, with factors such as relative solubility,
lattice energy, crystallization kinetics − amongst others −
determining the identity of the isolated products.

The incorporation of a coordinated ligand molecule in
its ketone form [(2-py)2CO] (Figure 1) in 2 was unexpected,
given the fact that the complex was isolated from H2O.[8]

One possible reason for the presence of the (2-py)2CO li-
gand is the satisfaction of the requirements of the crystal
lattice. Another reason could be the combined tendencies
of the acetate ion to coordinate (and not to act as a coun-
terion) in the presence of ClO4

– ions and of the NiII ion
to adopt the octahedral stereochemistry; the monodentate
acetate coordination (vide infra) “forces” the second neutral
organic molecule to behave as a bidentate ligand; the biden-
tate chelating mode is much more common for (2-py)2CO
than for (2-py)2C(OH)2.

The 3:1:1 or 2 Ni(O2CMe)2·4H2O/(2-py)2CO/NaClO4 re-
action mixtures in H2O were also investigated due to our
desire to doubly deprotonate the gem-diol form of
(2-py)2CO [as a consequence of the high MeCO2

–/(2-py)2-
C(OH)2 ratio] and to prepare complexes of (2-py)2CO2

2–.
However, such efforts were in vain. Complex 1 was again
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isolated even employing a Ni(O2CMe)2·4H2O/(2-py)2CO
ratio of 4:1, emphasizing the fact that H2O is not the appro-
priate solvent for the isolation of metal complexes of
(2-py)2CO2

2–.[6b,e,f,g,12]

The access to 1 and 2 from H2O suggested that the reac-
tion system might be capable of extension to other solvents.
The 1:1 or 2:1 Ni(O2CMe)2·4H2O/(2-py)2CO reaction mix-
tures in EtOH gave green crystals upon layering with Et2O.
The unit cell dimensions of a hand-picked crystal con-
firmed this product to be the known complex [Ni4(O2-
CMe)4{(2-py)2C(OH)O}4]·4EtOH,[7b] on the basis of com-
parison with those of the authentic sample. We were rather
surprised to see that this complex could not be easily iso-
lated without the addition of Et2O, e.g. upon slow solvent
evaporation at room temperature. We suspected that a cat-
ionic species was present in solution and we thus reasoned
that adding ClO4

– ions might give a cationic cluster. Not
only did the addition of ClO4

– confirm our suspicion about
the importance of the counterion in determining the reac-
tion product but it also yielded a tetranuclear cluster with
a topology (cubane) different from that of the neutral com-
plex [Ni4(O2CMe)4{(2-py)2C(OH)O}4]·4EtOH[7b] (defective
double cubane). The formation of the tetranuclear cluster
[Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4) (3), which was
crystallized upon lowering the temperature of the EtOH re-
action solution can be summarized in the balanced Equa-
tion (4).

The “wrong” NiII/(2-py)2CO/ClO4
– ratio employed for

the preparation of 3 (4:4:2, see Exp. Sect.) compared to that
required by Equation (1) [4:4:1] did not prove detrimental
to the formation of the complex. With the identity of 3
established, the “correct” stoichiometry was employed and
led to the pure compound in high yield. The employment
of EtOH as the solvent might imply the presence of the
monoanion of the hemiacetal form of di-2-pyridyl ketone,
i.e. (2-py)2C(OEt)O– (Figure 1) in the complex. However,
only (2-py)2C(OH)O– ligands are present in complex 3. It
is difficult to rationalize this result; suffice it to say that
the moisture present in solution (from the solvent and the
starting materials) is responsible for the formation of the
(2-py)2C(OH)O– ligands and that complex 3 is the thermo-
dynamically stable product from the Ni(O2CMe)2·4H2O/(2-
py)2CO/NaClO4 reaction system in nonabsolute EtOH. It
should be mentioned at this point that although the
incorporation of (2-py)2C(OMe)OH/(2-py)2C(OMe)O– li-
gands in solid metal complexes isolated from MeOH is
common,[8,9d,e,f,g,i,k,l,13] the participation of (2-py)2C-
(OEt)OH/(2-py)2C(OEt)O– ions in the coordination spheres
of metal ions is rare[7b,9k] inspite of the plethora of reactions
performed in EtOH.

The last reaction solvent investigated was MeCN. Pre-
vious synthetic studies on the Ni(O2CMe)2·4H2O/(2-py)2-
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CO/NaClO4 reaction system in MeCN/H2O (H2O is neces-
sary to keep the produced NaO2CMe soluble) had led to
the isolation of the cationic cubane cluster [Ni4(O2CMe)3-
{(2-py)2C(OH)O}4](ClO4).[7a] We wondered whether a neu-
tral cluster could be formed in the absence of ClO4

– ions.
The 1:1 reaction between Ni(O2CMe)2·4H2O and
(2-py)2CO in MeCN under reflux gave complex [Ni4-
(O2CMe)4{(2-py)2C(OH)O}4] (4) in high yield according to
the balanced Equation (5). We were happy to see (vide
infra) that the structural motif in 4 (double defective
cubane) is different from that in the cationic cluster
isolated from the same solvent (cubane).[7a]

The 2:1 and 3:1 reactions of Ni(O2CMe)2·4H2O with (2-
py)2CO in MeCN under reflux gave a mixture of green crys-
tals and green powder. The extreme difference in crystal-
linity was fortuitous and allowed ready manual separation
of the two materials. The crystals were shown to be the
known complex [Ni9(OH)2(O2CMe)8{(2-py)2CO2}4][6f] by
determination of the unit cell dimensions. The double de-
protonation of the gem-diol form of di-2-pyridyl ketone is
a consequence of the high MeCO2

– (base) to “(2-py)2C-
(OH)2” ratio (4:1 or 6:1) used in the reactions. The green
powder is certainly Ni(O2CMe)2·4H2O (that was not ini-
tially dissolved), a conclusion consistent with IR data.

A last synthetic parameter that was studied was the OH–

concentration. Although it is well known that the use of
external hydroxides often perplexes the reactions of metal
ions with (2-py)2CO, we tried to prepare clusters containing
(2-py)2CO2

2– ligands under conditions that favor formation
of neutral or anionic complexes; for the latter purpose we
employed bulky noncoordinating countercations, e.g.
NnBu4

+, BPh4
+, and PPh4

+. Synthetic studies of hundreds
of Ni(O2CMe)2·4H2O/(2-py)2CO/OH– or Ni(O2CMe)2·
4H2O/(2-py)2CO/OH–/Z+ (Z+ = countercation) reaction
systems in various solvents repeatedly led to amorphous or
microcrystalline materials with poor analytical results. We
were luckier when we employed a solvent mixture com-
prising EtOH and MeCN, and LiOH·H2O as the base
under reflux. Using a rather unusual crystallization
process we isolated single crystals of complex [Ni4(O2CMe)3-
{(2-py)2C(OH)O}4](O2CMe) (5). However, we were
unlucky at the same time because (i) the complex does
not contain (2-py)2CO2

2– and (ii) the molecular struc-
ture of the cation is similar to that present in complex 3.
The formation of 5 can be summarized in the balanced
Equation (6). The isolation of 5 that contains an acetate
counterion was surprising and, needless to say, unexpected.
Ethanol is necessary in the solvent mixture to keep LiOH·
H2O soluble, while treatment of the obtained residue (ob-
tained after solvent evaporation under reduced pressure)
with MeCN allows removal of the produced, insoluble
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LiO2CMe and dissolution of the cluster, which is sub-
sequently crystallized pure upon storage of the resulting
solution at 5 °C.

Description of Structures

[Ni(O2CMe){(2-py)2C(OH)2}{(2-py)2CO}](ClO4)·H2O
(2·H2O)

A partially labeled plot of the mononuclear cation
[Ni(O2CMe){(2-py)2C(OH)2}{(2-py)2CO}]+ present in
compound 2·H2O is shown in Figure 2. Selected bond

Figure 2. Partially labeled ORTEP plot of the mononuclear cation
present in complex 2·H2O.

Figure 3. The crystallographically established coordination modes of the ligands (2-py)2CO, (2-py)2C(OH)2, and (py)2C(OH)O– present
in complexes 1–5.
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lengths and angles are listed in Table 1. The structure con-
sists of the above mentioned mononuclear cation, one
ClO4

– anion, and one H2O solvate molecule.

Table 1. Selected bond lengths [Å] and angles [°] for [Ni(O2CMe)-
{(2-py)2C(OH)2}{(2-py)2CO}](ClO4)·H2O (2·H2O).

Ni–O(1) 2.157(2) C(6)–O(1) 1.417(5)
Ni–O(3) 2.045(3) C(6)–O(2) 1.387(4)
Ni–N(1) 2.085(3) C(26)–O(11) 1.218(5)
Ni–N(2) 2.094(3) C(41)–O(3) 1.248(5)
Ni–N(11) 2.038(3) C(41)–O(4) 1.266(5)
Ni–N(12) 2.060(3)
O(1)–Ni–O(3) 94.7(1) O(3)–Ni–N(12) 89.6(1)
O(1)–Ni–N(1) 76.4(1) N(1)–Ni–N(2) 88.0(1)
O(1)–Ni–N(2) 77.0(1) N(1)–Ni–N(11) 98.0(1)
O(1)–Ni–N(11) 173.0(1) N(1)–Ni–N(12) 94.3(1)
O(1)–Ni–N(12) 95.0(1) N(2)–Ni–N(11) 98.7(1)
O(3)–Ni–N(1) 171.1(1) N(2)–Ni–N(12) 170.9(1)
O(3)–Ni–N(2) 89.8(1) N(11)–Ni–N(12) 89.7(1)
O(3)–Ni–N(11) 90.9(1)

The NiII atom is coordinated by one monodentate ace-
tate, one tridentate chelating (2-py)2C(OH)2 molecule, and
one bidentate chelating (2-py)2CO ligand. The ligated
atoms of the latter are the 2-pyridyl nitrogen atoms (Fig-
ure 3), while the gem-diol ligand adopts the coordination
mode η1:η1:η1, see also Figure 3. The two oxygen atoms
[O(1), O(3)] are in cis positions. The Ni–N and Ni–O bond
lengths agree well with values expected for high-spin NiII in
octahedral environments.[7a,b,10] The distortion from a per-
fect octahedral geometry is primarily a consequence of the
presence of three different ligands in the coordination
sphere of NiII. The short length of the C(26)–O(11) bond
[1.218(5) Å, compared with the C(6)–O(1, 2) bond lengths
of 1.387(4) and 1.417(5) Å] reflects the ketone character of
this group. There is one strong intramolecular hydrogen
bond with the coordinated hydroxy oxygen of (2-py)2C-
(OH)2 as the donor and the uncoordinated acetate oxygen
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as the acceptor; its dimensions are: O(1)···O(4) 2.525 Å,
H(O1)···O(4) 1.688 Å, and O(1)–H(O1)···O(4) 168.7°. The
crystal structure is stabilized by a hydrogen bond in which
the uncoordinated hydroxy oxygen of the gem-diol ligand
acts as the donor and one of the perchlorate oxygen atoms
as the acceptor; the corresponding dimensions are O(2)···
O(7) [–x, y – 1/2, –z + 1] 2.700 Å, H(O2)···O(7) 1.828 Å,
and O(2)–H(O2)···O(7) 161.8°.

Compound 2·H2O is the first example of a metal com-
plex in which the ketone [(2-py)2CO] and the gem-diol [(2-
py)2C(OH)2] forms of di-2-pyridyl ketone co-exist as li-
gands.

[Ni4(O2CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2 (1),
[Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)·2H2O·2EtOH
(3·2H2O·2EtOH), and [Ni4(O2CMe)3{(2-py)2-
C(OH)O}4](O2CMe)·6H2O·MeCN (5·6H2O·MeCN)

Partially labeled plots of the tetranuclear cations present
in compounds 1, 3·2H2O·2EtOH, and 5·6H2O·MeCN are
shown in Figure 4, Figure 5, and Figure 6, respectively.
Tables 2, 3, 4, 5, and 6 show selected interatomic distances
plus angles and hydrogen bonding data for complexes 1 and
5·6H2O·MeCN.

Figure 4. Partially labeled ORTEP plot of the tetranuclear cation
present in complex 1. Primed and unprimed atoms are related by
the crystallographic twofold axis.

Complex 1 crystallizes in monoclinic space group C2/c.
Its structure consists of tetranuclear [Ni4(O2CMe)2{(2-py)2-
C(OH)O}4(H2O)2]2+ cations and well-separated ClO4

–

counterions; the latter will not be further discussed. The
tetranuclear cluster cation of 1 lies on a crystallographic
twofold axis and has a cubane {Ni4(µ3-OR)4}4+ core with
NiII and oxygen atoms occupying alternate vertices. In ad-
dition to three µ3-oxygen atoms, each of the metal ions
Ni(1) and Ni(1�) is coordinated to one pyridyl N atom, to
one aquo ligand, and to one O atom from a monodentate
acetate ligand, whereas each of Ni(2) and Ni(2�) is coordi-
nated to three pyridyl N atoms belonging to different (2-
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Figure 5. Partially labeled ORTEP plot of the tetranuclear cation
present in complex 3·2H2O·2EtOH. The cubane core is outlined in
bold.

Figure 6. Partially labeled ORTEP plot of the tetranuclear cation
present in complex 5·6H2O·MeCN. The cubane core is outlined in
bold.

py)2C(OH)O– ligands. Thus, an octahedral coordination en-
vironment is created about each metal center; the chromo-
phores are Ni(1, 1�)O5N and Ni(2, 2�)O3N3. One octahedral
face of each NiII atom is occupied by the three alkoxide-
type oxygen atoms and the other contains the remaining
donor atoms.

One oxygen atom [O(2), O(2�), O(12), O(12�)] of each (2-
py)2C(OH)O– ligand remains protonated and unbound to
the metal ions. The resultant monoanion functions as a
η1:η3:η1:µ3 ligand (Figure 3). This ligation mode is com-
mon for (2-py)2C(OH)O–.[8]

There are two types of Ni–O (alkoxide-type) bonds for
each metal ion: one bond is rather short at an average dis-
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Table 2. Selected interatomic distances [Å] and angles [°] for
[Ni4(O2CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2 (1).[a]

Ni(1)···Ni(2) 3.157(1) Ni(2)–O(1) 2.122(3)
Ni(1)···Ni(2�) 3.272(1) Ni(2)–O(11) 2.111(3)
Ni(1)···Ni(1�) 3.139(1) Ni(2)–O(11�) 2.034(3)
Ni(2)···Ni(2�) 3.060(1) Ni(2)–N(2) 2.036(4)
Ni(1)–O(1) 2.030(3) Ni(2)–N(11) 2.095(4)
Ni(1)–O(1�) 2.133(3) Ni(2)–N(12�) 2.085(4)
Ni(1)–O(3) 2.013(4) C(41)–O(3) 1.277(6)
Ni(1)–O(11) 2.117(3) C(41)–O(4) 1.229(8)
Ni(1)–O(w) 2.072(5) C(6)–O(1) 1.390(6)
Ni(1)–N(1) 2.083(4) C(6)–O(2) 1.410(7)
O(1)–Ni(1)–O(1�) 80.6(1) O(1)–Ni(2)–N(11) 109.0(2)
O(1)–Ni(1)–O(3) 171.0(1) O(1)–Ni(2)–N(12�) 155.1(2)
O(1)–Ni(1)–O(11) 82.1(1) O(11)–Ni(2)–O(11�) 83.2(1)
O(1)–Ni(1)–O(w) 94.7(2) O(11)–Ni(2)–N(2) 154.7(2)
O(1)–Ni(1)–N(1) 78.2(2) O(11)–Ni(2)–N(11) 77.1(2)
O(1�)–Ni(1)–O(3) 99.6(2) O(11)–Ni(2)–N(12�) 106.7(1)
O(1�)–Ni(1)–O(11) 76.6(1) O(11�)–Ni(2)–N(2) 104.9(2)
O(1�)–Ni(1)–O(w) 92.7(2) O(11�)–Ni(2)–N(11) 157.0(2)
O(1�)–Ni(1)–N(1) 158.8(2) O(11�)–Ni(2)–N(12�) 74.5(2)
O(3)–Ni(1)–O(11) 89.2(1) N(2)–Ni(2)–N(11) 98.0(2)
O(3)–Ni(1)–O(w) 94.3(2) N(2)–Ni(2)–N(12�) 98.5(2)
O(3)–Ni(1)–N(1) 101.3(2) N(11)–Ni(2)–N(12�) 95.9(2)
O(11)–Ni(1)–O(w) 169.2(2) Ni(1)–O(1)–Ni(1�) 97.9(1)
O(11)–Ni(1)–N(1) 100.4(2) Ni(1)–O(1)–Ni(2) 99.0(1)
O(w)–Ni(1)–N(1) 89.0(2) Ni(1)–O(11)–Ni(2) 96.6(1)
O(1)–Ni(2)–O(11) 80.1(2) Ni(1)–O(11)–Ni(2�) 104.0(1)
O(1)–Ni(2)–O(11�) 78.6(1) Ni(1�)–O(1)–Ni(2) 100.6(1)
O(1)–Ni(2)–N(2) 78.1(2) Ni(2)–O(11)–Ni(2�) 95.2(1)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x + 1, y, –z + 1/2.

Table 3. Details for the hydrogen bonding of complex [Ni4(O2-
CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2 (1).[a]

D–H···A D···A H···A DHA Symmetry operator
[Å] [Å] [°] of A

O(w)–H(wA)···O(4)[b] 2.670 1.990 171.8 x, y, z
O(w)–H(wB)···O(2�)[b] 2.997 2.495 122.4 –x + 1, y, –z + 1/2
O(12)–H(O12)···O(3)[b] 2.698 2.012 177.2 x, y, z
O(2)–H(O2)···O(7)[c] 3.096 2.521 176.1 –x + 1/2, y + 1/2,

–z + 1/2

[a] A = acceptor; D = donor. [b] Intramolecular hydrogen bonds.
[c] O(7) is a perchlorate oxygen atom.

tance of 2.032(3) Å, whereas the two other bonds are longer
[average distance 2.121(3) Å]. The cube deviates from the
ideal geometry. The internal cube angles (RO–Ni–OR) at
the metal vertices average 80.2(2)°, whereas the correspond-
ing angles at the alkoxide corners (Ni–OR–Ni) are much
larger averaging 98.9(1)°. The Ni···Ni vectors in the cluster
reflect the different Ni–O (alkoxide-type) bond lengths, with
the Ni(1)···Ni(2�)/Ni(1�)···Ni(2) [3.272(1) Å] and Ni(2)···
Ni(2�) [3.060(1) Å] distances being the longest and the
shortest, respectively. The shortest Ni···Ni distance corre-
sponds to the smallest Ni–O–Ni [95.2(1)°] and the largest
O–Ni–O [83.2(1)°] internal cube angles, whereas the longest
Ni···Ni distance corresponds to the larger Ni–O–Ni
[average 102.3(1)°] and the smaller O–Ni–O [average
77.6(1)°] angles. Average Ni–N, Ni–O (alkoxide-type), and
Ni–O (acetate) bond lengths of 2.075(4), 2.091(3), and
2.013(4) Å, respectively, lie well within the range of reported
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Table 4. Selected interatomic distances [Å] and angles [°] for
[Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)·2H2O·2EtOH (3·2H2O·
2EtOH).

Ni(1)···Ni(2) 3.258(2) Ni(3)–O(1) 2.106(6)

Ni(1)···Ni(3) 3.038(2) Ni(3)–O(11) 2.100(7)
Ni(1)···Ni(4) 3.173(2) Ni(3)–O(31) 2.045(7)
Ni(2)···Ni(3) 3.195(2) Ni(3)–N(2) 2.084(9)
Ni(2)···Ni(4) 2.970(2) Ni(3)–N(12) 2.058(9)
Ni(3)···Ni(4) 3.286(2) Ni(3)–N(32) 2.103(9)
Ni(1)–O(1) 2.025(6) Ni(4)–O(11) 2.092(6)
Ni(1)–O(21) 2.075(6) Ni(4)–O(21) 2.044(6)
Ni(1)–O(31) 2.105(7) Ni(4)–O(31) 2.201(7)
Ni(1)–N(1) 2.088(8) Ni(4)–O(42) 2.016(8)
Ni(1)–N(21) 2.043(9) Ni(4)–O(61) 1.993(9)
Ni(1)–N(31) 2.079(9) Ni(4)–N(22) 2.085(9)
Ni(2)–O(1) 2.162(6) C(101)–O(61) 1.25(2)
Ni(2)–O(11) 2.037(7) C(101)–O(62) 1.23(2)
Ni(2)–O(21) 2.099(7) C(91)–O(51) 1.269(14)
Ni(2)–O(41) 2.021(8) C(91)–O(52) 1.234(14)
Ni(2)–O(51) 2.030(7) C(81)–O(41) 1.277(15)
Ni(2)–N(11) 2.079(9) C(81)–O(42) 1.220(15)
O(1)–Ni(1)–N(31) 158.6(3) Ni(1)–O(1)–Ni(2) 102.1(3)
O(21)–Ni(1)–N(1) 154.9(3) Ni(1)–O(1)–Ni(3) 94.7(3)
O(31)–Ni(1)–N(21) 155.7(3) Ni(1)–O(21)–Ni(2) 102.6(3)
O(1)–Ni(2)–O(41) 167.2(3) Ni(1)–O(21)–Ni(4) 100.8(3)
O(11)–Ni(2)–O(51) 166.2(3) Ni(1)–O(31)–Ni(3) 94.1(3)
O(21)–Ni(2)–N(11) 162.2(3) Ni(1)–O(31)–Ni(4) 94.9(3)
O(1)–Ni(3)–N(12) 154.4(3) Ni(2)–O(1)–Ni(3) 96.9(2)
O(11)–Ni(3)–N(32) 154.3(3) Ni(2)–O(11)–Ni(3) 101.1(3)
O(31)–Ni(3)–N(2) 156.9(3) Ni(2)–O(11)–Ni(4) 92.0(3)
O(11)–Ni(4)–N(22) 162.6(3) Ni(2)–O(21)–Ni(4) 91.6(3)
O(21)–Ni(4)–O(61) 166.9(4) Ni(3)–O(11)–Ni(4) 103.2(3)
O(31)–Ni(4)–O(42) 166.2(3) Ni(3)–O(31)–Ni(4) 101.4(3)

Table 5. Selected interatomic distances [Å] and angles [°] for
[Ni4(O2CMe)3{(2-py)2C(OH)O}4](O2CMe)·6H2O·MeCN (5·6H2O·
MeCN).

Ni(1)···Ni(2) 3.189(1) Ni(3)–O(1) 2.112(2)

Ni(1)···Ni(3) 3.267(1) Ni(3)–O(21) 2.173(2)
Ni(1)···Ni(4) 3.026(1) Ni(3)–O(31) 2.052(2)
Ni(2)···Ni(3) 2.976(1) Ni(3)–O(42) 2.009(3)
Ni(2)···Ni(4) 3.285(1) Ni(3)–O(61) 2.012(3)
Ni(3)···Ni(4) 3.178(1) Ni(3)–N(31) 2.073(3)
Ni(1)–O(1) 2.076(2) Ni(4)–O(11) 2.039(2)
Ni(1)–O(11) 2.117(2) Ni(4)–O(21) 2.083(2)
Ni(1)–O(21) 2.026(2) Ni(4)–O(31) 2.085(2)
Ni(1)–N(1) 2.028(3) Ni(4)–N(12) 2.087(3)
Ni(1)–N(11) 2.089(3) Ni(4)–N(22) 2.087(3)
Ni(1)–N(21) 2.077(3) Ni(4)–N(32) 2.038(3)
Ni(2)–O(1) 2.040(2) C(81)–O(41) 1.268(4)
Ni(2)–O(11) 2.175(2) C(81)–O(42) 1.251(4)
Ni(2)–O(31) 2.097(2) C(83)–O(51) 1.280(4)
Ni(2)–O(41) 2.020(2) C(83)–O(52) 1.221(5)
Ni(2)–O(51) 2.043(2) C(85)–O(61) 1.282(5)
Ni(2)–N(2) 2.088(3) C(85)–O(62) 1.219(5)
O(1)–Ni(1)–N(21) 155.5(1) Ni(1)–O(1)–Ni(2) 101.6(1)
O(11)–Ni(1)–N(1) 155.4(1) Ni(1)–O(1)–Ni(3) 102.5(1)
O(21)–Ni(1)–N(11) 157.4(1) Ni(1)–O(11)–Ni(2) 96.0(1)
O(1)–Ni(2)–O(51) 164.4(1) Ni(1)–O(11)–Ni(4) 93.4(1)
O(11)–Ni(2)–O(41) 166.5(1) Ni(1)–O(21)–Ni(3) 102.1(1)
O(31)–Ni(2)–N(2) 162.3(1) Ni(1)–O(21)–Ni(4) 94.8(1)
O(1)–Ni(3)–N(31) 162.0(1) Ni(2)–O(1)–Ni(3) 91.6(1)
O(21)–Ni(3)–O(42) 166.0(1) Ni(2)–O(11)–Ni(4) 102.4(1)
O(31)–Ni(3)–O(61) 165.5(1) Ni(2)–O(31)–Ni(3) 91.6(1)
O(11)–Ni(4)–N(22) 158.6(1) Ni(2)–O(31)–Ni(4) 103.6(1)
O(21)–Ni(4)–N(32) 155.5(1) Ni(3)–O(21)–Ni(4) 96.6(1)
O(31)–Ni(4)–N(12) 154.9(1) Ni(3)–O(31)–Ni(4) 100.4(1)
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Table 6. Established and possible hydrogen bonds for [Ni4(O2CMe)3{(2-py)2C(OH)O}4](O2CMe)·6H2O·MeCN (5·6H2O·MeCN).[a]

D–H···A D···A [Å] H···A [°] DHA [°] Symmetry operator of A

O(2)–H(O2)···O(62) 2.710 1.945 169.8 x, y, z
O(12)–H(O12)···O(51) 2.718 1.981 167.0 x, y, z
O(22)–H(O22)···O(61) 2.716 1.975 166.0 x, y, z
O(32)–H(O32)···O(52) 2.666 1.974 162.3 x, y, z
O(W1)–H(OW1A)···O(W6) 2.720 1.969 161.3 x, y, z
O(W1)–H(OW1B)···O(62) 2.900 1.951 163.5 x, y, z
O(W2)–H(OW2A)···O(71)[b] 2.628 1.614 154.4 –x + 1, –y + 1, –z + 1
O(W2)–H(OW2B)···O(W3) 2.451 1.625 157.4 –x, –y + 1, –z + 1
O(W3)···O(W4) 2.526 –x, –y + 1, –z + 1
O(W3)···O(W3) 2.863 –x, –y + 1, –z + 1
O(W4)···O(72)[b] 2.388 –x + 1, –y + 1, –z + 1
O(W5)···O(52) 3.151 x, y, z
O(W5)···O(W5A) 2.983 –x + 1, –y, –z
O(W5A)···O(41) 2.880 x, y, z
O(W5A)···O(52) 2.897 x, y, z
O(W5A)···O(W5A) 2.964 –x + 1, –y, –z
O(W6)···O(W6) 2.755 –x + 1, –y + 1, –z + 1
O(W6)···O(71)[b] 2.414 x, y, z

[a] A = acceptor; D = donor. [b] These oxygen atoms belong to the acetate counterion.

values for the corresponding bond lengths of other tetranu-
clear cubane NiIIclusters.[6a,7a,10,14]

There is an amount of hydrogen bonding in 1 (Table 3).
The donors are the aqua ligands and the hydroxy groups of
all the (2-py)2C(OH)O– ligands. A notable feature here is
that both uncoordinated and coordinated oxygen atoms of
the terminal acetate ligands participate in intracubane hy-
drogen bonds; of interest is also the fact that the hydroxy
oxygen atom O(2) acts both as a donor and an acceptor.

The cation [Ni4(O2CMe)3{(2-py)2C(OH)O}4]+ present in
complex 3·2H2O·2EtOH also has a cubane structure (Fig-
ure 5), with the η1:η3:η1µ3 (2-py)2C(OH)O– ligands (Fig-
ure 3) supplying the O atoms at the alternate sites of the
heterocubane. However, its structure is different from the
structure of the cation present in 1. There are no solvate
ligands and a third acetate is present. Two acetates are coor-
dinated to each of Ni(2) and Ni(4). The third acetate acts
as an 1,3-bridge (η1:η1:µ2) between Ni(2) and Ni(4); thus,
one face of the cube is capped by the µ2-bridging acetate
which lies across the face diagonally. The metal centers that
are bridged by the acetate ion have the shortest metal–metal
distance [Ni(2)···Ni(4) 2.970(2) Å]. There are two distinct
nickel sites in 3·2H2O.2EtOH. Two [Ni(1), Ni(3)] have an
O3N3 coordination sphere, while for the other two
[Ni(2),Ni(4)] the coordination environment is O5N. Three
Ni–O (alkoxide-type) distances are realized for Ni(1), Ni(2),
and Ni(4). One bond is short with an average of 2.035(6) Å,
one bond is relatively long with an average distance of
2.156(7) Å, while the third bond is of intermediate strength
[average Ni–O distance of 2.089(7) Å]. For Ni(3) one bond
is rather short to a distance of 2.045(7) Å, whereas the two
other bonds are longer [2.106(6), 2.100(7) Å]. As in 1, the
{Ni4O4} cube deviates from the ideal geometry. Since all
the hydrogen atoms of this complex were not located by
difference maps, we can not comment on the hydrogen
bonds.

The molecular structure of the cation [Ni4(O2CMe)3{(2-
py)2C(OH)O}4]+ present in complex 5·6H2O·MeCN (Fig-
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ure 6) is almost identical to that of the tetranuclear cation
with the same formula in complex 3·2H2O·2EtOH. Clearly,
the replacement of the ClO4

– counterion by the MeCO2
–

counterion and the change of the lattice solvate molecules
have very little structural effect. The crystal structure is sta-
bilized by a series of strong or relatively strong hydrogen
bonds with water solvate molecules as donors.

The molecular structure of the cations [Ni4(O2CMe)3-
{(2-py)2C(OH)O}4]+ of complexes 3·2H2O·2EtOH and
5·6H2O·MeCN is very similar to that of the same cation
present in complex [Ni4(O2CMe)3{(2-py)2C(OH)O}4]-
(ClO4)·8·25H2O.[7a]

Complexes 1, 3·2H2O·2EtOH and 5·6H2O·MeCN join a
family of polynuclear NiII complexes with (2-py)2CO-based
ligands, which currently comprises 12 clusters. The eight
previously characterized clusters (solvate molecules are
not indicated) are [Ni9(OH)2(O2CMe)8{(2-py)2CO2}4],[6f]

[Ni9(N3)2(O2CMe)8{(2-py)2CO2}4],[6f] [Ni4(O2CMe)3{(2-py)2-
C(OH)O}4](ClO4),[7a] [Ni4(O2CMe)4{(2-py)2C(OH)O}4],[7b]

[Ni4{(2-py)2C(OH)O}2{(2-py)2C(OEt)O}2(CH3CONHO)2]-
Cl2,[7b] where CH3CONHO– is the acetohydroxamate(–1) ion,
[Ni4{N(CN)2}2(O2CMe)2{(2-py)2C(OH)O}4],[6a] {K[Ni6-
(CO3)(N3)6(O2CMe)3{(2-py)2C(CH2CN)O}3]}2[K2(H2O)2],[15]

where (2-py)2C(CH2CN)O– is the monoanion of a ligand
generated in situ by the reaction of MeCN and (2-py)2CO
in the presence of tert-butoxide, [Ni4(N3)4{(2-py)2C(OH)-
O}4],[9h] and [Ni4(N3)2{(2-py)2C(OH)O}2{(2-py)2C(OMe)-
O}2(H2O)2](ClO4)2.[9i] From the tetranuclear clusters in the
above list, only complexes [Ni4(O2CMe)3{(2-py)2C(OH)-
O}4](ClO4),[7a] [Ni4{N(CN)2}2(O2CMe)2{(2-py)2C(OH)-
O}4],[6a] and the clusters 1, 3·2H2O·2EtOH, 5·6H2O·MeCN
reported in this work have a cubane structure.

[Ni4(O2CMe)4{(2-py)2C(OH)O}4]·2MeCN (4·2MeCN)

A partially labeled plot of the tetranuclear molecule of
compound 4 is shown in Figure 7. Selected interatomic dis-
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tances and angles are listed in Table 7, while hydrogen
bonding details are summarized in Table 8.

Table 7. Selected interatomic distances [Å] and angles [°] for
[Ni4(O2CMe)4{(2-py)2C(OH)O}4]·2MeCN (4·2MeCN).[a]

Ni(1)···Ni(1�) 3.178(1) Ni(2)–O(1) 2.023(3)
Ni(1)···Ni(2) 3.089(1) Ni(2)–O(3�) 2.101(3)
Ni(1)···Ni(2�) 3.273(1) Ni(2)–O(5) 2.025(3)
Ni(2)···Ni(2�) 5.515(1) Ni(2)–O(11) 2.157(3)
Ni(1)–O(1) 2.108(3) Ni(2)–N(2) 2.124(4)
Ni(1)–O(3) 2.061(3) Ni(2)–N(12) 2.089(3)
Ni(1)–O(11) 2.039(3) C(41)–O(3) 1.303(5)
Ni(1)–O(11�) 2.091(3) C(41)–O(4) 1.206(6)
Ni(1)–N(1) 2.051(3) C(43)–O(5) 1.262(5)
Ni(1)–N(11) 2.116(4) C(43)–O(6) 1.229(6)
O(1)–Ni(1)–O(3) 161.9(1) Ni(1)–O(1)–Ni(2) 96.8(1)
O(11)–Ni(1)–N(1) 158.6(1) Ni(1)–O(11)–Ni(2) 94.8(1)
O(11�)–Ni(1)–N(11) 153.2(1) Ni(1)–O(11)–Ni(1�) 100.6(1)
O(1)–Ni(2)–N(12) 155.8(1) Ni(1�)–O(11)–Ni(2) 100.8(1)
O(3�)–Ni(2)–N(2) 166.8(1) Ni(1)–O(3)–Ni(2�) 103.7(1)
O(5)–Ni(2)–O(11) 162.7(1)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x, –y + 2, –z.

Table 8. Details for the hydrogen bonding of complex [Ni4(O2CMe)4-
{(2-py)2C(OH)O}4]·2MeCN (4·2MeCN).[a]

D–H···A D···A H···A DHA Symmetry
[Å] [Å] [°] operator of A

O(2)–H(O2)···O(6)[b] 2.659 1.992 171.0 x, y, z
O(12)–H(O12)···O(1�)[b] 2.656 1.872 167.7 –x, –y + 2, –z

[a] A = acceptor; D = donor. [b] Intramolecular hydrogen bonds.

Complex 4·2MeCN crystallizes in monoclinic space
group P21/n. Its structure consists of centrosymmetric tetra-
nuclear [Ni4(O2CMe)4{(2-py)2C(OH)2O}4] molecules and
lattice MeCN molecules; the latter will not be further dis-
cussed. The four NiII ions are located at four vertices of a

Figure 7. Partially labeled ORTEP plot of the tetranuclear molecule present in complex 4·2MeCN. Primed and unprimed atoms are
related by the crystallographic inversion center. The defect dicubane core has been highlighted.
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defect dicubane (two cubanes sharing one face and each
missing one vertex, Figure 8) and bridged by means of O
atoms from the (2-py)2C(OH)O– ligands and two η2:µ2 ace-
tate ions (Figure 9). Peripheral ligation is provided by two
O atoms of two monodentate (η1, Figure 9) acetates and the
N atoms of the eight 2-pyridyl rings. Atoms O(11)/O(11�) of
two (2-py)2C(OH)O– ligands are triply bridging with dis-
tances to NiII ions of 2.039(3), 2.091(3), and 2.157(3) Å.
Atoms O(1)/O(1�) of the last two (2-py)2C(OH)O– ligands
are doubly bridging forming one strong bond to Ni(2)/
Ni(2�) [2.023(3) Å] and one weaker bond to Ni(1)/Ni(1�)
[2.108(3) Å]. The bridging Ni–Oacetate distances [2.061(3),
2.101(3) Å] are slightly asymmetric. The Ni–O bond lengths
for the bridging acetate oxygen are longer than the Ni(2)–
O(5) distance [2.025(3) Å] exhibited by the terminal acetate.
One O atom of each (2-py)2C(OH)O– ligand remains pro-
tonated and unbound to the metal ions. Therefore, two (2-
py)2C(OH)O– ligands adopt the η1:η3:η1:µ3 coordination
mode and the other two bind with the η1:η2:η1:µ2 mode.
Ni(1) and Ni(2) are also bridged by the O(3) atom of the
η2:µ2 acetate ligand. In the centrosymmetric tetramer two
types of octahedrally coordinated NiII ions can be distin-
guished, Ni(1) and Ni(2). The two chromophores are
Ni(1)(Oalkoxo)3(Oacetate)N2 and Ni(2)(Oalkoxo)2(Oacetate)2N2.

Complex 4 is the 13th member in the above-mentioned
family of structurally characterized NiII clusters with
(2-py)2CO-based ligands.[6a,f,7a,b,9h,i,15] Within this family,
complexes 4, [Ni4(O2CMe)4{(2-py)2C(OH)O}4] (as the
tetraethanol solvate),[7b] [Ni4{(2-py)2C(OH)O}2{(2-py)2-
C(OEt)O}2(CH3CONHO)2]Cl2,[7b] [Ni4(N3)4{(2-py)2-
C(OH)O}4],[9h] and [Ni4(N3)2{(2-py)2C(OH)O}2{(2-py)2-
C(OMe)O}2(H2O)2](ClO4)2

[9i] have a defect dicubane struc-
tural motif. Complex 4 has a remarkable structural similar-
ity with compound [Ni4(O2CMe)4{(2-py)2C(OH)O}4]·
4EtOH;[7b] only the crystal packing of this cluster differs.
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Figure 8. Labeled plot of the defect dicubane core present in com-
plex 4·2MeCN. Atoms O(3) and O(3�) originate from the η2:µ2 ace-
tates, while atoms O(1), O(1�), O(11), and O(11�) are the deproton-
ated oxygens of the (2-py)2C(OH)O– ligands.

Figure 9. The crystallographically established coordination modes
of the acetate ligands present in complex 4·2MeCN.

Tetranuclear NiII clusters with the defect dicubane unit
have been reported,[7b,9h,i,16] but these are significantly less
than the NiII cubanes.

IR Spectra

The prepared complexes exhibit medium to strong inten-
sity bands in the 3605–3150 cm–1 region, assignable to
ν(OH) vibrations of the (2-py)2C(OH)2, (2-py)2C(OH)O–,
H2O, and EtOH ligands/lattice molecules.[6a,9a] The broad-
ness and relatively low frequencies of these bands are both
indicative of hydrogen bonding.

The spectrum of 2·H2O exhibits a strong band at
1686 cm–1, assigned to ν(C=O) and suggesting that a cer-
tain amount of the organic ligand is present in its ketone
form. This mode is situated at the same wavenumber
(1684 cm–1) in the spectrum of free (2-py)2CO, confirming
the nonparticipation of the ketone group in the coordina-
tion in this complex. The spectra of 1 and 3–5 do not exhi-
bit bands in the region expected for ν(C=O) vibrations, with
the nearest IR absorptions at ca. 1600 cm–1 assigned as a
2-pyridyl stretching mode raised from 1582 cm–1 on coordi-
nation, as observed earlier[17] upon complex formation in-
volving hydration of di-2-pyridyl ketone.[17]

Several bands appear in the 1600–1400 cm–1 range in the
spectra of the complexes. Contributions from the MeCO2

–

νas(CO2) and νs(CO2) modes would be expected in this re-
gion, but overlap with the stretching vibrations of the 2-
pyridyl rings and δ(CH3) renders assignments tentative and
application of the spectroscopic criterion of Deacon and
Phillips[18] extremely difficult.
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The IR spectra of 1–3 exhibit medium or strong bands
at ca. 1100 and 620 cm–1, because of the ν3(F2) and ν4(F2)
modes of the uncoordinated Td ClO4

–, respectively.[19] The
ν3(F2) band is broadened and split, indicating the crystallo-
graphically established (at least for 1 and 2) involvement of
the ClO4

– ion in hydrogen bonding.[20]

Magnetic Studies

Solid-state dc magnetic susceptibility measurements were
performed on polycrystalline samples of the representative
complexes 1 and 4, under a constant field of 0.5 T in the
temperature range of 1.9 to 300 K.

The exchange coupling of four S = 1 centers results in n
= 34 = 81 molecular magnetic states that are split into 3
singlets (S = 0), 6 triplets (S = 1), 6 quintets (S = 2), 3
septets (S = 3), and 1 nonet (S = 4). Depending upon the
actual topology, these states can be degenerate (the case of
a perfect tetrahedron with a single exchange coupling con-
stant) or the degeneracy can be partially removed.

The structural parameters of 1 suggest a lower symmetry
than Td. The magnetic analyses were carried out using a 2-
J model and assuming that the tetranuclear structure results
from the association of two planar, doubly-bridged dimeric
units as shown in Figure 10. The intradimer interaction
(noted J1) is between Ni(1) and Ni(1�) on the one hand
and between Ni(2) and Ni(2�) on the other hand, while the
interdimer one is noted J2. The spin Hamiltonian for such a
model, reflecting the S4 symmetry, is given by Equation (7).

Figure 10. Core representation of the cation of 1 showing the coup-
ling scheme used in the magnetic model and the relative orientation
of the NiII spins in the ground state. The numbering scheme from
Figure 4 has been used.
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The Hamiltonian matrix in the basis set of coupled kets

|S1S1�S11�S2S2�S22�SM� is already diagonal, so that the en-
ergy levels are given[21] by a simple formula [Equation (8)],
where the last, constant term can be omitted.

The addition of the Zeeman term results in the formula
given by Equation (9), where a single, isotropic giso-factor
common to all magnetic centers occurs.

The identification of the van Vleck coefficients is now an
easy task, so that one can applythe van Vleck equation
(with a vanishing second-order term) to end up with an
analytical formula [Equation (10)] for the mean magnetic
susceptibility, where the physical constants in the reduced
Curie constant C0 = NAµ0µB

2/k adopt their usual meaning.

Figure 11 shows plots of the experimental data for 1 in
the form of µeff (effective magnetic moment) per complex,
χmol and χ–1

mol vs. T, respectively. The value of µeff at 300 K
is 6.13 µB per complex. As the temperature is lowered, µeff

experiences a slight increase, reaching a maximum value of
6.57 µB at 30 K, followed by a much sharper decline at
lower temperatures, 2.48 µB at 1.9 K. The best fit param-
eters (R = 0.055) are found to be J1 = 13.7 cm–1, J2 =
–1.4 cm–1, and giso = 2.14. Since the fit with J constants is
sufficient, there is no need to add D to the model, risking
an overparameterization. The experimental data show that
complex 1 can be described as two ferromagnetically cou-
pled Ni2 pairs that, in turn, are coupled antiferromag-
netically. The zero-field energy levels of 1 are shown in the
inset of Figure 11. One can observe that the width of the
energy band is less than ∆ε �100 cm–1. This means that at
ambient temperature a Curie law holds true owing to a uni-
form population of all energy levels. Upon cooling down,
some “magnetically less productive states” (singlets, triplets,
quintets) are depopulated and, thus, the overall “magnetic
productivity” is raised; under the term “magnetic produc-
tivity” we mean the contribution of the state g2M2exp[εB =
0(S)/kT] to the susceptibility function and/or the effective
magnetic moment. This point explains the maximum of µeff

at 30 K. However, the ground state is S = 0, because of the
antiferromagnetic coupling between the two dimeric units.
Consequently, the magnetic susceptibility exhibits a turning
point on cooling (at 5.0 K), below which it drops to zero.
Low-temperature data bring no evidence for the presence
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of a paramagnetic impurity in 1. It can not be excluded that
the zero-field splitting of the S � 1 states occurs, as the
D values (the axial zero-field splitting parameter), ranging
between D/k = –10 and +10 K, are typical for mononuclear
NiII complexes on departure from the octahedral geome-
try.[22] The involvement of the local anisotropy through the
axial zero-field splitting parameter led to a rather slight im-
provement of the data-fit (R = 0.0082) with magnetic pa-
rameters J1 = 11.7 cm–1, J2 = –1.3 cm–1, giso = 2.16, and
DNi = –2.8 cm–1. The obtained DNi parameter lies at the
limit of its detection from the susceptibility data; moreover,
it has been obtained by assuming all the D tensors are col-
linear, the negligible g-tensor anisotropy, and neglect of the
pair-interaction DNi–Ni parameters (the asymmetric ex-
change) that are inconsistent approximations.[22]

Figure 11. Plots of experimental (open circles) µeff (left), χmol (right
up) and χmol

–1 (right bottom) vs. T per molecule of 1. The filled
circles and the solid lines are the fits to the experimental data (see
text for details). Inset: calculated energy levels for individual total
spins.

The lowest temperature data (below 5 K) can suffer from
eventual saturation effects; when the magnetization ap-
proaches saturation, the apparent susceptibility χ = µ0M/B
decreases substantially [the true differential susceptibility, χ̃
= µ0(�M/�B), as measured by the alternating-current sus-
ceptometer, then drops to zero]. Finally, some molecular
field correction, accounting for the weak intercluster inter-
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actions can contribute to the low-temperature data. All of
these effects are assumed to be of secondary importance
and they do not alter the main conclusion for 1, i.e. that
the intradimer coupling is of ferromagnetic nature, whereas
the interdimer interaction is antiferromagnetic.

It should be mentioned at this point that the most impor-
tant parameter in the magnetostructural correlation of tet-
ranuclear nickel() clusters possessing the {Ni4(µ3-OR)4}4+

cubane core has been reported[6a,10c,14e–h,14k–14n] to be the
average Ni–O–Ni angle of a cubane face. A ferromagnetic
exchange interaction is observed for Ni–O–Ni angles lower
than ca. 99° and the J value increases as the angle decreases.
On the other hand, Ni–O–Ni angles in the vicinity of, and
larger than, 99° lead to an antiferromagnetic interaction
and the |J| value increases as the angle increases. Accord-
ingly, a linear correlation between J and the Ni–O–Ni angle
has been reported.[14e] The J1 and J2 values for 1 are in line
with the previous studies mentioned above. The mean Ni–
O–Ni angle for the pairs described by J1 is 96.6°, thus the
coupling is predicted to be ferromagnetic, and indeed, it is
(J1 = 13.7 cm–1). The value of the ferromagnetic parameter
J1 matches satisfactorily the linear dependence report-
ed.[14e,h,l] The mean Ni–O–Ni value of 100.0° for the re-
maining four faces of the cube justifies the weak antiferro-
magnetic value of J2 (–1.4 cm–1).

Magnetically, the closest precedents of complex 1 are the
cubanes [Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)[7a] and
[Ni4(O2CCMe3)4(Mq)4] (Mq = 1,8-hydroxyquinaldin-
ate);[14n] their behavior was interpreted on the basis of two
pairs of ferromagnetically coupled dimers that couple anti-
ferromagnetically to give a diamagnetic ground state.

Variable-temperature magnetic data for complex 4 are
presented in Figure 12. As the temperature is lowered, µeff

experiences a very slight increase from µeff = 5.71 µB at
300 K (it practically has a constant value), reaching a broad
maximum of µeff = 5.79 µB at 90 K, followed by a much
sharper decline at lower temperatures, down to µeff =
1.33 µB at 1.9 K. Considering the cluster topology and core
connectivity, the magnetic data were analyzed with the spin
Hamiltonian given in Equation (11) [the spin numbering
follows the NiII ions in Figure 8],

where J1 is assigned to the Ni(1)···Ni(1�) interaction of
the central pair, J2 to the Ni(1)···Ni(2�) [Ni(1�)···Ni(2)] in-
teraction, and J3 to the Ni(1)···Ni(2) [Ni(1�)···Ni(2�)] ex-
change interaction. The above Hamiltonian cannot be
taken to a diagonal form so that we are left with the diago-
nalization of its matrix elements and a numerical finding of
the van Vleck coefficients that enter the formula for the
magnetic susceptibility.[23] The best-fit parameters (R =
0.030) are: J1 = –5.0 cm–1, J2 = –4.8 cm–1, J3 = 15.3 cm–1

with g = 2.00. The involvement of the local anisotropy
through the axial zero-field splitting parameter DNi led only
to a slight improvement of the data-fit (R = 0.018) with
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magnetic parameters J1 = –5.3 cm–1, J2 = –4.6 cm–1, J3 =
15.7 cm–1, g = 2.00, and DNi = –2.0 cm–1.

Figure 12. Plots of experimental (open circles) µeff (left), χmol (right
up) and χmol

–1 (right bottom) vs. T per molecule of 4. The filled
circles and the solid lines are the fits to the experimental data (see
text for details). Inset: calculated energy levels for individual total
spins.

The calculated zero-field, total spin energy levels of com-
plex 4 are shown in the inset of Figure 12. Approaching
room temperature, all the levels are equally populated, so
that we end up with Curie law behavior. On cooling, how-
ever, some magnetically less productive states are depopu-
lated and, thus, the overall magnetic productivity rises. This
explains the shallow maximum of µeff at about 90 K. Upon
further cooling below 40 K, the S = 4, S = 3, S = 2, and
S = 1 states are gradually depopulated and, therefore, the
effective magnetic moment drops to zero. Because of the S
= 0 ground state, a turning point exists at 11 K in the χmol

vs. T curve upon cooling.
The signs of the J values are in line with the already

mentioned magnetostructural correlation for nickel() clus-
ters. The double oxygen bridge [Ni(1)–O(1)–Ni(2) and
Ni(1)–O(11)–Ni(2)], which mediates the positive J3 ex-
change interaction, has angles of 96.8 and 94.8° that are
known to lead to ferromagnetic interactions.[16a] The other
two weak antiferromagnetic exchange interactions of –5.0
(J1) and –4.8 (J2) are associated with angles in the range
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100.6–103.7°; such angles are expected to lead to weak anti-
ferromagnetic interactions.[24] In the three previously char-
acterized[16a,16b] tetranuclear defect dicubane NiII clusters
possessing exclusively oxygen monoatomic bridges, ferromag-
netic exchange interactions have been observed leading to
a S = 4 ground state. However, in the present case of 4,
competing ferromagnetic and antiferromagnetic interac-
tions are observed as a result of the two different types of
Ni–O–Ni angle values, those at 94.8 and 96.8°, and those
between 100.6 and 103.7°. This result further emphasizes
the sensitivity of both ferromagnetic and antiferromagnetic
exchange interactions with respect to the Ni–O–Ni angles.

Conclusions and Perspectives

The further use of di-2-pyridyl ketone in nickel() acetate
chemistry has provided access to five new complexes, four
tetranuclear and one mononuclear. The structure of 2 is
novel in the coordination chemistry of di-2-pyridyl ketone,
because this complex constitutes the first example of any
metal, in which both the ketone and the gem-diol forms co-
exist as ligands. Complexes 1 and 3–5 are valuable additions
to the chemistry of tetranuclear NiII clusters; with their
structural characterization, and bearing in mind the rel-
evant literature,[7a,7b] the cubane and the defect dicubane
topologies can now be considered as general structural mo-
tifs in NiII/MeCO2

–/(2-py)2CO chemistry. For two clusters
(1, 4) under investigation we have derived the exchange
couplings between NiII ions. In both cases, the coupling is
mediated by the µ-oxygen bridges and one can draw some
correlations between the coupling sign and the Ni–O–Ni
angles; as has been shown previously, there is a clear trend
with ferromagnetic coupling observed for small Ni–O–Ni
angles and antiferromagnetic couplings at higher angles. Al-
though 1 and 4 have been found to possess an S = 0 ground
state, the bridging modes of (2-py)2C(OH)O– nevertheless
suggest possibilities for other Nix species that might exist
(e.g. clusters containing SO4

2– instead of MeCO2
–) and that

may have high-spin ground states.
Analogues of compounds 1 and 3–5 with pivalates or

benzoates are not known, at least to date, and it is currently
not evident whether the preparation and stability of such
cubanes are dependent on the particular nature of the car-
boxylate ligand. The two terminal acetates present in the
structures of 1 and 3–5 and the aqua ligands in 1 could
have future utility as sites for facile incorporation of other
monodentate ligands by metathesis or as a means to access
higher-nuclearity species by using bis(monodentate) bridg-
ing aromatic heterocycles or α,ω-dicarboxylates. Work is in
progress to clarify these matters.

Experimental Section
Materials and Physical Measurements: All manipulations were per-
formed under aerobic conditions using materials and solvents
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(Merck, Aldrich) as received. Elemental analyses (C, H, N) were
performed by the University of Ioannina (Greece) Microanalytical
Service using an EA 108 Carlo Erba analyzer. IR spectra (4000–
450 cm–1) were recorded with a Perkin–Elmer PC 16 FT-IR spec-
trometer with samples prepared as KBr pellets. Magnetic suscep-
tibility measurements in the 1.9–300 K range under a field of 0.5 T
were performed with a Quantum Design SQUID-based MPMSXL-
5-type magnetometer. The magnetometer was calibrated with a pal-
ladium rod sample (Materials Research Corporation, measured pu-
rity 99.9985%). The measurements were carried out on polycrystal-
line samples. Data were corrected for diamagnetic contributions
using Pascal’s constants; the temperature-independent paramagne-
tism of the NiII ion was considered to be Nα = 2.5·10–9 m3 mol–1

(SI units).

CAUTION: Although no such tendency was observed during the
present work, perchlorate salts are potentially explosive and should
be handled with care and in small quantities.

[Ni4(O2CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2 (1): A solution of
(2-py)2CO (0.100 g, 0.54 mmol) in H2O (3 mL) was added to an
aqueous solution (6 mL) of Ni(O2CMe)2·4H2O (0.200 g,
0.80 mmol) and NaClO4 (0.099 g, 0.81 mmol). The resulting green
solution was stirred for about 10 min and was then allowed to
slowly concentrate by solvent evaporation at room temperature for
a period of 8–10 d. Well-formed green needles appeared that were
collected by filtration, washed with Me2CO (2 ×3 mL) and dried in
air. Yield (based on the ligand): 0.121 g (64%). C48H46Cl2N8Ni4O22

(1392.67): calcd. C 41.39, H 3.34, N 8.05; found C 41.60, H 3.40,
N 7.89. Crystals of the product were also obtained by layering the
initial aqueous reaction solution with a double volume of Me2CO
(18 mL). IR data (KBr pellet): ν̃ = 3420 cm–1 (s, broad), 3051 (w),
2923 (w), 1604 (s), 1576 (s), 1470 (sh), 1430 (s), 1342 (w), 1290 (w),
1260 (w), 1220 (m), 1122 (s), 1082 (s), 1048 (m), 1022 (sh), 960 (m),
904 (w), 806 (w), 782 (sh), 768 (m), 682 (m), 626 (m), 598 (w), 516
(w), 470 (w) cm–1.

[Ni(O2CMe){(2-py)2C(OH)2}{(2-py)2CO}](ClO4)·H2O (2·H2O): An
aqueous, green solution (5 mL) containing Ni(O2CMe)2·4H2O
(0.062 g, 0.25 mmol) and NaClO4 (0.061 g, 0.50 mmol) were slowly
added to a solution of (2-py)2CO (0.092 g, 0.50 mmol) in H2O
(2.5 mL). A noticeable color change from green to mauve occurred.
The resulting mauve solution was stirred for about 10 min and was
then allowed to slowly concentrate by solvent evaporation at room
temperature for a period of 5–7 d. An approximately 3:1 mixture of
brown-red and mauve crystals formed. The crystals were carefully
collected by filtration. The two products were readily separable
manually, and the brown-red and mauve crystals proved by single-
crystal X-ray crystallography to be complexes 2·H2O and [Ni{(2-
py)2C(OH)O}{(2-py)2C(OH)2}]2[Ni{(2-py)2C(OH)O}2](ClO4)2·
7H2O,[11] respectively. Yields for 2·H2O (based on NiII) as high as
0.085 g (55%) were obtained. A batch of brown-red crystals was
used for analyses and IR spectroscopy. C24H23ClN4NiO10 (621.62):
calcd. C 46.40, H 3.74, N 9.02; found C 46.51, H 3.60, N 8.86. IR
data (KBr pellet): ν̃ = 3604 cm–1 (m), 3476 (m, broad), 3352 (m,
broad), 3082 (w), 3005 (w), 2910 (w), 1686 (s), 1650 (m), 1602 (s),
1574 (m), 1464 (sh), 1442 (s), 1430 (sh), 1318 (s), 1288 (m), 1272
(w), 1232 (m), 1168 (m), 1156 (m), 1104 (s, broad), 1088 (s), 1062
(sh), 1022 (m), 944 (m), 914 (m), 828 (m), 806 (m), 778 (sh), 760
(s), 690 (m), 668 (s), 644 (sh), 624 (s), 576 (m), 512 (w) cm–1.

[Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)·2H2O·2EtOH (3·2H2O·
2EtOH): A solution of (2-py)2CO (0.092 g, 0.50 mmol) in EtOH
(10 mL) was added dropwise to a slurry of NaClO4 (0.031 g,
0.25 mmol) in the same solvent (15 mL). The obtained slurry was
added to a green solution of Ni(O2CMe)2·4H2O (0.124 g,
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0.50 mmol) in EtOH (20 mL). Solid NaClO4 soon dissolved. The
resulting solution was stirred for 45 min at room temperature and
allowed to stand undisturbed in a closed flask for 2 d. Well-formed
green crystals appeared, which were collected by filtration, washed
with ice-cold EtOH (1 mL) and Et2O (2×3 mL) and dried in vacuo
with silica gel. Yield (based on NiII): 0.120 g (71%). The dried solid
analyzed as EtOH-free 3·2H2O. C50H49ClN8Ni4O20 (1352.36):
calcd. C 44.40, H 3.66, N 8.29; found C 44.51, H 3.49, N 8.25. The
obtained crystals were good diffractors of X-rays, as long as they
were kept in contact with the mother liquor to prevent EtOH loss.
IR data for the dried sample (KBr pellet): ν̃ = 3425 cm–1 (m,
broad), 3085 (w, broad), 3017 (w), 2928 (w), 1590 (s, broad), 1443
(sh), 1430 (s), 1341 (w), 1296 (w), 1263 (w), 1218 (m), 1162 (sh),
1082 (s, broad), 1050 (sh), 1012 (sh), 958 (m), 804 (w), 760 (m,
broad), 680 (m), 618 (m), 543 (w), 500 (w), 465 (w) cm–1.

[Ni4(O2CMe)4{(2-py)2C(OH)O}4]·2MeCN (4·2MeCN): An almost
colorless solution of (2-py)2CO (0.100 g, 0.54 mmol) in MeCN
(10 mL) was added dropwise to a pale green slurry of Ni(O2CMe)2·
4H2O (0.135 g, 0.54 mmol) in the same solvent (15 mL). The color
of the reaction mixture did not change. The mixture was refluxed
for 1 h and 45 min, a small quantity of undissolved green material
removed by filtration and the filtrate layered with Et2O (50 mL).
Slow mixing gave X-ray quality green crystals of the product. The
crystals were collected by filtration, washed with ice-cold MeCN
(1 mL) and Et2O (2 ×2 mL), and dried in vacuo with silica gel.
Yield (based on NiII): 0.128 g (74%). The dried solid analyzed satis-
factorily as MeCN-free 4. C52H48O16N8Ni4 (1275.92): calcd. C

Table 9. Crystal data and structure refinement for [Ni4(O2CMe)2{(2-py)2C(OH)O}4(H2O)2](ClO4)2 (1), [Ni(O2CMe){(2-py)2C(OH)2}{(2-
py)2CO}](ClO4)·H2O (2·H2O), and [Ni4(O2CMe)3{(2-py)2C(OH)O}4](ClO4)·2H2O·2EtOH (3·2H2O·2EtOH).

1 2·H2O 3·2H2O·2EtOH

Empirical formula C48H46Cl2Ni4N8O22 C24H23ClNiN4O10 C54H61ClNi4N8O22

Mol. mass 1392.67 621.62 1444.40
Color and habit green needles brown-red prisms green prisms
Crystal size [mm] 0.10×0.20×0.30 0.08×0.18×0.30 0.08×0.40×0.55
Crystal system monoclinic monoclinic triclinic
Space group C2/c P21 P1̄
a [Å] 23.258(7) 9.700(1) 11.964(7)
b [Å] 12.097(4) 14.183(1) 13.238(7)
c [Å] 21.312(7) 10.252(1) 19.26(1)
α [°] 90 90 96.37(2)
β [°] 116.97(1) 108.15(1) 93.22(2)
γ [°] 90 90 99.38(2)
V [Å3] 5344(3) 1340.3(2) 2982(3)
Z 4 2 2
ρcalcd. [g cm–3] 1.731 1.540 1.609
T [°C] 25 25 25
λ [Mο-Ka] [Å] 0.71073 0.71073
λ [Cu-Ka] [Å] 1.54180
µ [mm–1] 1.578 2.523 1.374
F (000) 2848 640 1492
2θmax [°] 50.00 134.78 44.98
Index ranges –27 � h � 0 0 � h � 10 –11 � h � 11

–14 � k � 0 –16 � k � 13 0 � k � 14
–21 � l � 25 –12 � l � 11 –18 � l � 20

No. of reflections collected 4750 3663 6186
No. of independent reflections/Rint. 4645/0.0290 3360/0.0205 5861/0.0363
Data with I � 2σ(I) 3479 3360 4417
Parameters refined 479 462 772
[∆/σ]max 0.029 0.011 0.017
Goodness-of-fit on F2 1.126 1.061 1.027
[R1][a] 0.0488 0.0363 0.0711
wR2

[b] 0.1200 0.0994 0.1788
Residuals [e Å–3] 0.918/–0.348 0.409/–0.366 0.936/–0.591

[a] R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|). [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

Eur. J. Inorg. Chem. 2006, 2236–2252 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2249

48.95, H 3.80, N 8.78; found C 48.99, H 3.67, N 8.86. Crystals of
the same product could also be isolated, by allowing the initial
MeCN solution to slowly evaporate at room temperature. The crys-
tals of 4·2MeCN were found to lose solvent rapidly, and they were
kept in the mother liquor until a suitable crystal had been found for
X-ray crystallography. IR data for the dried sample (KBr pellet): ν̃
= 3418 cm–1 (m, broad), 3072 (m), 3025 (w), 2983 (w), 2806 (m,
broad), 1638 (sh), 1602 (s), 1574 (s), 1454 (sh), 1438 (sh), 1412 (s),
1370 (m), 1306 (s), 1262 (w), 1210 (s), 1154 (m), 1120 (sh), 1098
(s), 1066 (s), 1046 (sh), 1020 (s), 958 (m), 926 (w), 900 (w), 806 (m),
782 (sh), 764 (s), 684 (s), 656 (s), 640 (sh), 602 (m), 536 (sh), 508
(m), 478 (m) cm–1.

[Ni4(O2CMe)3{(2-py)2C(OH)O}4](O2CMe)·6H2O·MeCN (5·6H2O·
MeCN): EtOH (15 mL) and MeCN (5 mL) were added to a solid
mixture containing Ni(O2CMe)2·4H2O (0.124 g, 0.50 mmol),
(2-py)2CO (0.092 g, 0.50 mmol), and LiOH·H2O (0.021 g,
0.50 mmol). Most of the quantities of the solids dissolved upon
reflux for 30 min and a cloudy green “solution” was obtained. This
was filtered and the solvents were then evaporated under reduced
pressure at 35 °C. The obtained residue was dissolved in MeCN
(8 mL), filtered and the closed reaction flask containing the filtrate
was stored in the refrigerator (ca. 5 °C) for a period of one month.
X-ray quality green needles formed, which were collected by fil-
tration, washed with Et2O (3 mL), and dried in air. Yield (based
on NiII): 0.080 g (46%). The air-dried solid analyzed satisfactorily
as MeCN-free 5·6H2O. C52H60O22N8Ni4 (1384.04): calcd. C 45.12,
H 4.38, N 8.10; found C 44.91, H 4.41, N 8.02. The crystals of the
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product were found to lose MeCN readily, and they were main-
tained in the mother liquor for X-ray crystallography. IR data for
the analytically pure sample (KBr pellet): ν̃ = 3406 cm–1 (m,
broad), 3149 (w, broad), 3065 (w, broad), 2925 (w), 2851 (w), 1625
(sh), 1573 (s, broad), 1429 (s, broad), 1402 (m), 1335 (w), 1293 (w),
1215 (m), 1160 (w), 1120 (w), 1080 (m), 1049 (sh), 957 (w), 795
(sh), 770 (m), 675 (m), 660 (sh), 604 (w), 516 (w), 462 (w) cm–1.

X-ray Crystallographic Studies: Crystals of 1, 3·2H2O·2EtOH,
4·2MeCN, and 5·6H2O·MeCN were mounted in capillaries filled
with drops of mother liquor, while crystals of 2·H2O were stable
and mounted in air. Diffraction measurements for 1,
3·2H2O·2EtOH, 4·2MeCN, and 5·6H2O·MeCN were made on a
Crystal Logic Dual Goniometer diffractometer using graphite–mo-
nochromated Mo-Kα radiation. The X-ray data set for 2·H2O was
collected with a P21 Nicolet diffractometer upgraded by Crystal
Logic using graphite–monochromated Cu-Kα radiation. Complete
crystal data and parameters for data collection and refinement are
listed in Table 9 and Table 10. Unit cell dimensions were deter-
mined and refined by using the angular settings of 25 automatically
centered reflections in the ranges 11° � 2θ � 23° (for 1,
3·2H2O·2EtOH, 4·2MeCN, and 5·6H2O·MeCN) and 22° � 2θ �

54° (for 2·H2O). Intensity data were recorded using the θ-2θ scan
method. Three standard reflections monitored every 97 reflections
showed less than 3% variation and no decay. Lorentz, polarization,
and Ψ-scan absorption (for 2·H2O, 3·2H2O·2EtOH, and 4·2MeCN)
were applied using the Crystal Logic software package. The struc-
tures were solved by direct methods using SHELXS-86[25a] and re-

Table 10. Crystal data and structure refinement for [Ni4(O2CMe)4{(2-py)2C(OH)O}4]·2MeCN (4·2MeCN) and [Ni4(O2CMe)3{(2-py)2-
C(OH)O}4](O2CMe)·6H2O·MeCN (5·6H2O·MeCN).

4·2MeCN 5·6H2O·MeCN

Empirical formula C56H54Ni4N10O16 C54H63Ni4N9O22

Mol. mass 1357.94 1424.97
Color and habit greenish prisms green needles
Crystal size [mm] 0.15×0.25×0.50 0.10×0.20×0.50
Crystal system monoclinic triclinic
Space group P21/n P1̄
a [Å] 10.343(5) 11.793(4)
b [Å] 12.644(7) 12.863(5)
c [Å] 22.39(1) 20.531(8)
α [°] 90 74.87(2)
β [°] 95.30(2) 85.48(1)
γ [°] 90 79.70(2)
V [Å3] 2915(3) 2956.3(2)
Z 2 2
ρcalcd. [g cm–3] 1.547 1.601
T [°C] 25 25
λ [Mο-Ka] [Å] 0.71073 0.71073
µ [mm–1] 1.350 1.342
F (000) 1400 1476
2θmax [°] 50.00 50.00
Index ranges –12 � h � 0 –14 � h � 0

–15 � k � 0 –15 � k � 15
–26 � l � 26 –24 � l � 24

No. of reflections collected 5441 10956
No. of independent reflections/Rint. 5138/0.0228 10402/0.0110
Data with I � 2σ(I) 3685 8546
Parameters refined 447 943
[∆/σ]max 0.019 0.014
Goodness-of-fit on F2 1.052 1.044
[R1][a] 0.0427 0.0420
wR2

[b] 0.1104 0.1058
Residuals [e Å–3] 0.941/–0.487 0.959/–0.939

[a] R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|). [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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fined by full-matrix least-squares techniques on F2 with SHELXL-
97.[25b] For complexes 2·H2O and 3·2H2O·2EtOH, the reflections
to parameters ratio is relatively low. For the former a full data set
was collected for a quarter of the sphere of reflections to 2θ = 135°
(for Cu radiation). When the structure was solved it proved to be-
long to the noncentrosymmetric monoclinic space group P21. The
collection of additional data was continued for a second quarter of
the reflections sphere only until 2θ = 95°, because the complex is
mononuclear and its structural characterization was valuable
mainly in terms of our synthetic efforts. For the latter the data
collection was stopped at 2θ = 45° (for Mo radiation), because the
molecular structure of the cation present in 3·2H2O·2EtOH is al-
most identical to that of the cation with the same formula in com-
plex 5·6H2O·MeCN, for which a full data set to 2θ = 50° had al-
ready been collected. For all the structures the ordered non-hydro-
gen atoms were refined anisotropically. In the case of 1, the chlorine
atoms and one of the perchlorate oxygen atoms were found to be
disordered and refined anisotropically over two positions with oc-
cupation factors fixed at 0.50. Three of the perchlorate oxygen
atoms of 2·H2O were found to be disordered and refined in two
orientations with occupation factors summing one. In the structure
of 3·2H2O·2EtOH the solvate molecules were refined isotropically,
while the methyl group of one of the acetate ligands was found
to be disordered and refined isotropically over two positions with
occupation factors summing one. The non-hydrogen atoms of the
MeCN solvate molecules of 4·2MeCN were refined isotropically.
For 1, 2·H2O, 4·2MeCN, and 5·6H2O·MeCN, all hydrogen atoms
were located by difference maps and were refined isotropically, ex-
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cept those of the acetate ligands which were introduced at calcu-
lated positions as riding on bonded atoms; no hydrogen atoms for
the water solvate molecule of 2·H2O were included in the refine-
ment. All hydrogen atoms of 3·2H2O·2EtOH were introduced at
calculated positions as riding on their respective bonded atoms.
CCDC-278891, -278892, -278893, -278894, and CCDC-278895
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Note Added in Proof (March 22, 2006): After this paper had been
submitted, the single-crystal X-ray structure of complex 1 was pub-
lished. The complex was prepared in MeOH under reflux; however,
no magnetic studies for this cluster were reported (Y.-M. Li, J.-J.
Zhang, R.-B. Fu, S.-C. Xiang, T.-L. Sheng, D.-Q. Yuan, X.-H. Hu-
ang, X.-T. Wu, Polyhedron, DOI: 10.1016/j.poly.2005.11.002).
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Two hydrothermally synthesised 3D metal-coordination poly-
mers, namely [Cu(isonicotinate)(nicotinate)]n (1), with an 8-
connected CsCl topology, and [Cu2(µ3-OH)(isonicotinate)2-
(BDC)0.5]n (2), with an unusual 8-connected 35.411.58.64 top-
ology, demonstrate that highly connected SBUs can be em-

Introduction

Recent studies on inorganic/organic hybrid materials, es-
pecially in the area of metal–ligand coordination frame-
work polymers, have enriched crystal engineering and have
provided a wide range of inorganic networks in the solid
state.[1] A large number of the lowly connected network top-
ologies depicted by Wells[2] are commonly found in frame-
work materials such as zeolites and in coordination poly-
mers.[3] However, highly connected topologies are still a
major challenge to chemists because the construction of
such systems is severely hampered by the available number
of coordination sites at the metal centres and the steric de-
mand of the organic ligands. Yaghi et al. have developed a
SBU (secondary building unit) strategy to direct the as-
sembly of metal–organic frameworks (MOFs), which has
been widely used for understanding and predicting struc-
tural topologies.[4] Most recently, Champness et al. have
successfully obtained a series of highly connected topolog-
ies by selecting high coordinate lanthanide metals and flexi-
ble 4,4�-bipyridine-N,N�-dioxide ligands.[5] Although a large
number of crystalline materials constructed from SBUs and
linkers have been reported, the construction of highly con-
nected topologies based on highly connected SBUs are
extremely rare.[6] Compared with complexes with d- or
f-block metal nodes, complexes with metal cluster nodes
generally have weak metal–metal interactions and some
interesting physical properties, such as luminescence and
magnetism. We report here two novel polymers, namely
[Cu(isonicotinate)(nicotinate)]n (1) and [Cu2(µ3-OH)(iso-
nicotinate)2(BDC)0.5]n (2; BDC = 1,3-benzenedicarbox-
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ployed in the construction of complicated frameworks. The
temperature-dependent magnetic susceptibilities for the two
complexes were also determined.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ylate), which exhibit 8-connected CsCl and non-CsCl
topologies, respectively.

Results and Discussion

X-ray Crystal Structure of [Cu(isonicotinate)(nicotinate)]n
(1)

The single-crystal X-ray structure of complex 1 reveals
that it adopts a 3D structure consisting of dimetallic clus-
ters bridged by both nicotinate and isonicotinate ligands.
Each CuII cation exhibits a distorted trigonal-bipyramidal
geometry with an N2O3 coordination sphere from three nic-
otinate ligands and two isonicotinate ligands (Figure 1 and
Table 1). Nicotinate acts as a µ3-ligand with its carboxylate
group bridging two Cu atoms that are separated by 4.330 Å.
As shown in Figure 2 (a), the nicotinate ligands bridge the
dinuclear copper clusters to form a 2D sheet parallel to the
bc plane. The isonicotinate ligand bridges the Cu centres
through one O donor and one N donor to form a zigzag
chain in a head-to-tail manner. These chains are also linked
by the carboxylate group of nicotinate ligands to form an-
other 2D sheet almost parallel to the ab plane (Figure 2, b).
In other words, each dinuclear copper cluster binds to four
nicotinate ligands and four isonicotinate ligands simulta-
neously.

Figure 1. An ORTEP drawing of the molecular structure of com-
plex 1. For definition of i, ii and iii see footnote a in Table 1.
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Table 1. Selected bond lengths [Å] and angles [°] for 1 and 2.

Complex 1[a]

Cu1–O2i 1.955(4) Cu1–N2 2.037(5)
Cu1–O3ii 1.999(4) Cu1–O1iii 2.248(5)
Cu1–N1 2.031(5)
O2i–Cu1–O3ii 152.4(2) N1–Cu1–N2 174.2(2)
O2i–Cu1–N1 91.1(2) O2i–Cu1–O1iii 115.24(18)
O3ii–Cu1–N1 89.3(2) O3ii–Cu1–O1iii 92.34(18)
O2i–Cu1–N2 94.5(2) N1–Cu1–O1iii 86.9(2)
O3ii–Cu1–N2 86.4(2) N2–Cu1–O1iii 89.4(2)

Complex 2[b]

Cu1–O3i 1.9687(14) Cu2–O6iii 1.9062(14)
Cu1–O7 2.0015(14) Cu2–O7iii 1.9659(14)
Cu1–N2ii 2.0045(17) Cu2–O7 1.9702(15)
Cu1–O1 2.0431(14) Cu2–N1 1.9828(16)
Cu1–O5 2.1844(15) Cu2–Cu2iii 3.0057(6)
O3i–Cu1–O7 91.78(6) N2ii–Cu1–O5 88.79(6)
O3i–Cu1–N2ii 91.38(6) O1–Cu1–O5 100.61(6)
O7–Cu1–N2ii 176.31(6) O6iii–Cu2–O7iii 94.14(6)
O3i–Cu1–O1 157.30(6) O6iii–Cu2–O7 169.31(6)
O7–Cu1–O1 87.20(6) O7iii–Cu2–O7 80.43(6)
N2ii–Cu1–O1 89.15(6) O6iii–Cu2–N1 89.49(7)
O3i–Cu1–O5 102.09(6) O7iii–Cu2–N1 169.15(6)
O7–Cu1–O5 92.42(6) O7–Cu2–N1 97.53(6)

[a] Symmetry codes: (i) 1 – x, 1/2 + y, –1/2 – z; (ii) 2 – x, –1/2 + y,
1/2 – z; (iii) x, 1/2 – y, 1/2 + z. [b] Symmetry codes: (i) 1 – x, 1 –
y, –z; (ii) 1/2 – x, 1/2 + y, 1/2 – z; (iii) 1/2 – x, 1/2 – y, –z.

According to the concept of SBUs, this structure can be
reduced to a schematic that rationalizes the structure as the
assembly of [Cu2(CO2)2O2N4] SBUs, as shown in Figure 2
(c). Each SBU has eight vertices to eight adjacent SBUs. By
treating the SBU as a single node and connecting the nodes
according to the connectivity defined by nicotinate and
isonicotinate ligands, a CsCl-like 3D network sustained by
8-connected nodes is formed, as illustrated in Figure 3. Al-
though there is only one type of node in this net, there are
two different links, identified by two different node–node
distances (8.351 and 10.774 Å). The isonicotinate ligand de-
fines the longer node–node distance and connects the nodes
into a (4,4) 2D net, while the nicotinate ligand defines the
shorter node–node distance and connects the nodes into
another (4,4) 2D net parallel to the bc plane. These two
types of nets intersect at an angle of 75.65° to generate the

Figure 2. (a) View of the 2D (4,4) net constructed from dimetallic clusters and nicotinate ligands; (b) view of the 2D (4,4) net constructed
from dimetallic clusters and isonicotinate ligands; (c) view of the 8-connected SBU in complex 1, illustrating the connections to eight
neighbours.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2253–22582254

distorted CsCl net. To the best of our knowledge, this is
the first transition metal complex with this unusual CsCl
topology.

Figure 3. (a) The 3D packing structure of 1; (b) schematic represen-
tation of the distorted CsCl net in complex 1.

X-ray Crystal Structure of [Cu2(µ3-OH)(isonicotinate)2-
(BDC)0.5]n (2)

The single-crystal X-ray diffraction study showed that
complex 2 consists of tetranuclear CuII clusters linked by
isonicotinate and the BDC ligand. As shown in Figure 4,
the tetranuclear cluster contains two independent Cu
centres: one Cu centre (Cu1) has a distorted trigonal-bipy-
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ramidal geometry and is bound by one BDC ligand, three
different isonicotinate ligands and one hydroxide ion,
whereas the other Cu centre (Cu2) has a distorted square-
pyramidal geometry and is bound by one BDC ligand, two
independent isonicotinate ligands and two hydroxide ions.
A pair of CuO4N square-pyramidal polyhedra share an
edge with each other and a corner with two CuO4N trigo-
nal-bipyramidal polyhedra through two µ3-hydroxy groups
(Figure 5, e). The centre of inversion is situated in the mid-
dle of the two µ3-hydroxy groups. The four copper ions,
which lie on a plane, form an approximate parallelogram.
Two µ3-hydroxy groups bridge four Cu centres with an ad-
jacent Cu···Cu separation in the range of 3.006 to 3.342 Å.

Figure 4. An ORTEP drawing of the molecular structure of com-
plex 2. For definition of i, ii and iii see footnote b in Table 1.

Figure 5. (a) View of the 2D (4,4) net constructed from tetranuclear clusters and isonicotinate ligands; (b) view of the 1D double-chain
constructed from tetranuclear clusters and the second independent isonicotinate ligands; (c) view of the 1D zigzag chain constructed
from tetranuclear clusters and BDC ligands; (d) view of the 10-connected SBU in complex 2, illustrating the connections to eight
neighbours; (e) view of the SBU in complex 2, illustrating the four Cu polyhedra.

Figure 6. Left: the 3D packing structure of 2; right: schematic representation of the 35.411.58.64 topology in complex 2.

Eur. J. Inorg. Chem. 2006, 2253–2258 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2255

The asymmetric unit of 2 also contains two independent
isonicotinate ligands, each of which has different coordina-
tion modes: one isonicotinate ligand acts as a µ3-bridge and
links the tetranuclear clusters to form a 2D sheet parallel
to bc plane (Figure 5, a), while the other isonicotinate li-
gand binds through one O donor and one N donor to
bridge the tetranuclear clusters and form a 1D double-chain
(Figure 5, b). At the same time, the BDC ligand acts as a
µ4-bridge and links the tetranuclear clusters to form a 1D
zigzag chain (Figure 5, c). In other words, each tetranuclear
copper cluster binds to two BDC ligands and eight isonicot-
inate ligands simultaneously (Figure 5, d).

Four Cu polyhedra and four carboxylate carbon atoms
represent a 10-connected inorganic SBU, as illustrated in
Figure 5 (e). Although ten bridging ligands ligate each SBU,
each SBU is connected to only eight nearest neighbours be-
cause two pairs of isonicotinate ligands form “double brid-
ges”. By treating the SBU as a single node and connecting
the nodes according to the connectivity defined by the BDC
and isonicotinate ligands (the double bridge being consid-
ered as one connection), a non-CsCl 3D network sustained
by 8-connected nodes is then formed, as illustrated in Fig-
ure 6. This net is clearly different from other reported net-
work topologies containing 8-connected nodes[5,6c] and
adopts an unprecedented 35.411.58.64 topology.[9] The asym-
metric unit of 2 contains one BDC ligand and two indepen-
dent isonicotinate ligands such that three different node–
node distances (9.726, 10.362 and 10.940 Å) can be iden-
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tified. Each node, which is located at the symmetrical cen-
tre, links six neighbours in one plane, and the angles be-
tween the adjacent nodes are 54.251°, 65.904° and 59.845°,
respectively.

The structure of 2 is completely different from the CsCl
net and the other two previously known non-CsCl eight-
connected nets. As shown in Figure 7, the parallel (4,4) nets
of all nets are cross-linked by zigzag chains, although the
detailed connection modes are different: in CsCl, the zigzag
chain in the inter-layer region bridges the diagonal of a sin-
gle window in the (4,4) net (Figure 7, a), in the 334155862

topological net the zigzag chains bridge the edges of one
(4,4) net and the diagonal of the next (Figure 7, b),[5b] and
in the third net the zigzag chains bridge the diagonal of
two neighbouring windows (Figure 7, c),[6c] whereas in 2 the
zigzag chain is out of a plane and bridges two zigzag chains
in two (4,4) nets, which, moreover, are alternately arranged
on the two sides of the (4,4) net.

Figure 7. Difference between the four eight-connected nets: (a)
CsCl-type net; (b) the 334155862 topological net; (c) the self-pen-
etrating eight-connected net; (d) the 35.411.58.64 topology in com-
plex 2.

Magnetic Properties

The variable-temperature magnetic susceptibility of 1
was measured in the temperature range from 300 to 2 K
(Figure 8), at a magnetic field strength of 5000 G. The χmT
value at room temperature is 0.42cm3 Kmol–1, which is
slightly bigger than the value of 0.375cm3 Kmol–1 expected
for a noncoupled CuII ion with g = 2. Upon cooling, the
χmT product decreases smoothly, thus indicating that a pre-
dominantly antiferromagnetic interaction exists in 1. The
1/χm vs. T (Curie) plot is linear. Fitting this curve to
the Curie–Weiss law gives a Curie constant, C, of
0.454cm3 Kmol–1 and a Weiss constant, θ, of –18.13 K,
which is a further indication of the weak antiferromagnetic
interactions in 1. According to the crystal structure of 1, it
can be assumed that the superexchange interactions be-
tween CuII ions through the bridging carboxylate groups
are weak, which may lead to such a magnetic behaviour.

The Cu···Cu distance in 2, which is much shorter than
that in 1, implies a weak Cu···Cu interaction. The variable-
temperature magnetic susceptibility measurements of a
powdered sample of complex 2 were performed in the tem-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2253–22582256

Figure 8. Plots of the temperature dependence (from 300 to 2 K)
of χmT and χm

–1 for 1.

perature range 300–2 K. The magnetic behaviour of com-
plex 2 is shown in Figure 9 in the form of χMT and χM

–1

vs. T plots. The χMT value at room temperature is
1.50cm3 Kmol–1 per tetramer, which is consistent with the
spin-only value for four uncoupled S = 1/2 centres with g
= 2. Upon cooling, χMT decreases rapidly down to about
40 K, showing a dominant antiferromagnetic interaction
between paramagnetic CuII ions. A Curie–Weiss fitting
above 50 K give a Weiss constant of –90 K; this large nega-
tive value demonstrates a strong antiferromagnetic coup-
ling. The pathway of antiferromagnetic interactions may be
between the adjacent copper centres (Cu···Cu = 3.006 to
3.342 Å) bridged by a µ3-hydroxy group. The decrease of
χMT is less pronounced between 40 and 20 K, tending to a
small plateau at a value (ca. 0.7cm3 Kmol–1) close to that
expected for two uncoupled electrons resulting from an
antiferromagnetically coupled tetranuclear CuII compound.
Below 20 K, a rapid decrease appears due to further intra-
and inter-tetramer antiferromagnetic interactions.

Figure 9. Plots of the temperature dependence (from 300 to 2 K)
of χmT and χm

–1 for 2.

Considering the butterfly arrangement of the CuII ions
in 2, the experimental magnetic susceptibility data were
analysed with the modified analytical expression derived by
combining the tetramer model with S = 1/2·[H =
–J1(S1 + S2)·(S3 + S4) – J2S3·S4] by Murugavel[10] and inter-
tetramer interactions (J) under the molecular-field approxi-
mation.[11] The best fitting for the experimental data gives
J1 = –56.7 cm–1, J2 = –114.9 cm–1, g = 2.25 and zj� =
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–3.38 cm–1. The agreement factor R = Σ[(χMT)obs –
(χMT)calc]2/Σ(χMT)obs

2 is 3.93×10–4.

Conclusion

In summary, two 8-connected nets of a CsCl-type and an
unusual 35.411.58.64 topology have been structural charac-
terised. The size of the SBUs increases from dinuclear to
tetranuclear and their connections also increase from eight-
connected to ten-connected. We have confirmed that SBUs
can adopt highly connected nodes that can be employed for
the construction of highly connected frameworks.

Experimental Section
General Remarks: All the syntheses were performed in Teflon-lined
stainless-steel autoclaves under autogenous pressure. Reagents were
purchased commercially and were used without further purifica-
tion. Elemental C,N,H analyses were performed on an EA1110
CHNS-0 CE elemental analyzer. IR (KBr pellet) spectra were re-
corded with a Nicolet Magna 750FT-IR spectrometer. Variable-
temperature magnetic susceptibilities in the temperature range 2–
300 K were performed with a model CF-1 superconducting ex-
tracting sample magnetometer with the powdered sample kept in
the capsule for weighing. All data were corrected for diamagnetism
of the ligands estimated from Pascal’s constants.

[Cu(isonicotinate)(nicotinate)]n (1): An aqueous mixture (15 mL)
containing CuNO3·3H2O (0.24 g, 1 mmol), isonicotinic acid
(0.123 g, 1 mmol) and nicotinic acid (0.123 g, 1 mmol) was placed
in a Parr Teflon-lined stainless-steel bomb, which was sealed and
placed in a programmable furnace. The temperature was raised to
160 °C over 4 h and held at that temperature for 60 h, then cooled
over 60 h to 80 °C and finally cooled down to room temperature
over 12 h. The resulting rectangular blue crystals were collected
(0.1 g, 32.49% yield). This compound is stable in air and is insolu-
ble in water and common organic solvents. C12H8CuN2O4 (307.74):
calcd. C 46.91, H 2.63, N 9.12; found C 47.05, H 2.66, N 8.98. IR
(solid KBr pellet): ν̃ = 3434 (w), 3119 (s), 1651 (w), 1629 (vs), 1398
(vs), 1385 (s), 693 (w), 613 (w) cm–1.

[Cu2(µ3-OH)(isonicotinate)2(BDC)0.5]n (2): A mixture containing
Cu(OH)2·CuCO3 (0.44 g, 2 mmol), 1,3-benzenedicarboxylic acid
(0.1 g, 0.6 mmol), isonicotinic acid (0.123 g, 1 mmol) and distilled
water (10 mL) was placed in a Teflon-lined stainless-steel bomb,
which was sealed and placed in a programmable furnace. The tem-
perature was raised to 160 °C over 4 h and held at that temperature
for 60 h, then cooled over 60 h to 80 °C and finally cooled down
to room temperature over 12 h. The blue prismatic crystals were
collected (0.1 g, 64% yield). This complex is stable in air and is
insoluble in water and common organic solvents. C16H11Cu2N2O7

(470.35): calcd. C 40.95, H 2.36, N 5.97; found C 41.05, H 2.66, N
5.98. IR (solid KBr pellet): ν̃ = 3314 (w), 3108 (s), 1614 (s), 1559
(m), 1401 (vs), 1087 (m), 751 (m), 728 (m) cm–1.

X-ray Crystallographic Study: X-ray intensities of complexes 1 and
2 were collected on a Siemens Smart CCD diffractometer equipped
with a graphite-monochromated Mo-Kα radiation source (λ =
0.71073 Å) at 293(2) K. Empirical absorption corrections were ap-
plied to the data using the SADABS program.[7] The structures
were solved by direct methods and refined by full-matrix least-
squares on F2 using the SHELXTL-97 program.[8] All of the non-
hydrogen atoms were refined anisotropically. The H atoms bonded
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to C atoms were positioned geometrically and refined using a ri-
ding model. Crystallographic data and other pertinent information
for 1 and 2 are summarised in Table 2. Selected bond lengths and
angles are listed in Table 1.

Table 2. Crystallographic data for 1 and 2.

1 2

Empirical formula C12H8CuN2O4 C16H11Cu2N2O7

Temperature [K] 293(2) 293(2)
Crystal colour blue blue
Crystal size 0.30 × 0.25 × 0.22 0.30 × 0.08 × 0.05
Formula weight 307.74 470.35
Crystal system monoclinic monoclinic
Space group P21/c C21/c
a [Å] 9.5505(5) 17.922(2)
b [Å] 11.6346(4) 12.550(1)
c [Å] 11.9841(6) 16.492(2)
β [°] 113.083(2) 111.309(4)
V [Å3] 1225.01(10) 3456.0(7)
Z 4 8
Density (calculated) 1.669 1.808
Abs. coeff. [mm–1] 1.793 2.504
F(000) 620 1880
Reflections collections 3439 12983
Independent reflection 2143 [R(int) = 0.0405] 3927 [R(int) = 0.0194]
Goodness-of-fit on F2 1.070 1.070
R1,wR2 [I � 2σ(I)] 0.0601, 0.1356 0.0259, 0.0597
R1,wR2 (all data) 0.0923, 0.1614 0.0298, 0.0616

CCDC-272139 (for 1) and -272140 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Reactivity of Polyiodides Towards 1,3-Bis(4-pyridyl)propane (bpp): A New CuI
Cluster Polycatenane Framework and a Novel 2D AgI Cluster Motif
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Yu Zhu,[a] and Chunying Duan[c]
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The solution-phase reactions of metal iodides or iodine with
1,3-bis(4-pyridyl)propane (bpp) yields four new organic–
inorganic hybrid frameworks, namely [(CuI)4(bpp)4]n

(1), [(AgI)6(bpp)]n (2), [PbI2(bpp)]n (3), and [I3(bppH)] (4),
each of which adopts a different structural motif. For exam-
ple, complex 1 is a 2D “open” coordination polymeric cluster
consisting of a CuI2Cu rhomboid cluster core coordinated by
anti-anti and anti-gauche bpp interactions to produce an in-
terpenetrating 2D (4,4) polycatenane net; 2 is a novel bpp
inclusion compound with a unique 2D polymeric hexagonal
prism-shaped [Ag6I6]n cluster motif; compound 3 is also a 2D
“open” supramolecular cluster made from [PbI2]n “ribbons”

Introduction

The construction of supramolecular polymeric networks
has been of great interest in recent years, not only due to
their intriguing architectures and topologies[1] but also for
their potential properties as functional solid materials in
catalysis,[2] optics,[3] and magnetism.[4] In addition to the
main driving forces of metal–ligand coordination and hy-
drogen bonding, weak interactions and other subtle factors
such as molecular entanglement[5] and halogen–halogen in-
teractions[6] can also have a dramatic effect on the assembly
of extended porous topologies. Polycatenation can be re-
garded as regularly repeated infinite versions of the closed
molecular loops via a topological Hopf link − the whole
catenated array has a higher dimensionality than the com-
ponent motifs for a possible combination of interlocking or
interweaving covalent, mechanical, and coordination
bonds.[5c,7] Since no genuine example of an organic polycat-
enane has been characterized, a number of metal-based mo-
lecular rings have been used as building blocks for the con-
struction of polycatenanes. According to Fujita,[8] transi-
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and bpp bridges; compound 4 is a triiodide made up of or-
ganic [bppH]+ cations and a I3

– anion chain. The clusters 1–
3 obtained from the reaction between polyiodide complexes
and an organic ligand suggest that this simple synthetic ap-
proach is likely to be applicable to the construction of poly-
meric clusters. The third-order NLO effects of 1 were studied
by Z-scan techniques. The polymeric cluster exhibits good
nonlinearities and the effective third-order NLO refractive
index (n2) value is 2.56×10–12 esu which is comparable to
those of most cluster monomers and polymers.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tion-metal-directed self-assembly is a designable and highly
efficient catenane synthesis pathway, and the configuration
of the bridging ligands plays an important role in the self-
assembly of metal-based catenanes.

Polyiodides are well-known for their ability to form a
vast diversity of extended networks with unique conducting
and optical properties.[9] Studies have shown that their
structures and macroscopic physical properties can be
understood through the level of halogen–halogen interac-
tions between three fundamental building blocks: the Lewis
acid acceptor I2, and the Lewis base donors I– or I3

–, and
“guest” building blocks (e.g. metal iodides). These building
blocks can be catenated easily and a large variety of polyi-
odides can be synthesized. The synthesis methods can be
described simply as the addition of iodine to an iodide in
an appropriate reaction medium, such as I3

–: I2(s) + I–(aq)
� I3

–(aq). Recently, the reaction between monovalent metal
halides MI (M = Cu+, Ag+) and I– attracted our attention
because the solubility of MI increases in mixed solvents
(such as THF/H2O and CH3CN/H2O) upon addition of ex-
cess KI. This increase in solubility may be a consequence
of the formation of a metal diiodide anion: MI(s) + I– �
MI2

–. More importantly, the active intermediate MI2
– ion

is a good iodine source for cluster construction, and its self-
assembly reaction with rigid and flexible bispyridyl ligands
is an effective route for the preparation of novel polymeric
complexes containing iodine clusters. The systematic incor-
poration of a metal iodide and organic spacer-based molec-
ular rings within polymeric cluster networks allows for the
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modulation of their structural and physical properties. With
this method we have previously obtained a 2D “open” poly-
mer [AgI(bpe)]n [bpe = 1,2-bis(4-pyridyl)ethane][10] and a
unique 1D coordination polymeric cluster {[AgI(inh)]6-
(KI)}n with hexagonal cluster units centered by µ6-I.[11]

Herein we use bpp as a bridging ligand due to its net-
working ability[12] and its variable configurations (anti-anti,
anti-gauche, and gauche-gauche; Figure 1), and report the
formation of four bpp-based compounds by self-assembly
with polyiodide species (Scheme 1): 1–3 are cluster com-
pounds and 4 is a triiodide. The good nonlinear optical
effects of cluster 1 are also presented.

Figure 1. Three main coordination configurations of bpp.

Scheme 1. Schematic view of the reactivity of polyiodides toward
bpp under distinct conditions.

Results and Discussion

Preparation of Compounds

As far as the use of insoluble inorganic metal salts in
coordination chemistry is concerned, their solubility is a
crucial question to the related preparation procedure. Se-
veral strategies have been employed to circumvent this prac-
tical problem. Firstly, the use of an appropriate solvent. For
example, THF is a superior solvent to dissolve HgI2 as the
solubility of HgI2 in THF is about 20 times better than that
in ethanol. More than ten HgI2 coordination polymers have
been obtained with the method.[13] The second procedure is
solid-state reaction at low temperature. When an insoluble
salt such as CuI or AgI is mixed and ground with Bu4NBr

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2259–22672260

(or Et4NBr) and MoS4
2–, the mixture reacts easily at room

temperature or low temperature to give a soluble product
in organic solvents. About six polymeric clusters with novel
motifs have been synthesized with the method.[14] The third
method involves finding a soluble precursor complex. When
the concentration of X– (X = Cl–, Br–, and I–) increases to
a certain level, the solubility of MX increases due to the
formation of polyhalide anion complexes MX2

–. This
method has been used unintentionally by the addition of
NaI, KI, HI, Bu4NI, or Ph4PI,[15] and moreover, we found
a small quantity of water is helpful for accelerating the dis-
solution. Many insoluble metal iodides such as CuI, AgI,
PbI2, HgI2, etc. can be dissolved efficiently by this method,
and several interesting metal–iodine clusters have been
found.[10,11] In this contribution, complex 1 was prepared
as light-yellow crystals by the addition of a DMF solution
of bpp to a THF/H2O solution of CuI in excess KI. The
product is insoluble in common organic solvents and stable
in air.

Compound 2 was obtained by a similar procedure to that
of 1, except that the mixed solvent THF/CH3CN/H2O was
used; the use of a single solvent (such as THF or CH3CN)
never gave a perfect crystal. Complex 2 was only obtained
when the solvent evaporation was conducted in the dark
and the solution was nearly dry.

For 3, the dissolution of PbI2 may obey the following
well-known equation: PbI2 + 2KI � K2(PbI4). Slow evapo-
ration of the solution gives 3 as a colorless crystal. Com-
pound 3 is also the first example of a PbI2 coordination
polymer obtained by the polyiodide reaction.

Compound 4 was obtained without a metal polyiodide.
The formation of I3

– shows its special stability in CH3OH/
H2O.[9a] The N-protonation of bpp may be a result of pro-
tonation by the mixed solvents.

Crystal Structure of [(CuI)4(bpp)4]n (1)

In the structure of [(CuI)4(bpp)4]n (1), CuI adopts a dis-
torted CuI2N2 tetrahedral coordination sphere and binds
two pyridines from bpp and two bridging iodide counteri-
ons (Figure 2). Both the bridging iodides are also bound to
another symmetry-related CuI center to form a Cu(µ2-I)2Cu
rhombohedron. A similar unit is also present in dissociated
dimeric molecules[16a,16b] and its self-assembly products
with multitopic ligands.[16c–16j] Due to the flexibility of both
the Cu–I–Cu and I–Cu–I angles, this CuI2Cu rhomboid
unit can adapt to a given coordination geometry produced
by the ligands.[16b] In 1, these metallic CuI2Cu subunits con-
nect alternately two couples of didentate bpp ligands to
form a one-dimensional double-bridged polymeric chain
which propagates along the a or b crystallographic direc-
tion. The doubly bridging iodides lie above and below the
planes of the chain rings. An interesting feature of 1 is the
parallelity of the CuI2Cu metallacycles. All these cycles re-
tain a plane perpendicular to the double-bridge surfaces,
which shows that the bpp ligands have no evident impact on
the CuI2Cu configuration. On the other hand, the flexible
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trimethylene spacer decreases the rigidity of the chain to
cater for the parallelity of the CuI2Cu rings. From this point
of view, cluster 1 is a typical example of metal-directed self-
assembly.

Figure 2. The elliptic molecular ring with approximate dimensions
of 12.56×10.79 Å2 in 1.

Another noteworthy aspect of this structure is the exis-
tence of the interweaving linkages. In the doubly bridged
chains, two such subunits and two bpp ligands with distinct

Figure 3. Solid-state structure of 1. Top: The catenation of two
individual [(CuI)2(bpp)2]n chains showing the Hopf links. Bottom:
View along the c-direction the infinite interlocking 2D (4,4) lattice
in 1 showing [2]-catenane nodes. The two individual polymeric
chains are perpendicular to each other and are shown in capped-
stick and space-filling representations, respectively.
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conformations (anti-anti and anti-gauche) form an elliptic
molecular ring with approximate dimensions of
12.56×10.79 Å2. As mentioned above, there are two groups
of equivalent chains extended along the a and b axes,
respectively. Each closed elliptic circuit is penetrated by the
same loop from another chain at the loosest point with a
Hopf link (Figure 3, top), leaving no residual space for sol-
vent inclusion. These two groups of interweaving chains dis-
play 2D “open” vertical interpenetration (Figure 3, bottom)
to give a uniform (4,4) net containing square intermolecular
boxes with approximate dimensions of 12.56×12.56 Å2.
The catenated coordination rings indicate an ideal separa-
tion between the ligands in each molecular ring, whereas
catenation does not take place if the elliptical rings possess
no voids in their cavities due to the possible excessive flexi-
bility or the entanglement of the ligands. Compound 1 also
emphasizes that optimized ligand conformations are essen-
tial for the self-assembly of catenanes.[8] Thus, this net is
clearly different from other reported network topologies
containing CuI2Cu rhomboids[16g,16h] and represents the
first uniform net of [2]-catenane nodes.

Crystal Structure of [(AgI)6(bpp)]n (2)

The X-ray single-crystal structural analysis showed that
compound 2 crystallizes in the monoclinic system with
space group C2/c. A portion of the cluster is shown in Fig-
ure 4. The structure of 2 is made up of isolated bpp units
and the infinite polymeric cluster [(AgI)6]n.

Figure 4. View of the two-dimensional [AgI]6n double layer in
[(AgI)6(bpp)]n (2).

In the polymeric structure, each silver atom is covalently
bonded to three iodines at 2.77–2.87 Å in the same layer
(Figure 4). The bond angles are in the range 102–114°. The
iodine and silver atoms can therefore form six-membered
rings but don’t link up to form flat sheets. A fourth strong
Ag–I covalent force with distances of 2.88–2.97 Å holds the
layers together. This interaction prevents the layers from
slipping over each other, which is different from the graph-
ite lattice structure. The cluster can also be seen as a double
layer (6,3) net motif composed of an edge-sharing Ag6I6

hexagonal prism-shaped cell. A section of the double layer
of 2 is shown in Figure 5. There have been a series of poly-
meric metal() halide clusters reported;[17] comparing the
crystallographic data available for different classes of silver
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iodide clusters in the Cambridge Structural Database
(CSD) and search results from the Chemical Abstracts dat-
abase with SciFinder Scholar®, we see that compound 2 is
the first example of a 2D bilayer AgI cluster motif.

Figure 5. View showing the alternating [AgI]6n bilayer and bpp
layer in 2.

There is a closely related example for 2, namely the tri-
azine-based coordination polymer [Cu2I2(tri)]n (tri = tri-
azine).[17b] In [Cu2I2(tri)]n, the [CuI]n layer is also an undul-
ating hexagonal net, with each six-membered ring adopting
a boat conformation, but the fourth position of the tetrahe-
dral copper center is occupied by a triazine nitrogen and
triazine ligands link [CuI]n layers to give alternating cop-
per() iodide and triazine layers. Because of the existence of
bridging triazine layers, the longer distances between
neighboring [CuI]n monolayers (minimum Cu–I distance is
6.2–7.1 Å) eliminate the possible Cu···I interlayer interac-
tions. In 2, the uncoordinated bpp is more like a cluster
cutter and isolates the [AgI]n double layer unit from the
metal polyiodide phase. The [AgI]n double layers are much
more regular than [CuI]n in [Cu2I2(tri)]n, so this structure
can be considered to be a novel topological type for mono-
valent MI halide polymeric clusters.

Crystal Structure of [PbI2(bpp)]n (3)

An ORTEP drawing with the atom-numbering scheme of
3 is shown in Figure 6. The geometry around the lead atom
is a distorted octahedron involving the nitrogen atom from
pyridyl donors and the iodine atoms. Around the lead the
four Pb–I distances range from 3.15 to 3.31 Å and the Ag–
N distance is 2.64 Å. Each Pb also has a supramolecular
interaction with a nitrogen atom from another bpp at a dis-
tance of 2.80 Å. The polymeric structure is comprised of
[PbI2]n “staircase clusters” and bpp bridges. The bpp li-
gands link cluster ribbons to form a 2D “open” motif
spreading out in the ab plane. The bpp molecules stack
along the a-axis with a stacking distance of 4.54 Å (to the
neighboring equivalent pyridyl ring), forming a two-column
structure between the [PbI2]n ribbons. Each bpp ligand
adopts an anti-anti configuration and the two pyridyl rings
have a dihedral angle of 58.6°. The nearest Pb–Pb distance
along the a-axis is equal to the repetition distance of bpp.
The 2D sheets stack along the c-direction in an ABAB
pattern, with the equivalent interlayer Pb–Pb separation
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distance being 11.92 Å. These 2D sheets are similar to those
observed in [PbX2(4,4�-bipy)]n,[18a] [PbI2(C12H10N4)]2n·
0.5n (C12H10N4),[18b] and [PbI2(L)]n [L = N,N�-bis(3-pyridyl-
methyl)-1,4-biphenylenedimethyleneimine].[18c]

Figure 6. The 2D sheet structure of 3 formed by association of
[PbI2]n “staircase clusters” through supramolecular Pb···N interac-
tions.

Crystal Structure of [I3(bppH)] (4)

The structure of 4 is made up of organic [bppH]+ cations
and I3

– anion chains (Figure 7). The crystal packing is
dominated by noncovalent donor–acceptor interactions in-
volving both N–H···N (2.66 Å) hydrogen bonding between
bppH+ cations and I···I interactions between I3

– anions.
The triiodide ion is nearly linear (I2–I1–I3 = 178.12°) and
asymmetric, and has d(I–I) distances of 2.901 and 2.921 Å.
The triiodide ions are stacked in zigzag patterns with weak
I3

–···I3
– interactions (3.69 Å). It is believed that the large

linear deformation of the I3
– ion is a result of the different

environments in the solid state. Packing effects and electro-
static interactions may be considered to explain the induced
asymmetry of I3

– here.[9a] In 4, all these interactions are
considerably shorter than the sums of the van der Waals
contact distances for the atoms involved (N: 1.55–1.61 Å; I:
1.98–2.00 Å).[19] The anti-anti configuration of bpp is also
retained.

Figure 7. Crystal structure of polyiodide 4.
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Figure 8. UV/Vis spectra of compound 1.

Third-Order NLO Properties of 1

UV/Vis Spectra of 1

In the ground state UV/Vis spectra (Figure 8) of 1, two
strong absorption peaks at 300 and 361 nm in the near ul-
traviolet (UV) wavelength range are attributed to the
charge-transfer excitation between Cu+ and I– ions of the
cluster segment, perhaps the HOMO (mostly iodide in
character) to LUMO (mostly metal) cluster-centered transi-
tion suggested by ab initio calculations.[20] In the visible re-
gion, there is a weak linear absorption at 655 nm assigned
to d-d ligand field (LF) transition.[21]

Nonlinear Effects of 1

A preliminary study of the third-order NLO properties
of 1 was carried out by the Z-scan method in a 1.28×10–4 

DMF solution. The compound exhibits strong nonlinear
optical behavior at 532 nm and the nonlinear optical prop-
erties are dominated by nonlinear refraction. The Z-scan
data of the compound are given in Figure 9. The filled
boxes are the experimental data measured under an open
aperture. The nonlinear refractive components of the com-
pound were assessed by dividing the normalized Z-scan
data obtained in an open-aperture configuration. An effec-
tive third-order nonlinear refractive index, n2, can be de-
rived from the difference between normalized transmittance
values at valley and peak positions (∆TV–P) by using Equa-
tion (1), where ∆TV–P is the difference between normalized
transmittance values at valley and peak positions, α0 is the
linear coefficient, L is the sample thickness, I is the peak
irradiation intensity at focus, and λ is the wavelength of the
laser. The effective third-order NLO refractive index was
calculated to be 2.56×10–12 esu. The data show that the
cluster has a positive sign for refractive nonlinearity, and
the valley–peak pattern of the normalized transmitted curve
obtained in the closed-aperture configuration shows the
characteristic self-focusing behavior of propagating light in
the sample.
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Figure 9. Z-scan measurement of the cluster 1 in 1.28×10–4  DMF
solution.

(1)

Although this value of n2 was obtained with a
dilute solution of 1, it is better than many best known
third-order materials in neat solid form, such as SiO2

(2×10–20 m2 W–1) and CdS (2.5×10–18 m2 W–1),[22]

SrLaGa3O7 (11.1×10–20 m2 W–1) and Ca2Ga2SiO7

(6.5×10–20 m2 W–1).[23] In particular, the n2 value is also
comparable to that of some clusters, including monomers,
oligomers, and polymers in solution, such as the nest-
shaped cluster [MoOS3Cu3I(py)5] (3.0×10–17 m2 W–1),[24]

the hexagonal prism cluster [W2S8Ag4(AsPh3)4]
(5.9×10–17 m2 W–1),[25] and the 2D microporous cluster
[MoS4Cu6I4(py)4]n (2.5×10–17 m2 W–1).[26] We speculate
that the NLO properties of 1 are enhanced, in part, by the
planar skeleton and the CuI–bpp molecular rings in the
cluster. The heavy-atom effects of the planar “open” struc-
tures in 1 may allow better spin–orbital couplings, and thus
intersystem crossing at the excited states.[27] In addition, the
use of heavy atoms such as Cu and I may introduce more
sublevels into the energy hierarchy and provide more al-
lowed electronic transitions for the initial excited state in
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1. The increased numbers of allowed electronic transitions
probably enhance the nonlinear optics. On the other hand,
these planar clusters have higher symmetry than other clus-
ters. This higher symmetry, as in the phthalocyanine sys-
tems,[28] may decrease the probability of ground-state elec-
tronic transitions and gives a smaller absorption cross-sec-
tion, σg, and a larger σe/σg (Kα) ratio. Our recent results
have also shown that sometimes the metal core and periph-
eral ligands may have a complimentary effect on the
strength of the NLO properties.[29] This presentation is the
first report on the coordination chemistry of metallic poly-
iodides where the systematic incorporation of metal iodide
and organic ligand-based molecular rings into polymeric
cluster networks allows for the fine modulation of their
structural and optical properties. In addition, although the
concentration of coordination polymeric clusters in solu-
tion is apparently limited by their poor solubility, larger
nonlinear index values may be expected if higher concentra-
tions are attained.

Conclusions

The metal halides CuI, AgI, and PbI2 form three dif-
ferent polymeric networks with bpp depending upon the
coordination geometry of the metals and the reaction con-
dition. In 2 bpp isn’t coordinated to the Ag atoms, presum-
ably due to the additional structural rigidity and stability
of the 2D (AgI)n polymer sheet. The use of mixed organic
solvents (THF/CH3CN/H2O) shows that the formation of
2 is also sensitive to the experimental conditions.[12d,12e] The
choice of bpp as ligand is of great importance in determin-
ing the cluster skeleton (0D [Cu2I2] for 1, 1D [PbI2]n for
3, and 2D [(AgI)6]n for 2) and the final topology of the
supramolecular arrays.

In summary, we have prepared and characterized the first
uniform polycatenane (4,4) net with good NLO properties.
The current work shows that this metallic polyiodides ap-
proach, which incorporates a metal-organic molecular ring
or altering cluster skeletons into polymeric species, is per-
haps a promising research direction in the search for better
NLO materials. Further systematic investigation will focus
on the influence of assembly conditions on the diversity of
cluster networks and the design and construction of better
NLO materials like the planar “open” coordination poly-

Table 1. Selected bond lengths [Å] and angles [°] for 1.[a]

Cu1–N2 2.048(6) Cu1–N1#1 2.067(6) Cu1–I1 2.6521(12)
Cu2–I1 2.6031(11) Cu2–N3#1 2.058(6) Cu1–I2 2.6690(11)
Cu2–I2 2.6756(11) Cu2–N4 2.061(7) N1–Cu1#2 2.067(6)
N2–Cu1–N1#1 113.3(2) N2–Cu1–I1 104.22(17) N1–Cu1–I1 109.55(17)
N2–Cu1–Cu2 112.85(19) N1#1–Cu1–Cu2 133.88(16) N1#1–Cu1–I2 107.16(17)
I1–Cu1–Cu2 57.50(3) I2–Cu1–Cu2 59.06(3) N2–Cu1–I2 106.8(2)
N4–Cu2–I1 111.4(2) N3#1–Cu2–I2 104.21(18) I1–Cu1–I2 115.96(4)
N4–Cu2–I2 106.2(2) N3#1–Cu2–N4 108.4(3) N3#1–Cu2–I1 108.73(19)
Cu2–I1–Cu1 63.28(3) I1–Cu2–I2 117.44(4) N3#1–Cu2–Cu1 130.71(17)
N4–Cu2–Cu1 120.64(19) Cu1–I2–Cu2 62.11(3) I1–Cu2–Cu1 59.23(3)
I2–Cu2–Cu1 58.83(3) C5–N1–Cu1#2 122.4(5) C1–N1–Cu1#2 120.8(5)

[a] Symmetry transformations used to generate equivalent atoms: #1: x + 1, y, z; #2: x – 1, y, z.
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meric cluster 1. Studies are under way to extend this facile
method to other metal polyiodide anions, and to further
probe their structure/properties relationship.

Experimental Section
Genaral: 1,3-Bis(4-pyridyl)propane (bpp) was obtained from Ald-
rich. Other chemicals were obtained from commercial sources and
used as received. All solvents were pre-dried with activated molecu-
lar sieves and refluxed over the appropriate drying agents under
argon. The IR spectrum was recorded with a Shimazu IR435 spec-
trometer as KBr disk (4000–400 cm–1). UV/Vis spectra of 1 were
measured with a HP 8453 ultraviolet-visible spectrophotometer.
The C, H, and N microanalyses were performed with a Perkin–
Elmer 240C instrument.

Preparation of [(CuI)4(bpp)4]n (1): A DMF solution of bpp
(19.8 mg, 0.1 mmol) was added to a stirring colorless solution of
CuI (19 mg, 0.1 mmol) dissolved in 10 mL of THF/H2O (volume
ratio of 1:5) in the presence of excess KI (99.6 mg, 0.6 mmol). The
solution was then filtered and slowly evaporated in a vial at room
temperature. Light-yellow crystals of 1 suitable for X-ray analysis
were obtained after several days in about 22% yield.
C52H56Cu4I4N8 (1554.8): calcd. C 40.17, H 3.63, N 7.21; found C
40.36, H 3.70, N 7.20. IR (KBr): ν̃ = 1608(vs), 1423 (s), 1218 (m),
809 (m) cm–1. UV/Vis (DMF): λmax (log ε) = 300.0 nm (3.327),
361.0 (3.115), 655.0 (2.004).

Preparation of [(AgI)6(bpp)]n (2): Compound 2 was obtained by a
similar reaction procedure from bpp, AgI, and KI (molar ratio =
1:1:6) in THF/CH3CN/H2O at room temperature. Upon slow evap-
oration in the dark, colorless needles of 2 were harvested in 47%
yield when the solution was nearly dry. C13H14Ag6I6N2 (1606.9):
calcd. C 9.74, H 0.88, N 1.75; found C 9.56, H 0.76, N 1.24. IR
(KBr): ν̃ = 3428 (sh), 3139 (sh), 2983 (w), 1710 (w), 1620 (s), 1400
(s), 1177 (w), 814 (w), 619 (w), 545 (w) cm–1.

Preparation of [PbI2(bpp)]n (3): Compound 3 was obtained by a
similar reaction procedure from bpp, PbI2, and KI (molar ratio =
1:1:2) in DMF/H2O at room temperature. A colorless polymer 3
was harvested in 25% yield after 1 month. C13H14I2N2Pb (659.25):
calcd. C 23.64, H 2.14, N 4.24; found C 23.56, H 2.20, N 4.24. IR
(KBr): ν̃ = 2940 (w), 1606 (s), 1425 (w), 1221 (w), 1010 (m), 815
(m), 514 (w) cm–1.

Preparation of [I3(bppH)] (4): Compound 4 was obtained by a sim-
ilar reaction procedure from bpp, I2, and KI (molar ratio = 1:1:2)
in CH3OH/H2O at room temperature. Needle-shaped, dark-red
crystals of 4 were obtained in 32% yield after 1 d. C13H15I3N2

(579.97): calcd. C 26.92, H 2.61, N 4.83; found C 26.86, H 2.56, N
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Table 2. Selected bond lengths [Å] and angles [°] for 2.[a]

Ag(1)–I(1) 2.853(3) Ag(1)–I(2) 2.860(3) Ag(1)–I(1)#5 2.891(3) Ag(1)–I(1)#3 2.841(3)
I(1)–Ag(1)#1 2.841(3) I(1)–Ag(1)#2 2.891(3) Ag(2)–I(2) 2.971(4) Ag(2)–I(3) 2.770(3)
Ag(2)–I(3)#1 2.782(3) Ag(2)–I(1)#5 2.870(4) I(1)–Ag(2)#2 2.870(4) I(2)–Ag(3) 2.839(3)
I(3)–Ag(2)#3 2.782(3) Ag(3)–I(3)#4 2.821(3) Ag(3)–I(2)#3 2.867(3) I(3)–Ag(3) 2.888(3)
I(2)–Ag(3)#1 2.867(3) I(3)–Ag(3)#4 2.821(3)
Ag(1)#1–I(1)–Ag(1) 106.49(11) Ag(1)#1–I(1)–Ag(2)#2 106.68(10) Ag(1)–I(1)–Ag(2)#2 113.43(10) Ag(1)#1–I(1)–Ag(1)#2 72.88(8)
Ag(1)–I(1)–Ag(1)#2 72.70(8) Ag(2)#2–I(1)–Ag(1)#2 64.70(11) Ag(3)–I(2)–Ag(1) 98.43(9) Ag(3)–I(2)–Ag(3)#1 106.17(10)
Ag(1)–I(2)–Ag(3)#1 104.59(9) Ag(1)–I(2)–Ag(2) 63.80(10) Ag(3)–I(2)–Ag(2) 65.35(9) Ag(2)–I(3)–Ag(2)#3 110.49(13)
Ag(2)#3–I(3)–Ag(3) 67.22(10) Ag(3)#1–I(2)–Ag(2) 65.04(9) Ag(2)–I(3)–Ag(3) 67.34(10) Ag(2)–I(3)–Ag(3)#4 115.38(11)
Ag(2)#3–I(3)–Ag(3)#4 102.44(10) Ag(3)#4–I(3)–Ag(3) 77.48(10) I(1)#3–Ag(1)–I(1) 106.49(11) I(1)#3–Ag(1)–I(2) 112.37(10)
I(1)#3–Ag(1)–Ag(2) 130.65(11) I(2)–Ag(1)–I(1)#5 117.17(11) I(1)–Ag(1)–I(2) 105.77(9) I(1)#3–Ag(1)–I(1)#5 107.37(9)
I(2)–Ag(1)–Ag(2) 59.86(10) I(1)#5–Ag(1)–Ag(2) 57.31(10) I(1)–Ag(1)–I(1)#5 107.05(9) I(3)#1–Ag(2)–I(1)#5 105.09(12)
I(3)–Ag(2)–I(3)#1 110.49(13) I(3)–Ag(2)–I(1)#5 98.41(11) I(1)–Ag(1)–Ag(2) 122.73(10) I(3)#1–Ag(2)–I(2) 113.85(11)
I(3)–Ag(2)–I(2) 113.38(11) I(3)#1–Ag(2)–Ag(1) 127.79(13) I(1)#5–Ag(2)–Ag(1) 57.99(9) I(3)–Ag(2)–Ag(1) 120.28(11)
I(1)#5–Ag(2)–Ag(3) 122.49(12) I(2)–Ag(2)–Ag(1) 56.34(10) I(3)–Ag(2)–Ag(3) 58.13(8) I(2)#3–Ag(3)–I(3) 113.84(10)
I(1)#5–Ag(2)–Ag(3)#1 129.68(13) I(3)#1–Ag(2)–Ag(3) 131.71(15) I(1)#5–Ag(2)–I(2) 114.33(12) I(2)–Ag(3)–Ag(2) 59.37(9)
I(2)–Ag(2)–Ag(3)#1 55.87(9) I(2)–Ag(2)–Ag(3) 55.29(9) I(3)–Ag(2)–Ag(3)#1 131.66(15) I(3)#4–Ag(3)–I(3) 102.52(10)
I(3)#4–Ag(3)–I(2)#3 103.72(10) I(2)–Ag(3)–I(2)#3 106.17(10) I(3)#1–Ag(2)–Ag(3)#1 58.00(8) I(2)#3–Ag(3)–Ag(2) 130.65(13)
I(3)#4–Ag(3)–Ag(2) 125.29(13) I(2)–Ag(3)–I(3) 113.87(10) I(3)#4–Ag(3)–I(2) 116.53(11) I(3)#4–Ag(3)–Ag(2)#3 112.97(12)
I(3)–Ag(3)–Ag(2)#3 54.78(9) I(3)–Ag(3)–Ag(2) 54.53(9) I(2)–Ag(3)–Ag(2)#3 130.47(14) I(2)#3–Ag(3)–Ag(2)#3 59.09(9)

[a] Symmetry transformations used to generate equivalent atoms: #1: x, y + 1, z; #2: –x + 1/2, y + 1/2, –z + 1/2; #3: x, y – 1, z; #4: –x
+ 1/2, –y – 1/2, –z + 1; #5: –x + 1/2, y – 1/2, –z + 1/2; #6: –x, y, –z + 1/2.

Table 3. Selected bond lengths [Å] and angles [°] for 3 and 4.[a]

Compound 3

Pb(1)–N(2)#1 2.64(3) Pb(1)–I(1) 3.154(2) Pb(1)–I(2)#2 3.165(2) Pb(1)–I(2) 3.280(2)
Pb(1)–I(1)#3 3.315(2) I(1)–Pb(1)#2 3.315(2) I(2)–Pb(1)#3 3.165(2) N(2)–Pb(1)#4 2.64(3)
N(2)#1–Pb(1)–I(1) 98.0(7) N(2)#1–Pb(1)–I(2)#2 91.7(6) I(1)–Pb(1)–I(2)#2 93.06(5) N(2)#1–Pb(1)–I(2) 81.5(7)
I(1)–Pb(1)–I(2) 177.27(5) I(2)#2–Pb(1)–I(2) 89.63(5) N(2)#1–Pb(1)–I(1)#3 87.6(6) I(1)–Pb(1)–I(1)#3 89.18(5)
I(2)#2–Pb(1)–I(1)#3 177.71(6) I(2)–Pb(1)–I(1)#3 88.12(5) Pb(1)–I(1)–Pb(1)#2 89.18(5) Pb(1)#3–I(2)–Pb(1) 89.63(5)

Compound 4

I(1)–I(3) 2.9012(10) I(1)–I(2) 2.9204(10) N(1)–C(1) 1.333(10) N(1)–C(5) 1.343(9)
N(2)–C(13) 1.338(9) N(2)–C(9) 1.342(9)
I(3)–I(1)–I(2) 178.11(3) C(1)–N(1)–C(5) 118.2(7) C(13)–N(2)–C(9) 119.9(7) N(1)–C(1)–C(2) 122.2(8)
C(4)–C(3)–C(2) 116.9(7) N(1)–C(5)–C(4) 122.5(7) C(3)–C(6)–C(7) 108.6(6) C(6)–C(7)–C(8) 113.7(6)
C(11)–C(8)–C(7) 109.3(6) C(12)–C(11)–C(10) 117.0(6)

[a] Symmetry transformations used to generate equivalent atoms in 3: #1: x, y – 1, z; #2: x + 1, y, z; #3: x – 1, y, z; #4: x, y + 1, z.

Table 4. Crystal data, data collection, and structure-refinement parameters for 1–4.

Compound [(CuI)4(bpp)4]n (1) [(AgI)6(bpp)]n (2) [PbI2(bpp)]n (3) [I3(bppH)] (4)

Formula C52H56Cu4I4N8 C13H14Ag6I6N2 C13H14I2N2Pb C13H15I3N2

Formula weight 1554.81 1606.88 659.25 579.97
Crystal system tetragonal monoclinic monoclinic orthorhombic
Space group P41212 C2/c P21 Pbca
a [Å] 12.5555(2) 29.891(6) 4.5429(9) 17.245(3)
b [Å] 12.5555(2) 4.5617(9) 15.305(3) 9.4476(19)
c [Å] 36.437(7) 23.470(5) 11.925(2) 21.811(4)
β [°] 90 123.37(3) 95.00(3) 90
Volume [Å3] 5743.9(16) 2672.7(9) 825.9(3) 3553.5(12)
Z 4 4 2 8
ρcalcd. [Mgm–3] 1.798 3.993 2.651 2.168
µ [mm–1] 3.651 11.245 13.937 5.265
F(000) 3008 2824 588 2128
Temperature [K] 291(2) 291(2) 291(2) 291(2)
λ (Mo-Kα) [Å] 0.71073 0.71073 0.71073 0.71073
Reflections collected 10600 3371 2130 8775
Independent reflections 10284 2046 1994 2977
Goodness-of-fit on F2 1.027 1.137 1.075 1.137
Final R1,[a] wR2

[b] 0.0448, 0.0741 0.0870,0.2626 0.0951, 0.2475 0.0514, 0.1060
R indices (all data) 0.1074, 0.0862 0.1030, 0.2813 0.0951, 0.2475 0.0845, 0.1172
Largest peak, hole [eÅ–3] 0.002, 0.000 2.318, –3.230 6.436, –2.119 0.990, –0.973

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(|Fo
2| – |Fc

2|)2/Σw|Fo
2|2]1/2. w = 1/[σ2(Fo)2 + 0.0297P2 + 27.5680P], where P = (Fo

2 + 2Fc
2)/3.
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4.75. IR (KBr): ν̃ = 3029 (w), 2922 (w), 1616 (s), 1501 (w), 1406
(w), 1351 (w), 1223 (w), 1029 (m), 816 (m), 618 (w), 552 (w), 442
(w) cm–1.

Nonlinear Optical Measurements: The optical measurements were
performed with linearly polarized 8-ns pulses at 532 nm generated
from a frequency-doubled Q-switched Nd:YAG laser. This wave-
length is of paramount practical importance in the field of optical
limiting as well as the design and fabrication of resonance cavities
of lasers. The spatial profiles of the pulses were nearly Gaussian
after a spatial filter was employed. A DMF solution of compound
1 was placed in a 1-mm-thick quartz cell for optical limiting mea-
surements. Crystalline samples of 1 are stable toward oxygen,
moisture, and laser light. The laser pulse was focused into the cells
containing the non-linear medium with a 250-mm focal length lens.
The laser beam was divided into two beams. One was used to moni-
tor the incident laser energy meter and the other was focused onto
the sample cell. The input and the output energies of the beams
were measured with an energy meter (Laser Precision Rjp-735),
which were linked to a computer by an IEEE interface.[30,31] The
experimental data were collected utilizing a single shot at a rate of
1 pulse per minute to avoid the influence of thermal effects.

X-ray Crystallography: Crystallographic data for the title com-
pounds were collected using Mo-Kα radiation (λ = 0.71073 Å) on
a Rigaku RAXIS-IV image plate area detector. The data were cor-
rected for Lorentz and polarization factors and for absorption by
using empirical scan data. The structure was solved with the
SHELX program,[32] and refined by full-matrix least-squares meth-
ods based on F2, with anisotropic thermal parameters for the non-
hydrogen atoms. The hydrogen atoms were located theoretically
and not refined. Selected bond lengths and bond angles for 1
(Table 1), 2 (Table 2), and 3 and 4 (Table 3) are given below. Crystal
data are summarized in detail in Table 4.

CCDC-252911 (for 1), -287706 (for 2), -287707 (for 3), and -287708
(for 4) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crys-
tallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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The neutral complexes of formula [κ2P,S-(dppmS)Pt(CH3)-
(Cl)] (1), [κ2P,S-(dppeS)Pt(CH3)(Cl)] (2) and [κ2P,S-(dpppS)-
Pt(CH3)(Cl)] (3) [dppmS = Ph2PCH2P(S)Ph2; dppeS =
Ph2P(CH2)2P(S)Ph2; dpppS = Ph2P(CH2)3P(S)Ph2] are active
catalyst precursors for the hydroformylation of 1-octene in
methyl isobutyl ketone. The order of reactivity found is
3 � 2 � 1. Surprisingly, the cationic complexes [κ2P,S-
(dppeS)Pt(CH3)(CH3CN)]BF4 (4a) and [{κP,µ-κS-(dppeS)-
Pt(CH3)}2][BF4]2 (5) are less active than the analogous neutral
complex 2. High-pressure NMR studies revealed that, at
20 °C under 1 to 50 bar of syngas, and in the presence of
SnCl2, both 2 and 4a react immediately to form the same ace-
tyl complex (8). However, in the absence of SnCl2, the methyl

Introduction
Hydroformylation of alkenes is one of the most impor-

tant catalytic reactions in industry, which runs plant pro-
cesses with Co- or Rh-based catalysts.[1] On the other hand,
there is an increasing interest in platinum-catalysed olefin
hydroformylation, mainly devoted to the optimisation of
chemo- and regioselectivity of the reaction and the synthe-
sis of linear aldehydes.[2]

Since Parshall’s pioneering work using PtCl2 in the ionic
liquid [(NEt4)SnCl3],[3] many catalytic systems,[4–7] includ-
ing some specifically suited to enantioselective cataly-
sis,[8–15] have been developed. A common feature of all these
systems is the use of SnCl2 in combination with the PtII

salt or complex. Several mechanistic studies on the catalytic
cycle[16–19] and on the role of the SnCl2[20,21] have appeared,
and these have concluded that the SnCl2 generates trichlo-
rostannate species by reaction with chloroplatinum() cata-
lyst precursors and promotes the hydrogenolysis of the Pt–
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carbonyl complex [κ2P,S-(dppeS)Pt(CH3)(CO)]+ (9), which is
formed from 4a and CO, does not undergo insertion to give
the acetyl complex, even under 50 bar of syngas. Thus, the
role of SnCl2 is not only to create a vacant site for CO coordi-
nation and to lower the energy barrier for the hydro-
genolysis, but also to assist migration of the alkyl group in
the CO insertion step. High-pressure NMR studies of the
working reaction solution, under steady-state conditions,
found no evidence for intermediates in which the phosphane
sulfide group shows hemilabile behaviour during catalysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

acetyl intermediate. The use of chelating diphosphanes
brings about considerable activity enhancement, especially
in the case of dppb,[22] and Scrivanti et al. have performed
a mechanistic study intended to explain why the seven-
membered metallacycle is the most efficient.[23]

Heteroditopic ligands are chelating compounds endowed
with different chemical functionalities capable of coordinat-
ing to a metal centre. The very different trans effects pro-
duced by the dissimilar donor atoms in these ligands offer
the potential to introduce widely different activity and se-
lectivity at selected coordination sites in metal complexes
and has resulted in such ligands receiving increasing atten-
tion in the field of organometallic chemistry and cataly-
sis.[24] Interest in P∧S heteroditopic ligands[25–31] is driven
by the ability of sulfur to coordinate strongly to soft metal
centres.[32,33] In the framework of our studies into the coor-
dination chemistry of heteroditopic ligands,[34,35] we re-
cently became interested in the monosulfides of diphos-
phane ligands (P∧PS)[36] and have studied the synthesis and
reactivity of neutral and cationic methyl complexes of plati-
num() with the P∧PS heteroditopic ligands dppmS and
dppeS.[37]

The heteroditopic behaviour of the diphosphane monos-
ulfide (P∧PS) ligands has recently been exploited in Rh-
and Ir-catalysed methanol carbonylation.[38,39] Consider-
ably less attention has been paid to the use of Pt complexes
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of heteroditopic ligands as catalysts for olefin hydrofor-
mylation.[7,40,41] Here we report our results using both neu-
tral and cationic methylplatinum complexes of diphosphane
monosulfide ligands in combination with SnCl2 as catalysts
for the hydroformylation of 1-octene. In particular, we have
focused our interest on the roles of the heteroditopic ligand
and the cocatalyst, and on the effects of chelating ring size
in/on the catalytic reaction. The study has been comple-
mented by high-pressure NMR experiments aimed at gain-
ing insights into the reaction mechanism.

Results and Discussion

Synthesis

The neutral and cationic methylplatinum() complexes of
diphosphane monosulfides used in this study are depicted
in Figure 1. Neutral complexes of general formula [κ2P,S-
(P∧PS)Pt(CH3)Cl] [P∧PS: Ph2PCH2P(S)Ph2, dppmS (1);
Ph2P(CH2)2P(S)Ph2, dppeS (2); Ph2P(CH2)3P(S)Ph2,
dpppS, (3)] were synthesised by reaction of [(cod)Pt-
(CH3)(Cl)] (cod = 1,5-cyclooctadiene) with one equivalent
of the relevant ligand.[37] Reaction of 2 with silver tetra-
fluoroborate in MeCN affords the cationic complex [κ2P,S-
(dppeS)Pt(CH3)(CH3CN)][BF4] (4a), in which the chloride
is replaced with acetonitrile. The cationic dimer [{κP,µ-κS-
(dppeS)Pt(CH3)}2][BF4]2 (5), in which the sulfur atoms
bridge the two platinum atoms, is obtained quantitatively
on heating solid 4a at 363 K under vacuum, as described
previously.[37] Reaction of [(cod)Pt(CH3)(Cl)] with two

Figure 1. Cationic and neutral complexes used in catalysis.
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equivalents of dpppS affords [trans-(κP-dpppS)2Pt(CH3)-
(Cl)] (6) in high yield, in which the two dpppS ligands are
coordinated through the phosphorus atoms only.

Hydroformylations

Preformed complexes 1–6 were used as catalyst precur-
sors for the hydroformylation of 1-octene (Scheme 1) in the
presence of five equivalents of SnCl2·2H2O as cocatalyst, in
methyl isobutyl ketone as solvent (Table 1). Alternatively,
catalysts were formed in situ from [(cod)Pt(CH3)Cl] or
[(cod)PtCl2] and the appropriate ligand (this experimental
procedure has been validated; compare entries 4 and 7 with
entries 3 and 6 of Table 1). The progress of the reaction was
monitored by gas consumption. The reaction times of all
catalytic tests were kept below 4 h in order to minimise the
formation of side products deriving from aldol condensa-
tion between formed aldehydes and between aldehyde and
solvent. In all tests, the amount of condensation products
was less than 10%, while the regioselectivity towards nor-
mal aldehyde ranged from 79 to 91%.

Scheme 1. Hydroformylation of 1-octene.
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Table 1. Platinum-catalysed hydroformylation of 1-octene.[a]

Entry Catalyst t Conversion Yield of aldehydes Regioselectivity[b] TOF[c]

[h] [%] [%] [%] [h–1]

1 1 4 63 25 81 6
2 dppe + [(cod)Pt(CH3)Cl] 4 100 39 77 10
3 2 3.5 100 56 85 16
4 dppeS + [(cod)Pt(CH3)Cl] 3 100 49 84 16
5 dppp + [(cod)Pt(CH3)Cl] 1 100 50 66 50
6 3 1.25 100 60 79 48
7 dpppS + [(cod)Pt(CH3)Cl] 1 100 54 82 54
8 dppb + [(cod)Pt(CH3)Cl] 1 100 51 76 51
9 6 4 76 70 91 18
10 dppb + [(cod)Pt(CH3)Cl] 4 100 46 81 12

(2:1 mol/mol)
11 dppeS + [(cod)PtCl2] 2 100 33 75 17
12[d] dppeS + [(cod)PtCl2] 2.5 90 60 85 24
13 dppp + [(cod)PtCl2] 1 100 38 50 38
14 4a 3.5 52 27 87 8
15 5 3.5 52 32 89 9
16[e] 4a 4 3 0 – –

[a] Reaction conditions: olefin (1-octene: 5.8 mmol), olefin/Pt/Sn = 100:1:5; T = 353 K, P(CO) = P(H2) = 25 bar; solvent: methyl isobutyl
ketone (5.8 mL). The reaction times are those required to reach the stated conversions. [b] Selectivity: n-nonanal/total aldehydes. [c] TOF:
Turn over frequency as (mol aldehydes)(mol Pt)–1(time)–1. [d] Pt/SnCl2 = 1:1. [e] Reaction performed in the absence of SnCl2.

Effect of Ring Size

In agreement with previous reports on the effect of che-
late ring size in diphosphaneplatinum()-based catalytic
systems,[42] we found a pronounced increase in both activity
and selectivity as the ring size is increased. Thus, 1 (five-
membered platinacycle) affords incomplete substrate con-
version after 4 h, and 25% yield in nonanals (Table 1, en-
try 1), whereas with 2 (six-membered platinacycle) we ob-
served complete conversion after 3.5 h with a 56% yield in
nonanals (entry 3). Complete conversion after 1.25 h and
60% yield in aldehydes (Table 1, entry 6) was observed with
3, thereby clearly demonstrating the beneficial effects of a
larger metallacycle. This effect has previously been reported
and ascribed to a lowering in the activation energy for the
hydrogenolysis step.[22,23]

Effect of the Heteroditopic Ligand

The performance of catalyst systems incorporating
heteroditopic P∧PS ligands is comparable with that of anal-
ogous systems containing P∧P ligands that give equally
sized platinacycles, although the P∧P complexes were found
to be more stable under hydroformylation conditions, no Pt
black being observed in the products at the end of the reac-
tion, in contrast to the P∧PS-containing systems.[43] Thus,
using catalysts formed in situ from [(cod)Pt(CH3)Cl] and
the appropriate ligand the P∧PS ligands give slightly more
regio- and chemoselective catalyst systems (compare en-
tries 1 and 2, 4 and 5, and 7 and 8 of Table 1), although the
P∧P ligands show comparable or greater activity. Replace-
ment of a diphosphane by a diphosphane monosulfide li-
gand on the catalyst precursor will reduce the electronic
density at the metal centre, which should favour Markovni-
koff-type hydride attack on the olefin to give the linear Pt–
alkyl intermediate and account for the observed increase in

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2268–22762270

the n:iso ratio. The diminished electron density on Pt might
also be expected to retard hydrogenolysis thereby lowering
the activity of the catalyst, and this is indeed observed.

Effect of Ligand/Metal Ratio

We have also investigated the effect of the ligand/metal
ratio using both P∧PS and P∧P ligands. Thus, with [trans-
(κP-dpppS)2Pt(CH3)Cl] (6) as the catalyst precursor the re-
action gave the highest chemoselectivity towards hydrofor-
mylation products (70% aldehydes), the remainder being
octane and internal octenes, with the highest regioselectivity
towards n-nonanal (91%). However, the catalytic activity
was lower, with conversion of 76% in 4 h (Table 1, entry 9)
compared to that obtained using a ligand/metal ratio of 1
(Table 1, entry 6). A similar behaviour was observed for the
P∧P system using a mixture of [(cod)Pt(CH3)Cl] and 1,4-
bis(diphenylphosphanyl)butane (dppb) as catalyst precur-
sor (Table 1, entries 8 and 10). Once again, activity is lower
and selectivity to linear product higher. This is not surpris-
ing as the 2:1 ligand to metal ratio may lead to the blocking
of coordination sites, thereby reducing the activity,[5,42] and
increase the steric hindrance at the metal, thus improving
the regioselectivity.[5,44]

Role of SnCl2

Given that cationic PtII species are normally invoked in
the catalytic cycle, and the role of the SnCl2 is widely be-
lieved to be the generation of such cationic species by ab-
straction of Cl– to form SnCl3–, we tested the mono- and
dinuclear cationic complexes 4a and 5 in the catalysis and
were surprised to find that these complexes gave much
lower activity and productivity than 2 (27% and 32% yield
of nonanals after 3.5 h for 4a and 5, respectively, see en-
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tries 14 and 15 of Table 1) even though SnCl2 was present
in the reactions. The similar catalytic activities exhibited by
4a and 5 suggest the formation of the same active species
from these cationic precursors, i.e. MeCN is not retained at
Pt and does not interfere in the catalysis. In the absence of
SnCl2 cocatalyst (Table 1, entry 16) 4a is almost inactive.
Thus, independent of the charge on the PtII precursor, the
addition of SnCl2 is necessary to trigger the hydrofor-
mylation,[5,15] and the formation of SnCl3– (which is pos-
sible starting from 2 but not from 4a or 5 since chloride is
not available in the latter systems) further increases the re-
action rate.

Interestingly, using [(cod)PtCl2] as the platinum source
(and 5 equiv. of SnCl2) affords catalyst systems that are less
chemo- and regioselective than those using [(cod)Pt-
(CH3)Cl], from which only one equivalent of SnCl3– can be
obtained by halide abstraction, as the Pt source (compare
entries 4 and 11 and 5 and 13 of Table 1). However, using
equimolar amounts of Sn and Pt (Table 1, entry 12) and
[(cod)PtCl2] as the Pt source affords higher chemo-and re-
gioselectivities, similar to those obtained using 2 with a Sn/
Pt molar ratio of 5:1. This seems to indicate a detrimental
effect of a Sn/Pt molar ratio higher than 1 when using
[(cod)PtCl2] as the Pt source.

Summary of the Catalytic Results

The use of heteroditopic P∧PS ligands in Pt/Sn olefin
hydroformylation systems affords catalysts that compare
favourably with analogous systems that use P∧P ligands.
No significant variation in regioselectivity was observed
using cationic vs. neutral complexes as catalyst precursors,
thus indicating that regioselectivity is established in a PtII

intermediate that is identical for both cationic and neutral
catalyst precursors. For both P∧P and P∧PS systems, ac-
tivity is related to ring size, with seven-membered rings giv-
ing the most active systems. The correlation of activity with
ring size is consistent with a chelating structure being main-
tained in the rate-determining steps of the catalysis, al-
though it has been suggested that the dppb may, alterna-
tively, form oligomeric/polymeric metal species.[23] The
presence of SnCl2 is essential to the generation of effective
catalyst systems from both neutral and cationic precursors,
thus indicating that the role of SnCl2 is more than simply
the generation of an active site at Pt by removal of Cl–.
However, the presence of excess SnCl3– is detrimental to the
catalysis under our conditions.

High-Pressure NMR Study

A high-pressure NMR study of the reaction was per-
formed using both a HP-NMR bubble column reactor de-
veloped in Liverpool[45] and conventional sapphire tubes
with the aim of gaining additional insight into the mechan-
istic differences responsible for the reactivities of the neutral
(2) and cationic (4a) complexes. Except where otherwise
stated, [D6]acetone was used as solvent for this study since
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the catalytic reaction is known to proceed smoothly in ke-
tonic solvents.

HP-NMR Behaviour of the Catalyst Precursors 2 and 4a

Compound 2 is poorly soluble in acetone. However,
upon addition of SnCl2 (Sn/Pt = 5:1), rapid dissolution of
the solids occurred, accompanied by a colour change from
pale straw yellow to dark orange, indicating the formation
of a new species (7a; Scheme 2), which we propose to be
the SnCl2 adduct of 2. Thus, the 1H NMR spectrum of 7a
(Table 2, entry 2) shows a resonance at δH = 0.43 ppm,
which can be assigned to a methyl group directly bound to
Pt. The 31P{1H} NMR spectrum of 7a shows resonances at
similar chemical shifts to those of 2 in CD2Cl2. However,
the 3JP,P, 2JP,Pt and 1JP,Pt coupling constants are signifi-
cantly different from those of 2, clearly indicating the for-
mation of a new methylplatinum complex. The chemical
shifts and coupling constants (Table 2, entry 2) indicate that
the methyl group remains trans to the phosphane sulfide
donor. Thus, Tóth et al. have reported a 1JP,Pt value of
1628–1836 Hz for CH2PPh2 trans to methyl in the structur-
ally similar diphosphane complexes [(BDPP)Pt(CH3)(L)] (L
= Cl, SnCl3),[18] to be compared with 1JP,Pt = 3869 Hz in
7a. We can suggest at least three possibilities for the group
occupying the fourth coordination site at Pt in 7a: i) ace-
tone, in which case SnCl3– is present as the counterion; ii)
SnCl3– directly bonded to platinum; or iii) Pt-bound SnCl2.
We can discount the latter hypothesis since, in an otherwise
identical experiment but using one equivalent of SnCl2,
complex 7a was again obtained in high yield.

Scheme 2.

In an attempt to differentiate the remaining possibilities
we measured the 31P{1H}NMR spectrum of 4a in [D6]ace-
tone since we believed that acetone would displace the coor-
dinated MeCN to give [Pt(dppeS)(CH3)(acetone)]+, the cat-
ion of the first hypothesis, as a result of mass action. In this
experiment, in addition to the resonances of 4a and its di-
mer 5,[37] two new resonances were observed in the
31P{1H}NMR spectrum at chemical shifts, and with coup-
ling constants, different to those of 2 + SnCl2 reported
above (compare entries 2 and 3 in Table 2). We assign these
resonances to the new complex [Pt(dppeS)(CH3)(acetone)]+

(4b). The larger value of 1JP,Pt (5003 Hz in 4b vs. 4606 Hz
in 2) confirms the displacement of the acetonitrile by ace-
tone, a ligand with a weaker trans influence. These observa-
tions allow us to exclude 4b or 5 as the complex 7a and
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Table 2. Main 31P{1H} NMR spectroscopic data for the complexes (80 MHz, [D6]acetone if not otherwise specified, 290 K).

Entry Complex formed δP δPS
3JP,P

2JP,Pt
1JP,Pt Other data

1[37] 2 in CH2Cl2 10.1 36.6 8 58 4606 poorly soluble in acetone
2 2 + SnCl2 [(dppeS)Pt(CH3)(SnCl3)] (7a) 10.4 36.7 18 74 3869 1H NMR: δCH3

= 0.43 ppm
(d, 3JH,P = 6, 2JH,Pt = 76 Hz)

3 4a in acetone [(dppeS)Pt(CH3)(acetone)]+ (4b) 6.2 39.4 5 56 5003
(plus 4a and 5)

4 2 +SnCl2 + 13CO [(dppeS)Pt{C(O)CH3}(L)]n+ (8) –1.4 38.8 17 83 4001 1H NMR: δCH3
= 1.77 ppm

(4.5 bar) (s). 13C{1H} NMR: δCO =
224 ppm (s, 1JC,Pt = 815 Hz)

5 2 + SnCl2 + syngas 8 –1.4 38.8 16 83 4005
(50 bar)

6[37] 4a in CH2Cl2 5 16.1 38 4331
(plus 4a) 7.6 39.7 7 55 4695

7 4a + SnCl2 [(dppeS)Pt(CH3)(SnCl2)]+ (7b) 9.6 35.6 17 72 4036
8 4a + SnCl2 + syngas 8 –1.4 38.8 16 83 3995

(50 bar)
9 4a + 13CO (6.7 bar) [(dppeS)Pt(CH3)(CO)]+ (9) 10.8 40.5 12 59 3367 1H NMR: δCH3

= 0.57 ppm
(d, 3JH,P = 6.4 Hz. 13C{1H}
NMR: δCO = 177 ppm (d,
2JC,P = 147 Hz)

10 4a + syngas (50 bar) 9 10.8 40.5 n.d. 59 3367
11[a] 2 (or 4a) + SnCl2 + 1-oc- 10 0.0 38.7 n.d. n.d. 4208

tene + syngas (50 bar)
plus 11 9.0 40.6 n.d. n.d. 4001

[a] At 353 K; n.d. = not determinable.

support the hypothesis of SnCl3– directly bonded to plati-
num. Moreover, the reduction of 1JP,Pt, from 4606 Hz in 2
to 3869 Hz in 7a is consistent with displacement of chloride
by SnCl3–, a ligand with a stronger trans influence. How-
ever, the 119Sn{1H} spectrum of 7a shows no resonance in
the region δ = –300 to +300 ppm over the temperature
range 298–213 K, which suggests that the SnCl3– ligand is
involved in a fluxional process.[46] Support for this hypothe-
sis is the marked broadness of the 31P{1H} signal of the P
trans to this site (∆ν1/2 = 110 Hz, T = 290 K).

Finally, reaction of an acetone solution of 4a (comprising
4a, 4b and 5) with SnCl2 gives a bright yellow solution of
a new complex (7b) quantitatively (by 31P{1H} NMR spec-
troscopy; Table 2, entry 7). The NMR spectroscopic data
for 7b are similar to those of 7a with the exception of 1JP,Pt,
which increases from 3869 Hz in 7a to 4036 Hz in 7b, thus
indicating that 7a and 7b have a similar overall structure
but a different ligand, of similar trans influence, occupying
the fourth coordination site at Pt. Since Cl– is not present
in acetone solutions of 4a, thereby precluding the formation
of SnCl3–, we suggest this ligand is SnCl2,[47] i.e. 7a is the
adduct formed between [Pt(dppeS)(CH3)Cl] (2) and SnCl2,
and 7b its cationic analogue [Pt(dppeS)(CH3)(SnCl2)]+.
Again, no clear 119Sn NMR resonance could be observed
in the case of 7b, presumably due to fluxionality, as con-
firmed by the broadness of the 31P{1H} NMR signals.

Both 7a and 7b react under 50 bar of syngas at 290 K to
give 8 (quantitatively by 31P{1H} NMR spectroscopy),
which is an acyl complex derived from CO insertion into
the Pt–CH3 bond (Table 2, entries 5 and 8). In a separate
experiment, 7a was treated with 13CO (4.5 bar) at 290 K in
a sapphire tube. After pressurizing with 13CO, the dark-
orange colour of 7a progressively lightened as 13CO dif-
fused into solution to become straw yellow after about
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20 min, when 31P{1H} NMR spectroscopy confirmed the
formation of 8. The 1H NMR spectrum (Table 2, entry 4)
shows the disappearance of the Pt–CH3 signal of 7a to be
replaced by a sharp doublet at δ = 1.77 ppm attributable to
the methyl group of the acyl moiety (2JC,H = 5 Hz).[48] In
agreement with this assignment, the 13C{1H} NMR spec-
trum of this sample shows a sharp singlet at δC = 224 ppm
flanked by platinum satellites, as expected for a Pt–13C(O)
CH3 group. The magnitude of the 1JP,Pt coupling constant
(4001 Hz) is not consistent with the acetyl group occupying
the site trans to P, for which Tóth has reported a value of
about 1400 Hz for the analogous diphosphane complexes
[(BDPP)Pt(COMe)L]n+ (L = Cl, n = 0;L = CO, n = 1).
Therefore, we propose that the acetyl group is trans to the
sulfur donor,[18] a disposition also observed in related
dppeS–Rh complexes.[38]

The identity of the ligand occupying the fourth coordina-
tion site on Pt is more difficult to establish. The value of
1JP,Pt in 8 is significantly smaller than that observed in 4b
(5003 Hz), which seems to exclude acetone. No signal at-
tributable to a Pt–CO group is observed in the 13C{1H}
NMR spectrum, coupling between phosphorus and 13CO is
not observed, and the 31P NMR chemical shift and coup-
ling constants are unchanged on purging the solution with
nitrogen,[49] observations that exclude both tightly bound
and labile CO as the ligand at the fourth site on Pt. Starting
from 4a, SnCl3– cannot be present, which therefore excludes
SnCl3–. However, an identical 31P{1H} NMR spectrum is
obtained starting from 2 and one equivalent of SnCl2, when
SnCl2 is presumably reacted (Figure 2). Thus we cannot as-
sign with certainty the ligand occupying the fourth site on
Pt in 8. This contrasts with the analogous P∧P acylplatinu-
m() system[18,19] in which the fourth coordination site is
occupied by CO even at low pressure.
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Figure 2. 31P{1H} HP-NMR spectra of the acyl complex 8 ob-
tained from 2 (a) or 4a (b) (entries 5 and 8 of Table 2 respectively).

The ready formation of the acetyl complex 8 from the
reaction of either 2 or 4a with CO in the presence of SnCl2
(Scheme 3) contrasts with our previous report of the forma-
tion of [Pt(dppeS)(CH3)(CO)][BF4] (9), which is inert to
methyl migration in CH2Cl2, in the absence of SnCl2.[37] We
have confirmed this result for 4a in acetone (Scheme 4),
which gives 9 even under 6.7 bar of 13CO or 50 bar of
syngas (Table 2, entries 9 and 10). The dependence of the
CO insertion reaction on SnCl2 for P∧PS ligand complexes
contrasts with the situation for PtII complexes of diphos-
phane[18,19,50] or P∧N ligands,[24] for which no such require-
ment is reported. The reluctance of CO to insert into the
Pt–alkyl bond in the absence of SnCl2 provides a ready ex-
planation for the initially surprising inactivity of the cat-
ionic complex 4a in olefin hydroformylation in the absence
of a co-catalyst (entry 6 of Table 1).

Scheme 3.

Scheme 4.

HP-NMR Behaviour of the Working Catalyst

The understanding of the chemistry of the catalyst pre-
cursors outlined above provides a firm basis for an HP-
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NMR study of the working catalyst. Figure 3 shows the
31P{1H} HP-NMR spectra, recorded in our bubble column
reactor at 353 K and 50 bar of syngas, of solutions prepared
from either 2 or 4a (0.010 ), SnCl2 (5 equiv.) and 1-octene
(100 equiv.). The spectra of both solutions show resonances
of the same two species (10 and 11). The similarity of the
31P{1H} NMR spectroscopic data of 10 and 8 (Table 2, en-
tries 4 and 11) allow us to formulate 10 as the acyl complex
[Pt(dppeS){C(O)(C8H17)}(L)]n+, in which an octyl chain de-
rived from octene is present, as required by the catalysis.
The close similarity of 1JP,Pt in 8 and 10 is consistent with
the same L in both complexes. The identity of 11 (δP =
9.0, δPS = 40.6 ppm; 1JP,Pt = 4001 Hz) is less certain. The
significant difference in the 31P{1H} NMR spectra of 10
and 11 is not consistent with 11 also being an acyl complex,
with 10 and 11 being the acyls derived from the n- and
iso-alkyl intermediates. The similarity in the 31P{1H} NMR
spectroscopic data of 11 with those of the methyl complexes
7a and 7b suggests 11 as the octyl intermediate
[Pt(dppeS)(C8H17)(L)]n+ (Scheme 5). The resonances of 10
and 11 were not observed in an analogous experiment using
4a as the catalyst precursor in the absence of SnCl2, consis-
tent with 10 and 11 being intimately associated with the
working catalyst (the lack of reactivity in the absence of
SnCl2 is discussed above). Furthermore we changed the re-
acting gas from CO/H2 to H2 (50 bar), in order to convert
the working catalyst into a hydride species, but we observed
only the slow disappearance of the resonances of both 10
and 11. Furthermore, no high-field signals, ascribable to
hydrides, were observed in the 1H HP-NMR spectrum, con-
sistent with our attribution of these complexes to the non-
anoyl- and octylplatinum() resting states.

Figure 3. In situ 31P{1H} HP-NMR spectra showing the steady
state of catalytic reactions using 2 (a) or 4a (b).

The observation of both resting states is consistent with
both CO insertion and hydrogenolysis being slow in this
catalytic system, since the use of a bubble column reactor
allows us to eliminate artifacts resulting from poor gas de-
livery to the reaction.
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Scheme 5.

Conclusions

Complexes 1, 2 and 3 in the presence of SnCl2 are active
catalyst precursors for the hydroformylation of 1-octene
with yields ranging from 25 to 60% and regioselectivity in
linear aldehyde higher than 79%. The reactivity is depend-
ent on the ring size of the platinacycle, with the seven-mem-
bered ring being the most active. Tin halides have been
shown to fulfil three essential roles in the Pt/diphosphane
monosulfide/SnCl2 catalysed hydroformylation of higher al-
kenes: (i) removal of halide from the platinum centre as
SnCl3–, which can then (ii) function as a labile ligand, and
(iii) for diphosphane-monosulfide-based catalyst systems,
tin() chloride plays an essential additional role in activa-
ting the alkyl complex for the CO insertion step, presum-
ably by coordination to the CO oxygen. The observation of
both the alkyl and acyl intermediates in solutions of the
working catalyst, and in the absence of the gas delivery
problems that are often encountered in sapphire NMR
tubes, indicates that, at least for the diphosphane mono-
sulfide studied here, there are two slow steps in the reaction.
It is interesting to note that tin halides appear to play a role
in accelerating both slow steps.

Experimental Section
All reactions (at least two replicates) were carried out under nitro-
gen using standard Schlenk techniques. Methyl isobutyl ketone was
refluxed with a little KMnO4, washed with aq. NaHCO3, dried
over CaCl2 and purified by passing through a small column of
activated alumina and freshly distilled prior to use. 1-Octene was
purchased from Acros and purified by percolation through a short
plug of neutral alumina prior to use.

SnCl2·2H2O was purchased from Carlo–Erba and used as received.
The ligand dpppS was prepared by adapting the procedure pub-
lished for dppmS or dppeS.[36] Complexes 1, 2, 3, 4a and 5 were
synthesised as described.[37] Anhydrous SnCl2 for the mechanistic
study was purchased from Aldrich. CDCl3 was purchased from Al-
drich and [D6]acetone from Cambridge.

C,H,S elemental analyses were carried out with a Eurovector
CHNS-O Elemental Analyser. IR spectra were recorded with a
Bruker Vector 22 instrument. Chromatographic analyses were car-
ried out on Hewlett–Packard 6890 instruments using a 19091Z-236
HP-1 methylsiloxane capillary column (60.0 m×250 µm×1.00 µm)
or a HP 19091J-413 HP-5 phenylmethyl siloxane column
(30.0 m×320 µm×0.25 µm; injector temperature: 553 K; FID
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temperature: 553 K; carrier: nitrogen). GCMS data (EI = 70 eV)
were acquired with an HP 6890 instrument using an HP
19091S-433 HP-5MS 5% phenylmethylsiloxane column
(30.0 m×250 µm×0.25 µm) coupled with an HP 5973 mass spec-
trometer (injector temperature: 553 K; carrier: helium; 70 eV). 1H,
13C{1H}, 31P{1H} and 119Sn{1H} NMR spectra were recorded with
a Bruker Avance 400 MHz. HPNMR spectra were recorded with a
Bruker AM200SWB spectrometer using a home built HP-NMR
bubble column reactor.

Synthesis of [κ2P,S-(dpppS)Pt(CH3)Cl] (3): A solution containing
an equimolar amount of dpppS (129 mg) in CH2Cl2 (10 mL) was
added dropwise over about 2 h to a solution of [(cod)Pt(CH3)Cl]
(102.6 mg, 0.290 mmol) in CH2Cl2 (5 mL) and the mixture stirred
vigorously at room temperature overnight. The solvent was then
evaporated to about one fifth of the volume and addition of diethyl
ether caused the precipitation of a pale-yellow powder. Filtration
followed by washing with diethyl ether (3×5 mL) and drying under
vacuo afforded 3 in high yield (180 mg, 90%). M.p. 493 K (dec.).
C28H29ClP2PtS (690.07): calcd. C 48.73, H 4.24, S 4.65; found C
48.43, H 4.38, S 4.32. IR (KBr): ν̃ = 3051 cm–1 (m), 2882 (m), 1481
(m), 1435 (vs), 1136 (vs), 927 (s), 834 (s), 743 (vs), 690 (vs), 582 (s,
P=S, str.), 518 (s), 275 (m, Pt–Cl). LC-MS: exact mass calcd. for
C28H29ClP2PtS: 689.08 amu; APCI; found 724.7 [M + Cl]–. 1H
NMR (400 MHz, CDCl3, 298 K): δ = 0.79 [dd, 3JH,P = 3.2, 4JH,PS

= 1.2, 3JPt,H = 74 Hz, 3 H, CH3], 1.76–1.97 (m, 2 H, CH2), 2.91–
3.00 (m, 2 H, CH2), 3.04–3.14 (m, CH2), 7.35–7.50 (m, 6 H, Harom),
7.50–8.09 (m, 14 H, Harom.) ppm. 13C{1H} NMR (101 MHz,
CDCl3, 298 K): δ = –3.4 (d, 2JP,C = 6, 1JPt,C = 640 Hz, CH3), 18.3
(s, CH2) 24.6 (d, JP,C = 40 Hz, CH2P), 28.9 (m, CH2PS), 128.1–
133.3 (Carom.) ppm. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ =
4.3 (s, 1JP,Pt = 4565 Hz, PPh2), 37.3 (s, 2JPt,PS = 49 Hz, Ph2PS) ppm.
195Pt{1H}NMR (86 MHz, CDCl3, 298 K): δ = –4337.5 ppm (dd,
1JPt,P = 4565, 2JPt,PS = 49 Hz) ppm.

Synthesis of [trans-(κP-dpppS)2Pt(CH3)Cl] (6): A solution of two
equivalents of dpppS (139 mg, 0.312 mmol) in CH2Cl2 (10 mL) was
added dropwise over about 2 h to a solution of [(cod)Pt(CH3)Cl]
(55.43 mg, 0.156 mmol) in CH2Cl2 (10 mL) and the mixture stirred
vigorously at room temperature overnight. The solvent was then
evaporated to about one fifth of the volume and addition of diethyl
ether caused the precipitation of a white powder. Filtration fol-
lowed by washing with diethyl ether (3×5 mL) and drying under
vacuo afforded 6 in high yield (159 mg, 90%). M.p. 508 K (dec.).
C55H55ClP4PtS2 (1134.6): calcd. C 58.22, H 4.89, S 5.65; found C
58.37, H 4.92, S 5.61. IR (KBr): ν̃ = 3052 cm–1 (m), 2935 (m), 1480
(m), 1435 (vs), 1102 (vs), 953 (s), 803 (m), 749 (s), 691 (vs), 610 (s,
free P=S), 493 (s), 276 (m, Pt–Cl). LC-MS: exact mass calcd. for
C55H55ClP4PtS2: 1133.20 amu; APCI; found 1097.2 [M – Cl]+. 1H
NMR (400 MHz, CDCl3, 298 K): δ = –0.10 (t, 3JH,P = 4, 2JH,Pt =
73 Hz, 3 H, CH3), 2.03–2.17 (m, 4 H, CH2), 2.68–2.84 (m, 8 H,
2CH2), δ = 7.29–7.85 (m, 40 H, Harom) ppm. 13C{1H} NMR
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(101 MHz, CDCl3, 298 K): δ = –12.8 (t, 2JC,P = 6, 1JC,Pt = 659 Hz,
CH3), 18.2 (s, CH2), 26.7 (m CH2–P), 33.5 (m, CH2PS), 128.2–
133.7 (Carom) ppm. 31P{1H} NMR (162 MHz, CDCl3, 298 K): δ =
41.9 (s, Ph2PS), 21.5 (s, 1JP,Pt = 3050 Hz, Ph2P) ppm. 195Pt{1H}
NMR (86 MHz, CDCl3, 298 K): δ = –4578.4 ppm (t, 1JPt,P =
3059 Hz) ppm.

Hydroformylation Experiments: In a typical experiment using pre-
formed catalysts, a solution of the platinum complex (0.058 mmol),
1-octene (5.8 mmol) and SnCl2·2H2O (0.29 mmol) in 5.8 mL of
methyl isobutyl ketone was transferred under nitrogen into a 50-
mL stainless steel autoclave. The reaction vessel was pressurised to
50 bar total pressure (CO/H2 = 1:1) and the magnetically stirred
mixture was heated to 353 K in a thermostated apparatus. The re-
action was monitored by following the drop in pressure.

For the “in situ” procedure, the ligand, dissolved when possible in
about 1.5 mL of methyl isobutyl ketone, was added to a solution
of the platinum precursor in about 1.5 mL of methyl isobutyl
ketone and the mixture was kept under vigorous stirring for 30 min.
After this time SnCl2·2H2O, 1-octene and methyl isobutyl ketone
(up to 5.8 mL of solvent) were added to the solution. The pressure
was monitored throughout the reaction. After cooling and venting
of the gas, the pale-yellow solution was immediately analysed by
GLC. Conversion of 1-octene and yield of aldehydes were calcu-
lated using dodecane as internal standard.

HP-NMR Experiments: In a typical experiment, a solution of
0.058 mmol of the desired Pt complex, together with the specified
amounts of SnCl2 and 1-octene (Table 2) in [D6]acetone (6 mL)
were injected into the HP-NMR bubble column reactor against a
counter stream of N2, CO or syngas, as appropriate. The reactor
was sealed, pressurised, and heated to the desired temperature
(Table 2), upon which the 31P{1H} NMR spectrum of the sample
was recorded.
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A terbium complex Tb(PMIP)3(PhCN), namely tris(1-phen-
yl-3-methyl-4-isobutyl-5-pyrazolone)-terbium-(pyrazino[2,3-
f][1,10]phenanthroline-2,3-dicarbonitrile), was synthesized
as a reagent for anions. Compared with Tb(PMIP)3(H2O)2,
the fluorescent quantum yield of Tb(PMIP)3(PhCN) was re-
duced because the triplet energy level of PhCN (20920 cm–1)
is a little higher than that of 5D4 of Tb3+ (20400 cm–1) and
lower than that of PMIP (23000 cm–1). This resulted in a back-
energy transfer from Tb3+ to PhCN. Interestingly, the photo-
luminescent properties of Tb(PMIP)3(PhCN) drastically de-
pend on the nature of the anions added into the solution.
When apropos equivalents of fluoride (or acetate) anions
were added into the CH3CN solution of Tb(PMIP)3(PhCN),

Introduction
Anion recognition and sensing are of current interest be-

cause of their importance in biological, environmental, and
chemical systems.[1–4] The construction of anion chemosen-
sors is essentially composed of two units, the binding site
and the signaling subunit, which may be covalently linked
(binding site-signaling submit approach)[5–8] or not (dis-
placement approach).[9] The interaction with the anion and
the change in color or fluorescence are in principle revers-
ible. However, development of fluorescent reagents has
emerged as a research area of significant importance.[1,10,11]

In these systems, anion signaling using fluorescence or
color changes can also be observed using irreversible reac-
tions.[12] The underlying idea of these irreversible systems is
to take advantage of the selective reactivity that certain
anions may display. Hence, the use of an anion-induced rea-
gent system usually has high selectivity and also an ac-
cumulative effect is directly related with the anion concen-
tration. Fluoride, the smallest anion, has unique biological
and chemical properties, and its recognition and detection
are of growing interest because it is associated with dental
care[13] and the treatment of osteoporosis.[14] As a result,
there is a need to develop new sensitive methods for fluo-
ride detection. Most of the emerging detection methods
have focused on the specific Lewis acid-base interaction,

[a] Laboratory of Advanced Materials, Fudan University,
Shanghai, 200433, P. R. China
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the replacement of PhCN with fluoride (or acetate) anions
took place and the above back-energy transfer was pro-
hibited, which resulted in a fluorescence enhancement of the
terbium complex. After excessive equivalents of fluoride (or
acetate) anions were added, the replacement of PMIP with
fluoride (or acetate) anions prohibited the ligand PMIP sensi-
tized energy transfer of the terbium complex, resulting in the
fluorescence quenching of the system. However, in the aque-
ous solution, the terbium complex shows a remarkable selec-
tivity of fluoride anions over the other anions. As a reagent,
its sensitivity is about 10–8 mol·L–1 for the fluoride anions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

such as the strong affinity of a boron atom towards the
fluoride anion,[15–19] or the designed hydrogen bonding with
the fluoride anion.[20,21] These binding events have been
converted into an electrochemical[22] or fluorescent
change,[23–26] or more directly, colorimetric change seen by
the naked eye.[27,28] However, the reported fluorescent rea-
gents for fluoride anions is quite limited.[29–31]

In the past decade, the synthesis, characterization, and
application of luminescent lanthanide complexes have been
the focus of much attention.[32–35] On the basis of the
unique photophysical properties of lanthanide cations (long
luminescence lifetime and very sharp emission band),[36,37]

lanthanide complexes as luminescent materials were paid
particular attention in the immunoassay[38] and organic
light-emitting diode (OLED).[39–42] Recently, some lumines-
cent lanthanide complexes have been used as a chemosensor
for anions.[43–50] For example, Ziessel et al. reported that
several lanthanide complexes were engineered from a ligand
consisting of a single P=O fragment and two methylene
linked bipyridine subunits for nitrate anion detection.[49,50]

It is well known that fluoride anions bind tightly with lan-
thanide ions, and some work has reported on the influence
of fluoride anions on the luminescence property of crown-
based lanthanide complexes by exchanging coordinated
water with fluoride anions.[51,52] In this paper, a new ter-
bium complex Tb(PMIP)3(PhCN) (see Scheme 1) was de-
signed and synthesized as a reagent for detecting anions by
another mechanism. Here, PMIP and PhCN stand for
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the anion of 4-isobutyl-3-methyl-1-phenyl-5-pyrazolone
and pyrazino[2,3-f][1,10]phenanthroline-2,3-dicarbonitrile,
respectively. The photophysical studies of Tb(PMIP)3-
(PhCN) showed that the luminescent properties of this
complex could be modulated upon addition of the different
anions.

Scheme 1. Chemical structure of Tb(PMIP)3(PhCN).

Results and Discussion

Structure Characterization of Gd(PMIP)3(H2O)2·
Gd(PMIP)3(C2H5OH)(H2O) (A)

The structure of the gadolinium complex A was charac-
terized by X-ray crystallography. An ORTEP diagram for
the asymmetric unit is shown in Figure 1. Details of the
crystal data and data collection parameters for A are given
in Table 1. It can be seen form Figure 1 that a common
repeating unit exists for the two molecules of Gd(PMIP)3-
(H2O)2 and Gd(PMIP)3(C2H5OH)(H2O). In Gd(PMIP)3-
(H2O)2, the geometry around the central ions can be de-
scribed as a distorted bicapped-trigonal prism where the tri-
gonal prism is composed of six oxygen atoms (O9, O10,
O12, O13, O15, O16). Among them, O9 and O10 are from
one β-diketone, O12 and O13 are from the other two β-
diketones, and O15 and O16 are from two water molecules.
Another two oxygen atoms (O11, O14) cap the two quadri-

Table 1. Crystal data, collection and structure refinement param-
eters for complex A.

Gd(PMIP)3(H2O)2Gd(PMIP)3(C2H5OH)(H2O)

Empirical formula C87H108Gd2N12O18

Mr [gmol–1] 1924.35
Crystal system triclinic
Space group P1̄
Crystal size [mm] 0.40×0.25×0.18
a [Å] 13.2931(2)
b [Å] 18.0432(2)
c [Å] 18.7608(3)
α [°] 77.3215(5)
β [°] 86.4151(5)
γ [°] 89.7183(7)
V [Å3] 4381.29(11)
Z 2
ρcalcd. [gcm–3] 1.459
µ [mm–1] 1.574
F (000) 1972
R1 [I � 2σ(I)] 0.0422
wR2 [I � 2σ(I)] 0.0684
R1 (all data) 0.1134
wR2 (all data) 0.0826
GOF 0.938
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lateral faces O9–O10–O12–O16 and O9–O15–O13–O16,
respectively. The average Gd–O distance is 2.42 Å [2.31(2)–
2.53(3)], which is a little smaller than the sum of the radii
of Gd3+ (1.05 Å, eight coordinated) and O2– (1.42 Å).
Furthermore, the structure of Gd(PMIP)3(C2H5OH)(H2O)
is the same as that of Gd(PMIP)3(H2O)2 except for an etha-
nol molecule occurring in place of the water molecule, the
coordination geometry is that of distorted a bicapped-trigo-

Figure 1. ORTEP diagram of A with the thermal ellipsoids drawn
at the 30% probability level and the H atoms removed for clarity.
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nal prism, as illustrated in Figure 1. Moreover, an indepen-
dent C2H5OH solvent molecule exists in the unit cell.

UV/Vis Spectra

UV/Vis absorption spectra of the ligands (PMIP and
PhCN) and Tb(PMIP)3(PhCN) in CH3CN solution are
shown in Figure 2. The maximum absorption band of
PMIP at 263 nm is attributed to a singlet-singlet π-π* enol
absorption of the β-diketonate. The ligand PhCN has two
absorption bands at 264 and 306 nm, which are attributed
to n-π* and singlet-singlet π-π* absorption, respectively.
Compared with the spectrum of PMIP, the absorption
maximum of Tb(PMIP)3(PhCN) is red-shifted by 5 nm,
which is agreement with the enlargement of the conjugated
structure of ligands after coordinating to the terbium ion.
It can be seen from Figure 2 that the spectral shape of
Tb(PMIP)3(PhCN) in CH3CN is similar to that of PMIP,
indicating that the coordination of the terbium ion does not
significantly influence the singlet-state energy of PMIP. The
molar absorption coefficients (ε) of PMIP, PhCN, and
Tb(PMIP)3(PhCN) are calculated as 2.55×104, 6.11×104,
and 9.61×104 L·mol–1·cm–1, respectively, revealing that the
two ligands and the terbium complex have a strong ability
to absorb light.

Figure 2. UV/Vis spectra of PMIP, PhCN, and Tb(PMIP)3(PhCN)
in CH3CN (1.0×10–5 mol·L–1).

Fluorescence Characteristics

The fluorescence spectrum of Tb(PMIP)3(PhCN) in
CH3CN solution (see Figure 3) shows characteristic emis-
sion bands of Tb3+ (λex = 280 nm) centered at 489, 544,
584, and 612 nm resulting from the deactivation of the 5D4

excited state to the corresponding ground state 7FJ (J = 6,
5, 4, 3) of the Tb3+ ion. The strongest emission is centered
around 544 nm and corresponds to the hypersensitive tran-
sition of 5D4�7F5. The excitation spectrum of Tb(PMIP)3-
(PhCN) overlays the absorption wavelength range of PMIP
well, indicating that the emission of Tb(PMIP)3(PhCN)
originates mainly from the energy absorbed by PMIP. We
also investigated the emission spectrum of Tb(PMIP)3-

Eur. J. Inorg. Chem. 2006, 2277–2284 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2279

(PhCN) in the different solvents, such as CHCl3, DMF, and
DMSO, the similarity of the emission patterns in these sol-
vents suggests that there are no solvent-dependent struc-
tural changes.

Figure 3. The luminescence spectrum of Tb(PMIP)3(PhCN) at
298 K in CH3CN.

Phosphorescence Spectra

Since the first excited energy level of the Gd3+ ion
(6P7/2) is high, the energy absorbed by the ligand in the
Gd3+ complex usually cannot be transferred to the Gd3+

ion. Therefore the phosphorescence emission from the Gd3+

complex can be considered as ligand-localized phosphor-
escence emission, and then the energy level of 3π-π* of the
ligand can be deduced. At room temperature, the phos-
phorescent emission spectrum of the Gd3+ complex is very
weak, however at a lower temperature (77 K), the ligand-
localized phosphorescent spectrum can be observed.
Herein, the gadolinium complexes Gd(NO3)3(PhCN) and A
were synthesized for triplet-energy level measurements. The
phosphorescent spectra of A and Gd(NO3)3(PhCN) at 77 K
are shown in Figure 4. The emission bands of A and
Gd(NO3)3(PhCN) peak at 464 nm (21552 cm–1) and 502 nm
(19920 cm–1), respectively. By referring to the lower wave-
length emission edges of the corresponding phosphorescent

Figure 4. Phosphorescent spectra of A and Gd(NO3)3(PhCN) at
77 K.
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spectra, the energies of zero-phonon transition of the triplet
states (3ππ*) at about 435 nm (23000 cm–1) and 478 nm
(20920 cm–1) were obtained for PMIP and PhCN, respec-
tively.

Photophysical Properties of the Terbium Complexes

By using Rhodamine 6G in ethanol (1×10–6 mol·L–1,
φref = 0.92) as a reference, the overall luminescence quan-
tum yields (φoverall) of Tb(PMIP)3(PhCN) and Tb(PMIP)3-
(H2O)2 in CH3CN were measured to be 0.15% and 2.97%
according to the well-known method.[53] The luminescence
lifetimes (τ) were also investigated for Tb(PMIP)3(PhCN)
and Tb(PMIP)3(H2O)2 in CH3CN. The measured lumines-
cent decay can be described by monoexponential kinetics,
and the luminescence lifetimes of Tb(PMIP)3(PhCN) and
Tb(PMIP)3(H2O)2 are 95.5 and 341.1 µs, respectively.

In order to understand the influence of the ligand modi-
fication on the photophysical property of Tb(PMIP)3-
(PhCN), the efficiency of energy transfer (φtransfer) from the
ligand to Tb3+ and the probability of the terbium emission
(φLn) were investigated for Tb(PMIP)3(PhCN) and
Tb(PMIP)3(H2O)2 on the basis of the method developed by
Selvin et al.[54] The overall quantum yield (φoverall) can be
defined as Equation (1).

φoverall = φtransferφLn (1)

When a lanthanide complex is mixed with an acceptor
of known quantum yield and very short fluorescence life-
time (ns), the efficiency of energy transfer between them
(φET) and the probability of lanthanide emission (φLn) are
calculated from both the fluorescence decay lifetime and
intensity measurements, see Equation(2) and (3).

φET = 1 – (τda/τd) (2)

φLn = φa(Ida/Iad)/(1/φET – 1) = φaIda(τd – τad)/(Iadτad) (3)

Here τad and τd are the excited state lifetime of the lan-
thanide complex in the presence and absence of the ac-
ceptor, respectively; φa is the fluorescence quantum yield
of the acceptor; Ida is the integral area under the residual
lanthanide emission in the presence of the acceptor; and Iad

is the integral area of the fluorescent emission part of the
acceptor.

Here, Rhodamine 6G was used as the acceptor in ethanol
(φa = 0.92 and τ � 10 ns). For example, in a mixture solu-
tion consisting of Tb(PMIP)3(PhCN) (10 µ) and Rhoda-
mine 6G (1.25 µ), the emission lifetime of the TbIII com-
plex (λem = 544 nm) decreased from 95.5 to 80.0 µs, indicat-
ing that 16.2% of the energy was transferred from

Table 2. Photophyscical properties of Tb(PMIP)3(PhCN) and Tb(PMIP)3(H2O)2 in CH3CN.

System λmax
PL τ φoverall φLn φtransfer krad knr

[nm] [µs] [×103] [%] [%] [s–1] [s–1]

Tb(PMIP)3(H2O)2 544 341.1 29.7 5.3 56.3 151 2.71×103

Tb(PMIP)3(PhCN) 544 95.5 1.5 1.1 14.2 111 1.04×104

Tb(PMIP)3(PhCN) + 3F– 544 114.9 10.5 3.7 28.4 321 8.4×103
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Tb(PMIP)3(PhCN) to Rhodamine 6G. From these mea-
surements and Equation (3), the probability of Tb3+ emis-
sion (φLn) in Tb(PMIP)3(PhCN) was determined to be
1.1% (Table 2). In combination with the overall quantum
yield (φoverall) of Tb(PMIP)3(PhCN), the efficiency of en-
ergy transfer (φtransfer) from the ligand to Tb3+ was calcu-
lated to be 14.2% (see Table 2) according to Equation (1).
Similarly, the efficiency of energy transfer (φtransfer) of
56.3% and the probability of Tb3+ emission (φLn) of 5.3%
were obtained for Tb(PMIP)3(H2O)2.

With φLn and τd determined in acetonitrile, radiative and
nonradiative decay rates of the TbIII complex were calcu-
lated from Equation (4).

krad = φLn/τdknr = (1 – φLn)/τd (4)

Taking 1.1% of φLn and 95.5 µs of τd into account, the
radiative and norradiative decay rates of Tb(PMIP)3-
(PhCN) were calculated as 111 and 1.04×104 s–1, respec-
tively (see Table 2). Similarly, the radiative and nonradiative
decay rates of Tb(PMIP)3(H2O)2 were determined as 151
and 2.71×103 s–1 (see Table 2), respectively.

To elucidate the energy transfer process of the terbium
complex, the energy levels of the relevant electronic states
should be estimated. By referring to their wavelengths at
the UV/Vis absorbance edges, the singlet-energy levels of
PMIP and PhCN were estimated to be 32260 cm–1 (310 nm)
and 29410 cm–1 (340 nm), respectively. In combination with
the triplet-energy levels of PMIP and PhCN, the schematic
energy level diagram and the energy transfer process are
shown in Figure 5.

Figure 5. Schematic energy level diagram and the energy transfer
process in the system of Tb(PMIP)3(PhCN). S1: the first excited
singlet state, T1: the first excited triplet state.

Generally, the sensitization pathway in luminescent ter-
bium complexes consists of the excitation of the ligands
from the ground state to their excited singlet states, and
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subsequently through the intersystem crossing of the li-
gands to their triplet states, following the energy transfer
from the triplet state of the ligand to the central ion. In this
process the 4f electrons of the Tb3+ ion are excited to the
5DJ manifold ion from the ground state, finally the Tb3+

ion emits when the 4f electrons undergo a transition from
the excited state of 5D4 to the ground state.[55,56] We noticed
that the energy gaps ∆E (1ππ*-3ππ*) between the 1ππ* and
3ππ* levels are 9260 and 8490 cm–1 for PMIP and PhCN,
respectively (see Figure 5). According to Reinhoudt’s em-
pirical rule that the intersystem crossing process will be ef-
fective when ∆E (1ππ*-3ππ*) is at least 5000 cm–1,[57] the
intersystem crossing processes are effective for PMIP and
PhCN. On the other hand, the triplet-energy level of PMIP
(�23000 cm–1) is higher than that of 5D4 (20400 cm–1) for
Tb3+, and their energy gap ∆E (3ππ*-5D4) between the li-
gand- and metal-centered level is 2600 cm–1. According to
Latva’s empirical rule,[58] an optimal ligand-to-metal trans-
fer process for TbIII is when ∆E (3ππ*-5D0) � 2000 cm–1. It
can be concluded that the transfer process is also effective
from PMIP to Tb3+ and that PMIP is suitable as a sensi-
tizer for TbIII. On the contrary, the 3ππ* state (ca.
20920 cm–1) of PhCN is so close to 5D4 (20400 cm–1) of
Tb3+, giving ∆E (3ππ*-5D0) = 520 cm–1, which is too low to
prevent the back-energy transfer from the Tb3+ excited state
to the triplet state of PhCN. Moreover, the triplet energy
level of PhCN is lower than that of PMIP, and the energy
transfer from PMIP to PhCN may occur. Therefore, it is
not difficult to understand the fact that Tb(PMIP)3(PhCN)
exhibits a lower fluorescence quantum yield (φoverall)
(0.15%) compared to that (2.97%) of Tb(PMIP)3(H2O).

Fluorescence Modulation of the Complex with Anions

The fluorescence modulation of Tb(PMIP)3(PhCN) with
anions was investigated by the fluorescence titration experi-
ments in CH3CN. Figure 6 shows the titration curves of
the spectral parameters of Tb(PMIP)3(PhCN) against the
[anion]/[Tb(PMIP)3(PhCN)] ratio in acetonitrile. Interest-
ingly, a different fluorescent modulation of Tb(PMIP)3-
(PhCN) was observed upon addition of the different anions.
For example, a slight variation of the luminescent proper-
ties of Tb(PMIP)3(PhCN) was observed upon addition of
other anions such as ClO4

–, NO3
–, or NO2

–. When one
equivalent of Cl–, Br–, or I– was added, the fluorescent in-
tensity of Tb(PMIP)3(PhCN) reached the maximum (see
Figure 6), and then it was almost unchanged with further
addition of Cl–, Br–, or I–. Similarly, Mahajan et al. re-
ported that the luminescence intensity of tris(β-diketonate)
europium (λem = 611 nm) was enhanced twofold when three
equivalents of Cl– were added.[47] Generally, the coordina-
tion number of the TbIII complexes in solution is nine.[59]

The coordination number of Tb3+ in Tb(PMIP)3(PhCN) is
eight, implying that the complex can bond one anion to
form a coordination of nine, hence, the increasing fluores-
cent emission was observed upon addition of one equiva-
lent of the anions. Because of their weak bonding ability to
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the terbium ion, Cl–, Br–, and I– had difficultly in displacing
the ligands PhCN and PMIP, which was confirmed by the
fact that there was no obvious change in the luminescent
emission of Tb(PMIP)3(PhCN) with further addition of
Cl–, Br–, or I– (see Figure 6).

Figure 6. Fluorescent titrations of Tb(PMIP)3(PhCN)
(1.0×10–5 mol·L–1) in CH3CN upon addition of F–, Cl–, Br–, I–,
ClO4

–, NO3
–, NO2

–, and AcO–.

It is well known that the lanthanide complex receptor
prefers smaller (harder) F– (or AcO–) to larger (softer) Cl–,
Br–, or I–. In fact, a special fluorescent modulation of
Tb(PMIP)3(PhCN) was observed upon addition of fluoride
and acetate anions. For example, Figure 7 shows fluorescent
spectral changes of Tb(PMIP)3(PhCN) in CH3CN solution
(10 µ) upon addition of tetra-n-butylammonium fluoride
(Bu4NF). Upon addition of the fluoride anion, the charac-
teristic terbium emission (λex = 280 nm) greatly increased
along with an increase of the emission intensity of PhCN
centred at 400 nm (see Figure 7, a). When Bu4NF reached
about three equivalents of Tb(PMIP)3(PhCN) (see Figure 7,
a), this change became saturated with a fluorescent quan-
tum yield of 1.05%. Under these conditions, the efficiency
of energy transfer (φtransfer) and the probability of Tb3+

emission (φLn) for this mixture were measured to be 28.4%
and 3.7%, respectively (see Table 2). It can be seen from
Table 2 that the mixture exhibited a higher energy transfer
efficiency (φtransfer) and larger probability of Tb3+ emission
compared with Tb(PMIP)3(PhCN). Because of its strong
bonding ability, the fluoride anions were able to substitute
one solvent molecule and one PhCN molecule that were
weakly coordinated to TbIII in the complex, and so TbIII

reached a coordination number of nine, revealing that the
back-energy transfer from 5D4 of Tb3+ and the triplet state
of PMIP to the triplet state of PhCN was restrained (see
Figure 5); consequently, both the probability of Tb3+ emis-
sion (φLn) and the fluorescent quantum yield of the mixture
were improved. However, further addition of a large excess
of Bu4NF caused a decrease of the characteristic fluores-
cent emission of Tb3+, and the emission was quenched com-
pletely when nine equivalents of Bu4NF were added (see
Figure 7b). These changes can be interpreted as the follow-



D. Zhang, M. Shi, Z. Liu, F. Li, T. Yi, C. HuangFULL PAPER
ing: upon addition of more fluoride anions, PMIP ligands
were completely replaced by fluoride anions, resulting in
the breakage of the ligand-sensitized energy transfer from
PMIP to Tb3+, consequently reducing the fluorescent quan-
tum yield of the complex. Compared with the fluoride
anion, the acetate anion exhibited a similar modulation be-
havior for the fluorescent emission of the terbium complex
(see Figure 6). From the above results, we can see that the
addition of fluoride and acetate anions affects the quantum
yield of Tb3+ emission and modulates the energy transfer
path, which finally results in the modulation of the overall
emission quantum yield.

Figure 7. Fluorescent titrations of Tb(PMIP)3(PhCN)
(1.0×10–5 mol·L–1) upon addition of Bu4NF.

However, when Tb(PMIP)3(PhCN) was dissolved in the
mixture of CH3CN/H2O (9:1 v/v), only a decrease in fluo-
rescent emission of the complex was observed upon ad-
dition of fluoride and acetate anions. Under these condi-
tions, the coordinating water molecules can compete with
PhCN fragments and gradually remove them from the first
coordination sphere of Tb3+, then back-energy transfer
from the Tb3+ excited state to the triplet state of PhCN
was broken. In fact, the complex exhibited more intense
fluorescent emission (φ = 0.62%) in CH3CN/H2O (9:1 v/v).
When further fluoride anions were added, PMIP was re-
placed by fluoride anions, resulting in the breakage of the
ligand-sensitized energy transfer from PMIP to Tb3+ (see
Figure 5), and then the fluorescence of Tb3+ was quenched.
However, fluorescent quenching to different degrees was
observed for Tb(PMIP)3(PhCN) upon addition of the dif-
ferent anions (see Figure 8). Consequently, the complex
showed a remarkable selectivity of fluoride anions over the
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other anions, which may be explained by the small size, the
high surface charge density of the fluoride anion and its
strong affinity to Tb3+.[60] Even in this situation, the solu-
tion is very clear and transparent, the observable sensitivity
is about 10–8 mol·L–1 of fluoride anions.

Figure 8. Fluorescent titrations of Tb(PMIP)3(PhCN)
(1.0×10–5 mol·L–1) in CH3CN/H2O (9:1 v/v) upon addition of F–,
Cl–, Br–, I–, ClO4

–, NO3
–, NO2

–, and AcO–.

Conclusions

In summary, we have designed and synthesized a novel
lanthanide-based luminescent reagent Tb(PMIP)3(PhCN)
for anions. By using Tb3+ as the fluorophore, Tb(PMIP)3-
(PhCN) displays high selective fluorescent modulation on
the fluoride and acetate anions in acetonitrile. The large
fluorescent enhancement at first and then fluorescence
quenching were observed for the terbium complex upon ad-
dition of fluoride and acetate anions. However, in aqueous
solution, Tb(PMIP)3(PhCN) shows a unique fluorescent
quenching upon addition of fluoride, indicating its remark-
able selectivity for fluoride anions over the other anions. At
the same time, the reason for the fluorescence modulation
with the anions was described. This system is particularly
useful relative to other molecules because it allows detec-
tion of traces of fluoride and acetate anions by lumines-
cence monitoring at a terbium center.

Experimental Section
General: Diaminomaleonitrile and tetrabutylammonium fluoride
trihydrate were obtained from Acros. TbCl3·6H2O, Gd(NO3)3·
6H2O, and 1-phenyl-3-methyl-4-isobutyl-5-pyrazolone were pur-
chased from Shanghai Sinopharm Chemical Reagent Co. Ltd.,
Phenanthroline-5,6-dione was synthesized according to the litera-
ture.[61] The complexes Tb(PMIP)3(H2O)2 and Gd(PMIP)3(H2O)2·
Gd(PMIP)3(C2H5OH)(H2O) (A) were synthesized according to a
similar method reported previously[62] and characterized by ele-
mental analyses. Moreover, the structure of the complex A was
characterized by X-ray crystallography. UV/Visible absorption
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spectra were recorded with a UV 2550 spectrophotometer of Shim-
adzu. The element analyses were performed with Vario EL III O-
Element analyzer. 1HNMR spectra were recorded with a Mercury
Plus 400NB NMR spectrometer. The luminescence and phospho-
rescence spectra were measured with an Edinburgh LFS920 fluo-
rescence spectrophotometer and LP-920 laser flash photolysis spec-
trophotometer, respectively. For the phosphorescence measure-
ments, the fourth harmonic 266 nm of the pulsed GCR-4 Nd:YAG
Laser (Spectra-Physics, USA) with 30 Hz repetition rate and 6 ns
pulse width was used as the excitation source, and the experiments
were completed at 77 K in ethanol/methanol (1:1 v/v). Fluorescence
lifetimes were recorded with a single photon counting spectrometer
from Edinburgh LFS920 fluorescence spectrophotometer with
microsecond pulse lamp as the excitation source. The data were
analyzed by an iterative convolution of the luminescence decay pro-
file with the instrument response function using a software package
provided by Edinburgh Instruments.

Synthesis of Pyrazino[2,3-f][1,10]phenanthroline-2,3-dicarbonitrile
(PhCN): PhCN was synthesized according to a similar method re-
ported previously.[63] 2,3-Diaminomaleonitrile (6.0 mmol) was
added to a solution consisting of 1,10-phenanthroline-5,6-dione
(1.0 g, 4.8 mmol) and absolute ethanol (30 mL) in a 50 mL flask.
The reaction mixture was refluxed for 3 h and then cooled to room
temperature. The solution was concentrated to ca. 10 mL with a
rotary evaporator and the solid product was filtered. After
recrystallization from ethanol twice, the desired pale yellow powder
(1.0 g) was obtained with a yield of 74%. 1HNMR (400 MHz,
CDCl3): δ = 7.93 (q, 2 H), 9.4–9.46 (d, 2 H), 9.46–9.52 (d, 2
H) ppm. C16H6N6(282.26): calcd. C 68.08, H 2.14, N 29.77; found
C 68.00, H 2.10, N 30.02.

Synthesis of Tb(PMIP)3(PhCN) and Gd(NO3)3(PhCN): The com-
plexes Tb(PMIP)3(PhCN) and Gd(NO3)3(PhCN) were synthesized
according to a previous literature procedure.[64]

Tb(PMIP)3(PhCN): Ethanol (10 mL), 4-isobutyl-3-methyl-1-
phenyl-5-pyrazolone (3.0 mmol), and triethylamine (3 mmol) were
added to a 25 mL side-arm flask. The mixture was stirred for
10 minutes, and then PhCN and TbCl3·6H2O (1.0 mmol) were
added to the flask. The reaction mixture was refluxed for 3 h whilst
stirring, and then cooled to room temperature. The solvent was
removed under reduced pressure and the residue was washed with
water. The crude product was then recrystallized from an ethanol/
water mixture (8:2 v/v) to afford the desired product (1.42 g) with
a yield of 80%. C58H51N12O6Tb (1771.03): calcd. C 59.49, H 4.39,
N 14.35; found C 59.30, H 4.41, N 14.19.

Gd(NO3)3(PhCN): Gd(NO3)3·6H2O (0.25 mmol) was added drop-
wise whilst stirring to an ethanol solution (10 mL) containing
PhCN (0.25 mmol), and then the reaction mixture was refluxed for
4 h. The resulting solution was filtered and a white powder was
obtained by recrystallization from an ethanol solution, 117 mg,
yield 75%. C16H6N9O9Gd (625.52): calcd. C 30.72, H 0.97, N
20.15; found C 30.65, H 0.91, N 20.10.

Crystallography: The crystal of complex A was mounted on a glass
fiber and transferred to a Bruker SMART CCD area detector.
Crystallographic measurements were carried out using a Bruker
Apex II CCD diffractometer, σ scans, graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) under room temperature. The
structures were solved by direct methods and refined by full-matrix
least-squares on F2 values using the program SHELXS-97.[65] All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were calculated in ideal geometries. For the full-matrix least-
squares refinements [I � 2σ(I)], the unweighted and weighted
agreement factors of R1 = Σ(Fo – Fc)/ΣFo and wR2 = [Σw(Fo

2 – Fc
2)2/
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ΣwFo
4]1/2 were used. The crystal data and details of the structure

determinations are summarized in Table 1.

CCDC-288368 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Fluorescence Modulation: Fluorescence modulations were carried
out in the following manner: the solution of Tb(PMIP)3(PhCN) in
a 1.0 cm quartz cuvette was titrated with the concentrated solutions
of tetrabutylammonium salts of different anions (X = F–, Cl–, Br–,
I–, ClO4

–, NO3
–, NO2

–, and AcO–) by a micro sample injector. In
order to account for the dilution effect, the volume of these concen-
trated solutions was negligible. The concentration of Tb(PMIP)3-
(PhCN) in all experiments was 1.0×10–5 mol·L–1.
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The title ligands (general abbreviation L) are bipyridine
(bpy), its dimethyl (mbpy) and diphenyl (pbpy) derivatives,
phenanthroline (phen), 5,6-diphenyl-3-(2-pyridyl)-1,2,4-tri-
azine (ppyt) and its dimethyl (mpyt) and pyrazinyl (ppzt) ana-
logues. The concerned oxido complexes are [ReOCl3(L)],
[ReOBr3(ppyt)] and [ReOBr3(ppzt)]. The chloro and bromo
complexes of ppyt and ppzt were prepared by reacting these
ligands with [ReOX3(AsPh3)2] (X = Cl, Br). The X-ray struc-
tures of [ReOCl3(ppyt)] and [ReOCl3(ppzt)] reveal that the
ReCl3 fragment is meridionally disposed and that the L li-
gand is N,N-coordinated such that the pyridine/pyrazine ni-
trogen lies trans to the oxido oxygen atom. The Re–O lengths
[1.656(10)/1.625(9) Å] correspond to approximate triple
bonding. The rate of oxygen-atom transfer from [ReOX3(L)]

Introduction

The oxygen-atom transfer ability of the oxidorhenium()
moiety ReVO has been known for a long time,[1,2] and the
nature and scope of the process have attracted significant
recent attention.[3–9] In this laboratory we have been con-
cerned[10] with the design and reactivity of ReVO complexes
incorporating N,N-chelation by pyridyl ligands where the
second nitrogen site belongs either to an acyclic function,
such as an imine[11–13] or azo[13–16] group, or to a heterocy-
clic moiety. The scope of the latter alternative is potentially
wide because of the many interesting variations possible in
the form of aza-aromatic ligands.

Although a beginning in this direction was recently made
with pyridylazole ligands,[17,18] the logical starting point
would be the familiar didentate pyridyl aza-aromatic, viz.
bipyridine (bpy). This has prompted us to examine the
ReVO chemistry of bpy and certain bpy-like ligands includ-
ing pyridyltriazine and pyrazinyltriazine. Very little is cur-
rently known about rhenium binding by the latter two li-
gands (vide infra).
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to triphenylphosphane in solution follows second-order ki-
netics and is associated with a large and negative entropy
of activation (approx. –30 calK–1 mol–1). The initial attack is
believed to involve the phosphane lone pair and Re�O π*-
orbitals. Electron withdrawal from the ReVO moiety by vary-
ing X or L facilitates oxygen-atom transfer. Thus, the rates
follow the orders Br � Cl; mbpy � bpy � phen � pbpy ��

mpyt � ppyt � ppzt. The reduction potential of the quasire-
versible ReVIO/ReVO couple displays similar trends and the
logarithmic rate constant of oxygen-atom transfer is found to
correlate linearly with the reduction potential.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The oxygen-atom transfer potency of the family of ReVO
complexes is estimated using triphenylphosphane as a
model oxophile. The systematics in the rate of oxygen-atom
transfer, which spans nearly two orders of magnitude, are
scrutinized in terms of electron withdrawal and metal re-
duction potential.

Results and Discussion

The ReVO Family

The ligand family used here consists of 1–4, each mem-
ber being abbreviated as shown below. The family spans
three distinct types of bpy modifications: simple substitu-
tion (as in 1), augmented conjugation (as in 2) and incorpo-
ration of nitrogen hetero atoms (as in 3 and 4).

The nine oxido complexes (Table 1) of 1–4 are of coordi-
nation type 5, abbreviated as [ReOX3(L)], where X = Cl or
Br.

The complexes of 1 and 2 (X = Cl) were conveniently
synthesised as yellow solids following a method previously
used for bpy.[19] The pink chelates [ReOCl3(L)] (L = 3 and
4) were prepared by the 1:1 reaction of [ReOCl3(AsPh3)2]
with L in benzene at room temperature. The use of the ar-
sane precursor is crucial for optimum yield. When [Re-
OCl3(PPh3)2] is employed the initially formed oxido com-
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Table 1. The type 5 oxido complexes, their ReVIO/ReVO reduction
potential (in Volt vs. SCE) and oxygen-atom transfer rate to PPh3.

Complex E½ [V] (∆Ep [mV])[a] 103k [–1 s–1][b,c]

[ReOCl3(bpy)] (5a) 1.45 (100) 1.60(0.03)
[ReOCl3(mbpy)] (5b) 1.44 (80) 1.30(0.04)
[ReOCl3(pbpy)] (5c) 1.48 (100) 2.52(0.04)
[ReOCl3(phen)] (5d) 1.47 (100) 2.21(0.03)
[ReOCl3(ppyt)] (5e) 1.61 (90) 25.01(0.02)
[ReOBr3(ppyt)] (5f) 1.58 (90) 13.34(0.05)
[ReOCl3(mpyt)] (5g) 1.53 (130) 10.45(0.05)
[ReOCl3(ppzt)] (5h) 1.68 (90) 62.58(0.04)
[ReOBr3(ppzt)] (5i) 1.65 (100) 36.64(0.06)

[a] In acetonitrile; ∆Ep is peak-to-peak separation. [b] In dichloro-
methane, temperature: 303 K. [c] Least-squares deviations are given
in parentheses.

plex reacts with the liberated phosphane (vide infra), which
affects the yield and purity of the product.

The use of [ReOBr3(AsPh3)2] in place of the chloro pre-
cursor gives the bromo system [ReOBr3(L)] for L = ppyt
and ppzt. Attempted synthesis of the iodo analogue from
[ReOI3(AsPh3)2] furnished only unstable products. How-
ever, in the presence of ArNH2 in the reaction mixture the
imido system [Re(NAr)I3(L)] could be isolated, which is a
possible intermediate in the formation of the ReVO ana-
logue.[20]

Selected spectroscopic data for [ReOX3(L)] are collected
in the Experimental Section. The species uniformly display

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2285–22912286

an Re�O stretch near 1000 cm–1 and two absorption bands
in the visible region around 500 and 750 nm, which are of
diagnostic value in rate studies (vide infra). The complexes
are diamagnetic (5d2) and show well-resolved 1H NMR
spectra, which have been assigned.

Of the complexes listed in Table 1, [ReOCl3(bpy)][19,21]

and [ReOCl3(phen)][22] have been reported before. The ana-
lytical[23] and coordination[24,25] chemistry of ppyt com-
plexes has been well-documented, but the only reported
rhenium complex is [Re(CO)3Cl(ppyt)],[26] which has re-
cently been structurally characterised in this laboratory.[20]

There is no report of rhenium complexes of mpyt and ppzt,
which have otherwise been only sparsely studied as li-
gands.[25,27]

Structure

The X-ray structures of [ReOCl3(ppyt)] (5e) and
[ReOCl3(ppzt)] (5h) were determined. Molecular views are
shown in Figures 1 and 2, respectively, and selected bond
parameters are listed in Table 2. In the distorted octahedral
ReOCl3N2 coordination sphere the chloride ligands are me-
ridionally disposed. In both molecules the coordinated ni-
trogen of the triazine ring is N2 and not N4, as also ob-
served in copper[24b] and ruthenium[27] chelates of ppyt/
ppzt. The coordinated pyridine nitrogen in 5e and pyrazine
nitrogen in 5h lie trans to the oxido ligand. In both cases
the chloride ligands and the triazine N2 atom define a good
equatorial plane (mean deviation: 0.03 Å) from which the
Re atom is displaced by 0.32 (5e) and 0.37 Å (5h) towards
the oxygen atom. The chelate ring in both cases is satisfac-
torily planar (mean deviation of about 0.06 Å). The two
heterocyclic rings deviate significantly from coplanarity, the
dihedral angles being 6.9° (5e) and 13.3° (5h).

Figure 1. Molecular view and atom labelling scheme for [Re-
OCl3(ppyt)] (5e). All non-hydrogen atoms are represented by 30%
thermal probability ellipsoids. Hydrogen atoms have been omitted
for clarity.



Oxidorhenium() Complexes of a Family of Bipyridine-Like Ligands FULL PAPER

Figure 2.Molecular view and atom labelling scheme for [Re-
OCl3(ppzt)] (5h). All non-hydrogen atoms are represented by 30%
thermal probability ellipsoids. Hydrogen atoms have been omitted
for clarity.

Table 2. Selected bond length [Å] and angles [°] for 5e and 5h.

5e 5h

Re–O 1.656(10) 1.625(9)
Re–N(1) 2.262(11) 2.296(8)
Re–N(2) 2.104(9) 2.124(7)
Re–Cl(1) 2.313(4) 2.318(3)
Re–Cl(2) 2.332(3) 2.345(3)
Re–Cl(3) 2.363(3) 2.363(3)
N(2)–N(3) 1.327(13) 1.330(10)
O–Re–N(2) 90.5(4) 90.9(3)
N(2)–Re–N(1) 73.1(4) 71.9(3)
N(2)–Re–Cl(1) 164.4(3) 162.1(2)
O–Re–Cl(2) 99.3(4) 100.3(3)
O–Re–Cl(3) 97.8(4) 99.5(3)
N(2)–Re–Cl(3) 85.8(3) 87.4(2)
Cl(1)–Re–Cl(3) 88.77(14) 87.53(13)
O–Re–N(1) 163.5(4) 162.9(3)
O–Re–Cl(1) 104.8(4) 106.8(3)
N(1)–Re–Cl(1) 91.6(3) 90.3(2)
N(2)–Re–Cl(2) 91.4(3) 92.1(2)
N(1)–Re–Cl(3) 80.2(3) 79.9(2)
Cl(2)–Re–Cl(3) 162.76(14) 160.17(11)

The Re–O length, which corresponds to approximate tri-
ple bonding,[28] is somewhat longer in 5e [1.656(10) Å] than
in 5h [1.625(9) Å]. The Re–N1 bond lying trans to Re�O is
longer than the Re–N2 bond by around 0.17 Å. Signifi-
cantly, the shorter Re–O bond in 5h is associated with a
longer Re–N1 bond. The structure of the bpy complex of
type 5, viz. [ReOBr3(bpy)], is known.[29] Here, the Re–O
distance is significantly longer [1.689(8) Å] than those in 5e
and 5h.

Oxygen-Atom Transfer

The [ReOX3(L)] (X = Cl, Br) complexes are uniformly
reactive towards triphenylphosphane in solution, furnishing
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a violet solution from which paramagnetic phosphane oxide
complexes of type [ReIII(OPPh3)X3(L)] have been isolated.
Characterisation data for two representative species are set
out in the Experimental Section. The observed room-tem-
perature magnetic moments (1.5–1.7 µB) are much lower
than the idealised spin-only value for the t2g

4 configuration
due to strong orbital coupling, as is common for trivalent
rhenium. As expected, the 1H NMR spectra of the com-
plexes are paramagnetically shifted.[14,17,19,30]

Although no direct structural characterisation was pos-
sible due to lack of single crystals, our previous
work[11–18,31] on related systems strongly supports the gross
geometry of the phosphane oxide complexes to be 6.

The rate of the reaction of Equation (1) was determined
spectrophotometrically in dichloromethane solution.

Selected rate data are listed in Tables 1 and 3. A represen-
tative time-evolution spectrum characterised by isosbestic
points is shown in Figure 3. Under pseudo-first-order con-

Table 3. Variable-temperature rate constants for the reaction [Re-
OCl3(L)] with PPh3 in dichloromethane solution.[a,b]

T [K] [PPh3] [] 104kobs [s–1] 103k [–1 s–1]

ppyt 293 0.012 1.452 12.08(0.05)
0.015 1.814
0.019 2.300

298 0.012 2.000 16.72(0.02)
0.015 2.509
0.019 3.177

303 0.012 3.001 25.01(0.02)
0.015 3.750
0.019 4.752

308 0.012 3.935 32.80(0.03)
0.015 4.920
0.019 6.232

ppzt 293 0.012 4.300 35.38(0.09)
0.015 5.375
0.019 6.808

298 0.012 5.958 49.65(0.08)
0.015 7.448
0.019 9.434

303 0.012 7.510 62.58(0.04)
0.015 9.388
0.019 11.891

308 0.012 10.501 87.51(0.02)
0.015 13.126
0.019 16.627

[a] Initial concentrations of [ReOCl3(ppyt)] and [ReOCl3(ppzt)] are
5.43×10–5  and 4.65×10–5 , respectively. [b] Least-squares devi-
ations are given in parentheses.
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ditions (excess PPh3), the rate is proportional to the concen-
tration of the oxido complex, and the observed rate con-
stant, kobs, is proportional to the concentration of PPh3.
The reaction is thus second order in nature, see Equa-
tion (2).

Figure 3. Time evolution spectra for the reaction of [ReOCl3(ppyt)]
and PPh3 in dichloromethane solution at 303 K (At is absorbance).

Rates for all the complexes were determined at 303 K
(Table 1), although in the cases of [ReOCl3(ppyt)] (5e) and
[ReOCl3(ppzt)] (5h) variable-temperature studies were also
made (Table 3). In both cases the rate constant, k, was
found to obey the Eyring equation. The activation param-
eters ∆H‡ and ∆S‡ are as follows: 11.66(0.26) kcalmol–1

and –27.48(0.88) calK–1 mol–1 for 5e and
9.94(0.28) kcalmol–1 and –31.95(0.95) calK–1 mol–1 for 5h.
The large and negative entropy of activation implies close
association of [ReOX3(L)] and PPh3 in the transition state,
as in the model 7,[10,17] where initial attack involves the
phosphane lone pair and Re�O π*-orbitals.

Electron Withdrawal, Rate and Reduction Potential

The observed trend of reactivity is qualitatively consis-
tent with the reaction model. Electron withdrawal from the
ReVO moiety due to variation of X or due to modification
of L is expected to favour the initial nucleophilic attack and
thereby facilitate oxygen-atom transfer. This is systemati-
cally observed. We note that [ReOCl3(ppyt/ppzt)] is nearly
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twice as reactive as [ReOBr3(ppyt/ppzt)], in line with the
higher electronegativity of Cl. Again, the rate trend [Re-
OCl3(mbpy)] � [ReOCl3(bpy)] � [ReOCl3(pbpy)] correctly
reflects the electron-withdrawal power of the substituent
(Me � H � Ph). The [ReOCl3(phen)] complex fits between
the bpy and pbpy species. An increase in the number of
nitrogen hetero atoms is a very effective instrument for
achieving electron withdrawal.[32] Accordingly, the rate of
oxygen-atom transfer in the case of [ReOCl3(ppzt)] is 2.5
and 25 times faster than that for [ReOCl3(ppyt)] and [Re-
OCl3(pbpy)], respectively (Table 1).

While electron withdrawal from the ReVO moiety by li-
gand variation facilities oxygen-atom transfer, it is also ex-
pected to make metal oxidation more difficult. Fortunately,
the [ReOX3(L)] complexes are uniformly electroactive in
acetonitrile solution, exhibiting a quasi-reversible one-elec-
tron oxidative response near 1.5 V vs. SCE assigned to the
ReVIO/ReVO couple. Representative voltammograms are
shown in Figure 4 and reduction potential data are listed in
Table 1.

Figure 4. Cyclic voltammograms of [ReOCl3(bpy)] (5a) and [Re-
OCl3(ppzt)] (5h) in acetonitrile solution at platinum working elec-
trode (scan rate: 100 mVs–1).

The data of Table 1 reveal that the rate of oxygen-atom
transfer rapidly increases with E½ of the ReVIO/ReVO cou-
ple. Indeed, there is a satisfactory linear correlation (corre-
lation constant 0.99) between the logarithmic rate constant
and the reduction potential (Figure 5). All the complexes
except 5g lie virtually on the least-squares line itself. The
slope of the line is about 16. Evidently, a single linear equa-
tion of this type cannot encompass all ReVO complexes but
it is gratifying to note that within a group where the L li-
gands belong to the same type (two six-membered N-het-
erocycles connected by a single bond) a simple correlation
does exist.
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Figure 5. Plot of logarithmic rate constant vs. ReVIO/ReVO re-
duction potential at 303 K.

Conclusion

In our search for reactive ReVO complexes of N,N-chelat-
ing heterocyclic ligands (L) the rhenium chemistry of the
pyridyl- and pyrazinyltriazine heterocycles ppyt, mpyt and
ppzt has been developed in the form of the complexes [Re-
OX3(L)] (X = Cl, Br), two of which have been structurally
characterised.

These undergo strongly associative oxygen-atom transfer
to PPh3 (∆S‡ � –30 calK–1 mol–1). The rate of transfer has
also been determined for other [ReOCl3(L)] complexes (L
= bpy, mbpy, pbpy and phen). The oxygen-atom transfer
rates span nearly two orders of magnitude for the whole
family examined here.

Consistent with the proposed reaction model based on
nucleophilic attack of the PPh3 lone pair on π*(Re�O) or-
bitals, the transfer rate increases systematically with increas-
ing electron withdrawal from ReVO due to variation of X
(Cl � Br) or L (ppzt � ppyt � mpyt �� pbpy � phen �
bpy � mbpy).

A second molecular parameter also responsive to elec-
tron withdrawal is the voltammetric ReVIO/ReVO reduction
potential, which shows the same trends as above. Indeed,
the logarithmic rate of transfer correlates linearly with the
ReVIO/ReVO reduction potential within the present family
of [ReOX3(L)] complexes.

Experimental Section
Materials: The complexes [ReOX3(AsPh3)2][33] and [ReOCl3(Me2S)-
(OPPh3)][19] and the triazine ligands[25,27] were prepared by reported
methods. The purification and drying of dichloromethane and ace-
tonitrile for spectral and electrochemical work was done as be-
fore.[34] Tetrahydrofuran and benzene ware dried using standard
methods. All other chemicals and solvent were of reagent grade
and were used as received.

Physical Measurements: UV/Vis spectral measurements were car-
ried out with a Shimadzu UVPC 1601 spectrometer fitted with
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thermostatted cell compartments. 1H NMR spectra were recorded
with a Bruker FT 300 MHz spectrometer. The atom numbering
scheme used in 1H NMR is the same as in crystallography. Electro-
chemical measurements were performed under nitrogen with a CH
620A electrochemical analyzer, using a platinum working electrode.
The supporting electrolyte was tetraethylammonium perchlorate
(TEAP), and potentials are referred to the standard calomel elec-
trode (SCE). Room-temperature magnetic susceptibilities of pow-
ders were measured with a model 155 PAR vibrating sample mag-
netometer. Microanalyses (C,H,N) were performed using a Perkin–
Elmer 2400 series II elemental analyzer. Mass spectra were mea-
sured with Q-TOF mass spectrometer.

Synthesis of Complexes: The complex [ReOCl3(bpy)] (5a) was syn-
thesised from [ReOCl3(Me2S)(OPPh3)] and bpy by a reported pro-
cedure.[19] We found the procedure to be suitable for synthesis of
5b–5d as well with some modifications. Details are given below for
[ReOCl3(phen)] (5d).

[ReOCl3(phen)] (5d): A suspension of [ReOCl3(Me2S)(OPPh3)]
(84 mg, 0.13 mmol) and phen (30 mg, 0.15 mmol) in 10 mL of
tetrahydrofuran was stirred for 5 h. Filtration and washing with
diethyl ether (5×5 mL) gave 43 mg (0.09 mmol, 68%) of yellowish
5d in pure form. C12H8Cl3N2ORe (488.78): calcd. C 29.49, H 1.64,
N 5.73; found C 29.40, H 1.69, N 5.78. UV/Vis (CH2Cl2 solution:
λmax (ε) = 270 nm (56500 –1 cm–1), 410 (4150), 456 (5690), 795
(160). IR (KBr): ν̃ = 989 cm–1 (νRe�O). 1H NMR (300 MHz,
CDCl3, 298 K): δ = 10.03 (d, J = 5.20 Hz, H1), 9.31 (d, J = 8.10 Hz,
H7), 8.98 (d, J = 5.01 Hz, H3), 8.62 (t, J = 7.62 Hz, H2), 8.60 (d,
J = 7.98 Hz, H9), 8.55 (d, J = 5.32 Hz, H12), 8.52 (d, J = 5.30 Hz,
H11), 8.30 (t, J = 8.02 Hz, H8) ppm.

[ReOCl3(mbpy)] (5b): Yield: 44 mg (69%.) C12H12Cl3N2ORe
(492.81): calcd. C 29.25, H 2.45, N 5.68 found C 29.30, H 2.40, N
5.60. UV/Vis (CH2Cl2 solution): λmax (ε) = 299 (47400), 458 (7670),
795 (225). IR (KBr): ν̃ = 984 cm–1 (νRe�O). 1H NMR (300 MHz,
[D6]DMSO, 298 K): δ = 8.92 (s, H4), 8.55 (s, H10), 8.40 (d, J =
5.85 Hz, H1), 8.10 (d, J = 6.06 Hz, H7), 7.48 (d, J = 6.03 Hz, H2),
7.40 (d, J = 5.79 Hz, H8), 4.70 (s, 3 H, 3-Me), 3.65 (s, 3 H, 9-Me)
ppm.

[ReOCl3(pbpy)] (5c): Yield: 52 mg (65%). C22H16Cl3N2ORe
(616.96): calcd. C 42.79, H 2.59, N 4.53; found C 42.70, H 2.53, N
4.58. UV/Vis (CH2Cl2 solution): λmax (ε) = 326 nm
(50000 –1 cm–1), 465 (13100), 774 (253). IR (KBr): ν̃ = 987 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 9.08 (s, H4),
8.60 (d, J = 8.10 Hz, H1), 8.55 (d, J = 8.16 Hz, H2), 8.00–7.50 (m,
13 H, H3, H8, H10, 2Ph) ppm.

The Complexes 5e–5i: These complexes were prepared in 75–85%
yield by the same general procedure based on the reaction of [Re-
OX3(AsPh3)2] with L in benzene at room temperature. Details are
given here for a representative case.

[ReOCl3(ppyt)] (5e): The ligand ppyt (34 mg, 0.11 mmol) was added
to a suspension of [ReOCl3(AsPh3)2] (100 mg, 0.11 mmol) in 25 mL
of benzene. The resulting mixture was stirred for 1 h at room tem-
perature to produce a pink solution. The solvent was then removed
under reduced pressure. The solid mass thus obtained was repeat-
edly washed with n-hexane to remove the liberated AsPh3. The so-
lid was then dissolved in 5 mL of dichloromethane and subjected
to chromatography on a silica gel column (10×1 cm, 60–120 mesh)
prepared in toluene. The pink complex was eluted with pure dichlo-
romethane. Solvent removal from the eluate under reduced pressure
afforded [ReOCl3(ppyt)] in pure form, which was dried under vacuo
over fused calcium chloride. Yield: 53 mg (78%). C20H14Cl3N4ORe
(618.93): calcd. C 38.81, H 2.28, N 9.05; found C 38.87, H 2.21, N
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9.09. UV/Vis (CH2Cl2 solution): λmax (ε) = 306 nm
(35400 –1 cm–1), 508 (13800), 736 (550). IR (KBr): ν̃ = 1000 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 8.91 (d, J =
9.09 Hz, H1), 8.52 (d, J = 7.41 Hz, H4), 8.14 (t, J = 7.20 Hz, H3),
7.94 (t, J = 7.74 Hz, H18), 7.72 (d, J = 7.98 Hz, 2 H, H10, H14),
7.64 (d, J = 7.05 Hz, 2 H, H16, H20), 7.59 (t, J = 7.95 Hz, 2 H,
H11, H13), 7.53 (t, J = 6.93 Hz, 2 H, H17, H19), 7.44 (t, J =
7.79 Hz, H12), 7.37 (t, J = 6.60 Hz, H2) ppm.

[ReOBr3(ppyt)] (5f): Yield: 60 mg (80%). C20H14Br3N4ORe
(752.28): calcd. C 31.93, H 1.88, N 7.45; found C 31.90, H 1.93, N
7.40. UV/Vis (CH2Cl2 solution): λmax (ε) = 302 nm
(34300 –1 cm–1), 514 (10900), 726 (1050). IR (KBr): ν̃ = 996 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 8.92 (d, J =
5.82 Hz, H1), 8.51 (d, J = 7.89 Hz, H4), 8.14 (t, J = 7.77 Hz, H3),
7.72 (d, J = 7.41 Hz, 2 H, H10, H14), 7.63 (d, J = 7.08 Hz, 2 H,
H16, H20), 7.58 (t, J = 8.88 Hz, 2 H, H11, H13), 7.53 (t, J =
8.22 Hz, 2 H, H17, H19), 7.42 (t, J = 7.68 Hz, H12), 7.42 (t, J =
7.74 Hz, H18), 7.34 (t, J = 5.24 Hz, H2) ppm.

[ReOCl3(mpyt)] (5g): Yield: 41 mg (75%). C10H10Cl3N4ORe
(494.79): calcd. C 24.27, H 2.04, N 11.32; found C 24.30, H 2.08,
N 11.40. UV/Vis (CH2Cl2 solution): λmax (ε) = 300 nm
(32900 –1 cm–1), 496 (6800), 701 (950). IR (KBr): ν̃ = 994 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 8.74 (d, J =
5.02 Hz, H1), 7.92 (t, J = 7.77 Hz, H3), 7.76 (d, J = 7.74 Hz, H4),
7.60 (t, J = 5.90 Hz, H2), 2.68 (s, 3 H, 7-Me), 2.64 (s, 3 H, 8-Me)
ppm.

[ReOCl3(ppzt)] (5h): Yield: 57 mg (83%). C19H13Cl3N5ORe
(619.92): calcd. C 36.81, H 2.11, N 11.30; found C 36.86, H 2.17,
N 11.35. UV/Vis (CH2Cl2 solution): λmax (ε) = 310 nm
(36400 –1 cm–1), 523 (13800), 737 (540). IR (KBr): ν̃ = 1004 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 9.95 (s, H3),
8.85 (d, J = 6.00 Hz, H2), 7.95 (d, J = 4.20 Hz, 2 H, H9, H13),
7.88 (d, J = 7.20 Hz, H1), 7.74 (d, J = 7.80 Hz, 2 H, H15, H19),
7.65 (t, J = 6.90 Hz, 2 H, H10, H12), 7.54 (t, J = 10.80 Hz, 2 H,
H16, H18), 7.45 (t, J = 7.80 Hz, H11), 7.45 (t, J = 7.80 Hz, H17)
ppm.

[ReOBr3(ppzt)] (5i): Yield: 64 mg (85%). C19H13Br3N5ORe
(753.27): calcd. C 30.30, H 1.74, N 9.30; found C 30.25, H 1.70, N
9.24. UV/Vis (CH2Cl2 solution): λmax (ε) = 310 nm
(35100 –1 cm–1), 531 (10600), 739 (850). IR (KBr): ν̃ = 999 cm–1

(νRe�O). 1H NMR (300 MHz, CDCl3, 298 K): δ = 9.75 (s, H3),
8.81 (d, J = 4.76 Hz, H2), 8.60 (d, J = 4.88 Hz, H1), 7.74 (d, J =
7.59 Hz, 2 H, H9, H13), 7.66 (d, J = 6.42 Hz, 2 H, H15, H19), 7.56
(t, J = 7.80 Hz, 2 H, H10, H12), 7.52 (t, J = 6.42 Hz, 2 H, H16,
H18), 7.48 (t, J = 5.90 Hz, H11), 7.46 (t, J = 7.44 Hz, H17) ppm.

Complexes [Re(OPPh3)Cl3(L)]: These were prepared in 75–80%
yield by the same general procedure based on the reaction of [Re-
OX3(L)] with triphenylphosphane in benzene at room temperature.
Details are given below for a representative case and data for a
second compound prepared analogously follow.

[Re(OPPh3)Cl3(ppyt)]: PPh3 (68 mg, 0.28 mmol) was added to a
solution of [ReOCl3(ppyt)] (80 mg, 0.13 mmol) in 25 mL of dichlo-
romethane. The resulting solution was magnetically stirred for 4 h
at room temperature and during this time the colour of the solution
changed from pink to violet. It was then subjected to chromatog-
raphy on a silica gel column. Excess PPh3 was eluted with benzene.
A violet band was eluted with a benzene/acetonitrile (25:2) mixture.
The solvent was removed under reduced pressure and the violet
complex so obtained was dried under vacuo over fused calcium
chloride. Yield: 90 mg (75%). C38H29Cl3N4OPRe (881.22): calcd.
C 51.80, H 3.32, N 6.35; found C 51.72, H 3.39, N 6.30. UV/Vis
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(CH2Cl2 solution): λmax (ε) = 289 nm (31300 –1 cm–1), 532 (8700),
701 (5150). IR (KBr): ν̃ = 1119 cm–1 (νO=P). 1H NMR (300 MHz,
CDCl3, 298 K): δ = 25.99 (t, J = 9.00 Hz, H2), 10.19 (t, J =
7.50 Hz, H12), 9.58 (d, J = 8.40 Hz, 2 H, H16, H20), 9.50 (t, J =
7.50 Hz, 2 H, H11, H13), 8.22 (d, J = 7.80 Hz, H1), 8.10 (d, J =
8.10 Hz, 2 H, H10, H14), 7.73 (t, J = 7.20 Hz, H18), 7.17 [d, J =
7.20 Hz, 6 H, o-H(PPh3)], 6.77 [t, J = 7.50 Hz, 3 H, p-H(PPh3)],
5.06 (t, J = 7.50 Hz, 2 H, H17, H19), 4.00 [t, J = 7.80 Hz, 6 H, m-
H(PPh3)], 2.79 (d, J = 4.80 Hz, H4), –17.01 (t, J = 9.00 Hz, H3)
ppm. E½ (ReIV/ReIII couple): 0.33 V (∆Ep = 70 mV). µ (in powder):
1.51 µB (298 K). Q-TOF-MS: m/z 881.30.

[Re(OPPh3)Br3(ppzt)]: Yield: 104 mg (79%). C37H28Br3N5OPRe
(1015.56): calcd. C 43.76, H 2.78, N 6.96; found C 43.70, H 2.73,
N 6.83. UV/Vis (CH2Cl2 solution): λmax (ε) = 300 nm
(32900 –1 cm–1), 525 (8400), 665 (5900). IR (KBr): ν̃ = 1121 cm–1

(νO=P). 1H NMR (300 MHz, CDCl3, 298 K): δ = 42.83 (d, J =
7.11 Hz, H1), 21.98 (s, H3), 8.78 (t, J = 7.62 Hz, 2 H, H10, H12),
8.62 (d, J = 7.08 Hz, 2 H, H9, H13), 7.93 (t, J = 6.87 Hz, H11),
7.68 (d, J = 7.89 Hz, H2), 7.41 [d, J = 6.72 Hz, 6 H, o-H(PPh3)],
6.96 [t, J = 6.96 Hz, 3 H, p-H (PPh3)], 6.27 (t, J = 6.36 Hz, H17),
6.13 [t, J = 8.03 Hz, 6 H, m-H(PPh3)], 5.67 (t, J = 7.44 Hz, 2 H,
H16, H18), 4.61 (d, J = 7.74 Hz, 2 H, H15, H19) ppm. E½ (ReIV/
ReIII couple): 0.58 V (∆Ep = 90 mV). µ (in powder): 1.67 µB

(298 K). Q-TOF-MS: m/z 1015.34.

Rate Measurement: The representative case of the reaction of [Re-
OCl3(ppyt)] with PPh3 will be described. A known excess of PPh3

was added to a solution of [ReOCl3(ppyt)] (5.43×10–5 ) in dichlo-
romethane at the desired temperature, and the thermostatted reac-
tion was followed spectrophotometrically (quartz cell; path length:
1 cm) by measuring the absorbance (Aα) of the peak at 710 nm as
a function of time (t). The absorbance (Aα) at the end of the reac-
tion (24 h) was also measured. Values of kobs and k were obtained
from the slopes of the linear plots of –[ln (Aα – At)] vs. t and kobs

vs. [PPh3] respectively. The activation enthalpy and entropy param-
eters were determined from the linear plot of –ln (kh/kBT) vs. T–1

using the Eyring equation, see Equation (3).

Crystal Structure Determination: Single crystals of the complexes
[ReOCl3(ppyt)] (5e) and [ReOCl3(ppzt)] (5h) were grown by slow
diffusion of hexane into dichloromethane solutions of the respec-
tive compounds. Data were collected on a Nicolet R3m/V four-
circle diffractometer with graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å) by the ω-scan technique in the range 3° � 2θ
� 50°. All data were corrected for Lorentz-polarisation and ab-
sorption.[35] The metal atoms were located from Patterson maps
and the rest of the non-hydrogen atoms emerged from successive
Fourier syntheses. The structures were then refined by a full-matrix
least-squares procedure on F2. All non-hydrogen atoms were re-
fined anisotropically. All hydrogen atoms were included in calcu-
lated positions. Calculations were performed using the
SHELXTLTM V 5.03 program package.[36]

Data for 5e: C20H14Cl3N4ORe, monoclinic, P21/n, a = 8.920(2), b
= 15.021(3), c = 15.558(3) Å, β = 92.05(3)°, V = 2083.2(3) Å3, Z =
4, 3111 unique reflections (Rint = 0.0000). Final residuals R1 =
0.0556 and wR2 = 0.1405 [I � 2σ(I)].

Data for 5h: C19H13Cl3N5ORe, monoclinic, P21/c, a = 9.274(2), b
= 16.418(3), c = 13.732(3) Å, β = 98.70(3)°, V = 2066.8(7) Å3, Z =
4, 3617 unique reflections (Rint = 0.0648). Final residuals R1 =
0.0472 and wR2 = 0.1154 [I � 2σ(I)].
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CCDC-292211 and -292212 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A theoretical density functional study of the relationship be-
tween the nearest-neighbor MnMo constants and the
number of exchange interactions in the cyano-bridged
K[(Me3tacn)6MnMo6(CN)18](ClO4)3 cluster is presented. Two
approaches (the first approach consisted of evaluating the
exchange coupling constant Jij between two paramagnetic
metal centers i and j in the hexanuclear molecule by calculat-
ing the energy differences between the highest and broken-
symmetry spin states of a model molecule in which metal
atoms except for i and j are substituted by diamagnetic YIII

cations, and the second is to calculate the different spin-state
energies of hexanuclear complexes and use the Heisenberg

Introduction

In recent years, the synthesis and study of single-mole-
cule magnets with high total spin that can be used to store
potential data have received much attention.[1–14] In these
single-molecule magnets, much attention is focused on de-
veloping cyano-bridged cluster systems, for which the pa-
rameters S and D are more readily adjusted by substitution
of various metal ions.[5–14] Long and coworkers found that
the absolute nearest-neighbor constants J always diminish
as the number of exchange interactions increases for a series
of cyano-bridged MnII–CrIII,[5,6] MnIII–CrIII,[7–9] MoIII–
NiII,[10] and CrIII–NiII [11,12] complexes. It was demonstrated
that the interactions between the nearest-neighbor MnIII

and CrIII decrease with the increase of the number of ex-
change interactions when we investigated the magnetism of
the cyano-bridged {Cr[CNMn(salen)(H2O)]6}3+ [7,8] cluster
and the linear trinuclear [(5-Brsalen)2(H2O)2Mn2Cr(CN)6][9]

cluster.[13] For the cyano-bridged single-molecule cluster
K[(Me3tacn)6MnMo6(CN)18](ClO4)3,[14] which has a sub-
stantial increase in the nearest-neighbor MnMo interac-
tions compared to those of the above MnCr complexes, we
want to know whether the above trend also exists. and
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University,
Nanjing 210097, China
E-mail: zhangyiquan@pine.njnu.edu.cn
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Hamiltonian to obtain the exchange coupling constants be-
tween different metal centers) show that the antiferromag-
netic coupling interactions between nearest neighbors
weaken with the increase of the number of exchange interac-
tions. The various θ angles have an influence on the interac-
tions between the nearest-neighbor MoMn but do not
change the trend between J12 and the number of exchange
interactions. Moreover, Kahn’s qualitative theory succeeded
in being applied to interpret the trend.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

whether the MoMnMo angle has an influence on the inter-
actions between the nearest neighbors. Kahn’s qualitative
theory[15,16] was used to interpret the relationship. Finally,
we will discuss the relationship between the calculated spin-
density populations on MnII or MoIII and the number of
exchange interactions.

Computational Methodology

Description of the Complexes and Models

In calculations, we used model A6 [(Me3tacn)6Mn-
Mo6(CN)18]2+, which is a polynuclear cluster in which
six [(Me3tacn)Mo(CN)3] units surround a central MnII ion
(see Figure 1) and was directly taken from complex K[(Me3-
tacn)6MnMo6(CN)18](ClO4)3

[14] and not optimized. The
bridges are of the Mo–CN–Mn type and, therefore, the Mn
atom with an N6 coordination sphere is in a high-spin con-
figuration. Models A1, A2, A3, A4, and A5 (the superscript
numbers denote the number of exchange interactions) (see
Figure 2) were used to investigate the relationship between
the nearest-neighbor exchange coupling constants J12 and
the number of exchange interactions. To investigate the rela-
tionship between J12 and the θ angle (we use θ to represent
the MoMnMo angle), we obtained three different structures
that all include two of the exchange interactions A2, A2�,
and A2�� (see Figure 3). The θ angles for A2, A2�, and A2��

are 86.38°, 113.33°, and 154.92°, respectively. All the mod-
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els were directly taken from model A6, and not optimized
because small changes to the experimental structures could
result in significant deviations for the coupling constants.
To easily perceive the topology of the metal framework, we
used sticks for the carbons of the tacn ligands and the ter-
minal CN ligands in Figure 1, Figure 2, and Figure 3.

Figure 1. Structure of model A6 (MnMo6).

Figure 2. Structure of models A1 (MnMo), A2 (MnMo2), A3 (MnMo3), A4 (MnMo4), and A5 (MnMo5).

Eur. J. Inorg. Chem. 2006, 2292–2298 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2293

Calculation on Exchange Coupling Constant

There are two different approaches to calculating the ex-
change coupling constants for the polynuclear com-
plexes.[17–19] In all calculations, the spin-orbit coupling is
not considered, so the magnetic anisotropy does not need
to be considered. The first approach consisted of evaluating
the exchange coupling constant Jij between two paramag-
netic metal centers i and j in the hexanuclear molecule by
calculating the energy difference between the highest and
broken-symmetry spin states of a model molecule in which
metal atoms except for i and j are substituted by diamag-
netic YIII cations. This approach was used to calculate the
exchange coupling interactions of hexanuclear complexes in
many papers and proved to give good results compared to
the experimental ones.[17–20] The second approach is to cal-
culate the different spin-state energies of hexanuclear com-
plexes and use the Heisenberg Hamiltonian to obtain the
exchange coupling constants between different metal cen-
ters.[17–21] It is a more rigorous approach in evaluating J for
polynuclear complexes than the first one. How to use these
two approaches will be interpreted thoroughly below.

For the first approach, the magnetic interactions between
MnII and MoIII metal ions were studied on the basis of
density functional theory (DFT) coupled with the broken-
symmetry approach (BS).[22–24] The exchange coupling con-
stants J were evaluated by calculating the energy difference
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Figure 3. Structure of models A2 (θ = 86.38°), A2� (θ = 113.33°), and A2�� (θ = 154.92°).

between the high-spin state (EHS) and the broken-symmetry
state (EBS). Assume the spin Hamiltonian is defined as
Equation (1).

Ĥ = –2JŜ1·Ŝ2 (1)

If the spin-projected approach is used, the equation pro-
posed by Noodleman[22–24] to extract the J value for a binu-
clear transition-metal complex is thus Equation (2).

(2)

while with the nonprojected approach:[25]

(3)

where S1 and S2 are the total spins of two interacting para-
magnetic centers and S1�S2 is assumed for heterodinuclear
complexes.

However, Equation (3) corresponds strictly to the limit
of complete overlap between the magnetic orbitals and such
a hypothesis is not sustained,[26] although it can give good
J results compared to the experimental ones.[25,27,28]

For all models, where S1 = 5/2 for MnII and S2 = 3/2 for
MoIII, from Equation (2) we get Equation (4).

J = (EBS – EHS)/15 (4)

The second approach is more rigorous. If one neglects
the spin-orbit coupling effects, the Hamiltonian for a gene-
ral extended structure is indicated in Equation (5).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2292–22982294

Ĥ = ∑
i�j

–2JijŜiŜj (5)

where Ŝi and Ŝj are the spin operators of the different para-
magnetic centers. The Jij values are the coupling constants
between all the paramagnetic centers. In our paper, we only
consider the exchange interactions between nearest neigh-
bors. This fact together with the presence of additional
symmetry elements in the structure normally result in a re-
duced set of Jij values.

When using single-determinant methods such as DFT,
the calculated energies are related to the diagonal matrix
elements of the Heisenberg Hamiltonian. An alternative
way to describe the system is by considering an Ising Ham-
iltonian as a special case of a Heisenberg Hamiltonian in
which only the diagonal terms are kept. Thus, we can con-
sider that the wave functions obtained with the single-deter-
minant methods are eigenfunctions of an Ising Hamiltonian
that is formulated with the same J values as the original
Heisenberg Hamiltonian because their diagonal terms are
identical. For that reason, the J values obtained with single-
determinant methods are directly comparable to those ob-
tained from experimental data.[19] So we can use the single-
dominant method DFT to obtain the J values from calcu-
lating the energy differences between two spin-states. A
thorough description of this approach can be found in
refs.[17–19,21]

For A2, which includes three magnetic centers, the mag-
netic coupling constants J12 between each nearest-neighbor
MoIII–MnII pair are the same for the symmetry of the com-
plete structure. Moreover, we only need the nearest-
neighbor coupling constant. So, the J12 can be extracted by
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calculating the energies of two spin-states: 1 with S = 1/2,
and 2 with S = 11/2, which are shown in Figure 4. The
equation to extract J12 is thus Equation (6).

J12 = (E1 – E2)/35 (6)

Figure 4. Two spin states: 1 with S = 1/2 (left), 2 with S = 11/2
(right) for model A2.

To obtain all the nearest-neighbor constants J12 for the
modeled structures A3, A4, A5, and A6, we also only need
to calculate the energy of two spin-states for each model.
Two spin-states for each model are as follows: 1 with S =
1/2 and 2 with S = 11/2 for A2, 1 with S = 2 and 2 with S
= 14/2 for A3, 1 with S = 7/2 and 2 with S = 17/2 for A4, 1
with S = 5 and 2 with S = 10 for A5, and 1 with S = 13/2
and 2 with S = 23/2 for A6. For all these 1 states, only the
spins on MnII are flipped. The equations to extract J12 val-
ues for all of the models are as follows:
For model A3, Equation (7) is thus:

J12 = (E1 – E2)/50 (7)

For model A4, Equation (8) is thus:

J12 = (E1 – E2)/65 (8)

For model A5, Equation (9) is thus:

J12 = (E1 – E2)/80 (9)

For model A6, Equation (10) is thus:

J12 = (E1 – E2)/95 (10)

DFT calculations have been performed using the Am-
sterdam Density Functional (ADF, version 2004.01[29–31])
package for four models. Illas et al.[32] showed the strong
dependence of the calculated J with respect to the ex-
change-correlation functionals chosen. Several exchange-
correlation functionals will be used to evaluate J. In the
calculations of J using ADF, the local density approxi-
mation (LDA) made use of the Vosko, Wilk, and Nusair[33]

(VWN) local correlation functional. A series of generalized
gradient approximation (GGA): Perdew-Wang 1991
(PW91),[34] Perdew-Burke-Ernzerhof (PBE),[35] and the re-
cently developed OPTX-Perdew (Operdew)[36,37] and
OPTX-Perdew–Burke–Ernzerhof (OPBE)[35–37] functionals
were examined. Basis set TZV2P [a basis set of triple-ζ
quality[38] supplemented with two p orbitals (“polarization
functions”)] was applied for all of the metals (Mo, Mn) and
basis set DZP (a basis set of double-ζ quality[38] sup-
plemented with one polarization function) for the other
atoms (C, N, and H). The inner core shells of C(1s), N(1s),
Mn(1s, 2s, 2p), Y(1s, 2s, 2p, 3s, 3p), and Mo(1s, 2s, 2p, 3s,
3p) were treated by the frozen core approximation. The ac-
curacy parameter (accint) for the numerical integration grid
was set to 4.0 for all of the complexes. The convergence

Eur. J. Inorg. Chem. 2006, 2292–2298 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2295

standard of the system energy was set to be smaller than
10–6 eV, reaching a precision required for the evaluation
of J.

Results and Discussion

Relationship Between J and the Number of Exchange
Interactions

The relationship between the nearest-neighbor exchange
coupling constants J12 and the number of exchange interac-
tions is shown in Figure 5. Two approaches show that the
absolute J12 values decrease with the increase of the number
of exchange interactions. The second approach gives better
results than the first one for A2, A2�, and A2��. However, the
two approaches give similar results for A3, A4, A5, and A6.
This is because the decrease of the absolute J12 values with
the increase of the number of exchange interactions will re-
duce the differences between the results using the two ap-
proaches. Moreover, this is of conceptual importance, as the

Figure 5. Relationship between the nearest-neighbor interaction
constant J12 (cm–1) and the number of exchange interactions n with
several functionals [VWN (�), PW91 (�), PBE (�), Operdew (�),
and OPBE (�)] for the models of complex I. (a) The relationship
using the first approach; (b) the relationship using the second ap-
proach.
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Table 1. Experimental J12 value for the complete structure and calculated J12 values (cm–1) for models A1, A2, A2�, A2��, A3, and A6 using
two approaches with different functionals in ADF.

Approach VWN PW91 PBE Operdew OPBE Experiment

A1 first –412.3 –373.2 –375.7 –280.1 –284.2
A2 first –218.0 –192.5 –195.8 –142.0 –147.2

second –152.7 –130.9 –132.0 –92.7 –94.4
A2� first –208.2 –183.2 –184.8 –133.0 –136.3

second –147.9 –127.3 –128.3 –89.4 –91.4 –6.7[10]

A2�� first –164.4 –132.8 –133.9 –84.6 –87.7
second –123.1 –98.4 –99.2 –62.4 –64.4

A3 first –95.8 –75.4 –76.1 –48.1 –50.1
second –83.6 –68.9 –69.5 –46.7 –47.7

A6 first –18.7 –13.4 –14.8 –8.6 –9.0
second –16.3 –12.6 –13.5 –7.4 –7.7

changes in J12 values with the number of Mo atoms has to
do with the fact that one new t2g orbital is incorporated in
the exchange interaction for the first three Mo atoms, then
the addition of new atoms does not introduce new orbital
interactions, as reflected in the small slopes between n = 3
and n = 6. From Figure 5, the consistent behavior between
the calculated J12 values and the experimental value be-
comes better in the sequence: LDA (VWN), GGA (PW91,
PBE), GGA (Operdew, OPBE), which was also found in
our previous paper,[13] and the differences between the cal-
culated J12 values using the two approaches decrease with
the increase of the number of exchange interactions for all
of the functionals. From Table 1, the calculated J12 values
of model A6, which is the most similar to the complete
structure using two approaches with Operdew and OPBE
functionals, have good agreement with the experimental
result.[14]

The nearest-neighbor exchange coupling constants J12

calculated using different functionals with two approaches
for models A2, A2�, and A2�� are shown in Table 1 where the
absolute J12 values calculated using two approaches with all
the functionals all decrease with the increase of the θ angle.
From Table 1, we also found that the increase of the J12

values from A2 to A2� is very small but large from A2� to
A2��. However, all the J12 values of models A2, A2�, and A2��

are between those of A1 and A3 and thus, the different θ
angles do not change the trend between J12 and the number
of exchange interactions.

Qualitative Analysis of the Exchange Interaction

According to Kahn’s theory,[15,16] the exchange coupling
constant J is expressed in Equation (11) (Ĥ = –2JŜ1·Ŝ2).

Jab � Kab – Sab(∆2 – δ2)1/2 (11)

The positive term Kab represents the ferromagnetic con-
tribution JF, favoring parallel alignment of the spins and a
triplet ground state, while the negative term –Sab(∆2 – δ2)1/2

is the antiferromagnetic contribution JAF, favoring anti-
parallel alignment of the spins and a singlet ground state.
Sab is the overlap integrals between a and b. δ is the initial
energy gap between the magnetic orbitals, and ∆ the energy
gap between the molecular orbitals derived from them.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2292–22982296

When several electrons are present on each center, nA on
one side, nB on the other, J can be described by the sum of
the different “orbital pathways” Jab, defined as above for
pairs of orbitals a and b located on each site, weighted by
the number of electrons [Equation (12)].

J = ∑
a,b

Jab/nAnB (12)

Some authors[39,40] have recently shown that magnetic or-
bitals a and b are well represented by the localized orbitals
of the broken-symmetry solution (they call them BS-
OMSO[41]). There are 15 different contributions to the ex-
change coupling constant in each MoIII–MnII pair; the in-
appropriate orientation of some of the magnetic orbitals
involved allows us to discard most of them. The ferromag-
netic contributions are not considered because the antifer-
romagnetic coupling interactions for all the complexes are
dominant. Moreover, as usual, the changes in the JAF term
are more important and these contributions usually control
the magnetostructural correlations, especially for those
whose intramolecular interactions are antiferromagnetic.
Hence, we only consider the changes in the JAF term.
Among the important antiferromagnetic contributions, the
most relevant ones are those involving two t2g orbitals (dxy

and dxz) of the MoIII, which are directed toward the bridg-
ing ligands because of the good overlap with the appropri-
ate t2g orbitals (dxy and dxz) of the MnII. The mean overlap
integral Sij between the four orbitals of the MoIII and MnII

can be expressed as Equation (13).

Sij = 1/4(dxydxy + dxydxz + dxzdxy + dxzdxz) (13)

Figure 6 gives the relationship between J12 and Sij ob-
tained using Equation (13) and the PW91 functional with
the increase of the number of the exchange interaction. The
absolute J12 values decrease with the decrease of the Sij in
accordance with Kahn’s qualitative theory. Therefore, we
can conclude that the increase of the number of exchange
interactions will decrease the overlap integral Sij and lead
to the decrease of the absolute J12 values. This conclusion
can be verified by investigating the relationship between J12

and the spin-density populations on MoIII and MnII with
the increase of the number of exchange interactions. Be-
cause the spin-density populations on several MoII are al-
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most the same, we only use the spin-density population on
one MoII. The spin-density populations on MoIII and MnII

were obtained with Mulliken Population Analysis[42] calcu-
lated using the PW91 functional in the ADF2004.01 pack-

Figure 6. Relationship between the nearest-neighbor interaction
constant J12 (cm–1) and the mean overlap integral Sij with the in-
crease of the number of exchange interactions using the PW91
functional.

Figure 7. Relationship between the nearest-neighbor interaction
constant J12 (cm–1) and the spin-density populations ρ on MoIII

(top) and MnII (bottom) in the high-spin states with the PW91
functional using the first approach.
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age in the high-spin (HS) states. The relationship is shown
in Figure 7 where the spin populations on MoIII and MnII

increase with the decrease of the absolute J12. From Kahn’s
theory, the increase of the spin populations on MoIII and
MnII will decrease the Sij and then lead to the decrease of
the absolute J12. Moreover, we also found that the various
spin populations on MnII were much smaller than those on
MoIII. These results were calculated using the first ap-
proach. The second approach also gives the same trend be-
tween J12 and the spin-density populations on MoIII and
MnII in the high-spin states.

Conclusions

Two approaches were used to investigate the magnetic
coupling interactions between the nearest-neighbor MoIII

and MnII. From our calculations, both approaches show
that the antiferromagnetic interactions between nearest-
neighbors decrease with the increase of the number of ex-
change interactions for our studied MoIII–MnII system. The
trend is rationalized by using Kahn’s theory through the
overlap integral Sij and the spin-density populations on
MoIII and MnII in the HS states successfully. The absolute
J12 values calculated using two approaches with all the
functionals all decrease with the increase of the θ angle, and
the decrease of the absolute J12 values from A2 to A2� is
very small but large from A2� to A2��. However, all the J12

values of models A2, A2�, and A2�� are between those of A1

and A3 and, thus, the different θ angles do not change the
trend between J12 and the number of exchange interactions.
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The reaction of the vinylidene complexes [(C5H5)(CO)(NO)-
W=C=C(H)R] (10a: R = tBu; 10b: R = Ph) with the arsaalkene
tBuC(O)–As=C(NMe2)2 (11) afforded the novel η2-1-arsa-
allene complexes [η2-{tBuC(O)–As=C=C(H)R}W(CO)(NO)-
C5H5] (13: R = tBu; 15: R = Ph). Similarly, treatment of 10a
with the ferrioarsaalkene [(C5Me5)(CO)2Fe–As=C(NMe2)2]
(12) led to the formation of [η2-{[(C5Me5)(CO)2Fe]–
As=C=C(H)tBu}W(CO)(NO)(C5H5)] (14), whereas combina-
tion of 12 and 10b yielded the carbene complex [(C5H5)(CO)-

Introduction

A considerable number of heteroallenes showing cumu-
lated P=C and C=X bond systems[1] (X = CR2,[2] NR,[2b,3]

O,[2a,2d,4] PR[5]) have been described in the literature. Only
those having bulky substituents at the phosphorus atom
could be isolated and fully characterised. In some cases co-
ordination to transition-metal complex fragments provides
additional stability to such heterocumulenes.

In contrast to this, the chemistry of heterocumulenes
with λ3,σ2-arsenic atoms is only poorly developed. The first
stable arsaallene 2 has been synthesised from arsaalkene 1
and fluorenone in an organolithium-mediated condensation
(Scheme 1).[6]

The first and only arsaphosphaallene Mes*P=C=
AsMes* (5) was synthesised from the reaction of phos-
phaalkene Mes*P=CBr2 (3a) (Mes* = 2,4,6-tBu3C6H2) with
n-butyllithium followed by the addition of Mes*AsF2 to
give intermediate 4a. Treatment of the latter with n-butyl-
lithium and LiF elimination led to the heterocumulene[7]

(Scheme 2). Similarly, the stable 1,3-diarsaallene 6 was syn-
thesised from Mes*As=CBr2 (3b) and Mes*AsF2

[8]

(Scheme 2).
During the course of our studies on inversely polarised

arsaalkenes of the type R–As=C(NMe2)2 we disclosed their
properties to act as nucleophilic arsanediyl transfer
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(NO)W=C(NMe2)C(Ph)=C(H)NMe2] (16) in high yield in-
stead of the anticipated arsaallene complex. The novel com-
pounds 13, 14, 15 and 16 were characterised by elemental
analyses and by means of spectroscopy (IR, 1H, 13C NMR).
Moreover, the molecular structures of 14 and 15 were eluci-
dated by X-ray diffraction analyses.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Synthesis of arsaallene 2.

reagents. Reaction of phosphavinylidene complexes
[(C5H5)(CO)2M=P=C(SiMe3)2] (M = Mo, W) with
[Cp*(CO)2Fe–As=C(NMe2)2], tBuC(O)–As=C(NMe2)2 or
MesC(O)–As=C(NMe2)2 [Mes = 2,4,6-(CH3)3C6H2] af-
forded complexes 7 featuring novel η3-2-phospha-1-arsa-
allyl ligands[9] (Scheme 3).

Employment of the less bulky arsaalkene 4-EtC6H4–
As=C(NMe2)2 gave rise to the formation of complexes 8
and 9 depending upon the stoichiometry of the reac-
tion[9b,9c] (Scheme 4).
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Scheme 2. Synthesis of heteroallenes 5 and 6.

Scheme 3. Formation of 2-phospha-1-arsaallyl complexes 7a–d.

In order to explore the scope and limitations of inversely
polarised arsaalkenes to formally act as a source for arsane-
diyl species, we extended our investigations from phospha-
vinylidene to the related vinylidene complexes.

Scheme 4. Synthesis of complexes 8 and 9 (Aryl = 4-EtC6H4).

Scheme 5. Formation of the 1-arsaallene complexes 13, 14.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2299–23052300

Results and Discussion

Treatment of complex [Cp(CO)(NO)W=C=C(H)tBu]
(10a)[10] with an equimolar amount of arsaalkenes R–
As=C(NMe2)2 {11: R = tBuC(O);[9b] 12: R = [Cp*(CO)2-
Fe][11]} in diethyl ether solution in the range of –30 °C to
20 °C afforded the crystalline η2-1-arsaallene complexes 13
(50% yield) and 14 (73% yield), respectively. Purification of
the products was effected by column chromatography on
Florisil with diethyl ether (for 13) or pentane (for 14) as
eluents. In case of product 14, two isomers could be distin-
guished by NMR spectroscopy (Scheme 5).

The air- and moisture-sensitive complexes are well solu-
ble in saturated hydrocarbons, ethereal and aromatic sol-
vents. Tetrakis(dimethylamino)ethene was formed as a by-
product. After removal of solvent from the reaction mix-
ture, a few drops of the alkene were distilled off and iden-
tified by comparison of the 1H and 13C NMR spectra with
those of an authentic sample.

In the 1H NMR spectrum of 13, singlets at δ = 1.24,
1.25, 4.81 and 7.86 ppm were assigned to the protons of
the two different tert-butyl groups, the Cp ligand and the
exocyclic methylene group, respectively. These data and the
absence of resonances because of the C(NMe2)2 fragment
indicate the combination of the vinylidene unit of 10a and
the arsanediyl group of 11 to the novel ligand in product
13. In the precursor molecule 10a the protons of the C5H5

ring are much more deshielded (δ = 5.81, 5.83 ppm),
whereas the signal of the hydrogen atom at the vinylidene
unit was observed at significantly higher field (δ = 5.69,
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5.73 ppm). In the 13C{1H} NMR spectrum of 13, singlets
at δ = 174.8 and 158.3 ppm were assigned to the carbon
atoms in β and α positions, respectively, of the arsaallene
ligand. In 10a these carbon atoms give rise to resonances at
δ = 139.5, 140.0 and 338.4, 338.7 ppm. In the unsupported
arsaallene 2, singlets at δ = 255.8 and 129.1 ppm are due
to the α- and β-C atoms, respectively, of the heteroallenic
skeleton. The strong high-field shift of the α-C signal in
going from 10a to 13 points to the η2-ligation of the As=C
bond to the metal atom. The 13C NMR signals of the ter-
minal CO ligand and the acylic carbonyl group were ob-
served at δ = 216.7 and 227.5 ppm, respectively. The signifi-
cant low-field shift of the resonance of the CO ligand com-
pared to precursor 10a (δ = 210.8, 211.8 ppm) points to an
improved donor capacity of the heteroallene ligand over the
vinylidene system. This is also evident from the ν(CO)
bands in the IR spectrum of 13 (ν̃ = 1982 cm–1) and 10a (ν̃
= 2002 cm–1).

Singlets in the 1H NMR spectrum of the ferrioarsaallene
complex 14 at δ = 1.35, 1.41; 1.51, 1.59; 5.08, 5.33 and 8.01,
8.03 ppm are readily assigned to the tert-butyl, methyl, cy-
clopentadienyl and vinylic protons, respectively, of two iso-
mers. In the 13C{1H} NMR spectrum of 14, the signals of
the α-C atoms appeared as singlets at δ = 175.7 and
178.8 ppm with 13C-183W coupling constants of 109 and
118 Hz. Singlets at δ = 156.08 and 156.14 ppm were as-
signed to the carbon atoms in β-position. Carbonyl reso-
nances at δ = 219.3 and 219.9 ppm are due to the W–CO
unit whereas singlets at δ = 216.1, 216.9, 217.1 and 217.7
are due to the carbonyliron moieties.

An analogous treatment of vinylidene complex 10b with
pivaloylarsaalkene 11 afforded the thermolabile complex 15
as orange crystals in 29% yield (Scheme 6).

Scheme 6. Reaction of 10b with arsaalkenes 11 and 12.

In sharp contrast to this, reaction of 10b with ferrioar-
saalkene 12 did not lead to the expected arsaallene system.
Instead, carbene complex 16 was isolated as red crystals in
69% yield. Elemental arsenic and complex [Cp*Fe(CO)2]2
were obtained in 82% yield. According to the NMR spec-
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tra, product 15 was generated as one single isomer. Singlets
in the 1H NMR spectrum of 15 at δ = 1.24, 4.72 and
8.69 ppm are attributed to the hydrogen atoms at the tert-
butyl group, the C5H5 ring and the vinylic unit, respectively.
The carbon atoms of the arsaallene in α- and β-positions
give rise to singlets at δ = 183.3 and 144.7 ppm, respectively.
The resonances of the carbonyl ligand and the acylic CO
group were observed as singlets at δ = 221.9 and 223.0 ppm,
respectively. In comparison to precursor 10b [ν̃(CO) = 2010;
ν̃(NO) = 1654 cm–1], the bands of the corresponding vi-
brations in 15 are bathochromically shifted [ν̃(CO) = 1960;
ν̃(NO) = 1634 cm–1].

The 13C{1H} NMR spectrum of 16 displays a singlet at
δ = 260.8 ppm for the carbene carbon atom. This chemical
shift is in good agreement with the corresponding signals
of the aminocarbene complexes 17 (δ = 259.3; 259.7 ppm)
or 18 (δ = 262.0 ppm).[12]

The methyl groups of the Me2N unit attached to the car-
bene centre are chemically and magnetically not equivalent
giving rise to singlets at δ = 3.33 and 3.73 ppm in the 1H
NMR spectrum and δ = 44.4 and 49.3 ppm in the 13C{1H}
NMR spectrum of 16. Singlets at δ = 2.92 ppm in the 1H
NMR spectrum and δ = 42.6 ppm in the 13C{1H} spectrum
are assigned to the Me2N group at the γ-carbon atom. The
signal of the hydrogen atom at the C=C double bond was
observed as a singlet at δ = 5.65 ppm. 13C NMR singlets at
δ = 140.6 and 118.8 ppm are due to the carbon atoms β-C
and γ-C, respectively, of this double bond. A 13C NMR
singlet at δ = 233.2 ppm is attributed to the carbonyl ligand.
This resonance is markedly low-field shifted in comparison
to those of precursor 10b and complex 15, which reflects
the pronounced donor capacity of the aminocarbene li-
gand. Accordingly, the ν(CO) band in the IR spectrum of
16 is registered at ν̃ = 1899 cm–1, whereas the band for the
nitrosyl stretching vibration appears at ν̃ = 1768 cm–1 and
is hypsochromically shifted relative to those of 10b [ν̃(NO)
= 1654 cm–1] and 15 [ν̃(NO) = 1634 cm–1].

X-ray Structural Investigations

Single crystals of 14 suitable for X-ray diffraction analy-
sis were grown from diethyl ether at –30 °C.

The analysis (Figure 1, Table 1) displays a molecule with
a distorted piano-stool geometry [As(1)–W(1)–C(6) =
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67.8(1)°, C(6)–W(1)–N(1) = 93.2(2)°, N(1)–W(1)–C(7) =
92.7(1)°], with the nearly linear carbonyl and nitrosyl li-
gands [W(1)–C(6)–O(2) = 174.4(3)°, W(1)–N(1)–O(1) =
174.3(3)°]. The most interesting part of the molecule is the
1-arsaaallene ligand, which is unsymmetrically linked to the
metal atom in an η2-fashion by bonds W(1)–As(1)
[2.7145(3) Å] and W(1)–C(7) [2.165(3) Å]. The latter bond
is significantly shorter than the W(1)–C distances of the
[C5H5W] part of the molecule [2.353(3)–2.390(3) Å].

Figure 1. Molecular structure of 14 in the crystal. Selected bond
lengths [Å] and angles [°]: W(1)–C(6) 2.004(4), W(1)–N(1) 1.809(3),
W(1)–C(7) 2.165(3), W(1)–As(1) 2.7145(3), W(1)–C(1-5) 2.353(3)–
2.390(3), As(1)–C(7) 1.911(3), As(1)–Fe(1) 2.4416(5), C(7)–C(8)
1.348(4); W(1)–C(6)–O(2) 174.4(3), W(1)–N(1)–O(1) 174.3(3),
W(1)–C(7)–As(1) 52.4(1), W(1)–C(7)–C(8) 147.8(2), C(7)–W(1)–
As(1) 44.4(1), C(7)–W(1)–N(1) 92.7(1), N(1)–W(1)–C(6) 93.2(1),
C(6)–W(1)–As(1) 67.8(1), W(1)–As(1)–Fe(1) 119.5(2), W(1)–As(1)–
C(7) 52.4(1), As(1)–C(7)–C(8) 129.0(2), Fe(1)–As(1)–C(7) 112.9(1).

The bond length W(1)–C(7) is comparable to that in
complex 19 [2.178(7) Å][13] but much smaller than in
the (η3-2-phospha-1-arsaallyl)tungsten complex 7d
[2.439(2) Å].[9b]

Thus, the situation of a π-complex involving the W-atom
and As=C double bond is not reflected satisfactorily by the
structural data of 14. Moreover, inspection of W=C bond
lengths in a series of (carbene)tungsten complexes
[1.859(4)–2.23(2) Å][14] reveals some WC multiple bonding
in our new complex. The separation W(1)–As(1)
[2.7145(3) Å] is similar to the endocyclic bonds W(2)–As(1)
[2.697(5) Å] and W(2)–As(2) [2.696(4) Å] determined in the
diarsene complex 20, whereas the exocyclic contacts W(1)–
As(1) [2.638(5) Å] and W(3)–As(2) [2.626(5) Å] are slightly
shorter.[15] The endocyclic bond length As(1)–C(7)
[1.911(3) Å] may be envisaged as a multiple bond elongated

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2299–23052302

Table 1. Crystal data and data collection parameters.

Compound 14 15

Empirical formula C24H30AsFeNO4W C19H20AsNO3W
Mr [gmol–1] 711.11 569.13
Crystal dimensions [mm] 0.18×0.15×0.09 0.26×0.18×0.06
Crystal system monoclinic monoclinic
Space group P21/n P21/a
a [Å] 11.728(2) 12.8229(13)
b [Å] 14.886(2) 7.3004(6)
c [Å] 14.900(2) 20.8001(15)
β [°] 102.46(1) 97.066(7)
V [Å3] 2540.0(5) 1932.4(3)
Z 4 4
ρcalcd. [gcm–3] 1.860 1.956
µ [mm–1] 6.418 7.694
F(000) 1384 1088
θ [°] 2.01–30.00 2.96–30.19
No. reflections collected 65907 81988
Unique reflections 7397 8259
Rint 0.0560 not defined
Refined parameters 297 227
Gof 1.062 1.186
RF [I � 2σ(I)] 0.0278 0.0427
wR (F2) [all data] 0.0559 0.1173
∆ρmax/min [e· Å–3] 1.831 (0.81 Å from W1)/ 1.352 (1.04 Å from W1)/

–0.968 –2.221
Remarks Crystals are twinned

(ratio 42:58) by a rotation
of 180° about 001. R(int)
is not defined because of
this twinning.

by π-coordination. Generally, unsupported As=C bond
lengths in acyclic arsaalkenes range from 1.789(3) Å in (Z)-
Mes*As=C(Br)SiMe3

[6] to 1.867(9) Å in tBu–As=C(F)-
NEt2.[16] For the As=C distance in 1-arsaallene 2 an even
shorter value [1.754(2) Å] was determined.[6] The iron–arse-
nic bond of 2.4416(5) Å in 14 is markedly longer than in
the 2-phospha-1-arsaallyl complex 7a [2.4098(4) Å][9b] or in
the ferrioarsacyclobutene 21 [2.396(1)].[11]

The carbon–carbon double bond C(7)–C(8) [1.348(4) Å]
in 14 is lengthened with respect to the one in 2
[1.314(3) Å].[6] The angle As(1)–C(7)–C(8) of 129.0(2)° is
strongly compressed when compared with the one in 1-ar-
saallene 2 [169.72(19)°]. Carbon atom C(8) is located in the
plane defined by the atoms W(1), As(1) and C(7). Thereby
the As atom is roughly placed in a trans disposition to the
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nitrosyl ligand, whereas C(7) and the carbonyl group are
trans-oriented.

Single crystals of complex 15 were grown from a diethyl
ether solution at –30 °C. As given with compound 14, the
X-ray analysis displays an arsaallene ligand attached to the
metal centre whereby a three-membered metalloheterocycle
of atoms W(1), As(1) and C(1) is formed (Figure 2,
Table 1).

Figure 2. Molecular structure of 15 in the crystal. Selected bond
lengths [Å] and angles [°]: W(1)–C(14) 2.034(7), W(1)–N(1)
1.806(5), W(1)–C(1) 2.134(6), W(1)–As(1) 2.690(1), W(1)–C(9-13)
2.336(6)–2.388(7), As(1)–C(1) 1.909(6), As(1)–C(15) 2.065(6),
C(15)–O(3) 1.207(7), C(1)–C(2) 1.360(9), C(2)–C(3) 1.472(9), O(2)–
C(14) 1.137(8), N(1)–O(1) 1.216(7); N(1)–W(1)–C(14) 88.3(3),
N(1)–W(1)–C(1) 93.0(2), C(14)–W(1)–As(1) 73.3(2), N(1)–W(1)–
As(1) 110.8(2), W(1)–As(1)–C(15) 101.2(2), C(1)–As(1)–C(15)
95.4(2), As(1)–C(15)–C(16) 114.5(4), As(1)–C(15)–O(3) 122.4(5),
C(16)–C(15)–O(3) 123.0(6), As(1)–C(1)–C(2) 131.6(5), C(1)–C(2)–
C(3) 129.6(6), W(1)–C(14)–O(2) 176.8(6), W(1)–N(1)–O(1)
174.0(5), W(1)–C(1)–C(2) 145.2(5).

The structural parameters of 15 are essentially the same
as in complex 14, with bond lengths of W(1)–As(1) =
2.690(1) Å, W(1)–C(1) = 2.134(6) Å and As(1)–C(1) =
1.909(6) Å. The single bond length As(1)–C(15) of
2.065(6) Å is on the upper end of the range 1.97–2.00 Å,
usually determined for such single bonds, and matches well
with the corresponding bond in 7d [2.063(2) Å]. In precur-
sor tBuC(O)–As=C(NMe2)2 the respective As–C(O) bond
is considerably shorter [1.938(4) Å],[17] which may be due to
some π-delocalisation with the As=C bond. The angle
As(1)–C(1)–C(2) [131.6(5)°] is comparable to that in 14.
Atoms As(1), C(1) and C(2) constitute a plane to which
vector As(1)–C(15) forms an angle of 100.4°. The phenyl
ring is twisted out of the plane through the atoms As(1),
C(1), C(2) and C(3) by 18.9°.

Mechanistic Considerations

In line with previous observations concerning the electro-
philicity of the α-C atom in vinylidene complexes it is con-
ceivable that the formation of complexes 13–15 is initiated
by the nucleophilic attack of arsaalkenes 11 or 12 by their
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As atom on this C atom of 10a,b to give adduct A. Ring
closure and extrusion of the carbene lead to the final prod-
ucts 13, 14 and 15 (Scheme 7).

Scheme 7. Proposed mechanism for the formation of 13, 14 and 15
{R = Ph, tBu; R� = tBuC(O), [Cp*(CO)2Fe]}.

The formation of the aminocarbene complex 16 may be
initiated by the electrophilic attack of arsaalkene 12
through its electrophilic carbon atom at the nucleophilic β-
C atom of 10b affording zwitterion B, from which a fer-
rioarsanediyl moiety is liberated to give the cyclopropane-
diyl complex C. Dissociation of a dimethylamide ion and
ring opening afford carbene D. The addition of the dimeth-

Scheme 8. Proposed mechanism for the formation of 16.
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ylamide ion at the α-C atom and a 1,2-hydrogen shift give
the final product 16 (Scheme 8).

Conclusions

The previously observed transition-metal-induced cleav-
ages of inversely polarised arsaalkenes to give cyclotriar-
sanes,[18] an η2-diarsene complex[19] or η3-1-arsa-2-phos-
phaallyl complexes[9] were extended to the smooth genera-
tion of η2-1-arsaallene complexes 13, 14 and 15, which
underline the ability of arsaalkenes to act as convenient
sources for arsanediyl (arsinidene) units under mild condi-
tions.

Experimental Section
General: All manipulations were performed under dry, oxygen-free
nitrogen using standard Schlenk techniques. Solvents were rigor-
ously dried with an appropriate drying agent and freshly distilled
under N2 before use. The following compounds were prepared ac-
cording to literature procedures: [Cp(CO)2(NO)W],[20] [Cp*(CO)2-
Fe–As=C(NMe2)2] (12),[11] Me3Si–As=C(NMe2)2.[11] IR spectra:
Bruker FTIR VECTOR 22. 1H, 13C NMR spectra in C6D6 at room
temperature; Bruker AM Avance DRX 500 (1H: 500.13 Hz; 13C:
125.75 MHz); reference: SiMe4. Florisil (Merck), pivaloyl chloride,
phenylacetylene and tert-butylacetylene were purchased commer-
cially.

Improved Synthesis of 10a and 10b: A solution of nBuLi (1.6 ) in
hexane (12.5 mL, 20 mmol) was added dropwise to a chilled solu-
tion (–30 °C) of tert-butylacetylene (1.64 g, 20 mmol) or phenyl-
acetylene (2.04 g, 20 mmol) in diethyl ether (60 mL). The solution
of R–C�CLi was slowly warmed up to 20 °C, then transferred into
a dropping funnel and added dropwise to a solution of [Cp(CO)2-
(NO)W] (5.02 g, 15 mmol) in cold diethyl ether (–30 °C, 100 mL).
After stirring at –30 °C for 5 h, the solution was warmed up to
0 °C and concentrated HCl (3 mL), diluted with oxygen-free water
(50 mL), was added. The organic phase was separated, washed with
saturated aqueous sodium hydrogen carbonate (30 mL) and satu-
rated aqueous sodium chloride (30 mL). After removal of solvents
under reduced pressure, compounds 10a (5.72 g, 98%) and 10b
(5.89 g, 96%) were isolated as red solids. The spectroscopic data of
the products are identical to those reported in the literature.[10]

[Cp(CO)(NO)W{η2-tBuC(O)AsC=C(H)tBu}] (13): A chilled solu-
tion (–30 °C) of arsaalkene 11 (1.81 mmol) in diethyl ether (20 mL)
was added dropwise to a well-stirred cold solution (–30 °C) of com-
plex 10a (0.70 g, 1.81 mmol) in diethyl ether (25 mL). It was slowly
warmed to ambient temperature and stirring was continued for
12 h. The reaction mixture was freed from solvent and volatile com-
ponents. The black residue was dissolved with diethyl ether
(10 mL), then Florisil (5 g) was added and the slurry was concen-
trated to dryness. The coated Florisil was transferred on top of a
column (d = 1.5 cm, l = 6 cm) charged with Florisil (20 g). A yellow
zone was eluted with diethyl ether. Removal of the solvent from
the eluate afforded yellow microcrystalline 13 (0.50 g, 50%). IR
(KBr): ν̃ = 1982 (C�O), 1693 (C=O), 1649 (N=O) cm–1. 1H NMR:
δ = 1.24 (s, 9 H, tBu), 1.25 (s, 9 H, tBu), 4.81 (s, 5 H, Cp), 7.86 (s,
1 H, tBuCH) ppm. 13C{1H} NMR: δ = 25.5 [s, (CH3)3C], 26.6 [s,
(CH3)3C], 37.8 [s, (CH3)C], 51.2 [s, (CH3)3C], 96.0 (s, Cp), 158.3 (s,
Cβ), 174.8 (s, Cα), 216.7 (s, C�O), 227.5 (s, C=O) ppm. C17H24As-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2299–23052304

NO3W (569.15): calcd. C 37.18, H 4.40, N 2.55; found C 36.88, H
4.15, N 2.99.

[Cp(CO)(NO)W{η2-[Cp*(CO)2Fe]AsC=C(H)tBu}] (14): Analo-
gously, combination of 12 (0.76 g, 1.81 mmol) in diethyl ether
(20 mL) with 10a (0.70 g, 1.81 mmol) in diethyl ether (25 mL) at
–30 °C and similar work up (Florisil, pentane) afforded dark red
crystalline 14 (0.94 g, 73%). IR (KBr): ν̃ = 1973, 1943, 1917
(C�O), 1620 (N=O) cm–1. 1H NMR [two isomers (2:1)]; first iso-
mer: δ = 1.41 (s, 9 H, tBu), 1.59 (s, 15 H, Me5C5), 5.08 (s, 5 H,
Cp), 8.01 (s, 1 H, tBuCH) ppm; second isomer: δ = 1.35 (s, 9 H,
tBu), 1.51 (s, 15 H, Me5C5), 5.33 (s, 5 H, Cp), 8.03 (s, 1 H, tBuCH)
ppm. 13C{1H} NMR (C6D6): δ = 9.4 (s, C5Me5), 9.5 (s, C5Me5),
30.6 [s, C(CH3)3], 31.5 [s, C(CH3)3], 36.3 [s, C(CH3)3], 37.9 (s,
C(CH3)3), 95.1 (s, C5Me5), 95.7 (s, C5Me5), 96.3 (s, C5H5), 96.8 (s,
C5H5), 156.1 (s, Cβ), 156.1 (s, Cβ), 175.7 (s, Cα, JCW = 109 Hz),
178.8 (s, Cα, JCW = 118 Hz), 216.1 (s, FeCO), 216.9 (s, FeCO),
217.1 (s, FeCO), 217.7 (s, FeCO), 219.3 (s, WCO), 219.9 (s, WCO).
C24H30AsFeNO4W (711.11) calcd. C 40.54, H 4.25, N 1.97; found
C 40.54, H 4.35, N 2.00.

[Cp(CO)(NO)W{η2-tBuC(O)AsC=C(H)Ph}] (15): A chilled solu-
tion (–30 °C) of arsaalkene 11 (1.81 mmol) in diethyl ether (20 mL)
was added dropwise to a well-stirred cold solution (–30 °C) of com-
plex 10b (0.74 g, 1.81 mmol) in diethyl ether (25 mL). Stirring at
–30 °C was continued for 4 h before the reaction mixture was
slowly warmed to room temperature. The solvent was removed in
vacuo and the brown residue was dissolved in diethyl ether
(10 mL). Florisil (5 g) was added and the slurry was concentrated
to dryness. As described before, the crude material was chromato-
graphed on a Florisil column (d = 1.5 cm, l = 6 cm) charged with
Florisil (20 g). An orange zone was eluted with a pentane/diethyl
ether mixture (5:1). Removal of solvents from the eluate afforded
orange crystalline thermolabile 15 (0.30 g, 29%). IR (KBr): ν̃ =
1960 (C�O), 1634 (br., N=O, C=O) cm–1. 1H NMR (C6D6): δ =
1.24 (s, 9 H, tBu), 4.72 (s, 5 H, Cp), 7.08 (t, J(H,H) = 7.5 Hz, 1 H,
Ph), 7.20 (t, J(H,H) = 7.5 Hz, 2 H, Ph), 7.60 (d, J(H,H) = 7.5 Hz, 2
H, Ph), 8.69 (s, 1 H, PhCH) ppm. 13C{1H} NMR (C6D6): δ = 31.0
[s, (CH3)3C], 38.4 [s, (CH3)3C], 96.5 (s, Cp), 127.2 (s, Ph), 128.4 (s,
Ph), 128.5 (s, Ph), 142.1 (s, Ph), 144.7 (s, Cβ), 183.3 (s, Cα), 221.9
(s, C=O), 223.0 (s, C�O) ppm. C19H20AsNO3W (569.13): calcd. C
40.10, H 3.54, N 2.46; because of the pronounced thermolability
of the compound it was not possible to obtain reliable elemental
analyses. A second, orange zone was diluted with diethyl ether to
obtain a few crystals of compound 16.

Cp(CO)(NO)W=C(NMe2)C(C6H5)=C(H)NMe2 (16): A chilled
solution (–30 °C) of arsaalkene 12 (0.76 g, 1.81 mmol) in diethyl
ether (20 mL) was added dropwise to a well-stirred cold solution
(–30 °C) of complex 10b (0.74 g, 1.81 mmol) in diethyl ether
(25 mL). It was slowly warmed to ambient temperature and stirring
was continued for 12 h. The reaction mixture was freed from sol-
vent and volatile components. The black residue was dissolved with
diethyl ether (10 mL) and filtered. The residue was identified as
elemental arsenic. Florisil (5 g) was then added to the solution and
the slurry was concentrated to dryness. The coated Florisil was
transferred on top of a column (d = 1.5 cm, l = 6 cm) charged with
Florisil (20 g). A deep red zone was eluted with pentane. Removal
of the solvent from the eluate afforded black microcrystalline
[Cp*Fe(CO)2]2 (0.45 g, 82%). A second, orange zone was eluted
with diethyl ether. Removal of solvents to the beginning of crystalli-
sation and storage at –30 °C yielded 16 (0.64 g, 69%) as red crys-
tals. IR (KBr): ν̃ = 1899 (C�O), 1768 (N=O) cm–1. 1H NMR
(CDCl3): δ = 2.92 (s, 6 H, NMe2), 3.33 (s, 3 H, NMe2), 3.73 (s, 3
H, NMe2), 5.41 (s, 5 H, Cp), 5.65 (s, 1 H, PhC=CH), 6.89 (d, J(H,H)
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= 7.5 Hz, 2 H, Ph), 7.02 (t, J(H,H) = 6.9 Hz, 1 H, Ph), 7.20 (t, J(H,H)

= 7.5 Hz, 2 H, Ph) ppm. 13C{1H} NMR (CDCl3): δ = 42.6 (s,
NMe2), 44.4 (s, NMe2), 49.3 (s, NMe2), 96.0 (s, Cp), 118.8 (s, Cγ)
124.3 (s, Ph), 128.4 (s, Ph), 128.6 (s, Ph), 129.3 (s, Ph), 140.6 (s, Cβ),
233.2 (s, CO), 260.8 (s, Cα) ppm. C19H23N3O2W (509.26): calcd. C
44.81, H 4.55, N 8.25; found C 44.77, H 4.43, N 8.28.

X-ray Crystallography: Crystallographic data were collected with a
Nonius Kappa CCD diffractometer with Mo-Kα (graphite mono-
chromator, λ = 0.71073 Å) at 100 K. Crystallographic programs used
for structure solution and refinement were from SHELXS-97,[21]

SIR-97[22] and SHELXL-97.[21] The structures were solved by direct
methods and were refined by using full-matrix least squares on F2

of all unique reflections with anisotropic thermal parameters for all
non-hydrogen atoms. Hydrogen atoms were included at calculated
positions with U(H) = 1.2Ueq for CH2 groups and U(H) = 1.5Ueq

for CH3 groups. Crystal data of the compounds are listed in Table 1.
CCDC-297420 (for 14) and -297421 (for 15) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Reactions of 2 equiv. pyrrole with [C4H3N(CH2NMe2)-
2]2M(NEt2)2 in toluene generated tetra-pyrrolyl metal com-
pounds [C4H3N(CH2NMe2)-2]2M(C4H4N)2 (3, M = Zr; 4, M =
Hf) in moderate yields. Similarly, treatment of metal amides
[C4H3N(CH2NMe2)-2]2M(NEt2)2 with 2,6-dimethylphenol or
2,6-diisopropylphenol in heptane resulted in the elimination
of diethylamine along with the formation of the correspond-
ing metal alkoxides [C4H3N(CH2NMe2)-2]2M(OR)2 (5, M =
Zr, R = C6H3-2,6-Me2; 6, M = Hf, R = C6H3-2,6-Me2; 7, M =
Zr, R = C6H3-2,6-iPr2; 8, M = Hf, R = C6H3-2,6-iPr2) in moder-
ate yields. All the new compounds were characterized by 1H

Introduction

Poly-ε-caprolactone (PCL) and polylactide (PLA) are
considered as biodegradable polyesters for medical and eco-
logical applications.[1–4] PCL and PLA are mainly synthe-
sized by ring-opening polymerization using Sn(OR)2 as cat-
alysts.[5–8] However, the study of polyesters generated from
ring-opening polymerization using non-tin metal alkoxides
as catalysts has just started to attract researchers’ attention.
Among those metal alkoxides, aluminum,[9–15] lithium,[16,17]

titanium,[18–21] and some lanthanide metals[22–27] have been
studied by different groups. We have previously examined
the ring-opening polymerization of ε-caprolactone and lac-
tide with aluminum alkoxides supported by monoanionic
bidentate ketiminate ligands.[28] Herein we report the syn-
thesis and characterization of zirconium and hafnium metal
complexes containing substituted pyrrolyl ligands and their
applications as catalysts on the ring-opening polymerization
of ε-caprolactone and lactide.

Results and Discussion

Synthesis of Compounds 1–8

The zirconium and hafnium amide complexes
[C4H3N(CH2NMe2)-2]2M(NEt2)2 (1, M = Zr; 2, M = Hf)

[a] Department of Chemistry, National Changhua University of
Education,
Changhua, Taiwan 500

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2306–23122306

and 13C NMR spectroscopy and the structures of 3, 4, 6, 7,
and 8 have also been determined by X-ray crystallographic
studies. The aryloxides and the substituted pyrrolyl ligands
in both compounds 5 and 6 show fluxionality as observed by
1H NMR signals. A kinetic study on the ring-opening poly-
merization of lactide exhibits a first-order reaction of lactide
monomer with compound 8. The catalytic properties of all
the metal complexes have been studied for the ring-opening
polymerization of ε-caprolactone.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

were prepared following the published procedures (see ex-
perimental section) by treatment of M(NEt2)4 with 2 equiv.
of substituted pyrrolyl ligands (Scheme 1). Reactions of
2 equiv. pyrrole with 1 and 2 in toluene generated tetrapyr-
rolyl metal compounds [C4H3N(CH2NMe2)-2]2M(C4H4N)2

(3, M = Zr; 4, M = Hf) in moderate yields. Similarly, treat-
ment of metal amides 1 and 2 with a stoichiometric amount
of 2,6-dimethylphenol or 2,6-diisopropylphenol in heptane
resulted in the elimination of diethylamine with the
formation of the corresponding metal alkoxides
[C4H3N(CH2NMe2)-2]2M(OR)2 (5, M = Zr, R = C6H3-2,6-
Me2; 6, M = Hf, R = C6H3-2,6-Me2; 7, M = Zr, R = C6H3-
2,6-iPr2; 8, M = Hf, R = C6H3-2,6-iPr2) in moderate yields
(Scheme 1). The resulting metal alkoxide compounds 3–8
were characterized by 1H and 13C NMR spectroscopy.

Molecular Structures for Compounds 3, 4, 6, 7, and 8

Compounds 3, 4, 6, 7, and 8 were structurally charac-
terized and selected bond lengths and angles are listed in
Table 1. The molecular geometries are shown in Figure 1,
Figure 2, Figure 3, Figure 4, and Figure 5 where the molec-
ular geometries are highly dependent on the steric hin-
drance of the ligands. Compounds 3, 4, 6, and 8 all contain
solvent molecules in their unit cells. For compound 4, there
are two independent molecules in the asymmetrical unit.
However, the bond lengths and angles of the two molecules
are very similar; therefore, only one molecule is discussed



Zirconium and Hafnium Aryloxide Compounds FULL PAPER

Scheme 1.

Table 1. Selected bond lengths [Å] and angles [°] for compounds 3,
4, 6, 7, and 8.

3

Zr(1)–N(1) 2.1445(16) Zr(1)–N(2) 2.3824(16)
Zr(1)–N(3) 2.1393(16) Zr(1)–N(4) 2.3957(16)
Zr(1)–N(5) 2.1611(16) Zr(1)–N(6) 2.1577(16)
N(1)–Zr(1)–N(6) 143.09(6) N(3)–Zr(1)–N(5) 143.47(6)
N(2)–Zr(1)–N(4) 163.05(6) N(1)–Zr(1)–N(2) 71.07(6)
N(3)–Zr(1)–N(4) 72.62(6)

4

Hf(1)–N(1) 2.134(6) Hf(1)–N(2) 2.381(6)
Hf(1)–N(3) 2.133(7) Hf(1)–N(4) 2.359(6)
Hf(1)–N(5) 2.140(6) Hf(1)–N(6) 2.112(7)
N(1)–Hf(1)–N(5) 143.5(2) N(2)–Hf(1)–N(4) 162.1(2)
N(3)–Hf(1)–N(6) 143.8(2) N(1)–Hf(1)–N(2) 73.2(2)
N(3)–Hf(1)–N(4) 70.6(2)

6

Hf(1)–N(1) 2.190(5) Hf(1)–N(2) 2.391(5)
Hf(1)–N(3) 2.182(5) Hf(1)–N(4) 2.389(5)
Hf(1)–O(1) 1.975(4) Hf(1)–O(2) 1.945(5)
N(1)–Hf(1)–N(2) 71.87(18) N(3)–Hf(1)–N(4) 71.8(2)
N(4)–Hf(1)–N(2) 159.24(19) N(1)–Hf(1)–O(1) 142.54(19)
O(2)–Hf(1)–N(3) 139.59(18)

7

Zr(1)–O(1) 1.924(2) Zr(1)–N(1) 2.535(3)
Zr(1)–N(2) 2.137(3)
N(1)–Zr(1)–N(2) 69.68(10) O(1)–Zr(1)–N(1A) 168.04(10)
N(2)–Zr(1)–N(2A) 141.17(15)

8

Hf(1)–O(1) 1.9446(16) Hf(1)–N(1) 2.162(2)
Hf(1)–N(2) 2.508(2)
N(1)–Hf(1)–N(2) 70.87(7) O(1A)–Hf(1)–N(2) 170.47(7)
N(1)–Hf(1)–N(1A) 140.28(11)
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Figure 1. The molecular structure for compound 3; thermal ellip-
soids were drawn at 50% probability level. Toluene and hydrogen
atoms were omitted for clarity.

here. The structures for compounds 3, 4, and 6, with less
steric congestion, are quite similar and show a highly dis-
torted octahedral geometry, which can also be described as
an anti-trigonal prism. The two nitrogen atoms of the di-
methylamino fragments in compounds 4 and 6 have trans
positions with bond angles of 162.1(2)° and 159.24(19)°,
respectively. The sterically congested compounds 7 and 8
exhibit regular octahedral geometries. For the sterically
congested compound 8, the aryloxide ligands are trans to
the dimethylamino fragments and the two pyrrolyl frag-
ments are trans to each other; where the bond angles of
the three axes for the octahedral geometry are 170.47(7)°,
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Figure 2. One of two independent molecular structures of com-
pound 4; thermal ellipsoids were drawn at 50% probability level.
Toluene and hydrogen atoms were omitted for clarity.

Figure 3. The molecular structure for compound 6; thermal ellip-
soids were drawn at 50% probability level. Methylene chloride
molecule and hydrogen atoms were omitted for clarity.

Figure 4. The molecular structure for compound 7; thermal ellip-
soids were drawn at 30% probability level. Hydrogen atoms were
omitted for clarity.

170.47(7)°, and 140.28(11)°, respectively. The bond lengths
of metal to pyrrolyl nitrogen atoms and metal to dimeth-
ylamino nitrogen atoms are very similar despite the differ-
ences in steric effect for compounds 4, 6, and 8.[29–34]
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Figure 5. The molecular structure for compound 8; thermal ellip-
soids were drawn at 50% probability level. Methylene chloride and
hydrogen atoms were omitted for clarity.

NMR Study of the Structures in Solution

For compounds 3 and 4, the 1H NMR spectra of the
2-[(dimethylamino)methyl] fragments at room temperature
exhibit sharp singlets for the methylene and methyl protons
at δ = 3.60 and 2.43 ppm for 3 and δ = 3.18 and 1.87 ppm
for 4. The proton-coupled 13C NMR spectra of the methyl-
ene fragments for compounds 3 and 4 both show a triplet
resonance at δ = 62.6 and 62.5 ppm with 1JCH coupling
constants of 136 and 139 Hz, respectively. In the solid-state
structures of 3 and 4, there is nonsymmetrical geometry;
the NMe2 and the NCH2 of the substituted pyrrolyl ligands,
and the NCH and CCHC of the pyrrolide anion should
have different resonance signals. However, the room tem-
perature NMR spectroscopic data for 3 and 4 indicate
either the solution structures are different from the solid
ones and/or equilibria are occurring. In order to elucidate
eventual dynamic phenomena (rotation of the pyrrolide
anions) and/or the cis/trans isomerization of the complex, a
variable temperature NMR investigation and 1H–1H
NOESY spectra were carried out. The results show the res-
onance signals for the substituted pyrrolyl ligands and pyr-
rolides remain unchanged at 250 K, which indicates a fast
rotation of the pyrrolide anions and a fast equilibrium of
the cis/trans isomerization must exist at the same time.

The bulkiness of the aryloxide groups indeed affects the
M–O bond rotation rate and the fluxionality of the substi-
tuted pyrrolyl ligands. The methyl fragments of the arylox-
ides and the dimethylaminomethyl groups in compounds 5
and 6 show broad 1H NMR signals at room temperature.
Use of bulkier 2,6-diisopropylphenyl groups in compounds
7 and 8 results in greater stereorigidity of the molecular
structures in which the methyl groups of the isopropyl frag-
ments were split into four doublet signals, whereas the
methyl groups of the dimethylamino fragments were split
into two singlets. For compound 6, 1H, 13C and 1H–13C
HSQC NMR spectra were recorded in the range of 320–
250 K in CDCl3 with a 300 MHz NMR spectrometer in
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order to resolve its structure in solution at various tempera-
tures. Variable temperature 1H NMR spectra of compound
6 are shown in Figure 6. The 1H and 1H–13C HSQC NMR
spectra clearly identified that the methyl groups of arylox-
ides and dimethylamino fragments appeared as sharp sing-
lets at δ = 2.22 and 2.46 ppm, respectively, at 320 K. The
methylene protons of the CH2NM2 fragments also show a
sharp singlet at 320 K. The methyl groups of the aryloxides
and dimethylamino fragments were split into complicated
singlets at δ = 2.45, 2.58, 2.51, 2.30, 2.02, and 1.40 when the
temperature was lowered to 250 K. Similarly, the methylene
protons of the CH2NM2 fragments showed splitting of sig-
nal from a sharp singlet at δ = 3.87 to a complicated over-
lapping of two doublets and a broad singlet when the tem-
peratures were lowered from 320 to 250 K. The observed
patterns at 250 K are indicative of complex solution dynam-
ics. As far as the NCH2 signal is concerned, the splitting of
the singlet at room temperature into two doublets and a
singlet at low temperature could indicate that two isomers,
namely cis and trans, may be present in solution at low tem-
perature. The two doublets may result from a solution
structure similar to the solid state one (the cis form) and
the singlet may result from a more symmetrical solution
structure such as a more symmetrical pseudo-C2 symmetry
of trans geometry (the trans form with the phenoxide anions
in an axial arrangement and the bidentate ligands in the
equatorial plane with an unpredictable mutual arrange-
ment). Interestingly, in accordance with this, six methyl
resonances are observed and assignable to (i) the two non-
equivalent methyls of the phenoxide anions; (ii) the two
nonequivalent NMe2 methyls of the cis isomers; and (iii)
the NMe2 moiety and the two equivalent methyls of the
reasonably freely rotating phenoxide of the trans isomer. A
1H NOESY experiment of 6 was performed at 250 K; how-
ever, because of the complication of methyl resonances we
are unable to determine the cis and trans forms of 6.[35]

Figure 6. Variable 1H NMR spectra of compound 6 in CDCl3 using
a 300 MHz NMR spectrometer. Spectra ranges are drawn in the
range of δ = 1.0–4.2.
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Kinetic Study of Lactide Polymerization Initiated by 8

The reactions of 8 with rac lactides proceeded in CDCl3
at 70 °C and were monitored with a 1H NMR spectrometer.
The consumptions of lactide were measured from
the integration of the 1H NMR signals. Plots of ln([lactide]0/
[lactide]) versus time give straight lines (Figure 7), indicat-
ing the lactide polymerization is first-order with respect to
the monomer.[36]

Figure 7. Plot of ln([lactide]0/[lactide]) vs. time for the reaction of
8 with rac lactide in CDCl3 at 70 °C.

Polymerization of ε-Caprolactone

Polymerizations of ε-caprolactone by using zirconium or
hafnium complexes as catalysts have been seen in the litera-
ture.[37–39] Here we use the synthesized metal complexes as
catalysts to study their reactivity toward ε-caprolactone. All
the compounds have been studied as catalysts for the ring-
opening polymerization of ε-caprolactone. The results of
polymerization studies of ε-caprolactone initiated by com-
pounds 3–8 are shown in Table 2. It is found that com-
pounds 3–8 catalyzed the ring-opening polymerization of ε-
caprolactone to give a moderate molecular weight of PCL
(range 11000–53000) with a rather broad molecular weight
distribution (PDI = 1.38–2.63). There are no noticeable dif-
ferences toward the ring-opening polymerization relating to
metals (Zr or Hf) or bulkiness of the substituted aryloxides
and pyrrolyl ligands of compounds 3–8.

Table 2. Ring-opening polymerization of ε-caprolactone initiated
by complexes 3–8.

Entry Catalyst [M]/[cata] T (°C) Yield (%) Mn PDI

1 3 100 25 96 18457 2.63
2 3 100 65 98 15612 2.38
3 4 100 25 99 52962 1.45
4 4 100 65 97 26416 2.10
5 5 100 50 76 21219 1.55
6 6 100 50 75 17727 1.38
7 7 100 50 93 14764 1.38
8 8 100 50 94 10907 1.23

Experimental Section
General Procedure: All reactions were performed under dry nitro-
gen using standard Schlenk techniques or in a glovebox. Toluene,
heptane, diethyl ether, and tetrahydrofuran were dried by refluxing
over sodium benzophenone ketyl. CH2Cl2 was dried with P2O5.
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All solvents were distilled and stored in solvent reservoirs which
contained 4 Å molecular sieves and were purged with nitrogen. 1H
and 13C NMR spectra were recorded with a Bruker AC 200 or an
Avance 300 spectrometer. Chemical shifts for 1H and 13C spectra
were recorded in ppm relative to the residual protons and 13C of
CDCl3 (δ = 7.24, 77.0) and C6D6 (δ = 7.16, 128.0). Elemental analy-
ses were performed with a Heraeus CHN-OS Rapid Elemental An-
alyzer at the Instrument Center, NCHU. [C4H3N(CH2NMe2)-2]2-
Zr(NEt2)2, [C4H3N(CH2NMe2)-2]2Hf(NEt2)2,[40,41] C4H3NH-
(CH2NMe2)-2,[42,43] and M(NEt2)4 (M = Zr, Hf)[44] were prepared
according to previously reported procedures.

[C4H3N(CH2NMe2)-2]2Zr(NC4H4)2 (3): Pyrrole (0.1 mL,
1.44 mmol) was added to a solution of [C4H3N(CH2NMe2)-2]2-
Zr(NEt2)2 (0.345 g, 0.72 mmol) in toluene (15 mL) at 0 °C with a
micro syringe. The solution was stirred at room temperature for
10 h after the addition was completed. The volatiles were removed
under vacuum, and the residue was recrystallized from a toluene
solution to yield 0.181 g of colorless crystals in 53.9% yield. 1H
NMR (CDCl3): δ = 2.43 (s, 12 H, NMe2), 3.60 (s, 4 H, CH2N),
5.97 (m, 2 H, pyrrolyl CH), 6.17 (m, 6 H, pyrrolyl CH), 6.70 (m, 4
H, pyrrolyl CH), 6.97 (m, 2 H, pyrrolyl CH) ppm. 13C NMR
(CDCl3): δ = 47.1 (q, JCH = 138 Hz, NMe2), 62.6 (t, JCH = 136 Hz,
CH2N), 104.2 (d, JCH = 167 Hz, pyrrolyl CH), 109.2 (d, JCH =
168 Hz, pyrrolyl CH), 125.5 (d, JCH = 179 Hz, pyrrolyl CH), 127.7
(d, JCH = 190 Hz, pyrrolyl CH), 135.9 (s, pyrrolyl Cipso) ppm. One
pyrrolyl carbon resonance was not observed because of overlapping
(δ = 109.2 ppm). C22H30N6Zr (467.74): calcd. C 56.25, H 6.44, N
17.89; found C 55.83, H 6.53, N 17.85.

[C4H3N(CH2NMe2)-2]2Hf(NC4H4)2 (4): This compound was pre-
pared in a manner analogous to that described for the synthesis of
3 using [C4H3N(CH2NMe2)-2]2Hf(NEt2)2 (1.0 g, 1.76 mmol) and
pyrrole (0.248 mL, 3.52 mmol) as starting material. Colorless crys-
tals of 4 were obtained from a toluene solution (0.812 g, 83%
yield). 1H NMR (C6D6): δ = 1.87 (s, 12 H, NMe2), 3.18 (s, 4 H,
CH2N), 6.12 (m, 2 H, pyrrolyl CH), 6.40 (m, 4 H, pyrrolyl CH),
6.49 (m, 4 H, pyrrolyl CH), 6.68 (m, 2 H, pyrrolyl CH) ppm. 13C
NMR (C6D6): δ = 46.5 (q, JCH = 138 Hz, NMe2), 62.5 (t, JCH =
139 Hz, CH2N), 105.6 (d, JCH = 166 Hz, pyrrolyl CH), 110.4 (d,
JCH = 168 Hz, pyrrolyl CH), 111.0 (d, JCH = 171 Hz, pyrrolyl CH),
126.9 (d, JCH = 180 Hz, pyrrolyl CH), 128.5 (d, JCH = 181 Hz,
pyrrolyl CH), 136.1 (s, pyrrolyl Cipso) ppm.

[C4H3N(CH2NMe2)-2]2Zr(OC6H3Me2-2,6)2 (5): A solution of 2,6-
dimethylphenol (0.254 g, 2.08 mmol) in heptane (15 mL) was added
to a heptane solution (20 mL) of [C4H3N(CH2NMe2)-2]2-
Zr(NEt2)2 (0.50 g, 1.04 mmol) dropwise over 10 min. The solution
was stirred at room temperature for 3 h after the addition was com-
pleted. The volatiles were removed under vacuum, and the residue
was recrystallized from a dichloromethane solution to yield 0.45 g
of colorless crystals in 73.8% yield. 1H NMR (CDCl3): δ = 2.23
(br. s, 12 H, NMe2), 2.47 (br. s, 12 H, Ph-Me), 3.87 (br. s, 4 H,
CH2N), 5.29 (s, 2 H, CH2Cl2), 6.02 (m, 2 H, pyrrolyl CH), 6.16
(m, 2 H, pyrrolyl CH), 6.70 (m, 2 H, pyrrolyl CH), 6.93 (m, 4 H,
Ph), 7.33 (br., 2 H, Ph) ppm. 13C NMR (CDCl3): δ = 17.8 (q, JCH

= 126 Hz, Ph-Me), 48.2 (q, JCH = 140 Hz, NMe2), 61.6 (t, JCH =
137 Hz, CH2N), 104.5 (d, JCH = 168 Hz, pyrrolyl CH), 108.2 (d,
JCH = 166 Hz, pyrrolyl CH), 120.2 (d, JCH = 162 Hz, Ph), 126.5 (s,
Ph Cipso), 128.6 (d, JCH = 158 Hz, Ph), 128.8 (d, JCH = 180 Hz,
pyrrolyl CH), 136.3 (s, pyrrolyl Cipso), 159.2 (s, Ph Cipso) ppm.
C30H40N4O2Zr·CH2Cl2 (664.82): calcd. C 56.00, H 6.37, N 8.43;
found C 55.72, H 6.54, N 8.43.

[C4H3N(CH2NMe2)-2]2Hf(OC6H3Me2-2,6)2 (6): This compound
was prepared in a manner analogous to that described for the syn-
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thesis of 5 using [C4H3N(CH2NMe2)-2]2Hf(NEt2)2 (1.0 g,
1.76 mmol) and 2,6-dimethylphenol (0.429 g, 3.52 mmol) as start-
ing material. Colorless crystals of 6 were obtained from a CH2Cl2
solution (0.74 g, 63.2% yield). 1H NMR (CDCl3): δ = 2.25 (br. s,
12 H, Ph-Me), 2.50 (br. s, 12 H, NMe2), 3.90 (br. s, 4 H, CH2N),
5.29 (s, 2 H, CH2Cl2), 6.09 (m, 2 H, pyrrolyl CH), 6.22 (m, 2 H,
pyrrolyl CH), 6.69 (m, 2 H, pyrrolyl CH), 6.95 (m, 4 H, Ph), 7.39
(br., 2 H, Ph) ppm. 13C NMR (CDCl3): δ = 17.9 (q, JCH = 128 Hz,
Ph-Me), 48.4 (q, JCH = 145 Hz, NMe2), 53.5 (t, JCH = 177 Hz,
CH2Cl2), 61.6 (t, JCH = 137 Hz, CH2N), 105.1 (d, JCH = 166 Hz,
pyrrolyl CH), 109.1 (d, JCH = 166 Hz, pyrrolyl CH), 120.0 (d, JCH

= 161 Hz, Ph), 126.8 (s, Ph Cipso), 128.6 (d, JCH = 155 Hz, Ph),
129.4 (d, JCH = 179 Hz, pyrrolyl CH), 136.5 (s, pyrrolyl Cipso), 159.0
(s, Ph Cipso) ppm. C30H40HfN4O2·CH2Cl2 (752.09): calcd. C 49.51,
H 5.63, N 7.45; found C 49.80, H 5.65, N 7.48.

[C4H3N(CH2NMe2)-2]2Zr(OC6H3iPr2-2,6)2 (7): This compound
was prepared in a manner analogous to that described for the syn-
thesis of 5 using [C4H3N(CH2NMe2)-2]2Zr(NEt2)2 (1.0 g,
2.08 mmol) and 2,6-diisopropylphenol (0.74 g, 4.16 mmol) as start-
ing material. Colorless crystals of 7 were obtained from a CH2Cl2
solution (0.85 g, 59.2% yield). 1H NMR (CDCl3): δ = 0.72 (d, 6
H, CHMe2), 0.82 (d, 6 H, CHMe2), 1.27 (d, 6 H, CHMe2), 1.47
(d, 6 H, CHMe2), 2.12 (s, 6 H, NMe2), 2.31 (s, 6 H, NMe2), 3.45
(d, 2 H, CHaHbNMe2), 3.51 (m, 2 H, CHMe2), 4.00 (m, 2 H,
CHMe2), 4.21 (d, 2 H, CHaHbNMe2), 5.27 (s, CH2Cl2), 6.00 (d, 2
H, pyrrolyl CH), 6.13 (d, 2 H, pyrrolyl CH), 6.85 (m, 4 H, pyrrolyl
+ phenyl CH), 7.07 (m, 2 H, phenyl CH), 7.38 (m, 2 H, phenyl
CH) ppm. 13C NMR (CDCl3): δ = 23.0 (q, JCH = 126 Hz, CHMe2),
24.2 (q, JCH = 122 Hz, CHMe2), 25.56 (q, JCH = 127 Hz, CHMe2),
25.61 (q, JCH = 127 Hz, CHMe2), 25.63 (d, JCH = 123 Hz,
CHMe2), 26.8 (d, JCH = 123 Hz, CHMe2), 47.2 (q, JCH = 137 Hz,
NMe2), 50.3 (q, JCH = 140 Hz, NMe2), 54.3 (t, JCH = 177 Hz,
CH2Cl2), 61.9 (t, JCH = 135 Hz, CH2N), 105.3 (d, JCH = 165 Hz,
pyrrolyl CH), 108.3 (d, JCH = 167 Hz, pyrrolyl CH), 121.2 (d, JCH

= 161 Hz, phenyl CH), 123.6 (d, JCH = 151 Hz, phenyl CH), 123.7
(d, JCH = 151 Hz, phenyl CH), 127.7 (d, JCH = 180 Hz, pyrrolyl
CH), 135.8 (s, phenyl Cipso), 136.1 (s, pyrrolyl Cipso), 139.2 (s, phenyl
Cipso), 155.8 (s, phenyl Cipso). C38H56N4O2Zr·0.5CH2Cl2 (734.57):
calcd. C 62.95, H 7.82, N 7.63; found C 62.31, H 8.09, N 7.34.

[C4H3N(CH2NMe2)-2]2Hf(OC6H3iPr2-2,6)2 (8): This compound
was prepared in a manner analogous to that described for the syn-
thesis of 5 using [C4H3N(CH2NMe2)-2]2Hf(NEt2)2 (0.3 g,
0.53 mmol) and 2,6-diisopropylphenol (0.19 g, 1.06 mmol) as start-
ing material. Colorless crystals of 8 were obtained from a CH2Cl2
solution (0.20 g, 44% yield). 1H NMR (CDCl3): δ = 0.67 (d, 6 H,
CHMe2), 0.78 (d, 6 H, CHMe2), 1.24 (d, 6 H, CHMe2), 1.45 (d, 6
H, CHMe2), 2.13 (s, 6 H, NMe2), 2.31 (s, 6 H, NMe2), 3.47 (m, 4
H, CHaHbNMe2 + CHMe2), 3.96 (m, 2 H, CHMe2), 4.15 (m, 2 H,
CHaHbNMe2), 6.02 (m, 2 H, pyrrolyl CH), 6.12 (m, 2 H, pyrrolyl
CH), 6.83 (m, 4 H, pyrrolyl + phenyl CH), 7.03 (m, 2 H, phenyl
CH), 7.33 (s, 2 H, phenyl CH) ppm. 13C NMR (CDCl3): δ = 22.8
(q, JCH = 127 Hz, CHMe2), 24.3 (q, JCH = 126 Hz, CHMe2), 25.5
(d, JCH = 131 Hz, CHMe2), 25.7 (q, JCH = 123 Hz, CHMe2), 25.8
(d, JCH = 126 Hz, CHMe2), 26.6 (d, JCH = 126 Hz, CHMe2), 47.2
(q, JCH = 141 Hz, NMe2), 50.7 (q, JCH = 141 Hz, NMe2), 61.9 (t,
JCH = 137 Hz, CH2N), 105.8 (d, JCH = 167 Hz, pyrrolyl CH), 109.0
(d, JCH = 167 Hz, pyrrolyl CH), 120.9 (d, JCH = 160 Hz, phenyl
CH), 123.6 (d, JCH = 155 Hz, phenyl CH), 123.7 (d, JCH = 155 Hz,
phenyl CH), 128.7 (d, JCH = 181 Hz, pyrrolyl CH), 136.1 (s, phenyl
Cipso), 136.4 (s, pyrrolyl Cipso), 139.1 (s, phenyl Cipso), 155.5 (s,
phenyl Cipso). C38H56HfN4O2·CH2Cl2 (864.30): calcd. C 54.20, H
6.76, N 6.48; found C 54.13, H 6.63, N 6.06.
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Table 3. The summary of data collections for compounds 3, 4, 6, 7, and 8.

3·0.5C7H8 4·0.75C7H8 6·CH2Cl2 7 8·CH2Cl2

Empirical formula C25.5H34N6Zr C27.25H36HfN6 C31H42Cl2HfN4O2 C38H56N4O2Zr C39H58Cl2HfN4O2

Formula mass 515.81 626.11 752.08 692.09 864.28
T [K] 293 150(2) 150(2) 298(2) 150(2)
Crystal system triclinic triclinic triclinic monoclinic monoclinic
Space group P1̄ P1̄ P1̄ C2/c P2/n
a [Å] 9.5756(6) 9.6927(15) 11.253(3) 20.950(2) 10.7842(3)
b [Å] 10.8727(7) 17.163(3) 12.453(3) 10.8831(10) 10.9035(3)
c [Å] 13.1039(9) 18.581(3) 13.726(4) 18.3747(18) 17.5344(5)
α [°] 94.1730(10) 64.774(3) 113.833(4) 90 90
β [°] 111.0280(10) 84.135(3) 97.283(4) 113.258(2) 107.8480(10)
γ [°] 95.7100(10) 74.502(2) 111.359(4) 90 90
V [Å3]/Z 1258.44(14)/2 2694.3(7)/4 1551.6(7)/2 3849.1(6)/4 1962.56(10)/2
Dcalcd [mg/m3] 1.361 1.543 1.610 1.194 1.463
µ [mm–1] 0.461 3.898 3.568 0.321 2.831
Reflections collected 7996 16456 15047 12112 20865
No. of independent reflections 5548 [R(int) = 0.025] 11773 [R(int) = 0.0403] 6813 [R(int) = 0.0478] 4394 [R(int) = 0.0752] 4526 [R(int) = 0.0408]
Final R indices [I � 2σ(I)] R1 = 0.0285 R1 = 0.0428 R1 = 0.0428 R1 = 0.0414 R1 = 0.0270

wR2 = 0.0578 wR2 = 0.0953 wR2 = 0.1337 wR2 = 0.0623 wR2 = 0.0475
R indices (all data) R1 = 0.0398 R1 = 0.0800 R1 = 0.0490 R1 = 0.1158 R1 = 0.0335

wR2 = 0.0606 wR2 = 0.1031 wR2 = 0.1379 wR2 = 0.0.0722 wR2 = 0.0480
Largest diff. peak and hole [e/Å3] 0.576 and –0.431 2.087 and –2.927 4.065 and –1.930 0.379 and –0.734 2.070 and –1.651

X-ray Structure Determination of Compounds 3, 4, 6, 7, and 8: The
crystals were sealed in glass fibers under nitrogen and transferred
to a goniostat. Data were collected with a Bruker SMART CCD
diffractometer with graphite-monochromated Mo-Kα radiation
with a radiation wavelength of 0.71073 Å at 293(2) K. Structural
determinations were made using the SHELXTL package of pro-
grams. A SADABS absorption correction was made. All refine-
ments were carried out by full-matrix least-squares using aniso-
tropic displacement parameters for all non-hydrogen atoms. All the
hydrogen atoms are placed with the use of a riding model. The
crystal data are summarized in Table 3.

CCDC-279540 (for 3), -279541 (for 4), -279543 (for 6), -279542
(for 7), and -279544 (for 8) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Kinetic Study of rac-Lactide Polymerization Initiated by 8: Com-
pound 8 and lactides were placed in a J-Young NMR tube and
CDCl3 (0.5 mL) was added. The solution was placed in a preheated
oil bath (70 °C) and reactions were monitored by a 1H NMR spec-
trometer constantly.

General Procedure for the Polymerization of ε-Caprolactone: Gene-
ral procedures for ε-caprolactone polymerization catalyzed by the
new zirconium and hafnium complexes are as follows. In a
glovebox, the monomer (ε-caprolactone) and catalyst were placed
in separate Schlenk flasks and then moved out of the glovebox.
Toluene (10 mL) was added with a syringe to the catalyst and
heated to the desired temperature followed by the addition of the
monomer. The reactions proceeded in the desired conditions and
were quenched with methanol. Solids were obtained by filtration,
washed with methanol to remove excess metal catalysts, and dried
under vacuum.
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Single crystal β-MnO2 nanorods were successfully synthe-
sized employing a facile in-situ redox precipitation hydro-
thermal process. The effects of various experimental condi-
tions on the morphology of the products were investigated.
The mechanism of formation of the nanorods was investi-
gated and discussed based on the experimental results. The

1. Introduction

One-dimensional (1D) nanocrystals such as nanorods,
nanowires, and nanotubes have been the focus of consider-
able interest.[1–3] As a consequence of their low dimension-
ality and quantum confinement effect, they can show
unique electronic, optical, and magnetic properties that are
anomalous when compared to the bulk materials.[4–7] Man-
ganese dioxide can form many kinds of polymorph, such as
α-, β-, γ-, and δ-types, each offering distinctive properties
and applications. Applications include as molecular sieves,
ion sieves, in catalysis, as cathode materials for secondary
rechargeable batteries, and as new magnetic materials.[8–12]

Bach et al.[13] have especially pointed out that the electro-
chemical properties of MnO2 strongly depend on param-
eters such as powder morphology, crystalline structure, and
bulk density. One-dimensional nanostructures are the
smallest structures known for the efficient transport of elec-
trons, and they may provide the possibility of detecting the
theoretical operating limits of a lithium battery.[14–15] MnO2

also possesses an interesting magnetic structure.[16–20] To
date we have found nothing in the literature on the mag-
netic properties of nanosized MnO2. Therefore, develop-
ment of a controllable synthesis method for one-dimen-
sional MnO2 nanostructures was deemed very important to
be able to explore their novel properties as well as examine
potential applications for MnO2. Much effort has been put
into preparing nanocrystalline MnO2 with different crystal-
lographic forms; such as nanorod-shaped and nanofibrous
α- and Tokorokite-type MnO2,[21] β-MnO2 nanorods,[22] γ-
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magnetic measurement of the nanorods with a diameter of
25–40 nm and a length of 240–440 nm indicates that the Néel
magnetic transition temperature is about 6 K higher than that
of the bulk β-MnO2 crystal.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

MnO2 nanowires,[23] and δ-MnO2 nanofibers.[24] Although
Li et al. have reported on the hydrothermal synthesis of α-
MnO2 nanowires and β-MnO2 nanorods by oxidizing
MnSO4 with KMnO4 or K2S2O8, respectively,[22] the con-
trol of both morphology and the phase of the one-dimen-
sional β-MnO2 nanostructures using the direct reaction
route is still challenging.

In this paper, we report a facile in-situ redox precipi-
tation hydrothermal synthesis method for the selected con-
trol synthesis of single-crystal β-MnO2 nanorods. The ef-
fects of various experimental conditions on the morphology
and particle size of the products were studied. The mecha-
nism of formation of the nanorods was investigated and
discussed. The magnetic properties of the as-obtained
nanorods with diameters of 25–40 nm and lengths of 240–
440 nm were characterized.

2. Results and Discussion

2.1. Characterization

X-ray powder diffraction (XRD) patterns reveal the
phase and purity of the as-obtained products. As shown in
Figure 1, all of the reflection peaks can be indexed to a pure
tetragonal phase of β-MnO2 [JCPDS 24-0735, space group
P42/mnm(136)] with lattice constants a = 4.3998 Å and c =
2.8695 Å. The sharp peaks indicate that the product is per-
fectly crystallized. No other impurity peaks were observed,
demonstrating the high purity of the products obtained un-
der current experimental conditions.

A typical TEM image of the as-prepared sample is
shown in Figure 2 (a), which indicates that the final product
consists of nanorods with diameters of 25–40 nm and
lengths ranging from 240 to 440 nm. More detailed struc-
tural information for these nanorods was obtained from
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Figure 1. XRD pattern of the as-obtained product.

high-resolution transmission electron microscopy
(HRTEM) images and selected area diffraction (SAED)
patterns. The HRTEM image (Figure 2, b) of an individual
nanorod shows that the nanorod is structurally uniform
with an interplanar spacing of about 0.315 nm, which cor-
responds to the (110) plane of tetragonal β-MnO2. Selected
area electron diffraction patterns taken from the individual

Figure 2. The (a) TEM image and (b) HRTEM and SAED (inset
image) patterns of the as-prepared sample.

Figure 3. Room temperature X-ray photoelectron spectra of the as-obtained sample.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2313–23172314

nanorod (shown in the inset image in Figure 2, b) reveal its
single crystal nature, and can be indexed to the [001] zone
axis of tetragonal β-MnO2.

A typical room temperature X-ray photoelectron spec-
trum of the as-synthesized sample is shown in Figure 3.
Only the peaks of Mn(2p3/2, 2p1/2) and O1s can be ob-
served. The binding energies of Mn(2p3/2) and Mn(2p1/2)
are 642.32 and 653.95 ev, respectively, which are well in ac-
cordance with MnO2 [Mn(2p3/2) = 642.1 ev and Mn(2p1/
2) = 653.8 ev].[25] The estimated relative ratio of O to Mn
is 2.16:1, which is caused by the interference of oxygen in
the air for the XPS study.

2. 2. The Effect of Reaction Conditions on the Morphology
and Particle Size of the Products

2. 2. 1. The Effects of Ammonia on the Morphology and
Particle Size of the Products

It was found that the concentration of ammonia as well
as the way the ammonia was added had significant effects
on the morphology of the products. Uniform nanorods
were obtained (as shown in Figure 2, a) when ammonia was
added dropwise. Pouring ammonia into the mixture of
Mn(NO3) and H2O2 led to the product being composed of
big rod-like structures (200–400 nm in diameter and more
than 10 µm in length) and nanoparticles (Figure 4, a). The
concentration of ammonia also significantly affected the
morphology of the products. In our synthetic system, the
concentrations of Mn(NO3)2 and H2O2 were kept constant
and ammonia was added dropwise with different concentra-
tions. As the concentration of ammonia was varied (0.25,
0.5, 1, 2 ) the morphology changed from a spindle mor-
phology (Figure 4, b), to nanorods (Figure 2, a), a mixture
of nanorods and nanoparticles (Figure 4, c), and finally to
nanoparticles (Figure 4, d). From the above results, we can
see that the precipitator ammonia in our synthetic system
has significant effects on the morphology of the products.
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Figure 4. (a) 0.5  ammonia was added by pouring, (b–d) ammonia was added dropwise with different concentrations; (b) 0.25 ; (c)
1 ; (d) 2 .

2.2.2. Effects of H2O2 on the Morphology of the Products

Increasing the amount of H2O2 to 2 mL, while the other
experimental conditions were kept constant, led to a mor-
phology of the products similar to that shown in Figure 4
(a). The as-obtained products are composed of rod-like
structures (400–500 nm in diameter and 10–20 µm in
length) and nanoparticles.

2.2.3. Effects of Temperature on the Morphology of the
Products

Temperature also affected the morphology and particle
size of the final products. At a lower temperature such as
130 °C, only nanoparticles could be obtained (Figure 5, a).
Upon increasing the temperature to 140 °C, we obtained a
mixture of nanoparticles and nanorods (Figure 5, b). Nano-
rods could be obtained in the temperature range 180–
250 °C. The TEM image in part c of Figure 5 shows that
MnO2 obtained at 180 °C consists of uniform nanorods
with a diameter of 15–30 nm and lengths of 150–200 nm,
whereas the product obtained at 210 °C is on average 20–
30 nm in diameter and has a length of 200–300 nm as
shown in part d of Figure 5. Upon increasing the tempera-
ture to 250 °C, the product was found to consist of uniform
nanorods with a diameter of 25–40 nm and lengths of up
to 240–440 nm as shown in Figure 2 (a). From the above
results, we can see that the diameter and length of the nano-
rods increase slightly with increasing temperature. It is ap-

Figure 5. The products obtained at different hydrothermal reaction temperatures for 12 h: (a) 130 °C; (b) 140 °C; (c) 180 °C; (d) 210 °C.

Eur. J. Inorg. Chem. 2006, 2313–2317 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2315

parent that higher temperatures favor the anisotropic
growth of the crystals and nanorod formation.

The phases of nanorods obtained in the temperature
range 180–250 °C were examined by the X-ray powder dif-
fraction technique, which demonstrated that all the phases
were pure β-MnO2. In contrast to solution-based methods
for the growth of one-dimensional nanostructures in which
the problem of phase control of the products often exists,[22]

the present synthetic process can be performed over a wide
range of hydrothermal reaction temperatures.

2.3. Possible Growth Mechanism of the Nanorods

The chemical reaction can be formulated as:

Mn2+ + H2O2 + 2 NH3·H2O � MnO2·xH2O + 2 NH4
+ + H2O

(1)

MnO2·xH2O ––––––––�
hydrothermal

reaction
MnO2 + x H2O (2)

As illustrated in the chemical equation above, when am-
monia was added to the mixture of hydrogen peroxide and
manganese nitrate, the precipitation and oxidation reaction
occurred together [Equation (1)], accompanied by the de-
composition of hydrogen peroxide. After the in-situ redox
precipitation process, we obtained MnO2·xH2O. In the hy-
drothermal process, MnO2·xH2O dehydrated to MnO2

[Equation (2)]. In order to investigate the growth process of
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Figure 6. TEM image of the as-obtained samples at different hydrothermal reaction times: (a) 5 min; (b) 15 min; (c) 1 h.

the nanorods, we carried out the hydrothermal reaction at
250 °C for different periods of time. Figure 6 (a) shows the
TEM image of the sample obtained after heating for 5 min,
there are only nanoparticles with a diameter of 15–60 nm.
The sample was characterized by XRD, but no peak was
detected, indicting that crystallization did not occur for
these nanoparticles. Figure 6 (b) shows the samples ob-
tained after heating for 15 min, which indicates that there
are nanoparticles with diameters of 40–60 nm and a few
short nanorods. The smaller nanoparticles in Figure 6 (a)
are not seen in Figure 6 (b). After heating for 1 h, the
amount of nanorods is more than that shown in Figure 6
(b), and the amount of nanoparticles has dramatically de-
creased (Figure 6, c). The TEM image of the product ob-
tained after heating for 12 h indicates that the product is
composed of nanorods and the nanoparticles are no longer
seen (Figure 2, a). The above study demonstrates that the
nanorods are grown from the small nanoparticles. We be-
lieve that the mechanism of formation of the MnO2 nanor-
ods follows the Ostwald ripening process.[26]

3. Magnetic Property of the As-Synthesized
β-MnO2 Nanorods

The magnetic properties of the as-synthesized β-MnO2

nanorods with a diameter of 25–40 nm and a length of 240–
440 nm were characterized. Figure 7 shows the magnetiza-
tion vs. temperature curve of the as-synthesized β-MnO2

nanorods at an applied field of 1000 Oe. A kink is observed
at 98 K in Figure 7, which corresponds to the Néel mag-
netic transition temperature TN. This temperature is higher
than that of the bulk MnO2 crystal (TN = 92 K),[27–28]

which may be because of the special morphology and the
effect of surface spins of the as-obtained nanorods.[29–30]

Strangely, a discontinuity is seen in the temperature range
30–50 K in Figure 7. From the XRD and XPS studies, we
know that the products we obtained were of high purity. So
the reason for the discontinuity cannot be any impurity in
the products, but may be caused by the special morphology
and uncompensated surface spins of the nanorods.[29,31–32]

At 293 K, a nearly linear M–H curve (Figure 8) reveals that
a superparamagnetic state exists at this temperature.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2313–23172316

Figure 7. Magnetization vs. temperature curve of the as-obtained
nanorods at an applied field of 1000 Oe.

Figure 8. The magnetization vs. applied magnetic field of the as-
obtained nanorods.

4. Conclusion

In summary, a simple in-situ redox precipitation hydro-
thermal synthesis method has been developed to synthesize
single-crystal β-MnO2 nanorods. The reactant ammonia
and peroxide hydrogen as well as the hydrothermal reaction
temperatures can greatly influence the morphology of the
final products. Compared to the previous solution-based
methods for the growth of 1D nanostructures in which the
problem of phase control of products often exists, the pres-
ent synthetic process can be performed over a wide range
of hydrothermal temperatures. The magnetic measurements
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indicate that the Néel temperature of the as-synthesized β-
MnO2 single crystals is about 98 K, which is about 6 K
higher than that of the bulk β-MnO2 crystals. The nanorod
materials produced also may show possible novel electronic
and catalytic properties induced by their dimensionality.

Experimental Section
MnO2 nanorods were obtained by an in-situ redox precipitation
hydrothermal synthesis method. In a typical experiment, hydrogen
peroxide (1 mL, 30%) was added to an aqueous solution of manga-
nese nitrate (12 mL, 0.3 mol/L) whilst stirring to form a homogen-
eous solution, then ammonia (5 mL, 0.5 mol/L) was added to the
mixture dropwise. Upon the addition of ammonia, the precipitation
of Mn2+ by ammonia to Mn(OH)2 and the oxidization of Mn-
(OH)2 by H2O2 were achieved immediately accompanied by the
decomposition of H2O2. A brown suspension of MnO2·xH2O pre-
cipitated during the in-situ redox precipitation reaction. The re-
sulting suspension was transferred into a 20-mL Teflon-lined auto-
clave up to 80% of the total volume. The sealed autoclave was
heated at 250 °C for 12 h. The resulting black solid product was
collected, washed several times with distilled water and absolute
ethanol, centrifuged, and dried under vacuum at 60 °C for 3 h.

The phase and purity of the products were identified using X-ray
powder diffraction (XRD) patterns collected with a Japan Rigaku
Dmax-γA X-ray diffractometer with Cu-Kα radiation (λ =
1.54178 Å). A scan rate of 4°/min was applied to record the pat-
terns in the 2θ range from 10 to 80°.The morphology and particle
size of the products were determined with a Hitachi Model H-800
transmission electron microscope (TEM) operated at 200 kv. Struc-
tural information for the nanocrystals was obtained from selected
area diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM) images obtained using a
JEOL-2010F transmission electron microscope at an acceleration
voltage of 200 kv. Electron diffraction patterns were obtained from
samples during HRTEM measurements. X-ray photoelectron spec-
tra were collected with a PHI5300 model XPS spectrometer with
an Al-Kα radiation source. Magnetic properties were investigated
with a superconducting quantum interference device (SQUID)
magnetometer (MPMS-7).

Acknowledgments

This work was supported by the Program for New Century Excel-
lent Talents in University (NCET-04-0651), the National Natural
Science Foundation of China (Nos. 90401019 and 20335030) and
the Excellent Young and Middle-aged Scientist Foundation of
Shandong Province in China (No. 2004BS04002).

[1] W. U. Huynh, J. J. Dittmer, A. P. Alivisatos, Science 2002, 295,
2425–2427.

[2] Y. Xia, P. Yang, Y. Sun, Y. Wu, B. Mayers, B. Gates, Y. Yin,
F. Kim, H. Yan, Adv. Mater. 2003, 15, 353–389.

Eur. J. Inorg. Chem. 2006, 2313–2317 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2317

[3] J. Wang, Q. W. Chen, B. Y. Hou, Z. M. Peng, Eur. J. Inorg.
Chem. 2004, 1165–1168.

[4] S. W. Chung, J. Y. Yu, J. R. Heath, Appl. Phys. Lett. 2000, 76,
2068–2070.

[5] N. R. Jana, L. Gearheart, C. J. Murphy, Chem. Commun. 2001,
617–618.

[6] Y. Y. Wu, H. Q. Yan, M. Huang, B. Messer, J. H. Song, P. D.
Yang, Chem. Eur. J. 2002, 8, 1260–1268.

[7] A. B. Panda, S. Acharya, S. Efrima, Adv. Mater. 2005, 17,
2471–2474.

[8] M. M. Thackeray, Prog. Solid State Chem. 1997, 25, 1–71.
[9] B. Ammundsen, J. Paulsen, Adv. Mater. 2001, 13, 493–496.
[10] L. Hueso, N. Mathur, Nature 2004, 427, 301–302.
[11] A. R. Armstrong, P. G. Bruce, Nature 1996, 381, 499–500.
[12] Q. Feng, H. Kanoh, K. Ooj, J. Mater. Chem. 1999, 9, 319–334.
[13] S. Bach, M. Henry, N. Baffer, J. Livage, J. Solid State Chem.

1990, 88, 325–333.
[14] J. T. Hu, T. W. Odom, C. M. Lieber, Acc. Chem. Res. 1999, 32,

435–445.
[15] M. H. Huang, S. Mao, H. Feick, H. Q. Yan, Y. Y. Wu, H.

Kind, E. Weber, R. Russo, P. D. Yang, Science 2001, 292, 1897–
1899.

[16] H. Kawamura, J. Appl. Phys. 1988, 63, 3086–3088.
[17] H. Sato, K. Wakiya, T. Enoki, T. Kiyama, Y. Wakabayashi, H.

Nakao, Y. Murakami, J. Phys. Soc. Jpn. 2001,70, 37–40.
[18] N. Yamamoto, T. Endo, M. Shimada, T. Takada, Jap. J. Appl.

Phys. 1974, 13, 723–725.
[19] A. Yoshinori, J. Phys. Soc. Jpn. 1959, 14, 807–821.
[20] J. E. Greedan, N. P. Raju, A. S. Wills, C. Morin, S. M. Shaw,

Chem. Mater. 1998, 10, 3058–3067.
[21] a) D. C. Golden, C. C. Chen, J. B. Dixon, Science 1986, 231,

717–718; b) R. N. DeGuzman, Y. F. Shen, E. J. Neth, S. L.
Suib, C. L. young, S. Levine, J. M. Newsam, Chem. Mater.
1994, 6, 815–821; c) Y. F. Shen, R. P. Zerger, S. L. Suib, L.
McCurdy, D. I. Potter, C. L. young, Science 1993, 260, 511–
515; d) X. Wang, Y. D. Li, Chem. Commun. 2002, 764–765; e)
N. Kijima, H. Yasuda, T. Sato, Y. Yoshimura, J. Solid State
Chem. 2001, 159, 94–102.

[22] X. Wang, Y. D. Li, J. Am. Chem. Soc. 2002, 124, 2880–2881.
[23] a) Y. Xiong, Y. Xie, Z. Li, C. Wu, Chem. Eur. J. 2003, 9, 1645–

1651; b) Z. Y. Yuan, Z. L. Zhang, G. Du, T. Ren, B. Su, Chem.
Phys. Lett. 2003, 378, 349–353.

[24] F. A. Al-Sagheer, M. I. Zaki, Colloids Surf. A 2000, 173, 193–
203.

[25] J. Chastain, Handbook of X-ray Photoelectron Spectroscopy,
2nd ed., Perkin–Elmer Corporation, Wellesley, MA, 1992, p.
79.

[26] A. R. Roosen, W. C. Carter, Phys. A 1998, 261, 232–247.
[27] A. Yoshinori, J. Phys. Soc. Jpn. 1959, 14, 807–821.
[28] N. Ohama, Y. Hamaguchi, J. Phys. Soc. Jpn. 1971, 30, 1311–

1318.
[29] J. Park, E. Kang, C. J. Bac, J. G. Park, H. J. Noh, J. Y. Kim,

J. H. Park, M. P. Park, T. Hyeon, J. Phys. Chem. B 2004, 108,
13594–13598.

[30] K. Woo, H. J. Lee, J. Magn. Magn. Mater. 2004, 272–276,
1155–1158.

[31] G. H. Lee, S. H. Huh, J. W. Jeong, B. J. Choi, S. H. Kim, H. C.
Ri, J. Am. Chem. Soc. 2002, 124, 12094–12095.

[32] W. S. Seo, H. H. Jo, K. Lee, B. Kim, S. J. Oh, T. Park, Angew.
Chem. Int. Ed. 2004, 43, 1115–1117.

Received: November 4, 2005
Published Online: March 30, 2006



Papers available ahead of print in Early View at www.interscience.wiley.com

Issue 12/2006

Pages 2321�2520

COVER PICTURE
The cover picture shows the structural changes in tertiary
carboxamide groups induced by coordination of the electri-
cally neutral nitrogen atom to a metal ion. Changing the
hybridization from sp2 to sp3 results in pyramidalization at
the nitrogen atom. This is expressed by the parameter χN
which ranges from 0° (sp2) to 60° (sp3). Werner complexes
with relatively weak M�Namide bonds are known with χN
values between 30° and 47°. Full sp3 hybridization with
complete lifting of the resonance and a value of 58° for χN
is achieved in a complex in which the copper(II) ion is in
the centre of the tetraazamacrocyclic amide ligand tert-
butoxycarbonyl-alanyl-cyclam. Details of its synthesis and
structure are discussed in the article by R. Alsfasser et al.
on p. 2357ff.

MICROREVIEW Contents

Y. Kobuke*2333

Artificial Light-Harvesting Systems by Use of
Metal Coordination

Keywords: Energy conversion / Complementary co-
ordination / Porphyrinoids / Phthalo-
cyanines / Perylenebisimide / Bi(ter)pyridyl
complex

Eur. J. Inorg. Chem. 2006, 2325�2330 www.eurjic.org  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2325



SHORT COMMUNICATION

O. M. Abu-Salah,* M. H. Jáfar,2353
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Construction of artificial light-harvesting systems by metal
coordination is reviewed. Light absorbing dyes include por-
phyrin, phthalocyanine, perylenebisimide and polypyridyl
metal complexes. The supramolecular assemblies are ob-
tained by ligand coordination to metal ions in the center or
exterior of the chromophores. Supermolecules of discrete
structures even in the solution phase are focused on, and
methodologies to acquire large association constants are dis-
cussed. Complementary or multitopic coordination to the
Zn2+ ion gives satisfactory results in obtaining stable and dis-
crete supramolecular structures while maintaining the sing-

1. Introduction

Photosynthetic oxidation-reduction reactions start at the
reaction center by ejecting an electron from the photoex-
cited primary electron donor, the chlorophyll dimer of the
so-called special pair or monomeric chlorophyll in more
evolved systems to the primary electron acceptor. This reac-
tion center is surrounded by a large number of light-har-
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let excited state. Fast energy transfers among the chromo-
phore units are analyzed satisfactorily to examine the proper-
ties of light-harvesting antennae. Use of transition-metal ions
provides strong coordination, but intersystem crossing of the
singlet excited state to the triplet becomes significant. Photo-
physical properties of such triplet excited species are re-
ported in a limited number of cases and their properties are
discussed in view of the light-harvesting antenna function.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

vesting antenna chlorophylls in order to make the maxi-
mum use of the incoming photons. When a photon hits one
of the chlorophyll molecules, the excitation energy must be
transferred to the far reaction center without losing the en-
ergy. There are several decay processes to lose the singlet
excited state: intersystem crossing to the corresponding
triplet state, emission through fluorescence, and nonemis-
sive internal conversions. Since the lifetime of the singlet
excited chlorophylls is generally of the order of nanose-
conds, the energy transfer must take place with time con-
stants faster than the order of a nanosecond.

An artificial light-harvesting system is interesting from
various viewpoints. Understanding the way that nature per-
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forms intricate functions should be of profound interest.
In the case of light-harvesting antenna, visually aesthetic
crystallographic structures are already known. Their well-
organized structure is thought to correlate closely with the
functions they perform. If we succeed in establishing the
nature of the structure-function relationship, we will obtain
the method by which the photo-excited energy is stored in
molecules or molecular systems, and transferred with mini-
mum loss. This knowledge can then be applied not only to
the construction of artificial photosynthetic systems and so-
lar energy conversion systems, but also to the development
of photonic and electronic materials by the use of chromo-
phores having expanded π-electronic systems.

An artificial light-harvesting system may best be
achieved by mimicking the purple bacterial system, since
the structure-function relationship may be understood best
in the simplest way. Therefore, macrocyclic arrangements of
porphyrins and other chromophores will be the first choice.
Covalent linking is the most classical and productive
method. There are numerous examples reported, and also
review articles.[1–5] Alternatively, a supramolecular ap-
proach to this target may have special importance, since the
natural structure is one of the best examples as will soon
be explained. In this article, the author will focus on the
supramolecular approach to the construction of a light-har-
vesting system. As a requisite to clear discussions based on
structural information, the species having discrete struc-
tures in solution will be treated. In view of strong coordina-
tion and definite coordination angle, metal coordination
may play the most important role.[6–16]

Nature uses only the singlet excited state for photosyn-
thesis and specially protects against the formation of the
triplet state. This does not necessarily mean that the artifi-
cial systems should use the singlet excited species. The trip-
let excited species have longer lifetimes and the [Ru-
(bpy)3]2+ complex and its derivatives have been successfully
used for dye-sensitized solar cells. However, the detailed
analysis of the triplet energy transfer processes is ac-
companied by added difficulties compared with that for the
singlet species. Therefore many potential complexes are pre-
pared by using transition-metal ions, without mentioning
the photophysical properties. Here, discussion will focus on
supermolecules and the measurement of their photophysi-
cal properties.

2. Natural Light-Harvesting Systems
In order to achieve effective charge separation, Nature

has designed a most sophisticated molecular system for the
reaction center. It is not clever to place such a system in all
the light-receiving spots so the reaction center is instead
accompanied by a large number of light-harvesting devices
in the surrounding space. This system resembles a central
factory system appropriate for mass production, and is
maintained by the supply of light harvesting devices of sim-
ple structure for the unitary function.

The arrangement of a bacterial photosynthetic system
was first analyzed by X-ray crystallography in 1995.[17–22]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2333–23512334

The light-harvesting complex LH2 from purple bacteria is
composed of B800 and B850. B800 contains nine bacteri-
ochlorophylls arranged in a planar circle form. In contrast,
B850 contains 18 bacteriochlorophylls in a barrel form ar-
ranged perpendicularly to B800. The light energy absorbed
by B800 is transferred to B850 according to the cascading
energy transfer. The excitation energy travels further to
other B850s and finally reaches LH1. Here, 30 bacteriochlo-
rophylls are arranged in a barrel form similar to B850, ex-
cept for having one open exit. In addition, LH1 contains
the reaction center in the central space. Therefore, the exci-
tation energy reaching LH1 is transferred effectively to the
special pair initiating the charge separation. The arrange-
ments of B850, LH1, and interestingly even the special pair
are given by coordination of the imidazolyl side chains in
transmembrane helices to the central Mg2+ ion in the bac-
teriochlorophyll. The energy transfer rates in the supra-
molecular arrangements (Figure 1) are as fast as the order
of picoseconds within lifetimes of the order of nano-
seconds.[23–30]

Figure 1. Scheme of light harvesting in photosynthetic purple bac-
teria.[22]

As seen above, the light-harvesting system of bacteria
employs very regular arrangements of bacteriochlorophylls.
This is not general for all the light-harvesting antenna sys-
tems. Antennae in plants and cyanobacteria, both being
very similar, seem to use a totally different architec-
ture.[31–35] Figure 2 shows the crystallographic structure of
cyanobacterial photosystem I as a trimer, which represents
the existing form also in vivo. The monomer contains a
large number of chromophores of 90 chlorophyll a mole-
cules and 22 carotenoids. This is a core antenna system and
is accompanied further by separately existing antenna com-
ponents, which are normally associated with photosystem
II. It must be noted that a plant employs almost the same
architecture as cyanobacteria. It is remarkable that the sys-
tem employed by cyanobacteria 2.5 billion years ago is still
effective even 1 billion years after plants first evolved. Al-
most no evolutional change of the structure may signify
that the perfect form of the antenna system has been ar-
rived at. However, it seems extremely difficult to extract a
simple constitutional principle from the apparently random
architecture.
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Figure 2. Crystal structure of cyanobacterial photosystem I. Prepared from Brookhaven Data Bank file 1JB0.[31]

3. Chromophores

In light-harvesting devices, incoming light energy must
be captured efficiently by one of the chromophores distrib-
uted widely in the surrounding space and transferred ef-
ficiently to the reaction center. For this purpose, nature em-
ploys chlorophyll-a and -b or the corresponding bacterio-
chlorophylls as the light-absorbing unit. They have extinction
coefficients as large as 105–106 cm–1 –1 near the regions at
400 and 600 nm. Chromophores closely related to chloro-
phyll derivatives are porphyrin and phthalocyanine. Re-

Table 1. Photochemical characteristics of typical chromophores used for natural and artificial antenna systems.

Compounds[a] Fluorescence quantum Fluorescence Phosphorescence quantum Phosphorescence Ref.
yield lifetime yield lifetime

[ns] [µs]

Chl a 0.3 6.1 [36]

Chl b 0.117 [37]

BChl a 0.18 3.1 [38]

BChl c (monomer) 0.29 6.5 [38]

BChl c (aggregate) 0.5 3.3 [38]

H2TPP 0.13 6.3 0.87 [39]

ZnTPP 0.033 1.92 [40]

MgTPP 0.15 9 0.8 [41,42]

H2Pc 0.6 5.5 0.28[b] [43,44]

ZnPc 0.3 3 0.1[b] 1100[b] [43]

MgPc 0.84 5.7 5·10–6[b] 1000[b] [45]

Perylenebisimide, (OAr)4 0.92 6.1 [46]

[Ru(bpy)3]2+ 0.042 0.63 [47]

[Ru(tpy)2]2+ �5·10–6 – [48]

[Ru(4�-Phtpy)2]2+ 4·10–5 0.001 [48]

[Ru(4�-Cltpy)2]2+ �1·10–5 0.0002 [48]

[a] Chl = chlorophyll, BChl = bacteriochlorophyll, H2TPP = tetraphenylporphyrin, ZnTPP = zinc tetraphenylporphyrin, MgTPP =
magnesium tetraphenylporphyrin, H2Pc = phthalocyanine, ZnPc = zincphthalocyanine, MgPc = magnesiumphthalocyanine, perylenebis-
imide = 1,6,7,12-tetraarylperylenebisimide, [Ru(bpy)3]2+ = [ruthenium tris(bipyridine)]2+, [Ru(tpy)2]2+ = [ruthenium bis(terpyridine)]2+,
[Ru(4�-Phtpy)2]2+ = [ruthenium bis(4�-phenylterpyridine)]2+, [Ru(4�-Cltpy)2]2+ = [ruthenium bis(4�-chloroterpyridine)]2+. [b] From ref.[49]

(77 K).
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cently, the use of perylenebisimide has been demonstrated
to be excellent for such purposes. Ruthenium tris-bipyridine
or bis-terpyridine have unique characteristics for such pur-
poses and are widely used for photocurrent generation sys-
tems. The typical characteristics of these chromophores are
compared in Table 1. Figure 3 shows the absorption spectra
at the same extinction coefficient scale for easy comparison
of their relative magnitudes.

The photosynthetic reaction is conducted through the
singlet excited state and its conversion to the triplet is
strictly protected by several mechanisms. It is important to



Y. KobukeMICROREVIEW

Figure 3. Comparison of absorption spectra of chromophores in Table 1 at the same scale of extinction coefficient, with the same codes
as used in Table 1.[46,48,50]

transfer the singlet excitation energy within the lifetime.
Therefore, close inter-chromophore distances are critical to
ensure the successful fast excitation energy transfers, as ob-
served for the B850 and LH1 systems. The close interchro-
mophoric distance induces strong exciton interaction as
shown schematically in Figure 4. Face-to-face interaction
induces a blue shift of the absorption wavelength, while
head-to-tail interaction shifts the absorption band to a
longer wavelength.[51] The excited state of the face-to-face
interaction tends to lose its excitation energy through in-
ternal conversion to the vibrational energy and decay with-
out fluorescence emission. On the other hand, excitons with
a head-to-tail orientation can maintain the excited state and
transfer the excitation energy within the lifetime. By using
the red shift of the absorption wavelength, a vectorial en-
ergy transfer pathway can be constructed.

Figure 4. Exciton interaction of transition dipoles.[51]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2333–23512336

4. Methods of Coordination Assembly

The assembly formation sometimes induces the forma-
tion of an energy sink, where the singlet excitation energy
is lost through internal conversion to vibrational states.
Random assembly of chromophores induces this kind of
unfavorable defect formation, and for this reason regular
arrangement of the chromophores is desirable. There are
several methods to assemble chromophores through supra-
molecular assembling.

Coordination to metal ions provides the strongest inter-
molecular forces among others such as hydrogen bonds,
ionic interactions, and π-π stacking interactions. It is impor-
tant to obtain chromophore assemblies of discrete structure
for the discussion based on a clear molecular basis. From
this viewpoint, metal coordination provides the best inter-
molecular force for chromophore assembly. Other intermo-
lecular forces are also used in combination with metal coor-
dination, but are hardly expected to obtain supermolecules
of discrete structure in solution by using their weak inter-
molecular forces alone.[52,53]

The nature of metal ions has a large effect on the charac-
teristics of the resulting metal-coordinated chromophore as-
semblies. Metal ions of typical groups and d10 transition-
metal ions do not have much influence on the singlet excited
state. However, transition-metal ions having odd electron
spins tend to quench the singlet excitation energy through
interaction with their odd spin. Therefore, the use of para-
magnetic transition-metal ions for the assembly formation
must be primarily avoided. The former class of metal ions,
however, in general provides only a weak ligand field with
small stability constants and allows equilibrium with free
ligands. Assemblies have been obtained with due consider-
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ation of the above characteristics and limitations. The
modes of complexation will be classified into two types as
illustrated in Figure 5.
Type I: Coordination of the chromophore’s ligand to
metallochromophore.
Type II: Coordination of the chromophore’s ligand to exter-
nal metal ions.

Figure 5. Mode of assembly formation by coordination, with the
square and X representing chromophore and coordinating ligand,
respectively.

As chromophores containing metal ions, porphyrin and
phthalocyanine provide the most typical examples for Type
I assembly formation. Chlorophyll employs Mg2+ but artifi-
cial systems use Zn2+ as the most typical substitute, since
Zn2+ has a d10 electronic configuration without odd spin.
Zn2+ complexes are practically stable toward heat, acidic
condition, and oxidation. The artificial system prefers Zn2+

in most cases based on these properties, although its fluo-
rescence quantum yield is inferior to Mg2+ systems. Since
Zn2+ cannot provide a strong ligand field, the stability con-
stant is not inherently very large, unless multitopic or com-
plementary coordination is designed. Unique ideas have
therefore been developed for obtaining stable assemblies.

When transition-metal ions are incorporated into the
central core of porphyrins and phthalocyanines, even
mono-axial coordination can afford large stability con-
stants. However, the intersystem crossing of singlet to the
triplet states occurs and light harvesting through the triplet
pathway must become the main route.

When the assembly inducing metal ion locates outside
the chromophore, the flexibility of the molecular design for
assembly formation increases. Chelation may be powerful
for obtaining stable complexes. Nanoparticles developed re-
cently may also be interesting.

5. Porphyrin with an Inner-Ring Metal Ion

Central metals accommodated in the macrocyclic struc-
ture allow one or two axial coordinations of ligand de-
pending on the metal ion species. Penta-coordinating Zn2+

accepts only one axial coordination. Neutral nitrogen li-
gands generally afford large stability constants, but simple
monocoordination is not strong enough to maintain the
discrete structure under µM concentrations for which spe-
cial molecular designs are required. Kobuke proposed the
idea of complementary coordination of an imidazolyl sub-
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stituent of one porphyrin to the Zn2+ center of another por-
phyrin, whose imidazolyl coordinated back to Zn2+ in the
original porphyrin.[54,55] The stability constant reaches
1011 –1 in nonpolar solvents. The factor that contributes
most to such a large stability constant is the complementar-
ity of the imidazolyl–Zn–porphyrin. Compared with other
potential ligands such as pyridyl, imidazolyl has the follow-
ing advantages (see Figure 6):
(1) High basicity leading to high coordination ability.
(2) Smaller angle strain from the ideal (vertical to the
macrocyclic plane) coordination angle.
(3) Smaller steric hindrance from substituents at positions
α to the ligating N atom.

Figure 6. Complementary coordination of imidazolyl and pyridyl
to Zn2+, where the rectangle denotes porphyrin.

This motif can be applied to the formation of linear and
macrocyclic species, both of which are regarded as excellent
light harvesting antennae. Firstly, in order to obtain linear
porphyrin arrays based on complementary coordination,
two imidazolyl–Zn–porphyrin units were connected directly
at their meso positions, as shown in compound 1. Since the
coordination grows to both sides opposite to each other,
the successive complementary coordination leads to a linear
multi-porphyrin array 2 (Figure 7A).[56] The molecular
weight was extremely high reflecting the large stability con-
stant of the complementary coordination and the number
of the longest porphyrin unit reached 800 porphyrin units
with a distribution peak of 160 units. However, the coordi-
nation bond is cleaved and regenerated by adding and elimi-
nating coordinating solvents, respectively. An example was
shown by GPC elution curves (A) and (B) in part B of
Figure 7. A mixture of meso-meso-linked bisporphyrin 1
and monoimidazolylporphyrin 3 showed the corresponding
two peaks in CHCl3 (A). When methanol was added to the
chloroform solution, followed by evaporation to cleave and
regenerate the coordination, bisporphyrin oligomers ter-
minated by monomeric porphyrins 4 were obtained (B).

It is noteworthy that this linear assembly does not induce
fluorescence quenching. Evaluation of the energy transfer
rate along the one-dimensional array is not as easy as in
the degenerated array of the ring. Therefore, fluorescence-
quenching Mn–porphyrins were attached at both the ter-
minals of the linear array by using hetero-complementary
coordination of imidazolyl–Mn–porphyrin 5 to the terminal
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Figure 7. (A) Linear array formation of bis(imidazolylzincporphyrin) and (B) linear array with terminal monoimidazolylporphyrins and
its GPC characterization.[56]

imidazolyl–Zn–porphyrin (Figure 8).[57] It is possible to de-
sign the array 6 of 200 Zn-porphyrin arrays terminated by
Zn–Mn hetero-coordination by considering the relative
strength of hetero Mn–Zn and homo Zn–Zn and Mn–Mn
complementary coordinations. Under such conditions, pho-
toexcitation of any porphyrin in the terminal 130 arrays
leads to quenching by the terminal Mn–porphyrins, sug-
gesting that rapid and efficient energy transfer is occurring
along the linear array.

The linear porphyrin arrays are characterized by two im-
portant properties: no fluorescence quenching on array for-
mation and efficient energy transfer along the array. Photo-
current generation by use of a dye-modified flat electrode
may provide interesting applications for fields other than
the conventional surface-coated porous semiconductor ma-

Figure 8. Hetero linear array formation from Zn and Mn porphyrins.[57]
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terials. In the former case, the efficient light-harvesting sys-
tem becomes critical to compensate for the decreased sur-
face area. Imidazolyl–Zn–porphyrin appended with an ω-
mercaptoalkyl group is employed as a key element connect-
ing the Au electrode surface and the porphyrin arrays.[58,59]

Porphyrin appended with thiol 7 can modify the Au surface
simply by a dipping process and an imidazolyl–Zn–porphy-
rin array can grow by a simple immersion procedure into
a solution of meso-meso-coupled imidazolyl-zinc-porphyrin
dimer 8. After rinsing, the complementary coordination
pair can be immobilized by covalent linking of meso-allyl
ether substituents by a ring-closing metathesis reac-
tion.[60,61] This series of procedures can be repeated until
multi-porphyrin layers 9 are accumulated as detected by the
gradual increase in the characteristic porphyrin absorption
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(Figure 9).[62] Light-induced cathodic current was increased
as a function of the accumulated amount of the porphyrin,
suggesting the light harvesting effect.

Figure 9. (a) Multiporphyrin array formation on a Au surface and
metathesis linking. (b) Dependence of photocurrent on surface
grafting.[62]

Two imidazolyl-zinc-porphyrins were then connected
through a m-phenylene group to adjust the dihedral angle
between two porphyrins to 120°, so that bifunctional bis-
(imidazolyl–Zn–porphyrin) 10 may be organized into
macrocycles, most optimistically to a strain-free hexamer
(Figure 10).[63,64] The results were not so simple, but the
newly developed reorganization procedure opened up a
path to interesting supramolecular methodology leading se-
lectively to macrocyclization. Here, the dynamic nature of
imidazolyl-to-zinc coordination plays a critical role. Coor-
dination under normal concentrations (�mM) leads to
oligomerization rather than macrocyclization, since the lat-
ter process is entropically unfavorable. Then the mixture 11
is first subjected to equilibrium conditions by the addition
of coordinating additives, usually MeOH, under high di-
lution. The successive solvent evaporation leads almost
quantitatively to a mixture of macrocycles. The hexamer
12 was accompanied by an equal amount of pentamer 13,
suggesting that the balance of enthalpy and entropy gov-
erns the product distribution. Enthalpically, there is no
choice of pentamer formation, since it leads to angular
strain from the ideal 120°. Entropically a smaller ring is
favored, since the encountering probability of two terminal
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imidazolyl–Zn–porphyrins becomes smaller for a larger
ring. In the case of the m-phenylene-bridged bisporphyrin,
the competition seems equally high for pentamer and hexa-
mer, but far less so for tetramer and heptamer.

Figure 10. m-Phenylene-connected bis(imidazolyl)zincporphyrin
and coordination organization.[63]

The assembled macrocycles never lose the fluorescence
properties and maintain almost the same quantum yield
and lifetime in their fluorescence emission. The energy hop-
ping time constants through the coordination dimer units
were determined by the analysis of anisotropy depolariza-
tion of the transient absorption spectra after polarized light
excitation.[65] At the same time, exciton-exciton annihilation
rates were obtained from pump-power dependence on the
transient absorption. The coincident time constants from
two methods were 8.3 and 5.3 ps for the pentamer and
hexamer, respectively (Figure 11). The size-dependent rate
constants may represent the effect of orientation factors.
Considering the fluorescence lifetime of 2.2 ns, rapid energy
transfer should take place 300–400 times during its excited
state lifetime. These combined properties prove the excellent
light-harvesting antenna models of the B850 type not only
in their structure, but also in their function.

When three porphyrins are connected through m-phenyl-
ene groups and imidazolyls are appended at molecular ter-
minals as in 14, the self-complementary coordination re-
sults in a macrocyclic trimer 15 with a high selectivity under
similar reorganization conditions. In this case, the competi-
tive formation of dimer or tetramer is hardly observed be-
cause of two unfavorable strain energies. It is interesting
that this macrocyclic trimer, which contains three coordina-
tion-free zinc-porphyrins, can accommodate tripodal ligand
16 in its hole by multitopic and cooperative coordination
(Figure 12).[66] Then, UV and fluorescence titration of this
macrocycle with tetrapyridyl ligand 17 in toluene suggested
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Figure 11. Macrocyclic hexamer and pentamer with excited energy hopping times. The metathesized links in the rear positions are
abbreviated.[65]

Figure 12. Macrocyclic trimer of trisporphyrin accommodating a tripodal pyridyl ligand.[66]

a stable 1:1 complex with a stability constant of 8·108 –1.
When an electron acceptor is appropriately substituted at
the fourth arm, the macrocycle can be regarded as a model
of an LH1-type antenna.

4-Pyrazolylporphyrin instead of 2-(1-methylimidazolyl)-
porphyrin can afford the cyclic trimer according to its angu-
lar requirement for coordination.[67,68] The trimer forma-
tion is somewhat cooperative, but its stability constant is
estimated to be 9.0·108 –2 in dichloromethane at 22 °C. In
accord with this stability constant, NMR and UV spectra
of the trimer species are temperature and concentration de-
pendent in the µ–m concentration range.

Introduction of an ester group at the ortho-position of
para-phenyl substituent increases the stability constant up
to 6.0·1013 –2 through the contribution of additional hy-
drogen bonding. These trimers have shown similar fluores-
cence quantum yields and lifetimes to the starting mono-
meric porphyrin, suggesting no significant perturbation in
their S1 states despite the strong interaction in the S2 states.

Placement of a nitrogen atom at the 3-position in meso-
pyridyl derivatives such as the 3-pyridyl or 5-(2-aminopyri-
midyl) substituent results in the macrocyclic structure to
satisfy the angular dependency.[69,70] The crystal structure
suggests the macrocyclic tetramer 18 and 19 as shown in
Figure 13, while the structure in solution shows a dynamic
equilibrium between the cyclotetramer and other forms de-
pending on other meso-substituents, as well as concentra-
tion and temperature. Thermochromic change is associated
with complexation/decomplexation dynamics in solution at
the concentration ca. 1·10–4 .
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Figure 13. Cyclic tetramer formation from m-pyridyl- and pyrimid-
ylzincporphyrins.[69,70]

The control of coordination angle is important for per-
forming the desired cooperativity. The 2,6-dicarbamoylpyri-
dine unit has internal hydrogen bonds to adopt a conforma-
tion that orients two arms approximately perpendicular to
one another. A rectangular macrocycle 20 using a comple-
mentary coordination of the pyridyl unit to zincporphyrin
was obtained (Figure 14). The stability constant was evalu-
ated in CHCl3 as 2·108 –1, from which the effective mo-
larity was calculated as 6  on the basis of the intrinsic
binding constant for zinc-pyridine interaction.[71]

Two zincporphyrin units were connected by using this
angle-constraining 2,6-dicarbamoylpyridine unit, 21. Then
tetrapyridyl free-base porphyrin 22, in which intramolecular
hydrogen bonds constrain the rotation of the pyridyl li-
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Figure 14. Adjustment of coordination angle by hydrogen bond-
ing.[71]

gands, assembled two units of the zincporphyrin by
multitopic coordination into a 2:1 mixture of 21 and 22
(Figure 15).[72] The multitopic coordination interaction af-
forded the stability constant of 2.0±0.5×106 –1 for each
binding event. The overall arrangement constructed a pho-
tosynthetic model containing four zincporphyrin units
around the free-base porphyrin. The fluorescence intensity
of the 2:1 complex 23 showed biphasic decay with a faster
component of 490 ps along with a 1330-ps component of
the 21. The energy transfer occurred from 21 to 22 with the
rate constant of 2·109 s–1 and with a quantum yield of 73%.
There are several examples of multitopic coordination of
pyridyl-appended porphyrins to antenna macrocycles ac-
cording to covalent approaches.[73–75]

A three-dimensional (3D) box formation is produced by
cooperative coordinations. When two porphyrins are con-
nected at the meso position, orthogonal conformation is fa-
vored by steric repulsion. When 5-(p-pyridyl)porphyrin is
coupled at the 1-meso position, the product becomes a chi-
ral mixture. The mixture is organized by self-coordination
to a chiral mixture of three-dimensional bisporphyrin tetra-
mers through homochiral self-sorting processes. The 3D
box is favored by its rigidity and is more stable than the
monocyclic tetramer from monopyridylporphyrin.[76,77] ω-

Figure 15. Complementary 2:1 complexation of zinc- and free base porphyrins and internal energy transfer.[72]
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Pyridyl(phenylene)n-appended zincporphyrins gave similar
porphyrin boxes. The energy hopping rates among the unit
porphyrins for these box-type assemblies were analyzed by
time-resolved spectroscopic methods in conjunction with
polarization anisotropy measurements. The data were ana-
lyzed by assuming an exciton coherence length of L = 2
for the meso-meso-coupled dimer. The time constant was
explained by a Förster-type incoherent energy hopping
model. Therefore, the excitation energy hopping times be-
tween the dimeric zincporphyrin units were 48, 98, and
361 ps for 24a, 24b, and 24c, respectively, showing exciton-
exciton distance dependence by the bridging (phenylene)n

units (Figure 16).[78]

When porphyrins are connected through a mono- or bis-
alkynylene unit, two porphyrins prefer to adopt a planar
conformation due to a beneficial π-conjugation effect de-
spite the rotational freedom around the triple bond. The
zinc complex of bisporphyrin with meso-pyridyl functionali-
ties, 25, self-assembles by coordination to a box-shaped cy-
clic tetramer 26, where two conformers, perpendicular and
planar, are allowed (Figure 17).[79] In the case of the
monoalkynylene-bridge, a planar conformer was the exclus-
ive product reflecting the conformational preference at the
monomer level. In the case of the bisalkynylene-bridge, on
the contrary, the perpendicular conformer becomes pre-
dominant probably because of effective cancellation of the
dipole moment, which is induced by the directions of the
pyridyl groups in the tetramer.

As discussed earlier, the use of transition-metal ions in
the porphyrin metal center cannot be the method of singlet
energy harvesting. Although many studies on the structure
formation are reported, photophysical studies on the triplet
states are rare due to the inherent difficulty of the studies.
The following few reports identify the decay processes after
the excitation.

Scandola reported on the photophysical behavior of the
system of a pentad porphyrin arising from coordination of
tetra-m-pyridylporphyrin to four Ru(CO)TPP units (27)
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Figure 16. Box formation from meso-meso coupled bisporphyrin appended with pyridyl ligand and exciton energy transfer in the box
assembly.[77,78]

Figure 17. Acetylene-linked bis(pyridylporphyrin) and its coordination organization.[79]

(Figure 18).[80] The lifetime of the free-base porphyrin is
shortened significantly to 0.5 ns from around 9 ns for TPP
because of the efficient (95%) Ru-facilitated intersystem
crossing to 3*Fb by spin-orbit perturbation. Excitation of
the Ru porphyrin part leads also to 3*Ru with a much faster
time constant (�30 ps) with 100% efficiency, then followed
by irreversible energy transfer to 3*FbRu again with 100%
efficiency due to the large driving force from Fb3*Ru to
3*FbRu. The triplet energy transfer rate was estimated to
be in the range 108–109 s–1. When zinc porphyrin is used as
the axial ligating unit, the higher energy level of 3*Zn makes
the energy difference between 3*ZnRu and Zn3*Ru smaller
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and the equilibrium between two triplet states is established
prior to deactivation.

Ruthenium porphyrin was connected by another chro-
mophore, pyridyl-substituted perylenebisimide to afford a
side-to-face supramolecular array of chromophores (28).[81]

The absorption spectrum covers the full range of 350–
620 nm with an extinction coefficient larger than
104 –1 cm–1. The photophysical properties obtained by
using nano- and femtosecond time-resolved techniques are
summarized in Figure 19. When the perylenebisimide (PBI)
part (585 nm) is irradiated, the characteristic strong fluores-
cence (λmax = 620 nm) of the parent PBI is completely
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Figure 18. Axial coordination of tetrakis(pyridyl)porphyrin to four
Ru2+(CO)porphyrins.[80]

quenched (Φ = 0.001), compared with Φ = 0.96 for free
PBI. The spectral change was characterized by the rise of
the typical absorption band of the radical anion of PBI near
780 nm, associated with the formation of the Ru(TPP)CO
radical cation. The change, with a time constant of 5.6 ps,
clearly shows electron transfer from Ru(TPP)CO to 1*PBI.
Excitation of the Ru(TPP)CO part (530 nm, although ac-
companied with PBI excitation), on the other hand, leads to
the formation of 3*Ru(TPP)CO by fast intersystem crossing
within 1 ps. Then energy transfer occurs from 3*Ru to PBI
to generate a new species of 3*PBI. The triplet species of
3*PBI with a lifetime of 9.8 µs in deaerated CH2Cl2 is there-
fore obtainable by the irradiation of the Soret band region
of the Ru(TPP)CO site.

Figure 19. Formation of perylenebisimide-Ru2+porphyrin and pho-
tophysical pathways.[81]
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6. Porphyrin with an Outer-Ring Metal Ion

The use of transition-metal ions from external sources is
a powerful tool for obtaining various self-assemblies and
has been well documented. Fujita and Ogura introduced
first an elegant way of coordination organization, in which
the combination of cis-coordination transition-metal ions
and linear bridging ligands gave the most thermodynami-
cally stable macrocycles after equilibrium.[82–85] When a
porphyrin is employed as the component of the linear
bridging ligand, macrocycles composed of porphyrin units
are easily obtained. Alessio has already addressed these ex-
amples focusing on this methodology in his review.[11] How-
ever, the resulting assembly in most cases loses its fluores-
cence and photophysical studies through phosphorescence
emission are rather limited.

Scandola examined the effect of external Ru complexes,
which connect pyridyl-porphyrins, on the quenching of the
porphyrin singlet. It was found that two mechanisms are
operative in the adducts and that their contributions are
dependent on the type of Ru complex. One is an enhanced
intersystem crossing from Por(S1) to Por(T1) by interaction
with centers of Type I Ru complexes (Figure 20).[86] The
singlet quenching is proportional to the number of Ru cen-
ters. The other mechanism is singlet-triplet energy transfer
from Por(S1) to Ru(T1) of the centers of Type II Ru com-
plexes and provides an additional channel. The latter con-
tribution depends on the energy level of the Ru(T1) state in
the coordination environment at the Ru center. The energy
levels of Ru(T1) with weak field ligands, such as DMSO,
are low compared with the ones with strong field ligands,
such as CO. The fluorescence lifetimes of the compounds
29–31 are reasonably explained by these mechanisms.

Figure 20. Organization of porphyrin by using external Ru2+ coor-
dination.[86]

The square porphyrin nonamer 33 is formed in solution
by the addition of trans-coordinating bis(benzonitrile)Pd2+

dichloride to a stoichiometric mixture of one central X-
shaped unit (porphyrin 32a), four T-shaped units (porphy-
rin 32b), and four L-shaped units (porphyrin 32c) (Fig-
ure 21).[87,88] The fluorescence emission of the solution mix-
ture is quenched to greater than 90%. In accord with this
observation, the fluorescence lifetime is shortened from
12 ns (the average lifetime for the initial mixture) to less
than 1 ns. The claim of a light-harvesting effect must await
analysis of how the triplet excited state behaves.
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Figure 21. 2D porphyrin array by using trans-Pd2+ complex.[87]

Rhenium tetramers of free-base and Zn2+ porphyrins 34a
and 34b may be a rare example of fluorescent metallamac-
rocycles (Figure 22).[89] Into this host cavity, tetrakis(4-pyr-
idyl)porphyrin is incorporated as in 35 with a stability con-
stant of 4·107 –1 by apparently cooperative multitopic co-
ordination. The host emission is quenched by this incorpo-
ration without emission from the central guest.

Figure 22. Fluorescence emission change on guest complexation into Re2+-organized porphyrin square.[89]
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As a chelating ligand, 8-hydroxyquinoline (oxine) is
interesting, since quenching-free metal ions such as Al3+

and Ga3+ are known to give very stable octahedral com-
plexes. Therefore, the meso-oxinyl-appended porphyrin was
synthesized and its fac-tris(oxinylporphynyl) gallium com-
plex 36 was obtained. In the complex, three porphyrins are
arranged like a pinwheel. The center-to-center distances be-
tween two porphyrin units a-b, b-c, and c-a in Figure 23
were 15, 17, and 18.5 Å, respectively.[90,91] The fluorescence
intensity was increased in the coordination complex com-
pared with the free porphyrin. The fluorescence anisotropy
decay analyzed the energy transfer rate between three por-
phyrin components as ca. 10 ps. Considering the fluores-
cence lifetime of 8.6 ns, the energy is stored in the trispor-
phyrin complex that allows an energy transfer 800 times to
neighboring porphyrins in its excited lifetime. The introduc-
tion of two oxinyl groups at the facing meso-positions ex-
tends the coordination organization further to a dendritic
structure 37. Even in such a large assembly, the fluorescence
intensity was larger than that of the starting free porphyrin.

As a quenching-free external metal ion, Zn2+ may also be
used for chelation organization. For this class of porphyrin
assembly, Groves synthesized mono- and bisphenanthroli-
nyl-porphyrins, 38 and 39, respectively.[92] Addition of the
Zn2+ ion to 38 induced a red shift of the Soret band by
head-to-tail interaction of porphyrins of orthogonal orien-
tation (Figure 24). For the case of 39, a larger shift and
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Figure 23. Ga3+-organized oxinylzincporphyrin pinwheel and its dendritic growth.[90,91]

broadening of the Soret band were observed to show the
development of exciton interaction. The average chain
length of oligomer 40 was estimated from the complexation
rate constant and estimated as 12.3±0.5. The oligomeric
products are potentially fluorescent.

Figure 24. Mono- and bis(phenanthrolinyl)porphyrins and their
Zn2+ complexation.[92]

The use of a flat electrode surface instead of a porous
semiconductor one for a dye-sensitized solar cell may pro-
vide an interesting possibility. The problems arising from
the decreased surface area must, however, be overcome.
Gold nanoparticles have attracted wide interest in view of
physical properties that are different from bulk materials.
Nano-sized particles should have large surface areas that
can be modified by appropriate functionalities. The surface
can be modified and protected by alkanethiolate. Therefore,
an ω-porphyrin-bearing alkanethiolate with or without sim-
ple alkanethiolate was employed to modify the gold nano-
particles so as to afford 41 and 42 (Figure 25).[93]

The fluorescence of porphyrin gold particles 41 and 42
showed a double exponential decay. The lifetime of the par-
ent compound (9.5 ns in THF) was perturbed to contain
short major components 0.15 ns (86%) and 0.17 ns (97%),
for 41 and 42, respectively. The average lifetimes are there-
fore calculated as 1.4 ns for 41 and 0.41 ns for 42. This me-
ans that the fluorescence of the porphyrin is significantly
quenched even on the surface of gold nanoparticles. How-
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Figure 25. Porphyrin grafting on gold nanoparticle.[93]

ever, the degree of quenching is smaller compared with the
case in which the same porphyrin is modified on a two-
dimensional Au(111) surface, the latter fluorescence lifetime
being 0.04 ns. A fewer number of gold atoms on the 3D
surface of nanoparticles compared with the planar Au(111)
electrode surface is involved in energy transfer quenching.
The decay rate (7.7·109 s–1) of the absorption at 460 nm
agreed with the rise of the excited plasmon band at about
600 nm. This means that any electron-transfer system faster
than 130 ps can compete favorably with this energy transfer
quenching.[94–96]

The gold nanoparticles coated with a porphyrin-alkane-
thiolate 43 monolayer as in 44 were then treated with
fullerene. Broad absorption appeared in the 700–800 nm re-
gion as a sign of a charge-transfer absorption band due to
the π-complex formation between porphyrin and C60. At
the same time, these nanoparticles (45) were clusterized in
solution as shown in 46 (Figure 26) and deposited on a
SnO2 electrode. The photocurrent action spectrum shows
that the IPCE value increases with high concentrations of
C60 and reaches ca. 30% at 490 nm. The excited singlet state
porphyrin is quenched efficiently by C60 via electron trans-
fer in the porphyrin-C60 complex rather than energy trans-
fer to gold nanoparticles.
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Figure 26. High order organization of porphyrin and fullerene with
gold nanoparticles.[96]

The photoinduced charge separation is facilitated in the
supramolecular complex of the porphyrin and C60. The re-
duced C60 injects the electron into the conduction band of
SnO2 nanocrystallites, or the electron is relayed through
hopping among the C60 molecules in the cluster. On the
other hand, the oxidized porphyrin is regenerated by elec-
tron-transfer reduction with iodide in the electrolyte.[97]

7. Phthalocyanine

Compared with porphyrins, phthalocyanines have higher
extinction coefficients in the Q-band region at longer wave-
lengths and emit fluorescence with much higher quantum
yields. The metal-assisted organization of phthalocyanine in
the past resulted in most cases in the quenching of singlet
excitation energy. The author has been interested in incor-
porating phthalocyanine into supramolecular systems by
using metal coordination. The first example is the use of
the strategy of complementary coordination of an imid-
azolyl-zinc-porphyrin. Here the phthalocyanine unit is con-
nected to the porphyrin as the meso-substituent. Two
phthalocyanines are then connected through a complemen-
tary porphyrin dimer as 47.[98] The absorption spectrum is
a sum of two chromophores and covers a wide range of the
visible region, just like the natural chlorophyll chromo-
phores, but with an even larger extinction coefficient as il-
lustrated in Figure 27. Excitation of any absorption range
of porphyrin and phthalocyanine falls into the S1(Q) state
of phthalocyanine via efficient energy transfer to the lowest
excited state. The fluorescence quantum yield from this
state is as high as 0.71. Overall, the supermolecule is re-
garded as an excellent antenna composite having broad and
strong absorption bands of both S2 of porphyrin and S1 of
phthalocyanine and with a high fluorescence quantum yield
from the lowest excited state of phthalocyanine.
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Figure 27. Complementary dimer formation of imidazolylzincpor-
phyrin with phthalocyanine and comparison of the absorption
spectrum with that of chlorophyll a.[98]

The above method is interesting in that phthalocyanines
are brought into a highly fluorescent supermolecule. At the
same time, it is challenging to develop a methodology to
organize phthalocyanines themselves. Applying the same
methodology as for porphyrins, an imidazolyl substituent
was introduced at one of the benzo-groups of metall-
ophthalocyanine.[99] A very stable dimer 48 (Figure 28) was
formed with use of Zn2+ or Mg2+-phthalocyanine, as ob-
served by NMR, UV/visible and mass spectra. The Q-bands
split by exciton interaction in the dimer converge into a
single band on titrating with N-methylimidazole through a
clear isosbestic point. That a large excess of competitive
ligand was required to cleave the coordination bond reflects
the large stability constant. The values were evaluated as
large as 1.4·1011–1.1·1012 –1 for Zn2+- and Mg2+-phthalo-
cyanines. The interaction of complementary coordination
of imidazolyl-to-Zn2+ or Mg2+ was confirmed by character-
istic higher-field shifts of the imidazolyl and the half of the
ring protons that face each other to the large π-electronic
system of phthalocyanine. The fluorescence of this dimer is
not quenched on this assembly formation. The fluorescence
quantum yields of the dimers from Zn(tBu)3, Zn(OBu)6,
and Mg(tBu)3-phthalocyanines were 0.26, 0.45, and 0.76,
respectively. These values were almost identical to those of
the starting monomeric species. The coordination organiza-
tion of imidazolyl-porphyrin has thus been introduced into
the field of phthalocyanine. A new version of supramolec-
ular chemistry in the field of phthalocyanine will be inter-
esting.
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Figure 28. Complementary coordination of imidazolyl-M-
(Zn,Mg)2+-phthalocyanine.[99]

8. Perylenebisimide

As briefly overviewed in the general characteristics of
chromophores, perylenebisimide shows excellent properties
in light absorption and emission. The high aggregation ten-
dency through the overlap of planar π-orbitals can be re-
duced when bulky substituents such as tetraaryloxy groups
are introduced at the 1, 6, 7, and 12-positions.[100–104] Ac-
cording to the coordination organization proposed by Fu-
jita, linear ligands were prepared most easily by introducing
ligands at the imide nitrogen atoms of perylenebisimide.
Then M(dppp), where dppp represents 1,3-bis(diphenyl-
phosphanyl)propane, afforded in quantitative yields macro-
cyclotetramers 49 of perylenebisimides appended with vari-
ous aryloxy groups with use of M = Pt2+ and Pd2+ (Fig-
ure 29).[105] These complexes remain intact at concentra-
tions as low as ca. 10–6 M. Even if transition-metal ions
are used in this case, the fluorescence quantum yield of the
starting perylenebisimide in the square remained largely in-
tact at a level of nearly 90%.

Figure 29. Macrocyclo-tetramerization of pyridyl-appended tetra-
aryloxyperylenebisimide by Pd2+ or Pt2+ complex.[105]

When pyrene is introduced at the 1, 6, 7, and 12 positions
as the aryloxy substituent, the square has a large number
of chromophores, 16 pyrene and four perylenebisimide
chromophores, appropriate for light harvesting to cover a
wide range of wavelengths with high molar extinction coef-
ficients. Photophysical measurements were undertaken by
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steady state and time-resolved emission and transient ab-
sorption spectroscopy. Compared with the simple phenyl-
substituted square, efficient (90%) and fast (0.2 ns) energy
transfer from the pyrene to the perylenebisimide chromo-
phores quenched almost completely the pyrenyl fluores-
cence. At the same time, very fast and efficient (�94%) elec-
tron transfer from pyrene to perylene reduced significantly
the fluorescence from the perylene.

When bis(terpyridyl)-functionalized perylenebisimide 50
was subjected to self-assembly by metal coordination, linear
metallo-supramolecular polymers (51) could be obtained
(Figure 30).[106–109] Isothermal titration calorimetry studies
of the terpyrydine ligand with various transition-metal ions
established that Zn2+ afforded a very stable bis(terpyridyl)
complex with the successive stability constants K1�108 –1

and K2�1010 –1, demonstrating a clear tendency for stable
2:1 complex formation. The complexes exhibited intense red
fluorescence (λmax = 620 nm) with the quantum yield of ca.
0.9. The complexation with Zn2+ has virtually no effect on
the fluorescence quantum yield, although the use of Fe2+

for the assembly formation induces a quenching down to
Φfl � 0.1. Likewise, fluorescence lifetimes of Zn2+ dimer
and polymer complexes were the same as that of the un-
complexed ligand, showing no electronic interaction be-
tween Zn(tpy)2 and perylene sites. The complex showed re-
versibility of the binding event within a short timescale less
than 1 min.

Figure 30. Bis(tpy)-connected polymerization of tetraaryloxyperyl-
enebisimide.[106]

The process was monitored by fluorescence anisotropy
titration. When fluorescence anisotropy r is plotted as a
function of the ZnII/perylene monomer ratio, the r value
increased almost linearly to a maximum of r = 0.133 at a
1:1 ratio of Zn2+/50. The observations are compatible with
the reversibility of the assembly formation, since the anisot-
ropy decay due to the rotational diffusion of polymer must
be slower. In the linear rigid coordination polymer, the tran-
sition-dipole moments align along the N–N axis of the per-
ylenebisimide unit, and energy transfer within the perylene-
bisimide units along the same polymeric chain will not in-
duce the anisotropy decrease. After 1:1 stoichiometry, a
fragmentation process leading to the oligomeric units oc-
curs and the anisotropy tends to decrease again, but never
reaches the value of the monomer unit.
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The dynamic character of ligand exchange was tested in

solution by mixing two different perylenebisimide ligands I
and II in a 1:1 molar ratio.[110] These ligands have the same
molecular length and differ only in their alkyl groups at the
phenoxy substituents. 1H and 31P NMR spectra after the
equilibrium suggested the formation of an ideal statistical
mixture. Mass spectra proved the existence of all the molec-
ular squares A, B, C, D, E, and F (Figure 31) in the re-
sulting solution.

Figure 31. Ligand exchange equilibrium after mixing two molecu-
lar squares.[110]

9. Polypyridyl Metal Complexes

Bipyridyl (bpy), terpyridyl (tpy), phenanthrolyl (phen)
metal complexes belong to this class and afford stable com-
plexes with various metal ions. The ruthenium tris(bpy)
complex and its derivatives play important roles on dye-
sensitized solar cells.

The emission quantum yield from 3MLCT of Ru(bpy)3

is relatively high at 0.04, but [Ru(tpy)2]2+ emits with a low
quantum yield of 1·10–5 with a lifetime of 250 ps. The terpyr-
idine complex is characterized by a directed connection and
its large stability constant. When two tpy units are con-
nected through a m-phenylene group its complexation with
Ru2+ ion affords automatically a macrocyclic hexamer of
the [Ru(tpy)2]2+ complex 52 (Figure 32).[111] When carb-
azole is substituted as the central connecting unit, penta-
meric macrocycles are self-assembled by complexation with
Zn2+, Ru2+, and Fe2+ ions (53).[112] Although carbazole
itself is highly fluorescent, the pentamacrocyclic Ru2+ com-
plex does not show fluorescence at all. On the other hand,
the Zn2+ macrocycle shows a strong emission at 560 nm.
The macropentacyclic [M(tpy)2]2+ complexes were used for
coating of nanocrystalline TiO2 in a Grätzel-type solar cell
device. The Ru2+ complex gave the highest photoconversion
efficiency (η) of the cell, η being 1.53, 0.73, and 0.49% for
the Ru2+, Zn2+. and Fe2+ cases, respectively.

The [Ru(tpy)2]2+ complex is suitable for connecting other
chromophores in a linear fashion. When Ru(tpy)2 connects
porphyrins as in 54, the energy absorbed by the porphyrin
is transferred to the lowest triplet state with 100% efficiency
(Figure 33).[113] Triplet energy transfer from 3PAu-Ru-PH2

to PAu-Ru-3PH2 with a center-to-center separation of 21 Å
was examined. The energy transfer was mediated by the in-
terposed Ru complex by an exchange mechanism at 77 K
with a rate constant of 2.5·107 s–1, which is as fast as the
arylene-connected case.

Hanan reports that the lifetime of 3MLCT emission from
[Ru(tpy)2]2+ increases significantly by the introduction of
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Figure 32. Macrohexamer and pentamer of [Ru(tpy)2]2+.[111,112]

Figure 33. Connection of porphyrins through [Ru(tpy)2]2+ complex
and [Ru2+(anthracenyl-tpy)2]2+ complex.[113,114]

an anthracene moiety as in 55.[114] The luminescence decay
lasts up to 1.8 µs at room temperature. The phenomenon is
explained by the equilibrium between the initially formed
3MLCT state of [Ru(tpy)2]2+ and the low-lying anthracene-
based triplet states. Introduction of organic chromophores
having triplet excited states of energies close to the 3MLCT
is claimed to be an efficient way to prolong the short ex-
cited-state lifetime of the [Ru(tpy)2]2+.

The dendritic Ru(biscarbazolyl-phenanthroline)3 com-
plex 56 shows a red shift of absorption and emission max-
ima compared to Ru(phen)(bpy)2 57 (Figure 34).[115] The
excitation spectrum resembles the absorption spectrum and

Figure 34. Ru(biscarbazolyl-phenanthroline)3 and Ru(phen)(bpy)2

complexes.[115]
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the fluorescence from the carbazolyl part is completely
quenched. These properties suggest its potential usefulness
for the antenna function.

10. Conclusion and Outlook

The research on light-harvesting antenna has been much
inspired by very aesthetic X-ray crystallographic structures
of antenna complexes of the photosynthetic purple bacte-
ria. The energy degeneracy of each component in the ring
structure is important for transferring the energy efficiently
to targets in any direction. Many chromophores having
large extinction coefficients in the visible wavelength region
have been organized into macrocyclic structures. New
supramolecular methodologies have been developed and
have succeeded in providing macrocycles of not only 2D
but also 3D arrangements. Photophysical studies have eluci-
dated the rate of the fast excitation energy hopping process
by anisotropy decay after polarized light excitation and also
by exciton-exciton annihilation. In the development of arti-
ficial antenna complexes, noncyclic systems are important
too. Linear arrays without loss of excitation energy have
also been developed. In order to obtain stable supramolec-
ular complexes, transition-metal ions have been frequently
used. In most cases, intersystem crossing leads to the triplet
state. The analysis of such systems becomes difficult in most
cases and awaits further photophysical studies.
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The novel cationic complex [Ag14(C2tBu)12]2+ has been syn-
thesized by four reactions: reaction of [Ag(C2tBu)]n and
AgBF4 in acetone in a 6:1 mole ratio, that of HC�CtBu and
AgBF4 in water in the absence of a base, treatment of
[AgC2tBu]n with HBF4 in acetone or that of {[Ag3(C2tBu)2]-

Introduction

Since the pioneering work of Nast[1] on acetylide com-
plexes, dramatic developments in the field, parallel to the
advances in organometallic chemistry, have been ac-
complished. The versatile mode of bonding of the alkynyl
ligand resulted in numerous polynuclear alkynyl com-
plexes.[2,3] Different aspects of the subject have been re-
viewed extensively.[2,4] Luminescence properties, particu-
larly of mixed-metal platinum()-copper() and -silver() al-
kynyl complexes have been studied widely.[5] In the field of
pure coinage metal alkynyls, new aspects of organometallic
chemistry emerged when bis(phenylethynyl) metallates
[M(C2Ph)2]– (M = Cu, Ag, Au) were treated with metal
phenylacetylide polymers [M(C2Ph)]n (M = Cu, Ag, Au).
Consecutive steps of ethynylation and condensation of
the formed anionic and cationic moieties resulted in the
formation of homonuclear [Ag5(C2Ph)6]– and heteronuclear
[Au2Cu(C2Ph)4]–, [Au3M2(C2Ph)6]– (M = Cu, Ag),
[Ag6Cu7(C2Ph)14]– and [AuAg6Cu6(C2Ph)14]– complexes.[6]

Extension of ethynylation reactions to neutral complexes
resulted in the complexes [Au2Ag2(C2Ph)4(PPh3)2],
[Ag2Cu2(C2Ph)4(PPh3)4], [AuAg(C2Ph)2]n, [AuCu(C2Ph)2]n
and [AgCu(C2Ph)2]n.[6i,7] Silver cages of various structures
encapsulating the dianion C2

2–, which is isoelectronic with
CN–, have been reported.[8] Recently anion-templated,
rhombohedral silver-alkynyl cages [Ag14(C2tBu)12X]+ (X =
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[BF4]}n with [Ag(C2tBu)]n in a 1:4 mole ratio. Single-crystal
X-ray studies showed it to be a hexacapped cube of silver(I)
atoms, with twelve η1, µ3-C2tBu ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

F, Cl, Br) were synthesized and structurally identified.[9]

Earlier we reported the synthesis and structure of the novel
cationic silver alkynyl polymer [Ag3(C2tBu)2]n[BF4]n.[10] We
now report new aspects of the chemistry resulting from the
synthesis of halide-free rhombohedral silver alkynyl com-
plex [Ag14(C2tBu)12][BF4]2 and its structure.

Results and Discussion

The addition of AgBF4 to [Ag(C2tBu)]n in a 1:6 mole
ratio in acetone gave a clear solution. Normal workup re-
sulted in the slow precipitation of colourless crystals of
[Ag14(C2tBu)12][BF4]2. Elemental analysis agrees very well
with this formulation. The infrared spectrum has a strong
ν(C�C) signal at 2036 cm–1. This frequency is dramatically
lower than that of the linear complex [Ag(C2Ph)2]–[6i] (by
ca. 50 cm–1), which indicates a bridging mode of bonding.
A very strong band at 1077 cm–1 was assigned to BF4

–.
Single-crystal X-ray structure determination showed that

the fourteen silver atoms are arranged in a hexacapped cube
of silver atoms (rhombohedral dodecahedron) with twelve
η1, µ3-alkynyl ligands, each pair of alkynyl groups are al-
most linearly bonded to each capping silver atom, and every
ligand bridges two nearby silver atoms on each edge of the
cube (Figure 1).

This metal cage is similar to the cage of [Ag14(C2tBu)12-
X][BF4] (X = F, Cl, Br), in which the X– anion is located at
the centre of the cage.[9] We found, however, that halide ions
are not a prerequisite to the formation and stability of the
cage as claimed by other workers.[9] Unlike the case in com-
plexes [Ag14(C2tBu)12X][BF4],[9a,9b] the BF4

– anions are un-
ambiguously located here. There is a weak Ag···F interac-
tion [2.499(4) Å]. The 19F NMR spectrum showed two reso-
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Figure 1. Structure of [Ag14(C2tBu)12][BF4]2. Methyl groups of tertiary butyl groups have been omitted for clarity.

nances characteristic for BF4
– at –151.62 and

–151.57 ppm.[9a,9b]

The most interesting finding that emerges from the com-
parison of the encapsulated halide-anion Ag14 cages[9a,9b]

with the present anion-free Ag14 cage is that the encapsu-
lated fluoride anion shrinks the Ag14 cage, while the bro-
mide ion expands it. The mean Ag–Ag bond length in the
anion-free cage is 2.9747(7) Å, which is almost equal to the
corresponding value in the chloride-encapsulated cage
[2.971(2) Å], but is 0.015 Å shorter and 0.064 Å longer than
the corresponding bond lengths in the bromide- and fluo-
ride-encapsulated cages, respectively.

This cationic cluster represents the highest homoleptic
finite polynuclear monosubstituted alkynyl complex to be
synthesized and structurally identified. Although neutral li-
gands and anions[11,12] are known to depolymerize mono-
substituted alkynyl coinage metal polymers [M(C2R)]n (M
= Cu, Ag, Au), this reaction represents the first cationic
depolymerization reaction for these polymers.

The same complex was also prepared by the reaction of
HC2tBu and AgBF4 in water by using different mole ratios
in the absence of a base. The reactions in aqueous NH3,
which afford [Ag(C2R)]n, are well known for the identifica-
tion of monosubstituted alkynes; nevertheless, no report
has been documented for the reaction in the absence of a
base. If the above reaction is carried out in ether, the cat-
ionic polymer [Ag3(C2tBu)2]n[BF4]n[10] is obtained. On the
other hand, using AgNO3 with HC2tBu in water results in
the formation of the neutral polymer [Ag3(C2tBu)2NO3]n,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2353–23562354

which was reported recently.[9b] The other product of the
above reactions is HBF4 [Equation (1), Equation (2)]:

7 AgBF4 +6 HC�C–tBu �
1

2
{[Ag14(C2tBu)12][BF4]2} +6 HBF4 (1)

3 AgBF4 +2 HC�C–tBu �
1

n
{[Ag3(C2tBu)2][BF4]}n +2 HBF4 (2)

The acid was determined by titration and by measuring
the pH of the solution. This implies that these complexes
are stable in strongly acidic media.

A third procedure for the synthesis of the same complex
is the reaction of HBF4 with [Ag(C2tBu)]n in acetone. The
product was identified by usual methods and by compari-
son with an authentic sample. If excess acid is used,
{[Ag3(C2tBu)2][BF4]}n is obtained [Equation (3), Equation
(4)]:

HBF4 + 7

n
[Ag(C2tBu)]n �

1

2
{[Ag14(C2tBu)12][BF4]2} + HC2tBu (3)

HBF4 + 3

n
[Ag(C2tBu)]n �

1

n
{[Ag3(C2tBu)2][BF4]}n +HC2tBu (4)

A fourth route for the same complex involves the reac-
tion of {[Ag3(C2tBu)2][BF4]}n and [Ag(C2tBu)]n in acetone
in a 1:4 mole ratio [Equation (5)]:
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1

n
{[Ag3(C2tBu)2][BF4]}n + 4

n
[Ag(C2tBu)]n �

1

2
{[Ag14(C2tBu)12][BF4]2} (5)

The cage structure of the complex indicates without
doubt that a halide template is not necessary for the forma-
tion and stability of such cages. The different reactions de-
scribed for the synthesis of the complex might be of general
use in the synthesis of homo- and heteronuclear group 11
metal-alkynyl cluster complexes.

Experimental Section
Synthesis of [Ag14(C2tBu)12][BF4]2

Method 1: Silver tetrafluoroborate, AgBF4 (98 mg, 0.5 mmol), was
added to a suspension of [Ag(C2tBu)]n (567 mg, 3.0 mmol) in ace-
tone(20 mL). The reaction mixture was stirred for 24 h and then
filtered. The solution was concentrated to a small volume and was
left for crystallization. Colourless crystals of [Ag14(C2tBu)12][BF4]2
(540 mg, 81%) were obtained in two crops; m.p. 187–190 °C. IR
(KBr disc):ν̃ = 2036 (vs) cm–1 (C�C). 1H NMR (400 MHz, [D6]-
acetone, TMS): δ = 1.46 ppm. C72H108Ag14B2F8 (2657.41): calcd.
C 32.68, H 4.12; found C 32.58, H 4.04.

Method 2: tert-Butylacetylene (1.96 mL, 16.0 mmol) was added to
AgBF4 (389 mg, 2.0 mmol) in water (20 mL) in an ice bath. The
mixture became turbid within a few minutes, and a white, floating
precipitate formed. After stirring for 12 h, the white precipitate of
[Ag14(C2tBu)12][BF4]2 was filtered off and dried (224 mg, 59%);
m.p. 190 °C. IR (KBr disc):ν̃ = 2037 (vs) cm–1 (C�C).
C72H108Ag14B2F8 (2657.41): calcd.: Ag 56.62; found C 32.20, H
4.15, Ag 57.80, measured pH 1.79.

Method 3: Tetrafluoroboric acid, HBF4 (0.103 mL, 0.46 mmol),
was added to a suspension of [Ag(C2tBu)]n (567 mg, 3.0 mmol) in
acetone (25 mL) with stirring in a nitrogen atmosphere at room
temperature. A clear solution was obtained within 10 min. The fil-
trate was concentrated to half volume. Addition of hexane (30 mL)
effected the precipitation of colourless crystals of [Ag14(C2tBu)12]-
[BF4]2 (470 mg, 77%). IR (KBr disc):ν̃ = 2037 (vs) cm–1 (C�C);
identical in all respects to an authentic sample described above.

Method 4: Silver tert-butylacetylide (378 mg, 2.0 mmol) was added
to solution of {[Ag3(C2tBu)2][BF4]}n (287 mg, 0.5 mmol) in acetone
(25 mL). A clear solution was obtained within 15 min. Filtration
and addition of hexane gave [Ag14(C2tBu)12][BF4]2 (400 mg, 60%).
IR (KBr disc): ν̃ = 2037 (vs) cm–1 (C�C); C72H108Ag14B2F8

(2657.41): found C 32.56, H 4.05; identical in all respects to an
authentic sample described above.

Reaction between tert-Butylacetylene and Silver Nitrate

tert-Butylacetylene, HC2tBu (1.96 mL, 16.0 mmol), was added to
AgNO3 (340 mg, 2.0 mmol) in water (20 mL) in an ice bath. The
mixture became turbid within a few minutes, and a white precipi-
tate formed. After stirring for 12 h, the white precipitate of
[Ag3(C2tBu)2 (NO3)]n was filtered off, washed with water and dried
(220 mg, 60%). IR (KBr disc): ν̃ = 2023.5 (vs) cm–1 (C�C); ref.[9b]

2022 cm–1. C12H18Ag3NO3 (547.88): calcd. C 26.31, H 3.31, N 2.56;
Ag 59.06; found C 26.00, H 3.19, N 2.69, Ag 58.80.

Crystal Data: [C72H108Ag14B2F8] M = 2657.38, triclinic, P1̄, a =
13.725(1), b = 13.793(1), c = 24.466(2) Å, α = 95.16(1), β =
94.33(1), γ = 106.99(1)°, V = 4386.3(6) Å3, Z = 2, Dcalcd. =
2.012 g cm–3, µ (Mo-Kα) = 3.10 mm–1, T = 120(2) K, colourless
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block; 52607 measured reflections, 23128 independent (Rint = 0.046
after semiempirical absorption correction), least-squares refine-
ment of 924 parameters against F2, R(F) = 0.051 on 14969 inde-
pendent reflections with I�2σ (I), wR(F2) = 0.122 on all data. The
structure contains two independent clusters, both at inversion
centres. In one cluster, two Ag atoms are ordered, whereas twelve
are disordered between two sets of positions in a 4:1 ratio (distances
between alternative positions of the same atoms are 0.40 to 0.57 Å);
six ethynyl ligands are disordered by a rotation around the quater-
nary C atom (which remains ordered), probably in concert with the
disorder of the metal core. There is also rotational disorder of tBu
groups and monodentate BF4 ligands. The second cluster is or-
dered, except for rotational disorder of two tBu groups. CCDC-
290250 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Hydrogen bonding to the electrically neutral tertiary carbox-
amide nitrogen atom of peptidyl-prolyl groups is known to
facilitate the C–N bond rotation during peptide and protein
folding. Since metal complexes with nitrogen-coordinated
tertiary amide ligands are formally analogous, they may be
used to model this so-called electrophilic activation. In this
paper we report on the synthesis of a monoacylated cyclam
complex, [(Boc-Ala-cyclam)Cu](CF3SO3)2 (8; Boc: tert-butyl-
oxycarbonyl, Ala: alanine, cyclam: 1,4,8,11-tetraazacyclo-

Introduction

The activation of tertiary carboxamides towards hydro-
lytic cleavage and C–N bond rotation is a topic of consider-
able interest. Two catchwords are the hydrolysis of β-lactam
antibiotics[1] and the cis-trans isomerization about peptidyl–
prolyl bonds in proteins.[2] The latter is often the slow step
during protein folding and supposed to play an important
role as a functional switch in different processes such as
enzymatic substrate recognition[3] or neurodegenerative
protein aggregation.[4] Isomerases, PPIases, are known to
facilitate the amide rotation. How exactly they operate is
not known, although different means to lower the rota-
tional barrier have been discussed.[5] Particularly interesting
for coordination chemists is a motif observed in the cata-
lytic centre of cyclophilines,[6] and in histidyl peptides:[7] hy-
drogen bonding to the amide nitrogen atom is proposed
to stabilize the pyramidal transition state structure at the
nitrogen atom. This is formally analogous to the coordina-
tion of a metal ion as it has been proposed to explain the
effect of siver() ions on the rotational barrier of dimethyl-
acetamide.[8] An illustration of an arginine hydrogen bond
in comparison with a coordinated metal center is shown in
Scheme 1.
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tetradecane). It contains a fully sp3-hybridized metal-bound
amide nitrogen atom. The resonance is completely cancelled
and the observed C–N distance of 147 pm is consistent with
a single bond. These features are exceptional among Wer-
ner-type complexes and define the maximal possible electro-
philic distortion of an amide bond.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Electrophilic activation of a tertiary amide group; hydro-
gen bonding in peptides and proteins (left), or metal coordination
(right).

Based on this analogy, Lectka and colleagues have sug-
gested that metal complexes could be developed into syn-
thetic catalysts to trigger biological proline switches.[9] This
perspective is highly interesting but suffers from the lack of
information on coordination complexes containing nitro-
gen-bound tertiary carboxamide ligands. We have therefore
started a systematic study of these unusual compounds.[10]

Here we describe the synthesis and structural properties of
copper() complexes with macrocyclic alanyl-cyclam li-
gands. Our aim was to place a metal ion in close proximity
to an amide nitrogen atom in order to achieve full pyrami-
dalization and complete cancellation of resonance. This li-
miting case is an important missing piece required for a
quanitative understanding of the electrophilic amide acti-
vation.
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Results and Discussion

Synthesis

Our first aim was to prepare a cyclam ligand in which
one of the amine functions is converted into a tertiary
amide. Prior to monoacylation, three of the cyclam nitrogen
atoms had to be protected. Scheme 2 shows the synthesis
of triple-protected cyclam. We have synthesized the tris(tert-
butoxycarbonyl) (Boc) and tris(benzoxycarbonyl) (Cbz) de-
rivatives 1 and 2 according to a slightly modified route re-
ported by Brandes et al.[11] The yields of 35–50% after flash
column chromatography on silica gel were moderate in both
cases. Coupling with N-tert-butoxycarbonyl-(S)-alanine
[Boc-(S)-Ala-OH] was achieved by the well-established
DCC/HOBt (DCC = dicyclohexylcarbodiimide, HOBt = N-
hydroxybenzotriazole) method.[12] We have applied this
method earlier to the synthesis of ruthenium-modified
1,4,7,10-tetraazacyclodecane (cyclen) ligands.[13] The iso-
lated yields were moderate in the case of Boc-(S)-Ala-cy-
clam-Boc3 (3, 70%) and low in the case of Boc-(S)-Ala-
cyclam-Cbz3 (4, 26%). The structures and the synthesis of
both compounds are shown in Scheme 2.

Acid deprotection of Boc-(S)-Ala-cyclam-Boc3 was
achieved with aqueous HCl in dioxane.[13] Scheme 3 shows
the structure of the tris(hydrochloride) salt 5 which was
characterized by an X-ray structure analysis (Figure 1). In
order to facilitate binding of a copper() ion inside the
macrocyclic ring and to enhance the solubility of the ligand
in organic aprotic solvents, we attempted to remove most
of the HCl. An interesting and revealing result was ob-
tained with a ligand sample obtained by passing an NH3

stream through a suspension of 5 in chloroform. The solu-
ble product was isolated and reacted with copper() triflate
in acetonitrile. Unfortunately, we were not able to obtain
single crystals of the complex formed. However, its IR spec-

Scheme 2. Synthesis of the Boc- and Cbz-protected Boc-(S)-alanylcyclam derivatives Boc-(S)-Ala-cyclam-Boc3 (3) and Boc-(S)-Ala-cy-
clam-Cbz3 (4).

Scheme 3. Acid deprotection of Boc-(S)-Ala-cyclam-Boc3 (3) and the reaction of Ala-cyclam·3HCl (5) with copper() triflate.
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trum shows a shift of the carbonyl band from 1625 cm–1 to
1592 cm–1. This clearly indicates that the metal ion does not
bind to the amide nitrogen atom which would cause a high
energy shift due to the reduced amide resonance.[14] We pro-
pose the structure 6 shown in Scheme 3 with a bidentate
ethylenediammine part of the cyclam ligand and two chlo-
ride ions coordinated to the copper() ion. This is based on
the analogy to observations in related acylated triazacyclo-
nonane complexes by Houser et al.[15] and supported by
C,H,N,S elemental analysis data. The shift of the carbonyl
IR band indicates that the amide oxygen atom may also
coordinate.

We concluded from the results summarized in Scheme 3
that complete removal of HCl from the ligand 5 is a pre-
requisite for the coordination of the tertiary amide nitrogen
atom in copper complexes. Since this required a strong base,
NaOH in dichloromethane was applied to prepare the acid-
free ligand. Subsequent reaction with Cu(CF3SO3)2 in ace-
tonitrile and layering with diethyl ether yielded a violet ma-
terial with elemental analysis data indicating the consti-
tution [(Ala-cyclam)(H2O)Cu](CF3SO3)2·0.25Et2O. There is
no evidence for the presence of chloride in the sample and
an IR band at 1756 cm–1 is consistent with a nitrogen-
bound amide ligand. However, a second IR band at
1592 cm–1 with a shoulder at 1649 cm–1 indicates that a
mixture of N- and O-coordinated tertiary amide complexes
is present and we were not able to separate these species. It
is not yet clear whether trace impurities of chloride or an
unknown coordination mode involving the free amine func-
tion of the amino acid moiety is responsible for this behav-
iour.

Our failure to obtain well-defined N-coordinated amide
complexes from the protonated ligand 5 reflects the diffi-
culties involved in the synthesis of such compounds. Even
though the cyclam framework should strongly favour coor-
dination of a copper() ion within the ring, the system avo-
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Scheme 4. Hydrogenation of the Cbz-protected compound 4 to the free ligand 7 and synthesis of the copper complex [{Boc-(S)-Ala-
cyclam}Cu](CF3SO3

–)2 (8).

ids coordination of the weak amide donor. It is therefore
not surprising that amide nitrogen coordination was un-
known before the 1990s and has been categorically ruled
out in several important older articles on amide com-
plexes.[16] We reasoned that in our case a protecting group
would be preferable which can be removed without proton-
ation of the ligand. The Cbz function turned out to be a
good choice.[17] It is cleaved off by hydrogenation in the
presence of a palladium catalyst in methanol. This and
the following reaction of Boc-(S)-Ala-cyclam (7) with
Cu(CF3SO3)2 is shown in Scheme 4. The copper complex
[{Boc-(S)-Ala-cyclam}Cu](CF3SO3)2 (8) was obtained with
a yield of 74%. Its composition was confirmed by C,H,N,S
elemental analysis and FAB mass spectrometry. The IR
spectrum shows two bands at 1742 cm–1 for the amide func-
tion and 1658 cm–1 for the Boc protecting group. The blue
shift of the amide band is in excellent agreement with our
data on a Cu(CF3SO3)2 of dipicolyl-N-boc-glycylamide[10a]

and confirms amide nitrogen coordination in the bulk sam-
ple. An X-ray structure analysis of the complex is discussed
below.

X-ray Structure Analyses

Single crystals were obtained from the ligand tris(hydro-
chloride) salt 5 and the copper complex 8. An ORTEP
plot representing the structure of the cation in 5 is shown in
Figure 1. All hydrogen atoms were localized in the electron
density map. The alanyl nitrogen atom N5 and the two cy-
clam atoms N2 and N4 are positively charged. Hydrogen
bonds between those ammonium functions and the chloride
ions loosely connect individual molecules in a three-dimen-
sional network. Most important for our study is the geome-
try of the tertiary amide function. Deviations from planar-
ity are most conveniently described by two quantitative pa-
rameters defined by Winkler and Dunitz.[18] One is the twist
angle τ between the C1–C10 and the C12–O1 axes which
ranges from 0° to 90°. The second is the pyramidalization
χN at the nitrogen atom. It varies between 0° for a planar
environment and ca. 60° for a fully pyramidal geometry. We
will later discuss how the binding of metal ions deplanarize
an amide group and how this activation affects the C–N
bond length. In this context, ligand structures are useful for
comparison. The C11–N1 bond length in 5 of 135.7 pm and
the small twist angle τ = 9.3° are typical for an undistorted
amide function. Interestingly, a significant pyramidalization
at the nitrogen atom of χN = 17.7° is observed. This is larger
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than in related dipicolylamide derivatives[10b] although not
unusual for carboxamides. Large deviations from planarity
are possible because the energy barrier for out-of-plane
wagging is rather low.[19] An examination of amide struc-
tures by Gilli et al. reveals that χN can reach values of over
20° without a significant elongation of the C–N bond.[20]

Much effort of organic chemists focused on the effects of
distortion on non-planar amides which model different
stages during the C–N-bond rotation.[21] It was shown that
geometric strain can enforce significant twisting and pyram-
idalization. However, the effects on the C–N bond lengths
are generally rather small and the variety of different com-
pounds having the amide group as a part of an acyclic,
cyclic, or polycyclic structure make quantitative corre-
lations difficult. An examination of different structures
leads to the conclusion that the amide C–N bond is only
affected when χN reaches values of ca. 30°. This has not
been specifically addressed by other authors but it is inter-
esting in the context of our observations on metal com-
plexes. We will show below that the latter provide a better
basis for quantitative structure correlations since their
amide groups are not forced into a rigid structure which
may obscure changes in the C–N bond length. A key com-
pound in our studies is the copper complex 8 which con-
tains a fully pyramidalized amide nitrogen atom.

Figure 1. ORTEP plot at 50% probability of the cation Ala-
cyclam·3H+ (5) (hydrogen atoms except for NH are omitted for
clarity); selected bond lengths [pm], angles [°], τ [°], and χN [°]:
C11–N1 135.7(2), C11–O1 123.3(2); C1–N1–C10 118.1(2), C1–N1–
C11 124.3(2), C10–N1–C11 115.3(2); τ = 9.3; χN = 17.7.

Compound 8 crystallizes in the acentric space group P21

with two independent complexes A and B in the asymmetric
unit. They are depicted in Figure 2. In complex 8A the cop-
per ion is bound in the center of the cyclam ligand which
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coordinates in the typical trans-III mode[22] with one five-
membered chelate ring in the δ, one in the λ, and both six-
membered rings in the chair configuration. The Boc pro-
tecting group is weakly bound at a distance Cu1–O2 of
248.8 pm and a triflate ion is positioned in the apical posi-
tion of a distorted octahedron with a long contact of Cu1–
O63 of 278.9 pm. The second complex 8B also has a trans-
III type cyclam ligand but one of the six-membered chelate
rings is in the rare boat form.[23] As a consequence, the pro-
ton H20b of the central methylene group is only 270.5 pm
away from the copper centre and there is no room for an
apical triflate ion. The coordinated Boc group compensates
for the lack of σ-donation and binds at a distance of Cu2–
O5 of 230.5 pm, which is 13.3 pm shorter than the corre-
sponding contact in 8A. However, the coordinated tertiary
amide function is not much affected by these differences.

Figure 2. ORTEP plots at 50% probability of the two complexes A
and B observed in the structure of [{Boc-(S)-Ala-
cyclam}Cu](CF3SO3)2 (8) (hydrogen atoms except for those located
at C20 in complex B, and the three non-coordinating triflate ions
are omitted for clarity); selected distances [pm], angles [°], τ [°], and
χN [°] of A: Cu1–N1 212.7(3), Cu1–N2 201.2(3), Cu1–N3 202.1(3),
Cu1–N4 200.5(3), Cu1–O2 248.8(2), Cu1–O63 278.9, C11–N1
146.9(4), C11–O1 120.2(4); N1–Cu1–N2 95.3(2), N1–Cu1–N3
175.7(2), N1–Cu1–N4 86.7(2), N1–Cu1–O2 92.4(2), N2–Cu1–N3
86.7(2), N2–Cu1–N4 170.3(2), N2–Cu1–O2 92.7(2), N3–Cu1–N4
90.7(2), N3–Cu1–O2 91.4(2), N4–Cu1–O2 96.7(2), Cu1–N1–C1
112.4(2), Cu1–N1–C10 100.6(2), Cu1–N1–C11 112.8(2), C1–N1–
C10 109.8(3), C1–N1–C11 112.8(2), C10–N1–C11 109.3(2); τ =
35.8; χN = 58.5; selected distances [pm], angles [°], τ [°], and χN [°]
of B: Cu2–N6 214.7(3), Cu2–N7 203.1(3), Cu2–N8 200.9(3), Cu2–
N9 202.1(3), Cu2–O5 230.5(2), Cu2–H20b 270.5, C29–N6 146.2(5),
C29–O4 119.9(5); N6–Cu2–N7 96.3(2), N6–Cu2–N8 172.02(2),
N6–Cu2–N9 85.3(2), N6–Cu2–O5 92.2(2), N7–Cu2–N8 85.5(2),
N7–Cu2–N9 165.7(2), N7–Cu2–O5 97.3(2), N8–Cu2–N9 91.1(2),
N8–Cu2–O5 93.3.4(2), N9–Cu–O5 96.8(2), Cu2–N6–C19 112.5(2),
Cu2–N6–C28 102.6(2), Cu2–N6–C29 109.2(2), C19–N6–C28
110.4(3), C19–N6–C29 110.9(3), C28–N6–C29 111.1(2); τ = 30.6;
χN = 56.9.

The stereochemistry of the amino acid part is in both
cases (S) at the stereogenic α-carbon atom and (Rp) with
respect to the chiral plane defined by the amide function.
This implies that the methyl group is exo with respect to
the seven-membered chelate ring formed by the coordinat-
ing Boc group and is analogous to the situation in a cad-
mium() complex of dipicolyl-Boc-alanylamide.[10a] The
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Cu–N(amide) distances (8A: 212.7 pm; 8B: 214.7) are not
much longer than the contacts between the copper ion and
the secondary amine group which have typical values of
200–203 pm. A comparison with the few known copper()
complexes with N-coordinated tertiary amide ligands shows
that the Cu–N(amide) bond in 8 is unusually short. A re-
cently published diisopropyl-triazacyclononane acetamide
copper() chloride complex by Watkinson et al. has a Cu–
N distance of 251.1 pm[24] and a paper by Schröder et al.
reports on a related triazacyclononane derivative with a dis-
tance of 261.1 pm.[25] The closest contact observed in a di-
picolylamide derivative is 216.4 pm in a copper() triflate
complex from our group.[10c] The short Cu–N(amide) dis-
tance in 8 corresponds to a fully pyramidalized nitrogen
atom as is evident from the pyramidalization parameter χN

of almost 60° (8A: 58.5°; 8B: 56.9°). Again, these values are
exceptional in that they are the highest observed in Werner-
type complexes to date.

In accord with this finding the C–N distance of 146 pm
is typical for a single bond (147 pm[26]) and indicates that
the amide resonance[27] is completely cancelled. It is inter-
esting to compare this result with the situation in Schröder’s
complex with its long Cu–N(amide) distance of 261.1 pm
which is significantly larger than the sum of the ionic radii
of a six-coordinate Cu2+ ion (87 pm) and the van der Waals
radius of a nitrogen atom (160 pm).[26] This weak electro-
static interaction suffices to induce a significant pyrami-
dalization at the nitrogen atom (χN = 30°), whereas the C–
N distance of 135.7 pm is typical for an undistorted organic
carboxamide. Further support for this interpretation is pro-
vided by Schindler et al.[28] who described the pyramidaliz-
ation of a secondary amide group located 282.7 pm above
the copper() ion the apical position of a square-pyramidal
complex. These data are very important and confirm that
with our new complex 8 Werner-type nitrogen-coordinated
tertiary carboxamide complexes now span the whole range
of electrophilic amide activation.

Conclusions

With the crystallographic characterization of 8, we have
shown that forcing a metal center into a macrocyclic cyclam
ring with a neutral amide N-donor produces a completely
non-resonant tertiary carboxamide. The complex defines an
upper limit for nitrogen pyramidalization and C–N bond
elongation achievable by purely electrophilic activation
without geometric strain. In this respect, it complements
the generation of a purely organic amino ketone in Kirby’s
most twisted amide, 3,5,7-trimethyl-1-azaadamantan-2-
one.[29]

Experimental Section
General Methods: Spectra were recorded with the following instru-
ments: IR: Mattson Polaris FT IR. UV/Vis: Varian Cary 1G spec-
trophotomer. 1H and 13C NMR: Bruker Avance DPX 300. All
chemical shifts are referenced to TMS (CDCl3) or TSP (D2O) as
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internal standards, with high frequency shifts recorded as positive.
MS: Varian MAT 212 (FD, FAB) and Micromass ZabSpec (FAB)
mass spectrometer. Elemental analysis: Carlo Erba Elemental Ana-
lyser 1106 (C,H,N), and Carlo Erba Elemental Analyser 1108
(C,H,N,S). All reactions except for the syntheses of cyclam-Boc3

(1) and cyclam-Cbz3 (2) were carried out in absolute solvents under
dry nitrogen. The subsequent workup was performed under ambi-
ent laboratory conditions unless stated otherwise. The synthesis of
cylam-Boc3 is a slight modification of a literature procedure.[11] Ab-
solute solvents (CH2Cl2, Et2O, CH3CN) were purchased from
Fluka, stored under nitrogen and used without further purification.
All other chemicals and deuterated solvents were obtained from
Aldrich.

Syntheses

Cyclam-Boc3 (1): A solution of di-tert-butyl pyrocarbonate (Boc2O,
2.72 g, 12.5 mmol) in 150 mL of CH2Cl2 was added dropwise at
room temperature over a period of 6 h to a stirred solution of cy-
clam (1.00 g, 5.00 mmol) in 300 mL of CH2Cl2. Stirring was contin-
ued for 12 h and the solvent stripped by rotary evaporation. The
oily residue was dissolved in a minimum amount of diethyl ether.
Rapid stripping of all solvent and drying under vacuum yielded a
pale-yellow foam which was re-dissolved in CH2Cl2/CH3OH (95:5)
and purified by flash column chromatography on silica; using the
solvent as the eluent yielded 1.08 g (2.13 mmol, 51.1%) of cyclam-
Boc3 as a colourless, hygroscopic solid. FD-MS [CHCl3;
C25H48N4O6 (500.68)]: m/z = 501 [M+]. 1H NMR (CDCl3): δ =
1.45 (s, 27 H, Boc), 1.70 (m, 2 H, cyclam), 1.92 (m, 2 H, cyclam),
2.61 (t, 2 H, cyclam), 2.78 (t, 2 H, cyclam), 3.27–3.39 (m, 12 H,
cyclam) ppm.

Boc-(S)-Ala-cyclam-Boc3 (3): Boc-Ala-OH (1.02 g, 5.40 mmol), 1
(2.45 g, 4.90 mmol), N-hydroxybenzotriazole (0.71 g, 5.22 mmol),
and NEt3 (1.41 mL, 9.98 mmol) were dissolved in 300 mL of
CH2Cl2 and the mixture was stirred with cooling at 0 °C. Dicyclo-
hexylcarbodiimide (1.76 g, 8.47 mmol) in 20 mL of CH2Cl2 was
added in one portion. The solution was warmed slowly to room
temperature after which stirring was continued for 12 h. The re-
sulting mixture was filtered and the volume of the filtrate was re-
duced to 1/2 by rotary evaporation. Filtration was repeated after
storage at –18 °C overnight. The filtrate was washed 3 times with
aqueous 5 % NaHCO3 and 3 times with saturated aqueous NaCl,
dried with solid MgSO4 and filtered. All solvent was removed by
rotary evaporation and the residue purified by flash column
chromatography on silica gel using CH2Cl2/CH3OH (95:5) as the
eluent. All solvent was removed by rotary evaporation and the solid
residue dissolved in a minimum amount of diethyl ether. Rapid
stripping of the solvent and drying under vacuum yielded 2.42 g
(3.60 mmol, 73.5%) of 3 as a colourless hygroscopic solid.
C33H61N5O9·0.33H2O (671.87+6.00): calcd. C 58.47, H 9.17, N
10.33; found C 58.65, H 10.59, N 10.33. FD-MS (CHCl3): m/z =
672 [M+]. 1H NMR (CDCl3): δ = 1.31 (t, 3 H, βCH3), 1.45 (m, 36
H, Boc), 1.74 (m, 4 H, cyclam), 3.14–3.69 (m, 16 H, cyclam), 4.56
(m, 1 H, αCH), 5.19–5.50 (m, 1 H, NH) ppm.

(S)-Ala-cyclam·3HCl (5): Compound 3 (2.42 g, 3.60 mmol) was
treated with 15 mL of a cold 4  HCl/dioxane solution with stirring
at 0 °C. Stirring was continued without further cooling for 12 h.
The product Boc-Ala-cyclam·3HCl·4H2O formed 1.36 g
(3.00 mmol, 83.4%) of a colourless precipitate which was collected
on a glass filter funnel, washed with hot ethanol (3×50 mL) and
diethyl ether (3×20 mL), and dried under vacuum.
C13H29N5O·3HCl·4H2O (452.79): calcd. C 34.45, H 8.83, N 15.46;
found C 34.39, H 9.15, N 15.29. 1H NMR (D2O): δ = 1.46 (d, 3
H, βCH3), 2.22 (m, 4 H, cyclam), 2.92–4.00 (m, 16 H, cyclam), 4.40
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(q, 1 H, αCH) ppm. IR (KBr): ν̃ = 3178 (NH3
+), 1646 (amide)

cm–1.

[(Boc-Ala-cyclamH2)CuCl2](CF3SO3)2 (6): Tris(hydrochloride) salt
5 (2.51 g, 6.02 mmol) was suspended in 100 mL of CHCl3 and the
solution cooled to 0 °C. A slow stream of NH3 gas was passed
through the reaction mixture. After 1.5 h, the mixture was warmed
to room temperature. Precipitated ammonium chloride was filtered
off, the filtrate concentrated to dryness and the residue treated with
50 mL of CH2Cl2. Insoluble material was removed by filtration and
all solvent by rotary evaporation. Drying under vacuum afforded
a colourless resin (1.62 g). This compound (1.31 g) was dissolved
in 200 mL of CH3CN. A solution of Cu(CF3SO3)2 in 150 mL of
CH3CN was added dropwise with stirring over a period of 1 h. The
reaction mixture turned deep blue. Stirring was continued at room
temperature for 12 h. The solution was concentrated to dryness and
the residue re-dissolved in a minimum amount of CH3CN. Layer-
ing with diethyl ether and storage at –18 °C overnight afforded the
product 6 as a blue precipitate which was isolated by filtration and
dried under vacuum [2.46 g, 3.49 mmol, 72.2% based on
Cu(CF3SO3)2]. C15H31Cl2CuF6N5O7S2 (706.01): calcd. C 25.52, H
4.43, N 9.92, S 9.08; found C 25.42, H 4.34, N 9.63, S 8.92. IR
(KBr): ν̃ = 3244 (R–NH3

+), 1592 (amide) cm–1. UV/Vis (CH3CN):
λmax (lg ε) = 619 (2.17 –1cm–1) nm. FAB-MS (nitrobenzyl alcohol):
m/z = 483 [M–2 HCl–CF3SO3]+.

[(Ala-cyclam)(H2O)Cu](CF3SO3)2·0.25Et2O: A mixture of 5
(450 mg, 1.08 mmol) and excess NaOH(s) was suspended in ca.
50 mL of CH2Cl2 at room temperature. The suspension was stirred
for 24 h. Insoluble material was removed by filtration and the clear
filtrate concentrated to dryness. Drying under vacuum afforded the
free base as a colourless oily residue. It was dissolved in 50 mL of
CH3CN and Cu(CF3SO3)2 (340 mg, 0.94 mmol) was added in small
portions to the stirred solution. Stirring was continued for 12 h.
The mixture was filtered and the clear blue filtrate layered with
Et2O. Upon storage at –18 °C the product precipitated as a
violet oily residue. Separation and drying under vacuum afforded
the product (446 mg, 0.73 mmol, 77.7%) as a violet solid.
FD-MS (CH3CN): m/z = 484 [MH – CF3SO3]+.
C15H29CuF6N5O7S2·1H2O·0.25Et2O (651.10+18.53): calcd. C
28.70, H 5.04, N 10.46; found C 28.60, H 4.78, N 10.17. IR (KBr):
ν̃ = 3342, 3226 (NH3

+), 1756, 1649 (shoulder), 1592 cm–1.

cyclam-Cbz3 (2): A solution of dibenzyl pyrocarbonate (Cbz2O,
7.20 g, 25.00 mmol) in 500 mL of CH2Cl2 was added dropwise at
room temperature over a period of 6 h to a stirred solution of cy-
clam (2.00 g, 10.00 mmol) in 200 mL of CH2Cl2. Stirring was con-
tinued for 12 h and the solvent stripped by rotary evaporation. The
oily residue was dissolved in a minimum amount of dichlorometh-
ane and the pale yellow solution was filtered through silica gel.
The filtrate which contained benzyl alcohol was discarded and the
compound was eluted with methanol. All solvent was removed by
rotary evaporation and drying under vacuum. The residue was re-
dissolved in a minimum amount of CH2Cl2/CH3OH (98:2) and
purified by flash column chromatography on silica using the sol-
vent as the eluent. The colourless, oily compound was repeatedly
treated with small quantities of diethyl ether which was stripped
under vacuum until formation of a foam; 1.80 g (2.99 mmol,
35.9%) of the product 2 was obtained as a highly hygroscopic,
colourless resin. FD-MS [CHCl3; C34H42N4O6 (602.72)]: m/z = 603
[M+]. 1H NMR (CDCl3): δ = 1.64 (m, 2 H, cyclam), 1.93 (m, 2 H,
cyclam), 2.55 (m, 2 H, cyclam), 2.76 (m, 2 H, cyclam), 3.10–3.52
(m, 12 H, cyclam), 5.03 (s, 2 H, Ph-CH2), 5.12 (s, 4 H, Ph-CH2),
7.33 (m, 15 H, C6H5) ppm.

Boc-Ala-cyclam-Z3 (4): Boc-Ala-OH (0.62 g, 3.28 mmol), 2 (1.79 g,
2.97 mmol), N-hydroxybenzotriazole (0.43 mg, 3.17 mmol), and
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NEt3 (0.85 mL, 6.06 mmol) were dissolved in 150 mL of CH2Cl2
and the mixture stirred with cooling at 0 °C. Dicyclohexylcarbodi-
imide (1.07 g, 5.14 mmol) in 10 mL of CH2Cl2 was added in one
portion. The solution was warmed slowly to room temperature af-
ter which stirring was continued for 12 h. The resulting mixture
was filtered and the volume of the filtrate was reduced to 1/2 by
rotary evaporation. Filtration was repeated after storage at –18 °C
overnight. The filtrate was washed 3 times with aqueous 5%
NaHCO3 and 3 times with saturated aqueous NaCl, dried with
solid MgSO4 and filtered. All solvent was removed by rotary evapo-
ration and the residue purified by flash column chromatography
on silica gel using CH2Cl2/CH3OH (95:5) as eluent. All solvent was
removed by rotary evaporation and the solid residue dissolved in
a minimum diethyl ether. Drying under vacuum yielded 595 mg
(0.77 mmol, 25.9%) of 4 as a colourless hygroscopic solid.
C42H55N5O9·0.5Et2O (773.91+37.06): calcd. C 65.16, H 7.46, N
8.64; found C 65.46, H 8.27, N 8.90. FD-MS (CHCl3): m/z = 774
[M+]. 1H NMR (CDCl3): δ = 1.26 (m, 3 H, βCH3), 1.43 (2 s, 9 H,
Boc), 1.71 (m, 4 H, cyclam), 3.05–3.75 (m, 16 H, cyclam), 4.45 (m,
1 H, αCH), 4.86–5.19 (m, 7 H, Ph-CH2 + NH), 7.13–7.45 (m, 15
H, C6H5) ppm.

Boc-Ala-cyclam (7): A solution of 2 (315 mg, 0.41 mmol) in abso-
lute methanol was transferred to a flask containing catalytic
amounts of Pd/C and equipped with a hydrogen inlet, a reflux con-
denser, a magnetic stir bar, and a mineral oil bubbler. Nitrogen was
passed over the suspension for 15 min. The mixture was heated to
45 °C in an oil bath and a slow stream of H2 was applied for 2 h.
The flask was then flushed with N2 and the suspension filtered
through Celite at room temperature. Rotary evaporation of the sol-
vent and drying under vacuum yielded 116 mg (0.31 mmol, 76.0%)
of 4 as a hygroscopic resin. It was characterized by 1H NMR spec-
troscopy and used without further purification. 1H NMR (CDCl3):
δ = 1.29 (m, 3 H, βCH3), 1.42 (s, 9 H, Boc), 1.59–2.00 (m, 6 H,
cyclam), 2.45–3.12 (m, 10 H, cyclam), 3.19–3.80 (m, 4 H, cyclam),
4.59 (m, 1 H, αCH ), 5.41 (m, 1 H, NH) ppm.

[(Boc-Ala-cyclam)Cu](CF3SO3)2 (8): Boc-Ala-cyclam (116 mg,
0.31 mmol) was dissolved in 25 mL of absolute acetonitrile and a
solution of anhydrous Cu(CF3SO3)2 (112 mg, 0.31 mmol) in 25 mL
of absolute acetonitrile was added dropwise with stirring over a
period of 30 min. The blue solution gradually turned deep purple.
Stirring was continued at room temperature overnight and all sol-
vent removed by evaporation under vacuum. The crude product
was re-dissolved in CH2Cl2 and insoluble materials were removed
by filtration. Drying of the filtrate under vacuum yielded the prod-
uct as a deep purple solid; yield 209 mg (0.29 mmol, 92.0%).
C20H37CuF6N5O9S2·2CH2Cl2 (903.11): calcd. C 29.26, H 4.58, N
7.76; found C 29.34, H 4.60, N 8.05. IR (KBr): ν̃ = 1742 (amide);
1658 (Boc) cm–1. UV/Vis (CH3CN): λmax (lg ε) = 540.4
(1.89 –1cm–1) nm. FAB-MS (nitrobenzyl alcohol): m/z = 583 [M –
CF3SO3]+.

X-ray Structure Analyses: Colorless blocks of Ala-Cyclam·3HCl (5)
were obtained by precipitation from diethyl ether/ethanol and
recrystallization of the solid from D2O upon slow evaporation of
the solvent at room temperature. The copper complex salt 8·
1/8H2O crystallized upon slow concentration of a dichlorometh-
ane/acetonitrile solution. Details of the X-ray structure analyses
are summarized in Table 1. Suitable single crystals were embedded
in protective perfluoropolyether oil and data were collected at
100 K with a Bruker-Nonius KappaCCD diffractometer using Mo-
Kα radiation (λ = 0.71073 Å, graphite monochromator). Images
were taken using φ- and ω-rotations with a rotation angle of 2.0°
for 5 and 1.8° for 8·1/8H2O. An irradiation time of 80 s per frame
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was applied for 5 and 432 s per frame for 8·1/8H2O. Lorentz and
polarization corrections were applied. Semi-empirical absorption
corrections based on equivalent reflections were made using the
program SADABS.[30] All structures were solved by direct methods
and refined using full-matrix least-squares procedures on F2 using
the program package SHELXTL NT 6.12.[31] All non-hydrogen
atoms were refined anisotropically. One of the triflate ions in 8·
1/8H2O was disordered. Two positions with occupation factors of
0.75 and 0.25 were refined. All hydrogen atoms in 5 were located in
the difference Fourier map and refined with isotropic displacement
parameters being 1.2 or 1.5 times U(eq) of the corresponding C or
N atom. All hydrogen atoms in 8·1/8H2O (except for those of the
water which were located in the difference Fourier map and not
refined) were geometrically positioned with isotropic displacement
parameters being 1.2 or 1.5 times U(eq) of the corresponding C, N
or O atom. CCDC-262792 (5) and -262793 (8·1/8H2O) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Details of the crystal structure analyses.

Compound 5 8·1/8H2O

Empirical formula C13H32Cl3N5O C20H37.25CuF6N5O9.125S2

Formula mass 380.79 735.46
Temperature [K] 100(2) 100(2)
Wavelength [Å] 0.71073 0.71073
Crystal system orthorhombic monoclinic
Space group P212121 P21

a [Å] 11.491(2) 11.762(2)
b [Å] 12.262(2) 13.274(1)
c [Å] 13.605(1) 19.890(2)
α [°] 90 90
β [°] 90 103.380(6)
γ [°] 90 90
Volume [Å3] 1901.3(5) 3021.1(6)
Z 4 4
Calculated density [Mg/m3] 1.330 1.617
Absorption coefficient [mm–1] 0.491 0.953
F(000) 816 1521
Crystal size[mm] 0.24 × 0.23 × 0.14 0.23 × 0.15 × 0.05
θ range [°] 3.43–28.28 3.42–27.10
Index ranges –15 � h � 15 –14 � h � 14

–16 � k � 15 –17 � k � 16
–18 � l � 18 –25 � l � 25

Reflections collected/unique 28742/4702 56796/12866
Refinement method based on F2 based on F2

Data/restraints/parameters 4702/0/295 12866/1/830
Goodness-of-fit on F2 1.069 0.925
Final R indices [I � 2σ(I)] R1 = 0.0318 R1 = 0.0430

wR2 = 0.0635 wR2 = 0.0773
R indices (all data) R1 = 0.0428 R1 = 0.0799

wR2 = 0.0668 wR2 = 0.0874
Largest diff. peak/hole [e·Å–3] 0.251/–0.289 0.601/–0.514
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Hollow spheres and a honeycomb-like macroporous frame-
work structure of InP have been successfully fabricated by
employing Au/In core/shell composite colloid droplets
formed in situ as the template and catalyst for a simple analo-
gous solution-liquid-solid (ASLS) growth route. SEM images
show that the morphology of the obtained InP is mostly mi-
crometer-scale hollow spheres (�80%) accreted with honey-
comb-like structures (�5%). These hollow spheres have

Introduction

Over the past decade, hollow microspheres and highly
porous inorganic materials with well-defined pore sizes have
become an important area of research.[1] The main thrust
of these intensive investigations stems from their wide appli-
cation,[2] such as small containers for microencapsulation,
catalysis, controlled delivery, artificial cells, light fillers,
acoustic insulation, photonic crystals, optical devices, etc.[3]

Porous spherical beads can also be used to improve the
properties of materials by increasing the accessible surface.
Macroporous materials with pore sizes � 50 nm and with
well-defined and controllable porosity have attracted par-
ticular interest because of their unique optical, catalytic,
and mechanical properties.[4] Macroporous supports can be
designed to provide optimal flow and improved efficiencies
in catalysis and large-molecule separation processes, as well
as to permit immobilization and stabilization of large guest
molecules.[5] Due to the importance of these specific mor-
phologies and assemblies, notable progress has been made
in structural, compositional, and morphological control, in
processing aspects of porous solids, and new applications
of these materials. Some important synthetic strategies have
also been reported for the control and preparation of these
peculiar hollow microspheres and ordered three-dimen-
sional macroporous framework. Among these methods,
templating techniques are the most appropriate and versa-
tile method to produce hollow spheres and macroporous
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well-defined voids and homogeneous walls, and the surface
of the obtained InP hollow spheres is porous, which indicates
that the building blocks are InP nanoparticles formed by so-
lidification on the surface of Au/In core/shell droplets. A pos-
sible growth mechanism for the micrometer hollow spheres
and honeycomb-like macroporous framework is proposed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

materials. The templates used include polystyrene latex
spheres,[4a,6] liquid crystals,[7] surfactant vesicles,[8] macro-
porous active carbon,[9] emulsions,[4b] etc. So far, various
hollow spheres and macroporous materials have been fabri-
cated by this universally applied template-directed synthe-
sis, including oxides,[4a,6] graphite and diamond,[10] semi-
conductor Si,[11] CdS,[1a] and metals.[1f]

Recently, III–V semiconductor nanoparticles, which are
well-known electronic and optoelectronic materials, have re-
ceived renewed interest due to their technological impor-
tance.[12] InP is an especially intriguing target for research
because of its extensive use in the sources and detectors in
fiber optic communications and high-speed electronic appli-
cations. Several new strategies have been developed to syn-
thesize InP nanocrystals with different morphologies, such
as high-quality InP nanocrystals obtained in a noncoordi-
nating solvent[13] or aqueous solution,[14] InP nanowires or
nanotubes by a laser ablation process by a vapor-liquid-
solid (VLS) growth mechanism,[15] or a solution-phase syn-
thesis by a solution-liquid-solid (SLS) mechanism,[16] with
the goal of lowering the processing temperature and avoid-
ing complex reactions and toxic precursors. In addition, the
widespread research into porous III–V semiconductors is
fuelled by the exhibition of new properties and a large po-
tential for applications in nonlinear optical materials.[17]

The porosity of a III–V compound induces bandgap widen-
ing and further results in blue and ultraviolet lumines-
cence.[18] For example, two-dimensionally nanostructured
porous GaP membranes exhibit a strongly enhanced optical
second harmonic generation in comparison with the bulk
materials.[19] Our group has made significant progress
towards the synthesis of III–V semiconductors, such as
InP,[20] GaP,[14] and InAs,[21] with desired morphologies by
simple and effective solvothermal methods. Up to now,
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most effort has been focused on the formation of one-di-
mensional III–V semiconductors. One of the most impor-
tant growth mechanisms for one-dimensional nanostruc-
tures is the VLS mechanism in chemical vapor deposition
(CVD) or laser ablation using Au as the catalyst.[15] Re-
cently, the VLS mechanism was extended in solution for the
preparation of InAs quantum rods with controlled lengths
and diameters by applying a nanocrystalline gold catalyst
to the reaction of InCl3 with tris(trimethylsilyl)arsane
[As(TMS)3] at 360 °C,[22] which can also be considered as
an improved SLS route.[16] A detailed investigation of these
reported methods helped us find that there is one common
factor, namely the existence of alloy liquid droplets that
serve as a nucleation catalyst for the formation of one-di-
mensional nanostructures at the given elevated temperature,
such as the In–Au alloy liquid droplets in the formation of
InP and InAs nanowires.[15,22] The essence of the catalytic
functions of these liquid droplets is the existence of super-
saturation, which supports the whisker growth at the liquid/
solid interface. However, a high reaction temperature is a
prerequisite for the formation of In–Au alloy liquid droplets
in all these reports. We therefore wondered what the results
would be if the temperature is too low to form the In–Au
alloy in a given reaction system. In order to find the answer
to this question we decided to exploit an analogous SLS
(ASLS) growth route to synthesize InP spherical assemblies,
which can be considered as an extension of the SLS
method. The latter has traditionally been applied to grow
1D III–V semiconductors containing low-melting-point
metals such as indium by decomposition of indium-con-
taining organometallic complexes as intermediate and cata-
lyst for the directed growth of III–V one-dimensional struc-
tures.[16] In our approach, to obtain a solution-controllable
synthesis of InP with the desired hollow sphere morphology
we introduced gold nanoparticles (formed by reduction of
HAuCl4 in solution) into the classical SLS system[16,20,21]

and controlled the system temperature at 200 °C. The in-
situ formed gold nanoparticles act as a colloidal template
for the synthesis of spherical assemblies.

Results and Discussion

The XRD patterns (Figure 1a) of the samples agree well
with the bulk InP reflection,[23] thus indicating the same
cubic zinc blende lattice structure. Judging from the XRD
pattern, the products have very high crystallinity under the
given experimental conditions. No component of the Au
catalyst can be detected in Figure 1a, thus indicating that
its content is less than the resolution limit of XRD. SEM
images, as shown in Figures 2a and b, give a general view
of the obtained InP micrometer hollow spheres under low
magnification. Many collapsed and hemispherical hollow
spheres can also be seen in Figure 2a, thus indicating the
hollow structure of the spheres. Figures 2c and d display
images of typical, collapsed hemispheres, from which it can
be seen that the obtained hollow spheres are about 3–6 µm
in diameter with a wall thickness of 1 µm. The opening and
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collapse are probably due to decomposition of the tem-
plates when washing with dilute HCl. Figure 3 displays the
SEM images of the obtained InP hollow spheres at high
magnification; the porous nature of the surface can clearly
be seen. Figure 3 also confirms that the building blocks of
the InP hollow spheres are InP nanoparticles. Interestingly
and surprisingly, some ordered honeycomb-like macropo-
rous networks are also found to accrete with the hollow
spheres, as shown in Figure 4. The pore diameter of the
ordered honeycomb-like macroporous network is approxi-
mately 2–5 µm. A key feature of these networks is the inter-
connectedness of their pores; an SEM image at high magni-
fication (Figure 4b, arrowed) shows that some of the voids

Figure 1. XRD pattern of obtained InP samples (a) after HCl treat-
ment and (b) without HCl treatment, indicating the presence of In.

Figure 2. SEM images of obtained InP micrometer hollow spheres:
(a) and (b) show the obtained InP micrometer hollow spheres at
low magnification and (c) and (d) show the collapsed and broken
InP spheres at high magnification, indicating their hollow nature.
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Figure 3. SEM images of obtained InP hollow spheres at high mag-
nification, showing the porous surface structure.

are connected to their neighbors by smaller windows. Such
microstructures allow these macroporous networks to be
filled with different liquid precursor solutions in the second
templating process. These small windows play important
roles in the fabrication of the desired morphologies as they
provide the necessary channels to allow the precursor solu-
tion to flow through and form a shell throughout the entire
void. The arrow in Figure 4c shows some InP spheres inlaid
in the macroporous network, which further prove the pro-
posed formation mechanism.

XPS spectra were recorded to identify the surface com-
position of the as-prepared products. The bonding energies
obtained from the XPS analysis were corrected for speci-
men charging by referencing the C 1s line to 287.60 eV. Fig-
ure 5a shows the XPS survey spectra of InP. No obvious
impurities (besides the Au catalyst and trace amounts of
adsorbed O2) can be detected in the samples, thus indicat-
ing that the products have high purity and the level of im-
purities is lower than the resolution limit of XPS (1 at%).
The typical high-resolution spectra of In 3d and P 2p are
shown in Figure 5b. The binding energy values are
443.74 eV for In 3d5/2 and 451.38 eV for In 3d3/2. The P 2p
core shows two peaks, one at 128.88 eV corresponding to P
from InP and the other at 132.95 eV (arrowed) correspond-
ing to oxidized P species due to exposure to the air. The
peak areas of these high-resolution scans were measured
and used to calculate the In/P ratio for the product. The

Figure 4. (a)–(c) SEM images of obtained InP honeycomb-like macroporous network(�5%). The arrow in (c) shows some InP spheres
inlayed in the macroporous network.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2364–23692366

quantification of the peaks gives an atomic ratio of In/P of
0.43:0.53. The excess P perhaps comes from the added P
raw materials. All of the observed binding energy values for
In 3d and P 2p coincide with the reported data within the
experimental errors.[24]

In both the reported VLS route and its extension in solu-
tion, the noble metal Au and the in-situ formed alloy spe-
cies function as catalysts for the nucleation and further di-
rect the growth of 1D nanostructures. Thus, the reaction
temperature must be higher than the eutectic temperature
of the alloy. Once formed, the In–Au alloy liquid droplets
dissolve the reactants and the subsequent supersaturation
supports one-dimensional structure growth at the liquid/so-
lid interface.[15,22] In our approach, however, the obtained
product is spherical rather than the usual one-dimensional
nanostructure. Our reaction temperature (200 °C) is lower
than that of the melting point of bulk gold and higher than
that of the melting point of In and P4 (157 and 44.1 °C,
respectively), therefore the Au–In alloy cannot form. Banin
has reported that InAs nanorods do not yield one-dimen-
sional growth at a lower reaction temperature of 300 °C,
which indicates that reaction temperatures of at least 360 °C
are required for the onset of Au melting.[22] This value is
consistent with theoretical studies that predict a melting
temperature for Au146 (diameter ca. 1.6 nm) of ca. 350 °C,
increasing to ca. 480 °C for Au459 (diameter ca. 2.5 nm).[25]

The current low temperature (200 °C) may not suffice to
activate the gold particles as catalysts to direct the growth
of the one-dimensional nanoscale material. However, the
reduced liquid In becomes coated on the newly formed Au
nanoparticles due to the physical tendency to reach the low-
est energy level and forms Au/In core/shell droplets. These
droplets further serve as a second template for the nucle-
ation of InP nanoparticles, therefore the function of the
Au/In core/shell droplets is as a template for a spherical
structure[16] rather than a nucleation catalyst for the formation
of a one-dimensional structure.[15,22] In the region of scat-
tered Au/In core/shell beads, however, the P4 molecules in
solution will react with the In on the surface of Au/In beads
(Path 1 in Scheme 1). Thereafter, the formed InP nanopar-
ticles solidify to form a compact InP layer on the surface
of the Au/In core/shell droplets, which blocks the further
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Figure 5. XPS spectra: (a) InP survey spectra, showing the presence
of Au catalyst; (b) In 3d; (c) P 2p, with an arrow indicating the
oxidized P species.

reaction of P4 with In molecules in the beads. As a result,
when removing the unreacted In by treatment with dilute
HCl solution, the inner Au cores separate from the outer-
most InP shells and finally produce InP hollow spheres
(�80%). Upon removal of the support, some collapsed hol-
low spheres are formed. The presence of In before the HCl
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treatment was observed by XRD, as shown in Figure 1b.
However, it is reasonable to propose that in the dense and
thick regime of Au/In beads, which array in order, P4 mole-
cules in solution filter into and fill the void spaces among
the beads of the crystalline array. The reaction of P4 with
In molecules and subsequent solidification form a compact
InP layer on the surface of the Au/In core/shell beads. This
process is similar to the formation of InP hollow spheres.
However, due to the highly aggregated nature of the array
of Au/In beads, the solidification of the InP spheres con-
nects each other into a compact whole containing unre-
acted In. After the removal of residual In, an ordered three-
dimensional porous structure with an array of intercon-
nected spherical pores is formed (Path 2 in Scheme 1,
�5%). In addition, some InP spheres inlaid in the macro-
pores are also found (Figure 4c, arrowed), which further
demonstrates the template effect of the Au/In core/shell
droplets. This large surface area endows InP with many
promising applications in separation and adsorption. More-
over, the periodical pores can also serve as cavities to ac-
commodate diverse guest molecules. Scheme 1 outlines the
schematic process of the formation of the desired mor-
phology.

Scheme 1. Schematic illustration of the formation of InP microme-
ter hollow spheres and the honeycomb-like macroporous network:
(a) reaction of P4 with In on the surface of Au/In beads; (b) solidifi-
cation of InP nanoparticles on the surface of Au/In beads, which
leads to the formation of a core/shell structure. (c) removal of In
by HCl, leading to the formation of InP hollow spheres or a macro-
porous network (a triangle represents P4 molecules). The predomi-
nant Path 1 gives the hollow spheres and Path 2 leads to the honey-
comb-like macroporous network.
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A series of comparison experiments were performed to

determine the effect of synthetic conditions on the forma-
tion of InP hollow spheres and macroporous networks. De-
tailed investigation helped us determine that the ratio of In/
Au is important for controlling the synthesis of InP nano-
crystals with different assemblies, and that the optimal mo-
lar ratio of In/Au for the formation of these InP hollow
spheres and network is 25:1. At this molar ratio the product
is mainly microporous hollow spheres (�80%) with a small
amount of a three-dimensional ordered macroporous net-
work. We also found that it is difficult to obtain the desired
hollow spheres morphology if the molar ration of In/Au is
too far above or below this ratio. For example, the obtained
products are mainly irregular particles with a small quan-
tity of rough spherical products at a ratio of 50:1. These
particles resemble an irregular stack that shows some mor-
phological similarity to that of Figure 2b. However, the
amount of obtained microscale spherical structures is less
than 10%. With a reduction of the ratio, for example to
10:1, the obtained products are poorly crystalline particles.

In order to understand the formation mechanism of InP
hollow spheres, the reaction was carried out without the
addition of P; all other experimental conditions and param-
eters were kept constant. The obtained In/Au composite be-
ads are spherical, as shown in Figures 6a and b, and gold
nanoparticles exhibiting high contrast can be discerned in
the cores of many of them (Figure 6b), which provides firm
evidence for our proposed mechanism.

Figure 6. Obtained Au/In spherical composite particles: (a) SEM
image, (b) TEM images; gold nanoparticles exhibiting high con-
trast can be discerned in the cores.

As is well known, it is very important to select appropri-
ate solvents for the design of solid-state compounds by a
solvothermal route.[20,26] Based on our control experiments,
we found that ethylenediamine plays an important role in
the formation of InP particles under our conditions as it
can disperse yellow phosphorus to form a brown dispersion
and readily dissolve KBH4, which means that it increases
the surface area of the reactants and promotes the reaction
at given temperatures.[20] When other solvents were used,
such as ethanol, benzene, DMF, or pyridine, the reaction
either did not take place or the products could not be iden-
tified. Strongly polarizing solvents such as ethylenediamine
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at the appropriate temperature provide conditions that are
adequate to greatly enhance solubility, diffusion, and
crystallization.

The same route has also been applied to the synthesis of
GaP, using GaCl3 instead of InCl3·4H2O as the source. The
obtained GaP micrometer spheres, with a diameter of ca.
3–4 µm, are shown in Figure 7. Some spheres with small
openings in the surface can also be observed (inset in Fig-
ure 7), thus indicating that the obtained GaP spheres have
a hollow structure. However, at the given temperature
(200 °C) the obtained GaP hollow spheres are very poorly
crystalline.

Figure 7. GaP micrometer-sized hollow spheres obtained in the
same approach; the inset shows the small openings in the surface
of GaP spheres, which indicate the hollow structure of the obtained
GaP spheres.

Conclusions

In summary, we have demonstrated an effective analo-
gous solution-liquid-solid (ASLS) growth route to meso-
scale InP hollow spheres accreted with honeycomb-like
structures, in which the Au/In core/shell droplets formed in
situ serve as the template and catalyst. These hollow spheres
have well-defined voids and homogeneous walls. The sur-
face of the InP hollow spheres obtained is porous, which
further indicates that the building blocks are InP nanopar-
ticles formed by solidification on the surface of Au/In core/
shell droplets. A systematic investigation has shown that the
correct ratio of indium/noble metal is a prerequisite for the
synthesis of InP novel structures, and that the optimal ratio
is 25:1. The same experimental process has been applied to
GaP hollow spheres and will be extended to other impor-
tant metal phosphides with desired morphologies.

Experimental Section
Analytical-grade reagents and solvents were purchased from
Shanghai Chemistry Co. Ltd and used without further treatment.
Typical procedure: 40 mL of ethylenediamine, 1.11 g of
InCl3·4H2O, 0.5 g of yellow phosphorus, 2 mL of an ethanol solu-
tion of HAuCl4 (0.0758 ) and 1.6 g of KBH4 were placed in a 50-
mL Teflon-lined autoclave. The autoclave was maintained at 200 °C
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for 10 h, and then cooled to room temperature naturally. The black
products were filtered off and washed with absolute alcohol and
dilute aqueous HCl (1 ). Finally, the products were dried in vacuo
at 50 °C for 1 h. The key to the fabrication of InP hollow spheres
and macroporous network is the control of the In/Au ratio. During
the formation of the desired InP hollow spheres, the influence of
this ratio was investigated in detail and control experiments were
performed with different molar ratios of In/Au, such as 120:1,
100:1, 80:1, 50:1, 25:1, and 10:1. In addition, in order to under-
stand the formation mechanism, different solvents, such as ethanol,
benzene, DMF, and pyridine were selected to investigate the opti-
mal experimental conditions.

The final products were characterized by various techniques. X-ray
powder diffraction (XRD) was carried out with a Rigaku D/max
rA X-ray diffractometer with Cu-Kα radiation (λ = 1.54178 Å). A
scan rate of 0.05° per second was applied to record the pattern in
the 2θ range of 20–85°. The morphology and size of as-prepared
products were determined from SEM images, which were recorded
with an X-650 scanning electronic microanalyzer. To obtain further
evidence for the purities and compositions of the as-prepared prod-
ucts, the X-ray photoelectron spectra were recorded with an ESCA-
Lab MKII X-ray photoelectron spectrometer, using Mg-Kα radia-
tion as the exciting source.
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The tris-tropolonato erbium(III) complexes [Er(hino)3(phen)]
and [{Er(hino)3}2(pdon)] (H-hino = 2-hydroxy-6-isopropylcy-
clohepta-2,4,6-trien-1-one; phen = 1,10-phenanthroline;
pdon = 1,10-phenanthroline-5,6-dione) have been prepared
by reaction of [Er(hino)3]n with the appropriate chelating li-
gand in alcoholic solution. The complexes were charac-
terized by elemental analyses, TG, ESI MS, 1H NMR, and IR
spectroscopy, also by comparison with the properties of the
analogous EuIII and YbIII complexes. The ESI-MS spec-

Introduction

Lanthanide complexes with distinct magnetic and optical
properties are currently of interest for use in applications
involving the fabrications of novel materials, both as active
layer in optoelectronic devices and probes in biological sys-
tems.[1–5]

Among a wealth of stimulating applications the recent
developments of (i) new phosphors for lighting,[6] (ii) high-
efficiency electroluminescent devices for light-emitting di-
odes,[7] (iii) contrast agents for medical magnetic resonance
imaging,[8] (iv) NMR shift reagents for cations for transport
processes of alkali metal ions through biological mem-
branes,[9] (v) luminescent probes for analytes,[10] (vi) labels
for proteins and amino acids,[11] (vii) light-emitting sensors
in fluoroimmunoassays,[12] (viii) tags for time-resolved lumi-
nescent microscopy,[13] (ix) magnetically addressable liquid
crystals,[14] (x) magnetic alloys for refrigeration,[15] (xi) pre-
cursors for superconducting materials,[16] (xii) specific redox
reagents for chemical transformation[17] or molecular-based
information storage,[18] and (xiii) acidic catalysts for sophis-
ticated organic transformations[19,20] or for the cleavage of
phosphodiester bridges in RNA[21] fully justify the efforts
made to control the metallic sites and to selectively intro-
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troscopy of the complex with the ditopic ligand pdon paral-
lels the other physico-chemical data (IR, NMR), confirming
the occurrence of a dinuclear entity. All the investigated ErIII

complexes show efficient NIR emissions at about 1550 nm
upon excitation at 355 nm in the UV ligand absorption band,
emerging as possible candidate as active material for the re-
alization of plastic amplifiers for telecommunications.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

duce lanthanides into organized assemblies. For more than
two decades, systematic investigations of the subtle inter-
play between the structural control of the coordination
sphere and the associated metal-centred electronic proper-
ties have led to the design of lanthanide-containing devices
whose function can be judiciously addressed and tuned.

The use of optical properties of these metal ions are quite
attractive and promising. However, these photophysical
properties of these ions depend markedly on their environ-
ment. To optimize efficient emissions, for instance, chromo-
phoric ligands have been often employed to transfer ab-
sorbed energy efficiently to the appropriate lanthanide ion.

Remarkably, these ligands must be capable of protecting
the lanthanide() centre from solvent molecules, which can
quench emission.

A variety of multidentate cyclic and acyclic ligands, de-
signed to encapsulate the lanthanide ions, have been synthe-
sized and successfully used. Thus, using ligands with appro-
priate coordination geometry, and/or coordinating anions,
it is possible to obtain suitable structure quite effective in
keeping solvent and water molecules away from lantha-
nide() centres.

The design and synthesis of lanthanide complexes with
charged and/or neutral chelating organic ligands offers the
possibility to obtain stable compounds with quite particular
optical properties. A relevant aspect of this research con-
sists in the possibility to optimize these properties of a par-
ticular lanthanide() ion by suitable choice of ligands.

The recent interest towards Organic Light-Emitting Di-
odes (OLED) based on organolanthanide complexes[22]

stems on the fact of the observed peculiar mechanism of
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emission in regions different according to the lanthanide.
Specifically the ligand acting as antenna, absorbs the light,
and then transfers the energy towards the coordinate metal
ion (Er3+), poorly absorbing in the visible, while efficiently
emitting in the near infrared (NIR) region. With the aim to
enhance the luminescence efficiency of these materials, the
accurate choice of peculiar ligands assumes crucial rele-
vance due to both the window of use and the stability. Quite
recently, a versatile approach to the development of lantha-
nide complexes that emit in the NIR based on tropolone
(H-LT) as ligand has been found.[23] Upon deprotonation,
tropolones can be used as seven-membered ring, bidentate
oxygen-donor chelators that allow direct coordination of
the chromophoric group to the LnIII cation. Their hard
Lewis base character is suitable for forming strong bonds
with LnIII. Furthermore, tropolone has a good electronic
structure to act as an antenna because the energy of its
triplet state (16800 cm–1) is compatible for efficient energy
transfer to the low accepting levels of several LnIII ions that
emit in the NIR such as NdIII, ErIII, HoIII, and TmIII. In
the past, [Ln(LT)3] and M[Ln(LT)4] (M = NH4

+, Na+) com-
plexes have been prepared.[24] Upon changing the counter-
ion to K+, the complexes K[Ln(LT)4](dmf) have been pre-
pared and fully characterized also by X-ray diffraction in-
vestigations.[23] In these complexes the coordination around
the lanthanide cation has been described as a distorted do-
decahedron. Quantitative luminescence measurements indi-
cated that the tropolonato ligands are able to sensitize
several lanthanide cations that emit in the NIR domain.[23]

Other studies have been successfully carried out on tris-
β-diketonato lanthanide complexes containing also func-
tionalized dipyridine or phenanthroline ligands that are
known as very good sensitizers and many excellent papers
have been published consequently.[25] In particular, the ad-
dition of the phenanthroline ligand acts to saturate the co-
ordination number of LnIII ions and also to improve the
fluorescence intensity, volatility and stability of the LnIII

complexes[26]

In order to enhance the optical properties we have used
as ligand 2-hydroxy-4-isopropylcyclohepta-2,4,6-trien-1-
one (4-isopropyltropolone, also known as hinokitiol or β-
thujaplicin) (H-hino) and prepared the tris-tropolonato
complexes [Er(hino)3(phen)], and [{Er(hino)3}2(pdon)] by
reaction of H-hino with ErCl3·6H2O and 1,10-phenan-
throline or 1,10-phenanthroline-5,6-dione in methanol,
respectively, in the presence of NaOH. Furthermore, 1,10-
phenanthroline-5,6-dione was successfully used as appro-
priate ditopic ligand for dinuclear lanthanide complexation.
In fact, it permits to coordinate two lanthanide() ions in
the opposite side of the molecule by the N2 and O2 donor
atoms allowing an interesting interaction between the two
coordinated metal ions. In particular, [{Er(hino)3}2(pdon)]
was obtained following a procedure similar to that em-
ployed for the phenanthroline analogue. The complexes
were characterized by 1H NMR, ESI MS and IR spec-
troscopy and elemental analysis, moreover a photophysical
characterization in solution was performed. All the com-
plexes display an absorption in the UV region, while the
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subsequent emission in the NIR region (� 1550 nm) is
quite interesting and comparable with the best emitter com-
pounds up to now reported. This paper reports the physico-
chemical properties arising from this molecular aggrega-
tion.

Results and Discussion

Synthesis of the Complexes

The tris-tropolonato lanthanide() complexes of ErIII,
EuIII, and YbIII have been prepared accordingly to
Scheme 1.

In particular the tris-tropolonato LnIII complexes ob-
tained by reaction of a methanolic solution of 4-isopro-
pyltropolone (H-hino) with NaOH and the appropriate lan-
thanide() trichloride hexahydrate and recovered from a
water/methanol solution, show only trace of water or meth-
anol according to elemental analyses and thermogravime-
tric and IR investigations. Furthermore, the complexes are
stable in air for long periods of time. We suppose that, in
order to complete the high coordination number required
by these lanthanides() ions, the complexes are in the form
[Ln(hino)3]n (n = 2 or 3). NMR spectra in CD3OD or
CDCl3 show in fact the correct pattern [shifted depending
on the paramagnetism of lanthanide() metal ion] of the
tropolonato ligand with very small amount of free water.
Only the [Eu(hino)3]n complex in (CD3)2SO shows a double
pattern of the tropolonato ligand, indicating the different
role of the oxygens bridging the EuIII ions.

This is not a very surprising result; many β-diketonate
complexes, for instance, can loose a solvent molecule coor-
dinated to the central metal ion giving rise to an easy oligo-
merization through oxygen bridges of the chelating ligands.
The lack of quenching in the fluorescence of these com-
plexes (vide postea) is an additional proof of the absence
of water in the coordination environment of the erbium()
ion.

This dimeric or trimeric complexes can easily turn into
the monomeric one in the presence of the chelating ligand
1,10-phenanthroline. The resulting complex [Er(hino)3-
(phen)]·H2O is soluble in a variety of solvents, such as
MeOH, EtOH, CHCl3, CH2Cl2, CH3CN, DMSO, but in-
soluble in H2O and iPrOH. The IR spectra of the complex
show the characteristic strong absorption bands at (cm–1)
1588 (νC=O), 1504 (νAr, C=C), 1239–1240 (νC–O). Ther-
mogravimetric analyses indicate a 1.71% weight loss at
92 °C, in agreement with the loss of one non-coordinated
water molecule. Again the presence of water only in the
crystalline framework and not directly bonded to the cen-
tral metal ion is proved by the photophysical behaviour
(vide postea).

The complex appears to be monomeric with the metal
ion in an octacoordinated environment.

A further functionalization of the periphery of the che-
lating nitrogen-containing ligands was introduced in order
to allow them to serve as dinucleating ligands towards equal
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Scheme 1.

or different lanthanide() ions. 1,10-Phenanthroline-5,6-di-
one (pdon) is a suitable ditopic ligand: it contains two well
separated coordinating sites, one containing two nitrogen
atoms and one containing two oxygen atoms, both suitable
for lanthanide() complexation. Thus, the reaction of
[Er(hino)3]n with pdon in anhydrous methanol in a 1:1 mo-
lar ratio under reflux affords [Er(hino)3(pdon)]·0.2H2O
with the lanthanide() ion coordinated to the two nitrogen
atoms of the functionalized phenanthroline. In fact, 1H
NMR experiments performed in CD3OD of diamagnetic
yttrium and lutetium complexes[27] [Ln(hino)3(pdon)] show
a significant downfield proton shift of CH-N (from 8.95 to
9.12 ppm) and the corresponding upfield shift of CH-C=O
(from 8.55 to 8.45 ppm) with respect to the free pdon. This
mononuclear complex, by reaction of [Er(hino)3]n in anhy-
drous methanol in a 1:1 ratio under reflux gives rise to the
homodinuclear [{Er(hino)3}2(pdon)]·H2O. Elemental and
thermogravimetric analyses of the mononuclear and dinu-
clear complexes agree with the proposed formulations,
whereas IR spectra show nearly the same pattern, with the
characteristic strong absorption bands at (cm–1) 1688–1689
(νC=O, pdon), 1588 (νC=O), 1504–1505 (νAr, C=C), 1239–
1240 (νC–O). The NMR spectra of [Er(hino)3(pdon)]·
0.2H2O and [{Er(hino)3}2(pdon)]·H2O in (CD3)2SO have
the same pattern as well, but in the spectrum of the dinu-
clear complex, the peaks related to the protons of 4-isopro-
pyltropolone are of double intensity (with respect to the
pdon proton intensity) compared to those present in the
spectrum of the mononuclear complex, therefore showing
the presence of six 4-isopropyltropolonate units to one of
1,10-phenanthroline-5,6-dione in the dinuclear complex.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2370–23762372

It must be noted that, under anhydrous conditions, using
the precursor [Eu(hino)3]n and pdon in a 1:1 molar ratio,
only the homodinuclear complex [{Eu(hino)3}2(pdon)] was
obtained. This complex, shows the same IR spectrum as
that of the related ErIII complexes above reported, but a
different NMR pattern system, in which the peaks of the
two Eu(hino)3 units are shifted each other, as inferred by
2D COSY and NOESY experiments: peaks at δ = 7.32 (4-
H), 6.81 (1-H), 5.94 (3-H), 4.51 (2-H), 2.37 (5-H), 0.86 (6-
H) are related to one 4-isopropyltropolonate unit, and
peaks at δ = 4.86 (3�-H), 3.49 (4�-H), 3.28 (1�-H), 3.09 (2�-
H), 1.33 (5�-H), 0.08 (6�-H) to the other unit, while the
signals at δ = 8.97, 8.36, and 7.65 correspond to the protons
of 1,10-phenanthroline-5,6-dione.

Population of gas phase ions generated by ESI-MS was
studied to prove the presence of polynuclear complexes. The
structural assignments of such ions are supported by their
characteristic isotopic distributions particularly affected by
the presence of erbium and europium atoms (166Er/167Er/
168Er of 1:1.5:1.25) (151Eu/153Eu of 1:1.1) and exact mass
measurements.

The spectra of [Ln(hino)3(phen)] and [Ln(hino)3(pdon)],
(Ln = Er and Eu) parallel each other and shows a fragmen-
tation pattern consistent with the proposed formulation. In
particular, it is interesting to note that, under the experi-
mental conditions used for the spectra acquisition (1%
HCOOH in MeCN/H2O, 1:1 solution), the detected peaks
are due to species ranging from [Ln(hino)2]+ to [Ln(hino)3-
(H-hino)3]+, [Ln(hino)(L)]·+, and [Ln(hino)3(L)]+ (L =
phen, pdon). Thus, while for [Er(hino)3(phen)] the parent
peak is clearly detectable at the appropriate m/z value, the
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Figure 1. ESI mass spectrum in the positive mode of the methanolic solution of [Er(hino)3(pdon)].

parent peak of the dinuclear complex [{Ln(hino)3}2(pdon)]
was not detected probably owing to the particular experi-
mental condition adopted.

As an example, the mass spectrum of [{Eu(hino)3}2-
(pdon)] is reported in Figure 1; the most relevant species
present in solution are indicated. The obtained data clearly
show the rearrangement of the starting complex, this fav-
ouring the formation of complexes with a progressively
higher number of tropolonato ligands about the central
metal ion. This is certainly due to the high affinity of this
particular α-diketone towards lanthanide() ions.

Photophysical Properties

All the investigated ErIII complexes in anhydrous DMSO
dilute solution display strong and broad UV absorption
band due to transitions between the electronic states of the
organic ligand. On the contrary the UV/Vis absorption
peaks arising from transition between the Er3+ ground
and excited states are only barely recognizable because of
their small oscillator strength. In particular, as shown in
Figure 2 (A) for the [Er(hino)3(pdon)] complex, only the
2H11/2–4I15/2 transition gives rise to a detectable absorption
peak at 520 nm.

Upon optical excitation in the absorption bands of the
ligand, the characteristic Er3+ emission due to the transition
4I13/2–4I15/2 can be easily observed [Figure 2, (A)] indicating
that an efficient energy-transfer process between the ligand
and the manifold of Er3+ excited state takes place. The
quantum yield (QY) of the IR emission is nearly the same
of the corresponding peak observed in a [Er(Q)3][28] (HQ =
8-hydroxyquinoline), i.e. of the order of few 10–4, in agree-
ment with the data reported for similar tropolonate-based
complexes.[23] The emission bandwidth is about 60 nm, sig-
nificantly larger than the corresponding one in Er-doped
silica, suggesting a high inhomogeneous disorder of Er3+

surroundings, which hinder any possible differences among
different complexes.

Deeper insight about the processes involved in the IR
emission of these complexes can be obtained from time-
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resolved measurements. In such a way it is possible to evalu-
ate independently the efficiency of the ligand�Er3+ energy
transfer and the efficiency of the Er3+ photoluminescence
(PL) quenching processes. Indeed, the PL intensity immedi-
ately after the excitation pulse [PL(t = 0)] depends only on
the efficiency of the energy transfer, because the quenching
of the Er3+ excited states occurs in a relatively long times-
cale. On the other hand, the lifetime of the Er3+ PL is
strongly affected by the presence of non-radiative decay
channels but is not related to the efficiency of Er3+ exci-
tation processes that take place within few ns. In Figure 3
the PL decay trace is showed for the [Er(hino)3(pdon)] com-
plex with the corresponding fit obtained using a single ex-
ponential function. The found lifetime (τtot) for the
[Er(hino)3(pdon)] complex is 2.12 µs, while it is not possible
to observe any PL rise time. This confirms that the exci-
tation of the Er3+ is extremely fast. The agreement between
experimental and fitted data is perfect indicating that all
the Er3+ ions experiment the same mean local environment.
Quite similar measurements have been obtained for all the
studied complexes, and the corresponding lifetimes and PL
efficiencies are reported in Table 1.

Because the radiative lifetime (τrad) of the Er3+ 4I13/2–4I15/2

transition is around 10 ms,[29] i.e. about 104 time longer the
PL-detected decay time, the origin of the low efficiency of
the 1550 nm emission has to be ascribed completely to the
presence of fast quenching processes as usual for all the
Er3+ complexes. Indeed the 4I13/2–4I15/2 transition is nearly
resonant with both the first overtone of the O–H stretching
vibration and the second overtone of the C–H one. By con-
trast the indirect excitation pathway of the Er3+ ion seems
to be rather efficient because: i) no 1550 µm PL rise time is
detectable, at least in the employed timescale, and ii) the
QY evaluated from the ratio between radiative and total PL
lifetime (QY = τtot/τrad) and that obtained from the com-
parison of the integrated PL of tropolone-based complexes
and of [Er(Q)3] are in good agreement. As a confirmation,
it should be pointed out that in all considered complexes
the distance between the Er atom and the closest H atom
(C–H bond), belonging to phenanthroline ligand, has been
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Figure 2. Absorption (left) and emission (right) spectra of the
[Er(hino)3(pdon)], [Yb(hino)3]n and [Eu(hino)3]n complexes in
DMSO at room temperature [(A), (B), and (C)] respectively. The
absorption spectrum in the region of the 2H12/2–4I15/2 Er3+ transi-
tion (520 nm) has been multiplied by 100. In the panel (C) the
broad PL from the ligand has been subtracted (the recoded spec-
trum is reported in the inset).

evaluated, from molecular modelling calculations, near to
0.41 nm; hence accounting for a reduced PL in NIR region.

It is interesting to outline that the measured PL decay
times (τ � 2.10 µs) are systematically longer in the studied
complexes than in [Er(Q)3] (τ = 1.80 µs), while the PL
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Figure 3. PL decay trace of the [Er(hino)3(pdon)] complex in
DMSO (dots) recorded at 1550 nm complex at room temperature.
The continuous line is the fit obtained with a single exponential
function. The PL lifetime is 2.12 µs.

Table 1. Main optical data of the studied ErIII complexes. All the
reported efficiencies have been normalized to the values of
[Er(Q)3] which has been set to 100.

Lifetime Relative transfer Relative total
efficiency efficiency

[Er(Q)3] 1.80 µs 100 100
[{Er(hino)3}2(pdon)] 2.11 µs 107 125
[Er(hino)3(pdon)] 2.12 µs 91 108
[Er(hino)3(phen)] 2.15 µs 106 127
[Er(hino)3]n 2.15 µs 91 108

(t = 0) is larger in this reference complex (see Table 1). This
behaviour can be tentatively explained assuming that the
bond length between the ligand and the rare earth ion are
longer in the tropolone-based complexes than in [Er(Q)3],
because both Er3+ excitation and PL quenching involve en-
ergy-transfer processes which strongly depend on the dis-
tance (R) between donor and acceptor moieties (the trans-
fer rate is proportional 1/R6 or to e–R for the Förster and
Dexter mechanisms, respectively). Moreover, also the ability
of the synthesized complexes to shield the Er3+ ion from
water molecules should be rather good, being the O–H vi-
bration of these latter another source of non-radiative decay
channels.

In Figure 2 (B, C) also typical absorption/emission spec-
tra of the [Yb(hino)3]n and [Eu(hino)3]n complexes have
been reported. In the case of YbIII complexes, upon the
excitation of the ligand at 355 nm, the emission at around
1 µm due to the 2F5/2–2F7/2 rare-earth transition is rather
strong. Even if quantitative measurements have been not
performed, the QY of these complexes is about two order
of magnitude larger than in the corresponding ErIII com-
plexes. The 2F5/2–2F7/2 PL decay is again a single ex-
ponential with a lifetime as long as 70–80 µs, which suggest
the lack of any efficient quenching process in agreement
with the observed high emission efficiency. On the contrary
in the EuIII complexes the sharp emission of the lanthanide
at 615 nm, even if still detectable, is extremely week and
partially overlapped to the low energy tail of the ligand PL
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[Figure 2 (C)]. In particular, in the tropolone-based com-
plexes only the first Eu3+ optical transition (5D0–7F2) is
nearly resonant with the first triplet excited state of the
ligand at about 16800 cm–1 (595 nm). However, due to its
small oscillator strength, this transition can not be excited
efficiently via energy transfer.

Conclusions

The erbium() derivatives [Er(hino)3]n, [Er(hino)3-
(phen)], [Er(hino)3(pdon)], and [{Er(hino)3}2(pdon)] con-
taining the tropolonato moiety and designed to test the IR
emission on varying the chemical surrounds at the metal()
ion were synthesized and characterized by IR, NMR, ther-
mogravimetry, and both absorption and emission spec-
troscopy. The PL efficiency at 1550 nm has been measured
for the whole series; values larger than that for [Er(Q)3]
were observed, even though they were still affected by
quenching due to the relatively short distances between the
C–H bonds and the Er atom. However the longer lifetimes
with respect to the [Er(Q)3] complex indicate that in tropo-
lone complexes the number of such short distances should
be diminished and and/or their values have been aug-
mented, encouraging to design new ligands where H atoms
are placed more far away. The absence of water molecules
coordinated to europium() ion in [Eu(hino)3]n is remark-
able and somewhat unexpected. Owing to this and the high
stability in the solid state and the easy formation of the
phenanthroline adduct [Eu(hino)3(phen)], it is an excellent
starting complex for the preparation of more sophisticated
tropolonato-containing complexes.

Experimental Section
Materials: The solvents, the inorganic and organic compounds and
the lanthanide chloride hydrates were commercial products, sup-
plied by Aldrich, Riedel-de Haën, Carlo–Erba, or Fluka. They
were used as received, without further purification. 4-Isopropyltro-
polone is a TCI-GR product.

Preparation of [Ln(hino)3] (Ln = Er, Yb, Eu): To a methanolic
(40 mL) solution of 4-isopropyltropolone (H-hino) (0.3 mmol),
NaOH in methanol was added in a 1:1 ratio. Then LnCl3·6H2O
(Ln = Er, Yb, Eu) (0.1 mmol) was added, and the resulting solution
was stirred for 4 h. The solution was reduced in volume and water
was added. The precipitate formed was collected by filtration,
washed with water and dried in vacuo.

[Er(hino)3]n: IR (cm–1): ν̃ = 1588 (νC=O), 1504 (νAr, C=C), 1239
(νC–O). C30H33ErO6 (656.83): calcd C 54.86, H 5.06; found C
54.80, H 5.17. 1H NMR [(CD3)2SO, paramagnetic]: δ = 7.45, 5.45,
3.48, 1.39, 1.07, 0.31, –1.26, –2.83, –3.63, –3.90, –7.34, –10.25 ppm.

[Yb(hino)3]n: IR (cm–1): ν̃ = 1588 (νC=O), 1505 (νAr, C=C), 1241
(νC–O). C30H33O6Yb (662.61): calcd. C 62.29, H 5.75; found C
60.91, H 5.74. 1H NMR [(CD3)2SO, paramagnetic]: δ = 13.06, 8.34,
7.21, 6.57, 5.97, 5.03, 3.28, 2.77, 0.79, 0.63, –0.05, –1.17, –3.42,
–7.46, –9.20 ppm.

[Eu(hino)3]n: IR (cm–1): ν̃ = 1588 (νC=O), 1504 (νAr, C=C), 1239
(νC–O). C30H33EuO6 (641.53): calcd. C 56.17, H 5.19; found C
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55.92, H 5.02. 1H NMR [(CD3)2SO, paramagnetic]: δ = 7.28, 6.79,
5.90, 5.87, 4.82, 4.47, 3.46, 3.09, 2.29, 1.28, 0.78, 0.01 ppm.

Preparation of [Er(hino)3(phen)]: To a methanolic solution of 4-iso-
propyltropolone (40 mL, 0.3 mmol), NaOH in methanol was added
in a 1:1 ratio. Then ErCl3·6H2O (0.1 mmol), was added. The re-
sulting solution was added to a methanolic solution (20 mL) of
1,10-phenanthroline (phen) (0.1 mmol) and stirred for 4 h. The
solution was reduced in volume and water was added. The precipi-
tate formed was collected by filtration, washed with water and
dried in vacuo.

[Er(hino)3(phen)]·1H2O: IR (cm–1): ν̃ = 1588 (νC=O), 1504 (νAr
C=C), 1240 (νC–O). C42H43ErN2O7 (855.05): calcd. C 59.00, H
5.07, N 3.28; found C 59.14, H 4.88, N 3.00. These values are
in agreement with thermogravimetric data. 1H NMR [(CD3)2SO,
paramagnetic]: δ = 9.09, 8.49, 7.99, 7.77, 0.38, –1.34, –2.84, –3.17,
–3.77, –7.58, –10.53 ppm.

Preparation of [Er(hino)3(pdon)]: Er(hino)3 in anhydrous methanol
(40 mL) was added to 1,10-phenanthroline-5,6-dione dissolved in
anhydrous methanol (20 mL) in a 1:1 molar ratio, and the resulting
solution was refluxed overnight. After refluxing, a brown precipi-
tate appears, that was centrifuged off. The clear solution was evapo-
rated to dryness and the solid was washed with diethyl ether, fil-
tered and dried in vacuo.

[Er(hino)3(pdon)]·0.2H2O: IR (cm–1): ν̃ = 1588 (νC=O), 1504
(νC=C Ar), 1240 (νC–O). C42H39.1ErN2O8.2 (870.32): calcd. C
57.00, H 4.67, N 3.17; found C 56.52, H 4.56, N 2.91. 1H NMR
[(CD3)2SO], paramagnetic: δ = 8,96, 8.36, 7.65, 4.02, 0.37, –1.35,
–2.85, –3.85, –7.63, –10.54 ppm.

Preparation of [{Er(hino)3}2(pdon)]: Er(hino)3 in anhydrous meth-
anol was added to [Er(hino)3(pdon)] dissolved in anhydrous meth-
anol in a 1:1 molar ratio, and the solution was refluxed for 1 day.
The solution was reduced in volume and diethyl ether was added.
The precipitate now formed was collected by filtration and dried
in vacuo.

[{Er(hino)3}2(pdon)]·H2O: IR (cm–1): ν̃ = 1588 (νC=O), 1505
(νC=C, Ar), 1239 (νC–O). C72H74Er2N2O15 (1541.85): calcd. C
56.09, H 4.84, N 1.82; found C 55.48, H 4.71, N 1.66. 1H NMR
((CD3)2SO), paramagnetic: δ = 8.97 (2 H, pdon), 8.36 (2 H, pdon),
7.66 (2 H, pdon), 3.14, 1.05, 0.34, –1.29, –2.82, –3.69, –3.88,
–7.46, –10.42 ppm.

Preparation of [{Eu(hino)3}2(pdon)]: Eu(hino)3 dried in vacuo at
100° was dissolved in anhydrous ethanol and 1,10-phenanthroline-
5,6-dione in anhydrous ethanol was added in a 1:1 molar ratio. The
solution was refluxed for 3 h under nitrogen, then it was reduced
in volume. Diethyl ether was added and the precipitate formed was
filtered and dried in vacuo.

[{Eu(hino)3}2(pdon)]: IR (cm–1): ν̃ = 1588 (νC=O), 1503 (νC=C Ar),
1239 (νC–O). C72H72Eu2N2O14 (1493.24): calcd. C 57.91, H 4.86,
N 1.88; found C 56.79, H 4.59, N 2.21. 1H NMR [(CD3)2SO, para-
magnetic]: δ = 8.97 (2 H, pdon), 8.36 (2 H, pdon), 7.65 (2 H, pdon),
7.32 (4-H), 6.81 (1-H), 5.94 (3-H), 4.86 (3�-H), 4.51 (2-H), 3.49 (4�-
H), 3.28 (1�-H), 3.09 (2�-H), 2.37 (5-H), 1.33 (5�-H), 0.86 (6-H),
0.08 (6�-H) ppm.

Physico-Chemical Measurements: Elemental analyses were carried
out with a Fison 1108 analyzer. IR spectra were recorded as KBr
pellets with a Mattson FTIR spectrometer. NMR spectra (1H, 13C)
were recorded with a Bruker AMX300 spectrometer equipped with
direct and inverse broad-band multinuclear probes. The T1 longitu-
dinal relaxation times and the mixing times of NOESY experiments
of the paramagnetic europium complex were measured using the
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standard inversion recovery pulse sequence. All ESI-MS spectra
measurements were performed with a LCQ mass spectrometry
(Finnigam) in methanol solutions of the samples (10–5 ) eluted
with MeCN/H2O (1:1) solution with 1% of HCOOH. The water
content in the prepared samples was evaluated by thermal analysis
curves using a Netzsch STA 429 thermoanalytical equipment. The
tests were performed under nitrogen (flux rate 250 mL/min; heating
rate 5 °Cmin–1) and in air under the same conditions. Neutral alu-
mina (Carlo–Erba product) was used as reference material.

All the optical characterizations have been performed in anhydrous
DMSO dilute solution. As reference, also [Er(Q)3] [tris(8-hydroxy-
quinolinato)erbium()] solutions, which is currently the bench-
mark for non-fluorinated organolanthanide and coordination com-
plexes, have been prepared. UV/Vis absorption measurements have
been done with a Cary 50 (Varian) spectrophotometer. NIR photo-
luminescence (PL) measurements have been carried out by exciting
the samples with the third harmonic of a pulsed ND:YAG laser
(λexc = 355 nm, pulse duration ca. 10 ns, repetition rate 20 kHz,
power ca. 1 mW). The laser beam was focused on the samples with
a cylindrical lens (spot dimension about 7×0.5 mm2) in order to
minimize the complex degradation. The PL emission was detected
with a Hamamatsu R5509-73 photomultiplier (or with a Spex 2000
CCD in the case of emissions in the visible) coupled with a Corner-
stone (Oriel) monochromator (bandwidth 20 nm). The PL spectra
and PL decay traces have been recorded in photon counting mode
with a Ortec 9353 multichannel scaler. The overall time resolution
is better than 30 ns.
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The new tetrathiacrown ethers maleonitrile-tetrathia-12-
crown-4 (mn12S4) and maleonitrile-tetrathia-13-crown-4
(mn13S4) have been prepared and characterised by X-ray
crystallographic analysis. These crown ethers form 2:1, 3:2
and 1:1 complexes with AgY (Y = BF4, PF6). The crystal struc-
tures of [Ag(mn12S4)2]BF4 (3a), [Ag(mn13S4)2]BF4 (4a) and
[Ag2(mn13S4)3](PF6)2 (6b) have been determined. Compound
3a contains the centrosymmetric sandwich complex cation
[Ag(mn12S4)2]+ where each mn12S4 ligand is coordinated to
the Ag centre in an endo manner through all four S atoms.
The 2:1 complex [Ag(mn12S4)2]+ is the first sandwich com-
plex with a tetrathiacrown ether and the first complex with
an octa(thioether) coordination sphere. The crystal structure
of compound 4a also reveals a 2:1 complex. This complex,

Introduction

The classical crown ether, 12-crown-4 (12O4), forms
sandwich complexes with a number of metal ions.[1] In these
complexes, for example [Na(12O4)2]Cl·5H2O,[2] [Mn-
(12O4)2][Br3]2,[3] [Li(12O4)2][PPh2],[4] [Ag(12O4)2][AsF6],[5]

[Fe(12O4)2][PF6]2,[6] [In(12O4)][SbCl6]·3CH3CN,[7] and
[Zn(12O4)2][ZnCl3H2O]2,[8] the metal ion is coordinated to
eight oxygen atoms to form an octa(oxygen) coordination
sphere which is not accessible with acyclic ligands. In early
studies of crown ether chemistry the structures of bis(12-
crown-4)–metal ion sandwich complexes and the properties
of the coordinated metal ions were of interest. Later, the
ability of 12-crown-4 to coordinate metal ions in sandwich
structures was used to separate cations from carbanions in
an organometallic compound, such as in the substituted
cyclopentadienide salt [Li(12-crown-4)2][1,2,4-(Me3Si)3-
C5H2],[9] to stabilize salts, such as [Na(12O4)2][{(CO)5-

[a] Institut für Chemie, Anorganische Chemie, Universität Pots-
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Postfach 601553, 14415 Potsdam
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E-mail: holdt@chem.uni-potsdam.de

[b] Institut für Chemie, Analytische Chemie, Universität Potsdam,
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[Ag(mn13S4)2]+, exhibits a half-sandwich structure. One
mn13S4 ligand coordinates to Ag+ by all four S donor atoms
and the other 13S4 crown by only one S atom. Compound 6b
contains a dinuclear Ag complex. The Ag complexes 3a,b–
8a,b were also studied by electrospray ionisation mass spec-
trometry. Collision-induced dissociation (CID) was used to
compare the relative stability of 2:1 complexes [AgL2]+ and
1:1 complexes [AgL]+ (L = mn12S4, mn13S4). The 13C NMR
chemical shifts of 2:1 and 1:1 Ag complexes and their corre-
sponding free ligands were also estimated and compared.
The free energy of the barrier of ring inversion (∆G‡) for
[Ag(mn12S4)2]+ was determined to be 64 kJmol–1.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Mo}2Sn(Cl)2],[10] to synthesise new inorganic polymers,
such as [Cd(12O4)2][Cd2(SCN)6],[11] and to construct novel
molecular conductors from supramolecular cations.[12] 12-
Crown-4 generally forms sandwich complexes because its
cavity (1.2–1.4 Å[13]) is too small to accommodate the metal
ion. Moreover, free 12-crown-4 is already preorganized for
the formation of sandwich complexes. The global minimum
of 12-crown-4 has been shown to be the so-called “square”
conformation, which has four identical gauche,gauche,anti
conformations for the individual O–C–C–O groups. 12-
Crown-4 also adopts a “square” conformation in the solid
state.[14] In this conformation all four oxygen atoms are ori-
entated in an endodentate fashion,[15] which is perfect for a
sandwich structure.[16]

The cavities of the analogous tetrathia-12-crown-4[17]

(12S4) and tetraaza-12-crown-4[18] (12N4H4) are also too
small to accommodate a metal ion, although so far there
are no known sandwich complexes with these tetradentate
macrocycles. In the case of tetrathia-12-crown-4, this is be-
cause of the exodentate orientation of all four sulfur atoms
in the free ligand.[17]

For the synthesis of sandwich complexes with tetraden-
tate S4- or N4-crown ether compounds, preorganized deriv-
atives are necessary. With the help of 2,11-diaza[3.3](2,6)-
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pyridinophane (12N4H2, Scheme 1), Krüger et al. have syn-
thesised FeII,[19a] FeIII[19a] and CoII[19b] sandwich-like com-
plexes with N8 coordination spheres. The rigid pyridino-
phane 12N4H2 is a preorganized macrocyclic N4 ligand that
forces a metal ion in a sandwich complex to have a coordi-
nation number of eight.

Scheme 1. Tetradentate macrocycles for 2:1 complexes (macrocycle/
metal ion) with coordination number eight: 12-crown-4 (12O4),
2,11-diaza[3.3](2,6)pyridinophane (12N4H2), maleonitrile-dithia-
12-crown-4 (mn12S2O2).

Approaches to the preorganisation of twelve-membered
S4 macrocycles for sandwich complexation have, until now,
not been carried out. However, tetrathiacrown ethers with
larger cavities, for example with thirteen and fourteen mem-
bers, have been modified at their periphery with different
groups (cyclohexyl, phenyl, methyl, benzo, hydroxy) to pre-
organize the macrocyclic ligands for the “in-cavity” com-
plexation.[20]

Previously, we have found that 1,4-dithiacrown ethers are
stabilized in endodentate conformations by incorporating
the rigid maleonitrile unit between the two sulfur atoms.
The resulting maleonitrile-dithiacrown ethers[21] are preor-
ganized S2On coronands (n = 2–5) for the complexation of
Ag+,[22a,22b,23a] Tl+,[22c] Cs+,[21c] Na+,[22d] HgCl2,[22c,23b] and
MCl3 (M = Sb, Bi)[22d] in “in-cavity” sandwich or half-
sandwich structures with mixed ether/thioether coordina-
tion spheres. The twelve-membered maleonitrile-dithia-12-
crown-4 (mn12S2O2, Scheme 1) forms a sandwich complex
[Ag(mn12S2O2)2]+ with Ag+.[22a] The overall environment

Figure 1. T7o different views of the molecular structure of maleonitrile-tetrathiacrown ether mn12S4. Selected torsion angles [°] of free
mn12S4 and of coordinated mn12S4 (in square brackets) in [Ag(mn12S4)2]+ (Figure 3): S1–C1–C2–S2 1.68(18) [–0.7(3)], C1–C2–S2–C3
–135.65(12) [–137.37(19)], C2–S2–C3–C4 71.47(12) [65.8(19)], S2–C3–C4–S3 69.07(13) [69.2(2)], C3–C4–S3–C5 –92.51(12) [–162.59(17)],
C4–S3–C5–C6 –67.56(15) [61.2(2)], S3–C5–C6–S4 –176.83(10) [64.8(2)], C5–C6–S4–C7 –106.43(10) [–151,46(19)], C6–S4–C7–C8
104.79(13) [148.49(19)], S4–C7–C8–S1 –68.65(14) [–66.4(2)], C7–C8–S1–C1 –68.38(13) [–57.7(2)], C8–S1–C1–C2 150.33(13) [139.36(19)].
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surrounding AgI in [Ag(mn12S2O2)2]+ is that of a distorted
cubic S4O4 set of donors. In this paper we report on the
synthesis of the maleonitrile-tetrathiacrown ethers mn12S4

and mn13S4 (Scheme 2). These new tetrathiacrown ethers
are preorganized S4 macrocycles for the preparation of
sandwich and half-sandwich complexes. Maleonitrile-tetra-
thia-12-crown-4 (mn12S4) forms the sandwich complex
[Ag(mn12S4)2]+ with AgI, which is the first complex with
an octa(thioether) coordination sphere.

Scheme 2. Synthesis of the maleonitrile-tetrathiacrown ethers
mn12S4 and mn13S4.

Results and Discussion

Using the high-dilution technique, the maleonitrile-tetra-
thiacrown ethers mn12S4 and mn13S4 were obtained by tre-
ating disodium 1,2-dicyanoethene-1,2-dithiolate[24] (1) with
1,8-dichloro-3,6-dithiaoctane[25] (2a) and 1,9-dichloro-3,7-
dithianonane[25] (2b), respectively, in ethanol/water solution
(Scheme 2). The dichlorides 2a and 2b were prepared by
chlorination of the corresponding diols with SOCl2 in
CHCl3 and were cyclized with the dithiolate 1 without iso-
lation.

The crystal structures of the two new tetrathiacrown
ethers were obtained by X-ray crystallographic analysis; de-
tails of data collection and refinement are given in the Ex-
perimental Section. The crystal structure of mn12S4 is
shown in Figure 1 from two different views. The rigid ma-
leonitrile fragment forces the orientation of the sulfur atoms



The First Sandwich Complex with an Octa(thioether) Coordination Sphere FULL PAPER

Figure 2. Two different views of the molecular structure of maleonitrile-tetrathiacrown ether mn13S4. Selected torsion angles [°] of free
mn13S4 and of coordinated mn13S4 (in square brackets) in the half-sandwich complex [Ag(mn13S4){mn13S4(A)-κ1-S4A}]+: S1–C1–C2–
S2 –2.2(3) [–2.0(2)], C1–C2–S2–C3 –148.29(19) [–146.12(17)], C2–S2–C3–C4 61.8(2) [62.76(18)], S2–C3–C4–S3 61.8(2) [65.93(19)], C3–
C4–S3–C5 –101.7(2) [–162.76(16)], C4–S3–C5–C6 –169.01(19) [76.69(19)], S3–C5–C6–C7 –174.14(19) [88.1(2)], C5–C6–C7–S4 67.9(3)
[–92.8(2)], C6–C7–S4–C8 –107.1(2) [–73.67(19)], C7–S4–C8–C9 148.76(19) [163.15(16)], S4–C8–C9–S1 –67.5(2) [–62.9(2)], C8–C9–S1–
C1 –71.8(2) [–62.67(19)], C9–S1–C1–C2 157.60(19) [145.28(17)].

S1 and S2 toward the macrocyclic ring centre (endodentate
orientation). Sulfur atom S4 is in a half endo-/half exodent-
ate position, while S3 is fully exodentate.

The preferred conformers of both mn12S4 and mn13S4

were also studied by molecular modelling in the gas state.[26]

Two of the three most stable conformations of mn12S4

show orientations for the S-donor atoms as observed in the
crystal structure. In conclusion, both the results of the X-
ray crystallographic analysis and of the molecular model-
ling reveal that free mn12S4 adopts preferred conformations
in which three of the four S donor atoms are already in
an endodentate orientation. Similar positions for the sulfur
atoms were also observed in free mn13S4; in the corre-
sponding crystal structure (see Figure 2), S1, S2 and S3
proved to be orientated in an endodentate fashion, and only
S4 is exodentate.

AgI complexes of the studied tetrathiacrown ethers were
obtained by mixing a solution of the crown ether in chloro-
form with a methanolic solution of AgBF4 or AgPF6. The
macrocycles and silver salts were allowed to react in 2:1, 3:2
and 1:1 molar ratios, yielding the AgI complexes of corre-
sponding compositions (3a,b–8a,b; Scheme 3). The IR spec-
tra of these new AgI complexes show the typical ligand and
anion bands (see Experimental Section); there is no hint of
a coordination of the nitrile groups or anions to the silver
cation. Therefore, the silver ions in compounds 3a,b–8a,b
should only be coordinated by the S atoms of the ligands.
The crystal structures of the compounds [Ag(mn12S4)2]BF4

(3a), [Ag(mn13S4)2]BF4 (4a) and [Ag2(mn13S4)3](PF6)2 (6b)
were determined by X-ray crystallographic analysis; the
corresponding data are summarised in the Experimental
Section.

Compound 3a contains the centrosymmetric complex
cation [Ag(mn12S4)2]+, with AgI sandwiched between the
two mn12S4 molecules. Each mn12S4 ligand is coordinated
to the AgI centre in an endo manner through all four S
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Scheme 3. Synthesis of the AgI complexes.

atoms. Two tetradentate mn12S4 macrocycles force the AgI

centre to have a closed octa(thioether) coordination sphere.
The S8 set of donors exhibits a distorted cubic geometry.
The Ag–S bond lengths in the centrosymmetric cation
[Ag(mn12S4)2]+ are of different lengths, with four of them
being shorter [2.5861(7), 2.7804(6) Å] than the other ones
[3.2664(7), 3.2137(7) Å]. This kind of gradation is typical of
AgI complexes with S8 coordination spheres. For example,
in the centrosymmetrical sandwich complex bis(tetraethyl-
cyclotetraarsathiane)silver() [Ag{cyclo-(C2H5AsS)4}2]+,
four Ag–S distances are short [2.716(7), 2.767(5) Å] and
four long [3.218(6), 3.328(9) Å].[27] Also, in the recently
synthesised complex bis(η4-cyclooctasulfur)silver() [Ag-
(η4-S8)2]+, four Ag–S distances are shorter (2.68–2.99 Å)
than the other four (3.20–3.31 Å).[28] In the three complexes
[Ag(mn12S4)2]+, [Ag{cyclo-(C2H5AsS)4}2]+ and [Ag(η4-
S8)2]+ the four short Ag–S distances lie in a plane.

In the sandwich complex [Ag(mn12S4)2]+, the Ag+ ion is
located 1.6543(4) Å above the best least-squares plane of
the four mn12S4 S atoms. The sandwich complexation of
the Ag+ ion by two mn12S4 molecules is possible because
the Ag+ ion cannot be accommodated in the cavity of a
single crown mn12S4 (1.0–1.25 Å). Moreover, the free
mn12S4 S atoms already assume orientations which should
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be favourable for sandwich complexation. This expectation
is confirmed by similar conformations of the free and coor-
dinated mn12S4 in the solid state. A comparative conforma-
tion analysis reveals only distinct differences for the
C(4)H2–S3–C(5)H2–C(6)H2 group, namely a, g– and a in
the free and g–, g– and g– in the coordinated ligand (see
caption of Figure 3). The bis(maleonitrile-tetrathia-12-
crown-4)silver() complex is the first sandwich complex with
a tetrathiacrown ether and the first complex with an octa-
(thioether) coordination sphere.

Figure 3. Molecular structure of the sandwich complex cation
[Ag(mn12S4)2]+ in compound 3a. Selected bond lengths [Å]: Ag–
S1 3.2664(7), Ag–S2 3.2137(7), Ag–S3 2.5861(7), Ag–S4 2.7804(6).
For selected torsion angles see caption of Figure 1.

The crystal structure of [Ag(mn13S4)2]BF4 (4a) reveals a
2:1 complex of the thirteen-membered maleontrile-tetra-
thia-13-crown-4 with silver() (Figure 4). As opposed to the
sandwich complex [Ag(mn12S4)2]+, the [Ag(mn13S4)2]+

complex exhibits only a half-sandwich structure. One
mn13S4 ligand coordinates silver() by all four S-donor
atoms and the other mn13S4 molecule by only one S atom,
resulting in an overall S5 environment around AgI with a
distorted square-pyramidal coordination geometry. The
Ag–S bond lengths [2.5020(5)–2.9475(6) Å] are normal for
penta(thioether)-coordinated Ag+ ions (2.550–2.995 Å[29]).
In the present complex the AgI is located only 0.9881(3) Å
above the best least-squares plane of the fourfold-coordi-
nated mn13S4, which means that the Ag+ ion dips markedly
into the mn13S4 cavity and more than half of its coordina-
tion sphere is already shielded. Thus, the second mn13S4

ligand in this complex can only act as a monodentate li-
gand. The mn13S4 cavity (1.3–1.45 Å) is too large to form
a sandwich complex with silver(), so the twelve-membered
homolog mn12S4 is the only one with the right cavity di-
mensions for preparing sandwich complexes.
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Figure 4. Molecular structure of the half-sandwich complex
[Ag(mn13S4){mn13S4(A)-κ1-S4A}]+ in compound 4a. Selected
bond lengths [Å]: Ag–S1 2.9475(6), Ag–S2 2.8100(6), Ag–S3
2.5508(6), Ag–S4 2.5647(6), Ag–S4A 2.5020(5). For selected tor-
sion angles of the fourfold coordinated mn13S4 molecule see the
caption of Figure 2.

[Ag2(mn13S4)3](PF6)2 (6b) contains the dinuclear AgI

complex [{Ag1(mn13S4)}{Ag2[mn13S4(B)]}{µ2-mn13S4-
(A)-κ1-S4A,-κ1-S3A}] (see Figure 5). The two half-sand-
wich moieties [Ag1(mn13S4)]+ and [Ag2{mn13S4(B)}]+ are
connected by the third mn13S4 molecule through the S
atoms S4A and S3A. Both AgI centres therefore have a dis-
torted square-pyramidal coordination geometry, as was al-
ready observed for the AgI centre in the complex
[Ag(mn13S4)2]+.

Electrospray ionisation was used to study the complexes
3a,b, 4a,b, 7a,b and 8a,b. Both [AgL2]+ and [AgL]+ com-
plexes are observed in the mass spectra with different inten-
sities (see Table 1). The loss of the anions (PF6

– and BF4
–)

seems to be the dominant ionisation process.[30] Addition-
ally, the mn12S4 and mn13S4 ligands form 3:2 complexes
5a and 6b but with very low ion intensities (total ion current
� 50 counts) in the mass spectra.

Collision-induced dissociation (CID) measurements were
carried out to compare the relative stability of the [AgL2]Y
and [AgL]Y complexes. The [AgL2]Y complexes decompose
easily by the elimination of one ligand ion. Increasing the
collisional energy lowers the relative abundance of the peak
of the [AgL2]+ complex ion, but raises the relative abun-
dance of the peak of the [AgL]+ complex ion. The collision
voltage was gradually increased until the relative intensity
of the 1:1 complex ion as well as that of the 2:1 complex
ion was only 50%: the collision voltages thus obtained give
an estimate of the dissociation energies of the correspond-
ing complexes, which are generally higher for the [AgL]+

complexes (22–25 eV) than for the corresponding [AgL2]+
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Figure 5. Molecular structure of the dinuclear complex
[{Ag1(mn13S4)}{Ag2(mn13S4(B))}{µ2-mn13S4(A)-κ1-S4A-κ1-S3A}]2+

in compound 6b. Selected bond lengths [Å]: Ag1–S1 2.888(3), Ag1–
S2 2.908(3), Ag1–S3 2.556(3), Ag1–S4 2.597(3), Ag1–S4A 2.484(3),
Ag2–S1B 2.840(3), Ag2–S2B 2.904(3), Ag2–S3B 2.581(3), Ag2–
S4B 2.613(3), Ag2–S3A 2.540(4).

complexes (0–6 eV). Obviously, under electrospray condi-
tions the tetrathiacrown ethers mn12S4 and mn13S4 form
much more stable 1:1 complexes than 2:1 complexes.[31]

Only minor differences in the CID measurements were ob-
served in the fragmentation of the [AgL] complexes with
mn12S4 and mn13S4. In the CID experiments of the
[AgL]+ ions, fragmentation occurred in the same way,
mainly involving cleavage of the bond between the sulfur
atoms and the carbon atom attached to the ethylene unit.

13C NMR spectroscopic investigations of both the com-
plexes 3a, 4a, 7a and 8a and the free ligands mn12S4 and
mn13S4 in solution ([D3]nitromethane) showed no evidence
for any equilibrium formation in the case of the complexes
or of conformational changes in the case of the free ligands;
only one set of signals could be observed at room tempera-
ture. The complexation with silver ions changed the chemi-
cal shifts of all signals with respect to those of the free li-
gands. Except for the C atoms in the γ-position to the
double bond, the 12-membered complexes 3a and 7a and
the 13-membered complexes 4a and 8a, the difference of the
chemical shifts is larger in the 1:1 complex than in the 1:2

Table 1. Positive-ion ES-MS data for the 2:1 complexes recorded in MeCN solution. Cone voltage: 20 V; collision energy: 3 eV.

Complex Ions (m/z, %)

[Ag(mn12S4)2]BF4 (3a) [Ag(mn12S4)2]+ (684, 100) [Ag(mn12S4)]+ (395, 50)
[Ag(mn13S4)2]BF4 (4a) [Ag(mn13S4)2]+ (711, 80) [Ag(mn13S4)]+ (410, 100)
[Ag(mn12S4)2]PF6 (3b) [Ag(mn12S4)2]+ (684, 20) [Ag(mn12S4)]+ (395, 100)
[Ag(mn13S4)2]PF6 (4b) [Ag(mn13S4)2]+ (711, 100) [Ag(mn13S4)]+ (410, 95)
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complex. Also, the direction of the complex-induced differ-
ence of chemical shifts is always the same. However, the
signals of the C atoms in the γ-position in the 1:2 complexes
are always found downfield with regard to the 1:1 com-
plexes (see Tables 2 and 3).

Table 2. 13C NMR chemical shifts and shift differences [ppm] of
the 12-membered tetrathiacrown ether mn12S4.

mn12S4 7a ∆δ(7a – mn12S4) 3a ∆δ(3a – mn12S4)

C=C 125.2 125.7 +0.5 125.7 +0.5
C�N 114.2 112.8 –1.4 113.3 –0.9
C-5 38.5 35.2 –3.3 36.5 –2.0
C-6 34.7 33.7[a] –1.0 35.0 +0.3
C-7 35.9 34.0[a] –1.9 35.3 –0.6

[a] Or reversed.

Table 3. 13C NMR chemical shifts and shift differences [ppm] of
the 13-membered tetrathiacrown ether mn13S4.

mn13S4 8a ∆δ(8a – mn13S4) 4a ∆δ(4a – mn13S4)

C=C 124.1 124.2 +0.1 124.4 +0.3
C�N 114.0 112.7 –1.3 113.3 –0.7
C-3 37.8 35.3[a,b] –2.5 36.4 –1.4
C-2 33.5 34.3[a] +0.8 34.7 +1.2
C-13 33.2 35.2[b] +2.0 34.8 +1.6
C-12 30.3 26.5 –3.8 28.4 –1.9

[a] Or reversed. [b] Or reversed.

The 1H NMR spectra of 7a and 8a show strongly broad-
ened lines at room temperature. The low-temperature spec-
tra of these compounds gave significant splitting of all
groups of signals only in the case of 7a, which permitted
the determination of the free energy of the barrier of ring
inversion (∆G‡

338 = 64 kJmol–1). The coalescence tempera-
ture of 8a is very close to room temperature, and cooling
to the melting point of the solution gave an insufficient
splitting of the signals to estimate the difference of the
chemical shifts. Thus, the barrier of ring inversion in 7a is
higher than in the 1:2 complex [Ag(mn12S2O2)2]+, which
was determined previously to be 51 kJmol–1.[32] The pres-
ence of four S atoms, as well as a generally stronger bond-
ing of the cation in the 1:1 complex 7a, led us to expect
such a behaviour. In general, the complexation in 12-mem-
bered ring systems leads to a strongly increased barrier of
the ring inversion by fixing the donor atoms. As a compari-
son, the barriers for cyclododecane (ca. 29 kJmol–1),[33]

substituted cyclododecanes (ca. 34–37 kJmol–1)[34] and
cyclododecene (ca. 29 and 40 kJmol–1)[35] should be high-
lighted.
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Conclusion

The maleonitrile-tetrathia-12-crown-4 is the first preor-
ganized tetradentate thiacrown ether that forms sandwich
complexes with the coordination number eight. At present
we are investigating the complexing properties of mn12S4

and mn13S4 for other metal ions.

Experimental Section
General: All operations were performed under dry argon using
standard equipment and vacuum techniques. Solvents were dried
by standard methods and distilled prior to use. 1,8-Dichloro-3,6-
dithiaoctane,[25] 1,9-dichloro-3,7-dithianonane[25] and disodium
(Z)-1,2-dicyanoethene-1,2-dithiolate[24] were prepared according to
published procedures. Elemental analyses (C, H, N, S) were per-
formed with an Elementar Vario EL elemental analyzer. NMR
spectra were recorded with a Bruker Avance 500 or an Avance 300
spectrometer. For preparing the complex solutions, 15 mg was dis-
solved in 0.7 mL of deuterated chloroform or [D3]nitromethane.
Chemical shifts are referenced to TMS (for 1H) or to the solvent
(13C). All 1D and 2D COSY and HMQC pulse sequences were
taken from the standard Bruker software. IR spectra were recorded
with a Thermo Nicolet NEXUS FTIR instrument. UV/Vis mea-
surements were carried out with an Analytik Jena Specord S 100
spectrophotometer with sealed quartz cuvettes. The ESI and CID
spectra were recorded with a Micromass Q-TOFmicro mass spec-
trometer in positive electrospray mode.

Synthesis of Maleonitrile-tetrathiacrown Ethers mn12S4 and
mn13S4: A solution of disodium (Z)-1,2-dicyanoethene-1,2-dithiol-
ate (11.72 g, 63 mmol) in water (0.8 L) was added to a solution of
1,8-dichloro-3,6-dithiaoctane (13.14 g, 60 mmol; synthesis of
mn12S4) or 1,9-dichloro-3,7-dithianonane (13.98 g, 60 mmol; syn-
thesis of mn13S4) in ethanol (1.2 L). The solution was stirred at
60 °C for 60 h and the polymeric reaction products were filtered
off. The filtrate was concentrated, the residue dissolved in chloro-
form, the solution washed twice with water and dried with magne-
sium sulfate. The drying agent was removed by filtration and the
filtrate concentrated in vacuo. The residual brown oil was chro-
matographed on a silica gel 60 gravity column (3 cm dia-
meter×50 cm length), and was eluted with chloroform to give the
maleonitrile-tetrathiacrown ether.

1,4,7,10-Tetrathiacyclododec-2-ene-2,3-dicarbonitrile (mn12S4):
Yield: 3.4 g (18.7%). Rf = 0.49 (chloroform). M.p. 182 °C (chloro-
form). IR (KBr): ν̃ = 2222 m, 2208 m (C�N); 1504 m (C=C) cm–1.
UV (chloroform): λmax (log ε) = 316 sh, 347 (3.97) nm. 1H NMR
(CDCl3): δ = 2.88 [m, 4 H, C(6)H2], 2.96 [s, 4 H, C(8)H2], 3.37 [m,
4 H, C(5)H2] ppm. 13C NMR: See Table 2. ESI(HR)-MS: m/z
calcd. for C10H12N2S4 [M]+ 287.9883; found 287.9881. C10H12N2S4

(288.46): calcd. C 41.64, H 4.19, N 9.71, S 44.46; found C 42.38,
H 4.24, N 9.62, S 44.47.

1,4,7,10-Tetrathiacyclotridec-5-ene-5,6-dicarbonitrile (mn13S4):
Yield: 3.05 g (16%). Rf = 0.33 (chloroform). M.p. 152–153 °C
(chloroform). IR (KBr): ν̃ = 2221 m, 2209 m (C�N); 1507 m
(C=C) cm–1. UV (chloroform): λmax (log ε) = 297 sh, 347 (4.09) nm.
1H NMR (CDCl3): δ = 1.79 [m, 2 H, C(12)H2], 2.73 [t, 3JH,H =
7.4 Hz, 4 H, C(13)H2], 2.87 [m, 4 H, C(2)H2], 3.35 [m, 4 H, C(3)
H2] ppm. 13C NMR: See Table 3. ESI(HR)-MS: m/z calcd. for
C11H15N2S4 [M + H]+ 303.0118; found 303.0133. C11H14N2S4

(302.49): calcd. C 43.68, H 4.67, N 9.26, S 42.40; found C 44.04,
H 4.54, N 9.14, S 41.92.
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Synthesis of AgI Complexes 3a,b–8a,b: A methanolic solution of
AgY (Y = BF4, PF6) was added to a stirred solution of the maleo-
nitrile-tetrathiacrown ether in chloroform. After a few seconds, yel-
low crystals formed and were isolated by filtration.

[Ag(mn12S4)2]BF4 (3a): Formed from mn12S4 (28.8 mg, 0.1 mmol)
in CHCl3 (2 mL) and AgBF4 (9.7 mg, 0.05 mmol) in MeOH
(1 mL). Yield: 68 mg (88%). M.p. 194–196 °C. IR (KBr): ν̃ = 2222
m, 2212 m (C�N); 1510 m (C=C); 1083 s, 1061 s, 1052 s (B–F)
cm–1. 1H NMR (CD3NO2): δ = 3.18 [s, 4 H, C(8)H2], 3.21 [m, 4
H, C(6)H2], 3.56 [m, 4 H, C(5)H2] ppm. 13C NMR: See Table 2.
ESI(HR)-MS: m/z calcd. for C20H24AgN4S8 [M – BF4]+ 682.8818;
found 682.8812. C20H24AgBF4N4S8 (771.59): calcd. C 31.13, H
3.14, N 7.26, S 33.24; found C 30.51, H 3.00, N 6.92, S 32.35.

[Ag(mn12S4)2]PF6 (3b): Formed from mn12S4 (28.8 mg, 0.1 mmol)
in CHCl3 (2 mL) and AgPF6 (12.6 mg, 0.05 mmol) in MeOH
(2 mL). Yield: 52 mg (63%). M.p. 193 °C. IR (KBr): ν̃ = 2222 m,
2213 m (C�N); 1512 m (C=C); 835 s, 558 m (P–F) cm–1. ESI(HR)-
MS: m/z calcd. for C20H24AgN4S8 [M – PF6]+ 682.8818; found
682.8825. C20H24AgF6N4PS8 (829.75): calcd. C 28.95, H 2.92, N
6.75, S 30.91; found C 28.63, H 2.78, N 6.48, S 31.30.

[Ag(mn13S4)2]BF4 (4a): Formed from mn13S4 (30.2 mg, 0.1 mmol)
in CHCl3 (2 mL) and AgBF4 (9.7 mg, 0.05 mmol) in MeOH
(1 mL). Yield: 71 mg (88%). M.p. 190–191 °C. IR (KBr): ν̃ = 2217
m, 2209 m (C�N); 1512 m, 1504 m (C=C); 1069 s, 1052 s, 1035 s
(B–F) cm–1. 1H NMR (CD3NO2): δ = 2.06 [m, 2 H, C(12)H2], 3.02
[t, 3JH,H = 6.1 Hz, 4 H, C(13)H2], 3.24 [m, 4 H, C(2)H2], 3.59 [m,
4 H, C(3)H2]. 13C NMR: See Table 3. ESI(HR)-MS: m/z calcd. for
C22H28AgN4S8 [M – BF4]+ 710.9131; found 710.9136.
C22H28AgBF4N4S8 (799.64): calcd. C 33.04, H 3.53, N 7.01, S
32.07; found C 32.90, H 3.42, N 6.63, S 32.59.

[Ag(mn13S4)2]PF6 (4b): Formed from mn13S4 (30.2 mg, 0.1 mmol)
in CHCl3 (2 mL) and AgPF6 (12.6 mg, 0.05 mmol) in MeOH
(2 mL). Yield: 57 mg (66%). M.p. 193–195 °C. IR (KBr): ν̃ = 2225
m, 2216 m, 2210 m (C�N); 1514 m, 1505 m (C=C); 840 s, 558 m
(P–F) cm–1. ESI(HR)-MS: m/z calcd. for C22H28AgN4S8

[M – PF6]+ 710.9131; found 710.9140. C22H28AgF6N4PS8 (857.80):
calcd. C 30.80, H 3.29, N 6.53, S 29.90; found C 30.77, H 3.20, N
6.44, S 30.34.

[Ag2(mn12S4)3](BF4)2 (5a): Formed from mn12S4 (21.6 mg,
0.075 mmol) in CHCl3 (2 mL) and AgBF4 (9.7 mg, 0.05 mmol) in
MeOH (1 mL). Yield: 31 mg (33%). M.p. 172–185 °C. IR (KBr): ν̃
= 2223 m, 2213 m (C�N); 1511 m, 1502 m (C=C); 1053 s, 1037 s
(B–F) cm–1. ESI(HR)-MS: m/z calcd. for C30H36Ag2BF4N6S12 (�
1) [M – BF4]+ 1164.7781; found 1164.7758. C30H36Ag2B2F8N6S12

(1254.7): calcd. C 28.72, H 2.89, N 6.70, S 30.66; found C 28.12,
H 2.55, N 6.35, S 31.40.

[Ag2(mn13S4)3](PF6)2 (6b): Formed from mn13S4 (22.65 mg,
0.075 mmol) in CHCl3 (2 mL) and AgPF6 (12.6 mg, 0.05 mmol) in
MeOH (2 mL). Yield: 42 mg (40%). M.p. 194.5–195.5 °C. IR
(KBr): ν̃ = 2223 m, 2211 m (C�N); 1510 m, 1503 m (C=C);
845 s, 558 m (P–F) cm–1. ESI(HR)-MS: m/z calcd. for
C33H44Ag2F6N6PS12 (� 1) [M – PF6 + 2 H]+ 1266.8020; found
1266.8044. C33H42Ag2F12N6P2S12 (1413.12): calcd. C 28.05, H
3.00, N 5.95, S 27.22; found C 27.81, H 2.92, N 5.83, S 28.40.

[Ag(mn12S4)]BF4 (7a): Formed from mn12S4 (14.4 mg, 0.05 mmol)
in CHCl3 (1 mL) and AgBF4 (9.7 mg, 0.05 mmol) in MeOH
(1 mL). Yield: 18 mg (75%). M.p. 169–172 °C. IR (KBr): ν̃ = 2227
m, 2215 m (C�N); 1511 m, 1504 m (C=C); 1056 s (B–F) cm–1. 1H
NMR: See text. 13C NMR: See Table 2. ESI(HR)-MS: m/z calcd.
for C10H12AgN2S4 [M – BF4]+ 394.8934; found 394.8959.
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C10H12AgBF4N2S4 (483.13): calcd. C 24.86, H 2.50, N 5.80, S
26.54; found C 24.62, H 2.34, N 5.63, S 27.20.

[Ag(mn12S4)]PF6 (7b): Formed from mn12S4 (14.4 mg, 0.05 mmol)
in CHCl3 (1 mL) and AgPF6 (12.6 mg, 0.05 mmol) in MeOH
(2 mL). Yield: 18 mg (67%). M.p. 169.5–172 °C. IR (KBr): ν̃ =
2226 m, 2216 m (C�N); 1512 m, 1504 m (C=C); 839 s, 558 m
(P–F) cm–1. ESI(HR)-MS: m/z calcd. for C10H12AgN2S4

[M – PF6]+ 394.8934; found 394.8928. C10H12AgF6N2PS4 (541.29):
calcd. C 22.19, H 2.23, N 5.18, S 23.69; found C 22.25, H 2.13, N
5.13, S 24.48.

[Ag(mn13S4)]BF4 (8a): Formed from mn13S4 (15.1 mg, 0.05 mmol)
in CHCl3 (1 mL) and AgBF4 (9.7 mg, 0.05 mmol) in MeOH
(1 mL). Yield: 21 mg (85%). M.p. 158–161 °C. IR (KBr): ν̃ = 2224
m, 2214 m (C�N); 1510 m, 1503 m (C=C); 1054 s (B–F) cm–1. 1H
NMR: See text. 13C NMR: See Table 3. ESI(HR)-MS: m/z calcd.
for C11H14AgN2S4 [M – BF4]+ 408.9091; found 408.9115.
C11H14AgBF4N2S4 (497.16): calcd. C 26.58, H 2.84, N 5.63, S
25.79; found C 26.32, H 2.73, N 5.48, S 26.38.

[Ag(mn13S4)]PF6 (8b): Formed from mn13S4 (15.1 mg, 0.05 mmol)
in CHCl3 (1 mL) and AgPF6 (12.6 mg, 0.05 mmol) in MeOH
(2 mL). Yield: 19 mg (68%). M.p. 167–168 °C. IR (KBr): ν̃ = 2225
m, 2214 m (C�N); 1510 m, 1502 m (C=C); 840 s, 558 m (P–F)
cm–1. ESI(HR)-MS: m/z calcd. for C11H14AgN2S4 [M – PF6]+

408.9091; found 408.9109. C11H14AgF6N2PS4 (555.32): calcd. C
23.79, H 2.54, N 5.04, S 23.09; found C 24.08, H 2.48, N 5.01, S
23.7.

Electrospray Ionisation: The ligand and complex solutions (10–5 )
for the ESI investigations were prepared with CH3CN or CH3NO2.
All samples were injected (5–25 µLmin–1) with a Harvard syringe
pump. The capillary voltage was set to 2.5 kV, with a cone voltage
of between 15 and 35 V. The source temperature was 80 °C and the
desolvation temperature 150 °C. The cone and desolvation gases

Table 4. Crystallographic data for the structural analyses of compounds mn12S4, mn13S4, 3a, 4a, and 6b.

mn12S4 mn13S4 3a·2CH3NO2 4a 6b·2CH3NO2

Empirical formula C10H12N2S4 C11H14N2S4 C22H30AgBF4N6O4S8 C22H28AgBF4N4S8 C35H48Ag2F12N8O4P2S12

Formula mass 288.46 302.48 893.67 799.64 1535.21
Crystal system monoclinic monoclinic triclinic triclinic monoclinic
Space group P21/c P21/c P1̄ P1̄ P21

a [Å] 7.9925(5) 9.1375(8) 8.4720(8) 9.0222(6) 9.2270(3)
b [Å] 17.7229(9) 9.3531(5) 10.8770(10) 9.4131(8) 32.9208(17)
c [Å] 9.5906(6) 16.6903(15) 12.7790(11) 18.4532(14) 9.3795(3)
α [°] 90 90 66.830(6) 83.591(7) 90
β [°] 105.572(5) 95.761(7) 73.070(6) 89.939(6) 96.779(3)
γ [°] 90 90 73.370(6) 81.332(6) 90
V [Å3] 1308.65(13) 1419.21(19) 1015.78(16) 1539.4(2) 2829.20(19)
Z 4 4 1 2 2
Dcalcd. [g cm–3] 1.464 1.416 1.461 1.725 1.802
F(000) 600 632 413 808 1540
Θ range [°] 2.30–24.99 2.24–24.99 1.77–25.00 2.20–27.49 1.24–22.50
Index range –9 � h � 9 –10 � h � 10 –10 � h � 10 0 � h � 11 –9 � h � 9

–20 � k � 20 –11 � k � 11 –12 � k � 12 –12 � k � 12 –35 � k � 35
–11 � l � 11 –19 � l � 19 –15 � l � 15 –20 � l � 23 –10 � l � 10

Reflections collected 19147 8242 10580 7391 26971
Independent reflections 2300 2489 3573 6969 7373
Data/restraints/parameters 2300/0/146 2489/0/155 3573/0/226 6969/0/362 7373/3/688
R1, wR2 [I � 2σ(I)] 0.0234, 0.0601 0.0343, 0.0816 0.0305, 0.0878 0.0277, 0.0766 0.0517, 0.1059
R1, wR2 (all data) 0.0285, 0.0618 0.0442, 0.0847 0.0358, 0.0895 0.0377, 0.0807 0.0771, 0.1144
S 1.039 1.042 1.060 1.027 0.953
∆ρmin., ∆ρmax. [eÅ–3] –0.203, 0.039 –0.522, 1.070 –0.488, 0.371 –0.771, 1.246 –0.632, 1.092

Eur. J. Inorg. Chem. 2006, 2377–2384 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2383

(nitrogen) were delivered at 50 and 360 µLh–1, respectively
(Table 2). For MS/MS, after selection of the appropriate precursor
ion, argon was used as the collision gas (approx. 5×10–5 mbar) and
the gas cell was maintained between 3 and 40 eV. Elemental
compositions were determined by accurate mass measurement with
a standard deviation of less than 5 ppm.

X-ray Structure Determinations for mn12S4, mn13S4, 3a, 4a and 6b:
Crystals of mn12S4 and mn13S4 suitable for the X-ray structure
determination were obtained by slow crystallisation from a chloro-
form solution in a refrigerator at 6 °C. Single crystals of 3a were
selected from a nitromethane solution after standing at 6 °C for
4 d. A solution of 4a was placed in the narrow region of a crystalli-
sation tube and carefully covered with a heptane layer. After 5 d,
yellow crystals, which were suitable for X-ray analysis, were ob-
tained. Crystals of 6b were grown at 6 °C from a methanol/nitro-
methane solution during a six-week period. The crystals were
mounted on a glass fibre. Diffraction data for mn12S4, mn13S4, 3a
and 6b were collected with a STOE IPDS-2 diffractometer
(Table 4). Data for 4a were collected with a STOE four-circle in-
strument. All measurements were performed at 210(2) K using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Spher-
ical absorption corrections were applied for mn12S4 and mn13S4.
For 4a, an empirical absorption correction was performed. The
structures were solved by direct methods (SHELXS-97)[36] and re-
fined by full-matrix least-squares on F2 using all reflections
(SHELXL-97).[37] All non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms were calculated in their expected posi-
tions and refined using a riding model. The packing of 3a contains
disordered tetrafluoroborate anions and two solvate molecules (ni-
tromethane) with small occupancy factors, from which only one
solvate molecule could be satisfactorily refined. Therefore only one
was involved in the refinement; the other ones were disregarded
with the SQUEEZE instruction of the PLATON[38] program.
CCDC-266947 to -266951 (for mn12S4, mn13S4, 3a, 4a and 6b,



H.-J. Holdt et al.FULL PAPER
respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Tetranuclear Complexes Containing a Luminescent Ru2M2 Core [M = CuI,
(allyl)PdII]: Synthesis, Structures and Electrochemical Properties
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The reaction between [(tbbpy)2Ru(tmbiH2)](PF6)2 (tbbpy =
4,4�-di-tert-butyl-2,2�-bipyridine; tmbiH2 = 5,5�,6,6�-tet-
ramethyl-2,2�-dibenzimidazole) and LiMe/CuI affords the
tetranuclear complex 1 containing the dication [{(tbbpy)2-
Ru(tmbi)}2Cu2]2+. The X-ray structure of 1 shows that the two
[(tbbpy)2Ru(tmbi)] units coordinate the two Cu atoms in a
twofold monodentate manner. Each copper atom is sur-
rounded by two N-donor atoms of different ruthenium(II)
units with N–Cu–N angles of 167.3°. The Cu···Cu separation
(2.72 Å) indicates intranuclear contacts. LiMe/[(allyl)PdCl]2

reacts with the starting Ru complex to form 2, which contains
the tetranuclear dication [{(tbbpy)2Ru(tmbi)}2{Pd(η3-allyl)}2]2+.
Its crystal structure shows that the RuII units act as twofold
monodentate ligands as well. Each PdII is in an essentially
planar coordination environment containing two nitrogen
atoms of two different dibenzimidazolates in the cis position
with the η3-bonded allyl group occupying the two remaining

Introduction

The construction of oligonuclear metal complexes con-
taining at least two different metals on the opposite side of
bridging ligands is an area of general interest not only from
synthetic, structural or theoretical points of view but also
due to their potential catalytic properties, which often may
be different from the related mononuclear species.[1,2] Of
special interest in this field is the development of supramo-
lecular combinations consisting of both a photo-redoxac-
tive metal unit (M1) and a reactive metal (M2) connected
by bridging ligands that allow electronic communication be-
tween the metal centers (for a review see ref.[3]). In these
complexes the unit M1 may act as a sensor of reactions
at the reactive metal M2. Furthermore, such systems are
interesting candidates for studying directional photoelec-
tron transfer processes between the different metals. In ad-
dition, in this type of complex the reactivity of M2 may not
only be tuned by steric or electronic influences of the M1

units but also by light.[4] An attractive application of this
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positions. In contrast to 1, where the Ru–Cu–Cu–Ru unit
forms an essentially planar structure, a strongly bent struc-
ture is formed in compound 2. ESI mass spectra of 1 and 2
clearly show that the tetranuclear complexes are present in
solution as well. Both complexes are luminescent. In ad-
dition, 2 catalyses the Heck coupling at 120 °C in N,N-di-
methylacetamide. In contrast to 1 and 2, the homodinuclear
complex [(tbbpy)2Ru(tmbi)Ru(tbbpy)2] (3) contains the di-
benzimidazolate as a twofold chelating ligand that forms two
five-membered chelate rings with the Ru centres. Electro-
chemical measurements of 2 show two reversible, one-elec-
tron oxidation steps, the difference between which (∆E =
89 mV) is distinctly larger than the pure entropic effect.
Furthermore, four reduction steps are observed, the first two
of which are fully reversible.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

effect would be the development of new photoswitchable
catalysts.

We report here on the synthesis, structures and spectro-
scopic and electrochemical measurements of the two tetra-
nuclear complexes 1 and 2 consisting of two peripheral pho-
toactive (tbbpy)2RuII fragments (“M1”), a tetramethyldi-
benzimidazolate bridging ligand, and either CuI or (allyl)-
PdII as reactive metal centres (“M2”). In these combinations
the bridging system is expected to allow electronic com-
munication between the metals on each side.

Results and Discussion

Syntheses and Structures of Complexes 1 and 2

Very recently we have described the new ruthenium com-
plex [(tbbpy)2Ru(tmbiH2)](PF6)2 (tbbpy = 4,4�-di-tert-bu-
tyl-2,2�-bipyridine; tmbiH2 = 5,5�,6,6�-tetramethyl-2,2�-di-
benzimidazole), which is easily accessible by a microwave-
assisted reaction.[5] In contrast to the unsubstituted deriva-
tive, [(tbbpy)2Ru(tmbiH2)](PF6)2 is more soluble in organic
solvents due to the presence of ten methyl groups at the
periphery of the complex. Furthermore, the complex con-
tains a free coordination side and should therefore be able



D. Walther et al.FULL PAPER
to act as a “metalloligand” after deprotonation, analogous
to similar systems (for typical Ru complexes of this type see
refs.[5–15]).

The copper() complex 1 was obtained as follows. Treat-
ment of [(tbbpy)2Ru(tmbiH2)](PF6)2 in THF with a mixture
of copper iodide and methyllithium (molar ratio 1:2) dis-
solved in diethyl ether at –78 °C resulted in a dark-red solu-
tion from which 1 was obtained as a crystalline brown solid
after workup. Its electrospray mass spectrum (ESI-MS) per-
formed in CHCl3/CH3OH reveals one major peak at
m/z 2123 corresponding to the composition [{(tbbpy)2-
Ru(tmbi)}2Cu2(PF6)]+, which suggests a structure of the di-
cation according to Figure 1. The calculated isotopic
pattern for this tetranuclear species agrees well with the ex-
perimentally found one.

Figure 1. The cations of complexes 1, 2 and 3.

The 1H NMR spectrum of 1 in CDCl3 shows the typical
resonances for the [Ru(tbbpy)2(tmbi)] moiety[5,6] although
it gives little additional structural information about 1. It
displays two singlets for the methyl protons of the tert-butyl
groups at δ = 1.34 and 1.47 ppm, and two singlets for the
methyl protons of the bridging ligand at δ = 2.01, and
2.30 ppm in the expected intensity ratio of 3:3:1:1. The pro-
tons for the 2,2�-bipyridine system show the expected set
of six signals for H3, H3�, H5, H5�, H6, H6�, respectively.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2385–23922386

Furthermore, two resonances are observed for the aromatic
protons of the bridging tmbi at δ = 5.36 and 7.66 ppm. In
comparison with the mononuclear complex [(tbbpy)2-
Ru(tmbiH2)](PF6)2, the corresponding signals in 1 are only
slightly low-field shifted.

We succeeded in growing single crystals of the complex
1, which crystallizes with the anions PF6

– and Cl– and with
some solvent molecules. Figure 2 shows the solid-state
structure of the dication of 1 determined by a low-tempera-
ture X-ray analysis and contains relevant bond lengths and
angles in the caption.

Figure 2. Molecular structure of the dication of complex 1 (the H
atoms have been omitted for clarity). Selected bond lengths [Å]:
Cu–CuA 2.720(1), Cu–N3 1.852(5), Cu–N4A 1.850(5), Ru–N1
2.087(5), Ru–N2 2.076(5), Ru–N5 2.036(5), Ru–N6 2.041(5), Ru–
N7 2.054(6), Ru–N8 2.046(5), C1–C8 1.436(8). Symmetry transfor-
mations used to generate equivalent atoms: A –x + 1, –y + 1,
–z + 1.

The most remarkable feature is that the two metalloli-
gands do not act as chelating ligands for CuI but bind the
two Cu atoms in a monodentate manner resulting in an N–
Cu–N coordination for each copper() centre. There is no
additional interaction with the anions. The considerable de-
viation of the N–Cu–N angles (167.3°) from linearity may
be explained by the influence of the other CuI centre, which
is in close proximity. The Cu···Cu separation is 2.72 Å,
which suggests intramolecular contacts (van der Waals ra-
dii: 2.8 Å[16]). The Ru···Ru separation is 11.36 Å. Further-
more, the bridging imidazolato rings are essentially planar,
and their C–N bond lengths are equal within the experi-
mental error. Since the benzene rings do not lie in this
plane, the two tetramethyldibenzimidazolate systems have a
boat form with an angle of 163.9° for the centroids of C1–
C8, C4–C5 and C11–C12, and C1A–C8A, C4A–C5A and
C11A–C12A, respectively.

In addition, the atoms N3–Cu–N4A–N3A–CuA–N4 lie
in a plane with extremely small deviations of the Cu atoms
from this plane (0.012 Å). The nitrogen atoms N1 and N2,
which are coordinated to the [(tbbpy)2Ru] fragment, lie
above this plane (Cu–N3–N1 = 166.6°); the other pair of
nitrogen atoms N1A and N2A, which are coordinated to
the [(tbbpy)2Ru(A)] moiety, lies below this plane resulting
in a chair arrangement of the eight nitrogen atoms of the
two bridging ligands. The unidentate coordination of bridg-
ing imidazolates has already been described for a number
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of complexes with other metals, although not with CuI.[1,7]

For example, a similar coordination mode for a disilver
complex containing π-acidic [2-(phenylazo)pyridine]2Ru
fragments at the periphery and the unsubstituted diimid-
azolate as bridging ligand was recently described by Gos-
wami et al.[7] Furthermore, in a hexametallic CuII complex
containing two CuII centres and four (bipy)2Ru(bimidazol-
ate) units the diimidazolates also act as monodentate li-
gands.[8]

Although 1 is coordinatively unsaturated, it does not re-
act with triphenylphosphane. Furthermore, in the solid
state no reaction with air was observed.

Treatment of [Ru(tbbpy)2(tmbiH2)](PF6)2 in THF with
two equivalents of methyllithium at –78 °C and subsequent
treatment with a slight excess of dimeric (allyl)palladium()
chloride resulted in a dark-red/violet solution from which
reddish-brown crystals of 2 were obtained. The ESI mass
spectrum performed in CHCl3/CH3OH showed an envelope
of peaks at m/z 2292 that match well with the isotopic dis-
tribution calculated for the fragment ion [{(tbbpy)2-
Ru(tmbi-H)}2{Pd(allyl)2}(PF6)]+. This indicates that a tet-
ranuclear complex similar to 1 is present in solution as well.
The 1H NMR spectrum of 2 in CD2Cl2 shows the typical
pattern for the [Ru(tbbpy)2(tmbi)] fragments, with the
methyl proton signals at δ = 1.37 and 1.53 ppm and the
methyl protons of the dibenzimidazolate at δ = 2.03 and
2.33 ppm. In comparison with 1, these signals and the reso-
nances for the bipy protons and for the aryl signal H7 are
shifted slightly downfield.

Single crystals of 2 suitable for an X-ray determination
were grown from a mixture of dichloromethane and meth-
anol in the presence of a small amount of water by slow
diffusion of dichloroethane into this mixture. Under these
conditions, the tetranuclear diaction [{(tbbpy)2Ru-
(tmbi-H)}2{Pd(allyl)2}]2+ crystallizes with both the PF6

–

and the Cl– anions and with different solvent molecules.
Figure 3 shows the molecular structure of the dication and
contains relevant bond lengths and angles in the caption.

The two halves of the molecule form an extremely un-
symmetrical structure. Similar to complex 1, the (tbpby)2-
Ru(tmbi) metalloligand coordinates in a twofold mono-
dentate manner to the two PdII centres. Each PdII is in a
distorted planar coordination environment formed by two
nitrogen atoms of two different dibenzimidazolates in cis
positions while the η3-bonded allyl group occupies the two
remaining positions. The two C2PdN2 planes are not paral-
lel to each other but are strongly twisted, with a torsion
angle of 46.9°. The Pd···Pd separation of 3.06 Å is rather
short, suggesting a weak interaction between these metals.
The intramolecular Ru···Ru separation is 8.308 Å. In con-
trast to complex 1, where the Ru–Cu–Cu–Ru atoms form a
planar structure, in compound 2 a strongly bent structure
is found. The centroids of the two Pd atoms and the two
Ru centres form an angle of 90.7°.

Other bond lengths and angles are in good agreement
with typical values found for similar complexes (Figure 3).
It is interesting to note that a long-known tetranuclear Pd
complex in which four (allyl)PdII moieties are connected via
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Figure 3. Molecular structure of the dication of complex 2 (the H
atoms, the anions PF6

– and Cl–, and some atom labels have been
omitted for clarity). Selected bond lengths [Å]: PdA–N2A 2.092(6),
PdA–N3B 2.085(6), PdB–N1A 2.091(5), PdB–N1B 2.111(5), PdA–
C55A 2.128(9), PdA–C56A 2.089(9), PdA–C57A 2.096(10), RuA–
N4A 2.082(6), RuA–N5A 2.047(6), RuA–N6A 2.049(6), RuA–N7A
2.048(5), RuA–N8A 2.049(6), C1A–C8A 1.450(9), PdB–C55B
2.124(8), PdB–C56B 2.113(12), PdB–C57B 2.153(8), RuB–N4B
2.086(5), RuB–N5B 2.052(5), RuB–N6B 2.045(5), RuB–N7B
2.036(5), RuB–N8B 2.040(5), C1B–C8B 1.460(10).

two dibenzimidazolate bridges has a related structure.[17] In
this compound, each of the two imidazolates coordinates
an (allyl)PdII unit to form a chelate ring whereas the other
two Pd centres are monodentately coordinated. Although
no X-ray studies have been carried out, other mixed com-
plexes containing Pd and Rh may have a similar tetranu-
clear arrangement.[17] Additionally, related structures have
been found in a tetranuclear rhodium carbonyl complex
with diimidazolate bridges[18] and in the complex [(η6-p-cu-
mene)ClRu(µ-bbzim)Rh(norbornadiene)2]2.[1]

In contrast to the observed ligand behaviour in these
complexes, the structurally similar oxalamidinate ligands
act as normal twofold didentate bridging ligands towards
PdII and Cu, forming five-membered chelate rings.[19–22]

The homodinuclear ruthenium tetramethyldibenzimid-
azolate complex 3 has been prepared using standard pro-
cedures.[9] The fully characterised compound was isolated
as a mixture of the rac and meso diastereomers, which exhi-
bit slightly different 1H NMR signals. In contrast to both
1 and 2, the dibenzimidazolato ligand in 3 acts as a twofold
chelating ligand. The X-ray crystal structure of its meso
form (not depicted; see Experimental Section) shows the
two Ru centres on the opposite side of the diimidazolate
bridging ligand with bond lengths and angles that are typi-
cal for such chelate complexes, althoughr with one excep-
tion: the bridging tetramethyldibenzimidazolate ligand is
kinked within the central C–C bond.[9]

Electronic Spectra and Catalytic Behaviour of 1–3

The electronic spectra of 1 in THF show an absorption
band in the visible region at λ = 519 nm which can be at-
tributed to a 3MLCT transition from RuII to the bipy li-
gand. While the starting compound − the deprotonated
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metalloligand [(tbbpy)2Ru(tmbi)] − is not luminescent, co-
ordination of CuI switches on emission resulting in an emis-
sion band at λ = 705 nm. The lifetime of the excited state in
THF at room temperature (93 ns) (Table 1) is significantly
shorter than that in the protonated compound [(tbbpy)2-
Ru(tmbiH2)]2+ (lifetime in THF of 363 ns). We have re-
cently observed a similar behaviour with the unsubstituted
dibenzimidazolate complex [(tbbpy)2Ru(bbim)], which acts
as a cation-driven molecular switch due to the formation of
emitting systems by reacting with metal ions in solution.[6]

Table 1. Optical and electrochemical data of the complexes 1–3 at
room temperature.

Complex 1 Complex 2 Complex 3

Absorption λmax [nm][a] 519 524 515
Emission λmax [nm][b] 705 653 707
Lifetime [ns][c] 93[d] 244[d] 60[e]

E[f]
1/2 (ox) [V] dec. +0.146, +0.235 +0.215, +0.51

E[f]
1/2 (red) [V] dec. –1.989, –2.036 –1.963, –2.027

–2.313, –2.385 –2.260, –2.338

[a] ±2 nm in THF. [b] ±4 nm in THF. [c] ±10%. [d] In THF. [e] In
acetonitrile. [f] ±0.004 V in acetonitrile.

In the electronic spectrum of 2 in THF (Table 1) the low-
est absorption maximum appears at λ = 524 nm which is
only slightly shifted compared with 1. In contrast, a larger
difference was observed in the emission spectra in THF,
where the emission maximum was found at λem = 653 nm,
which represents a hypsochromic shift of 52 nm. In ad-
dition, the lifetime of the excited state of 244 ns is signifi-
cantly longer than that for 1. A more detailed study of the
interesting photophysical behaviour of complex 2 will be
described in detail in a separate publication.[23]

The homodinuclear complex 3 has the lowest absorption
maximum in THF at λ = 515 nm and emits at 707 nm,
which compares well with the unsubstituted derivatives.[9]

Preliminary investigations of the catalytic behaviour of 1
and 2 show only low activity of 1 in the catalytic oxidation
of 3,5-di-tert-butylcatechol to form the o-quinone. Complex
2 catalyses the Heck reaction of aryl bromides with substi-
tuted aryl olefins. An investigation of the reaction between
4-bromoacetophenone and n-butyl acrylate, which is usu-
ally chosen as a standard reaction to evaluate the catalyst
productivity, at 120 °C in (N,N-dimethylacetamide) with so-
dium acetate as the base resulted in 86% conversion after
two hours (turnover number: 4300 mol conversion per mol
catalyst). At 80 °C the catalysis proceeded slowly, with 37%
conversion after 11 h (TON = 1850). In the microwave-as-
sisted Heck coupling 83% conversion was observed after
1 h (TON = 4150; programme 10 s at 175 W, then 1 h at
65 W).

Electrochemistry of Complexes 2 and 3

Due to the decomposition of 1 during the electrochemi-
cal measurements the electrochemistry of this complex
could not be studied. In contrast, the palladium complex 2
is stable under these conditions and could be investigated
electrochemically (Table 1). For comparison, the dimeric ru-
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thenium complex [(tbbpy)2Ru(µ-tmbi)Ru(tbbpy)2] (3) was
also investigated. Complex 3 exhibits two chemically revers-
ible one-electron oxidation steps. The half-wave potentials
were found to be at +0.215 and +0.51 V with respect to the
ferrocene/ferrocenium couple and the diffusion coefficient
of the complex, DLRu–RuL, amounts to about
5×10–6 cm2 s–1. Formally the two one-electron steps may be
attributed to the oxidation of both the ruthenium() centres
in the complex. The relatively large difference of these po-
tentials (∆E = 295 mV) shows that there is a remarkable
electronic communication between the Ru centres.

At first glance the reduction of complex 3 (“LRu–RuL”)
shown in Figure 4 seems also to proceed in two separate
reduction steps at about –2 and –2.3 V, respectively. How-
ever, a more detailed analysis of the frequency dependence
of the peak heights and peak shapes (using the diffusion
coefficient estimated from the oxidation process) revealed
that each peak is actually formed by two overlapping one-
electron steps. A comparison of experimental square-wave
voltammograms (solid line) and those simulated on the ba-
sis of the mechanism (M1; open circles) is shown in Fig-
ure 4.

Figure 4. Comparison of experimental (solid line) and simulated
(open circles) cyclic square-wave voltammograms for the reduction
of a 1.1 m solution of complex 3 at a mercury drop electrode in
acetonitrile. The voltammograms refer to square-wave frequencies
of 50, 200, 400, 800, 1500 and 3000 Hz (with increasing peak
height) and the potential scale is referenced to the ferrocene/ferro-
cenium couple. The simulations were executed on the basis of the
mechanism M1 with LRu–RuL = complex 3.

The one-electron steps can be attributed here to the step-
wise reduction of the two (tbbpy)2Ru units involved in the
complex assuming fully reversible charge-transfer reactions
and identical diffusion coefficients for all species. The dif-
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ference |E2

0–E1
0| = 64 mV and |E4

0–E3
0| = 78 mV is distinctly

greater than the limiting value of 35.6 mV resulting from a
pure entropic effect. A communication of the complex
centres through the bridging ligand is therefore clearly vis-
ible in the cathodic charge-transfer processes. Of course, the
electronic coupling is even larger if both reduction steps
refer to the same (tbbpy)2Ru moiety (|E3

0–E1
0| = 297 mV and

|E4
0–E2

0| = 311 mV, respectively).
The oxidation of complex 2 by cyclic square-wave vol-

tammetry is shown in Figure 5. This figure reveals that the
oxidation of the complex is similar to that reported above
for 3, but in contrast to the latter compound both one-
electron steps are no longer well separated. For this reason,
reliable results can be evaluated only by subjecting the ex-
perimental data to a fitting procedure. The values of the
half-wave potentials retrieved for the best fit are +0.146 and
+0.235 V, respectively, which is a difference of 89 mV. This
value is smaller than that reported above for complex 3 but
still distinctly larger than that expected for a pure entropic
effect.

Figure 5. Comparison of experimental (solid line) and simulated
(open circles) cyclic square-wave voltammograms for the oxidation
of a 1.9 m solution of complex 2 at a platinum disc electrode in
acetonitrile. The voltammograms refer to square-wave frequencies
of 50, 200, 400 and 800 Hz (with increasing peak height) and the
potential scale is referenced to the ferrocene/ferrocenium couple.
The simulations were executed for a reversible E–E mechanism
using the standard potentials reported in the text.

The close relationship to the electrochemistry of the
LRu–RuL complex 3 also becomes visible when looking at
the reduction of 2 using the cyclic square-wave voltammog-
rams (depicted in Figure 6) or at the experiment referring
to the highest square-wave frequency (fsw � 200 Hz) in Fig-
ure 7. Figure 6 reveals that the first two one-electron steps
proceed in a fully reversible way analogously to that indi-
cated by the first two reactions in (M1) when replacing

LRu–RuL by LRu-
Pd

Pd
-RuL as a symbol for complex 2. The

half-wave potentials of these processes (evaluated from the
data fitting shown in Figure 6) were estimated to be at E1°
= –1.989 and E2° = –2.036 V, respectively, which means that
|E2

0–E1
0| is 47 mV. That means that the deviation from the

ideal peak shape of an uncoupled system is hardly visible
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and is only detectable by fitting current curves referring to
different time windows.

Figure 6. Comparison of experimental (solid line) and simulated
(open circles) cyclic square-wave voltammograms for the reduction
of a 0.6 m solution of complex 2 at a mercury-drop electrode in
acetonitrile. The voltammograms refer to square wave frequencies
of 25, 50, 100 and 200 Hz (with increasing peak height) and the
potential scale is referenced with respect to the ferrocene/ferrocen-
ium couple. The simulations were executed taking the first two re-
actions of the mechanism shown in M2 into consideration.

Figure 7. Comparison of experimental (solid line) and simulated
(open circles) cyclic square-wave voltammograms for the reduction
of a 0.6 m solution of 2 at a mercury drop electrode in acetoni-
trile. The voltammograms refer to square wave frequencies of 25,
50, 100 and 200 Hz (with increasing peak height) and the potential
scale is referenced with respect to the ferrocene/ferrocenium couple.
The simulations were executed taking the reactions M2, M3 and
M4 into consideration.

The most striking difference in the electrochemistry of

the LRu-
Pd

Pd
-RuL complex 2 compared to that of the LRu–

RuL complex 3 becomes visible when looking at the low-
frequency experiments shown in Figure 7. While the current
response of the high-frequency experiment (fsw = 200 Hz)
is, at least qualitatively, very similar to the voltammograms
of the LRu–RuL complex depicted in Figure 4, an ad-
ditional shoulder is more and more noticeable at around
–2.05 V upon decreasing the square-wave frequency (i.e.
more time is needed before the re-oxidation process to the
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starting product takes place). Integrating the cathodic and
anodic current in these curves reveals that virtually no
charge is lost in the course of the re-oxidation processes.
Combining this result with the fact that the first two one-
electron steps appear (chemically and electrochemically)
fully reversible in Figure 6 gives rise to the conclusion that
(after receiving three or four electrons) complex 2 slowly
decomposes to another product which is reoxidized and
gives the additional shoulder at about –2.05 V. Interestingly,
the latter value is very close to one of the reversible half-
wave potentials of the deprotonated complex [(tbbpy)2-
Ru(tmbi)].[9] This complex exhibits two chemically revers-
ible one-electron reduction steps at –2.07 and –2.364 V,
respectively. It therefore appears reasonable to assume that
the additional shoulder results from the re-oxidation of re-
duced [(tbbpy)2Ru(tmbi)] species formed by decomposition
of the three- or fourfold reduced complex 3. Indeed, the
experimental square-wave voltammograms shown in Fig-
ure 7 (solid lines) are in very good agreement with the simu-
lated ones (open circles) obtained on the basis of a reaction
scheme similar to M1

but includes the decomposition reaction. (Actually, it
cannot really be distinguished from the experimental data
whether the decomposition reaction starts with the third or
only after the fourth reduction step. For convenience, only
one follow-up reaction has been taken into consideration.)

In the backward scan the re-oxidation proceeds simulta-
neously by two pathways: firstly, as indicated in M2, and
secondly, as re-oxidation of the decomposition products.

The fact that the half-wave potentials E1�
0 and E2�

0 re-
trieved by the fitting routine are, within the experimental
error, in agreement with those reported above for the depro-
tonated complex [(tbbpy)2Ru(tmbi)] is a strong indication
that the latter species is really formed by the follow-up reac-
tion (M3).

Conclusions
The tetranuclear complexes 1 and 2 are built up by con-

necting two (tbbpy)2RuII(tetramethyldiimidazolate) frag-
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ments by either CuI centres or two (allyl)PdII fragments.
In these complexes the dibenzimidazolates act as twofold
monodentate ligands resulting in 10-membered metallamac-
rocycles, which are luminescent at room temperature. Elec-
trochemical measurements show that there is an electronic
communication between the Ru centres in 2. Complex 2 is
a good catalyst for the Heck reaction in the dark.

Experimental Section
General Procedures: Infrared spectra were recorded with a Perkin–
Elmer 2000 FT-IR, 1H NMR spectra were recorded with a Bruker
400 MHz/200 MHz spectrophotometer and UV/Vis spectra were
obtained with a Varian Cary 1 UV/Vis or Shimadzu UV 3100 UV/
Vis-NIR. The mass spectra were recorded with a SSQ 170, Finni-
gan Mat spectrometer. Electrospray mass spectra were recorded
with a Finnnigan MAT, MAT 95 XL. Values quoted for m/z are
for the most intense peak of the isotope envelope. The measured
isotopic pattern for complexes 1 and 2 are in good agreement with
the isotopic pattern calculated using the program ICIS (version
8.2.1, Finnigan). Emission spectra were recorded with a Perkin–
Elmer LS50B spectrometer equipped with a Hamamatsu R928 red-
sensitive detector.

All manipulations were carried out by using modified Schlenk tech-
niques under an atmosphere of argon. Prior to use, THF, diethyl
ether and n-pentane were dried with potassium hydroxide and dis-
tilled from over sodium/benzophenone. Methyllithium (1.6  solu-
tion in diethyl ether, Fluka), 4-bromoacetophenone (Fluka) and
sodium acetate (Aldrich) were used as received; [(tbbpy)2Ru-
(tbbpy)2Cl2] and [(tbbpy)2Ru(tmbiH2)](PF6)2 was prepared accord-
ing to a literature procedure.[5]

Complex 1: A stirred suspension of bis(4,4�-di-tert-butyl-2,2�-bipyr-
idine)-5,6,5�,6�-tetramethyl-2,2�-dibenzimidazolatoruthenium()
hexafluorophosphate (298 mg, 0.24 mmol) in 30 mL of THF at
–78 °C was treated dropwise with a an equimolar amount of lith-
ium dimethylcuprate, prepared by reaction of CuI with MeLi in
diethyl ether. The reaction mixture was than stirred for 36 h at
room temperature. After filtration the solvent was evaporated and
the remaining substance was dried in vacuo. Yield: 266 mg (96%).
1H NMR (CDCl3, 200 MHz): δ = 1.34, 1.47 (s, each 36 H, tert-
butyl), 2.01, 2.30 (s, each 12 H, CH3 of benzimidazolate), 5.36 (s,
4 H, Ar-H4), 7.15 (dd, 3J = 6.2, 4J = 1.8 Hz, 4 H, bipy-H5�), 7.40
(dd, 3J = 6.2, 4J = 2.0 Hz, 4 H, bipy-H5), 7.66 (s, 4 H, aryl-H7),
7.75 (d, 3J = 6.0 Hz, 4 H, bipy-H6�), 7.91 (d, 3J = 6.2 Hz, 4 H,
bipy-H6), 8.13 (d, 4J = 1.4 Hz, 4 H, bipy-H3�), 8.20 (d, 4J = 1.8 Hz,
4 H, bipy-H3) ppm. MS (Micro-ESI in CH2Cl2/methanol):
m/z 2123 [M – PF6]+, 990 [M/2 + H – 2PF6]+. Absorption (THF):
λmax = 519 nm (intensity = 19526 Lmol–1 cm–1). Emission (THF):
λem = 705 nm (λex = 520 nm); lifetime of the first excited state:
93 ns in THF at room temperature.

Recrystallization from THF/CH2Cl2 resulted in a complex of the
composition 1·2THF·CH2Cl2. C117H146Cl2CuF12N16O2Pd2P2Ru2

(2498.4): calcd. C 56.24, H 5.89, N 8.97; found C 55.91, H 5.98, N
8.64. Single crystals of the composition [{(tbbpy)2Ru(tmbi)}2-
Cu2](PF6)1.5Cl0.5·CH2Cl2·2 CH3OH·H2O, were grown from a solu-
tion in dichloromethane and methanol in the presence of a small
amount of water.

Complex 2: A stirred suspension of bis(4,4�-di-tert-butyl-2,2�-bipyr-
idine)-5,6,5�,6�-tetramethyl-2,2�-dibenzimidazolatoruthenium()
hexafluorophosphate (500 mg, 0.41 mmol) in about 20 mL of THF
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was treated dropwise with 0.4 mL of a solution of methyllithium
in diethyl ether (1.6 ). Then, (allyl)palladium() chloride dimer
(100 mg, 0.27 mmol) dissolved in 10 mL of THF was added drop-
wise at –78 °C. Stirring for about 20 h and evaporation of most the
solvent at 0 °C in vacuo gave a dark red precipitate which was
dissolved in dichloromethane. After subsequent filtration to remove
the lithium salt and evaporation of most of the solvent, complex 2
crystallized as a red, microcrystalline compound. Yield: 432 mg
(70%). MS (Micro-ESI in CHCl3/methanol): m/z 2292 [M + H –
PF6]+, 1073 [M/2 – 2PF6]+. Absorption (THF): λmax = 524 nm (in-
tensity = 13431 Lmol–1 cm–1). Emission (THF): λem = 653 nm (λex

= 524 nm); lifetime of the first excited state: 244 ns in THF at room
temperature. 1H NMR (CD2Cl2, 200 MHz): δ = 1.37, 1,53 (each s,
tert-butyl), 2.03, 2.33 (each s, CH3 of benzimidazolate), 3.10, 3.70,
4.20 (broad, m, allyl), 5.41 (s, aryl-H4), 7.40 (m, Ar-H), 7.5–7.6 (m,
bipy-5 + aryl-H7), 7.84, 7.87 (each s, bipy-H6, bipy-H6�), 8.22,
8.29 (each d, bipy-H3 and bipy-H3�) ppm. Recrystallization from
CH2Cl2 resulted in a complex with the composition 2·4CH2Cl2.
C118H146Cl8F12N16P2Pd2Ru2 (2776.4): calcd. C 51.03, H 5,30, N
8.07; found C 51.29, H 5.59, N 7.75. Single crystals were grown
from a mixture of dichloromethane and methanol in the presence
of a small amount of water by slow diffusion of dichloroethane
into this mixture.

Complex 3: Complex 3 was obtained by employing the method de-
scribed for homologous dinuclear dibenzimidazole complexes[9]

using [Ru(tbbpy)2Cl2] (233 mg, 0.33 mmol) and tmbiH2 (50 mg,
0.165 mmol). After obtaining the pure fractions recrystallization
from acetone/water (50:50) yielded the pure complex. Crystals suit-
able for X-ray diffraction were grown from acetone/water at –20 °C.
Under these conditions the meso isomer crystallized. Absorption
maximum (CH3CN) at λmax = 512 nm, emission maximum
(CH3CN) at λem = 709 nm. 1H NMR (200 MHz, CDCl3): δ = 8.23
(d, J = 4.9 Hz, 6 H), 8.16 (m, 8 H), 7.84–7.80 (m, 4 H), 7.72 (d, J
= 6.8 Hz, 2 H), 7.44–7.37 (m, 6 H), 7.10 (s, 2 H), 2.15 (s, 12 H),
1.45 (s, 36 H), 1.31 (s, 36 H) ppm. MS (ESI in MeOH) m/z 781 [M/
2 – 2PF6] 1562 [M – 2PF6]+; 1707 [M – PF6)]+ with the expected
isotopic pattern. [3(acetone)4(H2O)2]. C102H140F12N12O6P2Ru2

(2122.2): calcd. C 57.77, H 6.65, N 7.92; found C 57.85, H 6.42, N
7.74. Single crystals of the composition [{tbbpy)2Ru(tmbi)2}-
(PF6)2] were grown from acetonitrile at –20 °C.

Crystal Structure Determination: The intensity data for the com-
pounds were collected on a Nonius KappaCCD diffractometer
using graphite-monochromated Mo-Kα radiation. Data were cor-
rected for Lorentz-polarization effects and for absorption ef-
fects.[24–26] The structures were solved by direct methods
(SHELXS[27]) and refined by full-matrix least-squares techniques
against Fo

2 (SHELXL-97[28]). The hydrogen atoms were included
at calculated positions with fixed thermal parameters. All non-hy-
drogen atoms were refined anisotropically.[28] XP (SIEMENS Ana-
lytical X-ray Instruments, Inc.) was used for structure representa-
tions.

Crystal Data for 1:[29] C108H128N16Cu2Ru2·1.5PF6·0.5Cl·4CH2Cl2·
2CH3OH·H2O, Mr = 2635.46 gmol–1, red-brown prism, size
0.04×0.04×0.04 mm3, triclinic, space group P1̄, a = 12.5919(3), b
= 13.9697(4), c = 19.6388(5) Å, α = 100.022(2)°, β = 93.575(1)°, γ
= 94.941(1)°, V = 3378.7(2) Å3, T = –90 °C, Z = 1, ρcalcd. =
1.295 gcm–3, µ(Mo-Kα) = 7.78 cm–1, multi-scan, transm.min. =
0.7326, transm.max. = 0.8678, F(000) = 1359, 21202 reflections in
h(–16/16), k(–18/17), l(–25/24), measured in the range 7.13° � Θ �

27.46°, completeness Θmax = 91.9%, 14231 independent reflections,
Rint = 0.040, 10166 reflections with Fo � 4σ(Fo), 734 parameters,
0 restraints, R1obs = 0.089, wR2obs = 0.218, R1all = 0.130, wR2all =
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0.256, GOOF = 1.027, largest difference peak and hole: 3.510/
–1.553 eÅ–3.

Crystal Data for 2:[29] C114H138N16Pd2Ru2·1.5PF6·0.5Cl·
1.5C2H4Cl2·CH3OH·8H2O, Mr = 2707.12 gmol–1, red-brown
prism, size 0.06×0.06×0.05 mm3, triclinic, space group P1̄, a =
16.0071(2), b = 18.3010(2), c = 29.0031(4) Å, α = 107.518(1)°, β =
95.968(1)°, γ = 93.112(1)°, V = 8025.5(2) Å3, T = –90°C, Z = 2,
ρcalcd. = 1.120 gcm–3, µ(Mo-Kα) = 5.36 cm–1, multi-scan,
transm.min. = 0.8426, transm.max. = 0.9778, F(000) = 2798, 42423
reflections in h(–20/19), k(–23/21), l(–28/37), measured in the range
2.51° � Θ � 27.49°, completeness Θmax = 86.3%, 31794 indepen-
dent reflections, Rint = 0.026, 23991 reflections with Fo � 4σ(Fo),
1498 parameters, 0 restraints, R1obs = 0.087, wR2obs = 0.258, R1all

= 0.114, wR2all = 0.290, GOOF = 1.027, largest difference peak
and hole: 2.862/–1.560 eÅ–3.

Crystal Data for 3:[29] C90H112F12N12P2Ru2·3C2H3N, Mr =
1977.16 gmol–1, red-brown prism, size 0.04×0.04×0.03 mm3, tri-
clinic, space group P1̄, a = 15.6447(5), b = 17.4399(4), c =
19.9816(5) Å, α = 74.301(2)°, β = 80.793(2)°, γ = 67.123(2)°, V =
4826.4(2) Å3, T = –90°C, Z = 2, ρcalcd. = 1.361 gcm–3, µ (Mo-Kα)
= 4.22 cm–1, F(000) = 2056, 33338 reflections in h(–20/19), k(–22/
21), l(–25/24), measured in the range 2.48° � Θ � 27.51°, com-
pleteness Θmax = 98.6%, 21886 independent reflections, Rint =
0.042, 14398 reflections with Fo � 4σ(Fo), 1150 parameters, 0 re-
straints, R1obs = 0.060, wR2obs = 0.128, R1all = 0.109, wR2all = 0.153,
GOOF = 1.027, largest difference peak and hole: 0.811/
–0.620 eÅ–3.

Heck Reactions: In a typical experiment, 6.25 mmol of 4-bromo-
acetophenone and 7 mmol of anhydrous sodium acetate as base
were placed in a 25-mL two-necked flask equipped with a stirring
bar, reflux condenser and septum. The flask was degassed under
vacuum and purged with argon to ensure an inert reaction atmo-
sphere. Then, 10 mL of N,N-dimethylacetamide as solvent, 0.5 g of
diethylene glycol/dibutyl ether as GC standard and 6.75 mmol of
n-butyl acrylate were added through the septum. The reaction mix-
ture was thoroughly stirred and heated to the appropriate reaction
temperature at which it was held for 5 min followed by treatment
with the catalyst solution containing complex 2 (1.25 µmol in
0.5 mL of THF). After the appropriate time interval the reaction
mixture was hydrolyzed with 2 mL of distilled water and extracted
with 2 mL of CH2Cl2. The organic phase was dried with K2CO3

and stored at –25 °C until GC analysis for determination of the
yield. The microwave-assisted Heck coupling was carried out using
a Microwave Laboratory Systems MLS EM-2 microwave system
(microwave set-up: 10 s at 175 W then 1 h at 65 W).

Electrochemical Measurements: Square-wave voltammetric mea-
surements were conducted using a three-electrode technique with a
home-built computer-controlled instrument based on the PCI-
6110E data acquisition board (National Instruments). The experi-
ments were performed in acetonitrile containing 0.25  tetrabu-
tylammonium perchlorate under a blanket of solvent-saturated ar-
gon. The ohmic resistance, which had to be compensated for, was
determined by measuring the impedance of the system at potentials
where the faradaic current was negligibly small. The internal refer-
ence electrode was an Ag/AgCl electrode in acetonitrile containing
0.25  tetrabutylammonium chloride. However, for convenience all
potentials are reported with respect to the ferrocene/ferrocenium
couple. The working electrode was either a hanging mercury drop
(mHg–drop = 3.8–4.4 mg) produced by the CGME instrument or a
1.5 mm platinum disk electrode (both from Bioanalytical Systems,
Inc.,West Lafayette, USA; experimental errors for E = ±0.004 V;
and for ∆E1/2 = ±0.001 V). The electrochemical experiments were
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evaluated by fitting theoretical current curves to experimental ones
using the freely available DigiElch software (DigiElch can be freely
downloaded from www.DigiElch.de). The theoretical background
of the simulation method used in this program has been given in a
series of accompanying papers.[30] We assumed in all simulations
that the diffusion coefficients of the complexes do not depend on
the charge of the complex.

Acknowledgments

Financial support from the Deutsche Forschungsgemeinschaft
(SFB, 436) is gratefully acknowledged.

[1] D. Carmona, J. Ferrer, A. Mendoza, F. J. Lahoz, L. A. Oro,
Organometallics 1995, 14, 2066.

[2] M. P. Garcia, A. M. Lopez, M. A. Esteruelas, F. J. Lahoz,
L. A. Oro, Organometallics 1991, 10, 127.

[3] V. Balzani, A. Credi, M. Venturi, Molecular Devices and Ma-
chines, Wiley-VCH, Weinheim, 2003.

[4] M. Saito, Y. Nishibayashi, S. Uemura, Organometallics 2004,
23, 4012.

[5] S. Rau, B. Schäfer, A. Grüßing, S. Schebesta, K. Lamm, J.
Vieth, H. Görls, D. Walther, M. Rudolph, U. W. Grummt, E.
Birkner, Inorg. Chim. Acta 2004, 357, 4496.

[6] S. Rau, T. Büttner, C. Temme, M. Ruben, H. Görls, D. Walther,
M. Duati, S. Fanni, G. Vos, Inorg. Chem. 2000, 39, 1621.

[7] P. Majumdar, K. K. Kamar, S. Goswami, A. Castineiras, Chem.
Commun. 2001, 1292–1293.

[8] K. K. Kamar, L. R. Falvello, P. E. Fanwick, J. Kim, S. Gos-
wami, Dalton Trans. 2004, 1827.

[9] S. Rau, M. Ruben, T. Büttner, C. Temme, S. Dautz, H. Görls,
M. Rudolph, D. Walther, A. Brotkorb, M. Duati, C. O’Connor,
J. G. Vos, J. Chem. Soc., Dalton Trans. 2000, 3649.

[10] S. Rau, B. Schäfer, S. Schebesta, A. Grüßing, W. Poppitz, D.
Walther, M. Duati, W. R. Browne, J. G. Voss, Eur. J. Inorg.
Chem. 2003, 1503.

[11] M. Haga, Inorg. Chim. Acta 1980, 45, L183.
[12] M. Haga, Inorg. Chim. Acta 1983, 75, 29.
[13] A. M. Bond, M. Haga, Inorg. Chem. 1986, 25, 4507.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2385–23922392

[14] M. Haga, T. Matsamura-Inoue, S. Yamabe, Inorg. Chem. 1987,
26, 4148.

[15] D. P. Rillema, R. Sahai, P. Matthews, A. K. Edwards, R. J.
Shaver, L. Morgan, Inorg. Chem. 1990, 29, 167.

[16] M. A. Carvajal, S. Alvarez, J. J. Novoa, Chem. Eur. J. 2004, 10,
2117.

[17] R. Usón, J. Gimeno, L. A. Oro, J. M. Martinez del Ilardya,
J. A. Cabeza, J. Chem. Soc., Dalton Trans. 1983, 1729 and ref-
erences cited therein.

[18] W. Kaiser, R. B. Saillant, W. N. Butler, P. G. Rasmusen, Inorg.
Chem. 1976, 15, 2688.

[19] D. Walther, T. Döhler, N. Theyssen, H. Görls, Eur. J. Inorg.
Chem. 2001, 2049.

[20] L. Böttcher, D. Walther, H. Görls, Z. Anorg. Allg. Chem. 2003,
629, 1208.

[21] K. Lamm, M. Stollenz, M. Meyer, H. Görls, D. Walther, J.
Organomet. Chem. 2003, 681, 24.

[22] S. Rau, K. Lamm, H. Görls, J. Schöffel, D. Walther, J. Or-
ganomet. Chem. 2004, 689, 3582.

[23] B. Dietzek, W. Kiefer, J. Blumhoff, L. Böttcher, S. Rau, D.
Walther, U. Uhlemann, M. Schmitt, J. Popp, Chem. Eur. J. (ma-
nuscript submitted).

[24] COLLECT, Data Collection Software; Nonius B. V., Nether-
lands, 1998.

[25] Z. Otwinowski, W. Minor, “Processing of X-ray Diffraction
Data Collected in Oscillation Mode”, in Methods in Enzy-
mology, vol. 276, Macromolecular Crystallography, Part A
(Eds.: C. W. Carter, R. M. Sweet), pp. 307–326, Academic
Press, 1997.

[26] SORTAV, R. H. Blessing, Acta Crystallogr., Sect. A 1995, 51,
33.

[27] G. M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467.
[28] G. M. Sheldrick, SHELXL-97 (release 97-2), University of

Göttingen, Germany, 1997.
[29] CCDC-279790 (for 1), -279791 (for 2) and -286988 (for 3) con-

tain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

[30] See: M. Rudolph, J. Comput. Chem. 2005, 26, 1193 and refer-
ences cited therein.

Received: December 21, 2005
Published Online: April 11, 2006



FULL PAPER

DOI: 10.1002/ejic.200600028

Hypersilylphosphanylidene: A Facile Low-Temperature Generation and
Formation of Bis(hypersilyl)diphosphene and the Bis(hypersilyl)triphosphaallyl
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The reaction of hypersilyl(trimethylsilyl)chlorophosphane
(SiMe3)3SiP(SiMe3)Cl (1) with tBuOK in THF at –60 °C pro-
ceeds by Si–P bond cleavage of the trimethylsilyl group and
formation of tBuOSiMe3/KCl and bis(hypersilyl)phosphanyl-
idene. The phosphanylidene dimerizes to form bis(hyper-
silyl)diphosphene (2) in excellent yields (�95%). X-ray dif-
fraction experiments reveal the simultaneous presence of two
rotamers in the solid state that differ in their SiSiPP torsion
angles. Ab initio calculations for the parent diphosphene
(SiH3)3SiP=PSi(SiH3)3 at the DFT/6-31+G(d) level predict an
energy difference of 2.3 kJmol–1. A cis arrangement of the
two Si(SiH3)3 groups raises the energy by about 45 kJmol–1.
In the UV/Vis spectrum the n � π* excitation is observed at
622 nm, which is in excellent agreement with the ab initio
results. In the Raman spectrum, the P=P stretching vibration
is easily identified as a strong line at 591 cm–1. When a solu-
tion of 1 in THF is added to a solution of KOtBu in
THF, maintaining an excess of KOtBu during the reaction,

Introduction
Over the last two decades a great deal of effort has been

devoted to the synthesis of double-bonded systems com-
posed of the heavier elements of group V, such as diphos-
phenes (RP=PR) and diarsenes (RAs=AsR).[1] Large or-
ganic substituents R such as mesityl, supermesityl (2,4,6-tri-
tert-butylphenyl) or CH(SiMe3)2 have been used for kinetic
stabilisation of the double bonds. Various reactions of these
double bonds, such as electrophilic additions or cycload-
ditions, have also been investigated.

The first disilyldiphosphene, SupP=PSup (Sup = supersi-
lyl = SitBu3) was obtained by Wiberg in 2002 from the reac-
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the deep-violet bis(hypersilyl)triphosphenide anion
[HypPPPHyp]– (4) forms in excellent yields. This anion is also
formed when 2 is treated with KOtBu. Compound 2 can be
derivatized with 2,3-dimethylbutadiene to give a cyclic di-
phosphane 5 by [4+2] addition. When a solution of 2 in tolu-
ene is heated to 110 °C for 4 h, bis(hypersilyl)cyclotriphos-
phane (Hyp2P3H, 6) is formed, besides some HypPH2 as a by-
product. As an aid for the interpretation of 31P NMR spectra,
equilibrium structures and phosphorus chemical shifts have
been calculated at the DFT and MP2 level for a large number
of molecules with phosphorus-containing backbones, which
are closely related to those described in the present work.
Calculations for disilyldiphosphenes reveal a close corre-
lation between PPSi bond angles and 31P NMR chemical
shifts, which is useful for predicting NMR spectra.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tion of PCl3 with NaSup. It is formed via SupPCl2 and
SupClPPClSup as intermediate products; no crystals suit-
able for an X-ray investigation could be grown.[2] The same
reaction also afforded the bis(supersilyl)triphosphaallyl
anion [SupPPPSup]– a few years earlier, probably via the
dianion [SupPPPPSup][2–].[3] About ten years before, the
synthesis of [SupAsAsAsSup]– had been described by
Jutzi.[4] Both anions could be characterised unambiguously
by X-ray diffraction experiments. It is of some note that
less bulky silyl groups such as tBuMe2Si also possess the
capability to stabilize unusual structural motifs, for instance
SiSi double bonds.[5]

It is a common feature of the chemistry of double bonds
between main group elements of period three (and higher)
that reactions almost invariably happen at the double bond
and not at the substituents, which have to be chosen to be
as chemically inert as possible, otherwise they themselves
will react with the double bond. The question therefore
arises whether substituents can be designed that are large
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enough to stabilize double bonds but at the same time are
sufficiently reactive to allow reactions to be initiated with-
out (at least in the first step) affecting the double bonds.
Our experience with oligosilanes led us to the conclusion
that oligosilyl groups should be good candidates for this
type of substituents for two reasons. First, silyl groups such
as tBu3Si can be used successfully for the stabilisation of
double bonds (as Wiberg has shown), which supports the
idea that oligosilyl groups can serve the same purpose. Sec-
ond, SiSi bonds readily undergo cleavage reactions under
relatively mild conditions, even at low temperatures. In the
present publication we explore a method that can be used
for the preparation of oligosilylphosphanylidenes, bis(oligo-
silyl)diphosphenes and bis(oligosilyl)triphosphaallyl anions.
The method can probably be used for organo-substituted
phosphanylidenes as well. The hypersilyl group Si(SiMe3)3

(denoted as Hyp) was chosen to demonstrate the feasibility
of the reactions because it is easily and quickly accessible
in large quantities. We will report on the results using other
oligosilyl groups in a forthcoming paper.

Results and Discussion

One of the problems one faces when attempting to pre-
pare silylated diphosphenes is that silyl groups are excellent
leaving groups in phosphorus chemistry. For instance,
SiMe3 groups are routinely used for the preparation of or-
ganodiphosphenes RP=PR by elimination of chlorotri-
methylsilane from RPCl2 and RP(SiMe3)2.[6] The question
therefore is whether the reaction rates of oligosilyl groups
differ sufficiently from those of trimethylsilyl groups to
open new paths to tailored diphosphenes. A slower reaction
rate of the hypersilyl group would make the synthesis of the
hypersilylphosphanylidene and of bis(hypersilyl)diphos-
phene an accessible goal. Silylphosphanylidenes such as
H3SiP are computed to prefer the triplet ground state by
122 kJmol–1 (CASSCF/6-31G** level).[7] At the QCISD(T)/
6-311++G(3df2p)//UMP2/6-31G** level, this energy re-
duces to 107 kJmol–1.[7b] The triplet structure is stable

Scheme 2.
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towards rearrangement into the phosphasilene with a bar-
rier of 170 kJmol–1 and a relative energy of the product of
61 kJmol–1. Therefore, a migration of the trimethylsilyl
group in triplet (SiMe3)3SiP to form (SiMe3)2Si=P(SiMe3)
is unlikely to occur.

Synthesis

As reported elsewhere, (SiMe3)3SiP(SiMe3)2 reacts with
C2Cl6 to form a stable chlorodisilylphosphane 1, as shown
in Scheme 1.[8]

Scheme 1.

A solution of 1 in toluene does not decompose at room
temperature or if heated at 90 °C for 2 h, but does so in
refluxing toluene (110 °C) with formation of chlorotrimeth-
ylsilane and a plethora of compounds, although without
any indications of a PP double bond. In contrast, the pure,
colourless chlorodisilylphosphane turns light green at 20 °C
over a period of a week, and bis(hypersilyl)diphosphene (2)
can be identified in the reaction mixture by 31P NMR spec-
troscopy along with bis(hypersilyl)bicyclotetraphosphane
(3), as shown in Scheme 2.

From the 31P NMR spectrum it follows that 2 and 3 form
in a ratio of about 2:1, with 2 giving a single line at δ =
735.0 ppm (as compared to δ = 818.1 ppm for SupP=PSup).
The spectrum of 3 is of first-order (A2X2) and consists of
two triplets at δ = –329.2 and –155.0 ppm with a 1JP,P coup-
ling constant of 161.8 Hz, which clearly demonstrates that
it is the exo/exo isomer that is formed exclusively. The
exo/endo isomer is expected to give more signals, and the
formation of the endo/endo isomer is extremely unlikely due
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Scheme 3.

to the steric interactions of the large hypersilyl groups. It is
worth noting that the analogous supersilyl compound
Sup2P4 has also been observed by Wiberg in the reaction
between SupPCl2 and NaSup (δ = –334.4 and –139.1 ppm,
1JP,P = 170.5 Hz).[2]

Besides 2 and 3, the decomposition of 1 also affords
trihypersilylheptaphosphane (P7Hyp3) as well as a second
Pn cage or polycycle of as-yet-unknown structure with sec-
ond-order resonances between δ = –90 and –220 ppm as
minor by-products.

The observed reaction products suggest that under these
conditions the diphosphene is formed by dimerisation via
HypClP–P(SiMe3)Hyp and subsequent elimination of chlo-
rotrimethylsilane. A possible reaction pathway leading to
the formation of the diphosphane would be the insertion of
hypersilylphosphanylidene (formed from 1 by 1,1-elimi-
nation of chlorotrimethylsilane) into the PCl bond of 1. The
occurrence of reaction products such as Hyp2P4 and
Hyp3P7 indicates that under these conditions the SiP bond
of the hypersilyl group also takes part in the reaction, albeit
with a much lower reaction rate.

These considerations led us to the expectation that the
dimerisation of hypersilylphosphanylidene to form the di-
phosphene would be the preferred reaction if the phosphan-
ylidene could be generated quickly and in quantitative
yield. This is easily achieved by reaction of 1 with KOtBu,
to form the phosphanylidene, tBuOSiMe3 and KCl, as
shown in Scheme 3. Previously we have shown that KOtBu
can indeed be used to cleave an SiP bond of P(SiMe3)3,[9]

and that the reaction with HypP(SiMe3)2 proceeds quickly
and selectively with formation of tBuOSiMe3 and
HypP(SiMe3)K.[8] The reaction rate of the hypersilyl group
is much slower.

When a solution of KOtBu in THF is added to a solution
of HypPCl(SiMe3) in THF very slowly at –60 °C to avoid
any local excess of the reagent, light-green 2 forms quantita-
tively (�95%, by 31P NMR) without any noticeable by-
products. Compound 2 crystallises readily from pentane.
The exclusive formation of the diphosphene 2 strongly sup-
ports the idea that the reaction indeed proceeds via hypersi-
lylphosphanylidene. Compared to other methods described
in the literature that can be used to prepare phosphanylid-
enes, its generation from RP(SiMe3)Cl and KOtBu can be
achieved at much lower temperatures. For instance, the
phosphoranylidenephosphane tBu2P–P=PBr(tBu)2 decom-
poses at 20 °C to give the phosphanylphosphanylidene
tBu2PP, which has been trapped with 2,3-dimethylbutadi-
ene.[10] The generation of phosphanylidenes from three-
membered rings requires even higher temperatures of up to
140 °C.[11]
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During these experiments we noticed that if the two solu-
tions are mixed very quickly, the colour immediately
changes to a dark-brown, which then slowly turns into a
dark-violet. We therefore reversed the reaction sequence de-
scribed above, adding the solution of HypPCl(SiMe3) to the
solution of KOtBu, maintaining an excess of KOtBu
throughout the whole procedure. In this way potassium 1,3-
bis(hypersilyl)triphosphenide (4) can be obtained almost
quantitatively (�90%, by 31P NMR), as shown in Scheme 4.

Scheme 4.

The 31P NMR spectrum of 4 consists of a triplet at δ =
705.5 ppm and a doublet at δ = 197.5 ppm with a coupling
constant of 540.4 Hz; values of δ = 732.5, 212.5 ppm and
552.6 Hz have been reported for the analogous supersilyl
derivative.[3] Attempts to crystallise 4 as the [18-crown-6·K]+

salt were not successful.[12] Our experiments showed that
treating HypP=PHyp with KOtBu also led to the formation
of 4. Whether the reaction starts with SiP or SiSi bond
cleavage remains unknown; the mechanism is under investi-
gation.

Derivatisation of 2 and 4

When 2,3-dimethylbutadiene is added to a solution of 2
in toluene, the green colour disappears slowly with forma-
tion of the [4+2] cycloaddition product 5, which was iden-
tified by NMR spectroscopy. The 31P nuclei give a singlet
at δ = –137.6 ppm, and the 29Si NMR spectrum consists of
two pseudotriplets at δ = –9.8 (SiMe3 groups) and
–89.5 ppm (see also Experimental Section). The reaction
proceeds quantitatively.
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When 4 reacts with trifluoroacetic acid, bis(hypersilyl)cy-
clotriphosphane Hyp2P3H (6) forms almost quantitatively,
along with some hypersilylphosphane HypPH2. We were
not able to obtain crystals suitable for X-ray diffraction,
therefore 6 was characterised by 31P NMR spectroscopy,
including 2D-COSY experiments. Remarkably, 6 also forms
when a solution of 2 in toluene is refluxed for several hours.
Here again, the major by-product is hypersilylphosphane,
which cannot be removed quantitatively by sublimation in
vacuo as 6 decomposes slowly upon raising the tempera-
ture. A solution of 2 in THF does not decompose, even if
held under reflux for 6 h.

The 31P and 31P{1H} NMR spectra and the COSY spec-
trum of the cyclotriphosphane are illustrated in Figure 1
(left and right, respectively). The 31P{1H} NMR spectrum
exhibits signals of an AMP spin system [δA(P1) = –233.0,
δM(P2) = –241.3, δP(P3) = –260.9 ppm; 1JP1,P2 = –142.1,
1JP1,P3 = –202.3, 1JP2,P3 = –182.7 Hz]. The larger coupling
between P1 and P3 indicates a cis orientation of the substit-
uents H and Hyp. In the proton-coupled spectrum, the
AMP spin system extends to AMPX [1JP1,H = 141.1Hz,
2JP2,H = 10.0, 2JP3,H � 3 Hz]. A calculated 31P{1H} spec-
trum assuming negative values for all P–P coupling con-
stants is also included as (c) in Figure 1 (left).

Figure 1. Left: Proton-coupled (a), decoupled (b) and calculated (c) 31P NMR spectrum of bis(hypersilyl)cyclotriphosphane (6). Right:
31P COSY spectrum of 6.
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X-ray Crystallography
An ORTEP plot of the molecular structure of 2 in the

crystal as well as the numbering of the atoms is presented
in Figure 2; selected bond lengths, bond angles and torsion
angles are collected in Table 1. As expected, it is the trans
isomer that is formed by dimerisation of the phosphanylid-
ene. Surprisingly, two stereoisomers A and B that differ by
a rotation of the hypersilyl group around the PSi bond are
observed in the crystal. If viewed along an axis joining the
two central Si atoms of the hypersilyl groups, the trimethyl-
silyl groups in isomer A are in a staggered arrangement with
dihedral angles between 55° and 65°. The molecule pos-
sesses an inversion centre. In isomer B, the arrangement of
the trimethylsilyl groups is almost eclipsed with the dihedral
angles alternating between 5° and 120°, giving approxi-
mately a Cs-symmetric isomer with differences between the
PSiSi and SiSiSi bond angles on both sides of the molecule
being smaller than about 2° (Table 1). As described later
on, the ab initio calculations for (SiH3)3SiP=PSi(SiH3)3 also
predict two minima on the potential energy surface corre-
sponding to A and B. At the level employed for these calcu-
lations [B3LYP/6-31+G(d)], B becomes a transition struc-
ture for (SiMe3)3SiP=PSi(SiMe3)3. Obviously, it is stabilized
in the crystal due to packing effects.
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Figure 2. ORTEP plots of the two conformers of bis(hypersilyl)diphosphene in the crystal (top) and projections showing the different
dihedral angles between the SiMe3 groups (bottom). Isomer A is on the left and isomer B on the right side.

Table 1. Selected bond lengths [pm], bond angles [°] and dihedral
angles [°] for the two isomers A and B of bis(hypersilyl)diphos-
phene.

Isomer A Isomer B

PP 203.0(2) 202.2(2)
PSi 228.0(2) 227.0(2), 226.9(2)
SiSi 234.6(2), 235.0(2), 235.3(2) 234.6(2), 234.6(1), 235.0(2)

234.4(2), 234.9(2), 235.5(2)
PPSi 102.7(1) 103.2(1), 100.9(1)
PSiSi 106.0(1), 104.4(1), 115.6(1) 100.9(1), 104.7(1), 114.1(1)

103.1(1), 106.7(1), 113.5(1)
SiSiSi 107.8(1), 110.9(1), 111.6(1) 111.0(1), 111.6(1), 113.7(1)

111.0(1), 109.9(1), 112.3(1)
SiPPSi 180.0 –178.2(2)

The P=P bond lengths of isomer A [203.0(2) pm] and B
[202.2(2) pm] are almost identical, which is also the case for
the PSi and SiSi bonds. Moreover, all distances are in the
range that is considered normal for P=P, P–Si and Si–Si
bonds and need no further discussion.
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Raman and UV Spectra

As diphosphenes possess absorptions in the UV and vis-
ible range (usually assigned as π–π* and n–π* transitions),
the Raman spectra obtained with excitation sources in the
visible or UV range are expected to show resonance or pre-
resonance effects. The two main effects are an intensity en-
hancement as well as the appearance of an overtone pro-
gression for the P=P stretching vibration. So far, wave-
numbers for the P=P stretch have been determined for
(Me3Si)3CP=PC(SiMe3)3 (595 cm–1) and ArP=PAr [Ar =
2,4,6-tri-tert-butylphenyl (610 cm–1) and 2,6-bis(m-xylyl)-
phenyl (622 cm–1)].[13] There seems to be only a limited
amount of mixing between the P=P and P–C stretching vi-
brations despite the fact that they are quite close to each
other. This was concluded from a normal coordinate analy-
sis (NCA) of MeP=PMe and (Me3Si)3CP=PC(SiMe3)3 by
treating the methyl group as a point mass of 15.[14] So far,
no NCA for a diphosphene based on an ab initio force field
has been reported in the literature.
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The Raman spectrum of bis(hypersilyl)diphosphene in

the wavenumber range 50–900 cm–1 is presented in Figure 3.
The green 532-nm line of a frequency-doubled Nd:YAG la-
ser (10 mW) was used to excite the sample. Its interpret-
ation is rather straightforward, even without a NCA.

Figure 3. Raman spectrum of solid bis(hypersilyl)diphosphene in
the wavenumber range 50–900 cm–1.

The strongest line in this range, at 591 cm–1, is clearly the
P=P stretch, with the symmetric SiC3 stretch at 626 cm–1

being quite close. Nevertheless, there is negligible kinetic
coupling between these two modes because the SiC bonds
are separated from the P=P double bond by two SiSi bonds.
This is not the case for the PSi and SiSi modes, which are
expected on the low-wavenumber side in the range 300–
500 cm–1. They are observed at 481 and 450 cm–1 [νas-
(SiSi3)], 431 cm–1 [ν(PSi)] and 332 and 323 cm–1 [νs(SiSi3)].
The SiSiC and CSiC deformations of the trimethylsilyl
groups fall in the range 50–240 cm–1. No line splittings due
to the presence of the two isomers A and B is observed as
their spectra are expected to differ very little. This is con-
firmed by the ab initio results for the parent molecule
(SiH3)3SiP=PSi(SiH3)3 (see next section).

For corroboration of the assignments given above, a nor-
mal coordinate analysis was carried out for (H3Si)3SiP=PSi-
(SiH3)3 and (Me3Si)3SiP=PSi(SiMe3)3 employing the Hess-
ian matrices obtained from ab initio calculations (see next
section). The Hessian matrix gives the force constants de-
fined as displacements of Cartesian coordinates and has to
be transformed into a force field described in terms of sym-
metry coordinates that themselves are linear combinations
of displacements of internal coordinates such as bond
lengths, bond angles and torsion angles. These calculations,
known to spectroscopists as Wilson’s FG method,[15] were
performed using an enlarged version of the program
ASYM40.[16] ASYM40 needs the Hessian matrix and the
atomic coordinates of the equilibrium geometry as input
data as well as the symmetry coordinates, which were cho-
sen according to standard methods described in the litera-
ture.[17] Calculated PP, SiP and SiSi stretching force con-
stants are summarised in Table 2. The P=P force constant
is predicted as 326 and 332 Nm–1 for (H3Si)3SiP=PSi-
(SiH3)3 and (Me3Si)3SiP=PSi(SiMe3)3, respectively. The
force constant for a PP single bond, for instance in
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(SiMe3)2PP(SiMe3)2, is considerably smaller, a value of
195 Nm–1 being obtained from ab initio calculations on this
molecule.[18] Furthermore, the calculations of the potential
energy distributions (PED) show that ν(P=P) is indeed a
group vibration in these diphosphenes, with f(PP) contrib-
uting as much as 86% to ν(P=P) in (H3Si)3SiP=PSi(SiH3)3

and 97% in (Me3Si)3SiP=PSi(SiMe3)3. Coupling with other
modes can be largely neglected.

Table 2. Experimental and calculated wavenumbers [cm–1] for the
PP and in-phase SiP and SiSi stretching vibrations and calculated
force constants [Nm–1] for the rotational conformers A, B and C of
H9Si4P=PSi4H9 [B3LYP/6-311+G(d)] and A of Me9Si4P=PSi4Me9

[B3LYP/6-311+G(d)].

(H3Si)3SiP=PSi(SiH3)3 (Me3Si)3SiP=PSi(SiMe3)3

A B C A
calcd. calcd. calcd. calcd. exp.

ν(P=P) 603 599 597 604 591
ν(PSi) 415 416 391 433 431
νs(SiSi3) 314 314 278 331 332
νas(SiSi3) 437 433 424 479 481
f(P=P) 326 332
f(PSi) 153 157
f(SiSi) 157 157

The UV/Vis spectrum of 2 (solution in n-hexane) is pre-
sented in Figure 4 for three different concentrations. The
absorption maxima corresponding to π�π* and n�π* ex-
citations appear at 400 and 622 nm, respectively, the latter
of which causes the green colour (see section on ab initio
calculations).

Figure 4. UV/Vis spectrum of bis(hypersilyl)diphosphene (2) for
concentrations of 10–5, 10–4 and 10–3 .

Ab initio Calculations

Bis(hypersilyl)diphosphene

Hyp–P=P–Hyp (2) is, with 82 atoms, computationally
quite demanding. For our calculations at the B3LYP/6-
31+G(d) level, we first used a smaller model created by re-
placing the hypersilyl groups by Si(SiH3)3.
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Figure 5. Rotational isomers of (H3Si)3Si–P=P–Si(SiH3)3 at the B3LYP/6-31+G(d) level of theory. The hydrogen atoms have been omitted
for clarity.

Three minima were located on the potential energy sur-
face (PES), as depicted in Figure 5.

The low-energy minima A and B have the Si–P=P–Si
backbone in a trans orientation corresponding to the struc-
tures identified by X-ray spectroscopy. The energy separa-
tion (∆Erel = 2.3 kJmol–1) is quite small. The SiH3 groups
in A are oriented trans to each other and the conformer
possesses a centre of inversion. The reason for the higher
stability of this geometric arrangement can be identified by
NBO analyses. Negative hyperconjugation occurs between
the P lone pair and the respective antibonding Si–Si orbital
if the SiH3 group is oriented cis to the P=P double bond.
Rotation of one Si(SiH3)3 group around the P–Si bond until
the H3Si–Si–P–P angle is 180° yields the Cs-symmetric
minimum B, destroys one of the LP(P)�σ*(Si–Si) interac-
tions and consequently diminishes the stability.

The negative hyperconjugation also affects the bond
lengths and angles. The P–Si bond length shrinks by 0.01 Å
and the respective P–Si–Si angle becomes wider. For the full
geometry data, see the Supporting Information.

A cis orientation of the Si–P=P–Si backbone is quite un-
favourable and only one minimum, C, with a relative energy
of 45.0 kJmol–1 was located on the PES.

The P=P stretching vibrations of the three minima [603
(A), 599 (B) and 597 cm–1 (C)] are too close to discern the
conformers by Raman spectroscopy. The same is true for
the ν(PSi), νs(SiSi3) and νas(SiSi3) vibrations listed in
Table 2.

As the synthesised diphosphene is light-green, we calcu-
lated UV/Vis spectra with time-dependent B3LYP and 6-
311+G(d) basis sets. The global minimum has a strong ab-
sorption band at 358 nm (f = 0.27) corresponding to a π �
π* excitation. The HOMO–LUMO transition, correspond-
ing to an n � π* excitation, is found at 562 nm but should
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not be visible as the oscillator strength is 0.00. However,
the oscillator strength of the same transition for minimum
B at 583 nm is calculated to be 0.0002. There is also a
strong π � π* transition at 367 nm (f = 0.21). Minimum C
shows a similar behaviour, with a weak n �π* excitation at
586 nm (f = 0.0002) and a strong π � π* transition at
359 nm (f = 0.13).

Upon replacment of Si(SiH3)3 by the full hypersilyl
group Si{Si(CH3)3}3, only structure A corresponds to a
minimum, while B becomes a transition structure at the
B3LYP/6-31+G(d) level used. Due to space limitations, we
were unable to perform MP2 calculations, which might pre-
dict B to be a minimum structure, too. The geometric pa-
rameters change slightly due to the larger hypersilyl groups.
The P=P distance remains at 2.054 Å, but the P–Si bonds
elongate by 0.01 Å and the SiPP bond angles become 4°
wider. The characteristic Raman frequencies are close to
the values of the smaller model, as shown in Table 2.

As expected, the n � π* excitation drifts to larger wave-
lengths, namely 632 nm. However, as for the smaller model,
this HOMO–LUMO transition for A is not visible (f = 0.0),
although the π � π* excitation at 409 nm is quite strong (f
= 0.24).

Bis(hypersilyl)triphosphenide

We also performed ab initio calculations for the bis(hyp-
ersilyl)triphosphenide anion at the same level of theory
[B3LYP/6-31+G(d)], including calculations of 31P chemical
shifts. The C2-optimised structure is shown in Figure 6. The
Si–Si–P bond angle is only 3° wider in the Hyp2P3 anion
than in [(H3Si)3Si]2P3 and about 8° wider than in the parent
(H3Si)2P3 (10a; see next section). Nevertheless, the P–P–P
angle of the allylic backbone is roughly identical for R =
Hyp (Figure 6) and Si(SiH3)3 (106.1°), and only 3° narrower
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than in the parent. Even though the formal cone angle of
hypersilyl is approximately 180°, the P–P–Si arrangement is
far from linear. Therefore, investigations of the variation of
the steric effect of R are of ongoing interest. A comparison

Figure 6. Optimized C2 geometry for bis(hypersilyl)triphosphenide.

Figure 7. Ab initio (B3LYP/6-31+G*) optimised geometries of molecules with phosphorus-containing backbones (7–12). Structures for
R = H and R = SiH3 are not depicted. Values are given for R = H, with those for R = SiH3 in parentheses and for R = Si(CH3)3 in
square brackets.
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of the DFT-calculated NMR chemical shifts (Figure 6)
shows that the values are much too positive. When the cor-
rection factor 0.84, which is described in the section “31P
NMR Shift Calculations”, is considered, the shift of the
signal of the central phosphorus atom is δ = 695 ppm, in
agreement with the observed value of δ = 705 ppm. For the
terminal phosphorus atoms, which have a direct contact
with the counterion, the correction leads to a value of δ
= 229 ppm, which differs by only about 11 ppm from the
experimental value.

Geometries of Model Compounds

To gain a deeper understanding of the steric and elec-
tronic influences of the substituents on the structures of
molecules with phosphorus-containing backbones, geome-
try optimisations at the B3LYP/6-31+G* level of theory
were performed for 7–12, as shown in Figure 7. The model
compounds, which are closely related to compounds 2–6
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described previously, were trans-RP=PR (R = H, 7a; R =
SiH3, 7b; R = SiMe3, 7c), cis-RP=PR (8a–8c), R2P4 (9a–
9c), [R2P3]– (10a–10c), R2(PCH2CHMe)2 (11a–11c) and
R2P3H (12a–12c). The backbones in this set vary from com-
mon tricoordinate phosphorus (9, 11 and 12) through phos-
phorus in an allyl anion framework (10) to the P=P double
bond in 7 and 8.

The selected R groups differ only slightly in their induc-
tive effects towards phosphorus, as seen by the Mulliken
charges of RPH2, which are –0.03 for R = H, –0.05 for SiH3

and –0.06 for SiMe3. The π-conjugation effect, as expressed
by the bond angle sum, Σα, at PH2

[19] is difficult to separate
from steric influences measured by the cone angle, γ, of R
with P as the cone point.[20] The average cone angles (80.24°
for R = H, 94.32° for SiH3 and 125.16° for SiMe3) derived
from the //B3LYP/6-31+G* geometries suggest that silyl
and trimethylsilyl should show distinctly different steric ef-
fects.

In the bicyclotetraphosphanes 9 as well as in the cyclotri-
phosphanes 12 the substituents R are attached to a P3 ring.
The SiH3 substituent has the largest elongating effect on
the Pα–P bond, and the R–Pα–P angle increases from H
through SiH3 to SiMe3 (see Figure 7), paralleling the in-
crease of the cone angles. While the R–Pα–P and R–Pα–C
bond angles increase similarly in the six-membered ring 11,
the P–P bond length shrinks with silylation (H: 2.223; SiH3:
2.219; SiMe3: 2.207 Å). The allyl anions 10a–10c with a de-
localised π-conjugation show astonishing population effects
on the phosphorus atom attached to R with charges –0.27
(H), –0.29 (SiH3) and –0.21 (SiMe3). H and SiH3 behave
more similarly than SiH3 and SiMe3. In contrast, the
charges of the central P atom follow the trend of the induc-
tive effect (–0.36, –0.16 and –0.18, respectively). The P–P
bond length is almost unaffected by the substituents, and
the P–P–P angle is smaller in the silyl derivatives, with a
range of 107.30–108.58°. Counterion effects on the geome-
try of the triphosphaallyl anion have been discussed else-
where.[3]

Compared to the allyl bond length, the P=P double bond
is modified slightly more by the substituents, with values of
2.046, 2.054 and 2.052 Å for the trans-diphosphenes 7a–7c
and 2.056, 2.055 and 2.048 Å for the cis-diphosphenes 8a–
8c. Substantial changes are obtained for the R–P–P angles,
which are 94.65°, 99.32° and 102.30° for the trans isomers.

Figure 8. Geometries for model compounds 13 and 14.
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Due to the steric interaction between the substituents, these
values are much larger for the cis isomers (106.11°, 111.28°
and 120.01°). It is also noteworthy that the R–P–P–R tor-
sion angles always differ by less than 1° from 180° (trans)
or 0° (cis), even in cis-Me3SiP=PSiMe3.

The model compounds also include two silylated cyclic
diphosphenes, which possess a cis geometry of the double
bond, as shown in Figure 8.

31P NMR Shift Calculations

The 31P chemical shifts of supersilyldiphosphene and hy-
persilyldiphosphene differ by a striking 83 ppm. The differ-
ence is much smaller for other isostructural hypersilyl and
supersilyl compounds such as R2P4 or R2P3H and the allyl
anion [R2P3]–, at less than 25–30 ppm. As both SupP=PSup
and HypP=PHyp are too large for high-quality MP2 shift
calculations, we have performed a series of calculations for
smaller diphosphenes as a test for the accuracy of the DFT
calculations. Table 3 lists the chemical shifts for a series of
selected diphosphenes (including cyclic derivatives with a
cis arrangement) calculated at the DFT and various MP2
levels. We employed the B3LYP method with the 6-31G*
basis set and the MP2 method with the three basis sets 6-
31G* and McLean–Chandler’s 6-311G* and 6-311+G**,
labelled B3LYP-A, MP2-A, MP2-B and MP2-C further on.
From the correlation analysis, the equation δ31P(MP2-C) =
0.84×δ31P(DFT-A), which has a negligible intercept and
squared correlation coefficient, cc, of 0.984, is obtained.
Thus, 31P chemical shifts can be reliably estimated with this
equation from DFT results. The correlation also extends to
tetracoordinate phosphorus, as shown by including calcula-
tions for [PH3PH2]+.

The DFT-A calculations with C1 symmetry predict δ31P =
917 ppm for HypP=PHyp and 1071 ppm for SupP=PSup.
The difference of 154 ppm becomes 129 ppm when taking
into account the correlation mentioned above, thus increas-
ing the agreement with the experimental difference
(83 ppm).

We next turned to the question as to whether differing
PPSi bond angles can cause large shift differences. The
DFT-A calculations provide values of 104.55°/104.54° for
HypP=PHyp (somewhat larger than the experimental val-
ues, see Table 1) and 106.47°/106.60° for SupP=PSup. To
search for a bond angle–chemical shift relationship, DFT-
A calculations were performed for ten cis- and twenty trans-
RP=PR molecules. The predicted δ31P values are plotted as
functions of the R–P=P angle, α, for a large variety of R
groups, such as H, F, Cl, CF3,CH3, tBu, NH2, NMe2, SiH3

and SiMe3, in Figure 9. Several cyclic diphosphenes with
PC, PN and PSi bonds are also included (see Table 3). In
agreement with previous investigations,[21] a regression
analysis confirms the impression that there is no general
relationship that is valid for all substituents (cc � 0.2). Nev-
ertheless, some subsets do display interesting trends that are
useful for predicting phosphorus shifts. The data points for
the substituents H, F, SiH3, SiMe3, Hyp and Sup correlate
nicely with the calculated bond angles with the linear fit
δ31P = 37+2866α (cc = 0.966). Small changes of the PPSi
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Table 3. Chemical shifts at the DFT and MP2 levels for cis-R–P=P–R and the H3P*PH2

+ cation.

R DFT-A[a,b] MP2-A[a] MP2-B[a] MP2-C[a]

H 587 395 488 466
Cl 698 470 555 540
F 754 574 672 660
CH3 595 425 516 500
tBu 640 474 562 554
SiH3 791 545 632 616
SiMe3 875 605 694 680
CF3 583 409 481 476
cyclo-(NH)–P=P*–(CH2)2

[c] 299 207 270 272
cyclo-(NH)–P*=P–(CH2)2

[c] 484 363 444 437
cyclo-P=P–(CH2)3

[c] 570 424 509 497
cyclo-P=P–(CH2)4

[c] 526 403 487 478
cyclo-(NH)–P=P–(NH)–(CH2)[c] 366 267 336 337
cyclo-(NMe)–P=P–(NMe)–(CH2)[c] 369 273 340 342
H3PP*H2

+ –187 –201 –187 –192
H3P*PH2

+ –111 –117 –109 –107

[a] All molecules optimised without symmetry constraints at the B3LYP/6-31G* level. Chemical shifts calculated for these geometries at
the GIAO/B3LYP/6-31G* (DFT-A) and GIAO/MP2(fc) with 6-31G* (MP2-A), 6-311G* (MP2-B) and 6-311+G** (MP2-C) levels. Refer-
ence PH3 with the same NMR methods at the //B3LYP/6-31+G* level has magnetic shieldings of 585.6 (DFT-A), 646.2 (MP2-A),
613.6 (MP2-B), 607.1 (MP2-C) and a chemical shift of δ = –240 ppm. [b] The slope and squared correlation coefficient, cc, between
δ31P(DFT-A) and the higher levels of NMR calculation are: δ31P(MP2-A) = 0.77δ31P(DFT-A) – 31 ppm, with r = 0.989; δ31P(MP2-B) =
0.86δ31P(DFT-A) + 0 ppm, with r = 0.988; and δ31P(MP2-C) = 0.84δ31P(DFT-A) + 0 ppm, with r = 0.984. [c] Cyclic compounds with a cis
arrangement of the P=P double bond; otherwise trans conformer.

Figure 9. Relation between the R–P=P angle and chemical shifts of phosphorus at ab initio/NMR level DFT-A for trans (squares), cis
(diamonds) and cyclic (circles) diphosphenes. A cross denotes the trans-disilylated molecules and the additional cross (forming an asterisk)
marks the molecules that are known experimentally.

bond angles of trans-disilyldiphosphenes cause a large
change of the phosphorus shift, which is different from the
trans carbon analogues, as shown for the substituents H,
CF3, CH3 and CMe3. Here, a difference of the bond angles
of more than 10° (see also Table 3) causes a shift change of
no more than 50 ppm. As is to be expected, the P=P–R
angle and the bulkiness of R correlate so that the shift also
correlates with the calculated cone angles, which are 92.9°,
123.2°, 175.9° and 211.2° for SiH3, SiMe3, Hyp and Sup,
respectively.

Remarkably, the chemical-shift changes for the cis iso-
mers per unit angle change are much smaller. For the cis

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2393–24052402

series with H, F, SiH3 and SiMe3, the calculated bond
angles are 100.2°, 105.2°, 111.1° and 119.9°, with shift val-
ues of δ = 552, 628, 747 and 839 ppm, respectively, which
gives a linear fit δ31P = –923+15α (cc = 0.982). In the corre-
sponding alkyl series H, CF3, CH3 and CMe3, the shift is
almost independent of the bond angle: all values are be-
tween δ = 525 and 552 ppm with bond angles between 100°
and 123°. The shift values for cis- and trans-(H2N)-
P=P(NH2) and -(Me2N)P=P(NMe2) do not fit into these
correlations as they are much lower (between δ = 350 and
400 ppm). This is consistent with previous phosphorus
NMR investigations that an increased electronegativity of
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the atom attached to the phosphorus atom causes an up-
field shift.[21] In diphosphenes with P–C or P–Si bonds, β-
alkylation, i.e. replacing CH3 or SiH3 by CH2R and SiH2R,
always increases α as the cone angle of the substituent be-
comes larger and a downfield shift occurs. With the amino-
substituted cis-diphosphenes (H2N)P=P(NH2) and (Me2N)-
P=P(NMe2) the opposite effect is observed; an upfield shift
of about 20 ppm is predicted by the ab initio calculations.

The cis-E–P=P–E group in the cyclic compounds shows
similar small effects of the bond angle on δ31P. In agreement
with a positive angle vs. shift correlation, δ31P of the six-
membered rings increases compared to the corresponding
five-membered rings.

All carbon-substituted diphosphenes are predicted to
possess phosphorus resonances in the range between δ =
525 and 641 ppm, which does not overlap with the range
for silyl-substituted diphosphenes [δ = 734 ppm for cyclo-
1,2-diphospha-3,5-disilacyclopent-1-ene and δ = 875 ppm
for trans-(Me3Si)P=P(SiMe3)]. Similarly, the amino-substi-
tuted diphosphenes show up with distinguishable chemical
shifts in the range δ = 325–425 ppm, at higher field than
the alkyldiphosphenes.

Conclusions

Along with the synthesis of the first example of a bis(oli-
gosilyl)diphosphene, several synthetic refinements for the
generation of phosphorus–phosphorus double bonds have
been developed. The concentration-dependent product for-
mation in the reaction of Hyp–PCl–SiMe3 with KOtBu in-
dicates the intermediacy of a hypersilylphosphanylidene.
The green colour of the diphosphene is in agreement with
the weak n–π* absorption band at 632 nm obtained from
DFT calculations. Geometries and GIAO/MP2 as well as
GIAO/B3LYP chemical-shift calculations have been per-
formed for the H-, SiH3-, and SiMe3-substituted parents of
the experimentally investigated molecules. The relation (cc
= 0.984; 16 examples with a P=P bond) between the large
basis set MP2 and B3LYP/6-31G* results provide an equa-
tion [δP(MP2-C) = 0.84×δP(B3LYP)] with a negligible in-
tercept. The correction factor has been successfully applied
to the bare triphosphaallyl anion, resulting in differences of
less than 32 ppm with respect to the NMR spectroscopic
data of the complex of the anion with K(THF)n (4). The
R–P=P bond angle vs. chemical shift relationship for 33
molecules with an –P=P– moiety has been analysed: trans-
R–P=P–R shows larger shifts with larger angles (approxi-
mately 40 ppm per degree), although little effect is seen for
cis-R–P=P–R (including endocyclic moieties), probably due
to compensation resulting from geometric constraints.
While previous model computations only considered R =
H and SiH3 (as placeholder for supersilyl) the present set
expands the scope to SiMe3 and, in special cases, to hyper-
silyl, Si(SiMe3). The change of geometric parameters from
the SiH3 to the SiMe3 substituent is most obvious in
cis-R–P=P–R, with a widening of the P=P–Si angle by 9°.
In the other compounds considered this angle changes by
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only 2° (P3-allyl) or 5° (cyclo-P3). This is in agreement with
NMR shifts of cyclotriphosphanes with R = H, Me, iPr,
and tBu, which exemplify steric effects reflected in NMR
signals.[22]

Experimental Section
General Remarks: All syntheses and manipulations were carried out
under either N2 or Ar using standard Schlenk techniques. Solvents
were distilled from sodium, potassium, sodium/potassium alloy or
LiAlH4 prior to use. Elemental analyses were performed with a
Heraeus Vario Elementar.

Ab Initio Calculations: The B3LYP/6-31+G* method was used for
geometry optimisation, examining all stationary points by analyti-
cal frequency calculations with the Gaussian 98 program pack-
age.[23] For selected minimum geometries the magnetic shielding
was calculated with the GIAO approach at the B3LYP/6-31G* and
MP2 level with the basis sets 6-31G*, 6-311G* and 6-311+G**,
and transformed into chemical shifts (see Table 3). The UV spectra
were obtained by time-dependent DFT calculations with the hybrid
B3LYP functional and 6-311+G(d) basis set.

Spectroscopy: NMR spectra were recorded with a Bruker MSL 300
or a Varian Unity Inova 300 spectrometer. The 29Si and 31P NMR
spectra were measured for solutions in THF or toluene in 10-mm
tubes with capillaries of D2O serving as external lock. 31P-31P
COSY spectra were recorded at 25 °C from a solution in C6D6

using 4096×4096 data points and a sweep width of 10582 Hz, The
time required for an experiment was about 11 h. Raman spectra
were recorded with a JobinYvon T64000 triple monochromator
equipped with a CCD detector and a frequency-doubled Nd:YAG
laser operating at 532 nm with a power of 10 mW. Samples were
placed in 1-mm capillaries and sealed under dry, oxygen-free nitro-
gen. The UV/Vis spectrum of a solution of bis(hypersilyl)diphos-
phene in n-hexane was measured with a Perkin–Elmer Lamda 2S
spectrometer in the range 200–700 nm.

X-ray Structure Analysis of 2: The crystal was mounted onto the
tip of a glass fibre and data collection was performed with a
Bruker-AXS SMART APEX CCD diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å). The data was
reduced to Fo

2 and corrected for absorption effects with SAINT[24]

and SADABS,[25] respectively. The structure was solved by direct
methods and refined by full-matrix least-squares methods
(SHELXL-97).[26] All non-hydrogen atoms were refined with aniso-
tropic displacement parameters and were located in positions cal-
culated to correspond to standard bond lengths and angles. The
diagrams were drawn with 30% probability thermal ellipsoids, with
all hydrogen atoms omitted for clarity. Selected data are collected
in Table 4. CCDC-291188 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Bis(hypersilyl)diphosphene (2): Solid C2Cl6 (0.21 g,
0.87 mmol) was added to a solution of HypP(SiMe3)2 (0.31 g,
0.73 mmol) in 20 mL of toluene and the reaction mixture was
stirred at room temperature overnight. The solvent and all volatile
reaction products such as C2Cl4 and ClSiMe3 were then carefully
removed by concentration in vacuo. The oily residue of pure 1 was
dissolved in 20 mL of THF and a solution of tBuOK (0.09 g,
0.76 mmol) in 10 mL of THF was added dropwise at –70 °C. The
colour slowly changed to light-green. The mixture was stirred for
another 2 h and then warmed to room temperature. The solvent
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Table 4. Crystal data and structure refinement for bis(hypersilyl)-
diphosphene.

Empirical formula C27H81P3Si12

Formula mass 835.91
T [K] 100(2)
Wavelength [Å] 0.71073
Crystal system triclinic
Space group P1̄
a [Å] 9.3084(19)
b [Å] 13.495(3)
c [Å] 23.693(5)
α [°] 94.59(3)
β [°] 100.94(3)
γ [°] 107.23(3)
V [Å3] 2761.3(10)
Z 2
ρcalcd. [g cm–3] 1.005
Absorption coefficient [mm–1] 0.385
F(000) 912
Crystal size [mm] 0.45×0.28×0.16
θ range [°] 1.60–26.37

–11 � h � 11
–16 � k � 16
–29 � l � 29

Reflections collected/unique 22108/11119 [R(int) = 0.0509]
Completeness to θ = 22.00° 98.4%
Absorption correction SADABS
Refinement method full-matrix least squares on F2

Data/restraints/parameters 11119/0/406
Goodness-of-fit on F2 1.006
Final R indices [I � 2σ(I)] R1 = 0.0593, wR2 = 0.1346
R indices (all data) R1 = 0.0989,wR2 = 0.1443
Largest diff. peak/hole [eÅ–3] 0.524/–0.315

was removed by evaporation in vacuo and replaced with pentane.
Light-green crystals of 2 (0.19 g, 95%) with a quality suitable for
X-ray diffraction were obtained at –30 °C. C18H54P2Si8 (557.32):
calcd. C 38.79, H 9.77; found C 37.90, H 9.52. 31P NMR: δ =
+735.0 ppm. 29Si NMR: δ = –56.7 (pseudo-t, |1JP,Si + 2JP,Si| =
46.0 Hz), –9.9 (pseudo-t, |2JP,Si + 3JP,Si| = 7.1 Hz, SiMe3) ppm.

Synthesis of Potassium hypersilyltriphosphenide (4): tBuOK (0.22 g,
1.96 mmol) was dissolved in 10 mL of THF and a solution of 1
(0.73 g, 1.88 mmol) in 20 mL of THF was added dropwise at
–60 °C over a period of 30 min. The colour of the reaction mixture
turned dark brown. After completion, the reaction mixture was
warmed to room temperature, whereby the colour changed to deep
violet. According to the 31P NMR spectrum, 4 formed almost
quantitatively (�95%) with traces of HypPH2 (�5%) as a by-prod-
uct. Attempts to crystallise 4 as the [18-crown-6·K]+ salt failed. 31P
NMR: δ = +705.5 (t), +197.5 (d) ppm.

Reaction of Bis(hypersilyl)diphosphene with 2,3-Dimethylbutadiene.
Formation of 5: Compound 2 (0.06 g, 0.11 mmol) was dissolved in
1 mL of THF and the solution was transferred into an NMR tube.
2,3-Dimethylbutadiene (0.073 g, 0.188 mmol) was then added. Af-
ter 1 h at room temperature, the green colour had disappeared.
According to the NMR spectra, the [4+2] cycloaddition product 5
had formed almost quantitatively (�95%). No attempt to crystal-
lise the compound was made. 31P NMR: δ = –137.3 (s) ppm. 29Si
NMR: δ = –89.5 (pseudo-t, |1JP,Si + 2JP,Si| = 37.0 Hz), –9.8 (pseudo-
t, |2JP,Si + 3JP,Si| = 10.6 Hz, SiMe3) ppm.

Thermal Decomposition of Bis(hypersilyl)diphosphene. Formation of
6: Compound 2 (0.06 g, 0.11 mmol) was dissolved in 10 mL of tolu-
ene and refluxed for 4 h. After this period, the green colour had
disappeared completely and the signal of 2 could no longer be de-
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tected in the 31P NMR spectrum as 6 had formed almost quantita-
tively, along with some HypPH2. Not unexpectedly, 6 also formed
when 4 was treated with HypCl. Removal of the toluene by concen-
tration in vacuo gave an oily residue, which turned out to be im-
possible to purify so no crystals could be grown, despite the use of
different solvents. Attempts to purify 6 by sublimation failed due
to decomposition, therefore no elemental analysis was carried out.
31P NMR: δ = –233.0 (q), –241.3 (q), –260.9 (q) ppm. For a dis-
cussion of the spectra, see Synthesis section.

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates of the (H3Si)3SiP=PSi(SiH3)3

minima obtained by B3LYP/6-31+G(d) calculations with
Gaussian98.
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A Self-Sacrificing Template Route to Spinel MIIIn2S4 (MII = Mn, Zn, Cd, Fe,
Co, Ni) and MIIn5S8 (MI = Cu, Ag) Porous Microspheres
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A facile, self-sacrificing template route has been developed
to synthesize spinel MIIIn2S4 (MII = Mn, Zn, Cd, Fe, Co, Ni)
and MIIn5S8 (MI = Cu, Ag) porous microspheres. The BET
surface areas of the products are around 70 m2 g–1. The ur-
chin-like In2.77S4 microspheres precursor acts as both starting
material and template to confine the growth of the final prod-
ucts. The phase structures and morphologies of the products

Introduction
Porous solid materials are of practical significance as

useful supports due to their interconnected pore structure,
large surface area, and small pore size.[1,2] Recently, the
preparation and investigation of nano-/micro-sized porous
spheres has attracted considerable attention because of their
technical applications in catalysis, drug-delivery systems,
separation techniques, photonics, as well as piezoelectric
and other dielectric devices.[3,4] Rapid solvent removal,[5]

porogen leaching,[6] double-emulsification,[7,8] and solution-
induced phase separation[9] have been used to fabricate po-
rous microspheres based on an emulsion–solvent evapora-
tion method. However, these methods are rather compli-
cated for repeatable production and subtle manipulation.

In recent years, multinary chalcogenide compounds have
been the subject of intense research,[10,11] and considerable
progress has been made in the synthesis and characteriza-
tion of ternary semiconductor crystallites.[12,13] Various ter-
nary semiconducting compounds with formula AIIBIII

2XVI
4

have been of special interest due to their unusual properties
(e.g. wide transparency intervals, high value of non-linear
susceptibility combined with natural birefringence) and po-
tential applications (e.g. electro-photographic films,
switches, optical filters, photodetectors, magnetic field con-
trol lasers, light modulators, optoelectronics, and Schottky
diodes).[14–18] The type I-III-VI ternary semiconductors Cu-
In5S8 and AgIn5S8 are also of great technological and scien-

[a] Nanomaterial and Nanochemistry, Hefei National Laboratory
for Physical Sciences at Micro-scale, University of Science and
Technology of China,
Hefei, Anhui 230026, P. R. China
Fax: +86-551-360-1791
E-mail: kbtang@ustc.edu.cn

[b] Department of Chemistry, University of Science and Technol-
ogy of China,
Hefei, Anhui 230026, P. R. China

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2406–24102406

were characterized by X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, and electron
diffraction. Possible formation process and growth mecha-
nism for the porous structure are proposed based on the ex-
perimental results.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tific interest because of their possible application in semi-
conductor devices and optical and quantum electronics.[19]

Both MIIIn2S4 and MIIn5S8 show n-type conductivity
and crystallize in the spinel-type cubic structure with the
space group Fd3̄m. There are theoretical and practical
reasons to believe that they can all be used as an absorber
layer material for a p-n junction solar cell.[18,20,21] Many
efforts have been made to study the magnetic, optical, elec-
trical, and semiconducting properties of MIIIn2S4

[22–26] and
the electrical and optical properties of MIIn5S8.[19,27,28]

Conventionally, MIIIn2S4 and MIIn5S8 powders are pre-
pared by solid-state reaction methods under high tempera-
ture and vacuum conditions for a long time.[19,29,30] Re-
cently, many methods such as metal-organic chemical vapor
deposition (MOCVD),[31] chemical vapor transport,[32] pre-
cipitation,[33] hydrothermal/solvothermal techniques,[26,34]

and a chemical spraying route[18] have been reported for the
preparation of MIIIn2S4. As for the synthesis of MIIn5S8,
spray deposition,[35] pulsed-laser deposition,[36] sequential
deposition,[37] and thermal-deposition[38] methods have also
been reported. However, the complicated synthesis process
and the requirements for special instruments or harsh con-
ditions in these processes are the main disadvantages of
these methods. To the best of our knowledge, the exten-
sively applicable self-sacrificing template method has not
been reported to be applicable for the fabrication of porous
microspheres of a series of MIIIn2S4 and MIIn5S8 com-
pounds.

In this paper, we report the successful devolepment of
a rational self-sacrificing template route to prepare spinel
MIIIn2S4 (MII = Mn, Zn, Cd, Fe, Co, Ni) and MIIn5S8

(MI = Cu, Ag) porous microspheres at low temperature
(180 °C). The precursor In2.77S4 was obtained by a conve-
nient mixed-solvent/thermal method at 160 °C in an “aque-
ous solution/water-immiscible organic solvent” system
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using InCl3·4H2O and thiourea (Tu) as the starting materi-
als and a water-immiscible organic solvent (WIOS) plus dis-
tilled water as the solvent.

Results and Discussion

Figure 1 shows the XRD patterns of the as-obtained
samples. The XRD pattern of the precursor is shown in
Figure 1a; it can be indexed to the cubic spinel structure
In2.77S4 with lattice constant a = 10.74 Å, consistent with
reported values (JCPDS card file No. 88-2495: a =
10.72 Å). The XRD patterns shown in Figure 1b–i can be
indexed to cubic spinel structure MnIn2S4 (JCPDS card file
No. 85-1229), ZnIn2S4 (48-1778), CdIn2S4 (27-0060),
FeIn2S4 (80-0608), CoIn2S4 (79-1015), NiIn2S4 (79-1016),
CuIn5S8 (24-0361), and AgIn5S8 (24-1477). All nine XRD
patterns are very similar as they have the same crystal struc-
ture. No characteristic peaks for other impurities, such as
metal sulfides (In2S3) are observed. The composition of the
samples was further analyzed by ICP. The results reveal that
the molar ratio of MII (MII = Mn, Zn, Cd, Fe, Co, Ni) to
In and S, and MI (MI = Cu, Ag) to In and S is 1:2.03:4.08,
1:1.95:4.03, 1:1.99:4.05, 1:2.02:4.08, 1:2.02:4.07, 1:1.96:3.99,
1:4.91:7.96, and 1:4.96:8.03, respectively.

Figure 1. XRD patterns of the as-prepared In2.77S4 precursor (a),
MnIn2S4 (b), ZnIn2S4 (c), CdIn2S4 (d), FeIn2S4 (e), CoIn2S4 (f),
NiIn2S4 (g), CuIn5S8 (h), and AgIn5S8 (i).

Figures 2a and b show SEM images of the as-synthesized
precursor In2.77S4 sample, and reveal that the product con-
sists of large-scale porous spheres with a large size distribu-
tion (1–6 µm in diameter). It is obvious that the sphere is
built up by many interconnected slightly bending flakes
with a thickness of about 60 nm, which entangle together
to form a network on the surface of the sphere (Figure 2b).
Figure 2c is the TEM image of this sample and the inset is
the high-magnification TEM image of the surface of the
porous microspheres. These images further confirm the
spherical urchin-like architecture of the product and the
flakes on the surface can also be clearly observed. The cor-
responding ED patterns in Figure 2d show several diffrac-
tion rings, which can be characterized as the (111), (220),
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(311), (400), (511), and (440) planes (from inner to outer)
and further reveal the cubic spinel structure of the product.

Figure 2. (a), (b) SEM images of the as-prepared In2.77S4 precursor.
(c) TEM image of the as-prepared In2.77S4 precursor (inset: TEM
image at high magnification). (d) Corresponding ED patterns.

Figure 3 shows an SEM image of the as-synthesized
MnIn2S4 sample using the In2.77S4 precursor as the reac-
tant. It can be seen that the product also consists of porous
microspheres, on the surface of which a network of inter-
connected bending flakes has formed (the SEM image at
high magnification is shown in the inset). The TEM images
shown in Figures 3b and c also show evidence for the mor-
phological structure, and the corresponding ED patterns
(inset of Figure 3b) also reveal that the MnIn2S4 product
has a cubic spinel structure.

Figure 3. (a) SEM and (b), (c) TEM images of the as-synthesized
MnIn2S4 sample [inset of (a): SEM image at high magnification;
inset of (b): corresponding ED patterns].

The SEM images of the other samples, viz. ZnIn2S4,
CdIn2S4, FeIn2S4, CoIn2S4, NiIn2S4, CuIn5S8, and AgIn5S8,
are displayed in Figures 4a–h. They all have the same mor-
phology (porous microspheres) as those in Figure 2, which
implies that these MIIIn2S4 (MII = Mn, Zn, Cd, Fe, Co, Ni)
and MIIn5S8 (MI = Cu, Ag) products still keep the mor-
phology of the In2.77S4 precursor. It is therefore reasonable
to deduce that the precursor In2.77S4 porous microspheres
play a critical role in the formation of the morphology of
the final products.

The surface areas of the as-prepared representative prod-
ucts were determined by the BET method. The BET surface
areas of the In2.77S4 precursor and MnIn2S4, ZnIn2S4,
FeIn2S4, and CuIn5S8 are 73.6906, 63.6089, 73.4746,
66.9709, and 62.4300 m2 g–1.
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Figure 4. SEM images of as-synthesized (a), (b) ZnIn2S4, (c) CdIn2S4, (d) FeIn2S4, (e) CoIn2S4, (f) NiIn2S4, (g) CuIn5S8, and (h) AgIn5S8.

Based on the experiments, a possible formation process
of MIIIn2S4 and MIIn5S8 in this reaction system can be pro-
posed. The reaction of Tu with H2O can release S2–

ions,[39,40] which react with metal ions (Mn2+, Zn2+, Cd2+,
Fe2+, Co2+, Ni2+, Cu+, Ag+) to produce MIIS or M2

IS. The
subsequent reaction of In2.77S4 with MIIS or M2

IS results
in the formation of MIIIn2S4 or MIIn5S8. These processes
can be summarized as follows:

NH2CSNH2 (Tu) + 2 H2O � H2S + 2 NH3 + CO2

M2+ + S2– � MIIS or M+ + S2– � MI
2S

In2S3 (In2.77S4) + MIIS � MIIIn2S4 or 5 In2S3 (In2.77S4) + MI
2S �

2MIIn5S8

Actually, the spinel structure In2.77S4 can be represented
by (In1–x)(In2)S4. When it reacts with metal sulfides, some
metal atoms (Mn, Zn, Cd, Fe, Co, Ni, Cu, Ag) occupy part
of the tetrahedral sites and the rest of the metal atoms oc-
cupy part of the octahedral sites to form the (MII

xIn1–x)-
(MII

1–xIn1+x)S4 or (MI
1/2–xIn1/2+x)(MI

xIn2–x)S4 spinel struc-
ture.

Interestingly, if the In2.77S4 precursor is replaced by the
appropriate amount of InCl3·4H2O and Tu, directly mixed
with the metal (MII or MI) salt, and loaded into an auto-
clave, then the product was not pure MIIIn2S4 or MIIn5S8.
For the synthesis of MnIn2S4 only In2.77S4 is obtained here,
whereas in other procedures unreacted MIIS and MI

2S im-
purities still exist, which increases the reaction time and the
amount of Tu needed.

The amount of distilled water is also a crucial factor for
the formation of pure MIIIn2S4 or MIIn5S8. When the vol-
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ume of distilled water in the reaction system reached 1 mL,
In(OH)3 impurities could be observed, which may result
from the hydrolysis of the In2.77S4 precursor.

From the above analyses, it can be seen that the In2.77S4

precursor may serve as a “self-sacrificing template” to con-
fine the formation of the MIIIn2S4 and MIIn5S8 porous
microspheres. To investigate the template effect of the
In2.77S4 precursor, some contrast experiments were per-
formed. During the preparation of the In2.77S4 precursor,
increasing of the volume of distilled water to 10–40 mL
caused the formation of In2.77S4 porous microspheres
(marked with arrow I) and smooth microspheres (marked
with arrow II) simultaneously, as shown in Figure 5a. When
this In2.77S4 precursor was used as the reactant, the ob-
tained MIIIn2S4 and MIIn5S8 samples also consisted of po-
rous microspheres (marked with arrow I) and smooth
microspheres (marked with arrow II), as shown in Fig-
ures 5b and c. The final products still kept the morphology
of the precursor, which confirmed the self-sacrificing tem-
plate effect of the In2.77S4 precursor.

A possible growth mechanism for the porous architecture
of the In2.77S4 precursor and obtained MIIIn2S4 and MI-

In5S8 can also be tentatively proposed. During the synthesis
of the In2.77S4 precursor, small In2.77S4 spheres are formed
first in the “aqueous solution/water-immiscible organic sol-
vent” system because of the interfacial tension. Sub-
sequently, the [In(Tu)n]Cl3 complex solution[41] reacts on the
surface of the spheres to form In2.77S4 flakes in different
directions. These flakes then collide with each other and
yield an entangled network morphology. Upon interleaving,
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Figure 5. SEM images of (a) as-prepared In2.77S4 precursor with the amount of distilled water increased to 10–40 mL and (b), (c) the
MnIn2S4 sample produced using a mixture of porous and smooth microspheres of In2.77S4 as the reactant.

these newly formed thin flake interfaces become strongly
undulated, which results in a slight bending of the flakes in
order to relax the strain due to the elongation of the
flakes.[42] This process continues until the spheres become
completely covered, thereby minimizing the interfacial free
energy, to finally give the In2.77S4 porous spheres.[43] Subse-
quent reaction of the metal salts and Tu on the interface
of the In2.77S4 porous spheres gives the final MIIIn2S4 and
MIIn5S8 porous microspheres. When the amount of distilled
water is increased in the preparation of the In2.77S4 precur-
sor, the volume of the aqueous solution increases and many
of the initial In2.77S4 spheres are unable to form an interface
with the water-immiscible organic solvent, which results in
the coexistence of smooth and porous In2.77S4 spheres (Fig-
ure 5a). Actually, our experiments showed that the smooth
In2.77S4 microspheres occur in the product when the volume
of distilled water is above 10 mL. All the obtained In2.77S4

samples consist of porous microspheres and smooth micro-
spheres when the volume of distilled water is in the range
10–40 mL.

Conclusions

In summary, porous microspheres of the ternary semi-
conductors MIIIn2S4 (MII = Mn, Zn, Cd, Fe, Co, Ni) and
MIIn5S8 (MI = Cu, Ag) have been successfully synthesized
by a simple self-sacrificing template method using In2.77S4

porous microspheres as the starting material. The possible
formation process for the product and a growth mechanism
for the porous architecture have been tentatively proposed
and discussed in detail. This novel synthesis is performed
under ambient conditions and can be easily operated. It is
expected to be extendable to the synthesis of other ternary
inorganic compounds.

Experimental Section
General: All chemical reagents were of analytical grade, purchased
from Shanghai Chemical Reagent Company and used without fur-
ther purification.

Preparation of the Precursor In2.77S4 Porous Microspheres: In a typ-
ical procedure, 2 mmol of InCl3·4H2O (0.586 g) and a slight excess
of Tu (0.25 g) were put into a Teflon-lined autoclave of 60 mL ca-
pacity and dissolved in 2–3 mL of distilled water to form a solu-
tion. The autoclave was then filled with a water-immiscible organic
solvent (WIOS, e.g. benzene, toluene, hexane, cyclohexane) up to
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90% of the total volume, sealed, and maintained at 160 °C for 12 h.
After cooling to room temperature naturally, the final products
were filtered off, washed with absolute ethanol and distilled water
several times, and then dried under vacuum at 60 °C for 4 h. An
orange-red powder was obtained.

Preparation of MIIIn2S4 (MII = Mn, Zn, Cd, Fe, Co, Ni) and
MIIn5S8 (MI = Cu, Ag) Porous Microspheres: A given amount
of divalent metal salt [MnCl2·4H2O, Zn(CH3COO)2·2H2O,
CdCl2·2.5H2O, FeSO4·7H2O, CoCl2·6H2O, NiCl2·6H2O] or univa-
lent metal salt (CuCl or AgNO3), the In2.77S4 precursor, Tu, and
2–3 drops of distilled water were loaded into the Teflon-lined auto-
clave, which was then filled with WIOS up to 90% of the total
volume, sealed, and maintained at 180 °C for 20 h. After cooling
to room temperature naturally, the products were filtered off,
washed with absolute ethanol and distilled water several times to
remove impurities, and dried in vacuo at 60 °C for 4 h.

Sample Characterization: The X-ray powder diffraction (XRD) pat-
terns were recorded with a Philips X’pert PRO SUPER dif-
fractometer with Cu-Kα radiation (λ = 1.541874 Å). Direct elemen-
tal analysis was performed by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) using an Atomscan Advantage
(Thermo Jarrell Ash Corporation) instrument. The SEM images
were taken with an X-650 scanning electronic microanalyzer. The
TEM images and electron diffraction (ED) patterns were obtained
with a Hitachi H-800 transmission electron microscope, at an acce-
lerating voltage of 200 kV. For TEM investigation, one or two
drops of the solution containing the as-prepared composites were
deposited onto an amorphous carbon film supported on a copper
grid and allowed to dry at room temperature in air. The surface
areas of the samples were evaluated from nitrogen adsorption data
by the Brunauer–Emmett–Teller (BET) technique at 77 K with a
Micromeritics ASAP 2000 analyzer.
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Six novel manganese(II) coordination polymers, namely
[Mn(oba)(4,4�-bpy)]n·n(4,4�-bpy) (1), [Mn(oba)(phen)(H2O)]n

(2), [Mn2(oba)2(2,2�-bpy)2(H2O)2]n·nH2oba (3), [Mn2(cca)2-
(4,4�-bpy)2]n·2n(4,4�-bpy) (4), [Mn(cca)(phen)]n (5) and
[Mn(cca)(2,2�-bpy)]n·0.25nH2O (6) [H2oba = 4,4�-oxybis(ben-
zoic acid); 4,4�-bpy = 4,4�-bipyridine; phen = 1,10-phenan-
throline; 2,2�-bpy = 2,2�-bipyridine; H2cca = p-carboxycin-
namic acid] have been synthesised under hydrothermal con-
ditions. Complexes 1 and 4 possess 3D microporous metal-
organic frameworks with free 4,4�-bpy ligands in the chan-
nels. The MnII ions in complex 2 are bridged into 1D infinite
double-chain structures, and those in complex 3 are bridged
into 1D zigzag chains. Hydrogen bonds cause the formation

Introduction

Manganese-based coordination compounds have re-
ceived considerable interest in the fields of supramolecular
chemistry, crystal engineering and materials chemistry. This
interest arises not only from their remarkable magne-
tochemical properties,[1] but also from their rich biochemis-
try.[2] Furthermore, due to their low cost and toxicity, man-
ganese coordination compounds are growing in importance
as homogeneous catalysts.[3] As far as we know, the current
focus is on the construction of molecule-based magnetic
materials. The main approach is to employ short bridging
ligands to connect manganese ions. These short ligands,
such as azide,[4] cyanide[5] and oxalate,[6] efficiently mediate
the magnetic coupling. Long bridging ligands, because of
their large separation and thus their inefficiency in trans-
mitting magnetic interactions, have seldom been used to
construct manganese coordination compounds.

It is well-known that the topology of coordination com-
pounds depends both on the coordination geometry of the
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of 3D supramolecular networks for complexes 2 and 3. Com-
plex 5 is a complicated 3D metal-organic framework, and the
MnII ions in complex 6 are linked into 2D layers with cavities;
interpenetration of these 2D layers results in the formation of
a 3D supramolecular network. Magnetic susceptibility mea-
surements indicate that complex 2 displays a weak ferromag-
netic interaction between the MnII ions with the following
parameters: J = 0.462(3) cm–1, g = 2.0387(6), zJ� =
–0.0062(3) cm–1 and R = 8.0×10–6. Complex 4 shows antifer-
romagnetic coupling between the MnII ions with J =
–0.718(4) cm–1, g = 1.986(4) and R = 2.3×10–4.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

metal centres and on the coordination behaviour of the or-
ganic ligands. When long bridging ligands are used to con-
nect metal ions, their versatile coordination modes may lead
to new architectures with novel topologies and interesting
properties.

4,4�-Oxybis(benzoic acid) (H2oba) is a typical example
of long V-shaped ligands. Its coordination chemistry has
been studied and some coordination polymers have been
obtained.[7] Because of its two oxo carboxylate groups,
H2oba can coordinate to metal ions in didentate, tridentate,
tetradentate, pentadentate and hexadentate modes. p-Car-
boxycinnamic acid (H2cca) also has two oxo carboxylate
groups. There is only one cobalt() complex known with
H2cca,[8] and we are interested in the architecture of metal
complexes with this asymmetrical functional carboxylate li-
gand.

The choice of a suitable co-ligand often has a significant
effect on the formation and structure of metal complexes.
4,4�-Bipyridine (4,4�-bpy) has been demonstrated to be one
of the most important rigid linear co-ligands and has been
extensively used to connect metal ions.[9] Chelating N-con-
taining aromatic ligands, such as 2,2�-bipyridine (2,2�-bpy)
and 1,10-phenanthroline (phen), can not only affect the co-
ordination geometry of metal ions but also bring about π-
π stacking interactions, which are important for the con-
struction of supramolecular networks.[10]

Taking into account the above-mentioned aspects, we re-
port here the syntheses, structures and magnetic properties
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of six novel MnII coordination compounds, namely
[Mn(oba)(4,4�-bpy)]n·n(4,4�-bpy) (1), [Mn(oba)(phen)-
(H2O)]n (2), [Mn2(oba)2(2,2�-bpy)2(H2O)2]n·nH2oba (3),
[Mn2(cca)2 (4,4�-bpy)2]n·2n(4,4�-bpy) (4), [Mn(cca)(phen)]n
(5) and [Mn(cca)(2,2�-bpy)]n·0.25nH2O (6). All six coordi-
nation polymers contain long spacers (oba/cca) and co-li-
gands (4,4�-bpy/phen/2,2�-bpy), and possess very different
structures, ranging from 1D chains to 2D layers and 3D
metal-organic frameworks.

Results and Discussion

Description of the Structures

[Mn(oba)(4,4�-bpy)]n·n(4,4�-bpy) (1)

Complex 1 is a 3D porous coordination polymer contain-
ing channels with guest 4,4�-bpy molecules. There is only
one metal environment in complex 1, as shown in Figure 1.
Each MnII ion is coordinated to four oxygen atoms of four
oba ligands and two nitrogen atoms of two 4,4�-bpy ligands,
and is located in a slightly distorted octahedral geometry.
The average Mn–N bond length is 2.322 Å and the Mn–O
bond lengths are in the range 2.147–2.162 Å. Each oba li-
gand in complex 1 is severely bent at the ether-oxygen site
(C–O–C = 118.6°) and adopts a bis(bridging didentate)
mode, linking four MnII ions (see Scheme 1a). All MnII ions
are connected by oba ligands into 2D pillar-like layers. The
nearest Mn···Mn distance in these layers is 4.835 Å. The
4,4�-bpy ligands bridge these layers into a 3D porous frame-
work with channels of about 11×14 Å (based on the dis-
tance between metal ions), as shown in Figure 2. The chan-
nels are big enough to accommodate free 4,4�-bpy mole-
cules.

Figure 1. The coordination environment of the MnII ion in complex 1 with 30% thermal ellipsoids. All hydrogen atoms have been omitted
for clarity.
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Scheme 1. The coordination modes of the oba ligands in complexes
1–3.

Figure 2. The 3D porous framework of complex 1 viewed along
the c axis, with space-filling models representing the free 4,4�-bpy
molecules.
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[Mn(oba)(phen)(H2O)]n (2)

Figure 3 shows the coordination environment of the
MnII ions in complex 2. The coordination geometry around
each MnII ion is N2O4, with three oxygens from three oba
ligands, one oxygen from a coordinated water molecule and
two nitrogens from one phen ligand, and can be described
as a distorted octahedron. The average Mn–N bond length
is 2.271 Å and the Mn–O bond lengths are in the range
2.107–2.158 Å. The oba ligands are also bent (C–O–C:
118.6°), as in complex 1. The coordination modes in com-
plexes 1 and 2, however, are different as each oba ligand in
complex 2 adopts a tridentate mode, linking three MnII

ions, as shown in Scheme 1b. This coordination mode has
not been reported before. The bridging carboxylate oxygen
atoms cause the formation of the building blocks of Mn2O2

cores, in which the Mn···Mn distance is 3.387 Å (Mn–O–
Mn angle: 101.81°). These cores are interconnected by oba
ligands into 1D double-chain structures. A similar structure
has been reported for [Zn(bpndc)(phen)(H2O)]n.[11] There
are hydrogen bonds between the coordinated water mole-
cules and the uncoordinated carboxylate oxygen atoms
(O···O distances of 2.697 and 2.740 Å). In addition, weak
π-π stacking interactions exist between phen molecules of
neighbouring chains, with an average distance of 3.53 Å.
Both the hydrogen bonds and π-π stacking interactions re-
sult in the formation of a 3D supramolecular network with

Figure 3. The coordination environment of the MnII ion in complex 2 with 30% thermal ellipsoids. All hydrogen atoms have been omitted
for clarity.

Figure 4. The coordination environments of the MnII ions in complex 3 with 30% thermal ellipsoids. Free H2oba ligands and all hydrogen
atoms have been omitted for clarity.
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channels of about 3×13 Å. This is small and means that it
is unable to incorporate any guest molecules.

[Mn2(oba)2(2,2�-bpy)2(H2O)2]n·nH2oba (3)

There are two kinds of crystallographically different
MnII ions in complex 3, as shown in Figure 4. Both Mn(1)
and Mn(2) are coordinated to three oxygen atoms of two
oba ligands, one from a coordinated water molecule and
two nitrogen atoms of a 2,2�-bpy ligand, but their bond
lengths and bond angles are different. The average Mn(1)–
N bond length is 2.261 Å and the Mn(1)–O bond lengths
are in the range 2.085–2.408 Å, while the average Mn(2)–N
bond length is 2.242 Å and the Mn(2)–O bond lengths are
in the range 2.095–2.363 Å. Mn(1) and Mn(2) are bridged
by an oba ligand with a distance of 14.365 Å. There are
three kinds of oba ligands in complex 3, two of which coor-
dinate in a tridentate mode linking two MnII ions (see
Scheme 1c). They are bent at the ether-oxygen sites (C–O–
C = 118.4° and 119.9°), and connect the MnII ions into 1D
infinite zigzag chains (the Mn···Mn distance within a chain
is 14.365 Å). The third kind of oba ligand is protonated and
does not coordinate to MnII. It is also bent at the ether-
oxygen sites, with a C–O–C angle of 120.2°. There are hy-
drogen bonds between the coordinated water molecules and
the coordinated oba/free H2oba ligands (O···O distances of
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2.896, 2.753 and 2.855 Å), forming a 3D supramolecular
network, as shown in Figure 5.

Figure 5. The 3D supramolecular network of complex 3 viewed
along the a axis, with space-filling models representing the free
H2oba ligands.

[Mn2(cca)2(4,4�-bpy)2]n·2n(4,4�-bpy) (4)

Complex 4 possesses a 3D porous metal-organic frame-
work whose channels contain free 4,4�-bpy molecules. Sim-
ilar to complex 3, there are two types of MnII environments
(see Figure 6). Both Mn(1) and Mn(2) are coordinated to
four oxygen atoms of four cca ligands and two nitrogen
atoms of two 4,4�-bpy molecules, and are located in slightly
distorted octahedra. However, their bond lengths and
angles are different. The Mn(1)–N bond length is 2.275 Å
and the Mn(1)–O bond lengths are in the range 2.152–
2.173 Å, while the Mn(2)–N bond length is 2.299 Å and
the Mn(2)–O bond lengths are in the range 2.166–2.197 Å.

Figure 6. The coordination environments of the MnII ions in complex 4 with 30% thermal ellipsoids. All hydrogen atoms have been
omitted for clarity.
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Mn(1) and Mn(2) are bridged by two carboxylate groups
of two cca ligands with a distance of 5.112 Å. Each cca
ligand in complex 4 adopts a tetradentate mode, linking
four MnII ions (see Scheme 2a). All MnII ions are connected
by cca ligands into 2D pillar-like layers. These layers are
interconnected by 4,4�-bpy ligands, resulting in the forma-
tion of a 3D porous framework with channels of about
11×11 Å, similar to those in complex 1. These channels
contain free 4,4�-bpy molecules.

Scheme 2. The coordination modes of the cca ligands in complexes
4–6.

[Mn(cca)(phen)]n (5)

There is only one metal environment in complex 5, as
shown in Figure 7. Each MnII ion is placed in a distorted
octahedron, which is completed by four oxygen atoms of
four cca ligands and two nitrogen atoms of one phen mole-
cule with the same Mn–N distance. The Mn–N bond length
is 2.317 Å and the Mn–O bond lengths are in the range
2.094–2.203 Å. Each cca ligand adopts a tetradentate mode,
linking four MnII ions (see Scheme 2a). The nearest
Mn···Mn distance is 4.587 Å. All MnII ions are linked by
cca ligands into a 3D metal-organic framework with 1D
channels. However, chelating phen ligands occupy the diag-
onal position, which greatly decreases the dimension of the
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Figure 7. The coordination environment of the MnII ion in complex 5 with 30% thermal ellipsoids. All hydrogen atoms have been omitted
for clarity.

channels. All phen rings are parallel to each other, and the
nearest face-to-face distance is 3.29 Å, indicating the pres-
ence of π-π stacking interactions.

[Mn(cca)(2,2�-bpy)]n·0.25nH2O (6)

Because of the disorder of the cca ligands, there are four
types of MnII environment. Figure 8 shows one of them,
and the others can be found in the Supporting Information
(Figures S1–S3). Each MnII ion is coordinated to four oxy-
gen atoms of three cca ligands and two nitrogen atoms of
one 2,2�-bpy molecule. The cca ligands in complex 6 adopt
two kinds of coordination modes, namely bis(bridging di-
dentate) and bis(chelating didentate) (see Scheme 2). The
dinuclear species [Mn2(cca)2(2,2�-bpy)2], which has a metal–
metal distance of 4.462 Å, can be regarded as a secondary
building block. These moieties are linked by cca ligands
into 2D grid-like layers with cavities of about 12×13 Å, and
the 2D layers are interpenetrated, resulting in the formation
of a 3D supramolecular network in which weak π-π stack-

Figure 8. The coordination environment of the MnII ion in complex 6 with 30% thermal ellipsoids. All hydrogen atoms have been omitted
for clarity.
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ing interactions between 2,2�-bpy molecules (the nearest
distance is 3.29 Å) further stabilize the supramolecular
structure.

It is obvious from the above descriptions that the carbox-
ylate ligands and the co-ligands have significant effects on
the formation and architecture of the resulting complexes.
The structures of these six complexes can be simplified as
shown in Scheme 3. Although complexes 1, 2 and 3 contain
the same carboxylate ligand oba, they possess different
structures. In complex 1, both V-shaped oba and linear 4,4�-
bpy ligands work as bridging ligands, resulting in the for-
mation of a 3D porous structure. The free 4,4�-bpy ligands
may be one of the important factors for the construction of
the porous structure as they might function as templates
and occupy the pores, thus preventing further interpen-
etration. Complexes 2 and 3 possess infinite 1D chains,
which may be attributed to the existence of the terminal
ligands phen/2,2�-bpy/H2O. These terminal ligands occupy
the coordination sites of the metal ions and prevent the
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structures from extending into higher dimensions. Complex
2 has a double-chain structure while complex 3 has a single-
chain structure because the oba ligands adopt different co-
ordination modes in the two complexes (see Scheme 1 i and
b). When the oba ligand is replaced by cca, we obtain the
box-like structure of complex 4. Both cca and 4,4�-bpy are
bridging ligands that link metal ions into a 3D porous
structure. The presence of free 4,4�-bpy works as template,
promoting the formation of the 3D porous structure. How-
ever, with the terminal ligand phen, complex 5 possesses a
3D metal-organic framework due to the tetradentate bridg-
ing ligand cca, and in complex 6 the introduction of 2,2�-
bpy as a ligand leads to 2D grid-like layers, where hydrogen
bond and π-π stacking interactions result in a 3D supramo-
lecular network.

Scheme 3. A simplified representation of the structures of com-
plexes 1–6.

Both oba and cca have two exo carboxylate groups, but
there are some differences in their complexes. Comparing
complexes 1 and 4, although they are both 3D porous struc-
tures they are quite different: complex 1 possesses dumb-
bell-like channels while complex 4 possesses regular rhom-
bus channels. This is because oba is V-shaped whereas cca
is nearly linear. The introduction of phen and 2,2�-bpy as
ligands in the MnII/oba and MnII/cca systems results in dif-
ferent structures. Complexes 2 and 3 are infinite 1D chains,
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while complex 5 possesses a complicated 3D structure and
complex 6 is made up of 2D grid-like layers when only co-
ordination bonds are considered. The existence of coordi-
nated water molecules in complexes 2 and 3 is one impor-
tant factor for the formation of the chain structures. The
V-shaped oxo carboxylate ligand oba is also fundamental
for the construction of chains in the presence of terminal
ligands such as phen and 2,2�-bpy,[7a,7b,7e] while the linear
ligand cca contributes to higher dimensionalities in com-
plexes 5 and 6, thus showing that the shape of the ligands
plays an important role in the architecture of coordination
polymers.

Magnetic Properties

Magnetic Properties of Complex 2

The χm
–1 and χmT vs. T plots (2–300 K) of complex 2 are

shown in Figure 9. The magnetic susceptibility data (10 to
300 K) of complex 2 obey the Curie–Weiss law very well,
with a Weiss constant, θ, of +3.2 K and a Curie constant,
C, of 4.554(1) cm3 Kmol–1. The value of C is consistent
with one spin-only MnII ion with S = 5/2 and g = 2.040.
The positive Weiss constant and the increase of χmT upon
cooling are typical of a ferromagnetic coupling between the
MnII ions. Based on the structural data, the magnetic
susceptibility data of complex 2 can be analysed by using
a Mn2 dimer model with an intradimer interaction J and
including the contribution of the intermolecular interaction
zJ�. Assuming an isotropic exchange, the exchange Hamil-
tonian H = –2JS1S2, with S1 = S2 = 5/2, and the expression
for magnetic susceptibility may be used to fit the data.[12]

The least-squares fit of the experimental data in the whole
temperature range gives the following parameters: J =
0.462(3) cm–1, g = 2.0387(6), zJ� = –0.0062(3) cm–1, and R
= 8.0×10–6.

Figure 9. Temperature dependence of χm
–1 and χmT for complex 2.

Line I is the fit of the Curie–Weiss law and line II is the fit using
a dimer model (see text).
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Clearly, a weak ferromagnetic interaction is observed in

the doubly (µ-O)-carboxylate bridged MnII dimer, while
some structurally similar MnII dimers show weak antiferro-
magnetic coupling between the MnII ions (Table 1).[13] The
ferromagnetic coupling in complex 2 may be mainly due to
the smaller Mn–O–Mn angle, which facilitates ferromag-
netic coupling as in some azido- or chloro-bridged MnII

dimers.[14]

Table 1. Comparison of the magnetic coupling constant J and
structural parameters for MnII

2(µ-O)2 complexes.

Compd. J [cm–1] Mn···Mn [Å] Mn–O–Mn [°] Ref.

A –0.631 3.712(2) 109.1(3), 109.8(3) [13a]

B –0.655 3.726(4) 108.9(3) [13a]

105.04(7),C –0.785 3.460(1) [13b]
102.77(7)

D +0.462 3.387(12) 101.81(7) this work

Magnetic Properties of Complex 3

The χm
–1 and χmT vs. T plots (2–300 K) of complex 3 are

shown in Figure 10. The magnetic susceptibility data (2 to
300 K) of complex 3 obey the Curie–Weiss law very well
with a very small Weiss constant of 0.09 K and a Curie
constant of 9.004(1) cm3 Kmol–1. The value of C is consis-
tent with two non-interacting spin-only MnII ions with S =
5/2 and g = 2.029. The very small Weiss constant suggests
essentially no magnetic coupling between the MnII ions,
which is consistent with the long separation between the
MnII ions in this complex. The peak around 50 K might
arise from the effect of oxygen.[15]

Figure 10. Temperature dependence of χm
–1 and χmT for complex

3. The line is the fit of the Curie–Weiss law.

Magnetic Properties of Complex 4

The χm
–1 and χm vs. T plots (2–300 K) of complex 4 are

shown in Figure 11. The magnetic susceptibility data (20 to
300 K) of complex 4 obey the Curie–Weiss law very well
with a Weiss constant of –15.8 K and a Curie constant of
8.8355(7) cm3 Kmol–1. The value of C is consistent with
two non-interacting spin-only MnII ions with S = 5/2 and
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g = 2.0098. The negative Weiss constant and the peak in the
χm curve for the complex are typical of antiferromagnetic
coupling between the MnII ions. Based on the structural
data, complex 4 can be viewed as a 1D uniform chain along
the a axis. Consequently, the magnetic susceptibility data of
complex 4 can be analysed by using a 1D Fisher model with
an intradimer interaction J. Assuming isotropic exchange,
the exchange Hamiltonian is H = –2JSiSj with Si = Sj =
5/2 and the expression of magnetic susceptibility may be
used to fit the data.[16] The least-squares fit of the experi-
mental data in the whole temperature range gives the fol-
lowing parameters: J = –0.718(4) cm–1, g = 1.986(4), and R
= 2.3×10–4. The J value falls in the range for other carbox-
ylato-bridged MnII compounds.[17]

Figure 11. Temperature dependence of χm
–1 and χm for complex 4.

Line I is the fit of the Curie–Weiss law and line II is the fit using
a 1D Fisher model.

Conclusions

In summary, microporous MnII coordination polymers
(complexes 1 and 4) are formed by using the V-shaped li-
gand oba or the linear ligand cca with the rigid ligand 4,4�-
bpy. The free 4,4�-bpy ligand acts as a template and also
occupies the pore, thus preventing interpenetration. The in-
troduction of terminal ligands such as 2,2�-bpy and phen
leads to the formation of 1D chains for complexes 2 and 3;
hydrogen bonds mould these chains into 3D supramolec-
ular networks. In complex 6, the MnII ions are coordinated
by cca and 2,2�-bpy into 2D layers that interpenetrate to
form a 3D supramolecular network. A weak ferromagnetic
interaction is observed in the doubly (µ-O)-carboxylate-
bridged MnII dimer in complex 2, which may be mainly due
to the smaller Mn–O–Mn angle.

Experimental Section
General Remarks: All reagents were used as received without fur-
ther purification. The C, H, N microanalyses were carried out with
a Vario EL elemental analyzer. The IR spectra were recorded with
a Nicolet Avatar 360 FT-IR spectrometer using the KBr pellet tech-
nique. The magnetic susceptibilities were obtained for crystalline
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Table 2. Crystal data and structure refinement parameters for complexes 1–6.

1 2 3 4 5 6

Chemical formula C34H24MnN4O5 C26H18MnN2O6 C62H46Mn2N4O17 C60H44Mn2N8O8 C24H14N2O4Mn C20H14.50MnN2O4.25
Crystal system monoclinic triclinic triclinic triclinic monoclinic monoclinic
Space group P2/c P1̄ P1̄ P1̄ C2/c C2/c
Formula weight 623.51 509.36 1228.91 1114.91 449.31 405.78
a [Å] 13.251(4) 7.699(2) 11.317(4) 10.224(2) 21.897(7) 15.009(2)
b [Å] 11.742(4) 11.671(4) 16.036(5) 11.723(2) 11.677(4) 19.383(2)
c [Å] 9.317(3) 13.477(4) 17.986(6) 12.227(2) 7.396(2) 13.926(2)
α [°] 90 82.295(5) 64.910(6) 65.980(3) 90 90
β [°] 90.195(7) 83.799(5) 87.609(6) 71.305(3) 100.311(6) 114.709(2)
γ [°] 90 73.086(5) 76.789(6) 84.622(4) 90 90
V [Å3] 1449.6(8) 1145.1(6) 2872.3(16) 1266.7(4) 1860.6(10) 3680.8(8)
Z 2 2 2 1 4 8
F(000) 642 522 1264 574 916 1660
Dc [gcm–3] 1.428 1.477 1.421 1.462 1.604 1.464
T [K] 293(2) 293(2) 293(2) 293(2) 293(2) 293(2)
θ range [°] 1.73–26.39 2.26–26.43 1.25–25.01 1.90–25.01 1.89–26.49 1.83–26.35
µ [mm–1] 0.506 0.623 0.516 0.566 0.747 0.747
GOF 1.025 1.042 1.003 1.013 1.127 1.046
Final R indices R1 = 0.0544 R1 = 0.0408 R1 = 0.0593 R1 = 0.0509 R1 = 0.0573 R1 = 0.0360
[I � 2σ(I)] wR2 = 0.1118 wR2 = 0.0934 wR2 = 0.1392 wR2 = 0.1140 wR2 = 0.1600 wR2 = 0.0838

Table 3. Selected bond lengths [Å] and angles [°] for complexes 1–3.

1[a]

Mn(1)–O(1) 2.162(2) Mn(1)–N(1) 2.333(4)
Mn(1)–O(2)#1 2.147(2) Mn(1)–N(2)#4 2.311(4)
O(1)–Mn(1)–N(1) 89.08(6) O(2)#2–Mn(1)–O(1) 86.48(9)
O(1)–Mn(1)–N(2)#4 90.92(6) O(2)#1–Mn(1)–N(1) 94.41(6)
O(1)#3–Mn(1)–O(1) 178.16(13) O(2)#1–Mn(1)–N(2)#4 85.59(6)
O(2)#1–Mn(1)–O(1) 93.66(9) N(2)#4–Mn(1)–N(1) 180.0
O(2)#1–Mn(1)–O(2)#2 171.18(12)

2[b]

Mn(1)–O(1) 2.156(2) Mn(1)–O(6) 2.159(2)
Mn(1)–O(1)#2 2.208(2) Mn(1)–N(1) 2.251(2)
Mn(1)–O(4)#1 2.107(2) Mn(1)–N(2) 2.290(2)
O(1)–Mn(1)–O(1)#2 78.19(7) O(4)#1–Mn(1)–O(6) 87.36(7)
O(1)–Mn(1)–O(6) 91.32(7) O(4)#1–Mn(1)–N(2) 88.55(7)
O(1)–Mn(1)–N(1) 95.32(7) O(4)#1–Mn(1)–N(1) 161.31(7)
O(1)–Mn(1)–N(2) 164.77(7) O(6)–Mn(1)–O(1)#2 169.16(7)
O(1)#2–Mn(1)–N(1) 91.55(7) O(6)–Mn(1)–N(1) 92.13(7)
O(1)#2–Mn(1)–N(2) 92.05(7) O(6)–Mn(1)–N(2) 98.78(7)
O(4)#1–Mn(1)–O(1) 103.36(7) N(1)–Mn(1)–N(2) 73.06(7)
O(4)#1–Mn(1)–O(1)#2 92.39(7)

3[c]

Mn(1)–O(1) 2.157(3) Mn(2)–O(5)#1 2.095(4)
Mn(1)–O(2) 2.407(3) Mn(2)–O(10) 2.179(4)
Mn(1)–O(6) 2.176(4) Mn(2)–O(11) 2.363(4)
Mn(1)–O(8) 2.085(4) Mn(2)–O(12) 2.176(4)
Mn(1)–N(1) 2.274(4) Mn(2)–N(3) 2.248(5)
Mn(1)–N(2) 2.249(4) Mn(2)–N(4) 2.236(4)
O(1)–Mn(1)–O(2) 56.98(12) O(5)#1–Mn(2)–O(10) 96.02(15)
O(1)–Mn(1)–O(6) 101.89(15) O(5)#1–Mn(2)–O(11) 151.78(14)
O(1)–Mn(1)–N(1) 91.62(15) O(5)#1–Mn(2)–O(12) 87.94(16)
O(1)–Mn(1)–N(2) 151.88(16) O(5)#1–Mn(2)–N(3) 99.51(16)
O(6)–Mn(1)–O(2) 84.01(14) O(5)#1–Mn(2)–N(4) 110.32(16)
O(6)–Mn(1)–N(1) 161.44(14) O(10)–Mn(2)–O(11) 57.73(13)
O(6)–Mn(1)–N(2) 90.36(16) O(10)–Mn(2)–N(3) 92.40(16)
O(8)–Mn(1)–O(1) 100.70(14) O(10)–Mn(2)–N(4) 151.33(17)
O(8)–Mn(1)–O(2) 156.97(14) O(12)–Mn(2)–O(10) 98.30(18)
O(8)–Mn(1)–O(6) 96.62(15) O(12)–Mn(2)–O(11) 86.20(16)
O(8)–Mn(1)–N(1) 93.25(15) O(12)–Mn(2)–N(3) 166.28(16)
O(8)–Mn(1)–N(2) 102.93(16) O(12)–Mn(2)–N(4) 93.89(18)
N(1)–Mn(1)–O(2) 92.99(14) N(3)–Mn(2)–O(11) 92.34(15)
N(2)–Mn(1)–O(2) 100.09(15) N(4)–Mn(2)–N(3) 72.76(17)
N(2)–Mn(1)–N(1) 72.09(16) N(4)–Mn(2)–O(11) 97.61(16)

[a] Symmetry transformations used to generate equivalent atoms: #1 –x, –y, –z + 1; #2 x, –y, z + 1/2; #3 –x, y, –z + 3/2; #4 x, y – 1, z.
[b] Symmetry transformations used to generate equivalent atoms: #1 –x + 1, –y, –z + 2; #2 –x + 1, –y, –z + 1. [c] Symmetry transforma-
tions used to generate equivalent atoms: #1 x – 1, y + 1, z + 1; #2 x + 1, y – 1, z – 1.
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samples using a Quantum Design MPMS SQUID magnetometer.
The experimental susceptibilities were corrected for the sample
holder and the diamagnetism contributions estimated from Pascal’s
constants.

Synthesis of [Mn(oba)(4,4�-bpy)]n·n(4,4�-bpy) (1): A mixture of
H2oba (0.026 g, 0.1 mmol), Mn(OAc)2·4H2O (0.024 g, 0.1 mmol),
4,4�-bpy·2H2O (0.019 g, 0.1 mmol), NaOH solution (0.3 mL,
0.65 ) and deionized water(5 mL) was sealed in a Teflon-lined
stainless-steel vessel (25 mL) and heated at 180 °C for 72 h. The
vessel was then cooled slowly to room temperature. Yellow crystals
were isolated by filtration, and washed with water and ethanol.
Yield: 0.011 g (17.6%). C34H24MnN4O5 (623.51): calcd. C 65.44, H
3.85, N 8.98; found C 65.82, H 3.93, N 8.80. IR (KBr pellet): ν̃ =
3439 cm–1 (s), 3072 (w), 1648 (m), 1602 (s), 1560 (m), 1532 (m),
1496 (w), 1413 (m), 1386 (s), 1240 (s), 1159 (m), 1097 (w), 1071
(w), 1011 (w), 879 (w), 803 (m), 785 (m), 695 (w).

Synthesis of [Mn(oba)(phen)(H2O)]n (2): The synthesis of complex
2 followed a similar procedure as for complex 1 but with phen·H2O
(0.020 g, 0.1 mmol) instead of 4,4�-bpy·2H2O. Yield: 0.040 g
(78.5%). C26H18MnN2O6 (509.36): calcd. C 61.25, H 3.53, N 5.50;
found C 60.88, H 3.67, N 5.53. IR (KBr pellet): ν̃ = 3317 cm–1 (m),

Table 4. Selected bond lengths [Å] and angles [°] for complexes 4–6.

4[a]

Mn(1)–O(1) 2.173(3) Mn(2)–O(2) 2.166(2)
Mn(1)–O(3)#1 2.152(2) Mn(2)–O(4)#2 2.197(3)
Mn(1)–N(1) 2.278(3) Mn(2)–N(2)#6 2.299(3)
O(1)–Mn(1)–N(1) 87.10(10) O(2)–Mn(2)–O(2)#4 180.0
O(1)–Mn(1)–N(1)#3 92.90(10) O(2)–Mn(2)–O(4)#2 89.43(10)
O(1)#3–Mn(1)–O(1) 180.0 O(2)–Mn(2)–O(4)#5 90.57(9)
O(3)#1–Mn(1)–O(1) 91.57(10) O(2)–Mn(2)–N(2)#6 88.95(11)
O(3)#1–Mn(1)–O(1)#3 88.43(10) O(2)–Mn(2)–N(2)#7 91.05(11)
O(3)#1–Mn(1)–O(3)#2 180.0 O(4)#2–Mn(2)–O(4)#5 179.998(1)
O(3)#1–Mn(1)–N(1) 91.76(10) O(4)#2–Mn(2)–N(2)#6 86.45(10)
O(3)#1–Mn(1)–N(1)#3 88.24(10) O(4)#2–Mn(2)–N(2)#7 93.55(11)
N(1)#3–Mn(1)–N(1) 180.0 N(2)#6–Mn(2)–N(2)#7 180.0

5[b]

Mn(1)–O(1) 2.094(3) Mn(1)–N(1) 2.317(4)
Mn(1)–O(2)#2 2.203(3)
O(1)–Mn(1)–O(1)#1 113.4(2) O(2)#2–Mn(1)–O(2)#3 168.3(2)
O(1)–Mn(1)–O(2)#2 86.1(1) O(2)#2–Mn(1)–N(1) 85.6(1)
O(1)–Mn(1)–O(2)#3 100.3(1) O(2)#3–Mn(1)–N(1) 84.9(1)
O(1)–Mn(1)–N(1) 87.9(1) O(2)#2–Mn(1)–N(1)#1 84.9(1)
O(1)–Mn(1)–N(1)#1 158.1(1) O(2)#3–Mn(1)–N(1)#1 85.6(1)
O(1)#1–Mn(1)–O(2)#2 100.3(1) N(1)–Mn(1)–N(1)#1 71.4(2)
O(1)#1–Mn(1)–O(2)#3 86.1(1)

6[c]

Mn(1)–O(1) 2.12(4) Mn(1)–O(6) 2.51(2)
Mn(1)–O(2)#3 2.08(2) Mn(1)–N(1) 2.245(2)
Mn(1)–O(5) 2.15(2) Mn(1)–N(2) 2.290(2)
O(1)–Mn(1)–O(5) 94.4(1) O(2)#3–Mn(1)–N(2) 87.8(7)
O(1)–Mn(1)–O(6) 87.3(1) O(5)–Mn(1)–O(6) 55.2(3)
O(1)–Mn(1)–N(1) 95.0(8) O(5)–Mn(1)–N(1) 145.1(3)
O(1)–Mn(1)–N(2) 164.4(8) O(5)–Mn(1)–N(2) 92.1(5)
O(2)#3–Mn(1)–O(1) 101.9(1) N(1)–Mn(1)–O(6) 91.7(4)
O(2)#3–Mn(1)–O(5) 116.6(5) N(2)–Mn(1)–O(6) 84.8(7)
O(2)#3–Mn(1)–O(6) 168.6(8) N(1)–Mn(1)–N(2) 71.86(7)
O(2)#3–Mn(1)–N(1) 94.2(5)

[a] Symmetry transformations used to generate equivalent atoms: #1 –x, –y, –z + 1; #2 x, y + 1, z; #3 –x, –y + 1, –z + 1; #4 –x + 1,
–y + 1, –z + 1; #5 –x + 1, –y, –z + 1; #6 x + 1, y, z – 1; #7 –x, –y + 1, –z + 2; #8 x, y – 1, z. [b] Symmetry transformations used to
generate equivalent atoms: #1 –x, y, –z + 3/2; #2 x, –y, z – 1/2; #3 –x, –y, –z + 2; #4 –x + 1/2, –y – 1/2, –z + 2. [c] Symmetry
transformations used to generate equivalent atoms: #1 x + 1/2, y + 1/2, z; #2 –x + 1/2, –y + 1/2, –z + 1; #3 –x + 1, –y + 1, –z + 1; #4
–x, –y + 1, –z; #5 x – 1/2, y – 1/2, z.
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3049 (w), 1602 (s), 1553 (m), 1519 (m), 1496 (m), 1429 (m), 1384
(s), 1335 (s), 1238 (s), 1160 (m), 1137 (w), 1102 (w), 1047 (w), 1011
(w), 876 (w), 849 (m), 786 (m), 698 (w).

Synthesis of [Mn2(oba)2(2,2�-bpy)2(H2O)2]n·nH2oba (3): The synthe-
sis of complex 3 followed a similar procedure as for complex 1 but
with 2,2�-bpy (0.016 g, 0.1 mmol) instead of 4,4�-bpy·2H2O. Yield:
0.032 g (52.1%). C62H46Mn2N4O17 (1228.9): calcd. C 60.59, H
3.74, N 4.56; found C 60.38, H 3.84, N 4.81. IR (KBr pellet): ν̃ =
3462 cm–1 (m), 3044 (w), 1596 (s), 1565 (m), 1499 (w), 1401 (s),
1316 (w), 1229 (s), 1165 (m), 1100 (w), 1061 (w), 1016 (w), 877 (m),
783 (m), 764 (m), 644 (w).

Synthesis of [Mn2(cca)2(4,4�-bpy)2]n·2n(4,4�-bpy) (4): A mixture of
H2cca (0.02 g, 0.1 mmol), Mn(OAc)2·4H2O (0.024 g, 0.1 mmol),
4,4�-bpy·2H2O (0.038 g, 0.2 mmol), NaOH solution (0.3 mL,
0.65 ) and deionized water (5 mL) was sealed in a Teflon-lined
stainless-steel vessel (25 mL) and heated at 140 °C for 72 h. The
vessel was then cooled slowly to room temperature. Yellow crystals
were isolated by filtration, and washed with water and ethanol.
Yield: 0.020 g (35.9%). C60H44Mn2N8O8 (1114.9): calcd. C 64.58,
H 3.95, N 10.05; found C 64.20, H 4.12, N 9.97. IR (KBr pellet):
ν̃ = 3442 cm–1 (s), 1638 (m), 1588 (s), 1550 (s), 1492 (m), 1417 (m),
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1376 (s), 1225 (m), 1074 (w), 1001 (w), 864 (w), 817 (m), 794 (m),
721 (w), 628 (m), 605 (w).

Synthesis of [Mn(cca)(phen)]n (5): The synthesis of complex 5 fol-
lowed a similar procedure as for complex 4 except that phen·H2O
(0.020 g, 0.1 mmol) was used instead of 4,4�-bpy·2H2O and the
temperature was 160 °C. Yield: 0.022 g (48.9%). C24H14MnN2O4

(449.31): calcd. C 62.07, H 3.29, N 6.58; found C 61.75, H 3.43, N
6.86. IR (KBr pellet): ν̃ = 3439 cm–1 (s), 1649 (s), 1606 (m), 1509
(m), 1425 (m), 1381 (s), 1099 (w), 987 (w), 851 (m), 789 (m), 730
(m), 636 (w).

Synthesis of [Mn(cca)(2,2�-bpy)]n·0.25nH2O (6): The synthesis of
complex 6 followed a similar procedure as for complex 4 except
that 2,2�-bpy (0.016 g, 0.1 mmol) was used instead of 4,4�-
bpy·2H2O and the temperature was 120 °C. Yield: 0.017 g (41.9%).
C20H14.50MnN2O4.25 (405.78): calcd. C 59.15, H 3.57, N 6.90;
found C 58.91, H 3.81, N 6.82. IR (KBr pellet): ν̃ = 3431 cm–1 (m),
3025 (m), 1646 (s), 1616 (s), 1536 (s), 1473 (m), 1439 (s), 1390 (s),
1312 (m), 1245 (m), 1171 (m), 1098 (w), 1016 (m), 984 (m), 862
(m), 763 (m), 737 (m), 647 (m), 625 (w).

X-ray Crystallographic Study: Diffraction intensities for the six
complexes were collected at 293 K on a Bruker SMART 1000 CCD
diffractometer employing graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å). Semi-empirical absorption correction was ap-
plied using the SADABS program. The structures were solved by
direct methods and refined by full-matrix least-squares on F2 using
the SHELXS-97 and SHELXL-97 programs, respectively.[18] Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in geometrically calculated positions. The crystallographic
data for complexes 1 to 6 are listed in Table 2, and selected bond
lengths and angles in Tables 3 and 4.

CCDC-293769 to -293774 (for 1–6, respectively) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): The other three kinds of coordination environments of the
MnII ion in complex 6.
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A series of RuII complexes containing [(H)PNO] hydrazonic
ligands were synthesised using different ruthenium sources
such as [Ru(PPh3)3Cl2], [Ru(dmso)4Cl2] and [Ru(p-cymene)
Cl2]2. The complexes were characterised by 1H NMR, 31P{1H}
NMR, IR, FAB-MS, microanalysis and in some cases by X-
ray diffraction analysis on a single crystal. The ligands show
a great variety of different coordinating behaviours such as
κ3-(H)PNO, κ2-(H)PN, κ1-(H)P and κ3-PNO, depending on
the ruthenium precursor and on the synthetic experimental
conditions. The complexes trans-[Ru(κ3-(H)PNO)(PPh3)Cl2]
reacted with dmso to give the bis-chelate complex [Ru(κ3-
PNO)2], [Ru(dmso)4]Cl2, OPPh3, HCl and Me2S, through an
oxygen-transfer reaction from dmso to PPh3. A catalytic ver-

Introduction

The use of potentially tridentate [PNO] ligands in the
synthesis of transition-metal complexes is scarcely described
in the literature.[1] However, RuII complexes with [PNO] li-
gands have been shown to be active catalysts in the transfer
hydrogenation of ketones,[2] and some of us have reported
that [Pd(PNO)(OAc)] and [Pd(PNO)Cl] complexes [PNO =
acylhydrazones] promote the catalytic homogeneous hydro-
genation of alkenes[3] and the semi-hydrogenation of ter-
minal alkynes,[4] respectively. The use of [PNO] ligands for
the preparation of homogeneous catalysts containing soft
transition metals, is based on two assumptions: i) that the
chelating PN unit stabilizes the metal fragment under the
catalytic conditions and ii) that the labile M–O bond makes
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sion of this reaction was also developed. The complexes ob-
tained from [Ru(PPh3)3Cl2] were tested as homogeneous pre-
catalysts for the coupling between benzoic acid and terminal
alkynes to give the corresponding enol esters. High stereo-
and regio-selectivity, up to 100% (determined by 1H NMR),
in favour of the (Z)-anti-Markovnikov products (Z)-alk-1-en-
1-yl benzoate was observed. An ESI-MS monitoring of the
catalytic couplings revealed that the enol ester formation oc-
curs through an intermolecular attack of an external carbox-
ylate anion onto a vinylidene–Ru intermediate of the type
[Ru(PNO)(PPh3)(C=CH–C4H9)Cl].
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

reactive the metal complex exerting, at the same time, a
control upon the accessibility at the metal for an incoming
substrate. This last feature can be determinant for the selec-
tivity of the catalytic process. When the [PNO] ligand is
protic, as in the case of the acyl hydrazones, a further con-
trol on the hemilability of the ligand, from a κ3-(H)PNO
coordination to a κ2-(H)PN one, as well as on the nucleo-
philicity of the metal, can be exerted as a function of the
anionic or neutral character of the ligand.[5]

As our ongoing research on the use of protic [PNO] acyl
hydrazones as ligands in the synthesis of transition-metal-
containing complexes,[5] we have undertaken a study on the
coordinating behaviour of 2-(diphenylphosphanyl)benzal-
dehyde benzoylhydrazone (Hbidf) and 2-(diphenylphos-
phanyl)benzaldehyde acetylhydrazone (Haidf) (Scheme 1),
towards RuII.

Scheme 1.



RuII Complexes with Hydrazonic Ligands FULL PAPER
The two ligands have been reacted with [Ru(PPh3)3Cl2]

under different reaction conditions, in order to isolate neu-
tral or ionic complexes containing the ligands in either pro-
tonated or deprotonated form. All the complexes have been
fully characterised by a number of analytical and spectro-
scopic techniques and, in several cases, by X-ray diffraction
analysis on a single crystal. In order to elucidate the reactiv-
ity shown by the complexes of the type [Ru(κ3-
HPNO)(PPh3)Cl2] with dmso, the syntheses and the charac-
terisations of various Ru complexes obtained by reactions
of Hbidf with [Ru(dmso)4Cl2] and [Ru(p-cymene)Cl2]2 are
also reported.

Ruthenium is certainly one of the mostly used transition
metals in homogeneous catalysis.[6] The Ru-promoted coup-
ling between benzoic acid and terminal alkynes (Scheme 2)
is an elegant way to produce vinyl esters, which find indus-
trial applications as polymerising substrates[7] and acylating
reagents for the synthesis of amides[8] and halogenated
ketones;[9] other applications include cyclopropanation,[10]

1,3-dipolar cycloaddition,[11] asymmetric hydrogenation[12]

and hydroformylation reactions.[13]

Scheme 2.

The first report describing this reaction dates back to
1983[14] and deals with the use of Ru3(CO)12 in the coupling
of aliphatic and aromatic carboxylic acids to di- and mono-
substituted acetylenes. Later on, the process has been devel-
oped by Mitsudo,[15] Dixneuf[16] and Verpoort,[17] although
other groups have been and are still involved in the field.[18]

From the literature it can be inferred that the combination
of monodentate phosphanes with different Ru sources gen-
erally yields to the Markovnikov product,[15,16a,16b,19] al-
though in some cases the selectivity can be switched to the
anti-Markovnikov product by replacing inorganic bases
with organic (coordinating) ones, such as pyridine deriva-
tives.[18] The same trend has been described by Dixneuf re-
placing mono- with chelating phosphanes[16d] and by Ver-
poort adding phosphanes to N-heterocyclic carbene com-
plexes.[17d] With this in our mind, we have argued that the
high chelation degree of the acyl hydrazones could induce
a good selectivity towards the anti-Markovnikov products,
thus leading to the formation of the less commonly ob-
tained isomer. In order to test this hypothesis and because
of the lack of data concerning the use of pre-catalysts con-
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taining tridentate ligands for this particular coupling reac-
tion, we have decided to test the complexes deriving from
the combinations of Hbidf and Haidf with [Ru(PPh3)3Cl2]
as pre-catalysts in the addition of benzoic acid to terminal
alkynes. Aiming at detecting the organometallic intermedi-
ates involved in the catalytic cycle, an ESI-MS study has
been performed. ESI-MS technique allows for the detection
of species at low concentration in solution and this makes
it attractive to define the mechanism of metal-promoted
catalytic transformations. It has been successfully employed
in different reactions, such as the reduction of ketones,[20]

epoxidations,[21] olefins polymerisation[22] and C–H bonds
activation.[23] To the best of our knowledge, this is the first
report dealing with the application of such a technique for
the study of the addition of carboxylic acids to alkynes.

Results and Discussion

Selected spectroscopic data (31P{1H}NMR, 1H NMR
and FT-IR) of the complexes reported in this work are col-
lected in Table 1.

Ru Complexes Obtained from [Ru(PPh3)3Cl2]

The free ligands Hbidf and Haidf react with a stoichio-
metric amount of [Ru(PPh3)3Cl2] in dichloromethane at
room temperature, leading to the neutral dichloride com-
plexes trans-[Ru(κ3-(H)PNO)(PPh3)Cl2], which were iso-
lated as purple solids in good yields (1 and 2 in Scheme 3,
respectively).

The neutral hydrazones coordinate in a tridentate fash-
ion by means of the P, Nimine and O donors. The neutral
behaviour of the ligands is indicated by the IR stretching
bands of the N–H bonds (3148 and 3145 cm–1 for 1 and 2,
respectively), while the involvement of the carbonyl group
in the coordination is pointed out by the shift to lower
wavenumbers of the C=O stretching band (1629 cm–1 for
both complexes) with respect to the free ligands (1652 and
1678 cm–1 for Hbidf and Haidf, respectively). The octahe-
dral coordinations are completed by a PPh3 molecule and
by two chloride ligands. The FAB-MS spectra and the ele-
mental analyses confirm the proposed stoichiometries. The
complexes 1 and 2 are poorly soluble in chloroform, dichlo-
romethane, THF, toluene, acetonitrile and methanol, while
they readily dissolve in strongly coordinating solvents, like
dmso and dmf. Based on the reactivity of 1 observed in
warm acetonitrile (vide infra), we suppose that the solution
of 1 and 2 in dmso or dmf occurs by breaking of a Ru–Cl
bond and formation of the cationic complexes [Ru(κ3-(H)-
PNO)(PPh3)(S)Cl]Cl (1a and 2a, S = dmso or dmf). The 1H
NMR spectra of the freshly prepared samples recorded in
[D6]dmso show singlets belonging to the hydrazonic pro-
tons at δ = 14.11 and 13.65 ppm for 1a and 2a, respectively,
while the HC=N protons give rise to doublets at δ =
9.14 ppm and 8.69 ppm, respectively. The somewhat high
4JPH values of 7.5 and 7.7 Hz for 1a and 2a, respectively,
corresponding to the couplings between the iminic protons
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Table 1. Selected spectroscopic signals of the Ru complexes.

Complex 31P{1H} NMR[a] 1H NMR [δ][a] IR [cm–1][b]

PPh2 PPh3
2JPP [Hz] N–H HC=N [4JPH] ν(NH) ν(C=O)

1 3148 (w) 1629 (s)
1a[c] 63 39.1 32 14.11 9.14 (7.5)
1b[c] 49 32 26.5 9.14 (8.2)
1c 54 34 30
2 3145 (w) 1629 (s)
2a[c] 65.3 40.8 31 13.65 8.69 (7.7)
2b[c] 53.1 33.9 28
3 56.1 38.6 24 – 9.06 (8.1) absent absent
4 54.9 37.4 24 – 8.85 (br) absent absent
5 59.3 40 29 n.d. 9.24 (8.1) 3168 (w) 1624 (s)
6 56.4 35.6 27 14.31 8.88 (br) 3180 (w) 1625 (s)
7 57.9 38.3 24 n.d. 9.12 (7.2) 3259 (w) 1612 (m)
8 55.5 37.7 28 10.53 7.69 (br) 3267 (w) 1630 (m)
9 54.8 38.3 22 – 9.04 (8.1) absent absent
10 50.4 30.8 br. s – 8.87 (br) absent absent
12 57.7 (s) – 9.18 (s) absent absent
13 45.5 (s) 11.24 9.15 (s) 3294 (w) 1674 (s)
14 61 (s) 10.34 8.53 (s) 3156 (w) 1594 (s)
15 29.6 10.31 9.08 (s) 3311 (w) 1696 (s)

[a] CD2Cl2. [b] KBr disks. [c] [D6]dmso.

Scheme 3.

and the P atoms of the PPh3 (as established by heteronuc-
lear 1H-31P correlation), are indicative of a PPh3 molecule
trans to the HC=N function.[24] The chloride ligand and
dmso occupy the apices of the octahedron. The stereoselec-
tivity of the reaction is indicated by 31P{1H}-NMR spec-
troscopy by two doublets centred at 63 and 39.1 ppm for 1a
and 65.3 and 40.8 ppm for 2a. The more shielded signals
are generated by the PPh3 ligands, while the signals at lower
fields are generated by the hydrazonic phosphorus nuclei.[24]

The small 2JPP values of 32 and 31 Hz for 1a and 2a, respec-
tively, are in agreement with a cis arrangement of the two
P atoms. The isolation of the cationic complexes 1a and 2a
is not possible because of their reactivity with dmso, as
shown by NMR spectroscopy. In fact, on keeping the NMR
sample of 1a at room temperature overnight, two additional
31P{1H}-NMR doublets appear, centred at δ = 49 and
32 ppm (2JPP = 26.5 Hz). Moreover, two small singlets at δ
= 53 and 27 ppm are also visible (see Supporting Infor-
mation; see also the footnote on the first page of this arti-
cle). When the tube is warmed at 50 °C for 6 hours, the new
signals grow at the expenses of those belonging to the start-
ing complex, and an additional pair of doublets centred at
δ = 54 and 34 ppm (2JPP = 30 Hz) appears. After 16 hours
at 50 °C, the main signals are still those of 1a, but the sing-
lets at δ = 53 and 27 ppm have grown considerably while
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the other two pairs of doublets have diminished. Finally,
after 48 hours the spectrum shows only the singlets at δ =
55 and 29 ppm. The low 2JPP values of the two transient
pairs of doublets indicate the formation of two labile Ru
complexes containing two mutually cis phosphanes, while
the final singlets are ascribable to OPPh3 (singlet at δ =
29 ppm[25]) and to the bis-chelate complex [Ru(bidf)2] (12,
singlet at δ = 55 ppm). The presence of 12 is confirmed by
ESI-MS analysis of the warm dmso solution by a cluster at
m/z = 917. Complex 12 can be prepared by reaction be-
tween [Ru(PPh3)3Cl2] or [Ru(dmso)4Cl2] with a twofold ex-
cess of Hbidf (vide infra) in the presence of a base. Its
31P{1H}-NMR spectrum shows a singlet at δ = 57.7 ppm,
which is in good agreement with the value observed for the
in situ formed complex. On the basis of the aforementioned
observations we propose that the 1 � 12 transformation
occurs in agreement with Scheme 4.

Although the detection of (CH3)2S is made difficult by
its volatility, a singlet at δ = 2.08 ppm is observed during
1H NMR monitoring of the reaction. The same technique
has allowed the detection of [Ru(dmso)4Cl2]: by repeating
the 1 � 12 transformation in dmso, after the complete re-
moval of the solvent, the 1H NMR spectrum of the solid
residue recorded in CDCl3 shows, apart from the signals
ascribable to 12, singlets in the region 3.47–2.25 ppm, in-
dicative of the presence of a mixture of trans- and cis-
[Ru(dmso)4Cl2].[26] The 1 � 12 transformation must neces-
sarily occur through the transfer of a PNO ligand from a
Ru nucleus to another one. Thus, the changes observed in
the 31P{1H}-NMR spectrum of 1a in dmso may be tenta-
tively explained as follows (Scheme 4): dmso reacts with 1a
causing the displacement of the C=O group of the ligand
giving rise to [Ru(κ2-(H)PN)(PPh3)(dmso)2Cl]Cl (1b). Com-
plex 1b gives rise to the pair of doublets at δ = 49 and
32 ppm, where the more shielded signal is due to PPh3 while
the other is due to the PPh2 moiety. The chemical shift of
49 ppm is similar to that found for 13 (δ =45.5 ppm, vide
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Scheme 4.

infra), where Hbidf coordinates in a (H)PN bidentate fash-
ion. The simple isomerisation of 1b due, for example, to the
shift of PPh3 from the plane to an apex of the octahedron
is ruled out by the 1H NMR monitoring of the process: the
HC=N function of 1b gives rise to a doublet centred at δ =
9.14 ppm with a 4JPH of 8.02 Hz, indicative of a PPh3 trans
to the imine function. The reaction continues with the deco-
ordination of the imine nitrogen from ruthenium which is
replaced by an additional molecule of dmso (probably fav-
oured by the trans effect of PPh3), with formation of com-
plex 1c in which the neutral ligand coordinates in an uni-
dentate fashion through the P atom, giving rise to the pair
of doublets at δ = 54 and 34 ppm. Although one would
expect a decrease of the chemical shift on passing from 1b
to 1c due to the loss of the chelation ring,[27] a chemical
shift around 50 ppm is not unusual for Ru complexes con-
taining coordinated monophosphanes and dmso.[28] More-
over, the ability of Hbidf to coordinate Ru in a P-mono-
dentate mode is confirmed by the complex [(η6-p-cymene)-
Ru(κ1-(H)P)Cl2]·3/2CHCl3 (15, vide infra) obtained by the
reaction of Hbidf with [Ru(p-cymene)Cl2]2. Finally, 1c fur-
ther transforms, through a not yet defined pathway, into
[Ru(dmso)4Cl2], OPPh3, (CH3)2S, HCl and 12. PPh3 oxi-
dation then occurs through the dmso reduction to dimethyl
sulfide. The metal ion-mediated deoxygenation of coordi-
nated sulfoxides has been observed with different metals.[29]

The most intensively studied systems are based on oxorhen-
ium[30] and oxomolybdenum compounds,[25,31] the last also
being good models of the enzymes belonging to the dmso
reductase class.[32] To the best of our knowledge, the only
article dealing with the deoxygenation of dmso promoted
by ruthenium has been reported by James, describing the
reaction of RuCl3·3H2O with dmso at high temperatures
in the presence of HCl or HBr;[33] in those cases however,
although dimethyl sulfide complexes were isolated, the na-
ture of the reductants remained unknown. Interestingly, the
oxygen transfer from dmso to PPh3 promoted by 1 can be
made catalytic by dissolving the complex in dmso and heat-
ing the solution at 100 °C in the presence of a 100-fold ex-
cess of PPh3; the reaction is complete within 20 hours as
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indicated by 31P{1H}-NMR spectroscopy (disappearance of
the PPh3 signal at –7.5 ppm in favour of the OPPh3 signal
at δ = 26.8 ppm). A similar behaviour is conjecturable also
for complex 2, although its reactivity in dmso has not been
investigated in details. It is worth noting that this step-by-
step ligand decoordination probably corresponds to the re-
versed way the ligand approaches the metal, a process not
always easy to envision with polydentate ligands. The key-
role played by dmso in the 1 � 12 transformation is evi-
denced by the different reactivity shown by 1 in acetonitrile
at 50 °C. After 4 hours an almost clear solution has been
obtained and the work-up has led to the cationic mono-
chelate complex [Ru(κ3-(H)PNO)(PPh3)(CH3CN)Cl]Cl
(11). The neutral character of the ligand is clearly pointed
out by the IR and 1H NMR spectra with a weak band at
3173 cm–1 and a singlet at δ = 10.48 ppm, respectively. The
coordinated acetonitrile gives rise to a weak IR band at
2273 cm–1 and a singlet at δ = 1.31 ppm in the 1H NMR
spectrum. Complex 11 decomposes within 24 hours in solu-
tion and within 24–48 hours in the solid state, without evi-
dencing the formation of 12.

Treatment of a toluene suspension of 1 or 2 with an ex-
cess of triethylamine in the presence of acetonitrile, leads to
the isolation of the neutral monochloride complexes [Ru(κ3-
PNO)(PPh3)(CH3CN)Cl] (3 and 4 in Scheme 5) as yellow
solids in good yields. The reactions occur with the substitu-
tion of a chloride ligand (precipitated as Et3NHCl) with an
acetonitrile molecule.

The anionic character of the ligand is indicated by the
disappearance of the spectroscopic signals of the N–H and
C=O bonds.[5] The coupling constants between the P nuclei
are again small (24 Hz) to indicate a cis arrangement of the
PPh3 and PPh2 moieties, while the iminic protons give rise
to doublets with appreciable 4JPH values indicative of a
HC=N group trans to a PPh3

[24] (Table 1). The coordinated
acetonitrile gives a singlet at δ = 1.21 ppm in both com-
plexes. The FAB-MS spectrum of 3 shows a cluster centred
at m/z = 806 corresponding to the [Ru(κ3-PNO)(PPh3)Cl]+

fragment, while in the FAB-MS spectrum of 4 the molecu-
lar peak is visible at m/z = 786. By slow evaporation of a
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Scheme 5.

dichloromethane/acetonitrile mixture of 4, crystals suitable
for X-ray diffraction have been collected, and the structure
of the complex has been unequivocally confirmed. Com-
pound 4 crystallises with the inclusion of two water mole-
cules in the asymmetric unit, which take part in the packing
interactions. In 4 the Ru atom is hexacoordinate by the tri-
dentate deprotonated PNO (aidf–) ligand, one tri-
phenylphosphane, trans to the N donor, one chloride and
one acetonitrile molecule, trans each other, in an irregular
octahedral geometry. The molecular structure is shown in
Figure 1, along with the labelling scheme, while the most
relevant geometric features are collected in Table 2.

Figure 1. Perspective view and labelling scheme of compound 4.
Rings C16–C21 and C28–C33 are labelled only on the ipso carbon
for clarity. Thermal ellipsoids at the 50% level.

The tridentate PNO coordination of aidf– gives rise to
two chelation rings, which are both planar within 0.06 Å.
The planarity of the six-membered chelation ring contain-
ing P1 contrasts with the behaviour generally observed in
the family of the similar Pd(aidf) and Pd(bidf) complex-
es,[3,5c] where the chelation ring is puckered and the phos-
phorus donor is remarkably out of the average ring plane
(values ranging between 0.38 and 0.52 Å). In fact, in the Pd
series the Pd–P distances range from 2.184 to 2.212 Å, while
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in 4 the Ru–P bond is significantly longer [2.2951(3) Å], and
can accommodate for ring planarity. By contrast, even if
the Ru–O bond [2.1177(5) Å] is longer than the Pd–O bond
(2.065 Å) in the [Pd(aidf)(OAc)] analogue,[3] the ligand
bond lengths along the five-membered chelation ring are
very close to those observed in the palladium complex,
from which they do not deviate by more than 0.013 Å. The
molecular association in the crystal is based on dimeric ag-
gregates composed by two complexes related by a crystallo-
graphic twofold axis, linked by two water molecules which
act as hydrogen-bond donors towards chloride and nitrogen
as shown in Figure 2 [O2···N2: 2.883(2) Å, O2–H···N2:
149.7(6)°; O2···Cl(i): 2.232(1) Å, O2–H···Cl(i): 152.6(4)°, i:
y, x, 1–z]. This pattern is conserved in the related structure
of 6.

The dichloride complexes 1 and 2 suspended in a dichlo-
romethane/acetonitrile mixture react with an excess of
KPF6 or NaBPh4 leading to the cationic monochloride
complexes [Ru(κ3-(H)PNO)(PPh3)(CH3CN)Cl][X] [HPNO
= Hbidf, X = PF6 (5), X = BPh4 (7); HPNO = Haidf, X =
PF6 (6), X = BPh4 (8)] and precipitation of KCl or NaCl,
respectively (Scheme 6).

As can be inferred from Table 1, the spectroscopic char-
acterisation indicates that the ligands have not varied their
coordinating behaviour with respect to the dichloride pre-
cursors, and that the PPh3 ligands are still trans to the
HC=N moieties [the 31P{1H}-NMR signals range from 55.5
to 59.3 ppm for the PPh2 moiety, and from 35.6 to 40.0 ppm
for the PPh3 ligand, with 2JPP values ranging from 24.6 to
29 Hz; the 4JPH values range from 7.2 to 8.1 Hz]. The apices
of the octahedron are occupied by the residual chloride and
by an acetonitrile molecule, whose presence is confirmed by
IR (stretching band in the region 2265–2281 cm–1) and 1H
NMR spectroscopy (singlets ranging from 0.43 to
1.70 ppm). The [PF6]– anions originate, in the 31P{1H}-
NMR spectra, multiplets centred at –141.1 and –145.5 ppm,
for 5 and 6, respectively, while in the IR spectra they give
rise to an intense band at 845 cm–1. The presence of the
[BPh4]– anion in 7 and 8 is pointed out by IR bands at
about 850 cm–1. The structure of 6 has been unequivocally
established by X-ray diffraction analysis conducted on a
single crystal grown in a CH2Cl2/n-pentane mixture. In
compound 6, the [Ru(Haidf)]+ cation (Figure 3) is arranged
identically to the related deprotonated neutral complex 4.

The comparison between the two molecules (Figure 4,
Table 2) may help to investigate the effect of protonation
on [Ru(aidf)(PPh3)(CH3CN)Cl]. The protonation of the hy-
drazonic nitrogen N2 seems to localize a larger double-
bond character on the carbonylic bond, which shortens by
0.055 Å, while at the same time the adjacent C(O)–N bond
elongates by 0.016 Å. Moreover, in the cationic complex 6
the Ru–O bond is longer than in 4 by 0.028 Å, while Ru–P
bond is slightly shorter (0.017 Å). The shortening of the
Ru–P bond is accompanied by a slight distortion from plan-
arity of the six-membered chelation ring, as P1 deviates by
0.14 Å from the ring plane. The [Ru(Haidf)]+ cations are
assembled in dimeric units (Figure 5) by N–H···Cl hydrogen
bonds [N2···Cl(ii): 3.300(6) Å, N2–H···Cl(ii): 149(7)°,
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Table 2. Bond lengths [Å] and angles [°] for compounds 4, 6, 12·dmso·H2O, 15·1.5CHCl3, with standard uncertainties in parentheses. In
15·1.5CHCl3 CT denotes the centroid of the p-cymene ring.

Compound 4

Ru–N(3) 1.995(2) P(1)–C(1) 1.845(2) N(1)–Ru–P(2) 166.42(4)
Ru–N(1) 2.075(1) C(1)–C(6) 1.405(3) O(1)–Ru–P(2) 89.30(4)
Ru–O(1) 2.118(1) C(6)–C(7) 1.457(3) P(1)–Ru–P(2) 100.60(2)
Ru–P(1) 2.2950(5) N(3)–Ru–N(1) 89.26(6) N(3)–Ru–Cl 171.58(5)
Ru–P(2) 2.3688(5) N(3)–Ru–O(1) 84.94(6) N(1)–Ru–Cl 85.66(4)
Ru–Cl 2.4222(5) N(1)–Ru–O(1) 77.13(5) O(1)–Ru–Cl 87.368(4)
N(1)–C(7) 1.290(2) N(3)–Ru–P(1) 90.07(5) P(1)–Ru–Cl 96.89(2)
N(1)–N(2) 1.406(2) N(1)–Ru–P(1) 92.97(4) P(2)–Ru–Cl 93.25(2)
N(2)–C(8) 1.310(3) O(1)–Ru–P(1) 168.94(4)
O(1)–C(8) 1.295(2) N(3)–Ru–P(2) 90.10(5)

Compound 6

Ru–N(3) 2.001(6) P(1)–C(1) 1.845(6) N(1)–Ru–P(2) 165.2(1)
Ru–N(1) 2.073(5) C(1)–C(6) 1.410(9) O(1)–Ru–P(2) 87.8(1)
Ru–O(1) 2.147(4) C(6)–C(7) 1.44(1) P(1)–Ru–P(2) 103.48(6)
Ru–P(1) 2.278(2) N(3)–Ru–N(1) 87.0(2) N(3)–Ru–Cl 172.2(2)
Ru–P(2) 2.385(2) N(3)–Ru–O(1) 84.9(2) N(1)–Ru–Cl 86.7(1)
Ru–Cl 2.398(2) N(1)–Ru–O(1) 77.6(2) O(1)–Ru–Cl 89.2(1)
N(1)–C(7) 1.277(8) N(3)–Ru–P(1) 89.0(2) P(1)–Ru–Cl 95.72(6)
N(1)–N(2) 1.411(7) N(1)–Ru–P(1) 91.3(1) P(2)–Ru–Cl 90.47(6)
N(2)–C(8) 1.325(8) O(1)–Ru–P(1) 167.6(1)
O(1)–C(8) 1.241(7) N(3)–Ru–P(2) 94.4(2)

Compound 12·dmso·H2O

Ru–N(3) 2.030(3) N(2)–C(8) 1.316(4) N(1)–Ru–O(2) 95.6(1)
Ru–N(1) 2.034(3) N(3)–C(33) 1.288(4) O(1)–Ru–O(2) 80.65(9)
Ru–O(1) 2.109(2) N(3)–N(4) 1.419(4) N(3)–Ru–P(1) 94.58(8)
Ru–O(2) 2.120(2) N(4)–C(34) 1.310(4) N(1)–Ru–P(1) 90.67(8)
Ru–P(1) 2.2503(9) C(1)–C(6) 1.411(4) O(1)–Ru–P(1) 166.22(7)
Ru–P(2) 2.2553(9) C(6)–C(7) 1.463(5) O(2)–Ru–P(1) 93.35(7)
P(1)–C(1) 1.829(3) C(27)-C(32) 1.425(4) N(3)–Ru–P(2) 90.79(8)
P(2)–C(27) 1.826(3) C(32)–C(33) 1.458(5) N(1)–Ru–P(2) 94.90(8)
O(1)–C(8) 1.288(4) N(3)–Ru–N(1) 171.9(1) O(1)–Ru–P(1) 93.28(7)
O(2)–C(34) 1.292(4) N(3)–Ru–O(1) 96.3(1) O(2)–Ru–P(2) 166.49(7)
N(1)–C(7) 1.292(4) N(1)–Ru- = (1) 77.7(1) P(1)–Ru–P(2) 90.05(3)
N(1)–N(2) 1.409(3) N(3)–Ru–O(2) 78.0(1)

Compound 15·1.5 CHCl3

Ru–CT 1.698(1) P–C(21) 1.857(9) CT–Ru–P 132.3(1)
Ru–C(31) 2.27(2) N(1)–C(7) 1.231(16) CT–Ru–Cl(2) 125.6(1)
Ru–C(28) 2.28(2) N(1)–N(2) 1.39(2) P–Ru–Cl(2) 85.0(2)
Ru–P 2.374(5) N(2)–C(8) 1.31(3) CT–Ru–Cl(1) 124.3(1)
Ru–Cl(2) 2.380(4) O–C(8) 1.26(3) P–Ru–Cl(1) 89.1(2)
Ru–Cl(1) 2.422(5) C(1)–C(6) 1.35(2) Cl(2)–Ru–Cl(1) 86.0(1)
P–C(1) 1.81(2) C(6)–C(7) 1.47(2)

Figure 2. Association in dimers bridged by hydrogen-bonded water
molecules in the crystal structure of 4.
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ii: 1–x, –y, 1–z]; this arrangement recalls the one observed
in 4, where the insertion of a water molecule provides the
bridging element, here constituted by the protonated –NH.
In the case of 6 the dimer is centrosymmetric.

Repeated attempts aimed at obtaining the dicationic
complexes of the type [Ru(κ3-(H)PNO)(PPh3)(CH3CN)2]-
[X2] by removal of the second chloride from the complexes
5–8 using several halogen scavengers such as KPF6,
NaBPh4, AgCF3SO3 and TlPF6, have failed due to exten-
sive decompositions or isolation of unknown products, irre-
spective of the amount of scavenger employed.

However, bis-acetonitrile Ru complexes have been ob-
tained by treatment of the cationic mono-chloride com-
plexes 6 and 7 with an excess of Et3N in the presence of
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Scheme 6.

Figure 3. Perspective view and labelling scheme of compound 6.
Rings C16–C21, C28–C33 and C34–C39 are labelled only on the
ipso carbon for clarity. Thermal ellipsoids at the 50% level. The
PF6

– anion has been omitted.

Figure 4. Superimposition of the molecular structure of 4 (aidf–,
grey) and 6 (Haidf, black) showing the geometric effects due to
protonation of the PNO ligand.

acetonitrile. This procedure leads to the neutral complexes
trans-[Ru(κ3-PNO)(PPh3)(CH3CN)2][X] [PNO = bidf, X =
BPh4 (9); PNO = aidf, X = PF6 (10)] in good yields
(Scheme 7).
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Figure 5. Association in hydrogen-bonded dimers in the crystal
structure of 6.

Scheme 7.

The disappearance of the spectroscopic signals of the N–
H and C=O bonds agrees with the anionic character of the
ligand, while the NMR spectroscopic data similar to those
of the precursors indicate that PPh3 has not moved from its
trans disposition with respect to the imine moiety (Table 1).
The entering of the second molecule of acetonitrile is indi-
cated by 1H NMR spectroscopy with the appearance of an
additional singlet at δ = 2.37 and 2.34 ppm for 9 and 10,
respectively. These complexes are significantly unstable
both in solution and in the solid state.

Ru Complexes Obtained from [Ru(dmso)4Cl2]

In order to understand the nature of the Ru species in-
volved in the 1 � 12 transformation observed in dmso, the
ligand Hbidf has been reacted with [Ru(dmso)4Cl2]. In re-
fluxing EtOH/NaOH [Ru(dmso)4Cl2] reacts with a twofold
excess of Hbidf leading to the formation of the bis-chelate
octahedral complex [Ru(bidf)2] (12) in good yield
(Scheme 8). In complex 12 two deprotonated ligands coor-
dinate Ru in a PNO fashion.

The disappearance of the spectroscopic signals of the N–
H and C=O bonds is indicative of the deprotonation that
occurred in both ligands, while the presence of a singlet at
δ = 57.7 ppm in the 31P{1H}-NMR spectrum is in agree-
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Scheme 8.

ment with two magnetically equivalent phosphorus nuclei.
The HC=N proton resonates as a singlet at δ = 9.18 ppm
in the 1H NMR spectrum recorded in CDCl3, as expected
in the absence of a PPh3 ligand. The CI-MS spectrum exhi-
bits a cluster centred at m/z = 916 (molecular peak). The
structure of 12 has been unequivocally established by X-ray
diffraction analysis on a single crystal obtained from a
dmso solution of 13 (vide infra) and is shown in Figure 6.
Compound 12 crystallises as a 1:1:1 dmso/H2O solvate. The
principal geometric features are reported in Table 2. The
most relevant feature in the geometry of [Ru(bidf)2] is that
the steric hindrance due to the bis-chelation produces sig-
nificant distortions in the planarity of the two coordinated
[PNO] ligands. In fact in both ligands the P atom deviates
remarkably from the chelation plane (0.64 and 0.59 Å,
respectively), and the Ru–P distances are significantly
shorter [Ru–P1: 2.2503(9), Ru–P2: 2.2553(9) Å] than in the
previous mono-chelated complexes (Table 2). By contrast,
the five-membered chelation rings are planar within 0.09 Å,
and the bond lengths along the ring are in agreement with
those observed in the neutral mono-chelate 4. The mutual
arrangement of the two ligands in 12·dmso·H2O favours a
remarkable intramolecular π–π stacking between the rings
belonging to the ligands main backbone and the diphenyl-
phosphane rings, with C···C separation ranging between 3.3
and 3.9 Å.

Figure 6. Perspective view and labelling scheme of compound
12·dmso·H2O. Rings C15–C20, C21–C26, C41–C46 and C47–C52
are represented only by the ipso carbon for clarity. Thermal ellip-
soids at the 50% level.

The reaction between Hbidf and [Ru(dmso)4Cl2] has
been repeated without a base. When the reaction is carried
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out at room temperature with a Ru/Hbidf = 1:1 molar ratio,
a complex mixture of different products forms, whose sepa-
ration and identification has not been possible so far. A
clearer picture is instead obtained when the reaction is per-
formed in refluxing ethanol. Two different RuII complexes,
[Ru(κ2-(H)PN)(dmso)2Cl2] (13) and [Ru(κ3-(H)PNO)-
(dmso)Cl2] (14) form as shown in Scheme 8. In complex 13
the neutral ligand coordinates the metal in a PN bidentate
fashion, as evidenced by IR [ν(N–H) = 3249 cm–1, ν(C=O)
= 1674 cm–1] and 1HNMR (singlet at δ = 11.24 ppm) spec-
troscopy.[4] Two chlorides and two dmso molecules com-
plete the octahedron, as evidenced by the IR [two strong
bands at 1088 and 1019 cm–1 due to the ν(S=O) and δ(C–
H), respectively] and 1H NMR (four singlets in the region
3.65–2.84 ppm) spectra as well as by microanalysis. The
31P{1H}-NMR spectrum shows a singlet at δ = 45.5 ppm.
From a dmso solution of 13 crystals suitable for X-ray
analysis have been collected. The diffractometric analysis
shows the formation of the bis-chelate complex 12; this fur-
ther mono-chelate � bis-chelate transformation is not sur-
prising, because compound 13 is structurally similar to 1b,
a proposed intermediate in the dmso-promoted 1 � 12
transformation.

In complex 14 the neutral ligand coordinates in a PNO
fashion as clearly indicated by the IR bands of the N–H
(3156 cm–1) and C=O (1594 cm–1) groups. The hydrazonic
proton gives rise to a singlet at δ = 10.34 ppm in the 1H
NMR spectrum recorded in CDCl3, while the 31P{1H}-
NMR spectrum shows a singlet at δ = 61 ppm. The octahe-
dron is completed by two chlorides and a dmso molecule,
while a half dmso molecule is outside of the coordination
sphere [the 1H NMR spectrum recorded in CDCl3 shows
four singlets in the region 3.48–2.48 ppm, while the IR spec-
trum shows strong bands at 1095 and 1023 cm–1, attribut-
able to the ν(S=O) and δ(C–H) of the dmso, respectively].
Owing to the lack of structural information, a detailed ste-
reochemical description of the complexes 13 and 14 is not
possible at present.

Ru Complex Obtained from [Ru(p-cymene)Cl2]2

[Ru(p-cymene)Cl2]2 reacts with Hbidf in chloroform at
room temperature, leading to the isolation of [(η6-p-cy-
mene)Ru(κ1-(H)P)Cl2]·3/2CHCl3 (15), where the ligand
uses only the P atom to bind to ruthenium. The pseudo-
octahedral coordination is completed by a η6-coordinated
p-cymene molecule and by two chloride ligands. The IR
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spectrum shows the presence of the N–H and of the C=O
groups with two bands at 3311 and 1696 cm–1, respectively.
The neutral character of the ligand is further substantiated
by 1H NMR spectroscopy with a singlet at δ = 10.31 ppm;
the HC=N proton corresponds to a singlet at δ = 9.08 ppm,
while the p-cymene protons resonate at the expected chemi-
cal shifts (in the range 5.47–5.33 ppm). The 31P{1H}-NMR
spectrum recorded in CDCl3 shows a singlet at δ =
29.6 ppm. The structure of 15 has been unambiguously elu-
cidated by X-ray diffraction analysis conducted on a crystal
collected from a chloroform/diethyl ether mixture which
was cooled to –20 °C. The molecular structure is reported
in Figure 7, and the most important geometric parameters
are listed in Table 2. The neutral Hbidf ligand is coordi-
nated to the Ru atom only by the P donor [Ru–P bond
2.376(5) Å], while the remaining potential N and O donors
point away from the metal. The NH is instead on the same
side as the P atom, in the opposite conformation with re-
spect to the one observed in the tridentate complexes. The
Ru centre completes its pseudo-octahedral coordination by
two chloride atoms and the η6-p-cymene. The conformation
of the neutral ligand allows for a favourable contact be-
tween the NH and the CH group and one of the coordi-
nated Cl [(N2)H···Cl1: 2.910(5), (C7)H···Cl1: 2.655(5) Å],
thus strongly differentiating the intramolecular environ-
ment of the two chloride atoms.

Figure 7. Perspective view and labelling scheme of the ball-and-
stick structure of 15·1.5CHCl3. η6-Coordination of the p-cymene
ligand is represented by empty sticks.

Addition of Benzoic Acid to Terminal Alkynes

The Ru-catalysed coupling of alkynes with carboxylic ac-
ids (Scheme 2) is an elegant way to obtain enol esters, which
are starting materials for several important chemical trans-
formations.[7–13] One of the major goals of this catalysis is
the development of stereo- and regio-selective processes
leading exclusively to one of the three possible enol ester
isomers (Scheme 2), thus the preparation of selective cata-
lysts is certainly desirable. Literature data show that the
Markovnikov products are those usually produced using se-
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veral Ru-catalysts containing monodentate li-
gands.[15,16a,b,19] However, high selectivity towards (Z)-alk-
1-en-1-yl benzoate (anti-Markovnikov product) has been
achieved in the coupling of phenylacetylene with 1-hexyne
using allyl–RuII complexes containing chelating diphospha-
nes such as dppp or dppb.[16d] The same type of selectivity
has been achieved by adding coordinating bases, such as
pyridines, to half-sandwich RuII complexes containing
monodentate phosphanes,[18] or adding monophosphanes
to N-hetherocyclic carbene complexes.[17d] As we wanted to
test whether the chelation of the acyl hydrazones could de-
termine a good selectivity towards (Z)-alk-1-en-1-yl benzo-
ate, we have tested the complexes 1–4, 6, 7, 9 and 10 as pre-
catalysts in the addition of benzoic acid to phenylacetylene.
To the best of our knowledge, this is the first report dealing
with Ru complexes containing tridentate ligands employed
as pre-catalysts in such a catalytic transformation. The ex-
perimental conditions have been kept constant for every
catalytic run: toluene as solvent (for concentrations of
about 10–3  all the complexes are perfectly soluble),
Na2CO3 as base (Ru/base molar ratio = 1:5), T = 120 °C
and 1% of catalyst loading. The yields of the reactions (re-
ferred to the isolated enol esters) have been checked after
16 hours. The catalytic results are collected in Table 3.

As can be deduced from Entries 1 and 2, the dichloride
complexes 1 and 2 are completely inactive in the coupling
between 1-hexyne and benzoic acid. This is not unexpected,
as it can be imputed to the strongly bound chloride li-
gands.[8,16a,b,19,34] The substitution of a chloride with a
more labile acetonitrile molecule, like in the case of the
mono-chloride complexes 3 and 4, leads to a moderate cata-
lytic activity with 35% and 49% yields (Entries 3 and 4),
respectively. However, high stereo- and regio-selectivity in
favour of (Z)-alk-1-en-1-yl benzoate have been reached in
both cases (94% an 99%, respectively). The amount of the
Markovnikov product remains very low and no traces of
(E)-alk-1-en-1-yl benzoate have been detected. The cationic
complexes 6 and 7 (Entries 5 and 6) lead to similar yields,
but again accompanied by excellent selectivities towards the
Z-anti-Markovnikov product. Finally, the cationic com-
plexes 9 and 10 show catalytic activities comparable to
those of the mono-chloride complexes, with a slightly di-
minished selectivity (10% of the Markovnikov product has
been obtained in both cases, Entries 7 and 8). Under the
experimental conditions applied, with the only exception of
the dichlorides 1 and 2, the tested Ru complexes result more
active than [Ru(PPh3)3Cl2] (Entry 13) which, moreover,
leads exclusively to the Markovnikov product. From an in-
spection of Entries 1–8 of Table 3, it can be inferred that
the removal of a chloride ligand is necessary to have cata-
lytic activity accompanied by a good selectivity (compare
Entries 1 and 2 with Entries 3 and 4), while the removal of
the second chloride ligands does not bring to any improve-
ment of the final yield, but instead provokes a slight de-
crease in selectivity (compare Entries 3–6 with Entries 7 and
8). The importance of having a vacant coordination site is
confirmed by the inertness of the complexes observed in
coordinating solvents such as dmso, dmf and acetonitrile;
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Table 3. Catalytic results for the addition of benzoic acid to terminal alkynes.[a]

Entry Ru complex Alkyne Yield [%][b] Z-anti-M [%][c] M [%][c]

1 1 1-hexyne –
2 2 1-hexyne –
3 3 1-hexyne 35 94 6
4 4 1-hexyne 49 99 1
5 6 1-hexyne 44 100 –
6 7 1-hexyne 53 95 5
7 9 1-hexyne 56 90 10
8 10 1-hexyne 49 90 10
9 7 phenylacetylene 36 81 19
10 7 p-tolylacetylene 33 98 2
11 7 tert-butylacetylene 25 86 14
12 7 1-octyne 56 94 6
13 [Ru(PPh3)3Cl2] 1-hexyne 19 – 100

[a] Conditions: solvent = toluene; T = 120 °C; Ru/benzoic acid/alkyne/Na2CO3 = 1:100:100:5. [b] Referred to the isolated product. [c]
Determined by 1H NMR spectroscopy.

no traces of enol esters have been detected even after
24 hours of reaction. From the lengthening of the Ru–O
bond observed in the solid structure of 6 with respect to
the same bond length found in 4, one could expect a higher
catalytic activity for the complexes containing protonated
ligands, such as 6 and 7, on the basis of a hemilabile behav-
iour of the acyl hydrazones, from a κ3-(H)PNO coordina-
tion to a κ2-(H)PN one. However, these pre-catalysts behave
similarly to the complexes containing anionic ligands 3, 4,
9 and 10, and this suggests that the acyl hydrazones remain
tridentate throughout the catalytic cycle. An explanation of
this levelling effect could certainly reside in the deproton-
ation of the ligand induced by the excess of Na2CO3 which
forces the acyl hydrazones to an anionic PNO coordination
in all cases.

The study of the catalytic behaviour of complex 7 has
been extended to other terminal alkynes, such as 1-octyne,
phenylacetylene, p-tolylacetylene and tert-butylacetylene.

Whereas with 1-octyne the catalytic performance is sim-
ilar to the one observed with 1-hexyne (56% conversion
with 94% of Z-anti-Markovnikov product and 6% of Mar-
kovnikov product, Entry 12), conversions not higher than
36% and lower selectivities have been obtained with the aryl
alkynes, (Entries 9 and 10) and with the bulkier tBu-acetyl-
ene (Entry 11). Whilst with tBu-acetylene the lower yield
can be imputed to steric factors, more difficult is to explain
the lower reactivity of the aryl alkynes. Noteworthy is the
fact that traces of dimerisation products have been detected
neither with phenylacetylene nor with p-tolylacetylene, as
instead described with Ru–alkylidene complexes bearing N-
heterocyclic carbene ligands.[17c] A possible explanation
could reside in the bulkiness of the phenyl ring attached
to the triple C–C bond of the alkyne which hampers the
vinylidene formation (vide infra), but elucidation of this
point needs further studies.

ESI-MS Study

ESI-MS technique has been successfully employed in se-
veral metal-catalysed transformations like, for example, re-
duction of ketones,[20] epoxidations,[21] olefins polymerisa-
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tion[22] and C–H bonds activation[23] for the detection of
the metal-containing intermediates involved in the catalytic
cycles. To the best of our knowledge, no report dealing with
the use of such a technique for the study of the addition of
carboxylic acids to alkynes has appeared in the literature.
Mechanistic studies conducted on diphosphanes containing
complexes,[15d] have evidenced the formation of a vinylidene
intermediate as active catalyst, which undergoes an inter-
molecular attack of a carboxylate anion to generate the fi-
nal enol ester. We have therefore undertaken an ESI-MS
study aimed at detecting the key intermediates involved in
the enol ester synthesis catalysed by our Ru–PNO com-
plexes; complex 5 [Ru(Hbidf)(PPh3)(CH3CN)Cl][PF6] has
been chosen as a model. Initially, we have collected the
ESI(+) spectrum of a 10–3  toluene solution of 5 at room
temperature; this shows a predominant cluster centred at
m/z = 813 accounting for [Ru(bidf)(PPh3)(CH3CN)]+, and
minor clusters at m/z = 849 and m/z = 772 accounting for
[Ru(Hbidf)(PPh3)(CH3CN)Cl]+ and [Ru(bidf)(PPh3)]+,
respectively. The solution has then been heated at 120 °C
for 40 minutes and a new ESI(+) spectrum has been col-
lected. This shows again the clusters centred at m/z = 813
and 772, indicating that the complex is preserved under
these conditions (Figure 8, a). A small cluster at m/z = 917
shows the presence of 12, although the isotope pattern
points out the presence of a second unknown species with
similar mass which tangles the signal up.

To a freshly prepared toluene solution of 5 heated at
120 °C benzoic acid and Na2CO3 have been added (Ru/
acid/Na2CO3 = 1:5:5 molar ratio); the ESI(+) spectrum
shows the disappearance of the signal at m/z = 813 in favour
of a cluster centred at m/z = 894 corresponding to the frag-
ment [Ru(Hbidf)(PPh3)(C6H5COO)]+, where a carboxylate
anion is coordinated to Ru; the clusters at m/z = 772 and
917 are still visible (Figure 8, b). Subsequently, to a freshly
prepared toluene solution of 5 heated at 120 °C 1-hexyne
has been added (Ru/alkyne = 1:5 molar ratio); the collected
ESI(+) spectrum shows the disappearance of the signal at
m/z = 813 and the appearance of a cluster at m/z = 854,
corresponding to [Ru(bidf)(PPh3)(C=CH–C4H9)]+ (Fig-
ure 8, c); the cluster at m/z = 800 can be tentatively assigned
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Figure 8. ESI(+) spectra of toluene solutions of 5: a) after one hour at 120 °C; b) after the addition of benzoic acid/Na2CO3; c) after the
addition of 1-hexyne.

to the loss of butadiene from the vinylidene species, with
formation of the cation [Ru(bidf)(PPh3)(C2H4)]+. This last
signal however quickly disappears leaving the signal at
m/z = 854. The formation of the vinylidene intermediate is
then independent from the presence of benzoic acid. In fact,
the addition of 1-hexyne to a toluene solution containing
the carboxylate intermediate leads to the immediate disap-
pearance of the signal at m/z = 894 in favour of that at
m/z = 854. Although the ESI-MS experiments does not give
conclusive evidences of the reaction mechanism governing
the studied catalytic process, several observations are in fav-
our of the intermolecular nucleophilic attack of the carbox-
ylate anion onto the vinylidene complex [Ru(bidf)-
(PPh3)(C=CH–C4H9)Cl], such as: i) the formation of the
vinylidene intermediate which occurs independently on the
presence of the carboxylate ion, ii) that the signal of the
carboxylate complex quickly disappears in favour of that of
the vinilydene intermediate after the addition of the alkyne,
and iii) that no signal deriving from vinylidene species con-
taining a carboxylate anion has been detected. Unfortu-
nately, repeated attempts aimed at the isolation or detection
of [Ru(PNO)(PPh3)(C=CH–C4H9)Cl] species have been so
far unsuccessful.

The observation of ESI-MS signals attributable to the
bis-chelate complex 12 can be one of the reasons of the
incomplete conversion of the alkyne substrates, as its for-
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mation, through a not defined pathway, can in principle
account for catalyst deactivation.

Conclusions

In this work we have reported the synthesis and the full
characterisation of several new octahedral RuII complexes
obtained by reaction of [Ru(PPh3)3Cl2] with two protic
[PNO] ligands. Depending on the experimental conditions,
different coordination modes to Ru can be created, giving
rise to neutral or cationic complexes of general formula
trans-[Ru(κ3-HPNO)(PPh3)Cl2], [Ru(κ3-PNO)(PPh3)(CH3-
CN)Cl], [Ru(κ3-HPNO)(PPh3)(CH3CN)Cl][X] (X = PF6 or
BPh4) and [Ru(κ3-PNO)(PPh3)(CH3CN)2][X]. The com-
plexes of the type trans-[Ru(κ3-HPNO)(PPh3)Cl2] show an
interesting reactivity with dmso which leads to the forma-
tion of bis-chelate complexes of the type [Ru(κ3-PNO)2].
Such unusual conversion, monitored by 31P{1H} spec-
troscopy, occurs through the stepwise decoordination of the
three donors of the [PNO] ligand induced by dmso. Then,
the initial detachment of the amide oxygen leads to the for-
mation of intermediate species where the ligands are κ2-(H)-
PN coordinated; subsequently, the nitrogen decoordination
leads to P-monodentate behaviour and, finally, a PNO li-
gand transfer from two different ruthenium atoms takes
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place with formation of the bis-chelate complex [Ru(κ3-
PNO)2], [Ru(dmso)4Cl2], Me2S, OPPh3 and HCl. The de-
oxygenation of dmso occurs by oxygen transfer to a PPh3

molcule. Model systems of the spectroscopically detected
intermediates have been obtained by reaction of an HPNO
ligand with [Ru(dmso)4Cl2] and [Ru(p-cymene)Cl2]2. A
catalytic version of the oxygen transfer reaction from dmso
to PPh3 has also been developed.

Most of the complexes containing PPh3 promote the
catalytic coupling between benzoic acid and terminal al-
kynes in toluene/Na2CO3 at 120 °C, with 1% of catalyst
loading. The reactions proceed with high stereo- and re-
gioselectivity, up to 100% as established by 1HNMR,
towards the formation of the anti-Markovnikov product.
Important mechanistic details come from the ESI-MS study
applied for the first time to this ruthenium-catalysed coup-
ling reaction: the enol esters form thanks to an intermo-
lecular nucleophilic attack of a uncoordinated carboxylate
anion onto a Ru–vinylidene intermediate of the type [Ru-
(PNO)(PPh3)(C=CH–C4H9)Cl].

Experimental Section
General: All reactions were performed under dry nitrogen em-
ploying standard Schlenk techniques. Solvents were dried prior to
use and stored under nitrogen. Elemental analysis (C, H, N and S)
were performed with a Carlo Erba Mod. EA 1108 apparatus. Infra-
red spectra were recorded with a Nicolet 5PCFT-IR spectropho-
tometer in the 4000–400 cm–1 range by using KBr disks. 1H NMR
spectra were obtained with a Bruker 300 FT spectrometer using
SiMe4 as internal standard, while 31P{1H} NMR spectra were re-
corded with a Bruker AMX 400 FT using H3PO4 85% as external
standard. Heterocorrelated 31P-1H NMR spectra were measured
with a Bruker Avance 400 MHz. All spectra were collected at
298 K. FAB-MS spectra were performed with a Micromass Autoes-
pec mass spectrometer, employing m-nitrobenzyl alcohol as matrix.
A Quattro LC triple quadrupole instrument (Micromass, Manches-
ter, UK) equipped with an electrospray interface and a Masslynx
v. 3.4 software (Micromass) was used for ESI-MS data acquisition
and processing. The nebulizing gas (nitrogen, 99.999% purity) and
the desolvation gas (nitrogen, 99.998% purity) were delivered at a
flow-rate of 80 and 500 L/h, respectively. ESI-MS analyses were
performed by operating the mass spectrometer in positive (PI) ion
mode, acquiring mass spectra over the scan range m/z 100–1300,
using a step size of 0.1 Da and a scan time of 1.2 seconds. The
operating parameters of the interface were as follows: source tem-
perature 70 °C, desolvation temperature 70 °C, ES(+) voltage
3.0 kV, cone voltage 30 and 50 V, rf lens 0.3 V.

2-(Diphenylphosphanyl)benzaldehyde benzoylhydrazone (Hbidf)
and 2-(diphenylphosphanyl)benzaldehyde acetylhydrazone (Haidf)
were synthesised as previously reported.[4b] [Ru(PPh3)3Cl2] was syn-
thesised by a literature reported method.[35]

trans-[Ru(Hbidf)(PPh3)Cl2]·CH2Cl2 (1): The ligand (250 mg,
0.613 mmol) was dissolved in 15 mL of CH2Cl2 at room tempera-
ture. After 10 minutes of stirring [Ru(PPh3)3Cl2] (590 mg,
0.617 mmol) was added and the resulting purple solution was
stirred for 5 hours at room temperature. The solvent was partially
removed in vacuo, and the solution was cooled to –18 °C for a
night. A purple powder was filtered off, washed with n-hexane and
diethyl ether and then dried under vacuum. Yield: 430 mg (83%).
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M.p. 160 °C (dec.). C44H36Cl2N2OP2Ru·CH2Cl2 (927.642): calcd.
C 58.25, H 4.10, N 3.02; found C 58.85, H, 4.11, N 3.02. 1H NMR
([D6]dmso): δ = 8.02–6.94 (m, 34 H, Ph), 5.20 (s, 2 H, CH2Cl2)
ppm. FAB-MS: m/z = 842 [M – CH2Cl2]+, 807 [M – CH2Cl2 – Cl–]+.

trans-[Ru(Haidf)(PPh3)Cl2]·1/2CH2Cl2 (2): As for 1 but using li-
gand Haidf (150 mg, 0.433 mmol). Yield: 310 mg (91%). M.p.
160 °C (dec.). C39H34Cl2N2OP2Ru·1/2CH2Cl2 (823.105): calcd. C
57.75, H 4.26, N 3.41; found C 58.38, H 4.16, N 3.40. 1H NMR
([D6]dmso): δ = 7.75–6.87 (m, 29 H, Ph), 5.21 (s, 1 H, CH2Cl2), 2.25
[s, 3 H, CH3C(O)] ppm. FAB-MS: m/z = 780 [M – CH2Cl2 +H+]+,
745 [M – CH2Cl2 – Cl–]+, 709 [M – CH2Cl2 – HCl – Cl–]+.

[Ru(bidf)(PPh3)(CH3CN)Cl] (3): Complex 1 (320 mg, 0.380 mmol)
was dispersed in 20 mL of toluene at room temperature. NEt3

(262 µL, 1.900 mmol) and CH3CN (1 mL) were added, and the
purple solution was stirred at room temperature overnight. A yel-
low solid was filtered off, washed with water and n-hexane and
then dried under vacuum. Yield: 260 mg (81%). M.p. 180 °C (dec.).
C46H41ClN3OP2Ru (850.325): calcd. C 62.25, H 4.52, N 4.96; found
C 65.90, H 4.98, N 4.65. 1H NMR (CD2Cl2): δ = 8.16 (dd, 2 H,
Ph), 7.30 (t, 2 H, Ph), 7.28–7.14 (m, 28 H, Ph), 7.12 (t, 1 H, Ph),
6.58 (t, 2 H, Ph), 1.21 (s, 3 H, CH3CN) ppm. FAB-MS: m/z = 806
[M – CH3CN]+, 771 [M – CH3CN – Cl]+.

[Ru(aidf)(PPh3)(CH3CN)Cl] (4): As for 3 but starting from complex
2. Yellow solid. Yield: 130 mg (81%). M.p. 174 °C (dec.).
C41H36ClN3OP2Ru (785.23): calcd. C 62.86, H 4.60, N 5.36; found
C 62.98, H 4.75, N 4.95. 1H NMR (CD2Cl2): δ = 7.80 (t, 2 H, Ph),
7.58–7.11 (m, 24 H, Ph), 6.95 (t, 1 H, Ph), 6.54 (t, 2 H, Ph), 2.36
[s, 3 H, CH3C(O)], 1.21 (s, 3 H, CH3CN) ppm. FAB-MS: m/z =
786 [M+H+]+, 744 [M – CH3CN]+. For slow evaporation of a
dichloromethane/acetonitrile mixture, crystals suitable for X-ray
analysis were collected.

[Ru(Hbidf)(PPh3)(CH3CN)Cl][PF6] (5): Complex 1 (250 mg,
0.297 mmol) was dispersed in 45 mL of CH2Cl2 at room tempera-
ture. After 15 minutes of stirring KPF6 (280 mg, 1.521 mmol) and
CH3CN (1 mL) were added. The solution was stirred overnight at
room temperature, then filtered and the resulting orange solution
was concentrated under vacuum, treated with n-hexane and re-
frigerated at –18 °C. An orange powder was filtered off, washed
with n-hexane and dried under vacuum. Yield: 210 mg (71%). M.p.
170 °C (dec.). C46H39ClF6N3OP3Ru (993.271): calcd. C 55.65, H
3.93, N 4.23; found C 55.34, H 3.89, N 4.31. IR (cm–1): ν̃ = 2281
(w, CH3C�N), 845 (vs, PF). 1H NMR (CD2Cl2): δ = 8.01 (d, 2 H,
Ph), 7.70 (m, 1 H, Ph), 7.63–7.23 (m, 28 H, Ph), 7.18 (t, 1 H, Ph),
6.40 (t, 2 H, Ph), 1.63 (s, 3 H, CH3CN) ppm. 31P{1H}NMR
(CD2Cl2): δ = –141.1 (m, 1 P, PF6) ppm. FAB-MS: m/z = 806 [M –
PF6 – CH3CN]+, 771 [M – PF6 – CH3CN – HCl]+.

[Ru(Haidf)(PPh3)(CH3CN)Cl][PF6]·CH2Cl2 (6): As for 5 but start-
ing from complex 2. Yield: 160 mg (69%). M.p. 170 °C (dec.).
C41H37ClF6N3OP3Ru·CH2Cl2 (1016.133): calcd. C 49.65, H 4.14,
N 4.14; found C 50.00, H 3.91, N 4.48. IR (cm–1): ν̃ = 2273 (w,
CH3C�N), 845 (vs, PF). 1H NMR (CD2Cl2): δ = 8.88 (br., 1 H,
CH=N), 7.88 (t, 2 H, Ph), 7.72–7.03 (m, 25 H, Ph), 6.33 (t, 2 H,
Ph), 5.20 (s, 2 H, CH2Cl2), 2.38 [s, 3 H, CH3C(O)] 1.70 (s, 3 H,
CH3CN) ppm. 31P{1H}NMR (CD2Cl2): δ = –145.5 (m, 1 P, PF6)
ppm. FAB-MS: m/z = 786 [M – CH2Cl2 – PF6]+, 745 [M –
CH2Cl2 – PF6 – CH3CN]+, 709 [M – CH2Cl2 – PF6 – CH3CN –
HCl]+. From a refrigerated dichloromethane /n-pentane mixture,
crystals suitable for X-ray analysis were collected.

[Ru(Hbidf)(PPh3)(CH3CN)Cl][BPh4] (7): As for 6 but starting from
complex 1 and using NaBPh4 instead of KPF6. Yield: 180 mg
(81%). M.p. 146–148 °C. C70H59BClN3OP2Ru (1167.544): calcd. C
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72.04, H 5.06, N 3.60; found C 72.45, H 5.74, N 3.48. IR (cm–1):
ν̃ = 2269 (w, CH3C�N), 843 (w, BP). 1H NMR (CD2Cl2): δ = 8.03
(d, 2 H, Ph), 7.83–6.84 (m, 50 H, Ph), 6.39 (t, 2 H, Ph), 1.23 (s, 3
H, CH3CN) ppm. FAB-MS: m/z = 848 [M – BPh4]+, 807 [M –
BPh4 – CH3CN]+, 771 [M – BPh4 – CH3CN – HCl]+.

[Ru(Haidf)(PPh3)(CH3CN)Cl][BPh4] (8): As for 7 but starting from
complex 2. Yield: 50 mg (70%). M.p. 152–154 °C.
C65H57BClN3OP2Ru·1/4CH2Cl2 (1171.747): calcd. C 69.65, H 5.03,
N 3.38; found C 69.68, H 5.15, N 3.74. IR (cm–1): ν̃ = 2265 (w,
CH3C�N), 851 (w, BP). 1HNMR (CDCl3): δ = 7.83–6.84 (m, 47
H, Ph), 6.53 (t, 2 H, Ph), 2.23 [s, 3 H, CH3C(O)], 0.43 (s, 3 H,
CH3C�N) ppm. FAB-MS: m/z = 786 [M – BPh4]+, 745 [M –
BPh4 – CH3CN]+, 709 [M – BPh4 – CH3CN – HCl]+.

trans-[Ru(bidf)(PPh3)(CH3CN2)2][BPh4] (9): Complex 7 (110 mg,
0.094 mmol) was dissolved in 20 mL of tolune at room temperature.
To the resulting yellow solution acetonitrile (3 mL) and NEt3

(75 µL, 0.539 mmol) were added and then it was left stirring at
room temperature overnight. The solvent was completely removed
under vacuum obtaining a sticky pale orange solid, which was
washed with water and repeatedly triturated with n-hexane. The
bright orange powder was finally filtered off, washed with diethyl
ether and dried under vacuum. Yield: 90 mg (82%). M.p. 150–
154 °C. Due to the instability of the complex, irreproducible micro-
analyses have been obtained. IR (cm–1): ν̃ = 2273 (w, CH3C�N),
873 (w, BP). 1H NMR (CD2Cl2): δ = 8.21 (d, 2 H, Ph), 7.70 (t, 1
H, Ph), 7.46–7.05 (m, 49 H, Ph), 6.55 (t, 2 H, Ph), 2.37 (s, 3 H,
CH3C�N), 1.29 (s, 3 H, CH3C�N) ppm. FAB-MS: m/z = 771 [M –
BPh4 – 2CH3CN]+.

trans-[Ru(aidf)(PPh3)(CH3CN2)2][PF6] (10): As for 9 but starting
form complex 8. Yield: 50 mg (76%). M.p. 137–142 °C. Due to the
instability of the complex, irreproducible microanalyses have been
obtained. IR (cm–1): ν̃ = 2281 (w, CH3C�N), 835 (vs, PF). 1H
NMR (CD2Cl2): δ = 7.72 (t, 2 H, Ph), 7.61 (t, 2 H, Ph), 7.48–7.12
(m, 22 H, Ph), 7.05 (t, 2 H, Ph), 6.51 (t, 2 H, Ph), 2.34 [s, 3 H,
CH3C(O)], 1.44 (s, 3 H, CH3C�N), 1.27 (s, 3 H, CH3C�N) ppm.
31P{1H}NMR (CD2Cl2): δ = –150 (m, 1 P, PF6) ppm.

[Ru(Hbidf)(PPh3)(CH3CN)Cl]Cl (11): Complex 1 (100 mg,
0.12 mmol) was treated with CH3CN and the mixture was heated
at 50 °C for 4 hours. The initial purple mixture became an almost
clear orange solution. After filtration the resulting orange solution
was dried under vacuum, obtaining an orange powder. Yield:
60 mg (57%). C46H37Cl2N3OP2Ru (881.746): calcd. C 62.16, H
4.25, N 4.57; found C 62.38, H 4.46, N 4.57. IR (cm–1): ν̃ = 2273
(w, CH3C�N). 1H NMR (CD2Cl2): δ = 7.88–6.86 (m, 32 H, Ph),
6.55 (t, 2 H, Ph), 1.31 (s, 3 H, CH3C�N) ppm.

[Ru(bidf)2]·2H2O (12). Method A: Hbidf (100 mg, 0.244 mmol) was
dissolved in ethanol (25 mL) by warming. 1  NaOH solution was
added until a pH � 8 (checked by litmus paper), obtaining a pale
yellow solution. [Ru(dmso)4Cl2] (59.3 mg, 0.122 mmol) was dis-
solved in ethanol (10 mL) and added to the ligand solution. After
2 h of reflux the solvent was partially removed under vacuum and
the resultant clear solution was refrigerated at –20 °C. The so-
formed solid was filtered off, washed with cold ethanol and vacuum
dried. Yield: 84 mg (75%).

Method B: Hbidf (140 mg, 0.343 mmol) was dissolved in 5 mL of
CH2Cl2 at room temperature. A KOH solution (3.75 mL , 0.21 ⁾

was added, and the resulting pale yellow solution was stirred at
room temperature for 1 hour. [Ru(PPh3)3Cl2] (160 mg, 0.167 mmol)
previously dissolved in 15 mL of CH2Cl2 was added, and the mix-
ture stirred at room temperature for 3 hours. The solution was then
filtered and the solvent partially removed under vacuum. After
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cooling at –18 °C a yellow solid formed, which was filtered off,
washed with diethyl ether and vacuum dried. Yield: 99 mg (63%)
M.p. 253–258 °C. C52H40N4O2P2Ru·2H2O (951.966): calcd. C
65.60, H 4.65, N 5.88; found C 65.26, H 4.76, N 5.59. 1H NMR
(CDCl3): δ = 7.66 (d, 4 H, Ph), 7.19–6.77 (m, 38 H, Ph) ppm. CI-
MS: m/z = 916 [M – H2O]+.

[Ru(Hbidf)(dmso)2Cl2] (13) and [Ru(Hbidf)(dmso)Cl2]·1/2dmso·H2O
(14): [Ru(dmso)4]Cl2 (59.3 mg, 0.122 mmol) was dissolved in etha-
nol (15 mL). An equimolar amount of Hbidf dissolved in ethanol
(15 mL) was added, and the resulting solution was refluxed for 1 h.
A yellow solid precipitated (13), which was filtered off, washed with
ethanol and vacuum dried for several hours. Yield: 31 mg (35%).
M.p. 227 °C (dec.). C30H33Cl2N2O3PRuS2 (736.675): calcd. C
48.91, H 4.51, N 3.80, S, 8.70; found C 48.86, H 4.47, N 3.86; S,
8.78. IR (cm–1): ν̃ = 1088 (vs, S=O); 1019 (s, ρC–H)dmso. 1H NMR
(CDCl3): δ = 7.92 (d, 2 H, Ph), 7.79–7.20 (m, 17 H, Ph), 3.65 (s, 3
H, dmso), 3.45 (s, 3 H, dmso), 3.03 (s, 3 H, dmso), 2.84 (s, 3 H,
dmso) ppm. By slow evaporation of a dmso solution of 13 crystals
of 12·dmso·H2O suitable for X-ray analysis were collected (see crys-
tallograhic analysis).

After the filtration of 13, the resulting solution was treated with n-
hexane observing the precipitation of an orange solid (14), which
was filtered off, washed with n-hexane and vacuum dried. Yield:
34 mg (40%). M.p. 228 °C (dec.). C29H32Cl2N2O3.5PRuS1.5

(715.625): calcd. C 48.67, H 4.51, N 3.91, S 6.72; found C 48.21,
H 4.71, N 4.22, S 7.14. IR (cm–1): ν̃ = 1095. (vs, S=O), 1023 (s, ρC–
H)dmso. 1H NMR (CDCl3): δ = 7.78–7.35 (m, 19 H, Ph), 3.48 (s, 3
H, dmso), 2.95 (s, 3 H, dmso) ppm.

[Ru(Hbidf)(p-cymene)Cl2]·2CHCl3 (15): Hbidf (50 mg, 0.122 mmol)
was dissolved in 40 mL of chloroform and [Ru(p-cymene)Cl2]2
(75 mg, 0.122 mmol) was added. The mixture was stirred at room
temperature for 2.5 hours obtaining a deep red solution, which was
reduced in volume and treated with diethyl ether. A brown solid
precipitated (25 mg) whose characterisation was not possible. From
the mother liquors refrigerated at –20 °C, brown crystals suitable
for X-ray analysis were collected. Yield: 46.5 mg (40%). M.p.
220 °C (dec.). C36H35Cl2N2OPRu·2CHCl3 (953.395): calcd. C
47.87, H 3.90, N 2.90; found C 48.20, H 3.80, N 2.30. 1H NMR
(CDCl3): δ = 8.07 (d, 2 H, Ph), 7.62–7.03 (m, 17 H, Ph), 5.47 (d,
2 H, p-cymene), 5.33 (d, 2 H, p-cymene), 2.94 [m, 1 H, CH-
(CH3)2], 1.75 [s, 3 H, CH(CH3)2], 1.28 [s, 3 H, CH(CH3)2] ppm.

X-ray Analysis: Mo-Kα radiation (λ = 0.71073 Å), T = 293 K, on
a SMART AXS 1000 diffractometer equipped with CCD detector
was used for compounds 4 and 6 and 12·dmso·H2O, while Cu-
Kα radiation (λ = 1.54178 Å), T = 293 K, with a Siemens AED
diffractometer equipped with scintillation detector was employed
for 15·1.5CHCl3, which showed a significant crystal decay over the
data collection (47% intensity loss, correction applied). Lorentz,
polarisation, and absorption corrections were applied.[36] Struc-
tures were solved by direct methods using SIR97[37] and refined by
full-matrix least-squares on all F2 using SHELXL97[38] im-
plemented in the WingX package.[39] Hydrogen atoms were partly
located on Fourier difference maps and refined isotropically, partly
introduced in calculated positions. Anisotropic displacement pa-
rameters were refined for all non-hydrogen atoms in 4, 6 and
12·dmso·H2O, but only for Ru and its coordination environment
for 15·1.5CHCl3. In 12·dmso·H2O the dmso presents a disorder on
the S atom. Final geometries have been analysed with
SHELXL97[36] and PARST97,[40] and extensive use was made of
the Cambridge Crystallographic Data Centre packages.[41] Table 4
summarises crystal data and structure determination results.



RuII Complexes with Hydrazonic Ligands FULL PAPER
Table 4. Crystal data and structure refinement for structure analyses.

4 6 12·dmso·H2O 15·1.5 CHCl3

Empirical formula C41H40ClN3O3P2Ru C41H37ClF6N3OP3Ru C54H48N4O4P2RuS C38H37Cl6.50N2OPRu
Formula weight 821.22 931.17 1012.03 900.16
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 1.54100 Å
Crystal system tetragonal orthorhombic monoclinic hexagonal
Space group P43212 Pcab P21/c R-3
Unit cell dimensions [Å, °] a = 14.430(1) a = 18.334(1) a = 11.114(2) a = 41.520(8)

b = 14.430(1) b = 20.599(1) b = 21.271(4) β = 95.89(1) b = 41.520(8)
c = 37.134(2) c = 21.621(1) c = 20.280(4) c = 13.270(4)

Volume [Å3] 7732.2(9) 8165.4(7) 4769(2) 19811(8)
Z 8 8 4 18
Density (calculated) [mg/m3] 1.411 1.515 1.410 1.358
Absorption coefficient [mm–1] 0.599 0.631 0.491 7.090
F(000) 3376 3776 2088 8217
Θ range for data collection [°] 1.51–27.10 1.76–28.42 1.39–28.49 3.55–64.77
Reflections collected 84143 86434 28916 7243
Independent reflections 8525 [R(int) = 0.0314] 9617 [R(int) = 0.0720] 10731 [R(int) = 0.0523] 6370 [R(int) = 0.0835]
Data/restraints/parameters 8525/6/480 9617/0/615 10731/2/775 6370/5/222
Goodness-of-fit on F2 1.180 1.203 0.875 0.780
Final R indices [I � 2σ(I)] (R1, wR2) 0.0296, 0.0631 0.0709, 0.1465 0.0454, 0.0963 0.1135, 0.3044
R indices (all data) (R1, wR2) 0.0343, 0.0655 0.1205, 0.1593 0.0918, 0.1114 0.2530, 0.3526
Largest ∆F max./min. [e·Å–3] 0.472/–0.516 0.539/–0.518 0.981/–0.675 0.964/–0.506

CCDC-294363 (for 4), -294364 (for 6), -294365 (for 12·dmso·H2O)
and -294366 (for 15·1.5CHCl3) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Catalytic Reactions

Addition of Benzoic Acid to Terminal Alkynes: A toluene solution
(7 mL) containing the catalyst (0.01 mmol) and the alkyne
(1 mmol) was added at room temperature to a toluene solution
(6 mL) of benzoic acid containing solid Na2CO3 (0.05 mmol). The
resulting mixture was heated to 120 °C and stirred for 16 hours,
then dried under vacuum; the residual solid was treated with 5 mL
of CH2Cl2 and the precipitate was filtered off. Solid NaHCO3

(1 mmol) was added, and the mixture was washed with H2O three
times; the organic layer was dried by anhydrous Na2SO4 and re-
duced in volume by vacuum and then filtered through silica gel to
remove the catalyst. The solution was finally dried under vacuum
and analysed by 1H NMR spectroscopy.

Oxygen Transfer from Dmso to PPh3: Compound 1 (11 mg,
0.012 mmol) was dissolved in 8 mL of nitrogen-saturated dmso and
PPh3 (326 mg, 1.243 mmol) was added. The yellow solution was
refluxed under nitrogen and small samples were withdrawn at regu-
lar intervals, added of CDCl3 and analysed by 31P{1H}-NMR spec-
troscopy.

Supporting Information (see footnote on the first page of this arti-
cle): 31P{1H}-NMR spectra of complex 1 recorded in [D6]dmso.
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A new V-shaped bis-monodentate ligand L (L = 2,3�-dipyrid-
ylamine) (1) has been designed and synthesized by alky-
lation reaction of pyridylamine. An investigation of the
charge distributions of the coordination atoms and single-
point energy calculations of four conformers of ligand L
based on the geometry of conformers optimized by the DFT
(density functional theory) method was carried out. The re-
sults show that the four conformers of ligand L take on two
stable and two less stable configurations. Theory forecasts
that two relatively stable configurations present in complexes
as probable coordination motifs of the ligand, and that steric
hindrance of pyridine nitrogen atoms in isomers will affect its
coordination ability together with the electronic factor. This
forecast has been demonstrated by the coordination chemis-
try of ligand L, that is, configuration (a) and (b) of the ligand
occur in the following reported complexes, which combines

Introduction

Crystal engineering of coordination polymers and supra-
molecules have attracted a lot of attention due to their po-
tential as functional materials, as well as their intriguing
compositions and topologies. Considerable progress has
been made on theoretical forecasting and practical ap-
proaches aimed at controlling the topology structure and
geometry of the networks.[1–3] However, the general and
precise principles for the solid structures of the target prod-
ucts are still subjective because the self-assembly process is
highly influenced by several factors such as the structure
of ligands, the coordination preference of metal ions, the
coordination behavior of counterions, and the solvent sys-
tem.[4–6] The chemical structure of the organic ligands in-
cluding the molecular angle, length, and relative orientation
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with AgI or CuII through two coordination modes (bidentate
bridging or a monodentate mode) resulting in coordination
polymers {[Ag (L)2]NO3}n (2), [Cu2(L)2(maa)4]n (maa = meth-
acrylic acid) (3), and the mononuclear molecule [Cu(L)4]-
(ClO4)2·2CH3CH2OH (4). The ligand assumes different coor-
dination modes in the three complexes because of different
levels of steric hindrance of the pyridine nitrogen atoms in
the conformers. Interestingly, polymers 2 and 3 assume a 1D
helical structure and a linear framework, respectively, and 4
has a 2D supramolecular architecture induced from hydro-
gen bond interactions. In addition, the magnetic properties
of 3 have been explored, which shows a strong antiferromag-
netic interaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of the donor groups plays an extremely important role in
dictating polymer topology. So far, much of the research
has been concentrated on the exploitation of angular li-
gands with a molecular angle, such as ligands with a T-
shape, V-shape etc, in the construction of versatile coordi-
nation polymer architectures.[7–9] Especially, bidentate
bridging ligands with a V-shaped structure have been widely
used to construct coordination frameworks with a helical
structure because of its flexional characteristic and the con-
figuration stability of binding metal ions.[10,11] On the basis
of the V-shaped exo-bidentate ligand, 2,2�-bis(4-pyridyl-
eneoxy)-1,1�-binaphthalene[12] and 4,4�-oxy-bis(benzo-
ate),[13] several novel helical complexes have been prepared.

With this background in mind, our research has focused
on designing new V-shaped ligands and investigating the
rational control of their self-assembly with metal centers.
In our previous work, we successfully constructed helical
structural supramolecular complexes [14] using the V-shaped
3,4�-dipyridylamine ligand. Continuing our investigations
on the coordination properties of V-shaped dipyridylamine
ligands, we designed another new V-shaped bis-mono-
dentate 2,3�-dipyridylamine ligand. Particularly, this V-
shaped molecule is an isomer of the well-documented mole-
cule 2,2�-dipyridylamine, which is widely used as a chelate
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ligand in its amine form, or as a tridentate ligand in its
deprotonated form.[15,16] In order to investigate the possible
coordination modes of 2,3�-dipyridylamine compared to
2,2�-dipyridylamine, we explored the electronic effect of co-
ordination atoms, the single-point energy calculations of
four conformers of 2,3�-dipyridylamine based on the geom-
etry of four conformers optimized by the DFT method. Ac-
cording to these guidelines, we used 2,3�-dipyridylamine as
the ligand to coordinate with AgI and CuII, and obtained
two 1D polymers with a helical or linear structure and one
2D supramolecule. Herein, we report the syntheses, crystal
structures, and characterization of properties of ligand (1)
and three complexes, namely {[Ag(L)2]NO3}n (2), [Cu2-
(L)2(maa)4]n (3), and [Cu(L)4](ClO4)2·2CH3CH2OH (4). At
the same time, the magnetic properties of 3 have also been
studied.

Results and Discussion

Description of the Structures

Ligand 1

The single-crystal X-ray structural analysis shows that
ligand 1 crystallizes in an orthorhombic system. From the
crystal structure of the ligand, it can be seen that the ligand
forms zigzag chains in the solid state, and the molecules are
held together by a series of N–H···N hydrogen bonds [N2–
N(3A) 3.0949(18) Å; N2–H···N(3A) 168.1(1)°]. The two
pyridine rings in the ligand are twisted with a dihedral angle
of 12.5427(4)°, the ligand molecules are associated in pairs,
in a head-to-tail arrangement showing π-π stacking interac-
tions [the distance between the centers of the pyridyl rings
is 3.48(8) Å, the dihedral angle is 12.5427(4)°], and give rise
to a two-dimensional supramolecular structure (Figure 1).

Figure 2. The four optimized conformations of the ligand 1, as well as the calculated electron distributions.
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Figure 1. Perspective view of N–H···N hydrogen bonds and π-π
stacking interactions in ligand 1. [N2–N(3A) 3.0949(18) Å; N2–
H···N(3A) 168.1(1)°; the distance between the centers of the pyridyl
rings is 3.48(8) Å, the angle is 12.5427(4)° between two planes].

In addition, single-point energy calculations and charge
distributions for four conformers of the ligand have been
carried out at DFT levels. Two stable and two less stable
configurations have been obtained by structural optimiza-
tion of the four conformers; the electronic layouts of the
four conformers are shown in Figure 2. Single point ener-
gies of conformers (a), (b), (c), and (d) are –550.46003,
–550.46214, –550.40317, and –550.40293 hartree, and the
HOMO–LUMO energy gaps are 0.17477, 0.17273, 0.16899,
and 0.16735 eV, respectively. These data reveal that configu-
rations (a) and (b) are relatively more stable than (c) and
(d). From the charge layouts of the four conformers, it can
be seen that N1 and N3 each have an approximately equal
donor electron ability in the four conformational isomers
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(but each N1’s donor electron ability is slightly stronger
than that of each N3), if only considering their electronic
effect.[17] However, we can see that the steric hindrance of
N1 in configuration (b) and (d) is obviously larger than in
configuration (a) and (c). Considering steric hindrance
might affect the coordination ability of N1 in different con-
figurations, we further investigated the coordination prop-
erties of ligand 1 with transition metal ions by experimental
means. Fortunately, the experimental results prove this esti-

Figure 3. (a) The helical chain of 2; (b) π-π packing interactions between helical chains; (c) the 3D structure formed by hydrogen-bonding
and Ag···O weak interactions between adjacent layers.

Eur. J. Inorg. Chem. 2006, 2437–2446 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2439

mation. In the three synthetic complexes, we find that the
ligand only takes on the coordination motifs of configura-
tion (a) and (b). Configuration (b) presents in complex 4,
which combines with metal ions in a monodentate mode,
and configuration (a) appears in polymers 2 and 3, which
links with metal ions in a bidentate bridging mode. There-
fore, the difference in the coordination ability of N1 be-
tween configuration (a) and (b) mainly results from the dif-
ference in the steric hindrance of N1.



C. H. Zhou, Y. Y. Wang, D. S. Li, L. J. Zhou, P. Liu, Q. Z. ShiFULL PAPER
{[Ag(L)2]NO3}n (2)

The single-crystal X-ray data shows the structure of 2
consists of one-dimensional (1D) cationic polymeric
{[Ag(L)2]}+

n chains and uncoordinated NO3
– anions. The

ligand adopts a N,N-bidentate bridging coordination mode
by using two pyridine nitrogen atoms to coordinate to the
AgI centers forming a 1D helical chain (Figure 3, a). The
bond angle of N1–Ag1–N(3A) is 165.09(6)°, and the bond
lengths of Ag1–N1 and Ag1–N(3A) are 2.193(2) and
2.196(2) Å, respectively, which are the typical values for
AgI–Npy coordination distances.[18–21] The helices, parallel
to the [010] direction, are generated around a twofold screw
axis presented in the space group P21/n. Pyridine rings
through centers of inversion from adjacent helical chains
indicate significant π-π stacking interactions. Pyridine rings
involving π-π stacking are absolutely parallel and the dis-
tances between their centroids are 3.769(6) and 3.593(8) Å,
(Figure 3, b). Not only do the intermolecular π-π stacking
interactions stabilize the helical frameworks but they also
produce a two-dimensional layer parallel to the crystallo-
graphic bc plane, the same as most reported similar helical
structures.[22,23]

A striking feature of 2 is the stacking pattern in the solid
state. The packing diagram of 2 shows that the NO3

– coun-
terions are sandwiched between two layers, and every layer
interacts with other close layers by two groups of C–H···O
hydrogen bonds between uncoordinated oxygen atoms of
NO3

– and carbon atoms of the pyridine rings [C–O

Figure 4. (a) Repeat units of the infinite coordination polymer of 3; (b) The two-dimensional network of 3 viewed along the a axis.
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3.310(2), 3.250(2) Å, C–H···O 146.63(1), and 150.35(3)°]
and Ag···O weak interactions, resulting in a 3D supramo-
lecular structure (Figure 3c).

[Cu2(L)2(maa)4]n (3)

The structure of 3 consists of linear dinuclear one-dimen-
sional polymeric [Cu2(L)2(maa)4]n chains (Figure 4, a). The
basal unit of the chain is a dinuclear CuII subunit of the
paddle-wheel type, the two copper atoms are located at
equivalent sites in the dinuclear unit. Each copper atom has
a square pyramid coordination environment, with four oxy-
gen atoms from four methacrylic groups, forming an equa-
torial plane, and one pyridyl nitrogen atom, occupying an
axis place. The axial Cu–N distance is longer than the
average Cu–O bond length. So the coordination geometry
around the copper() atom can be regarded as a distorted
square pyramid, and the Jahn–Teller effect in the polymer
manifests itself as an asymmetric elongation along the axial
direction. In the structure of 3, four methacrylic acid
groups are bound to the copper() atoms in the form of a
symmetrical bridging mode (syn,syn-η1:η1:µ2), thus forming
a Cu2(maa)4 paddle-wheel type linked by L ligands. Just as
those reported coordination polymers containing the pad-
dle-wheel type,[24,25] the bridging ligand is located in an ax-
ial position in the paddle-wheel type structure. On the other
hand, this big paddle-wheel type group hinders further tor-
sion of the two pyridine rings of the bridging ligand, and
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causes the formation of a neutral one-dimensional linear
chain rather than a helical chain. The chains self-organize
and produce a two-dimensional supramolecular structure

Figure 5. (a) ORTEP views showing the metal environment in the cation of 4; (b) Perspective view of hydrogen-bonding and Cu–O weak
interactions in 4 (top), and 2D packing view along the b axis (bottom).
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(Figure 4b) through C–H···O [C···O 3.513(5) Å, C–H···O
159.18(2)°] hydrogen bonds and C–H···π interaction [C–
H···π 3.012(6) Å].
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[Cu(L)4](ClO4)2·2CH3CH2OH (4)

Single-crystal X-ray diffraction analysis reveals that 4 is a
neutral, mononuclear molecule with the CuII atom in a
square coordination geometry with four pyridine nitrogen
atoms of the four different dipyridylamine ligands (Fig-
ure 5, a). From the data about the N–Cu–N bond angles
[89.14(14), 90.23(10), 90.23(10), and 90.42(13)°] and the
Cu–N bond lengths [2.011(2), 2.011(2), 2.019(2), and
2.019(2) Å], it can be seen that the CuII ions together with
the four nitrogen atoms form a perfect square geometry,
and this ideal quadrangle structure is rare in the coordina-
tion geometry of CuII. A twofold rotary axis along the b
axis direction presenting in space group C2/c is the typically
symmetrical operation of 4. The dihedral angles between
two pyridine planes are about 28.106(2), 28.106(2),
23.418(2), and 23.418(2)° in the four ligands respectively,
which are obviously larger than the free ligand 1. This indi-
cates that the ligand coordinated to the metal CuII pro-
moted flexion of the σC–N bond. Interestingly, the four li-
gands all adopt a monodentate coordination mode and they
all present in 4 as configuration (b), which further proves
the theoretical judgment that the coordination ability of N1
atoms in configuration (b) has been reduced by a steric bar-
rier. Two O atoms of the uncoordinated ClO4

– anions form
the acceptors of C(4)–H···O(3) [C–O 3.277(5) Å, C–H···O
140.36(2)°] intermolecular hydrogen bonds and CuII···O(1)
weak interactions, which link the discrete units to form a
2D supramolecular structure together with the N(2)–
H···N(6) [N–N 3.130(4) Å, N–H···N 176.69(3)°] inter-
molecular hydrogen bonds (Figure 5, b). In this complex,
the uncoordinated ClO4

– anions are an essential part of the
structure, which act as a key linker in the 2D supra-
molecular structure, similar to BF4

– in the reported com-
plex [(CH3OH)2Co(L)4](BF4)4.[26] However, the ethonal
molecule present in complex 4 only functioned as an ac-
ceptor of intramolecular hydrogen bonds between the oxy-
gen atoms of ethonal and amino nitrogen atoms of the li-
gand, which has little influence on the extended structure
of complex 4.

It is worth noting that 4 has a higher stability than the
organic ligand owing to the fact that the single point energy
(–2397.66179 hartree) of 4 is far lower than that of 1. The
HOMO–LUMO energy gap of 4 is 0.1332 eV, and the li-
gand has a high contribution to the front orbit of 4. In
addition, comparing this new ligand with 2,2�-dipyridyl-
amine, we find that there are several differences between
them: (i) 2,3�-dipyridylamine is a monodentate or bidentate
ligand, and 2,2�-dipyridylamine is a chelate or monodentate
ligand[27] in their amine form; (ii) 2,3�-dipyridylamine is an
asymmetrical V-shaped molecule that may produce different
conformers in complexes, and 2,2�-dipyridylamine is a sym-
metrical molecule that generally has three coordination
modes, syn-syn, syn-anti, and anti-anti;[28] (iii) the syn-syn
conformation of 2,2�-dipyridylamine builds many linear
conformations of metal complexes in its deprotonated
form,[29] and 2,3�-dipyridylamine can not form linear chains
of metal atoms.
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IR Spectra and TGA Analysis

IR spectra of the three complexes and the L ligand were
recorded as KBr pellets in the range 4000–400 cm–1. Ligand
1 shows a broad band at 3535 cm–1, which can be assigned
as the stretch absorption of ν(N–H). The next group of
bands appears at 3071 cm–1, corresponding to stretching vi-
brations of ν(C–H). Skeletal vibration of the pyridine ring
shows a strong band at 1503 cm–1. Because of the formation
of intermolecular coordination bonds and hydrogen bonds,
these absorption peaks are significantly shifted to lower fre-
quencies in three complexes. In 2, ν(N–H), ν(C–H), and the
pyridine ring skeleton exhibit at 3448, 3017, and 1484 cm–1,
respectively; there is a strong absorption appearing at
1355.15 cm–1 for the noncoordinated anions of nitrate
(NO3

–). While in 3 the three characteristic peaks appear at
3526, 2923, and 1496 cm–1. Another characteristic absorp-
tion for 3 is concerned with the values of asymmetric and
symmetric stretching frequencies for the COO– groups. The
difference between νas(COO) and νs(COO) in comparison
to the corresponding values in ionic species is currently em-
ployed to determine a characteristic coordination mode of
the carboxylate group.[30] For 3, the complex shows strong
bands corresponding to νas(COO) and νs(COO) at 1601 and
1415 cm–1, respectively. The ∆ν is 186 cm–1, close to the cor-
responding values for the sodium methacrylic (178 cm–1),
indicating that the methacrylic groups coordinate to metal
ions in a symmetrical bridging mode (syn,syn-η1:η1:µ2), in
agreement with the paddle-wheel type structure of 3. The
IR spectra of 4 is similar to 2, ν (N–H), ν (C–H), and the
pyridine ring skeleton exhibit at 3621, 3206, and 1501 cm–1,
respectively. There is a slight red shift in 4 compared to 2
and 3 because of the more conjugated pyridine rings pres-
enting in 4. Meanwhile, a strong absorption band appears
at 1131 cm–1 for the noncoordinated ClO4

– anions. The
bands appearing below 600 cm–1 may be assigned to the M–
N frequencies for the three complexes.

The thermogravimetric analysis (TGA) reveals the weight
loss of 2 occurs in two stages. The first stage occurs between
208.7 and 428.6 °C with a weight loss of 66.99%, which is
equivalent to the loss of the ligands (calculated to be
66.83%). The total thermal effect of decomposition and
oxidation of the ligand causes an exothermic peak at
216.5 C. When the temperature is above 440 °C, the
AgNO3 begins to decompose and metal silver is the final
product, which constitutes 20.86% (calculated to be
20.93%). In contrast to 2, the TGA shows that the weight
of 3 remains almost unchanged from 40 to 180 °C. In the
temperature range 180–400 °C, the complex undergoes a
large weight loss of 76.67%, which represents weight loss
from L and the methacrylic groups (calculated to be
79.12%). The DSC curve shows an exothermic peak at
218.4 °C, and the final product is CuO in 21.33% yield (cal-
culated to be 20.88%). Complex 4 has undergone two steps
of weight loss. The first weight loss occurs at 50–180 °C,
corresponding to the loss of ethanol molecules. The higher
temperature for the release of ethanol molecules is due to
the strong hydrogen bonds involving ethanol molecules in



Polymers or Supramolecules Generated From a New V-Shaped Bis-monodentate Ligand FULL PAPER
4. At this step, the experimental percentage weight loss is
8.01% (calculated to be 8.85%). The following steps of
weight loss represent the pyrolysis of the organic ligand.
The residues above 500 °C have a composition of CuO, and
the observed residue percentage is 7.31% (calculated to be
7.69%).

Magnetic Properties

Variable-temperature magnetic susceptibility measure-
ments over a 5–300 K range were carried out for 3. The
temperature dependence of magnetic susceptibilities χM and
χMT of complex 3 is shown in Figure 6. It should be noted
that polymer 3 exhibits two types of magnetic exchange in-
teraction between two CuII ions; one is through short brid-
ges via the methacrylic groups and the other is through a
long bridge via L. Actually, because of the long L ligand
fragment, the possibility of overlap of the magnetic orbital
through the C and N atoms of L is negligible. Hence, the
Cu2(maa)4 unit of paddle-wheel type plays an important
role in the magnetic properties of polymer 3. This type of
antiferromagnetic interaction is strong because unpaired
electron density from both Cu ions is transferred to the
same orbital of the bridging methacrylic groups. The χM

curve is typical for a very strong antiferromagnetic coupling
with a small amount of paramagnetic impurities: the molar
magnetic susceptibility decreases to a minimum and then
suddenly increases when the temperature is lowered, at-
taining a maximum. The magnetic datafit to a Bleaney–
Bowers equation,[31,32] which was derived from the spin
Hamiltonian H = –JS1S2. The best-fit parameters are –2J
= 316 cm–1, g = 2.09, and R = 6.8·10–4 (R = Σ[(χMT)obs –
(χMT)calc]2/Σ[(χMT)obs]1/2). In contrast to the reported dinu-
clear CuII carboxylates, such as Cu2(C10H9O2)4(C2H5OH)2

(–2J = 242 cm–1),[33] Cu2(C7H15COO)4 (–2J = 320 cm–1),
and Cu2(C7H15COO)4(C6H7N)2 (–2J = 300 cm–1),[34] poly-
mer 3 (–2J = 316 cm–1) shows a considerably stronger anti-
ferromagnetic interaction.

Figure 6. Plot of χM (�) (left scale) and χM T (�) (right scale) per CuII ion vs. T for 3. The solid lines represent the best fit to the
modified Bleaney–Bowers expression.
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Conclusions

In summary, a new V-shaped ligand 1 has been designed
and synthesized. Density functional calculations at the
B3LYP level of theory provide a satisfactory forecast for
coordination properties of the ligand with metal ions. That
is, two relatively stable conformers of the ligand combine
with metal ions by different coordination modes. On the
basis of ligand 1, we have synthesized three novel com-
plexes, {[Ag (L)2]NO3}n (2), [Cu2(L)2(maa)4]n (maa = meth-
acrylic acid) (3), and [Cu(L)4](ClO4)2·2CH3CH2OH (4).
Interestingly, polymers 2 and 3 assume a 1D helical struc-
ture and a linear framework, respectively, and 4 has a 2D
supramolecular structure. Although the two relatively stable
configurations of the ligand have very similar single-point
energies and charge distributions, they form different coor-
dination modes in the three complexes. These results indi-
cate that the steric factors of the N atoms play important
roles in the coordination modes of the dipyridylamine li-
gand, which may help us to understand the influence of
organic spacers in determining the type and topology of the
product.

Experimental Section

Physical Measurements: Elemental analyses (C,H,N) were deter-
mined with a Perkin–Elmer 240C elemental analyzer. Infrared spec-
tra on KBr pellets were recorded with a Bruker EQUINOX-55
spectrometer in the range of 4000–400 cm–1. Thermal analyses were
performed with a Netzsch STA 449C microanalyzer with a heating
rate of 10 °C·min–1 under air. Magnetic measurements were carried
out on a polycrystalline sample with a SQUID magnetometer op-
erating in the 5–300 K temperature range with an applied field of
5 kOe. Diamagnetic corrections were estimated from Pascal con-
stants. 1H NMR spectra were recorded with a Varian INOVA 400-
MHz spectrometer. Electronic spectra were recorded with a Cary
300 Bio UV/Visible spectrophotometer. Mass spectra were ob-
tained with a JEOL HX-110 HF double focusing spectrometer op-
erating in the positive ion detection mode.
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The Synthesis of Ligand 1: The reagents and solvents were pur-
chased from commercial sources (Aldrich) and used as received.
The 2,3�-dipyridylamine ligand was obtained as follows (Scheme 1):
2-aminopyridine (2.80 g, 34.8 mmol) and NaOBu (6.90 g,
72.9 mmol) were added to a 200 mL flask under nitrogen. Then the
solution of 3-bromopyridine (3.44 mL, 34.8 mmol) and dry ben-
zene (100 mL) were added to the container. The resulting solution
was stirred for 72 h under reflux, and then cooled to room tempera-
ture. The original product was filtered and washed with dry ben-
zene and water several times. The final product was purified by
column chromatography on silica gel (dichloromethane/hexane,
1:1) to afford a colorless crystalline solid (4.16 g, 69.82%).
C10H9N3 (171.20): calcd. C 70.17, H 5.263, N 24.54; found C 69.98,
H 5.210, N 24.66. IR (KBr): ν̃max = 3535 (s), 3434 (s), 3294 (s),
3172 (s), 3071 (m), 3000 (m), 1643 (m), 1592 (m), 1503 (s), 1476
(s), 1421 (s), 1270 (m), 1210 (m), 1051 (s), 902 (m), 824 (m), 732.44
(s), 677 (m), 574 (w) cm–1. UV/Vis (λ/nm): 320, 260, 220. MS
(FAB): m/z (%) = 171.2 (L). 1H NMR (CDCl3): δ = 8.59 (s, 1 H,
1-H), 7.05 (s, 1 H, 2-H), 8.02 (d, 1 H, 3J = 4.4 Hz, 3-H), 7.54 (dd,

Scheme 2. The formation of 2, 3, and 4 with experimental conditions.
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Scheme 1. The preparation of ligand 2,3�-dipyridylamine.

1 H, 3J = 5.8, 3J = 5.4, 4-H), 7.27 (d, 1 H, 3J = 5.8 Hz, 5-H), 6.80
(d, 2 H, 3J = 6.3 Hz, 6-H), 8.25 (d, 2 H, 3J = 3 Hz, 7-H) ppm.

The Synthesis of the Complexes

The formation of 2, 3, and 4 with experimental conditions are
shown in Scheme 2, their syntheses are given in the sequel.

{[Ag(L)2]NO3}n (2): A solution of silver() nitrate (16.9 mg,
0.1 mmol) in CH2Cl2 (10 mL) was added to a solution of L
(17.1 mg, 0.1 mmol) in CH2Cl2 (10 mL). The reaction mixture was
stirred at 25 °C for 1 h, and then the solvent was removed under
reduced pressure. The resulting white powder was partially dis-
solved in acetonitrile (5 mL) (CH3CN). The mixture was filtered,
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Table 1. Crystal data and structure refinements for 1–4.

Complex 1 2 3 4

Empirical formula C10H9N3 C10H8AgN4O3 C26H29Cu2N3O8 C44H48Cl2CuN12O10

Formula mass 171.20 340.07 638.68 1039.38
Temperature [K] 273(2) 273(2) 273(2) 296(2)
Crystal system orthorhombic monoclinic triclinic monoclinic
Space group Pbca P21/n P1̄ C2/c
a [Å] 9.2018(3) 8.293(3) 9.092(8) 27.767(4)
b [Å] 11.9210(5) 14.174(4) 9.229(8) 10.7067(14)
c [Å] 15.6331(6) 9.751(3) 17.335(15) 18.144(2)
α [°] 90 90 93.786(13) 90
β [°] 90 101.064(5) 91.981(15) 115.891(9)
γ [°] 90 90 97.735(14) 90
V [Å3] 1714.87(11) 1125.0(6) 1437(2) 4852.6(11)
Z 8 4 2 4
Dcalcd.[g·cm–3] 1.326 2.008 1.572 1.423
µ [mm–1] 0.084 1.798 0.829 0.629
F [000] 720 668 714 21562
θ [°] 2.61–25.09 2.57–29.15 2.23–29.19 1.63–25.10
Data/restraints/parameters 1521/0/119 2769/0/164 6693/0/357 4315/0/314
Goodness-of-fit on F2 1.043 1.045 0.999 1.073
R1 wR2

[a] [I � 2σ(I)] 0.0417, 0.1069 0.0220, 0.0581 0.0455, 0.1268 0.0474, 0.1205

[a] R1 = Σ(||Fo| – |Fc|)/Σ|Fo|; wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.

and diethyl ether vapor was diffused into this solution. After se-
veral days, suitable single crystals for X-ray diffraction could be
obtained from the acetonitrile solution. Yield: 83.98% (28.56 mg).
C10H8AgN4O3 (340.07): calcd. C 35.19, H 2.34, N 16.42; found C
35.13, H 2.40, N 16.67.

[Cu2(L)2(maa)4]n (3): Cu2(maa)4·2H2O was prepared according to a
similar method reported previously in the literature.[35] A methanol
solution (20 mL) of L (17.1 mg, 0.1 mmol) was slowly added to
a solution of Cu2(maa)4·2H2O (50.4 mg, 0.1 mmol) dissolved in
methanol/ethanol (20 mL, v/v = 1:1). The resultant solution was
allowed to evaporate slowly for several days at room temperature,
and block-shaped green crystals of 1 were obtained. Yield: 66.82%
(42.63 mg). C26H29Cu2N3O8 (638.68): calcd. C 50.13, H 5.48, N
10.96; found: C 50.12, H 5.45, N 10.94.

[Cu(L)4](ClO4)2·2CH3CH2OH (4): The solution of Cu(ClO4)2·
6H2O (37.05 mg, 0.1 mmol) in ethanol (10 mL) was carefully lay-
ered on top of a solution of L (68.4 mg, 0.4 mmol) in chloroform
(10 mL) in a test tube. After several days at room temperature,
yellow green single crystals appeared at the boundary between eth-
anol and chloroform with a yield of 63.66% (66.17 mg).
C44H48Cl2CuN12O10 (1039.38): calcd. C 50.85, H 4.65, N 16.17;
found C 50.87, H 4.60, N 16.14.

Crystal Data Collection and Refinement: Diffraction experiments
for 1, 2, 3, and 4 were carried out with Mo-Kα radiation using a
Bruker SMART APEXCCD diffractometer at 273(2) K for 1, 2, 3,
and 296(2) K for 4. A summary of the crystallographic data and
structure refinement is given in Table 1, and selected bond lengths
and angles of the four complexes are listed in Table 2. All structures
were solved by direct methods and refined with the full-matrix le-
ast-squares technique on F2 using the SHELXS-97[36] and
SHELXL-97[37] programs. All non-hydrogen atoms were refined
anisotropically.

X-ray crystallographic data in CIF format for the structures re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre, CCDC-277949 (for 1), -277950 (for 2),
-277951 (for 3), and -294858 (for 4). These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Table 2. Selected bond lengths [Å] and angles [°] for 1–4.

Ligand 1

C(6)–N(3) 1.324(2) C1–N(1) 1.329(2)
C(10)–N(3) 1.339(2) C(5)–N(1) 1.350(2)
C(1)–N(2)–C(7) 129.87(13)

Complex 2

Ag(1)–N(1) 2.193(2) Ag(1)–N(3A) 2.196(2)
N(1)–Ag(1)–N(3A) 165.09(6)

Complex 3

Cu(1)–O(7)A 1.960(3) Cu(1)–O(8) 1.970(3)
Cu(1)–O(6) 1.964(3) Cu(1)–O(5) 1.970(3)
Cu(1)–N(1) 2.193(3) Cu(1)–Cu(1A) 2.6280(19)
Cu(2)–N(3) 2.183(3) Cu(2)–Cu(2A) 2.6416(18)
O(7A)–Cu(1)–O(6) 89.64(12) O(6)–Cu(1)–O(8) 168.32(10)
O(6)–Cu(1)–O(5) 90.33(12) O(8)–Cu(1)–O(5) 88.27(12)
O(7A)–Cu(1)–N(1) 94.32(11) O(6)–Cu(1)–N(1) 93.92(12)
O(4)–Cu(2)–N(3) 98.89(13) O(1)–Cu(2)–N(3) 96.92(12)
O(3)–Cu(2)–N(3) 95.11(12) O(2)–Cu(2)–N(3) 93.12(13)

Complex 4

Cu(1)–N(1) 2.011(2) Cu(1)–N(1A) 2.011(2)
Cu(1)–N(4) 2.019(2) Cu(1)–N(4A) 2.019(2)
N(1)–Cu(1)–N(1A) 89.14(14) N(1)–Cu(1)–N(4) 90.23(10)
N(1A)–Cu(1)–N(4A) 90.23(10) N(4)–Cu(1)–N(4A) 90.42(13)

Symmetry code: A: x – 1/2, –y + 1/2, –z for 1, –x + 3/2, y – 1/2,
–z + 1/2 for 2, –x + 2, –y + 2, –z for 3 and –x + 1, y, –z + 3/2 for 4.

Calculation Details: The single-point energy and the orbit calcula-
tions based on the geometry of the free ligand and complex 4 were
optimized by the DFT method using the B3LYP/LanL2DZ basis
set in the Gaussian 03 program.[38] The data analyses were per-
formed with Hyperchem 7.5 and GaussView 3.0.
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Two new organically templated silver iodides, namely
[(bmph)(Ag5I7)]n (1) and [(Hteda)4(Ag12I16)]n (2), have been
synthesized with bmph2+ and teda [bmph2+ = 1,6-bis(4-meth-
ylpyridinio)hexane, Hteda = protonated triethylenediamine]
as structure-directing agents. Complex 1 consists of a one-
dimensional polymer that can be described as edge-sharing
AgI4 tetrahedra, whereas 2 is the first example of a three-
dimensional Ag/I framework based on Ag···Ag weak interac-

Introduction

There has been remarkable progress and interest in the
synthesis and characterization of hybrid organic-inorganic
molecular materials owing to their enormous variety of in-
triguing structural topologies and their fascinating proper-
ties, as well as their potential applications in many fields,
such as catalysis, materials science, medicine, and magneto-
chemistry,[1] and the optical properties of polymer hybrids
have attracted particular interest from chemists recently.[2]

Among the various families of hybrid functional materials,
the family of metal halides is an important one. As a branch
of the metal halides, silver() halides occupy an important
position.

In general, predicting the structures of self-assembled
AgI compounds is difficult because the silver ion is known
to adopt a myriad of bonding modes and coordination ge-
ometries. So far, considerable progress has been made
towards the goal of obtaining specific architectures, such as
the recently reported [4×5] Ag20 grid,[3a] an Ag10 quadruple
helicate,[3a] and a chiral AgI diamondoid polymer,[3a,3b] all
of which were prepared on the basis of rational design prin-
ciples. Most of the reports involve metal-organic com-
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tions and an organic template. Electrostatic interactions be-
tween the organic countercations and inorganic moieties are
present and contribute to the crystal packing. Both com-
pounds have been further characterized by IR spectroscopy,
elemental analysis, TGA, and optical limiting measurements.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pounds that have variable dimensions and topologies, and
compounds that contain organic-inorganic hybrid AgI/
amino systems are much less common and only zero- or
one-dimensional structures are known.[4] A recent advance
in this system is to design the coordination frameworks of
silver() halides by incorporating various organic structure-
directing agents (SDA). It is noteworthy that the introduc-
tion of new organic template agents always leads to a dra-
matic structural change of the basic inorganic phases.[5] It
seems that the structure of the inorganic moiety becomes
more complicated when the space volume of the SDA in-
creases. Furthermore, the inorganic structure can be dif-
ferent even with the same SDA. In all, the coordination
chemistry of silver halides is versatile and the study in this
field is in the ascendant. We aim to probe the impact of
organic quaternary ammonium cations on the structure of
the inorganic moiety. In this paper, we report the prepara-
tion, crystal structures, and some physical properties of the
one-dimensional hybrid complex [(bmph)(Ag5I7)]n and the
first three-dimensional Ag/I coordination polymer
[(Hteda)4(Ag12I16)]n, assembled from bmph2+ [bmph2+ =
1,6-bis(4-methylpyridinio)hexane] and Hteda+ (Hteda+ =
protonated triethylenediamine) with AgI (Scheme 1).

Scheme 1. Structure of the two SDAs.
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Results and Discussion

Preparation of the Complexes

Variation of the SDA leads to the formation of two
silver() inorganic components with different stoichiomet-
ries. They present dissimilar dimensions whose structures
differ greatly in their linkage modes. Colorless block crys-
tals of complexes 1 and 2 crystallize in a weakly acidic envi-
ronment with pH = 5.0. In particular, 1 must be synthesized
by slow condensation of diethyl ether into the DMF solu-
tion. The two complexes grow in solutions enriched with
NaI, otherwise the crystals are of low quality or even do
not form. Overall, many factors determine the anionic
substructures, including the concentration and molar
ratio of the starting materials, nature of the solvent, and,
most importantly, the size, shape, and charge of the
counterions.

Figure 1. (a) View of the 1D zigzag chain structure of [Ag5I7]n2– along the a axis. (b) Diagram of the Ag5I10 building block. (c) Packing
diagram of 1 showing SDA molecules contained in the cavities formed by the inorganic chains.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2447–24532448

Crystal Structures

[(bmph)(Ag5I7)]n (1)

According to the structural analysis, the crystal structure
of 1 shows a one-dimensional arrangement constructed
from (bmph)2+ fragments and (Ag5I7)n

2– chains, which are
held together by electrostatic forces. The (bmph)2+ units are
discrete, but the inorganic moiety (Ag5I7)n

2– is polymeric
and exists in the crystal as an extended chain along the a
axis [Figure 1(a)]. In other words, this structure is a one-
dimensional infinite polymeric anion accompanied by dis-
crete cations. It should be mentioned that the chain is al-
most linear. As shown in Figure 1(b), the (Ag5I7)n

2– chain
can be discussed in terms of an Ag5I10 building block in
which each silver atom has an I4 donor set and tetrahedral
geometry when the Ag···Ag interactions are not taken
into account. The Ag5I10 building block can be described
as the result of five edge-sharing AgI4 tetrahedra and
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argentophilic interactions. The infinite chain is built up by
cis-edge-sharing Ag5I10 building blocks, where the shared
edges are I(5)–I(6) and I(6)–I(7).

Ag···Ag interactions have been found in many silver com-
plexes, and the term argentophilicity has been adopted to
describe this metal–metal interaction. The attraction be-
tween d10–d10 closed-shell metal atoms promotes the aggre-
gation of silver() centers, as supported by spectroscopic
and structural evidence.[6] In this work the Ag···Ag dis-
tances in 1 range from 3.038(3) [Ag(2)–Ag(4)#1, Ag(4)–
Ag(2)#2] to 3.361(3) Å [Ag(3)–Ag(4)], which are longer
than that of metallic silver (2.88 Å) but shorter than the
van der Waals radius sum of silver (3.44 Å).[7] The Ag···Ag
separations [3.312(2)–3.556(3) Å] in [(Et4N)3Ag6(µ-2Br)6(µ-
4Br)3]n[8] suggest that weak Ag···Ag interactions may exist.
Compounds possessing argentophilicity can be potentially
used in silver-containing antibacterial agents.[9]

This polymeric anion contains several very interesting
features, the most extraordinary of which is the local envi-
ronment of the Ag(4) atom. This atom is surrounded by
I(2), I(4), I(6)#2, and I(7)#2, although in order to form
stable polyanions the distances of Ag(4)–I(4) and Ag(4)–
I(7)#2 [3.007(3) and 3.067(3) Å, respectively] are relatively
long in comparison with the normal Ag–I distance. The
Ag(4)I4 tetrahedron is therefore highly distorted with Ag–I
lengths ranging from 2.779(2) to 3.067(3) Å. The distorted
pseudo-tetrahedron of Ag(4)I4 can also be extracted from
the data of I(2)–Ag(4)–I(6)#2 [125.83(9)°], I(2)–Ag(4)–I(7)
#2 [103.16(7)°], and I(2)–Ag(4)–I(4) [96.31(7)°], and
furthermore, because Ag(4) is pseudo-tetrahedral, it leads
to the tetrahedron of corner-shared Ag(5) to be distorted
with three short and one long Ag–I distances [2.826(2),
2.859(2), 2.933(2), and 3.000(3) Å, respectively].

The stacking of 1 is intimately associated with the role
played by the electrostatic interaction between the
(bmph)2+ cations and the silver halide polyanions in the
crystal. As can be seen from Figure 1(c), groups of
(bmph)2+ cations girdle the columnar stacks, and it is this
slippage and kinking of the stacks that leads to the recom-
binatorial structure of the compound, thus forming a so-
called organic-inorganic hybrid structure.

[(Hteda)4(Ag12I16)]n (2)

The single-crystal X-ray analysis reveals that the crystal
structure of complex 2 represents a three-dimensional ar-
rangement. As shown in Figure 2, the basic structural unit
of 2 is an Ag12I12@I building block [Figure 2(a)]. If the ter-
minal I(1) atoms are eliminated, the Ag12I6@I unit forms a
quasi-hexagonal antiprism [Figure 2(b)] in which the top
and bottom Ag3I3 hexagons are not coplanar but take on a
chair-like configuration. The Ag–I–Ag angles in this Ag3I3

chair-like arrangement are 116.61(5)° and I–Ag–I angles are
120.70(4)°, so the hexagon is distorted to a small extent. An
IAg6 octahedron in the middle of the Ag12I6@I hexagonal
antiprism links two Ag3I3 hexagons through µ3-I(2) and
Ag···Ag interactions. This IAg6 octahedron is greatly dis-
torted, with Ag(2A) and Ag(2A)#6 occupying the axial po-
sitions and Ag(2A)#1, Ag(2A)#2, Ag(2A)#3, and
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Ag(2A)#4 comprising the equatorial plane [symmetry
transformations: #1: –y, x – y, z; #2: x – y, x, –z; #3: y,
–x + y, –z; #4: –x + y, –x, z; #6: –x, –y, –z; Ag(2) is dis-
torted therefore only Ag(2A) is discussed]. The µ6-I(3) atom
is located at the center of the octahedron (on a 3̄ site) and
is σ-bonded to six Ag atoms, with six equivalent contacts
with Ag(2A) of 2.872(3) Å. These values are much shorter
than that in {I@[AgI(inh)]6}(3.09 Å).[10] The Ag···Ag dis-
tances in 2 range from 2.915(3) Å [Ag(1)–Ag(2A)] to
3.286(4) Å [Ag(2A)–Ag(2A)#2], thereby indicating that
weak Ag···Ag interactions may exist. The peripheral ter-
minal I(1) atoms bond with Ag(2A) to complete its tetrahe-
dral coordination geometry.

Figure 2. (a) Structure of the Ag12I12@I building block. (b) View
of the Ag12I6@I quasi-hexagonal antiprism.

Although a series of monomeric Ag6 octahedral clus-
ters[11] and polymeric Ag6 octahedral units centered by
anions such as µ6-I,[10] µ6-C2

2–, µ6-F, µ3-F, and µ3-
CF3SO3

[12] have been reported, this Ag12I12@I hexagonal
prism cluster centered by µ6-I was unknown until now. The
hexagonal surfaces of the hexagonal prism are parallel to
the ab plane, and each Ag12I12@I building block links six
Ag12I12@I prisms through µ2-I(4) into a three-dimensional
arrangement (Figure 3). The triethylenediamine-based
countercations arrange in a parallel fashion between the
Ag12I12@I hexagonal prism building blocks and play an im-
portant structural direction role. The half-protonation of
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Figure 3. 3D perspective view of 1 based on Ag12I12@I building blocks [(a): side view; (b): top view].

triethylenediamine was determined from the charge-balance
requirements, although, to our disappointment, the hydro-
gen atom of the protonated amine could not be found in
the Fourier map. The organic cations line up with intermo-
lecular N···N contacts of about 2.8 Å, which clearly indicate
H-bonding distances.

A particularly obvious feature of the polymeric structure
is the charge-balanced Hteda+ cations trapped within the
cavity of the three-dimensional cavities, which act as the nut
and bolt of the tube-like combination (Figure 3). It is worth
noting that the formation of the 3D polymeric cluster could
be a good illustration of a cation-induced self-assembly re-
action. In addition, although there are many examples of
self-assembly induced or controlled by cations {such as
[(Et3NC6H12NEt3)2(Ag5I7)]n (unpublished work) and [AgII-
(tmc)(BF4)]�+},[13] complex 2 represents the first three-di-
mensional product of an Ag/I assembly induced by a cation.

It is known that the formation of anionic complexes of
the type [AglXk](k–l)– is strongly dependent on the
countercation and the nature of the halide.[14] In the case
of iodide, the ions [AgI3]2–, [Ag2I4]2–, and [Ag4I8]4– have
been reported.[3] To the best of our knowledge, polymer 1
is a new example of a 1D Ag/I coordination polymer, and,
more importantly, 2 is the first example of a three-dimen-
sional product of Ag/I assembly based on weak Ag···Ag
interactions and an organic template.

Optical Limiting Effect Measurement

The optical limiting results of 1 and 2 are depicted in
Figure 4. The result shows that the present compounds ex-
hibit a good optical limiting capacity. The response of the
composite is linear to the input energy intensity at the be-
ginning, obeying Beer’s law. However, as input energy inten-
sity increases, the light transmittance starts to deviate from
the linear response expected due to Beer’s law when the in-
put light fluence rises to 0.86 and 0.62 Jcm–2 for 1 and 2,
respectively. The limiting threshold can be defined as the
incident fluence at which the solution transmittance falls to
50% of the linear transmittance. The limiting threshold
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value of 1 and 2 was measured as 1.12 and 0.7 Jcm–2 ac-
cording to the experimental data. A lower limiting thresh-
old and saturation level provide a greater safety margin for
device protection. A comparison of this new compound

Figure 4. Optical limiting effect of [(bmph)(Ag5I7)]n (1) and
[(Hteda)4(Ag12I16)]n (2) in a 1.0×10–5  DMF solution.
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Table 1. Limiting thresholds of polymeric compounds measured at 532 nm with ns laser pulses.

Polymeric compound Structure type Solvent Limiting threshold [Jcm–2] Ref.

C60 toluene 1.6 [15a]

{I@[AgI(inh)]6} 1D polymer DMF 0.53 [9]

{[La(Me2SO)8][(µ-WSe4)3Ag3]}n 1D polymer DMF 0.7 [15b]

[MoS4Cu6I4(py)4]n 2D microporous DMSO 0.6 [15c]

[Et4N]2[MoS4Cu6(CN)4]n 3D cross-framework DMF 0.28 [15d]

[(bmph)(Ag5I7)]n 1D polymer DMF 1.12 this work
[(Hteda)4(Ag12I16)]n 3D cross-framework DMF 0.7 this work

with other well-known optical limiting materials will be
interesting. Table 1 gives the limiting thresholds of 1, 2,
polymeric clusters, and C60.[15] It is clear that the limiting
performance of 1 in DMF solution is two times better than
that displayed by C60. It has been universally accepted that
the assembly of monomeric cluster units into a polymer will
bring an enhancement of the optical limiting effect.[16]

Among the structure–optical limiting (OL) property corre-
lation of clusters and polymers, the heavy atom effect also
plays an important role.[2] So, as far as this work is con-
cerned, the heavier atoms Ag and I, together with the poly-
meric aggregation, play a vital role in determining its OL
properties. The successful synthesis of coordination poly-
meric clusters containing a polyiodide complex paves the
way for the quick and facile preparation of novel OL mate-
rials.

Thermogravimetric Analysis

The thermogravimetric analysis (TGA) results for 1 show
that the weight loss between 40 and 240 °C is 1.76%, which
might correspond to the loss of DMF solvent molecules
absorbed on the crystal surface. This complex is thermally
stable until around 260 °C, and then loses 30.38% of its
weight in the temperature range 260–450 °C. Because iso-
lated (bmph)2+ molecules take the role of countercations,
the framework collapses during the removal of the organic
components. This stage can be attributed to the loss of
(bmph)·I2 (calcd. 30.85%).

The polymeric cluster 2 shows remarkable thermal sta-
bility. Thermal gravimetric analysis for 2 shows no weight
loss up to 310 °C. Weight loss under heating starts at 355 °C
and finishes at 980 °C.

Conclusions

Two organically templated hybrid silver iodides, namely
[(bmph)(Ag5I7)]n (1) and [(Hteda)4(Ag12I16)]n (2), have been
obtained as good quality single crystals by a direct method.
Structural analyses indicate that both compounds consist
of uncoordinated structure-directing molecules and an inor-
ganic moiety that is tuned by organic SDAs. Complex 1
presents a one-dimensional chain structure, whereas the in-
organic moiety of 2 is the first example of an Ag/I coordi-
nation polymer based on Ag···Ag weak interactions and an
organic template. Both compounds possess optical limiting
activity.
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Experimental Section
General Remarks: All chemicals except bmph·I2 were of reagent
grade quality from commercial sources and were used without fur-
ther purification. C, H, N analyses were carried out with a Vario
EL III element analyzer. IR spectra were recorded with a Nicolet
Co. Magna-IR 750 spectrometer as KBr pellets in the region 4000–
400 cm–1. Thermal stability (TG-DTA) studies from room tempera-
ture to 800 °C (for 1) and 1200 °C (for 2) under nitrogen with a
heating rate of 10 °Cmin–1 were performed with a Perkin–Elmer
TGA 7 instrument. The optical limiting behaviors were investigated
by fluence-dependent transmittance measurements. Radiation with
a wavelength of 532 nm was provided by a Q-switched Nd:YAG
laser with a pulse duration of 8 ns.

Synthesis of bmph·I2: bmph·I2 was prepared as reported in the lit-
erature:[17]

Table 2. Crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C18H26Ag5I7N2 C12H24Ag6I8N4

Formula mass 1698.06 1886.77
Crystal system triclinic hexagonal
Space group P1̄ R3̄c
a [Å] 8.5704(17) 13.3373(19)
b [Å] 11.886(2) 13.3373(19)
c [Å] 18.170(4) 63.537(13)
α [°] 103.93(3) 90.00
β [°] 98.16(3) 90.00
γ [°] 102.05(3) 120.00
V [Å3] 1720.4(6) 9788(3)
Z 2 12
Dc [gcm–3] 3.278 3.841
µ [mm–1] 9.087 11.111
F(000) 1508 9960
Reflections, total 13669 30308
Reflections, unique 6830 2510
Reflections, observed 3574 1570
Goodness-of-fit on F2 0.964 0.925
No. of parameters refined 289 101
R1 [I � 2σ(I)][a] 0.0589 0.0396
wR2 [I � 2σ(I)][b] 0.1364 0.1131
Residual electron density [eÅ3] 2.213, –2.280 2.847, –2.788

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = [w(Fo
2 – Fc

2)2/w(Fo
2)2]1/2.
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Table 3. Selected bond lengths [Å] and angles [°] for 1 and 2.

Compound 1[a]

Ag(1)–I(1) 2.866(2) Ag(1)–I(3) 2.827(2)
Ag(1)–I(4) 2.968(2) Ag(1)–I(5) 2.942(2)
Ag(2)–I(1) 2.867(2) Ag(2)–I(5) 2.872(2)
Ag(2)–I(7) 2.891(2) Ag(2)–I(6) 2.856(2)
Ag(3)–I(1) 2.887(2) Ag(3)–I(2) 2.814(2)
Ag(3)–I(4) 2.967(2) Ag(3)–I(7) 2.860(2)
Ag(4)–I(2) 2.779(2) Ag(4)–I(4) 3.067(3)
Ag(4)–I(6)#2 2.839(3) Ag(4)–I(7)#2 3.007(3)
Ag(5)–I(3) 2.826(2) Ag(5)–I(4) 3.000(3)
Ag(5)–I(6)#2 2.859(2) Ag(5)–I(5)#2 2.933(2)
Ag(1)–Ag(2) 3.086(2) Ag(1)–Ag(3) 3.124(2)
Ag(1)–Ag(5) 3.333(2) Ag(2)–Ag(4)#1 3.038(3)
Ag(2)–Ag(5)#1 3.140(2) Ag(2)–Ag(3) 3.177(2)
Ag(3)–Ag(4) 3.361(3) Ag(4)–Ag(2)#2 3.038(3)
Ag(4)–Ag(5) 3.149(3) Ag(5)–Ag(2)#2 3.140(2)
Ag(1)–I(1)–Ag(2) 65.14(6) Ag(1)–I(1)–Ag(3) 65.78(6)
Ag(1)–I(4)–Ag(5) 67.90(6) Ag(1)–I(4)–Ag(4) 95.36(7)
Ag(2)–I(1)–Ag(3) 67.03(6) Ag(2)–I(5)–Ag(1) 64.11(5)
Ag(2)–I(5)–Ag(5)#1 65.49(5) Ag(2)–I(6)–Ag(5)#1 66.66(6)
Ag(2)–I(7)–Ag(4)#1 61.98(6) Ag(3)–I(4)–Ag(5) 103.71(7)
Ag(3)–I(4)–Ag(4) 67.66(6) Ag(3)–I(7)–Ag(2) 67.05(6)
Ag(3)–I(7)–Ag(4)#1 126.93(7) Ag(3)–I(4)–Ag(1) 63.52(5)
Ag(4)–I(2)–Ag(3) 73.86(6) Ag(4)#1–I(6)–Ag(2) 64.48(7)
Ag(4)#1–I(6)–Ag(5)#1 67.11(7) Ag(5)–I(3)–Ag(1) 72.26(6)
Ag(5)–I(4)–Ag(4) 62.53(6) Ag(5)#1–I(5)–Ag(1) 126.38(6)
I(1)–Ag(1)–I(5) 110.94(6) I(1)–Ag(1)–I(4) 107.63(7)
I(1)–Ag(1)–Ag(2) 57.43(5) I(1)–Ag(1)–Ag(3) 57.43(5)
I(1)–Ag(2)–I(5) 113.02(7) I(1)–Ag(2)–I(7) 105.71(7)
I(1)–Ag(3)–I(4) 107.10(6) I(2)–Ag(3)–I(7) 113.48(7)
I(2)–Ag(3)–I(1) 110.02(7) I(2)–Ag(3)–I(4) 97.83(6)
I(2)–Ag(4)–I(6)#2 125.83(9) I(2)–Ag(4)–I(7)#2 103.16(7)
I(2)–Ag(4)–Ag(2)#2 153.07(9) I(2)–Ag(4)–I(4) 96.31(7)
I(3)–Ag(1)–I(1) 119.02(8) I(3)–Ag(1)–I(5) 106.24(7)
I(3)–Ag(1)–I(4) 98.48(6) I(3)–Ag(5)–I(6)#2 114.42(8)
I(3)–Ag(5)–I(5)#2 114.64(7) I(3)–Ag(5)–I(4) 97.75(6)
I(5)–Ag(1)–I(4) 114.22(7) I(5)–Ag(2)–I(7) 111.57(8)
I(5)#2–Ag(5)–I(4) 111.91(7) I(6)–Ag(2)–I(1) 103.37(7)
I(6)–Ag(2)–I(5) 109.02(7) I(6)–Ag(2)–I(7) 113.92(7)
I(6)#2–Ag(4)–I(7)#2 111.00(7) I(6)#2–Ag(4)–I(4) 109.35(8)
I(6)#2–Ag(5)–I(5)#2 107.27(7) I(6)#2–Ag(5)–I(4) 110.70(7)
I(7)–Ag(3)–I(1) 105.99(7) I(7)–Ag(3)–I(4) 121.97(8)
I(7)#2–Ag(4)–I(4) 109.80(8)

Compound 2[b]

Ag(1)–I(4) 2.8115(12) Ag(1)–I(2) 2.8121(14)
Ag(1)–I(2)#1 2.8630(14) Ag(1)–I(1) 2.9108(14)
Ag(2A)–I(1) 2.779(3) Ag(2A)–I(3) 2.872(3)
Ag(2A)–I(2)#2 2.792(3) Ag(2A)–I(1)#3 2.928(3)
Ag(2A)#1–I(3) 2.872(3) Ag(2A)#2–I(1) 2.928(3)
Ag(2A)#2–I(3) 2.872(3) Ag(2A)#3–I(2) 2.792(3)
Ag(2A)#3–I(3) 2.872(3) Ag(2A)#4–I(3) 2.872(3)
Ag(2A)#6–I(3) 2.872(3) Ag(1)–Ag(2A)#2 2.915(3)
Ag(2A)–Ag(2A)#2 3.286(4)
Ag(1)–I(2)–Ag(1)#4 116.60(5) Ag(1)#5–I(4)–Ag(1) 131.01(6)
Ag(1)–I(1)–Ag(2A)#2 59.89(5) Ag(1)#3–Ag(2A)–I(1)#3 59.76(6)
Ag(2A)–I(3)–Ag(2A)#1 110.21(5) Ag(2A)–I(1)–Ag(1) 95.75(6)
Ag(2A)–I(1)–Ag(2A)#2 70.25(10) Ag(2A)#2–I(3)–Ag(2A)#3 110.21(5)
Ag(2A)#2–I(3)–Ag(2A)#5 110.21(5) Ag(2A)#2–I(3)–Ag(2A)#4 180.00(9)
Ag(2A)#2–I(3)–Ag(2A) 69.79(5) Ag(2A)#2–I(3)–Ag(2A)#1 69.79(5)
Ag(2A)#3–I(2)–Ag(1) 97.91(7) Ag(2A)#3–I(2)–Ag(1)#4 62.04(6)
Ag(2A)#3–I(3)–Ag(2A)#5 110.21(5) Ag(2A)#3–I(3)–Ag(2A)#4 69.79(5)
Ag(2A)#3–I(3)–Ag(2A) 69.79(5) Ag(2A)#3–I(3)–Ag(2A)#1 180.00(16)
Ag(2A)#4–I(3)–Ag(2A) 110.21(5) Ag(2A)#4–I(3)–Ag(2A)#1 110.21(5)
Ag(2A)#5–I(3)–Ag(2A)#4 69.79(5) Ag(2A)#5–I(3)–Ag(2A) 180.00(9)
Ag(2A)#5–I(3)–Ag(2A)#1 69.79(5) I(1)–Ag(2A)–I(3) 107.44(8)
I(1)–Ag(2A)–I(1)#3 113.29(9) I(2)–Ag(1)–I(2)#1 120.70(5)
I(2)–Ag(1)–I(1) 111.94(4) I(2)#1–Ag(1)–I(1) 112.10(4)
I(2)#2–Ag(2A)–I(3) 105.89(9) I(2)#2–Ag(2A)–I(1)#3 113.70(8)
I(3)–Ag(2A)–I(1)#3 103.52(9) I(4)–Ag(1)–I(2) 108.06(4)
I(4)–Ag(1)–I(2)#1 98.05(4) I(4)–Ag(1)–I(1) 103.47(4)

[a] Symmetry transformations used to generate equivalent atoms: #1: x + 1, y, z; #2: x – 1, y, z; #3: –x, –y, –z + 1; #4: –x, –y, –z. [b]
Symmetry transformations used to generate equivalent atoms: #1: –y, x – y, z; #2: x – y, x, –z; #3: y, –x + y, –z; #4: –x + y, –x, z; #5:
–x, –y, –z.
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Synthesis of [(bmph)(Ag5I7)]n (1): A suspension of AgI (0.234 g,
1.0 mmol), NaI (0.225 g. 1.5 mmol), and bmph·I2 (0.262 g,
0.5 mmol) in DMF (10 mL) was stirred at 60 °C for 40 min. During
the course of stirring, a small amount of NaI was added until the
solution became colorless and clear. The resultant solution was ad-
justed to pH = 5.0 with 10% HI solution. After filtration, diethyl
ether (10 mL) was slowly condensed into the solution. Colorless
block crystals of 1 were isolated with a yield of 0.132 g (38.9%,
based on Ag) after 4 d. C18H26Ag5I7N2 (1698.1): calcd. C 12.73, H
1.54, N 1.64; found C 12.75, H 1.52, N 1.65. IR: ν̃ = 3049 (m),
2932 (s), 2854 (m), 2445 (s), 1790 (s), 1637 (s), 1571 (m), 1510 (m),
1465 (s), 1384 (s), 1365 (s),1304 (w), 1256 (m), 1177 (s), 1115 (w),
1031 (m), 835 (s), 811 (s), 731 (m), 700 (m) cm–1.

Synthesis of [(Hteda)4(Ag12I16)]n (2): A mixture of AgI (0.117 g,
0.5 mmol), NaI (0.225 g. 1.5 mmol), and teda (0.247 g, 2.2 mmol)
in 10 mL of DMF was stirred until it became colorless and clear
and was then adjusted to pH = 5.0 with 10% HI solution. Colorless
crystals of 2 were isolated with a yield of 54.3% after 5 d.
C12H26Ag6I8N4 (1888.8): calcd. C 7.63, H 1.39, N 2.97; found C
7.69, H 1.35, N 2.80. IR: ν̃ = 3437 (s), 2968 (m), 2890 (w), 2788
(m), 2637 (m), 1685 (w), 1637 (s), 1459 (s), 1177 (s), 1051 (m), 983
(s), 897 (s), 844 (s), 788 (s), 599 (s) cm–1.

X-ray Crystallography: X-ray data for both complexes were col-
lected at 293(2) K with a Rigaku Weissenbery IP diffractometer
using graphite-monochromated Mo-Kα radiation [λ = 0.71069 Å].
Correction for Lp factors and multi-scan absorption corrections
were applied. The structures were solved by direct methods and
refined by full-matrix least-squares techniques on F2 using
SHELXTL-97.[18] All non-hydrogen atoms of 1 and 2 were treated
anisotropically. CH hydrogen atoms were generated geometrically.
Experimental X-ray data are listed in Table 2, and selected bond
lengths and angles are given in Table 3. CCDC-289211 (1)
and -280903 (2) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A Hydrothermal Reduction Route to Single-Crystalline Hexagonal Cobalt
Nanowires
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Hexagonal close-packed (hcp) cobalt nanowires with dia-
meters of 150–300 nm and lengths of up to several hundreds
of micrometers have been synthesized by a hydrothermal re-
duction method. These cobalt nanowires were generated by
the reduction of cobalt(II) citrate complexes by hypophos-
phite (H2PO2

–) in basic solution at 160 °C. High-resolution
TEM and SAED reveal that the as-prepared Co nanowires

Introduction

Magnetic nanomaterials have attracted considerable
interest due to their novel properties and many applications
in magnetic recording media, sensors and other devices.[1–4]

In particular, nanocrystalline Co has sparked intensive
studies not only due to its multiple crystal structures (hcp,
fcc, and ε), but also because of its structure-dependent
magnetic and electronic properties.[5] It has been reported
that the anisotropic high magnetic coercivity of hcp-Co is
the preferred structure for permanent magnet applications,
as compared with the more symmetric low coercivity fcc
phase used for soft magnetic applications.[6] A series of pos-
sible techniques have been applied for the structure-con-
trolled synthesis of Co nanocrystals. For example, ε-Co
nanoparticles (2–17 nm) have been synthesized in a mixture
of an organic solvent and surfactant by the pyrolysis of car-
bonyl compounds[6,7] or a solution-phase metal salt re-
duction.[8,9] Thermodynamically stable hcp-Co nanorods
have been obtained by the decomposition of [Co(η3-
C8H13)(η4-C8H12)] in the presence of oleic acid and a long
amine ligand.[10]

Anisotropic magnetic nanoparticles are expected to exhi-
bit interesting properties because of their shape anisot-
ropy,[11,12] and an hcp-Co nanowire array has been fabri-
cated by an electrochemical deposition technique using
polycarbonate membranes,[13] porous AAO,[14] and meso-
porous silica films[15] as templates. However, most Co
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have a single-crystalline structure with a [001] growth direc-
tion. The room-temperature hysteresis loop of these
nanowires shows a ferromagnetic behavior with enhanced
coercivity. A formation mechanism for these Co nanowires is
proposed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nanowires obtained by electrodeposition techniques are
either very wide in diameter (380–420 nm) or polycrystal-
line.

Wet chemical methods have proved to be very effective
for the production of single-crystalline, low-dimensional
hexagonal cobalt nanocrystals. For example, hcp-Co nano-
disks and their assembly of ribbons have been prepared by
rapid decomposition of carbonylcobalt in the presence of
trioctylphosphane (TOP) and oleic acid (OA),[16] and a su-
perlattice of monodisperse hcp-Co nanorods and nanowires
has been selectively synthesized by the decomposition of
organometallic precursors in the presence of a mixture of
long-chain amines and acid molecules.[17] A surfactant-as-
sisted hydrothermal reduction route has been used to syn-
thesize hexagonal cobalt nanobelts (diameter: 200–500 nm)
in a mixed solvent of water and ethanol.[18] Up to now, the
preparation of shape-anisotropic magnetic nanomaterials
by wet chemical methods has mainly been achieved in a hot
organic solvent containing a surfactant. However, recent
studies have shown that low-dimensional magnetic nanos-
tructures (such as Ni nanobelts[19] and nanoflowers[20] and
Fe2O3 nanorod arrays[21]) can be formed in aqueous solu-
tion under properly controlled conditions even without the
presence of surfactants. Herein, we report a facile hydro-
thermal method to synthesize single-crystalline hcp-Co
nanowires, in which citrate salts have been introduced as a
complexing reagent and shape modifier to control the
growth process. The chemical reduction can be formulated
as follows:
[Co(C6H5O7)2]4– + H2PO2

– + 3 OH– �
Co + 2 C6H5O7

3– + HPO3
2– + 2 H2O

Results and Discussion
The crystalline nature of the phase and its purity were

determined by X-ray diffraction (XRD). A representative
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XRD pattern of the as-prepared product is shown in Fig-
ure 1a. All the diffraction peaks can be well indexed to hex-
agonal-phase cobalt, with lattice constants of a = 2.506 and
c = 4.072 Å, which is consistent with the standard values
reported in JCPDS 05-0727 (space group P63/mmc). No
characteristic peaks due to the impurities of cobalt oxides
or hydroxides were detected, which indicates that the nanos-
tructures obtained by the present synthetic route consist of
a pure hcp phase. In addition, the relative intensity of the
peaks corresponding to the (002)/(100) and (002)/(101) pla-
nes is significantly higher than the standard values, which
indicates a different growth tropism of the products. X-ray
energy dispersive (EDS) microanalysis (shown in Figure 1b)
of the Co nanowires indicated that the sample is essentially
pure Co. Only a very small amount of oxygen (element ra-
tio: 0.54%) was detected, which was possibly from slight
oxidation of the surface. Considering that the experiment
was carried out in air, it is not difficult to explain this.

Figure 1. (a) XRD pattern of the final product obtained at 160 °C
after 20 h. (b) EDS pattern of the final product (Cr and Cu signals
can be attributed to the copper microgrid supporting the sample).

The morphologies and structures of the as-prepared
products were examined by SEM and TEM. SEM observa-
tion (in Figure 2a) shows that the products consist of a
large quantity of wire-like nanostructures. The nanowires
range from several tens to several hundreds of micrometers
in length. Figures 2b and c are TEM images that show the
morphology of the nanowires. Each nanowire has a uni-
form width over its entire length, and the typical diameter
of the wires is in the range 150–300 nm. Figure 2c displays
the twist feature of a nanowire with an “M” shape, thus
indicating the flexibility of the nanowire.

Eur. J. Inorg. Chem. 2006, 2454–2459 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2455

Figure 2. SEM and TEM images of the sample: (a) typical SEM
image of the as-prepared Co nanowires; (b) and (c) TEM images
of the Co nanowires, displaying the twist feature of the nanowire
(c).

A more detailed study of the nanowires was performed
by high-resolution TEM (HRTEM). Figure 3a shows a
TEM image of an individual Co nanowire with a diameter
of 200 nm. Figure 3b is a typical selected-area electron dif-
fraction (SAED) pattern that was recorded from this
nanowire. These pattern spots demonstrate the single-crys-
talline nature of this Co nanowire. Figure 3c is an HRTEM
image recorded near the edge of this Co nanowire. The
fringe spacing of 2.04 Å corresponding to the separation of
the {002} planes of hcp-Co can be seen from Figure 3c; this
also shows that the nanowire is single-crystalline. Further
studies of both the HRTEM image and SAED patterns
confirm that the single-crystalline nanowire grows along the
[001] direction. The preferential crystal growth direction
along the c axis is the magnetic easy axis of hexagonal co-
balt crystals.[22]

Figure 3. (a) Typical nanowire with a diameter of 200 nm. (b)
SAED pattern recorded from this nanowire. (c) HRTEM image
taken from the edge of this nanowire.
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To investigate the nucleation and growth process of these

nanowires, the evolution of the Co nanostructures was
studied at various growth stages of the hydrothermal reac-
tion by XRD and SEM techniques. Figure 4 shows the
XRD patterns of samples that were taken after hydrother-
mal treatment for 6, 12, and 18 h. After heating for 6 h, the
blue color of the mixture had disappeared and a large
amount of grey solid product had formed. The XRD
pattern (shown in Figure 4a) of the sample obtained at this
stage indicates that hexagonal-phase cobalt had been pro-
duced. The SEM image (Figure 5a) shows that the sample
is composed of cobalt particles and that they aggregate,
driven by their natural magnetism. When the hydrothermal
reaction time was extended to 12 h, the diffraction peaks of
cobalt strengthened (Figure 4b). The SEM image (Fig-
ure 5b) reveals that radial nanowires were generated on the
particles, and the surfaces of nanowires were covered with
large numbers of nanoparticles. The inset of Figure 5b
shows a magnified view of this radial structure. This image
distinctly demonstrates that the Co nanowires grow from
the particles. After 18 h, the diffraction peak of (002) planes
has clearly strengthened, as shown in Figure 4c, which indi-
cates that the sample has preferential tropism. The SEM
image shown in Figure 5c shows that most of the products
evolve into nanowires with smooth surfaces. After 20 h, the
yield of cobalt nanowires was above 90%.

Figure 4. XRD patterns of the as-prepared samples at various
growth stages of the hydrothermal process: (a) 6 h, (b) 12 h, and
(c) 18 h.

On the basis of previous investigations on the evolution
of cobalt nanowires, we found that this growth mode is very
similar to the recent reports for the growth of one-dimen-
sional metals in solution.[19,23] Under the present condi-

Figure 5. SEM images of the samples obtained at 160 °C after a hydrothermal treatment of (a) 6 h, (b) 12 h, and (c) 18 h.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2454–24592456

tions, the formation of Co nanowires can also be attributed
to nucleation and continuous growth by Ostwald ripening.
In this mechanism, the small particles are generated by re-
duction of the cobalt() citrate complex by H2PO2

– in basic
solution in the initial stage of the hydrothermal process. In
a subsequent step, the larger particles will grow at the ex-
pense of the smaller nanoparticles through the Ostwald rip-
ening process. In the presence of citrate, most particles grow
into nanowires. Finally, the nanoparticles are gradually
consumed, resulting in the formation of long nanowires
(shown in Figure 2a).

The presence of citrate ions is crucial for the formation
of Co nanowires. Control experiments have shown that
without citrate ions, only Co particles (diameter ca. 500 nm)
are obtained (Figure 6a), and at a low concentration of cit-
rate ions (0.04 ), the product (shown in Figure 6b) is a
flower-like aggregation of plates (width 200 nm). In ad-
dition, we also found that by keeping all other reaction con-
ditions the same, wire-like structures can be obtained in the
presence of either citric acid or potassium citrate, but can-
not be obtained in the presence of other complexing rea-
gents such as tartrate and ethylenediamine tetraacetate.
This indicates that citrate anions play a crucial role in the
formation of Co nanowires. Furthermore, the different sta-
bility and structures of the Co complex precursors may af-
fect the reaction conditions for the formation of wire-like
structures, as reported for the ligand-mediated synthesis of
shape-controlled materials.[20,24]

Citrate is an important biological ligand for metal ions
and at high concentrations (ca. 0.2 m) forms strong com-
plexes with metal ions such as Ag+, Ca2+, Mg2+, Ni2+, and
Zn2+.[25] Citrate has been used as a shape modifier for
the synthesis of ZnO complex structures[26] and Ag
nanowires.[27] Citrate plays two major roles in our system.
First, citrate ions can coordinate with cobalt ions to form
[Co(C6H5O7)2]4– complexes in the excess citrate solu-
tion,[28,29] which decreases the free Co2+ concentration in
solution and results in the slow generation of Co nanopar-
ticles. The relatively slow reaction rate may be favorable for
the subsequent growth of Co nanostructures along the easy
magnetic axis of the hexagonal cobalt, namely the [001] di-
rection. In addition, citrate may bind to certain crystal faces
of the cobalt particles through its COO– and OH functions.
An FT-IR spectrum of the sample, hydrothermally treated
in 0.2  citrate solution for 12 h and unwashed before mea-
surement, is shown in Figure 6c. It exhibits the characteris-
tic absorption for the carbonyl groups of the citrate carbox-
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Figure 6. TEM images of products from syntheses with no sodium
citrate (a) and 0.04  sodium citrate solution (b). (c) FT-IR spec-
trum of the sample hydrothermally treated in 0.2  citrate solution
for 12 h and unwashed before measurement.

ylate ligands in the asymmetric and symmetric vibration re-
gions. The asymmetric stretching vibrations νas-COO– appear
at 1597 cm–1 and the symmetric stretching vibration νs-COO–

at 1407 cm–1. The bands are shifted to lower frequencies
compared to those of free citric acid, which suggests some
interaction between metal and citrate ligand. These interac-
tions could force the nanoparticles to grow along only one
axis. In this case, citrate plays a similar role to that in the
formation of Ag nanowires.[27]

Other reaction conditions, such as the concentration of
NaOH in the reaction system and the reaction temperature,
are also important factors in determining the shape of the
final product. We found that a low concentration of NaOH
solution (1 ) led to the formation of bamboo-like nanos-
tructures with an average diameter of 300 nm (shown in
Figure 7a). The reaction at a higher concentration of
NaOH solution (4 ) produced Co dendrites (Figure 7b).
Furthermore, if the other reaction conditions were main-
tained and the reaction temperature was reduced to less
than 140 °C, the product was only aggregated particles. A
higher temperature (such as 180 °C) resulted in wider wire-
like structures and even some dendritic Co crystals. A tem-
perature between 140 and 160 °C is therefore optimal for
the growth of Co nanowires.
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Figure 7. TEM images of the samples prepared at different NaOH
concentrations: (a) 1  NaOH solution, (b) 4  NaOH solution.

The M/H hysteresis loop (Figure 8) of the powdered Co
nanowires measured at room temperature (300 K) shows a
ferromagnetic behavior. The coercivity (Hc) and saturation
magnetization (Ms) values are 166.8 Oe and 133.1 emug–1,
respectively. The saturation magnetization is reduced rela-
tive to the bulk value (168 emug–1).[30] Surface oxidation at
grain boundaries has been shown to cause a decrease in
saturation magnetization.[30,31] Under the present experi-
mental conditions, such a surface oxidation could be the
reason for the decrease of Ms. In addition, although the

Figure 8. (a) Magnetic hysteresis loop of as-prepared cobalt
nanowires measured at room temperature (300 K). (b) Enlargement
of (a) at low field.
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sample was washed before the measurement, a very small
quantity of citrate molecules adsorbed on the Co nanowires
could quench the magnetic moment through electron ex-
change between the ligand and surface atoms, which would
partly result in the reduction of saturation magnetiza-
tion.[32] Compared to the value for bulk material (a few tens
of oersteds),[33] Co nanowires exhibit enhanced coercivity,
which may be attributed to the small size and anisotropic
shape of the nanowires. However, the coercivity value is
much lower than that of the 2D and 3D superlattice of
nanorods (740, 3200, and 7200 Oe)[17] or nanobelts
(410.6 Oe)[18] with smaller sizes. Because a higher coercivity
is an important factor for high-density information storage,
further experiments are in progress to improve the coerciv-
ity of these nanowires.

Conclusions

In summary, we have reported a simple hydrothermal re-
duction route for the synthesis of hexagonal Co nanowires
in high yield. Citrate salts are introduced as a reagent and
shape modifier to control the growth of Co nanostructures.
The effects of the reaction temperature and the concentra-
tion of sodium citrate and NaOH have also been discussed.
The as-prepared Co nanowires show ferromagnetism with
a greater coercivity (Hc) than the bulk materials. Such a
simple and environmentally friendly synthetic route may be
extended to the fabrication of one-dimensional structures
of other transition metals or their alloys.

Experimental Section
All the reagents used were of analytical grade (purchased from
Shanghai Chemical Industrial Co.) In a typical procedure for the
preparation of cobalt nanowires, 10 mmol of Na3C6H5O7·2H2O,
2 mmol of CoCl2·6H2O, and 10 mmol of NaH2PO2 were dissolved
in 40 mL of distilled water, and then NaOH (10 , 10 mL) aqueous
solution was added with constant magnetic stirring. The final con-
centration of the raw materials in solution was 40 m CoII, 0.2 

citrate, 0.2  NaH2PO2, and 2  NaOH. The mixture was stirred
for 10 min and then transferred into a 55-mL Teflon-lined auto-
clave. The autoclave was sealed and maintained in a furnace at
160 °C for 20 h, and then cooled to room temperature naturally.
The grey powders were collected and washed with alcohol and dis-
tilled water several times and then dried in a vacuum oven at 60 °C
for 5 h.

The X-ray diffraction (XRD) pattern was recorded with a Rigaku
(Japan) D/max-rA X-ray diffractometer equipped with graphite-
monochromated Cu-Kα radiation (λ = 0.154187 nm). The SEM
images were obtained with a field emission scanning electron
microscope (FESEM, JEOL-6300F) or a Hitachi X-650 SEM. The
TEM images were captured with a Hitachi Model H-800 instru-
ment at an acceleration voltage of 200 kV. The high-resolution
transmission electron microscopy (HRTEM) images and the corre-
sponding selected area electron diffraction (SAED) pattern were
taken with a JEOL 2010 high-resolution transmission electron
microscope with X-ray energy-dispersive spectroscopy (EDS) per-
formed at 200 kV. The FT-IR spectrum was recorded with a Bruker
Vector-22 FT-IR spectrometer from 4000 to 400 cm–1 at room tem-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2454–24592458

perature on KBr mulls. The magnetic measurement of the sample
was carried out with a superconducting quantum interference de-
vice (SQUID) magnetometer (Quantum Design MPMS XL-7) with
6.4 mg of sample sealed in a small cylindrical vessel.
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The aromaticity of square-planar metal complexes, in this
case mixed diiminodithiolate complexes of group VIII metals,
has been investigated by 1H and 1H-15N NMR spectroscopy,
both experimentally and theoretically, as well as NICS in-
dices. The electron-donating/-attracting ability of the substit-
uent group and the metal ion interact with each other and
control the aromaticity of the chelated rings and, as a conse-
quence, the extent of the delocalization in the molecular
plane. Evolution of the nucleus-independent chemical shift

Introduction
Despite the lack of a unique and precise definition, the

concept of aromaticity is one of the most frequently used
in organic chemistry[1] and nowadays in inorganic and orga-
nometallic chemistry as well.[2] Aromaticity is associated
with the widely understood concept of electron delocaliza-
tion, but until recently was mainly related to cyclic π-sys-
tems. Today, the Hückel (4n+2) π-electron rule is known to
be just an ideal case and aromaticity is no longer limited to
fully conjugated organic rings or even nonmetals. The terms
σ-aromaticity, δ-aromaticity, and even σ/δ-antiaromaticity
that are currently in use imply the contribution of highly or
not delocalized σ-, π-, and δ-type (referring to the sym-
metry) molecular orbitals.[3] Moreover, the concept of mul-
tiple (π- and δ-) aromaticity has been introduced for metal
heterocyclic compounds, such as planar bis- and tris(dithi-
olene) complexes,[4,5] while a 3D aromaticity of relevant
complexes has also been proved.[6] The former not only ex-
plains the peculiar properties of this class of compounds
but also the “non-innocent” character of the dithiolene li-
gand. The latter has a significant role over a wide range of
chemistry since complexes with ligands of this class are
widely applicable in bioinorganic chemistry[4c] and cataly-
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(NICS) of the ligands upon complexation is consistent with
the change in their electron distribution. At the same time,
and in analogy with the EMF in closed circuits, a positive
difference of the NICS value (∆NICS) between two points
(where HOMO and LUMO are located) can be envisioned as
the driving force for charge-transfer transitions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sis,[4d] and as magnetic and non-linear optics materials.[4e]

Here, one should stress that aromaticity/antiaromaticity in
all the aforementioned systems will not manifest itself ex-
actly the same way as in organic chemistry. Many specific
deviations are expected. Nevertheless, it is believed that the
overall chemical bonding picture and most of the molecular
properties of these compounds should be explainable using
the concepts of aromaticity and antiaromaticity.

With all this in mind, we tried to “measure” the aroma-
ticity, or more accurately, the existence or not of significant
diatropic ring currents, of a different class of compounds
that bear dithiolate ligands, namely the mixed α-diiminodi-
thiolate complexes. The latter have attracted researchers’ at-
tention since their first introduction by Miller and Dance[7]

due to their interesting chemistry and their potential appli-
cations as new materials and photosensitizers.[8–11] The
combination of a good π*-donor (the dithiolate ligand) and
a good π*-acceptor (the diimine) leads to systems that pos-
sess intriguing properties, namely photoluminescence in
solution, electrical conductivity in the solid state, large mo-
lecular hyperpolarizabilities, and large excited oxidation po-
tentials. These properties are the result of the existence of a
mixed metal-ligand-to-ligand charge transfer (MMLL�CT)
band in the low-energy region of the UV/Vis/NIR spec-
trum, as has been indicated both experimentally[8] and theo-
retically.[11d]

As aromaticity is not defined exactly, since it is not a
directly measurable quantity, we had to use one of the in-
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dices available in the literature. Some of the main criteria
on which aromatic behavior are based are the geometrical
indices, 1H NMR chemical shifts, ASE (aromatic stabiliza-
tion energy) on the basis of homodesmotic reactions, the
exaltation of magnetic susceptibility (Λ), and HOMA (har-
monic oscillator model of aromaticity),[12] none of which,
however, has proved to be generally applicable.[13] On the
contrary, the NICS (nucleus-independent chemical shift),
which is a magnetism-based index,[14] is not only widely
used to characterize the aromaticity and antiaromaticity of
organic rings[15] but it is also well accepted as one of the
most efficient tools for the understanding and interpret-
ation of ring currents[16] of organic compounds, boranes
and fullerenes,[17] and inorganic[18] and organometallic[2]

complexes. NICS values have been defined by Schleyer et
al.[14] based on the absolute magnetic shieldings computed
at the ring center at the ab initio, density functional, and
semi-empirical (MNDO) levels; the signs are reversed to
conform to the NMR chemical shift convention (negative
upfield and positive downfield). Significantly negative
NICS values in the interior positions of rings or cages indi-
cate aromaticity or diatropic ring currents, whereas positive
values denote antiaromaticity or paratropic ring currents.[14]

Moreover, the σ-contribution can be separated from the π-
contribution by using NICS(1) instead of NICS(0) val-
ues.[16a] NICS(1) refers to the location 1 Å above the center
of the ring plane, where local contributions of σ-bonds are
reduced in favor of the π-effects.

Scheme 1.
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The above examples of the application of NICS encour-
aged us to undertake a systematic study, firstly to find out
if mixed diiminodithiolate complexes have an aromatic
character and, as a consequence, gain some hints about
their electronic structure, and secondly to reveal the role of
the metal atom or the substituents on the chelating ligands
in the extent of delocalization of the electron current. To
the best of our knowledge, although there are a few pa-
pers[2b,2c] dealing with NICS in coordination compounds,
this is the first attempt at a systematic use of NICS as a
probe of the change of “aromatic” delocalization in mixed-
ligand metal complexes by changing the metal ion or the
substituents on the conjugated rings.

Results and Discussion

The compounds employed for this study are displayed in
Scheme 1. The selection of these ten compounds was done
as follows. First of all, in the formal oxidation state +2 the
mixed diiminodithiolate complexes have a square-planar
coordination and two planar didentate ligand systems. In
other words, compounds 1–5 and 10 contain the metal ion
as a link between two planar ligands, forming a coplanar
compound with five-membered conjugated rings. The metal
ion is part of a delocalized π-electron system. This delocal-
ized system is mainly composed of the metal dxz orbitals,
the sulfur 3pz, the nitrogen 2pz, and the carbon pz orbitals.
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Complexes 1–3 consist of an aromatic α-diimine and an
aromatic dithiolate ligand coordinated to a formally d8

metal atom. Both ligands are characterized by their me-
dium-strength π*-donating/-accepting ability and are suit-
able for the investigation of the metal’s role. Thus, changes
in the diatropic ring currents of the chelated ligands in-
duced by tuning the metal ion will be discussed.

The next series of compounds, 3–5, were employed in
order to determine the substituents’ effect on the dithiolate
chelate ring. The dithiolate ligand in these complexes acts
as a strong σ-donor, whereas its π*-donating role is reduced
along the series edt2– � bdt2– � mnt2–.[8,11d] The influence
of the substituents’ π*-accepting ability on the MMLL�CT
band and the complexes’ electron properties is very well
established.[7–11] Finally, based on compounds 7–10 we will
try to reveal the way that ring currents arise upon complex-
ation.

Selected structural data for compounds 1–10, optimized
by DFT, are collected in Table 1 along with the available
experimental data. From a close inspection of the data we
can see that the DFT M–X bond lengths systematically ex-
ceed the corresponding X-ray values by about 0.04 Å,
which is generally anticipated. All other parameters are in
accordance with the experimental ones, thus revealing the
overall agreement between theory and experiment.

Since ring currents are very sensitive to geometrical char-
acteristics, a closer inspection of the structural data is neces-
sary. Firstly, in the series 1–5 and 10 the M–N bonds are
longer than those observed in M–diimine complexes, while
the M–S bonds are shorter by 0.02 Å than the M–S bond
of M–dithiolene complexes.[2b] This is consistent with the
significant trans influence in similar compounds.[8d] Sec-
ondly, the C–S bond lengths in these complexes are in close
agreement with the typical S–C(sp2) distance (1.751 Å), in-
dicating that the observed delocalization in similar dithi-
olene complexes (S–C = 1.704 Å) is not seen in the mixed
diiminodithiolate ones.

Table 1. Comparison of selected calculated bond lengths [Å] and angles [°] for the compounds under study with experimental values from
X-ray analysis.

M M–N M–S C–S C=N C=Cdith. C=Cdiim. φdiim. φdith.

1 exp.[20] 1.937(2) 2.144(3) 1.755(3) 1.358(3) 1.395(3) 1.472(3) 83.31(8) 90.18(3)
calcd. 1.970 2.178 1.765 1.358 1.401 1.467 82.26 90.18

2 exp.[20] 2.071(2) 2.245(1) 1.762(2) 1.353(3) 1.396(3) 1.474(3) 79.41(6) 88.67(2)
calcd. 2.120 2.286 1.774 1.358 1.401 1.476 77.85 88.16

3 exp.[21] 2.050(5) 2.248(2) 1.761(6) 1.367(8) 1.373(8) 1.464(8) 80.1(2) 89.0(1)
calcd. 2.095 2.299 1.771 1.363 1.402 1.466 78.00 88.26

4 exp.[22] 2.049(4) 2.250(1) 1.743(7) 1.362(7) 1.346(14) 1.469(10) 79.26(16) 88.67(6)
calcd. 2.092 2.302 1.754 1.365 1.341 1.462 78.10 88.05

5 calcd. 2.099 2.296 1.759 1.362 1.365 1.469 78.04 88.44
6 exp.[23c] – – – 1.35(3) – 1.50(3) – –

calcd. – – – 1.341 – 1.500 – –
7 exp.[23a,23b] – – – 1.362(8) – 1.441(8) – –

calcd. – – – 1.350 – 1.459 – –
8 calcd. – – 1.771 – 1.454 – – –
9 calcd. 2.082 – – 1.363 – 1.430 80.15 –

10 exp.[11d] 2.096(8) 2.261(3) 1.787(10) 1.368(12) 1.376(13) 1.437(13) 80.2(3) 89.17(10)
calcd. 2.128 2.283 1.775 1.364 1.401 1.434 78.69 88.49
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Focusing on the central metal’s structural role, a com-
parison of the M–N and M–S bond lengths in the series 1–
3 must be made. Inspection of the data collected in Table 1
shows that the above bond lengths are sensitive to the na-
ture of the metal. Thus, the M–N bond lengths increase in
the order Ni–N � Pt–N � Pd–N; Ni has a significantly
smaller bonding radius than Pd and Pt. According to the
contribution of each fragment and the relative energies of
the bonding orbitals (Table 2), we can conclude that the
better overlap between the metal atom and the dithiolate
ligand in Pd complexes reduces the electron density of the
M–N bonds. On the other hand, as both Pd2+ and Pt2+

have almost the same radius (86 and 85 pm, respectively),
they can successively overlap with both conjugated ligands,
thus providing the series Ni–S � Pd–S � Pt–S on passing
from Ni to Pt.

For chelated five-membered rings, the C–C bond should
be an indicator of the cyclic electron delocalization. Thus,
for a dithiolate ring the C–C bond length changes from
1.341 Å for 4 to 1.365 Å for 5 and 1.402 Å for 3, which is
close to the bond length in benzene [1.40 Å; for compari-
son, (sp2)C=C(sp2) = 1.331 Å]. According to the above
bond lengths the degree of bond delocalization decreases in
the order 3 � 5 � 4, thereby indicating that diatropic ring
currents are reinforced by the presence of π*-accepting sub-
stituents on the dithiolate ring, in accordance with the ben-
zene derivatives. Here, it could be argued that a C–C bond
is expected to be the longest in the case of 3 since the ben-
zene ring would try to achieve its aromatic sextet as much
as possible by following the Clar rule; although this is gen-
erally true, the overall assignment must be considered to be
correct as it is completely consistent with the π*-accepting
ability of the substituents. The last assertion has also been
stated for dithiolene complexes.[2b,2c] In the series 3–5, the
C–C bond lengths in the diimine-containing conjugated
ring are nearly constant (1.466 Å). Thus, these bonds are
practically unaffected by the substituents on the dithiolate
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ligands. However, in the series 1–3 the C–C bond lengths in
the diimine-containing conjugated ring decrease in the or-
der 2 � 1 � 3, while the corresponding bond for the dithiol-
ate ring remains practically the same (1.401 Å). This obser-

Table 2. Contribution of different fragments to the valence orbitals
of the complexes. HOMOs and LUMOs are shown in bold.

MO E [eV] Diimine Dithiolate[a] Metal

1

unoccupied
39a1 –0.98 70.1 21.9 8.0
33b2 –1.59 11.0 38.0 51.0
8a2 –1.77 99.1 0.1 0.8

11b1 –2.08 99.0 0.1 1.0
10b1 –2.93 91.4 5.3 3.3

occupied
9b1 –4.67 6.5 84.2 9.3
7a2 –5.14 0.7 89.1 10.3

38a1 –6.25 1.2 14.6 84.2
6a2 –6.67 2.4 60.4 37.2
8b1 –6.71 5.3 33.5 61.2
32b2 –6.81 6.1 65.7 28.2

2

unoccupied
39a1 –0.67 65.7 –9.4 43.7
33b2 –1.71 9.2 48.2 42.6
8a2 –1.79 99.0 0.2 0.8

11b1 –2.08 99.0 0.3 0.8
10b1 –2.93 92.4 4.6 3.0

occupied
9b1 –4.69 5.8 85.4 8.8
7a2 –5.14 0.8 89.1 10.1

38a1 –6.28 8.6 39.0 52.3
6a2 –6.75 1.8 75.9 22.3
8b1 –6.89 5.0 55.6 39.4
32b2 –7.22 18.1 60.8 21.1

3

unoccupied
39a1 –0.66 59.9 2.3 37.8
33b2 –1.06 6.5 46.6 46.9
8a2 –1.8 98.2 0.5 1.3

11b1 –2.04 98.1 0.5 1.4
10b1 –2.92 87.4 7.2 5.4

occupied
9b1 –4.63 10.0 79.9 10.0
7a2 –5.13 1.7 83.7 14.6

38a1 –6.4 6.7 24.2 69.1
6a2 –6.73 3.3 70.0 26.7
8b1 –6.82 7.6 51.9 40.5
37a1 –7.27 3.4 53.1 43.5

4

unoccupied
33a1 –0.58 57.1 4.6 38.4
28b2 –1.01 12.6 44.9 42.4
7a2 –1.69 98.4 0.4 1.3

10b1 –1.92 98.1 0.5 1.4
9b1 –2.81 84.6 9.7 5.6

occupied
8b1 –4.50 12.7 78.0 9.3
6a2 –5.68 3.0 67.4 29.6

32a1 –6.35 7.7 23.9 68.4
7b1 –7.04 11.6 25.8 62.6
31a1 –7.26 4.3 52.9 42.8
27b2 –7.36 17.6 62.2 20.1
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Table 2. (continued).

MO E [eV] Diimine Dithiolate[a] Metal

5

unoccupied
9a2 –1.60 3.8 94.4 1.8

33b2 –1.89 10.0 46.1 43.9
8a2 –2.37 96.5 2.5 0.9

11b1 –2.59 98.3 0.4 1.2
10b1 –3.49 90.4 5.0 4.5

occupied
9b1 –5.51 7.5 81.1 11.4
7a2 –6.53 2.8 67.0 30.2
37a1 –7.15 7.8 21.0 71.2
8b1 –7.63 7.9 49.3 42.8
36a1 –8.17 2.0 52.3 45.7
32b2 –8.20 18.4 61.2 20.3

9

unoccupied
78 (a2) –1.16 99.5 0.0 0.5
77 (b1) –1.80 98.9 0.1 1.0
76 (b2) –2.42 17.6 31.0 51.4
75 (a2) –2.98 99.3 0.1 0.6
74 (b1) –3.18 96.6 0.7 2.7

occupied
73 (a2) –6.27 2.1 72.8 25.0
72 (a1) –6.51 –4.5 74.2 30.3
71 (b1) –6.51 6.8 63.7 29.5
70 (b2) –6.61 –1.0 96.8 4.2
69 (a1) –6.81 15.7 24.9 59.3
68 (b1) –7.83 78.8 13.8 7.4

10

unoccupied
9a2 –0.90 99.5 0.0 0.5

12b1 –1.56 99.0 0.3 0.8
35b2 –1.69 11.8 46.6 41.7
8a2 –2.73 99.3 0.2 0.5
11b1 –2.89 92.8 4.3 2.9

occupied
10b1 –4.66 5.4 85.6 9.0
7a2 –5.11 0.9 88.8 10.3
41a1 –6.25 2.8 33.9 63.4
6a2 –6.72 1.7 75.9 22.3
9b1 –6.84 9.1 52.7 38.1
40a1 –7.22 4.7 48.3 47.0

[a] In the case of 9 this denotes the contribution of the two Cl
atoms.

vation reveals the significant role of the metal in determin-
ing the extent of delocalization. Complexes 2 and 10 have
identical structural characteristics, as anticipated, since bpy
and phen have almost the same σ-donating and π*-ac-
cepting behavior.

Finally, the Pd–N bond of 9 is shorter than that of 10
due to the weaker trans influence of the chlorine atoms,
whereas the phenanthroline moiety 7 is slightly affected by
complexation (changes of ±0.015 Å in bond lengths). On
the other hand, the C–C bond lengths of benzedithiolate 8
(1.454 Å) are more benzene-like after complexation
(1.401 Å in 10).

Considering the data in Table 2, one could suppose that
the HOMO–LUMO gap can be used as an index of aroma-
ticity.[19] However, this is quite a complicated task for the
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complexes under study as both the HOMO and LUMO are
located in different parts of the complex (on the dithiolate
ring and the diimine ring, respectively). Thus, proceeding
with our analysis of the delocalization of the ring currents
in M(diimine)(dithiolate) complexes by studying the NMR
data and NICS indices, a cage of sampling points was built
around every molecule at distances of 0, 0.5, and 1 Å above
the ring plane. The grid of points includes the NICS(0) and
NICS(1), as calculated by definition. NICS(0) and NICS(1)
constants for all compounds under investigation are dis-
played in Table 3, and the 1H NMR frequencies of selected
nuclei are shown in Table 4. The selected sampling points
are indicated in Figure 1.

Table 3. NICS(0)/NICS(1) values for the center of the selected
rings.[a]

A B C D E

1 +0.27/–1.18 –10.32/–5.29 –4.22/–7.71 – –7.99/–9.31
2 +1.58/–1.21 –7.21/–3.77 –4.93/–7.97 – –7.79/–9.00
3 –1.14/–3.27 –7.56/–4.61 –4.59/–7.39 – –7.79/–9.09
4 –1.84/–3.53 –7.41/–4.41 –4.05/–6.87 – –
5 –0.93/–2.89 –10.31/–5.61 –5.30/–8.09 – –
6 – – –5.43/–9.07 – –

+7.30/
7 – –7.37/–10.41 –5.81/–8.34 –

+2.34
8 – – – – –4.30/–6.31

+2.36/
9 – –7.47/–10.24 – –

+0.88
10 +2.52/–0.45 –6.70/–3.20 –6.14/–9.36 –6.21/–8.24 –7.40/–8.70

[a] NICS/NICS(1) of benzene: –7.92/–9.93.

Table 4. 1H NMR chemical shifts in [D6]DMSO.

H1-H1� H2-H2� H3-H3� H4-H4�

1 8.66 8.25 – 6.72
2 8.67 8.32 – 6.75
3 9.28 8.41 – 6.80
4 9.36 8.08 – –
5 9.12 8.52 – –
6 8.69 7.94 – –
7 9.01 8.93 8.28 –
8 – – – 6.55
9 9.27 8.97 8.29 –

10 9.10 8.47 7.98 6.90

Figure 1. Sampling grid of NICS values and selected nuclei.

Specific proton nuclei were selected as indicators for the
electron delocalization for the following reasons. For both
bipyridine and phenanthroline complexes, H1-H1� are close
to the chelated ring – they are coupled through two bonds
to the nitrogen atom and three to the metal atom – whereas
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protons H2-H2� (for bpy), H3-H3� (for phen), and H4-H4�
(for bdt) lie furthest from the metal atom and, as a result,
are the most effective indicators of alterations in the π-elec-
tron current.

Based on NICS values in the ring centers (Table 3), the
aromaticity of the dithiolate ring (B) is only marginal
(maximum of around –5 ppm vs. around –10 ppm for ben-
zene) while the diimine ring (A) is not aromatic (maximum
NICS about –3 ppm). The nonaromatic character of the di-
imine ring (A) can be explained by the large difference in
electronegativity between nitrogen (3.04), carbon (2.55),
and the metal (2.28 for Pt and 2.20 for Pd), which leads to
localization of electron density on the nitrogen atom; on
the other hand, delocalization is observed in the dithiolate
ring (B) due to the similar electronegativities of carbon
(2.55) and sulfur (2.58). Moreover, differences in NICS val-
ues are observed with changes of metal or the substituents,
thereby providing us with the opportunity to monitor
changes of the diatropic current in the complexes. Thus, in
the series 3–5 the NICS(1) values of the dithiolate ring (B)
decrease in the order 5 � 3 � 4, thereby indicating the
enhanced ring diatropicity in the presence of substituents
with a relatively high electron-withdrawing ability. The re-
verse order is found for the diimine ring, as the NICS values
for (A) decrease from 4 to 3 and 5. The electron-with-
drawing groups on the dithiolate ring tend to stabilize the
HOMO, thus increasing the HOMO–LUMO gap, as has
been proved experimentally[8] and further supported by our
calculations.[11] This stabilization has its origin in the better
overlap of the central metal atom with the dithiolate ligand
and causes the shielding of the latter. Moreover, the
NICS(1) values of (C) (considering also the free ligand) de-
crease in the order 6 � 5 � 3 � 4, in accordance with the
HOMO stabilization (Table 2).

At this point we should comment on the reverse direction
of 1H NMR and NICS(1) values that is observed on mov-
ing from free bipyridine ligand to the coordinated one. Ac-
cording to the NICS(1) values of (C), diatropic ring cur-
rents on the pyridine moieties diminish as a consequence of
σ-donation of electron density to the metal atom through
the nitrogen atoms. On the other hand, the 1H NMR chem-
ical shifts (H2-H2�, Table 4) indicate that the protons of
complexed bipyridine are more deshielded than those of the
free ligand due to the paratropic effect of the metal atom.
The asymmetrical charge-distribution in the valence orbit-
als of the metal atom is responsible to a large extent for the
strong diamagnetic shift of the nucleus bound to it.[24] The
resulting paramagnetic moment deshields the metal atom,
but shields the other nucleus as in a synergic procedure. For
the complexes under study, this is clearly demonstrated by
the 15N NMR chemical shifts, which upon complexation
are shielded from δ = 313.13 ppm for free phenanthroline
to δ = 240.45 ppm for 10 (Figure 2). As a result, the rest of
the bipyridine molecule is deshielded, with the effect being
more apparent for the H1-H1� nuclei (Table 4); since com-
plexation has taken place, the 1H NMR and NICS(1) values
are in total accordance within the series 5 � 3 � 4 provided
that relativistic effects for heavy metals (i.e. Pt) are taken
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into account even for the NICS values. In this class of com-
plexes, the bipyridine also acts as a weak π*-acceptor, with
its vacant π-orbitals interacting with filled metal d-orbitals.
As H1-H1� is deshielded in the series 4 � 3 � 5, we expect
the metal atom to be deshield in the same order. Our results
are in close agreement with those reported by Bereman and
Purrington et al. in their extensive study of various dithi-
olene complexes.[22]

Figure 2. 1H-15N HMBC spectra of 1,10-phenanthroline (a) and
Pd(phen)(bdt) (b).

The role of the central metal is revealed by studying the
series 1–3. First of all, the diatropic ring current of the di-
thiolate (bdt) chelate ring (B) decreases in the order 1 �
3 � 2 while the corresponding one for the (bpy) diimine
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conjugated ring (A) decreases in the order 3 � 2 � 1, in
accordance with the energy of the MMLL�CT of these
complexes. The former order was derived by Lauterbach
and Fabian for a series of bis(dithiolenes).[2b] As a matter
of fact, based on NICS(1) values for the bpy ring
(–3.27 ppm) and the bdt ring (–4.61 ppm) complex 3 can be
considered as aromatic, as opposed to 1 and 2, where only
the dithiolate ring (–5.29 and –3.77 ppm, respectively) is
considered marginally aromatic. The conjugated electronic
system of complex 3 appears more delocalized than the cor-
responding ones of 1 and 2. The above differences can only
be due to the metal atom since both chelating ligands are
the same for all three complexes. Ni has not only the small-
est bonding radius but also low-lying π-orbitals that could
interact with the dithiolate ones; the dithiolate ligand is a
π*-donor to the metal atom. Thus, the dithiolate ring in 1
is more aromatic or, more accurately, diatropic (–5.29 ppm)
than the other two complexes. Due to Ni’s smaller size, the
overlap with the diimine orbitals is quite as effective and,
as a consequence, the five-membered diimine ring is para-
tropic (–1.18 ppm). Pt enhances the aromaticity of both
rings, as compared to Pd, probably due to the extension of
its 5d orbital in spaces, which causes a better overlap with
the ligand’s valence orbitals, as supported by the extended
delocalization of valence orbitals (Table 2).

Based on NICS(1) values for the benzenedithiolate li-
gand (E) (Table 3), we can conclude that its aromaticity de-
creases in the order 1 � 3 � 2 due to its proximity to an-
other aromatic ring. The 1H NMR chemical shifts change
very slowly in the direction 3 � 2 � 1 due to the paramag-
netic influence of the central metal.

Finally, we determined the changes of diatropic and par-
atropic currents upon complexation by applying a pro-
cedure completely analogous to that of the synthesis, na-
mely 7 � 9 � 10 � 8. First of all, phenanthroline is a
highly aromatic compound, with the diimine rings being
more aromatic than the benzenoid one, as is also observed
in phenanthrene.[14] Complex 9 also possesses an aromatic
phenanthroline ligand, but the benzenoid ring (D) is
slightly more aromatic after coordination, whereas the che-
lated five-membered ring is slightly paratropic (+0.88 ppm).
The 1H NMR chemical shifts are, in general, consistent
with the above discussion apart from a slight deviation of
H1-H1� due to the paratropic effect of the metal atom.

Complex 10 results from coordination of 8 to 9, and se-
veral changes are induced in the ring currents. First of all,
the aromaticity of the whole phenanthroline ligand is re-
duced, which is also confirmed by the 1H NMR chemical
shifts. NICS(1) of the diimine five-membered ring indicates
a slight diatropic current (–0.45 ppm) but still the ring is
not aromatic. On the other hand, the conjugated dithiolate
ring is more diatropic (–3.20 ppm) and its aromaticity is
marginal, while the aromaticity of the benzenoid ring (E) is
maximized (–6.31 ppm for the free bdt to –8.70 ppm for
the coordinated one). This behavior is expected since the
interaction of the metal atom with the good σ-donor/π*-
donor bdt2– focuses electron density on the dithiolate and
benzenedithiolate ring, thereby reducing ring currents in the
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diimine rings. Moreover, the aforementioned complexation
route is in favor of the delocalization of the conjugated elec-
tronic system. A graphic representation of selected NICS
values is shown in Figure 3.

Figure 3. Graphic representation of NICS values for the selected
grid for Pd(phen)(bdt), Pd(phen)Cl2, phen, and bdt2–. Dark grey
spheres: diatropicity. Light grey: paratropicity.

Summarizing the effects on 10, we suggest that a motion
of diatropicity from the diimine to the dithiolate ligand is
observed in a manner that is opposite to the route the elec-
tron cloud follows during the mixed metal-ligand-to-ligand
transition. In that sense, the positive difference of the NICS
value (∆NICS) between two points where the orbitals in-
volved in the charge-transfer transition are located can be
envisioned as a difference in electron distribution and, in
analogy with the EMF (electromotive force), in close cir-
cuits, as the driving force for charge-transfer transitions.

The aforementioned conclusions suggest that NICS val-
ues are not only probes for the extent of aromatic electron
delocalization in cyclic conjugated systems[3a] but also in
square-planar bis(chelated) metal complexes. Moreover, the
evolution of the NICS during complexation is consistent
with the evolution of the diatropicity of the rings and im-
plies, at the same time, the direction of the charge-transfer
transition.

Conclusions

In the present report, structural aspects, 1H- and 1H-15N
NMR data, as well as NICS constants are employed in or-
der to determine the aromaticity of the mixed-ligand com-
plexes of the type M(diimine)(dithiolate). The following are
the principal results and conclusions of this investigation:
1) All complexes and ligands were fully optimized in the
gas phase, giving structures in accordance with those antici-
pated or crystallographically determined.
2) The aromaticity of the dithiolate chelate ring is marginal,
whereas the relative diimine chelate ring can be generally
characterized as nonaromatic.
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3) The aromatic diimine ligands lose some of their diatrop-
icity upon complexation, an effect which is not immediately
obvious from the 1H NMR chemical shifts due to the pres-
ence of the metal atom but is revealed by NICS(1) values.
4) Aromatic substituents on dithiolate ligands enhance their
aromaticity upon complexation as a direct consequence of
the complexes’ electronic properties and the Clar rules.
5) Electron-withdrawing groups as substituents on the coor-
dinated dithiolate ring tend to enhance its diatropicity and
have the opposite effect on the chelated diimine ring.
6) The role of the central metal is significant in determining
the aromaticity of the complexes as it is part of the delocal-
ized π-electron system.

The most important conclusion is:
7) In light of the diatropicity changes induced by complex-
ation and the MMLL�CT transition which characterize
these complexes, the difference in NICS values between the
chelated rings (where the valence orbitals are located) can
be regarded as an electronic analogue of the EMF and is
the driving force of the transition. This conclusion can be
applied in every case, and ∆NICS for charge-transfer transi-
tions could be analogous to ∆E° for oxidative processes.

Experimental Section
General: All reactions and manipulations were conducted under
argon using standard Schlenk techniques. Solvents were purified
by standard procedures prior to use.[25] The chemicals 1,10-phenan-
throline (phen), 2,2�-bipyridine (bpy), 1,2-benzenedithiol (H2bdt),
disodium maleonitriledithiolate (Na2mnt·2H2O), [PdCl2(phen)],
[PtCl2(bpy)], were purchased from Aldrich and used as received.
The complexes [Pt(bpy)(bdt)],[20,21] [Pt(bpy)(mnt)],[8d] [Pt(bpy)-
(edt)],[22] [Pd(bpy)(bdt)],[20] [Ni(bpy)(bdt)],[20] and [Pd(phen)-
(bdt)][11a,11d] were prepared according to literature procedures.
Their physical properties are consistent with those reported. 1H
NMR and 1H-15N HMBC spectra were recorded with Varian UNI-
TYplus spectrometers operating at 300 and 600 MHz, respectively.
Chemical shifts are reported in ppm downfield from tetramethylsil-
ane (TMS), using the solvent peaks as an internal reference.

Computational Methods: DFT[26] quantum chemical calculations
were carried out using the 1998 release of the GAUSSIAN suite of
programs.[27] The functional used throughout this study is B3LYP
(BLYP was also tested and does not influence our results in a quali-
tative way), which consists of a hybrid exchange functional as de-
fined by Becke’s three-parameter equation[28] and the Lee–Yang–
Parr correlation functional.[29] The ground-state geometries were
obtained in the gas phase by full geometry optimization, starting
from structural data,[20–22,24] and were regularized in order to
satisfy the C2v symmetry. The VeryTight option was used in all
cases, which demands tighter convergence criteria than the default
ones, while numerical integration was performed using the Ultra-
Fine option, which requests a pruned (99,590) grid. The optimum
structures located as minima on the potential energy surfaces were
verified by the absence of imaginary frequencies. No imaginary fre-
quencies were found apart from two cases. 2,2�-bipyridine at the
C2v symmetry is a first-order saddle point that corresponds to the
transition state that links the two energy minima at the potential
energy surface through rotation of the C1–C1� bond. We preferred
to use this structure because it is the one which the compound
has during the complexes’ formation. Every attempt to optimize
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[PdCl2(phen)] in the C2v point group by employing basis sets with
a quality superior to double-ζ was unsuccessful, giving a second-
order saddle point. Optimization of the same complex with the
selected basis sets under no symmetry constraint yielded a structure
that is essentially equivalent (based on geometrical and NICS cri-
teria) to that derived previously. Therefore, in our analysis we will
use the first structure for uniformity reasons. The derived wave-
functions were found to be free from internal instabilities. The basis
set used for all non-metal atoms was the well-known valence triple-
zeta 6-311+G*.[30] The quasi-relativistic Stuttgardt–Dresden effec-
tive core potential of the type ECP28MWB and ECP60MWB was
used when the central metal was Pd and Pt, respectively.[31] In the
case of the Ni complex, a small core potential of the type
ECP10MDF was used.[31] The core potentials were complemented
by the respective valence basis sets. For all other calculations re-
lated to the investigation an additional diffuse and a polarization
function was added to the hydrogen atoms. Preliminary calcula-
tions showed that the addition of a p-type polarization function to
the metals’ valence basis sets[2b] gave practically the same results
and its addition was not selected in order to avoid further computa-
tional cost. NICS constants were calculated with the gauge-inde-
pendent atomic orbital method (GIAO).[32] Finally, Mulliken pop-
ulation analysis was performed with the AOMix program.[33]
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The unstable nitrosyl thiocyanate molecule has been gener-
ated in the gas phase for the first time from an in situ hetero-
geneous reaction at low temperature. The product was de-
tected and characterized by a photoelectron spectrometer-
photoionization mass spectrometer (PES-PIMS). The elec-
tronic and geometric structures of the molecule were investi-
gated with the help of quantum chemical calculations at the

Introduction

The generation and spectroscopy of sulfur–nitrogen com-
pounds, which are known to be extremely unstable and
highly reactive, is one of the very active areas of chemis-
try.[1,2] The thiocyanate group, SCN, is ambidentate and has
the potential to bond through sulfur or nitrogen forming
RSCN or RNCS type molecules. In vivo thiocyanate origi-
nates from smoking cigarettes and dietary items that con-
tain or generate nitriles. It forms during detoxification of
cyanide and normally occurs in blood at a concentration
less than 2 mg per 100 mL.[3] Given the biochemical signifi-
cance of NO/NO+, nitrosyl thiocyanate, ONSCN, (1) is a
species of potential biochemical interest.

ONSCN is a highly unstable blood-red compound
known only in solution, which is formed by mixing a very
acidic solution of sodium nitrite with a solution of potas-
sium thiocyanate.[4] At room temperature ONSCN decom-
poses into NO and (SCN)2 and shows the typical nitrosyl
and thiocyanate group reactions [see Equation (1) and (2)].
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B3LYP, CBS-QB3, and CCSD(T) levels. The joint spectro-
scopic and theoretical studies provided evidence for the for-
mation of nitrosyl thiocyanate, and indicated that the mole-
cule adopts an open-chain, bent structure with the NO and
SCN groups bonding by a relatively strong interaction.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Despite the instability, it is widely used as a nitrosating
agent in organic chemistry and biochemistry.[5,6] However,
its structure is unknown since it is very unstable at high
concentration and room temperature. Westwood et al.
pointed out that potential media for generating and investi-
gating 1 are the dilute gas-phase or an inert low-tempera-
ture matrix, which would provide important information on
its full electronic and geometric characterization.[7]

The calculated results predicted that 1 has planar, bent
structures and that isomer ON–SCN (1a) is more stable
than ON–NCS (1b),[7–9] in agreement with the notion that
S–nitrosation is more favourable through a soft-soft interac-
tion, characterized by a large charge transfer from the nu-
cleophile to the electrophile.[7,8,10]

On the other hand, there has been interest in simple,
often transient, species containing triatomic pseudohalide
groups e.g. –SCN, –NCO, –NNN. Recently several of these
have been detected and spectroscopically characterized.
Klapötke et al. have successfully isolated nitrosyl azide ON–
N3 at low temperature.[11] They studied the reaction of Ag-
OCN with ClNO2, ClNO, and BrNO by means of gas-
phase IR spectroscopy, and proposed a reaction mechanism
involving the formation of two neutral intermediates OCN–
NO2 and OCN–NO.[12] Our group recently reported the in
situ generation of ONNCO in the gas phase and the subse-
quent characterization by photoelectron spectroscopy.[13]

Thiazyl thiocyanide NS–SCN has been produced by an on-
line process using NSCl passed over heated AgSCN and
monitored by gas-phase FTIR spectroscopy.[14] Westwood
and colleagues tried to observe the very interesting NS–
NCO molecule from the reaction of NSCl(g)/AgNCO(s), but
in fact they observed another species, S2N2CO, recorded by
HeI photoelectron, photoionization mass and mid-infrared
spectroscopy.[15] The unexpected result has prompted them
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to carried out an ab initio study of some isomers of
CN2OS,[7] which also includes the ONSCN compound.

In this work we report the first gas phase generation and
characterization of the unstable molecule 1 and its investi-
gation by HeI photoelectron spectroscopy−photoionization
mass spectroscopy and quantum chemical calculations.

Results and Discussion

Molecular Geometries

Given that both the thiocyanate and isothiocyanate exist
for the CH3 derivatives, we have performed an identical cal-
culation for the molecules 1a and 1b. As shown by ab initio
calculations[7–9], 1a and 1b both have planar, bent struc-
tures. Each molecule has, in principle, two rotational iso-
mers, the cis and trans isomers. The calculated structural
parameters are compiled in Table 1 (Figure 1).

Table 1. Calculated structures of planar nitrosyl thiocyanate.[a]

cis-1a trans-1a cis-1b trans-1b

r(O–N) 1.136 1.142 1.140 1.154
r(N–S) or r(N–N) 2.081 2.043 1.686 1.552
r(S–C) 1.667 1.676 1.567 1.561
r(C–N) 1.160 1.158 1.213 1.219
(S–C–N) 174.5 179.6 178.7 176.7
(O–N–S) or (O–N–N) 115.2 114.4 115.3 112.4
(N–S–C) or (N–N–C) 95.35 94.45 116.3 119.6

[a] Bond lengths in Å and angles in degrees at B3LYP/
6-311++G(3d) level.

All calculations predict 1a to be the more stable in the
gas phase. According to the CCSD(T)/6-311++G(3d) level
of theory, the more stable cis-1a isomer gives a total energy
less than that of cis-1b by 11.2 kcalmol–1.

Figure 2. Calculated [B3LYP/6-311++G(3d)] potential-energy surfaces for the cis and trans conformers along the N–S coordinate together
with the interconnecting surface obtained by torsion of the N–S bond in 1a.
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Figure 1. Stable conformers of nitrosyl thiocyanate.

Figure 2 shows a limited 3D plot of the potential energy
surface, which indicates that both the cis and trans con-
formers of 1a lie in a deep well with respect to the N–S
coordinate and need only rotate around the long N–S bond
with a low barrier. At the CBS-QB3 level the energy gap
between the cis and trans conformers is calculated to be
2.0 kcalmol–1, and the transition state resides just
4.5 kcalmol–1 above the trans conformer.

In several molecules containing triatomic pseudohalide
groups e.g. –SCN, –NCO, –NNN, etc., it has been estab-
lished that the atoms are not colinear. When combining the
SCN ligand with NO, the SCN angle shows a deviation of
about 5° from linearity, which is similar to those of XSCN
(X = CN[16], SCN[17], Cl[18], Br[18]). Comparing the pre-
dicted NO bond with experimentally determined bond
lengths of similar molecules, we find that the predicted O–
N bond of 1 (1.136–1.154 Å) lies between the diatomic NO
(1.151 Å)[19] and ClNO (1.139 Å)[20], favoring ClNO
slightly. However, on considering the linearity from the
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point of the whole molecule 1a the calculated N–S bond
length (2.043–2.081 Å) is much longer than that of S2N2

(1.65 Å)[21] and NSCN (1.49 Å)[22], and the NSC angle
(95.35–94.45°) is much smaller than the NSC in NSCN[22]

(109.3°) and �SSC in (SCN)2
[17] (108.2°). These data indi-

cate that a strong interaction exists between the NO and
SCN groups.

Photoionization Mass Spectroscopy

The HeI photoionization mass spectrum (Figure 3) ob-
served at –60 °C is relatively simple. The main peaks in the
spectrum are NO+, SCN+, ON–SCN+, and Cl+, respec-
tively, with the dominant feature being the NO+ peak. Since
there are no NO, SCN, and Cl photoelectron peaks in the
PE spectrum (Figure 4), it is suggested that the signals of
NO+, SCN+, and Cl+ come from the dissociation of parent
ions. For some molecules, HeI photoionization produces a
fragmentation ion distribution similar to that of electron-
impact ionization.[23] This may be rationalized by a similar
energy deposition mechanism for the two methods, as the
interaction energies (some tens of electronvolts) are com-
parable. The dominant fragment ions NO+ and X+ (X =
SCN) in the HeI photoionization mass spectra are analo-
gous to those of other ONX molecules (X = Cl, CH3) in
the electron impact spectra. They mostly result from the
direct dissociation of the parent ions ONX+. Although
there is no parent ion peak for ClNO in the photoionization
mass spectra of the products, the PE bands of the ClNO
molecule appear in the photoelectron spectrum (Figure 4).
This indicates that the signals of Cl+ and a part of NO+

originate from the dissociation of ClNO+, which is very un-
stable and dissociates to Cl+/NO or NO+/Cl once it is
formed. This also agrees with the electron impact mass
spectrum of ClNO, which also shows no ClNO+ peak. In
a word, we demonstrated that we generated 1 under our
experimental conditions though we could not distinguish

Figure 3. The HeI photoionization mass spectrum of nitrosyl thio-
cyanate.
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1a and 1b isomers from a photoionization mass spec-
troscopy study.

Figure 4. The HeI photoelectron spectrum of nitrosyl thiocyanate.

Photoelectron Spectroscopy

The HeI photoelectron spectrum of 1 recorded at –60 °C
is shown in Figure 4. It does not show any of the decom-
posing products but only the reactant ClNO[20] with an un-
numbered band between 11.0 and 12.0 eV. The reaction was
also monitored simultaneously by photoionization mass
spectroscopy. The PE spectrum clearly shows a group of
distinct bands below 11 eV, another group in the 12.5–14 eV
range, and one additional band above 15 eV. In previous
photoelectron spectroscopy experiments, XSCN (X = Cl,
Br), instead of XNCS, was produced by passing gaseous
halogen over solid AgSCN.[18] Our photoelectron spectro-
scopic experimental results also agree better with the
ROVGF and CBS-QB3 calculations on 1a than those on
1b (see Table 2), though we cannot completely exclude the
existence of 1b. There is no noticeable difference between
the orbital energies of the two most stable conformers of
cis- and trans-1a. So our discussion is reduced to the analy-
sis of the slightly more stable conformer cis-1a only. The
experimental and calculated ionization energies for the cis-
and trans-1a are collected in Table 2. It is noted that the
ROVGF results are in good agreement with the experimen-
tal data.[13,24]

The unstable nitrosyl thiocyanate (1) can be charac-
terized by its three groups of bands, which can be attributed
to the lone electron pair of sulfur, the π system, and the S–
C bond. Therefore, the study of these bands may reflect the
extent and character of the intramolecular interactions. The
electronic structure of the SCN group can be explained in
two ways. One can assume a single S–C bond and a triple
C�N bond. In this case the appearance of two new bands
resulting from the C�N π bonds is expected in the low-
energy region of the spectrum. Another interpretation is
that the SCN unit is considered as a two perpendicular
four-electron three-centre π system, which suggests four
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Table 2. Experimental and computed ionization energies (eV) for
the isomers of 1.

Exp. Iv Calcd.
cis-1a trans-1a cis-1b trans-1b

10.45 10.338[a] 10.485[b] 10.440[a] 10.407[b] 9.840[a] 10.154[a]

10.65 10.733[a] 10.686[a] 10.195[a] 10.198[a]

13.20 13.423[a] 13.455[a] 12.673[a] 12.389[a]

13.454[a] 13.485[a] 13.792[a] 14.070[a]

13.46 13.716[a] 13.767[a] 13.868[a] 14.148[a]

15.68 15.604[a] 15.732[a] 15.543[a] 15.733[a]

[a] According to Cs symmetry using the ROVGF/6-311++G(3d)
method. [b] According to Cs symmetry using the CBS-QB3
method.

new bands in the spectrum: the high-energy bonding in-
and out-of-plane π orbitals [πb(a�) and πb(a��)] and the low-
energy nonbonding in- and out-of-plane π orbitals [πnb(a�)
and πnb(a��)]. If the molecule is linear, the perpendicular
MO pairs are degenerate. In the case of the strongly bent
ONSCN, we would expect, using HeI radiation, to observe
ionization from the six highest filled molecular orbitals. The
appearance of all the πSCN bands is expected on the basis
of the calculations. And the S lone pair in the SCN group
is a part of the π system. The additional bands of a pσ type
orbital (σSCN, localized mainly on N) and a σ type orbital
(S–C bonding) are expected in the photoelectron spectrum.

The shape and intensity of the first group of bands sug-
gest that it should be attributed to two ionization processes.
Consistent with analogous molecules XSCN (X = H[25],
CH3

[26], Cl[18], Br[18], I[27]), the first two bands are assigned
to the nonbonding in- and out-of-plane π orbitals [πnb(a�)
and πnb(a��)] partially localized on the pseudohalide group.
In the molecule ONNCO[13], the first two orbitals πnb(a�)
and πnb(a��) are distributed fairly evenly over the whole
molecule, whereas for cis-1a there is a dominant S 3p in-
volvement in the first two π orbitals as indicated by the two
relatively low ionization potentials. These are also sup-
ported by the quantum chemical calculated results. The first
band of ONNCO at 10.71 eV is attributed to an in-plane
combination of a strong antibonding πNO and nonbonding
πNCO with the same a� symmetry.[13] Therefore, the first ion-
ization process of ON–SCN can easily be assigned by com-
bining the NO and SCN moieties.

The vertical ionization potential of the first band
(10.45 eV) is in good agreement with the calculated ioniza-
tion energy of cis-1a (10.338 eV by ROVGF method and
10.485 eV by CBS-QB3). It is a structureless band and can
be compared to the first PE band of CH3NO[28] at 9.70 eV
and ONCN[29] at 11.50 eV. The HOMO 18a� (Figure 5) for
this ionization process can be described as an in-plane com-
bination of nonbonding πSCN and antibonding πNO. It also
shows that an interaction may exist between both of the
moieties. The second band at 10.65 eV is sharp and charac-
teristic of a nonbonding orbital with considerable lone-pair
character. It derives from the ionization of the 4a�� orbital
and coincides with the calculation value of 10.733 eV. This
band is ascribed to the nonbonding out-of-plane πSCN

[πnb(a��)], mainly localized on the sulfur atom. This orbital
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can also be regarded as the antisymmetric combination of
the out-of-plane sulfur lone-pair and πCN orbital.

An interesting and important feature for PE spectra of
compounds containing SCN is that the energetic order of
the first two highest occupied orbitals is πnb(a��) � πnb(a�),
such as for XSCN (X = H, CH3, Cl, Br, I).[18,25–27] However,
this trend is reversed in ONSCN, as is the case in
ONNCO.[13] Because of the extensive incorporation of the
πNO antibonding character into the 18a�, with πnb(a�) char-
acter, its ionization becomes less energetic. Compared with
analogous molecules XSCN (X = CH3, Cl, Br, I)[18,26,27] the
separation of πnb(a�) and πnb(a��) is also quite narrow. The
obvious decrease of the separation of nonbonding π orbit-
als (πnb) in cis-1a reflects the direct interaction between the
πSCN and πNO moieties. This interaction is so strong that it
shifts the πnb(a�) band causing the exchange in the sequence
of the πnb(a�) and πnb(a��) bands.

The two bands between 12.5–14.0 eV come from the ion-
ization of the two bonding π orbitals (a� and a��) and a
terminal –SCN pσ type orbital, as considerable mixing be-
tween orbitals of the same symmetry often occurs for the
XSCN molecule.[18,26,27] Combining our calculated ROVGF
results and the assignments of the PE spectrum of other
XSCN molecules, we assigned the third band as arising
from the ionizations of the in-plane bonding πCN orbital
17a� and out-of-plane bonding πSCN orbital 3a��, and the
fourth band at 13.46 eV as arising from the ionization of
the 16a� pσ type orbital. This is in good agreement with the
calculation value 13.716 eV, which is also in good agree-
ment with the corresponding experimental values of the PE
band from pσ type orbitals in ClSCN[18] at 13.66 eV and
BrSCN[18] at 13.43 eV.

The PE band at 15.68 eV is the ionization of the 15a�
orbital, which is in agreement with the calculated value
15.604 eV. The primary MO character is σ(S–C) bonding
with considerable s character on all the atoms; similar
bands occur in the PE spectrum of HSCN[25] (Figure 5).

Figure 5. Characters of the first six highest occupied molecular or-
bitals for cis-1a.

Based on the above discussion, we consider the photo-
electron spectrum shown in Figure 4 to be that of 1 and
the assignment of the photoelectron spectroscopic bands is
reasonably supported by previous studies on analogous
molecules, as well as the ROVGF and CBS-QB3 calcula-
tions. From the experimental PE spectra of 1 and some
thiocyanate with similar symmetry, a clear correlation of
the respective bands can be seen. One important difference
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is the inversion in the sequence of the πnb(a�) and πnb(a��)
bands, which has relations with the interaction between the
πSCN and πNO moieties in 1. However, the isomers 1a and
1b cannot be reliably distinguished by our photoelectron
spectroscopy experiment. It is hoped that this study could
stimulate further experimental work to enable the different
isomers of this important unstable species to be distin-
guished.

Conclusions

The unstable molecule 1 has been generated in the gas
phase for the first time by means of an online reaction of
gaseous nitrosyl chloride with silver thiocyanate at low tem-
perature. Using the home-made PES-PIMS we have ob-
tained the photoelectron and mass spectra of 1. With the
help of theoretical studies, the electronic and geometric
structures of 1 were investigated by photoelectron spec-
troscopy. The assignment of the photoelectron spectro-
scopic bands is reasonably supported by previous studies
on analogous molecules, as well as by the ROVGF and
CBS-QB3 calculations. Both the spectroscopic and theoreti-
cal investigations have proved the formation of 1, and sug-
gest that the molecule adopts an open-chain, bent structure.
It is indicated that the NO and SCN moieties bond by me-
ans of a relatively strong interaction, which is related to the
inversion of the first two π orbitals. This fact proves that
our home-made PES-PIMS can be used as a powerful tool
for the investigation of transient species in the gas phase.

Experimental Section
Over the past decades, ultraviolet photoelectron spectroscopy
(UPS) has established itself as one of the important techniques used
to obtain a direct measure of atomic and molecular energy levels.
Moreover, some groups using photoelectron spectroscopy have
made great progress and extended the application to transient or
unstable species. Using photoelectron spectroscopy and infrared
matrix isolation spectroscopy, Dyke et al. studied the thermal de-
composition of organic azides.[30–32] By combining HeI photoelec-
tron spectroscopy with mid-infrared absorption and mass spec-
troscopy, Westwood and colleagues investigated ground, excited,
and ionic states of various small unstable molecules.[33–35]

Figure 6. Schematic diagram of the experimental apparatus PES-PIMS. It mainly consists of an ultraviolet photoelectron spectrometer
and a home-made time-of-flight mass spectrometer (TOFMS). The photo source (HeI) in the ionization region is marked with a dot.
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To improve our ability of studying the transient species, our group
has built a photoelectron spectrometer-photoionization mass spec-
trometer (PES-PIMS) as described elsewhere.[23] A schematic dia-
gram of the PES-PIMS is shown in Figure 6. The modification of
the spectrometer was based on the HeI photoelectron spectrometer.
An important feature of our experiment is the measurement of
both mass and PE spectra. The ions are produced by soft ionization
of transient species with HeI (21.2 eV) radiation. The ions formed
are transferred by a set of electrostatic lenses. The field-free drift
region has a length of 120 cm. A dual MCP is used to detect
charged particles. The signal is recorded using a 500 MHz digital
oscilloscope (Tektronix, TDS2024) and then transferred to a PC
for storage and analysis.

The photoelectron spectrum was recorded on a double chamber
UPS machine-II,[36,37] which was built specifically to detect tran-
sient species at a resolution of about 30 meV as indicated by the
Ar+(2P2/3) photoelectron band. Experimental vertical ionization en-
ergies (Iv in eV) are calibrated by simultaneous addition of a small
amount of argon and methyl iodide to the sample.

When the mass spectra are measured, pulsed positive voltages are
applied to the repelling and attracting electrodes, and then the cat-
ion is extracted into the time-of-flight drift region. Proper pulsed
voltages U1 and U2 are chosen to meet the requirement of the first
spatial focus to pursue the high mass resolution. The optimum
mass resolution can reach 410 at m/z = 254. When the photoelec-
trons are collected, both U1 and U2 are set to 0. Hence, the photo-
electron can fly directly to the energy analyzer through the electron
path. Thus, the photoelectron and photoionization mass spectra
can be recorded within a few seconds.

In general, we can observe the electronic structure by the photo-
electron spectrum and the dissociation of molecular ions by mass
spectra with this experimental apparatus. The joint spectrometer
is characterized by at least two advantageous features. Firstly, the
reaction conditions can be optimized online to improve the yield
of the desired species. It can be used to investigate not only general
gaseous samples but also transient species produced by gas-solid
reactions or microwave discharge etc. Other inlet modifications
with high-temperature furnaces or low-temperature cells can also
be easily attached to the spectrometer. Secondly, with the advances
of fast detection and high sensitivity TOFMS will help us to resolve
some problems of photoelectron spectroscopy in complicated sys-
tems.

Generation and Detection of ONSCN

The intermediate 1 was generated at –60 °C by passing gaseous
ClNO over finely powdered AgSCN, similarly for producing other
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unstable species like ONNCO[13] and NSSCN[14]. The reaction was
monitored simultaneously in situ by photoelectron and photoioni-
zation mass spectra. The reaction is be represented by Equation
(3).

(3)

AgSCN (ACROS) was dried in vacuo (10–4 Torr) for 2 h at 60 °C
before the experiment was performed. ClNO was prepared as re-
ported[38] and identified by photoelectron[20] and photoionization
mass spectroscopy.

Quantum Chemical Calculations

On the basis of the previous theoretical discussions on the isomers
of CN2OS[7], we have only considered the four most stable isomers,
cis- and trans-1a, cis- and trans-1b, which are related to our experi-
ment. The geometries were optimized at the B3LYP/6-311++G(3d)
level, which is a hybrid functional method based on the Becke’s
three-parameter nonlocal exchange functional[39], with the nonlocal
correlation due to Lee, Yang, and Parr.[40] To determine the barrier
between the cis and trans rotamers, the potential energy surface
scans for internal rotation around the N–S bond were carried out
at the B3LYP/6-311++G(3d) level before the appropriate transition
states were optimized at the CBS-QB3 level.[41] The ionization ener-
gies for cis and trans isomers were calculated at the ab initio level
according to Cederbaum’s outer valence Green’s function (OVGF)
[42] method at the 6-311++G(3d) basis set, and by taking the differ-
ence between the energy of the neutral atom and the ion (CBS-
QB3 calculation). All the calculations were performed using the
Gaussian 03 program package.[43]

Supporting Information (see footnote on the first page of this arti-
cle): HeI photoionization mass spectra of ClNO, and reaction
products of NOCl(g)/AgSCN(s) at room temperature are included.
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Synthesis and purification of bis(2-amino alcohol-κN)dicar-
boxylatoplatinum(II) complexes is problematic because of the
use of light-sensitive silver(I) salts and the competing ring-
closing side-reactions, especially after release of the chloro-
or iodo ligands of the dihalogeno starting platinum(II) spe-
cies. A novel synthetic procedure, namely selective synthesis
of doubly ring-closed bis(2-amino alcoholato-κ2N,O)plati-
num(II) compounds as the purification step and subsequent
coordination of dicarboxylates in the absence of silver(I) via
a ring-opening reaction, yielded a series of new complexes,
which were characterized by elemental analysis, NMR spec-

Introduction

Cisplatin, carboplatin, and oxaliplatin are the only met-
al-based chemotherapeutic drugs routinely used in the clin-
ics in the fight against cancer (Figure 1).[1–4] In nearly 50%
of all tumor therapies, platinum complexes are involved; in
the case of testicular cancer, cisplatin demonstrates extraor-
dinary tumor-inhibiting properties with real cure rates be-
yond 90%. Nevertheless, severe toxic side-effects and suc-
cess of platinum complexes in only a limited number of so-
lid tumors led to extensive attempts in the synthesis of a
plethora of new platinum compounds.[5–7] In this context,
hydrolysis of the administered drug was decreased by the
use of dicarboxylato ligands (e.g., 1,1-cyclobutanedicarbox-
ylate in carboplatin) resulting in significantly reduced sys-
temic toxicity. Research has also focused on improving the
solubility of the drugs for example by using oxalate (e.g.,
oxaliplatin) instead of chloro ligands (Figure 1).

Additionally, monodentate 2-amino alcohol or hydroxy-
ethyl-substituted bidentate diamine ligands have been intro-
duced in the drug development process in order (i) to in-
crease the solubility, (ii) to further use the functional group
for subsequent derivatization,[8,9] or (iii) to take advantage
of the OH groups as donor or acceptor for hydrogen bonds
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Waehringer Strasse 42, 1090 Vienna, Austria
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troscopy, and X-ray crystallography. Exemplarily, the ring-
opening of bis(2-aminoethanolato-κ2N,O)platinum(II) was
performed in the NMR tube by means of oxalic acid and in-
vestigated by 1H and 195Pt NMR spectroscopy. The reaction
was found to be highly efficient: within 3 h complete trans-
formation to the dicarboxylatoplatinum(II) complex was ob-
served. Contrary, when sodium oxalate was used, no reaction
could be detected at all during a period of one day.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Chemical structures of established platinum-based anti-
cancer drugs in world-wide clinical use.

with the DNA, the primary target of anticancer platinum
complexes.[10,11]

Synthesis of bis(2-amino alcohol-κN)platinum() com-
plexes with dicarboxylato ligands, which would combine
both structural features, is a logical consequence of the
aforementioned considerations and seems to be straightfor-
ward from the chemical point of view. But only one publica-
tion by Khokhar et al. deals with this type of complex.[12]

This is explainable by a set of problems arising during the
synthetic procedure. Here we present an elegant and novel
strategy in the preparation of bis(2-amino alcohol-κN)di-
carboxylatoplatinum() complexes as well as their charac-
terization by elemental analysis, NMR spectroscopy, and
X-ray crystallography. As the purification step, doubly ring-
closed bis(2-amino alcoholato-κ2N,O)platinum() com-
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plexes were prepared, now allowing us to omit silver() salts
in the very last reaction step.

Results and Discussion

In almost every case, dicarboxylatoplatinum() com-
pounds have been synthesized starting from dichloro- or
diiodoplatinum() complexes (Figure 2) followed by release
and precipitation of the halide through addition of silver()
salts (predominantly AgNO3 or Ag2SO4). After filtration,
the activated platinum species is brought to reaction with
the respective sodium dicarboxylate (commercially available
or synthesized in situ via addition of NaOH). A second
variant is based directly on the use of silver dicarboxylates,
offering the advantage that separation from NaNO3 or
Na2SO4 in the case of highly soluble dicarboxylatoplati-
num() compounds is not required. However, in both in-
stances reactions including light-sensitive silver salts are in-
herently problematic especially in the last reaction step.[13]

In the case of a slight excess of Ag+, difficulties in the puri-
fication of the reaction product can be expected. Further-
more, Ag+ itself is biologically active, leading to false posi-
tive or false negative results during the evaluation of the
anticancer properties.

Consequently, one strategy is to take substoichiometric
amounts of the silver salt,[14,15] which then could lead to a
contamination with monochloro- or monoiodoplatinum()
species, depending on the solubility of the target platinum
compounds. Additionally, and this is a characteristic feature
of bis(2-amino alcohol-κN)platinum() complexes, intra-
molecular ligand exchange reactions leading to singly and
doubly ring-closed analogues must be taken into consider-
ation. This facet has been studied in detail by NMR spec-
troscopy and was published recently in the case of (SP-4–
2)-bis(2-aminoethanol-κN)dichloroplatinum() and (OC-6–
22)-bis(2-aminoethanol-κN)tetrachloroplatinum().[16] For
activated platinum complexes (no halogeno ligand), an ef-
fective ring-closing side reaction should logically be ex-
pected.

In order to circumvent these synthetic difficulties, namely
to avoid the use of silver salts in the very last reaction step

Figure 3. Synthesis of the target bis(2-amino alcohol-κN)dicarboxylatoplatinum() complexes 3a–5d via ring-opening with dicarboxylic
acids (stereochemistry omitted).
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Figure 2. General synthesis of dicarboxylatoplatinum() complexes
[e.g., (SP-4–2)-bis(2-aminoethanol-κN)oxalatoplatinum()]; in the
case of amino alcohol ligands, undesired side reactions to the singly
and doubly ring-closed species are observed.

and to suppress side reactions as much as possible, a novel
and elegant synthetic strategy was evaluated for its general
applicability in the preparation of bis(2-amino alcohol-κN)-
dicarboxylatoplatinum() complexes. The basis of this pro-
cedure is the selective synthesis of the doubly ring-closed
platinum species 2a–d (which are in the above-mentioned
synthetic pathway one of the unwanted side products) di-
rectly starting from the diiodoplatinum() compounds 1a–
d (Figure 3).

This is in contrast to our previously published pathway,
where the dichloro analogues have been used.[17] Release of
the iodo ligands is thereby accomplished (i) in the presence
of substoichiometric amounts of AgNO3 and (ii) addition-
ally by the use of a basic anion exchanger (IRA 402), which
further accelerates the ring formation process by a high pH
value. The doubly ring-closed platinum() complexes 2a–d
were isolated and characterized by elemental analysis,
NMR spectroscopy and in the case of 2c(S) and 2d(S) (S-
enantiomers of complexes 2c and 2d) by X-ray diffraction
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analysis (Figure S1 and S2, Table S1 and S2, Supporting
Information). The analytical data are in agreement with re-
cently published results.[16] Most indicative for the success
of the ring-closing reaction are the 1H and 13C chemical
shifts of the methylene (2a–c) or methine (2d) group as well
as the 195Pt satellites of the CHR2OPt protons. The latter,
deriving from a 3J(1H,195Pt) coupling are only visible in the
case of the ring-closed complexes. In proton NMR spectra,
the CHR2OPt protons display an upfield shift in 2a–c (e.g.,
2a, 2.97 ppm, corresponding dichloro complex, 3.76 ppm).

Typically, for the CHR2OPt carbon atoms of 2a–d reso-
nances in the region between δ = 69.3 and 75.1 ppm can be
detected. This is about 10 ppm downfield from the signals
of the analogous ring-opened dichloro complexes (e.g., 2a,
69.3 ppm, corresponding dichloro complex, 60.8 ppm). As
could be shown earlier, addition of HCl or DCl results in
the formation of the dichloro counterparts.[18] But addition
of NaCl to the doubly ring closed species even in a 35-
fold excess (without decrease of the pH value) shifts the
equilibrium slightly towards the mono- but not to the
dichloro complex (Figure S3). Consequently, 2a–d have
been used as starting complexes for the synthesis of com-
pounds 3a–5d via direct reaction with oxalic-, malonic-,
and 1,1-cyclobutanedicarboxylic acid in water without ad-
dition of any other reagent. The products 3a–5d were char-
acterized by elemental analysis, NMR spectroscopy, and X-
ray single crystal diffraction (3a and 5a). Products 3a–d
were investigated by 1H and 13C NMR spectroscopy,
whereas in the case of the analogous dicarboxylates 4a–5d
only 1H NMR spectra have been performed for compari-
son.

In analogy to the reactions with HCl and NaCl, ring-
opening could only be performed by means of dicarboxylic
acids. When the respective sodium salt (e.g., sodium oxa-
late) was used, no reaction could be observed at all during
a period of 24 h, as could be demonstrated by 1H NMR
spectroscopy (Figure S4). Formation of the bis(2-amino
alcohol-κN)dicarboxylatoplatinum() complexes 3a–5d can
best be judged by significant changes in 1H NMR spectra.
An apparent downfield shift of CHR2OH proton reso-
nances from 2.97–3.41 ppm in 2a–d to 3.74–4.11 ppm in
3a–5d was detected in conjunction with loss of the
3J(1H,195Pt) coupling. Within the series of dicarboxylates
(e.g., 3a, 4a, and 5a, the same amine ligand, but different
dicarboxylato ligand) the CHR2OH chemical shifts showed
marginal deviations within 0.04 ppm. In 13C NMR spectra
of the oxalato complexes 3a–d noteworthy changes were ob-
served for CHR2OH carbon atoms (between δ = 60.5 and
66.9 ppm) in comparison to the ring-closed species 2a–d
(between δ = 69.3 and 75.1 ppm). Furthermore, in oxalato
complexes 3a–d 13COO signals of the coordinated carboxyl-
ato ligands were detected in a narrow range at δ = 169.2
and 169.3 ppm (oxalic acid, 161.9 ppm; sodium oxalate,
173.8 ppm). The elemental analysis data of all new com-
plexes were found in accordance with the expected values,
proving their identity as well.

For complexes 3a and 5a it was possible to determine
their solid-state structure by X-ray diffraction. Structural
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features of the square-planar platinum() complex 3a are
revealed in Figure 4. Selected bond lengths and angles are
given in Table 1.

Figure 4. ORTEP diagram of 3a displaying thermal ellipsoids at
50% probability.

Table 1. Bond lengths [Å] and angles [°] in the platinum() coordi-
nation polyhedron of 3a and 5a.

atom1–atom2 3a atom1–atom2 5a

Pt–O1 2.032(5) Pt–O3 2.012(2)
Pt–O2 2.033(5) Pt–O5 2.023(2)
Pt–N1 2.050(6) Pt–N1 2.027(2)
Pt–N2 2.038(6) Pt–N2 2.037(2)
C1–O1 1.311(9) C5–O3 1.305(3)
C1–O3 1.248(9) C5–O4 1.228(3)
C2–O2 1.293(9) C10–O5 1.296(3)
C2–O4 1.238(9) C10–O6 1.233(3)

atom1–atom2–atom3 atom1–atom2–atom3

O1–Pt–O2 82.0(2) O3–Pt–O5 91.17(8)
N1–Pt–N2 86.6(3) N1–Pt–N2 91.19(10)

A projection of the molecule of 5a on the coordination
plane through PtN1N2O3O5 is shown in Figure 5. Selected
bond lengths and angles are listed in Table 1. In 5a the Pt
atom has a square-planar coordination geometry. The Pt–
O bond lengths are 2.012(2) and 2.023(2) Å, while the Pt–
N bonds are 2.027(2) and 2.037(2) Å. These parameters are
comparable with those in Pt(EtNH2)2(1,1-cyclobutane-
dicarboxylato)·H2O [Pt–O 2.000(4) and 2.015(4) Å, Pt–N
1.992(5) and 2.020(5) Å].[19] As expected the C–O bonds
(involving coordinated oxygens) at 1.305(3) and 1.296(3) Å
are significantly longer than the two C=O bonds [C5–O4
1.228(3) and C10–O6 1.233(3) Å]. The angles inside the cy-
clobutane ring vary between 87.69(19) and 89.2(2)°, in
agreement with those reported for Pt{trans-(–)-1,2-
cyclohexanediamine}(1,1-cyclobutanedicarboxylate).[20] The
mean deviation of the four atoms forming the four-mem-
bered ring from the best plane through C6, C7, C8, and C9
does not exceed 0.129 Å. The dihedral angle between the
cyclobutane ring and the Pt coordination plane is ca. 70.9°.
The two ethanolamine ligands and the cyclobutane ring are
all on the same side of the Pt coordination plane. The six-
membered malonate chelate cycle has a boat conformation.
The mean deviation of O3, C5, O5, and C10 from the best
plane through these four atoms is 0.0041 Å, with Pt and C6
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atoms on the same side of the plane with deviations of
0.6858 and 0.6290 Å. The two carbonyl oxygen atoms O4
(deviation –0.4585 Å) and O6 (deviation –0.4667 Å) are ori-
ented towards the other side of the plane. Of note is also the
intramolecular hydrogen bond O1–H1···O3 [O1–H1 0.84,
H1···O3 2.457, O1···O3 3.159 Å, �O1H1O3 141.72°] (see
Figure 5).

Figure 5. ORTEP diagram of 5a displaying thermal ellipsoids at
50% probability.

Additionally, ring-opening of 2a and formation of the
dicarboxylatoplatinum() complex 3a were studied directly
in the NMR tube (Figure 6). As can be deduced from the
1H and 195Pt NMR spectra the reaction of oxalic acid with
2a was very efficient. Three hours after mixing of 2a
(10.0 mg, 0.032 mmol) with oxalic acid (3.0 mg,
0.033 mmol) dissolved in 0.6 mL of D2O, the dicarboxylato
complex 3a was formed and was detected as the sole species
in both 1H and 195Pt NMR spectra (note that this is in clear
contrast to the reaction with sodium oxalate, where no ring-
opening could be observed at all during a period of 24 h;

Figure 6. 1H and 195Pt (small insert) NMR spectra of the conversion of 2a to 3a through addition of an equivalent amount of oxalic
acid; reaction was directly performed in the NMR tube, 195Pt satellites are marked with asterisks.
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compare Figure S4). Ring-opening and dicarboxylate for-
mation is reflected by significant downfield shifts of 1H and
195Pt resonances. In the case of CH2N protons, chemical
shift differences are consequently smaller (2a, 2.27 ppm; 3a,
2.67 ppm) than for CH2O protons (2a, 2.98 ppm; 3a,
3.76 ppm) since the oxygen atom is released from the plati-
num() center (Figure 6).

Unresolved 195Pt satellites deriving from a 3J(1H,195Pt)
coupling were detected for CH2N and CH2OPt protons
(marked with asterisks in Figure 6) at the base of the re-
spective resonances. In 3a the CH2OH signals do not dis-
play such satellites, further proving the ring-opening reac-
tion. Moreover, a remarkable downfield shift in the 195Pt
NMR spectra from –621 (2a) to –255 ppm (3a) finally doc-
uments the success of the conversion from 2a to 3a.

Conclusions

The synthesis of bis(2-amino alcohol-κN)dicarboxyl-
atoplatinum() complexes was advantageously performed
via a ring-opening reaction of the respective bis(2-amino
alcoholato-κ2N,O)platinum() species with dicarboxylic ac-
ids. This novel synthetic strategy is independent from the
use of light-sensitive silver() salts in the last reaction step,
which could cause problems during the purification and iso-
lation of the target compounds. As could be exemplarily
shown by 1H and 195Pt NMR spectroscopy for the reaction
of bis(2-aminoethanolato-κ2N,O)platinum() with oxalic
acid, the transformation to the dicarboxylato complex is
considerably fast and efficient. In contrast, reaction with
sodium oxalate did not result in any detectable product dur-
ing a period of one day.
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Experimental Section
All chemicals were purchased from commercial suppliers; K2PtCl4
was obtained from Johnson Matthey. Deionized water (reverse os-
mosis) was doubly distilled before use. All reactions were carried
out under protection from light and for stirring a glass-coated mag-
netic stirrer was used. The 1H, 13C, and 195Pt NMR spectra were
recorded with a Bruker DPX 400 (UltrashieldTM Magnet) at
400.13, 100.62, and 86.11 MHz, respectively at 25 °C, using stan-
dard pulse programs. 195Pt chemical shifts were referenced relative
to external K2PtCl4. The elemental analyses were performed using
a Perkin–Elmer 2400 CHN Elemental Analyzer by the microlabo-
ratory of the Institute of Physical Chemistry, University of Vienna.

(SP-4–2)-Bis(2-aminoethanol-κN)diiodoplatinum(), 1a, (SP-4–2)-
bis[(S)-2-amino-1-butanol-κN]diiodoplatinum(), 1b(S), and (SP-
4–2)-bis[(R)-2-amino-1-butanol-κN]diiodoplatinum(), 1b(R), were
synthesized as described elsewhere.[16]

(SP-4–2)-Bis[(S)-2-amino-3-methyl-1-butanol-κN]diiodoplatinum(II)
[1c(S)]: K2PtCl4 (5.997 g, 14.45 mmol) was dissolved in water
(50 mL) and treated with KI (12.0 g, 72.29 mmol). After stirring for
30 min at room temperature, a solution of (S)-2-amino-3-methyl-1-
butanol (3.428 g, 33.23 mmol) in water (10 mL) was added in small
portions and the brown reaction mixture was stirred for 10 h at
room temperature. Precipitation of a yellow solid was completed
by cooling the mixture for 12 h at 4 °C. The product was filtered
off, washed with cold water (three times, 2 mL), and dried in vacuo
over P4O10. Yield: 4.408 g (47%). C10H26I2N2O2Pt (655.21): calcd.
C 18.33, H 4.00, N 4.27; found C 18.37, H 3.87, N 4.15.

(SP-4–2)-Bis[(R)-2-amino-3-methyl-1-butanol-κN]diiodoplatinum(II)
[1c(R)]: The synthesis was carried out as described for 1c(S), start-
ing from K2PtCl4 (1.574 g, 3.79 mmol). Yield: 1.760 g (71 %).
C10H26I2N2O2Pt (655.21): calcd. C 18.33, H 4.00, N 4.27; found C
18.38, H 3.80, N 4.17.

(SP-4–2)-Bis[(S)-1-amino-2-propanol-κN]diiodoplatinum(II) [1d(S)]:
K2PtCl4 (618 mg, 1.49 mmol) was dissolved in water (ca. 5 mL) and
treated with KI (1.235 g, 7.44 mmol). After stirring for 30 min at
room temperature, a solution of (S)-1-amino-2-propanol (224 mg,
2.98 mmol) in water (1 mL) was added dropwise. The mixture was
stirred for 3 h at room temperature. Precipitation of a yellow solid
could be observed, which was completed by cooling for 1 h at 4 °C.
The product was filtered off, washed with ice-cold water (three
times, 1 mL), and dried in vacuo over P4O10. Yield: 640 mg (72%).
C6H18I2N2O2Pt (599.11): calcd. C 12.03, H 3.03, N 4.68; found C
12.08, H 2.86, N 4.48.

(SP-4–2)-Bis[(R)-1-amino-2-propanol-κN]diiodoplatinum(II) [1d(R)]:
The synthesis was carried out as described for 1d(S), starting from
K2PtCl4 (2.100 g, 5.06 mmol). Yield: 2.078 g (69%).

(SP-4–2)-Bis(2-aminoethanolato-κ2N,O)platinum(II) (2a): 1a
(5.660 g, 9.91 mmol) was suspended in water (80 mL), mixed with
AgNO3 (3.198 g, 18.83 mmol), and stirred for 24 h at room tem-
perature. AgI was filtered off and the clear solution was mixed
with a preconditioned basic anion exchange resign, IRA 402 (the
commercially available chloride form was treated with 2  NaOH
for 30 min and washed with deionized water until a pH of 7). After
stirring for 12 h at room temperature, the liquid was decanted from
the resign, which was washed three times with water. The combined
aqueous solutions were filtered and thereafter concentrated to ca.
1 mL under reduced pressure at 30 °C. Crystallization of the prod-
uct occurred at room temperature and was completed at 4 °C. The
white product was isolated by filtration, rinsed with a few drops of
ice-cold water, and dried in vacuo over P4O10. Yield: 1.337 g (45%).
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C4H12N2O2Pt (315.23): calcd. C 15.24, H 3.84, N 8.89; found C
15.33, H 3.68, N 8.69. 1H NMR (D2O): δ = 2.97 (t, 3JH,H = 5.4 Hz,
4 H, CH2O), 2.25 (t, 3JH,H = 5.5 Hz, 4 H, CH2N) ppm. 13C NMR
(D2O): δ = 69.3 (2 C, CH2O), 50.8 (2 C, CH2N) ppm.

(SP-4–2)-Bis[(S)-2-amino-1-butanolato-κ2N,O]platinum(II) [2b(S)]:
1b(S) (2.860 g, 4.56 mmol) was suspended in water (60 mL), treated
with AgNO3 (1.405 g, 8.27 mmol), and stirred for 24 h. After fil-
tration of AgI, the clear solution was treated with preconditioned
IRA 402 as described for 2a; the reaction was stirred for 48 h. After
removal of the ion exchange resign and filtration, the solution was
concentrated until a solid product appeared. Precipitation was
completed first at room temperature and later at 4 °C. The white
product was isolated by filtration, rinsed with a few drops of ice-
cold water, and dried in vacuo over P4O10. Yield: 745 mg (48%).
C8H20N2O2Pt (371.33): calcd. C 25.88, H 5.43, N 7.54; found C
26.05, H 5.21, N 7.47. 1H NMR (H2O/D2O, 9:1): δ = 3.01 (m, 2
H, CH2O), 2.88 (m, 2 H, CH2O), 2.48 (m, 2 H, CHN), 1.53 (m, 2
H, CH3CH2), 1.34 (m, 2 H, CH3CH2), 0.80 (t, 3JH,H = 7.3 Hz, 6
H, CH3) ppm. 13C NMR (H2O/D2O, 9:1): δ = 73.0 (2 C, CH2O),
64.1 (2 C, CHN), 22.9 (2 C, CH3CH2), 10.8 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-2-amino-1-butanolato-κ2N,O]platinum(II) [2b(R)]:
The synthesis was carried out as described for 2b(S), starting from
1b(R) (1.260 g, 2.01 mmol). Yield: 366 mg (52 %). C8H20N2O2Pt
(371.33): calcd. C 25.88, H 5.43, N 7.54; found C 25.99, H 5.14, N
7.50. 1H NMR (H2O/D2O, 9:1): δ = 3.06 (m, 2 H, CH2O), 2.94 (m,
2 H, CH2O), 2.54 (m, 2 H, CHN), 1.59 (m, 2 H, CH3CH2), 1.42
(m, 2 H, CH3CH2), 0.86 (t, 3JH,H = 7.6 Hz, 6 H, CH3) ppm. 13C
NMR (H2O/D2O, 9:1): δ = 72.9 (2 C, CH2O), 64.1 (2 C, CHN),
22.9 (2 C, CH3CH2), 10.8 (2 C, CH3) ppm.

(SP-4–2)-Bis[(S)-2-amino-3-methyl-1-butanolato-κ2N,O]platinum(II)
[2c(S)]: 1c(S) (2.058 g, 3.14 mmol) was suspended in water (70 mL),
treated with AgNO3 (1.024 g, 6.03 mmol), and stirred for 24 h. Af-
ter filtration of AgI, the clear solution was treated with precondi-
tioned IRA 402 as described for 2a; the reaction was stirred for
48 h. After removal of the ion exchange resign and filtration, the
solution was concentrated until a solid product appeared. Precipi-
tation was completed first at room temperature and later at 4 °C.
The white product was isolated by filtration, rinsed with a few
drops of ice-cold water, and dried in vacuo over P4O10. Yield:
103 mg (8%). C10H24N2O2Pt·H2O (417.40): calcd. C 28.77, H 6.28,
N 6.71; found C 28.78, H 6.02, N 6.68. 1H NMR (D2O): δ = 3.09
(m, 2 H, CH2O), 2.99 (m, 2 H, CH2O), 2.30 (m, 2 H, CHN), 1.62
[m, 2 H, (CH3)2CH], 0.85 (d, 3JH,H = 7.8 Hz, 12 H, CH3) ppm. 13C
NMR (D2O): δ = 71.9 (2 C, CH2O), 68.5 (2 C, CHN), 28.8 [2 C,
CH(CH3)2], 20.4 (2 C, CH3), 18.9 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-2-amino-3-methyl-1-butanolato-κ2N,O]platinum(II)
[2c(R)]: The synthesis was carried out as described for 2c(S), start-
ing from 1c(R) (1.700 g, 2.59 mmol). Yield: 112 mg (11 %).
C10H24N2O2Pt·H2O (417.40): calcd. C 28.77, H 6.28, N 6.71; found
C 28.78, H 6.02, N 6.68. 1H NMR (D2O): δ = 3.06 (m, 2 H, CH2O),
2.97 (m, 2 H, CH2O), 2.29 (m, 2 H, CHN), 1.60 [m, 2 H, (CH3)2-
CH], 0.84 (t, 3JH,H = 7.8 Hz, 12 H, CH3) ppm. 13C NMR (D2O):
δ = 71.8 (2 C, CH2O), 68.4 (2 C, CHN), 28.6 [2 C, CH(CH3)2],
20.2 (2 C, CH3), 18.7 (2 C, CH3) ppm.

(SP-4–2)-Bis[(S)-1-amino-2-propanolato-κ2N,O]platinum(II) [2d(S)]:
1d(S) (3.026 g, 5.05 mmol) was suspended in water (80 mL), treated
with AgNO3 (1.647 g; 9.70 mmol), and stirred for 24 h. After fil-
tration of AgI, the clear solution was treated with preconditioned
IRA 402 as described for 2a; the reaction was stirred for 48 h. After
removal of the ion exchange resign and filtration, the solution was
concentrated until a solid product appeared. Precipitation was
completed first at room temperature and later at 4 °C. The white
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product was isolated by filtration, rinsed with a few drops of ice-
cold water, and dried in vacuo over P4O10. Yield: 186 mg (10%).
C6H16N2O2Pt·1.5H2O (370.30): calcd. C 19.46, H 5.17, N 7.56;
found C 19.60, H 4.87, N 7.33. 1H NMR (D2O): δ = 3.42 (m, 2 H,
CHO), 2.28 (dd, 3JH,H = 3.5 Hz, 3JH,H = 11.5 Hz, 2 H, CH2N),
2.01 (dd, 3JH,H = 11.4 Hz, 2 H, CH2N), 1.03 (d, 3JH,H = 6.0 Hz, 6
H, CH3) ppm. 13C NMR (D2O): δ = 75.2 (2 C, CHO), 55.3 (2 C,
CH2N), 17.7 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-1-amino-2-propanolato-κ2N,O]platinum(II)
[2d(R)]: The synthesis was carried out as described for 2d(S), start-
ing from 1d(R) (2.022 g, 3.37 mmol). Yield: 429 mg (39 %).
C6H16N2O2Pt (343.28): calcd. C 20.99, H 4.70, N 8.16; found C
20.76, H 4.99, N 7.86. 1H NMR (D2O): δ = 3.41 (m, 2 H, CHO),
2.27 (dd, 3JH,H = 3.4 Hz, 3JH,H = 11.5 Hz, 2 H, CH2N), 2.00 (dd,
3JH,H = 10.7 Hz, 2 H, CH2N), 1.03 (d, 3JH,H = 6.3 Hz, 6 H,
CH3) ppm. 13C NMR (D2O): δ = 75.1 (2 C, CHO), 54.9 (2 C,
CH2N), 17.6 (2 C, CH3) ppm.

(SP-4–2)-Bis(2-aminoethanol-κN)oxalatoplatinum(II) (3a): 2a
(122 mg, 0.39 mmol) and oxalic acid dihydrate (50 mg, 0.40 mmol)
were dissolved in water (2 mL) and stirred for 20 h at room tem-
perature. The solution was filtered and reduced in a hood air
stream until crystallization of colorless needles occurred. The prod-
uct was separated and dried in vacuo over P4O10. Yield: 140 mg
(89 %). C6H14N2O6Pt (405.26): calcd. C 17.78, H 3.48, N 6.91;
found C 17.82, H 3.28, N 6.73. 1H NMR (D2O): δ = 3.76 (t, 3JH,H

= 5.3 Hz, 4 H, CH2O), 2.68 (m, 4 H, CH2N) ppm. 13C NMR
(D2O): δ = 169.3 (2 C, COO), 60.5 (2 C, CH2O), 48.3 (2 C,
CH2N) ppm.

(SP-4–2)-Bis[(S)-2-amino-1-butanol-κN]oxalatoplatinum(II) [3b(S)]:
2b(S) (49 mg, 0.13 mmol) and oxalic acid dihydrate (17 mg,
0.13 mmol) were dissolved in water (1 mL) and stirred for 18 h at
room temperature. The solution was filtered and concentrated un-
der reduced pressure over P4O10 until a crystalline product ap-
peared, which was washed with water (two times with 0.5 mL) and
dried in vacuo over P4O10. Yield: 28 mg (46 %). C10H22N2O6Pt
(461.37): calcd. C 26.03, H 4.81, N 6.07; found C 25.98, H 4.70, N
5.94. 1H NMR (D2O): δ = 3.92 (dd, 3JH,H = 3.6 Hz, 3JH,H =
12.0 Hz, 2 H, CH2O), 3.63 (dd, 3JH,H = 5.1 Hz, 3JH,H = 12.0 Hz, 2
H, CH2O), 2.59 (m, 2 H, CHN), 1.72 (m, 2 H, CH3CH2), 1.54 (m,
2 H, CH3CH2), 0.89 (t, 3JH,H = 7.5 Hz, 6 H, CH3) ppm. 13C NMR
(D2O): δ = 169.3 (2 C, COO), 62.4 (2 C, CH2O), 59.1 (2 C, CHN),
24.3 (2 C, CH2CH3), 9.9 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-2-amino-3-methyl-1-butanol-κN]oxalatoplatinum(II)
[3c(R)]: 2c(R) (76 mg, 0.19 mmol) and oxalic acid dihydrate (24 mg,
0.19 mmol) were dissolved in water (5 mL) and stirred for 48 h at
room temperature. The solution was concentrated under reduced
pressure at 35 °C to ca. 1 mL and stored at room temperature for
12 h. A white product was isolated and dried in vacuo. Yield: 75 mg
(81%). C12H26N2O6Pt (489.44): calcd. C 29.45, H 5.35, N 5.72;
found C 29.44, H 5.13, N 5.59. 1H NMR (D2O): δ = 4.02 (dd,
3JH,H = 3.7 Hz, 3JH,H = 12.0 Hz, 2 H, CH2O), 3.73 (dd, 3JH,H =
5.6 Hz, 3JH,H = 12.0 Hz, 2 H, CH2O), 2.45 (m, 2 H, CHN), 1.99
[m, 2 H, (CH3)2CH], 0.91 (d, 3JH,H = 6.8 Hz, 6 H, CH3), 0.87 (d,
3JH,H = 6.8 Hz, 6 H, CH3) ppm. 13C NMR (D2O): δ = 169.3 (2 C,
COO), 63,2 (2 C, CHN), 61.5 (2 C, CH2O), 29.4 [2 C, CH(CH3)2],
18.9 (2 C, CH3), 18.1 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-1-amino-2-propanol-κN]oxalatoplatinum(II)
[3d(R)]: 2d(R) (157 mg, 0.46 mmol) and oxalic acid dihydrate
(58 mg, 0.46 mmol) were dissolved in water (5 mL) and stirred for
48 h at room temperature. The solution was reduced to 1 mL and
stored at room temperature for 12 h. A white precipitate was sepa-
rated from the residual solution and dried in vacuo. Yield: 79 mg
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(40 %). C8H18N2O6Pt (433.32): calcd. C 22.17, H 4.19, N 6.46;
found: C 22.40, H 3.97, N 6.31. 1H NMR (D2O): δ = 4.07 (m, 2
H, CHO), 2.65 (m, 2 H, CH2N), 2.41 (m, 2 H, CH2N), 1.11 (d,
3JH,H = 6.4 Hz, 6 H, CH3) ppm. 13C NMR (D2O): δ = 169.2 (2 C,
COO), 66.9 (2 C, CHO), 53.2 (2 C, CH2N), 20.1 (2 C, CH3) ppm.

(SP-4–2)-Bis(2-aminoethanol-κN)malonatoplatinum(II) (4a): 2a
(200 mg, 0.63 mmol) and malonic acid (66 mg, 0.65 mmol) were
dissolved in water (10 mL) and stirred for 24 h at room tempera-
ture. The colorless solution was filtered and the solvent was re-
moved slowly under reduced pressure over CaCl2. A white crystal-
line product was isolated and dried in vacuo over P4O10. Yield:
230 mg (86%). C7H16N2O6Pt (419.30): calcd. C 20.05, H 3.85, N
6.68; found C 20.18, H 3.69, N 6.53. 1H NMR (H2O/D2O, 9:1): δ
= 3.75 (t, 3JH,H = 5.2 Hz, 4 H, CH2O), 3.57 (s, 2 H, CH2COO),
2.64 (m, 4 H, CH2N) ppm.

(SP-4–2)-Bis[(R)-2-amino-1-butanol-κN]malonatoplatinum(II)
[4b(R)]: 2b(R) (200 mg, 0.54 mmol) and malonic acid (56 mg,
0.55 mmol) were dissolved in water (10 mL) and stirred for 24 h at
40 °C. The solution was filtered and the solvent was removed under
reduced pressure at 40 °C. The residual yellow oil was treated with
diethyl ether (15 mL) for 30 s in an ultra sonic bath, then the sol-
vent was immediately evaporated. This procedure was repeated five
times. The solid product was dried in vacuo, recrystallized from
acetone/ethanol (3:1), and finally dried in vacuo. Yield: 82 mg
(32%). C11H24N2O6Pt (475.40): calcd. C 27.79, H 5.09, N 5.89;
found C 27.58, H 4.80, N 5.65. 1H NMR (H2O/D2O, 9:1): δ = 3.92
(m, 2 H, CH2O), 3.60 (m, 2 H, CH2O), 3.58 (s, 2 H, CH2COO),
2.58 (s, 2 H, CHN), 1.71 (m, 2 H, CH2CH3), 1.53 (m, 2 H,
CH2CH3), 0.87 (m, 6 H, CH3) ppm. 13C NMR (H2O/D2O, 9:1): δ
= 178.4 (2 C, CH2COO), 62.6 (2 C, CH2O), 58.7 (2 C, CHN), 48.0
(1 C, CH2COO), 24.3 (2 C, CH2CH3), 9.9 (2 C, CH3) ppm.

(SP-4–2)-Bis[(R)-2-amino-3-methyl-1-butanol-κN]malonatoplatinum(II)
[4c(R)]: Malonic acid (52 mg, 0.51 mmol) was dissolved in water
(10 mL). To this solution 2c(R) (200 mg, 0.48 mmol) was added
and the mixture was stirred for 24 h at 35 °C. The solution was
filtered, the solvent was removed, and the residual yellow paste-like
solid was treated with ether as described for 4b(R). A white solid
product was isolated and dried in vacuo. Yield: 103 mg (43 %).
C13H28N2O6Pt (503.45): calcd. C 31.01, H 5.61, N 5.56; found C
31.23, H 5.39, N 5.33. 1H NMR (H2O/D2O, 9:1): δ = 4.01 (dd,
3JH,H = 3.8 Hz, 3JH,H = 11.9 Hz, 2 H, CH2O), 3.70 (dd, 3JH,H =
6.0 Hz, 3JH,H = 12.1 Hz, 2 H, CH2O), 3.57 (s, 2 H, CH2COO), 2.46
(m, 2 H, CHN), 2.04 [m, 2 H, CH(CH3)2], 0.91 (d, 3JH,H = 7.1 Hz,
6 H, CH3), 0.86 (d, 3JH,H = 6.8 Hz, 6 H, CH3) ppm.

(SP-4–2)-Bis[(R)-1-amino-2-propanol-κN]malonatoplatinum(II)
[4d(R)]: 2d(R) (175 mg, 0.51 mmol) and malonic acid (53 mg,
0.51 mmol) were dissolved in water (10 mL) and stirred for 24 h at
room temperature. The solution was filtered and lyophilized. A
white product was isolated and dried in vacuo over P4O10. Yield:
216 mg (95%). C9H20N2O6Pt (447.34): calcd. C 24.16, H 4.51, N
6.26; found C 23.86, H 4.56, N 6.05. 1H NMR (H2O/D2O, 9:1): δ
= 4.11 (m, 2 H, CHO), 3.56 (s, 2 H, CH2COO), 2.63 (m, 2 H,
CH2N), 2.38 (m, 2 H, CH2N), 1.12 (d, 3JH,H = 6.4 Hz, 6 H,
CH3) ppm.

(SP-4–2)-Bis(2-aminoethanol-κN)cyclobutane-1,1-dicarboxylatoplati-
num(II) (5a): 2a (200 mg, 0.63 mmol) and cyclobutane-1,1-dicar-
boxylic acid (91 mg, 0.63 mmol) were dissolved in water (10 mL)
and stirred for 48 h at room temperature. The solution was concen-
trated in a hood air stream until crystallization could be observed.
The colorless product was collected and dried in vacuo over P4O10.
Yield: 220 mg (75%). C10H20N2O6Pt (459.35): calcd. C 26.15, H
4.39 N 6.10; found C 26.22, H 4.16, N 5.98. 1H NMR (D2O): δ =
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3.74 (t, 3JH,H = 5.3 Hz, 4 H, CH2O), 2.78 (t, 3JH,H = 7.8 Hz, 4 H,
C H 2 C H 2 C H 2 ) , 2 . 6 6 ( m , 4 H , C H 2 N ) , 1 . 8 1 ( m , 2 H ,
CH2CH2CH2) ppm.

(SP-4–2)-Bis[(R)-2-amino-1-butanol-κN]cyclobutane-1,1-dicar-
boxylatoplatinum(II) [5b(R)]: 2b(R) (205 mg, 0.55 mmol) and cyclo-
butane-1,1-dicarboxylic acid (86 mg, 0.60 mmol) were dissolved in
water (10 mL) and stirred for 48 h at 40 °C. The solvent was evapo-
rated in a hood air stream at 40 °C. A white solid was isolated,
washed with water twice, and dried in vacuo over P4O10. Yield:
151 mg (53%). C14H28N2O6Pt (515.46): calcd. C 32.62, H 5.47, N
5.43; found C 32.01, H 5.07, N 5.26. 1H NMR (D2O): δ = 3.92 (m,
2 H, CH2O), 3.62 (m, 2 H, CH2O), 2.76 (m, 4 H, CH2CH2CH2),
2.58 (m, 2 H, CHN), 1.87–1.67 (m, 4 H, CH2CH3), 1.53 (m, 2 H,
CH2CH2CH2), 0.88 (t, 3JH,H = 7.4 Hz, 6 H, CH3) ppm.

(SP-4–2)-Bis[(R)-2-amino-3-methyl-1-butanol-κN]cyclobutane-1,1-di-
carboxylatoplatinum(II) [5c(R)]: 2c(R) (160 mg, 0.38 mmol) and cy-
clobutane-1,1-dicarboxylic acid (58 mg, 0.40 mmol) were dissolved
in water (10 mL) and stirred for 48 h at 40 °C. The solution was
reduced in a hood air stream at 40 °C to ca. 2 mL, which led to
the precipitation of a white solid. The latter was filtered off, washed
with water (two times with 0.5 mL), and dried in vacuo over P4O10.
Yield: 109 mg (52%). C16H32N2O6Pt (543.51): calcd. C 35.36, H
5.93, N 5.15; found C 35.13, H 5.65, N 5.00. 1H NMR (D2O): δ =
4.01 (dd, 3JH,H = 3.9 Hz, 3JH,H = 12.0 Hz, 2 H, CH2O), 3.70 (dd,
3JH,H = 5.9 Hz, 3JH,H = 12.0 Hz, 2 H, CH2O), 2.74 (m, 4 H,
CH2CH2CH2), 2.46 (m, 2 H, CHN), 2.06 [m, 2 H, CH(CH3)2], 1.80
(m, 2 H, CH2CH2CH2), 0.92 (d, 3JH,H = 6.8 Hz, 6 H, CH3), 0.86
(d, 3JH,H = 7.1 Hz, 6 H, CH3) ppm.

(SP-4–2)-Bis[(R)-1-amino-2-propanol-κN]cyclobutane-1,1-dicar-
boxylatoplatinum(II) [5d(R)]: 2d(R) (182 mg, 0.53 mmol) and cyclo-
butane-1,1-dicarboxylic acid (80 mg, 0.55 mmol) were dissolved in
water (10 mL) and stirred for 48 h at room temperature. The sol-
vent was removed in a hood air stream. This yielded a slightly
yellow paste-like solid, which was dissolved in ethanol (4 mL).
Upon addition of acetone (30 mL), a white solid precipitated. After
12 h the product was separated, washed with acetone (5 mL), and
dried in vacuo over P4O10. Yield: 180 mg (70%). C12H24N2O6Pt
(487.41): calcd. C 29.57, H 4.96, N 5.75; found C 29.66, H 4.72, N

Table 2. Crystallographic data for 3a and 5a.

Complex 3a 5a

Empirical formula C6H14N2O6Pt C10H20N2O6Pt
Fw 405.28 459.37
Space group C2/c P1̄ (No. 2)
a [Å] 17.453(4) 8.0934(16)
b [Å] 8.0475(16) 8.2393(16)
c [Å] 16.371(3) 10.253(2)
α [deg] 92.81(3)
β [deg] 119.35(3) 92.05(3)
γ [deg] 104.30(3)
V( [Å]3) 2004.3(7) 660.9(2)
Z 8 2
λ [Å] 0.71073 0.71073
ρcalcd (g cm–3) 2.686 2.308
Crystal size ([mm3]) 0.22×0.20×0.10 0.30×0.25×0.18
T [K] 100 120
µ [cm–1] 14.015 10.640
R1

[a] 0.0290 0.0187
wR2

[b] 0.0806 0.0476
GOF[c] 1.120 1.026

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w (Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[c] GOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2, where n is the number of
reflections and p is the total number of parameters refined.
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5.63. 1H NMR (D2O): δ = 4.09 (m, 2 H, CHO), 2.76 (m, 4 H,
CH2CH2CH2), 2.64 (m, 2 H, CH2N), 2.41–2.30 (m, 2 H, CH2N),
1.80 (m, 2 H, CH2CH2CH2), 1.12 (d, 3JH,H = 6.6 Hz, 6 H,
CH3) ppm.

X-ray diffraction measurements were performed with Nonius
Kappa CCD and Bruker X8APEX II CCD diffractometers for
2c(S), 2d(S), 3a, and 5a, respectively. Single crystals were posi-
tioned at 35, 30, 37.5, and 30 mm from the detector and 747, 371,
673, and 379 frames were measured, each for 10, 15, 40, and 8 s
over 1, 2, 1, and 2° scan width [complexes 2c(S), 2d(S), 3a, and 5a,
respectively]. The data were processed using Denzo-SMN soft-
ware.[21] Crystal data, data collection parameters, and structure re-
finement details for 2c(S) and 2d(S) are given in Table S2, whereas
those for 3a and 5a are given in Table 2. The structures were solved
by direct methods and refined by full-matrix least-squares tech-
niques. Non-hydrogen atoms were refined with anisotropic dis-
placement parameters. H atoms were calculated and allowed to
ride. Computer programs: structure solution, SHELXS-97,[22] re-
finement, SHELXL-97,[23] molecular diagrams, ORTEP,[24] com-
puter: Pentium II; scattering factors.[25]

CCDC-298141 (for 2cS), -298142 [for 2d(S)], -298144 (for 3a), and
-298143 (for 5a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): ORTEP drawings and Tables with bond lengths,
angles, and crystallographic data of 2c(S) and 2d(S). NMR spectra
for the reaction of 2a with NaCl and sodium oxalate.

Acknowledgments

We are thankful to Prof. G. Giester and Mr. A. Roller for the col-
lection of X-ray data. The support of the FWF (Fonds zur Foer-
derung der wissenschaftlichen Forschung), the Austrian Council
for Research and Technology Development, Faustus Forschung
Translational Drug Development AG and COST (European Co-
operation in the Field of Scientific and Technical Research) is
gratefully acknowledged.

[1] B. Rosenberg, Interdiscip. Sci. Rev. 1978, 3, 134–147.
[2] B. Lippert (Ed.), Cisplatin: Chemistry and Biochemistry of a

Leading Anticancer Drug, Verlag Helvetica Chimica Acta,
Zürich, Wiley-VCH, Weinheim, 1999.

[3] M. A. Jakupec, M. Galanski, B. K. Keppler, Rev. Physiol. Bi-
ochem. Pharmacol. 2003, 146, 1–54.

[4] M. Galanski, M. A. Jakupec, B. K. Keppler in Metal Com-
pounds in Cancer Chemotherapy (Eds.: J. M. Pérez, M. A. Fuer-
tes, C. Alonso), Research Signpost, Kerala, 2005, p. 155–185.

[5] M. A. Fuertes, J. Castilla, C. Alonso, J. M. Perez, Curr. Med.
Chem. Anti-Cancer Agents 2002, 2, 539–551.

[6] M. Galanski, M. A. Jakupec, B. K. Keppler, Curr. Med. Chem.
2005, 12, 2075–2094.

[7] M. Galanski, Recent Patents Anti-Cancer Drug Discov., 2005,
in press.

[8] L. Cai, K. Lim, S. Ren, R. S. Cadena, W. T. Beck, J. Med.
Chem. 2001, 44, 2959–2965.

[9] M. Galanski, W. Zimmermann, M. Berger, C. Baumgartner, G.
Giester, B. K. Keppler, Eur. J. Inorg. Chem. 2002, 417–421.

[10] E. R. Jamieson, S. J. Lippard, Chem. Rev. 1999, 99, 2467–2498.
[11] D. Wang, S. J. Lippard, Nat. Rev. Drug Discovery 2005, 4, 307–

320.
[12] A. R. Khokhar, Q. Xu, R. A. Newman, Z. H. Siddik, J. Inorg.

Biochem. 1991, 43, 57–63.



Bis(2-amino alcohol-κN)dicarboxylatoplatinum() Complexes FULL PAPER
[13] A. V. Chuchuryukin, P. A. Chase, A. M. Mills, M. Lutz, A. L.

Spek, G. P. M. van Klink, G. van Koten, Inorg. Chem. 2006,
45, 2045–2054.

[14] M. Galanski, B. K. Keppler, B. Nuber, Angew. Chem. Int. Ed.
Engl. 1995, 34, 1103–1104.

[15] M. Galanski, A. Yasemi, S. Slaby, M. A. Jakupec, V. B. Arion,
M. Rausch, A. A. Nazarov, B. K. Keppler, Eur. J. Med. Chem.
2004, 39, 707–714.

[16] M. Galanski, C. Baumgartner, V. B. Arion, B. K. Keppler, Eur.
J. Inorg. Chem. 2003, 2619–2625.

[17] M. Galanski, C. Baumgartner, K. Meelich, V. B. Arion, M.
Fremuth, M. A. Jakupec, P. Schluga, C. G. Hartinger, N.
Graf von Keyserlingk, B. K. Keppler, Inorg. Chim. Acta 2004,
357, 3237–3244.

[18] M. Galanski, W. Zimmermann, C. Baumgartner, B. K.
Keppler, Eur. J. Inorg. Chem. 2001, 1145–1149.

[19] F. D. Rochon, L. M. Gruia, Inorg. Chim. Acta 2000, 306, 193–
204.

Eur. J. Inorg. Chem. 2006, 2476–2483 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2483

[20] P. Bitha, G. O. Morton, T. S. Dunne, E. F. Delos Santos, Y.
Lin, S. R. Boone, R. C. Haltiwanger, C. G. Pierpont, Inorg.
Chem. 1990, 29, 645–652.

[21] Z. Otwinowski, W. Minor in Methods in Enzymology, vol. 276
(“Macromolecular Crystallography, Part A) (Eds.: C. W. Car-
ter Jr., R. M. Sweet), Academic Press, New York, 1997, p. 307–
326.

[22] G. W. Sheldrick, SHELXS-97, Program for Crystal Structure
Solution, University of Göttingen, Germany, 1997.

[23] G. W. Sheldrick, SHELXL-97, Program for Crystal Structure
Refinement, University of Göttingen, Germany, 1997.

[24] C. K. Johnson, Report ORNL-5138, OAK Ridge National
Laboratory, OAK Ridge, TN, 1976.

[25] International Tables for X-ray Crystallography (Ed.: A. J. C.
Wilson), Kluwer Academic Press, Dordrecht, The Netherlands,
1992, vol. C, Tables 4.2.6.8 and 6.1.1.4.

Received: March 3, 2006
Published Online: April 18, 2006



FULL PAPER

DOI: 10.1002/ejic.200500954

195Pt NMR Spectra of Head-to-Head and Head-to-Tail Amidato-Bridged
Platinum(III) Dinuclear Complexes

Satoshi Iwatsuki,*[a] Eigo Isomura,[b] Atsushi Wada,[b] Koji Ishihara,*[b,c] and
Kazuko Matsumoto*[b,d]

Keywords: Platinum / 195Pt NMR / α-Pyridone / α-Pyrrolidone / Pivalamide / NMR spectroscopy

195Pt chemical shifts and 1JPt–Pt coupling constants were mea-
sured for a series of head-to-head (HH) and head-to-tail (HT)
amidato-bridged cis-diammineplatinum(III) dinuclear com-
plexes involved in the axial water substitution reactions with
halide ions (X– = Cl–, Br–): HH-[Pt2(NH3)4(µ-amidato)2L1L2]n+

� [L1–Pt(N2O2)–Pt(N4)–L2]n+ (amidato = α-pyridonato, α-pyr-
rolidonato, and pivalamidato) and HT-[Pt2(NH3)4(µ-α-pyri-
donato)2L1L2]n+ � [L1–Pt(N3O)–Pt(N3O)–L2]n+; the diaqua (L1,
L2 = H2O, n = 4), the aquahalo (L1 = X–, L2 = H2O, n = 3), and
the dihalo complexes (L1, L2 = X–, n = 2). The 195Pt NMR
spectroscopic data were considered in relation to the lability
in the axial ligand substitution reaction and the electron dis-

Introduction

Head-to-head (HH) and head-to-tail (HT) amidato-
bridged platinum() dinuclear complexes having a metal–
metal bond between the two d7 platinum atoms have two
inorganic axial ligands, and the substitution reactions at the
axial sites are well known synthetically[1–3] and kin-
etically.[4–8]

The two platinum atoms in the HH complex are not
equivalent, that is, one is coordinated by two amidate oxy-
gen atoms and two ammine nitrogen atoms [Pt(N2O2)],
whereas the other is coordinated by four nitrogen atoms
[Pt(N4)]. On the other hand, the HT complex has two
equivalent Pt atoms [Pt(N3O)].
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tribution along the Pt–Pt bond. The NMR spectroscopic data
suggested different electron distributions along the Pt–Pt
bonds in all the HH dimers and in the HT aquahalo dimers,
such as [L1–PtIV(N2O2)–PtII(N4)–L2]n+ and [X–PtIV(N3O)–PtII-
(N3O)–OH2]3+, respectively. Relative shifts of the 195Pt NMR
signals for each substitution step indicate that the replace-
ment of the axial water ligand by X– affects more effectively
the electron density of the opposite Pt atom than that of the
substituted one.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The axial ligand substitution with halide ion (X– = Cl–,
Br–) on both the HH and HT diaqua PtIII complexes occurs
consecutively in two steps [Equations (1) and (2)].[4–6]

(1)

(2)

In step 1 [Equation (1)] for the reaction of the diaqua
PtIII dinuclear complexes, deprotonation of the aqua li-
gands occurs preferentially on the Pt(N4) atom and substi-
tution occurs on the Pt(N2O2) atom in HH diaqua PtIII

complexes, whereas deprotonation occurs on one of the two
equivalent Pt(N3O) atoms and substitution occurs on the
other Pt(N3O) atom in HT diaqua PtIII complexes. There
are two parallel reaction paths in step 1 for both HH and
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HT complexes (k1 and k1

# in Scheme 1), because the diaqua
complex exists in equilibrium with the aquahydroxo com-
plex, and both complexes undergo substitution with X–.[4–8]

In step 2 [Equation (2)], there are three possible pathways
(Scheme 2), and step 2 proceeds by either one or two paths
of the three, depending on the axial ligand (X–). One of the
three paths is the direct substitution path (A), the second
path (B) is by dissociation of the water molecule on the
Pt(N4) atom or on the Pt(N3O) atom, and the third (C) is
the unusual path of OH– replacement.[4–6] The substitution
lability of the second step is influenced strongly by the first
halide ligand on the opposite axial site, which is explained
as follows: the extent of the charge localization in the Pt–
Pt bond in the dinuclear complex {the contribution of [X–
PtIV(NH3)2(µ-amidato)2PtII(NH3)2–OH2]3+ as compared to
[X–PtIII(NH3)2(µ-amidato)2PtIII(NH3)2–OH2]3+} depends
largely on the electron-donating ability of the first substi-
tuted ligand (X–), which is reflected in the reaction mecha-
nisms examined so far for several amidato-bridged PtIII di-
nuclear complexes. The different extent of the Pt–Pt bond
polarization leads to variations of the substitution lability
and coordination stability of the axial aqua ligand, thus
affecting the substitution reaction mechanism. When X– is
less electron-donating, paths A and C or only path A take
place in the reactions of the HT α-pyridonato-bridged and
HH α-pyrrolidonato-bridged complexes, whereas paths A
and B are preferred in these complexes when X– is more
electron-donating, though paths A and B are preferred irre-
spective of X– in the reaction of the HH α-pyridonato-
bridged complex.[4–6] In contrast, however, paths A and C
are involved in the reaction of the HH pivalamidato-
bridged complex for more electron-donating X– (Scheme 2
and Table 1).[6]

Scheme 1. Reaction paths in step 1 for the reaction of the HH and
HT amidato-bridged PtIII dimer with X– (X– = Cl– or Br–).

In this paper we present the systematic 195Pt NMR spec-
troscopic data for a series of the HH and HT amidato-
bridged cis-diammineplatinum() dinuclear complexes in-
volved in the axial water substitution reactions with halide
ions (X– = Cl–, Br–): HH-[Pt2(NH3)4(µ-amidato)2L1L2]n+

(amidato = α-pyridonato, α-pyrrolidonato, and pivalamid-
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Scheme 2. Three possible reaction paths in step 2 for the reaction
of the HH and HT amidato-bridged PtIII dimer with X– (= Cl– or
Br–).

Table 1. Reaction paths in step 2 (A, B, and C in Scheme 2) for the
reactions of HH and HT PtIII dimers with halide ions.[a]

PtIII dimer X– = Cl– X– = Br–

α-Pyridonato-bridged HH A and B A and B
α-Pyrrolidonato-bridged HH A A and B
Pivalamidato-bridged HH A A and C
α-Pyridonato-bridged HT A and C A and B

[a] Refs.[4–6]

ato) and HT-[Pt2(NH3)4(µ-α-pyridonato)2L1L2]n+; the di-
aqua (L1, L2 = H2O, n = 4), the aquahalo (L1 = X–, L2 =
H2O, n = 3), and the dihalo complexes (L1, L2 = X–, n = 2).
The electron localization and consequently the axial ligand
substitution must be reflected in the 195Pt NMR spectro-
scopic data. The exceptional reactivity observed for the sec-
ond step (step 2) of the HH pivalamidato-bridged PtIII di-
nuclear complex (Scheme 2 and Table 1) may be reflected
in and related to the chemical shift and the Pt–Pt coupling
constant of the 195Pt NMR spectra.

Results and Discussion

Assignment of 195Pt NMR Signals

Figure 1 shows the 195Pt NMR spectra of the HH diaqua
complex bridged by α-pyridonate {the HH-[Pt2(NH3)4(µ-
α-pyridonato)2(OH2)2]4+ complex}. A set of two signals at
higher and lower fields both with a couple of satellite sig-
nals due to Pt–Pt coupling was successfully assigned to
Pt(N4) and Pt(N2O2), respectively, based on the multiplicity
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of the lines [9 for Pt(N4) and 5 for Pt(N2O2) because of
195Pt–14N coupling]. Similar assignable signals were ob-
served for all the other HH α-pyridonato-bridged PtIII di-
mers, that is, the aquachloro (Figure 2), aquabromo (Fig-
ure S1), dichloro (Figure S2), and dibromo complexes (Fig-
ure S3). The signal of the Pt(N2O2) moiety of all the HH
α-pyridonato-bridged PtIII dimers is always observed at a
lower field, and the Pt(N4) signal at a higher field. For the
HH α-pyrrolidonato-bridged and the pivalamidato-bridged
complex systems, the signal assignments similar to those of
α-pyridonato-bridged dimers are applied to the aquahalo
and dihalo complexes. The 195Pt NMR signals for the α-
pyrrolidonato-bridged and the pivalamidato-bridged HH
diaqua complexes could not be assigned; the Pt–Pt coupling
was observed with no distinguishable Pt–N couplings such
as those mentioned above (Figures S12 and S13). Therefore,
the assignment for these diaqua dimers was performed ac-
cording to the result of the HH α-pyridonato-bridged di-
aqua complex. The 195Pt chemical shifts (δPt) and Pt–Pt
coupling constants (1JPt–Pt) for the present HH amidato-
bridged PtIII dinuclear complexes are summarized in
Table 2.

Figure 1. 195Pt NMR signals of the Pt(N2O2) (a) and the Pt(N4) (b)
moieties in the HH α-pyridonato-bridged diaqua dimer in DClO4

(1.2 )/D2O.

The HT α-pyridonato-bridged PtIII dimer complexes
with the same axial ligands (the diaqua, dichloro, and di-
bromo dimers) showed a single 195Pt NMR signal (Fig-
ure S14), as the two platinum atoms are equivalent: [L1–
Pt(N3O)–Pt(N3O)–L2]n+ where L1 = L2. On the other hand,
the HT aquahalo complexes afforded two different 195Pt
signals (Figures S15 and S16) that have similar Pt–Pt (a
couple of satellite) and Pt–N couplings [a multiplicity of 7
due to Pt(N3O) moieties] to those of the HH complexes.
Therefore, the assignment of these HT aquahalo dimers was

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2484–24902486

Figure 2. 195Pt NMR signals of the Pt(N2O2) (a) and the Pt(N4)
(b) moieties in the HH α-pyridonato-bridged aquachloro dimer in
DClO4 (1.2 )/D2O.

done based on the results of the corresponding HH amid-
ato-bridged PtIII aquahalo complexes; a lower-field signal
was assigned to X–Pt(N3O), while a higher-field signal was
assigned to Pt(N3O)–OH2. In Table 2 the δPt and 1JPt–Pt val-
ues obtained for the HT α-pyridonato-bridged PtIII dimers
are also listed.

The 195Pt NMR spectra of the HH and HT amidato-
bridged PtIII aquahydroxo complexes could not be mea-
sured because of the gradual decomposition of the com-
plexes in less acidic aqueous solution for a prolonged meas-
uring time (� ca. 8 h).

In general, the 195Pt chemical shifts of PtIV complexes
tend to be at lower fields than those of PtII complexes
(Table S1).[9,10] Therefore, the HH amidato-bridged PtIII di-
mer seems to be polarized close to [L1–PtIV(N2O2)–
PtII(N4)–L2]n+ (L1, L2 = H2O, Cl–, or Br–). Our previous
studies on the reaction of the diaqua complex, [H2O–
PtIV(N2O2)–PtII(N4)–OH2]4+, with X– showed that the first
substitution always occurs at the PtIV(N2O2) atom and the
acid dissociation occurs preferentially at the axial H2O li-
gand of the PtII(N4) atom.[5,6] It is known that PtII com-
plexes are usually inert for substitution, and PtIV complexes
are even more inert.[11] In the HH amidato-bridged PtIII

dimer, however, the axial site of the Pt(N2O2) atom having
PtIV character is more substitution-active than that of the
Pt(N4) atom having PtII character, which suggests that both
the Pt(N2O2) and the Pt(N4) atoms still have a PtIII charac-
ter to a substantial extent in the polarized PtIII complexes.
In all these complexes, deprotonation occurs preferentially
at the H2O–PtII(N4) moiety having a shorter Pt–OH2 bond,
whereas the first substitution occurs at the PtIV(N2O2) atom
having a longer Pt–OH2 bond.



195Pt NMR Spectra of Amidato-Bridged Platinum() Dinuclear Complexes FULL PAPER
Table 2. 195Pt NMR chemical shifts of the head-to-head (HH) and head-to-tail (HT) amidato-bridged PtIII dinuclear complexes and the
lantern-type complexes.[a]

Type Bridging ligand L1–Pt–Pt–L2 δPt [ppm] (assignment) ∆δ (δcenter) [ppm] 1JPt–Pt [Hz] Path in step 2

HH α-pyridonate H2O/H2O 393 [Pt(N2O2)] –844 [Pt(N4)] 1237 (–226) 8886
Cl–/Cl– 129 [Pt(N2O2)] –948 [Pt(N4)] 1077 (–410) 6636
Br–/Br– –32 [Pt(N2O2)] –988 [Pt(N4)] 956 (–510) 6306
Cl–/H2O 518 [Pt(N2O2)] –1194 [Pt(N4)] 1712 (–338) 7774 A + B
Br–/H2O 643 [Pt(N2O2)] –1391 [Pt(N4)] 2034 (–374) 7574 A + B

α-pyrrolidonate H2O/H2O 266[b] –889[b] 1155 (–312) 9482
Cl–/Cl– 3 [Pt(N2O2)] –1081 [Pt(N4)] 1084 (–539) 7132
Br–/Br– –140 [Pt(N2O2)] –1195 [Pt(N4)] 1055 (–668) 6682
Cl–/H2O 328 [Pt(N2O2)] –1288 [Pt(N4)] 1616 (–480) 8096 A
Br–/H2O 439 [Pt(N2O2)] –1545 [Pt(N4)] 1984 (–553) 7940 A + B

pivalamidate H2O/H2O 222[b] –989[b] 1212 (–384) 9262
Cl–/Cl– 8 [Pt(N2O2)] –1190 [Pt(N4)] 1198 (–591) 7216
Br–/Br– –108 [Pt(N2O2)] –1327 [Pt(N4)] 1219 (–718) 6902
Cl–/H2O 284 [Pt(N2O2)] –1383 [Pt(N4)] 1667 (–550) 8234 A
Br–/H2O 394 [Pt(N2O2)] –1672 [Pt(N4)] 2066 (–639) 8086 A + C

HT α-pyridonate H2O/H2O –265 0 (–265)
Cl–/Cl– –433 0 (–433)
Br–/Br– –529 0 (–529)
Cl–/H2O –102 (Pt–Cl)[c] –652 (Pt–OH2)[c] 550 (–377) 7564 A + C
Br–/H2O 20 (Pt–Br)[c] –900 (Pt–OH2)[c] 920 (–440) 7260 A + B

Lantern[d] hydrogenphosphate H2O/H2O 1796 0 (1796)
Cl–/Cl– 1822 0 (1822)
Br–/Br– 1744 0 (1744)
Cl–/H2O 1713 (Pt–Cl) 1886 (Pt–OH2) 173 (1800) 5342
Br–/H2O 1550 (Pt–Br) 1973 (Pt–OH2) 423 (1761) 5349

sulfate H2O/H2O 1756 0 (1756)
Cl–/Cl– 1720 0 (1720)
Br–/Br– 1592 0 (1592)
Cl–/H2O 1638 (Pt–Cl) 1809 (Pt–OH2) 170 (1724) 3464
Br–/H2O 1440 (Pt–Br) 1866 (Pt–OH2) 427 (1653) 3472

[a] Relative to aqueous H2PtCl6 (δ = 0 ppm) or K2PtCl4 (δ = –1622 ppm) as external references. [b] The signals could not be assigned
experimentally. [c] The assignments are performed based on the trends of the chemical shift change in the HH complex systems. [d]
Refs.[15,16]

195Pt Chemical Shifts and 1JPt–Pt Coupling Constants

Variations of the 195Pt chemical shift for the diaqua,
dichloro, and dibromo complexes of HH-[L1–Pt(N2O2)–
Pt(N4)–L2]n+ and HT-[L1–Pt(N3O)–Pt(N3O)–L2]n+ (L1 =
L2) are shown in Figure 3. For the HH diaqua and dihalo
complexes, both of the Pt(N2O2) and the Pt(N4) signals
shift to higher field, when both of the axial aqua ligands
are changed to Cl– and Br–, though the ∆δ (= δPt(N2O2) –
δPt(N4)) values are almost constant (Table 2). A similar ten-
dency is observed for the chemical shift of the Pt(N3O) sig-
nal in the HT complex. On the other hand, when only the
aqua ligand on the Pt(N2O2) atom in the HH diaqua dimer
is changed to Cl– and Br–, the Pt(N2O2) signals shift to
much lower fields and the Pt(N4) signals shift to much
higher fields, compared to those of the diaqua, dichloro
(Figure 4a), and dibromo complexes (Figure 4b). The X–
Pt(N3O) and H2O–Pt(N3O) signals of the HT dimer shift
similarly (Figure 4). These indicate that the Pt–Pt bonds in
the monosubstituted (aquahalo) complexes are more polar-
ized as X–PtIV(N2O2/N3O)–PtII(N4/N3O)–OH2, compared
to those of the PtIII dimer complexes having the same axial
ligands (the diaqua and dihalo complexes).

Variation of the Pt–Pt coupling constants with the axial
ligands is depicted in Figure 5. The coupling constants in
each HH dimer system tend to decrease in the order: H2O–
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Figure 3. Dependence of δPt on the axial ligands in the diaqua,
dichloro, and dibromo complexes of the HH α-pyridonato-bridged
(�), α-pyrrolidonato-bridged (�), and pivalamidato-bridged (∆)
dimers [Pt(N2O2) and Pt(N4)] and the HT α-pyridonato-bridged
(�) dimer [Pt(N3O)].

Pt(N2O2)–Pt(N4)–OH2 � Cl–Pt(N2O2)–Pt(N4)–OH2 � Br–
Pt(N2O2)–Pt(N4)–OH2 � Cl–Pt(N2O2)–Pt(N4)–Cl � Br–
Pt(N2O2)–Pt(N4)–Br. In all of the HH aquahalo and dihalo
complexes, the coupling constants decrease in the order: pi-
valamidato-bridged dimer � α-pyrrolidonato-bridged di-
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Figure 4. Dependence of δPt on the axial ligands in the diaqua,
aquahalo, and dihalo complexes for the reaction systems with Cl–

(a) and Br– (b); HH α-pyridonato-bridged (�), α-pyrrolidonato-
bridged (�), and pivalamidato-bridged (∆) dimers [Pt(N2O2) and
Pt(N4)] and HT α-pyridonato-bridged (�) dimer [Pt(N3O)].

Figure 5. Dependence of 1JPt–Pt on the axial ligands in the HH α-
pyridonato-bridged (�), α-pyrrolidonato-bridged (�), and pivala-
midato-bridged (∆) dimers and the HT α-pyridonato-bridged (�)
dimer.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2484–24902488

mer � α-pyridonato-bridged dimer, but for the HH diaqua
complexes the order is different, that is, the coupling con-
stant of the pivalamidato-bridged dimer is smaller than that
of the α-pyrrolidanato-bridged dimer.

195Pt NMR Spectroscopic Data and Ligand Substitution
Mechanism

Both of the 195Pt NMR chemical shifts and the Pt–Pt
coupling constants should be taken into account to under-
stand the electronic structure of the Pt–Pt bonds and the
mechanism of the axial substitution reactions. The depro-
tonation and the substitution lability of the diaqua dimers
mentioned earlier in this paper suggest that the L2–Pt(N4)
bond having a higher-field chemical shift would be stronger
and less labile than the L1–Pt(N2O2) bond having a lower-
field shift in each complex, that is, the diaqua, aquahalo,
and dihalo complexes. In other words, the Pt atom having
the stronger axial Pt–L bond would give the higher-field
chemical shift in the present HH amidato-bridged dimer
complexes. Thus, both of the L1–Pt(N2O2) and the L2–
Pt(N4) bonds become stronger in the order: diaqua dimer
� dichloro dimer � dibromo dimer. On the other hand, the
Pt–Pt bond becomes weaker in the same order, based on
the Pt–Pt coupling constants in Figure 5.

In the aquachloro complexes {[Cl–Pt(N2O2)–Pt(N4)–
OH2]3+}, all of the axial bonds, Cl–Pt(N2O2), Pt–Pt, and
Pt(N4)–OH2 bonds, would be strengthened in the order: α-
pyridonato-bridged dimer � α-pyrrolidonato-bridged di-
mer � pivalamidato-bridged dimer, as the resonance fields
(opposite order in the chemical shifts) and the coupling
constants increase in the same order (Figure 4a and Fig-
ure 5). The same is true for a series of aquabromo dimers
(Figure 4b and Figure 5). These orders of the axial bond
strengths in the aquahalo dimers explain the variation of
the axial water substitution mechanism in step 2 (Scheme 2)
among the HH dimer systems. (1) For the HH dimer +
Cl– systems, the reaction of the HH α-pyridonato-bridged
aquachloro dimer proceeds through paths A and B, while
the reactions of the α-pyrrolidonato-bridged and the pivala-
midato-bridged aquachloro dimers proceed only by path A,
because the H2O–Pt(N4) bond in the former dimer is rela-
tively weak compared to that of the latter. (2) For the HH
dimer + Br– systems, both of the α-pyridonato-bridged and
α-pyrrolidonato-bridged aquabromo dimers prefer paths A
and B, because of the weaker H2O–Pt(N4) bonds. In con-
trast, however, the pivalamidato-bridged dimer reacts with
Br– by paths A and C in step 2. The exceptional behavior
would be because deprotonation of the H2O ligand at the
Pt(N4) atom is easier owing to the stronger H2O–Pt(N4)
bond. This is strongly supported by the highest field in the
chemical shifts and the coupling constant of the pivalamid-
ato-bridged aquabromo dimer among the present HH di-
mer + Br– systems (Figures 4b and 5).

The pKa values of the diaqua complexes are reported to
be 1.71, 1.74, and 2.88 for the α-pyridonato-bridged dimer,
the α-pyrrolidonato-bridged dimer, and the pivalamidato-
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bridged dimer, respectively,[6,12] which is the opposite of the
result expected from the chemical shift data of these diaqua
complexes. The 1JPt–Pt values of the diaqua dimers, which
would involve the effects of all of the axial bonds as well as
of the equatorial (bridging) ligands, decrease in the order:
α-pyrrolidonato-bridged dimer � pivalamidato-bridged di-
mer � α-pyridonato-bridged dimer (Figure 4). These differ-
ences would be explained by: the chemical shifts and the
coupling constants reflect the electronic distributions
around the Pt atoms in the H2O–Pt(N2O2)–Pt(N4)–OH2

moiety, while pKa reflects the Pt–OH2 bond strength. It
seems that the effects of both the bridging ligands and the
axial ligands are important in determining the substitution
reaction path.

The exceptional reactivity of the HH pivalamidato-
bridged PtIII dinuclear complex (Scheme 2 and Table 1), as
mentioned above, could not be explicitly reflected in the
chemical shift and coupling constant of the 195Pt NMR
spectroscopy. This may suggest that not only electronic ef-
fects that are reflected in the NMR spectroscopic data but
also (dynamic) steric effects due to bridging ligands, com-
plementary ligands, solvent, etc. contribute significantly
and complicatedly to the determination of the ligand substi-
tution mechanism for the present systems. That is, the 195Pt
NMR spectroscopic data would be reproduced by detailed
DFT calculations including solvent effect, relativistic effect,
etc.,[13] but the calculations do not serve the ligand substitu-
tion mechanism.

Comparison Between the Amidato-Bridged PtIII Dinuclear
Complexes and the Lantern-Type PtIII Dinuclear
Complexes

In Table 2, the 195Pt chemical shifts of the lantern-type
complexes are at much lower field than those of the amid-
ato-bridged complexes, and the ∆δ values of the aquahalo
lantern-type complexes are much smaller than those of the
amidato-bridged aquahalo dimers, that is, much less elec-
tron localization occurs in the lantern-type complexes, sug-
gesting that the reactivities of the two-type complexes are
different. Indeed, the axial ligand substitution occurs in two
steps in the present amidato-bridged complexes, whereas it
is one step in the hydrogenphosphato-bridged lantern-type
complex.[14] In the amidato-bridged diaqua complexes, the
two Pt centers behave differently and independently, be-
cause the electron distribution along the Pt–Pt bond of the
intermediate (the aquahalo complex) after step 1 of the am-
idato-bridged complexes is very different from that of the
original diaqua complex. This fact and the 195Pt NMR
spectroscopic data again support the higher flexibility of
the Pt–Pt bond in the amidato-bridged complexes com-
pared to those of the lantern-type complexes, as mentioned
in the previous report.[14] In Table 2, two opposite assign-
ments of 195Pt NMR for the same complex, [(L)Pt(µ-
HPO4)4Pt(OH2)]n– (L = Cl–, Br–, SCN–, NO2

–, CN–, NH3,
etc.) are reported by Appleton et al.: (a) a higher field is
assigned to Pt–L and a lower field to Pt–OH2 for L = Cl–,
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Br–, and SCN–, and (b) a lower field is assigned to Pt–L
and a higher field to Pt–OH2 for L = NO2

–, CN–, and
NH3.[15,16] All of the assignments of the aquahalo amidato-
bridged complexes, which are based on the Pt–N coupling
pattern of HH α-pyridonato-bridged complexes, are consis-
tent with assignment (b). Table 2 and Figure 4 show that
axial ligand substitution has much more influence on the
opposite Pt atom [Pt(N4)] than the Pt atom directly coordi-
nated with X– [Pt(N2O2)].

Conclusions
195Pt NMR spectroscopic data (the chemical shifts and

Pt–Pt coupling constants) were systematically obtained for
a series of HH and HT bis(amidato-bridged) platinum()
dinuclear complexes existing in the axial water ligand sub-
stitution reactions with Cl– and Br–. Polarization of the Pt–
Pt bond is observed in the 195Pt NMR spectra for the HH
amidato-bridged diaqua PtIII dinuclear complex similarly to
the HH aquahalo PtIII complexes, that is, the Pt–Pt bond
is polarized approximately to [H2O–PtIV(N2O2)–PtII(N4)–
OH2]4+. The first substitution of H2O on the PtIV(N2O2)
atom with X– enhances the electron localization to form the
more polarized aquahalo complex having very different ax-
ial Pt–OH2 bond lengths from that of the original diaqua
complex. More pronounced electron localization was ob-
served for the HT complex. The second substitution of the
H2O ligand on the PtII(N4) atom in [X–PtIV(N2O2)–
PtII(N4)–OH2]3+ with X– reduces the electron polarization
to an extent similar to the diaqua complex.

Experimental Section
Materials: cis-[Pt(NH3)2Cl2] was prepared from K2[PtCl4] (Tanaka
Kikinzoku Kogyo K. K., Tokyo) according to Dhara’s method.[17]

α-Pyridone (97+%, Wako Pure Chemical Industries Ltd., Osaka)
was recrystallized twice from water. Reagent grade α-pyrrolidone
(Kanto Chemical Co. Inc., Tokyo) was purified once by vacuum
distillation. Pivalamide (98%, Kanto) was recrystallized twice from
water. HT-[(NO3)Pt(NH3)2(µ-C5H4NO)2Pt(NH3)2(NO3)](NO3)2·
0.5H2O (HT α-pyridonato-bridged dimer), HH-[(H2O)Pt(NH3)2-
(µ-C5H4NO)2Pt(NH3)2(NO3)](NO3)3·2H2O (HH α-pyridonato-
bridged dimer), HH-[(H2O)Pt(NH3)2(µ-C4H6NO)2Pt(NH3)2-
(H2O)](NO3)4·2H2O (HH α-pyrrolidonato-bridged dimer), and
HH-[(H2O)Pt(NH3)2(µ-C5H10NO)2Pt(NH3)2(H2O)](NO3)4·
2H2O (HH pivalamidato-bridged dimer) were prepared according
to the literature.[18–21] Sodium chloride (99.99%, Aldrich) and so-
dium bromide (99.99%, Aldrich) were used without further purifi-
cation. The NMR sample solution was prepared by using D2O
(99.9 atom-%, Isotec) and [D]perchloric acid (68 wt.-% in D2O,
Aldrich).

Measurements: The 195Pt NMR spectra were recorded with a
Bruker Avance 400 spectrometer operating at 85.9 MHz at ambient
temperature (20±2 °C). The chemical shift was referenced to
H2PtCl6 (δ = 0 ppm) or K2PtCl4 (δ = –1622 ppm) as external stan-
dards. The sample solution was prepared by using an acidic D2O
solution (DClO4/D2O) to suppress deprotonation of the diaqua
complexes; acid dissociation constants: –log Kh1 = 1.98 (HT α-pyri-
donato-bridged dimer),[4] 1.71 (HH α-pyridonato-bridged dimer),[5]
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1.74 (HH α-pyrrolidonato-bridged dimer),[6,12] and 2.88 (HH pival-
amidato-bridged dimer).[6] The concentration of the platinum()
dimer (CPt) was adjusted to appropriately 5–40 m according to
the solubility of each compound in D2O. The concentration of ha-
lide ion (CX) in the monohalo and dihalo complex solutions was
adjusted considering each equilibrium constant (K1

X, K2
X); logK1

Cl

= 5.27 and logK2
Cl = 3.83 (HT α-pyridonato-bridged dimer +

Cl–),[4] logK1
Br = 5.53 and logK2

Br = 4.44 (HT α-pyridonato-
bridged dimer + Br–),[4] logK1

Cl = 5.93 and logK2
Cl = 3.71 (HH α-

pyridonato-bridged dimer + Cl–),[5] logK1
Br = 6.20 and logK2

Br =
4.55 (HH α-pyridonato-bridged dimer + Br–),[5] logK1

Cl = 5.61 and
log K2

Cl = 3.73 (HH α-pyrrolidonato-bridged dimer + Cl–),[6]

log K1
Br = 5.50 and logK2

Br = 4.68 (HH α-pyrrolidonato-bridged
dimer + Br–),[6] logK1

Cl = 5.04 and logK2
Cl = 3.21 (HH pivalamid-

ato-bridged dimer + Cl–),[6] and logK1
Br = 5.93 and logK2

Br = 3.91
(HH pivalamidato-bridged dimer + Br–).[6]

Supporting Information (see footnote on the first page of this arti-
cle): Pt195 NMR chemical shifts of PtIV and PtII complexes
(Table S1) and 195Pt NMR spectra of all the other HH and HT
PtIII dimers measured in this study except for the spectra shown in
Figures 1 and 2 (Figures S1–S16).
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A family of copper coordination polymers containing dif-
ferent N-heterocyclic ligands, namely [Cu(CN)(dmpyz)]n (1),
[Cu2(CN)2(imz)]n (2), [Cu3(CN)(trz)2]n (3), [Cu6(CN)6(dmtrz)3]n
(4), [Cu2(CN)(5-metta)]n (5), [Cu2(CN)(5-phtta)]n (6), and
{[Cu6(CN)6(dmtrz)]2[Cu2(CN)2(dmtrz)2]}n (7) has been pre-
pared and structurally characterized by X-ray crystallogra-
phy. The crystal structures of 1 and 2 are 1D chain frame-
works. Compound 3 is a twofold interpenetrating 2D supra-
molecular framework in which the cyanide groups act as
bridging ligands to link the copper centers into an unusual
bilayer motif with large channels. Compounds 4–6 all possess
3D networks. Compound 4 is constructed by two parts: 2D
rectangular-grid layers and {Cu2(CN)2(dmtrz)2} building

Introduction

Considerable attention has been paid to the study of me-
tal coordination polymers not only because these polymers
may possess intriguing architectures but also because of
their potential applications in the fields of catalysis, molecu-
lar-based magnets, electrical conductivity, and zeolite-like
materials.[1–3] Among these metal coordination polymers,
copper cyanide systems have received special interest due to
their fascinating structural frameworks, physical and chemi-
cal properties, and potential applications in many fields.[4–7]

When studied from a coordination chemistry viewpoint, the
structural variety of copper cyanide coordination polymers
might be the result of two main factors. Firstly, the cyanide
group is a versatile ligand that can act as a monodentate
ligand as well as a µ2-, µ3-, or µ4-bridging ligand to generate
interesting compounds that may exhibit intriguing topologi-
cal architectures.[8,9] Secondly, the copper atom has versatile

[a] State Key Laboratory of Structural Chemistry, Fujian Institute
of Research on the Structure of Matter, the Chinese Academy
of Sciences,
Fuzhou, Fujian 350002, China
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blocks. Compound 5 is built up by X-shaped chains that con-
nect each other in an ABAB arrangement to generate the
3D network. The structure of 6 is a 3D network including
one-dimensional square-grid channels, with a shortest
Cu2···Cu2A (A: –x + 1, –y + 1, –z) distance of about
2.347(1) Å. Compound 7 features a peculiar 3D + 1D network
in which 1D guest metal-organic polymer chains are filled in
an unusual 3D architecture constructed by double helical
host tubes. Compounds 1–7 show a systematic variation in
dimensionality from 1D to 3D to 3D + 1D. The luminescence
properties of these compounds have been also studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

coordination properties and normally adopts three-, four-,
five-, or six-coordination to form diverse geometries; the
ligand geometry also plays an important role in controlling
the structural dimensionalities and stereochemistry of the
copper center.[10] On the other hand, from a synthetic chem-
istry viewpoint, cyanide-containing systems may be pre-
pared either by assembling cyanometalates and metal com-
plexes or by multicomponent self-assembly of cyanide,
metal ions, and multidentate ligands. Although the majority
of synthetic processes in these systems still follow the con-
ventional solution route, attention has recently turned to
solvothermal techniques.[11] To understand the construction
of supramolecular architectures further, it is important to
continue the investigations on the effect of organic ligands
when fabricating multidimensional polymers. We are cur-
rently interested in using CuCN, K3Fe(CN)6, and a series
of five-membered N-heterocyclic ring ligands (Scheme 1) as
precursors to obtain some homometallic cyanide-bridged
coordination polymeric compounds under hydrothermal
conditions. In this article we report seven copper polymeric
compounds, namely [Cu(CN)(dmpyz)]n (1), [Cu2(CN)2-
(imz)]n (2), [Cu3(CN)(trz)2]n (3), [Cu6(CN)6(dmtrz)3]n (4)
[Cu2(CN)(5-metta)]n (5), [Cu2(CN)(5-phtta)]n (6), and
{[Cu6(CN)6(dmtrz)]2[Cu2(CN)2(dmtrz)2]}n (7), which exhi-
bit variation dimensionalities.
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Scheme 1.

Results and Discussion

Synthetic Considerations

In order to study the overall factors affecting the struc-
tural frameworks of the cyanide-bridged systems, we varied
the reaction conditions (including reagent, temperature, and
metal/ligand ratio). Firstly, we used K3Fe(CN)6 as a precur-
sor instead of KCN to provide CN–, based on the following
consideration: (1) free cyanide might be released from the
dissociation of ferricyanide anions under hydrothermal
conditions; (2) the slow release of CN– might play an im-
portant role in the formation of various compounds; (3)
cyanide-bridged iron()–copper() dimetallic compounds
might be obtained under appropriate conditions.[12] Sec-
ondly, different kinds of N-heterocyclic ligands have an im-
portant impact on the final structures of the compounds
obtained. Thirdly, the role of temperature in determining
the structures of the products can be observed. Under hy-
drothermal conditions, we used K3Fe(CN)6 as a precursor
to successfully obtain these new cyanide-bridged copper co-
ordination polymers. Compound 7 is obtained at 180 °C,
while at a lower temperature of 140 °C, violet, plate-like
crystalline K[Cu(CN)3]n·H2O[13,14] is obtained instead of
compound 7. Interestingly, varying the composition of the
reaction mixture gives 4 instead of 7. During the synthesis
of compound 3, when CuCl2 is used instead of CuCN under
otherwise identical reaction conditions compound 3 is
again obtained. The design and synthesis of novel coordina-
tion architectures controlled by varying the reaction condi-
tions (including temperature,[15] metal/ligand ratio,[16] and
counteranions[17]) are of great interest in coordination
chemistry.

Crystal Structures

[Cu(CN)(dmpyz)]n (1)

As shown in Figure 1, the structure exhibits a backbone
constructed by a zigzag {Cu(CN)} chain. Each CuI ion is
in a trigonal-planar geometry, defined by one nitrogen atom
from the 3,5-dimethylpyrazole ligand [Cu(1)–N(1) =
1.988(7) Å] and two cyanide groups [Cu(1)–X(6) =
1.870(11), Cu(1)–X(7) = 1.986(8) Å; X(6)–Cu(1)–X(7A) =
125.0(4)°], which bridge neighboring copper atoms to form
the parent chain. The distance between the aromatic rings

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2491–25032492

of the 3,5-dimethylpyrazole ligands from adjacent chains
is 3.221 Å, which indicates the presence of a π–π stacking
interaction.

[Cu2(CN)2(imz)]n (2)

The structure of 2 is similar to that of 1, as shown in
Figure 2. This compound contains two coordination modes
for the CuI ions: one is coordinated by three cyanide groups
[Cu(1)–X(1) = 1.916(5), Cu(1)–X(2) = 1.920(4) Å; X(1)–
Cu(1)–X(2) = 119.94(14)°], and the other is nonlinearly co-
ordinated by one cyanide group and one imidazole ligand
[Cu(2)–X(3) = 1.843(6), Cu(2)–N(4) = 1.877(5) Å; N(4)–
Cu(2)–X(3) = 170.1(3)°]. The structure also exhibits a back-
bone constructed from a zigzag {Cu(CN)} chain, with
[Cu(CN)(imz)] groups projecting from the chain as side-
arms.

[Cu3(CN)(trz)2]n (3)

The structure of 3 is an interesting twofold interpen-
etrated 2D supramolecular framework. As shown in Fig-
ure 3, the structure of 3 possesses six unique metal sites.
Three metal centers [Cu(2), Cu(3), and Cu(5)] are all in dis-
torted trigonal geometries. However, the detailed coordina-
tion environment of these copper atoms is different as Cu(2)
and Cu(5) are coordinated by two triazole ligands and one
µ2-bridging cyanide group while Cu(3) is coordinated by
two triazole ligands and one µ3-1,2κC:3κN cyanide group,
with Cu–X bond lengths ranging from 1.881(10) to
1.889(9) Å, and a Cu(3)–NCN bond length of 1.886(10) Å.
Cu(1) is in a tetrahedral geometry and is coordinated by
two triazole ligands and two µ3-1,2κC:3κN cyanide groups
[Cu(1)–C(3) = 2.221(11) Å], the Cu(1)–C(3) bond being
much longer than that to the µ2-bridging cyanide group.
The remaining sites [Cu(4) and Cu(6)] are in linear geome-
tries and are coordinated by two triazole ligands with N–
Cu–N bond angles of 178.1(4)° and 176.7(4)°, respectively.

The {Cu2N4} ring formed by atoms Cu(3) and Cu(5) [or
Cu(1) and Cu(2)] and the 1- and 2-nitrogen donors of the
trz ligands is nonplanar, and the dihedral angle between the
Cu(3)Cu(5)N(6)N(7) and Cu(3)Cu(5)N(6B)N(7B) moieties
is 20.85(12)°. Cu(3) and Cu(5) are bridged by two trz li-
gands with a Cu···Cu separation of 3.5316(16) Å, and these
ligands bond through their N4 sites to Cu(4) to form a two-
coordinate linear geometry, which means that the deproton-
ated triazole binds in a µ3-bridging mode to link the copper
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Figure 1. (a) ORTEP representation of the polymeric structure of 1, showing the coordination environments of the Cu centers (30%
probability thermal ellipsoids; hydrogen atoms have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled
as X. (b) Schematic view of the chain of 1 viewed along the b axis.

Figure 2. (a) ORTEP representation of the polymeric structure of 2, showing the coordination environments of the Cu centers (30%
probability thermal ellipsoids; hydrogen atoms have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled
as X. (b) Schematic view of the chain of 2 viewed along the a axis.

Eur. J. Inorg. Chem. 2006, 2491–2503 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2493
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Figure 3. ORTEP representation of the polymeric structure of 3,
showing the coordination environments of the Cu centers (30%
probability thermal ellipsoids; hydrogen atoms have been omitted
for clarity). Atoms from the disordered CN bridging groups are
labeled as X.

ions into linear chains along the b axis, with Cu(4), Cu(3),
and Cu(5) in one chain and Cu(6), Cu(2), and Cu(1) in the
other. In addition, the cyanide groups not only act as µ2-
bridges to link these chains into a wave-like layer structure

Figure 4. (a) Layer structure of compound 3. (b) Interpenetrating 2D network constructed by the bilayers, with a large channel of
approximately 11.69×13 Å2, viewed along the b axis.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2491–25032494

but also as µ3-bridges to link Cu(1) and Cu(6) from two
different layers together to form an unusual bilayer motif
(Figure 4a), which exhibits large channels with dimensions
of approximately 11.69×13 Å2 along the b axis. These bi-
layers pass through each other to generate the interpenetrat-
ing 2D network (Figure 4b). In addition, there are π–π
stacking interactions between adjacent aromatic rings of tri-
azole ligands with a separation of about 3.299 Å.

Although several types of double-layered architectures
have been reported by the assembly of T-shaped or rectan-
gular building blocks,[18–20] this ring-shaped network, to the
best of our knowledge, is unprecedented. A view along the b
axis shows that the actual crystal structure of 3 is a twofold
interpenetrating 2D supramolecular framework (Fig-
ure S1). This is consistent with the fact that crystal struc-
tures with such large cavities are stabilized either by in-
clusion of suitable guests or by interpenetrating lattices.[21]

[Cu6(CN)6(dmtrz)3]n (4)

The 3D network of compound 4 is made up of two parts:
one is a 2D rectangular grid layer and the other is a
{Cu2(CN)2(dmtrz)2} building block. As shown in Figure 5,
the crystal structure has six crystallographically indepen-
dent Cu atoms bridged by cyanide groups and dmtrz li-
gands. The copper atoms adopt two kinds of coordination
modes, namely three- and four-coordination. Cu(2), Cu(3),
Cu(6), and Cu(1) are in distorted trigonal geometries, of
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which the former three are three-coordinated by two dmtrz
ligands [Cu–Ndmtrz = 1.967(3)–2.014(3) Å] and one µ2-
bridging cyanide group, with Cu–X bond lengths ranging
from 1.888(4) to 1.895(4) Å, while Cu1 is coordinated by
three cyanide groups, two of the being in µ2-bridging modes
[Cu–X = 1.899(4)–1.992(4) Å] and the other in a µ3-bridg-
ing mode [Cu(1)–N(14) = 1.896(3) Å]. Cu(4) and Cu(5) are
both in tetrahedral geometries and are coordinated to four
cyanide groups. However, the coordination environments of
these two copper atoms are different as Cu(4) is coordi-
nated by two µ3-bridging [Cu(4)–C(20) = 2.055(4), Cu(4)–
C(20A) = 2.142(4) Å] and two µ2-bridging cyanide groups
[Cu(4)–X = 1.967(3)–2.007(3) Å], while Cu(5) is coordi-
nated by three µ3-bridging and one µ2-bridging cyanide
groups.

In the {Cu2(CN)2(dmtrz)2} building block (Figure 6a),
the {Cu2N4} ring formed by the endo Cu atoms and the 1-
and 2-nitrogen donors of the dmtrz ligands is almost
planar, with a dihedral angle between the Cu(2)Cu(3)N(5)
N(6) and Cu(2)Cu(3)N(1)N(2) planes of 5.23(7)°. The adja-
cent Cu(2)Cu(3)N(5)N(6)N(1)N(2) and Cu(6)Cu(6A)N(9)

Figure 6. (a) {Cu2(CN)2(dmtrz)2} building block. (b) 2D rectangular grid layers. (c) 3D framework of compound 4 constructed by parallel
2D rectangular grid layers linked by the {Cu2(CN)2(dmtrz)2} building block.

Eur. J. Inorg. Chem. 2006, 2491–2503 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2495

Figure 5. ORTEP representation of the polymeric structure of 4,
showing the coordination environments of the Cu centers (30%
probability thermal ellipsoids; hydrogen atoms have been omitted
for clarity). Atoms from the disordered CN bridging groups are
labeled as X.

N(10)N(9A)N(10A) ring planes in this building block are
nearly parallel, with a dihedral angle of 3.519°.

The structure consists of 2D rectangular grid layers (Fig-
ure 6b), parallel to the ab plane, constructed by six-mem-
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bered nonplanar centrosymmetric rings of metal atoms in
which the metal centers are bridged by cyanide groups.
These rings all adopt a chair conformation for the Cu4–
Cu1–Cu5–Cu4�–Cu1�–Cu5� unit, with a ring size of
8.9×8.0 Å2. The strong Cu···Cu interaction, with a separa-
tion of 2.442(8) Å, is double-bridged by two cyanide
groups. Although the shortest known CuI···CuI separation
is 2.412(1) Å,[22] the Cu···Cu distance in the present com-
pound is notably shorter than those found in other CuI

compounds[23] that show strong Cu···Cu interactions.
The parallel 2D rectangular grid layers are linked by

{Cu2(CN)2(dmtrz)2} building blocks to form a 3D frame-
work (Figure 6c and Figure S2); π–π stacking interactions
are present between adjacent {CuN4} planes in compound
4, with a plane–plane separation of about 3.327 Å and a
centroid–centroid distance of 3.407 Å.

[Cu2(CN)(5-metta)]n (5)

The structure of 5 is a 3D supramolecular framework
composed of X-shaped one-dimensional chains. As shown
in Figure 7, the structure consists of two crystallographi-
cally independent Cu atoms that adopt two kinds of coordi-
nation modes, namely three- and four-coordination. Cu(1)
trigonally coordinates to two N atoms from different 5-
metta ligands and one N atom from a µ3-bridging cyanide
group, while Cu(2) is tetrahedrally coordinated by two N

Figure 8. (a) 3D structure constructed by the X-shaped one-dimensional chains. (b) One-dimensional chain bridged by 5-metta ligands
and cyanide groups [Cu2···Cu2A (A: x + 1, y + 1, z) = 2.347(1) Å].
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atoms from two 5-metta ligands and two C atoms from dif-
ferent µ3-bridging cyanide groups. The X-shaped one-di-
mensional chains are formed by copper atoms bridged by
5-metta ligands in a µ4-tetrazolyl mode with a Cu2···Cu2B

Figure 7. ORTEP representation of the polymeric structure of 5,
showing the coordination environments of the Cu centers (30%
probability thermal ellipsoids; hydrogen atoms have been omitted
for clarity). Atoms from the disordered CN bridging groups are
labeled as X.
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(B: x, y, –z + 1) distance of 3.586(1) Å and a Cu1···Cu1B
(B: x, y, –z + 1) distance of 5.933(7) Å and two cyanide
groups doubly bridging Cu2···Cu2A (A: –x +1, –y + 1, –z)
with a distance of 2.347(1) Å. Rare examples with such
short values have been found for other CuI compounds.[24]

The adjacent chains are parallel to each other in the same
layer, with a Cu···Cu distance of 4.333(6) Å, while they are
linked by a cyanide group between adjacent layers (Fig-
ure 8). These X-shaped chains connect to each other in an
ABAB arrangement to generate an interesting 3D network
(Figure S3); π–π stacking interactions between adjacent
aromatic rings of tetrazole also exist in compound 5, with
a plane–plane separation of about 3.370 Å.

[Cu2(CN)(5-phtta)]n (6)

The structure of 6 is a 3D network (Figure 9). There is
one crystallographically independent CuI center, which
adopts three-coordination in a distorted trigonal geometry,
coordinated by two µ4-5-phtta ligands and one µ2-cyanide
group [Nphtta–Cu(1) = 1.966(2)–2.0867(18), X–Cu(1) =
1.876(2) Å; N(X)–Cu(1)–N(X) = 102.88(7)–140.47(9)°]. The
5-phtta ligands bind in a µ4-tetrazolyl mode to bridge four
copper atoms to form a one-dimensional chain with a
Cu···Cu separation of 3.512(2) and 3.794(2) Å along the c
axis (Figure 10a). Each chain is bridged by a cyanide group
to form a square-grid structure that exhibits large channels
with approximate dimensions of 8.472×9.259 Å2, although
the effective pore size is partly reduced by the phenyl groups
of the 5-phtta ligands Furthermore, these one-dimensional
chains are linked to each other by cyanide groups to form
the 3D framework (Figure 10b and Figure S4).

{[Cu6(CN)6(dmtrz)]2[Cu2(CN)2(dmtrz)2]}n (7)

The crystal structure of 7 is comprised of two distinct
and crystallographically independent polymeric motifs
packed together to form a 3D architecture, which comprises
interesting double helical host tubes filled by 1D metal-or-
ganic polymeric chains as guests, i.e. {[Cu6(CN)6(dmtrz)]n}2

(A) and [Cu2(CN)2(dmtrz)2]n (B).

Figure 9. ORTEP representation of the polymeric structure of 6, showing the coordination environments of the Cu centers (30% probability
thermal ellipsoids; hydrogen atoms have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled as X.
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Figure 10. (a) One-dimensional chain constructed by 5-phtta li-
gands. (b) 3D structure of compound 6.

The crystal structure has six crystallographically inde-
pendent Cu atoms bridged by cyanide groups and a dmtrz
ligand in polymer A (Figure 11). The copper atoms adopt
two kinds of coordination modes, namely two- and three-
coordination. Cu4, Cu5, and Cu6 are in linear geometries,
coordinated by two µ2-bridging cyanide groups [Cu–X =
1.839(4)–1.866(4) Å; X–Cu–X = 166.3(2)–170.4(2)°], while
Cu7 and Cu8 are in distorted trigonal geometries and are
coordinated by three µ2-bridging cyanide groups [Cu–X =
1.895(4)–1.993(4) Å; X–Cu–X = 111.21(18)–133.42(18)°],
while Cu3 is also in a distorted trigonal geometry and is
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Figure 11. ORTEP representation of the polymeric structure of 7, showing the coordination environments of the Cu centers (30% probability
thermal ellipsoids; hydrogen atoms have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled as X.

coordinated by two dmtrz ligands [Cu3–Ndmtrz = 1.967(3)–
2.014(3) Å] and one µ2-bridging cyanide group [Cu3–X11 =
1.886(4) Å] The host polymer A consists of two kinds of
helical chains, namely mode I and mode II (Figure 12a). Six
copper atoms bridged by six cyanide ions form a honey-
comb-shaped helical chain (mode I) when viewed along the
b axis. The unclosed Cu–CN linkage in this structure gives
rise to two types of helices with opposite chiralities (Fig-
ure S5). The left- and right-handed helices are coupled with
each other to form helical tubes of approximately
4.99×5.00 Å2 with opposite chirality (calculated from op-
posite metal ion centers of the hexagon; Figure 12b). The
helical chain along the 21 screw axis has a long pitch of
12.898(1) Å (Figure 13a). The helical chain of mode II is

Figure 12. (a) Two kinds of helical chains (modes I and II) in polymer A. (b) Right- and the left-handed helical tubes of mode I.

Figure 13. (a) Structure of a helical chain of mode I with a pitch of 12.898(1) Å running along the screw axis. (b) Structure of a helical
chain of mode II with a pitch of 59.985(6) Å running along the screw axis.
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composed of 22 copper atoms bridged by 20 cyanide ions
and four dmtrz ligands to form a distorted hexagon. To the
best of our knowledge, this is the first compound con-
structed from such a long chain of cyanide-bridged copper
atoms. The left- and right-handed helical chains of mode
II form helical channels of 42.26×4.99 Å2 with opposite
chirality (calculated from the opposite metal ions of the
hexagon). The long pitch of the helical chain along the 21

screw axis is 59.985(6) Å (Figure 13b). Two chemically inde-
pendent polymers A interweave to form a 3D architecture
with double-stranded helical channels along two spiral di-
rections (Figure S6).

There are two crystallographically independent Cu atoms
bridged by cyanide groups and dmtrz ligand in polymer B
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(Figure 14). Cu1 and Cu2 are in distorted trigonal geome-
tries and are coordinated by two dmtrz ligands [Cu–Ndmtrz

= 1.967(3)–2.014(3) Å] and one µ2-bridging cyanide group
[Cu–X = 1.885(5)–1.897(6) Å], with Cu···Cu separations of
3.652(1) Å. These building blocks are linked further by cya-
nide ions to form cable-like linear chains. The polymers B
are present in the helical channels with opposite chirality
constructed by helical chains of mode II. The guest poly-
mers play an important role in the formation of double-
stranded helical channels through specific host–guest inter-
actions (Figure 15).

Figure 14. One-dimensional chain of polymer B.

Figure 15. One-dimensional chain of polymer B filled in the mode
II helical channel of polymer A.

Figure 16. 3D + 1D structure of compound 7, with the 1D polymer
B filled in the two independent helical 3D polymers A.
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Two independent helical substructures of polymer A
{[Cu6(CN)6(dmtrz)]n} interweave into a 3D network with
double-stranded helical channels that host 1D linear poly-
mers B {[Cu2(CN)2(dmtrz)2]n} to form a novel 3D supra-
molecular architecture (Figure 16).

This compound is interesting in that it contains two
supramolecular isomers in the same crystal, infinite double
helices with large channels in the spiral direction, and two
kinds of helical channels with opposite chirality constructed
by helical chains I and II in the same polymer.

Summary of the Structures

A series of compounds of a new copper cyanide/organ-
oamine family have been synthesized by a hydrothermal
method and structurally characterized. Compounds 1 and
2 contain a one-dimensional network. In contrast to the
two one-dimensional chains mentioned above, compound 1
does not contain side-arms but has only N-heterocyclic li-
gands directly bound to the parent chains, whereas com-
pound 2 has side arms, which represent an extra part with
an additional {Cu(CN)} subunit. The cyanide groups only
adopt µ2-bridging modes in these compounds.

The 2D compound 3, in which triazole ligands and cya-
nide groups all act as bridging ligands to link the copper
atoms into a 2D structure, is obtained with the µ3-bridging
triazole ligand. This structure can be compared with that
of 4, which contains µ2-dmtrz ligands instead of µ3-triazole
ligands, and therefore contains structurally different dimen-
sionalities. The steric demands of the bulky substituents on
the 3-, 4-, and 5-positions may be the cause of the change
of coordination number around the copper atom. It has
previously been pointed out that the use of triazole deriva-
tives gives interesting coordination compounds.[5]

Compounds 5 and 6, in which the cyanide groups exhibit
two different coordination modes in a 3D structure, are ob-
tained with the µ4-bridging tetrazole ligand. In the struc-
tures of compounds 5 and 6, which contain the polycyclic
N-heterocyclic ligands 5-metta and 5-phtta, respectively, all
the ligands are µ4-bridging and link four copper atoms. Ste-
ric effects might be the major factors controlling the struc-
tures of these compounds, although the different coordina-
tion modes of the cyanide groups also affect the structural
framework.

Although they contain the same ligand, two different
structures are present in compounds 4 and 7. One is a 3D
network and the other is a 3D + 1D network. It can be
seen that the different arrangement of the cyanide groups
results in different dimensionalities. In compound 7, all the
cyanide groups adopt a µ2-bridging coordination mode,
while µ2-bridging and µ3-bridging modes are found in com-
pound 4. The versatility of the connectivity motifs linking
the copper atoms therefore provides a rich structural chem-
istry.

Photoluminescent Properties

It is well known that numerous mono- and polynuclear
CuI compounds show excellent luminescence properties.
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Metal-to-ligand charge-transfer is the most common as-
signment of the lowest electronic excited state, although
copper-centered emission, ligand-centered emission, and in-
terligand charge-transfer are also possible.[25] We have
studied the luminescence properties of compounds 1–7
(Figure 17). The emission spectra have a maximum at 523,
622, 508, 589, 505, and 481 nm, with an excitation maxi-
mum at 307, 348, 345, 316, 352, and 352 nm for 1, 2, 3, 4,
6, and 7, respectively. The emission may be tentatively as-
signed to a metal-to-ligand charge transfer (MLCT:
Cu�CN) because the oxidation state of the copper atoms
bridged by cyanide ions in these compounds is +1 and this
is also consistent with the results of the IR spectra and is
similar to the situation in other cyanide complexes.

Figure 17. Emission spectra of compounds 1–7 measured in the
solid state at room temperature.

The emission spectrum of compound 5 has a low-energy
transition at around 408 nm and a high-energy one at
around 502 nm, with an excitation maximum at 338 nm.
The high-energy transition can be assigned as metal-to-li-
gand transfer (MLCT: Cu�CN), whereas the low-energy
transition may be attributed to intraligand (π–π*) fluores-
cence in the 5-metta ligands, which is in reasonable agree-
ment with literature examples.[26–28]

IR Spectra

The IR bands corresponding to the CN stretching vi-
brations for compounds 1–7 appear in the range 2080–
2158 cm–1, which is typical for bridging cyanide groups and
higher than that of terminal cyanide ions (approx.
2050 cm–1).[29] For compounds 1, 5, and 6 there is only one
v(CN) absorption, thus indicating the existence of one type
of cyanide group in the crystal lattice, while there are two
absorptions in compounds 2–4 and 7, thus indicating the
existence of two types of cyanide groups. Although the cya-
nide groups are only in µ2-bridging modes in compounds 2
and 7, the reason for the two absorptions might be the dif-
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ferent distances of the CuI–C/N bond as the coordination
number around copper() atoms increases. For cyanide-
bridged CuI compounds, CuI–C/N distances are found to
increase with coordination number around the copper()
atoms. For instance, the CuI–C/N distances range from
1.82–1.86 Å for nearly linear two-coordinate systems
whereas they increase to 1.92–1.98 Å in three-coordinate
systems; v(CN) increases as the CuI–CN distances de-
creases. This trend has also been observed for other com-
pounds.[30,31]

Conclusions

We have obtained seven new copper cyanide/N-heterocy-
cle compounds with a variety of one-, two-, three-, and one/
three-dimensional frameworks by a hydrothermal method.
We have found that organic ligands with specific geometric
requirements affect the structure of these compounds. Tri-
azole and tetrazole ligands bridge the copper centers to
propagate a variety of structural styles that form multi-di-
mensional networks, while pyrazole and imidazole serve as
terminal ligands that restrict the spatial extension of the
structure. Other factors, such as the subtle interplay of
metal coordination preferences, ligand type, spatial exten-
sion, and steric constraints, also play important roles in the
formation of novel multidimensional open framework ma-
terials. The successful isolation of seven compounds dem-
onstrates that it is possible to apply K3Fe(CN)6 as a precur-
sor and other N-heterocyclic ligands to prepare coordina-
tion compounds with various structures under hydrother-
mal conditions. Some compounds display strong fluores-
cence emissions at different wavelengths, and these might
be used as new emitting materials. The structure–function
relationships of such components will begin to emerge and
will provide further guidelines for synthetic methodologies.

Experimental Section
General Remarks: All syntheses were performed in poly(tetra-
fluoroethylene)-lined stainless steel autoclaves under autogenous
pressure. Reagents were purchased commercially and were used
without further purification. Elemental analyses for C and H were
performed with an EA1110 CHNS-0 CE elemental analyzer. IR
spectra (KBr pellets) were recorded with a Nicolet Magna 750FT-
IR spectrometer. Fluorescence data were collected with an Edin-
burgh FL-FS920 TCSPC system.

General Method for the Preparation of Compounds 1–6: A mixture
of CuCN (0.27 g, 3 mmol), K3Fe(CN)6 (0.32 g, 1 mmol), and the
corresponding N-heterocyclic ligand (1 mmol; Scheme 1) in 15 mL
of H2O was stirred at room temperature for 20 min, then the mix-
ture was transferred into a 25-mL Teflon-lined stainless steel vessel
and the mixture was heated at 180 °C under autogenous pressure
for 3 d. After the reaction mixture had slowly cooled to room tem-
perature, suitable crystals for X-ray diffraction were produced,
which were collected by filtration and washed with distilled water
and dried in air.
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[Cu(CN)(dmpyz)]n (1): Colorless prism-like crystals, (0.23 g; yield:
43%, based on Cu). C6H8CuN3 (185.69): calcd. C 38.81, H 4.34,
N 22.63; found C 38.92, H 4.36, N 22.71. IR (solid KBr pellet): ν̃
= 339 (s), 2106 (s), 1570 (m), 1470 (m), 1284 (m), 1153 (m), 1037
(m), 978 (w), 779 (m), 679 (m), 654 (m), 579 (m), 445 (w), 427 (w)
cm–1.

[Cu2(CN)2(imz)]n (2): Colorless needle-like crystals (0.16 g; yield:
42%, based on Cu). C5H4Cu2N4 (247.19): calcd. C 24.29, H 1.63,
N 22.66; found C 24.60, H 1.02, N 23.28. IR (solid KBr pellet): ν̃
= 3346 (s), 3149 (m), 2146 (m), 2108 (s), 1635 (w), 1543 (m), 1508
(m), 1427 (m), 1257 (m), 1070 (s), 843 (w), 762 (m), 714 (m), 650
(m), 607 (m) cm–1.

[Cu3(CN)(trz)2]n (3): Colorless prism-like crystals (0.11 g; yield:
30%, based on Cu). C5H4Cu3N7 (352.77): calcd. C 17.02, H 1.14,
N 27.79; found C 17.32, H 1.48, N 27.42. IR (solid KBr pellet): ν̃
= 3130 (m), 2102 (s), 2090 (s), 2069 (m), 1713 (m), 1506 (s), 1279
(s), 1205 (m), 1155 (s), 1066 (m), 1016 (m), 877 (m), 854 (m), 679
(m) cm–1.

[Cu6(CN)6(dmtrz)3]n (4): Colorless prism-like crystals (0.17 g; yield:
40%, based on Cu). C18H24N18Cu6 (873.79): calcd. C 24.74, H
2.77, N 28.85; found C 24.33, H 2.45, N 28.62. IR (solid KBr
pellet): ν̃ = 3552 (m), 3421 (m), 3049 (m), 2102 (vs), 2080 (vs), 1628
(m), 1421 (s), 1342 (m), 1205 (m), 1142 (m), 1051 (m), 847 (s), 777
(w), 723 (s), 633 (w), 559 (m) cm–1.

[Cu2(CN)(5-metta)]n (5): Colorless prism-like crystals (0.10 g; yield:
30%, based on Cu). C3H3N5Cu2 (236.18): calcd. C 15.26, H 1.28,
N 29.65; found C 15.67, H 1.46, N 29.82. IR (solid KBr pellet): ν̃
= 2953 (w), 2484 (w), 2081 (s), 1497 (s), 1375 (m), 1254 (m), 1176
(m), 1147 (m), 1111 (w), 1049 (m), 710 (m) cm–1.

[Cu2(CN)(5-phtta)]n (6): Colorless prism-like crystals (0.16 g; yield:
36%, based on Cu). C8H5N5Cu2 (298.25): calcd. C 32.22, H 1.69,
N 23.48; found C 32.54, H 1.93, N 24.09. IR (solid KBr pellet): ν̃
= 3421 (m), 3078 (m), 2133 (s), 1525 (m), 1454 (s), 1379 (m), 1159

Table 1. Crystal and structural refinement data for compounds 1–7.

Compound 1 2 3 4 5 6 7

Empirical formula C6H8CuN3 C5H4Cu2N4 C5H4Cu3N7 C18H24Cu6N18 C3H3Cu2N5 C8H5Cu2N5 C30H32Cu14N30

Formula mass 185.69 247.19 352.77 873.79 236.18 298.25 1702.42
Crystal system orthorhombic orthorhombic monoclinic triclinic orthorhombic monoclinic monoclinic
Space group Pnma Pnma C2/m P1̄ Pbam C2/c C2/c
a [Å] 8.777(2) 6.9901(6) 14.0944(3) 11.1042(2) 7.2307(5) 11.123(9) 42.347(15)
b [Å] 6.6410(19) 8.5874(7) 11.2119(3) 11.2046(3) 13.4943(11) 12.780(9) 8.569(3)
c [Å] 12.716(3) 13.0732(11) 13.0843(4) 13.7862(2) 5.9352(5) 8.133(6) 14.490(5)
α [°] 90 90 90 69.565(9) 90 90 90
β [°] 90 90 113.684(2) 74.161(10) 90 125.231(8) 108.758(6)
γ [°] 90 90 90 65.069(9) 90 90 90
V [Å3] 741.2(3) 784.74(11) 1893.50(9) 1441.48(5) 579.12(8) 944.3(13) 4979(3)
Z 4 4 8 2 4 4 4
Dcalcd. [g·cm–3] 1.664 2.075 2.475 2.013 2.709 2.098 2.271
F(000) 376 472 1360 864 456 584 3312
Absorption coefficient [mm–1] 2.867 5.351 6.649 4.392 7.249 4.470 5.903
θ range for data collection [°] 2.82–25.03 3.12–27.48 1.70–25.02 3.18–27.48 4.13–27.48 3.01–27.47 3.01–27.49
Reflections collected 1711 5686 2923 11297 4169 3511 18598
Unique reflections 695 953 1752 6529 724 1080 5684
R(int) 0.0368 0.0225 0.0260 0.0235 0.0303 0.0244 0.0443]
Parameters 61 60 151 379 54 70 337
Goodness-of-fit on F2 1.006 1.018 1.079 1.052 1.055 1.054 1.095
R1

[a] 0.0697 0.0389 0.0514 0.0394 0.0203 0.0220 0.0448
wR2 [I � 2σ(I)][b] 0.1560 0.1064 0.1163 0.0937 0.0543 0.0651 0.1221
R1

[a] 0.0800 0.0420 0.0558 0.0550 0.0211 0.0243 0.0519
wR2 (all data) 0.1618 0.1085 0.1192 0.1024 0.0549 0.0663 0.1269

[a] R1 = ∑(|Fo| – |Fc|)/∑|Fo|. [b] wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]0.5.

Eur. J. Inorg. Chem. 2006, 2491–2503 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2501

(m), 1078 (m), 928 (w), 789 (m), 741 (s), 717 (s), 546 (w), 519 (w)
cm–1.

Preparation of {[Cu6(CN)6(dmtrz)]2[Cu2(CN)2(dmtrz)2]}n (7): This
compound was synthesized by a procedure analogous to that de-
scribed above but with CuCN (5.6 mmol), K3Fe(CN)6 (1 mmol),
and dmtrz (1 mmol). Colorless platelike crystals (0.21 g; yield:
31%, based on Cu). C30H32Cu14N30 (1702.4): calcd. C 21.17, H
1.89, N 24.68; found C 21.39, H 2.14, N 24.96. IR (solid KBr
pellet): ν̃ = 3365 (m), 3323 (m), 3278 (m), 2158 (s), 2108 (s), 1616
(m), 1543 (m), 1419 (m), 1394 (m), 1263 (w), 1049 (w), 887 (m),
779 (m), 744 (m), 660 (w) cm–1.

X-ray Crystallographic Study: Suitable single crystals of the com-
pounds were carefully selected and glued to thin glass fibers with
epoxy resin. Crystal structure measurements for compounds 1–7
were performed with a Rigaku Mercury CCD diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
room temperature. The structures were solved by direct methods
and refined on F2 with the SHELXL-97 program.[32] For all com-
pounds the µ2-bridging cyanide group between two CuI atoms indi-
cated disorder with respect to the C and N termini; this disorder
was treated by adopting 50% C and N occupancies at those sites.
The disordered C/N positions are labeled as X. All non-hydrogen
atoms were refined with anisotropic displacement parameters, and
the hydrogen atoms were treated as riding atoms using the SHELX-
97 default parameters. For 2, the imidazole hydrogen atoms were
neither found nor calculated, and the disorder was treated by as-
suming half occupancies of the C and N atoms. The crystallo-
graphic data and details of refinements for compounds 1–7 are
summarized in Table 1; selected bond lengths and angles are listed
in Table 2. CCDC-284132 (1), -284133 (2), -284136 (3), -284137
(4), -284138 (5), -284139 (6), and -284140 (7) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.



X. He, C.-Z. Lu, C.-D. Wu, L.-J. ChenFULL PAPER
Table 2. Selected bond lengths [Å] and angles [°] for compounds 1–7. Symmetry transformations used to generate equivalent atoms are
given as footnotes.

Compound 1[a]

Cu(1)–X(6) 1.870(11) Cu(1)–X(7)I 1.986(8) X(6)–Cu(1)–X(7)I 125.0(4)
Cu(1)–N(1) 1.988(7) X(6)–Cu(1)–N(1) 136.6(4) N(1)–Cu(1)–X(7)I 98.4(3)

Compound 2[b]

N(1)–Cu(1) 1.920(4) N(4)–Cu(2) 1.877(5) X(2)–Cu(1)–X(1) 119.94(14)
X(2)–Cu(1) 1.916(5) X(3)–Cu(2)–N(4) 170.1(3) X(1)I–Cu(1)–X(1) 120.1(3)
X(3)–Cu(2) 1.843(6)

Compound 3[c]

Cu(1)–C(3)I 1.955(10) Cu(5)–N(7) 2.000(6) N(9)III–Cu(2)–N(9) 112.0(3)
Cu(1)–N(10) 2.016(6) Cu(5)–N(2)VI 1.888(9) N(4)–Cu(3)–N(6) 123.34(19)
Cu(1)–C(3)II 2.221(11) Cu(6)–N(8) 1.867(6) N(6)–Cu(3)–N(6)IV 112.3(4)
Cu(2)–X(1) 1.882(10) C(3)I–Cu(1)–N(10) 114.3(2) N(5)II–Cu(4)–N(5)V 178.0(4)
Cu(2)–N(9) 1.973(6) N(10)–Cu(1)–N(10)III 108.3(3) X(2)VI–Cu(5)–N(7) 124.27(18)
Cu(3)–N(4) 1.887(10) C(3)I–Cu(1)–C(3)II 107.5(3) N(7)VI–Cu(5)–N(7) 110.2(3)
Cu(3)–N(6) 1.977(6) N(10)–Cu(1)–C(3)II 105.9(2) N(8)–Cu(6)–N(8)VI 176.7(4)
Cu(4)–N(5)II 1.864(6) X(1)–Cu(2)–N(9) 123.41(17)

Compound 4[d]

Cu(1)–N(14) 1.895(3) Cu(5)–X(22) 1.993(3) X(23)I–Cu(4)–X(18) 104.79(14)
Cu(1)–X(24) 1.898(4) Cu(5)–C(13)III 2.015(4) X(23)I–Cu(4)–C(20) 112.50(16)
Cu(1)–X(16) 1.991(4) Cu(5)–C(13)IV 2.258(4) X(18)–Cu(4)–C(20) 110.66(14)
Cu(2)–X(15) 1.896(4) Cu(6)–X(21) 1.908(4) X(18)–Cu(4)–C(20)II 111.78(15)
Cu(2)–N(5) 1.966(3) Cu(6)–N(9) 1.986(3) C(20)–Cu(4)–C(20)II 108.86(13)
Cu(2)–N(2) 2.007(3) N(14)–Cu(1)–X(24) 135.01(15) N(19)–Cu(5)–X(22) 107.06(14)
Cu(3)–X(17) 1.889(4) N(14)–Cu(1)–X(16) 114.28(14) N(19)–Cu(5)–C(13)III 112.37(15)
Cu(3)–N(1) 1.972(3) X(24)–Cu(1)–X(16) 110.55(15) X(22)–Cu(5)–C(13)III 117.16(14)
Cu(3)–N(6) 2.014(3) X(15)–Cu(2)–N(5) 128.34(16) N(19)–Cu(5)–C(13)IV 105.42(14)
Cu(4)–X(23)I 1.967(3) X(15)–Cu(2)–N(2) 121.42(14) X(22)–Cu(5)–C(13)IV 106.64(14)
Cu(4)–X(18) 2.007(3) N(5)–Cu(2)–N(2) 110.19(12) C(13)III–Cu(5)–C(13)IV 107.44(11)
Cu(4)–C(20) 2.055(4) X(17)–Cu(3)–N(1) 130.91(14) X(21)–Cu(6)–N(9) 132.72(15)
Cu(4)–C(20)II 2.142(4) X(17)–Cu(3)–N(6) 118.08(14) X(21)–Cu(6)–N(10)V 117.13(15)
Cu(5)–N(19) 1.979(3) N(1)–Cu(3)–N(6) 110.87(12) N(9)–Cu(6)–N(10)V 110.11(12)

Compound 5[e]

Cu(1)–N(3) 1.978(1) N(3)–Cu(1)–N(3)II 141.89(8) N(4)–Cu(2)–C(1)IV 102.41(8)
Cu(1)–N(2) 1.993(2) N(3)–Cu(1)–N(2) 109.03(4) N(4)–Cu(2)–C(1)V 114.74(9)
C(1)–Cu(2)I 2.096(2) N(2)–C(1)–Cu(2)I 145.61(5) C(1)IV–Cu(2)–C(1)V 111.86(8)
N(4)–Cu(2) 2.011(1) N(4)III–Cu(2)–N(4) 111.16(8) N(4)–Cu(2)–Cu(2)VI 124.42(4)
Cu(2)–C(1)IV 2.096(2)

Compound 6[f]

X(1)–Cu(1) 1.877(2) C(6)–N(3)–Cu(1) 131.67(14) X(1)–Cu(1)–N(2) 114.73(9)
N(2)–Cu(1) 2.088(1) N(2)I–N(3)–Cu(1) 120.13(12) N(3)–Cu(1)–N(2) 102.91(7)
N(3)–Cu(1) 1.967(2) X(1)–Cu(1)–N(3) 140.46(9)

Compound 7[g]

X(5)–Cu(2) 1.885(5) X(11)–Cu(3) 1.886(4) N(2)–Cu(2)–N(2)II 110.99(19)
X(12)–Cu(4) 1.846(3) X(13)–Cu(4) 1.857(5) X(11)–Cu(3)–N(8) 123.60(15)
X(14)–Cu(5) 1.839(4) X(15)–Cu(5) 1.855(4) X(11)–Cu(3)–N(10) 127.48(15)
X(16)–Cu(6) 1.844(4) X(17)–Cu(6) 1.866(4) N(8)–Cu(3)–N(10) 108.59(12)
X(18)–Cu(7) 1.927(4) X(19)–Cu(7) 1.993(4) X(12)–Cu(4)–X(13) 168.8(2)
X(20)–Cu(8) 1.895(4) X(23)–Cu(8) 1.905(4) X(14)–Cu(5)–X(15) 170.4(2)
X(21)–Cu(7) 1.916(4) Cu(8)–X(22)I 1.971(4) X(16)–Cu(6)–X(17) 166.3(2)
N(1)–Cu(1) 1.992(3) X(6)–Cu(1)–N(1) 124.82(9) X(21)–Cu(7)–X(18) 133.42(18)
N(2)–Cu(2) 1.970(3) X(6)–Cu(1)–N(1)II 124.82(9) X(21)–Cu(7)–X(19) 111.59(17)
N(6)–Cu(1) 1.897(6) N(1)–Cu(1)–N(1)II 110.35(19) X(18)–Cu(7)–X(19) 111.21(18)
N(8)–Cu(3) 1.993(3) X(5)–Cu(2)–N(2) 124.51(9) X(20)–Cu(8)–X(23) 124.9(2)
N(10)–Cu(3) 2.001(3) X(5)–Cu(2)–N(2)II 124.51(9) X(20)–Cu(8)–X(22)I 118.52(16)

X(23)–Cu(8)–X(22)I 115.85(19)

[a] I: x – 1/2, y, –z + 3/2. [b] I: –x + 2, –y, –z. [c] I: x – 1/2, y – 1/2, z – 1; II: –x + 1/2, –y + 1/2, –z + 2; III: x, –y, z; IV: x, –y + 1, z;
V: –x + 1/2, y + 1/2, –z + 2; VI: x – 1/2, y + 1/2, z. [d] I: x, y, z + 1; II: –x + 2, –y + 1, –z + 1; III: x + 1, y – 1, z + 1; IV: –x + 1, –y
+ 1, –z; V: –x + 1, –y, –z + 2. [e] I: –x + 1/2, y – 1/2, –z; II: x, y, –z; III: –x + 1, –y + 1, z; IV: x + 1/2, –y + 1/2, z; V: –x + 1/2, y + 1/
2, –z; VI: –x + 1, –y + 1, –z. [f] I: –x + 1/2, –y + 1/2, –z + 2. [g] I: x, –y – 3, z + 1/2; II: –x, y, –z – 1/2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2491–25032502
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Transformation of a Tetranuclear Copper(II) Complex Bridged by Sugar
Phosphates into Nucleotide-Containing Cu4 Aggregations

Merii Kato,[a] Ajay Kumar Sah,[a] Tomoaki Tanase,*[a] and Masahiro Mikuriya[b]
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Reaction of [Cu4(µ-OH){µ-(α-D-Glc-1P)}2(L)4(H2O)2]X3 (1a: L
= bpy, X = NO3, α-D-Glc-1P = α-D-glucopyranose-1-phos-
phate) with Na2[H2ATP] (ATP = adenosine 5�-triphosphate)
readily afforded the ATP-bridged tetranuclear copper(II)
complex [Cu4(µ-ATP)2(bpy)4] (3), which was characterized by
X-ray crystallographic analysis to consist of four linearly dis-
persed {CuII(bpy)}2+ fragments bridged by two triphosphate
groups of the ATP tetravalent anions. The sugar and adenine
base parts of the ATP moieties are away from the copper(II)
centers, but the structure was stabilized by weak intramolec-
ular π–π stacking between the ATP purine ring and two bpy
ligands and intermolecular hydrogen bonding between the
adenine base pairs. The variable-temperature magnetic
susceptibility of complex 3 exhibited only weak antiferro-
magnetic couplings between the four linearly dispersed CuII

ions. A similar reaction of 1a or 2 (L = phen, X = NO3) with
Na2[IMP] (IMP = inosine 5�-monophosphate) yielded a dif-
ferent type of tetracopper(II) complex formulated as [Cu4{µ-
(IMP-H)}2(L)4(H2O)4](NO3)2 [L = bpy (5), phen (6)], in which

Introduction

The interaction of metal ions with nucleotides and poly-
nucleotides (DNA and RNA) has been extensively studied
with a variety of bioinorganic interests, concerning metallo-
enzymes that promote cleavage of nucleotide phosphate es-
ter bonds, such as DNA polymerase I (Mg2+, Mn2+, Zn2+),
P1 nuclease (Zn2+), and RNase H (Mg2+, Mn2+), and so
forth,[1] a number of bioenergetic processes coupled with
phosphoryl transfer reactions of high-energy nucleotides,
usually adenosine triphosphate (ATP), mediated by metal
ions (Mg2+, Mn2+, etc.),[2] and the action of PtII complexes
as anticancer drugs,[3] and so on. To elucidate the nucleo-
tide–metal interaction in such biological processes, a
number of binary and ternary transition-metal complexes
involving nucleotides have been reported; however, most are
mononuclear complexes or polymeric compounds contain-
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the IMP moieties are deprotonated at the N-1 position of the
nucleobase, forming IMP-H trianions, and four {Cu(bpy)-
(H2O)}2+ fragments are connected through the N-1, N-7, and
O-6 atoms of the nucleobase and the monodentate 5�-phos-
phate group. Reaction of 1b (L = bpy, X = Cl) with Na2[UMP]
(UMP = uridine 5�-monophosphate) resulted in a polymeric
compound formulated as {[Cu{µ-(UMP-H)}(bpy)(H2O)]2-
[Cu4(µ-OH){µ-(α-D-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7). The N-3
deprotonated [UMP-H]3– anions connect {Cu(bpy)(H2O)}2+

fragments through the N-3 nitrogen atom and the phosphate
oxygen atoms to afford C2-helical coordination polymers and
the tetracopper(II) complex cations, [Cu4(µ-OH){µ-(α-D-Glc-
1P)}2(bpy)4(H2O)2]3+, are incorporated between the polymer
chains with a C2-chiral arrangement of the {Cu4(µ-OH)(µ-
PO4)2(bpy)4(H2O)2} framework constrained to the Λ-form
through inter- and intramolecular stacking interactions be-
tween the bpy ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing mononuclear metal centers.[4] Whereas nucleotides are
potentially ambivalent with their multiple metal-binding
sites, phosphate groups, hydroxy groups of the sugar moi-
ety, and nitrogen and oxygen atoms of the nucleobase, stud-
ies of discrete, multinuclear transition-metal complexes with
nucleotides have been extremely scarce thus far. As to the
complexes of nucleotides having di- and triphosphate
groups, successfully isolated multimetallic complexes are
only two examples with dinuclear Zn2+ and Cu2+ systems,
[Zn2(µ-H2ATP)2(bpy)2] (8)[5] and [Cu2(µ-H2ATP)2(phen)2]
(9)[6] (bpy = 2,2�-bipyridyl, phen = 1,10-phenanthroline).
The reason for the lack of studies may not only be the diffi-
culty of getting crystalline compounds because of their am-
bivalent properties, but also the fact that most divalent
metal ions catalyze the nonenzymatic hydrolysis of the nu-
cleotide phosphate groups. Notably, one of the best charac-
terized DNA cleavage reactions is that promoted by
[Cu(phen)2]2+.[7] Even for thermodynamically stable nucleo-
side monophosphate esters, a very restricted number of
structures are available for multinuclear transition-metal
complexes, [Cu4{µ-(IMP-H)}(phen)4(H2O)2](NO3)2 (6,
IMP-H = N-1 deprotonated inosine 5�-monophosphate),[8]

[{Ru(µ-AMP)(η6-p-MeC6H4iPr)}3] (AMP = adenosine 5�-
monophosphate),[9] Na2[Mo5O15(µ-HAMP)2],[10] and
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[Mo2(η5-C5H5)4(µ-dGMP)2] (dGMP = 2�-deoxyguanosine
5�-monophosphate),[11] and for dicopper() complexes in-
volving the {LCu(µ-OPO)2CuL} eight-membered macro-
cycles with nucleoside 5�-monophosphates [L = bpy, phen,
and bis(2-pyridyl)amine].[12]

Recently, we synthesized a tetranuclear copper() com-
plex bridged by α--glucose-1-phosphate (α--Glc-1P) di-
anions, [Cu4(µ-OH){µ-(α--Glc-1P)}2(L)4(H2O)2]X3 [L =
bpy, X = NO3 (1a), Cl (1b), Br (1c); L = phen, X = NO3 (2)]
(Figure 1a).[13] Complex 2 was structurally characterized as
the first example of a transition-metal complex containing
free sugar monophosphates, in which four {Cu(phen)}2+

fragments are held together by a hydroxo bridge and two
phosphate groups of α--Glc-1P moieties to result in a trap-
ezoidal CuII

4 framework with the -glucopyranosyl pen-
dants away from the metal centers.[13] In the crystal struc-
ture of 2, two C2-chiral structures with respect to the ar-
rangement of bpy ligands, ∆ (cation A) and Λ (cation B),
were observed in a 1:1 ratio; both are coupled to a different
orientation of α--glucopyranosyl pendants, upward and
downward, respectively (Figure 1b, c). In addition, complex
1a was found to readily undergo a phosphate ester exchange
reaction and be transformed into an ATP-stabilized tetra-
copper() complex, [Cu4(µ-ATP)2(bpy)4] (3). These results
prompted us to investigate the reactions of 1 and 2 with
several nucleotides. In the present study, we wish to report
the full details of synthesis and characterization of 3, to-
gether with those for [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2

[L = bpy (5), phen (6)] and the polymeric compound formu-
lated as {[Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-
-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7, UMP-H = N-3 deproton-
ated uridine 5�-monophosphate). Although the structure of
3 was briefly reported,[13a] the detailed ATP-bridging struc-
ture in 3 compared with related compounds and its mag-
netic property are presented in this report. The present re-
action may also provide an efficient route to a series of tet-
ranucler ternary CuII complexes with IMP moieties and di-

Figure 1. (a) Structure of 1a–c and 2. Schematic structures for (b)
cation A and (c) cation B involved in 2. Gray bars represent the
phen ligands which are arranged in ∆ and Λ configurations with
respect to the pseudo-C2 axis for cations A and B, respectively.
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imine auxiliary ligands. In addition, the structure of 7 re-
vealed an interesting chiral influence transfer from the C2-
helical structure of the polymer {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n to the C2-chiral structure of the tetranuclear
CuII units involved in 7, [Cu4(µ-OH){µ-(α--Glc-1P)}2-
(bpy)4(H2O)2]3+, through inter- and intramolecular bpy–
bpy stacking interactions.

Results and Discussion

Synthesis and Structure of [Cu4(µ-ATP)2(bpy)4] (3)

When the tetranuclear copper() complex bridged by
a sugar phosphate, [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4-
(H2O)2](NO3)3 (1a), was treated with Na2[H2ATP] in a 1:2
ratio at room temperature, a phosphate ester exchange reac-
tion readily proceeded to result in the formation of an ATP-
bridged tetracopper() complex, [Cu4(µ-ATP)2(bpy)4] (3),
in good yield (56%) and crystalline form (Scheme 1).

Scheme 1.

The IR spectrum showed the presence of ATP anions
and bpy ligands, and the CD spectral pattern around the
d–d transition region for CuII ions is quite different from
that of the starting complex 1a, indicating an introduction
of ATP on the tetranuclear centers. From the mother liquor,
a very small amount of a pyrophosphate-bridged dicopper
complex, [Cu2(µ-P2O7)(bpy)2(H2O)2] (4),[14] was obtained,
suggesting that hydrolytic cleavage of the triphosphate
group occurred to a small extent during the reaction. It
should be noted that complex 3 was not obtained just by
mixing Cu(NO3)2·3H2O with Na2[H2ATP] and bpy, demon-
strating that the tetranuclear CuII centers of 1a provide a
suitable platform to stabilize the triphosphate unit of ATP.

The structure of 3 was determined by X-ray crystallo-
graphic analysis; an ORTEP plot with the atomic number-
ing scheme is given in Figure 2a and selected bond lengths
and angles are listed in Table 1. The structure consists of
four linearly dispersed {CuII(bpy)}2+ fragments bridged by
two ATP tetravalent anions with interatomic distances of
Cu1···Cu2 = 3.444(1) Å, Cu3···Cu4 = 3.4523(8) Å, and
Cu2···Cu4 = 5.0613(7) Å. The triphosphate group of ATP
exclusively connects two CuII ions, each ligated by a bpy
ligand, to afford the square-planar dicopper() unit,
{Cu2(µ-ATP)(bpy)2}. The adenine bases and -ribofurano-
syl parts are away from the metal centers without any inter-
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actions. The two dinuclear fragments are further connected
through the axial coordination of β-phosphate oxygen
atoms [Cu2–O23 = 2.263(4) Å, Cu4–O10 = 2.247(4) Å], re-
sulting in a characteristic eight-membered puckered ring of
the central part (Figure 2b). Whereas metal complexes with
ATP could provide useful insights to elucidate bioenergetic
processes, characterized examples are still rare and most are
mononuclear species[15] and their sodium salts.[16] In par-
ticular, those containing multimetallic centers are strictly
limited; the only available structures with multinuclear tran-
sition-metal ions are the dinuclear complexes [Zn2(µ-

Figure 2. (a) ORTEP plot of 3 with hydrogen atoms omitted for clarity. (b) Core structure of 3; the adenosine parts and the carbon
atoms of bpy ligands are omitted. (c) Perspective drawing of 3 with van der Waals radii.
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H2ATP)2(bpy)2] (8)[5] and [Cu2(µ-H2ATP)2(phen)2] (9),[6]

and with the present complex 3 the first crystal structure of
a tetranuclear transition-metal complex with ATP anions
is available. Both complexes 8 and 9 possess an essentially
identical structure with the triphosphate group chelating to
a metal ion through the three α-, β-, and γ-phosphate oxy-
gen atoms in a facial mode, and another γ-phosphate oxy-
gen atom attached to the other metal ion, forming an
[MOPO]2 eight-membered macrocycle. The metal centers
adopt an [N2O4] octahedral geometry. In contrast, in the
present structure, the bridging behavior of the ATP triphos-
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Table 1. Selected bond lengths [Å] and angles [°] for complex 3.

Cu1–O5 1.943(4) Cu3–O18 1.922(4)
Cu1–O11 1.951(4) Cu3–O25 1.919(4)
Cu1–N11 1.983(5) Cu3–N31 2.021(4)
Cu1–N12 1.978(4) Cu3–N32 2.006(5)
Cu2–O9 1.982(4) Cu4–O10 2.247(4)
Cu2–O12 1.934(4) Cu4–O22 1.935(4)
Cu2–O23 2.263(4) Cu4–O24 1.921(4)
Cu2–N21 1.980(4) Cu4–N41 2.011(4)
Cu2–N22 1.973(5) Cu4–N42 2.032(4)
P1–O4 1.582(4) P4–O17 1.580(4)
P1–O5 1.496(5) P4–O18 1.501(5)
P1–O6 1.592(4) P4–O19 1.600(4)
P1–O7 1.487(4) P4–O20 1.471(5)
P2–O6 1.611(5) P5–O19 1.602(5)
P2–O8 1.583(3) P5–O21 1.577(4)
P2–O9 1.488(4) P5–O22 1.503(4)
P2–O10 1.490(3) P5–O23 1.487(3)
P3–O8 1.644(3) P6–O21 1.637(4)
P3–O11 1.519(4) P6–O24 1.520(5)
P3–O12 1.512(5) P6–O25 1.534(4)
P3–O13 1.497(4) P6–O26 1.482(4)
O5–Cu1–O11 91.0(2) O18–Cu3–O25 92.8(2)
N11–Cu1–N12 82.0(2) N31–Cu3–N32 80.5(2)
O9–Cu2–O12 93.7(2) O10–Cu4–O22 92.5(2)
O9–Cu2–O23 97.5(1) O10–Cu4–O24 91.6(2)
O12–Cu2–O23 88.4(2) O22–Cu4–O24 95.2(2)
N21–Cu2–N22 81.5(2) N41–Cu4–N42 80.2(2)
O5–P1–O6 109.4(2) O18–P4–O19 110.7(2)
O6–P2–O8 103.4(2) O19–P5–O21 102.8(2)
O6–P2–O9 109.4(2) O19–P5–O22 109.1(2)
O8–P2–O9 111.2(2) O21–P5–O22 111.3(2)
O8–P3–O11 106.5(2) O21–P6–O24 106.4(2)
O8–P3–O12 106.7(2) O21–P6–O25 105.1(2)
O11–P3–O12 111.8(2) O24–P6–O25 110.7(2)
Cu1–O5–P1 132.8(2) Cu3–O18–P4 135.0(3)
P1–O6–P2 133.6(3) P4–O19–P5 131.0(3)
P2–O8–P3 128.7(2) P5–O21–P6 129.4(2)
Cu2–O9–P2 133.7(2) Cu4–O22–P5 131.8(2)
Cu4–O10–P2 124.0(2) Cu2–O23–P5 118.1(2)
Cu1–O11–P3 123.4(3) Cu4–O24–P6 131.5(2)
Cu2–O12–P3 128.8(3) Cu3–O25–P6 116.2(3)

phate group in the dimeric unit of 3 is remarkably different,
as two CuII ions are held together by the bridges from α-
and β-phosphate oxygen atoms [Cu1–O5 = 1.943(4) Å,
Cu3–O18 = 1.922(4) Å; Cu2–O9 = 1.982(4) Å, Cu4–O22 =
1.935(4) Å] and from two oxygen atoms of the γ-phosphate
unit [Cu1–O11 = 1.951(4) Å, Cu2–O12 = 1.934(4) Å; Cu3–
O25 = 1.919(4) Å, Cu4–O24 = 1.921(4) Å], resulting in an
unprecedented bridging structure of the ATP triphosphate
group (Figure 2b). While the triphosphate backbones are
folded, as indicated by the angles P1–P2–P3 = 86.11(4)° and
P4–P5–P6 = 88.23(5)°, like complexes 8 and 9, strain in-
volved in the triphosphate parts of 3 might be released to
some extent, in comparison with those in the dimers of 8
and 9 and the mononuclear complexes.[5,6,15] In complex 3,
the eight-membered chelate ring by the α- and γ-phosphate
oxygen atoms is fused with the six-membered chelate ring
by the β- and γ-oxygen atoms, which should be contrasted
with two fused six-membered chelate rings from α-/β- and
β-/γ-phosphate oxygen atoms in 8 and 9. The {Cu4(µ-
P3O10)2(bpy)4} core structure, except the adenosine moie-
ties, possesses a pseudocentrosymmetry; the outer two cop-
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per ions (Cu1, Cu3) take an [N2O2] square-planar geometry
and the inner two (Cu2, Cu4) are in an [N2O3] square-py-
ramidal environment with usual bond lengths and angles. It
should be noted that, by using the HADP2– anion, a related
tetranuclear copper() complex, [Cu4(µ-HADP)2(NO3)2-
(bpy)2(H2O)2]2+, was prepared and involves a central eight-
membered macrocycle very similar to that of 3 (ADP =
adenosine 5�-diphosphate).[17]

The adenosine residues take anti–C2�–endo conformation
without any direct interaction with metal ions, but weak
intramolecular π–π stacking between the purine ring and
two bpy ligands is observed, as in complexes 8 and 9.[5,6]

The adenine–bpy and bpy–bpy intramolecular stacking in-
teractions in 3 (Figure 2c) enhance its stability and may pre-
vent coordination of the adenosine moieties to the metal
centers. In the lattice packing, the N-7 imino and the N-6
amino groups of the adenine base are hydrogen-bonded to
the same functional pair of ATP anchoring on the neigh-
boring molecule [N2···N10* = 2.870(6) Å, N5···N7* =
2.980(6) Å; the atoms with * are generated by a symmetry
operation of x – 1, y, z + 1], these hydrogen-bonding net-
works further stabilizing the ATP moieties trapped onto the
tetracopper() aggregation.

The temperature-dependent magnetic susceptibility data
for complex 3 are shown as plots of χM and µeff versus T
over a range of 4.5–300 K (Figure 3), indicating a very weak
antiferromagnetic interaction with µeff per Cu4 of 4.24 µB

(300 K) and 3.22 µB (4.5 K). The magnetic susceptibility
data were fitted by a theoretical expression derived from
the van Vleck equation with the J1 and J2 spin-exchange
coupling constants [Equation (1)] to afford the best-fitted
values of g = 2.33, J1 = –1.2 cm–1, and J2 = –3.1 cm–1. The
results clearly demonstrate that antiferromagnetic spin-ex-
change couplings are not effective in the triphosphate-
bridged dimer and interdimers, which was consistent with
the structural features involving no effective pathway for
metal-to-metal magnetic interactions.

Figure 3. Plots of magnetic susceptibility (χM) and µeff vs. T for 3.

Synthesis and Structure of [Cu4{µ-(IMP-H)}2(L)4(H2O)4]-
(NO3)2 [L = bpy (5), phen (6)]

The tetranuclear copper complexes 1a and 2 readily re-
acted with Na2[IMP] in water to yield green block-shaped
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crystals of [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2 [L = bpy
(5) 64%; phen (6) 26%], where the abbreviation of IMP-H
represents the N-1 deprotonated inosine 5�-monophosphate
trianion (Scheme 2). The IR spectral patterns of 5 and 6
are very similar, indicating the presence of IMP and nitrate
anions as well as the diimine ligands. The circular dichroism
spectra of 5 and 6 also resemble each other, suggesting in-
corporation of the nucleotide moieties into the tetranuclear
CuII centers. The ESI mass spectra for aqueous solutions
containing 5 and 6 exhibit divalent cationic peaks corre-
sponding to {Cu4(IMP-H)2(L)4}2+ at 783.16 for 5 (L = bpy)
and 831.14 for 6 (L = phen).

Scheme 2.

A detailed structure of 6 was determined by low-tem-
perature X-ray crystallography using a CCD detector. As
the present crystallographic structure for 6·21.5H2O is al-
most identical within the experimental errors to the struc-
ture for 6·14H2O reported by Bau,[8] except for the number
of identified solvent water molecules, we wish to describe
the structural features briefly as follows. An ORTEP plot
for the complex cation of 6 with the atomic numbering
scheme is given in Figure 4 and some selected bond lengths

Figure 4. ORTEP plot of 6 with hydrogen atoms omitted for clarity.
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and angles are listed in Table 2. In the complex cation of 6,
four {Cu(phen)(H2O)}2+ fragments are held together by
two inosine monophosphate anions to result in a pseudo-
C2-symmetrical structure [Cu1···Cu2 = 3.431(1) Å,
Cu1···Cu3 = 4.232(1) Å, Cu2···Cu4 = 4.254(1) Å]. Each in-
osine monophosphate moiety is deprotonated at the N-1
position of the nucleobase and bridges four CuII ions

Table 2. Selected bond lengths [Å] and angles [°] for complex 6.

Cu1–O5 1.943(4) Cu3–O18 1.922(4)
Cu1–O1 2.175(4) Cu2–O2 2.193(4)
Cu1–O21 1.980(4) Cu2–O11 1.955(4)
Cu1–N2 2.018(4) Cu2–N6 2.018(4)
Cu1–N11 2.010(5) Cu2–N13 2.010(4)
Cu1–N12 2.015(4) Cu2–N14 2.022(5)
Cu3–O3 2.225(4) Cu4–O4 2.227(5)
Cu3–O16 1.943(4) Cu4–O26 1.946(4)
Cu3–N7 2.021(5) Cu4–N3 2.042(5)
Cu3–N15 2.024(5) Cu4–N17 2.030(5)
Cu3–N16 2.023(5) Cu4–N18 2.017(5)
P1–O15 1.623(4) P2–O25 1.612(4)
P1–O16 1.534(4) P2–O26 1.531(4)
P1–O17 1.520(4) P2–O27 1.514(4)
P1–O18 1.508(4) P2–O28 1.502(4)
O11–C13 1.263(7) O21–C23 1.272(7)
N3–C13 1.365(7) N7–C23 1.367(7)
N3–C14 1.350(8) N7–C24 1.345(8)
O1–Cu1–O21 93.5(2) O2–Cu2–O11 91.8(2)
O1–Cu1–N2 92.9(2) O2–Cu2–N6 92.1(2)
O21–Cu1–N2 96.5(2) O11–Cu2–N6 95.8(2)
N11–Cu1–N12 82.1(2) N13–Cu2–N14 82.2(2)
O3–Cu3–O16 97.7(2) O4–Cu4–O26 99.7(2)
O3–Cu3–N7 99.0(2) O4–Cu4–N3 98.4(2)
O16–Cu3–N7 90.6(2) O26–Cu4–N3 92.9(2)
N15–Cu3–N16 81.5(2) N17–Cu4–N18 81.7(2)
O15–P1–O16 101.6(2) O25–P2–O26 101.1(2)
Cu2–O11–C13 127.3(4) Cu1–O21–C23 125.6(3)
Cu3–O16–P1 131.5(3) Cu4–O26–P2 129.1(2)
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through the deprotonated N-1 nitrogen atom [Cu3–N7 =
2.021(5) Å, Cu4–N3 = 2.042(5) Å], the oxygen atom at C-6
position [Cu1–O21 = 1.980(4) Å, Cu2–O11 = 1.955(4) Å],
the N-7 nitrogen atom [Cu1–N2 = 2.018(4) Å, Cu2–N6 =
2.018(4) Å], and the monodentate phosphate oxygen atom
[Cu3–O16 = 1.943(4) Å, Cu4–O26 = 1.946(4) Å]. There is
no interaction between the -ribose units and the metal
centers. All four CuII ions take an [N3O2] square-pyramidal
coordination geometry with the water at its apical site (av.
Cu–O = 2.205 Å). The structural features are essentially
identical to those already reported.[8]

Figure 5. ORTEP diagrams for (a) the tetracopper() unit, [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4(H2O)2]3+, and (b) the polymer part,
{[Cu{µ-(UMP-H)}(bpy)(H2O)]–}n, of 7. Hydrogen atoms are omitted for clarity and hydrogen-bonding interactions are indicated by
dotted thin lines.
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Transformation of 1b to [Cu{µ-(UMP-H)}(bpy)(H2O)]2-
[Cu4(µ-OH){µ-(α-D-Glc-1P)}2(bpy)4(H2O)2]Cl (7)

When complex 1b was treated with uridine 5�-mono-
phosphate disodium salt (Na2[UMP]) in water, blue crystals
formulated as [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH)-
{µ-(α--Glc-1P)}2(bpy)4(H2O)2]Cl (7) were obtained in
moderate yield (30%) (Scheme 3), which were characterized
by elemental analysis, IR, UV/Vis, and CD spectroscopic
data, and X-ray crystallographic analysis. The X-ray crystal
structure revealed that compound 7 is composed of a dis-
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Table 3. Selected bond lengths [Å] and angles [°] for complex 7.[a]

Cu1–O1 1.911(5) Cu3–O3 2.360(7)
Cu1–O17 1.967(7) Cu3–O26 1.917(7)
Cu1–O19* 2.455(6) Cu3–N5 2.015(9)
Cu1–N1 1.988(9) Cu3–N6 1.997(9)
Cu1–N2 2.005(9) Cu3–N8** 2.033(8)
Cu2–O2 2.270(9) P2–O25 1.598(8)
Cu2–O18 1.961(7) P2–O26 1.517(8)
Cu2–O19* 1.938(6) P2–O27 1.520(7)
Cu2–N3 2.007(8) P2–O28 1.523(7)
Cu2–N4 2.003(8) O20–C2 1.27(1)
P1–O11 1.608(7) O21–C1 1.25(1)
P1–O17 1.512(8) N8–C1 1.33(1)
P1–O18 1.517(8) N8–C2 1.38(1)
P1–O19 1.534(6)
O1–Cu1–O17 90.7(3) O3–Cu3–O26 93.9(3)
O1–Cu1–O19* 99.6(3) O3–Cu3–N5 86.5(3)
O1–Cu1–N1 97.5(3) O3–Cu3–N6 109.4(3)
O1–Cu1–N2 165.9(4) O3–Cu3–N8** 97.1(3)
O17–Cu1–O19* 89.1(2) O26–Cu3–N5 171.5(3)
O17–Cu1–N1 171.4(3) O26–Cu3–N6 91.0(3)
O17–Cu1–N2 92.0(3) O26–Cu3–N8** 92.3(3)
O19*–Cu1–N1 87.0(3) N5–Cu3–N6 80.9(4)
O19*–Cu1–N2 94.3(3) N5–Cu3–N8** 96.1(3)
N1–Cu1–N2 80.6(4) N6–Cu3–N8** 153.0(3)
O2–Cu2–O18 95.7(3)
O2–Cu2–O19* 95.2(3)
O2–Cu2–N3 95.6(3)
O2–Cu2–N4 99.0(3)
O18–Cu2–O19* 91.9(3)
O18–Cu2–N3 166.9(3)
O18–Cu2–N4 90.5(3)
O19*–Cu2–N3 93.8(3)
O19*–Cu2–N4 165.3(3)
N3–Cu2–N4 81.1(3)
O11–P1–O17 108.6(4) O25–P2–O26 107.2(4)
O11–P1–O18 105.1(4) O25–P2–O27 102.5(4)
O11–P1–O19 103.8(4) O25–P2–O28 108.1(4)
O17–P1–O18 112.5(4) O26–P2–O27 114.6(4)
O17–P1–O19 112.4(4) O26–P2–O28 109.5(4)
O18–P1–O19 113.6(4) O27–P2–O28 114.2(4)
Cu1–O1–Cu1* 122.0(6)
Cu1–O19*–Cu2 104.2(2)

[a] Symmetry equivalents: *: –x + 1, y, –z; **: –x + 1/2, y + 1/2,
–z – 1.

Scheme 3.
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crete tetranuclear [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4-
(H2O)2]3+ cation (Figure 5a), a coordination polymer with
a [Cu{µ-(UMP-H)}(bpy)(H2O)]– monoanionic unit (Fig-
ure 5b), and a chloride anion, in a 1:2:1 ratio. Selected bond
lengths and angles are listed in Table 3.

In the polymeric structure of {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n (Figure 5b), the uridine 5�-monophosphate
moieties are deprotonated at the N-3 position of the nucleo-
base to form the [UMP-H]3– trianions, which connect mo-
nonuclear CuII ions through the N-3 deprotonated nitrogen
atom [Cu3–N8** = 2.033(8) Å] and the phosphate oxygen
atom in a monodentate fashion [Cu3–O26 = 1.917(7) Å].
The Cu3···Cu3** interatomic distance is 12.170(2) Å. The
CuII center is further ligated by two nitrogen atoms of bpy
[Cu3–N5 = 2.015(9) Å, Cu3–N6 = 1.997(9) Å] and a water
oxygen atom [Cu3–O3 = 2.360(7) Å] to complete a square-
pyramidal [N3O2] coordination geometry. The Cu atom de-
viates toward the apical O3 atom by 0.224(4) Å from the
basal mean plane, and consequently the geometrical struc-
ture is deformed, with a τ value of 0.31.[18] On the basis of
the N–C and O–C bond lengths, the negative charge gener-
ated upon N-3 deprotonation should be delocalized in the
neighboring O-4 and O-2 oxygen atoms, and notably, the
O-4 oxygen atom is hydrogen-bonded to the apical water
ligand [O3···O20** = 2.76(1) Å], and the O-2 oxygen atom
weakly interacts with the Cu ion at the sixth semi-coordina-
tion site [Cu3···O21** = 2.732(7) Å]. These structural fea-
tures may contribute to fix the uracil base orientation with
respect to the copper center. The polymeric structure is fur-
ther supported by the intrapolymer hydrogen-bonding in-
teraction between the two hydroxy groups of the -ribofur-
anosyl unit and the two oxygen atoms of the phosphate
group [O22···O27** = 2.68(1) Å, O23···O28** = 2.57(1) Å].
The overall structure of the polymer possesses a C2-helical
symmetry along the b axis, as illustrated in Figure 6.

Figure 6. Perspective drawing for a part of the packing structure of
7 viewed vertically to the b-axis, showing the stacking interactions
between the bpy ligands bound to the polymeric and the tetranu-
clear CuII units.

The tetracopper() complex cation (Figure 5a), [Cu4(µ-
OH){µ-(α--Glc-1P)}2(bpy)4(H2O)2]3+, has a crystallo-
graphically imposed C2 symmetry with the axis passing
through the O1 atom and the middle point between the Cu1
and Cu1* atoms, and is comprised of four CuII ions bridged
by a hydroxo and two α--glucose-1-phosphate dianions to-
gether with auxiliary ligations of four bpy and two water
molecules. The tetracopper framework is trapezoidal in
which the upper two Cu atoms are connected by µ-OH and
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two µ-1,3-OPO� bridges, the basal two Cu atoms by two µ-
1,3-OPO� bridges, and the upper and basal Cu pairs by µ-
1,1-O and µ-1,3-OPO� bridges of the phosphate groups
[Cu1···Cu1* = 3.342(3) Å, Cu1···Cu2 = 3.480(2) Å,
Cu2···Cu2* = 4.366(2) Å]. An intramolecular π–π stacking
interaction between the bpy ligands bound to the upper and
basal metal ions is observed, as in complex 2 with phen
ligands. The structure is essentially similar to those ob-
served in the crystal structure of 2,[13] except the C2-chiral
structures of the {Cu4(µ-OH)(µ-PO4)2(L)4(H2O)2} core de-
pending on the orientation of sugar pendants. Without any
chiral molecules other than the sugar phosphate as in 2,
two enantiomeric structures arose (Figure 1b, c) presumably
to avoid steric repulsive interaction between the sugar pen-
dants and phen moieties and to increase the π–π stacking
stabilization of phen ligands. In the present case of 7, the
observed C2 configuration is Λ with downward orientation
of the sugar pendants; the C-6 hydroxymethyl groups of the
sugar residues are away from the upper Cu2(µ-OH) unit.
Namely, only one C2-chiral structure of the tetracopper
complex cation is stabilized through interaction with the
coordination polymers containing the chiral biomolecule
UMP linkers. As shown in Figure 6, the {[Cu{µ-
(UMP-H)}(bpy)(H2O)]–}n coordination polymers adopt a
C2-helical secondary structure along the b-axis with a pitch
of 11.866(2) Å, and between the polymers, the tetracop-
per() cations are well trapped, with an intermolecular π–π
stacking interaction between the bpy ligands and their C2-
chiral configuration regulated to be Λ. The present struc-
tural system could be regarded as an interesting chiral
transfer mechanism mediated not by direct hydrophilic in-
teraction between the chiral nucleotide and sugar phos-
phate, but by amplified hydrophobic stacking interaction
between the bpy ligands.

Conclusions

The present study revealed that tetracopper() com-
plexes, [Cu4(µ-OH){µ-(α--Glc-1P)}2(L)4(H2O)2]3+ [L =
bpy (1), phen (2)], were readily transformed into different
types of nucleotide-containing coordination compounds
with tetranuclear CuII aggregations, [Cu4(µ-ATP)2(bpy)4]
(3), [Cu4{µ-(IMP-H)}2(L)4(H2O)4]2+ [L = bpy (5), phen
(6)], and {[Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-
-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7). The structural analyses
for the obtained compounds provided molecular-based im-
portant information concerning the ternary systems with
CuII, nucleotide, and diimine ligand. In complex 3, the tri-
phosphate group of ATP exclusively assembles tetranuclear
CuII ions in an unprecedented fashion and the adenine nuc-
leobase is protected from metal binding by intramolecular
stacking with a bpy moiety and intermolecular hydrogen
bonding between the adenine base pairs. In addition, the
crystal structure of 7 interestingly demonstrated that the
C2-helical structure of the polymer {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n regulated the C2-chiral structure of the tet-
ranucler CuII complex cation, [Cu4(µ-OH){µ-(α--
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Glc-1P)}2(bpy)4(H2O)2]3+, through inter- and intramolecu-
lar bpy–bpy stacking interactions.

Experimental Section
Materials: All reagents were of the best commercial grade and used
as received. Complexes 1a·10H2O, 1b·14H2O, and 2·6H2O were
prepared according to the methods already reported.[13] The follow-
ing abbreviations are used: adenosine 5�-triphosphate disodium
salt, Na2[H2ATP]; uridine 5�-monophosphate disodium salt,
Na2[UMP]; inosine 5�-monophosphate disodium salt, Na2[IMP].

Measurements: Electronic absorption spectra were recorded with a
Shimadzu UV-3100 spectrometer and circular dichroism spectra
with a Jasco J-720 spectropolarimeter. IR spectra were measured
in KBr pellets with a Jasco FTIR 410 spectrometer. The electro-
spray mass spectra were recorded with an Applied Biosystems
model Mariner. Variable-temperature magnetic susceptibility mea-
surements were carried out with an MPMS-5S Quantum Design
SQUID magnetometer over a range of 4.5–300 K and the obtained
magnetic susceptibility data were corrected for diamagnetism using
Pascal’s constants. Considering an idealized Ci-symmetrical struc-
ture of 3, the four exchange parameters, J1–J4, were introduced to
simplify the Heisenberg spin exchange Hamiltonian to H =
–2J1(S1·S3 + S2·S4) – 2J2S1·S2 – 2J3(S1·S4 + S2·S3) – 2J4S3·S4,
where J3 and J4 were set to zero because of their long interatomic
distances.

The magnetic susceptibility data were fitted by a theoretical expres-
sion derived from the van Vleck equation with the resulting energy
matrix [Equation (1)], in which A = J1 + (1/2)J2, B = –J1 +
(1/2)J2, C = –(1/2)J2 – (J1

2 + J2
2)1/2, D = –(1/2)J2 + (J1

2 + J2
2)1/2,

and E = (4J1
2 + J2

2 – 2J1J2)1/2. The values of p (ratio of paramag-
netic impurity) and Nα (temperature-independent paramagnetism)
were estimated to be 0 and 60×10–6 emumol–1 per CuII ion, respec-
tively.

(1)

Preparation of [Cu4(µ-ATP)2(bpy)4]·15H2O (3·15H2O): Na2[H2-
ATP] (32 mg, 0.058 mmol) in CH3OH (3 mL) was added to an
aqueous solution (5 mL) of 1a·10H2O (50 mg, 0.027 mmol). The
reaction mixture was stirred at room temperature for 12 h, and was
concentrated under reduced pressure to about 1 mL. Slow concen-
tration of the solution afforded block-shaped blue crystals of
[Cu4(µ-ATP)2(bpy)4]·15H2O (3·15H2O) in 56% yield (33 mg),
which were collected and dried under vacuum. C60H90Cu4N18O41P6

(2159.50): calcd. C 33.37, H 4.20, N 11.67; found C 33.62, H 4.15,
N 11.49. IR (KBr): ν̃ = 3366 (br), 1653 (w), 1603 (m), 1448 (w),
1248 (s), 1100 (s), 985 (m), 906 (w) cm–1. UV/Vis (H2O): λmax (ε)
= 680 (1.93×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 744
(–1.27×10–1), 597 (8.15×10–2 –1 cm–1) nm.
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Preparation of [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2·nH2O (5: L =
bpy, n = 15; 6: L = phen, n = 20): Complex 1a·10H2O (61 mg,
0.030 mmol) was dissolved in H2O (10 mL) and a portion of
Na2[IMP] (28 mg, 0.070 mmol) was added to the solution. The re-
action mixture was stirred at room temperature for 12 h and was
concentrated under reduced pressure to about 2 mL. Slow concen-
tration of the solution afforded green crystals of [Cu4(µ-IMP)2-
(bpy)4(H2O)4](NO3)2·15H2O (5·15H2O), which were collected and
dried under vacuum (yield 64%, 44 mg). C60H92Cu4N18O41P2

(2037.62): calcd. C 35.37, H 4.55, N 12.37; found C 35.45, H 4.04,
N 11.92. IR (KBr): ν̃ = 3389 (br), 1604 (s), 1385 (s), 1109 (br), 977
(m), 771 (s) cm–1. UV/Vis (H2O): λmax (ε) = 671
(2.43×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 693
(7.00×10–1 –1 cm–1) nm. MS (ESI): m/z (%) = 783.16 [calcd. for
{Cu4(IMP-H)2(bpy)4}2+ 783.02]. A similar procedure but using
complex 2·6H2O (59 mg, 0.032 mmol) and Na2[IMP] (30 mg,
0.075 mmol) gave green crystals of [Cu4{µ-(IMP-H)}2(phen)4-
(H2O)4](NO3)2·20H2O (6·20H2O) in 26% yield (16 mg).
C68H102Cu4N18O46P2 (2223.78): calcd. C 36.73, H 4.62, N 11.34;
found C 36.76, H 4.61, N 11.57. IR (KBr): ν̃ = 3414 (br), 1608 (s),
1384 (s), 1106 (br), 980 (m), 772 (s) cm–1. UV/Vis (H2O): λmax (ε)
= 677 (3.01×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 692
(4.63×10–1 –1 cm–1) nm. MS (ESI): m/z (%) = 831.14 [calcd. for
{Cu4(IMP-H)2(phen)4}2+ 831.02]. The same compound with a dif-
ferent number of solvent water molecules, 6·14H2O, was prepared
according to a different procedure.[8]

Preparation of [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-D-
Glc-1P)}2(bpy)4(H2O)2]Cl·9H2O (7·9H2O): A portion of Na2-
[UMP] (28 mg, 0.076 mmol) was added to an aqueous solution
(5 mL) containing 1b·14H2O (106 mg, 0.059 mmol). After stirring
for 12 h, the solution was concentrated under reduced pressure to
about 2 mL. Slow concentration of the solution afforded blue crys-
tals of [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α--Glc-
1P)}2(bpy)4(H2O)2]Cl·9H2O (7·9H2O), which were collected and
dried under vacuum (yield 30% based on Cu, 32 mg).
C90H117ClCu6N16O50P4 (2763.62): calcd. C 39.11, H 4.27, N 8.11;
found C 39.10, H 4.20, N 8.40. IR (KBr): ν̃ = 3400 (br), 1637 (s),
1447 (s), 1117 (br), 986 (m), 774 (m) cm–1. UV/Vis (H2O):

Table 4. Experimental and crystallographic data for 3·20.5H2O, 6·21.5H2O, and 7·22H2O.

3·20.5H2O 6·21.5H2O 7·22H2O

Empirical formula C60H97Cu4N18O46.5P6 C68H103Cu4N18O47.5P2 C90H143ClCu6N16O63P4

Mr [gmol–1] 2254.55 2248.79 2997.81
Crystal system triclinic orthorhombic monoclinic
Space group P1 (No.1) C2221 (No. 20) C2 (No. 5)
a [Å] 10.9106(2) 19.3511(8) 33.349(1)
b [Å] 12.7652(4) 24.339(1) 11.8659(4)
c [Å] 17.4061(2) 40.127(2) 16.1861(5)
α [°] 76.852(6) 90 90
β [°] 72.075(6) 90 101.7562(4)
γ [°] 84.895(7) 90 90
V [Å3] 2245.7(1) 18899(1) 6270.7(4)
Z 1 8 2
T [°C] –120.0 –120 –120
µ(Mo-Kα) [cm–1] 11.49 10.28 11.76
Dcalcd. [g cm–3] 1.667 1.581 1.588
2θ range [°] 6 � 2θ � 55 6 � 2θ � 55 6 � 2θ � 55
No. of observations [I � 2σ(I)] 9142 9959 5794
No. of variables 1112 1118 395
R[a] 0.037 0.051 0.074
wR2

[b] 0.100 0.148 0.196
Gof 1.01 1.00 1.05

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σw(Fo
2)2}1/2.
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λmax (ε) = 658 (2.66×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 708
(–1.86×10–2), 601 (0.58×10–2), 465 (0.24×10–2 –1 cm–1) nm.

Crystallographic Studies: Slow concentration of aqueous solutions
afforded X-ray-quality crystals of 3·20.5H2O, 6·21.5H2O, and
7·22H2O, which were quickly coated with Paraton N oil and
mounted on a glass fiber at low temperature. Crystal data and ex-
perimental conditions are summarized in Table 4. All data were
collected at –120 °C with a Rigaku AFC8R/Mercury CCD dif-
fractometer equipped with graphite-monochromated Mo-Kα radia-
tion using a rotating-anode X-ray generator. A total of 2160 oscil-
lation images, covering the whole sphere of 2θ � 55°, were collected
with exposure rates of 120 (3, 6) and 128 (7) s/° by the ω-scan
method (–62° � ω � 118°) with ∆ω = 0.25°. The crystal-to-detec-
tor (70×70 mm) distance was set to 60 mm. The data were pro-
cessed using the Crystal Clear 1.3.5 program (Rigaku/MSC)[19] and
corrected for Lorentz polarization and absorption effects. The
structures of complexes 3, 6, and 7 were solved by direct methods
(SIR-92/97 for 3 and 7; DIRDIF94 Patty for 6),[20,21] and refined
on F2 with full-matrix least-squares techniques with SHELXL-93/
97.[22] In the refinement of 3, all non-hydrogen atoms, except the
solvent water oxygen atoms, were refined with anisotropic thermal
parameters. The solvent water O atoms were refined isotropically.
The carbon- and nitrogen-bound hydrogen atoms were placed in
ideal positions, and the hydrogen atoms of the -ribose hydroxy
groups were determined from difference Fourier syntheses (H atom
bound to O1 was not determined). All hydrogen atoms were fixed
in the refinement. In the refinement of 6, all non-hydrogen atoms,
except the nitrate anions and the solvent water oxygen atoms, were
refined with anisotropic thermal parameters. The solvent water O
atoms were refined isotropically. The two nitrate anions were disor-
dered and refined with the four-site model at special positions, each
possessing 0.5 occupancy. The carbon-bound hydrogen atoms were
placed at ideal positions, and the hydrogen atoms of the -ribose
hydroxy groups were determined from difference Fourier syntheses.
All hydrogen atoms were fixed in the refinement. In the refinement
of 7, the Cu, Cl, and P atoms were refined anisotropically and
other non-hydrogen atoms were refined with isotropic temperature
factors. The positions of C–H hydrogen atoms were calculated and
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were fixed in the refinement. The O–H hydrogen atoms were not
determined. The Cl atom is disordered at two positions with each
having 0.25 occupancy. The absolute configurations for the struc-
tures of 3, 6, and 7 were determined by using the chiral carbon
centers of the sugar moieties, α--glucose and/or -ribose units, as
internal references, which was further confirmed by consistency
with Flack parameters. All calculations were carried out with a
Pentium PC with the Crystal Structure package 3.6[23] and a Silicon
Graphics O2 station with the teXsan crystallographic software
package.[24] CCDC-239857 (for 3), -294065 (for 6), and -294066 (for
7) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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This microreview surveys some novel possibilities in the de-
sign of coordination polymers using the tetrahedral rhenium
cluster chalcocyanide complexes [Re4Q4(CN)12]4– (Q = S, Se,
Te) and 3d transition metals. The large number of cyano
groups in the cluster complexes [Re4Q4(CN)12]4–, their am-
bidentate character and their strong ability to form cyano-
bridged structures lead to the formation of a wide variety of

1. Introduction

Tetranuclear cluster complexes are well known for most of
the transition metals.[1–4] These compounds contain the
M4Q4 cluster core as the main structural fragment, which
can be represented as two interpenetrating M4 and Q4 tetra-
hedra. In these M4Q4 cluster cores, the inner µ3-Q ligands
are most often chalcogenide ions. In this paper we will re-
view only those tetrahedral rhenium cluster chalcocyanide
complexes that have the stoichiometry [Re4Q4(CN)12] (Q =
S2–, Se2– and Te2–) where each rhenium atom is additionally

Scheme 1.
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coordination polymers with different architectures that de-
pend on the reaction conditions. The diversity of the coordi-
nation environment of the transition metals has been used as
one of the most important factors to control the dimensional-
ity of the crystal structures of the target compounds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

coordinated by three outer-sphere CN ligands. Within the
framework of the ion-covalent model the formal oxidation
state of rhenium in similar clusters is 4+ (the d3 configura-
tion), therefore there are six covalent metal–metal bonds
in the Re4 tetrahedron (two electrons for each edge of the
tetrahedron).

Significant progress in the developing chemistry of Re4

cluster compounds was achieved after synthesis of the chal-
cogenide-halide clusters [Re4Q4(TeX2)4X8] (Q = S, Se, Te;
X = Cl;[5] Q = Te, X = Br[6]). The tellurium-containing com-
plex [Re4Te4(TeCl2)4Cl8] was prepared by the reaction of

ReCl5 with elemental tellurium at 350 °C. Complexes with
Q = S and Se were synthesised by the reaction of ReCl5
with mixtures of elemental tellurium and sulfur or sele-
nium, respectively, at 400 °C.
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Table 1. Labels for the CN ligand couples taking part in binding with transition metal cations.
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The [Re4Q4(TeCl2)4Cl8] compounds are insoluble both in

water and common organic solvents but readily react with
various compounds in aqueous solution or organic solvents
or even with the solvents themselves upon heating or occa-
sionally at room temperature. All such transformations pro-
ceed with the replacement of the outer-sphere ligands
(TeCl2 or Cl–) of the cluster complexes, resulting in the for-
mation of compounds with different outer ligands (fluoride,
polysulfide, thiocyanate, cyanide, acetamide, DMF etc.; see
Scheme 1).[7–12]

The cyanide complexes [Re4Q4(CN)12]4– are of particular
interest among these compounds. Due to their ambidentate
character, the CN groups can serve as bridging ligands to
give polymeric compounds of different dimensionalities.
Such an approach has been applied for the preparation of
coordination polymers based on Re6

[13–19] cluster chalcocy-
anides and very recently was successfully used for W6

[20]

and Nb6
[21–22] cyano complexes. Re4 cluster complexes have

12 CN ligands (three for each Re atom), in contrast to the
six CN ligands (one for each Re atom) in M6 cluster com-
plexes. This difference leads to a greater variety of coordi-
nation complexes of Re4 chalcocyanides with transition
metals. In recent years, we have carried out systematic stud-
ies of the synthesis of cyano-bridged coordination polymers
based on the tetrahedral rhenium cluster complexes
[Re4Q4(CN)12]4– (Q = S, Se or Te) and 3d metal complexes.
The use of polydentate ligands in the coordination sphere
of transition metals offers additional possibilities for con-
trolling the dimensionality of the resulting cyano-bridged
compounds.

For the convenience of structure description in cases
where two transition metal cations are coordinated by one
cluster anion we offer the following labels for the CN ligand
couples that take part in binding (Table 1).

One of the important experimental factors for the reac-
tions mentioned below is the reaction medium. The com-
pounds described in this review were obtained either in
aqueous solution or in aqueous ammonia solution.

2. The Interaction of [Re4Q4(CN)12]4– Anions
with Aqua Complexes of Transition Metals

The reaction of water solutions of K4[Re4Te4(CN)12] and
CuCl2 in a gel based on sodium silicate leads to the cluster
complex [Cu4(µ3-OH)4][Re4(µ3-Te)4(CN)12] (1).[23] The
structure of this compound contains layers built up from
tetranuclear [Cu4(µ3-OH)4]4+ cations and [Re4Te4(CN)12]4–

cluster anions (Figure 1). Eight of the twelve CN– ligands
of the cluster anion coordinate copper atoms in the layer;
the four remaining CN– ligands are directed perpendicular
to the layer and are bonded to the OH groups of cations
from adjacent layers. In the [Cu4(µ3-OH)4]4+ cation, which
is synthesised by a self-assembly reaction, the four copper
atoms and four OH– groups form a cubane-like structure
with two short and four long Cu–Cu distances of 2.99 and
3.18 Å, respectively.
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Figure 1. a) The covalent layer in 1 (projection along the ab plane).
b) The packing of the layers (projection along the ac plane). Hydro-
gen atoms have been omitted for clarity in this figure and others.

If the reaction of K4[Re4Te4(CN)12] and CuCl2 is carried
out in 1  hydrochloric acid solution the three-dimensional
cluster complex [{Cu(H2O)2}{Cu(H2O)2}Re4Te4(CN)12] (2)
is formed.[11] There are two copper cations with different
coordination environments in the structure of this com-
pound. The Cu1 cation is coordinated by four nitrogen
atoms of CN groups and by two oxygen atoms of water
molecules to form a two-dimensional network in which the
cluster units are linked through Re–C�N–Cu–N�C–Re
bridges, whereas the Cu2 cation is coordinated by two nitro-
gen atoms of CN groups and two oxygen atoms of water
molecules to give a square-planar environment of the Cu2
atoms (Figure 2). The Cu2 cation bridges two-dimensional
networks to give a complicated three-dimensional packing.

The ions Cd2+ and Mn2+ give two related cluster com-
plexes, namely [{Cd(H2O)2}{Cd(H2O)4}Re4Te4(CN)12] (3)
and [{Mn(H2O)2}{Mn(H2O)4}Re4Te4(CN)12] (4).[11] They
are isostructural to the copper complex 2 although, unlike
the Cu2 cation, Cd2 and Mn2 demand an octahedral envi-
ronment. Such a coordination preference results in disor-
dering of the M2 cations over two crystallographically
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Figure 2. A fragment of the crystal structure of compound 2.

equivalent positions with equal contributions in complexes
3 and 4. This cation is coordinated by two nitrogen atoms
of CN groups and four oxygen atoms of water molecules.
M2–M2 dimers are present in the structure, with two water
molecules and a cluster anion coordinated as bridges (Fig-
ure 3).

Figure 3. The M(2)···M(2) dimers in the structures of 3 and 4. The
second, disordered positions of M(2) are shown by dashed bond
lines.

3. The Interaction of [Re4Q4(CN)12]4– Anions
with Amino Complexes of Transition Metals

The interaction of cluster anions with amino complexes
of metal cations such as Ni2+, Cd2+ and Cu2+ gives different
products to those obtained with aqua complexes.

The compound [{Ni(NH3)5}2{Re4Te4(CN)12}]·3.4H2O
(5) was prepared from NiCl2 and K4[Re4Te4(CN)12] in
aqueous ammonia solution.[24] The molecular structure of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2533–25492536

this compound contains two [Ni(NH3)5]2+ cations bonded
to one cluster anion through the nitrogen atoms of the gem-
CN groups. The coordination polyhedron of the Ni atoms
is practically a regular octahedron (Figure 4).

Figure 4. View of the [{Ni(NH3)5}2Re4Te4(CN)12] molecule in 5.

The use of CdSO4 instead of NiCl2 leads to the for-
mation of a compound formulated as [{Cd(NH3)5}-
{Cd(NH3)3}{Re4Te4(CN)12}]·4H2O (6).[24] This compound
contains two types of cations: a terminal [Cd(NH3)5]2+ cat-
ion and a bridging [Cd(NH3)3]2+ one. Whereas the
[Cd(NH3)5]2+ cations are coordinated by only one cyanide
group, the [Cd(NH3)3]2+ cations are coordinated by three
CN groups of different cluster anions to form a chain-like
structure (Figure 5).

Figure 5. A fragment of the crystal structure of 6.

The reaction of aqueous K4[Re4Q4(CN)12] solutions with
an ammonia solution of CuCl2 give the complexes
[{Cu(NH3)3}2{Re4Q4(CN)12}]·nH2O [Q = S (7), Se (8)]
(Figure 6) and [{Cu(NH3)3}1.7{Cu(NH3)4}0.3Re4Te4(CN)12]
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(9).[25] In compounds 7 and 8 the [Re4Q4(CN)12]4– cluster
units are linked by cyanide bridging ligands through
[Cu(NH3)3]2+ to give chains that extend along the c axis. In
the case of Q = Te these chains have a discrete character
because some of the copper atoms are coordinated by four
ammonia molecules (Figure 7). These copper cations have
a distorted square-pyramidal coordination environment
formed by three ammonia molecules and the N atom of the
CN ligand in the equatorial plane, and additionally by the
N atom of the CN ligand in the apical position.

Figure 6. A fragment of the crystal structure of compound 7.

Figure 7. Disordering of the Cu atoms over two positions in the
crystal structure of compound 9.

Compounds 7–9 have a one-dimensional topology sim-
ilar to 6. However, there are several differences. For in-
stance, the Cd atoms have an octahedral coordination envi-
ronment whereas the Cu atoms have a square-pyramidal
environment, and in 6 only half of the Cd atoms are bridged
linking three clusters at once.

The reaction of an aqueous K4[Re4Te4(CN)12]·5H2O
solution with a ZnCl2 ammonia solution leads to formation
of [{Zn(H2O)2}{Zn(H2O)4}Re4Te4(CN)12] (10), which has
a structure similar to that of compounds 3 and 4. Com-
pound 10 dissolves when ammonia is added and can be
recrystallised by removing this ammonia.[26]

Thus, the formation of compounds 5–9 can be consid-
ered as stages in the formation of 2–4. In this scheme, the
polymeric complex 10 is the final product.

4. The Interaction of [Re4Q4(CN)12]4– Anions
with Amino Complexes of Transition Metals in
the Presence of Polydentate N-Donor Ligands

One of the most convenient and effective ways to change
the dimensionality of structures is by using polydentate li-
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gands, which can effectively block coordination sites around
the transition metal cations and thus control the number
of coordination sites available for binding with CN groups.
Partial or complete blocking of coordination sites allows
the directional regulation of structure dimensionality. A
wide assortment of polydentate ligands having N-donor
atoms, such as ethylenediamine (en), diethylenetriamine
(dien), triethylenetetraamine (trien) and threo-tetraami-
nobutane (threo-tab), have been used for such a purpose.
These ligands can block two, three or four coordination
sites around the transition metal, and also can behave as
bridges.

4.1. Complexes with Ethylenediamine

The interaction of M2+ transition metal cations having
different coordination numbers [n = 6 (Ni, Zn, Cu) and 5
(Cu)] with bidentate ethylenediamine in water or aqueous
ammonia solution leads to the formation of complexes with
different M/en ratios. This can be described by the stepwise
complex formation shown in Equations (1), (2) and (3) (L
= H2O, NH3).

[MLn]2+ + en � [MLn–2(en)]2+ + 2L (1)

[MLn–2(en)]2+ + en � [MLn–4(en)2]2+ + 2L (2)

[MLn–4(en)2]2+ + en � [M(en)3]2+ + 2L (3)

Generally, all cationic forms coexist simultaneously in
solution and can interact with cluster anions to give com-
pounds of different stoichiometry. The predominance of
one form or another depends on the ligand concentration,
i.e. the M/en ratio in solution, and the stability constants
of the corresponding complexes; the form that reacts with
the cluster anion to give the solid depends on these factors
and its solubility too.

4.1.1. Compounds Containing [Mln–2(en)]2+

The interaction of K4[Re4Se4(CN)12] with an equimolar
mixture of CuCl2 and en in aqueous ammonia solution
leads to the formation of [{Cu(en)}{Cu(NH3)(en)}-
Re4Se4(CN)12]·5H2O (11)[27] in which the chemical form
[CuL3(en)]2+ (L = CN and NH3; n = 5) is observed. There
are two copper cations in the structure of this compound,
both of which have a distorted square-pyramidal environ-
ment but different coordination compositions. The Cu1 cat-
ion is coordinated by two amino groups of an en molecule
and three nitrogen atoms of CN ligands of different cluster
anions, whereas Cu2 bridges only two cluster anions so it
is coordinated by two N atoms of CN ligands, en and am-
monia molecules. As a result this compound has a compli-
cated polymeric structure in which two infinite chains di-
rected along b axes are linked through Re–CN–Cu1 bridges
(Figure 8).
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Figure 8. A fragment of the structure of complex 11.

4.1.2. Compounds Containing a Mixture of [MLn–2(en)]2+

and [MLn–4(en)2]2+

A mixture of chemical forms corresponding to the first
and the second steps of complex formation, in a 1:1 ratio,
was observed in complexes [Ni(NH3)4(en)][{Ni(NH3)-
(en)2}Re4Te4(CN)12]·2H2O (12) and [Zn(NH3)2(en)2]-
[{Zn(NH3)2(en)}Re4Te4(CN)12]·H2O (13) (L = NH3 and
CN).

Compound 12 was obtained from an aqueous ammonia
solution containing K4[Re4Te4(CN)12], NiCl2 and ethyl-
enediamine (Ni/en ratio of 1:1.5).[28] The structure of 12
is ionic, with an [Ni(NH3)4(en)]2+ cation and an
[{Ni(NH3)(en)2}Re4Te4(CN)12]2– anion (Figure 9). The
[Ni(NH3)4(en)]2+ cation corresponds to the [MLn–2(en)]2+

chemical form in Equation (1) for an octahedral environ-
ment. At the same time, the [{Ni(NH3)(en)2}Re4Te4-
(CN)12]2– anion can be described as the result of substitu-
tion of an ammonia molecule by the [Re4Te4(CN)12]4– clus-
ter anion in the coordination environment of a cis-[Ni-
(NH3)2(en)2]2+ complex cation.

Compound 13 also has an ionic structure, with an cis-
[Zn(NH3)2(en)2]2+ cation corresponding to the [MLn–4-
(en)2]2+ (n = 6) chemical form and a [{Zn(NH3)2-
(en)}Re4Te4(CN)12]n2n– anion, which has a zigzag chain-like
structure (Figure 10).[26] Once again, the anion formation
can be viewed as the result of substitution of cis-ammonia
molecules by nitrogen atoms of two different cluster anions
in the [MLn–2(en)]2+ chemical form.

It should be noted that only these two compounds out
of the whole series of tetrahedral rhenium cluster complexes
including [MLn–4(en)2]2+ units contain cis-[ML2(en)2]2+ cat-
ions. An analysis of the structural data of all compounds
deposited in the CCDC (CSD v.5.25) shows that the
number of trans-[ML2(en)2]2+ complexes is much higher
than that of cis-[ML2(en)2]2+ complexes. Apparently, trans-
[ML2(en)2]2+ complexes are energetically more stable than
the cis-[ML2(en)2]2+ form. However, the isolation of this
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Figure 9. Structure of the complex [Ni(NH3)4(en)]2+ cation (a) and
the [{Ni(NH3)(en)2}Re4Te4(CN)12]2– anion (b) in compound 12.

Figure 10. A fragment of structure of 13.

form from solution has proved to be possible upon crystalli-
sation with cluster anions.

4.1.3. Compounds Containing Only [MLn–4(en)2]2+

All compounds synthesised in the presence of ethylenedi-
amine with an M/en ratio of 1:2 contain trans-[MLn–4(en)2]
units. Such complexes are known with bridging {M(en)2}
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(M = Ni2+, Cu2+ and Zn2+) groups or terminal {Cu(en)2}
(n = 5) groups coordinated to CN ligands of the cluster
anion.

The compound [{Cu(en)2}2Re4S3.83Te0.17(CN)12]·H2O
(14) has a polymeric grid structure in which the [Re4-
S3.83Te0.17(CN)12]4– cluster anions are situated at the cross-
points of this lattice and are linked by [Cu(en)2]2+ cationic
units, as depicted in Figure 11. Each Cu atom in the cat-
ionic part has a [4+2] coordination environment: it is coor-
dinated by four NH2 groups of two ethylenediamine units
in the equatorial plane and by two N atoms of CN ligands
of different cluster anions with longer Cu–N distances
(2.367 and 2.759 Å).[29]

The isostructural compounds [{Ni(en)2}2Re4Se4(CN)12]·
3.25H2O (15)[18] and [{Zn(en)2}2Re4S3.60Te0.41(CN)12]·
3.75H2O (16)[29] have a polymeric grid structure with
[Re4Q4(CN)12]4– cluster anions at the cross-points and
[M(en)2]2+ moieties on the edges (Figure 12). However, two
of these lattices are arranged differently. In the case of 14
four CN groups of two rhenium atoms (2+2) take part in
binding; whereas in of 15 and 16 four CN ligands belonging
to three Re atoms (2+1+1) of the cluster anion are involved
in formation of the polymeric structure. In this context, the
different bridging modes have a crucial influence on the
packing characteristics. The bent bridging modes in 14 re-
sult in the formation of wavy layers (Figure 13, a), whereas
the tentatively flat binding of 15 and 16 generates approxi-
mately planar layers (Figure 13, b).

Figure 11. A fragment of the layer in compound 14.
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The compound of composition [Ni(NH3)2(en)2][{Ni-
(en)2}3{Re4Te4(CN)12}2]·38H2O (17) was obtained under
the same reaction conditions as those of 15. However, the
structure of this compound differs dramatically. Figure 14
shows the structure of the [{Ni(en)2}3{Re4Te4(CN)12}2]2–

anion, in which [Re4Te4(CN)12]4– clusters are linked by
{Ni(en)2}2+ units to form hexagonal layers. There are two
types of channels in this structure: large hexagonal and
smaller triangular ones, which are filled with water mole-
cules and [Ni(NH3)2(en)2]2+ counterions. The volume of the
large cavity is 1590 Å3 and the volume of each of the two
smaller ones is 640 Å3. The total available volume for sol-
vent per unit cell is 2870 Å3, corresponding to about 37%
of the unit cell volume. Compound 17 is the first example
of a highly porous structure derived from the tetrahedral
Re4Q4 cluster core. The en molecules coordinated to the Ni
atoms make the framework in 17 robust and prevent its
collapse after dehydration. Indeed, powder diffraction stud-
ies of samples left in air for weeks at room temperature and
after heating to 120 °C (a temperature at which the material
is completely dehydrated according to thermal analysis)
indicate that the original crystal structure remains essen-
tially unchanged. The walls of the large channels of the
framework in 17 are decorated by twelve N atoms from the
terminal CN ligands of the [Re4Te4(CN)12]4– cluster anion
in every sheet. This feature makes this robust framework
an attractive matrix for inclusion of molecules or ions of
corresponding size and shape based on “host–guest” prin-
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Figure 12. A fragment of the layer in compound 15.

Figure 13. Views of the stacking of layers in 14 (a) and 16 (b) using
a stick model.

ciples. The N atoms directed into the channel are able to
form both covalent bonds, with any N-acceptor atoms such
as transition metals, and hydrogen bonds, with H-contain-
ing molecules such as alcohols, to guest molecules.[30] Ap-
parently, the reason for formation of such differently ar-
ranged structures as that of 15 and 17 is the different cluster
core composition (Re4Se4 in 15 and Re4Te4 in 17).
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Figure 14. View down the c axis of the crystal packing of the
[{Ni(en)2}3{Re4Te4(CN)12}2]2– polymeric anion in 17.

The use of [Cu(en)2Cl2] instead of [Ni(en)2Cl2], which
was used for the synthesis of 15 and 17, gives the formation
of the molecular compounds [{Cu(en)2}2Re4Q4(CN)12]·
5H2O [Q4 = Te4 (18),[31] STe3 (19)[32]], which have different
structures. In these compounds the [Re4Q4(CN)12]4– cluster
anions are coordinated by two {Cu(en)2}2+ units in oppo-
site directions (Figure 15). To put it another way, every
trans-{Cu(en)2} unit is linked to only one CN ligand of the
cluster anion, which means that n in this case is equal to 5;
this results in the formation of a molecular structure.
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Figure 15. View of the [{Cu(en)2}2Re4Te4(CN)12] molecule in 18.

Thus, the interaction of [Re4Q4(CN)12]4– (Q = S, Se, Te)
cluster anions with Ni2+, Cu2+ and Zn2+ metal cations in
the presence of a chelate ligand such as ethylenediamine
leads to the formation of compounds with various struc-
tures made up of cluster anions and cationic units corre-
sponding to the different chemical forms that coexist in
solutions containing a transition metal salt and en.

4.2. Complexes with Diethylenetriamine

The diethylenetriamine ligand can block one, two or
three coordination sites around a transition metal cation. It
can also bridge two cations. Table 2 shows the labels of
three different coordination modes of the dien molecule.

Table 2. Labels of the coordination modes of the dien molecule.

All three coordination modes have been found in com-
plexes containing tetrahedral chalcocyanide rhenium cluster
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anions and transition metal cations bonded with dien. The
(1,2,3)-coordination mode is present in all compounds but
the bridging mode only exists in compounds with a dien/M
molar ratio greater than 1. A possible reason for this situa-
tion is that the K1 stability constant of [M(dien)]2+ (M =
Ni, Cu and Zn) is higher than the K2 constant.

4.2.1. Complexes with Only the (1,2,3)-Coordination Mode

Five complexes containing {MLn–3(dien)} cationic units
(where L is either ammonia molecules or nitrogen atoms of
CN ligands) have been obtained by the reaction of M2+

cations (M = Ni, Cu or Zn) with [Re4Q4(CN)12]4– (Q = S,
Se, Te) cluster anions in the presence of diethylenetriamine
(M/dien = 1:1) in aqueous ammonia solution.

The [Ni(NH3)3(dien)]2+ chemical form was observed in
the ionic compound [Ni(NH3)3(dien)]2[Re4Se4(CN)12]·
5.5H2O (20), which contains fac-[Ni(NH3)3(dien)]2+ cations
(Figure 16). The compound [{Ni(NH3)2(dien)}2Re4Te4-
(CN)12]·2.5H2O (21) can be considered the result of an am-
monia molecule substitution in a fac-[Ni(NH3)3(dien)]2+

cationic unit by the nitrogen atom of a CN ligand (Fig-
ure 17).[28]

Figure 16. Structure of the complex [Ni(NH3)3(dien)]2+ cation in
compound 20.

Figure 17. View of the [{Ni(NH3)2(dien)}2Re4Te4(CN)12] molecule
in 21.

At the same time, the formation of compounds
[{Cu(NH3)(dien)}2Re4S3.64Te0.36(CN)12]·3H2O (22)[29] and
[{Cu(NH3)(dien)}2Re4Se4(CN)12]·2.5H2O (23)[33] can be
presented as the result of coordination of a CN ligand to a
[Cu(NH3)(dien)]2+ unit with a square-planar structure. The
structures of 22 and 23 have only one distinction: in the
case of 22 gem-CN ligands are bonded to two cationic units,
whereas in 23 these bridging ligands have an ortho orienta-
tion (Figure 18).
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Figure 18. View of the [{Cu(dien)(NH3)}2Re4S3.45Te0.55(CN)12]
molecule in compound 22 (a) and [{Cu(dien)(NH3)}2Re4Se4-
(CN)12] molecule in compound 23 (b).

The next step of complication can be viewed in
[{Cu(dien)}2Re4Te4(CN)12]·9H2O (24).[27] This compound
has a chain-like structure in which the cluster anions are
linked to each other through two complex {Cu(dien)}2+ cat-
ions. An alternation of the -2Cu(dien)-cluster-2Cu(dien)-
fragments gives rise to a coordination-chain polymer whose
structure is shown in Figure 19. Thus, the formation of this

Figure 20. Chain fragment of the structure of compound 25.
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compound can be considered as a two-step process. First,
the molecular complex [{Cu(NH3)(dien)}2Re4Te4(CN)12],
similar to that described for 22, is formed, and in the next
step these molecular units are condensed by means of sub-
stitution of an ammonia molecule in the equatorial plane
of the copper cation by a nitrogen atom from an adjacent
cluster anion.

Figure 19. A fragment of the chain in structure of 24.

We have described above analogous chain structures for
compounds 7 and 8 in which the cluster anions are linked
to each other by two cationic {Cu(NH3)3}2+ fragments. In
the ammonium analog, four CN groups of one cluster
anion involved in the formation of the polymeric structure
are coordinated to two Re atoms [2 + 2], whereas the bridg-
ing CN ligands in the compound with dien are coordinated
to three Re atoms [2 + 1 + 1].

4.2.2. A Complex with the (1,3)-Coordination Mode

Decreasing the dien/M2+ ratio leads to the formation of
complexes in which dien molecules exhibit bridged coordi-
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nation modes along with the (1,2,3)-coordination mode.
The (1,3)-coordination mode has been found only in the
case of [{Cu2(dien)3}Re4S4(CN)12] (25),[33] which has a
polymeric structure where the [Re4S4(CN)12]4– cluster
anions are bridged by [(dien)Cu-dien-Cu(dien)]4+ cationic
chains (Figure 20). Each Cu atom in the cationic chain-like
building blocks is coordinated by one dien molecule with
(1,2,3)-coordination mode and one amino group of bridged
dien molecule with (1)-(3)-coordination mode. On the other
hand the formation of this compound can be also consid-
ered as a result of two-step process. On the first step the
formation of [{Cu(NH3)(dien)}2Re4S4(CN)12] takes place
analogously to that described for 22. And then these molec-
ular units are linked by dien molecules which substitute am-
monia molecule in equatorial plane of copper cation by ter-
minal amino groups.

4.2.3. The Complexes with (1,2)-(3)-Coordination Mode

The two isostructural compounds [{Cu2(dien)3}-
Re4Q4(CN)12]·nH2O [Q = Se (26) and Te (27)] have been
synthesised following the same synthetic procedure.[33] It is
very interesting to note that both these compounds have a
compositions similar to that of 25, but their structures are
sufficiently different. Whereas compound 25 has a chain-
like polymeric structure, 26 and 27 are molecular (Fig-
ure 21) and consist of [Re4Q4(CN)12]4– (Q = Se, Te) cluster
anions and non-binding [Cu2(dien)3]4+ cationic units, the
structure of which differs noticeably from the correspond-
ing cation in 25. Both Cu atoms in 25 are crystallographi-
cally equivalent and are coordinated by N atoms of CN
ligands of different clusters. In 26 and 27, however, the Cu
atoms exhibit different coordination environments: one Cu
atom has a similar arrangement to the Cu atom in com-
pound 25, whereas the second Cu atom is coordinated by
three N atoms of one dien ligand and by two N atoms of
another dien ligand, in a (1,2)-(3)-mode, which bridges the
two Cu atoms of the cationic unit through its third N atom.
Such a coordination type prevents the formation of a poly-
meric structure. A comparison of 26 and 27 with 25 shows
that the structure of the latter can be transformed into the
structure of 26 and 27 by the rupture of one Cu–NC bond
and the formation of a new bond with the middle amino
group of the bridging dien ligand.

The composition of [{Zn2(dien)3}Re4Te4(CN)12]·6H2O
(28)[26] is similar to that of 26 and 27. However, its molecu-
lar structure looks like 26 and 27 only partially. The struc-
ture of the [Zn2(dien)3]4+ cationic unit is analogous to [Cu2-

(dien)3]4+ in 26 and 27, but it is bonded to the cluster cation
through not one but two CN ligands, i.e. in this case both
metal cations are coordinated by nitrogen atoms of CN li-
gands (Figure 22). Thus, there are interesting structural
transitions between 25 and 26 (or 27), and then 28, in which
the dimensionality initially decreases from 1D to 0D due to
the rupture of an M–NC bond, with an adjustment of the
cluster cation and the formation of a new bond inside one
molecular unit.

If the Cu2+ concentration is reduced the isostructural
compounds [K(H2O)2]2[{Cu3(dien)4}{Re4Q4(CN)12}2]·
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Figure 21. View of the [{Cu2(dien)3}Re4Se4(CN)12] molecule in
compound 26 and 27.

Figure 22. View of the [{Zn2(dien)3}Re4Te4(CN)12] molecule in
compound 28.

8H2O [Q = Se (29) and Te (30)] can be obtained.[33] The
anionic unit of this structure is provided by the complex
[{Cu3(dien)4}{Re4Te4(CN)12}2]2– (Figure 23), in which two
[Re4Te4(CN)12]4– cluster anions are bridged by the cation
[Cu3(dien)4]6+, which can be described as [(dien)Cu-(dien)-
Cu(dien)-Cu(dien)]. There are two symmetry-equivalent Cu
atoms, each coordinated by three N atoms of one dien li-
gand, one N atom of the bridging dien ligand [(1,2)-(3)-
coordination mode], and by one N atom of a CN ligand of
the [Re4Q4(CN)12]4– anion. The third Cu atom lies at the
centre of this cation and is symmetrically coordinated by
four N atoms of two bridging dien ligands and at the same
time by two additional trans-situated N atoms of CN li-
gands of two different anions (Figure 23). Thus, this Cu
atom is octahedrally coordinated and bridges the
[{Cu3(dien)4}{Re4Te4(CN)12}2]2– anionic units to construct
the polymeric structure. The negative charge of this one-
dimensional network is compensated by K+ cations.



O. A. Efremova, Yu. V. Mironov, V. E. FedorovMICROREVIEW

Figure 23. Anionic connectivity pattern in the crystal structure of compounds 29 and 30.

Thus, the interaction of [Re4Q4(CN)12]4– (Q = S, Se, Te)
cluster anions with Ni2+, Cu2+, and Zn2+ in the presence of
the tridentate ligand diethylenetriamine leads to the forma-
tion of a number of complex cluster compounds containing
different cationic units: mononuclear {M(NH3)n–4(dien)} or
polynuclear {M2(dien)3}4+ and {Cu3(dien)4}6+. The ob-
tained complexes allow us to trace the structural connection
between the compounds formed in this system. The param-
eters affecting the structural type are:
Ratio of reagents: When the M/dien ratio is 1:1 compounds
with a (1,2,3)-coordination mode of dien are formed. The
M/cluster anion ratio is also important. Although in all
these reactions the concentration of M2+ ions was sufficient
to form complexes containing only M2+ cations, two com-
pounds (29 and 30) were obtained that crystallise with ad-
ditional K+ cations. This may be due to structural factors:
these compounds contain longer oligomeric cations
{Cu3(dien)4}6+.
The cluster core composition: The influence of this param-
eter is obvious in the case of 25, 26, and 27, where, on going
from Q = S to Q = Se and Te, the structure changes from
chain-like to molecular.
The coordination polyhedron of the transition metal cation:
The Ni2+ cation prefers a rigid octahedral environment,
Cu2+ a square-pyramidal [4+1] or distorted octahedral
[4+2] environment, and Zn2+, with n = 5 or 6, can have
various coordination polyhedra.

Compounds 25–30 are of particular interest because they
contain cations (Cu2+, Zn2+) with bridging coordination
modes of the dien molecule. Such coordination modes have
not previously been observed in M complexes; in all similar
complexes three N atoms of the dien ligand are always co-
ordinated to one M atom as, for example, in [Cu(dien)]3-
[Fe(CN)6]2·6H2O.[34] There are only two known examples
of metal compounds (both Ag-containing complexes) with
bridging dien ligands.[35] Compound 23 is the first example
in which the (1,3)-coordination of dien is realized.

4.3. Complexes with Triethylenetetraamine

Complexes have also been obtained with the next mem-
ber of this homologous series, namely triethylenetetraam-
ine. The interaction of Cu2+ with [Re4Q4(CN)12]4– (Q4 =
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Se4, Te4, STe3) cluster anions in the presence of trien leads
to the formation of complexes formulated as [{Cu(trien)}2-
Re4Q4(CN)12]·nH2O (Q4 = Se4 (31),[27] Te4 (32),[36] STe3 (33)
[32]). trien is present in these compounds as a tetradentate
ligand occupying four coordination sites. The fifth coordi-
nation site is occupied by a nitrogen atom of a bridging CN
ligand (Figure 24). In the structures of the compounds, two
crystallographically independent [Cu(trien)]2+ cations are
bonded by the nitrogen atoms of the meta-CN ligands of
one [Re4Q4(CN)12]4– anion. Thus, the formation of these
complexes can be considered as a result of coordination of
CN groups of the cluster anion to two [Cu(trien)]2+ com-
plex cations. It should be noted that this chemical form is
the most stable in solution.

Figure 24. View of the [{Cu(trien)}2Re4Q4(CN)12] molecule in com-
pounds 31–33.

Several examples of compounds containing a [Cu-
(trien)]2+ complex cation with a square-pyramidal copper
atom, namely [CuL(trien)] compounds (L = SCN–,[37]

NCS–,[38] I–,[39] N(CN)2
–,[40]) and also three recently ob-

tained [Cu(NH3)(trien)]2[Re6Q8(CN)6]·nH2O (Q = S, Se,
Te)[41] complexes have been described in the literature. In
all these cases the coordination environment of the copper
atoms is formed by a triethylenetetraamine molecule in the
equatorial plane with an L ligand or NH3 molecule in the
apical positions with structures close to those of 31–33.
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The reaction of Ni2+ with [Re4Q4(CN)12]4– (Q = S, Se)

cluster anions in the presence of trien leads to the forma-
tion of [Ni(NH3)2(trien)][{Ni(NH3)(trien)}Re4Se4(CN)12]·
2.5H2O (34) and [{Ni(trien)}2Re4S4(CN)12]·3H2O (35),
which have various crystal structures. The trien ligand in
these complexes is also tetradentate, occupying four coordi-
nation sites in the Ni atom environment; two more coordi-
nation sites are occupied either by ammonia molecules or
by nitrogen atoms of CN ligands.[28] The [Ni(NH3)2-
(trien)]2+ chemical form is observed in 34. The structure
of the [{Ni(NH3)(trien)}Re4Se4(CN)12]2– anion (Figure 25)
can be viewed as the result of substitution of an ammonia
molecule in [Ni(NH3)2(trien)]2+ by a nitrogen atom of a CN
ligand. However, there is a difference in the conformations
of the trien ligands in the cationic and anionic complexes.
In 35, the nitrogen atoms of the CN ligands of various clus-
ter anions substitute two ammonia molecules in [Ni-
(NH3)2(trien)]2+, binding each other and giving a 1D struc-
ture (Figure 26, a). It should be noted that 35 also shows
conformational disorder (Figure 26, b and c), the reason for
which seems to be the presence of various chemical forms
in solution corresponding to different coordination types of
triethylenetetraamine.

Figure 25. Structure of the complex [Ni(NH3)2(trien)]2+ cation (a)
and [{Ni(NH3)(trien)}Re4Se4(CN)12]2– anion (b) in compound 34.

Eur. J. Inorg. Chem. 2006, 2533–2549 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2545

Figure 26. a) A fragment of the structure of 35; trien ligands have
been omitted for clarity. b) The coordination environment of the
Ni1 cations. c) The coordination environment of the Ni2 cations.

The chain-like structure of 35 is similar to that of 24.
Based on these two compounds, the connection between
ligand denticity, the coordination number of the metal cat-
ion, and the formation of a certain structural type can be
traced easily. In 24, the dien molecule occupies three coordi-
nation sites in the copper atom environment such that the
copper atoms have n = 5. Correspondingly, there are two
coordination sites open for bonding to CN ligands. An
analogous situation is observed in 35 with only one differ-
ence: the trien molecule occupies four coordination sites in
the environment of nickel atoms with n = 6.

4.4. Complexes with threo-Tetraaminobutane

(1,2S,3S,4)-Tetraaminobutane, like triethylenetetraamine,
has four amino groups, however, this ligand coordinates
preferably in a bis-didentate mode with a metal–metal sepa-
ration of about 7 Å. The bis-didentate coordination mode
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arises from steric constraints, which prevent binding of the
four amino donor atoms to the same metal centre. As has
been shown previously,[42] this results in the formation of
chiral {...(threo-tab)-Cu-(threo-tab)...}n oligomeric species
with a linear chain structure and square-planar {CuN4}
units. Additional binding of a bridging unit to the axial
positions of the Cu2+ centres would thus provide a route to
new, two-dimensional and chiral metal organic frameworks
with an open structure. The bridging unit would serve as a
spacer, and its size and structure could be used to adjust
the distance between individual {[Cu(threo-tab)]2+}�

strands.
This strategy has been exploited by using [Re4Q4-

(CN)12]4– clusters as bridging units to interlink linear
[{Cu(threo-tab)}2+]� strands. The crystalline solids
[{Cu(threo-tab)}2Re4Te4(CN)12]·6.5H2O (36) and [{Cu2-
(NH3)(threo-tab)2}Re4Te4(CN)12]·4H2O (37) were prepared
by direct combination of threo-tab, Cu2+, and the rhenium
cluster anion in aqueous ammonia solution.[43,44]

There is a clear influence of the individual steric proper-
ties of the bridging units possessing different compositions
on the grid structure. In the [Re4Te4(CN)12]4– ion, for exam-
ple, the high number of cyano ligands enables different
types of Cu-cluster-Cu interactions, and two of them are
realized in 36 and 37. The nitrogen atoms of four CN li-
gands of the cluster anion take part in binding in com-
pound 36, and this mode of binding means that all copper
atoms are coordinated by CN ligands; at the same time, all
copper atoms are equal and have a distorted octahedral
[4+2] environment formed by nitrogen atoms (Figure 27).

In compound 37, two of the twelve CN groups of the
cluster anions take part in binding. In this case, only every
second copper atom is coordinated by a CN ligand; the
remaining copper atoms are coordinated by ammonia mole-
cules. Half of the copper atoms are in a [4+2] environment
and the others are in a [4+1] environment. The one-dimen-
sional {...threo-tab-Cu-threo-tab-Cu-threo-tab...}� strands
formed by Cu2+ cations and threo-tab molecules have a
complicated zigzag structure (Figure 28).

Figure 27. A fragment of the [{Cu(threo-tab)}2Re4Te4(CN)12] polymer layer in 36.
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Figure 28. A fragment of the [{Cu2(NH3)(threo-tab)2}Re4Te4-
(CN)12] polymer layer in 37.

The third type of packing is realized in the compound
[{Cu(NH3)(threo-tab)}]2[Re4S3.4Te0.6(CN)12]·1.25H2O (38),[44]

which contains undulating, infinite {...threo-tab-Cu-threo-
tab...}� chains that are weakly bonded to cluster anions.
The nearest Cu–N(CN ligand) distance is 2.95 Å. In this
case, the cluster anions are situated in voids formed by
chain packing. The Cu2+ cations have a typical five-coordi-
nate environment with four nitrogen atoms from threo-tab
and an ammonia molecule (Figure 29).

The question as to what caused the structures to be so
different in these systems was answered when it was found
that in the case of tetrahedral rhenium complexes the struc-
ture of the formed coordination polymer depends on two
factors, namely the method of synthesis and the cluster core
structure.[44]
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Figure 29. Mutual arrangement of {...(threo-tab)-Cu-(threo-tab)-Cu-(threo-tab)...} chains and location of the cluster anions in 38 (the
shortest distances between the N atoms of the CN groups in the cluster anions and the Cu atoms in the polymer chains are shown as
dashed lines).

4.5. Complexes Containing Re4S4–xTex Cluster Cores

According to the single crystal diffraction analyses, com-
pounds 14, 16, 19, 22, 33 and 38 contain mixed S/Te chalco-
genide ligands in the cluster core {Re4S4–xTex}. The starting
cluster compound K4[Re4S4–xTex(CN)12] has been synthe-
sised accidentally during preparation of the cluster
K4[Re4S4(CN)12] from [Re4S4(TeCl2)4Cl8] by boiling with
KCN as described for K4[Re4Se4(CN)12]·6H2O.[11] Accord-
ing to elemental analysis, the compound obtained contains
tellurium. This could be due to a sulfur shortage during the
preparation of [Re4S4(TeCl2)4Cl8] from ReCl5, S and Te.[10]

In compounds 14, 16 and 22 there are two different clus-
ter anions, with compositions [Re4S4(CN)12]4– and [Re4-
S3Te(CN)12]4–. In the latter cluster one sulfur atom is sub-
stituted by a tellurium atom. In the structures of all three
compounds the Re4S4 and Re4S3Te cluster cores are or-
dered in such a way that three positions of the Q4 tetrahe-
dron are equivalent and occupied by only sulfur atoms; the
fourth position is occupied by either a sulfur or a tellurium
atom.

It should be noted that in all three structures the metal
cations are bound to the CN groups that are closest to the
tellurium atom position. To understand the reason for this
density functional theory calculations have been carried out
on different [Re4S3Q(CN)12]4– (Q = S, Se, Te) cluster anions
with the ADF program.[45] According to these calculations,
there are several types of CN ligands in these cluster anions.
Considering each Re atom to be octahedrally coordinated,
without taking Re–Re bonds into account (Scheme 2), there
are three CN groups bonded to the ReS3 fragment (type 1).
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The remaining CN ligands are coordinated to three ReS2Q
(Q = Se, Te) fragments. Within the ReS2Q(CN)3 units, one
CN group is more distant from the Q atom than the other
two groups (these ligands are denoted types 2 and 3, respec-
tively). For CN ligands of types 1 and 2 the changes are
negligible, but for six CN groups of the third type they are
considerable and increase with a decrease of the electrone-
gativity of the chalcogen atoms. The increase of negative
charge on the N atoms of type 3 results in a considerable
preference for the metal ions to coordinate to these atoms.

Scheme 2.

All copper atoms in compound 14 are coordinated by
CN groups of type 3 to give a polymeric structure
(Scheme 3, a). This differs slightly from compound 16, in
which the Zn1 atoms are coordinated by two CN groups of
type 3 whereas the Zn2 cations are linked to CN groups of
both types 2 and 3. To put it another way, only three of the
four bridging CN ligands of one cluster anion are of type 3,
while the fourth one is of type 2 (Scheme 3, b). In molecular
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Scheme 3.

compound 22, two bridging CN groups also belong to type
3 (Scheme 3, c).

It was also interesting to study the behaviour of the
{Re4STe3} cluster core in similar systems. For this, the clus-
ter salt K4[Re4STe3(CN)12]·5H2O (I) was synthesised and
characterised.[32] However, in compounds 19 and 33 the ex-
pected ordering of sulfur positions was not observed. The
sulfur atoms are disordered over two (19) or four (33) of
the apexes of the tetrahedron. One of the possible reasons
for this might be the cluster core composition of the start-
ing materials, which could contain {Re4S2Te2} and
{Re4Te4} clusters as well as {Re4STe3}.

5. Conclusions

Throughout this microreview we have mainly reported
the isolation and characterisation of various complexes
based on tetranuclear rhenium cluster anions [Re4Q4-
(CN)12]4– (Q = S, Se, Te) and transition metal cations, the
coordination sites of which are fully or partially occupied
by water molecules or N-donor ligands, particularly ammo-
nia, ethylenediamine, diethylenetriamine, triethylenetetraa-
mine and chiral threo-tetraaminobutane. The structures of
all compounds have been confirmed by single-crystal X-ray
analysis.

We should emphasise, again, that the composition and
structure of the obtained compounds are determined by se-
veral parameters, namely:
1) the reagent ratio: M2+ cation/polydentate ligand or M2+

cation/cluster anion;
2) the M2+ cation coordination environment;
3) the coordination number and coordination polyhedron
of the M2+ cations;
4) the cluster core composition.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2533–25492548

It has been shown that the reaction of chalcocyanide rhe-
nium cluster complexes [Re4Q4(CN)12]4– with cations of 3d-
transition metals (Ni2+, Cu2+, Zn2+) in the presence of che-
lating ligands gives many complex compounds with various
structures (ionic, molecular or polymeric). Complicated
cluster complexes with polymeric structures containing
bridging polydentate ligands, namely diethylenetriamine
and threo-tetraaminobutane, were obtained for the first
time.

We have also introduced a new and straightforward syn-
thetic pathway to heterometallic and chiral coordination
polymers. The use of oligonuclear bridging units has proved
to be of particular interest because it allows the design of
open networks with sufficiently large voids for host–guest
interactions. More importantly, the use of the chiral, bis-
didentate threo-tab ligand guarantees the formation of a
chiral crystal structure which has the ideal prerequisites for
the coating of suitable surfaces with a chiral monolayer.

Complexes containing mixed-ligand {Re4S4–xTex} cluster
cores have been obtained and characterised for the first
time. Their structural data supplement previous research
and show that six CN groups of the cluster anion can be
activated for interaction with metal cations by substituting
one sulfur atom by a tellurium atom in the Re4S4 cluster
core; these groups are those nearest to the Te atom.
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The pentacyanochromate(II) complex is unusual in two re-
spects. Firstly, it is one of the few homoleptic cyanide species
with a high-spin ground state. Secondly, it was synthesised
during an attempt to make the hexacoordinate complex. A
combination of qualitative ligand field theory and quantita-
tive density functional theory including solvation effects is
applied to rationalise these observations. The spin state de-
pends on the d orbital energy differences and how the pro-
motion energy, PE, associated with a change in spin state
compares to the d–d spin pairing energy, SPE. The calcula-
tions show that PE � SPE for octahedral [CrII(CN)6]4–, hence

Introduction

Ligand Field Theory (LFT)[1] classifies the cyanide li-
gand as strong field and, therefore, the normal expectation
is for homoleptic complexes to exhibit low-spin configura-
tions. Octahedral cyanide complexes are invariably low
spin, but there are some interesting exceptions for other co-
ordination numbers. For example, low-spin (i.e. S = 1)
[Cr(CN)6]4– can be synthesised from aqueous solution pro-
viding excess cyanide is present but in acetonitrile, pentacy-
anochromate(II) is produced with magnetic properties con-
sistent with a high-spin S = 2 d4 configuration. Both the
higher spin state and lower coordination number were not
anticipated.[2]

An explanation of this behaviour is amenable to compu-
tation. This communication describes the first detailed
computational study of [Cr(CN)5]3– and [Cr(CN)6]4– using
both qualitative ligand field theory (LFT) and quantitative
density functional theory (DFT) calculations. Theory suc-
cessfully explains not only why [Cr(CN)5]3– is high spin, but
also why the change in medium from aqueous solution to
acetonitrile causes the reaction to stop at coordination
number five.

Results and Discussion

Hexacyanochromate(II) is extremely air sensitive[3] which
goes some way to explain the relative lack of experimental

[a] Department of Chemistry, University of Warwick,
Coventry CV4 7AL, United Kingdom
E-mail: r.j.deeth@warwick.ac.uk

Eur. J. Inorg. Chem. 2006, 2551–2555 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2551

it has a spin triplet S = 1 ground state, while PE � SPE for
[CrII(CN)5]3–, hence it is high spin with S = 2. The hexacya-
nide is stabilised in aqueous solution by solvation. In less po-
lar solvents such as acetonitrile, the unfavourable electro-
static interactions dominate and the reaction stops at the
pentacyano complex. In both complexes, the cyanide be-
haves as a strong-field ligand and is both a good σ donor and
π acceptor.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

data. However, the crystal structure of Na4[Cr(CN)6]·
(H2O)10 has been reported some years ago[4] and
[Cr(CN)6]4–remains of interest in the context of molecular
magnets.[2,5] Indeed, it was in the search for new molecular
magnetic materials that Nelson et al.[2] attempted a non-
aqueous route to [CrII(CN)6]4– which resulted in the unex-
pected preparation of the very interesting pentacyanochro-
mate(II) anion. Their work highlighted two intriguing as-
pects of the chemistry of [Cr(CN)5]3–. Firstly, why does the
system display a high-spin S = 2 state given that high-field
ligands such as cyanide are conventionally associated with
low-spin configurations? Secondly, why is a pentacyano
complex isolated from the non-aqueous synthetic procedure
rather than the expected hexacoordinate complex, which
can be made in aqueous solution provided an excess of cya-
nide is present?

In principle, modern computational chemistry should be
able to address these issues quantitatively although, apart
from an early Xα study,[6] there appears to be no other com-
putational work on either [CrII(CN)6]4– nor [CrII(CN)5]3–.

The spin state is a balance between one-electron (orbital)
and two-electron (interelectronic repulsion) effects. The d–
d interelectron repulsion term favours a high-spin configu-
ration (maximum quantum mechanical exchange, minimal
spin pairing energy, SPE) while the one-electron term re-
lates to d orbital splittings and favours low-spin configura-
tions (minimum electronic promotion energy, PE). Note
that, depending on the symmetry, low spin need not neces-
sarily imply diamagnetic properties. For example, the low-
spin configuration for octahedral d4 species is t2g

4 which
still has two unpaired electrons. Critically, the d orbital
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splittings are ligand- and geometry-dependent while, to a
first approximation, the spin-pairing energy is not.

The X-ray crystallographic study of (NEt4)3[CrII(CN)5]·
MeCN·1/8THF reveals four chromium complexes in the
unit cell displaying geometries which are distorted to vary-
ing degrees away from either ideal square-pyramidal (SPY)
or trigonal-bipyramidal (TBP) structures.[2] The question
then is how the promotion energy for pentacoordinate sys-
tems compares to ∆oct.

The d orbital energies can be conveniently expressed in
terms of the Angular Overlap Model (AOM).[7] For an oc-
tahedral complex of “linear ligator” ligands like cyanide,
∆oct = 3eσ –4eπ, where eσ and eπ are respectively the AOM
parameters describing M–CN σ and π bonding. The expres-
sions for individual d orbital energies are given in Equa-
tions (1), (2), (3) and (4) for SPY and (5), (6) and (7) for
TBP and include group theory labels appropriate to C4v and
D3h symmetry, respectively. In Equations (1)–(4), α refers to
the angle between the apical and equatorial ligands.

E(dx2–y2) = E(b1) = 3/4(1 – cos2α)2·eσ(eq)+(sin22α)·eπ(eq) (1)

E(dz2) = E(a1) = 1/4(1+3cos2α)2·eσ(eq)+eσ(ax)+3(sin22α)·eπ(eq)
(2)

E(dxy) = E(b2) = 4(cos22α)·eπ(eq) (3)

E(dxz, dyz) = E(e) = 3/2(sin22α)·eσ(eq)+2(cos22α)·eπ(eq)+eπ(ax) (4)

E(dz2) = E(a1) = 3/4eσ(eq)+2eσ(ax) (5)

E(dx2–y2, dxy) = E(e�) = 9/8eσ(eq)+3/2eπ(ax) (6)

E(dxz, dyz) = E(e��) = 1/2eπ(eq)+2eπ(ax) (7)

The relevant orbital energy differences corresponding to
the promotion energy which must be overcome for a high-
spin d4 configuration are shown in Figure 1.

Figure 1. Qualitative d orbital energy level diagrams for octahedral
(Oh), SPY (C4v) and TBP (D3h) symmetries illustrating the high-
spin promotion energy for a d4 configuration.

Figure 1 is not drawn to scale. A numerical comparison
can be based on Equations 1–7. Hence, the promotion ener-
gies, PE, are Equations (8), (9), and (10).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2551–25552552

PE(Oh) = 3eσ –4eπ (8)

PE(C4v) = 0.83eσ(eq)+eσ(ax)+0.35eπ(eq)–3.53eπ(eq) =
0.65eσ(eq)+eσ(ax)–3.18eπ(eq) (9)

PE(D3h) = 9/8eσ(eq)–1/2{eπ(eq)+eπ(ax)} (10)

In arriving at these expressions, the angle α between api-
cal and equatorial cyanides in the SPY structure has been
taken as 100° and cyanide was assumed to be a π acceptor
(i.e. eπ � 0). We return to the latter issue below.

Assuming eλ(ax) = eλ(eq), λ = σ, π, Equations (8)–(10)
collapse to Equations (11), (12), and (13)].

PE(Oh) = 3eσ –4eπ (11)

PE(C4v) = 1.65eσ –3.18eπ (12)

PE(D3h) = 1.13eσ –eπ (13)

This is a very crude assumption because the AOM pa-
rameters will vary strongly with distance. Nevertheless, the
difference between Oh and C4v or D3h promotion-energies
expressions is so great that the assertion that the promotion
energies for pentacoordinate symmetries would be substan-
tially less than for an octahedral complex seems secure. The
observation of high-spin [Cr(CN)5]3– is thus simply a func-
tion of the coordination number and symmetry. Cyanide
may continue to be a strong-field ligand in the sense that
the AOM parameter values could be identical in all sym-
metries. That is, strong-field ligands do not necessarily have
to be associated with low-spin electronic configurations –
e.g. the tetrahedral complex [Mn(CN)4]2– is high spin con-
sistent with the well-known result that the tetrahedral split-
ting ∆tet � 1/2 ∆oct.

However, while LFT can easily rationalise why [Cr-
(CN)5]3– is high spin, it cannot address the issue of why is
forms in the first place. For this we require a more sophisti-
cated quantum mechanical approach like DFT.

DFT has effectively revolutionised the application of
quantum chemistry to transition-metal systems,[8] but it is
by no means a perfect model. In particular, current func-
tionals may not give a good description of spin state energy
differences.[9–13] Our experience with FeII and FeIII com-
plexes shows that although there can be large numerical
differences, most pure functionals give the correct qualita-
tive trend.[9] Others have focussed on tuning the amount of
exact exchange in the B3LYP functional to give more accu-
rate results for spin-crossover systems.[11,13] The present
problem is less delicate, which probably means that almost
any gradient corrected functional will be at least qualita-
tively reasonable. To test this, the DFT protocol was first
validated against [Cr(CN)6]4–, which is known to be a low-
spin, t2g

4 S = 1 system (see Table 1).
In octahedral symmetry, high-spin [Cr(CN)6]4– has a 5Eg

state, which is expected to display a strong Jahn–Teller dis-
tortion hence the second optimisation in D4h symmetry
which allows for an orbitally-nondegenerate state leading to
the expected elongated octahedral structure. Similarly, the



Theoretical Rationale for Formation, Structure and Spin State of [CrII(CN)5]3– SHORT COMMUNICATION
Table 1. Optimised Cr–CN distances and relative total energies (including solvation) for [Cr(CN)6]4– in Oh symmetry unless otherwise
stated. Etot is total DFT energy and equals the sum of the electronic energy, Eel, and the COSMO solvation energy, Esol. ∆E is the energy
difference between Etot for that entry and Etot for the octahedral, S = 1 state.

S Cr–CN [Å] Etot [kJ·mol–1] ∆E [kJ·mol–1] Eel [kJ·mol–1] Esol [kJ·mol–1]

2 2.23 –11797.09 +169 –9164.82 –2632.27
2 2.11, 2.61[a] –11832.87[a] +90[a] –9217.93[a] –2614.94[a]

1 2.04 –11957.43 0 –9234.30 –2723.13
1 2.03, 2.03, 2.07[b] –11966.56 –9[b] –9241.16[b] –2725.40[b]

0 2.02 –11890.43 +73 –9160.40 –2730.03

[a] D4h Symmetry, axial elongation. [b] D2h symmetry.

spin triplet state in octahedral symmetry is 3T2g and is also
formally Jahn–Teller active. However, compared to the 5Eg

case, the Jahn–Teller effect for the 3T2g state is much more
complicated but since it is dominated by π effects, it is also
much weaker. A complete analysis has not been attempted.
Instead, the geometry was reoptimised in D2h symmetry as
an example of one possible distortion mode. Finally, the
spin singlet state is clearly going to be higher than the S =
1 state and, although in Oh symmetry, this too is formally
orbitally degenerate, only the octahedral geometry has been
computed.

The DFT results in Table 1 are in good agreement with
experiment. They correctly predict the spin-triplet S = 1
ground state with an optimised Cr–CN bond length (in Oh

symmetry) only about 0.03 Å longer than the average Cr–
CN distance reported for Na4[Cr(CN)6]·10H2O.[4] Note that
in the absence of solvation, the optimised Cr–C distance for
octahedral, S = 1 hexacyanochromate(II) extends 0.08 Å to
2.12 Å. In the gas phase, many occupied orbitals have phys-
ically unreasonable positive energies. This leads to an ex-
pansion of the Cr–C bond. The solvation field stabilises the
anionic charge, lowers the orbital energies and generates a
better optimal structure.

Further vindication that DFT (with solvation) describes
these systems well can be seen in Table 2 where DFT data
for [Cr(CN)5]3– are presented.

For both symmetries, the spin state energies increase
quintet � triplet � singlet. The 5B1 state in C4v and the 5A1

state in D3h are orbitally non-degenerate, and thus Jahn–
Teller inactive as is the 3A1 state in C4v derived from the
b2

2e2 configuration. The remaining triplet and the two sing-
let states are much higher in energy and, even though some
are orbitally degenerate, the effect is not large enough to

Table 2. DFT results for [Cr(CN)5]3– for different spin states (S) and symmetries – C4v for SPY and D3h for TBP. Bond lengths in Å,
energies in kJ·mol–1. Etot is total DFT energy and equals the sum of the electronic energy, Eel, and the COSMO solvation energy, Esol.
∆E is the energy difference between Etot for that entry and the lowest Etot overall. Experimental data[2] in parentheses.

Symmetry S Cr–Cax Cr–Ceq Cax–Cr–Ceq Etot ∆E Eel Esol

C4v 2 2.14 2.08 101 –9980.87 3 –8442.11 –1538.76
2 (2.23) (2.12) (100)

C4v 1 1.98 2.02 95.2 –9943.53 41 –8363.30 –1580.23
C4v 0 1.94 2.00 97.7 –9854.66 130 –8275.92 –1578.74
D3h 2 2.07 2.09 – –9984.20 0 –8445.02 –1539.18
D3h 1 2.01 2.01 – –9880.40 104 –8319.32 –1561.08
D3h 0 1.97 1.96 – –9857.02 127 –8275.47 –1581.55
C�v

[a] – – – – –1886.33 – –1583.47 –302.86

[a] Data for isolated CN–.

Eur. J. Inorg. Chem. 2006, 2551–2555 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2553

alter the overall conclusion that the predicted DFT ground
state of [Cr(CN)5]3– is a spin quintet.

The computed structures are also reasonable, although
compared to [Cr(CN)6]4– DFT now gives somewhat shorter
Cr–C distances than observed for [Cr(CN)5]3–. Both SPY
and TBP structures are predicted to have virtually identical
energies consistent with the somewhat distorted structures
observed in the crystal structure and with the general no-
tion that five-coordinate systems are not rigid.

DFT can also be applied to explain the relative stabilities
of [CrII(CN)6]4– vs. [CrII(CN)5]3–. The data in Table 1 and
Table 2 clearly demonstrate the critical importance of the
environment of the complex. Thus, the reaction energy for
the process

[Cr(CN)5]3– +CN– �[Cr(CN)6]4–

is –87 kJ·mol–1 when the COSMO solvation energies are in-
cluded, but an enormous +794 kJ·mol–1 from just the elec-
tronic energies alone. Obviously, there is a strong repulsive
interaction when trying to bring a monoanion like cyanide
up to a complex which already carries three negative
charges, but because the solvation energy is proportional to
Z2, the additional solvation energy of a tetraanion vs. a tri-
anion amounts to an extra 1100–1200 kJ·mol–1, which is
sufficient to overcome this repulsive term. Because the sol-
vation energy depends on (1 – 1/ε), where ε is the dielectric
constant, large solvation energies are associated with a high
dielectric constant. Acetonitrile is simply not polar enough
to support the reaction hence the hexacyano complex can-
not form.

Having established that the relative spin states are well
described (with and without solvation energies) and seen
that the complex formed depends strongly on the solvent,
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the issue of whether cyanide is always a “strong-field” li-
gand requires an assessment of whether the fundamental
nature of the Cr–CN bonding changes radically with coor-
dination number. In the spirit of LFT, let us use the DFT
structures and orbital energies as the basis of a ligand-field
analysis.

The octahedral complex is our starting point. Although
the electronic spectrum of [Cr(CN)6]4– has been reported,[3]

no assignments were offered due to the broad nature of the
diffuse reflectance bands. The DFT estimate of ca.
32000 cm–1 may be compared to the values in Table 3,
which also include computed results for other hexacyanides.

Table 3. Experimental[14] and calculated ∆oct values [cm–1] for hexa-
cyanometallate complexes.

Complex ∆oct ∆oct (calcd.)

[Cr(CN)6]3– 26600 29815
[Cr(CN)6]4– – 31989
[Mn(CN)6]3– 34000 32400
[Mn(CN)6]4– 30000 33777
[Fe(CN)6]3– 34950 35614
[Fe(CN)6]4– 33800 36426

It appears that the DFT spherical configuration orbital
energy differences (see Computational Details section) gen-
erally overestimate ∆oct. Experimentally, one normally sees
larger values for higher metal oxidation states. Hence, given
an experimental value for [CrIII(CN)6]3– of 26600 cm–1 and
a threshold value at which a first-row octahedral d4 species
switches from quintet to triplet spin of about 23500 cm–1,[15]

∆oct for [Cr(CN)6]4– should lie between 23500 and
26600 cm–1. The DFT estimate is ca. 32000 cm–1.

For the Cr(II) complex ∆oct is probably quite close to
that for CrIII. Because both are low spin, the lower oxi-
dation state, which has more d electrons, has a larger ligand
field stabilisation energy (LFSE) at least in terms of ∆oct

values. Hence, the MII–C bond lengths are actually shorter
than the MIII–C distances despite the latter’s higher formal
oxidation state and smaller ionic radius. The relative change
in LFSE increases from 20% for the d5/d6 FeIII/FeII couple
to 25% for d4/d5 MnIII/MnII to 33% for the d3/d4 CrIII/CrII,
which correlates reasonably well with bond–length contrac-
tions of 0.02, 0.05 and 0.05 Å, respectively. Given the large
percentage change in ∆oct, the decrease in Cr–C distance
and the DFT prediction that ∆oct for MII gets larger relative
to that for MIII in the series Fe � Mn � Cr, the assertion
that ∆oct for [CrII(CN)6]4– and [CrIII(CN)6]3– are about the
same seems reasonable.

While a better theoretical treatment along the lines of,
say, ligand field DFT,[16] time-dependent DFT[17] or
CASPT2[18] may provide better quantitative agreement with
experiment, the precise value of ∆oct is not important for
the present analysis because the errors seems to be propa-
gated more or less systematically between [CrII(CN)6]4– and
[CrII(CN)5]3–. The aim is to see whether the AOM param-
eter values deduced from the DFT orbital energies of
[Cr(CN)6]4– generate AOM d orbital energies for [Cr-
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(CN)5]3–, which in turn agree with the DFT equivalents. If
so, then the ligand-field strength is essentially the same in
both complexes.

Of course, as ∆oct = 3eσ –4eπ, unique values for both
AOM parameters cannot be extracted from a single value
of ∆oct. By applying a small tetragonal distortion to the
molecule, the “d” orbitals will split, which will provide three
degrees of freedom but now there are four parameters,
eσ(eq), eσ(ax), eπ(eq) and eπ(ax). The number of free vari-
ables can be halved if the distance dependence is estab-
lished. Lengthening the Cr–C bonds, r, from 2.038 to
2.078 Å lowers the computed ∆oct from 31989 to
29233 cm–1. Assuming all AOM parameters depend on r–m

yields m = 4.6, which is close enough to the electrostatic
theory value of m = 5. Applying an axial elongation to the
two ligands on the z axis (rax = 2.078, req = 2.038 Å) gives
a “d” orbital sequence of b2g � eg � a1g � b1g and because
in the AOM E(b2g) = eπ(eq), E(eg) = 2eπ(eq)+2eπ(ax), and
|eπ(eq)| � |eπ(ax)| because req is shorter, the DFT calcula-
tions are consistent with eπ � 0 – i.e. cyanide is behaving
as a π acceptor. Assuming m = 5, the eg – b2g and b1g –
a1g DFT orbital energy differences equate to effective AOM
parameter values of eσ = 8767 and eπ = –1398 cm–1 at the
octahedral geometry.

The optimised C4v structure for [Cr(CN)5]3– has rax =
2.14 and req = 2.08 Å corresponding to eσ(ax) = 6869,
eπ(ax) = –1095, eσ(eq) = 7918 and eπ(eq) = –1263 cm–1.
Substituting these values into Equations (1)–(4) with α =
101° gives the energy difference between the highest and
lowest energy d functions, dx2–y2(b1) and dxy, of 26222 cm–1

vs. the DFT spherical configuration estimate of 28136 cm–1.
Hence, the assumption that cyanide remains a strong ligand
generates quite good agreement with the DFT electronic
structure.

Moreover, using the AOM parameter values for r =
2.038 Å in Equations (11)–(13) yields rough promotion en-
ergies of ca. 32000, 19000 and 11000 cm–1 for Oh, C4v and
D3h symmetries, respectively, the former clearly being more
than, while the latter two are clearly less than the spin cross-
over threshold of 23500 cm–1.

Conclusions

A combination of AOM and DFT arguments and calcu-
lations provides a simple explanation for the high-spin
quintet ground state of [Cr(CN)5]3– – the cost of promoting
an electron to give an S = 2 state is less than the cost of
spin pairing. The reverse applies in octahedral symmetry
and a triplet S = 1 configuration results. In both cases, the
combination of the BP86 functional and COSMO solvation
provides a DFT protocol which successfully predicts good
structures and the correct order of spin state energies. CO-
SMO is critical for obtaining good structural data but does
not alter the predicted lowest energy spin state. Spin con-
tamination is minimal.

Given the highly charged species involved, the COSMO
aqueous solvation energies are large and predict that the



Theoretical Rationale for Formation, Structure and Spin State of [CrII(CN)5]3– SHORT COMMUNICATION
formation of hexacyanochromate(II) from the pentacyanide
precursor is favourable by 79 kJ·mol–1. However, the “raw”
electronic energies show that the powerful electrostatic in-
teractions disfavour the process by over 700 kJ·mol–1 and
hence in less polar media such as acetonitrile, there is insuf-
ficient solvation energy to form the tetraanionic species.

An AOM ligand-field analysis based on DFT orbital en-
ergies for [Cr(CN)6]4– suggests that cyanide is both a strong
σ donor and reasonably strong π acceptor with typical eσ

and eπ values around 8500 and –1400 cm–1, respectively.
Assuming that cyanide remains a strong-field ligand for
pentacyanochromate(II) yields AOM-derived d orbital en-
ergies in good agreement with their DFT counterparts.
However, due to the change in coordination number and
symmetry, even a strong-field ligand cannot force the
ground state to a lower spin degeneracy.

Strong M–CN binding results in relatively large changes
in energy as a function of coordination number and/or sym-
metry. Hence, the theoretical predictions tolerate larger er-
rors and are more robust. In particular, DFT, in conjunc-
tion with a treatment of the environment, provides a rea-
sonable basis for describing the chemistry of Cr(II)–cyanide
complexes and, most likely, metallocyanides in general.

Computational Details

All DFT calculations employed ADF version 2005.[19] After some
preliminary testing, the Becke Perdew (BP86) functional was cho-
sen in conjunction with triple-ζ plus polarisation basis sets (TZP)
and frozen cores[20] up to 2p for the metals and 1s for C and N.
Geometries were optimised with full point group symmetry as ap-
propriate in the presence of a COSMO solvation field as im-
plemented in ADF, with atomic radii C: 1.4 Å, N: 1.5 Å[21] and M:
2.58 Å. Where appropriate, all calculations were run spin-unrestric-
ted, and the extent of spin contamination monitored by the calcula-
tion of �S2�, which was generally within 0.03 of the ideal value
except for S = 1, where the worst case was �S2� = 2.05 for Cr
systems and 2.08 for [Mn(CN)6]3–, and for S = 2, where the worst
case was �S2� = 6.08. Orbital energy differences were computed at
the relevant optimised geometry using “spherical configurations”,
which we have used successfully in the past[22,23] and is a modifica-
tion of the Average Over Configuration approach implemented in
ADF and recently described by Atansov and Daul.[24] The five mo-
lecular orbitals, which are predominantly d antibonding in charac-
ter, are identified and then assigned populations of m/5 where m is
the notional number of d electrons for the idealised metal oxidation
state. A spin-restricted single-point calculation is then run to SCF
convergence. Angular Overlap Model (AOM) expressions were de-
rived from Figgis and Hitchman.[7]
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A phosphorus-containing dendron was synthesized and
grafted to a tetraphosphorus macrocycle. The presence of
such bulky substituents allowed for the first time the amplifi-
cation of topological differences in the macrocycle. These dif-
ferences become detectable by 31P NMR spectroscopy, with

Introduction
Dendrons,[1] also called dendritic wedges,[2] play an im-

portant role in dendritic macromolecular science, generally
as large building blocks for the convergent synthesis of den-
drimers[3] or dendronized polymers,[4] and for the elabora-
tion of complex dendritic architectures.[5] Besides these clas-
sical uses of dendrons, their very particular topological fea-
tures have already found more original applications, for in-
stance in steric protection responsible for site isolation,[6] in
new modes of self-organization,[7] in enantiomer separation
of dendronized molecular knots,[8] as light harvesting ante-
nae,[9] or as rotaxane stoppers.[10] However, to the best of
our knowledge, dendrons were never used as amplifiers of
local topological phenomena. We thought that such big,
ramified, and conical substituents could facilitate the detec-
tion of previously undetectable phenomena, by amplifying
the local difference.

Being interested since a long time in the synthesis and
applications of dendrimers[11] and dendrons,[5,12] generally
based on phosphorus,[13,14] we decided to test this assump-
tion by grafting dendrons to compounds in which stereoiso-
mers must exist but were never detected. We previously re-
ported the synthesis of a series of phosphorus macro-
cycles,[15] obtained quantitatively by condensation reactions
between 2 equiv. of phosphorylated dialdehydes and
2 equiv. of phosphodihydrazides.[16] These compounds ap-
peared as the most suitable objects to confirm or invalidate
our hypothesis about the role of dendrons as topological
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the appearance of several signals for the phosphorus atoms
included in the macrocycle.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

amplifiers. More precisely, we used macrocycle 1,[17] consti-
tuted of 4 tetracoordinate phosphorus atoms (PIV), two of
them being included in O–P–O linkages, the two others in
N–P–N linkages. The four PIV atoms are functionalized by
an azide group as noncyclic substituent. This macrocycle
possesses 4 asymmetric phosphorus centres, which can be
easily functionalized through the reactivity of the azide
groups (Figure 1).

Obviously, the presence of diastereoisomers in macro-
cycle 1 can be anticipated, and the zero value found for
its optical rotation strongly suggests a 50:50 ratio for the
stereoisomers on each phosphorus atom. If the macrocycle
is relatively planar or if it is flexible, five diasteroisomers
should be present; if the macrocycle exists in stable bent
forms, as shown by the X-ray diffraction structure of a re-
lated macrocycle,[18] nine diasteroisomers should exist.
However, the existence of such diastereoisomers was never
detected previously. Even 31P NMR spectroscopy, which is
very useful for the detection of topological differences in
constraint small cycles,[19] is inefficient with unconstraint
large cycles such as 1. The 31P NMR spectrum of this 36-
membered ring is shown in Figure 1; the 4 phosphorus
atoms give two sharp singlets, one for the O–P–O linkages
(Pc) and one for the N–P–N linkages (P�c).

In a first attempt to detect the presence of diastereoiso-
mers, a small but relatively hindered compound was grafted
to the macrocycle. We used a Staudinger reaction between
the azide groups and the functionalized phosphane 2.[20]

The creation of the P=N double bond occurs easily with
the azide groups connected to the O–P–O linkages, and
more slowly with the azide groups connected to the N–P–
N linkages, as shown by 31P NMR spectroscopy after 1 h.
Indeed, the singlet corresponding to the O–P–O linkage has
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Figure 1. Synthesis of the macrocycle substituted by 4 dendrons and detection of diastereoisomers by 31P NMR spectroscopy. Only the
parts of the spectrum corresponding to Pc–N=P0 and P�c–N=P�0 are shown for compound 5. The spectra were recorded at 25 °C for 1
and 3, at 80 °C for 5.

disappeared on behalf of two doublets at δ = 16.2 ppm
(P=N) and 55.7 ppm (P=S), whereas the singlet corre-
sponding to the N–P–N linkages remains unchanged. This
difference in the reactivity of both types of azide groups
could be ascribed to a higher electron-withdrawing influ-
ence of the O–Aryl groups compared to the N–Me substitu-
ents, favouring the reaction.[21] However, the macrocycle 3
is finally isolated in nearly quantitative yield after reaction
overnight. The 31P NMR spectrum gives two sets of two
sharp doublets corresponding to two types of P=N–P=S

Eur. J. Inorg. Chem. 2006, 2556–2560 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2557

linkages as expected.[22] No trace of diastereoisomers could
be detected even with these relatively bulky substituents
(Figure 1).

In order to graft dendrons on the 4 aldehyde groups of
3 (one for each phosphorus atom included in the macro-
cycle), it was necessary to build a dendron possessing one
NH2 group at the core, preferably pertaining to an hydra-
zine or hydrazide linkage to ensure the stability of the fu-
ture CH=N bond. The size of the dendron is also of crucial
importance, because it must be large enough to induce de-
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tectable differences, but not too large to allow the signals
of the macrocycle to be still detectable. For this purpose,
we synthesized the second-generation dendron 4, obtained
by a Staudinger reaction between H2NNMeP(S)-
(OC6H4PPh2)2

[23] and N3P(S)(OC6H4CO2Me)2, synthesized
according to a method we reported previously[24]

(Scheme 1).

Scheme 1.

In the last step, 4 equiv. of the dendron 4 are condensed
with the aldehyde groups of macrocycle 3, to afford the sec-
ond-generation dendrimer 5, (Figure 1) as shown by the dis-
appearance of the signal corresponding to the CHO group
by 1H, 13C NMR, and IR spectroscopy. The 31P NMR
spectrum of compound 5 at room temperature gives rela-
tively sharp signals as expected for the phosphorus atoms
pertaining to the dendrons (a single singlet for P1 and P�1,
a single doublet for P2 and P�2, and a single doublet for P
and P�, not shown in Figure 1). Indeed, no particular steric
hindrance or lock of bonds is foreseeable around these
phosphorus atoms. However, broad signals are observed for
the P=N–P=S linkages in which the P=S group is part of
the macrocycle, in contrast to the 4 sharp doublets obtained
for the same atoms in macrocycle 3. Such behaviour is gen-
erally characteristic of a “frozen” internal structure; we
have observed previously such a phenomenon for high-gen-
eration polycationic phosphorus dendrimers,[25] but never
for such small generations. Variable-temperature 31P NMR
experiments carried out in DMSO up to 80 °C improved
only slightly the definition of the signals. A slightly better
resolution is observed for the P=N groups linked to the
macrocycle (P0 and P�0), compared to the P=S groups in-
cluded in the macrocycle (Pc and P�c), whose degree of free-
dom is smaller. The better resolution observed for P0 com-
pared to P�0 is presumably due to the higher degree of free-
dom of Pc compared to P�c. Indeed, all the X ray structure
determinations carried out up to now for PcN(Me)-
NC=CHC6H4OP�c linkages have shown that all atoms from
Pc to O lie in a same plane, whereas P�c is out of this
plane.[26] At least 3 sharp doublets can be distinguished for
P0, which might correspond to the three main topological
features expected; indeed, the dendron connected to P0 can
be surrounded with either zero, one or two dendrons, in the
half space to which it belongs, defined by the average plane
of the macrocycle (Figure 2). In form A, the dendrons
linked to Pc and P�c have two interactions, thus inducing a
large modification of angles at the level of the S=Pc–N=P0

and S=P�c–N=P�0 linkages. The same level of modification
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of angles occurs for the S=P�c–N=P�0 linkage in form B,
and for the S=Pc–N=P0 linkage in form C. Dendrons hav-
ing a single interaction should induce a moderate modifica-
tion of angles, for the S=P�c–N=P�0 linkage in forms C and
D, and for the S=Pc–N=P0 linkage in forms B and D. Fi-
nally, no interaction should occur for dendrons linked to
the S=P�c–N=P�0 linkage in forms B and E, and for den-
drons linked to the S=Pc–N=P0 linkage in forms C and E.
It is known that 31P NMR chemical shifts are sensitive to
modification of the angles around the phosphorus atom.[19]

The minimization of interactions between the end groups
of the dendrons linked to some diastereoisomers of the
macrocycle necessitates modification of the angles at the
level of their “root” (the Pc–N=P0 and P�c–N=P�0 linkages),
which is translated into variation of the chemical shift.
Thus, one may attribute the phenomenon observed here by
31P NMR spectroscopy to the existence of diastereoisomers.
It demonstrates without any ambiguity that our assumption
concerning the role of dendrons as amplifiers of local phe-
nomena was correct, and could be usefully applied to other
systems.

Figure 2. Schematization of the five diastereoisomers of compound
5, showing the interactions between dendrons, and the movement
to avoid these interactions, which modify the angles around the Pc

(and P0), and P�c (and P�0) phosphorus atoms.

Experimental Section
General: All manipulations were carried out with standard high-
vacuum and dry-argon techniques. The solvents were freshly dried
and distilled (THF and diethyl ether with sodium/benzophenone,
pentane and CH2Cl2 with phosphorus pentoxide). Classical 1H,
13C, 31P NMR spectra were recorded with Bruker AC 200, AC
250, DPX 300, or AMX 400 spectrometers. References for NMR
chemical shifts are 85% H3PO4 for 31P NMR, SiMe4 for 1H and
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13C NMR spectroscopy. The attribution of 13C NMR signals has
been done using Jmod, two-dimensional HMBC, and HMQC,
broad-band or CW 31P decoupling experiments when necessary.
The numbering used for NMR assignments is depicted in Figure 3.
IR analyses were recorded with Perkin–Elmer FT 1725x. Elemental
analyses were performed by the Service d’Analyse du LCC, Toul-
ouse, France. Compounds 1,[17] 2,[20] and H2NNMeP(S)-
(OC6H4PPh2)2

[23] were synthesized according to methods pre-
viously reported.

Figure 3. Numbering scheme used for NMR assignments.

Synthesis and Characterization of 3: To a solution containing 51 mg
(0.050 mmol) of 1 in dichloromethane (5 mL) at room temp. was
added 67 mg (0.23 mmol, slight excess) of Ph2P(C6H4CHO). The
reaction mixture was stirred at room temp. overnight and concen-
trated to dryness. The crude residue was washed with a THF/pen-
tane mixture to afford 3 as a white powder in 92% yield (95 mg).
31P{1H}NMR (81.015 MHz, CDCl3): δ = 13.4 (d, 2JPP = 27 Hz,
P�c = N), 15.8 (d, 2JPP = 32 Hz, Pc=N), 55.9 (d, 2JPP = 32 Hz,
P0=S), 60.8 (d, 2JPP = 27 Hz, P�0=S) ppm. 1H NMR
(200.132 MHz, CDCl3): δ = 3.14 (br. d, 3JHP = 7.5 Hz, 12 H, NMe),
6.94–7.91 (m, 76 H, CH=N, Harom), 9.91 (s, 2 H, CHO), 9.95 (s, 2
H, CHO) ppm. 13C{1H} NMR (62.896 MHz, CDCl3): δ = 32.65
(d, 2JCP = 9.4 Hz, NMe), 121.57 (br. s, Cc

2), 126.96 (s, Cc
3), 127.66

(d, 1JCP = 108.5 Hz, C0
i), 128.60 (d, 3JCP = 12.0 Hz, C0

m), 128.81
(d, 3JCP = 12.3 Hz, C0�m), 129.07 (d, 3JCP = 12.0 Hz, C0�3), 129.11
(d, 1JCP = 108.4 Hz, C0�i), 129.25 (d, 3JCP = 11.6 Hz, C0

3), 131.19
(s, C0

p, C0�p), 132.62 (d, 2JCP = 11.0 Hz, C0
o), 132.80 (d, 2JCP =

12.0 Hz, C0�o), 132.90 (s, Cc
4), 133.33 (d, 2JCP = 11.8 Hz, C0

2),
133.52 (d, 2JCP = 11.8 Hz, C0�2), 134.21 (s, C0

4), 134.44 (s, C0�4),
135.21 (d, 1JCP = 102.2 Hz, C0

1), 136.47 (d, 1JCP = 101.8 Hz, C0�1),
138.51 (d, 3JCP = 10.0 Hz, CH=N), 151.57 (d, 2JCP = 9.6 Hz, Cc

1),
191.70 (s, CHO) ppm. C108H92N12O8P8S4 (2062.02): calcd. C 62.91,
H 4.50, N 8.15; found C 63.02, H 4.61, N 7.92.

Synthesis and Characterization of 4: To a solution containing
663 mg (1.1 mmol, slight excess) of H2NNMeP(S)(OC6H4PPh2)2 in
dichloromethane (10 mL) at room temp. was added 815 mg
(2 mmol) of N3P(S)(OC6H4CO2Me)2. The reaction mixture was
stirred at room temp. overnight and concentrated to dryness. The
crude residue was flash-chromatographed on silica gel (dichloro-
methane as eluent) to afford 4 as a white powder in 90% yield
(1.28 g). 31P{1H}NMR (81.015 MHz, CDCl3): δ = 16.1 (d, 2JPP =
30.6 Hz, P), 53.8 (d, 2JPP = 30.6 Hz, P2), 68.51 (s, P1) ppm. 1H
NMR (250.133 MHz, CDCl3): δ = 3.19 (d, 3JHP = 10.8 Hz, 3 H,
NMe), 3.87 (s, 12 H, OMe), 7.17–7.94 (m, 44 H, Harom) ppm.
13C{1H} NMR (62.896 MHz, CDCl3): δ = 41.35 (d, 2JCP =
13.7 Hz, NMe), 52.11 (s, OMe), 121.13 (dd, 3JCP = 6.3 Hz, 3JCP =
15.3 Hz, C1

2), 121.40 (d, 3JCP = 5.8 Hz, C2
2), 125.02 (dd, 1JCP =

108.3 Hz, 3JCP = 4.6 Hz, C1
4), 128.15 (dd, 1JCP = 108.2 Hz, 3JCP =
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4.4 Hz, C2
i), 128.80 (d, 2JCP = 12.3 Hz, C2

m), 131.06 (s, C2
3), 132.68

(d, 2JCP = 11.7 Hz, C2
o), 132.85 (s, C2

p), 132.91 (s, C2
4), 134.75 (d,

2JCP = 12.0 Hz, C1
3), 154.16 (d, 2JCP = 7.9 Hz, C1

1), 155.75 (d,
2JCP = 8.2 Hz, C2

1), 166.61 (s, C=O) ppm. IR (KBr): ν̃ = 1718 cm–1

(CO). C69H61N4O14P5S3 (1421.31): calcd. C 58.31, H 4.33, N 3.94;
found C 58.42, H 4.51, N 3.80.

Synthesis and Characterization of N3P(S)(OC6H4CO2Me)2: To a
solution containing 4.000 mL (39.3 mmol) of PSCl3 in THF
(100 mL) at –95 °C was added dropwise a solution of 15.584 g
(82.7 mmol, slight excess) of methyl 4-hydroxybenzoate and
16.5 mL (82.7 mmol, slight excess) of triethylamine in THF
(150 mL). The reaction mixture was allowed to reach room tem-
perature overnight and the white precipitate was filtered off. After
solvent removal under reduced pressure, the crude oil was dissolved
in acetone (50 mL) and treated with 5.850 g (90 mmol, slight ex-
cess) of sodium azide at room temperature for 2 d. The precipitate
was removed by filtration, and after solvent removal under reduced
pressure, the azide was extracted from the crude oily product with
pentane. Evaporation of pentane afforded the expected compound
as a white powder in 75% yield (12.00 g). 31P{1H} NMR
(81.015 MHz, CDCl3): δ = 61.3 (s) ppm. 1H NMR (250.133 MHz,
CDCl3): δ = 3.89 (s, 6 H, OMe), 7.27 (d, 3JHH = 7.6 Hz, 4 H,
Harom), 8.06 (d, 3JHH = 7.6 Hz, 4 H, Harom) ppm. 13C{1H } NMR
(62.896 MHz, CDCl3): δ = 52.33 (s, OMe), 121.17 (d, 3JCP =
4.4 Hz, Cb), 128.23 (s, Cd), 131.66 (s, Cc), 153.22 (d, 2JCP = 8.0 Hz,
Ca), 165.96 (s, C=O) ppm. C16H14N3O6PS (407.34): calcd. C 47.18,
H 3.46, N 10.32; found C 47.19, H 3.52, N 10.19.

Synthesis and Characterization of 5: To a solution containing 65 mg
(0.032 mmol) of 3 in dichloromethane (5 mL) at room temp. was
added 182 mg (0.128 mmol) of 4. The reaction mixture was stirred
at room temp. overnight and the residue was precipitated with di-
ethyl ether, filtered and washed twice with 20 mL of diethyl ether to
afford 5 as a white powder in 95% yield (230 mg). 31P{1H} NMR
(161.975 MHz, CDCl3): δ = 14–15 (m, P�0=N), 16.3 (d, 2JPP =
31 Hz, P0=N), 16.5 (d, 2JPP = 31 Hz, P0=N), 16.7 (d, 2JPP = 31 Hz,
P0=N), 17.05 (d, 2JPP = 30 Hz, P=N, P�=N), 53.2 (d, 2JPP =
30.0 Hz, P2=S, P�2=S), 54.6 (d, 2JPP = 31 Hz, Pc=S), 54.9 (m,
Pc=S), 59.3–60.0 (m, P�c=S), 63.2 (s, P1, P�1) ppm. 1H NMR
(400.130 MHz, CDCl3): δ = 3.21 (br. s, 12 H, P�0-NMe), 3.37 (br.
s, 12 H, P1-NMe and P�1-NMe), 3.84 (s, 48 H, CO2Me), 7.02–7.98
(m, 256 H, CH=N, Harom) ppm. 13C{1H} NMR (100.613 MHz,
CDCl3): δ = 33.23–33.86 (m, NMe), 52.53 (s, OMe), 121.78 (d, 3JCP

= 4.8 Hz, C2
2, C2�2, Cc

2), 122.05 (dd, 3JCP = 5.2 Hz, 3JCP = 12.9 Hz,
C1

2, C1�2), 125.85 (d, 1JCP = 108.2 Hz, C1�4, C1
4), 128.35 (d, 1JCP

= 108.1, C2
i, C2�i), 128.53 (s, Cc

3), 128.96 (s, C2
4, C2�4), 129.24 (br.

d, 3JCP = 13.1 Hz, C0
m, C2

m, C0
3, C0�m, C2�m, C0�3), 131.48 (s, C2

3,
C0

p, C2�3, C0�p), 133.05 (br. d, 2JCP = 10.8 Hz, C0
o, C2

o, C0�o, C2�o),
133.34 (br. s, C0

4, C2
p, C0�4, C2�p), 133.80 (br. s, C0

2, C0�2), 135.18
(d, 2JCP = 11.9 Hz, C1

3, C1�3), 138.81–139.68 (m, CH=N), 152.17
(br. s, Cc

1), 154.25 (br. s, C1
1, C1�1), 156.15 (d, 2JCP = 8.9 Hz, C2

1,
C2�1), 166.92 (s, C=O) ppm. IR (KBr): ν̃ = 1718 cm–1 (CO).
C384H328N28O60P28S16 (7675.2): calcd. C 60.09, H 4.31, N 5.11;
found C 60.01, H 4.40, N 5.01.
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Two key intermediates in the mechanistic cycle of cycloplati-
nation of aryl oximes by PtII complexes were crystallographi-
cally characterized. trans-[PtCl2(SOMe2)(N-acetophenone
oxime)] is an active precursor on the C–H cleavage reaction
coordinate. The formation of trans-[PtCl2(N-benzaldehyde
oxime)2] accounts for the rate retardation by excess oxime.

Disclosure of mechanisms of cyclometalation by transi-
tion-metal complexes is a difficult task.[1a] Cyclometalation
is a multistep event that should include (i) ligand coordina-
tion to a metal center through its usually N, P, O, or S
donor site (X), and (ii) a stepwise metal-involved cleavage
of the C–H bond (Scheme 1).

Step (i) is an intermolecular ligand substitution, which
may occur through associative, dissociative, or interchange
pathways. Step (ii) is a combination of intramolecular li-
gand substitution and C–H cleavage. Options for the C–
H cleavage include oxidative addition/reductive elimination,
electrophilic substitution, or multicentered activation (σ-
bond metathesis).[1a,1b] Agostic interactions[2] are also often
included in a mechanistic picture.[3] Consequently, extensive
efforts are required for the unequivocal understanding of
cyclometalation mechanisms. A complicating factor is that
mechanistic studies are often performed with excess incom-

Scheme 1. General scheme for cyclometalation by octahedral or square-planar (Lax = 0) transition metal complexes. Here Leq and Lax

are equatorial and axial ligands, respectively.
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DFT calculations support the crystallographic evidence that
provides unequivocal proof for the electrophilic nature of cy-
cloplatination.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing ligand X~C–H and may result in the binding of more
than one ligand to the metal center.

All stated above apply to cycloplatination by the PtII

sulfide and sulfoxide complexes [PtCl2(SR2)2] or
[PtCl2(SOR2)2]. These metalating agents are very conve-
nient for performing various cycloplatination reactions,[4]

and the use of chiral sulfoxides SORR� allows for the syn-
thesis of platinacycles with the planar[5a] and central carbon
chirality.[5b] We recently reported on the mechanism of cy-
cloplatination of aryl oximes by [PtCl2(SR2)2] or cis-
[PtCl2(SOR2)2] (R = Me) as shown in Scheme 2.[6] Evidence
was presented that the cycloplatination is a multistep pro-
cess and the principal reaction steps were recognized. The
key intermediate was identified as complex A, which sup-
ports the views of other authors.[7] The formation of dichlo-
robis(N-oxime)platinum(II) B was postulated to account for
the rate retardation by excess acetophenone oxime. Our de-

ductions were based on kinetic and 1H NMR spectroscopic
data that may leave room for alternative interpretations. In
this communication, we report X-ray crystallographic data
for the compounds matching the intermediates A and B.
They are complexes 1 and 2, respectively. Although mech-
anistic chemists should apply caution when using solid-state
information for the interpretation of kinetic data obtained
in solution, the structures of complexes A and B are excep-
tionally mechanistically informative towards the dynamics
of intramolecular C–H bond activation by PtII. The mech-
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anistic conclusions made were verified, supported, and re-
fined by theoretical analysis of key participants in Scheme 2
with DFT calculations.

Scheme 2. Mechanism of cycloplatination of aryl oximes by cis-
[PtCl2(dmso)2] suggested in ref.[6]

Compounds 1 and 2 were synthesized according to
Equations (1) and (2), respectively, and characterized by 1H
NMR spectroscopy, analytical data, and X-ray crystallogra-
phy. Crystal structures of 1 and 2 are displayed in Figure 1.
Both complexes exhibit a square-planar geometry. The N-
atom of the acetophenone oxime is in trans position relative
to the sulfur atom of dmso in complex 1. The phenyl plane
of the oxime ligand is orientated almost perpendicularly to
the metal plane with a Cl(1)–Pt–N–C(10) torsion angle of
69.1°. The phenyl ring is in the axial position with a closest
Pt···C(16) contact of 3.153 Å [Pt···H(16) 2.852 Å]. The Pt–
S(1) and Pt–N(1) bond lengths of 2.206(3) and 2.051(9) Å,
respectively, are within normal ranges for bonds of this
type. The Pt–Cl(1) and Pt–Cl(2) bond lengths of 2.287(3)
and 2.293(3) Å, respectively, do not differ significantly and
are within expected ranges.

Figure 1. ORTEP diagrams of 1 (left) and 2 (right) at 30% probability level. Hydrogen atoms are of arbitrary size. Selected bond lengths
[Å]: 1: Pt–Cl(1) 2.287(3), Pt–Cl(2) 2.293(3), Pt–N(1) 2.051(9), Pt–S(1) 2.206(3); 2: Pt–Cl(1) 2.3053(19), Pt–N(1) 2.021(6).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2561–25652562

Compound 2 crystallizes with the inversion center in the
triclinic space group P1̄ resulting in a mutually trans config-
uration of the oxime and chloro ligands with the oxime li-
gands located in the coordination plane. The hydroxy group
is directed towards a chloro ligand, typical of many oxime
complexes of Pd and Pt.[8] There is a Cl···H–O interaction,
with Cl···O and Cl···H separations of 3.056 and 2.408 Å,
respectively. The Pt–Cl(1) and Pt–N(1) bond lengths of
2.3053(19) and 2.021(6) Å, respectively, are within normal
ranges for complexes of this type.

Crystallographically characterized species 1 and 2 do
prove unambiguously the existence of the proposed inter-
mediates A and B, respectively, shown in Scheme 2. Import-
antly, both structural and DFT (see below) data provide
evidence why complex B is not on the reaction coordinate.
In contrast, A is adequately pre-organized for subsequent
metalation of the C–H bond. The azomethine unit geome-
try is an essential feature. Data in Figure 1 confirm the (E)
and (Z) configuration of the C=N unit in complexes 1 and
2, respectively. To avoid any confusion, all assignments are
made for imaginary free aryl oximes, which are not bound
to PtII. The (Z) geometry in 2 implies that the trans-bis(ox-
ime)platinum(II) unit should be unreactive towards cyclo-
metalation. The ortho C–H bonds are located too far from
the metal center with a shortest Pt···H–C(16) distance of
4.916 Å. In contrast to 2, the geometry at the C=N unit in
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the mono(aryl oxime) complex 1 is (E) resulting in 1 being
much better arranged for the subsequent C–H bond acti-
vation. In fact, different geometries at the C=N moiety in
monomeric bis- and mono(oxime) complexes of PtII is a
notable observation because the aspect of geometric isom-
erization at the C=N bonds was rather confusing. This is
understandable because the geometry of ligands in free and
cyclometalated states may be different. For example, azo-
methines are sometime involved in (E) � (Z) isomerization
during cyclometalation.[4j] As in the case of 1, the binding
of the (E) form of the aryl oxime delivers its ortho C–H
bond to the proximity of the metal center. The Pt···C(16)
separation is only 3.153 Å. For comparison, PtII is further
away from the C–H bond of the Cp ring in trans-
[PtCl2(CpFeC5H4CMe=NPh)dmso] and therefore an ad-
ditional external base is needed to facilitate the C–H bond
cleavage.[9] Note that cycloplatination of 1 occurs spontane-
ously in methanol without basic co-catalyst.

Assuming that the short Pt···C(16) separation is evidence
that complex 1 is on the reaction coordinate, several com-
ments could be made based on mutual atom arrangement
in 1. The C(16) atom is located right above the Pt–N bond
and H(16) is directed at Cl(2). Therefore, there is a favorable
setup of all key groups involved in cycloplatination for an
easy conversion of A into C (Scheme 2). Essential is just
the dissociation of chloride Cl(2) that gives intermediate C.
Based on the data reported here, elsewhere,[6,10,11] and the
results of DFT analysis of this particular system (see below)
we suggest a first DFT-verified “crystallographic” mecha-
nism of cycloplatination by cis-[PtCl2(SOMe2)2] (Figure 2),
which actually involves all major steps of the “kinetic”
mechanism in Scheme 2. A strength of the “crystallo-
graphic” mechanism is that all the compounds in Figure 2
have now been characterized by X-ray crystallography in-
cluding the starting complex cis-[PtCl2(SOMe2)2] and the
incoming aryl oxime.

Figure 2. “Crystallographic” mechanism of cycloplatination of aryl
oximes by cis-[PtCl2(SOMe2)2]. X-ray data for PtII complexes S and
P are from ref.[10] and ref.[6], respectively; structures A and B are
reported in this work. A structure of (E)-acetophenone oxime was
published by Gieren, et al.[11] At the bottom left is the DFT-calcu-
lated diagram with energies in kcalmol–1.

The geometries of all structures in Figure 2 are optimized
using Becke’s three-parameter hybrid potential (B3LYP)
with LANL2DZ basis set as provided by Gaussian 03.[12]

Optimizations are done in the absence of any solvent. The
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optimized geometries are in general agreement with the ex-
perimental bond lengths/angles. Longer Pt–Cl and Pt–S but
shorter Cl···HO bond lengths (all by 0.1–0.2 Å) were, how-
ever, observed. Substitution of the S- by the N-donor ligand
to form intermediate A is energetically favorable (ca.
20 kcalmol–1), as well as the second exergonic substitution
leading to B. As a result, Z configured intermediate B is in
a deep energy well and its C–H bonds are inaccessible for
cycloplatination (Figure 2).

Our theoretical simulations indicate that the C–H bond
activation (A � P) never occurs when both chloride ions
are bound to PtII. In other words, there is no C–H breaking
pathway through an axial agostic contact. The evidence for
the C–H bond activation begins to emerge after enforced
dissociation of chloride as shown in Figure 3. Here, com-
plex A� is generated by removing one chloride ion from the
DFT-optimized structure of A. Geometry optimization of
A� results in C�, which matches nicely the postulated inter-
mediate C in Scheme 2. Remarkably, the C–H bond carbon
atom in C� aligns itself in the metal plane and is almost
ideally trans to the chloro ligand with a C···Pt–Cl angle of
165°. Hence, the in-plane disposition of the C–H bond is
absolutely crucial for the reaction to happen. The Pt–C dis-
tance changes from 3.153 Å (in A) to 2.519 Å in C� to be-
come finally 2.021 Å in P. The Mulliken charge on the car-
bon atom varies drastically as well, viz. –0.304 (A) �
–0.449 (C�) � –0.193 (P), indicating a major development
of a carbanion character of the C–H bond carbon atom in
high-energy intermediate C�. Elongation of the C1–C2 bond
(1.438 vs. average 1.410 Å for other aryl C–C bonds of C�,
Figure 3) supports also the “carbanionic” hypothesis. This
also shows that the hydrogen atom should dissociate rather
as proton in an electrophilic substitution sequence. DFT
calculations show that the cycloplatination of the C–H
bond (A � P) is 4–5 kcalmol–1 favorable when the leaving
HCl is allowed to interact with product P.[13] If the energies
of P and HCl are calculated separately, the cycloplatination
reaction is ca. 10 kcalmol–1 endergonic. This scenario may
be different in the presence of methanol as solvent where
H-bonding should play a significant role. Apparently, the
chloro ligand is somehow involved in the stabilization of
the leaving hydrogen atom. Mechanistic options are either
chloride interacts with H+ as a base, thus precluding reverse

Figure 3. DFT-optimized structures of intermediates A, C�, and
product P, see text for details.
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protonolysis of the Pt–C bond of P, or its role is a compen-
sation of a positive charge of intermediate D in Scheme 2.

In conclusion, a combination of kinetic and X-ray struc-
tural data plus theoretical DFT information generated a
unified, self-consistent detailed mechanistic picture of the
electrophilic C–H bond cyclometalation by platinum(II).
The DFT routine filled elegantly the mechanistic gaps,
about which kinetics and crystallography are usually silent.

Experimental Section
Chemicals: Acetophenone oxime (Acros), benzaldehyde oxime
(Acros), SOMe2 (Merck) and AgSO3CF3 (Aldrich) were used as
received, methanol (Riedel–de Haën) was of analytical grade and
was freshly distilled from CaH2 under dinitrogen prior to use.

NMR Measurements: The 1H NMR spectra were recorded at 295 K
as CD3OD or CDCl3 solutions with either a Bruker 300 MHz or
a Varian Unity 300 spectrometer operating at 299.78 MHz; the
spectra were calibrated relative to TMS at δ = 0 ppm.

Preparation of Complexes: K[PtCl3(SOMe2)] and cis-
[PtCl2(SOMe2)2] were prepared according to literature pro-
cedures.[14,15]

trans-[PtCl2{HO–N=C(CH3)C6H5}(SOMe2)] (1). (a) A homogen-
eous solution of cis-[PtCl2(SOMe2)2] (104 mg, 0.246 mmol) was
prepared in methanol (30 mL) by gently heating with effective stir-
ring for 2 h. Acetophenone oxime (35 mg, 0.26 mmol) in methanol
(5 mL) was added at ambient temperature and the solution was
stirred for 30 min. The reaction mixture was concentrated to 20 mL
under a flow of nitrogen and left at 15 °C to crystallize by slow
evaporation of methanol. Crystals of 1 suitable for X-ray diffrac-
tion were obtained. (b) AgSO3CF3 (64 mg, 0.25 mmol), dissolved
in methanol (5 mL), was added to a solution of K[PtCl3(SOMe2)]
(100 mg, 0.239 mmol), also in methanol (25 mL). The resulting
mixture was stirred for 15 min to facilitate the precipitation of
AgCl and was subsequently filtered to yield a clear solution. Aceto-
phenone oxime (34 mg, 0.25 mmol) in methanol (5 mL) was added
at ambient temperature and the solution was stirred for 10 min.
Evaporation of the methanol resulted in isolation of 1 in almost
quantitative yield. 1H NMR (CDCl3): δ = 2.50 (s, 3 H, CCH3),
3.24 (t, 3JPtH 19 Hz, 6 H, SCH3), 7.50 (m, 3 H, 2-H, 4-H, 6-H),
7.90 (m, 2 H, 3-H, 5-H), 8.00 (s, 1 H, OH) ppm. C10H15Cl2NO2PtS
(477.98): calcd. C 25.1, H 3.2, N 2.9; found C 25.4, H 3.6, N 2.7.

trans-[PtCl2(HO–N=CHC6H5)2] (2): Benzaldehyde oxime (592 mg,
4.89 mmol) was added to a solution of K[PtCl3(SOMe2)] (210 mg,
0.50 mmol) in methanol (25 mL) and the reaction mixture was sub-
sequently refluxed for 4 d. The reaction progress was monitored
by 1H NMR spectroscopy as described previously.[6] Yield 119 mg
(48%). 1H NMR (CDCl3): δ = 7.4–7.6 (m, 6 H, 2× 2-H, 2× 4-H,
2× 6-H), 7.93 (m, 4 H, 2× 3-H, 2× 5-H), 8.19 (t, 3JPtH = 22 Hz, 2
H, 2× CH), 9.56 (s, 2 H, 2× OH) ppm. C14H14Cl2N2O2Pt (507.01):
calcd. C 33.1, H 2.8, N 5.5; found C 33.4, H 3.0, N 5.4.

Crystallography: The data collections were carried out with a Sie-
mens SMART CCD diffractometer using Mo-Kα radiation (λ =
0.71073 Å) and ω-scans at 293(2) K. After completion of the data
collection, the first 50 frames were repeated to check for decay, of
which none was observed. All reflections were merged and inte-
grated using SAINT[16] and were corrected for Lorentz, polariza-
tion and absorption effects using SADABS.[17] The structure was
solved by the heavy-atom method and refined through full-matrix
least-squares cycles using the SHELXL97[18] software package with
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Σ(|Fo| – |Fc|)2 being minimized. All non-H atoms were refined with
anisotropic displacement parameters while the H atoms were
placed in geometrically idealized positions and constrained to ride
on their parent atoms (aromatic C–H 0.93 Å, aliphatic C–H 0.96 Å,
O–H 0.82 Å). For both structures the minimum and maximum re-
sidual electron densities were located within 1 Å of the platinum
nuclei indicating no physical meaning. The crystal data and details
of the data collection and refinement are given in Table S1 with
selected geometrical parameters in Table S2. Crystallographic data
have been deposited with the Cambridge Crystallographic Data
Center as supplementary publications CCDC-290273 and -290274
(2 and 1, respectively). These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Crystal data and structure refinement parameters,
bond lengths and bond angles in Tables S1 and S2.
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A density functional theory investigation is presented in this
work on a new class of triple-decker complexes (CnHn)-
M(B6X)M(CnHn) (M = Fe, Ru, Mn, Re; X = B, C, N; n = 5,
6) containing almost perfect planar hexacoordinate carbon
atoms and other planar hexacoordinate nonmetals at the cen-
ters of the B6X middle-deckers. Effective d–π coordination
interactions between the partially filled 3d orbitals of the
transition-metal center and the delocalized π orbitals of the
three parallel ligands maintain the stabilities of these triple-
decker complexes. The strong IR absorption peaks of (CnHn)-

Introduction

As a challenge to tetrahedral carbon, which has domi-
nated organic chemistry and biochemistry for over 130
years, planar tetracoordinate carbon (ptC) was first pro-
posed by Hoffmann et al.[1] about 30 years ago and was
recently observed in gas phases in D4h Al4C–,[2] C2v Al3XC,
Al3XC– (X = Si, Ge),[3,4] and [CAl4]2–.[5] The smallest anion
with a ptC at its center is D2h C5

2–, which has been incorpo-
rated in various neutral molecules.[6] Theoretical studies on
planar coordinate carbon atoms also include planar penta-
coordinate carbon atoms (ppCs) in B3C2H2C and extended
systems[7] and planar hexacoordinate carbon atoms (phCs)
in the B6C2– dianion.[8] Designing and characterizing new
forms of planar coordinate C atoms remains a huge chal-
lenge in chemistry. In a series of recent works at density
functional theory (DFT) level, our group developed a strat-
egy to incorporate planar coordinate group IV elements at
the centers of various hydrometal polygons, including ptC
in M4H4C (M = Cu, Ni),[9] ppC in Cu5H5X (X = B, C, N,
O),[10] planar pentacoordinate silicon (ppSi) in M5H5X (M
= Pd, Pt; X = Si, Ge),[11] and planar hexacoordinate silicon
(phSi) in Cu6H6X (X = Si, Ge) complexes.[12] Employing
B6C2– as an aromatic ligand, in a recent communication,[13]

we incorporated quasi-phCs in a new class of sandwich-
type complexes (B6C)2M (M = Mn, Fe, Co, Ni). In this
work at DFT level, we introduce B6C2– to a novel class of

[a] Institute of Materials Sciences and Department of Chemistry,
Xinzhou Teachers’ University,
Xinzhou 034000, Shanxi, P. R. China
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M(B6X)M(CnHn) complexes mainly originate from the in-
plane and off-plane vibrations of their planar hexacoordinate
nonmetal centers. The results obtained in this work provide
a possible new approach to characterize planar hexacoordi-
nate carbon-containing systems in future experiments and
expand the structural domain of transition-metal complexes
by introducing inorganic B6X middle-deckers into traditional
sandwich-type structures.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

triple-decker complexes (CnHn)M(B6C)M(CnHn) (M = Fe,
Ru, Mn, Re; n = 5, 6) that contain almost perfect phCs at
the centers of the B6C middle-deckers. Similar results are
also obtained for their isoelectronic complexes with planar
hexacoordinate boron (phB) or planar hexacoordinate ni-
trogen (phN) centers. In the triple-decker[14] and multi-
decker[15] complexes reported before, the hexanuclear ben-
zene-centered tris(alkynyl triple-decker) complex[14] is par-
ticularly interesting, in which the three ligands around the
benzene core are typical triple-decker complexes with a
C2B3 ring as the middle-decker. However, to the best of our
knowledge, there have been no triple-decker complexes with
phCs, phBs, or phNs reported to date in the literature.

Theoretical Method

As the phC-containing B6C2– unit[8] is a 6π-electron aro-
matic dianion, while C5H5

– is a 6π-electron monoanion, to
meet the 18-electron requirements of the two FeII centers,
the most possible triple-decker structure of a dinuclear neu-
tral (C5H5)Fe(B6C)Fe(C5H5) would contain a B6C2– mid-
dle-decker to balance the overall molecular charge of the
system, while the two C5H5

– rings serve as terminal ligands,
with the whole complex possessing a C2v symmetry. But a
singlet C2v (C5H5)Fe(B6C)Fe(C5H5) turned out to be a tran-
sition state with one imaginary frequency. Relaxing the sys-
tem in the imaginary vibrational mode leads to a slightly
distorted C2 structure that is a true minimum. The initially
optimized structures with C2 symmetries obtained at the
hybrid DFT-B3LYP/6-31+G(d) level were refined compara-
tively with the bigger bases of 6-311+G(d,p) and 6-
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311+G(3df,p) and the optimized results turned out to be
quite insensitive to the bases employed. When C5H5

– ter-
minal ligands are replaced with two neutral benzene mole-
cules C6H6, two MnI centers are required to replace FeII

to follow the 18-electron rule. Natural bond orbital (NBO)
analyses[16] and zero-point energy (ZPE) corrections were
performed in the frequency analyzing processes. Results ob-
tained at B3LYP/6-311+G(d,p) level are presented in this
work hereafter for the first-row transition-metal complexes.
For heavy transition-metal complexes, we choose the basis
of 6-31+G(d,p) for nonmetal atoms and Lanl2dz[17] (which
contains an effective core potential for transition metals)

Figure 1. Optimized structures of (CnHn)M(B6X)M(CnHn) triple-decker complexes (M = Fe, Ru, Mn, Re; X = B, C, N; n = 5, 6) containing
planar hexacoordinate nonmetal centers, with the lowest vibrational frequencies ν̃min (cm–1) indicated.

Table 1. Averaged bond lengths r [Å], M–phX–M bond angles θ, HOMO energies EHOMO [eV], HOMO–LUMO energy gaps ∆Egap [eV],
and natural atomic charges qphX (|e|), and total Wiberg bond indices WBIphX of the phX centers of typical (CnHn)M(B6X)M(CnHn)
complexes at DFT-B3LYP level.

(CnHn)M(B6X)M(CnHn) rM–C rM–B rM–phX rB–B θ EHOMO ∆Egap qphX WBIphX

(C5H5)Fe(B6B)Fe(C5H5)– 2.059 2.510 1.913 1.624 177.2° –1.82 3.53 –0.68 3.92
(C5H5)Fe(B6C)Fe(C5H5) 2.057 2.474 1.884 1.603 177.8° –5.70 3.52 –0.96 3.85
(C5H5)Fe(B6N)Fe(C5H5)+ 2.064 2.464 1.845 1.619 177.9° –9.68 3.47 –1.12 3.01
(C5H5)Ru(B6C)Ru(C5H5) 2.190 2.606 2.047 1.612 179.1° –5.76 3.59 –1.02 3.73
(C5H5)Ru(B6B)Ru(C5H5)– 2.197 2.620 2.046 1.638 178.7° –1.88 3.45 –0.73 3.91
(C6H6)Mn(B6B)Mn(C6H6)– 2.092 2.542 1.956 1.624 180.0° –1.76 3.73 –0.57 3.92
(C6H6)Mn(B6C)Mn(C6H6) 2.104 2.500 1.919 1.603 180.0° –5.36 3.72 –0.90 3.89
(C6H6)Mn(B6N)Mn(C6H6)+ 2.124 2.472 1.871 1.618 180.0° –9.12 3.50 –1.08 3.05
(C6H6)Re(B6C)Re(C6H6) 2.217 2.587 2.012 1.626 180.0° –4.83 3.25 –1.02 3.75

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2567–25712568

for the second- and third-row transition metals. Figure 1
depicts the optimized structures that are true minima on
their potential energy surfaces and Table 1 tabulates their
geometrical and electronic properties. Figure 2 shows the
typical molecular orbitals (MOs) of C2 (C5H5)Fe(B6C)-
Fe(C5H5) involving Fe 3d orbitals and the delocalized π or-
bitals of the three parallel ligands and Figure 3 demon-
strates the calculated IR spectra of C2 (C5H5)Fe(B6C)-
Fe(C5H5) and C2 (C6H6)Mn(B6C)Mn(C6H6) to facilitate
future spectroscopic investigations. All the calculations
in this work were performed using the Gaussian 03
program.[18]
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Figure 2. Typical MO pictures of C2 (C5H5)Fe (B6C)Fe(C5H5) involving Fe 3d and the delocalized π orbitals of the three parallel ligands.
For doubly degenerate orbitals, only one of them is depicted.

Results and Discussion

As shown in Figure 1, all the triple-decker structures pos-
sess a real lowest vibrational frequency corresponding to
rotations of the three parallel ligands about the M–phX–M
molecular axis (with the two CnHn terminal ligands rotating
clockwise while the B6X middle-decker rotates anticlock-
wise) with a small energy barrier of about 2 kcal/mol, sim-
ilar to the lowest-energy rotary vibrational modes of the
well-known sandwich-type (C5H5)2Fe and (C6H6)2Cr. But a
singlet C2 (C5H5)Fe(B6N)Fe(C5H5)+ monocation turned
out to be a transition state with one imaginary frequency
at 62i cm–1 (an up-and-down movement of the B6 ring
along the Fe–phN–Fe axis). Structural analyses indicate
that the three quasiplanar ligands intervened by two Fe
atoms in the prototypic C2 (C5H5)Fe(B6C)Fe(C5H5) are al-
most perfectly parallel to one another, with the three axial
atoms of Fe, phC, and Fe being nearly collinear with the
bond angle of θFe–phC–Fe = 177.8° and the averaged bond
lengths of rFe–C = 2.057 Å, rFe–B = 2.474 Å, rFe–phC =

Eur. J. Inorg. Chem. 2006, 2567–2571 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2569

1.884 Å, and rB–B = 1.603 Å. All the (CnHn)M(B6X)-
M(CnHn) complexes (M = Fe, Ru; X = B, C, N; n = 5, 6)
possess very similar triple-decker structures featured with
the B6X middle-deckers, which are almost perfect hexagons
with phX atoms located at their geometrical centers and
approximately equal B–B and phX–B bond lengths (rB–B �
rphX–B). The B–B bond lengths in the middle-deckers of
these complexes (see Table 1 for details) are slightly longer
than the corresponding B–B distance of 1.594 Å in free
B6C2–.[8] The calculated Fe–C bond lengths of 2.057 Å in
(C5H5)Fe(B6C)Fe(C5H5) turned out to be very close to the
corresponding measured values of 2.064 Å in ferrocene
(C5H5)Fe(C5H5),[19] while the Fe–phC distances of 1.884 Å
are 0.224 Å longer than the corresponding Fe–phC distance
in half-sandwich-type (B6C)Fe.[13] This suggests that a tri-
ple-decker (C5H5)Fe(B6C)Fe(C5H5) complex could be con-
structed by inserting a half-sandwich-type (B6C)Fe into a
ferrocene molecule (C5H5)Fe(C5H5). The middle-decker
B6C2– in structure 2 acts as a bridge to link two half-sand-
wich-type (C5H5)Fe together by forming two Fe–phC inter-
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Figure 3. Calculated IR spectra (in cm–1) of C2 (C5H5)Fe(B6C)-
Fe(C5H5) (a) and C2 (C6H6)Mn(B6C)Mn(C6H6) (b).

actions. Heavy transition-metal complexes (C5H5)Ru(B6X)-
Ru(C5H5) (X = C, B) with C2 symmetries were confirmed
to be transition states. With the C2 symmetry constraints
removed during structural optimization, these structures
were slightly distorted to C1 symmetries with the lowest fre-
quencies (ν̃min) of 9 and 16 cm–1 for X = C and B, respec-
tively.

A triple-decker (C6H6)Mn(B6C)Mn(C6H6) (5) with a
phC center and two neutral C6H6 terminal ligands has the
averaged bond lengths of rMn–C = 2.104 Å, rMn–phC =
1.919 Å, rMn–B = 2.500 Å, and rB–B = 1.603 Å. The three
ligands are almost perfectly parallel to one another and the
Mn–C distances of 2.104 Å are well in line with the mea-
sured Cr–C distance of rCr–C = 2.15 Å in D6h (C6H6)2Cr.
With two C6H6 terminal ligands, both phB and phN can
be stabilized at the centers of the B6X middle-deckers, as
indicated in Figure 1 for structures 4 and 6, which have
bond lengths of rMn–phB = 1.956 Å and rB–B = 1.624 Å in 4
and rMn–phN = 1.871 Å and rB–B = 1.618 Å in 6. A triple-
decker (C6H6)Re(B6C)Re(C6H6) also turned out to be a
stable singlet species with ν̃min = 16 cm–1.

The stabilities of the phC-containing C2 (C5H5)Fe(B6C)-
Fe(C5H5) and C2 (C6H6)Mn(B6C)Mn(C6H6) are supported
by the negative thermodynamic quantity changes of the fol-
lowing processes starting from stable reactants [Equa-
tion (1)].

(C5H5)2Fe(D5) + (B6C)Fe(C6v) = (C5H5)Fe(B6C)Fe(C5H5)(C2) (1)

(C6H6)2Mn+(D6h) + (B6C)Mn–(C6v) =
(C6H6)Mn(B6C)Mn(C6H6)(C2) (2)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2567–25712570

In Equation (2), the monocation (C6H6)2Mn+ with ν̃min

= 32 cm–1 and monoanion (B6C)Mn– with ν̃min = 301 cm–1

are isoelectronic with D6h (C6H6)2Cr and C6v (B6C)Fe,[13]

respectively. With ZPE corrections included, ∆E(1) =
–124.8, ∆H(1) = –122.8, ∆G(1) = –87.1, and ∆E(2) =
–596.2, ∆H(2) = –594.9, ∆G(2) = –554.0 kJ/mol. These
negative values indicate that the desired products are fa-
vored in thermodynamics relative to the corresponding re-
actants. Detailed kinetic studies are beyond the reach of
available computing resources at this stage.

NBO analyses indicate that all the component atoms in
these complexes follow the octet rule. For example, atoms in
(C5H5)Fe(B6C)Fe(C5H5) (1) possess the total Wiberg bond
indices (WBIs) of WBIphC = 3.85, WBIC = 3.96, WBIB =
3.50, WBIH = 0.94, and WBIFe = 2.98, respectively. The
middle-decker B6C in the complex has the bond orders of
WBIB–B = 1.14 and WIBB–phC = 0.56, well in line with the
corresponding bond orders of WBIB–B = 1.29 and
WIBB–phC = 0.63 in free B6C2–.[8] The slight bond-order dif-
ference is well compensated for by two extra phC–Fe inter-
actions in vertical directions with WBIphC–Fe = 0.20 and
WBIphC = 3.85 to satisfy the bonding requirement of the
central carbon atom. It is also interesting to notice that the
phC centers in (C5H5)Fe(B6C)Fe(C5H5) (2), (C5H5)Ru-
(B6C)Ru(C5H5) (3), and (C6H6)Mn(B6C)Mn(C6H6) (5)
carry approximately unitary negative charges, with qphC =
–0.96|e|, –1.02|e|, and –0.90|e|, respectively. This implies that
the phC centers possess approximately an extra electron in
triple-decker complexes. It is this extra electron, which oc-
cupies the delocalized phC 2pz orbital perpendicular to the
B6C middle-decker, that helps to stabilize the phC center in
the complex (see Figure 2), similar to the situation of three
sp2 hybrids plus a doubly occupied 2pz orbital in ptC-con-
taining systems.[1,6d,9]

NBO analyses help to understand the bonding nature of
these triple-decker structures. As indicated in Table 1, all
these complexes possess negative HOMO energies and their
HOMO–LUMO energy gaps are greater than 3.25 eV. Or-
bital coefficients and the MO pictures shown in Figure 2
indicate that both the degenerate HOMO(MO-79) and
MO-77 of (C5H5)Fe(B6C)Fe(C5H5) mainly involve the con-
tributions from Fe 3dxy and 3dx2–y2, while MO-75, MO-70,
and MO-64 are mostly composed of different interactions
between Fe 3dz2 and the delocalized π or σ orbitals of the
B6C2– middle-decker. The degenerate MO-74 consists al-
most purely of the delocalized π orbital of the middle-
decker B6C2–. Fe 3dxz and 3dyz orbitals mainly participate
in the formations of the degenerate MO-72, MO-69, and
MO-67, while MO-61, MO-56, and MO-51 originate al-
most purely from the out-of-phase or in-phase interactions
between the totally delocalized π orbitals of the three paral-
lel ligands (MO-51 also involves the in-phase contribution
from Fe 3dz2). It is these d–π and π–π interactions that work
together to maintain the stabilities of these triple-decker
structures. MO-80, the lowest unoccupied molecular orbital
with a negative orbital energy of –2.18 eV, is mainly com-
posed of the out-of-phase overlap between Fe 3dyz and the
delocalized π orbitals of the C5H5

– ligands.
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Frequency analyses indicate that the two strong IR ab-

sorptions of C2 (C5H5)Fe(B6C)Fe(C5H5) at 692 cm–1 and
1129 cm–1 in Figure 3 (a) mainly originate from two in-
plane vibrations of the phC center within the B6 ring, while
the other strong peak at 790 cm–1 corresponds to an off-
plane movement of the phC center perpendicular to its B6

ligand. The unsymmetrical off-plane swings of the 10 H
atoms in C5H5 ligands produce the IR absorption at
843 cm–1 and their in-plane movements result in the absorp-
tion peak at 1023 cm–1. The weak peak at 132 cm–1 is the
result of the up-and-down movements of the B6 ring along
the molecular axis; meanwhile, the peak at 413 cm–1 corre-
sponds to unsymmetrical swings of the two C5H5 ligands
and the weakest peak at 1450 cm–1 originates from their in-
plane twisting vibrations. As shown in Figure 3 (b), similar
vibrational modes exist for C2 (C6H6)Mn(B6C)Mn(C6H6),
with the off-plane vibrational mode of the phC center
shifted to 728 cm–1 while all the other absorption bands are
basically maintained. The obvious correspondence in IR
spectra between Figure 3a and Figure 3 (b) indicates that
these complexes vibrate in similar vibrational modes that
are closely related with the triple-decker geometries they
possess.

Summary
In summary, planar hexacoordinate nonmetal centers

following the octet rule have been stabilized in triple-decker
complexes (CnHn)M(B6X)M(CnHn) (M = Fe, Ru, Mn, Re;
X = B, C, N; n = 5, 6) in which the hexagonal B6X middle-
deckers are well maintained, the metal–ligand (M–CnHn)
distances possess normal M–C coordination bond lengths,
and phX centers carry approximately unitary natural
charges. It is the effective coordination interactions between
the partially filled 3d orbitals of the transition-metal centers
and the delocalized π orbitals of the three parallel ligands
that help to stabilize these triple-decker structures. The
strong IR absorptions of these complexes mainly originate
from the in-plane and off-plane vibrational modes of their
phX centers. As a complement to the initial proposal of
B6C2–,[8] this work has introduced phCs and other nonmetal
centers phXs at the centers of inorganic B6X middle-
deckers to transition-metal triple-decker complexes, provid-
ing a possible new approach to synthesize phC-containing
systems in future experiments.
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Silica-based nanoparticulated bimodal mesoporous materials
with high Zr content (43 � Si/Zr � 4) have been synthesized
by a one-pot surfactant-assisted procedure from a hydroalco-
holic medium using a cationic surfactant (CTMABr = cetyltri-
methylammonium bromide) as structure-directing agent, and
starting from molecular atrane complexes of Zr and Si as hy-
drolytic inorganic precursors. This preparative technique al-
lows optimization of the dispersion of the Zr guest species in
the silica walls. The bimodal mesoporous nature of the final
high surface area nano-sized materials is confirmed by XRD,
TEM, and N2 adsorption–desorption isotherms. The small in-
traparticle mesopore system (with pore sizes around 2–3 nm)
is due to the supramolecular templating effect of the surfac-
tant, while the large mesopores (around 12–24 nm) have their

Introduction

Silicon/zirconium mixed oxides, (SiO2)1–x(ZrO2)x, have
attracted considerable attention for a long time because of
their mechanical (low thermal-expansion coefficient) and
chemical (resistance to alkaline attack) properties.[1–7]

Moreover, they are also interesting materials in catalysis.
Indeed, they exhibit catalytic activity due to both their
moderate acidity and oxidizing capability, and also can be
used as catalyst supports.[8] However, the possibility for in-
dustrial applications has been limited because these materi-
als generally show low surface area and no size selectiv-
ity.[9,10] Hence, the search for improved-performance (high
surface area) catalysts stimulated the preparation of
(SiO2)1–x(ZrO2)x solids in the form of particulated xerogels,
which was approached through a diversity of sol-gel routes
starting from alkoxide precursors.[11–13] The structure of
these xerogels was studied some time ago by SAXS and
WAXS techniques,[14] which revealed a very open architec-
ture (involving interconnected 3D pore systems) that has
been recently referred to as optimal for catalytic applica-
tions.[15] In practice, the (SiO2)1–x(ZrO2)x particulated xero-
gels are high surface area catalysts displaying strong acidity
and showing satisfactory activity in a diversity of organic
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origin in the packing voids generated by aggregation of the
primary nanometric mesoporous particles. The basicity of the
reaction medium seems to be a key parameter in the defini-
tion of this last pore system. The effects induced by the pro-
gressive incorporation of Zr atoms on the mesostructure have
been examined, and the local environment of the Zr sites in
the framework has been investigated by UV/Vis spec-
troscopy. Observations based on the consequences of post-
treatments of the as-synthesized materials with HCl/ethanol
mixtures corroborate that the atrane method leads to Zr-rich
materials showing enhanced site accessibility and high
chemical homogeneity throughout the pore walls.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

reactions (cumene dealkylation, alcohol dehydration, alkene
isomerization).[16–18]

However, the use of these (SiO2)1–x(ZrO2)x xerogels as
catalysts presents a certain limitation derived from their
lack of size selectivity.[9,10] Until now, the most promising
strategies to overcome this problem have been those con-
ceived to incorporate Zr atoms into the frameworks of mo-
lecular sieves or high surface area silica-based materi-
als.[19–21] Thus, there are reports on Zr-containing materials
derived from both microporous solids (such as zeolites and
also ALPOS)[22–25] and mesoporous silicas (Zr-MCM-41,
Zr-MCM-48, Zr-HMS, Zr-MSU, Zr-SBA-15),[26–39] which
simultaneously display high surface area and size selectivity.
Hence, a diversity of both small and large substrates could
be processed with the help of such a variety of Zr-contain-
ing molecular sieves.

In short, the preparative procedures implemented for
incorporating zirconium in silica-based porous matrices
can be referred to as one-pot (cohydrolysis)
methods[26,32,34–36,38,39] or postsynthesis (grafting) treat-
ments.[33,37] Independent of the synthesis strategy used, an
important condition for having very active supported zirco-
nia catalysts (high-Zr-content materials) lies in site isola-
tion: the Zr atoms must be isolated and well dispersed
throughout the silica walls, thus avoiding the formation of
ZrO2 domains.[40] In fact, while the preparation of doped
mesoporous silicas is straightforward and usually leads to a
relatively homogeneous distribution of cations, the situation
changes when high dopant loads are required, and we must
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face a complex chemistry plagued with problems, which
often results in the absence of chemical homogeneity, phase
segregation or mesostructure collapse.[41] Careful manipula-
tion of the templating chemistry is thus required.

The origin of these problems lies in the different hydro-
lytic reactivity of elements such as Si and Zr (unequal hy-
drolysis and condensation reaction rates).[36,41] In practice,
zirconium species usually hydrolyze faster than silicon pre-
cursors. In most cases, this results in partial segregation of
ZrO2 domains (together with a decrease of the Zr/Si molar
ratio in the resulting mixed oxide with respect to the mother
solution). Insofar as the catalysts’ efficacy substantially de-
pends on their purity and chemical homogeneity, phase seg-
regation must be avoided. The goal of a variety of one-pot
(cohydrolysis) synthesis procedures developed over the past
few years was to circumvent this reactivity problem. Among
the alternatives described, we can emphasize the utilization
of Zr-complexing precursor species,[36,42] the use of single-
source molecular precursors,[43] the optimization of the in-
organic precursors and the pH,[44] the use of microwaves
in the processing,[34] the application of hydrothermal post-
treatments,[39] or chemical control based on adjusting the
reaction conditions.[35] In this context, our group reported
on how [using the atrane route,[45,46] that is to say starting
from kinetically inert molecular atrane precursors (com-
plexes of Si and Zr containing triethanolamine-derived li-
gands)] it is possible to orchestrate the Zr and Si hydrolytic
reaction rates, thus leading to thermally stable Zr-MCM-41
porous silicas whose composition ranges from doped silicas
to very-high-Zr-content materials (� � Si/Zr � 0.3).[36]

It should be emphasized that the main concern in these
previous valuable investigations is the heteroelement (Zr)
incorporation. Less attention has been paid to the site ac-
cessibility and connectivity in these silica-based catalysts,
which also is a key for catalytic efficiency.[15] A strategy to
deal with the site accessibility problem that recently has at-
tracted interest is conceptually based on the consequences
of decreasing the mesoporous particle size in the nanoparti-
cle range.[15] This necessarily implies, at first, the shortening
of the mesopore length, whereas the particle packing would
generate supplementary interparticle porosity. The one-pot
synthesis of functionalized (with inorganic elements and/or
organic groups) nanoparticulated bimodal porous silicas
was initially described by Pauly et al.[47] (Al-HMS materi-
als) and El Haskouri et al.[48,49] (M-UVM-7 solids, M = Al,
Ti, V, and Zr; HPNOs), who used in their processes a single
surfactant (non-ionic, HMS; cationic, M-UVM-7, and
HPNOs). In order to find applications, Pauly et al. demon-
strated the benefits of this nanoparticle-based architecture
by showing how the use of Al-HMS (average particle size
� 200 nm) instead of Al-MCM-41 improves the yield in the
catalytic alkylation of 2,4-di-tert-butylphenol with cinnamyl
alcohol.[47] A two-step process for obtaining similar materi-
als has recently been reported.[50] In any case, it must be
noted that, until now, the heteroelement amounts which
have been possible to incorporate into these nanoparticul-
ated catalysts have not been too high (in the zirconia-sup-
ported materials we are dealing with, the upper limit was
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established at Si/Zr = 50 in ref.[48] vs. Si/Zr = 20 in ref.[50],
although in this last case there is insufficient analytical in-
formation).

As mentioned in this Introduction, following previous
work on related materials, we recently succeeded in synthe-
sizing a novel family of nanoparticulated bimodal mesopo-
rous pure and doped silicas, and published some of our
preliminary results as a short communication.[48] On this
basis, insofar as the interest on improved zirconia catalysts
remains, we considered the possibility of transferring the
mentioned nanoparticulated organization from the already
explored limit of doped silicas up to the field of truly
(SiO2)1–x(ZrO2)x mixed oxides. We have succeeded in this
aim, and this work describes the one-pot reproducible sur-
factant-assisted procedure that has allowed us to synthesize
high-Zr-content nanoparticulated bimodal mesoporous sil-
icas displaying high chemical homogeneity (good dispersion
of the active sites) and a considerable amount of accessible
Zr centers. The resulting Zr-UVM-7 solids bring together
high heteroelement contents, the size selectivity provided by
the surfactant-generated mesopores, and the high accessi-
bility typical of xerogels. The effects of the presence of Zr
atoms on the mesostructure have been examined, and the
main features characterizing the Zr sites in the framework
have been elucidated.

Results and Discussion

Synthesis Strategy

Bimodal mesoporous materials of the UVM-7 type that
are rich in Zr atoms have been synthesized through a one-
pot approach using CTABr as surfactant in a TEAH3/water
medium (CTABr = cetyltrimethylammonium bromide;
TEAH3 = triethanolamine) (see Exp. Sect.). Summarized in
Table 1 are the main synthesis variables and physical data
concerning the Zr-UVM-7 materials prepared in this way.

Our synthesis strategy has been designed both to over-
come problems associated with the great reactivity differ-
ences that characterize the most usual Zr and Si precursor
species (because of the lower electronegativity of Zr and
its tendency to exhibit multiple coordination states) and to
preserve, as far as possible, the nanoparticulated bimodal
porous organization typical of UVM-7 silicas.[48] As men-
tioned above, this protocol is a modification of the so-called
“atrane route”, a simple preparative technique whose main
points have been described previously in detail.[45] In fact,
such a method has allowed us to successfully prepare a di-
versity of unimodal mesoporous single and mixed oxides,
including the Zr-MCM-41 materials,[36] working under
strongly basic conditions (pH = 11–12).[51–56] In contrast,
in the case we are dealing with, the synthesis pH was buff-
ered at ca. 9. It has been proven that these comparatively
mild basic conditions favor the nucleation and growth of
silica-based small nanoparticles,[48] thus avoiding the for-
mation of relatively large particles typical of the MCM-41-
like materials. In any case, the presence of atrane complexes
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Table 1. Selected physicochemical properties of Zr-UVM-7 materials.

Si/Zr a0 ∆0 BET area Pore size Pore vol. Wall thickness

Small pore Large pore Small pore Large pore
Gel Solid[a] [nm][b] [nm][c] [m2/g] [nm][d] [nm][d] [cm3/g][d] [cm3/g][d] [nm][e]

1 50 43 4.73 0.58 1146 2.99 24.2 1.03 1.58 1.74(2)
2 25 19 4.62 0.52 1036 2.80 14.6 0.83 0.99 1.82(2)
3 12 11 4.54 0.48 1001 2.75 12.1 0.79 0.66 1.79(2)
4 5 4 4.55 0.47 846 2.70 12.6 0.63 0.68 1.85(2)

[a] Si/Zr molar ratio in the porous samples estimated from EPMA. [b] Cell parameter calculated assuming a hexagonal cell [a0 =
2·d(100)/3½]. [c] Shrinkage after calcination (from XRD) defined as ∆0 = a0(as-synthesized) – a0(mesoporous). [d] Calculated from the
adsorption branch of the isotherms and using the BJH model. [e] Pore wall thickness defined as a0 – BJH small pore size.

in solution at the working pH, before and after water ad-
dition, has been confirmed by FAB-MAS. This study has
been carried out firstly on independent Si- or Zr-containing
solutions in which the reagent proportions are the same
used in the preparation of the Zr-UVM-7 porous materials
described in this work. In the absence of water, the majority
species for both Si and Zr solutions correspond to M(TEA)-
(TEAH2) [M = Si (100%) or Zr (100%)] monomers, and
only in the Si case have additional entities been detected
[Si2(TEA)2TEAH and Si3(TEA)4], in very low proportions
(12 and 15%, respectively). The relative intensities have
been calculated without considering the peaks associated
with the dissolvent. In contrast to previous experiments car-
ried out at pH = 11,[36] the presence of oligomers is now
practically negligible. Immediately after water addition, and
independent of the pH (9 � pH � 11), both the Si and Zr
atrane complexes remain in solution as monomers,
M(TEA)+ and M(TEA)OH (M = Si or Zr) being the ma-
jority hydrolyzed species. Later, the corresponding FAB sig-
nals progressively disappear as the sol evolves to gel. On
the other hand, it must be emphasized that additional FAB-
MAS experiments carried out on solutions containing both
elements (Si and Zr) reveal (before and after water addition)
the presence of the same species as in the independent solu-
tions, which allows us to reasonably conclude that forma-
tion of binary (containing both Si and Zr entities) atrane
complexes can be discarded. Thus, the precursor solution
appears to mainly consist of a random intimate mixture of
independent Zr and Si molecular monomeric fragments. In
conclusion, although the proportion of oligomer species in
the absence of water is dependent on the basicity of the
medium, the use in the present case of moderately basic
conditions (pH � 9) to favor the formation of nanoparticu-
lated materials does not seem to alter the nature of the Si
and Zr species in hydroalcoholic solution (with regard to
previous synthesis in more basic media). In other words,
irrespective of the nature (condensation degree) of the start-
ing atranes (pH-dependent), the hydrolyzed species become
similar. In this way, the already studied role played by
TEAH3 in order to orchestrate the hydrolytic reactions of
the Si and Zr precursor species[36] is preserved in the current
synthesis of the Zr-UVM-7 solids. Finally, once the hydro-
lytic reactions have been completed, the total concentration
of soluble silica can be accounted for by Si(OH)4 and (HO)3-
SiO– species in an approximate ratio of 10:1.6,[57,58] while
the majority Zr species should be the Zr(OH)5

– mono-
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mer.[59] The subsequent condensation processes will proceed
from these monomeric entities. In this sense, we can refer
to a recent study on the condensation processes involving
silicon and zirconium alkoxides, which demonstrates the
formation of copolymerized tridimensional products in re-
action media rich in water.[60] Then, the condensation pro-
cesses of the hydrolyzed units must provide charged (an-
ionic) binary (Si and Zr) oligomers that could match (by
displacement of Br– anions) with cationic surfactant aggre-
gates [(CTMA)mm

+] following an S+I– mechanism.
As mentioned above, the pH constitutes the key param-

eter to obtain nanoparticulated materials of this type. The
working conditions (pH � 9) have been selected in order to
achieve high hydrolysis and condensation reaction rates and
also low silica back solution.[57] Thus, silica polymerization
is fastest at pH values in the range of 8–9, and the silica
solubility reaches a minimum at pH � 8.[57,58] Under these
conditions, we favor (1) supersaturation, a necessary condi-
tion for the formation of a large number of small primary
mesoporous nanoparticles, and (2) limited particle growth,
as a consequence of the low silica solubility. Moreover, the
incorporation of Zr helps to decrease the solubility. It is
well known that the presence of heteroelements (such as
Al or Zr) in the silica framework, even in low proportions,
increases in a significant way the insolubility of the re-
sulting doped or mixed oxides with regard to those of the
respective individual oxides.[57] This property of Si/Zr mixed
oxides has been exploited to prepare alkali-resistant fil-
tration membranes based on mesoporous Zr-MCM-48 ma-
terials.[61]

Once the primary particles have been formed, the genera-
tion of a large pore system (see below) should be a conse-
quence of their aggregation, which mainly implies the estab-
lishment of Si–O–Si interparticle covalent links (which
might be kinetically favored in the presence of ZrIV).[43]

Moreover, as occurs in the case of xerogels, the presence of
Zr favors the interparticle condensation reactions and leads
to clusters more dense than those originated by the analo-
gous pure silica derivatives.[14] This behavior may be attrib-
uted to the development of cross-linking through Zr centers
between individual particles (Zr–O–Si or Zr–O–Zr bridges),
as expected from the affinity of Zr atoms for higher oxygen
coordination environments. Particle aggregation is a sol-gel
process, which probably is the result of base-catalyzed inter-
particle collisions.[57] In short, the Zr incorporation into the
silica walls helps to promote the nucleation of very insolu-



High-Zirconium-Content Nano-Sized Bimodal Mesoporous Silicas FULL PAPER
ble small nano-sized mesoporous particles, which in turn
favors the stabilization of the UVM-7-like organization.

Characterization

We have used EPMA both to determine the real amounts
of Zr incorporated into the framework and also to check
the chemical homogeneity of the resulting solids [a relevant
objective of our work was to preserve, under the new work-
ing conditions, good dispersion of the heteroelement (Zr)
in the walls of the resulting materials, which usually is
achieved through the atrane route]. Summarized in Table 1
are the corresponding Si/Zr molar ratio values (averaged
from data of about 50 different particles) of the resulting
solids. EPMA shows that the reported Zr-UVM-7 materials
contain Si/Zr molar ratios similar to those present in the
mother solutions. This fact indicates that, in general, there
is no preferential incorporation of Zr or Si into the final
porous walls. However, we observe a certain increase of the
Zr proportion in the case of the solids prepared from the
precursor solutions having the lowest Zr contents (Si/Zr =
50 and 25). This result could be associated with the com-
paratively low solubility of the Zr-containing species (with
regard to the pure silica ones), the effect of which should
decrease as the amount of well-dispersed Zr centers in-
creases. On the other hand, EPMA also shows that all Zr-
UVM-7 samples are chemically homogeneous (have regular
distributions of Zr and Si atoms) at the micrometer level
(spot area � 1 µm) with a constant and well-defined com-
position. Hence, the Zr-UVM-7 solids can be considered as
monophasic products. In fact, segregation of extra-frame-
work crystalline ZrO2 can be practically discarded even for
the samples having the highest Zr content (although forma-
tion of ZrO2-like amorphous nanodomains might progress
as the Zr content increases). This result is consistent with
the absence of zirconia peaks in the high-angle region of
the XRD patterns. In short, according to our initial hypoth-
esis, we can conclude that the use of atrane precursors re-
sults in the harmonization of the rates of the hydrolytic pro-
cesses involving the corresponding Si and Zr species, which
facilitates the incorporation of relatively high amounts of
the heteroelement (Zr). Indeed, the amounts of Zr which
are incorporated into Zr-UVM-7 solids are higher than
those usually achieved in other related silica-based materi-
als prepared from conventional Si and Zr sources (for a
given Si/Zr initial ratio). Even more, as mentioned above,
the use of the atrane route allows very-high-Zr-content po-
rous silicas to be obtained, but the nanoparticulated organi-
zation of the material we are looking for is lost when the
Si/Zr molar ratio becomes smaller than 4:1.

The TEM images in Figure 1 clearly show that the
UVM-7-like organization is maintained in the composi-
tional range of 43 � Si/Zr � 4. All solids present a con-
tinuous nanometric array constructed from aggregates of
nano-sized mesoporous particles, which include two dif-
ferent pore systems: (1) the first one can be related to the
porogen effect of the surfactant-templating micelles, which
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generates the small intraparticle regular mesopores orga-
nized in a short-range hexagonal-ordering array, and (2) the
second one consists of large cage-like interparticle pores
and corresponds to the voids appearing as a consequence of
the collision and aggregation of the primary nanoparticles.
According to its origin, this second pore system presents a
nonordered character similar to that defining the cross-
linked network in nanoparticulated xerogels.[62,63]

Figure 1. Representative TEM images of Zr-UVM-7 materials: (A)
Sample 1 (Si/Zr = 43), (B) Sample 2 (Si/Zr = 19), (C) Sample 3 (Si/
Zr = 11), and (D) Sample 4 (Si/Zr = 4). The insets show enlarged
(×3) TEM images.

On the other hand, a careful analysis of the TEM images
allows certain tendencies in the variation of both the par-
ticle morphology and the progress of the cluster-like aggre-
gation with the Zr content to be established. Thus, the
average particle size slightly decreases as the Zr content in-
creases. The progressive Zr incorporation also favors the
formation of denser aggregates, reflecting a more efficient
packing of the primary nanoparticles. Such an evolution
of the mesostructure can be firstly related to the solubility
decrease induced by the Zr incorporation. Thus, the particle
growth decreases as the insolubility of the nanoparticles in-
creases. Moreover, the ability of Zr atoms to increase their
coordination number favors the interparticle connectivity
(based on Si–O–Si covalent bonds) through (additional)
Zr–O–Zr or Zr–O–Si links. This results in an interparticle
shrinkage similar to that observed in xerogels.[14] These
tendencies can be better appreciated by comparing a pure
UVM-7 silica with a Zr-containing derivative (Figure 2).
The micrographs in Figure 2 clearly show how the incorpo-
ration of Zr atoms also involves a change in the particle
morphology. Indeed, while the UVM-7 pure silica exhibits
aggregates defined by regular elliptical nanoparticles, these
primary building blocks in the Zr-UVM-7 materials present
an irregular and angular shape. It is well known that, inde-
pendently of the particle size (nano- or micrometric Stöber-
like silica particles), the incorporation of Zr (or another
heteroelement) strongly affects the regular growth of the sil-
ica spheres, thus leading to irregular particles. A similar
morphologic evolution with the Zr content was described
previously for Zr-containing silica xerogels.[14]
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Figure 2. Comparative TEM micrographs of (Zr-free) UVM-7 sil-
ica (A and B) and Zr-UVM-7 Sample 3 (C and D).

The characteristics of the intraparticle mesopore array
have been further studied by XRD with results that fully
correlate to TEM observations. All materials (as-synthe-
sized and calcined) display XRD patterns with at least one
strong diffraction peak in the low-angle region, which is
characteristic of mesostructured solids. The low-angle re-
gion of the XRD patterns corresponding to the mesoporous
(calcined) samples is shown in Figure 3. In all these last
cases, apart from the intense peak at low 2θ values [associ-
ated with the (100) reflection if a basic hexagonal cell is
assumed],[64] we can observe a broad signal of relatively low
intensity that can be indexed to the overlapped (110) and
(200) reflections of the typical hexagonal cell. The observa-
tion of this last unresolved broad signal is characteristic of
an MCM-41-like short-range hexagonal intraparticle meso-
pore topology. We can also notice the decrease of the rela-
tive intensity of this broad signal with the Zr content (it
appears as a shoulder on the main peak for samples in
which Si/Zr � 19). Such an evolution is indicative of a pro-
gressive lowering of order in the mesopore array as the Zr
amount incorporated into the silica walls increases. The lat-
tice parameter value remains practically unchanged in the
range of 43 � Si/Zr � 4 for both the as-synthesized (about
5.20±0.13 nm) and porous (about 4.64±0.10 nm) materi-
als. Assuming the effective incorporation of Zr atoms in the
silica framework, this result might seem a priori unreason-
able [even more so when compared to the values of the a0

parameter of the mesostructured (5.13 nm) and calcined
(4.91 nm) UVM-7 pure silica]. To understand this behavior,
it is necessary to consider two opposite phenomena: (1) cell
expansion due to the replacement of Si atoms with Zr ones,
and (2) strong intraparticle network-shrinkage associated
with the cross-linking ability of Zr, which is enhanced after
calcination. As shown in Table 1, the contraction of the a0

parameter upon calcination for the Zr-containing materials
(about 0.51±0.07 nm) is significantly higher than that ob-
served for the Zr-free UVM-7 silica (0.22 nm).[65] It must

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2572–25812576

be emphasized that this significant shrinkage is similar to
those observed in the cases of Zr-MCM-41[36] and (pure)
ZrO2

[66] mesoporous solids prepared through surfactant-
assisted procedures.

Figure 3. Low-angle XRD patterns of Zr-UVM-7 materials: (a)
Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (c) Sample 3 (Si/
Zr = 11), and (d) Sample 4 (Si/Zr = 4).

The N2 adsorption–desorption isotherms gathered in
Figure 4 corroborate that the bimodal pore system typical
of nanoparticulated UVM-7 silicas is maintained in the Zr-
UVM-7 (43 � Si/Zr � 4) materials. The curves show, in all
cases, two well-defined adsorption steps (at intermediate
and high partial pressures). The adsorption at P/P0 values
in the range of 0.25–0.50 can be related to capillary conden-
sation of nitrogen inside the cylindrical intraparticle surfac-
tant-templated mesopores. The second adsorption at P/P0

� 0.65 corresponds to the filling of the large cage-like inter-
particle voids. Application of the BJH model (see Figure 5)
allows independent analysis of the evolution with the Zr
content of the two pore systems.

Figure 4. N2 adsorption–desorption isotherms for Zr-UVM-7 ma-
terials: (a) Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (c)
Sample 3 (Si/Zr = 11), and (d) Sample 4 (Si/Zr = 4).
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Figure 5. BJH pore size distributions for Zr-UVM-7 materials: (a)
Sample 1 (Si/Zr = 43), (b) Sample 2 (Si/Zr = 19), (c) Sample 3 (Si/
Zr = 11), and (d) Sample 4 (Si/Zr = 4).

Indeed, the pore size and volume associated with the in-
traparticle small mesopores gradually decrease with the Zr
content (see Table 1), a result which is consistent with an
effective heteroelement incorporation into the silica walls.
The intraparticle shrinkage commented on above could ac-
count for such a BJH pore and volume evolution. On the
other hand, we observe similar tendencies for the pore size
and volume associated with the interparticle pores in the
case of oxides (doped or mixed) with intermediate Zr loads
(43 � Si/Zr � 11). Later, as the Zr content increases (11 �
Si/Zr � 4), the pore size and volume seem to be stabilized.
At this point, it can be interesting to compare these results
with those concerning the interparticle pore system (pore
size = 50–60 nm) corresponding to pure (Zr-free) UVM-7
silicas.[48] We can conclude that Zr centers seem to be very
effective for interconnecting different nanoparticles (with
the consequent pore-size reduction) even for low heteroele-
ment contents. Thus, the incorporation of small amounts
of Zr (Si/Zr = 43) already implies a reduction of the large
pore size in about 50% with regard to the pure UVM-7
silica. This reduction continues more smoothly until signifi-
cant Zr contents (Si/Zr � 11) are reached, for which we
might consider that the size and volume of the interparticle
pore system is roughly stabilized (about 12.5 nm and
0.67 cm3/g). This general behavior suggests that, in the pres-
ence of moderate proportions of interparticle Zr binding
sites, the cage-like pore system is controlled by the nanopar-
ticle packing efficiency (physical aspects related to the size
and shape of the particles) rather than by the heteroelement
amount.

The high BET surface area, characteristic of UVM-7 and
MCM-41 materials, is maintained in the whole composi-
tional range studied (Table 1). Incorporation of Zr leads to
a small and gradual decrease of the BET area. Insofar as
the major surface area corresponds to the intraparticle me-
sopore system, this evolution must be attributed to disorder
induced by Zr in the surfactant-templated pore array. This
is a general tendency already observed for M-MCM-41-like
samples,[38] which has to be related to the relative lowering
of the S+I–-matching capability of the heteroelement-con-
taining silica oligomers. However, this BET surface area de-
crease does not necessarily imply a significant loss of poros-

Eur. J. Inorg. Chem. 2006, 2572–2581 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2577

ity, and it could be related to a great extent with the gradual
increase of the density of the samples as Zr atoms replace
Si ones. Also, the thickness of the pore walls (defined as Wt
= a0 – BJH pore size) shows a certain tendency to increase
with the Zr content, which should be correlated with the
effective incorporation of Zr into the walls.

Once it is unambiguously confirmed that our materials
retain the nanometric architecture typical of the UVM-7
silicas, it is possible to gain insight into the characteristics
of the local environment and dispersion of the Zr centers
in the silica walls with the help of UV/Vis spectroscopy. The
diffuse-reflectance UV/Vis spectra corresponding to the an-
hydrous (i) and hydrated (ii) Zr-UVM-7 compositions we
are dealing with (the spectrum of bulk ZrO2 has also been
included for comparative purposes) are shown in Figure 6.

Figure 6. Diffuse-reflectance UV/Vis spectra of (i) anhydrous and
(ii) hydrated Zr-UVM-7 samples. (a) Sample 1 (Si/Zr = 43), (b)
Sample 2 (Si/Zr = 19), (c) Sample 3 (Si/Zr = 11), (d) Sample 4 (Si/
Zr = 4), and (e) ZrO2.

In all cases, the spectra display an intense absorption
band at about 210–217 nm whose intensity monotonically
increases as the Si/Zr ratio decreases. As can be seen, the
spectrum of ZrO2 is clearly different: the most intense ab-
sorption band is complex and its maximum appears at com-
paratively low energy values (about 230–240 nm); moreover
it exhibits additional bands in the range of 250–350 nm.
The intense adsorption band in the spectra of Zr-UVM-
7-related materials is usually attributed to ligand-to-metal
charge transfer from oxide entities to isolated ZrIV cations
in a tetrahedral environment.[67] This band presents a grad-
ual red-shift as the Zr content increases, but the absorption
maximum always falls at wavelengths lower than that corre-
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sponding to pure zirconia, that is to say the band-gap ener-
gies for the Zr-UVM-7 materials are larger than for
ZrO2.[68] This result further corroborates the lack of extra-
framework bulk ZrO2 as a segregate phase in the Zr-UVM-
7 samples, and also indicates the presence of isolated Zr
centers (or highly dispersed zirconia-based clusters or nano-
domains) in the pore walls. FTIR spectroscopic data offer
further evidence in this sense. Thus, the relative intensity of
the band at ca. 970 cm–1, which is usually related to vi-
brational modes involving Si–O–Zr linkages,[69] clearly in-
creases with the Zr content. Moreover, the detection of a
certain UV/Vis absorption in the range of 250–350 nm has
been recognized as characteristic of nanoscopic regions
containing Zr–O–Zr bonds in related materials.[34] It must
be noted that the spectrum of bulk ZrO2 presents, at least,
two rather intense adsorption bands in this range. In the
case of the Zr-UVM-7 solids, we cannot detect any absorp-
tion in this spectral range until reaching the Zr content cor-
responding to a molar ratio of Si/Zr = 11. Even in the case
of the spectrum of the highest-Zr-content material (Si/Zr =
4), we can observe only a small shoulder at ca. 250–275 nm.
We cannot disregard, therefore, the presence of a certain
proportion of Zr–O–Zr-containing nanodomains in this
last sample of high Zr content. Such a shoulder can be bet-
ter appreciated in the spectrum of the anhydrous Si/Zr = 4
sample. The thermal treatment carried out to eliminate
water probably favors a certain intra- and interparticle con-
densation leading to the formation of new Zr–O–Zr bonds.
As discussed above, this observation correlates to the ability
of Zr centers to adopt different coordination environments.

Concerning the potential catalytic applications of these
materials, it seems relevant to evaluate the proportion of Zr
sites that are reagent-accessible. In general, this variable is
highly dependent on the synthesis approach used. Thus,
when comparing cohydrolysis processes to grafting tech-
niques, we find that, although cohydrolysis usually leads to
higher chemical homogeneity, it has an associated draw-
back: the loss of a significant part of the incorporated, po-
tentially active centers, which are buried inside the pore
walls (that is to say inaccessible for the reagents). Then,
assuming that the mesoscopic organization of the material
is maintained, we can consider that only those Zr centers
close to the pore surface should be accessible to different
substrates. Our approach to estimating the proportion of
Zr-accessible sites in the Zr-UVM-7 materials is based on
evaluating the effects of using an alternative procedure for
removing the surfactant from the as-synthesized samples.
Thus, we chemically extracted the surfactant with the help
of HCl/ethanol mixtures. This process has a double effect:
it obviously provokes the exchange between CTMA+ spe-
cies and protons, but also favors the leaching of accessible
Zr atoms in the form of chloride complexes. Thus, we ob-
serve in all cases that the Zr content, as measured by
EPMA, decreases after extraction (see Table 2).

In all samples, at least 1/3 of the Zr centers are accessible
under the experimental conditions we have used. Moreover,
the proportion of accessible Zr centers increases with the
Zr content [from about 40% (Si/Zr = 43) to about 60% (Si/
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Table 2. Analytical data for Zr-UVM-7 samples before and after
treatment with HCl/ethanol.

Sample Si/Zr Si/Zr chemically Accessible Zr sites
calcined extracted (%)

1 43 66 35
2 19 34 41
3 11 24 50
4 4 11 60

Zr = 4)]. At first glance, this evolution might suggest that
there is a certain progressive (with the Zr content) loss of
chemical homogeneity of the pore walls, which would result
in enrichment in Zr of the surface with regard to the core
walls. However, these results must be carefully considered,
because the leaching of superficial Zr centers (or ZrO2 nano-
domains in the Zr-richest samples) also favors a progressive
attack on partially buried Zr species. In practice, this degra-
dation will progress continuously, leading to an enhanced
elimination of Zr (internal and a priori inaccessible) cations
of the inorganic walls. This process really is very similar
to the well-known dealumination and desilication reactions
carried out on zeolites to favor the generation of additional
hierarchical porosity.[70,71] A possible consequence of the
progressive formation of new disordered pores should be
mesostructure degradation (partial or total). In fact, a pre-
liminary study (XRD and N2 adsorption–desorption) car-
ried out on chemically extracted samples shows that the
process induces significant changes in the (UVM-7) organi-
zation of the resulting materials. Thus, according to the
XRD patterns in Figure 7, the intraparticle short-range
hexagonal ordering mesopore system is maintained only up
to Sample 3 (initial molar ratio: Si/Zr = 11), and it practi-
cally disappears for the Zr-richest material (Sample 4).

Figure 7. Low-angle XRD patterns of the chemically extracted Zr-
UVM-7 materials: (a) Sample 1 (Si/Zr = 66), (b) Sample 2 (Si/Zr
= 34), (c) Sample 3 (Si/Zr = 24), and (d) Sample 4 (Si/Zr = 11).

On the other hand, we only observe (see Figure 8) UVM-
7-like isotherms (with two well-differentiated adsorption
steps) up to Sample 2 (initial molar ratio: Si/Zr = 19). In-
deed, as the Zr content increases, the first adsorption step
(associated with the intraparticle mesopores) progressively
disappears, and the second adsorption step (typical of inter-
particle voids) in the isotherms evolves to wide pore-size
distributions.



High-Zirconium-Content Nano-Sized Bimodal Mesoporous Silicas FULL PAPER

Figure 8. N2 adsorption–desorption isotherms of the chemically ex-
tracted Zr-UVM-7 materials: (a) Sample 1 (Si/Zr = 66), (b) Sample
2 (Si/Zr = 34), (c) Sample 3 (Si/Zr = 24), and (d) Sample 4 (Si/Zr
= 11).

According to XRD and porosimetry data, we can con-
clude that the UVM-7-like architecture in chemically ex-
tracted materials is preserved only in the compositional
range of 43 � Si/Zr � 19 (initial molar ratio values). On
the basis of this observation, and taking into account both
the proportion of accessible Zr sites estimated for the sam-
ples in this range (from 35 to 40%, Table 2) and their wall
thickness (Table 1), it is possible to propose a rough struc-
tural model for estimating the degree of chemical homo-
geneity of the pore walls. Then, assuming the existence of
a silica-based framework constructed from Q4 centers [d(Si–
O) = 0.16 nm], about six silica chains are necessary to
achieve a wall thickness of ca. 1.7–1.8 nm (Figure 9). Under
the reasonable hypothesis that in the low-Zr-content silicas
(Si/Zr � 19) only the Zr sites located in the more external
chains should be eliminated by the treatment with HCl/eth-
anol mixtures, the proportion of accessible Zr centers for a
homogeneous heteroelement dispersion is 1/3, a value very
close to those observed for Samples 1 and 2 (35% and 41%,
respectively). In any case, although a slight Zr surface en-
richment cannot be completely disregarded, we can con-
clude that the atrane method leads to mesoporous materials
with high chemical homogeneity throughout the pore walls.
In contrast, an appreciable Zr enrichment of the surface has
been detected for mesoporous materials synthesized from
conventional reagents.[35] Dealing with the surfactant-ex-
changed materials in the compositional range of 11 � Si/
Zr � 4, it is interesting to point out that, as occurs for
zeolites, the gradual degradation of the mesostructure by
Zr leaching to induce additional hierarchic porosity may be
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controlled to increase the material accessibility. In this re-
gard, additional work is currently in progress.

Figure 9. Scheme of the pore wall. Grey and white positions in the
framework correspond to Zr and Si sites, respectively.

Conclusions

In short, we reported here on how, starting from kin-
etically inert atrane precursors, it is possible to synthesize
high-zirconium-content nano-sized bimodal porous silicas
by using a cationic surfactant-assisted procedure under con-
trolled pH conditions. The resulting Zr-UVM-7 silica-based
materials maintain the typical array of the parent pure sil-
ica: aggregates of nano-sized mesoporous particles defining
a large interparticle pore system resulting from the imper-
fect packing of the primary building blocks. The effects of
the Zr atoms on the UVM-7 pore morphology are ex-
plained on the basis of both the modification of the silica
solubility by incorporation of Zr centers into the oligomers
and the ability of the Zr atoms to expand their coordination
number. The latter aspect favors a significant decrease of
the textural porosity with regard to Zr-free UVM-7 materi-
als. Once more, the atrane method proves to be a very ef-
ficient tool to achieve a good dispersion of the heteroele-
ment guest species in the silica framework.

Experimental Section
Chemicals: All the synthesis reagents were analytically pure, and
were used as received from Aldrich. The Si and Zr primary sources
were tetraethyl orthosilicate (TEOS) and zirconium isopropoxide
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(ZrP), respectively. 2,2�,2��-Nitrilotriethanol or triethanolamine
[N(CH2–CH2–OH)3, TEAH3] was used for obtaining Si and Zr
atrane complexes. The templating agent was cetyltrimethylammon-
ium bromide (CTMABr).

Synthesis: The method was a modification of the so-called “atrane
route”.[36,45,46] The nano-sized Zr-UVM-7 materials were synthe-
sized through a one-pot surfactant-assisted procedure in a homo-
geneous hydroalcoholic reaction medium (water/TEAH3). The cat-
ionic surfactant (CTMABr) acted as a structure-directing agent or
supramolecular template (and consequently, as porogen after tem-
plate extraction). Although the Si and Zr primary sources were
commercial alkoxides, the real hydrolytic precursors in this strategy
were Si and Zr atranes (relatively inert complexes that include
TEAH3-related ligand species).[36,45,46] Together with its complex-
ing ability, the presence of the polyalcohol (TEAH3) was a key
because it kept the reaction medium buffered (pH � 9), favoring
the formation of nanoparticulated materials.[47,48] Details of a typi-
cal synthesis leading to Sample 2 (see Table 1) can be described as
follows: (1) Preparation of an adequate mixture of atrane precur-
sors from commercial alkoxides. TEOS (32.1 mL, 0.144 mol) and
ZrP (2.56 mL of a 70% in weight solution, 0.0058 mol) were slowly
added to liquid TEAH3 (66.9 mL, 0.51 mol) and heated at 150 °C
to give atrane complexes. (2) Addition of the structure-directing
(porogen) agent. After cooling of the previous solution to 90 °C,
CTMABr surfactant (13.68 g, 0.0375 mol) was added. (3) Meso-
structure formation. The solution containing the atrane complexes
and the template was cooled to 60 °C and mixed with water
(240 mL, 13.33 mol). After a few seconds, a white powder ap-
peared. The resulting suspension was allowed to age at room tem-
perature for 24 h. The final (mesostructured) powder was filtered
off, washed with water and ethanol, and air-dried. (4) Surfactant
removal. In order to open the pore system, the as-synthesized solid
was heated at 500 °C under static air for 5 h. In all cases, the molar
ratio of the reagents in the mother liquor was adjusted to (2–x)Si/
xZr/7TEAH3/0.52CTMABr/180H2O (where x = 0.04, 0.08, 0.15,
and 0.33). On the other hand, in order to evaluate the proportion
of internal and external (accessible) Zr sites, we used an alternative
procedure to remove the surfactant from the as-synthesized sam-
ples. Indeed, the surfactant was chemically extracted from some
selected samples using an HCl/ethanol solution (about 1 g of pow-
der, 15 mL of HCl 35%, and 150 mL of ethanol 96%) by main-
taining the suspension of the mesostructured solid in the solution,
while stirring at room temperature for 24 h. The final (porous) ma-
terial was separated by filtration, washed with ethanol, and air-
dried.

Physical Measurements: All solids were characterized by electron
probe microanalysis (EPMA) using a Philips SEM-515 instrument.
The Si/Zr molar ratio values averaged from EPMA data corre-
sponding to about 50 different particles of each sample are summa-
rized in Table 1. Fast atomic bombardment (FAB) coupled to mass
spectrometry (MAS) analysis of the precursor solutions was per-
formed to investigate the nature of the atrane precursors (before
and after water addition). X-ray powder diffraction (XRD) data
were recorded with a Seifert 3000TT θ-θ diffractometer using Cu-
Kα radiation. Low-angle XRD patterns were collected in steps of
0.02° (2θ) over the angular range of 0.65–10° (2θ) for 25 s/step. To
detect the presence of some crystalline bulk phase, additional pat-
terns were recorded with a larger scanning step [0.05° (2θ)] over
the angular range of 10–70° (2θ) and a lower acquisition time (10 s/
step). An electron microscopy study (TEM) was carried out with a
JEOL JEM-1010 instrument operating at 100 kV and equipped
with a CCD camera. The specimens for TEM analysis were pre-
pared from powders by conventional crushing in an agate mortar,
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and dispersing the resulting small crystallites in dodecane. Micro-
particles were then deposited on holey carbon microgrids under
ambient conditions. Surface area, pore size, and volume values
were calculated from nitrogen adsorption–desorption isotherms
(–196 °C) recorded with a Micromeritics ASAP-2010 instrument.
Calcined samples were degassed at 130 °C and 10–6 Torr for 15 h
prior to measurement. Surface areas were estimated according to
the BET model,[72] and pore size dimensions were calculated by
using the BJH method (measures at P/P0 � 0.55 and P/P0 � 0.55
values have been used to characterize the intrananoparticle and the
internanoparticle pore systems, respectively).[73] Room-temperature
diffuse-reflectance spectra were registered using a Shimadzu UV/
Vis 2501PC instrument equipped with an integrated sphere coated
with BaSO4, which also is used as standard. IR spectra (KBr pel-
lets) were registered with an FTIR Perkin–Elmer 1750 spectropho-
tometer.
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A family of bimetallic complexes [Cp(CO)2Fe–C�C–Ar–
C�C–Fe(CO)2Cp] {Cp = C5H5; 6a–g: Ar = C4H2S (a), 3-
(C4H9)-C4HS (b), 3-(C16H33)-C4HS (c), C6H4 (d), 2,5-bis-
(OC4H9)-C6H2 (e), 2,5-bis(OC8H17)-C6H2 (f), (C6H4)2 (g)} was
prepared by the three-step Pd-catalysed extended one-pot
(EOP) synthetic protocol from Bu3Sn–C�CH, X–Ar–X (X = I,
Br) and Cp(CO)2FeI. Complexes 6a,d,g were then exposed
to ultraviolet irradiation in the presence of an equivalent
amount of 1,2-bis(diphenylphosphanyl)ethane (dppe) to form
the corresponding bimetallic complexes [Cp(dppe)Fe–C�C–
Ar–C�C–Fe(dppe)Cp] (7a,d,g). Compounds 6a–g and 7a,d,g
were characterised by cyclic voltammetry (CV). The most
significant electrochemical information comes from the oxi-
dation of the dppe derivatives. The ∆E° separations between
the subsequent reversible waves suggest that the efficiency
of the metal–metal electronic coupling decreases in the order
7a � 7d � 7g. Complexes 7a and 7g were also chemically

Introduction

Highly ethynylated organic or organometallic com-
pounds are currently providing new opportunities in pro-
jecting materials to be used in electronics, optics and ceram-
ics.[1]

The attention devoted to such compounds arises from
unique chemical and physical properties due to facile elec-
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oxidised with [Fe(Cp*)]2[BF4] {Cp* = C5(CH3)5} and
[Fe(Cp)]2[BF4] respectively, and the near infrared (NIR) spec-
tra of the mixed-valence species 7a+ and 7g+ were recorded.
A strong intervalence transition (IT) band was observed only
for the radical cation 7a+. While this finding confirms the
existence of an electronic interaction between the two ter-
mini when a 2,5-thiophene group is present in the spacer,
the NIR spectrum of 7g+ reveals a reduced efficiency in con-
veying electrons when the C4H2S moiety is replaced by a
4,4�-biphenyl. In order to rationalise and quantify the extent
of electronic communication, ruled by geometrical and elec-
tronic factors, density functional computational results on se-
lected [Cp (PH3)2Fe] and [Cp(CO)2Fe] binuclear model com-
plexes are reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tron transfer along rod-like unsaturated molecular chains
(eventually) incorporating metal centres.[2] The possibilities
of extended delocalisation through the π networks can
hardly influence physical properties such as polarisability,
conductivity, and so forth, making these complexes suitable
as active components in optoelectronic devices.[3]

We have recently disclosed a new one-pot route to poly-
(acetylide)s and poly(metallaacetylide)s based on palla-
dium-catalysed carbon–carbon and metal–carbon bond for-
mation (Scheme 1).[4]

By this procedure, named extended one-pot (EOP), a
great variety of organic co- and homopolymers can be
straightforwardly obtained with few steps and very good
yields, with no need to isolate intermediate compounds (see
path a1 and path b in Scheme 1). Moreover, taking advan-
tage of a new performance of Pd catalysts we discovered,
allowing the formation of metal–carbon bonds, also orga-
nometallic oligomers and polymers can be conveniently ac-
cessed by this procedure[4a,4b,5] (path a2 in Scheme 1).

With such versatile synthetic methodology at our dis-
posal, we pursued our study by aiming for the valuation of
the electrochemical and optical properties of some spacers
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Scheme 1.

commonly used as building blocks in the preparation of
opto- and electroactive polymers. To achieve this purpose,
insertion of different spacers between two iron centres
[CpFe(dppe)-] was planned, in order to exploit the elec-
tronic interaction between the metallic nuclei in a given re-
dox state and the bridging ligand.

Actually, depending on both the redox state of the mole-
cule and its structure, electron transfer and magnetic ex-
change can occur along the intermetallic bridge.

Eur. J. Inorg. Chem. 2006, 2582–2597 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2583

Several compounds with different metallic termini, that
is iron and rhenium, bridged by unsaturated all-carbon
chains (C4 to C20),[6a–6j], or iron, ruthenium and osmium,
bridged by σ-acetylides intercalated by different aryl
cores,[6k–6m] have been prepared and evaluated for their
physical properties by other authors. Elegant studies on the
possibility of tuning the electronic communication by
lengthening the polyalkynyl bridging ligand and/or by
changing the metallic termini have been presented by
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Lapinte,[7] Gladysz[8] and Bruce[9] and their co-workers. In
a few cases aryl cores have been intercalated in the hydro-
carbon spacer.[7g,7h,7k,7l,7o,7p,7s]

In this paper new binuclear FeII compounds incorporat-
ing aromatic groups are presented. Aromatic groups to be
introduced between iron centres have been chosen in order
to keep the rigid-rod geometry of the carbon chain, to in-
crease the chemical stability of the compounds and to main-
tain a high level of electronic coupling. The availability of
compounds that differ for the aryl core in their bridge and
the metal ancillary ligands allows discussion of the effects
of structural and electronic molecular features on the extent
of metal–metal communication. Particularly interesting are
the effects on the metal–metal interaction resulting from (i)
the replacement of a thiophenyl core by a phenyl core, a
structural change in the bridge which does not greatly affect
the intermetallic distance, (ii) the insertion of a 4,4�-bi-
phenyl core, which significantly increases the length of the
hydrocarbon linker and (iii) the presence of different ancil-
lary ligands, that is CO and dppe.

The physical–chemical study was performed by electro-
chemical (CV) and spectroscopic techniques [IR, near infra-
red (NIR), UV/Vis] on selected synthesised dppe complexes.

Cyclic voltammetry (CV) results give information on the
stability of the oxidation products but are not sufficient to
determine the extent of electronic coupling between the
metal termini. Actually, in a typical redox process involving
symmetric bimetallic complexes, the separation between the
two subsequent reversible waves, in the chemical and elec-
trochemical sense, ∆E°, allows a quantitative estimate of the
thermodynamic stability of the intermediate oxidation state
with respect to disproportionation (i.e., the compro-
portionation constant Kc).[10] ∆E° is only a qualitative indi-
cator of an interaction between the two sites. According to
the classification proposed by Robin and Day,[10a] ∆E° val-
ues close to zero are characteristic of noninteracting metal
sites, that is of class I complexes. Small ∆E° separations
correspond to a weak interaction between the metals and
this situation is described by a mixed-valence state involving
trapped-valence systems (class II). Finally, larger ∆E° val-
ues correspond to a stabilisation of the mixed-valence com-
plexes involving the totally delocalised class III systems. Al-
though the larger the conjugation along the intermetallic
bridge is, the easier the transfer of electronic information
between metal centres is, the greater ∆E° tends to be, the
more CV separations are influenced by other factors, in
particular the medium (solvent and support electrolyte),
which can modify the electrostatic interaction in the dicat-
ions.[10n] Thus, the CV analysis should always be integrated
with spectroscopic investigation, in particular in the NIR
region where mixed-valence species typically absorb.

While CV provides no information on the thermo-
dynamic stability in the carbonylated species because of the
irreversible nature of their waves, the dppe derivatives are
studied in detail. In particular, the two dppe-substituted
compounds, including the thiophenyl core and the 4,4�-bi-
phenyl core respectively, exhibit very different reversible
electrochemical behaviour. Thus they were also chemically

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2582–25972584

oxidised and their products were studied by near infrared
(NIR) spectroscopy. A quenching of the NIR absorption
band, which is characteristic of mixed-valence species, oc-
curs when the thiophenyl core is replaced by the 4,4�-bi-
phenyl moiety.

Theoretical calculations, based on state-of-the-art den-
sity functional theory (DFT) methods, were carried out on
selected (PH3)2 and (CO)2 model derivatives and provided
(i) reliable structures for the title complexes, for which crys-
tallographic data are not available yet, (ii) a detailed de-
scription of the electronic structure of the neutral and radi-
cal cation species, and (iii) prediction and interpretation of
the experimental NIR bands based on the model radical
cations.

Results and Discussion

The synthesis of dppe-substituted bimetallic compounds
7a–g (Scheme 2) was first attempted using the EOP syn-
thetic strategy outlined in path a2 of Scheme 1; however, all
the attempts to couple CpFe(dppe)I (4) with the different
in situ generated Bu3Sn–C�C–Ar–C�C–SnBu3 (3a–g) in
the presence of Pd failed (step 3 of path a2). The failure in
the formation of the Fe–C�C bond was probably due to
the strong electron-donating effect of dppe groups on the
metal, which decreases the electrophilicity of the Fe–I bond,
a basic requirement for oxidative addition to the Pd cata-
lyst, thus the disclosure of the coupling process leading
from 4 and 3a–g to 7a–g.[7j,11]

As direct EOP formation of 7a–g proved not to be pos-
sible, we decided first to form the (CO)-substituted bimetal-
lic compounds 6a–g, then to subject these compounds to
photolytic substitution in the presence of dppe as reported
for similar compounds.[7d,12]

Synthesis of (CO)-Substituted Bimetallic Compounds 6a–g

In Scheme 2 the EOP route to the bimetallic compounds
6a–g and the subsequent conversion into the dppe deriva-
tives 7a–g are outlined. The EOP transformations were per-
formed in dioxane solvent using 2–4% of Pd0 catalyst (sin-
gle addition at the beginning of step 1). While step 1 and
step 2 were rapidly accomplished (20–30 min overall time)
with quantitative formation of 3a–g, the accomplishment of
step 3 was revealed to be a critical event because of the
delicate nature of the bimetallic complexes 6a–g. Although
the reaction temperature was lowered to 50–80 °C, with
consequent prolongation of reaction times, monitoring of
the reaction progress by 1H NMR revealed that formation
of the expected product was always accompanied by un-
identified side products and a small amount of starting ma-
terials always remained.

Isolation of products 6a–g was not straightforward.
Chromatographic separation proved to be always detrimen-
tal, therefore products had to be isolated and purified by
repeated crystallisation (see Experimental Section), which
affected the yields of recovered products.
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Synthesis of (dppe)-Substituted Bimetallic Compounds
7a,d,g

Complexes 6a,d,g were subjected to ultraviolet irradia-
tion (Scheme 2) to obtain the corresponding dppe-substi-
tuted bimetallic complexes. All reactions were carried out
in distilled benzene using an equivalent amount per iron
centre of 1,2-bis(diphenylphosphanyl)ethane, which readily
replaces all the carbonyl groups.

Concerning the recovery of products in a pure form,
chromatographic purification proved always too aggressive,
and isolation of complexes 7a,d,g was achieved only by re-
peated cycles of precipitation from hexane and following

Scheme 2.

Eur. J. Inorg. Chem. 2006, 2582–2597 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2585

dissolution of residues in toluene (or benzene), which al-
lowed free dppe to be removed. By this method, products
could be isolated and obtained in a satisfactory pure state,
but the numerous cycles of precipitation/dissolution caused
the yields to be drastically decreased.

Cyclic Voltammetry (CV)

The CV at the platinum electrode, at scan rate 0.1 Vs–1,
of a 2-m solution of complex 7a in CH2Cl2 in the presence
of 0.1  nBu4NPF6 exhibits two reversible (in the chemical
and electrochemical sense) one-electron waves at Epa =
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Table 1. Cyclic voltammetric data for [Cp(dppe)Fe–C�C–Ar–C�C–Fe(dppe)Cp]+[BF4

–].[a]

[a] Solvent CH2Cl2/0.2  nBu4NBF4; potential scan rate 0.1 Vs–1 at a 0.5-mm diameter platinum disk electrode; T = 20 °C. [b] Volts vs.
SCE. [c] Data are in mV.

–0.16 V and 0.14 V versus saturated calomel electrode
(SCE), current ratio (ipa/ipc) = 1 (Figure 1, a). These two
waves correspond to the formation of 7a+ and 7a2+. The
anodic and cathodic peak separations (Epa–Epc) are 56 and
70 mV at scan rate 0.1 Vs–1 (Table 1).

Figure 1. Cyclic voltammetric scan at a 0.5-mm diameter platinum
disk electrode, T = 20 °C. Solvent CH2Cl2/0.1  nBu4NBF4; scan
rate of 0.1 Vs–1; (a) solid line, 1 m 7a; (b) dashed line, 1 m 7g.

Similarly the CV of complex 7d in the same conditions
is characterised by two reversible one-electron waves in the
oxidation scan from 1.5 to –1.5 V (Epa = 0.12 V and 0.34 V
vs. SCE) and shows a wave separation ∆E° of 0.22 V and
peak separations (Epa–Epc) of 60 mV (Table 1). On the con-
trary, the CV of complex 7g (Figure 1, b) reveals only one
reversible wave at Epa = 0.08 V with (Epa–Epc) = 70 mV and
current ratio (ipa/ipc) = 1 (Table 1).

The low values of the oxidation potentials show that
these binuclear complexes are electron-rich compounds.
More interesting the quite large wave separations found for
complexes 7a and 7d (∆E° = 0.29 V and 0.22 V, respec-
tively) reveal a significant degree of metal–metal interaction
when the 2,5-thiophene and 1,4-phenylene groups are pres-
ent in the diethynylaryl spacer. The presence of a single
wave in the CV of complex 7g suggests that the intercal-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2582–25972586

ation of a 4,4�-biphenyldiyl spacer drastically reduces the
electronic communication between the metal sites.

We have also measured by CV the CO-substituted pre-
cursors 6a–g. Such compounds are unstable in redox cycles,
as expected from the absence of the bidentate phosphane
ligands, which guarantee the reversibility of the process for
7a,d,g. As a consequence, the possibility of obtaining analo-
gous information about their electrical behaviour and the
metal–metal electronic interaction is compromised. The
CVs of all (CO)-substituted complexes (except for 6c, this
compound is very weakly soluble in most of the commonly
used solvents) are characterised in the anodic scan by two
irreversible waves. The CV in Figure 2 (a) is representative
of the anodic scan of complexes 6a,b and 6d–g; in Table 2
the values of Ep are reported. The first waves correspond
to the formation of [Cp(CO)2Fe–C�C–Ar–C�C–Fe-
(CO)2Cp]+ in the range of Ep = 0.84–1.15 V; potentials as
high as expected on the basis of the electron-poor nature of
the CpFe(CO)2 moiety. Concerning the second oxidation
waves, they cannot be definitely assigned to the formation
of [Cp(CO)2Fe–C�C–Ar–C�C–Fe(CO)2Cp]2+ because of
the irreversible nature of the preceding peaks. It is easily
seen from Figure 2 that the height of the second oxidation
peak is noticeably smaller than that of the first oxidation
peak. The CVs at higher scan rates up to 100 Vs–1 did not

Figure 2. Cyclic voltammetric scan of 1 m 6e at a 0.5-mm dia-
meter platinum disk electrode, T = 20 °C. Solvent CH2Cl2/0.1 
nBu4NBF4; (a) solid line, scan rate of 0.1 Vs–1; (b) dashed line,
scan rate 0.5 V.
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allow unequivocal analysis of the variation of the intensity
of the second waves because of the intrinsic slowness of the
corresponding electron transfer. However, by increasing the
scan rate from 0.1 to 0.5 Vs–1, the intensity of this wave,
i×v–1/2 (v = scan rate), decreases (Figure 2, b). One can sug-
gest that the second oxidation process does not correspond
to the oxidation of the radical cation of the neutral ethyn-
ylaryl binuclear complexes, but rather indicates the oxi-
dation of other intermediates formed at the potential of the
first wave. In this context, the separation between the two
subsequent waves does not furnish sound information on
the electronic interaction between the CpFe(CO)2 units.

Table 2. Cyclic voltammetric data for [Cp(CO)2Fe–C�C–Ar–
C�C–Fe(CO)2Cp]+[BF4

–].[a]

[a] Solvent CH2Cl2/0.2  nBu4NBF4; potential scan rate 0.1 Vs–1

at a 0.5-mm diameter platinum disk electrode; T = 20 °C. [b] Volts
vs. SCE.

IR, UV/Vis, NIR Analysis

The mixed-valence radical cation 7a+ was generated at
room temperature in CH2Cl2 by chemical oxidation of a
3.4-m wine-coloured solution of the neutral complex with
1 equiv. of decamethylferrocenium tetrafluoroborate,
[Fe(Cp*)]2[BF4] {Cp* = C5(CH3)5}. The resulting solution
was deep-blue coloured.

The IR analysis of 7a+ shows a single vibration mode for
the C�C stretches (1981 cm–1), at an intermediate fre-
quency between those found for 7a (2031 cm–1) and 7a2+

(1929 cm–1). Averaging of the vibration modes of the triple
bonds is expected in homobimetallic class III complexes
containing a polyalkynyl bridge, as the unpaired electron is
fully delocalised and the resulting structure is symmetrical.

Conversely, for the previously reported [Cp*(dppe) Fe–
C�C–Ar–C�C–Fe(dppe)Cp*] analogue (Ar = 2,5-C4H2S),
Lapinte and co-workers[7h] found that the two metal sites
are not equivalent on the basis of the presence of two sepa-
rate C�C vibration modes in the IR spectrum (1983 and
1927 cm–1), predicting that the unpaired electron is partially
localised on the IR time scale (10–13 s). Alternatively, in this
latter case, the lower energy band could not be a conse-
quence of a symmetry breaking associated with the localis-
ation of the odd electron. Possibly this band could be due
to a Fermi coupling or to a harmonic combination with
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another absorption mode at lower energy.[13] These results
reveal that substitution of the Cp* with the Cp groups in
the metal sites renders more efficient the electronic coupling
between the metal groups, the difference presumably com-
ing from the metal/carbon ratio in the frontier orbitals be-
cause of the presence of the methyl groups.

The NIR spectrum of 7a+ (Figure 3) displays a band
with a maximum at 5640 cm–1 and a shoulder at 6500 cm–1.

Figure 3. NIR spectra in CH2Cl2 at 20 °C of (a) 3.41 m 7a+ and
(b) 7a2+; optical path, b = 0.100 cm.

The bands in this spectral region are considered diagnos-
tic for an intervalence transfer process.[10] A detailed theo-
retical overview on the presence of two or more bands, as
previously discussed for the closely related Cp* deriva-
tives[7h] and other mixed-valence complexes,[8a] is given by
Meyer et al.[1l] As shown in Figure 4, the deconvolution of
the spectrum has been satisfactorily obtained by consider-
ing three Gaussian components (5500, 6500, 7900 cm–1)
and the tail of the UV/Vis absorption. The effect of the
polarity and ionic strength of the medium, which is gen-
erally employed to distinguish between class II and class III
behaviour, was tested. The spectra of 7a+ in CH3CN (ε =
37.5) and CH2Cl2 (ε = 10.7) are almost identical, that is
no variation of the band energy and shape was observed.
Moreover, there is no dependence of the band energy and
shape on ionic strength up to an electrolyte concentration
of 0.2  in [nBu4N][BF4].[6i,7h,10] The analysis of the bands
gives a bandwidth for the lower energy band I (Figure 4),
∆ν̃1/2 = 1000 cm–1, which is much below the theoretical
value (3630 cm–1) predicted by the Hush equation for a
localised mixed-valence (class II) symmetric system,[14]

∆ν̃1/2 = (2310ν̃c)1/2 cm–1, where ν̃c is the frequency of the
maximum. By analogy with the data reported by Lapinte
and co-workers on the Cp* analogues,[7h] band I of 7a+

could be an intervalence transfer (IT) transition and 7a+ is
assigned to class III, at least on the timescale of the NIR
spectroscopy (10–14 s). The value of the Hab parameter,[14,15]

calculated using the formula Hab (cm–1) = ν̃max/2, is
2750 cm–1.
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Figure 4. Gaussian deconvolution of the NIR bands of 7a+ (dashed
line, experimental curve; solid lines, deconvoluted bands I, II, III;
bold line, the sum of I, II, III components).

The addition either in CH3CN or CH2Cl2 of a second
equivalent of ferrocenium, whose oxidation potential is suf-
ficiently high to oxidise the second metal group forming a
green solution of 7a2+, causes the disappearance of the
bands of the monocation and the appearance of a less in-
tense absorption at 13100 cm–1 (Figure 3), likely because of
a ligand-to-metal charge transfer (LMCT) transition. Un-
der the same condition, we have found that Cp2Fe+ and
Cp*2Fe+ show bands at 13600 and 12900 cm–1 respectively.

Also the oxidation of 7g was monitored by NIR spec-
troscopy (Figure 5). The oxidation with 1 equiv. of ferro-
cenium gives a green solution whose spectrum in this region
presents a very weak band at about 6000 cm–1 and a more
intense band at 12500 cm–1, which could be assigned to the
IT process of 7g+ and to an LMCT transition of the dicat-
ion 7g2+, respectively, indicating that the mixed-valence
state is not stable with respect to the disproportionation to
the 7g and 7g2+ states, in agreement with the presence of a
single oxidation wave in the CV of complex 7g.

Figure 5. NIR spectra in CH2Cl2 at 20 °C of 3.4 m 7g oxidised
with 1 equiv. of ferrocenium.
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The couple 7a/7a+ was also studied in the UV/Vis spec-
troscopic region. The solution of 7a in CH2Cl2 presents a
very strong absorption at λ = 410 nm, a wavelength quite
similar to that reported for the Cp* analogue (418 nm), and
attributed to a metal-to-ligand charge transfer (MLCT)
transition.[7h] The spectrum of the deep-blue solution of 7a+

is totally different from its precursor 7a. In fact, two new
strong bands appears at 612 and 765 nm, which are respon-
sible for the deep-blue colour of the mixed-valence species.
They might be ascribed to LMCT transitions, similarly to
what Lapinte and co-workers previously proposed for the
absorptions at 588 and 653 nm of the Cp* mixed-valence
analogous species.[7h] In that case, the intense MLCT transi-
tion observed for the neutral complex is still present in the
spectrum of the monocation at a slightly red-shifted wave-
length (423 nm), indicating that the characteristic absorp-
tions of both FeII and FeIII metal groups coexist (trapped
valence, class II). On the contrary, in the UV/Vis spectrum
of 7a+ the MLCT band, which is characteristic of a FeII

species, is absent, clearly showing that in 7a+ the valence is
delocalised on the very fast UV/Vis timescale (10–15 s).

Density Functional Theory (DFT) Analysis

In order to gain insight on the factors ruling the extent
of electronic communication and possibly to deconvolute
the effects due to the structural parameters (i.e., metal–
metal distance) from those related to the peculiar electronic
features (i.e., the nature of the bridge and the nature of the
ancillary ligands), we investigated systematically selected
model complexes by DFT calculations.[16]

DFT optimisations were performed at B3LYP/
LANL2DZ,6-31G** level of theory without any restriction
in symmetry and tight conditions (see Computational
Details) for neutral and oxidised PH3 analogues of 7a0/+1,
7d0/+1 and 7g0/+1, which differ in the nature of the conju-
gated spacer. A transoid conformation of the metal centres
is found to be more stable for PH3-7a and PH3-7d. Instead,
in the fully optimised PH3-7g the phenyl rings are oriented
in distorted cisoid conformation.[17] It is worth noticing that
the orientation of the metal fragments is such that the plane
of the aromatic cores bisects the dihedral angle P–Fe–P.
Consequently the conformation calculated for PH3-7g is di-
rectly related to the torsion angle between the two phenyl
rings. The calculated geometries of the neutral complexes
are shown in Figure 6 (I–III). Significant interatomic dis-
tances and bond angles are reported in Table 3. In several
cases the crystallographic data of structurally similar com-
pounds are indicated and the good agreement with the
analogous computed parameters enhances our confidence
in the quality of the optimised geometries. A distinct alter-
nation of single and multiple bonds is predicted in the three
complexes. The average bond length of the alkyne units of
the linkers is 1.232 Å, a value that nicely compares to the
triple bond length in acetylene, that is 1.212 Å. The local-
ised double bonds of the rings have an average value of
1.386 Å, which is also comparable to the ethylene double
bond length (1.320 Å).
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Figure 6. Calculated molecular structures of neutral model com-
plexes: PH3-7a (I), PH3-7d (II), PH3-7g (III), 6d (IV) and CH3O-
6e (V). Heteroatoms are labelled for sake of clarity.

The ground-state electronic structures of PH3-7a, PH3-
7d (the electronic structure of this complex was previously
reported by Lapinte et al.[7o]) and PH3-7g exhibit similar
features.

Several authors have reported their theoretical studies on
polyalkynyl- and alkynylaryl-bridged bimetallic complexes;
thus the bonding between group 8 metal centres and ace-

Eur. J. Inorg. Chem. 2006, 2582–2597 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2589

tylides is well documented.[18] A qualitative fragment analy-
sis reveals that the cationic [Cp(PH3)2Fe]+ fragments bond
by strong σ-type interactions between unoccupied high-ly-
ing metallic frontier orbitals and low-lying occupied orbit-
als of the bridge (electron donation from the bridge to the
metal fragments). Metal–carbon π-type interactions occur
between occupied metal frontier orbitals and unoccupied
carbon levels (weak π-type back-donation). The Kohn–
Sham HOMOs are mainly localised on the metal centres
and the ethynyl groups, and, to a less extent, on the aro-
matic rings. They result from out-of-phase combination of
metal dπ orbitals and out-of-plane π orbitals of the linker;
they exhibit anti bonding character between adjacent mul-
tiple bonds. The LUMO and LUMO+1 are almost degener-
ate and localised on the metal fragments. The topologies
of Kohn–Sham frontier orbitals of PH3-7d are shown in
Figure 7.

Figure 7. Top view of the contour plot of the frontier Kohn–Sham
MOs of PH3-7d. Contour values are ±0.035, ±0.04 and ±0.05 (e/
bohr3)1/2.

A rather large energy gap separates the occupied and
empty orbital sets in PH3-7a, PH3-7d and PH3-7g (see Fig-
ure 8). The HOMO–LUMO gap in PH3-7d is larger by
about 0.2 eV than that of PH3-7a (3.50 vs. 3.30 eV), and
this is mainly due to the fact that the energy of HOMO of
PH3-7d is lower than that of HOMO of PH3-7a. The
HOMO–LUMO gap of PH3-7g is 3.69 eV.

Figure 8. Frontier MOs for complexes PH3-7a, PH3-7d, PH3-7g, 6d
and CH3O-6e. HOMOs are indicated by double occupancy arrows;
bold lines indicate almost degenerate energy levels.

Upon oxidation no significant conformational changes
are observed. Both in PH3-7a+ and PH3-7d+ the metal units
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Table 3. Selected interatomic distances [Å] and angles [°] for the neutral and oxidised complexes PH3-7a0/+1, PH3-7d0/+1 and PH3-7g0/+1.

[a] Average values. [b] X-ray data of (η5-C5Me5)(η2-dppe)Fe–C�C–C6H5.[7j] [c] Single Cβ–C bond in the ethynyl bridge. [d] Average crys-
tallographic values of [Fe(η5-C5Me5)(η2-dppe)(C�C)]3(µ-1,3,5-C6H3).[7o]. [e] Triple Cα�Cβ bond in the ethynyl bridge. [f] Torsion angle
between the two rings, around the bond Cd–Cd�. [g] By indicating the centroids of the Cp rings as Q and Q�, a torsion angle γ can be
defined as Q–Fe1–Fe2–Q�, so that γ = 0 corresponds to a cis conformation of the metal termini and γ = 180 indicates a trans conformation.

are still oriented trans with respect to the bridging ligand,
while in PH3-7g+ the cisoid conformation is still more
stable. Upon going from the neutral to the corresponding
oxidised species, the Fe–Cα bond and the bond between Cβ

and the adjacent carbon atom of the aryl core shorten,
while the alkyne bond Cα�Cβ elongates. The cation PH3-
7a+ is generated by removal of one electron from the
HOMO of the neutral parent compound. In PH3-7d+ and
PH3-7g+ there is a rearrangement of the energy levels, be-
cause their HOMOs (118β and 138β) correspond to
HOMOs–1 of the neutral parent complexes. The trend in
stability, based on the HOMO–LUMO gap, is inverted in
the series of cations, PH3-7a+ being the most stable, as ex-
pected on the basis of the lower resonance energy of the
thiophenyl unit compared to that of the phenyl unit, be-
cause of the mixing of sulfur d orbitals with carbon pπ
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orbitals. The HOMOs of the cations PH3-7d+ and PH3-7g+

are characterised by an in-phase contribution of metal dπ
orbitals disposed in an anti bonding fashion with respect to
the out-of-plane pπ orbitals of the linker. While the extent
of delocalisation is large in PH3-7a+, the contribution of
p(π) carbon orbitals of the phenyls to HOMO is poorer
both in PH3-7d+ and PH3-7g+. The Kohn–Sham HOMOs
of PH3-7a+, PH3-7d+ and PH3-7g+ are shown in Figure 9.

The effect of replacing the ancillary ligands PH3 with CO
groups was investigated theoretically on the couple 6d0/+1

by direct comparison with PH3-7d0/+1. In addition, the in-
fluence of alkoxy groups on the phenyl core was explored
by calculating the electronic structures of the methoxy ana-
logues of 6e0/+1, to be compared with those of 6d0/+1. The
full geometry optimisations of 6d0/+1 and of CH3O-6e0/+1

were calculated at B3LYP/LANL2DZ,6-31G** level of
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Figure 9. Kohn–Sham HOMOs of PH3-7a+, PH3-7d+, PH3-7g+,
6d+ and CH3O-6e+. Surface values are 0.04 (e/bohr3)1/2.

Table 4. Selected interatomic distances [Å] and angles [°] for the neutral and oxidised complexes 6d0/+1 and CH3O-6e0/+1.

[a] Average values. [b] Single Cβ–C bond in the ethynyl bridge. [c] Triple Cα�Cβ bond in the ethynyl bridge. [d] By indicating the centroids
of the Cp rings as Q and Q�, a torsion angle γ can be defined as Q–Fe1–Fe2–Q�, so that γ = 0 corresponds to a cis conformation of the
metal termini and γ = 180 indicates a trans conformation.
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theory. The neutral species are shown in Figure 6 (IV, V)
and their significant structural data are reported in Table 4.
The full optimisations converged in both neutral complexes
with a trans conformation of the metal groups. As for the
PH3 neutral derivatives, the calculations predict a distinct
alternation of adjacent single and multiple bonds (see
Table 4). In particular, a contraction of the alkyne bond
length Cα�Cβ is observed compared to the PH3-substituted
species, which is a consequence of the electron density loss
of the metal (1.225 vs. 1.232 Å).

Another effect of replacing the phosphanes with car-
bonyl groups is a reduction in energy of the frontier orbit-
als, as expected on the basis of the electron-poorer nature
of the metal centres in the carbonylated complexes due to
backbonding from the occupied metal orbitals to the empty
π* of the carbonyl ligands (Figure 8). The HOMOs of 6d
and CH3O-6e, resulting from out-of-phase combination of
metal dπ orbitals and out-of-plane π orbitals of the linker,
are strongly localised on the bridge, with minor metal con-
tribution, and show anti bonding character between adja-
cent multiple bonds. The LUMOs and LUMOs+1 are al-
most degenerate and localised on the end-capping termini.
The HOMO–LUMO gap of CH3O-6e (3.17 eV) is smaller
that that of 6d (3.39 eV) and this is mainly the result of the
destabilisation of the HOMO of the former complex,
caused by the presence of the methoxy substituents (Fig-
ure 8). The variation in bond lengths occurring upon oxi-
dation is reported in Table 4. No rearrangements of the
frontier electronic levels are observed: the electron is re-
moved from the HOMO of the neutral parent compound,
as found for PH3-7a.
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Table 5. Mulliken spin densities.

[a] Alkyne carbon atom linked to iron. [b] Alkyne carbon atom linked to the aromatic ring. [c] Carbon atom of the aromatic core; the
labelling is reported in the schemes above.

The extent of delocalisation of the unpaired electron in
the radical cations was estimated on the basis of Mulliken
spin densities, which are reported in Table 5.

The distribution of the spin density is symmetric in all
the radical cations, although symmetry was not taken into
account in the calculations. The spin density is well delocal-
ised on the iron centres and on the Cα atoms in PH3-7a+

and in PH3-7d+. In PH3-7a+ the spin density is distributed
also on the carbon atoms adjacent to S in the thiophenyl
core, while in both PH3-7d+ and PH3-7g+ the spin density
values on the phenyl rings are rather small. In 6d+ and
CH3O-6e+ the significant decrease of the spin density on
the metals as compared to PH3-7d+ is accompanied by its
increase on the two α carbons and on two carbon atoms of
the rings (see Table 5).

The extent of delocalisation is in favour of a stronger
metal–metal interaction,[7m] and decreases in the PH3 deriv-
atives in the order PH3-7a+ � PH3-7d+ � PH3-7g+, in
agreement with the trend based on the experiments.

To investigate the presence and the nature of the NIR
absorptions of these model di-iron cations we have carried
out time-dependent density functional theory (TDDFT)
calculations,[19] which have been recently employed with
success for mixed-valence organometallic species.[20] The
level of theory is B3LYP/LANL2DZ,6-31+G* (see Compu-
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tational Details). The lowest excitation energy computed for
PH3-7a+ in the NIR region is 8560 cm–1 (0.47), with an er-
ror comparable to those reported in a similar analysis.[20a]

It corresponds to the lowest energy deconvoluted experi-
mental absorption at 5500 cm–1. The detailed composition
is shown in Table 6. Its most relevant components involve
the couples of levels 120α–121α and 119β–120β, that is the
highest occupied α/β levels and the lowest unoccupied α/β
levels respectively (pictures of the couples of MOs involved
in the calculated excitation energies are given in the Sup-
porting Information), which have significant contributions
from d orbitals of both iron centres and p(π) carbon orbit-
als of the bridge.

In the case of PH3-7d+, an absorption is computed at
6859 cm–1 (f = 0.62) corresponding mainly to the HOMO
(118β)–LUMO (119β) transition. The experimental spec-
trum of the Cp* analogue of 7d+ exhibits a single band at
4960 cm–1.[7l] Also in this case the couple of orbitals in-
volved in the monoelectronic transition are delocalised all
over the molecular backbone.

By TDDFT calculations we also found an allowed low-
energy absorption for PH3-7g+ at 5216 cm–1 (f = 0.83) as-
signed mainly to HOMO (138β)–LUMO (139β) and
HOMO–1 (137β)–LUMO (139β) transitions. This exci-
tation energy in the NIR region corresponds to the weak
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Table 6. NIR vertical excitation energies.

PH3-7a+ PH3-7d+ PH3-7g+ 6d+ CH3O-6e+

HOMO–LUMO gap 1.525 eV[a] 1.452 eV[b] 0.886 eV[c] 1.474 eV[d] 1.451 eV[e]

Excitation energy
[nm] 1168 1458 1917 871 809
[cm–1] (8562) (6859) (5216) (11481) (12361)
Oscillator strength 0.47 0.62 0.83 0.52 0.39
Composition[f] 120α � 121α 119α � 122α 139α � 140α 111α � 112α 126α � 128α

(0.296) (0.258) (0.239) (0.277) (0.101)
108β � 120β 107β � 119β 132β � 139β 111α � 116α 127α � 128α
(–0.104) (–0.107) (0.200) (0.133) (–0.300)
116β � 123β 111β � 119β 135β � 140β 108β � 111β 126β � 127β
(–0.161) (–0.160) (–0.149) (–0.174) (0.935)
119β � 120β 115β � 122β 138β � 139β 110β � 111β
(1.006) (–0.171) (0.865) (0.904)

118β � 119β
(0.996)

[a] The HOMO is 120α, the LUMO is 120β. [b] The HOMO is 118β, the LUMO is 119β. [c] The HOMO is 138β, the LUMO is 139β.
[d] The HOMO is 111α, the LUMO is 111β. [e] The HOMO is 127α, the LUMO is 127β. [f] The most relevant monoelectronic transitions
are indicated; values in brackets are the CI coefficients.

absorption experimentally detected for 7g+ around
6000 cm–1. It should be noted that in PH3-7d+ and PH3-7g+

the strongest NIR absorptions have an important contri-
bution from the HOMO–LUMO transition and are thus
shifted toward lower frequencies, as compared to that of
PH3-7a+. Most importantly, no charge transfer character
between the metal termini is observed, as reported recently
for other organometallic binuclear systems,[20a] but these
NIR absorptions are better interpreted as allowed elec-
tronic transitions between filled and empty delocalised
frontier levels. The oscillator strengths increase with the
length of the alkynylaryl bridge, as already noticed in pre-
vious theoretical studies.[20c,20d]

TDDFT calculations on the carbonylated model cations
6d+ and CH3O-6e+ do not reveal any low-energy transition.
In the former an absorption is predicted at 11481 cm–1 (f =
0.52), while in the latter the calculated excitation energy is
12361 cm–1 (f = 0.39). In both cases the transitions involve
the highest occupied α/β levels and the lowest unoccupied
α/β levels, as for PH3-6a+. Also in these species no metal–
metal charge transfer character is observed.

Conclusions
The combination of the EOP synthetic protocol and the

Pd-catalysed metal–carbon bond formation procedure of-
fers suitable synthetic access to a large family of bimetallic
complexes (6a–g) characterised by the presence of different
conjugated (bis-ethynyl)aromatic spacers bridging two iron
centres. Our EOP synthetic route represents a complemen-
tary approach to alkynylaryl-bridged bimetallic complexes
with respect to Lapinte’s method.[7q] In our procedure the
straightforward formation of the bis(tributylethynyltin)aro-
matic derivatives 3a–g and their direct in situ use to form
complexes 6a–g prevent the formation and isolation of the
corresponding bis(trimethylsilylethynyl) derivatives as re-
quired by Lapinte’s procedure.[7u]

Although substitution of carbonyls with dppe is conve-
niently performed only in some cases, the dppe derivatives
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of such organometallic assembly (7a,d,g) proved to be a
useful manifold to study the electrical and optical proper-
ties of the conjugated spacer and the interaction between
the metal centres, and thus, in perspective, the properties of
polymeric materials incorporating such building blocks in
the backbone.

On the basis of the electrochemical and optical proper-
ties of complexes 7a,d,g, a correlation between the extent
of the metal–metal electronic interaction and the nature of
the diethynylaryl bridge can be pointed out. In fact, the
∆E° separations between the two subsequent reversible
waves increase in the order 7a � 7d � 7g, as does the effi-
ciency of the metal–metal electronic coupling. The pre-
viously reported [Cp*(dppe)Fe–C�C–Ar–C�C–Fe(dppe)-
Cp*] analogue (Ar = 2,5-C4H2S) displayed a somewhat
more pronounced ∆E° (0.35 V) than 7a. This indicates a
higher thermodynamic stability of the corresponding
monocationic intermediate with respect to disproportiona-
tion, probably due to the electron-donating effect of the
methyl substituents of Cp*, which stabilise the positive
charge on the metal groups. A similar trend can be estab-
lished on the basis of the spectroscopic results for the
mixed-valence species 7a+, 7d+ and 7g+. In the case of 7a+,
the IR data, the shape and the solvent effect of the NIR
band and the UV/Vis spectrum indicate unambiguously
that the cation is a delocalised (class III) mixed-valence sys-
tem on the timescale of 10–15 s. The comparison with the
analogous 2,5-bis{[η5-C5(CH3)5]Fe(η2-dppe)(σ1-C�C)}-
C4H2S, which is valence-trapped on the IR timescale, high-
lights the important effect of replacing Cp* with Cp in the
metal termini. On the basis of its electrochemical behaviour
and the spectroscopic data reported in the literature, 7d+

can also be assigned to class III. The analysis of 7g+ is less
clear-cut, because of the low stability of this mixed-valence
cation in solution. PH3-7g+ has a certain extent of delocalis-
ation, but the metal–metal interaction is hampered with re-
spect to PH3-7d+ because of the increase of the distance
and the greater flexibility of the bridge. DFT calculations
support the experimental findings and allow deconvolution
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of geometric effects, such as the intermetallic distance (PH3-
7d+ vs. PH3-7g+), from electronic effects, that is the different
nature of the incorporated aryl core (PH3-7a+ vs. PH3-7d+),
on the extent of electronic delocalisation. On the basis of
the computational results on the carbonylated model cation
6d+ a less efficient electron delocalisation is observed with
respect to the corresponding PH3 analogue (6d+ vs. 7d+). In
addition, in the presence of the methoxy substituents on the
aryl core in CH3O-6e+ the spin density decreases further on
the iron centres and moves to the phenyl ring (CH3O-6e+

vs. 6d+).
TDDFT calculations predict that NIR absorptions,

which are a sort of fingerprint of mixed-valence species, oc-
cur only in PH3-7a+, PH3-7d+ and PH3-7g+, and that they
do not exhibit dominant charge transfer character between
the metal termini, but are better described as allowed elec-
tronic transitions between filled and empty frontier levels.

Finally the efficiency of the dialkynyl–thiophenyl unit in
conveying electron information is further recognised and
associated to the large extent of delocalisation in the radical
cations bearing this aryl core.[6l,6m] Work is in progress to
employ this functional unit, intercalated also by different
metal centres, in larger molecular wires.

Experimental Section
General: All manipulations were carried out under argon using
Schlenk techniques. Dioxane and benzene were dried and distilled
respectively over Na and Na/K alloy, and argon-saturated prior to
use. The following chemicals were prepared according to the pub-
lished procedure: 1,4-diiodo-2,5-dioctyloxybenzene,[4] 1,4-diiodo-
2,5-dibutoxybenzene,[4] 2,5-diiodo-3-hexadecylthiophene[4] and 2,5-
diiodo-3-butylthiophene.[4] Other chemicals were used as received.
Routine NMR spectra were recorded with a AC-300 P Bruker spec-
trometer (300, 121 and 75 MHz respectively for 1H, 31P, 13C).
Chemical shifts are given in parts per million (ppm) relative to tet-
ramethylsilane (TMS) for 1H NMR and 13C NMR spectra and
85% H3PO4 for 31P NMR spectroscopy. Cyclic voltammograms
[except the ones of complexes 6d,g and 7a,d, performed by Dr.
Mikhail G. Peterleitner of Nesmeyanov Institute of Organoelement
Compounds (INEOS), Russian Academy of Science, Moscow] were
recorded with an AMEL 500 potentiostat. Transmittance FTIR
spectra were recorded with a Nicolet FT 510 instrument in the
solvent subtraction mode, using a 0.1-mm CaF2 cell. NIR spectra
were recorded with a Bruker Equinox55 FTIR spectrometer
equipped with an optical fibre for NIR measurements on liquids.
Elemental analyses were performed by the Servizio Microanalisi of
the Dipartimento di Chimica of Università di Roma “La Sapi-
enza”.

2,5-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]C4H2S (6a). Step 1: In a
Schlenk tube Bu3SnC�CH (0.962 g, 3.05 mmol), 2,5-diiodothio-
phene (0.500 g, 1.49 mmol) and Pd(PPh3)4 (40 mg, 0.035 mmol)
were stirred in dioxane (30 mL) at 110 °C for 20 min.

Step 2: The brown solution was then cooled (ca. 0 °C) and LDA
(1.8 mL, 2 ⁾ was slowly added.

Step 3: This mixture was left for about 30 min at room temperature,
(η5-C5H5)Fe(CO)2I (0.914 g, 3.01 mmol) was added and the re-
sulting dark solution was heated (50 °C) for 7 h, then filtered
through a thin Celite layer and dried under vacuum. The residue
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was dissolved in a small amount of CH2Cl2 and then precipitated
with pentane. After filtration and repeated washings with pentane,
a dark brown powder (0.533 g, 74% yield) was obtained. IR
(CH2Cl2): 2095 (w) ν̃C�C, 2044 (s), 2000 (s) ν̃CO cm–1. 1H NMR
(CDCl3): δ = 6.60 (2 H, thioph.), 5.02 (10 H, Cp) ppm. Spectro-
scopic data correspond to the reported data.[4]

2,5-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]-3-(C4H9)-C4HS (6b): This
complex was prepared as described for 6a, from Bu3SnC�CH
(0.837 g, 2.55 mmol), 2,5-diiodo-3-butylthiophene (0.500 g,
1.28 mmol) and Pd(PPh3)4 (30 mg, 0.03 mmol) in dioxane (30 mL),
LDA (1.5 mL, 2 ) and (η5-C5H5)Fe(CO)2I (0.799 g, 2.55 mmol).
Step 3 was accomplished by stirring at 70 °C for 10 h. After re-
peated precipitation cycles from CH2Cl2/pentane the product
(0.352 g, 51% yield) was recovered as described for 6a as a coffee-
brown powder. IR (CH2Cl2): 2095 (w) ν̃C�C, 2042 (s), 1997 (s) ν̃CO

cm–1. 1H NMR (C6D6): δ = 7.73 (thioph.), 4.04 (Cp), 2.85, 1.70–
0.80 (C4H9) ppm. 13C NMR ([D7]DMF): δ = 213.2, 141.9, 131.3,
128.4, 107.3, 89.5, 85.9, 71.7, 66.3, 31.8, 21.7, 13.1 ppm.
C26H20Fe2O4S (540.20): calcd. C 57.81, H 3.73; found C 57.60, H
3.83.

2,5-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]-3-(C16H33)-C4HS (6c): This
complex was prepared as described for 6a, from Bu3SnC�CH
(0.586 g, 1.79 mmol), 2,5-diiodo-3-hexadecylthiophene (0.500 g,
0.89 mmol) and Pd(PPh3)4 (16 mg, 0.01 mmol) in dioxane (30 mL),
LDA (1.1 mL, 2 ) and (η5-C5H5)Fe(CO)2I (0.559 g, 1.78 mmol).
Step 3 was accomplished by stirring at 65 °C for 23 h. After re-
peated precipitation cycles from CH2Cl2/methanol the product
(0.09 g, 15% yield) was recovered as described for 6a as a coffee-
brown powder. IR (CH2Cl2): 2096 (w) ν̃C�C, 2042 (s), 1997 (s) ν̃CO

cm–1. 1H NMR (C6D6): δ = 7.52 (thioph.), 4.08 (Cp), 1.70–0.80
(C16H33) ppm. 13C NMR (CDCl3): δ = 249.6, 230.2, 158.8, 121.6,
90.6, 85.3, 31.9, 29.7, 29.4, 22.7, 22.3, 14.1 ppm. C38H44Fe2O4S
(708.52): calcd. C 64.42, H 6.26; found C 64.30, H 6.15.

1,4-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]C6H4 (6d): This complex was
prepared as described for 6a, from Bu3SnC�CH (0.985 g,
3.00 mmol), 1,4-diiodobenzene (0.500 g, 1.5 mmol) and Pd(PPh3)4

(35 mg, 0.03 mmol) in dioxane (25 mL), LDA (1.8 mL, 2 ) and
(η5-C5H5)Fe(CO)2I (0.940 g, 3.00 mmol). Step 3 was accomplished
by stirring at 60 °C for 6 h. After repeated precipitation cycles from
CH2Cl2/pentane the product (0.406 g, 57% yield) was recovered as
described for 6a as a dark yellow powder. IR (CH2Cl2): 2107 (w)
ν̃C�C, 2043 (s), 1996 (s) ν̃CO cm–1. 1H NMR (C6D6): δ = 7.56 (ben-
zene), 4.06 (Cp) ppm. 13C NMR ([D7]DMF): δ = 213.6, 131.7–
124.9, 115.6, 91.1, 85.9 ppm. C24H14Fe2O4 (478.07): calcd. C 60.30,
H 2.95; found C 60.53, H 2.91.

1,4-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]-2,5-bis(OC4H9)C6H2 (6e):
This complex was prepared as described for 6a, from Bu3SnC�CH
(0.692 g, 2.11 mmol), 1,4-diiodo-2,5-dibutoxybenzene (0.500 g,
1.05 mmol) and Pd(PPh3)4 (25 mg, 0.02 mmol) in dioxane (25 mL),
LDA (1.3 mL, 2 ) and (η5-C5H5)Fe(CO)2I (0.661 g, 2.11 mmol).
Step 3 was accomplished by stirring at 50 °C for 7 h. After repeated
precipitation cycles from CH2Cl2/hexane the product (0.320 g, 49%
yield) was recovered as described for 6a as a coffee-brown powder.
IR (CH2Cl2): 2106 (w) ν̃C�C, 2041 (s), 1994 (s) ν̃CO cm–1. 1H NMR
(C6D6): δ = 7.72 (benzene), 4.19 (Cp), 3.75 (OCH2), 1.62–0.92
[OCH2(CH2)2CH3] ppm. 13C NMR ([D7]DMF): δ = 213.6, 130.4,
116.8, 86.5, 68.0, 19.1, 13.3 ppm. C32H30Fe2O6 (622.28): calcd. C
61.77, H 4.86; found C 61.90, H 4.81.

1,4-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]-2,5-bis(OC8H17)C6H2 (6f):
This complex was prepared as described for 6a, from Bu3SnC�CH
(0.896 g, 2.73 mmol), 1,4-diiodo-2,5-dioctyloxybenzene (0.800 g,
1.36 mmol) and Pd(PPh3)4 (32 mg, 0.03 mmol) in dioxane (25 mL),
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LDA (1.7 mL, 2 ) and (η5-C5H5)Fe(CO)2I (0.855 g, 2.73 mmol).
Step 3 was accomplished by stirring at 80 °C for 12 h. After re-
peated precipitation cycles from CH2Cl2/methanol the product
(0.521 g, 52% yield) was recovered as described for 6a as a brown
powder. IR (CH2Cl2): 2106 (w) ν̃C�C, 2042 (s), 1996 (s) ν̃CO cm–1.
1H NMR (C6D6): δ = 4.20 (Cp), 3.70 (OCH2), 1.50–0.90
[OCH2(CH2)6CH3] ppm. 13C NMR (CDCl3): δ = 212.5, 154.0–
110.0, 85.4, 69.2, 29.4–22.6, 14.1 ppm. C40H46Fe2O6 (734.50):
calcd. C 65.41, H 6.31; found C 65.32, H 6.27.

4,4�-Bis[(η5-C5H5)Fe(CO)2(σ1-C�C)](C6H4)2 (6g): This complex
was prepared as described for 6a, from Bu3SnC�CH (1.031 g,
3.14 mmol), 4,4�-dibromobiphenyl (0.500 g, 1.57 mmol) and
Pd(PPh3)4 (37 mg, 0.03 mmol) in dioxane (30 mL), LDA (1.9 mL,
2 ) and (η5-C5H5)Fe(CO)2I (0.984 g, 3.14 mmol). Step 3 was ac-
complished by stirring at 80 °C for 9 h. After repeated precipitation
cycles from CH2Cl2/pentane the product (0.728 g, 84% yield) was
recovered as described for 6a as a dark orange powder. IR
(CH2Cl2): 2106 (w) ν̃C�C, 2041 (s), 1994 (s) ν̃CO cm–1. 1H NMR
(C6D6): δ = 7.66–7.01 (biph), 4.10 (Cp) ppm. 13C NMR ([D7]-
DMF): δ = 213.6, 136.2–125.5, 115.3, 92.5, 86.0 ppm. C30H18Fe2O4

(554.16): calcd. C 65.02, H 3.27; found C 65.15, H 3.29.

2,5-Bis[(η5-C5H5)Fe(dppe)(σ1-C�C)]C4H2S (7a): A rust colour
mixture of 2,5-bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]C4H2S (6a)
(0.247 g, 0.51 mmol) and 1,2-bis(diphenylphosphanyl)ethane
(0.406 g, 1.02 mmol) in benzene (200 mL) was exposed to ultravio-
let irradiation for 2 h at room temperature. The dark brown reac-
tion mixture was then filtered and dried under vacuum. The black
residue was washed with hexane, dissolved in toluene and precipi-
tated with hexane. This treatment was repeated three times to iso-
late a crystalline black powder (0.137 g, 23% yield). IR (CH2Cl2):
2052 (w) ν̃C�C cm–1. 1H NMR (C6D6): δ = 7.96, 740–6.90, 4.21
(Cp), 2.50–0.40 ppm. 13C NMR (C6D6): δ = 142.7–128.0, 114.2,
99.7, 81.7, 30.2, 28.6 ppm. 31P NMR (C6D6): δ = 106.9 ppm.
C70H60Fe2P4S (1168.90): calcd. C 71.93, H 5.17; found C 72.05, H
5.09.

1,4-Bis[(η5-C5H5)Fe(dppe)(σ1-C�C)]C6H4 (7d): A yellow-orange
mixture of 1,4-bis[(η5-C5H5)Fe(CO)2(σ1-C�C)]C6H4 (6d) (0.200 g,
0.42 mmol) and 1,2-bis(diphenylphosphanyl)ethane (0.345 g,
0.42 mmol) in benzene (200 mL) was exposed to ultraviolet irradia-
tion for 3.5 h at room temperature. The dark red reaction mixture
was then filtered and dried under vacuum. The residue was washed
with hexane, dissolved in toluene and precipitated with hexane.
This treatment was repeated ten times, and the pure complex
(0.056 g, 12% yield) was finally recovered as a crystalline black
powder. IR (CH2Cl2): 2065 (w) ν̃C�C cm–1. 1H NMR (C6D6): δ =
7.98, 7.69, 6.99, 4.28 (Cp), 2.68–0.90 ppm. 31P NMR (C6D6): δ =
107.1 ppm. C72H62Fe2P4 (1162.87): calcd. C 74.37, H 5.37; found
C 74.64, H 5.81.

4,4�-Bis[(η5-C5H5)Fe(dppe)(σ1-C�C)](C6H4)2 (7g): A brick-red
mixture of 4,4�-bis[(η5-C5H5)Fe(CO)2(σ1-C�C)](C6H4)2 (6d)
(0.150 g, 0.26 mmol) and 1,2-bis(diphenylphosphanyl)ethane
(0.222 g, 0.54 mmol) in benzene (200 mL) was exposed to ultravio-
let irradiation for 2 h at room temperature. The yellow-orange reac-
tion mixture was then filtered and dried under vacuum. The light-
orange residue was washed with hexane, dissolved in toluene and
precipitated with hexane. This treatment was repeated ten times,
and the pure product (0.060 g, 19% yield) was finally recovered as
a dark yellow powder. IR (CH2Cl2): 2059 (w) ν̃C�C cm–1. 1H NMR
(C6D6): δ = 8.01, 7.25–6.90, 4.30 (Cp), 2.57–0.43 ppm. 13C NMR
([D7]DMF, ppm): δ = 133.5–120.3, 105.2, 84.8, 78.6, 66.9, 29.9
ppm. 31P NMR (C6D6): δ = 107.1 ppm. C78H66Fe2P4 (1238.97):
calcd. C 75.62, H 5.37; found C 75.40, H 5.11.
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[{Fe(η5-C5H5)(η2-dppe)(C�C)}2{2,5-C4H2S}][BF4] (7a+): [Fe(η5-
C5Me5)2][BF4] (0.0033 g, 0.0081 mmol, 0.95 equiv.) was added at
room temperature to a stirred solution of [{Fe(η5-C5H5)(η2-
dppe)(C�C)}2{2,5-C4H2S}] (7a) (0.01 g, 0.0085 mmol) in CH2Cl2
(10 mL). The wine-coloured mixture immediately became blue and
was stirred at room temperature for 1.5 h. The solution was filtered
through Celite, reduced in vacuo to about 2 mL, and hexane
(15 mL) was added, allowing precipitation of a blue solid. After
decantation of supernatant pale yellow liquid, the precipitate was
washed several times with 5 mL of hexane, and dried under vacuum
yielding the pure [{Fe(η5-C5H5)(η2-dppe)(C�C)}2{2,5-C4H2S}]-
[BF4] as blue microcrystals (0.0102 g, 95%). IR (CH2Cl2): 2059 (s)
ν̃C�C cm–1. C70H60BF4Fe2P4S (1255.70): calcd. C 66.96, H 4.82;
found C 66.64, H 4.63.

Computational Details: Full geometry optimisations with tight con-
ditions were performed at B3LYP level of theory, as implemented
in Gaussian03.[21] The hybrid functional is Becke’s three-parameter
nonlocal exchange functional[22] with the local correlation func-
tional of Lee, Yang and Parr et al.[23] The choice of this functional
is motivated by the successful results obtained in geometry calcula-
tions of both neutral and charged similar complexes[7p] and by its
performance reported in very recent studies on the electronic coup-
ling in mixed-valence organometallic complexes.[20a,24] In both
spin-restricted and spin-unrestricted calculations the 6-31G** basis
set was used for S, P, O, C and H and the standard LANL2DZ-
ECP was employed for Fe (B3LYP/LANL2DZ, 6-31G**).[25] This
choice is suitable for accurate results at an acceptable computa-
tional expenditure. In charged species the total spin values do not
show significant spin contamination for doublet ion states.
TDDFT excitation energies were calculated at B3LYP level of
theory; standard LANL2DZ-ECP basis set was used for Fe and 6-
31+G* was employed for all the other atoms (B3LYP/LANL2DZ,
6-31+G*).[25]

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis spectra of 7a and 7a+; B3LYP/LANL2DZ,6-31G**-
optimised geometries of the studied model complexes, and pictures
of MOs involved in the NIR transitions.
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The redox-active bis(pyridyl)-capped hexavanadate
[V6O13{(OCH2)3C(4-CONHC5H4N)}2]2– (1) reacts with di-
valent first-row transition-metal cations (MnII, CoII, NiII, or
ZnII) to yield crystalline linear zwitterionic coordination poly-
mers (1M). The zwitterionic coordination chains are con-
nected to each other by hydrogen bonds to form a 3D net-
work. Microporous channels are formed along the packing
axes of the 2D networks. All four compounds exhibit almost

Introduction

Supramolecular coordination chemistry as a means to
construct sophisticated solid materials has been a topic of
intense research.[1] Recently, coordination polymers based
on organic polyoxometalate (POM) derivatives and metal
ions have attracted increasing attention because of the ex-
tensive and diverse properties of POMs.[2] In coordination
polymers, POM units are generally formed under hydro-
thermal conditions, so it is difficult to relate the final struc-
ture and composition to the starting materials.[3] There are
examples of applying preformed complete[4] or lacunary
POMs[5] as ligands to metal ions to construct coordination
polymers. However, the coordination modes of the POM
oxo groups in the coordination polymers are complex and
not defensibly predictable. By using pre-formed organic
POM derivatives with a well-defined coordination mode as
linking ligands, one can expect to design the morphologies
and properties of the products from an understanding of
the geometrical possibilities from the building units. Re-
cently, coordination polymers using pre-formed organic
POM derivatives have been reported. The first supramolec-
ular coordination network materials[6] with pre-formed or-
ganic POM derivatives were reported by Stein et al. using
organic POM derivatives with aniline moieties,
[W6O25H(AsC6H4-4-NH2)2]5– and [Mo12O46(AsC6H4-
NH2)4]4–. In these materials, both the aniline moieties and
POM oxo groups are coordinated to transition-metal ions.
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identical cell parameters, space group (P1̄) and crystal mor-
phology. The materials have been characterized by X-ray
crystallography, 1H and 51V NMR, IR, UV/Vis, elemental
analysis, and TGA. All compounds 1M are reversibly re-
duced by chemical reductants such as phenylhydrazine and
NaBH4 in CCl4 in which the hexavanadates are insoluble.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Stein et al. reported another coordination network as-
sembled with CuII, (4,4�-bipyridyl)ethylene, and a pre-
formed POM derivative, [Mo12O46(AsC6H4NH2)4]4–.[7] In
the network, the POM derivative behaves as a non-coordi-
nating anion. Presumably because of the weak coordinating
ability of the aniline, the coordination modes of the POM
building units are complicated. More recently, Hasenknopf
et al. reported the assembly of the polyoxomolybdate
[MnMo6O18{(OCH2)3CNHCO(4-C5H4N)}2]3– and [PdCl2-
(PhCN)2], that yields a transparent and birefringent gel.[8]

The design and construction of materials based on a redox-
active building block with a pre-defined coordination mode
and transformation into a crystalline coordination material
would constitute an advance.

Here we report the preparation of a pyridine-terminated
bis(trialkoxo)hexavanadate complex, [V6O13{(OCH2)3C(4-
CONHC5H4N)}2]2– (1), and the assembly of 1 with divalent
transition-metal cations, M = MnII, CoII, NiII, or ZnII, to
form POM-based coordination polymers. We are interested
in the hexavanadate units esterified in a linear fashion with
two chelating triols, [V6O13{(OCH2)3CR}2]2–, because the
alkoxy groups of the chelating (triester)V3 units are quite
stable to hydrolysis,[9] and bis(triester)V6 units can be exten-
sively and reversibly reduced.[10] Unfortunately, the terminal
R groups on the triester “caps” of the compounds reported
to date, R = CH3, CH2CH3, NO2, and CH2OH, bind metal
ions poorly if at all.[10,11] Complex 1 can be viewed as a
tunable, redox-active analogue of organic linking molecules
such as 4,4�-bipyridine. A larger goal of this study, which
we document, is the reversible reduction of POM-based
open-framework coordination networks, and in particular
oxidative regeneration (re-oxidation) by air. The latter phe-
nomenon typically implies the ability of the POM-based
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material to catalyze air-based oxidations, an area of con-
siderable interest in context with removal of pollutants, de-
contamination of toxic agents, environmental remediation,
and green chemistry.[12–14]

Results and Discussion

The triol derivative (HOCH2)3CNHCO(4-C5H4N) was
prepared by the reaction of (HOCH2)3CNH2 and isonicotin-
oyl chloride hydrochloride, (4-C5H4N)COCl·HCl, in DMA
under N2 in the presence of K2CO3 at 60 °C for 72 h. The
bis(pyridyl)-capped hexavanadate 1 was prepared by the re-
action of (HOCH2)3CNHCO(4-C5H4N) with [(n-C4H9)4N]3-
[H3V10O28][15] in DMA under N2 at 80 °C for 60 h, a modi-
fication of the method used by Zubieta and co-workers for
the -CH3, -CH2CH3, -NO2, and -CH2OH derivatives,[10]

and characterized by various spectroscopic methods and X-
ray crystallography. Coordination polymers, [M(DMF)2-
(H2O)2(V6O13{(OCH2)3CCONH(4-C5H4N)}2)]n (M = Mn,
Co, Ni, or Zn), were synthesized in 70–80% yield, by add-
ing the appropriate transition-metal ion, dissolved either in
methanol or in acetonitrile, to the stock solution of 1 in
DMF and storing the solution at room temperature for 4–
7 d. Regardless of the molar ratio of metal ion/1, zwitter-
ionic (1:1 = divalent metal ion/1) compounds were ob-
tained. In the case of 1Ni and 1Zn, single crystals suitable
for X-ray diffraction were obtained by carefully layering the
stock solution of 1 with a solution of the metal ion. In the
case of 1Mn and 1Co, the formation of the product was
relatively slow, so dilute solutions of each metal ion and the
solution of 1 were mixed and the resulting solution was left
undisturbed at room temperature for 4 d to afford single
crystals suitable for X-ray diffraction.

All four coordination polymers 1M (M = Mn, Co, Ni,
or Zn) are nearly isostructural and exhibit almost identical
unit cell parameters, space group (P1̄) and crystal mor-
phology. The metal atom, M, is in a symmetry-unique posi-
tion in all four coordination polymers. This d-electron-con-
taining metal center is located in a crystallographic inver-
sion center and is six-coordinate with 2 DMF, 2 water, and
2 pyridine ligands all trans to each other (Figure 1). The
divalent transition-metal ions and the pyridine-terminated
triesterified polyoxovanadates form one-dimensional (1D)
coordination chains. Interestingly, the 1D coordination
chains are connected to each other by weak hydrogen bonds
involving C–H moieties of the pyridine units to form micro-
porous channels. Four different types of hydrogen bonds
connect the 1D chains in a direction nearly parallel to the
crystallographic c axis to form a two-dimensional (2D) net-
work (Figure 2): (1) a relatively strong hydrogen bond be-
tween a coordinated water molecule and a bridging oxo
group of the POM (O–O distance ca. 2.7 Å), weak hydrogen
bonds between either pyridine hydrogen atoms and
(2) bridging oxo groups of the POM (O–O distance ca.
3.3 Å) or (3) a terminal oxo group of the POM (O–O dis-
tance ca. 3.7 Å), and (4) hydrogen bonds between pyridine
hydrogen atoms and carbonyl oxygen atoms of amide units
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(N–O distance ca. 3.7 Å). The 2D networks, in turn, are
linked to each other in a direction nearly parallel to the
crystallographic a axis by hydrogen bonds between a methyl
hydrogen atom of the coordinated DMF molecule and a
terminal oxo group (O–O distance ca. 3.4 Å) of the POM.
Microporous channels are formed along the crystallo-
graphic c axis of the 2D networks (Figure 3).

Figure 1. Structure of the repeating coordination unit of 1Co. Se-
lected distances [Å] and angles [°]: Co–O(DMF) 2.065(3), Co–
O(W) 2.067(2), Co–N(pyridine) 2.157(2); O(DMF)–Co–O(W)
88.91(10), O(DMF)–Co–N(pyridine) 86.69(11), O(W)–Co–N(pyri-
dine) 90.84(10).

Figure 2. View parallel to the a axis. DMF molecules and some
hydrogen atoms are omitted for clarity. Longest dimension (O7–
O7) 5.54 Å, shortest dimension (H9b–H9b) 2.76 Å.

Bond valence sum (BVS) calculations[16] confirm that all
six symmetry-distinct vanadium atoms in the hexavanadate
unit are in the +5 oxidation state (values 5.0–5.1). The in-
frared and UV/Vis spectroscopic data are also consistent
with vanadium(V).[17]

All the product polymers are slightly soluble (0.04–
0.2 m in the repeating unit) in polar aprotic solvents such
as DMSO, DMF and CH3CN and insoluble in non-coordi-
nating solvents such as dichloroethane and chloroform.
Both the 1H and 51V NMR spectra of 1Zn and 1Mn (see
Figures S1 and S2 in the Supporting Information) clearly
show that only the signals for the monomer are observed,
and that these signals have effectively identical chemical
shifts to that for 1 only. Expectedly, the 1H NMR spectra
of the polymers with paramagnetic centers (1M; M = Mn,
Co, or Ni) exhibit broader signals than those of 1Zn. Dis-
solution clearly involves dissociation of the pyridine–metal
coordination bond in 1M. The slow kinetics of formation/



J. W. Han, K. I. Hardcastle, C. L. HillFULL PAPER

Figure 3. View parallel to the crystallographic c axis. Longest di-
mension (O1–O1) 8.89 Å, shortest dimension (H3S1–H3S1)
4.27 Å. Channel-filling DMF molecules and some hydrogen atoms
are omitted for clarity.

crystallization as well as solubilization of all compounds
1M precluded quantification of the dissociation equilibrium
constants: K = [soluble monomer]. Dynamic light scattering
(DLS) was attempted in order to corroborate the findings
but the low solubility of dissociated monomers precluded
acquisition of acceptable data.[18]

Thermogravimetric analysis (TGA) shows that the poly-
mers 1M are thermally less stable than the monomeric
hexavanadate 1. The polymers lose 20–30% of their total
weight from 30 to 160 °C which correlates with the loss of
the DMF molecules in the pores and the two DMF mole-
cules coordinated to the metal ion in each formula unit.
The differential scanning calorimetry (DSC) data supports
the implications of TGA data. The IR spectra of 1Zn at
different temperatures were obtained to confirm the sta-
bility of the compound (see Figure S5).

The phase purity of the bulk material was evaluated by
X-ray powder diffraction pattern (XRPD). The measured
XRPD pattern matches well with that of the calculated one
from the single crystal data (see Figure S6). Unfortunately,
XRPD data of all compounds 1M dried under vacuum
(10–2 Torr for 2 d) indicated loss of crystallinity, consistent
with the complete loss of framework structure upon the
evacuation of the channel-occupying solvent molecules.

All compounds 1M are reversibly reduced by chemical
reductants such as phenylhydrazine and NaBH4 in tetra-
chloromethane in which the compounds 1M are insoluble.
Reduction by NaBH4 is much slower than that by phenyl-
hydrazine. The reduced compounds 1M are reoxidized
without decomposition by any of the following: O2, Br2,
CeIV, and S2O8

2– (reoxidation by O2 is very slow but ac-
celerated in the presence of HCl vapor). The reduction and
reoxidation of the hexavanadate unit can be easily detected
from the distinctive change in color (red in fully oxidized
state and blue in reduced species) and by the characteristic

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2598–26032600

νV–O–V stretch for the fully oxidized hexavanadate unit at
790–810 cm–1 that shifts to a lower energy (750 cm–1) upon
reduction. The shift to a lower frequency upon reduction is
consistent with protonation. Zubieta and co-workers docu-
mented longer V–O distances relative to those of fully oxid-
ized hexavanadate units and protonated oxygen atoms by
BVS calculations in the X-ray structure of the reduced
forms of tris(alkoxo)hexavanadates.[19] The number of re-
duced vanadium atoms in the bis(triester)hexavanadate unit
reproducibly determined by titration with Br2 averages 2.5.

Conclusions

In conclusion, we have prepared a new class of POM-
based supramolecular materials composed of the linear pyr-
idine-terminated redox-active esterified hexavanadate units
and divalent transition-metal cations (MnII, CoII, NiII, or
ZnII). The terminal linking groups on the triester “cap” of
the bis(triester)V6 units, the metal composition of the POM
units and the linking cations should all be independently
variable affording a fairly diverse family of redox-active
open-framework materials.

Experimental Section
General Methods and Materials: All chemicals were obtained from
Aldrich. Dimethylacetamide (DMA) was dried with molecular si-
eves (3 Å) before use. Other chemicals were used as received. 1H
and 13C NMR spectra were recorded either with a Varian INOVA
400 MHz instrument or a Mercury 300 MHz instrument. 51V
NMR spectra were recorded with a Varian Unity 600 MHz instru-
ment. 1H and 13C NMR spectra were referenced to the deuterated
solvent itself, and chemical shifts are reported relative to (CH3)4-
Si. 51V NMR spectra were referenced externally by the sample re-
placement method to a 10 m solution of H4PVMo11O40 in 0.60 

NaCl (δ = –533.6 ppm relative to neat VOCl3), and chemical shifts
are reported relative to VOCl3. IR spectra were recorded with a
Nicolet 510 FT-IR instrument. Electronic absorption spectra were
collected with a Hewlett-Packard 8452A UV/Vis spectrophotome-
ter. Thermal gravimetric analyses (TGA) were performed with an
ISI TGA 1000 instrument under N2 flow from 25 to 400 °C at a
rate of 10 °C/min. Differential scanning calorimetry (DSC) data
were recorded with an ISI DSC 100 instrument under N2 flow from
25 to 400 °C at a rate of 10 °C/min. Elemental analyses for C, H,
and N were conducted by Atlantic Microlab, Norcross, GA, and
elemental analyses for all other elements were conducted either by
Desert Analytics, Tucson, AZ or by Kanti Lab Ltd., Mississauga,
Ontario.

Preparation of (HOCH2)3CNHCO(4-C5H4N): A solid mixture of
K2CO3 (6.08 g, 44.0 mmol) and (HOCH2)3CNH2 (2.42 g,
20.0 mmol) was added to a solution of isonicotinoyl chloride hy-
drochloride, (4-C5H4N)COCl·HCl (3.81 g, 21.4 mmol) in 30 mL of
DMA under N2. The resulting yellow solution and K2CO3 pellets
were stirred under N2 at 60 °C for 72 h. During the reaction, a
decrease of the amount of K2CO3 pellets and the formation of a
fine powder was observed. After the reaction batch was cooled to
room temperature, the fine powder was filtered with a fine fritted
glass filter. Acetone (150 mL) was added to the filtrate. After 1 d,
the resulting crystalline material (needle morphology; isonicotinic
acid, confirmed by 1H NMR and IR) was filtered off, and the fil-
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trate was concentrated to about 25 mL. Acetone (100 mL) was
added to the concentrated solution. After 1 d, the resulting crystal-
line material was filtered off, and the filtrate was concentrated un-
der vacuum to about 4 mL. To this concentrate was added 20 mL
of acetone. After 1 d, a crystalline solid was obtained (2.8 g, 62%).
The product was used for further reaction without additional puri-
fication. [Note 1: A small amount of isonicotinic acid (2–5% based
on the integration of the 1H NMR spectrum of the product) ob-
served in the product could be removed by repeated (2–3 times)
crystallization in DMA/acetone. Note 2: When the product was
used for further reaction without additional purification, the impu-
rity was successfully removed during the crystallization of the sub-
sequent material, 1.] 1H NMR ([D6]DMSO): δ = 3.68 (d, 12 H),
4.67 (t, 6 H), 7.49 (s, 1 H), 7.69 (d, 2 H), 8.69 (d, 2 H) ppm. 13C
NMR ([D6]DMSO): δ = 60.47 (HOCH2), 63.78 (CNH), 122.16 (β-
Py), 143.02 (γ-Py), 150.66 (α-Py), 166.19 (CO) ppm. C10H14N2O4

(226.23): calcd. C 53.09, H 6.23, N 12.38; found C 52.58, H 6.13,
N 12.13. IR (KBr, 400–4000 cm–1): ν̃ = 3422 (s, br.), 3261 (w), 3097
(w), 3028 (w), 2920 (m), 2849 (w), 1733 (w), 1641 (s), 1607 (w),
1581(m), 1552 (m), 1493 (w), 1453 (w), 1418 (w), 1374 (w), 1054
(m), 1024 (m), 962 (w), 895 (w), 845 (w), 757 (w), 700 (m) cm–1.

Preparation of [(n-C4H9)4N]2[V6O13{(CH2O)3CNHCO(4-
C5H4N)}2]·1.8DMF {[(n-C4H9)4N]21·1.8DMF}: The bis(pyridyl)-
capped hexavanadate 1 was prepared by a modification of the
method reported by Zubieta and co-workers.[10] DMA (62 mL) was
transferred to the solid mixture of (HOCH2)3CNHCO(4-C5H4N)
(1.21 g, 5.40 mmol) and [(n-C4H9)4N]2[H3V10O28] (3.01 g,
1.80 mmol). An orange solution resulted and the flask was wrapped
with aluminum foil to protect the solution from potential photore-
duction; stirring was continued under N2 at 80–90 °C for 60 h. Af-
ter the reaction batch was cooled to room temperature, the re-
sulting deep reddish brown solution was filtered with a fine fritted
glass filter. The filtrate was added to 180 mL of diethyl ether in ca.
1-mL portions using a Pasteur pipette. The dark brown precipitate
was filtered and washed with diethyl ether. The pure product was
obtained by repeated (normally two) crystallization [dimethylform-
amide (DMF)/acetonitrile/ether = 2:1:6]. After filteration and
washing with diethyl ether, the resulting crystalline product was
dried under vacuum at room temperature for 1 d. The yield (2.1 g,
45%) was calculated based on the amount of vanadium. The
amount of the solvent in the crystal was confirmed by TGA. 1H
NMR ([D6]DMSO): δ = 0.92 (t, 24 H), 1.30 (sext, 16 H), 1.55
(quint, 16 H), 3.15 (t, 16 H), 5.27 (d, 12 H), 7.69 (d, 4 H), 8.05 (s,
2 H), 8.67 (d, 4 H) ppm. 13C NMR ([D6]DMSO): δ = 14.20, 19.89,
23.75, 53.92 (CNH), 58.17, 82.71 (HOCH2), 122.35 (β-Py), 142.66
(γ-Py), 150.61 (α-Py), 166.49 (CO) ppm. 51V NMR ([D6]DMSO):
δ = –494.9 ppm. C57.4H106.6N7.8O22.8V6 (1·1.8DMF, 1576.73):
calcd. C 43.71, H 6.82, N 6.93, V 19.40; found C 43.61, H 6.80, N
6.95, V 19.49. UV/Vis (DMF): λmax (ε) = 360 (6000 –1 cm–1) nm.
IR (KBr, 400–4000 cm–1): ν̃ = 3345 (m, br.), 3272 (w), 2962 (m),
2934 (m, sh), 2876 (m), 1730 (w), 1669 (s), 1597 (w), 1540 (m), 1486
(m), 1407 (w), 1384 (w), 1322 (m), 1280 (w), 1188 (w), 1153 (w),
1102 (s),1050 (s), 953(s), 811 (s), 798 (m), 723 (s), 639 (m), 583 (m),
515 (w), 460 (w), 417 (m) cm–1.

Preparation of Coordination Polymers

General Preparation: A 10.2 m stock solution of 1 was used for
the preparation of the polymers. The stock solution was prepared
by dissolving 1.60 g (1.02 mmol) of 1 in 100 mL of DMF. Coordi-
nation polymers were synthesized by adding the appropriate transi-
tion-metal ions dissolved either in methanol or in acetonitrile to
the stock solution of 1 (yield 70–80%). In the case of 1Ni and 1Zn,
single crystals suitable for X-ray diffraction study were obtained by
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careful layering of a stock solution of 1 with the solution of each
metal ion. In the case of 1Mn and with 1Co, dilute solutions of
each metal ion and a solution of 1 were mixed, and the resulting
solution was left undisturbed at room temperature for several days.
Single crystals suitable for X-ray diffraction analysis were pro-
duced. Samples for elemental analysis were dried under vacuum for
2 d. The crystalline materials appeared to lose crystallinity when
dried (the crystals lose luster when dried).

Preparation of [Co(H2O)2(DMF)2(V6O13{(CH2O)3CNHCO(4-
C5H4N)}2)]n (1Co): A solution of Co(NO3)2 (5.2 m) in acetonitrile
and a stock solution of 1 (diluted from 10.2 m to 5.1 m) were
mixed and left undisturbed for several days to form crystals suitable
for X-ray diffraction. C38.6H69.4CoN10.3O29.2V6 (1Co·4.2DMF,
1509.61): calcd. C 30.72, H 4.64, Co 3.91, N 9.47, V 20.27; found
C 30.18, H 4.75, Co 4.01, N 9.44, V 19.5. The amount of solvent
was consistent with the TGA data. IR (KBr, 400–4000 cm–1): ν̃ =
3399 (m, br.), 3261 (m), 2928 (m), 2860 (w), 1653 (s), 1543 (m),
1495 (w), 1438 (w), 1417 (w), 1386 (m), 1324 (w), 1283 (w), 1255
(w), 1101 (m), 1049 (m), 957 (s), 810 (m), 800 (m),720 (m), 622 (w),
618 (w), 583 (w), 417 (m) cm–1.

Preparation of [Mn(H2O)2(DMF)2(V6O13{(CH2O)3CNHCO(4-
C5H4N)}2)]n (1Mn): Complex 1Mn was prepared according to the
same procedure as described above for 1Co except using Mn(NO3)2·
xH2O (x = 4–6) (in calculations x was taken as 6) in methanol
as a metal source instead of Co(NO3)2·6H2O in acetonitrile.
C33.8H58.2MnN8.6O27.6V6 (1Mn·2.6DMF, 1387.26): calcd. C 29.25,
H 4.23, Mn 3.96, N 8.68, V 22.04; found C 28.68, H 4.33, Mn 4.25,
N 8.55, V 21.6. The amount of solvent was consistent with the
TGA data. IR (KBr, 400–4000 cm–1): ν̃ = 3251 (m, br.), 3060 (w),
2929 (w), 2867 (w), 1654 (s), 1545 (m), 1496 (w), 1438 (w), 1417
(w), 1387 (w), 1323 (w), 1284 (w), 1255 (w), 1187 (w), 1101 (m),
1050 (s), 958 (s), 809 (s), 795 (m), 718 (s), 641 (m), 586 (w), 515
(w), 420 (m) cm–1.

Preparation of [Ni(H2O)2(DMF)2(V6O13{(CH2O)3CNHCO(4-
C5H4N)}2)]n (1Ni): Single crystals suitable for X-ray diffraction
were prepared by a solution diffusion method as follows. DMF
(1.0 mL) was layered on top of 1.0 mL of a stock solution of 1
(10.2 m) in a 5-mL test tube. To the layered DMF solution,
1.5 mL of a solution of Ni(NO3)2·6H2O in acetonitrile (6.6 m)
was carefully added. After several days, single crystals suitable for
X-ray diffraction were obtained. C32.6H55.4N8.2NiO27.2V6

(1Ni·2.2DMF, 1361.78): calcd. C 28.75, H 4.10, N 8.44, Ni 4.26, V
22.47; found C 28.15, H 4.22, N 8.23, Ni 4.11, V 21.91. The amount
of solvent was consistent with the TGA data. IR (KBr, 400–
4000 cm–1): ν̃ = 3423 (m, br.), 2929 (w), 2863 (w), 1650 (s), 1541
(m), 1495 (w), 1436 (w), 1417 (w), 1384 (w), 1325 (w), 1282 (w),
1101(m), 1049(m), 958(s), 811(m), 723(m), 645 (w), 586 (w), 555
(w), 417(m) cm–1.

Preparation of [Zn(H2O)2(DMF)2(V6O13{(CH2O)3CNHCO(4-
C5H4N)}2)]n (1Zn): Single crystals suitable for X-ray diffraction
were prepared according to the same method described for the
crystallization of 1Ni. C31.4H53.6N7.8O26.8V6Zn (1Zn·1.8DMF,
1340.25): calcd. C 28.16, H 4.04, N 8.16, V 22.84, Zn 4.78; found
C 28.51, H 3.80, N 8.16, V 20.9, Zn 4.5. The amount of solvent
was consistent with the TGA data. IR (KBr, 400–4000 cm–1): ν̃ =
3418 (s, br.), 3026 (w), 2921 (w), 2866 (w), 1733 (w), 1655 (s), 1539
(m), 1494 (w), 1451 (w), 1420 (w), 1385 (w), 1327 (w), 1282 (w),
1100 (m), 1066 (m), 1047 (s), 960 (s), 810 (s), 792 (s), 699 (s), 646
(m), 584 (w), 569 (w), 420 (m) cm–1.

X-ray Crystallography: Suitable crystals of 1 and 1M (M = Mn,
Co, Ni, or Zn) were coated with Paratone N oil, suspended on a
small fiber loop, and placed in a cooled nitrogen stream at 100 K



J. W. Han, K. I. Hardcastle, C. L. HillFULL PAPER
of a Bruker D8 SMART APEX CCD sealed tube diffractometer
with graphite-monochromated Mo-Kα (0.71073 Å) radiation. Re-
dundant data were measured using a series of combinations of φ
and ω scans with 10 s frame exposures and 0.3° frame widths. Data
collection, indexing, and initial cell refinements were handled using
SMART software.[20] Frame integration and final cell refinements
were carried out using SAINT software.[21] The final cell param-
eters were determined from least-squares refinements, and the SA-
DABS program[22] was used to carry out absorption corrections.
The structures were solved by direct methods and difference Fou-
rier techniques. All atoms were refined anisotropically, except
where noted (see data deposited in the crystal structure data base).
The final R1 scattering factors and anomalous dispersion correc-
tions were taken from the International Tables for X-ray Crystal-
lography.[23] Additional details for 1 and 1Co are provided in
Table 1 (see crystallographic details for 1Mn, 1Ni, and 1Zn in the
crystal structure data base). CCDC-229734 to -229738 contain the
supplementary crystallographic data for the structures reported
upon in this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Table 1. Crystallographic data and structure refinement for 1 and
1Co.

1 1Co

Empirical formula C61H115N9O24V6 C41.30H75.70CoN11.10O30.10V6

Formula mass 1664.26 1586.96
Crystal system monoclinic triclinic
Space group P21/n P1̄
a [Å] 16.0689(9) 11.6301(7)
b [Å] 15.6178(9) 11.7707(7)
c [Å] 17.2400(1) 13.4852(8)
α [°] 90 91.801(1)
β [°] 115.118 (1) 112.050(1)
γ [°] 90 109.797(1)
V [Å3] 3917.4(4) 1583.06(16)
Z 2 1
Dcalcd. [mg/m3] 1.411 1.646
µ [mm–1] 0.762 1.195
Reflections collected 69186 28163
Independent reflections 14310 11210
R(int) 0.0476 0.0567
GOF on F2 1.014 1.032
R1 [I � 2σ(I)] 0.0674 0.0780
wR2 [I � 2σ(I)] 0.1920 0.2263

Reduction and Reoxidation of 1M: To 1M suspended in CCl4, where
1M is completely insoluble, either chemical reductant, NaBH4 or
phenylhydrazine, was added, and the suspension was stirred for
36 h or 24 h, respectively. The reduction of 1M can be easily ob-
served from the distinctive change in the color of 1M (red in fully
oxidized state and blue in reduced state). Reduced 1M was reoxid-
ized in a separate reaction by O2, Br2, CeIV, or S2O8

2–.

Titration of Reduced 1Zn with Br2: The number of reduced vana-
dium atoms in the bis(triester)hexavanadate unit was evaluated by
titration with Br2. To phenylhydrazine hydrochloride (104 mg,
0.720 mmol), suspended in 6.0 mL of chloroform, triethylamine
(100 mL, 0.720 mmol) was added to obtain a homogeneous solu-
tion. Solid 1Zn (160 mg, 0.120 mmol of repeating unit) was sus-
pended in 10.0 mL of chloroform. To the suspension, the phenylhy-
drazine solution was added, and the mixture was stirred for 24 h.
The initial red solid turned bluish green over the reaction period.
The powder was then filtered and washed with methanol (2×5 mL)
and diethyl ether (2×5 mL) and was suspended in 10.0 mL of tetra-
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chloromethane (CCl4). To this suspension, 0.10  of Br2 in CCl4
was added slowly until the decoloration of Br2 was no longer ob-
served. The titration gives reproducible values within the experi-
mental error (� 0.1 mL). An average of 3.0 mL of the Br2 solution
was added in the titrations. Therefore, the number of reduced vana-
dium atoms in the hexavanadate unit averages 2.5.

Supporting Information (see footnote on the first page of this arti-
cle): 1H and 51V NMR of 1Zn, 1H NMR of 1Mn, TGA of mono-
mer and 1Zn, DSC of monomer and 1Zn, FT-IR of 1Zn as a func-
tion of temperature, simulated and measured powder X-ray diffrac-
tion pattern, cyclic voltammetry data of 1 and analogous com-
pounds.
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Redox-active 17- and 19-membered metallamacrocycles
were prepared thanks to the chelating ability of bis[(diphen-
ylphosphane)alkylthio]TTF towards the M(CO)4 fragment
(M = Mo, W). The TTF unit can adopt either a cis or a trans
configuration as can the phosphorus atoms coordinated to
the metal center. Moreover, an element of planar chirality is
generated by the trans isomer of the TTF. Thus, the reaction
affords six stereoisomers as evidenced by 31P NMR and X-
ray crystallographic analyses. The electrochemical properties
of the title compounds have been investigated by cyclic vol-
tammetry. Within the 19-membered metallamacrocycles, no

Introduction

Various cyclophanes or cage molecules incorporating one
or more electroactive units such as a tetrathiafulvalene core
(TTF) have been studied with the aim of creating, through
intramolecular or intermolecular interactions, nanoelec-
tronic devices.[1] Among the electroactive macrocycles de-
scribed so far, none of them contain a metallic fragment.
Association of the TTFs with one appropriate metal will
lead to a macrocycle with multiple redox sites and the pos-
sibility of interaction between the inorganic and organic
moieties.[2] Various potential applications can be envisioned
for these hybrid molecules, as molecular materials or in
catalytic systems as it is well known that the steric and elec-
tronic properties of the ligand have an enormous effect on
the reactivity of metal complexes.[3] A simple route toward
the formation of large metallamacrocycles involves the co-
ordination of a bidentate α,ω-diphosphane ligand to the
transition metal center.[4] Therefore, we have studied the
ability of bis-substituted [(diphenylphosphanyl)propylthio]-
TTF 1[5] to form metal carbonyl complexes upon chelation
of the Mo(CO)4 and W(CO)4 fragments. Moreover, we also
present the synthesis of the diphosphanyl ligand 2 where the
phosphane moieties are linked to the donor core through a
longer spacer group such as a thiobutyl one and the influ-
ence of this longer chain on the structural and electrochemi-
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Campus de Beaulieu, Bât 10A, 35042 Rennes cedex, France
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significant influence of the two redox moieties was detected,
whereas in the 17-membered metallamacrocycles, the oxid-
ized TTF modifies the redox behavior of the metal center.
Two crystalline complexes obtained with tetracyanoquinodi-
methane (TCNQ) and the tungsten 17- and 19-membered
metallamacrocycles are reported. Comparison of the crystal
structures shows that these metallamacrocycles appear to be
rather flexible even with strained structures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cal properties of the metallamacrocycles. Comparison of
the effect of the length of the spacer group on the molecular
structure and the redox behavior will then be discussed. An-
other interesting feature that will be presented is the influ-
ence of the complexation with TCNQ on the conformation
of these metallamacrocycles.

Results and Discussion

The synthesis of the ligand 2 was accomplished as de-
picted in Scheme 1 according to the chemical pathway used
for the synthesis of bis[(diphenylphosphanyl)propylthio]-
TTF 1 using the preformed TTF derivative 3 as the starting
material.[5] The methodology consists first of the synthesis
of the bis[(boronatodiphenylphosphanyl)butylthio]TTF 5.
The use of phosphane–borane substituents in the synthesis
of the target TTFs presents several advantages as they are
very stable compared to phosphane derivatives towards the
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Scheme 1.

usual oxidizing or electrophilic reagents, and very easy to
handle and to purify.[6,7] The bis(cyanoethylthioTTF) 3 was
treated with cesium hydroxide and reacted with the bromo-
butyldiphenylphosphane–borane leading to TTF 5. Decom-
plexation of the phosphane–borane complex was performed
in the presence of DABCO under an inert atmosphere to
give the bis[(diphenylphosphanyl)butylthio]TTF 2.[8] These
TTFs 1–2 should be kept under an inert atmosphere to
avoid the formation of the corresponding phosphane ox-
ides. Note that all these TTFs 1–5 are obtained as a mixture
of the cis and trans isomers and attempts to separate these
isomers are worthless as TTFs are prone to isomerization
in solution upon light exposure or in the presence of traces
of acid.[9,10]

In order to form metal carbonyl complexes with these
TTF ligands, we used cis-M(CO)4(C5H10NH)2 derivatives
(M = Mo, W) where the two labile piperidine ligands can
be easily replaced by other ligands such as two phospha-
nes.[11] As mentioned earlier for monosubstituted phos-
phanylTTF derivatives, the metal carbonyl complexation
can be realized directly from the phosphane–borane TTF
complexes,[12] in a one-pot procedure by a two-step chemi-
cal synthesis: firstly decomplexation of the phosphane–bo-
rane complex in the presence of DABCO and then addition
of one equivalent of cis-M(CO)4(C5H10NH)2 in the medium
where the bis[(diphenylphosphanyl)alkylthio]TTFs were
formed. The solution was warmed at 80 °C for 2 h. Actu-
ally, because of the flexibility of the alkylthio spacer groups,
two types of metal carbonyl complexes were obtained, the

Scheme 2.
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expected metallamacrocycles 6–9 (Scheme 2) but also poly-
meric derivatives resulting respectively from an intramolec-
ular and an intermolecular complexation. The mononuclear
metallamacrocycles formed can be easily isolated after col-
umn chromatography upon silica gel in an overall yield of
20–33%.

Analysis of the fraction containing the mononuclear
complexes by 31P NMR, after the chromatographic separa-
tion, reveals the presence of four signals for each of the four
investigated derivatives 6–9 (Table 1). Indeed, besides the
cis/trans isomerism of the TTF core, the phosphorus atoms
can also be either cis or trans coordinated to the metal cen-
ter. For the tungsten metallamacrocyles 6 and 8, a small
doublet due to the coupling of the phosphorus atom with
the 183W isotope is associated with the four singlets. Thanks
to the coupling constant, it is possible to distinguish the cis-
P–W–P isomers from the trans-P–W–P ones.[13] Indeed, the
phosphorus atoms resonate at high field for 6 and 8 with
1JPW = 230 Hz characteristic for the cis-P–W–P isomers
while the two signals observed at low field for 6 and 8 exhi-
bit a 1JPW = 279 Hz characteristic for the trans-P–W–P one.
For the molybdenum metallamacrocycles, by analogy with
previous results on monodiphenylphosphanylpropylthio-
TTF (P–TTF) cis coordinated to the Mo(CO)4, cis-Mo(CO)4-
(P–TTF)2,[12] where the phosphorus atoms resonated at δ =
26.6 ppm, the singlets observed at high field for 7 and 9
can be attributed to cis-P–Mo–P isomers while the signals
observed at low field for 7 and 9 are assigned to the trans
isomers.
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Table 1. 31P chemical shifts for compounds 6–9 in CDCl3 solution.

Compound (metal, n) δ = 31P ppm (1JPW [Hz])

6 (W, 3) 5.9 (230), 6.9 (230), 13.5 (279), 14.6 (279)
7 (Mo, 3) 24.2, 24.7, 38.4, 39.3
8 (W, 4) 8.0 (230), 8.6 (230), 14.8 (279), 14.9 (279)
9 (Mo, 4) 25.5, 25.7, 39.0, 39.1

Interestingly, the intensity of the various signals observed
indicates that a majority of the trans isomers on the metal
center are formed in all the cases with an estimated trans
P–M–P/cis P–M–P ratio of 5:2. The obtention of cis/trans
isomers on the metal center, starting from the cis-M(CO)4-
(piperidine)2 derivatives (M = Mo, W), finds its origin in
the temperature used to form these metallamacrocycles.[11]

Indeed, when the reaction was performed at 50 °C, no isom-
erization occurs as previously observed for monosubsti-
tuted TTF but the reaction rate is very low, while at 80 °C
substitution of the two piperidine ligands occurs, especially
for the cis-W(CO)4(piperidine)2 derivative, but also isomer-
ization on the metallic center. The TTF core can also adopt
either a cis or trans configuration. The presence of isomers
on the TTF moiety is not surprising as we started from a
mixture of cis and trans isomers for both TTFs 4 and 5.
Moreover, the trans form of the TTF introduces an element
of planar chirality. Therefore, as depicted in Scheme 3, six
stereoisomers can be envisioned for each metallamacrocy-
cle, 6–9, corresponding to the following isomers: (i) a cis
TTF/trans P–M–P, (ii) b cis TTF/cis P–M–P, (iii) c trans
(R)TTF/cis P–M–P and c� trans (S)TTF/cis P–M–P and (iv)
d trans (R)TTF/trans P–M–P, and d� trans (S)TTF/trans P–
M–P, hence the four 31P NMR signals since the enantio-
mers c/c� and d/d� can not be distinguished in this way.

Crystals of the metallamacrocyles 6, 7, and 8 were iso-
lated from a mixture of dichloromethane and methanol.
The crystal structure determinations reveal that in the case
of the macrocycles 6 (n = 3, M = W) and 8 (n = 4, M
= W), the isomers a (cis TTF/trans P–W–P), were isolated
(Figure 1), while for 7 (n = 3, M = Mo) the two enantio-
meric forms 7 c/c� [trans (R/S) TTF/cis P–Mo–P] (Figure 2)
were crystallized in the racemic mixture.

All the TTF moieties adopt a boat conformation within
these metallacyclophanes where both dithiole rings are
folded along the S···S vector with asymmetric folding
angles, which are more pronounced for the most strained
17-membered metallamacrocycles 6a (17 and 28°) and 7c/c�
(19 and 36°) than for the 19-membered metallamacrocycle
8a (9 and 11°). Comparison of the crystal structure of 6a
(n = 3) with 8a (n = 4), where the difference is only due to
the length of the spacer group between the TTF and the
phosphorus atoms, shows that in both cases, the W–P dis-
tances and P–W–P interligand angles are similar and in the
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Scheme 3.

Figure 1. Molecular structure of (left) 6a and (right) 8a. The hydro-
gen atoms and the phenyl rings are not shown for clarity (thermal
ellipsoids set at 50% probability). Selected bond lengths [Å] and
angles [°]: W(1)–P(1) 2.4636(12), W(1)–P(2) 2.4644(14), P(1)–W(1)–
P(2) 177.36(5) for 6a and: W(1)–P(1) 2.4717(8), W(1)–P(2)
2.4652(8), P(1)–W(1)–P(2) 176.20(2) for 8a.

usual range. Therefore, constrains brought by the formation
of the metallamacrocycle are more effective on the fulvalene
skeleton than on the inorganic part. Analysis of the crystals
6a and 8a, dissolved in CDCl3, by 31P NMR reveals that
the isomers a (cis TTF/trans P–W–P) exhibit only one set
of signals at δ = 13.5 ppm for 6a and at δ = 14.8 ppm for
8a. The same CDCl3 solution left under ambient light expo-
sure and analyzed again one day later exhibits this time two
sets of signals caused by the presence of the cis and trans
TTF isomers.[9]
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Figure 2. Molecular structure of 7c. The hydrogen atoms and the
phenyl rings are not shown for clarity (thermal ellipsoids set at
50% probability). Selected bond lengths [Å] and angles [°]: Mo(1)–
P(1) 2.5386(13), Mo(1)–P(2) 2.5666(12), P(1)–Mo(1)–P(2) 99.85(4).

The redox properties of the metallacyclophanes 6–9 were
studied by cyclic voltammetry and peak potentials of the
various complexes are collected in Table 2 together with the
data for the starting ligands TTF 1 and 2. In order to ob-
tain an insight into the effect of the ligand environment on
the redox potentials of the metal center, we also added to
Table 2 the data for complexes Mo(CO)4(PPh3)2 and
W(CO)4(PPh3)2. It is worth noting that cis-M(CO)4-
(PPh3)2 and trans-M(CO)4(PPh3)2 (M = Mo, W) present
almost identical E° values [15] and exhibit cyclic voltammog-
rams which are partially reversible for the molybdenum
complex and irreversible for the tungsten one because of
the loss of carbon monoxide on the metallic center upon
oxidation.[15] Concerning the various metallamacrocycles,
two oxidation waves are observed. The first reversible oxi-
dation step corresponds to the oxidation of the TTF in its
radical cation while the second oxidation process is due to
the concomitant oxidation of the TTF radical cation into
the dication and the oxidation of the metallic center. How-
ever, this process is not fully reversible due to the loss of
the carbonyl ligand upon oxidation (Figure 3). This con-
comitant oxidation of the organic and inorganic moieties
was also observed on phosphane TTF linked to a metal via
a nonconjugated spacer group, such as cis-Mo(CO)4-
(P–TTF)2.[12] Within the metallamacrocycles of the same
size, the nature of the metal center, Mo or W, does not
modify the redox potentials. Moreover, comparison of the
first redox potentials of the complexes with those of the
starting ligands (1 and 2) shows that there is no significant
influence of the cyclization despite the strained structures

Eur. J. Inorg. Chem. 2006, 2604–2611 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2607

described above. Interestingly, comparison can also be
made with TTF cyclophanes where fully covalent bridges
of various lengths link the two dithiole moieties leading to
14-, 18-, and 20-membered rings.[16–18] Indeed, among those
cyclophanes, the most constrained one with the shortest
bisthioalkyl link (–S(CH2)6S–[16] and –SCH2C6H4-
CH2S–[16,17]) were found to exhibit a single irreversible oxi-
dation wave, while by contrast, longer links [–S(CH2)10–12S][18]

or the redox active metallamacrocycles described here
display a first fully reversible oxidation wave. The lack of
reversibility of the redox system on the 14-membered TTF
cyclophanes was attributed to the severe bending of the
TTF core as for instance the cis-substituted TTF with a
bisthiohexyl bridge, [–S(CH2)6S], is folded by 47 and 34°
along the S···S vector.[16b] Although, in 6–9, the metallic
fragment with the CO ligands brings a novel inner con-
straint to the TTF unit, the bridge is long enough to enable
the two typical redox waves of a TTF core.

Table 2. Oxidation potentials V vs. SCE, Pt-working electrode with
nBu4NPF6 (0.1 ⁾ in CH2Cl2, scanning rate 0.1 V/s.

Compound (metal, n) E1 Epa
2 / Epc

2

W(CO)4(PPh3)2 0.87[a]

Mo(CO)4(PPh3)2 0.85/0.76
6 (W, 3) 0.45 0.93/.0.82
7 (Mo, 3) 0.47 0.91/.0.82
8 (W, 4) 0.41 0.88/0.77
9 (Mo, 4) 0.41 0.85/0.76
1 (n = 3) 0.46 0.86/0.80
2 (n = 4)[14] 0.39 0.82[a]

[a] Irreversible process.

Considering the second redox process, the comparison of
the anodic peak potential Epa

2 in the complexes 6–9 with
the value of the noncyclic Mo(CO)4(PPh3)2 and W(CO)4-
(PPh3)2 shows a significant positive shift of Epa

2 in the 17-
membered cyclic compounds 6 and 7 (+60 mV for Mo, W)
while the Epa

2 potentials are almost identical in the less-
constrained 8 and 9 molecules. This indicates that through-
space interactions occur between the two−organic and
organometallic−redox moieties in the smallest metallamac-
rocycles. This effect on Epa

2 is most probably due to electro-
static repulsion and the close proximity of the TTF dication
to the bound metal. Note that by contrast, when the phos-
phane is directly linked to the TTF core, as in [P2][M(CO)4]
(M = Mo, W), oxidation of the coordinated metallic center
occurs at a more positive potential than the TTF+/TTF2+

redox system because of even stronger electrostatic interac-
tions.[19] In this case the donating ability of the TTF core
within the complexes was also significantly decreased as a
positive shift of about 200 mV was observed, while in our
metallamacrocycle 6–9 the redox properties of the donor
are conserved.
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Figure 3. Cyclic voltammogram of 9, nBu4NPF6 (0.1 ⁾ in CH2Cl2,
scanning rate 0.1 V/s.

Formation of charge transfer salts with TCNQ depends
on the relative redox potentials of the donor (ED

1) and
TCNQ (EA

1 = 0.18 V vs. SCE). These metallamacrocycles
with their first redox potentials above 0.40 V are a rather
borderline case as precursors of such charge transfer salts
since ED

1-EA
1 � 0.22 V. Indeed, it is known that a partial

or full charge transfer is only possible when ED
1-EA

1 �
0.25 V.[20–21] Mixing a dichloromethane solution of the
metallamacrocycles 6 or 8 with an acetonitrile solution of
TCNQ afforded deep purple shiny single crystals after slow
evaporation. X-ray crystal structure determinations reveal
a stoichiometry of two metallamacrocycles for one TCNQ
in each case with inclusion of acetonitrile, that is (6)2-
(TCNQ)·(CH3CN)3 and (8)2(TCNQ)·(CH3CN)2. The for-
mer complex with 6 (n = 3) crystallizes in the triclinic sys-
tem, space group P1̄, with molecule 6 in a general position

Figure 5. Stacking arrangement of (6a)2(TCNQ)·(CH3CN)3 (top) and (8a)2(TCNQ)·(CH3CN)2 (bottom).
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in the unit cell, one TCNQ located on an inversion center,
one acetonitrile disordered on an inversion center, and one
acetonitrile in a general position. Complex (8)2(TCNQ)·
(CH3CN)2 crystallizes in a triclinic system, space group P1̄,
with molecule 8 in a general position in the unit cell, TCNQ
located on an inversion center with only one acetonitrile in
a general position. In the solid state, the TCNQ molecule
is, in each case, sandwiched by two TTF cores of the metall-
amacrocycles in a ···DAD··· (D = 6 or 8 and A = TCNQ)
motif. The TCNQ ring overlaps the central C=C bond of
the TTF core and the interplanar separations between the
donor and the acceptor are 3.48 and 3.53 Å for (6)2(TCNQ)·
(CH3CN)3 and (8)2(TCNQ)·(CH3CN)2, respectively (Fig-
ure 4). Using the empirical formula of Kistenmacher, which
correlates the bond lengths to the formal charge of the
TCNQ in various charge transfer salts,[22] we found that in
both complexes the TCNQ is neutral. This is supported by
the EPR analyses carried out on the crystals and no EPR
signal was observed from room to liquid helium tempera-
ture. This is also confirmed by the diamagnetic behavior
found in the whole temperature range by SQUID suscep-
tibility measurements. Therefore, both complexes, (6)2-
(TCNQ)·(CH3CN)3 and (8)2(TCNQ)·(CH3CN)2, are neu-
tral donor/acceptor complexes. Concerning (8)2(TCNQ)·
(CH3CN)2, the DAD motifs form stacks with a lateral slip
between two neighboring TTF cores with S···S distances at
4.499(9) Å, while for (6)2(TCNQ)·(CH3CN)3 the DAD mo-
tifs are isolated from each other by the inorganic moieties
of the macrocycles (Figure 5).

Figure 4. TTF/TCNQ overlap in (6a)2(TCNQ)·(CH3CN)3 (left) and
(8a)2(TCNQ)·(CH3CN)2 (right).
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Also noticeable, among the six possible stereoisomers for

each metallamacrocycle 6 and 8 present in the starting solu-
tion for the elaboration of the TCNQ complexes, the iso-
mers that crystallized within these complexes are the iso-
mers a (cis TTF/trans P–W–P), which were independently
crystallographically characterized and described above. The
complexation with TCNQ has a significant influence on the
conformation of the metallamacrocycles 6a and 8a as de-
picted in Figure 6. Comparison of the molecular structures
shows that the TTF core for the 17-membered metallamac-
rocycle 6a is more planar within the complex as the folding
angles along the S···S vector for the dithiole rings are
smaller (11 and 15° instead of 17 and 28°). The planariz-
ation of the TTF core in (6a)2(TCNQ)·(CH3CN)3 brings
the metal closer to the TTF core with a distance of about
5.85 vs. 6.25 Å in the starting complex. Contrariwise, for
the 19-membered metallamacrocycle 8a, the folding angles
are in the same range (10 and 10° instead of 11 and 9°).
Actually, the difference brought by the complexation on 8a
lies in the location of the metal in relation to the TTF core.
Indeed, within the complex (8a)2(TCNQ)·(CH3CN)2 the
side chain with the metallic moiety is located in a plane
perpendicular to the plane of the TTF core, while before
complexation the chain with the metallic fragment was lo-
cated more on the side of the TTF (Figure 6).

Figure 6. Side view of the metallamacrocycles, (a) 6a, (b) (6a)2-
(TCNQ)·(CH3CN)3, (c) 8a, (d) (8a)2(TCNQ)·(CH3CN)2.

Analysis of the bond lengths of the metallamacrocycles
within the TCNQ complexes shows that in both cases the
bond lengths of the TTF core are in the usual range for
neutral TTF moieties with the central C=C bond length-
ened by 1.340 Å, but still within the range for the neutral
TTF core. Similarly, the W–P distances are not significantly
modified (Table 3). On the contrary, the P–W–P angles are
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altered and for 6a it amounts to 169.16(3)° instead of
177.36(5)° and for 8a 176.20(2)° instead of 172.58(4)°, ac-
counting for the consequences of the complexation with
TCNQ (Table 3). Therefore, even with a constrained struc-
ture such as 6a these metallamacrocyles remain flexible and
the planarization of the TTF core, within the TCNQ com-
plexes, induces a transfer of the constraints onto the met-
allic fragment.

Table 3. Significant bond lengths [Å] and angles [°].

Compound d W–P d C=C Angle P–W–P Folding angles
along S···S vector

6a 2.4636(12) 1.310(9) 177.36(5) 17
2.4644(14) 28

(6a)2(TCNQ) 2.4655(10) 1.340(6) 169.16(3) 11
2.4697(9) 15

8a 2.4652(8) 1.312(6) 176.20(2) 9
2.4717(8) 11

(8a)2(TCNQ) 2.4550(12) 1.340(9) 172.58(4) 10
2.4606(12) 10

Conclusions

In this study, redox active 17- and 19-membered metalla-
macrocycles incorporating one TTF unit have been syn-
thesized through the coordination of the bidentate [(di-
phenylphosphanyl)alkylthio]TTFs to the Mo(CO)4 and
W(CO)4 fragments. As a consequence of the possible
cis/trans isomerization of the TTF core and the metallic
fragment six stereoisomers were formed. As evidenced by
the X-ray diffraction studies, the central TTF unit in these
metallamacrocycles is not planar, however it is significantly
less folded in the 19-membered ring than in the 17-mem-
bered ring. Nevertheless, the bending of the TTF is not suf-
ficient to negate the electron-donating ability of this redox
unit. Furthermore, in the 17-membered metallamacrocycles,
the close proximity of the metallic fragment to the TTF
produces electrostatic interactions as evidenced by the shift
of the oxidation peak potentials of the metallic fragment to
more positive potentials. Two TCNQ complexes with the
17- and 19-membered metallamacrocycles (M = W) have
been obtained and crystallographically analyzed. Although
no charge transfer was observed, comparison of the crystal
structures provide valuable information on the relative flexi-
bility of these strained structures. An attractive feature of
these metallamacrocycles lies in the modification of the
TTF core upon oxidation which should modify the molecu-
lar organization in the neighborhood of the metal fragment
and attempts at isolating cation radical salts are currently
under way.

Experimental Section
1H NMR and 31P NMR spectra were recorded with a Bruker AC
300P spectrometer. Chemical shifts are reported in ppm referenced
to TMS for 1H NMR and to H3PO4 for 31P NMR spectroscopy.
Elemental analyses were obtained from the Laboratoire Central de
Microanalyse du CNRS, Lyon. Mass spectra were recorded with
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a ZABSpec TOF instrument by the Centre Régional de Mesures
Physiques de l’Ouest, Rennes. CH2Cl2 was distilled from P2O5. Tol-
uene was dried with sodium wire. Chromatography was performed
using silica gel Merck 60 (70–260 mesh). Mo(CO)6 and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) were purchased from ACROS Or-
ganics, W(CO)6 was purchased from Aldrich. M(CO)4(NHC5H10)2

was prepared from M(CO)6 according to published procedures.[11]

Cyclic voltammetry was carried out in dichloromethane, containing
0.1  nBu4NPF6 as the supporting electrolyte. Voltammograms
were recorded at 0.1 Vs–1 on a platinum disk electrode (A =
1 mm2). The potentials were measured vs. a saturated calomel elec-
trode. TTF 2 was prepared following known procedures.[5]

General Procedure for the Synthesis of Complexes 6–9: To a solution
of the TTF 4 or 5 (0.5 mmol) in dried, degassed toluene (30 mL)
DABCO (112 mg, 1 mmol) was added under argon. The mixture
was stirred for 4 h at 50 °C after which M(CO)4(NHC5H10)2

(0.5 mmol) in degassed CHCl3 (10 mL) was added. The resulting
solution was stirred at 80 °C for 2 h and then the solvent was re-
moved under reduced pressure. The solid residue was dissolved in
CH2Cl2, washed with water, and dried with Na2SO4. The solvent
was removed and chromatography of the residue over silica gel (3:1
CH2Cl2/PE) afforded the complexes 6–9 as a mixture of isomers.

Complex 6: Yield 170 mg (33%). 1H NMR (CDCl3): δ = 1.20–1.40
(4 m, 4 H), 1.99, 2.01, 2.09, 2.14 (4 s, 6 H), 2.25–2.64 (4 m, 4 H),
2.70–3.0 (4 m, 4 H), 7.19–7.70 (m, 20 H) ppm. 31P NMR (CDCl3):
δ = 5.9 (1JPW = 230 Hz), 6.9 (1JPW = 230 Hz), 13.5 (1JPW = 279 Hz),
14.6 (1JPW = 279 Hz) ppm. C42H38O4P2S6W: HRMS calcd.
1044.0075; found 1044.0075. C42H38O4P2S6W·CH3OH: calcd. C
47.95, H 3.90, S 17.84; found C 47.58, H 3.80, S 17.53.

Complex 7: Yield 100 mg (20%). 1H NMR (CDCl3): δ = 1.20–1.40
(4 m, 4 H), 1.98, 2.02, 2.14, 2.16 (4 s, 6 H), 2.25–2.64 (4 m, 4 H),
2.70–3.0 (4 m, 4 H), 7.19–7.70 (m, 20 H) ppm. 31P NMR (CDCl3):
δ = 24.2, 24.7, 38.4, 39.3 ppm. C42H38MoO4P2S6: HRMS calcd.
957.9626; found 957.9626.

Table 4. Crystallographic data.

Structure parameter 6a 7c/c� 8a (6a)2(TCNQ)·(CH3CN)3 (8a)2(TCNQ)·(CH3CN)2

Empirical formula C42H38O4P2S6W1 C42H38MoO4P2S6 C44H42O4P2S6W1 C51H44.5N3.5O4P2S6W C52H47N3O4P2S6W
Molecular weight 1044.87 956.96 1072.93 1208.55 1216.05
Color orange yellow orange purple purple
Cryst. system triclinic monoclinic triclinic triclinic triclinic
Space group P1̄ P21/c P1̄ P1̄ P1̄
a [Å] 10.4523(2) 13.0628(2) 10.4360(1) 12.31580(10) 12.1689(3)
b [Å] 12.1755(2) 17.6849(4) 12.5218(1) 15.0526(2) 12.9499(4)
c [Å] 18.1465(4) 19.7180(4) 18.1813(3) 16.5610(3) 18.5932(5)
α [°] 79.438(1) 90 79.8321(5) 68.7400(10) 101.823(2)
β [°] 78.558(1) 105.2488(10) 84.1490(5) 69.4250(10) 92.619(2)
γ [°] 80.787(1) 90 85.6027(5) 85.3210(10) 109.5750(10)
V [Å3] 2206.69(7) 4394.77(15) 2322.21(5) 2675.01(6) 2681.27(13)
Z 2 4 2 2 2
F(000) 1044 1960 1076 1214 1224
Dcalcd. [g/cm3] 1.573 1.446 1.535 1.501 1.506
M [mm–1] 3.014 0.696 2.867 2.499 2.493
Data collected 42143 44160 46842 52690 41261
Independent data 10104 9658 13458 11779 11380
Rint 0.0611 0.0985 0.0829 0.082 0.0836
Observed data
[I � 2σ(I)] 8380 5587 11327 9492 9154
Parameters refined 497 497 515 625 615
R(F) 0.0426 0.0532 0.0386 0.0383 0.0459
wR(F2) 0.1137 0.1578 0.1005 0.0799 0.1058
GoF 1.044 1.02 1.052 1.05 1.085
Residual d [e·Å–3] 1.305/–1.198 0.676/–0.589 1.408/–1.501 0.921/–0.882 1.717/–1.46
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Complex 8: Yield 120 mg (22%). 1H NMR (CDCl3): δ = 1.18–1.80
(4 m, 8 H), 2.00, 2.02, 2.10, 2.12 (4 s, 6 H), 2.41–2.62 (4 m, 8 H),
7.15–7.50 (m, 20 H) ppm. 31P NMR (CDCl3): δ = 8.0 (1JWP =
230 Hz), 8.6 (1JWP = 230 Hz), 14.8 (1JWP = 279 Hz), 14.9 (1JWP

= 279 Hz) ppm. C44H42O4P2S6W: HRMS calcd. 1072.0392; found
1072.0395.

Complex 9: Yield 100 mg (20%). 1H NMR (CDCl3): δ = 1.18–1.40
(4 m, 4 H), 1.40–1.55 (4 m, 4 H), 1.92–2.09 (4 s, 6 H), 2.38–2.62
(4 m, 8 H), 7.12–7.49 (m, 20 H) ppm. 31P NMR (CDCl3): δ = 25.5,
25.7, 39.0, 39.1 ppm. C44H42MoO4P2S6: HRMS calcd. 985.9940;
found 985.9946.

Crystallization of the derivatives 6, 7, and 8 from CH2Cl2/MeOH
afforded prisms of complexes 6a, 7c/c�, and 8a that were suitable
for X-ray crystal structure analyses.

Single-Crystal Structure Determination: A single crystal of each
compound was carefully selected under a polarizing microscope
and glued to a thin fiber glass. Single crystal data collection was
performed at room temperature with a Nonius KappaCCD dif-
fractometer (Centre de Diffractométrie, Université de Rennes,
France), with Mo-Kα radiation (λ = 0.71073 Å). A crystal-to-detec-
tor distance of 25.0 mm was used for all the crystals and the data
collection strategy (determination and optimization of the goniom-
eter positions) was performed with the help of the COLLECT pro-
gram.[23] Experimental details of the data collection are summa-
rized in Table 4.

The integration process and data reduction was carried out using
the DENZO-SCALEPACK[24] program. Numerical absorption
corrections were performed using the multiscan procedure[25a] im-
plemented in the WinGX program suite.[25b] Structure determi-
nation was performed with the direct methods solving program
SIR97,[26] which revealed all the non-hydrogen atoms. SHELXL
97[27] was used to refine the structure. Finally, hydrogen atoms were
placed geometrically and held in the riding mode in the least-square
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refinement procedure. The last cycles of the refinement included
atomic positions for all the atoms, anisotropic displacement param-
eters for all the non-hydrogen atoms, and isotropic displacement
parameters for all the hydrogen atoms.

CCDC-297239 to -297243 [for 6a, (6a)2(TCNQ)·(CH3CN)3, 7c/c�,
8a, and (8a)2(TCNQ)·(CH3CN)2, respectively] contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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An improved carboxylation method of (OC-6-33)-dichloro-
(ethane-1,2-diamine)dihydroxyplatinum(IV) based on suc-
cinic anhydride is reported. Reaction of the uncoordinated
carboxylic acid with simple amines and alcohols leads to the
corresponding amides and esters in the presence of 1,1�-car-
bonyldiimidazole. The resulting new complexes are charac-

Introduction

Cisplatin, cis-diamminedichloroplatinum(II) (Fig-
ure 1),[1,2] is a highly effective platinum-based anticancer
agent that is used in nearly 50% of all tumor therapies all
over the world. Cisplatin alone, or in combination with
other antineoplastic drugs, is used against a series of solid
tumors, including ovarian cancer, non-small cell lung can-
cer, and head and neck cancer. Cure rates above 90% have
been reported in the case of testicular germ-cell cancer, de-
pending on the point of diagnosis; it is thus one of the few
anticancer drugs with real curative potential. Nevertheless,
severe adverse effects such as a dose-limiting nephrotoxicity,
peripheral neuropathy, tinnitus, and hearing loss in the high
frequency range are known.[3] Additionally, acquired or in-
trinsic resistance of tumors to cisplatin therapy narrows the
use of this drug.[4] After evaluation of thousands of plati-
num compounds in preclinical settings during the last 40
years, the second- and third-generation platinum complexes
carboplatin [cis-diammine(1,1-cyclobutanedicarboxylato)-
platinum(II)] and oxaliplatin [(trans-R,R-cyclohexane-1,2-
diamine)platinum(II)] were successfully introduced into
clinical practice.[5,6]

Besides platinum(II) complexes, which have to be admin-
istered intravenously due to their instability in the gastroin-
testinal tract, platinum(IV) complexes have also been inves-
tigated, thereby opening up the possibility of an oral ab-
sorption. In this context it has to be mentioned that, in
principle, an orally administrable drug offers some advan-
tages in the clinical routine, such as a reduction of the hos-
pitalization costs and a better acceptance of chemotherapy
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terized by IR, 1H, 13C, 15N, and 195Pt NMR spectroscopy, mass
spectrometry, and elemental analysis. This reaction provides
an entry to a new class of kinetically inert platinum(IV) com-
plexes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Chemical structures of the anticancer drug cisplatin and
of tumor inhibiting platinum(IV) complexes in clinical evaluation.
Tetraplatin and iproplatin were abandoned.

by the patient. From the chemical point of view, octahe-
drally coordinated platinum(IV) complexes exhibit a higher
coordination number than their square-planar platinum(II)
counterparts, and therefore variation in the ligand sphere is
more easily accessible. This is of great significance in order
to fine-tune important properties such as lipophilicity, sta-
bility, reduction behavior, and biological activity.[7] Plati-
num(IV) complexes are kinetically inert and therefore show
a significantly decreased reactivity. It is generally accepted
that platinum(IV) complexes act as prodrugs by extra- or
intracellular reduction to the more reactive platinum(II)
complexes upon release of the axial ligands (activation by
reduction).[8,9] The first platinum(IV) complexes, tetraplatin
and iproplatin (Figure 1), which were investigated in phase-
I clinical trials both showed an unfavorable pharmaco-
kinetic behavior in vivo. Tetraplatin (two axial chloro ligands;
reduction potential: –90 mV)[10] displays a high systemic
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toxicity due to a very fast reduction of the platinum(IV)
complex in the blood stream, whereas iproplatin (two axial
hydroxy ligands; reduction potential: –730 mV) was found
to be inactive because it is not reduced fast enough to the
more (re)active platinum(II) species in the body. A break-
through was reached with the synthesis of satraplatin (Fig-
ure 1), which contains two carboxylate ligands in the axial
positions. Satraplatin is currently being investigated in
phase-III clinical trials in hormone refractory prostate can-
cer.[11] The reduction potential (which is most influenced by
the axial ligands) of satraplatin adopts an average value
with –250 mV, but the lipophilicity of this complex also
seems to be in an appropriate range. Very recently, a close
analogue to satraplatin, namely LA-12, a platinum(IV)
complex with a bulky and hydrophobic 1-adamantylamine
ligand instead of cyclohexylamine, entered clinical phase I
trials.[12,13] LA-12 shows high cytotoxic potential in leuke-
mia, melanoma, and colorectal cancer cells and has been
found to overcome acquired resistance to cisplatin in hu-
man ovarian A2780cisR cells.[14]

The success of satraplatin is a direct consequence of pro-
gress in the synthesis and derivatization of platinum(IV)
complexes. Some years ago, the design of platinum(IV) co-
ordination compounds was limited to oxidation of the cor-
responding platinum(II) species with hydrogen peroxide or
chlorine gas:[15,16] selective ligand substitution was difficult
to perform since platinum(IV) complexes are kinetically in-
ert (substitution of chloride for hydroxide, for example
works under comparatively drastic conditions in the pres-
ence of hydrochloric acid at high temperature). With the
knowledge that hydroxide coordinated to platinum(IV) has
nucleophilic properties and therefore can be carboxylated
with classical agents known from synthetic organic chemis-
try, a new class of platinum(IV) complexes was accessible,
which resulted in the development of satraplatin. Carboxyl-
ation of trans-dihydroxoplatinum(IV) by anhydrides, pyro-
carbonates, isocyanates, and even by carboxylic acid chlo-
rides in the presence of pyridine has recently been described
in the literature,[17–21] leading to numerous new and interest-
ing platinum(IV) derivatives. Very recently, the carboxyla-
tion with cyclic anhydrides (succinic, maleic, glutaric, and
phthalic anhydride) under different reaction conditions was
reported. Carboxylation in CH2Cl2 over 1–2 days,[22] reac-
tion in DMSO at 70 °C with a considerably large amount
(3.3 g) of the dihydroxoplatinum(IV) starting complex,[23]

and the unsuccessful use of molten phthalic anhydride[24]

have been reported. The yields were reported to be in the
range of 40 to 70%. The use of cyclic anhydrides offers a
further advantage, besides the fact that novel platinum(IV)
compounds are prepared: it provides an uncoordinated car-
boxylic acid moiety for subsequent derivatization, although
in only one case has derivatization to the amide been de-
scribed; amine-modified estrogens were coupled to the un-
coordinated carboxylic acid by the use of a common pep-
tide coupling reagent, namely diisopropylcarbodiimide/4-
(dimethylamino)pyridine.

Here we report an improved carboxylation method based
on succinic anhydride. Additionally, reaction of the uncoor-
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dinated carboxylic acid with simple amines and alcohols,
leading to the corresponding amides and esters in the pres-
ence of 1,1�-carbonyldiimidazole, is described. The plati-
num(IV) complexes have been synthesized for the first time
and were characterized in detail by multinuclear NMR
spectroscopy.

Results and Discussion

Derivatization of kinetically inert platinum(IV) com-
plexes is an attractive entry to novel platinum compounds.
Besides the well-established carboxylation of hydroxide co-
ordinated to the PtIV center, derivatization of peripheral hy-
droxo groups in diaminetetrachloroplatinum(IV) complexes
has also been reported.[25] With the use of cyclic anhydrides,
a further functional group is now accessible in the axial
position. In order to set up a general reaction procedure,
synthesis of the bis(carboxylato)platinum(IV) complex 2
was improved and subsequent derivatization of the uncoor-
dinated carboxylic acid group was evaluated (Figure 2).

The starting (OC-6-33)-dichloro(ethane-1,2-diamine)di-
hydroxoplatinum(IV) complex 1 was prepared by reaction
of K2PtCl4 with ethane-1,2-diamine; the dichloroplati-
num(II) compound was then oxidized with hydrogen perox-
ide. The carboxylation reaction with succinic anhydride was
performed in DMF at 70 °C, affording 2 in a good yield of
85%. This is in clear contrast to the synthetic procedures
described recently. The use of DMSO at higher tempera-
tures seems to be especially problematic since it often leads
to decomposition of the platinum complexes. The subse-
quent derivatization of 2 was carried out in DMF by acti-
vation of the carboxylic acid with 1,1�-carbonyldiimidazole
(CDI). The formed imidazolide was used directly without
isolation for the next reaction step. Contrary to our syn-
thetic procedure, Lippard and co-workers have used an-
other typical peptide coupling reagent, namely diisopro-
pylcarbodiimide/4-(dimethylamino)pyridine, which could
cause problems in the workup of the reaction mixture and
may lead to unfavorable side-reactions. Reaction of the imid-
azolide with amines afforded the corresponding amides,
whereas the use of alcohols, which were converted in part
to the alkoxides by catalytic amounts of sodium, produced
the esters. In the case of ethanolamine (in the absence of a
strong base), only the amide was produced, thus demon-
strating the selectivity of the reaction.

The new complexes 2, 3a–c, 4a, and 4b were charac-
terized in detail by elemental analysis, IR, 1H, 13C, 15N, and
195Pt NMR spectroscopy, mass spectrometry, and also by
X-ray diffractometry in the case of 2. The carboxylation of
1 and its subsequent derivatization to the amide or ester
can be followed by significant changes in the infrared spec-
tra. The trans-dihydroxoplatinum(IV) starting complex ex-
hibits a characteristic very sharp and intense O–H stretch
at 3483 cm–1, which disappears after carboxylation with
succinic anhydride. As a result, two C=O stretches, at
1654 cm–1 for the coordinated carboxylato moiety and at
1719 cm–1 for the uncoordinated carboxylic acid group, are
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Figure 2. Synthesis of novel bis(carboxylato)platinum(IV) complexes and NMR numbering scheme.

detectable. The shift of the C=O band of the coordinated
carboxylate to smaller wavenumbers is in good agreement
with previously published data for analogous complexes
(1633–1669 cm–1).[19] Derivatization with amines, leading to
complexes 3a–c, is reflected by two characteristic absorp-
tions (1633–1640 and 1664–1675 cm–1) for the coordinated
carboxylate and the amide C=O stretch, respectively,
whereas the ester formation is accompanied by C=O ab-
sorption bands in the range of 1650 and 1658 cm–1 for the
PtOC=O stretch and between 1739 and 1745 cm–1 for the
C=O stretch of the ester moiety. Remarkably, in the case of
ethanolamine the amide formation (vs. ester formation)
could be confirmed by infrared spectroscopy.

1H, and 195Pt as well as gradient-enhanced two-dimen-
sional 1H,13C- and 1H,15N-COSY NMR spectra of com-
plexes 2, 3a–c, 4a, and 4b were acquired in [D7]DMF. The
ligand sphere around the platinum center can best be
judged by the chemical shift of the 195Pt nucleus, which
spans a wide range of several thousand ppm, depending on
the coordinated atoms, the geometry, and the oxidation
state of the metal center. The 195Pt resonances of the novel
platinum(IV) complexes were found between δ = 2621 and
2630 ppm, which is indicative of a cis,cis,trans-PtIVN2Cl2O2

ligand sphere (Table 1). These values are in good agreement
with literature data {δ = 2658 ppm for [PtCl2(en)-
(OCOCH3)2]}.[26] As expected, the 195Pt chemical shifts as
well as the 1H (δ = 8.88–8.92 ppm) and 15N resonances (δ
= –3.3 to –4.2 ppm) of the coordinated amine moiety are
not significantly influenced by derivatization at the uncoor-
dinated carboxylic acid group. Nevertheless, a trend in the
195Pt and 1H (of the NH2 group) chemical shifts seems to
be obvious. In the 13C NMR spectra, two resonances for
the quaternary carbon atoms of the coordinated carboxyl-
ate (C-2 at around δ = 180 ppm and C-5 in the region be-
tween δ = 169.9 and 172.3 ppm) are detected, with an ap-
parent upfield shift of C-5 upon derivatization of the unco-
ordinated carboxylic acid. Amide formation, especially in
the case of the bifunctional ethanolamine, was verified by
significant 1H and 15N shift differences. In complexes 3a–c

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2612–26172614

the proton resonances of the amide protons are found at
around δ = 7.96 ppm, with 15N chemical shifts in the region
between δ = 90 and 109 ppm (typical region for amide ni-
trogens: δ = 63–113 ppm). Values between δ = 1 and 3 ppm
(1H) and –15 to +15 ppm (15N) are found in the free
amines, thus demonstrating the success of amide formation.
In both 3a–c and 4a/4b, long-range shift correlation signals
between the derivatized C=O quaternary carbon atom and
the amine- or alcohol-derived residue could also be de-
tected, additionally proving the amide or ester formation.
Furthermore, these cross peaks in the two-dimensional shift
correlated spectra allowed us unequivocally to distinguish
between the two 13C=O resonances.

Table 1. 1H, 13C, 15N, and 195Pt NMR spectroscopic data for the
new complexes 2, 3a–c, 4a, and 4b.

1H 13C 15N 195Pt
NH2 NH C-2 C-5 NH2 NH

2 8.93 – 180.0 172.3 –3.8 – 2630
3a 8.89 7.95 180.3 170.0 –3.3 94.6 2622
3b 8.88 7.94 180.3 169.9 –3.7 108.5 2622
3c 8.88 7.98 180.2 170.3 –4.2 90.1 2621
4a 8.92 – 179.7 170.8 –3.6 – 2629
4b 8.92 – 179.7 170.9 –3.5 – 2628

Crystals suitable for X-ray diffraction analysis were
grown by vapor diffusion of diethyl ether into a solution of
2 in acetone. The result of the X-ray diffraction study of
complex 2·2(CH3)2CO is shown in Figure 3. Crystal data,
data collection parameters and structure-refinement details
are given in the Experimental Section. The compound crys-
tallizes in the monoclinic space group P2/c, with the plati-
num atom lying on a twofold rotation axis that also goes
through the center of the C–C bond of the ethane-1,2-di-
amine ring. The platinum(IV) atom has an octahedral coor-
dination geometry with ethane-1,2-diamine and two chloro
ligands bound in the equatorial plane and two succinic
acids coordinated in a monodentate fashion in the axial
positions. The Pt–N1, Pt–Cl1, and Pt–O1 bond lengths
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[2.0541(10), 2.3175(5), and 2.0113(12) Å, respectively] are
well comparable with those in cis,trans-[Pt(en)Cl2-
(OCOCH3)2] [2.040(5), 2.315(1), and 2.017(5) Å, respec-
tively].[27] A five-membered chelate ring, with a bite angle
of 83.66(6)°, is formed upon coordination of ethane-1,2-
diamine to PtIV. A zigzag arrangement of the ligand atoms
alternately above and below the mean least-squares
plane through PtCl2N2 is observed. The dihedral angle
ΘN1–C1–C1i–N1i (superscript i denotes –x + 1, y, 1/2 – z),
which serves as a measure of the deviation of the corre-
sponding chelate ring from planarity, is –55.8°.

Figure 3. ORTEP diagram of 2 displaying thermal ellipsoids at
50% probability (the solvent molecule has been omitted). Selected
bond lengths [Å] and angles [°]: Pt–N1 2.0541(10), Pt–Cl1
2.3175(5), Pt–O1 2.0113(12), O1–C2 1.3095(16), C2–O2 1.2235(16),
C2–C3 1.5122(19), C3–C4 1.519(2), C4–C5 1.497(2), C5–O3
1.234(2), C5–O4 1.3070(18); O1–C2–O2 126.42(13), O3–C5–O4
123.13(15).

Conclusions

It has been demonstrated that carboxylation of (OC-6-
33)-dichloro(ethane-1,2-diamine)dihydroxoplatinum(IV)
with succinic anhydride results in a platinum complex with
coordinated carboxylato ligands, which contains further un-
coordinated carboxylic acid groups for subsequent derivati-
zation. Improved reaction conditions have allowed synthe-
sis of this new complex in a pleasingly high yield of 85%.
Reaction of the uncoordinated carboxylic acid with simple
amines and alcohols, which leads to the corresponding
amides and esters in the presence of 1,1�-carbonyldiimid-
azole, has been shown to be generally applicable to this kind
of platinum complex, and provides entry to a new class of
kinetically inert platinum(IV) complexes with potentially
useful anticancer properties.

Experimental Section
All chemicals were obtained from commercial suppliers and were
used as received. The 1H, 195Pt and two-dimensional 1H,13C- and
1H,15N-COSY NMR spectra were recorded with a Bruker Avance
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DPX 400 spectrometer (UltrashieldTM Magnet) at 400.13, 86.11,
100.62, and 40.55 MHz, respectively, in [D7]DMF at 25 °C, using
standard pulse programs; two-dimensional spectra were measured
in a gradient-enhanced mode. 15N and 195Pt chemical shifts are
referenced relative to external NH4Cl and K2PtCl4, respectively.
Half-height line widths of 195Pt resonances are given in parentheses.
IR spectra were measured in a KBr matrix (4000–400 cm–1) with a
Perkin–Elmer Spectrum 2000 FT-IR spectrometer. Mass spectra
(ESI-MS) were recorded with a Bruker ESQUIRE3000 ion-trap
mass spectrometer in the negative- as well as in the positive-ion
mode. The elemental analyses were performed with a Perkin–Elmer
2400 CHN elemental analyzer by the microlaboratory of the Insti-
tute of Physical Chemistry, University of Vienna. Silica gel 60
(Fluka) was used for column chromatography. (OC-6-33)-Dichloro-
(ethane-1,2-diamine)dihydroxoplatinum(IV) (1) was synthesized ac-
cording to standard literature procedures by mixing equivalent
amounts of ethane-1,2-diamine and K2PtCl4 in aqueous solution
and subsequent oxidation with H2O2.[16]

(OC-6-33)-Bis(3-carboxypropanoato)dichloro(ethane-1,2-diamine)-
platinum(IV) (2): Succinic anhydride (114 mg, 1.139 mmol) was
added to a suspension of 1 (100 mg, 0.278 mmol) in DMF (2 mL)
and the reaction mixture was stirred at 70 °C for 24 h. During this
time the solid material dissolved to form a yellow-brown solution.
DMF was then removed under reduced pressure. The residue was
dissolved in acetone and filtered to give a clear, yellow solution.
This solution was concentrated under reduced pressure, and subse-
quent addition of diethyl ether led to precipitation of a pale-yellow
solid. The product was dried in vacuo. Yield: 131.5 mg (85 %).
C10H18Cl2N2O8Pt (560.24): calcd. C 21.44, H 3.24, N 5.00; found
C 21.72, H 3.18, N 4.89. ESI-MS: m/z 561.1 [M + H+]+, 583.1
[M + Na+]+, 598.1 [M + K+]+, 559.1 [M – H+]–. IR: ν̃ = 3445
(νCOO–H), 3202 (νN–H), 3039–2927 (νC–H), 1719, 1654 (νas C=O)
cm–1. 1H NMR: δ = 12.52 (s, 2 H, COOH), 8.93 (s, 2JH,Pt =
52.7 Hz, 4 H, NH2), 3.15 (s, 4 H, 1-H), 2.70 (m, 4 H, 3-H/4-H),
2.67 (m, 4 H, 3-H/4-H) ppm. 13C NMR: δ = 180.0 (C-2), 172.3 (C-
5), 47.6 (C-1), 28.1, 29.5 (C-3/C-4) ppm. 15N NMR: δ = –3.8 ppm.
195Pt NMR: δ = 2630 (420 Hz) ppm. Crystals suitable for X-ray
data collection were grown by vapor diffusion of diethyl ether into
a solution of 2 in acetone.

(OC-6-33)-Dichloro(ethane-1,2-diamine)bis{(4-propylamino)-4-
oxobutanoato}platinum(IV) (3a): 1,1�-Carbonyldiimidazole (CDI;
237.3 mg, 1.464 mmol) in DMF (16 mL) was added to a solution
of 2 (400 mg, 0.714 mmol) in DMF (8 mL) and the mixture heated
to 60 °C. After 10 min stirring, the solution was cooled down to
room temperature and CO2 was removed by flushing with argon.
Propylamine (120.8 µL, 1.464 mmol) in DMF (24 mL) was added
to the solution and stirred for 24 h at room temperature. DMF was
then removed under reduced pressure to form a yellow-brown oil.
The crude product was purified by column chromatography
(EtOAc/MeOH, 4:1) to yield a white powder. Yield: 253.1 mg
(55%). C16H32Cl2N4O6Pt (642.43): calcd. C 29.91, H 5.02, N 8.72;
found C 30.12, H 4.89, N 8.67. ESI-MS: m/z 643.1 [M + H+]+,
665.1 [M + Na+]+, 681.0 [M + K+]+, 641.1 [M – H+]–, 677 [M +
Cl–]–. IR: ν̃ = 3300, 3206 (νN–H), 2963, 2929–2873 (νC–H), 1664,
1640 (νas C=O) cm–1. 1H NMR: δ = 8.89 (br. s, 4 H, NH2), 7.95 (br.
s, 2 H, NH), 3.25 [q, 3JH,H = 6.3 Hz, 4 H, 6-H], 3.16 (br. s, 4 H, 1-
H), 2.66 (t, 3JH,H = 7.0 Hz, 4 H, 3-H/4-H), 2.55 (t, 3JH,H = 7.0 Hz,
4 H, 3-H/4-H), 1.62 (m, 4 H, 7-H), 1.03 (t, 3JH,H = 7.4 Hz, 6 H, 8-
H) ppm. 13C NMR: δ = 180.3 (C-2), 170.0 (C-5), 47.5 (C-1), 39.1
(C-6), 30.0, 30.5 (C-3/C-4), 21.0 (C-7), 9.4 (C-8) ppm. 15N NMR:
δ = 94.6 (NH), –3.3 (NH2) ppm. 195Pt NMR: δ = 2622 (440 Hz)
ppm.



M. Reithofer, M. Galanski, A. Roller, B. K. KepplerFULL PAPER
(OC-6-33)-Dichlorobis{(4-cyclopentylamino)-4-oxobutanoato}-
(ethane-1,2-diamine)platinum(IV) (3b): The synthesis was carried
out as described for 3a. The crude product was purified by column
chromatography (EtOAc/MeOH, 4:1) and recrystallized from
MeOH to yie ld a white powder. Yie ld : 102.3 mg (21 %).
C20H36Cl2N4O6Pt (694.51): calcd. C 34.59, H 5.22, N 8.07; found
C 34.56, H 5.02, N 7.89. ESI-MS: m/z 717.1 [M + Na+]+, 733.0 [M
+ K+]+, 693.1 [M – H+]–. IR: ν̃ = 3251, 3199 (νN–H), 2947–2865
(νC–H), 1664, 1638 (νas C=O) cm–1. 1H NMR: δ = 8.88 (br. s, 4 H,
NH2), 7.94 (d, 3JH,H = 6.8 Hz, 2 H, NH), 4.23 (m, 2 H, 6-H), 3.17
(br. s, 4 H, 1-H), 2.65 (t, 3JH,H = 7.1 Hz, 4 H, 3-H/4-H), 2.52 (t,
3JH,H = 7.1 Hz, 4 H, 3-H/4-H), 1.99 (m, 4 H, 7-H), 1.82 (m, 4 H,
8-H), 1.68 (m, 4 H, 8-H), 1.60 (m, 4 H, 7-H) ppm. 13C NMR: δ =
180.3 (C-2), 169.6 (C-5), 49.1 (C-6), 47.6 (C-1), 30.9 (C-7), 30.0,
30.5 (C-3/C-4), 21.9 (C-8) ppm. 15N NMR: δ = 108.5 (NH), –3.7
(NH2) ppm. 195Pt NMR: δ = 2622 (433 Hz) ppm.

(OC-6-33)-Dichloro(ethane-1,2-diamine)bis{[4-(2-hydroxyethyl)-
amino]-4-oxobutanoato}platinum(IV) (3c): The synthesis was car-
ried out as described for 3a. The crude product was purified by
column chromatography (MeOH) to yield a pale-yellow powder.
Yield: 87.7 mg (38%). C14H28Cl2N4O8Pt (646.38): calcd. C 26.01,
H 4.37, N 8.67; found C 25.81, H 4.07, N 8.43. ESI-MS: m/z 669.3
[M + Na+]+, 645.2 [M – H+]–. IR: ν̃ = 3592, 3530 (νO–H), 3309,
3213 (νN–H), 1675, 1633 (νas C=O) cm–1. 1H NMR: δ = 8.88 (br. s,
NH2), 7.98 (br. s, 2 H, NH), 4.88 (br. s, 2 H, OH), 3.70 (m, 4 H,
7-H), 3.42 (m, 4 H, 6-H), 3.16 (br. s, 4 H, 1-H), 2.67 (t, 3JH,H =
6.8 Hz, 4 H, 3-H/4-H), 2.57 (t, 3JH,H = 6.8 Hz, 4 H, 3-H/4-H) ppm.
13C NMR: δ = 180.2 (C-2), 170.3 (C-5), 59.1 (C-7), 47.6 (C-1), 40.3
(C-6), 30.4, 29.9 (C-3/C-4) ppm. 15N NMR: δ = 90.1 (NH), –4.2
(NH2) ppm. 195Pt NMR: δ = 2621 (440 Hz) ppm.

(OC-6-33)-Dichloro(ethane-1,2-diamine)bis{(4-ethoxy)-4-oxo-
butanoato}platinum(IV) (4a): CDI (59.3 mg, 0.365 mmol) in abs.
DMF (4 mL) was added to a solution of 2 (100 mg, 0.178 mmol)
in abs. DMF (2 mL) and heated to 60 °C. After 10 min stirring, the
solution was cooled down to room temperature and CO2 was re-
moved by flushing with argon. Sodium ethanolate (4 mg of Na in
10 mL of abs. ethanol) in abs. ethanol was added to the solution
and stirred for 24 h at room temperature. Ethanol and DMF were
removed under reduced pressure to form a yellow-brown oil. The
crude product was purified by column chromatography (EtOAc/
MeOH, 7:1) to yield a white powder. Yield: 41.5 mg (38 %).
C14H26Cl2N2O8Pt (616.35): calcd. C 27.28, H 4.25, N 4.55; found
C 27.58, H 4.09, N 4.50. ESI-MS: m/z 616.1 [M + H+]+, 639.1 [M
+ Na+]+, 655.0 [M + K+]+, 615.2[M – H+]–. IR: ν̃ = 3203 (νN–H);
2985, 2929 (νC–H); 1739, 1654 (νas C=O) cm–1. 1H NMR: δ = 8.92
(t, 2JH,Pt = 53.6 Hz, 4 H, NH2), 4.25 (q, 3JH,H = 7.1 Hz, 4 H, 6-
H), 3.16 (br. s, 4 H, 1-H), 2.73 (m, 4 H, 3-H/4-H), 2.68 (m, 4 H,
3-H/4-H), 1.37 (t, 3JH,H = 7.1 Hz, 6 H, 7-H) ppm. 13C NMR: δ =
179.7 (C-2), 170.8 (C-5), 58.4 (C-6), 47.6 (C-1), 28.2, 29.3 (C-3/C-
4), 12.1 (C-7) ppm. 15N NMR: δ = –3.6 ppm. 195Pt NMR: δ =
2629.1 (460 Hz) ppm.

(OC-6-33)-Dichloro(ethane-1,2-diamine)bis{(4-octyloxy)-4-oxo-
butanoato}platinum(IV) (4b): The synthesis was carried out as de-
scribed for 4a. The crude product was purified by column
chromatography (EtOAc) to yield a white powder. Yield: 143.9 mg
(34%). C26H50Cl2N2O8Pt (784.67): calcd. C 39.80, H 6.42, N 3.57;
found C 39.69, H 6.26, N 3.49. ESI-MS: m/z 807.3 [M + Na+]+,
823.2 [M + K+]+, 783.3 [M – H+]–. IR: ν̃ = 3210 (νN–H), 2958,
2927, 2856 (νC–H), 1745, 1650 (νas C=O) cm–1. 1H NMR: δ = 8.92
(br. s, 4 H, NH2), 4.21 (t, 3JH,H = 6.7 Hz, 4 H, 6-H), 3.16 (br. s, 4
H, 1-H), 2.74 (m, 4 H, 3-H/4-H), 2.69 (m, 4 H, 3-H/4-H), 1.77 (m,
4 H, 7-H), 1.46 (br. s, 20 H, 8-H to 12-H), 1.04 (t, 3JH,H = 6.6 Hz,
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6 H, 13-H) ppm. 13C NMR: δ = 179.7 (C-2), 170.9 (C-5), 62.6 (C-
6), 47.7 (C-1), 29.5, 28.1 (C-3/C-4), 26.9 (C-7), 30.1, 27.52, 27.48,
24.1, 20.8 (C-8 to C-12), 12.0 (C-13) ppm. 15N NMR: δ =
–3.5 ppm. 195Pt NMR: δ = 2628 (420 Hz) ppm.

X-ray diffraction measurements were performed on a Bruker
X8APEX II CCD diffractometer at 100 K. Single crystals were po-
sitioned 37.5 mm from the detector and 813 frames were measured,
each for 80 s over a 1° scan. The data were processed using the
Denzo-SMN software package.[28] Crystal data, data collection pa-
rameters, and structure-refinement details for 2·2CH3COCH3 are
given in Table 2. The structures were solved by direct methods and
refined by full-matrix least-squares techniques. Non-hydrogen
atoms were refined with anisotropic displacement parameters. H
atoms were calculated and allowed to ride. Computer programs:
structure solution: SHELXS-97;[29] refinement: SHELXL-97;[30]

molecular diagrams: ORTEP.[31] Computer: PC, Pentium II; scat-
tering factors taken from the literature.[32]

Table 2. Crystallographic data for 2·2CH3COCH3.

Empirical formula C16H30Cl2N2O10Pt
Fw 676.41
Space group P2/c
a [Å] 15.128(3)
b [Å] 7.9108(16)
c [Å] 10.745(2)
β [°] 110.72(3)
V [Å3] 1202.8(4)
Z 2
λ [Å] 0.71073
ρcalcd. [g cm–3] 1.868
Crystal size [mm] 0.18×0.10×0.04
T [K] 100
µ [cm–1] 61.06
R1

[a] 0.0108
wR2

[b] 0.0259
GOF[c] 1.061

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[c] GOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2, where n is the number of
reflections and p is the total number of parameters refined.

CCDC-297226 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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Uniform, monodisperse gold nanocrystals have been pre-
pared in a single-step synthesis by the addition of secondary
and tertiary alkylamines, or a cationic polymer containing
these moieties, to dilute solutions of gold tetrachloraurate.
The acidic pH resulted in the formation of quaternary ammo-
nium sites, scavenging loosely bound chloride ions from the
tetrachloraurate species, lowering the overall potential and
reducing AuIII to nanocrystalline Au0. The secondary amino

Introduction
Nanoscale metallic particles exhibit characteristics at

variance with those of the bulk metal.[1] Increased surface
area, susceptibility towards Brownian motion and restricted
plasmon oscillation are observed. Interaction with electro-
magnetic radiation (Mie theory) and biological systems al-
lows for potential applications in the next generation of
data storage disks,[2] photovoltaic and photochemical de-
vices, catalysis and antimicrobial surfaces.[3]

In general, nanocrystalline gold is prepared either by
physical means, for example vapour deposition, or chemi-
cally through the reduction of tetrachlorauric acid. The lat-
ter is now accepted as being more flexible, due to the re-
markable influence that the type and molar ratio of reduct-
ant to AuIII, in addition to reaction time and temperature,
exert over the size and shape of the particles formed.[4] The
reductant supplies the necessary electrons to affect the re-
duction from the ionic through to the metallic state. Use of
trisodium citrate provides particle sizes of 1.6 to 140 nm
with a relatively narrow size distribution, tuneable accord-
ing to the molar excess of reductant present.[5] Sodium
borohydride in conjunction with either an alkanethiol cap-
ping group[6] or a branched polyamine[7] to ensure the sta-
bility of the colloidal system, provides particles of 6 to
20 nm. Interestingly, glucose in the presence of sodium hy-
droxide has been shown to reduce AuIII to Au0.[8] Alterna-
tively, photochemical reduction may be employed[9] with the
incoming photons generating the necessary electrons.

However, due to the precarious stability of the Au–Cl–
H2O system (Figure 1) weaker reductants may be employed

[a] School of Chemical and Physical Sciences, Victoria University,
P. O. Box 600, Wellington, New Zealand
Fax: +64-4-463-5237
E-mail: michael.richardson@vuw.ac.nz
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groups then served to stabilise the particles, preventing ag-
gregation and collapse of the colloidal system. Addition of
further capping groups was thus not required. The particles
were characterised by UV/Visible spectroscopy, HR-TEM, X-
ray diffraction, electrochemical potential and pH measure-
ments (Eh-pH) and FTIR.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

to initiate the transition to the metallic state. While AuCl4–

is stable over a wide pH range (0–7.5), any slight reduction
in electrochemical potential will result in destabilisation of
the system with a subsequent transition to AuCl2– at
920 mV. Further lowering of the overall potential will then
cause a further redistribution of electrons, favouring Au0 as
the stable species. This change in potential may result from
a change in concentration of one or more species present,
the addition of a new compound, a deviation in tempera-
ture or pH.

Figure 1. Pourbaix diagram for the Au–Cl–H2O system at
298 K.[10] aAu = 10–3 and aCl = 1 (−−), aCl = 5 (– · – ·), chloride
treated as electro-inactive. Water metastability region (- - -) calcu-
lated assuming standard conditions. The resting potential for the
AuCl4– used in the present study is indicated at *.

While commonly used for the steric stabilisation of nano-
crystals, polymeric amines have recently received attention
for their potential role as dual reductants/stabilisers.[11,12] In
a few studies the mechanistic route is reasonably clear, for
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example the degradation of N,N-dimethylacetoacet-
amide,[12] however in many it is not. This is particularly so
when the amine is relatively stable towards oxidation com-
pared to the metal complex that is to be reduced. Oxidation
to an imine has been suggested,[13] however, no evidence of
this route has yet been published. Furthermore, it is not
difficult to disprove this hypothesis (see below).

Due to the difficulties in observing individual proton
chemical shifts in highly branched polymers, an initial in-
vestigation was made into the ability of simple primary, sec-
ondary and tertiary amines to reduce AuCl4–, or at least
destabilise the system such that metallic Au0 would become
the favoured species. In the present work, primary, second-
ary and tertiary amino groups are investigated as potential
dual reductants/stabilisers for the synthesis of nanocrys-
talline gold. This allows some conclusions to be drawn re-
garding the use of cationic alkylamino polymers containing
these groups.

Results and Discussion

Monomeric Amines: No reaction was observed between
the primary amines, methylamine, ethylamine, and AuCl4–,
either when heated to boiling or left under ambient condi-
tions for several days. However, the secondary amine, dieth-
ylamine, reacted relatively slowly with the gold complex
over 48 hours to form stable seed nanocrystals of 1.7 nm
mean diameter, standard deviation 0.2 nm (Figure 2). The
tertiary amine, trimethylamine, reacted relatively quickly to
form nanocrystals within one hour; however, these began to
aggregate immediately.

Figure 3. 1H NMR spectra of a) diethylamine, b) nanocrystalline gold prepared with diethylamine, c) expansion of spectrum b) showing
the 7 Hz coupling-constant multiplet downfield of the triplet.
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Figure 2. HR TEM of seed gold nanocrystals prepared with diethyl-
amine. The scale bar represents 5 nm.

Examination of the proton nuclear magnetic resonance
(NMR) spectrum of trimethylamine before and after nano-
crystal formation showed a partial splitting of the single
peak at δ = 3.35 ppm into two tiers of peaks over the range
2.20 to 3.60 ppm. It is believed that this is due to partial
coordination of the gold to the nitrogen, as no coupling
constants were able to be distinguished. A similar effect was
observed for diethylamine, with the exception that coupling
constants of 7 Hz were observed, consistent with methylene
protons (Figure 3). By contrast, the proton NMR spectrum
of ethylamine was found to be unchanged after addition of
AuCl4– (save for the expected shift of the triplet and quartet
peaks due to the change in pH).
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Figure 4. Molecular models of a) ethylamine (–0.18), b) hexamethylenetetramine (–0.20), c) diethylamine (–0.16) and d) trimethylamine
(–0.13) showing the Van der Waals shell shaded white in areas of high electrostatic potential. Models on the second row represent e)
ethylamine, f) hexamethylenetetramine, g) diethylamine and h) trimethylamine, respectively, redrawn to show areas of low electrostatic
potential shaded white. Nitrogen charge in parentheses.

Length of the alkyl chain was also found to affect the
ability of the amine to form nanocrystalline gold from the
AuCl4– solution. When the primary chain length was in-
creased linearly to eight methylene (octylamine) units, col-
loid formation was observed. When the alkyl chain was
cyclised (cyclohexylamine), however, no reaction was ob-
served. Conversely, a longer alkyl chain in the secondary
amines (dipropylamine, dibutylamine, dioctylamine) re-
sulted in the formation of flakes of metallic gold. No reac-
tion was observed with a shorter secondary amine chain
length (dimethylamine). For the tertiary amines, the use of
triethylamine rather than trimethylamine, while decreasing
the volume of amine from 10 to 2 µL resulted in a colloid,
which was stable for several days. The colloid was unstable
with a greater volume of amine. No nanocrystal formation
was observed with hexamethylenetetramine.

The differences in reactivity of the amino groups may be
attributed to a combination of steric hinderence and extent
of charge separation, in addition to their slightly different
levels of basicity. Molecular modelling of the charge on the
nitrogen and the steric hinderence (Figure 4) suggests that
compounds better suited to interaction with gold nanocrys-
tals are those with a charge on the nitrogen greater than
than –0.16, in addition having the areas of minimum and
maximum charge well separated. Access to the nitrogen
atom is necessary if nanocrystal growth is to proceed. For
example, addition of pyridine resulted in immediate forma-
tion of an unstable colloid, while the sterically hindered 1-
methylpyridine provided a colourless solution – indicative
of reduction to monoatomic gold. Gold colloid formation
was not observed with the remaining amines.

Potential dissociation of the ammonium ion is also likely
to affect formation of the nanocrystals. Diethylamine (as
the ammonium ion) has the highest pKa (10.94) while ethyl-
amine and trimethylamine have pKa values of 10.64 and
10.72, respectively.[15] While the increase in reactivity ob-
served for longer chained secondary amines may be ex-
plained by their higher pKa, only a minimal change in pKa

in the primary amines is observed as the chain length is
increased. Greater intramolecular interaction, exemplified
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by the increase in boiling point from 16.6 to 176 °C as the
chain length is increased from one to eight methylene units,
is expected to take an additional role.

The aromatic amines aniline, methoxyanilinesulfonate
and benzylamine were also found to react readily with the
AuCl4– to form polyaniline (for the former) and nanocrys-
talline gold, in a similar fashion to that previously observed
for 2-methoxyaniline[16] and pyrrole.[17] However, due to the
ease of oxidation of these compounds relative to those dis-
cussed above, no further work was continued with these
compounds.

While the above constitutes only an introductory investi-
gation into the use of saturated monomeric amines as dual
reductant/stabilising functional groups, it may tentatively be
concluded that for short alkyl chains it is the tertiary
amines that are the most effective at reducing AuIII, fol-
lowed by longer chained secondary amines. However, sec-
ondary amines are more effective at providing the necessary
coordination required for stabilisation of the nanocrystals
as they are formed.

Polymeric Amines: No reaction was observed with poly-
acrylamide or polyvinylpyrrolidone containing primary and
tertiary amino groups, respectively. The branched polyethyl-
enimine (PEI) containing primary, secondary and tertiary
amino groups reacted over a period of three hours to form
the characteristic deep red colloid, stable over several
months. Previous studies have confirmed its stabilising ef-
fect on nanocrystalline gold.[7] Due to the success observed
with PEI, the remainder of the study focused on the use of
this polyamine for nanocrystal synthesis.

Figure 5 shows the increase in the UV/Visible band at
525 nm associated with the transverse plasmon reso-
nance[18] for these colloids (denoted type I, for the purposes
of distinguishing the various colloids in the paper presented
here). The mean particle size measured was 11 nm, with a
standard deviation of 4 nm. Figure 6 and Figure 7 show the
crystalline particles formed, together with a typical X-ray
diffraction pattern. Type II colloids were prepared fortu-
itously when investigating the effect of temperature on for-
mation of type I particles. On reaching 70 °C the solution
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rapidly underwent a colour change to deep red, which on
examination under HR TEM showed that reduction had
occurred and nanocrystals had formed. For comparison,
similar colloids (denoted type III) were also synthesised ac-
cording to the method of Sun[7] using NaBH4 as reductant.
Interestingly, the particles appeared more encumbered by
the PEI used to stabilise the colloids when the reducing
agent had been used, relative to the type I and II colloids.

Figure 5. UV/Visible spectra of gold colloids (type I) prepared with
PEI (N/Au ratio of 33:1) over the first three days, showing the
development of the peak at 525 nm.

Figure 6. HR TEM of gold nanocrystals prepared with polyethyl-
enimine (type I, N/Au 33:1). The scale bar represents 20 nm for the
main picture, 10 nm for the inset.

Use of a lower concentration of PEI, measured as the
average number of amino groups present, resulted in the
formation of some metallic gold (though none at the nano-
meter scale) which settled rapidly to the bottom of the vial
Figure 7. With a 1:1 N/Au ratio, the colloid aggregated
within several hours – a minimum ratio of 33:1 was required
to ensure stability of the system. As the ratio of N to Au
was increased from 33:1 to 330:1, a gradual colour change
from red to blue was observed in the colloidal system. This
is seen in the UV/Visible spectra (Figure 8) as a broadening
towards higher wavelengths of the principle absorbance
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Figure 7. Typical diffraction pattern of multi-crystalline nano-
particulate gold prepared with PEI (type I, 33:1 N/Au, camera
height = 80 cm).

peak. The change in absorbance was due in part to a
slightly higher mean particle size; however, a greater ten-
dency towards aggregation into larger “clumps” of 50 to
100 nm, was the over-riding factor. Increasing the N/Au ra-
tio further had no noticeable effect. However, if the ratio of
N/Au was kept at 33:1 and the colloid aged for up to four
months, then a decrease in size distribution (standard devia-
tion 1 nm) and concurrent increase in mean particle size
(13 nm) due to Ostwald ripening, is observed. A corre-
sponding shift in absorbance to longer wavelengths was also
noted.

Figure 8. UV/Visible spectra of type I colloids at increasing molar
ratios of amino nitrogen to gold, after four days.

The mechanism by which the reduction occurs is likely
to be complex and remains unresolved at present. It has
been postulated that the amino groups on the polymer are
oxidised to imino moieties,[13] and indeed this is the obvious
source of electrons by which the reduction of AuIII could
take place. No evidence for the required carbon–nitrogen
double bond has been published, however. NMR analysis
of the PEI–colloid system before and after synthesis of the
colloid should show the appearance of a proton bound to
a carbon with a carbon–nitrogen double bond. However,
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proton and HSQC NMR spectra lack such a peak in the
polymer both before and after reduction of the AuIII, con-
firming the absence of the imine group.

It has also been suggested that the loss of the peak at
1570 cm–1 in the IR spectrum after ten days[13] attributed to
the N–H bending vibration, is evidence for the oxidation of
the amino groups. Considering that nanocrystal formation
is observed in less than three hours and is essentially com-
plete within 24 hours, this is unlikely. Furthermore, the ex-
pected concurrent appearance of the carbon–nitrogen
double-bond at 1700 cm–1 is not observed. Oxidation of the
amino groups to nitrate was eliminated as a possibility by
the negative “Brown Ring” test.[14]

However, some suggestions towards a mechanism must
be made. Formation of type I and II particles is believed to
proceed initially through transfer of protons from the acidic
gold solution to the nitrogen groups of the polymer to form
quaternary ammonium sites, the resulting cationic species
attracting the chloride ions initially complexed to the gold.
In order to test the hypothesis that this “doping” of the
amino groups on the polymer was required for the re-
duction, parallel experiments were conducted where the
polymer was first treated with excess chloride before ad-
dition of the gold. Upon subsequent addition of AuCl4– no
reaction was observed. This suggests that availability of the
nitrogen lone electron pairs, as cationic quaternary ammo-
nium sites under acid pH, is requisite to formation of the
nanocrystals. Revisiting the secondary and tertiary amines,
a similar effect was found, with no reduction of the tetra-
chloraurate.

The main difficulty is locating the source of the electrons
required for reduction of AuIII to Au0. Analysis of the oxi-
dation–reduction potential (ORP) of the H2O–PEI–AuCl4–

system with various concentrations of PEI, corresponding
to multiples of the number of moles of chloride ion present,
shows that at a molar ratio of nitrogen to gold ions of ap-
proximately 1:1, a lowering of the potential is observed
(Figure 9). A slight reduction in pH is observed concur-
rently, followed by an increase to a pH of 7.3. Due to the
potential of the system initially being in that where water is

Figure 9. Oxidation–reduction potential vs. the standard hydrogen
electrode (SHE) and pH as a function of the molar ratio of poly-
meric amino nitrogen to gold.
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only metastable (Figure 1) some water may have been oxi-
dised concurrently with the initial stages of nanocrystal for-
mation. Nanoparticulate gold is known to catalyse the re-
duction of oxygen to peroxide[19] thus it is possible that the
equivalent oxidation may also be thus affected. The re-
sulting protons would lead to the observed lower pH, simul-
taneously providing the electrons required for the reduction
of the gold. Once all required electrons have been provided
and the reaction with the gold species is complete, the pres-
ence of additional, excess amino groups only serves to in-
crease the overall system pH.

Conclusions

Crystalline gold nanocrystals of 6 to 100 nm diameter
have been prepared using both monomeric and polymeric
amines in a dual reductant/stabilising role, the latter con-
taining both primary, secondary and tertiary amino groups.
The secondary groups were found to be the most amenable
to the synthesis and stabilisation of the nanocrystals, while
the tertiary amines were able to reduce the AuIII but unable
to stabilise the colloid. The mechanism by which reduction
takes place is expected to be complex, but is believed to
involve the formation of quaternary ammonium sites on the
monomer or polymer, together with possible oxidation of
water to provide the necessary electrons. A significant ad-
vantage of the processes used to form the nanocrystals is
the simplicity of the synthesis (one pot, one step). This al-
lows ready scale-up of the synthesis. Additionally, the three
compounds used are relatively benign at the concentrations
used, leaving no undesirable by-products for disposal or
further treatment.

Experimental Section
Synthesis of Colloids

Monomeric Amines: HAuCl4 (40 µL, 1.24 wt.-%) was added to
Millipore water (5 mL, 15 MΩ·cm–1) with rapid stirring. After one
min, the amine [methylamine (40 wt.-%, aqueous), ethylamine
(70 wt.-%, aqueous), octylamine, cyclohexylamine, benzylamine,
ethylenediamine, phenylethylamine, 1,1,3,3-tetramethylguanidine,
dimethylamine (26 wt.-%, aqueous), diethylamine, dipropylamine,
dibutylamine, dioctylamine, aniline, methoxyanilinesulfonate, pyr-
role, pyridine, 1-methylpyridine, trimethylamine (25 wt.-%, aque-
ous), triethylamine, hexamethylenetetramine](1 to 10 µL) was
added and stirring continued for a further minute before leaving to
stand for 2 to 72 hours. A duplicate sample of the diethylamine-
Au colloid was evaporated to dryness before dispersion in D2O in
preparation for 1H NMR analysis (300 MHz, D2O, 25 °C): δ = 1.11
(t, JH,H = 7 Hz), 1.29 (m, JH,H = 7 Hz), 2.90 (m, JH,H = 7 Hz),
in addition to a further sample of the trimethylamine-Au colloid
(300 MHz, D2O, 25 °C): δ = 2.42 (s), 2.49 (s), 2.55 (s), 2.60 (s), 2.67
(s), 2.73 (s), 2.80 (s), 2.83 (s), 2.87 (s), 2.91 (s), 2.97 (s), 3.05 (s),
3.22 (s), 3.24 (s), 3.53 (s) ppm.

Polymeric Amines: Stock solutions of surfactant were prepared
using dry polyethylenimine (PEI) (A: 18 wt.-%, B: 0.18 wt.-%,
average Mw 25000, Aldrich), polyvinylpyrrolidone (C: 1 wt.-%),
polyacrylamide (D: 1 wt.-%) and Millipore water (15 MΩ·cm–1).
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Type I nanocrystals were prepared by the addition of HAuCl4
(40 µL, 1.24 wt.-%) to Millipore water (5 mL) with rapid stirring,
followed by the required amount of solution A to D. The reaction
mixture was left to stand for a minimum of 24 hours in a sealed
vial, whereupon a characteristic colour change to deep red was ob-
served. NMR samples were prepared by evaporating to dryness a
duplicate volume (5 mL) of the PEI–Au colloid, prior to redisper-
sion in D2O. 1H NMR (300 MHz, D2O, 25 °C): δ = 4.74 (s), 4.67
(s), 4.61 (s), 4.41 (s), 3.33 (m), 3.21 (s), 3.17 (m), 3.02 (m), 2.83 (m),
2.28 (s), 2.13 (s), 2.06 (s), 2.00 (s), 1.85 (s), 1.80 (s) ppm. 13C NMR
(from HSQC at 300 MHz, D2O, 25 °C): δ = 35.5 (s), 36.7 (s), 43.9
(s), 44.0 (s), 45.1 (s), 49.7 (s), 72.9 (s), 138.1 (s), 153.5 (s) ppm.
Type II nanocrystals were formed in the same manner as type I,
with the PEI/HAuCl4 solution being heated momentarily to 70 °C.
The vial was cooled to ambient temperature prior to further analy-
sis. Type III nanocrystals were prepared according to the method
of Sun (2003).[7] HAuCl4 (80 µL, 1.24 wt.-%) was added to a 15 mL
glass vial containing water (10 mL) and a magnetic stirring bar.
After stirring rapidly for one min, PEI (20 µL, 18 wt.-%) was added
to the mixture, whereupon a colour change to faint red was noted.
After a further minute of stirring, NaBH4 (2.0  in dimethyl ether/
ethylene glycol, Aldrich) was added dropwise until a colour change
to deep red was observed.

Analysis

High-resolution transmission electron micrographs (HR TEM) and
diffraction patterns were recorded with a Jeol 2010 instrument at
200 keV acceleration voltage with the samples mounted on carbon-
coated copper grids (200 mesh). Ultra-violet/visible (UV/Visible)
spectra were measured using matched quartz curvettes and a Var-
ian Cary 100 system. A Bruker Tensor 27 system attached to a Pike
Technologies single-reflectance horizontal-attenuated total reflec-
tance (ATR) attachment was used to obtain Fourier Transform in-
fra-red (FTIR) spectra. pH and oxidation–reduction potentials
(ORP) were measured using Mettler Toledo and Hanna probes,
respectively, with a Hanna 8521 instrument. 1H and gradient het-
eronuclear single quantum correlation (HSQC) nuclear magnetic
resonance (NMR) spectra were recorded on a Varian Inova spec-
trometer at 300 MHz.

Molecular Modelling

Modelling of the charge density on the compounds was undertaken
using the Polak Ribiere conjugate gradient algorithm, on Hyper-
Chem. 7.5 (Gainesville, Florida). Rendering of the molecular mod-
els was achieved using Ghemical 1.91[20] and the Massively Parallel
Quantum Chemistry system (MPQC).[21]
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Complex MoOCl2(PMe3)3 smoothly reacts with NaI in ace-
tone to produce MoOI2(PMe3)3 in good yields. The geometry
of the compound is mer-cis octahedral, that is, identical to
that of the dichloride precursor, as shown by NMR spec-
troscopy and by an X-ray crystallographic study. Electro-
chemical investigations of MoOX2(PMe3)3 show irreversible
oxidation waves at Ep,a = +0.18 and +0.39 V for X = Cl and I,
respectively. A study of the halide exchange between
MoOCl2(PMe3)3 and NaI, or between MoOI2(PMe3)3 and
Bu4NCl, shows two equilibrated isomers for the mixed halide
intermediate MoOICl(PMe3)3. The diiodide complex rapidly
exchanges the iodo ligands with chloride upon dissolution in
chloroform at room temperature, and with bromide from (1-

Introduction

In recent years, a number of coordination and organome-
tallic compounds based on different transition metals have
been proven capable of controlling the radical polymeriza-
tion of activated olefins. The phenomenon is accomplished
by maintaining the active radical concentration at very low
levels through a fast reversible equilibrium with a dormant
species, thereby reducing the incidence of bimolecular ter-
minations. The equilibrium may implicate a halogen atom
transfer (see Scheme 1), thus the term atom transfer radical
polymerization (ATRP).[1,2] In this respect, the process cor-
responds to a transition-metal-catalyzed multiple insertion
of olefins into the carbon–halogen bond of the initiator
molecule. A metal complex, however, may also yield a dor-
mant species by reversibly forming a metal–carbon bond
(see Scheme 2). This process is termed, somewhat inappro-
priately, stable free radical polymerization (SFRP). Indeed,
the stable transition-metal complex acting as a spin trap
need not possess a radical character. We have recently pro-
posed a new term for this process, organometallic radical
polymerization (OMRP), because it involves the reversible
formation of a metal–carbon bond.[3]
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par convention à l’Université Paul Sabatier et à l’Institut
National Polytechnique de Toulouse,
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bromoethyl)benzene (BEB) under more forcing conditions.
The equilibrium favors the softer halide (I) on C and the
harder one (Cl or Br) on MoIV. Both oxido compounds cata-
lyze the atom transfer radical polymerization (ATRP) of sty-
rene in combination with the BEB initiator, yielding polymers
with quite narrow molecular weight distributions (down to
1.11). The apparent polymerization rate constant is approxi-
mately doubled in the presence of 1 equiv. of the Al(OiPr)3

cocatalyst. On the other hand, the system is not capable of
efficiently controlling the radical chain growth for methyl ac-
rylate polymerization.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

Scheme 2.

The various metals so far shown to be effective include
TiIII,[4] MoIII,[5,6] ReV,[7] FeII,[8,9] RuII,[10] NiII,[11] Ni0,[12] and
CuI.[13] Although no system currently appears to parallel
the activities and practical advantages of certain CuI com-
plexes, the investigation of other metal systems is useful in
order to shine additional light on the mechanistic details of
the process. For instance, by using CpMoCl2L2 complexes
(L = tertiary phosphanes or L2 = diene), we have demon-
strated how the two trapping processes in Schemes 1 and 2
may simultaneously take place when the polymerization is
carried out under ATRP conditions.[5] Furthermore, the use
of MoX3(PMe3)3 catalysts (X = Cl, Br, I) has revealed that
the oxidized metal complex (ATRP spin trap) need not be
a thermodynamically stable species in order for the catalyst
to ensure good control.[14] In fact, whereas the MoIV com-
plexes MoX3Y(PMe3)3 (X, Y = Cl, Br) could be isolated
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and fully characterized, no such complex containing an
iodo ligand was shown to exist, because it would decom-
pose by an internal redox process to an MoIII complex and
I2. As a further example, a comparison of the rates of
halide exchange between various ATRP catalysts [i.e.
MoX3(PMe3)3, CpMoCl2(RN=CHCH=NR) (R = iPr),
RuCl2(PPh3)3] and initiator molecules, in the presence and
in the absence of Al(OiPr)3, has revealed two possible
mechanisms for this exchange process.[15,16]

The results of DFT calculations have shown that the
Mo–X and Mo–R bond strengths decrease upon raising the
metal oxidation state, the computed values suggesting that
the MoIII/IV redox couple is ideally placed to insure appro-
priate equilibrium positions for both ATRP and SFRP pro-
cesses. Indeed, no radical polymerization occurs in the pres-
ence of the complex CpMo(CH2SiMe3)2(η4-C4H6), showing
that this particular MoIII–R bond is too strong.[5] On the
other hand, preliminary evidence, which will be reported
separately, has indicated the possible implication of MoIV/V

couples in ATRP. For this reason, we have decided to test
some typical MoIV coordination compounds as ATRP cata-
lysts. In this paper, we report our results obtained by
using a well-known MoIV coordination compound,
MoOCl2(PMe3)3. In addition, we also report the results ob-
tained with the related compound MoOI2(PMe3)3, whose
synthesis and characterization is reported here for the first
time. Our interest in this compound was twofold. From the
point of view of ATRP catalysis, we have shown that some
iodo derivatives of certain MoIII ATRP catalysts, for exam-
ple, CpMoI2(RN=CHCH=NR) (R = iPr) are more active
than the corresponding chloro derivatives.[15] From the co-
ordination chemistry point of view, we have demonstrated
the incompatibility between iodo ligands and MoIV in com-
plexes of type MoXnY4–n(PMe3)3 (vide supra).[14] Yet, stable
iodide derivatives of molybdenum in higher oxidation states
do exist when the metal electronic deficiency is satisfied by
strong donor ligands (e.g. Cp*MoIVI4

– and MoVOI4
–).[17,18]

Therefore, it was of interest to see whether compound
MoOI2(PMe3)3 would be stable, to investigate its redox
properties, and to test its catalytic properties in ATRP.

Results and Discussion

Syntheses and Characterization

The new complex MoOI2(PMe3)3 was obtained by halide
exchange from the dichloride precursor as described in
Scheme 3. The reaction is driven by the precipitation of the
less soluble NaCl and is relatively rapid at room tempera-
ture. The spectroscopic properties of the isolated compound
indicate an identical structure to that of the precursor. In
particular, the 31P NMR spectrum shows two types of
phosphane ligands in a 2:1 ratio, whereas the virtual triplet
pattern for the 1H NMR resonance of the two equivalent
PMe3 ligands establishes their mutual trans arrangement
(the spectral parameters are collected in Table 1). This
clearly identifies the mer arrangement of the Mo(PMe3)3

moiety. The 31P NMR spectrum is qualitatively different in
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[D6]acetone and in C6D6. Whereas the doublet/triplet
pattern expected for an AX2 spin system is relatively unper-
turbed in the former solvent, a more complex pattern,
which is indicative of second-order coupling for an AB2 sys-
tem, is evident in C6D6 (see Figure 1). This difference is
caused by the closer proximity of the two 31P resonances in
C6D6. The values reported in Table 1 result from the suc-
cessful simulation of the spectrum.

Scheme 3.

Table 1. 1H and 31P{1H} NMR parameters (δ in ppm, J in Hz) for
compounds MoOXY(PMe3)3 (X, Y = Cl or I).

Compound Solvent δH (JHP)[a] δP (JPP)

MoOCl2(PMe3)3 [D6]acetone 1.68 (d, 8.4) 2.0 (t, 22)
1.63 (t, 3.9) –5.2 (d, 22)

MoOBr2(PMe3)3 [D6]acetone 1.73 (d, 8.7) –2.8 (t, 22)
1.73 (t, 4.0) –9.4 (d, 22)

MoOI2(PMe3)3 [D6]acetone 1.91 (t, 4.0) –12.5 (t, 20)
1.80 (d, 8.7) –15.7 (d, 20)

MoOI2(PMe3)3 C6D6 1.73 (t, 4.1) –14.98 (t, 22.2)
1.36 (d, 8.4) –16.40 (d, 22.2)

MoOClI(PMe3)3, A[b] [D6]acetone 1.71 (d, 8.4) 2.2 (t, 20)
1.80 (t, 3.9) –8.4 (d, 20)

MoOClI(PMe3)3, B[b] [D6]acetone n.i.[d] –9.7 (t, 20)
n.i.[d] –12.0 (d, 20)

MoOBrI(PMe3)3, A�[c] [D6]acetone 1.84 (t, 4.0) –3.6 (t, 23)
1.74 (d, 8.7) –11.0 (d, 23)

MoOBrI(PMe3)3, B�[c] [D6]acetone n.i.[d] –10.3 (t, 22)
n.i.[d] –13.8 (d, 22)

[a] vt: virtual triplet. [b] A: I trans to O; B: Cl trans to O (see
Scheme 5). [c] A�: I trans to O; B�: Cl trans to O (see Scheme 6). [d]
Not identified.

The relative cis arrangement of the two iodo ligands is
unambiguously confirmed by the single-crystal X-ray dif-
fraction study, but is also indicated by the NMR monitor-
ing of the halide exchange process, notably by the presence
of two different stereoisomers for the mixed halide complex
(vide infra). When using a sufficiently large excess of NaI
(�5 equiv.), the isolated product is devoid of any mixed ha-
lide impurity. It is also devoid of the known[19] MoIII com-
plex MoI3(PMe3)3, a problem that often affects its dichlo-
ride precursor MoOCl2(PMe3)3.[20] Indeed, the latter is usu-
ally obtained from MoCl4(THF)2 and PMe3 in the presence
of water,[21] giving a product whose color (varying from
blue to green) depends on the level of contamination by
yellow MoCl3(PMe3)3. By replacing the MoIV tetrachloride
precursor with the bis(ether) complex, MoCl4(Et2O)2,[22] we
have obtained a blue material that is also contaminated by
minor amounts of the MoIII trichloride complex, as evi-
denced by 1H NMR spectroscopy. A better synthesis of
pure MoOCl2(PMe3)3 is that reported by Galindo et al.,
from MoO2Cl2(MeOCH2CH2OMe) and PMe3.[23] Our syn-
thesis of MoOI2(PMe3)3 was carried out from a dichloride
precursor obtained by the latter procedure.
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Figure 1. Experimental (a) and simulated (b) 31P NMR spectrum of MoOI2(PMe3)3 in C6D6.

A view of the molecule resulting from the X-ray diffrac-
tion study is shown in Figure 2. Selected geometric param-
eters are collected in Table 2. The thermal ellipsoids are well
behaved, showing no evidence for positional disorder, in
agreement with the NMR evidence for the absence of
MoI3(PMe3)3. In addition, the presence of iodide in the ox-
ido position would have a notable effect on the refined
Mo=O distance, whereas the experimental value of
1.685(4) Å is quite short. Moreover, this distance is iden-
tical within experimental error to the distance reported for
the corresponding complex cis-mer-MoOCl2(PMe2Ph)3

[1.675(3) Å].[20] Therefore, these results show that there is
no compositional I/O disorder, contrary to previous reports
for the dichloro analogues.[20] The Mo–P distances [2.494–
2.513 Å] are within the normal range for related com-
pounds.

Figure 2. ORTEP view of MoOI2(PMe3)3. The ellipsoids are drawn
at the 50% probability level.

From a benzene/n-pentane solution of MoOCl2(PMe3)3

set aside for several days, crystals of compound [MoOCl-
(PMe3)(OPMe3)]2(µ-O) were obtained, possibly by adven-
titious contact with air and moisture. As the resulting struc-
ture is more accurately determined and is in a different crys-
tal system than one reported previously for the same com-
pound,[24] we report it here but do not comment on it any
further. No analogous compound was obtained from the
corresponding oxido diiodide complex.
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Table 2. Selected bond lengths [Å] and angles [°] for compound
MoOI2(PMe3)3.

Mo(1)–P(1) 2.4939(15) Mo(1)–O(1) 1.685(4)
Mo(1)–P(2) 2.5073(14) Mo(1)–I(1) 2.8634(6)
Mo(1)–P(3) 2.5130(15) Mo(1)–I(2) 2.9207(6)
O(1)–Mo(1)–P(1) 82.16(15) P(1)–Mo(1)–P(2) 93.80(5)
O(1)–Mo(1)–P(2) 99.94(15) P(1)–Mo(1)–P(3) 92.38(5)
O(1)–Mo(1)–P(3) 102.79(15) P(2)–Mo(1)–P(3) 157.06(5)
O(1)–Mo(1)–I(1) 93.43(15) P(1)–Mo(1)–I(1) 175.50(4)
O(1)–Mo(1)–I(2) 172.20(15) P(1)–Mo(1)–I(2) 90.08(4)
P(2)–Mo(1)–I(1) 87.84(4) P(3)–Mo(1)–I(1) 87.70(4)
P(2)–Mo(1)–I(2) 79.76(3) P(3)–Mo(1)–I(2) 78.16(4)
I(1)–Mo(1)–I(2) 94.343(17)

The existence and stability of the MoOI2(PMe3)3 com-
pound [cf. the nonexistence of MoI4(PMe3)3][14] indicates
that the oxido ligand is a much stronger electron donor
than two iodo ligands toward the Mo center, raising the
energy of the LUMO and thereby making the metal center
a less powerful oxidizing agent. Indeed, qualitative MO
considerations lead to the expectation of an interaction as
shown in Scheme 4, where the energy of the dxz and dyz

orbitals of the pseudo-t2g set (octahedral coordination envi-
ronment) is raised through the π-donation mechanism.

An electrochemical investigation of compounds
MoOX2(PMe3)3 yields irreversible oxidation processes at
Ep,a = +0.18 and +0.39 V for X = Cl and I, respectively
(see Figure 3). The lack of reversibility indicates the occur-
rence of a fast chemical process after oxidation to the cat-
ionic MoV complex [MoOX2(PMe3)3]+, probably involving
solvent coordination. The voltammogram recorded on the
chloride complex shows that a new and broad cathodic
peak is generated after the oxidation peak (this feature is
not observed during the first cathodic scan prior to the oxi-
dation peak). In the presence of chloride ions, the oxidation
peak shifted slightly toward less positive potentials, but the
overall shape of the voltammogram was otherwise unaffec-
ted. This result can be rationalized by a follow-up coordina-
tion of Cl– to [MoOCl2(PMe3)3]+, with generation of the
putative ATRP spin trap, MoOCl3(PMe3)3. The same phe-
nomenon was previously observed by us for the oxidation
of MoX3(PMe3)3 in the presence of X– (X = Cl, Br) and
verified by an independent study of the isolated
MoX4(PMe3)3 products.[14] In the present case, a similar
verification is impossible because, to the best of our knowl-
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Scheme 4.

edge, complex MoOCl3(PMe3)3 is nonexistent. Indeed, the
voltammetric response in the presence of Cl– shows that
such a compound is unstable under the conditions of the
CV experiment (THF solution) and decomposes in a sim-
ilar way to that of the [MoOCl2(PMe3)3]+ complex.

Figure 3. Cyclic voltammogram of MoOX2(PMe3)3 in THF. Thin-
ner curve: X = Cl; thicker curve: X = I. CMo = 4×10–3 . Scan
rate = 100 mV/s.

Concerning the voltammogram of the diiodide complex,
the greater oxidation potential relative to the dichloride an-
alogue parallels the corresponding shift for the MoIII com-
plexes MoX3(PMe3)3 upon going from X = Cl to I.[14] Note
the presence of a small reversible wave at about –0.1 V in
this voltammogram. This corresponds to the oxidation of
I– to I3

– (as verified by the deliberate addition of I– to the
solution) and grows with the time lapse between the solu-
tion preparation and the voltammetric study. Even upon
rapidly recording the voltammogram (as in the example
shown in Figure 3), this feature could not be completely
eliminated, suggesting the establishment of a slow ligand
substitution equilibrium between iodide and THF. The
other important observation is that the oxidation of I– oc-
curs at a less positive potential relative to the oxidation of
the (oxido)MoIV complex. This has implications for the
ATRP process (vide infra).

Eur. J. Inorg. Chem. 2006, 2624–2633 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2627

It is interesting to compare the oxidation potentials of
MoOX2(PMe3)3 with those of the corresponding
MoX4(PMe3)3. Because of its nonexistence, the E1/2 for the
oxidation of MoI4(PMe3)3 could not be established, but
those of the analogous MoX4(PMe3)3 complexes are
–0.15 V (X = Cl) and –0.06 V (X = Br), allowing extrapola-
tion to a value of about +0.05 for X = I. Thus, we can
observe that the replacement of two X ligands by one O
ligand has the effect of raising the oxidation potential by
about 0.3 V. This change can be related to a lower energy
of the HOMO for the oxido compound (Scheme 4), re-
sulting from the greater electronegativity of the oxygen
atom. In other words, there is less electron donation by one
O atom relative to two I atoms by the σ-bonding mecha-
nism.

NMR Study of the Halide Exchange Reactions

The conversion of the dichloride to the diiodide complex
was monitored by 1H and 31P NMR in the presence of NaI
in [D6]acetone. Figure 4 shows representative 31P{1H}
NMR spectra recorded during the transformation. The res-
onance values for the different compounds are collected in
Table 1. Given the mer-cis coordination, there are two pos-
sible stereoisomers for the mixed halide intermediate, A and
B (see Scheme 5). A mer-trans or a fac arrangement would
only allow a single stereoisomer. The monitoring clearly
shows the preferential formation of isomer A. The struc-
tural assignment of A and B as shown in Scheme 5 is
strongly suggested by the δP resonance pattern, especially
the chemical shift of the unique P nucleus, which is expected
to be most sensitive to the nature of the trans-halide ligand.
This resonance shifts very little during the first substitution
for isomer A, whereas it shifts by a large amount for isomer
B, to a position close to that observed for the final product.
The two mutually trans-P nuclei (cis to both halide coordi-
nation positions), on the other hand, shift gradually with
the halide substitution.

A preferential formation of A would seem consistent
with kinetic control of the halide exchange, as the oxido
ligand should exert a stronger trans effect relative to the
PMe3 ligand. However, the conversion in the opposite direc-
tion, which occurs in the presence of Bu4N+Cl– in [D6]ace-
tone, again yields isomer A as the major intermediate. If
the exchange process had been under kinetic control, the
prevalence of isomer B was expected. Therefore, we con-
clude that the halide exchange process is under thermo-
dynamic control and that the position trans to the oxido
ligand is preferentially occupied by the softer iodo ligand.

In order to gain further insight on this issue, we have also
carried out a reaction between MoOI2(PMe3)3 and NaBr
in [D6]acetone. The reaction qualitatively follows the same
pathway (see Scheme 6). The use of a small excess amount
of NaBr (about 1.3 equiv.) leads to rapid equilibration (4 h
at room temperature) with the two mixed halide intermedi-
ates having structures A� and B�, the former being predomi-
nant, plus a small amount of the corresponding dibromide.
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Figure 4. Room-temperature 31P{1H} NMR spectra of
MoOCl2(PMe3)3 (50 mg, 0.12 mmol) and NaI in [D6]acetone
(0.6 mL). (a) After 5 h with 1 equiv. NaI; (b) 2.5 h after spectrum
(a) with excess NaI.

Scheme 5.

Treatment with an excess of NaBr increases the amount of
dibromide product. The 31P resonance of the unique PMe3

ligand shifts from δ = –12.5 ppm for the diiodide complex
to δ = –3.6 ppm for A� and only to δ = –10.3 ppm for B�.
The same nucleus resonates at δ = –2.8 ppm for the dibro-

Figure 5. 1H NMR monitoring of the halogen exchange between MoOI2(PMe3)3 and BEB in [D8]toluene at 90 °C ([Mo] = [BEB] �
0.1 mol/L). (a) t = 0 min. (b) t = 20 min. (c) t = 40 min.
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mide complex. Once again, the trans position to the oxido
ligand shows a thermodynamic preference for the softer
iodo ligand.

Scheme 6.

It is interesting to note that complex MoOI2(PMe3)3

rapidly undergoes halide exchange when dissolved in chlo-
roform (about 50% in 30 min at room temperature). The
NMR monitoring indicates the intermediate formation of
the mixed halide isomers A (major) and B (very minor),
though the exchange is eventually complete. In dichloro-
methane, this exchange is much slower, as no significant
amount of mixed halide species (A) is formed after 20 h of
stirring at room temperature. This phenomenon could
either take place by an internal nucleophilic substitution
assisted by solvent coordination to the metal center, as we
have recently pointed out for other transition-metal com-
plexes,[16] or by reversible atom transfer. In the latter case,
the phenomenon would suggest that this system could serve
as a good catalyst in atom transfer radical polymerization.
This has indeed been verified experimentally (vide infra).

As MoOI2(PMe3)3 rapidly exchanges its halogen atoms
with chloroform, we have also tested the halogen exchange
with the initiator molecule used in ATRP, namely (1-bromo-
ethyl)benzene, PhCH(Br)CH3 (BEB). The reaction
(Scheme 7) was monitored by 1H NMR, as the CH proton
is very sensitive to the nature of the halogen atom. At 90 °C
in [D8]toluene and using a stoichiometric BEB/Mo ratio
(same conditions used for the ATRP experiments, vide in-
fra), the exchange process is essentially complete after
40 min (see Figure 5). A slower exchange is also observed
at room temperature. 31P NMR monitoring shows that the
reaction proceeds through the same intermediates seen
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when using NaBr, namely MoOBrI(PMe3)3 (A� and B�, the
former being predominant). The quantitative nature of the
exchange illustrates the thermodynamic preference for plac-
ing the heavier halogen on the carbon atom and the lighter
one on the metal atom. On the basis of Pearson’s HSAB
theory,[25] this result may be interpreted in terms of a harder
character for the MoIV center with respect to carbon.

Scheme 7.

Controlled Radical Polymerizations

Complexes MoOX2(PMe3)3 were tested as catalysts for
the controlled radical polymerization of styrene and methyl
acrylate under ATRP conditions. The experimental condi-
tions and apparent polymerization rates for the styrene po-
lymerization are summarized in Table 3. In each case, the
first-order monomer consumption rate was verified by the
linearity of the ln([M]0/[M]) versus time plot, indicating that
the concentration of active radical remains constant
throughout the polymerization process, as expected for a
controlled process. The polymerization was carried out
both in the absence and in the presence of an equivalent
amount of the Al(OiPr)3 cocatalyst, whose effectiveness in
ATRP seems quite general. In fact, it has been demon-
strated that the apparent polymerization rates increase by
factors up to 10 or more when 1 equiv. of this compound
is used in conjunction with a variety of different catalysts
based on Group 6–11 metals, including CpMo-
Cl2(iPrN=CH–CH=NiPr),[6] MoX3(PMe3)3,[14] ReIO2-
(PPh3)2,[7] CpFeX(CO)2 (X = Br, I),[8] RuCl2(PPh3)3,[10]

NiBr2(PPh3)2,[11] Ni(PPh3)4,[12] and CuBr/bipy.[13] The pro-
posed mode of action of this cocatalyst consists of a shift
of the atom transfer equilibrium, caused by the stronger
interaction of the Al Lewis acid with the halogen lone pairs
in the more polarized Mo–X bond, relative to the C–X
bond of the initiator/dormant species.[16] Table 3 shows that
Al(OiPr)3 is also effective in conjunction with the
MoOX2(PMe3)3 catalysts, although by a smaller margin. In
each case, the apparent polymerization rate approximately
doubles when 1 equiv. of Al(OiPr)3 is added. Note also that
the diiodide system is about twice as fast as the dichloride
system.

Table 3. ATRP of styrene using MoOX2(PMe3)3 (X = Cl, I) cata-
lysts.[a]

Entry X Mo/I/Al/S[b] kapp [min–1]

1 Cl 1:1:–:200 2.18×10–4

2 Cl 1:1:1:200 4.38×10–4

3 I 1:1:–:200 4.26×10–4

4 I 1:1:1:200 9.54×10–4

[a] All polymerizations were carried out in toluene at 90 °C. [b] I:
initiator (BEB); Al: Al(OiPr)3 cocatalyst; S: styrene.
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For each dihalide catalyst and in the absence of
Al(OiPr)3, the experimentally determined number-average
molecular weights (Mn) of the polymer grow linearly with
the monomer conversion and correspond closely to the
theoretical molecular weights on the basis of the monomer/
initiator ratio (see Figure 6a, c). These characteristics are
as expected for a controlled radical polymerization process.
Furthermore, the polydispersity indexes (PDI = M̄w/M̄n)
are quite low, down to 1.11. These are the lowest PDIs re-
ported to date for an Mo-based catalyst, underlining the
excellent level of control exerted by these oxidomolybde-
num() complexes. At high conversions, the experimental
Mn value is slightly lower than the theoretical one for the
dichloride system, whereas it is slightly higher for the diio-
dide system. The former effect could result from the slight
intervention of chain transfer processes, whereas the latter
one could find a rationalization in an initiator efficiency
slightly lower than 100% (f � 1). In the presence of Al(O-
iPr)3, the dichloride catalyst appears to insure a less effec-
tive control, as the PDIs are higher (about 1.3 at 75% con-
version), although Mn still grows linearly with conversion
(see Figure 6b), and the monomer consumption follows
first-order kinetics. In addition, the experimental Mn value
is about two times larger than the calculated one (i.e. f �
0.5). The diiodide catalyst also controls the polymerization
a little less effectively in the presence of Al(OiPr)3, but f
remains close to 1 (see Figure 6d). At the moment, we are
not able to rationalize why the nature of the halogen has
such a large effect on the initiator efficiency, and only for
the experiments carried out in the presence of Al(OiPr)3.

The putative coordination compounds produced by the
atom transfer process could not be characterized. From the
electrochemical study, we have established that the oxi-
dation potential of complex MoOCl2(PMe3)3 is less positive
than those of the free Cl– or Br– ions.[14] Therefore, the oxi-
dized complex [MoOCl2(PMe3)3]+ is compatible with the
presence of these ions or, in other words, complex
MoOCl2X(PMe3)3 (X = Cl, Br) is predicted to be a stable
system from the redox point of view. Nonetheless, the elec-
trochemical study indicates instability for MoOCl3(PMe3)3,
at least in the THF solvent used for the cyclic voltammetric
investigation. On the other hand, the free iodide ion is oxid-
ized at a less positive potential than both complexes
MoOX2(PMe3)3 (X = Cl, I). This means that the putative
ATRP spin trap, namely an (oxido)MoV complex of type
MoOX2Y(PMe3)3, is thermodynamically unstable when
either X or Y is an iodine atom, relative to an internal redox
process leading to the reduction of MoV to MoIV and oxi-
dation of I–. This observation might seem inconsistent with
the ability of MoOI2(PMe3)3, in combination with a bro-
mide initiator, to catalyze the ATRP of styrene with a con-
trolled chain growth. However, our recently published in-
vestigation of the MoI3(PMe3)3 ATRP catalyst, for which
the same apparent contradiction was observed, provides the
basis to rationalize this phenomenon.[14] In essence, the oxi-
dized MoOI2Br(PMe3)3 complex is capable of efficiently
acting as a spin trap for the growing radical chain for kin-
etic reasons, its decomposition being a bimolecular reaction
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Figure 6. Mn vs. conversion and PDI for the ATRP of styrene catalyzed by MoOX2(PMe3)3 (X = Cl, I). Conditions are given in Table 3
(Entries 1–4). Squares: experimental Mn; circles: PDI; straight line: theoretical Mn. (a) X = Cl, no Al(OiPr)3 (Entry 1); (b) X = Cl, with
Al(OiPr)3 (Entry 2); (c) X = I, no Al(OiPr)3 (Entry 3); (d) X = I, with Al(OiPr)3 (Entry 4).

and involving a greater activation barrier than the radical
trapping process.

The polymerization of methyl acrylate was not well con-
trolled by these (oxido)MoIV complexes. Initial experiments
carried out with each dihalide complex at 90 °C with ethyl
2-iodopropionate as an initiator gave very fast polymeriza-
tions, with greater than 90% conversion after the first
300 min. The reaction was therefore repeated at a lower
temperature (35 °C). Even under these conditions, however,
the polymerization process remained quite fast. With com-
plex MoOCl2(PMe3)3 the conversion was initially high and
slowed down at later times (the monomer decay did not
follow a first-order rate law), reaching about 60% conver-
sion in 6 d. With complex MoOI2(PMe3)3, the process was
even faster, reaching 100% conversion in about 18 h. In
both cases, the molecular weights were much larger than
expected on the basis of a controlled process, and the PDIs
were quite high (�1.5), see for instance Figure 7 for the
chloride system. This behavior is consistent with an atom
transfer process that is not sufficiently shifted toward the
dormant species. Further studies under different conditions
(nature of the initiator, different cocatalysts) will need to be
carried out in order to optimize this process.

In order to check whether the OMRP equilibrium also
plays a role in the ATRP catalyzed by MoOX2(PMe3)3, the
polymerization of styrene was also carried out using AIBN
as a thermal initiator in the presence of these compounds.
After heating at 100 °C for 30 min to decompose most of
the initiator, the temperature was set to 80 °C for the rest
of the experiment. The polymerizations were not controlled,
with conversions reaching 30% within the first 4 h and then
increasing slowly to 65% over the next 4 d. There was no
first-order monomer consumption, and the PDIs remained
consistently high throughout the experiment. These results
are typical of an uncontrolled free radical process. Only a
minor retardation effect was noted in the presence of the
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Figure 7. Polymerization of methyl acrylate catalyzed by
MoOCl2(PMe3)3 at 35 °C. Conditions: Mo/I/Al/MA = 1:1:1:250
[MA: methyl acrylate; I (initiator): ethyl 2-iodopropionate; Al:
Al(OiPr)3]. (a) Kinetics plot. (b) Mn vs. conversion and PDI.
Squares: experimental Mn; circles: PDI; straight line: theoretical
Mn.

Figure 8. Polymerization of styrene in toluene (30%, v/v) in the
presence of AIBN as initiator (styrene/AIBN = 250) at 80 °C.
Squares: without Mo complex; triangles: with MoOI2(PMe3)3

(AIBN/Mo = 1:1).
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metal complexes (e.g. see Figure 8). This suggests the pos-
sibility of a radical-trapping process by the MoOX2-
(PMe3)3 complex, but the stability of the adduct is insuf-
ficient. In conclusion, the MoOX2(PMe3)3 complexes are
not capable of efficiently trapping the reactive radical of
polystyrene and form sufficiently persistent dormant spe-
cies.

Conclusions

The current investigation has shown, for the first time,
the ability of MoIV complexes to function as ATRP cata-
lysts. Both the well-known dichloro complex and its newly
developed diiodo analogue are equally capable of producing
polystyrenes with rather narrow polydispersities. The diio-
dide catalyst gives higher apparent polymerization rates,
and the rate is further doubled in the presence of 1 equiv.
of Al(OiPr)3 for each catalyst. We could not isolate and
characterize the metallic spin traps, which are expected to
be MoV complexes of the formula MoOX2Y(PMe3)3 (X, Y
= Cl, Br, I). The electrochemical studies indicate instability
for these complexes, at least in THF. In addition, the iodide-
containing system is thermodynamically unstable with re-
spect to an intramolecular redox process. However, as we
have recently demonstrated for a related catalyst,[14] it is not
necessary for the spin trap to be a thermodynamically stable
compound. It remains capable of performing the radical-
trapping function, thereby regulating the concentration of
the active organic radical, for kinetic reasons. We are now
interested in testing these oxidomolybdenum() complexes
as well as other similar compounds in the polymerization
(under ATRP and SFRP conditions) of other monomers.

Experimental Section
General: All manipulations were carried out under dry and oxygen-
free argon with standard Schlenk techniques. Styrene was washed
with aqueous NaOH (10%), neutralized with water, dried with
MgSO4 and then distilled at 25 °C under reduced pressure. Toluene
and pentane were purified by distillation under argon after drying
with sodium/benzophenone ketyl. CH2Cl2 was purified with P4O10

and distilled under argon. 1-Bromo-1-phenylethane [or (1-bromoe-
thyl)benzene, BEB] and Al(OiPr)3 were purchased from Aldrich
Chemical Co., and used as received. Complex MoOCl2(PMe3)3 was
prepared according to the literature.[21,23] A slight modification of
the procedure described in ref.[21] with use of complex MoCl4(EtO)2

instead of MoCl4(THF)2 as starting material gave the product in
the form of a blue solid containing a small percentage of the
MoCl3(PMe3)3 byproduct, as shown by 1H NMR spectroscopy.[20]

The procedure described in ref.[23] afforded a pure product (deep
blue solid) in 70% yield.

Physical Measurements: The cyclic voltammograms were obtained
with an EG&G 362 potentiostat connected to a Macintosh com-
puter through MacLab hardware/software. The electrochemical cell
was fitted with an Ag/AgCl reference electrode, a platinum disk
working electrode and a platinum wire counter electrode. [Bu4N]-
PF6 (about 0.1 ) was used as supporting electrolyte. The ferrocene
standard was added to each solution and measured at the end of
the experiments. Its potential was E1/2 = +0.50 V under our experi-
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mental conditions. NMR spectra were recorded with a Bruker
DRX 400 MHz spectrometer. The peak positions are reported with
positive shifts in ppm downfield of TMS, as calculated from resid-
ual solvent peaks. Digital simulation of the 31P NMR spectrum
was carried out with MestReC.[26] The molecular weight distribu-
tion, M̄n and M̄w/M̄n of the polymers, was measured by size-ex-
clusion chromatography (SEC) using THF as eluent (1 mL/min) at
room temperature on a 300×7.5 mm PLgel 5-µm Mixed-D column
(Polymer Laboratories), equipped with multiangle light scattering
(miniDawn Tristar, Wyatt Technology Corp.) and refractive index
(RI2000, Soparès) detectors.

Synthesis of MoOI2(PMe3)3: An excess of NaI (795 mg, 5.3 mmol)
was added to a solution of MoOCl2(PMe3)3 (435 mg, 1.06 mmol)
in freshly distilled THF (15 mL). The solution was then stirred at
50 °C for 2 h to achieve completion, although after 10 min it was
possible to observe the formation of a white precipitate of NaCl.
After removing the volatiles under reduced pressure, the crude resi-
due was redissolved in toluene (15 mL) to eliminate the insoluble
salts of NaI and NaCl. Then pentane (25 mL) was added to the
toluene solution to precipitate complex MoOI2(PMe3)3 as an emer-
ald-green solid, which was filtered and washed with pentane
(2×10 mL). Yield 314 mg, 50%. Single crystals for X-ray diffrac-
tion were obtained by slow diffusion of pentane into a concentrated
solution of the product in toluene. The NMR properties are col-
lected in Table 1. C9H27I2MoOP3 (593.98): calcd. C 18.20, H 4.58;
found C 18.30, H 4.28. The compound was soluble and stable in
THF, acetone, and aromatic hydrocarbons. It dissolved in CDCl3
but gave rise to rapid halogen exchange in this solvent.

X-ray Structural Studies: A single crystal of each compound was
mounted under inert perfluoropolyether on the tip of a glass fiber
and cooled in the cryostream of either a Stoe IPDS diffractometer
[for MoOI2(PMe3)3] or an Oxford-Diffraction XCALIBUR CCD
diffractometer [for {MoCl2O(PMe3)(OPMe3)}2O]. The structures
were solved by direct methods (SIR97)[27] and refined by least-
squares procedures on F2 using SHELXL-97.[28] All H atoms at-
tached to carbon atoms were introduced in idealized positions and
treated as riding models. The absolute structure for MoOI2-
(PMe3)3 was confirmed by the refinement of Flack’s enantiopole
parameter[29,30] and by careful examination of the sensitive reflec-
tions. The drawing of the molecules was realized with the help of
ORTEP32.[31] Crystal data and refinement parameters are shown
in Table 4. CCDC-294667 and -294668 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Controlled Radical Polymerizations: All ATRP polymerization re-
actions were conducted according to the same experimental pro-
cedure. A typical procedure is described as a representative exam-
ple. MoOCl2(PMe3)3 (54 mg, 0.13 mmol) was added to a 25-mL
Schlenk tube equipped with a stirring bar. Styrene (3 mL,
26 mmol), toluene (6 mL), and (1-bromoethyl)benzene (17.7 µL,
0.13 mmol) were added to the reaction flask by a syringe after a
20-min Ar purge. The Schlenk tube was immersed in an oil bath
heated at 90 °C. Aliquots were withdrawn periodically for monitor-
ing. All OMRP polymerization reactions were conducted according
to the same experimental procedure. A typical procedure is de-
scribed as a representative example. MoOI2(PMe3)3 (21 mg,
0.035 mmol) and AIBN (2.9 mg, 0.018 mmol) were added to a 15-
mL Schlenk tube equipped with a stirring bar. Styrene (1 mL,
8.7 mmol) and toluene (2 mL) were added to the reaction flask by
a syringe after a 20-min Ar purge. The Schlenk tube was immersed
during 30 min in an oil bath heated at 100 °C and at 80 °C for the
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Table 4. Crystal data and structure refinement.

Compound MoOI2(PMe3)3 [MoCl2O(PMe3)(OPMe3)]2O

Empirical formula C9H27I2MoOP3 C12H36Cl4Mo2O5P4

Formula mass 593.96 717.97
Temperature [K] 180(2) 180(2)
Wavelength [Å] 0.71073 0.71073
Crystal system orthorhombic monoclinic
Space group P212121 P21/c
a [Å] 9.9624(8) 16.6058(18)
b [Å] 10.6370(10) 11.8087(12)
c [Å] 18.8084(19) 16.099(2)
β [°] 113.384(11)
Volume [Å3] 1993.1(3) 2897.7(6)
Z 4 4
Density (calcd.) [Mg/m3] 1.979 1.646
µ [mm–1] 3.982 1.474
F(000) 1128 1440
Crystal size [mm] 0.38×0.32×0.28 0.14×0.09×0.08
θ range [°] 2.17–26.09 2.85–26.37
Reflections collected 19690 21350
Unique refl. (Rint) 3874 (0.0455) 5900 (0.0663)
Completeness to θ [%] 98.1 (26.09°) 99.8 (26.37°)
Absorption correction semiempirical semiempirical
Max. and min. trans. 0.4148 and 0.2387 0.8737 and 0.8359
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Data/restraints/parameters 3874/0/154 5900/0/256
Goodness-of-fit on F2 1.087 0.782
Final R indices [I � 2σ(I)] R1 = 0.0287, wR2 = 0.0816 R1 = 0.0379, wR2 = 0.0554
R indices (all data) R1 = 0.0295, wR2 = 0.0822 R1 = 0.0899, wR2 = 0.0648
Absolute structure parameter 0.00(2)
Residual density [e/Å3] 0.951 and –1.437 0.557 and –0.470

remainder of the reaction. Aliquots were withdrawn periodically
for monitoring. The yield of polymer, and thus the percentage con-
version, for each withdrawn aliquot was calculated by the mass
ratio before and after the complete removal of solvent and residual
monomer by evaporation, until achievement of constant weight.
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The terminal phosphido complex trans-[PtCl(PHCy2)2(PCy2)]
(1) has been prepared, exploiting the reversibility of the reac-
tion with HCl, by action of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) on [PtCl(PHCy2)3]Cl, and its reactivity towards el-
emental sulfur studied. The first product obtained by reaction
of 1 with 1 equiv. of sulfur is trans-[PtCl(PHCy2)2{κP-P(S)-
Cy2}] (2), which rapidly isomerises in halogenated solvents
into cis-[PtCl(PHCy2)2{κP-P(S)Cy2}] (3). Further addition of
sulfur causes the formation of a mixture of [Pt(κ2S,S�-PS2Cy2)-

Introduction
Terminal phosphides are interesting albeit rare ligands,

the reactivity of which depends mainly on the characteris-
tics of the lone pair on the phosphorus atom. The first ter-
minal phosphido complexes were prepared in 1968 by reac-
tion of CpFe(CO)2

– or CpMo(CO)3
– with P(C6F5)2Cl to

give Cp(CO)2Fe[P(C6F5)2] and Cp(CO)3Mo[P(C6F5)2],
respectively.[1] From then on, a number of terminal phos-
phido complexes have been prepared mainly by two routes:
(i) the reaction of diorganometal phosphides with a metal
species;[2–16] (ii) the deprotonation of a coordinated phos-
phane bearing at least a P–H bond by means of an appropri-
ate base {1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),[17–19]

methoxide, OH–,[20–24] tBuO–,[25–29] [N(SiMe3)2]–,[30–32]

NEt3,[33] BuLi[34]} that, in some instances, was previously
coordinated onto the metal atom.[35–39]

The reactivity of terminal phosphido complexes is deter-
mined by the presence of the lone pair on the phosphorus
atom, which renders such molecules highly nucleophilic.
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(PHCy2)2]Cl (4) and [Pt(κ2S,S�-PS2Cy2){κP-P(S)Cy2}(PHCy2)]
(5), which could be selectively synthesised; the first upon sul-
furation of pure 3 and the second by reaction of 4 with
1 equiv. of sulfur in the presence of DBU. Complex 5 can be
further sulfurated to [Pt(κ2S,S�-PCy2S2)(κS-PCy2S2)(PHCy2)]
(6), which is fluxional in solution and was also characterised
by single-crystal X-ray diffraction.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Such high nucleophilicity has been exploited for the synthe-
sis of phosphido-bridged heterodimetallic species,[40] and is
also responsible for the ease of protonation of the three-
coordinate phosphorus atom[13,20,41–43] as well as for its re-
activity with MeI.[41,43–47]

The typical reaction of coordinated terminal phosphides
with chalcogens transforms the trivalent into a pentavalent
phosphorus atom bound to the chalcogen as in Scheme 1.

Scheme 1. Typical addition of chalcogens E to coordinated ter-
minal phosphides.

Such reactivity is shown by Ir(CO)(Cl)2(PEt3)2(PF2) (re-
action with O2, S8 or Se),[48] (η5-C5H5)Ru(PEt3)2(PPh2) (re-
action with O2),[25] (η5-C5H5)Re(NO)(PPh3)2(PR2) (R =
Ph, tBu, reaction with O2),[28] (η5-C5H5)Fe(CO)2[P(CF3)2]
(reaction with S8),[49] (η5-C5H5)M(CO)3(PCl2) (M = Cr, re-
action with S8; M = W, reaction with S8, Se)[50] and (η5-
C5H5)M(CO)2(L)(PPh2) (L = CO or PMe3, M = Mo, reac-
tion with S8; M = W, reaction with S8, Se).[41,51]

We have recently described the synthesis and characteri-
sation of trans-[PtCl(PHCy2)2(PCy2)Cl] (1) obtained by re-
action of cis-PtCl2(PHCy2)2 with LiPCy2.[52] Complex 1 is
stable under inert gases but reacts promptly with dry di-
oxygen to give the hydrogen-bound bis(phosphinito) com-
plex [PtCl(PHCy2){P(O)Cy2}2H][53] and with hydrogen per-
oxide to give trans-[PtCl(PHCy2)2{κP-P(O)Cy2}Cl].[54]



Stepwise Sulfuration of the Terminal Phosphido Complex trans-[PtCl(PHCy2)2(PCy2)] FULL PAPER
Herein we describe the stepwise sulfuration of 1 leading

to the compounds trans-[PtCl(PHCy2)2{κP-P(S)Cy2}] (2),
cis-[PtCl(PHCy2)2{κP-P(S)Cy2}Cl] (3), [Pt(κ2S,S�-PS2Cy2)-
(PHCy2)2]Cl (4), [Pt(κ2S,S�-PCy2S2)(PHCy2){κP-P(S)Cy2}]
(5) and [Pt(κ2S,S�-PCy2S2)(κS-PCy2S2)(PHCy2)] (6).

Results and Discussion

Reversible Protonation of 1

Reaction of trans-[PtCl(PHCy2)2(PCy2)] (1) with gaseous
HCl results in the fast and complete protonation of the co-
ordinated terminal phosphide with formation of the cat-
ionic PtII complex [PtCl(PHCy2)3]Cl (7). In order to test
the reversibility of the protonation reaction of 1, a toluene
suspension of 7 was treated with DBU, leading to the quan-
titative formation of 1 as the only soluble product, so that
the reaction sequence shown in Scheme 2 represents the
most convenient way for preparing 1.

Scheme 2.

Reaction with S8

Reaction of 1 with sulfur carried out in toluene at room
temperature using an S/Pt molar ratio of 1.0 resulted in the
formation of the P-bound thiophosphinito complex trans-
[PtCl(PHCy2)2{κP-P(S)Cy2}] (2).[54] Dissolving 2 in haloge-
nated solvents, the irreversible isomerisation into the ther-
modynamically favoured cis complex 3 took place as indi-
cated in Scheme 3. This isomerisation was completed in
5 min by heating the reaction mixture at 40 °C.

When an excess of sulfur (S/Pt molar ratio of 8) was
treated with 1 in toluene, the reaction led, after 1 h, to a
mixture of two new sulfur-containing platinum complexes,
4 and 5, along with cis-PtCl2(PHCy2)2 and dicyclohex-
ylphosphane sulfide P(S)HCy2 (Scheme 4).

Scheme 4.
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Scheme 3.

Complex 4, which incorporates two S atoms, showed two
31P{1H} NMR signals in CDCl3 at δ = 136.6 (2JP,Pt =
151 Hz) and δ = 2.0 (1JP,Pt = 3048 Hz), which support a
structure in which the sulfur atoms are bound to the phos-
phide P atom and chelate the platinum atom. The remain-
ing coordination sites are occupied by two PHCy2 ligands,
mutually cis. Accordingly, the 195Pt{1H} NMR spectrum in
CDCl3 consists of a triplet (1JPt,P = 3048 Hz) of doublets
(2JPt,P = 151 Hz) centred at δ = –4596 ppm. Compound 4
can be therefore formulated as [Pt(κ2S,S�-PS2Cy2)-
(PHCy2)2]Cl, a dithiophosphinato complex of PtII. ESI-MS
analysis confirmed this formulation by comparison of the
measured isotope pattern centred at 852.35 Da with that
calculated on the basis of the natural abundances.

Recording the 31P{1H} and 1H NMR spectra of 4 in dif-
ferent solvents, we noticed that the resonance of (PS2Cy2)
remained almost unchanged (δ = 134–138 ppm), whilst the
chemical shift of the coordinated PHCy2 ligand ranged
from δ = –5.9 to 10.0 ppm (31P) and from δ = 4.3 to 6.8 ppm
(1H) (Table 1).

Table 1. 31P{1H} and 1H NMR spectroscopic data of 4 in different
solvents.

PS2 PH PH

C6D6 134 –5.9 6.83
CDCl3 137 2.0 5.15
CD2Cl2 139 9.3 4.32
CD3CN 140 10.0 4.43

Such behaviour could be explained invoking a hydrogen
bond interaction between the P–H of the cationic complex
and the chloride anion, an interaction already found for
[PtCl(PCy2H)3]Cl.[54] In order to confirm such a hypothesis
we have compared the 35Cl NMR spectra recorded in
CD2Cl2 before and after the addition of CD3OD as a hy-
drogen bond breaker. No signal could be observed in the
35Cl NMR spectrum recorded in CD2Cl2, as expected for a
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quadrupolar nucleus surrounded by an asymmetric electron
cloud. However, the addition of a few drops of CD3OD
caused the rupture of the ion pairs, leaving the chloride
anion in a nearly symmetric solvation sphere, and permitted
the observation of a broad 35Cl NMR signal centred at δ
= –18 ppm after the same number of scans (Figure 1).

Figure 1. 35Cl NMR spectrum of 4 (39 MHz, 295 K); a) in CD2Cl2;
b) after the addition of a few drops of CD3OD.

Pure 4 could be isolated from the reaction of 3 with
1 equiv. S8 in dichloromethane at room temperature and
showed IR bands ascribable to PH (2272 cm–1) and PS2

stretchings (591, 553 cm–1).
Complex 5 incorporates three atoms of S and gives in

C6D6 three 31P{1H} NMR signals flanked by 195Pt satellites

Scheme 5. Stepwise sulfuration of 1.

Scheme 6.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2634–26412636

at δ = 127.2, 48.4 and 38.9 ppm. Of these, that at δ =
38.9 ppm can be attributed to a coordinated PHCy2 ligand
(proton-coupled spectrum gave 1JP,H = 424 Hz) and that at
δ = 48.4 ppm can be attributed, on the basis of its chemical
shift and 1JP,Pt value (2977 Hz), to a P-bound P(S)Cy2 li-
gand cis to PHCy2. The remaining signal at δ = 127.2 ppm
is flanked by satellites from which a 2JP,Pt value of 137 Hz
was extracted and can be attributed to a chelating dithio-
phosphinate ligand, PS2Cy2. The 195Pt{1H} NMR spectrum
consists of a doublet of doublets of doublets centred at δ
= –4522 ppm and the proposed structure for 5 is [Pt(κ2S,S�-
PS2Cy2){κP-P(S)Cy2}(PHCy2)].

Complex 5 could be obtained in high yield by treating 4
with S8 in the presence of DBU as proton scavenger, and
showed P=S (of the thiophosphinite ligand) and PH IR
stretchings at 597 and 2366 cm–1 respectively. Comparison
of the IR features of complexes 2, 4 and 5 allowed us to
assign the νPS2 bands of 5 at 556 (νsym.) and 597 (νasym.).
Such assignments are consistent with those reported for
R2PS2 complexes.[55–57]

A mechanism for the reaction of 1 with excess sulfur in
CH2Cl2 is depicted in Scheme 5. The initially formed 2 par-
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tially isomerises into 3. Both 2 and 3 can incorporate one
more S atom yielding 4. The subsequent sulfuration of 4
into 5 requires a proton scavenger, as confirmed by the lack
of reaction between 4 and S8 in the absence of DBU.

In the reaction medium, possible proton scavengers are
the thiophosphinite complexes 2 and 3, whose products of
HCl formal addition are P(S)HCy2 and Pt(PHCy2)2Cl2, ef-
fectively found as byproducts (Scheme 6).

Compound 5 reacted slowly (several weeks) with elemen-
tal sulfur in toluene solution to give the bis(dithiophosphin-
ato)phosphane product Pt(κ2S,S-PCy2S2)(κS-PCy2S2)-
(PHCy2) (6, Scheme 5), which precipitated from the reac-
tion medium.

Complex 6 showed IR bands in the PS region (650–
500 cm–1) attributable to bidentate (620 and 527 cm–1) and
unidentate (598 and 559 cm–1) PCy2S2 ligands
(Table 2).[55,58]

Table 2. Characteristic IR bands in the PS region.

Complex P(S)Cy2 PS2Cy2 PS2Cy2

ν Bidentate Monodentate

νsym. νasym. νsym. νasym.

2 579
3 577
4 553 591
5 597 556 597
6 559 598 527 620
8 561 595

The 31P{1H} NMR spectrum of 6 in C6D6 showed three
resonances at δ = 124.8, 81.8 and 2.5 ppm ascribable to bi-
dentate PCy2S2, unidentate PCy2S2 and PHCy2, respec-
tively. Complexes of the general formula M(PS2)2(P) (where
PS2 represents a dithiophosphinato and P a tertiary phos-
phane) have long been known as the reaction products be-
tween M(PS2)2 and P in polar solvents[55] and, in fact, we
could prepare 6 in high yield also starting from [Pt(κ2S,S�-
PCy2S2)2] (8) and 1 equiv. of PHCy2 in toluene.

As already noticed for related complexes,[59–61] dynamic
31P{1H} and 195Pt{1H} NMR experiments (Figures 2 and

Figure 3. Variable-temperature 195Pt{1H} NMR spectra of 6 in CDCl3.

Eur. J. Inorg. Chem. 2006, 2634–2641 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2637

3) demonstrated the existence, for compound 6, of a rapid
interchange of bidentate and unidentate dithiophosphinates
(Scheme 7).

Figure 2. Variable-temperature 31P{1H} NMR spectra of 6 in 1,2-
dichlorobenzene.

Accordingly, the 31P EXSY experiment showed an in-
tense exchange cross-peak between the signals at δ =
124.8 ppm (bidentate PS2Cy2) and δ = 81.8 ppm (uniden-
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Scheme 7.

tate PS2Cy2) (Figure 4). Variable-temperature 31P{1H}
NMR spectra allowed us to calculate an activation ∆G‡

value of 59±1 kJ/mol. Such a value is fully consistent with
those obtained in the related complexes Pt(Me2PS2)(PPh3)
(∆G‡ = 56 kJ/mol),[60,62] Pt(Me2PS2)(PPh2C6F5) (∆G‡ =
55 kJ/mol)[62] and Pt{(OEt)2PS2}(PPh3) (∆G‡ = 52 kJ/
mol).[60,61]

Figure 4. 31P EXSY spectrum of 6 in C6D6.

Yellow crystals of 6 suitable for single-crystal X-ray dif-
fraction were deposited upon slow concentration of a tolu-
ene solution. Complex 6 crystallises in the monoclinic space
group P21/c with one complex molecule in the asymmetric
unit. The molecular structure, depicted in Figure 5, is char-
acterised by a distorted square-planar geometry around the
Pt atom. The Pt atom is bound to two PCy2S2

– ligands, one
of which is chelating whereas the other one is unidentate.
The Pt–S(1) [2.3419(16) Å] and Pt–S(3) [2.3024(15) Å] bond
lengths are shorter than Pt–S(2) [2.4134(15) Å], as expected
on the basis of the different trans influences of P and S. The
structure of 6 resembles that found for the related complex
Pt[(OEt)2PS2]2(PPh3).[61] Both complexes show one uncoor-
dinated sulfur atom at a Pt···S distance of more than 4 Å.
The interaction between H(3) and the sulfur atom S(4) not
coordinated to Pt is certainly weak: the interatomic distance
amounts to 2.91 Å, to be compared with several intra- and

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2634–26412638

intermolecular C–H···S contacts in the range between 2.8
and 3.0 Å. Selected bond lengths and angles are listed in
Table 3.

Figure 5. Displacement ellipsoid plot of 6.[63] Ellipsoids are scaled
to 50% probability. Only the phosphorus-bonded hydrogen atom
is shown with arbitrary radius; the other H atoms are omitted for
clarity.

Table 3. Selected bond lengths [Å] and angles [°] for 6.

Pt(1)–P(3) 2.2136(15)
Pt(1)–S(3) 2.3024(15)
Pt(1)–S(1) 2.3419(16)
Pt(1)–S(2) 2.4134(15)
S(1)–P(1) 2.024(2)
S(2)–P(1) 2.017(2)
S(3)–P(2) 2.062(2)
S(4)–P(2) 1.964(2)

P(3)–Pt(1)–S(3) 91.20(5)
P(3)–Pt(1)–S(1) 93.89(5)
S(3)–Pt(1)–S(1) 173.92(5)
P(3)–Pt(1)–S(2) 176.44(6)
S(3)–Pt(1)–S(2) 90.58(5)
S(1)–Pt(1)–S(2) 84.16(5)
P(1)–S(1)–Pt(1) 86.17(7)
P(1)–S(2)–Pt(1) 84.44(7)
P(2)–S(3)–Pt(1) 108.61(8)
P(3)–H(3)–S(4) 136

Conclusion

We have demonstrated that the sulfuration of complex 1
occurs stepwise, and involves first the terminal phosphide
giving rise to the formation of complexes 2, 3 and 4 and
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subsequently one of the coordinated PHCy2 ligands with
formation of products 5 and 6.

Experimental Section
General: All manipulations were carried out under pure argon,
using freshly distilled and oxygen-free solvents. Dicyclohexylphos-
phane (Strem) and PtCl2 (Acros) were used as received. Complexes
2 and 7 were prepared as described elsewhere.[54] Melting points
were determined with Gallenkamp equipment and are uncorrected.
C, H and S elemental analyses were carried out with a Eurovector
CHNS-O Elemental Analyser. Cl elemental analysis was performed
by potentiometric titration using a Metrohm DMS Titrino. Infra-
red spectra were recorded with a Bruker Vector 22 spectrometer.
All the ESI-MS spectra were recorded with an Agilent LC-MS SL
series instrument adopting the following general conditions: elec-
trospray, positive ions, flow rate 0.200 mL/min, drying gas flow
4.0 L/min, nebuliser pressure 25 psi, drying gas temperature 300 °C,
capillary voltage 4000 V, mass range m/z = 400–1400. CH2Cl2 solu-
tions of the complexes were infused with a Cole-Parmer syringe
pump. The isotopic pattern was calculated by the Isotope Pattern
Viewer software available free of charge from the www.surfacespec-
tra.com Web site. NMR spectra were recorded with a BRUKER
Avance DRX400 spectrometer; frequencies are referenced to Me4Si
(1H and 13C), 85% H3PO4 (31P), H2PtCl6 (195Pt) and aqueous 1 

NaCl (35Cl). The reported temperatures of variable-temperature
NMR experiments were calibrated from the chemical shift differ-
ence of the signals in the 1H NMR spectrum of a standard sample
of methanol. The uncertainty in the ∆G‡

Tc value (±1 kJ/mol) was
estimated on the basis of the assumption that there is an error of
5 °C in the determination of the coalescence temperature. 2D 31P
EXSY spectra were recorded with a gradient-selected NOESY
pulse program from Bruker (noesygpph) with a mixing time of 10
or 50 ms and a relaxation delay of 1.0 s. The spectra were phased
to give positive peaks along the diagonal.

trans-[Pt(PHCy2)2(PCy2)Cl] (1):[52] DBU (131 µL, 0.86 mmol) was
added to a suspension of 7 (0.74 g, 0.86 mmol in 15 mL of toluene)
and the mixture stirred at room temperature for 5 min. The re-
sulting yellow suspension was filtered and pure 1 was obtained as
a yellow solid after solvent evaporation (0.63 g, 0.77 mmol, 89%).

Isomerisation of trans-[Pt(PHCy2)2{P(S)Cy2}Cl] (2) into cis-
[Pt(PHCy2)2{P(S)Cy2}Cl] (3): A dichloromethane solution of 2 was
stirred at room temperature for 1 h. Pure 3 was obtained after evap-
oration of the solvent under reduced pressure. The complex is very
soluble in halogenated solvents, fairly soluble in toluene, and
scarcely soluble in hexane. C36H68ClP3PtS (856.44): calcd. C 50.49,
H 8.00, Cl 4.14, S 3.74; found C 50.92, H 7.85, Cl 4.35, S 3.72.
LC-MS: exact mass calcd. for C36H68ClP3PtS: 855.36 amu; found
856 [M + H]+. M.p. 186 °C (dec.). IR (Nujol mull): ν̃max = 2272
(w, PH), 1344 (w), 1297 (m), 1268 (m), 1201 (m), 1176 (m), 1115
(m), 1074 (w), 1005 (s), 918 (m), 895 (m), 870 (m), 848 (m), 819
(w), 736 (s), 577 (s, P=S), 511 (m), 411 (w), 400 (w), 388 (w), 298
(m, Pt–Cl), 227 (m) cm–1. 1H NMR (400 MHz, CDCl3, 295 K): δ
= 5.39 (m, 1JP,H = 383 Hz, PH trans Cl), 5.22 [m, 1JP,H = 373, 2JH,Pt

= 67 Hz, PH trans P(S)] ppm. 31P{1H} NMR (162 MHz, CDCl3,
295 K): δ = 67.4 [dd, 1JP,Pt = 1733, 2JP,P = 252, 2JP,P = 16 Hz, P(S)],
11.6 (br. s, 1JP,Pt = 3540, P trans Cl), 10.9 [dd, 1JP,Pt = 2822, 2JP,P

= 252, 2JP,P = 14 Hz, P trans P(S)] ppm. 195Pt{1H} NMR (86 MHz,
CDCl3, 295 K): δ = –5329 (ddd, 1JP,Pt = 3540, 1JP,Pt = 2822, 1JP,Pt

= 1733 Hz) ppm.

[Pt(κ2S,S�-PS2Cy2)(PHCy2)2]Cl (4): A dichloromethane solution of
sulfur (9.0 mg, in 2 mL) was slowly added to a stirred CH2Cl2 solu-
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tion of 3 (0.230 g, 0.268 mmol in 5 mL) at room temperature. After
2 h, the solvent was removed under reduced pressure and the resi-
due was treated with toluene (5 mL). Addition of n-hexane caused
the precipitation of 4 as a yellow solid, which was isolated by fil-
tration, washed with n-hexane and dried under vacuum. Yield:
0.170 g (71%). The complex was very soluble in halogenated sol-
vents and toluene and scarcely soluble in n-hexane. C36H68ClP3PtS2

(888.51): calcd. C 48.66, H 7.71, Cl 3.99, S 7.22; found 48.45, H
7.83, Cl 4.05, S 6.95. LC-MS: exact mass calcd. for the cationic
C36H68P3PtS2: 852.36 amu; found 852. M.p. 214 °C (dec.). IR (Nu-
jol mull): ν̃max = 2274 (w, P–H), 1345 (w), 1296 (m), 1268 (m), 1201
(w), 1172 (m), 1120 (m), 1074 (w), 1005 (s), 918 (s), 888 (m), 850
(m), 820 (m), 752 (w), 727 (m), 591 (m, νPS2), 553 (s, νPS2), 515
(m), 466 (s), 406 (m) cm–1. 1H NMR (400 MHz, CDCl3, 295 K): δ
= 4.19 (m, 1JP,H = 402, 2JPt,H = 88 Hz, PH) ppm. 31P{1H} NMR
(162 MHz, CDCl3, 295 K): δ = 136.6 (s, 2JP,Pt = 151 Hz, PS2Cy2),
2.0 (s, 1JP,Pt = 3048 Hz, PHCy2) ppm. 35Cl NMR (39 MHz,
CD2Cl2, 295 K): δ = –18 (br.) ppm. 195Pt{1H} NMR (86 MHz,
CDCl3, 295 K): δ = –4596 (td, 1JP–Pt = 3048, 2JP–Pt = 151 Hz) ppm.

[Pt(κ2S,S�-PS2Cy2){κP-P(S)Cy2}(PHCy2)] (5): DBU (30 µL,
0.202 mmol) was added to a stirred dichloromethane solution
(5 mL) containing 4 (0.180 g, 0.202 mmol) and sulfur (7.5 mg). Af-
ter 10 min, the solvent was removed under reduced pressure and
the residue was treated with toluene (5 mL). The resulting suspen-
sion was filtered and 5 was obtained as a white solid (0.16 g, 89%
yield) after evaporation of the filtrate under reduced pressure. The
complex is very soluble in toluene and halogenated solvents, and
scarcely soluble in hexane and methanol. C36H67P3PtS3 (884.11):
calcd. C 48.91, H 7.64, S 10.88; found C 48.67, H 7.54, S 11.08.
LC-MS: exact mass calcd. for C36H67P3PtS3: 883.33 amu; found
884 [M + H]+. M.p. 248–250°°C. IR (Nujol mull): ν̃max = 2366 (w,
PH), 1342 (w), 1328 (w), 1296 (m), 1175 (m), 1111 (m), 1075 (m),
1025 (s), 1002 (s), 889 (m), 848 (s), 817 (m), 756 (m), 736 (s), 597
(s, νP=S and νPS2), 556 (s, νPS2), 510 (m), 467 (w), 403 (m), 400
(m), 352 (w), 316 (m) cm–1. 1H NMR (400 MHz, C6D6, 295 K): δ
= 5.24 (br. d, 1JP,H = 424, 2JPt,H = 72 Hz) ppm. 31P{1H} NMR
(162 MHz, C6D6, 295 K): δ = 127.2 (br., 2JP,Pt = 137 Hz, PS2Cy2),
48.4 [br., 1JP,Pt = 2977 Hz, P(S)Cy2], 38.9 (br., 1JP,Pt = 3977 Hz,
PHCy2) ppm. 195Pt{1H} NMR (86 MHz, C6D6, 295 K): δ = –4522
(ddd, 1JP,Pt = 3977, 1JP,Pt = 2977, 2JP,Pt = 137 Hz) ppm.

[Pt(κ2S,S�-PCy2S2)(κS-PCy2S2)(PHCy2)] (6): A toluene solution of
PHCy2 (0.180 mmol in 2 mL) was slowly added to an orange tolu-
ene suspension of 8 (0.133 g, 0.184 mmol in 5 mL). After 10 min,
the obtained yellow suspension was filtered, the filtrate was concen-
trated to dryness and the resulting yellow solid was washed with n-
hexane (3×2 mL). Yield: 0.128 g, 76%. Complex 6 is very soluble
in halogenated solvents, slightly soluble in toluene and scarcely sol-
uble in n-hexane. C36H67P3PtS4 (916.18): calcd. C 47.19, H 7.37, S
14.0; found C 47.25, H 7.45, S 14.4. LC-MS: exact mass calcd. for
C48H90OP4Pt2: 915.30 amu; found 916 [M + H]+, 718 [M – PHCy2

+ H]+. M.p. 208–210 °C. IR (Nujol mull): ν̃max = 2367 (w, P–H),
1297 (w), 1267 (w), 1178 (m), 1113 (m), 1075 (w), 999 (m), 919 (w),
885 (m), 849 (m), 819 (m), 748 (m), 620 (s, ν of unidentate PS2),
598 (m, ν of bidentate PS2), 559 (s, ν of bidentate PS2), 527 (m, ν
of unidentate PS2), 473 (w), 356 (w), 310 (w) cm–1. 1H NMR
(400 MHz, C6D6, 295 K): δ = 5.94 (br. m, 1JP,H = 417 Hz, PH)
ppm. 31P{1H} NMR (162 MHz, C6D6, 295 K): δ = 124.8 (br. s,
2JP,Pt = 195 Hz, κ2S,S�-PCy2S2), 81.8 (br. s, κS-PCy2S2), 2.5 (s,
1JP,Pt = 3551 Hz, PHCy2) ppm. 195Pt{1H} NMR (86 MHz, CDCl3,
265 K): δ = –4052 (ddd, 1JP,Pt = 3551, 2JP,Pt = 184, 2JP,Pt = 116 Hz)
ppm.

Pt(κ2S,S�-PCy2S2)2 (8): Dicyclohexylphosphane sulfide,[64] pre-
pared by addition of 1 equiv. of elemental sulfur to a toluene solu-
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tion of PHCy2 at room temperature, was converted into P(Cy)2-
S2Na by further reaction with 1 equiv. of sulfur and subsequent
deprotonation by NaH. NaP(Cy2S2) (0.193 g, 0.678 mmol)[65] was
then poured into an ethanol suspension of K2PtCl4 (0.141 g,
0,339 mmol in 5 mL) and the mixture was vigorously stirred at
room temperaturefor 24 h. Complex 8 was isolated by filtration as
a pale orange solid, washed with n-hexane (4×2 mL) and dried
under vacuum. Yield: 0.181 g, 74%. The complex is fairly soluble
in halogenated solvents and insoluble in hexane and ethanol.
C24H44P2PtS4 (717.90): calcd. C 40.15, H 6.18, S 17.87; found C
40.65, H 6.31, S 18.05. LC-MS: exact mass calcd. for C24H44P2PtS4:
717.14 amu; found 718 [M + H]+. M.p. 279 °C (dec.). IR (Nujol
mull): ν̃max = 1266 (w), 1180 (m), 1113 (w), 1078 (w), 1023 (w),
1001 (m), 887 (m), 850 (w), 818 (w), 742 (m), 595 (m, ν of bidentate
PS2), 561 (s, ν of bidentate PS2), 524 (w), 401 (w), 298 (m) cm–1.
31P{1H} NMR (162 MHz, CDCl3 295 K): δ = 134.5 (s, 2JP,Pt =
279 Hz) ppm. 195Pt{1H} NMR (86 MHz, CDCl3, 295 K): δ =
–3025 (t, 2JP,Pt = 279 Hz) ppm.

X-ray Data Collection, Structure Solution and Refinement of 6:
Crystal data, parameters for intensity data collection and conver-
gence results are compiled in Table 4. A pale yellow platelet of ap-
proximate dimensions 0.30×0.20×0.20 mm was studied at 110 K
with a BRUKER-AXS SMART APEX diffractometer. An empiri-
cal absorption correction (min. trans. 0.40, max. trans. 0.52) was
applied before averaging symmetry-equivalent data [R(int) =
0.0815]. After merging, 11370 independent reflections remained for
the structure solution by direct methods.[66] The structure model
was completed by Fourier difference syntheses and refined with
full-matrix least squares on F2.[67] CCDC-299582 contains the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 4. Crystal data and structure refinement for 6.

Empirical formula C36H67P3PtS4

Formula mass 916.14
Temperature [K] 110(2)
Wavelength [Å] 0.71073
Crystal system monoclinic
Space group P21/c
Unit cell dimensions:
a [Å] 15.731(2)
b [Å] 11.1000(16)
c [Å] 27.258(3)
β [°] 121.060(5)
V [Å3] 4077.2(9)
Z 4
Dcalcd. [Mg/m3] 1.492
Absorption coeff. [mm–1] 3.788
θ range for data coll. [°] 2.25–29.70
Reflections measured 51300
Independent reflections 11370
Observed reflections [I � 2σ(I)] 8705
Data/parameters 11370/397
Goodness-of-fit on F2 1.102
R[a] [I � 2σ(I)] 0.0581
wR2

[b] (all data) 0.1208
Largest diff. peak/hole [e/Å3] 1.934/–2.962

[a] R = ∑||Fo| – |Fc||/∑|Fo|. [b] wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.

Supporting Information (see footnote on the first page of this arti-
cle): 31P{1H} NMR spectra of 3, 4, 5 and 8, 195Pt{1H} NMR spec-
trum of 8, ESI-MS spectra of 3, 4, 5, 6 and 8.
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Four palladium chelate complexes with S- or Se-containing
substituted salicylaldehyde Schiff-base derivatives have
been synthesized. Spectroscopic and crystallographic data
indicate that, in the complexes, the deprotonated salicylalde-
hyde ligand is bound to the metal in an O,N,S (or Se)-ter-
dentate coordination mode, forming one six- and one five-

Introduction

Palladium-catalyzed carbon–carbon coupling reactions
have now become essential tools for the organic synthetic
chemist,[1] and one of the most important of these is the
Suzuki–Miyaura cross-coupling of aryl halides with organo-
boronic acids.[1,2] This reaction now represents a key pro-
cess for the synthesis of biaryls, which play an important
role as intermediates in organic synthesis and as functional
groups in natural products.[3] Intensive research efforts are
being made into finding ways of improving and expanding
the scope of this process, and one aspect that has received
particular attention is the development of new ligands. As a
consequence, a large number of phosphorus ligands,[4] and
phosphane-free ligands,[5] have been reported that are appli-
cable to the conventional thermal Suzuki–Miyaura reac-
tion.

We have previously reported several nitrogen- and/or sul-
fur-containing phosphorus ligands and their applications to
transition-metal homogeneous catalysis.[6] However, as ef-
ficient catalysis under phosphane-free conditions represents
a challenge of high current importance, our interest has fo-
cused on the development of new phosphane-free ligands
and recently, for the first time, we used thiosemicarbazones
as effective catalyst precursors for palladium-catalyzed
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membered chelate ring. The complexes are thermally and
air stable and efficiently catalyze the Suzuki–Miyaura cross-
coupling of aryl bromides with phenylboronic acid in air.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

coupling reactions under aerobic conditions.[7] In a previous
paper, we reported a synthetic route for the preparation of
chalcogen (S,Se,Te)-containing substituted salicylaldehyde
Schiff-base derivatives.[8] Taking into account the potential
of these Schiff bases as tridentate ligands,[9] in this paper
we report the synthesis of palladium complexes with S- or
Se-containing Schiff-base ligands, two crystal structures of
which were determined by X-ray analysis. These phos-
phane-free systems were applied to the Suzuki–Miyaura
coupling of aryl bromides with phenylboronic acid under
aerobic conditions.

Results and Discussion

Synthesis and Characterization of the Palladium Complexes
with S- or Se-Containing Schiff-Base Ligands

The synthesis of the palladium complexes 3a–d is out-
lined in Scheme 1. Chalcogen-containing Schiff bases 2-(1-
ethylpropyl)-6-({[2-(methylsulfanyl)ethyl]imino}methyl)-
benzenol (“emSib”, 2a), 2-({[2-(methylsulfanyl)ethyl]imino}-
methyl)benzenol (“mSib”, 2b), 2-(1-ethylpropyl)-6-({[2-
(methylselanyl)ethyl]imino}methyl)benzenol (“emSEib”,
2c), and 2-({[2-(methylselanyl)ethyl]imino}methyl)benzenol
(“mSEib”, 2d) were prepared by treatment of salicylalde-
hyde derivative 1a or salicylaldehyde 1b with 2-(methylsulf-
anyl)- or 2-(methylselanyl)ethylamine (or their hydrochlo-
rides), according to a procedure recently published by us.[8]

In the 1H NMR spectra of 2a–d, the signal of the phenolic
proton at δ = 13.30 ppm (2b,d) or 13.50 ppm (2a,c) is con-
sistent with hydrogen bonding between the hydroxy and the
nitrogen of the imine group.[10] The syntheses of the palla-
dium complexes 3a–d were achieved by the reaction of li-
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gands 2a–d with Li2PdCl4, prepared in situ from PdCl2 and
LiCl. Spectroscopic studies indicate that the ligands are
bound to palladium in an O,N,S (or Se)-terdentate coordi-
nation mode. In the 1H NMR spectra of 3a–d, the signal of
the phenolic proton is absent because of deprotonation and
complex formation. In the 1H and 13C{1H} NMR spectra
of 3a–d, the CH2N and XCH3 resonances are shifted to low
field compared to the corresponding resonances in the free
ligands, indicating Pd–N as well as Pd–X coordination
(Table 1).

Scheme 1. Synthesis of the palladium complexes [PdCl(emSib)]
(3a), [PdCl(mSib)] (3b), [PdCl(emSEib)] (3c), and [PdCl(mSEib)]
(3d).

Yellow-orange crystals of complexes 3a and 3c suitable
for X-ray determination were obtained by slow diffusion of
diethyl ether through a diluted solution of the complexes in
dichloromethane. The two complexes are isostructural and,
for that reason, only the structure of 3c is presented here.
As shown in Figure 1, the monoanionic ligand is coordi-

Figure 1. Labeled ORTEP diagram of 3c with 50% thermal prob-
ability ellipsoids (hydrogen atoms have been omitted for clarity).

Table 1. Comparative NMR spectroscopic data of the ligands 2a–d and their corresponding palladium complexes 3a–d for the groups
CH2N and XCH3 (X = S or Se).

Ligand/complex CH2N XCH3 (X = S or Se)
1H NMR [ppm] 13C NMR [ppm] 1H NMR [ppm] 13C NMR [ppm]

2a[8]/3a 3.79/4.04–3.81 58.7/63.4 2.14/2.65 15.8/21.0
2b/3b 3.78/4.28–3.95 58.8/63.6 2.12/2.53 15.9/19.6

2c[8]/3c 3.86/4.30–4.05 59.7/65.6 2.01/2.52 4.5/12.7
2d/3d 3.87/4.40–4.21 59.7/65.6 2.02/2.45 4.7/11.6
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nated to palladium in a terdentate fashion by the phenoxy
oxygen, the azomethine nitrogen and the selenium atom,
forming one six- and one five-membered chelate ring. In
both complexes, the coordination geometry at the metal
center can be regarded as slightly distorted square-planar,
and the four Pd–heteroatom distances have normal values,
according to the selected data presented in Table 2.

Table 2. Selected bond lengths [Å] and angles [°] in complexes 3a
and 3c.

3a 3c

Pd–N(1) 1.971(3) Pd–N(1) 1.985(4)
Pd–O(1) 2.002(3) Pd–O(1) 2.017(4)
Pd–S 2.257(2) Pd–Se 2.365(1)
Pd–Cl 2.322(1) Pd–Cl 2.323(2)
N(1)–Pd–O(1) 92.3(1) N(1)–Pd–O(1) 92.3(2)
N(1)–Pd–S 87.5(1) N(1)–Pd–Se 88.0(1)
O(1)–Pd–S 177.9(1) O(1)–Pd–Se 177.0(1)
N(1)–Pd–Cl 177.4(1) N(1)–Pd–Cl 177.1(1)
O(1)–Pd–Cl 89.9(1) O(1)–Pd–Cl 90.3(1)
S–Pd–Cl 90.3(1) Cl–Pd–Se 89.5(1)

Suzuki–Miyaura Coupling Reactions Catalyzed by
Palladium Complexes with S- or Se-Containing Schiff-Base
Ligands under Aerobic Conditions

Complexes 3a–d were applied to the Suzuki–Miyaura re-
action of phenylboronic acid with some representative aryl
bromides (from electron-rich to electron-poor) at 100 °C for
24 h, in DMF, using K2CO3 as base, without addition of
free ligand or any promoting additive (Scheme 2, Table 3).
All reactions were performed in air. As it is known that
addition of water enhances the activity of the catalyst,[4b,7b]

catalysis was performed in the presence of a small amount
of water (close to 1 equiv. with respect to the substrates).
Catalysts seem to be air stable at 100 °C, and palladium-
black, which could indicate the degradation of the catalysts,
was not observed. The reaction was performed using a
1:1000 catalyst/aryl halide molar ratio. As expected, the
catalytic activity depended on the halide, while electron-
withdrawing groups on the aryl ring increased the reaction
rate. According to the GC and GC–MS analysis of the reac-
tion mixtures resulting from the coupling of 4-substituted
aryl halides, homocoupling of phenylboronic acid to give
unsubstituted biphenyl was observed in a low yield (3–4%)
only for the substrate with an electron-donating group. For
the deactivated 4-bromoanisole, the reaction proceeded
with conversions to the coupled product, MeO–C6H4–Ph,
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in the range 21–25% (entries 1–4), and for the nonactivated
bromobenzene in the range 40–45% (entries 5–8). The nar-
row ranges for the yields for entries 1–4 and also 5–8 do not
permit conclusions to be drawn concerning the influence of
the bulky substituent CHEt2 on the salicylaldehyde moiety
or on the effect of replacing sulfur with selenium on the
catalytic activity of the complexes. For the activated 4-bro-
mobenzonitrile (entries 9–12) and 1-bromo-4-nitrobenzene
(entries 13–16), the reaction proceeded with high or even
quantitative yield. The results in these entries provide evi-
dence that the presence of the CHEt2 group on the aryl
ring, situated away from the coordination sphere around
the metal, does not significantly influence the activity of the
complex. This observation is not in contrast with that
broadly accepted concerning the increased reactivity of a
ligand by the presence of a bulky electron-donating group,
thereby making the ligand more electron-rich, because in
our systems the ligand is in an anionic form. On the other
hand, the presence of a selenium donor in the complex was
found to promote its catalytic activity slightly compared to
the sulfur analogue. For comparison purposes, coupling of
4-bromobenzonitrile with phenylboronic acid was also
achieved by using Li2PdCl4 or Pd(OAc)2 as catalysts under
the same reaction conditions as those described above. The
reactions proceeded with 95% (Li2PdCl4 as catalyst) and
92% [Pd(OAc)2 as catalyst] yields of coupling product, but,
in contrast to complexes 3a–d, unsubstituted biphenyl was

Scheme 2. Suzuki–Miyaura cross-coupling of aryl bromides with
phenylboronic acid catalyzed by palladium complexes 3a–d, in air.

Table 3. Suzuki–Miyaura cross-coupling of aryl bromides with
phenylboronic acid catalyzed by palladium complexes 3a–d, in air.

Entry[a] Catalyst R� Conversion[b] (%)

1 3a OMe 21 (3)[c]

2 3b OMe 25 (4)[c]

3 3c OMe 23 (4)[c]

4 3d OMe 25 (4)[c]

5 3a H 45
6 3b H 40
7 3c H 40
8 3d H 42
9 3a CN 79
10 3b CN 80
11 3c CN 96
12 3d CN 96
13 3a NO2 90
14 3b NO2 94
15 3c NO2 100
16 3d NO2 100

[a] Reaction conditions: ArBr (2.0 mmol), PhB(OH)2 (3.0 mmol),
K2CO3 (4.0 mmol), H2O (3.3 mmol), Pd complex in DMF (0.5 m,
4 mL), 100 °C, 24 h; ArBr/Pd = 1000:1. [b] Conversion to coupled
product R�-C6H4–Ph, based on aryl bromide (GC, decane as in-
ternal standard). [c] Conversion to unsubstituted biphenyl because
of homocoupling of phenylboronic acid.
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also observed (5% and 8%, respectively) because of homo-
coupling of phenylboronic acid. Although it is known that
these simple palladium compounds may produce nanopar-
ticles under these reaction conditions,[11] it remains to be
established whether this is the case for the complexes re-
ported here.

Conclusions

We have shown that new palladium chelate complexes
with S- or Se-containing substituted salicylaldehyde Schiff-
base derivatives, in which the ligand is bound to the metal
in an O,N,S (or Se)-terdentate coordination mode, can serve
as efficient catalysts for the Suzuki–Miyaura cross-coupling
of aryl bromides with phenylboronic acid under mild reac-
tion conditions. Se-containing ligands are slightly more
active than the S-containing analogues. Although the ac-
tivity is not as high as some other palladium systems, these
phosphane-free catalysts are thermally and air stable, and
offer the advantage of the successful coupling of aryl bro-
mides and the synthesis of biaryls under aerobic conditions.

Experimental Section
General: 3-(1-Ethylpropyl)-2-hydroxybenzenecarbaldehyde (1a),[12]

2-(methylsulfanyl)ethylamine,[13] and 2-(methylselanyl)ethylamine[8]

were prepared by known procedures. Syntheses of ligands emSib
(2a) and emSEib (2c) have been described by us elsewhere.[8] Li-
gands mSib (2b) and mSEib (2d) were prepared according to the
same procedure. All other chemicals were commercially available.
Coupling reactions were performed on a Radleys Carousel Reac-
torTM with 12 tubes of about 45 mL in two stacked aluminum
blocks. The lower block was placed on a heater–stirrer and main-
tained at a constant temperature by means of a thermostat, while
water circulated in the upper block, which served to cool the tops
of the tubes. NMR measurements were made using a Bruker AC
300 (300.13 MHz and 75.47 MHz for 1H and 13C{1H}, respec-
tively). Distinction of the CH, CH2, and CH3 carbons in the
13C{1H} NMR spectra was performed by DEPT NMR experi-
ments. Gas chromatography was undertaken using a Varian Star
3400 CX with a 30 m×0.53 mm DB5 column. Electron impact gas
chromatography–mass spectrometry was carried out using a Varian
Saturn 2000 with a 30 m×0.25 mm DB5-MS column. Elemental
analyses for C, H, N were carried out on a Perkin–Elmer PE 2400
II instrument.

2-({[2-(Methylsulfanyl)ethyl]imino}methyl)benzenol (“mSib”, 2b):[14]

Reaction of salicylaldehyde 1b (2.01 g, 16.48 mmol) with 2-(methyl-
sulfanyl)ethylamine (1.50 g, 16.48 mmol) in MeOH (15 mL) yielded
2b (3.09 g, 96%). 1H NMR (300.13 MHz, CDCl3): δ = 13.31 (s, 1
H, OH), 8.35 (s, 1 H, CH=N), 7.30 (m, 2 H, ArH), 6.95 (d, 3J =
8.5 Hz, 1 H, ArH), 6.87 (t, 3J = 7.3 Hz, 1 H, ArH), 3.78 (t, 3J =
6.7 Hz, 2 H, CH2N), 2.81 (t, 3J = 6.7 Hz, 2 H, CH2S), 2.12 (s, 3
H, SCH3) ppm. 13C{1H} NMR (75.47 MHz, CDCl3): δ = 165.9
(CH=N), 161.0 (C-OH), 132.3, 131.3, 118.5, and 116.9 (ArC), 58.8
(CH2N), 34.9 (CH2S), 15.9 (SCH3) ppm.

2-({[2-(Methylselanyl)ethyl]imino}methyl)benzenol (“mSEib”,
2d):[15] Reaction of salicylaldehyde 1b (1.05 g, 8.61 mmol) with 2-
(methylselanyl)ethylamine (1.19 g, 8.62 mmol) in MeOH (10 mL)
yielded 2d (1.98 g, 95%). 1H NMR (300.13 MHz, CDCl3): δ =
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13.30 (s, 1 H, OH), 8.37 (s, 1 H, CH=N), 7.30 (m, 2 H, ArH), 6.96
(d, 3J = 8.5 Hz, 1 H, ArH), 6.88 (t, 3J = 7.3 Hz, 1 H, ArH), 3.87
(t, 3J = 6.7 Hz, 2 H, CH2N), 2.84 (t, 3J = 6.7 Hz, 2 H, CH2Se),
2.02 (s, 3 H, SeCH3) ppm. 13C{1H} NMR (75.47 MHz, CDCl3): δ
= 165.5 (CH=N), 161.1 (C-OH), 132.3, 131.4, 118.6, and 117.0
(ArC), 59.7 (CH2N), 25.9 (CH2Se), 4.7 (SeCH3) ppm.

Typical Procedure for the Preparation of the Palladium Complexes
3a–d: PdCl2 (0.10 g, 0.56 mmol) was stirred with LiCl (0.075 g,
1.76 mmol) in MeOH (10 mL). Ligand 2a (0.15 g, 0.56 mmol) was
added to the dark brown-red solution formed, yielding a yellow-
orange suspension after stirring at room temperature overnight.
The reaction mixture was allowed to settle and an orange solid was
isolated by filtration in air, washed with small amounts of methanol
and diethyl ether, and recrystallized from dichloromethane/ether
yielding 3a.

[PdCl(emSib)] (3a): Reaction of ligand 2a with Li2PdCl4, prepared
in situ from PdCl2 and LiCl in MeOH, in the quantities indicated
above, yielded 3a (0.18 g, 79%). 1H NMR (300.13 MHz, CDCl3):
δ = 7.37 (s, 1 H, CH=N), 7.16 (d, 3J = 7.5 Hz, 1 H, ArH), 6.84 (d,
3J = 7.5 Hz, 1 H, ArH), 6.54–6.49 (m, 1 H, ArH), 4.04–3.96 and
3.90–3.81 (m, m, 2 H, CH2N), 3.13–3.07 and 3.03–2.95 (m, m, 2 H,
CH2S), 2.65 (s, 3 H, SCH3), 2.58–2.50 [m, 1 H, CH(CH2CH3)2],
1.73–1.54 [m, 4 H, CH(CH2CH3)2], 0.81–0.75 [m, 6 H,
CH(CH2CH3)2] ppm. 13C{1H} NMR (75.47 MHz, CDCl3): δ =
163.02 (ArC), 160.50 (CH=N), 135.91, 133.61, 132.06, 118.38, and
115.07 (ArC), 63.35 (CH2N), 41.87 [CH(CH2CH3)2], 37.60 (CH2S),
26.99 and 26.79 [CH(CH2CH3)2], 20.97 (SCH3), 12.24 and 12.07
[CH(CH2CH3)2] ppm. C15H22ClNOPdS (406.28): calcd. C 44.35,
H 5.46, N 3.45; found C 44.56, H 5.53, N 3.77.

[PdCl(mSib)] (3b): Reaction of ligand 2b (0.12 g, 0.62 mmol) with
Li2PdCl4, prepared in situ from PdCl2 (0.10 g, 0.56 mmol) and LiCl
(0.075 g, 1.76 mmol) in MeOH (10 mL), yielded 3b (0.15 g, 79%).
1H NMR (300.13 MHz, [D6]DMSO): δ = 8.19 (s, 1 H, CH=N),
7.39–7.29 (m, 2 H, ArH), 6.80 (d, 3J = 8.5 Hz, 1 H, ArH), 6.61–
6.56 (m, 1 H, ArH), 4.28–4.19 and 4.03–3.95 (m, m, 2 H, CH2N),
2.98–2.89 and 2.74–2.66 (m, m, 2 H, CH2S), 2.53 (s, 3 H, SCH3)
ppm. 13C{1H} NMR (75.47 MHz, [D6]DMSO): δ = 163.43 (ArC),
160.78 (CH=N), 135.32, 134.93, 119.60, 119.47, and 114.94 (ArC),
63.60 (CH2N), 36.33 (CH2S), 19.57 (SCH3) ppm. C10H12ClNOPdS
(336.14): calcd. C 35.73, H 3.60, N 4.17; found C 36.15, H 3.96, N
4.59.

[PdCl(emSEib)] (3c): Reaction of ligand 2c (0.18 g, 0.58 mmol) with
Li2PdCl4, prepared in situ from PdCl2 (0.10 g, 0.56 mmol) and LiCl
(0.075 g, 1.76 mmol) in MeOH (10 mL), yielded 3c (0.17 g, 68%).
1H NMR (300.13 MHz, CDCl3): δ = 7.34 (s, 1 H, CH=N), 7.16 (d,
3J = 7.5 Hz, 1 H, ArH), 6.84 (d, 3J = 7.5 Hz, 1 H, ArH), 6.54–6.49
(m, 1 H, ArH), 4.30–4.20 and 4.14–4.05 (m, m, 2 H, CH2N), 3.16–
3.01 (m, 2 H, CH2Se), 2.52 (s, 3 H, SeCH3), 2.50–2.44 [m, 1 H,
CH(CH2CH3)2], 1.69–1.58 [m, 4 H, CH(CH2CH3)2], 0.83–0.76 [m,
6 H, CH(CH2CH3)2] ppm. 13C{1H} NMR (75.47 MHz, CDCl3): δ
= 163.08 (ArC), 160.82 (CH=N), 135.52, 133.32, 132.25, 118.51,
and 114.78 (ArC), 65.61 (CH2N), 41.64 [CH(CH2CH3)2], 28.99
(CH2Se), 26.95 and 26.70 [CH(CH2CH3)2], 12.66 (SeCH3), 12.24
and 12.07 [CH(CH2CH3)2] ppm. C15H22ClNOPdSe (453.18): calcd.
C 39.76, H 4.89, N 3.09; found C 39.58, H 5.01, N 3.38.

[PdCl(mSEib)] (3d): Reaction of ligand 2d (0.15 g, 0.62 mmol) with
Li2PdCl4, prepared in situ from PdCl2 (0.10 g, 0.56 mmol) and LiCl
(0.075 g, 1.76 mmol) in MeOH (10 mL), yielded 3d (0.12 g, 56%).
1H NMR (300.13 MHz, [D6]DMSO): δ = 8.13 (s, 1 H, CH=N),
7.36–7.28 (m, 2 H, ArH), 6.79 (d, 3J = 8.0 Hz, 1 H, ArH), 6.59–
6.54 (m, 1 H, ArH), 4.40–4.21 (m, 2 H, CH2N), 2.94–2.85 and
2.73–2.66 (m, m, 2 H, CH2Se), 2.45 (s, 3 H, SeCH3) ppm. 13C{1H}
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NMR (75.47 MHz, [D6]DMSO): δ = 163.76 (ArC), 161.04
(CH=N), 135.16, 134.93, 119.44, and 114.58 (Ar), 65.57 (CH2N),
28.53 (CH2Se), 11.58 (SeCH3) ppm. C10H12ClNOPdSe (383.03):
calcd. C 31.36, H 3.16, N 3.66; found C 30.98, H 2.90, N 4.07.

General Procedure for the Suzuki–Miyaura Cross-Coupling Reac-
tions: A mixture of aryl bromide (2.0 mmol), PhB(OH)2 (0.366 g,
3.0 mmol), K2CO3 (0.553 g, 4.0 mmol), water (60 µL, 3.3 mmol),
and a stock solution of palladium complex 3a–d in DMF (0.5 m,
4 mL, 2×10–3 mmol) was heated at 100 °C for 24 h, and then
cooled to room temperature. After addition of water and extraction
with dichloromethane, the organic phase was washed with brine,
dried with Na2SO4, filtered, passed through Celite, and analyzed
by GC and GC–MS. All the biaryls prepared were known com-
pounds.[4b]

X-ray Crystallographic Study of 3a and 3c: Slow crystallization from
CH2Cl2/Et2O yielded yellow-orange crystals of 3a
(0.20×0.25×0.55 mm) and 3c (0.10×0.20×0.50 mm), which were
mounted in air. Diffraction measurements were made on a Crystal
Logic Dual Goniometer diffractometer using graphite-monochro-
mated Mo radiation. Unit cell dimensions were determined and
refined by using the angular settings of 25 automatically centered
reflections in the range 11 � 2θ � 23° and they appear in Table 4.
Intensity data were recorded using a θ–2θ scan. Three standard
reflections monitored every 97 reflections showed less than 3%
variation and no decay. Lorentz, polarization, and absorption cor-
rections were applied using Crystal Logic software. The structures
were solved by direct methods using SHELXS-86[16] and refined by
full-matrix least-squares methods on F2 with SHELXL-97.[17] All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were located by difference maps and were refined isotropically (ex-
cept those on C13 and C15 in 3a, which were introduced at calcu-
lated positions as riding on bonded atoms). Crystal data and exper-
imental details for the crystals of compounds 3a and 3c are given
in Table 4.

Table 4. X-ray experimental data of compounds 3a and 3c.

3a 3c

Empirical formula C15H22ClNOPdS C15H22ClNOPdSe
Formula mass 406.25 453.15
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a [Å] 13.469(6) 13.404(7)
b [Å] 8.425(3) 8.468(5)
c [Å] 15.056(6) 15.204(9)
β [°] 94.54(2) 93.59(2)
V [Å3] 1703(1) 1722(2)
Z 4 4
Dcalcd. [g cm–3] 1.584 1.748
F(000) 824 896
µ [mm–1] 1.364 3.341
T [K] 298 298
λ [Å] 0.71073 0.71073
Radiation Mo-Kα Mo-Kα

θ limits 2.77/25.00 2.68/25.00
No. of data with I � 2σ(I) 2446 2176
No. of variables 245 269
R 0.0369 0.0397
Rw 0.0950 0.1043
Gof 1.034 1.051
Largest peak in final differ- 0.804/–0.710 1.419/–0.693
ence [eÅ–3]
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CCDC-298854 (for 3a) and -298855 (for 3c) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The heteroleptic osmium(II) complex [Os(L1)(Me-phtpy)]-
[PF6]2 (L1 = 1-[4�-p-tolyl-(2,2�:6�,2��-terpyridyl)]-1,4,8,11-
tetraazacyclotetradecane, Me-phtpy = 4�-p-tolyl-2,2�:6�,2��-
terpyridine) has been prepared, characterized and its poten-
tial use for chemical sensing purposes studied. The complex
contains a polyazacycloalkane as “binding site” and a
Os(tpy)2

2+ core that acts as a “signalling subunit”. The emis-
sion intensity of the osmium complex was quenched in aceto-
nitrile/water (1:1 v/v) by Cu2+ and Ni2+. Potentiometric ti-
trations of [Os(L1)(Me-phtpy)]2+ in the presence of Cu2+ were
carried out in order to determine thermodynamic binding
constants in acetonitrile/water (70:30 v/v, 0.1 mol·dm–3 tetra-
butylammonium perchlorate). With Cu2+ the receptor [Os(L1)-
(Me-phtpy)]2+ forms the complex {Cu[Os(L1)(Me-phtpy)]}4+

at neutral pH. Moreover it undergoes two stepwise proton-
ation processes at acid pH related to the partial protonation
of the cyclam core and forms two hydroxo complexes at basic

Introduction
The development of new chemosensors for the selective

sensing of cations and anions based on the covalent or non-
covalent coupling of binding sites and signalling subunits is
an area of interest. These programmed molecular systems,
when appropriately designed, are capable of transducing
guest binding processes into suitable signalling events such
as changes in colour, fluorescence or redox properties of the
formed molecular ensemble. Among different output sig-
nals, those based on changes in emission properties are es-
pecially attractive and a number of different fluorogenic
chemosensors have been described for anion[1] and cation[2]

sensing. Both all-organic and metal-based fluorogenic sub-
units have been widely used. Among metal-based lumines-
cent systems, the complexes of ruthenium and rhenium are
well known and have been used as signalling subunits in a
considerable number of reported chemosensors.[3] In fact,

[a] Instituto de Química Molecular Aplicada, Departamento de
Química, Universidad Politécnica de Valencia,
Camino de Vera s/n, 46022 Valencia, Spain
E-mail: rmaez@qim.upv.es

[b] National Centre for Sensor Research, Dublin City University,
Dublin 9, Ireland

Eur. J. Inorg. Chem. 2006, 2647–2655 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2647

pH. The Ni2+ complexes of the osmium receptor [Os(L1)(Me-
phtpy)]2+ are able to act as an anion fluorogenic chemosensor
in acetonitrile/water mixtures. A displacement of the
quenching effect to more acidic pH in the Ni2+–[Os(L1)(Me-
phtpy)]2+ system was observed for anions in the order ATP �

AMP � chloride. A prospective study of the use of the [Os(L1)-
(Me-phtpy)]2+ complex as a fluorogenic sensor for oxygen
was also carried out by incorporation of the complex in sol-
gel silica films made with TEOS and MTEOS. Significant
quenching of the osmium fluorescence by oxygen was ob-
served. The oxygen response of the films showed good sta-
bility and repeatability. The study suggested that the
Os(tpy)2

2+ core might act as suitable signalling scaffolding in
chemical sensing systems of cations, anions and gases.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the polypyridyl complexes of d6 metal cations, with their
strong metal-to-ligand charge transfer absorptions and
emitting excited states, are good candidates as signalling re-
porters. In this sense, the most widely used metal-based sig-
nalling framework has been the Ru(bpy)3

2+ core.[4] In con-
trast, the analogous Ru(tpy)2

2+ scaffolding has been used
as a signalling unit in very few cases.[5–10] Ru(tpy)2

2+ might
show certain advantages versus Ru(bpy)3

2+, that is, it is rel-
atively easy to functionalise the terpyridine core. The most
serious drawback in using the Ru(tpy)2

2+ scaffolding is its
usually very low quantum yield when compared with that
found for the Ru(bpy)3

2+ systems. In order to maintain the
use of the terpyridine framework but in an attempt to en-
hance the emission properties of the signalling unit at room
temperature, we have moved in this paper from ruthenium
to osmium as an alternative metal centre. Thus, for instance,
the quantum yield at room temperature of the Ru(tolyl-
tpy)2

2+ complex (tolyl-tpy = bis[4�-(p-tolyl)-2,2�:6�,2��-ter-
pyridine]) is 3.2×10–5, whereas that observed with osmium
as the metal centre, Os(tolyl-tpy)2

2+, is more than 500 times
larger (φ = 0.021).[11] Although the osmium–terpyridine
complexes have received less consideration than other
metal–terpyridine systems, their photophysical properties
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are well known because of comparative studies with the ru-
thenium analogues.[12]

Some of us have previously reported ruthenium bis-ter-
pyridine functionalised systems as chemosensors for metal
cations and anions.[6–10] However, and as far as we know,
there are very few examples of the use of the Os(tpy)2

2+

core as a signalling subunit for chemosensing purposes. As
part of our interest in the development of chemical sensors
for cations,[13] anions[14] and neutral guests,[15] we report
here a prospective use of the osmium–terpyridine scaffold-
ing as signalling reporter for the fluorogenic sensing of
metal cations, anions and gases.

Results and Discussion

Synthesis and Characterisation

The ligand L1 was synthesised following previously re-
ported procedures[7] by reaction of 4�-[(4-bromomethyl)-
phenyl]-2,2�:6�,2��-terpyridine with an excess of cyclam in
dichloromethane in the presence of NEt3 at 30 °C for 24 h.
Equimolar amounts of L1 and [Os(Me-phtpy)O2OH·-
(NO3)2] (Me-phtpy = 4�-p-tolyl-2,2�:6�,2��-terpyridine) were

Scheme 1.·L1 and synthesis of [Os(L1)(Me-phtpy)]2+.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2647–26552648

reacted in a THF/water (1:1 v/v) mixture in the presence of
hydrazine hydrate as reductant to yield a complex mixture
containing several Os–tpy derivatives. The desired hetero-
leptic derivative [Os(L1)(Me-phtpy)][PF6]2 was isolated
from the reaction mixture by column chromatography in
silica using a mixture of acetonitrile/water/saturated aque-
ous solution of KNO3 (85:10:5 v/v/v) as eluent and further
precipitation with ammonium hexafluorophosphate (see
Scheme 1). The high-resolution FAB mass spectrum of the
[Os(L1)(Me-phtpy)][PF6]2 complex showed peaks at m/z
1325, 1180 and 1033 corresponding to [Os(L1)(Me-
phtpy)][PF6]2, [Os(L1)(Me-phtpy)][PF6] and [Os(L1)(Me-
phtpy)] fragments, respectively. The high-resolution FAB
mass spectra also showed the expected isotopic distribution
of peaks corresponding to the Os(192), Os(190) and
Os(189) isotopes. The 1H NMR spectra of the osmium
complex were also in agreement with the proposed formula-
tion.

Fluorogenic Sensing of Metal Cations

The synthesised osmium() complex [Os(L1)(Me-
phtpy)]2+ contains a polyazacycloalkane as “binding site”
and an Os(tpy)2

2+ core able to act as a “signalling subunit”.
In the first step, the studies shown below were carried out
to identify the effect that the coordination of metal cations
on the cyclam fragment has on the emission properties of
the signalling osmium–terpyridine reporter. The electronic
spectrum of the [Os(L1)(Me-phtpy)]2+ complex is as ex-
pected for an Os(tpy)2

2+ chromophore[11] with two bands in
the visible region because of the spin-allowed d�π metal-
to-ligand charge transfer (MLCT) transition (λmax =
470 nm) and the spin-forbidden MLCT band (λmax =
670 nm).

The studies below were performed in acetonitrile–water
mixtures because of the insolubility in pure water of the
[Os(L1)(Me-phtpy)][PF6]2 complex in a wide pH range. Ex-
citation at 670 nm resulted in the emission at 740 nm. This
emission of the [Os(L1)(Me-phtpy)]2+ complex remains un-
altered within 5% in the 2–12 pH interval (see Figure 1).
This behaviour is similar to that found for some ruthenium–
terpyridine–polyamine analogues.[8] This indicates that in
these systems there are no pH-dependent PET processes
from the lone pair of the cyclam nitrogens to the photoex-
cited fluorophore as is usually found in polyazaalkanes
bearing polycyclic aromatic hydrocarbons as signalling
units.[2]

Steady-state fluorescence experiments as a function of
the pH in the presence of equimolar amounts of metal cat-
ions M2+ (M2+ = Cu2+, Zn2+, Cd2+, Hg2+, Pb2+ and Ni2+)
resulted in noticeable changes only in the presence of Cu2+

and Ni2+, whereas the emission intensity versus pH profile
stayed unaltered in the presence of the remaining cations.
The metal cation Cu2+ induced an important quenching of
the Os(tpy)2

2+ emission in the 3–12 pH range, whereas Ni2+

gave a similar quenching at basic pH (see Figure 1). This
behaviour is significantly different to that found for the
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Figure 1. Emission intensity of the system [Os(L1)(Me-phtpy)]2+–
M2+–H+ as a function of the pH in acetonitrile/water (70:30 v/v)
mixture, [{Os(L1)(Me-phtpy)}2+] = 10–4 mol·dm–3, in the presence
of 1 equiv. of metal cation (λex = 670 nm, λem = 740 nm).

analogous [Ru(L1)(Me-tpy)]2+ compound (Me-tpy = 4�-
methyl-2,2�:6�,2��-terpyridine),[9] for which quenching was
observed in a narrower pH window (5–9 pH range). In re-
cent years a certain number of fluorogenic molecular
probes for copper and nickel have been reported.[16–18]

When compared with them, the complex [Os(L1)(Me-
phtpy)]2+ shows some advantages; it displays fluorogenic
sensing properties in mixed aqueous solutions and shows
emission properties in the far end of the visible window
where usually few fluorescence interferences are found.

Additional time-resolved emission studies of the ligand
[Os(L1)(Me-phtpy)]2+ in the presence of Cu2+ were carried
out in acetonitrile and in acetonitrile/water (70:30 v/v) solu-
tions at neutral pH. In both cases the concentration of the
osmium complex was 3×10–5 . The ligand [Os(L1)(Me-
phtpy)]2+ shows a monoexponential decay in both acetoni-
trile and acetonitrile/water mixtures with lifetime values of
107 ns and 112 ns, respectively. In the presence of certain
amounts of Cu2+, a biexponential decay was observed. One
of the species has the same lifetime as [Os(L1)(Me-phtpy)]2+,
whereas the other showed significantly shorter lifetime
values of 22 and 28 ns respectively for acetonitrile and ace-
tonitrile/aqueous solutions. This second lifetime was as-
signed to the formation of Cu2+–[Os(L1)(Me-phtpy)]2+

complexes. In fact, when we compare the intensity of
steady-state fluorescence and the contribution of the 107 ns
component to the global decay, we observe that they follow
the same tendency (see Figure 2), which is in agreement
with the assignment of the 25 ns species to the copper com-
plex that induced the quenching of the fluorescence of the
Os(tpy)2

2+ core. Upon increasing amounts of Cu2+, in
water, the lifetime at 112 ns does not undergo significant
changes. On the contrary, when only acetonitrile is em-
ployed as solvent, the lifetime at 108 ns decreases to a value
lower than 95 ns in the presence of an excess of Cu2+. This
suggests that in acetonitrile the free Cu2+ displays some
kind of additional interaction with the fluorogenic group
that is avoided in the presence of water, probably because
of a stronger solvation of the metal. The curves in Figure 2
also reach an asymptotic behaviour between 1 and 2 equiv.,
suggesting the formation of [Os(L1)(Me-phtpy)]2+:Cu2+ 1:1
complexes.
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Figure 2. Steady-state fluorescence intensity (�) and contribution
of the lifetime of the free [Os(L1)(Me-phtpy)]2+ to the global decay
(�) as a function of the Cu2+ equivalents in acetonitrile/water
(70:30 v/v) mixture.

In order to obtain more information about the nature of
the cation–ligand interaction, we have performed additional
coordination studies for the Cu2+–[Os(L1)(Me-phtpy)]2+

system by the use of potentiometric titrations.

Potentiometric Studies

The protonation and coordination behaviour of the
[Os(L1)(Me-phtpy)]2+ complex was studied by potentio-
metric titrations with KOH of previously acidified acetoni-
trile/aqueous solutions (70:30 v/v, 0.1 mol·dm–3 tetrabu-
tylammonium perchlorate) of [Os(L1)(Me-phtpy)][PF6]2.
The resulting protonation constants are shown in Table 1.
For comparison purposes, the protonation constants of the
ligand L1[9] are also included in Table 1. OsII–terpyridine
complexes are very stable and kinetically inert, therefore ti-
tration experiments could be carried out without observing
demetallation on the Os(tpy)2

2+ framework. L1 gives rise to
five protonation constants in acetonitrile/aqueous solutions.
The first two correspond to protonation of the cyclam frag-
ment whereas the remaining three are more difficult to as-
sign and might correspond to either protonation of the ter-
pyridine or the cyclam units. The existence of a large
number of protonation sites in L1 makes the last two pro-
tonations too acidic and those constant values could not
be determined. For the [Os(L1)(Me-phtpy)]2+ complex only
three protonations were observed. This is in agreement with
the results found for cyclam in acetonitrile/water (70:30 v/v)
mixtures, in which only three protonation processes (logK =
11.6, 9.49 and 2.01, respectively) were found.[9] The proton-
ation constants for the [Os(L1)(Me-phtpy)]2+ complex are
very close to those reported for the analogous Ru-contain-
ing complex [Ru(L1)(Me-tpy)]2+.[9] This was an expected be-
haviour that indicated that the simple modification of the
metal centre in the M–terpyridine core does not signifi-
cantly affect the protonation of the anchored cyclam unit.
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Table 1. Logarithms of the protonation constants of L1 and
[Os(L1)(Me-phtpy)]2+ in acetonitrile/water (70:30 v/v) (298 K,
0.1 mol·dm–3 tetrabutylammonium perchlorate).

Reaction log β

[Os(L1)(Me-phtpy)]2+ + H+
p [Os(L1)(Me-phtpy)H]3+ 10.42(3)

[Os(L1)(Me-phtpy)H]3+ + H+
p [Os(L1)(Me-phtpy)H2]4+ 18.90(4)

[Os(L1)(Me-phtpy)H2]3+ + H+
p [Os(L1)(Me-phtpy)H3]5+ 23.81(5)

[L1H]+ + H+
p [L1H2]2+ 19.34(4)

[L1H2]2+ + H+
p [L1H3]3+ 23.95(3)

[L1H3]3+ + H+
p [L1H4]4+ 26.89(3)

[L1H4]4+ + H+
p [L1H5]5+ 29.51(2)

Table 2 shows the stability constants obtained for the for-
mation of Cu2+ complexes with [Os(L1)(Me-phtpy)]2+ in
acetonitrile/water (70:30 v/v) mixtures from potentiometric
titrations with KOH of previously acidified solutions of 1:1
mixtures of Cu2+ and [Os(L1)(Me-phtpy)][PF6]2. The distri-
bution diagram of [Os(L1)(Me-phtpy)]2+–H+–Cu2+ is
shown in Figure 3. The receptor [Os(L1)(Me-phtpy)]2+

forms the complex {Cu[Os(L1)(Me-phtpy)]}4+ that exists at
neutral pH (see Figure 3). This complex undergoes two
stepwise protonation processes at acid pH and forms two
hydroxo complexes at basic pH. The hydroxo complexes are
formed by OH– coordination to the Cu2+ centre to give
most likely an octahedral configuration, whereas proton-
ation processes at acidic pH involve the partial protonation
of the cyclam subunit. The logarithm of the stability con-
stant for the formation of the {Cu[Os(L1)(Me-phtpy)]}4+

complex is 14.2. This value is very close to that found for
the formation of the analogous ruthenium complex
{Cu[Ru(L1)(Me-tpy)]}4+ (logK = 13.30), in agreement with
the almost identical nature of the receptor.[9] The constant
for the formation of the {Cu[Os(L1)(Me-phtpy)]}4+ com-
plex can be compared with that found, under similar condi-
tions (acetonitrile/water, 70:30), for the formation of the
complex [Cu(tmfcyclam)]2+ (logK = 19.06), where tmfcy-
clam is a cyclam-substituted derivative [tmfcyclam = 1,4,8,11-
tetrakis(ferrocenylmethyl)-tetraazacyclotetradecane].[9]

Despite the somewhat different nature of both coordination
sites in these complexes, the lower stability constants found
for the former with Cu2+ are in agreement with the electro-
static repulsions imposed by the Os(tpy)2

2+ core on the
Cu2+–cyclam coordination process.

Table 2. Logarithms of the stability constants of the system
[Os(L1)(Me-phtpy)]2+–H+–Cu2+ in acetonitrile/water (70:30 v/v)
(298 K, 0.1 mol·dm–3 tetrabutylammonium perchlorate).

Reaction logβ

[Os(L1)(Me-phtpy)]2+ + Cu2+ + 2H+
p

[Os(L1)(Me-phtpy)CuH2]6+ 24.38(9)
[Os(L1)(Me-phtpy)]2+ + Cu2+ + H+

p

[Os(L1)(Me-phtpy)CuH]5+ 20.64(8)
[Os(L1)(Me-phtpy)]2+ + Cu2+

p

[Os(L1)(Me-phtpy)Cu]4+ 14.20(8)
[Os(L1)(Me-phtpy)]2+ + Cu2+ + H2O p

[Os(L1)(Me-phtpy)Cu(OH)]3+ + H+ 5.01(5)
[Os(L1)(Me-phtpy)]2+ + Cu2+ + 2H2O p

[Os(L1)(Me-phtpy)Cu(OH)2]2+ + 2H+ –5.45(7)
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From the stability constants obtained from potentio-
metric methods and emission studies shown in Figure 1 it
is possible to determine which species are responsible for
the quenching observed in the interaction of Cu2+ with the
Os(tpy)2

2+ signalling unit. This can be seen in Figure 3,
which shows both the distribution diagram and the emis-
sion intensity versus pH profile for the [Os(L1)(Me-
phtpy)]2+–H+–Cu2+ system. It can be observed that the
quenching of the emission of the Os(tpy)2

2+ core is related
to the formation of Cu2+–[Os(L1)(Me-phtpy)]2+ complexes
independently of the nature of the species formed. Neither
the partial coordination of the cyclam macrocycle by
the protons to form {Cu[Os(HL1)(Me-phtpy)]}5+ and
{Cu[Os(H2L1)(Me-phtpy)]}6+ nor the coordination of OH–

to the Cu2+ cation to form {Cu(OH)[Os(L1)(Me-phtpy)]}3+

and {Cu(OH)2[Os(L1)(Me-phtpy)]}2+ produce significant
changes in the emission intensity of the Os(tpy)2

2+ core.
The enhancement at acid pH is due to demetallation of the
Cu2+ to recover the emissive [Os(L1)(Me-phtpy)]2+ species.

This behaviour contrasts significantly with that observed
for the Cu2+–[Ru(L1)(Me-tpy)]2+ system, for which the
quenching of the emission intensity of the Ru(tpy)2

2+ core
was only found at neutral pH and attributed to the exis-
tence of the {Cu[Ru(L1)(Me-tpy)]}4+ complex in the solu-
tion.[9] In that case, the partial protonation of the macro-
cycle or CuII coordination with OH– induced the recupera-
tion of the emission intensity. In our system the different
complexes formed have no effect on the emission of the
Os(tpy)2

2+ core in the [Os(L1)(Me-phtpy)]2+–H+–Cu2+ sys-
tem, suggesting that the deactivation path should be dif-
ferent to that of Ru(tpy)2

2+ in the analogous [Ru(L1)(Me-
tpy)]2+–H+–Cu2+ ensemble. For the latter, a deactivation by
energy transfer (ET) mechanisms was suggested, bearing in
mind that photoelectron transfer (PET) processes were un-
likely because of the large difference between the reduction
of the Cu(cyclam)2+ fragment and the oxidation of the RuII

core.
From a simple thermodynamic cycle the free energy asso-

ciated to a photoelectron transfer from the excited state of
the Os or Ru complex to the Cu–cyclam core can be calcu-
lated from the redox potentials of the metal–terpyridine and
copper–cyclam cores and the λem from the excited state of
the metal–terpyridine group by using the equation: ∆G =
–F[ECuII/CuI – EMIII/MII] – hcNA/λem where M = Os or Ru.
The oxidation of the RuII core in [Ru(Me-tpy)2]2+ is +1.3 V
versus SCE, whereas the oxidation of the OsII metal centre
in [Os(L1)(Me-phtpy)]2+ is found at +0.84 V versus SCE.
Additionally, the λem for the Os and Ru complexes is 740
and 670 nm, respectively. Unfortunately, the Os system did
not show any defined reduction peak for the CuII–cyclam
core. Nevertheless, it might be possible to get some conclu-
sion from the comparison between the oxidation potentials
and λem from the Ru and Os complexes. Thus, from the
above equation it can be observed that a reduction in the
oxidation potential of the M(tpy)2

2+ core would favour the
occurrence of photoelectron transfer processes, whereas a
reduction of the energy of the excited state (longer λem)
would disfavour this. When we move from Ru to Os there
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Figure 3. Species distribution diagram of the system [Os(L1)(Me-phtpy)]2+–H+–Cu2+ in acetonitrile/water (70:30 v/v) from the data of
Table 2. The experimental values of intensity of fluorescence of [Os(L1)(Me-phtpy)]2+ (�) and [Os(L1)(Me-phtpy)]2+–Cu2+ (�) [Cx =
Os(L1)(Me-phtpy)] are also included.

is a fall in the oxidation potential of almost 500 mV that is
not compensated by the difference in λem from the excited
states of Os and Ru (λem at 740 and 670 nm), which corre-
spond to an energy of only 180 mV. This indicates that a
PET process from the excited state of the M(tpy)2

2+ core to
the CuII–cyclam moiety is thermodynamically more favour-
able to occur for Cu2+–[Os(L1)(Me-phtpy)]2+ than for the
analogous ruthenium Cu2+–[Ru(L1)(Me-phtpy)]2+ complex.

Attempts to determine stability constants from potentio-
metric titrations for the Ni2+–[Os(L1)(Me-phtpy)]2+ system
were unsuccessful, most likely because of the presence of
kinetically slow coordination processes. Nevertheless, the
Ni2+ cation would be expected to form similar complexes
to those found for Cu2+, that is, the formation of the
{Ni[Os(L1)(Me-phtpy)]}4+ complex at near neutral pH and
the formation of hydroxo complexes and protonation of the
cyclam macrocycle at basic and acidic pH, respectively. As-
suming this general behaviour it might tentatively be sug-
gested that the quenching in the case of the Ni2+ cations
occurs in the pH range where the square-planar 1:1
{Ni[Os(L1)(Me-phtpy)]}4+ complex and the corresponding
hydroxo complexes exist in solution.

Anion Sensing

As we have found above, the complex [Os(L1)(Me-
phtpy)]2+ can protonate in acetonitrile/water media to give
highly positively charged species. We believed that some of
these formed species in mixed aqueous environments might
be used as chemosensors for the fluorogenic sensing of
anions. In order to check this possibility, certain anions
were added to acidified solutions of [Os(L1)(Me-phtpy)]2+

and the emission of the Os(tpy)2
2+ core monitored at dif-

ferent pH values. Unfortunately, the emission versus pH
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profile of the [Os(L1)(Me-phtpy)]2+ complex remained un-
altered in the presence of the anions studied (Br–, Cl–, phos-
phate, sulfate, ATP, ADP and GMP). As an alternative, we
also carried out similar studies with the Cu2+–[Os(L1)(Me-
phtpy)]2+ systems. However, unfortunately no change in the
emission intensity of the Os(tpy)2

2+ core was observed at
any pH in the presence of the above-mentioned anions. This
might be because, as we have found above, to observe a
recovery of emission intensity in the Cu2+–[Os(L1)(Me-
phtpy)]2+ system it appears necessary to remove the copper
from the macrocycle, whereas none of the anions is able to
produce an interaction strong enough to take out the Cu2+

from the cyclam.
The research in this section has been completed by study-

ing the effect that the presence of anions has on the emis-
sion behaviour of the Ni2+–[Os(L1)(Me-phtpy)]2+ system
(see Figure 4). As can be seen, the anions ATP, ADP and
chloride show a remarkable behaviour and are able to sig-
nificantly change the emission intensity versus pH profile
of the Ni2+–[Os(L1)(Me-phtpy)]2+ ensemble. Other anions
(Br–, phosphate, sulfate and GMP) are not shown but they
did not induce significant emission changes. In all cases the
Ni2+ quenching effect is shifted to the acidic range, suggest-
ing these anions stabilise the formation of the nickel com-
plex. In fact, the interaction of the Ni2+–[Os(L1)(Me-
phtpy)]2+ complex with anions would reduce the neat
charge of complex. This would decrease the repulsion with
the protonated cyclam core at acidic pH, resulting in a sta-
bilization of the Ni2+–[Os(L1)(Me-phtpy)]2+ system in a
wider pH range with the concomitant fluorescence quench-
ing due to the presence of the Ni2+ cation in the cyclam
core. On the contrary, it seems that the anions are not able
to produce an extra stabilisation of Cu2+ in the macrocycle
because the quenching effect of Cu2+ is not shifted in the
presence of anions (see above). The pH value at which the
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Figure 4. Emission intensity of the system [Os(L1)(Me-phtpy)]2+–Ni2+–H+–An– as a function of the pH in acetonitrile/water (70:30 v/v)
mixture, [{Os(L1)(Me-phtpy)}2+] = 10–4 mol·dm–3, in the presence of 1 equiv. of anion unless otherwise noted (λex = 670 nm, λem =
740 nm). [Os(L1)(Me-phtpy)]2+ (�), Ni2+ (�), chloride (�), ADP, (�) and ATP (�).

demetallation is produced (about 4 units lower than in the
case of Ni2+) is probably too low and the compensation of
charge with anions is too weak to produce a significant ef-
fect in the fluorescence emission.

Selectivity can, for example, be achieved by changing the
pH. For instance, addition of anions to the Ni2+–
[Os(L1)(Me-phtpy)]2+ system at pH 6.5 would result in a
significant quenching only in the presence of ATP and ADP
anions. A displacement of the quenching effect to more
acidic pH is observed for anions in the order ATP � AMP
� chloride. A similar sequence would also be expected
(ATP � ADP � chloride) in relation with the strength of
the interaction of these anions with the {Ni[Os(L1)(Me-
phtpy)]}4+ complex. This is a somewhat attractive behav-
iour that indicated that the Ni2+ complex of the
[Os(L1)(Me-phtpy)]2+ system acts as an anion fluorogenic
chemosensor in mixed aqueous environments.

Figure 5. Emission intensity in different N2:O2 mixtures. MTEOS (�), MTEOS/TEOS, 1:1 (�), TEOS (�).
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Oxygen Sensing

Finally, we have also tested the oxygen-sensing properties
of the osmium complex [Os(L1)(Me-phtpy)]2+. There are a
certain number of examples in the literature of the use of
ruthenium–polypyridyl complexes for the detection of oxy-
gen both in air[19] and as dissolved oxygen in water.[20]

These studies are usually carried out either by immobilising
the complex in polymer films or in sol-gel-derived films. In
these systems the oxygen concentration is proportional to
the degree of quenching of the ruthenium complex emission
in the presence of oxygen. In most of the cases the com-
plexes used for the preparation of oxygen sensors are Ru-
(bipy)3

2+. On the contrary, there are very few examples of
oxygen sensors using osmium complexes.[21]

Thus, we have performed studies directed to test the use
of the [Os(L1)(Me-phtpy)]2+ complex as a gas-phase oxygen



[Os(tpy)2]2+ Core as Signalling Scaffolding for Development of Chemical Sensors FULL PAPER
sensor. The studies have been carried out using sol-gel silica
films in which the osmium complex has been immobilised.
Additionally, in order to study the influence of the sol-gel
matrix we have used two different silica precursors, tetra-
ethoxysilane (TEOS) and methyl tryethoxysilane
(MTEOS). These precursors have a different number of hy-
drolysable positions and different speed of hydrolysis.
Furthermore, the MTEOS precursor has a methyl group
that increases the hydrophobicity of the final matrix. The
emission intensity of the [Os(L1)(Me-phtpy)]2+ complex in
the presence of different O2/N2 mixtures (λex = 470 nm, λem

= 740 nm) was measured and it was observed that oxygen
produced a significant quenching of the osmium fluores-
cence. Figure 5 plots the emission intensity of the osmium
core as a function of the concentration of oxygen for three
different films made with TEOS, MTEOS and TEOS/
MTEOS in 1:1 molar ratio. Table 3 shows the characteris-
tics of the films prepared. As can be seen in Figure 5 and
Table 3, the choice of precursor has a significant effect on
the sensor response. Thus, films made with TEOS display a
larger quenching (63% of the original emission intensity) in
the presence of oxygen than that found for films with
MTEOS (13% of the original osmium emission). As can
also be seen in Table 3, the response time (time for the in-
tensity to drop to 90% of the original value for a certain
concentration of O2) for films fabricated with TEOS was
approximately 10 times larger than for the films made with
MTEOS. This is most likely due to the presence of silanol
groups in the former films that are able to retain some water
in the structure hence slowing the sensor response time. The
presence of the hydrophobic CH3 groups in the matrix
made with MTEOS avoids this effect and enhances the ac-
cessibility of the gas in the films, resulting in shorter re-
sponse times. The films prepared showed a good stability
and repeatability, indicating a very reversible process (see
inset of Figure 5).

Table 3. Response parameters of the films.

Film Quenching O2 [%] Response time 90% [s]

MTEOS 13 6.7
MTEOS/TEOS, 1:1 52 4.4

TEOS 63 44.1

Conclusions

A new osmium bis-terpyridine derivative attached to a
cyclam receptor unit has been prepared and its ability to
act as a fluorogenic chemosensor has been studied. The os-
mium complex [Os(L1)(Me-phtpy)]2+ is able to act as a
fluorogenic sensor of copper and nickel in mixed aqueous
environments, whereas the emission of the osmium–terpyri-
dine core remains unaltered in the presence of other metal
cations. Additionally, changes in the emission of the nickel
complex have shown to be capable of sensing anions such
as ATP, ADP and chloride in mixed aqueous solutions. Fi-
nally we have demonstrated good gas-phase oxygen sensi-
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tivity of sol-gel-based thin films in which the complex has
been immobilised. All these studies indicate that osmium–
terpyridine systems might behave as suitable and versatile
signalling subunits for different sensing purposes.

Experimental Section
General Remarks: [Os(Me-phterpy)O2OH·(NO3)2], 4�-[4-meth-
ylphenyl]-2,2�:6�,2��-terpyridine and 1-[4�-p-tolyl-(2,2�:6�,2��-terpyr-
idyl)]-1,4,8,11-tetraazacyclotetradecane (L1) were prepared accord-
ing to published methods. All other reagents were obtained from
commercial sources and were used as received.

Synthesis of [Os(L1)(Me-phtpy)][PF6]2: The synthesis of the osmium
complex [Os(L1)(Me-phtpy)]2+ was carried out following a general
procedure described previously.[22] A mixture of L1 (195.06 mg,
0.35 mmol), [Os(Me-phterpy)O2OH·(NO3)2] (238.6 mg, 0.35 mmol)
and hydrazine hydrate (0.65 mL) as a reducing agent in water/THF
(1:1 v/v) were heated to 50 °C for 10 min. Ammonium hexafluoro-
phosphate was added to the resulting deep red solution and the
THF was eliminated under reduced pressure until the appearance
of a precipitate that was filtered. This precipitate was purified by
column chromatography over silica using acetonitrile/aqueous/sat-
urated KNO3 aqueous solution 85:10:5 as eluent. The product was
finally isolated as its PF6

– salt (19 mg, 4.1% yield). The osmium
complexes are toxic and they should be handled carefully. 1H NMR
(300 MHz, CD3CN, 25 °C) δ = 2.5–3.5 (m), 4.1 (s, 2 H), 7.13–7.20
(m, 4 H), 7.368 (t, 4 H), 7.61–7.70 (m, 4 H), 7.864 (t, 4 H), 8.137
(d, 2 H), 8.282 (d, 2 H), 8.699 (t, 4 H), 9.082 (s, 2 H), 9.109 (s,
2 H). FAB+: 1325 [Os(L1)(Me-phtpy)]2+·2PF6

–, 1180 [Os(L1)(Me-
phtpy)]2+·PF6

–, 1033 [Os(L1)(Me-phtpy)]2+. High resolution FAB+

C54H57F12N10OsP2 (192) calcd. 1327.36662, found 1327.36961.
C54H57F12N10OsP2 (190) calcd. 1325.36358, found 1325.35995.
C54H57F12N10OsP2 (189) calcd. 1324.36328, found 1324.38587.

Preparation of the Films for Oxygen Sensing: Aqueous HCl (0.1 )
and the corresponding Si precursor were added to [Os(L1)(Me-
phtpy)][PF6]2 (20 mg, 15 µ) solved in acetonitrile (see Table 4).
The solution was stirred for 30 min at room temperature and aged
in the oven at 70 °C for several hours. Glass slides were coated by
dip coating (3 mm·s–1), and the films aged in the oven at 70 °C for
24 h.

Table 4. Details for the preparation of the oxygen-sensing films.

TEOS ACN HCl MTEOS TEOS Oven
[%] [mL] [mL] [mL] [mL] [h]

0 3.280 0.630 1.800 – 1
50 2.995 0.536 0.847 0.946 4

100 2.840 0.563 – 1.800 5

Physical Measurements and Instrumentation: Photochemical data
were obtained with a FS900CDT steady-state T-Geometry Fluo-
rometer from Edinburgh Analytical Instruments. 1H NMR spectra
were recorded with a Varian Gemini spectrometer. Potentiometric
titrations were carried out in acetonitrile/water (70:30, v/v,
0.1 mol·dm–3 tetrabutylammonium perchlorate) under nitrogen
using a vessel water-thermostatted at 25.0±0.1 °C. The tritant was
added by means of a Crison microburette 2031. Further details of
the potentiometric experiments have been published previously.[23]

The concentrations of the metal ions were determined using stan-
dard methods. The computer program SUPERQUAD[24] was used
to calculate the protonation and stability constants. The titration
curves for each system (about 250 experimental points, correspond-
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ing to at least three titration curves; pH range investigated
2.5–10.2; ligand and metal ions concentration about
1.0×10–3 mol·dm–3) could be treated either as a single set or as
separate entities without significant variation in the values of the
stability constants. Finally, the sets of data were merged together
and treated simultaneously to give the quoted stability constants.

Oxygen sensitivity was measured employing a Nichia blue LED
(470 nm) as an excitation source and S1223 photodiode from Ham-
amatsu as detector placed at 90° to the LED. Appropriate optical
filters were used to isolate the excitation from the emission light.
Oxygen/nitrogen mixtures were delivered using computer-con-
trolled mass-flow controllers from Kinetic Systems, Dublin, Ire-
land.
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A series of dinuclear CuII complexes of reduced Schiff bases
from substituted salicylaldehydes and amino acids have been
synthesized and characterized. They are: [Cu2(RScp11)2-
(H2O)2] {H2RScp11 = 1-[(2-hydroxy-5-R-benzyl)amino]cyclo-
pentane-1-carboxylic acid; R = H (1), Cl (2), CH3 (3), OH (4)},
[Cu2(RSch11)2(H2O)x] {H2RSch11 = 1-[(2-hydroxy-5-R-ben-
zyl)amino]cyclohexane-1-carboxylic acid; R = H and x = 1 (5),
R = Cl and x = 2 (6), R = CH3 and x = 2 (7)}, [Cu2(RSch12)2-
(H2O)2] {H2RSch12 = 2-[(2-hydroxy-5-R-benzyl)amino]cyclo-
hexane-1-carboxylic acid; R = H (8), CH3 (10) and
[Cu2(ClSch12)2]·2H2O (9)}, [Cu2(Diala5)2(H2O)2]·H2O [H3-
Diala5 = N-(2,5-dihydroxybenzyl)-L-alanine] (11), [Cu2-
(Diala4)2(H2O)2]·H2O [H3Diala4 = N-(2,4-dihydroxybenzyl)-
L-alanine] (12), and [Cu2(Diala3)2(H2O)2]·H2O [H3Diala3 = N-
(2,3-dihydroxybenzyl)-L-alanine] (13). They were isolated
and characterized by chemical and spectroscopic methods.
Single crystal X-ray crystallographic studies have revealed

Introduction
Among the well-known representatives of Type III cop-

per proteins, catechol oxidase with active dicopper(II) sites
is a ubiquitous enzyme in living systems for catalyzing the
oxidation of a wide range of ortho-diphenols to ortho-diqui-
nones. The subsequent auto polymerization of the highly
active quinones into polyphenolic catechol melanins is con-
sidered to be responsible for the defense mechanism ob-
served in plants against pathogens or pests.[1] In fact, the
two copper atoms of dicopper(II) bio-active centers present
in different metalloenzymes are found to act cooperatively
within the proximity of ca. 3.5 Å with each CuII center co-
ordinated by three histidine donors.[2,3] As confirmed by the
recent X-ray crystal structure analysis, catechol oxidase in
the met oxidized form contains dicopper centers with a
Cu···Cu distance of 2.9 Å.[3] Modeling the features of bio-
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that [Cu2(Scp11)2(MeOH)2] (1a), [Cu2(ClScp11)2(DMF)-
(H2O)]·MeCN (2a), [Cu2(MeScp11)2(MeOH)2]·2MeOH (3a),
[Cu2(ClSch11)2(MeOH)2]·2MeOH (6a), [Cu2(ClSch12)2]·
2MeOH (9a), and [Cu2(Diala4)2(DMSO)2]·2DMSO·2acetone
(12a) have 1D hydrogen-bonded polymeric structures while
4 has a 3D hydrogen-bonded network structure. Complex 8
displays a 2D coordination polymeric network structure. The
complexes 1–13 have been investigated as functional models
for the catechol oxidase by employing 3,5-di-tert-butylcate-
chol as a model substrate. Electron-withdrawing substituents
reduced the activity while electron-donating substituents en-
hanced the activity. Variable-temperature magnetic studies
conducted on compound 8 suggest the presence of strong
inter-dimer antiferromagnetic coupling.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

relevant dinuclear active sites through synthetic analogues
basically involves the judicious design of binucleating li-
gands to meet the conditions such as bridging mode con-
trolling the metal–metal distance, steric-electronic proper-
ties, and geometry around the metal centers.[4] Conse-
quently, dinuclear copper(II) complexes of the binucleating
ligands have been extensively documented as bimetallic cat-
alysts due to their potential ability to mimic the functions
of the so-called catechol oxidase.[2,4–5]

Our research group has been interested in the coordina-
tion chemistry of reduced Schiff-base ligands, N-(2-hy-
droxybenzyl)-amino acids, which have the potential to form
dinuclear complexes through a bridging phenolate group.
In addition, these ligands can also afford the choice of coor-
dination environments that determine the nature of metal
ions that can be bound within the closest proximity. Apart
from the studies illustrating interesting solid-state supramo-
lecular transformation of CuII and ZnII complexes,[6] and
the novel helical stair-case structure in the NiII complex,[7]

our research group has reported several dicopper(II) com-
plexes derived from reduced Schiff bases as functional mod-
els for catechol oxidase.[8] Very recently, we have also dem-
onstrated that the dicopper(II) complexes containing the
weakly coordinating sulfonate donor group are more active
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catalysts towards the oxidation of 3,5-DTBC compared to
their carboxylate analogues.[9]

In this paper, we report a new series of dicopper(II) com-
plexes of reduced Schiff-base ligands formed between vari-
ous substituted salicylaldehydes and aminocyclopentane/cy-
clohexanecarboxylic acids and -alanine (Scheme 1). Our
previous studies discussing the effect of chelating side
arms[8] and the weakly coordinating sulfonate group[9] on
the activity, prompted us to investigate and evaluate the ac-
tivity of these closely related yet distinct series of dicop-
per(II) complexes with substituted phenyl rings under sim-
ilar experimental conditions. Despite the plethora of reports
on catecholase activity of various dicopper(II) complexes,
studies modulating the activity in terms of electronic prop-
erties via substituted bridging phenolates have not been well
documented.[10] Such an investigation of the structure-reac-
tivity patterns is essential to enhance the mechanistic under-

Scheme 1. Ligands and schematic diagram of dicopper(II) complex.

Eur. J. Inorg. Chem. 2006, 2656–2670 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2657

standing of the parameters affecting the catecholase ac-
tivity. In this paper, we present the salient structural fea-
tures and the details of catecholase activity of the dicop-
per(II) complexes of various reduced Schiff-base ligands
containing the substituted phenolate moiety. Further, vari-
able temperature magnetic studies of a selected complex
have also been discussed.

Results and Discussion

Copper complexes 1–13 have been synthesized in good
yields by the complexation of CuII salts with the corre-
sponding reduced Schiff-base ligands according to the pro-
cedures described in the experimental section. Owing to
their poor solubility in common solvents except in DMF
and DMSO, our attempts to obtain single crystals of the
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bulk as such were not successful. However, the single crys-
tals obtained were different from the bulk due to lattice and
coordinated solvents in the case of [Cu2(Scp11)2(MeOH)2]
(1a), [Cu2(ClScp11)2(DMF)(H2O)]·MeCN (2a), [Cu2(Me-
Scp11)2(MeOH)2]·2MeOH (3a), [Cu2(ClSch11)2(MeOH)2]·
2MeOH (6a), [Cu2(ClSch12)2]·2MeOH (9a), and [Cu2-
(Diala4)2(DMSO)2]·2DMSO·2acetone (12a); however,
complexes 4 and 8 afforded single crystals that were the
same as the bulk during single crystal growth.

The IR absorption bands of the newly synthesized com-
plexes 1–13 in the range of 3398–3458 cm–1 indicate the
presence of coordinated or lattice water molecules in the
compounds.[11a,11c] This can be further supported by the
weight loss observed in thermo gravimetric (TG) analysis.
The sharp bands observed in the range of 2927–2960 cm–1

are due to ν(N–H). The absorption bands observed in the
region of 1597–1640 and 1360–1460 cm–1 are due to the
asymmetric [νasCOO–] and symmetric [νsCOO–] stretching
frequencies of the carboxylate group, respectively. The dif-
ference (∆ν) between the asymmetric and symmetric
stretching frequencies of carboxylate groups can be used to
determine their binding mode in the metal complexes.[11a]

In general, ∆ν for monodentate carboxylate is greater than
200 cm–1 and for a bridging carboxylate ∆ν is less than
200 cm–1.[12] This observation has been confirmed for the
2D coordination polymeric structure in 8 showing the
bridging (∆ν = 115) mode of carboxylate.

The initial weight loss in TG of 4 in the temperature
range of 134–177 °C corresponds to the two water mole-
cules coordinated to the CuII ions, which is corroborated
by the crystal structure of 4. The complex 8 showed weight
loss for all six water molecules in the temperature range 80–
119 °C and the crystal structure of 8 contains two aqua
ligands and four lattice water molecules. The loss of metal
bound water molecules along with lattice waters is similar
to the observed behavior during the solid-state supramolec-
ular transformations via thermal dehydration.[6a–b] The TG
of the bulk 1–3, 5–7, and 9–10 showed weight loss in the
temperature range of 60–168 °C due to the loss of two
metal-bound aqua ligands. The observed dehydration tem-

Table 1. Summary of the UV/Vis spectroscopic data of 1–13.

Complex Absorption bands
(DMF) (Nujol)

d-d (ε)[a] CT(ε) d-d CT

[Cu2(Scp11)2(H2O)2], 1 705 (150) 380 (1780) 695 378
[Cu2(ClScp11)2(H2O)2], 2 702 (170) 356 (1340) 690 360
[Cu2(MeScp11)2(H2O)2], 3 703 (170) 394 (2050) 697 392
[Cu2(OHScp11)2(H2O)2], 4 703 (1010) 364 (1520) 696 370
[Cu2(Sch11)2](H2O), 5 703 (1890) 380 (2800) 698 388
[Cu2(ClSch11)2(H2O)2], 6 704 (180) 370 (1190) 691 378
[Cu2(MeSch11)2(H2O)2], 7 702 (1860) 400 (1410) 696 398
[{Cu2(Sch12)2}2Cu2(Sch12)2(H2O)2]·4H2O, 8 704 (530) 381 (1430) 700 382
[Cu2(ClSch12)2]·2H2O, 9 623 (240) 368 (1680) 628 370
[Cu2(MeSch12)2(H2O)2], 10 702 (180) 401 (2440) 697 399
[Cu2(Diala5)2(H2O)2]·H2O, 11 703 (160) 364 (1740) 695 368
[Cu2(Diala4)2(H2O)2]·H2O, 12 702 (210) 368 (2120) 704 364
[Cu2(Diala3)2(H2O)2]·H2O, 13 703 (210) 372 (920) 702 379

[a] (–1 cm–1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2656–26702658

perature below 120 °C for 11 and 12, and 130 °C for 13 also
suggests similar behavior of metal bound aqua ligands as
in 8. Thus, in the light of the observed thermal dehydration
behavior, UV/Vis, IR, and ESI-MS studies the molecular
formulae of the bulk have been proposed.

Solution Studies

The structural behavior of the complexes 1–13 in solu-
tion has been investigated using UV/Vis, ESI-MS spectro-
scopic techniques.

UV/Vis Spectroscopy

Electronic spectra of the complexes 1–13 recorded in
DMF solution and Nujol mull are shown in Table 1. The
absorption bands observed in the range 620–703 nm corre-
spond to d-d transitions and the strong bands at 358–
402 nm are due to ligand-to-metal charge transfer. For an
octahedral geometry the expected 2Eg to 2T2g transition
takes place at around 800 nm. This band will undergo a
significant blue shift when the octahedral geometry distorts
to a square pyramidal and square planar structure.[13] For
the reduced Schiff base copper(II) complexes with square
pyramidal geometry, the d-d transitions and charge transfer
transitions generally occur in the range 620–720 and 360–
450 nm, respectively.[8–9,14a–14d]

The medium intensity bands occurring in the range 356–
401 nm are due to phenolate-to-copper(II) charge trans-
fer.[14a–14d] As the present complexes contain the para sub-
stituents on the bridging phenolate, definitive assignment
of CT bands can be provided based on the electronic effects
induced by the substituents. Electron-donating groups are
expected to decrease the Lewis acidity of the copper center
thus shifting the phenoxo-to-copper CT band to lower ener-
gies while electron-withdrawing groups are expected to in-
crease the Lewis acidity and shift the phenolate-to-copper
CT bands to higher energies.[10a,14d] Accordingly, we ob-
serve the electron-donating para –CH3 group shifting the
LMCT band to lower energy and the electron-withdrawing
para –OH and –Cl groups causing the shift of the LMCT
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band to higher energy. On the basis of the crystal structure
of 9a, the geometry around the copper(II) centers in 9 is
assumed to have a square-planar geometry. The observed
d-d transitions in 9 at 623 nm also indicate square planar
CuII centers. This behavior is similar to that recorded for
the structurally well-characterized square planar copper(II)
complexes.[13] The electronic spectra of 1–13 do not change
much in DMF solution and Nujol mull, and appear to indi-
cate that the coordination number and geometry observed
in the solid state are retained in solution.

ESI-MS Studies

The structural behavior of the complexes 1–13 in solu-
tion has been investigated by ESI mass spectral analysis.
ESI mass spectra of the complexes were recorded in MeOH
except for 2, 7, and 9 for which the spectra were recorded
in a 1:1 solvent mixture of MeOH and DMSO because of
a solubility problem. As indicated by the masses of both
positive and negative ions in the spectra, all the complexes
are found to exist in solution mainly as dicopper(II) species.
For example, the positive ion ESI masses observed for 8
shows the existence of dicopper(II) species predominantly
in solution as [Cu2(Sch12)2Na]+ (643, 100). The other less
intense peaks found were [Cu(Sch12)Na]+ (333, 27);
[Cu3(Sch12)3Na]+ (954, 55); [Cu4(Sch12)4Na]+ (1267, 25);
[Cu5(Sch12)5Na]+ (1574, 20). Our attempts to obtain con-
sistent electrochemical data using CV were unsuccessful ow-
ing to the solubility problem. Nonetheless, it maybe noted
that the concentration levels in methanolic solutions were
just enough for the activity studies.

General Description of Crystal Structures

The crystal structures of complexes 1a, 2a, 3a, 4, 6a, 8,
9a, and 12a were determined by single-crystal X-ray crystal-
lographic analysis. In all these complexes, the reduced
Schiff-base ligands display a tridentate coordination mode
while bridging the two copper ions through phenolate oxy-
gen atoms forming Cu2O2 cores with a Cu···Cu distance of
ca. 3 Å. The crystal structure of 9a displayed CuII centers
with a square-planar geometry while the other complexes
contain square pyramidal CuII centers.

In all the square pyramidal complexes, the basal plane of
the square pyramid is completed by the coordination of
each CuII to the two bridging phenolate oxygen atoms, im-
ine nitrogen, and carboxylate oxygen. The Cu–O bond
lengths due to the coordination of each CuII to the bridging
phenolate and carboxylate oxygen atoms in the basal plane
fall in the range of 1.934(2)–2.002(3) and 1.876(2)–
1.982(7) Å, respectively, while the bond lengths due to Cu–
N (imine nitrogen) are observed in the range of 1.950(2)–
2.004(8) Å. The apical position is occupied by solvents. A
crystallographic center of inversion is present in the dimeric
structure of 1a, 3a, 4, 6a, and 9a. Selected bond lengths
and angles as well as hydrogen bond parameters have been
compiled in Table 2 and Table 3 respectively.

With respect to the ligands, 1a, 2a, 3a, and 4 contain a
1-aminocyclopentanecarboxylate side arm but different
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Table 2. Selected bond lengths and bond angles for the complexes.

Complex 1a

Cu(1)–O(2) 1.945(2) O(2)–Cu(1)–O(1)[a] 102.78(9)
Cu(1)–O(1)[a] 1.958(2) O(1)–Cu(1)–Cu(1)[a] 39.44(6)
Cu(1)–O(1) 1.961(2) N(1)–Cu(1)–Cu(1)[a] 131.92(8)
Cu(1)–N(1) 1.983(3) C(1)–O(1)–Cu(1)[a] 133.7(2)
Cu(1)–O(4) 2.213(2) C(1)–O(1)–Cu(1) 118.4(2)
Cu(1)–Cu(1)[a] 3.0245(7) Cu(1)[a]–O(1)–Cu(1) 101.04(9)

Complex 2a

Cu(1)–O(4) 1.949(2) O(4)–Cu(1)–N(1) 68.2(1)
Cu(1)–N(1) 1.962(3) O(4)–Cu(1)–O(2) 102.4(1)
Cu(1)–O(2) 1.964(3) N(1)–Cu(1)–O(2) 82.5(1)
Cu(1)–O(1) 2.002(3) O(4)–Cu(1)–O(1) 79.2(1)
Cu(1)–O(8) 2.230(3) N(1)–Cu(1)–O(1) 93.5(1)
Cu(1)–Cu(2) 3.0428(6) O(2)–Cu(1)–O(1) 165.7(1)

Complex 3a

Cu(1)–O(2) 1.939(2) O(2)–Cu(1)–O(1)[a] 102.02(7)
Cu(1)–O(1)[a] 1.944(2) O(2)–Cu(1)–O(1) 174.04(7)
Cu(1)–O(1) 1.960(2) O(1)[a]–Cu(1)–O(1) 79.33(7)
Cu(1)–N(1) 1.961(2) O(1)[a]–Cu(1)–N(1) 171.71(7)
Cu(1)–Cu(1)[a] 3.0056(5) O(2)–Cu(1)–Cu(1)[a] 141.57(5)

O(1)–Cu(1)–N(1) 93.79(7)

Complex 4

Cu(1)–O(2) 1.920(2) O(2)–Cu(1)–O(1) 178.97(8)
Cu(1)–O(1) 1.930(2) O(2)–Cu(1)–O(1)[a] 102.10(8)
Cu(1)–O(1)[a] 1.934(2) O(1)–Cu(1)–O(1)[a] 78.48(8)
Cu(1)–N(1) 1.973(2) O(2)–Cu(1)–N(1) 84.57(9)
Cu(1)–O(4) 2.660(3) O(1)–Cu(1)–N(1) 94.67(9)
Cu(1)–Cu(1)[a] 2.9923(7) O(1)[a]–Cu(1)–N(1) 165.21(9)

O(1)[a]–Cu(1)–O(4) 105.32(8)

Complex 6a

Cu(1)–O(2) 1.940(2) O(2)–Cu(1)–O(1)[a] 103.62(6)
Cu(1)–O(1)[a] 1.951(1) O(2)–Cu(1)–N(1) 83.76(7)
Cu(1)–N(1) 1.968(2) O(1)[a]Cu(1)–N(1) 169.91(7)
Cu(1)–O(1) 1.972(1) O(2)–Cu(1)–O(1) 173.62(6)
O(1)–Cu(1)[a] 1.951(1) O(1)[a]–Cu(1)–O(1) 78.49(6)
Cu(1)–Cu(1)[a] 3.0382(5) O(2)–Cu(1)–Cu(1)[a] 142.78(5)

Complex 8

Cu(1)–O(2) 1.91(1) O(2)–Cu(1)–O(1)[a] 94.9(5)
Cu(1)–O(1) 1.95(1) O(1)–Cu(1)–O(1)[a] 76.8(6)
Cu(1)–O(1)[a] 1.97(1) O(1)a–Cu(1)–N(1) 154.7(6)
Cu(1)–N(1) 1.98(1) O(1)a–Cu(1)–O(6) 111.8(5)
Cu(1)–O(6) 2.35(1) O(5)–Cu(2)–O(4)[b] 96.8(5)
Cu(2)–O(5) 1.93(2) O(4)[b]–Cu(2)–O(4) 76.1(5)
Cu(2)–O(9) 2.51(1) O(4)[b]–Cu(2)–N(2) 161.0(6)
Cu(2)–O(4)[b] 1.96(1) C(15)–O(4)–Cu(2)[b] 133.4(10)
O(1)–Cu(1)[a] 1.97(1) Cu(2)[b]–O(4)–Cu(2) 103.9(5)
O(4)–Cu(2)[b] 1.96(1) O(7)[c]–Cu(3)–O(7) 78.1(6)
Cu(3)–O(7)[c] 1.96(1) O(7)[c]–Cu(3)–N(3) 163.4(6)
O(7)–Cu(3)[c] 1.96(1) Cu(3)[c]–O(7)–Cu(3) 101.9(6)
CuI–Cu(1A) 3.074(4) O(7)[c]–Cu(3)–O(11) 95.0(5)
Cu(3)–Cu(3)[c] 3.056(4)

Complex 9a

Cu(1)–O(2) 1.876(2) O(2)–Cu(1)–O(1) 164.48(9)
Cu(1)–O(1) 1.926(2) O(2)–Cu(1)–O(1)[a] 95.72(8)
Cu(1)–O(1)[a] 1.949(2) O(1)–Cu(1)–O(1)[a] 76.90(9)
Cu(1)–N(1) 1.950(2) O(2)–Cu(1)–N(1) 95.98(9)
Cu(1)–Cu(1)[a] 3.0350(7) O(1)a–Cu(1)–N(1) 165.17(9)

O(2)–Cu(1)–Cu(1)[a] 132.51(6)
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Table 2. (continued)

Complex 12a

Cu(1)–O(5) 1.982(7) O(5)–Cu(1)–O(1) 102.3(3)
Cu(1)–O(1) 1.999(7) O(5)–Cu(1)–N(2) 84.1(3)
Cu(1)–N(2) 2.004(8) O(1)–Cu(1)–N(2) 169.1(3)
Cu(1)–O(4) 2.005(7) O(5)–Cu(1)–O(4) 168.9(3)
Cu(1)–O(9) 2.300(7) O(1)–Cu(1)–O(4) 77.4(3)
Cu(1)–Cu(2) 3.0225(8) N(2)–Cu(1)–O(4) 94.7(3)

O(5)–Cu(1)–O(9) 97.8(3)
O(1)–Cu(1)–O(9) 93.4(3)
N(2)–Cu(1)–O(9) 94.5(3)
O(4)–Cu(1)O(9) 93.3(3)

[a] Symmetry transformations used to generate equivalent atoms:
–x+1, –y+1, –z+1 (1a); –x+1, –y+1, –z+1 (3a); –x+1, –y+1,
–z +1 (4); –x+1, –y+1, –z+1 (6a); –x+1, –y+1, –z +1 (8);
–x+1, –y+1, –z+1 (9a). [b] –x, –y, –z (8). [c] –x+1, –y+1,
–z (8).

Table 3. Hydrogen bond parameters.

D–H d(D–H) d(H···A) �DHA d(D···A) A Symmetry

Compound 1a

N1–H1 0.80(3) 2.35(4) 148(4) 3.053(3) O3 x–1, y, z –1/2
O4–H4 0.72(4) 1.97(4) 174(5) 2.691(4) O2 x–1, y, z –1/2

Compound 2a

O7–H7A 0.73(6) 2.26(4) 162(6) 2.961(9) N4S x+1, y, z
O7–H7B 0.81(6) 1.92(4) 177(5) 2.728(4) O3 x–1, y–1, z –1

Compound 3a

N1–H1 0.87(3) 2.10(3) 159(3) 2.932(3) O5 –x,–y+1,-z +1
O4–H4 0.76(4) 2.05(4) 163(3) 2.785(3) O3 x+1, y, z
O5–H5 0.78(6) 2.14(5) 156(5) 2.864(4) O2

Compound 4

N1–H1 0.84(3) 2.39(3) 143(3) 3.100(3) O3 x–1, y–1, –z
O4–H4A 0.68(4) 2.10(4) 162(4) 2.753(3) O3 x–1, y–1, –z
O4–H4B 0.75(4) 2.20(4) 146(4) 2.849(4) O5 x–2, –y, 1 –z
O5–H5 0.72(4) 2.05(4) 173(4) 2.770(4) O4 x+1, y, z
C13–H13B 0.98 2.58 144 3.420(3) O2 x–1, y–1, –z

Compound 6a

N1–H1 1.01(3) 1.92(3) 167(2) 2.905(3) O5
O4–H4 0.71(3) 2.08(3) 171(4) 2.775(2) O3 x–1, y, z
O5–H5 0.75(3) 2.11(3) 169(3) 2.851(3) O2 –x+2, –y+1, –z+1

Compound 8

N1–H1 0.81(17) 2.38(16) 157(19) 3.14(1) O5
N2–H2 0.8(2) 2.4(2) 164(18) 3.18(2) O8
N3–H3 0.85(18) 2.13(19) 170(15) 2.97(2) O12
O11–H11C 0.9(3) 1.9(3) 165(26) 2.83(3) O12
O11–H11D 0.9(2) 2.0(2) 164(27) 2.84(2) O6
O12–H12C 0.9(3) 1.9(3) 168(18) 2.75(2) O2
O13–H13C 0.9(3) 2.0(3) 153(12) 2.88(3) O9
O13–H13D 0.9(3) 2.02(18) 161(12) 2.89(3) O3

Compound 9a

N1–H1 0.84(4) 2.03(4) 171(3) 2.866(4) O1S
O1S–H1S 0.79(4) 1.89(4) 166(5) 2.667(4) O3 –x+1, –y+1, –z

Compound 12a

N1–H1 0.92 2.11 153 2.96(1) O11
N2–H2 0.92 2.08 146 2.89(1) O12
O7–H7 0.83 1.87 164 2.68(1) O3 x+1, y+1, z
O8–H8A 0.83 1.93 154 2.70(1) O6 x–1, y–1, z
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substituents on the 5-position of the benzene ring; H in 1a,
Cl in 2a, CH3 in 3a, and OH in 4a. All these complexes, 1a,
2a, 3a, and 4 display CuII centers with a distorted square
pyramidal geometry (τ = 0.168, 0.043, 0.038, 0.228, and
0.003, respectively).[15] The common 1-aminocyclopen-
tanecarboxylate side arm of the ligands in 1a, 2a, 3a, and
4 resulted in the formation of five-membered rings. The
complex 1a as a methanol adduct crystallized with two
methanol molecules in the monoclinic system with space
group C2/c with a Cu···Cu separation of 3.0245(7) Å. The
apical positions of the square pyramid of the two CuII

atoms are occupied by methanol molecules in trans fashion
(Figure 1). Complementary MeOH···O=C (O4–H4···O2)
and N–H···O=C (N1–H1···O3) intermolecular hydrogen
bonding generates a 1D polymeric structure in 1a in the
solid state (Figure 2).
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Figure 1. A perspective view of the dimer 1a (symmetry equivalent
positions: –x+1, –y+1, –z+1).

Figure 2. A view showing a portion of the 1D hydrogen-bonded
structure in 1a.

In 2a the two copper atoms in the dimer are separated
by a distance of 3.0428(6) Å. The apical site of the square
pyramid is occupied by DMF [Cu(1)–O(8), 2.230(3) Å] with
Cu(1) and the aqua ligand [Cu(2)–O(7), 2.299(3) Å] with
Cu(2) in trans to each other. Each dimer is associated with
two molecules of acetonitrile solvent in the asymmetric
unit. There are very weak interactions between the carbonyl
oxygen atoms and the copper atoms [Cu(1)···O3(1 – x, 1 –
y, 1 – z), 2.885 Å and Cu(2)···O6(1 – x, y, z), 2.922 Å] that
are about the sum of the van der Waals radii, 2.9 Å. These
Cu···O interactions generate a 1D polymer along the b-axis
sustained by hydrogen bonds between carboxylate oxygen
and the aqua ligand, O(7) H(7B)···O(3). Further O(7)–
H(7A)···N(4S) hydrogen bonds have also been observed.

The complex 3a displays square pyramidal geometry at
each CuII center with a Cu···Cu distance of 3.0056(5) Å.
The apical sites of the square pyramid at each CuII center
are occupied by methanol molecules in trans fashion with
a Cu···O distance of 2.59 Å. Packing of dimers along the a
axis displays a 1D hydrogen-bonded polymer in 3a sup-
ported by intermolecular hydrogen bonds generated be-
tween imine H atoms and methanol oxygen [N–H···O(5)],
methanolic hydrogen, and carboxylate oxygen atoms [O(4)–
H(4)···O(3) and O(5)–H(5)···O(2)] as well as weak interac-
tions of neighboring carboxylate oxygen atoms with each
CuII ion (Cu···O, 2.885 Å) in syn-anti fashion.

In the crystal structure of 4 the two lattice water mole-
cules are in close interaction with CuII atoms [Cu–O,
2.66(3) Å] occupying the apical positions to complete the
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square pyramidal geometry around each CuII center (Fig-
ure 3) with a Cu···Cu distance of 2.9924(8) Å. Intermo-
lecular hydrogen bonds generated by the hydroxy group on
the phenolate moiety with the aqua ligand (O4–H4B···O5,
O5–H5···O4) and carboxylate oxygen atom (O4–H4A···O3)
and by the imine hydrogen with another carboxylate oxygen
(N1–H1···O3) have resulted in a 3D hydrogen-bonded net-
work in 4 as shown in Figure 4.

Figure 3. A perspective view of the dimer 4 (symmetry equivalent
positions: –x +1, –y+1, –z +1).

Figure 4. Packing diagram of 4.

The compound 6 crystallized in triclinic space group P1̄
with two methanol molecules in the crystal lattice and 6a is
isomorphous to 3a, i.e. the arrangement of molecules in the
crystal lattice, but not isostructural. The hydrogen bonding
pattern in 6a is also similar to that observed in 3a. The
solid-state crystal packing along the b axis revealed that the
complex is a 1D polymer that resulted from weak Cu···O
interactions and intermolecular hydrogen bonding. Further,
carboxylate oxygen atoms of the neighboring dimeric units
maintain weak interactions with each CuII ion (Cu···O,
2.95 Å) in syn-anti mode. In addition to these interactions,
crystal packing also reveals that N–H hydrogen atoms are
involved in the intermolecular hydrogen bonding to meth-
anolic oxygen atoms [N(1)–H(1)···O(5)] and the methanolic
hydrogen atoms maintain intermolecular hydrogen bonds
to carboxylate oxygen atoms [O(4)–H(4)···O(3) and O(5)–
H(5)···O(2)].

In the crystal structure of 8 for Z = 3 in the triclinic
space group P1̄, there are three independent CuII–Sch12
units and each one is near an inversion center (1/2, 1/2,
1/2), (0,0,0), and (1/2, 1/2, 0) as illustrated in Figure 5. Of
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these Cu3 has an aqua ligand in the apical position. The
O9 of the carboxylate group from this unit is bonded to
Cu2 with the Cu2–O9 distance of 2.51(1) Å. Similarly, O6
occupies the apical axial position of the Cu1 [Cu1–O6,
2.36(1) Å] with a distorted square pyramidal geometry. On
the other hand, the oxygen atom of the third carboxylate
group, O3, is only involved in hydrogen bonding to a hydro-
gen atom, H13D of lattice water. The axial bonding of the
carbonyl oxygen atoms O6 and O9 from neighboring di-
meric units to Cu1 and Cu2 centers produces a 2D coordi-
nation polymeric structure and the interdimer connectivity
leads to the formation of a 2D (4, 4) network structure as
shown in Figure 6 and these (4, 4) nets are well known in
coordination polymeric structures.[16]

Figure 5. Perspective view of the unit cell contents in 8. The lattice
water molecules are omitted for clarity.

Figure 6. Portion of packing diagram of 8 showing the 2D connec-
tivity. The hydrogen atoms and lattice water molecules have been
omitted for clarity.

In this series, the only compound that displays a square-
planar geometry at the CuII atoms is 9a. The unit cell con-
tains two methanol molecules involved in hydrogen bonding
via imine nitrogen [N(1)–H(1)···O(1S)] and carboxylate oxy-
gen [O(1S)–H(1S)···O(3)], which lead to the formation of a
1D polymeric structure. The hydrogen bond lengths ob-
served in the solid-state packing of 9a are found to vary
between 1.90 and 2.38 Å. Table 3 contains selected hydro-
gen bond parameters. These hydrogen bonds are considered
to be normal as compared to the available literature on N–
H···O and O–H···O hydrogen bond parameters.[17]
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The dimer 12a crystallized with four DMSO molecules
of which two are bonded at the apical positions of each
CuII in the dimer and two are hydrogen-bonded to the im-
ine hydrogen atoms through N–H···O interactions. The two
DMSO molecules are disposed in anti fashion probably due
to the bulkiness of the axial substitution. This causes the
dimer to have a pseudo-center of inversion which is unprec-
edented in these types of structure having chiral reduced
Schiff-base ligands.[6] A ribbon-like 1D hydrogen-bonded
polymeric structure is produced by complementary O–
H···O bonds between phenolic hydrogen and oxygen atoms
of the carboxylate group. All these polymers are aligned
parallel to the (1ı̄0) plane. Acetone molecules filled the
empty cavities between these strands.

Magnetic Studies of [{Cu2(Sch12)2}2Cu2(Sch12)2(H2O)2]·
4H2O (8)

It is evident from the previous section that only com-
plexes 4 and 8 furnished the single crystals that represent
the structures of the bulk. Further, the inter-dimer connec-
tivity in 8 generated an interesting 2D (4, 4) coordination
polymeric network structure. Hence, we investigated the
variable temperature magnetic moments for 8 in order to
understand the inter-dimer magnetic coupling interactions
mediated by syn-anti carboxylate bridging.

The temperature dependences of χm and χmT for crystal-
line samples of 8 per Cu2 unit are presented in Figure 7. On
lowering the temperature, χm decreases gradually, there is
an increase below ca. 70 K; while the χmT value even at
330 K (0.383 cm3 mol–1 K) is quite small compared with the
expected value 0.75 cm3 mol–1 K for two noninteracting
CuII ions, upon cooling it decreases rapidly to a value close
to zero at 2 K. The increase of χm at low temperature
should be due to trace paramagnetic impurity (ρ). Overall,
the data suggest a strong antiferromagnetic coupling be-
tween the adjacent Cu ions in 8. The coupling between the
dinuclear moiety in the 2D layer of 8 is negligible, as ex-
pected, because of both the syn-anti carboxylate bridging

Figure 7. The temperature dependences of χm and χmT in the range
of 2–350 K for 8. The solid lines represent the fit using a Cu2 dimer
model.
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mode and the orthogonal relationship of the planes of the
neighboring Cu2O2.[14b] Therefore, the magnetic data of 8
can be analyzed by fitting the susceptibilities to an equation
calculated using an H = –2JS1S2 Hamiltonian for a dimer
plus impurity of the monomer model.[14e–14f] The param-
eters have their usual meanings. As shown in Figure 7, a
reasonable fit was obtained with the results: J =
–230(3) cm–1, g = 2.29(2), ρ = 0.0056; Nα = 4.9×10–6 with
R = 1.4×10–3 {R = ∑[(χm)obs – (χm)calc]2/∑[(χm)obs]2}.

Catecholase Biomimetic Studies

In order to gain deeper insight into the various param-
eters that determine the copper-mediated substrate oxi-
dations and bimetallic reactivity both in natural metalloen-
zymes and in synthetic analogues, quite a number of mono-
and dinuclear copper(II) complexes have been investigated
as biomimetic catalysts for catechol oxidation.[18–23] In all
these investigations, a common and convenient model sub-
strate, 3,5-DTBC was used due to its low redox poten-
tials.[20] Some of the crucial factors dictating the catecholase
activity can now be highlighted based on many investi-
gations correlating various structural parameters of the di-
copper(II) complexes with their activity; viz., the distance
between the CuII centers,[24] the nature of the bridging
group between the copper ions,[25] electronic properties of
the complexes,[10,26] and the geometric changes of the di-
copper core.[27] Furthermore, the factors such as the
number of donor sites, nature of the donors, and the rigid-
ity of the ligand or the bridging moiety imposing strain in
the complex have also been found to play a vital role.[28]

However, the studies correlating the activity with electronic
effects due to substituents on the bridging phenolate have
not been well explored.[10] Since the present series of com-
plexes contain both electron-donating and -withdrawing
substituents on the phenyl ring we have attempted to inves-
tigate their activity.

On the basis of the chemical and spectroscopic charac-
terizations of the complexes 1–13 and the crystal structures
of selected compounds, all these complexes are charac-
terized by active Cu2O2 centers with a Cu···Cu distance of
ca. 3 Å, which is favorable for the efficient binding of the
substrate. Minor changes observed in the UV/Vis spectra
recorded in DMF solution compared to Nujol mull indicate
that the coordination number and geometry of 1–13 are
retained in solution. Further, ESI-MS studies confirm the
existence of copper(II) dimers in solution. Subsequently, all
the complexes exhibit significant activity due to the pres-
ence of active dicopper(II) cores. The course of oxidation of
3,5-DTBC catalyzed by 8 is shown in Figure 8. The kinetic
parameters have been determined by applying the Micha-
elis–Menten approach. A linear relationship for the initial
rates and the concentration of the complexes has been ob-
tained for 1–13, which shows a first-order dependence of
the rate on the catalyst concentration. An example of a
Lineweaver–Burk plot[18f] is given in Figure 9 for 8. Kinetic
parameters of the complexes are given in Table 4.
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Figure 8. Oxidation of 3,5-DTBC by 8 monitored by UV/Vis spec-
troscopy. Higher concentrations were used only to emphasize the
bands for the oxidation process.

Figure 9. Lineweaver–Burk plot for the catalysis by 8.

Table 4. Kinetic parameters for the oxidation of 3,5-DTBC by the
complexes 1–13.[a]

Complex Substituent (R) Kcat Km Vmax

[h–1] [mM] [106 Ms–1]

1 –H 850(28) 22.3(4) 30.2(6)
2 –Cl 694(32) 26.2(3) 22.4(1)
3 –CH3 1003(59) 15.4(6) 34.3(6)
4 –OH 773(30) 20.6(7) 26.7(3)
5 –H 863(28) 18.5(5) 30.2(1)
6 –Cl 785(49) 20.3(8) 24.5(5)
7 –CH3 1080(30) 14.6(3) 36.1(2)
8 –H 2006(44) 9.2(1) 68.5(4)
9 –Cl 883(33) 17.7(3) 29.3(3)
10 –CH3 3120(28) 4.3(1) 104.6(6)
11 para –OH 595(27) 21.4(4) 22.3(7)
12 meta –OH 513(21) 28.6(4) 19.4(8)
13 ortho –OH 460(14) 31.3(3) 17.6(5)

[a] The values were obtained from three measurements.

It is obvious from Table 4 that the activity of 1–4 follows
the order 3 � 1 � 4 � 2 with 3 showing higher activity
(Kcat = 1003 h–1). Further, the activity of 2 has noticeably
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decreased due to the strong electron-withdrawing nature of
Cl when compared to the activity of 4 containing the –OH
group.[29] Thus, with respect to the substituents on the
bridging phenolate, the activity of the corresponding com-
plexes followed the order: CH3 � H � OH � Cl. A similar
trend (7 � 5 � 6) has been observed (Table 4) for CuII

complexes of RSch11 ligands, 5–7. Among 8–10, the
methyl-substituted 10 exhibited significantly higher activity
(Kcat = 3120 h–1) while chloro-substituted 9 with CuII in a
square-planar geometry showed a lower activity (Kcat =
883 h–1) following a similar trend. Earlier investigations on
the activity of copper(II) systems have shown that the
square planar copper(II) complexes are weak catechol-
oxidase catalysts.[19,22,24d,28,31] However, reports are also
available on square planar dicopper(II) complexes showing
very high activity.[18f,25] On the same grounds, 9 with a
similar geometry exhibiting significant activity can be an-
other example for the latter.

The six-membered chelate rings facilitate strain-free sub-
strate binding compared to the five-membered rings[9,18f,28]

by offering a flexible and relaxed coordination sphere at
CuII centers thus enhancing the activity of 8 compared to
the activities of 1 (Kcat = 850 h–1), and 5 (Kcat = 863 h–1)
forming five-membered rings. Furthermore, it is also the
formation of six-membered rings that significantly en-
hanced the activity of 10 (Kcat = 3120 h–1) compared to 3
(Kcat = 1003 h–1) or 7 (Kcat = 1080 h–1) which contain five-
membered rings. It may be noted that these complexes (3,
7, and 10) have para methyl phenyl rings.

In the case of 11–13 containing Diala ligands, the trend
in Kcat is 11 � 12 � 13 (Table 4). The activity of 11 (Kcat =
595 h–1) with a para-hydroxy bridging phenolate is found to
be higher than that of 12 (Kcat = 513 h–1) and 13 (Kcat =
460 h–1) containing meta- and ortho-hydroxy bridging phe-
nolate moieties, respectively. These variations in the activity
maybe attributed to the differences in the steric
match[18,27,28] caused by the respective changes in the posi-
tion of the –OH group on the bridging phenolate. Further,
comparing the activity (Kcat = 666 h–1), under similar exper-
imental conditions, of our previously reported unsubsti-
tuted complex [Cu2(-Sala)2(H2O)][8] with the activity (Kcat

= 595 h–1) of the present para hydroxy-substituted 11 it is
obvious that the decrease in the activity of 11 can be attrib-
uted to the effect of the electron-withdrawing -OH group
on the phenyl ring of the ligand.

The kinetic data for 1–13 presented in Table 4 shows that
the substitution of phenolate by electron-donating substitu-
ents increased the activity while the substitution by elec-
tron-withdrawing groups decreased the activity. In the ab-
sence of electrochemical data for 1–13, it is difficult to con-
clude that the catalytic efficiency is solely governed by the
electronic influence of the substituents except envisaging a
rough correlation. Moreover, no clear and direct correlation
has been established so far between the rates of reaction,
redox potentials, and electronic effects of the com-
plexes.[10,26,28] However, other factors such as geometry, ste-
ric factors, and interactions between the substrate and cata-
lyst can also influence the overall efficiency. It should also
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be noted that the exact Cu···Cu separation in solid-state
structures need not be retained in the solution, and direct
correlation between the Cu···Cu distance and catalytic ac-
tivity need not be expected. However, based on the infor-
mation regarding the geometries and molecular species ob-
tained from the solution studies involving the techniques
such as UV/Vis spectroscopy and ESI-MS at least some
correlations can be achieved.

Recently, Wegner et al. reported the most active catalyst
among the known functional model complexes so far, with
a turnover number or Kcat of 9927 h–1.[5h] When compared
mainly with the turnover numbers of 1188 h–1, 2804 h–1,
and 5470 h–1, reported by Monzani et al.,[31–32] Meyer et
al., [27] and Mukherjee et al.[25a] respectively, and with the
other lower to moderate turnover values,[5,10,18–19,22–30] the
observed turnover rates of 460 to 3120 h–1 may suggest
moderate to high catalytic activity of the present complexes.
However, all activity studies on the model complexes syn-
thesized so far have only achieved turnover numbers of
about several thousand-fold lower when compared to the
turnover number of native enzymes[31,26a] (for example cate-
chol oxidase from sweet potatoes has been found to be
highly active with a Kcat of 2293 s–1 especially towards cate-
chol).[33] The current high activity in 10 (Kcat = 3120 h–1)
observed among the present model catalysts has been found
to be ca. 2600-fold slower towards the oxidation of 3,5-
DTBC when compared to the natural enzyme. Finally, these
findings suggest that significant differences in the catalytic
ability of dicopper(II) complexes can be induced by the ju-
dicious choice of different sets of binucleating ligands.

Summary

A new series of dicopper(II) complexes 1–13 containing
reduced Schiff-base ligands formed between different sub-
stituted salicylaldehydes and amino acids have been synthe-
sized and characterized by physicochemical and spectro-
scopic methods. On the basis of the single-crystal X-ray
crystallographic studies of selected compounds, it can be
suggested that all the complexes contain Cu2O2 cores with
a Cu···Cu distance of ca. 3 Å. In view of the interesting
2D coordination polymeric structure, variable temperature
magnetic studies carried out on 8 suggested the presence of
strong intradimer antiferromagnetic coupling.

The catecholase activity of the complexes 1–4, 5–7, 8–10,
and 11–13 containing 1-aminocyclopentane-1-carboxylate,
1-aminocyclohexane-1-carboxylate, 2-aminocyclohexane-1-
carboxylate, and -alanine side chains, respectively, in the
corresponding reduced Schiff-base ligands has been evalu-
ated and systematically compared. It has been found that
the presence of electron-withdrawing groups decreased the
activity while the electron-donating groups enhanced the
activity of the complexes. Under similar experimental con-
ditions the activity shown by the current series of dicop-
per(II) complexes can be considered moderate to high as
observed in our previous results.[8–9]
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Experimental Section
Materials and Physical Measurements

All the chemicals were purchased from commercial sources and
used as received for syntheses. All the solvents used were of reagent
grade. The yields are reported with respect to the metal salts.

The 1H NMR spectra were recorded with a Bruker ACF 300FT-
NMR spectrometer using TMS as an internal reference at 25 °C
and the infrared spectra (KBr pellet) were recorded using a FTS
165 Bio-Rad FTIR spectrometer in the range 4000–400 cm–1. The
electronic transmittance spectra were recorded with a Shimadzu
UV-2501/PC UV/Vis spectrometer in DMF and Nujol mull. ESI-
MS spectra were recorded using a Finnigan MAT LCQ Mass Spec-
trometer using the syringe-pump method. The elemental analyses
were performed in the Micro Analytical Laboratory, Department
of Chemistry, National University of Singapore. Water present in
the compounds was determined using a SDT 2960 TGA Thermal
Analyzer with a heating rate of 10 °Cmin–1 using a sample size of
7–10 mg per sample run. Room-temperature magnetic suscep-
tibility measurements were carried out with a Johnson–Mathey
Magnetic Susceptibility balance with Hg[Co(SCN)4] as the stan-
dard. Variable temperature magnetic studies were made using a
Quantum Design MPMS-XL5 SQUID magnetometer operating in
an applied field of 5 kOe. Corrections for diamagnetism were made
using Pascal’s constants. Optical rotation was measured on the
specified solutions in a 0.1-dm cell at 27 °C using a Perkin–Elmer
model 341 polarimeter. The concentration of the solutions was
5.5 mg mL–1 for both the ligands (in MeOH) and complexes (in
DMSO). The optical rotation of the ligands was recorded at the
wavelength of 365 nm where as for the complexes the measure-
ments were conducted at the wavelength of the D line (578 nm) of
sodium.

Ligands

All the ligands except H3Diala5, H3Diala4, and H3Diala3 have
been synthesized using the same molar quantities according to the
procedure described for H2Scp11 in our earlier report.[6c]

1-[(5-Chloro-2-hydroxybenzyl)amino]cyclopentane-1-carboxylic Acid
(H2ClScp11): This compound was prepared from 1-aminocyclo-
pentane-1-carboxylic acid and 5-chlorosalicylaldehyde. Yield:
0.92 g (73%). m.p. 271–272 °C. C13H16ClNO3 (269.7): calcd. C
57.8, H 5.9, N 5.2; found C 57.2, H 6.0, N 5.7. IR (KBr): ν̃ =
2966 m (NH), 1566 s υas(COO–), 1384 s υs(COO–), 1276 s (phenolic
CO) cm–1. 1H NMR (CD3OD): δ = 1.83–2.28 (m, 8 H, -C5H8), 4.12
(s, 2 H, benzylic), 6.83–7.36 (m, 3 H, Ar-H). 13C NMR (CD3OD):
δ = 25.9, 37.3, 47.5, 48.1, and 48.4 (-C5H8), 72.9 (benzylic), 119.4,
122.3, 127.4, 129.1, 129.5, and 160.6 (aromatic), 182.7 (-COOH).
EI-MS: m/z (%) = 269.2.

1-[(2-Hydroxy-5-methylbenzyl)amino]cyclopentane-1-carboxylic
Acid (H2MeScp11): This compound was prepared from 1-aminocy-
clopentane-1-carboxylic acid and 5-methylsalicylaldehyde. Yield:
0.92 g (76%). m.p. 272–273 °C. C14H19NO3 (249.3): calcd. C 67.4,
H 7.6, N 5.6; found C 67.0, H 7.7, N 5.9. IR (KBr): ν̃ = 3447 m
(OH), 2956 m (NH), 1571 s υas(COO–), 1383 s υs(COO–), 1277 s
(phenolic CO) cm–1. 1H NMR (CD3OD): δ = 1.89–2.11 (m, 8 H,
-C5H8), 2.35 (s, Ar–CH3), 3.62 (s, 2 H, benzylic), 6.53–6.83 (m, 3
H, Ar-H). 13C NMR (CD3OD): δ = 20.6 (Ar–CH3), 24.3, 26.1,
37.6, 47.4, and 48.2 (-C5H8), 72.8 (benzylic), 118.4, 126.0, 127.1,
129.6, 130.6, and 160.3 (aromatic), 184.0 (-COOH). ESI-MS: m/z
(%) = 249.2.

1-[(2,5-Dihydroxybenzyl)amino]cyclopentane-1-carboxylic Acid
(H2(OH)Scp11): This compound was prepared from 1-aminocyclo-
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pentane-1-carboxylic acid and 5-hydroxysalicylaldehyde. Yield:
0.75 g (63%). m.p. 263–264 °C. C13H17NO4 (251.6): calcd. C 62.1,
H 6.8, N 5.5; found C 62.0, H 6.9, N 5.6. IR (KBr): ν̃ = 3398 m
(OH), 2960 m (NH), 1582 s υas(COO–), 1390 s υs(COO–), 1276 s
(phenolic CO) cm–1. 1H NMR (CD3OD): δ = 1.73–2.11 (m, 8 H,
-C5H8), 3.83 (s, 2 H, benzylic), 6.43–6.51 (m, 3 H, Ar-H). 13C NMR
(CD3OD): δ = 24.7, 26.1, 36.0, 37.6, and 40.9 (-C5H8), 72.7 (ben-
zylic), 117.6, 118.7, 119.6, 126.3, 148.2, and 159.6 (aromatic), 184.1
(-COOH). ESI-MS: m/z (%) = 251.

1-[(2-Hydroxybenzyl)amino]cyclohexane-1-carboxylic Acid
(H2Sch11): This compound was prepared from 1-aminocyclohex-
ane-1-carboxylic acid and salicylaldehyde. Yield: 1.06 g (90%). m.p.
296–297 °C. C14H19NO3 (249.3): calcd. C 67.4, H 7.6, N 5.6; found
C 67.4, H 7.7, N 5.5. IR (KBr): ν̃ = 2941 m (NH), 1577 s
υas(COO–), 1388 s υs(COO–), 1272 s (phenolic CO) cm–1. 1H NMR
(CD3OD): δ = 1.43–2.03 (m, 10 H, -C6H10), 3.70 (s, 2 H, benzylic),
6.41–7.02 (m, 4 H, Ar-H). 13C NMR (CD3OD): δ = 23.0, 27.0,
34.5, 37.1, 48.1, and 48.4 (-C6H10), 64.3 (benzylic), 117.7, 118.3,
127.0, 129.3, 130.0, and 162.5 (aromatic), 182.8 (-COOH). ESI-MS:
m/z (%) = 249.2

1-[(5-Chloro-2-hydroxybenzyl)amino]cyclohexane-1-carboxylic Acid
(H2ClSch11): This compound was prepared from 1-aminocyclohex-
ane-1-carboxylic acid and 5-chlorosalicylaldehyde. Yield: 0.88 g
(66%). m.p. 290–291 °C. C14H18ClNO3 (283.7): calcd. C 59.3, H
6.4, N 4.9; found C 59.0, H 6.5, N 4.9. IR (KBr): ν̃ = 3462 m
(OH), 2940 m (N–H), 1568 s υas(COO–), 1495 s υs(COO–), 1273 s
(phenolic CO) cm–1. 1H NMR (CD3OD): δ = 1.41–2.03 (m, 10 H,
-C6H10), 3.70 (s, 2 H, benzylic), 6.60–7.01 (m, 4 H, Ar-H). 13C
NMR (CD3OD): δ = 23.4, 26.9, 34.3, 37.0, 46.1, and 48.2,
(-C6H10), 64.61 (benzylic), 119.6, 121.7, 128.2, 128.9, 129.4, and
161.5 (aromatic), 182.2 (-COOH). ESI-MS: m/z (%) = 283.7.

1-[(2-Hydroxy-5-methylbenzyl)amino]cyclohexane-1-carboxylic Acid
(H2MeSch11): This compound was prepared from 1-aminocyclo-
hexane-1-carboxylic acid and 5-methylsalicylaldehyde. Yield: 0.81 g
(66%). m.p. 295–296 °C. C15H21NO3 (263.3): calcd. C 68.4, H 8.0,
N 5.3; found C 67.9, H 8.0, N 5.4. IR (KBr): ν̃ = 3450 m (OH),
2932 m (NH), 1624 s υas(COO–), 1381 s υs(COO–), 1262 s (phenolic
CO) cm–1. 1H NMR (CD3OD): δ = 1.40–2.17 (m, 10 H, -C6H10),
2.38 (CH3), 3.71 (s, 2 H, benzylic), 6.60–6.88 (m, 4 H, Ar-H). 13C
NMR (CD3OD): δ = 20.5 (Ar–CH3), 23.3, 26.8, 34.3, 37.0, 47.2,
and 48.2, (-C6H10), 64.4 (benzylic), 117.0, 125.3, 128.8, 129.7,
130.3, and 156.8 (aromatic), 182.71 (-COOH). ESI-MS: m/z (%) =
263.3.

2-[(2-Hydroxybenzyl)amino]cyclohexane-1-carboxylic Acid
(H2Sch12): This compound was prepared from 2-aminocyclohex-
anecarboxylic acid and salicylaldehyde. Yield: 1.05 g (89%). m.p.
238–239 °C. C14H19NO3 (249.3): calcd. C 67.4, H 7.7, N 5.6; found
C 67.0, H 7.6, N 5.5. IR (KBr): ν̃ = 2853 m (N–H), 1580 s
υas(COO–), 1461 s υs(COO–), 1263 s (phenolic CO) cm–1. 1H NMR
(CD3OD): δ = 1.38–2.07 (m, 8 H, -C6H10), 2.62 (t, 1 H, HC–N),
3.01 (t, 1 H, HC–COO–), 4.06 (s, 2 H, benzylic), 6.53–7.05 (m, 4
H, Ar-H). 13C NMR (CD3OD): δ = 24.0, 25.1, 28.2, 29.2, 48.1,
and 48.4 (-C6H10), 57.4 (benzylic), 116.4, 119.1, 125.8, 129.4, 129.6,
and 164.5 (aromatic), 182.3 (-COOH). ESI-MS: m/z (%) = 249.3.

2-[(5-Chloro-2-hydroxybenzyl)amino]cyclohexane-1-carboxylic Acid
(H2ClSch12): This compound was prepared from 2-aminocyclohex-
anecarboxylic acid and 5-chlorosalicylaldehyde. Yield: 0.18 g
(64%). m.p. 233–234 °C. C14H18ClNO3 (283.7): calcd. C 59.3, H
6.4, N 4.9; found C 59.1, H 6.4, N 4.8. IR (KBr): ν̃ = 2940 m (NH),
1579 s υas(COO–), 1449 s υs(COO–), 1268 s (phenolic CO) cm–1. 1H
NMR (CD3OD): δ = 1.34–2.10 (m, 8 H, -C6H10), 2.61 (t, 1 H, HC–
N), 2.98 (t, 1 H, HC–COO–), 3.96 (s, 2 H, benzylic), 6.54–7.01 (m,
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3 H, Ar-H). 13C NMR (CD3OD): δ = 21.4, 22.2, 25.5, 26.3, 44.5,
and 45.4 (-C6H10), 55.3 (benzylic), 117.0, 117.4, 117.7, 124.4, 126.3,
and 161.5 (aromatic), 179.2 (-COOH). ESI-MS: m/z (%) = 283.3.

2-[(2-Hydroxy-5-methylbenzyl)amino]cyclohexane-1-carboxylic Acid
(H2MeSch12): This compound was prepared from 2-aminocyclo-
hexanecarboxylic acid and 5-methylsalicylaldehyde. Yield: 60 %.
m.p. 285–286 °C. C15H21NO3 (263.3): calcd. C 68.4, H 8.0, N 5.3;
found C 68.1, H 8.0, N 5.0. IR (KBr):̄ ν̃ = 2941 m (N–H), 1632 s
υas(COO–), 1459 s υs(COO–), 1272 s (phenolic CO) cm–1. 1H NMR
(CD3OD): δ = 1.34–2.17 (m, 8 H, -C6H10), 2.37 (Ar–CH3), 2.57 (t,
1 H, HC–N), 2.97 (t, 1 H, HC–COO–), 3.96 (s, 2 H, benzylic), 6.55–
6.87 (m, 3 H, aromatic). 13C NMR (CD3OD): δ = 20.5 (CH3), 25.1,
28.0, 29.1, 37.0, 47.1, and 48.4 (-C6H10), 57.1 (benzylic), 117.4,
117.8, 123.4, 127.4, 130.2, and 159.3 (aromatic), 182.0 (-COOH).
ESI-MS: m/z (%) = 263.4.

The ligands H3Diala5, H3Diala4, and H3Diala3 were synthesized
as described below.

N-(2,5-Dihydroxybenzyl)-L-alanine (H3Diala5): A mixture of -ala-
nine (0.9 g, 10.1 mmol) and NaOH (0.4 g, 10.1 mmol) in methanol
(20 mL) was stirred for 20 min to get a clear solution. To this was
added 2,5-dihydroxybenzaldehyde (1.4 g, 10.1 mmol). After stirring
for 1 h, the resulting yellow solution was cooled in an ice bath and
then treated with NaBH4 (0.42 g, 11.11 mmol). The yellow color
slowly disappeared. After 45 min, the pH of the solution was
brought to 5 by adding acetic acid. Upon stirring for 40 min, a
pale-brown solid separated out. Filtration followed by washing
with methanol (2 × 5 mL), diethyl ether (2 × 5 mL), and then dry-
ing under vacuum afforded pure H3Diala5. Yield: 1.82 g (85%).
m.p. 268–270 °C. C10H13NO4 (211.2): calcd. C 56.8, H 6.2, N 6.6;
found C 56.3, H 6.3, N 6.5. IR (KBr): ν̃ = 3438 m (OH), 2487 m
(NH), 1635 s υas(COO–), 1511 s υs(COO–), 1285 s (phenolic
CO) cm–1. 1H NMR ([D6]DMSO): δ = 1.31 (m, 3 H, CH3), 3.21
(m, 1 H, -CH), 3.92 (m, 2 H, benzylic), 6.61–6.72 (m, 3 H, Ar-H).
13C NMR: δ = 15.7 (CHCH3), 45.5 (benzylic), 56.2 (-CHCH3),
116.0, 116.2, 116.9, 120.3, 148.6, and 149.6 (aromatic), 171.3
(-COOH). ESI-MS: m/z (%) = 211.4. [α]D27: 7.4 (c = 5.5 mgmL–1,
MeOH).

N-(2,4-Dihydroxybenzyl)-L-alanine (H3Diala4): This ligand was
synthesized according to the same procedure as H3Diala4 except
that 2,4-dihydroxybenzaldehyde was used instead of 2,5-dihydroxy-
benzaldehyde. Yield: 1.65 g (77%). m.p. 288–290 °C. C10H13NO4

(211.2): calcd. C 56.8, H 6.2, N 6.6; found C 56.3, H 6.3, N 6.5. IR
(KBr): ν̃ = 3267 m (OH), 3085 m (NH); 1623 s υas(COO–), 1522 s
υs(COO–), 1216 s (phenolic CO) cm–1. 1H NMR ([D6]DMSO): δ =
1.29 (d, 3 H, -CH3), 3.20 (m, 1 H, -CH), 3.91 (s, 2 H, benzylic),
7.01–6.21 (m, 3 H, Ar-H). 13C NMR: δ = 15.4 (CHCH3), 45.7
(benzylic), 56.6 (-CHCH3), 116.1, 116.2, 117.0, 120.2, 148.7, and
149.5 (aromatic), 172.1 (-COOH). ESI-MS: m/z (%) = 211.3. [α]D27:
8.0 (c = 5.5 mgmL–1, MeOH).

N-(2,3-Dihydroxybenzyl)-L-alanine (H3Diala3): This ligand was
prepared according to the same procedure as H3Diala3 except that
2,3-dihydroxybenzaldehyde was used instead of 2,5-dihydroxy-
benzaldehyde. Yield: 1.41 g (66%). m.p. 262–264 °C. C10H13NO4

(211.2): calcd. C 56.8, H 6.2, N 6.6; found C 56.7, H 6.0, N 6.4. IR
(KBr): ν̃ = 3367 m (OH), 3085 m (NH), υas(COO–) 1623 s, 1522 s
υs(COO–), 1216 s (phenolic CO) cm–1. 1H NMR ([D6]DMSO): δ =
1.30 (d, 3 H, -CH3), 3.26 (m, 1 H, -CH), 3.96 (s, 2 H, benzylic),
6.78–6.62 (m, 3 H, aromatic). 13C NMR: δ = 15.5 (CHCH3), 45.8
(benzylic), 56.7 (-CHCH3), 116.1, 116.2, 116.4, 120.6, 148.3, and
149.1 (aromatic), 170.5 (-COOH). ESI-MS: m/z (%) = 211.2. [α]D27:
8.4 (c = 5.5 mgmL–1, MeOH).
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Complexes

The compound [Cu2(Scp11)2(H2O)2] (1) was synthesized according
to the procedure described earlier.[6c] Weight loss (60–115 °C) as
per TGA: 5.1% [calculated for 2H2O: 5.7%]. µB = 1.55 B. M. Slow
diffusion of methanol into a slightly turbid solution of 1 in water
afforded single crystals of [Cu2(Scp11)2(MeOH)2] (1a).

[Cu2(ClScp11)2(H2O)2] (2): A clear solution containing of
H2Clscp11 (0.13 g, 0.5 mmol) and NaOH (0.04 g, 1.0 mmol) in
methanol (20 mL) was obtained after stirring the mixture for
15 min. To this was added solid copper(II) acetate monohydrate in
portions (0.10 g, 0.5 mmol). After stirring for another 2 h, a green
solid separated out and was filtered off, washed with methanol
(4 mL), diethyl ether (4 mL), and then in air. Yield: 0.31 g (88%).
C26H32Cl2Cu2N2O8 (698.5): calcd. C 44.7, H 4.6, N 4.0; found C
45.1, H 4.7, N 3.7. IR (KBr): ν̃ = 3400 m (OH), 2955 m (NH),
1619 s υas(COO–), 1375 s υs(COO–), 1266 s (phenolic CO) cm–1.
Weight loss (65–145 °C) as per TGA: 5.5% [calculated for 2H2O:
5.2%]. µB = 1.64 BM. Slow diffusion of acetonitrile into a saturated
solution of 2 in DMF furnished dark green single crystals of
[Cu2(ClScp11)2(DMF)(H2O)]·MeCN (2a).

[Cu2(MeScp11)2(H2O)2] (3): To a clear solution of H2MeScp11
(0.12 g, 0.5 mmol) and NaOH (0.04 g, 1.0 mmol) in a mixture of
methanol (10 mL) and water (10 mL) was added copper(II) acetate
monohydrate (0.10 g, 0.5 mmol) in portions. A green solid obtained
after stirring for 2 h was filtered off, washed with water (2 × 2 mL),
methanol (2 × 2 mL) and diethyl ether (2 × 2 mL) and then dried
in air. Yield: 0.28 g (85%). C28H38Cu2N2O8 (657.7): calcd. C 51.1,
H 5.8, N 4.3; found C 51.2, H 5.9, N 4.1. IR (KBr): ν̃ = 3399 m
(OH), 2960 m (NH), 1621 s υas(COO–), 1369 s υs(COO–), 1264 s
(phenolic CO) cm–1. Weight loss (40–102 °C) as per TGA: 5.9%
[calculated for 2 H2O: 5.5 %]. µB = 1.43 BM. Slow diffusion of
methanol into a saturated solution of 3 in DMSO afforded single
crystals of [Cu2(MeScp11)2(MeOH)2]·2MeOH (3a).

[Cu2(OHScp11)2(H2O)2] (4): A suspension of H2(OH)Scp11
(0.04 g, 0.16 mmol) in methanol (6 mL) was allowed to slowly dif-
fuse into a clear solution of copper(II) acetate monohydrate (0.03 g,
0.16 mmol) in water (3 mL) in a test tube. Dark brownish green
single crystals of 4 were obtained after 2 days. Yield: 76% (0.08 g).
C26H34Cu2N2O10 (661.6): calcd. C 47.2, H 5.2, N 4.2; found C 47.1,
H 5.2, N 4.2. IR (KBr): ν̃ = 3481 m (OH), 2954 m (NH); 1625 s
υas(COO–), 1366 s υs(COO–), 1264 s (phenolic CO) cm–1. Weight
loss (134–177 °C) as per TGA: 5.8% [calculated for 2H2O: 5.4%].
µB = 1.41 BM.

[Cu2(Sch11)2]·(H2O) (5): To a clear solution of H2Sch11 (0.12 g,
0.50 mmol) and NaOH (0.04 g, 1.0 mmol) in methanol (20 mL)
was added a solution of copper(II) acetate monohydrate (0.10 g,
0.50 mmol) in methanol (5 mL) and the solution was stirred for 3 h.
The resulting green product was filtered, washed with methanol (2
× 2 mL), diethyl ether (2 × 2 mL), and then dried in air. Yield:
0.06 g (90%). C28H36Cu2N2O7 (639.7): calcd. C 52.6, H 5.7, N 4.4;
found C 52.4, H 5.7, N 4.3. IR (KBr): ν̃ = 3435 m (OH), 2930 m
(N–H), 1640 s υas(COO–), 1373 s, υs(COO–), 1272 s (phenolic
CO) cm–1. Weight loss (33–99 °C) as per TGA: 2.7% [calculated
for H2O: 2.8%]. µB = 1.57 BM.

[Cu2(ClSch11)2(H2O)2] (6): To a clear solution of H2ClSch11
(0.14 g, 0.50 mmol) and NaOH (0.04 g, 1.0 mmol) in methanol
(20 mL) was added copper(II) acetate monohydrate (0.10 g,
0.5 mmol) and the solution was stirred for 1.5 h. The green product
was filtered off, washed with methanol (2 × 2 mL), diethyl ether (2
× 2 m L ) , a n d t h e n d r i e d i n a i r . Yi e l d : 0 . 3 2 g ( 8 8 % ) .
C28H36Cl2Cu2N2O8 (726.6): calcd. C 46.3, H 5.0, N 3.9; found C
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46.7, H 5.0, N 3.5. IR (KBr): ν̃ = 3447 m (OH), 2937 m (N–H),
1622 s υas(COO–), 1382 s υs(COO–), 1266 s, (phenolic CO) cm–1.
Weight loss (65–168 °C) as per TGA: 4.4% [calculated for 2H2O:
4.9%]. µB = 1.32 BM. Slow diffusion of methanol into a saturated
solution of 6 in DMSO afforded dark green single crystals of
[Cu2(ClSch11)2(MeOH)2]·2MeOH (6a).

[Cu2(MeSch11)2(H2O)2] (7): A clear solution of copper(II) acetate
monohydrate in methanol (5 mL) was added to a clear solution
containing a mixture of H2MeSch11 (0.26 g, 1.0 mmol) and NaOH
(0.08 g, 2.00 mmol) in methanol (20 mL). Upon stirring this reac-
tion mixture for 1.5 h, the resulting greenish product obtained was
filtered, washed with methanol (4 mL), diethyl ether (4 mL), and
then dried in air. Yield: 0.46 g (67 %). C30H42Cu2N2O8 (685.7):
calcd. C 52.5, H 6.2, N 4.1; found C 53.2, H 6.2, N 4.1. IR (KBr): ν̃
= 3436 m (OH), 2932 m (NH), 1624 s υas(COO–), 1381 s υs(COO–),
1262 s (phenolic CO) cm–1. Weight loss (68–127 °C) as per TGA:
5.5% [calculated for 2H2O: 5.2%]. µB = 1.40 BM.

[{Cu2(Sch12)2}2Cu2(Sch12)2(H2O)2]·4H2O (8): The ligand H2Sch21
(0.12 g, 0.50 mmol) along with NaOH (0.04 g, 1.0 mmol) was
added to a solvent mixture of water (15 mL) and acetonitrile
(15 mL) and stirred for 15 min to obtain a clear solution. To this
was added copper(II) nitrate trihydrate (0.12 g, 0.50 mmol) and the
solution was stirred for another 3.5 h. The clear dark-green solu-
tion obtained was filtered. Dark green single crystals were formed
from the clear filtrate upon slow evaporation for 4–5 days. Yield:
0.26 g (79%). C84H114N6O24Cu6 (1973.1): calcd. C 51.1, H 5.8, N
4.3; found C 51.4, H 5.7, N 4.2. IR (KBr): ν̃ = 3429 m (OH),
2928 m (NH), υas(COO–) 1597 s 1360 s υs (COO–), 1265 s (phenolic
CO) cm–1. Weight loss (64–119 °C) as per TGA: 5.9% [calculated
for 6H2O: 5.5%]. µB = 1.31 BM.

[Cu2(ClSch12)2]·2H2O (9): To a clear solution of H2ClSch12
(0.14 g, 0.5 mmol) and NaOH (0.04 g, 1.0 mmol) in methanol
(10 mL) was added water (10 mL) followed by the addition solid
copper(II) nitrate trihydrate (0.12 g, 0.5 mmol) and the mixture was
stirred for 1.5 h. The dark green product obtained was filtered,
washed with water (2 × 2 mL), methanol (2 × 2 mL) and diethyl
e ther (4 mL) and then dr ied in air. Yie ld : 0 .31 g (85 %).
C28H36Cl2Cu2N2O8 (726.6): calcd. C 46.3, H 5.0, N 3.9; found C
47.0, H 5.2, N 4.0. IR (KBr): ν̃ = 3396 m (OH), 3115 m (NH),
1603 s υas(COO–), 1384 s υs(COO–), 1264 s (phenolic CO) cm–1.
Weight loss (80–146 °C) as per TGA: 5.8% [calculated for 2H2O:
5.0%]. µB = 1.25 BM. A clear saturated solution of 9 in the solvent
mixture of methanol/dichloromethane (1:1) afforded single crystals
of [Cu2(ClSch12)2]·2MeOH, 9a upon slow evaporation for 3 days.

[Cu2(MeSch12)2(H2O)2] (10): A clear solution of H2MeSch12
(0.26 g, 1.0 mmol) and NaOH (0.08 g, 2.0 mmol) in methanol
(20 mL) was obtained on stirring the mixture for 15 min. To this
was added solid copper(II) nitrate trihydrate (0.24 g, 1.0 mmol) in
one portion. The reaction mixture was stirred for another 1 h. The
greenish product obtained was filtered, washed with methanol,
Et2O, and then dried in air. Yield: 0.48 g (70%). C30H42Cu2N2O8

(685.7): calcd. C 52.5, H 6.17, N 4.1; found C 52.4, H 6.25, N 4.1.
IR (KBr): ν̃ = 3458 m (OH), 2936 m (NH), 1601 s υas(COO–),
1396 s υs(COO–), 1262 s (phenolic CO) cm–1. Weight loss (60–
107 °C) as per TGA: 5.2 % [calculated for 2 H2O: 5.3 %]. µB =
1.34 BM.

[Cu2(Diala5)2(H2O)2]·H2O (11): To a clear solution of copper(II)
acetate monohydrate (0.20 g, 1 mmol) in water (20 mL) H3Diala5
(0.21 g, 1 mmol) was added directly and stirred for 3 h. The green
solid obtained after stirring for 3 h was filtered, washed with meth-
anol (2 × 2 mL), diethyl ether (2 × 2 mL), and then dried in air.
Yield: 0.38 g (63%). C20H28Cu2N2O11 (599.5): calcd. C 40.1, H 4.7,
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N 4.6; found C 40.2, H 4.8, N 4.2. IR (KBr): ν̃ = 3406 m (OH),
2920 m (NH), 1611 s υas(COO–), 1462 s υs(COO–), 1299 s (phenolic
CO) cm–1. [α]D27: 97.4 (c = 5.5 mgmL–1, DMSO). Weight loss (24–
101 °C) as per TGA: 8.6 % [calculated for 3 H2O: 9.0 %]. µB =
1.51 BM.

[Cu2(Diala4)2(H2O)2]·H2O (12): To the clear solution of copper
acetate (0.20 g, 1 mmol) in methanol (20 mL) H3Diala4 (0.21 g,
1 mmol) was added directly and stirred. The green precipitate that
formed after 10 min was subjected to further stirring for 3.5 h and
then filtered off, washed with methanol, Et2O, and dried in air.
Yield: 0.36 g (61%). C20H28Cu2N2O11 (599.5): calcd. C 40.1, H 4.7,
N 4.6; found C 40.1, H 4.5, N 4.4. IR (KBr): ν̃ = 3406 m (OH),
2920 m (NH), 1611 s υas(COO–), 1462 s υs(COO–), 1299 s (phenolic
CO) cm–1. [α]D27: 32.4 (c = 5.5 mgmL–1, DMSO). Weight loss (23–
106 °C) as per TGA: 8.2 % [calculated for 3 H2O: 9.0 %]. µB =
1.25 BM. Slow diffusion of acetone into a saturated solution of 12
in DMSO afforded dark-green single crystals of [Cu2(Diala4)2-
(DMSO)2]·2DMSO·2acetone (12a).

[Cu2(Diala3)2(H2O)2]·H2O (13): To a clear solution of copper ace-
tate (0.40 g, 2 mmol) in methanol (30 mL) H3Diala3 (0.42 g,
2 mmol) was added directly and stirred. The dark-green solution
was stirred for 5 h. The mixture was reduced to a small volume and
then precipitated with excess of diethyl ether. The green product
was dried in air. Yield: 0.82 g (68 %). C20H28Cu2N2O11 (599.5):
calcd. C 40.1, H 4.7, N 4.6; found C 40.0, H 4.6, N 4.4. IR (KBr): ν̃
= 3406 m (OH), 2920 m (NH), 1611 s υas(COO–), 1462 s υs(COO–);
1299 s (phenolic CO) cm–1. [α]D27: 40.7 (c = 5.5 mgmL–1, DMSO).
Weight loss (80–131 °C) as per TGA: 8.6% [calculated for 3H2O:
9.0%]. µB = 1.91 BM.

Catecholase Activity and Kinetics Measurements: The catecholase
activity of the complexes 1–13 described here in has been measured
by the reaction with model substrate 3,5-DTBC at 25 °C. The
growth of absorption maximum at λmax = 390 nm, characteristic of
the product of oxidation 3, 5-DTBQ, was measured as a function
of time. For this purpose, 10–4 moldm–3 solutions of 1–13 were
treated with 50 equivalents of 3,5-DTBC. The reaction was carried
out in methanol because of the satisfactory solubility of 3,5-DTBC
and 3,5-DTBQ. The course of the reaction was followed by UV/
Vis spectroscopy. The UV/Vis spectra of the original solution di-
rectly after the addition and after 10, 20, 30, 40, 50, 60, 75, 90, 105,
and 120 min were recorded and corrected for volume changes. The
increase in the absorption due to the formation of DTBQ at
390 nm indicated significant catalytic activity for all the complexes.
Kinetic parameters on the rate of catechol oxidation were deter-
mined by reaction of 110–3 to 1.310–2  solutions of DTBC with
10–4 solutions of complexes in methanol. A kinetic treatment on
the basis of the Michaelis–Menten approach was applied and the
results were evaluated from Lineweaver–Burk double reciprocal
plots. The errors in the kinetic parameters were obtained from at
least three measurements.

X-ray Crystallography: The diffraction experiments were carried
out with a Bruker AXS SMART CCD diffractometer. The program
SMART[34a] was used for collecting frames of data, indexing reflec-
tions, and determining lattice parameters, SAINT[34a] for integra-
tion of the intensity of reflections and scaling, SADABS[34b] for
absorption correction and SHELXTL[34c] for space group and
structure determination, least-squares refinements on F2. All the
hydrogen atom positions of the imine groups, methanol, and water
molecules were located and their positional parameters were re-
fined in the least-squares cycles. One of the carbon atoms in 2a
(C12 with occupancies 0.65/0.35) and 3a (C11 with occupancies
0.6/0.4) were found to be disordered. Selected crystallographic data
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Table 5. X-ray crystallographic data and structure refinement details.

Complex 1a 2a 3a 4

Formula C28H38Cu2N2O8 C31H40Cl2Cu2N4O8 C32H50Cu2N2O10 C26H34Cu2N2O10

Formula wt. 657.68 794.65 749.82 661.63
T [K] 223(2) 223(2) 223(2) 223(2)
Crystal system monoclinic triclinic triclinic triclinic
Space group C2/c P1̄ P1̄ P1̄
a [Å] 16.5064(8) 11.2530(6) 7.7219(5) 7.7024(8)
b [Å] 14.5462(7) 12.3363(7) 10.4139(7) 8.8514(9)
c [Å] 14.1803(7) 13.9093(8) 11.599(28) 9.835(1)
α [°] 90 107.662(1) 106.958(1) 76.240(2)
β [°] 124.930 105.555(1) 106.312(1) 89.220(2)
γ [°] 90 98.783(1) 96.710(1) 81.352(2)
V [Å3] 2791.4(2) 1713.9(2) 836.0(1) 643.7(1)
Z 4 2 1 1
µ [mm–1] 1.577 1.451 1.331 1.716
Reflections collected 8047 9753 4902 3806
Independent reflections 2460 5943 2948 2266
Rint 0.0313 0.0196 0.0135 0.0164
GooF 1.010 1.034 1.054 1.053
Final R [I�2σ], R1

[a] 0.0372 0.0479 0.0316 0.0337
wR2

[b] 0.0902 0.1212 0.0828 0.0831

Complex 6a 8 9a 12a

Formula C32H48Cl2Cu2N2O10 C28H38Cu2N2O8 C30H40Cl2Cu2N2O8 C34H58Cu2N2O14S4

Formula wt. 817.7 657.68 754.62 974.14
T [K] 223(2) 223(2) 223(2) 223(2)
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄ P1
a [Å] 7.7614(3) 12.3573(11) 7.4698(9) 9.5244(7)
b [Å] 10.8014(4) 14.1055(14) 9.9411(12) 10.8149(8)
c [Å] 11.8232(4) 14.1822(15) 11.2134(14) 12.0257(9)
α [°] 108.395(2) 104.195(2) 72.522(3) 96.841(2)
β [°] 107.969(2) 110.017(2) 79.596(3) 102.547(2)
γ [°] 95.718(2) 104.945(3) 88.363(3) 111.801(2)
V [Å3] 873.10(6) 2087.2(4) 780.9(2) 1095.0(1)
Z 1 3 1 1
µ [mm–1] 1.429 1.582 1.586 1.225
Reflections collected 7693 17670 6432 6278
Independent reflections 5003 10780 4305 4545
Rint 0.0206 0.0239 0.0216 0.0162
GooF 0.921 1.019 1.084 1.078
Final R [I � 2σ], R1

[a] 0.0398 0.0376 0.0521 0.0444
wR2

[a] 0.0856 0.0734 0.1146 0.1136

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.

and refinement details are displayed in Table 5. The structure of
12a can also be solved in the centrosymmetric space group P1̄ with
the methyl group of the alanine part of the ligand disordered. How-
ever, the optical activity of 12 containing the optically active Diala4
ligand is comparable to those of 11 and 13 and therefore, the chiral
space group was retained.

CCDC-277306 to -277313 (for 1a, 2a, 3a, 4, 6a, 8, 9a, and 12a,
respectively) contain the supplementary crystallographic data dis-
cussed in this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Structure diagrams, thermogravimetric curves, UV/Vis
spectra of the oxidation of 3,5-DTBC, Lineweaver–Burk plots (1/v
vs. 1/[S]) and ESI-MS data (total number of pages: 25).
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This paper reports the synthesis and detailed characteriza-
tion of the mononuclear complex [FeII(Hpy-DAPP)](BF4)2

(Hpy-DAPP = {bis[N-(2-pyridylmethyl)-3-aminopropyl](2-py-
ridylmethyl)amine}), which manifests a two-step spin cross-
over accompanied by an ordering and a conformational tran-
sition in the ligand. The magnetic susceptibility measure-
ments and Mössbauer spectra reveal that the two steps of the
spin transition are separated by an inflexion point at about
130 K at which 50% of the complex undergoes a spin conver-
sion. The high-temperature step centered at 181 K is gradual,
whereas the low-temperature one displays a thermal hyster-
esis with two transition temperatures (Tc� = 119 and Tc� =
123 K). The single-crystal X-ray structure has been deter-
mined for the HS (298 K) and LS (90 K) forms, as well as for
the mixed form with an HS:LS ratio of 1:1 (130 K). The struc-
tural studies show that the crystal lattice contains a single
FeII crystallographic site over the whole temperature range.
At room temperature, the most important peculiarity of the
HS complex structure is the disorder of the N3 amino ali-
phatic atom, which is in the first coordination sphere of FeII,

Introduction

The phenomenon of spin transition between low-spin
(LS) and high-spin (HS) electronic states[1] is an important
area in iron(II) coordination chemistry. Its theoretical and
experimental aspects, as well as its potential applications,
give rise to a permanent interest in this phenomenon. The
bi-stable behavior (HS, S = 2, 5T2 ↔ LS, S = 0, 1A1) under-
lies the design of new molecular materials for technological
applications[1b,1d,2] and can be induced by a variation of
temperature, pressure, light irradiation, or by application of
a magnetic field. The potential applications of spin-cross-
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over two positions. The strong involvement of the N3 atoms
in H-bonding with two neighboring counterions is consid-
ered as a possible origin of this disorder. At 130 K, the disor-
der is increased by the distribution of the N1 and C9 atoms
over two positions, leading to the conformational disorder
(chair and twist-boat conformations with a 1:1 ratio) in the
six-membered N2C7C8C9N1Fe chelate cycle. At 90 K, the
disorder in the positions of the N1, N3, and C9 atoms disap-
pears and the N2C7C8C9N1Fe metallacycle adopts a unique
twist-boat conformation. The results of structural studies sug-
gest that the two-step spin-transition behavior of the com-
plex [Fe(Hpy-DAPP)](BF4)2 is induced by two different ge-
ometries of the [FeN6] coordination core generated by the
disorder in the ligand. The HS � LS transition is also associ-
ated with the conformational change in the chelate cycle.
Both crystallographic data analysis and electronic structure
calculations allow us to relate the disordered geometries of
the [FeN6] coordination core to their HS and LS character.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

over systems for information storage require an abrupt spin
transition with a relatively large thermal hysteresis centered
near to ambient temperature. Currently, two approaches are
employed to design new cooperative spin-crossover com-
pounds, namely supramolecular and polymeric ap-
proaches.[3] The use of new polydentate ligands containing
nitrogen donor atoms with different chemical functions,
which generate an intermediate ligand field that favors spin-
state interconversion, is one of the possible synthetic strate-
gies for engineering spin transition systems. However, the
ligand-field splitting is not the only factor that determines
the existence and character of a spin transition. The inter-
play of the spin pairing energy and the ligand-field strength
is very sensitive to small structural perturbations in the
metal environment, which may result from the existence of
sterically demanding ligands and/or from minor crystal-
packing changes associated with the nature of the counteri-
ons, or even the presence of a solvent of crystallization. As
has been noted,[1i] even more subtle changes, such as the
number of chelate rings and/or the replacement of five- with
six-membered cycles, can also affect the spin state of the
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resulting iron(II) complex. In this context, polydentate li-
gands that are capable of generating one or more flexible
six-membered metallocycles upon coordination with FeII

are of special interest. In this case, a high flexibility of the
coordination sphere of a complex can manifest itself in dif-
ferent ways, one of which is the yield of several reaction
products. For example, the enlargement of just one of three
chelate cycles from five-membered in [Fe(DPEA)(NCS)2][4a]

[DPEA = (2-aminoethyl)bis(2-pyridylmethyl)amine] to six-
membered in [Fe(DPPA)(NCS)2][4b] [DPPA = (3-aminopro-
pyl)bis(2-pyridylmethyl)amine] has allowed the isolation of
four species with the DPPA ligand (three of them with the
spin change), namely three polymorphic modifications and
one solvated complex, instead of just one complex with
DPEA. Another situation arises due to the conformational
freedom of six-membered chelate cycles.[5] Recently, a new
cooperative spin-crossover compound [Fe(DAPP)(abpt)]-
(ClO4)2 [DAPP = bis(3-aminopropyl)(2-pyridylmethyl)-
amine; abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole],
which displays simultaneous spin change and two order–
disorder transitions (in the DAPP ligand and the counter-
ion), has been reported.[6] At high temperatures, the disor-
der over two positions was observed for one carbon atom
in the six-membered metallacycle, which is in a half-boat
conformation. This peculiarity, i.e. the thermal ordering of
the ligand directly coordinated to the metal, was documen-
ted for spin-crossover systems for the first time. The order–
disorder phenomena and the spin transition in [Fe(DAPP)-
(abpt)](ClO4)2 were found to be interrelated. Both tuning
of the ligand-field strength by the DAPP ligand and rein-
forcement of the cooperative interactions due to the ther-
mal ordering in the perchlorate ions were proposed as initi-
ators of the spin transition.

Following our studies on the role of metallocycle size on
the spin-transition process, a new complex [Fe(Hpy-
DAPP)](BF4)2 (Hpy-DAPP = {bis[N-(2-pyridylmethyl)-3-
aminopropyl](2-pyridylmethyl)amine}) has been synthe-
sized. The hexadentate Hpy-DAPP ligand (Scheme 1) was
prepared starting from tetradentate DAPP. The modifica-
tion of the DAPP ligand was motivated by its ability to
form disordered six-membered chelate cycles upon coordi-
nation with FeII. The magnetic susceptibility measurements
and Mössbauer spectra of the title compound display a
two-step spin transition with thermal hysteresis in the low-
temperature step. The single-crystal X-ray structure was de-
termined for the HS (298 K) and LS (90 K) forms, as well
as for the mixed form with an HS:LS ratio of 1:1 (130 K).
The results of our experimental and theoretical studies sug-

Scheme 1. Representation of the Hpy-DAPP ligand.
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gest that [Fe(Hpy-DAPP)](BF4)2 can be considered as the
first mononuclear complex with a unique FeII crystallo-
graphic site for which the two-step spin transition occurs
within the same space group and is accompanied by a li-
gand ordering in conjugation with a conformational transi-
tion.

Results

Magnetic Susceptibility Data

Magnetic susceptibility measurements were carried out
on two different batches of freshly prepared samples of
[Fe(Hpy-DAPP)](BF4)2 and also on some thermally cycled
samples. Within the experimental precision, the magnetic
susceptibility of these samples was the same at each tem-
perature. Variable-temperature magnetic susceptibility data
were measured in both cooling and warming modes in the
range 15–290 K. The magnetic properties of the complex
(Figure 1) display the HS ↔ LS transition. At 290 K, the
magnitude of χMT, where χM is the molar magnetic suscep-
tibility, is 3.56 cm3 mol–1 K (µeff = 5.34 µB) and corresponds
to a quintet spin state. This value remains fairly constant
with decreasing temperature until 230 K and then gradually
decreases upon cooling to 1.78 cm3 mol–1 K at 130 K. Below
130 K, the χMT value descends more steeply to reach
0.53 cm3 mol–1 K at 90 K, and then it slowly decreases to
0.40 cm3 mol–1 K at 15 K. This weak paramagnetism may
be related to a residual amount (about 10%) of the HS frac-
tion. The presence of a residual paramagnetic HS fraction
at low temperature was confirmed by Mössbauer spec-
troscopy (vide infra). The shape of the susceptibility curve
reveals that the spin transition takes place in two steps,
which are separated by an inflexion point at about 130 K
at which 50% of the complex has undergone a thermal spin
conversion. The gradual high-temperature step is centered
at 181 K. The low-temperature step displays a thermal hys-
teresis. The observed transition temperatures are Tc� = 119
and Tc� = 123 K in the cooling and warming modes,
respectively.

Figure 1. Thermal variation of χMT for [Fe(Hpy-DAPP)](BF4)2.
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Description of the Structure

The crystal structure of [Fe(Hpy-DAPP)](BF4)2 was de-
termined at 298, 130, and 90 K for the HS, mixed-spin
states, and predominantly LS form, respectively. No change
in the space group was observed at these three temperatures.
All structures belong to the monoclinic P21/c group with Z
= 4. Selected bond lengths are given in Table 1. Six nitrogen
atoms of Hpy-DAPP ligand constitute the first coordina-
tion sphere around the FeII atom (Figure 2). The ligand,
upon coordination to iron(II), forms three five-membered
and two six-membered chelate cycles. It should be noted
that three pyridine rings (or three aliphatic amino groups)
of the Hpy-DAPP ligand can have either a facial or a me-
ridional arrangement, which gives rise, in principle, to a
number of isomers. An octahedral coordination leads to the
possible existence of two stereoisomers (∆ or Λ configura-
tion). In [Fe(Hpy-DAPP)](BF4)2, the ligand adopts a fac
configuration and the unit cell contains two pairs of sym-
metry-related left-handed and right-handed enantiomers.

Table 1. Selected bond lengths [Å] for [Fe(Hpy-DAPP)](BF4)2.[a]

T = 298 K T = 130 K T = 90 K

Fe(1)–N(1) 2.208(3) 2.009(5)
Fe(1)–N(1A) 2.140(3)
Fe(1)–N(1B) 2.034(10)
Fe(1)–N(2) 2.238(2) 2.152(4) 2.128(4)
Fe(1)–N(3) 2.085(6)
Fe(1)–N(3A) 2.151(4) 2.084(8)
Fe(1)–N(3B) 2.217(5) 2.104(10)
Fe(1)–N(4) 2.181(2) 2.071(4) 2.049(4)
Fe(1)–N(5) 2.191(2) 2.030(5) 2.033(5)
Fe(1)–N(6) 2.235(2) 2.079(5) 2.061(4)

[a] Estimated standard deviations in the least significant digits are
given in parentheses.

Figure 2. ORTEP view of [Fe(Hpy-DAPP)](BF4)2 at 298 K. Ellipsoids enclose 30% probability. The hydrogen atoms have been omitted
for clarity.
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High-Spin Complex Structure (T = 298 K)

The [FeN6] coordination core is severely distorted at room
temperature, and the Fe–N distances fall within the range
2.151(4)–2.238(2) Å (see Table 1). The average Fe–N dis-
tance is equal to 2.206 Å, typical for iron(II) in the HS state.
The octahedron is axially elongated along the N2–Fe–N6
direction, which can be seen as a pseudo-Jahn–Teller distor-
tion. The secondary N3 amino aliphatic atom is disordered
over two positions (Figure 3, a), with an occupancy close
to 0.5:0.5. The two Fe–N3(A) and Fe–N3(B) distances are
rather different and equal to 2.151(4) and 2.217(5) Å,
respectively. The N–Fe–N angles between the adjacent and
the opposite nitrogen atoms fall within the range 73.7(2)–
111.6(2)° and 160.5(2)–166.5(1)°, respectively. The largest
deviation (74–78°) from 90° is observed in three five-
membered chelate cycles due to steric strain. In contrast,
the N–Fe–N angles in the FeN2C7C8C9N1 and
FeN2C16C17C18N3(A/B) six-membered chelate cycles are
close to the ideal octahedral value, probably owing to the
flexibility of the amino aliphatic chain. The former metallo-
cycle adopts a chair conformation (Figure 3, a).

The BF4 counterions were found to be badly disordered
at room temperature (Figure 2). This disorder was modeled
over two orientations in a 0.5:0.5 occupation ratio. The dis-
ordered groups are represented as a superposition of two
tetrahedra with a unique position for the B atoms and eight
different orientations for the F atoms. However, the large
values of the anisotropic displacement parameter for the F
atoms indicate that the disorder model with only two posi-
tions for the BF4 groups, derived from the SHELXS-97 pro-
gram, is not fully satisfactory. It is therefore very likely that
both counterions are disordered over several rather close
orientations at room temperature.
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Figure 3. Fragment of the molecular structure of [Fe(Hpy-
DAPP)](BF4)2 at 298 K (a), 130 K (b), and 90 K (c).

Figure 4 displays a projection of the crystal structure on
the ac plane. The cohesion between the cation complexes is
achieved by numerous indirect hydrogen bonds passing via
the fluorine atoms of both counteranions (Table 2). The flu-
orine atoms of the B1 tetrafluoroborate ion are strongly
involved in the formation of sixteen H-bonds, namely four

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2671–26822674

intramolecular bonds with the N1 atom, two intra- and two
intermolecular bonds with the disordered N3 atom, and
three intra- and five intermolecular bonds with C13 and
C19 atoms, respectively. The intermolecular interactions
concerning the B1 counterion link the molecules related by
the symmetry operation x, 0.5 – y, 0.5 + z into infinite
chains that propagate in the c direction. The fluorine atoms
of the B2 tetrafluoroborate anions, much less involved in
the hydrogen bonding, take part in only a few H-bonds
(Table 2). They link the molecules from neighboring infinite
chains into a three-dimensional network. The H-bonds with
the B2 counterions spread in the directions corresponding
to the two diagonals in the ab plane.

Figure 4. Projection of the molecular structure on the ac plane
showing the H-bonding network at 298 K.

T = 130 K (Cooling Mode)
The main feature of the structure is the disorder enhance-

ment within the FeII coordination core despite the lowering
of the temperature. The disorder of the N3 amino aliphatic
group over two equally occupied sites is retained (Figure 3,
b). Moreover, the second amino aliphatic N1 atom, as well
as the adjacent C9 methylene group, which are only slightly
agitated at room temperature, were resolved to be also dis-
ordered over two A and B sites with a 0.5:0.5 occupancy
ratio. At 130 K, the FeN2C7C8C9(A)N1(A) and
FeN2C7C8C9(B)N1(B) six-membered chelate cycles adopt
two different conformations. The former, as at room tem-
perature, has a chair conformation, whereas the latter
adopts a twist-boat conformation (Figure 3, b). At this tem-
perature, the geometry of the [FeN6] octahedron reflects the
changes conforming to a partial HS�LS transition. The
distances in the coordination core decrease (Table 1) and
the average Fe–N distance decreases to 2.087 Å.
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Table 2. Interatomic distances [Å] and angles [°] for the hydrogen-
bonding interactions in[Fe(Hpy-DAPP)](BF4)2.[a,b]

D–H···A D–H H···A D···A D–H···A
298 K

N(1)–H(1N)···F(1A)1 0.910 2.547 3.336(7) 145.4
N(1)–H(1N)···F(1B)1 0.910 2.430 3.242(7) 148.7
N(1)–H(1N)···F(2A)1 0.910 2.097 2.944(6) 154.4
N(1)–H(1N)···F(3B)1 0.910 2.343 3.170(6) 151.0
N(3A)–H(3NA)···F(3A)1 0.910 2.135 3.007(9) 160.2
N(3A)–H(3NA)···F(3B)1 0.910 2.229 3.134(9) 172.6
N(3B)–H(3NB)···F(4A)2 0.910 2.498 3.301(9) 147.3
N(3B)–H(3NB)···F(4B)2 0.910 2.408 3.118(9) 134.9
C(12)–H(12A)···F(7A)1 0.930 2.483 3.378(9) 161.6
C(13)–H(13A)···F(2A)3 0.930 2.543 3.240(6) 132.0
C(19)–H(19A)···F(1A)2 0.970 2.418 3.243(9) 142.7
C(19)–H(19A)···F(1B)2 0.970 2.538 3.299(7) 135.4
C(19)–H(19A)···F(4B)2 0.970 2.322 3.280(8) 169.2
C(19)–H(19B)···F(2B)1 0.970 2.483 3.139(8) 124.8
C(19)–H(19C)···F(1A)2 0.970 2.297 3.243(9) 164.9
C(19)–H(19D)···F(3A)1 0.970 2.535 3.443(8) 155.7
C(19)–H(19D)···F(2B)1 0.970 2.240 3.139(8) 153.8
C(21)–H(21A)···F(7A)4 0.930 2.487 3.212(5) 135.0
C(22)–H(22A)···F(7B)2 0.930 2.517 3.396(5) 157.7

130 K

N(1A)–H(1NA)···F(1)1 0.930 2.450 3.22(3) 140.7
N(1B)–H(1NB)···F(1)1 0.930 2.332 3.04(2) 132.6
N(1A)–H(1NA)···F(3)1 0.930 2.493 3.39(3) 163.3
N(1B)–H(1NB)···F(3)1 0.930 2.542 3.21(1) 129.6
N(3A)–H(3NA)···F(3)1 0.930 2.134 3.03(1) 162.5
N(3B)–H(3NB)···F(4)2 0.930 2.394 3.17(1) 141.2
C(9A)–H(9A)···F(5)5 0.990 2.210 2.82(2) 118.6
C(9B)–H(9C)···F(3)1 0.990 2.456 3.00(1) 113.9
C(12)–H(12A)···F(7)1 0.950 2.455 3.39(1) 169.4
C(13)–H(13A)···F(2)3 0.950 2.483 3.32(1) 146.3
C(19)–H(19A)···F(4)2 0.990 2.328 3.30(1) 166.7
C(19)–H(19B)···F(2)1 0.990 2.531 3.19(1) 123.9
C(19)–H(19D)···F(2) 1 0.990 2.222 3.19(1) 162.8
C(24)–H(24A)···N(5)1 0.950 2.600 3.130(7) 115.6

90 K

N(1)–H(1N)···F(1)1 0.930 2.403 3.087(8) 130.3
N(1)–H(1N)···F(3)1 0.930 2.497 3.209(9) 133.5
N(3)–H(3N)···F(4)2 0.930 2.381 3.186(1) 144.7
C(7)–H(7A)···N(5)1 0.990 2.616 3.167(8) 115.2
C(9)–H(9B)···F(3)1 0.990 2.562 3.05(1) 110.6
C(12)–H(12A)···F(7)1 0.950 2.455 3.39(1) 166.3
C(13)–H(13A)···F(2)3 0.950 2.548 3.35(1) 142.3
C(16)–H(16A)···F(5)6 0.990 2.539 3.27(1) 130.7
C(19)–H(19B)···F(2)1 0.990 2.316 3.18(1) 145.7
C(24)–H(24A)···N(5)1 0.950 2.613 3.133(7) 114.9

[a] Symmetry operations: (1) x, y, z; (2) x, 0.5 – y, 0.5 + z; (3) 1 –
x, 0.5 + y, 0.5 – z; (4) 1 – x, –0.5 + y, 0.5 – z; (5) 1 – x, 1 – y, –z;
(6) –1 + x, y, z. [b] Estimated standard deviations in the least sig-
nificant digits are given in parentheses.

Several models of splitting of the BF4 anions at 130 K
were tested. However, the best result was obtained for an
ordered model. This suggests that the tetrafluoroborate
anions undergo an order–disorder transition above 130 K.
The anisotropic thermal parameters for the fluorine atoms
are considerably reduced relative to 298 K. Nevertheless,
they remain slightly higher than those for the other atoms.

Upon lowering the temperature to 130 K, the shortening
of the unit-cell parameters and the bond lengths due to
both thermal contraction and partial spin-transition occurs.

Eur. J. Inorg. Chem. 2006, 2671–2682 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2675

Relative to 298 K, the unit-cell volume decreases by 5.3%
(151 Å3), although the crystal packing is similar to that at
room temperature. The number of H-bonds is lower but the
topology of their propagation in the crystal is quite similar
(Table 2). As above, the B1 tetrafluoroborate anions partici-
pate in the formation of intra- and intermolecular interac-
tions that result in infinite chains of H-bound complex cat-
ions spreading in the c direction. The intermolecular dis-
tances connected with H-bonding (Table 2) are slightly re-
duced, showing a relative strengthening of the intermo-
lecular interactions upon cooling.

Low-Spin Complex Structure (T = 90 K)

At this temperature, according to the magnetic and
Mössbauer data (vide infra), the LS sample contains small
amounts of the HS isomer (10%). Despite the presence of
a residual HS fraction, the structural characteristics found
at 90 K are close to those usually observed for LS com-
plexes.

The main result of the structural determination at this
temperature is the disappearance of disorder in the posi-
tions of both N1 and N3 secondary amino aliphatic nitro-
gen atoms observed at 130 K (Figure 3, c). Despite a gene-
ral decrease, the anisotropic displacement parameter values
for several atoms (N1, N3, and C9, as well as F2, F3, F5,
and F6) remain slightly higher than those for the other
atoms. This can be explained by the contribution of disor-
der introduced by the residual HS fraction. The
FeN2C7C8C9N1 six-membered chelate cycle adopts a
twist-boat conformation (Figure 3, c), whereas the
FeN2C16C17C18N3 metallacycle has an intermediate con-
formation between the chair and half-boat ones.

Upon cooling, the metal–ligand distances in the [FeN6]
coordination core become shorter (Table 1), in full accord-
ance with the HS�LS transition. The reductions of the Fe–
N distances are 0.199 (Fe–N1), 0.110 (Fe–N2), 0.099 (Fe–
N3), 0.132 (Fe–N4), 0.158 (Fe–N5), and 0.174 Å (Fe–N6),
relative to the room-temperature values. The N–Fe–N
angles also vary in the direction of a more regular geometry
of the [FeN6] octahedron.

At 90 K, the unit-cell volume decreases by 5.94%
(168 Å3) relative to that at 298 K due to both the lattice
thermal contraction and the shortening of the Fe–N dis-
tances upon spin transition. The anisotropy of the unit-cell
contraction amounts to 3.23, 1.01, and 1.48% for the a, b,
and c axes, respectively, and 0.57% for the β angle. The
network of intermolecular contacts represented by hydro-
gen bonds is rather similar to that for the HS form
(Table 2): the crystal packing consists of chains of mole-
cules spreading in the c direction. The cohesion within the
chains is provided by H-bonding through the B1 tetrafluo-
roborate anion, whereas between the chains it mainly oc-
curs via the B2 counterion.

Mössbauer Data

Mössbauer spectra for [Fe(Hpy-DAPP)](BF4)2 were re-
corded on two different batches of freshly prepared sam-
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ples. Within the experimental error, the Mössbauer param-
eters were found to be the same for the two syntheses. Fig-
ure 5 shows some representative spectra at different tem-
peratures. The values of the main Mössbauer parameters
obtained from a least-square fitting procedure are listed in
Table 3 for the whole temperature range. The room-tem-
perature Mössbauer spectrum consists of a unique quadru-
pole-split doublet with parameters typical for iron(II) in the
HS state (δ = 0.955 mms–1, ∆Eq = 1.848 mms–1). The
Mössbauer spectra at lower temperatures can be best fitted
with two doublets corresponding to HS and LS iron(II) spe-
cies. The Mössbauer area fraction [AHS/(AHS + ALS)] is
plotted as a function of temperature (in the cooling mode)
in Figure 6. It reveals the same two-step spin-crossover be-
havior as the magnetic measurements. The low-temperature
residual HS fraction was found to be significantly different
in the two series of Mössbauer measurements. We attribute
this difference to the somewhat different cooling procedure
in the two cases. To check this hypothesis, we carried out a
series of thermal quenching experiments down to 80 K at
different cooling rates (0.1, 1, 10, and 50 Kmin–1). The HS
fractions obtained at different cooling rates are included in
Figure 6. At the lowest cooling rate we obtained about 8%
HS residue, while at 10 and 50 Kmin–1 the trapped HS frac-
tion reached 31 and 32%, respectively.

The thermal variation of the Mössbauer parameters in
the vicinity of the inflexion point (80–200 K) was carefully
analyzed. Figures showing the evolution of the isomer shift
(δ), half-height width (Γ), quadrupole splitting (∆Eq) of the
HS and LS Mössbauer lines, and the logarithm of the total
Mössbauer spectrum area as a function of the temperature
in the cooling cycle are provided as Supporting Infor-
mation. Due to the second-order Doppler effect, both the
HS and LS isomer shifts increase almost linearly with
decreasing temperature. One can observe a slight deviation

Table 3. Least-squares fitted Mössbauer data for [Fe(Hpy-DAPP)](BF4)2.[a]

HS LS AHS/(Atot)
δ ∆Eq Γ/2 δ ∆Eq Γ/2

T [K] [mms–1] [mms–1] [mms–1] [mms–1] [mms–1] [mms–1]

293* 0.955(2) 1.848(4) 0.159(3) – – – 1
250 0.997(2) 2.103(3) 0.155(3) 0.49(1) 0.29(2) 0.10(1) 0.91(1)
200* 1.011(3) 2.221(5) 0.149(4) 0.50(1) 0.30(1) 0.13(1) 0.76(1)
200 1.017(1) 2.265(3) 0.150(2) 0.508(3) 0.317(5) 0.119(4) 0.733(5)
185 1.026(2) 2.317(3) 0.147(2) 0.507(3) 0.319(4) 0.118(3) 0.680(5)
170 1.032(2) 2.371(3) 0.143(2) 0.516(2) 0.319(3) 0.121(3) 0.615(5)
155 1.039(1) 2.425(3) 0.137(2) 0.514(2) 0.321(3) 0.122(2) 0.555(4)
150* 1.033(2) 2.431(4) 0.143(3) 0.524(2) 0.326(3) 0.124(3) 0.508(2)
140 1.046(2) 2.465(4) 0.138(3) 0.517(2) 0.317(3) 0.125(3) 0.519(5)
132.5 1.053(2) 2.494(4) 0.139(3) 0.514(2) 0.315(3) 0.126(2) 0.496(5)
125 1.054(2) 2.512(4) 0.139(3) 0.523(2) 0.320(3) 0.129(2) 0.467(6)
117.5 1.070(3) 2.521(5) 0.133(4) 0.504(2) 0.303(4) 0.146(3) 0.389(7)
110 1.058(3) 2.562(6) 0.142(5) 0.516(1) 0.300(2) 0.144(2) 0.294(6)
100* 1.053(4) 2.594(8) 0.122(7) 0.528(1) 0.300(2) 0.139(2) 0.19(1)
95 1.043(6) 2.62(1) 0.13(1) 0.523(1) 0.296(2) 0.145(2) 0.14(1)
80 1.06(1) 2.62(2) 0.11(1) 0.50(1) 0.277(2) 0.150(2) 0.08(1)
5* 1.128(4) 2.806(8) 0.137(6) 0.557(1) 0.326(2) 0.150(1) 0.16(1)

[a] δ: isomer shift (with reference to metallic iron at 293 K); ∆Eq: quadrupole splitting; Γ: half-height width; AHS: area of HS doublet;
Atot: total Mössbauer spectrum area. The error bars of statistical origin are given in parentheses. Temperature values marked with (*)
correspond to measurements on a separate batch of synthesis.
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Figure 5. Representative Mössbauer spectra of [Fe(Hpy-
DAPP)](BF4)2. The solid lines represent fitted curves.

from the linear behavior around 125 K, but it hardly ex-
ceeds the experimental incertitude. The line widths of the
HS and LS Mössbauer lines show an opposing tendency:
while the former decreases, the latter increases slightly with
decreasing temperatures. The thermal variation of ΓLS dis-
plays a jump between 125 and 117.5 K. For ΓHS the statisti-
cal errors become too high around these temperatures due
to the small proportion of HS molecules. As a general ten-
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Figure 6. Temperature dependence of the Mössbauer area ratio for [Fe(Hpy-DAPP)](BF4)2 (two batches of synthesis). See the text for
explanation of the quenching experiments.

dency, however, the HS quadrupole splitting increases be-
tween 200 and 80 K while it remains almost constant in the
LS state. This behavior of ∆Eq is typical for iron(II) ions in
the HS and LS spin states.[7] A closer inspection of quadru-
pole splittings reveals a jump in the ∆Eq

LS values between
125 and 117.5 K and a less monotonous increase of ∆Eq

HS

below 132 K. This latter observation may, however, be ham-
pered by increasing experimental errors when the HS frac-
tion decreases. The natural logarithm of the Mössbauer line
area as a function of temperature shows the continuous in-
creasing tendency with decreasing temperature without any
noticeable discontinuity.

Electronic Structure Calculations

The molecular geometry of the isolated [Fe(Hpy-DAPP)]2+

complex cation was firstly optimized in the HS and LS
states. The optimized bond lengths in the LS and HS states
reproduce the geometry found from the X-ray study at 90 K
and 300 K, respectively, quite reasonably. All attempts to
find another equilibrium geometry of the complex by mod-
ifying the departure geometry in the optimization pro-
cedure were unsuccessful. This means that the disorder in
the spin transition complex is not due to the existence of
several intrinsic complex conformations that are close in en-
ergy. At the next step, the single-point calculations were
performed for the molecular structures obtained by X-ray
crystallography at different temperatures. The calculations
with the structure observed at 90 K correctly reproduce the
ground LS state, with an energy gap to the HS state of
33 kJmol–1. If the molecular structures manifest a disorder,
as is found at 300 and 130 K, the calculations were done
for each observed geometry. Thus, with the 300-K structure
the energies of the HS and LS states were calculated sepa-
rately for the geometries with N3(A) and N3(B). In both
cases, the HS state lies lower than the LS state of the same
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geometry. The energy gap is equal to 115 and 121 kJmol–1

for the N3(A) and N3(B) positions, respectively. These two
values are quite similar, which suggests that the geometry
with the N3(A) position is slightly closer to the spin transi-
tion. Disorder was observed for the two nitrogen atoms, as
at 130 K, and as, a priori, we have no grounds to presume
a correlation between the N1 and N3 positions, four geome-
tries were considered, corresponding to the combinations
N1(A)N3(A), N1(A)N3(B), N1(B)N3(A), and N1(B)N3(B).
The ground HS state was obtained for the first two geome-
tries with the energy gaps to the excited LS state equal to
23 and 14 kJmol–1 for N1(A)N3(A) and N1(A)N3(B),
respectively. An inverse order of the spin levels was found
for the N1(B)N3(A) and N1(B)N3(B) geometries, with the
LS state stabilized by 6 and 17 kJmol–1, respectively.

The preference of the N1(B)N3(B) geometry for the for-
mation of the LS state directly follows from comparison of
Mulliken atomic charges, which are equal to –0.54 and
–0.55 for N1(B) and N3(B), respectively, and to –0.48 for
N1(A) and N3(A). These numbers indicate that the N1(B)
N3(B) geometry corresponds to a stronger crystal field.
This effect is also displayed in the energies of the molecular
orbitals. All antibonding orbitals of the d block have about
the same energies for N1(A)N3(A) and N1(B)N3(B), be-
sides that originating from dx2–y2, which is stabilized in
N1(A)N3(A) by 55 kJmol–1. The antibonding character of
the MO in the N1(A)N3(A) conformation is counterbal-
anced by a bonding behavior between the 2p atomic orbital
of N1 and the dx2–y2 atomic orbital of the Fe atom (Fig-
ure 7).

The results of calculations unambiguously show that the
structural disorder revealed at 130 K by X-ray crystallogra-
phy is accompanied by the coexistence in the crystal of
complexes in the HS and LS states. Two statistically pos-
sible geometries result in the HS ground state, whereas for
two others the order of spin states is the same as at low
temperature.
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Figure 7. Three-dimensional plot of the dx2–y2-containing molecular
orbital in the [Fe(Hpy-DAPP)]2+ complex cation.

Discussion

The magnetic measurements of the [Fe(Hpy-
DAPP)](BF4)2 complex display a two-step spin transition.
Such spin transitions have been reported for both binu-
clear[8] and mononuclear[9,10] FeII spin-crossover com-
pounds. Until now, the origin of two steps within the family
of mononuclear compounds has been associated with the
presence of two crystallographically inequivalent iron(II)
sites in the unit cell. If two metal sites coexist whatever the
temperature,[9] the thermal two-step spin transition can oc-
cur without change of the crystallographic symmetry group.
The structural distinction between the two lattice sites leads
to different transition temperatures. Two inequivalent FeII

sites can also appear upon cooling as a result of a crystallo-
graphic phase transition accompanied by a change of the
space group.[10] It is interesting to note that the extensively
studied mononuclear complex [Fe(2-pic)3]Cl2·EtOH[11] has
been considered during the last 25 years as the only exam-
ple of an iron(II) compound with a unique metal site[12] for
which a two-step spin transition[13] takes place without any
crystallographic phase transition. This phenomenon was in-
terpreted in terms of coexisting positive and negative inter-
actions,[8a] respectively, over a long and short range.[14a–14c]

However, a recent detailed X-ray reinvestigation of [Fe(2-
pic)3]Cl2·EtOH[10b] has shown that the expected negative
correlations exhibit a long-range character in the plateau
temperature range. Two steps on the thermal spin-transition
curve result from two successive re-entrant structural phase-
transitions of the order–disorder type. Nevertheless, the
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existence of HS-LS pairs with short correlation lengths was
found for the photoinduced state.[14d]

The striking feature of the two-step spin-transition com-
pound [Fe(Hpy-DAPP)](BF4)2 consists in the absence of
two crystallographically inequivalent iron(II) lattice sites, as
well as a crystallographic phase transition accompanied by
a change of space group. The most important peculiarity of
the HS structure of the [Fe(Hpy-DAPP)](BF4)2 complex is
the disorder of the secondary N3 amino aliphatic atom over
two positions (Figures 2 and 3a). A possible origin of the
disorder of the N3 atoms, which constitute the first coordi-
nation sphere in iron(II), may be looked for in their strong
involvement in H-bonding with their own and neighboring
B1 counterions (Figure 8). Each B1 counterion is simulta-
neously attached by hydrogen bonds to the N3 atom be-
longing to its own complex cation and to the N3 atom of
the neighboring complex (symmetry operation x, 0.5 – y,
0.5 + z), thus forming infinite chains of complexes in the c
direction. One can suppose that the strong H-bonding of
the same N3 atom with two different counterions might
produce appreciable constraint in the position of the N3
atom, thereby favoring a disorder between the A and B po-
sitions. This disorder is facilitated by a high flexibility of
the N3-containing six-membered chelate cycle. At room
temperature, the N1 amino aliphatic atom is also strongly
involved in hydrogen bonding but only with its own B1
counterion. At room temperature, in contrast to the N3
atom, the position of the N1 atom is ordered.

Figure 8. View of the hydrogen bonds of the N3 atom with its own
and neighboring (symmetry operation: x, 0.5 – y, 0.5 + z) B1 coun-
terions at 298 K. The labels for the other atoms have been omitted
for clarity.

The structure determination at 130 K, corresponding to
the inflexion point on the magnetic curve when the conver-
sion from high to low spin reaches 50%, shows some new
features. The disorder of the N3 amino aliphatic atom ob-
served at room temperature is attended by the distribution
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of the N1 atom between the two A and B positions. More-
over, the C9 methylene atom directly linked to the N1 atom
is also equally distributed over C9(A) and C9(B) sites,
which are stabilized by two new hydrogen bonds with the
B1 and B2 counterions (Table 2). The two N1(A) and
N1(B) positions are very close, whereas the C9(A) and
C9(B) positions are rather distant one from another. The
presence of the two sites for atoms N1 and C9 causes the
two conformations of the N2C7C8C9N1Fe six-membered
metallacycle (Figure 3, b). The N2C7C8C9(A)N1(A)Fe cy-
cle has a chair conformation that is very close to that ob-
served at room temperature (Figure 3, a), whereas the twist-
boat conformation N2C7C8C9(B)N1(B)Fe appears in the
course of spin conversion. This result strongly suggests that
the spin conversion above the inflexion point is ac-
companied by the conformational change in the ligand. The
crystallographic data obtained at 170 K confirm the coex-
istence of the C9(A) and C9(B) sites already at this tem-
perature. However, the conformational motion in the com-
plex is not drastic enough to modify the space group. It is
important to underline that the 1:1 ratio of the HS and
LS forms at 130 K coincides with the distribution of the
N2C7C8C9N1Fe chelate cycle over two conformations.

Upon lowering the temperature to 90 K, the average
metal–ligand distance becomes 0.142 Å shorter than at
room temperature, which conforms to the occurrence of the
HS�LS transition. The disorder found at 130 K for the
positions of the N1, N3, and C9 atoms disappears at 90 K.
The N2C7C8C9N1Fe metallacycle adopts a unique twist-
boat conformation at 90 K (Figure 3, c). It should be noted
that the geometry of the N2N7N8N9N1Fe chelate cycle in
the LS complex is very close to that observed for the
N2C7C8C9(B)N1(B)Fe metallacycle at 130 K (Figure 3, b).
One may therefore conclude that the HS�LS transition in
the complex is accompanied by order–disorder phenomena
in conjugation with a conformational change in the ligand.

Let us now consider the relationship between the disor-
der in the [FeN6] coordination core and the magnetic be-
havior of the system. A priori, the mononuclear [Fe(Hpy-
DAPP)](BF4)2 complex without any crystallographic phase
transition should be expected to display a one-step spin
transition. Nevertheless, the magnetic measurements show
the two steps in the spin transition. The presented X-ray
data for [Fe(Hpy-DAPP)](BF4)2 do not contradict the basic
assumption of two-step transition models, which involves
the competition between positive and negative interac-
tions[8a] possibly giving rise to short-range negative corre-
lations[14a–14c] or to LS-HS sub-lattice ordering.[8a] How-
ever, our crystallographic data suggest that the origin of the
two-step transition in [Fe(Hpy-DAPP)](BF4)2 can also be
looked for in the [FeN6] coordination core ordering. At
room temperature, the distribution of the N3 amino ali-
phatic atom over two lattice positions preforms two geome-
tries of the coordination core around the crystallographi-
cally unique FeII center, with N3(A) and N3(B), respectively
(Figure 3, a). Both geometries correspond to the HS state
at 298 K. The systematic variation of the Mössbauer line
widths for the HS doublet above 160 K (see Supporting In-
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formation) might suggest the existence of two different
iron(II) environments with very similar Mössbauer param-
eters. However, these changes are very small and no reliable
fit could be obtained with two doublets in the whole high
temperature range. The congruency of two doublets corre-
sponding to two different coordination geometries due to
the high temperature disorder of counterions, as has been
proposed for the compound [Fe(mtz)6](BF4)2,[15] cannot,
however, be excluded. Upon lowering the temperature from
298 to 230 K, the χMT value changes slightly, thus showing
that the complex remains predominantly in the HS state.
A further decrease of temperature leads to a continuous
reduction of the χMT value, which indicates the beginning
of spin transition. On cooling, both tetrafluoroborate
counteranions become less agitated. The reduction of the
counteranions’ motion leads to their more regular arrange-
ment in the crystal lattice, resulting in some modifications
of the H-bonds between the B1 counteranions and the sec-
ondary amino aliphatic atoms. These modifications induce
subtle perturbations of the N1 and N3 nitrogen atoms di-
rectly coordinated to the iron(II) center and affect the li-
gand field strength, initiating, in turn, the spin transition.
The inflexion point on the magnetic curve denotes that at
130 K the spin transition is complete in half the sites
whereas the other half remain in the HS state. At this tem-
perature four possible coordination cores can be formally
distinguished around the same FeII atom. These four coor-
dination cores may include, in addition to the N2N4N5N6
atoms, the pairs N1(A)N3(A), N1(A)N3(B), N1(B)N3(A),
or N1(B)N3(B). The 0.5:0.5 occupation ratio for both the
N1 and N3 atoms suggests that either all four combina-
tions, or only two of them, namely N1(A)N3(A) and
N1(B)N3(B), exist. The difference in the average Fe–N dis-
tances in the four cores (2.093, 2.096, 2.075, and 2.078 Å)
is not significant enough to allow a proper identification of
the HS and LS sites.

It has been demonstrated previously that not only metal–
ligand distances but also angular distortions can modulate
the ground-state spin.[16] As has been noted above, the ge-
ometries of the N2C7C8C9(B)N1(B)Fe chelate cycle at
130 K and the N2C7C8C9N1Fe chelate cycle in the LS
complex at 90 K are very similar, with both being in the
twist-boat conformation (see parts b and c in Figure 3). One
may suppose that the LS coordination core at 130 K should
involve the N1(B) atom. At 130 K, two coordination site
geometries, from four formally possible, contain the N1(B)
atom. The quantum-chemical calculations show that both
the N1(B)N3(A) and N1(B)N3(B) pairs lead to the LS state.
However, a very short distance (2.669 Å) between the N1(B)
and N3(A) atoms, as well as between the attached hydrogen
atoms (1.846 Å), should lead to an important steric strain
(note that the van der Waals radii for the nitrogen and hy-
drogen atoms are 1.55 and 1.20 Å, respectively). Moreover,
the presence of H-bonds between the N1(B) and N3(A)
atoms must also be rejected due to the rather small N–
H···N angles of 95.7° and 104.0°. Thus, it may be concluded
that the LS site at 130 K contains the N1(B) and N3(B)
atoms, i.e. the N1(B)N3(B) and N1(A)N3(A) pairs conform
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to the LS and HS isomers, respectively. The spin conversion
in the N1(B)N2N3(B)N4N5N6 core is accompanied by a
conformational transition in the ligand, whereas the high-
spin N1(A)N2N3(A)N4N5N6 core retains a geometry close
to that observed at room temperature.

The first step in the spin transition is very gradual but
the second one is abrupt, with a hysteresis loop of 4 K.
The change in the abruptness in the spin transition may be
explained by the strengthening of intermolecular interac-
tions, which leads to a higher cooperativity in the low-tem-
perature step. The second step in the spin conversion is also
associated with a conformational change in the ligand sim-
ilar to that observed for the first step. So, two geometries of
the [FeN6] coordination core, generated by order–disorder
phenomena at room temperature, in the course of the spin
transition converge to a unique geometry of the FeII coordi-
nation site. The hysteresis in the low-temperature step is not
connected either with a crystallographic phase transition or
with strong changes of the unit-cell parameters and/or top-
ology of the cooperative interactions.[6] One can suppose
that the hysteresis results from a slow conformational tran-
sition in the ligand at low temperature. Indeed, the efficient
quenching of the HS form indicates that the HS � LS re-
laxation is very slow at around 80 K. In order to throw
more light on this phenomenon, further experiments will be
necessary (magnetic measurements at different scan rates,
thermal quenching and photoswitching experiments fol-
lowed by relaxation studies).

In summary, we would like to underline that our studies
suggest that [Fe(Hpy-DAPP)](BF4)2 is the first example of
a spin-transition system that displays a disorder in the first
coordination sphere of the metal center. Two different ge-
ometries of the [FeN6] coordination core generated by the
disorder in the ligand may be at the origin of the two-step
spin-transition behavior of the system. However, keeping in
mind that it took 25 years to clarify the origin of the two-
step transition in [Fe(2-pic)3]Cl2·EtOH,[10b,12–14] we con-
sider that further advanced crystallographic studies are
needed to verify this hypothesis. The HS � LS transition
is conjugated with the conformational change in the chelate
cycle, and other examples of conformationally driven elec-
tronic transitions are known in the literature.[17] Conforma-
tional transformations in the solid state have been observed
for thermochromic systems and electron-transfer mixed-val-
ence complexes. However, this phenomenon for spin-transi-
tion systems in the solid state has not been described until
now.

Experimental Section
Chemistry: All reagents and solvents used in this study are commer-
cially available and were used without further purification. All syn-
theses involving FeII species were carried out in deoxygenated sol-
vents under an inert atmosphere of N2 using glovebox techniques.
[Bis(3-aminopropyl)(2-pyridylmethyl)amine] (DAPP) was obtained
according to the procedure we have recently reported.[6]

FeCl2·2H2O was prepared as described elsewhere.[18] 1H NMR
spectra were recorded in CDCl3 on a Bruker AC200 spectrometer
operating at 200 MHz.
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Ligand Synthesis (Hpy-DAPP): A mixture of DAPP (96 µL,
0.5 mmol) and 2-pyridinecarboxaldehyde (107 mg, 1 mmol) in
methanol (15 mL) was refluxed under argon for 15 min. Then, an
excess of NaBH4 (100 mg) was added in several small portions. The
solution was allowed to stand overnight at room temperature and
the solvent was evaporated under vacuum. After successive extrac-
tion of the crude product with CHCl3 and Et2O, 180 mg of pure
HpyDAPP was obtained as a pale-yellow oil. 1H NMR (CDCl3): δ
= 8.53–7.08 (m, 12 H, aromatic H’s), 3.84 (s, 4 H, CH2), 3.68 (s, 2
H, CH2), 2.67–2.60 (t, 4 H, CH2), 2.56–2.49 (t, 4 H, CH2), 1.74–
1.60 (q, 4 H, CH2) ppm.

Synthesis of the Iron(II) Complex: FeCl2·2H2O (24.4 mg,
0.15 mmol) was dissolved in 2 mL of ethanol/methanol (1:1 mix-
ture), and Hpy-DAPP (60.7 mg, 0.15 mmol) in 2 mL of the same
mixture of alcohols was added. A light yellow-green solution was
formed. The addition of 116.2 mg (0.30 mmol) of NBu4BF4 in
4 mL of ethanol/methanol turned the color of this solution to
green. The solution was filtered and allowed to stand overnight at
room temperature to give green crystals of [Fe(Hpy-DAPP)]-
(BF4)2, which were collected by filtration, washed with ethanol, and
dried in vacuo. The crystal used in the X-ray structure determi-
nation was selected from this sample. C24H32B2F8FeN6 (634.01):
calcd. C 45.47, H 5.09, Fe 8.81, N 13.26; found C 45.78, H 4.92,
Fe 8.52, N 13.01.

Magnetic Properties: Magnetic susceptibilities were measured in the
temperature range 15–300 K with a fully automated Manics DSM-
10 susceptometer equipped with a TBT continuous-flow cryostat
and an electromagnet operating at about 1.6 T. Data were corrected
for magnetization of the sample holder and for diamagnetic contri-
butions, which were estimated from the Pascal constants.

Mössbauer Spectra: The variable-temperature 57Fe Mössbauer
measurements were carried out on a constant-acceleration spec-
trometer with a 50 mCi 57Co(Rh) source. A powder sample (60 mg)
was enclosed in a 12-mm-diameter cylindrical plastic sample
holder, the size of which had been determined to optimize the ab-
sorption. Spectra were obtained at 5, 100, 150, 200, and 293 K
using a custom-designed, liquid helium bath cryostat (DTA, Air
Liquid). A second series of measurements was carried out in the
80–250 K range (in the cooling cycle) using a MD306 He exchange
gas, liquid nitrogen bath cryostat (Oxford Instruments). A least-
squares computer program was used to fit the Mössbauer param-
eters and to determine the standard deviations of statistical origin
(given in parentheses).[19] The isomer shift values are given with
respect to metallic iron at room temperature.

Solution and Refinement of the X-ray Structure: The data collection
was made with a Nonius Kappa CCD diffractometer equipped
with a normal monochromatized focus X-ray tube with a molybde-
num target. The selected crystals were mounted on a thin glass
fiber. The data were collected using the COLLECT software,[20]

then were processed with the DENZO reduction software.[21] Three
collections were made: the first one at room temperature (298 K),
the second one at 130 K after a slow decrease of the temperature
with a cool, dry nitrogen gas stream, and the third one at 90 K
after cooling the crystal in a cold nitrogen gas flow. From 10 frames
with 1° steps, the initial set of cell parameters was obtained for
each measurement. A total of 12331 reflections were collected at
room temperature, of which 6326 unique reflections were used for
the structure determination. The second collection at 130 K is
formed from 10356 measured reflections, 5738 of which were inde-
pendent reflections. The third collection at 90 K concerns 8580
measured reflections, of which 5358 unique reflections were used
for the hypothesis and refinement. The structures were solved by
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direct methods with the SHELXS-97 program.[22] The structures
were then refined by the least-squares method using SHELXL-
97,[23] with anisotropic temperature factors for all non-H atoms.
The hydrogen atoms were introduced at calculated positions and
refined as riding on their carrier atoms. The final R factor [with I
� 2σ(I)] was 0.059, 0.091, and 0.091 at 298, 130, and 90 K, respec-
tively. Crystal data and refinement results are summarized in
Table 4. The perspective view of the asymmetric unit at three tem-
peratures was calculated with PLATON[24] and is shown in Fig-
ure 2.

Table 4. Crystallographic data for [Fe(Hpy-DAPP)](BF4)2.

T = 298 K T = 130 K T = 90 K

Formula C24H32B2F8FeN6

Fw 634.03
a [Å] 13.298(1) 12.897(1) 12.868(1)
b [Å] 14.368(1) 14.251(1) 14.223(1)
c [Å] 15.409(1) 15.207(1) 15.180(1)
β [°] 106.09(1) 106.71(1) 106.69(1)
V [Å3] 2828.6(1) 2676.9(2) 2661.2(3)
Z 4 4 4
Space group P21/c P21/c P21/c
λ [Å] 0.71073 0.71073 0.71073
ρcalcd. [g cm–3] 1.489 1.573 1.583
µ [cm–1] 6.12 6.47 6.51
R[a] [I � 2σ(I)] 0.059 0.091 0.091
wR2

[b] [I � 2σ(I)] 0.141 0.194 0.207

[a] R = ∑(|Fo| – |Fc|)/∑|Fo|. [b] wR2 = {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2.

CCDC-295576 to -295578 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.

Electronic Structure Calculations: Calculations of the electronic
structure of the isolated [Fe(Hpy-DAPP)]2+ complex cation were
performed using the formalism of density functional theory (DFT).
Single-point calculations for molecular geometries, extracted from
the X-ray crystallographic data for different temperatures, were car-
ried out with the Gaussian 2003 package.[25] In each case, both HS
and LS states were considered. The LANL2DZ basis set, including
the double-ζ basis with the Los Alamos effective core potential for
Fe and the Dunning–Huzinaga all-electron double-ζ basis set with
polarization functions for the H, C, and N atoms[26,27] were used.
The choice of exchange-correlation functional for calculations of
the energy gap between HS and LS states is widely debated in the
literature. The hybrid Hartree–Fock/GGA (generalized gradient
approximation) B3LYP functional and its re-parameterized version
B3LYP* are more often recommended.[28–30] In this work we firstly
use the parameter-free density functional model PBE0 obtained by
combining the so-called PBE GGA functional with a predefined
amount of exact exchange.[31] The calculations with this functional
result in a correct order of the HS and LS states for experimental
structures obtained at different temperatures.
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(4-Methylpyridin-2-yl)(trimethylsilyl)amine (1), (6-methyl-
pyridin-2-yl)(trimethylsilyl)amine (2), and (2,6-diisopropyl-
phenyl)(pyridin-2-yl)amine (3) were deprotonated and used
as ligands to synthesize trialkyltantalum complexes. The re-
action of 2 equiv. of 1 or 2 with pentabenzyltantalum afforded
tribenzyltantalum(V) complexes by toluene elimination.
Analogous reaction using 3 failed. Lithiation of 3 followed by
the reaction with tribenzyltantalum dichloride gave rise to
the corresponding tribenzyl complex. Other alkyltantalum
complexes stabilized by this ligand environment can be pre-
pared by treating tantalum pentachloride with 2 equiv. of
lithiated 3 to form a bis(aminopyridinato)tantalum trichloride.
The reaction of this trichloride with 3 equiv. of alkyllithium

Introduction

Aminopyridinato ligands[1] are interesting amido ligands
because of the flexibility of their binding mode and the li-
gand “asymmetry”. The dominating binding mode in early
transition metal and lanthanide chemistry[2] is the strained
η2 coordination (Scheme 1, left). The bridging binding
mode (Scheme 1, right) is characteristic for late transition
metal complexes. Of course, there are exceptions like homo-
leptic strained η2-bound (aminopyridinato)palladium com-
plexes.[3] The ligand “asymmetry” caused by the two dif-
ferent donor functionalities−the pyridine and amido
function−might be considered as an additional interesting
feature especially in comparison to the closest “relatives”,
the amidinates.[4]

Group 5 metal complexes stabilized by aminopyridinato
ligands (Scheme 2, left) have been investigated to a lesser
extent than related amidinate[5] complexes (Scheme 2,
right).

The first Ap (Ap = aminopyridinato) group 5 metal com-
plex was published by Gambarotta 15 years ago.[6] A more
detailed investigation of some aspects of the coordination
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compounds like methyllithium affords the corresponding tri-
alkyltantalum complexes. X-ray diffraction studies of four of
the synthesized complexes were carried out. They adopt two
different coordination environments, either slightly distorted
capped octahedrons (sterically less demanding aminopyridin-
ato ligands) or pentagonal bipyramids (bulkier aminopyridin-
ato ligands). The alkyl species were surprisingly stable at el-
evated temperatures and no formation of mixed alkyl/alk-
ylidene complexes was observed. Alkyl cation formation and
the behaviour of a selection of these compounds in olefin po-
lymerization were explored.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Important binding modes of deprotonated 2-aminopyri-
dines ([M] and [M�] = transition metal moiety; R = aryl, silyl, or
alkyl substituent).

Scheme 2. Aminopyridinato (left) and amidinate (right) ligands
([M] = group 5 metal complex moiety; R, R� = substituent).

chemistry of these ligands was started by Polamo. He ap-
plied the “direct synthesis” method to prepare a variety of
niobium and tantalum complexes stabilized by aminopyrid-
inato ligands.[7–10] Interesting examples of aminopyridinato
low oxidation state group 5 metal complexes have been de-
scribed by Gambarotta and Cotton.[11] Reactivity studies
employing organometallic species are still very rare.[12,13]

Because of this lack of information we became interested in
alkyltantalum complexes. We also expect an easy access
into this chemistry because of the recently published Kol
synthesis of [Ta(CH2C6H5)5].[14,15] We report here on the
synthesis and structure of organotantalum complexes stabi-
lized by aminopyridinato ligands. The formation of organ-
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ocations and the relevance to olefin polymerization of a se-
lection of these species is also discussed.

Results and Discussion

Synthesis of Ligands

Compounds 1 and 2 were prepared as reported.[16,17] The
aminopyridine 3 can be synthesized by palladium-catalyzed
arylamination.[18] The reaction of 2-bromopyridine with
2,6-diisopropylaniline and sodium tert-butoxide in the pres-
ence of a Pd catalyst in toluene (90 °C, 48 h) leads after
workup and purification by crystallization to compound 3
(Scheme 3) in good yield (70%).

Scheme 3. Applied aminopyridines.

Synthesis and Structure of Tantalum Complexes

Reaction of 2 equiv. of 1 with [Ta(CH2C6H5)5] in hexane
at 60 °C results in the formation of 4 by toluene elimination
(Scheme 4). No formation of benzylidene functionalities is
observed by NMR spectroscopy in the course of this reac-
tion. Complex 4 was isolated after workup in hexane in
moderate yield as a yellow crystalline material.

Scheme 4. Synthesis of 4 and 5 (4: R = H, R� = CH3; 5: R = H,
R� = CH3).

The three benzyl groups show a broad doublet at δ =
2.96 ppm at room temperature indicative of a fast ligand
exchange. Crystals suitable for X-ray analysis were grown
from a hexane solution. Details of the X-ray crystal struc-
ture analysis are summarized in Table 3. The molecular
structure of 4 is shown in Figure 1. The coordination of
4 is best described as a distorted capped octahedron. The
methylene carbon atom of one of the benzyl ligands (C15)
as well as the two pyridine nitrogen atoms occupy the first
triangle and C8 as well as the two amido nitrogen atoms
the second triangle. In order to apply a slightly increased
steric bulk in close proximity to the metal center 2 equiv. of
2 were treated with [Ta(CH2C6H5)5] under the same condi-
tions as applied to 4. The resulting benzyl complex 5 was
obtained in moderate yield (Scheme 4). The three benzyl

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2683–26892684

groups give two doublets at δ = 2.98 and 3.18 ppm. The
product was characterized by X-ray analysis (molecular
structure is shown in Figure 2) in addition to NMR spec-
troscopy. Details of the X-ray crystal structure analysis are
summarized in Table 3. The coordination of 5 is best de-
scribed as a capped octahedron (first triangle N1, N2, and
N4; second triangle N3, C15, and C22). In both cases, the
rigid aminopyridinato ligands induce distortion from the
ideal symmetry. The Ta–C bond lengths lay in the ranges
of 2.247–2.318 Å and 2.248–2.264 Å, respectively, for 4 and
5, which clearly indicate η1 binding of all benzyl groups in
the solid state.

Figure 1. Molecular structure of 4; selected bond lengths [Å] and
angles [°]: Ta–C1 2.248(9), Ta–N4 2.230(8), Ta–N2 2.266(8), Ta–
N1 2.123(10), Ta–N3 2.132(8), Ta–C8 2.264(1), Ta–C15 2.257(10),
N2–C22 1.332(13), N1–C22 1.400(13), N3–C28 1.376(13); N1–Ta–
N2 61.00(3), N1–C22–N2 109.49(8), Ta–N2–C22 92.05(6), Ta–N1–
C22 96.31(6), N4–Ta–N3 59.10(3), N3–C28–N4 109.06(8), Ta–N3–
C28 96.53(6), Ta–N4–C28 93.21(6), C1–Ta–C8 78.28(4), C15–Ta–
C8 78.60(4), C1–Ta–C15 126.83(4).

Figure 2. Molecular structure of 5; selected bond lengths [Å] and
angles [°]: Ta–C1 2.250(11), Ta–N2 2.382(10), Ta–N4 2.248(10),
Ta–N1 2.069(11), Ta–N3 2.212(9), Ta–C15 2.247(11), Ta–C22
2.318(10), N2–C2 1.379(16), N4–C9 1.355(14), N1–C2 1.375(15),
N3–C9 1.391(13); C1–Ta–C15 81.09(5), C1–Ta–C22 76.15(4), C15–
Ta–C22 130.18(5), N1–Ta–N2 60.31(4), N1–C2–N2 109.77(12),
Ta–N1–C2 101.02(8), Ta–N2–C2 87.22(9), N4–Ta–N3 61.44(3),
Ta–N3–C9 93.36(7), Ta–N4–C9 92.80(7), N4–C9–N3 112.12(11).
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In order to increase the steric bulk of the used aminopyr-

idinato ligands drastically we introduced the 2,6-diisopro-
pylphenyl substituent at the amido nitrogen atom instead
of the SiMe3 group. Application of the toluene elimination
route starting from [Ta(CH2C6H5)5] was not successful and
salt metathesis was adopted. The reaction of 2 equiv. of the
lithium salt of 3 with [TaCl2(CH2C6H5)3][14] at room tem-
perature (Scheme 5) resulted in the formation of the triben-
zyl complex 6. The 1H NMR spectra of this compound
shows two different sets of signals for benzyl protons. One
signal corresponds to four methylene protons of the benzyl
substituents and the other to the remaining two. We pro-
pose a pentagonal-bipyramidal arrangement in solution
with the two amino and one of the benzyl moieties in the
equatorial plane. Because of the steric bulk of the deproton-
ated 3 no exchange on the NMR time scale at room tem-
perature is observed. Two benzyl resonances were found,
one at δ = 3.60 ppm and the second at δ = 2.79 ppm.

Scheme 5. Synthesis of 6.

The first Schrock-type alkylidene complex, [Ta(CH2tBu)3-
(CHtBu)], was prepared in 1974.[19] Various mono- and po-
lydentate ligand systems that support this functionality
have been introduced in recent years and several synthetic
methodologies are known that lead to the alkylidene com-
plexes like, for instance, an α-elimination reaction sequence
from dialkyl precursors.[20] However, the complexes 4, 5,
and 6 do not form mixed benzyl/benzylidene complexes
neither during the synthesis nor by treatment of the tri-
alkyltantalum complexes at elevated temperatures (80 °C).
In order to prepare other trialkyltantalum complexes sup-
ported by deprotonated 3 −− the sterically most demanding
of the three ligands described in this publication −− we syn-
thesized the corresponding tantalum trichloride species 7
(Scheme 6).

Compound 7 can be synthesized by the reaction of 3 with
TaCl5 (Polamo method “direct synthesis”[7]). Because of a
relatively low yield using this “direct synthesis” salt metath-
esis (Scheme 6) was applied and gave rise to 7 in better
yield. The success of salt metathesis using lithiated 3 and
TaCl5 is in contrast to Polamo’s observations. He developed
his method due to problems with the salt metathesis ap-
proach in similar reactions. The trimethyltantalum complex
8 results when 3 equiv. of LiMe were treated with 7. The X-
ray crystal structures of 7 (Figure 3) and 8 (Figure 4) re-
vealed a distorted pentagonal-bipyramidal coordination. In
7 the two chloro ligands occupy the axial positions of the
polyhedra and the two pairs of nitrogen and the third chlo-
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Scheme 6. Synthesis of 7 and 8.

ride ion form the pentagonal (equatorial) plane. In 8 methyl
ligands adopt the same coordination sites as the chloro li-
gands in 7. A distortion is caused by the small N–Ta–N
angles due to the strained binding mode of the aminopyrid-
inato ligands. In 7 they are 60.1(3) and 60.4(3)° and in 8
59.25(2)°. Both lead to a situation in which all other angles
in the pentagonal plane are over 72°. In 7 N–Ta–Cl(2) cis
angles are 77.9(2) and 77.3(2)° and in 8 the N–Ta–C(1) cis
angles are 77.43(10)°. N–Ta–N angles involving the amido
bonds of the aminopyridinato ligands are the widest,
84.4(3)° in 7 and 86.65(18)° in 8. The Clax-Ta–Cleq angles
for 7 are 99.87(9)° and 99.64(9)° and the Cax-Ta–Ceq angles
for 8 are 94.02(15)° and 93.23(16)°. Details of the X-ray
crystal structure analyses of 7 and 8 are summarized in
Table 3. The 1H NMR spectrum shows two different sets of
signals for methyl protons. The two methyl groups present
above and below the pentagonal plane (axial positions)
show a resonance at δ = 1.26 ppm and the in-plane methyl
ligand at δ = 0.63 ppm. Similar observations have been
made for 6. The trimethyl complex 8 was found to be stable

Figure 3. Molecular structure of 7; selected bond lengths [Å] and
angles [°]: C1–N2 1.339(11), C1–N1 1.376(11), C5–N2 1.337(11),
C6–N1 1.438(11), C15–N3 1.391(10), C15–N4 1.352(12), C19–N4
1.337(11), C20–N3 1.422(11), N1–Ta1 2.072(8), N2–Ta1 2.264(8),
N3–Ta1 2.098(7), N4–Ta1 2.263(7), Cl1–Ta1 2.352(2), Cl2–Ta1
2.349(2), Cl3–Ta1 2.376(2); C1–N1–Ta 100.45(6), C1–N2–Ta
92.92(5), C1–N2–C5 118.55(8), C15–N4–C19 118.13(8), C15–N3–
Ta 99.66(6), C15–N4–Ta 93.42(5), N1–Ta–N2 60.05(3), N3–Ta–N4
60.38(3), N2–C1–N1 106.52(8), N4–C15–N3 106.53(8), Cl1–Ta–
Cl3 160.49(8), Cl1–Ta–Cl2 99.87(9), Cl2–Ta–Cl3 99.63(9).
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towards elevated temperatures in terms of the formation of
mixed methyl/methylidene species. Heating of 8 in toluene
at 80 °C for 40 min did not affect the structure of the com-
pound. When harsher conditions were employed, i.e., heat-
ing to 120 °C for 30 min, 8 started to decompose slowly
without any signs of methylidene formation.

Figure 4. Molecular structure of 8; selected bond lengths [Å] and
angles [°]: C1–Ta1 2.190(6), C2–Ta1 2.203(4), N1–Ta1 2.105(3),
N2–Ta1 2.332(4), N1–Ta1–N1A 154.86(19), C1–Ta1–C2
106.89(12), N1–Ta1–C2 93.23(16), C2A–Ta(1)–C2 146.2(2), N1–
Ta1–N2 145.88(13), N1–Ta1–N2 59.25(13), C1–Ta1–N2 136.67(9),
C2–Ta1–N2 77.25(16), N2–Ta1–N2A 86.65(18).

Formation of Organocations and Their Application in
Ethylene Polymerization

Because of the high ethylene polymerization activity ob-
served for the tantalum complexes 9 and 10[12] (Scheme 7)
we became interested in exploring the polymerization be-
havior of some of the complexes discussed in this study.

Scheme 7. Structures of 9 and 10.

Ethylene polymerization studies were performed using 7
(Table 1) and 8 (Table 2) as pre-catalysts.

Table 1. Ethylene polymerization results, activation of 7 using
PMAO [PMAO = polymethylaluminoxane (AlOMe)x].[a]

Pre-cat. PMAO PE Activity
[µmol] [mmol] [g] [kg(PE)mol(Ta)–1h–1bar–1]

10 5 0.2 16

[a] 260 mL of toluene as solvent, 5 bar of ethene, 50 °C, 15 min run
time, Ta/Al = 1:500 (m/m).

Ethylene polymerization activity of 7 after activation
with PMAO is low. This is in contrast to what was observed
for 9 and 10. Thus, we expected to see a significantly better
catalyst performance when starting from the methyl com-
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Table 2. Ethylene polymerization results, activation of 8 using tri-
alkylammonium tetrakis(pentafluorophenyl)borate.[a]

Run Pre-cat. B(C6F5)4
– TIBAO PE Activity

no. [µmol] [µmol] [mmol] [g] [kg(PE)mol(Ta)–1h–1bar–1]

1 – 11 0.1 0.05 –
2 10 11 0.1 0.06 5
3 10 22 0.1 0.16 13

[a] 260 mL of toluene as solvent, 5 bar of ethene, 80 °C, 15 min
run time, Ta/Al = 1:20 (m/m); TIBAO = tetraisobutylaluminoxane
([iBu2Al]2O).

plex 8 and activating with trialkylammonium tetrakis-
(pentafluorophenyl)borate. No significant improvement in
terms of activity was found by changing the activation pro-
cedure. Because of the low activity no molecular weight
analysis of the polymers was accomplished. The generation
of cationic complexes was studied in an NMR scale reac-
tion. Reaction of 8 with 1 equiv. of B(C6F5)3 in CD2Cl2
results in the abstraction of one of the axial methyl groups.
A new resonance at δ = 1.86 ppm was observed for this
methyl group in the 1H NMR spectra. The resulting organo-
cation is not stable in solution and decomposes rapidly into
unidentified species.

Conclusions

Trialkyltantalum complexes stabilized by aminopyridin-
ato ligands can be synthesized by salt metathesis or toluene
elimination. They adopt the coordination of either a capped
octahedron or a pentagonal bipyramid depending on the
steric demand of the aminopyridinato ligand. These trialkyl-
tantalum complexes are thermally unusually stable towards
α-H elimination. They form rather unstable organocations
and the instability of these cations might be the reason for
the low activity in ethylene polymerization.

Experimental Section
General Procedures

Synthesis and Structure Analysis: All manipulations were per-
formed with rigorous exclusion of oxygen and moisture in Schlenk-
type glassware on a dual manifold Schlenk line or in an argon-
filled glove box (mBraun 120-G) with a high-capacity recirculator
(�0.1 ppm O2). Non-halogenated solvents were dried by distil-
lation from sodium wire/benzophenone. Commercial TaCl5 (Lanc-
aster) was used as received. Deuterated solvents were obtained
from Cambridge Isotope Laboratories and were degassed, dried,
and distilled prior to use. NMR spectra were recorded with a
Bruker ARX at 250 MHz and chemical shifts are reported in ppm
relative to the deuterated solvent. Elemental analyses (CHN) were
carried out using a Vario EL III instrument. X-ray crystal structure
analyses were performed by using a STOE-IPDS II diffractometer
equipped with an Oxford Cryostream low-temperature unit. Crys-
tal structure data are presented in Table 3. Structure solution and
refinement was accomplished using SIR97,[21] SHELXL97,[22] and
WinGX.[23] CCDC-297697 (4), -297698 (5), -297699 (7), and
-297700 (8) contain the supplementary crystallographic data for



Trialkyltantalum Complexes Stabilized by Aminopyridinato Ligands FULL PAPER
Table 3. Details of the X-ray crystal structure analyses.

Compound 4 5 7 8

Crystal system monoclinic monoclinic triclinic monoclinic
Space group C2/c P21/n P1̄ C2/c
a [Å] 23.279(3) 13.955(3) 10.3627(9) 14.1240(10)
b [Å] 18.761(2) 14.704(3) 19.7101(18) 12.5620(10)
c [Å] 20.204(3) 18.617(3) 21.343(2) 22.694(2)
α [°] 90 90 96.120(7) 90
β [°] 117.557(8) 91.680(2) 103.540(7) 93.375(5)
γ [°] 90 90 90.410(7) 90
V [Å3] 7823(3) 3818(2) 4211.6(7) 4019.5(6)
Crystal size [mm] 0.12×0.1×0.08 0.12×0.11×0.06 0.16×0.1×0.05 0.99×0.34×0.44
ρcalcd. [g cm–3] 1.381 1.414 1.434 1.333
µ [mm–1] (Mo-Kα) 0.7107 0.7107 0.7107 0.7107
T [K] 193(2) 193(2) 193(2) 193(2)
θ range [°] 1.47–26.19 1.77–26.21 1.35–25.83 1.80–25.68
No. of unique refl. 7732 7506 15909 3604
No. of obsd. refl. [I � 2σ(I)] 4508 2470 9228 3508
No. of parameters 415 409 880 214
wR2 (all data) 0.1282 0.1033 0.1018 0.0924
R value [I � 2σ(I)] 0.0755 0.0542 0.0632 0.0312

this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Polymerization: Toluene (Aldrich, anhydrous, 99.8%) was passed
through columns of Al2O3 (Fluka), BASF R3-11 supported Cu
oxygen scavenger, and molecular sieves (4 Å, Aldrich). Ethylene
(AGA polymer grade) was passed over BASF R3-11 supported Cu
oxygen scavenger and molecular sieves (4 Å, Aldrich). PMAO
(4.9 wt.-% Al in toluene, Akzo Nobel), N,N,N-trialkylammonium
tetrakis(pentafluorophenyl)borate [6.2 wt.-% B(C6F5)4

– in Isopar,
DOW Chemicals], and TIBA (Witco) were used as received. TI-
BAO was prepared according to published procedures.[24]

Synthesis of 3:[25] Toluene (25 mL) was added to a Schlenk vessel
charged with tris(dibenzylideneacetone)dipalladium (0.082 g,
0.09 mmol), NaOtBu (0.750 g, 7.8 mmol), and 1,3-bis(diphenyl-
phosphanyl)propane (0.074 g, 0.18 mmol). To the resulting suspen-
sion 2-bromopyridine (0.57 mL, 6 mmol) and 2,6-diisopropylani-
line (1.47 mL, 7.8 mmol) was added. The solution was stirred and
heated to 90 °C for 48 h. On cooling to room temperature, water
and diethyl ether were added to the resulting red solution. The
organic phase was extracted and the remaining inorganic phase
was further washed with diethyl ether (3×20 mL). The combined
organic phases were washed with a saturated sodium chloride solu-
tion and dried with sodium sulfate. The solvent was removed under
reduced pressure and the resulting reddish solid was purified using
silica gel chromatography (eluent: dichloromethane). The solvent
was removed under reduced pressure and the product was recrys-
tallized from pentane as a white crystalline material. Yield 1.07 g
(70%). C17H22N2 (254.37): calcd. C 80.27, H 8.72, N 11.01; found
C 80.30, H 8.75, N 10.82. 1H NMR (C6D6, 298 K): δ = 1.10 [d, 12
H, CH(CH3)2], 3.39 [sept, 2 H, CH(CH3)2], 5.88 (d, 1 H, Py-3-H),
6.20 (dd, 1 H, Py-5-H), 6.89 (t, 1 H, Py-4-H), 7.17–7.29 (m, 3 H,
Ar-CH), 7.99 (dd, 1 H, Py-6-H), 8.34 (br. s, 1 H, NH) ppm. 13C
NMR (C6D6, 298 K): δ = 23.98 [4 CH3, CH(CH3)2], 28.67 [2 CH,
CH(CH3)2], 105.62 (CH, Py-C-5), 112.94 (CH, Py-C-3), 124.22 (2
CH, Ar-C-9,11), 134.69 (CH, Py-C-4), 137.68 (2 CH, Ar-C-8,12),
148.45 (1 C, Ar-C-7), 148.57 (1 CH, Py-C-6), 160.51 (1 CH, Py-C-
2) ppm.

Synthesis of 4: Compound 1 (0.380 g, 2 mmol, 425 µL) in hexane
(5 mL) was added slowly to a stirred solution of [Ta(CH2C6H5)5]
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(0.636 g, 1 mmol) in hexane (15 mL) at –33 °C. The mixture was
warmed to room temperature and was further heated at 60 °C for
2 h as a color change was observed from brown to deep red. The
mixture was filtered and the volume of the solvent was reduced in
vacuo. The solution was cooled at –25 °C overnight to afford a
yellow crystalline material. Yield 0.365 g (43%). C39H51N4Si2Ta
(812.97): calcd. C 57.62, H 6.32, N 6.89; found C 57.36, H 6.62, N
6.29. 1H NMR (C6D6, 298 K): δ = 0.40 [s, 18 H, Si(CH3)3], 1.61 (s,
6 H, CH3), 2.96 (br. d, 6 H, CH2), 5.76 (d, 2 H, Py-5-H), 5.88 (s,
2 H, Py-3-H), 6.74 (t, 3 H, Ar-4-H), 6.89–7.10 (m, 14 H, Py-6-H,
Ar-2, 3, 5, 6 H) ppm. 13C NMR (C6D6, 298 K): δ = 2.45 (6 C, 6
CH3), 21.6 (2 C, 2 CH3), 99.40 (br. and flat s, 3 CH2), 111.87 (2
CH, Py-C-3/5), 114.05 (2 CH, Py-C-3/5), 122.49 (3 CH, Benz-C-4),
126.83 (6 CH, Benz-C-3,5), 128.20 (6 CH, Benz-C-2,6), 141.51 (3
C, Benz-C-1), 151.53 (2 C, Py-C-4), 153.26 (2 CH, Py-C-6), 164.91
(2 C, Py-C-2) ppm.

Synthesis of 5: Compound 2 (0.463 g, 2.57 mmol, 546 µL) in hexane
(5 mL) was added slowly to a stirred solution of [Ta(CH2C6H5)5]
(0.817 g, 1.28 mmol) in hexane (15 mL) at –33 °C. The mixture was
warmed to room temperature and further heated at 60 °C for 2 h.
The mixture was filtered and the volume of the solvent was reduced
in vacuo. The solution was cooled at –25 °C overnight to afford
a yellow crystalline material. Yield 0.460 g (44%). C39H51N4Si2Ta
(812.97): calcd. C 57.62, H 6.32, N 6.89; found C 56.73, H 6.24, N
6.54. 1H NMR (C6D6, 298 K): δ = 0.27 [s, 18 H, Si(CH3)3], 1.92 (s,
6 H, CH3), 3.15–2.96 (2 d, 6 H, CH2), 5.65 (d, 2 H, Py-5-H), 5.83
(d, 2 H, Py-3-H), 6.69 (dd, 6 H, Benz-2,6-H), 7.00 (t, 6 H, Benz-
3,5-H), 7.44 (t, 2 H, Py-4-H) ppm. 13C NMR (C6D6, 298 K): δ =
2.57 (6 C, 6 CH3), 21.56 (2 C, 2 CH3), 100.34 (3 CH2), 108.34 (2
CH, Py-C-3/5), 113.95 (2 CH, Py-C-3/5), 122.66 (3 CH, Benz-C-4),
126.67 (6 CH, Benz-C-3,5), 129.42 (6 CH, Benz-C-2,6), 138.32 (3
C, Benz-C-1), 151.97 (2 CH, Py-C-4), 153.17 (2 C, Py-C-6), 161.49
(2 C, Py-C-2) ppm.

Synthesis of 6: To a stirred solution of 3 (0.557 g, 2.14 mmol) in
diethyl ether (10 mL), nBuLi (1.34 mL, 1.6 , 2.14 mmol) was
added at 0 °C. This “ligand solution” was warmed slowly to room
temperature and stirred for 2 h. This solution was slowly added to
[TaCl2(CH2C6H5)3] (0.562 g, 1.07 mmol) in hexane (10 mL) at
room temperature. The mixture was stirred overnight and a color
change from red to dark brown was observed. LiCl was filtered off
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and the volume of the solvent was reduced in vacuo. The solution
was cooled at –25 °C overnight to afford an orange crystalline ma-
terial. Yield 0.564 g (55%). C55H63N4Ta (961.06): calcd. C 68.74,
H 6.61, N 5.83; found C 67.44, H 6.64, N 5.51. 1H NMR (C6D6,
298 K): δ = 1.15–1.27 [dd, 24 H, 2 CH(CH3)2], 2.79 (s, 2 H, CH2),
3.60 (s, 4 H, 2 CH2), 3.85 [sept, 4 H, 4 CH(CH3)2], 5.52 (d, 2 H,
Py-3-H), 5.81 (t, 2 H, Py-5-H), 6.22 (d, 4 H, Ar-H), 6.27 (d, 2 H,
Py-4-H), 6.62 (dd, 2 H, Py-6-H), 6.78–6.67 (m, 5 H, Ar-H), 6.94–
6.86 (m, 6 H, Ar-H), 7.19–7.16 (m, 6 H, Ar-CH) ppm. 13C NMR
(C6D6, 298 K): δ = 23.22 [8 CH3, CH(CH3)2], 26.28 [2 CH,
CH(CH3)2], 28.80 [2 CH, CH(CH3)2], 83.50 (3 C, CH2), 106.53 (2
CH, Py-C-3/5), 112.39 (2 CH, Py-C-3/5), 123.18 (4 CH, Ar-C-9,11),
125.31 (6 CH, Benz-C-3,5), 126.57 (6 CH, Benz-C-2,6), 127.09 (3
CH, Benz-C-4), 129.96 (4 CH, Ar-C-8,12), 139.55 (2 CH, Ar-C-
10), 141.87 (2 CH, Py-C-4), 143.08 (2 C, Ar-C-7), 146.36 (3 C,
Benz-C-1), 148.46 (2 CH, Py-C-6), 169.21 (2 CH, Py-C-2) ppm.

Synthesis of 7. Method I: TaCl5 (1.432 g, 4 mmol) and 3 (2.035 g,
8 mmol) were heated at 110 °C. The melt started to turn dark
brown immediately. During the reaction gas formation was ob-
served. After 1 h, toluene (30 mL) was added and the dark-red re-
action mixture was further refluxed for 2 h. The solution was fil-
tered while hot and the volume was reduced until red crystals began
to appear. The solution was cooled and a red crystalline material
was obtained overnight. Yield 1.103 g (35%). C34H42Cl3N4Ta + 0.5
C7H8 (840.10): calcd. C 53.61, H 5.51, N 6.67; found C 53.67,
H5.54, N 6.08. 1H NMR (C6D6, 298 K): δ = 1.13–1.48 [dd, 24 H,
CH(CH3)2], 2.10 (s, 3 H, toluene) 3.86 [sept, 4 H, CH(CH3)2], 5.74
(d, 2 H, Py-3-H), 6.05 (t, 2 H, Py-5-H), 6.83 (t, 2 H, Py-4-H), 7.28–
7.16 (m, 6 H, Ar-H), 8.06 (d, 2 H, Py-6-H) ppm. 13C NMR (C6D6,
298 K): δ = 24.73 [4 CH3, CH(CH3)2], 24.95 [4 CH3, CH(CH3)2],
28.22 [4 CH, CH(CH3)2], 107.56 (2 CH, Py-C-3/5), 113.50 (2 CH,
Py-C-3/5), 124.46 (4 CH, Ar-C-9,11), 140.19 (2 CH, Ar-C-10),
140.66 (CH, Py-C-4), 141.15 (2 C, Ar-C-7), 147.37 (4 C, 2 CH, Ar-
C-8,12, Py-C-6), 169.86 (2 C, Py-C-2) ppm. Method II: Lithiated 3
(1.041 g, 4 mmol) in diethyl ether (20 mL) was added to TaCl5
(0.716 g, 2 mmol) in toluene (5 mL) at room temperature and the
reaction mixture was stirred at room temperature overnight. The
solution was filtered and the solvent was removed in vacuo. The
red residue was washed with hexane (5 mL) and dried under vac-
uum. Yield 0.92 g (58%).

Synthesis of 8: LiMe (1.88 mL, 1.6 , 3 mmol) was added to a
stirred suspension of 7 (0.794 g, 1 mmol) in hexane (20 mL) at –
40 °C. The red suspension was warmed to room temperature as the
color started changing from red to yellow. The suspension was fur-
ther stirred for 2 h. The brown solution was filtered and the residue
washed with diethyl ether (5 mL). The volume was reduced in
vacuo and the solution was cooled at –25 °C overnight to afford a
yellow crystalline material. Yield 0.432 g (59%). C37H51N4Ta
(732.78): calcd. C 60.65, H 7.02, N 7.65; found C 60.37, H 7.04, N
7.50. 1H NMR (C6D6, 298 K): δ = 0.63 (s, 3 H, CH3), 1.13 [d, 12
H, CH(CH3)2], 1.26 (s, 6 H, 2 CH3),1.34 [d, 12 H, CH(CH3)2], 3.61
[sept, 4 H, CH(CH3)2], 5.54 (d, 2 H, Py-3-H), 6.18 (dd, 2 H, Py-5-
H), 6.86 (t, 2 H, Py-4-H), 7.24–7.17 (m, 6 H, Ar-8,9,10-H) ppm.13C
NMR (C6D6, 298 K): δ = 24.10 [4 CH3, CH(CH3)2], 24.18 [4 CH3,
CH(CH3)2], 25.10 (3 CH3), 27.75 [2 CH, CH(CH3)2], 27.93 [2 CH,
CH(CH3)2], 105.67 (2 CH, Py-C-3/5), 113.36 (1 CH, Py-C-3/5),
113.56 (1 CH, Py-C-5), 124.45 (4 CH, Ar-C-9,11), 127.09 (1 CH,
Ar-C-10), 127.14 (1 CH, Ar-C-10), 138.91 (1 CH, Py-C-4), 139.11
(1 CH, Py-C-4), 141.32 (4 CH, Ar-C-8,12), 146.09 (4 CH, Py-C-6,
2 C, Ar-C-7), 168.32 (1 C, Py-C-2) ppm.

General Description of Polymerization Experiments: The catalytic
ethylene polymerization reactions were performed in a stainless
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steel 1-L autoclave (Medimex) in semi-batch mode (ethylene was
added by replenishing flow to keep the pressure constant). The re-
actor was temperature- and pressure-controlled and equipped with
separated toluene, catalyst, and cocatalyst injection systems and a
sample outlet for continuous reaction monitoring. At 5 bar of eth-
ylene pressure multiple injection of the catalyst with a pneumati-
cally operated catalyst-injection system was used. During a polyme-
rization run the pressure, ethylene flow, inner and outer reactor
temperature, and the stirrer speed were monitored continuously. In
a typical semi-batch experiment, the autoclave was evacuated and
heated at 125 °C for 1 h prior to use. The reactor was then brought
to the desired temperature with stirring at 600 rpm and charged
with 230 mL of toluene together with either the required amount
of PMAO [2.76 g, Ta/Al = 1:500 (m/m)] or TIBAO scavenger [1 mL
of a 0.1  stock solution in toluene, Ta/Al = 1:20 (m/m)]. After
pressurizing with ethylene to reach 5 bar total pressure the auto-
clave was equilibrated for 5 min. Subsequently 1 mL of a 0.01 

stock solution of the tantalum complex in toluene was injected to-
gether with 30 mL of toluene, to start the reaction. In the case
where trialkylammonium tetrakis(pentafluorophenyl)borate was
the activator, 1 mL of the tantalum complex stock solution and the
appropriate amount of borate [0.12 g, Ta/B = 1:1.1 (m/m)] were
premixed before injection. During the run the ethylene pressure was
kept constant to within 0.2 bar of the initial pressure by replen-
ishing flow. After the desired reaction time, the reactor was vented
and the residual PMAO/TIBAO was destroyed by addition of
20 mL of ethanol. Polymeric product was collected, stirred in acidi-
fied ethanol for 30 min, and rinsed with ethanol and acetone on a
glass frit. The polymer was initially dried in air and subsequently
in vacuo at 80 °C.
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Complex formation between the VIVO ion and four pyrazine
derivatives, 2-pyrazinecarboxylic acid (pzc), 5-methyl-2-pyr-
azinecarboxylic acid (5-Mepzc), 2,3-pyrazinedicarboxylic
acid (3-COOHpzc) and 5-hydroxy-2-pyrazinecarboxylic acid
(5-OHpzc), was studied in aqueous solution and in the solid
state through the combined application of potentiometric and
spectroscopic (EPR and FT-IR) techniques. The results indi-
cate that in acidic and neutral aqueous solution all the
ligands form mono(chelated), bis(chelated) and dinuclear
species of composition VOL, VOL2 and (VO)2L2H–2. Hexaco-
ordinated VOL2 complexes are characterised by a cis/trans
isomerism, where cis and trans are the species with a water
molecule bound in the cis or trans position with respect to
the V=O group. The trans arrangement is favoured over the

Introduction

Vanadium plays a number of roles in biological sys-
tems.[1] Among others, a growing interest is devoted to the
insulin-mimetic activity of its compounds.[2] Initially, both
VV and VIV inorganic salts were extensively used as insulin
mimics, but the introduction of VIV complexes has con-
siderably improved their pharmacological potential by mi-
nimising the dose required for effective diabetic control.[2b]

The insulin-mimetic properties of complexes with
coordination modes VO(O4),[3,4] VO(N2S2),[3,5] VO(S4),[6]

VO(S2O2),[7] VO(N4)[8] and VO(N2O2)[9,10] have been exam-
ined. Generally, N,O ligation is more efficient than O,O or
O/N,S coordination, irrespective of the vanadium oxidation
state.[11]

VIVO compounds with N2O2 coordination are very
promising in the treatment of insulin-dependent diabetes
mellitus.[12] In particular, VIVO(picolinato)2(H2O) and

[a] Department of Chemistry, University of Sassari,
Via Vienna 2, 07100 Sassari, Italy
Fax: +39-079-229559
E-mail: garribba@uniss.it

micera@uniss.it
[b] Institute of General Food Chemistry, Technical University of

Lodz,
ul. Stefanowskiego 4/10, 90924 Lodz, Poland

[c] Istituto C.N.R. di Chimica Biomolecolare,
Trav. La Crucca 3, 07040 Li Punti, Sassari, Italy

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2690–27002690

cis arrangement. Three solid derivatives, [VO(5-Mepzc)2] (1),
cis-[VO(pzc)2(H2O)] (2) and cis-[VO(3-COOHpzc)2(H2O)] (3),
were isolated and characterised. Based on the experimental
results and on the data in the literature, the stability of cis
and trans isomers in aqueous solution and in the solid state
has been discussed, showing that with ligands of comparable
basicity and size of the chelate ring the hydrophilicity favours
the cis species and determines the relative amount of the two
isomers. The analysis of the magnetic properties of the hy-
droxo-bridged VIVO dimers suggests that for the (VO)2L2H–2

species the anti-coplanar arrangement is realised.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

VIVO(6-methylpicolinato)2 are strong inhibitors of the mo-
bilisation of fatty acids and effective in the treatment of rats
affected by diabetes induced with streptozotocin (STZ).[9,10]

In addition, the complex formed by 6-methylpicolinate,
with long-acting character and low toxicity, is the most ef-
fective in the treatment of insulin-dependent diabetes mel-
litus (IDDM) as well as non-insulin-dependent diabetes
mellitus (NIDDM) when administrated orally.[13]

In the last few years several studies have been devoted
to the complexation of the VIVO ion by bidentate ligands
provided with an aromatic nitrogen atom and a carboxylate
oxygen atom as donors.[14] Usually, VOL and VOL2 species
are formed in aqueous solution, with the possibility of
cis/trans isomerism for the hexacoordinate bis(complexes)
(Scheme 1).[15] The presence of di-µ-hydroxo EPR-silent
species of composition (VO)2L2H–2 has been proposed in
some systems.[14b,14c,14e]

Scheme 1. Possible structures for the isomers of a bis(chelated)
VIVO complex: (a) trans arrangement; (b) and (c) cis arrangements.
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In this work we investigated the VIVO complex formation

with four pyrazine derivatives: 2-pyrazinecarboxylic (pzc),
5-methyl-2-pyrazinecarboxylic (5-Mepzc), 2,3-pyrazinedi-
carboxylic (3-COOHpzc) and 5-hydroxy-2-pyrazinecarbox-
ylic (5-OHpzc) acids (Scheme 2). Only one potentiometric
study, although not supported by spectroscopic measure-
ments, is available on the interaction of the VIVO ion with
2-pyrazinecarboxylic and 2,3-pyrazinedicarboxylic acids in
aqueous solution.[16] To the best of our knowledge, no data
on the formation of solid complexes have been reported.
Here, the behaviour in aqueous solution and in the solid
state of the four ligands is presented together with a dis-
cussion of the coordinating properties of ligands provided
with the (Naromatic, COO–) donor set.

Scheme 2. Ligands: (a) 2-pyrazinecarboxylic acid (pzc), (b) 5-
methyl-2-pyrazinecarboxylic acid (5-Mepzc), (c) 2,3-pyrazinedicar-
boxylic acid (3-COOHpzc) and (d) 5-hydroxy-2-pyrazinecarboxylic
acid (5-OHpzc).

Results

Studies in Aqueous Solution

Fully protonated forms of 2-pyrazinecarboxylic and 5-
methyl-2-pyrazinecarboxylic acids in aqueous solution can
be denoted as H3L2+ and those of 2,3-pyrazinedicarboxylic
and 5-hydroxy-2-pyrazinecarboxylic acids as H4L2+.

Two deprotonation processes are measurable for pzc, 5-
Mepzc and 3-COOHpzc in the titrable pH range with pKa

values of 1.83 and 2.73 for pzc, 2.06 and 3.13 for 5-Mepzc,
and 1.50 and 3.25 for 3-COOHpzc (Table 1). The two pro-
cesses can be assigned to the pyrazine –NH+ and the
–COOH groups, respectively. The values measured for pzc
and 3-COOHpzc are in very good agreement with those
previously reported.[16] Owing to its very high acidity, the
deprotonation of the first –NH+ group is not detectable. A
comparison with 2-pyridinecarboxylic acid, for which pKa

values of about 1 and 5.19 are reported,[14b] indicates that
the presence of a second nitrogen atom in the aromatic ring
significantly reduces the basicity of the –NH+ group. On
the other hand, the carboxylic group slightly increases the
basicity of the second –NH+ group with respect to pyrazine,

Eur. J. Inorg. Chem. 2006, 2690–2700 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2691

for which a pKa of 0.65 is reported.[17] The increase in basic-
ity is due to the formation of a cyclic structure, which stabi-
lises the –NH+ form through an internal hydrogen bond
between the protonated pyrazine nitrogen atom and the
–COOH group. The value for the deprotonation of the car-
boxylic group of pzc is comparable with that measured by
Toma and Borges (2.82).[18] The electron-releasing effect of
the methyl group reduces the acidity of both the –NH+

and –COOH groups in 5-Mepzc (Table 1).

Table 1. Protonation constants of the ligands (logK) and stability
constants of the VIVO complexes (logβpqr) at 25.0±0.1 °C and I =
0.1  (KNO3).

log K/log βpqr pzc 5-Mepzc 3-COOHpzc 5-OHpzc

–N1pyrH+ �1 �1 �1 �1
–N2pyrH+ 1.83 2.06 1.50 �1
–COOH1 2.73 3.13 3.25 3.44
–COOH2 – – �1 –

–OH – – – 7.78
VOL 3.42(2) 3.49(2) 3.99(2) 7.01(2)
VOL2 6.09(2) 6.99(2) 7.02(3) 12.97(2)

(VO)2L2H–2 0.11(3) 0.58(2) 1.79(3) 5.85(3)

Only two deprotonation steps, of the four possible ones,
can be determined for 2,3-pyrazinedicarboxylic acid. Owing
to the strong internal hydrogen bond between COOH and
COO–, one of the two carboxylic groups is protonated only
at pH � 1. This effect had already been observed for
2,3-pyridinedicarboxylic[19] and 4,5-imidazoledicarboxylic
acids.[14a] For the same reason, the deprotonation of the
second –COOH group takes place at higher pH values with
respect to pzc and 5-Mepzc. Moreover, the electron-with-
drawing properties of the carboxylic group increase the
acidity of the pyrazine nitrogen atom in comparison with
pzc and 5-Mepzc.

The carboxylic group of 5-OHpzc is more basic than in
other ligands for the presence of an –OH group in the para
position according to the Hammett equation;[20] pKa values
of 0.1 and 8.23 are reported for the –NH+ and –OH groups
in 2-hydroxypyrazine,[17] and of 6.85 for the –OH group in
2-hydroxy-5-nitropyridine.[21] The presence of –COOH,
more efficient in the electron-withdrawing effect than –H
and less than –NO2, explains the value of 7.78 measured for
5-OHpzc, intermediate between the other two pKa values.

According to the potentiometric results, all the ligands
form VOL, VOL2 and (VO)2L2H–2 species, in which five-
membered chelate rings are formed by the (Npyr, COO–)
donor set. The formation constants of the complexes are
listed in Table 1 and the order of stability is 5-OHpzc ��
5-Mepzc � pzc � 3-COOHpzc. For example, the higher
stability of the bis(chelated) species formed by 5-OHpzc is
reflected by the values of the stability constant for the reac-
tion VOL + HL � VOL2 + H+ (2.52 for 5-OHpzc, 0.37 for
5-Mepzc, –0.06 for pzc and –0.22 for 3-COOHpzc). The
amount of (VO)2L2H–2 dimers increases in solution with
decreasing stability of VOL and VOL2 species; in equimolar
solutions at pH = 6 with a VIVO concentration of
5×10–2 , it is 88.5% with 3-COOHpzc, 65.9% with pzc,
63.4% with 5-Mepzc and 38.2% with 5-OHpzc. The
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strength of the ligands can be explained by the effect of the
substituents on the aromatic ring of their fully deproton-
ated forms, displayed in Scheme 3: –O– is the most effective
electron-releasing group, followed by –CH3, whereas
–COOH is an electron-withdrawing group. To reduce the
hydrolytic processes, the EPR spectra were recorded with a
ligand/metal molar ratio of 2 with 5-OHpzc, 5 with 5-
Mepzc and 10 with pzc and 3-COOHpzc.

Scheme 3. Resonance forms of the fully deprotonated ligands.

The distribution curves of the species as a function of
pH, calculated from the stability constants reported in
Table 1, for the weaker (3-COOHpzc) and the stronger li-
gand (5-OHpzc) are shown in Figures 1 and 2, respectively.

Figure 1. Species distribution for the VIVO/3-COOHpzc system
with a metal/ligand molar ratio of 1:10 and a VIVO concentration
of 1 m.

Table 2. EPR parameters and donor sets for the VIVO complexes in aqueous solution.

Ligand Complex g� A�
[a] D[b] Donor set

pzc VOL 1.938 174 [(Npyr, COO–); H2O; H2O; H2Oax]
cis-VOL2 1.943 170 [(Npyr, COO–); (Npyr, COO–ax); H2O]

trans-VOL2 1.945 164 [(Npyr, COO–); (Npyr, COO–); H2Oax]
(VO)2L2H–2 1.968 85 0.0603 [(Npyr, COO–); H2O; OH–; OH–ax]

5-Mepzc VOL 1.938 173 [(Npyr, COO–); H2O; H2O; H2Oax]
cis-VOL2 1.942 169 [(Npyr, COO–); (Npyr, COO–ax); H2O]

trans-VOL2 1.945 163 [(Npyr, COO–); (Npyr, COO–); H2Oax]
(VO)2L2H–2 1.967 85 0.0607 [(Npyr, COO–); H2O; OH–; OH–ax]

3-COOHpzc VOL 1.938 174 [(Npyr, COO–); H2O; H2O; H2Oax]
cis-VOL2 1.943 168 [(Npyr, COO–); (Npyr, COO–ax); H2O]

trans-VOL2 1.945 163 [(Npyr, COO–); (Npyr, COO–); H2Oax]
(VO)2L2H–2 1.965 86 0.0608 [(Npyr, COO–); H2O; OH–; OH–ax]

5-OHpzc VOL 1.937 173 [(Npyr, COO–); H2O; H2O; H2Oax]
cis-VOL2 1.944 168 [(Npyr, COO–); (Npyr, COO–ax); H2O]

trans-VOL2 1.946 163 [(Npyr, COO–); (Npyr, COO–); H2Oax]
(VO)2L2H–2 1.965 86 0.0601 [(Npyr, COO–); H2O; OH–; OH–ax]

[a] A� measured in 10–4 cm–1 units. [b] D measured in cm–1 units.
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Figure 2. Species distribution for the VIVO/5-OHpzc system with a
metal/ligand molar ratio of 1:3 and a VIVO concentration of 1 m.

The g� and A� values (Table 2) of the mono(chelated)
complexes VOL (I in Figure 3) are consistent with the do-
nor set (Npyr, COO–).[14b] By applying the additivity rule
of Chasteen,[22] corrected for carboxylate by Kiss and
Costa Pessoa,[23] a value of about 174×10–4 cm–1 is pre-
dicted for A�.

In the range of existence of the bis(chelated) complexes,
the EPR spectra show two partly overlapped resonances,
indicating the presence of the cis and trans isomers (II and
III in Figure 3). The A� value of the trans species (Table 2)
is similar to that measured with 4-imidazoleacetic acid[14a]

and corresponds to an [(Npyr, COO–); (Npyr, COO–); H2Oax]
set, with a water molecule weakly coordinated in the axial
position (see Scheme 1a).

Two different arrangements of the two ligand molecules
are possible for the cis species (Scheme 1b and c): one with
two aromatic nitrogen atoms and one carboxylate oxygen
atom, and another with one aromatic nitrogen atom and
two carboxylate oxygen atoms in the equatorial plane of
the vanadyl ion. The additivity rule assigns to an aromatic
nitrogen atom a lower contribution to the parallel hyperfine
coupling constant (40.7×10–4 cm–1)[22] in comparison with
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Figure 3. High-field region of the X-band anisotropic EPR spectra
recorded at 140 K as a function of pH on an aqueous solution of
VIVO and 5-Mepzc with a metal/ligand molar ratio of 1:5 and a
VIVO concentration of 4 m. I, II and III denote VOL, cis-VOL2

and trans-VOL2 complexes.

a carboxylate oxygen atom (42.1×10–4 cm–1).[23] Therefore,
a lower value of A� is expected for the set [(Npyr, COO–);
(Npyr, COO–ax); H2O] than for [Npyr, COO–); (Npyr

ax,
COO–); H2O]. The experimental data are in agreement with
the first possibility. This is in agreement with the structures
in the solid state formed by 5-methoxycarbonylpicolinic
acid (5MeOpicH), cis-[VIVO(5MeOpic)2(H2O)],[14e] and by
4,5-dicarboxy-1-methylimidazole (H2MDCI), cis-[VIVO-
(HMDCI)2(H2O)].[24] They have two aromatic nitrogen
atoms in the equatorial plane and A� values of 168 and
171×10–4 cm–1, comparable with those measured in this
study for the cis isomers.

As an example, the anisotropic EPR spectra of the sys-
tem with 5-Mepzc as a function of pH are presented in
Figure 3.

At pH � 7, the potentiometric titrations show a depro-
tonation process. The fitting of the data is improved con-
siderably by the insertion of a (VO)2L2H–2 species into the
model. This suggests that the hydrolytic processes transform
VOL2 complexes into the di-µ-hydroxo (VO)2L2H–2 dimers,
according to the principle established by Felcman and
Fraústo da Silva.[25] Differently from the usual behaviour of
the VIVO systems, a ferromagnetic interaction between the
two S = 1/2 ions is observed with a distinctive EPR signal
superimposed to the resonances of VOL2. A forbidden sig-
nal at half field (ca. 1650 G) in the ∆M = ±2 region is also
detected (see Discussion). The spectra recorded on an equi-
molar solution of VIVO and pzc, in both the ∆M = ±1 and
∆M = ±2 regions, are shown in Figures 4 and 5.

The possible configurations of a [VO(µ-OH)2VO]2+ core
in complexes consisting of two edge-sharing octahedrally
coordinated VIVO ions are classified according to the orien-
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Figure 4. ∆M = ±1 region of the X-band anisotropic EPR spec-
trum recorded at 140 K and pH = 5.65 on an equimolar aqueous
solution of VIVO and pzc with a concentration of 5×10–2 .

Figure 5. ∆M = ±2 region of the X-band anisotropic EPR spec-
trum recorded at 140 K and pH = 5.65 on an equimolar aqueous
solution of VIVO and pzc with a concentration of 5×10–2 .

Scheme 4. Possible arrangements of the [VO(µ-OH)2VO]2+ core: (a)
anti-orthogonal, (b) syn-orthogonal, (c) anti-coplanar, (d) syn-co-
planar, and (e) twisted.



E. Garribba, G. Micera, E. Lodyga-Chruscinska, D. SannaFULL PAPER
tation of the V=O group with respect to the plane defined
by the two vanadium atoms and the two bridging oxygen
atoms (orthogonal, coplanar and twisted) and the orienta-
tion of the two V=O bonds (syn or anti) (Scheme 4).[26]

The magnitude of the coupling constant in the ∆M = ±2
region is nearly half of that expected for A� in the mono-
meric species with the same equatorial donors. Values of
about 84×10–4 cm–1 for the set [(Npyr, COO–); H2O; OH–]
(anti-coplanar arrangement) and of about 80×10–4 cm–1 for
[(Npyr, COO–); OH–; OH–] (anti- or syn-orthogonal ar-
rangement) are expected. The experimental values, in the
range 85–86×10–4 cm–1 (Table 2), are consistent with the
structure depicted in Scheme 5, where two OH– ions bridge
two metal ions in one equatorial and one axial position,
with the remaining three equatorial sites occupied by the
(Npyr, COO–) set and a H2O molecule in an anti-coplanar
arrangement.

Scheme 5. Structure of the dimeric complex (VO)2L2H–2 formed by
pzc. R is the distance between the two VIVO ions and θ the angle
formed by the V=O and V–V directions.

Studies on the Solid Compounds

The solid compounds 1, 2 and 3 were characterised by
thermogravimetric, elemental, FT-IR and EPR analyses.
Attempts to obtain solid compounds with reproducible
stoichiometry with 5-OHpzc were unsuccessful.

Thermogravimetric and elemental analyses indicate a
[VOL2] composition for 5-Mepzc, and a [VOL2(H2O)] stoi-
chiometry for pzc and 3-COOHpzc. The presence of a
water molecule strongly bound to the metal ion in 2 and 3
is supported by the decomposition step at � 150 °C to yield
the five-coordinate species [VO(pzc)2] and [VO(3-CO-
OHpzc)2]. This temperature value is typical of vanadyl

Table 3. Selected IR parameters of the ligands and complexes 1–3.[a]

Ligand/complex νas(COOH) νas(COO–) νs(COOH) νs(COO–) ∆(νas – νs) ν(V=O)

5-Mepzc 1731 vs 1654 sh
[VO(5-Mepzc)2] (1) 1630 vs 1418 s 212 986 vs

pzc 1713 vs 1670 s
cis-[VO(pzc)2(H2O)] (2) 1629 vs 1393 vs 236 984 vs

3-COOHpzc 1714 vs 1689 vs
cis-[VO(3-COOHpzc)2(H2O)] (3) 1729 s 1632 vs 1389 s 243 986 vs

[a] ν and ∆ values measured in cm–1.
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complexes containing equatorially coordinated water.[14e]

On the contrary, the thermogravimetric analysis of 1 indi-
cates the absence of water and the decomposition of the
complex starts above 300 °C.

IR spectroscopy shows the presence of water in 2 and 3
and its absence in 1. The V=O stretching frequency is nor-
mal for VIVO complexes. The separation between the asym-
metrical (νas) and symmetrical (νs) stretching vibrations of
the carboxylate group, ∆(νas – νs), for complexes 1, 2 and 3,
in the range 212–243 cm–1, suggests a monodentate coordi-
nation to the VIVO ion and allows a bridging behaviour to
be ruled out.[27] In compound 3 the band at 1729 cm–1 indi-
cates that the carboxylic group in position 3 of the aromatic
ring is protonated (Table 3).

The solid compounds 1–3 were dissolved in an anhy-
drous weakly coordinating solvent (CH3OH) or in a mix-
ture of non-coordinating solvent (CHCl3/toluene, 60:40,
v:v) in order to study the geometry and the coordination
mode of the ligands through EPR spectroscopy (Figure 6).
Anisotropic spectra exhibit an axial symmetry with two g
and two A values (Table 4). No traces of mono(chelated) or
dimeric complexes are observed.

Figure 6. High-field region of the X-band anisotropic EPR spectra
recorded at 140 K in CH3OH. (a) [VO(5-Mepzc)2] (1); (b) cis-
[VO(pzc)2(H2O)] (2); and (c) cis-[VO(3-COOHpzc)2(H2O)] (3).

Table 4. EPR parameters of complexes 1–3 in CH3OH.

Complex g� A�
[a] g� A�

[a]

[VO(5-Mepzc)2] (1) 1.947 163 1.982 59
cis-[VO(pzc)2(H2O)] (2) 1.944 168 1.985 60

cis-[VO(3-COOHpzc)2(H2O)] (3) 1.944 168 1.986 60

[a] A� and A� measured in 10–4 cm–1 units.



Oxovanadium() Complexes with Pyrazinecarboxylic Acids FULL PAPER

Scheme 6. Structure of the solid complexes 1 (a), 2 (b) and 3 (c).

The A� value measured for the methyl derivative 1 is
163×10–4 cm–1, indicative of an equatorial [(Npyr, COO–);
(Npyr, COO–)] coordination mode. The value is comparable
with those reported for [VIVO(8-quinolinecarboxylato)2] in
a CH2Cl2/toluene mixture (161×10–4 cm–1)[14d] and for VIVO-
doped [TiIVO(8-quinolinecarboxylato)2] (161×10–4 cm–1).[14d]

For the analogous complex formed by 2-pyridylacetate a
value of 162×10–4 cm–1 was measured.[28] The coincidence
of Ax and Ay values allows a distortion of the pentacoordi-
nate square-pyramidal structure towards the trigonal bi-
pyramid to be ruled out.[29]

The spectra of 2 and 3 are characterised by a larger hy-
perfine coupling constant (168×10–4 cm–1) than for 1
(Table 4), because of the presence of weaker donors in the
equatorial plane of the vanadyl ion. This clearly indicates
that water replaces one of the two equatorially bound car-
boxylate ions, increasing the value of A� by about
4×10–4 cm–1,[22,30] and that one ligand molecule switches its
coordination mode from an (equatorial–equatorial) to an
(equatorial–axial) arrangement. In the absence of single-
crystal X-ray determinations, the three structures shown in
Scheme 6 can be proposed.

The carboxylic group in position 3 of the pyrazine aro-
matic ring in 3 is protonated, similarly to the results ob-
tained with the bis(chelated) complexes of CoII[31] and
NiII.[32,33] The structure is stabilised by an intramolecular
hydrogen bond between the protonated carboxylic group
and the coordinating deprotonated carboxylate ion in posi-
tion 2 of the aromatic ring (Scheme 6). An analogous hy-
drogen bond is exhibited by cis-[VIVO(HMDCI)2(H2O)],[24]

formed by 4,5-dicarboxy-1-methylimidazole (H2MDCI)
similar to 3-COOHpzc. A further stabilisation of 2 and 3
could be provided by a network of intermolecular hydrogen
bonds between the coordinated water molecules, as happens
with the CoII ion.[31]

Discussion

Stability of the cis and trans Isomers of Bis(chelated) VIVO
Complexes

Few VIVO compounds with (Naromatic, COO–) coordina-
tion are known compared to those with (Nimino, O–) coordi-
nation. A search in the Cambridge Structural Database[34]

for monomeric vanadyl complexes formed by bidentate li-
gands with N,O donors yields 22 structures; among them,
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18 do not exhibit water molecules coordinated to the VIVO
ion and show a square-pyramidal geometry. Six-membered
chelate rings characterise all the structures except [VIVO(2-
methyl-5-methylthio-8-hydroxyquinolato)2],[35] [VIVO{2-
[(–)-(1S,2S,5R)-menthylpyridine}2][36] and [VIVO(2-methyl-
8-quinolinolato)2].[37]

Rather surprisingly, the only four structures with the
(Naromatic, COO–) donor set exhibit a water molecule bound
to the VIVO ion. Two are characterised by a cis arrangement
of the H2O molecule with respect to the V=O bond: cis-
[VIVO(5-methoxycarbonylpicolinato)2(H2O)][14e] and cis-
[VIVO(1-methyl-4,5-dicarboxyimidazolato)2(H2O)].[24] In
the other two, trans-[VIVO(6-ethylpicolinato)2(H2O)][38] and
trans-[VIVO(2-quinolinecarboxylato)2(H2O)],[39] H2O is
trans to the V=O bond. This indicates that the (Naromatic,
COO–) set favours the binding of water, probably for the
high polarity of the carboxylate group, which makes the
solvation of the complexes easier. In addition, other binary
structures with the (Naromatic, COO–) donor set have been
fully characterised in the solid state without single-crystal
X-ray determination.[9,10,14c,14d,40–42]

Finally, three mixed complexes, in which one of the two
bidentate donor sets is (Naromatic, COO–), have been de-
scribed. One of them is cis-[VO(Hhpic-O,O)(Hhpic-
O,N)(H2O)], with H2hpic = 3-hydroxy-2-pyridinecarboxylic
acid,[43] where one of the two Hhpic– anions coordinates
the vanadyl ion through the phenolate and carboxylate
groups in the equatorial plane and the other one through
the carboxylate group in trans position and the pyridine
nitrogen atom in cis position with respect to the V=O bond,
whereas the remaining equatorial site is occupied by a water
molecule. The other two complexes are [VIVO(dipic)-
(HDMCI)]– and cis-[VIVO(acac)(HDMCI)(H2O)], with
H2dipic = 2,6-pyridinedicarboxylic acid and Hacac = 2,4-
pentanedione.[24] These last three examples highlight the
preference of the (Naromatic, COO–) donor set to assume
an orientation cis with respect to the V=O bond, with the
aromatic nitrogen atom in the equatorial plane and the car-
boxylate oxygen atom in the axial position.

It is worth noting that the cis complexes are formed with
more hydrophilic ligands (5-methoxycarbonylpicolinate,[14e]

4,5-dicarboxy-1-methylimidazolate,[24] picolinate,[9,14b,40] 3-
hydroxy-2-pyridinecarboxylate[43]), whereas the trans struc-
tures are favoured by more hydrophobic ligands (6-methyl-
picolinate,[10,14c,41] 8-hydroxy-2-methylquinoline,[37] 6-ethyl-
picolinate[38]) and six-membered chelate rings (8-quinoline-
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carboxylate,[14d] 2-pyridylacetate[28]). The results are con-
firmed by this study: the hydrophobic 5-methyl derivative
forms the anhydrous pentacoordinate complex 1, whereas
the more hydrophilic pzc and 3-COOHpzc ligands form the
cis complexes 2 and 3 with a water molecule coordinated in
the equatorial plane of the VIVO ion.

The preference of a ligand for the trans or cis arrange-
ment is not easily predictable. For instance, picolinate forms
only the cis complex,[14b] 6-methylpicolinate the trans and
cis isomers in comparable amounts,[14c] and 2-pyridylacetate
only the trans species.[28] Generally, stronger ligands and
six-membered chelate rings favour the trans isomer, as dem-
onstrated by the comparison of carboxylates, pyrones and
catechols,[44,45] and of oxalate and malonate[44] or picolina-
te[14b] and 2-pyridylacetate.[28]

For the four systems considered in this work, the amount
of the cis isomer (I in Figure 7) increases in the order: 5-
Mepzc � pzc � 5-OHpzc � 3-COOHpzc. With ligands
yielding the same size and steric hindrance of the chelate
ring, the order of stability does not follow the basicity of
the donors, but the relative amount of the two isomers de-
pends on the hydrophilicity of the species; in particular, the
hydrophilicity of the complexes favours the cis isomer. In-
deed, the cis arrangements are mainly formed by the two
more hydrophilic ligands, 3-COOHpzc and 5-OHpzc,
whereas the most hydrophobic, 5-Mepzc, gives almost ex-
clusively the trans structure (Figure 7). The hydrophobicity
of the complex hinders the approach and the coordination
of a water molecule to the VIVO ion and, therefore, the
formation of the cis complex: for instance, picolinate
forms only the cis isomer,[14b] whereas the less hydrophilic
6-methyl derivative forms both the trans and cis com-
plexes.[14c]

Figure 7. Low-field region of the X-band anisotropic EPR spectra
of the bis(chelated) complexes formed by pzc, 5-Mepzc, 3-CO-
OHpzc and 5-OHpzc recorded on aqueous solutions at 140 K with
a VIVO concentration of 4 m. (a) 3-COOHpzc, L/M = 10, pH =
5.05; (b) 5-OHpzc, L/M = 2, pH = 5.25; (c) pzc, L/M = 10, pH =
4.35; (d) 5-Mepzc, L/M = 5, pH = 5.00. I and II denote cis-VOL2

and trans-VOL2 complexes.
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Magnetic Properties of the Hydroxo-Bridged VIVO Dimeric
Complexes

A qualitative interpretation of the magnetic interactions
in transition-metal dimers is given by the Goodenough–
Kanamori rules,[46] based on the interactions between pairs
of magnetic orbitals (the unpaired electron for VIVO gen-
erally resides in the dxy orbital). The magnetic interaction of
two ions with spin S1 and S2 is described by the Heisenberg
Hamiltonian Ĥ = –JŜ1·Ŝ2, where J is the exchange coupling
constant. If S = 1/2, as for VIVO dimers, the energy differ-
ence between the triplet (S = 1) and the singlet (S = 0) spin
states is about J. Thus, if the J value is positive, the triplet
state is more stable than the singlet one, the interaction is
ferromagnetic and an EPR spectrum can be detected; in the
opposite case, the singlet state is more stable, the interaction
is antiferromagnetic and no EPR signal is observed. Plass
demonstrated that for the two orthogonal configurations of
the [VO(µ-OH)2VO]2+ core (Scheme 4) either a direct inter-
action or a superexchange mechanism between the mag-
netic orbitals can be expected to be operative, yielding
rather strong antiferromagnetic coupling.[26] However, the
configuration of the core, the nature of the terminal ligands
and the structural distortions can influence the exchange
coupling constant.[47,48] It has been found that for certain
combinations of the V–O–V angle and V···V distance, the
value of J can become positive.[48]

In order to find examples of magnetic coupling between
two VIVO ions in the literature, two searches have been per-
formed on the Cambridge Structural Database.[34] The first,
on the dimeric [VO(µ-OH)2VO]2+ core, yielded six struc-
tures, four with an anti-orthogonal,[49] one with a syn-or-
thogonal[50] and one with a syn-coplanar arrangement.[51]

All show antiferromagnetic behaviour with –J values in the
range 6–177 cm–1. The second search, on the [VO(µ2-OR)2-
VO]2+ core, yielded 31 structures, 15 with an anti-orthogo-
nal,[52] 10 with a syn-orthogonal,[53] 5 with an anti-copla-
nar[26,53j,54] and 1 with a twisted configuration.[26] Magnetic
measurements are reported for 15 of them. The four struc-
tures with an anti-orthogonal and the seven with a syn-or-
thogonal arrangement show antiferromagnetic coupling
with –J values in the range 6–212 cm–1. On the other hand,
the six structures with an anti-coplanar and a twisted con-
figuration display ferromagnetic coupling with J values in
the range 3–56 cm–1. This confirms the suggestions of Plass
that for edge-shared dinuclear units, only the relative orien-
tation of the vanadyl groups is necessary to qualitatively
predict their magnetic behaviour in terms of antiferro-
(anti- and syn-orthogonal and syn-coplanar) or ferromag-
netic interactions (anti-coplanar and twisted) between the
metal centres.[26]

A ferromagnetic interaction leads to a detectable EPR
signal. For a system with tetragonal symmetry the aniso-
tropic EPR spectrum consists of four bands, whose separa-
tion depends on the molecular interactions. The external
lines, corresponding to the V=O orientation parallel to the
magnetic field direction, are separated by 2D, whereas the
internal lines corresponding to the perpendicular orienta-
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tion are separated by D, where D is the zero-field splitting.
In the case of weak paramagnetic interaction the zero-field
splitting has contributions of only dipolar origin and can
be correlated to the distance between the two vanadium in-
teracting centres (R) and to the angle formed by the V=O
and V–V directions (θ) through the Stevens equation (1):[55]

with D in cm–1 and R in Å. Usually two broad transitions
in the ∆M = ±1 region centred at g � 2 and a well-resolved
51V hyperfine structure in the ∆M = ±2 region at g � 4 are
detectable.[56] If the symmetry of the complex is axial, two
sets of 15 lines, partially overlapping, are observed in the
forbidden ∆M = ±2 region, with the magnitude of the
coupling constant nearly half of that expected for A� in the
monomeric species with the same equatorial donors (Fig-
ure 5).

All four (VO)2L2H–2 complexes formed by pzc, 5-Mepzc,
3-COOHpzc and 5-OHpzc exhibit a separation of the par-
allel components (2D) in the range 1312–1328 G between
the high-field resonance at about 3990 G and the low-field
resonance at about 2670 G, corresponding to a D value of
about 660 G or 0.06 cm–1 (Table 2). In the literature, no
agreement exists on the attribution of these transitions to
the perpendicular or parallel components of the D tensor.
In Figure 8, the D value derived from the Stevens equation
is represented as a function of the θ angle for five R dis-
tances; the g value has been approximated to 2. For five of
the six di-µ-hydroxo-bridged VIVO compounds reported in
the literature, R is in the range 2.965–3.122 Å;[49,50] only the
sixth compound is characterised by a higher value (3.45 Å),
but this is due to the presence of a µ2-squarato-O,O� bridg-
ing ligand, which keeps the metal ions distant.[51] Therefore,
we believe that an estimate of about 2.9–3.1 Å for R is rea-
sonable also for 2-pyrazinecarboxylic acid and its deriva-
tives. For R � 2.9 Å, values higher than 0.11 cm–1 should
result in cos2 θ � 1 and are not to be expected for D (Fig-
ure 8). This is a very important conclusion because it dem-
onstrates that the separation measured on the experimental
EPR spectrum cannot be attributed to the perpendicular
components of the D tensor, to which a value of about
1320 G or 0.12 cm–1 would correspond.

From Figure 8 it is worth noting that if D � 0.06 cm–1

and R = 2.9–3.1 Å, only the angles in the range 27.2–32.7
and 147.3–152.8° satisfy the Stevens equation. These values
are consistent with an anti-coplanar arrangement of the two
VIVO ions (angles of 130.7 and 132.8° for the two anti-
coplanar complexes [{VIVO(Hsabhea)}2]·2CH3OH and
[{VIVO(Hsabhea)}2]·CH3OH, with H3sabhea = N-
salicylidene{2-[bis(2-hydroxyethyl)amino]ethyl}amine, were
reported[26]), but not with an anti- or a syn-orthogonal con-
figuration, for which much lower values of θ are expected
(θ is in the range 101.0–111.4° for the five di-µ-hydroxo
structures in the literature[49,50]).
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Figure 8. D value derived from the Stevens equation as a function
of the θ angle: (a) R = 2.9 Å; (b) R = 3.0 Å; (c) R = 3.1 Å; (d) R
= 3.2 Å; and (e) R = 3.3 Å. The g value has been approximated to
2.

In conclusion, an anti-coplanar arrangement with an
aromatic nitrogen atom and a carboxylate oxygen atom,
one water molecule and an OH– ion in the equatorial plane
and a second OH– ion of another unit in the axial position
of each VIVO ion is realised for the (VO)2L2H–2 species
formed by pzc, 5-Mepzc, 3-COOHpzc and 5-OHpzc
(Scheme 5). These findings are supported by recent re-
sults[28] with hyphetri-COOH {4-[3,5-bis(2-hydroxyphenyl)-
1,2,4-triazol-1-yl]benzoic acid} and hyphetri-SO3H {4-[3,5-
bis(2-hydroxyphenyl)-1,2,4-triazol-1-yl]benzenesulfonic
acid}.[57] In weakly acidic aqueous solutions, they give ∆M
= ±1 (at g � 2) and ∆M = ±2 (at g � 4) EPR signals
analogous to those of pzc and its derivatives. Because they
are tridentate chelating ligands, which occupy three equato-
rial positions of the VIVO ion with the donor set (O–

aromatic,
Naromatic, O–

aromatic), they enforce the formation of an anti-
coplanar arrangement for the corresponding (VO)2L2H–2

species with the two bridging OH– ions in cis and trans
positions with respect to the V=O bond.

Conclusions

2-Pyrazinecarboxylic acid and three of its derivatives (5-
methyl-2-pyrazinecarboxylic, 2,3-pyrazinedicarboxylic and
5-hydroxy-2-pyrazinecarboxylic acids) coordinate the VIVO
ion forming VOL, VOL2 and (VO)2L2H–2 species in acidic
and neutral solutions. Bis(chelated) species are hexacoordi-
nate and are characterised by a cis/trans isomerism, with
the trans arrangement favoured with respect to the cis one.
The application of the additivity rule[22] allows identifica-
tion of the donors coordinated in the equatorial plane of
the VIVO ion. The relative stability of the two isomers in
aqueous solution is influenced by a number of factors, like
the ligand bite, the size of the chelate ring, the basicity and
the steric requirements of the ligands. Generally, large li-
gand bites, six-membered chelate rings and strong ligands
favour the trans isomer.[44,45] However, these rules are only
effective if applied to ligands with different bite, basicity
and size of the chelate ring. Instead, if ligands of the same
series are compared, like those derived from 2-pyrazinecar-
boxylic acid (same size of the chelate ring, comparable li-
gand bite and basicity), the hydrophilicity of the complexes
becomes determinant. This conclusion is supported by the
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solid-state structures because the hydrophobic 5-methyl de-
rivative forms the pentacoordinate trans complex 1, whereas
the more hydrophilic pzc and 3-COOHpzc form the hexa-
coordinate cis compounds 2 and 3, with a water molecule
in the equatorial plane of the VIVO ion. The hydrophilicity,
because of the presence of the polar carboxylate group,
explains the reason why the only four monomeric VIVO
complexes with a water molecule coordinated, among 22
structures found formed by bidentate ligands with an N,O
coordination,[34] are characterised by an (Naromatic, COO–)
donor set.

In weakly acidic solutions a (VO)2L2H–2 species is de-
tected by EPR spectroscopy and potentiometry. The rule
established by Felcman and Fraústo da Silva suggests that
the hydrolysis of a mono(chelated) VIVO complex with two
adjacent equatorial sites occupied by water molecules gives
a di-µ-hydroxo-bridged dimer,[25] but there are different
possibilities for their geometrical arrangement (Scheme 4).
Usually, these species are EPR-silent, as proved in several
cases, for example with picolinic[14b] and 6-methylpicolinic
acids.[14c] Plass demonstrated that an anti- and a syn-or-
thogonal configuration results in an antiferromagnetic
coupling, whereas an anti-coplanar and a twisted arrange-
ment give rise to a ferromagnetic coupling.[26] An anti-
coplanar configuration for a ferromagnetically coupled
VIVO complex can also be predicted through the Stevens
equation.[55] Moreover, an analysis of this equation suggests
that the signals present in the ∆M = ±1 region of the EPR
spectrum belong to the parallel components of the D ten-
sor. These findings are supported by the value of the coup-
ling constant in the ∆M = ±2 region, which must be half
of that expected for A� in the monomeric species with the
same equatorial donors. In this case, it allows the set [(Npyr,
COO–); H2O; OH–], expected for an anti-coplanar arrange-
ment, to be distinguished from [(Npyr, COO–); OH–; OH–],
characteristic of an anti- or syn-orthogonal configuration.
In conclusion, the theoretical and experimental results,
compared with the data in the literature, suggest an anti-
coplanar configuration for (VO)2L2H–2 species, with two
bridging OH– ions in the equatorial and axial positions and
the (Npyr, COO–) set and an H2O molecule completing the
coordination sphere of the VIVO ion (Scheme 5).

At the moment, the factors that favour the anti-coplanar
configuration with respect to the anti- or syn-orthogonal
are not clear to us. Although for bidentate ligands the sim-
plest and more common anti- or syn-orthogonal arrange-
ments of the [VO(µ-OH)2VO]2+ core should be expected,
this is not the case for 2-pyrazinecarboxylic acid and its
derivatives. So, one of the next challenges in the chemistry
of the VIVO ion is to try to understand the factors that
stabilise each of the five configurations of the [VO(µ-OH)2-
VO]2+ core and determine the ferromagnetic or antiferro-
magnetic coupling.

Experimental Section
Chemicals: All the ligands were Aldrich or Fluka products of pu-
riss. quality. Their purity and their concentration in solution were
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determined by the Gran method.[58] VIVO solutions were prepared
according to a procedure described in the literature.[59] All opera-
tions were performed under purified argon in order to avoid oxi-
dation of the VIVO ion.

Potentiometric Measurements: The protonation constants of the li-
gands (logK) and the stability constants of the VIVO complexes
were determined by pH-potentiometric titrations of 2.0-mL sam-
ples. The ligand/metal molar ratio was in the range 1:1–10:1. The
concentration of VIVO was 0.001 . Measurements were carried
out at 25±0.1 °C and at a constant ionic strength of 0.1  KNO3

with a MOLSPIN pH-meter equipped with a digitally operated
syringe (Molspin DSI 0.250 mL) controlled by a computer. The
titrations were performed with a carbonate-free NaOH solution
of known concentration (about 0.1 ) using a Russel CMAWL/S7
semimicro combined electrode, calibrated for hydrogen ion concen-
tration by the method of Irving et al.[60] The number of experimen-
tal points was 100–150 for each titration curve. The reproducibility
of the titration points included in the evaluation was within 0.005
pH units in the whole pH range examined (2–10). The stability
constants of the complexes, reported as the logarithm of the overall
formation constants βpqr = [VOpLqHr]/[VO]p[L]q[H]r, where VO is
the vanadyl ion, L is the deprotonated form of the ligand and H
is the proton, were calculated with the aid of the SUPERQUAD
program.[61] Standard deviations were calculated by assuming ran-
dom errors. The conventional notation has been used. Negative
indices for H in the formulas indicate either the dissociation of
groups that do not deprotonate in the absence of VIVO coordina-
tion, or hydroxo ligands. Hydroxo complexes of VIVO were taken
into account in the calculations. The following species were as-
sumed: [VO(OH)]+ (logβ10–1 = –5.94), [(VO)2(OH)2]2+ (logβ20–2 =
–6.95), with stability constants calculated from the data of Henry
et al.[62] and corrected for the different ionic strengths by use of the
Davies equation,[63] [VO(OH)3]– (logβ10–3 = –18.0) and [(VO)2-
(OH)5]– (logβ20–5 = –22.0).[64]

trans-[VO(5-Mepzc)2]: VOSO4·5H2O (0.1265 g), dissolved in
MeOH (5 mL), was added at room temperature to 5-Mepzc
(0.1480 g), dissolved in MeOH (5 mL). The resulting solution was
stirred at 50 °C. After 1 h, CH3CN (20–30 mL) was added and the
suspension was stirred at room temperature for 1 h. The dark
brown solid was filtered under vacuum, washed with diethyl ether
and dried under N2. C12H10N4O5V (341.18): calcd. C 42.25, H 2.95,
N 16.42, V2O5 26.6; found C 41.56, H 3.21, N 16.87, V2O5 25.8.

cis-[VO(pzc)2(H2O)]: Pzc (0.1316 g) was dissolved in MeOH
(10 mL) by heating at 50 °C. VOSO4·5H2O (0.1265 g), dissolved in
MeOH (5 mL), was added to the ligand. The mixture was stirred
at 50 °C for 1 h. Subsequently, acetone (30 mL) was added and the
suspension was stirred at room temperature for 1 h. The greenish
solid was filtered under vacuum, washed with acetone and diethyl
ether and dried under N2. C10H8N4O6V (331.14): calcd. C 36.27,
H 2.43, N 16.92, H2O 5.4, V2O5 27.5; found C 36.73, H 2.65, N
17.02, H2O 6.0, V2O5 28.0.

cis-[VO(3-COOHpzc)2(H2O)]: 3-COOHpzc (0.1480 g) was dis-
solved in MeOH (10 mL) at room temperature. VOSO4·5H2O
(0.1265 g), dissolved in MeOH (5 mL), was added to the ligand.
The solution was stirred at 50 °C for 1 h. Subsequently, diethyl
ether (30 mL) was added and the suspension was stirred at room
temperature for 1 h. The dark green solid was filtered under vac-
uum, washed with diethyl ether and dried under N2. C12H8N4O10V
(419.16): calcd. C 34.39, H 1.92, N 13.37, H2O 4.3, V2O5 21.7;
found C 34.54, H 1.75, N, 13.07, H2O 5.0, V2O5 21.2.

Spectroscopic and Analytical Measurements: Anisotropic EPR spec-
tra were recorded on aqueous solutions with an X-band (9.15 GHz)
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Varian E-9 spectrometer in the temperatures range 120–140 K. The
spectra were simulated with the computer program Bruker
WinEPR SimFonia. Infrared spectra (4000–600 cm–1) were ob-
tained with a JASCO FT-IR 480 Plus interferometer using KBr
disks. Elemental analyses (C, H, N) were performed with a Perkin–
Elmer 240 B analyser. The thermogravimetric studies, which al-
lowed the determination of the H2O and V2O5 content, were car-
ried out with a Perkin–Elmer TGS-2 instrument under nitrogen.
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New Heterometallic (CuII and CrIII) Complexes – First Crystal Structure of an
Oxalate-Bridged Ferromagnetically Coupled [CuIICrIIICuII] System
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Two new heterotemetallic complexes [{Cu(µ-C2O4)(bpy)2}2-
Cr(C2O4)]NO3·H2O (1) and [Cu(bpy)3]2[Cr(C2O4)3]NO3·9H2O
(2) (bpy = 2,2�-bipyridine) have been synthesized. The crystal
structures were determined and magnetic and spectroscopic
(IR, UV/Vis) characterization accomplished. In 1, the central
[Cr(C2O4)3]3– unit acts as a bridge between two copper(II)
ions, each of them having a distorted octahedral geometry.
The apical positions are occupied by one oxygen atom be-
longing to the bridging oxalate anion [Cu–O2 = 2.6439(18) Å]
and one nitrogen atom from one of the bpy ligands [Cu–N1
= 2.1079(18) Å]. The N3O equatorial environment consists of
three bpy nitrogen atoms [Cu–N = 1.995 Å (mean value)] and
the second oxygen atom from the bridging oxalate anion
[Cu–O1 = 2.1168(15) Å]. The chromium(III) atom is in a
slightly distorted octahedral environment of four oxygen
atoms from two bridging oxalate groups [Cr–O = 1.988 Å
(mean value)] and two oxygen atoms from the terminally

Introduction

The design of molecule-based magnetic materials has be-
come one of the most stimulating challenges for chemists
nowadays.[1,2] A generally accepted strategy for synthesizing
these materials consists of assembling paramagnetic metal
centres in such a way that the resulting solid lattices, with
their components properly arranged, exhibit desired physi-
cal properties such as magnetic exchange interactions. In
designing homo- and heteropolynuclear complexes, a very
essential role belongs to the oxalate ion, C2O4

2–, because of
its ability to adopt a bis(chelating) coordination mode as
well as to mediate magnetic interactions between paramag-
netic metal centres. On this account, stable mononuclear
anionic oxalate complexes are often used as ligands toward
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bonded bidentate oxalate group [Cr–O = 1.9454(16) Å]. Com-
plex 2 consists of two mononuclear [Cu(bpy)3]2+ cations, one
mononuclear [Cr(C2O4)3]3– anion, one NO3

– anion and nine
molecules of water of crystallisation. The copper(II) ions in
two crystallographically independent [Cu(bpy)3]2+ cations
are in a tetragonally distorted octahedral coordination envi-
ronment of six N atoms from the bpy ligands. The chromi-
um(III) ion in [Cr(C2O4)3]3– has a slightly distorted octahedral
environment of oxygen atoms from three oxalate groups
[with the Cr–O bond lengths ranging from 1.964(3) to
1.982(3) Å]. Analysis of the magnetic properties (1.8–290 K)
of 1 showed a ferromagnetic exchange interaction
between CuII and CrIII with J = +1.20 cm–1 [using HINT =
–J(SCu1SCr + SCu2SCr)].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the second metal ion, an approach known as “complexes as
ligands” or “building-blocks chemistry”.

One of the possibilities for the synthesis of molecule-
based ferromagnetic materials, developed in the early
1990’s, is based on the use of the tris(oxalato)chromate()
anion, [Cr(C2O4)3]3–,[3] as one of the starting components.
The advantage of using this anion is its stability towards
ligand substitution as well as good control over the reaction
products. By using [Cr(C2O4)3]3– as a building block, a
series of mixed-metal assemblies {[NR4][MIICrIII(C2O4)3]}n

(R = n-butyl; MII = Mn, Fe, Co, Ni, Cu, Zn) was obtained,
for which the ferromagnetic phase transition was observed
up to 14 K;[3a] the crystal structures of these assemblies
were not known. Shortly afterwards, determination of the
crystal structures of {[NR4][MnIICrIII(C2O4)3]}n (R = n-bu-
tyl, n-propyl)[4] and {[PR4][MnIICrIII(C2O4)3]}n (R =
phenyl)[5] revealed a 2D structure, and ferromagnetic behav-
iour was confirmed. The anion [Cr(C2O4)3]3– was also used
in the preparation of the cubic 3D coordination polymers
[MICrIII(C2O4)3]n2n– (MI = Li, Na)[6] or [MIICrIII-
(C2O4)3]nn– (MII = Mn, Fe, Co, Ni, Cu, Zn)[7] in which the
charge was counterbalanced by a tris(chelated) transition-
metal (M�) diimine, [M�(bpy)3]m+ (bpy = 2,2�-bipyridine; m
= 2, 3). Other anionic oxalate complexes of chromium()
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have also served as building blocks: the mono(oxalato)
complexes [CrL(C2O4)]– [L = N,N�-ethylenebis(salicylidene-
aminate)][8] and [CrL2(C2O4)]– (L = acetylacetonate)[9] have
been used for the synthesis of heterodinuclear compounds,
whereas the bis(oxalato) complexes [CrL(C2O4)2]– (L =
2,2�-bipyridine,[10] 1,10-phenanthroline,[10d,11] 2,2�-bipyrim-
idine[12]) produced heterodinuclear as well as heteropolynu-
clear species of different dimensionalities.

Recently, the [Cr(C2O4)3]3– and [Fe(C2O4)3]3– anions
were used in the synthesis of some oxalate-bridged trinu-
clear complexes such as [Cu2MIII(C2O4)3(Mephen)2]ClO4

(MIII = Cr, Fe; Mephen = 5-methyl-1,10-phenan-
throline).[13a] The magnetic susceptibility data revealed an
intramolecular ferromagnetic interaction between the cop-
per() and chromium() ions through the oxalate bridge
and an antiferromagnetic interaction between the copper()
and iron() centres with spin-coupling constants
of +14.9 cm–1 and –12.7 cm–1 [using HINT =
–2J(SCu1SM + SCu2SM)], respectively. Slightly reduced val-
ues were obtained for similar complexes when Mephen was
substituted by tmen (N,N,N�,N�-tetramethylethylenedi-
amine).[13b] The occurrence of intramolecular ferromagnetic
interactions between the copper() and chromium() ions
through the oxalate bridge with spin-coupling constants
of +6.36 cm–1 and +7.02 cm–1 [using HINT =
–2J(SCu1SCr + SCu2SCr + SCu3SCr)], has also been found for
the tetranuclear complexes [Cu3Cr(C2O4)3L3](ClO4)3 with L
= diaminoethane and 1,3-diaminopropane, respectively.[13c]

All of these complexes[13] were prepared as polycrystalline
solids. Because of the lack of single crystals suitable for X-
ray structural analysis, their structures remain unknown.

In relation to our current magneto-structural studies on
the polynuclear transition-metal complexes, we report in
this paper on two new heterometallic complexes, [{Cu(µ-
C2O4)(bpy)2}2Cr(C2O4)]NO3·H2O (1) and [Cu(bpy)3]2[Cr-

Figure 1. Asymmetric unit of 1 with atom numbering scheme and displacement ellipsoids drawn at the 50% probability level. Two halves
of the [{Cu(µ-C2O4)(bpy)2}2Cr(C2O4)]+ cation are related by the symmetry operator (i) 1 – x, y, 1/2 – z. The carboxylate groups of the
terminal oxalate ligand are disordered (see text for explanation). The water molecule and nitrate ion are disordered over two sites related
by the symmetry operator (ii) 1 – x, –y, –z. Atoms in the alternative sites and their numbering scheme are shown in grey.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2701–27102702

(C2O4)3]NO3·9H2O (2), which have been obtained by using
the [Cr(C2O4)3]3– anion as building block. To the best of
our knowledge, the complex [{Cu(µ-C2O4)(bpy)2}2-
Cr(C2O4)]NO3·H2O is, so far, the first heterotrinuclear oxa-
late-bridged copper()–chromium()–copper() compound
for which the crystal structure has been determined. The
structural data of the complexes have been correlated with
magnetic and other measurements.

Results and Discussion

Preparation

Complex 1 was obtained in the form of dark-green crys-
tals from the reaction of aqueous solutions of K3[Cr-
(C2O4)3]·3H2O and Cu(NO3)2·3H2O and an ethanolic solu-
tion of 2,2�-bipyridine in the ratio 1:2:4. Single crystals of
2 were formed as the only solid by slow concentration of
the aqueous solution containing K3[Cr(C2O4)3]·3H2O and
[Cu(bpy)3](NO3)2·6H2O in the ratio 1:1. When this reaction
was performed with a 1:2 ratio of the precursors, crystals
of 1 and 2 formed simultaneously. Both compounds are
moderately stable in air and rather insoluble in common
organic solvents.

Description of the Structures

[{Cu(µ-C2O4)(bpy)2}2Cr(C2O4)]NO3·H2O (1)

The structure of 1 consists of trinuclear [{Cu(µ-
C2O4)(bpy)2}2Cr(C2O4)]+ cations, nitrate anions and unco-
ordinated water molecules. The trinuclear cation (Figure 1)
can be considered as being composed of two [Cu(bpy)2]2+

moieties bridged by the [Cr(C2O4)3]3– complex anion, which
acts as a bidentate ligand towards each of the copper atoms.
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Although compound 1 crystallises in the space group

C2/c (see Exp. Sect.) with the chromium atom situated on
the twofold axis, the trinuclear cation possesses only ap-
proximate C2 symmetry: atoms C23 and O6 of the terminal
oxalate group (which is intersected by the crystallographic
twofold axis) are disordered over two sites (denoted A and
B). The distance between C23A and the equivalent atom
generated by the twofold symmetry C23A(1 – x, y, 1/2 – z)
is 1.657(18) Å, whereas the distance C23A–C23B(1 – x, y,
1/2 – z) is 1.572(18) Å and is closer to the value for a C–C
single bond.[14] This suggests that the two atoms from one
of the carboxylate groups are in the A site and the corre-
sponding atoms from the other carboxylate group of the
terminal oxalate ligand are in the B site (Figure 1). This
oxalate group is, therefore, statistically disordered, and the
occupancies of the C23A, C23B, O6A and O6B atoms were
fixed at 0.50 during refinement. Furthermore, the lattice
water molecules and nitrate ions are disordered over two
sites related by the inversion centre, so that the occupancy
of each site equals exactly one half (Figure 1).

The apical positions in the distorted octahedron around
Cu are occupied by the O2 and N1 atoms. The Cu–O2 bond
[2.6439(18) Å] is significantly longer than the Cu–O1 bond
[2.1168(15) Å]. The Cu–N1 bond [2.1079(18) Å] is the long-
est one among the four Cu–N bonds (Table 1). The remain-
ing three bpy nitrogen (N2, N3 and N4) atoms having an
average Cu–N bond length of 1.995 Å as well as the O1
atom are located in the equatorial plane. The pyridyl rings
of the bpy ligands are slightly tilted towards each other.
The dihedral angles between the planes of the pyridyl rings
are 15.78(10)° (for the bpy ligand including N1 and N2)
and 4.52(11)° (for the ligand including N3 and N4).

Table 1. Selected bond lengths [Å] and angles [°] for compound 1.

Cu–O1 2.1168(15) Cu–N1 2.1079(18)
Cu–O2 2.6439(18) Cu–N2 1.9774(19)
Cr–O3 1.9866(16) Cu–N3 1.9663(19)
Cr–O4 1.9900(16) Cu–N4 2.0423(19)
Cr–O5 1.9454(16)
O3–Cr–O4 82.52(7) O1–Cu–N3 92.59(7)
O3–Cr–O5 90.79(7) O1–Cu–N4 148.62(7)
O3–Cr–O3i[a] 179.51(7) O2–Cu–N1 162.09(6)
O3–Cr–O4i 97.14(7) O2–Cu–N2 101.23(7)
O3–Cr–O5i 89.57(7) O2–Cu–N3 78.23(7)
O4–Cr–O5 93.17(7) O2–Cu–N4 78.32(6)
O4–Cr–O4i 91.14(7) N1–Cu–N2 80.68(7)
O4–Cr–O5i 171.41(7) N1–Cu–N3 99.37(7)
O5–Cr–O5i 83.56(7) N1–Cu–N4 119.13(7)
O1–Cu–O2 70.30(6) N2–Cu–N3 178.42(7)
O1–Cu–N1 92.22(6) N2–Cu–N4 99.87(8)
O1–Cu–N2 85.83(7) N3–Cu–N4 81.49(8)

[a] Symmetry code: (i) 1–x, y, 1/2–z.

The Cr atom in 1 is bonded to six oxygen atoms arranged
in a slightly distorted octahedron. As already observed in
similar complexes,[10a,15,16] the Cr–O bonds are longer for
the bridging oxalate ligands [1.9866(16) Å and
1.9900(16) Å] than for the terminal one [1.9454(16) Å], but
they are all shorter than the Cu–O bonds (Table 1). The
carboxylate groups of the oxalate ligands are not coplanar;
instead, they are rotated around the C–C bond by
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14.05(12)° in the bridging ligands and by 6.0(17)° in the
terminal one.

The complex cations, mutually related by the twofold
axis, are stacked in columns parallel to the c axis because
of the offset π–π interactions between pyridyl moieties. The
columns of the complex cations are further connected with
the neighbouring columns by zipper-like offset π–π stacking
interactions between the pyridyl moieties: in this way, layers
parallel to (010) are formed. These layers consist of pyridyl
rings with two different orientations alternating in the a-
direction: (a) the rings almost parallel to (012) and (b) those
almost parallel to (012̄) (Figure 2). The contact distances
between atoms involved in the pyridyl π–π stacking interac-
tions range from 3.324(3) Å to 3.594(3) Å, which indicates
that these are strong to modest π–π interactions.[17] The two
layers of the complex cations are held together by the C–
H···O hydrogen bonds and other interactions mediated by
the nitrate ions and water molecules: each water molecule
bridges the complex cation and the nitrate anion by forming
two hydrogen bonds: O10–H101···O6A of 2.92(2) Å and
O10–H102···O8 of 2.814(19) Å, (Figure 3; Table 2). Ad-
ditionally, the carboxylate group of the terminal oxalate li-
gand occupying the B site and the nitrate ion are in
close contact [N5···O6B(1 – x, –y, –z) = 3.201(7) Å;
O7···C23B(1 – x, –y, –z) = 3.103(14) Å] and exhibit a π–π
stacking interaction [the angle between the plane of the ni-
trate ion and that of the carboxylate group B equals
18.7(9)°]. In the proposed structural model, the carboxylate
group nearest to the nitrate ion always occupies the B site;
otherwise, unacceptably short contacts between the nitrate
ion and carboxylate group at the A site [N5···O6A(1 – x,
–y, –z) = 2.588(8) Å; O7···C23A(1 – x, –y, –z) =
2.775(16) Å] would be present.

Figure 2. Pyridyl π–π stacking in 1. The stacking almost parallel to
(012) alternates in the a-direction with the stacking almost parallel
to (012̄). Hydrogen atoms are omitted for clarity.

The Cu···Cr distance across the bridging oxalate group is
5.4605(5) Å. It is similar to the corresponding values found
elsewhere: in the dinuclear complex [(bpy)(C2O4)Cr-
(µ-C2O4)Cu(Hfsaaep)(H2O)]·2H2O {H2fsaaep = 3-[N-2-
(pyridylethyl)formimidoyl]salicylic acid; Cu···Cr =
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Figure 3. The cavities between two layers of the trinuclear cations
in 1 are filled with nitrate ions and water molecules. Hydrogen
atoms attached to the carbon atoms are omitted for clarity. (a)
Each water–nitrate pair is disordered over two sites related by the
inversion centre. (b) One of two possible orientations of the water–
nitrate pairs in the cavities in a row, mutually related by the glide
plane c.

Table 2. O–H···O hydrogen-bonding interactions in compound 1.

D–H···A D–H [Å] H···A [Å] D···A [Å] D–H···A [°]

O10–H101···O6A 0.80 2.20 2.92(2) 150
O10–H102···O8 0.88 2.15 2.814(19) 132

5.506 Å},[16] in the trinuclear complex [CuCr2(bpy)2-
(C2O4)4(H2O)2]·1.5H2O (Cu···Cr = 5.288 Å)[10a] or in the
tetranuclear compound [Cr2Cu2(bpy)4(C2O4)5]·2H2O
[Cu···Cr = 5.4473(17) Å].[15b] The oxalate bridging mode in
all of these complexes is the same as that in 1. The shortest

Figure 4. Asymmetric unit of 2 with atom numbering scheme and displacement ellipsoids drawn at the 50% probability level. Two water
molecules are disordered over two positions, namely O16A and O16B, O24A and O24B. Occupancies of the oxygen atoms at the A and
B sites are 0.84 and 0.16, respectively. Hydrogen atoms are omitted for clarity.
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intermolecular Cu···Cu, Cu···Cr and Cr···Cr distances in
the structure of 1 are 6.0311(6) Å [Cu···Cu(1 – x, y, –1/2 –
z)], 7.6473(8) Å [Cu···Cr(1 – x, 1 – y, –z)] and 9.4527(7) Å
[Cr···Cr(3/2 – x, 1/2 – y, 1 – z)], respectively.

[Cu(bpy)3]2[Cr(C2O4)3]NO3·9H2O (2)

The asymmetric unit of 2 is composed of two mononu-
clear, crystallographically independent [Cu(bpy)3]2+ cations,
a mononuclear [Cr(C2O4)3]3– anion, a nitrate anion and
nine molecules of water of crystallisation, two of which are
disordered over two positions (Figure 4). Each copper atom
is coordinated by six nitrogen atoms of the three chelating
bpy ligands. The two axial Cu–N bonds in each of the
[Cu(bpy)3]2+ cations [Cu1–N2 = 2.247(3) Å and Cu1–N5 =
2.291(3) Å; Cu2–N8 = 2.171(3) Å and Cu2–N11 =
2.200(4) Å] are significantly longer than the other four
[ranging from 2.027(3) Å to 2.055(5) Å for Cu1 and from
2.068(5) Å to 2.088(5) Å for Cu2; Table 3]; thus an elon-
gated octahedron is formed (as expected as a result of the
Jahn–Teller effect). The dihedral angles between pyridyl
moieties are smaller for the ligands coordinated to Cu1
[5.0(3)°, 5.19(18)° and 6.23(19)°] than for those coordinated
to Cu2 [10.4(2)°, 9.76(19)° and 6.6(3)°]. The geometrical pa-
rameters of [Cu(bpy)3]2+ in 2 are significantly different from
those found in some other [Cu(bpy)3]2+ complexes {the api-
cal Cu–N distances in [Cu(bpy)3][Ni(tdtdt)2]2 (tdtdt = 2-
thioxo-1,3-dithiole-4,5-dithiolate)[18] are longer than the
equatorial ones by only 0.02 Å; the octahedral geometry in
[Cu(bpy)3](ClO4)2

[19] is more distorted than in 2; the coordi-
nation polyhedron around Cu in [Cu(bpy)3][Hg2I6][20] is a
flattened octahedron}, but they are similar to those found
in [Cu(dmbpy)3](BF4)2·C2H5OH, where the ligand dmbpy
indicates 5,5-dimethyl-2,2�-bipyridine.[21] The Cr atom in
[Cr(C2O4)3]3– is coordinated by six oxygen atoms of the
three bidentate oxalate ligands in a slightly distorted octa-
hedral arrangement. The Cr–O bond lengths range from
1.964(3) Å to 1.982(3) Å, and the structure of the
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[Cr(C2O4)3]3– anion is very similar to that found in
K3[Cr(C2O4)3]·3H2O.[22]

Table 3. Selected bond lengths [Å] and angles [°] for compound 2.

Cu1–N1 2.041(3) Cu2–N7 2.088(5)
Cu1–N2 2.247(3) Cu2–N8 2.171(3)
Cu1–N3 2.027(3) Cu2–N9 2.068(5)
Cu1–N4 2.051(4) Cu2–N10 2.085(3)
Cu1–N5 2.291(3) Cu2–N11 2.200(4)
Cu1–N6 2.055(5) Cu2–N12 2.075(3)
Cr–O1 1.967(3) Cr–O6 1.964(3)
Cr–O2 1.970(4) Cr–O9 1.966(4)
Cr–O5 1.982(3) Cr–O10 1.964(3)
N1–Cu1–N2 77.23(12) N7–Cu2–N8 77.48(15)
N1–Cu1–N3 169.39(14) N7–Cu2–N9 169.83(11)
N1–Cu1–N4 95.70(16) N7–Cu2–N10 97.05(17)
N1–Cu1–N5 97.94(12) N7–Cu2–N11 96.53(15)
N1–Cu1–N6 92.99(15) N7–Cu2–N12 91.84(15)
N2–Cu1–N3 93.39(12) N8–Cu2–N9 93.55(15)
N2–Cu1–N4 95.92(14) N8–Cu2–N10 95.92(12)
N2–Cu1–N5 171.23(13) N8–Cu2–N11 171.29(14)
N2–Cu1–N6 96.80(15) N8–Cu2–N12 96.34(12)
N3–Cu1–N4 80.17(16) N9–Cu2–N10 78.94(17)
N3–Cu1–N5 91.99(12) N9–Cu2–N11 92.90(15)
N3–Cu1–N6 93.06(15) N9–Cu2–N12 93.93(16)
N4–Cu1–N5 91.81(14) N10–Cu2–N11 91.05(13)
N4–Cu1–N6 165.92(12) N10–Cu2–N12 166.17(14)
N5–Cu1–N6 75.99(15) N11–Cu2–N12 77.38(14)
O1–Cr–O2 83.19(14) O2–Cr–O10 91.86(14)
O1–Cr–O5 92.08(13) O5–Cr–O6 82.27(12)
O1–Cr–O6 172.95(15) O5–Cr–O9 95.00(13)
O1–Cr–O9 92.01(14) O5–Cr–O10 174.71(17)
O1–Cr–O10 92.71(13) O6–Cr–O9 92.68(15)
O2–Cr–O5 90.94(14) O6–Cr–O10 93.12(13)
O2–Cr–O6 92.66(14) O9–Cr–O10 82.59(14)
O2–Cr–O9 172.50(11)

The crystal structure of 2 consists of hydrophobic and
hydrophilic regions. The [Cu(bpy)3]2+ cations are arranged
in honeycomb-like hydrophobic layers parallel to (101̄)
(Figure 5). The cations are interconnected by the aromatic–
aromatic interactions with C···C contact distances in the
3.417(9)–3.598(7) Å range. Each hydrophobic layer is sand-
wiched between two hydrophilic layers composed of
[Cr(C2O4)3]3–, nitrate anions and water molecules; all of
them are involved in an extensive hydrogen-bonding net-

Figure 5. Honeycomb-like layer of [Cu(bpy)3]2+ cations in 2 paral-
lel to (101̄). There is one water molecule (O18) in every hexagonal
“honeycomb cell”. Hydrogen atoms are omitted for clarity. This
view is perpendicular to the layer.
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work (Table 4). The water molecule situated in each hexago-
nal cell of the “hydrophobic honeycomb” (O18) links two
hydrophilic layers by forming hydrogen bonds with the oxa-
late ligands of [Cr(C2O4)3]3– units from different layers (Fig-
ure 6). The crystal structure is additionally stabilised by

Table 4. O–H···O hydrogen-bonding interactions in compound 2.

D–H···A D–H [Å] H···A [Å] D···A [Å] D–H···A [°]

O16A–H161···O17 0.84 2.12 2.824(7) 141
O16B–H[a]···O2vi[b] – – 2.73(3) –
O16B–H[a]···O24B – – 2.98(5) –
O17–H171···O19 0.82 2.12 2.910(5) 160
O17–H172···O11 0.86 2.51 3.253(6) 144
O17–H172···O12 0.86 2.24 2.963(5) 141
O18–H181···O3 0.94 2.24 2.874(5) 125
O18–H181···O4 0.94 2.03 2.903(5) 153
O18–H182···O8i 0.72 2.05 2.755(4) 165
O19–H191···O20 0.86 2.10 2.953(6) 172
O19–H192···O9ii 0.84 2.07 2.893(4) 171
O20–H201···O14 0.76 2.19 2.948(6) 172
O20–H202···O5ii 0.88 2.04 2.868(4) 155
O21–H211···O22 0.85 2.12 2.772(4) 133
O21–H212···O2iii 0.85 2.11 2.941(4) 165
O22–H221···O23 0.90 1.90 2.787(5) 170
O22–H222···O7iii 0.90 2.05 2.910(6) 160
O23–H231···O14 0.86 2.26 3.044(7) 151
O23–H[a]···O23v – – 2.793(5) –
O24A–H241···O13 0.86 2.15 2.914(6) 147
O24A–H242···O21iv 0.86 2.17 2.876(6) 139
O24B–H[a]···O13 – – 2.73(2) –
O24B–H[a]···O15 – – 2.71(2) –
O24B–H[a]···O21iv – – 2.77(2) –

[a] The water hydrogen atom was not found and could not be mod-
elled. [b] Symmetry codes: (i) x, 1/2 – y, –1/2 + z; (ii) 1 – x, –y,
1 – z; (iii) –1 + x, y, –1 + z; (iv) –x, 1 – y, –z; (v) –x, –y, –z; (vi)
1 – x, 1 – y, 1 – z.

Figure 6. Hydrophobic and hydrophilic layers in 2. Water mole-
cules bearing the oxygen atoms labelled as O18 link two hydrophilic
layers by forming hydrogen bonds (shown by dashed lines) with the
oxalate groups of the [Cr(C2O4)3]3– anions. Hydrogen atoms (except
those bound to O18) are omitted for clarity. This view is along the
b-axis.
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many C–H···O interactions at the interface between two
layers.

The shortest Cu···Cu, Cu···Cr and Cr···Cr distances in
the structure of 2 are 7.7558(10) Å [Cu2···Cu2(1 – x, –1/2
+ y, 3/2 – z)], 8.0770(10) Å [Cu2···Cr(x, 1/2 – y, 1/2 + z)]
and 10.7121(15) Å [Cr···Cr(1 – x, –y, 1 – z)], respectively.

Spectroscopic Properties

Infrared Spectra

Inspection of the IR spectra of 1 and 2 clearly indicates
the presence of the absorption bands of the bidentate oxa-
late group, the bipyridine ligands, the ionic nitrate group
and the water molecules in both complexes, in addition to
the absorption bands of bis(bidentate) bridging oxalate
group in compound 1. In the spectrum of 1 the absorption
bands at: 1717, 1705, 1672, 1663 cm–1 [νas(CO)], 1370,
1251 cm–1 [νs(CO)] and 801, 795 cm–1 [δ(OCO)] are charac-
teristic of bidentate oxalate,[23] whereas those due to the
bis(bidentate) bridging oxalate at 1625 cm–1 [νas(CO)],
1338 cm–1 [νs(CO)] and 817 cm–1 [δ(OCO)] agree well with
the values reported for dinuclear[8] or tetranuclear[15b]

bis(bidentate) bridging oxalate CuIICrIII complexes. The
latter three bands are absent from the spectrum of 2, and
those originating from the bidentate oxalate ligand are
found at similar positions as those observed in 1 (see Exp.
Sect.).

Electronic Spectra

Electronic spectroscopic data for 1 and 2 were obtained
from aqueous solutions and are presented in Table 5. Data
for [Cu(bpy)3](NO3)2·6H2O and K3[Cr(C2O4)3]·3H2O are
included for comparison. For the new complexes, the spec-
tra were also recorded as KBr pellets, but this method re-
sulted in essentially the same UV/Vis absorption maxima
as those recorded in solution, which indicates that the struc-
tures of the complex ions in 1 and 2 are preserved in aque-
ous media.

The electronic spectra of 1 and 2 exhibit very similar pat-
terns, which confirms the similarity of the local coordina-
tion environments around the metal centres in the two com-
plexes. The spectra show the superposition of bands charac-
teristic for both the CuII and CrIII six-coordinate ions. In
the visible region, they are dominated by a broad absorp-
tion band with a pronounced shoulder on the lower energy
side (of the spectra), which corresponds to the presence of
a CuII ion in a more or less distorted octahedral environ-
ment. The unsymmetrical absorption bands for 1 and 2,

Table 5. Electronic spectroscopic data for complexes 1 and 2 and the mononuclear copper() and chromium() precursor complexes.[a]

Complex λmax [nm] (ε [dm3 mol–1 cm–1])
Ligand-specific and CT bands 4A2g(F) � 4T1g(F) 4A2g(F) � 4T2g(F) 4A2g � 2T2g(F) + 2Eg

2E � 2A1

1 243 (50840), 300 (48800) 413 (sh) 565 (sh) 698 (sh) 715 (120)
2 243 (57640), 297 (54100) 415 (sh) 580 (sh) 697 (sh) 675 (135)
[Cu(bpy)3](NO3)2·6H2O 232 (55000), 297 (52000) 680 (130)
K3[Cr(C2O4)3]·3H2O 269 (1500) 420 (105) 568 (87) 697 (8)

[a] In aqueous solutions.
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having maxima at ca. 715 and ca. 675 nm, respectively, are
in good agreement with the spectrum of the starting
[Cu(bpy)3](NO3)2·6H2O compound (Table 5), which must
have essentially a distorted octahedral geometry. The type
of the distortion of the [Cu(bpy)3]2+ ion is significantly de-
pendent on the counteranion present,[18–20] and, in general,
does not influence a lot the position of the band maxima.
Therefore, the shift of the main absorption maximum in the
spectrum of 1 towards the lower energy side relative to the
spectrum of 2 could be perceived as a consequence of the
different chromophores present in 1 and 2, namely [CuI-

IN4O2] and [CuIIN6] (nitrogen ligands exerting higher field
strength), rather than as a result of somewhat different geo-
metrical parameters found for CuII in the two complexes
(see Description of the Structures). The presence of an octa-
hedrally coordinated CrIII ion is indicated by the two shoul-
ders, one appearing at the higher energy side of the main
visible absorption band (at ca. 565 and 580 nm for 1 and 2,
respectively) and the other observed at the lower energy side
of the strong UV band of the spectra (at ca. 415 nm in both
cases). The two shoulders in the spectra of 1 and 2 agree
well in positions and intensities with the two main absorp-
tion bands in the electronic spectrum of K3[Cr(C2O4)3]·
3H2O (maxima appearing at 420 and 570 nm) and can ac-
count for the two spin-allowed d–d transitions, 4A2g(F) �
4T1g(F) and 4A2g(F) � 4T2g(F), in the octahedral ligand
field of a d3 configuration. An extremely narrow and very
weak band observed at ca. 700 nm in both spectra could be
ascribed to the spin-forbidden 4A2g � 2T2g(F) + 2Eg transi-
tion, characteristic of chromium() six-coordinate com-
pounds.

Very strong absorptions (with ε of the order of magni-
tude of several tens of thousands) in the UV region of the
spectra (at ca. 240 and ca. 300 nm) originate from ligand-
specific and charge-transfer metal-to-ligand transi-
tions.[24,25]

TG Analysis

As is evidenced from the thermogravimetric analysis, the
thermal behaviour of the two compounds is significantly
different. Complex 1, with bridging oxalate groups, is ther-
mally more stable than complex 2, in both synthetic air and
under nitrogen. In synthetic air, the decomposition of 1
starts only after 170 °C by a distinctive step visible in the
TG curve and corresponding to the loss of approximately
one water molecule (calcd. 1.57%; found 1.75%). The next
large step (ca. 58%) in the decomposition curve, in the tem-
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perature range of ca. 200–300 °C, comprises the removal of
bipyridine molecules together with the NO3

– group. De-
composition of the oxalate groups proceeds in a rather nar-
row temperature range of 300–400 °C as a strongly exother-
mic process. Afterwards, the remaining mass stays constant
and corresponds to a mixture of copper() and chromi-
um() oxides.

The elimination of water molecules in 2 proceeds in two
well-separated steps taking place in the temperature inter-
vals 40–105 °C and 110–145 °C, both followed by an endo-
thermic peak in the DTA curve. In the first step, six lattice
water molecules are expelled (calcd. 6.75%; found 7.05%),
the remaining three (calcd. 3.37%; found 3.62%) are lost at
higher temperature. The further course of the decomposi-
tion process follows that of complex 1.

Magnetic Properties

The results of magnetic measurements on 1 and 2 are
shown in Figure 7, in terms of the dependence of the prod-
uct of molar susceptibility and temperature, χMT, on tem-
perature. The value of χMT for 1 at temperatures above
50 K is almost constant at an average of 2.84 cm3 mol–1 K.
This corresponds to the effective magnetic moment per
molecule µ = 4.77β, where β stands for the Bohr magneton.
Generally, the spin-only value of the effective magnetic mo-
ment for three uncoupled spins is obtained according to the
expression:

µ = β√g1
2S1(S1 + 1) + g2

2S2(S2 + 1) + g3
2S3(S3 + 1)

Figure 7. Plots of χMT vs. T for compounds 1 and 2. The solid line
represents the curve of best fit.

For compound 1, with (SCu1, SCr, SCu2) = (1/2, 3/2, 1/2)
and taking gCu = gCr = 2, the above expression gives a value
of µ = 4.58β. The measured value is slightly higher and
corresponds to gCu,Cr = 2.08. As shown in Figure 7, on
cooling the compound below 50 K, the χMT product in-
creases rapidly, and at 2.8 K it attains a value of
3.67 cm3 mol–1 K, corresponding to µ = 5.42β. This increase
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of χMT points to the emergence of a ferromagnetic interac-
tion. Below 2.8 K, a very slight decrease of χMT is ob-
served.

The value of the χMT product for 2 at temperatures
above 30 K is almost constant and equals 2.77 cm3 mol–1 K,
which is very close to that of 1. On cooling the sample be-
low 30 K, first an increase in χMT was observed, but this
increase was much smaller than the corresponding increase
for 1. A value of 2.82 cm3 mol–1 K was reached at 5.7 K.
With further cooling, the χMT product decreased abruptly
to 2.79 cm3 mol–1 K at 3 K. The room temperature effective
magnetic moment per molecule for 2 is µ = 4.71β. The cor-
responding g factor which gives this value of µ for the (1/2,
3/2, 1/2) uncoupled spin system is gCu,Cr = 2.06.

The good linear dependences of the reciprocal magnetic
susceptibilities, χM

–1, on temperature (above 50 K) give the
Weiss constants (θ = 0.8±0.1 K for 1 and θ = 0.3±0.1 K
for 2) which point to a negligible long-range ordering inter-
action. The absence of a 3D interaction is also in agreement
with the value of the effective molecular magnetic moments
at the measured temperatures. Therefore, the observed fer-
romagnetic interaction should be analyzed on the molecular
level.

On the basis of the structure of the compound 1 and the
magnetic properties of CuII and CrIII ions, it is reasonable
to write the interaction Hamiltonian as in Equation (1):

(1)

where J is the exchange interaction between CuII and CrIII

ions in the same molecule, whereas S is the spin operator
for the ions labelled by indices.

In the above Hamiltonian only the isotropic Heisenberg
exchange term appears, as the CuII ion does not have zero-
field splitting, and for the CrIII ion it is negligible in a first
approximation,[1] as shown by the observed magnetic and
structural properties. Therefore, the anisotropic and anti-
symmetric exchange terms are omitted.

Taking gCu = gCr = g, the following formula is obtained
[Equation (2)]:

(2)

The nonlinear fitting of the susceptibility vs. temperature
dependence for 1 in the temperature range 2.8–300 K gave
the following results: J = +1.20 cm–1, g = 2.07. The discrep-
ancy factor R, defined as R = ∑[(χMT)obsd. – (χMT)calcd.]2 /
∑[(χMT)obsd.]2, equals 1.8·10–5. A small decrease of the mag-
netic moment below ca. 2.5 K may be generally attributed
to an intermolecular antiferromagnetic interaction and/or a
zero-field splitting on CrIII.[8,10a]

In order to describe the mechanism of the spin-exchange
interaction in oxalate-bridged transition-metal complexes,
several models have been considered.[26–28] According to
these models only a strict orbital orthogonality results in a
ferromagnetic interaction. In the structure of 1 (Figure 1)
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the O1 and O1i atoms from the bridging oxalate groups are
located in the equatorial planes [consisting of the O1, N2,
N3 and N4 atoms for Cu and O1i, N2i, N3i and N4i for
Cui (i = 1 – x, y, 1/2 – z)] of the distorted Cu octahedra,
whereas the O2 and O2i atoms from the corresponding
bridging oxalate ligands occupy the apical positions. The
significantly shorter Cu–O1 bond relative to the Cu–O2
bond (Table 1) indicates a strong orbital interaction in the
equatorial planes of the two Cu coordination polyhedra,
which are mutually related by the twofold axis through the
chromium atom. It is clear that the unpaired electron on
each copper() ion should be described by the dx2–y2 as the
highest energy orbital[1] that will interact with the σ-type
oxygen orbitals, forming one of the magnetic orbitals.
Simultaneously, the chromium() t2g orbitals, with three
unpaired electrons, interact with the π-type oxygen orbitals,
also resulting in magnetic orbitals. Consequently, a ferro-
magnetic spin coupling results from the orthogonality of
the magnetic orbitals involved. A similar explanation was
given for the appearance of a ferromagnetic interaction in
[(bpy)(C2O4)Cr(µ-C2O4)Cu(Hfsaaep)(H2O)]·2H2O.[16] In
the absence of necessary symmetry conditions, the magnetic
interaction in CuIICrIII oxalate-bridged complexes is anti-
ferromagnetic.[10a,15] For the ferromagnetic CuIICrIIICuII

compounds mentioned in the introduction,[13a,13b] the val-
ues for J were found to be higher than that for 1. Because
the crystal structures of these complexes are still unknown,
it is not possible to comment on their J values. Structurally,
the coordination environment of CuII in 1 is similar to that
found in the dinuclear compound [(bpy)(C2O4)Cr(µ-C2O4)-
Cu(Hfsaaep)(H2O)]·2H2O, for which the ferromagnetic
spin-coupling constant J = +1.4 cm–1 (using HINT =
–JSCuSCr) has been measured.[16] The ferromagnetic inter-
action with J = +2.8 cm–1 (using HINT = –2JSCuSCr) has
also been found for the dinuclear complex [Cr(salen)(µ-
C2O4)Cu(acpy)].[8] The exchange constant (J = +1.2 cm–1)
obtained for 1 is comparable to these two values.

Appearance of a slight increase followed by a slight de-
crease of χMT for the compound 2 when lowering the tem-
perature may come from the zero-field splitting on CrIII

and/or from a 3D interaction effect. However, it is not
quantitatively well understood at present and is the subject
of further investigations.

Conclusion

We have prepared two new heterometallic (CuII and
CrIII) complexes. In 1, metal atoms are oxalate-bridged in
the trinuclear [{Cu(µ-C2O4)(bpy)2}2Cr(C2O4)]+ cation,
whereas 2 consists of two [Cu(bpy)3]2+ cations and two
{[Cr(C2O4)]3– and NO3

–} anions. Compound 1 is the first
trinuclear CuIICrIIICuII complex with solved crystal struc-
ture. This fact allowed us to explain the pathway of a ferro-
magnetic exchange interaction between the CuII and CrIII

metal ions mediated through the bridging oxalate groups.
We are currently engaged in a more detailed study aiming to
understand the magnetic behaviour of 2 at low temperature.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2701–27102708

Experimental Section
General Remarks: All the reagents used in the syntheses were pur-
chased from commercial sources and used without further purifica-
tion. K3[Cr(C2O4)3]·3H2O and [Cu(bpy)3](NO3)2·6H2O were pre-
pared according to the literature methods.[29,30]

Synthesis of [{Cu(µ-C2O4)(bpy)2}2Cr(C2O4)]NO3·H2O (1): To an
aqueous solution (15 mL) of K3[Cr(C2O4)3]·3H2O (146.7 mg,
0.301 mmol) were added an aqueous solution (12 mL) of
Cu(NO3)2·3H2O (145.8 mg, 0.603 mmol) and an ethanolic solution
(10 mL) of bpy (188.4 mg, 1.206 mmol) dropwise with stirring at
room temperature. Slow concentration of the resulting solution at
ambient conditions led to the formation of dark-green single crys-
tals of 1 as the only solid with a yield of 297.1 mg (86%).
C46H34CrCu2N9O16 (1147.90): calcd. C 48.13, H 2.98, N 10.98;
found C 47.74, H 3.14, N 10.93. IR data (KBr): ν̃ = 3434 (w, br),
3073 (w), 1717 (m), 1705 (m), 1672 (vs), 1663 (vs), 1625 (vs), 1607
(m), 1598 (s), 1493 (m), 1474 (m), 1444 (s), 1415 (s), 1382 (vs), 1370
(sh), 1338 (m), 1314 (m), 1276 (m), 1251 (m), 1226 (m), 1175 (w),
1162 (w), 1105 (w), 1029 (w), 1013 (w), 898 (w), 817 (sh), 801 (m),
795 (m), 773 (vs), 732 (m), 534 (m), 460 (w), 419 (m), 410 (m), 304
(w) cm–1.

Synthesis of [Cu(bpy)3]2[Cr(C2O4)3]NO3·9H2O (2): To an aqueous
solution (15 mL) of K3[Cr(C2O4)3]·3H2O (103.3 mg, 0.212 mmol)
was added an aqueous solution (10 mL) of [Cu(bpy)3](NO3)2·6H2O
(162.0 mg, 0.212 mmol) dropwise with stirring at room tempera-
ture. The green-blue plate-like crystals of 2 were formed in the solu-
tion in a period of three days. The yield was 125.8 mg (37%, based
on Cr). C66H66CrCu2N13O24 (1604.40): calcd. C 49.41, H 4.15, N
11.35; found C 49.14, H 4.40, N 11.71. IR data (KBr): ν̃ = 3415
(m, br), 3074 (w), 1708 (m), 1681 (s), 1650 (m), 1594 (m), 1491 (w),
1472 (m), 1441 (s), 1384 (vs), 1372 (m), 1312 (w), 1257 (sh), 1248
(m), 1176 (w), 1158 (w), 1101 (w), 1062 (w), 1043 (w), 1015 (m),
910 (w), 806 (m), 797 (m), 776 (vs), 734 (m), 650 (m), 538 (m), 475
(w), 411 (m), 307 (w) cm–1.

When the reaction of K3[Cr(C2O4)3]·3H2O and [Cu(bpy)3](NO3)2·
6H2O was performed in a molar ratio of 1:2, crystals of both 1 and
2 formed simultaneously.

Physical Techniques: Infrared absorption spectra were recorded by
using KBr pellets with an ABB Bomem FT model MB 102 spec-
trometer, in the 4000–200 cm–1 region. Thermogravimetric mea-
surements were carried out with a Shimadzu DTG-60 analyzer,
with a heating rate of 10 °Cmin–1 in a stream of synthetic air. Elec-
tronic spectra were measured with a Cary 50 Probe spectrophotom-
eter. Solution spectra were recorded in H2O by using 1-cm silica
cells. For solid-state spectra, the samples were prepared as KBr
pellets which were mounted in the pathway of the radiation beam.
A weighed pure-KBr pellet was used as the reference.

Magnetic moments were measured with a commercial SQUID
magnetometer (MPMS-5, Quantum Design). Measurements were
performed in the temperature range 1.8–290 K at an applied mag-
netic field of 1 T. The field dependence of the magnetic moment
was checked up to 5 T, and both samples showed linearity up to
more than 1 T even at 2 K, so the susceptibilities analyzed here are
field-independent. The calculated molar magnetic susceptibilities
were corrected for the diamagnetic contributions of the constituent
atoms, which are –560·10–6 cm3 mol–1 for 1 and –874·10–6 cm3 mol–1

for 2 according to Pascal’s constants.[31] Also, a correction was
made for temperature-independent paramagnetism, which is
110·10–6 cm3 mol–1 for CrIII and 60·10–6 cm3 mol–1 for CuII ions.[10d]

X-ray Crystallographic Study: Each of the selected single crystals
of 1 and 2 was glued on the tip of a glass fibre and coated with a
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thin layer of silicone grease. The X-ray data were collected at
100(1) K by ω scans with an Oxford Diffraction Xcalibur 3 CCD
diffractometer with graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å). Data reduction including the absorption correction
was performed with the CrysAlis software package.[32] Crystal data,
experimental conditions and final refinement parameters are sum-
marized in Table 6. Solution, refinement and analysis of the struc-
tures was performed by using the programs integrated in the
WinGX system.[33] Both structures were solved by direct methods
(SIR92)[34] and refined by the full-matrix least-squares method
based on F2 against all reflections (SHELXL-97).[35] All non-hydro-
gen atoms were refined anisotropically. The anisotropic displace-
ment parameters of the disordered atoms were restrained during
refinement, except those of the atoms C23B in 1 and O24B in 2
which were constrained to equal the anisotropic displacement pa-
rameters of C23A and O24A, respectively (EADP). Additionally,
in 1, the geometries of the two parts of the disordered non-bridging
oxalate ligands were restrained to be equal. Furthermore, the atoms
in each of the sets {O5, O6A, C23A, C23B(1 – x, y, 1/2 – z)} and
{O5, O6B, C23B, C23A(1 – x, y, 1/2 – z)} were restrained to be
coplanar. In both structures, the hydrogen atoms bound to the car-
bon atoms were treated as riding in idealized positions, with C–H
= 0.95 Å, and displacement parameters were assigned as Uiso(H) =
1.2Ueq of the attached C atom. Initial positions of the water H
atoms in 1 as well as those of some of the H atoms of the water
molecules in 2 were found in the difference Fourier map. Other
modelled water H atoms of 2 were obtained by combined geometric
and force-field calculations on the basis of hydrogen-bonding inter-
actions (CALC-OH).[36] For all water H atoms, the O–H vector
directions were kept fixed, while the O–H distances were restrained

Table 6. Crystallographic data for compounds 1 and 2.

Compound 1 2

Empirical formula C46H34CrCu2N9O16 C66H66CrCu2N13O24

Mr 1147.90 1604.40
Crystal colour, habit dark green prism green-blue prism
Crystal size [mm] 0.48×0.21×0.20 0.44×0.24×0.15
Crystal system monoclinic monoclinic
Space group C2/c (no. 15) P21/c (no. 14)
a [Å] 16.4284(12) 31.314(3)
b [Å] 17.1622(11) 13.5356(11)
c [Å] 16.7494(12) 22.202(2)
β [°] 110.721(7) 132.012(13)
V [Å3] 4417.0(6) 6992.0(18)
Z 4 4
T [K] 100(1) 100(1)
Dcalcd. [g cm–3] 1.726 1.524
µ (Mo-Kα) [mm–1] 1.285 0.845
Absorption correction numerical numerical
Tmin/Tmax 0.659/0.816 0.710/0.896
F(000) 2332 3308
θ range for collected data [°] 4.15–30.00 3.88–25.00
Limiting indices –23 � h � 23 –37 � h � 37

–24 � k � 24 –16 � k � 15
–23 � l � 23 –26 � l � 26

Data total/unique 34029/6427 85275/12253
Rint/Rσ 0.0238/0.0245 0.0500/0.0356
Completeness to θmax 0.997 0.995
Observed data [I � 2σ(I)] 5450 10113
Data/restraints/parameters 6427/37/370 12253/16/977
S/restrained S 1.113/1.111 1.156/1.160
R1, wR2 [I � 2σ(I)] 0.0357, 0.0896 0.0570, 0.1496
R1, wR2 (all data) 0.0456, 0.0930 0.0753, 0.1637
∆ρmax [eÅ–3] 0.748 1.116
∆ρmin [eÅ–3] –0.413 –0.647

Eur. J. Inorg. Chem. 2006, 2701–2710 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2709

(DFIX 0.85 0.02) during refinement. Prior to applying the men-
tioned constraints and restraints to the water molecules, those hav-
ing the calculated H atoms were additionally refined as rigid bodies
by using the O atoms as the pivot ones. Displacement parameters
of all water H atoms were assigned as Uiso(H) = 1.5Ueq of the
joined O atom. Geometrical calculations were performed using
PLATON[37] and the figures were produced by using ORTEP-3[38]

and SCHAKAL99.[39]

CCDC-279737 (1) and CCDC-279738 (2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): All hydrogen-bonding interactions in the structure of 1 (Table
S1) and the structure of 2 (Table S2).
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The syntheses, structures and magnetic properties of a host
of polymetallic 3d transition-metal clusters made with the
pro-ligand benzotriazole (BtaH) and its analogues are re-
ported. These range from a family of tetradecametallic clus-
ters with spin ground states as large as S � 25, to decametal-
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lic vanadium “boxes”, to iron and manganese tetra- and su-
per-tetrahedra, to hexaicosametallic manganese single-
molecule magnets.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

since the discovery that such molecules can display the phe-
nomenon of single-molecule magnetism.[1] In these mole-
cules there exists an energy barrier to the relaxation of the
magnetization due to the combination of a large ground-
state spin multiplicity and significant negative magnetoan-
isotropy. This imparts a molecular magnetic memory effect
that can be observed as temperature- and sweep-rate-de-
pendent hysteresis loops in M vs. H studies.[2]

Single-Molecule Magnets (SMMs) have many potential
applications including high-density information storage in
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which each bit of information is stored as the magnetization
orientation of an individual molecule, and as qubits for
quantum computation where the required arbitrary super-
position of quantum states with opposite projections of
spin are produced by either quantum tunneling of the mag-
netization (QTM), intermolecular exchange, or multi-fre-
quency EPR pulses.[3]

Single-molecule magnetism spans areas as diverse as
physics, theoretical chemistry, spectroscopy, materials
chemistry and synthetic coordination chemistry, as demon-
strated by the several hundred papers published on the
topic over the last ten years. There are now several species
displaying such behavior – formed by a multitude of suc-
cessful synthetic strategies ranging from the self-assembly
of 3d-metal carboxylate clusters, to molecular Prussian
Blues, to heterometallic 3d–4f complexes and most recently
to simple 4f monometallic species.[4] By far the most pro-
ductive route has been by the self-assembly of 3d transition
metals with flexible organic bridging ligands such as car-
boxylates and alkoxides. Here we describe some of our ef-
forts toward the synthesis of large polymetallic 3d clusters
using the ligand benzotriazole (and its analogues), includ-
ing some of the largest nuclearity and highest-spin ground-
state molecules known.

Figure 1. The structure of benzotriazole (BtaH, top); the structure
of the complex [Cu5(Bta)6(acac)4] (middle); and its centered tetra-
hedral {Cu5} core (bottom). The –CH3 groups of the acac– ligands
have been removed for clarity.
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Benzotriazole (BtaH, C6H5N3; Figure 1) and substituted
benzotriazoles are well established corrosion inhibitors for
copper and its alloys,[5] and as a result the coordination
chemistry of benzotriazoles with various M2+ species has
been thoroughly investigated, producing many new cluster
compounds. Of these the most well-known and thoroughly
studied are the family of compounds of general formula
[M5(OH)x(R)6–x(L)4(H2O)4x] [where M = Cu, Zn, Ni; R =
Bta–, Me2Bta– (5,6-Me2-bta–); L = β-diketonate, x = 0, 1].[6]

These pentametallic species consist of a tetrahedral ar-
rangement of four M2+ ions centered on a fifth, with each
µ3-benzotriazole spanning an edge of the tetrahedron (Fig-
ure 1). Magnetic studies have shown that weak antiferro-
magnetic exchange between the metals leads to spin ground
states equal to that of the “isolated” central M2+ ion.

Although a number of other Ni2+,[7] Cu2+,[8] Hg2+,[9]

Re5+,[10] and Ag+[11] complexes have been reported, the
chemistry of BtaH and its derivatives with M3+ species has,
until now, not been investigated.

Our Work

Despite the large numbers of M2+ pentamers structurally
characterized, only one “related” M3+ pentamer has been
reported.[12] The complex [HNEt3]x[Fe5O2(OMe)2(Bta)4-
(BtaH)1–x(MeOH)5–xCl5+x] (1, x = 1, 0; Figure 2) consists
of an elongated tetrahedral array of four Fe3+ ions centered
on a fifth. The central Fe ion is attached to the apical Fe
ions by two µ3-O2– ions forming a [Fe5O2]11+ core, with the
two OMe– ligands bridging between the apical Fe ions on
each short edge of the elongated tetrahedron and the Bta–

ligands bridging in a η1:η1:µ2-fashion between the central
Fe ion and the apical Fe ions along the long edges of the
elongated tetrahedron. The coordination geometry of the
apical Fe ions is completed by a combination of terminal
Cl– and MeOH ligands. The central Fe is antiferromag-
netically coupled to the peripheral Fe ions resulting in an S
= 15/2 spin ground state (Figure 2), with the best fit ob-
tained for the two independent exchange interactions being
J1 = –7.3 cm–1, J2 = 8.6 cm–1.[12] As expected, this suggests
that the interaction between the central Fe ion and the api-
cal Fe ions by the µ3-O2– ions is antiferromagnetic and the
interaction between the two apical Fe centers mediated by
the µ2-MeO– is ferromagnetic. A spin ground state of S =
15/2 can thus be rationalized by assuming the central Fe is
“spin-up” and the apical Fe ions are “spin-down” (Fig-
ure 2).

The only other iron cluster containing benzotriazole is
the tetradecametallic complex [Fe14O6(OMe)18(Bta)6Cl6] (2,
Figure 3) – formed from the reaction between [Fe3O(OAc)6-
(H2O)3]Cl and BtaH in MeOH at 100 °C in a Teflon-lined
autoclave.[13] The structure comprises a hexa-capped hexag-
onal bipyramid of Fe3+ ions with caps on alternate faces
(Figure 4). The Bta– ligands coordinate in the maximal µ3-
mode to form two {Fe4(Bta)3} moieties which sandwich a
central {Fe6} ring, bridged by eighteen µ2-OMe– and six µ4-
O2– ions. The {Fe4(Bta)3} fragment is reminiscent of the
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Figure 2. The molecular structure of complex 1 and its elongated,
centered tetrahedral {Fe5} core showing the two independent ex-
change interactions and the resultant spin topology.

M2+ pentamers above (Figure 1) and here they act to stop
the growth of the Fe–oxide–alkoxide cluster. Complex 2 ex-
hibits one of the largest spin ground states yet seen with
magnetization data suggesting S � 25 and D � 0 cm–1 (Fig-
ure 5).[13–15] An S = 25 ground state can be rationalized
from competing antiferromagnetic exchange interactions
within the cluster: the relative magnitude of the four chemi-
cally distinct, nearest-neighbor exchange pathways via µ4-
O2– ions and/or µ2-OMe– ions can be predicted on the basis
of the Fe–O–Fe angles (Figure 4). The Fe(apex)–Fe(face
cap) [J1] and Fe(apex)–Fe(ring) [J3] interactions are ex-
pected to be the most antiferromagnetic because they are
defined by the largest angles and therefore dominate over
the much weaker antiferromagnetic Fe(face-cap)–Fe(ring)
[J2] and Fe(ring)–Fe(ring) [J4] interactions. This would lead
to a very simple spin structure in the ground state with the
two apical Fe ions of the bipyramid “spin down” and all
other Fe ions “spin up”. Conventional fitting of the experi-
mental magnetic susceptibility data to a spin Hamiltonian
to derive J1–J4 is not possible, but DFT calculations in tan-
dem with Monte Carlo simulations support this model giv-
ing: J1 = –22 cm–1, J2 = –8.7 cm–1, J3 = –29.7 cm–1 and J4

= –3.7 cm–1.[14]

Despite its huge ground state S, 2 does not behave as an
SMM. This is due to the near isotropic nature of this
ground state (D � 0). However, this is interesting in itself
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Figure 3. Molecular structure of [Fe14O6(OMe)18(Bta)6Cl6] (2)
viewed perpendicular (top) and parallel (bottom) to the apical Fe
ions.

as it gives rise to an unusually large magnetocaloric effect
(MCE) below 10 K.[15] The 51-fold degeneracy of the (iso-
tropic) ground state gives rise to very large magnetic en-
tropy changes ∆Sm on magnetization. If isothermal magne-
tization (at temperature Ti) is followed by adiabatic demag-
netization then magnetic cooling can be achieved with a
characteristic temperature change ∆Tad. The huge spin of 2
(combined with an additional entropy contribution from
low-lying excited states) gives rise to ∆Sm(T) and ∆Tad(T)
values (∆Tad = 5.8 K for Ti = 6 K) that are not only much
larger than those displayed by other molecular clusters but
more than 30% larger than any other material for Ti �
10 K, including the best intermetallic materials such as
[(DyxEr1–x)Al2].[16] Thus 2 has potential applications in low
temperature magnetic refrigeration.

The analogous clusters [Cr14O6(OMe)18(Bta)6Cl6] (3) and
[V14O6(OMe)18(Bta)6Cl6] (4) can be made in an identical
manner,[17] but in both cases magnetic measurements indi-
cate the complexes to have S = 0 spin ground states. This
(presumably) arises because of small changes in the relative
magnitudes of the four exchange interactions such that the
order |J3| � |J1| � |J2| � |J4| seen in [Fe14] is not maintained
in either [Cr14] or [V14].[17] If the reaction mixture leading
to 4 is exposed to atmospheric O2 then [(VIVO)6VIII

8O6-
(OMe)18(Bta)6] (5) can be isolated, in which each face cap
is oxidized from a [VIII–Cl]2+ moiety to the isoelectronic



D. Collison, E. J. L. McInnes, E. K. BrechinMICROREVIEW

Figure 4. The metal–oxygen core of 2 viewed parallel to the apical
Fe ions (top); the hexacapped hexagonal bipyramidal metallic skel-
eton of 2 (bottom) showing the four independent exchange interac-
tions and the resultant spin topology.

Figure 5. Plot of χMT vs. T for complex 2 in the 300–1.8 K tem-
perature range, and isothermal M(H) curves measured in the tem-
perature range 2–50 K.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2725–27332728

vanadyl [VIV=O]2+ unit. If these reactions are performed
under non-solvothermal, lower temperature conditions then
the “box-like” complex [VIV

8VIII
2O8(OH)4(OMe)10(Bta)8]

(6) forms (Figure 6).[18] The complex consists of a square-
prism of vanadyl ions where the square faces are bridged
through the 1,3-bridging mode of the Bta–. The “box” sur-
rounds two VIII ions that form a [VIII

2(OMe)2] dimer that
bind to the vertices of the square-prism by the four µ3-hy-
droxides. The topology, and the highly reduced [VIV

8VIII
2]

state, of 6 is unique for a polyoxoalkoxovanadate. This
chemistry also highlights the importance of exploring a
wide temperature range in cluster chemistry – under the
higher temperature, solvothermal conditions this reaction
gives a less oxidized, higher nuclearity product.

Figure 6. The molecular structure of complex 6 (top); and the
{VIV

8} box encapsulating the {VIII
2} fragment (bottom). Some of

the MeO– ions have been removed for clarity.

The magnetic properties of 6 are dominated by strong
antiferromagnetic interactions: the room temperature χMT
value of 3.3 cm3·K·mol–1, is well short of the value expected
for eight uncoupled V4+ and two V3+ ions, and is already
rapidly decreasing with decreasing temperature. The low
temperature value tends towards zero indicating a diamag-
netic ground state for the cage. This strong antiferromag-
netic coupling is consistent with the structure – very strong
coupling is expected for the face-sharing (VO)2 pairs on the
short edges of the box.

The majority of Single-Molecule Magnets (SMMs) re-
ported to date have been clusters containing Mn3+ ions.[4,19]

In each case the clusters have been made, at least initially,
via the serendipitous assembly of Mn starting materials



Polymetallic Clusters of Benzotriazole MICROREVIEW
with flexible organic bridging ligands such as carboxylates
or alkoxides. Manganese clusters often display “unusually”
large spin ground states with respect to other 3d transition
metals, and large and negative magnetoanisotropies re-
sulting from the presence of Jahn–Teller distorted Mn3+

ions. However this presents a synthetic problem: there are
few simple readily available sources of Mn3+. This has re-
sulted in the use of two alternative techniques. The first is
the use of the basic metal carboxylates of general formula,
[M3O(RCO2)6L3]0/+, which can contain either two or three
Mn3+ ions, and the second is the oxidation of Mn2+ salts
with permanganate, MnO4

–.[4] Both of these techniques
have been successful, particularly the former. An alternative
approach is to use MnF3. The main disadvantage of using
metal fluorides is their relative insolubility and therefore the
apparent need for more “complicated” synthetic pro-
cedures – indeed the majority of fluoride-containing clus-
ters have been isolated at elevated temperatures.[20] For
MnF3 this insolubility can be easily overcome by using
either a “melt” reaction whereby the BtaH acts as the sol-
vent (MPt = 100 °C) in which the MnF3 dissolves as the
reaction proceeds,[21] or by the simple reflux of the reaction
mixture in a particular solvent. For example the complex
[MnIII

26O17(OH)8(OMe)4F10(Bta)22(MeOH)14(H2O)2] (7,
Figure 7) is made by simply mixing MnF3 and BtaH in
MeOH at ca. 60 °C. The rather complicated
[MnIII

26O17(OH)8(OMe)4]32+ core of 7 can be described as
a central distorted tetra-face-capped octahedron either side
of which are attached vertex-sharing tetrahedra. The O2–

ions all bridge in their usual µ3-fashion, forming {Mn3O}7+

triangular units. The OH– ions are of two types: four are
µ3-bridging and are situated within the tetra-face-capped
octahedron, while the remaining ions are µ2-bridging and
are situated both in the tetra-face-capped octahedron and
within the two vertex-sharing tetrahedra. The 22 deproton-
ated Bta– ligands are of two types: four use all three nitro-
gens to bond to three Mn3+ centers while the remaining 18
use only two nitrogen atoms to bond to two Mn3+ centers,
the third nitrogen atom H bonds to adjacent MeOH, H2O
or OH– ligands. The four MeO– ions are all µ2-bridging,
but rather unusually there are also two MeOH molecules
which act as µ2-bridges, whilst the ten F– ions are bonded
terminally. Fitting the magnetization (M vs. H) data for
complex 7 gives S = 4, g = 2.0 and D = –0.90 cm–1. Ac
susceptibility measurements performed on 7 in the 1.8–
4.00 K range show the presence of out-of-phase ac suscep-
tibility signals, but no peaks. Low-temperature single-crys-
tal studies performed on 7 on an array of micro-SQUIDS[22]

show the time and temperature-dependent hysteresis loops
indicative of single-molecule magnetism behavior (Fig-
ure 8). Below 1.2 K, hysteresis loops are observed in magne-
tization vs. field studies whose coercivities increase with
decreasing temperature, at a sweep rate of 0.14 T/s. The
loops do not show the step-like features associated with
quantum tunneling of magnetization (QTM), and appear
typical for a cluster with a distribution of energy barriers.
The steps may be present but broadened out, due to the
inherent disorder associated with the crystal of 7,[21] re-
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sulting in a distribution of Mn3+ environments. These ob-
servations have been reported for other large SMMs.[23] Re-
laxation data at very low temperatures were determined
from dc relaxation decay measurements (Figure 9). The re-
laxation of crystals of SMMs is often very complicated,
leading to non-exponential relaxation laws, and the M/Ms-
vs-t curves for 7 cannot be fitted by a simple-exponential,
stretched-exponential or square-root law. In order to extract
the temperature dependence of the mean relaxation time
τ(T), it is necessary to use a single scaling function
f[t/τ(T)].[24] This scaling analysis allows τ(T) to be deter-
mined without making any particular assumption about the
relaxation law, and allows the mean relaxation time τ(T)
to be extracted. Fitting of these data to the Arrhenius law
(Figure 9) gives an effective mean barrier for the reversal of
magnetization of approximately 15 K and a pre-exponential
factor of τ0 = 3·10–9 s. Below ca. 0.2 K, the relaxation rates
become temperature-independent, strongly suggesting the
presence of QTM in the ground state. The experimentally
derived Ueff value of 15 K is comparable to the theoretical
value (U = S2|D| � 21 K). Indeed, U is expected to be larger
than Ueff as the reversal of magnetization has two compo-
nents: thermally activated relaxation over the barrier and
quantum tunneling of magnetization (QTM) through the
barrier.

Figure 7. The molecular structure of complex 7.

Repeating the reaction that produces complex 7 but in
the presence of pyridine affords the decametallic complex
[Mn10O6(OH)2(Bta)8(py)8F8] (8), while the same reaction in
the presence of triethylamine produces the trimetallic spe-
cies [NHEt3]2[Mn3O(Bta)6F3] (9).[21,25] Complex 8 (Fig-
ure 10) consists of a “supertetrahedral” [MnIII

10] core
bridged by six µ3-O2– ions, two µ3-OH– ions, four µ2-F– ions
and eight µ2-Bta– ions, while complex 9 (Figure 11) has a
structure analogous to that of the basic metal carboxylates
of general formula [M3O(RCO2)6L3]0/+, consisting of an
oxo-centered metal triangle with µ2-Bta– ligands bridging
each edge of the triangle and the fluoride ions acting as
the terminal “L” ligands. Both complexes display dominant
antiferromagnetic exchange interactions resulting in small
spin ground states. For complex 9, the best fit to the experi-
mental χMT vs. T data was obtained for the following pa-
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Figure 8. Magnetization (M) of 7 vs. applied magnetic field (µ0H).
The magnetization is normalized to its saturation value. The re-
sulting hysteresis loops are shown at different temperatures and
different field sweep.

rameters: Ja = –5.01 cm–1; Jb = +9.16 cm–1 and g = 2.00,
resulting in an S = 2 spin ground state. DFT calculations,
however, suggest an S = 0 ground state with Ja = –2.95 cm–1

and Jb = –2.12 cm–1 with two S = 1 states at 1.46 cm–1 and
5.9 cm–1, and an S = 2 state at 6.1 cm–1 above the ground
state.[21] The presence of low-lying excited states leads to
obvious problems when trying to satisfactorily fit the exper-
imental data. The ground state of this molecule can be
changed from S = 0 to S = 2 by small changes in the ex-
change interaction Jb. The ratio of Ja/Jb vs. the Eigen values
obtained for these exchange parameters is shown in Fig-
ure 11. For a value of Ja/Jb � 1, the ground state spin value
varies from S = 2 to S = 1; for Ja/Jb = 1 the ground state
becomes S = 0, and for Ja/Jb � 1 the ground state varies
from S = 0 to S = 2. For the DFT calculated values, the Ja/
Jb ratio is found to be 1.37 and the ground state is S = 0.
However, it is also clear that for Ja/Jb � 1 the energy levels
are very closely separated, and the fact that the ground state
depends on the ratio of Ja/Jb reveals that a degree of spin
frustration exists in the triangle. At lower and higher values
of Ja/Jb the degree of spin frustration is minimal, giving rise
to an S = 2 ground state which can be accounted for by a
simple pairwise exchange interaction. At intermediate val-
ues of Ja/Jb, spin frustration causes a net spin vector align-
ment, which cannot be accounted for by considering a sim-
ple pairwise exchange interaction, and the value of the
ground state depends on the degree of spin frustration.[21,25]

By replacing BtaH with its dimethyl derivative (Me2-
BtaH; 5,6-dimethylbenzotriazole) in otherwise similar reac-
tions to those above affords completely different clusters:
the octametallic complex [Mn8O4(OMe)2(Me2Bta)6F8-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2725–27332730

Figure 9. Relaxation data for 7 plotted as M/Ms vs. time, M is
normalized to its saturation value (top); Arrhenius plot for 7 using
dc decay data on a single crystal. The dashed line is the fit of the
data in the thermally activated region.

Figure 10. The molecular structure of complex 8 (top) and its su-
pertetrahedral metallic core (bottom).
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Figure 11. Top: Molecular structure of complex 9 and the two inde-
pendent exchange interactions; bottom: Plot of calculated Eigen
values vs. Ja/Jb for complex 9. The experimental data was fitted
with a two-J model that employed the spin Hamiltonian Ĥ =
–2[Ja(Ŝ3Ŝ2)+Ja(Ŝ3Ŝ1)+Jb(Ŝ2Ŝ1)]. For more details see ref.[21]

(Me2BtaH)(MeOH)8] (10), and the tridecametallic complex
[Mn13O12(Me2Bta)12F6(MeOH)10(H2O)2] (11).[25] The core
of 10 (Figure 12) consists of a central [Mn4O2]8+ butterfly
unit, the body atoms of which are also part of a peripheral
[Mn3O]4+ triangular unit. The [Mn4O2] butterfly is near
planar with the two peripheral [Mn3O] triangles perpendic-
ular to this plane, attached via an O2– ion forming a
[Mn8O4]16+ core. Two MeO– and two F– ions act as µ2-
bridges, the MeO– bridging one side of the [Mn3O] unit
and the F– linking the [Mn3O] unit to the central [Mn4O2]
butterfly. The F– bridges are asymmetric as, in each case,
one Mn–F bond lies on a Jahn–Teller axis. The six Me2Bta–

ligands all bond in a µ2-fashion and the remaining six F–

ions and eight MeOH molecules all are terminal. The core
of 11 (Figure 13) consists of a [MnIV

3MnIII
4O12] centered

hexagon. The Mn4+ ions form a linear [Mn3O4] trimer
through the centre of the hexagon with the Mn3+ ions at-
tached on either side. The twelve O2– ions are all µ3-bridg-
ing and are of two types: six are bound to the central Mn4+

ion and link this ion to the outer six Mn ions of the hexa-
gon. The remaining six O2– ions bridge between the outer
Mn ions of the centered-hexagon and the remaining six
Mn3+ ions that are located, alternately, above and below
the plane of the [MnIV

3MnIII
4O12] core. The µ2-Me2Bta–

ligands are all deprotonated and link the Mn ions in the
central hexagon to the Mn ions above and below this plane.
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The coordination of these six Mn ions is completed by a
terminal F– ion and either two MeOH molecules or one
MeOH and one H2O molecule. The central
[MnIV

3MnIII
4O12] core of 11 is reminiscent of the hexagonal

close-packed structure present in CdI2 and is similar to the
cores found in several large cluster compounds.[26] Magnetic
studies reveal that both 10 and 11 have small spin ground
states.

Figure 12. The molecular structure of complex 10.

Figure 13. The molecular structure of complex 11 (top) and its
metal–oxygen core (bottom).
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Complexes 7–11 can all be described as aggregated

{Mn3O} triangular units: compound 7 consists of twenty
triangular units; 8 is made from eight edge-sharing units; 9
consists of one triangular unit; 10 contains four edge- and
vertex-sharing units; and 11 contains twelve such units. This
perhaps suggests that triangular [Mn3OF3]4+ units may be
present in all of the above solutions and that the identity of
the isolated crystalline product is then dependent on the
nature of the added base. Indeed complex 10 could be
thought of as an “intermediate” in the formation of 11:
both clusters are comprised of aggregated {Mn3O} units
and the {Mn8O4} unit present in 10 can be seen three times
in the core of 11.

Conclusions
The work here clearly illustrates that the use of benzotri-

azole and its analogues is a successful synthetic strategy for
the formation of large polymetallic cluster compounds. The
complexes isolated thus far range in nuclearity from three
to twenty six and in topologies (amongst others) ranging
from simple triangles and tetrahedra, to rectangular boxes,
supertetrahedra and hexacapped hexagonal prisms. Some
of these complexes have displayed interesting magnetic
properties including some of the largest spin ground states
ever seen and single-molecule magnetism behavior. The sci-
ence remains in its infancy, but given our initial results the
future promises many more exciting complexes.
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Bis-Ruthena(III)cycles [Ru(C�N)2(N�N)]PF6 as Low-Potential Mediators for
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Bis-cyclometalated analogs of tris(2,2�-bipyridine)rutheni-
um(II), namely [RuIII(C�N)2(N�N)]PF6 complexes 3, are pre-
pared in 52–57% yield from the mono-cyclometalated N,N-
dimethylbenzylamine (dmbaH) derivatives [RuII(dmba)-
(N�N)(MeCN)2]PF6 (N�N = bpy or phen) and mercurated 2-
phenylpyridinato- or 4-(2-tolyl)pyridinato (C�N) species
Hg(C�N)Cl. Two new bis-ruthenacycles studied by X-ray
crystallography revealed a C1 symmetry, with the C and N
atoms of different C�N ligands trans to the nitrogen atoms of

The RuII/III reduction potential for [RuII(bpy)3]2+ is
+1.34 V in MeCN (vs. SCE).[1] The structurally similar
mono-cyclometalated complex [RuII(phpy)(bpy)2]+

(Scheme 1), in which one N donor is replaced by a σ-bound
sp2 carbon, has a drastically lower RuII/III reduction poten-
tial (+0.52 V).[2] The new bis-cyclometalated species
[RuIII(phpy)2(bpy)]+ (3a), the central atom of which is σ-
bound to two sp2 carbon atoms, has the lowest RuII/III po-
tentials of ca. –0.2 V. The synthesis, X-ray structural study,
and electrochemistry of a new family of RuIII bis-cyclomet-
alated complexes 3 and their record mediating ability in
moving electrons from the reduced active site of PQQ-de-
pendent alcohol dehydrogenase (PQQ-ADH) to an elec-
trode are described here. Examples of bis-cyclometalated Ru
complexes are very limited; those known are the RuII deriv-
atives of benzo[h]quinoline,[3] azobenzene,[4] benzylidene
aniline,[5] and P(OPh3)3.[6] SciFinder tracks the term that is
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the N�N ligand. The reduction potential of the RuII/III feature
of 3 is as low as ca.–0.2 V (vs. SCE in MeCN). Complexes 3
display a unique mediating ability in moving electrons from
the reduced active site of PQQ-dependent alcohol dehydro-
genase (PQQ-ADH) to an electrode with 1,2-propanediol as
a substrate at a working potential of +0.1 V.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

italicized[7] but the species listed do not have two Ru–C
bonds at one metal center as in 3.

Scheme 1. A family of related cations discussed in this work.
Charges in structures are omitted for clarity.

Two approaches were explored for the synthesis of the
blackish-green compounds 3 (Scheme 2). The precursor bis-
(acetonitrile) ruthena(II)cycles are cyclometalated 2-phenyl-
or 4-(2-tolyl)pyridine (1) and N,N-dimethylbenzylamine (2,
dmbaH).[8] Their labile nitrile and dmba ligands are readily
substituted in hot methanol by 2-phenylpyridinato or 4-(2-
tolyl)pyridinato C�N chelates, which are transferred from
the corresponding organomercurial compounds 4 or 5.[9]

Complexes 1 have to be treated with the symmetric organo-
mercurial compound 4, whereas the reactivity of the asym-
metric molecule 5 is sufficient to convert 2 into 3 in 52–
57% yield. It is worth noting that the formation of 3 by
path B resembles the exchange of cyclometalated ligands[10]

at RuII. Pincer N�C�N ligands were previously replaced by
P�C�P fragments at RuII.[7c] Path B in Scheme 2 illustrates
the exchange between bidentate C�N chelates.
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Scheme 2. Syntheses of complexes 3 (a: x = 0, R = H; b: x = 1, R = H; c: x = 0, R = CH3; d: x = 1, R = CH3).

Two C�N ligands of charge –1 make the complexes sus-
ceptible to oxidation, and hence the isolated compounds 3
are paramagnetic RuIII species. Their study by 1H NMR
spectroscopy is complicated, and hence, in addition to the
combustion, mass-spectral, and electrochemical analyses,
X-ray crystal-structure analysis of 3a and 3d was per-
formed. The study on 3a confirmed its composition (see
Supporting Information), but the true stereoisomer (A, B,
or C) could not be determined because the three ligands of
3a are crystallographically identical, and the four nitrogen
atoms are indistinguishable from the two carbon atoms.[11]

The X-ray data for 3d indicates structure B with C1 sym-
metry, which was established by the long Ru–N bond trans
to the Ru–C σ-bond and by the CH3 groups at the C�N
chelates. There are two different donor atoms, i.e. N and C,
trans to the nitrogen atoms of the phen ligand in the dis-
torted octahedron. Accordingly, the sp2 C1 atom is located
trans to N21 of the second C�N ligand. The Ru–N21 and
Ru–N38 bonds are longer than the other Ru–N bonds, as
expected. This reflects the ground state trans-influence of
the σ-bound sp2 atoms C1 and C14, respectively (Figure 1).

Figure 1. Possible geometric isomers of 3, A, B, and C, and ORTEP
diagram of 3d. Selected bond lengths: Ru–C1 1.999(3), Ru–N8
2.059(2), Ru–C14 2.0209(3), Ru–N21 2.174(2), Ru–N27 2.067(2),
Ru–N38 2.164(2) Å. For X-ray structure of 3a, see SI.

It is perhaps worth noting that the properties of 3 were
previously theoretically investigated.[12] The bis-ruthena-
cycles were unknown then, and the calculations were per-
formed for arbitrary selected isomers A and C of C2 sym-
metry. Properties of nonexistent species were thus simu-
lated.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2735–27382736

Rich cyclic voltammograms of complexes 3 that consist
of three one-electron quasi-reversible and one irreversible
features (Figure 2, Table 1) were interpreted by using the
previously obtained data for mono-cyclometalated species
such as [Ru(phpy)(bpy)2]+[2,13] and [Ru(bpy)3]2+.[1,14] The
peaks around –0.2 V represent the RuII/III couple, since each
replacement of bpy by phpy– causes ca. 0.7 V decrease. The
peaks at ca. –1.9 and +1.5 V could be assigned to the
RuI/II (alternatively, to a ligand-centered reduction) and
RuIII/IV couples, respectively. Irreversible peaks at 0.9–1.0 V
are presumably due to a ligand-centered oxidation. Post-
peaks of lower and variable intensity that follow each peak
of 3a might be due to adsorption; they are not observed for
complexes other than 3a.

Figure 2. Cyclic voltammograms of ruthena(III)cycles 3 in MeCN
(0.1  nBu4NPF6, 0.1 Vs–1, 25 °C, glassy carbon, N2; background
subtraction is applied, E0 = –2.2 V).

Table 1. Assignment of reduction potentials for 3 (in V vs. SCE)
from the CVA data in Figure 2 in MeCN.

3 MI/MII MII/MIII L/L·+[a] MIII/MIV

3a –1.90 (–1.67)[b] –0.23 (+0.45)[b] 0.98 1.56 (1.91)[b]

3b –1.88 –0.21 0.97 1.56
3c –1.90 –0.25 0.93 1.52

[a] Irreversible. [b] Post-peaks in parenthesis.

The mediating performance of complexes 3, their precur-
sors 1 and 2, and related ruthena- and osmacycles in mov-
ing electrons from reduced active sites to an electrode[15]

was evaluated with PQQ-ADH (Type II ADH IIG) from



[Ru(C�N)2(N�N)]PF6 as Low-Potential Mediators for PQQ Alcohol Dehydrogenase SHORT COMMUNICATION
Pseudomonas putida HK5 by using screen-printed carbon
paste electrodes.[16] Remarkably, the largest currents (Fig-
ure 3) were registered for the new complexes 3 than for
mono-metalated Ru and Os[17] species, though the optimal
electrode potential for 3 was around 0.35 V vs. Ag/AgCl
(see Figure S2 of the Supporting Information). Currents in
Figure 3 depend hyperbolically on the alcohol concentra-
tion (I = IM,app[S]/(KM,app + [S])), and the values of IM,app

(in parenthesis in Figure 3) emphasize a superior perform-
ance of the bis-cycloruthenated species 3. The major advan-
tage of complexes 3 as mediators of PQQ-ADH is that they
are remarkably efficient at a low working electrode poten-
tial, i.e. 0.1 V. A decrease in the current because of the volt-
age drop is minor, and IM,app equals 2290 and 2110 nA for
complexes 3a and 3b, respectively (cf. with the data in Fig-
ure 3).

Figure 3. Current as a function of [1,2-propanediol] at 0.5 V for
screen-printed electrodes incorporating PQQ-ADH and complexes
1–3; pH 6, 1 m Ca2+, 22 °C. Numbers in parentheses are calcu-
lated values of IM,app, which for mono-cyclometalated complexes
[Ru(phpy)(phen)(MeCN)2]X and [Ru(dmba)(phen)2]X are close to
that of 2b and for [Os(phpy)(phen)2]X is that for 1b (X = PF6).

In conclusion, the synthesis, full characterization, and
numerous properties of previously anticipated but unknown
complexes 3 are reported here. The X-ray study of 3d re-
veals a structural type B. A “cyclometalation” tool has
demonstrated its virtue again by showing how the electronic
properties of compositional analogs of [Ru(bpy)3]2+ can
further be coarsely altered by replacing N by C donors. An
illustrative example of a bioanalytical use of the new com-
plexes 3 highlighted their potential as efficient mediators of
enzymatic electron transport which are capable of function-
ing at low electrode potentials.

Experimental Section
General Procedures for Preparation of [Ru(C�N)2(N�N)]PF6 (3) –
Path B: RuII precursors 1 and 2 were described elsewhere;[8] 5 and
4 were synthesized according to the procedure of Black et al.[18] In
a Schlenk tube fitted with a condenser, a solution of complex 2
(0.313 mmol) and organomercurial compound 5 (0.313 mmol) in
dry methanol (30 mL) was heated at reflux for 20 h. The solvent
was evaporated to dryness under vacuum, and the residue was puri-
fied by column chromatography on alumina by using a MeCN/
CH2Cl2 (1:6) mixture as the eluent. The dark green band was col-
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lected, and the solvent removed. Blackish crystals were obtained
by a slow diffusion of Et2O into a concentrated solution of the
compound in 1:1 MeCN/CH2Cl2. Crystals were washed with Et2O
(3×10 mL) and dried under vacuum. Reaction of 2 with 4 (Path
A) under the same conditions gave compounds 3a–d in lower yields.

Complex 3a: Yield 52% (115 mg) from 193 mg of 2 and 268 mg of
5. MS: m/z (%) = 566 (13) [M+H]+, 410 (20) [M+H–bpy]+, 255
(4) [M+H–bpy –phpy]+. IR: 839 (s, PF6) cm–1. C32H24F6N4PRu
(711.07): calcd. C 54.09, H 3.40, N 7.88; found C 53.89, H 3.61, N
7.69%.

Complex 3b: Yield 57%. MS: m/z (%) = 590 (100) [M+H]+, 436
(23) [M+H–phpy]+, 410 (35) [M+H–phen]+, 255 (7) [M+H–
phen –phpy]+. IR: 841 (s, PF6) cm–1. C34H24F6N4PRu (735.07):
calcd. C 55.59, H 3.29, N 7.63;. found C 55.10, H 3.29, N 7.51%.

Complex 3c: Yield 50%. MS: m/z (%) = 594 (55) [M+H]+, 438
(20) [M+H–bpy]+, 426 (20) [M+H–tolpy]+. IR: 836 (s, PF6) cm–1.
C34H28F6N4PRu (739.10): calcd. C 55.29, H 3.82, N 7.59; found C
55.20, H 3.91, N 7.69%.

Complex 3d: Yield 54%. MS: m/z (%) = 618 (65) [M+H]+, 450 (10)
[M+H–tolpy]+, 438 (13) [M+H–phen]+. IR: 840 (s, PF6) cm–1.
C36H28F6N4PRu·1/2(C2H5)2O (800.13): calcd. C 57.07, H 4.16, N
7.01; found C 56.71, H 4.78, N 6.69%.

Preparation of Biosensors: The screen-printed carbon electrodes
(CE) were designed as described.[16] A carbon paste electrode
(working area 0.125 cm2) was impregnated with 4 µL of a solution
of mediator 1–3 (1 mg in 1 mL acetone). The enzyme was immobi-
lized on the electrode surface by adsorption of 3 µL of enzyme
solution for 1 h. Soluble PQQ-dependent alcohol dehydrogenase
(Type II ADH IIG) from Pseudomonas putida HK5 (activity
1.54 U/0.2 mL) was used.

Electrochemical Measurements: These were performed with a three-
electrode system containing a screen-printed carbon electrode as a
working electrode, a Pt wire as a counter electrode, and a saturated
KCl Ag/AgCl reference electrode. Steady-state currents were re-
corded at 0.5 or 0.1 V on a polarographic analyzer PGZ 402 (Radi-
ometer Analytical). Acetate buffer (0.05 , pH 6.0, 1 m CaII) was
used. Experimentally measured steady-state currents (I) as a func-
tion of the concentration of the substrate of the enzymatic reaction
([S]) were fitted to: I = IM,app[S]/(KM,app + [S]), where IM,app is the
apparent maximal current and KM,app is the apparent Michaelis
constant.

Crystallography: The crystals were mounted on the top of glass
fibers and transferred to a Bruker SMART-APEX CCD dif-
fractometer. Crystal data and details of data collection and struc-
ture refinement are given in Table S1. Absorption corrections were
based on face-indexed measurements (program XPREP in
SHELXTL).[19] The structures were refined anisotropically on F2

with SHELXTL.[19] For both complexes, hydrogen atoms were in-
cluded using a riding model. For more details, see Supporting In-
formation. CCDC-606516 and -606515 contain the supplementary
crystallographic data for 3a and 3d, respectively. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Crystal data and structure refinement parameters, de-
tails for 3a, bond lengths and bond angles in Tables S1, S2, and
Figure S1; current as a function of applied potential (Figure S2).
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The coordination chemistry of three tripodal monoanionic
amine mono(phenolate) ligands bearing two methoxy side-
arm donors with ethylzinc(II) is reported. Reacting diethyl-
zinc with the ligand precursor bearing bulky (tBu) phenolate
substituents led cleanly to a mono(ethyl) mononuclear Cs-
symmetric zinc complex according to spectroscopic data. X-
ray structure analysis revealed a semi-pentacoordinate com-
plex as one of the methoxy sidearm donors was tightly bound

Introduction

Zinc plays a major role in bioinorganic chemistry, fulfill-
ing structural and catalytic functions in various enzymes.[1,2]

When coordinated by S-based (cysteinate) ligands, or by a
mixed set of S- and N-based (histidine) ligands, the role of
zinc is mainly structural.[2] On the other hand, a coordina-
tion sphere containing O-based ligands is characteristic for
a catalytic metal site, as the O-based hard donors (H2O or
HO–) are readily replaced at the zinc metal center, providing
a vacant coordination site to be occupied by a substrate.[2]

According to these general observations, simple analogues
of the zinc biological active sites are sought.

In such research, controlling the nuclearity of metal spe-
cies is a major goal. For many applications, mononuclear
species are desired, as they lead to better-defined catalytic
performance in comparison to multinuclear species. The
most practical route toward such species is the utilization
of chelating multidentate ligands such as the “tripodal” li-
gands, having three donor arms, which have become very
abundant in the last two decades.[3] One particular family
of tripodal ligand, that attracts ever-increasing attention, is
the family of tripodal ligands possessing a central nitrogen
donor atom, in addition to the three donor arms. Several
ligand families of this type have been employed in zinc
chemistry, including neutral tris(picolyl)amine ([NN3]),[4,5]

N-bis[2-(methylthio)ethyl]-N-[(6-neopentylamino-2-pyridyl)-
methyl]amine ([NS2N]),[6] and tris[(N-tert-butylcarbamoyl)-
methyl]amine ([NN3]) ligands,[7] or monoanionic dipicolyl-
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whereas the other one was weakly bound. The ligand pre-
cursors bearing less bulky electron-donating (Me) or elec-
tron-withdrawing (Br) phenolate substituents led cleanly to
dinuclear pentacoordinate complexes, bridged by phenolate
oxygens, in which only one of the two sidearm donors was
bound, and in a weak manner.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

glycinate ([NON2]),[8] and 2-mercaptobenzyl-bis(2-pyridyl-
methyl)amine ([NN2S]) ligands [9] (Figure 1).

Figure 1. Various tripodal ligands, having a central nitrogen donor
employed in zinc chemistry.

The zinc chemistry of monoanionic amine mono(phenol-
ate) ligands, carrying two additional arms, has been investi-
gated in the last decade, mainly by the groups of Fenton
and Vahrenkamp.[10–13] The advantages of the amine mono-
(phenolate) ligands include their straightforward synthesis,
and their broad structural diversity.[10–17] Yet, until now, the
zinc chemistry of these ligands was limited to ligands hav-
ing two additional pyridine arms,[10–12] or pyridyl and pyr-
rolidinyl arms (Figure 2).[13] The [NONpy

2] ligands, having
no substituents, or tBu substituents at the phenolate ring,
were shown to bind the metal firmly through all four do-
nors, with the three “tripodal” donors lying in the equato-
rial plane.[11,12] Both ligands led to neutral mononuclear
complexes, possessing an additional, monodentate ligand in
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the fifth position: Cl, Br, I, OPh, and SPh. In this study, we
were aiming at extending the chemistry of tripodal
monoanionic [NOX2] ligands. Specifically, we wanted to re-
veal structural effects on coordination chemistry of
[NOO2]-zinc complexes, in which zinc binds to labile oxygen
donors.

Figure 2. Two tripodal amine mono(phenolate) ligands, employed
in zinc chemistry.

Results and Discussion

We previously reported the preparation of the ligand pre-
cursor Lig1H.[17] Lig2H and Lig3H ligand precursors were
prepared in a similar way, via a single-step Mannich con-
densation between the respective phenol, secondary amine,
and formaldehyde (Scheme 1). The ligand precursors were
obtained as yellow oils, and their identity was confirmed by
NMR and elemental analyses.

Scheme 1. Synthesis of ligand precursors Lig1H–Lig3H.

Diethylzinc provides a convenient entry into zinc chemis-
try with sufficiently acidic ligands.[18,19] An ethereal solu-
tion of Lig1H was added to a hexane solution of diethylzinc
at –30 °C, followed by warming to room temperature and
stirring for 1 h. Subsequent removal of solvent and
recrystallization from pentane led to pure 1 in 80% yield,
obtained as colorless crystals. According to its NMR spec-
tra, 1 contains a single type of phenolate ring, and a single
type of metal-bound ethyl group. As anticipated, the zinc-
bound methylene group gives rise to high-field NMR sig-
nals [δ(13C) –1.8 ppm; δ(1H) 0.58 ppm]. The 1H and 13C
NMR spectra of this compound clearly signify a Cs-sym-
metrical species at room temp. Thus, the 1H spectrum fea-
tured a single resonance for the OCH3 groups at δ =
2.85 ppm [δ(13C) 58.7 ppm], and a sharp singlet for the two

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2739–27452740

benzyl (ArCH2N) protons at δ = 3.31 ppm (these groups are
reflected by a mirror plane). The NCH2CH2OMe protons
appear as four distinct signals, of ddd (or dt) multiplicity,
whose connectivity pattern was validated by a 2D 1JC,H

(HMQC) experiment. This indicates that all four methylene
protons of a particular “sidearm” are different; thus, the
ligand seems to wrap around the metal in a well-defined
fashion, in which the two sidearms are reflected by a mirror
plane. However, the possibility of a fast (on the NMR time-
scale) exchange process, in which only one of the sidearms
is bound at a given time, cannot be excluded a priori.

To distinguish between these two possibilities, we carried
out a VT NMR experiment for 1 in [D8]toluene. For the
latter scenario, two different sidearms should be observed
at low temperatures. In contrast, for the compound contain-
ing an effective mirror plane, no significant difference be-
tween proton spectra at room temp. vs. low temperatures
should be anticipated. Upon cooling to as low as 210 K, no
splitting in the peak attributed to the OCH3 groups was
observed; the NCH2CH2OMe appeared as four distinct sig-
nals as well, though all signals were somewhat broadened.
The signals attributed to the ethyl group also underwent
no change. This data is consistent with a Cs-symmetrical
complex in solution, featuring binding of both sidearms
(Figure 3). The slight broadening of peaks is attributed to a
low-barrier conformational flip of the methylene-phenolate
group. A freezing of this flip would result in a C1-symmetri-
cal complex, as revealed from the X-ray structure of 1. The
X-ray structure also reveals different MeO–Zn bond lengths
(vide infra).

The complex of the nonbulky [NOO2] electron-donating
ligand Lig2 was prepared in a similar way, by a protonolysis
reaction between the ligand precursor Lig2H and Et2Zn
(Figure 3). Complex 2 was obtained as colorless crystals
upon recrystallization from ether. Even at room temp. the
NMR spectrum of 2 in deuteriobenzene displays different
features: the methylene NCH2CH2OMe protons appear as
two broad signals vs. four sharp signals of ddd (dt) multi-
plicity for 1 (Figure 3). The OCH3 protons appear as a sin-
gle resonance at δ = 2.85 ppm at room temp. and the ethyl
group gives rise to single triplet and quartet resonances, at
δ = 0.39 and 1.56 ppm, respectively. However, in contrast
to 1, cooling 2 to 210 K causes splitting of the OCH3 reso-
nance into two discrete signals (coalescence at 221 K). The
quartet signal attributed to the metal-bound methylene was
split into two multiplets at that temperature as well, signify-
ing a different chemical environment for the two methylene
protons. Thus, a different binding of the nonbulky [NOO2]
ligand to the metal should be anticipated, according to the
VT-NMR spectroscopic data (Figure 3).

The X-ray structure determination of these complexes
provided a solid evidence for the different coordination
modes of these [NOO2] ligands around zinc. According to
our expectations for the structure of 1, the ligand is bound
to the metal through all four donors, forming a mononu-
clear, pentacoordinate species of highly distorted TBP ge-
ometry (Figure 4, Table 1). In the previously disclosed zinc
complexes featuring the [NO(Npy)2] ligand,[11,12] the three
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Figure 3. Syntheses of the amine mono(phenolate) complexes 1 and 2, and their proposed structures; (bottom), based on VT 1H NMR
spectra (top). See text for details.

arms of the tripodal ligand occupied the equatorial posi-
tions, while the central amine and the additional mono-
dentate ligand were located in the axial positions. In the
present case, the phenolate oxygen, the central nitrogen,
and the ethyl methylene carbon are located in the equatorial
plane, whereas the methoxy donors occupy the axial posi-
tions. The phenolate oxygen, amine donor, and the ethyl
methylene carbon all feature strong bonding to the metal
center. In contrast, the two methoxy groups are inequiva-
lent, displaying weak binding to the metal: 2.308 vs.
2.598 Å. The pronounced difference in bond lengths may
result from the conformation of the ethyl group, as its meth-
ylene carbon points toward the remote methoxy group, or
from the conformation of the phenolate ring, as the tBu
group points toward that group as well, or by a combina-
tion of both. It may also signify an “arrested” dynamic pro-
cess equilibrating bound and unbound sidearm donors. The
Zn–O–C(Ph) angle is narrow (114.9°), as is anticipated for
a d10 metal complex experiencing no π-donation from the
phenolate oxygen to the metal, vs. 128–148° in d0 or d2

(TaV, VIII, VV, or TiIV) complexes.[20–22]

In a sharp contrast to the structure of 1, 2 is a dinuclear
complex of Ci-symmetry, in which the two nearby zinc
atoms (Zn···Zn separation of 3.108 Å) are bridged by the
two phenolate oxygen atoms (Figure 5, Table 1). This
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Figure 4. The X-ray structure of 1. ORTEP representation, 50%
probability.

Zn2O2 core is a common structural motif in zinc coordina-
tion chemistry, found frequently in zinc-phenolate spe-
cies.[23–27] The Zn–O(Ph) bond lengths are not identical, be-
ing 2.018 and 2.123 Å, respectively. One of the sidearms is
unbound, creating a pentacoordinate, nearly TBP geometry
at each metal center. One of the phenolate oxygen atoms
and the methoxy donor are in the axial position [O(Ph)-Zn-
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Table 1. Bond lengths [Å] around Zn in the solid-state structure of
1, 2, and 3.

1 2 3

Zn1–O2 1.931(2) 2.018(2) 2.036(5)
Zn1–O2� 2.123(2) 2.143(4)
Zn1–O3 2.308(2) 2.549(3) 2.451(5)
Zn1–O4 2.598(2)
Zn1–N5 2.150(2) 2.169(3) 2.155(6)
Zn1–C6 1.962(2) 1.986(4) 1.975(7)

(R)OMe 159.0°], whereas the second phenolate oxygen, the
ethyl methylene carbon, and the central nitrogen are in the
equatorial positions. Consistently with the previous struc-
ture, the central amine is bound tightly (2.169 Å), and the
methoxy donor is bound very weakly (2.549 Å).

Figure 5. The X-ray structure of 2. ORTEP representation, 40%
probability. The asymmetric unit contains only half of the Ci-sym-
metric dimer, and the second half is generated by a symmetry oper-
ation. The structure also contains a disordered solvent molecule,
not shown here.

An additional ligand, employed in this research, was
Lig3, carrying ortho, para bromo substituents, that are com-
parable in size to the methyl groups, yet are electron-with-
drawing and may reduce the tendency of the phenolate oxy-
gen atoms to act as bridging groups. The ligand precursor
Lig3H was treated with diethylzinc in analogy to Lig1H and
Lig2H; the product 3 was obtained in a good yield after
washing out of the impurities with pentane and ether. In
general, the room temp. 1H NMR spectrum of 3 displays
similar features to that of 2. In both cases, the NCH2CH2O
methylene protons give rise to two resonances: For 2, these
are represented by two broad peaks; for 3, one of these
signals is broad, while the second appears as a relatively
sharp triplet. The VT NMR behavior of 3 was not identical
to the spectrum of 2: for example, the methylene
NCH2CH2O protons were observed in 2 at 278 K as four
broad multiplets, while in 3 they gave rise to two broad
signals at that temperature. Moreover, in spite of a signifi-
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cant broadening in the OCH3 and Zn-CH2 resonances, no
splitting was observed down to 200 K, which may indicate
a lower-energy process in 3 than in 2; it does not exclude,
however, the possibility of a mononuclear, nearly Cs-sym-
metrical complex.

The X-ray structure analysis provided a clear evidence
for the dinuclear nature of 3 (Figure 6). In the solid state,
the Ci-symmetric 3 possesses a very similar structure to that
of 2, displaying two pentacoordinate metal centers in close
proximity (Zn···Zn separation of 3.163 Å), bridged by the
phenolate oxygen atoms. The bond lengths in 3 are reminis-
cent of those in 2; the major structural difference between
these structures lies in the Zn–O(R)Me bond lengths
[2.451(5) in 3 vs. 2.549(3) Å in 2]. The stronger bonding of
the weak donor in 3 may be traced back to the electron
deficiency at the metal center, as a result of the electron-
poor ligand.

Figure 6. The X-ray structure of 3. ORTEP representation, 40%
probability. The asymmetric unit contains only half of the Ci-sym-
metric dimer, and the second half is generated by a symmetry oper-
ation.

On the basis of the above results, we propose that a point
of divergence for the different nuclearity in [NOO2]ZnEt
species lies in a delicate balance between the weakness (la-
bility) of the dative Zn–O(R)Me bond and the steric bulk
imposed by the groups in the ortho positions of the phenol-
ate ring. Presumably, formation of a dinuclear phenolate-
bridged species in the [NOO2] zinc complexes is favorable
due to the weakness of the Zn–O(R)Me dative bond. How-
ever, the formation of dinuclear species is precluded by suf-
ficient steric bulk at the ortho positions of the phenolate
group.[28] As a result, mononuclear species arise, in which
the weak, yet nonbulky, second O(R)Me donor is able to
bind to the metal center, accomplishing a pentacoordinate
geometry.

To summarize, we investigated the coordination chemis-
try of zinc(II) in the environment of the amine mono(phen-
olate) ligands, carrying two neutral oxygen-type arms, in
addition to the anionic phenolate oxygen. A neutral oxygen
donor, known to bind weakly to zinc, was found to display
varying coordination modes, influenced by the steric bulk
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at the phenolate ring. In the case of small groups at the
phenolate ring, formation of a dinuclear complex was ob-
served, in which every metal atom was bound to two phe-
nolate oxygen atoms, at the expense of binding of a second
weak donor. In contrast, utilization of bulkier, tBu, groups
at the phenolate ring prohibited the formation of a dinu-
clear complex, leading to a mononuclear species instead, in
which both neutral oxygen donors were bound.

Experimental Section
General: All manipulations of the metal complexes were performed
under dry nitrogen in a nitrogen-filled glovebox. 2,4-Di-tert-bu-
tylphenol, bis(2-methoxyethyl)amine, formaldehyde (37% in
water), and diethylzinc (1.0  in hexane) were obtained from Ald-
rich and used without purification. Lig1H was prepared as de-
scribed previously.[17] Ether was purified by reflux and distillation
under dry Ar from Na/benzophenone. Pentane was washed with
HNO3/H2SO4 prior to distillation from Na/benzophenone. [D6]-
Benzene was flushed with Ar and stored on molecular sieves in the
glovebox. [D8]Toluene was dried on Na before being used. NMR
spectroscopic data for the metal complexes were collected with
Bruker AC-200 and AC-400 spectrometers, and referenced to pro-
tio impurities in [D6]benzene and [D8]toluene (δ = 7.15 and
2.1 ppm, respectively) and to the 13C chemical shift of benzene (δ
= 128.06 ppm). Routine characterization of metal complexes con-
sisted of 1H, BB, and DEPT-135 13C NMR experiments, performed
in [D6]benzene at 298(2) K. VT NMR experiments were performed
in [D8]toluene. X-ray diffraction measurements were performed
with a Nonius Kappa CCD diffractometer system, using Mo-Kα (λ
= 0.7107 Å) radiation. The analyzed crystals were embedded within
a drop of viscous oil and freeze-cooled to 110 K. The structures
were solved by a combination of direct methods and Fourier tech-
niques using SIR-92 software,[29] and were refined by full-matrix
least-squares with SHELXL-97.[30] The crystal and experimental
data are summarized in Table 2. CCDC-294424 (for 1), -294425
(for 2), and -294426 (for 3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

Table 2. Crystallographic experimental details.

1 2 3

Formula C23H41NO3Zn C17H29NO3Zn C15H23Br2NO3Zn
fw 444.94 360.78 490.53
a [Å] 9.4730(6) 26.8350(7) 10.4670(5)
b [Å] 9.8160(6) 26.8350(7) 9.2700(6)
c [Å] 13.890(1) 10.6420(3) 18.1480(10)
α [deg] 82.162(4) 90.00 90.00
β [deg] 69.988(3) 90.00 93.036(4)
γ [deg] 81.258(4) 90.00 90.00
Crystal system triclinic tetragonal monoclinic
Space group P1̄ I41/a P21/c
V [Å3] 1194.55(14) 7663.5(4) 1758.41(17)
Dc [g cm–1] 1.237 1.251 1.853
µ [cm–1] 1.049 1.293 5.952
Z 2 16 4
No. of measd. reflns. 5559 4543 3226
No. of reflns. [I � 2σ(I)] 3890 3307 2205
R1 [I � 2σ(I)] 0.0524 0.0534 0.0546
wR2 [I � 2σ(I)] 0.1104 0.1498 0.1163
GOF 1.003 1.042 1.010
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www.ccdc.cam.ac.uk/data_request/cif. Elemental analyses were per-
formed in the microanalytical laboratory in the Hebrew University
of Jerusalem.

Synthesis of Lig2H: 2,4-Dimethylphenol (5.5 mL, 46 mmol), bis(2-
methoxyethyl)amine (13 mL, 89 mmol), and formaldehyde (13 mL,
37% in water) were mixed in MeOH (20 mL). The mixture was
heated to 110 °C in a pressure flask and stirred for 48 h, yielding a
deep orange biphasic solution. The crude reaction mixture was
poured into water/CH2Cl2 (40 mL each), the organic phase was
separated, dried with anhydrous MgSO4, and the solvent was re-
moved under reduced pressure. The traces of amine were removed
under vacuum (0.5 mbar), while heating to 80 °C, yielding the de-
sired product as orange oil (9.243 g, 35 mmol, 76%). C15H25NO3

(267.36): calcd. C 67.38, H 9.42, N 5.24; found C 67.31, H 9.71, N
5.44. 1H NMR (200 MHz, CDCl3): δ = 10.32 (s, 2 H, O-H), 6.74
(br. s, 2 H, Ar-H), 6.52 (br. s, 2 H, Ar-H), 3.69 (s, 2 H, ArCH2N),
3.43 (t, 3JH,H = 5.5 Hz, 4 H, NCH2CH2O), 3.23 (s, 6 H, OCH3),
2.70 (t, 3JH,H = 5.5 Hz, 4 H, NCH2CH2O), 2.11 (s, 6 H, Ar-
CH3) ppm. 13C NMR (50.29 MHz, CDCl3): δ = 153.7 (CO), 130.6
(CH), 127.6 (C), 126.9 (CH), 124.8 (C), 121.5 (C), 70.5 (CH2), 58.8
(OCH3), 58.6 (CH2), 53.4 (CH2), 20.5 (CH3), 15.8 (CH3) ppm.

Synthesis of Lig3H: 2,4-Dibromophenol (1.97 g, 7.8 mmol), bis(2-
methoxyethyl)amine (2 mL, 13.6 mmol), and formaldehyde
(3.2 mL, 37% solution in water) were mixed in MeOH (20 mL).
The mixture was stirred and refluxed for two weeks. The crude
reaction mixture was poured into water/CH2Cl2 (20 mL each), the
organic phase was separated, dried with anhydrous MgSO4, and
the solvent was removed under reduced pressure. The remaining
product was dried (0.5 mbar, 100 °C) for 2 h, yielding the desired
product as brown oil (2.86 g, 7.2 mmol, 92%). 1H NMR (200 MHz,
C6D6): δ = 7.57 (d, 4JH,H = 2.4 Hz, 2 H, Ar-H), 6.79 (d, 4JH,H =
2.4 Hz, 2 H, Ar-H), 3.23 (s, 2 H, ArCH2N), 3.01 (t, 3JH,H = 5.1 Hz,
4 H, NCH2CH2O), 2.94 (s, 6 H, OCH3), 2.34 (t, 3JH,H = 5.4 Hz, 4
H, NCH2CH2O) ppm. 13C NMR (100.58 MHz, CDCl3, 300 K): δ
= 154.4 (CO), 134.1 (CH), 130.4 (CH), 125.3 (C), 111.1 (C), 110.5
(C), 70.4 (CH2), 59.2 (OCH3), 58.4 (CH2), 53.6 (CH2) ppm.

Synthesis of 1: Lig1H (86 mg, 0.25 mmol) was dissolved in ether
(1 mL) and cooled to –35 °C. While cold, it was added slowly to a
pre-cooled solution of ZnEt2 in hexane (1.0 , 0.25 mL). The re-
sulting bright yellow solution was warmed to room temp. and
stirred for 1 h. The solvent was removed under reduced pressure,
the resulting bright yellow solid was dissolved in pentane and the
solution was left at –35 °C overnight. Colorless crystals of X-ray
quality were separated from the solution, washed with cold pentane
and dried under reduced pressure to afford 1 (91 mg, 0.20 mmol,
80%). C23H41NO3Zn (444.97): calcd. C 62.08, H 9.29, N 3.15;
found: C 61.85, H 9.31, N 3.25. 1H NMR (400 MHz, C6D6, 298 K):
δ = 7.58 (d, 4JH,H = 2.7 Hz, 2 H, Ar-H), 6.88 (d, 4JH,H = 2.7 Hz,
2 H, Ar-H), 3.31 (s, 2 H, PhCH2N), 2.96 (ddd, 2JH,H = 10.1, 3JH,H

= 9.0, 3JH,H = 3.7 Hz, 2 H, NCH2CH2O), 2.85 (s, 6 H, OCH3),
2.81 (dt, 2JH,H = 10.1, 3JH,H = 4.5 Hz, 2 H, NCH2CH2O), 2.41
(ddd, 2JH,H = 13.3, 3JH,H = 8.9, 3JH,H = 4.5 Hz, 2 H, NCH2CH2O),
2.17 (dt, 2JH,H = 13.3, 3JH,H = 4.0 Hz, 2 H, NCH2CH2O), 1.86 [s,
9 H, C(CH3)3], 1.63 (t, 3JH,H = 8.1 Hz, 3 H, Zn-CH2CH3), 1.46 [s,
9 H, C(CH3)3], 0.59 (q, 3JH,H = 8.1 Hz, 2 H, Zn-CH2CH3) ppm.
13C NMR (100.58 MHz, C6D6, 298 K): δ = 164.4 (CO), 138.5 (C),
135.1 (C), 125.3 (CH), 124.1 (CH), 122.4 (C), 68.5 (CH2), 59.6
(CH2), 58.7 (OCH3), 56.5 (CH2), 35.9 [C(CH3)3], 34.2 [C(CH3)3],
32.4 [C(CH3)3], 30.2 [C(CH3)3], 13.5 (Zn-CH2CH3), –1.8 (Zn-
CH2CH3) ppm. 1H NMR (400 MHz, C7D8, 301 K, selected reso-
nances): δ = 3.30 (s, 2 H, PhCH2N), 3.01 (ddd, 2JH,H = 10.0, 3JH,H

= 9.0, 3JH,H = 3.7 Hz, 2 H, NCH2CH2O), 2.90 (s, 6 H, OCH3),
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2.81 (dt, 2JH,H = 10.1, 3JH,H = 4.5 Hz, 2 H, NCH2CH2O), 2.45 2.41
(ddd, 2JH,H = 13.4, 3JH,H = 9.0, 3JH,H = 4.5 Hz, 2 H, NCH2CH2O),
2.21 (dt, 2JH,H = 13.4, 3JH,H = 4.2 Hz, 2 H, NCH2CH2O), 1.56 (t,
3JH,H = 8.1 Hz, 3 H, Zn-CH2CH3), 0.49 (q, 3JH,H = 8.1 Hz, 2 H,
Zn-CH2CH3) ppm. 1H NMR (400 MHz, C7D8, 210 K, selected res-
onances): δ = ca. 3.1 (br. s, 2 H, PhCH2N), 2.89 (br. s, 2 H,
NCH2CH2O), 2.84 (s, 6 H, OCH3), 2.60 (br. s, 2 H, NCH2CH2O),
2.29 (br. s, 2 H, NCH2CH2O), 1.87 (br. s, 2 H, NCH2CH2O), 1.76
(t, 3JH,H = 8.0 Hz, 3 H, Zn-CH2CH3), 0.69 (q, 3JH,H = 8.1 Hz, 2
H, Zn-CH2CH3) ppm.

Synthesis of 2: Lig2H (165 mg, 0.62 mmol) was dissolved in ether
(2 mL), cooled to –35 °C, and added slowly to a pre-cooled solu-
tion of ZnEt2 in hexane (1.0 , 0.63 mL). The resulting bright yel-
low solution was warmed to room temp. and stirred for 1 h. The
solvent was removed under reduced pressure, the resulting bright
yellow solid was dissolved in diethyl ether (ca. 3 mL overall) and
the solution was left at –35 °C for 2 days. Colorless crystals of X-
ray quality were separated from the solution, washed with cold
ether and dried under reduced pressure to afford 2 (157 mg,
0.44 mmol, 71%). C34H58N2O6Zn2 (721.61): calcd. C 56.59, H 8.10,
N 3.88; found C 56.27, H 8.25, 3.86. 1H NMR (400 MHz, C6D6,
300 K): δ = 7.05 (d, 4JH,H = 1.9 Hz, 2 H, Ar-H), 6.66 (d, 4JH,H =
2.1 Hz, 2 H, Ar-H), 3.83 (s, 2 H, PhCH2N), 3.13 (br. s, 4 H,
NCH2CH2O), 2.86 (s, 6 H, OCH3), 2.85 (br. s, 4 H, NCH2CH2O),
2.51 (s, 3 H, Ar-CH3), 2.29 (s, 3 H, Ar-CH3), 1.11 (t, 3JH,H =
8.1 Hz, 3 H, Zn-CH2CH3), 0.40 (q, 3JH,H = 8.1 Hz, 2 H, Zn-
CH2CH3) ppm. 1H NMR (400 MHz, C7D8, 301 K, selected reso-
nances): δ = 3.65 (s, 2 H, PhCH2N), 3.07 (br. s, 4 H, NCH2CH2O),
2.90 (s, 6 H, OCH3), 2.61 (br. s, 4 H, NCH2CH2O), 2.47 (s, 3 H,
Ar-CH3), 2.29 (s, 3 H, Ar-CH3), 1.51 (t, 3JH,H = 8.1 Hz, 3 H, Zn-
CH2CH3), 0.38 (q, 3JH,H = 8.1 Hz, 2 H, Zn-CH2CH3) ppm. 1H
NMR (400 MHz, C7D8, 210 K, selected resonances): δ = 2.85 (s, 3
H, OCH3), 2.77 (s, 3 H, OCH3), 1.79 (t, 3JH,H = 8.0 Hz, 3 H, Zn-
CH2CH3), 0.40 (br. s, 1 H, Zn-CHHCH3), 0.31(br. s, 1 H, Zn-
CHHCH3) ppm. 13C NMR (100.58 MHz, C6D6, 300 K): δ = 161.4
(CO), 132.4 (CH), 129.5 (CH), 128.4 (C), 124.1 (C), 123.4 (C), 68.9
(CH2), 59.3 (CH2), 58.4 (OCH3), 53.2 (CH2), 20.8 (Ar-CH3), 17.8
(Ar-CH3), 13.7 (Zn-CH2CH3), –1.7 (Zn-CH2CH3) ppm.

Synthesis of 3: Lig3H (51 mg, 0.13 mmol) was dissolved in an ether/
THF mixture (5 mL) and added to a solution of ZnEt2 in hexane
(1.0 , 0.13 mL). The resulting dark yellow solution was stirred for
1.5 h. The solvent was removed under reduced pressure, and the
resulting yellow solid was washed with pentane (ca. 2 mL) and
ether (2 mL) and dried under reduced pressure to afford 3 (47 mg,
74%). X-ray quality crystals were obtained upon recrystallization
from ether. C30H46Br4N2O6Zn2 (981.09): calcd. C 66.07, H 10.52,
N 7.97; found C 66.11, H 10.77, N 7.88. 1H NMR (400 MHz,
C6D6, 300 K): δ = 7.82 (d, 4JH,H = 2.6 Hz, 2 H, Ar-H), 6.86 (d,
4JH,H = 2.6 Hz, 2 H, Ar-H), 3.06 (s, 2 H, PhCH2N), 2.80 (s, 6 H,
OCH3), 2.69 (t, 3JH,H = 5.4 Hz, 4 H, NCH2CH2O), 2.24 (br. s, 2
H, NCH2CH2O), 1.99 (br. s, 2 H, NCH2CH2O), 1.53 (t, 3JH,H =
8.1 Hz, 3 H, Zn-CH2CH3), 0.49 (q, 3JH,H = 8.1 Hz, 2 H, Zn-
CH2CH3) ppm. 1H NMR (400 MHz, C7D8, 301 K, selected reso-
nances): δ = 3.10 (s, 2 H, PhCH2N), 2.85 (s, 6 H, OCH3), 2.76 (t,
3JH,H = 5.4 Hz, 4 H, NCH2CH2O), ca. 2.3 (br. s, 2 H,
NCH2CH2O), ca. 2.1 (br. s, 2 H, NCH2CH2O), 1.48 (t, 3JH,H =
8.1 Hz, 3 H, Zn-CH2CH3), 0.42 (q, 3JH,H = 8.1 Hz, 2 H, Zn-
CH2CH3) ppm. 1H NMR (400 MHz, C7D8, 200 K, selected reso-
nances): δ = around 2.8 (broad and flat resonance, 14 H), 2.26 (br.
s, 2 H), 1.78 (t, 3JH,H = 8.0 Hz, 3 H, Zn-CH2CH3), ca. 0.45 (br. s,
2 H, Zn-CH2CH3) ppm. 13C NMR (50.29 MHz, C6D6, 298 K): δ
= 135.6 (CH), 132.1 (CH), 128.4 (C), 126.2 (C), 117.1 (C), 67.9

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2739–27452744

(CH2), 58.5 (OCH3), 57.9 (CH2), 56.1 (CH2), 13.4 (Zn-CH2CH3),
–1.8 (Zn-CH2CH3) ppm.

Supporting Information (see footnote on the first page of this arti-
cle) includes VT NMR spectra for complexes 1–3.
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Novel Coordination Polymers Generated from Angular 2,2�-Dipyridyl Ligands
and Bis(hexafluoroacetylacetonate) Copper(II): Crystal Structures and

Magnetic Properties
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Cesar J. Pastor,[b] Reyes Jiménez-Aparicio,[c] and José L. Priego[c]
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The synthesis of the ligand 2,5-bis(2-pyridylethynyl)thio-
phene (L2) is described and the coordination chemistry of the
2,2�-long conjugated bidentate ligands 1,2-di(2-pyridyl)-
butadiyne (L1), 2,5-bis(2-pyridylethynyl)thiophene (L2), and
2,2�-dipyridyl disulfide (L3) with Cu(hfac)2 (hfac = hexafluo-
roacetylacetonate) is investigated. Three new coordination
polymers {[Cu(hfac)2L]n (1 for L = L1, 2 for L = L2 and 3 for
L = L3)} are prepared and fully characterized by infrared
spectroscopy, elemental analysis, thermogravimetric analy-
sis, and X-ray diffraction. They are obtained by a combina-
tion of L1, L2, or L3 with Cu(hfac)2·H2O in dichloromethane
(CH2Cl2) as the solvent. When CH2Cl2 solutions of 3 were
left standing for longer than one day or were refluxed for two
days, rearrangements took place and 3 was transformed into
4 and 5. Compounds 1–3 adopt a one-dimensional chain
structure with the copper atom in a six-coordinate 4+2 pseu-
dooctahedral geometry. In 1 and 2, four equatorial sites Cu–
O/N and two axial sites Cu–O are found with an unusual cis
orientation of two L1 or L2 ligands, respectively, while in 3

Introduction

The rational design of new coordination polymers is of
current interest in the field of supramolecular chemistry
and crystal engineering because of their exploitable proper-
ties; these include magnetism,[1] catalysis and separation,[2]

non-linear optics,[3] and molecular sensing.[4] Coordination
polymers with diverse architectures, such as linear or zigzag
chains, helices, honey-combs, square grids, ladders, brick
walls, and interwoven diamondoids have been extensively
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the four equatorial sites are defined by four oxygen atoms
from two hfac chelating ligands and the axial sites by two
nitrogen donors from two trans-L3 ligands. Compound 4 con-
tains a (1-hydro-2-pyridinio)thio group that is bound to a
hexafluoroacetylacetonate anion through a S–C bond and 5
is a molecular compound where the CuII ion is pentacoordi-
nate to two oxygen atoms of the hfac anion, two nitrogen
atoms of two 2-pyridyl sulfide fragments, and one carbon
atom of the CC(O)CF3 fragment, which has been inserted
into the S–S bond of the 2,2�-dipyridyl disulfide ligand, giv-
ing a new tridentate ligand. The reaction of L3 with copper
acetate leads to the molecular 1:2 adduct Cu2(µ-OAc)4(L3)2

(6), where the CuII ion is pentacoordinate to four oxygen
atoms of four different acetate anions and one nitrogen atom
from the pyridine ring of L3 to form a square-pyramidal ge-
ometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

developed.[5] In particular, much research has been concen-
trated on the use of bridging 4,4�-bipyridyne-based rodlike
ligands,[6] whereas bent ligands are relatively less frequently
used as building blocks because of the difficulty in predic-
ting the structure. Recently, crystalline polymers have been
synthesized by using 1,2-di(3-pyridyl)ethyne or 2,5-di(3-pyr-
idyl)-1,3,4-oxadiazole and CdII, CoII, CuII salts.[7] More-
over, unsaturated metal complexes such as bis(hexafluo-
roacetylacetonate)metal() are promising metal building
blocks and have proved to be very useful precursors in the
synthesis of several types of molecular materials including
thin metallic and oxide films and magnetic materials.[8–10]

With this in mind, the aim of this work is to study the
effect of the 2,2�-positional orientation of the nitrogen
atoms in N,N�-bidentate ligands on the coordination frame-
work and to affect the polymeric architectures of the crys-
talline materials. Ligands with nitrogen atoms at the 2-posi-
tion of the pyridyl ring do not readily form polymeric com-
pounds, as is the case for ligands with nitrogen atoms at the
3- and 4-positions. Therefore, the reaction between 1,2-di(2-
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pyridyl)ethyne and Cu(hfac)2 only formed solutions when a
methanol solution of ligand was layered over a dichloro-
methane solution of copper() hexafluoroacetylace-
tonate.[11]

In this report, we focus on 1,2-di(2-pyridyl)butadiyne
(L1), 1,2-bis(2-pyridylethynyl)thiophene (L2), and 2,2�-di-
pyridyl disulfide (L3), in which the first two are rigid li-
gands and the last one is a flexible ligand that may assume a
twisted conformation because of the flexible –S–S– bridging
group. The C–S–S–C torsion angles in aromatic disulfides
are known to be generally within a range of 70–90°.[12a]

Further, oxidation of 2,2�-dipyridyl disulfide to pyridine-2-
sulfinate in the presence of the CuII ion and water has been
reported.[12b] Here we describe the synthesis, structures, and
properties of new CuII coordination polymers. The 1,2-
bis(2-pyridylethynyl)thiophene ligand was synthesised and
used first as a linker.

Results and Discussion

When dichloromethane solutions of L1 and L2 were al-
lowed to diffuse, at room temperature, into a solution of
Cu(hfac)2 in the same solvent (ratio 1:1), the infinite coordi-
nation polymers 1 and 2 were afforded as green and yellow
crystalline materials, respectively, within 2–3 days. Similar
results were obtained when layering the dichloromethane

Scheme 1.
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solution of copper() hexafluoroacetylacetonate over a
solution of L1 or L2.

Treatment of Cu(hfac)2 with 2,2�-dipyridyl disulfide (L3),
depending on the conditions, leads to the formation of dif-
ferent products. When a methanol solution of L3 is allowed
to diffuse, at room temperature, into a solution of Cu-
(hfac)2 in the same solvent, the coordination polymer 3 is
obtained as a green solid after one day. By contrast, when
the reaction is carried out in CH2Cl2, under similar condi-
tions, 3 is also isolated together with the orange organic
compound 4 and the violet mononuclear compound 5 as
minor products. The amount of 3 diminished significantly
and the yield of 4 and 5 increased up to 50% after pro-
longed standing in contact with CH2Cl2. If the same rea-
gents are allowed to react together under reflux in CH2Cl2
or MeOH for two days, only 4, as the major product, and
5 are obtained. During this process 3 is converted into 2-
[(1-hydro-2-pyridinio)thio]hexafluoroacetylacetonate (4)
and the mononuclear compound 5, where a new copper–
carbon bond is formed (Scheme 1). Crystals of 3 can be
stored unchanged at room temperature. It is also stable in
ether or CCl4 solutions but slowly decomposes to 4 and 5
in acetone solutions. In order to explain the formation of
complexes 4 and 5 from 3, we have carried out additional
experiments. In order to test whether H2O or O2 play a role
in the formation of the final products, we have repeated the
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reactions, in CH2Cl2 at reflux, under both anaerobic and
anhydrous conditions, and monitored the reactions by FT-
IR spectroscopy until the strong νC�O band at 1641 cm–1

assigned to 3 disappeared. However, the results were similar
to those previously obtained.

One possible mechanism that could explain the forma-
tion of 4 and 5 from 3 involves the homolytic cleavage of
the S–S bond in the L3 ligand, probably promoted by the
CuII ion. It is known that the disulfide bond in R–S–S–R–
systems is broken by metal ions.[12b] The attack of the imine
carbon atom of the hfac– anion on the sulfur atom of the
pyridyl sulfide radical leads to the formation of 4. This
pathway is predominant because 4 is obtained in higher
yield than 5. Along with this, some hfac– is broken apart
and C(H)C(O)CF3 fragments are bonded to the sulfur atom
of pyridyl sulfide to give 5, probably via the formation of
an intermediate with an acid proton, which is easily re-
moved by the stabilization that allows the formation of two
five-membered rings. The CF3–C(O) fragments could be re-
combined to produce the 1,2-diketone F3C–C(O)–C(O)–

Scheme 2.
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CF3, which could not be detected because of its high volatil-
ity (b.p. = 19 °C). Some of the CF3–C(O) fragments could
also lead to CHF3 and CO, but neither of these were de-
tected during the reaction (Scheme 2).

Finally, when Cu(OAc)2·H2O dissolved in methanol is re-
acted at room temperature with L3 in methanol in a 1:1
molar ratio, a green solution is obtained. After workup,
green crystals of the molecular 1:2 adduct Cu2(µ-OAc)4-
(L3)2 (6) were obtained. The polymeric compound was not
formed. This complex dissociates to Cu(OAc)2·H2O and L3
after prolonged standing in contact with the solution.

All compounds have been characterized by analytical
and IR spectroscopic data. Details are given in the Experi-
mental Section. In the IR spectra of 1 and 2, the ν(CO)
stretching bands appear to be split into two bands (1654,
1592 cm–1and 1644, 1594 cm–1, respectively) while in 3 only
one ν(CO) is observed (1641 cm–1). This is consistent with
a pseudooctahedral geometry around the copper() ion (see
the description of the structures). In 1 and 2 the former
bands are assigned to the stretching of C(4)=O(3),
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C(24)=O(3) and C(3)=O(2), C(21)=O(2), respectively; these
oxygen atoms are more strongly bonded to the CuII ion,
and the latter to C(1)=O(1), C(19)=O(1) and C(6)=O(4),
respectively. In 3, the four (C=O) distances of the two hfac
rings have similar values. In the IR spectrum of 4 a single
ν(CO) band is observed at 1679 cm–1, at a higher energy
than those for polymers 1–3, which is in accordance with
the shorter (C–O) bond. Moreover, a ν(N–H) band is lo-
cated at 3103 cm–1, and a ν(C=N) band and three ν(C=C)
bands at 1606, 1583, 1452, and 1420 cm–1, respectively, are
observed. The latter four bands are shifted to a higher en-
ergy with respect to the free ligand (1570, 1556, 1443, and
1416 cm–1, respectively); the same behavior is observed
when pyridine and pyridinium ligands are compared. Fi-
nally, at 838 cm–1 a new band appears that can be attributed
to a (C–S) vibration of the new bond, which has formed.
In the IR spectrum of 5, two types of ν(CO) stretching
bands are observed. A single (CO) band at 1673 cm–1, at-
tributed to the stretching of C(30)=O(6) from the –C–
C(O)–CF3 fragment and a (CO) stretching band with two
peaks at 1650 and 1611 cm–1 from the chelating hfac ligand.
As in 1 and 2, the first band is assigned to the stretching of
C(32)=O(4), which is more strongly bonded to the CuII ion,
and the second to C(34)=O(5).

For 6 the characteristic bands of the acetate anions ap-
pear at 1620 νas(C–O), 1427 νsym(C–O) and 682 δ(O–C–
O) cm–1 together with the absorption bands resulting from
the aromatic rings in the 1400–1600 cm–1 range. The ∆
value (νas – νsym) indicates that the acetate anion coordi-
nates to the CuII center in a bridging mode.

Description of the Crystal Structures

[Cu(hfac)2L1]n (1)

The crystallographic data are given in Table 1 (com-
pounds 1–3). An ORTEP view of a copper center is shown
in Figure 1 (a), together with the atom numbering scheme.
Selected bond lengths and angles are listed in Table 2. The
coordination geometry of the copper() ion is pseudoocta-
hedral in which four oxygen atoms from two hfac ligands
chelate to the CuII center, while the other two sites are occu-
pied by two nitrogen atoms from two cis-1,2-di(2-pyridyl)-
butadiyne ligands. The pyridyl groups of the L1 ligand are
coplanar through the diyne portion. Usually a trans orien-
tation of the pyridine rings is adopted in these types of
complexes [Cu(hfac)2L2] [L = pyrazine,[13] 1,2-di(2-pyridyl)-
ethyne][7] or the analogous 1,2-bis(3-pyridyl)butadiyne li-
gand.[14] This different behavior suggests that the relative
orientation of the pyridyl nitrogen donors can control the
coordination framework and influence the polymeric archi-
tectures of the crystalline materials. To the best of our
knowledge, a cis orientation has only been found in
[Cu(hfac)2(4-PDS)] (4-PDS = 4,4�-dipyridyl disulfide).[15]

As already known, CuII is Jahn–Teller-active, so it is ex-
pected to adopt a 4+2 coordination environment with two
long bond lengths and four shorter ones, as is usually ob-
served. As a result of this, the bond angles within the
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CuO4N2 octahedra deviate appreciably from 90° and vary
from 81.61(5) to 100.57(6)° for O(2)–Cu(1)–O(1) and N(2)–
Cu(1)–O(4), respectively. Similar types of distorted coordi-
nation geometries are reported for [Cu(hfac)2L]n com-
plexes.[16,17] In addition to this, the N(2)–Cu(1)–N(1) bond
angle, which is 96.37(6)°, deviates from a perfect right angle.

The Cu–N bond length of 2.0438(2) Å in 1 is intermedi-
ate between the Cu–N bond length found in the Cu(hfac)2

complexes with 1,2-bis(3-pyridyl)ethyne {2.061(3) Å}[7] and
1,2-bis(3-pyridyl)butadiyne {2.026(2) Å};[15] and signifi-
cantly longer than that in the polymeric compound
[Cu(hfac)2{1,2-bis(4-pyridyl)ethane}]n [Cu–N 2.014
(7) Å].[13]

Two copper centers bond through the N1 and N2 atoms
of two L1 molecules in a transoid conformation forming
dimers. As a result of this, the extended structure consists
of polymeric 1D chains that run parallel to the b axis as is
shown in Figure 2, where the L1 ligand links the Cu-
(hfac)2 moieties together. The intra- and interpolymer
Cu···Cu distances are 8.950 Å and 8.221 Å, respectively. Be-
cause L1 affords close contact between neighboring poly-
meric chains, the interpolymeric Cu···Cu distance is signifi-
cantly shorter than that in the polymer constructed from
the 1,2-bis(3-pyridyl)butadiyne ligand (13.88 Å).[14] Surpris-
ingly, no interpolymer hydrogen-bonding interactions were
found.

[Cu(hfac)2L2]n (2)

The crystallographic data are given in Table 1 (com-
pounds 1–3). Selected bond lengths and angles are listed in
Table 3. The structure, emphasizing the coordination envi-
ronment around the copper atom, is shown in Figure 1 (b).
As in 1, the copper atom has a six-coordinate 4+2 pseudo-
octahedral geometry defined by two nitrogen donors from
two cis-L2 ligands and four oxygen donors from two hfac
chelating ligands. In contrast, the pyridyl groups of the L2
ligand are not coplanar through the diyne portion and form
an angle of 68°. The Cu–N and Cu–O bond lengths are
very close to those found in compound 1. In contrast to 1,
the two Cu(hfac)2 units of compound 2 are joined by the
L2 ligand in a cisoid conformation. The structure of 2 con-
sists of one-dimensional chains running parallel to the a
axis, as is shown in Figure 3. The intra- and interpolymer
Cu···Cu distances are 9.421 Å and 10.983 Å, respectively.
Interpolymer hydrogen bonding was not observed.

[Cu(hfac)2L3]n (3)

An ORTEP view of the copper center is shown in Fig-
ure 4 (a), together with the atom numbering scheme. Table 1
(compounds 1–3) gives the crystallographic data for 3, while
selected bond lengths and angles are listed in Table 4. In
this compound the copper atom has a six-coordinate 4+2
pseudooctahedral geometry, where the four equatorial sites
are defined by four oxygen atoms from two hfac chelating
ligands (1.9365 Å to 1.9572 Å), but in contrast to com-
pounds 1 and 2, the axial sites have two nitrogen donors
from two trans-L3 ligands. This is unusual because four
equatorial sites Cu–O/N and two axial sites Cu–O are
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Table 1. Crystallographic data for compounds 1 to 3 and compounds 4 to 6.

1 2 3

Empirical formula C24H10CuF12N2O4 C28H12CuF12N2O4S C20H10CuF12N2O4S2
Molecular mass [g/mol] 681.88 764.00 697.96
Temperature [K] 100(2) 100(2) 100(2)
Wavelength [Å] 1.54178 1.54178 1.54178
Crystal system monoclinic tricilinic monoclinic
Space group P21/n P1̄ P21/n
Unit cell dimensions a = 13.0798(1) a = 9.4206(1) a = 17.2605(8)
a, b, c [Å] b = 15.6050(1) b = 10.4051(1) b = 8.1387(7)
α, β, γ [°] c = 13.3245(1) c = 15.5323(1) c = 19.1467(1)

α = 90 α = 81.8410(1) γ = 90
β = 107.465(1) β = 75.1390(1) β = 115.396(3)
α = 90 γ = 80.9270(10) γ = 90

Volume [Å3] 2594.29(3) 1444.94(2) 2429.8(3)
Z 4 2 4
Density (calculated) [mg/m3] 1.746 1.756 1.908
Absorption coefficient [mm–1] 2.339 2.838 4.075
F(000) 1348 758 1380
Crystal size [mm] 0.25 × 0.20 × 0.12 0.20 × 0.20 × 0.10 0.20 × 0.18 × 0.06
Theta range for data collection [°] 4.15 to 70.62 2.96 to 70.52 2.89 to 69.15
Index ranges –15 � h � 15 –11 � h � 10 –20 � h � 20

–18 � k � 19 –12 � k � 12 –9 � k � 9
–15 � l � 16 –18 � l � 18 –23 � l � 22

Reflections collected 16356 14930 18573
Independent reflections 4769 5225 4378

[R(int) = 0.0258] [R(int) = 0.0260] [R(int) = 0.0477]
Completeness to θ = 70.62°/70.52°/69.15° [%] 95.9 94.2 96.6
Absorption correction semi-empirical from equivalents
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 4769/0/428 5225/0/535 4378/0/413
Goodness-of-fit on F2 1.048 1.037 1.023
Final R indices [I � 2σ(I)] R1 = 0.0337 R1 = 0.0346 R1 = 0.0324

wR2 = 0.0878 wR2 = 0.0903 wR2 = 0.0819
R indices (all data) R1 = 0.0361 R1 = 0.0381 R1 = 0.0416

wR2 = 0.0894 wR2 = 0.0927 wR2 = 0.0876
Largest diff. peak and hole [e/Å3] 0.758 and –0.498 0.485 and –0.369 0.426 and –0.482

4 5 6

Empirical formula C10H5F6NO2S C18H9CuF9N2O3S2 C28H28Cu2N4O8S4
Molecular mass [g/mol] 317.21 599.93 803.86
Temperature [K] 100(2) 100(2) 100(2)
Wavelength [Å] 1.54178 1.54178 1.54178
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P21/c P21/c
Unit cell dimensions a = 17.4388(4) a = 17.3908(3) a = 7.9211(9)
a, b, c [Å] b = 11.0843(2) b = 15.5348(2) b = 26.961(3)
α, β, γ [°] c = 13.8206(4) c = 17.2529(2) c = 7.6840(10)

α = 90 α = 90 α = 90
β = 117.039(2) β = 116.1050(1) β = 93.393(4)
γ = 90 γ = 90 γ = 90

Volume [Å3] 2379.48(1) 4185.60(1) 1638.1(3)
Z 8 8 2
Density (calculated) [mg/m3] 1.771 1.904 1.630
Absorption coefficient [mm–1] 3.241 4.353 4.454
F(000) 1264 2376 820
Crystal size [mm] 0.20 × 0.08 × 0.03 0.20 × 0.18 × 0.09 0.16 × 0.10 × 0.08
Theta range for data collection[°] 4.90 to 69.27 2.83 to 68.27 3.28 to 68.74
Index ranges –21 � h � 19 –20 � h � 20 –9 � h � 8

–13 � k � 13 –18 � k � 18 –28 � k � 32
–14 � l � 16 –20 � l � 20 –8 � l � 9

Reflections collected 9377 31380 9381
Independent reflections 2175 7549 2932

[R(int) = 0.0275] [R(int) = 0.0370] [R(int) = 0.0589]
Completeness to θ = 69.27°/68.27°/68.74° [%] 97.3 98.6 96.8
Absorption correction semi-empirical from equivalents
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 2175/0/201 7549/0/631 2932/0/210
Goodness-of-fit on F2 1.033 1.035 1.036
Final R indices [I � 2σ(I)] R1 = 0.0277 R1 = 0.0317 R1 = 0.0457

wR2 = 0.0736 wR2 = 0.0777 wR2 = 0.1116
R indices (all data) R1 = 0.0305 R1 = 0.0373 R1 = 0.0597

wR2 = 0.0760 wR2 = 0.0812 wR2 = 0.1213
Largest diff. peak and hole [e/Å3] 0.338 and –0.233 0.523 and –0.360 0.900 and –0.386
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Figure 1. a: Molecular structure of 1, b: molecular structure of 2 (displacement ellipsoids are shown at the 50% probability level).

Table 2. Selected bond lengths and angles for compound 1.

Selected bond lengths [Å] Selected angles [°]

Cu(1)–O(3) 1.9927(1) O(3)–Cu(1)–O(2) 89.84(6) N(2)–Cu(1)–O(4) 100.57(6)
Cu(1)–O(2) 2.0133(1) O(3)–Cu(1)–N(2) 87.31(6) N(1)–Cu(1)–O(4) 90.97(6)
Cu(1)–N(2) 2.0348(2) O(2)–Cu(1)–N(2) 173.28(6) O(3)–Cu(1)–O(1) 85.92(5)
Cu(1)–N(1) 2.0438(2) O(3)–Cu(1)–N(1) 175.51(6) O(2)–Cu(1)–O(1) 81.61(5)
Cu(1)–O(4) 2.2408(1) O(2)–Cu(1)–N(1) 86.77(6) N(2)–Cu(1)–O(1) 92.12(6)
Cu(1)–O(1) 2.3225(1) N(2)–Cu(1)–N(1) 96.37(6) N(1)–Cu(1)–O(1) 96.48(6)
C(3)–O(2) 1.2690(2) O(3)–Cu(1)–O(4) 85.82(6) O(4)–Cu(1)–O(1) 164.50(5)
C(4)–O(3) 1.259(3) O(2)–Cu(1)–O(4) 85.28(5)
C(6)–O(4) 1.232(3)

Figure 2. View of the one-dimensional chain formed by compound 1. The chains are shown along the crystallographic a axis.
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Table 3. Selected bond lengths and angles for compound 2.

Selected bond lengths [Å] Selected angles [°]

Cu(1)–O(2) 2.0145(15) O(2)–Cu(1)–O(3) 84.09(6) N(1)–Cu(1)–O(4) 90.09(6)
Cu(1)–O(3) 2.0155(15) O(2)–Cu(1)–N(1) 88.85(6) N(2)–Cu(1)–O(4) 96.82(6)
Cu(1)–N(1) 2.0379(16) O(3)–Cu(1)–N(1) 171.74(6) O(2)–Cu(1)–O(1) 84.58(6)
Cu(1)–N(2) 2.0408(17) O(2)–Cu(1)–N(2) 172.29(6) O(3)–Cu(1)–O(1) 87.33(6)
Cu(1)–O(4) 2.2739(15) O(3)–Cu(1)–N(2) 89.29(6) N(1)–Cu(1)–O(1) 96.29(6)
Cu(1)–O(1) 2.2750(15) N(1)–Cu(1)–N(2) 98.03(6) N(2)–Cu(1)–O(1) 91.19(6)

O(2)–Cu(1)–O(4) 86.58(6) O(4)–Cu(1)–O(1) 168.98(5)
O(3)–Cu(1)–O(4) 85.22(6)

Figure 3. View of the one-dimensional chain architecture of 2. The chains are shown along the crystallographic a axis.

found in L2Cu(hfac)2 type complexes. The Cu–N bond
lengths are 2.4587(19) and 2.5968(19) Å, unexpectedly
longer than distances found in copper dipyridyl disulfide
compounds[14,15,18] or in N-donor-coordinated Cu(hfac)2

complexes, including 1 and 2. A similar distance is reported
for [Cu(hfac)2(pyz)] [2.529(9) Å][19a] and Cu(hfac)2(ted)
[2.566(7) Å].[19b] One possible explanation for these very
long Cu–N bonds is the interaction of the pyridine rings
with the hfac ring (see part a in Figure 4). The intramolecu-
lar geometry of the L3 ligand shows a C–S–S–C torsion
angle of 79.8(10)°, smaller than that in the free ligand
(87.1°) and in the analogous Cu(hfac)2(4,4�-dipyridyl disul-
fide)[15] [88.1(2)°], which seems to indicate a slight defor-
mation when L3 is coordinated to the metal ion. The S–S
bond length of 2.0369(8) Å is in close agreement with the
value found in the free L3 ligand [2.016(2)].[20] The angle
between the two pyridyl rings is 79.83(10)°. Compound 3
assumes a one-monodimensional zigzag chain structure, as
shown in part b of Figure 4, where each copper center is
bridged by the twisted ligands of 2,2�-dipyridyl disulfide in
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a cisoid conformation. The interchain and intrachain Cu–
Cu distances are 8.139 and 9.573 Å, respectively.

2-[(1-Hydro-2-pyridinio)thio]hexafluoroacetylacetonate
(4)

The structure is shown in Figure 5 (a) together with the
atom numbering scheme. Crystallographic data are given in
Table 1 (compounds 4–6), and the selected bond lengths
and angles are listed in Table 5. The molecule adopts a non-
planar disposition. The pyridinium ring is oriented almost
perpendicular to the hexafluoroacetylacetonate anion
(89.75°). The intramolecular geometry of the hexafluo-
roacetylacetonate anion shows O–C–C, C–C–C, and C–S–
C torsion angles of 126.40(13), 118.66(12), and 104.84(7)°,
respectively; these values are comparable to those found for
compound 3 [128.2(2), 121.1(2), and 104.64(8)°, respec-
tively] and indicates that the hfac– moiety seems to maintain
its characteristic shape. The C–S distances are 1.7573(15)
and 1.7601(14) Å, which are similar to those found in other
copper dipyridyl disulfide compounds[15,18] and slightly
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Figure 4. a: View of two bonded molecules of 3, b: polymeric chains, shown along the crystallographic c axis.

Table 4. Selected bond lengths and angles for compound 3.

Selected bond lengths [Å] Selected angles [°]

Cu(1)–O(1) 1.9572(1) O(1)–Cu(1)–O(1)#1 180.00(1) O(2)–Cu(1)–N(1) 88.89(6)
Cu(1)–O(1)#1 1.9572(1) O(1)–Cu(1)–O(2) 88.10(6) O(2)#1–Cu(1)–N(1) 91.11(6)
Cu(1)–O(2) 1.9702(1) O(1)#1–Cu(1)–O(2) 91.90(6) N(1)#1–Cu(1)–N(1) 180.0
Cu(1)–O(2)#1 1.9702(1) O(1)–Cu(1)–O(2)#1 91.90(6) O(4)–Cu(2)–O(4)#2 180.00(1)
Cu(1)–N(1)#1 2.4587(2) O(1)#1–Cu(1)–O(2)# 188.10(6) O(4)–Cu(2)–O(3) 92.85(7)
Cu(1)–N(1) 2.4587(2) O(2)–Cu(1)–O(2)#1 180.00(8) O(4)#2–Cu(2)–O(3) 87.15(7)
Cu(2)–O(4) 1.9365(1) O(1)–Cu(1)–N(1)#1 86.79(6) O(4)–Cu(2)–O(3)#2 87.15(7)
Cu(2)–O(4)#2 1.9365(1) O(1)#1–Cu(1)–N(1)#1 93.21(6) O(4)#2–Cu(2)–O(3)#2 92.85(7)
Cu(2)–O(3) 1.9440(2) O(2)–Cu(1)–N(1)#1 91.11(6) O(3)–Cu(2)–O(3)#2 180.00(1)
Cu(2)–O(3)#2 1.9440(2) O(2)#1–Cu(1)–N(1)#1 88.89(6) O(4)–Cu(2)–N(2) 86.87(6)
Cu(2)–N(2) 2.5968(2) O(1)–Cu(1)–N(1) 93.21(6) O(4)#2–Cu(2)–N(2) 93.13(6)

O(1)#1–Cu(1)–N(1) 86.79(6) O(3)–Cu(2)–N(2) 90.23(6)
O(3)#2–Cu(2)–N(2) 89.77(6)

shorter than the L3 ligand [1.785(2) Å]. Two molecules of
4 are linked through hydrogen bonds between the hydrogen
atom of the pyridinium ring and oxygen atoms of the hexa-
fluoroacetylacetonate anion resulting in dimers (Figure 5, b).

[(hfac)Cu(C13H8N2S2OF3)] (5)

The molecular structure is shown in Figure 6. Table 1
(compounds 4–6) shows the crystallographic data, while se-
lected bond lengths and angles are summarized in Table 6.
The CuII ion is pentacoordinated to two oxygen atoms of
the hfac anion, two nitrogen atoms of two 2-pyridyl sulfide
fragments and one carbon atom of the CC(O)CF3 fragment
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that has been inserted into the S–S bond of the L3 ligand,
giving a new tridentate ligand with two five-membered rings
and coordination to the copper atom through nitrogen
atoms of the pyridine rings and the terminal carbon atom
of the CC(O)CF3 fragment. Although the S–S bond in L3
is reactive and can undergo several transformations,[13,19b]

to the best of our knowledge, this is the first example of
rearrangement that involves scission and insertion into the
disulfide S–S bond. The environment of the copper atom is
of particular interest. The geometry may be described as a
highly distorted trigonal bipyramidal with N4, N3, and O4
atoms at the equatorial position and O5 and C29 atoms at
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Figure 5. a: Molecular structure of 4 (displacement ellipsoids are shown at the 50% probability level), b: view of the H bridges between
two molecules of this compound.

Table 5. Selected bond lengths and angles for compound 4.

Selected bond lengths [Å] Selected angles [°]

S(1)–C(1) 1.7573(1) C(1)–S(1)–C(8) 104.84(7)
C(7)–O(1) 1.2213(2) O(1)–C(7)–C(8) 126.40(13)
S(1)–C(8) 1.7601(1) O(2)–C(9)–C(8) 126.98(13)
C(9)–O(2) 1.2318(2)
N(1)–H(1) 0.84(2)

the axial positions. In copper() pentacoordinate com-
plexes, trigonal-bipyramidal and square-pyramidal struc-
tures are well known; the structures are mostly square py-
ramidal with various degrees of distortion.[21] Generally, the
Cu–Laxial bond is longer than the Cu–Lequatorial bond in
square-pyramidal structures while the opposite is true for
the trigonal-bipyramidal geometry. In this compound, all
Cu–L distances are similar [2.0034(14) to 2.1461(14) Å].
The Cu–N bond lengths of 2.0074(2) Å and 2.0439(2) Å are
very close to the Cu–N bond lengths found in 1 and 2 and
are shorter than those in 3. The (Cpyridine ring–S) and (C29–
S) distances are 1.7546(19), 1.7502(19) Å and 1.7915(19),
1.8033(19) Å, respectively, and are similar to those found
for 3, 4, and L3. The (C–Cu) distance is 2.0857(19) Å. The
C24–S4–C29 and C19–S3–C29 torsion angles of each of the
five-membered rings are similar [102.32(9) and 102.22(9)°],
respectively, and these rings are not coplanar [C24–S4–
C29–S3 and C19–S3–C29–S4 torsion angles are 102.21(11)

Table 6. Selected bond lengths and angles for compound 5.

Selected bond lengths [Å] Selected angles [°]

Cu(1)–O(1) 1.9979(1) O(1)–Cu(1)–N(1) 90.69(6) O(5)–Cu(2)–N(4) 91.43(6)
Cu(1)–N(1) 2.0085(2) O(1)–Cu(1)–N(2) 92.70(6) O(5)–Cu(2)–N(3) 92.10(6)
Cu(1)–N(2) 2.0226(2) N(1)–Cu(1)–N(2) 146.57(7) N(4)–Cu(2)–N(3) 133.57(7)
Cu(1)–C(11) 2.0722(2) O(1)–Cu(1)–C(11) 176.47(7) O(5)–Cu(2)–C(29) 179.88(9)
Cu(1)–O(2) 2.2194(1) N(1)–Cu(1)–C(11) 88.53(7) N(4)–Cu(2)–C(29) 88.66(7)
Cu(2)–O(5) 2.0033(1) N(2)–Cu(1)–C(11) 86.07(7) N(3)–Cu(2)–C(29) 87.89(7)
Cu(2)–N(4) 2.0074(2) O(1)–Cu(1)–O(2) 85.12(6) O(5)–Cu(2)–O(4) 85.50(5)
Cu(2)–N(3) 2.0439(2) N(1)–Cu(1)–O(2) 120.92(6) N(4)–Cu(2)–O(4) 125.88(6)
Cu(2)–C(29) 2.0857(2) N(2)–Cu(1)–O(2) 92.51(6) N(3)–Cu(2)–O(4) 100.55(6)
Cu(2)–O(4) 2.1461(1) C(11)–Cu(1)–O(2) 98.23(7) C(29)–Cu(2)–O(4) 94.39(7)
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and 158.59(10)°, respectively]. Both of the five-membered
rings form an angle of 54.94(0.04)°.

Figure 6. Molecular structure of 5 (displacement ellipsoids are
shown at the 50% probability level).

[Cu2(µ-OAc)4(L3)2] (6)

Figure 7 shows the ORTEP drawing of 6, with the num-
bering scheme. Table 1 (compounds 4–6) shows the crystal-
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Figure 7. View of two copper centers bonded in compound 6.

Table 7. Selected bond lengths and angles for compound 6.

Selected bond lengths [Å] Selected angles [°]

Cu(1)–O(1) 1.956(2) O(1)–Cu(1)–O(2) 90.53(11) O(2)–Cu(1)–N(1) 102.42(1)
Cu(1)–O(2) 1.965(3) O(1)–Cu(1)–O(3) 168.72(1) O(3)–Cu(1)–N(1) 92.16(1)
Cu(1)–O(3) 1.973(2) O(2)–Cu(1)–O(3) 87.83(1) O(4)–Cu(1)–N(1) 88.63(1)
Cu(1)–O(4) 1.981(3) O(1)–Cu(1)–O(4) 89.21(1) O(1)–Cu(1)–Cu(1)#1 84.28(2)
Cu(1)–N(1) 2.252(3) O(2)–Cu(1)–O(4) 168.85(1) O(2)–Cu(1)–Cu(1)#1 85.55(2)
Cu(1)–Cu(1)#1 2.6229(9) O(3)–Cu(1)–O(4) 90.25(1) O(3)–Cu(1)–Cu(1)#1 84.47(2)

O(1)–Cu(1)–N(1) 99.09(1) O(4)–Cu(1)–Cu(1)#1 83.33(2)

lographic data, and selected bond lengths and angles are
summarized in Table 7. The structure consists of the molec-
ular 1:2 adduct Cu2(µ-OAc)4(L3)2 where the CuII ion is
pentacoordinate to four oxygen atoms of four different ace-
tate anions and one nitrogen atom from the pyridine ring of
L3 to form a square-pyramidal geometry. The Cu⁽⁾ center
deviates from the mean equatorial plane, defined by four
coordinated oxygen atoms, toward the apical nitrogen atom
by 0.1536 Å. The Cu–O distances [1.956(2)–1.981(3) Å] are
similar to those in its analogous compounds[22] and the Cu–
N [2.252(3) Å] distance is shorter than that in 3 but longer
than those in 1 and 2 and similar to [Cu(hfac)2]2(pyz)
[2.25(2) Å].[19a] Four acetate anions bridge two CuII centers
in syn-syn fashion to form a [Cu2(OAc)4] dinuclear building
unit with a Cu–Cu distance of 2.6229(9) Å, which is linked
by two L3 ligands in a trans disposition. A similar structure
is observed in [Cu2(µ-OAc)4(bpt)2]bpt [bpt = 1-(2-pyridyl)-
2-(2-pyridylsulfanyl)ethane].[23]

Two pyridyl rings within each L3 ligand are in a cisoid
arrangement with a C–S–S–C torsion angle of 89.37(17)°,
almost similar to that in the free ligand (87.1°). Steric fac-
tors produced by the 2,2�-dipyridyl orientation could ex-
plain why the molecular compound [Cu2(µ-OAc)4(L3)2] (6)
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is formed instead of the polymeric compound [Cu2(µ-
OAc)4(L3)]n. Reactions with dipyridyl ligands with an ori-
entation different from 2,2� are in progress in order to test
how the nature of the ligand affects the structure of the
compound.

Magnetic Properties

The magnetic moment of complex 6 at room temperature
is 2.05 µB. This magnetic moment is smaller than that ex-
pected for two magnetically isolated spin S = 1/2 centers
per molecule. The representation of the magnetic moment
versus temperature shows a pronounced decrease until
100 K and drops more slowly to 0.43 µB at 2 K. The de-
crease of the magnetic moment could result from a strong
antiferromagnetic coupling. The existence of antiferromag-
netic interactions in this complex is also supported by the
variation of the magnetic susceptibility with the tempera-
ture. Thus, a broad maximum from room temperature to
125 K is observed in the plot of χM vs. T. This feature is
characteristic of antiferromagnetically coupled CuII

pairs.[24] A paramagnetic tail at very low temperatures is
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also observed, which indicates the presence of a paramag-
netic impurity. Similar paramagnetic impurities are usually
present in complexes with strong antiferromagnetic coup-
ling. Thus, the magnetic data of complex 6 have been ana-
lyzed[25] with the isotropic spin Hamiltonian of Equa-
tion (1) with S1 = S2 = 1/2.

H = –JS1S2 (1)

From this spin Hamiltonian the Bleaney–Bowers for-
mula has been derived in which terms corresponding to a
paramagnetic impurity (P) and temperature independent
paramagnetism (TIP) have been added [Equation (2)]. N, g,
β, k, and T have the usual meaning and P is the molar
fraction of the noncoupled paramagnetic impurity. In this
expression it is assumed that the paramagnetic impurity fol-
lows the Curie law and has the same molecular weight and
the same g value as complex 6.

χM = {2Ng2β2/kT[3 + exp(–J/kT)] + TIP}(1 – P) + (Ng2β2/2kT)P
(2)

A very good agreement between the experimental and
calculated curves of the magnetic moment and the molar
susceptibility for complex 6 was observed with this model.
The magnetic parameters obtained in the best fit are: g =
2.21, J = –352 cm–1, TIP = 2.83×10–4, and P = 2.53%. The
agreement factor is 2.95×10–5. Figure 8 shows the experi-
mental and calculated curves for complex 6.

Figure 8. Experimental and calculated curves of χM and µeff vs. T
for complex 6.

The J value indicates that the CuII centers of each mole-
cule are very strongly antiferromagnetically coupled. This
coupling constant is in good agreement with those observed
in other tetracarboxylatodicopper() complexes.[24–26] Be-
cause of the large Cu–Cu distance the antiferromagnetic in-
teraction is probably produced through the carboxylate
groups. In fact, it has been pointed out[26d] in similar com-
pounds that the J parameter is more related to the O–Cu–
Cu–O bond angles and the O–C–O planes than the Cu–Cu
distance.
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On the other hand, 1–3 shows magnetic moments corre-
sponding to the presence of one unpaired electron per mol
of copper at room temperature. The magnetic moment re-
mains almost constant with the temperature and decreases
sharply only at very low temperatures. This decrease could
be explained by Zeeman level depopulation effects in the
applied magnetic field. However, as these complexes form
monodimensional systems with very long Cu–Cu distances,
mediated by the size of the organic ligands, a weak antifer-
romagnetic coupling between the CuII centers could also be
possible. Thus, to fit these magnetic data we have consid-
ered the molecular field approximation applied to a para-
magnetic model with S = 1/2 [Equation (3)]. χCu = Ng2β2/
4kT, z is the number of neighbors and J is the magnitude
of the interaction of the CuII centers.

(3)

The parameters of the best fits are collected in Table 8.
Figure 9 shows the experimental and calculated curves for
complex 2. Similar curves have been obtained for the other
complexes. The zJ values (from –0.45 to –0.16 cm–1) are
very low, in accordance with the presence of a very weak
antiferromagnetic interaction between the copper() cen-
ters.

Table 8. Magnetic parameters for complexes 1–3 obtained from the
fits of the magnetic moment as a function of temperature.

Compound g J [cm–1] σ2[a]

1 2.20 –0.45 4.33×10–5

2 2.20 –0.24 7.55×10–5

3 2.17 –0.16 9.39×10–5

[a] σ2 = Σ(µeff. calcd. – µeff. exp.)2 / Σµeff. exp.
2, [σ2 = Σ(χmol calcd. –

χmol exp.)2 / Σχmol exp.
2].

Figure 9. Experimental and calculated curves of χM and µeff vs. T
for complex 1.
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Thermal Properties

The thermal properties of the compounds were examined
by thermal gravimetric analysis (TGA/DTA) and differen-
tial scanning calorimetry (DSC). Compounds 1–3 and 6
were heated to 600 °C under a nitrogen atmosphere. TGA
data suggest that the framework of 1 is stable up to 170°
and show a weight loss of 60.80% (calcd. 60.30%) from 170
to 325 °C corresponding to the loss of one 1,2-di(2-pyridyl)
butadiyne (L1) and one hfac chelating ligand per formula
unit. Further weight loss is observed above 325 °C, with
CuO remaining as a black powder (observed 11.82%, calcd.
11.67%). Compound 2 is also stable up to 170 °C, and in
the temperature range 170–435 °C it undergoes two weight
loss steps corresponding to one 1,2-bis(2-pyridylethynyl)-
thiophene ligand (L2) and one hfac chelating ligand (found
64.42%, calcd. 64.57%). Above 435 °C, weight loss is also
observed and the black powdery product once again is CuO
(found 10.62%, calcd. 10.40%). Compound 3 is stable up
to 80 °C, and up to 415 °C undergoes three weight loss
steps; the first two (up to 160 °C and up to 215 °C) produce
a loss of 15.60% and 15.45%, respectively, each corre-
sponding to a 2-pyridyl sulfide fragment (calcd. 15.77%). In
the range 215–415 °C, the loss of one hfac anion is observed
(found 29.50, calcd. 29.67%). Above 415 °C, the weight loss
observed is assigned to CuO (obsd. 11.20%, calcd.
11.39%). Compound 6 is stable up to 125 °C; in the 125–
260 °C and 260–400 °C ranges, a loss of two 2,2�-dipyridyl
disulfide (L3) ligands and three acetate anions, respectively,
is observed. Above 400 °C, weight loss is also observed
(10.35%) and is attributed to CuO (calcd. 10.52%).

This behavior is common for organic–inorganic coordi-
nation polymers consisting of Cu(hfac)2 cations and N,N�-
bidentate-type ligands.[13] DSC analyses of hermetically se-
aled samples of 1 and 2 display sharp endothermic peaks
at 126.4 °C and 177.2 °C, respectively, which correspond to
the melting point.

Conclusions

Six new compounds generated from the reactions of 1,2-
di(2-pyridyl)-1,3-butadiyne (L1), 2,5-bis(2-pyridylethynyl)-
thiophene (L2), and 2,2�-dipyridyl disulfide (L3) with
Cu(hfac)2 and copper acetate have been synthesized and
structurally characterized by X-ray diffraction.

The 1–3 coordination polymers described in this paper
are some of the first reported examples of polymers based
on dipyridyl ligands in 2,2�-positions and illustrate that the
positional orientation of pyridyl nitrogen atoms and the na-
ture of the ligands (L1 and L2 are rigid, L3 is flexible) af-
fects the structure during the self-assembly process. More-
over, new interesting transformations take place from 2,2�-
dipyridyl disulfide (L3), because of the reactivity of the S–
S bond, and the organic and mononuclear copper com-
pounds 4 and 5 are obtained. In 5, as a result of rearrange-
ment, a copper–carbon bond is formed. The reaction of L3
with copper acetate does not lead to polymeric compounds
but a molecular complex 6 (1:2 adduct). Further studies of

Eur. J. Inorg. Chem. 2006, 2746–2759 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2757

these ligands with transition metal salts are in progress in
our laboratories.

Experimental Section
General: All the solvents were of reagent grade quality and were
used as received. 2,5-Dibromothiophene (Aldrich), 2-ethynylpyri-
dine (Aldrich), tetramethylethylenediamine (Aldrich), PdCl2 (Ald-
rich), CuI (Aldrich), Cu(hfac)2·H2O (hfac = hexafluoroacetylace-
tonate) (Aldrich), and 2,2�-dipyridyl disulfide (L3) (Lancaster) were
used as received. Et3N (Fluka) was distilled from KOH immedi-
ately before use. Pd(PPh3)4

[27] and the L1 ligand[28] were prepared
according to a literature procedure and L2 was synthesized by us
from a literature method.[29] The 1H and 13C NMR spectra were
recorded with Bruker AMX-300 or 500 instruments. Solid-state
NMR measurements were performed at room temperature with a
Bruker AV 400WB (9.4 T) with a 4 mm MAS probehead. Infrared
spectra were measured with a Perkin–Elmer 1650 infrared spec-
trometer. Elemental analyses were performed by the Microanalyti-
cal Laboratory of the University Autónoma of Madrid with a Per-
kin–Elemer 240 B microanalyzer. The Mass spectrum was mea-
sured with a VG-Autospec mass spectrometer for FAB by the Mass
Laboratory of the University Autónoma of Madrid. Single-crystal
diffraction experiments were performed with samples mounted on
a glass fiber and transferred to a Bruker SMART 6 K CCD area-
detector three-circle diffractometer with a Rigaku Rotating Anode
(Cu-Kα radiation, λ = 1.54178 Å) generator equipped with Goebel
mirrors at settings of 50 kV and 100 mA. X-ray data were collected
at 100 K, with a combination of six runs at different φ and 2θ
angles, 3600 frames. The data were collected using 0.3° wide ω
scans with a crystal-to-detector distance of 4.0 cm.

The substantial redundancy in data allows empirical absorption
corrections (SADABS) to be applied using multiple measurements
of symmetry-equivalent reflections.

The raw intensity data frames were integrated with the SAINT pro-
gram, which also applied corrections for Lorentz and polarization
effects.

The software package SHELXTL version 6.10 was used for space
group determination, structure solution, and refinement. The space
group determination was based on a check of the Laue symmetry
and systematic absences and was confirmed using the structure
solution. The structures were solved by direct methods (SHELXS-
97), completed with difference Fourier syntheses, and refined with
full-matrix least-squares using SHELXL-97 minimizing ω(Fo

2 –
Fc

2)2. Weighted R factors (Rw) and all goodness of fits S are based
on F2; conventional R factors (R) are based on F. All scattering
factors and anomalous dispersion factors are contained in the
SHELXTL 6.10 program library. Table 1 contains crystal data for
complexes 1–6.

CCDC-264487, -264488, -287409, -287410, -287412, and -287878
contain the supplementary crystallographic data for complexes 1–
6. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif. The variable-temperature magnetic susceptibilities were
measured on polycrystalline samples with a Quantum Design
MPMSXL SQUID (Superconducting Quantum Interference De-
vice) susceptometer over a temperature range of 2 to 300 K (Com-
plutense University of Madrid). All data were corrected for the
diamagnetic contribution of both the sample holder and the com-
pound to the susceptibility. The molar diamagnetic corrections for
the complexes were calculated based on Pascal’s constants.
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The thermal properties were examined by thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The
gravimetric data were obtained on a Seiko DTA/TG 320 U using
an open pan, which was purged with N2 and at a heating rate of
5 °C/min. The calorimetric data were obtained with a Perkin–El-
mer Pyris 1DSC instrument using a sealed pan with a heating rate
of 5 °C/min. The melting points were also obtained by using a con-
ventional melting point apparatus.

Synthesis of 1,2-Bis(2-pyridylethynyl)thiophene (L2): A mixture of
2,5-dibromothiophene (1.75 g, 7.27 mmol), 2-ethynylpyridine
(3.00 g, 29 mmol), Pd(PPh3)4 (1.26 g, 1.09 mmol), and CuI
(0.192 g, 1.0 mmol) in triethylamine (40 mL) and THF (40 mL) was
stirred under Ar at 70 °C for 20 h. The solution was cooled to room
temperature and after evaporation of the solvent a brown solid was
obtained. The crude product was extracted with several portions
of ether, filtered and evaporated at reduced pressure. The residue
was purified by chromatography on silica gel eluting with ether/
CH2Cl2 (1:1). The product 1,2-bis(2-pyridylethynyl)thiophene (L2)
was isolated as a yellow solid (1.78 g, 85%); m.p. 115–116 °C.
(KBr): ν̃ = 2204 (s, νC�C), 1576 and 1556 (s, νC=C, νC=N, conj), 987
(vs, py), 774 (m) and 737 (s, py-H) cm–1. 1H NMR ([D6]acetone,
300 MHz): δ = 8.63 (d, J = 4.3 Hz, 2 H), 7.85 (td, J = 2.7and
0.67 Hz, 2 H), 7.64 (dt, J = 2.7 and 0.3 Hz, 2 H), 7.45 (s, 2 H), 7.40
(td, J = 2.0 and 0.3 Hz, 2 H) ppm. 13C NMR (500 MHz, CDCl3): δ
= 81.9 (C8), 93.1 (C7), 123.1(C3), 124.6 (C5), 127.1 (C9), 136.2
(C4), 133.2 (C10), 142.8 (C2), 150.2 (C6) ppm. MS (FAB+): m/z
(%) = 286 [M+]. C18H10N2S (287): calcd. C 75.52, H 3.49, N 9.79;
found C 75.58, H 3.43, N 9.70.

Synthesis of [Cu(hfac)2L1]n (1): A solution of Cu(hfac)2·H2O
(110 mg; 0.245 mmol) in CH2Cl2 (5 mL) was slowly layered onto a
solution of L1 (50 mg; 0.245 mmol) in CH2Cl2 (5 mL). The solution
was allowed to stand at 0 °C for 2 d. Green crystals were obtained
(150.3 mg, 90%). M.p. 133 °C. IR (KBr): ν̃ = 3077 (w), 1654 (s),
1592 (m), 1574 (s), 1561 (s), 1525 (s), 1475 (s), 1459 (vs), 1425 (s),
1258 (vs), 1240 (m), 1197 (vs), 1146 (vs), 798 (m), 774 (vs), 733 (s),
666 (s), 629 (m), 583 (m), 532 (s) cm–1. C24H10CuF12N2O4 (681.88):
calcd. C 42.47, H 1.48, N 4.11; found C 42.24, H 1.50, N 4.08.

Synthesis of [Cu(hfac)2L2]n (2): A solution of L2 (40 mg,
0.139 mmol) in CH2Cl2 (2 mL) was slowly added to a CH2Cl2 solu-
tion (2 mL) of Cu(hfac)2·H2O (66.8 mg, 0.139 mmol). The solution
was allowed to stand at room temperature. After 2 d a yellowish
solution appeared. The solvent was then slowly evaporated over a
period of 1 d to half the initial volume. The solution was allowed
to stand at 0 °C for 2 d and yellow crystals were obtained
(90.26 mg, 85%). M.p. 175 °C. IR (KBr): ν̃ = 3100 (w), 2209 (vs),
1644 (vs), 1594 (vs), 1561 (vs), 1546 (vs), 1523 (vs), 1471 (vs), 1433
(s), 1337 (m), 1320 (m), 1250 (vs), 1196 (vs), 1132 (vs), 1084 (vs),
808 (vs), 790 (vs), 771 (vs), 756 (s), 740 (s), 667 (vs), 583 (vs), 521
(s) cm–1. C28H12CuF12N2O4S (764): calcd. C 44.00, H 1.57, N 3.67;
found C 43.98, H 1.54, N 3. 63.

Synthesis of [Cu(hfac)2L3]n (3), Zwitterionic Compound 4 and
[(hfac)Cu(C13H8N2S2OF3)] (5). Method (a): A solution of L3
(100 mg, 0.455 mmol) in CH2Cl2 (3 mL) was added to a CH2Cl2
solution (8 mL) of Cu(hfac)2·H2O (217 mg, 0.455 mmol). After the
mixture was left for 2 d at room temperature, the solvent was evap-
orated. After recrystallization in CH2Cl2/hexane (1:1), 3 was ob-
tained as a green solid (206.2 mg, 65%), 4 as a yellow solid
(36.08 mg, 25%), and 5 as a violet solid (13.65 mg, 5%). X-ray
quality crystals of 3 and 4 were grown by slow evaporation of
CH2Cl2 solutions at –10 °C and room temperature, respectively.
Crystals suitable for X-ray analysis of 5 were obtained by slow
evaporation of hexane solutions at room temperature.
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3: M.p. 88 °C. IR (KBr): ν̃ = 3055 (w), 1641 (vs), 1611 (w), 1580
(s), 1561 (s), 1535 (m), 1485 (vs), 1472 (vs), 1455 (vs), 1420 (vs),
1255 (vs), 1224 (vs), 1210 (vs), 1147 (vs), 807 (s), 799 (s), 760 (s),
679 (s), 596 (s), 527 (m) cm–1. C20H10CuF12N2O4S2 (697.96): calcd.
C 34.41, H 1.43, N 4.01, S 9.17; found C 34.32, H 1.48, N 3.97, S
9.23.

4: M.p. 102 °C. IR (KBr): 3103 (w), 3070 (w), 1679 (vs), 1606 (m),
1583 (s), 1507 (m), 1452 (s), 1420 (s), 1260 (m), 1203 (vs), 1203
(vs), 837 (m), 803 (m), 758 (s), 722 (s), 520 (m) cm–1. 1H NMR
(CDCl3, 300 MHz): δ = 8.40 (d, J = 4.3 Hz, 1 H), 7.56 (dd, J = 3.7
and 1.0 Hz, 1 H), 7.33 (dd, J = 2.3 and 1.8 Hz, 1 H) ppm. 1H NMR
(CD2Cl2, 300 MHz): δ = 8.68 (d, J = 4.2 Hz, 1 H),8.20 (t, J =
2.6 Hz, 1 H), 7.74 (d, J = 1.05 Hz, 1 H), 7.62 (t, J = 2.24 Hz, 1
H) ppm. C10H5NO2SF6 (317.21): C 37.82, H 1.58, N 4.42, S 10.10;
found C 3.72, H 1.61, N 4.37, S 9.99.

5: M.p. 150 °C. IR (KBr): ν̃ = 3076 (w), 1673 (vs), 1650 (vs), 1611
(w), 1593 (s), 1559 (s), 1522 (m), 1486 (vs), 1457 (vs), 1421 (vs),
1302 (s), 1285 (s), 1260 (vs), 1203 (vs), 1205 (vs), 1147 (vs), 1051
(s), 1013 (s), 879 (m), 807 (m), 797 (m), 789 (s), 770 (vs), 760 (vs),
729 (s), 703 (s), 679 (s), 668 (s), 586 (m), 527 (m), 486 (m), 410
(m) cm–1. 1H NMR (CDCl3, 300 MHz): 8.00 (br. s, 2 H), 7.63 (br.
s, 2 H) ppm. C18H9CuO3N2 S2F9 (599.93): calcd. C 36.00, H 1.50,
N 4.07, S 10.67; found C 36.18, H 1.47, N 4.06, S 10.58.

Method (b): A solution of L3 (100 mg, 0.455 mmol) in MeOH
(2 mL) was added to a solution of Cu(hfac)2·H2O (217 mg,
0.455 mmol, 6 mL) in the same solvent. After the solution was
slowly evaporated at room temperature for 2 d, only green crystals
of 3 were obtained (285.8 mg, 90%).

Method (c): Cu(hfac)2·H2O (434 mg, 0.91 mmol) in CH2Cl2
(15 mL) was added to a solution of L3 (200 mg, 0.91 mmol) in
CH2Cl2 (6 mL). The reaction was monitored by FT-IR spec-
troscopy. After the mixture was refluxed for 48 h, the pH was
checked and an acidic pH was observed. The solvent was removed
under vacuum and the residue was extracted with hexane giving a
violet solution. Slow evaporation of the solvent gave crystals of 5
(49.13 mg, 18%) suitable for X-ray analysis. The insoluble residue
in hexane was redissolved in CH2Cl2 and stood for about 3 d at
–10 °C. Yellow crystals of 4 were obtained (101.0 mg, 70%). Similar
results were obtained when the reaction was carried out in MeOH.

Synthesis of [Cu2(µ-OAc)4(L3)2] (6): A solution of Cu(OAc)2·H2O
(55 mg, 0.28 mmol) in CH3OH (15 mL) was added to a solution of
L3 (62 mg, 0.28 mmol) in CH3OH (3 mL). The solution was left
for 2 d at room temperature and for about 2 d in the refrigerator
(–10 °C). Blue crystals of copper acetate were isolated by filtration;
the solution was filtered off, the solvent was removed under vac-
uum and the residue was washed several times with hexane/CH2Cl2
(10:2) to isolate L3. Extraction of the solid with CH2Cl2/CH3OH
(1:1), followed by slow solvent evaporation afforded green crystals
of 6 (87 mg, 50%). M.p. 205 °C. IR (KBr): ν̃ = 3055 (w), 1618 (vs),
1573 (vs), 1561 (vs), 1457 (vs), 1427 (vs), 1418 (vs), 1347 (m), 1288
(m), 1163 (s), 1117 (s), 1051 (s), 1000 (s), 774 (vs), 754 (vs), 719 (s),
682 (vs), 627 (vs) cm–1. C28H28Cu2N4O8S4 (803.86): calcd. C 41.84,
H 3.49, N 6.97, S 15.94; found C 41.40, H 3.48, N 7.08, S 15.66.
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Three new lanthanide selenidoantimonates [Ln(en)4(SbSe4)]
[Ln = La (1), Nd (2)] and [Sm(en)4]SbSe4·0.5en (3) (en = ethyl-
enediamine) were first synthesized by treating LnCl3, Sb,
and Se in a stoichiometric ratio with en under mild solvother-
mal conditions. Compounds 1 and 2 are isostructural. The
Ln3+ ion has a nine-coordinate environment involving eight
N atoms from four en ligands and one Se atom from the
SbSe4

3– anion forming a distorted bicapped pentagonal bi-
pyramid. [La(en)4(SbSe4)] and [Nd(en)4(SbSe4)] are the first
examples of solvothermally synthesized selenidoantimonates

Introduction

The mild solvothermal reaction in amine has proven to
be a versatile route for the synthesis of main group chalcog-
enometalates.[1–3] In the case of chalcogenoantimonates,
since the compound [Co(en)3]CoSb4S8

[4] was prepared, a
large number of thioantimonates have been synthesized
using amino transition metal (TM) complexes [TM-
(amine)m

n+] as structural directors under solvothermal con-
ditions, giving [M(en)3]Sb2S4 (M = Co, Ni),[5] [M(en)3]Sb4S7

(M = Mn, Co, Ni),[5,6] Mn2(en)Sb2S5,[7] [Co(en)3]Sb12S19,[8]

[Ni(dien)2]Sb4S8,[9] [Fe(dien)2]Sb6S10·0.5H2O,[10] [Ni(dien)2]-
Sb4S9,[11] [Ni(dien)2]9Sb22S42·0.5H2O,[12] [Ni(dien)2]3-
(Sb3S6)2,[13] [Fe(dien)2]Fe2Sb4S10

[14] (dien = diethylenedi-
amine), [M(tren)]Sb2S4 (M = Co, Ni),[15] [M(tren)]Sb4S7 (M
= Mn, Fe, Co, Zn),[16] [Co(tren)]2Sb4S8,[17] [Mn(tren)]4-
Mn2Sb4S12,[18] and [Mn(tren)]2Sb2S5

[19] [tren = tris(2-amino-
ethyl)amine], for example. The thioantimonates exhibit
rich structural diversity because of the variable coordina-
tion behaviors of SbIII atoms caused by the stereochemi-
cally active lone pair.[20] However, compared with the bewil-
dering thioantimonates, the selenidoantimonates combined
with transition metals are less explored under mild solvo-
thermal conditions and only a few examples have been re-
ported.[21–25]
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with an SbSe4
3– anion acting as a ligand in a lanthanide com-

plex. The crystal structure of 3 contains an isolated bicapped
trigonal-prismatic coordinated [Sm(en)4]3+ cation, a tetrahe-
dral SbSe4

3– anion, and half a free en molecule in its asym-
metric unit. The bandgaps of 2.22 eV for 1, 2.33 eV for 2, and
2.54 eV for 3 have been derived from optical absorption spec-
tra. Compound 1 loses the en ligands in one step, whereas
compound 2 loses them in two steps.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The combination of lanthanide metals with chalcogeno-
metalates should lead to new architectural features with
unique properties. However, the chemistry explored involv-
ing the synthesis of chalcogenometalates integrating with
lanthanide metal ions (Ln3+) by the solvothermal method-
ology is very limited. It is a challenge to combine the Ln3+

ion with the so-called soft-base chalcogenometalate anions
in solution because of the weak coordination of chalcogen-
ometalate anions and the hydrolysis of lanthanide ions.
Very recently, templated by (en)lanthanide(III) complexes,
two series of lanthanide thioantimonates(V), [Ln(en)3-
(H2O)x(µ3–x-SbS4)] (x = 0, 1; Ln = La, Nd, Sm) and
[Ln(en)4]SbS4·0.5en (Ln = Sm, Eu, Dy, Yb),[26,27] were ob-
tained from the synthetic system Ln3+/Sb/S/en under solvo-
thermal conditions during our systematic synthesis of chal-
cogenometalates in superheated en.[28–31] The present con-
tribution reports the synthesis, crystal structures, and prop-
erties of new lanthanide selenidoantimonates(V) [La(en)4-
(SbSe4)], [Nd(en)4(SbSe4)], and [Sm(en)4]SbSe4·0.5en, which
were obtained from a solvothermal route. To the best of
our knowledge, the present compounds are the only exam-
ples of selenidoantimonates combined with lanthanide(III)
complex cations.

Results and Discussion

The compounds 1 and 2 crystallize in the monoclinic
space group P21/n with four formula units in the unit cell
and are isostructural. The molecular structure of 1 is de-
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picted in Figure 1. The lanthanide(III) ion is coordinated
by four bidentate en ligands and a monodentate SbSe4

3–

anion leading to a neutral complex [Ln(en)4(SbSe4)] [Ln =
La (1), Ln = Nd (2)]. The central Ln3+ ion lies within a
nine-coordinate environment forming a distorted mono-
capped square antiprism LnN8Se. The Ln–N bond lengths
are 2.648(4)–2.773(3) Å for La–N and 2.628(3)–2.725(3) Å
for Nd–N, and are consistent with those in other com-
pounds containing (en)lanthanide(III) complexes.[27,32] The
La–Se [3.3197(5) Å] and Nd–Se [3.2992(6) Å] bond lengths
are comparable to those in multinary lanthanum and neo-
dymium selenides [3.1070(12)–3.3625(12) Å for La–Se in
KLaP2Se6

[33] and 2.979(1)–3.245(1) Å for Nd–Se in
Nd4MnOSe6

[34]]. The Ln–N and Ln–Se bond lengths de-
crease from La to Nd, as expected from the lanthanide con-
traction. The SbSe4

3– anion is a distorted tetrahedron, as
evidenced by Sb–Se bond lengths ranging from 2.4654(5) to
2.4851(7) Å and Se–Sb–Se angles ranging from 107.715(18)
to 111.558(17)°. Both lengths and angles are comparable to
those observed in other compounds containing tetrahedral
SbSe4

3– anions.[21–24] The Sb–Se(1) bonds [2.4848(5) Å for
1, 2.4851(7) Å for 2] are expectedly longer than other Sb–
Se bonds (Table 1) because of the coordination of Se(1)
with the lanthanide(III) ion.

Figure 1. Crystal structure of 1 with labeling scheme; the prob-
ability ellipsoids are drawn at the 50% level. Hydrogen atoms are
omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for 1 and 2.

1 2 1 2

Sb–Se(1) 2.4848(5) 2.4851(7) Sb–Se(2) 2.4671(5) 2.4654(5)
Sb–Se(3) 2.4675(5) 2.4719(6) Sb–Se(4) 2.4701(5) 2.4665(6)
Ln–Se(1) 3.3197(5) 3.2992(6) Ln–N(1) 2.648(4) 2.623(3)
Ln–N(2) 2.737(4) 2.725(3) Ln–N(3) 2.702(3) 2.678(3)
Ln–N(4) 2.700(4) 2.592(3) Ln–N(5) 2.773(3) 2.646(3)
Ln–N(6) 2.686(3) 2.646(3) Ln–N(7) 2.735(3) 2.681(3)
Ln–N(8) 2.692(4) 2.628(3)
Se(1)–Sb–Se(2) 108.852(17) 111.395(19) Se(1)–Sb–Se(3) 111.017(18) 108.248(16)
Se(1)–Sb–Se(4) 108.424(17) 108.882(16) Se(2)–Sb–Se(3) 109.311(18) 107.715(18)
Se(2)–Sb–Se(4) 111.521(18) 109.06(2) Se(3)–Sb–Se(4) 107.722(18) 111.558(17)
Se(1)–Ln–N 69.60(7)–141.18(8) 68.88(7)–141.04(7) Sb–Se(1)–Ln 102.926(15) 103.837(17)
N–Ln–N 62.77(10)–145.40(11) 63.72(9)–144.65(9)
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In 1, the terminal Se atoms of [La(en)4(SbSe4)] are in-
volved in intermolecular N–H···Se hydrogen bonding with
adjacent molecules resulting in a chainlike arrangement of
[La(en)4(SbSe4)] moieties parallel to the a axis (Figure 2).
The chains are further connected through N–H···Se hydro-
gen bonds leading to a three-dimensional network. The
N···Se distances vary from 3.443(4) to 3.755(4) Å and the
N–H···Se angles vary from 138.1 to 167.7° (Table 2), and
are consistent with the values reported in the literature.[35]

Similar intermolecular hydrogen bonding is observed in
compound 2 (Table 2).

Compound 3 crystallizes in the space group P21/n with
four formula units in the unit cell. Its molecular structure
is quite different from those of 1 and 2, but it is iso-
structural to the thio analog of [Sm(en)4]SbS4·0.5en.[26] The
crystal structure of 3 consists of an isolated four-en-coordi-
nated [Sm(en)4]3+ cation, a tetrahedral SbSe4

3– anion, and
half a free en molecule in its asymmetric unit (Figure 3).
The atom C(2) is disordered and the occupancies of disor-
dered C and C� are assigned as 55% and 45%, respectively.
The Sm3+ ion is in an eight-coordinate environment with
eight amino N atoms from four bidentate en ligands form-
ing a distorted bicapped trigonal prism. The Sm–N bond
lengths [2.532(5)–2.576(6) Å] are comparable with those re-
ported in the literature.[26] The Sb–Se distances and Se–Sb–
Se angles are in agreement with those in 1 and 2 (see
Tables 1 and 3). The Se atoms of the SbSe4

3– anion are in
contact with –NH2 groups with N···Se distances ranging
from 3.402(5) to 3.764(5) Å and N–H···Se angles ranging
from 142.1 to 171.9°, indicating weak hydrogen bonds. An
N(6)–H(6A)···N(9) hydrogen bond is formed with an N(6)···
N(9) distance of 3.100(8) Å and an N(6)–H(6A)···N(9) an-
gle of 156.2°. The N–H···Se and N–H···N hydrogen-bond-
ing interactions lead to a three-dimensional network struc-
ture. The crystal packing of 3 is illustrated in Figure 4.

In our systematic investigation of lanthanide thioantimo-
nate compounds in superheated en, two types of com-
pounds were obtained across the lanthanide series. The
lighter (en)lanthanide(III) complex cations are bridged by
µ3-SbS4 or µ2-SbS4 ligands to form one-dimensional neutral
polymers [Ln(en)3(H2O)x(µ3–x-SbS4)] (Ln = La, Nd,
Sm),[26,27] whereas the heavier ones form compounds
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Figure 2. N–H···Se hydrogen bonds between the [La(en)4(SbSe4)] molecules viewing along the b axis. Hydrogen atoms of C–H are omitted
for clarity.

Table 2. Selected N···Se distances [Å] and N–H···Se angles [°] for 1
and 2.

N–H Se N···Se N–H···Se

1

N(1)–H(1A) Se(4)[a] 3.443(4) 149.2
N(1)–H(1B) Se(3)[b] 3.508(4) 161.4
N(2)–H(2A) Se(3)[c] 3.651(4) 160.0
N(3)–H(3A) Se(4)[a] 3.755(4) 156.6
N(5)–H(5A) Se(3)[c] 3.650(3) 147.9
N(6)–H(6A) Se(4) 3.589(4) 164.3
N(6)–H(6B) Se(2) 3.477(4) 138.1
N(7)–H(7B) Se(2) 3.597(4) 167.7
N(8)–H(8B) Se(2)[a] 3.546(4) 149.1

2

N(1)–H(1A) Se(4) 3.476(3) 139.4
N(1)–H(1B) Se(3) 3.590(3) 166.1
N(2)–H(2A) Se(2)[d] 3.768(3) 139.5
N(2)–H(2B) Se(2)[c] 3.627(3) 147.8
N(4)–H(4A) Se(2)[d] 3.493(3) 160.4
N(4)–H(4B) Se(3)[a] 3.432(3) 148.9
N(5)–H(5B) Se(3)[a] 3.784(3) 154.4
N(6)–H(6B) Se(3) 3.616(3) 173.0
N(7)–H(7A) Se(4) 3.596(3) 166.5
N(8)–H(8A) Se(4)[a] 3.550(3) 147.9

[a] Symmetry code: x + 1, y, z. [b] Symmetry code: –x + 3/2, y –
1/2, –z + 3/2. [c] Symmetry code: x + 1/2, –y + 3/2, z – 1/2. [d] Sym-
metry code: –x + 3/2, y + 1/2, –z + 1/2.

[Ln(en)4]SbS4·0.5en (Ln = Sm, Eu, Dy, Yb)[26,27] that are
constructed from isolated [Ln(en)4]3+ and SbS4

3– ions. The
two types of thioantimonates are related to the stability of
the (en)lanthanide(III) complexes, coordination number,
and the radii of the metal ions.[27] A similar situation is
observed in the case of selenidoantimonate. The (en)lantha-
nide(III) complexes also form two kinds of selenidoanti-
monates with the SbSe4

3– anion in en. In 1 and 2,
[Ln(en)4]3+ (Ln = La, Nd) cations combine with SbSe4

3–

through an Ln–Se bond, while [Sm(en)4]3+ does not bond
with SbSe4

3– in 3. Although the lanthanide(III) ions do not
exhibit restricted stereochemistry in coordination com-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2760–27652762

Figure 3. Crystal structure of 3 with labeling scheme. The prob-
ability ellipsoids are drawn at the 50% level; hydrogen atoms are
omitted for clarity.

Table 3. Selected bond lengths [Å] and angles [°] for 3.

Sb–Se(1) 2.4793(7) Sb–Se(2) 2.4601(8)
Sb–Se(3) 2.4548(8) Sb–Se(4) 2.4640(8)
Sm–N(1) 2.580(5) Sm–N(2) 2.615(6)
Sm–N(3) 2.559(5) Sm–N(4) 2.533(5)
Sm–N(5) 2.569(6) Sm–N(6) 2.580(5)
Sm–N(7) 2.560(5) Sm–N(8) 2.547(5)
Se(1)–Sb–Se(2) 105.33(3) Se(1)–Sb–Se(3) 109.28(3)
Se(1)–Sb–Se(4) 110.06(3) Se(2)–Sb–Se(3) 113.74(3)
Se(2)–Sb–Se(4) 108.99(3) Se(3)–Sb–Se(4) 109.35(3)
N–Sm–N 66.08(16)–154.23(17)

plexes and are characterized by variable coordination num-
bers and geometries in the solid state,[36] it is commonly
observed that the lighter lanthanide ions prefer coordina-
tion numbers of nine and heavier ones prefer coordination
numbers of eight in solution.[37] Because en is a bidentate
ligand, the [La(en)4]3+ and [Nd(en)4]3+ ions are bonded to
the monodentate ligand SbSe4

3– to maintain the coordina-
tion number of nine for La3+ and Nd3+, and [La(en)4-
(SbSe4)] and [Nd(en)4(SbSe4)] are formed. It is worth noting
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Figure 4. Crystal structure of [Sm(en)4]SbSe4·0.5en viewed along
the a axis; hydrogen atoms are omitted for clarity.

that SbS4
3– and SbSe4

3– exhibit different coordination
modes when bound to the same lanthanide ions. For exam-
ple, in [La(en)3(µ3-SbS4)], SbS4

3– acts as a µ3-SbS4 triden-
tate ligand to interlink [La(en)3]3+ ions, while SbSe4

3– coor-
dinates to the [La(en)4]3+ ion as a monodentate ligand in
the compound [La(en)4(SbSe4)]. This structural difference
can be interpreted in terms of the lower coordination ability
of the SbSe4

3– anion with respect to SbS4
3–. Compared with

the SbS4
3– ligand, SbSe4

3–is a soft-base ligand for the hard-
acid cations of lanthanide(III) because of the larger radius
of the selenium atom. Therefore, lanthanum can be coordi-
nated with three sulfur atoms (µ3-SbS4) and six nitrogen
atoms to form the µ3-SbS4 compound [La(en)3(µ3-SbS4)] in
a sulfide solution, but with one selenium atom and eight
nitrogen atoms to form the mono-SbSe4 compound
[La(en)4(SbSe4)] in a selenide solution.

Optical Properties

The optical absorption spectra of compounds 1–3 show
well-defined abrupt absorption edges from which the
bandgaps were estimated as 2.22 eV for 1, 2.33 eV for 2,

Figure 5. Optical absorption spectra of compounds 1 (a), 2 (b), and
3 (c).
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and 2.54 eV for 3 (see Figure 5). These bandgaps are larger
than those of the multinary lanthanide polythioanti-
monates(III), such as K2La2Sb2S9 (2.20 eV)[38] and
La2SbS5Br (2.08 eV),[39] which are free of organic compo-
nents.

Thermal Investigations

On heating in a nitrogen stream, compound 1 starts to
decompose at Tonset = 190 °C with a weight loss of 29.2%
(calcd. 29.4% for four en ligands) in one step. The weight
loss is in good agreement with the theoretical value of
29.4% involving the complete removal of four en ligands.
The decomposition process is accompanied by a strong en-
dothermic signal in the DSC curve with peak temperature
Tp = 222 °C (Figure 6a). In the IR spectrum of the residue
no H–N, H–C, C–N, and C–C vibrations could be detected.
For 3, thermal decomposition occurs in two steps with a
weight loss of 3.0% (calcd. 3.5% for 0.5 en ligands) and
28.0% (calcd. 28.0% for four en ligands), which correspond
with the removal of free en and coordinated en ligands,
respectively. The two decomposition steps are accompanied
by two endothermic signals in the DSC curve with peak
temperatures of Tp = 118 °C and Tp = 236 °C (Figure 6b).

Figure 6. TG-DSC curves of compounds 1 (a) and 3 (b).
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Conclusions
The lanthanides(III) typically produce “hard”-acid cat-

ions, which preferentially bond to oxygen and nitrogen do-
nor atoms in solution so it is a challenge to combine Ln3+

ions with the so-called soft-base chalcogenometalate anions
in an amine solvent. We have successfully synthesized novel
selenidoantimonates containing lanthanide(III) in an en
solvent under solvothermal conditions. [Ln(en)4(SbSe4)]
(Ln = La, Nd) and [Sm(en)4]SbSe4·0.5en are the first exam-
ples of solvothermally synthesized selenidoantimonates.
The solvothermal method is a new route for the synthesis
of multinary lanthanide selenides decorated by organic
components. The synthesis and solid-state structural studies
described in this article show that the soft-base ligand
SbSe4

3– can coordinate to lanthanide(III) ions in an amine
solution. This will shed light on a more complete under-
standing of the coordination chemistry of lanthanides(III)
and preparation of lanthanide selenidometalates by mild
solvothermal methods.

Experimental Section
General: All analytical grade chemicals were obtained commercially
and used without further purification. Elemental analysis was con-
ducted with an MOD 1106 elemental analyzer. FT-IR spectra were
recorded with a Nicolet Magna-IR 550 spectrometer using dry KBr
discs in the 4000–400 cm–1 range. Room-temperature optical diffuse
reflectance spectra of the powdered samples were obtained with a
Shimadzu UV-3150 spectrometer. The absorption (α/S) data were
calculated from the reflectance using the Kubelka–Munk function
α/S = (1 – R)2/2R,[40] where R is the reflectance at a given energy,
α is the absorption, and S is the scattering coefficient. Thermoana-
lytical measurements were performed with a DCS-TGA microana-
lyzer of SDT 2960, and all the samples were heated under a nitro-
gen stream of 100 mLmin–1 with a heating rate of 5 °Cmin–1.

Synthesis of [La(en)4(SbSe4)] (1): The reactants LaCl3 (122.6 mg,
0.5 mmol), Sb (61 mg, 0.5 mmol), and Se (158 mg, 2 mmol) were

Table 4. Crystallographic data for 1, 2, and 3.

1 2 3

Empirical formula C8H32N8Se4LaSb C8H32N8Se4NdSb C9H36N9Se4SmSb
Formula mass [gmol–1] 816.92 822.25 858.41
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n
a [Å] 9.4711(6) 9.473(2) 11.3777(8)
b [Å] 14.6905(9) 14.625(3) 13.1107(9)
c [Å] 16.0388(10) 15.937(3) 16.3772(11)
β [°] 98.920(2) 98.847(4) 92.400(2)
V [Å3] 2204.6(2) 2181.6(8) 2440.8(3)
Z 4 4 4
T [K] 193(2) 193(2) 193(2)
Dcalcd. [g cm–3] 2.461 2.503 2.336
µ(Mo-Kα) [mm–1] 9.749 10.273 9.466
Measured reflections 24400 24034 26983
Independent reflections 5034 4996 5575
Reflections with I � 2σ(I) 4537 4496 4659
Rint 0.0396 0.0533 0.0653
R(F) [F2 � 2σ(F2)][a] 0.0308 0.0276 0.0444
Rw(F2) (all data)[b] 0.0595 0.0609 0.0930
Largest difference peak/hole [eÅ–3] 0.670/–1.111 1.087/–1.762 1.207/–1.497

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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mixed in ethylenediamine (3 mL) whilst stirring. The mixture was
loaded into a Teflon-lined stainless steel autoclave with an inner
volume of 15 mL, and the sealed autoclave was then heated to
140 °C for 7 d. After cooling to ambient temperature, orange block
crystals of 1 were obtained. The crystals were washed with ethanol
and diethyl ether, dried and stored under vacuum. Yield: 188 mg
(46%). C8H32LaN8SbSe4 (816.92): calcd. C 11.86, H 3.95, N 13.72;
found C 11.81, H 3.92, N 13.66. IR (KBr): ν̃ = 3383 (s), 3241 (s),
3106 (s), 2924 (s), 2870 (m), 1582 (vs), 1489 (s), 1454 (s), 1385 (m),
1327 (s), 1277 (m), 1146 (w), 1103 (w), 1007 (vs), 860 (w), 822 (w),
633 (m), 494 (m) cm–1.

Synthesis of [Nd(en)4(SbSe4)] (2): Orange-yellow platelet crystals of
2 were obtained by using a similar synthesis procedure to that used
in 1 except that reactant LaCl3 was replaced by NdCl3. Yield:
226 mg (55%). C8H32N8NdSbSe4 (822.25): calcd. C 11.69, H 3.92,
N 13.63; found C 11.54, H 3.88, N 13.60. IR (KBr): ν̃ = 3335 (s),
3240 (s), 3167 (s), 2940 (s), 2870 (s), 1597 (s), 1578 (s), 1481, 1459
(s), 1385 (m), 1354 (s), 1214 (w), 1157 (w), 1080 (s), 1030 (vs), 822
(w), 779 (w), 640 (s), 513 (w), 440 (m) cm–1.

Synthesis of [Sm(en)4]SbSe4·0.5en (3): Yellow prism crystals of 3
were obtained by using a similar synthesis procedure to that used in
1 except that reactant LaCl3 was replaced by SmCl3. Yield: 223 mg
(52%). C9H36N9SbSe4Sm (858.41): calcd. C 12.59, H 4.23, N 14.68;
found C 12.54, H 4.25, N 14.62. IR (KBr): ν̃ = 3301 (vs), 3280 (s),
3245 (s), 3132 (s), 2930 (vs), 2880 (s), 1570 (vs), 1515 (s), 1385 (m),
1331 (s), 1157 (w), 1007 (s), 868 (w), 814 (w), 776 (w), 660 (w), 498
(m) cm–1.

X-ray Crystal Structure Determinations: A summary of crystal data
and refinement parameters is given in Table 4. Data were collected
with a Rigaku Mercury CCD diffractometer at 193(2) K using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) by an
ω-scan method with a maximum 2θ value of 54.96°. An orange
0.22×0.15×0.10 mm block crystal of 1, an orange-yellow
0.46×0.28×0.05 mm platelet crystal of 2, and a yellow
0.35×0.06×0.05 mm prism crystal of 3 were used for data collec-
tion. An absorption correction was applied for all the compounds
using a multi-scan correction method. The structures were solved
by direct methods using the SHELXS-97 program.[41] The refine-
ment was performed against F2 using the SHELXL-97 program.[42]
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All the non-hydrogen atoms were refined anisotropically. The hy-
drogen atoms were positioned with idealized geometries and re-
fined with fixed isotropic displacement parameters using a riding
model. The H atoms of C(1), C(2), and N(2) in 3 were not dealt
with because of the disorder of atom C(2). CCDC-299097 (1),
-299098 (2), and -299099 (3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Monodisperse silicate nanoparticles have been used for the
development of a site-specific ligation method that enables
the control of the biomolecule orientation at the solid–liquid
interface. Two types of zeolite nanoparticles were studied:
zeolite β, which possesses a Si/Al ratio of 25, and silicalite-
1, which is a fully silicic material. Zeolite-type materials are
microporous silicate with pores of a well-defined size ranging
from 2 to 20 Å. Semicarbazide-functionalized silicate colloids
have been prepared for the site-specific ligation of COCHO-
modified polypeptides. The obtained colloidal suspensions
have been characterized by complementary techniques pro-
viding information on the size distribution, morphology, and
porosity of the particles and chemical nature of the grafting.
The specificity of the particles’ surface for the semicarbazide
group has been studied by fluorescence spectroscopy with

Introduction

Nanoparticles (NPs) have great promise in bioanalysis
and biotechnological applications because of their unique
optical properties, high surface-to-volume ratio, and other
size-dependent qualities.[1–3] When combined with surface
modifications and composition control, these properties
provide probes for highly selective and ultrasensitive bioas-
says.

The use of silica as a substrate in bioanalysis has a spe-
cial advantage, as shown by its widespread use in biosensors
and biochips. Silica can be synthesized by various prepara-
tion techniques to prepare NPs, transparent films, or solid
flat materials.[4] Silica synthesis is governed by the chemical
properties of the surface, which, in return, are based on
the silanols and siloxanes present on the surface.[5] Silanol
groups can be functionalized through different pro-
cedures.[6,7] Therefore, the versatility of silica in synthesis
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two peptides labeled with rhodamine. A first peptide bares a
COCHO functionality, which should bind covalently with the
semicarbazide surface. The second peptide bares an amine
end-group, which should interact by nonspecific adsorption
with the surface. The results demonstrated that the peptide/
colloids’ reactivity is dramatically influenced by the chemical
composition of the particles’ surface. Indeed, while zeolite
β (aluminosilicate) particles react indifferently with the two
peptides, silicalite particles (pure silicate) anchor exclusively
the peptide bearing the COCHO functionality. This particu-
lar physisorption phenomenon of zeolite β is attributed to the
aluminum atoms present at the particles’ surface, which have
a specific affinity for peptides.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

aspects as well as surface modifications offers a great ad-
vantage to the use of the materials in bioanalysis.

Among inorganic materials, the synthesis and studies of
nanosized zeolites have attracted considerable attention in
the last decade.[8] Zeolite-type materials are microporous
silicate crystals with pores of a well-defined size ranging
from 2 to 20 Å. This discrete pore system gives molecular
sieve properties to these materials, which have found great
utility as catalysts and sorption media. Lately, function-
alized zeolite nanoparticles were envisaged for the prepara-
tion of controlled release capsules, artificial cells, chemical
sensors, and adsorbents.

In many cases, covalent attachment of a biomolecule at
the NPs’ surface is preferred to avoid leaching of the biom-
olecules. The usual pathways for covalent attachment of bio-
molecules on silica surfaces consist of their functionali-
zation by epoxides,[9] aldehydes,[10] or thiol groups.[11] How-
ever, as biomolecules usually possess more than one nucleo-
philic group, a random immobilization through multiple
points of attachment is often observed.[12] Therefore, site-
specific ligation methods are highly desired in order to con-
trol the biomolecule orientation at the solid–liquid inter-
face.

Recently, we have described the preparation of α-oxo al-
dehyde (COCHO)- and semicarbazide-functionalized silica,
for the site-specific ligation of hydrazinoacetyl- or CO-
CHO-modified polypeptides.[13] Indeed α-oxo aldehyde
peptides were shown to react chemoselectively and readily
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with the surface semicarbazide groups in very mild aqueous
conditions. The α-oxohydrazone bond was readily formed
and was very stable; no further reduction of the hydrazone
bond was needed.

We have extended the α-oxo hydrazone chemistry to
monodisperse silicate nanoparticles using α-oxo aldehyde
peptides labeled with rhodamine. Two types of zeolite nano-
particles were studied: zeolite β and silicalite-1. Here, we
describe the preparation of these nanoparticles, and their
reactivity and selectivity for the covalent immobilization of
COCHO-modified polypeptides.

Results and Discussion

Two types of samples have been used, differing mainly in
their chemical composition: while silicalite is an “all-silica”
zeolite, zeolite β contains aluminum atoms in its frame-
work, with a Si/Al ratio that can be varied between 10 and
500. The zeolite β samples prepared in this study have a Si/
Al ratio equal to 25.

As-synthesized zeolites contain an organic structure-di-
recting agent (SDA) located in the framework channels. The
SDA removal of zeolites through calcination is a common
method employed to reveal the zeolite micropores, where
the organic structure-directing agent is burned away. As-
synthesized nanoparticles as well as template-free colloids
have been used in this study as substrates for peptide lig-
ation.

The anchoring of the peptides at the surface of these col-
loidal nanoparticles has been done in two steps. First, a
semicarbazide coupling agent (SC) has been anchored at
the colloids’ surface followed by the grafting of peptides
labeled with rhodamine. The specificity of the anchoring
has been studied using two different peptides. One peptide
molecule bares a COCHO functionality, which reacts coval-
ently with the SC. The other peptide should only interact
with the SC surface through physisorption, as it lacks the
COCHO functionality.

Regardless of the zeolite framework and peptide used,
stable colloidal suspensions were obtained for all samples.
The different stages of the preparation procedure are pre-
sented in Scheme 1 and Scheme 2.

Scheme 2. Peptide grafting chemistry.
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Scheme 1. Semicarbazide grafting chemistry (Fmoc: fluorenyl-
methoxycarbonyl).

Subsequently, at each step of the preparation procedure,
the size and morphology of the nanoparticles were studied
by dynamic light scattering (DLS) and SEM. The influence
of the various treatments on the porous characteristics of
the samples has been analyzed by nitrogen sorption experi-
ments.

29Si and 13C NMR were performed also at each step of
the preparation procedure in order to characterize the sur-
face bonding.

Finally, the specificity of the peptide anchoring was in-
vestigated by fluorescence spectroscopy.

The zeolite β and silicalite-1 nanoparticles are called β
and S, respectively, in the following text, and the template-
free silicalite and zeolite β nanoparticles are named tf-S and
tf-β, respectively.

As indicated in Scheme 1, functionalization of zeolite β
and silicalite S with silane 1a leads to β3 and S3, respec-
tively. Alternatively, reaction of silanes 1 on template-free
zeolite nanoparticles gives tf-β3, tf-S3, and tf-S10.

As indicated in Scheme 2, grafting of peptides i on nano-
particles of zeolite β3 and silicalite S3 leads to samples β3-
i and S3-i.

Particle Size and Morphology

The DLS study performed after each step of the prepara-
tion procedure shows that the average diameter of the par-
ticles increases after the grafting procedure (Table 1, Fig-
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ure 1). According to the DLS measurements, the average
particle sizes of the initial zeolite β and silicalite-1 nanopar-
ticles are about 57 and 64 nm respectively. After function-
alization, the β3- and S3-grafted colloids show average par-
ticle sizes around 140 nm (Table 1). The same tendency is
observed for template-free colloids. This increase in the
average particle size does not only reflect the presence of
anchored organic groups at the colloids’ surface. Indeed,
the maximum particle diameter increase in the case of SC10
functions would be about 4 nm. Therefore the average par-
ticle size increase is attributed to a modification of the col-
loids’ surface reactivity after grafting, which leads to the
adsorption of solvent molecules, which, in return, increases
their hydrodynamic diameter. This effect is well known for
silica colloids.[14] The stability of the final colloidal suspen-
sions will enable the use of conventional spectroscopic tech-
niques to study the particles grafted with rhodamine-lab-
eled peptides.

SEM of the samples before and after functionalization
(Figure 2) does not show morphological differences be-
tween the as-prepared and grafted samples. As these obser-
vations are performed on dry particles, sizes derived by this
measurement do not take into account any adsorbed sol-
vent crown. Therefore, the particle sizes observed by SEM
can be considered as bulk (or core) sizes and are not in
contradiction with those measured by DLS.

Table 1. DLS, N2 adsorption/desorption, and elemental analysis data obtained for the as-synthesized, calcined, and grafted particles.

Average diameter Specific area Micropore volume % N % C Loading[a] Loading[b]

[nm±5%] [m2·g–1] [cm3·g–1] [µmol·g–1] [µmol·g–1]

β 57 224 0.098 1.65 12.50 0 0
β3 114 168 0.044 3.65 14.55 1.2 476
tf-β 62 439 0.142 0 0 0 0
tf-β3 163 223 0.082 2.61 8.27 2 621
S 64 75 0 0.76 9.85 0 0
S3 145 80 0 1.6 10.74 0.6 200
tf-S – 505 0.155 0 0 0 0
tf-S3 145 370 0.107 1.48 4.31 2.4 352
tf-S10 147 217 0.056 1.17 7.98 1.5 278

[a] Theoretical values. [b] Measured from elemental analysis.

Figure 1. DLS profiles of silicalite nanoparticles at various steps of the preparation: (A) as-synthesized S colloids (dotted line), S3
particles (solid line), and S10 suspensions (dashed line); (B) as-synthesized S colloids (dotted line), tf-S3 particles (solid line), and tf-S10
suspensions (dashed line).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2766–27722768

Figure 2. SEM micrographs of silicalite nanoparticles at various
steps of the preparation: (A) as-synthesized S colloids, (B) S3 par-
ticles, (C) tf-S3 particles, and (D) tf-S10 suspensions. Scale bar:
600 nm.

Microporosity

In order to follow the influence of the various treatments
on the porous characteristics of the zeolite samples, nitro-
gen gas sorption analyses were performed on the as-synthe-
sized nanoparticles and the grafted nanoparticles. The zeo-
lite microporosity is revealed by N2 adsorption on template-
free samples (ca. 0.2 cm3·g–1) and the specific surface area
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Figure 3. N2 adsorption isotherms of silicalite nanoparticles (A) and zeolite β colloids (B): tf-S and tf-β (solid line), tf-S3 and tf-β3
(dashed line), tf-S10 (dotted line).

is dramatically increased (ca. 3 times that of the as-synthe-
sized samples) (Table 1). Grafting the zeolite nanoparticles,
regardless of the structure used (β or silicalite-1), slightly
decreases the specific surface area of the template-free sam-
ple (Table 1, Figure 3). This decrease of the micropore vol-
ume may indicate that some part of the grafting occurs in-
side the micropores. However, this decrease of the micro-
pore volume is also observed for silane 1b-grafted silicalite
(tf-S10 samples), although the size of this molecule forbids
its entry through the pores. Therefore, the decrease of the
measured micropore volume may be due to a decrease of
its accessibility to N2 (because of the presence of functional
groups) instead of an actual decrease.

Grafting Quantification

Elemental analysis (N and C) allowed determination of
the loading of the nanoparticles after the grafting pro-
cedure (Table 1). Assuming that each grafted silane mole-
cule occupies 24 Å2, the theoretical loading for a monolayer
ranges between 0.55 and 2.4 mmol·g–1 depending on the
specific surface area of the particles (Table 1).[15–18] As the
experimental loading is below a monolayer coverage for
each sample, this shows that the microporosity of the nano-
particles is not accessible for silanes 1a and 1b.

Grafting Analysis

CPMAS 29Si NMR spectra of S3 and S10 nanoparticles
present signals at δ = –101 and –110 ppm (Figure 4).
Around –110 ppm, the overlapping resonances for both
samples are assigned to zeolite framework silicon atoms.
Resonances around –113/–115 ppm and –109/–110 ppm are
assigned to Si(OSi)4, Q4 species with minor resolution of
the crystallographic sites. The signal at δ = –100 ppm is as-
signed to Si(OSi)3OH, Q3 species.[19] The presence of a sig-
nal between –60 and –70 ppm indicates that silane 1 is co-
valently linked to the zeolite framework silicon atoms. Two
resonances are observed corresponding to Si attached to the
organic chain in two different chemical environments
[–67 ppm: C–Si–(OSi)3, T3 and –60 ppm: C–Si–(OSi)2OH,
T2 species].[20]
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Figure 4. 29Si CP-MAS NMR spectra recorded for S3 (A) and S10
(B) samples.

The presence of T2–T3 species, the absence of T1, C–
Si(OSi)(OH)2 and Q2, Si(OSi)2(OH)2 species and finally the
variation in signal intensity for species Q3 and Q4 relative
to bare particles demonstrated the efficient grafting of si-
lane 1 on the surface of S3 and S10 nanoparticles. Spectra
recorded on samples S3 and S10 present significant differ-
ences in the relative intensity of these characteristic reso-
nances. Although, in the case of CP-MAS spectra, the peak
intensity is not directly proportional to the species abun-
dance, this intensity difference may reflect a greater grafting
loading for silane 1a than silane 1b. This is a further con-
firmation of the elemental analysis results, which gave a
higher coverage for a functionalization with silane 1a than
silane 1b.

The CPMAS 13C spectrum of S3 nanoparticles presents
three resonances situated at 9.7, 22.7 and 42.9 ppm corre-
sponding to the propyl chain of silane 1a (Figure 5). The
additional resonance at δ = 162.1 ppm is attributed to the
carbonyl group of the semicarbazide function. Signals cor-
responding to ethoxy groups or fluorenylmethoxycarbonyl
(Fmoc) groups were not detected. This indicates the com-
pletion of the grafting reaction and the quality of the centri-
fugation–redispersion procedure.

29Si and 13C MAS NMR characterization of zeolite β
nanoparticles leads to similar spectra presenting the charac-
teristic resonances of T species around –60 ppm for 29Si
spectra and the carbonyl resonance at –162 ppm for 13C
spectra.
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Figure 5. 13C CP-MAS NMR spectra recorded for S3 (A) and S10
(B) samples.

Fluorescence Analysis

The nature of the interaction of peptides 2 and 3 with
substrates S, β, β3, tf-β3, S3, and tf-S10 was analyzed by
fluorescence spectroscopy.

First, we checked the eventuality of nonspecific adsorp-
tion of peptides 2 and 3 on bare nanoparticles of zeolite β
and silicalite S. After mixing peptides 2 and 3 with zeolite
β nanoparticles, an intense fluorescence is observed (Fig-
ure 6). Meanwhile, very weak fluorescence intensity is ob-
tained for samples based on silicalite S (Figure 6). There-
fore, this indicates that the zeolite β surface is able to immo-
bilize peptides by noncovalent interactions. This physisorp-
tion phenomenon is attributed to the presence of aluminum
atoms at the zeolite β surface, which have been reported
to present an affinity for peptides.[21] Fluorescence spectra
registered on functionalized samples, β3 and tf-β3 treated
with peptides 2 and 3, presented an intense fluorescence
for all samples, regardless of the peptide’s nature (Figure 7).
Therefore, interactions between peptides 2 or 3 and the zeo-
lite β surface occurred even after surface modification. In-
deed, as the fluorescence intensity observed for samples
prepared with peptide 3 is higher than that obtained with

Figure 6. Fluorescence emission spectra of samples obtained after
reaction between peptides 2 (dotted line) and 3 (solid line) with
nanoparticles of zeolite β (black lines) and silicalite S (gray lines).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2766–27722770

peptide 2, nonspecific adsorption is a highly probable phe-
nomenon for samples based on zeolite β.

Figure 7. Fluorescence emission spectra of samples obtained after
reaction between peptides 2 (dotted line) and 3 (solid line) with
nanoparticles of zeolite β3 (black lines) and tf-β3 (gray lines).

By contrast, fluorescence spectra obtained with silicalite-
based samples indicate a higher level of chemoselectivity.
Therefore, for all these silicalite-based samples, the extent of
physisorption was low and immobilization occurred mainly
through the formation of a covalent bond between the sem-
icarbazide groups on the surface and the α-oxo aldehyde
group on the peptide molecule (Figure 8 and Figure 9).
Fluorescence intensity ratio between samples S3 obtained
with peptide 3 and 2 (S3-2/S3-3) is around 40, showing that
noncovalent interactions are rare with silicalite S (Figure 9).

Figure 8. Fluorescence emission spectra of samples obtained after
reaction between peptides 2 (dotted line) and 3 (solid line) with
nanoparticles S3.

Figure 9. Fluorescence emission spectra of samples obtained after
reaction between peptides 2 (dotted line) and 3 (solid line) with tf-
S10 nanoparticles.
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A similar fluorescence intensity ratio is obtained with tf-
S10 samples reacted with peptide 3 and 2 (Figure 9). There-
fore, this demonstrates that whatever the micropore volume
or the spacer length of the silicalite substrate, COCHO-
modified polypeptides are specifically and covalently immo-
bilized on silicalite surfaces.

Comparison of fluorescence spectra obtained for S3, tf-
S3, and tf-S10 samples of identical concentrations indicates
a lower fluorescence intensity for tf-S10 samples (Fig-
ure 10). This may be attributed to the lower loading ob-
tained for these samples for silane 1b than silane 1a
(Table 1).

Figure 10. Fluorescence emission spectra of samples obtained after
reaction between peptide 3 and S3 (solid line), tf-S3 (dotted line),
and tf-S10 nanoparticles (dashed line).

Conclusions

Monodisperse zeolite nanoparticles have been used to
develop colloids bearing polypeptides anchored on the solid
surface by a site-specific ligation method, which enables the
control of the biomolecule orientation at the solid–liquid
interface.

Two types of nanoparticles were studied: zeolite β, which
possesses a Si/Al ratio of 25, and silicalite-1, which is a fully
silicic material.

Fluorescence spectroscopy results demonstrated that the
specificity of the ligation is dramatically influenced by the
chemical composition of the particles’ surface. Indeed,
while zeolite β (aluminosilicate) particles react by nonspe-
cific adsorption with the peptides, silicalite particles (pure
silicate) anchor exclusively a peptide bearing the COCHO
functionality. This particular physisorption phenomenon of
zeolite β is attributed to the aluminum atoms present at the
particles’ surface, which have a specific affinity for peptides.

These materials could find applications in immuno-
diagnostics and drug delivery.

Experimental Section
Chemicals were purchased from commercial sources. They were
reagent grade and used as received. Distilled deionized water
(18 MΩ) was used for the preparation of all aqueous solutions.
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Nanoparticle Preparation

Preparation of Colloidal Zeolite Nanoparticles: Colloidal zeolite β
nanoparticles with a Si/Al ratio of 18.5 were synthesized under mild
hydrothermal conditions from a clear solution containing
0.28Na2O/9.0(TEA)2O/0.5Al2O3/25SiO2/430H2O, where TEA is
tetraethylammonium hydroxide, the structure directing agent
(SDA) (Fluka, 20% in water). The synthesis was performed at
100 °C for 8 days. Colloidal zeolite β crystals were purified by a
series of high-speed centrifugation and ultrasonic redispersion in
water or ethanol.

Colloidal silicalite-1 nanoparticles were synthesized under mild hy-
drothermal conditions from a clear solution containing 9.0-
(TPA)2O/25SiO2/295H2O, where TPA is tetrapropylammonium hy-
droxide, the structure directing agent (SDA) (Fluka, 20% in water).
The synthesis was performed at 100 °C for 24 h. Colloidal silicalite-
1 crystals were purified by a series of high-speed centrifugation and
ultrasonic redispersion in water or ethanol.

Template-free colloidal silicalite and zeolite β nanoparticles were
obtained by using a procedure described previously.[22] This ap-
proach is based on surface-grafted organic ligands, for example (2-
aminoethyl)phoshonic acid (APA) [H2N(CH2)2PO(OH)2 from
Fluka, or (3-aminopropyl)triethoxysilane (APTS) [H2N(CH2)3Si-
(OC2H5)3, ABCR]. These compounds are used as aggregation in-
hibitors and crystallinity stabilizers during high-temperature com-
bustion of SDA. The grafting and subsequent calcination pro-
cessing has no influence on size, morphology, and crystallinity of
the zeolite nanoparticles. This procedure provides stable colloidal
template-free monodisperse zeolite nanoparticles with particle size
distribution similar to the initial colloid.

Semicarbazide Grafting of the Nanoparticles

We have recently described the preparation of semicarbazide-func-
tionalized monodisperse silica ludox nanoparticles.[23] The same
strategy was adopted here for each type of porous nanoparticle
(silicalite and zeolite β). (Scheme 1).

First, silanes 1 were synthesized by reacting (3-isocyanatopropyl)-
or (10-isocyanatodecyl)triethoxysilane[13] with FmocNHNH2.[24]

Then, silanes 1 were reacted as shown in Scheme 1, on the nanopar-
ticles. The grafting of semicarbazide functionality was performed
in DMF using silane 1 (3 mmol·g–1) in the presence of piperidine,
which permitted the in situ removal of the Fmoc-protecting group
and improved the silanization process.[26] The nanoparticles were
washed with DMF by centrifugation and stored at 4 °C, 1% (w/v)
in DMF. The suspensions were found to be stable for months.

Peptide Grafting of the Nanoparticles

The nanoparticles were then reacted with peptides 2 and 3 labeled
with (5)-6-carboxymethylrhodamine. Detailed synthesis of the pep-
tides has been reported elsewhere.[25] The peptide grafting (1 mL,
0.5–1 m) was performed in acetate buffer (100 m, pH = 5.51)
at 37 °C. The excess of peptide was eliminated by five cycles of
centrifugation (11000 rpm, 20 min). The final water suspension
[1% (w/v)] was stored at 4 °C.

As peptide 2 bares a COCHO functionality, it should react with
the semicarbazide surface, whereas immobilization of peptide 3,
which lacks the COCHO, should occur only through physisorption
(Scheme 2).

Sample Characterization

Nanoparticle Size: The mean particle size was determined by dy-
namic light scattering (DLS) using an argon laser (Spectra Physics
Series 2000) operating at 632.8 nm. Light-scattering measurements
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were made at 25±0.1 °C. Hydrodynamic measurements were per-
formed at a 90° angle, after dilution of the sample to 10 µg·mL–1

in water. The data were analyzed according to the method of cumu-
lants for apparent mean diameter and polydispersity index.[26]

Nanoparticle Morphology: The morphology of the nanoparticles
was investigated by scanning electron micrography (SEM, Hitachi
S-4500) and transmission electron microscopy (TEM, JEOL 1200
EX with 120 keV accelerating voltage). SEM samples were pre-
pared by depositing colloidal suspension on platinum-coated (2–
3 nm) aluminum mounts fixed with carbon conducting tape. TEM
samples were prepared by depositing 5 µL of silica nanoparticles
water suspension (diluted 1:20) on 300 mesh copper grid with car-
bon film backing.

Nanoparticle Microstructure: The microstructure was studied by
gas sorption experiments (Micromeretics ASAP 2010). Nitrogen
was used as the adsorbate at 77 K. Samples were outgassed at 80 °C
in dynamic vacuum (3×10–6 bar) before the adsorption. Determi-
nation of the specific surface was done by the BET method and
total micropore volume was obtained by t-plot method based on
the Harkins-Jura equation.

Nanoparticle Grafting: The nature of the functionalization was
studied with 29Si and 13C CP-MAS NMR performed on the sam-
ples after each step of the preparation procedure. 29Si solid-state
NMR spectroscopy gave useful information on the silanization
step, as the chemical shift of 29Si was highly sensitive to number
and nature of groups attached to it. 29Si CP-MAS NMR spectra
of the solid samples were recorded with a Bruker spectrometer at
79.49 MHz using 5-µs single pulses (60° flip angle) with 10-s repeti-
tion rate and 15-ms contact time employing magic angle spinning
at 3.5 kHz; 10000 scans were accumulated. All 29Si chemical shifts
were referenced to tetramethylsilane (TMS). 13C CP-MAS NMR
spectra were recorded with a Bruker spectrometer at 100.62 MHz
using 10-µs single pulses (π/6) with 5-s repetition rate and 3-ms
contact time employing magic-angle spinning at 3.5 kHz; 50000
scans were accumulated.

The powder samples were filled into 4-mm diameter zirconia rotors.

Elemental Analysis: Elemental analysis by the “Laboratoire Central
d’Analyses du CNRS”, Vernaison (France) enabled the evaluation
of the grafting loading after functionalization.

Photophysical Properties: The optical properties of the particles
were evaluated by recording static fluorescence spectra using a Spex
Fluorolog 1681 spectrofluorimeter (scanning rate of 2 nm·s–1).
Spectra were recorded on 0.05% w/w particle suspensions.
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The first phosphane complexes of the hard Lewis acid SnF4

have been synthesised including trans-[SnF4(PR3)2] (R = Me
or Cy) and cis-[SnF4(diphosphane)] [diphosphane = R2P(CH2)2-
PR2, R = Me, Et, Ph or Cy; o-C6H4(PR2)2, R = Me or Ph] and
characterised by IR and multinuclear NMR (1H, 19F, 31P,
119Sn) spectroscopy. The crystal structures of trans-
[SnF4(PCy3)2] and cis-[SnF4{Et2P(CH2)2PEt2}] are reported.
Tin(IV) fluoride complexes of 2,2�-bipyridyl, 1,10-phenan-
throline, MeO(CH2)2OMe, Me2N(CH2)2NMe2, pyridine and
THF have been characterised by multinuclear NMR spec-
troscopy, the structures of cis-[SnF4(L–L)] (L–L = 1,10-phen-

Introduction

Tin(IV) chloride is widely used in synthesis both as a
source of tin(IV) and as a strong Lewis acid.[1,2] A very
wide range of adducts of SnCl4 with neutral ligands (L) are
known, mostly six-coordinate [SnCl4L2], and similar com-
plexes are formed by SnBr4 and SnI4, although Lewis acid-
ity decreases SnCl4 � SnBr4 �� SnI4. The majority of
these ligands have hard O or N donor atoms, but examples
with softer P, As, S, Se or Te donors have also been charac-
terised.[3–10] In marked contrast little is known about ad-
ducts of SnF4 with neutral ligands. Some examples were
reported in the period 1950–1975, often as part of larger
surveys including the heavier tin(IV) halides, but little data
were provided and only a single complex, [SnF4(2,2�-bipy)],
was structurally characterised.[11–16] There appear to be no
reports of SnF4 complexes with softer donor ligands. This
neglect in part is similar to that of other p-block fluorides,
whose Lewis acidity, except towards F– or in superacid me-
dia (for MF5, M = As or Sb), is little explored, but also
reflects the more difficult synthetic entry into the com-
plexes. The SnX4 (X = Cl, Br or I) are tetrahedral molecules
readily soluble in weak or non-coordinating solvents such
as chlorocarbons, hydrocarbons or arenes, and synthesis of
[SnX4(L)2] usually involves simply mixing the constituents
in a solvent with precautions to avoid hydrolysis. In con-
trast, SnF4 has a polymeric structure based upon vertex
sharing SnF6 octahedra,[17] and although readily hydro-

[a] School of Chemistry, University of Southampton,
Southampton SO17 1BJ, UK
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anthroline and MeO(CH2)2OMe) determined, and the prop-
erties were compared with those of the phosphane com-
plexes. Complexes of o-C6H4(PMe2)2, Et2P(CH2)2PEt2, and
MeC(CH2AsMe2)3 with SnCl4 and SnBr4 are also reported
and the structures of cis-[SnCl4{Et2P(CH2)2PEt2}] and cis-
[SnBr4{κ2-MeC(CH2AsMe2)3}] described. Attempts to pre-
pare tertiary arsane complexes of SnF4 have been unsuccess-
ful.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lysed, is otherwise rather unreactive and insoluble in weak
donor solvents. Tudela and co-workers have reported[18] the
preparation of [SnF4(MeCN)2] from SnF2 and I2 in MeCN.
We have found that this provides a convenient entry into
the chemistry of SnF4, and recently reported the synthesis
and detailed spectroscopic and structural studies of a series
of tin(IV) fluoride complexes of phosphane- or arsane ox-
ides, including [SnF4(R3EO)2] (R3EO = Ph3PO, Ph3AsO,
Me3PO or Me3AsO) and [SnF4(L–L)] {L–L = o-C6H4-
[P(O)Ph2]2, o-C6H4[P(O)Me2]2 or Ph2P(O)CH2P(O)Ph2}.[19]

These studies showed that toward pnictogen oxide ligands,
SnF4 was the strongest Lewis acid of the four tin(IV) ha-
lides, evidenced by shorter Sn–O and longer P–O bonds and
larger 31P NMR coordination shifts in the fluorides, com-
pared to corresponding data in complexes with the heavier
halides. Here we report the first investigations of the synthe-
sis, structures and spectroscopy of tin(IV) fluoride adducts
with tertiary phosphanes and arsanes. Comparisons of
these complexes with SnF4 species containing N- or O do-
nor ligands and with the heavier SnIV halides are described.

Results and Discussion

Phosphane Complexes: The reactions of [SnF4(MeCN)2]
with PMe3 or PCy3 (L), in anhydrous dichloromethane un-
der a dinitrogen atmosphere yielded [SnF4L2] complexes in
moderate to good yields. However we were unable to obtain
a pure sample of [SnF4(PPh3)2] by this route. Since neither
the [SnF4(MeCN)2] nor the resulting complexes are easily
soluble in this solvent, some care is needed to obtain pure
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products. The complexes are both moisture and dioxygen
sensitive in solution, although the dry solids only slowly
decomposed in air (see below). They are much less soluble
in chlorocarbons than corresponding complexes of the
heavier tin halides, and prone to retain lattice solvent as
evidenced in their 1H NMR spectra and in some of the X-
ray structures.[19] [SnF4(THF)2][18] was also explored as a
synthon, but appeared to have no advantages over the ace-
tonitrile complex. We also reacted [SnF4(MeCN)2] with
molten PPh3, but the 31P{1H} and 19F{1H} NMR spectra
showed a complex mixture of products, and it appears that
some fluorination of the phosphane occurs under these
conditions. The [SnF4L2] complexes were identified as trans
isomers from their 19F{1H} and 31P{1H} NMR spectra
which are respectively triplets and quintets [in each case
with weak satellites due to 119Sn and 117Sn (117Sn: I = 1/2,
7.7%, Ξ = 35.63 MHz; 119Sn: I = 1/2, 8.6%, Ξ =
37.27 MHz)] (Table 1). The 119Sn NMR spectra are 15-line
patterns (triplet of quintets) with the coupling constants
shown in Table 1. The structure of [SnF4(PCy3)2] was deter-
mined and shows (Table 2, Figure 1) a centrosymmetric
molecule with Sn–P = 2.654(1) Å and Sn–F = 1.959(2),
1.980(2) Å. The Sn–P is longer than that in trans-
[SnCl4(PEt3)2] [2.615(5) Å],[20] and marginally longer than
in trans-[SnCl4{κ1-Ph2PCH2PPh2}2] [2.649(1) Å],[21] but
shorter than found in trans-[SnI4(PiPr3)2] [2.69(1) Å],[22] al-
though the differing steric requirements of the three phos-
phanes preclude a more detailed discussion.

Table 1. Selected NMR spectroscopic data for SnF4 complexes.[a]

Compound δ(31P{1H})[b] ∆P[c] δ(119Sn)[d] δ(19F{1H}) 1J(19F-119Sn) nJ(31P-19F) 2J(19F-19F) nJ(31P-119Sn)

[SnF4{o-C6H4(PMe2)2}] –37.8 (t,d,d) 17 –657.6 (t,t,t) –131.7 (t,t) 2470 117, 98, 54 42 1520
–161.1 (d,d,t) 2160

[SnF4{o-C6H4(PPh2)2}] –18.9 (t,d,d) –6 –665.9 (t,t,t) –123.8 (t,t) 2627 93, 73, 48 52 1512
–155.5 (d,d,t) 2207

trans-[SnF4(Me3P)2] –19.1 (q) 43 –628.0 (t,q) –132.8 (t) 2745 155 2975
trans-[SnF4(Cy3P)2] +22.2 (q) 11 –628.5 (t,q) –98.9 (t) 2993 124 2530
[SnF4{Et2P(CH2)2PEt2}] –11.6 (t,d,d) 6 –649.4 (t,t,t) –123.8 (t,t) 2552 110, 95, 46 40 1628

–150.2 (d,d,t) 2183
[SnF4{Cy2P(CH2)2PCy2}] –9.9 (t,d,d) –12 –639.1 (t,t,t) –113.7 (t,t) 2644 98, 88, 46 46 1528

–139.5 (d,d,t) 2205
[SnF4{Ph2P(CH2)2PPh2}] –17.8 (t,d,d) –4 –668.1 (t,t,t) –112.4 (t,t) 2650 118, 87, 44 46 1630

–147.1 (d,d,t) 2212
[SnF4(2,2�-bipyridyl)] –708.2 (t,t) –149.8 (t) 1964 48

–179.8 (t) 1978
[SnF4(1,10-phen)] –715.1 (t,t) –149.5 (t) 1987 50

–180.8 (t) 1982
[SnF4(THF)2] (220 K)
trans isomer –775.4 (q) –166.7 (s) 1910
cis isomer –775.3 (t,t) –166.2 (t) 1918 54

–178.8 (t) 2074
trans-[SnF4(pyridine)2] –670.8 (q) –163.8 (s) 1983
[SnF4{Me2N(CH2)2NMe2}] [e] –167.8 (t) 2266 50

–184.4 (t) 2096
[SnF4(MeCN)2] n.o.[f] –181.0 (s) n.o.
[SnF4{MeO(CH2)2OMe}] –753.8 (t,t) –167.1 2233 61
(190 K) –183.3 2189

[a] In CH2Cl2/10% CDCl3. [b] Ligand chemical shifts are: o-C6H4(PMe2)2 –55 ppm; o-C6H4(PPh2)2 –13 ppm; Ph2P(CH2)2PPh2 –13 ppm;
Et2P(CH2)2PEt2 –18 ppm; Me2P(CH2)2PMe2 –48 ppm; Cy2P(CH2)2PCy2 +2 ppm; PMe3 –62 ppm; PCy3 +11.5 ppm. [c] Coordination shift
(δcomplex –δligand). [d] 119Sn NMR spectra were typically recorded at 250 K. [e] Insufficently soluble to record spectrum. [f] n.o. = not
observed in temperature range 295–180 K.
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Table 2. Selected bond lengths [Å] and angles [°] for trans-
[SnF4(PCy3)2].[a]

Sn1–F1 1.959(2) Sn1–F2 1.980(2)
Sn1–P1 2.6538(11) P1–C1 1.860(4)
P1–C7 1.845(4) P1–C13 1.851(4)
F1–Sn1–F2 91.21(10) F1–Sn1–F2a 88.79(10)
F1–Sn1–P1 89.86(7) F2–Sn1–P1 88.24(7)
C1–P1–C7 108.09(17) C7–P1–C13 104.81(16)
C1–P1–C13 107.96(17) Sn1–P1–C1 112.95(12)
Sn1–P1–C7 113.77(12) Sn1–P1–C13 108.81(12)
F1–Sn1–P1–C1 –60.0(2) F1–Sn1–P1–C7 63.7(2)
F1–Sn1–P1–C13 –179.9(2)

[a] Symmetry operation, a: –x, –y, 2–z.

The corresponding reactions of [SnF4(MeCN)2] with the
diphosphanes Me2P(CH2)2PMe2, Et2P(CH2)2PEt2,
Cy2P(CH2)2PCy2, o-C6H4(PPh2)2, Ph2P(CH2)2PPh2 and
o-C6H4(PMe2)2 (L–L) gave [SnF4(L–L)]. The
[SnF4{Me2P(CH2)2PMe2}] was essentially insoluble in chlo-
rocarbons or nitromethane and decomposed by DMSO,
and although it appeared to be similar to the other exam-
ples, we were unable to obtain any solution spectroscopic
data and it will not be discussed further. The other exam-
ples are as expected cis isomers showing doublet of doublets
of triplets in their 31P{1H} NMR spectra and two 19F{1H}
resonances, a triplet of triplets for the Ftrans-F and a doublet
of doublet of triplets for the Ftrans-P, with the coupling con-
stants shown in Table 1 (again all resonances have tin satel-
lites). The 119Sn NMR resonances of the diphosphane com-
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Figure 1. Structure of trans-[SnF4(PCy3)2] showing a partial atom
numbering scheme. Cyclohexyl groups are numbered cyclically
starting at the P-bonded C atom. Ellipsoids are drawn at the 50%
probability level and H atoms omitted for clarity. Sn1 is positioned
on a centre of symmetry. Symmetry operation, a: –x, –y, 2–z.

plexes are 27-line patterns (triplet of triplets of triplets), the
spectra typically being recorded at 250 K to reduce any line
broadening due to the onset of reversible ligand dissoci-
ation. The modest solubility necessitated long accumula-
tions, and in some cases the weakest outer lines of the mul-
tiplets were rather unclear, although the various couplings
were readily extracted (Table 1). The trends in the various
NMR parameters will be discussed in a later section in
comparison with those of related complexes (see below).
The structure of [SnF4{Et2P(CH2)2PEt2}] was determined
and confirms the cis geometry deduced from the NMR
studies (Table 3, Figure 2). The Sn–P distance is 2.606(1) Å,
shorter than in the trans-[SnF4(PCy3)2] [2.654(1) Å], and
also shorter than the value in cis-[SnCl4{Et2P(CH2)2PEt2}]
[2.648(2) Å] described below. The Sn–Ftrans-F 1.986(2) Å is
significantly longer than Sn–Ftrans-P 1.953(2) Å, a pattern
which is found in most adducts of SnX4 (X = Cl, Br or I)
with soft donor ligands.[6–10]

Table 3. Selected bond lengths [Å] and angles [°] for
[SnF4{Et2P(CH2)2PEt2}].[a]

Sn1–F1 1.9863(17) P1–C1 1.821(3)
Sn1–F2 1.9532(16) P1–C2 1.815(3)
Sn1–P1 2.6058(9) P1–C4 1.814(3)
P1···P1a 3.409(2)
F1–Sn1–F2 92.60(7) P1–Sn1–F1 84.66(5)
F1–Sn1–F2a 91.36(7) P1–Sn1–F2 93.14(6)
F1–Sn1–F1a 174.29(10) P1–Sn1–F1a 91.02(5)
F2–Sn1–F2a 92.29(10) P1–Sn1–F2a 173.40(5)
P1–Sn1–P1a 81.70(4) Sn1–P1–C1 102.52(9)
Sn1–P1–C2 114.54(10) Sn1–P1–C4 116.34(10)

[a] Symmetry operation, a: –x, y, ½–z.
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Figure 2. Structure of [SnF4{Et2P(CH2)2PEt2}] showing the atom
numbering scheme. Ellipsoids are drawn at the 50% probability
level and H atoms omitted for clarity. A twofold axis passes
through Sn1 and the centre of the C1–C1a bond. Symmetry opera-
tion, a: –x, y, 1/2–z.

Other SnF4 Complexes: A small number of complexes of
hard N- or O-donor ligands, previously obtained directly
from SnF4, were re-prepared in this study for comparison
purposes from [SnF4(MeCN)2], viz [SnF4(L–L)] (L–L =
2,2�-bipyridyl, 1,10-phenanthroline, N,N,N�N�-tetramethyl-
ethanediamine and 1,2-dimethoxyethane) and [SnF4(pyrid-
ine)2]. The complexes with N donor ligands are unaffected
by exposure to air for several hours, although moisture-sen-
sitive in solution. They are much less readily decomposed
than the phosphane complexes. The solid [SnF4(L)2] [L =
THF or L2 = MeO(CH2)2OMe] are very deliquescent. The
19F{1H} and 119Sn NMR spectroscopic data are shown in
Table 1. Although the ranges overlap, there is a general shift
to lower frequency in the 119Sn NMR shifts with donor, P
� N � O. The complexes with L–L = 2,2�-bipyridyl, 1,10-
phenanthroline, Me2N(CH2)2NMe2 have the expected cis
geometry, whilst the [SnF4(pyridine)2] is the trans isomer.
In contrast to the N donor complexes, the ether adducts,
[SnF4{MeO(CH2)2OMe}] and [SnF4(THF)2], are under-
going rapid neutral ligand exchange in solution at ambient
temperatures, and only at low temperatures was it possible
to record 19F{1H} and 119Sn NMR spectroscopic data.
These revealed that in CH2Cl2 solution at 220 K the THF
complex was a mixture of cis and trans isomers in approxi-
mately equal amounts. On the basis of IR and Mössbauer
data Tudela[18] concluded that the [SnF4L�2] (L� = pyridine
or THF) were trans isomers in the solid state. Crystals of
[SnF4{MeO(CH2)2OMe}] and [SnF4(1,10-phenanthroline)]
were grown from CH2Cl2/n-hexane. The structure of the
former shows (Table 4, Figure 3) the expected cis geometry
with Sn–O = 2.156(2), 2.144(2) Å, which are shorter than
those in trans-[SnCl4(THF)2][23] but significantly longer
than the Sn–O distances in phosphane oxide adducts of
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SnF4, which lie in the range of ca. 2.045(3)–2.088(5) Å.[18]

The latter complexes show no dissociation in solution,
which is indicative of stronger binding of the phosphane
oxide ligands compared to the ethers. The differences in the
distances Sn–Ftrans-F [1.926(2), 1.927(2) Å] and Sn–Ftrans-O

[1.921(2), 1.923(2) Å] are much less than in the phosphane
complex described previously. The structure of [SnF4(1,10-
phenanthroline)] [Sn–N = 2.157(7) Å] (Table 5, Figure 4)

Table 4. Selected bond lengths [Å] and angles [°] for
[SnF4{MeO(CH2)2OMe}].

Sn1–F1 1.9263(17) Sn1–F3 1.9274(17)
Sn1–F2 1.9210(18) Sn1–F4 1.9234(18)
Sn1–O1 2.1559(19) Sn1–O2 2.144(2)
O1–C1 1.463(3) O2–C3 1.454(3)
O1–C2 1.456(3) O2–C4 1.463(3)
C2–C3 1.502(4) O1···O2 2.673(3)
F2–Sn1–F4 99.27(8) F1–Sn1–F3 170.07(7)
F–Sn1–F (the rest) 92.09(8)–93.93(8) O2–Sn1–O1 76.88(8)
F2–Sn1–O2 169.84(8) F4–Sn1–O1 167.62(8)
F–Sn1–O (the rest) 84.27(8)–93.07(8)
Sn1–O1–C1 117.34(18) Sn1–O2–C3 112.38(17)
Sn1–O1–C2 111.60(15) Sn1–O2–C4 121.09(17)
O1–C2–C3 107.0(2) O2–C3–C2 106.5(2)

Figure 3. Structure of [SnF4{MeO(CH2)2OMe}] showing the atom
numbering scheme. Ellipsoids are drawn at the 50% probability
level and H atoms omitted for clarity.

Table 6. Selected NMR spectroscopic data for SnX4 (X = Cl, Br or I) complexes.[a]

Compound δ(31P{1H})[b] ∆P[c] δ(119Sn)[d] 1J(31P-119Sn) Ref.

[SnCl4{o-C6H4(PMe2)2}] –28.1 27 –616 (t) 945 this work
[SnBr4{o-C6H4(PMe2)2}] –31.9 23 –1188 (t) 581 this work
[SnI4{o-C6H4(PMe2)2}] –59.5 (243 K) –5 n.o.[e] 240 this work
[SnCl4{Et2P(CH2)2PEt2}] –4.9 13 –615 (t) 1049 this work
[SnCl4{Me2P(CH2)2PMe2}] –20.9 27 –617 (t) 1005 [9]

[SnCl4{Ph2P(CH2)2PPh2}] –18.8 –5.5 –626 (t) 890 [9]

[SnCl4{o-C6H4(PPh2)2}] –13.9 –1 –607.5 (t) 890 [9]

[SnCl4{o-C6H4(AsMe2)2}] – – –675 (s) – [9]

[SnBr4{o-C6H4(AsMe2)2}] – – –1354 (s) – [9]

[SnCl4{MeC(CH2AsMe2)3}] – – –696 (s) – this work
[SnBr4{MeC(CH2AsMe2)3}] – – –1290 (s) – this work

[a] In CH2Cl2/10% CDCl3. [b] Ligand chemical shifts are: o-C6H4(PMe2)2 –55 ppm; o-C6H4(PPh2)2 –13 ppm; Ph2P(CH2)2PPh2 –13 ppm;
Et2P(CH2)2PEt2 –18 ppm; Me2P(CH2)2PMe2 –48 ppm; Cy2P(CH2)2PCy2 +2 ppm; PMe3 –62 ppm; PCy3 +11.5 ppm. [c] Coordination
shift (δcomplex –δligand). [d] 119Sn NMR spectra were typically recorded at 250 K. [e] n.o. = not observed in temperature range 295–180 K.
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may be compared with that of [SnCl4(1,10-phenan-
throline)],[24] which possess Sn–N = 2.234(7)–2.251(8) Å.
One can also compare the literature data on [SnX4(2,2�-
bipyridyl)] for which Sn–N are X = F [2.181(3), 2.183(3) Å],
X = Cl [2.247(4), 2.226(4) Å], X = Br [2.23(1), 2.23(1) Å],
X = I [2.28(2) Å].[16,25,26] The 2,2�-bipyridyl series shows the
longest Sn–N bonds in the iodide and the shortest in the
fluoride, with the chloride and bromide less clearly discrimi-
nated, support for the fluoride being the strongest Lewis
acid of the four halides.

Table 5. Selected bond lengths [Å] and angles [°] for [SnF4(1,10-
phenanthroline)]·MeOH.[a]

Sn1–F1 1.887(5) Sn1–N1 2.157(7)
Sn1–F2 1.860(6) N1–C1 1.339(11)
N1···N1a 2.670(13) N1–C6 1.349(10)
F1–Sn1–F2 93.3(3) F1–Sn1–F2a 91.9(3)
F2–Sn1–F2a 99.2(4) F1–Sn1–F1a 172.0(3)
F1–Sn1–N1 88.0(3) F2–Sn1–N1 168.4(3)
N1–Sn1–N1a 76.5(3)
Sn1–N1–C1 126.4(5) Sn1–N1–C6 115.1(5)

[a] Symmetry operation, a: 1–x, 1/2–y, z.

Figure 4. Structure of [SnF4(1,10-phenanthroline)]·MeOH showing
the atom numbering scheme. Ellipsoids are drawn at the 40% prob-
ability level and H atoms omitted for clarity. The tin atom is on a
twofold axis. Symmetry operation, a: 1–x, 1/2–y, z.

Other Tin(IV) Halide Adducts: For comparison several
new complexes of SnX4 (X = Cl, Br or I) with phosphane or
arsane ligands were also prepared, in these cases by direct
reaction of SnX4 with the appropriate ligand in anhydrous
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dichloromethane, and the NMR spectra were recorded
(Table 6). Like other complexes of this type, they are very
moisture sensitive and also dioxygen sensitive to varying
degrees in solution,[9,27] but also much more soluble in chlo-
rocarbons than their tin(IV) fluoride analogues. The 119Sn
chemical shifts are surprisingly similar for corresponding
complexes of SnF4 and SnCl4, but those of SnBr4 and SnI4

show much more deshielded resonances (Table 6). The
1J(119Sn-31P) coupling constants fall with halogen F � Cl
� Br � I. The structure of cis-[SnCl4{Et2P(CH2)2PEt2}]
was determined (Table 7, Figure 5) and provides a direct
comparison with the fluoride structure discussed above.
Again there is a marked difference between Sn–Cltrans-Cl

[2.453(1) Å] and Sn–Cltrans-P [2.408(1) Å] with Sn–P =
2.648(2) Å. Other structurally characterised phosphane
complexes of SnCl4 are trans-[SnCl4(PEt3)2] [Sn–P =
2.615(5) Å],[20] trans-[SnCl4(κ1-Ph2PCH2PPh2)2] [Sn–P =
2.649(1) Å],[21] and cis-[SnCl4{Ph2P(CH2)2PPh2}] [Sn–P =
2.679(2), 2.653(2) Å, Sn–Cl = 2.402(2), 2.406(2), 2.408(2),
2.447(2) Å].[28]

Table 7. Selected bond lengths [Å] and angles [°] for
[SnCl4{Et2P(CH2)2PEt2}].[a]

Sn1–Cl1 2.4529(14) Sn1–P1 2.6481(17)
Sn1–Cl2 2.4084(14) P1–C2 1.821(6)
P1–C4 1.824(6) P1–C5 1.825(5)
P1···P1a 3.422(3)
Cl1–Sn1–Cl2 90.16(5) Cl1–Sn1–Cl2a 93.97(5)
Cl1–Sn1–Cl1a 174.00(7) Cl2–Sn1–Cl2a 92.99(7)
Cl1–Sn1–P1 84.19(5) Cl2–Sn1–P1 171.65(5)
P1–Sn1–P1a 80.49(7) Sn1–P1–C2 117.0(2)
Sn1–P1–C4 114.0(2) Sn1–P1–C5 102.09(18)
P1–C5–C5a–P1a 67.7(6)

[a] Symmetry operation, a: 1–x, y, 1/2–z.

Figure 5. Structure of [SnCl4{Et2P(CH2)2PEt2}] showing the atom
numbering scheme. Ellipsoids are drawn at the 40% probability
level and H atoms omitted for clarity. The tin atom is on a twofold
axis. Symmetry operation, a: 1–x, y, 1/2–z.

Reactions with Dioxygen: We have reported elsewhere[9]

that mixtures of phosphanes or diphosphanes and SnX4 (X
= Cl, Br or I) in chlorocarbon solution air-oxidise readily
to the corresponding phosphane oxides. Catalytic amounts
of SnI4 can be used to cleanly generate phosphane oxides
from the corresponding phosphanes using dry air or di-
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oxygen, and whilst the mechanism remains obscure, the use
of 18O2 in these reactions showed that the source of the
oxygen is O2, not water as in a halogenation/hydrolysis
mechanism.[27] The phosphane complexes of tin(IV) fluo-
ride made in the present study also show varying degrees of
oxygen sensitivity, especially in solution. The [SnF4(PCy3)2]
is particularly sensitive and even brief exposure to air of a
CH2Cl2 solution produced substantial oxidation. The
[SnF4(PMe3)2] and the diphosphane complexes are less
rapidly air-oxidised, but modest amounts of phosphane ox-
ides can be detected by 31P NMR in solutions exposed to
air for some hours. In these systems the phosphane oxide
binds strongly to the SnF4 (cf. ref.[19]), and thus in contrast
to the extensively dissociated SnI4 systems[27] the formation
of phosphane oxide is stoichiometric, because the phos-
phane oxides remove the SnF4 by complexation preventing
further reaction. Crystals of [SnF4(OPPh3)2] were obtained
over several days from a CH2Cl2 solution of the products
of melting [SnF4(MeCN)2] with excess PPh3. The structure
(Figure 6, Table 8) shows it to be the trans isomer, and the
bond lengths are entirely in keeping with our previous con-
clusions[19] that SnF4 is the strongest Lewis acid of the four
tin(IV) halides towards O donor phosphane oxide ligands.

Figure 6. Structure of trans-[SnF4(Ph3PO)2] showing a partial atom
numbering scheme. Phenyl groups are numbered cyclically starting
at the ipso C atom. Ellipsoids are drawn at the 50% probability
level and H atoms omitted for clarity. Sn1 is positioned on a centre
of symmetry. Symmetry operation, a: –x, 1–y, 1–z.

Table 8. Selected bond lengths [Å] and angles [°] for trans-
[SnF4(Ph3PO)2]·2CH2Cl2.

Sn1–F1 1.928(3) Sn1–O1 2.050(3)
Sn1–F2 1.934(3) O1–P1 1.523(3)
P1–C1 1.792(5) P1–C7 1.795(5)
P1–C13 1.797(6)
F1–Sn1–F2 90.56(12) F1–Sn1–O1 89.06(13)
F2–Sn1–O1 91.79(13) Sn1–O1–P1 146.3(2)
O1–P1–C1 108.0(2) O1–P1–C7 112.5(2)
O1–P1–C13 111.4(2)

Attempted Preparation of Tertiary Arsane Complexes: In
contrast to the results with phosphane ligands, repeated
attempts to isolate complexes of SnF4 with tertiary arsanes
including AsMe3, o-C6H4(AsMe2)2 and MeC(CH2AsMe2)3

were unsuccessful. The reaction of [SnF4(MeCN)2] or
[SnF4(THF)2] in CH2Cl2 or toluene with o-C6H4(AsMe2)2,
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Table 9. Selected bond lengths [Å] and angles [°] for [SnBr4{MeC(CH2AsMe2)3}].

Sn1–Br1 2.5708(6) Sn1–Br3 2.6340(5)
Sn1–Br2 2.5479(5) Sn1–Br4 2.5807(5)
Sn1–As1 2.6932(5) Sn1–As2 2.7095(6)
As1–C6 1.930(4) As2–C8 1.935(3)
As1–C7 1.932(3) As2–C9 1.928(3)
As3–C10 1.966(3) As3–C11 1.972(3)
As1–C3 1.953(4) As2–C4 1.954(3)
As3–C5 1.987(3) As1···As2 3.712(1)
Br–Sn1–Br (ca. 90°) 91.979(17)–94.850(17) Br3–Sn1–Br4 170.563(15)
Br–Sn1–As (ca. 90°) 82.905(16)–90.337(16) Br1–Sn1–As2 173.739(14)
Br2–Sn1–As1 174.623(16) As1–Sn1–As2 86.791(16)
C–As1–C 101.08(16)–108.21(15) C–As2–C 99.62(13)–107.75(14)
C–As3–C 93.50(15)–98.69(16)

which is a very strongly coordinating ligand towards many
d-block metals,[29] resulted in white solids of variable com-
position which appeared to be mixtures of the starting com-
plex, possibly [SnF4{o-C6H4(AsMe2)2}] and SnF4. The IR
spectra showed the presence of the diarsane, a broad υ(SnF)
at ca. 570 cm–1, and usually some MeCN or THF. The 1H
NMR spectra of these products in CD2Cl2 solution showed
only MeCN or THF and “free” o-C6H4(AsMe2)2 [as o-
C6H4(AsMe2)2 is a liquid, this is evidence for coordination
of the diarsane to tin in the solids]. The 19F{1H} NMR
spectra showed no resonances at room temperature, but be-
low ca. 210 K, two new broad resonances at δ = –138 and
–152 were observed, which seem reasonable for [SnF4{o-
C6H4(AsMe2)2}], but no F–F coupling was resolved even at
190 K. The data suggest that [SnF4{o-C6H4(AsMe2)2}]
forms in the reaction, but that it is extensively dissociated
in solution and even use of a substantial excess of diarsane
does not produce a pure product. In the cases of AsMe3 or
MeC(CH2AsMe2)3 there was little evidence for coordina-
tion to SnF4. In contrast, arsane complexes of SnX4 (X =
Cl, Br or I) form readily,[9] and indeed [SnI4{o-
C6H4(AsMe2)2}] is one of the very small number of struc-
turally characterised neutral ligand adducts of SnI4. The
explanation of this marked difference to phosphanes proba-
bly arises from the fact the SnF4 is a very hard Lewis acid
with contracted tin acceptor orbitals, and correspondingly
has less ability to bind the large soft arsenic centre. For
many transition-metal systems the differences between
binding corresponding phosphanes and arsanes is small,
but becomes very significant with high oxidation state and/
or harder metal centres of the 3d series such as FeIV, NiIV

or MnII, where the phosphanes result in significantly more
stable complexes.[29] Our results suggest similar discrimi-
nation by SnF4.

In the course of this work the [SnX4{MeC(CH2As-
Me2)3}] (X = Cl or Br) were prepared from the appropriate
SnX4 and triarsane in CH2Cl2 and their 1H NMR spectra
show the triarsane bound as a bidentate to a six-coordinate
tin centre. The 119Sn NMR chemical shifts of δ = –696
and –1290 ppm (Table 6) are typical of SnX4As2 donor
sets.[9] The structures were confirmed by a X-ray study of
[SnBr4{MeC(CH2AsMe2)3}] (Table 9, Figure 7), which
showed a distorted octahedral tin centre with Sn–Brtrans-Br

[2.5807(5), 2.6340(5) Å] longer than Sn–Brtrans-As [2.5708(6),
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2.5479(5) Å], and with the axial Br–Sn–Br unit bent
towards the neutral ligand (Br3–Sn1–Br4 = 170.6°), as
found in tin(IV) halide structures with a variety of soft do-
nors.[6–9] The Sn–As [2.6932(5), 2.7095(6) Å] are slightly
shorter than those in the only other structurally character-
ised tin–arsane complexes [SnI4{o-C6H4(AsMe2)2}]
[2.716(2), 2.752(2) Å],[9] and trans-[SnCl4(AsPh3)2]
[2.762(1) Å].[30] The wide As–Sn–As angle [86.79(2)°] in the
present complex reflects the six-membered chelate ring
present and compares with 78.43(7)° in [SnI4{o-
C6H4(AsMe2)2}] which contains a five-membered ring.

Figure 7. Structure of [SnBr4{MeC(CH2AsMe2)3}] showing the
atom numbering scheme. Ellipsoids are drawn at the 50% prob-
ability level and H atoms omitted for clarity.

Comparisons and Conclusions

This work has provided the first examples of SnF4 ad-
ducts with soft phosphane ligands and also a considerable
amount of spectroscopic and structural data on comparable
complexes with hard N- or O-donor ligands and with the
heavier tin(IV) halides. The structural data discussed in pre-
ceding sections clearly show that for a fixed hard neutral
ligand the Sn–ligand bond lengths are shortest in the fluo-
ride complexes, consistent with SnF4 being the strongest
Lewis acid. The corresponding data for cis-
[SnX4{Et2P(CH2)2PEt2}] (X = F or Cl), which are exact
analogues (isostructural), also show the shortest Sn–P bond
in the fluoride, indicating that similar trends hold with the
soft (but strong σ-donor) phosphorus. The longer Sn–P
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bond in trans-[SnF4(PCy3)2] is almost certainly due to steric
effects caused by the bulky cyclohexyl substituents (PCy3

has a cone angle of ca. 170°). However, the instability of
SnF4 adducts of arsanes suggests that towards even softer
ligands, SnCl4 will be more strongly coordinated.

These studies have also produced a wealth of NMR spec-
troscopic data (Table 1 and Table 6), but although several
empirical trends in the chemical shifts and coupling con-
stants with change in halide or neutral ligand can be dis-
cerned, the patterns are complicated, indicating several
competing factors are present. Thus, the 119Sn chemical
shifts show consistent low frequency shifts with X: Cl � F
� Br � I, the same as observed in halostannates(IV),[31,32]

evidence that electronegativity is not the dominant fac-
tor.[33] Low frequency shifts also occur with neutral donor
atoms P � N � O. The 31P chemical shifts and the coordi-
nation shifts (δcomplex –δligand) for the phosphane complexes
are not systematic with changes in halide co-ligand. Al-
though phosphanes mostly show high frequency coordina-
tion shifts when bound to transition metals, both high and
low frequency shifts have been observed in p-block element
complexes, and the reasons remain obscure.[33,34] The
1J(31P-119Sn) coupling constants are largest for the fluorides
and much larger for trans-P–Sn–P than for cis-P–Sn–P ar-
rangements (Table 1), whilst the 1J(19F-119Sn) couplings are
larger in the phosphane complexes than in the N- or O-
donor ligand cases. The 1J(19F-119Sn)F–trans-F are markedly
larger than 1J(19F-119Sn)F–cis-F in the phosphane complexes,
but this difference is small or absent in the complexes with
harder donor co-ligands. A more detailed understanding of
the factors responsible for these trends must await further
work on related systems.

Given that stable complexes of soft phosphane donor li-
gands have now been prepared for the hard Lewis acid
SnF4, similar complexes should be obtainable for other
main-group fluorides. Studies to explore this are underway.

Experimental Section
All compounds were made under dinitrogen using dry solvents and
standard Schlenk and glove box techniques. SnF2, SnCl4, SnBr4

and SnI4 were obtained from Aldrich and used as received.
[SnF4(MeCN)2] was made as described.[18] Ligands were obtained
from Aldrich: PMe3, PPh3, PCy3, AsMe3, Me2P(CH2)2PMe2,
Et2P(CH2)2PEt2, Cy2P(CH2)2PCy2, or were made by literature
methods: o-C6H4(PPh2)2, Ph2P(CH2)2PPh2, o-C6H4(PMe2)2, o-
C6H4(AsMe2)2, MeC(CH2AsMe2)3.[35–38] 2,2�-Bipyridyl and 1,10-
phenanthroline were dried by heating in vacuo, 1,2-dimethoxye-
thane was dried with sodium and freshly distilled. Pyridine and
Me2N(CH2)2NMe2 were dried by distillation from BaO, tetra-
hydrofuran was dried by distillation from Na-benzophenone ketyl,
MeCN and CH2Cl2 from CaH2. IR spectra were recorded as Nujol
mulls on a Perkin–Elmer PE 983G spectrometer, 1H NMR spectra
in CDCl3, CD2Cl2 or CD3NO2 solutions on a Bruker AV300,
31P{1H}, 19F{1H} and 119Sn NMR spectra on a Bruker DPX400
and referenced to 85% H3PO4, CFCl3 and neat SnMe4 respectively.
The 119Sn NMR spectra were recorded from solutions containing
[Cr(acac)3] as a relaxation agent and without proton decoupling to
avoid NOE diminution of the signal due to the negative magne-
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togyric ratio of the isotope. Microanalytical measurements on new
complexes were performed by the microanalytical service at Strath-
clyde University.

[SnF4{o-C6H4(PMe2)2}]: [SnF4(MeCN)2] (0.276 g, 1.0 mmol) was
dissolved in CH2Cl2 (20 mL) and o-C6H4(PMe2)2 (0.198 g,
1.0 mmol) added and the mixture stirred overnight at ambient tem-
peratures. The white precipitate was filtered off and dried in vacuo.
Yield 0.205 g, 52%. C10H16F4P2Sn·CH2Cl2 (477.8): calcd. C 27.6,
H 3.8; found C 26.9, H 3.8. 1H NMR (300 MHz, CDCl3, 25 °C):
δ = 1.87 (t, 2J+ 5JP–H = 4 Hz, 12 H, Me), 5.4 (CH2Cl2), 7.75–7.81
(m, 4 H, C6H4) ppm. IR (Nujol): ν̃ = 564 (s), 534 (s) υ(SnF) cm–1.

[SnCl4{o-C6H4(PMe2)2}]: A solution of SnCl4 (0.12 mL, 1.0 mmol)
in CH2Cl2 (5 mL) was added to o-C6H4(PMe2)2 (0.198 g, 1.0 mmol)
in CH2Cl2 (20 mL) producing an immediate white precipitate. After
30 min the solid was filtered off and dried in vacuo. Yield 0.427 g,
93%. C10H16Cl4P2Sn (458.7): calcd. C 26.2, H 3.5; found C 25.9,
H 3.2. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.97 (t, 2J+ 5JP–H

= 4.4 Hz, 12 H, Me), 7.75–7.81 (m, 4 H, C6H4) ppm. IR (Nujol):
ν̃ = 307 (s), 296 (s) υ(SnCl) cm–1.

[SnBr4{o-C6H4(PMe2)2}]: Prepared similarly to the chloride as a
yellow solid. Yield 93%. C10H16Br4P2Sn (636.5): calcd. C 18.9, H
2.5; found C 18.7, H 2.4. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
1.95 (t, 2J+ 5JP–H = 4.5 Hz, 12 H, Me), 7.75–7.81 (m, 4 H,
C6H4) ppm. IR (Nujol): ν̃ = 205 (sh), 202 (s), 199 (sh), 196 (s)
υ(SnBr) cm–1.

[SnI4{o-C6H4(PMe2)2}]: Prepared similarly to the chloride as a
brown powder. Yield 80%. C10H16I4P2Sn (824.5): calcd. C 14.6, H
2.0; found C 14.6, H 1.9. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
1.83 (t, 2J+ 5JP–H = 4.8 Hz, 12 H, Me), 7.75–7.81 (m, 4 H,
C6H4) ppm.

[SnF4{o-C6H4(PPh2)2}]: [SnF4(MeCN)2] (0.276 g, 1.00 mmol) was
suspended in CH2Cl2 (20 mL) and a solution of o-C6H4(PPh2)2

(0.446 g, 1.00 mmol) in CH2Cl2 (5 mL) added and the mixture
stirred for 8 h at ambient temperatures. The white precipitate was
filtered off and dried in vacuo. Yield 0.17 g, 27%. C30H24F4P2Sn
(641.2): calcd. C 56.2, H 3.8; found C 56.9, H 4.1. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 7.30–7.68 (m, Ph) ppm. IR (Nujol):
ν̃ = 574 (s), 557 (s), 526 (s) υ(SnF) cm–1.

[SnF4(PMe3)2]: [SnF4(MeCN)2] (0.277 g, 1.00 mmol) was sus-
pended in CH2Cl2 (10 mL), trimethylphosphane (0.167 g,
2.20 mmol) was added and stirred at room temperature for 1 h.
Some of the CH2Cl2 was removed in vacuo and then dry hexane
(20 mL) was added. A white solid precipitated out which was fil-
tered off under nitrogen and dried in vacuo. Yield 0.250 g, 68%.
C6H18F4P2Sn·2CH2Cl2 (516.7): calcd. C 18.6, H 4.3; found C 18.3,
H 4.5. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.68 (m, Me), 5.4
(CH2Cl2) ppm. IR (Nujol): ν̃ = 546 (br) υ(SnF) cm–1.

[SnF4(PCy3)2]: [SnF4(MeCN)2] (0.277 g, 1.00 mmol) was suspended
in CH2Cl2 (10 mL), tricyclohexylphosphane (0.588 g, 2.10 mmol)
was added and stirred at room temperature for 3 h. No precipi-
tation had occurred so the solution was reduced to ca. 5 mL in
vacuo and then dry hexane (5 mL) was added. A white solid pre-
cipitated out which was filtered off under nitrogen and dried in
vacuo. Yield 0.45 g, 60%. C32H66F4P2Sn·1/2CH2Cl2 (750.0): calcd.
C 54.9, H 8.5; found C 54.4, H 8.8. 1H NMR (300 MHz, CDCl3,
25 °C): δ = 1.29–2.34 (m, Cy), 5.4 (CH2Cl2) ppm. IR (Nujol): ν̃ =
557 (s), 535 (s) υ(SnF) cm–1.

[SnF4{Et2P(CH2)2PEt2}]: [SnF4(MeCN)2] (0.278 g, 1.00 mmol) was
suspended in CH2Cl2 (20 mL), 1,2-bis(diethylphosphanyl)ethane
(0.28 mL, 1.20 mmol) was added dropwise and stirred for 1.5 h.
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Table 10. Crystal data and structure refinement details.[a]

Compound [SnF4(Ph3PO)2]·2CH2Cl2 [SnF4{Et2P(CH2)2PEt2}] [SnF4{MeO(CH2)2OMe}]

Formula C38H34Cl4F4O2P2Sn C10H24F4P2Sn C4H10F4O2Sn
M 921.08 400.92 284.81
Crystal system monoclinic monoclinic monoclinic
Space group P21/n (no. 14) C2/c (no. 15) P21/n (no. 14)
a [Å] 8.8697(16) 8.8994(12) 6.2957(15)
b [Å] 14.771(4) 11.663(3) 20.987(6)
c [Å] 14.446(4) 14.774(4) 6.693(2)
α [°] 90 90 90
β [°] 95.236(16) 104.257(12) 111.941(15)
γ [°] 90 90 90
U [Å3] 1884.7(8) 1486.2(5) 820.2(4)
Z 2 4 4
µ [mm–1] 1.101 1.956 3.137
F(000) 924 800 544
Total no. of observations (Rint) 21329 (0.138) 9486 (0.053) 6388 (0.037)
Unique observations 4312 1708 1867
Min., max. transmission 0.681, 1.000 0.726, 1.000 0.651, 1.000
No. of parameters, restraints 232, 0 78, 0 100, 0
Goodness-of-fit on F2 0.98 1.07 1.14
Resid. electron density [e·Å–3] –0.83 to +0.74 –0.64 to +0.69 –0.76 to +0.48
R1, wR2 [I � 2σ(I)][b] 0.058, 0.106 0.030, 0.053 0.023, 0.054
R1, wR2 (all data) 0.135, 0.131 0.042, 0.056 0.027, 0.056

Compound [SnF4(1,10-phenanthroline)]·MeOH [SnF4(PCy3)2] [SnCl4{Et2P(CH2)2PEt2}]

Formula C13H12F4N2OSn C36H66F4P2Sn C10H24Cl4P2Sn
M 406.94 755.52 466.72
Crystal system tetragonal triclinic monoclinic
Space group I41/a (no. 88) P1̄ (no. 2) C2/c (no. 15)
a [Å] 9.471(3) 8.251(2) 9.708(3)
b [Å] 9.471(3) 9.868(3) 12.177(2)
c [Å] 29.964(8) 11.832(4) 16.301(5)
α [°] 90 77.192(15) 90
β [°] 90 85.601(10) 107.108(12)
γ [°] 90 69.240(15) 90
U [Å3] 2687.8(15) 878.3(4) 1841.7(9)
Z 8 1 4
µ [mm–1] 1.948 0.864 2.122
F(000) 1584 398 928
Total no. of observations (Rint) 9075 (0.097) 18769 (0.088) 8628 (0.049)
Unique observations 1539 4030 2100
Min., max. transmission 0.569, 1.000 0.778, 1.000 0.722, 1.000
No. of parameters, restraints 96, 1 196, 0 80, 0
Goodness-of-fit on F2 1.04 1.05 1.05
Resid electron density [e·Å–3] –1.12 to +1.17 –0.69 to +0.97 –0.88 to +1.65
R1, wR2 [I � 2σ(I)][b] 0.072, 0.180 0.051, 0.101 0.054, 0.112
R1, wR2 (all data) 0.128, 0.207 0.070, 0.108 0.092, 0.126

Compound [SnBr4{MeC(CH2AsMe2)3}]

Formula C11H27As3Br4Sn
M 822.42
Crystal system monoclinic
Space group P21/c (no. 14)
a [Å] 11.371(2)
b [Å] 12.839(2)
c [Å] 15.227(2)
α [°] 90
β [°] 91.731(10)
γ [°] 90
U [Å3] 2221.9(6)
Z 4
µ [mm–1] 12.766
F(000) 1528
Total no. of observations (Rint) 22702 (0.064)
Unique observations 5084
Min., max. transmission 0.767, 1.000
No. of parameters, restraints 179, 0
Goodness-of-fit on F2 1.03
Resid electron density [e·Å–3] –0.91 to +0.84
R1, wR2 [I � 2σ(I)][b] 0.026, 0.050
R1, wR2 (all data) 0.045, 0.053

[a] Common items: temperature = 120 K; wavelength (Mo-Kα) = 0.71073 Å; θmax. = 27.5°. [b] R1 = Σ|| Fo| – |Fc||/Σ|Fo|. wR2 = [Σw(Fo
2 –

Fc
2)2/ΣwFo

4]1/2.
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The white precipitate was filtered off and dried in vacuo. Yield
0.32 g, 80%. C10H24F4P2Sn (400.95): calcd. C 29.9, H 6.0; found
C 29.0, H 6.0. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 2.13–2.07
(m, 2 H, CH2), 1.37–1.26 (m, 6 H, Me) ppm. IR (Nujol): ν̃ = 553
(m), 526 (s) υ(SnF) cm–1.

[SnF4{Cy2P(CH2)2PCy2}]: [SnF4(MeCN)2] (0.278 g, 1.00 mmol)
was suspended in CH2Cl2 (10 mL), 1,2-bis(dicyclohexylphos-
phanyl)ethane (0.444 g, 1.05 mmol) in CH2Cl2 (5 mL) was added.
This was stirred under nitrogen for 3 h. No precipitation had oc-
curred so the solution was reduced to ca. 5 mL in vacuo and then
dry hexane (5 mL) was added. Again no significant precipitate was
observed so the solvent was removed in vacuo to give a white solid.
Yield 0.51 g, 83%. C26H48F4P2Sn·1/2CH2Cl2 (826.1): calcd. C 48.2,
H 7.5; found C 49.2, H 8.3. 1H NMR (300 MHz, CDCl3, 25 °C):
δ = 2.21–1.255 (m, CH2, Cy), 5.4 (CH2Cl2) ppm. IR (Nujol): ν̃ =
560 (s), 530 (s) υ(SnF) cm–1.

[SnF4{Ph2P(CH2)2PPh2}]: [SnF4(MeCN)2] (0.28 g, 1.0 mmol) was
suspended in CH2Cl2 (15 mL), 1,2-bis(diphenylphosphanyl)ethane
(0.42 g, 1.05 mmol) in CH2Cl2 (10 mL) was added and the mixture
stirred for 3 h. Most of the solvent was removed in vacuo and the
white precipitate was filtered off and dried in vacuo. Yield 0.46 g,
78%. C26H24F4P2Sn·1/2CH2Cl2 (635.6): calcd. C 50.0, H 4.0; found
C 49.6, H 3.7. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 7.89–7.45
(m, 5 H, Ph), 5.4 (CH2Cl2). 2.81 (br, 1 H, CH2) ppm. IR (Nujol):
ν̃ = 566 (br) υ(SnF) cm–1.

[SnCl4{Et2P(CH2)2PEt2}]: SnCl4 (0.260 g, 1.00 mmol) was dis-
solved in CH2Cl2 (15 mL), 1,2-bis(diethylphosphanyl)ethane
(0.245 mL, 1.05 mmol) was added and stirred for 2 h. Immediate
precipitation occurred, and the solid was filtered off and dried in
vacuo to give a white crystalline solid. Yield 0.45 g, 96%.
C10H24Cl4P2Sn·CH2Cl2 (551.7): calcd. C 23.95, H 4.8; found C
23.5, H 5.0. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 2.12–2.11 (m,
6 H, CH2), 1.39–1.21 (m, 6 H, Me), 5.4 (CH2Cl2) ppm. IR (Nujol):
ν̃ = 318 (sh), 307 (sh), 282 (br) υ(SnCl) cm–1.

[SnF4(2,2�-bipyridyl)]: [SnF4(MeCN)2] (0.276 g, 1.00 mmol) was
suspended in CH2Cl2 (10 mL) and a solution of 2,2�-bipy (0.156 g,
1.00 mmol) in CH2Cl2 (5 mL) added and the mixture refluxed for
2 h. The white precipitate was filtered off and dried in vacuo. Yield
0.365 g, 97%. 1H NMR (300 MHz, CD3NO2, 25 °C): δ = 9.41 (s,
1 H), 9.15 (s, 1 H), 8.99 (s, 1 H), 8.49 (s, 1 H) ppm. IR (Nujol): ν̃
= 580 (s), 560, 520 (sh) υ(SnF) cm–1.

[SnF4(1,10-phenanthroline)]: Prepared similarly to the above. Yield
60%. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 9.35 (m, 2 H), 9.16
(m, 2 H), 8.45 (m, 4 H) ppm. IR (Nujol): ν̃ = 587 (s), 566 (s) υ(SnF)
cm–1.

[SnF4{MeO(CH2)2OMe}]: 1,2-Dimethoxyethane (0.1 mL,
1.0 mmol) was added to a solution of [SnF4(MeCN)2] (0.276 g,
1.0 mmol) in CH2Cl2 (10 mL), and the mixture stirred at reflux for
2 h. The white precipitate was filtered off and dried in vacuo. Yield
77%. 1H NMR (300 MHz, CDCl3, 200 K): δ = 3.98 (s, 3 H, Me),
4.25 (s, 2 H, CH2) ppm. IR (Nujol): ν̃ = 609 (s), 584 (s), 540 (m)
υ(SnF) cm–1.

[SnF4(pyridine)2]: Pyridine (0.16 g, 2.0 mmol) was added to a solu-
tion of [SnF4(MeCN)2] (0.186 g, 0.67 mmol) in CH2Cl2 (10 mL).
This was stirred at reflux under nitrogen for 2 h. The white precipi-
tate was filtered off and dried in vacuo. Yield 80%. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 9.00 (m, 2 H), 8.2 (m, 1 H), 7.7 (m,
2 H) ppm. IR (Nujol): ν̃ = 568 (s) υ(SnF) cm–1.

[SnF4{Me2N(CH2)2NMe2}]: [SnF4(MeCN)2] (0.276 g, 1.0 mmol)
was suspended in CH2Cl2 (10 mL), N,N,N�N�-tetramethylethyl-
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enediamine (0.15 g, 1.00 mmol) was added and the mixture stirred
for 12 h. The white precipitate was filtered off and dried in vacuo.
Yield 0.14 g, 54%. C6H16F4N2Sn·1/2CH2Cl2 (277.4): calcd. C 22.1,
H 4.9, N 7.9; found C 22.3, H 5.1, N 8.1. 1H NMR (300 MHz,
CDCl3, 25 °C): δ = 2.89 (s, 12 H, Me), 3.02 (s, 4 H, CH2) ppm. IR
(Nujol): ν̃ = 570 (s), 547 (s) υ(SnF) cm–1.

[SnF4(THF)2]: Was made as described.[18] 1H NMR (300 MHz,
CDCl3, 25 °C): δ = 2.1 (br., 2 H, CH2), 4.4(br., 2 H, CH2) ppm. IR
(Nujol): ν̃ = 600 (vbr) υ(SnF), 1013 (br), 845 (m) υ(COC) cm–1.

[SnCl4{MeC(CH2AsMe2)3}]: MeC(CH2AsMe2)3 (0.384 g,
1.0 mmol) was dissolved in CH2Cl2 (10 mL) under nitrogen. To this
solution SnCl4 (0.26 g, 1.0 mmol) was added and an immediate
white precipitate formed. This was filtered off and dried in vacuo
to give a white powder. Yield 0.21 g, 33%. 1H NMR (300 MHz,
CDCl3, 25 °C): δ = 1.03 (s, 6 H, AsMe), 1.35 (s, 3 H, CMe), 1.73
(s, 12 H, AsMe), 1.77 (s, 2 H, CH2), 2.39 (d, 2J = 12 Hz, 2 H, CH2)
2.54 (d, 2J = 12 Hz, 2 H, CH2) ppm. IR (Nujol): ν̃ = 310 (sh), 302
(s), 280 (sh) υ(SnCl) cm–1.

[SnBr4{MeC(CH2AsMe2)3}]: MeC(CH2AsMe2)3 (0.384 g,
1.0 mmol) was dissolved in CH2Cl2 (10 mL) under nitrogen. To this
solution SnBr4 (0.438 g, 1.0 mmol) was added and an immediate
yellow precipitate formed in a yellow solution. This was filtered
and the filtrate was left to stand to give yellow crystals. Yield 0.18 g,
22%. C11H27As3Br4Sn (822.4): calcd. C 16.1, H 3.3; found C 15.3,
H 3.1. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.04 (s, 6 H,
AsMe), 1.37 (s, 3 H, CMe), 1.70 (br., 12 H, AsMe), 1.78 (br., 2 H,
CH2), 2.32 (br., 2 H, CH2) 2.55 (br., 2 H, CH2) ppm. IR (Nujol):
ν̃ = 215 (sh), 207 (s), 199 (s) υ(SnBr) cm–1.

X-ray Experimental: Crystals were grown from anhydrous CH2Cl2
solutions of the complexes by vapour diffusion of n-hexane under
dinitrogen. Brief details of the crystal data and refinement are given
in Table 10. Data collections were carried out with a Bruker-Non-
ius Kappa CCD diffractometer with graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å) and with the crystals held at 120 K
in a nitrogen gas stream. Structure solution and refinement were
routine[39–41] except as discussed below, with in all cases H atoms
added in calculated positions. The [SnF4(1,10-phenanthroline)]·
MeOH complex showed, after identifying the tin residue, two
peaks in the difference electron-density map associated with a sol-
vent molecule. The larger of the peaks positioned on a twofold axis
(proposed as an O atom) with the second peak and its symmetry
related peak being a disordered C atom of an adventitious MeOH
solvate molecule. No attempt was made to position H atoms on
this residue.

CCDC-299706 [for F/O(P)], -299707 [for F/P(Et2)], -299708 [for F/
O(Me)], -299709 (for F/N), -299710 [for F/P(R3)], -299711 (for Cl/
P), -299712 (for Br/As) contain the supplementary crystallographic
data for this paper (the atoms in parentheses indicate the atoms
bonded to Sn). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The thiolate complexes [Zn([15]aneN4)(S–CH2–C6H5)]ClO4

(1) ([15]aneN4 = 1,4,8,12-tetraazacyclopentadecane) and
[Zn(i-[14]aneN4)(S–CH2–C6H5)]ClO4 (2) (i-[14]aneN4 =
1,4,7,11-tetraazacyclotetradecane) have been reacted with
carbon disulfide. The trithiocarbonate complexes
[Zn([15]aneN4){S–C(S)–S–CH2–C6H5}]ClO4 {1a, monoclinic,
space group P21/n, Z = 8, a = 13.2338(1) Å, b = 12.9251(2) Å,
c = 30.1669(4) Å, β = 101.463(1)°, V = 5057.1(1) Å3} and [Zn(i-
[14]aneN4){S–C(S)–S–CH2–C6H5}]ClO4 {2a, orthorhombic,
space group P212121, Z = 8, a = 9.9936(1) Å, b = 22.1261(4) Å,
c = 22.3192(4) Å, V = 4935.2(1) Å3} were obtained. The reac-
tion of 1 with CS2 is second order with a rate constant of k =
(57.6±2.4)×10–3 M–1·s–1 at 25 °C. The experimentally deter-

Introduction

Carbonic anhydrase (CA) is a ubiquitous zinc enzyme
that accelerates the reversible hydration of CO2 by a factor
of up to 107 when compared with the uncatalyzed reac-
tion.[2–4] This enzymatic process is very important in all liv-
ing organisms for the exchange of CO2 with the atmo-
sphere. (Detailed references to the numerous studies con-
cerning the catalytic mechanism are given elsewhere.[2,5])
The rate-determining step of the reaction is the nucleophilic
attack of a zinc-bound hydroxide ligand on carbon dioxide.
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mined Eyring activation barrier is ∆Hexp
‡ = 65.3±0.7 kJ·mol–1

(∆Sexp
‡ = –49.9±2.5 J·mol–1·K–1) and a free energy of acti-

vation of ∆G‡ = 80.2±1.5 kJ·mol–1 at 25 °C. To discriminate
between an associative and a dissociative mechanism the
barriers for both processes were calculated using density
functional theory at the C-PCM(B98/G3MP2Large)//B3LYP/
6-311+G(d) level. The associative mechanism is clearly fa-
vored with a difference in free energies of activation of
δ∆G‡ � 80 kJ·mol–1. Its calculated barrier ∆Gtheor

‡ =
114.3 kJ·mol–1 is in reasonable agreement with the experi-
mental value.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

From quantum mechanical calculations it has been con-
cluded that the reaction proceeds via a four-center transi-
tion structure (see Scheme 1).[6,7]

Recent studies of Kesselmeier et al. have shown that CA
is also implicated in the fixation of COS, a sulfur-contain-
ing heterocumulene that occurs as a trace gas in the atmo-
sphere.[8] This process is performed by many organisms,
such as higher plants,[9] algae,[10] lichens,[11] and even by
components of the soil.[12] This interconversion has been
reproduced experimentally by reacting an established CA
model, [TpPh,MeZnOH], with COS.[13] In the course of the
reaction, CO2 is released and the sulfur-analog complex
TpPh,MeZnSH is obtained. In addition, this complex is also
formed by reacting TpPh,MeZnOH with CS2. In this case,
COS is produced instead of CO2, which in turn is capable
of reacting with the zinc hydroxide complex to yield CO2.
This type of reaction, the fixation of sulfur-containing het-
erocumulenes by CA model compounds, has also been
studied by us using computational methods.[5,14] In analogy
to the fixation of CO2, it has been found for all the studied
systems that the insertion of the heterocumulene into the
Zn–O bond via a four-center transition structure is the rate-
determining step of the reaction.[5,6,14]

These studies show that the reaction of natural carbonic
anhydrase is likely to result in the formation of a sulfur-
analog enzyme with a hydrosulfide instead of a hydroxide
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Scheme 1. Insertion of carbon dioxide into the Zn–S bond of CA.

ligand. Since this reaction is exothermic, natural CA would
become inactivated in this ‘sulfurated state’.[5] Kesselmeier
et al. have pointed out, though, that in the case of lichens,
atmospheric sulfur compounds are the only available source
of sulfur.[11] Apparently, the fixation of sulfur-containing
compounds by CA is not a side reaction but rather essential
for some organisms. This gives rise to the question of how
CA can dispose of the sulfur in order to be reactivated.
In a preceding theoretical study of a CA model system, a
nucleophilic reaction of the Zn–SH moiety with CO2 has
been proposed for regeneration of the active catalyst.[5]

However, until now this theory has not been supported by
any experimental investigations.

In this work, we report on a reaction of the CS2 with a
zinc thiolate complex. We are fully aware that this may seem
to be a large stretch of the subject. Nevertheless, the results
are of value for the understanding of the reaction principles
of a zinc-bound sulfur nucleophile with heterocumulenes in
general. It is worth noting that a similar reaction has not
previously been reported in the literature; even the available
structural models for the sulfur-analog CA, e.g.
TpPh,MeZnSH,[15] do not react with heterocumulenes. In the
past, numerous computational studies have examined the
fixation of heterocumulenes by zinc hydroxide complexes,
but only one addresses zinc hydrosulfides and the mecha-
nism of their heterocumulene reactions.[5] The results pre-
sented in this work are the first steps in elucidating the
mode of heterocumulene fixation by sulfur-analog CA
models. Investigations concerning the reactions of COS and
CO2 will be published soon.

Results

Heterocumulene Insertions

The starting materials, thiolate complexes 1 and 2 (see
Scheme 2), are examples of a series of 24 novel zinc thiolate
complexes.[1] The progress of the CS2 insertion reaction can
easily be monitored by the appearance of a yellow color
from the formation of the trithiocarbonates. When reacting
the neat substances with CS2, only a very slow reaction was
observed. This is not surprising, since the thiolates are vir-
tually insoluble in CS2. The reaction is obviously not pos-
sible while the complex cations are fixed in the crystal lat-
tice. In contrast to this, the reaction proceeds quite fast
when the starting materials are dissolved.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2783–27912784

Scheme 2. Thiolate complexes 1 and 2.

Structures

Compounds 1a (Figure 1) and 2a (Figure 2) precipitated
from concentrated dichloromethane solutions upon ad-
dition of a large excess of CS2. Yellow crystals were ob-
tained that were subjected to an X-ray crystallographic
structure determination. The configuration of the four N
atoms in the trithiocarbonates is the same as that found for
the corresponding thiolates.[1] One of the N-bound hydro-
gens is found on the thiolate side of the ligand and three
are located on the opposite side [the so-called (+ – – –)-
configuration[16,17]]. For both compounds, the crystal lat-
tices comprise two independent molecules with differences
in conformation and bond lengths. In the case of 1a, these

Figure 1. Molecular structures of the trithiocarbonate complex cat-
ion of 1a.
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two molecules are enantiomers because of the configuration
of the nitrogen donors, which does not match the symmetry
of the ligand, as was found for 2a. However, the structural
parameters of all trithiocarbonate moieties show very little
variation and the Zn–S distances of both 1a and 2a are
almost identical (Table 1).

Figure 2. Molecular structures of the trithiocarbonate complex cat-
ion of 2a.

Table 1. Selected bond lengths [Å] and angles [°] for 1a and 2a
(atom numbers of 2a are given in parentheses where they are dif-
ferent from 1a).

Value 1a (A) 1a (B) 2a (A) 2a (B)

Zn–S1 2.373(1) 2.363(1) 2.373(1) 2.353(1)
Zn–N1 2.153(4) 2.187(4) 2.101(4) 2.110(4)
Zn–N2 2.188(3) 2.117(4) 2.144(3) 2.176(4)
Zn–N3 2.117(3) 2.209(3) 2.106(4) 2.149(4)
Zn–N4 2.169(3) 2.110(3) 2.149(4) 2.185(4)
C12(C11)–S1 1.723(3) 1.720(4) 1.722(4) 1.708(4)
C12(C11)–S2 1.639(4) 1.640(4) 1.658(4) 1.652(5)
C12(C11)–S3 1.750(3) 1.756(3) 1.739(4) 1.755(5)
S3–C13(C12) 1.806(4) 1.816(4) 1.813(5) 1.823(6)
Zn–S1–C12(C11) 107.3(1) 108.6(1) 112.5(2) 109.9(2)
S1–C12(C11)–S2 126.8(2) 128.0(2) 130.3(3) 128.1(3)
S1–C12(C11)–S3 108.4(2) 108.2(2) 108.2(2) 108.9(3)
S2–C12(C11)–S2 124.8(2) 134.8(2) 121.4(2) 123.0(3)
C12(C13)–S3–C13(C12) 105.6(2) 105.7(2) 105.3(2) 106.1(3)

NMR Spectra

For the NMR spectroscopic investigations, chloroform
solutions of 1 and 2 containing an equimolar amount and
a 10-fold excess of CS2 were analyzed. In these solutions,
complexes 1a and 2a exist in a dynamic equilibrium with 1
and 2, respectively (see Scheme 4). This causes all carbon
atoms, particularly the trithiocarbonate carbons, to exhibit
an increased line width in the 13C spectra. Thus, their detec-
tion requires a large number of scans (�10.000) in order to
reduce the signal-to-noise ratio.

Eur. J. Inorg. Chem. 2006, 2783–2791 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2785

Table 2 shows that upon addition of a 10-fold molar ex-
cess of CS2 compound 1 is converted nearly completely to
the trithiocarbonate 1a, whereas the turnover is only two
thirds for 2a under the same conditions. This renders the
reaction of 1 to 1a suitable for the investigation of subse-
quent reactions and for determination of the thermal pa-
rameters of the insertion. Furthermore, it is worth noting
that small changes of the macrocyclic ligand can have a
dramatic effect on the reactivity of the thiolate, even though
the structural parameters of the substrates and the products
are nearly identical.

Table 2. Turnover of thiolates to trithiocarbonates in chloroform
solutions containing different amounts of CS2 (derived from 1H
NMR spectroscopic data).

Mol. equiv. of CS2 1a [%] 2a [%]

1 50 19
10 �98 67

The 13C NMR spectrum of 1a shows 12 methylene sig-
nals. This indicates that the molecule has an asymmetric
structure in a chloroform solution. It is most probable that
the (+ – – –)-configuration is adopted, analogous with the
solid-state structure. In contrast to the thiolate complex 1,[1]

the NMR spectra of 1a do not provide any evidence for the
presence of a second configurational isomer. As mentioned
above, the zinc() ion of 1a is chiral in nature due to the
asymmetric configuration of the macrocyclic ligand. Thus,
the benzyl protons of 1a are in a diastereotopic environ-
ment. Nevertheless, the increased multiplicity of the corre-
sponding NMR signals found for 1[1] was not observed in
the 1H NMR spectrum of 1a. This is a result of the spacer
function of the trithiocarbonate moiety. The benzyl protons
of 1a are located at a much larger distance from the zinc
atom than in complex 1. The influence of the center of chi-
rality is thus reduced to a minimum.

Solid-State NMR Spectroscopy

While the thiolate complexes 1 and 2 do not have any
spectral intensity in the range 230–240 ppm, the 13C NMR
spectra of the insertion products show strong signals in this
spectral region. These lines show the formation of a thio-
carbonyl group and thus corroborate the proposed struc-
ture of the trithiocarbonate moiety. Interestingly, both the
thiocarbonyl line of 1a and the line of the quaternary aro-
matic carbon C14 exhibit a splitting into an asymmetric
doublet. These splittings reflect the conformational poly-
morphism of 1a, which obviously is not as pronounced in
2a. A splitting of the corresponding lines could not be ob-
served in this case. (For graphical representations of all
spectra and peak assignments see the Supporting Infor-
mation.)

Raman Spectroscopy

Complexes 1 and 1a have also been investigated using
Raman spectroscopy. Two strong signals at 507 and
1032 cm–1 appear in the spectra of the reaction product 1a.
These are because of the symmetric (SCS) and the (C=S)
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Scheme 3. Reaction of the trithiocarbonate complex 1a with electrophiles (only cations shown).

vibration, respectively, which correspond to the trithiocar-
bonate moiety of 1a. At the same time, a signal at
1223 cm–1 decreases in intensity. Raman monitoring of the
reaction has shown that the formation of 1a occurs in a
clean reaction. Currently, we have no evidence for the for-
mation of any intermediates or side products. (For a graphi-
cal representation of the spectra and a more detailed dis-
cussion see Supporting Information.)

Reactions of Complex 1a

Similar to the thiolates, the trithiocarbonate complexes
possess nucleophilic properties, as was found when reacting
compound 1a with electrophiles (see Scheme 3). Methyl io-
dide was added to a concentrated solution of 1 with a 10-
fold excess of CS2. As mentioned above, under these condi-
tions the equilibrium is almost completely shifted to the
insertion product 1a. However, the reaction product of 1
with methyl iodide, which is benzyl methyl sulfide, was iso-
lated in approx. 20% yield. Obviously, the thiolate 1 reacts
several times faster than the trithiocarbonate 1a, most likely
because of the higher nucleophilicity of the thiolate sulfur
in 1. The quenching reaction with acetyl chloride results in
the formation of the corresponding acetyl-substituted ben-
zyltrithiocarbonate. The products were isolated and iden-
tified by their NMR spectra, which were known from au-
thentic samples prepared for this purpose (see Exp. Sect.).

Mechanism of CS2 Insertion

The possible reaction mechanisms for the insertion of
CS2 into the Zn–S bond are outlined in Scheme 4. An at-
tack of the zinc-bound thiolate on the carbon disulfide
should result in clean second-order kinetic behavior of the
reaction (path A). We assume that this is the preferred
mechanism in a nonpolar solvent. An attack of the free
thiolate (path B) should be much faster than the prelimi-
nary dissociation of the complex and result in clean first-
order kinetics. Nevertheless, one could possibly observe sec-
ond-order kinetics because of the perturbation effects or in
the case where the dissociation step is unexpectedly not
much slower than the CS2 reaction. Thus, both mechanisms
cannot be distinguished simply by comparing the order of
their reaction kinetics. It is highly improbable, though, that

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2783–27912786

the actual rate constants and activation barriers of both
reaction modes are identical. Hence, we determined the ac-
tivation barrier of this reaction and compared it with the
calculated value for both of the possible pathways.

Scheme 4. Possible mechanisms for the formation of the trithiocar-
bonate complexes 1a and 2a.

Kinetic Study

Since the insertion product 1a absorbs at 434 nm the re-
action progress could be monitored using electronic spec-
troscopy. At room temperature, the reaction proceeds on a
time scale of minutes. Thus it was convenient to measure
the rate constants at temperatures between 10 and 35 °C.

Because the reaction is an equilibrium reaction, the ob-
tained data are a superposition of forward and backward
reactions. In order to determine only the kinetic parameters
of the insertion reaction, the perturbation effect of the back
reaction must be eliminated. This was achieved by reacting
1 with CS2 under pseudo first-order conditions. Only the
data collected immediately after the start of the reaction
were employed for the calculation of the rate constants.

A solution of 1 (0.05 ) was treated with a 20-fold excess
of carbon disulfide. Under these conditions, the equilibrium
is virtually completely shifted to the side of the insertion
product. This was verified by NMR spectroscopy. The loga-
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Figure 3. Structures and energy profile of the fixation of CS2 by 1, calculated at the C-PCM(B98/G3MP2Large)//B3LYP/6-311+G(d)
level of theory. ∆G values are given in kJ·mol–1.

rithmic plots employed for the calculation of the rate con-
stants show only a very small variation from linearity with
standard deviations of less than 1%. This emphasizes the
clean pseudo first-order kinetic behavior of the observed
reaction and proves that the perturbation effect of the back
reaction is insignificant. Thus, the obtained kinetic and
thermal parameters reliably represent the second-order in-
sertion reaction. Analysis of a data set of 21 rate constants
according to the Eyring theory resulted in ∆H‡ =
65.3±0.7 kJ·mol–1 and ∆S‡ = –49.9±2.5 J·mol–1·K–1. The
resulting free energy of activation at 25 °C is ∆G‡ =
80.2±1.5 kJ·mol–1.

Quantum Mechanical Calculations

The geometries of the starting material (E), the transition
structure (TS), and the product (P) of the associative
mechanism were optimized at the B3LYP/6-311+G(d) level
of theory (Figure 3). For both E and P the X-ray structures
of 1 and 1a, respectively, served as starting points. The
effect of the solvent chloroform on the reaction has been
incorporated through the C-PCM model by B98/
G3MP2Large single point calculations using the previously
optimized B3LYP gas phase geometries. (For more detailed
information see Computational Details.)

For the associative mechanism, the free energy of acti-
vation was calculated to be ∆G‡ = 114.3 kJ·mol–1. For com-
parison with the experimental results, the enthalpy of acti-
vation was computed to be ∆H‡ = 60.7 kJ·mol–1. The over-
all reaction is slightly endergonic (∆RG = 17.2 kJ·mol–1).

For the dissociative mechanism a lower limit for the acti-
vation energy was estimated by calculating the energy re-
quired for the dissociation of 1 according to Equation (1)
at the same level of theory. The initial dissociation of E
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requires ∆G = 191.8 kJ·mol–1 and the barrier is thus quite
substantial. Upon reaction with CS2 the energy decreases
slightly to ∆G = 165.4 kJ·mol–1.

[Zn([15]aneN4)(C7H7)]+ h [Zn([15]aneN4)]2+ + (C7H7)– (1)

Discussion

The main issue we want to address in this work is the
question of whether insertion of CS2 proceeds via an asso-
ciative mechanism or via a dissociative mechanism involv-
ing free thiolate. Preceding work has shown that the inser-
tion of heterocumulenes into Zn–X (X = O, S) bonds usu-
ally involves a four-center transition structure.[5–7,13,14,18]

For this type of reaction, this structure generally represents
the rate-determining step. For the reaction we investigated,
we thus proposed a mechanism that features a similar four-
center transition structure, TS. In addition, it is highly im-
probable that the missing reaction step, the rearrangement
(i.e. bond rotation) that leads to the reaction product P,
involves an intermediate with a higher energy than the in-
sertion step. No such example has been reported in the lit-
erature. Hence, we conclude that the free energy of the tran-
sition structure TS constitutes the actual reaction barrier
and is thus comparable to the experimental value. There-
fore, the different mechanisms can be distinguished by di-
rectly comparing the barriers and by comparison with the
experimentally determined value.

From the calculations it is evident that the associative
mechanism is favored by approximately 80 kJ·mol–1 (∆G‡ =
114.3 kJ·mol–1 for path A compared with ∆G‡ �
190 kJ·mol–1 for path B). Obviously, the entropy gain ac-
companying dissociation is not large enough to counterbal-
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ance the unfavorable reaction enthalpy. Furthermore, the
calculated barrier of path A (∆G‡ = 114.3 kJ·mol–1) is in
reasonable agreement, although somewhat larger, with the
experimental value (∆G‡ = 80.2 kJ. mol–1).

In addition, we would like to emphasize the good agree-
ment of the values for the enthalpy of activation (∆H‡) ob-
tained experimentally and theoretically. The correlation
(∆Hexp

‡ = 65.3±0.7 kJ·mol–1 versus ∆Htheor
‡ =

60.7 kJ·mol–1) is striking, with a difference of only
5 kJ·mol–1. Naturally, a very good agreement is therefore
also obtained for the activation energy (Ea) according to
the Arrhenius equation. The experimentally determined
value is Ea(exp) = 67.8±0.8 kJ·mol–1 compared to a com-
puted value of Ea(theor) = 63.2 kJ·mol–1. (Admittedly, it is
also possible that we benefit from some kind of fortuitous
error cancellation here. However, with respect to the error
margins of the computation this is not of significance con-
cerning the overall conclusions of this work.)

The data presented above provides strong evidence that
the insertion of CS2 proceeds via an associative mechanism
and that a dissociative mechanism is very unlikely under
the chosen experimental conditions. Moreover, the applied
technique of using gas-phase geometries and deriving ener-
gies from single-point C-PCM calculations can only yield
results of restricted accuracy. We thus assume that the devi-
ations of the calculated energies from experimental data are
mainly caused by these deficiencies in the treatment of sol-
vent effects.

Conclusions
The chemistry of the LnZn–XR motif (X = O, S; R = H,

alkyl, aryl; Ln: 3 or 4 nitrogen donors) is highly relevant to
biosystems. The heterocumulene reactions of these systems
follow two basic principles: First, the nucleophilic attack of
the zinc-bound heteroatom is facilitated by the polarizing
effect of the Zn–X linkage on the heterocumulene. Second, the
zinc() ion is able to accept a variety of coordination num-
bers and geometries and thus even severely distorted transi-
tion structures are possible. For these reasons, nucleophilic
anions in zinc complexes can attack the heterocumulene in
a zinc-bound state rather than acting as free (dissociated)
anions. We would like to point out that in several studies
an associative (zinc-bound) mechanism was invariantly
found for heterocumulene reactions of widely different ex-
amples of LnZn–XR complexes: for sterically unsaturated
species such as [(py)nZn–OH]+ and [(im)nZn–OH]+ (n = 1–
3) with CO2;[18] for several species resembling the ‘classic’
CA motif [N3Zn–OH]+ with CO2,[6,7,19] COS,[5] and
CS2;[13,14] and for sterically demanding zinc thiolates with
CS2 (this work). Thus, we conclude that the principle of
heterocumulene fixation involving a four-center transition
structure is generally applicable and largely independent of
the nature of the heterocumulene and the nucleophilic li-
gand (XR).

Currently, these investigations are being extended to
other heterocumulene substrates, namely COS and CO2. In
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this case, the elucidation of molecular structures of the
products is much more difficult due to the fact that it is
apparently not possible to obtain a standard NMR spectro-
scopic or an X-ray structural analysis. Thus, additional
spectroscopic investigations are required, namely solid-state
NMR and Raman spectroscopy. In the present work, these
methods were applied for calibration purposes and appear
to be of great value for determining structural details. A
report on this continued study will be available soon.

Experimental Section
General: All reagents used were of analytical purity. NMR spectra
were recorded using a Bruker AC 250 or AC 400 spectrometer,
respectively, at a temperature of 30 °C. IR data was collected from
the neat substances using a Nicolet Avatar 320 FT-IR spectrometer.
Elemental analysis was performed using a Heraeus Vario EL III
system. Melting points were determined with a Büchi Melting
Point B545 apparatus and are uncorrected. Raman measurements
were performed on a LabRam HR inverse spectrometer (Jobin
Yvon) with an excitation wavelength of 532 nm (Nd:YAG laser). A
100× objective was used to focus the laser beam on the sample.
With a 300 lines/mm grating and a CCD detector, a spectral resolu-
tion of 5 cm–1 was reached. The accumulation time was between
30 and 120 s.

[Zn([15]aneN4){S–C(S)–SCH2C6H5}]ClO4 (1a): Complex 1
(250 mg) was dissolved in a minimal amount (ca. 0.5 mL) of dichlo-
romethane. CS2 (2 mL) was then added to this soulution. The mix-
ture immediately turned yellow. After a short time, yellow crystals
formed, which were separated and washed with a small amount of
CS2. Yield: 85%. M.p. = 112–113 °C. C19H33N4S3ClO4Zn (578.49):
calcd. C 39.45, H 5.75, Cl 6.13, N 9.68, S 16.63; found C 39.27, H
5.92, Cl 6.27, N 9.69, S 16.63. IR: ν̃ = 3252 (m), 2925 (m), 2864
(m), 1071 (vs), 1024 (vs), 821 (s), 706 (s), 620 (s) cm–1. NMR: 25 mg
of 1 in 0.4 mL chloroform with a 10-fold molar excess of CS2, con-
tains virtually exclusively complex 1a and only traces of 1. 1H
NMR (400 MHz, CDCl3): δ = 1.75–1.95 (range of multiplets, 7 H),
2.63–3.83 (range of multiplets, 21 H), 4.44 (s, 2 H, Ar-CH2), 7.21–
7.30 (multiplet, 5 H, Ar-H) ppm. 13C NMR (100 MHz, CDCl3,
13911 scans): δ = 24.8, 27.9, 28.1, 46.2, 47.1, 48.3, 49.8, 51.4, 52.3,
52.4, 53.8, 54.0, 127.3, 128.5, 129.2, 135.8, 239.0 ppm.

[Zn(i-[14]aneN4){S–C(S)–SCH2C6H5}]ClO4 (2a): The preparation
was carried out similarly to that for 1a. Yield: 81%. No
melting point detectable; decomposition at 115–120 °C yields the
thiolate complex 2. C18H31N4S3ClO4Zn (564.47): calcd. C 38.30, H
5.54, Cl 6.28, N 9.96, S 17.04; found C 38.19, H 5.43, Cl 6.27, N
9.96, S 16.89. IR: ν̃ = 3260 (m), 3165 (w), 2919 (m), 2866 (m), 1080
(s), 1076 (vs), 1033 (vs), 975 (s), 930 (s), 812 (s), 716 (m), 621
(vs) cm–1. NMR: 25 mg of 2 in 0.4 mL chloroform with a 10-fold
molar excess of CS2, contains approx. 67% of complex 2a and 33%
of 2. 1H NMR (400 MHz, CDCl3): δ = 1.8–3.4 (range of mul-
tiplets), 4.48 (s, Ar-CH2), 7.25–7.36 (multiplet, Ar-H) ppm. 13C
NMR (100 MHz, CDCl3): δ = 27.9, 45.8, 47.7, 49.1, 50.2, 51.9,
128.0, 128.5, 129.1, 135.8, 238.9 ppm.

Crystal Structure Determination

The intensity data was collected on a Nonius Kappa CCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation.
Data was corrected for Lorentz and polarization effects, but not
for absorption effects.[20,21] The structures were solved by direct
methods (SHELXS[22]) and refined by full-matrix least-squares
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techniques against Fo

2 (SHELXL-97[23]). The hydrogen atoms of
the amine groups were located by difference Fourier synthesis and
refined isotropically. All other hydrogen atoms were included at
calculated positions with fixed thermal parameters. All non-hydro-
gen atoms were refined anisotropically.[23] XP (SIEMENS Analyti-
cal X-ray Instruments, Inc.) was used for structure representations.
The drawings in the paper were generated using the program
PLATON.[24]

Crystal Data for 1a:[25] C19H33N4S3Zn·ClO4, Mr = 578.49 g·mol–1,
yellow prism, size 0.03×0.03×0.02 mm, monoclinic, space group
P21/n, a = 13.2338(1), b = 12.9251(2), c = 30.1669(4) Å, β =
101.463(1)°, V = 5057.1(1) Å3, T = –90 °C, Z = 8, ρ(calcd.) =
1.520 g·cm–3, µ(Mo-Kα) = 13.58 cm–1, F(000) = 2416, 20403 reflec-
tions in h(–17/17), k(–16/15), l(–39/39), measured in the range 1.84°
� Θ � 27.49°, completeness Θmax = 98.5%, 11426 independent
reflections, Rint = 0.049, 6885 reflections with Fo � 4(Fo), 608 pa-
rameters, R1obs = 0.049, wR2obs = 0.103, R1all = 0.1065, wR2all =
0.119, GOOF = 1.014, largest difference peak and hole: 0.676/
–0.583 e·Å–3.

Crystal Data for 2a:[25] C18H31N4S3Zn·ClO4, Mr = 564.47 g·mol–1,
yellow prism, size 0.06×0.05×0.05 mm–3, orthorhombic, space
group P212121, a = 9.9936(1), b = 22.1261(4), c = 22.3192(4) Å, V
= 4935.2(1) Å3, T = –90 °C, Z = 8, ρ(calcd.) = 1.519 g·cm–3, µ(Mo-
Kα) = 13.89 cm–1, F(000) = 2352, 11275 reflections in h(–12/12),
k(–28/28), l(–28/28), measured in the range 1.84° � Θ � 27.49°,
completeness Θmax = 99.7%, 11275 independent reflections, 9902
reflections with Fo � 4(Fo), 591 parameters, R1obs = 0.045, wR2obs

= 0.106, R1all = 0.057, wR2all = 0.113, GOOF = 1.047, Flack-
parameter 0.08(1), largest difference peak and hole: 0.652/–
0.534 e·Å–3.

Solid State NMR Spectroscopy: The 13C solid state NMR spectra
were measured with three different solid state NMR spectrometers,
namely a Bruker AMX 400, a Varian Unity 500, and a Varian
CMX Infinity 600 plus at fields of 9.4, 11.7, and 14 T, respectively.
All spectra were recorded under high power proton decoupling at
ambient temperature. The spectra of 1, 2, and 1a were measured
employing a variable amplitude cross polarization with a contact
time of 1.2 ms. For the insertion product 2a we were not able to
obtain a signal from the suspected thiocarbonyl group with this
technique. We therefore did additional measurements employing
13C 90° pulse excitation on this sample, using a recycle time of
100 s. In this experiment, we were able to reveal the thiocarbonyl
signal (see Supporting Information). While the spectral assignment
of the thiocarbonyl groups is obvious from the prominent chemical
shift, the assignment of the aromatic and aliphatic carbons was
done employing simulations with the NMR predictor program of
ACDlabs.

Reactions of 1a

Methyl Iodide: CS2 (300 µL, 5 mmol) was added to a solution of
1a (251 mg, 0.5 mmol) in chloroform (1 mL). After 30 min. methyl
iodide (310 µL, 5 mmol) was added and the mixture was stirred
overnight. The solvents were removed and the residue was washed
several times with pentane. The combined pentane extracts were
concentrated and chromatographed on 20 cm3 of silica (eluent:
pentane). After the elution of benzyl methyl sulfide (12 mg,
0.087 mmol), which was collected separately, benzyl methyl trithi-
ocarbonate (3) (82 mg, 0.38 mmol, 76%) was obtained as a yellow
oil. The substance was identified by NMR analyses and compared
with data from the literature.[26] 1H NMR (250 MHz, CDCl3): δ =
2.78 (s, 3 H, CH3), 4.66 (s, 2 H, CH2), 7.26–7.41 (m, 5 H,
C6H5) ppm. 13C NMR (62.5 MHz, CDCl3): δ = 20.2, 41.6, 127.8,
128.7, 129.3, 135.1, 224.2 ppm.
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Acetyl Chloride: CS2 (300 µL, 5 mmol) was added to a solution of
1 (251 mg, 0.5 mmol) in chloroform (1 mL). After 30 min. acetyl
chloride (36 µL, 0.5 mmol) was added while stirring. After 20 min
the mixture was subjected to chromatography on 20 cm3 of silica
(eluent: CHCl3). 4 (88 mg, 72%) was isolated and identified by 1H
and 13C NMR spectra.

Synthesis of 4 (Reference Sample): Benzyl mercaptan (205 mg,
1.65 mmol) was added to a solution of KOH (92.7 mg, 1.65 mmol)
in methanol (10 mL),. After stirring for 30 min at room temp., the
solvent was removed under reduced pressure. The residue was care-
fully dried in a desiccator. The salt was dissolved in dried THF
(5 mL) and an excess of CS2 (0.84 mL, 14 mmol) was added at
0 °C. The temperature was raised to 25 °C after stirring for 60 min.
The reaction mixture was then cooled to –78 °C. Acetyl chloride
(0.178 mL, 2.5 mmol) was added dropwise, whereupon the yellow
solution turned red. After stirring for 20 min the solvent was evapo-
rated. The residue was purified by chromatography on silica (elu-
ent: CHCl3), yielding 107 mg (27%) of a red oil that decomposed
at room temp. within a few weeks. C6H5–CH2–S–C(S)–S–C(O)–
CH3 (C10H10OS3) (242.39): calcd. C 49.55, H 4.16, S 39.20; found
C 50.28, H 4.10, S 39.20. 1H NMR (250 MHz, CDCl3): δ = 2.41
(s, 3 H, CH3), 4.49 (s, 2 H, CH2), 7.28–7.36 (m, 5 H, C6H5) ppm.
13C NMR (62.5 MHz, CDCl3): δ = 29.8, 42.9, 128.0, 128.8, 129.4,
133.8, 189.9, 212.4 ppm.

Kinetics

Experimental Setup: The insertion of CS2 was monitored by UV/
Vis spectroscopy. Complex 1a shows an absorption maximum at
434 nm, whereas the starting complex 1 does not show any absorp-
tion in the visible range at all. Measurements were performed using
a Cary 5000 UV/Vis spectrometer from Varian. For keeping the
temperature constant, a Cary dual cell peltier accessory from Var-
ian was used. 1 cm quartz cuvettes were obtained from Hellma.
During the reaction the mixture was stirred with a magnetic stirrer.
The reaction temperature was determined with a sensor that was
placed directly in the reaction medium.

Measurements: An amount of 2 mL was placed into a cuvette from
a 20 m stock solution (502.4 mg of 1 in 50 mL of chloroform).
After the desired temperature was reached, 48 µL (61 mg,
800 µmol) of CS2 was added and data collection was started. For
the first 60 s, data were collected every second and later every 10 s.
The reactions were monitored until no further alteration of the
absorbance could be detected. For details on the data analysis see
Supporting Information.

Computational Details

Full geometry optimizations, i.e. without constraints, as well as fre-
quency calculations on the stationary points thus obtained were
carried out using the Gaussian03[27] program package. Depending
on the number of imaginary modes all points on the hypersurface
were rigorously characterized as true minima (no imaginary mode)
or transition structures (exactly one).

All optimizations were performed using the hybrid B3LYP[28] den-
sity functional method, which includes the use of a term that ac-
counts for the effect of dynamic electron correlation (Coulomb
hole).[29] Geometries were optimized in the gas phase using the
standard 6-311+G(d) basis set.

To estimate solvent effects, single point calculations in the presence
of a dielectric field, as described by the C-PCM model,[30–32] were
carried out on the gas phase geometries. In this model, the species
of interest are embedded in a cavity of molecular shape surrounded
by a polarizable continuum whose field is described by polarization
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charges distributed on the cavity surface. This procedure is known
to be very good at reproducing experimental hydration energies.[30]

In the framework of the C-PCM model the default UA0 cavities
(based on the united atom topological model) and the dielectric
constant of chloroform (ε = 4.9) were used.

For all single point calculations the B98[33] functional was used.
The G3MP2Large basis set[34] was employed on all atoms except
zinc where the 6-311+G(3df) basis set as implemented in
Gaussian03 was applied. The B98 density functional was chosen
for the calculation of the energies because it has recently been
shown that it outperforms the more popular B3LYP functional,
both for absolute energies and barrier heights, especially for larger
molecules.[35–37] In all these studies the assessment was performed
using single point calculations on some reference geometry, basi-
cally the same approach that we used in this work. We therefore
believe that the use of the well-established B3LYP density func-
tional for the geometry optimizations has only a minor effect on
the calculated energies. This is even more plausible with respect to
the fact that geometry relaxation effects from the dielectric field of
the solvent are completely neglected. The absolute error of B98 on
the G3/05 set is approximately 14 kJ·mol–1,[35] but the relative er-
rors are generally smaller.

All energies were calculated by adding the appropriate thermo-
dynamic corrections [gas phase, B3LYP/6-311+G(d)] to the total
free energy in solution (including electrostatic and nonelectrostatic
terms) obtained from the single point calculations (B98/
G3MP2Large). The gas phase correction values were calculated
with the standard thermodynamic routines in Gaussian03 (with T
= 298.15 K and p = 1 atm) using the frequencies computed at the
B3LYP/6-311+G(d) optimal gas phase geometries.

Supporting Information (see footnote on the first page of this arti-
cle): Details are given on the Raman spectroscopy (including two
spectra), the solid-state NMR spectroscopy (including four spec-
tra), and the analysis of the kinetic data (including two kinetic
plots). The Cartesian coordinates and absolute energies of all calcu-
lated structures are provided.

Acknowledgments

Financial support of this work by the Deutsche Forschungsgemein-
schaft, SFB 436 “Metal Mediated Reactions Modeled After Na-
ture” is gratefully acknowledged.

[1] J. Notni, H. Görls, E. Anders, Eur. J. Inorg. Chem. 2006, 1444–
1455.

[2] G. Parkin, Chem. Rev. (Washington, DC, U. S.) 2004, 104,
699–767.

[3] F. Botre, G. Gros, B. T. Storey, Carbonic Anhydrase, VCH, New
York, 1991.

[4] I. Bertini, C. Luchinat, W. Maret, M. Zeppezauer, Zinc En-
zymes, Birkhäuser, Boston, 1986.

[5] S. Schenk, J. Kesselmeier, E. Anders, Chem. Eur. J. 2004, 10,
3091–3105.

[6] M. Mauksch, M. Bräuer, J. Weston, E. Anders, ChemBioChem
2001, 2, 190–198.

[7] M. Bräuer, J. L. Pérez-Lustres, J. Weston, E. Anders, Inorg.
Chem. 2002, 41, 1454–1463.

[8] U. Kuhn, C. Ammann, A. Wolf, F. X. Meixner, M. O. Andreae,
J. Kesselmeier, Atmos. Environ. 1999, 33, 995–1008.

[9] G. Protoschill-Krebs, C. Wilhelm, J. Kesselmeier, Atmos. Envi-
ron. 1996, 30, 3151–3156.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2783–27912790

[10] S. Blezinger, C. Wilhelm, J. Kesselmeier, Biogeochemistry 2000,
48, 185–197.

[11] U. Kuhn, A. Wolf, C. Gries, T. H. Nash, J. Kesselmeier, Atmos.
Environ. 2000, 34, 4867–4878.

[12] J. Kesselmeier, A. Hubert, Atmos. Environ. 2002, 36, 4679–
4686.

[13] M. Bräuer, E. Anders, S. Sinnecker, W. Koch, M. Rombach,
H. Brombacher, H. Vahrenkamp, Chem. Commun. 2000, 647–
648.

[14] S. Sinnecker, M. Bräuer, W. Koch, E. Anders, Inorg. Chem.
2001, 40, 1006–1013.

[15] M. Rombach, H. Vahrenkamp, Inorg. Chem. 2001, 40, 6144–
6150.

[16] R. Luckay, T. E. Chantson, J. H. Reibenspies, R. D. Hancock,
J. Chem. Soc., Dalton Trans. 1995, 1363–1367.

[17] F. Wagner, M. T. Mocella, M. J. D’Aniello Jr, A. H.-J. Wang,
E. K. Barefield, J. Am. Chem. Soc. 1974, 96, 2625–2627.

[18] D. Schröder, H. Schwarz, S. Schenk, E. Anders, Angew. Chem.
Int. Ed. 2003, 42, 5087–5090; Angew. Chem. 2003, 115, 5241–
5244.

[19] A. Bottoni, C. Z. Lanza, G. P. Miscione, D. Spinelli, J. Am.
Chem. Soc. 2004, 126, 1542–1550.

[20] Molen, an interactive structure solution procedure, 1999, Enraf–
Nonius, Delft, The Netherlands.

[21] Collect, data collection software, 1998, Nonius, The Nether-
lands.

[22] G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.
1990, 46, 467–473.

[23] G. M. Sheldrick, Shelxl-97, release 97-2, 1997, University of
Göttingen, Germany, http://shelx.uni-ac.gwdg.de/SHELX/.

[24] A. L. Spek, Platon, a multipurpose crystallographic tool, 2004,
Utrecht University, Utrecht, The Netherlands, http://
www.cryst.chem.uu.nl/platon.

[25] CCDC-258933 (for 1a) and -286778 (for 2a) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif.

[26] S. Tanimoto, T. Oida, H. Ikehira, M. Okano, Bull. Chem. Soc.
Jpn. 1982, 55, 1977–1978.

[27] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. J. A. Montgomery Jr,
T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyen-
gar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox,
H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian03, revision
C.02, 2004, Gaussian, Inc., Wallingford, CT, http://www.gaus-
sian.com.

[28] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[29] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B: Condens. Matter

Mater. Phys. 1988, 37, 785–789.
[30] V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995–2001.
[31] M. Cossi, N. Rega, G. Scalmani, V. Barone, J. Comput. Chem.

2003, 24, 669–681.
[32] A. Klamt, G. Schüürmann, J. Chem. Soc., Perkin Trans. 2 1993,

799–805.
[33] H. L. Schmider, A. D. Becke, J. Chem. Phys. 1998, 108, 9624–

9631.



Zinc Thiolate Complexes [ZnLn(SR)]+ with Azamacrocyclic Ligands FULL PAPER
[34] L. A. Curtiss, P. C. Redfern, K. Raghavachari, V. Rassolov,

J. A. Pople, J. Chem. Phys. 1999, 110, 4703–4709.
[35] L. A. Curtiss, P. C. Redfern, K. Raghavachari, J. Chem. Phys.

2005, 123, 124107–124119.
[36] S. Andersson, M. Grüning, J. Phys. Chem. A 2004, 108, 7621–

7636.

Eur. J. Inorg. Chem. 2006, 2783–2791 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2791

[37] Y. Zhao, J. Pu, B. J. Lynch, D. G. Truhlar, Phys. Chem. Chem.
Phys. 2004, 6, 673–676.

Received: October 26, 2005
Published Online: May 3, 2006



FULL PAPER

DOI: 10.1002/ejic.200501120

The Reactivity of Hexa(N-methylideneimine)CoIII Complexes towards
Nucleophiles: Structure and Mechanism[‡]
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The reactivity of the hexa(N-methylideneimine)CoIII com-
plex [Co-hmi-(taci)2]3+ (taci = 1,3,5-triamino-1,3,5-trideoxy-
cis-inositol) towards the nucleophiles ammonia, aniline and
cyanide was investigated and the main products were iden-
tified by spectroscopic methods and by a crystal structure
analysis. The relative energies of the complexes formed and
those of possible stereo isomers were analysed by means of
molecular mechanics calculations. In the reaction with NH3,
two condensation products, [Co(La)]3+ and [Co(Lb)]3+, were
identified with the two taci moieties linked by one or two
N=CH–N(H)-CH2–NH bridges, respectively. The reaction
with aniline yielded the complex [Co(Lc)(Ld)]3+ (where Lc is
a mono-N-methylated and Ld a phenylformamidine-substi-
tuted taci), whereas the reaction with cyanide resulted in the
formation of [Co(Le)]3+ having an NH–CH2–C(NH2)=N
bridge between the two taci subunits. A mechanism that ac-

Introduction

Polyaza macrocycles and polyaza macrobicycles are
interesting classes of chelators for transition metal cations,
since the complexes formed thereof are often of exception-
ally high stability and inertness.[1] A variety of synthetic
procedures have been established for the preparation of
such ligands and among them the template method, in
which a set of subunits is precoordinated to a metal centre,
is particularly effective.[2] Sargeson discovered that the con-
densation of an (amine)CoIII complex with formaldehyde
under basic conditions, followed by a capping step, resulted
in the formation of the corresponding cage complexes.[3]

The capping reagent is usually a weakly acidic, tribasic
component H3X such as ammonia or nitromethane[4] and
the entire reaction may be performed either in an aqueous
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counts for the different types of products can be suggested
as follows: In [Co(La)]3+, [Co(Lb)]3+ and [Co(Lc)(Ld)]3+, N-
methylation was observed and this can be interpreted in
terms of an intramolecular Cannizzaro type hydride shift. For
[Co(La)]3+ and [Co(Lb)]3+ two subsequent addition steps of
the nucleophile to adjacent imino groups must take place
prior to the hydride shift, whereas for [Co(Lc)(Ld)]3+ the hy-
dride shift appears to have already occurred after the first
addition step of aniline to an imino group. Formation of
[Co(Le)]3+ can be explained in terms of a nucleophilic attack
of CN– to an imino group and a subsequent attack of a depro-
tonated amino group (which must have previously been
formed by hydrolysis of a methylideneimino group) to the
nitrile C-atom.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

or a nonaqueous medium. The procedure was found to be
particularly effective for the capping of [CoIII(en)3]3+ (en =
ethane-1,2-diamine) where the two cages sepulchrate (sep,
X = N) and sarcophagine (sar, X = C-NO2) could be iso-
lated in high yields. It is generally believed that the reaction
proceeds via intermediate methylideneimine formation with
the capping agent being finally added with subsequent de-
protonation to the coordinated imines (Scheme 1).[5] Al-
though the entire procedure is usually performed as a one-
pot reaction without isolation of intermediates, some of the
imines are of sufficient stability to allow their characterisa-
tion[6] and some of them could even be crystallised.[7,8] We
reported the crystal structure of the hexa(N-methylidene-
imine) (hmi) complex [Co-hmi-(taci)2]3+ (Scheme 2a, R =
OH; taci = 1,3,5-triamino-1,3,5-trideoxy-cis-inositol) some
years ago.[9]

Sargeson has already found that in complexes with steri-
cally demanding diamine ligands such as trans-cyclohexane-
1,2-diamine (trans-chxn), the capping reaction proceeds at
a comparatively low rate.[10] Moreover, formation of a vari-
ety of by-products was noted. In particular, it was observed
that some of the coordinated amino groups underwent
methylation. It is thus apparent that, in general, the bridg-
ing process may be more complex than it appears at first
glance.[11] After formation of the first two X–C bonds, ad-
ditional deprotonation of XH can occur and the resultant
anion could attack the electrophilic carbon atom of a third
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Scheme 1. Reaction of (hexaimine)CoIII complexes with a capping
reagent H3X; mechanistic details for the formation of a cap (a) or
a strap (b, Cannizzaro type hydride shift). Some of the charges are
omitted for clarity.

imino group (Scheme 1a). It is also possible at this stage,
however, that an N=C double bond could reform within the
NH–CH2–XH–CH2–N– bridge in conjunction with hydride
transfer from the methylene carbon to an adjacent imino
group (Scheme 1b). Such an intramolecular, Cannizzaro
type hydride shift would explain formation of the N-methyl-
ated by-products observed in the capping reaction of [CoIII-
(trans-chxn)3]3+. In the corresponding reaction of [CoIII(cis-
tach)2]3+ with formaldehyde and two equiv. of nitrometh-
ane, both types of reaction were observed within the same
molecule (Scheme 2b).[12] The addition of one of the nitro-
methane molecules yielded an O2N–C(CH2–NH)3 cap
whereas addition of the other resulted in the formation of
an HN–CH2–CH(NO2)–CH=N strap. The hydrogen atom
of the CH(NO2) moiety was found to be strongly acidic and
the complex was thus isolated as a dication with a carban-
ionic ligand having a delocalised O2N=C–C=N π-system.
Moreover, in the reaction of [CoIII-hmi-(taci)2]3+ with two
equiv. of nitromethane, the resultant product was devoid of
any O2N–C(CH2–NH)3 cap (Scheme 2c). Both nitrometh-
ane entities were incorporated as HN–CH2–C(NO2)––
CH=N straps.[9]

It is noteworthy that the rigidity of the ligand backbones
increases in the order en � trans-chxn � cis-tach � taci. It
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Scheme 2. a) Structures of [Co-hmi-(cis-tach)2]3+ (R = H) and [Co-
hmi-(taci)2]3+ (R = OH).[9] b) and c): Major products isolated from
the condensation reaction of the two (hmi)CoIII complexes with
nitromethane. The reaction was carried out either in an alkaline
aqueous medium (b)[12] or in acetonitrile using triethylamine as
base (c)[9] (taci = 1,3,5-triamino-1,3,5-trideoxy-cis-inositol, cis-tach
= all-cis-cyclohexane-1,3,5-triamine).

appears, thus, that increasing the rigidity of the coordinated
amine ligands tends to disfavour the capping reaction. For-
mation of such HN–CH2–XH–CH=N straps has previously
only been observed in the capping reaction with nitrometh-
ane.[9,12] It would be interesting to investigate the products
formed when other types of nucleophiles are used. Such an
investigation would not only shed light on the mechanism
of this type of condensation processes but it could poten-
tially open synthetic pathways to novel and interesting
macrocyclic ligand systems. We therefore decided to extend
our investigation of the capping of [CoIII-hmi-(taci)2]3+

using ammonia, aniline and cyanide as possible nucleo-
philes. In this paper, we describe the molecular structures
of the products obtained and discuss the mechanism of the
corresponding coupling reaction. We also carried out a
series of molecular mechanics calculations to look for low-
energy structures of the different possible stereoisomers.
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Results

Reaction of [Co-hmi-(taci)2]3+ with Ammonia

Formation of the well known (sepulchrate)CoIII complex
has been reported to occur readily upon mixing [CoIII-
(en)3]3+ with formaldehyde and ammonia in an alkaline
aqueous solution.[5] Consequently, initial attempts to carry
out an analogous reaction of [CoIII-hmi-(taci)2]3+

(Scheme 2a, R = OH) with ammonia were performed in
aqueous media. However, these experiments resulted in the
complete hydrolysis of the imino groups, together with re-
duction of CoIII to CoII. The protonated H3taci3+ was the
only product which could be isolated after acidification.
Further experiments were therefore performed in acetoni-
trile. To achieve the required solubility, the chloride salt of
[CoIII-hmi-(taci)2]3+ was converted into the corresponding
triflate salt.[13] Reaction of [CoIII-hmi-(taci)2](CF3SO3)3 in
acetonitrile with concentrated aqueous ammonia resulted
in formation of a deep red solution containing a variety of
different CoIII complexes. After hydrolysis of the remaining
imines, two main products were isolated by chromato-
graphic techniques. The major red component, [Co(HLa)]-

Scheme 3. Formation of [Co(H–1La)]2+.[14] A part of the numbering
scheme of this complex is shown in c). The non-coordinating OH-
groups are omitted for clarity.
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Cl4 (La = C15H33N7O6),[14] consisted of a complex in which
the two taci-ligands are interlinked by an N=CH–NH–
CH2–NH bridge and where one of the coordinated amino
group was methylated (Scheme 3). In a minor pink compo-
nent, composed of [Co(H2Lb)]Cl5 (Lb = C18H36N8O6),[14]

the taci moieties were connected by two such N=CH–NH–
CH2–NH bridges and two methylated amino groups were
formed. Both compounds were characterised by FAB+ mass
spectrometry in which the pseudo-molecular ions [CoII-
(H–1La)]+ (m/z = 465) and [CoII(H–1Lb)]+ (m/z = 518)[15,16]

could be observed with high intensities.

Characterisation of [Co(La)]3+[14]

A 1H-1H COSY NMR spectrum exhibited two indepen-
dent spin systems each with six resonances for the H(-C)
ring protons of the two taci frameworks. Clearly no element
of symmetry of the D3d [CoIII-hmi-(taci)2]3+ precursor is re-
tained in this complex. Four additional signals were indica-
tive of one HC=N imino group, one N-CH3 methyl group
and one N–CH2–N group. The 13C{1H} NMR spectrum
was consistent with this analysis exhibiting fifteen signals
which, on the basis of a DEPT experiment, could be as-
signed to one CH3, one CH2 and 13 CH-carbon reso-
nances.[17] One of the CH signals was strongly deshielded
(170–173 ppm, depending on pD) and clearly originated
from the imino group.[6] The remaining 12 CH signals were
assigned to the two taci backbones. They appeared in the
range of 52–80 ppm. Eleven of them were located in a com-
paratively narrow range of 52–68 ppm, whereas one single
CH-resonance was displaced to a particularly high fre-
quency (δ = 80.0 ppm at pD 8). Such a significant low-field
shift of a single cyclohexane carbon atom is indicative of
asymmetric κ3-O,N,O or κ3-N,O,N coordination (formation
of two five-membered chelate rings).[18–20] The additional
13C-1H HMQC and 13C-1H HMBC experiments[17] pro-
vided evidence that the imine portion of the N=CH–NH–
CH2–NH bridge and the N-CH3 group are not bound to
the same taci-unit. These structural assignments were sub-
sequently confirmed by a single-crystal X-ray analysis of a
hydrated [Co(HLa)][ZnBr4]2 salt (Table 1, Figure 1). Al-
though serious disorder was observed for one of the
[ZnBr4]2– anions (see experimental section), the structure
proved to be of sufficient quality to establish unambigu-
ously the formation of the novel ligand La. Significant
structural properties are: (i) Different coordination
modes[21] of the two taci fragments with a κ3-N,N,N coordi-
nation for the moiety with the imino group and a κ3-N,O,N
coordination for the moiety with the N–CH3 group (the N–
CH3 group itself is detached from Co); (ii) Different confor-
mations for the two cyclohexane rings: the κ3-N,N,N-coor-
dinating fragment forms a regular chair, whereas the κ3-
N,O,N-coordinating unit has a twisted boat conforma-
tion.[22] (iii) A planar geometry around the atoms N3, C7
and N7 (the sums of bond angles are 360.0±0.1°), indica-
tive of sp2 hybridisation for all the atoms of the amidine
fragment.
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Table 1. Comparison between experimental[a] and calculated[b]

bond lengths [Å] and bond angles [°] for [Co(HLa)]4+.

Experimental Calculated

Co–O(6) 1.931(6) 1.93
Co–N(3) 1.921(8) 1.93
Co–N(2) 1.944(7) 1.94
Co–N(1) 1.956(8) 1.96
Co–N(4) 1.974(8) 1.97
Co–N(6) 2.023(7) 1.97
C(7)–N(3) 1.299(12) 1.32

N(1)–Co–N(2) 91.4(3) 93
N(1)–Co–N(3) 90.4(4) 92
N(2)–Co–N(3) 90.2(3) 92
N(4)–Co–O(6) 82.4(3) 81
N(4)–Co–N(6) 84.1(3) 86
N(6)–Co–O(6) 83.4(3) 88
N(3)–C(7)–N(7) 122.8(10) 122

[a] Single-crystal X-ray structure analysis of [Co(HLa)][ZnBr4]2·
5H2O. [b] Molecular mechanics calculations using the MOMEC
force field[46,47] together with the extension listed in Table 4.

Figure 1. Molecular structure of [Co(HLa)]4+.[14] The carbon skel-
eton is shown as a stick model, other non-hydrogen atoms are
shown as vibrational ellipsoids at the 30% probability level. Hydro-
gen atoms are omitted for clarity. Colour code: Co green, O red,
N blue. The numbering scheme is shown in Scheme 3c.

[Co(HLa)][ZnBr4]2·5H2O was isolated from an acidic me-
dium and, consequently, both the coordinated oxygen and
the non-coordinating methylamino group are protonated as
supported by charge balance considerations. In aqueous
solution, however, the two sites could be deprotonated re-
versibly. Corresponding pKa values of 2.0(1) and 5.28(1)
were determined by potentiometric titration (25 °C, 0.1 

KCl). The first value (deprotonation of the coordinated hy-
droxy group) agrees nicely with the value of 2.0(2) observed
for the model complex [Co(cis-tach)(Htaci-κ3-O1,N2,O3)]4+

(Supporting Information, Scheme S1b, structure O7).[20]

However, the pKa of the methylammonium group is surpris-
ingly low (the corresponding values for [Co(cis-tach)-
(Htaci)]4+ are 7.23 and 8.84). An NMR titration experiment
of [Co(HLa)]4+ (306 K, D2O, no inert electrolyte) in the
range 0.5 � pH � 8.5 (Figure 2) revealed a characteristic
pD-dependence of the individual 1H resonances of the com-
plex. The two protonation constants could be assigned as
pK1 = 1.16 and pK2 = 5.60 which is in good agreement with
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the values determined by potentiometric measurements. In
accord with a protonation of a nearby basic site, H(-C) res-
onances can be expected to shift to higher frequency upon
protonation of this site and this effect should decrease with
an increasing number of bonds between this site and the
H(-C) group under consideration.[23] For the deprotonation
of the coordinated hydroxy group, the resonances most af-
fected (H10–H12) in the range 0.5 � pD � 2 are all in close
proximity to O6; and H11, which is located in the α posi-
tion, did indeed exhibit the most significant shift (see
Scheme 3c for the numbering scheme). However, for the de-
protonation of the methylammonium group the most sig-
nificant shift can be observed for the hydrogen atoms in the
β positions (H13 and H15). The shift observed for the α
hydrogen atom (H14) is almost negligible. Moreover, in the
range 4.5 � pD � 6.5, this signal is shifted to a higher
frequency with increasing pD. This behaviour becomes
understandable if a conformational change of the κ3-
O,N,O-coordinated cyclohexane residue takes place upon
deprotonation of the methylammonium group. Below pD 4
the conformation of this ring corresponds to a twisted boat
(Figure 1).[22] In terms of torsional strain, a corresponding
chair conformation is expected to be of lower energy. How-
ever, as long as the non-coordinated nitrogen is protonated,
such a geometry would give rise to dramatic repulsion be-
tween the three axial substituents (Scheme 4). This strain is
released upon deprotonation because the methylamino
group can act as a proton acceptor in an intramolecular
hydrogen bond. A similar change in conformation has re-
cently been described for a related complex with κ3-N,O,N

Figure 2. pD dependence of the 1H NMR resonances of [Co-
(HLa)]4+ (D2O, 33 °C, TSP = 0 ppm).[14] a) κ3-O,N,O-coordinated
taci ring b) κ3-N,N,N-coordinated taci ring. Squares, triangles and
circles correspond to the experimental values, the lines are calcu-
lated (minimisation of Σ[δobs – δcalcd]2. The numbering scheme
shown in Scheme 3c has been used.
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Scheme 4. The pH-dependent conformational equilibrium for the monobridged complex with a twisted boat conformation in acidic media
([Co(HLa)]4+ and [Co(La)]3+) and a chair conformation at high pH ([Co(H–1La)]2+) as major species.[14] H–H Repulsion interactions are
marked with arrows, possible hydrogen bonds are shown by dashed lines.

coordination in which hydrogen bonding to the non-coordi-
nating amino group is suppressed by its conversion to an
amide.[24] Molecular mechanics calculations support this
interpretation, namely, for the fully deprotonated [Co-
(H–1La)]2+, the twisted boat conformer has a strain energy
which is 17 kJmol–1 higher than for the corresponding chair
conformation. The change from the twisted boat to the
chair conformation brings H14 into an equatorial and H13/
H15 into an axial position. It is well known that equatorial
hydrogens in a cyclohexane moiety generally appear at
higher frequencies. Clearly the two effects (change from an
axial to an equatorial position and shielding by deproton-
ation) tend to the same direction for the hydrogens in the β
position but to opposite directions for the hydrogen in the
α position of the methylamino group. Consequently, the re-
sultant shift is almost zero for H14 and twice as much as
expected for H13 and H15. The release of strain which is
caused by this conformational change represents an ad-
ditional driving force for the deprotonation of the methyl-
ammonium group and helps to explain the above-men-
tioned rather low value of 5.3 for this pKa. A conforma-
tional change is further supported by the observation that
the resonances of H13, H15 and of the methyl group exhib-
ited strong line broadening in the range 4.5 � pD � 6,
indicative of some dynamic behaviour within the molecule.

The pD-dependence of most of the resonances of the κ3-
N,N,N-bonded moiety is relatively minor as expected (Fig-
ure 2b). There is one remarkable exception, however. H3,
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which is trans to the coordinated oxygen donor, exhibits
a strong shift in the range 0.5 � pD � 2 and even more
interestingly, this signal is shifted to higher frequency with
increasing pD. The observed pD behaviour clearly implies
that this effect must be due to the deprotonation of the
coordinated hydroxy group. We recently demonstrated that
such a specific trans effect is very characteristic for the de-
protonation of a coordinated oxygen in CoIII complexes
with polyamino-polyalcohol ligands.[25]

The 1A1g–1T1g transition of the CoN5O chromophore of
[Co(H–1La)]2+ and [Co(HLa)]4+ can be observed at 508 nm
(pH 12) and 513 nm (10  HCl), respectively. These
values are slightly higher than the corresponding values
in the nonbridged [Co(cis-tach)(taci-κ3-N,O,N)]4+ (λmax =
484 nm).[20] Cyclic voltammetry (Hg-electrode) revealed
quasi-reversible redox behaviour with a reduction potential
E1/2 (CoIII/CoII) of –0.12 V (vs. NHE).

Characterisation of [Co(Lb)]3+[14]

The second pink coloured fraction was identified as a
doubly bridged and dimethylated species.[15] The 13C{1H}
NMR spectrum exhibited a total of nine signals for the 18
carbon atoms. They were assigned to one CH3 resonance,
one CH2 resonance and seven CH resonances on the basis
of DEPT experiments.[17] In the 1H NMR spectrum two
singlets, one of them at the low end and the other at the
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high end of the range observed for the chemical shifts, were
assigned to the N–CH3 methyl groups (6 H) and to the
N=CH imine protons (2 H), respectively. The remaining
eight resonances (each representing two hydrogen atoms)
corresponded to the twelve cyclohexane ring protons and
to the CH2 groups of the bridges. Their mutual coupling
pattern was established by a series of 1H-1H and 1H-13C
correlation experiments (Scheme 5). The reduced number of
signals is indicative of some symmetry. However, the Cs-
symmetric forms C and D with the two imino groups at-
tached to the same taci ring can be excluded from further
consideration since a total of twelve rather than nine signals
would be expected for such isomers in the 13C NMR spec-
trum. The Ci and C2 symmetric isomers A and B on the
other hand are both consistent with the NMR characteris-
tics. Further information about the structure of this com-
plex can be obtained from the pD-dependence of the 1H
NMR resonances (Figure 3). The δ vs. pD curves could be
modelled successfully using the four pK values pK1 = 0.1,
pK2 = 2.4, pK3 = 4.9 and pK4 = 5.9. The exclusive and
significant shift of H1 in the range 0 � pD � 2 is again

Scheme 5. a) The structural fragment of Lb established by NMR spectroscopic measurements.[14] Selected 1H 13C long range couplings
are depicted in bold, geminal and vicinal 1H 1H coupling interactions and long range 1H 1H coupling interactions are marked with
dashed and full lines, respectively. The carbon atoms are labelled with the same numbering scheme as shown for the corresponding
hydrogen atoms. b) Representations for A (Ci), B (C2), C (Cs), and D (Cs) showing possible structures of Lb as discussed in the text.
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indicative of a deprotonation of the α hydroxy groups and
the low values for the two corresponding pKa values must
be interpreted in terms of a coordination of these oxygen
donors. pK3 and pK4 belong to the deprotonation of the
non-coordinating methylammonium groups. Clearly, an
asymmetric κ3-N,O,N-binding mode, as already observed
for [Co(HLa)]4+, has to be considered in the doubly bridged
derivative and, based on symmetry arguments, both taci
fragments must adopt such a coordination mode. As seen
in the previous section, this type of coordination implies
formation of five membered chelate rings and this is again
clearly shown by the significant offset of C1 in the 13C
NMR spectrum.[18–20] Similar to [Co(La)]3+, the resultant
CoN4O2 chromophore exhibits a λmax (525 nm in 12  HCl,
517 nm at pH = 12) for the 1A1g–1T2g transition which is
slightly higher than those of nonbridged analogues such as
[Co(cis-tach)(taci-κ3-O1,N2,O3)]3+ (λmax = 498) and [Co-
(taci-κ3-N1,N3,N5)(taci-κ3-O1,N2,O3)]3+ (λmax = 494).[20]

The minor blue shift observed for this band upon an in-
crease in pH is well established as an indicator for depro-
tonation of the coordinated ROH groups. The rearrange-



D. Kuppert, P. Comba, K. HegetschweilerFULL PAPER
ment from a κ3-N,N,N to a κ3-N,O,N coordination mode
appears to proceed in an analogous way to that of
[Co(La)]3+. However, it is worthy to note that in the mono-
bridged complex only the moiety with three sp3 nitrogen
donors switches to a κ3-N,O,N-mode (the moiety with the
N=C group retains the adamantane-like triamine coordina-
tion), whereas in [Co(Lb)]3+ both rings, although attached
to an imine nitrogen, adopt a κ3-N,O,N coordination.

For a further discussion of the stereochemistry of this
complex, it should be kept in mind that the two NH bridge
heads become stereogenic when coordinated to the CoIII

centre and, consequently, different diastereomers must be
taken into account. Based on symmetry arguments, the two
nitrogen atoms must have related configurations (R,S in the
Ci isomer 1 and R,R or S,S in the C2 isomers 2 and 3 shown
in Scheme 6). For the Ci symmetric ligand A (Scheme 5),
only structure 1 (Scheme 6) is compatible with these consid-
erations. However, the C2 symmetric macrocycle B can be
wrapped around the CoIII centre in two different ways re-
sulting in distinct structures (2 and 3) where either the two
sp2 or the two sp3 nitrogen donors have a trans orientation
within the coordination sphere (for B the two oxygen do-

Scheme 6. Possible structures of [Co(Lb)]3+ with Ci (a) or C2 symmetry (b and c).[14] Non-coordinating hydroxy groups and charges are
omitted for clarity.
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Figure 3. pD dependence of the 1H NMR resonances of
[Co(H2Lb)]5+ (D2O, 33 °C, TSP = 0 ppm).[14] Squares, triangles and
circles represent experimental values, the lines are calculated (mini-
misation of Σ[δobs – δcalcd]2. The numbering scheme of Scheme 5a
has been used. The signal corresponding to H6 has been omitted
due to pronounced line broadening around pD 5 (see text).

nors of the C2 symmetric ligand are always oriented cis).
The observation that the deprotonation of the two coordi-
nated hydroxy groups did not result in any reverse shift of
any of the H(–C–N) ring protons (low-field shift upon in-
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creasing pD in the range 0 � pH � 2, see the corresponding
feature for H3 of [Co(HLa)]4+ in Figure 2) would exclude
the presence of an O–Co–N–CH substructure with a trans
O–Co–N orientation.[25] Consequently, the Ci symmetric
structure 1 remains as the only stereoisomer which is com-
patible with all the NMR spectroscopic characteristics.

Further inspection of the pH dependence of the 1H
NMR signals in the range 2.5 � pD � 7.5 revealed con-
siderable line broadening. Similar behaviour has already
been noted for the monobridged species [Co(HLa)]4+, al-
though the line broadening observed for the doubly bridged
complex is much more pronounced and some of the signals
such as H5 and H6 disappear completely around pH 5. We
interpret this line broadening again in terms of a changeo-
ver from a twisted boat to a chair conformation of the two
cyclohexane back bones. These structural changes are a
consequence of the deprotonation of the two non-coordi-
nated methylammonium groups, allowing N–H···N hydro-
gen bonding in the deprotonated form. Molecular mechan-
ics calculations for the fully deprotonated [Co(H–2Lb)]+ pre-
dict that among the various possible isomers the C2

symmetric form 2 (Scheme 6) is of the lowest energy (Table
S2, supporting information). The Ci symmetric isomer 1
has a slightly higher, and the C2-symmetric isomer 3 a con-
siderably higher strain energy. At first glance this result is
in disagreement with the assignment of the centrosymmetric
structure 1 for [Co(Lb)]3+ as follows from the NMR spec-
troscopic data. However, it should be kept in mind that in
analogy to the monobridged ion [Co(La)]3+, the primary
product of the condensation reaction is an N6-coordinated
complex and the N4O2-coordinated product is formed in
a subsequent rearrangement (Scheme 3). Our calculations
indeed revealed that the N6-coordinated forms are all con-
siderably more strained than the N4O2-coordinated species
1 and 2. Furthermore, the N6-coordinated complex with the
Ci symmetric ligand A (Scheme 5) is about 9 kJmol–1 less
strained than the corresponding complex with ligand B.
The calculations would thus be in full agreement with the
experimental findings, if we assume formation of the N6-
coordinated species as the rate-limiting step in the entire
reaction sequence.

Coupling with Aniline

Aniline was used as an alternative nitrogen nucleophile
to study the influence of an aromatic substituent on the
coupling reaction with [CoIII-hmi-(taci)2]3+. However, a no-
ticeable conversion was only observed if an additional base
such as triethylamine was added to the reaction mixture.
Workup under acidic conditions yielded a very complex
mixture with a 13C{1H} NMR spectrum exhibiting more
than forty resonances. After further treatment of this prod-
uct with aqueous NaOH (pH 11), a single red CoIII com-
plex could be isolated as the major component by chroma-
tographic methods. The FAB+ mass spectrum showed an
m/z value of 529 for the molecular ion which is consistent
with the composition [Co(C20H36N7O6)]+. The structure of
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this complex was again elucidated by NMR spectroscopy
(Figure 4). Two independent spin systems were observed for
the two cyclohexane rings. Additionally, one of the coordi-
nated nitrogen donors bears a methyl group, another a
C7H7N substituent. The latter clearly contains the aniline
component in the form of a coordinated formamidine moi-
ety. The monosubstituted phenyl ring of this substituent
could be readily recognised by its 1H and 13C NMR spec-
troscopic characteristics and the amidine functionality was
identified by a strong C=N stretch vibration at 1658 cm–1

and corresponding NMR resonances at δ = 8.74 ppm and
162.6 ppm in the 1H and 13C spectra.[6,26] Bridging of the
two taci moieties was, however, not observed. The 4J coup-
ling between the H(–C)–imine proton and the cyclohexane
proton H7 together with the 3JC,H coupling between H7
and the imine carbon atom enabled an unambiguous local-
isation of the amidine fragment. An additional long range
coupling between H2 and the methyl group established that
the amidine substituent and the methyl group are not at-
tached to the same taci moiety. None of the 1H resonances
showed any pH dependence and we can therefore exclude a
changeover from the CoN6 to a CoN5O coordination. This
contention is also supported by the 13C NMR characteris-
tics whereby a resonance above 70 ppm, indicative of five-
membered chelate rings,[18] was not observed. The relative
orientation of the methyl group and the C7H7N substituent
could not be deduced from experimental data. However,
mechanistic considerations (hydride shift, see above) would
clearly point to a cis arrangement of these two non-hydro-
gen substituents. Two different tautomers I and II are pos-
sible for the amidine moiety (Figure 4b) and, for each of
them, a Z or E configuration of the C=N double bond and
an R or S configuration of the stereogenic coordinated sp3

amine donors must be taken into consideration. For the
tautomers I with a coordinated imine, the methyl group of
the NH–CH3 donor can adopt a syn or anti orientation
with respect to the amidine moiety. The reverse tautomers
II, in which the C=N double bond is in conjugation with
the phenyl ring, have two stereogenic nitrogen donors with
either an S,R-, R,S-, R,R-, or S,S configuration. Once
again, it was not possible to establish from experimental
data which of the various isomers is predominantly formed.
We therefore analysed the steric strain by means of molecu-
lar mechanics methods and these calculations established
clearly that the tautomers with a coordinated imine (form
I) are more stable (i.e. less strained) than the corresponding
tautomers of the type II (Table 2). Moreover, form I enables
the possibility for an extended π delocalisation within the
N=C–NH–phenyl fragment which would not be possible in
type II. A type I form is also in agreement with the struc-
ture observed for the organic analogue in which the Co cen-
tre and the taci subunit are replaced by two methyl
groups.[27] Our calculations further revealed that the type I
isomer with an E orientation for Co and NH-phenyl and a
syn configuration of the amidine moiety and the methyl
group is of lowest energy.[28] For this particular geometry,
the calculations predicted CoIII–N bond lengths in the
range of 1.95–1.99 Å (mean value 1.98 Å) with the 1.95 Å
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and the 1.99 Å distances corresponding to the bonds to the
imine and methylamine nitrogen donor, respectively. For all
possible isomers of [Co(Lc)(Ld)]3+,[14] the increased strain is
mainly caused by additional nonbonding interactions be-
tween the non-hydrogen substituents at the nitrogen donors
and this is partially compensated for by an elongation of
some of the Co–N bonds. As a matter of fact, it seems likely
that these bonds are even somewhat longer than stated,
since the calculations tend to slightly underestimate long
CoIII–N distances.[29–31] The increased strain results in some
weakening of the ligand field and this effect together with
a possible conjugation between the 3d orbitals of Co and
the extended π system of the amidine fragment supposedly
contributes to the rather high λmax value of 510 nm ob-
served for the 1A1g–1T2g transition.[32,33]

Figure 4. a) Section of the 1H-1H COSY NMR spectrum of
[Co(Lc)(Ld)]3+ with the two independent spin systems shown in
blue and red.[14] b) Structural representation of the two possible
types of tautomers of [Co(Lc)(Ld)]3+ (OH groups omitted) with
numbering scheme. C–H long-range and H–H long-range coupling
interactions are shown by bold bonds and by an arrow, respectively.

Hydrogenation of [Co(Lc)(Ld)]3+ in an aqueous acidic
medium on Pd/C (5 atm) resulted in decomposition of the
complex and complete hydrolysis of the amidine moiety. As
a consequence, the reaction product consisted of a 1:1 mix-
ture of taci and its monomethylated derivative.
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Table 2. Calculated strain energies and Co–N bond lengths of pos-
sible isomers for [Co(taci)2]3+ and [Co(Lc)(Ld)]3+.[a]

Complex Relative strain energy Co–N bond lengths
[kJ mol–1] [Å] range, mean

[Co(taci)2]3+ 1.969
[Co(Lc)(Ld)]3+, Tautomer I
E/syn [b] 0 1.95–1.99, 1.975
E/anti [b] 6 1.96–1.99, 1.977
Z/syn [b] 25 1.96–2.00, 1.979
Z/anti [b] 20 1.97–1.99, 1.981
[Co(Lc)(Ld)]3+, Tautomer II
E/S,S [c] 25 1.97–2.00, 1.984
E/S,R [c] 34 1.97–2.00, 1.985
E/R,S [c] 24 1.98–1.99, 1.984
E/R,R [c] 25 1.97–2.00, 1.984
Z/S,S [c] 39 1.97–2.01, 1.985
Z/S,R [c] 51 1.97–2.01, 1.987
Z/R,S [c] 37 1.98–1.99, 1.984
Z/R,R [c] 38 1.97–2.00, 1.985

[a] Molecular mechanics calculations using the MOMEC force
field[46,47] together with the extensions listed in Table 4. [b] E and
Z refer to the NH and Co substituents at the C=N double bond.
Note that the free ligand Ld and the complex [Co(Lc)(Ld)]3+ have
opposite stereo-descriptors: the Z-ligand[14] forms a complex with
an E configuration and vice versa (Figure 4b). The descriptors syn
and anti refer to the orientation of the methyl group with reference
to the amidine moiety. [c] E and Z refer to the NH and C6H5

substituents at the C=N double bond, the two stereo-descriptors R
and S refer to the configuration at the chiral amidine and methyl-
amine nitrogen atoms, respectively, as shown in Figure 4b.

Coupling with Cyanide

The reaction of CN– with [CoIII-hmi-(taci)2]3+ in aque-
ous solution again yielded a complex reaction mixture. Se-
veral different fractions could be separated on a Sephadex
column but only the major red component could be iden-
tified unequivocally by means of MS and NMR spectro-
scopic measurements as a monobridged derivative [CoIII-
(Le)]3+ (Figure 5).[14] The FAB+ spectrum exhibited signals
of the pseudo-molecular ions [CoII(H–1Le)]+ and [CoII(Le)-
Cl]+ (Le = C14H31N7O6) with intensities of 100% and 13%,
respectively. [Co(Le)]3+ is completely asymmetric as indi-
cated by the 1H and 13C NMR spectra which contained a
total of 10 and 11 signals for the two taci rings, respectively
(one signal in the 13C NMR and two signals in the 1H
NMR spectrum with double intensity corresponded to the
resonances of two atoms). The 1H-1H correlated 2D spec-
trum showed two independent spin system each consisting
of six hydrogen atoms. The corresponding carbon atoms,
which were identified as CH groups from a DEPT experi-
ment,[17] were assigned by a 1H-13C correlated spectrum.
An additional CH2 group with two diastereotopic hydrogen
atoms was located and the 13C spectrum also exhibited a
strongly deshielded signal at δ = 176 ppm, indicative of the
formation of an imino group. Formation of a C=N double
bond was further confirmed by a strong, sharp band at
1647 cm–1 in the IR spectrum.[26] However, the DEPT ex-
periment together with the 1H characteristics clearly show
that, in contrast to the products obtained in the reaction
with ammonia or aniline, the amidine-C is not bonded to
any hydrogen atoms. Furthermore, the NMR spectroscopic
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data gave no indication of the presence of an N–CH3 group.
The bridging position of the N=C(NH2)–CH2–NH moiety
was finally established from a long-range 2D C-H corre-
lated experiment in which long range interactions from the
bridging moiety to both cyclohexane entities could be ob-
served. In analogy to [Co(Lc)(Ld)]3+, it was not possible to
conclude from the experimental data as to which of the two
possible tautomers is formed. However, as outlined in the
previous section it seems highly probable that the form with
the imine nitrogen donor bonded to CoIII is more stable.
Indications for a κ3-N,O,N coordination mode as described
above for [Co(HLa)]4+ and [Co(H2Lb)]5+ have not been de-
tected.

Figure 5. a) Section of the 1H-1H COSY NMR spectrum of
[Co(Le)]3+;[14] H(–N) protons of the coordinated amino groups are
marked with black circles. b) structural representation of [Co-
(Le)]3+ with numbering scheme.[14] C–H long-range coupling inter-
actions are shown in bold. The hydroxy groups in positions 7,9,12
and 8,10,11 are omitted for clarity.

The two doublets of the methylene group exhibited a
rather large 2JH,H coupling constant of 18 Hz. Such un-
usually large coupling constants are known for spin systems
with a π electron system attached to the CH2 group as ob-
served in cyclopentene-1,4-dione and it has been proposed
that this enhancement is particularly large if the vector be-
tween the two protons is oriented parallel to the π orbit-
als[34] which is clearly the case for the N=C(NH2)–CH2–
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NH bridge of [CoIII(Le)]3+. The CH2-groups are weakly
acidic and, if a solution of [CoIII(Le)]3+ in D2O is brought
to a pD of about 11, the signals of the methylene group
disappear in the 1H NMR spectrum and they do not re-
appear after addition of DCl. However, the DEPT spec-
trum still showed the presence of a methylene group indica-
tive of H/D exchange. It is clear that the corresponding
carbanion which is formed above pD 10 is stabilised by sig-
nificant electron delocalisation.

The entire structure of [CoIII(Le)]3+ was again modelled
by molecular mechanics calculations. In this model, the
CoIII–Nimine bond length proved to be relatively short
(1.92 Å), whereas the remaining CoIII–Namine bonds lengths
(1.96–1.97 Å) are consistent with the values reported in the
literature for X-ray structures of a range of (hexaamine)-
CoIII complexes.[33] The high rigidity of the amidine-bridge
resulted in some distortion of the octahedral coordination
geometry with N–Co–N angles between 84° and 99°. The
1A1g–1T2g transition appeared at 497 nm which again indi-
cates some weakening of the ligand field. Cyclic voltamme-
try showed a quasi-reversible redox process with a redox
potential of –0.35 V (vs. NHE). A similar value has been
observed for the parent system [CoII/III(taci)2]2+/3+.[20,35]

Discussion

The reaction of [CoIII-hmi-(taci)2]3+ with the three nu-
cleophiles NH3, aniline and CN– yielded three considerably
different types of products. The reaction with NH3 re-
sembles the previously reported reaction with nitromethane
insofar as formation of NH–CH2–XH–CH=N bridges [XH
= NH, C(H)-NO2], connecting the two taci frames, coin-
cides with methylation of an adjacent primary amino
group.[9] The mechanism of this reaction has been discussed
in terms of an intramolecular Cannizzaro reaction
(Scheme 1, b) whereby a hydride is transferred from the
methylene group of the initially formed NH–CH2–XH–
CH2–N– bridge to an imino group. However, some charac-
teristic differences are evident: (i) In the reaction with nitro-
methane (X = C-NO2), the XH proton is finally abstracted
by NEt3 and the ligand appears in a carbanionic form,
whereas in the reaction with NH3, the nitrogen atom in the
bridge (X = N) retains its proton. (ii) In the reaction with
nitromethane, the doubly bridged complex was isolated as
the main product while in the reaction with ammonia, the
monobridged species was formed as the major product and
the doubly bridged complex was only obtained as a very
minor component. (iii) The bridging process with NH3 was
generally followed by a rearrangement of the coordination
sphere of the CoIII centre, i.e. the taci-moiety which be-
comes methylated switches from a κ3-N,N,N to a κ3-N,O,N
coordination mode (Scheme 3). Consequently, an alkoxo-
pentaamine coordination was observed for the monob-
ridged complex and the doubly bridged derivative exhibits a
dialkoxo-tetraamine coordination mode (Scheme 6). In the
reaction with nitromethane, such a rearrangement of the
coordination sphere was not observed. The isolated product
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retains its hexaamine coordination. It has, however, been
noted that the nitromethane adduct undergoes a character-
istic structural rearrangement in strongly alkaline solutions
and re-acidification leads to a species which was not iden-
tical with the initial condensation product. It is particularly
interesting to note that in the initial product a total of 30
signals were observed in the 13C NMR spectrum and that
this number was reduced to a total of 10 at high pH. More-
over, in the initial reaction product, no resonance was ob-
served above 70 ppm for the cyclohexane carbon atoms,
whereas at high pH one of these signals shifted to 76 ppm.
Based on the results presented in this paper, it thus appears
highly probable that the previously observed[9] “low-energy
isomer” has a doubly bridged structure with an analogous
CoN4O2-coordination mode as reported here for [CoLb]3+.

For [CoIII(cis-tach)(H–1ino)]2+ (ino = cis-inositol, Struc-
ture O6 in Scheme S1b), an equilibrium between two dif-
ferent stereoisomers has been observed in aqueous solu-
tion.[36] In the first isomer, the metal is bound to the three
axial hydroxy groups of cis-inositol whereas in the second
isomer the binding occurred by means of three hydroxy
groups having a subsequent axial-equatorial-axial orienta-
tion. The kinetics of the isomerisation reaction have been
investigated in detail and it has been found that (i) this reac-
tion occurs at a considerably higher rate than complete
dissociation of the inositol ligand, (ii) the isomerisation re-
action becomes dramatically accelerated at high pH and (iii)
the equilibrium between the triaxial and the axial-equato-
rial-axial coordination mode is influenced by the possibility
of intramolecular O···H–O hydrogen bond formation. The
higher rate of isomerisation compared with ligand dissoci-
ation was interpreted in terms of a mechanism in which the
inositol ligand remains partially coordinated. For [Co(La)]3+

and [Co(Lb)]3+ with a hypothetical hexaamine coordina-
tion, the presence of an N–CH3 group would generate sig-
nificant strain due to nonbonding interactions between the
methyl group and a hydrogen atom of a primary amino
group of the neighbouring taci frame.[9] This strain is clearly
responsible for the change to the κ3-N,O,N axial-equatorial-
axial coordination mode. By analogy with [CoIII(cis-tach)-
(ino)]3+, the rearrangement can occur without dissociation
of the ligand (Scheme 3) and it is particularly fast in an
alkaline medium. Similar to [CoIII(cis-tach)(ino)]3+, the pH
has a significant influence on the possibility of intramolecu-
lar hydrogen bond formation: As long as the methylamino
group remains deprotonated, it can act as a proton acceptor
and can thus stabilise the corresponding cyclohexane chair.
However, after protonation, significant nonbonding N–
H···H–N repulsive interactions would arise. In contrast to
[CoIII(cis-tach)(ino)]3+, this conflict cannot be resolved by
a return to the double-adamantane-type structure and the
only way for strain to be minimised is by the adoption of a
twisted boat conformation (Scheme 4).

The reaction of [CoIII-hmi-(taci)2]3+ with aniline is re-
markable because the resultant structure is devoid of any
bridge between the two taci-frames. Formation of an amid-
ine moiety together with N-methylation must again be inter-
preted in terms of a Cannizzaro type hydride shift. The lack
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of observation of a bridge is, however, a clear sign that the
hydride shift already occurs after the first condensation step
(bridge formation would require a double attack of the nu-
cleophile to two adjacent imino groups, see Scheme 1). At
present, it is still not clear why the hydride shift already
occurs here at an earlier stage. Either electronic properties
(reduced nucleophilicity of the aniline nitrogen) or steric
reasons (increased repulsion due to the larger aromatic sub-
stituent) may account for this behaviour.

The reaction of the hexaimine complex with cyanide is
special because CN– cannot undergo multiple binding to
adjacent H2C=N(R)–Co groups. In a nonaqueous medium,
the reaction of CN– with an imine would simply generate
a Co–N(R)––CH2–CN moiety. Such a product could then
become protonated to give Co–N(R)H–CH2–CN. It would,
however, remain in equilibrium with the initial compo-
nents.[37] In an aqueous environment, CN– binding and hy-
drolysis may occur simultaneously as competing processes.
It is possible to control the reaction in such a way that one
imino group reacts with OH– reforming the deprotonated,
coordinated amine, whereas at the same time, an adjacent
imino group reacts with CN– (Scheme 7). The nitrile-car-
bon atom can now react as an electrophilic centre,[26,38] be-
ing able to accept the adjacent, negative nitrogen donor. In
organic chemistry, the reaction of a nitrile RCN with an
amine to give a corresponding amidine is only known for
nitriles which are activated either by a strongly electron-
withdrawing substituent R or by coordination of a Lewis
acid.[39] The situation is different in coordination chemistry
in which the generation of a metal-bound amidine by an
intramolecular reaction between a deprotonated, coordi-
nated amine and a nitrilo group has been documented with
a few examples.[37,40]

Owing to the reversible addition of CN– to the imine,
successful formation of [Co(Le)]3+ requires a well balanced
ratio of the two reaction rates. This ratio can be influenced
by varying either the CN– or the OH– concentration. We
obtained reasonable yields of the mono-bridged species in
aqueous solution around pH 10–12. Even at this relatively
moderate OH– concentration, complete hydrolysis of the
hexaimine represents a significant side reaction as indicated
by the isolation of considerable amounts of [Co(taci)2]3+

from the reaction mixture. Further lowering of the pH
should, however, be avoided, due to possible HCN forma-
tion. We have not yet succeeded in the isolation of any dou-
bly bridged product and it appears that the formation of a
second bridge would occur at a significantly lower rate.
Since the reaction of a coordinated imine with CN– is re-
versible, all of the remaining imino groups are hydrolysed
and the final product was found to be devoid of any N-
methylidene-imino groups. The reaction of [Co-hmi-
(taci)2]3+ with CN– in aqueous media thus represents a
promising route for connecting two taci-rings by one N–C–
C–N bridge. However, we have not yet established whether
reduction of the amidine to the amine and de-metallation
can be readily achieved. Similar to the reaction of [CoIII-
hmi-(taci)2]3+ with aniline and with nitromethane, the hexa-
amine coordination appears to be retained in [Co(Le)]3+,
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Scheme 7. Proposed mechanism for the formation of [Co(Le)]3+.[14]

The non-coordinating OH-groups are omitted for clarity.

although molecular mechanics calculation indicated some
distortion from regular octahedral geometry. [Co(Le)]3+ is
the only example in this study in which the coupling reac-
tion does not result in formation of a methylamino group.
Clearly a hydride shift from the Co–N(R)––CH2–CN meth-
ylene group to an adjacent imino group is not possible.

In conclusion, our study has fully confirmed that the suc-
cessful capping reaction observed for [Co(en)3]3+ cannot be
applied to (hexaamine)CoIII complexes with rigid cyclic
amine ligands. Sargeson proposed that the lack of observa-
tion of the capping process in such systems is a consequence
of the slow exchange rate of the amine protons.[10] Such
an assumption is plausible because condensation with the
aldehyde and addition of the capping reagent can be per-
formed in a single reaction with N–H deprotonation as the
first step. In our investigation, we have used the hexameth-
ylideneimine derivative as a starting material and it has thus
become evident that other factors must be responsible for
the different behaviour of the cyclic ligands. We attribute
the slow rate or indeed the failure to observe bridge forma-
tion to be mainly due to steric constraints. The molecular
mechanics calculations provided unambiguous evidence
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that in general, bridging of two taci moieties by means of
two nitrogen donors of the hexaamine coordination implies
a significant increase of strain and that this strain increases
with an increasing number of bridges.

Experimental Section
Physical Measurements and Analyses: 1H and 13C NMR spectra
were recorded in D2O at 306 K with a Bruker Avance DRX 500
spectrometer at frequencies of 500.13 MHz and 125.9 MHz, respec-
tively. Chemical shifts (in ppm) are given relative to [D4]sodium
(trimethylsilyl)propionate (0 ppm) as the internal standard. The pD
values of the NMR samples were adjusted with NaOD and DCl
and were determined as described previously.[41] Multiplicities are
abbreviated as follows: s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet. The gradient-selected (gs) 1H-1H COSY, gs
1H-13C COSY and gs 1H-13C HMBQ experiments were performed
as described in the literature.[42] CH3, CH2 and CH carbon atoms
were assigned using 13C DEPT experiments.[17] IR spectra were re-
corded on a Perkin-Elmer 883 IR spectrometer (KBr wafer) and
UV/Vis spectra were measured on a Uvikon 940 spectrometer at
25±1 °C. FAB+ mass spectra were recorded on a VG ZAB VSEQ
instrument. The samples were measured as aqueous solutions using
a glycerol matrix. Cyclic voltammetry was performed at ambient
temperature (23±2 °C) on a BAS C2 cell equipped with an Hg or
Au electrode, a platinum counter electrode and an Ag/AgCl refer-
ence electrode with a BAS 100B/W potentiostat. The measurements
were performed in an aqueous borax buffer (pH 9) with 1-m sam-
ple concentrations and NaCl (1 ) as a supporting electrolyte. pKa

values were determined by potentiometric titrations as described
previously[41] (25.0 °C, 0.10  KCl) and evaluated using a fixed
value of 13.78 for pKw. C, H and N analyses were performed by
H. Feuerhake (Universität des Saarlandes).

Materials: Et3N, CH3CN, aniline, aqueous NH3 (� 25%), KCN
and trisodium citrate dihydrate were commercially available prod-
ucts from Fluka. CH3CN was dried with P4O10. Aniline was freshly
distilled prior to use. CF3SO3H (�98%) was purchased from Lanc-
aster Synthesis and stored under N2. [Co(taci)2](NO3)3·2H2O[31]

and its hexamethylideneimino (hmi) derivative [Co-hmi-(taci)2]-
Cl3·6H2O[9] were prepared according to published procedures.
Dowex 50 W-X2 cation-exchange resin (100–200 mesh, H+ form)
was obtained from Fluka. SP-Sephadex C-25 cation exchange resin
(200 mesh, from Pharmacia Biotech) was converted into the Na+

form by elution with NaCl (2 ) prior to use and sufficient rinsing
with H2O until the eluent was free of chloride (checked with
AgNO3).

[Co-hmi-(taci)2](CF3SO3)3·2H2O: [Co-hmi-(taci)2]Cl3·6H2O
(500 mg, 0.71 mmol) was dissolved in CF3SO3H (20 mL). The clear
yellow solution was heated to 80 °C and a stream of dry N2 was
passed through the mixture for 3 h. The clear, dark yellow solution
was cooled to room temperature and was then cautiously poured
into Et2O (750 mL). A solid precipitated which was removed by
filtration, washed six times carefully with Et2O (portions of
100 mL) and dried in air. Yield: 636 mg (92%) of a pale yellow
solid. C21H34CoF9N6O17S3 (968.6): calcd. C 26.04, H 3.54, N 8.68;
found C 26.22, H 3.34, N 8.71. IR (KBr): ν̃ = 1618 (s) cm–1. 1H
NMR (D2O, pD � 1): δ = 4.07 (t, J = 3.0 Hz, 6 H), 4.62 (t, J =
3.0 Hz, 6 H), 7.91 (d, J = 7.5 Hz, 6 H), 8.13 (d, J = 7.5 Hz, 6 H)
ppm. 13C{1H} NMR (D2O, pD � 1): δ = 68.5 (CH), 76.7 (CH),
122.6 (q, JC,F = 317 Hz), 187.2 (C) ppm.

Reaction of [Co-hmi-(taci)2](CF3SO3)3·2H2O with NH3: [Co-hmi-
(taci)2](CF3SO3)3·2H2O (1.0 g, 1.03 mmol) was dissolved in dry
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CH3CN (100 mL). To the yellow solution was rapidly added con-
centrated aqueous NH3 (10 mL). An immediate colour change to
dark green was noted and the reaction mixture turned to a reddish
brown within a few minutes. A brownish solid finally precipitated.
The suspension was stirred for 24 h at room temperature giving a
bright red solution together with a yellow solid. The entire mixture
was poured into a solution of aqueous H2SO4 (30 g of conc. H2SO4

dissolved in 600 mL of H2O). The solution was further diluted with
H2O to a total volume of 1 L (pH � 1) and adsorbed on Dowex
50. The column was washed with H2O until the eluent was neutral
and then elution with aqueous HCl (0.5 ) was carried out. Further
elution with HCl (3 ) yielded a red fraction which was evaporated
to dryness and redissolved in H2O (100 mL). Traces of acid were
neutralised by adding small portions of NaOH (1 ). The solution
was then adsorbed on Sephadex. Elution with trisodium citrate
(0.2 ) resulted in the separation of three bands: A pink fast mov-
ing minor fraction (F1) followed by a major red fraction (F2) and
a slower moving badly resolved third fraction (F3). The yellow
front part of F3 was identified as [Co(taci)2]3+ by 1H and 13C NMR
spectroscopy. According to NMR and MS measurements, the pur-
ple coloured tailing part of F3 was a mixture of several components
which could be neither separated nor identified. Each fraction was
desalted on Dowex 50, (elution with 0.5  HCl and 3  HCl). The
products which were obtained in the 3- HCl fractions were evapo-
rated under reduced pressure and dried in air.

Analytical Data of Fraction F1 {[Co(H2Lb)]Cl5}:[14] Yield: 5 mg of
pink brittle flakes. 1H NMR (D2O, pD = 0.2): δ = 2.83 (s, 6 H),
3.36 (m, 2 H), 3.39 (t, J = 5 Hz, 2 H), 3.71 and 3.98 (AB-system,
J = 12 Hz, 4 H), 4.11 (t, J = 4 Hz, 2 H), 4.33 (m, 2 H), 4.66 (m,4
H), 8.53 (s, 2 H) ppm. 13C{1H} NMR (D2O, pD = 1): δ = 35.7
(CH3), 60.0 (CH), 61.0 (CH2), 62.2 (CH), 62.9 (CH), 63.2 (CH),
64.9 (CH), 76.4 (CH), 174.1 (CH) ppm. MS-FAB+ m/z (%) = 518
(36) [Co(H–1Lb)]+,[15] 554 (6) [Co(Lb)Cl]+. UV/Vis: λmax = 525 nm
(12  HCl), λmax = 517 nm (pH = 12).

Analytical Data of Fraction F2 {[Co(HLa)]Cl4·H2O}:[14] Yield:
283 mg (0.45 mmol, 44%) of a deep red solid. C15H36CoCl4N7O7

(627.2): calcd. C 28.72, H 5.79, N 15.63; found C 28.84, H 5.83, N
15.70. IR (KBr): ν̃ = 1628 (s) cm–1. 1H NMR (D2O, pD = 1): δ =
2.55 (t, J = 3.5 Hz, 1 H), 2.82 (s, 3 H), 3.04 (t, J = 3.5 Hz, 1 H),
3.28 (m, 1 H), 3.32 (m,1 H), 3.58 (m, 1 H), 3.60 (t, J = 3.5 Hz, 1
H), 3.84 and 3.96 (AB-system, J = 11.5 Hz, 2 H), 4.04 (m, 1 H),
4.13 (t, J = 3.5 Hz, 1 H), 4.22 (t, J = 3.5 Hz, 1 H), 4.23 (t, J =
3.5 Hz, 1 H), 4.71 (m, obscured by HDO, δ taken from 1H 1H-
COSY, 1 H) 4.75 (m, obscured by HDO, δ taken from 1H 1H-
COSY, 1 H), 8.15 (s, 1 H) ppm. 13C{1H} NMR (D2O, pD = 1): δ
= 33.2 (CH3), 52.0 (CH), 52.1 (CH), 54.8 (CH), 57.9 (CH), 59.7
(CH), 61.4 (CH2), 62.2 (CH), 62.7 (CH), 64.1 (CH), 65.8 (CH),
65.9 (CH), 66.7 (CH), 75.7 (CH), 172.8 (CH); (pD = 8): 40.2, 52.5,
53.2, 60.5, 61.7, 65.1, 65.5, 66.0, 66.85, 66.94, 67.3, 68.1, 68.3, 80.0,
170 ppm. MS-FAB+ m/z (%): 465 (100) [Co(H–1La)]+, 501 (13)
[Co(La)Cl]+. UV/Vis (12  HCl): λmax = 383 nm (ε = 289 –1 cm–1),
λmax = 513 nm (ε = 120 –1 cm–1); (NaOH, pH = 12) λmax = 386 nm
(ε = 170 –1 cm–1), λmax = 508 nm (ε = 90 –1 cm–1). Crystals of
composition [Co(HLa)][ZnBr4]2·5H2O suitable for X-ray analysis
were grown by slow diffusion of EtOH into an acidified (HBr)
aqueous solution of [Co(HLa)]Cl4 saturated with ZnBr2 at 4 °C.

Reaction of [Co-hmi-(taci)2](CF3SO3)3·2H2O with Aniline: Aniline
(3.3 mL, 36 mmol) and [Co-hmi-(taci)2](CF3SO3)3·2H2O (520 mg,
0.54 mmol) were dissolved in dry CH3CN (150 mL). NEt3 (6.6 mL,
47 mmol) was added to the resultant light yellow solution which
caused an immediate colour change to dark green. The mixture
was stirred for 30 min at room temperature and then poured into
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aqueous H2SO4 (18 g of H2SO4 in 400 mL of H2O). The reddish
orange solution was further diluted with H2O to a total volume of
1 L and sorbed on Dowex 50. The column was eluted with aqueous
HCl (0.5  and 4 ). The 4- HCl fraction was evaporated to dry-
ness and the residue redissolved in H2O (50 mL). NaOH (1.5 )
was added carefully in small portions until the pH reached a value
of 11 (checked using a glass electrode). During this addition, the
colour changed to violet and precipitation of a solid was observed.
The suspension was stirred at room temperature for 24 h, acidified
with dilute HCl to pH 7 and sorbed onto Sephadex. Elution with
Na2SO4 (0.28 ) resulted in the separation of three bands: a very
small fast moving light red band which was discarded, a yellow
band of [Co(taci)2]3+, and a strong red band of [Co(Lc)(Ld)]3+. The
last red fraction was desalted on Dowex 50, evaporated to dryness
and dried in vacuo. Yield: 177 mg (0.26 mmol, 49%) of red
[Co(Lc)(Ld)]Cl3·2H2O.[14] C20H41CoCl3N7O8 (672.9): calcd. C
35.70, H 6.14, N 14.57; found C 35.94; H 5.77; N 14.54. IR (KBr):
ν̃ = 1658 (s) cm–1. 1H NMR (D2O): δ = 2.60 (s, 3 H), 2.69 (t, J =
3.5 Hz, 1 H), 2.72 (t, J = 3.5 Hz, 1 H), 2.83 (t, J = 3.5 Hz, 1 H),
2.95 (t, J = 3.5 Hz, 1 H), 2.96 (t, J = 3.5 Hz, 1 H), 3.84 (t, J =
3.5 Hz, 1 H), 4.07 (t, J = 3.5 Hz, 1 H), 4.13 (t, J = 3.5 Hz, 1 H),
4.16 (t, J = 3.5 Hz, 1 H), 4.21 (m, 2 H), 4.32 (t, J = 3.5 Hz, 1 H),
7.29 (m, 3 H), 7.47 (m, 2 H), 8.74 (s, 1 H) ppm. 13C{1H} NMR
(D2O): δ = 44.3 (CH3), 52.3 (CH), 52.4 (CH), 52.8 (CH), 53.5 (CH),
55.5 (CH), 61.6 (CH), 65.3 (CH), 65.6 (CH), 65.8 (CH), 66.7 (CH),
67.6 (CH), 68.9 (CH), 120.7 (CHarom), 128.1 (CHarom), 132.5
(CHarom), 141.0 (Carom), 162.6 (CH) ppm. MS-FAB+ m/z (%): 529
(97) [H–1{Co(Lc)(Ld)}]+, 565 (9) [Co(Lc)(Ld)]Cl+. UV/Vis (H2O):
λmax = 368 nm (ε = 147 –1 cm–1), λmax = 510 nm (ε = 44 –1 cm–1).

Reaction of [Co-hmi-(taci)2]Cl3·6H2O with KCN: Caution! KCN
and HCN are strong poisons. All manipulations must be performed
in a well ventilated fume hood. HCN must be destroyed by passing
any evolving gas through an NaOCl solution. A solution of KCN
(250 mg, 3.84 mmol) in H2O (250 mL) was added to a solution of
[Co-hmi-(taci)2]Cl3·6H2O (1.05 g, 1.50 mmol) in H2O (250 mL).
The first 50 mL of the KCN solution were added dropwise whereas
the remaining 200 mL were added in one portion. The solution,
which by this time showed a red colour, was stirred at room tem-
perature for 30 min and then poured into aqueous sulfuric acid
(15 g of conc. H2SO4 in 500 mL of H2O). Caution! Formation of
HCN. The solution was further diluted with H2O until a pH of 2
was reached and was then sorbed on Dowex 50. The resin was
eluted with H2O and with aqueous HCl (0.5 ). Further elution
with HCl (3 ) gave a major broad band with a yellow front ([Co-
(taci)2]3+) and a red tail. The red portion was collected. However,
complete separation from the yellow part was not possible. The
resultant solution was evaporated to dryness, redissolved in 250 mL
of H2O and sorbed on Sephadex. Elution with trisodium citrate
(0.2 ) gave four bands: a fast moving, very weak pink band which
was discarded, a yellow band of [Co(taci)2]3+, a major red band and
a violet band. NMR measurements showed that the violet band
consisted of several unidentified CoIII complexes. The red and the
yellow bands again showed some overlap and could not be sepa-
rated completely. The entire red fraction was collected, desalted on
Dowex 50 and the solvents evaporated to dryness. Remaining traces
of [Co(taci)2]3+ could be removed by crystallisation: The solid was
dissolved in H2O (5 mL). ZnBr2 (500 mg, dissolved in 4 mL of
H2O) and HBr (5 mL 48% in H2O) were added and the solution
was allowed to stand at 4 °C for 12 h. [Co(taci)2]3+ precipitated
quantitatively as the [ZnBr4]2– salt which was removed by filtration.
The remaining red solution was then sorbed again on Dowex 50.
The column was washed with H2O and eluted with aqueous HCl
(0.5  and 1.0 ). Further elution with HCl (3 ) gave a red solu-
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tion of the pure [Co(Le)]3+. This solution was evaporated to dryness
and dried in vacuo. Yield: 261 mg (28%) of red [Co(Le)]-
Cl3·3.5H2O.[14] C14H38CoCl3N7O9.5 (621.8): calcd. C 27.04, H 6.16,
N 15.77; found C 26.89, H 6.22, N 15.99. IR (KBr): ν̃ = 1647 (s)
cm–1. 1H NMR (D2O): δ = 2.78 (m, 2 H), 2.93 (t, J = 4.0 Hz, 1
H), 2.96 (t, J = 4.0 Hz, 1 H), 3.13 (t, J = 3.0 Hz, 1 H), 3.84 (t, J =
4.0 Hz, 1 H), 4.05 (t, J = 4.0 Hz, 1 H), 4.09 (m, 2 H), 4.14 (t, J =
3.0 Hz, 1 H), 4.19 (t, J = 4.0 Hz, 1 H), 4.19 (d, J = 18.0 Hz, 1 H),
4.27 (t, J = 4.0 Hz, 1 H), 5.41 (d, J = 18.0 Hz, 1 H) ppm. 13C{1H}
NMR (D2O): δ = 51.3 (CH), 51.6 (CH), 53.3 (CH), 54.3 (CH), 57.5
(2 CH), 58.2 (CH2), 65.6 (CH), 65.9 (CH), 67.0 (CH), 67.2 (CH),
68.3 (CH), 68.6 (CH), 175.9 (C) ppm. MS-FAB+ m/z (%): 451 (100)
[Co(H–1Le)]+, 487 (13) [Co(Le)Cl]+. UV/Vis (H2O): λmax = 345 nm
(ε = 343 –1 cm–1), λmax = 497 nm (ε = 198 –1 cm–1).

X-ray Diffraction Analysis:[43] Diffraction data of [Co(HLa)][ZnBr4]2·
5H2O were collected at room temperature on a Siemens CCD
Platform using monochromated Mo-Kα radiation and a crystal of
dimensions 0.24×0.16×0.14 mm (Table 3). 21887 reflections were
collected in the range of 1.49° � θ � 23.24°. An empirical absorp-
tion correction was performed (SADABS). Of a total of 5572
unique reflections 3217 were observed with 2σ(I). The structure
was solved by direct methods and refined using full-matrix least-
squares calculations on F2.[44] One of the two counter-anions (Zn2)
proved to be disordered and was modelled using a superposition
of three discrete positions with occupancies of 50%, 38% and 12%.
The Zn2 centre was located on two split positions (Zn2a and Zn2b)
with a Zn2a–Zn2b separation of 0.753 Å. Both of these positions
had an occupancy of 50%. The four Br– ligands (Br21–Br24) which
are bound to Zn2a could be unambiguously located. They were
also refined with occupancies of 50%. The Zn2a–Br distances and
Br–Zn2a–Br angles are as expected. For each of the four Br– li-
gands bound to Zn2b, a major (Br31–Br34, 38%) and a minor
(Br41–Br44, 12%) position was assigned. The major component
refined well again but the minor component, which corresponds to
a relatively small amount of electron density, was rather poorly
defined (Zn2b–Br distances: 2.12–2.64 Å, mean value: 2.37 Å, and
Br–Zn2b–Br angles of 89–133°, mean value: 108.5 °). Five ad-
ditional peaks (O1S–O5S) were interpreted as H2O molecules. The
distances O1···O3S···O4S···O5S and O4···O2S fall between 2.7–
2.8 Å which is the range expected for normal O–H···O hydrogen
bonds. The O4S···O6 distance of 2.50 Å is rather short and indica-
tive of a strong hydrogen bond. This is consistent with the high
acidity of the coordinated hydroxy group (see Characterisation of
[Co(La)]3+ in the Results section above). O2S was found to be dis-
tributed over two positions with an O2Sa···O2Sb separation of
0.98 Å and occupancy factors of 60 and 40%. O1S and O5S were
located in proximity to the disordered [Zn2Br4]2– counterion and
some of the corresponding O···Br separations were considerably
shorter than the sum of the van der Waals radii. A split model was
again used for O5S with occupancies of 20% for O5Sa (which is in
conflict with Br24) and 80% for O5Sb. O1S was found to be in
conflict with Br43. Since Br43 itself has an occupancy of only 12%,
the occupancy of O1S was set to 88%. Although the remaining
12% of this H2O molecule could not be located, a search for free
voids[45] clearly indicated that sufficient empty space would be
available for accommodation of this H2O molecule within the
Zn2bBr41–Br44 variant of the structure. Anisotropic displacement
parameters were refined for all nonhydrogen atomic positions ex-
cept for the two split positions of the disordered H2O oxygen O5S.
Hydrogen atoms of the complex cation were placed in calculated
sites (riding model) and isotropic displacement parameters were
used which were fixed at 1.5×Ueq of the pivot atom of hydroxy,
amino, and methyl groups and 1.2×Ueq for all other C atoms. Ow-
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ing to the isolation from an acidic medium (HBr), the meaningful
hydrogen bonding scheme and based on charge balance considera-
tions, N5 and O6 were both considered as being protonated. A
total of 495 parameters were used in the final refinement, yielding
a residual electron density with a minimum and a maximum of
–0.58 and +1.07 eÅ–3. Puckering parameters of the two cyclohex-
ane rings were calculated using the computer program PLA-
TON.[45]

Table 3. Crystallographic data for [Co(HLa)][ZnBr4]2·5H2O and
[Co(taci)2][NO3]3·2H2O.

Empirical formula C15H44Br8CoN7O11Zn2 C12H34CoN9O17

Formula mass [gmol–1] 1327.52 635.41
Crystal size [mm] 0.24×0.16×0.14 0.20×0.15×0.15
Crystal system monoclinic monoclinic
Space group P21/c (No. 14) I2/a (No. 15)
a [Å] 9.0419(2) 14.696(3)
b [Å] 27.1800(6) 8.9090(18)
c [Å] 16.0600(4) 17.875(4)
β [°] 98.8170(10) 91.27(3)
V [Å3] 3900.25(16) 2339.7(8)
Z 4 4
T [K] 298(2) 298(2)
λ [Å] 0.71073 (Mo-Kα) 0.71073 (Mo-Kα)
ρcalcd. [gcm–3] 2.261 1.804
µ [mm–1] 9.889 0.837
R [I � 2σ(I)] 0.0500 0.0282
wR2 (all data) 0.1438 0.0692

Diffraction data of [Co(taci)2](NO3)3·2H2O were collected at
25(2) °C on a Stoe Stadi 4 diffractometer using monochromated
Mo-Kα radiation and a crystal of dimensions 0.20×0.15×0.15 mm.
Of a total of 3975 reflections which were collected in the range
2.28° � θ � 25.00°, 2066 were unique and 1742 were observed with
I � 2σ(I). An empirical absorption correction was applied to the
data. The structure was solved by direct methods and was refined
using full-matrix least-squares calculations on F2 (259 param-
eters).[44] All non-hydrogen atoms were refined in the anisotropic
mode. The hydrogen atoms (including H2O) were all located in a
difference Fourier map and were refined using variable isotropic
displacement parameters. One of the NO3

– counterions was found
to be slightly disordered. Its nitrogen atomic position (N5) was
located on a two fold rotational axis and each of the oxygen atoms
were equally distributed over two positions. The minimum and
maximum in the final residual electron density map were –0.21 and
+0.29 eÅ–3.

Molecular Modelling: The commercially available program MO-
MEC97 was used for the calculations.[46,47] Since the structures of
the complexes investigated in this paper contain a variety of frag-
ments which were not considered in MOMEC97, additional pa-
rameters had to be added to the force field. These parameters were
derived from a total of 30 related structures with their geometries
obtained from the Cambridge Structural Data Base (see Scheme
S1, and Table S1 in the Supporting Information). The required
parameters were estimated and systematically varied until the cal-
culated bond lengths could reproduce the experimental values
within±0.02 Å and the bond angles within±5°. This additional
data set is listed in Table 4. In the course of geometry optimisation,
it became obvious that three of the already supplied parameters
(CI–NI bond-stretch, CI–NI–CT valence angle and **–NI–CT–**
torsion angle) also had to be adjusted slightly in order to get better
consistency during the parametrisation procedure. In all calcula-
tions, the N=C–N portion of the amidine moieties was modelled
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using the atom types NI–CI–NT. The structures were refined using
the geometry optimization procedure with the full-matrix Newton
Rapson algorithm. Convergence was reached in all calculations. As
exemplified in Table 1 for [Co(HLa)]4+, the new parameter set al-
lowed accurate reproduction of the structural parameters.

Table 4. New MOMEC force-field parameters.[a]

Bond-stretch parameters

Atom 1 Atom 2 kb [mdynÅ–1][b] ro [Å]

CO3 NI 1.750 1.870
CO3 OW 3.000 1.900
CI NT 6.700 1.317
CI CT 5.000 1.500
CI NI 7.200 1.290
CT NI 6.000 1.480
CA NI 5.940 1.399
NI H 6.030 0.910

Torsional angle parameters[c]

Atom Atom Atom Atom kφ [mdynÅ] m φoffset [rad]

** CA NI ** 0.0100 6 1.571
** CI NT ** 0.0005 6 0.524
** CI CT ** 0.0005 6 0.524
** OR CT ** 0.0080 3 0.000
** NI CI ** 0.0250 2 1.571
** NI CT ** 0.0001 2 1.571

Valence-angle parameters

Atom 1 Atom 2 Atom 3 kθ [mdynÅrad–2] θ0 [rad]

CO3 NI CT 0.200 1.920
CO3 NI CI 0.400 2.150
CO3 NT CI 0.200 1.920
CO3 OW CT 0.050 1.915
CO3 OW H 0.100 1.915
OW CO3 OW 0.040 1.571
OW CO3 NI 0.150 1.650
NI CO3 NI 0.050 1.571
NI CI NT 0.015 2.094
CT CI H 0.450 2.094
CT OW H 0.360 1.909
CT CI NI 0.450 2.094
CT CT OR 0.450 1.909
CA CA NI 0.970 2.094
CA NI CI 0.490 2.030
CA NI H 0.490 2.059
OR CT H 0.360 1.909
H CI H 0.450 2.094
NI CI CT 0.450 2.094
NI CT CT 0.450 1.911
NI CT H 0.450 1.911
NT CO3 OW 0.040 1.571
NT CO3 NI 0.050 1.571
NT CI CT 0.450 2.094
NT CT CI 0.450 1.911
NT CI H 0.450 2.094
NT CT OR 0.450 1.911
NT CT NI 0.450 1.911
CI NT CT 0.450 1.911
CI NT CA 0.450 1.911
CI CT CT 0.450 1.911
CI NI CT 0.970 2.094
CI NI H 0.490 2.059
CI NT H 0.450 2.050
CI CT H 0.360 1.909

[a] For atom-type labels, see ref.[46] [b] 1 dyn = 10–5 N. [c] ** = any
atom.
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Supporting Information (see footnote on the first page of this arti-
cle): Comments on the parametrisation procedure. Table S1 and
Scheme S1: Structures (CCDC) considered for parametrisation.
Table S2: Strain energies for the isomers 1–3 of [Co(H–2Lb)]+ and
[Co(κ6-N6-Lb)]3+.
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The equilibrium geometries, the energies, the harmonic vi-
brational frequencies, and the nucleus independent chemical
shifts (NICSs) of the ground state of (η5-P5)MM�(η5-P5) and
(η5-C5H5)MM�(η5-P5) (M, M� = Zn, Cd) are calculated by the
hybrid density functional method B3LYP with LANL2DZ ba-
sis sets. The analysis of energy and harmonic frequencies on
the equilibrium geometries of both series dinuclear deca-
and pentaphosphametallocenes shows that all the minima
with singlet electronic state have an staggered (9 ° �

D(E–M–M–E�) � 36°) conformation except for the eclipsed
CpCd2(P5) (C5v), and all the D5h and the D5d symmetric con-
formations are transition states while the energy differences
between the most stable minimum and the transition states
are very small (� 0.1 kcal/mol), thus, the rotation of the P5

ring about M–M bond in all complexes is almost free. The
analysis of the NBO, the Laplacian of the electron density,
the electrostatic interaction energy, the bonding energy de-
composition, and the molecular orbital correlation diagrams
for the two series complexes reveals that the properties of all
the dinuclear phosphametallocenes investigated are similar
to that of the dizinc metallocenes. The M–M (or M–M�) bond
in the dinuclear phosphametallocenes is a weak σ covalent
bond, and the magnitude of bonding energy of the M–M (or
M–M�) bond correlates with the energy difference between
the energy of HOMO in M(η5-P5) (or MCp) (2A, C5v) frag-

1. Introduction

The successful synthesis of the linear organometallic
molecule, decamethyldizincocene, [Zn2(η5-Cp*)2] (Cp* =
C5Me5) by Resa and co-workers recently,[1,2] has provided
inorganic chemists with their first example of a stable orga-
nometallic compound with a homonuclear metal Zn–Zn
bond, and has been considered as a new frontier of the
dinuclear metallocenes study.[3] One motivation of the pres-
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ment and the energy of HOMO-2 in [MM�(η5-P5)2] (1A, D5,
or D5h) [or (η5-P5)MM�Cp (1A, C5, or C5v)] (M, M� = Zn, Cd).
The strength of the M–M (or M–M�) bond plays a decisive
role on the stability of the dinuclear phosphametallocenes.
However, the M–(η5-P5) (or M–Cp) bonding mainly is ionic.
Among the different dinuclear phosphametallocenes with
the same ligands, the bonding energies of the M–M (or M–
M�) bond and of the M–(η5-P5) (or M–Cp) bond decrease as
M varying from Zn to Cd. Among the different phosphamet-
allocenes with the same metals, the bonding energies of the
M–M (or M–M�) bond and the M–ligand bond increase with
ligand varying from the (η5-P5) to the Cp. The negative
NICSs indicate that all dinuclear phosphametallocenes have
aromaticity. The various dissected bond NICS contributions
reveal that the NICS contributions of the metal–ligand bond,
the metal–metal bond, and the metal lone pair electrons to
the overall aromaticity in the Zn-containing dinuclear phos-
phametallocenes are different from their counterpart contri-
butions in the Cd-containing dinuclear phosphametalloc-
enes, such difference causes that the overall NICSs of the
Zn-containing dinuclear phosphametallocenes are more
negative than that of the Cd-containing dinuclear phos-
phametallocenes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ent study is stimulated by the new synthesis routes[4,5] and
theoretical studies on the structures, the bond interac-
tions,[2] and the vibrational signatures of the Zn–Zn stretch-
ing mode in the novel molecule.[6] The analogous dinuclear
metallocenes, such as CpCu2Cp and CpNi2Cp,[7] [M2(η5-
CpX)2] (M = Zn and Cd, CpX = C5Me5 and C5H5),[8] and
the dinuclear cyclopentadienylcobalt carbonyls[9] were in-
vestigated. The homodinuclear metallocenes, [M2-
(η5-Cp)2] (M = Be, Mg, and Ca),[10] and the heterodinuclear
metallocenes, CpE–MCp (E = B, Al, Ga; M = Li, Na,
K),[11] and Cp–Zn–Cd–Cp[12] were studied as well. These
studies are fascinating and encourage our further explora-
tions of analogous homodinuclear and heterodinuclear
phosphametallocenes.

Since the first synthesis of pentamethylpentaphosphafer-
rocene by Scherer et al.[13] and pentaphosphacyclopentadi-



Properties of Two New Series of Dinuclear Phosphametallocenes FULL PAPER
enide anion (P5

–) by Baudler and co-workers,[14,15] the
structure of pentaphosphametallocene and the aromaticity
of polyphosphaphospholes and P5

– have attracted much at-
tention from the chemistry community by the fact that me-
tallocene and analogous organometallic compounds have
been found in many applications, e.g. synthetic reagents,
catalysts of polymerization and hydrogenation of olefin,
and building blocks for new materials.[16–32] Experimental
and computational studies suggested that the pentaphos-
pholyl anion, P5

–, is aromatic, as cyclopentadienyl anion,
Cp–.[16–21,33,35] Recent synthesis and X-ray structural analy-
sis of the homoleptic sandwich complex with pentaphos-
pholyl anion ligands, [Ti(η5-P5)2]2–,[34] gave a new impetus
to the versatile chemistry of phosphametallocenes. The
structure, bonding and aromaticity of the decaphosphamet-
allocenes [Ti(η5-P5)2]2– were theoretically reported by Lein
et al.[35] and our group,[33] respectively. [Ti(η5-P5)2]2– is aro-
matic with stronger aromaticity.[33] However, it has not been
investigated, to the best of our knowledge, on the stabilities,
electronic structures and aromaticity of the homodinuclear
phosphametallocenes: [M2(η5-P5)2] and (η5-C5H5)-
M2(η5-P5), (M = Zn, Cd), and the heterodinuclear phos-
phametallocenes: (η5-P5)MM�(η5-P5) and (η5-C5H5)-
MM�(η5-P5) (M, M� = Zn, Cd).

To better understand the bonding nature of the M–M
(or M–M�) and of the M–(η5-P5) in titled molecules, it is
necessary to investigate the geometric and electronic struc-
tures and binding energies of a series of complexes. The
purpose of this paper is to exhibit the features of structures,
the bonding energies and the aromaticity of the homodinu-
clear and the heterodinuclear phosphametallocenes within
density functional theory (DFT). Meanwhile, the qualita-
tive analysis of the molecular orbital correlation diagram
and the Laplacian of the electron density [�2ρ(r)] of the
atom in molecule (AIM)[36–38] are performed to characterize
the bonding features of the interaction and to provide in-
sights into the influences of metals and ligands on the
bonding character and aromaticity in both series of com-
plexes.

2. Computational Methods

The DFT geometry optimizations at B3LYP/gen [P: 6-
311+G(2d), C, H: 6-311+G(d,p), Zn, Cd: LANL2DZ] level
of theory are carried out on several symmetrical conforma-
tions [eclipsed (D5h or C5v), staggered (D5d, D5 and C5)] of
the homodinuclear with homo-ligands, the heterodinuclear
with homo-ligands, the homodinuclear with hetero-ligands
and the heterodinuclear with hetero-ligands sandwich-
like complexes with pentaphospholyl ligands and Cp
ligand: (η5-P5)M2(η5-P5), (η5-P5)MM�(η5-P5), (η5-C5H5)-
M2(η5-P5) and (η5-C5H5)MM�(η5-P5) (M, M� = Zn, Cd),
respectively (as shown in Figure 1). In order to check our
computational reliability and to compare the differences be-
tween [M2(η5-P5)2] and [M2(η5-Cp)2] (M = Zn, Cd), we op-
timized the dinuclear metallocene [M2(η5-Cp)2] (D5h, D5d,
D5) reported by Xie et al.[8] The vibrational frequencies
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were calculated and the DFT wavefunction instabilities
were checked at the same level of theory. The nature of all
the stationary points on the potential energy surface (PES)
are verified with the vibrational frequency calculations in
which Hessian (the second order derivatives of total energy
with respect to nuclear coordinates on PES) are calculated.
If all eigenvalues in Hessian are positive for a stationary
point, this stationary point is a minimum on the PES. One
or more negative eigenvalues of a stationary point indicates
a saddle point on PES. The natural bond orbital (NBO)[39]

analyses are performed to gain insight into the bonding
pattern of these complexes. The bond lengths, the natural
atomic charges, the vibrational frequencies, the Wiberg
bond index (WBI) in Natural Atomic Orbital (NAO), and
the Laplacian of the electron density �2ρ(r) of the constitu-
ent atoms of the complexes under investigation are calcu-
lated. The nucleus-independent chemical shift (NICS), as
an index of aromaticity, at different positions in every struc-
ture are predicted with GIAO-B3LYP//B3LYP/gen [P: 6-
311+G(2d), C, H: 6-311+G(d,p), Zn,Cd: LANL2DZ]. The
NICS(0) is computed at the ring center, the NICS(1) is
computed at 1 Å above the ring center, and the NICS(–1)
is computed at 1 Å beneath the ring center. All of the NICS
dissections of various bonds and cores are computed by
NBO3.1.[39,40] All the calculations were carried out with the
Gaussian03 program package.[39] The molecular orbitals
(MOs) of the complexes are plotted with MOLDEN 4.0.[40]

Figure 1. Molecular structures. 1 (η5-P5)Zn2(η5-P5), 2 (η5-P5)-
Cd2(η5-P5), 3 (η5-P5)ZnCd(η5-P5), 4 CpZn2(η5-P5), 5 CpCd2(η5-
P5), 6 CpCdZn(η5-P5).

3. Results and Discussions

3.1 Geometric Structures

Table 1 and Table 2 list the bond lengths, the WBI in
NAO, the natural atomic charge (NAC) q|e|, the staggered
angle (D(E–M–M–E�)) between the two P5 (or Cp) rings, and
the Laplacian of the electron density �2ρ(r) between the M
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atoms and between the M atom and the ligand ring for the
homodinuclear phosphametallocenes, [M2(η5-P5)2] and (η5-
C5H5)M2(η5-P5) (M = Zn and Cd) and the heterodinuclear
phosphametallocenes, (η5-P5)MM�(η5-P5) and (η5-C5H5)
MM�(η5-P5) (M, M� = Zn, Cd).

All the minima of the dinuclear phosphametallocenes
with singlet electronic state, including the homodinuclear
phosphametallocenes, [M2(η5-P5)2] and (η5-C5H5)M2(η5-
P5) (M = Zn and Cd) and the heterodinuclear phosphamet-
allocenes, (η5-P5)MM�(η5-P5) and (η5-C5H5)MM�(η5-P5)
(M, M� = Zn, Cd), have an staggered (9° � D(E–M–M–E�) �
36°) conformation except for the eclipsed CpCd2(P5) (C5v,
D(E–M–M–E�) = 0°). All the D5h and D5d symmetric confor-

Table 1. Bond lengths, natural atomic charge, WBI in NAO, staggered angle, electrostatic interaction energies (VEp–M2
2+(M)) and the

Laplacian of the electron density �2ρ(r) between M atoms and between M atom and ligand ring for the local minima of (η5-P5)M2(η5-
P5), CpM2(η5-P5) and CpM2Cp (M = Zn and Cd) predicted at B3LYP/Gen [P: 6-311+G(2d), C, H: 6-311+G(d,p), Zn,Cd: LANL2DZ]
level.

[M2(P5)2] CpM2(P5) CpM2Cp

P5
– Zn(P5) Cd(P5) Zn(P5) ZnCp Cd(P5) CdCp Cp ZnCp CdCp

rE–E
[a] 2.119 2.137 2.139 2.135 1.423 2.137 1.424 1.415 1.422 1.423

rEp–M 2.126 2.370 2.157 2.050 2.392 2.162 2.067 2.309
rM–M 2.487 2.764 2.476 2.747 2.466 2.729
qEp –1.00 –0.79 –0.80 –0.80 –0.87 –0.81 –0.85 –1.00 –0.87 –0.86
qM2

2+ 1.58 1.59 1.67 1.70 1.74 1.72
WBIE–E 1.406 1.360 1.361 1.365 1.383 1.368 1.382 1.405 1.385 1.384
WBIM–M 0.765 0.765 0.809 0.801 0.864 0.852
WBIM–E 0.063 0.050 0.058 0.048 0.052 0.052 0.048 0.048
D(E–M–M–E�) [°] 18.0 22.1 27.0 0.0 18.0 0
Group D5h D5 D5 C5 C5v D5h D5 D5h

�2ρ(rEρ–M) 0.054 0.061 0.046 0.139 0.059 0.130 0.114 0.126
�2ρ(rM–M) 0.020 0.061 0.031 0.066 0.021 0.072
VEρ–M

[b] 0.29 0.27 0.26 0.41 0.25 0.37 0.37 0.32

[a] E = P or CH, Ep = η5-P5 or Cp. [b] VEp–M+ is the electrostatic interaction energies between Ep and M, VEp–M2
2+ = k

qM2
2+qEp

rM2
2+–Ep

, or

VEp–M2+ = k
qM2+qEp

rM2+–Ep
, the k unit is –

1

4πε0
. The rM2

2+–Ep (or rM2+–Ep) is distance between the center of Ep ring and M2
2+(or M2+).

Table 2. Bond lengths, natural atomic charge, WBI in NAO, staggered angle, electrostatic interaction energies (VEp–M2
2+(M)) and the

Laplacian of the electron density �2ρ(r) between M atoms and between M atom and ligand ring for the local minima of (η5-P5)ZnCd(η5-
P5), CpCdZn(η5-P5) and CpZnCdCp predicted at B3LYP/Gen level.

(P5)ZnCd(P5) CpCdZn(P5) CpZnCdCp

(P5)Zn Cd(P5) Zn(P5) CdCp CpZn CdCp

rE–E
[a] 2.138 2.138 2.137 1.424 1.423 1.423

rEp–M 2.127 2.377 2.154 2.295 2.027 2.275
rM–M 2.625 2.612 2.597
qEp – 0.79 – 0.80 –0.80 –0.85 –0.87 –0.86
qM2

2+ 0.74 0.85 0.68 0.97 0.85 0.88
WBIE–E 1.360 1.365 1.364 1.382 1.384 1.384
WBIM–M� 0.760 0.793 0.856
WBIM–E 0.059 0.060 0.028 0.050 0.047 0.047
D(E–M–M�–E�) 9.0 36.0 36.0
Group C5 C5v C5

�2ρ(rEp–M) 0.053 0.061 0.053 0.130 0.114 0.127
�2ρ(rM–M) 0.040 0.043 0.045
VEp–M+

[b] 0.28 0.29 0.25 0.36 0.37 0.33

[a] E = P or CH, Ep = η5-P5 or Cp. [b] VEp–M+ is the electrostatic interaction energies between Ep and M+ in MM�2+, VEp–M2+ = k
qM2+qEp

rM+–Ep
, the k unit is –

1

4πε0
. The rM+–Ep is distance between the center of Ep ring and M+(or M2+) in MM�2+(M, M� = Zn, Cd).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2808–28182810

mations are transition states while the energy differences
between the minima and the transition states are very small
( � 0.1 kcal/mol). This is in agreement with the energy dif-
ferences (0.01 kcal/mol) between the minima in D5d sym-
metry and the transition states in D5h symmetry in
CpZnZnCp,[8] CpNiNiCp,[8] and [M2(η5-Cp)2] (M = Be,
Mg, Ca).[10] These results indicate that the rotation of P5

ring about the M–M bond in all complexes is almost free.
It suggests that the [M2(η5-P5)2] (M = Zn, Cd) may be sim-
ilar to CpMMCp (M = Zn, Cd).

As shown in the Table 1, the Zn–Zn bond lengths in our
predictions, 2.487, 2.476, and 2.466 Å in [Zn2(η5-P5)2],
[CpZn2(η5-P5)], and CpZn2Cp, respectively, are close to
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each other, and decrease with the ligand varying from P5 to
Cp. The change of the Cd–Cd bond length in [Cd2-
(η5-P5)2], CpCd2(η5-P5), and CpCd2Cp is analogous to that
of the Zn–Zn bond length in three Zn-containing com-
plexes, while the Cd–Cd bond length is longer than Zn–Zn
in their counterparts. The Zn–(η5-P5) (2.126 Å) distance in
[Zn2(η5-P5)2] is longer than the Zn–Cp (2.067 Å) distance
in CpZn2Cp, and the Cd ligand distance is analogous to the
Zn ligand distance. The M–(η5-P5) distance in [M2(η5-P5)2]
is shorter than the M–Cp distance in [CpM2(η5-P5)] (M =
Zn and Cd). However, the Zn ligand distance is shorter
than the Cd ligand distance. This indicates that the interac-
tion between the M atom and the η5-P5 rings is similar to
that between the M atom and the Cp rings, while the inter-
action in the former is slightly smaller than that in the lat-
ter, and the interaction between the Zn atoms and the li-
gand rings is stronger than that between the Cd atoms and
the ligand rings. The interaction trends between the M atom
and the ligand rings is completely in the same trends as the
electrostatic interaction energies between Ep and M+ as
VEp–M+ listed in Table 1, in which the electrostatic interac-
tion between the M atom and the η5-P5 rings is similar to
that between the M atom and the Cp rings, but the electro-
static interaction in the former is slightly smaller than that
in the latter, and the electrostatic interaction between the
Zn atoms and the ligand rings is stronger than that between
the Cd atom and the ligand rings. The analyses of the WBI
and the �2ρ(r)[36–39,42] between M atoms, and between M
atoms and the ligand rings, indicate that the M–M bond is
predominantly weakly covalent, and the M–(η5-P5) bond-
ing is mainly of ionic, and the bond strengths of the M–M
bond in the two series complexes are very close.

As shown in Table 2, in the heterodinuclear phosphamet-
allocenes, the magnitudes of bond length, the WBI and
the�2ρ(r) between Zn and Cd, and between M and Ligands,
reveal that the Zn–Cd bond is a weak covalent, and the M–
Ligand bond is main ionic, too. The electrostatic interaction
between the M atom and the η5-P5 rings is slightly weaker

Table 3. Dissociation energies for (η5-P5)M2(η5-P5), CpM2(η5-P5) and CpM2Cp (M = Zn, Cd) at 3LYP/Gen level of theory.[a]

[a] All EpM2
+ have C5v symmetry and 2A1 electronic state, all EpM have C5v symmetry and 2A1, electronic state, all Ep and Cp have D5h

symmetry and 1A1g electronic state; M2
2+ have 1Sgg electronic state. [b] The dissection energy of P5M2–Cp as the equation CpM2P5 �

P5M2
+ + Cp–. [c] The dissection energy of CpM2–P5 as the equation CpM2P5 � CpM2

+ +P5
–.
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than the interaction between the M atom and Cp ring,
while the covalent interaction in the former is stronger than
that in the latter.

Comparing the rP–P in the homodinuclear or the heterod-
inuclear phosphametallocenes with that in the η5-P5

–(D5h)
ion, in which all P–P bonds are equal, we can find that the
rP–P in the former is longer than that in the latter. Accord-
ing to the fact that the bond lengths of rP–P lie between
the single P–P (� 2.21 Å) and the double P=P (� 2.02 Å)
bonds,[21,34] and the calculated adjacent P–P WBI in all
molecules from the NBO analyses is in the range of 1.3–
1.4, which is between the standard values of single-bond
(1.0) and double-bond (2.0), we can infer that the building
block P5 in all [M2(η5-P5)2] complexes has conjugated P–P
bonds, and all molecules have aromaticity according to the
P–P bond lengths.

3.2 Dissociation Energies

On the basis of the NBO charge and the sign of the
�2ρ(r) in the complexes, in which the M2 unit (or M) and
the (η5-P5) building block have nearly +2 |e| (or +1 |e|) and
–1 |e| charges, respectively, and the �2ρ(r) � 0, the interac-
tion between M and the (η5-P5) is mainly ionic. In order
to compare their stabilities, eight dissociation pathways are
proposed, and their dissociation energies are calculated for
each pathway as shown in Table 3 and Table 4.

The pathways (1) and (4) involve breaking of the M–M
and the M–M� (M,M� = Zn, Cd) bond. From Table 3 and
Table 4, according to the magnitude of the dissociation en-
ergies of the M–M (M = Zn, Cd) bond, except for that of
the Cd–Cd bond in [Cd2(η5-P5)2], the dissociation energies
of the M–M (or M–M�) (M = Zn, Cd) bond in the com-
plexes and in the CpM2Cp (D5 or D5h) are very close, espe-
cially, that of the Zn–Zn bond. These results indicate that
the stability of three complexes is analogous to CpZn2Cp
which was successfully synthesized by Resa et al.,[1] that
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Table 4. Dissection energies for (η5-P5)ZnCd(η5-P5), CpZnCd(η5-P5) and CpZnCdCp at B3LYP/6-311+G(d,p) level of theory.[a]

[a] All EpZnCd+ have C5v symmetry and 2A electronic state, all EpM (M = Zn and Cd) have C5v symmetry and 2A1, electronic state; all
Ep and Cp have D5h symmetry and 1A1g electronic state; ZnCd2+ has 1Sg electronic state.

they can be synthesized. However, the dissociation energy
of the M–M (M = Zn, Cd) bond in the homodinuclear phos-
phametallocenes or of the M–M� (M, M� = Zn, Cd) bond
in heterodinuclear phosphametallocenes increases with the
number of Cp ligands, i.e. [M2(P5)2] � CpM2(P5) �
CpM2Cp, and (P5)ZnCd(P5) � CpCdZn(P5) � CpZnCdCp,
though their energy differences are very small, only about
1.6–2.5kcal/mol in homodinuclear phosphametallocenes,
and bout 1.6–14.1 kcal/mol in heterodinuclear phosphamet-
allocenes. Comparison the dissociation energy of the dinu-
clear phosphametallocenes with that of the counterpart
metallocenes indicates that the M–M (M = Zn, Cd)
bond and the M–M� (M, M� = Zn, Cd) bond in phos-
phametallocenes are slightly weaker than that in the coun-
terpart metallocenes. Comparison of the dissociation en-
ergy of the Zn–Zn bond in the dizinc phosphametallocenes
with that of the Cd–Cd bond in the dicadmium phos-
phametallocenes reveals that the Zn–Zn bond is stronger
than the Cd–Cd bond. Thus the dizinc phosphametallo-
cenes are more stable than the dicadmium phosphametallo-
cenes. These results are consistent with the WBIM–M

analysis that the M–M (M = Zn, Cd) bond in phospha-
metallocenes is less stable than that in metallocenes which
is a weak covalent bond.

Pathway (2) or (5) in Table 3 and Table 4 involves the
breaking of the metal–ligand bonds in two-step dissection,
while pathway (3) or (6) involves the breaking of the two
metal–ligand bonds in one-step dissection. As shown in
Table 3 and Table 4, the first and the second dissociation
energies of the metal–ligand bonds in pathway (2) [or path-
way (5)] are not equal. The first dissociation energy (E21) is
much smaller than the second one (E22). This indicates that
the first group metal–ligand bonds are easier to break while
the second group metal–ligand bonds are more stable after
the first step dissection. ∆E21, ∆E22, and 1/2 ∆E3 in Table 3
(or ∆E51, ∆E52 and 1/2 ∆E6 in Table 4) giving the first, the
second and the average dissociation energy of the M2

2+

(1Sgg) with P5
– (1A1, D5h) in the dinuclear phosphametallo-
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cenes are very large, thus indicating that the bonding of
M2

2+ with P5
– is very strong in those systems.

Comparing the first, the second and the average dissoci-
ation energy of the metal–P5 bonds in the dinuclear phos-
phametallocenes with those of the metal–Cp bonds in the
dinuclear metallocenes, it can be inferred that the interac-
tion between M2

2+ and P5
– is close to (and slightly weaker

than) that between M2
2+ and Cp–. Furthermore, this inter-

action is consistent with the electrostatic interaction, in
which the VEp–M+ between the M cation and the P5 anion
in the dinuclear phosphametallocenes is close to that be-
tween the M cation and the Cp anion in the dinuclear
metallocenes, though the magnitude in the former is slightly
smaller. However, this is opposite to the conclusion of the
WBI analysis between the metal and the ligand (P5 or Cp),
in which the WBI between the M cation and the P5 anion
in the dinuclear phosphametallocenes is larger than that be-
tween the M cation and the Cp anion in the dinuclear
metallocenes. It further illustrates that the electrostatic in-
teraction between the metal and the ligand (P5 or Cp) in
the dinuclear phosphametallocenes dominates the overall
interactions.

Comparison of the dissociation energy of the Zn–P5

bonds in [Zn2(η5-P5)2] (D5) with that of the Cd–P5 bonds
in [Cd2(η5-P5)2] (D5), and comparison of the dissociation
energy of the Zn–P5 bonds with that of Cd–P5 bonds in
[ZnCd(η5-P5)2] (C5) show that the dissociation energy of the
Zn–P5 bonds is larger than that of the Cd–P5 bonds. The
analysis of electrostatic interactions (the VEp–M+ listed in
Table 3 and Table 4) also supports this observation.

Comparison of the dissociation energy of the M–M (or
M–M�; M, M� = Zn, Cd) bond with that of the M–(η5-P5)
bonds in the dinuclear phosphametallocenes, in which the
magnitude of the former from 45 to 64 kcal/mol is much
smaller than that of the latter from 105 to 316 kcal/mol,
reveals that the strength of the M–M bond is much weaker
than that of the M–(η5-P5) bond. Therefore, the stability of
the dinuclear phosphametallocenes mainly depend on the
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magnitude of the M–M bond strength, i.e. the strength of
the M–M bonding plays a more dominant role to the sta-
bility of the dinuclear phosphametallocenes.

3.3 Electronic Structures

Analyses of the WBI, the �2ρ(r) and the dissociation en-
ergy of the M–M (or M–M�) and the M–(η5-P5) in the di-
nuclear phosphametallocenes reveal that the M–M (or M–
M�) bond is covalent and the interaction between M and
ligands is mainly ionic. In order to gain insight into the
covalent nature of the M–M (or M–M�) bond and to ex-
plore the reason for the stabilities of the dinuclear phos-

Figure 2. Orbital correlation diagram between the fragments M(η5-P5) in (η5-P5)M2(η5-P5) and showing the most relevant orbital plots
of the fragments M(η5-P5) and the correlative molecular orbital plots of (η5-P5)M2(η5-P5) (M = Zn, Cd).
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phametallocenes, a correlation diagram between the M(η5-
P5) fragments is depicted in Figure 2, in which several most
relevant MOs in M(η5-P5) and [M2(η5-P5)2] (M = Zn, Cd)
are plotted.

As shown in Figure 2, the frontier MOs for the M(η5-P5)
fragment are singly occupied HOMO [5a, an antibonding
combination of the π-(η5-P5) orbital in P5

–(D5h) and the ns
orbital in the M atom] and a pair of degenerate MOs. How-
ever, the frontier MOs for the [M2(η5-P5)2] (M = Zn, Cd)
are two degenerate nonbonding doubly occupied HOMO
and HOMO-1 and a doubly occupied HOMO-2 (5a1, a M–
M bonding MO). The bonding MO of the M–M bond with
σ symmetry mostly forms from the weak interaction of the
singly occupied HOMOs of two M(η5-P5) fragments [partly
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Table 5. Correlative occupied orbital energy differences between the HOMO (5a) in EpM Fragments and the HOMO–2 (5a1) in [M2(η5-
P5)2] {or CpM2Cp, [MM�(η5-P5)2], Cp MM�(η5-P5) and CpMM�Cp (M, M� = Zn, Cd)}.

Energy difference [Zn2(P5)2] P5Cd2P5 P5ZnCdP5 CpZn2P5 CpCd2P5 CpCdZnP5 CpZn2Cp CpCd2Cp

∆E5a–5a1
(cal/mol) 55.3 52.4 53.8 59.4 55.0 55.9 59.1 54.9

coming from the interactions of the double occupied 3a, 2a
and 1a of the two M(η5-P5) fragments and resulting in 3a1,

2a1, and 1a1 MOs as shown in Figure 2, but these weak
bonding interactions are counteracted by their antibonding
interactions]. Meanwhile, Figure 2 shows that the stabilities
of the dinuclear phosphametallocenes correlates with the
M–M bond strength, i.e. the magnitude of the MO energy
difference (∆E5a–5a1

) between the singly occupied HOMOs
of M(η5-P5) fragments and the HOMO–2(5a1) representing
the M–M bonding orbital in the dinuclear phosphametal-
locenes correlates with stability of the dinuclear phos-
phametallocenes. The orbital energy differences (∆E5a–5a1

)
of the phosphametallocenes are listed in Table 5. For com-
parison, the results of the similar calculations for the
CpM2Cp (D5 or D5h) (M = Zn, Cd) are listed in Table 3 as
well.

As shown in Figure 2 and Table 5, the magnitudes of the
orbital energy differences (∆E5a–5a1

) for the dinuclear phos-
phametallocenes are very close, and they are slightly smaller
than that of the CpM2Cp (D5 or D5h). The energy differ-
ences among them are small, for example, the ∆E5a–5a1

dif-
ference between [Zn2(η5-P5)2] (D5) and CpZn2Cp (D5) is
about 3.8 kcal/mol, and that between [Cd2(η5-P5)2] (D5) and
CpCd2Cp (D5h) is only about 2.5 kcal/mol. The magnitude
of the orbital energy difference in [Zn2(η5-P5)2] (D5) is big-
ger than that in [Cd2(η5-P5)2] (D5), and such energy differ-
ence in P5ZnCdP5 (C5)lies between those of [Zn2(η5-P5)2]
(D5) and [Cd2(η5-P5)2] (D5). On the basis of the magnitude
of the ∆E5a–5a1

, the order of the stabilities of the dinuclear
phosphametallocenes and the dinuclear CpM2Cp (D5 or
D5h) is that: CpZn2P5 (C5) � CpZn2Cp (D5) � CpCdZnP5

(C5) � [Zn2(P5)2](D5) � CpCd2P5 (C5v) � CpCd2Cp (D5h)
� P5ZnCdP5 (C5) � P5Cd2P5 (D5).

Comparison of the ∆E5a–5a1
(52.4 � ∆E5a–5a1

� 59.4 kcal/
mol) and the change trends with those of the dissociation
energy of the M–M (or M–M�, M, M� = Zn, Cd) bond
(44.6 � ∆E � 55.4 kcal/mol) as calculated from equa-
tions (1) and (5) (listed in Table 3 and Table 4) reveals that
the magnitudes and the change trends of the
∆E5a–5a1

and the dissociation energy of the M–M are very
similar. Therefore, the stability of the dinuclear phospha-
metallocenes correlates with the magnitude of the
∆E5a–5a1

.

Table 6. Total NICSs (in ppm) for (η5-P5)M2(η5-P5), CpM2(η5-P5) and CpM2Cp (M = Zn, Cd) at GIAO–B3LYP/Gen level of theory.

[M2(P5)2] CpM2(P5) CpM2Cp

P5
– (P5)Zn (P5)Cd Zn(P5) CpZn (P5)Cd CpCd Cp CpZn CpCd

NICS(0) –15.4 –15.1 –11.2 –15.4 –14.6 –10.5 –11.1 –12.5 –14.9 –11.5
NICS(1) –14.8 –15.2 –13.7 –15.0 –11.5 –13.2 –11.0 –9.52 –11.4 –11.9
NICS(–1) –14.8 –24.4 –11.4 –23.8 –22.4 –10.2 –8.0 –9.52 –23.1 –10.3
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The plots of the 3a1 and 3a2 MO electron density distri-
bution in [M2(η5-P5)2], derived from the interaction of the
unoccupied antibonding eu of the M2

2+ with the doubly
occupied 3a, the π bond of (η5-P5)–, shows that there is
small amount of orbital overlap between the M2

2+ and the
(η5-P5)–, thus the covalent interaction between the M2

2+

and the (η5-P5) plays a secondary role in the stability of
[M2(η5-P5)2], while the electrostatic interaction plays the
dominant role. This conclusion is consistent with that the
interaction between the M2

2+ and the (η5-P5) is ionic basing
on the analysis of the Laplacian of the electron density.

In addition, the ring currents of the electrons of 4a1, 4a2,
3a1, 3a2, 2a1, 1a1, and 1a2 in [M2(η5-P5)2] as shown in Fig-
ure 2 indicate that the dinuclear phosphametallocenes have
aromaticity.

4. Aromaticity

The dinuclear phosphametallocenes have equivalent P–P
bonds and the charge of the P5 ring is close to –1 |e| as listed
in Tables 1 and 2, which satisfy the geometric criterion of
aromaticity and the (4n+2)π Hückel’s rule.[43] As shown in
Figure 2, there are σ ring current[44,45] in the 1a2, 1a1, 2a1,
4a1, and 4a2 MOs and π ring current in the 3a1 and 3a2

MOs in P5M2P5 (D5)(M = Zn, Cd). These results indicate
that the P5 rings in the dinuclear phosphametallocenes have
aromaticity, and is worthy of further studying on the degree
of aromaticity of the complexes.

The NICSs of the optimized structures of the dinuclear
phosphametallocenes at the ring center [NICS(0)], at 1 Å
above [NICS(1)] and beneath [NICS(–1)] the ring center are
computed with GIAO–B3LYP/Gen method. All of the
NICSs are listed in Table 6 and Table 7.

NICS has the negative value of the magnetic shielding.
It is a simple and efficient aromaticity probe proposed by
Schleyer et al.,[46–48] and one of the effective measures of
aromaticity recommended by Katritzky et al.[45] This con-
cept has been applied to both organic[46,48] and inorganic
compounds,[17,47] transition metal complexes.[49,50] Aroma-
ticity, antiaromaticity, and multiple fold aromaticity,[51] pre-
sented in molecules that possess more than one independent
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Table 7. Total NICS for (η5-P5)ZnCd(η5-P5), CpCdZn(η5-P5), and CpZnCdCp at GIAO–B3LYP/Gen level of theory.

(P5)ZnCd(P5)2 CpCdZn (P5) CpZnCdCp

(P5)Zn Cd(P5) (P5)Zn CdCp CpZn CpCd

NICS(0) –15.5 –13.2 –15. 9 –10.9 –15.8 –10.4
NICS(1) –15.4 –14.3 –15.4 –11.2 –11.5 –11.9
NICS(–1) –25.6 –14.5 –25.2 –11.1 –24.0 –9.5

delocalized bonding system, either σ-type or π-type, have
also been found in the all–metal systems[52,53] and the sand-
wich–like complexes.[33,38,43,54–57] Recently, we extended
NICS to P5

– and [Ti(P5)2]2–,[33] and dinuclear metallocene
[CpZn2Cp].[58] Negative NICSs denote aromaticity, positive
NICSs denote antiaromaticity, and zero NICS means non-
aromaticity. The magnitude of NICSs indicates the degree
of aromaticitiy or antiaromaticity.[46,47] According to the
dissected NICS analysis on π-aromaticity and antiaromatic-
ity, NICS(1) values (i.e. at 1 Å above) was recommended as
better measures of π aromaticity than NICS(0) for benzene
(i.e. at the ring centers).[59]

As shown in Table 6 and Table 7, NICS(0), NICS(1) and
NICS(–1) in all the dinuclear phosphametallocenes and
CpM2Cp (D5 or D5h) (M = Zn, Cd) being negative indicates
that they are aromatic. However, the differences of NICSs
at the same position in different systems reveal that their
magnitude of local aromaticity is different. First, the magni-
tude of NICS(0) in [M2(η5-P5)2](D5) is less negative than
that in the building block P5

– (D5h) ion, while NICS(1) and
NICS(–1) in [Zn2(η5-P5)2](D5) are more negative than those
of counterpart in the building block P5

– (D5h) ion. These
are consistent with elongation of the calculated P–P bond
lengths. The present calculation predict that the mono-fa-
cially coordinated cyclo-P5 in dinuclear phosphametalloc-
enes undergoes significant ring expansion leading to “loos-
ening of P–P bond ” as observed experimentally and calcu-
lated theoretically by Malar.[19,32] The consequent loss of
local aromaticity in the central cyclo-P5 indicates that a sig-
nificant π-electron density can be further transferred from
the ring towards the M2

2+ unit, such that the positive
charge of the M2

2+ unit becomes small and the negative
charge of cyclo-P5

– decreases as listed in Table 1 and
Table 2. Second, in both the dinuclear phosphametallocenes
and CpM2Cp (D5 or D5h) (M = Zn, Cd), the magnitude of
NICSs in all Zn–(η5-P5) (or Zn–Cp) ring plane is more
negative than that in all Cd(η5-P5) (or Cd–Cp) ring plane,
and the magnitude of NICSs in the former (Zn) is more
negative than that in the P5

– (D5h)[or C5H5
– (D5h)] ion. Fi-

nally, the magnitude of NICSs in [M2(η5-
P5)2](D5) is more negative than those in counterpart
CpM2Cp (D5 or D5h). This may be because that the NICSs
in the building block P5

– (D5h) ion are more negative than
those in the building block C5H5

– (D5h) ion as listed in
Table 6 so that the magnitude of NICSs in [M2(η5-P5)2] (D5)
is more negative than those in counterpart CpM2Cp (D5 or
D5h).

We dissected the total NICS values of P5
– ring in P5

–

(D5h), [Zn2(η5-P5)2] (D5) and [Cd2(η5-P5)2] (D5) into dif-
ferent P–P bond contributions (σ and π), the M–M bond
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contribution, the lone pair electrons contributions of P
atom and M atom, and the M–(η5-P5) bonding contri-
bution are shown in Figures 3, 4 and 5.

Figure 3. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

–(D5h) ring up to 2.0 Å
above at GIAO-B3LYP/+G(2d).

As shown in Figures 3, 4 and 5, although there is a mini-
mum in curves of total NICS distributions of the outer of
cyclo- P5 plane for P5

– (D5h), [Zn2(η5-P5)2] (D5), and
[Cd2(η5-P5)2] (C5), the magnitude of NICS and the position
got the minimum is not complete same, NICS(0.5) =
–15.7 ppm for P5

– (D5h), NICS(0.75) = –15.9 ppm for
[Zn2(η5-P5)2] (D5), NICS(0.75) = –13.9 ppm for [Cd2(η5-P5)2]
(C5). This result reveals that the maximal π-electron ring
current of the cyclo- P5 plane in [M2(η5-P5)2] is shifted from
ring center to outer of plane corresponding to P5

– (D5h). It
confirms that there is indeed the expansion of the π-electron
density in dinuclear phosphametallocenes again. Therefore,
we suggest that the most negative NICS(r) (r may be not
equal to 1 Å) should be one of criterion of π aromaticity,
too.[33,57]

Comparison of the NICS contributions of various bonds
and total NICS distribution in the out-of P5

– (D5h) plane
(as shown in Figure 3) with that in out-of P5 ring plane of
[Zn2(η5-P5)2] (D5) [as shown in Figure 4 (a)] indicates that
both magnitudes and distributions of total NICS are very
similar. Although the NICS contribution of the Zn–Zn
bond in [Zn2(η5-P5)2] (D5) is positive, and that of Zn–(η5-
P5) bonding contribution is negative, and the negative con-
tribution slight preponderates the positive contribution,
both magnitude and distribution of total NICS in two con-
tributions are very close while the other bond contributions
are very close in two contributions. However, the analogous
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Figure 4. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

–ring up to 2.0 Å above in
P5Zn2P5 (D5) at GIAO-B3LYP/Gen (a) out-of-plane (b) in-plane.

comparison of NICS of out-of P5
– (D5h) ion plane (as

shown in Figure 3) with that of out-of P5 ring plane of
[Cd2(η5-P5)2] (D5) [as shown in Figure 5 (a)] reveals that the
sum of the positive NICS contribution of the lone pair (LP)
electron of Cd atom and of the P–P σ bond preponderates
the negative NICS contribution of Cd–(η5-P5) bonding
while the other bonding NICS contributions are very close.
So that the magnitude of total NICS of the out-of P5 ring
plane in [Cd2(η5-P5)2] (D5) is not as negative as that of P5

–

(D5h) ion. As for the NICSs of the other dinuclear phos-
phametallocenes, the magnitude and distribution of total
NICS is analogous to that in [Zn2(η5-P5)2] (D5) and
[Cd2(η5-P5)2] (D5). Therefore, the NICSs of the dizinc phos-
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Figure 5. Plot of the NICS contributions of various bonds and to-
tal NICS distribution at the center of P5

– ring up to 2.0 Å above in
P5Cd2P5 (D5) at GIAO-B3LYP/Gen (a) out-of-plane (b) in-plane.

phametallocenes is slightly more negative than that of P5
–

(D5h) ion except for NICS(0), but the NICSs of the dicad-
mium phosphametallocenes is less negative than that of P5

–

(D5h) ion.
As for the reason that NICS(–1) of the dizinc phos-

phametallocenes is much more negative than that of the
dicadmium phosphametallocenes, as shown in Figure 4 (b)
and Figure 5 (b), the curve of total NICS distribution of
inner side of the P5 ring plane in [M2(η5-P5)2] (D5) [M =
Zn, Cd] drops off with the distance to the M2

2+ unit, but
the curve of total NICS distribution in [Zn2(η5-P5)2] (D5) is
much steeper than that in [Cd2(η5-P5)2] (D5), so that the
distribution curves of NICS contributions of in-P5-ring
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plane for the Zn–Zn bond, the LP of Zn, and the P–P σ
bond in [Zn2(η5-P5)2] (D5) is much steeper than that of the
Cd–Cd bond, the LP of Cd, and the P–P σ bond in [Cd2(η5-
P5)2] (D5). Therefore, the magnitude of total NICS of inner
side of the P5 ring plane in [Zn2(η5-P5)2] (D5) is much more
negative than that in [Cd2(η5-P5)2] (D5) at the same posi-
tion, the NICS(–1) of [Zn2(η5-P5)2] (D5) is much more nega-
tive than that of [Cd2(η5-P5)2] (D5). The NICS(–1) of other
dinuclear phosphametallocenes has similar phenomena.

5. Conclusions
The analysis of energy and the harmonic frequencies on

the equilibrium geometries of both series of dinuclear phos-
phametallocenes, [MM�(η5-P5)2] and (η5-P5)MM�Cp (M,
M� = Zn, Cd), shows that all the minima of the dinuclear
phosphametallocenes with singlet electronic state have an
staggered (9° � D(E–M–M–E�) � 36°) conformation except
for the eclipsed CpCd2(P5) (C5v, D(E–M–M–E�) = 0°), and all
the D5h and the D5d symmetric conformations are transition
states while the energy differences between the most stable
minimum and the transition states are very small
( � 0.1 kcal/mol). The rotation of P5 ring about the M–M
bond in all complexes is almost free.

The analyses of the NBO, the Laplacian of the electron
density, the electrostatic interaction energy, the bonding en-
ergy decomposition, and the MO correlation diagrams for
the two series complexes reveal that the properties of all the
dinuclear phosphametallocenes are similar to that of the
dizinc metallocenes. The M–M (or M–M�) bond in the di-
nuclear phosphametallocenes is a weak σ covalent bond,
and the magnitude of bonding energy of the M–M (or M–
M�) bond correlates with the energy difference between the
energy of HOMO in M(η5-P5) [or MCp] (2A, C5v) fragment
and the energy of HOMO–2 in [MM�(η5-P5)2] (1A, D5, or
D5h) [or (η5-P5)MM�Cp (1A, C5 or C5v)] (M, M� = Zn, Cd).
The M–M (or M–M�) bond strength plays a dominant role
in the stability of the dinuclear phosphametallocenes. On
the other hand, the M–(η5-P5) [or M–Cp] bonding is mainly
ionic. Among the different dinuclear phosphametallocenes
with the same ligands, the bonding energies of the M–M
(or M–M�) bond and the M–(η5-P5) (or M–Cp) bonds de-
crease as M varying from Zn to Cd. However, among the
different dinuclear phosphametallocenes with the same
metal, the bonding energies of the M–M (or M–M�) bond
and the M–ligand bonds increase as ligand varying from
(η5-P5) to Cp.

The negative NICSs indicate that all dinuclear phos-
phametallocenes have aromaticity. The various dissected
bond NICS contributions reveal that the NICS contri-
butions of the metal–ligand bond, the metal–metal bond
and the metal lone pair electrons to the overall aromaticity
in the Zn-containing dinuclear phosphametallocenes are
different from their counterpart contributions in the Cd-
containing dinuclear phosphametallocenes, such difference
causes that the overall NICSs of the Zn-containing dinu-
clear phosphametallocenes are more negative than that of
the Cd-containing dinuclear phosphametallocenes.
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The CuII and NiII complexes of the Schiff base pyr2en [N,N�-
ethylenebis(pyridoxyliminato)] and reduced Schiff bases
Rpyr2en [N,N�-ethylenebis(pyridoxylaminato)] and R(SO3–
sal)2en (SO3–sal = salicylaldehyde-5-sulfonate) were pre-
pared and characterized by elemental analysis, IR, UV/Vis,
and EPR spectroscopy. The structure of Ni(pyr2en)·3H2O was
determined by single-crystal X-ray diffraction. The pyr2en2–

ligand is coordinated through two phenolate-O and imine-N
atoms, in a distorted square-planar geometry. The complex-
ation of CuII and NiII with Rpyr2en in aqueous solution is

Introduction

The application of Green Chemistry principles in organic
transformations has attracted increased attention in the de-
velopment of transition metal catalysts. Sal2en-type ligands
derived from o-hydroxyaldehydes and diamines are one of
the most important ligand systems in asymmetric, homo-
geneous, and heterogeneous catalysis and in stereoselective
synthesis.[1–5] Their transition metal complexes can be used
in a large variety of applications, namely asymmetric ring
opening of epoxides,[4] cyclopropanation,[6] and enantiose-
lective epoxidation of olefins.[7] Their versatility and selec-
tivity in chemical reactions is partly due to the ability of
sal2en-type ligands to complex a variety of transition metals
in several oxidation states. They normally form square-
pyramidal or octahedral complexes in which the four donor
atoms coordinate in an almost planar fashion. Numerous
sal2en-type ligands have been synthesized and investigated,
but most of them show low solubility in aqueous solution,
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studied by pH-potentiometry, UV/Vis spectroscopy, as well
as by EPR spectroscopy for the CuII system, and 1H NMR
spectroscopy for the NiII system. Complex formation con-
stants were determined and binding modes proposed. While
for the CuII system all complexes present a 1:1 stoichiometry
with different protonation states, for the NiII system the 2:1
(L/M) complexes become important in the basic pH range at
a higher ligand excess.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

which can be overcome by changing the diamine precursor
and/or the ring substituents on the aldehyde.

In solution, Schiff base (SB) ligands have the disadvan-
tage of the hydrolysis of the C=N bond, particularly in
water-containing solvents. Reduction of the SB to give an
amine may present interesting advantages. The reduced SBs
(hereafter designated by sal2an) are not so prone to hydroly-
sis and are more flexible and unrestrained to remain planar
when coordinated to a metal center. Several sal2an com-
plexes have been synthesized and characterized, namely
with CuII,[8–10] CoII,[8] NiII,[11] VOIV,[12,13] FeIII,[14] and
ZnII.[15] In the NiII and CoII complexes the ligand coordi-
nates in a slightly distorted square-planar geometry, and
these complexes have shown the ability to interact with oxy-
gen:[9,11] when dissolved in organic solvents these complexes
can undergo oxidative dehydrogenation,[9,11] i.e. in the pres-
ence of O2 one of the C–N bonds may be oxidized to an
imine-type bond. This process has not been observed in
most of the CuII complexes, which are stable in organic
solutions exposed to air.

One of the guidelines in Green Chemistry research is the
elimination of hazardous solvents in reaction media. As
mentioned above, sal2en complexes are frequently used as
catalysts for several applications. As most sal2en complexes
are not water soluble one of our objectives is the synthesis
of water-soluble ligands and complexes.

In a previous work[12] we reported the preparation and
characterization of the Schiff base N,N�-ethylenebis(pyrid-
oxyliminato) (pyr2en) and its reduced derivative N,N�-ethyl-
enebis(pyridoxylaminato) (Rpyr2en). Their VIVO and VVO2

complexes were characterized in the solid state and in
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Scheme 1. Structural formulae of the prepared complexes. The complex characterized by single-crystal X-ray diffraction is indictaed.

solution. The molecular structure of two dioxovanadium(V)
complexes with this reduced SB evidenced the tetradentate
binding mode and the flexibility of the Rpyr2en when coor-
dinated to the metal ion. The solution studies showed that
Rpyr2en forms much more stable complexes with VIV and
VV than the corresponding Schiff base pyr2en, and that the
SB has a much higher tendency to hydrolyze in aqueous
solution. This is reflected in the proton displacement con-
stants (K*), characteristic for the formation equilibrium:
H6L + VIVO2+

p [VIVOLH2]2+ + 4H+; the logK* values
are –14.1 and –5.63 for pyr2en and Rpyr2en, respectively.[12]

Similar results were obtained for (SO3–sal)2en and R(SO3–
sal)2en with their vanadium complexes.[16]

In this work we report on the preparation of several new
moderately water-soluble CuII and NiII complexes (the li-
gands and formula names are shown in Scheme 1), one of
them characterized by single-crystal X-ray diffraction. We
also report on the solution study of the reduced SB Rpyr2en
with CuII and NiII by pH-potentiometry, visible absorption
(Vis), EPR (CuII), and 1H NMR (NiII) spectroscopy.

Results and Discussion

Synthesis and Characterization of the Solid Compounds

Sal2en-type ligands were prepared by the condensation
of ethylenediamine with the aldehyde derivative. Reduction
with NaBH4 yielded the reduced SB.[12,16] From solutions
containing NiII and Rpyr2en, orange crystals of the SB
complex Ni(pyr2en)·3H2O were obtained. This implies that
the two amine bonds underwent dehydrogenation. The so-
lid-state characterization of all complexes was done by tak-
ing into account that this process might also have occurred
with the other metal complexes. For the Rpyr2en complexes
the characterization (elemental analysis, IR, and UV/Vis
spectroscopy) is consistent with a formulation of
M(Rpyr2en) (M = NiII or CuII). Complex K2{Ni[R(SO3–

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2819–28302820

sal)2en]}, although it was characterized and is included
here, is not stable; its color changes from grey, immediately
after the synthesis, to soft pink, and after a week to brown.
The ESI mass spectrum, measured for solutions of the pink
solid, confirms the presence of the reduced Schiff base
showing important peaks that can be assigned to [NiL +
2K + 1]+ (m/z = 565) and [NiL + 3K]+ (m/z = 603).

X-ray Diffraction Studies

Ni(pyr2en)·3H2O (1)

Figure 1 includes an ORTEP representation of the mo-
lecular structure of Ni(pyr2en)·3H2O (1), and Table 1 shows
selected bond lengths and angles. The molecule is neutral
with both pyridinic nitrogens deprotonated, and the ligand
coordinates the Ni atom through two phenolate oxygen
(Ophenolate) and two imine nitrogen (Nimine) atoms. The ge-
ometry around the metal ion is distorted square planar, and
there are three water molecules in the asymmetric unit (not
shown). The planar arrangement Ni(ONNO) is slightly dis-
torted due to the cis/trans angles, which are not 90° and
180°. The cis and trans angles are 84.2 and 94.8°, and 178.4
and 178.5°, respectively. The ligand forms a set of chelate
rings of (6+5+6)-members, and the highest deviation from
planarity is found in the ring defined by Ni(1)–N(1)–C(2)–
C(1)–N(2), which has an rms value of 0.1074(75) Å (the
others are less than 0.05 Å). It is noteworthy that the tor-
sion angle between the N(1)–C(2)–C(1)–N(2) atoms is only
29.24(1.71)°, lower than those previously observed in this
type of complexes.[17] The pyridoxal rings are planar, with
rms values of 0.0172(63) and 0.0127(58) Å.

The Ni–O and Ni–N bond lengths are similar and in the
usual range found for NiII–sal2en-type complexes.[11,18–21]

The C–O distances are also typical for this type of li-
gands,[9,11,19–21] and the C=N bonds show double bond
character with distances of ca. 1.3 Å. After coordination to
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Figure 1. ORTEP diagram of Ni(pyr2en)·3H2O (1) showing the atom labeling scheme. The thermal ellipsoids were drawn at the 30%
probability level. The water molecules were omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for complex Ni-
(pyr2en)·3H2O (1).

Bond lengths [Å] Bond angles [°]

Ni(1)–O(3) 1.838(5) O(3)–Ni(1)–O(4) 84.2(3)
Ni(1)–O(4) 1.842(5) O(3)–Ni(1)–N(1) 94.4(3)
Ni(1)–N(1) 1.849(7) O(4)–Ni(1)–N(1) 178.5(3)
Ni(1)–N(2) 1.821(7) O(3)–Ni(1)–N(2) 178.4(3)
O(3)–C(5) 1.310(10) O(4)–Ni(1)–N(2) 94.8(3)
O(4)–C(12) 1.328(9) N(1)–Ni(1)–N(2) 86.7(3)
N(2)–C(1) 1.455(12)
N(2)–C(10) 1.308(11)
N(1)–C(2) 1.451(12)
N(1)–C(3) 1.262(10)

the metal ion the ligand does not undergo a significant
change in the C–Ophenolic and C–Nimine bond lengths: the
C–O bonds decrease by 0.034 Å and the C=N bonds in-
crease by 0.035 Å.[12] In the complex the HO–(CH2)–
groups of the pyridoxal rings are perpendicular to the ap-
parent molecular plane, in an anti position to each other.
This results in a three-dimensional crystalline structure con-
nected by H bonds. ESI-1 shows the crystalline packing and
emphasizes the intermolecular bonds. The molecular planes
are approximately parallel, but overlaid in an alternate
manner; this is probably because of the anti position of the

Table 2. Selected IR [cm–1] and UV/Vis absorption bands of the prepared complexes.

FT-IR UV/Vis
ν(N–H)stretch ν(C=N) ν(C–O)phenolate ν(O–H) Solvent λmax [nm] (ε [–1 cm–1])

1 – 1618 (s) 1197 (m) broad band at 3600–2900 DMSO 360 (8000), 426 (5000)
2 – 1635 (s) 1207 (m) broad band centered at 3400 DMSO 260 sh (9100), 280 (11800), 380 (10000), 580 (345)
3 3285 (w) – 1244 (m) broad band at 3600–2900 DMSO 260 (10000), 310 (11000), 355 sh (1660), 625 (318)
4 several bands – 1182 (s) broad band at 3600–2900 H2O 420 sh (260), 635 (83)
5 – 1620 (s) 1204 (s) broad band at 3600–2800 DMSO 265 (24000), 275 sh (21750), 360 (8500), 427 (5300)
6 3385 (w) – 1250 (m) broad band at 3600–2800 DMSO 263 (27300), 315 (10500), 495 (542)
7 – 1609 (s) 1204 (s) broad band centered at 3350 H2O 296 sh (7500), 384 (4600), 416 sh (2500) 508 sh (150)
8 3271 (w, br) – 1185 (s) broad band at 3600–2900 H2O 254 (18700), 328 sh (557), 378 sh (325), 450 sh (77)
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hydroxy groups. The distance between neighboring Ni
atoms is between 6.381 and 8.268 Å.

Infrared Spectroscopy

Table 2 contains selected IR bands of the complexes. The
assignment was based on data from refs.[22–25] and by com-
parison with the spectra of the ligands.[12] All complexes
present broad bands in the 2400–3600 cm–1 range, which
correspond to the stretching vibration (symmetric and anti-
symmetric) of the CH2O–H groups of the pyridoxal rings
(for the Rpyr2en complexes) and to the water molecules.
The weak ν(N–H) band that emerged from the broad band
at 3286 cm–1 in Rpyr2en[12] appears in the complexes at
lower wavenumbers, in agreement with the coordination
through the Namine groups. The ν(C–O)phenolate band ap-
pears in the normal range for these types of complexes.[23,26]

The strong ν(C=N) band of complex Cu(pyr2en) is assigned
to the band at 1635 cm–1, at a higher wavenumber than the
ligand (1626 cm–1),[12] and no such band is seen in the IR
spectrum of Cu(Rpyr2en). Similarly, while the ν(C=N) band
of Ni(pyr2en) appears at ca. 1620 cm–1, no band is seen in
the IR spectrum of Ni(Rpyr2en), which might be assigned
to this vibration. Complex Ni[(SO3–sal)2en] presents a very
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strong band at 1609 cm–1 assigned to ν(C=N). This band
is absent in the corresponding reduced SB complex
Ni[R(SO3–sal)2en], which presents bands at 1593 and
1639 cm–1, assigned to aromatic =C–H and C=C stretching
vibrations.

UV/Vis Absorption Spectroscopy

The UV/Vis spectra were recorded over the 250–900 nm
range in DMSO or water. The results are summarized in
Table 2. Some of the intense bands at low wavelengths (λ �
400 nm) are assigned to charge transfer (CT), imine π-π*
(when appropriate), and intramolecular transitions in the
aromatic rings. In the visible range (λ � 420 nm) the bands
are predominantly due to d-d transitions. The copper com-
plexes 2–4 have one well-defined broad d-d band at λmax =
550–650 nm, and stronger bands at ca. λ = 380–420 nm
from the CuII � phenolate (π*) transitions [and also imine
π-π* in the case of Cu(pyr2en)], which is in agreement with
that expected for tetrahedrally distorted square-planar com-
plexes of the CuO2N2 type.[27,28] The NiII complexes 5–8
have low intensity broad bands in the 400–550 nm range,
assigned to transitions from the four low-lying d orbitals to
the σ antibonding dx2–y2 orbital. At higher energies (λ �
400 nm) a group of high intensity bands appears, and in the
case of Ni(pyr2en) and Ni[(SO3–sal)2en] relatively intense
bands from the imine π-π* transition also show up. The
UV/Vis data of the complexes in DMSO are in agreement
with that expected for NiII and CuII complexes with square-
planar geometries.[9,10,27] The relatively high ε values of the
d-d bands of the Ni complexes suggest some borrowing of
intensity from CT bands and/or a significant distortion of
the coordination geometry.

EPR Spectroscopy

The EPR spectra of the CuII complexes were measured
in “frozen” (T � 77 K) solutions of an adequate solvent.
The spectrum of Cu(pyr2en) in DMSO showed a broad
band centered at g = 1.995 without hyperfine structure. This
is probably because of molecular aggregation during the
freezing process. No signal was detected at g = 4.

The EPR spectrum of Cu(Rpyr2en) was measured in
water and DMSO at 77 K. Both show well-resolved hyper-
fine structure and suggest axial symmetry. The spin Hamil-
tonian parameters were obtained by computer simulation
of the experimental spectra using a program from Rocken-
bauer and Korecz.[29] Among other factors, the g� and A�

values depend on the nature of the donor atoms and can
be used to confirm the binding mode. The parameters
(DMSO: g� = 2.047, A� = 22.2×10–4 cm–1, g� = 2.233,
A� = 197.3×10–4 cm–1; H2O: g� = 2.052, A� =
38.4×10–4 cm–1, g� = 2.237, A� = 193.5×10–4 cm–1) fit well
with that expected for a N2O2 binding mode.[30] On the
other hand, the g�/A� ratio of 113 in DMSO and 116 in H2O
indicates a square-planar coordination environment.[30] In
the spectrum of Cu(Rpyr2en), dissolved in water, superhy-
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perfine structure is observed in the perpendicular region of
the spectrum, arising from the interaction of the CuII un-
paired electron with the two nitrogen donor atoms of the
ligand, which results in a five line splitting (AN =
10.5×10–4 cm–1).

In the EPR spectrum of Cu[R(SO3–sal)2en], dissolved in
H2O, more than one species is present. Observation of the
low-field range and comparison with the EPR spectrum of
[Cu(OH2)6]2+ in the same solvent, shows that part of the
ligand was removed from the coordination sphere of the
metal ion upon dissolution and that some free Cu2+ is pres-
ent in solution (see ESI-2). Since the simulation of such
CuII spectra with more than one species is difficult, only an
estimate of the parameters for the complex was obtained:
g� = 2.25 and A� = 189×10–4 cm–1. The g�/A� ratio (119)
also indicates a square-planar geometry for this complex.[30]

These parameters are similar to those obtained for other
CuII–sal2an complexes, which present square-planar geome-
try and a N2O2 coordination mode.[8]

Study of the Oxidative Dehydrogenation Process of
Ni(Rpyr2en)

Some NiII complexes with the sal2an-type ligands are
able to react with dissolved O2.[9,11] In solutions of organic
solvents the complexes undergo oxidative dehydrogenation,
and one of the two C–N bonds dehydrogenates yielding a
C=N bond. Further dehydrogenation of the second C–N
bond has not been previously observed.[9,11] Since crystals
of Ni(pyr2en) (1) were obtained from the filtrate solution of
the Ni(Rpyr2en) synthesis, we might expect that in the pres-
ent system the dehydrogenation is complete. To further in-
vestigate the process, complex Ni(Rpyr2en) was dissolved in
DMSO and air was bubbled through the stirred solution
over a period of three days; the initial pink solution slowly
became orange. Another identical solution was saturated
with N2; it also became progressively orange but at a much
slower rate. The process was monitored by UV/Vis spec-
troscopy and Figure 2 shows the spectra recorded for both
solutions. Initially there is an isosbestic point at ca. 510 nm,
indicating the transformation of the reduced SB complex
into another species, but it is quite clear that the final prod-
uct is not Ni(pyr2en) (its spectrum is included in the figure
for comparison). The spectrum of the final product ob-
tained in solution has similar features to those reported for
NiII complexes of half dehydrogenated complexes:[9,11] two
new bands develop at 390 and 460 nm.

1H NMR spectra of complexes Ni(Rpyr2en) and Ni-
(pyr2en) were measured in (CD3)2SO. The spectrum of Ni-
(pyr2en) did not change over 24 hours, and all peaks could
be easily assigned (see Experimental Section), while after
24 hours the spectrum of Ni(Rpyr2en) showed features cor-
responding to two compounds [half dehydrogenated com-
plex and Ni(Rpyr2en)], indicating that the complex suffered
partial dehydrogenation at only one of its amine bonds.



Water-Soluble Sal2en- and Reduced Sal2en-Type Ligands FULL PAPER

Figure 2. Time-dependence of the UV/Vis spectra of solutions con-
taining Ni(Rpyr2en) in DMSO: (a) Bubbling air through the solu-
tion; (b) Under N2 atmosphere. Insets: variation of the molar ab-
sorptivity at 412 nm. The arrows indicate increasing time (from 0
to 3 d). The spectrum of Ni(pyr2en) in DMSO (dotted) is included
in both figures for comparison.

Speciation Studies

The acid-base behavior of pyr2en, Rpyr2en, and R(SO3–
sal)2en and their complexation with VIV and VV were pre-
viously reported.[12,16] The study of the CuII– and NiII–
Rpyr2en systems by pH-potentiometry, Vis, EPR (for the
CuII system), and 1H NMR (for the NiII system) spec-
troscopy is now presented.

CuII–Rpyr2en

The pH-metric titration curves were measured between
pH 2 and 11.3, and the best equilibrium model that fitted

Table 3. Protonation and formation constants for the MpLqHr species formed in the CuII- and NiII-Rpyr2en systems, calculated from the
pH-potentiometric and spectrophotometric data (EPR and UV/Vis) with the PSEQUAD program.[31]

logβH logβH
[d] log β (CuII)[c] log β (CuII)[d] log β (NiII)[a] log β (NiII)[d]

(L = Rpyr2en2–)[a] [12] (L = pyrN–) (L = Rpyr2en2–) (L = pyrN–) (L = Rpyr2en2–) (L = pyrN–)

HL 10.50±0.01 10.41 MLH2 35.3±0.3[c] 21.34 28.52±0.01 –
H2L 19.65±0.01 18.56 MLH 28.04±0.02 17.22 20.62±0.02 14.20
H3L 27.33±0.01 22.06 ML 19.98±0.02 10.80 11.98±0.02 6.46
H4L 33.30±0.01 ML2H4 – – 51.44±0.03 –
H5L 36.31±0.02 ML2H3 – 38.91 43.59±0.04 –
H6L 38.60±0.02 ML2H2 – 32.53 35.18±0.04 28.14

ML2H – 25.46 26.17±0.03 –
ML2 – 17.47 16.50±0.03 10.52
fitting[b] 3.9×10–3 [c] 3.0×10–3

no. of points 244 651

[a] Three times the standard deviations (3×S.D.) of the calculations are included. [b] The average difference between the calculated and
the experimental titration curves expressed in mL of titrant. The total initial volumes were 25 mL. [c] The S.D. values reflect the different
calculated values from the pH-potentiometric and the spectroscopic data. [d] From ref.[32] (I = 0.15  NaNO3; 37 °C).
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the experimental data corresponds to a model similar to
that obtained for the VIVO system.[12] The stability con-
stants are listed in Table 3 and a species distribution dia-
gram is depicted in Figure 3 (a).

Figure 3. Species distribution diagram for the complexes formed in
the (a) CuII–Rpyr2en system for solutions containing CCu =
2.0 mmoldm–3 and a L/M ratio of 2; (b) NiII–Rpyr2en system for
solutions containing CNi = 3.0 mmoldm–3 and a L/M ratio of 4.

Analysis of the potentiometric data with the PSEQUAD
program[31] shows the presence of only 1:1 complexes in
solution over the whole pH range, in various protonation
states. In the pH range 1–10 stoichiometries [CuLH2]2+,
[CuLH]+, and [CuL] are formed, with the deprotonations
taking place at the N-pyridine atoms of the pyridoxal rings.
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The stability of the complexes is high, and even at pH 2 the
amount of [Cu(OH2)6]2+ is very small.

The Vis spectra for this system as the pH is varied (Fig-
ure 4) consists of a broad band (of d-d origin) with a maxi-
mum around 625 nm (ε � 200 moldm–3 cm–1 at pH = 6.0).
Deprotonation of the pyridine nitrogen atoms causes sig-
nificant changes in the UV/Vis spectra: the d-d transition
shifts to a higher energy as the pH is increased and the
shoulder at ca. 420 nm (ascribed to phenolate � CuII CT
transition) shows a bathochromic effect with increasing pH.
These shifts demonstrate that the pyridoxal ring forms a
connected electron system and thus deprotonation of the
pyridine-NH groups will influence the donor properties of
the phenolate oxygen atoms.

Figure 4. Visible spectra of aqueous solutions containing CuII and
Rpyr2en, with CCu = 5 mmoldm–3 and a L/M ratio of 1 at several
pH values. Below pH 2 the solutions were individually prepared
and the [H+] was determined from a calibration curve (see Exp.
Sect.). [Cu(OH2)6]2+ (···), pH = 1.29 ( ), 1.60 (–––), 6.64 (---),
7.71 (+++), 10.56 (�). The superimposed spectra correspond to pH
values in the pH range 2.2–6.0.

EPR spectra of samples containing CCu = 5 m and a L/
M ratio of 1.1 at several pH values were measured at room
temperature and 77 K. The parameters are collected in
Table 4, and Figure 5 shows a few of the spectra obtained
at room temperature. The frozen solution spectra (data not
shown) show axial symmetry with resolved hyperfine struc-
ture, supporting the tetradentate binding of the ligand. For
pH � 3 the spin Hamiltonian parameters do not show sig-
nificant variation, confirming that the coordination mode
for complexes CuLH2, CuLH, and CuL is the same
(N2O2),[30] that the deprotonation processes [CuLH2]2+ �
[CuLH]+ � [CuL] involve only the NH+

pyridinic groups of
the ligand (these are not involved in the coordination), and
that the coordination geometry is square planar.

It is clear from the speciation (Figure 3, a) and spectro-
scopic data (Figures 4 and 5) that for pH � 2 a significant
amount of CuII is already complexed by the ligand, and
that the relevant data for calculation of the logβ112 value
occurs at pH � 2. The visible absorption and room tem-
perature EPR spectra were used to confirm the calculated
stability constant obtained for [CuLH2]2+ and the proposed
speciation model. The molar fraction of each species, ob-
tained from both the EPR and visible absorption data for
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Table 4. Spin Hamiltonian parameters for the CuII–Rpyr2en system
obtained by computer simulation of the experimental spectra.[29]

go
[a] Ao [×104cm–1][a]

[Cu(H2O)6]2+ 2.196 32.7
CuLHx

[c] 2.112 77.4

g�
[b] A� [×104 cm–1][b] g�

[b] A� [×104 cm–1][b]

[Cu(H2O)6]2+ 2.082 1.8 2.417 133.1
CuLHx

[c] 2.050 24.9 2.238 191.7

[a] Parameters obtained from spectra measured at room tempera-
ture. [b] Parameters obtained from spectra measured at 77 K (liquid
nitrogen temperature). [c] x = 0, 1, 2.

Figure 5. EPR X-band spectra (room temperature) of solutions
containing CuII and Rpyr2en with CCu = 5 mmoldm–3 and a L/M
ratio of 1.1 at several pH values. [Cu(OH2)6]2+ (light gray) and
pH = 1.3 (dark gray). The superimposed black lines correspond to
spectra measured at pH 1.6, 2.19 and 6.0.

pH � 2 were introduced into the PSEQUAD program,[31]

and a logβ112 value of 35.64±0.12 was refined for CuLH2.
On the other hand, from the pH-potentiometry data a
logβ112 = 35.01±0.01 was obtained from data in the pH
range 1.7–11, but varying the logβ112 in the range 35.0–
35.7 hardly affects the fitting parameter of the PSEQUAD
program when using only the pH-metric data. The differ-
ence may be due to (i) the ionic strength, which was not
exactly constant in the spectroscopic experiments at pH �
2 and (ii) the higher error associated with the pH-metric
data used in the pH range 1.7–2.0. The logβ112 presented
in Table 3 is the average of both values and the correspond-
ing S.D. value reflects the different calculated values.

It should be emphasized that in complexes with the sa-
l2an ligands, once each of the Namine atoms coordinates they
become a stereogenic centers and R and S configurations
become possible. Therefore, for each of the stoichiometries
MLH2, MLH, and ML at least three diastereoisomers are
possible. These diastereoisomers are schematically repre-
sented by the configuration of the coordinated amine i.e.
(R,R), (S,S), (S,R), or (R,S). Only for the MLH stoichiome-
try does the complex represented by (S,R) differ from (R,S).
As found by DFT calculations for the VIVO– and VVO2–
Rpyr2en complexes,[12] the energies of the (S,R) and (R,S)
diastereoisomers do not differ much from (R,R) or (S,S)
(for this pair they are the same), and we predict that in
solution all of them should form. With the techniques used
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in this work it is not possible to distinguish between these
different diastereoisomers.

Pyridoxamine (pyrN) is a vitamin B6 analog and
Rpyr2en can be seen as two pyridoxamine molecules linked
by an ethylene bridge. The acid-base behavior and complex-
ation of pyrN with CuII and NiII has been reported[32] and
the data (I = 0.15  NaNO3, 37 °C) is included in Table 3
for comparison. PyrN forms complexes with CuII with the
stoichiometry 1:1 and 2:1 (L/M) in various protonation
states. The stability of the complexes formed in both ligand
systems can be compared based on the constants (logK*)
for the displacement of four protons: H6L + Cu2+

p

CuLH2 + 4H+ (for Rpyr2en), and 2H3L + Cu2+
p CuL2H2

+ 4H+ (for pyrN). The logK* values are –3.3 and –11.6,
respectively. As expected, because of the chelate effect, the
stability of the Rpyr2en-CuII complexes is much higher than
that of the corresponding pyridoxamine complexes.

NiII–Rpyr2en

In equimolar solutions slow processes take place at pH
� 8, and precipitation of a pink complex occurs. However,
for solutions with L/M ratios greater than 1 the pH-metric
titration curves could be measured up to 11.7. The model
that best fitted the experimental data was obtained con-
sidering the formation of 1:1 and 2:1 complexes. Without
bis complexes the fitting parameter of PSEQUAD was ca.
five times higher. The stability constants obtained are listed
in Table 3, and Figure 3b depicts a species distribution dia-
gram.

As is usually the case for NiII complexes the large zero-
field splitting precluded the observation of any X-band res-
onances.[33] Although samples were measured by EPR spec-
troscopy, we were not able to obtain any EPR spectra.
Moreover, 1H NMR titrations carried out in D2O with
L/M ratios of 1 and 4 confirmed that the NiII complexes
are paramagnetic. In fact, in solutions with a L/M ratio of
1, no 1H NMR peaks were observed for pH � 3, where
only metal bound ligand is present, while for pH � 3 only
the peaks from the noncomplexed ligand are seen. In solu-
tions with a L/M ratio of 4 only the free ligand peaks were
observed, and for pH � 3 their areas decrease (when com-
pared with the peak of the internal reference).

Spectroscopic data for solutions of complexes Cu-
(Rpyr2en) or Ni(Rpyr2en) in DMSO are consistent with a
square-planar coordination of the Rpyr2en ligand. In water
the spectroscopic data of Ni(Rpyr2en) is consistent with an
octahedral geometry involving the donor set: Ophen,
Namine,Namine,Ophen,Ow,Ow (Ophen = phenolate-O– donor
atom, Namine = amine-N donor atom, Ow = water-O atom).

In aqueous solutions containing NiII and Rpyr2en the
situation is more complex. To confirm the pH-metric results
and the presence of the bis complexes, spectrophotometric
measurements were carried out with L/M ratios of 1 and 4.
Upon changing the pH the spectra show a continuous
change, indicating that the speciation is much more com-
plex than that for the CuII system. Below pH 3 (Figure 6,
a) the spectra present two d-d bands in the wavelength
range shown, with maxima at ca. 725 and 395 nm, which

Eur. J. Inorg. Chem. 2006, 2819–2830 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2825

can be assigned to the [Ni(H2O)6]2+ transitions 3T1g(F) �
3A2g and 3T1g(P) � 3A2g, respectively.[34] As the pH is in-
creased stronger bands progressively build up. At pH 5.0,
where species NiLH2 is ca. 100% formed, the λmax are at
620 and 430 nm, and the latter transition [3T1g(P) � 3A2g,
using the notation for an octahedral symmetry] overlapping
the Ophen–Ni CT band tailing in from the UV region. Spec-
tra were also measured for pH � 3 in the near IR range
(see Supporting Information, Figure SI-7 in ESI-3), which
show the presence of a broad band at ca. 995 nm (ε =
18 moldm–3 cm–1 at pH = 6.7), confirming the octahedral
geometry of the complexes. This band, assigned to 3T2g �
3A2g, gives a measure of the ligand field and shifts to higher
energies between pH 3 and 6, confirming the increase in
the field strength as the ligand replaces water in the NiII

coordination sphere. For solutions with a L/M ratio of 4
(Figure 6, b), the spectral features are the same as for L/M
= 1 up to pH ca. 6, but above this pH the changes in the
Vis spectra, upon increasing the pH, differ. With solutions
containing L/M ratios of 4 no precipitation is observed be-
low pH ca. 9.5, but at higher pH values a slight increase
in the baseline suggests the presence of a small amount of
precipitate. In the pH range 7.0–8.7, and for solutions with
L/M = 4 (Figure 6, b), the spectra roughly intersect at 425
and 475 nm (not exactly isosbestic points) indicating the
presence of two main types of species in equilibrium (be-
tween 1:1 and 2:1 complexes). Overall the Vis spectra con-
firm the species distribution diagram shown in Figure 3 (b).

ESI mass spectra were also measured to confirm the
presence of the 2:1 (L/M) species. For aqueous solutions
containing L/M = 1, CNi � 1 m and pH = 5.3 several
species were found in solution: m/z = 363.5 [L + 1]+, 419.3
[NiL + 1]+, 455.0 [NiL + 2H2O]+, 781.0 [NiL2 + 1]+. For
solutions containing L/M = 4, CNi � 1 m and pH = 7.1:
m/z = 363.1 [L + 1]+, 385.1 [L + Na]+, 419.1 [NiL + 1]+,
780.9 [NiL2 + 1]+. Although NiL2 is found in both solu-
tions, the intensity ratio of the MS peaks NiL/NiL2 is 10:5
in the L/M = 1 solutions and 3.5:10 in the L/M = 4 solu-
tions, showing the much higher importance of the bis com-
plexes in solutions containing an excess of ligand.

NiLH2 is the dominant species in the pH range 4–6 (see
Figure 3). Its coordination geometry corresponds to a
Ophen,Namine,Namine,Ophen,Ow,Ow donor set, where the pyri-
dine-N atoms are protonated. For pH � 5.5 the species
NiL2H4, NiL2H3, NiL2H2, NiL2H, and NiL2 successively
form up to a pH ca. 10.

For 2:1 complexes with tridentate ligands containing an
Ophen, Nimine or Nhydrazone, and Namine donor set binding
modes corresponding to what is shown schematically as I
have been characterized in the solid state by X-ray diffrac-
tion.[35–37] While in these compounds a significant part of
each of the two ligands [(Ophen and Nimine or Nhydrazone)] is
constrained to be planar, the Rpyr2en ligand is much more
flexible, and to the best of our knowledge this study is the
first example of Ni–sal2en- or Ni–sal2an-type complexes re-
ported showing the formation of bis complexes.

The intensity of the phenolate–NiII CT band increases
over the pH range ca. 5.3 to ca. 8.5. This suggests an in-
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Figure 6. Visible spectra of aqueous solutions containing NiII and Rpyr2en, with CNi = 2 mmoldm–3 and L/M = 4 between (a) pH 2.10–
5.02 and (b) pH 5.02–9.11. Arrows indicate increasing pH. Signal perturbations in the range 690–750 nm are due to instrumental noise.

crease in the number of phenolate donor atoms in the NiII

coordination sphere upon the successive formation of
NiLH2 � NiL2H4 � NiL2H3. For pH � 8.7 the CT band
remains approximately unchanged up to ca. 11.7, while the
absorption over the wavelength range 450–800 nm increases
until pH 10.3, and then decreases up to 11.7 (see Support-
ing Information, Figure SI-5 in ESI-3). However, the struc-
ture of the 2:1 Ni–Rpyr2en complexes in water is not easily
anticipated. Formation of 2:1 complexes possibly involves
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displacement of one donor atom of the first ligand and the
tridentate coordination of the second ligand. Binding
modes such as I are a reasonable hypothesis, but the in-
crease in intensity of the Ophen–Ni CT band may be indica-
tive of the coordination of at least a third Ophen-donor
atom.

The ratio log (KMLH2
/KML2H4

) = 0.55 indicates a favorable
interaction between the side chains in the bis complexes.
These may be stabilized by intramolecular H bonds formed
between groups of the coordinated ligands. In fact, the
Rpyr2en ligand is quite flexible and contains several groups
that may be involved in H bond formation: e.g. the pyri-
dine-N atom (either as Npyridine or NH+

pyridine), the
–(CH2)–OH groups of pyridoxal, or the phenolic-O atoms
(Ophen or OHphen). Many possible binding modes and types
of H bonds can be envisaged but discussing these further
would be mainly speculation, as the techniques used do not
help in this regard.

A comparison with pyridoxamine, which forms com-
plexes of 1:1 and 2:1 L/M stoichiometry with NiII, can be
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done based on the logK* for the same equilibrium, as in
the case of CuII (see above); the logK* = –10.08 for
Rpyr2en and –15.99 for pyrN[32] shows the higher stability
of the Rpyr2en complexes, and also the lower stability of
the NiII–Rpyr2en complexes when compared with those of
CuII–Rpyr2en.

Conclusions

The coordination of the sal2en- and sal2an-type ligands
pyr2en, Rpyr2en, and R(SO3–sal)2en to CuII and NiII was
investigated. These ligands form stable and moderately
water-soluble complexes with CuII and NiII. From solutions
containing NiII and Rpyr2en, crystals of the SB complex
Ni(pyr2en) were obtained, resulting from oxidative dehydro-
genation of the two amine bonds, probably by molecular
oxygen. The solution and solid-state characterization of the
metal complexes showed that this process did not occur
with the other complexes. Time-dependent visible absorp-
tion spectroscopic studies in aqueous solution with Ni-
(Rpyr2en) indicated that the dehydrogenation process, facil-
itated by molecular O2, stops after oxidation of one amine
bond. On standing for longer periods Ni(pyr2en) was ob-
tained but only in the solid state.

The complexation of Rpyr2en with CuII and NiII could
be studied by pH-potentiometry and spectroscopic tech-
niques in aqueous solutions. In the CuII–Rpyr2en system
very stable 1:1 complexes form, and at pH ca. 2 these corre-
spond to ca. 95% of the total CuII. Characterization of the
solid complex obtained indicates a square-planar coordina-
tion geometry involving the two Ophenolate and two Namine

as donor atoms. In the NiII–Rpyr2en system, when an ex-
cess of ligand is used bis complexes are formed in aqueous
solution at pH � 6, avoiding the precipitation of the neutral
NiL complex. The proton displacement constants (K*)
of the process H6L + M2+

p MLH2
2+ + 4H+ are as

follows: K*(CuLH2
2+) = –3.27; K*(VIVOLH2

2+) =
–5.63,[12] K*(NiLH2

2+) = –10.08, K*(ZnLH2
2+) = –11.38,[38]

i.e. the stability order is CuII � VIVO � NiII � ZnII.
We should emphasize several aspects of the ligands

studied in this work (or ligands obtained using the same
aldehyde precursors and other diamines), which may have
considerable advantages for e.g. catalytic applications using
less toxic solvents, namely their higher solubility in aqueous
and alcoholic solutions, when compared with most sal2en-
type ligands reported so far, because of the presence of hy-
drophilic groups in the aromatic rings. Moreover, the lower
susceptibility to hydrolysis of the reduced sal2an derivatives,
when compared with the corresponding SB, and the higher
stability of VIVO, VV,[12] CuII, and NiII complexes formed
with the sal2an-type ligands, may be important for both im-
proving reaction yields and catalyst recovery. Finally, the
higher flexibility of the sal2an-type ligands and the fact that
the coordinated Namine atoms are stereogenic centers may
also prove useful for asymmetric synthesis if suitable di-
amine and/or aldehyde precursors are chosen. In the par-
ticular case of Rpyr2en, with ligands containing Npyridinic
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atoms, the possibility of the various protonation states for
the pyridinic nitrogens, which do not participate in coordi-
nation to the metal ions, allowing the formation of neutral
and cationic complexes with the same coordination mode,
may also help in tuning the redox characteristics of the
complexes formed.

Experimental Section
The synthesis of pyr2en, Rpyr2en, and R(SO3–sal)2en was pre-
viously reported.[12,16]

Synthesis of Complexes

Crystals of Ni(pyr2en)·3H2O (1): From the filtrate solution of the
reaction mixture used in the preparation of complex 6 orange crys-
tals suitable for X-ray diffraction studies were obtained after six
weeks.

Cu(pyr2en) (2): The Schiff base pyr2en (0.05 g, 0.2 mmol) was dis-
solved in water (25 mL) and the pH was adjusted to 7 by addition
of KOH (3 ). Cupric acetate (0.03 g, 0.1 mmol) was added and
the mixture was heated to 50 °C for an hour. A dark pink solid
precipitated, which was collected by filtration and washed with
water, ethanol, and diethyl ether, and dried under vacuum. Yield:
0.063 g, 68%. C18H20N4O4Cu·2.3H2O (461.36) {[Cu(pyr2en)]·
2.3H2O}: calcd. C 46.86, H 5.37, N 12.14; found C 46.9, H 5.5, N
12.0.

Cu(Rpyr2en) (3): The procedure was similar to the one used for 2.
A blue solid was obtained. Yield: 0.043 g, 45%.
C18H24N4O4Cu·2.7H2O (472.60) {[Cu(Rpyr2en)]·2.7H2O}: calcd. C
45.75, H 6.27, N 11.86; found C 45.8, H 6.3, N 11.7.

Cu{R(SO3–sal)2en} (4): The procedure was similar to the one used
for complex 2. A green solid was obtained. Yield: 0.053 g, 50.0%.
C16H18N2O8S2Cu·2H2O (531.03), {[Cu{R(SO3–sal)2en}]·2H2O}:
calcd. C 36.26, H 4.18, N 5.29, S 12.10; found C 36.2, H 4.5, N
5.1, S 12.5.

Ni(pyr2en) (5): Pyr2en (0.5 g, 1.4 mmol) was dissolved in methanol
(25 mL) containing a few drops of a KOH solution.
Ni(CH3COO)2·4H2O (0.35 g, 1.4 mmol) dissolved in methanol/
water (1:1, 25 mL) was slowly added and the mixture became
orange. The pH was adjusted to 7 by the addition of methanolic
HCl. An orange solid precipitated and was collected by filtration
and washed with water, methanol, and diethyl ether, and dried un-
der vacuum. Yield: 0.53 g, 85%. C18H20N4O4Ni·1.7H2O (445.70)
{[Ni(pyr2en)]·1.7H2O}: calcd. C 48.51, H 5.29, N 12.57; found C
48.5, H 5.6, N 12.3. 1H NMR [300 MHz, (CD3)2SO, 297 K]: δ =
8.23 (s, 2 H, CH=N), 7.47 (s, 2 H, CHarom), 4.50 (s, 4 H, CH2CH2),
3.56 (s, 4 H, CH2OH) and 2.51 (s, 6 H, CH3) ppm. ESI-MS (H2O):
m/z = 415.2 [M + 1]+.

Ni(Rpyr2en) (6): The procedure was similar to the one used for 5.
A pink complex was obtained. Yield: 0.47 g, 72%.
C18H24N4O4Ni·2.4H2O (462.34), {[Ni(Rpyr2en)]·2.4H2O}: calcd. C
46.76, H 6.28, N 12.12; found C 47.0, H 6.8, N 11.8. 1H NMR
[300 MHz, (CD3)2SO, 297 K]: δ = 6.97 (s, 2 H, CHarom), 4.92 (s, 4
H, CH2OH), 4.24 (s, 4 H, CH2NH), 3.40 (s, 4 H, CH2 CH2), 2.75
(s, 6 H, CH3) ppm. ESI-MS (H2O): m/z = 419.2 [M + 1]+.

Ni[(SO3–sal)2en] (7): The procedure was similar to the one used for
the preparation of 5. An orange solid was obtained. Yield: 0.35 g,
82%. C16H12N2O8S2NiK2·3.8H2O (629.75) {K2{Ni[(SO3–sal)2en]·
3.8H2O} calcd. C 30.52, H 3.14, N 4.45, S 10.18; found C 30.7, H
2.5, N 5.2, S 8.7. 1H NMR [300 MHz, D2O, 297 K]: δ = 7.97 (s, 2
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H, CH=N), 7.74 (s, 2 H, CHarom), 7.55 (d, 2 H, CHarom), 6.87 (d,
2 H, CHarom), 3.45 (s, 4 H, CH2CH2).

Ni[R(SO3–sal)2en] (8): The procedure was similar to the one used
for the preparation of 5. Since there was no precipitation at pH 7
the solution was evaporated to dryness. Methanol was added to the
residue, which did not dissolve everything. The solid was filtered,
washed with methanol and diethyl ether, and dried under vacuum.
After a few hours the grey solid obtained turned soft pink and after
a week brown. Yield: 0.52 g, 62.0%. C16H16N2O8S2NiK2·8.5H2O
(718.45) {K2{Ni[R(SO3–sal)2en]·8.5H2O} calcd. C 26.75, H 4.63,
N 3.90, S 8.92; found C 27.1, H 4.0, N 4.0, S 7.2. ESI-MS (H2O):
m/z = 565.0 [M + 2K + 1]+ and 603.0 [M + 3K]+.

Physical and Spectroscopic Studies: Infrared spectra were recorded
with a BioRad FTS 3000 MX FTIR spectrometer. UV/Visible spec-
tra were recorded either with a Hitachi U-2000, a Perkin–Elmer
Lambda 9 UV/Vis/NIR, or an HP 8452A diode array spectropho-
tometer. The EPR spectra were recorded with a Bruker ESP 300E
X-band spectrometer. 1H NMR spectra were recorded with a Var-
ian Unity 300 spectrometer at probe temperature.

X-ray Crystal Structure Determination: Three-dimensional X-ray
data were collected with a Bruker SMART 1000 CCD dif-
fractometer by the φ-ω scan method. Data was collected at room
temperature. Reflections were measured from a hemisphere of data
collected from frames each covering 0.3º in ω. Of the 12502 reflec-
tions measured, all of which were corrected for Lorentz and polar-
ization effects, and for absorption by semi-empirical methods based
on symmetry-equivalent and repeated reflections, 1941 independent
reflections exceeded the significance level |F|/σ(|F|) � 4.0. Because
of the crystal nature (possibly pseudo-merohedrally twined emulat-
ing a metrically orthorhombic cell) and diffraction capabilities,
some discrepant reflections were suppressed. Complex scattering
factors were taken from the program package SHELXTL.[39] The
structures were solved by direct methods and refined by full-matrix
least-squares methods on F2. The hydrogen atoms were included in
calculated positions and refined by using a riding model, except

Table 5. Crystal data collection and refinement.

1

Formula C18H26N4O7Ni
Mr [gmol–1] 469.14
Crystal system monoclinic
Space group P21/c
T [K] 298(2)
a [Å] 8.268(2)
b [Å] 12.637(3)
c [Å] 19.634(5)
α [°] 90
β [°] 90.492(5)
γ [°] 90
V [Å] 2051.3(9)
F(000) 984
Z 4
Dcalcd. [g cm–3] 1.519
µ [mm–1] 0.994
Rint 0.1304
No. of measured reflections 12052
No. of observed reflections 1941
Data / restraints / parameters 4705 / 5 / 292
Goodness-of-fit on F2 0.938
R1

[a] 0.0953
wR2

[b] (all data) 0.2813

[a] R1 = Σ||Fo| – |Fc|| / Σ|Fo|. [b] wR2 = {Σ[w(||Fo|2 – |Fc|2|)2]| /
Σ[w(Fo

4)]}1/2.
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the hydrogen atoms from the water molecules. Hydrogen atoms
H(11W) and H(21W) of one water molecule were located from a
difference electron density map and fixed to 0.97 Å from the corre-
sponding heteroatom. Hydrogen atoms of the other two water
molecules were left to refine freely. Refinement converged with al-
lowance for thermal anisotropy of all non-hydrogen atoms. Mini-
mum and maximum final electron densities are: –0.586 and
0.758 eÅ–3. Crystal data and details on data collection and refine-
ment are summarized in Table 5.

CCDC-287242 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Solution Studies: All solutions were manipulated in an inert atmo-
sphere (high purity nitrogen or purified argon). The stock solution
of CuII was prepared and standardized as described earlier.[40] The
NiII stock solution was prepared by dissolving NiCl2 of puriss qual-
ity in HCl solution. The NiII content was determined by complex-
ometry with EDTA, and the free acid content was measured pH-
metrically. The ionic strength was adjusted to 0.2 moldm–3 with
KCl. For pH-potentiometric measurements the temperature was
25.0±0.1 °C, and for Vis spectra 25.0±0.3 °C with circulating
water.

pH Measurements

Spectroscopic Measurements: For the preparation of the solutions
and pH calibrations we used a special glass vessel with a double
wall, with entries for the combined electrode (Radiometer “Red
Rod” pHC2015–8), thermometer, nitrogen, and reagents (e.g. base).
A computerized system developed locally was used to control the
titration conditions for pH calibrations. The emf measurements
were performed with a Denver Model 15 pH meter.

pH-Potentiometric Titrations: Stability constants were determined
from pH-metric titrations of 25 mL samples. The ligand concentra-
tions were in the range 0.001–0.004 moldm–3 and the metal ion to
ligand molar ratio was varied from 1 to 4 (up to 10 for the Ni–
Rpyr2en system). Titrations were normally made from pH 2.0 up
to 11.7, but some titration curves started at 1.7, with a KOH solu-
tion of known concentration (ca. 0.2 moldm–3) under a purified
argon atmosphere. The reproducibility of titration points included
in the evaluation was within 0.005 pH units over the whole pH
range. For the CuII– and NiII–Rpyr2en systems 5 and 7 titration
curves were measured, respectively.

The pH was measured with an Orion 710A precision digital pH
meter equipped with an Orion Ross 8103BN type combined glass
electrode, calibrated for hydrogen ion concentration as described
earlier.[41] The ionic product of water was pKw = 13.76. The concen-
tration stability constants βpqr = [MpLqHr]/[M]p[L]q[H]r were calcu-
lated with the aid of the PSEQUAD computer program.[31] When
referring to stoichiometries of complexes present in solution the
normal MpLqHr notation is used, where L = Rpyr2en2–.

Spectroscopic Measurements: Visible absorption spectra were mea-
sured using cells with 0.1, 1, or 3 cm path lengths. The spectral
range covered was normally 300–900 nm, and in some cases 350–
1100 nm. For the CuII–Rpyr2en system the EPR (at 77 K) and Vis
spectra were recorded varying the pH and using a ligand to metal
ratio of approximately 1 and CCu � 5 mmoldm–3. To obtain data
for the low pH range individual samples containing the same metal
ion concentration and L/M ratio were also prepared by adding dif-
ferent amounts of HCl. A calibration curve (Emeasured versus p[H+])
was measured to determine the system response to the [H+] of the
samples. The standards were prepared by mixing various accurately
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known volumes of HCl of known concentration (ca. 0.1 moldm–3)
with water. The Vis (300 � λ � 900 nm) and room temperature
EPR spectra of these samples were recorded and used for the deter-
mination of the speciation model at low pH, namely the log β of
CuLH2 with the PSEQUAD program.[31]

For the Ni2+–Rpyr2en system the spectral range covered was 190–
820 nm (for the quantitative evaluation only the 390–820 nm range
was used). The absorption spectra were recorded at L/M ratios of
1 and 4 (the total concentrations of the NiII [CM] were 0.004 and
0.002 mol dm–3, respectively). All other experimental conditions
were as described for the pH-potentiometric titrations. For the
solutions with a L/M ratio of 1 (CNi = 0.004 moldm–3) precipi-
tation of a pink compound occurred at pH ca. 8.3; this was not
observed for solutions with L/M ratios of 4. With the latter solu-
tions, the increasing absorbance of the baseline above pH ca. 9.2
suggested the presence of small amounts of precipitate. In order to
confirm the octahedral geometry of the complexes Vis spectra with
a L/M ratio of 1 and CNi = 0.003 moldm–3 were measured at se-
veral pH values (3.0–7.7) in the 350–1100 nm range.

In the absence of ethylene glycol a relatively broad background was
present in most of the frozen solution EPR spectra; therefore most
spectra were run with solutions containing 5% of ethylene glycol.

For the 1H NMR measurements, solutions containing NiII and
Rpyr2en with a L/M ratio of 1 (5 mmoldm–3) and 4
(16:4 mmol dm–3) were prepared in D2O (DSS, sodium 3-trimethyl-
silyl-[D4]propionate, as internal reference), and the pD was ad-
justed with DCl or CO2 free KOD, using a Crison micropH 2002
instrument fitted with a combined Mettler Toledo U402-M3 S7/
200 microelectrode. The microelectrode was previously calibrated
with standard buffered aqueous solutions and –log[D+] was mea-
sured directly in the NMR tubes. The final values of pD were deter-
mined from pD = pH* + 0.40, where pH* corresponds to the read-
ing from the pH meter previously calibrated with two aqueous buff-
ers at pH 4 and 7.

Mass spectrometer experiments were performed with a LCQ Duo
(Finnigan, San Jose, CA, USA) ion trap mass spectrometer
equipped with an electrospray ion source, operated in the positive
mode and maintained at 4.5 kV. The temperature of the heated
capillary was set to 200 °C. The flow rate of the electrospray solu-
tion was 5 µLmin–1. Other parameters, including capillary voltage,
lens, and octapole voltages and sheath gas flow rate were optimized
for maximum abundance of the ions of interest.

The ESI mass spectra measurements were done with solutions of
nickel complexes 5–8 (1×10–4 moldm–3) and of solutions contain-
ing NiII and Rpyr2en with a L/M ratio of 1 (1 mmoldm–3) and 4
(4:1 mmol dm–3). All solutions were prepared with deionized water.

Supporting Information (see also the footnote on the first page of
this article): ESI-1 Crystalline packing in complex Ni-
(pyr2en)·3H2O (1). ESI-2 EPR spectra of complex Cu[R-
(SO3–sal)2en] (4) and [Cu(OH2)6]2+ in H2O. ESI-3 Visible spectra
for the NiII–Rpyr2en system with L/M = 1 and 4.
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The photochromism of nitrate-containing nickel–aluminum
layered double hydroxides (NiAl-NO3-LDHs) has been
studied. Powder X-ray diffraction (PXRD), FTIR, UV/Vis,
XPS, ESR, EXAFS, and elemental analysis were used to in-
vestigate the structure, composition, and photochromic be-

Introduction

Layered double hydroxides (LDHs) consist of metal bru-
cite type layers – Mg(OH)2 sheets where octahedra of Mg2+

ions, sixfold coordinated to OH–, share edges to form two-
dimensional infinite sheets. LDHs constitute a vast family
of compounds of general formula [MII

1–xMIII
x(OH)2]-

Ay–
x/y·nH2O, where x typically varies between 0.20 and

0.33. They are stacks of positively charged, partially substi-
tuted brucite-like layers that are spaced by exchangeable Ay–

anions and water molecules.[1,2] LDHs are attractive materi-
als for various fields of application such as catalysis,[3] op-
tical materials,[4,5] biomimetic catalysis,[6,7] separation sci-
ence,[8,9] medical science,[10,11] and electrochemistry.[12,13]

Recently, research on photochromic materials has re-
ceived much attention because of the potential use of these
materials in photonic applications. Practical applications
are also well established, for example, in optical trans-
mission.[14] Photochromism is also widely utilized from the
molecular level up to complete devices; representative ex-
amples are molecular switching of host–guest aggre-
gates,[15,16] sol–gel thin films,[17] and pigment–protein com-
plexes involved in proton pumping.[18] However, there are
very few reports of LDHs being used as candidates for pho-
tochromic materials. It has been reported that a sulfonated
spiropyran dye (SP-SO3

–) intercalated in Mg–Al, Zn–Al,
and Li–Al LDHs exhibited photochromism due to inter-
layer reversible photoisomerization between SP-SO3

– and
photoinduced merocyanine.[19,20]

Although photochromism resulting from the properties
of the interlayer organic guest has been observed in LDH
composites, the mechanism related to the host–guest inter-
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havior of NiAl-NO3-LDHs. A possible photochromic mecha-
nism in NiAl-NO3-LDHs has been proposed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

action has not been reported. In this paper, we report for
the first time photochromism in a NiAl-NO3-LDH. PXRD,
FTIR, UV/Vis, ESR, XPS, EXAFS, and elemental analysis
were used to investigate the photochromic behavior, and its
possible mechanism has also been proposed.

Results and Discussion

The Crystalline Structure and Chemical Composition of
NiAl-NO3-LDHs

Figure 1 shows the PXRD pattern for NiAl-NO3-LDHs.
A typical PXRD pattern was found for NiAl-NO3-LDHs
prepared by a hydrothermal method (a profile similar to
those observed in hydrotalcite-like compounds): sharp and
symmetric peaks related to 00l reflections and broad and
less symmetric peaks related to 0kl reflections (Figure 1).
The peaks were indexed in a hexagonal cell with rhombohe-
dral symmetry, where c = 26.79 Å and a = 3.00 Å. The d003

parameter, which corresponds to an interlayer distance of
8.93 Å, is typical for hydrotalcite-like materials containing
nitrate anions.[2]

On the basis of elemental analysis, the chemical composi-
tion of this particular NiAl-NO3-LDH (Ni/Al = 2) was
found to be [Ni0.643Al0.357(OH)2](NO3

–)0.357·0.7H2O (calcd.
H 2.92, Al 8.29, N 4.30, Ni 32.62; found H 3.01, Al 8.15,
N 4.23, Ni 33.49).

Figure 2A shows the Ni K-edge k1χ(k) spectrum and
Fourier transform magnitude of the powdered NiAl-NO3-
LDH, while Figure 2B displays the experimental (solid) and
fitted (dotted) EXAFS curves with k1-weight for Ni–O co-
ordination in the powdered NiAl-NO3-LDH. The fitting
parameters are listed in Table 1 [Ni(OH)2 was used as a
reference sample]. Data analysis suggests a Ni–O distance
of 2.04 Å and a Ni–O coordination number (CNNi–O) of six
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Figure 1. Powder XRD patterns of NiAl-NO3-LDHs with different
aging times at 180 °C.

for the NiAl-NO3-LDH, which corresponds well to the data
reported by Scheidegger et al.[21] This reveals that the first
coordination shell of Ni comprises six oxygen atoms at
2.04 Å, indicating that NiII is coordinated in an octahedral
environment.

Figure 2. (A) Ni K-edge k1χ(k) spectrum and Fourier transform
magnitude of powdered NiAl-NO3-LDH. (B) Experimental (solid
line) and fitted (dotted line) EXAFS curves with k1-weight for Ni–
O coordination in powdered NiAl-NO3-LDH.
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Table 1. Local coordination parameters around Ni in powdered
NiAl-NO3-LDH.

Sample CNNi–O RNi–O [Å] σ2
Ni–O [Å]2

Ni(OH)2 6.0 2.05 0.002
NiAl-NO3-LDH 6.0 2.04 0.003

Photochromism in NiAl-NO3-LDHs

Photochromism in NiAl-NO3-LDHs has been observed
for the first time in this work. Figure 3c shows the UV/Vis
absorption spectra of NiAl-NO3-LDH both before and af-
ter UV irradiation. For the as-synthesized NiAl-NO3-LDH
sample before UV irradiation, two absorption peaks (at ca.
376 and 652 nm) were observed, which were assigned to the
(d–d) spin-allowed electronic transitions expected for a Ni2+

ion in an octahedral crystal field.[22] Upon irradiation of
NiAl-NO3-LDH with UV light, the green samples rapidly
turned black. Furthermore, there was a remarkable en-
hancement of absorption in the wavelength range 300–
650 nm (Figure 3c). No change in color could be observed,
even when the black-colored NiAl-NO3-LDH was kept at
room temperature for a week. However, upon heating to
70 °C for 2 h, the color returned to green. The UV/Vis ab-
sorption spectrum also recovered its original profile (dotted
line shown in Figure 3c, almost coincident with the initial
spectrum), demonstrating the reversibility of the photo-
chromism. Moreover, both the reversibility and reproducib-
ility of the photochromism were investigated. The inset in
Figure 3 displays the UV absorbance of this material at
500 nm, before and after ten irradiation cycles, indicating a
rather high reversibility and reproducibility.

Figure 3. UV/Vis absorption spectra of (a) MgAl-NO3-LDH, (b)
ZnAl-NO3-LDH and (c) NiAl-NO3-LDH, before and after UV ir-
radiation [absorption curves of before and after UV irradiation for
(a) and (b) are coincident]. Inset: the relationship between the UV
absorbance of NiAl-NO3-LDH at 500 nm (before and after irradia-
tion) and cycle number.

The Photochromic Mechanism in NiAl-NO3-LDHs

Influence of Nickel Ions
In order to study the effect of the nickel ions of the host

layers on photochromic behavior, MgAl-NO3-LDH and
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ZnAl-NO3-LDH were prepared as samples for comparison.
All three samples exhibit a PXRD pattern characteristic of
LDH-like materials, and the interlayer distance of the three
intercalates is about 0.88 nm, indicating well-defined LDHs
containing nitrate anions.

Figure 3 displays the UV/Vis absorption spectra of the
three samples, both before and after UV irradiation. No
obvious change could be observed in the spectra of MgAl-
and ZnAl-NO3-LDHs after UV-light irradiation (Figure 3a
and Figure 3b, respectively). This observation is in agree-
ment with their invariable white color, and in contrast with
the photochromic behavior that was observed in the case of
NiAl-NO3-LDH, as described above. This indicates that the
nickel ions in the host layer play an important role in the
photochromic behavior. This is possibly related to the octa-
hedral coordination environment of the nickel ion.

Influence of Aging Conditions

Figure 1 and Figure 4 display the PXRD patterns of
NiAl-NO3-LDHs with different aging times and aging tem-
peratures, respectively. All nine samples exhibit a PXRD
pattern characteristic of LDH-like materials, with an inter-
layer distance of approximately 0.89 nm. It can be seen
from Figure 1 and Figure 4 that the reflection intensity of
the LDHs becomes stronger with an increase in the aging
time or aging temperature. The indexing parameters are
listed in Table 2. It should be noted that there is a decrease
in the half-peak-width parameter, and an increase in the

Figure 4. Powder XRD patterns of NiAl-NO3-LDH aged for 24 h
at different aging temperatures.

Table 2. Lattice parameters of NiAl-NO3-LDHs prepared under different conditions.

Samples with different aging temperatures Samples with different aging timesParameters 70 °C 100 °C 130 °C 150 °C 180 °C 6 h 12 h 18 h 24 h

d003 [nm] 0.879 0.904 0.927 0.903 0.906 0.893 0.900 0.912 0.906
half-peak width of the 003 reflection [°] 1.810 1.270 0.933 0.808 0.515 0.866 0.613 0.583 0.515
d110 [nm] 0.151 0.151 0.151 0.151 0.151 0.150 0.151 0.152 0.151
lattice parameter a [nm][a] 0.302 0.302 0.302 0.302 0.302 0.300 0.302 0.304 0.302
lattice parameter c [nm][b] 2.637 2.712 2.781 2.709 2.718 2.679 2.700 2.736 2.718
crystallite size in c direction [nm][c] 4.361 6.215 8.458 9.768 15.32 9.115 12.88 13.54 15.32

[a] a = 2d110. [b] c = 3d003. [c] Value calculated from the Scherrer equation.
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crystallite size in the c direction, upon increasing aging time
or temperature. This is an indication that the stacking se-
quences of the LDHs become more ordered and higher
crystallinity is obtained with increasing aging time or tem-
perature.

Figure 5A and Figure 6A show the UV/Vis absorption
spectra of powdered NiAl-NO3-LDHs with different aging
times and temperatures, respectively, both before and after
UV irradiation. On irradiation the samples prepared with a
6 h aging time, or at 70 °C aging temperature, show the
most remarkable enhancement of absorption in the wave-
length range 300–650 nm. They are also accompanied by

Figure 5. (A) UV/Vis absorption spectra of NiAl-NO3-LDHs with
different aging times at 180 °C, before and after UV irradiation.
(B) Background correction for the absorption spectra of the NiAl-
NO3-LDHs from (A) before and after UV irradiation.
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the most obvious change in sample color, which indicates
the most significant photochromism. Moreover, the en-
hancement of the absorption in the range 300–650 nm de-
creased upon increasing aging time or temperature. As the
aging time was increased to 24 h, or the aging temperature
was increased to 180 °C, no change could be observed in
either the absorption spectra or the sample color following
UV-light irradiation, which implied the absence of photo-
chromic behavior. On the basis of the PXRD characteriza-
tion above, it can be concluded that the ordered stacking
sequences and the crystallinity of NiAl-NO3-LDH have a
marked influence on its photochromism. Moreover, the ef-
fect of the wavelength of the excitation light has been
studied, and it was found that UV light with a wavelength
below 376 nm could cause photochromism in the material.

Figure 6. (A) UV/Vis absorption spectra of NiAl-NO3-LDHs with
different aging temperatures and aged for 24 h, before and after
UV irradiation. (B) Background correction for the absorption spec-
tra of the NiAl-NO3-LDHs from (A) before and after UV irradia-
tion.

In order to gain direct insight into photochromism in
NiAl-NO3-LDH, the NiAl-NO3-LDH samples which were
nonphotochromic (aging time 24 h and aging temperature
180 °C) were used as the baseline reference for further
analysis of the UV/Vis spectra. Background correction was
performed by subtracting the absorption spectrum of the
nonphotochromic sample from the photochromic NiAl-
NO3-LDH samples, both before and after UV irradiation.
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The results are shown in Figure 5B and Figure 6B. Com-
paring the UV/Vis absorption spectra before and after UV
irradiation, it can be seen that there is an obvious peak at
approximately 500 nm. This indicates that there might be
some specific structural unit, with Ni in an octahedrally
coordinated environment, which results in photochromism
in NiAl-NO3-LDH. As the aging time or temperature in-
creases, the stacking sequences of the LDHs become more
ordered, leading to the loss of the specific structural unit
and thus to the loss of photochromic behavior.

Influence of Host–Guest Interactions

In order to study the influence of host–guest interactions,
two samples of NiAl-CO3-LDH were prepared: one by the
ion-exchange method from a NiAl-NO3-LDH precursor
and the other by direct coprecipitation. Both samples exhi-
bit a PXRD pattern characteristic of LDH-like materials,
with an interlayer distance of approximately 0.76 nm, indi-
cating well-defined LDHs containing carbonate anions.
Figure 7 displays a comparison of the FTIR spectra of the
two NiAl-CO3-LDH samples. Both show the strong, sharp
band at approximately 1363 cm–1 due to the absorption of
interlayer carbonate anions. However, it can be seen that a
peak at approximately 1384 cm–1 was observed in the sam-
ple prepared by ion-exchange (Figure 7a), which indicates
the presence of a small amount of nitrate anions.

Figure 7. FTIR spectra of NiAl-CO3-LDHs prepared by (a) ion
exchange and (b) coprecipitation.

On the basis of elemental analysis, the chemical composi-
tion of the NiAl-CO3-LDH that was prepared by coprecipi-
tation was found to be [Ni0.656Al0.344(OH)2](CO3

2–)0.172·
0.8H2O (calcd. C 2.06, H 3.37, Al 8.70, Ni 36.27; found
C 2.12, H 3.31, Al 8.73, Ni 36.19). However, the chemical
composition of the NiAl-CO3-LDH that was prepared by
the ion-exchange method from a NiAl-NO3-LDH precursor
was found to be [Ni0.647Al0.353(OH)2](CO3

2–)0.151(NO3
–)0.051·

0.7H2O (calcd. C 1.70, H 3.19, Al 8.95, N 0.67, Ni 35.83;
found C 1.62, H 3.13, Al 8.86, N 0.71, Ni 35.76). It can be
seen that the sample prepared by coprecipitation was a pure
CO3

2– LDH, while the other one, prepared by ion-exchange
from a NiAl-NO3-LDH precursor, contained both CO3

2–

and a little unexchangeable NO3
–.
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Figure 8a and b show the UV/Vis absorption spectra of

the two powdered NiAl-CO3-LDH samples before and after
UV irradiation. It was found that almost no change in the
absorption spectrum, after UV-light irradiation, could be
observed for the NiAl-CO3-LDH prepared by coprecipi-
tation (Figure 8b), which means that photochromism is not
an intrinsic property of NiAl-CO3-LDHs. However, in the
case of the sample prepared by ion exchange, a considerable
enhancement in the 300–650 nm range (Figure 8a) was ob-
served after UV irradiation. This is an indication that the
interaction between Ni2+ and co-intercalated nitrate anions
is indispensable for the photochromism in NiAl-CO3-LDHs
prepared by ion exchange. This is possibly related to the
remaining nitrate anions that interact strongly with Ni2+

ions in NiAl-NO3-LDHs through chemical bonding and
thus cannot be exchanged by CO3

2–.

Figure 8. UV/Vis absorption spectra of powdered NiAl-CO3-
LDHs, both before and after UV irradiation, prepared by (a) ion
exchange and (b) coprecipitation.

XPS Data

In order to confirm whether the photochromic behavior
of NiAl-NO3-LDHs is related to the redox of Ni2+, XPS
was used to determine the chemical environment of Ni, N,
and O before and after UV irradiation. The XPS Ni2p3/2,
N1s, and O1s core level spectra of NiAl-NO3-LDHs, before
and after UV irradiation, are shown in Figure 9. The bind-
ing energy (BE) value of the main Ni2p3/2 peak, at around
856.4/856.5 eV, is assigned to the Ni2+ ion by comparison
with the known BE value for Ni2p3/2 photoelectrons in
Ni(OH)2 (855.6–856.6 eV).[23] The XPS N1s peak at around
406.6/406.7 eV is attributed to N5+ from the nitrate anions,
and the XPS O1s peak at around 531.9/531.8 eV is due to
O2– from the nitrate anions. As no remarkable change in
the values of the BE can be observed after UV irradiation,
it is reasonable to deduce that the oxidation states of Ni,
N, and O in NiAl-NO3-LDHs do not change, and hence a
mechanism based on the redox of Ni2+ can be excluded.
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Figure 9. XPS spectra of Ni2p3/2, N1s, and O1s for NiAl-NO3-
LDHs before and after UV irradiation.

ESR Data

ESR was used to study the coordination environment of
Ni2+ in NiAl-NO3-LDHs to obtain a further understanding
of the photochromic mechanism. It has been reported that
Ni2+ ions in Ni(OH)2 are ESR silent at room temperature,
most probably because of the regular octahedral crystal
field.[22] Figure 10 displays the ESR spectra of powdered
NiAl-NO3-LDH before and after UV irradiation, as well as
that of NiAl-CO3-LDH prepared by coprecipitation, as a
reference sample. It can be seen from Figure 10a that NiAl-
CO3-LDH is ESR silent at room temperature and at liquid
nitrogen temperature, because of its Ni–OH regular octahe-
dral crystal field. However, in the case of NiAl-NO3-LDH,
distinct signals with g = 2.163 (Figure 10b) and g = 2.643
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(Figure 10c) were observed for the sample before and after
UV irradiation, respectively. These can be attributed to
Ni2+ ions (3d8 electronic configuration) in a strongly dis-
torted octahedral crystal field.[22] The difference in the g
values indicates that the distortion in the octahedral crystal
field for NiAl-NO3-LDH is not completely the same before
and after UV irradiation.

Figure 10. ESR spectra of powdered NiAl-CO3-LDH prepared by
coprecipitation (a), and NiAl-NO3-LDHs before irradiation (b)
and after irradiation (c).

On the basis of the discussion above, it can be concluded
that the host–guest interaction between Ni2+ and the nitrate
anions, and thus the presence of the specific octahedral
crystal field of the Ni2+, leads to photochromism in NiAl-
NO3-LDHs. Single-crystal structure analysis of CaAl-NO3/
CO3/SO4/Cl-LDHs has revealed that Ca2+ ions are seven-
fold coordinated by O atoms. A water molecule, a carbonate
anion, or a nitrate anion occupies the seventh coordination
site of three of the four Ca2+ ions contained in the main
layer.[24–27] Moreover, Steven et al. reported that, in the lay-
ered material Ni2(OH)3NO3, the nitrate anion was located
in the interlayer region and was coordinated through one
oxygen atom directly to the matrix Ni2+ cation.[28] In the
current study, taking into account the confirmation by EX-
AFS data that Ni2+ ions are sixfold coordinated (Table 1),
the evidence from ESR data that Ni2+ ions exist in a dis-
torted octahedral crystal field, and the presence of unex-
changeable NO3

–, it can be concluded that there are specific
units of octahedral structure in which Ni2+ is coordinated
by five hydroxy groups and one nitrate anion through the
O atom in NiAl-NO3-LDH, as shown in Figure 11. The
influence of water cannot be excluded completely, and there
is the possibility that a hydrogen-bonding system exists be-
tween the host hydroxy and nitrate anions, and water mole-
cules, and thus water has a secondary influence on the pho-
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tochromism of NiAl-NO3-LDH (as shown in Figure 11).
Further studies on the effects of water, as well as theoretical
calculations, are under investigation at our laboratory.

Figure 11. Schematic representation of the structure of NiAl-NO3-
LDH.

The electronic configuration of Ni2+ ions in the ground
state is 3d8 (t2g

6eg
2). As shown in Figure 12a, the octahe-

dral crystal field of the Ni2+ ions is generated by the coor-
dinated O atom of the nitrate anion, and is somewhat dis-
torted with a g value of 2.163, derived from ESR spec-
troscopy data. Under UV-light irradiation, the electronic
configuration of the Ni2+ ions in the excited state is 3d8

(t2g
5eg

3), which speaks in favor of the Jahn–Teller effect,
and thus leads to a more strongly distorted octahedral
crystal field (Figure 12b). The latter structure is quite
stable at room temperature and cannot revert spontane-
ously. In comparison with the sample before UV irradia-
tion, it demonstrates changes in the UV/Vis absorption
spectrum (especially the strong absorption enhancement in
at a wavelength of 500 nm) and in the g value determined
by ESR spectroscopy (from 2.163 to 2.634). Upon heating,
the radiation-induced structure recovers its original state,
and the color changes from black to green. Because the
distorted octahedral structure [Ni(OH)5NO3] was a meta-
stable state thermodynamically, it reverted to the stable
regular octahedral unit [Ni(OH)6] by substitution of the
NO3

– by an OH– group upon increasing aging time or tem-
perature during the preparation process. As a result, the
specific octahedral crystal field of the Ni2+ ion, coordi-
nated by a nitrate anion, leads to photochromism in NiAl-
NO3-LDHs.

Figure 12. Photochromic mechanism in NiAl-NO3-LDH: (a) struc-
ture before UV irradiation and (b) structure after UV irradiation.
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Conclusions

Photochromism in NiAl-NO3-LDHs has been studied in
this work. The crystalline structure and chemical composi-
tion of NiAl-NO3-LDHs have been characterized on the
basis of the results of PXRD, FTIR, EXAFS, and elemen-
tal analysis. The studies on the influence of aging condi-
tions indicate that the host–guest interaction between the
nickel ion in the host layer and the interlayer NO3

– plays
an important role in its photochromic behavior. Taking into
account the confirmation by EXAFS data that the Ni2+

ions are sixfold coordinated, the ESR spectroscopy data
that indicates that Ni2+ is ESR active in NiAl-NO3-LDHs,
the confirmation of the presence of some unexchangeable
NO3

–, and the exclusion of the redox of Ni2+, it can be
concluded that there is a specific unit of distorted octahe-
dral structure. This unit consists of a Ni2+ ion, which is
coordinated by O atoms from five hydroxy groups and one
nitrate anion, and results in photochromism in NiAl-NO3-
LDHs.

Experimental Section
Preparation of NiAl-NO3-LDH: NiAl-NO3-LDH was synthesized
by a hydrothermal method.[29] Typically, an aqueous solution of
NaOH (24 g, 0.6 mol) in deionized water (40 mL) was added drop-
wise to a vigorously stirred, freshly prepared solution containing
Ni(NO3)2·6H2O (58.156 g, 0.2 mol) and Al(NO3)3·9H2O (37.513 g,
0.1 mol) (Ni2+/Al3+ = 2) in deionized water (100 mL) under a nitro-
gen atmosphere at room temperature. The final pH was approxi-
mately 6. The suspension was transferred to a Teflon-lined auto-
clave and heated at 70, 100, 130, 150, or 180 °C for a specific time.
The solid precipitate was collected by filtration through a mem-
brane filter under suction, washed thoroughly with water, and dried
at 70 °C for 18 h.

Preparation of MgAl-NO3-LDH and ZnAl-NO3-LDH: MgAl-NO3-
LDH and ZnAl-NO3-LDH, which were used as comparison sam-
ples, were synthesized by a hydrothermal method. MgAl-NO3-
LDH was synthesized by a procedure similar to that described pre-
viously.[30] A solution of Mg(NO3)2·6H2O (32.0 g, 0.125 mol) and
Al(NO3)3·9H2O (11.7 g, 0.062 mol) in deionized water (200 mL)
was added dropwise over 2 h to a solution of NaOH (12.5 g,
0.310 mol) and NaNO3 (18.2 g, 0.210 mol) in water (250 mL). The
mixture was transferred to a Teflon-lined autoclave and heated at
70 °C for 24 h. The precipitate was separated by centrifugation,
washed with water, and dried at 70 °C for 18 h. ZnAl-NO3-LDH
was obtained by a similar method.

Preparation of NiAl-CO3-LDH: NiAl-CO3-LDH was prepared by
both coprecipitation and ion exchange. The sample prepared by the
coprecipitation method was synthesized according to a literature
procedure.[31] In the case of the NiAl-CO3-LDH sample obtained
by ion exchange, the precursor NiAl-NO3-LDH was synthesized
first by the procedure described above. Subsequently, a solution of
Na2CO3 in deionized water (50 mL) was added to a suspension of
NiAl-NO3-LDH in water (50 mL), and the mixture was then heated
to 70 °C for 24 h. The product was washed extensively with deion-
ized water, centrifuged, and dried at 70 °C for 18 h.

Characterization Techniques

PXRD patterns were obtained by using a Shimadzu XRD-6000
diffractometer under the following conditions: Cu-Kα radiation (λ
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= 1.542 Å, 2θ = 2–70°), 40 kV, 30 mA. Infrared spectra of samples
were recorded by using a Bruker Vector 22 FTIR spectrometer.
Specimens were prepared as KBr pellets. Elemental analysis of the
metal content was performed with an ICPS-7500 inductively cou-
pled plasma optical-emission spectrometer. C, H, and N elemental
analysis was carried out with an Elementar Vario elemental ana-
lyzer. The ESR spectra were recorded at room temperature with a
Bruker ESP300 spectrometer. A standard 100 MHz field modula-
tion and a 5–10 G modulation width were used. XPS was recorded
with a VG Scientific ESCALab220i-XL (VG Scientific Ltd., UK)
spectrometer.

The EXAFS spectrum around the Ni K-adsorption edge was ob-
tained by using the beamline 4W1B of the Beijing Synchrotron
Radiation Facility (BSRF). The NiAl-NO3-LDH nanoparticles
were homogeneously smeared on Scotch adhesive tape. More than
eight layers were folded to reach the optimum absorption thickness.
The X-ray absorption spectrum of the Ni K-edge of NiAl-NO3-
LDH was collected at ambient temperature in the transmission
mode. The storage ring was operated at 2.2 GeV with a typical
current of 50 mA. Fixed-exit Si(111) flat double crystals were used
as a monochromator. The incident and transmission X-ray inten-
sities were detected by using ion chambers installed in front of and
behind the sample. The X-ray energy was calibrated by using the
Ni K-absorption edge (8348 eV). The absorption spectrum was col-
lected from 200 eV below the absorption threshold to over 700 eV
above the threshold.

EXAFS data reduction was performed by using WinXAS 97 1.1
and following standard procedures. The first maximum of the first
derivative of the absorption edge was chosen as the energy thresh-
old. The pre-edge absorption background was fitted and subtracted
by using a linear function. A derivative method was used to derive
the EXAFS signal and remove the post-edge absorption back-
ground. EXAFS functions were normalized by using the absorp-
tion-edge jump and were Fourier-transformed to R space with k1-
weight in the range 1.1–11.3 Å. Fourier filters were used in the
range 0.3–1.8 Å. Theoretical scattering paths for the fit were calcu-
lated by using the structures of α-Ni(OH)2. To reduce the number
of adjustable parameters, the amplitude reduction factor, S0

2, was
fixed at 1.1. The RNi–O values are estimated to be accurate to
0.02 Å, and the ∆E0 and CNNi–O values are estimated to be accu-
rate to 20%. The accuracy estimates are based on the results of
theoretical fits to the spectra of the reference compounds of known
structure.

Study of the Photochromic Properties of LDHs: UV irradiation was
carried out by using a 500-W xenon lamp. Absorption spectra were
recorded by using a UV/Vis spectrophotometer (Shimadzu UV-
2501 PC).
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A series of photoactive complexes of [RuIIbis(bipyridyl){2-(4-
methylpyridin-2-yl)benzo[d]-X-azole}](PF6)2 (X = N–CH3, 1;
S, 2; or O, 3) have been synthesized and fully characterized
by proton and 13C NMR spectroscopy and UV/Vis spec-
troscopy. The X-ray structure of 1 is also reported. The elec-
trochemical behavior and the photophysical properties of 1–
3 have been investigated. Cyclic voltammetry (CV) reveals
the presence of three consecutive one-electron reduction
processes and a single one-electron oxidation process that

Introduction

Luminescent techniques are among the fastest-growing
analytical tools in life science and analytical chemistry.[1]

These techniques are useful because they couple high sensi-
tivity and selectivity with automated monitoring. Further-
more, many parameters can be detected: luminescence in-
tensity, quantum yield, lifetime, luminescence polarization,
quenching efficiency, and radiative and nonradiative energy
transfer.

In recent years, metal–ligand complexes (MLCs) have
gained paramount importance in luminescence spec-
troscopy because of their wide range of absorption and
emission wavelengths and their long decay times, which
range from 100 ns to 10 µs.[1] Careful selection of metal and
ligand can result in properties that are helpful for specific
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are chemically and electrochemically reversible. In all cases,
electrogenerated chemiluminescence (ECL) has been ob-
served in the presence of the co-reactant tri-n-propylamine
(TPA). An analogue of 1 has been synthesized, [RuIIbis(bipyr-
idyl){2-(4-methylpyridin-2-yl)benzo[d]-X-azole}](PF6)2 [X =
N(CH2)5CO2H, 4], it has been coupled with bovine serum
albumin (BSA), and its photophysical properties investigated.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

applications; for example, absorption wavelengths between
460 and 700 nm can be obtained using osmium and ruthe-
nium in MLCs. Also, ruthenium complexes have been used
as lifetime-based optical sensors for pH,[2,3] potassium,[4]

chloride,[5] and carbon dioxide detection.[6] In addition, ru-
thenium complexes have been developed as luminescent
probes for immunoassays.[7–10] Furthermore, the rotation of
proteins and other macromolecules can be studied by a
combination of polarized emission and time-resolved mea-
surements in the microsecond range. Lastly, the use of ru-
thenium complexes in place of ethidium bromide in DNA
analysis has also been reported.[11] In this application, the
probe’s luminescence increases when it intercalates into
double-stranded DNA. Thus, the spectral and temporal res-
olution of MLC-based excited-state microscopy can result
in increased resolution and probe selectivity for biological
applications.

Our focus is the development of novel electrogenerated
chemiluminescence (ECL) devices suitable for the detection
of different biological analytes of clinical and environmen-
tal interest. To this end, we report the synthesis, characteri-
zation, redox behavior, and photophysical properties of the
series of complexes [RuIIbis(bipyridyl){2-(4-methylpyridin-
2-yl)benzo[d]-X-azole}](PF6)2 (X = N–CH3, 1; S, 2; or O,
3). The use of [2-(4-methylpyridin-2-yl)-1H-benzoimid-
azole] (X = NH) as a free ligand offers the opportunity
to introduce a substituent in the 1H position suitable for
bioconjugation using standard synthetic organic tech-
niques. As an example of a biological application, we also
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report the synthesis of an analogue of 1 in which the methyl
group is substituted by 1-hexanoic acid and the resulting
complex, 4, is bioconjugated to bovine serum albumin
(BSA) through an amidic bond. Photophysical investi-
gations show efficient luminescence and ECL properties for
all the derivatives. The synthesis of 2 and 3 also allows us
to evaluate how the electronic and photophysical properties
of the metal complex are affected by subtle alterations in
the bidentate heterocyclic ligand.

Results and Discussion

Following our synthesis of novel metal complexes of ru-
thenium and osmium with potentially useful fluorescence
properties,[12,13] we investigated the reactivity of Ru(bpy)2-
Cl2 with bidentate ligands of formula 2-(4-methylpyridin-2-
yl)benzo[d]-X-azole (X = N–CH3, S, or O). The choice of
this unsymmetrical bidentate ligand, which has a single,
easily modifiable site in the case of the benzimidazole li-
gand, avoids the formation of unwanted isomeric species,
which are often difficult to separate from the desired prod-
uct.

The reaction of Ru(bpy)2Cl2 with 2-(4-methylpyridin-2-
yl)benzo[d]-X-azole (X = N–CH3, S, or O) in refluxing eth-
ylene glycol gives a single orange crystalline product in
good yield for all the ligands that have been identified as 1,
2, and 3 respectively (Scheme 1). The products have been
recrystallized as PF6

– salts and in the case of 1, analyzed
by single-crystal X-ray diffraction.

Figure 1. Molecular structure of compound 1 showing the adopted labeling scheme, with displacement ellipsoids drawn at 20% prob-
ability. A half-populated CH3CN moiety, located in the electron density, is not shown for the sake of clarity.
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Scheme 1.

Crystal Structure of [RuIIbis(bipyridyl){2-(4-methylpyridin-
2-yl)benzo[d]-X-azole}](PF6)2 (X = N–CH3, 1)

The crystal structure of 1 is illustrated in Figure 1, crys-
tallographic data are given in Table 5, and selected distances
and angles are given in Table 1. The asymmetric unit of the
complex is arranged in the P21/c space group. Two PF6

–

anions assure the electrical neutrality of the structure. As
already observed in related structures,[13,14] the PF6

– moie-
ties are rather mobile, as evidenced by their large equivalent
atomic displacement parameters (ADP), ranging from
0.090(1) for F(2) to 0.149(2) for F(5). Also the atoms be-
longing to the bpy and 2-pyridyl-benzimidazole ligands
show large ADP values. The magnitudes of the ADP in-
crease with increasing distance from the ruthenium atom,
as expected. For example, the 6 N atoms, N(1)–N(6),
bonded to Ru show ADP values in the range 0.044(1)–
0.048(1), whereas C(33), the atom furthest away from the
Ru atom, has an ADP value of 0.114(3).

The geometry around the Ru atom is a fairly regular oc-
tahedron with five-membered chelate rings having bite
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Table 1. Selected distances and bond angles for 1.[a]

Distances [Å]

Ru–N(1) 2.051(4) N(6)–C(32) 1.399(6) N(1)–C(5) 1.357(6)
Ru–N(2) 2.050(4) N(6)–C(26) 1.335(5) N(2)–C(6) 1.349(6)
Ru–N(3) 2.066(4) C(25)–C(26) 1.469(6) N(2)–C(10) 1.353(6)
Ru–N(4) 2.064(4) N(5)–C(25) 1.364(6) N(7)–C(26) 1.356(6)
Ru–N(5) 2.078(4) N(5)–C(21) 1.343(6) N(7)–C(27) 1.395(6)
Ru–N(6) 2.060(4) N(1)–C(1) 1.324(6)

Angles [°]

N(1)–Ru–N(2) 78.9(2) N(1)–Ru–N(4) 174.3(1) N(1)–Ru–N(3) 97.6(2)
N(3)–Ru–N(4) 78.9(2) N(2)–Ru–N(5) 173.0(1) N(1)–Ru–N(5) 95.6(2)
N(5)–Ru–N(6) 77.4(1) N(3)–Ru–N(6) 173.3(2) N(2)–Ru–N(4) 96.3(2)
N(1)–Ru–N(6) 88.5(2) C(26)–N(6)–C(32) 105.4(4) N(3)–Ru–N(5) 99.1(1)
N(2)–Ru–N(3) 85.9(2) C(21)–N(5)–C(25) 116.9(4) N(4)–Ru–N(6) 95.3(2)
N(4)–Ru–N(5) 89.4(1) C(6)–N(2)–C(10) 116.8(4)

[a] Numbers in parentheses are estimated standard deviations.

angles of 78.8(2)°, and the angles between the chelate rings
are divided into the usual two groups of 85.9–88.5(2)° and
95.6–99.1(2)° (Table 1). This geometry is very similar to the
closely related complex [Ru(bpy)2(bbbpyH2)](ClO4)2

[bbbpyH2 = 2,2�-bis(benzimidazol-2-yl)-4,4�-bipyridine][15]

and to bis(bipyridyl) complexes in general.[16,17] Similarly,
the Ru–N bipyridyl bond lengths [2.050–2.078(4) Å] and
the benzimidazole bond length [Ru–N(6) = 2.060(4) Å] are
very similar to Ru–N bonds in the related complexes.[16,17]

The N(6)–C(32) and N(6)–C(26) bond lengths of 1.399(6)
and 1.335(5) Å are also similar to the previously reported
Ru-benzimidazole complex [1.39(1) and 1.35(1) Å] as are
the other N–C bonds within the bipyridyl rings.[15] Al-
though it is dangerous to draw conclusions about relative
bond strengths from metal–ligand bond lengths alone, it
would seem from these data that the benzimidazole ring has
donor properties similar to those of the pyridinyl ligands
and that these properties are relatively insensitive to substi-
tution of a methyl group in the 3-position of the ring.

In the solid state, the cationic and anionic moieties are
vertically stacked in layers (Figure 2), and are stabilized by
ionic interactions between anions and cations and by weak
C–H···F interactions (dotted lines in Figure 2). The layers
are connected by PF6

– ions to form a low-density struc-
ture – 1.570 Mg/m3 is small for a Ru-containing com-
pound – with channels containing two acetonitrile mole-
cules in half-occupancy. The acetonitrile positions are rep-
resented in Figure 2 by circles located in the acetonitrile
centers of mass. The acetonitrile molecules are only weakly
bound to the cation–anion couple by weak CH···F and
CH···N interactions, depicted by broken lines in Figure 3.
The geometric features of the C(36)–H···F and C–H···N(8)
interactions that are shorter than 3.0 Å are reported in
Table 2. The contact distances are large, being just within
twice the standard deviation of the sum of the van der
Waals radii (vdWN + vdWH = 2.75 Å, vdWF + vdWH =
2.64 Å) except in the case of the C(36)–H(36B)···F8 contact.
Because of the long contact distances, the acetonitrile moi-
ety can be accommodated by optimizing the contact angles,
which range from 124(1)° to 154(1)°. The acetonitrile moie-
ties thus have considerable freedom of movement and, in
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fact, they are disordered in the crystal structure and can be
successfully refined only by imposing a 1/2 population of
the N(8), C(1), and C(2) atoms.

Figure 2. Crystal packing of compound 1, showing the channels
between the layers formed by the [Ru(bpy)2(LegN)](PF6)2 ionic
couples. Acetonitrile positions are indicated by their center of mass.

NMR Spectroscopy

The 1H NMR spectrum (Figure 4, top) of 1 recorded in
acetone is entirely consistent with the structure found in the
solid state, showing 22 proton resonances in the aromatic
region from 7.10 to 8.82 ppm and one at δ = 5.94 ppm.
Sixteen signals belong to protons of the two-bpy moieties
and the other seven are assigned to the 2-(4-methylpyridin-
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Figure 3. The weak interactions, observed in the solid state, between the acetonitrile moiety and the ions of 1.

Table 2. Geometric features of the weak hydrogen bonds connect-
ing the acetonitrile moiety and 1 (distances in Å and angles in °).[a]

Compound 1

N(8)···H(3A) 2.89(2)
N(8)···H(3A)–C(3A) 135(1)
N(8)···H(29A) 2.72(2)
N(8)···H(29A)–C(29A) 154(1)
H(36A)···F(8A) 2.84(2)
C(36–36A)···F(8A) 147(1)
H(36B)···F(8) 2.54(2)
C(36)–H(36B)···F(8) 144(1)
H(36B)···F(6) 2.98(2)
C(36)–H(36B)···F(6) 133(1)
C(36)–H(36C)···F(2) 2.82(2)
C(36)–H(36C)···F(2) 124(1)

[a] Numbers in parentheses are estimated standard deviations.

2-yl)-benzimidazole ligand. Furthermore, two other signals
are observed at δ = 4.5 and 2.5 ppm, assigned to methyl
groups of the benzimidazole and pyridine rings, respec-
tively.

As for 1, the spectra of 2 and 3 also show 23 proton
resonances in the aromatic range and a signal at 2.6 ppm
because of the 4-pyridine methyl group. The 13C spectra of
complexes 1–3 are also consistent with the proposed struc-
tures (see Figure 4, bottom for 1).

Electrochemistry

The cyclic voltammetric (CV) response in acetonitrile at
a glassy carbon (GC) electrode for each of the Ru deriva-
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tives shows three sequential ligand-centered one-electron re-
ductions (Figure 5, top) and a single metal-centered one-
electron oxidation (Figure 5, bottom). The electrochemical
behavior described is similar to that of the well-known
Ru(bpy)3Cl2 and related complexes.[18] In the particular
case of Ru(bpy)3Cl2, however, the chlorine ions undergo an
additional irreversible oxidation in acetonitrile solutions.[19]

We do not observe this particular oxidation process in the
CV of complexes 1–3, as the counterion is PF6

–. The redox
processes are chemically and electrochemically reversible,
with ipa/ipc � 1 and |Ep

c – Ep
a| � 60–70 mV at scan rates

ranging from 0.050 to 1.000 V/s. The half-wave redox po-
tentials evaluated as a mean of the cyclic voltammetric an-
odic and cathodic peaks, as well as the peak-to-peak sepa-
rations, are reported in Table 3. In the case of 1, the pro-
cesses centered at E1/2(+2/+3) = +0.732, E1/2(+2/+1) =
–1.782, E1/2(+1/0) = –1.982, and E1/2(0/–1) = –2.215 V ver-
sus Fc/Fc+ are shifted towards more negative values of
about 0.2 V when compared with the corresponding values
of 2 and 3. This is in line with the better σ-donor electronic
properties of the ligand containing nitrogen. In addition,
the closely related mononuclear and dinuclear Ru(bpy)2

complexes of the free ligand 2,2�-bis(benzimidazol-2yl)-
4,4�-bipyridine have similar oxidation and reduction poten-
tials.[15,20] The oxidation of [Ru(bpy)3]2+ is at the somewhat
more positive potential [E1/2(+2/+3) = +0.881 vs. Fc/Fc+]
in acetonitrile, indicating that the benzimidazole ring is a
slightly better donor than bipyridyl. On the contrary, re-
ductions of compounds 2 and 3 occur at less negative po-
tentials. The diffusion coefficient of 1 (D1) relative to that



Photoactive Ru Complexes with Bidentate Ligands FULL PAPER

Figure 4. 1H NMR expansion of the aromatic region and 13C
NMR of 1 at 400 MHz in acetone.

of ferrocene (DFc) can be evaluated to be D1/DFc = 0.588
through the Nicholson–Shain equation[21] by means of the
ratio between the anodic peak current of ferrocene and that
of 1 (Figure 5, bottom) because the one-electron oxidation
processes are Nernstian. Exactly the same value is ob-
tained[22] by the Stoke–Einstein equation[23] using the crys-
tallographic molecular volumes of 1 and ferrocene:[24]

D1/DFc = (VFc/V1)1/3 = (203.08 Å3/1001.5 Å3) � 0.587

Absorption Spectra and Photoluminescence

UV/Vis absorption spectra of 1–3 are characterized by
several ligand-based transitions in the UV with metal-to-
ligand charge transfer (MLCT) bands in the visible region.
In CH3CN solution, the complexes display four absorption
bands, three in the range of 250–400 nm attributable to the
π-to-π* transitions of the bipyridine and heterocyclic rings
and one in the 450–460 nm range assigned to a MLCT tran-
sition. The MLCT absorption bands display a maximum at
460 nm for 1 and at 450 nm for 2 and 3. Their luminescent
behavior has been investigated by acquiring emission spec-
tra and by evaluating the molar extinction coefficient for
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Figure 5. Top: cyclic voltammogram (reduction only) of a 1 m
solution of 1 in MeCN at a GC electrode, scan rate of 0.100 V/s.
Bottom: cyclic voltammogram (oxidation only) of an equimolar
(1 m) solution of 1 and ferrocene in MeCN at a GC electrode,
scan rate of 0.100 V/s.

Table 3. Redox potentials (V vs. Fc/Fc+) and peak-to-peak separa-
tion in parenthesis (mV) at a scan rate of 0.1 V/s in acetonitrile for
the reference Ru(bpy)3Cl2 and complexes 1–3.

E1/2 Ru(bpy)3Cl2 1 2 3

+2/+3 +0.881 (70) +0.732 (65) +0.920 (86) +0.944 (77)
+2/+1 –1.738 (66) –1.782 (66) –1.506 (75) –1.579 (70)
+1/0 –1.923 (69) –1.982 (71) –1.886 (77) –1.898 (73)
0/–1 –2.165 (75) –2.215 (66) –2.138 (82) –2.145 (85)
–1/–2 –2.77 (irr) –2.72 (irr) –2.560 (72) –2.63 (irr)
–2/–3 –2.91 (irr) –2.98 (irr) –2.89 (irr)

absorption and the quantum yields of the emission after
irradiation at λmax for the MLCT transition (Table 4).

The systems display broad emission spectra with maxi-
mums in energy at 634, 684, and 666 nm with Stoke’s shifts
of 174, 234, and 216 nm for 1–3, respectively. Quantum effi-
ciencies were found to be 0.021, 0.008, and 0.008 for 1–3,
respectively. These values were determined using Ru-
(bpy3)2+ (Φem = 0.062)[25] as a standard (Table 4). The lumi-
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Table 4. MLCT absorptions, extinction coefficient, emission prop-
erties, and ECL efficiencies for 1–3.

λex ε λem Φem δ τ ΦECL

(nm) (nm) (nm) (ns)

Ru(bpy)3
2+ 450 13300 614 0.062 164 890 1

1 460 12200 634 0.021 174 139 0.35
2 450 10700 684 0.008 234 184 0.04
3 450 10700 666 0.008 216 138 0.03

nescence lifetimes of the metal complexes, determined by
time-correlated single-photon counting as described in
Methods, were single exponential decays (see Table 4).

Electrogenerated Chemiluminescence

Electrochemiluminescence (ECL) involves the pro-
duction of reactive intermediates at the electrode surface
from stable precursors. These intermediates can react in
various ways to form excited states that emit light at or near
the electrode surfaces. ECL has useful commercial applica-
tions in clinical analyses (e.g. immunoassays, DNA probes)
using Ru(bpy)3

2+ and a co-reactant to generate the signal.
The co-reactant is generally defined as a species that, after
electrochemical oxidation or reduction, produces intermedi-
ates that can react with other compounds in the solution
and that are able to produce excited states. We used the
well-known tri-n-propylamine (TPA) as co-reactant. Details
of the mechanism by which TPA acts[26] are found in the
excellent ECL review by Richter.[27] Compounds 1–3 show
stable reversible electrochemistry, and therefore are promis-
ing ECL luminophores.

Solutions containing only the Ru complex or only the
co-reactant do not give an ECL signal. The intense ECL
signals resulting from the oxidation of TPA in aqueous
solutions of all three complexes were acquired simulta-
neously with the CV in the potential range between 0 and
+1.5 V, at a scan rate of 50 mV/s. The ECL efficiencies,
ΦECL, in water were estimated using the following equa-
tion:[28,29]

ΦECL = Φ°ECL(IQ°/I°Q)

where Φ°ECL is the ECL efficiency of the standard Ru-
(bpy)3Cl2 under the same conditions, I and I° are the inte-
grated ECL intensities of the luminophore under investiga-
tion, and the standard, and Q and Q° are the charges
passed (in coulombs) for the luminophore and the stan-
dard, respectively. In experiments performed with the co-
reactant, the absolute ECL quantum efficiency for the refer-
ence system Ru(bpy)3Cl2/TPA is unknown, so relative effi-
ciencies are reported taking its Φ°ECL = 1. The ΦECL values
in Table 4 are a mean of the first three sequential measure-
ments and are subject to an error of about ±10%. It has
been reported that adsorption phenomena could influence
the ECL emission.[30,31] Moreover, the MLCT states, and
hence the luminescence properties, are sensitive to the na-
ture of the environment and to the solvation shell.[32] Typi-
cal ECL responses are sketched in Figure 6.
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Figure 6. Electrochemiluminescence (ECL) of complexes 1–3 in the
presence of tri-n-propylamine (TPA) in water borate buffer at pH
= 8.5.

The presence of dissolved oxygen in water (acquired pri-
marily from ambient air) is undesirable, as this often results
in quenching of the luminophore. However, at the high TPA
concentrations used in this work (20 m), the influence of
dissolved oxygen on the emission of the Ru(bpy)3

2+/TPA
system is negligible, provided the source of oxygen is air
only.[33] For these reasons we performed all measurements
in air.

Despite the limitations described above, it is worth not-
ing that the ΦECL for 1 is almost an order of magnitude
greater than either 2 or 3. This is undoubtedly due to the
lower oxidation potential of 1 relative to 2 and 3. It is gen-
erally accepted that the primary mechanisms for producing
ECL with Ru(bpy)3

2+ in the presence of the co-reactant
TPA are: (1) oxidation of Ru(bpy)3

1+, produced by re-
duction of Ru(bpy)3

2+ by TPA· (this species results from
ejection of a proton from the relatively long-lived TPA·+),
which gives rise to an excited state Ru(bpy)3

2+; and (2) re-
duction of electrochemically generated Ru(bpy)3

3+ by TPA·

to give the same excited state Ru(bpy)3
2+.[26] In the ECL

spectrum reported in Figure 6, the first peak is due to the
effect of the oxidation of TPA at the electrode, whereas the
latter is relative to the oxidation of Ru(bpy)3

2+.[26] In the
case of 1, its lower oxidation potential relative to 2 and 3
would contribute to both of these mechanisms. The better
donor properties of the benzimidazole ligand are not only
due to electronegativity considerations, but also to the ex-
pected greater contribution of the resonance structure
(shown in Scheme 2) as a result of more efficient π overlap.

Scheme 2.
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Scheme 3.

Bioconjugation

Although the ECL efficiency of 1 is only about one-third
that of Ru(bpy)3

2+, its luminescent properties are sufficient
to take advantage of the fact that the 2-(4-methylpyridin-
2-yl)-benzo-X-azole (X = NH) ligand can be readily and
regioselectively modified at the NH group with a linker suit-
able for bioconjugation. Thus, by reacting Ru(bpy)2Cl2 with
the benzyl ester in ethylene glycol, an intermediate 1-hexa-
noic acid glycol ester analogue of 1 is obtained, which on
acid hydrolysis yields the corresponding hexanoic acid com-
plex 4 in good yield (Scheme 3).

This complex was characterized by one- and two-dimen-
sional 1H NMR and 13C NMR spectroscopy. Complex 4
has virtually the same absorption spectrum as 1, showing
absorption maxima at 250, 290, 330, and 458 nm and emis-
sion band at 630 nm.

The reaction of 4 with N-hydroxysuccinimide (NHS) in
the presence of dicyclohexylcarbodiimide (DCC) in anhy-
drous DMF gives the activated succinimide ester 4-NHS
(Scheme 4),[34] suitable for bioconjugation with BSA. The
primary structures of BSA, a 67-kDa acidic protein with
prolate ellipsoidal shape, and its human homologue,
HSA,[35] are well established.[36] Among the 582 amino ac-
ids that form BSA, 59 lysines and one N-terminal residue
are potentially available for the coupling. In nondenaturing
conditions (i.e. low temperature, physiological pH, and low
concentration of organic co-solvent), 30–40 lysines are be-
lieved to be accessible to coupling reagents.[37] The reaction
was monitored by HPLC, and the unstable activated ester
4-NHS was immediately incubated with BSA in borate
buffer (pH = 8.5, ratio dye:protein = 10:1). The resulting 4-
BSA conjugate was purified by gel exclusion chromatog-
raphy on a Sephadex G-25 M prepacked column with de-
tection at 460 nm. The 4-BSA conjugate showed an absorp-
tion spectrum virtually identical to that of 4 except for in-

Scheme 4.
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creased absorbance at 280 nm because of the protein (Fig-
ure 7). Irradiation of the 4-BSA conjugate at 460 nm gave
an emission at 630 nm, identical to that of 4 and very sim-
ilar to that of 1 (Figure 8). It must be noted that, besides
the similarity in shape, the photoluminescent signal of the
solution of 4 alone and 4-BSA equimolar in fluorophore
(determined on the basis of the dye-to-protein ratio re-
ported below) exhibited almost the same intensity, indicat-
ing that 4 maintains its Φem when linked to the protein. The
dye-to-protein ratio of the 4-BSA conjugate and the whole
protein concentration were estimated by measuring the ab-
sorbance of 4-BSA at 460 nm (ε460 = 12200 –1/cm)[38,39]

and by the Bradford method,[40] respectively. The molar
dye-to-protein conjugation ratio of 4-BSA was 1.2.

Figure 7. UV/Vis absorption spectra of BSA (···), 4 (----), and 4-
BSA (––) in water borate buffer at pH = 8.5.
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Figure 8. Emission spectra, obtained under irradiation at 460 nm,
of 4 (---) and 4-BSA (___) in water borate buffer at pH = 8.5.

Conclusions

We report a new series of ruthenium complexes based on
the ligand system 2-(4-methylpyridin-2-yl)benzo[d]-X-azole
(X = N–CH3, S, or O). The benzimidazole complex 1 exhib-
its the highest quantum yield for luminescence and also the
highest ECL efficiency based on its superior donor proper-
ties. The X-ray crystal structure of 1 is reported. The photo-
physical and ECL properties of the series correlate well with
their electrochemical properties, and this observation for a
homologous series such as 1–3 lends support to the idea
that such correlations should be general. This study shows
also that the ECL emission of 1 in aqueous solutions with
the co-reactant TPA is 0.35 times that of the reference com-
pound Ru(bpy)3Cl2, still reasonably efficient for use as a
biological marker. Furthermore, the protocol presented
here for bioconjugation is particularly valuable because it
provides a simple pathway that can be generalized for link-
ing 4 to small peptides for selective conjugation to proteins
and protein receptor sites. The carboxylic acid group in 4
can also be easily modified to target other functionalities
besides primary amines.

Further studies are currently in progress for the synthesis
of ruthenium derivatives bioconjugated to monoclonal anti-
bodies to serve as novel photoluminescent and electrochem-
iluminescent probes for diagnostics at very low concentra-
tion.

Experimental Section
Materials: Ruthenium(III) chloride hydrate was purchased from
Lancaster and used as received. 2,2�-Bipyridine, obtained from Al-
drich, was purified by crystallization from hexane and dried under
vacuum over P2O5.[41] cis-[Ru(bpy)2Cl2]·2H2O was prepared ac-
cording to the literature methods.[42] The intermediate 6-bromo-
hexanoic acid benzyl ester[43] and the ligands 2-(4-methylpyridin-2-
yl)benzo[d]-X-azole (X = N–CH3, S, or O) and 2-(4-methylpyridin-
2-yl)-1H-benzoimidazole[44,45] were prepared according to pub-
lished procedures. Tetrabutylammonium hexafluorophosphate
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(TBAPF6) was obtained as previously reported.[12] Acetonitrile was
distilled from calcium hydride just before use. Triple-distilled water
was used routinely. BSA was purchased from Fluka and used as
received. Prepacked PD-10 columns Sephadex G-25 M were pur-
chased from Amersham Biosciences. All other reagents and sol-
vents, obtained from commercial suppliers, were of reagent grade
and were used as received without any further purification. All the
reactions involving the metal complexes were carried out in argon
by standard Schlenk techniques.

Physical Methods: NMR spectra were recorded with a JEOL EX
400 spectrometer (B0 = 9.8 T, 1H operating frequency 399.78 MHz)
with chemical shifts referenced to residual protons in the solvent
([D6]acetone). Absorption spectra were measured at room tempera-
ture, using a DR LANGE CADAS 200 spectrophotometer, and
emission spectra were measured with a Perkin Elmer LS 55 spectro-
fluorimeter.

Luminescence lifetimes were performed under magic angle polar-
ization conditions by time-correlated single-photon counting[1]

using excitation with picosecond pulses of 455-nm light at a repeti-
tion rate of 500 kHz generated by a Ti:Sapphire laser system (Verdi
V10, Mira 900, and pulse picker from Coherent, Inc., Santa Clara,
CA. Second harmonic generation was provided by a 5-050 system
from Inrad, Northvale, NJ). The sample was maintained at 20 °C
in an automated sample chamber (FLASC 1000 from Quantum
Northwest, Spokane, WA). The emission was collected using a
bandpass of 20 nm. The data were collected into 2048 channels
(1 ns/channel) to 40000 counts in the peak channel. Because the
excitation pulse is essentially a delta function at this time resolu-
tion, the decays were fit directly without reconvolution as sums of
exponentials using Origin 7 (Northampton, MA 01060, USA). IR
spectra were recorded with a V22 Bruker FTIR spectrophotometer
with a resolution of 2 cm–1 and an accumulation of 64 scans.

Electrochemistry: Electrochemistry was performed either with an
EG&G PAR 273 electrochemical analyzer or with an AMEL po-
tentiostat model 7050 connected to a PC. All experiments em-
ployed a standard three-electrode cell; the reference electrode was
a 3  KCl calomel electrode, the auxiliary electrode a platinum
wire, and the working electrode a glassy carbon (GC) with a dia-
meter of 1 mm (CV in acetonitrile) or 2 mm (ECL experiments in
water). Positive feedback iR compensation was applied routinely.
Measurements were carried out either in water or acetonitrile. The
supporting electrolytes were 0.1  phosphate buffer and tetrabu-
tylammonium hexafluorophosphate (TBAPF6), in water and aceto-
nitrile, respectively.

Experiments in acetonitrile were carried out in argon. We used fer-
rocene (Fc) as an internal standard, and potentials are reported
relative to the Fc(0/+1) redox couple [measured E1/2(0/+1) =
0.384 V in MeCN, with a peak-to-peak separation of 65 mV]. The
aqueous measurements were carried out in air, and the potentials
reported relative to the 3  KCl Calomel Electrode. The ECL along
with the cyclic voltammetric (CV) signals (scan rate of 50 mV/s)
were measured simultaneously with the AMEL 7050 combined
with a photomultiplier tube (PMT, Hamamatsu H9306-03) in-
stalled under the electrochemical cell. A home-built power supply
(±15 V) regulates the amplification of the PMT, which is directly
proportional to the logarithm of the output (between 0 and 10 V).
A dark cage, equipped with electrical connection for WE, RE, CE,
stirring and inert gas inlet, was built around the electrochemical
cell and the PMT, resulting in a background current at the maxi-
mum PMT amplification of about 18±12 mV. The measurements
were made at half-amplification, where the signal output is attenu-
ated about 200 times with respect to the maximum of the amplifi-
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cation. The concentration of the solutions employed were: TPA
20 m, Ru(bpy)2LX 1.0×10–6 , supporting electrolyte 0.1 .

X-ray Structure Determination: The crystal structure of 1 was
solved by single-crystal X-ray diffraction analysis. Suitable crystals
were obtained by slow evaporation of an acetonitrile–ethanol solu-
tion. Diffraction data were collected at room temperature on a
Bruker SMART-APEX CCD[46] area detector diffractometer, using
graphite monochromated Mo-Kα = 0.71073 Å radiation. Absorp-
tion correction was performed using SADABS.[47] The structure
was solved by direct methods (SIR97)[48] and refined by full-matrix
least-squares (SHELX97).[49] All hydrogen atoms were generated in
their calculated positions with the XP[50] software and refined as
riding atoms. All non-hydrogen atoms, except C1, C2, and N8 be-
longing to the acetonitrile molecule, were refined employing aniso-
tropic ADP parameters. Two restraints on the C1–C2 and on the
C2–N8 distances were used because of the disorder of the acetoni-
trile moiety. Crystallographic data and details of data collections
and refinements are given in Table 5.

Table 5. Crystal data for 1.

1

Empirical formula C35H30.5F12N7.5P2Ru[a]

Formula weight 947.18
Temperature [K] 293(2)
Wavelength [Å] 0.71069
Crystal system monoclinic
Space group P21/c
a [Å] 13.254(2)
b [Å] 12.129(2)
c [Å] 25.034(5)
α [°] 95.49(3)
V [Å3] 4005.9(2)
Z 4
Density (calculated) [Mg/m3] 1.570
Absorption coefficient [mm–1] 0.564
F(000) 1900
Crystal size [mm] 0.26×0.24×0.22
θ range for data collection [°] 1.54–24.71
Index range –15 � h � 15

–14 � k � 14
–29 � l � 29

Reflections collected 46984
Independent reflections 6833 [Rint = 0.0387]
Completeness to θ = 24.71° 100.0%
Refinement method full-matrix least-squares on F2

Data/restraints/parameters 6833/2/512
Goodness-of-fit on F2 1.007
Final R indices [I � 2σ(I)] R1 = 0.0525, wR2 = 0.1529
R indices (all data) R1 = 0.0681, wR2 = 0.1587
Largest diff. peak and hole [Å–3] 1.274 and –0.776

[a] The empirical formula has nonintegral values because of the
half-populated CH3CN moiety.

CCDC-288567 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Complexes

[Ru(bpy)2{1-methyl-2-(4-methylpyridin-2-yl)-1H-benzo[d]imid-
azole}](PF6)2 (X = N–CH3, 1): [Ru(bpy)2Cl2]·2H2O (0.200 g,
3.84×10–4 mol) and 1-methyl-2-(4-methylpyridin-2-yl)-1H-
benzo[d]imidazole (0.128 g, 5.73×10–4 mol) were refluxed in ethyl-
ene glycol (50 mL) for 4 h. After cooling to room temperature,
water (20 mL) and an aqueous NH4PF6 solution (1.0 g/10 mL)
were added and the resulting precipitate was collected. The crude
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product was recrystallized from acetonitrile/ethanol. The sample
was dried under vacuum for several hours before elemental analy-
sis. Yield: 0.286 g (80.4%).

C34H29F12N7P2Ru (926.65): calcd. (from 1 without crystallization
solvent) C 44.07, H 3.15, N 10.58; found C 43.80, H 3.65, N 9.59.
1H NMR (400 MHz, [D6]acetone): δ = 8.82 (m, 3 H), 8.77 (s, 1 H),
8.73 (d, 1 H, J = 8.05 Hz), 8.28 (t of d, 1 H, J1 = 7.87, J2 =
1.46 Hz), 8.16 (m, 5 H), 8.05 (t, 2 H, J1 = 6.04 Hz), 7.95 (d, 1 H,
J = 8.86 Hz), 7.91 (d, 1 H, J = 8.54 Hz), 7.63 (m, 1 H), 7.57 (m, 1
H), 7.48 (m, 4 H), 7.10 (t, 1 H, J = 7.81 Hz), 5.94 (d, 1 H, J =
8.42 Hz), 4.59 (s, 3 H), 2.63 (s, 3 H) ppm. 13C NMR (100 MHz,
[D6]acetone): δ = 159.92, 159.54, 158.96, 158.92, 154.06, 154.03,
153.77, 153.61, 153.53, 153.09, 152.30, 150.65, 142.24, 139.50,
139.32, 139.18, 139.00, 138.78, 129.85, 129.43, 129.36, 129.22,
129.04, 128.22, 127.50, 126.53, 126.01, 125.85, 125.78, 125.48,
117.19, 114.02, 34.62, 22.00 ppm.

[Ru(bpy)2{2-(4-methylpyridin-2-yl)benzo[d]thiazole}](PF6)2 (X = S,
2): [Ru(bpy)2Cl2]·2H2O (0.200 g, 3.84×10–4 mol) and 2-(4-meth-
ylpyridin-2-yl)benzo[d]thiazole (0.130 g, 5.74×10–4 mol) were re-
fluxed in ethylene glycol (50 mL) for 4 h. After cooling to room
temperature, water (20 mL) and an aqueous NH4PF6 solution
(1.0 g/10 mL) were added and the resulting precipitate was col-
lected. The crude product was washed with water and dried with
diethyl ether. Yield: 0.298 g (83.5%). C33H26F12N6P2RuS (929.67):
calcd. C 42.63, H 2.82, N 9.04; found C 43.47, H 2.93, N 8.77.
Deviation of the C% value from the calculated one indicates the
presence of some impurity, probably because of the presence of
reaction solvent. 1H NMR (400 MHz, [D6]acetone): δ = 8.86 (m, 3
H), 8.76 (d, 1 H, J = 8.05 Hz), 8.67 (s, 1 H), 8.36 (d, 1 H, J =
7.81 Hz), 8.26 (m, 5 H), 8.15 (t of d, 1 H, J1 = 8.05, J2 = 1.46 Hz),
8.06 (d, 1 H, J = 4.88 Hz), 8.01 (d, 1 H, J = 5.61 Hz), 7.91 (d, 1
H, J = 5.74 Hz), 7.68 (m, 1 H), 7.63 (m, 1 H), 7.55 (m, 4 H), 7.34
(m, 1 H), 6.48 (d, 1 H, J = 8.54 Hz), 2.62 (s, 3 H) ppm. 13C NMR
(100 MHz, [D6]acetone): δ = 168.85, 159.69, 159.34, 158.89, 158.82,
154.68, 154.59, 153.97, 153.68, 153.58, 153.18, 152.91, 140.06,
139.94, 139.72, 139.64, 135.86, 131.16, 130.28, 129.85, 129.68,
129.64, 129.62, 129.55, 129.13, 126.19, 126.14, 126.00, 125.79,
121.40, 21.70 ppm.

[Ru(bpy)2{2-(4-methylpyridin-2-yl)benzo[d]oxazole}](PF6)2 (X = O,
3): [Ru(bpy)2Cl2]·2H2O (0.200 g, 3.84×10–4 mol) and 2-(4-meth-
ylpyridin-2-yl)benzo[d]oxazole (0.120 g, 5.71×10–4 mol) were re-
fluxed in ethylene glycol (50 mL) for 4 h. After cooling to room
temperature, water (20 mL) and an aqueous NH4PF6 solution
(1.0 g/10 mL) were added and the resulting precipitate was col-
lected. The crude product was washed with water and dried with
diethyl ether. Yield: 0.275 g (78.4%). C33H26F12N6OP2Ru (913.61):
calcd. C 43.38, H 2.87, N 9.20; found C 43.84, H 3.04, N 9.04. 1H
NMR (400 MHz, [D6]acetone): δ = 8.84 (m, 3 H), 8.76 (d, 1 H, J
= 8.18 Hz), 8.53 (s, 1 H), 8.46 (d, 1 H, J = 5.61 Hz), 8.30 (m, 2 H),
8.20 (m, 4 H), 8.08 (d, 1 H, J = 5.61 Hz), 7.98 (s, 1 H), 7.96 (d, 1
H, J = 3.17 Hz), 7.60 (m, 6 H), 7.34 (t, 1 H, J = 7.87 Hz), 6.12 (d,
1 H, J = 8.18 Hz), 2.66 (s, 1 H) ppm. 13C NMR (100 MHz, [D6]-
acetone): δ = 165.62, 160.03, 159.62, 158.84, 154.80, 154.49, 154.32,
154.17, 153.86, 153.21, 153.08, 146.94, 140.46, 140.06, 139.66,
132.06, 130.44, 129.75, 129.51, 129.43, 129.16, 128.90, 128.55,
126.11, 125.94, 125.85, 125.63, 118.36, 114.54, 21.82 ppm.

Benzyl 6-[2-(4-Methylpyridin-2-yl)benzoimidazol-1-yl]hexanoate:
Freshly sublimated potassium tert-butoxide (0.63 g, 5.6×10–3 mol)
was added to a 50-mL three-neck round-bottom flask containing
a solution of 2-(4-methylpyridin-2-yl)-1H-benzoimidazole (1 g,
4.80×10–3 mol) in anhydrous dimethylformamide (10 mL) at room
temperature in argon. After 15 min of mechanical stirring a solu-
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tion of 6-bromohexanoic acid benzyl ester (4.6 g, 0.016 mol) in di-
methylformamide (2.5 mL) was added drop by drop. After 15 h of
heating at 45 °C, the mixture was cooled and deionized water
(20 mL) added. The mixture was extracted with ethyl acetate, and
the organic layers were dried with anhydrous sodium sulfate, evapo-
rated under vacuum, and purified chromatographically over silica
gel with linear gradients using hexane/ethyl acetate mixture as elu-
ent, 95:5 to 70:30. A slightly yellow oil was obtained with a yield
of 75% (1.49 g). 1H NMR (400 MHz, CD2Cl2): δ = 8.82 (m, 3 H),
8.77 (s, 1 H), 8.50 (d, 1 H, J = 5.00 Hz), 8.23 (s, 1 H), 7.73 (d, 1
H, J = 7.20 Hz), 7.43 (d, 1 H, J = 7.20 Hz), 7.32 (m, 7 H), 7.15 (d,
1 H, J = 5.00 Hz), 5.06 (s, 2 H), 4.80 (t, 2 H, J = 7.57 Hz), 2.43 (s,
3 H), 2.31 (t, 2 H, J = 7.57 Hz), 1.89 (m, 2 H, J = 7.57 Hz), 1.68
(m, 2 H, J = 7.57 Hz), 1.38 (m, 2 H, J = 7.57 Hz) ppm. 13C NMR
(100 MHz, CD2Cl2): δ = 173.31, 150.82, 150.23, 148.63, 148.30,
143.00, 136.97, 136.64, 128.68, 128.28, 125.45, 124.90, 123.17,
122.40, 120.02, 110.39, 66.14, 45.38, 34.20, 29.83, 26.43, 24.65,
21.08 ppm.

[Ru(bpy)2{6-[2-(4-methylpyridin-2-yl)benzo[d]imidazol-1-yl]hexanoic
acid}](PF6)2 (4): [Ru(bpy)2Cl2]·2H2O (0.200 g, 3.84×10–4 mol) and
benzyl 6-{2-(4-methylpyridin-2-yl)benzo[d]imidazol-1-yl}hexano-
ate (0.185 g, 5.74×10–4 mol) were dissolved in ethylene glycol
(50 mL). The mixture was degassed with argon for 15 min and then
refluxed for 4 h. After cooling at room temperature, water (20 mL)
and an aqueous solution of NH4PF6 (1.0 g/10 mL) were added.
The precipitate was then collected, washed with water (10 mL) and
dried with Et2O. 0.304 g of [Ru(bpy)2{2-(4-methylpyridin-2-yl)-
benzo-X-azole}](PF6)2 [X = N(CH2)5CO2CH2CH2OH] was ob-
tained (yield 74%). The complex was dissolved in methanol
(80 mL) containing 10% KOH and then stirred for 15 h at room
temperature. After acidification at pH � 2–3 with H2SO4, the
methanol was removed at reduced pressure, and the acidic solution
was extracted with dichloromethane. All the organic fractions were
collected, dehydrated with Na2SO4, and the solvent was removed at
reduced pressure. Yield: 0.250 g (86%). 1H NMR (400 MHz, [D6]-
acetone): δ = 8.82 (m, 3 H), 8.72 (d, 1 H, J = 8.05 Hz), 8.58 (s, 1
H), 8.27 (t, 1 H, J = 8.05 Hz), 8.19 (m, 3 H), 8.09 (m, 3 H), 8.04
(d, 1 H, J = 5.37 Hz), 7.96 (m, 2 H), 7.63 (t, 1 H, J = 6.35 Hz),
7.52 (m, 4 H), 7.44 (d, 1 H, J = 5.61 Hz), 7.11 (t, 1 H, J = 7.81 Hz),
5.96 (d, 1 H, J = 8.42 Hz), 5.08 (t, 1 H, J = 7.14 Hz), 2.63 (s, 3 H)
2.26 (d, 2 H, J = 7.20 Hz), 2.13 (m, 2 H), 1.65 (m, 2 H), 1.52 (m,
2 H) ppm. 13C NMR (400 MHz, [D6]acetone): δ = 175.21, 159.86,
159.44, 158.94, 158.91, 153.92, 153.88, 153.49, 153.42, 152.52,
152.22, 150.24, 142.27, 139.54, 139.36, 139.25, 139.06, 138.48,
129.92, 129.46, 129.41, 129.31, 129.04, 127.90, 127.72, 126.73,
126.05, 125.93, 125.81, 125.52, 117.34, 114.25, 47.14, 34.55, 31.39,
27.35, 25.84, 22.11 ppm.

Conjugation of 6-{2-(4-Methylpyridin-2-yl)-1H-benzo[d]imidazol-1-
yl}hexanoic Acid with BSA: Complex 4 (1.34×10–5 mol), dicyclo-
hexylcarbodiimide (DCC) (2.68×10–5 mol) and N-hydroxy suc-
cinimide (NHS) (2.68×10–5 mol) were added to anhydrous DMF
(5 mL). The mixture was stirred for 5 h at 70 °C over a silicon oil
bath. The total conversion to 4-NHS was assessed by HPLC using
an RP C18 column with an acetonitrile/water gradient and UV/Vis
detection, and the 4-NHS was used immediately. N-Hydroxysuc-
cinimide ester of 4 (56 µL, 1.50×10–7 mol) was added to BSA
(1.50×10–8 mol) in sodium borate buffer (1 mL, pH 8.5) giving a
10-fold molar excess. After stirring for 2 h at room temperature, N-
hydroxysuccinimide ester of 4 (56 µL) was added, and the reaction
continued for another 2 h. The reaction mixture was then passed
over a PD10-type prepacked chromatographic column containing
Sephadex G-25 M and was eluted with sodium borate (pH 8.5).
One-milliliter fractions were collected and detection was performed
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at 460 nm. The absorbance and fluorescence spectra of the frac-
tions collected (1–8 mL) showed absorption maxima at 250, 290,
330, and 460 nm with an emission at 630 nm upon irradiation at
460 nm.

Supporting Information Available (see also the footnote on the first
page of this article): IR spectra of complexes 1–4.
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The reaction of V2O5 with H2C2O4·2H2O in the presence of
H3BO3 under hydrothermal conditions has afforded
V2O2(OH)2(C2O4)(H2O)2 (1), which crystallizes in the triclinic
system, space group P1̄ with a = 5.2405(10) Å, b =
5.7340(11) Å, c = 7.1778(14) Å, α = 76.44(3)°, β = 69.37(3)°, γ
= 75.37(3)°. The vanadium atoms in 1 form dimers by sharing
edges consisting of µ-OH groups, and these dimers are con-

Introduction

The oxalate ion C2O4
2– shows a large variety of structural

characteristics. It can act as a monodentate,[1] bidentate,[2]

tridentate,[3] or tetradentate[4] donor ligand and can form
chains,[5] layers,[6] or three-dimensional networks with metal
centers.[7] In the presence of water molecules directly linked
to the metal ions or weakly bonded to the framework,[5,8]

abundant structural architectures in one-, two-, or three di-
mensions can be formed.[9] Moreover, the oxalate ion can
mediate strong spin coupling between paramagnetic centers

Figure 1. Different linkages between vanadium atoms and oxalate ions found in the literature. a) from ref.[19]; b) ref.[20]; c) ref.[10]; d)
ref.[16]; e) ref.[21]; f) ref.[18]; g) inferred by ref.[10]; h) from ref.[21]; i) this work. C, white ball; O, black ball; VO6, gray octahedron.
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nected further by oxalate ligands to form chains. The mag-
netic susceptibility data of 1 fit excellently with the Heisen-
berg dimer model in the temperature interval 2–300 K. Com-
pound 1 is antiferromagnetic with a J value of –29.6 cm–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

separated by more than 5 Å.[10] Thus, homo- and hetero-
metallic systems involving oxalate ions (ox) as bridging li-
gands have been studied intensively in the search for new
molecular-based magnets.[11–13] Because of the variable oxi-
dation states of vanadium (VIII, VIV, and VV) and the coor-
dination geometries of vanadium oxide polyhedra (tetrahe-
dral, square pyramidal, trigonal bipyramidal, and octahe-
dral),[14] many compounds containing both vanadium
atoms and oxalate ions have been reported,[10,15–17] with dif-
ferent linkages between the vanadium atoms and the oxa-
late ions as shown in Figure 1, which result in different

magnetic properties.[10,16,18–21] Recently, a new bonding
mode for vanadium atoms and oxalate ions (Figure 1i) has
been found in the compound V2O2(OH)2(C2O4)(H2O)2 (1).
The synthesis, structure and magnetic properties of 1 are
reported below.



Synthesis, Structure, and Magnetic Properties of Hydroxo-Bridged Vanadium Oxalate FULL PAPER

Results and Discussion

Synthesis

The synthesis of compound 1 was performed in an aque-
ous solution of H3BO3 under hydrothermal conditions.
Some experimental parameters, including the V2O5/H2C2O4

molar ratio, were varied, but the resulting products re-
mained the same. Finally, a V2O5/H2C2O4 ratio of 1:14 was
used. The formation of 1 was found to be sensitive to the
presence of H3BO3. Compound 1 did not form when no
H3BO3 was added to the mixture of V2O5, H2C2O4·2H2O,
and water. Although crystals of 1 formed from an aqueous
solution, their solubility in pure water was low.

Crystal Structure

V2O2(OH)2(C2O4)(H2O)2 is centrosymmetric in the tri-
clinic system with the space group P1̄, the center of inver-
sion lies along the C–C bond of the bridging oxalato moi-
ety, or on the common edge of two adjacent VO6 octahedra.
The asymmetric unit of 1 corresponds to half of the molec-
ular formula, including one vanadium(IV) atom, half an
oxalate ligand, one water molecule, one oxygen atom, and
two half µ-OH groups. As shown in Figure 2, the vanadi-
um(IV) atom binds to two oxygen atoms from one oxalate
ligand, one oxygen atom from a water molecule, two oxygen
atoms from the µ-OH groups, and one terminal oxo oxygen
atom to form a distorted octahedron, a very common ge-
ometry in vanadium(IV) compounds.[10,16,18–21]

The VO6 octahedra of 1 link together by sharing a com-
mon edge consisting of two µ-OH groups to form V2O10

dimers; this type of link is rare in vanadium oxalate com-
pounds. The typical ways to link oxalate ligands with VX6

(X = O, Cl, F, and/or N) octahedra are shown in Figure 1.
The V2O10 dimers are further linked by oxalate ligands

to form chains (Figure 1i). The oxygen atoms of the µ-OH
groups (O4) in one chain form hydrogen bonds with the
oxygen atoms (O3) from the oxalate ions in the neighboring
chain, which connects the chains into layers (Figure 3a).
The water molecules coordinated to the vanadium atoms in
one layer form two hydrogen bonds with the oxygen atoms

Figure 3. Packed structure of V2O2(OH)2(C2O4)(H2O)2, showing hydrogen bonding.

Eur. J. Inorg. Chem. 2006, 2850–2854 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2851

Figure 2. ORTEP drawing (at 30% probability) of the coordination
environment of the vanadium atoms in V2O2(OH)2(C2O4)(H2O)2.
Symmetry codes: i) 1 – x, 1 – y, –z; ii) –x, 1 – y, 1 – z.

of the µ-OH groups (O4) and the terminal oxo oxygen
atoms (O5) in neighboring layers (Figure 3b). This results
in the formation of a three dimensional net structure for 1.

Vibrational Spectroscopy

The Fourier transform infrared (FTIR) spectrum of 1
exhibits two broad peaks centered at 3272 and 3041 cm–1,
mainly attributed to the symmetric and asymmetric stretch-
ing modes of water molecules and hydroxy groups. The sig-
nal for the bending mode of water expected at around
1600 cm–1 is overlapped by the intense oxalate band. The
antisymmetric stretching mode of the oxalate ion appears
at 1650 cm–1. The peaks at 1355 cm–1 and 1311 cm–1 corre-
spond to the symmetric stretching modes of the oxalate ion.
The peak at around 979 cm–1 is assigned to the bending
mode of the µ-OH group. The strong bands observed at
around 771 and 731 cm–1 correspond to the in-plane defor-
mation mode of the oxalate ion.

Thermal Stability

Thermogravimetric analysis shows that compound 1 is
stable up to 200 °C and then undergoes decomposition to
form a mixture of products with a maximum weight loss of
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40.0%. The mixture is then slowly oxidized to V2O5 with a
total weight loss of 37.8% (calcd. 37.7%), as confirmed by
X-ray diffraction data.

Magnetochemical Investigations

The magnetic properties of V2O2(OH)2(C2O4)(H2O)2 are
depicted in Figure 4. A near-perfect fit with the Heisenberg
dimer model is attainable with the parameters listed in
Table 3. A susceptibility maximum occurs near 50 K, and
the compound exhibits Curie–Weiss paramagnetism at high
temperatures. The compound is thus strongly antiferromag-
netic with a J value of about –30 cm–1, which is comparable
to values for copper hydroxo-bridged dimers with antiferro-
magnetic coupling[22,23] and is larger than those for the
(oxo)vanadium(IV) (d1) oxalate-bridged dimers listed in
Table 3. In fact, when oxalate bridging is considered,
V2O2(OH)2(C2O4)(H2O)2 can be seen to consist of alternat-
ing-exchange Heisenberg chains with S = 1/2.[24–26] In this
case, two exchange constants J and αJ should be considered
in order to understand the magnetic properties. However,
the value of α is so small that the interaction represented
by αJ may be neglected (see Table 3). Therefore, the mag-
netic data fit very well with the dimeric model.

Figure 4. Thermal variation of the molar magnetic susceptibility
and the reciprocal magnetic susceptibility for V2O2(OH)2-
(C2O4)(H2O)2; the solid line represents the best fit obtained with
the parameters reported in the text.

Conclusions

The use of oxalate, with the help of H3BO3, has led to
the preparation of V2O2(OH)2(C2O4)(H2O)2 from V2O5.
The V2O10 dimer connected by a common edge found in
this compound induces a stronger antiferromagnetic coup-
ling than the oxalato-bridged (oxo)vanadium(IV) dimer.[27]

Experimental Section
Materials and Analyses: All reagents were of analytical grade and
were used as obtained from commercial sources without further
purification. IR spectra were recorded in the 400–4000 cm–1 range

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2850–28542852

with a Magna-IR 750 FTIR spectrometer. Elemental analyses were
carried out on an Elementar Vario EL III microanalyzer. TG analy-
sis was performed with a heating rate of 10 °Cmin–1 using a Du-
pont 1090 instrument.

Preparation of V2O2(OH)2(C2O4)(H2O)2 (1): A mixture of V2O5

(1.00 g, 5.50 mmol), H2C2O4·2H2O (10.0 g, 79.4 mmol), H3BO3

(10.0 g, 162 mmol), and deionized H2O (15 mL, 0.83 mol) with a
mol ratio of about 1.0:14:29:151 was placed in a 50-mL Teflon-
lined stainless steel autoclave, and the autoclave was sealed, heated
to 155 °C under autogenous pressure for 20 d, and then cooled to
room temperature at a rate of 5 °C/h. The pH values of the system
before and after synthesis are about 2 and 1, respectively. The blue
crystalline product was filtered, washed with hot distilled water,
and dried at ambient temperature to give about 1.44 g of complex

Table 1. Single-crystal data and structure refinement details of the
compound V2O2(OH)2(C2O4)(H2O)2 (1).

Empirical formula C2H6O10V2

Formula mass 291.94
Crystal system triclinic
Space group P1̄(No.2)
a [Å] 5.2405(10)
b [Å] 5.7340(11)
c [Å] 7.1778(14)
α [°] 76.44(3)
β [°] 69.37(3)
γ [°] 75.37(3)
V [Å] 192.77(8)
Z 1
ρcalcd. [g cm–3] 2.515
µ [mm–1] 2.465
Reflections collected 797
Unique data/parameters 719/61
Rint 0.0218
Reflections with I � 2σ 695
Goodness of fit (S) 1.000
R1/wR2 (I � 2σ) 0.0472/0.1372
R1/wR2 [all data] 0.0483/0.1400
R1 = Σ(|Fo| – |Fc|)/Σ|Fo|; wR2 = [Σw(Fo

2 – Fc
2)2/Σw(Fo

2)2]1/2;
w = 1/[σ2(Fo

2) + (0.1343P)2 + 0.1200P] with P = (|Fo|2 + 2|Fc|2)/3.

Table 2. Selected bond lengths [Å] and angles [°] for V2O2(OH)2-
(C2O4)(H2O)2 (1).

V1–O5 1.598(3) O4–V1–O4 79.6(1)
V1–O4 1.993(3) O4–V1–O3 86.0(1)
V1–O4 2.014(2) O4–V1–O3 84.8(1)
V1–O1 2.049(3) O4–V1–O1 160.5(1)
V1–O2 2.059(3) O4–V1–O1 91.3(1)
V1–O3 2.246(3) O4–V1–O2 93.6(1)
O1– C1 1.244(5) O4–V1–O2 164.5(1)
O3– C1 1.250(4) O2–V1–O3 80.8(1)
C1– C1 1.539(6) O1–V1–O2 90.8(1)
O5–V1–O4 101.25(1) O1–V1–O3 75.9(1)
O5–V1–O4 100.70(1) O3–C1–C1 115.8(4)
O5–V1–O3 171.5(1) C1–O1–V1 118.8(2)
O5–V1–O1 97.4(1) O1–C1–O3 127.3(3)
O5–V1–O2 94.2(1) O1–C1–C1 116.9(4)
V1–O4–V1 100.4(1) C1–O3–V1 112.5(2)

D–H···A D···A [Å] H···A [Å] D–H···A [Å]

O2–H2A···O4[a] 0.82 1.91 2.714(4)
O2–H2B···O5[b] 0.82 1.93 2.747(4)
O4–H4···O3[c] 0.82 2.00 2.806(3)

[a] Symmetry transformations used to generate equivalent atoms:
–x, –y+2, –z +1. [b] x+1, y, z. [c] –x+1, –y+1, –z +1.
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Table 3. Best-fit magnetic parameters.

Compound[a] g J [cm–1] ρ tip α

1 1.95±0.01 –29.60±0.05 0.008±0.001 0.00012±0.00001
1[b] 1.95±0.01 –29.28±0.05 0.002±0.001 0.00004±0.00001 0.025(2)
2[27] 1.93±0.01 –6.50±0.05 0.01±0.002 0.0018±0.00005
3[27] 1.95±0.01 –6.25±0.05 0.02±0.002 –0.0004±0.00005
4[18] 1.91 –3.85 0.008
5[16] 1.927 –4.35 0.00064

[a] 1, V2O2(OH)2(C2O4)(H2O)2 (this work); 2, [Et4N]2[(VO)2(C2O4)3(H2O)2]·4H2O; 3, [Et4N]2[(VO)2(C2O4)(C3H2O4)2(H2O)2]·2H2O; 4,
[V2O2(C2O4)(H2O)6]Cl2·4Bu4NCl·H2O; 5, [Ph4P]2[(VO)2(C2O4)3(H2O)2]·4H2O. [b] These values were obtained by fitting the data using
Heisenberg alternating chain model with Equation (2) and all others are for the Heisenberg dimer model with Equation (1).

1 (yield 90% based on V2O5). Complex 1 is stable and insoluble in
water and most organic solvents. V2O2(OH)2(C2O4)(H2O)2

(291.94): calcd. C 8.22, H 2.05; found: C 8.32, H 2.13.

Crystallographic Studies: Intensity data were collected on a Rigaku
AFC6S diffractometer with graphite-monochromated Mo-Kα (λ =
0.71073 Å) radiation by using the ω-2θ scan method at room tem-
perature. The structure was solved with direct methods and refined
on F2 with full-matrix least-squares methods using SHELXS-97
and SHELXL-97 programs, respectively.[28] All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were added
in the riding model and refined isotropically with O–H = 0.82 Å.
The crystallographic data are summarized in Table 1, and the se-
lected bond lengths are listed in Table 2. CCDC-294737 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements: Magnetic data of polycrystalline samples
(H = 5000 Oe) were recorded on 47.90 mg of 1 in the 2–300 K
temperature range with a Quantum Design MPMS-5S SQUID
Spectrometer. Correction for the sample holder was applied. The
data were fitted to the Heisenberg dimer model for two S = 1/
2 spins [Equation (1)] whilst taking into account the presence of
monomeric paramagnetic impurities (second term) and tempera-
ture-independent magnetism (third term) [where χ is the magnetic
susceptibility, NA the Avogadro constant, kB the Boltzmann con-
stant, µB the Bohr magneton, T the temperature, g the g factor, J
the exchange constant, ρ the ratio of the paramagnetic impurities,
tip is the temperature-independent contribution]. The best-fit pa-
rameters are given in Table 3.

The data were also fitted to the Heisenberg alternating chain model
with S = 1/2 using the following Equation (2), where the first term
describes the Heisenberg alternating chain model, x = |J|/kBT, J is
the exchange integral between a spin and its right neighbor, αJ the
exchange integral between a spin and its left neighbor, the values
for A(α), B(α), C(α), D(α), E(α), and F(α) can be found in ref.[25]

The fit was good, and the best-fit parameters are listed in Table 3.
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New half-sandwich ruthenium(II) complexes [RuCl2(η6-ar-
ene)(TPPMS)] [η6-arene = p-cymene (1a), benzene (1b)] and
[RuCl(η6-arene)(TPPMS)2][Cl] [η6-arene = p-cymene (2a),
benzene (2b)] containing the water-soluble (meta-sulfonato-
phenyl)diphenylphosphane potassium salt (TPPMS) have
been synthesised. The X-ray analysis for complex 1a re-
vealed that, in the solid state, complex anions are held to-
gether in the crystal lattice by weak electrostatic interactions
with potassium cations leading to a linear chain structure.
The extent of the association in solution depends on the sol-
vent and the determination of the size of the particles in THF
can be accomplished using Multiangle Light Scattering

Introduction

Over the last decades, aqueous organometallic chemistry
has become a priority research area. This interest has arisen
from the advantages of replacing organic solvents with
water and from the attention directed to the aqueous-bi-
phasic technology in catalysis which allows the separation
of the products from the catalyst and subsequent catalyst
recovery and recycling.[1]

One of the most common approaches to obtain water-
soluble organometallic compounds is the use of ligands
with hydrophilic properties. The phosphane ligands con-
taining sulfonated groups are among the most widely used
ligands for this purpose.

In particular, complexes containing the sodium or potas-
sium salt of (meta-sulfonatophenyl)diphenylphosphane
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(MALS). The new complexes proved to be excellent catalysts
for transfer hydrogenation of ketones and the hydrophilic
properties of the TPPMS ligand allow the catalyst recovery.
The hydride derivative [RuClH(η6-p-cymene)(TPPMS)] (4)
has also been shown to be an efficient catalyst for these pro-
cesses. Moreover, when 1a was used as catalyst, complex 4
was observed as the main product after the catalysis, sup-
porting the implication of hydride species in transfer hydro-
genation catalysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(TPPMS) have been used as catalysts in a number of pro-
cesses.[2] Thus, palladium complexes with TPPMS act as
catalysts in cross coupling reactions[3] and cationic iridi-
um(I) complexes show a moderate catalytic activity in hy-
drogenation reactions.[4] Ruthenium complexes containing
the TPPMS ligand[5] have been widely used in two phase
and aqueous hydrogenation reactions.[6] Thus the pre-
formed complexes [RuClH(CO)(TPPMS)3],[7] [Ru(CO)3-
(TPPMS)2],[8] [RuH2(CO)(TPPMS)3][8] and [RuH(CO)-
(NCMe)(TPPMS)3][9] have shown catalytic activity for the
hydrogenation of olefins. Furthermore, ruthenium com-
plexes with N-donor ligands [RuHCl(L)2(TPPMS)2] (L =
1,2,3,4-tetrahydroquinoline, aniline) catalyse the hydrogena-
tion of quinoline and benzothiophene[10] and the complexes
[RuCl3(TPPMS)2(NO)][11] and [RuCl2(TPPMS)2]2[12] show
catalytic activity in the hydrogenation of carbon dioxide
and hydrogencarbonate.

Aqueous transfer hydrogenation has been less developed
and, in spite of the recent studies in aqueous transfer hydro-
genation,[13] the only ruthenium-TPPMS complex reported
as a catalyst for these reactions[14] has been [RuCl2-
(TPPMS)2].[15] In addition, to the best of our knowledge,
the only isolated half-sandwich ruthenium(II) complexes
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bearing the TPPMS ligand[16] are the complexes [RuCl-
(η5-C5H5)(TPPMS)2][17] and [RuCl(η5-C5H5)(TPPMS)2]-
[SnCl3][18] and no catalytic studies have been carried out.

Due to the lack of half-sandwich ruthenium(II) com-
plexes containing the water-soluble ligand TPPMS and our
interest in the catalytic activity of new half-sandwich ruthe-
nium(II) complexes[19] and their reactivity in coupling-
coupling reactions,[20] we have considered the synthesis of
η6-arene complexes and in this paper we report the synthe-
sis and catalytic activity of new water-soluble half-sandwich
ruthenium(II) complexes with the ligand TPPMS on the
transfer hydrogenation of ketones.

Results and Discussion

Synthesis of Half-Sandwich Ruthenium(II) Complexes
Containing the TPPMS Ligand

a) Synthesis of [RuCl2(η6-arene)(TPPMS)] [η6-arene =
p-cymene (1a), benzene (1b)]

The reaction of two equiv. of the potassium salt of (meta-
sulfonatophenyl)diphenylphosphane (TPPMS) with the di-
nuclear complex [RuCl(µ-Cl)(η6-arene)]2 (η6-arene = p-cy-
mene, benzene) in methanol at room temperature gives the
complexes [RuCl2(η6-arene)(TPPMS)] [η6-arene = p-cy-
mene (1a), benzene (1b)] which can be isolated as air-stable
orange solids in yields of 95% (1a) and 68%[21] (1b)
(Scheme 1).

Complexes 1a and b are soluble in water and in common
organic solvents such as alcohols, acetone, chloroform,
dichloromethane, acetonitrile and dimethylsulfoxide but in-
soluble in diethyl ether and hexane. The complexes have an
ionic character due to the potassium sulfonate group of the
TPPMS ligand as shown in the conductivity measurements
(see Exp. Sect.).

Spectroscopic data (IR as well as 1H, 13C{1H} and
31P{1H} NMR) support the proposed formulation (see Exp.
Sect. for details). In particular, the following must be noted:
i) The IR spectra (KBr) show the characteristic strong
ν(SO3) absorption for the TPPMS ligand at 1200 (1a) and
1198 (1b) cm–1; ii) a singlet resonance can be observed at
26.1 (1a) and 29.6 (1b) ppm in the 31P{1H} NMR spectra;
iii) the 1H NMR spectra show a high field doublet at 8.37

Scheme 1.
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(3JH,P = 10.2 Hz) (1a) and 8.28 (3JH,P = 11.1 Hz) (1b) corre-
sponding to the hydrogen atom in an ortho position with
respect to the phosphorus atom and to the sulfonato group
(Ho).

Slow diffusion of diethyl ether into a solution of 1a in
methanol resulted in crystals suitable for X-ray diffraction
studies. In this ruthenium derivative, the asymmetric unit
consists of two anionic complexes which are held together
in the crystal lattice by electrostatic interactions with potas-
sium cations. An ORTEP type representation is shown in
Figure 1. Selected bonding data are collected in the caption.

Figure 1. Molecular structure and atom labelling scheme for com-
plex 1a. Nonhydrogen atoms are represented by their 20% prob-
ability ellipsoids. Hydrogen atoms and phenyl rings (Ph2P) have
been omitted for clarity. Selected bond lengths [Å]: Ru(1)–C*
1.7061(3), Ru(1)–P(1) 2.3656(11), Ru(1)–Cl(1) 2.4046(10), Ru(1)–
Cl(2) 2.4227(10), O(2)–K(1) 2.573(4). Selected bond angles [°]: C*–
Ru(1)–P(1) 132.38 (3), C*–Ru(1)–Cl(1) 125.49(3), C*–Ru(1)–Cl(2)
123.46(3), Cl(1)–Ru(1)–P(1) 84.64(4), Cl(2)–Ru(1)–P(1) 88.54(4),
Cl(1)–Ru(1)–Cl(2) 88.81 (4). C* means the centroid of C(1), C(2),
C(3), C(4), C(5) and C(6) atoms.

The ruthenium atom, which exhibits a pseudo-octahedral
three-legged piano stool geometry, is bonded to the phos-
phorus atom of the TPPMS ligand, to two chlorine atoms
and η6- to the p-cymene ring. An important feature of this
crystal structure is that the complex in the solid state con-
sists of linear chains (Figure 2) generated by the crystal pe-
riodicity along the a axis. These chains are generated by
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electrostatic interactions between the anionic complexes
and the potassium atoms. Thus, three ruthenium complexes
surround each potassium atom leading to a pentacoordi-
nate environment provided by two chlorine atoms of one
anionic moiety, a chlorine and an oxygen from a second
and an oxygen atom from a third unit (Figure 3).

Figure 2. Layer structure for complex 1a. Hydrogen atoms and
phenyl rings have been omitted for clarity.

Figure 3. Potassium environment in the chain structure of 1a. Hy-
drogen atoms have been omitted for clarity.

In addition, this complex shows different NMR spectro-
scopic behaviour depending on the solvent. In polar sol-
vents such as CD3OD or D2O the NMR spectra show
sharp signals while in CD2Cl2, CDCl3 or [D8]THF very
broad signals may be observed. This prompted us to ex-
plore whether the chains are retained in solution leading to
aggregates, the size of which being dependent on the sol-
vent. In order to find the particle size in solution, the radius
of gyration of the complex in THF solution has been mea-

Eur. J. Inorg. Chem. 2006, 2855–2864 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2857

sured using a detector of multiangle light scattering
(MALS) coupled to size exclusion chromatographic equip-
ment. The MALS spectrophotometer measures the excess
Rayleigh ratio of the light scattered by the solute molecules
in solution at different scattering angles. Thus, it enables the
determination of the molecular dimensions, in terms of the
radius of gyration, from the angular dependence of the scat-
tered light (see Exp. Sect.). The mean square of the radius
of gyration, �s2�, is a very convenient quantity for ex-
pressing the molecular dimensions because it can be directly
obtained from light scattering data and its definition is ap-
plicable to macromolecules of any shape.

When MALS is used as a second detector in size ex-
clusion chromatography (SEC), together with a concentra-
tion dependent detector such as a differential refractive in-
dex interferometer (RI), the radius of gyration for each in-
dividual slice across the whole chromatogram of the sample
can be determined. Thus, the SEC-MALS technique allows
the analysis of the distribution of the radius of gyration
with elution volume.[22]

The chromatograms obtained from different injections
are reproducible and there were no adsorption problems in
the columns. Figure 4 depicts the signal of the differential
refractive index detector (RI) (which is sensitive to the sam-
ple concentration) and the light scattering signals, deter-
mined with the MALS spectrophotometer, at different val-
ues of the scattering angle θ. The dependence of the inten-
sity of the signal on the angle is evident and the scattering
is therefore anisotropic. Thus the size of the molecules, i.e.
the radius of gyration, can be determined for each slice of
the chromatogram.[22] These values of the radii of gyration
for the different slices are shown in Figure 5. The signal of
the light scattering detector at 90° is superimposed. As can
be seen in this figure, if we do not take into account the
values determined for the head and tail of the chromato-
gram, the precision of which is lower, the monodispersity
of the radius of gyration values is impressive. Both the ap-
pearance of the chromatogram, a very neat and defined
peak, and the uniformity of the radius of gyration obtained
through the slices of the chromatogram support the stability
of the aggregates in THF. This stability is enough to bear
the high pressures used in the chromatography. The average
value for the root mean squared radius of gyration calcu-
lated for the sample is �s2�1/2 = 25±5 nm. A water-soluble
organometallic polymer which retains the polymeric struc-
ture in solution has been recently reported.[23]

Figure 4. Refractive index, RI, signal (dashed line) and light scat-
tering signals (solid lines) at different scattering angles, vs. elution
volume.
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Figure 5. Root mean squared radius of gyration, �s2�1/2, in nm
and 90° light scattering signal vs. elution volume.

b) Synthesis of [RuCl(η6-arene)(TPPMS)2][Cl] [η6-
arene = p-cymene (2a), benzene (2b)]

Addition of an aqueous solution of TPPMS to a solution
of [RuCl(µ-Cl)(η6-arene)]2 (η6-arene = p-cymene, benzene)
in toluene affords, after five minutes at room temperature,
the disubstituted complexes [RuCl(η6-arene)(TPPMS)2][Cl]
[η6-arene = p-cymene (2a), benzene (2b)] isolated from the
aqueous phase as yellow solids in yields of 94% (2a) and
90% (2b) (Scheme 2).

Complexes 2a and b are soluble in water, alcohols and
dichloromethane but insoluble in diethyl ether. Elemental
analyses agree with the proposed stoichiometry for each.[24]

Conductivity measurements for these complexes were not
very useful since the observed values are strongly dependent
on the solvent (112–166 Ω–1 cm2 mol–1 in water, 66–
80 Ω–1 cm2 mol–1 in acetone). The reason can be found in
ionic associations between the ions which are important for
these types of electrolytes and which increase when the di-
electric constant of the solvent decreases.[25]

The most remarkable features of complexes 2a and 2b
are: i) the ν(SO3) absorption for the TPPMS ligand at
1197 cm–1 (2a) and 1198 cm–1 (2b) in the IR spectra (KBr);
ii) the 31P{1H} NMR spectra show a singlet signal at δ =
22.5 (2a) and 22.8 ppm (2b) and iii) the high field signal at
8.39 (2a) and 8.24 ppm (2b) corresponding to the two Ho

Scheme 2.

Scheme 3.
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hydrogen atoms of the TPPMS ligand which appears as a
broad unresolved signal for these complexes.

Metathesis of the halide with KPF6 in complex 2a allows
the synthesis of [RuCl(η6-p-cymene)(TPPMS)2][PF6] (2a�)
which shows almost the same spectroscopic data as the for-
mer complex 2a, except for the signals due to the PF6

–

group in the IR and in the 31P{1H} NMR spectra.
It is worth noting that 1a and b as well as 2a and b have

been synthesised under very mild conditions in comparison
with the recently reported analogous complexes with
the tris(meta-sulfonatophenyl)phosphane trisodium salt
(TPPTS) ligand, namely [RuCl2(η6-p-cymene)(TPPTS)][26]

and [RuCl(η6-benzene)(TPPTS)2][Cl][27] which require re-
flux temperatures (methanol and water, respectively).

Reactivity of the Complex [RuCl2(η6-p-cymene)(TPPMS)]
(1a)
a) Synthesis of the Complex [RuCl(η6-p-cymene)(NCMe)-
(TPPMS)][SbF6] (3)

Treatment of complex 1a with an appropriate chloride
abstractor easily generates the non-isolated unsaturated
species [RuCl(η6-p-cymene)(TPPMS)]+ which can be iden-
tified by means of its reactivity. Thus, the reaction of com-
plex 1a with AgSbF6 in the presence of acetonitrile
gives rise to the adduct [RuCl(η6-p-cymene)(NCMe)-
(TPPMS)][SbF6] (3) in a moderate yield (58%) (Scheme 3).

Complex 3 can be isolated as an air-stable yellow solid
which is soluble in water, methanol, acetonitrile and ace-
tone but insoluble in diethyl ether and hexane. It has been
analytically and spectroscopically characterised. The spec-
troscopic data agree with the proposed stoichiometry (see
the Exp. Sect. for details). Thus, the IR spectrum shows a
strong band at 1199 cm–1 for the sulfonato group and one at
660 cm–1 for the SbF6

– anion. The 31P{1H} NMR spectrum
shows a singlet resonance at δ = 35.1 ppm. The expected
signals for the methyl group of the acetonitrile ligand ap-
pear at δ = 2.12 ppm in the 1H NMR spectrum and at δ =
3.4 ppm in the 13C{1H} NMR spectrum.
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Scheme 4.

b) Synthesis of [RuClH(η6-p-cymene)(TPPMS)] (4)

One of the most efficient synthetic methods for transition
metal hydrides is that using sodium alkoxides bearing β hy-
drogen atoms as hydrogen transfer agents.[28] Thus, the reac-
tion of [RuCl2(η6-p-cymene)(TPPMS)] (1a) with NaOMe in
methanol yields the hydride derivative [RuClH(η6-p-cy-
mene)(TPPMS)] (4) which can be isolated as a yellow solid
in 63% yield after work-up (Scheme 4).

IR and NMR spectroscopic data of 4 are in accordance
with the proposed formulation (see Exp. Sect. for details).
Significantly, i) the IR spectrum of 4 shows the ν(RuH) ab-
sorption at 1954 cm–1 and the ν(SO3) absorption at
1196 cm–1; ii) the 31P{1H} spectrum displays a singlet reso-
nances at δ = 55.0 ppm and iii) the 1H NMR spectrum
shows a high-field doublet resonance (δ = –7.45 ppm, 2JH,P

= 53.0 Hz) due to the hydride ligand. This value is in agree-
ment with that reported by Bennett for the analogous com-
plex [RuClH(C6Me6)(PPh3)].[29]

Catalytic Transfer Hydrogenation of Ketones

In recent years, transition metal catalysed transfer hydro-
genation reactions between alcohols and ketones have be-
come an efficient and clean alternative to the hydrogenation
of carbonyl groups as illustrated by useful applications re-
cently reported.[30] Also, ruthenium(II) complexes have
been widely applied as efficient catalysts in these pro-
cesses.[31] However, as in most of the homogeneous pro-
cesses, the main problem stems from the difficulty in sepa-
rating the products from the catalysts and in the recycling
of expensive noble metals. The use of catalysts with hydro-
philic properties can be a clean alternative for these pro-
cesses since a simple extraction with water easily enables
catalyst recovery.

This prompted us to explore the catalytic activity of the
water-soluble complexes 1a and b and 2a and b in the reac-
tion of transfer hydrogenation. The transfer hydrogenation
of cyclohexanone by propan-2-ol was used as a model reac-
tion. For comparative purposes, the activity of the deriva-
tive [RuCl(η5-C9H7)(TPPMS)2] is also reported.[32] Thus, in
a typical experiment, KOH was added to an iPrOH solution
of the ruthenium catalyst precursor (0.2 mol-%) and the
ketone at 82 °C and the reaction was monitored by gas
chromatography. In order to optimise the reaction, the fol-
lowing parameters were investigated: i) concentration: the
best results were obtained with concentrated solutions (0.5
or 1 ). This result allows the reduction of the volume of
iPrOH used in the catalysis in contrast with the conditions
reported for other catalysts, where the best conditions are
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0.1 or 0.2 .[31] ii) base: KOH was the preferred option.
Again, in our system, the amount of base could be drasti-
cally reduced (1.2 mol-%) compared with the usual condi-
tions reported for this reaction (2–4 mol-%); iii) tempera-
ture: the activity of the catalyst decreases with temperature
and almost no reactivity was observed at room temperature.

On the basis of our results, we conclude that the best
conditions for the catalysis with these systems are as follow:
0.5  cyclohexanone, 0.2 mol-% catalyst and 1.2 mol-%
KOH in a total volume of 10 mL of iPrOH

Table 1 shows the results obtained with the different
complexes in the reduction of cyclohexanone under the op-
timised reaction conditions. Although all the complexes
studied have been shown to be active catalysts for the re-
duction of cyclohexanone to cyclohexanol, the arene com-
plexes 1a and b, and 2a and b are much more efficient than
the indenyl complex [RuCl(η5-C9H7)(TPPMS)2].

Table 1. Transfer hydrogenation of cyclohexanone.[a]

Complex t (min) Conv. (%) TOF (h–1)

[RuCl2(η6-p-cymene)(TPPMS)] (1a) 15 � 99 1994
[RuCl2(η6-benzene)(TPPMS)] (1b) 10 � 99 2982
[RuCl(η6-p-cymene)(TPPMS)2][Cl] (2a) 45 � 99 663
[RuCl(η6-benzene)(TPPMS)2][Cl] (2b) 30 � 99 1000
[RuCl(η5-C9H7)(TPPMS)2] 270 63 70

[a] 0.2 mol-% catalyst, 0.5  cyclohexanone, 10 mL iPrOH and
0.06 mmol KOH.

Complexes 1a and b are very efficient catalysts leading
to quantitative conversions in very short times. Therefore,
the activity of complex 1a as catalyst in the reduction of a
variety of ketones to the corresponding alcohols was ex-
plored. Table 2 summarises the results obtained.

For all ketones, quantitative conversions were obtained.
The observed TOF decrease appreciably when open-chain
ketones with bulkier substituents were used (entries 5 and
7 vs. 4 and 6) indicating that steric requirements are impor-
tant. Finally, aliphatic ketones are easier to reduce than
aromatic ketones as shown for phenyl methyl ketone (entry
3).

Unfortunately, the activity of the catalyst decreases dras-
tically when using water as a solvent or in biphasic condi-
tions. The possibility of chloride dissociation in aqueous
solutions, which would explain this behaviour, can be ruled
out since the NMR spectra of complexes 1a and 1b were
recorded in both D2O and CD3OD and no significance dif-
ferences were detected. In addition, the conductivity mea-
surements do not indicate chloride dissociation.

Although the diminished catalytic activity of 1a in the
presence of water prevents further studies on transfer hy-
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Table 2. Transfer hydrogenation of ketones[a] by the complex
[RuCl2(η6-p-cymene)(TPPMS)] (1a).

[a] 0.2 mol-% catalyst, 0.5  ketone, 10 mL of iPrOH and
0.06 mmol of KOH.

drogenation with these complexes, the hydrophilic character
of the complexes allows catalyst recovery. Thus, once the
catalytic process has finished, the solvents can be evapo-
rated under vacuum and diethyl ether and water added. The
catalyst can be then easily recovered by extracting the mix-
ture with water while the alcohol remains in the organic
phase. Evaporation of the water under vacuum leads to a
brown solid which can be reused for a further catalytic cy-
cle. Figure 6 shows the results for three consecutive catalytic
cycles.

Figure 6. Transfer hydrogenation of cyclohexanone in three consec-
utive catalytic cycles.

The 31P{1H} and 1H NMR spectra of the sample reco-
vered after the catalysis show the presence of the hydride
complex 4, along with some other species. This observation
agrees with the proposed hydride active species as a cata-
lysts in the transfer hydrogenations reactions.[33] We have

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2855–28642860

also tested the isolated hydride 4 as a catalyst. The reaction
was complete within 40 minutes when a 1:1 ratio of KOH
to catalyst was added. When the reaction was carried out
without base, the catalytic activity decreased with time
showing that a minimum amount of base is required, prob-
ably to promote the hydrogen transfer and/or the regenera-
tion of the catalyst during the catalytic cycle.

Conclusions

In summary, we have reported the mild synthetic condi-
tions of new water-soluble half-sandwich ruthenium(II)
complexes and a preliminary study of their reactivity. The
structure of complex 1a has been determined X-ray diffrac-
tion studies showing a linear chain structure which is re-
tained in nonpolar solvents. The radius of gyration calcu-
lated for the sample in a THF solution of �s2�1/2 =
25±5 nm supports this assertion.

The derivatives 1a and b as well as 2a, 2b and 4 allow
fast transfer hydrogenation of ketones at low catalyst and
base loading with TOF values of up to 3000 h–1. Further-
more, the catalyst can be recycled due to the hydrophilic
properties of the TPPMS ligand. The implication of hydride
species in transfer hydrogenation catalysis can be assessed
by the presence of the hydride derivative [RuClH(η6-p-cy-
mene)(TPPMS)] (4) in the reaction mixture after the cata-
lytic reactions.

Experimental Section
General Procedures: All manipulations were performed under an
atmosphere of dry nitrogen using vacuum-line and standard
Schlenk techniques. All reagents were obtained from commercial
suppliers and used without further purification. Solvents were dried
by standard methods and distilled under nitrogen before use. The
compounds [RuCl(µ-Cl)(η6-p-cymene)]2,[34] [RuCl(µ-Cl)(η6-ben-
zene)]2[34] and (meta-sulfonatophenyl)diphenylphosphane potas-
sium salt (TPPMS)[35] were prepared by previously reported meth-
ods. Infrared spectra were recorded on a Perkin–Elmer FTIR Para-
gon 1000 spectrometer. The conductivities were measured at room
temperature in ca. 5×10–4 moldm–3 solutions with a Jenway PCM3
conductimeter. The C, H and N analyses were carried out with a
Perkin–Elmer 240-B microanalyser. NMR spectra were recorded
on Bruker AC300 and 300DPX instruments at 300 MHz (1H),
121.5 MHz (31P) or 75.4 MHz (13C) using SiMe4 or 85% H3PO4 as
standards. DEPT experiments were carried out for all the com-
pounds. Coupling constants J are given in Hertz. Abbreviations
used: br, broad signal; d, doublet; dd, double doublet; m, multiplet;
sept, septuplet; s, singlet. Gas chromatographic measurements were
made on Hewlett–Packard HP6890 instrument using a Supelco
Beta-Dex 120 (30 m, 0.25 mm) column. The instability of complex
4 prevented us from obtaining any satisfactory analyses.

Synthesis of [RuCl2(η6-p-cymene)(TPPMS)] (1a): To a solution of
the dimer [RuCl(µ-Cl)(η6-p-cymene)]2 (100 mg, 0.16 mmol) in
methanol (15 mL) was added the (m-sulfonatophenyl)diphenyl-
phosphane potassium salt (TPPMS) (103 mg, 0.32 mmol) and the
reaction mixture was stirred for 30 min at room temperature. The
solvents were removed under vacuum and the residue was washed
with diethyl ether (2×10 mL) and dried under vacuum to afford
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complex 1a as an orange solid. Yield: 201 mg (95%). IR (KBr): ν̃
(SO3) = 1200 cm–1. Conductivity (water): 159 Ω–1 cm2 mol–1. 1H
NMR (300 MHz, CD3OD, 20 °C): δ = 8.37 (d, 3JH,P = 10.2 Hz, 1
H, Ho), 7.78 (m, 5 H, TPPMS), 7.40 (m, 8 H, TPPMS), 5.33 (d,
3JH,H = 6.0 Hz, 2 H, CH of p-cymene), 5.20 (d, 3JH,H = 6.0 Hz, 2
H, CH of p-cymene), 2.63 [sept, 3JH,H = 6.8 Hz, 1 H, CH(CH3)2],
1.87 (s, 3 H, CH3), 1.06 [d, 3JH,H = 6.8 Hz, 6 H, CH(CH3)2] ppm.
13C{1H} NMR (75.4 MHz, CD3OD, 20 °C): δ = 143.3–126.0
(TPPMS), 108.5 (d, 2JC,P = 2.4 Hz, C of p-cymene), 95.4 (s, C of
p-cymene), 87.7 (d, 2JC,P = 3.8 Hz, CH of p-cymene), 85.8 (d,
2JC,P = 4.9 Hz, CH of p-cymene), 28.8 [s, CH(CH3)2], 19.4 [s,
CH(CH3)2], 15.2 (s, CH3) ppm. 31P{1H} NMR (121.5 MHz,
CD3OD, 25 °C): δ = 26.1 (s) ppm. C28H28Cl2KO3PRuS (686.60):
calcd. C 48.98, H 4.11; found C 48.90, H 4.13.

Synthesis of [RuCl2(η6-benzene)(TPPMS)] (1b): To a solution of
TPPMS (160 mg, 0.40 mmol) in methanol (100 mL) was added the
dimer [RuCl(µ-Cl)(η6-benzene)]2 (100 mg, 0.20 mmol) and the reac-
tion mixture was stirred for 2 h at room temperature. The solution
was then filtered through kieselguhr and concentrated under vac-
uum to a volume of approx. 1 mL. Addition of diethyl ether af-
forded an orange precipitate. The solvents were decanted and the
solid residue was washed with diethyl ether (2×10 mL) and dried
under vacuum to afford complex 1b as an orange solid. Yield:
170 mg (68%). Conductivity (water): 160 Ω–1 cm2 mol–1. IR (KBr):
ν̃ (SO3) = 1198 cm–1. 1H NMR (300 MHz, CD3OD, 20 °C): δ =
8.28 (d, 3JH,P = 11.1 Hz, 1 H, Ho), 7.90 (br. s, 1 H, TPPMS), 7.72–
7.65 (m, 4 H, TPPMS), 7.50–7.30 (m, 8 H, TPPMS), 5.52 (s, 6 H,
CH of C6H6) ppm. 13C{1H} NMR (75.4 MHz, CD3OD, 20 °C): δ
= 137.3–126.7 (m, TPPMS), 90.6 (d, 2JC,P = 3.7 Hz, CH of
C6H6) ppm. 31P{1H} NMR (121.5 MHz, CD3OD, 20 °C): δ = 29.6
(s) ppm.

Syntheses of [RuCl(η6-arene)(TPPMS)2][Cl]·2H2O (2a) and (2b): A
solution of TPPMS (206 mg, 0.64 mmol) in water (20 mL) was
added dropwise to a solution of the respective dimer [RuCl(µ-
Cl)(η6-p-cymene)]2 (100 mg, 0.16 mmol) or [RuCl(µ-Cl)(η6-ben-
zene)]2 (80 mg, 0.16 mmol) in toluene (5 mL) and the reaction mix-
ture was stirred for 5 min at room temperature. Then the aqueous
layer was separated, filtered through kieselguhr and the solvent was
removed under vacuum. The residue was washed with diethyl ether
(2×10 mL) and dried under vacuum to afford the complexes 2a or
2b as yellow solids. 2a: Yield: 330 mg (94%). IR (KBr): ν̃ (SO3)
= 1197 cm–1. Conductivity (water): 176 Ω–1 cm2 mol–1. 1H NMR
(300 MHz, CD3OD, 20 °C): δ = 8.39 (br. s, 2 H, Ho), 7.87 (d, JH,H

= 7.7 Hz, 2 H,TPPMS), 7.49–7.17 (m, 24 H, TPPMS), 5.76 (d,
3JH,H = 6.4 Hz, 2 H, CH of p-cymene), 5.51 (d, 3JH,H = 6.4 Hz, 2
H, CH of p-cymene), 2.87 [sept, 3JH,H = 6.9 Hz, 1 H, CH(CH3)2],
1.21 [d, 3JH,H = 6.9 Hz, 6 H, CH(CH3)2], 1.00 (s, 3 H, CH3) ppm.
13C{1H} NMR (75.4 MHz, CD3OD, 20 °C): δ = 144.5–125.5
(TPPMS), 109.4 (s, C of p-cymene), 99.8 (s, C of p-cymene), 97.0
(s, CH of p-cymene), 88.7 (d, JC,P = 4.5 Hz, CH of p-cymene),
30.4 [s, CH(CH3)2], 20.0 [s, CH(CH3)2], 13.6 (s, CH3) ppm. 31P{1H}
NMR (121.5 MHz, CD3OD, 20 °C): δ = 22.5 (s) ppm.
C46H46Cl2K2O8P2RuS2 (1067.08): calcd. C 50.09, H, 4.20; found C
49.03, H 4.20. 2b: Yield: 340 mg (90%). IR (KBr): ν̃ (SO3) =
1198 cm–1. Conductivity (water): 200 Ω–1 cm2 mol–1. 1H NMR
(300 MHz, CD3OD, 20 °C): δ = 8.24 (br. s, 1 H, TPPMS), 7.91 (br.
s, 1 H, TPPMS), 7.16 (m, 26 H, TPPMS), 5.67 (s, 6 H, CH of
C6H6) ppm. 13C{1H} NMR (75.4 MHz, CD3OD, 20 °C): δ =
143.9–128.4 (TPPMS), 96.6 (s, CH of C6H6) ppm. 31P{1H} NMR
(121.5 MHz, CD3OD, 20 °C): δ = 22.8 (s) ppm.
C42H38Cl2K2O8P2RuS2 (1010.97): calcd. C 48.18, H 3.66; found C
48.20, H 3.03.
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Synthesis of [RuCl(η6-p-cymene)(NCMe)(TPPMS)][SbF6] (3): To a
solution of [RuCl2(η6-p-cymene)(TPPMS)] (1a) (100 mg,
0.15 mmol) in a mixture acetonitrile (20 mL) and acetone (50 mL)
was added AgSbF6 (50 mg, 0.15 mmol) and the reaction mixture
was stirred for 14 h at room temperature in the absence of light.
The solution was then filtered through kieselguhr and concentrated
under vacuum to a volume of approx. 1 mL. Addition of diethyl
ether afforded a yellow precipitate. The solvents were decanted and
the solid residue was washed with diethyl ether (2×10 mL) and
dried under reduced pressure to afford complex 3. Yield: 80 mg
(58%). IR (KBr): ν̃ (SO3) = 1199, ν̃ (SbF6) = 660 cm–1. Conductiv-
ity (acetonitrile): 92 Ω–1 cm2 mol–1. 1H NMR (300 MHz, CD3OD,
20 °C): δ = 8.19 (d, 3JH,P = 12.2 Hz, 1 H, Ho), 7.95 (m, 1 H,
TPPMS), 7.62–7.46 (m, 12 H, TPPMS), 6.05 (d, 3JH,H = 6.2 Hz, 1
H, CH of p-cymene), 5.56 (d, 3JH,H = 6.2 Hz, 1 H, CH of p-cy-
mene), 5.53 (d, 3JH,H = 6.3 Hz, 1 H, CH of p-cymene), 5.21 (d,
3JH,H = 6.0 Hz, 1 H, CH of p-cymene), 2.72 [sept, 3JH,H = 6.8 Hz,
1 H, CH(CH3)2], 2.12 (m, 3 H, NCCH3), 1.87 (s, 3 H, CH3), 1.23
[d, 3JH,H = 6.8 Hz, 3 H, CH(CH3)2], 1.19 [d, 3JH,H = 7.1 Hz, 3 H,
CH(CH3)2] ppm. 13C{1H} NMR (75.4 MHz, CD2Cl2, 20 °C): δ =
135.3–128.4 (TPPMS and NCCH3), 114.6 (s, C of p-cymene), 103.1
(s, C of p-cymene), 93.7 (s, CH of p-cymene), 89.0 (s, CH of p-
cymene), 88.7 (s, CH of p-cymene), 31.3 [s, CH(CH3)2], 22.8 [s,
CH(CH3)2], 21.0 [s, CH(CH3)2], 18.0 (s, CH3), 3.4 (s,
NCCH3) ppm. 31P{1H} NMR (121.5 MHz, CD3OD, 20 °C): δ =
35.1 (s) ppm. C30H31ClF6KNO3PRuSSb (927.98): calcd. C 38.83,
H 3.37, N 1.51; found C 38.39, H 3.63, N 1.36. MS (FAB+): m/z
= 614 [M+ –K–NCMe], 576 [M+ –Cl –K–NCCH3], 271 [M+ +2–
NCMe –TPPMS].

Synthesis of [RuClH(η6-p-cymene)(TPPMS)] (4): A solution of
complex 1a (100 mg, 0.15 mmol) in methanol (5 mL) was added
dropwise to a solution of NaOMe (4 mg, 0.17 mmol) in methanol
(5 mL) and the reaction mixture was stirred at room temperature
for 1 h. The solvent was removed and the solid residue was ex-
tracted with dichloromethane and the resultant solution filtered
through kieselguhr and concentrated under vacuum to a volume of
approx. 1 mL. Addition of diethyl ether afforded a yellow precipi-
tate. The solvents were decanted and the solid residue was washed
with diethyl ether (4×10 mL) and dried under reduced pressure to
afford complex 4. Yield: 45 mg (46%). IR (KBr): ν̃ (Ru–H) = 1954,
ν̃ (SO3) = 1199 cm–1. Conductivity (methanol): 87 Ω–1 cm2 mol–1.
1H NMR (300 MHz, CD3OD, 20 °C): δ = 8.34–7.36 (m, 14 H,
TPPMS), 5.68 (d, 3JH,H = 6.4 Hz, 1 H, CH of p-cymene), 5.20 (d,
3JH,H = 6.4 Hz, 1 H, CH of p-cymene), 4.97 (dd, 3JH,H = 6.4 and
5.6 Hz, 1 H, CH of p-cymene), 4.25 (d, 3JH,H = 5.6 Hz, 1 H, CH
of p-cymene), 2.16 [m, 1 H, CH(CH3)2], 1.99 (s, 3 H, CH3), 1.12
[d, 3JH,H = 6.8 Hz, 3 H, CH(CH3)2], 1.06 [d, 3JH,H = 6.8 Hz, 3 H,
CH(CH3)2], –7.45 (d, 2JH,P = 53.0 Hz, 1 H, Ru–H) ppm. 13C{1H}
NMR (75.4 MHz, CD3OD, 20 °C): δ = 144.0–125.2 (m, TPPMS),
104.6 (s, 2×C of p-cymene), 91.4 (s, CH of p-cymene), 91.3 (s, CH
of p-cymene), 79.3 (s, CH of p-cymene), 79.2 (s, CH of p-cymene),
30.5 [s, CH(CH3)2], 22.6 [s, CH(CH3)2], 21.3 [s, CH(CH3)2], 17.0 (s,
CH3) ppm. 31P{1H} NMR (121.5 MHz, CD3OD, 20 °C): δ = 55.0
(s) ppm.

Synthesis of [RuCl(η6-p-cymene)(TPPMS)2][PF6]·2H2O (2a�): To a
solution of complex 2a (50 mg, 0.05 mmol) in methanol (5 mL) was
added KPF6 (11 mg, 0.06 mmol). The mixture was stirred for
30 min at room temperature and was then evaporated to dryness.
The residue was extracted with dichloromethane and concentrated
under vacuum to a volume of approx. 1 mL. Addition of diethyl
ether afforded a yellow precipitate. The solvents were decanted and
the solid residue was washed with diethyl ether (2×10 mL) and
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dried under vacuum to afford complex 2a�. IR (KBr): ν̃ (PF6

–) =
844 cm–1.

Transfer Hydrogenation of Ketones – General Procedure: The sam-
ples were typically prepared as follows: the ketone (5 mmol), ruthe-
nium catalyst precursor (0.01 mmol, 0.2 mol-% of Ru) and propan-
2-ol (9.25 mL) were introduced into a Schlenk tube fitted with a
condenser and heated at 82 °C for 15 min in an inert atmosphere.
KOH was then added (0.75 mL of a 0.08  solution in propan-2-
ol, 1.2 mol-%) and the reaction monitored by gas chromatography.
The corresponding alcohol and acetone were the only products de-
tected in all cases. The identity of the alcohols was assessed by
comparison with commercially available (Aldrich Chemical Co. or
Acros Organics) pure samples.

X-ray Crystal Structure Determination of Complex 1a: Crystals suit-
able for X-ray diffraction analysis were obtained by slow diffusion
of diethyl ether into a saturated solution of the complex in meth-
anol. The most relevant crystal and refinement data are collected
in Table 3. A light-orange prismatic single crystal was mounted on
a glass fibre and transferred to a Bruker SMART 6 K CCD area-
detector three-circle diffractometer (Cu-Kα radiation, λ =
1.5418 Å).[36] X-ray data were collected at 100(2) K with a combi-
nation of three runs at different φ and 2θ angles. The data were
collected using 0.3° wide ω scans with a crystal-to-detector distance
of 4.0 cm. The substantial redundancy in data allowed empirical
absorption corrections (SADABS)[37] to be applied using multiple
measurements of symmetry-equivalent reflections (ratio of mini-
mum to maximum apparent transmission = 0.602305). A total
number of 8520 reflections were collected, with 4401 independent
reflections (Rint = 0.0316). The raw intensity data frames were inte-
grated with the SAINT program[38] which also applied corrections
for Lorentz and polarisation effects.

Table 3. Crystal data and structure refinement for 1a.

1a

Chemical formula C28H28Cl2KO3PRuS
Fw 686.60
T [K] 100(2)
Wavelength [Å] 1.5418
Crystal system triclinic
Space group P1̄
a [Å] 9.1813(2)
b [Å] 12.1763(2)
c [Å] 12.5166(2)
α [°] 94.1940(10)
β [°] 96.1750(10)
γ [°] 94.8240(10)
V [Å3] 1381.46(4)
Z 2
ρcalcd. [g cm–3] 1.651
µ [mm–1] 9.219
F(000) 696
Crystal size [mm] 0.12×0.09×0.104
θ range [°] 3.56 to 66.73
Index ranges –9� h� 10; –14 �k �

13; –13 � l � 14
No. of reflections collected 8520
No. of unique reflections 4401 [Rint = 0.0316]
Completeness to θmax. 90.1%
No. of parameters/restraints 337/0
Goodness-of-fit on F2 1.034
R1

[a] [I � 2σ(I)]; wR2
[a] [I � 2σ(I)] 0.0400; 0.1011

R1(all data); wR2(all data) 0.0497; 0.1078
Largest diff peak and hole [eÅ–3] 1.295 and –0.510

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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CCDC-290177 (for 1a) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

The software package WINGX was used for space group determi-
nation, structure solution and refinement.[39] The space group de-
termination was based on a check of the Laue symmetry and sys-
tematic absences and ascertained from the structure solution. The
structure was solved by Patterson interpretation and phase expan-
sion using DIRDIF,[40] completed with difference Fourier syntheses
and refined with full-matrix least-squares using SHELXL-97.[41]

Weighted R factors (Rw) and all goodness of fit S are based on F2.
Conventional R factors (R) are based on F. All nonhydrogen atoms
were refined with anisotropic displacement parameters. All hydro-
gen atoms were geometrically located and their coordinates were
refined as riding on their parent atoms. The function minimised
was [Σw(Fo

2 – Fc
2)/Σw(Fo

2)]1/2 where w = 1/[σ2(Fo
2) + (0.0921P)2 +

0.0000P] with σ2(Fo
2) from counting statistics and P = [max(Fo

2,
0) + 2Fc

2]/3. Atomic scattering factors were taken from the
International Tables for X-ray Crystallography.[42] Geometrical cal-
culations were made with PARST.[43] Plots were made with
PLATON.[44]

Radius of Gyration Measurements: Size exclusion chromatography
(SEC) measurements were carried out using a Waters Associates
instrument coupled with an Optilab interferometric differential re-
fractive index detector (RI) and a multiangle light scattering
(MALS) DAWN DSP-F laser photometer detector both from the
Wyatt Technology Corp. The photometer was calibrated with spec-
trometric grade toluene (Scharlau) and the normalisation of its de-
tectors in THF was performed with low molecular weight standard
samples of polystyrene. The same polystyrene standard was used
to determine the interdetector volume. Two columns PLgel mixed
B (Polymer Laboratories) in series completed the setup and THF
freshly distilled from sodium and benzophenone, filtered through
a 0.2 µm Fluoropore membrane (Millipore) and degassed, was used
as eluent. The flow rate was 1.0 mLmin–1 and the temperature
25 °C.

The basic light-scattering equation at the small concentrations used
in the size exclusion chromatography is[45] given by Equation (1).

where Rθ is the excess Rayleigh ratio of the light scattered by the
solute molecules in a solution, c is the concentration of the solu-
tion, λ is the wavelength of the incident light in the medium, θ is
the scattering angle, �s2� the mean squared radius of gyration and
K is an optical constant.

The parentheses of Equation (1) contain the terms of the particle
form factor which takes into account the interferences among light
scattered at different angles for large molecules. At θ = 0 the inter-
ferences vanish and the following expression can be written (Equa-
tion 2).

Thus the angular dependence of the scattered light enables the mea-
surement of radius of gyration provided that the size of the par-
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ticles is large enough compare with the wavelength and that the
normalisation constants for the different detectors have been deter-
mined.[22,45]
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Monolithiation of the chiral amine (S)-N-(α-methylbenzyl)al-
lylamine, in the presence of the strong Lewis donor solvent
hexamethylphoshoramide (HMPA), results in pale yellow
crystals which have been crystallographically analysed re-
vealing the structure of the complex to be an asymmetric
cisoid dimer {(S)-α-[PhC(H)CH3](CH2CH=CH2)NLi·HMPA}2.
Variable-temperature NMR studies show this complex can
undergo a thermally induced rearrangement to a 1-azaallyl
complex at ca. 90 °C. Attempted dilithiation of the chiral
amine at the N and vinylic C centres with nBuLi and HMPA

Introduction

Chiral lithium amides derived from α-methylbenzylamine
are invaluable reagents in the formation of β-amino acids
and β-lactams from their selective conjugate addition reac-
tion with unsaturated β-amino esters and amides.[1] In par-
ticular, the use of lithium (S)-N-(α-methylbenzyl)allylamide,
as developed by Davies and co-workers, has proved highly
effective because of the ease by which deprotection of the
conjugate addition product can be achieved by simple appli-
cation of Wilkinson’s catalyst in removing the allyl
group.[1,2] Our recent endeavours in probing the causes of
high selectivity have focused on establishing the structural
chemistry and unexpected anion transformations which oc-
cur when the common chiral amines derived from α-methyl-
benzylamine are treated with nBuM (M = Li, Na, K) in the
presence of Lewis bases. A variance in the metal, solvents
and/or Lewis donors can promote dramatic and unexpected
structural changes such as azaallyl and enamide forma-
tion.[3,4] In this regard, we have previously shown that the
complex formed on reaction of (S)-N-(α-methylbenzyl)al-
lylamine (= S-N-α-mba) with nBuNa in the presence of
tmeda undergoes a 1,3-sigmatropic shift, converting from
the expected allylamide to the 1-azaallylic complex, {[(S)-
α-(PhC(H)CH3N–�C(H)–�CHCH3)]Na·tmeda}2,[5] Figure 1,
and because our numerous attempts at crystallising analo-
gous lithium complexes with a variety of Lewis donors re-
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E-mail: phil.andrews@sci.monash.edu.au

Eur. J. Inorg. Chem. 2006, 2865–2870 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2865

results in competitive reduction of HMPA to give crystals of
the lithium dimethylamidophosphite, structurally authenti-
cated as the hexamer [(Me2N)2POLi]6, in which the Li cation
is bonded preferentially to the O centre and not P. The effect
is a reduction in the oxidation state of the P centre from (V)
to (III), which is supported by ab initio calculations showing
the crystal structure to represent the most thermodynami-
cally stable of the possible isomers.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sulted only in a series of impure oils, we were unable to
confirm definitively whether a similar transformation was,
or could be, occurring with lithium (S)-N-(α-methylbenzyl)-
allylamide.

Figure 1. The 1-azaallyl structure of {[(S)-α-(PhC(H)CH3N–�C(H)–�
CHCH3)]Na·tmeda}2 derived from sodiation of (S)-N-(α-methyl-
benzyl)allylamine.

This lack of success in obtaining definitive structural in-
formation from the monolithiation reactions led us to sub-
sequently examine and describe the cyclic structures of the
homo- and hetero-bimetallic complexes, which result from
a second deprotonation of lithium (S)-N-(α-methylbenzyl)-
allylamide at the terminal vinylic site by Li, Na and K or-
ganyls.[6] The synthesis and reactions of the dilithiated com-
plex have been described previously by Yus who used tBuLi
to force metallation at the terminal vinylic proton,[7] though
we have since noted that despite the proximity of the rela-
tive pKa values of the terminal vinylic protons (44) and
BuH (50) that the dilithiated product will also form using
only nBuLi in toluene, albeit slowly and in low yield.[6] Re-
cent detailed structural and ab initio studies by Williard
and co-workers on related N-silylallylamines have high-
lighted the importance of using ethereal solvents to increase
the kinetic reactivity of the terminal vinylic protons towards
nBuLi, and their influence in determining a cis stereochemi-
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Figure 2. Structure of {(S)-α-(PhC(H)CH3)(CH2CH=CH2)NLi·HMPA}2 (1). Thermal ellipsoids shown at 30% probability and all H
atoms omitted for clarity. Important bond lengths [Å] and angles [°]: N(1)–Li(1) 1.994(6), N(1)–Li(2) 1.994(6), N(2)–Li(1) 2.023(7), N(2)–
Li(2) 2.061(6), N(1)–C(1) 1.448(4), N(1)–C(9) 1.466(4), C(9)–C(10) 1.494(5), C(10)–C(11) 1.311(5), O(1)–Li(1) 1.858(7), O(2)–Li(2)
1.845(6); C(1)–N(1)–C(9) 109.4(3), C(1)–N(1)–Li(2) 135.7(3), C(9)–N(1)–Li(2) 101.9(3), C(1)–N(1)–Li(1) 115.9(3), C(9)–N(1)–Li(1)
114.3(3) Li(2)–N(1)–Li(1) 76.1(3), C(12)–N(2)–C(20) 109.6(3), C(12)–N(2)–Li(1) 125.8(3), C(20)–N(2)–Li(1) 110.1(3), C(12)–N(2)–Li(2)
114.0(2), C(20)–N(2)–Li(2) 120.3(3), Li(1)–N(2)–Li(2) 74.0(3), N(1)–Li(1)–N(2) 105.4(3), O(1)–Li(1)–N(1) 124.4(3), O(1)–Li(1)–N(2)
130.1(3), O(2)–Li(2)–N(1) 126.6(3), O(2)–Li(2)–N(2) 128.3(3), N(1)–Li(2)–N(2) 104.1(3).

Figure 3. Structure of {(Me2N)2POLi}6 (2). Thermal ellipsoids shown at 50% probability and all H atoms omitted for clarity. Selected
bond lengths [Å] and angles [°]: O(2)–Li(2) 1.909(3), O(2)–Li(3�) 1.983(3), O(2)–Li(1�) 1.994(4), O(3)–Li(3) 1.906(4), O(3)–Li(1) 1.970(3),
O(3)–Li(2) 1.996(3), O(1)–Li(1) 1.911(3), O(1)–Li(2) 1.953(3), O(1)–Li(3�) 1.982(3): O(1)–P(1)–N(1) 107.2(1), O(1)–P(1)–N(2) 95.9(1),
N(1)–P(1)–N(2) 99.9(1), P(1)–O(1)–Li(1) 134.0(1), P(1)–O(1)–Li(2) 128.1 (1), Li(1)–O(1)–Li(2) 84.2(1), P(1)–O(1)–Li(3�) 100.9(1), Li(1)–
O(1)–Li(3�) 116.8(2), C(2)–N(1)–P(1) 126.0(2), C(1)–N(1)–P(1) 118.2(2), C(3)–N(2)–P(1) 116.5(2), C(4)–N(2)–P(1) 108.4(1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2865–28702866
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cal outcome for the dilithiated complex, even when the sol-
vents are used in catalytic amounts.[8,9]

Because structural information is crucial in establishing
and understanding the causes of stereo- and regioselectivies,
and observed enantioselectivities, we have re-examined both
the mono- and dilithiation reactions of nBuLi with S-N-α-
mba in the presence of HMPA, and now report the crystal
structure of the formerly elusive [(S)-α-(PhC(H)CH3)-
(CH2CH=CH2)NLi·HMPA]2 complex (1), Figure 2, and
the unexpected reduction of HMPA in the attempted dili-
thiation reaction to give the hexameric lithium dimethyl-
amidophosphite, [(Me2N)2POLi]6 (2), Figure 3, as the only
isolated crystalline product.

Results and Discussion

The synthesis of 1 and 2 are shown in Scheme 1. While
all other standard aprotic Lewis bases produced only oils
on their addition to lithium (S)-N-(α-methylbenzyl)al-
lylamide we found that with HMPA a yellow powder could
be forced to precipitate by rapid cooling. This precipitate,
which is often accompanied by an orange oil, can be readily
redissolved and, with slow cooling and storage at 4 °C, pro-
duces fine yellow needles. These crystals were analysed by
single-crystal X-ray diffraction and revealed the solid-state
structure to be unusual on two counts: the dimer itself is
asymmetric, comprised of two independent lithium amide
monomers, and adopts an atypical cisoid arrangement of
the allyl and benzyl groups relative to the planar (NLi)2

ring, in what is generally considered an energetically less
favourable arrangement for such dimers.[10] The few other
crystallographically characterised lithium amide dimers
complexed by HMPA all display a symmetrical trans ar-
rangement of the amido moieties relative to the central
(NLi)2 ring.[11–15] The structure of 1 is shown in Figure 2.

Scheme 1. Synthesis of compounds 1 and 2.

Importantly, and in contrast to the sodium analogue, the
allylic nature of the chiral amide is retained [N(1)–C(9)
1.466(4), C(9)–C(10) 1.494(5), C(10)–C(11) 1.311(5) Å] sup-
porting the structural assumptions made in its application
in conjugate addition reactions. Though one of the allyl
groups is slightly disordered, mainly at the terminal vinylic
carbon, they are clearly oriented differently relative to the
Li centres, and both appear on the same side of the Li2N2

plane. This inequivalency is evident from an analysis of the
bonding environment of the Li centres with the closest Li
to allylic C(H2) distances being 2.707 Å for Li(2)–C(9) and
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2.871 Å for Li(1)–C(20), both of which are within the range
for agostic bonding.

NMR studies in C6D6 indicate that the solution-state
structure is consistent with that observed for the mono-
meric unit in the solid state. In comparison to the free
amine, the NCH2CH protons are diastereotopic (δ = 3.91
and 3.66 ppm) and because these are the same protons that
are involved in the agostic interactions observed in the so-
lid-state structure of 1, it suggests that these interactions
with the lithium centre are retained in solution. Variable-
temperature studies in C7D8, in the range –60 °C to 90 °C,
revealed an interesting transformation. At lower tempera-
tures only a broadening of the peaks occurs. However, upon
heating to 80 °C, followed by sustained heating at 90 °C for
10 min, the complex undergoes significant rearrangement
to the 1-azaallyl isomer, as observed in {[(S)-α-(PhC(H)-
CH3N–�C(H)–�CHCH3)]Na·tmeda}2. This is most clearly
indicated by a decrease in the multiplet for –CH=CH2 at δ
= 6.23 ppm, which is mirrored by the emergence of a new
multiplet for this proton at δ = 3.81 ppm. The two dd of
dd for NCH2 at δ = 3.77 and 3.54 ppm decrease with the
concomitant emergence of a doublet (N–�CH–�C) at δ =
6.77 ppm. The new Me group appears as a doublet at δ =
1.83 ppm with a coincident diminution of signals for the
=CH2 protons at δ = 5.09 and 4.96 ppm. The overall trans-
formation at this temperature was ca. 75% complete. As
we observed for related 2-azaallyl formation in group-1 (α-
methylbenzyl)benzylamides, the effect of using sodium is to
induce anion changes which require thermal promotion for
Li.[4]

HMPA, despite its acknowledged carcinogenicity, is still
a ubiquitous, highly useful and remarkably versatile ligand
in organolithium chemistry. In the vast majority of cases it
behaves simply as a highly polar solvent and/or a strongly
coordinating Lewis base; however, it has been observed,
through chemical trapping reactions, to undergo decompo-
sition on addition of nBuLi, MeLi or with NaH at elevated
temperatures.[16,17] We now present unequivocal structural
evidence of this decomposition and the nature of the lithi-
ated species.

The addition of one equiv. of HMPA to promote the
second lithiation of (S)-N-(α-methylbenzyl)allylamine at the
terminal vinylic proton resulted only in isolation of large
colourless crystals, which were identified by single-crystal
X-ray diffraction to be [(Me2N)2POLi]6 (2). The structure
is shown in Figure 3 and indicates that the asymmetric unit
comprises three Li atoms and three dimethylamidophospite
units with the hexameric inner core resembling two stacked
trimers. While analogous stacked trimer-type structures
have been previously reported for lithium imides,[18] enol-
ates[19] and alkoxides (e.g. [PhOLi·thf]6),[20,21] the structure
of the monomeric unit of 2, (Me2N)2POLi, is unique.

The loss of Me2N–, believed to occur through electron
transfer from RLi to HMPA with elimination of RH,[16] is
accompanied by reduction of the P centre from oxidation
state (V) to (III). This stands in contrast to previous as-
sumptions that the lithium dimethylphosphite could still be
viewed as a PV compound and formulated as (Me2N)2P-
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(=O)Li, assuming a covalent P–Li bond. The preference for
the Li+ cation to bond with the O atom has previously been
observed in related lithiated PV phosphane oxide complexes
derived from deprotonation of alkyl[22] and amino substitu-
ents,[23,24] and though these may be functionally related to
2 there is no PIII centre formed and the P–O bonds retain
most of their double bond character. A close analysis of
the structure adopted by 2 reveals an interesting bonding
arrangement within the unique lithiated dimethylami-
dophosphite moiety, and a comparison is given with the
datively bound intact HMPA molecule in 1 in Figure 4.

Figure 4. Comparison of the bonding arrangements for coordi-
nated HMPA and the structurally determined dimethylamidophos-
phite anion in 1 and 2, respectively. Bond lengths in Å.

There are two differing N–P bond lengths, with the long-
est found for the N, which datively bonds with a nearby Li
cation [range 2.14(4) to 2.16(9) Å]; elongation presumably
resulting from removal of the lone-pair electrons from any
contribution to the N–P bond itself. This affects the bond-
ing angles around the two N centres which differ substan-
tially, with the longer datively bound N displaying the more
acute C–N–P angles. Each O is bound to three Li atoms
and, as is typical of stacked trimers, show a range of short,
medium and longer bonds [e.g. O(3)–Li(1), 1.906(4); O(3)–
Li(2), 1.970(3); O(3)–Li(3), 1.996(3) Å].

To further probe the nature of the amidophosphite inter-
mediate ab initio calculations were performed using the
Gaussian03 suite of programs.[25] Figure 5 shows structures
obtained at the MP2/6-311G(d,p) level, while relative ener-
gies are reported in Table 1. Structure 2a shows the tetrahe-
dral complex previously proposed as the reaction interme-
diate.[16,17] This structure is not a potential energy mini-
mum – it can be obtained only by constraining the angle
Li–P–O. When this angle is allowed to optimize, 2a un-
dergoes a rearrangement to the form 2a� which is
100 kJ·mol–1 more stable. It is clear that 2a is not a viable
structure. Structures 2b and 2c are a further 50 kJ·mol–1

more stable than 2a�. Structures 2b and 2c both show py-
ramidal bonding at the phosphorus, with the Li atom pre-
ferring to be associated with the oxygen (and nitrogen)
atoms. The structure 2c consistent with the X-ray data is

Table 1. Calculated Mulliken charges on the P atom, and relative energies of alternative LiOP[N(CH3)2]2 structures at the MP2/6-
311G(d,p) level.

Structure Li+[OP[N(CH3)2]3] 2a 2a� 2b 2c

Mulliken charge on P (MP2) 1.77 1.06 0.88 0.96 1.00
Erel (B3LYP)[a] [kJ·mol–1] 148.9 49.1 12.4 0.0
Erel (B3LYP+z.p.)[a],[b] [kJ·mol–1] – 47.8 14.6 0.0
Erel (MP2)[c] [kJ·mol–1] 156.7 53.4 1.6 0.0
Erel (MP2+z.p.)[b,c] [kJ·mol–1] – 52.1 3.8 0.0

[a] B3LYP/6-311+G(d,p) level. [b] Including B3LYP/6-311+G(d,p) zero point correction. [c] MP2/6-311G(d,p) level.
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preferred over 2b by just 1.6 kJ·mol–1 at the MP2/6-
311G(d,p) level and by a larger margin of 14.6 kJ·mol–1 at
the B3LYP/6-311+G(d,p) level. The N atom interacting
with the Li also has its N–P bond lengthened relative to the
other N atom in 2c, as is evident in the crystal structure.

Figure 5. Li···OP[N(CH3)2]2 structures computed at MP2/6-
311G(d,p) level, together with their relative energies and HOMO
of 2c.

Calculated Mulliken charges on the P atom, at the MP2
level are given in Table 1. There is a large and significant
difference between the charge of 1.8 e found in
Li+[OP[N(CH3)2]3], and the charges of around 1.0 e found
in structures 2a–2c. This strongly suggests that the phos-
phorus atom in these forms has been reduced to PIII. The
HOMO orbital for 2c plotted in Figure 5 has the character
of a “lone pair” on the phosphorus, consistent with this
conclusion.

The first step in aggregation has also been investigated
by computing dimeric structures based on 2b and 2c. These
are shown in Figure 6. In the dimer structures, the energetic
preference for 2c is further increased: 7.6 kJ·mol–1 at the
MP2/6-311G(d,p)//MP2/6-31G(d,p) level and 45 kJ·mol–1

at the B3LYP/6-311+G(d,p) level (Table 2). This is presum-
ably due to the formation of slightly stronger, shorter LiO
bonds – see Figure 6. In regard to larger aggregates, the
lithium and oxygen atoms of 2c are more accessible steri-
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cally so that it is able to form the hexamer found in the
crystal structure with each lithium atom coordinated to
three oxygen atoms. This arrangement is precluded in 2b
due to the increased steric crowding.

Figure 6. Dimeric structures, together with their relative energies
computed at MP2/6-311G(d,p)//MP2/6-31G(d,p) level.

Table 2. Calculated relative energies of dimers formed from 2b and
2c.

Dimer (2b)2 (2c)2

Erel (B3LYP + z.p.)[a] [kJ·mol–1] 44.7 0.0
Erel (MP2)[b] [kJ·mol–1] 7.6 0.0
Erel (MP2 + z.p.)[a,b] [kJ·mol–1] 10.0 0.0

[a] Including B3LYP/6-311+G(d,p) zero point correction. [b] MP2/
6-311G(d,p)//MP2/6-31G(d,p) level.

Thus, while the results of Williard[9] indicate that the
presence of thf produces a particular structural dimer,
which facilitates deprotonation of the terminal vinylic
group, it seems from our results that HMPA is preferen-
tially cleaved, and that this most likely occurs at a greater
rate than deprotonation can occur. One reason for this,
which may support Williard’s findings, is that the HMPA
molecule is just too bulky to promote close interaction of
the vinylic group and lithium base in the particular mixed
aggregate structure required for deprotonation.

Experimental Section
Compound manipulations were carried out under strict inert atmo-
sphere and dry conditions using a vacuum/argon line Schlenk tech-
niques and a high purity argon gas recirculating dry box. Prior to
use, solvents were dried by reflux over Na/K alloy and stored over
molecular sieves (4 Å). (S)-N-(α-methylbenzyl)allylamine was pre-
pared by a literature procedure.[7] nBuLi was purchased from Ald-
rich (2.5  solution in heptane). NMR spectra were obtained on
Bruker DRX-400 spectrometer with chemical shifts referenced to
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the appropriate deuterated solvent. Elemental analyses were carried
out by CMAS, Australia.

Synthesis of [(S)-α-(PhC(H)CH3)(CH2CH=CH2)NLi·HMPA]2 (1):
A solution of nBuLi (2 mL, 2.5  in heptane, 5 mmol) was added
dropwise to a stirring solution of S-N-α-mba (0.81 g, 5 mmol) in
hexane (� 25 mL) at room temperature. The solution was stirred
for 30 min, during which time the colour changed from clear to
pale yellow. The solution was then cooled to 0 °C. HMPA
(0.87 mL, 5 mmol) was then added dropwise. The resulting cloudy
solution was stirred and warmed to room temperature, changing
to a clear yellow colour. The solution was cooled rapidly to –25 °C
resulting in the precipitation of a yellow solid. The mixture was
gently heated in order to dissolve the precipitate and cooled slowly
to room temperature before being stored at 4 °C. This resulted in
the formation of needle-like crystals. The pale yellow crystals of 1
were filtered, washed with cold hexane and dried under vacuum.
Yield 1.28 g, 74%. M.p. 84–86 °C. 1H NMR (300 MHz, C6D6,
30 °C): δ = 7.86 (d, 1J = 6.9 Hz, 2 H, ortho-H), 7.38 (t, 1J = 7.2 Hz,
2 H, meta-H), 7.24 (t, 1J = 7.2 Hz, 1 H, para-H), 6.43 (m, 1 H,
CH2CH=CH2), 5.28 (dd, 1J = 3.0 Hz, 2J = 17.1 Hz, 1 H,
CH2CH=CH2

a), 5.14 (dd, 1J = 3.0 Hz, 2J = 9.9 Hz, 1 H,
CH2CH=CH2

b), 4.44 [q, 1J = 6.7 Hz, 2J = 13.2 Hz, 1 H, PhC(H)-
CH3], 3.90 (dd, 1J = 5.7 Hz, 2J = 13.3 Hz, 1 H, CH2

aCH=CH2),
3.66 (dd, 1J = 7.5 Hz, 2J = 13.2 Hz, 1 H, CH2

bCH=CH2), 2.38 (d,
1J = 3.03 Hz, 18 H, PO[N(CH3)2]3), 1.81 [d, 1J = 6.0 Hz, 3 H,
PhC(H)CH3] ppm. 13C NMR (300 MHz, C6D6, 30 °C): δ = 156.4
(CH2CH=CH2), 146.3 (CH2CH=CH2), 129.3 (o-C), 128.7 (m-C),
125.8 (p-C), 111.8 (ipso-C), 65.7 [PhC(H)CH3], 59.4
(CH2CH=CH2) 37.6 (PO[N(CH3)2]3), 29.2 [PhC(H)CH3] ppm.
C34H64LiN4OP (582.8): calcd. C 59.0, H 9.3, N 16.2; found C 58.9,
H 9.4, N 16.0.

Synthesis of {(Me2N)2P=OLi}6 (2): A solution of nBuLi (4 mL,
2.5  in heptane, 10 mmol) was added dropwise to a stirred solu-
tion of S-N-α-mba (0.81 g, 5 mmol) in hexane (� 25 mL) at room
temperature. The solution changed to a yellow colour and was fur-
ther stirred for 1 hour. It was then cooled to 0 °C and HMPA
(0.87 mL, 5 mmol) was added slowly. The solution became cloudy
and dark yellow in colour, and warming to room temperature re-
sulted in a dark orange oil falling out of solution. The emulsion
was homogenised and filtered, and the mother liquor subsequently
reduced by 50%. The solution was stored at 4 °C overnight re-
sulting in the precipitation of colourless block crystals of 2. Yield
(0.23 g, 32%). M.p. 187–189 °C (dec.) 1H NMR (300 MHz, C6D6,
30 °C): δ = 2.60 (d, 1J = 8.8 Hz, 12 H, PO[N(CH3)2]2) ppm. 13C
NMR (300 MHz, C6D6, 30 °C): δ = 38.5 (d, 1J = 19.8 Hz, 4 C,
PO[N(CH3)2]2) ppm. C4H9LiN2OP (142): calcd: C 33.8, H 8.5, N
19.7; found C 33.9, H 8.4, N 19.6.

Crystallography: Single crystals of 1 and 2 were coated in oil under
argon in a dry box, mounted on a fibre and data collected with an
Enraf Nonius KappaCCD at 123 K with Mo-Kα radiation (λ =
0.71073 Å). The structure was solved by direct methods (SHELXS
97)[26] and refined by full-matrix least-squares on F2. All H were
placed in calculated positions (C–H 0.95 Å) and included in the
final least-squares refinement. All other atoms were located and
refined anisotropically.

CCDC-297298 and -297299 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic Data for 1: C34H64LiN4OP, M = 582.8, T = 123 K,
orthorhombic P212121, a = 8.5429(17), b = 15.629(3), c =
31.008(6) Å β = 90°, V = 4140.0(14) Å3, Dcalcd. = 1.403 g/cm3, Z =
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6, F(000) = 1932, µmo-K = 0.138 mm–1, 2θmax = 56.6°, final R, Rw

= 0.0669, 0.1113 No = 5041 “observed” [I � 2σ(I)] reflections out
of N = 9946, Rint = 0.1368, GooF = 0.990. Disorder in the terminal
vinylic carbon C22 which was modelled at 50% occupancy at each
site.

Crystallographic Data for 2: C12H36Li3N6O3P3, M = 426.2, T =
123 K, orthorhombic Pbca, a = 14.648(3), b = 16.236(3), c =
20.038(4) Å, β = 90°, V = 4765.5(16) Å3, Dcalcd. = 1.188 g/cm3, Z
= 8, F(000) = 1824, µMo-K = 0.271 mm–1, 2θmax = 56.6°, final R,
Rw = 0.024, 0.0840, No = 3975 “observed” [I � 2σ(I)] reflections
out of N = 5886, Rint = 0.086. GooF = 1.021.
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Bisphenoxo-bridged dicopper(II) complexes [Cu2Ln
2Cl2] {1 (n

= 1) and 2 (n = 2)} with the N,O-donor reduced Schiff bases
N-(2-hydroxybenzyl)-(R)-α-methylbenzylamine (HL1) and N-
(2-hydroxybenzyl)-(S)-α-methylbenzylamine (HL2) have
been synthesised and characterised. In both 1 and 2, the bi-
dentate chiral ligands coordinate the metal centres through
the secondary amine N atom and the bridging phenolate O
atom. The chloride ion occupies the fourth coordination site
and completes a slightly distorted square-planar NO2Cl envi-
ronment around each copper(II) centre. Magnetic suscep-
tibility measurements in the solid state suggest a strong anti-
ferromagnetic interaction between the metal centres in both
complexes. Both 1 and 2 readily form 1:1 host-guest com-
pounds with chlorinated solvents such as CH2Cl2, CHCl3 and
Cl(CH2)2Cl. All the host-guest compounds crystallise in

Introduction
Materials generated by noncentrosymmetric organisation

of molecules in the crystalline state are of current interest
because of their potential applications in a variety of re-
search areas such as enantioselective separation, asymmet-
ric catalysis, drug delivery, non-linear optical effects and
ferro-, pyro- and piezoelectricity.[1,2] The general strategy
for noncentrosymmetric organisation in the crystal lattice is
insertion of chirality in the molecule.[3] Synthesis and struc-
tures of some coordination complexes with chiral Schiff
bases and their nonlinear optical properties have been re-
ported recently.[4] Compared to the Schiff bases the reduced
Schiff bases with the –CH2–NH– backbone are considered
to be conformationally more flexible. In coordination com-
plexes with reduced Schiff bases, the increased acidity of
the N–H fragment resulting from metal coordination is also
expected to facilitate its participation in intermolecular hy-
drogen bonding interactions.[5] Introduction of chirality to
such metal coordinated reduced Schiff bases often leads to
novel metal–organic frameworks through intermolecular
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noncentrosymmetric space groups. 1·CH2Cl2 and 2·CH2Cl2
crystallise in the P21 space group while 1·CHCl3, 2·CHCl3,
1·Cl(CH2)2Cl and 2·Cl(CH2)2Cl crystallise in the P212121

space group. In these inclusion crystals, the C–H···Cl interac-
tions between the guest and the host molecules are primarily
responsible for enclatheration of the chloroalkane molecules.
In the case of CH2Cl2, one of its Cl atoms acts as the acceptor.
On the other hand, for CHCl3 and Cl(CH2)2Cl, the metal co-
ordinated Cl atom of the host complex acts as the acceptor.
The structures of 1·(P)-Cl(CH2)2Cl and 2·(M)-Cl(CH2)2Cl pro-
vide rare examples for chiral recognition of the right handed
(P) and the left handed (M) gauche forms of Cl(CH2)2Cl in
molecular assemblies.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

noncovalent interactions.[5,6] Complexes of this type have
shown the potential for applications in DNA cleavage ac-
tivity and asymmetric catalysis.[6e,f] Recently we have re-
ported two mononuclear square-pyramidal copper(II) com-
plexes of the general formula [Cu(LnNO2)2(H2O)] with the
N,O-donor chiral reduced Schiff bases N-(2-hydroxy-5-nitro-
benzyl)-(R)-α-methylbenzylamine {(R)-2(OH)-5-(NO2)-
C6H3CH2NHCH(CH3)C6H5, HL1NO2} and N-(2-hydroxy-
5-nitrobenzyl)-(S)-α-methylbenzylamine {(S)-2(OH)-5-
(NO2)-C6H3CH2NHCH(CH3)C6H5, HL2NO2}. The com-
plexes crystallise in the noncentrosymmetric space group
C2 with Cl(CH2)2Cl molecules as the guests. The crystal
packing of these 1:1 inclusion compounds revealed inter-
molecular hydrogen-bonding-assisted, perfectly polar align-
ment of both host and guest molecules as well as enantiose-
lective confinement of the chiral rotamers of Cl(CH2)2Cl.[7]

In the present work, we report the synthesis and characteri-
sation of the enantiomeric pair of bisphenoxo-bridged di-
copper(II) complexes [Cu2L1

2Cl2] (1) and [Cu2L2
2Cl2] (2)

with HLn, the unsubstituted analogues of HLnNO2. Both 1
and 2 are found to be very good hosts to confine chloroal-
kanes [CH2Cl2, CHCl3 and Cl(CH2)2Cl] and to isolate the
enantiopure chiral rotamers of Cl(CH2)2Cl in the non-
centrosymmetric crystal lattice through intermolecular
C–H···Cl interactions.
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Results and Discussion

Synthesis and Some Properties

The chiral reduced Schiff bases N-(2-hydroxybenzyl)-(R)-
α-methylbenzylamine (HL1) and N-(2-hydroxybenzyl)-(S)-
α-methylbenzylamine (HL2) were synthesised in about 75%
yield by condensation of salicylaldehyde with the corre-
sponding α-methylbenzylamine (R or S) in methanol fol-
lowed by reduction with NaBH4.[5,7] The elemental analysis
and the spectroscopic data (IR and 1H NMR) for HL1 and
HL2 are very similar and consistent with the expected mo-
lecular formula and structure. The reactions of these re-
duced Schiff bases (HLn) with CuCl2·2H2O (1:1 mol ratio)
in methanol provided the dark brown complexes 1 (n = 1)
and 2 (n = 2) in about 60% yield. The elemental analysis
data for 1 and 2 are consistent with the empirical formula
CuLnCl. In solutions, the complexes are electrically non-
conducting in nature. Thus in each complex the metal ions
are in the +2 oxidation state and the chloride ions are coor-
dinated to the metal centres.

The IR spectra of 1 and 2 are very similar. A sharp band
observed at 3245 cm–1 is assigned to the secondary amine
N–H group of the ligands. Several weak bands are observed
in the range 2800–3050 cm–1. These are possibly due to the
aromatic and aliphatic C–H stretches. The absence of any
band near 3400 cm–1 indicates the deprotonation of the
phenolic OH of the bidentate ligands in both complexes.
Thus, it is very likely that in each complex the metal ions
are coordinated to the bridging phenoxo groups and the
secondary amine N atoms of the two ligands. The remain-
ing fourth coordination site of each metal ion is occupied
by the chloride ion. X-ray structures (vide infra) confirm
this type of coordination of the metal ions by the deproton-
ated reduced Schiff bases and the chloride ions in 1 and 2.

The electronic spectral features of both complexes in
chloroform solutions are essentially identical. A weak ab-
sorption observed near 650 nm is followed by three strong
absorptions in the range 430–268 nm. The absorption at
650 nm is assigned to the d-d transition. The occurrence of
this weak absorption in this region is consistent with
square-based coordination geometry around the metal cen-
tre.[8] The intense absorptions at higher energy are most
likely from the ligand-to-metal charge transfer and intrali-
gand transitions.

Magnetic Properties

Room temperature (300 K) magnetic moments of 1 and
2 in the powder phase are 1.10 and 1.11 µB, respectively.
These values suggest a strong antiferromagnetic spin coup-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2871–28772872

ling between the metal centres in each of the two complexes.
In similar bisphenoxo-bridged dicopper(II) complexes,
strong to very strong antiferromagnetic spin coupling is
very common. The magnitude of the coupling constant J
varies from –145 to –429 cm–1 in this type of species.[9,10]

To quantify the extent of antiferromagnetic spin coupling
in the present complexes we have collected the magnetic
susceptibility data of 1 in the temperature range 300–18 K
at a fixed magnetic field of 5 kG. On cooling the magnetic
moment gradually decreases and reaches a value of 0.20 µB

at 18 K. The nature of the curve obtained by plotting the
µeff against T is typical for two antiferromagnetically cou-
pled copper(II) centres (Figure 1). The data were analysed
using the Bleany–Bowers expression[11] for χM versus T de-
rived from the isotropic spin-exchange Hamiltonian H =
–2JS1·S2, where S1 = S2 = 1/2. The best least-squares fit[12]

was obtained with g = 1.93(2), J = –307(2) cm–1, p (para-
magnetic impurity with S = 1/2) = 0.5% and TIP (tempera-
ture independent paramagnetism) = 1.2×10–4 emumol–1

(Figure 1).

Figure 1. Temperature dependence of the inverse molar magnetic
susceptibilities (O) and the effective magnetic moments (∆) of
[Cu2L1

2Cl2] (1); the solid lines were generated from the best least-
squares fit parameters given in the text.

Molecular Structures of 1 and 2

X-ray structures of very few bisphenoxo-bridged dicop-
per(II) complexes of formula [Cu2L2X2] (L = monoanionic
bridging N,O-donor ligand and X = halide) are known.[10]

All these complexes are with achiral Schiff bases and they
crystallise in centrosymmetric space groups with the mono-
meric unit in the asymmetric unit. The Cu2O2 core is per-
fectly planar as the crystallographic inversion centre sits at
the centre of the dimeric structure. For the same reason the
X–Cu···Cu–X torsion angles are exactly 180° indicating a
perfect trans orientation of the metal coordinated halides.
In contrast, the host-guest compounds of both 1 and 2 crys-
tallise in noncentrosymmetric space groups as they contain
chiral ligands. In each case, the asymmetric unit contains a
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complete dimeric complex molecule. Representative molec-
ular structures of 1 and 2 are depicted in Figure 2 and the
bond parameters associated with the metal ions for all the
structures are listed in Table 1. The NO2Cl coordination
sphere around each metal centre is constituted by the sec-
ondary amine N atom, two bridging phenoxo groups and
the chloride ion. The metal to coordinating atom bond
lengths are essentially identical in all the structures and they
are comparable with the values reported for copper(II) spe-
cies having the same coordinating atoms.[7,9,10] In the N,O-
donor reduced Schiff bases, HL1 and HL2, the chiral C cen-
tre has the absolute configuration R or rectus and S or sin-
ister, respectively. After complexation with the metal ion the
N atom of the deprotonated monoanionic ligand becomes
chiral. In 1, the absolute configuration of the N centre is
found to be S while in 2, it is found to be R. Thus the
generation of the new chiral centre is heterogeneous in both
cases. As expected, the structures of 1 and 2 are mirror
images of each other (Figure 2). In all the structures, the
geometrical parameters for the Cu2N2O2Cl2 fragment are
very similar. The NO2Cl coordination sphere around each
metal centre is not exactly square planar. The Cl atoms de-
viate significantly from the NO2 plane. The deviation of Cl2
[1.198(8)–1.385(5) Å] is noticeably larger than that of Cl1

Figure 2. Molecular structures of (a) [Cu2L1
2Cl2] (1) and (b) [Cu2L2

2Cl2] (2) with the atom-labelling scheme; all non-hydrogen atoms are
represented by their 30% probability thermal ellipsoids; except the hydrogen atoms on the chiral centres all other hydrogen atoms are
omitted for clarity; the ball-stick representations of the Cu2N2O2Cl2 units in (c) 1 and (d) 2.

Eur. J. Inorg. Chem. 2006, 2871–2877 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2873

[0.674(9)–0.876(7) Å] (Figure 2). There is a relatively mar-
ginal deviation of the metal centre (0.05–0.09 Å for Cu1
and 0.15–0.21 Å for Cu2) from the NO2 plane. The Cu2O2

core is also not planar in any of the structures; it is folded
along the O···O line. The fold angles are in the range
18.61(9)–21.02(13)°. However, the solid angles (358.34–
359.99°) indicate that the bridging phenoxide O atoms have
essentially no pyramidal character. The Cu–O–Cu bridge
angles and the Cu···Cu distances are in the ranges
100.01(12)–103.17(12)° and 3.0198(8)–3.0280(8) Å, respec-
tively. Unlike the previously known structures of analogous
dicopper(II) complexes,[10] the metal coordinated chlorides
are not trans orientated in the present structures (Figure 2).
Here the Cl1–Cu1···Cu2–Cl2 torsion angles are in the range
105–112°. Although the Cu2N2O2Cl2 fragments are very
similar in all the structures, the overall molecular conforma-
tions of the dicopper(II) complexes differ to some extent in
the adducts of CH2Cl2 compared to the very similar confor-
mations in the adducts of CHCl3 and Cl(CH2)2Cl. The dif-
ference arises primarily from the variation in the orientation
of the phenyl ring of the α-methylbenzylamine fragment of
the chiral bidentate ligands. The overlay diagrams of the
dicopper(II) complex molecules 1 and 2 in all the inclusion
compounds are shown in Figure 3.
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Table 1. Selected bond lengths [Å] and angles [°] for 1·CH2Cl2, 1·CHCl3, 1·Cl(CH2)2Cl, 2·CH2Cl2, 2·CHCl3 and 2·Cl(CH2)2Cl.

Compound 1·CH2Cl2 1·CHCl3 1·Cl(CH2)2Cl 2·CH2Cl2 2·CHCl3 2·Cl(CH2)2Cl

Cu(1)–O(1) 1.944(2) 1.944(3) 1.938(3) 1.941(3) 1.942(3) 1.939(3)
Cu(1)–O(2) 1.965(2) 1.985(3) 1.975(3) 1.964(2) 1.980(3) 1.979(3)
Cu(1)–N(1) 1.993(3) 2.011(4) 2.004(4) 1.991(3) 2.010(4) 2.000(4)
Cu(1)–Cl(1) 2.2108(11) 2.2176(13) 2.2129(14) 2.2090(12) 2.2164(13) 2.2126(13)
Cu(1)–Cu(2) 3.0238(5) 3.0280(8) 3.0252(9) 3.0240(6) 3.0266(7) 3.0198(8)
Cu(2)–O(1) 1.920(2) 1.922(3) 1.926(3) 1.920(3) 1.921(3) 1.924(3)
Cu(2)–O(2) 1.963(2) 1.954(3) 1.961(3) 1.959(3) 1.951(3) 1.962(3)
Cu(2)–N(2) 1.967(3) 1.970(4) 1.979(4) 1.966(3) 1.971(4) 1.971(3)
Cu(2)–Cl(2) 2.2102(10) 2.2189(14) 2.2190(14) 2.2105(11) 2.2172(14) 2.2141(13)
O(1)–Cu(1)–O(2) 76.65(10) 76.07(12) 76.44(14) 76.50(10) 75.95(12) 76.65(12)
O(1)–Cu(1)–N(1) 91.53(11) 91.00(16) 91.22(16) 91.56(13) 91.05(15) 91.42(15)
O(2)–Cu(1)–N(1) 167.41(11) 166.79(16) 166.95(16) 167.19(13) 166.66(16) 167.28(15)
O(1)–Cu(1)–Cl(1) 161.45(9) 164.92(12) 165.03(13) 161.51(10) 164.82(12) 164.96(13)
O(2)–Cu(1)–Cl(1) 100.40(8) 100.47(10) 100.46(11) 100.59(9) 100.62(10) 100.48(10)
N(1)–Cu(1)–Cl(1) 92.19(9) 92.72(14) 92.55(13) 92.20(11) 92.72(14) 92.18(12)
O(1)–Cu(2)–O(2) 77.24(10) 77.30(13) 77.06(14) 77.08(10) 77.11(12) 77.41(12)
O(1)–Cu(2)–N(2) 165.17(12) 167.55(17) 166.33(18) 165.14(12) 167.27(17) 166.49(17)
O(2)–Cu(2)–N(2) 93.25(11) 93.15(15) 92.89(15) 93.28(11) 93.26(15) 92.60(14)
O(1)–Cu(2)–Cl(2) 98.70(8) 97.85(11) 98.30(12) 98.75(9) 97.92(10) 98.05(11)
O(2)–Cu(2)–Cl(2) 153.36(9) 155.40(12) 156.12(12) 153.55(10) 155.59(12) 156.46(12)
N(2)–Cu(2)–Cl(2) 94.84(9) 94.12(13) 94.59(12) 94.85(10) 94.25(13) 94.69(12)
Cu(1)–O(1)–Cu(2) 102.98(11) 103.09(13) 103.02(17) 103.09(11) 103.17(12) 102.84(13)
Cu(1)–O(2)–Cu(2) 100.69(11) 100.50(14) 100.44(15) 100.85(11) 100.67(13) 100.01(12)

Figure 3. Overlay diagrams of (a) the molecules of [Cu2L1
2Cl2] (1)

and (b) the molecules of [Cu2L2
2Cl2] (2) in the host-guest crystals

with CH2Cl2, CHCl3 and Cl(CH2)2Cl.

Host-Guest Interactions

Attempts to grow single crystals of both 1 and 2 revealed
that the host lattices formed by these enantiomeric com-
plexes have considerable structural adaptability to accom-
modate a range of chlorinated solvents such as CH2Cl2,
CHCl3 and Cl(CH2)2Cl. In all the cases, 1:1 host-guest crys-
tals have been isolated. The host-guest crystals involving
CH2Cl2 crystallise in the monoclinic P21 space group while
the other host-guest crystals involving CHCl3 and Cl-
(CH2)2Cl crystallise in the orthorhombic P212121 space
group. Both space groups are noncentrosymmetric. In each
case, the asymmetric unit contains one dicopper(II) com-
plex molecule and one chloroalkane molecule. Recently,
there have been several reports on the propensity of the Cl
atom of C–Cl and M–Cl moieties to act as an acceptor in
intermolecular hydrogen bonding interactions.[13] The crys-
tal structures described here provide examples for both C–
H···Cl–C and C–H···Cl–Cu hydrogen bonding interactions
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involving the host and guest molecules. The geometrical pa-
rameters associated with the observed C–H···Cl interactions
are listed in Table 2.

Table 2. Geometrical parameters for intermolecular hydrogen
bonds.

Compound D···A d(D···A) [Å] D–H···A [°]

1·CH2Cl2 C(11)···Cl(3) 3.444(7) 132
C(22)···Cl(4) 3.726(4) 161

2·CH2Cl2 C(11)···Cl(3) 3.451(8) 134
C(22)···Cl(4) 3.724(4) 161

1·CHCl3 C(31)···Cl(2) 3.450(11) 153
2·CHCl3 C(31)···Cl(2) 3.446(10) 152
1·(P)-Cl(CH2)2Cl C(31)···Cl(2) 3.695(13) 137
2·(M)-Cl(CH2)2Cl C(31)···Cl(2) 3.678(14) 134

In both 1·CH2Cl2 and 2·CH2Cl2, the C–H groups from
the phenyl ring of the α-methylbenzylamine fragment (C11–
H) of one ligand and the methylene group (C22–H) of the
other ligand participate in the C–H···Cl interactions with
the Cl atoms (Cl3 and Cl4) of the two adjacent CH2Cl2
molecules. As a result a one-dimensional arrangement of
hydrogen bonded alternating dicopper(II) complexes and
CH2Cl2 molecules is formed. These chains propagate along
the b axis and there is a mirror-image relationship between
the chains formed by 1·CH2Cl2 and 2·CH2Cl2 (Figure 4).

In the case of 1·CHCl3 and 2·CHCl3, one of the metal
coordinated Cl atoms acts as the acceptor in the C–H···Cl
interaction involving the C–H group of the CHCl3 mole-
cule. These C–H···Cl connected host-guest units, 1·CHCl3
and 2·CHCl3, are mirror images of each other (Figure 5).
There is no other noncovalent interaction between these
discrete host-guest units to form extended networks in the
crystal lattice.

The same type of C–H···Cl interaction as observed in
1·CHCl3 and 2·CHCl3 is present in the cases of 1·Cl-
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Figure 4. One-dimensional assemblies of (a) [Cu2L1
2Cl2]·CH2Cl2

(1·CH2Cl2) and (b) [Cu2L2
2Cl2]·CH2Cl2 (2·CH2Cl2) in the crystal

lattice along the b axis through C–H···Cl–C interactions; except for
the hydrogen atoms of the methylene groups that are involved in
intermolecular interactions, all other hydrogen atoms are omitted
for clarity.

Figure 5. The discrete C–H···Cl–Cu connected (a) [Cu2L1
2Cl2]·

CHCl3 (1·CHCl3) and (b) [Cu2L2
2Cl2]·CHCl3 (2·CHCl3) units; hy-

drogen atoms of 1 and 2 are omitted for clarity.

(CH2)2Cl and 2·Cl(CH2)2Cl. One of the metal coordinated
Cl atoms and the C–H group of one of the two methylene
groups of Cl(CH2)2Cl participate in the C–H···Cl interac-
tion. Here as well, no other noncovalent interactions are
observed and the crystal lattice contains the discrete C–
H···Cl connected host-guest units. Reports on the isolation
of the gauche form of Cl(CH2)2Cl are very rare.[7,14] In each
of the two present structures, the guest Cl(CH2)2Cl mole-
cule is in the chiral gauche form. The Cl–C–C–Cl torsion
angles are 58(6)° and 50(7)° in 1·Cl(CH2)2Cl and 2·Cl-
(CH2)2Cl, respectively. The right-handed or P form of the
enantiomer is stabilised in the host lattice formed by 1 while
the left-handed or M form of the enantiomer exists in the
host lattice formed by 2 (Figure 6). Thus the chiral host
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complexes 1 and 2 produce the appropriate crystal lattices
for enantioselective confinement of the chiral P and M
forms of the Cl(CH2)2Cl rotamers, respectively.

Figure 6. The discrete C–H···Cl–Cu connected (a) [Cu2L1
2Cl2]·(P)-

Cl(CH2)2Cl {1·(P)- Cl(CH2)2Cl} and (b) [Cu2L2
2Cl2]·(M)-Cl(CH2)2-

Cl {2·(M)-Cl(CH2)2Cl} units; hydrogen atoms of only the
Cl(CH2)2Cl molecules are shown.

Conclusions

An enantiomeric pair of bisphenoxo-bridged dicop-
per(II) complexes, [Cu2L1

2Cl2] (1) and [Cu2L2
2Cl2] (2), with

the N,O-donor reduced Schiff bases N-(2-hydroxybenzyl)-
(R)-α-methylbenzylamine (HL1) and N-(2-hydroxybenzyl)-
(S)-α-methylbenzylamine (HL2) have been synthesised and
characterised. In each complex, a strong antiferromagnetic
spin coupling is operative between the metal centres. Crys-
tallisation efforts revealed that both complexes are excellent
hosts for small chloroalkane molecules such as CH2Cl2,
CHCl3 and Cl(CH2)2Cl. In all the cases, 1:1 host-guest
compounds are formed which crystallise in the noncentro-
symmetric space groups. The asymmetric unit of each struc-
ture contains a dicopper(II) complex molecule and a guest
molecule. The molecular structures of 1 and 2 are mirror
images of each other. The NO2Cl coordination sphere
around each metal centre is distorted from square-planar
geometry mainly because of the deviation of the Cl atom
from the NO2 plane. The previously known analogous di-
copper(II) complexes are all centrosymmetric and the metal
coordinated Cl atoms are trans oriented. In contrast, 1 and
2 are noncentrosymmetric and the Cl atoms are in between
the trans and cis orientations. The guest molecules are held
in the crystal lattice by intermolecular C–H···Cl interac-
tions. In these interactions, the Cl atom of CH2Cl2 acts as
the acceptor while for both CHCl3 and Cl(CH2)2Cl the
metal coordinated Cl atom acts as the acceptor. Self-as-
sembly of 1·CH2Cl2 and 2·CH2Cl2 leads to one-dimensional
ordering in the crystal lattice. On the other hand, the crystal
lattice contains discrete host-guest units when CHCl3 or
Cl(CH2)2Cl is the guest. Finally, the rare enantioselective
trapping of the chiral rotamers (P)-Cl(CH2)2Cl and (M)-
Cl(CH2)2Cl has been realised in the host lattices formed by
1 and 2, respectively.
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Experimental Section
Materials: The chiral reduced Schiff bases (HL1 and HL2) have
been synthesised from salicylaldehyde, R- or S-α-methylbenzyl-
amine and NaBH4 by following the procedure reported pre-
viously.[5,7] All other chemicals and solvents were of analytical
grade available commercially and were used as received.

Physical Measurements: Microanalytical (C, H, N) data were ob-
tained with a Thermo Finnigon Flash EA1112 series elemental
analyser. Infrared spectra were collected by using KBr pellets with
a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/
Vis/NIR spectrophotometer was used to record the electronic spec-
tra. Solution electrical conductivities were measured with a Digisun
DI-909 conductivity meter. The variable temperature (18–300 K)
magnetic susceptibility measurements on powdered samples of 1
were performed using the Faraday technique with a setup compris-
ing a George Associates Lewis coil force magnetometer, a CAHN
microbalance and an Air Products closed-cycle helium cryostat.
Hg[Co(NCS)4] was used as the standard. Diamagnetic corrections
calculated from Pascal’s constants[15] were used to obtain the molar
paramagnetic susceptibilities.

Synthesis of the Complexes

[Cu2L1
2Cl2] (1): A methanol solution (10 mL) of CuCl2·2H2O

(170 mg, 1.0 mmol) was added to a methanol solution (20 mL) of
HL1 (227 mg, 1.0 mmol). The mixture was stirred at room tempera-
ture in air for 1 h. The brown solid that separated was collected by
filtration, washed with cold methanol (10 mL) and finally dried in
air. Yield obtained was 390 mg (60%). C30H32Cl2Cu2N2O2 (650.6):
calcd. C 55.38, H 4.96, N 4.31; found C 55.45, H 5.02, N 4.20.
Electronic spectroscopic data in CHCl3: λmax (ε) = 650 sh (345),
430 (3670), 336 sh (2520), 268 nm (12140).

[Cu2L2
2Cl2] (2): This complex was synthesised in 62% yield from

HL2 and CuCl2·2H2O (1:1 mol ratio) by following the same pro-
cedure as described for 1. It was isolated as a brown solid.
C30H32Cl2Cu2N2O2 (650.6): calcd. C 55.38, H 4.96, N 4.31; found
C 55.24, H 4.92, N 4.26. Electronic spectroscopic data in CHCl3:
650 sh (353), 430 (3800), 336 sh (2790), 268 (12530).

X-ray Crystallography: X-ray quality crystals of the host-guest spe-
cies 1·CH2Cl2, 2·CH2Cl2, 1·CHCl3, 2·CHCl3, 1·Cl(CH2)2Cl and
2·Cl(CH2)2Cl were grown by slow evaporation of the solutions of

Table 3. Selected crystallographic data for 1·CH2Cl2, 2·CH2Cl2, 1·CHCl3, 2·CHCl3, 1·Cl(CH2)2Cl and 2·Cl(CH2)2Cl.

Compound 1·CH2Cl2 2·CH2Cl2 1·CHCl3 2·CHCl3 1·Cl(CH2)2Cl 2·Cl(CH2)2Cl

Empirical formula C31H34Cl4Cu2N2O2 C31H34Cl4Cu2N2O2C31H33Cl5Cu2N2O2 C31H33Cl5Cu2N2O2 C32H36Cl4Cu2N2O2 C32H36Cl4Cu2N2O2

Formula mass [gmol–1] 735.5 735.5 769.9 769.9 749.5 749.5
Crystal system monoclinic monoclinic orthorhombic orthorhombic orthorhombic orthorhombic
Space group P21 P21 P212121 P212121 P212121 P212121

a [Å] 8.5479(6) 8.5359(6) 12.7319(6) 12.7250(7) 12.822(3) 12.7982(13)
b [Å] 13.0697(9) 13.0565(10) 13.7805(7) 13.7785(8) 14.046(3) 14.0366(14)
c [Å] 14.1650(9) 14.1597(10) 19.4266(10) 19.4192(11) 18.744(4) 18.7009(19)
β [°] 90.941(1) 90.954(1) 90 90 90 90
V [Å–3] 1582.28(19) 1577.9(2) 3408.4(3) 3404.8(3) 3375.9(12) 3359.5(6)
Z 2 2 4 4 4 4
µ [mm–1] 1.713 1.718 1.670 1.672 1.607 1.615
Reflections unique 7370 7305 7958 6928 6517 7860
Reflections [I � 2σ(I)] 6813 6744 5909 5521 4934 5870
Parameters 378 378 387 387 387 387
R1, wR2 [I � 2σ(I)] 0.0393, 0.1128 0.0403, 0.1162 0.0516, 0.1327 0.0488, 0.1258 0.0475, 0.1151 0.0493, 0.1229
R1, wR2 (all data) 0.0424, 0.1154 0.0432, 0.1187 0.0769, 0.1489 0.0607, 0.1316 0.0727, 0.1242 0.0810, 0.1439
Flack parameter 0.007(12) 0.022(12) –0.014(17) –0.029(16) 0.029(17) –0.001(17)
GOF on F2 1.061 1.056 1.018 0.986 1.047 1.057
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1 and 2 in the corresponding solvents in air at room temperature
(298 K). Unit cell parameters and the intensity data for all the crys-
tals were collected with a Bruker-Nonius SMART APEX CCD sin-
gle crystal diffractometer, equipped with a graphite monochroma-
tor and a Mo-Ka fine-focus sealed tube (λ = 0.71073 Å) operated
at 2.0 kW. The detector was placed at a distance of 6.0 cm from
the crystal. Data were collected at 298 K with a scan width of 0.3°
in ω and an exposure time of 15 s/frame. The SMART software
was used for data acquisition and the SAINT-Plus software was
used for data extraction.[16] The absorption corrections were per-
formed with the help of the SADABS programme.[17] The struc-
tures were solved by direct methods and refined on F2 by full-ma-
trix least-squares procedures. In each structure, all the non-hydro-
gen atoms were refined using anisotropic thermal parameters. For
all the structures, the hydrogen atoms of the metal coordinated sec-
ondary amine N atoms were located in the difference Fourier maps
and refined isotropically. The rest of the hydrogen atoms in each
structure were included in the structure factor calculation at ideal-
ised positions by using a riding model, but not refined. The
SHELX-97 programmes[18] of the WinGX package[19] were used for
structure solution and refinement. The ORTEX6a[20] and Platon
packages[21] were used for molecular graphics. Selected crystal and
refinement data are listed in Table 3.

CCDC-600238 to -600243 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The dioxidotungsten(VI) and -molybdenum(VI) complexes
[WO2(O2NOMe)] (1), [MoO2(O2NOMe)] (2) and [{MoO2-
(O2NMe)}2] (3) [O2NOMe methoxyethylamino-N,N-bis(2-
methylene-4,6-dimethylphenolate) dianion, O2NMe = meth-
ylamino-N,N-bis(2-methylene-4,6-dimethylphenolate) di-
anion] can react with chloride sources (Me3SiCl, SOCl2) to
form resultant monooxido dichloro compounds [WOCl2-
(O2NOMe)] (4), [MoOCl2(O2NOMe)] (5) and [MoOCl2(O2NMe)]
(6), respectively. The reaction of tungsten complex yields of
the mixture of cis-4 and trans-4, which can be separated and

Introduction

The research on early transition metal complexes with
chelating aryloxide ligands is mostly motivated by their rel-
evance in organometallic and catalytic chemistry.[1,2] For ex-
ample, various oxidomolybdenum and oxidotungsten com-
pounds with diverse aryloxide ligands have attracted con-
siderable attention as they can catalyze scientifically and
industrially interesting olefin metathesis reactions.[3] In par-
ticular, oxidotungsten complexes with various numbers of
aryloxide and chloride ligands can form active catalysts
when treated with alkylating aluminium or tin cocatalysts.[4]

The chloride ligands seems to enhance the activity of these
catalyst systems, as they allow the alkylation and formation
of catalytically active carbene complexes.[3] The standard
procedure for these oxidotungsten(VI) phenoxides com-
prises a straightforward reaction of WOCl4 with a stoichio-
metric amount of phenolic ligand precursor in an appropri-
ate solvent. On the other hand, reports on molybdenum
complexes [MoO(OAr)4–nCln] are very scarce in comparison
with their tungsten congeners, which is most probably due
to the poor stability of the starting material MoOCl4. Some
monooxidomolybdenum aryloxides, e.g. [MoOCl2(OAr)2]
(Ar = 2,6-iPr2C6H3) have been prepared from a commer-
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characterized. The reactions of analogous molybdenum com-
plexes with Me3SiCl yield trans isomers of 5 and 6 as individ-
ual products. Reaction of dioxidotungsten complex 1 with
isopropyl isocyanate was found to produce a tungsten(VI)
complex [W(O2NOMe)(N-iPr)(L)] (7) (L = N,N�-diisopro-
pylureate) with a terminal imido group and a bidentate ure-
ate ligand.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cially available precursor, MoO2Cl2 and parent phenols
ArOH.[5] However, these preparations are rather delicate
and they require sophisticated inert atmosphere techniques,
while moisture and acidic impurities have to be rigorously
excluded from the reaction medium.

Various cyclopentadienyl derivatives of dioxidotung-
sten(VI) and -molybdenum(VI) can be converted into the
corresponding monooxido dichloro species using HCl as a
chloride source.[6] This reaction proceeds probably via a
stepwise addition of two HCl molecules across one of the
M=O bonds, which yields one molecule of water as a by-
product. Other efficient chlorination reagents are Me3SiCl
and PCl5, which can initially react with proton sources, e.g.
traces of water or alcohols, to generate the necessary
amount of HCl for the reaction. Group 6 metallocenes
Cp2MO (M = Cr, Mo, W) were reported to undergo a di-
rect silylation of M=O group with Me3SiCl to yield
Cp2MCl2 complexes.[7] Silylation of benzene-1,2-dithiolate
(bdt) complex [WO2(bdt)2]2– leads to the formation of an-
ionic chloro monooxido complex [WO(bdt)2Cl]–.[8] Molyb-
denum(VI) complex [MoO2(Sap)(EtOH)] (Sap = N-salicyl-
idene-2-aminophenolate dianion) has been reported to react
with SOCl2 to yield the dichloro complex trans- [MoO-
(Sap)Cl2].[9] In this reaction, the active species are proposed
to be SOCl+ or Cl–. Previously, we have prepared series of
new dioxidomolybdenum(VI) and -tungsten(VI) complexes
with dianionic aminobis(phenolato) ligands and studied
their use as catalysts in oxotransfer reactions and ROMP
of norbornene.[10] For example, [WO2(O2NOMe)] (1),
[MoO2(O2NOMe)] (2) and [{MoO2(O2NMe)}2] (3) [O2NOMe-
methoxyethylamino-N,N-bis(2-methylene-4,6-dimethylphen-
olate) dianion, O2NMe = methylamino-N,N-bis(2-methyl-
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ene-4,6-dimethylphenolate) dianion] have been synthesized
and structurally characterized.[10b,10c] We supposed that
these air-stable dioxido compounds may also provide useful
entries to the new monooxido-dichloro-tungsten(VI) and
-molybdenum(VI) complexes, which would resemble well-
known metathesis catalyst precursors. In present study we
demonstrate a chloride-for-oxide substitution as a simple
route to prepare dichloro oxidotungsten(VI) and oxidomo-
lybdenum(VI) complexes with aminobis(phenolate) ligands.
In addition, the reaction of tungsten complex 1 with isopro-
pyl isocyanate is studied.

Results and Discussions

Chloride-for-Oxide Substitution of Dioxidotungsten(VI)
Complex 1

In order to prepare aminobis(phenolate)-supported
dichloro monooxido complex of tungsten(VI), we treated
dioxidotungsten complex 1 with various potential chloride
sources, i.e. HCl, SOCl2, Me3Cl and PCl5. The stirred mix-
tures in various solvents (CHCl3, THF, PhMe) were al-
lowed to react with an excess of chlorinating reagents to
obtain intense red solutions.[11] The reaction mixtures that
formed were then heated to the reflux temperature while
the reactions were monitored by TLC. As a result, complex
1 reacted smoothly to produce the mixtures of three distinct
products (Scheme 1).

Dark red mixtures were separated by column chromatog-
raphy to get two intense red solids and one yellow product
as a minor component. The IR spectra of red solids pre-
sented strong absorption bands at ca. 950 cm–1 instead of
characteristic doublet (939 and 899 cm–1) for WO2

2+ moiety
in complex 1.[10c] NMR spectra of red solids were closely
similar to those found for isomers of a related compound

Scheme 1. Reaction of [WO2(O2NOMe)] with SOCl2.
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[WOCl2(O2NMe)],[12] thus they were identified as cis and
trans isomers of expected dichloro monooxido complex 4.
The third component in the reaction mixtures was a bright
yellow complex 4�, which was formed as trace amounts in
all separate experiments. Spectroscopic studies of 4� sug-
gested some changes in the original aminobis(phenolate) li-
gand. Compound 4� was finally identified by X-ray crystal-
lography (see below) to be a mononuclear, monooxido
chloro complex, in which the degraded aminobis(phenol-
ato) ligand has coordinated as a tetradentate trianion.
When the reaction parameters were optimized, it was found
that the highest total conversion could be obtained when
the starting compound 1 is dissolved in commercial chloro-
form with 1% of EtOH stabilizer and subsequently treated
with excess of SOCl2. Under these conditions, the reaction
yielded a trans isomer of 4 as a major component. Although
various amounts of both isomers were formed in all of these
experiments, any selective reaction conditions for the prepa-
ration of cis-4 could not be found.[13] As SOCl2 reacts read-
ily with EtOH to produce HCl, we can assume that the
actual reaction is an addition of two HCl molecules across
one of the W=O bonds, like reported by Legzdins[6a] and
Schrock.[6b] Formation of the trans isomer as an eventual
result of studied chloride-for-oxide substitution appears
reasonable, seeing that two newly introduced chloride li-
gands replace one terminal oxido group and one neutral
oxygen donor, which are at trans positions. Conversely, the
development of the cis isomer is not so obvious, as it results
in the substantial rearrangement of the aminobis(phen-
olate) ligand. Besides, the cis isomer appears to be thermo-
dynamically less favourable, as it tends to isomerize in solu-
tions. However, our attempts to isomerize quantitatively cis-
4 to trans-4 by heating a sample in a xylene solution at
reflux temperature failed, leading mainly to the decomposi-
tion of initial complex. Interestingly, the only isolable de-



A. Lehtonen, R. SillanpääFULL PAPER
composition product was abovementioned 4�. The forma-
tion of this complex is appealing, as the emergence of the
atrane-type ligand[14] requires a breaking of the ether C–O
bond upon formation of the metal alkoxide bond. Such an
ether cleavage as this is a well-known transformation in or-
ganic synthesis, and it can be catalyzed by various Lewis
and Brönstedt acids.[15] For example; WCl6 can catalyze
acylative cleavage of ether C–O bonds, while the reaction is
supposed to proceed via a metal alkoxide intermediate.[16]

Similar demethylation of the methoxy group upon coordi-
nation is earlier observed in the reaction of TaCl5 with p-
tert-butylcalix[4]arene dimethyl ether.[17] Correspondingly,
we can assume that in present experiments, the ether func-
tionality of the ligand side-arm reacts with the metal centre
leading to the formation of W–O bond associated with
evolution of CH3Cl.

Chloride-for-Oxide Substitution of Dioxidomolybdenum(VI)
Complexes 2 and 3

The reactions of the monomeric molybdenum complex 2
and the dimeric complex 3 with selected chlorinating agents
in various solvents were conducted identically as described
for tungsten complex 1 (see above). To our discontent, when
chloride sources SOCl2 or PCl5 were added to the stirred
solutions of dioxidomolybdenum(VI) complexes in CHCl3,
the vigorous reactions yielded predominantly to the swift
decomposition of starting complexes, whereas only minor
amounts of chlorinated products 5 or 6 could be isolated.
However, the silylation of Mo=O moiety with Me3SiCl in
toluene proved a convenient procedure for the chloride-for-
oxide substitution of these reactive molybdenum complexes.
The reaction of complex 2 with Me3SiCl in a toluene sus-
pension at room temperature led to the formation of dark
blue solution, from which the dichloro monooxido complex
5 was obtained in a high yield (Scheme 2).

The IR spectrum of dark purple solid indicated the ab-
sence of initial MoO2

2+ moiety, whereas the NMR spectra
of complex were practically identical to those of trans-4.
Consequently, this isolable reaction product was identified
as the trans isomer of the expected dichloro derivative. The
reaction of 2 appeared to yield also a minor amount of cis
isomer (according to TLC and 1H NMR analyses), but it
could not be isolated, probably due to its tendency to iso-

Scheme 2. Reactions of [MoO2(O2NOMe)] and [{MoO2(O2NMe)}2] with Me3SiCl.
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merize during processing. The reaction of practically insol-
uble 3 in a toluene suspension led correspondingly to the
intense blue solution, from which the complex 6 was ob-
tained in practically quantitative yield as a dark blue solid.
This solid has closely analogous IR and NMR spectra to 2
and tungsten complexes trans-[WOCl2(O2NMe)],[12] there-
fore it was identified as trans-[MoOCl2(O2NMe)]. The sus-
pected structure was also verified by X-ray crystallography
(see below).

Reaction of Dioxidotungsten(VI) Complex with Isopropyl
Isocyanate

Some transition metal oxido compounds are known to
react with alkyl and aryl isocyanates to produce corre-
sponding metal imido complexes.[18,19] In our experiment,
dioxidotungsten complex 1 was treated with an excess of
isopropyl isocyanate in toluene and the reaction mixture
was heated for 120 min at 100 °C in a screw cap vial. As
a result, the reaction mixture turned red while complex 1
dissolved. This red solution was subsequently cooled to the
room temperature to obtain complex 7 as orange-red crys-
tals. Somehow, identical reaction involving molybdenum
complex 2 did not yield any isolable products. IR spectrum
of complex 7 presented a strong absorption band at
1634 cm–1, which can be assigned as a C=O stretch. X-ray
crystal structure analysis verified that the product contains
one imido group and one diisopropylureate ligand. The ure-
ate ligand is supposedly formed via bis-imido intermediate,
which reacts further with the additional molecule of isocya-
nate (Scheme 3).[18,20]

Legzdins et al. have studied analogous reactivity of diox-
idotungsten complex Cp*WO2(CH2SiMe3) with p-tolyl iso-
cyanate, and reported that the use of hexanes as a reaction
medium yields mono- and bis(imido) complexes, whereas
the reaction in toluene solution affords an imido ureate
complex.[18a] In our experiments, the reaction was con-
ducted in a toluene solution, while the tungsten precursor
dissolved slowly upon reaction. Thus, the stoichiometry of
starting materials was unfeasible to control and the reaction
yielded the ultimate ureate complex without any isolable
intermediates. Complex 7 is stable in air as crystalline solid,
but it decomposes in organic solvents, therefore adequate
NMR spectroscopic data were not obtained.
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Scheme 3. Reaction of [WO2(O2NOMe)] with isopropyl isocyanate.

Structural Studies

X-ray structure determinations were carried out for com-
plexes trans-4, 4�, 6 and 7. In trans-4 the tungsten(VI) cat-
ion has adopted a distorted octahedral coordination geom-
etry, whereas the aminobis(phenolate) ligand is coordinated
as a tridentate O2N donor (Figure 1). Two chloro ligands
are in trans orientation. General structural parameters, e. g.
W–O and W–Cl distances along with O–W–O and Cl–W–
Cl angles, are of the same magnitude as usually found in
[WOCl2(OAr)2] complexes.[4,21] Consequently, the overall
structure of trans-4 is essentially similar to that found in
related complexes with methylamino-N,N-bis(2-methylene-
4,6-dialkylphenolate) ligands.[12] Complex 4� forms mono-
meric molecules in which the aminobis(phenolate)ethan-
olate group has coordinated as a tetradentate trianionic
ligand through three oxygen donors and one nitrogen do-
nor (Figure 2). The nitrogen donor is located trans to the
terminal oxido group, while the chloro ligand is sited trans
to the alkoxide oxygen. In the solid-state structure of 4�,
the W–Oaryloxide bond lengths are 1.896(5) and 1.918(5) Å,
whereas the W–Oalkoxide bond is 1.909(4) Å. The bonding
parameters between the metal centre and the aminobis-
(phenolato)ethanolato ligand is rather expected, although
the W–O bond lengths are slightly longer and W–N dis-
tances are slightly shorter than in comparable oxidotung-
sten(VI) complexes with tridentate aminobis(phenolates).
In general, the solid-state structure of 4� resembles those
found in oxidotungsten(VI) complexes with tripodal amino-
tris(phenolate)s.[22]

Figure 1. Molecular structure of trans-4. Thermal ellipsoids have
been drawn at 30% probability level.
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Figure 2. Molecular structure of 4�. Thermal ellipsoids have been
drawn at 30% probability level.

The coordination sphere around the metal centre in the
molybdenum complex 6 (Figure 3.) is very similar to that
in trans-4 and other related tungsten complexes. Essentially,
complex 6 is isostructural with the equivalent tungsten
compound [WOCl2(O2NMe)].[12] Only small structural dif-
ferences are found between these two complexes, e.g. the
M=O and M–N bond lengths are 1.672(4) and 2.536(4) for
the Mo complex, whereas corresponding distances for the
tungsten analogue are 1.696(5) Å and 2.512(5) Å, respec-
tively.

Figure 3. Molecular structure of 6. Thermal ellipsoids have been
drawn at 30% probability level.

In complex 7 the metal centre is surrounded by two
phenoxides oxygen atoms, one neutral nitrogen donor, one
imido group and two amido nitrogen donors (Figure 4.).
The phenoxides oxygen atoms of aminobis(phenolato) li-
gand have arranged in a cis fashion [the O–W–O angle is
107.51(19)°], while the neutral amino nitrogen has located
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trans to the imido nitrogen atom. Amido nitrogen atoms of
the ureate group are in cis positions by necessity [the N–
W–N angle is 63.4(2) °]. The W=Nimido and two W–Nureate

distances [1.723(6), 1.926(4) and 1.939(5) Å, respectively]
are slightly shorter than found in related high-valent metal
complexes derived from aromatic isocyanates.[18]

Figure 4. Molecular structure of 7. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids have been drawn at 30% probability
level. Selected bond lengths [Å] and angles [°]: W–N1, 1.723(6); W–
N2, 2.062(5); W–N3, 2.063(5); W–O2, 1.926(4); W–O3, 1.939(5);
W–N(3), 2.064(5); W–N8, 2.458(5); W–N1–C23, 172.0(5); N2–W–
N3, 63.4(2); O2–W–O3, 107.51(19); N1–W–N8, 170.2(2).

Conclusions

In summary, we have shown that aminobis(phenolate)-
supported dioxidotungsten(VI) and -molybdenum(VI) com-
plex can be used as starting materials for new dichloro
monooxido complexes. The chloride-for-oxide substitution
can be easily carried out using SOCl2 or Me3SiCl as chlo-
ride sources. Particularly, the chlorination of molybdenum
complexes can be easily carried out in synthetically useful
yields. Resulting oxidometal(VI) complexes carry primarily
a trans dichloro functionality. These complexes resemble
potential metathesis catalyst precursors; therefore their use
in catalytic applications will be probed in future. The ami-
nobis(phenolate)-supported dioxidotungsten(VI) can also
react with isopropyl isocyanate to generate corresponding
imido ureate complex.

Experimental Section
Starting complexes 1, 2 and 3 were prepared according published
procedures.[10b,10c] Other chemicals were from commercial sources
and were used as purchased. Solvents were of HPLC grade. All
syntheses and manipulations were performed under ambient labo-
ratory atmosphere if not otherwise stated. 1H and 13C NMR spec-
tra (500 MHz) were recorded at 20 °C using Bruker AV 500 spec-
trometer in CDCl3 solutions and were referenced internally to
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SiMe4. IR spectra were recorded as Nujol mulls using a Mattson
Galaxy FTIR spectrometer. Elemental analyses were obtained
using a Perkin–Elmer CHNS Analyzer 2400. Crystalline samples
were dried in vacuo at 40 °C for 4 h prior to elemental analyses.

Chloride-for-Oxide Substitutions of 1: Complex 1 (110 mg,
0.20 mmol) was mixed with CHCl3 (10 mL, stabilized with 1% of
EtOH) and subsequently treated with SOCl2 (0.10 mL, 1.4 mmol).
The reaction mixture was then heated at reflux temperature under
dynamic N2 atmosphere for two hours while the reaction was moni-
tored by TLC (toluene as an eluent). As a result, complex 1 reacted
completely to produce a mixture of two red products and one yel-
low product. The dark red mixture was separated by silica column
chromatography using toluene as an eluent to get trans and cis
isomers, in that order, of dichloro complex 4 as intense red solids.
The third component in the reaction mixture was a bright yellow
complex 4�.

cis-4: Yield: 8 mg (7%). C21H27Cl2NO4W (M = 612.19 gmol–1):
calcd. C 41.20, H 4.45, N 2.29; found C 40.80, H 4.27, N 2.11. 1H
NMR (CDCl3): δ = 7.13 (s, 2 H, Ar), 6.91 (s, 2 H, Ar), 3.75–3.78
(overlapping d + s, 6 H, CH2), 3.36 (s, 3 H, OCH3), 2.95 (s, 2 H,
CH2), 2.50 (s, 6 H, ArCH3), 2.47 (s, 6 H, ArCH3) ppm. 13C NMR
(CDCl3): δ = 155.91, 135.83, 131.16, 129.46, 128.24, 127.42, 68.23,
58.81, 57.90, 56.98, 20.80, 16.00 ppm. IR (Nujol): ν̃ = 1304 (w),
1236 (s), 1220 (s), 1156 (s), 1144 (m), 1082 (w), 1038 (w), 976 (s),
966 (vs), 941 (s), 880 (s), 862 (vs), 835 (m), 745 (w), 665 (w), 604
(m), 560 (m) cm–1.

trans-4: Yield: 79 mg (65%) C21H27Cl2NO4W (M =
612.19 gmol–1): calcd. C 41.20, H 4.45, N 2.29; found C 40.88, H,
4.22, N 2.02. 1H NMR (CDCl3): δ = 7.15 (s, 2 H, Ar), 6.92 (s, 2
H, Ar), 4.83 (d, J = 13.4 Hz,2 H, Ar-CH2), 3.90 (d, J = 13.4 Hz,2
H, Ar-CH2), 3.50 (t, J = 5.2 Hz,2 H, CH2), 3.28 (s, 3 H, OCH3),
2.57 (t, J = 5.2 Hz,2 H, CH2), 2.55 (s, 6 H, ArCH3), 2.48 (s, 6 H,
ArCH3) ppm. 13C NMR (CDCl3): δ = 155.20, 136.38, 131.15,
128.97, 128.68, 127.17, 66.87, 58.95, 56.12, 50.71, 20.87, 15.93 ppm.
IR (Nujol): ν̃ = 1312 (w), 1240 (s), 1227 (s), 1157 (s), 1140 (w),
1090 (w), 964 (vs), 951 (s), 876 (vs), 843 (m), 745 (s), 728 (m), 667
(w), 600 (m), 571 (m) cm–1.

4�: Yield: 8 mg (7%). C20H24ClNO4W (M = 561.70 gmol–1): calcd.
C 42.77, H 4.31, N 2.49; found C 42.40, H 4.07, N 2.47. 1H NMR
([D6]DMSO): δ = 7.07 (s, 2 H, Ar), 6.78 (s, 2 H, Ar), 4.99 (t, J =
5.8 Hz, 2 H, CH2), 4.11 (d, J = 14.6 Hz, 2 H, Ar-CH2), 3.91 (d, J
= 14.1 Hz, 2 H, Ar-CH2), 2.98 (d, J = 7.4 Hz, 2 H,CH2), 2.30 (s,
6 H, ArCH3), 2.20 (s, 6 H,ArCH3) ppm. IR (Nujol): ν̃ = 1300 (m),
1240 (s), 1223 (s), 1159 (s), 1092 (m), 1038 (w), 956 (vs), 945 (s),
860 (vs), 842 (s), 748 (m), 734 (m), 696 (w), 665 (m), 599 (m), 572
(m) cm–1.

Chloride-for-Oxide Substitutions of 2 and 3: Stirred suspensions of
2 (1.410 g, 3.00 mmol) and 3 (1.284 g, 1.50 mmol) in toluene
(50 mL) were treated with Me3SiCl (2.0 mL, 12 mmol). The intense
blue reaction mixtures were stirred at room temperature for 18 h.
The resulting dark blue solutions were filtered through a short pad
of silica. The volatiles were then removed in a vacuum and remain-
ing dark purple solids were washed with cold hexane (20 mL) and
dried in air.

5: Yield: 1.330 g (85%). C21H27Cl2MoNO4 (M = 524.30 gmol–1):
calcd. C 48.11, H 5.19, N 2.67; found C 48.41, H 5.07, N 2.48. 1H
NMR (CDCl3): δ = 7.10 (s,2 H, Ar), 6.97 (s,2 H, Ar), 4.69 (d, J =
13.3 Hz,2 H, Ar-CH2), 3.89 (d, J = 13.3 Hz, 2 H, Ar-CH2), 3.49 (t,
J = 5.1 Hz, 2 H,CH2), 3.28 (s, 3 H, OCH3), 2.56 (s, 6 H,ArCH3),
2.48 (s, 6 H, ArCH3) 2.38 (t, J = 5.1 Hz, 2 H,CH2) ppm. 13C NMR
(CDCl3): δ = 161.21, 138.86, 130.83, 129.83, 129.68, 128.03, 66.82,
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Table 1. Summary of Crystallographic data for trans-4, 4�, 6 and 7 at 173(2) K.

trans-4 4� 6 7

Formula C21H27Cl2NO4W C20H24ClNO4W C19H23Cl2MoNO3 C31H48N4O4W
Mr 612.19 561.70 480.22 724.58
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group (no.) C2/c (15) P21/c (14) P21/m (11) P21/n (14)
a [Å] 35.7507(12) 8.1556(2) 7.6901(13) 9.1641(3)
b [Å] 8.0281(4) 34.1160(10) 16.014(3) 17.1466(6)
c [Å] 15.7217(7) 14.8612(4) 8.0501(8) 20.5434(7)
α [°] 90 90 90 90
β [°] 93.821(2) 104.5020(10) 93.171(9) 102.645(2)
δ [°] 90 90 90 90
V [Å3] 4502.3(3) 4003.18(19) 989.8(3) 3149.75(19)
Z 8 8 2 4
Dc [g cm–1] 1.806 1.864 1.611 1.528
µ(Mo-Kα) [cm–1] 53.95 59.30 9.51 37.08
Observed reflections 5600 9233 2015 7701
Rint 0.0320 0.0483 0.0331 0.0447
Parameters 268 495 127 372
R1

[a] 0.0421 (0.0307) 0.0635 (0.0449) 0.058 (0.048) 0.0713 (0.0524)
wR2

[a] 0.0613 (0.0572) 0.0836 (0.0769) 0.100 (0.095) 0.1132 (0.1025)

[a] Values in parentheses for reflections with I � 2.0σ(I): R1 = Σ||Fo| – |Fc||/Σ|Fo|. wR2 = {Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}1/2 and w =

1/[σ2(Fo
2)+(aP)2 +bP], where P = (2Fc

2 +Fo
2)/3.

58.92, 56.45, 50.53, 21.33, 16.43 ppm. IR (Nujol): ν̃ = 1306 (w),
1239 (s), 1219 (s), 1171 (vs), 1117 (s), 1090 (m), 959 (vs), 882 (vs),
873 (m), 746 (s), 731 (m), 681 (w), 661 (m), 598 (m), 574 (m) cm–1.

6: Yield: 1.325 g (92%). C19H23Cl2MoNO3 (M = 480.22 gmol–1):
calcd. C 47.52, H 4.83, N 2.92; found C 47.81, H 5.05, N 2.78. 1H
NMR (CDCl3): δ = 7.11 (s, 2 H, Ar), 6.94 (s, 2 H, Ar), 4.86 (d, J
= 13.0 Hz, 2 H,Ar-CH2), 3.08 (d, J = 13.0 Hz, 2 H,Ar-CH2), 2.56
(s, ArCH3, 6 H), 2.48 (s, 6 H,ArCH3) 1.86 (s, 3 H,N–CH3) ppm.
13C NMR (CDCl3): δ = 160.78, 138.95, 131.03, 129.56, 129.20,
128.25, 62.80, 46.83, 21.23, 16.43 ppm. IR (Nujol): ν̃ = 1300 (m),
1240 (s), 1223 (s), 1157 (s), 1132 (m), 1082 (vs, br), 955 (vs), 937
(m), 866 (vs), 844 (m), 748 (w), 696 (w), 666 (w), 600 (m), 573 (w)
cm–1.

Reaction of 1 with Isopropyl Isocyanate: Complex 1 (110 mg,
0.20 mmol) was mixed with toluene (3.0 mL) in a screw cap vial
and subsequently treated with isopropyl isocyanate (0.10 mL,
1.0 mmol). The reaction mixture was then heated at 110 °C for
16 hours. The red solution formed was cooled to the room tempera-
ture and hexane (3.0 mL) was added to enhance the crystallization.
The solution was then kept at –18 °C overnight, after that the
orange-red crystals (85 mg, 60%) were separated by decantation
and washed by hexane. Crystals were stable in air for several days,
but they decompose quickly upon dissolution.

Table 2. Selected bond lengths [Å] and angles [°] for trans-4, 4� and
6.

trans-4 4�[a] 6

M–O1 1.693(3) 1.714(5) 1.672(4)
M–O2 1.868(3) 1.918(5) 1.862(3)
M–O3 1.869(3) 1.896(5) 1.862(3)[b]

M–Cl1 2.3699(11) 2.3701(16) 2.3692(17)
M–Cl2/O4 2.3713(11) 1.909(4) 2.3822(18)
M–N8 2.534(3) 2.407(5) 2.536(4)
O1–M–N8 177.67(13) 168.2(2) 178.4(2)
O2–M–O3 159.21(11) 154.46(18) 158.76(16)[b]

Cl1–M–Cl2/O2 170.96(4) 165.60(14) 167.88(6)

[a] Parameters for the W1-centered molecule. [b] O3 corresponds
to O2i, where i = x, –y+1/2, z.
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7: Yield: 54 mg (37%). C31H48N4O4W (M = 724.58 gmol–1): C
51.39, H 6.68, N 7.73; found C 50.99, H 6.35, N 7.59. IR: ν̃ = 1634
(vs, br), 1283 (vs), 1245 (vs), 1221 (vs), 1159 (s), 1113 (s), 1094 (m),
1055 (m), 1038 (w), 988 (m), 961 (m), 932 (m), 860 (s), 855 (vs),
783 (m), 750 (m), 733 (m), 690 (w), 598 (m), 556 (m), 422 (w) cm–1.

X-ray Crystallography: Crystals of trans-4 and 4�, suitable for X-
ray measurements were grown at 4 °C from acetonitrile. Crystals
of 6 were obtained from concentrated toluene solution at room
temperature. Crystals of 7 precipitated from the reaction mixture
at –18 °C. Crystal data for the compounds trans-4, 4�, 6 and 7 along
with other experimental details are summarized in Table 1. Single-
crystal data collections, reduction, and subsequent calculations
were performed essentially as described in our earlier papers.[12,22]

Figures were drawn with Ortep-3 for Windows[23] (Table 2).

CCDC-601925, -601926, -601927 and -601928 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The ligand N-(2-pyridylmethyl)anthracene-9-carboxald-
imine (1) has been synthesized and characterized by NMR
spectroscopic techniques. The experimental procedure leads
selectively to the E isomer, which has been studied by a com-
bined theoretical (Density Functional Theory) and 2D
NOESY NMR spectroscopic approach. The trifluoroacetic
acid promotes the E to Z isomerization of 1. The process has
been investigated by NMR spectroscopy and computation-
ally for the neutral ligand 1. DFT methods calculate that the
E isomer is 2.2 kcal/mol more stable than the Z isomer,
whereas the reverse situation is observed for the protonated
species, where the Z isomer is 4.5 kcal/mol more stable than
the E isomer. Transition state calculations for the interconver-

Introduction

The electrochemical, photophysical, and photochemical
properties of α,α�-diimino ligands have made their coordi-
nation chemistry with transition metals, in particular with
ruthenium, one of the most relevant in recent decades.[1–4]

Re(CO)3X (where X = halogen) derivatives bearing α,α�-
diimine ligands have been studied for their effectiveness in
the electrocatalytic reduction of CO2

[5,6] and for their
photo-induced electron and energy transfer properties.[7,8]

The nitrogen atoms contained in these ligands are most
commonly part of heterocyclic rings like pyridine, pyrim-
idine, and pyrazine. In comparison, less attention has been
devoted to the investigation of similar Schiff base ligands,
such as carboxaldimines, in which at least one nitrogen
atom is not part of an aromatic ring. Rhenium derivatives
with 2,2�-azobispyridine,[9–11] pyridinylmethylene amino de-
rivatives,[8,12] and the Re(CO)3 mediated Schiff base forma-
tion from the in situ reaction between pyridinecarbaldehyde
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sion of the neutral and protonated E species into their corre-
sponding Z isomers show that the energy barriers are 27.6
and 20.3 kcal/mol for the neutral and protonated species,
respectively. The reaction with pentacarbonylchlororhenium
leads, in the absence and in the presence of trifluoroacetic
acid, to the synthesis of the corresponding tricarbonylchlo-
rorhenium isomer complexes Re-E-1 and Re-Z-1, respec-
tively. Compounds Re-E-1 and Re-Z-1 were characterized by
1D and 2D NMR spectroscopy in solution, and their crystal
structures were determined. Their photophysical and electro-
chemical properties are also reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and NH2-containing biomolecules[13] have been studied.
This class of compounds is of great interest because of their
close relationship with their better-known counterparts,
mentioned above. Furthermore, the imine functional group
has become important in the synthesis of therapeutic
agents, for example the third generation of the class of anti-
biotics known as cephalosporins,[14] and in the modeling of
metal biosites in proteins and enzymes.[15] They have also
attracted interest in asymmetric homogeneous and hetero-
geneous catalysis,[16] and in the synthesis of chiral heterocy-
cles.[17] Their photophysical properties have also been
studied theoretically by means of DFT calculations.[18,19]

Because of the lower energy of the π* states, in metal com-
plexes containing Schiff base ligands, their adsorption and
emission MLCT bands show a red shift when compared
with the MLCT transitions of the corresponding bipyridyl
derivatives. This red shift can be explained in terms of a
distortion of the excited states (π-π* and n-π*) that are lo-
calized on the C=N double bond and that contribute signif-
icantly to the composition of the LUMO,[20–22] especially
in the case of carboxaldimines.[12] In general, imine–metal
complexes are relatively unstable towards hydrolysis, par-
ticularly in the case of ruthenium and osmium.[23] Bulky
ligands could be employed in the synthesis of more stable
metal complexes with the aim of limiting or blocking such
hydrolysis. Also, the acid-catalyzed E/Z isomerization is
well known and several attempts towards understanding its
mechanism have been made.[14] Yet, in some cases the de-
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tails of the isomerization mechanism itself remain unclear.
In this contribution we report the coordination of tricar-
bonylchlororhenium to the new organic ligand N-(2-pyrid-
ylmethyl)anthracene-9-carboxaldimine (1) in its Z and E
isomeric forms, which leads to the synthesis of rather stable
complexes.

Results and Discussion

Z and E Isomers of the Ligand 1

The ligand N-(2-pyridylmethyl)anthracene-9-carboxald-
imine (1), was synthesized in refluxing ethanol by the con-
densation of 2-(aminomethyl)pyridine with anthracene-9-
carboxaldehyde (Scheme 1).

Scheme 1.

The imine 1 can exist in the E or Z isomeric forms. The
presence/absence of bulky groups is generally accepted as
the main reason for the preferential formation of one iso-
mer over the other. However, to the best of our knowledge,
a complete understanding of the process is not available to
date. It is interesting to note that the procedure shown in
Scheme 1 yields the isomer E-1, exclusively (see below). In
the DFT-optimized structures of E and Z isomers, obtained
using Jaguar[24] at the B3LYP/6-311++G** level, the two
planes defined by the C=N imine and the anthracene moie-
ties are perpendicular to each other. This situation is com-
monly found whenever an imine carries bulky groups.[25,26]

From the DFT calculations it turns out that these geome-
tries have a plane of symmetry, and that the Z isomer is
only 0.8 kcal/mol more stable than the E form. The differ-
ence in energy is very small and much lower than the ex-
pected accuracy of the DFT method (about 2 kcal/mol).[27]

The DFT calculations were repeated by using Gaussian
03[28] for the conformations resulting from 10º rotations
around the imine bond. The highest energy conformation
was noted at 90º, and the calculated value of 53 kcal/mol
for the C=N rotational barrier appears to be fairly high. A
similar value (56 kcal/mol) has been obtained for the rota-
tional pathway of the E/Z isomerization in methyleneim-
ine.[29] Attempts to gain thermal corrections based on har-
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monic frequencies from these symmetric structures of E-1
and Z-1 failed because of the oscillations of the computed
energies. The difficulty in getting stable frequency calcula-
tions, and the fact that we get more than one imaginary
frequency, suggested that these symmetric forms are only at
a local rather than a global energy minimum (saddle point).
In order to overcome these local minima of energies, we
started from slightly distorted structures and excluded the
use of symmetry during the optimization process. The ge-
ometries of E and Z isomers corresponding to the global
minima, found by DFT optimizations with Jaguar at the
same level, namely B3LYP/6-311++G**, are shown in Fig-
ure 1. The frequency calculations performed on these opti-
mized asymmetric structures reveal that the E form is more
stable than the Z form by 2.2 kcal/mol. Thus, better
thermodynamic agreement with the experimental observa-
tions is obtained, although the difference in energy is still
comparable with the accuracy of the DFT method. The cal-
culated structures of E and Z have very different intramo-
lecular H–H distances (see Table 1), which are doubled in
the case of the asymmetric ones because the two geminal
H(12) and the two H(1) and H(8) hydrogen atoms are not
equivalent. However, whatever the real dynamic structures
are, both the symmetrical (local minimum) and nonsym-
metrical (global minimum) structures of Z have H(11)–
H(12) distances that are larger than those of the E isomers.
This peculiarity is revealed experimentally by the phase-sen-
sitive NOESY spectrum, in which an evident cross-peak
system from the dipolar interaction between the lone H(11)
and the two H(12) hydrogen atoms is clear evidence of the
presence of the E-1 isomer. Proton NMR resonances have
been assigned by conventional 1D, 2D COSY, and NOESY
spectra (see Supporting Information), and are summarized
in Table 2. Moreover, variable temperature experiments per-
formed on E-1 in the range 220–300 K do not produce any
changes in the NMR spectra, revealing that Z and E iso-
mers are not easily interconverted. Having obtained both
the optimized structures, we have performed a search for
the transition state (TS) associated with the isomerization
of neutral E-1 to Z-1. The optimized TS structure is pro-
vided in Figure 2 (a). The calculated structure of the TS
shows that the bond angle C=N–C is linear, clearly indicat-
ing that the isomerization of the neutral species proceeds
via an in-plane lateral shift process. The calculated free en-
ergy of the TS relative to the reactant, i.e. the energetic bar-
rier for isomerization of neutral E-1 to Z-1 is moderately
high (27.6 kcal/mol), but much lower than the energetic
barrier associated with the pure C=N rotation. Similar val-
ues were calculated for the in-plane lateral shift process of
methyleneimine (32.5 kcal/mol) and dicyandiamide
(29 kcal/mol).[29,30]

However, when a slight molar excess of CF3COOH is
added to a CD2Cl2 solution of E-1, the resonances of H(11)
and H(12) shift from 9.63 and 5.23 to 10.34 and 5.94 ppm,
and then rapidly convert into two new resonances at 11.40
and 4.80 ppm, respectively. The conversion does not occur
significantly when only a catalytic amount of acid is used,
at least not over short periods. This new species does not
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Figure 1. DFT optimized geometries of the ligand 1. Neutral (up)
and protonated (down) forms, and isomers E (left) and Z (right),
at the B3LYP/6-311G++** level.

Table 1. Selected H–H distances [Å] of the optimized DFT geome-
tries for the two isomers of 1 (local minimums, Cs symmetry, and
global minimums, no symmetry).

Distances Z E Z asymmetric E asymmetric

H(11)–H(12) 3.686 2.558 3.645 3.136
3.848 2.166

H(11)–H(1),H(8) 2.855 2.893 2.557, 3.133 2.065, 3.579
H(12)–H(1),H(8) 2.958 3.343 3.727, 3.334 4.232, 4.172

4.879, 2.537 3.767, 4.047

show the above-mentioned NOESY cross peak signal (see
Supporting Information). The overall process is therefore
explained as (a) instantaneous protonation of E-1, (E-1H+)
and (b) relatively fast conversion into the protonated Z-1
form (Z-1H+). Thus E-1 is easily converted into Z-1 by add-
ing trifluoroacetic acid. The trend in the proton resonance
sequences on going from E-1 to E-1H+, and finally to the
Z-1H+ form is more difficult to interpret. As mentioned,
for H(11) and H(12) the experimental sequences are 9.63 to
10.34 to 11.40 ppm and 5.23 to 5.94 to 4.80 ppm, respec-
tively. We optimized the geometries of E-1, E-1H+ and Z-
1H+, and the corresponding calculated 1H NMR chemical
shift sequences of H(11) and H(12) are 10.18 to 10.45 to
10.51 ppm and 5.51 to 5.59 to 4.81 ppm, respectively. Al-
though quantum mechanical calculations of 1H NMR
chemical shifts are subject to significant errors,[31–33] espe-
cially whenever hydrogen bonds are involved, the same ex-
perimental trend is reproduced. More importantly, a fre-
quency calculation gives a Gibbs free energy value for Z-
1H+ that is 4.5 kcal/mol lower than that of the correspond-
ing E-1H+. This small but significant inversion of energy
gives further support to the outlined interpretation, and it
is in agreement with the experimental observation, which
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Table 2. Experimental and calculated 1H NMR resonances for E-1
and Z-1.

H Experimental Symmetric, calculated by Gaussian 03
Asymmetric, calculated by Jaguar 6.5 (mean)

E-1 [Z-1H]+ E-1 Z-1

1 8.61 9.02 8.22 8.44
9.82 (9.31) 8.25 (8.33)

8 8.61 9.02 8.22 8.44
8.80 (9.31) 8.40 (8.33)

2 7.52 7.75 7.61 7.84
7.81 (7.86) 7.89 (7.82)

7 7.52 7.75 7.61 7.84
7.91 (7.86) 7.76 (7.82)

3 7.52 7.60 7.65 7.82
7.75 (7.78) 7.83 (7.79)

6 7.52 7.60 7.65 7.82
7.81 (7.78) 7.76 (7.79)

4 8.06 8.12 8.31 8.31
8.30 (8.33) 8.42 (8.40)

5 8.06 8.12 8.31 8.31
8.37 (8.33) 8.38 (8.40)

10 8.53 8.82 8.90 8.70
8.83 8.86

11 9.63 11.40 10.18 9.74
10.27 9.94

12 5.23 4.80 5.51 4.53
6.01, 5.12 (5.56) 4.98, 4.44 (4.71)

13 8.59 8.80 8.99 9.04
8.94 8.66

14 7.23 8.58 or 8.06 7.27 7.21
7.33 7.08

15 7.72 8.06 or 8.58 7.73 7.54
8.00 7.86

16 7.52 8.19 7.35 6.55
8.59 8.39

Figure 2. Transition State (TS) optimized structures for the isomer-
ization processes E-1 to Z-1 (a) and E-1H+ to Z-1H+ (b).

shows that the ratio between the integrated 1H NMR reso-
nances H(12) of E-1H+ and Z-1H+, namely the signals cen-
tered at δ = 5.94 and 4.80 ppm, respectively, are 1:16 (see
Supporting Information). This corresponds to a Gibbs free
energy difference of 1.6 kcal/mol between the two isomers
at 298 K, in reasonable agreement with the calculated value.
Computational searches for the TS for the isomerization
process E-1H+ to Z-1H+ leads to the structure shown in
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Figure 2 (b). The calculated free energy of the TS relative
to the reactant E-1H+ is evaluated to be 20.3 kcal/mol. As
one could expect, in both the neutral and protonated TSs,
the dihedral angle that defines the rotation around the C=N
double bond, DC=N, is roughly midway between the values
observed for the Z and E isomers. However, it is interesting
to note that the protonated TS has a DC=N value closer to
that of the Z isomer. The DC=N values for E-1H+, Z-1H+,
and for the corresponding TS are 178.3, 12.0, and 111.5°,
respectively, whereas the DC=N values for E-1, Z-1, and for
the corresponding neutral TS are 179.3, 0.8, and 89.4°,
respectively. The neutral and protonated TSs have a
HC=N–CH2 bond angle of 177.7 and 114.9°, and only one
imaginary frequency of 274i and 325i cm–1, respectively.
Therefore, these first-order saddle points are real transition
states. The vibrational mode of the neutral TS is associated
with the reaction coordinate that involves major motion of
the nitrogen atom (in-plane lateral shift), whereas the vi-
brational mode of the protonated TS is associated with the
reaction coordinate that involves major motion of the hy-
drogen atoms HC=N and NH. Therefore, the protonation
has two effects: the first is evident and it is to alter the
geometry of the transition state and to significantly de-
crease its energy for the isomerization process, whereas the
second effect is less certain, but most likely makes the Z
isomer thermodynamically more stable than the E isomer.
This could also explain why the isomerization is not ob-
served with only a small, catalytic amount of acid. Finally,
it should be pointed out that whereas the DFT calculations
apparently reproduce the ground-state structures very well,
the energies of the transition states are presumably overem-
phasized.

Figure 3. Molecular structures of Re-E-1 (a) and Re-Z-1 (b), showing the adopted labeling scheme, with displacement ellipsoids drawn
at the 20% probability. A solvated benzene molecule in Re-Z-1 is not shown for the sake of clarity.
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Rhenium Complexes of 1

The reaction of Re(CO)5Cl with E-1 in refluxing toluene,
under an Ar atmosphere, produces the corresponding com-
plex (E-1)Re(CO)3Cl (Re-E-1). When carrying out the same
reaction in the presence of an approximately half molar
quantity of CF3COOH, we obtained a mixture of Re-E-
1 and (Z-1)Re(CO)3Cl, hereafter called Re-Z-1. The latter
compound was obtained only in small amounts. Remarka-
bly, Re-E-1 and Re-Z-1 have different solubilities in ben-
zene, and can be separated by a simple extraction. The two
rhenium-imino derivatives Re-E-1 and Re-Z-1 have been
fully characterized with several spectroscopic techniques. In
particular, the 1H NMR spectrum of Re-E-1 in CD2Cl2
shows three resonances at δ = 9.63, 6.23, and 5.60 ppm,
assigned to H(11) and to the two diastereotopic CH2 pro-
tons H(12a) and H(12b), respectively, whereas in the case
of Re-Z-1 the corresponding signals are observed at δ =
9.99, 5.12, and 4.76 ppm.

More interestingly, the NOESY experiment on Re-E-1
reveals the presence of a dipolar interaction between H(11)
and the two H(12) protons, which is absent in the case of
Re-Z-1 (see Supporting Information). Determination of the
X-ray structures of the two isomers Re-E-1 and Re-Z-1 con-
firms the retention of the ligand conformation on coordina-
tion to the metal center (Figure 3). The isomerization does
not take place after the metal complex formation, since the
NMR spectra of Re-E-1 and Re-Z-1 in CD2Cl2 solutions
before and after the addition of a molar amount of
CF3COOH are identical, most likely because the coordina-
tion of the metal does not allow the protonation of the li-
gand, which then freezes the isomerization process.
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Crystal Structure Analysis

The structures of Re-E-1 and Re-Z-1 isomers are illus-
trated in Figure 3 and the crystallographic data are given in
Table 5. Re-E-1 is arranged in the P21 chiral space group,
while Re-Z-1 is arranged in the centrosymmetric P1̄ space
group. The E isomer was therefore obtained chirally pure,
while the Z isomer is a racemate of the two possible
enantiomers. Compound Re-Z-1 crystallizes with one ben-
zene molecule of solvation.

The E/Z isomerization of the N(1)–C(11) double bond
causes significant rearrangements of the overall shape and
of the crystal packing of the two complexes. The selected
geometric parameters for the two isomers, and the differ-
ences and significances with respect to esd’s, are reported in
Table 3. The larger differences between the two isomers (∆
values larger than 8) are due to the location and the orienta-
tion of the anthracene moiety with respect to the metal core
of the complex. Also the pyridine group orientation, de-
fined by the Cl–Re–N(2)–C(17) torsion angle, with ∆ =
16.5, is rather different in the two isomers. Conversely, the
planarity of the anthracene and of the pyridine groups are
similar in the two isomers: 0.035(6) and 0.003(5) Å in Re-
E-1 and 0,020(3) and 0.003(2) Å in the Re-Z-1 isomer,
respectively. As a result of the above mentioned differences,
the anthracene group in Re-E-1 is bent towards the C(23)–
O(2) and C(23)–O(4) carbonyl groups, the resulting contact
distances being rather short (reported with respect to an-
thracene center of mass, ACM in Table 3), while in Re-Z-1
the anthracene group is located in the external part of the
complex, far away from the metal core and the carbonyl
groups. The C(11)–H(11) bond shows an opposite behavior,
pointing towards carbonyl groups in Re-Z-1 and towards
the anthracene moiety of the adjacent molecule in Re-E-1.
This opposite behavior has a dramatic effect on the crystal
packing features of the two isomers. In fact, in Re-Z-1 the
crystal packing (see Figure 4, b) is clearly driven by the π-
π stacking between parallel anthracene moieties, as indi-
cated by the similar distances observed between the
anthracene centers of mass (3.694 Å) and between planes
containing adjacent anthracene moieties (3.743 Å). On the
contrary, in Re-E-1 the anthracene groups once again
lie on parallel planes, with a distances between planes
of 3.422 Å, much smaller than the distances between
the centers of mass (7.823 Å), thus avoiding the π-π stack-
ing.

In Re-E-1 the anthracene moiety is too close to the metal
center to allow the π-π stacking observed in Re-Z-1 and the
molecules are helicoidally packed, obeying to the 21 screw
axis. Finally, CH···OC and CH···Cl interactions are also
present.

The E/Z isomerization also affects the coordination ge-
ometry of the Re atom, as indicated by the ∆ values high-
lighted in bold character in Table 3. The differences mostly
occur with the Cl ligand (∆ values larger than 2 esd.).
Smaller differences, close to the detection limit (1 � ∆ � 2
in Table 3) involve the C(24)–O(3) distance and the N(2)
atom of the pyridine ligand.
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Table 3. Selected geometric parameters for Re-E-1 and Re-Z-1
(distances in Å and angles in °) and relevance of difference
with respect to esd’s (∆), calculated as ∆ = {esd.[value(Re-E-1),
value(Re-Z-1)]}/{esd.[value(Re-E-1)] + esd.[value(Re-Z-1)]}.
Values differing by a significant value (∆ � 1) are highlighted in
bold.

Re-E-1 Re-Z-1 ∆

Distances

Re(1)–Cl(1) 2.474(2) 2.483(1) 2.1
Re(1)–N(1) 2.203(8) 2.173(3) 1.9
Re(1)–N(2) 2.178(8) 2.184(3) 0.4
Re(1)–C(22) 1.914(10) 1.925(4) 0.6
Re(1)–C(23) 1.945(9) 1.926(4) 1.0
Re(1)–C(24) 1.898(11) 1.912(5) 0.6
O(1)–C(22) 1.149(12) 1.155(5) 0.2
O(2)–C(23) 1.136(11) 1.152(5) 0.7
O(3)–C(24) 1.173(13) 1.146(5) 1.1
N(1)–C(15) 1.262(12) 1.287(5) 1.0
N(1)–C(16) 1.472(11) 1.472(5) 0.0
N(2)–C(17) 1.341(12) 1.351(5) 0.4
N(2)–C(21) 1.372(12) 1.352(5) 0.8
C(1)–C(15) 1.494(14) 1.478(5) 0.6
C(16)–C(17) 1.493(13) 1.505(5) 0.5
H(15)–O(2) 5.24(2) 3.15(1) 49.3
ACM

(*)–Re 4.39(1) 5.932(3) 83.9
ACM

(*)–O(2) 3.59(1) 6.522(5) 138.2
ACM

(*)–O(3) 4.36(1) 7.164(5) 132.2
ACM

(*)–C(23) 3.58(1) 6.149(5) 121.1
ACM

(*)–C(24) 4.11(1) 6.531(5) 114.1

Angles

C(22)–Re–Cl 95.2(3) 94.9(1) 0.5
C(23)–Re–Cl 93.6(3) 91.7(1) 3.4
C(24)–Re–Cl 176.1(3) 178.2(1) 3.7
N(1)–Re–Cl 83.7(2) 83.4(1) 0.7
N(2)–Re–Cl 80.9(2) 82.8(1) 4.4
C(24)–Re–N(2) 96.4(4) 96.6(1) 0.3
C(22)–Re–N(2) 96.0(3) 96.9(1) 1.6
C(23)–Re–N(2) 174.1(3) 171.6(1) 0.7
C(24)–Re–N(1) 92.9(4) 94.8(1) 2.7
C(22)–Re–N(1) 171.7(3) 172.9(1) 0.4
C(23)–Re–N(1) 101.6(4) 97.2(1) 2.1
N(2)–Re(1)–N(1) 75.6(3) 76.0(1) 0.7
C(24)–Re–C(22) 87.9(4) 86.9(2) 1.2
C(24)–Re–C(23) 88.9(4) 88.7(2) 0.2
C(22)–Re–C(23) 86.7(4) 89.8(2) 3.7
C(15)–N(1)–Re 131.4(7) 125.9(3) 1.3
C(16)–N(1)–Re 111.9(6) 114.7(2) 0.7
C(17)–N(2)–Re 116.5(6) 116.9(3) 0.1
C(21)–N(2)–Re 125.0(7) 125.1(3) 0.0
O(1)–C(22)–Re 177.9(10) 176.1(4) 0.5
O(2)–C(23)–Re 177.1(8) 178.1(4) 0.2
O(3)–C(24)–Re 179.9(11) 176.7(4) 0.9
N(1)–C(15)–C(1) 124.2(9) 126.5(4) 0.5
N(2)–C(17)–C(16) 117.7(8) 117.4(3) 0.1
N(1)–C(16)–C(17) 111.5(8) 110.9(3) 0.1
C(11)–H(11)–O(2) 16(1) 137(1) 24.4
C(23)–O(2)–ACM

(*) 80.1(8) 66.2(4) 8.2
C(24)–O(3)–ACM

(*) 70.0(8) 52.6(4) 10.3

Torsion angles

Cl–Re–N(2)–C(17) 71.2(6) 92.2(3) 16.5
Cl–Re–N(1)–C(11) 123(1) 74.3(5) 23.2
Re–N(1)–C(11)–C(9) –6(2) –175(1) 39.8
C(20)–C(9)–C(11)–N(1) –84(1) 115.7(5) 94.1
ACM

(*) = center of mass of anthracene moiety
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Figure 4. The crystal packing of Re-E-1 (a) and Re-Z-1 (b).

Electronic Absorption and Emission Spectra

The electronic absorption spectrum of E-1 in CH3CN
solution shows an intense absorption peak at 251 nm (ε =
64800 –1) and three bands at 351, 369, and 387 nm, which
probably correspond to the π�π* and n�π* transitions.
Excitation at 370 nm in CH3CN produces an intense emis-
sion peak at 440 nm. These absorption and emission peaks
are very similar to those of pure anthracene.[34] Rhenium
complexes Re-E-1 and Re-Z-1 have identical absorption
(bands at 354, 371, and 389 nm) and emission spectra,
which in turn are very similar to that of the free ligand E-
1. However, Re-E-1 and Re-Z-1 show a weaker emission
centered at 441 nm (Figure 5). We did not observe a metal-
centered MLCT emission band. Re(bpy)(CO)3Cl and anal-
ogous imino derivatives[8,12,35] usually have MLCT absorp-
tions in the range 340–430 nm. Time-Dependent DFT cal-
culations (TDDFT) help to understand these data. The ge-
ometries of E-1, Re-E-1, and Re-Z-1 were optimized in the
singlet ground state in the gas phase. The HOMO and
LUMO of E-1 are mostly localized on the anthracene unit,
only slightly involving the C=N double bond. The spectro-
scopic properties were calculated employing the combined
TDDFT/CPCM computational approach, which is cur-
rently considered to be the most appropriate method for the
treatment of the solvent effects on the excited-state energies
of transition-metal complexes.[36,37] A number of singlet ex-
cited states of E-1, Re-E-1, and Re-Z-1 in acetonitrile were
calculated and are reported in Table 4. The absorption of
E-1 with the highest oscillator strength (393 nm) is mainly
from a HOMO�LUMO transition. In the case of Re-E-1
and Re-Z-1, the absorptions calculated at 420 and 424 nm
are still largely HOMO�LUMO transitions, and therefore
labeled as ligand-centered transitions, with a modest contri-
bution from the metal ion. This supports the absence of
charge transfer states observed in the absorption and emis-
sion spectra of the free ligands and metal complexes.
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Furthermore, there is a very small effect of the rhenium
atom on the fluorescence lifetime. In fact, the average life-
time is 11.5 ns for the ligand and 11.3 ns for the complexes.

Figure 5. Absorption and emission spectra (excitation at 370 nm)
of Re-E-1 in CH3CN.

Table 4. Energies (in nm) and oscillator strengths (f) of the first
calculated singlet excited states for E-1, Re-E-1, and Re-Z-1 in ace-
tonitrile.

E-1 Re-E-1 Re-Z-1
f E [nm] f E [nm] f E [nm]

0.14 420 0.21 424
0.089 393 0.03 374 0.002 374
0.001 335 0.04 368 0.02 366
0.003 319 0.02 354 0.001 357
0.001 298 0.03 343 0.001 334
0.001 293 0.001 336 0.001 333
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Electrochemistry

The electrochemical behavior of the rhenium complexes
Re-E-1 and Re-Z-1 has been investigated by cyclic voltam-
metry (CV) and square wave voltammetry (SWV) in
CH2Cl2 solutions using glassy carbon as a working elec-
trode, under an Ar atmosphere. The CV response of Re-
E-1, identical to that of Re-Z-1, exhibits a 1e chemically
irreversible reduction at Ep = –1.89 V vs. Fc/Fc+, and a
multi-electron chemically irreversible oxidation at Ep =
+1.11 V vs. Fc/Fc+. Our attempts to slow down the chemi-
cal complications by lowering the temperature were unsuc-
cessful. CV performed as low as –80 °C and at a scan rate
between 0.05 and 5 V/s did not freeze the homogeneous
chemical reactions and the redox processes remained chemi-
cally irreversible.

Experimental Section
(E)-N-(Methyl-2-pyridyl)antracen-9-carboxaldimine (E-1): Anthra-
cene-9-carboxaldehyde (1.00 g, 4.85 mmol) was dissolved in abso-
lute ethanol (250 mL) and the solution was degassed for 10 min
under argon. 2-(Aminomethyl)pyridine (0.524 g, 4.85 mmol) was
added and the solution was refluxed for 1.5 h. After evaporation
of the solvent, the yellow solid was washed with hexane (20–25 mL)
and recrystallized from ethanol (yield 75%, 1.078 g). 1H NMR
[400 MHz, (CD3)2CO, 25 °C]: δ = 9.75 (s, 1 H), 8.75 [d, 3JH,H =
7.7 Hz, 2 H], 8.65 (s, 1 H), 8.61 (d, 3JH,H = 4.2 Hz, 1 H), 8.11 (d,
3JH,H = 8.4 Hz, 2 H), 7.78 (t, 3JH,H = 7.7 Hz, 1 H), 7.60 (d, 3JH,H

= 7.9 Hz, 1 H), 7.53 (m, 4 H), 7.28 (t, 3JH,H = 6.4 Hz, 1 H), 5.25
(s, 2 H) ppm. 1H NMR (400 MHz, CD2Cl2, 25 °C): δ = 9.63 (t,
3JH,H = 1.3 Hz, 1 H, 11-H), 8.61 (m, 2 H, 1-H and 8-H), 8.59 (m,
1 H, 13-H), 8.53 (s, 1 H, 10-H), 8.06 (dd, 3JH,H = 7.9 and 1.9 Hz,
2 H, 4-H and 5-H), 7.72 (t, 3JH,H = 7.7 and 1.9 Hz, 1 H, 15-H),
7.52 (m, 5 H, 16-H, 2-H, 3-H, 6-H, 7-H), 7.23 (dd, 3JH,H = 5.0 and
1.1 Hz, 1 H, 14-H), 5.23 (d, 3JH,H = 1.3 Hz, 2 H, 12-H) ppm. 13C
NMR [100 MHz, (CD3)2CO, 25 °C]: δ = 162.34, 159.69, 149.51,
136.72, 131.60, 130.27, 129.59, 128.99, 128.56, 126.80, 125.54,
125.40, 122.54, 122.24, 68.15 ppm. 13C NMR (100 MHz, CD2Cl2,
25 °C): δ = 162.46, 159.54, 149.70, 136.92, 131.63, 130.37, 129.77,
129.11, 128.52, 126.98, 125.62, 125.27, 122.75, 122.39, 68.68 ppm.
Electronic spectrum in CH3CN: absorption, λmax = 251, 351, 369,
387 nm, emission, λmax = 440 nm.

(Z)-N-(2-Pyridylmethyl)antracen-9-carboxaldimine (Z-1): The Z
isomer was obtained from the irradiation for 3 h at 365 nm, 50 W,
of a CH2Cl2 solution of the E isomer containing an equimolar
amount of CF3COOH. The conversion occured without any side
reaction. 1H NMR (400 MHz, CD2Cl2, 25 °C) of the protonated
species: δ = 11.40 (s, 1 H), 9.02 (dd, 3JH,H = 9.0 and 0.8 Hz, 2 H),
8.82 (s, 1 H), 8.80 (dd, 3JH,H = 5.9 and 1.3 Hz, 1 H), 8.58 (t, 3JH,H

= 7.9 Hz, 1 H), 8.19 (d, 3JH,H = 7.9 Hz, 1 H) 8.12 (d, 3JH,H =
8.4 Hz, 2 H), 8.06 (t, 3JH,H = 5.9 Hz, 1 H), 7.75 (dd, 3JH,H = 9.0
and 1.5 Hz, 2 H), 7.60 (dd, 3JH,H = 8.6 and 1.0 Hz, 2 H), 4.80 (s, 2
H) ppm. 13C NMR (100 MHz, CD2Cl2, 25 °C): δ = 195.24, 147.77,
146.13, 143.11, 137.68, 133.15, 131.10, 130.15, 129.85, 129.68,
128.13, 126.02, 123.29, 40.94 ppm.

Re(E-1)(CO)3Cl (Re-E-1): Re(CO)5Cl (300 mg) was refluxed in tol-
uene (50 mL) for 2 h with a 10% excess of E-1 (270 mg) under
argon. The solution was then cooled before the yellow product was
filtered and washed with toluene and hexane. Finally, the solid was
dried in vacuo (yield 78%, 390 mg). 1H NMR [400 MHz, (CD3)2-
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CO, 25 °C]: δ = 9.96 (s, 1 H), 8.87 (d, 3JH,H = 5.4 Hz, 1 H), 8.77
(s, 1 H), 8.15 (m, 4 H), 98.04 (d, 3JH,H = 8.5 Hz, 1 H), 7.91 (d,
3JH,H = 7.8 Hz, 1 H), 7.53 (m, 5 H), 6.29 (d, 3JH,H = 18.3 Hz, 1
H), 6.06 (d, 3JH,H = 18.6 Hz, 1 H) ppm. 1H NMR (400 MHz,
CD2Cl2, 25 °C): δ = 9.63 (s, 1 H), 8.82 (d, 3JH,H = 5.3 Hz, 1 H),
8.70 (s, 1 H), 8.13 (m, 2 H), 8.06 (d, 3JH,H = 8.5 Hz, 1 H), 8.00 (t,
3JH,H = 7.9 Hz, 1 H), 7.81 (m, 1 H), 7.65 (m, 2 H), 7.56 (m, 3 H),
7.38 (t, 3JH,H = 6.5 Hz, 1 H), 6.23 (d, 3JH,H = 18.2 Hz, 1 H), 5.60
(d, 3JH,H = 18.2 Hz, 1 H) ppm. 13C NMR [100 MHz, (CD3)2CO,
25 °C]: δ = 198.11, 194.40, 191.62, 175.53, 160.38, 152.34, 139.66,
131.43, 131.21, 129.87, 128.84, 128.75, 128.24, 126.74, 126.60,
125.90, 125.78, 125.34, 124.57, 122.14, 69.12 ppm. IR (powder-
ATR): ν̃ = 2025, 1922, 1897 cm–1. 13C NMR (100 MHz, CD2Cl2,
25 °C): δ = 198.11, 194.40, 191.62, 174.71, 163.26, 159.13, 152.95,
139.57, 131.50, 131.29, 130.48, 129.41, 129.16, 128.31, 127.54,
127.29, 126.38, 125.55, 124.88, 124.75, 121.89, 69.78 ppm. Elec-
tronic spectrum in CH3CN: absorption, λmax = 255, 317, 335, 354,
372, 391 nm, emission, λmax = 440 nm.

Re(Z-1)(CO)3Cl (Re-Z-1): The complex was obtained as a side
product during a modified synthesis of Re-E-1. Re(CO)5Cl
(200 mg) was stirred in toluene (50 mL) with a 10% excess of E-1
(180 mg) under argon. CF3COOH (30 µL) was added, and the
solution was refluxed for 4 h. After cooling at room temperature,
a yellow precipitate of Re-E-1 and a red solution containing a mix-
ture of Re-E-1 and Re-Z-1 were obtained. The solution was filtered,
and the solvent evaporated. The solid was treated with benzene,
which only dissolved Re-Z-1. Finally, the solvent was evaporated
and the solid dried in vacuo (yield 15%, 50 mg). 1H NMR
(400 MHz, CD2Cl2, 25 °C): δ = 9.99 (t, 3JH,H = 2.3 Hz, 1 H), 8.89
(d, 3JH,H = 5.3 Hz, 1 H), 8.72 (s, 1 H), 8.22 (d, 3JH,H = 8.4 Hz, 1
H), 8.16 (m, 2 H), 7.83 (d, 3JH,H = 8.4 Hz, 1 H), 7.75 (t, 3JH,H =
7.9 and 1.6 Hz, 1 H), 7.61 (m, 4 H), 7.33 (t, 3JH,H = 6.7 Hz, 1 H),
7.01 (d, 3JH,H = 7.9 Hz, 1 H), 5.12 (dd, 3JH,H = 19.0 and 2.5 Hz, 1
H), 4.76 (dd, 3JH,H = 19.0 and 2.5 Hz, 1 H) ppm. IR (powder-
ATR): ν̃ = 2024, 1921, 1896 cm–1. Electronic spectrum in CH3CN:
absorption, λmax = 255, 303, 335, 354, 372, 391 nm, emission, λmax

= 440 nm.

Physical Methods: The NMR spectra were recorded with a JEOL
EX 400 spectrometer (B0 = 9.8 T) with chemical shifts referenced
to residual protons in the solvent (CD2Cl2). COSY and NOESY
experiments were acquired using standard procedures. IR spectra
were recorded as powder-ATR using a Thermo-Nicolet 670 FT-IR
spectrophotometer with a resolution of 1 cm–1 and an accumu-
lation of 64 scans. Absorption spectra were measured at room tem-
perature, in CH2Cl2, using a Hitachi U-3210 double-beam spectro-
photometer, and emission spectra were measured with a SLM 4800
spectrofluorimeter. Luminescence lifetimes were performed under
magic-angle polarization conditions by time-correlated single-pho-
ton counting using excitation with picosecond pulses of 370 nm
light at a repetition rate of 500 kHz generated by a Ti:Sapphire
laser system (Verdi V10, Mira 900, and pulse picker from Coherent,
Inc., Santa Clara, CA. Second harmonic generation was provided
by a 5–050 system from Inrad, Northvale, NJ). The sample was
maintained at 20 °C in an automated sample chamber (FLASC
1000 from Quantum Northwest, Spokane, WA). The emission was
collected using a bandpass of 20 nm. The data were collected into
2048 channels (0.25 ns/channel) to 40,000 counts in the peak chan-
nel. Because the excitation pulse is essentially a delta function at
this time resolution, the decays were fitted directly without recon-
volution as sums of exponentials using Origin 7 (Northampton,
MA 01060, USA).

X-ray Structure Determinations: Single crystal diffraction data were
collected at 100 K, using an Oxford Cryostream low temperature
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device, on an Oxford Xcalibur CCD area detector diffractometer,
using graphite monochromatic Mo-Kα (λ = 0.71069 Å) radiation.
Data reduction and absorption corrections were performed using
CrysAlis RED 1.171.26 (Oxford Diffraction). The structure was
solved by direct methods using SIR2004[38] and refined by full-ma-
trix least-squares using SHELX-97.[39] All hydrogen atoms were lo-
cated in the electron density map and then refined using isotropic
displacement parameters.

The Crystallographic Information File (CIF) has been deposited
with deposition number CCDC-298650 for the Re-E-1 structure
and CCDC-298651 for the Re-Z-1 structure. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Details of
data collections and refinements are given in Table 5.

Table 5. Crystallographic data for Re-E-1 and Re-Z-1 isomers.

Re-E-1 Re-Z-1

Empirical formula C24H16ClN2O3Re C24H16ClN2O3Re
Formula mass [g/mol] 602.04 602.04
Temperature [K] 123 (2) 100 (2)
Wavelength [Å] 0.71073 0.71073
Crystal system P21 P1̄
Space group monoclinic triclinic
Unit cell dimensions a = 11.222(1) a = 8.834(1)
(edges in Å and angles in °) b = 7.712(1) b = 11.494(1)

c = 12.761(1) c = 12.327(1)
β = 96.564(5)° α = 80.55(1)

β = 80.32(1)
γ = 74.42(1)

Volume [Å3] 1097.1(1) 1179.0(2)
Z 2 2
Density (calculated) [mg/m3] 1.822 1.693
Absorption coefficient [mm–1] 5.688 5.292
F(000) 580 578
Crystal size [mm] 0.35×0.15×0.09 0.11×0.25×0.20
Theta range for data collection [°] 1.61 to 27.50 4.40 to 20.81
Index ranges –14 � h � 14 –8 � h � 8

–10 � k � 10 –11 � k � 11
–16 � l � 16 –12 � l � 12

Reflections collected 15981 5316
Independent reflections 5023 2452

[R(int) = 0.0851] [R(int) = 0.0181]
Completeness to θ = 20.81° 99.9 % 99.0 %
Refinement method Full-matrix least- Full-matrix least-

squares on F2 squares on F2

Data/restraints/parameters 5023/1/280 2452/0/307
Goodness-of-fit on F2 1.005 1.066
Final R indices [I � 2σ(I)] R1 = 0.0488, R1 = 0.0194,

wR2 = 0.1135 wR2 = 0.0396
R indices (all data) R1 = 0.0637, R1 = 0.0225,

wR2 = 0.1215 wR2 = 0.0407
Largest diff. peak and hole [e/Å3] 2.836 and –1.748 1.021 and –0.365

Electrochemistry: Dichloromethane was distilled over calcium hy-
dride just before use. Tetrabutylammonium hexafluorophosphate
(Bu4NPF6) was obtained from a metathesis reaction between KPF6

(Fluka) and tetrabutylammonium iodide (Aldrich), recrystallized
three times from 95% ethanol and dried in a vacuum oven at
110 °C overnight. The electrochemistry was performed in a three-
electrode cell using a potentiostat AMEL 7050 and an EG&G PAR
273 electrochemical analyzer, both connected to a PC. The refer-
ence electrode was a 3  KCl Calomel Electrode, the auxiliary elec-
trode a platinum wire, and the working electrode a glassy carbon
(GC). Positive feedback iR compensation was applied routinely. All
measurements were carried out under Ar in anhydrous deoxy-
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genated solvents. We used ferrocene (Fc) as the internal standard,
and potentials are reported against the Fc(0/+1) redox couple,
which under our conditions is E°(0/+1) = 0.595 V.

DFT Calculations: The DFT method with Becke’s[40] three-param-
eter hybrid functional and Lee–Yang–Parr’s[41] gradient corrected
correlation functional was used. The calculations have been made
with the Gaussian 03 (G03)[28] and Jaguar[24] programs. The Stutt-
gart–Dresden (SDD) ECP[42] was used for the Re atom and the 6-
311++G** basis set for all other atoms. Calculations of the abso-
lute magnetic shielding σ were performed at the B3LYP/6-
311++G** level using either G03 or Jaguar. The σ absolute values
were converted into proton chemical shifts δ, relative to the mag-
netic shielding of tetramethylsilane computed with the same basis
set (31.9793, H and 184.1441, C for G03; 31.9821, H and 184.0820,
C for Jaguar). The nature of transition states was confirmed by
performing a harmonic vibrational frequencies calculation and a
normal-mode analysis. Vibrational frequencies and Gibbs free en-
ergy calculations were performed at 298.15 K and 1 atm. Time-de-
pendent density functional theory[43,44] (TDDFT) combined with
the conductor-like polarizable continuum model[45–47] (CPCM)
method with acetonitrile as solvent has been used to calculate the
excited-state energies by means of G03.

Supporting Information (see also the footnote on the first page of
this article): 1H, 1H-1H COSY and 1H-1H NOESY NMR spectra
of E-1, Re-E-1, and Re-Z-1 in CD2Cl2, and the 1H NMR spectra
of 1 before, after, and during its E to Z isomerization by means of
CF3COOH in CD2Cl2.
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A series of (H2O)5Cr(X-pyO)3+ ions (pyO = pyridine N-oxide,
X = H, 3-CH3, 4-CH3, 4-OCH3, 4-NO2) were prepared by the
reduction of the corresponding pyridine N-oxide adducts of
diperoxochromium(VI) species with acidic ferrous perchlo-
rate. The (H2O)5Cr(X-pyO)3+ complexes undergo aquation to
yield Cr(H2O)6

3+ and X-pyO according to the rate law kobs =
ko +k–1[H+]–1. The values of the rate constants extrapolated
to 298 K at 1.0 M ionic strength are: k0 = 2.80×10–6 s–1, k–1 =

Introduction

Pyridine N-oxides (X-pyO) are important reagents in
thermal[1,2] and photochemical[3–5] oxidations. Often, al-
though not always,[6] such reactions involve oxygen-atom
transfer[7–9] with pyridine N-oxide playing a role of either
oxygen-atom donor[2,7–12] or a promoter of oxygen transfer
from active donors to the substrate.[13–16] Metal catalysis is
frequently involved[17] in such processes, which makes
mechanistic studies of transition-metal complexes of pyri-
dine N-oxides an important area of investigation.

A large number of complexes with an array of metal ions
have been prepared and characterized structurally, spectro-
scopically, electrochemically, and chemically. There are,
however, few reports available on the kinetics and mecha-
nisms of the reactions of such complexes,[18–20] especially
in aqueous solutions.[21,22] Several pentaamminecobalt(III)
ions, (NH3)5Co(X-pyO)3+ have been prepared[21,22] and
found to be reasonably stable at room temperature, pro-
vided there are no cyano substituents on the pyridine ring,
in which case facile hydrolysis to a bound amide takes
place.[21] The reduction of the parent (H2O)5Co(pyO)3+ by
chromium(II) is believed to take place by an inner-sphere
mechanism whereby Craq

2+ attacks at the coordinated pyO
oxygen,[21] although the expected product, (H2O)5Cr(pyO)3+,
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1.86×10–8 Ms–1 (X = 4-NO2); 7.80×10–8, 6.27×10–10 (H);
4.80×10–8, 3.20×10–10 (3-CH3); 3.05×10–8, 1.60×10–10 (4-
CH3); and 2.37×10–9, 4.76×10–11 (4-OCH3). The reaction of
the 4-OCH3 complex exhibits two additional terms in the rate
law, k1[H+]+k–2[H+]–2. The binding of 4-OCH3–pyO to chro-
mium is suggested to take place through the methoxy group.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

was not observed, possibly because of its decomposition
on ion-exchange resin. In the reduction of (NH3)5Co(X-
pyO)3+ by 2-hydroxy-2-propyl radicals, ·C(CH3)2OH, the
initial site of attack was shown to be at the aromatic ring
of the coordinated X-pyO.[23]

These studies have now been extended to a series of chro-
mium complexes, (H2O)5Cr(X-pyO)3+ (X = H, 3-CH3, 4-
CH3, 4-OCH3, 4-NO2). In this first report, we focus on the
preparation and spectral and kinetic characterization of
these complexes. Prior to this work, only the parent ion,
(H2O)5Cr(pyO)3+, was known.[24] It was generated by ther-
mal equilibration of Cr(H2O)6

3+ with an excess of pyO in
slightly acidic aqueous solutions at elevated temperatures,
followed by ion exchange. In the present work, our pre-
viously published procedure for the preparation of pyridine
chromium complexes[22] was applied to pyridine N-oxide
analogues. This method represents a great advantage over
the thermal equilibration method because it yields exclu-
sively the mono-substituted products.

Results

The method used to prepare the complexes in Table 1 is
based on the chemistry that we have developed earlier for
the pyridine complexes.[22] By analogy to that work, the
blue paste-like material generated from CrO3, X-pyO and
H2O2 is assigned the formula CrO(O2)2(X-pyO). Reduction
with Feaq

2+ produces the desired (H2O)5Cr(X-pyO)3+,
Equation (1).

The chemical composition of the complexes was con-
firmed by chromium and ligand analysis after the complex
had been allowed to aquate. In every case, the [Cr]/[X-pyO]
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Table 1. UV/Vis spectral data for (H2O)5Cr(X-pyO)3+ and X-pyO.

(H2O)5Cr(X-pyO)3+ X-pyO XpyOH+

X λmax [nm] (ε, –1 cm–1)[a][b] λmax, [nm] (ε, –1 cm–1)[c]

H 588 (25.7) 417 (30.5) 240 (1.15×104) 254 (1.15×104) 257 (2.9×103)
586 (26.0)[d] 414 (30.8)[d] 217 (4.9×103)

3-CH3 590 (25.9) 418 (31.7) 242 (1.08×104) 254 (1.17×104) 263 (3.5×103)
209 (1.98×104) 220 (4.2×103)

4-CH3 588 (29.8) 417 (40.9) 246 (1.35×104) 256 (1.40×104) 254 (2.7×103)
206 (1.87×104) 226 (8.3×103)

4-OCH3 582 (27.9) 417 (37.9) 262 (1.50×104) 261 (1.60×104)[b] 243 (1.20×104)[a][b]

4-NO2 585 (33.6) sh 266 (1.28×104) 313 (1.25×104) 280 (3.8×103)
226 (8.0×103) 244 (8.2×103)

[a] In 1.0  aqueous HClO4. [b] This work. [c] Ref. [25]. [d] Ref. [24].

CrO(O2)2(X-pyO)+7Feaq
2+ +10H+ �

(H2O)5Cr(X-pyO)3+ +7Feaq
3+ (1)

ratio was found to be 1.00±0.02. As expected, the behavior
of the complexes on the cation-exchange resin was consis-
tent with a 3+ charge.

The UV/Visible spectroscopic data are summarized in
Table 1. The spectrum of the unsubstituted material (X =
H) agrees well with the literature data for a complex ob-
tained by anation of Cr(H2O)6

3+ with pyO followed by ion-
exchange to remove Cr(H2O)6

3+ and cis- and trans-(H2O)4-
Cr(pyO)2

3+.[24]

The kinetics of aquation of (H2O)5Cr(X-pyO)3+ com-
plexes were studied as a function of acidity and temperature
at 1.0  ionic strength. As illustrated in Figure 1 for
(H2O)5Cr(pyO)3+, the spectra exhibit clean isosbestic points
as expected if the stoichiometry remains unchanged
throughout the reaction, and no long-lived intermediates
are involved.

Figure 1. Spectral changes accompanying the aquation of
4.16·10–5  (H2O)5Cr(pyO)3+ in 0.020  HClO4 at 1.0  ionic
strength and 90 °C. Spectrum 1 was obtained on a fresh sample at
25 °C before the onset of the reaction. Spectra 2 through 6 were
measured at time 0 (arbitrary), 8, 18, 45.5, and 1250 minutes.

The standard treatment of the exponential kinetic traces
yielded first-order rate constants kobs which decreased with
an increase in [H+] according to the expression in Equation
(2) for all the complexes except for (H2O)5Cr(4-OCH3–

Eur. J. Inorg. Chem. 2006, 2894–2899 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2895

pyO)3+, which exhibited a more complex behavior, see be-
low.

kobs = ko +k–1 [H+]–1; X = H, 3-CH3, 4-CH3, 4-NO2 (2)

The adherence to Equation (2) is shown for X = 3-CH3

in Figure 2. The plot of kobs against 1/[H+] at several tem-
peratures is linear yielding k0 as an intercept and k–1 as a
slope. Data for the remaining complexes (X = H, 4-CH3,
and 4-NO2) are presented in the supporting information
(Figures S1–S3; for supporting information see also the
footnote on the first page of this article). The kinetic data
are summarized in Table 2.

Figure 2. Plot of kobs vs. 1/[H+] for the aquation of (H2O)5Cr(3-
CH3–pyO)3+ at 99.0 °C (circles), 90.0° (squares), 80.1° (diamonds),
and 70.8° (triangles).

The activation parameters, also shown in Table 2, were
obtained by fitting simultaneously all the individual acid-
dependent rate constants kobs for a given complex to the
Eyring expression, Equation (3), where kB and h are the
Boltzman and Planck constants, respectively, T is the abso-
lute temperature, and i = 0 and –1. The fit of the data to
Equation (3) for (H2O)5Cr(3-CH3–pyO)3+ is shown in Fig-
ure 3, and for the rest of the complexes in Figures S4–S7 in
the supporting information.

The plots of kobs vs. 1/[H+] for the 4-methoxy complex,
Figure 4, exhibited deviations from Equation (2) at both the
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Table 2. Summary of kinetic data for the aquation of (H2O)5Cr(X-
pyO)3+ complexes.[a]

X T [°C] k0 [s–1][b] k–1 [ s–1][c]

4-NO2
[d] 70.2 4.47(±0.27)×10–4 2.58(±0.14)×10–5

65 2.92(±0.05)×10–4 1.15(±0.01)×10–5

60.2 1.79(±0.13)×10–4 5.20(±0.09)×10–6

50.2 5.64(±0.15)×10–5 1.31(±0.01)×10–6

40.1 1.68(±0.17)×10–5 2.76(±0.10)×10–7

25.0 2.80×10–6 [e] 1.86×10–8 [e]

∆H0
‡ = 93.9±2.2 ∆H–1

‡ = 129±3
∆S0

‡ = –36±6 ∆S–1
‡ = 40±8

H 99.0 3.7(±1.8)×10–4 1.95(±0.22)×10–5

90.0 6.6(±4.8)×10–5 8.98(±0.21)× 10–6

80.0 1.2(±4.1)×10–5 2.20(±0.07)×10–6

70.0 1.05(±0.14)×10–5 5.50(±0.05)× 10–7

25.0 7.80×10–8 [e] 6.27×10–10 [e]

∆H0
‡ = 104±47 ∆H–1

‡ = 125±4
∆S0

‡ = –32±127 ∆S–1
‡ = –1.6±10

4-CH3 98.6 1.80(±0.29)×10–4 1.26(±0.04)×10–5

90.0 9.96(±0.81)×10–5 3.82(±0.04)×10–6

80.1 2.70(±0.54)×10–5 1.17(±0.02)×10–6

70.0 6.6(±2.8)×10–6 3.00(±0.07)×10–7

25.0 3.05×10–8 [e] 1.60×10–10 [e]

∆H0
‡ = 109±24 ∆H–1

‡ = 139±3
∆S0

‡ = –23±64 ∆S–1
‡ = 34±8

3-CH3 99.0 2.87(±0.13)×10–4 1.57(±0.02)×10–5

90.0 8.6(±2.2)×10–5 5.75(±0.11)×10–6

80.1 4.8(±1.7)×10–5 1.47(±0.05)×10–6

70.8 1.09(±0.50)×10–5 3.63(±0.11)×10–7

25.0 4.80×10–8 [e] 3.20×10–10 [e]

∆H0
‡ = 104±21 ∆H–1

‡ = 134±2
∆S0

‡ = –36±56 ∆S–1
‡ = 23±6

4-OCH3
[f] 99.3 1.52(±0.10)×10–4 6.20(±0.08)×10–6

90.4 5.03(±0.39)×10–5 1.98(±0.04)×10–6

80.0 2.10(±0.37)×10–5 3.08(±0.29)×10–7

70.2 3.95(±0.63)×10–6 8.75(±0.61)×10–8

25.0 2.37×10–9 [f] 4.76(±0.39)×10–11 [f]

∆H0
‡ = 135±11 ∆H–1

‡ = 142±2
∆S0

‡ = 43±29 ∆S–1
‡ = 34±7

[a] Ionic strength: 1.0  (HClO4 +NaClO4). Units: ∆H‡ in kJ mol–1,
∆S‡ in Jmol–1 K–1. [b] Obtained as intercept of kobs vs. 1/[H+] plots,
as in Figure 2. [c] Obtained as a slope of kobs vs. 1/[H+] plots, as in
Figure 2. [d] Additional data in 1.0  HClO4: 1.36×10–3 s–1

(80 °C), 8.43×10–4 (75 °C), 9.10×10–5 (55 °C). [e] Calculated from
the activation parameters. [f] At �5 m [H+], a term directly pro-
portional to [H+] also contributes, ∆H1

‡ = 104±43 kJmol–1, ∆S1
‡

= –48±115 Jmol–1 K–1.

(3)

high and low ends of [H+], and required two additional
terms in the rate law, Equation (4), which is analogous to
that reported for the azido complex, (H2O)5CrN3

2+.[26]

The attempted fit of all the data to the multi-term Eyring
expression of Equation (3) with i = 1, 0, –1, and –2 failed
to converge, presumably because the contribution from the
k–2 term was small and thus subject to large error under all
of the conditions. The activation parameters in Table 2 were
obtained by fitting only the data at �5 m [H+] to a 3-term
variant of Equation (3), i.e., i = 1, 0, and –1. The rather

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2894–28992896

Figure 3. Fit of the data for the aquation of (H2O)5Cr(3-CH3–
pyO)3+ to Equation 3 with use of the program Kaleidagraph 3.6.
Index numbers on the x axis identify each unique point at a given
acidity and temperature. Temperature (in °C) for each data set is
indicated.

Figure 4. Plot of kobs vs. 1/[H+] for the aquation of (H2O)5Cr(4-
OCH3–pyO)3+ at 1.0  ionic strength.

kobs = k1[H+]+ko +k–1 [H+]–1 +k–2 [H+]–2; X = 4-OCH3 (4)

large errors, especially for the less prominent terms, were
to be expected for a complex fit and a large number of
parameters.

To ascertain that the k1 term is real and not a result of
misinterpreted deviations from a simpler rate law, several
experiments were conducted at higher acid concentrations
at 4.0  ionic strength where k1 and k0 terms should domi-
nate. The results are shown in Figure 5, which clearly con-
firms the expectations. The rate constants at 99.0 °C are k0

= 2.20(±0.14)×10–4 s–1 and k1 = 1.16(±0.07)×10–4 –1 s–1.
The corresponding values extracted from the more complex
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set of data at 1.0  ionic strength are k0 = 1.52(±0.11)×10–4

s–1 and k1 = 5.6(±1.9)×10–5 –1 s–1.

Figure 5. Plot of kobs vs. [H+] for the aquation of (H2O)5Cr(4-
OCH3–pyO)3+ at 4.0  ionic strength and 99 °C.

Discussion

UV/Vis Spectra: The ligand-field transitions for all the
pyridine N-oxide complexes studied (Table 1) are red-
shifted relative to the corresponding pyridine complexes,[22]

consistent with the greater ligand-field strength of the pyri-
dines.

With the exception of the 4-OCH3 derivative, the posi-
tions of the UV bands for (H2O)5Cr(X-pyO)3+ ions are con-
siderably different from those of the free ligands. As an ex-
ample, (H2O)5Cr(4-CH3–pyO)3+ in 1  H+ exhibits a maxi-
mum at 246 nm (ε = 1.35×104 –1 cm–1). Under the same
conditions, the free ligand has maxima at 254 nm (ε =
2.7×103) and 226 nm (ε = 8.3×103). In neutral solutions,
these maxima shift to 256 nm (ε = 1.40×104) and 206 nm
(1.9×104). Similar spectral differences between the free and
Cr-bound pyridine N-oxides are observed for the rest of
the materials in Table 1. Only the spectrum of (H2O)5Cr(4-
OCH3–pyO)3+ (λmax = 262 nm, ε = 1.50×104 –1 cm–1) is
almost identical to that of the free ligand in H2O. This ob-
servation suggests that the binding of 4-OCH3–pyO to
chromium perhaps takes place at the methoxy oxygen,
whereas the rest of the complexes utilize the pyridine oxide
oxygen. We rationalize this assignment by noting that coor-
dination via the methoxy group should affect the intrali-
gand charge-transfer transitions to a lesser extent than co-
ordination via the N-oxo group, or the protonation of the
N-oxo group. Additional arguments in favor of the unique
binding mode in (H2O)5Cr(4-OCH3–pyO)3+ will be pre-
sented shortly.

Kinetics of Aquation of (H2O)5Cr(X-pyO)3+ (X = H, 3-
CH3, 4-CH3, 4-NO2): The two-term rate law of Equation
(2) is common to all the complexes with the exception of the
4-methoxy derivative which exhibits two additional terms,
k1[H+] and k–2[H+]–2, Equation (4). The rate law of Equa-
tion (2) is typical for the aquation of pentaaquachro-
mium(III) complexes, including those of the closely related
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(H2O)5Cr(X-py)3+ ions. A reasonable mechanism features
parallel reactions of the pentaaqua complex and its conju-
gate base, Equations (5), (6) and (7) leading to the rate law
in Equation (8). In the limit Ka �� [H+], Equation (8)
reduces to the observed form, Equation (2), where k–1 =
k–1�Ka.

(5)

(6)

(7)

(8)

The acidity constants for the pyridine oxide complexes
have not been determined, but the excellent fit of the data
to Equation (2) throughout the acid range studied places a
limit Ka �� 10–3  for all the complexes in the temperature
range examined.

The activation enthalpies are large for both pathways for
all the complexes. Activation entropies are moderately
negative for the k0 path, and moderately positive for the k–1

path. The only exception seems to be the parent pyO com-
plex, for which ∆S–1

‡ is close to zero (–1.6±10 Jmol–1 K–1).
These results are consistent with a strong associative com-
ponent in the k0 path, as is often the case with aqua CrIII

complexes, including the water substitution in Cr-
(H2O)6

3+.[27] The k–1 path is a composite, which makes the
mechanistic assignment of the kinetic step more difficult to
make. Still, given that the ∆S0 component (associated with
the Ka) will be positive, and the overall ∆S–1

‡ is only on the
order of 20–40 Jmol–1 K–1, one can all but rule out a strong
dissociative contribution to k–1. The data are consistent
with an interchange mechanism in either dissociative or as-
sociative regime.

The Case of (H2O)5Cr(4-OCH3-pyO)3+: As already men-
tioned, the aquation of aqua and amine complexes of chro-
mium(III) often follows the general rate law of Equation
(2). The direct dependence on [H+], on the other hand, has
been observed only for those complexes that have a ligand
with an open basic site, i.e. anions such as F–, N3

–, SO4
2–,

CN–, or CH3COO–.[28–32] This path is not expected to oper-
ate for (H2O)5Cr(X-pyO)3+ complexes; the basicity of X-
pyO oxygen is greatly reduced upon coordination to Cr, and
the probability of protonation is minimal. The complexes
having X = H, 3-CH3, 4-CH3, and 4-NO2 follow this pre-
diction and do not feature a k1[H+] term. The 4-OCH3 de-
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rivative, on the other hand, has a pronounced k1[H+] term
which would be difficult to explain for a complex having a
Cr–oxopyridine bond, Cr–Opy(4-OCH3). If, however, the
ligand is coordinated through the methoxy group, as in Cr–
O(CH3)pyO, then the protonation at the exposed pyO oxy-
gen becomes more likely. We suggest that bonding through
the methoxy group indeed takes place and is responsible for
the unique behavior of the 4-OCH3–py complex. The UV
spectrum discussed earlier supports this assignment. Even
though the basicity of the methoxy oxygen should be
greatly diminished in the chromium complex as compared
to the free base, the protonation can still take place at the
high end of [H+] used in this work. The proposed isomer,
(H2O)5Cr–O(CH3)pyO3+, should not be considered an un-
usual species in that related alcohol complexes of CrIII, such
as (H2O)6–nCr[O(H)CH3]n3+, are well known and quite
stable.[33]

The positive ∆S0
‡ value for (H2O)5Cr(4-OCH3–pyO)3+,

43±29 Jmol–1 K–1, seems outstanding, and may suggest a
mechanistic deviation from the associative interchange as-
signed to the rest of the complexes in Table 2. The large
error bars for all the entropy values in Table 2, however,
make such a conclusion uncertain. We also note that an
unexplained positive ∆S0

‡ term was observed in the aqu-
ation of (H2O)5Cr(3-CH3–py)3+,[22] which does not appear
outstanding in any other respect.

The k–2 path was observed only for (H2O)5Cr(4-CH3O–
pyO)3+, implying a greater acidity of the coordinated waters
for this complex. This is a surprising observation and con-
trary to what one might expect on the basis of the strong
electron donation from the 4-methoxy group and the
greater basicity of 4-CH3O–pyO[34] compared to other pyri-
dine oxides in this work. It is not clear whether the different
binding mode to CrIII would cause the observed shift in the
pKa.

Figure 6. Plot of log k0 vs. pKa of the free ligands for the aquation
of Cr(H2O)5

3+ complexes of pyridines (py, circles) and pyridine N-
oxides (pyO, squares) at 70 °C. The substituents on pyO, in the
order of increasing pKa, are 4-NO2, H, 3-CH3, 4-CH3, and 4-
OCH3. In the pyridine series, the order is 3-CN, 3-Cl, H, 3-CH3.
Data are from Table 2 and references [22], [23] and [34].
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Comparison with Pyridine Complexes: Figure 6 shows a
plot of the logarithms of the first-order rate constants k0

against the pKa of the protonated ligands for complexes of
CrIII with pyridines and pyridine N-oxides at 70 °C. The
correlation was not sought for k–1, which is a composite of
rate and acid dissociation constants.

Both sets of rate constants in Figure 6 are linearly related
to the ligand pKa, a measure of σ electron donation. In
both cases, the greater thermodynamic affinity for the pro-
ton results in a kinetically more inert chromium complex,
i.e. the greater the pKa the slower the aquation. When the
two series are compared to each other, however, then the
pKa argument breaks down; the less basic pyridine N-oxides
bind to the chromium more strongly, at least in the kinetic
sense. One obvious source of the apparent anomalous inert-
ness of pyridine N-oxide complexes is the greater ability of
pyridine N-oxides to engage in π-bonding with the metal.

Experimental Section
Preparation of Complexes. (H2O)5Cr(pyO)3+: To a stirred, ice-cold
aqueous solution (2 mL) of 1  pyridine oxide (PyO) and 1  CrO3

was added dropwise cold 30% H2O2 (2 mol-equiv.). The resulting
blue paste was immediately treated with a solution containing
7.5 mol-equiv. of ferrous perchlorate and 11 mol-equiv. of HClO4.
The green product solution was loaded onto a column of Dowex
50W-X8 cation-exchange resin. Iron(III) ions were eluted with
0.1  NaSCN in 1  HClO4. The column was rinsed with 1 

HClO4 to remove the remaining NaSCN. Chromium(III) species
were eluted with 3  HClO4 and collected in several fractions. The
blue Cr(H2O)6

3+ was eluted first, followed by the green (H2O)5-
Cr(pyO)3+. The middle fraction of this complex was used for all
the kinetics and spectral measurements. The same procedure was
used to prepare the ring-substituted complexes (H2O)5Cr-
(X-pyO)3+ (X = 3-CH3, 4-CH3, 4-CH3O and 4-NO2), except that
in the case of (H2O)5Cr(4-NO2–pyO)3+, the solvent water in the
initial step was replaced by a 1:1 H2O/dioxane mixture to increase
the solubility of the ligand.

Materials: Pyridine N-oxides (pyO, 3-CH3–pyO, 4-CH3–pyO, and
4-NO2–pyO) were purchased from Fluka and recrystallized twice
from ethanol. 4-CH3O–pyO was prepared by refluxing 28 g 4-NO2–
pyO (Fluka) and 28 g K2CO3 in 200 mL of methanol for
8 hours.[35] The product was recrystallized twice from heptane.
Solutions of iron(II) perchlorate were prepared by zinc amalgam
reduction of the FeIII salt. Sodium perchlorate was prepared from
perchloric acid and sodium carbonate. The solid was recrystallized
three times from doubly distilled water. Other chemicals were pur-
chased at the highest purity available and used as received.

Analyses: The chromium content of (H2O)5Cr(X-pyO)3+ was deter-
mined spectrophotometrically after oxidizing the chromium to
chromate (ε372 = 4.82·103 –1 cm–1)[36] with alkaline hydrogen per-
oxide. The concentration of the appropriate pyridine N-oxides gen-
erated by hydrolysis of the complex in 0.10  HClO4 for � 10 half-
lives was determined spectrophotometrically.

Kinetic Measurements: The aquation of all the complexes was mon-
itored spectrophotometrically at a wavelength, typically close to
λmax for the free ligand, where the difference in molar absorptivities
for reactants and products was at a maximum. The initial concen-
tration of all the complexes was in the range 3–30 µ. In most
cases, the change in absorbance was monitored continuously inside
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a thermostatted cell compartment of a Cary 17 spectrophotometer.
In some experiments, especially those at � 90 °C, the samples were
sealed in glass ampoules and immersed into thermostatted
(±0.05 °C) oil. At the desired times, an ampoule was removed, and
the reaction quenched in either ice-cold water or liquid nitrogen.
The sample was brought to room temperature to record the ab-
sorbance. The rate constants and activation parameters were ob-
tained by fitting the data to appropriate equations with the pro-
gram Kaleidagraph 3.6.

Supporting Information (see also the footnote on the first page of
this article): Figures S1–S7, kinetic data.
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Two new second-order nonlinear optical coordination poly-
mers, zinc cadmium tetraselenocyanate ([ZnCd(SeCN)4]n, 1)
and cadmium mercury tetraselenocyanate ([CdHg(SeCN)4]n,
2), have been synthesized by reactions of self-assembly.
Their structural, optical, and physicochemical properties
were characterized by X-ray diffraction, infrared and Raman
spectroscopy, electronic spectra, and thermal analyses. Struc-
ture analyses reveal that they belong to the tetragonal sys-
tem I4̄ space group. The cell dimensions for 1: a = 11.3420(1),
b = 11.3420(1), c = 4.6326(1) Å, V = 595.94(1) Å3, Z = 2, Dc =
3.331 g·cm–3, R1 = 0.0411, wR2 = 0.1058; for 2: a = 11.6579(7),

Introduction
It is well known that the rapidly developing area of re-

search on supramolecular architectures has provided impli-
cations for the rational design of functional materials[1,2]

and a number of the assemblies are predominantly con-
trolled by the coordination preferences of the transition
metal and the ligand building blocks.[3,4] Recent develop-
ments in the specific, efficient syntheses by self-assembly
processes of coordination complexes have afforded a variety
of unusual topologies such as molecular helicates, grids,
ladders, rings, and boxes.[5,6] Self-assembly of polynuclear
structure has received considerable attention from research-
ers in areas ranging from chemistry to solid-state physics
and biology.[7] Some complexes are of interest not only for
their unusual structures and the simple synthetic methods
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b = 11.6579(7), c = 4.5109(4) Å, V = 613.06(8) Å3, Z = 2, Dc =
3.970 g·cm–3, R1 = 0.0432, wR2 = 0.1031. The structural fea-
tures of 1 and 2 are Cd–Se=C=N–Zn and Hg–Se=C=N–Cd
bridges, respectively, which lead to the formation of an infi-
nite three-dimensional (3D) network. Consistent with their
polar structures, compounds 1 and 2 exhibit powder second
harmonic generation (SHG) responses much stronger than
urea, indicating quite a promising application potential as
useful nonlinear optical (NLO) materials.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

used to prepare them, but also because they allow the prep-
aration of polynuclear complexes in which several poten-
tially interesting metal centers are designed to link in a well-
defined spatial array. The use of metal complexes to func-
tion as molecular devices is one of the major interests in
coordination chemistry.

There has been considerable interest in the synthesis of
new materials with optical nonlinearities because of their
potential use in device applications in telecommunications,
optical computing, optical storage, and optical information
processing. However, organic systems can suffer from prob-
lems such as volatility, low thermal stability, and mechani-
cal weakness. The low-energy d–d transitions present in ne-
arly all organometallic compounds, normally observed in
the visible light region, will limit the usefulness of these
materials. On the other hand, the inorganic ligands such as
the ambidentate thiocyanate (SCN–) and the selenocyanate
(SeCN–) ligand, can govern the nonlinearities for the metal
complexes from the viewpoint of molecular design.[8] In
particular, the group IIB divalent d10 ions, Zn2+, Cd2+, and
Hg2+ complexes, have attracted our interest for their unique
characteristics of pale color and high thermal stability.[9]

As a result of the unsymmetrical nature of complexes,
optical activity can occur as specific physical effects such as
nonlinear optical (NLO) response.[10] The incorporation of
the strong conjugation ligands, such as the asymmetric sele-
nocyanate (SeCN) groups in the title polymers with a three-
dimensional (3D) network, can introduce strong electronic
asymmetry and electron delocalization in the whole unsym-



3D Coordination Polymers Containing Selenocyanate Ligands FULL PAPER
metrical structure, resulting in large second-order micro-
scopic and macroscopic nonlinearity. Considering this, at-
tention has been paid to the following facts: (1) The large
nonlinear optical response comes with a big conjugation
system, which is able to provide sufficient electronic chan-
nels for the photoelectric process. (2) The electronic nature
of the metal center has an influential effect on the nonlinear
optical interactions. In particular, the d orbital of the transi-
tion metal can become a component of the π conjugation
system, thus extending the electronic interactions; (3) Re-
ducing the molecular symmetry can help the formation of
a noncentrosymmetric space group. Then, specific crystalli-
zation techniques are taken into account to form a proper
crystal lattice, in which the good microscopic NLO response
can be collected rather than eliminated; (4) Making use of
the coordination bond or forming the polymeric complex
to connect molecules and sequentially control the alignment
of molecules in the crystal, the interaction for the bulk
NLO response could be accumulated.

As far as we know, the preparation of selenocyanate-con-
taining metal–inorganic compounds along with their char-
acterization have been reported, but the NLO properties of
the selenocyanate-containing polymers have scarcely been
described hitherto. Referring to the title NLO polymers, we
have systemically carried out research[11] not only on the
preparation, crystal growth, physicochemical, and nonlin-
ear optical properties of the complexes, but also on the de-
sign and structure–property relationship, which is original
and different from other related reports.[12] In the crystal
growth process, we used a one-step building-block approach
capable of forming a chemically stable system, which en-
abled us to grow the high-quality and transparent poly-
meric single crystals, in contrast to the complicated ap-
proach used before resulting in mixtures of small molecular
compounds or perhaps even monomers. In this context, the
building-block approach of self-assembly for the synthesis
of coordination polymers illustrates both the importance of
metal-ion geometry and the effect that the ligand backbone
can have on network construction. This article deals with
two novel 3D coordination polymers, [ZnCd(SeCN)4]n (1)
and [CdHg(SeCN)4]n (2), and their preparation, crystal
growth, structures, and NLO properties are described.

Results and Discussion

Single-Crystal Growth

The chalcogenocyanate ion, SeCN–, is a linear triatomic
pseudohalide and a highly versatile ambidentate ligand with
a polarizable π system. It can coordinate to transition-metal
ions through either the hard nitrogen or the soft selenium
atom, or both, giving rise to linkage isomers or polymers.

The crystal growth processes of 1 and 2 were carried out
in one step by self-assembling in aqueous solutions contain-
ing cadmium chloride, potassium selenocyanate, and zinc
chloride (for 1) or mercury chloride (for 2). Preparations
were accomplished by two continuous reactions, where M
= Zn or Hg:
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4 KSeCN + MCl2 = K2M(SeCN)4 + 2 KCl

K2M(SeCN)4 + CdCl2 = MCd(SeCN)4 + 2 KCl

We have obtained good single crystals from RMS and
the experiments showed that the success of growing large
and high-quality single crystals with low defect density was
highly dependent on the purity of the starting materials.
Several foreign metallic cations, such as Al3+, Fe3+, Co2+,
Ni2+, Cu2+ and so forth, would badly influence the quality
of the crystals, especially their transparency. Meanwhile, the
crystal growth processes of the two polymers were affected
by the pH value of RMS. We optimized the pH values of 1
and 2 solutions at 3.5–5.0 to get well-developed and trans-
parent single crystals. As potassium selenocyanate
(KSeCN) easily decomposes in air, the entire crystallization
process was performed in a desiccator in vacuo. Moreover,
the experiments indicated that the colors of 1 and 2 solu-
tions easily turn slightly red or gray when the precipitates
form as byproducts at a relatively high temperature, al-
though the crystals show no decomposition and hygro-
scopic effect at atmospheric pressure and room tempera-
ture.

IR and Raman Spectra

Figure 1 and Figure 2 show the IR transmission spectra
of 1 and 2 crystals. The assignments of the main character-
istic IR band frequencies observed for KSeCN,[13]

Cd(SeCN)4Zn,[12a] 1, and 2 are listed in Table 1. It is known
that in IR spectra of the metal (M) complexes containing
monodentate SeCN ligands, νCN often lies higher than
2085 cm–1, νCSe lies at about 700–620 cm–1 (N–M bonding)
or 550–500 cm–1 (Se–M bonding), and δSeCN lies near
425 cm–1 (N–M bonding) or 370 cm–1 (Se–M bonding).[14]

From Table 1, one can see the sharp increase in frequencies
of νCN stretching and νCSe stretching and the decrease in
frequencies of δSeCN bending in 1 and 2 compared with the
corresponding bands in the free selenocyanate radical of
KSeCN. This can be explained by the electron transport
model.[15] In 1 and 2 crystals, the SeCN group is a good

Figure 1. IR transmission spectra of 1 crystal.
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electron supplier, whereas Zn2+, Cd2+, and Hg2+ are all
strong electron acceptors. The electron transformation from
SeCN– to Zn2+, Cd2+, and Hg2+ ions makes the wave-
numbers of CN and CSe stretching vibrations increase sig-
nificantly and that of SeCN bending vibrations decrease.
This confirms the presence of M–N and M–Se bands in
their structures.

Figure 2. IR transmission spectra of 2 crystal.

Table 1. Assignments of the main characteristic IR band frequencies
[cm–1] observed for KSeCN,[13] Cd(SeCN)4Zn,[12a] 1, and 2.

KSeCN Cd(SeCN)4Zn 1, [ZnCd(SeCN)4]n 2, [CdHg(SeCN)4]n

νCN 2070 2154 2158 2140
νCSe 558 628 625 606
δNCSe 424, 416 420, 406 417, 403 407, 393

The Raman spectra (Figure 3 and Figure 4) of AB-
(SeCN)4 (A = Zn, B = Cd for 1; A = Cd, B = Hg for 2),
recorded at room temperature in the frequency range from
50 to 2500 cm–1, consist of four frequency regions (below
100 cm–1, lattice vibration modes; 100–300 cm–1, vibration
bands of A and B centers; 300–1200 cm–1, NCSe internal
vibration modes; and 2100–2200 cm–1, CN stretching vi-

Figure 3. Raman spectra of 1 crystal.
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bration modes). According to the vibrational spectra,[16] the
Raman peaks can be assigned as ν1 [a doubly degenerate
B(SeCN)4 bending vibration mode], ν2 [a doubly degenerate
A(NCSe)4 bending vibration mode], ν3 (a SeCN bending
vibration mode), ν4 (a doubly degenerate SeCN bending vi-
bration mode), ν5 (a CSe stretching vibration mode), and
ν6 (a CN stretching vibration mode). The Raman peaks (ν1

and ν2) are split on the low-wavenumber side owing to the
distortion of the B(SeCN)4 and A(NCSe)4 tetrahedra in
AB(SeCN)4 crystals. The observed bands along with their
vibrational assignments are summarized in Table 2.

Figure 4. Raman spectra of 2 crystal.

Table 2. Assignments of the main characteristic Raman vibrational
spectra data [cm–1] observed for 1 and 2.

Assignment[a] 1, [ZnCd(SeCN)4]n 2, [CdHg(SeCN)4]n

δSeBSe 141, 158, 184 138, 159
δNAN 254 253
δSeCN 402, 418 394, 407
νCSe 631 612
2δSeCN 804, 838 792, 818
νCN 2114, 2155, 2172 2135, 2153

[a] A stands for Zn in 1 and for Cd in 2; B stands for Cd in 1 and
for Hg in 2.

UV/Vis Spectra

Linear absorption spectra of 1 and 2 powders, resolved
in dimethyl formamide (DMF), were determined with a 1-
cm path and a concentration of 1×10–5 mol·dm–3. The
spectra show a distinctly strong absorption band at about
270 nm for 1 and 266 nm for 2. Additionally, the solid-state
electronic spectra show an intense band at approximately
263 nm for 1, and 268 and 311 nm for 2. These bands may
be assigned to the metal-mediated ligand π�π* charge
transition of the polymeric metal–selenocyanate system.
Such a transition is believed to be the origin of the NLO
response.[8a]
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Thermal Stability and Solubility

Thermogravimetric analyses (TGA) of 1 and 2 were per-
formed on the single-crystal samples. The TGA curves of
the two complexes exhibited that 1 was stable up to its de-
composition temperature of 345.5 °C without showing any
melting process and 2 did not melt until the decomposition
temperature of 278.2 °C, indicating the high stability of
each polymeric structure. Furthermore, in water, 1 is stable
at atmospheric pressure and 65 °C for several days without
decomposition and hydrolysis, while 2 decomposes and hy-
drolyzes if it is kept at over 45 °C for several hours.

Because of the poor solubility of 1 and 2 in common
solvents, no considerably large single crystal can be grown.
The experiments show that the crystals exhibit relatively
high solubilities in a mixture of water and acetone (v/v =
1:3); while acetone is very volatile, they can be easily recrys-
tallized and purified by this mixed solvent.

Description of the Structures

Some valuable experiences have been accumulated that
enhance the possibility of obtaining the optimal crystalli-
zation. Single crystals obtained have low R values: polymer
1, R1 = 0.0411 and wR2 = 0.1058; and polymer 2, R1 =
0.0432 and wR2 = 0.1031. The latter final R indices [I �
2σ(I)] and the crystal size 0.26×0.22×0.14 mm of 2 are su-
perior to those in the related article.[12b] The crystal struc-
tures of 1 and 2 are shown in Figure 5 and Figure 6 and
their molecule stackings are shown in Figure 7 and Fig-
ure 8, respectively. Crystallographic data and structure re-
finements for 1 and 2 are summarized in Table 3 and se-
lected bond lengths [Å] and angles [°] are shown in Table 4.

Figure 5. Crystal structure with the atom-numbering scheme of 1.

Crystals 1 and 2 consist of two kinds of slightly flattened
coordinate tetrahedrons with a local symmetry of D2d: for
1 one is ZnN4 and the other is CdSe4 and for 2 one is CdN4

and the other is HgSe4. The central atoms, Zn and Cd in 1
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Figure 6. Crystal structure with the atom-numbering scheme of 2.

Figure 7. Molecular packing of polymer 1.

Figure 8. Molecular packing of polymer 2.
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Table 3. Crystallographic data and refinements for 1 and 2.

Compound 1 2

Empirical formula C4CdN4Se4Zn C4CdHgN4Se4

Formula mass 597.69 732.91
Temperature [K] 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073
Crystal system, space group tetragonal, I4̄ tetragonal, I4̄
Unit cell dimensions [Å] a = 11.3420(1) a = 11.6579(7)

c = 4.6326(1) c = 4.5109(4)
Volume [Å3] 595.942(15) 613.06(8)
Z, calculated density [g·cm–3] 2, 3.331 2, 3.970
Absorption coefficient [mm–1] 15.976 26.080
F(000) 532 632
Crystal size [mm] 0.22×0.18×0.16 0.26×0.22×0.14
Theta range for data collection [°] 2.54 � θ � 29.30 2.47 � θ � 28.21
Reflections collected/unique 2130/745 [R(int) = 0.0628] 2180/740 [R(int) = 0.1012]
Data/restraints/parameters 745/0/32 740/0/33
Goodness-of-fit on F2 1.049 1.103
Final R indices [I � 2σ(I)] R1 = 0.0411, wR2 = 0.1058 R1 = 0.0432, wR2 = 0.1031
R indices (all data) R1 = 0.0428, wR2 = 0.1070 R1 = 0.0533, wR2 = 0.1054
Largest diff. peak and hole [e·Å–3] 0.809 and –1.779 1.236 and –1.972

Table 4. Selected bond lengths [Å] and angles [°] for 1 and 2.

1

Cd(1)–Se(1)#1 2.6651(8) Zn(1)–N(1)#5 1.964(8)
Cd(1)–Se(1)#2 2.6651(8) Zn(1)–N(1) 1.964(8)
Cd(1)–Se(1) 2.6651(8) Zn(1)–N(1)#6 1.964(8)
Cd(1)–Se(1)#3 2.6651(8) Se(1)–C(1) 1.798(8)
Zn(1)–N(1)#4 1.964(8) N(1)–C(1) 1.163(12)
Se(1)#1–Cd(1)–Se(1)#2 113.10(4) N(1)#5–Zn(1)–N(1) 107.9(3)
Se(1)#1–Cd(1)–Se(1) 107.688(18) N(1)#4–Zn(1)–N(1)#6 107.9(2)
Se(1)#2–Cd(1)–Se(1) 107.688(18) N(1)#5–Zn(1)–N(1)#6 112.7(5)
Se(1)#1–Cd(1)–Se(1)#3 107.689(18) N(1)–Zn(1)–N(1)#6 107.9(2)
Se(1)#2–Cd(1)–Se(1)#3 107.688(18) C(1)–Se(1)–Cd(1) 95.1(3)
Se(1)–Cd(1)–Se(1)#3 113.10(4) C(1)–N(1)–Zn(1) 177.6(8)
N(1)#4–Zn(1)–N(1)#5 107.9(2) N(1)–C(1)–Se(1) 179.6(8)
N(1)#4–Zn(1)–N(1) 112.7(5)

2

Hg(1)–Se(1) 2.6680(13) Cd(1)–N(1) 2.169(12)
Hg(1)–Se(1)#1 2.6680(13) Cd(1)–N(1)#5 2.169(12)
Hg(1)–Se(1)#2 2.6680(13) Cd(1)–N(1)#6 2.169(12)
Hg(1)–Se(1)#3 2.6680(13) Se(1)–C(1) 1.811(15)
Cd(1)–N(1)#4 2.169(12) N(1)–C(1) 1.140(19)
Se(1)–Hg(1)–Se(1)#1 106.91(3) N(1)–Cd(1)–N(1)#5 112.9(9)
Se(1)–Hg(1)–Se(1)#2 114.73(6) N(1)#4–Cd(1)–N(1)#6 112.9(9)
Se(1)#1–Hg(1)–Se(1)#2 106.91(3) N(1)–Cd(1)–N(1)#6 107.8(5)
Se(1)–Hg(1)–Se(1)#3 106.91(3) N(1)#5–Cd(1)–N(1)#6 107.8(4)
Se(1)#1–Hg(1)–Se(1)#3 114.73(6) C(1)–Se(1)–Hg(1) 95.6(4)
Se(1)#2–Hg(1)–Se(1)#3 106.91(3) C(1)–N(1)–Cd(1) 172.2(16)
N(1)#4–Cd(1)–N(1) 107.8(4) N(1)–C(1)–Se(1) 177.1(15)
N(1)#4–Cd(1)–N(1)#5 107.8(5)

or Hg and Cd in 2, are located at the center of the fourfold
inversion axis. From Table 4, one can see that all the Se–C–
N bond angles in the two crystals are very close to 180°,
that is, the SeCN group is almost perfectly linear. Therefore,
the bond parameters of 1 and 2 are quite similar and it is
not strange that both of them belong to the tetragonal sys-
tem I4̄ space group. Furthermore, the most striking features
of the structures are the Cd–Se=C=N–Zn bridges and Hg–
Se=C=N–Cd bridges, which effectively lead to the forma-
tion of an infinite three-dimensional (3D) network in a zig-
zag way. The coordination modes in the structures can be

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2900–29072904

rationalized in terms of the hard–soft acid–base (HSAB)
concept.[17]

The structural characteristics of 1 and 2 account for
quite high physicochemical stability. They both possess high
thermal stability and do not show hygroscopic or decompo-
sition effects at room temperature to a great extent because
of the presence of this strong polymeric structure. The
asymmetric arrangements of Se and N atoms around the
metal atom give rise to asymmetrical metal coordination
and highly asymmetric electronic distribution about the
metal atom. The extended π conjugation system within the
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3D network structure, with the high polarizabilities of both
the metal and the ligand, can induce desirable physical
properties such as NLO effects.[8a,18]

X-ray Powder Diffraction

The X-ray powder diffraction (XRPD) patterns and dif-
fraction indices of 1 and 2 are shown in Figure 9 and Fig-
ure 10, respectively. The tetragonal unit-cell parameters cal-
culated by the TREOR program[19] according to the values
of 2θ in the XRPD patterns are a = 11.3352, c = 4.5709 Å,
V = 587.30 Å3 for 1, and a = 11.6450, c = 4.2155 Å, V =
571.65 Å3 for 2, which agree well with the results deter-
mined by the Siemens SMART CCD area detector dif-
fractometer mentioned above.

Figure 9. XRPD pattern and diffraction indices of 1 crystal.

Figure 10. XRPD pattern and diffraction indices of 2 crystal.

Optical Properties

As for the feature of unsymmetrical structure, NLO ac-
tivity can occur as specific physical effects. Complexes 1 and
2, with the noncentrosymmetric space group I4̄, were ex-
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pected to give rise to efficient SHG effects for NLO applica-
tion. Preliminary experimental results confirmed this and
showed they both displayed strong powder SHG efficienc-
ies. The SHG intensity was determined by the powder tech-
nique of Kurtz and Perry,[20] in which the second harmonic
output was generated by irradiating powder samples of ran-
domly oriented crystallites. The incident radiation came
from a Q-switched and mode-locked Nd:YAG laser, and the
results indicate that the power SHG efficiency of 1 is supe-
rior to that of 2. The 532 nm second harmonic intensities
of 1 and 2 powders were estimated as about 45 and 25 times
that of NLO urea powders by direct frequency doubling of
a laser diode at 1064 nm at room temperature. We assume
that the high nonlinearity of the two crystals is attributed to
two structural factors. One is the conjugated charge-moving
bridges (Cd–Se=C=N–Zn for 1 and Hg–Se=C=N–Cd for
2) that connect all the distorted tetrahedrons together, and
the other is the effective sum of the microscopic hyperpolar-
izabilities originating from the parallel molecular stacking
in the direction of the fourfold inversion axis. The second
harmonic responses of 1 and 2 evidently resulted from the
polar arrangement of all the bridging SeCN– groups, as the
utilization of the asymmetric ligands can introduce elec-
tronic asymmetry, which is essential for a SHG response.[21]

Considering their high thermal stability and tolerance to
hydrolysis, both 1 and 2 are considered as quite promising
SHG materials. Now we are managing to improving the
SHG output efficiency along with exploring better crystal
growth conditions.

Conclusions

The present study shows that a rational design utilizing
suitable ligands and metal ions has prepared new supramo-
lecular polymers with nonlinear optical property. The syn-
thetic approach is based on self-assembly of the functional
components into well-defined crystalline materials, which
allows important structure–property relationships to be es-
tablished. The title crystals possess better stability and do
not show any decomposition and hygroscopic effects at
room temperature, but the pH value sensitivity in solution
and the physicochemical change at high temperature show
the difficulties of single-crystal growth. X-ray diffraction in-
vestigations reveal that they crystallize in the same nonce-
ntrosymmetric space group, I4̄. The high degree of polariz-
ability of the chosen metal and the ambidentate ligand
SeCN–, together with the three-dimensional (3D) network
structures, provide the crystals with a large interaction force
between molecules, which in turn induces large macroscopic
NLO properties. The SHG intensities of 1 and 2 were ob-
served to be much stronger than that of urea powders be-
cause of the presence of distorted AN4 (A = Zn or Cd) and
BSe4 (B = Cd or Hg) tetrahedra in the 3D structure. In
summary, being 3D coordination polymers, 1 and 2 have
emerged as two promising candidate materials for genera-
tion of blue-violet light using a diode laser and this, their
high SHG efficiency, excellent optical transparency, and
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high thermal stability make them attractive for device appli-
cations. Further studies on related properties are currently
under way.

Experimental Section
General: Potassium selenocyanate (KSeCN) was prepared by the
method given in the literature.[22] All other starting materials were
analytical reagent grade (Purity � 98.0%) and used as purchased,
and all the synthetic and growth processes were carried out in aque-
ous solutions. Elemental analyses were performed with a Perkin–
Elmer 240 instrument. IR spectra were recorded with a Nicolet
FTIR 170SX instrument (KBr discs) in the 4000–400 cm–1 region.
The far-IR spectra (500–100 cm–1) were recorded in Nujol mulls
between polyethylene sheets. UV/Vis spectra were recorded with a
UV-265 spectrophotometer. TGA analyses were recorded with a
Perkin–Elmer Pris-1 DMDA-V1 analyzer in nitrogen at a heating
rate of 5 °C min–1. The second-order nonlinear optical tests were
carried out by the powder second harmonic generation (SHG)
method.[20]

Room-temperature Raman spectra of the two crystal powders were
measured on a LABRAM microscopic Raman spectrometer with
a slit width of 100 nm, using a 100 mW argon ion laser at
514.53 nm with a power density of 5 mW·µm–2 at the sample. The
Raman spectra with a resolution of 0.15 cm–1 and a wavelength
precision of 0.5 cm–1 in a wavenumber range from 50 to 2500 cm–1

were collected.

The XRPD patterns of the 1 and 2 crystals were registered with a
Rigaku D/Max-γA diffractometer, operated at 40 KV and 40 mA,
using a Cu target tube and a graphite monochromator. Fixed scat-
ter and divergence slits of 1° and a 0.15-mm receiving slit were
used. The intensity data were recorded by continuous scan in a 2θ/
θ mode from 10° to 70° with a step size of 0.02° and a scan speed
of 4°min–1.

Syntheses

[ZnCd(SeCN)4]n (1): Cadmium chloride (CdCl2) (0.03 mol, 5.50 g)
was dissolved in deionized water (30 mL) at room temperature.
This solution was added slowly to a colorless solution (50 mL) con-
taining zinc chloride (ZnCl2) (0.03 mol, 4.09 g) and potassium sele-
nocyanate (KSeCN) (0.12 mol, 17.29 g). The stoichiometric mix-
ture was stirred for 1 h and then filtered. The resulting filtrate was
kept standing and evaporated slowly in a desiccator in vacuo over
calcium chloride. Two weeks later, the colorless and transparent
tetrahedral-shaped single crystals were obtained. Yield 12.98 g
(72.4%). ZnCd(SeCN)4 (597.69): calcd. C 8.03, N 9.36; found C
8.07, N 9.39.

[CdHg(SeCN)4]n (2): This complex was prepared in an analogous
way to that of 1. Cadmium chloride (CdCl2) (0.03 mol, 5.50 g) was
dissolved in solution and then added slowly into a colorless solu-
tion containing mercury chloride (HgCl2) (0.03 mol, 8.14 g) and
potassium selenocyanate (KSeCN) (0.12 mol, 17.29 g) with stirring.
After 1 h the stoichiometric mixture was filtered and evaporated
slowly in a desiccator in vacuo. Twenty days later, the silvery gray
and transparent tetrahedral-shaped single crystals were obtained.
Yield 14.85 g (67.5%). CdHg(SeCN)4 (732.91): calcd. C 6.55, N
7.64; found C 6.59, N 7.67.

Crystallographic Structure Determination: High optical quality 1
and 2 single crystals suitable for X-ray diffraction analyses were
grown from their reaction mother solutions (RMS) by the solvent-
evaporation method and then separated and dried, respectively. A
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single crystal of polymer 1 or 2 with suitable dimensions was
mounted on a glass fiber and data collections were performed using
a Siemens SMART CCD area detector diffractometer with Mo-Kα

radiation with ω-scan mode (λ = 0.71073 Å). The structures were
solved with direct methods using the program SHELXTL[23] and
refined anisotropically with SHELXTL using the full-matrix least-
squares procedure.

CCDC-207921 (for 1) and -207922 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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This microreview presents some selected representative ex-
amples which demonstrate that significant improvement in
the catalytic performance (increase in catalytic activity, sta-
bility and chemo- and enantioselectivity) of organometallic
chiral catalysts as well as their recycling ability can be
achieved by heterogenizing them in the confined spaces of
porous or layered support materials. The positive effects of
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immobilization on the catalytic efficiencies are discussed in
terms of the confinement effect and site-isolation effect, etc.,
with the aim of understanding the extent to which such ef-
fects lead to positive changes in the catalytic properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

is undoubtedly increasing. Among the various methods
which can be used to selectively produce single enantiomer,
asymmetric catalysis is the most attractive method from the
atom-economic point of view.[1,2] Over the last thirty years,
numerous catalytic reactions allowing the enantioselective
formation of C–H, C–C, C–O, C–N and other bonds have
been discovered. A number of homogeneous organometallic
chiral catalysts have gained wide acceptance in terms of
their efficiency and selectivity, and some of them are even
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used on an industrial scale.[3–5] However, in spite of the
huge amount of work devoted to this subject in both the
academic and industrial fields, the contribution of asym-
metric catalysis to the overall production of chiral chemi-
cals is much lower than originally expected. One of the
major drawbacks of homogeneous catalysis is the need to
separate the relatively expensive chiral catalysts from the
reaction mixture at the end of the process. The possible con-
tamination of the product with metal catalysts also severely
restricts their use in industry. In order to overcome these
drawbacks, a great deal of effort has been made to develop
effective heterogenized catalyst systems, mainly, by immobi-
lizing homogeneous chiral catalyst on solid supports by: (i)
covalent bonding, (ii) adsorption or ion-pair formation, (iii)
encapsulation, or (iv) entrapment, etc.[6–8] In any case of
heterogenization method, the support materials need to be
thermally, chemically, and mechanically stable during the
reaction process. Moreover, the structure of the support
needs to be such that the active sites are well dispersed on
its surface and easily accessible. Generally, this requires the
support to have a reasonably high surface area (typically
�100 m2 g–1) and an appropriate pore size (i.e. �20 Å), in
order to allow for the easy diffusion of the reactants to the
active sites.[9] Thus, inorganic supports[10] such as mesopo-
rous silica and clay, have been extensively used for the im-
mobilization of catalysts because of their large surface area,
chemical and physical stability, and tunable pore or layer
structure. One obvious benefit of supported catalysts is the
easy separation of the relatively expensive chiral catalysts
from the reaction mixture at the end of the process. In ad-
dition, catalysts immobilized on porous or layered materials
have sometimes been found to exhibit much better catalytic
performances than their homogeneous analogues due to
geometrical constraints imposed by the pores or lay-
ers.[11–13]

The instability of homogeneous catalysts is often due to
the formation of inactive multinuclear species. However, the
colocalization of the catalytic sites can easily be prevented
by immobilizing the catalysts in confined spaces, i.e., by the
site-isolation of the catalytic sites,[14–16] consequently in-
creasing the stability and turnover numbers of the catalyst.
In this respect, mesoporous-type materials appear to be
more attractive, due to their regular structures and tunable
pore diameters. In addition to this enhanced stability, in-
creased activity and selectivity were also observed upon im-
mobilization in the confined space, due to the confinement
effect originating from the weak interactions (hydrogen
bond, van der Waals force, adsorption, etc.) between cata-
lyst/substrate and pore surfaces. The polar or acidic pore
surface can participate in the catalysis cooperatively, e.g.,
by stabilizing a charged transition state and thereby increas-
ing the reaction rate.[17–19] In addition, because this weak
interactions between catalyst/substrate and pore surfaces is
about the same level as the energy difference between the
two transition states corresponding to the (R) product and
the (S) product, the enantioselectivity can also be very sen-
sitively (positively or negatively) altered.[11] Enantio-
selectivity can be, thus, increased or decreased, or even re-
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versed. Therefore, the enantioselectivity could be improved
by careful tuning the confinement effect based on the mo-
lecular designing of the pore/surface and the immobilized
catalysts according to the requirements of chiral reac-
tions.[11–13] In this microreview, some selected examples will
be given which can nicely demonstrate that a significant
improvement in the stereoselectivity of the organometallic
catalyst may be achieved by heterogenizing it into the con-
fined nanospaces of porous or layered materials. Also, the
effects positively influencing the catalytic efficiencies of the
supported catalysts are discussed in terms of the confine-
ment effect and site-isolation effect, etc., with the aim of
understanding how such effects lead to positive changes in
the catalytic properties.

Selected Examples

Asymmetric Hydrogenation

Several striking examples of the positive control effected
by nanopores have been provided by the research group of
Thomas and Johnson.[20–24] The Pd catalyst 1 supported on
the mesoporous channels of MCM-41 affected the hydro-
genation of ethyl 1,4,5,6-tetrahydronicotinate (3) to afford
nipecotic acid ethyl ester (4) in 17% ee, whereas the use of
the soluble version 2 resulted in a racemic mixture
(Scheme 1). This enhanced chiral induction was explained
in terms of the confinement effect of the ordered mesopore
of MCM-41, which confine the substrate and ligand of the
catalysts.[21]

Scheme 1.

The same research group[23] incorporated (S)-2-amino-
methyl-1-ethylpyrrolidine (AEP) or (1R,2R)-1,2-diphenyl-
ethylenediamine (DED) into the concave surface of MCM-
41 (pore diameter 30 Å) and to the convex surface of non-
porous silica (Carbosil). Catalytic reactions were carried
out using heterogeneous Rh and Pd catalysts for the asym-
metric hydrogenation of (E)-α-phenylcinnamic acid and
methyl benzoyl formate. Compared to the corresponding
homogeneous catalyst or silica-supported catalyst, a signifi-
cant enhancement of the ee value was observed for the
MCM-41-supported catalyst (with the concave surface).
For example, surprisingly, the Rh(COD)- and Pd(allyl)
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Scheme 2.

complex of AEP anchored on MCM-41, 5 and 6, gave 92
and 87% ee, respectively, in the hydrogenation of methyl
benzoyl formate, while the homogeneous catalysts gave a
racemic product (Scheme 2). This increase in the ee values
was attributed to the restricted access of the reactant to the
active site generated by the concavity of the pore. Soon af-
ter, the same group[24] also anchored [Rh(COD)(S)-
PMP][CF3SO3], [Pd(allyl)(S)-1-(2-PMP)] [CF3SO3],
[Rh(COD)(S)-AEP] [CF3SO3] and [Rh(COD) (1R,2R)-
DED][CF3SO3] noncovalently through N–H···F hydrogen
bonding with the triflate ion, CF3SO3

– to the inner surface
of a set of silicas with narrowed pore-size distributions (38,
60, and 250 Å). The catalytic performances of the hetero-
geneous catalysts were tested in the asymmetric hydrogena-
tion of methyl benzoyl formate to produce methyl mandel-
ate. The supported catalysts generally exhibited remarkably
higher ee values than their homogeneous counterparts. No-
tably, the heterogeneous catalysts 7 and 8 gave up to 82 and
79% ee, respectively, while their two homogeneous counter-
parts, [Rh(COD)AEP]+ and [Rh(COD)DED]+, did not dis-
play any significant ee (Scheme 2). The increase of the ee
values of the supported catalysts was observed in a manner
that logically reflects the declining influence of spatial con-
straint in proceeding from the 38-Å- to the 60-Å- to the
250-Å-pore-diameter silica. A similar enhancement of
enantioselectivity in the hydrogenation of (E)-α-phenylcin-
namic acid affording 2,3-diphenylpropanoic acid was also
observed by heterogenizing [Rh(COD)(S)-AEP][CF3SO3]
and [Rh(COD)(1R,2R)-DED][CF3SO3] noncovalently
through H bonding of the triflate ion, CF3SO3

– to the sil-
anol groups of inner surface of MCM-41.[25]

Eur. J. Inorg. Chem. 2006, 2927–2935 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2929

The above examples provided by the research group of
Thomas and Johnson strongly suggest that the conventional
heterogenization approach, i.e., heterogenizing those cata-
lysts designed for homogeneous processes, may not neces-
sarily be the best solution for the development of efficient
heterogenized chiral catalyst systems when it comes to im-
mobilizing catalysts in the confined spaces of porous or lay-
ered support materials. Moreover, the above-mentioned re-
sults also suggest that the heterogenization of catalysts in
confined spaces may provide a new paradigm for the devel-
opment of highly efficient chiral catalysts.

Other Examples

Augustine et al.[26] immobilized various Rh complexes of
well-known chiral bis(phosphane) ligands, such as DiPamp
(9), Prophos (10), Me-DuPhos (11), and BPPM (12) onto
heteropolyacid-modified inorganic supports, e.g., montmo-
rillonite K, alumina. Somewhat surprisingly, both reaction
rates and enantioselectivities significantly increased upon
subsequent reuse of the recovered immobilized catalysts.
After 9th reuse, DiPamp-rhodium supported on a PTA-alu-
mina gave rise to a 97% ee vs. 76% ee for the homogeneous
complex during the hydrogenation of methyl 2-acet-
amidoacrylate (13) (Scheme 3). Rege et al. also observed
that the noncovalent immobilization of [(R,R)-Me-
(DuPHOS)Rh(COD)]OTf afforded by interaction of triflate
counterion with surface silanol groups of MCM-41 resulted
in 99% ee in the hydrogenation of 13, compared to 87% ee
with the homogeneous Rh complex of 11 (Scheme 3).[27]
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Scheme 3.

Corma et al.[28–31] immobilized a number of proline de-
rivatives on silica and modified USY zeolite (pore diameter
12–30 Å) (e.g. 15a and 15b in Scheme 4), and used them
for the hydrogenation of various (Z)-N-acylcinnamic acid
derivatives such as 16a and 16b. For all of the substrates
tested using these catalysts, the enantioselectivity was
higher with the zeolite-supported complex 15a than with
either the silica-supported 15b or unsupported complex 14,
suggesting that the steric constraints of the support play an
important role, especially in the case of zeolite where the
reaction must take place in the confined spaces of the su-
permicropores. This is the first example in which the steric
constraints of support (in this case, zeolite) was found to
have positive effect on enantioselectivity.[28,29]

Pérez et al. also reported that the enantioselectivity of
the supported complex was significantly increased com-
pared with that obtained with the homogeneous one.[32] (S)-
MAB-Ru anchored onto MCM-41 (19-Ru) catalyze the
asymmetric hydrogenation of itaconic acid and α-acet-
amidocinnamic acid to yield the (R) product with 100%
yield and 97% ee, while the homogeneous one, (S)-MAB-
Ru (18-Ru), gave only moderate ee values (80 and 69.8%,
respectively) (Scheme 5). The authors hypothesized that the
interaction of the ligands with the pendant hydroxy groups
present on the pores of MCM-41 may increase the rigidity
of the overall catalytic structure. This, in turn, would re-
strict the rotation of the transition state and favor forma-
tion of nearly pure stereoisomers. In addition, the reaction

Scheme 4.
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yield remained at 100% while the enantioselectivity de-
creased only slightly, from 97 to 94%, after three runs.

Scheme 5.

In an effort to rationally design functional hybrid solids
based on organic linkers and metal nodes, Hu et al.[33] de-
signed and synthesized novel chiral porous zirconium phos-
phonates containing Ru-BINAP-DPEN moieties 20. The
synthesized chiral porous hybrid solid catalyzed the asym-
metric hydrogenation of unfunctionalized aromatic ketones
with remarkably higher activity and enantioselectivity (up
to 99.2% ee) than the parent homogeneous counterpart Ru-
BINAP-DPEN system 19. For example, acetophenone was
hydrogenated to 1-phenylethanol with complete conversion
and 96.3% ee in 2-propanol with 0.1 mol% loading of the
solid catalyst 20. This level of enantioselectivity is signifi-
cantly higher than that observed for the parent homogen-
eous catalyst 19 which typically gives ca. 80% ee for the

Scheme 6.
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same reaction (Scheme 6). A similar method has also been
used to synthesize other chiral, porous hybrid ruthenium
solids.[34] In the heterogeneous asymmetric hydrogenation
of β-keto esters, an ee value of up to 95% was achieved.

Asymmetric Oxidation

An extremely exciting example was very recently pro-
vided by Caps et al.,[35] which demonstrates that the hetero-
genization of catalysts in confined spaces can be used not
only to improve the stereoselectivity but also to generate a
new chiral species in situ from achiral catalyst precursors.
The heterogenization of the achiral cluster, Os3(CO)12, on
the internal space of MCM-41 using simple chemical vapor
deposition (CVD) gave a superior enantioselectivity
towards the (S,S) configuration of the 1,2-diphenyl-1,2-
ethanediol in the dihydroxylation of trans-stilbene using N-
methylmorpholine N-oxide (NMO) as an oxidant without
adding any chiral ligand. This surprising effect was even
more pronounced when surface Al sites were introduced
into the silicate [90% ee for (S,S)-isomer] (Scheme 7). This
90% ee towards the (S,S) configuration is much higher than
that reported using a homogeneous OsO4/NMO/acetone/
water system containing a chiral ligand (78%).[36] One pos-
sible reason for this chiral induction might be the “sponta-
neous symmetry breaking”[37–39] of achiral Os3(CO)12 dur-
ing CVD on the MCM-41 or related surfaces, resulting in a
new surface-chiral catalytic species. However, unfortunately,
many attempts by us to reproduce this highly interesting
result have been failed yet.

Scheme 7.

A significant enhancement of the enantioselectivity as a
result of the confinement effect was also observed in the
epoxidation of α-methylstyrene with hypochlorite.[40] Jacob-
sen’s Mn(salen) complex encapsulated in the spacious su-
percages of MCM-22 (22) showed significantly better
enantioselectivity than the homogeneous catalyst 21 under
the same conditions, i.e., 91.3% ee vs. 51% ee (Scheme 8).
Moreover, the encapsulated complex was three times more
active than the homogeneous counterpart 21, which is also
attributed to site-isolation, i.e., to the suppressed formation
of dimeric and other oligomeric Mn oxo complexes due to
geometric constraints.
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Scheme 8.

Li et al. also observed that the immobilization of the chi-
ral Mn(salen) complex through the complexation of manga-
nese by the oxygen atoms of the phenoxyl groups grafted
on the surface of MCM-41 leads to a markedly higher ee
value than that observed for the free complex in the asym-
metric epoxidation of simple olefins.[41] For example, in the
epoxidation of α-methylstyrene in CH2Cl2 with NaOCl as
the oxidant, the enantiomeric excess is notably increased
from 56% for the homogeneous catalyst to 72% for the
heterogeneous Mn(salen)/MCM-41 catalyst (23). Soon af-
ter, the same group also reported that chiral manga-
nese(salen) catalysts axially immobilized in nanopores by
Ph sulfonic groups (24) also resulted in remarkably higher
ee values (up to 95%) for the asymmetric epoxidation of
unfunctionalized olefins (Scheme 9).[42,43]

Similar results were observed with other salen-M com-
plexes anchored on porous supports.[44–46] Kim et al.[44] re-
ported that, for the asymmetric epoxidation of α-methylsty-
rene, the ee value increased from 51% to 59% after the
immobilization of Mn(salen) on the siliceous MCM-41 by
multi-step grafting. Kureshy et al.[45] also reported that
montmorillonite clay supported dicationic Mn(salen) exhib-
ited similar or even higher ee values for the epoxidation of
2,2-dimethyl-6-nitrochromene, indene, and styrene than the
corresponding homogeneous catalysts. It has also been re-
ported that, for the enantioselective epoxidation of β-meth-
ylstyrene, the ee value increased from 54% to 73% after the
immobilization of Cr(salen) through axial NH2 complex-
ation.[46]

Another good example of the confinement effect in het-
erogenized catalysts on porous supports was provided by
Corma et al. The use of MoVI complexes of chiral ligands
derived from (2S,4R)-4-hydroxyproline, heterogenized onto
a modified USY zeolite by covalent bonding,[47] in the
epoxidation of geraniol and nerol with TBHP as the oxygen
source resulted in much higher enantioselectivities (47% ee
for geraniol and 64% ee for nerol) than those (up to 27.6%
ee for geraniol and up to 10.4% ee for nerol) obtained with
the homogeneous counterpart 25. This enhanced enantio-
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Scheme 9.

selectivity can also be ascribed to the additional steric con-
straints imposed by the zeolite pores. The lifetime of the
heterogenized catalyst was also examined by the repeated
use of the catalyst 26 which showed similar rates and yields
of epoxide, even after five runs (Scheme 10). The enhanced
stability of the heterogenized complex was ascribed to the
stronger coordination of the dihydroxy ligand to Mo than

Scheme 10.

Scheme 11.
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that of the acetylacetonate or hydroxy group present on the
substrate, tert-butyl alcohol or hydroperoxide. The site-iso-
lated catalyst molecules on the mesopores could also avoid
being deactivated by dimerization and oligomerization of
the Mo species.

Asymmetric C–X and C–C Bond-Forming Reactions

A good example of the confinement effect dramatically
improving the performance of chiral catalysts for C–X
bond-forming reactions was described by Thomas et al.[48]

In the case of the allylic amination of cinnamyl acetate, cat-
alyst 29, immobilized on the inner walls of mesoporous
MCM-41, exhibited superior catalytic properties than cata-
lyst 28 anchored on Carbosil (a nonporous, high-area silica)
and than homogeneous catalyst 27. The MCM-41-immobi-
lized catalyst 29 showed a degree of regioselectivity for the
desirable branched product (51%) and extremely high
enantioselectivity (�99% ee), whereas the Carbosil-immo-
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bilized catalysts 28 afforded the branched product in only
2% yield and with 43% ee. In the case of the homogeneous
catalyst 27, the reaction produced solely the straight chain
product (Scheme 11). Although the regioselectivity of 29 is
still not very high, the careful design of active centers and
the control of pore size of supports will probably lead to
more unexpected selectivities.

Also in the Si–H insertion reactions of dimethylphenylsi-
lane with methylphenyldiazoacetate, a significant improve-
ment in enantioselectivity was observed by immobilizing
the chiral dirhodium complexes on Aerosil 200.[49,50] This
immobilized catalyst, SiO2–(CH2)2COO–Rh2[(4S)-BNOX]3
(31), showed a more than 10-fold increase in enantio-
selectivity (up to 28% ee), while the homogeneous analogue
Rh2[(4R)-BNOX]4 (30) gave nearly racemic product
(Scheme 12). In contrast to the catalysts immobilized on
Aerosil 200 having an average pore size of 50 nm, none of
the catalysts immobilized inside the pores of MCM-41
showed any activity. It is possible that there is not enough
space inside the pores of MCM-41 for the reaction to take
place. This result is reasonable, considering that the average
pore diameter (19 Å) of MCM-41 is only slightly larger
than the catalyst size (between 19 and 13 Å). A transition
state requiring a space-demanding conformation of the cat-
alyst might, therefore, be impossible under these circum-
stances.

Sanchez and co-workers[51] anchored the Ni complex of
the -proline amide 32b on USY zeolites or silica by coval-
ent bonding. Although the use of the insoluble catalysts 33
and 34 caused the conjugate addition of ZnEt2 to the en-
ones 35 to take place more slowly, the ee values of the re-
sulting saturated ketones 36 were much higher for the zeo-
lite-supported Ni complex 33 (91 and 95% ee, for R = Ph
and Me, respectively) than its homogeneous counterpart
32a (77 and 75% ee, for R = Ph and Me, respectively) or
the silica-supported analogue 34 (34% ee, R = Ph)
(Scheme 13). The steric constraint imposed by the zeolite
pore was thought to contribute to the enhanced enantio-
selectivities that were observed. Sanchez et al. also attached

Scheme 12.
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a series of chiral amines covalently to modified USY zeolite
and MCM-41 zeolite supports, and evaluated the ability of
the obtained chiral base catalysts confined in porous hosts
to improve stereoselectivity in conjugate additions of nu-
cleophiles to enones.[52] It was found that the reaction rate
was enhanced, and the catalysts showed higher selectivity
than the free amines.

Scheme 13.

Chiral bis(oxazoline)copper complexes are known to be
highly effective enantioselective, homogeneous catalysts for
many C–C and C–X bond -forming reactions, such as
Diels–Alder, aldol, Michael, ene, amination and aziridin-
ation reactions. It has also been reported that chiral bis-
(oxazoline)copper complexes constrained within the con-
fined spaces of porous materials exhibited substantially
higher enantioselectivity than the homogeneous cata-
lyst.[53–56] For example, Wan et al. immobilized the Ph-sub-
stituted bis(oxazoline)copper(II) complex in zeolite Y for
the hetero-Diels–Alder reaction of (ethyl E)-pentenoate (39)
with ethyl vinyl ether, affording the dihydropyran 40
(Scheme 14).[53] The enantioselectivity (41%) of the solid
catalyst 38 was significantly higher than that obtained with
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Scheme 14. Selected examples of chiral bis(oxazoline)copper complexes constrained within confined spaces and their use in catalytic reactions.

the homogeneous catalyst 37 (20% ee) (Scheme 14a). Very
interestingly, the configuration of the (2S,4R) product ob-
tained from the heterogeneous reaction is opposite to the
(2R,4S) product obtained from the homogeneous reaction.
As described in the introduction section, this reversed
enantioselectivity could also be attributed to the confine-
ment effect of the porous supports.

The heterogeneous catalyst obtained by impregnating
CuII ion in zeolite Y and subsequent modification with the
bisoxazoline ligand 41[54] also exhibited the superior
enantioselectivity (93% ee) compared to the homogeneous
catalyst (57% ee) for the reaction of methylenecyclopentane
with ethyl glyoxylate (Scheme 14, b). The same authors ob-
served a similar enhancement of the ee value in the aziridin-
ation reaction which result from the confinement effect of
the zeolite pores.[55]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2927–29352934

Corma et al. covalently anchored the chiral bis(oxaz-
oline)copper(II) onto silica and MCM-41 and tested its
catalytic ability in the Friedel–Crafts hydroxyalkylation of
1,3-dimethoxybenzene with 3,3,3-trifluoropyruvate.[56] The
activity and enantioselectivity of the two heterogeneous cat-
alysts were higher than those of the homogeneous analogue
(Scheme 14, c).

Conclusions

This microreview presents some selected representative
examples which demonstrate that not only facile catalyst
recycling but also a significant improvement in the catalytic
performances (activity, stability and enantioselectivity) of
the organometallic chiral catalysts can be achieved by hetero-
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genizing them in the confined spaces of porous or layered
support materials. Surprisingly, in some cases, even non-
enantioselective catalysts showed significant asymmetric in-
duction when they were anchored into confined nano-
spaces.[21,23,24,35,48] These results suggest that the conven-
tional approaches, i.e. (i) designing chiral catalysts for
homogeneous conditions and (ii) heterogenizing those cata-
lysts well-designed for homogeneous processes, may not
necessarily be the best solution for the development of ef-
ficient chiral catalyst systems. In conclusion, the heterogen-
ization of catalysts in confined spaces will provide a new
paradigm for the development of a highly efficient chiral
catalyst in future.

Acknowledgments

This work was supported by a Korea Research Foundation Grant
(KRF-2005-005-J11901) funded by MOEHRD, and by the grants,
R01-2006-000-10426-0 (KOSEF) and R11-2005-008-00000-0 (SRC
program of MOST/KOSEF).

[1] E. N. Jacobsen, A. Pfaltz, H. Yamamoto (Eds.), Comprehensive
Asymmetric Catalysis, Springer, Berlin, 1999.

[2] I. Ojima (Ed.), Catalytic Asymmetric Synthesis, VCH, New
York, 2nd ed., 2000.

[3] H. U. Blaser, E. Schmidt (Eds.), Asymmetric Catalysis on Indus-
trial Scale, Wiley-VCH, Weinheim, 2004.

[4] A. N. Collins, G. N. Sheldrake, J. Crosby (Eds.), Chirality in
Industry, John Wiley & Sons, Chichester, 1992.

[5] A. N. Collins, G. N. Sheldrake, J. Crosby (Eds.), Chirality in
Industry II, John Wiley & Sons, Chichester, 1996.

[6] D. E. de Vos, I. F. J. Vankelecom, P. A. Jacobs (Eds.), Chiral
Catalyst Immobilization and Recycling, Wiley-VCH, New York,
2000.

[7] C. E. Song, S.-g. Lee, Chem. Rev. 2002, 102, 3495–3524.
[8] Q.-H. Fan, Y.-M. Li, A. C. S. Chan, Chem. Rev. 2002, 102,

3385–3465.
[9] P. M. Price, J. H. Clark, D. J. Macquarrie, J. Chem. Soc., Dal-

ton Trans. 2000, 101–110.
[10] I. F. J. Vankelecom, P. A. Jacobs in Catalyst Immobilization on

Inorganic Supports (Eds.: D. E. de Vos, I. F. J. Vankelecom,
P. A. Jacobs), Wiley-VCH, Weinheim, 2000, pp. 19–42.

[11] C. Li, Catal. Rev. 2004, 46, 419–492.
[12] C. E. Song, I. S. Park in Advances in Organic Synthesis, ch. 8,

Bentham Publishers, 2005, pp. 233–260.
[13] C. E. Song, Annu. Rep. Prog. Chem. Sect. C: Phys. Chem 2005,

101, 143–173.
[14] R. S. Drago, D. C. Pribich, Inorg. Chem. 1985, 24, 1983–1985.
[15] B. Pugin, J. Mol. Catal. A 1996, 107, 273–279.
[16] D. Meunier, A. Piechaczyk, A. de Mallmann, J.-M. Basset, An-

gew. Chem. Int. Ed. 1999, 38, 3540–3542.
[17] E. Angeletti, C. Canepa, G. Martinetti, P. Venturello, J. Chem.

Soc., Perkin Trans. 1 1989, 105–107.
[18] V. Ayala, A. Corma, M. Iglesias, J. A. Rincon, F. Sanchez, J.

Catal. 2004, 224, 170–177.
[19] A. Cormas-Vives, C. Gonzalez-Arellano, A. Corma, M. Igles-

ias, F. Sanchez, G. Ujaque, J. Am. Chem. Soc. 2006, 128, 4756–
4765.

[20] J. M. Thomas, T. Maschmeyer, B. F. G. Johnson, D. S.
Shephard, J. Mol. Catal. A 1999, 141, 139–144.

[21] S. A. Raynor, J. M. Thomas, R. Raja, B. F. G. Johnson, R. G.
Bell, M. D. Mantle, Chem. Commun. 2000, 1925–1926.

[22] J. M. Thomas, B. F. G. Johnson, R. Raja, G. Sankar, P. A.
Midgley, Acc. Chem. Res. 2003, 36, 20–30.

Eur. J. Inorg. Chem. 2006, 2927–2935 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2935

[23] M. D. Jones, R. Raja, J. M. Thomas, B. F. G. Johnson, D. W.
Lewis, J. Rouzaud, K. D. M. Harris, Angew. Chem. Int. Ed.
2003, 42, 4326–4331.

[24] R. Raja, J. M. Thomas, M. D. Jones, B. F. G. Johnson, D. E. W.
Vaughan, J. Am. Chem. Soc. 2003, 125, 14982–14983.

[25] J. Rouzaud, M. D. Jones, R. Raja, B. F. G. Johnson, J. M.
Thomas, M. J. Duer, Helv. Chim. Acta 2003, 86, 1753–1759.

[26] R. Augustine, S. Tanielyan, S. Anderson, H. Yang, Chem. Com-
mun. 1999, 1257–1258.

[27] F. M. deRege, D. K. Morita, K. C. Ott, W. Tumas, R. D. Bro-
ene, Chem. Commun. 2000, 1797–1798.

[28] A. Corma, M. Iglesias, C. del Pino, F. Sa�nchez, J. Chem. Soc.,
Chem. Commun. 1991, 1253–1255.

[29] A. Corma, M. Iglesias, C. del Pino, F. Sa�nchez, J. Organomet.
Chem. 1992, 431, 233–246.

[30] A. Carmona, A. Corma, M. Iglesias, A. S. Jose�, F. Sa�nchez,
J. Organomet. Chem. 1995, 492, 11–21.

[31] A. Corma, M. Iglesias, F. Mohino, F. Sa�nchez, J. Organomet.
Chem. 1997, 544, 147–156.

[32] C. Pérez, S. Pérez, G. A. Fuentes, A. Cormac, J. Mol. Catal. A
2003, 197, 275–281.

[33] A. Hu, H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2003, 125, 11490–
11491.

[34] A. Hu, H. L. Ngo, W. Lin, Angew. Chem. Int. Ed. 2003, 42,
6000–6003.

[35] V. Caps, I. Paraskevas, S. C. Tsang, Chem. Commun. 2005,
1781–1783.

[36] H.-L. Kwong, C. Sorato, Y. Ogino, H. Chen, K. B. Sharpless,
Tetrahedron Lett. 1990, 31, 2999–3002.

[37] I. D. Gridnev, Chem. Lett. 2006, 35, 148–153.
[38] K. Mikami, M. Yamanaka, Chem. Rev. 2003, 103, 3369–3400.
[39] D. K. Konepudi, K. Asakura, Acc. Chem. Res. 2001, 34, 946–

954.
[40] G. Gbery, A. Zsigmond, K. J. J. Balkus, Catal. Lett. 2001, 74,

77–80.
[41] S. Xiang, Y. Zhang, Q. Xin, C. Li, Chem. Commun. 2002, 2696–

2697.
[42] H. Zhang, S. Xiang, C. Li, Chem. Commun. 2005, 1209–1211.
[43] H. Zhang, Y. Zhang, C. Li, J. Catal. 2006, 238, 369–381.
[44] G.-J. Kim, J.-H. Shin, Tetrahedron Lett. 1999, 40, 6827–6830.
[45] R. I. Kureshy, N. H. Khan, S. H. R. Abdi, I. Ahmad, S. Singh,

R. V. Jasra, J. Catal. 2004, 221, 234–240.
[46] X. Zhou, X. Yu, J. Huang, S. Li, L. Li, C. Che, Chem. Com-

mun. 1999, 1789–1790.
[47] A. Corma, A. Fuerte, M. Iglesias, F. Sanchez, J. Mol. Catal.

A 1996, 107, 225–234.
[48] B. F. G. Johnson, S. A. Raynor, D. S. Shephard, T. Mashmeyer,

J. M. Thomas, G. Sankar, S. Bromley, R. Oldroyd, L. Gladden,
M. D. Mantle, Chem. Commun. 1999, 1167–1168.

[49] H. M. Hultman, M. de Lang, I. W. C. E. Arends, U. Hanefeld,
R. A. Sheldon, T. Maschmeyer, J. Catal. 2003, 217, 275–283.

[50] H. M. Hultman, M. de Lang, M. Nowotny, I. W. C. E. Arends,
U. Hanefeld, R. A. Sheldon, T. Maschmeyer, J. Catal. 2003,
217, 264–274.

[51] A. Corma, M. Iglesias, M. V. Martin, J. Rubio, F. Sanchez,
Tetrahedron: Asymmetry 1992, 3, 845–848.

[52] M. Iglesias, F. Sanchez, Stud. Surf. Sci. Catal. 2000, 130D,
3393–3398.

[53] Y. Wan, P. McMorn, F. E. Hancock, G. J. Hutchings, Catal.
Lett. 2003, 91, 145–148.

[54] N. A. Caplan, F. E. Hancock, P. P. C. Bulman, G. J. Hutchings,
Angew. Chem. Int. Ed. 2004, 43, 1685–1688.

[55] S. Taylor, J. Gullick, P. McMorn, D. Bethell, P. C. Bul-
man Page, F. E. Hancock, F. King, G. J. Hutchings, J. Chem.
Soc., Perkin Trans. 2 2001, 1714–1723.

[56] A. Corma, H. Garcia, A. Moussaif, M. J. Sabater, R. Zzniber,
A. Redouane, Chem. Commun. 2002, 1058–1059.

Received: April 18, 2006
Published Online: June 23, 2006



SHORT COMMUNICATION

DOI: 10.1002/ejic.200600497

Formation of Unexpected Selenium-Rich Compounds by Selenation of the Very
Bulky (PhMe2Si)3CLi: s-Tetraselenane, a Novel Polyseleno Heterocycle

Thomas M. Klapötke,[a] Burkhard Krumm,*[a] Kurt Polborn,[a][‡] and Matthias Scherr[a][‡]

Keywords: Bulky substituents / DFT calculations / Selenium / Structure elucidation

The reaction of the highly crowded trisilylmethyllithium
compound (PhMe2Si)3CLi with elemental selenium resulted
in a variety of products, among them the triselane [(PhMe2-
Si)3CSe]2Se, the unexpected diselane [(PhMe2Si)2HCSe]2

and the novel heterocycle [(PhMe2Si)2CSeSe]2. The consti-

Introduction

The stabilization of low-coordinated main-group com-
pounds is possible with extremely bulky substituents and
has been reviewed recently in detail.[1] Chalcogen com-
pounds containing the tris(trimethylsilyl)methyl group,
(Me3Si)3C, have been prepared (sulfur,[2] selenium,[3–5] and
tellurium[3,6]). The introduction of such sterically de-
manding substituents at the heavier chalcogen elements has
been a part of our research for the recent time, because they
have been useful to stabilize or detect rather reactive species
or intermediates in tellurium(II),[7] and selenium(II) azide
chemistry.[8] The tris[dimethyl(phenyl)silyl]methyl group,
(PhMe2Si)3C, is expected to have some increased shielding
properties compared to the permethylated substituent. The
tellurolate (PhMe2Si)3CTeLi and the corresponding ditel-
lane, tellurenyl iodide and azide were isolated and charac-
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tution of the latter could be elucidated from the NMR spec-
troscopic data and was confirmed by the crystal structure
which displays the C2Se4 cycle in the twist form. Calculations
were performed for the chair and twist conformers of the het-
erocycles [(H3Si)2CXX]2 (X = O, S, Se, Te, Po).

terized by us very recently. In this communication we would
like to present our study of the reactivity of (PhMe2Si)3CLi
towards selenium.

Results and Discussion

The alkyllithium reagent (PhMe2Si)3CLi, generated as
described,[7] was treated with elemental selenium to give the
selenolate (PhMe2Si)3CSeLi in a straightforward manner
according to 77Se NMR spectroscopy (in THF: δ =
–63.3 ppm). The product mixture, which was obtained after
hydrolysis and oxidation (exposure to air) of the selenolate,
was surprisingly complex and, according to 77Se NMR
spectroscopy, consisted of several selenium-containing spe-
cies. From this mixture the four main components could be
separated, isolated and identified [Equation (1)].

No evidence was found for the formation of the diselane
(PhMe2Si)3CSeSeC(SiMe2Ph)3, which is usually formed as
the main product by oxidation of selenolates RSeLi or sele-
nols RSeH; the corresponding ditellane is also the main
product in the oxidation of (PhMe2Si)3CTeLi.[7] Here, the
triselane (PhMe2Si)3CSeSeSeC(SiMe2Ph)3 (1) is the main



T. M. Klapötke, B. Krumm, K. Polborn, M. ScherrSHORT COMMUNICATION
product, which can be explained by the bulkiness of the
substituent, to stabilize selanes with increased chain lengths
in the case of smaller chalcogens. The triselane 1 was sepa-
rated from the mixture because of its lower solubility in
diethyl ether. The remaining mixture was subjected to col-
umn chromatography and resulted finally in the isolation
and identification of two further selanes, the diselane
(PhMe2Si)2HCSeSeCH(SiMe2Ph)2 (2) and the heterocycle
[(PhMe2Si)2CSeSe]2 (3). The formation and existence of 2
demonstrates that three dimethyl(phenyl)silyl groups at-

Figure 1. Different views (a) and (b) of the molecular structure of 1 with thermal ellipsoids of 50% probability. Selected bond lengths
[Å] and angles [°]: Se1–Se2 2.340(1), Se2–C1 2.013(9); Se2–Se1–Se2(i) 109.90(7), C1–Se2–Se1 110.6(2), Si3–C1–Se2 98.7(4), Si4–C1–Se2
112.2(4), Si5–C1–Se2 104.5(4), Se2(i)–Se1–Se2–C1 –101.6(3); i = 11/2–x, 11/2–y, z.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2937–29412938

tached to the carbon atom are too bulky for a correspond-
ing diselane, but two dimethyl(phenyl)silyl groups, in the
bis[dimethyl(phenyl)silyl]methyl group which is slightly less
bulky, form a stable diselane 2. The formation of the novel
heterocycle 3, a tetrasilyl-substituted s-tetraselenane, cannot
be explained with certainty. Probably due to similar reasons
as observed with 2, one silyl group was eliminated and
maybe a radical (PhMe2Si)2CSeSe, for which we have no
evidence, dimerized to give the stable six-membered C2Se4

heterocycle 3. The fourth main component of this reaction



s-Tetraselenane, a Novel Polyseleno Heterocycle SHORT COMMUNICATION
was identified as the mixed monoselane (PhMe2Si)3CSeMe
(4). The formation of 4 can be explained by the always in-
complete lithiation of (PhMe2Si)2CH with methyllithium.
Upon addition of selenium, immediate formation of Me-
SeLi occurs which can combine with tris[dimethyl(phenyl)-
silyl]methyl groups to give 4. The monoselane 4 is already
detected by 77Se NMR in the THF solution of
(PhMe2Si)3CSeLi in amounts of ca 3–5% as the only other
selenium-containing product.

The triselane 1 displays two resonances in the 77Se NMR
spectrum at δ = 666 ppm for the central selenium atom, and
552 ppm for the two terminal selenium atoms. The coupling
constant 1J(77Se-77Se) = 20.7 Hz is in the typical range
found for other dialkyltriselanes.[9] The diselane 2, as well
as the symmetric s-tetraselenane 3, exhibit single resonances
at δ = 391 ppm and δ = 456 ppm, respectively. The reso-
nance of the monoselane 4 is found at relatively high field
at δ = 135 ppm, displaying a quartet due to coupling with
methyl hydrogen atoms.

The crystal structure of the triselane 1 is shown in Fig-
ure 1 and gives an impression of the rather extreme bulki-

Figure 2. Different views (a) and (b) of the molecular structure of 3 with thermal ellipsoids of 30% probability. Selected bond lengths
[Å] and angles [°]: Se1–Se2 2.3120(6), Se3–Se4 2.3085(6), Se1–C1 1.993(4), Se4–C1 2.001(4), Se2–C2 2.000(4), Se3–C2 1.999(3), Si1–C1
1.907(4), Si2–C1 1.905(4), Si3–C2 1.910(4), Si4–C2 1.903(4), C1–Se1–Se2 104.7(1), C1–Se4–Se3 104.0(1), C2–Se2–Se1 104.7(1), C2–Se3–
Se4 103.2(1), Se1–C1–Se4 109.8(2), Se3–C2–Se2 110.3(2), Si2–C1–Si1 119.4(2), Si4–C2–Si3 119.2(2), C1–Se1–Se2–C2
–78.7(2), C2–Se3–Se4–C1 –81.9(2).

Eur. J. Inorg. Chem. 2006, 2937–2941 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2939

ness of the tris[dimethyl(phenyl)silyl]methyl substituent
which allows the stabilization of this triselane (Figure 1a).
In general, triselanes show a high propensity to eliminate
red selenium at higher temperatures or already in solution
at lower temperatures to form the corresponding disel-
anes.[10,11] The characteristic features of the triselane chain
consist of the typical V-shaped unit (Figure 1b) with an an-
gle of 109.90(7)° and an Se–Se bond length of 2.340(1) Å,
forming a torsion angle Se2(i)–Se1–Se2–C1 of –101.6(3)°,
parameters which are comparable to the structures of other
undisturbed dialkyl triselanes.[10,12]

The structure of the novel s-tetraselenane 3, shown in
Figure 2 also can be regarded a cyclic bis(diselane), adopt-
ing a twist-boat conformation. The analoguous sulfur het-
erocycle, an s-tetrathiane, is fairly well known and also crys-
tal structures exist. Whereas the bis(pentamethylene) deriv-
ative displays a chair configuration of the heterocycle,[13]

the tetramethyl derivative, “duplodithioacetone”, adopts
the twist-boat conformation.[14] The Se–Se [2.3120(6)/
2.3085(6) Å] and C–Se bond lengths [1.993(4)–2.001(4) Å]
of 3 are in the same range as found in the structures of
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acyclic aliphatic and aromatic diselanes.[4,15] Figure 2a
nicely shows the twisted six-membered heterocycle encum-
bered by two bis[dimethyl(phenyl)silyl]methylene moieties.
In Figure 2b a view onto the heterocycle is given with all
phenyl groups omitted for clarity.

The NMR spectra of 3 indicate a restricted rotation of
the methyl groups, visible for the corresponding resonances
in the 1H and 13C NMR spectra. At 25 °C two broadened
resonances are observed for the methyl groups in the 1H
and 13C NMR spectra, respectively. In the 1H NMR spec-
trum coalescence is observed at 32 °C, whereas in the 13C
NMR spectrum at 47 °C both resonances coalesce. The res-
onance of the CSi2Se2 carbon atom remains unaffected. The
variable-temperature 77Se NMR spectrum of 3 shows only
the temperature dependency of the resonance, i.e. spanning
from δ = 462 ppm at 60 °C over δ = 456 ppm at 25 °C to δ
= 443 ppm at –60 °C (all in CDCl3). No additional reso-
nances were detected within this temperature range, which
then could indicate a change of the conformation of the
heterocycle.

The experimentally observed twist conformation of 3 was
subject of calculations for the sulfur analogue s-tetrathiane,
where a molecular mechanics (MM) and an NMR study
already predicted the twist conformer to be favored over
the chair conformer by 0.7 kcalmol–1.[16] In order to con-
firm the early MM study we now decided to compute the
full series of O, S, Se, Te and Po heterocycles using hybrid
density functional theory (DFT) at the B3LYP level. The
model compounds, which were included in the computation
were the chair and twist conformers of the heterocycles
[(H3Si)2CXX]2 (X = O, S, Se, Te, Po) (Table S1, Figure S1
in Supporting Information). The structures of all ten spe-
cies were fully optimized and the vibrational frequencies
calculated at the B3LYP/SDD level of theory. All ten enti-
ties represent stable minima on their potential energy sur-
face. Whereas according to our calculations for the oxygen
and sulfur compounds the chair conformers are favored by
5.8 and 0.4 kcalmol–1 (nicely in agreement with our X-ray
structure for the selenium heterocycle), the twist conformers
of the Se, Te and Po heterocycles represent the lower energy
species, although the energy differences are again relatively
small: ∆E(chair– twist) = +1.9 (Se), +3.1 (Te), +3.3 (Po)
kcalmol–1. It seems that the relative stability of the twist
over the chair conformer increases with the heteroatoms
(O � Po) descending within group 16 (Figure 3). For oxy-

Figure 3. Relative stabilities of the chair and twist conformers of
[(H3Si)2CXX]2 (X = O, S, Se, Te, Po).
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gen the chair is favored, for sulfur the chair and twist con-
former are essentially identical in their energy, whereas for
the heavier congeners Se, Te and Po the twist structure is
favored over the chair conformer.

The existence of a claimed tetratellurium analogue, s-tet-
ratellurane (CH2Te2)2,[17] remains highly questionable in
our opinion, due to the poor spectroscopic data. Substi-
tuted s-tetratellurane derivatives may possibly be prepared
in the future, if one considers the relatively high stability of
the corresponding sulfur and selenium heterocycles, and as
well taking the calculations into account.

Experimental Section
General: All manipulations of air- and moisture-sensitive materials
were performed under dry argon using flame-dried glass vessels
and Schlenk techniques. The compounds PhMe2SiCl,[18] and
(PhMe2Si)3CH[19] were prepared according the literature, elemental
selenium and methyllithium (1.6  in Et2O) (Aldrich) was used as
received. Solvents were dried by standard methods and freshly dis-
tilled prior to use. NMR spectra were recorded with a JEOL
Eclipse 400 instrument in CDCl3 at 25 °C, and chemical shifts are
with respect to Me4Si (1H: 400.2 MHz; 13C: 100.6 MHz; 29Si:
79.5 MHz) and Me2Se (77Se: 76.3 MHz). Raman spectra were re-
corded with a Perkin–Elmer 2000 NIR FT spectrometer fitted with
an Nd-YAG laser (1064 nm, 100 mW, 25 °C), and only 100% peak
and Se–Se stretching frequency listed. Mass spectrometric data
were obtained with a JEOL MStation JMS spectrometer. Elemen-
tal analyses: Analytical service LMU. Melting points were deter-
mined in capillaries using a Büchi B540 instrument.

Lithiation and Selenation of (PhMe2Si)3CH: Into a solution of
(PhMe2Si)3CH (6.0 g, 14.3 mmol, sublimed at 90 °C/10–3 mbar) in
75 mL of THF was added methyllithium (10 mL, 16 mmol) in di-
ethyl ether (1.6 ) at 25 °C within 1 h. This mixture was stirred at
ambient temperature for an additional 1 h and then heated to 60 °C
for 3 h. After cooling to ambient temperature, selenium (1.2 g,
15.2 mmol) was added in one portion and the mixture stirred for
1 h. The selenium reacted immediately and darkening of the solu-
tion occurred. This mixture was stirred at ambient temperature,
now upon contact with air, for 3 d. All volatile materials were re-
moved in vacuo, and the resulting dark orange residue was treated
with 50 mL Et2O, and 30 mL water was slowly added at 25 °C.
Additionally, 20 mL of 10% HCl was added carefully at 0 °C and
the mixture stirred for 2 h. The extracted dark red diethyl ether
phases were separated and dried. The solvent was removed in
vacuo, and the brown-red solid residue was treated again with small
amounts of cold diethyl ether. The insoluble solid was washed re-
peatedly. This material was only poorly soluble in Et2O and was
shown to be pure triselane (PhMe2Si)3CSeSeSeC(SiMe2Ph)3 (1)
(600 mg, ca. 8% yield). The remaining diethyl ether soluble frac-
tion, a highly viscous red-brown oil, still containing considerable
amounts of the triselane 1, was subjected to column chromatog-
raphy. The eluent was an n-hexane/chloroform mixture (10:1). The
first fraction was the monoselane 4, the second fraction contained
a mixture of the diselane 2 and the s-tetraselenane 3. The last frac-
tion, containing a mixture of further other selenium-containing
species that could not be separated, was discarded. The mixture
consisting of 2 and 3, could be separated by their different solubilit-
ies in diethyl ether. By repeated extraction of the mixture, the disel-
ane 2 could be separated because of its slightly higher solubility in
diethyl ether than that of the s-tetraselenane 3.
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(PhMe2Si)3CSeSeSeC(SiMe2Ph)3 (1): M.p. 176–178 °C. 1H NMR:
δ = 7.70 (2 H)/7.35 (1 H)/7.28 (2 H) (m, Ar-H), 0.37 [2J(1H-29Si) =
6.0 Hz, 6 H, CH3] ppm. 13C NMR: δ = 139.5 [1J(13C-29Si) =
66.5 Hz, C-1], 136.1 (C-3), 129.1 (C-4), 127.3 (C-2), 19.9 [1J(13C-
29Si) = 32.6 Hz, 1J(13C-77Se) = 84.2 Hz, CSi3], 2.1 [1J(13C-29Si) =
42.0 Hz, CH3] ppm. 29Si NMR: δ = –3.45 [2J(29Si-77Se) = 8.7 Hz]
ppm. 77Se NMR: δ = 666 [1J(77Se-77Se) = 20.7 Hz, 1 Se], 552 (2 Se)
ppm. Raman: ν̃ (%) = 1001 (100) [δ(Ph-H)], 272 (32) [ν(SeSe)] cm–1.
DEI-MS: m/z (%) = 1072 (0.1) [M+], 994 (0.1) [M+ – Se], 936 (0.1)
[M+ – PhMe2Si], 860 (0.9) [M+ – Se – PhMe2Si], 726 (3) [M+ – Se –
2 PhMe2Si], 576 (8) [M+ – Se – (PhMe2Si)3C], 495 (6) [M+ – 2 Se –
(PhMe2Si)3C], 135 (100) [PhMe2Si+]. C50H66Se3Si6 (1072.45): calcd.
C 56.0, H 6.2; found C 54.6, H 6.1.

(PhMe2Si)2HCSeSeCH(SiMe2Ph)2 (2): M.p. 60–63 °C. 1H NMR:
δ = 7.44–7.32 (m, 10 H, Ar-H), 1.21 [2J(1H-29Si) = 8.0 Hz, 2J(1H-
77Se) = 10.5 Hz, 1 H, CH], 0.162/0.157 (12 H, CH3) ppm. 13C
NMR: δ = 138.9 [1J(13C-29Si) = 69.2 Hz, C-1], 134.1 (C-3), 129.0
(C-4), 127.5 [2J(13C-29Si) = 23.4 Hz, C-2], 19.8 [1J(13C-29Si) =
43.8 Hz, 1J(13C-77Se) = 75.3 Hz, CHSi2], –1.6/–2.2 [1J(13C-29Si) =
53.8/54.6 Hz, CH3] ppm. 29Si NMR: δ = –3.35 ppm [2J(29Si-77Se)
= 9.7 Hz]. 77Se NMR: δ = 391 ppm. Raman: ν̃ (%) = 1000 (100)
[δ(Ph-H)], 293 (30) [ν(SeSe)] cm–1. DEI-MS: m/z (%) = 726 (30)
[M+], 646 (0.5) [M+ – Se], 442 (0.6) [M+ – (PhMe2Si)2CH – H], 363
(10) [M+ – SeCH(SiMe2Ph)2], 135 (100) [PhMe2Si+]. C34H46Se2Si4
(725.08): calcd. C 56.3, H 6.4; found C 54.6, H 6.3.

[(PhMe2Si)2CSeSe]2 (3): M.p. 181–183 °C. 1H NMR: δ = 7.56 (2
H)/7.40 (1 H)/7.31 (2 H) (m, Ar-H), 0.32/0.29 (6 H, CH3) ppm. 13C
NMR: δ = 137.1 [1J(13C-29Si) = 67.6 Hz, C-1], 135.4 (C-3), 129.3
(C-4), 127.4 (C-2), 9.7 [1J(13C-29Si) = 12.3 Hz, 1J(13C-77Se) =
91.9 Hz, CSi2Se2], –1.7/–2.2 (br., CH3) ppm. 29Si NMR: δ = –0.56
[2J(29Si-77Se) = 5.8 Hz] ppm. 77Se NMR: δ = 456 ppm. Raman: ν̃
(%) = 1000 (100) [δ(Ph-H)], 292 (48) [ν(SeSe)] cm–1. DEI-MS: m/z
(%) = 882 (3) [M+], 667 (6) [M+ – Se – PhMe2Si], 520 (1) [M+ –
Se – (PhMe2Si)2C], 442 (16) [(PhMe2Si)2CSe2

+], 362 (12)
[(PhMe2Si)2CSe+], 135 (100) [PhMe2Si+]. C34H44Se4Si4 (880.89):
calcd. C 46.4, H 5.0; found C 45.2, H 5.0.

(PhMe2Si)3CSeMe (4): 1H NMR: δ = 7.52–7.35 (m, 15 H, Ar-H),
0.59 [2J(1H-77Se) = 9.8 Hz, 3 H, CH3Se], 0.35 [2J(1H-29Si) = 6.4 Hz,
18 H, CH3Si] ppm. 13C NMR: δ = 141.8 [1J(13C-29Si) = 66.0 Hz,
C-1], 133.2 (C-3), 128.3 (C-4), 127.5 (C-2), 2.0 [1J(13C-29Si) =
5.8 Hz, 1J(13C-77Se) = 53.8 Hz, CSi3], 1.6 [1J(13C-29Si) = 52.7 Hz,
CH3Si], 0.1 [1J(13C-77Se) = 38.1 Hz, CH3Se] ppm. 29Si NMR: δ =
–3.65 [2J(29Si-77Se) = 3.9 Hz] ppm. 77Se NMR: δ = 135 (q) ppm.

Crystal Data for 1: C50H66Se3Si6 (1072.45), orange platelet,
0.58×0.11×0.52 mm, orthorhombic, space group Pccn, a =
13.8952(7), b = 17.1669(9), c = 21.759(1) Å, V = 5190.3(5) Å3, Z =
4, ρcalcd. = 1.372 g/cm–3, µ = 2.297 mm–1, F(000) = 2208, Oxford
XCalibur CCD, Mo-Kα, λ = 0.71073 Å, T = 200 K; θ range = 3.8–
22.0°, –9 � h � 14, –18 � k � 17, –22 � l � 22, 17116 reflections
collected, 3172 independent reflections (Rint = 0.1395), 2749 ob-
served reflections [I�2σ(I)], structure solution: SHELX-97,[20] di-
rect methods, data/parameters ratio: 11.9:1 {10.3:1 [I�2σ(I)]}, fi-
nal R indices [I�2σ(I)]: R1 = 0.0824, wR2 = 0.1293, R1 = 0.0982,
wR2 = 0.1371 (all data), GOF on F2 = 1.184.

Crystal Data for 3: C34H44Se4Si4 (880.89), orange platelet,
0.57×0.33×0.43 mm, monoclinic, space group P21/c, a =
11.846(1), b = 14.641(2), c = 22.313(2) Å, β = 97.56(1)°, V =
3836.3(7) Å3, Z = 4, ρcalcd. = 1.525 g/cm–3, µ = 3.972 mm–1, F(000)
= 1760, Nonius Kappa CCD, Mo-Kα, λ = 0.71073 Å, T = 295 K;
θ range = 2.7–25.6°, –14 � h � 0, –17 � k � 0, –26 � l � 27,
7534 reflections collected, 7010 independent reflections (Rint =
0.0161), 4864 observed reflections [I�2σ(I)], structure solution:
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SHELX-97,[20] direct methods, data/parameters ratio: 18.2:1
{12.6:1 [I�2σ(I)]}, final R indices [I�2σ(I)]: R1 = 0.0312, wR2 =
0.0683, R1 = 0.0659, wR2 = 0.0822 (all data), GOF on F2 = 1.020.

CCDC-600115 (1) and -282655 (3) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Detailed description of the chair-twist calculations.
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The crystal structure of N-phthaloylglycylglycine and its
complexes with copper(II) and zinc(II) are studied. The N-
phthaloylglycylglycinato copper(II) complex has a polymeric
structure formed by bridging carboxylates. The correspond-
ing N-phthaloylglycylglycinato zinc(II) complex is mono-

Directed assembly of molecules through noncovalent in-
teractions and metal coordination is a fundamental process
in nature.[1] Self-organization and molecular recognition of
biomolecules[1e] using peptides are rationalized by taking
into account a host of weak interactions[2] that include hy-
drogen bonding, aromatic π interactions, and hydrophobic
interactions. The ability of peptides to adopt various sec-
ondary structures has been a subject of extensive study,[3]

and in this regard the effects of metal ions in stabilizing
particular conformations of peptides have immense impor-
tance.[4] The β-sheet assembly of peptide chains is particu-
larly important in case of globular proteins and various
template-directed strategies to assemble natural or non-nat-
ural peptides and synthetic peptide analogs into similar as-
semblies have been investigated.[5] Coordination of the pep-
tide to a particular metal ion predominantly governs the
local structure of the active site in metalloenzymes.[6] Even
though attempts have been made to rationalize the interac-
tion of metal ions with peptides,[7] the structural elucidation
of such assemblies with regard to tuning the secondary in-
teractions in the peptide[5b,8] is scarce. Given this back-
ground, we report the solid-state structures of the N-pro-
tected dipeptide derived from glycylglycine, and sub-
sequently rationalize the effect of metal-ion templating on
the self-assembly of this dipeptide.

Condensation of glycylglycine with phthalic anhydride
under hydrothermal conditions and subsequent recrystalli-
zation from aqueous ethanol afforded the N-protected di-
peptide, N-phthaloylglycylglycine (L) as colorless needles.
The introduction of the phthaloyl group was expected to
stabilize the two-dimensional assembly of the molecules in
the solid state through intermolecular aromatic interac-
tions.[9] These π interactions can be complementary in na-
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meric. Both the metal complexes have self-assembled hydro-
gen-bonded structures in which dipeptide ligand adopt β-
pleated conformations.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ture to the intermolecular N–H···O interactions observed in
case of amides, which have a dominating effect on the self-
assembly process.[10] Crystal structure shows that the self-
assembly of the dipeptide L in the solid state is governed
by intermolecular hydrogen-bonding interactions; the mole-
cule adopts a puckered conformation as shown in Figure 1.
The amide N–H is involved in the formation of hydrogen
bonds with the carbonyl oxygen atom of the phthalimide
unit (dN2···O4 3.04 Å; � D–H···A 156.0°), which extends
along crystallographic a axis. Moreover, the amide carbonyl
is strongly hydrogen-bonded to the oxygen atom of the car-
boxylic acid group (dO1···O3 2.59 Å; � D–H···A 165.1°) as
shown in Figure 1. Thus, intermolecular hydrogen-bonding
interactions in L leads to the formation of two-dimensional
sheets, wherein the individual molecules adopt folded con-
formations; however, the structure does not correspond to
β-pleated sheet structure. The torsion angle for rotation
about the C–N bond (φ) is 70.9° while the corresponding
angle for the C–C bond rotation (ψ) is 19.9°. The important
hydrogen bond angles and bond lengths of L in the hydro-
gen-bonded assembly are listed in Table 1. It is important to
note that the interplanar distance between the phthalimide
groups of L is ca. 3.34 Å, which could indicate the presence
of weak aromatic π interactions.

The templating effect of CuII and ZnII ions, two of the
biologically important metal ions, on the self-assembly of
the dipeptide L has been studied by preparing the corre-
sponding Cu2L4(H2O)4·2H2O and ZnL2(H2O)4 complexes.
Reaction of L with copper acetate mono hydrate results in
the formation of the complex 1 which possess the molecular
formula CuL2(H2O)2·2H2O. The crystal structure of 1
shows that each of the copper center is coordinated to L
through the oxygen atoms of the carboxylate group; the co-
ordinated water molecules are trans to each other in a ne-
arly square-planar geometry with Cu1···O1 and Cu1···O6
bond lengths of 1.9471(10) and 1.9445(13) Å, respectively.
The carbonyl oxygen of another adjacent glycinato unit
leads to a weak Cu1···O2 (dCu1···O2 2.650 Å) coordination,
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Figure 1. 2D Molecular sheets arising from intermolecular hydro-
gen bonding in L; (Inset) The hydrogen-bonded molecular sheets
viewed parallel to bc plane.

Table 1. Hydrogen-bonding geometry (distances and angles) in N-
phthaloylglycylglycine (L).

D–H···A dD–H [Å] dH···A [Å] dD···A [Å] � D–H···A[°]

N2–H···O4#[a] 0.85 2.24 3.044 157.03
O1–H···O3## 0.89 1.71 2.593 164.82

[a] Symmetry transformations used to generate atoms: # x–1, y, z,
## –x+3/2, y+1/2, –z+1/2.

which gives the CuII center axially distorted octahedral ge-
ometry as shown in Figure 2 (a). The unusual bridging
mode of the carboxylate group in this coordination motif
leads to a one-dimensional coordination network of CuII

ions along crystallographic b axis with CuII···CuII distance
of 4.71 Å. The two O1···Cu1···O6 and O1···Cu1···O2 bond
angles are 93.40° and 86.85°, respectively. The distorted oc-
tahedral geometry (Figure 2, b) of the CuII center in com-
plex 1 is also obvious from its ESR spectra. At room tem-
perature, the ESR spectrum of the solid complex 1 shows a
strong signal with center field at 3177.6 G (g = 2.124),
which is an indication for the axially distorted octahedral
geometry around the CuII center. It may be pointed out

Figure 2. (a) Structure of the hydrogen-bonded sheets in complex 1 (interstitial water molecules are excluded for clarity); (b) Coordination
environment of CuII centers in the complex (thermal ellipsoids drawn to 30% probability).
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here that metal-directed self-assembled systems also give
rise to porous metal-organic frameworks as well as coordi-
nation polymers.[11]

In the case of complex 1, the water molecules included
inside the lattice probably underlines the importance of
water in stabilizing the β-sheets,[2] formed by the dipeptide
units connected to the CuII center. We have found that the
ligand organization in this complex is governed by weak
hydrogen-bonding interactions between the amide groups
of the dipeptide and the interstitial water molecules. In this
complex, intermolecular hydrogen bonding between the
amide N–H groups and the amide carbonyl groups (dN1···O3

2.94 Å; � D–H···A 157.8°) is complemented by weak C–
H···O interaction involving C4–H as donor and O3 as ac-
ceptor (dC4···O3 3.05 Å). This weak C–H···O interaction is
well within the range reported elsewhere.[2b] These two weak
interactions assemble the N-phthaloylglycylglycinato li-
gands leading to a parallel β-pleated sheet conformation as
shown in the Figure 2 (a). The torsion angle for rotation
about the C–N bond (φ) is –135.3°, while the corresponding
angle for the C–C bond rotation (ψ) is 169.2° which is
within the limit of β-sheet structure.[3a–3b] This corresponds
to a trans conformation about the C–C bond.[3b] The hydro-
gen-bond donor···acceptor distances and angles of complex
1 are listed in Table 2.

Table 2. Hydrogen bonding geometry (distances and angles) in
complex 1[a].

D–H···A dD–H [Å] dH···A [Å] dD···A [Å] � D–H···A[°]

N1–H···O3#[b] 0.79 2.18 2.944 162.3
O6–H···O7## 0.81 1.89 2.668 158.5
O6–H···O2 0.81 1.88 2.650 157.7
O7–H···O2+### 0.74 2.11 2.851 170.5

[a] O6 is from coordinated water; O7 is from interstitial water.
[b] Symmetry transformations used to generate atoms: # x, y+1, z;
## x –1, y+1, z +1, ### –x+1, y, –z +3/2.

In a similar way, the ZnII complex ZnL2(H2O)4 (2) was
synthesized and structurally characterized. Each ZnII ion is
coordinated to two monodentate carboxylic groups of L
and four water molecules; which results in an octahedral
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coordination environment around each ZnII center as
shown in Figure 3. The Zn1···O1, Zn1···O6 and Zn1···O7
bond lengths are 2.0921(15), 2.0586(16), 2.1429(16) Å,
respectively. The crystal structure of 2 also reveals that the
N-phthaloyl-protected dipeptide residues assemble through
intermolecular N1–H···O3 hydrogen bonds (dN1···O3

3.04 Å; � D–H···A 157.8°) along with weak C4–H···O3 in-
teractions (dC4···O3 3.11 Å). These two weak interactions
lead to the formation of parallel β-pleated sheets as shown
in Figure 3.

Figure 3. Ligand organization around the ZnII centers of the com-
plex 2.

It is noteworthy that in both the structures of complexes
1 and 2, the presence of coordinated water as well as the
interstitial water molecules (in case of 1) is crucial in stabi-
lizing the self-assembled β-pleated sheets. The hydrogen
bond lengths and bond angles that are involved in the for-
mation in complex 2 are listed in Table 3. The torsion angle
for rotation about the C–N bond (φ) in this case is –153.6°
and for the C–C bond rotation (ψ) is 165.7°, which are sim-
ilar to those in the complex 1 and is indicative of β-pleated
sheets.[2b]

Figure 4. (a) Packing pattern of 1 (viewed along b axis); (b) packing pattern of 2 (viewed along b axis).
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Table 3. Hydrogen bonding geometry (distances and angles) in
complex 2.

D–H···A dD–H [Å] dH···A [Å] dD···A [Å] � D–H···A[°]

N1–H···O3 [x, y+1, z] 0.86 2.23 3.044 157.8
O6–H···O2 1.03 1.65 2.652 159.7
O7–H···O1 [x, y+1, z] 0.80 1.88 2.672 170.4

The presence of two interstitial water molecules per for-
mula unit in complex 1 has a structural role to play, as they
hold the hydrogen-bonded dipeptide β-sheets (Figure 4, a)
through intermolecular O7–H···O2 (dO7···O2 2.85 Å; � D–
H···A 170.5°) and O7–H···O5 (dO7···O5 2.99 Å; � D–H···A
165.7°) interactions. Furthermore, each interstitial water
molecule is bound to a coordinated water molecule through
intermolecular O6–H···O7 (dO6···O7 2.66 Å; � D–H···A
158.5°) hydrogen bonds. The presence two interstitial water
molecules in the lattice is reflected in the thermogram of
the compound, which shows 8.9% weight loss in the tem-
perature range 75–120 °C corresponding to loss of three
water molecules (theoretical weight loss 8.2%) correspond-
ing to interstitial and coordinated water molecules. In the
case of 2, the coordinated water molecules are involved in
intramolecular O6–H···O7 (dO6···O7 2.91 Å; � D–H···A
149.9°) and intermolecular O7–H···O4 (dO7···O4 3.02 Å;
� D–H···A 150.2°) hydrogen-bonding interactions. These
interactions stabilize the formation of individual β-pleated
sheets in 1 and 2 as shown in Figure 4, parts a and b,
respectively. Thermogravimetric analysis of complex 2 (ple-
ase refer to supporting information, for supporting infor-
mation see also the footnote on the first page of this article)
shows that the four-coordinated water molecules are lost
between 70–135 °C, which corresponding to about 9.3%
weight loss (theoretically calculated weight loss for such
process corresponds to 10.9%).



Metal Directed Assemblies of a Dipeptide: Formation of β-Pleated Sheets SHORT COMMUNICATION
Thus, we have structurally characterized the solid-state

assemblies of N-phthaloylglycylglycine that are formed
through intermolecular hydrogen bonding, and shown that
the self-assembly of this molecule can be tuned to adopt a
β-sheet conformation by introduction of metal ions, in this
case CuII and ZnII. It is found that the parallel β-pleated
sheet assembly of the dipeptide leads to a one-dimensional
CuII carboxylate coordination polymer through carboxylate
bridging in a different manner over conventional paddle-
wheel-type of structures.[12] Currently, we are studying the
different motifs that are crucial in the metal template as-
sembly of similar dipeptides and higher analogs.

Experimental Section
The X-ray diffraction data were collected at room temperature with
a Bruker 3-circle diffractometer (Bruker Nonius SMART APEX 2)
equipped with CCD area detectors, and using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) from 60W microfocus Sie-
mens Microsource with glass polycapillary optics. X-ray diffraction
data for all the crystals were collected with Bruker SMART soft-
ware. This software was also used for indexing and determining the
unit cell parameters. The structures were solved by direct methods
and refined by full-matrix least-squares against F2 for all data using
SHELXTL software.[14] All non-H atoms were refined by full-ma-
trix least-squares in the anisotropic approximation and the hydro-
gen atoms attached to these atoms were treated as “riding” in cal-
culated positions in the case of complex 2; with L and complex 1
the hydrogen atoms were located on the difference Fourier maps.
In all cases, the hydrogen atoms attached to polar atoms such as
O and N were located on the difference Fourier maps and refined
in the final structure in isotropic approximation.

CCDC-297186 (for 1), -297187 (for 2) and -299730 (for L) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Glycylglycine, phthalic anhydride, copper(II) acetate dihydrate and
zinc(II) acetate dihydrate were procured from Fluka and used as
received. The NMR spectra were recorded with a Varian 400 MHz
spectrophotometer at room temperature while the FT-IR spectra
were recorded with Nicolet Impact–410 spectrometer using
OMNIC software.

Synthesis of N-Phthaloylglycylglycine (L): A finely ground mixture
of phthalic anhydride (0.444 g, 3 mmol) and glycylglycine (0.396 g,
3 mmol) was heated to approximately 175 °C in a 50-mL round-
bottomed flask. The molten mixture was cooled to room tempera-
ture, and the resulting solid was purified by recrystallization from
ethanol/water (1:9, v/v) mixture to obtain the product. Yield: 0.30 g
(39%). IR (KBr): ν̃ = 3363 (s), 2935 (br. s), 2873 (br. s), 2597 (s),
1737 (s), 1701 (s), 1621 (s), 1543 (s), 1419 (s), 1393 (s), 1332 (w),
1230 (s), 1107 (w), 953 (s), 728 (w) cm–1. 1H NMR ([D6]DMSO):
δ = 12.8 (br. s, 1 H–COOH), 8.5 (s, 1 H–NH), 7.8 (m, 4 H), 4.2 (s, 2
H), 3.7 (d, J = 5.6 Hz, 2 H) ppm. 13C NMR ([D6]DMSO): δ =
176.1,172.7, 171.7, 139.9, 137.1, 128.5, 46.2, 45.7 ppm.

Synthesis of Complex 1: A solution of copper(II) acetate dihydrate
(0.100 g, 0.5 mmol) in ethanol (20 mL) was added dropwise to a
homogeneous stirred solution of L (0.263 g, 1 mmol) in ethanol/
water (20 mL, 1:9, v/v) at room temperature. Light blue precipitate
had started appearing within 15 minutes of addition of the ligand.
The solution was stirred for another two hours, and the resulting
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precipitate was filtered and washed with ethanol. The precipitate
was redissolved in 20 mL of distilled water, concentrated to 10 mL,
and left undisturbed. After three days light blue needle-like crystals
of the product were collected by filtration and dried in air. Yield
for the crystalline product: 0.067 g (20% based on Cu). IR (KBr):
ν̃ = 3590 (s), 3309 (s) 3094 (br. s), 1772 (w), 1726 (s), 1658 (s), 1562
(s), 1409 (s), 1322 (w), 1265 (w), 1122 (w), 958 (s), 758 (s), 723 (s)
cm–1.

Synthesis of Complex 2: A solution of zinc(II) acetate dihydrate
(0.110 g, 0.5 mmol) in 20 mL ethanol was added dropwise to a
homogeneous stirred solution of L (0.263 g, 1 mmol) in ethanol/
water (20 mL, 1:1, v/v) at room temperature. Off-white precipitate
had started appearing within 15 minutes of addition. The solution
was stirred for another two hours, and the resulting precipitate was
filtered and washed with ethanol. The precipitate was redissolved
in 20 mL of distilled water, concentrated to 10 mL and left undis-
turbed. After five days light colorless plate-like crystals of the prod-
uct were collected by filtration and dried in air. Yield for the crys-
talline product: 0.078 g (23% based on Zn). IR (KBr): ν̃ = 3534
(s), 3319 (s) 3075 (br. s), 1770 (w), 1722 (s), 1650 (s), 1551 (s), 1411
(s), 1311 (w), 1246 (w), 1116 (w), 955 (s), 755 (s), 715 (s) cm–1. 1H
NMR ([D6]DMSO): δ = 8.3 (s, 1 H–NH), 7.8 (m, 4 H), 4.2 (s, 2 H),
3.6 (d, J = 4.4 Hz, 2 H) ppm.

Supporting Information (see also the footnote on the first page of
this article) is available for selected crystallographic data, FT-IR
spectra of the dipeptide and complex 1, the ESR spectrum of 1 and
1H HOMOCOSY spectra of complex 2.
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1-Methyl-3-propylimidazolium chloride (MPImCl) and 1-pro-
pylpyridinium chloride (PPyCl) ionic liquid functionalized
SBA-15 mesoporous materials were synthesized and used as
heterogeneous catalysts in Knoevenagel reactions with ex-
cellent yields and reusability.

Introduction

The Knoevenagel condensation, one of the most impor-
tant preparation methods of substituted alkenes, is widely
employed to synthesize intermediates of fine chemicals
(Scheme 1). Compared to traditional homogeneous cata-
lysts including organic bases (primary, secondary, tertiary
amines), ZnCl2, LiCl, and cetyltrimethylammonium bro-
mide (CTAB),[1] solid-based heterogeneous catalysts are
more desirable for their advantages in separation and reus-
ability. In recent years, resins, zeolites, hydrotalcites etc.
have been applied to this reaction as heterogeneous cata-
lysts,[2] among which organo-functionalized mesoporous sil-
icas are specially studied due to their unique properties such
as high surface area, uniform pore structure and controlla-
ble surface properties.[3] Recently, synthesis and catalysis ac-
tivities of different structured mesoporous materials func-
tionalized by amino/diamino groups have been reported.[4]

Scheme 1.

Ionic liquids, known as novel environmental benign me-
dia, have attracted great interest in the last two decades[5]

since they can serve not only as favorable solvents for catal-
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ysis but also as green catalysts themselves in many reactions
such as cycloaddition, Biginelli reaction, nitration,
Beckmann rearrangement[6] and Knoevenagel condensation
as well.[7] However, in some cases ionic liquids are miscible
with some products or reactants, leaving separation and re-
use of catalyst still a problem. Thus, immobilization of ionic
liquids on solid-based materials is of particular interest. Re-
cently, several groups reported the successful synthesis of
silica-based ionic liquids,[8] while reports on ordered ionic
liquids functionalized mesoporous materials are still quite
rare.[9] Herein, we report the synthesis of MPImCl and ionic
liquid functionalized SBA-15 mesoporous material and its
catalytic activity toward Knoevenagel condensation under
solvent-free conditions. The resulting hetergeneous catalyst
could be easily recovered with high catalytic activity re-
maining after 10 cycles.

Results and Discussion

1-Methyl-3-[(triethoxysilyl)propyl]imidazolium chloride
(MTESPImCl) and 1-[(triethoxysilyl)propyl]pyridinium
chloride (TESPPyCl) were prepared by the reaction of 1-
methylimidazole or pyridine with (3-chloropropyl)triethoxy-
silane, different from the literature[8a] not only because the
reactants were cheaper but also the corresponding pyridine
species could be obatined. The XRD patterns of the
MPImCl-SBA materials obtained with different MTES-
PImCl amounts are given in Figure 1. When the MTES-
PImCl content in the initial mixture was 5%, one intense
diffraction peak together with two weak ones could been
seen (Figure 1, b), corresponding to the (100), (110), and
(200) planes of highly ordered SBA-15 structured mesopo-
rous materials, respectively. As the MTESPImCl content in-
creased to 10%, the (110) and (200) peaks disappeared (Fig-
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ure 1, c), indicating the decrease of pore regularity. With a
further increase of the MTESPImCl content to 15%, no
characteristic peaks of SBA-15 mesoporous materials could
be seen. It is noteworthy that when the pre-hydrolysis time
of tetraethyl orthosilicate (TEOS) was prolonged to 4 h, the
order of pore structure (MTESPImCl content 10%) was
greatly improved (Figure 1, a). Similar phenomena have
been reported in the synthesis of sulfonic acid and ami-
nopropyl functionalized SBA-15 mesoporous materials un-
der acid conditions[4c,10] and could be explained by the fol-
lowing reasons: On one hand, MTESPImCl can perturb the
self-assembly of surfactant micelles and silica precursors;
on the other hand, the cationic part of MTESPImCl proba-
bly interacts with ethoxy groups of TEOS, thus inhibiting
its hydrolysis and condensation. Therefore, prolonging the
pre-hydrolysis time of TEOS can prevent MTESPImCl
from disturbing the mesophase. XRD results of PPy-SBA
materials also proved that orderd structures could be ob-
tained with TEOS pre-hydrolyzed for 4 h (Figure 2).

Figure 1. XRD patterns of MPImCl-SBA materials with different
MTESPImCl contents and different TEOS pre-hydrolyze times.

Figure 2. XRD patterns of PPyCl-SBA materials with different
TESPPyCl contents with TEOS prehydrolyzed for 4 h; a: 5%, b:
10%, c: 15%.

N2 adsorption-desorption was carried out to supply fur-
ther information about the physical properties of the ionic
liquid functionalized SBA-15 materials. As shown in
Table 1, surface areas, pore volumes and pore diameters of
the products all decreased as the ionic liquid content in-
creased from 0 to 15%, which could be attributed to the
increasing distribution of ionic liquid moieties in the inte-
rior mesopore surfaces. PPy-SBA materials were found to
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display higher surface areas and larger pore diameters com-
pared with MPImCl counterparts, and longer pre-hydroly-
sis time was found helpful to improve the structures of
products, which was in agreement with XRD results. Ele-
mental analysis was used to obtain accurate amounts of the
ionic liquid attached to the mesopores. As summarized in
Table 1, loading amounts of PPy-SBA and MPImCl-SBA
were comparable and increased with the increase of the
ionic liquid contents in the initial mixture. The effect of
pre-hydrolysis time on the loading amounts was negligible.
Solid-state 29Si NMR spectroscopy and thermogravimetric
analysis (TGA) were also used to characterize the ionic li-
quid functionalized mesoporous materials and the results
well agree with that of the elemental analysis.

Table 1. N2 adsorption-desorption and elemental analysis results of
ionic liquid functionalized SBA-15 materials.

Ionic liquid, SBET Vp Pore diameter Loading amount
amount [%] [m2/g] [cm3/g] [nm] [mmol/g]

–, 0[a] 688 0.937 5.51 0
MTESPImCl, 5[a] 482 0.849 5.33 0.512
MTESPImCl, 10[a] 400 0.564 5.13 0.943
MTESPImCl, 15[a] 143 0.221 4.12 1.322
MTESPImCl, 10[b] 529 0.653 5.89 0.966
TESPPyCl, 5[b] 558 0.997 8.04 0.569
TESPPyCl, 10[b] 504 0.901 8.03 0.986
TESPPyCl, 15[b] 368 0.775 5.74 1.409

[a] TEOS pre-hydrolysis time 40 min. [b] TEOS pre-hydrolysis time
4 h.

In view of the increasing emphasis on the adoption of
clean manufacturing processes and environmentally benign
technologies, clean, solvent-free and highly efficient cata-
lytic technologies for the chemical production are highly de-
sirable, so we carried out the Koevenagel condensation of
various aldehydes with malononitrile/ethyl cyanoacetate at
100 °C under solvent-free conditions. 10% MPImCl-SBA
and 10% PPy-SBA were used as catalysts, respectively, and
the optimal amount of catalyst was determined to be
0.8 mol-% based on the reaction of benzaldehyde with ma-
lononitrile (Table 2, Entries 1–3). As illustrated in Table 2
(Entries 4, 6, 13, 15), the catalytic activities of PPy-SBA
were slightly lower than those of MPImCl-SBA; thus,
MPImCl-SBA was slected as catalyst for the other reac-
tions. As shown in Entries 7–10, reactions of malononitrile
with all tested aldehydes were complete in 3.5 h with excel-
lent yields (not lower than 87%), which was not lower (if
not higher) compared with those in traditional homogen-
eous systems.[1,2] The influence of substituents in the aro-
matic ring was negligible, indicating the high catalysis ac-
tivity of the MPImCl-SBA materials. In the case of ethyl
cyanoacetate, however, the yields decreased even if the reac-
tion time was prolonged to 6 h (Entries 9–15). Besides, alde-
hydes with electron-donating groups (Entries 11, 14, 15)
showed lower yields compared with the others. The reus-
ability of the MPImCl-SBA materials was examined by the
reaction of benzaldehyde with malononitrile. As shown in
Entry 20, a yield as high as 86.1% was obtained in the 10th
cycle.
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Table 2. Knoevenagel condensation of aldehydes with malono-
nitrile/ethyl cyanoacetate.

Ionic liquid Isolated
Entry R1 R2 Y Time

amount yield
[mol-%] [h] [%]

1 Ph[a] H CN 0.2 3.5 63.5
2 Ph[a] H CN 0.4 3.5 89.6
3 Ph[a] H CN 0.8 3.5 93.5
4 Ph[b] H CN 0.8 3.5 92.8
5 2-ClC6H4

[a] H CN 0.8 3.5 92.4
6 2-ClC6H4

[b] H CN 0.8 3.5 89.6
7 4-MeOC6H4

[a] H CN 0.8 3.5 89.6
8 4-ClC6H4

[a] H CN 0.8 3.5 91.5
9 4-HOC6H4

[a] H CN 0.8 3.5 87.7
10 4-MeC6H4

[a] H CN 0.8 3.5 93.2
11 Ph[a] H CO2Et 0.8 3.5 69.6
12 Ph[a] H CO2Et 0.8 6.0 85.6
13 Ph[b] H CO2Et 0.8 6.0 84.0
14 2-ClC6H4

[a] H CO2Et 0.8 6.0 90.5
15 2-ClC6H4

[b] H CO2Et 0.8 6.0 82.9
16 4-MeOC6H4

[a] H CO2Et 0.8 6.0 79.1
17 4-ClC6H4

[a] H CO2Et 0.8 6.0 86.9
18 4-HOC6H4

[a] H CO2Et 0.8 6.0 81.4
19 4-MeC6H4

[a] H CO2Et 0.8 6.0 75.0
20 Ph[a,c] H CN 0.8 3.5 86.1

[a] MPImCl-SBA as catalyst. [b] PpyCl-SBA as catalyst.
[c] MPImCl-SBA in the 10th cycle.

In summary, ionic liquid functionalized SBA-15 mesopo-
rous materials were synthesized and gave high yields and
good reusability in Koevenagel condensations. These mate-
rials might be used not only as heterogeneous catalysts in
reactions such as cycloaddition and Biginelli reactions but
also as support for transition metals (work in this direction
is in progress and will be reported soon).

Experimental Section

In a typical procedure to synthesize MPImCl-SBA materials,
4.378 g of P123 (EO20PO70EO20) was dissolved in 115 g of H2O to
which 25 g of HCl was added. After 10.17 mL (0.045 mol) of TEOS
was added and pre-hydrolyzed for 40 min, 1.535 g (0.005) of MTE-
SPImCl was added. The mixture was stirred at 40 °C for 24 h and
then transferred into a Teflon-lined stainless steel autoclave and
kept at 100 °C for 24 h. The precipitate was filtered, subsequently
washed with distilled water and EtOH, and dried at 60 °C in air.
The template was removed by refluxing the as-synthesized material
in EtOH for 24 h. The Knoevenagel condensation was carried out
at 100 °C under solvent-free conditions. In a typical procedure,
1.82 g (0.025 mol) of malononitrile, 2.41 g (0.023 mol) of benzalde-
hyde and 0.22 g (0.2 mmol MPImCl) of 10% MPImCl-SBA were
mixed and allowed to react for an appropriate time. The products
were purified by column chromatography and the catalyst was fil-
tered, washed with CH2Cl2, and collected for reusability test.
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X-ray powder diffraction (XRD) data were acquired with a Rigaku
D/max 2500V/PC diffractometer with Cu-Kα radiation. N2 adsorp-
tion and desorption isotherms were measured with a Quantacrome
Autosorb-1 system at 77 K. Surface areas were calculated accord-
ing to the BET method with relative pressures in the range 0.2–0.3,
and pore volumes were taken at the P/P0 = 0.9923 single point.
Pore diameters were determined from absorption branches accord-
ing to the Barrett–Joyner–Halenda (BJH) method. Loading
amounts of ionic liquids were caculated from the nitrogen contents
performed with an Elementar Vario EC III CHNOS element ana-
lyzer.
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Tetrasulfur tetranitride and tellurium tetrachloride react in
dichloromethane to form a 1:1 adduct TeCl4·S4N4 (1). The
crystal structure of 1 shows that TeCl4 is bonded to the S4N4

ring through a Te–N linkage. As a consequence, the transan-
nular S···S bonds in S4N4 are broken and the molecule as-
sumes an open, monocyclic conformation. The Te–N bond of
2.16(1) Å is slightly longer than the single bond. The S–N
bonds span a range of 1.55(1)–1.67(1) Å. The adduct 1 was
also characterized by mass spectrometry and Raman spec-

Introduction

Tetrasulfur tetranitride is known to react in inert solvents
with a wide variety of Lewis acids and a number of 1:1
adducts have been structurally characterized. The crystal
structures are known for BF3·S4N4,[1] SO3·S4N4,[2]

AsF5·S4N4,[3] SbCl5·S4N4,[4–6] FeCl3·S4N4,[7,8] TaCl5·S4N4,[9]

and TiCl4·S4N4.[10] The complexes SnCl4·2S4N4
[11] and

TiCl4·2S4N4
[10] exemplify structurally characterized adducts

with a 1:2 stoichiometry. However, the number of other
known tellurium tetrahalide adducts containing a Te–N
bond is sparse. Gieren et al.[12] have reported the crystal
structure of TeF4(NNCHCHCH)2 and Massa et al.[13] have
determined that of [Te6N8(TeCl4)4]·4THF.

The preparation of TeCl4·S4N4 (1) by the reactions of
S4N4 with TeCl4 in various solvents,[14–16] or S(NSO)2 with
TeCl4 in CH2Cl2[17] has been reported. The compound,
however, was identified only by elemental analysis and IR
spectroscopy. While Paul et al.[14] concluded on the basis of
conductance measurements that in the solid state 1 has an
ionic structure, Alange et al.[15] inferred TeCl4·S4N4 to be a
covalent coordination complex by comparing the IR spec-
trum of the adduct with those of the structurally charac-
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troscopy. The bonding and spectroscopic properties of 1 are
compared by DFT calculations at the B3PW91/(RLCECP)
level of theory with those of BF3·S4N4 (2), SO3·S4N4 (3),
AsF5·S4N4 (4), SbCl5·S4N4 (5) for which experimental struc-
tural information is available. The structural and bonding
trends in TeF4·S4N4 (6), TeBr4·S4N4 (7), and SeX4·S4N4 [X =
F (8), Cl (9), Br (10)] are also discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

terized analogues BF3·S4N4 and SbCl5·S4N4. Ginn et al.[16]

used 1 to produce a platinum complex containing the 15N-
labelled TeSN2 ligand, but they did not provide structural
details of TeCl4·S4N4.

In this paper, we describe the structural and vibrational
characterization of 1 and demonstrate that the compound
represents one further example of a tellurium tetrahalide
bonded to nitrogen. DFT MO calculations have been uti-
lized to compare the trends in the molecular structures,
bonding, stabilities, and spectroscopic properties of 1,
BF3·S4N4 (2), SO3·S4N4 (3), AsF5·S4N4 (4), and SbCl5·S4N4

(5) for which there is experimental information available,
and to evaluate the corresponding properties in TeF4·S4N4

(6), TeBr4·S4N4 (7), and SeX4·S4N4 [X = F (8), Cl (9), Br
(10)]. S4N4H+ (11) is included in this study for compari-
son.[18]

Results and Discussion

Synthesis and Spectroscopic Characterization of
TeCl4·S4N4 (1)

TeCl4·S4N4 was produced by the reaction of S4N4 with
TeCl4 in CH2Cl2 as orange powder in ca. 76% yield. The
EI mass spectrum of the product shows TeS4N4

+ (m/z =
314) as the fragment with highest mass. Although the mass
spectrum shows no evidence of the molecular ion, the frag-
mentation pattern indicates the correct composition for
TeCl4·S4N4. The observed and calculated isotopic distribu-
tions were in good agreement for all fragments.

The 14N NMR spectrum of the reaction solution from
which the orange precipitate was removed by filtration
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shows one resonance at δ = –256 ppm, but we did not ob-
serve the 125Te resonance. The single resonance in the 14N
NMR spectrum is assigned to S4N4.[20] The compound 1 is
expected to give rise to one resonance in the 125Te NMR
spectrum and three resonances with the intensity ratio of
1:2:1 in the 14N NMR spectrum. Conductance measure-
ments[14] imply that 1 has a different structure in solution
than that observed in the solid state. The NMR spectro-
scopic data and the insolubility of the product give further
support for this conclusion.

Raman spectra were recorded for both the orange pow-
der and the red crystals that were used for the X-ray struc-
ture determination. The adduct TeCl4·S4N4 belongs to the
point group Cs and, therefore, all 33 fundamental vibrations
are Raman active. The observed and calculated B3PW91/
(RLCECP) fundamental vibrations together with the main
contributions to their potential energy distributions are
given in Table 1, and the observed and calculated spectra
are shown in Figure 1. The calculated values yield a good

Table 1. Observed Raman and IR spectra, and calculated B3PW91/(RLCECP) Fundamental vibrations [cm–1], Raman intensities, and
IR intensities of TeCl4·S4N4 (Cs).

Calcd.[a] Raman IR[b] Potential energy distribution [%][d]

obsd. Iobsd. Icalcd.
[c] Iobsd. Icalcd.

[c]

1156 vw
1072 a�� 6 1048 vs 90 78 νNS

1043 a� 1045 10 38 2 64 νNS, 18 τ, 10 δNSN

973 a�� 5 966 vs 30 75 νNS, 12 δNSN

833 a�� 807 1 6 807 s 36 50 νNS, 20 τ, 14 δTeNS, 12 δClTeN

758 a� 761 42 79 760 vs 35 34 νNS, 21 τ, 14 νTeN, 13 δSNS

727 w
681 a� 672 2 2 671 m 8 44 νNS, 23 τ, 16 δSNS

634 a�� 4 635 m 22 46 νNS, 41 τ, 10 δSNS

616 a� 611 19 45 613 m, sh �1 52 τ, 17 νNS, 16 δNSN

559 a� 566 9 23 563 w 6 27 τ, 25 νNS, 18 δSNS, 17 δNSN

549 w
521 a�� 2 500 s, br 44 30 δNSN, 29 τ, 24 δSNS, 12 νNS

411 a� 415 11 25 27 57 τ, 15 δNSN

364 a�� �1 360 vs, br 19 81 τ
342 a� 350 30 45 18 79 τ
296 a� 296 100 100 13 40 τ, 39 νTeCl

282 a�� 7 251 s, br 100 47 νTeCl, 38 τ
281 a� 8 96 54 νTeCl, 30 τ
257 a�� 265 61 45 1 76 νTeCl

250 a� 7 11 76 τ
247 a�� 248 39 6 �1 43 τ, 17 δNSN, 11 δTeNS, 10 δClTeN

231 a� 12 �1 69 τ
211 a� 212 33 10 225 w 1 70 τ, 11 δSNS

173 a�� 175 39 20 1 48 τ, 15 δNSN, 11 δTeNS

155 a� 169 54 12 8 25 τ, 13 δSNS, 12 δClTeCl, 12 νTeN, 10 δClTeN

143 a� 149 54 9 20 37 τ, 29 δClTeCl, 19 δClTeN

132 a� 138 61 10 �1 43 τ, 41 δClTeCl

118 a�� 1 �1 63 τ, 17 δClTeC

112 a� 109 22 2 1 64 τ, 14 δClTeCl

99 a�� 102 21 1 �1 43 τ, 23 δClTeCl, 22 δClTeN

87 a�� 91 30 2 �1 43 τ, 15 δClTeN, 13 νTeCl, 11 δClTeCl

86 a� 6 1 43 τ, 14 δClTeN, 11 δClTeCl, 11 νTeCl, 10 δSNS

79 a�� 76 7 3 �1 77 τ
67 a� �1 79 τ
26 a�� �1 90 τ

[a] The calculated wavenumbers have been scaled by the factor of 0.993 to eliminate systematic errors.[55] [b] Ref.[15] [c] B3PW91/
(RLCECP) Raman activities. [d] The assignment is based on the most significant contributions (�10%) in the potential energy distribu-
tion.
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agreement with the observed wavenumbers and Raman ac-
tivities (the DFT calculations are discussed in more detail
below).[21] The four observed Raman lines in the region
672–1045 cm–1 are mainly due to νS–N stretching modes.
The νTe–Cl stretching is the main contributor to the line at
265 cm–1 and also appears to be the major vibrational mode
of the strongest Raman line at 296 cm–1 together with a
torsion mode. The remainder of the Raman lines are pre-
dominantly torsional vibrations with the exception of the
lines at 138 and 149 cm–1 for which the δClTeCl bending
mode is also a significant contributor.

Crystal Structure of TeCl4·S4N4 (1)

The crystal structure of TeCl4·S4N4 (1) with the atomic
numbering scheme is shown in Figure 2(d), and the selected
bond parameters are compared with those for related S4N4

adducts in Table 2. The molecule consists of an opened mo-
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Figure 1. (a) Calculated B3PW91/(RLCECP) fundamental vi-
brations and Raman activities of TeCl4·S4N4 (1). (b) Observed Ra-
man spectrum of TeCl4·S4N4 (1).

Figure 2. The B3PW91/(RLCECP)-optimized geometries of (a)
BF3·S4N4 (2) and SO3·S4N4 (4), (b) AsF5·S4N4 (4) and SbCl5·S4N4

(6), (c) TeX4·S4N4 [X = F (6), Cl (1), Br (7)] and SeX4·S4N4 [X =
F (8), Cl (9), Br (10)]. (d) The X-ray structure of TeCl4·S4N4 (1).
The thermal ellipsoids have been drawn at 50% probability level.
The numbering of the atoms in all adducts is indicated in the fig-
ures.
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nocyclic S4N4 ring in boat conformation that is bonded to
TeCl4 through one nitrogen atom. The S–N bond lengths
[range 1.55(1)–1.67(1) Å] and the S–N–S bond angles
(range 110.2–140.7°) in 1 are in good agreement with those
reported for other adducts of S4N4 (Table 2).[1–9] The S(2)–
S(4) and S(1)–S(3) distances [4.09(1) and 4.125(1) Å] across
the ring are significantly longer than the corresponding dis-
tances in S4N4 [2.595(1) and 2.590(1) Å][26] indicating the
expected loss of transannular S···S interaction.

The Te–N bond length of 2.16(1) Å in TeCl4·S4N4 is sig-
nificantly longer than the single bond length[27] and ca.
0.12 Å longer than the Cl4Te–N bond length in [Te6N8-
(TeCl4)4]·4THF.[12] The Te–Cl bonds [2.464(3)–2.504(4) Å]
are similar to the bond length of 2.516(4) Å in [Te6N8-
(TeCl4)4]·4THF.[13] The shortest intermolecular Te···Cl con-
tacts in TeCl4·S4N4 are 3.37(1) and 3.44(2) Å and are typi-
cal for secondary bonding interactions involving tellurium
{for instance, the shortest intermolecular Te···Cl contact in
[Cl2Te(µ-NtBu)2TeCl2]3 is 3.107(1) Å[30]}. These contacts
and a weak intermolecular S···N interaction link the mole-
cules into a three-dimensional network (see Figure 3).

A DFT Study of Selected Lewis Acid Adducts of S4N4

The B3PW91/(RLCECP)-optimized geometries of
TeCl4·S4N4, BF3·S4N4, SO3·S4N4, AsF5·S4N4, SbCl5·S4N4,
and S4N4H+ are shown in Table 2 and compared to experi-
mental information from crystal structure determinations.
Whereas the optimized bond lengths show a slight overesti-
mation, it can be seen that the calculated bond angles are
close to the experimental values. The RMS deviation be-
tween the calculated and observed bond lengths is only
0.034 Å and that of the bond angles is 2°. The optimized
geometries of all adducts exhibit local minima with molecu-
lar symmetry Cs. The geometries are slightly distorted from
the ideal in the crystal structures due to packing effects in
the lattices. The optimized bond parameters of TeF4·S4N4,
TeBr4·S4N4, and SeX4·S4N4 (X = F, Cl, Br) are shown in
Table 3 and exhibit features similar to those species for
which experimental information is available (c.f. Table 2).

The S4N4 ring in all adducts shows similar structural fea-
tures irrespective of the identity of the Lewis acid (see Fig-
ure 2). The transannular S···S interactions of the free S4N4

cage are absent and, in each adduct, the molecule exhibits
a monocyclic ring in the boat conformation.[31]

The B3PW91/(RLCECP) natural atomic charges and
Mayer–Mulliken bond orders of the adducts 1–10 are
shown in Table 4. With the exception of values involving
N(1), the atomic charges and bond orders within the S4N4

ring are virtually independent of the Lewis acid. While the
bond orders of N(1)–S(1) and N(1)–S(4) bonds are close to
unity, those of other S–N bonds are significantly higher.
This might indicate delocalization of π-electron density, but
the high bond orders and consequently short S–N bond
lengths have also been discussed in terms of electrostatic
reinforcement of the bonds.[32–36]

The bond orders of the M(1)–N(1) bond and the natural
atomic charges of M(1) and N(1) expectedly show variation
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Table 2. Selected bond lengths [Å] and angles [°] of TeCl4·S4N4, BF3·S4N4, SO3·S4N4, AsF5·S4N4, SbCl5·S4N4, and S4N4H+.

TeCl4·S4N4 BF3·S4N4 SO3·S4N4 AsF5·S4N4 SbCl5·S4N4 S4N4H+

Expt.[a] DFT[b] Expt.[c] DFT[b] Expt.[d] DFT[b] Expt.[e] DFT[b] Expt.[f] DFT[b] Expt.[g] DFT[b]

S(1)–N(1) 1.63(1) 1.672 1.666(5) 1.667 1.668(4) 1.669 1.64(1) 1.668 1.662(9) 1.667 1.656(3) 1.688
S(1)–N(2) 1.59(1) 1.608 1.595(5) 1.615 1.575(6) 1.613 1.60(2) 1.612 1.581(9) 1.610 1.582(2) 1.607
S(2)–N(2) 1.55(1) 1.570 1.542(6) 1.569 1.555(6) 1.566 1.56(2) 1.567 1.53(1) 1.570 1.573(2) 1.561
S(2)–N(3) 1.60(1) 1.599 1.580(6) 1.604 1.585(6) 1.602 1.59(2) 1.601 1.59(1) 1.602 1.555(2) 1.603
S(3)–N(3) 1.57(1) 1.599 1.588(6) 1.604 1.593(5) 1.602 1.57(2) 1.601 1.58(1) 1.602 1.569(2) 1.603
S(3)–N(4) 1.56(1) 1.570 1.550(6) 1.569 1.511(7) 1.566 1.55(2) 1.567 1.54(1) 1.570 1.539(3) 1.561
S(4)–N(4) 1.59(1) 1.608 1.591(6) 1.615 1.616(6) 1.613 1.58(2) 1.612 1.57(1) 1.610 1.595(3) 1.607
S(4)–N(1) 1.67(1) 1.672 1.651(5) 1.667 1.688(4) 1.699 1.70(1) 1.668 1.651(9) 1.667 1.643(3) 1.688
M(1)–N(1) 2.16(1) 2.174 1.577(8) 1.632 1.749(4) 1.935 1.90(1) 1.992 2.134(7) 2.249 0.72(3) 1.019
M(1)–X(1) 2.448(3) 2.503 1.371(8) 1.381 1.429(6) 1.463 1.71(1) 1.752 2.352(4) 2.416
M(1)–X(2) 2.504(4) 2.503 1.371(7) 1.381 1.428(5) 1.463 1.72(1) 1.752 2.360(3) 2.416
M(1)–X(3) 2.501(3) 2.500 1.377(8) 1.365 1.442(5) 1.453 1.72(1) 1.737 2.342(3) 2.408
M(1)–X(4) 2.464(3) 2.500 1.73(1) 1.737 2.359(3) 2.408
M(1)–X(5) 1.70(1) 1.709 2.334(3) 2.363
N(1)–S(1)–N(2) 110.2(6) 109.7 110.3(3) 110.9 108.6(3) 111.4 110.5(8) 111.0 110.1(5) 110.3 109.7(1) 110.9
S(1)–N(2)–S(2) 141(1) 137.4 137.6(4) 136.4 139.0(4) 137.2 137(1) 137.8 138.4(8) 137.2 138.9(2) 141.4
N(2)–S(2)–N(3) 119.2(7) 121.4 120.2(3) 121.5 119.7(3) 121.4 119.1(8) 121.6 120.8(6) 121.6 119.3(1) 119.7
S(2)–N(3)–S(3) 139.0(9) 139.2 137.9(4) 136.9 140.0(4) 137.9 139(1) 138.4 138.4(8) 138.0 138.1(1) 137.1
N(3)–S(3)–N(4) 118.9(7) 121.4 121.3(3) 121.5 121.2(3) 121.4 118.4(9) 121.6 119.6(6) 121.6 118.8(1) 119.7
S(3)–N(4)–S(4) 140.5(9) 137.4 137.3(4) 136.4 137.7(3) 137.2 140(1) 137.8 139.7(8) 137.2 138.0(2) 141.4
N(4)–S(4)–N(1) 110.7(6) 109.7 110.2(3) 110.9 107.6(3) 111.4 109.1(8) 111.0 109.8(5) 110.3 111.1(1) 110.9
S(4)–N(1)–S(1) 112.6(6) 112.7 112.7(3) 111.7 116.3(3) 114.7 112.3(8) 113.6 112.6(5) 112.0 118.4(1) 119.5
S(1)–N(1)–M(1) 123.9(6) 122.3 121.1(4) 123.1 124.5(3) 121.5 124.7(8) 123.1 123.3(5) 123.2 113(2) 118.8
S(4)–N(1)–M(1) 123.0(7) 122.3 126.0(4) 123.1 119.2(3) 121.5 123.1(7) 123.1 123.4(5) 123.2 121(2) 118.8
N(1)–M(1)–X(1) 84.6(3) 84.5 107.1(5) 104.7 101.1(3) 98.0 88.2(6) 87.0 89.2(2) 86.1
N(1)–M(1)–X(2) 82.1(3) 84.5 109.2(5) 104.7 103.8(2) 98.0 89.8(6) 87.0 88.1(3) 86.2
N(1)–M(1)–X(3) 81.7(3) 82.7 108.9(5) 107.4 104.4(3) 101.4 90.3(6) 86.6 88.0(2) 85.3
N(1)–M(1)–X(4) 86.7(3) 82.7 89.1(6) 86.6 88.5(3) 85.3
N(1)–M(1)–X(5) 178.5(6) 179.7 179.8(2) 180.0
X(1)–M(1)–X(2) 91.5(1) 90.2 111.1(5) 113.0 115.0(3) 117.4 90.2(6) 89.4 90.6(1) 90.1
X(1)–M(1)–X(3) 166.3(1) 167.2 112.2(5) 113.0 116.9(4) 117.6 178.5(6) 173.6 177.2(1) 171.5
X(1)–M(1)–X(4) 89.9(1) 88.6 89.9(6) 89.4 88.8(1) 89.3
X(1)–M(1)–X(5) 91.3(6) 92.7 90.9(1) 93.8
X(2)–M(1)–X(3) 87.3(1) 88.6 108.3(5) 113.1 113.2(3) 117.6 89.8(6) 89.3 89.8(1) 89.3
X(2)–M(1)–X(4) 168.5(1) 167.2 178.9(6) 173.6 176.5(1) 171.5
X(2)–M(1)–X(5) 91.5(6) 92.7 91.7(1) 93.9
X(3)–M(1)–X(4) 88.7(1) 89.7 90.1(6) 91.2 90.7(1) 89.9
X(3)–M(1)–X(5) 90.2(6) 93.6 91.9(1) 94.7
X(4)–M(1)–X(5) 89.6(6) 93.6 91.7(1) 94.7

[a] This work. [b] The calculations have been carried out at the B3PW91/(RLCECP) level of theory. [c] Ref.[1] [d] Ref.[2] [e] Ref.[3] [f] Ref.[6]

[g] Ref.[19]

with respect to the identity of MXn, and therefore play a
role in the stabilities of the adducts.

The calculated energies of formation of the different
Lewis acid adducts of S4N4 are listed in Table 5 (see Sup-
porting Information for zero-point energy-corrected total
energies of the relevant molecular species). While the for-
mation of each adduct is an energetically favorable process,
the energy changes span a wide range of values from almost
energy-neutral formation of SeBr4·S4N4 to a very strongly
exothermic reaction yielding AsF5·S4N4. There are two
qualitative trends that affect the energy of formation, as
shown in Figure 4. On one hand, the energy of formation
becomes less negative with increasing M(1)–N(1) bond or-
der. On the other hand, the energy of formation becomes
more negative with increasing difference of charges between
the M(1) and N(1) atoms. It can be concluded that the most
stable adducts have the largest ionic contribution and the
smallest covalent contribution in their M(1)–N(1) bonds.
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Vibrational Spectroscopy

As discussed above, the calculated fundamental vi-
brations and Raman activities of TeCl4·S4N4 yield a good
agreement with the observed Raman spectrum and provide
the definite identification of the orange bulk powder that is
obtained from the direct reaction of S4N4 and TeCl4 (see
Table 1). The Raman spectrum of the red crystals that were
obtained as a side product in the reaction of (Me3SiNSN)2S
and TeCl4 was virtually identical with that recorded for the
orange powder.

The observed IR spectra of BF3·S4N4,[37] SO3·S4N4,[2]

AsF5·S4N4,[38] SbCl5·S4N4,[15] SeCl4·S4N4,[15] and TeF4·
S4N4

[15] are also in good agreement with the calculated
B3PW91/(RLCECP) wavenumbers and intensities, as
shown in the Supporting Information. This good agreement
between the calculated and observed parameters also en-
ables the prediction of both IR and Raman spectra of
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Figure 3. The closest Te···Cl contacts of 3.37(1) and 3.44(2) Å and
the closest S···N contact of 3.31(1) Å link the TeCl4·S4N4 molcules
into a continuous network.

SeF4·S4N4, SeBr4·S4N4, and TeBr4·S4N4 for which no ex-
perimental information is available (see Supporting Infor-
mation).

Conclusions

The X-ray structure of TeCl4·S4N4 reveals features sim-
ilar to those reported for other 1:1 adducts of S4N4 with
Lewis acids. The coordination of a nitrogen centre to the
acid results in loss of the transannular S···S interactions in
S4N4 ring, which adopts a boat conformation. DFT calcu-
lations for a series of 1:1 adducts reveal that the π electron
density in the ring is delocalized. Consequently, all S–N
bond lengths lie between those of single and double bonds.
The B3PW91/(RLCECP) Mayer–Mulliken bond orders
support this conclusion. The bond parameters, natural
atomic charges, and bond orders within the S4N4 ring are
rather insensitive to the chemical identity of the Lewis acid,
the most notable exceptions being the charge on the nitro-
gen atom that is bonded to the acid molecule.

The B3PW91/(RLCECP) energies of formation of the
adducts from their component molecules vary significantly.
The formation of AsF5·S4N4 is most exothermic and that of
SeBr4·S4N4 is almost thermoneutral. The DFT calculations
qualitatively show that the relative stabilities of the adducts
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Table 3. The B3PW91/(RLCECP)-optimized bond lengths [Å] and
angles [°] of TeF4·S4N4 (6), TeBr4·S4N4 (7), and SeX4·S4N4 [X = F
(8), Cl (9), Br (10)].

TeF4·S4N4 TeBr4·S4N4 SeF4·S4N4 SeCl4·S4N4 SeBr4·S4N4

S(1)–N(1) 1.665 1.672 1.659 1.663 1.670
S(1)–N(2) 1.612 1.610 1.611 1.609 1.610
S(2)–N(2) 1.568 1.571 1.567 1.570 1.571
S(2)–N(3) 1.601 1.599 1.598 1.597 1.597
S(3)–N(3) 1.601 1.599 1.598 1.597 1.597
S(3)–N(4) 1.568 1.571 1.567 1.570 1.571
S(4)–N(4) 1.612 1.610 1.611 1.609 1.610
S(4)–N(1) 1.665 1.672 1.659 1.663 1.670
M(1)–N(1) 2.156 2.205 1.993 2.022 2.018
M(1)–X(1) 1.978 2.672 1.869 2.375 2.547
M(1)–X(2) 1.978 2.672 1.869 2.375 2.547
M(1)–X(3) 1.960 2.675 1.841 2.375 2.557
M(1)–X(4) 1.960 2.675 1.841 2.375 2.557
N(1)–S(1)–N(2) 110.6 109.8 110.9 109.7 109.5
S(1)–N(2)–S(2) 137.1 137.2 137.2 137.1 137.2
N(2)–S(2)–N(3) 121.7 121.6 121.8 121.7 121.5
S(2)–N(3)–S(3) 138.5 139.3 139.7 140.5 140.6
N(3)–S(3)–N(4) 121.7 121.6 121.8 121.7 121.5
S(3)–N(4)–S(4) 137.1 137.2 137.2 137.1 137.2
N(4)–S(4)–N(1) 110.6 109.8 110.9 109.7 109.5
S(4)–N(1)–S(1) 113.5 112.5 116.0 115.4 114.4
S(1)–N(1)–M(1) 123.2 122.2 122.0 121.2 121.3
S(4)–N(1)–M(1) 123.2 122.2 122.0 121.2 121.3
N(1)–M(1)–X(1) 78.6 86.0 81.9 88.2 90.4
N(1)–M(1)–X(2) 78.6 86.0 81.9 88.2 90.4
N(1)–M(1)–X(3) 77.8 83.5 81.0 85.5 87.2
N(1)–M(1)–X(4) 77.8 83.5 81.0 85.5 87.2
X(1)–M(1)–X(2) 87.8 90.4 89.1 90.5 90.7
X(1)–M(1)–X(3) 156.4 169.5 163.0 173.7 177.6
X(1)–M(1)–X(4) 86.5 89.9 87.8 89.3 89.6
X(2)–M(1)–X(3) 86.5 89.9 87.8 89.3 89.6
X(2)–M(1)–X(4) 156.4 169.5 163.0 173.7 177.6
X(3)–M(1)–X(4) 89.6 89.7 90.3 90.5 90.0

with respect to their components depend on the ionic char-
acter of the M–N bond.

The fundamental vibrations calculated at the B3PW91/
(RLCECP) level of theory show good agreement with the
experimental IR and Raman vibrations and their intensities.
The calculations indicate that vibrational spectroscopy can
be used to identify the species formed upon adduct forma-
tion and that this level of theory is sufficient to predict the
vibrational spectra of the adducts that are still unknown.

Experimental Section
General Procedures: All reactions and manipulations of air- and
moisture-sensitive reagents were carried out under argon passed
through P4O10. The reagents SCl2, SO2Cl2 and TeCl4 (Aldrich)
were used without further purification. [(Me3Si)2N]2S was prepared
from (Me3Si)2NH by utilizing the method of Wolmershäuser et
al.[39] and purified by distillation. S4N4 was produced by the reac-
tion of [(Me3Si)2N]2S with a mixture of SCl2 and SO2Cl2.[40]

Dichloromethane was dried by distillation over P4O10 under nitro-
gen prior to use.

Spectroscopic Methods and Vibrational Analysis: The 14N and 125Te
NMR spectra were recorded in dichloromethane with a Bruker
DPX 400 spectrometer operating at 28.909 and 126.240 MHz,
respectively. The spectral widths were 14.49 and 95.24 kHz, yielding
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Table 4. B3PW91/(RLCECP) natural atomic charges and Mayer–Mulliken bond orders in 1–10.

MX3·S4N4
[a] MX5·S4N4

[b] MX4·S4N4
[c] S4N4H+

2 3 4 5 6 1 7 8 9 10 11

Natural atomic charges

S(1) 1.02 1.03 1.05 1.06 1.05 1.06 1.05 1.06 1.08 1.08 1.03
N(1) –1.17 –1.20 –1.26 –1.20 –1.26 –1.24 –1.23 –1.20 –1.18 –1.17 –1.11
S(2) 1.21 1.23 1.23 1.22 1.23 1.23 1.22 1.25 1.24 1.23 1.30
N(2) –0.96 –0.96 –0.96 –0.97 –0.96 –0.98 –0.98 –0.97 –0.98 –0.99 –0.95
S(3) 1.21 1.23 1.23 1.22 1.23 1.23 1.22 1.25 1.24 1.23 1.30
N(3) –1.09 –1.10 –1.10 –1.09 –1.09 –1.08 –1.07 –1.07 –1.07 –1.07 –1.12
S(4) 1.02 1.03 1.06 1.06 1.05 1.06 1.05 1.06 1.08 1.08 1.30
N(4) –0.96 –0.96 –0.96 –0.97 –0.96 –0.98 –0.98 –0.97 –0.98 –0.99 –0.95
M(1) 1.41 2.60 2.83 1.74 2.50 1.48 1.27 2.11 1.04 0.83 0.47
X(1) –0.58 –0.99 –0.64 –0.42 –0.70 –0.47 –0.41 –0.65 –0.38 –0.33
X(2) –0.58 –0.99 –0.64 –0.42 –0.70 –0.47 –0.41 –0.65 –0.38 –0.33
X(3) –0.56 –0.94 –0.62 –0.40 –0.68 –0.43 –0.38 –0.62 –0.35 –0.30
X(4) –0.62 –0.40 –0.68 –0.43 –0.38 –0.62 –0.35 –0.30
X(5) –0.60 –0.36

Mayer–Mulliken bond orders

S(1)–N(1) 1.15 1.12 1.14 1.12 1.12 1.08 1.08 1.13 1.09 1.08 1.08
S(1)–N(2) 1.31 1.31 1.32 1.33 1.32 1.32 1.32 1.31 1.32 1.31 1.32
S(2)–N(2) 1.53 1.53 1.52 1.50 1.52 1.50 1.49 1.52 1.49 1.48 1.55
S(2)–N(3) 1.33 1.33 1.34 1.34 1.34 1.35 1.35 1.35 1.35 1.35 1.33
S(3)–N(3) 1.33 1.33 1.34 1.34 1.34 1.35 1.35 1.35 1.35 1.35 1.33
S(3)–N(4) 1.53 1.53 1.52 1.50 1.52 1.50 1.49 1.52 1.49 1.48 1.55
S(4)–N(4) 1.31 1.31 1.32 1.33 1.32 1.32 1.32 1.31 1.32 1.31 1.32
S(4)–N(1) 1.15 1.12 1.14 1.12 1.12 1.08 1.08 1.13 1.09 1.08 1.08
M(1)–N(1) 0.58 0.48 0.34 0.35 0.42 0.46 0.48 0.47 0.53 0.54 0.72
M(1)–X(1) 0.91 1.70 0.73 0.85 0.57 0.83 0.77 0.66 0.86 0.94
M(1)–X(2) 0.91 1.70 0.73 0.85 0.57 0.83 0.77 0.66 0.86 0.94
M(1)–X(3) 0.98 1.81 0.75 0.87 0.61 0.84 0.78 0.70 0.86 0.93
M(1)–X(4) 0.75 0.87 0.61 0.84 0.78 0.70 0.86 0.93
M(1)–X(5) 0.80 0.98

[a] M = B, S; X = F, O. [b] M = As, Sb; X = F, Cl. [c] M = Te, Se; X = F, Cl, Br.

Table 5. B3PW91/(RLCECP) energies of formation of MXn·S4N4.

Reaction ∆E [kJ·mol–1][a]

BF3 +S4N4 � BF3·S4N4 –81.4
SO3 +S4N4 � SO3·S4N4 –58.6
SeF4 +S4N4 � SeF4·S4N4 –42.2
SeCl4 +S4N4 � SeCl4·S4N4 –23.4
SeBr4 +S4N4 � SeBr4·S4N4 –8.2
TeF4 +S4N4 � TeF4·S4N4 –69.5
TeCl4 +S4N4 � TeCl4·S4N4 –43.0
TeBr4 +S4N4 � TeBr4·S4N4 –30.5
AsF5 +S4N4 � AsF5·S4N4 –116.3
SbCl5 +S4N4 � SbCl5·S4N4 –66.7

[a] The energy changes are based on total energies of the molecular
species incorporating the zero-point-energy corrections.

the respective resolutions of 7.08 and 1.45 Hz/data point. The pulse
widths were 12.0 µs for 14N and 6.67 µs for 125Te, corresponding to
nuclear tip angles of 44 and 30°, respectively. All spectra were re-
corded unlocked. The 14N NMR chemical shifts are reported rela-
tive to CH3NO2 and 125Te NMR spectra were referenced externally
to a saturated solution of H6TeO6. The MS-EI mass spectrum was
recorded with a Micromass Quattro II spectrometer at 70 eV of
electron energy. Raman spectra were recorded for solid samples at
room temperature with a Bruker IFS-66 spectrometer equipped
with a FRA-16 Raman unit and Nd:YAG laser (power 110 mW;
8–64 scans; spectral resolution ±1 cm–1; Blackmann–Harris four-
term apodization, no white light correction, 180 ° scattering geome-
try).
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Preparation of TeCl4·S4N4 (1): S4N4 (0.092 g, 0.5 mmol) was dis-
solved in dichloromethane (10 mL) and added to a suspension of
TeCl4 (0.135 g, 0.5 mmol) in dichloromethane (10 mL) at –80 °C.
The reaction mixture was stirred overnight and warmed slowly to
room temperature to give a yellow solution and an orange, insolu-
ble precipitate of 1 (0.174 g, 76%). This precipitate was used for
vibrational and mass spectroscopic characterization of the product.
The NMR spectrum was recorded from the yellow solution ob-
tained after filtration. 14N NMR (CH2Cl2, 25 °C): δ = –256 (S4N4)
ppm. MS: m/z (%) = 46 (100) [SN+], 78 (18) [S2N+], 92 (26) [S2N2

+],
130 (77) [Te+], 138 (18) [S3N3

+], 144 (7) [TeN+], 165 (72) [TeCl+],
176 (25) [TeSN+], 184 (5) [S4N4

+], 200 (52) [TeCl2+], 211 (22)
[TeClSN+], 235 (38) [TeCl3+], 246 (28) [TeCl2SN+], 257 (67)
[TeClS2N2

+], 292 (19) [TeCl2S2N2
+], 314 (5) [TeS4N4

+]. All frag-
ments show expected isotopic distributions. The m/z and intensities
in the list above refer to the fragments containing the 130Te isotope.

X-ray Crystallography: A small number of red, moisture-sensitive
crystals of TeCl4·S4N4 (1) were obtained by the reaction of (Me3S-
iNSN)2S with TeCl4 in CH2Cl2.[41] FW = 453.68 g/mol, monoclinic,
space group Cc, a = 12.998(2), b = 11.914(2), c = 7.214(1) Å, β =
101.65(1)°; V = 1080.5(3) Å3; Z = 4, Dc = 2.789 g cm–3; F(000)
= 848; µ(Mo-Kα) = 4.471 mm–1, T = 120 K, crystal dimensions
0.2×0.1×0.1 mm3. Reflections (2890 total, 1610 unique, θ range
3.42–26.00°, Rint = 0.0369) were collected on Nonius Kappa CCD
diffractometer using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å). The intensity data were corrected for Lorentz and
polarization effects, and an empirical absorption correction was ap-
plied to the net intensities. The structure was solved by direct meth-
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Figure 4. The dependence of the B3PW91/(RLCECP) energy of
formation of adducts 1–10 on (a) M(1)–N(1) bond order and (b)
difference of atomic charges of M(1) and N(1) (see Table 4).

ods using SHELXS-97[43] and refined using SHELXL-97.[44] The
scattering factors for the neutral atoms were those incorporated
with the programs. The final R1 = 0.0515 [I � 2σ(I)] and wR2 =
0.1242 (all data) [R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = [Σw(Fo

2 –Fc
2)2/

ΣwFo
4]1/2, w = [σ2(Fo

2)+(0.0700P)2 +10.00P]–1 where P =
{max(Fo

2,0)+2Fc
2}/3]. Maximum and minimum values in the final

difference Fourier synthesis are 2.342 and –1.629 e·Å–3.

Further details of the crystal-structure investigation of 1 can be
obtained free of charge from the Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, Fax:
+49-7247-808-666, E-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-karlsruhe.de (under “Products and Services”) on quoting
the depository number CSD-416253.

Computational Details: The molecular orbital calculations of
TeCl4·S4N4 (1), BF3·S4N4 (2), SO3·S4N4 (3), AsF5·S4N4 (4),
SbCl5·S4N4 (5), TeF4·S4N4 (6), TeBr4·S4N4 (7), and SeX4·S4N4 [X
= F (8), Cl (9), Br (10)] were carried out at the DFT level of theory
involving Becke’s three parameter hybrid functionals with the Per-
dew/Wang 91 correlation (B3PW91)[45–51] and using the Stuttgart
relativistic large core effective core potential approximation
(RLCECP)[52–54] by augmenting the double-zeta quality basis sets
of the valence orbitals by two polarization functions for all atoms
except for hydrogen for which a standard Pople-type 6-31G* basis
was used, as implemented in Gaussian 98 and Gaussian 03. Com-
plete geometry optimizations were performed for each adduct.
Fundamental vibrations were calculated to establish the nature of
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the stationary points and to enable the assignment of the Raman
spectra. The calculated wavenumbers and zero-point-energy correc-
tions (ZPE) were scaled by 0.993 to eliminate the systematic er-
rors.[55] The calculations were mainly performed with the
GAUSSIAN 03 (Rev. B.04) program package.[56] The wavefunction
files for NBO 5.0,[57] however, were calculated with the
GAUSSIAN 98 (Rev. A.9) package.[58]

Supporting Information (see also the footnote on the first page of
this article): Table S1. B3PW91/(RLC ECP) total and formation
energies, and ZPE scaled by 0.993 of MX3(S4N4) (M = B, S; X =
F, O), MX4(S4N4) (M = Se, Te; X = F, Cl, Br), MX5(S4N4) (M =
As, Sb; X = F, Cl) and S4N4H+. Table S2. Scaled B3PW91/(RLC
ECP) fundamental vibrations of MX4(S4N4) (M = Se, Te; X = F,
Cl, Br). Table S3. Scaled B3PW91/(RLC ECP) fundamental vi-
brations of MX3(S4N4) (M = B, S; X = F, O), MX5(S4N4) (M =
As, Sb; X = F, Cl) and S4N4H+.
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Hexamethylenetetrammonium salts, composed of energetic
anions 3,5-dinitropyrazolate, 4,5-dinitroimidazolate, 3,5-di-
nitro-1,2,4-triazolate, 5-nitrotetrazolate, perchlorate, nitrate
and azide, were synthesized and characterized. The struc-
ture of N-methyl-hexamethylenetetrammonium 3,5-dinitro-
1,2,4-triazolate (6) was confirmed by X-ray analysis. The
standard enthalpies of formation for the new salts were cal-

Introduction

In recent years, the synthesis of energetic heterocyclic
compounds has attracted considerable interest,[1–7] espe-
cially the syntheses of new members of heterocyclic-based
energetic, low-melting salts.[8,9] Energetic materials that are
salt-based often possess advantages over non-ionic mole-
cules because these salts tend to exhibit lower vapor pres-
sure and higher densities than their atomically similar non-
ionic analogues. The cation is generally a bulky organic
species with low symmetry. Nitrogen-containing hetero-
cyclic-based salts predominate. The anion most frequently
is inorganic, such as nitrate,[8,9,10g] perchlorate,[8,9,10e]

dinitramide,[8,9c,10] azide[10g] and tetraazidoborate anion.[11]

However, reports are already available that describe analo-
gous salts with organic anions, such as α-cyano-4-hydroxy-
cinnamate, anthraquinone-2-sulfonate,[12] salicylate and lac-
tate,[13] imidazolate and triazolate and tetrazolate.[9e,14,15]

Some metal salts composed of organic anions, such as lith-
ium 4,5-dicyano-1,2,3-triazolate, were reported as electro-
lytes.[16] Alkali metal salts of 5,5�-azotetrazolate[17] and
transition-metal salts of 5-nitro-2,4-dihydro-3H-1,2,4-tri-
azol-3-one[18] were also synthesized as energetic compounds.

Hexamethylenetetramine is an interesting raw material
which is useful in the production of antibacterial agents,
adhesives, coatings, dye fixatives, anticorrosive agents as
well as powerful explosives, e.g., 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX), 1,3,5-trinitro-1,3,5-triaza-
cyclohexane (RDX) and pentaerythrol tetranitrate
(PETN).[19] The mechanisms of nitration of hexamethylene-
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culated by using the computationally feasible DFT(B3LYP)
and MP2 methods in conjunction with an empirical approach
based on the densities of the salts. The calculated values
range from ∆Hf° = –30.6 (7) to +468.8 kJ·mol–1 (10) where the
experimental densities � 1.35 g cm–3.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tetramine were also studied in detail.[20] The preparation
of certain salts of hexamethylenetetramine has long been
known, including both inorganic salts, such as chloride, sul-
fate, phosphate, and organic salts, such as formate, meth-
anesulfonate, p-toluenesulfonate and many others.[21] The
literature data of energetic hexamethylenetetramine dini-
trate (HEXADI) and related compounds were given re-
cently.[22] The syntheses and crystal structures of various
energetic urotropinium salts with azide, nitrate, dinitramide
and azotetrazolate counterions are also reported,[23] but no
energetic characterization was cited. Our main interest in
this work is to investigate the syntheses and thermal proper-
ties of hexamethylenetetrammonium salts containing both
energetic inorganic and organic anions, such as nitrate, per-
chlorate, and azide, and 3,5-dinitropyrazolate, 4,5-dini-
troimidazolate, 3,5-dinitro-1,2,4-triazolate, and 5-nitrotet-
razolate, respectively. The calculated heats of formation of
these compounds based on DFT(B3LYP) and MP2 meth-
ods in conjunction with an empirical approach based on
densities of salts are also presented.[10h]

Results and Discussion

Hexamethylenetetrammonium salts with nitrate, azide,
dinitramide and azotetrazolate counterions have been pre-
pared either from hexamethylenetetramine and nitric acid
or the metathesis reaction from the corresponding iodide
(or sulfate) with AgN3, [AgNCCH3][N(NO2)2], or barium
azotetrazolate.[23] It was found that 4,5-dinitroimidazole
and 5-nitrotetrazole, which are strong NH acids (pKa =
–0.8 for 5-nitrotetrazole)[24] with electron-withdrawing nitro
substituents on the ring, can be readily quaternized with
azoles to form energetic azolium-azolate salts.[9e] Here we
synthesized several new hexamethylenetetrammonium salts
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Scheme 1. Syntheses of energetic hexamethylenetetrammonium salts.

based on energetic azolate anions (3,5-dinitropyrazolate,
4,5-dinitroimidazolate, 3,5-dinitro-1,2,4-triazolate and 5-ni-
trotetrazolate) and inorganic anions (nitrate, perchlorate
and azide). Typical examples for preparation of such salts
are given in Scheme 1. It was found that 3,5-dinitropyr-
azole, 4,5-dinitroimidazole, 3,5-dinitro-1,2,4-triazole and 5-
nitrotetrazole can readily quaternize hexamethylenetetra-
mine in methanol. The salts were formed in nearly quantita-
tive yields and in high purity (1–4). However, although ex-
cess 4,5-dinitroimidazole (or 5-nitrotetrazole) was heated
with hexamethylenetetramine, it was not possible to react
more than one mol of either azole. This is in contrast with
the diammonium salt which resulted when excess nitric acid
was employed.[22]

N-(Methyl)hexamethylenetetrammonium iodide (5) was
prepared in quantitative yield from hexamethylenetetramine
and CH3I with chloroform as solvent based on a modified
literature method.[23] Initially, the synthesis of N-(methyl)-
hexamethylenetetrammonium 3,5-dinitro-1,2,4-triazolate
was attempted by metathesis reactions of the corresponding
iodide salt with sodium 3,5-dinitro-1,2,4-triazolate.[25] How-
ever, the reaction did not work well. Although silver 3,5-
dinitro-1,2,4-triazolate[26] was water-insoluble, it had good
solubility in acetonitrile. Therefore, metathesis of the qua-
ternary iodide 5 with silver 3,5-dinitro-1,2,4-triazolate with
CH3CN as solvent led to the formation of the new quater-
nary salt 6 in nearly quantitative yield and in high purity.
The quaternary salts 7–9 were also obtained in high yield
using a similar method as 6, from compound 5 and AgNO3,
AgClO4 and AgF with water as solvent. N-(Methyl)hexa-
methylenetetrammonium azide (10) was obtained from
compound 9 and Si(CH3)3N3 in methanol as solvent in high
purity and in quantitative yield.[27]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2959–29652960

The structure of compound 6 was determined by single-
crystal X-ray diffraction, and the asymmetric unit is shown
in Figure 1. This consists of two independent ion pairs.

Figure 1. Thermal ellipsoid plot (30%) of the asymmetric unit of
compound 6. Hydrogen atoms omitted for clarity.

The most distinctive feature of this structure is the angle
of the NO2 groups to the triazolate anion which vary widely
(O1–N3–O2, 2.7°; O10–N9–O11, 7.8°; O12–N14–O13, 7.5°;
O21–N20–O22, 14°). These dinitrotriazolate anions pack in
offset stacks parallel to the b axis, with an inter anion spac-
ing of 3.11 Å (see supporting information). A summary of
the crystal data for compound 6 is given in Table 1.
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Table 1. Crystallographic data for compound 6.

Compound 6

Formula C9H15N9O4

Formula weight 313.30
Crystal system monoclinic
Space group P21/n
a [Å] 20.499(6)
b [Å] 6.2209(18)
c [Å] 20.890(6)
β [°] 102.924(6)
V [Å3] 2596.4(13)
Z 8
T [K] 87(2)
λ [Å] 0.71073
ρcalcd. [Mg m3] 1.603
µ [mm–1] 0.129
F(000) 1312
Crystal size [mm] 0.30×0.07×0.04
θ range [°] 1.00 to 25.25
Index ranges –24 � h � 24, –7 � k �

7, –25 � l � 25
No. reflections collected 37831
No. indepentent reflections 4691 [R(int) = 0.0624]
Data/restraints/parameters 4691/0/400
GOF 1.083
R1 [I�2σ (I)][a] 0.0549
wR2 [I�2σ(I)][a] 0.1276
Largest diff. peak, hole [e·Å–3] 0.419, –0.250

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = {Σ[w(Fo
2 – Fc

2)2]/ Σ [w(Fo
2)2]}1/2.

Comparison of the melting points of compounds 1–4,
and 6, 7, 8, 10 (Table 2), clearly illustrates the influence of
different anions, e.g., the melting point for compound 4
(m.p. 166 °C), which has 5-nitrotetrazolate as anion, is con-
siderably lower than that of 3,5-dinitropyrazolate, 4,5-dini-
troimidazolate and 3,5-dinitro-1,2,4-triazolate as anions in
1 (m.p. 180 °C), 2 (m.p. 183 °C) and 3 (m.p. 177 °C), respec-
tively. The melting point for compound 6 (m.p. 170 °C),
which has 3,5-dinitro-1,2,4-triazolate as anion, is lower or
higher than that of nitrate, perchlorate or azide as anions,
which melts at 194 °C, 200 °C, and 165 °C, respectively. It
is also can be seen that compounds 3 and 6 have the same
anion (3,5-dinitro-1,2,4-triazolate), for 6, which has a N-
methyl group on the cation ring, its melting point and de-
composition temperature (6, Td = 202 °C) are lower and
higher than that of compound 3 (Td = 182 °C), respectively.

Density, oxygen coefficient, and enthalpy of formation
are important characteristics of energetic compounds, and
are governed by their molecular structures. Increasing the
number of nitrogen atoms in a heterocycle results in a con-
siderable gain in the heat of formation.[5] Density, oxygen
coefficients, nitrogen content and the calculated heats of
formation for the energetic salts are listed in Table 2. Densi-
ties for all of the compounds exceed 1.35 g cm–3, and com-
pound 3 has the highest density (1.72 g cm–3). The oxygen
coefficient (α), which is defined as α = c/(2a+b/2) for the
molecular formula CaHbOcNd, is calculated by a literature
method.[28a] Incorporation of a nitro group can substan-
tially improve the oxygen balance of the corresponding
compounds, and eventually results in higher exothermicities

Eur. J. Inorg. Chem. 2006, 2959–2965 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2961

Table 2. Phase transition, decomposition temperatures, densities,
oxygen coefficient (α), nitrogen content (N), and thermochemical
results for synthesized salts.

Compd. Tm
[a] Td

[b] d[c] N α[d] –∆HL
[e] ∆fHm°[f]

[°C] [°C] [g cm–3] [%] [%] [kJ·mol–1] [kJ·mol–1]

1 180 184 1.56 37.6 16 452.7 –
2 183 183 1.41 37.6 16 441.3 –
3 177 182 1.72 42.1 18 463.7 268.7
4 166 169 1.48 49.4 10 464.7 435.3
6 170 202 1.45 40.2 16 438.9 250.7
7 194 196 1.42 32.2 14 479.2 –30.6
8 200 205 1.47 22.0 – 464.2 14.5
10 165 176 1.35 49.7 0 484.9 468.8
11[g] 160 – 1.57 – – – –388.3

[a] Melting point (Tm). [b] Thermal degradation (Td). [c] Measured
density using gas pycnometer at 25 °C. [d] For CaHbOcNd: α = 100
c/(2a+b/2). [e] Lattice energy. [f] Calculated molar enthalpy of for-
mation. [g] Hexamethylenetetrammonium dinitrate, ref.[22].

of the combustion and detonation processes. The oxygen
coefficient values of C,H,O,N-containing energetic com-
pounds belong to the classes of fuels (α � 0.4), explosives
(0.4 � α � 1.0), and oxidants (α � 1.0).[28b] The oxygen
coefficients for the new salts are between 0.10–0.18
(Table 2), which fall at � 0.4 among the majority of the
known energetic compounds.[28b] The calculated nitrogen
contents for the new salts are between 22–50% (Table 2).

The standard molar enthalpy of formation (∆fHm°) for
the salts 3, 4, 6–8, 10 were calculated by the following
Born–Haber energy cycles (Scheme 2). Calculations were
made with the Gaussian03 (Revision D.01) suite of pro-
grams.[29] The geometric optimization of the structures and
frequency calculations were performed at (DFT)[30,31]/
B3LYP[32] level of theory using the 6-31+G** basis set. Sin-
gle-point energies were calculated at the MP2/6-311++G**
level.[33,34] According to the previous studies, the computed
harmonic vibrational frequencies were scaled uniformly by
a factor of 0.96 to take into account the systematic overesti-
mation of these frequencies in the B3LYP/6-31+G** calcu-
lations.[35] Based on this data, the heats of formation of the
anions and cations were calculated and combined with the
lattice energy of the salts to give the heats of formation of
the salts. Because the most efficient computational pro-
cedure for finding accurate heats of formation is based on
isodesmic (bond type conserving) reactions,[36] in the pres-
ent case, the reactions used to calculate the heat of forma-
tion of both cations and anions are given in Scheme 3.

The heat of formation of 3,5-dinitrotriazole was calcu-
lated by averaging its actual resonance hybrids shown in
Equations (5) and (6) in Scheme 3. The lattice potential en-
ergy ∆HL for MpXq was calculated using the relationship
provided by Jenkins (equation A),[37] where nM and nX de-
pend on the nature of the ions Mp

+ and Xq–, respectively,
and is equal to

∆HL = UPOT +[p(nM/2 – 2)+q(nX/2 – 2)]RT (A)

with n = 3 for monatomic ions, 5 for linear polyatomic ions,
and 6 for nonlinear polyatomic ions.
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Scheme 2. General Born–Haber cycle for the formation of hexamethylenetetrammonium salts. For 3: R = H, anion = 3,5-dinitrotriazolate,
m = 8, n = 6.5, o = 4.5, p = 2, q = 0; 4: R = H, anion = 5-nitrotetrazolate, m = 7, n = 6.5, o = 4.5, p = 1, q = 0; 6: R = CH3, anion =
3,5-dinitrotriazolate, m = 9, n = 7.5, o = 4.5, p = 2, q = 0; 7: R = CH3, anion = NO3

–, m = 7, n = 7.5, o = 2.5, p = 1.5, q = 0; 8: R =
CH3, anion = ClO4

–, m = 7, n = 7.5, o = 2, p = 2, q = 0.5; 10: R = CH3, anion = N3
–, m = 7, n = 7.5, o = 3.5, p = 0, q = 0.

Scheme 3. Isodesmic reactions for calculating the heats of formation of both cations and anions.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2959–29652962
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The equation for lattice potential energy UPOT (equation
B) has the form

UPOT [kJ·mol–1] = γ (ρm/Mm)1/3 +δ (B)

where ρm [g cm–3] is the density, Mm is the chemical formula
mass of the ionic material [g or Mg]; the coefficients γ
[kJ·mol–1 cm] and δ [kJ·mol–1] are equal to 8375.6 and
–178.8, respectively. Comparison of the data for com-
pounds 3 and 4 reveals that ∆fHm° for 4 (+435.3 kJ·mol–1),
which has 5-nitrotetrazolate as the anion, is considerably
higher than that for the 3,5-dinitro-1,2,4-triazolate anion
and 3 (+268.7 kJ·mol–1). From the ∆fHm° values for 6, 7, 8,
10 it can be seen that for the same cation, the heat of forma-
tion of the compound with azide as anion, is considerably
higher than those of corresponding compounds with 3,5-
dinitro-1,2,4-triazolate, perchlorate or nitrate as anions,
which varies as 10 (azide) � 6 (3,5-dinitro-1,2,4-triazolate)
� 8 (perchlorate) � 7 (nitrate) (+468.8, +250.7, +14.5,
–30.6 kJ·mol–1), respectively.

In conclusion, we have synthesized new hexamethyl-
enetetrammonium salts composed of the energetic anions
3,5-dinitropyrazolate, 4,5-dinitroimidazolate, 3,5-dinitro-
1,2,4-triazolate, 5-nitrotetrazolate, perchlorate, nitrate and
azide. Most of the new salts exhibit valuable physical prop-
erties, including relatively high densities (�1.35 gcm–3) and
high positive heats of formation.

Experimental Section
Caution: Although we have not experienced any problems in hand-
ling these compounds, based on the high positive heats of forma-
tion, all materials should be handled with extreme care.

General Methods: 1H and 13C NMR spectra were recorded with
a 300-MHz nuclear magnetic resonance spectrometer operating at
300.13, and 75.48 MHz, respectively. Chemical shifts were reported
relative to Me4Si. The melting and decomposition points were re-
corded with a differential scanning calorimeter and a thermogravi-
metric analyzer at a scan rate of 10 °Cmin–1, respectively. IR spec-
tra were recorded using KBr pellets for solids. Densities of solid
salts were measured at room temperature using a Micromeritics
Accupyc 1330 gas pycnometer. Elemental analyses were measured
with a CE-440 elemental analyzer.

3,5-Dinitropyrazole,[42] 4,5-dinitroimidazole,[43] 3,5-dinitro-1,2,4-
triazolate[25] 5-nitrotetrazole[44] and silver 3,5-dinitro-1,2,4-triazol-
ate[26] were synthesized according to literature procedures.

X-ray Crystallographic Studies: Crystals of compound 6 were re-
moved from the flask and covered with a layer of hydrocarbon oil.
A suitable crystal was selected, attached to a glass fiber and placed
in the low-temperature nitrogen stream.[38] Data for 6 were col-
lected at 87(2) K with a Bruker/Siemens SMART APEX instru-
ment (Mo-Kα radiation, λ = 0.71073 Å) equipped with a Cryocool
NeverIce low-temperature device. Data were measured using ω
scans of 0.3° per frame for 60 s, and a full sphere of data was
collected. A total of 2400 frames were collected with a final resolu-
tion of 0.83 Å. The first 50 frames were recollected at the end of
data collection to monitor for decay. Cell parameters were retrieved
using SMART[39] software and refined using SAINTPlus[40] on all
observed reflections. Data reduction and correction for Lp and de-
cay were performed using the SAINTPlus software. Absorption
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corrections were applied using SADABS.[41a] The structure was
solved by direct methods and refined by least-squares method on
F2 using the SHELXTL program package.[41b] The structure was
solved in the space group P21/n (#14) by analysis of systematic
absences. All non-hydrogen atoms were refined anisotropically. No
decomposition was observed during data collection.

CCDC-294742 (for 6) contains the complete set of crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Ball and stick packing diagrams of 6 and a table with hydrogen
bonds for 6.

Hexamethylenetetrammonium 3,5-Dinitropyrazolate (1): A dry, ni-
trogen-filled Schlenk glass tube was charged with hexamethylene-
tetramine (0.140 g, 1.0 mmol), dry methanol (5 mL), and 3,5-dini-
tropyrazole (0.158 g, 1.0 mmol). The mixture was stirred 10 h at
room temperature. The solvent was removed under vacuum over-
night to leave a white solid 1: 97% yield (0.29 g), m.p. 180 °C. IR
(KBr): ν̃ = 3151, 2949, 2899, 2253, 1540, 1487, 1438, 1346, 1315,
1262, 1224, 1161, 1066, 1016, 982, 871, 823, 748, 686, 662 cm–1. 1H
NMR ([D6]DMSO): δ = 4.82 (s, 12 H), 7.29 (s, 1 H) ppm. 13C
NMR ([D6]DMSO): δ = 157.24, 99.16, 72.17 ppm.
C9H14N8O4·0.5H2O (307.11): calcd. C 35.18, H 4.88, N 36.48;
found C 35.52, H 4.52, N 36.89.

Hexamethylenetetrammonium 4,5-Dinitroimidazolate (2): A dry, ni-
trogen-filled Schlenk glass tube was charged with hexamethylene-
tetramine (0.140 g, 1.0 mmol), dry methanol (5 mL), and 4,5-dini-
troimidazole (0.158 g, 1.0 mmol). The mixture was stirred for 10 h
at room temperature. The solvent was taken off under vacuum
overnight to give a yellow solid 2: 97% yield (0.29 g), m.p. 183 °C.
IR (KBr): ν̃ = 3106, 2937, 2777, 2555, 2485, 1760, 1535, 1506, 1462,
1351, 1311, 1261, 1219, 1184, 1098, 1063, 985, 817, 751, 659 cm–1.
1H NMR ([D6]DMSO): δ = 4.83 (s, 12 H), 6.96 (s, 1 H) ppm. 13C
NMR ([D6]DMSO): δ = 141.69, 140.77, 72.70 ppm. C9H14N8O4

(298.11): calcd. C 36.24, H 4.73, N 37.57; found C 35.88, H 4.56,
N 37.11.

Hexamethylenetetrammonium 3,5-Dinitro-1,2,4-triazolate (3): Com-
pound 3 was prepared by a similar procedure as above, from hexa-
methylenetetramine (0.140 g, 1.0 mmol) and 3,5-dinitro-1,2,4-tri-
azole (0.159 g, 1.0 mmol) to form a white solid in 98% yield, m.p.
177 °C. IR (KBr): ν̃ = 3092, 2967, 2679, 2390, 1549, 1489, 1384,
1350, 1285, 1265, 1206, 1101, 1010, 977, 840, 815, 748, 650 cm–1.
1H NMR ([D6]DMSO): δ = 4.84 (s, 12 H) ppm. 13C NMR ([D6]-
DMSO): δ = 163.75, 72.07 ppm. C8H13N9O4 (299.11): calcd. C
32.11, H 4.38, N 42.13; found C 31.79, H 4.17, N 41.88.

Hexamethylenetetrammonium 5-Nitrotetrazolate (4): Compound 4
was prepared by a similar procedure as above, from hexamethylene-
tetramine (0.140 g, 1.0 mmol) and 5-nitrotetrazole (0.115 g,
1.0 mmol) to form a white solid in 98% yield, m.p. 166 °C. IR
(KBr): ν̃ = 2953, 2813, 2771, 2548, 2410, 2133, 1541, 1466, 1413,
1364, 1314, 1267, 1216, 1143, 1011, 818, 745, 654 cm–1. 1H NMR
([D6]DMSO): δ = 4.84 (s, 12 H) ppm. 13C NMR ([D6]DMSO): δ =
170.27, 72.57 ppm. C7H13N9O2·H2O (273.12): calcd. C 30.77, H
5.49, N 46.15; found C 30.99, H 4.66, N 46.68.

N-Methylhexamethylenetetrammonium Iodide (5): Compound 5 was
prepared by a minor modification of the previous synthesis,[23] from
hexamethylenetetramine and CH3I at room temperature, using
chloroform as solvent to give a white solid 5 in quantitative yield:
m.p. 202 °C. IR (KBr): ν̃ = 2955, 1736, 1462, 1431, 1382, 1312,
1253, 1150, 1043, 1018, 993, 958, 816, 712, 648 cm–1. 1H NMR
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([D6]DMSO): δ = 2.49 (s, 3 H), 4.41–4.62 (q, 2J = 12.0 Hz, 6 H),
5.09 (s, 6 H) ppm. 13C NMR ([D6]DMSO): δ = 80.81, 71.22, 43.70
ppm.

General Procedure for the Preparation of Salts from 5

N-Methylhexamethylenetetrammonium 3,5-Dinitro-1,2,4-triazolate
(6): To a magnetically stirred solution of 5 (0.282 g, 1.0 mmol) in
CH3CN (5 mL) was added silver 3,5-dinitro-1,2,4-triazolate
(0.266 g, 1.0 mmol). After 2 h at room temperature, silver iodide
was removed by filtration. The filtrate was dried in vacuo to give
a yellow solid (0.30 g, 96% yield), m.p. 170 °C. IR (KBr): ν̃ = 2960,
2713, 2434, 2139, 1535, 1483, 1463, 1375, 1335, 1244, 1150, 1097,
1039, 1015, 990, 956, 823, 648 cm–1. 1H NMR ([D6]DMSO): δ =
2.47 (s, 3 H), 4.40–4.64 (q, 2J = 12.0 Hz, 6 H), 5.04 (s, 6 H) ppm.
13C NMR ([D6]DMSO): δ = 164.43, 80.93, 71.27, 43.76 ppm.
C9H15N9O4 (313.12): calcd. C 34.51, H 4.83, N 40.24; found C
34.53, H 4.58, N 40.14.

N-Methylhexamethylenetetrammonium Nitrate (7): Compound 7
was prepared by a similar procedure as compound 6, from 5
(0.282 g, 1.0 mmol) and silver nitrate (0.170 g, 1.0 mmol) using
H2O as solvent to form a white solid in 98% yield, m.p. 194 °C.
IR (KBr): ν̃ = 2959, 2712, 2152, 2059, 1742, 1634, 1470, 1376, 1246,
1145,1043, 993, 957, 817, 785, 713, 650 cm–1. 1H NMR ([D6]-
DMSO): δ = 2.47 (s, 3 H), 4.40–4.64 (q, 2J = 12.0 Hz, 6 H), 5.05
(s, 6 H) ppm. 13C NMR ([D6]DMSO): δ = 80.88, 71.24, 43.70 ppm.
C7H15N5O3 (217.12): calcd. C 38.70, H 6.96, N 32.24; found C
38.22, H 6.85, N 32.10.

N-Methylhexamethylenetetrammonium Perchlorate (8): Compound
8 was prepared by a similar procedure as compound 6, from 5
(0.282 g, 1.0 mmol) and silver perchlorate (0.208 g, 1.0 mmol) using
H2O as solvent to give a white solid in 98% yield, m.p. 200 °C. IR
(KBr): ν̃ = 3012, 2972, 2453, 2178, 1634, 1469, 1381, 1267, 1247,
1147, 1086, 992, 952, 821, 785, 650, 619 cm–1. 1H NMR (D2O): δ
= 2.65 (s, 3 H), 4.55–4.75 (q, 2J = 12.0 Hz, 6 H), 5.09 (s, 6 H)
ppm. 13C NMR (D2O): δ = 81.00, 70.95, 44.11 ppm. C7H15N4ClO4

(254.08): calcd. C 33.01, H 5.94, N 22.00; found C 33.10, H 5.98,
N 21.88.

N-Methylhexamethylenetetrammonium Fluoride (9): Compound 9
was prepared by a similar procedure as compound 6, from 5
(0.282 g, 1.0 mmol) and silver fluoride (0.127 g, 1.0 mmol) using
H2O as solvent to form a white solid in 98% yield, m.p. 68 °C. IR
(KBr): ν̃ = 3397, 2958, 1666, 1457, 1389, 1246, 1148, 1011, 959,
933, 816, 648 cm–1. 1H NMR (D2O): δ = 2.65 (s, 3 H), 4.55–4.75
(q, 2J = 12.0 Hz, 6 H), 5.08 (s, 6 H) ppm. 13C NMR (D2O): δ =
80.98, 70.93, 44.08 ppm. 19F NMR (D2O): δ = –122.35 (s, 1F) ppm.
C7H15N4F·0.8H2O (188.53): calcd. C 44.58, H 8.82, N 29.72; found
C 44.60, H 8.88, N 30.03.

N-Methylhexamethylenetetrammonium Azide (10): Compound 10
was prepared by a modified literature method,[23,27] from 9 (0.174 g,
1.0 mmol) and (CH3)3SiN3 (0.173 g, 1.5 mmol) using dry methanol
as solvent, stirred at room temperature for 5 h to leave a white solid
in quantitative yield, m.p. 165 °C. IR (KBr): ν̃ = 3443, 3282, 2956,
2890, 2446, 2293, 2030, 1627, 1460, 1386, 1315, 1248, 1147, 1043,
993, 956, 817, 713, 648 cm–1. 1H NMR (D2O): δ = 2.66 (s, 3 H),
4.56–4.76 (q, 2J = 12.0 Hz, 6 H), 5.10 (s, 6 H) ppm. 13C NMR
(D2O): δ = 81.00, 70.95, 44.09 ppm.
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Two series of complexes [MX(diimine)(CO)3] (M = Tc, Re)
have been prepared, fully characterised and investigated for
their ability to act as photocatalysts for the reduction of CO2

to CO. One series consists of complexes with different aro-
matic diimine ligands while keeping X = Br– constant. The
second series describes complexes with diimine = 2,2-bipyri-
dine and variations in the anionic ligand X–. Although nu-
merous complexes of this type have been prepared and in-
vestigated before, a systematic study of their photocatalytic
activity has not yet been carried out. Electrochemical and
spectroscopic characterisation of these complexes has been
performed with the objective of better understanding their
respective activity in the photocatalytic CO2 reduction.
Despite various modifications, catalytic activity is retained

Introduction

The development of a system for the conversion of solar
energy into a chemical fuel is one of the most demanding
challenges chemists face today. The choice of the photosen-
sitiser performing the initial step of light absorption is of
key importance. Complexes of the type [Ru(diimine)3]2+

have been most thoroughly studied in this respect.[1–4]

Among further possible candidates, rhenium tricarbonyl di-
imine complexes [ReX(diimine)(CO)3] have also attracted
broad interest.[5–14] The complex [ReCl(phen)(CO)3] was
one of the first rhenium() carbonyl compounds ever syn-
thesised.[15] Detailed studies have unveiled the remarkable
photochemical properties of [ReCl(phen)(CO)3] and related
compounds such as [ReX(bipy)(CO)3] (X = Cl– 1, X = Br–

2).[5,9,16,17] The excited state generated by visible light ab-
sorption at 450 to 500 nm has been identified as a metal to
ligand charge transfer (MLCT) state, with the photoelec-
tron ejected from a metal-centred π-d into a vacant ligand-
centred π* orbital with up to µsec lifetimes. On the basis of
the Rehm-Weller approximation[18] the photoexcited mole-
cules are powerful oxidising agents with potentials of +500
to +1200 mV (vs. Ag/AgCl).[6] Thermodynamically,
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for all compounds exhibiting fluorescence, including
[99TcCl(bipy)(CO)3], whereas nonfluorescing compounds did
not convert CO2 to CO. The correlation of catalytic activity
and spectroscopic or electrochemical properties such as ab-
sorption or emission wavelengths, redox potentials or Stern–
Volmer constants for the reductive quenching of the excited
complexes is difficult. Nevertheless, the study emphasises
the possibility to obtain [ReX(CO)3(diimine)] complexes with
a wide range of physicochemical properties by ligand varia-
tions and the great potential of compounds of this class of
complexes as inorganic photosensitisers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

[ReX(diimine)(CO)3] complexes can therefore oxidise very
poor electron donors, even H2O, in their excited states,
which makes them very interesting compounds for light-
energy conversion.

In a marked contrast to the large number of physico-
chemical investigations, there are only a few examples of
light-driven reactions with these complexes as photosensi-
tisers. Most prominent is a system for the photochemical
reduction of CO2 developed in Strasbourg over 20 years
ago. Hawecker et al. found that 1 and 2 are both able to
act as photosensitiser and reduction catalysts for the two-
electron conversion of CO2 to CO transferring reduction
equivalents from poor reducing agents like triethanolamine
(TEOA, ∆E°1/2 = +0.8 V) (Scheme 1).[10,19] In this “Stras-
bourg system”, the energetically uphill, two-electron re-
duction process is achieved using the energy of absorbed

Scheme 1. Photocatalytic conversion of CO2 to CO and variation
of the catalyst.
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visible light. From the initial experiments on, the mecha-
nism of this unprecedented reaction has been of great inter-
est.[8,10,20,21] Many experiments have been carried out with
the original catalysts 1 or 2, but studies of the catalytic per-
formance with variations in the anion X– or the diimine
ligand N�N are rare.[13,20]

We present in this study the synthesis and characterisa-
tion of two series of [ReX(diimine)(CO)3] complexes and an
investigation of the respective ligand effects on the photo-
catalytic activities. In a first series of complexes [ReX(bipy)-
(CO)3] (4–7), also including the Tc(I) analogue [TcCl(bipy)-
(CO)3] 3, the bipy ligand is kept constant and X is varied.
In a second series of [ReBr(diimine)(CO)3] (8–15), the Br–

ligand is kept constant but the diimine ligand is altered.
The selected diimine ligands are depicted in Scheme 2. The
detailed study of these series of complexes showed that the
influence of both diimine and terminal X– ligands on
physicochemical and catalytic properties is large. Neverthe-
less, catalytic activity is retained in most cases.

Scheme 2. Diimine ligands used for the synthesis of [ReBr(di-
imine)(CO)3] complexes with the numbering of the corresponding
complexes in brackets: 2,2�-bipyridine (bipy) (1–7); 1,10-phenan-
throline (phen) (8); dipyrido[3,2-f:2�,3�-h]quinoxaline (dpq) (9); di-
pyrido[3,2-a:2�,3�-c]phenazine (dppz) (10); 2,2�-biquinoline (biq)
(11); 2,2�-bipyridine-4,4�-dicarboxylic acid (H2dcbipy) (12); 2,2�-bi-
pyrimidine (bpm) (13); 1,10-phenanthroline-5,6-dione (phd) (14);
2,2�-azobispyridine (abpy) (15).
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Results and Discussion

Synthesis and Characterisation: The complexes
[ReBr(CO)5] and (NEt4)2[ReBr3(CO)3] are convenient start-
ing materials from which [ReBr(diimine)(CO)3] complexes
are directly afforded with the diimine ligands shown in
Scheme 2. The Tc(I) complex 3 was prepared similarly from
(NEt4)2[TcCl3(CO)3]. For the synthesis of the [ReX(bipy)-
(CO)3] series, [Re(bipy)(CO)3(sol)]+ was prepared as an in-
termediate by halide precipitation and in a consecutive step
the ligands X = OH2 (4), SCN– (5) or CN– (6) were intro-
duced. Treatment of 4 with only half an equivalent of cya-
nide gave the dinuclear complex 7 in which two Re centres
are linked by a cyanide bridge with a Re–Re distance of
5.4 Å.[22]

Structures: All complexes depict an octahedral ligand ar-
rangement with a facial tricarbonyl moiety, a bidentate di-
imine ligand and an anion X. The structure of the Tc surro-

Figure 1. ORTEP drawing of one of the two independent molecules
of [TcCl(bipy)(CO)3] (3).

Figure 2. ORTEP representation of 10, showing a view of the mole-
cule from above and from the side.
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gate 3 of the original photocatalyst 1 is shown in Figure 1
and complex 10 with the most extended ligand dppz in Fig-
ure 2. In all cases the two equatorial carbonyl ligands, the
rhenium centre and aromatic rings of the diimine ligand are
in a nearly ideal planar arrangement. Bond lengths and
angles around the metal centres (see data deposited in The
Cambridge Crystallographic Centre) are similar for all
structures and comparable to those in closely related com-
pounds.[23–25]

For the biquinoline (biq) complex 11 the usual planar
arrangement of metal centre, diimine ligand and equatorial
CO’s was not observed. The aromatic rings of biq are dis-
placed from the otherwise favoured Re(CO)2- plane by 23
and 12°, respectively, due to steric strain between the hydro-
gen atoms of the outer aromatic rings and the equatorial
carbonyl ligands (Figure 3). Similar biq complexes show
comparable structural features.[26] The different twist angles
for the two quinoline rings seem to be an effect of crystal
packing since only six 1H NMR signals are observed, indi-
cating equivalence for the biq rings on the NMR timescale
in solution.

Figure 3. ORTEP drawings of a top and side view of 11.

Spectroscopic Properties: Table 1 summarises analytical
data obtained for the [ReX(bipy)(CO)3] series of complexes.
Variation of ligand X(–) causes clear effects, but a corre-
lation between X(–) and the spectroscopic or electronic data
of the corresponding complexes is not readily obvious. The
exchange of Br– for water results in the formation of the
cationic complex 4. As a consequence of its charge, complex
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4 has the series’ lowest reduction potential and its light ab-
sorption shifts towards higher energy, as it is more difficult
to excite an electron. The π- backbonding is reduced in 4
and the IR vibrations νCO shift to higher wavenumbers. The
mono-cation 7 fits in this series with respect to the νCO

frequencies, however, E1/2 is larger than for example 5. Con-
sidering νCO, the thiocyanate complex 5 appears to be about
as low in electron density as 4, yet its visible absorption is
shifted the most towards lower energies. The lowest car-
bonyl vibration frequency of the series is observed for the
cyano complex 6. This indicates high electron density on
ReI, but is in contrast to the low wavelength of visible light
absorption found for 6.

Table 1. Spectroscopic and electrochemical properties of [ReX-
(bipy)(CO)3] complexes.

Ligand X λmax λem ν̃CO E1/2,red

[nm][a] [nm][a] [cm–1][b] [mV][c]

Cl (1) 370 580 2019, 1883 –1130
Br (2) 370 575 2019, 1905 –1190
H2O (4) 350 540 2036, 1918 –1000
SCN (5) 375 580 2020, 1928 –1015
CN (6) 355 540 2006, 1878 –1125
M–CN–Re (7) 365 535 2025, 1910 –1050

[a] In DMF solution. [b] KBr pellets. [c] In DMF solution contain-
ing 0.1  NBu4PF6.

Much larger differences in spectroscopic properties are
observed when the diimine ligand is altered (Table 2). The
carbonyl stretching frequencies vary by only about ±5 cm–1

for all the complexes, thus, the electron density on ReI does
not seem to be as greatly affected as in the case of the
[ReX(bipy)(CO)3] series. The differences in the spectro-
scopic properties stem from the decreased energy of the di-
imine’s LUMO when going to larger aromatic systems or
heteroatom substitution.[1,16] The shift in λmax towards
smaller energies causes a larger part of the absorption to
be in the visible spectrum for complexes like 10, 11 or 15
(Figure 4). While all other compounds are orange yellow
solids, 11 and 15 are deep red and dark blue-green, respec-
tively. For 11, this might be explained by the effect of the
unusual coordination geometry on the electronics of the
molecule. In the case of 15, the exceptionally low-lying, par-

Table 2. Spectroscopic and electrochemical properties of [ReBr-
(diimine)(CO)3] complexes.

Diimine ligand λmax λem ν̃CO E1/2,red

[nm][a] [nm][a] [cm–1][b] [mV][c]

bipy (2) 370 575 2019, 1905 –1190
phen (8) 370 570 2018, 1933 –1090
dpq (9) � 375[d] 585 2025, 1948 –975
dppz (10) � 425[d] 520 2018, 1918 –705
biq (11) 435 [e] 2014, 1895 –735
Hdcbipy (12) 360 540 2024, 1896 –1250[f]

bpm (13) 385 [e] 2030, 1931 –860
phd (14) 375[d] [e] 2033, 1943 –15, –755
abpy (15) 550, 360[d] [e] 2020, 1924 +50

[a] In DMF solution. [b] KBr pellets. [c] In DMF solution contain-
ing 0.1  NBu4PF6. [d] Absorption shoulder. [e] No fluorescence
observed at room temperature in DMF solution. [f] Irreversible
reduction.
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ticularly stabilised LUMO of this ligand has already been
reported to cause the unusual absorption properties of
abpy- complexes.[27]

Figure 4. Absorption spectra for different [ReBr(diimine)(CO)3]
complexes in DMF (all solutions 0.2 m).

According to Table 2, not all of the complexes exhibit
room temperature fluorescence in DMF when irradiated
with light between 350 and 450 nm (Figure 5). The emission
maxima are between 520 and 585 nm for 2, 8, 9, 10 and 12,
but 11, 13, 14 and 15 do not fluoresce. This behaviour is
rationalised in 11 and 15 by the small energy gap between
ground and excited states as indicated by the high values of
λmax. Accordingly, radiationless decay to the ground state
will be fast in accordance with the energy gap law.[18] Other
reasons must account for the absence of fluorescence in 13
and 14 as the energy gap is similar to the structurally related
complexes 2 and 8, respectively. The emission of the dppz
complex 10 is observed at much lower wavelengths (520 nm)
than that of all other fluorescing complexes of this study.
Because of the special nature of the dppz ligand, both di-
imine and phenazine centred excited states are theoretically
possible,[28] resulting in the observation of MLCT or LC

Figure 5. Emission spectra for different [ReBr(CO)3(diimine)] com-
plexes in DMF (all solutions 0.2 m).
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emissions, respectively. It was found in a recent study of
closely related complexes of [Re(CO)3Cl] with 11-substi-
tuted dppz that the ligand-centred emission dominates for
two 11-X-dppz complexes of rhenium tricarbonyl,[25] thus
explaining the unusual emission behaviour observed for 10.

Electrochemistry: Reversible, one-electron reduction is
observed for all complexes except 12. This process has been
assigned to a ligand-centred reduction resulting in the for-
mation of what is best described as a rhenium() organic
radical anion species [ReX(CO)3(diimine–)].[11] In agree-
ment with the spectroscopic properties, the exchange of the
ligand X influences the reduction potential E1/2,red of the
complexes far less than the variation of the diimine ligand
(Table 1 and Table 2).

Factors changing E1/2,red are the overall charge of the
complex and the size of the aromatic system of the diimine.
In the [ReX(CO)3bipy] series, cationic 4 is the one most
easily reduced. Similarly, the reduction of the cationic dinu-
clear cyano complex 7 is more facile compared to, for exam-
ple, the neutral complex 6. It is furthermore easier to place
an additional electron into the LUMO of a large aromatic
ligand, as seen for the [ReBr(CO)3(diimine)] series for which
the reduction potential of the complexes increases with the
size of the diimine ligand.

Remarkable redox behaviour was found for 14 and 15.
Complex 15 shows a very high reduction potential of
E1/2,red = +50 mV as the additional electron is localised in
its unusual LUMO at the azo-bridge.[29] The electrochemis-
try of 14, its molecular structure shown in Figure 6, is spe-
cial since the phd ligand is formally an ortho-benzoquinone
system. The first reduction already occurs at –15 mV and
generates a strongly stabilised semiquinone radical. The di-
olate is formed at –755 mV in a second reversible step. In-
creasing concentrations of H2O shift the second reduction
to higher potentials, as direct two-electron reduction to the
diol is known to occur in the presence of protons (Fig-
ure 7).[30] The phd complex 15 thus offers the possibility of
a reversible storage of two electrons within a range of ac-
cessible potentials, which is unique within this series of rhe-
nium diimine complexes.

Figure 6. ORTEP drawing of 14, which contains a mirror plane
going through Re1, Br1A and the ligand between the nitrogen
atoms.
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Figure 7. Cyclic voltammograms of the two reversible reduction
steps observed for 14 in DMF containing increasing concentrations
of water. A Scheme illustrating the successive reduction of the phd
dione to form a semiquinone and then a diolate is shown above.

Reductive Fluorescence Quenching: The original work on
the “Strasbourg system” suggested that the primary events
of reaction are photoexitation of the complex followed by
the reaction of the thexi- state with the electron do-
nor.[8,10,21] It was therefore of interest how the synthetic
modifications of the catalyst influence the ability of the ex-
cited complexes to react with the standard electron donor
TEOA.

I0/I = 1+kq τ [Q] = 1+KSV [Q]

Fluorescence quenching is a good way to probe the reac-
tions of the excited state with electron donors. For all fluo-
rescing complexes, Stern–Volmer kinetics are observed for
the reductive quenching by TEOA in DMF solutions. Ac-
cording to the Stern–Volmer equation, constants KSV can
be determined from plots of (I0/I) – 1 versus quencher con-
centration (Figure 8).[18]

Table 3 summarises the determined KSV values, which are
indicators for the “success rate” of forming the reduced
complex after photoexcitation in the presence of a
quencher. The variations of diimine or X– cause KSV to vary
by a factor of up to five. To explain this result, measure-
ments of the excited state lifetimes τ would be necessary to
estimate differences in the bimolecular quenching reaction
rate kq. It is known that the kq of this reaction can vary by
at least up to a factor of 2.5 for a series of much more
closely related [ReX(CO)3bipy] compounds.[13] Unfortu-
nately, we did not have access to an instrument for fluores-
cence decay measurements.

A number of experiments were carried out to probe the
possibility of finding a different solvent/donor combination
for which reductive fluorescence quenching is observed.
Fluorescence quenching of 2 by either TEOA or TEA is
also found in acetonitrile or acetonitrile/water solutions, but
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Figure 8. Stern–Volmer plots for the fluorescence quenching of the
excited states of different [ReX(diimine)(CO)3] complexes by
TEOA.

Table 3. Stern–Volmer constants determined by linear fits of the
data forced through zero together with the corresponding values of
E1/2,red and λem.

Complex KSV E1/2,red λem

[mV] [nm]

1 0.6 –1130 580
2 3.0 –1190 575
5 1.9 –1015 580
6 3.5 –1125 540
8 11.1 –1090 570
9 4.9 –975 585
10 13.5 –705 520
12 20.5 –1250 540

the KSV values found in these systems are smaller than in
DMF by a factor of 2 and 5, respectively. The use of ternary
amines as sacrificial electron donors restricts the reactions
to alkaline conditions. This is a particular disadvantage for
the goal of shifting the reactivity from CO2 to H2O re-
duction, as H2O reduction is thermodynamically more diffi-
cult under basic or neutral conditions. Therefore other,
nonbasic electron donors with irreversible oxidation be-
tween +0.5 and +1 V and solubility in DMF, MeCN or
H2O were studied. Well-suited candidates are oxalic acid,
vitamin C, cystamine or EDTA.[31] None of these donors
caused any quenching of [ReX(diimine)(CO)3] fluorescence
in solution, although all meet the requirements of a thermo-
dynamically accessible, irreversible oxidation.[31]

Photochemical CO2 Reductions: Experiments to study the
photocatalytic activity of these complexes in the Strasbourg
system were carried out under conditions similar to the re-
ported set-up.[10] Only CO with no detectable quantities of
H2 was found in the headspace of the reaction solutions.

The time course of produced CO per mol of catalyst for
the [ReX(bipy)(CO)3] series and the technetium homologue
3 are shown in Figure 9. All complexes of this series are
active catalysts, though at very different rates (Table 4). It
is most interesting to note that after a significant change of
the metal centre −− from rhenium to technetium −− catalytic
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activity was retained. The thiocyanato complex 5 is a better
catalyst than the original complexes 1 and 2 as it combines
a rate as fast as 1, but with improved long-term stability, as
the turnover rate for 5 does not change over the first 2 h.
The reason for this enhanced stability might be the suppres-
sion of the formation of the catalytically inefficient formato
complex [Re(HCOO)(bipy)(CO)3][10] as an undesired side
product in reactions catalysed by 1 or 2. The complexes of
the larger diimines (8, 9 and 10) are all active photocatalysts
but at smaller rates than 2 (Table 4). No CO or any other
gaseous products were detected for reactions using 11, 13,
14 or 15. Thus, there is a strict correlation between the de-
tection of room temperature fluorescence and catalytic ac-
tivity: all fluorescing complexes are active catalysts for pho-
tocatalytic CO2 reduction while the others are not.

Figure 9. Formation of CO. Reactions with different [ReX(bipy)-
(CO)3] and [TcCl(bipy)(CO)3(bipy)] complexes.

Table 4. Formation of CO for reactions of photocatalysts of the
[ReX(CO)3(bipy)] series and [TcCl(bipy)(CO)3].

Catalyst CO after 30 min. CO after 120 min.
[equiv./cat.] [equiv./cat.]

1 4.6 8.2
2 4.0 13.0
3 1.6 5.5
4 0.5 1.8
5 4.9 26.4
6 1.1[a] 4.5
7 0.6[a] 2.6
8 4.8 11.5
9 0.5 1.1
12 2.2 7.7

[a] Extrapolated values.

In agreement with the fluorescence quenching experi-
ments described earlier, the same experiments with different
donors such as cystamine or vitamin C in DMF gave no
CO. Furthermore, it has been claimed in the literature that
the system would switch from CO2 to H2O reduction if the
reaction was carried out in a THF/water mixture instead of
DMF.[32] We tried to reproduce this result multiple times
with our catalysts but no product at all, neither H2 nor CO,
was detected in a THF/water (4:1) mixture. On the other
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hand, about half the rate of CO production was observed
with 2 in DMF/10% water.

These results support the original catalytic mechanism
proposed by the Strasbourg group.[10] The well-established
initial step is the absorption of a visible-light photon by the
catalyst [ReIX(diimine)(CO)3] and subsequent MLCT to
form the excited state [ReIIX(diimine–)(CO)3]. This step oc-
curs for all complexes discussed here but for 11, 13, 14 and
15 nonradiative relaxation pathways to the ground state are
most probably so fast that no consecutive reactions can oc-
cur, as the absence of fluorescence for these compounds in-
dicates. Hence, they are inactive as Strasbourg catalysts re-
gardless of their electro- or photochemical properties.

According to our results, there is no evidence to support
a carboxylate-bridged rhenium dimer as a key intermediate,
as proposed in a recent study,[14] as this is in disagreement
with the pronounced influence observed for the terminal
ligands in the [ReX(bipy)(CO)3] series. Also, the different
compounds act both as photoactive and catalytic centres
for the reduction of CO2, but none show any reactivity to
reduce water, as has been claimed before.[32]

Conclusions

We were able to show in this study that the [ReX(bipy)-
(CO)3] catalysts could easily be modified for the Strasbourg
system. The catalytic activity for photocatalytic reduction
of CO2 is retained in most cases or even enhanced, even
though spectroscopic and electrochemical properties of the
complexes are substantially altered. There are, however,
limitations to the degree to which the diimine ligand can be
varied. For a group of [ReBr(CO)3(diimine)] compounds,
catalytic activity is lost together with the ability of these
complexes to fluoresce, indicating that a sufficiently long
excited state life-time is of course a key prerequisite for pho-
toreactivity. While many of the rhenium complexes are able
to catalyse the two-electron photoreduction of CO2, none
show any reactivity for the reduction of the much more im-
portant substrate H2O. Nevertheless, the unusual reactivity
of [ReX(CO)3(diimine)] compounds, observed once more in
this study, justifies the idea that they should be considered
as promising alternatives to the [Ru(diimine)3]2+ class of
compounds.

Experimental Section
General: All chemicals were of reagent grade and used without fur-
ther purification. Water was doubly distilled before use. Synthetic
reactions were carried out under N2 using standard Schlenk tech-
niques. Abbreviations of the diimine ligands are according to
Scheme 2. The complexes [ReBr(CO)5],[33] (NEt4)2[ReBr3(CO)3][34]

and (NEt4)2[TcCl3(CO)3],[35] [ReCl(bipy)(CO)3][36] (1), [ReBr(bipy)-
(CO)3][36] (2), [ReBr(phen)(CO)3][37] (8), [ReBr(biq)(CO)3][38] (11) as
well as the ligands abpy,[39] dpq,[40] dppz[41] and phd[42] were synthe-
sised according to published procedures. Preparations of the com-
plexes 4,[43] 5,[44] 6,[45] 7,[45] 13[37] and 15[46] have been reported be-
fore in the literature but for this study these compounds were ob-



P. Kurz, B. Probst, B. Spingler, R. AlbertoFULL PAPER
tained via the different, in most cases more facile, routes described
below.

Caution! 99Tc is a weak β-emitter with a half-life of 2.12·105 years.
Although radiation from small amounts of material is absorbed
completely by the walls of the glassware, reactions should only be
carried out in specially equipped laboratories and under well-venti-
lated hoods.

[99TcCl(bipy)(CO)3] (3): (NEt4)2[99TcCl3(CO)3] (33 mg, 0.06 mmol)
was stirred in H2O (5 mL) for 2 h, bipy (15.5 mg, 0.1 mmol) was
added, dissolved in a mixture of EtOH (1 mL) and H2O (2 mL).
After 30 min a yellow precipitate started to form, which was filtered
off after a reaction time of 12 h, washed with diethyl ether and
dried in vacuo. Yield: 18 mg (80%). IR (KBr): ν̃CO = 2031 (s), 1944
(s), 1920(s); ν̃bipy = 1601 (m), 1469(m), 1441 (m), 771 (m) cm–1. 1H
NMR ([D4]MeOH): δ = 9.03 (br., 2 H), 8.63 (d, 2 H), 8.28 (m,
2 H), 7.75 (m, 2 H) ppm. 99Tc NMR ([D4]MeOH): δ = –1094.0
(s) ppm.

[Re(H2O)(bipy)(CO)3](OTf) (4): Complex 2 (150 mg, 0.3 mmol)
was dissolved in acetone (15 mL) and AgOTf (76.1 mg, 1 equiv.) in
acetone (5 mL) was added. The mixture was heated to 70 °C for
2 h. AgBr was filtered off and the solvent was removed in vacuo.
The yellow residue was suspended in water (20 mL) and stirred at
room temperature for 3 h. Insoluble parts were filtered off and the
yellow solution was lyophilised to obtain the yellow, slightly hygro-
scopic product. Yield: 105 mg (60%). λmax (DMF): 350 nm (sh, ε
= 4000), 553 nm (ε = 1500). IR (KBr): ν̃CO = 2036 (s), 1918 (s);
ν̃bipy = 1604 (m), 1475 (m), 1447 (m), 771 (m); ν̃OTf = 1291 (m),
1230 (m), 1179 (m) cm–1. ESI-MS (MeOH): m/z (%) = 426.87 [(M –
H2O)+]. 1H NMR ([D4]MeOH): δ = 9.17 (m, 2 H), 8.70 (m, 2 H),
8.39 (m, 2 H), 7.82 (m, 2 H) ppm. 13C NMR ([D4]MeOH): δ =
155.3, 142.9, 129.7, 125.8 ppm. C14H10F3N2O7ReS1 (593.51): calcd.
C 28.33, H 1.70, N 4.72; found C 28.99, H 1.79, N 5.08.

[Re(SCN)(bipy)(CO)3] (5): 2 (50.6 mg, 0.1 mmol) was dissolved in
acetone (5 mL) and AgOTf (17.1 mg, 1 equiv.) in acetone (2 mL)
was added. The mixture was heated to 70 °C for 2 h. AgBr was
filtered off and the solvent removed in vacuo. The residue was
stirred MeOH (10 mL) for 1 h. KSCN (20 mg, 2 equiv.), dissolved
in H2O (2 mL), was added and the mixture heated to 70 °C for 4 h
to obtain a clear yellow solution. The product precipitated after
1 d at 4 °C. The yellow compound was filtered off, washed with
cold H2O, MeOH and ether and dried in vacuo. Yield: 30 mg
(60%). λmax (DMF): 376 nm (ε = 2500). λem (DMF): 580 nm. IR
(KBr): ν̃SCN = 2093 (s); ν̃CO = 2020 (s), 1928 (s), 1914 (s); ν̃bipy =
1602 (m), 1471(m), 1444 (m), 765 (m) cm–1. ESI-MS (acetone):
m/z (%) = 426.87 [(M – SCN)+]. 1H NMR ([D6]acetone): δ = 9.15
(m, 2 H), 8.77 (m, 2 H), 8.42 (m, 2 H), 7.86 (m, 2 H) ppm. 13C
NMR ([D6]acetone): δ = 154.4, 141.6, 129.1, 125.3 ppm.

[Re(CN)(bipy)(CO)3] (6): (NEt4)2[ReBr3(CO)3] (100 mg,
0.13 mmol) was dissolved in H2O (5 mL) and AgNO3 (66.2 mg,
3 equiv.) in H2O (3 mL) was added. The solution was stirred at
room temperature for 30 min before AgBr was removed by fil-
tration. Bipy (20.3 mg, 1 equiv.), dissolved in EtOH (2 mL) was
added. HPLC analysis confirmed the quantitative formation of
[Re(H2O)(bipy)(CO)3]+ after 12 h. The addition of KCN (25.4 mg,
3 equiv.) and 20 h of stirring at 100 °C, resulted in the quantitative
conversion to 6, as detected by HPLC. The solvent was removed
in vacuo and the product was obtained by extraction of the residue
with three 5-mL portions of THF. Yield: 45 mg (75%). λmax

(DMF): 354 nm (ε = 2300). λem (DMF): 540 nm. IR (KBr): ν̃CN =
2117 (w); ν̃CO = 2006 (s), 1878 (s); ν̃bipy = 1603 (m), 1473 (m), 1445
(m), 775 (m) cm–1. ESI-MS (MeOH): m/z (%) = 453.60 [M+]. 1H
NMR ([D6]acetone): δ = 9.07 (d, 2 H), 8.21 (d, 2 H), 8.07 (m, 2
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H), 7.54 (m, 2 H) ppm. 13C NMR ([D6]acetone): δ = 154.4, 140.8,
128.8, 125.1 ppm.

[{Re(bipy)(CO)3}2(µ-CN)](ClO4) (7): (NEt4)2[ReBr3(CO)3] (100 mg,
0.13 mmol) was dissolved in H2O (10 mL) and AgClO4 (80.8 mg,
3 equiv.) was added. AgBr was removed after 30 min by filtration.
Bipy (20.3 mg, 1 equiv.), dissolved in EtOH (5 mL) was added. Af-
ter 20 h at room temperature [Re(bipy)(CO)3(H2O)]+ formed quan-
titatively, and KCN (4.2 mg, 0.5 equiv.) in H2O (2 mL) was added.
After 2 h at 100 °C, a yellow precipitate started to form which was
filtered off after 20 h, washed with H2O and diethyl ether and dried
in vacuo. Yield: 28 mg (45%). λmax (DMF): 363 nm (ε = 2000). λem

(DMF): 535 nm. IR (KBr): ν̃CN = 2151 (w); ν̃CO = 2025 (s), 1910
(s), 1896 (s); ν̃bipy = 1605 (m), 1473 (m), 1446 (m), 771 (m); ν̃ClO4

= 1121 (m) cm–1. ESI-MS (MeOH): m/z (%) = 879.53 [M+]. 1H
NMR ([D6]acetone): δ = 8.83 (br., 4 H), 8.00 (br., 4 H), 7.60 (br.,
4 H), 7.41 (br., 4 H) ppm. 13C NMR ([D6]acetone): δ = 154.3,
154.1, 142.2, 141.8, 129.0 (2C), 125.9, 125.7 ppm.

[ReBr(dpq)(CO)3] (9): A procedure similar to the published method
for the preparation of [ReBr(phen)(CO)3] was applied.[37] A suspen-
sion was prepared consisting of [ReBr(CO)5] (50 mg, 0.12 mmol)
and dpq (28.5 mg, 1 equiv.) in petroleum ether (10 mL, boiling
range 100–130 °C). The suspension was heated to 100 °C for 2 h to
obtain the product as a yellow precipitate. The powder was filtered
off, washed with portions of petroleum ether and diethyl ether and
then dried in vacuo to obtain the product as a yellow powder.
Yield: 70 mg (quantitative). λmax (DMF): 400 nm (sh, ε = 2500).
λem (DMF): 585 nm. IR (KBr): ν̃CO = 2025 (s), 1948 (s), 1902 (s);
ν̃dpq = 1402 (m), 1384 (m), 820 (w), 729(w), 631 (w) cm–1. ESI-MS
(MeOH): m/z (%) = 530.40 [M – Br + CO]+, 502.80 [M – Br]+. 1H
NMR ([D6]acetone): δ = 9.96 (m, 2 H), 9.82 (m, 2 H), 9.38 (s, 2
H), 8.45 (m, 2 H) ppm. 13C NMR ([D6]acetone): δ = 155.8, 147.8,
136.5, 128.3 ppm. C17H8BrN4O3Re (582.39): calcd. C 35.06, H
1.38, N 9.62; found C 35.38, H 1.53, N 9.69.

[ReBr(dppz)(CO)3] (10): The same procedure as for
[ReBr(dpq)(CO)3] was applied, using [ReBr(CO)5] (50 mg,
0.12 mmol) and dppz (33.8 mg, 1 equiv.), to obtain the complex as
an orange powder. Yield: 50 mg (65%). λmax (DMF): 400 nm (sh,
ε = 5000). λem (DMF): 520 nm. IR (KBr): ν̃CO = 2018 (s), 1918 (s),
1890 (s); ν̃dppz = 1493 (m), 1418 (m), 1384 (m), 1360 (m), 822 (w),
773 (w), 729 (w) cm–1. ESI-MS (MeOH): m/z (%) = 580.53 [M –
Br + CO]+, 553.00 [M – Br]+. 1H NMR (CDCl3): δ = 10.04 (m, 2
H), 9.88 (m, 2 H), 8.47 (m, 2 H), 8.08 (m, 2 H), 7.26 (m, 2 H) ppm.
C21H10BrN4O3Re (632.45): calcd. C 39.88, H 1.59, N 8.86; found
C 39.53, H 1.77, N 8.58.

(NEt4)[ReBr(Hdcbipy)(CO)3] (12): (NEt4)2[ReBr3(CO)3] (154 mg,
0.2 mmol) was dissolved in H2O (15 mL) and H2dcbipy (53.7 mg,
1.1 equiv.) was added as a solid. The pH of the solution was raised
to pH ca. 6–7 by the careful addition of 10 m NaOH. The mixture
was stirred for 2 d at room temperature and some yellow precipitate
formed, which was filtered off. The filtrate was lyophilised, tritu-
rated three times with CH2Cl2 (5 mL) to remove NEt4Br and then
dried in vacuo. Yield: 75 mg (50%). λmax (DMF): 360 nm (sh, ε =
3000). λem (DMF): 540 nm. IR (KBr): ν̃CO = 2024 (s), 1896 (s);
ν̃dcbipy = 1719 (w), 1619 (m), 1551 (w), 1366 (m), 1289 (m), 1071
(w), 766 (m), 682 (m) cm–1. ESI-MS (MeOH): m/z (%) = 468.40
[(M – Br – COOH – H)–]. 1H NMR (D2O/NaOH): δ = 9.02 (m, 2
H), 8.65 (s, 2 H), 7.81 (m, 2 H) ppm. 13C NMR (D2O/NaOH): δ =
151.6, 124.2, 120.7 ppm.

[ReBr(bpm)(CO)3] (13): (NEt4)2[ReBr3(CO)3] (385 mg, 0.5 mmol)
was dissolved in H2O (20 mL) and bpm (87 mg, 1.1 equiv.), dis-
solved in EtOH (2 mL) was added. The mixture was stirred for
2 d at room temperature, after which a fine orange precipitate had



Ligand Variations in [ReX(diimine)(CO)3] Complexes FULL PAPER
formed. The solid was filtered off, washed with H2O, cold EtOH
and ether, and dried in vacuo. Yield: 210 mg (80%). λmax (DMF):
383 nm (ε = 2500). IR (KBr): ν̃CO = 2030 (s), 1931 (s), 1906 (s);
ν̃bpm = 1575 (m), 1547 (w), 1407 (s), 834 (w), 755 (w) cm–1. ESI-
MS ([D6]acetone/MeOH): m/z (%) = 508.00 [M+]. 1H NMR ([D6]-
acetone): δ = 9.41 (dd, 2 H), 9.35 (dd, 2 H), 7.98 (dd, 2 H). 13C
NMR ([D6]acetone): δ = 162.0, 161.4, 125.6 ppm. C11H6BrN4O3Re
(508.30): calcd. C 25.99, H 1.19, N 11.02; found C 26.24, H 1.05,
N 10.87.

[ReBr(phd)(CO)3] (14): The same procedure as for [ReBr(bpm)-
(CO)3] was applied, using (NEt4)2[ReBr3(CO)3] (500 mg,
0.65 mmol) and phd (163 mg, 1.2 equiv.) to isolate the orange com-
plex. Yield: 350 mg (95%). λmax (DMF): 375 nm (sh, ε = 3000). IR
(KBr): ν̃CO = 2033 (s), 1943 (s), 1885 (s); ν̃phd = 1703 (m), 1573
(w), 1427 (m), 1298 (w), 1026 (w), 828 (w), 727 (w) cm–1. ESI-MS
(MeOH): m/z (%) = 512.73 [(M – Br + MeOH)+], 480.73 [(M – Br)
+]. 1H NMR ([D6]acetone): δ = 9.34 (dd, 2 H), 8.81 (dd, 2 H), 8.05
(dd, 2 H) ppm. 13C NMR ([D6]acetone): δ = 158.0, 139.0,
129.8 ppm. C15H6BrN2O5Re (560.33): calcd. C 32.15, H 1.08, N
5.00; found C 32.37, H 1.12, N 5.08.

[ReBr(abpy)(CO)3] (15): The same procedure as for
[ReBr(bpm)(CO)3] was applied, using (NEt4)2[ReBr3(CO)3] (76 mg,
0.1 mmol) and abpy (27 mg, 1.5 equiv.) to isolate the violet-blue
compound. Yield: 50 mg (95%). λmax (DMF): 361 nm (ε = 5000),
553 nm (ε = 1500). IR (KBr): ν̃CO = 2020 (s), 1924 (s), 1900 (s);
ν̃abpy = 1465 (w), 1433 (m), 1370 (w), 797 (m) cm–1. ESI-MS
(MeOH): m/z (%) = 454.67 [M – Br]+. 1H NMR ([D6]acetone): δ
= 9.33 (m, 1 H), 8.96 (m, 1 H), 8.87 (m, 1 H), 8.57 (td 1 H), 8.20
(br., 2 H), 8.00 (br., 1 H), 7.85 (br., 1 H) ppm. 13C NMR ([D6]-
acetone): δ = 152.7, 149.7, 142.7, 140.3, 131.4, 130.9, 129.5,
115.7 ppm. C13H8BrN4O3Re (534.34): calcd. C 29.22, H 1.51, N
10.49; found C 29.61, H 1.43, N 10.56.

Physical Measurements: UV/Vis spectra were measured with a Cary
50 spectrometer with solution samples in 1-cm quartz cells. If nec-
essary, cells with silicon septa lids were used to keep samples under
an inert gas atmosphere during measurements. Fluorescence mea-
surements were performed with a Perkin–Elmer LS50B fluores-
cence spectrometer with argon purged solution samples in 1-cm
cells. IR spectra were recorded with a Bio-Rad FTS-45 spectrome-
ter with samples in compressed KBr pellets. 1H NMR spectra were

Table 5. Crystal and structure refinement data for 1, 3, 10, 11 and 14.

Compound No. 1 3 10 11 14

Formula C13H8ClN2O3Re C13H8ClN2O3Tc C21H10BrN4O3Re C21H12BrN2O3Re C15H6BrN2O5Re
Mr 461.86 373.67 632.44 606.44 560.33
Crystal system monoclinic triclinic triclinic triclinic orthorhombic
Space group P21/n P1̄ P1̄ P1̄ Pnma
a [Å] 6.8740(5) 10.9879(8) 6.9955(7) 7.5081(10) 7.2858(5)
b [Å] 15.0038(9) 11.5003(9) 12.9547(11) 9.7573(10) 12.7348(6)
c [Å] 13.5114(11) 11.1203(9) 13.2653(12) 12.9934(18) 16.7641(9)
α [°] 93.703(10) 111.200(10) 94.697(15)
β [°] 96.494(10) 103.282(9) 98.272(11) 94.288(16)
γ [°] 86.214(9) 95.110(11) 106.434(14)
V [Å3] 1384.57(17) 1362.87(18) 1096.10(17) 905.1(2) 1555.43(15)
Z 4 4 2 2 4
Dc [g cm–3] 2.216 1.821 1.916 2.225 2.393
µ(Mo-Kα) [mm–1] 8.976 1.259 7.394 8.946 10.409
Goodness-of-fit on F2 0.882 0.867 0.926 1.042 1.047
R[a,b] 0.0464 0.0426 0.0593 0.0749 0.0701
wR2

[a,c] 0.0702 0.0990 0.1685 0.1893 0.1835
Max., min. peaks [e·Å–3] 3.433, –1.822 0.661, –0.970 3.063, –1.710 2.066, –2.314 2.002, –1.804

[a] Observation criterion: I � 2σ(I). [b] R = Σ||Fo| – |Fc||/Σ||Fo|. [c] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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recorded with Varian Mercury and Varian Gemini-2000 spectrome-
ters (1H at 199.97 MHz and 300.08 MHz, respectively) and 13C
NMR spectra were recorded with Varian Gemini-2000 and Bruker
DRX500 spectrometers (13C at 75.47 MHz and 125.81 MHz,
respectively). The chemical shifts are reported relative to residual
solvent protons as a reference. 99Tc NMR spectra were recorded
with a Varian Gemini-2000 spectrometer (99Tc resonance
67.40 MHz), referenced to [99TcO4]–. Electrospray ionisation mass
spectra (ESI-MS) were recorded with a Merck–Hitachi M-8000
spectrometer, reported are the values of the 187Re isotope. Elemen-
tal analyses were performed with a Leco CHNS-932 elemental ana-
lyser. It was found that cyano- and thiocyanato compounds ana-
lysed by this instrument often show elemental analyses differing
greatly from the expected calculated percentages. This analytical
problem was also observed for commercial, analytical grade chemi-
cals like NaCN, K3[Fe(CN)6] or CuSCN. Electrochemical measure-
ments were carried out in DMF containing 0.1  TBA PF6 as con-
ducting electrolyte. A Metrohm 757 VA Computrace electrochemi-
cal analyser was used with a standard three-electrode setup of
glassy carbon working and auxiliary electrodes and a Ag/AgCl ref-
erence electrode. All potentials are given vs. Ag/AgCl (NHE:
+221 mV). Gas chromatograms were recorded with a Varian CP-
3800 gas chromatograph with helium as the carrier gas. The perma-
nent gases CO, N2, O2 and H2 were separated by a 3 m×2 mm
column packed with Varian molecular sieves 13X. The gases were
detected using a thermal conductivity detector (Varian). Cali-
brations were performed by the injection of known quantities of
pure gases.

Photochemical Carbon Dioxide Reductions: Reactions catalysed by
[Re(CO)3(diimine)X] complexes were tested in 50 mL septum
capped Schlenk tubes. Exact volumes were determined gravimetri-
cally. 10 mL of a solution containing TEOA (1 ) and the catalyst
(1 m) in DMF were prepared, wrapped in black foil and degassed
using a CO2-purged Schlenk-line. The mixture was equilibrated un-
der 1.5 bar CO2 pressure for 15 min and then transferred to a dark
room for illumination. The light source was a Leica Pradovit S AF
slide projector equipped with a 250-W Osram Xenophot HLX
lamp. The light was filtered by a 400-nm cut-off filter (Schott GG
400) before reaching the sample at 40 cm distance from the projec-
tor. Light intensities illuminating the sample were determined by a
TES 1332A luxmeter to be 46.000 lux. 100-µL gas samples were
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drawn from the headspace above the solution and injected into the
GC-TCD gas analyser.

X-ray Diffraction Studies: Suitable crystals were covered with Para-
tone N oil, mounted on top of a glass fibre and immediately trans-
ferred to a Stoe IPDS diffractometer. Data was collected at
183(2) K using graphite-monochromated Mo radiation
(0.71073 Å). Data was corrected for Lorentz and polarisation ef-
fects as well as for absorption. Structures were solved with direct
methods using SHELXS-97[47] or SIR97[48] and were refined by
full-matrix least-squares methods on F2 with SHELXL-97.[49] OR-
TEP plots were generated by the PLATON software package[50]

and are drawn at 50% probability. The crystal data and refinement
parameters of the presented structures are summarised in Table 5.

CCDC-299061 to -299065 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Centre via
www.ccdc.cam.ac.uk/datarequest/cif.
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Synthetic, theoretical, and catalysis studies of a cationic func-
tionalized N-heterocyclic carbene complex of silver, namely
[{1-isopropyl-3-(N-phenylacetamido)imidazol-2-ylidene}2-
Ag]+Cl– (1b), is reported. Specifically, 1b was synthesized by
the reaction of 1-isopropyl-3-(N-phenylacetamido)imid-
azolium chloride (1a) with Ag2O in 64% yield; 1a was syn-
thesized by the alkylation reaction of 1-isopropylimidazole
with N-phenyl chloroacetamide in 90% yield. The molecular
structure of 1b was determined by X-ray diffraction studies
and was found to be active for polymerization of L-lactide at
elevated temperatures under solvent-free melt conditions to
give polylactide of moderate molecular weight with narrow
molecular weight distribution. Density functional theory
studies of the cationic species 2b, derived from NHC silver
complex 1b, were employed to obtain an understanding of
the structure, bonding, and electronic features of the mole-

Introduction
Ever since the first successful isolation of a stable singlet

carbene by Arduengo,[1] there has been phenomenal growth
in the field of N-heterocyclic carbene (NHC) chemistry.[2]

As a consequence, the N-heterocyclic carbenes have found
wide-spread application in chemical catalysis with new cata-
lysts being discovered recently.[3] The growth in NHC chem-
istry has made a profound impact, particularly in the field
of organometallic catalysis, with the NHC-based catalysts
exhibiting superior performance over the traditional cata-
lysts in many important transformations. For example, it is
now a well-established fact that Grubbs’ second-generation
ROMP catalyst bearing NHC exhibits better efficiency over
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cule. Bonding in complex 2b has been probed with the help
of charge decomposition analysis (CDA), the atoms in mole-
cules (AIM) approach as well as natural bond orbital (NBO)
methods. The Ag–NHC bond has been found to be more co-
valent with NHC acting as an effective σ-donor. The π-back-
bonding from the metal atom to the ligand was found to be
negligible. It has been noticed that the imidazole rings re-
main nearly orthogonal with respect to each other, in contrast
to the experimental geometry. Intramolecular hydrogen
bonds as well as Ag···O interaction involving the carbonyl
oxygen atoms have been identified as additional stabilizing
factors contributing towards the lower energy conformer of
2b compared to the corresponding planar geometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the original phosphane-based ruthenium catalyst, (PCy3)2-
(Cl)2Ru=CHPh.[4–6] Not surprisingly, the trendy NHCs are
fast replacing the phosphanes and are gradually emerging
as the designer’s choice of ligand in organometallic cataly-
sis. Remarkably, the NHC transition metal complexes have
exhibited catalytic activities for a truly impressive range of
reactions covering the C–C coupling reaction,[7,8] olefin me-
tathesis,[9] hydrogenation,[10,11] hydroformylation,[12] hydro-
silylation,[13] CO/ethylene copolymerization,[14] and hydro-
boration[15] reactions to name a few. In addition to the
newly found successes in organometallic catalysis, the
NHCs have shown promise in organocatalysis as potent nu-
cleophilic organic catalysts and are increasingly gaining
popularity and acceptance in such roles. Recently, there
have been several reports of organocatalysis by NHCs par-
ticularly in transesterification reactions[16] and in ring-open-
ing lactide polymerization reactions.[17–19] Both the in-situ
generated carbenes as well as the isolable stable singlet N-
heterocyclic carbenes have been directly employed in these
organocatalysis reactions.

The mainstay of N-heterocyclic carbene chemistry has
been its silver complexes, which played an important role
in the development of the field of NHCs.[20] The interest in
NHC silver complexes is primarily due to it being an effec-



R. B. Sunoj, P. Ghosh et al.FULL PAPER
tive transmetallating agent, a property which is being exten-
sively used for synthesizing other desired transition metal
complexes. Lin[21] provided a commonly employed method-
ology for synthesizing the NHC silver complexes using
Ag2O, which represents by far the most popular route to
these complexes. As an outcome of all the efforts toward
designing new N-heterocyclic carbene systems, many silver
complexes were synthesized and structurally charac-
terized.[22–25] A notable feature of the silver complexes is
their structural diversity in the solid state. For example, an
NHC ligand with a sterically demanding mesityl substituent
gave a neutral (NHC)AgCl-type complex with a 1:1 ligand/
metal ratio, whereas the less bulky variant of the same li-
gand bearing a methyl substituent gave a cationic (NHC)2-
Ag+-type complex with a 2:1 ligand/metal ratio.[26]

Interestingly, apart from its exclusive use in transmetalla-
tion reactions, a few reports of the utility of NHC silver
complexes in chemical catalysis have appeared lately. For
instance, there have been reports of the NHC silver com-
plexes exhibiting catalytic activity in ethyl diazoacetate
(EDA) assisted carbene transfer reactions,[27] in transesteri-
fication reactions, and in ring-opening lactide polymeriza-
tion reactions.[28] Thus, for the NHC silver complexes, the
focus of research is gradually shifting from being solely
used in transmetallation reactions to its applications in
chemical catalysis, which has opened up a new frontier of
research. As the catalytic applications of NHC silver com-
plexes are relatively less explored, we became interested in
investigating the catalytic properties of these complexes.

NHCs are often compared with the tertiary phosphane
ligands because of their good σ-donating ability.[29] How-
ever, a closer scrutiny based on both theoretical[30–34] and
experimental[35,36] results revealed that the NHCs are more
strongly σ-donating than the phosphanes.[37] Another no-
table difference between the two is that the NHCs are gen-
erally easier to synthesize but harder to metallate while the
reverse is true for phosphanes. In general, the success of
NHCs can be attributed partly to their ease of synthetic
accessibility and partly to the observed improved air, moist-
ure,[38] and thermal stabilities[39] of the so-called NHC cata-
lysts. The issue of improved stabilities of NHC metal com-
plexes may be related to the nature of the metal–carbene
(NHC) bond in these complexes and this requires a detailed
theoretical study to gain a better understanding of these
complexes. Alongside our main aim of designing new NHC
silver complexes for applications in chemical catalysis, we
became interested in carrying out a detailed theoretical
analysis of our NHC silver complexes in order to gain in-
sight into their reactivity pattern and catalytic potential. In
this regard, we have recently communicated a detailed syn-
thetic and theoretical study of a newly designed neutral mo-
nomeric NHC silver complex, [1-isopropyl-3-(2-tert-butyl-
2-oxoethyl)imidazol-2-ylidene]AgCl.[40] In addition to the
theoretical understanding, our interest is in the testing of
these new NHC silver complexes for catalysis, particularly
with regard to ring-opening polymerization (ROP) of -lac-
tides. Because of ecological reasons, the ROP of -lactides
is of current research interest. The polylactide polymers

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2975–29842976

(PLAs), not only are biodegradable but they can also be
generated from renewable resources (i.e. the - and -lactide
monomers) by a corn fermentation process or from agricul-
tural starch wastes.[41] Because of their good mechanical
properties and biocompatibility, the PLAs have found wide
utility in medical and pharmaceutical applications.[42,43] As
the sequence of stereocenters in the polymer chain has a
direct bearing on its mechanical properties, the ring-open-
ing polymerization of cyclic lactides thus enjoys inherent
advantage over α-olefin polymerizations that need intricate
ligand design for control of polymer tacticity.

Herein, we report the synthesis and structural characteri-
zation of a silver complex, namely [{1-isopropyl-3-(N-phen-
ylacetamido)imidazol-2-ylidene}2Ag]+Cl– (1b), of a new
functionalized N-heterocyclic carbene ligand along with a
theoretical study. Furthermore, in this contribution we dis-
close that 1b effectively catalyzes ring-opening polymeriza-
tion of -lactides (Scheme 1) at elevated temperatures under
solvent-free melt conditions to give a polylactide polymer
of moderate molecular weight with narrow molecular
weight distribution.

Scheme 1.

Results and Discussion

Despite the phenomenal successes of NHCs and NHC
metal complexes in chemical catalysis, the NHC silver com-
plexes have so far shown only limited utility as catalysts.
Recently, there was a report of NHC silver complexes cata-
lyzing a carbene transfer reaction from ethyl diazoacetate
to cyclohexane.[27] On another occasion, Waymouth and
Hedrick reported NHC silver complexes as novel carbene
delivery agents for ring-opening polymerization of -lac-
tides and for transesterification reactions.[28] These promis-
ing applications of NHC silver complexes in chemical catal-
ysis have opened up a new frontier of research. As this area
still remains largely unexplored, we became interested in
designing novel N-heterocyclic carbene silver complexes
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and testing their catalytic utility in ring-opening polymeri-
zation of -lactides.

Synthesis of [{1-Isopropyl-3-(N-phenylacetamido)imidazol-2-
ylidene}2Ag]+Cl– (1b)

The N-heterocyclic carbene ligand precursor, 1-isopro-
pyl-3-(N-phenylacetamido)imidazolium chloride (1a), was
synthesized by the alkylation reaction of 1-isopropylimid-
azole with N-phenyl chloroacetamide in refluxing toluene
in 90% yield (Scheme 2). Recently, Burgess[44] synthesized
similar N-acetamidoimidazolium chloride derivatives, syn-
thesized by analogous alkylation procedures, for preparing
theNHC silver and palladium complexes. The NMR analy-
sis of 1-isopropyl-3-(N-phenylacetamido)imidazolium chlo-
ride (1a) showed that the diagnostic imidazolium (NCHN)
resonance appeared downfield-shifted at δ = 9.97 ppm in
the 1H NMR spectrum and at δ = 137.7 ppm in the 13C
NMR spectrum. As expected, the amide proton (CONH)
resonance appeared downfield-shifted at δ = 11.37 ppm in
the 1H NMR spectrum, while the amide carbon (CONH)
resonance appeared at δ = 163.0 ppm in the 13C NMR spec-
trum. The C–O stretching frequency of the amide group
(CONH) appeared at 1697 cm–1 in the IR spectrum.

The silver complex, [{1-isopropyl-3-(N-phenylacetamido)-
imidazol-2-ylidene}2Ag]+Cl– (1b), was prepared by the
reaction of 1-isopropyl-3-(N-phenylacetamido)imidazolium
chloride (1a) with Ag2O in CH2Cl2 at room temperature in
64% yield (Scheme 2). Consistent with the formation of the
silver complex, the (NCHN) resonance of the starting mate-
rial was conspicuously absent at δ = 9.97 ppm in the 1H
NMR spectrum, while a new peak at δ = 179.5 ppm, corre-
sponding to the silver-bound carbene (NCN) resonance,
was observed in the 13C NMR spectrum. The (CONH) res-
onance appeared at δ = 165.0 ppm in the 13C NMR spec-
trum. The carbonyl peak (νCO) of the amide moiety
(CONH) appeared at 1694 cm–1 in the IR spectrum. The
electrospray mass analysis gave a 100% abundance peak at
m/z = 593 corresponding to the cationic [{1-isopropyl-3-(N-
phenylacetamido)imidazol-2-ylidene}2Ag]+ fragment.

The molecular structure of [{1-isopropyl-3-(N-phenyl-
acetamido)imidazol-2-ylidene}2Ag]+Cl– (1b) was deter-
mined by X-ray diffraction (Figure 1). In the complex, two
[{1-isopropyl-3-(N-phenylacetamido)imidazol-2-ylidene}]

Scheme 2.
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ligands are found to be bound to the metal center. It is
noteworthy that for a related NHC ligand, 1-isopropyl-3-
(2-tert-butyl-2-oxoethyl)imidazolin-2-ylidene, a neutral mo-
nomeric complex [1-isopropyl-3-(2-tert-butyl-2-oxoethyl)-
imidazolin-2-ylidene]AgCl[40] bearing a 1:1 ligand/metal ra-
tio was obtained under analogous reaction conditions un-
like the cationic 2:1 ligand/metal ratio observed in the pres-
ent case. Köhler et al.[45] have recently demonstrated that
for the same ligand both the cationic 2:1 NHC/metal com-
plex and the neutral 1:1 NHC/metal complex could be iso-
lated upon changing the polarity of the reaction medium.
For example, the reaction in THF gave a neutral 1:1 NHC/
metal complex of the type [(saturated NHC)AgCl] while the
same in highly polar water gave a 2:1 NHC/metal complex
of the type [(saturated NHC)2Ag]+BF4

–.

Figure 1. ORTEP of 1b. The Cl– ion is disordered with Cl1 having
1/3 occupancy and Cl2 having 2/3 occupancy. Selected bond lengths
[Å] and angles [°]: Ag–C(1) 2.085(3), N(1)–C(1) 1.350(4), N(1)–
C(2) 1.379(4), C(1)–Ag–C(1) 180.000(1), N(2)–C(1)–N(1) 104.0(2),
N(2)–C(1)–Ag 124.7(2), N(1)–C(1)–Ag 131.3(2).

Another notable feature of the 1b structure is that the
two imidazolyl rings surrounding the silver atom are copla-
nar. The isopropyl and the N-phenylacetamide substituents
on the imidazole rings are at a trans disposition to each
other presumably for steric reasons. The coordination ge-
ometry around the silver atom is linear [�Ccarb–Ag–Ccarb

angle is 180.0(1)°] and is consistent with the preferred linear
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geometry exhibited by two-coordinate AgI complexes hav-
ing d10 configuration.[46] The chloride anion is disordered
in the structure with Cl2 having 2/3 occupancy while Cl1
has 1/3 occupancy. The Ag–Ccarb bond length of 2.085(3) Å
more closely resembles a single bond, being slightly shorter
than the sum of the covalent radii of silver and carbon
(2.111 Å)[47] and also falls well within the observed range
of Ag–Ccarb bond lengths of other analogous complexes
(Table 1). Furthermore, the �(N–Ccarb–N) angle of
104.0(2)° in 1b is consistent with that observed for other
analogous complexes (Table 1).

Table 1. Selected metrical data for some [(N-R1-N�-R2-imidazol-2-
ylidene)2Ag]+-type complexes.

[a] Counter anion is AgCl2–. [b] Counter anion is AgBr2
–.

Important is the comparison of the structure of 1b with
a related [(saturated NHC)2Ag]+ counterpart. For example,
in an analogous saturated NHC silver complex, bis[(4R,5S)-
4,5-diallyl-1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydro-3H-
imidazolin-2-ylidene]silver(I) tetrafluoroborate,[45] the
�(N–Ccarb–N) angle of 109.0(4)° is larger than the corre-
sponding value of 104.0(2)° observed in the case of 1b and
this is presumably due to the differences in their respective
N-heterocyclic ring geometries. The Ag–Ccarb bond lengths
[2.082(4) and 2.087(4) Å] in bis[(4R,5S)-4,5-diallyl-1,3-
bis(2,4,6-trimethylphenyl)-4,5-dihydro-3H-imidazolin-2-
ylidene]silver(I) tetrafluoroborate, however, compare well
with the corresponding values of 2.085(3) Å observed in
complex 1b.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2975–29842978

Density Funtional Theory Studies

Electronic structure calculations using the density func-
tional theory were performed on the [{1-isopropyl-3-(N-
phenylacetamido)imidazol-2-ylidene}2Ag]+ cationic com-
plex (2b) in order to gain further insights into structure and
bonding. We used the B3LYP/SDD,6-31G* level of theory.
Two major conformers differing in energy by about
2.66 kcal/mol were identified.[48] In the lower energy con-
former the imidazole rings were found to remain nearly or-
thogonal to each other. In an earlier study by Frenking and
co-workers on a series of unfunctionalized (NHC)2Ag+

complexes, the energy difference between such conformers
was reported to be of the order of 5 kcal/mol with only a
negligible barrier to interconversion.[33] A close inspection
of the optimized structure with that obtained through X-
ray crystallography revealed interesting facts. In the experi-
mental structure, where the imidazole rings are coplanar, it
appears that there is an obvious intermolecular hydrogen
bonding interaction involving olefinic hydrogen atoms (C8–
C10) from the imidazole unit with that of the carbonyl O
atom from the functional side-arm of the neighboring NHC
silver molecule.[49] Furthermore, additional intramolecular
stabilization interactions were noticed in the nonplanar
conformer rather than in the planar one (vide infra).

In general, agreement between computed and experimen-
tal geometrical parameters was found to be quite good
(Table 2). Calculated structural parameters for the unbound
carbene, in its singlet ground state, are indicated in Fig-
ure 2. It can be seen that the bond lengths in the imidazole
ring do not undergo any major change, except for the
�(N–Ccarb–N) angle, which shows a modest widening by
about 1.8°. Since NHCs are known to act as efficient σ-
donors through the carbenic carbon atom, one can expect
only a minimal geometric distortion as predicted by the
computed geometries in Figure 2.

The σ-donation increases the electron deficiency on the
Ccarb atom and thus facilitates a better N�Ccarb π-do-
nation. We have found an effective delocalization of the ni-
trogen lone pair electrons into the adjacent C–N bond with
the help of natural bond orbital (NBO) analysis. Such delo-
calizations are responsible for shorter C–N distances in
complex 2b compared to that of the unbound carbene.[50]

The computed natural population on C7 (and C42) re-
vealed that the pπ atomic orbital is substantially more pop-
ulated (1.14 e) in the complex 2b than in the unbound sing-
let ground state (0.83 e).[51] The NPA charges on the imid-
azole nitrogen atoms were found to be increasingly positive
upon complexation while the charges on the Ccarb atoms
remain unchanged. Similar observations on related systems
have been made earlier and independently by Frenking[31]

and Scherer.[32]

In order to gain better insight into the nature of the
chemical bonding we carried out charge decomposition
analysis (CDA) using the B3LYP wave function. CDA has
been known to be a useful tool in analyzing the extent of
back-bonding in organometallic systems.[52] The CDA re-
sults in 2b show a significant Ccarb�Ag σ-donation (d =
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Table 2. Comparison between selected distances [Å] and angles [°]
in 1b (X-ray structure) and 2b (computed structure).

Parameter[a] Exp. Calcd. Parameter Exp. Calcd.

Ag–C1 2.085(3) 2.109 C2–C3 1.328(5) 1.357
Ag–C1 2.085(3) 2.109 C4–C5 1.507(4) 1.546
N1–C1 1.350(4) 1.356 C11–C12 1.473(10) 1.532
N1–C2 1.379(4) 1.388 C11–C13 1.526(12) 1.532
N1–C11 1.502(5) 1.484 C21–C22 1.378(6) 1.401
N2–C1 1.350(4) 1.363 C21–C26 1.388(6) 1.402
N2–C3 1.384(4) 1.388 C22–C23 1.390(7) 1.396
N2–C4 1.445(4) 1.453 C23–C24 1.369(12) 1.395
N3–C5 1.365(4) 1.361 C24–C25 1.326(11) 1.396
N3–C21 1.427(4) 1.422 C25–C26 1.383(7) 1.392
C5–O 1.206(3) 1.227 Ag–O 3.980 3.262

Ag–O 3.980 3.220

C1–Ag–C1 180.0(1) 172.5 O–C5–N3 125.1(3) 125.6
C1–N1–C2 110.9(3) 111.1 O–C5–C4 122.7(3) 120.8
C1–N1–C11 124.5(3) 124.3 N3–C5–C4 112.2(3) 113.6
C2–N1–C11 124.4(3) 124.6 C12–C11–N1 111.5(5) 110.7
C1–N2–C3 111.5(2) 111.1 C12–C11–C13 113.6(6) 113.3
C1–N2–C4 123.3(2) 124.3 N1–C11–C13 106.8(6) 110.4
C3–N2–C4 125.1(2) 124.5 C22–C21–C26 120.9(4) 120.0
C5–N3–C21 127.5(3) 129.2 C22–C21–N3 122.9(4) 123.1
N2–C1–N1 104.0(2) 104.6 C26–C21–N3 116.1(4) 116.8
N2–C1–Ag 124.7(2) 125.5 C21–C22–C23 117.6(6) 119.1
N1–C1–Ag 131.3(2) 128.4 C24–C23–C22 120.7(7) 121.2
C3–C2–N1 107.5(3) 106.9 C25–C24–C23 121.3(6) 119.4
C2–C3–N2 106.2(3) 106.4 C24–C25–C26 120.4(7) 120.2
N2–C4–C5 112.3(2) 112.4 C25–C26–C21 119.0(5) 120.2

N3–C7–C42–N38 0.85 77.94

[a] The calculated structure does not include chloride ions and thus
refers to the cationic complex 2b. The atom numbering is therefore
different from that in the cif file. For optimized coordinates, please
refer to the Supporting Information.

Figure 2. Calculated key structural parameters of free carbene 2a
and the complex 2b. NPA charges are given in parentheses.

0.656) and a very negligible Ccarb�Ag back-donation (b =
0.053). A d/b ratio of 11.4 and 12.4 between Ag and the
two NHC ligands evidently underscores the ability of NHC
to function as an effective σ-donor ligand (see Table S3,
Supporting Information). The structural parameters as well
as population analysis presented in the previous sections
are in concurrence with the CDA result that the back-bond-
ing in 2b is not very significant.
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Analysis of the topological features of electron density
offers valuable information pertaining to the nature of
chemical bonding in molecules. Bader’s theory of “Atoms
In Molecules” (AIM) has widely been applied to examine
interesting bonding situations.[53] Topological properties
such as the density at the bond critical point (ρbc), Lapla-
cian of electron density (�2ρbc) as well as the total energy
density (H) are analyzed. A covalent interaction is charac-
terized by a negative value for �2ρbc as well as H � 0. The
value of H is widely accepted as a better descriptor in de-
termining the nature of interaction than the �2ρbc value.[54]

Inspection of computed topological features in the present
system, as given in Table 3, reveals that the Ccarb–Ag bond
is covalent. For 2b, values of Laplacian �2ρbc as well as
total energy density Hbc for the Ccarb–Ag bonds were found
to be –0.07 and –4.5 au, respectively. These values suggest
that the Ccarb–Ag bond is more covalent than ionic. Fur-
ther, the computed NPA charges on Ag (+0.49) and Ccarb

(+0.08) are consistent with this observation (Figure 2). All
other bonds such as C–N and C=C of the imidazole ring
were found to be more covalent, as expected. Another no-
ticeable feature emerging from the AIM analysis pertains
to the π-bonds in the imidazole rings. The characteristic
ellipticity associated with π-bonds is clearly reflected in the
computed ε values that are found to be as high as 0.4 for
the C=C bonds. The Ccarb–Ag bond exhibits the lowest
value for ellipticity, again indicating lack of π-bonding in-
teractions. Interestingly, the ε values for the N3–C8 and
N4–C10 (also N38–C43 and N39–C45) bonds suggest a
moderate π-character, presumably arising due to an
N�Ccarb π-donation into the carbene π-type orbital.

Table 3. Summary of the AIM analysis performed on 2b at the
AIM//B3LYP/SDD,6-31G* level of theory.[a]

Bond ρbc [e·Å–3] �2ρbc [e·Å–5] ε Hbc

Ag1–C7 0.102 –0.071 0.04 –4.49
C7–N3 0.320 0.158 0.09 –14.68
C7–N4 0.314 0.150 0.06 –14.41
N3–C8 0.301 0.187 0.16 –12.52
N4–C10 0.299 0.173 0.17 –12.47
C8–C10 0.337 0.243 0.39 –13.19
Ag1–C42 0.102 –0.071 0.04 –4.50
C42–N38 0.320 0.158 0.08 –14.53
C42–N39 0.315 0.154 0.04 –14.56
N38–C43 0.301 0.186 0.17 –12.28
N39–C45 0.300 0.177 0.17 –12.61
C45–C43 0.337 0.243 0.39 –13.09
O2···H49 0.008 –0.007 0.13 –0.30
O37···H21 0.003 –0.003 0.13 –0.12
Ag1···O2 0.009 –0.006 0.50 –0.38
Ag1···O37 0.010 –0.007 0.61 –0.40

[a] See Figure 3 for atom numbers.

As mentioned earlier, the geometry of the lowest energy
conformer has a nearly orthogonal disposition of the imid-
azole rings. In the optimized geometry, there are two inter-
esting intramolecular hydrogen bonds, rendering additional
stabilization as shown in Figure 3. The first one is between
the hydrogen atom of the tethered isopropyl group of one
imidazole ring with the carbonyl group of the other imid-
azole ring (2.91 Å, ρ = 0.003). The second hydrogen bond-
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ing interaction is between the methylene hydrogen atom and
the carbonyl group attached to another imidazole ring
(2.49 Å, ρ = 0.008). These intramolecular interactions were
identified correctly by the AIM calculations, where the
densities at the bond critical points (ρbc) were found to fall
within the hydrogen bonding range.[55] There are also ad-
ditional interactions between the carbonyl oxygen atoms
from both imidazole rings and the silver atom (3.26 Å, ρ =
0.01). These interactions together could be responsible for
the near orthogonal orientations of the imidazole rings in
the gas-phase-optimized geometry.

Figure 3. The B3LYP/SDD,6-31G* optimized geometry of 2b
showing weak intramolecular interactions and the corresponding
densities at the bond critical points (ρbc) computed using the AIM
theory (only selected hydrogen atoms are shown for clarity).

Polymerization Studies

The silver complex [{1-isopropyl-3-(N-phenylacetamido)-
imidazol-2-ylidene}2Ag]+Cl– (1b) was found to be an active
catalyst for ring-opening polymerization of -lactides car-
ried out at elevated temperatures under melt conditions in
the absence of any solvent.[56] For example, a typical run
involved heating of -lactide and [{1-isopropyl-3-(N-phenyl-
acetamido)imidazol-2-ylidene}2Ag]+Cl– (1b) in a sealed ves-
sel under vacuum at designated temperatures for stipulated
periods of time. Under these conditions the reaction mix-
ture would form a monomer melt in which the polymeriza-
tion would occur. The variation of the [M]/[C] ratio (M =
monomer, C = catalyst) at 160 °C showed that the maxi-
mum molecular weight (Mw = 12.2·103, Entry 2, Table 4)
was obtained at a 100:1 monomer/catalyst ratio. The ob-
served polydispersity index (PDI) was in the range 1.22–
1.47. Consistent with the observed molecular weight distri-
butions, the time dependence studies (Entries 2 and 7–9,
Table 4) showed no correlation of the observed molecular
weight with time thereby ruling out the possibility of a true
living polymerization process. The temperature dependence
study carried out in the range 100–180 °C[57] (Entries 2 and
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10–13, Table 4) showed that the molecular weight of the
polymer decreased with an increase in temperature, with the
highest molecular weight observed at 100 °C (13.5·103, En-
try 10, Table 4). The decrease in molecular weight with the
increase in temperature may be caused by thermal depoly-
merization as well as an enhanced transesterification reac-
tion occurring at elevated temperatures. In this regard, Liao
et al.[56a] and Albertsson and Varma[42] have recently re-
ported a similar decrease in polymer molecular weight with
temperature, arising from thermal depolymerization and ac-
celerated transesterification reactions.

Table 4. Melt polymerization of -lactide by 1b.

Entry -Lactide/1b Temp. [°C] Time [h] Mw Mw/Mn Conv. [%]

1 50 160 4 8.1·103 1.37 90
2 100 160 4 12.2·103 1.40 98
3 250 160 4 9.2·103 1.41 78
4 500 160 4 6.6·103 1.28 46
5 750 160 4 5.3·103 1.23 35
6 1000 160 4 4.9·103 1.22 36
7 100 160 3 11.0·103 1.41 79
8 100 160 1.5 11.4·103 1.47 78
9 100 160 0.5 10.6·103 1.29 65

10 100 100 4 13.5·103 1.27 84
11 100 120 4 11.9·103 1.46 81
12 100 140 4 11.2·103 1.36 91
13 100 180 4 8.3·103 1.35 94

In order to gain insight into the nature of the active spe-
cies in the catalytic cycle, the thermal stability of [{1-isopro-
pyl-3-(N-phenylacetamido)imidazol-2-ylidene}2Ag]+Cl– (1b)
was studied by a thermogravimetric analysis (TGA) experi-
ment (Figure 4). Compound 1b was found to be stable up
to 180 °C above which drastic mass loss started to occur
presumably caused by the generation of the carbene. Con-
sistent with the TGA results, the attempts to trap the in-
situ generated carbene from the thermal decomposition of
1b with CS2, carried out at a much lower temperature
(60 °C), proved to be unsuccessful.[58]

In this regard, it is worth mentioning that Waymouth
and Hedrick[28] have recently proposed a mechanism invok-
ing in-situ generation of carbene from similar NHC silver
complexes for the ring-opening polymerization of -lac-
tides. However, for sterically demanding NHC silver precat-
alysts that were thermally sufficiently stable and did not
dissociate to generate carbenes at the polymerization tem-
perature, the possibility of the silver complexes directly me-
diating the polymerization was also suggested to exist. A
similar possibility of silver directly participating in the poly-
merization also exists in the case of 1b and is in agreement
with the TGA experiment that showed the complex did not
undergo significant mass loss below 180 °C while the poly-
merizations were carried out at a lower temperature range
(100–180 °C). Such direct metal-mediated polymerization
would lead to the capping of polymer chain ends with NHC
fragments (Scheme 3) and indeed, the characteristic reso-
nances of the NHC moieties could be seen in both the 1H
NMR and 13C NMR spectra of the polymer.[59] The
MALDI spectrometric analysis of the polymer also con-
firms the presence of NHC chain end groups.[60] In this re-
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Figure 4. Thermogravimetric analysis of 1b as a function of temperature.

gard it is worth mentioning that a (NHC)YIII complex has
been recently reported to exhibit metal-mediated coordina-
tion insertion polymerization of lactides.[61] However, the
other possibility that minute amounts of carbene, generated
during the thermal decomposition of 1b, are responsible for
the polymerization also cannot be ruled out completely.
Currently, detailed mechanistic studies are underway to es-
tablish the identity of the active species responsible for the
catalysis.

Scheme 3.

Eur. J. Inorg. Chem. 2006, 2975–2984 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2981

Conclusions

In summary, a new functionalized N-heterocyclic car-
bene ligand precursor, 1-isopropyl-3-(N-phenylacetamido)-
imidazolium chloride (1a), was synthesized by the alky-
lation of 1-iso-proplyimidazole with N-phenyl chloroacet-
amide. The silver complex, [{1-isopropyl-3-(N-phenylacet-
amido)imidazol-2-ylidene}2Ag]+Cl– (1b), was synthesized
by treatment of 1a with Ag2O. Complex 1b has been struc-
turally characterized by X-ray diffraction studies and was
found to effectively initiate polymerization of -lactide at
higher temperatures under solvent-free melt conditions pro-
ducing polylactide polymers with a narrow molecular
weight distribution. Density functional theory studies and
post-wave function analysis were able to establish that the
functionalized NHC was acting as an effective σ-donor.
Weak intramolecular stabilizing interactions were identified
as responsible factors in contributing to the perpendicular
dispositions of the imidazole rings, compared to the copla-
nar arrangement as revealed by the X-ray crystallographic
study.

Experimental Section
General Procedures: All manipulations were carried out using a
combination of a glovebox and standard Schlenk techniques. Sol-
vents were purified and degassed by standard procedures. Ag2O
was purchased from SD-Fine Chemicals (India) and used without
any further purification. -Lactide was purchased from Sigma Ald-
rich (Germany) and was subjected to polymerization without fur-
ther purification. -Lactide was stored at 4 °C as supplied, to avoid
the formation of lactyl lactate. N-Phenyl chloroacetamide[62] and 1-
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isopropylimidazole[63] were synthesized according to literature pro-
cedures. 1H and 13C{1H} NMR spectra were recorded with a Var-
ian 400 MHz NMR spectrometer. 1H NMR peaks were labeled as
singlet (s), doublet (d), triplet (t), and septet (sept). Infrared spectra
were recorded with a Perkin–Elmer Spectrum One FT-IR spec-
trometer. Mass spectrometry measurements were carried out with
a Micromass Q-Tof spectrometer. The thermal analysis was per-
formed in N2 (flow rate: 10 mL/min) with a heating rate of 10 °C/
min using a Perkin–Elmer Pyris thermal analyzer. X-ray diffraction
data were collected with a Bruker P4 diffractometer equipped with
a SMART CCD detector, and crystal data collection and refine-
ment parameters are summarized in Table 5. The structures were
solved by direct methods and standard difference map techniques,
and were refined by full-matrix least-squares procedures on F2 with
SHELXTL (Version 6.10). CCDC-297479 (for compound 1b) con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. The
polymer molecular weights were determined using a Waters GPC
(Waters 2414 RI Detector) with PL-gel, a 5 µ-mixed-D (2×300 mm)
column, with polystyrene standards in chloroform, and a covered
molecular weight range of 140 to 4·105. The MALDI-TOF MS
measurements were performed with a Voyager-DE STR Biospec-
trometry Workstation mass spectrometer. A 19 kV accelerating
voltage was used with pulsed ion extraction (PIE). The positive
ions were detected using the reflection mode (20 kV). A nitrogen
laser (337 nm, 1 ns pulse width operating at 4 Hz) was used to pro-
duce laser desorption and 50 shots were scanned per spectra. The
instrument was calibrated with four standards [Des-Arg 1,
Bradykinn and Angiotensin-1, and ACTH (1-17)] by means of lin-
ear calibration. The sample was prepared with an α-cyanohydroxy
cinnamic acid (CHC) matrix (10 mg /mL). A 1 µL analyte solution
(10 mg/mL) was deposited onto the sample plate (stainless steel)
and allowed to air-dry. Subsequently, a 1 µL matrix solution (50:50
v/v, CHC/acetonitrile) was added to the analyte.

Table 5. X-ray crystallographic data for 1b.

Lattice rhombohedral
Empirical formula C28H34AgClN6O2

Formula mass 629.93
Space group R3̄
a [Å] 18.2066(8)
b [Å] 18.2066(8)
c [Å] 28.102(2)
α [°] 90
β [°] 90
γ [°] 120
V [Å3] 8067.3(8)
Z 9
Temperature [K] 243(2)
Radiation, λ [Å] 0.71073
ρ(calcd.) [g·cm–3] 1.167
µ(Mo-Kα) [mm–1] 0.665
θmax [°] 28.30
No. of data 4167
No. of parameters 175
R1 0.0461
wR2 0.1326
GOF 1.030

Synthesis of 1-Isopropyl-3-(N-phenylacetamido)imidazolium Chlo-
ride (1a): N-Phenyl chloroacetamide (2.01 g, 11.8 mmol) and 1-iso-
propylimidazole (1.30 g, 11.8 mmol) were added to toluene (ca.
10 mL) and heated at 140 °C for 12 h during which a brown pre-
cipitate was formed. The precipitate was collected by filtration and
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washed with hot hexane (ca. 8 mL) and dried under vacuum to give
the product as a brown crystalline solid (2.98 g, 90%). 1H NMR
(400 MHz, CDCl3, 25 °C, TMS): δ = 11.37 (s, 1 H, NH), 9.97 (s, 1
H, NCHN), 7.71 (d, 3JH,H = 7 Hz, 2 H, o-C6H5), 7.59 (s, 1 H,
NCHCHN), 7.28 (s, 1 H, NCHCHN), 7.22 (t, 3JH,H = 7 Hz, 2 H,
m-C6H5), 7.03 (t, 3JH,H = 7 Hz, 1 H, p-C6H5), 5.60 (s, 2 H, CH2),
4.63 [sept, 3JH,H = 6 Hz, 1 H, CH(CH3)2], 1.52 [d, 3JH,H = 7 Hz, 6
H, CH(CH3)2] ppm. 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ
= 163.0 (CO), 137.7 (NCN), 135.8 (ipso-C6H5), 128.4 (o-C6H5),
124.0 (NCHCHN), 123.7 (NCHCHN), 119.8 (p-C6H5), 118.9 (m-
C6H5), 52.9 (CH2), 51.9 [C(CH3)2], 22.6 [C(CH3)2] ppm. IR (KBr
pellet): ν̃ = 1697 (s) (νCO) cm–1. LRMS (ES): m/z (%) = 244 (100)
[NHC ligand]+. HRMS (ES): calcd. for [NHC ligand]+ 244.1450,
found 244.1455.

Synthesis of [{1-Isopropyl-3-(N-phenylacetamido)imidazol-2-yl-
idene}2Ag]+Cl– (1b): The reaction was carried out under exclusion
of light. A mixture of 1a (1.81 g, 6.47 mmol) and Ag2O (0.748 g,
3.23 mmol) in dichloromethane (ca. 25 mL) was stirred at room
temperature for 4 h. The reaction mixture was filtered and the sol-
vent was removed under vacuum to give the product as a light
yellow solid (1.30 g, 64%). 1H NMR (400 MHz, CDCl3, 25 °C,
TMS): δ = 11 (br., 1 H, NH), 7.78 (d, 3JH,H = 8 Hz, 2 H, o-C6H5),
7.29 (s, 1 H, NCHCHN), 7.20 (t, 3JH,H = 8 Hz, 2 H, m-C6H5), 7.02
(t, 3JH,H = 8 Hz, 1 H, p-C6H5), 6.99 (s, 1 H, NCHCHN), 5.27 (s,
2 H, CH2), 4.60 [sept, 3JH,H = 7 Hz, 1 H, CH(CH3)2], 1.42 [d, 3JH,H

= 7 Hz, 6 H, CH(CH3)2] ppm. 13C{1H} NMR (CDCl3, 100 MHz,
25 °C): δ = 179.5 (NCN), 165.0 (CO), 138.0 (ipso-C6H5), 128.1 (o-
C6H5), 123.5 (NCHCHN), 122.6 (NCHCHN), 119.5 (p-C6H5),
116.4 (m-C6H5), 54.4 [C(CH3)2], 53.5 (CH2), 23.2 [C(CH3)2] ppm.
IR (KBr pellet): ν̃ = 1694 (s) (νCO) cm–1. LRMS (ES): m/z (%) =
593 (100) [(NHC ligand)2Ag]+.

Computational Methods: The density functional theory calculations
were performed on the [{1-isopropyl-3-(N-phenylacetamido)imid-
azol-2-ylidene}2Ag]+ cationic complex (2b) using the Gaussian98
suite of quantum chemical programs.[64] The Becke three-parameter
exchange functional in conjunction with the Lee–Yang–Parr corre-
lation functional (B3LYP) was employed in this study.[65,66] The
Stuttgart-Dresden effective core potential (ECP), representing 19
core electrons, along with valence basis sets (SDD) was used for
the silver atom.[67] All other atoms were treated with the 6-31G(d)
basis set.[68] We will be designating the level of theory hereafter as
B3LYP/SDD,6-31G*. Inspection of the metal–ligand donor–ac-
ceptor interactions was carried out using charge decomposition
analysis (CDA).[69] CDA is a valuable tool for analyzing the inter-
actions between molecular fragments in a quantitative fashion,
with an emphasis on the electron donation.[70] The CDA calcula-
tions were performed with the program AOMIX using the B3LYP/
SDD,6-31G* wave function.[71] Natural bond orbital analysis was
performed using the NBO3.1 program as implemented in the
Gaussian98 package.[72] Second-order perturbation energy analysis,
natural charges,[73] and bond orders[74] for 2b were calculated using
the B3LYP wave function. The nature of the chemical bonding was
further explored with Bader’s “Atoms in Molecules” approach[75]

using the AIM2000 program.[76]

Polymerization Experiments: Typical polymerization experiment: -
Lactide (1.01 g, 7.01 mmol) and 1b (0.044 g, 0.070 mmol) were
charged in an ampoule inside a glove box. The ampoule was taken
out and put under vacuum at 50 °C for 15 min, after which the
ampoule was sealed under vacuum and heated at 160 °C for 4 h.
Under these conditions, the reaction mixture turned into a mono-
mer melt in which polymerization occurred. Subsequently, the
molten reactive polymer mixture was cooled by submerging the se-
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aled ampoule into liquid nitrogen to stop the polymerization. The
conversion of -lactide monomer was determined using the size
exclusion chromatography method. The analyses were performed
on the crude reaction mixture, no precipitation was executed to
avoid fractionation of the sample so as not to influence the results.

Supporting Information (see footnote on the first page of this arti-
cle): Polymer characterization data, B3LYP-optimized coordinates
for NPA data, and list of NBO delocalizations for 2b.
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The diimine complexes with bulky fluorinated N-substitu-
ents [NiII(FDAD)2] 1 and [CoII(FDAD)2] 2 [FDAD = N,N�-bis-
(pentafluorophenyl)-2,3-dimethyl-1,4-diaza-1,3-butadiene]
as well as diimine complexes with extended π system [NiII-
(FBIAN)2] 3 and [CoI(FBIAN)3] 4 (FBIAN = bis[N-{3,5-bis(tri-
fluoromethyl)phenyl}imino]acenaphthene) were synthesized.
Compound 4 represents the first complex with three bis(im-
ino)acenaphthene ligands synthesized so far. The molecular
structures of the complexes 1–4 were determined by X-ray
crystallography at 193 K. Complexes 1, 2 and 3 comprise the
divalent metal ions with pairs of radical monoanionic ligands,

Introduction

Homoleptic complexes of substituted 1,4-diaza-1,3-buta-
diene (DAD) with late transition metals [M(DAD)2] are
well know since the first publication of Balch and Holm in
early 1966.[1] They synthesized the extremely oxygen-sensi-
tive complex [Ni{Ph-DAD(Me)}2] and proposed the elec-
tronic structure as a NiII center with two radical
monoanionic (DAD)1– ligands.

Nowadays, it is clearly established that the (DAD)0 li-
gand possessing a low-lying antibonding π* orbital is able
to accept one or two electrons giving open-shell monoanion
(DAD)1– or closed-shell dianion (DAD)2–, respectively.
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whereas 4 is best described as a cobalt(I) complex with two
neutral (FBIAN)0 and one (FBIAN)1– ligand in the radical
monoanionic form. The electronic structures of the paramag-
netic cobalt complexes 2 and 4 were investigated by SQUID
measurements and X-band EPR spectroscopy. Both com-
plexes possess a doublet ground state, with electron density
located mostly in the metal d-orbitals. The doublet–quartet
energy gap for 4 was established to be 159 cm–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Thus, DAD along with related o-phenylenediamido ligands
belong to the classical N,N�-coordinating non-innocent li-
gands.[2]

The class of [M(DAD)2] complexes was expanded by the
groups of tom Dieck (M = Fe,[3] Ni[4]) and von Walther (M
= Fe,[5] Co,[5,6] Ni[7]). Later, several [Ni(DAD)2] complexes
were characterized by single-crystal X-ray analysis.[8,9] In
contradiction to the electronic model given by Balch and
Holm all these complexes were formulated as zero-valent
metal species with pairs of closed-shell (DAD)0 ligands. At
the same time closely related complexes derived from o-
phenylenediamine [NiII(sbqdi)2][10] [sbqdi – semibenzo-
quinonediiminato(1–)] and diaminomaleonitrile [NiII-
(sdisn)2][11] [sdisn – semidiiminosuccinonitrilo(1–)] are well
known to consist of a divalent metal and a pair of
monoanionic radical ligands.
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Throughout this paper we carefully distinguish between
formal[12] and spectroscopic (or physical)[13] oxidation
states. The formal oxidation state of a metal ion in a given
coordination compound is a non-measurable, physically
meaningless, usually integral number that is derived by het-
erolytic removal of all ligands in their closed-shell electron
configuration, whereas the spectroscopic oxidation state is
derived from the actual electron configuration of the metal
ion in a given ligand regime.

Complexes of late transition metals with redox active
non-innocent ligands[2] are of particular interest with regard
to their electronic structures. Since late transition metals
can exist in several oxidation states, ambiguity of oxidation
state determination may arise with transition metals coordi-
nated to non-innocent ligands. Often spectroscopic (or
physical) oxidation state of the non-innocent ligand can be
elegantly determined using a high-quality single-crystal X-
ray analysis, as different oxidation states of the ligand reveal
different characteristic bond lengths.[14]

Following our studies on complexes of late transition
metals containing non-innocent ligands[15] we report here
the first structurally characterized [Co(DAD)2] complex
along with its Ni analogue. Both molecular and electronic
structures of them are being investigated by X-ray analysis,
EPR spectroscopy, and variable-temperature magnetic
susceptibility measurements.

Similar to DAD bis(arylimino)acenaphthene (BIAN)[16]

owing to its non-innocent nature is known to form com-
plexes in different ligand oxidation states.

Very recently, Fedushkin et al.[17] reported the first
homoleptic complexes of the type [MII(BIAN)2] (M = Mg,
Ca). The molecular structure of [CaII(dip-BIAN)2] (dip –
2,6-diisopropylphenyl) was established and monoanionic
nature of both ligands along with conventional oxidation

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2985–29962986

state for calcium were established. To the best of our knowl-
edge homoleptic complexes of the type [M(BIAN)2] with
transition metals have been not isolated and structurally
characterized so far. Therefore, the class of homoleptic
DAD complexes has been further expanded by us to corre-
sponding BIAN complexes. Molecular structures of BIAN
complexes of nickel and cobalt are reported. The electronic
structure of the paramagnetic cobalt complex is investigated
in detail by means of EPR spectroscopy and variable-tem-
perature magnetic susceptibility measurements.

Results and Discussion

Synthesis and Characterization of DAD Complexes

In order to synthesize complexes 1 and 2 we employed a
variation of the well-known in situ reduction method.[7,8]

Complexes 1 and 2 were obtained in moderate to high
yields by complexation of anhydrous metal salts with two
equivalents of the ligand in the presence of two equivalents
of C8K as a reducing agent. The target complexes are oxy-
gen and moisture sensitive and should be handled and
stored under strictly anaerobic conditions.

At room temperature complex 1 is diamagnetic in solu-
tion and shows three sharp multiplets in the 19F NMR spec-
trum in the expected region –150 to –164 ppm vs. CFCl3.
It is interesting to note significant changes in the 1H NMR
spectrum accompanying the complexation. While in the free
ligand the methyl group is observed at δ = 2.24 ppm, it is
slightly broadened (W1/2 = 6 Hz) and strongly high-field
shifted in the complex and observed at δ = –1.98 ppm. The
same observation was made by tom Dieck et al. for a series
of [Ni(DAD)2] complexes.[8] We ascribe this unusual shift
to residual paramagnetism of 1 derived from a low-lying
triplet state populated at room temperature. The signal at δ
= –1.98 ppm in the 1H NMR spectrum of 1 is virtually
temperature-independent, it is only slightly low-field shifted
to –1.79 ppm by cooling the sample from 300 to 243 K.

Although a distorted tetrahedral environment of NiII

(vide infra) results in high-spin complex (SNi = 1), the two
radical ligands seem to couple antiferromagnetically with
the metal giving ultimately a diamagnetic complex.
Quenching of inherent paramagnetism of NiII in a distorted
tetrahedral arrangement of two chelating radical ligands
has recently been reported by Wieghardt et al.[18] EPR spec-
troscopy applied to 1 gave evidence for its diamagnetism.
Complex 1 was X-band EPR silent in solution/frozen solu-
tion at temperatures 4–300 K.
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Complex 2 is paramagnetic both in solid state and in

solution, the effective magnetic moment, µeff = 3.26 (µB),
was measured for the solid at room temperature. This value
is close to the spin state S = 3/2, further investigation of the
electronic structure of 2 is given below.

Crystal Structures of DAD Complexes

The molecular structure of 1 consists of two N,N�-chelat-
ing FDAD ligands coordinated to the metal center (Fig-
ure 1). Two FDAD ligands form a dihedral angle 55.28(9)°
reflecting a twisted tetrahedral geometry at the metal cen-
ter. The complex shows C2 symmetry having twofold sym-
metry axis defined by Ni atom and the centroids of the
diimine C–C bonds. Two metallacycles NiNCCN do not
show any bend along NN� axis, which would be the charac-
teristic feature for doubly reduced DAD ligands.[19] In con-
trast they are essentially planar with maximum deviation of
0.031(2) Å from the best-fit planes defined by E1

(Ni1N1C1C1�N1�) and E2 (Ni1N2C3C3�N2�). The sum of
angles at each nitrogen atom is close to 360° typical for
planar sp2-hybridized N-centers. Since the bond lengths in
two diimines are the same within ±0.012 Å (3σ), two li-
gands have an identical oxidation state.

Figure 1. Molecular structure of 1, thermal ellipsoids are drawn at
30% probability level.

The oxidation state of the ligands and consequently of
the metal can be unambiguously assigned on the basis of
the bond lengths analysis. In comparison of C–C and C–N
bond lengths of diimine moieties in 1 (Table 1) with corre-

Table 1. Selected bond lengths [Å] of complexes 1–4.

[NiII(FDAD)2] (1) [CoII(FDAD)2] (2) [NiII(FBIAN)2] (3) [CoI(FBIAN)3] (4)

I II

Ni1–N1 1.9173(18) Co1–N1 1.932(3) Ni1–N1 1.9399(15) Co1–N1 2.144(2) Co1–N3 2.125(2)
Ni1–N2 1.9165(17) Co1–N2 1.931(3) Ni1–N2 1.9370(15) Co1–N2 2.119(2)
C1–N1 1.340(3) C7–N1 1.352(5) C1–N1 1.333(2) C1–N1 1.302(4) C29–N3 1.331(3)
C3–N2 1.348(3) C15–N2 1.357(5) C2–N2 1.344(2) C2–N2 1.304(3)
C1–C1# 1.414(5) C7–C7# 1.408(8) C1–C2 1.427(3) C1–C2 1.474(4) C29–C29# 1.442(5)
C3–C3# 1.411(4) C15–C15# 1.412(8)
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sponding bond lengths in complexes, whose structures were
determined accurately (Scheme 1), it is evident that both
ligands in 1 are radical monoanions (FDAD)1–. The C–N
bond length, on average 1.344(3) Å, along with the C–C
bond of NCCN backbone, on average 1.413(5) Å, are in
good agreement with the presence of an open-shell
(FDAD)1–.[20] Since the complex possesses no extra charge,
the physical (or spectroscopic)[13] oxidation state of Ni is
+II (d8 electronic configuration).

Scheme 1. Characteristic bond lengths for DAD ligand in different
oxidation states: (DAD)0 in [NiII{dip-DAD(Me)}(CH2SiMe3)2][38]

(left), (DAD)1– in [ZnII{tBu-DAD(H)}2][20] (middle), and (DAD)2–

in [TiIV{Cy-DAD(H)}Cl2(THF)2][39] (right).

The molecular structures of several homoleptic com-
plexes [Ni(DAD)2] were reported previously.[8,9] All of them
were formulated as Ni0 complexes containing a pair of
closed-shell (DAD)0 ligands. Taking into account the bond
lengths of diimine moieties found in these complexes we
suggest reformulation of their electronic structures. For ex-
ample, the structure of [Ni{dmp-DAD(H)}2][8b] (dmp = 2,6-
dimethylphenyl) reveals C–N bonds on av. 1.341(2) Å and
C–C bonds of NCCN backbone on av. 1.374(2) Å. The
bond length pattern observed in the former is in better
agreement with the presence of the open-shell (DAD)1–

rather than the closed-shell (DAD)0. Having analyzed mo-
lecular structures of a series of reported [Ni(DAD)2] com-
plexes we suggest new electronic structures for the following
complexes: [NiII{Cy-DAD(H)}1–

2],[8a] [NiII{dmp-DAD-
(H)}1–

2],[8b] [NiII{tBu-DAD(H)}1–
2],[9a] [NiII{dip-DAD-

(H)}1–
2].[9b]

Almost all related homoleptic o-phenylenediamine-de-
rived complexes [NiII(sbqdi)2][10a,21] and the diaminoma-
leonitrile-derived [NiII(sdisn)2][11a] show strictly square-
planar geometry, whereas 1 as well as [Ni(DAD)2] structur-
ally characterized previously reveal twisted tetrahedral ge-
ometry. The dihedral angle formed by two diimine moieties
varies from 44.5° in [Ni{dmp-DAD(H)}2][8b] to 88.95° in
[Ni{tBu-DAD(H)}2].[9a] The large deviation from a square-
planar geometry observed in [Ni(DAD)2] complexes can be
rationalized by steric repulsion of bulky N-substituents. In
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contrast, a series of [NiII(sbqdi)2] and [NiII(sdisn)2] com-
plexes with small N–H substituents do not show any devia-
tion from square-planar geometry, whereas [NiII(sbqdi)2]
having bulky C6F5 groups attached to four nitrogen atoms
does show tetrahedral distortion: the two planar ligands
form dihedral angle of 53.7(1)°.[22]

The strong distortion from planarity in 1 is caused by
interaction between the bulky C6F5 groups engaged in in-
tramolecular C6F5–C6F5 stacking. The phenyl rings form
dihedral angles in the range of 65.7(1)–67.3(1)° with corre-
sponding diimine NCCN planes and are pairwise close to
coplanar with an interplanar angle of 2.9(1)°. The smaller
distance between C6F5 centroid and the least-squares plane
of adjacent C6F5 ring is 3.23 Å. If we assume that complex
1 adopts a square-planar geometry without significant
changes in bond lengths and angles, a simple geometrical
consideration predicts that the coplanar C6F5 rings would
be forced to a face-to-face distance of approximately 2.9 Å.
Recently, by DFT calculations Lorenzo et al.[23] have shown
that energy minimum for the gas-phase dimer (C6F6)2 in
face-to-face configuration is reached when the interplanar
distance C6F6–C6F6 is 3.31–3.37 Å. Assuming that the en-
ergy minima for the pair C6F5–C6F5 in 1 and the calculated
pair C6F6–C6F6 are reached at the close distances we expect
strong repulsion between two pairs of C6F5 rings in the hy-
pothetical square-planar complex 1.

A tetrahedral distortion of the complex and synchronous
rotation of the phenyl rings provide a relaxation of repulsive
interaction and sufficient increase of the C6F5–C6F5 dis-
tances. The molecular structure of 1 reveals a slipped ar-
rangement of two pairs of C6F5 rings. The interplanar
C6F5–C6F5 distance found at 3.23 Å is in good agreement
with distances 3.23 and 3.32 Å between C6F5 rings engaged
in intramolecular stacking in the sandwich complex bis[η5-
1,2,4-tris(pentafluorophenyl)cyclopentadienyl]iron(II)[24]

and with distances 3.20–3.28 Å in the series of complexes
[M(Fsbqdi)2] [M = Co, Ni, Pd, Cu, Fsbqdi – radical anion
derived from doubly deprotonated N,N�-bis(pentafluoro-
phenyl)-o-phenylenediamine].[22]

In conclusion, the twisted tetrahedral geometry of 1 is
determined by repulsion forces between the two pairs of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2985–29962988

perfluorinated rings, which is a typical feature of four-coor-
dinate NiII complexes with bulky ligands.

Although the synthesis of one homoleptic cobalt com-
plex [Co{Ph-DAD(Ph)}2] was reported earlier[5,6] up to now
no structural information about [Co(DAD)2] complexes is
available. The molecular structure of [CoII(FDAD)2] (2),
which is isomorphous with 1, is shown in Figure 2. The
cobalt atom is located in a twisted tetrahedral environment
of two chelating FDAD ligands, nearly planar diimine moie-
ties form a dihedral angle of 58.0(2)°. The molecule is sym-
metrical having a C2-axis defined by the cobalt atom and
the centroids of the diimine C–C bonds. The five-membered
metallacycles formed are essentially planar: the maximum
deviation from the best-fit plane is 0.027(4) Å for both
rings. The bond lengths and angles within the two FDAD
moieties are the same within 3σ.

Figure 2. Molecular structure of 2 showing distorted tetrahedral
geometry around the metal center; thermal ellipsoids are drawn at
30% probability level.

By comparison of the bond length pattern of the NCCN
moieties in 2 with that of 1 it is found that FDAD ligands
in both complexes are nearly similar. In complex 2 the C–
N bond lengths on av. 1.355(5) Å along with the C–C bonds
of the NCCN backbone on av. 1.410(8) Å are in good
agreement with the presence of two radical monoanions
(FDAD)1–. Taking into account that the complex is not
charged we assign the cobalt oxidation state to be +II (d7

electronic configuration).
Slight C–N bond lengthening of 0.011 Å along with neg-

ligibly small C–C bond shortening of 0.003 Å in NCCN
backbone of 2 compared to 1 are ascribed to slightly higher
population of π* orbitals of the ligands in 2. Nearly copla-
nar C6F5 rings with a dihedral angle of 3.9(2)° display an
interplanar distance close to that observed in 1: the smaller
distance between C6F5-centroid and the least-squares plane
of adjacent C6F5 ring is 3.27 Å. Close interplanar distances
C6F5–C6F5 observed for 1 and 2 confirm that the geometry
of both complexes is governed by intramolecular C6F5–
C6F5 interactions.
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Synthesis and Characterization of BIAN Complexes

Complexes 3 and 4 were prepared by ligand reduction
with C8K in the presence of the metal salts as described
before for FDAD complexes. Surprisingly, the reaction of
2 equiv. of the ligand with 1 equiv. of CoCl2 gave neutral
[Co(FBIAN)3] but not the expected [Co(FBIAN)2]. Subse-
quent reaction of CoCl2 with 3 equiv. of FBIAN led to the
formation of the same [Co(FBIAN)3] with improved yield.
Both complexes are sensitive towards oxygen and water.
Strict anaerobic conditions should be applied during work-
ing with the extremely sensitive [Co(FBIAN)3].

[NiII(FBIAN)2] shows sharp signals in 1H and 19F NMR
spectra demonstrating its diamagnetism, whereas 4 is
clearly paramagnetic. The µeff measured for solid 4 at room
temperature is found to be 3.80 µB, which is consistent with
three unpaired electrons per molecular unit and spin state
S = 3/2. By means of NMR and X-band EPR spectroscopy
we did not detect any equilibrium between 3 and free
FBIAN with a hypothetical octahedral nickel analogue of
4. Complex 3 was EPR silent in solution/frozen solution in
the temperature range 4–300 K.

Crystal Structures of BIAN Complexes

The molecular structure of 3 consists of two planar che-
lating FBIAN ligands attached to the nickel atom (Fig-
ure 3). Similar to 1 and 2 the two FBIAN ligands in 3 form
a distorted tetrahedral NiN4 ligand environment. The dihe-
dral angle formed by two diimine chelates is found to be
83.66(8)°.

It is interesting to note that the two almost orthogonal
diimine ligands do not form a regular tetrahedron. Instead,
one ligand seems to be turned around the axis through Ni,
perpendicular to the plane of the other diimine. For visual-
ization of this unusual geometry the first coordination
sphere of 3 is depicted in Figure 4. Consequently, local sym-
metry is missing completely in 3. In contrast, complexes 1,
2, and all structurally characterized [Ni(DAD)2] complexes
with diverse sterically demanding N-substituents,[8,9] as well
as [Ca(dip-BIAN)2] with bulky N-dip groups[17] all form
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Figure 3. Molecular structure of 3: disordered fluorine atoms are
shown as semitransparent ellipsoids, hydrogen atoms are omitted
for clarity, thermal ellipsoids are drawn at 30% probability level.

distorted tetrahedra with pseudo C2/D2 symmetry. The dis-
torted tetrahedral geometry of 3 can be ascribed to inter-
molecular arene–arene interactions observed in the crystal
structure. The acenaphthene rings involved in π stacking are
parallel with respect to each other and show an interplanar
distance of 3.533 Å (see Figure S1 in the supporting infor-
mation).

Figure 4. Ligands arrangement in 3: a view exactly perpendicular
to the plane defined by Ni1N1C1C2N2 (paper plane).
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Oxidation state of the ligands can be unambiguously as-

signed by a bond lengths analysis. Typical bond lengths of
bis(arylimino)acenaphthene ligand in different oxidation
states are represented in Scheme 2. As the naphthalene sys-
tem does not show distinct changes in bond lengths only
C–N and C–C bond lengths of diimine moieties are given
for the ligand in different oxidation states. In complex 3 the
diimine C–N bond length is found to be on average
1.339(2) Å and the diimine bridging C–C bond is
1.427(3) Å long. After having compared the bond length
pattern observed in 3 with those of known structures we
assign both diimines in 3 to be in monoanionic radical form
(Scheme 2). This implies that the oxidation state of Ni is
+II and the electronic configuration of the metal is d8.

Scheme 2. Characteristic bond lengths for BIAN ligand in different
oxidation states: (BIAN)0 in [NiII(dip-BIAN)Br2]2[40] (left),
(BIAN)1– in [CaII(dip-BIAN)2][17] (middle), and (BIAN)2– in [CaII-
(dip-BIAN)(THF)3][41] (right).

The N-phenyl rings in 3 form dihedral angles 57.9(1) and
49.9(1)° with the corresponding diimine moieties, hence the
influence of these rings on the π system of FBIAN is negligi-
ble. The observed dihedral angles along with deviation of
N–C(phenyl) bonds from the diimine planes can be readily
ascribed to intramolecular interactions between sterically
demanding substituted phenyl rings. The only structurally
characterized complex of the type [M(BIAN)2] was re-
ported very recently by Fedushkin et al.[17] The crystal
structure of paramagnetic [CaII(dip-BIAN)2] reveals a dihe-
dral angle of 28° between the diimine moieties and does not
show any π stacking between the diimine moieties in the
crystal lattice.

The molecular structure of cobalt complex 4 is repre-
sented in Figure 5. It consists of three(!) sterically de-
manding FBIAN ligands attached to the metal center.
While complexes containing three less demanding DAD li-
gands are known,[25] to the best of our knowledge com-
plexes containing three BIAN ligands are unknown so far.

The cobalt ion in 4 has a slightly distorted octahedral
environment. Three diimine ligands show considerable
planarity and planes of them are almost perpendicular to
each other, as expected for a perfect octahedron. Taking
into account that synthesis of complex 4 is performed under
strong reducing conditions we disagree with its description
as CoIII with three (FBIAN)1– ligands. The oxidation state
of the metal is assumed to be +II or lower. Analysis of bond
lengths of diimines shows non-equivalence of the three li-
gands. Two FBIAN ligands are crystallographically iden-
tical (Table 1, form I), whereas the third one (form II) re-
veals a distinctly differing bond pattern. The bond length
pattern observed in II closely resembles that in complex 3.
The diimine C–N bond on av. 1.331(3) Å and diimine C–C
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Figure 5. Molecular structure of 4: hydrogen and disordered fluor-
ine atoms are omitted for clarity, thermal ellipsoids are drawn at
30% probability level.

bond of 1.442(5) Å in II [1.339(2) and 1.427(3) Å, respec-
tively, in complex 3] are in agreement with the formulation
of II as a radical monoanion. On the other hand, C–N
bonds in I are significantly shorter, on av. 1.303(4) Å, the
diimine C–C bond is significantly longer [1.474(4) Å] com-
pared to II indicating neutral diimine character. Compari-
son of bond lengths in I with those of previously charac-
terized complexes confirms that I is best described as neu-
tral ligand. Hence complex 4 contains one diimine in form
of the radical monoanion and two neutral diimine ligands.
This implies that the oxidation state of the cobalt atom in
4 is best described as +I with d8 electronic configuration
and correct description of 4 is [CoI-
(FBIAN)0

2(FBIAN)1–].
As expected the Co–N distances were found to be much

longer in 4 compared to 2. This is due to the increase of
effective ionic radius CoII�CoI and to a change of coordi-
nation number from four in complex 2 to six in complex 4.
It can be noted that in complex 4 the distances Co–N in
monoanionic (FBIAN)1– at 2.125(2) Å are slightly shorter
then those in closed-shell (FBIAN)0 at av. 2.132(2) Å. We
refer this difference to the additional attraction between
monoanionic (FBIAN)1– and positive charged metal, which
is lacking in the case of the neutral (FBIAN)0. The observed
Co–N bond lengths are close to that reported for [Co-
(bpy)3]Cl at av. 2.11(2) Å.[26]

Magnetochemistry and EPR Spectroscopy

The electronic structures of the paramagnetic complexes
2 and 4 were further investigated by variable-temperature
magnetic susceptibility measurements and X-band EPR
spectroscopy.

The temperature dependence of the effective magnetic
moment (µeff) of 2 is shown in Figure 6. The magnetic mo-
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ment decreases gradually from 3.26 µB at 300 K to 2.36 µB

at 5 K. From the crystal structure we have established that
2 contains CoII ion (d7) and two radical anionic ligands.
Therefore 2 represents a three-center odd-electron system.
The value of µeff at low temperatures is in agreement with
a doublet ground state (S = 1/2). The first excited quartet
state (S = 3/2) becomes populated with increasing tempera-
ture.

Figure 6. Temperature dependence of the effective magnetic mo-
ment of 2.

The spin state of cobalt is not inherently clear because
of the twisted coordination geometry around the metal cen-
ter of 2. Most cobalt(II) complexes are high-spin com-
pounds (SCo = 3/2) in tetrahedral, but low-spin (SCo = 1/2)
in planar environment. The molecular structure of 2 show-
ing the dihedral angle of 58.0(2)° between the two diimines
moieties takes an intermediate position between the tetrahe-
dral and the planar geometries. The doublet ground state
can be achieved by combination of the high-spin cobalt ion
with the two radical ligands both coupled antiferromag-
netically with the metal (Scheme 3, A). Another possibility
to achieve the ground state doublet is to let the low-spin
cobalt ion couple with two organic radicals, where two
more types of electronic structures are to be considered.
Two organic radicals couple in ferromagnetic fashion with
each other but in antiferromagnetic fashion with the metal
(B) yielding required S = 1/2. Or the two ligand spins cou-
ple antiferromagnetically with each other so that the metal
spin is aligned ferromagnetically to one of the ligand spin
but antiferromagnetically to the other one resulting in the
doublet ground state (C).

Scheme 3. Ground state spin models for 2.

In recent publications by Wieghardt et al.[10] it was
shown that related planar complexes [MII(sbqdi)2] (M = Ni,
Pd, Pt) containing radical ligands reveal strong antiferro-
magnetic coupling between two remote ligands. The ligands
interact strongly with each other via an efficient superex-

Eur. J. Inorg. Chem. 2006, 2985–2996 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2991

change mechanism that is mediated by a back-bonding in-
teraction to the central metal. Such a superexchange inter-
action between two remote radicals is efficient only for cer-
tain geometries of the complexes. Very recently Ye et al.[27]

showed, that if the geometry of such complexes deviates
significantly from planarity, the interaction between two re-
mote radical ligands becomes significantly weaker. There-
fore, the spin state of 2 is likely to be of type A or B, with
dominating antiferromagnetic interactions between the co-
balt and radical ligand, but unlikely C, with dominating
antiferromagnetic coupling between two radical ligands.

For fitting the experimental data we tentatively used the
following Hamiltonian, see Equation (1).

H = –Jab(SCo·S1 +SCo·S2) –Jaa(S1·S2)+β[(S1 +S2)·gR +SCo·gCo]·H
(1)

Here the first term is the Heisenberg term accounting for
the isotropic exchange interaction between the metal and
the radical ligands with Jab, the second term relates to the
isotropic exchange between two radical ligands with Jaa,
and the third one is the Zeeman perturbation term. For the
spin model A SCo = 3/2 and for the model B SCo = 1/2. The
gCo and gR were assumed to be isotropic with gCo and gR

principal values, for radical ligands S1 = S2 = 1/2. Unfortu-
nately, we were not able to obtain a reasonable fit to the
experimental data for both low- and high-spin cobalt com-
plex models. The introduction of the intermolecular interac-
tions and paramagnetic impurities did not improve the fit
significantly. A more accurate model considering the local
anisotropy and/or anisotropic interactions is therefore
needed.

In spite of the unsuccessful simulations of magnetic
susceptibility data, the ground state of 2 can be determined
by EPR spectroscopy at cryogenic temperatures. Indeed, if
we reject C because of geometrical reasons, then A and B
would give apparently different EPR spectra at low tem-
peratures. Model A would give the EPR signal typical for
cobalt(II) complexes, whereas B would give a spectrum of
an organic radical.

The X-band EPR spectrum of 2 measured in a frozen
solution at 20 K is shown in Figure 7. The large anisotropy
of the g tensor and the hyperfine splitting of 59Co (I = 7/2)
indicate that the unpaired electron is located mostly on the
metal d-orbitals and not on the ligands. Therefore the
model A with high-spin CoII is the most plausible descrip-
tion of this system. The EPR spectrum of 2 has been suc-
cessfully simulated by using the orthorhombic g tensor: g1 =
4.296, g2 = 1.676, g3 = 1.625, with 59Co hyperfine coupling
constants: A1 = 197, A2 = 52, A3 = 56 G. Furthermore, the
line width dependence was introduced as shown in Equa-
tion (2), where mI is the nuclear spin (mI = –7/2, ..., +7/2
for 59Co nucleus); αi, βi, γi are orientation-dependent (i = x,
y, z) line width parameters.

∆B(mI) = ∑
3

i = 1
αi +βimI +γimI

2 (2)
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Figure 7. X-band EPR spectrum of 2. Conditions: THF/toluene
ca. 1:1 at 20 K; frequency 9.2265 GHz; power 5.0 µW; modulation
amplitude 10 G. The fit parameters are given in the text.

The temperature dependence of µeff of 4 is shown in Fig-
ure 8. The magnetic moment measured at 300 K is 3.80 µB

indicates the presence of three unpaired electrons (S = 3/2).
With decreasing temperature µeff gradually decreases to the
value of 2.07 µB at 10 K followed by a steep descent to
1.79 µB at 1.8 K. This behavior is explainable by the pres-
ence of the high-spin CoI (d8, SCo = 1, pseudooctahedral
environment) and a radical ligand (SR = 1/2) coupled in
antiferromagnetic fashion. Thus, the ground state of 4 is a
doublet with an excited quartet populated at higher tem-
peratures. The abrupt decreasing of the magnetic moment
at temperatures below 10 K can be ascribed to the intermo-
lecular antiferromagnetic interactions in the solid.

Figure 8. Temperature dependence of the effective magnetic mo-
ment of 4, the fit parameters are given in the text.

To fit the experimental data we used the following Ham-
iltonian, see Equation (3), where the first term is the Hei-
senberg term related to the isotropic exchange interaction
(J) between two magnetic centers and the second term is
the Zeeman perturbation, nonequivalence of g tensors is
supposed.

H = –JSCo·SR +β(SCo·gCo +SR·gR)·H (3)
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Assuming tensors gCo and gR to be isotropic with gCo and
gR principal values and taking SCo = 1, SR = 1/2 the equa-
tion for magnetic susceptibility can then be derived, Equa-
tion (4).[28]

(4)

Here g1/2 and g3/2 factors correspond to each of the spin
states, they are related to the local g factors through Equa-
tion (5).

g1/2 = (4gCo –gR)/3 g3/2 = (2gCo +gR)/3 (5)

By adding temperature-independent paramagnetism
(TIP) into Equation (4) it was possible to obtain a good fit
for magnetic susceptibility for the temperature range 10–
330 K. To fit the data on the whole temperature range we
modified Equation (4) according to the molecular field
approximation for weak intermolecular interactions, Equa-
tion (6).[29] Here z is the number of the nearest neighbors
around a given magnetic molecule in the crystal lattice and
J� is the interaction parameter, the g factor in Equation (6)
was taken as equal to 2.

(6)

The best fit using Equation (6) was obtained with the
following parameters: gR = 2.00 (fixed), gCo = 2.37, J =
–106.0 cm–1, zJ� = –0.78 cm–1, TIP = 1.23×10–3 cm3 mol–1.
The accuracy of the fit used is very good showing R2 =
0.99924. Hence, the ground state doublet is separated from
the excited quartet by –3J/2 = 159 cm–1. Week intermo-
lecular antiferromagnetic interactions are present in the
polycrystalline sample of 4, as indicated by negative value
of zJ� = –0.78 cm–1. Abrupt decreasing of µeff of 4 at low
temperatures may be governed by zero-field splitting effect
as well, this supposition was not examined.

The X-band EPR spectrum of 4 measured in frozen solu-
tion at 4 K is shown in Figure 9. It is evident that more
than one paramagnetic species is present. We propose two
compounds to exist in the frozen solution. The first one is
a cobalt complex with a large anisotropy of the g tensor
(Tet): a well resolved octet centered at g � 3.8 and a less
resolved signal at g � 1.9. The second species is a cobalt
complex as well, but with a higher symmetric arrangement
at the metal (Oct), its signal is partly hidden by those of
Tet and centered at g � 2.3. Because 4 is extremely sensitive
towards both oxygen and moisture, the EPR experiment
was repeated several times with freshly prepared solutions.
All samples measured gave nearly identical spectra. It was
concluded that the two cobalt species observed originate
not from decomposition of 4, but from partially dissoci-
ation.
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Figure 9. X-band EPR spectrum of 4. Conditions: THF/toluene
ca. 1:1 at 4 K; frequency 9.2278 GHz; power 1.3 µW; modulation
amplitude 10 G. The fit parameters are given in the text.

Thus the distorted octahedral complex 4 partially disso-
ciates in solution (toluene/THF � 1:1) into the neutral spe-
cies [Co(FBIAN)2], which has very likely distorted tetrahe-
dral geometry, and the free ligand FBIAN. Assuming that
this dissociation takes place we can readily assign the sig-
nals in the EPR spectrum. Species Tet is expected to be
[Co(FBIAN)2], whereas Oct is apparently 4. The EPR spec-
trum is therefore best explained by the superposition of two
orthorhombic signals. The spectrum has been successfully
simulated by using the following parameters: for Oct g1 =
2.363, g2 = 2.243, g3 = 2.143, hyperfine coupling constants
(59Co) A1 = 17, A2 = 58, A3 = 96 G; for Tet g1 = 3.756, g2

= 1.874, g3 = 1.895, hyperfine structure (59Co) A1 = 153,
A2 = 65, A3 = 38 G. For Tet showing the large anisotropy
the line width dependence was included in the simulation.
On warming, the signal of Oct disappears much faster than
that of Tet. At 100 K only the poorly resolved signal of Tet
is observed. This indicates that the relaxation time for Oct
compared to Tet is small.

Electronic Spectra

Electronic spectra of the complexes 1–4 in chloroform
and in n-hexane solutions were recorded at room tempera-
ture in the range 200–1100 nm. Spectra of DAD complexes
1 and 2 consist of a strong band in the ultra-violet (ε � 104

dm3·mol–1·cm–1) and weaker two (1) or four bands (2) in
the visible region. The UV absorption can be assigned to
intra-ligand (IL) transition, since the free ligand absorbs in
the similar region. The long-wavelength bands in visible,
determining the intensive color of the complexes presum-

Eur. J. Inorg. Chem. 2006, 2985–2996 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2993

ably are charge-transfer (CT) transitions. Solvent depen-
dence and high intensity renders them easily distinguishable
from solvent-independent and low-intensity d–d transitions.
The two bands in the visible region are characteristic of
[Ni(DAD)2] complexes, as was observed by tom Dieck for
a series of such complexes.[8]

UV/Vis spectra of BIAN complexes 3–4 are dominated
by intense IL electronic transitions (329–332 nm, ε � 104

dm3·mol–1·cm–1), and three transitions in visible/NIR. The
latter are supposed to be CT transitions relying on their
relative high intensities (ε = 8–10·103 and 5–12·103

dm3·mol–1·cm–1 for 3 and 4, respectively) and solvatochro-
mism. High-energy absorption maxima in visible at 512 and
519 nm for 3 and 4, respectively, are indicative of the pres-
ence of a radical anion (BIAN)1–. Several complexes re-
ported recently by Fedushkin[30] containing the radical
(BIAN)1– all show absorption maximum/maxima in the re-
gion 420–530 nm.

We refrain from discussing the more specific assignment
of electronic absorptions of 1–4 in visible/NIR as sufficient
confidence may only be achieved in combination with high-
quality excited-state TD-DFT calculations.

Conclusions

We have synthesized new complexes of nickel and cobalt
containing the non-innocent highly π acidic diimine ligands
FDAD and FBIAN with bulky fluorinated N-substituents.
The oxidation states of the ligands and subsequently of the
metals were determined by single-crystal X-ray analysis at
low temperatures. The electronic structure of [NiII-
(FDAD)2] as well as electronic structures of [Ni(DAD)2]
complexes previously characterized by X-ray analysis were
shown to be consistent with a divalent nickel d8 ion and a
pair of radical monoanionic ligands. The unique [CoI-
(FBIAN)3] comprises a cobalt(I) ion, two neutral
(FBIAN)0 ligands and one radical monoanion (FBIAN)1–.
Both [CoII(FDAD)2] and [CoI(FBIAN)3] possess a doublet
ground state with electron density located mostly in the
metal d-orbitals as was concluded from magnetic suscep-
tibility measurements and the X-band EPR spectroscopy.

Experimental Section
The ligand C6F5-DAD(Me) (= FDAD) can be prepared by a known
procedure in low yield.[31] Here we describe an alternative method
of its preparation with much higher yield (vide infra). Anhydrous
metal salts NiCl2·DME,[32] NiBr2·DME[32] as well as [3,5-(CF3)2-
C6H3]-BIAN[33] (= FBIAN) and C8K[34] were prepared according
to the known procedures. Anhydrous CoCl2 was obtained by re-
fluxing of CoCl2·nH2O with SOCl2 for several hours followed by
removing the volatiles under reduced pressure at 90 °C. Syntheses
of all complexes were performed under a dry argon atmosphere
using standard Schlenk techniques and dried solvents.

Physical Measurements: Mass spectra were obtained on a Finnigan
MAT 95S mass spectrometer (70 eV, EI). IR spectra were obtained
in Nujol mull using a Nicolet 510 FT-IR. UV/Vis spectra were
measured on a Shimadzu UV-1601PC instrument in absolute
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CHCl3 and n-hexane at concentrations 10–4 to 10–5 . NMR spec-
tra were recorded at room temperature on a Bruker ARX 200 spec-
trometer at 200.13 MHz for 1H and 188.29 MHz for 19F. 1H NMR
spectra are referenced (in ppm) to residual proton signals of CDCl3
(δ = 7.26 ppm) and C6D6 (δ = 7.15 ppm). 19F NMR spectra were
referenced to external standard CFCl3. Abbreviations used are the
following: s = singlet, d = doublet, t = triplet, pst = pseudo-triplet,
m = multiplet. EPR spectra were recorded in the X-band on a
Bruker System ESP 300. The magnetic susceptibility measurements
were performed on a powder samples using a Quantum Design
MPMS2 SQUID magnetometer with an applied field of 1 T. Exper-
imental susceptibility data were corrected for the underlying dia-
magnetism using Pascal’s constants.

X-ray Crystallographic Data Collection and Refinement of the Struc-
tures: Single crystals of 1–4 were coated with inert oil, picked up
with a glass fiber and mounted in the nitrogen cold stream of the
STOE IPDS2 (1, 3, 4) or STOE IPDS diffractometer (2). Intensity
data were collected at 193 K using graphite-monochromated Mo-
Kα radiation (λ = 0.17073 Å). Data collection was performed by
hemisphere runs taking frames at 1.0° in ω. Final cell constants
were obtained from a least-squares fit of a subset of several thou-
sand strong reflections. Intensity data of 1 and 3 were corrected
using indexed crystal faces, the data of 4 using the semiempirical
correction routine MulScanAbs.[35] For 2 an absorption correction
did not improve the quality of the data and was not applied. There
was disordered solvent (toluene) present in the crystal structures of
1, 2, and 4. In the crystal structures of 3 and 4 the CF3 groups
are disordered: two positions for each fluorine atom with different
occupancies were found. All structures have been solved by the
direct methods in SHELXS-97[36] (1, 3, 4) or SIR92[37] (2) and re-
fined using the full-matrix least-squares refinement procedure of
SHELXL97,[36] all non-hydrogen atoms anisotropically; H atoms
have been located and isotropically refined (1, 3) or have been
placed at calculated positions and have been refined using a riding
model with Uiso(H) = 1.2Ueq(C) (2, 4). Crystallographic data of the
compounds are listed in Table 2.

Table 2. Crystallographic data for 1·(C7H8), 2·(C7H8), 3, and 4·2(C7H8).

1·(C7H8) 2·(C7H8) 3 4·2(C7H8)

Empirical formula C39H20F20N4Ni C39H20CoF20N4 C56H24F24N4Ni C98H52CoF36N6

Formula mass [g/mol] 983.30 983.52 1267.50 2056.39
Crystal size [mm] 0.45×0.12×0.06 0.28×0.06×0.04 0.28×0.27×0.05 0.40×0.14×0.04
Crystal shape plate needle plate prism
Crystal system orthorhombic orthorhombic monoclinic monoclinic
Space group Pbcn Pbcn C2/c C2/c
a [Å] a = 20.0534(10) 20.077(2) 18.3645(19) 28.843(2)
b [Å] b = 12.9233(7) 12.9232(14) 18.1763(14) 13.3691(9)
c [Å] c = 14.2875(10) 14.3559(12) 16.7383(18) 23.2949(19)
β [°] 113.662(12) 101.695(6)
V [Å3] 3702.7(4) 3724.8(6) 5119.1(9) 8796.3(11)
Z 4 4 4 4
Dcalcd. [g/cm3] 1.764 1.754 1.645 1.553
µ [mm–1] 0.663 0.599 0.511 0.325
θmin./θmax. [°] 1.87/26.24 1.87/26.26 1.65/26.01 1.44/26.20
Tmax./Tmin. 0.95/0.80 0.97/0.87 0.95/0.91
Reflections collected 33387 28558 25039 62074
Reflections unique 3719 3744 4890 8806
Reflections observed 2536 1825 3355 4840
No. of parameters 328 312 544 790
R(F) 0.0315 0.0527 0.0330 0.0507
Rw (F2) 0.0810 0.0916 0.0714 0.1139
S (GOF) on F2 0.896 0.910 0.876 0.908
∆ρmax [e Å3]/∆ρmin [e Å3] 0.30/–0.19 0.27/–0.35 0.26/–0.25 0.52/–0.38
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CCDC-290299 to -290302 contain the complete crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of C6F5-DAD(Me) (1a): To 2,3,4,5,6-pentafluoroaniline
(9.15 g, 0.050 mol) dissolved in dry MeOH (15 mL), 2,3-butane-
dione (3.2 mL, 0.038 mol), p-toluenesulfonic acid (ca. 0.2 g), and
trimethyl orthoformate (10.0 mL, 0.097 mol) were added. After
stirring for 1 day at room temperature the pale yellow precipitate
was filtered, washed with cold MeOH and dried in vacuo. Yield:
5.19 g (50%). 1H NMR (200.13 MHz, CDCl3, 300 K): δ = 2.24 (t,
J = 1.2 Hz, 6H, CH3) ppm. 19F NMR (188.29 MHz, CDCl3,
300 K): δ = –151.3 (d, 3JF,F = 20 Hz, 4F, Arortho), –161.3 (t, 3JF,F =
21 Hz, 2F, Arpara), –162.9 (pst, 3JF,F = 20 Hz, 4F, Armeta) ppm.

Syntheses of Complexes. [NiII{C6F5-DAD(Me)}2] (1): NiBr2·DME
(371 mg, 1.20 mmol), C8K (341 mg, 2.52 mmol) and 1a (1000 mg,
2.40 mmol) were placed in a Schlenk flask and THF (50 mL) was
added. The reaction mixture was stirred overnight at room tem-
perature. The mixture was filtered via Celite and THF was removed
in vacuo giving a purple powder. The raw product was repeatedly
extracted with boiling toluene (50 mL) from a glass frit until almost
colorless solution. After the toluene extract was stored for a night
at –30 °C, dark-purple crystals were collected by decantation of the
solvent. The crystals were washed with cold n-hexane (2×5 mL)
and dried in vacuo. Yield: 660 mg (62%). Single crystals of 1 suit-
able for X-ray crystallography were obtained from a THF/toluene
mixture (1:2) by cooling. M.p. 200–203 °C. C32H12F20N4Ni
(891.13): calcd. C 43.13, H 1.36, N 6.29; found C 43.66, H 1.85, N
5.96. MS (EI): m/z = 889 [M–H+], 474 [M–(DAD)+], 416
[(DAD)+]. 1H NMR (200.13 MHz, CDCl3, 300 K): δ = –1.98 ppm
(s, 12H, CH3) ppm. 19F NMR (188.29 MHz, CDCl3, 300 K): δ =
–150.2 (m, 8F, Arortho), –160.1 (t, 3JF,F = 21 Hz, 4F, Arpara), –164.0
(m, 8F, Armeta) ppm. IR (Nujol): ν̃ = 1630 (w), 1508 (s), 1408 (s),
1308 (w), 1260 (w), 1196 (m), 1146 (w), 1117 (m), 1033 (s), 987 (s),
928 (m), 798 (w), 732 (m), 696 (w), 644 (w), 598 (w), 558 (w), 466
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(w) cm–1. UV/Vis (CHCl3): λmax (εmax/dm3·mol–1·cm–1) = 756 sh
(3200), 524 (8000), � 292 (15200) nm.

[CoII{C6F5-DAD(Me)}2] (2): CoCl2 (156 mg, 1.20 mmol), C8K
(341 mg, 2.52 mmol) and 1a (1000 mg, 2.40 mmol) were placed in
a Schlenk flask and THF (40 mL) was added. The reaction mixture
was stirred overnight at room temperature. The mixture was filtered
and THF was removed in vacuo giving a brown powder. The raw
product was extracted with n-hexane (65 mL), concentrated in
vacuo and washed with cold benzene (5 mL). Yield: 431 mg (40%).
Brown single crystals of 2 suitable for X-ray crystallography were
obtained from a THF/toluene mixture (3:1) by cooling. M.p. 194–
196 °C. C32H12CoF20N4 (891.38): calcd. C 43.12, H 1.36, N 6.29;
found C 42.92, H 1.69, N 5.91. MS (EI): m/z = 890 [M–H+], 475
[M–(DAD)+], 416 [(DAD)+]. IR (Nujol): ν̃ = 1632 (w), 1514 (s),
1504 (s), 1402 (m), 1308 (w), 1197 (m), 1142 (w), 1119 (m), 1030
(s), 987 (s), 929 (m), 797 (w), 683 (m), 640 (w), 597 (w) cm–1. UV/
Vis (CHCl3): λmax (εmax/dm3·mol–1·cm–1) = 697 (1200), 529 (3100),
470 (5400), 429 (5200), 335 (11600) nm.

[NiII({3,5-(CF3)2C6H3}-BIAN)2] (3): NiCl2·DME (610 mg,
1.00 mmol), C8K (143 mg, 1.06 mmol) and FBIAN (111 mg,
0.51 mmol) were placed in a Schlenk flask and THF (30 mL) was
added. The reaction mixture was stirred overnight at room tem-
perature. The resulting dark-blue suspension was concentrated un-
der reduced pressure. The raw product was extracted with toluene
(40 mL). After toluene was removed, a dark-blue fine crystalline
material was obtained, which was washed with MeCN and dried
in vacuo. Yield: 518 mg (81%). Single crystals of 3 suitable for X-
ray crystallography were obtained from a saturated n-hexane solu-
tion by cooling. M.p. 321–323 °C. C56H24F24N4Ni (1267.47): calcd.
C 53.07, H 1.91, N 4.42; found C 52.53, H 2.01, N 4.41. MS (EI):
m/z = 1266 [M+], 1247 [M–F+], 662 [M–(BIAN) +]. 1H NMR
(200.13 MHz, C6D6, 300 K): δ = 8.98 (s, 4H, HPh), 7.97 (m, 4H,
HPh, Hnaph), 7.10 (d, 3JH,H = 7.2 Hz, 2H, Hnaph), 6.41 (pst, 3JH,H

= 7.7 Hz, 2H, Hnaph) ppm. 19F NMR (188.29 MHz, C6D6, 300 K):
δ = –63.0 (s, 12F, CF3) ppm. IR (Nujol): ν̃ = 1776 (w), 1600 (m),
1510 (w), 1418 (w), 1275 (s), 1243 (w), 1127 (s), 1091 (s), 1014 (s),
974 (m), 884 (m), 850 (m), 812 (m), 761 (m), 700 (m), 678 (m), 544
(w), 496 (w) cm–1. UV/Vis (CHCl3): λmax (εmax/dm3·mol–1·cm–1) =
874 (8300), 600 (12200), 512 (10300), � 332 (32700) nm.

[CoI{[3,5-(CF3)2C6H3]-BIAN}3] (4): CoCl2 (43 mg, 0.33 mmol),
C8K (95 mg, 0.70 mmol) and FBIAN (604 mg, 1.00 mmol) were
placed in a Schlenk flask and THF (15 mL) was added. The reac-
tion mixture was stirred overnight at room temperature. THF was
removed in vacuo and the raw product was extracted with toluene
(50 mL). Toluene solution was concentrated to 25 mL, n-hexane
(25 mL) was added and the resulting solution was stored for a night
at –30 °C. Solution was decanted, dark-purple crystals were washed
with n-hexane and dried in vacuo. Yield: 283 mg (46%). Single
crystals of 4 suitable for X-ray crystallography were obtained from
a toluene/n-hexane mixture by cooling. M.p. 275–278 °C.
C84H36CoF36N6 (1872.13): calcd. C 53.89, H 1.94, N 4.49; found
C 53.44, H 1.96, N 4.47. MS (EI): m/z = 1267 [M–(BIAN)+], 1248
[M–(BIAN) –F+], 663 [M–2(BIAN) +]. IR (Nujol): ν̃ = 1600 (w),
1278 (s), 1261 (m), 1242 (m), 1175 (s), 1140 (s), 1102 (m), 1035 (m),
1019 (m), 972 (m), 892 (m), 856 (m), 846 (m), 822 (w), 795 (w), 770
(m), 723 (m), 705 (w), 683 (m), 668 (m), 616 (w), 576 (w), 533 (m),
513 (m), 481 (m) cm–1. UV/Vis (CHCl3): λmax (εmax/
dm3·mol–1·cm–1) = 735 (5000), 519 sh (12100), � 329 (41300) nm.

Supporting Information (see also the footnote on the first page of
this article): Intermolecular π stacking in the crystal structure of 3
(Figure S1).
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A new fluorescent device for detecting protons and metal
ions, 11-(9-anthracenylmethyl)-1,4,7-trithia-11-azacyclotetra-
decane (L), has been synthesised. In addition, the photophys-
ical properties of both the free and protonated species have
been examined by absorption and fluorescence titrations of
dichloromethane solutions of L with methanesulfonic acid.
The coordinating properties of L toward PdII, ZnII, NiII and
CoII have been studied both in solution and in the solid state.
Different behaviours have been observed in the absorption

Introduction

The design of new fluorescence chemosensors capable of
signalling the presence of metal ions is a subject of particu-
lar interest for chemists.[1] These systems usually consist of
a fluorescent moiety (signalling unit), covalently connected
to a binding site (receptor unit).[2] The more specific the
interaction between the receptor unit and the analyte, the
greater the selectivity of the chemosensor. Many fluores-
cence chemosensors have macrocycles as receptor units, as
the coordinating properties of macrocycles have been shown
to be more effective than those of the analogous acyclic
ligands. Most of these chemosensors are made up of po-
lyoxa,[3] polyaza[4] and oxa-azamacrocycles,[5] which have
been used for the detection of alkali and hard metal ions.
However, less attention has been paid to the study of thia-
macrocycle-containing chemosensors, which could be useful
for detecting soft transition-metal ions.[6] On the other
hand, the stronger the effects of the ion on the properties
of the fluorophore, the greater the sensitivity of the chemo-
sensor. Aliphatic amines closely bonded to anthracene moi-
eties are known to be involved in electron transfer quench-
ing, which facilitates the signalling of the presence of metal
ions in amine-containing systems.[7] Taking these considera-
tions into account, we here report the synthesis of a new
fluorescence device 11-(9-anthracenylmethyl)-1,4,7-trithia-
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and fluorescence titrations of L with the above-mentioned
transition-metal ions. To evaluate whether these differences
were due to the existence of equilibria between protonated
and complexed species, such titrations have been repeated
in the presence of an equivalent amount of acid. The struc-
ture of the [Pd(L)](BF4)2 complex has been solved by X-ray
crystallography.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

11-azacyclotetradecane (L), which consists of an azathia-
macrocycle connected by its aliphatic amine to an anthracene
moiety. Protonation and coordination properties towards
PdII, ZnII, NiII and CoII have also been studied, with the
crystallographic data of the [Pd(L)](BF4)2 complex analysed
as well.

Results and Discussion

Synthesis of Ligands

Scheme 1 shows the two methods used to synthesise the
anthracene-containing macrocycle L. The first method
(pathway A in Scheme 1) is based on using macrocycle 2 as
a precursor of L. Compound 2 was obtained by cyclisation
of 2,2�-thiobis(ethanethiol) with the dichloride precursor 1,
following a procedure similar to that described by Buter
and Kellogg for the synthesis of sulfur-containing macro-
cycles. This method is based on the simultaneous reaction
between aliphatic α,ω-dithiols and α,ω-dihalides, using
DMF as a solvent and Cs2CO3 as a base.[8] In our case,
CsOH was used instead of Cs2CO3, as the carbonate ions
react with 1 to produce 3-(3-chloropropyl)-[1,3]oxazin-2-
one.[9] This modification allowed us to obtain 2 in 62% of
the yield. The preparation of 2 was previously reported in
the literature using other methods.[10] Those methods avoid
the reaction between the carbonate ions and the dihalide 1
by using protection–deprotection strategies, which increase
the number of synthetic steps and decrease the final yields.
The last step in synthetic procedure A is the functionali-
sation of 2 with an anthracene derivative. This was per-
formed by a reaction of 2 with 9-(chloromethyl)anthracene
in the presence of KI, as we have recently shown that iodide
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Scheme 1.

ions can be used as catalysts for the nucleophilic substitu-
tion reactions of 9-(chloromethyl)anthracene and secondary
aliphatic amines.[11] The overall yield of pathway A was
45%.

The second method for the synthesis of L (pathway B in
Scheme 1) is based on the functionalisation of the dichlo-
ride precursor 1, prior its use in the cyclisation reaction
with 2,2�-thiobis(ethanethiol). Although the cyclisation
conditions of pathway B are very close to those optimised
for the synthesis of sulfur-containing macrocycles,[8] as
Cs2CO3 could be used as a base,[12] the overall yield of this
second pathway (38%) was not significantly different from
that found in pathway A.

Complexation of L

The reaction of equimolar amounts of L and Pd(BF4)2·
4CH3CN in acetonitrile yielded a light brown solution. The
addition of diethyl ether to this solution led to the precipi-
tation of a crystalline product, whose elemental analysis is
consistent with the formula Pd(L)(H2O)2(BF4)2. Its IR
spectrum confirmed the presence of L, tetrafluoroborate
ions and water molecules, as well as the absence of aceto-
nitrile, as no signal was observed between 2250 and
2350 cm–1. This compound behaves as a 2:1 electrolyte in
acetonitrile solution, which indicates that the tetrafluorobo-
rate anions are not coordinated with the metal ions. The 1H
NMR spectrum of this complex in acetonitrile solution
shows a complex pattern in the aliphatic region, as most of
the signals become multiplets because of the nonequiva-
lence of the hydrogen atoms. However, its 13C{1H}NMR
spectrum shows the same number of signals as that of the
free ligand, which indicates that although the two protons
bonded to each carbon atom are magnetically nonequiva-
lent, each pair of carbon atoms is chemically equivalent.
On the other hand, those carbons directly bonded to a do-
nor atom of L show downfield displacement compared with
those of the free ligand, which suggests that the PdII ion is
coordinated to all four donor atoms of L. This fact, to-
gether with the ESI-MS and electronic spectra of this com-
plex, points to the presence of the [Pd(L)]2+ unit, which
was confirmed by X-ray analysis of the pale brown crystals

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2997–30042998

obtained by slow diffusion of hexane into a dichlorometh-
ane solution of [Pd(L)](BF4)2·2H2O. It is important to note
that although the elemental analysis, as well as the IR spec-
trum of this complex, indicates the presence of water mole-
cules, these are not present in the crystal lattice of the com-
plex. Therefore, they were probably lost during the crystalli-
sation process.

The crystal structure of this complex consists of discrete
[Pd(L)]2+ cations and tetrafluoroborate anions. A displace-
ment ellipsoid representation of the cation complex and a
list of selected bond lengths and angles are given in Fig-
ure 1. The metal coordination geometry is square-planar
with the N2, S6, S9, S12 and Pd atoms on a plane. The
largest deviation from this plane is 0.0941 Å for the S9
atom. The Pd–N distance [2.133(2) Å] is slightly larger than
that of the analogous PdII complex without the pendant
arm.[10b] The Pd–S bond lengths [2.2718(9), 2.306(3) and

Figure 1. Displacement ellipsoid representation of the [Pd(L)]2+

cation with the atom-numbering scheme adopted. Tetrafluorobo-
rate counterions and hydrogen atoms have been omitted for clarity.
Selected bond lengths [Å] and angles [°]: Pd–N2 2.133(2), Pd–S9
2.2718(9), Pd–S12 2.306(3), Pd–S6 2.3221(9), N2–Pd–S9 174.34(6),
N2–Pd–S12 94.45(9), S9–Pd–S12 85.56(7), N2–Pd–S6 93.10(6), S9–
Pd–S6 87.21(3), S12–Pd–S6 171.92(8). Ellipsoids are shown at the
30% probability level.
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2.3221(9) Å] are similar to those found for other PdII com-
plexes of thioether-containing macrocycles.[10b,13] In this
structure, L adopts a conformation in which all carbon
atoms of the macrocyclic unit lie below the plane defined
by the four heteroatoms, whereas the whole anthracene
moiety lies over this plane. As expected, the anthracene unit
is essentially planar. In fact, the largest deviation from the
least-squares plane calculated using all 14 aromatic atoms
is 0.126 Å for the C29 atom. A ring of the anthracene moi-
ety is located over the PdII ion. The distance between the
centroid of such a ring [Cg(1): C25–C26–C27–C28–C29–
C30] and the metal ion is 3.635 Å, whereas the angle be-
tween the normal of the ring and the Cg(1)···Pd vector is
41.26°. These considerations may suggest a weak intramo-
lecular cation···π interaction.[14] On the other hand, non-
classical C–H···F hydrogen bonds lead to the formation of
a 2D supramolecular network along the crystallographic ab
plane (Figure 2).

Figure 2. A fragment of an infinite 2D network through C–H···F
hydrogen bonds of [Pd(L)](BF4)2 showing the close packing in the
plane ab. Tetrafluoroborate counterions in space-filling mode.

Figure 3. (A) Absorption spectra of a dichloromethane solution of L as a function of added CH3SO3H. The inset shows the absorbances
at 372 and 388 nm. (B) Excitation and emission spectra of a dichloromethane solution of L as a function of added CH3SO3H. The inset
shows the normalised fluorescence intensity at 422 nm ([L] = 5.14×10–5 , T = 298 K, λexc = 368 nm; λem = 423 nm).
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All attempts to obtain solid complexes with NiII, CoII

and ZnII were unsuccessful, as no homogeneous products
were isolated. This fact could be attributed to the proton-
ation of L, as was also observed in the titrations of other
tertiary amine-containing ligands with these metal ions.[11]

Spectrophotometric and Spectrofluorometric Studies

Ligand Protonation

The absorption spectrum of a dichloromethane solution
of L shows the characteristic band of the anthracene deriva-
tives above 330 nm. The absorption band of L has a vi-
brational fine structure with maxima at 333, 350, 368 and
388 nm. The effect of the protonation on the absorption
spectrum of this ligand was determined by titration with
methanesulfonic acid (Figure 3, A). This absorption ti-
tration revealed seven isosbestic points at 335, 342, 352,
361, 371, 380 and 391 nm, which suggests the presence of
two species in equilibrium. The protonation induced a red
shift of the absorption maxima, as well as a decrease in the
absorption coefficient of this band. As can be seen in the
inset of Figure 3 (A), an equivalent amount of acid is re-
quired to complete the protonation of L.

The fluorescence emission and excitation spectra of L
show the characteristic bands of the anthracene systems
(Figure 3, B). An “off–on” behaviour is observed when a
dichloromethane solution of L is titrated with acid, as the
nonprotonated ligand is slightly emissive in dichlorometh-
ane, whereas the protonated form is at least 30 times more

Table 1. Quantum yields in dichloromethane at 298 K.

Φ

L 0.010
L + H+ 0.341
L + Pd2+ 0.005
L + Zn2+ 0.254
L + Ni2+ 0.203
L + Co2+ 0.208
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emissive than the free ligand. This increase in the fluores-
cence intensity is also reflected by comparing the quantum
yield of the nonprotonated and protonated ligands (see
Table 1), and is due to the fact that protonation prevents
photoinduced electron transfer (PET) from the lone pair of
electrons of the nitrogen atom to the anthracene moiety.

Metal Ion Titrations

To explore the utility of L as a fluorescence device, ti-
trations with several transition-metal ions were performed.
Two different behaviours were observed as a function of the
used metal ion.

PdII Titrations

To identify the absorption bands that exclusively resulted
from the interactions between the PdII cations and the
macrocyclic moiety of L, we first performed a titration of
the nonfunctionalised macrocycle 2 with this metal ion. The
addition of Pd(BF4)2·4CH3CN to a dichloromethane solu-
tion of 2 led to the formation of two absorption bands at
258 and 330 nm, assigned to MLCT and d–d bands respec-

Figure 5. (A) Absorption spectra of L as a function of increasing amounts of Pd(BF4)2. The inset shows the absorbances at 288, 376 and
388 nm. (B) Emission spectra of L as a function of added Pd(BF4)2. Those spectra between the maximum and the end of the titration
have been omitted for clarity. The last spectrum of each titration is shown as a dotted line. The inset shows the normalised fluorescence
intensity at 422 nm. (C) Absorption spectra of LH+ as a function of increasing amounts of Pd(BF4)2. The inset shows the absorbances
at 288 and 382 nm. (D) Emission spectra of LH+ as a function of added Pd(BF4)2. The inset shows the normalised fluorescence intensity
at 422 nm (dichloromethane solution, [L] = [LH+] = 5.14×10–5 , T = 298 K, λexc = 368 nm).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 2997–30043000

tively.[15] The inset of Figure 4 shows that the titration was
completed after the addition of 1 equiv. of metal ion, which
is in agreement with the formation of mononuclear species.

Figure 5 (A) shows the absorption spectra of the titration
of L with Pd(BF4)2. The addition of the metal ion causes a

Figure 4. Absorption spectra of a dichloromethane solution of 2 as
a function of added Pd(BF4)2. The inset shows the absorbances at
258 and 330 nm ([2] = 5.50×10–5 , T = 298 K).
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Figure 6. (A) Absorption spectra of a dichloromethane solution of L as a function of increasing amounts of Ni(BF4)2. The inset shows
the absorbances at 374 and 388 nm. (B) Emission spectra of a dichloromethane solution of L as a function of added Ni(BF4)2. The inset
shows the normalised fluorescence intensity at 422 nm. ([L] = 5.14×10–5 , T = 298 K, λexc = 368 nm).

red shift of the anthracene band, as well as an incremental
increase in the molar absorption coefficient in the region
around 300 nm. This increment is attributed to the forma-
tion of the absorption bands analogous to those observed
in the titration of 2. As can be seen in the inset of Figure 5
(A), a plateau is reached after the addition of an equivalent
amount of metal ion, which suggests that each macrocyclic
unit is coordinated to one metal ion. Figure 5 (B) shows the
fluorescence titration of L with Pd(BF4)2. Although initial
additions of the metal ion increase the fluorescence of the
ligand, supplementary additions cause a strong quenching
of the fluorescence, as well as a blue shift of about 6 nm.
The chelation enhancement of the quenching (CHEQ) effect
can be explained by assuming that PdII, as well as other
transition-metal ions with partially filled d orbitals, is
known to induce fluorescence quenching through photoin-
duced electron transfer or energy transfer mechanisms.[16]

The initial increase of the fluorescence could be explained
by the protonation of the amine, which prevents PET from
its nitrogen atom to the anthracene moiety. This proton-
ation is probably due to the presence of water in the metal
ion solutions, which acts as an acid.

To verify this hypothesis, both absorption and fluores-
cence titrations of L were repeated in the presence of 1
equiv. of methanesulfonic acid (see parts C and D in Fig-
ure 5). The absorption titration of LH+ with Pd(BF4)2 fol-
lowed the same pattern as that observed for L. On the other
hand, the fluorescence titration of LH+ was significantly
different from that of L, as the intensity of fluorescence
decreased after each addition of metal ion. These results
are in agreement with the simultaneous presence of proton-
ated and complexed species in the early stages of the ti-
tration of L with Pd(BF4)2, and with the presence of only
complexed species in the last stages of this titration. The
insets of Figure 5 (parts C and D) show that 1 equiv. of PdII

is required to complete the complexation of LH+, which
indicates that the PdII ions can efficiently replace the pro-
tons of the LH+ moieties.
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ZnII, NiII and CoII Titrations

No significant differences were found in the absorption
or in the fluorescence titrations of L when this ligand was
titrated with Zn(CF3SO3)2, Ni(BF4)2 or Co(BF4)2. As a rep-
resentative example, Figure 6 shows both the absorption
and fluorescence titrations of L with NiII. The addition of
any of these salts causes a red shift in the anthracene ab-
sorption maximum of L, as well as a decrease in its molar
absorption coefficient. These changes occur until the ad-
dition of 0.6 equiv. of ZnII or NiII or 0.7 equiv. of CoII.

As in the case of the fluorescence titration of L with PdII,
initial additions of ZnII, NiII or CoII increase the fluores-
cence of L. However, further additions cause neither the
shift nor the quenching of the emission band. These obser-
vations suggest that the addition of ZnII, NiII or CoII also
leads to the initial protonation of L, after which no interac-
tion between L and these metal ions can occur. This hy-
pothesis was confirmed when the titrations were repeated
in the presence of an equivalent amount of acid, as the ad-
dition of these ions to dichloromethane solutions of LH+

did not cause significant changes either in the absorption
or in the emission spectrum of the ligand, which indicates
that these metal ions cannot efficiently replace the protons
in the protonated macrocycles.

The different behaviour observed between the titrations
with PdII and those with ZnII, NiII or CoII is probably due
to the different affinity between the metal ion and the do-
nor atoms of L. This is in agreement with the fact that the
soft nature of the NS3 set of L leads to the formation of
complexes with only the softest of these metal ions, that of
PdII.

Conclusions

The azathiamacrocycle 2 can be synthesised by reacting
N,N-bis(3-chloropropyl)amine with 2,2�-thiobis(ethane-
thiol) in the presence of CsOH. This new method allowed
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us to obtain 2 without using any amine-protecting group,
which decreases the number of synthetic steps and improves
the final yield. The anthracene-containing macrocycle L
can be obtained either by functionalisation of 2 with 9-
(chloromethyl)anthracene or by cyclisation of N,N-bis(3-
chloropropyl)-9-anthracenemethanamine with 2,2�-thiobis-
(ethanethiol). Both methods allow the synthesis of L in
moderately high yields.

As observed in the spectra of the fluorescence titration of
L with methanesulfonic acid, the protonation of this ligand
greatly increase its fluorescence. This protonation also oc-
curs when L is titrated with PdII, ZnII, NiII or CoII solu-
tions, as the water molecules present in such solutions are
acidic enough to produce the protonation of the ligand,
which reflects the basic nature of its tertiary amine group.

Only the PdII ions can efficiently remove the protons
from the protonated LH+ molecules to yield complexed
species, which indicates that the interactions between L and
the PdII ions are stronger than those between L and pro-
tons, whereas the interactions between L and the ZnII, NiII

or CoII ions are weaker than those between L and the pro-
ton ions. These differences explain why only characterisable
species with PdII could be isolated. The high affinity of L
towards PdII could be potentially useful in the development
of new molecular devices.

Experimental Section
General Remarks: Elemental analyses were performed with a
Carlo–Erba EA-1108 instrument by the Chemical Analysis Service
at the Universitat Autònoma de Barcelona. Mass spectra were re-
corded with a HP298S GC–MS system. NMR spectra were re-
corded with a Bruker 250 MHz AC instrument. Conductivity mea-
surements were carried out with a Cyberscan 500 conductimeter.
IR spectra were recorded with a Perkin–Elmer FT-1710 instrument.
Organic reagents and transition-metal salts were purchased from
Aldrich and used as received. All syntheses were carried out using
standard Schlenk techniques. N,N-Bis(3-chloropropyl)amine (1)
was prepared from 3-amino-1-propanol and 3-chloro-1-propanol
according to the published method but using chloroform instead
of benzene as solvent.[17] N,N-Bis(3-chloropropyl)-9-anthraceneme-
thanamine (3) was prepared from 1 and 9-(chloromethyl)anthra-
cene as previously reported in the literature.[11]

X-ray Crystal Structure Determinations: A single crystal of
[Pd(L)](BF4)2 was mounted on a glass fibre and used for data col-
lection. A summary of the crystallographic data is reported in
Table 2. Crystallographic measurements were performed with a
Bruker Smart CCD apparatus at 293 K, using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) in RIAIDT (University of
Santiago de Compostela, Spain). Crystallographic data were cor-
rected for Lorentz and polarisation effects. The frames were inte-
grated with the Bruker SAINT Software package,[18] and the data
were corrected for absorption using the SADABS program.[19] The
structure was determined by direct methods using the SIR-97 pro-
gram.[20] All non-hydrogen atoms were refined with anisotropic
thermal parameters by full-matrix least-squares calculations on F2

using the SHELXL97 program.[21] Hydrogen atoms were inserted
at calculated positions and constrained with isotropic thermal pa-
rameters. Tetrafluoroborate anions and the S12 sulfur atom of the
macrocyclic ligand were modelled with disorder. Special computa-
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tions for the crystal structure discussions were carried out with
PLATON.[22]

Table 2. Crystallographic data for [Pd(L)](BF4)2.

Empirical formula C25H31B2F8NPdS3

Formula mass 721.71
Crystal system monoclinic
Space group C2/c
a [Å] 17.614(5)
b [Å] 14.495(5)
c [Å] 21.754(5)
β [°] 97.310(5)
V [Å3] 5509(3)
Z, ρcalcd [g/cm3] 8, 1.740
F(000) 2912
Crystal size [mm] 0.34×0.31×0.14
Absorption coefficient [mm–1] 0.974
θ range [°] 1.83–28.32
Max./min. transmission 0.873–0.748
Reflections collected 25542
Independent reflections (Rint) 6677 (0.0331)
Final R indices [I � 2σ(I)] R1 = 0.0330, wR2 = 0.0768
Final R indices (all data) R1 = 0.0468, wR2 = 0.0840

CCDC-266369 contains the supplementary crystallographic data
for this paper. The data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.uk/
data_request/cif.

Spectrophotometric and Spectrofluorometric Measurements: Ab-
sorption spectra were recorded with a Shimadzu UV-2501PC spec-
trophotometer and fluorescence emissions on a Horiba–Jobin–
Yvon SPEX Fluorolog 3.22 spectrofluorimeter at the Universidade
Nova de Lisboa. The linearity of the fluorescence emission versus
concentration was verified for the concentration range used (10–4

to 10–6 ). A correction for the absorbed light was performed when
necessary. The absorption and fluorescence titrations were per-
formed by adding microlitre amounts of acetonitrile, or ethanol
solutions of the corresponding titrating agent, to dichloromethane
solutions of the ligand. [2] = 5.50×10–5 . [L] = 5.14×10–5 , λexc

= 368 nm; λem = 423 nm. Luminescence quantum yields were mea-
sured using a solution of sublimated anthracene in cyclohexane as
a standard [ΦF = 0.36].[23]

1,4,7-Trithia-11-azacyclotetradecane (2): A solution of 1 (3.32 g,
15.54 mmol) in deoxygenated DMF (50 mL) and a solution of 2,2�-
thiobis(ethanethiol) (3.02 g, 15.54 mmol) in deoxygenated DMF
(50 mL) were added simultaneously (at 2 mL/h using a perfusor)
to a round-bottomed flask equipped with a magnetic stirrer and
charged with CsOH (6.45 g, 39.06 mmol) and deoxygenated DMF
(700 mL). Subsequently, the solvent was removed and the residue
was dissolved in CHCl3 (200 mL). The solution was filtered off and
the solvent was removed to obtain a pale brown oil. This residue
was purified by column chromatography on silica gel using a mix-
ture of CHCl3/CH3OH (10:1 v/v ratio) as eluent. Yield 3.07 g, 62%.
C10H21NS3 (251.48): calcd. C 47.76, H 8.42, N 5.57, S 38.25; found
C 47.55, H 8.30, N 5.55, S 37.80. 1H NMR (250 MHz, CDCl3,
25 °C): δ = 1.18 (s, 1 H, -CH2-NH-CH2-), 1.72 (m, 3JH,H = 6.23 Hz,
4 H, -S-CH2-CH2-CH2-NH-), 2.63–2.74 (m, 8 H, -S-CH2-CH2-
CH2-NH-), 2.74 (m, 8 H, -S-CH2-CH2-S-) ppm. 13C{1H} NMR
(CDCl3, 25 °C): δ = 28.9 (-S-CH2-CH2-CH2-NH-), 30.4 (-S-CH2-
CH2-CH2-NH-), 31.9 (-S-CH2-CH2-S-CH2-CH2-S-), 32.5 (-S-CH2-
CH2-S-CH2-CH2-S-), 46.9 (-S-CH2-CH2-CH2-NH-) ppm. UV/Vis
(CH2Cl2): λ = 258 nm (ε = 769 –1/cm). ESI-MS: m/z (%) = 252.4
[2 + H]+. IR (KBr pellet): ν̃ = 3316, 2925, 2819, 1675, 1424, 1265,
1191, 1122, 693 cm–1.
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11-(9-Anthracenylmethyl)-1,4,7-trithia-11-azacyclotetradecane (L).
Preparation from 2: A mixture of anhydrous Na2CO3 (0.31 g,
2.94 mmol), KI (0.20 g, 1.20 mmol), 9-(chloromethyl)anthracene
(0.49 g, 2.15 mmol) and 2 (0.65 g, 1.47 mmol) in CH3CN (100 mL)
was refluxed for 4 h. The mixture was filtered off and the solvent
was removed with a rotary evaporator. The resultant yellow residue
was purified by column chromatography on silica gel using CHCl3
as eluent. Yield 1.14 g, 73%.

Preparation from 3: A solution of 2,2�-thiobis(ethanethiol) (0.77 g,
4.98 mmol) in deoxygenated DMF (50 mL) and a solution of 3
(1.79 g, 4.98 mmol) in deoxygenated DMF (50 mL) were added
simultaneously at 2 mL/h using a perfusor to a round-bottomed
flask equipped with magnetic stirrer and charged with a solution
of Cs2CO3 (1.78 g, 5.50 mmol) in deoxygenated DMF (700 mL).
The solvent was removed and the residue was dissolved in CHCl3.
This solution was filtered off and the solvent was removed to yield
a yellow oil that was purified by column chromatography on silica
gel using CHCl3 as eluent to afford 0.90 g (40% yield) of yellow
solid. C25H31NS3 (441.72): calcd. C 67.98, H 7.07, N 3.17, S 21.78;
found C 67.55, H 7.10, N 3.10, S 21.40. 1H NMR (250 MHz,
CDCl3, 25 °C): δ = 1.73 (m, 4 H, -S-CH2-CH2-CH2-N-), 2.26 (t,
3JH,H = 7.93 Hz, 4 H, -S-CH2-CH2-CH2-N-), 2.59 (t, 3JH,H =
6.19 Hz, 4 H, -S-CH2-CH2-CH2-N-), 2.69 (s, 8 H, -S-CH2-
CH2-S-), 4.51 (s, 2 H, An-CH2-N-), 7.50 (m, 4 H, An-CH2-N-),
8.00 (m, 2 H, An-CH2-N-), 8.44 (m, 3 H, An-CH2-N-) ppm.
13C{1H} NMR (CDCl3, 25 °C): δ = 28.5 (-S-CH2-CH2-CH2-N-),
29.8 (-S-CH2-CH2-CH2-N-), 31.1 (-S-CH2-CH2-S-CH2-CH2-S-),
31.8 (-S-CH2-CH2-S-CH2-CH2-S-), 52.0 (An-CH2-N-), 53.7 (-S-
CH2-CH2-CH2-NH-), 124.8, 125.6, 127.6, 129.1, 130.1, 131.2,
131.4 (An-CH2-N-) ppm. UV/Vis (CH2Cl2): λ = 333 (ε = 3024), 350
(5902), 368 (9418), 388 nm (9096 –1/cm). ESI-MS: m/z (%) = 442.7
[L + H]+. IR (KBr pellet): ν̃ = 3048, 2949, 2922, 2810, 1677, 1622,
1444, 1436, 1426, 1336, 1279, 1190, 1023, 893, 735, 541 cm–1.

[Pd(L)](BF4)2·2H2O: A dichloromethane solution of L (90 mg,
0.20 mmol, 4 mL) was added dropwise to an acetonitrile solution
of Pd(BF4)2·4CH3CN (91 mg, 0.20 mmol, 4 mL). The resulting
solution was stirred at room temperature for 2 h, and the solvent
was partially removed to about 3 mL. Diethyl ether was slowly in-
fused into the solution producing a powdery precipitate, which was
filtered off and washed with diethyl ether. This complex was recrys-
tallised by diffusion of diethyl ether into acetonitrile solutions. The
yield was 130 mg (88%). Crystals suitable for X-ray diffraction
were obtained by diffusion of hexane into a dichloromethane solu-
tion. C25H31B2F8NPdS3·2H2O (757.72): calcd. C 39.63, H 4.66, N
1.85, S 12.69; found C 39.40, H 4.85, N 1.80, S 12.25. Conductivity
(CH3CN, 1 ×10–3 ): 231 µS/cm. 1H NMR (250 MHz, CD3NO2,
25 °C): δ = 2.29 (m, 2 H, -S-CH2-CH2-CH2-N-), 2.47 (m, 2 H, -S-
CH2-CH2-CH2-N-), 2.70 (m, 2 H, -S-CH2-CH2-CH2-N-), 3.03 (m,
2 H, -S-CH2-CH2-CH2-N-), 3.11 (m, 4 H, -S-CH2-CH2-CH2-N-),
3.32 (m, 4 H, -S-CH2-CH2-S-CH2-CH2-S-), 3.35 (m, 2 H, -S-CH2-
CH2-S-CH2-CH2-S-), 3.84 (m, 2 H, -S-CH2-CH2-S-CH2-CH2-S-),
5.02 (s, 2 H, An-CH2-N-), 7.46 (m, 2 H, An-CH2-N-), 7.63 (m, 2
H, An-CH2-N-), 8.04 (d, 3JH,H = 8.40 Hz, 2 H, An-CH2-N-), 8.56
(d, 3JH,H = 8.95 Hz, 2 H, An-CH2-N-), 8.61 (s, 1 H, An-CH2-N-)
ppm. 13C{1H} NMR (CD3NO2, 25 °C): δ = 24.6 (-S-CH2-CH2-
CH2-N-), 32.6 (-S-CH2-CH2-CH2-N-), 39.8 (-S-CH2-CH2-S-CH2-
CH2-S-), 41.1 (-S-CH2-CH2-S-CH2-CH2-S-), 57.5 (An-CH2-N-),
61.0 (-S-CH2-CH2-CH2-NH-), 123.3, 123.4, 125.9, 128.4, 130.1,
131.1, 131.7, 132.5 (An-CH2-N-) ppm. UV/Vis (CH2Cl2): λ = 357
(ε = 9154), 376 (9019), 397 nm (6542 –1/cm). ESI-MS: m/z (%) =
634.9 [Pd(BF4)(L)]+. IR (KBr pellet): ν̃ = 3424, 2923, 1623, 1446,
1295, 1084, 1063, 1038, 739, 534, 521 cm–1.

Eur. J. Inorg. Chem. 2006, 2997–3004 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3003

Acknowledgments

This work was supported by the Spanish Government (CYCIT)
under project CTQ2004-04134, and by the Fundação para a Ciên-
cia e Tecnologia (Portugal) and FEDER under projects POCI/QUI/
55519/2004 and POCTI/QUI/47357/2002. Financial support by the
Departament d’Universitats Recerca i Societat de la Informació of
the Catalan Government for Grant FI2002-00320 (A.T.) and Caix-
anova (Spain) for a postdoctoral grant (B.C.) are also acknowl-
edged.

[1] a) F. Mancin, E. Rampazzo, P. Tecilla, U. Tonellato, Chem.
Eur. J. 2006, 12, 1844–1854; b) V. Amendola, L. Fabbrizzi, F.
Foti, M. Licchelli, C. Mangano, P. Pallavincini, A. Poggi, D.
Sacchi, A. Taglietti, Coord. Chem. Rev. 2006, 273–299.

[2] a) A. W. Czarnik, Acc. Chem. Res. 1994, 27, 302–308; b) R. A.
Bissell, A. P. de Silva, H. Q. N. Gunaratne, P. L. M. Lynch,
G. E. M. Maguire, K. R. A. S. Sandanayake, Chem. Soc. Rev.
1992, 21, 187–195.

[3] a) J.-H. Bu, Q.-Y. Zheng, C.-F. Chen, Z.-T. Huang, Org. Lett.
2004, 6, 3301–3303; b) S. A. McFarland, N. S. Finney, J. Am.
Chem. Soc. 2002, 124, 1178–1179; c) S. A. de Silva, B. Amor-
elli, D. C. Isidor, K. C. Loo, K. E. Crooker, Y. E. Pena, Chem.
Commun. 2002, 1360–1361; d) C. Lodeiro, J. L. Capelo, J. In-
clusion Phenom. Macrocyclic Chem. 2004, 249–258.

[4] a) C. Bazzicalupi, A. Bencini, E. Berni, A. Bianchi, A. Danesi,
C. Giorgi, B. Valtancoli, C. Lodeiro, J. C. Lima, F. Pina, M. A.
Bernardo, Inorg. Chem. 2004, 43, 5134–5146; b) M. P. Clares,
J. Aguilar, R. Aucejo, C. Lodeiro, M. T. Albelda, F. Pina, J. C.
Lima, A. J. Parola, F. Pina, J. Seixas de Melo, C. Soriano, E.
García-España, Inorg. Chem. 2004, 43, 6114–6122; c) C. Lod-
eiro, F. Pina, A. J. Parola, A. Bencini, A. Bianchi, C. Bazzical-
upi, S. Ciattini, C. Giorgi, A. Masotti, B. Valtancoli, J.
Seixas de Melo, Inorg. Chem. 2001, 40, 6813–6819.

[5] a) E. S. Meadows, S. L. De Wall, L. J. Barbour, G. W. Gokel,
J. Am. Chem. Soc. 2001, 123, 3092–3107; b) M. Vicente, M. R.
Bastida, C. Lodeiro, A. Macías, A. J. Parola, L. Valencia, S. E.
Spey, Inorg. Chem. 2003, 42, 6768–6779.

[6] a) A. J. Blake, A. Bencini, C. Caltagirone, G. De Filippo, L. S.
Dolci, A. Garau, F. Isaia, V. Lippolis, P. Mariani, L. Prodi, M.
Montalti, N. Zaccheroni, C. Wilson, Dalton Trans. 2004, 2771–
2779; b) M. C. Aragoni, M. Arca, A. Bencini, A. J. Blake, C.
Caltagirone, A. Decortes, F. Demartin, F. A. Devillanova, E.
Faggi, L. S. Dolci, A. Garau, F. Isaia, V. Lippolis, L. Prodi, C.
Wilson, B. Valtancoli, N. Zaccheroni, Dalton Trans. 2005,
2994–3004.

[7] a) M. T. Albelda, P. Díaz, E. García-España, J. C. Lima, C.
Lodeiro, J. S. de Melo, A. J. Parola, F. Pina, C. Soriano, Chem.
Phys. Lett. 2002, 353, 63–68; b) G.-Q. Zhang, G.-Q. Yang, L.-
Y. Yang, Q.-Q. Chen, J.-S. Ma, Eur. J. Inorg. Chem. 2005, 1919–
1926.

[8] J. Buter, R. M. Kellogg, J. Org. Chem. 1981, 46, 4481–4485.
[9] A. Tamayo, J. Casabo, L. Escriche, C. Lodeiro, B. Covelo, C. D.

Brondino, R. Kivekäs, R. Sillampää, Inorg. Chem. 2006, 45,
1140–1149.

[10] a) N. Li, M. Struttman, C. Higginbotham, A. J. Grall, J. F.
Skerlj, J. F. Vollano, S. A. Bridger, L. A. Ochrymowycz, A. R.
Ketring, M. J. Abrams, W. A. Volkert, J. Nucl. Med. 1997, 38,
85–92; b) B. Chak, A. McAuley, T. W. Whitcombe, Inorg. Chim.
Acta 1996, 349–360.

[11] A. Tamayo, C. Lodeiro, L. Escriche, J. Casabó, B. Covelo, P.
González, Inorg. Chem. 2005, 44, 8105–8115.

[12] The functionalisation of the dihalide precursor avoids the reac-
tion between its amine nitrogen and the carbonate ions.

[13] a) M. Vetrichelvan, Y.-H. Lai, K. F. Mok, Dalton Trans. 2003,
295–303; b) M. Arca, A. J. Blake, J. Casabó, F. Demartin, F. A.
Devillanova, A. Garau, F. Isaia, V. Lippolis, R. Kivekas, V.
Muns, M. Schröder, G. Verani, J. Chem. Soc., Dalton Trans.
2001, 1180–1188; c) I. M. Atkinson, J. D. Chartres, A. M.



A. Tamayo, L. Escriche, J. Casabó, B. Covelo, C. LodeiroFULL PAPER
Groth, L. F. Lindoy, M. P. Lowe, G. V. Meehan, B. W. Skelton,
A. H. White, J. Chem. Soc., Dalton Trans. 2001, 2801–2806.
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Hydrophosphanation of Phenolic Aldehydes as Facile Synthetic Approach to
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Reactions of diphenylphosphane with mono- and dihydroxy-
benzaldehydes yield as initial products α-phosphanyl-
carbinols that exist according to NMR studies in dynamic
equilibrium with the starting materials in solution but are
stable in the solid state. The facile rearrangement of the ini-
tial products yields isomeric phosphane oxides which react
with MeI and excess LiAlH4 via deoxygenation to give the
corresponding phosphanes. Phosphane oxides and phospha-

Introduction

The addition of a P–H bond to a carbonyl group is a
fundamental and synthetically useful reaction of phospho-
rus-hydrogen substituted phosphanes PHnR3–n. These
transformations proceed normally strictly regioselective via
P–C bond formation to give α-phosphanyl-carbinols
(Scheme 1, a) and are used for the synthesis of functional
tertiary phosphanes.[1] We have recently found that N-het-
erocyclic phosphanes 1 react with aldehydes and ketones
via reduction rather than alkylation of the carbonyl moiety
(Scheme 1, b).[2] The reversed regioselectivity (“umpolung”)
has been related to the unique hydride-like polarization of
the P–H bond in 1 which owes to the special bonding situa-
tion in the heterocycle.[2]

Scheme 1. Possible reaction modes of phosphanes with carbonyl
groups.

During a study on hydrophosphanation of carbonyl com-
pounds we noticed that the reaction of diphenylphosphane
with salicylic aldehyde affords a benzylphosphane oxide.
Similar reactions were observed earlier and explained by a
two-step sequence involving a “normal” hydrophosphan-
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nes were isolated and characterized by analytical and spec-
troscopic data. The reactions described represent an im-
proved synthesis for phosphanes with phenol and catechol
functionalities that are useful for applications as ligands or
supramolecular building blocks.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ation followed by isomerization of the transient α-phos-
phanyl-carbinol [pathway (i), Scheme 2].[3] In the context of
our studies on controlling the regioselectivity in hydrophos-
phanations[2] it was of interest to elucidate mechanistic as-
pects of this reaction in more detail. In particular, we
wanted to exclude that the product was formed via “in-
verse” addition of the P–H bond of the phosphane and sub-
sequent Michaelis–Arbuzov rearrangement of a transient
phosphinite [pathway (ii) in Scheme 2] which might, in view
of the reactivity of 1 and earlier observations of Michaelis–
Arbuzov rearrangements under conditions similar to the
ones applied here,[4] provide a conceivable alternative to the
standard mechanism. We present here the results of studies
of the transformations of diphenylphosphane and phenolic
aldehydes into phenol-functionalized phosphane oxides,
and demonstrate that these species can easily be converted
into phosphanes. The products thus accessible belong to a
class of multifunctional ligands that have recently attracted
increasing attention as supramolecular building blocks[5]

Scheme 2.
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and anchoring groups that are capable of immobilizing
metal complexes on the surface of a metal oxide support.[6]

Results and Discussion

The reaction of equimolar amounts of diphenylphos-
phane (2) and salicylic aldehyde (3a) in methanol or ethers
(Et2O, DME) in the presence of catalytic amounts of hydro-
chloric or p-toluenesulfonic acid affords directly the phos-
phane oxide 5a[7] which has been isolated in good yield after
work-up (Scheme 3).

Scheme 3.

31P NMR studies revealed that 5a remained the only
spectroscopically detectable species beside unreacted 2 and
minor side products. The latter were not further charac-
terized but their chemical shifts precluded assignment as an
α-phosphanyl-carbinol. In order to elucidate mechanistic
details we set out to find reaction conditions that facilitated
the detection of a precursor to 5a. In these studies it was
established that treatment of an ethereal solution of 2 and
3a with excess concd. hydrochloric acid lead to immediate
precipitation of a colorless solid which was isolated by fil-
tration. A solid-state 31P CP/MAS NMR spectrum dis-
closed an isotropic shift (δ31Piso = –0.8) which differs clearly
from that of 5a (δ31Piso = 39.3) but resembles that of the α-
phosphanyl-carbinol obtained from reaction of 2 and benz-
aldehyde. A spectrum recorded under conditions that allow
to detect scalar couplings to protons revealed a doublet
splitting attributable to a one-bond J-coupling (Figure 1,
JPH = 501 Hz). Consequently, we assume that α-phos-
phanyl-carbinol hydrochloride 6a is formed which is de-
emed to represent the initial product formed by attack of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3005–30093006

the phosphane on the protonated aldehyde. This structural
assignment was further corroborated by satisfactory analyt-
ical data. Attempts to characterize 6a by solution NMR
spectroscopy revealed that the product decomposes upon
dissolution in methanol to give a mixture of the starting
materials and the phosphane oxide 5a, an observation that
emphasizes the character of a reaction intermediate for 6a.

Figure 1. Isotropic line of the solid state CP/MAS 31P NMR spec-
trum of 6a at a spinning speed of 13.2 kHz recorded with high-
power proton decoupling (top trace) and frequency-shifted Lee–
Goldburg decoupling[9] (bottom trace) to suppress homonuclear di-
polar coupling between protons. As the decoupling sequence scales
the heteronuclear coupling by a factor of 0.577, the observed split-
ting of 289 Hz corresponds to a value of 1JPH = 501 Hz.

The above results allow to conclude that the reaction of
2 with salicylic aldehyde involves a “normal” hydrophos-
phanation as the key step. The same regioselectivity was
observed in the acid-catalyzed reaction of 2 with 2,3-di-
hydroxybenzaldehyde (3b). NMR studies allowed in this
case the direct detection of a small amount of the α-phos-
phanyl-carbinol 4b and two further intermediates. The con-
stitution of the latter was assigned as diastereomeric phos-
phonium salts 7b, 7�b by 2D NMR studies, and dynamic
exchange between all four species was established by a 2D
31P EXSY NMR spectrum. All products were eventually
converted into the phosphane oxide 5b which was isolated
after work-up and characterized by analytical and spectro-
scopic data. Species similar to 7b, 7�b have previously been
obtained by reaction of diphenylphosphane (2) with formal-
dehyde in the presence of strong acids.[1,8]

The reaction of 2 with 4-hydroxybenzaldehyde (3c) af-
fords as primary product the α-phosphanyl-carbinol 4c
which was isolated by precipitation from methanol and
characterized by 31P CP/MAS NMR and analytical data.
Key to the structural assignment was the observation of a
single resonance (δ31P = –7.2) which appears at somewhat
higher field than that of 6a and shows no splitting due to
1JPH coupling. In contrast to the elusive 2-hydroxy-substi-
tuted carbinol 4a, the signal of 4c is also observable in solu-
tion 31P NMR spectra although in these solutions, even in
the absence of additional acid, partial decomposition to 2
and 3c occurs (obviously the acidity of the phenolic OH
moiety is sufficient to promote an auto-catalytic reaction).
Acidic catalysts promote the complete conversion to phos-
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phane oxide 5c. The same behavior can be observed in the
reaction of 2 with 3,4-dihydroxybenzaldehyde (3d) which af-
fords 5d as final product. Both 5c and 5d were isolated after
work-up and characterized by analytical and spectroscopic
data.

Finally, the acid-catalyzed reaction of 2 with 3-hydroxy-
benzaldehyde (3e) gives a mixture of dynamically exchang-
ing products the structures of which were assigned to the
phosphanyl-carbinol 4e and the diastereomeric phospho-
nium salts 7e/7e� on the basis of a comparison of the ob-
served 31P chemical shifts with those of the products of the
previously described reactions. A 1:1 mixture of 7e/7e� pre-
cipitated from the reaction solution and was isolated by fil-
tration. The constitution was confirmed by analytical data;
a slow-spinning technique 31P CP/MAS NMR spectrum
shows the presence of two isotropic signals of equal inten-
sity with negligible chemical shielding anisotropy. The pre-
cipitate dissolved again when the mixture was stirred for
prolonged reaction times, and 31P NMR studies allowed to
detect the formation of the phosphane oxide 5e as final
product which eventually precipitated from the solution and
was characterized by spectroscopic data.

In summary it can be stated that the reactions of the
phosphane 2 with hydroxybenzaldehydes 3a–e proceed via
hydrophosphanation to yield α-phosphanyl-carbinols 4a–e
as initial products. These species are in dynamic equilibrium
with the starting materials and phosphonium salts 7 re-
sulting from acid-promoted reaction with further aldehyde.
The composition of the equilibrium mixtures depends on
the substitution pattern of the aldehydes and lies for 3a–d
which feature at least one OH substituent in 2- or 4-position
largely on the side of the starting materials, whereas for 3e
the formation of the phosphonium salts 7e,e� appears to be
favored. As a consequence, the equilibrium concentration
of the adducts 4a–e is rather low, or these species may not
be detectable at all. The reduced stability of the adducts
with respect to the starting materials is attributable to the
electron-releasing nature of the additional hydroxy-substit-
uents which should render the aldehydes weaker electro-
philes and the attack by the nucleophilic phosphane ener-
getically less favorable. Aldehydes with 2-hydroxy substitu-
ents such as 3a,b may further benefit from additional stabi-
lization by strong intramolecular hydrogen bonding. The
observation that all primary adducts may eventually re-
arrange quantitatively to the corresoponding phosphane
oxides 5a–e suggests that the latter are thermodynamically
much more stable so that the isomerization is practically
irreversible. The easy occurrence of this rearrangement is
presumably also facilitated by the stabilization of the re-
sulting transient intermediates by the electron-releasing
phenolic OH substituents.

Deoxygenation of the phosphane oxides 4a–e is readily
achieved by adaptation of an established procedure[10] in-
volving quaternization of the phosphane oxide moiety with
methyl iodide and subsequent reduction with LiAlH4

(Scheme 3). No special protection of the phenol groups is
necessary, however, the use of a sufficient excess of the hy-
dride to achieve complete deprotonation of the acidic OH
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groups is mandatory to obtain reasonable yields of prod-
ucts. Aqueous work-up of the reaction mixture and purifi-
cation of the crude products by column chromatography
affords the phosphanes 8a–d as colorless, moderately oxy-
gen-sensitive solids that were characterized by analytical
and spectroscopic data.

Conclusions

It has been confirmed that the reaction of diphenylphos-
phane with phenolic aldehydes is initiated by reversible for-
mation of α-phosphanyl-carbinols. The presence of OH
groups in p- or o-position appears to destabilize the adducts
relative to the starting materials, thus keeping their concen-
tration in the equilibrium mixtures low. The initial adducts
rearrange easily to afford isomeric phosphane oxides which
may further be reduced to the corresponding phosphanes.
The overall reaction sequence permits to access the first alk-
ylphosphane derivatives with tethered catechol and phenol
moieties from readily available starting materials and with-
out the necessity of additional efforts for the protection and
deprotection of the reactive OH groups. This procedure
constitutes a substantial improvement over previously
known synthetic protocols which required often more com-
plicated approaches.[4,11] The utilization of this procedure
should prove useful for the preparation of functional phos-
phanes in applications as chelating ligands or supramolec-
ular building blocks.

Experimental Section
General Remarks: Manipulations were carried out under dry argon
and solvents were dried by standard procedures if required. Solu-
tion NMR spectra were recorded at 30 °C on Bruker Avance 400
(1H: 400.1 MHz, 13C: 100.5 MHz, 31P: 161.9 MHz) or AC 250 spec-
trometers (1H: 250 MHz, 13C: 62.8 MHz, 31P: 101.2 MHz) at
303 K; chemical shifts are referenced to ext. TMS (1H, 13C) or 85%
H3PO4 (Ξ = 40.480747 MHz, 31P). Solid state MAS NMR spectra
were recorded on a Bruker Avance 400 instrument with spinning
rates between 3 and 14 kHz. Cross polarization with a ramp-shaped
contact pulse and mixing times between 3 and 5 ms was used for
signal enhancement. MAS NMR spectra aiming at the determi-
nation of 1JP,H couplings were recorded under frequency-shifted
Lee–Goldburg decoupling of homonuclear proton–proton interac-
tions[9] which scales the visible splitting by a factor of 0.577. All
coupling constants are given as absolute values; prefixes i, o, m, p
denote phenyl ring positions of P-C6H5 substituents. The reso-
nances of OH protons were not always detectable, presumably as a
consequence of chemical exchange, and data are not listed when
unequivocal assignment was unfeasible. MS: Varian MAT 711, EI,
70 eV. Elemental analyses: Perkin–Elmer 2400CHSN/O Analyser.
Melting points were determined in sealed capillaries.

General Procedure for the Synthesis of Phenol-Functionalized Phos-
phane Oxides: Diphenylphosphane 2 (12 mmol) was added to a
solution of the appropriate aldehyde 3a–e (12 mmol) in DME
(10 mL). The solution was stirred for five minutes at room tempera-
ture. A catalytic amount of p-toluenesulfonic acid (approx. 3–
6 mmol) was added and the stirring continued for 48 h. The color-
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less precipitate formed was isolated by filtration, washed twice with
5 mL of DME, and dried in vacuo for 4 h.

2-[(Diphenylphosphinoyl)methyl]phenol (5a): Yield 2.59 g (70%);
m.p. 177 °C; elemental analysis: C19H17O2P (308.32): calcd. C 74.02
H 5.56, found C 73.90 H 5.37. Spectroscopic data are identical with
the values reported in the literature.[7]

3-[(Diphenylphosphinoyl)methyl]benzene-1,2-diol (5b): Yield 3.31 g
(85%); m.p. 194 °C; elemental analysis: C19H17O3P (324.32): calcd.
C 70.37 H 5.28; found C 70.44 H 5.35. 1H NMR (400 MHz,
CDCl3): δ = 8.2 (br., 2 H, OH), 7.74 (m, 4 H, o-H), 7.58 (m, 2 H,
p-H), 7.50 (m, 4 H, m-H), 6.81 (ddd, 3JHH = 8.0 Hz, 4JHH = 1.7 Hz,
6JPH = 1.7 Hz, 1 H, H-6), 6.63 (dt, 3JHH = 8.0 Hz, 5JPH = 0.9 Hz,
1 H, H-5), 6.34 (dddm, 3JHH = 7.7 Hz, 4JHH = 1.7 Hz, 4JPH =
1.7 Hz, 1 H, H-4), 3.73 (d, 2JPH = 12.8 Hz, 2 H, CH2) ppm.
13C{1H} NMR (100 MHz, CDCl3): δ = 148.2 (d, JPC = 2.7 Hz),
143.9 (d, JPC = 4.2 Hz), 133.2 (d, JPC = 2.7 Hz, p-C), 131.6 (d, JPC

= 9.6 Hz, o-C), 130.9 (d, JPC = 100.4 Hz, i-C), 129.4 (d, JPC =
12.1 Hz, m-C), 122.9 (d, JPC = 6.3 Hz), 121.7 (d, JPC = 1.9 Hz),
119.9 (d, JPC = 8.4 Hz), 114.6 (d, JPC = 2.5 Hz), 35.6 (d, JPC =
67.1 Hz, CH2) ppm. 31P NMR (101 MHz, CDCl3): δ = 40.4 (s)
ppm. MS (EI = 70 eV): m/z (%) = 324.1 (100) [M+]; 202.1 (38)
[Ph2POH+], 201 (54) [Ph2PO+].

4-[(Diphenylphosphinoyl)methyl]phenol (5c): Yield 2.22 g (60%);
m.p. 223 °C; elemental analysis: C19H17O2P (308.32): calcd. C 74.02
H 5.56; found 74.19 H 5.82. 1H NMR (400 MHz, CDCl3): δ = 8.2
(br., 1 H, OH), 7.76 (m, 4 H, o-H), 7.57 (m, 2 H, p-H), 7.49 (m, 4
H, m-H), 6.82 (m, 2 H, C6H4), 6.56 (m, 2 H, C6H4), 3.62 (d, 2JPH

= 12.2 Hz, 2 H, CH2) ppm. 13C{1H} NMR (100 MHz, CDCl3): δ
= 156.9 (d, JPC = 1.7 Hz), 132.7 (s), 131.8 (d, 2JPC = 9.2 Hz, o-C),
131.6 (d, JPC = 4.8 Hz), 129.3 (d, 3JPC = 11.7 Hz, m-C), 128.6 (d,
JPC = 99.6 Hz), 120.7 (d, JPC = 7.5 Hz), 117.0 (d, JPC = 2.1 Hz),
37.4 (d, JPC = 72.1 Hz, CH2) ppm. 31P NMR (162 MHz, CDCl3):
δ = 32.2 (s) ppm.

4-[(Diphenylphosphinoyl)methyl]benzene-1,2-diol (5d): Yield 3.50 g
(90%); m.p. 192 °C; elemental analysis: C19H17O3P (324.32): calcd.
C 70.37 H 5.28; found C 69.98 H 5.17. 1H NMR (250 MHz,
CDCl3): δ = 7.47 to 7.23 (m, 10 H, C6H5), 6.53 (s, 1 H, C6H3), 6.31
(d, 3JHH = 8.1 Hz, 1 H, C6H3), 6.12 (d, 3JHH = 8.1, 1 H, C6H3),
3.42 (d, 2JPH = 12.9 Hz, 2 H, CH2) ppm. 13C{1H} NMR (62 MHz,
CD3CN/CDCl3): δ = 143.8 (d, JPC = 2.3 Hz), 143.2 (d, JPC =
3.1 Hz), 131.7 (d, JPC = 1.8 Hz, p-C), 130.3 (d, JPC = 9.4 Hz, o-C),
128.1 (d, JPC = 11.7 Hz, m-C), 126.9 (d, JPC = 101.8 Hz, i-C), 121.2
(d, JPC = 6.1 Hz), 120.9 (d, JPC = 8.4 Hz), 116.6 (d, JPC = 4.8 Hz),
114.4 (d, JPC = 2.3 Hz), 35.1 (d, JPC = 68.2 Hz) ppm. 31P NMR
(101 MHz, CDCl3): δ = 40.4 (s) ppm.

3-[(Diphenylphosphinoyl)methyl]phenol (5e): Yield 2.22 g (60%);
m.p. 198 °C; elemental analysis: C19H17O2P (308.32): calcd. C 74.02
H 5.56; found C 74.10 H 5.60. 1H NMR (250 MHz, CD3CN/
CDCl3): δ = 7.55 (m, 4 H, o-H), 7.40 to 7.25 (m, 6 H, m/p-H), 6.80
(t, 3JHH = 8.0 Hz, 1 H, H-5), 6.59 (s, 1 H, H-2), 6.44 (d, 3JHH =
8.0 Hz, 1 H, H-4/6), 6.41 (d, 3JHH = 8.0 Hz, 1 H, H-4/6), 3.50 (d,
2JPH = 13.4 Hz, 2 H, CH2) ppm. 13C{1H} NMR (62 MHz,
CD3CN/CDCl3): δ = 157.1 (d, JPC = 2.6 Hz), 132.4 (d, JPC =
2.9 Hz, p-C), 131.2 (d, JPC = 9.5 Hz, o-C), 131.0 (s), 130.9 (d, JPC

= 102.3 Hz, i-C), 129.5 (d, JPC = 2.1 Hz), 128.9 (d, JPC = 11.8 Hz,
m-C), 121.8 (d, JPC = 5.8 Hz), 117.5 (d, JPC = 5.0 Hz), 114.2 (d, JPC

= 2.9 Hz), 37.1 (d, JPC = 67.1 Hz) ppm. 31P{1H}NMR (101 MHz,
CDCl3): δ = 31.4 ppm.

2-[(Diphenylphosphanyl)hydroxymethyl]phenol Hydrochloride (6a):
2-Hydroxybenzaldehyde (3a) (0.64 mL, 6 mmol) was added to a
solution of diphenylphosphane 2 (1.05 mL, 6 mmol) in diethyl
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ether (10 mL). This mixture was stirred for five minutes at room
temperature and an excess of conc. hydrochloric acid (2 mL,
24 mmol) was added. A colorless precipitate formed immediately.
The reaction mixture was then stirred for further 60 min, the pre-
cipitate filtered off, washed twice with diethyl ether (5 mL), and
dried for 1 h in vacuo. Yield: 1.86 g (90%); m.p. 104 °C; elemental
analysis: C19H18ClO2P (344.78): calcd. C 66.19 H 5.26 Cl 10.28;
found C 66.76 H 5.38 Cl 8.54. 31P{1H}NMR (solid, 162 MHz, CP/
MAS): δiso = –0.8.

4-[(Diphenylphosphanyl)hydroxymethyl]phenol (4c): A solution of
diphenylphosphane (2) (1.43 mL, 8.2 mmol) and 4-hydroxybenzal-
dehyde (3c) (1.00 g, 8.2 mmol) in methanol (10 mL) was stirred for
5 min at room temperature and conc. hydrochloric acid (0.25 mL,
3 mmol) was added. A colorless precipitate formed immediately.
The reaction mixture was stirred for further 60 min, the precipitate
filtered off and dried for 1 h in vacuo. Yield: 2.27 g (90%); m.p.
168 °C; elemental analysis: C19H17O2P (308.32): calcd. C 74.02 H
5.92; found 74.29 H 5.92. 31P NMR (101 MHz, THF): δ = –2.3 (s)
ppm. 31P{1H}NMR (solid, 162 MHz, CP/MAS): δiso = –7.2 ppm.

Bis[hydroxy(3-hydroxyphenyl)methyl]diphenylphosphonium Toluene-
sulfonate (7e/7e�): A solution of diphenylphosphane (2) (1.43 mL,
8.2 mmol) and 3-hydroxy benzaldehyde (3e) (1.00 g, 8.2 mmol) in
DME (5 mL) was stirred for 5 min at room temperature and p-
toluenesulfonic acid (0.60 g, 3.2 mmol) was added. A colorless pre-
cipitate began to form after 10 min. The reaction mixture was
stirred for 12 h, the precipitate filtered off, washed twice with
DME, and dried for 4 h in vacuo. Yield: 1.73 g (90%); m.p. 121 °C;
elemental analysis: C33H31O7PS (602.64): calcd. C 65.77 H 5.19;
found 65.39 H 5.30. 31P{1H}NMR (solid, 162 MHz, CP/MAS): δiso

= 30.5, 29.9 ppm.

General Procedure for the Synthesis of Phenol-Functionalized Phos-
phanes: The appropriate phosphane oxide 5a–d (10 mmol) was dis-
solved in dry THF (100 mL). Methyl iodide (0.69 mL, 11 mmol)
was added via a syringe and the solution stirred for 2 h at room
temperature. The mixture was then cooled to 0 °C and solid LiAlH4

(1.7 g, 45 mmol) added in several small portions. The reaction mix-
ture was warmed to ambient temperature, and stirring was contin-
ued for another 5–6 h. The progress of the reaction was monitored
by TLC. The reaction flask was again cooled to 0 °C, and 50 mL
of 1  hydrochloric acid were added in several portions (the first
few drops had to be added very carefully until the exothermic reac-
tion became less violent). The organic layer was separated and the
aqueous layer washed with ethyl acetate (3×50 mL). The combined
organic phases were dried overnight with Na2SO4 and all volatiles
evaporated in vacuo. The crude products were purified by column
chromatography (silica, petroleum ether:ethyl acetate = 7:3).

2-[(Diphenylphosphanyl)methyl]phenol (8a): Yield 1.81 g (62%); col-
orless oil, elemental analysis: C19H17OP (292.32): calcd. C 78.07 H
5.86; found C 74.33 H 5.91. 1H NMR (250 MHz, [D8]toluene): δ
= 6.8 to 7.5 (m, 10 H, C6H5), 6.80 (t, 1 H, 3JHH = 7.7 Hz), 6.74 (d,
1 H, 3JHH = 7.7 Hz), 6.61 (d, 1 H, 3JHH = 7.8 Hz), 6.50 (t, 1 H,
3JHH = 7.5 Hz), 3.32 (s, 2 H, CH2) ppm. 31P{1H} NMR (101 MHz,
[D8]toluene): δ = –15.0 ppm. The 1H NMR spectroscopic data
match those published earlier.[11]

3-[(Diphenylphosphanyl)methyl]benzene-1,2-diol (8b): Yield 1.85 g
(60%); m.p. 82 °C; elemental analysis: C19H17O2P (308.32): calcd.
C 74.02 H 5.56; found C 73.91 H 5.73. 1H NMR (400 MHz,
CDCl3): δ = 7.52 to 7.30 (m, 10 H, C6H5), 6.78 (dm, 3JHH = 7.9 Hz,
1 H, C6H3), 6.64 (tm, 3JHH = 7.9 Hz, 1 H, C6H3), 6.43 (dm, 3JHH

= 7.9 Hz, 1 H, C6H3), 6.02 (br., 1 H, OH), 5.86 (br., 1 H, OH),
3.52 (d, 2JPH = 1.7 Hz, 2 H, CH2) ppm. 13C{1H} NMR (100 MHz,
CDCl3): δ = 145.0 (d, JPC = 1.6 Hz), 141.7 (d, JPC = 3.7 Hz), 132.8



Hydrophosphanation of Phenolic Aldehydes FULL PAPER
(d, 3JPC = 17.4 Hz, m-C), 130.9 (d, 2JPC = 9.5 Hz), 129.3 (s, p-C),
128.9 (d, 3JPC = 12.1), 128.6 (d, JPC = 7.4 Hz, o-C), 122.4 (d, JPC

= 6.3 Hz), 121.0 (d, JPC = 1.6 Hz), 113.6 (d, JPC = 2.6 Hz), 30.7
(d, 1JPC = 10.5 Hz, CH2) ppm. 31P NMR (101 MHz, CDCl3): δ =
–13.1 (s) ppm. MS (EI = 70 eV): m/z (%) = 308.1 (100) [M+], 186.1
(45) [Ph2PH+], 185.1 (44) [Ph2P+], 183.0 (54) [Ph2P+–H2], 123.1 (45)
[M+–PPh2], 108.1 (54).

4-[(Diphenylphosphanyl)methyl]benzene-1,2-diol (8d): Yield 2.16 g
(70%); m.p. 144 °C; elemental analysis: C19H17O2P (308.32): calcd.
C 74.02 H 5.56; found C 74.06 H 5.59. 1H NMR (400 MHz, [D8]-
THF): δ = 7.68 (s, 1 H, OH), 7.53 (s, 1 H, OH), 7.41 (m, 4 H, o-
H), 7.33 to 7.25 (m, 6 H, m/p-H), 6.58 (dd, 4JHH = 1.7 Hz, 4JPH =
1.7 Hz, 1 H, C6H3), 6.52 (d, 3JHH = 8.1 Hz, 1 H, C6H3), 6.38 (dm,
3JHH = 8.0 Hz, 1 H, C6H3), 3.31 (s, 2 H, CH2) ppm. 13C{1H} NMR
(100 MHz, [D8]THF): δ = 145.6 (d, JPC = 1.5 Hz), 144.2 (d, JPC =
2.9 Hz), 139.9 (d, JPC = 16.8 Hz, i-C), 133.3 (d, JPC = 18.7 Hz, m-
C), 129.1 (d, JPC = 8.8 Hz), 128.7 (s, p-C), 128.6 (d, JPC = 6.3 Hz,
o-C), 120.9 (d, JPC = 7.1 Hz), 116.7 (d, JPC = 7.6 Hz), 115.3 (d, JPC

= 1.5 Hz), 35.6 (d, JPC = 15.1 Hz) ppm. 31P{1H} NMR (162 MHz,
CDCl3): δ = –10.4 ppm. MS (EI = 70 eV): m/z (%) = 308.1 (48)
[M+], 186.1 (38) [Ph2PH+], 183.0 (27) [Ph2P+–H2], 123.1 (100) [M+–
PPh2], 108.1 (27).
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Ab initio calculations at the MP2 and CCSD(T) level of theory
(triple-zeta quality basis sets for Si and Ge and effective core
potentials plus DZ valence basis sets for tin and lead) have
been performed to investigate the geometries, harmonic fre-
quencies and relative stabilities of the (Si,H,F)+, (Ge,H,F)+,
(Si,F3)+, (Ge,F3)+ and (A,Hn,F3 – n)+ (A = Si, Ge, Sn, Pb; n = 1
and 2) isomeric ions. While the H–Si–F+, F–SiH2

+, H–SiF2
+

and SiF3
+ covalent structures are invariably predicted as the

most stable isomers, the Ge+–(HF), FA+–(H2) and FA+–(HF)
complexes (A = Ge, Sn, Pb) are the global minima on the
potential energy surfaces, more stable than the correspond-
ing covalent structures by up to some tens of kilocalories per
mole. For tin and lead, the HA+–(HF) isomeric ions are also

Introduction

In 1996, Schleyer and co-workers performed a bench-
mark theoretical study[1] on the structure and stability of
the heavier group XIV congeners of the methyl cation. Be-
fore that investigation, the D3h geometries of all the AH3

+

ions (X = C, Si, Ge, Sn, Pb) had been taken for granted, as
such species are expected to obey the Walsh rules for six
valence electron compounds.[2] As a matter of fact, for
CH3

+ the D3h structure is the only energy minimum located
at the highest levels of theory.[3] However, for the heaviest,
Sn and Pb, the calculations show[1] that the HSn+–(H2) and
HPb+–(H2) ion-molecule complexes are more stable than
the SnH3

+ and PbH3
+ D3h covalent structures by about 5

and 23 kcalmol–1, respectively. In addition, although SiH3
+

and GeH3
+ are more stable than HSi+–(H2) and HGe+–

(H2), the energy difference between the covalent structure
and the ion-molecule complex substantially reduces from
about 28 to about 10 kcalmol–1 passing from silicon to ger-
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significantly more stable than F–AH2
+ (A = Sn and Pb). Com-

pared with the parent group XIV hydrides (A,H3)+, investi-
gated so far by Schleyer and co-workers (J. Am. Chem. Soc.
1996, 118, 12154–12158) and found to possess, for A = Sn
and Pb, energetically favoured HA+–(H2) connectivities, the
structural switch from covalent structures to ion-dipole com-
plexes occurs, therefore, even earlier. This suggests that the
“regular” covalent connectivity of even the simplest AH2X+

or AHX2
+ cations of group XIV cannot be taken for granted,

and, especially for germanium, tin and lead, the role of ion-
molecule complexes must be carefully investigated.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

manium.[1] The order of stability of the GeH3
+ and HGe+–

(H2) isomers has been more recently confirmed by Schwarz
and co-workers,[4] who have also found that the Ge+–(H2)
complex is nearly degenerate with the H–Ge–H+ covalent
structure (C2v symmetry) and plays an active role in the gas-
phase ion chemistry of GeH2

+. The order of stability of
Si+–(H2) and H–Si–H+ is, however, opposite, and the latter
species is more stable by about 12 kcalmol–1.[5] From a ge-
neral point of view, these theoretical and experimental find-
ings are in line with the increased tendency, down group
XIV, toward lower oxidation numbers, clearly evident, for
example, in the thermodynamic instability of various
Pb(IV) compounds.[6,7] Concerning the structure of cations
such as AHX+, AX2

+, AH2X+, AHX2
+ and AX3

+ (A = C,
Si, Ge, Sn, Pb; X = monovalent group), they are usually
assumed to be “regular” covalent structures and the con-
ceivable role of ion-molecule complexes such as A+–(HX),
AH+–(HX) or AX+–(H2) is still essentially unexplored. As
a first step in this direction, stimulated by our continuing
interest in the chemistry of fluorinated cations,[8] we report
here an ab initio study on the heavier congeners of the fluo-
romethyl cations CH2F+, CHF2

+ and CF3
+, which are

known to possess covalent structures of C2v or D3h sym-
metry,[9–12] as well as on the additional exemplary species
SiHF+ and GeHF+. While the (Si,H,F)+ and (Si,Hn,F3 – n)+

(n = 0–3) isomeric ions are structurally similar to their car-
bon congeners, the global minima on the (Ge,H,F)+,
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(A,H2,F)+ and (A,H,F2)+ potential energy surfaces (A =
Ge, Sn, Pb) are invariably ion-molecule complexes such as
Ge+–(HF), HA+–(HF) or FA+–(H2). Therefore, our calcu-
lations provide additional examples of only “seemingly fa-
miliar”[1] compounds of group XIV and confirm the crucial
role of noncovalent isomers in the gas-phase ion chemistry
of the heaviest elements: germanium, tin and lead.

Results and Discussion

All the (Si,H,F)+, (Ge,H,F)+, (Si,F3)+, (Ge,F3)+ and
(A,Hn,F3 – n)+ (A = Si, Ge, Sn, Pb; n = 1 and 2) isomeric
ions shown in Figure 1, Figure 2, Figure 3 and Figure 4
have been characterised as minimum points on the
MP2(full)/6-311G(d,p) (Si and Ge) or MP2(full)/6-
311G(d,p)/LANL2DZ (Sn and Pb) potential energy sur-
faces. Their harmonic frequencies are listed in Tables 1S–
4S of the supporting information. The geometries of the
silicon- and germanium-containing ions were also refined
at the CCSD(T,full)/cc-pVTZ level of theory, finding how-
ever only minor differences with the MP2(full)/6-311G(d,p)
bond lengths and bond angles. The CCSD(T,full)/cc-pVTZ-
optimised structures were finally used to perform
CCSD(T,full)/aug-cc-pVTZ single-point calculations, so as
to obtain accurate estimates of the relative stability of the

Figure 1. MP2(full)/6-311G(d,p) and CCSD(T,full)/cc-pVTZ-op-
timised (bold) geometries [Å and °] of the (Si,H,F)+ and (Si,Hn,
F3 – n)+ isomeric ions (n = 0–3).

Eur. J. Inorg. Chem. 2006, 3010–3015 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3011

various isomers and to evaluate the accuracy of the corre-
sponding values obtained by MP2 calculations. The ob-
tained data, reported in Table 1 and Table 2, reveal that the
MP2(full)/6-311G(d,p) level of theory invariably predicts
the correct order of stability of the various isomers but in
general overestimates the stability of the ion-molecule com-

Figure 2. MP2(full)/6-311G(d,p) and CCSD(T,full)/cc-pVTZ-op-
timised (bold) geometries [Å and °] of the (Ge,H,F)+ and
(Ge,Hn,F3 – n)+ isomeric ions (n = 0–3).

Figure 3. MP2(full)/6-311G(d,p)/LANL2DZ-optimised geometries
[Å and °] of the (Sn,H2,F)+ and (Sn,H,F2)+ isomeric ions.
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Figure 4. MP2(full)/6-311G(d,p)/LANL2DZ-optimised geometries
[Å and °] of the (Pb,H2,F)+ and (Pb,H,F2)+ isomeric ions.

Table 1. Total energies (atomic units), zero-point energies (ZPE, atomic units), thermal corrections (TC, atomic units) and total entropies
(S, cal·mol–1 K–1) of the (Si,H,F)+ and (Si,Hn,F3 – n)+ (n = 0–3) isomeric ions (see Figure 1).

Species CCSD(T,full)/aug-cc-pVTZ[a] ZPE[b] TC (298.15 K)[b] S (298.15 K)[c] ∆E (0 K)[d] ∆G (298.15 K)[d]

(Si,H,F)+

1 –389.12644 0.00890 0.00297 58.1 0.0 (0.0) 0.0 (0.0)
2a –389.09152 0.01073 0.00353 59.8 +23.1 (+17.2) +22.9 (+17.0)
2b –389.08922 0.01036 0.00373 60.0 +24.3 (+18.0) +24.2 (+17.9)

(Si,H2,F)+

3 –389.78084 0.01917 0.00310 56.6 0.0 (0.0) 0.0 (0.0)
4 –389.76142 0.01463 0.00497 67.0 +9.3 (+8.9) +7.4 (+7.0)
5 –389.71984 0.01868 0.00388 61.3 +38.0 (+34.2) +37.1 (+33.3)

(Si,H,F2)+

6 –489.00399 0.01445 0.00352 61.9 0.0 (0.0) 0.0 (0.0)
7 –488.97642 0.01373 0.00484 69.6 +16.9 (+10.8) +15.4 (+9.3)
8 –488.67361 0.00967 0.00490 70.4 +204.3 (+203.5) +202.7 (+201.9)

(Si,F3)+

9 –588.21217 0.00959 0.00412 64.7 0.0 (0.0) 0.0 (0.0)
10 –587.93165 0.00521 0.00596 81.1 +173.3 (+169.1) +169.5 (+165.3)

[a] At the CCSD(T,full)/cc-pVTZ-optimised geometries. [b] Based on MP2(full)/6-311G(d,p) harmonic frequencies. [c] Based on
MP2(full)/6-311G(d,p) harmonic frequencies and moments of inertia. [d] At the CCSD(T,full)/aug-cc-pVTZ//CCSD(T)/cc-pVTZ level of
theory. The MP2(full)/6-311G(d,p) values are given in parentheses.

Table 2. Total energies (atomic units), zero-point energies (ZPE, atomic units), thermal corrections (TC, atomic units) and total entropies
(S, cal·mol–1 K–1) of the (Ge,H,F)+ and (Ge,Hn,F3 – n)+ (n = 0–3) isomeric ions (see Figure 2).

Species CCSD(T,full)/aug-cc-pVTZ[a] ZPE[b] TC (298.15 K)[b] S (298.15 K)[c] ∆E (0 K)[d] ∆G (298.15 K)[d]

(Ge,H,F)+

11 –2175.66017 0.00740 0.00308 61.5 0.0 (0.0) 0.0 (0.0)
12a –2175.66498 0.01057 0.00365 63.1 –1.0 (–13.9) –1.2 (–14.1)
12b –2175.66326 0.01018 0.00389 63.2 –0.2 (–13.4) –0.2 (–13.4)

(Ge,H2,F)+

13 –2176.30594 0.01731 0.00325 59.9 0.0 (0.0) 0.0 (0.0)
14 –2176.30696 0.01459 0.00469 68.2 –2.4 (–8.7) –4.0 (–10.3)
15 –2176.28782 0.01765 0.00414 65.2 +11.6 (+0.6) +10.6 (–0.4)

(Ge,H,F2)+

16 –2275.49306 0.01225 0.00383 65.5 0.0 (0.0) 0.0 (0.0)
17 –2275.52119 0.01266 0.00525 74.2 –17.4 (–29.6) –19.1 (–31.3)
18 –2275.24304 0.00893 0.00507 74.0 +154.8 (+145.9) +153.1 (+144.2)

(Ge,F3)+

19 –2374.66216 0.00722 0.00464 68.7 0.0 (0.0) 0.0 (0.0)
20 –2374.47694 0.00463 0.00602 83.4 +114.6 (+104.6) +111.1 (+101.1)

[a] At the CCSD(T,full)/cc-pVTZ-optimised geometries. [b] Based on MP2(full)/6-311G(d,p) harmonic frequencies. [c] Based on
MP2(full)/6-311G(d,p) harmonic frequencies and moments of inertia. [d] At the CCSD(T,full)/aug-cc-pVTZ//CCSD(T)/cc-pVTZ level of
theory. The MP2(full)/6-311G(d,p) values are given in parentheses.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3010–30153012

plexes by about 4–6 kcalmol–1 for the silicon-containing
ions and by about 10–12 kcalmol–1 for the germanium-con-
taining ions. On the other hand, from Table 3, the large
energy differences of up to some tens of kilocalories per
mole predicted at the MP2(full)/6-311G(d,p)/LANL2DZ
level of theory between the various (A,H2,F)+ and-
(A,H,F2)+ (A = Sn and Pb) isomeric structures are con-
firmed, within a few kilocalories per mole, by CCSD(T)
single-point calculations.

Structure and Stability of the (Si,H,F)+ and (Si,Hn,F3 – n)+

Isomeric Ions (n = 0–3)

The optimised parameters and the harmonic frequencies
of the bent H–Si–F+ isomer 1[13] are in very good agreement
with previous HF/6-31G(d) data[14,15] and identify the cat-
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Table 3. MP2(full)/6-311G(d,p)/LANL2DZ total energies (E, atomic units), zero-point energies (ZPE, atomic units), thermal corrections
(TC, atomic units) and total entropies (S, cal·mol–1 K–1) of the (M,H2,F)+ and (M,H,F2)+ isomeric ions (M = Sn and Pb) (see Figures 3
and 4).

Species E ZPE TC (298.15 K) S (298.15 K) ∆E (0 K)[a] ∆G (298.15 K)[a]

(Sn,H2,F)+

21 –103.87133 0.01560 0.00340 62.1 0.0 (0.0) 0.0 (0.0)
22 –103.91097 0.01373 0.00512 72.2 –26.0 (–27.2) –28.0 (–29.2)
23 –103.89916 0.01649 0.00450 68.4 –16.9 (–19.6) –18.1 (–20.8)

(Sn,H,F2)+

24 –202.98699 0.01079 0.00406 68.0 0.0 (0.0) 0.0 (0.0)
25 –203.06645 0.01323 0.00480 73.5 –48.3 (–50.6) –49.5 (–51.8)
26 –202.78237 0.00797 0.00538 77.6 +126.6 (+113.6) +124.6 (+111.6)

(Pb,H2,F)+

27 –103.93178 0.01498 0.00347 64.1 0.0 (0.0) 0.0 (0.0)
28 –104.01583 0.01379 0.00504 73.5 –53.5 (–52.8) –55.3 (–54.6)
29 –104.00859 0.01634 0.00445 70.0 –47.3 (–48.6) –48.5 (–49.8)

(Pb,H,F2)+

30 –203.03090 0.00987 0.00426 70.4 0.0 (0.0) 0.0 (0.0)
31 –203.16985 0.01303 0.00492 76.0 –85.2 (–86.0) –86.5 (–87.3)
32 –202.89244 0.00757 0.00551 80.3 +85.4 (+73.7) +83.3 (+71.6)

[a] The values in parentheses are based on CCSD(T,full)/6-311G(d,p)/LANL2DZ single-point calculations.

ion as a typical covalent structure, with Si–H and Si–F
bond lengths of about 1.5 Å and corresponding stretching
frequencies around 2150 and 1050 cm–1, respectively. On
the other hand, the geometries and harmonic frequencies
of the nearly degenerate Si+–(HF) isomers 2a and 2b, lo-
cated as distinct minima on the A� and A�� doublet poten-
tial energy surface, point to ion-dipole complexes between
Si+ and HF. The Si–F bond lengths are longer than
2.0 Å, the corresponding stretching frequencies range
around 250 cm–1 and the CCSD(T,full)/aug-cc-pVTZ//
CCSD(T,full)/cc-pVTZ dissociation energies into Si+(2P)
and HF amount to 22.3 kcalmol–1 for isomer 2a and
21.1 kcalmol–1 for isomer 2b. At the same computational
level, the two ions are less stable than 1 by 23.1 and
24.3 kcalmol–1, respectively. This difference is larger than
the energy gap between SiH2

+ (C2v) and Si+–(H2), obtained
so far as 11.5 kcalmol–1 at the complete active space SCF
level of theory followed by second-order CI (CASSCF–
SOCI)[5] and presently confirmed as 11.4 kcalmol–1 at the
CCSD(T,full)/aug-cc-pVTZ//CCSD(T,full)/cc-pVTZ level
of theory.

The geometries and harmonic frequencies of the F–
SiH2

+ isomer 3 and of the H–SiF2
+ isomer 6 of C2v sym-

metry are also in good agreement with previous HF,[14–16]

MP2[10,17] and CASSCF[18] ab initio studies and are again
typical of covalent structures. On the other hand, the bond
lengths, harmonic frequencies and dissociation energies of
the (Si,H2,F)+ isomers 4 and 5, and of the (Si,H,F2)+ iso-
mers 7 and 8, point to ion-molecule complexes between
ground-state SiF+(1Σ+)[19] and H2 (4) or HF (7), and
ground-state SiH+(1Σ+)[20] and HF (5) or F2 (8). The bond
lengths between the constituting moieties range from about
2.0 Å (isomer 5) to about 2.6 Å (isomer 4), and their
CCSD(T,full)/aug-cc-pVTZ//CCSD(T,full)/cc-pVTZ inter-
action energies, computed as 3.3 kcalmol–1 for isomer 4,
8.4 kcalmol–1 for isomer 8, and 22.1 and 18.6 kcalmol–1,
respectively, for isomers 5 and 7, parallel the increasing sol-
vation ability of H2, F2 and HF. From Table 1, these ions
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are less stable than the corresponding covalent structures 3
or 6 by 9.3 kcalmol–1 (isomer 4), 38.0 kcalmol–1 (isomer 5),
16.9 kcalmol–1 (isomer 7) and 204.3 kcalmol–1 (isomer 8)
(in the context of the protonation of SiF2, the energy differ-
ence between isomers 6 and 7 has been obtained[21] as
15.9 kcalmol–1 at the G2 level of theory). These energy dif-
ferences and orders of stabilities, namely FSi+–(H2) �
HSi+–(HF) and FSi+–(HF) �� HSi+–(F2), reflect a bal-
ance of several factors, including the different strength of
the Si–H+ and Si–F+ covalent bonds[22] (75 vs.
151 kcalmol–1), the different thermodynamic stability of
H2, HF and F2, and the different solvation ability of these
ligands. Consistently, the ion-molecule complex 10, arising
from the weak interaction [5.5 kcalmol–1 at the
CCSD(T,full)/aug-cc-pVTZ//CCSD(T,full)/cc-pVTZ level
of theory] between SiF+ and the highly unstable, poorly sol-
vating F2, is less stable than SiF3

+ (D3h) by more than
170 kcalmol–1.

Structure and Stability of the (Ge,H,F)+ and (Ge,Hn,F3 – n)+

Isomeric Ions (n = 0–3)

As already pointed out in the Introduction, the energy
difference of about 28 kcalmol–1 between SiH3

+ (D3h) and
HSi+–(H2)[1] is reduced to about 10 kcalmol–1 for GeH3

+

and HGe+–(H2).[4] Similarly, H–Si–H+ (C2v) is more stable
than Si+–(H2) by about 11 kcalmol–1,[5] but, according to
highly accurate ab initio calculations,[4] H–Ge–H+ and
Ge+–(H2) are nearly degenerate. Therefore, passing from
(Si,H,F)+ and (Si,Hn,F3 – n)+ (n = 0–3) to (Ge,H,F)+ and
(Ge,Hn,F3 – n)+ (n = 0–3), one expects an overall stabilisa-
tion of the ion-molecule complexes with respect to the cor-
responding covalent structures. From Table 2, the clearest
confirmation of this qualitative expectation is the high sta-
bility of the FGe+–(HF) isomer 17, which is more stable
than the covalent H–GeF2

+ (16) by more than 17 kcalmol–1

at the CCSD(T,full)/aug-cc-pVTZ//CCSD(T,full)/cc-pVTZ
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level of theory. The FGe+–(H2) isomer 14 is also more
stable than F–GeH2

+ (13) by about 2 kcalmol–1, while the
two Ge+–(HF) isomers 12a and 12b, located as distinct en-
ergy minima on the A� and A�� doublet potential energy
surfaces, are nearly degenerate with the H–Ge–F+ cation
11. Ions 12a, 12b, 14 and 17, as well as the HGe+–(HF)
isomer 15 and the HGe+–(F2) isomer 18 feature bond
lengths, bond angles and harmonic frequencies that point
to ion-molecule complexes between ground state Ge+(2P),
GeH+(1Σ+)[23] and GeF+(1Σ+),[24] and H2, HF or F2. Similar
to their silicon congeners, the distances between the consti-
tuting moieties range in fact from about 2.0 Å to more than
2.5 Å and the CCSD(T,full)/aug-cc-pVTZ//CCSD(T,full)/
cc-pVTZ interaction energies regularly increase from the H2

complex 14 (4.6 kcalmol–1) to the F2 complex 18
(8.6 kcalmol–1), and arrive at about 20–22 kcalmol–1 for the
HF complexes 12, 15 and 17. In addition, the orders of
stability of these isomers, namely FGe+–(H2) � HGe+–
(HF) and FGe+–(HF) �� HGe+–(F2), parallel that of their
silicon congeners and again reflect the increasing strength
of Ge–H+ and Ge–F+ covalent bonds (68 vs.
125 kcalmol–1), and the different thermodynamic stability
and solvation ability of H2, HF and F2. It is therefore not
surprising that the FGe+–(F2) loosely bound complex 20
(the interaction between GeF+ and F2 amounts to
7.0 kcalmol–1) is less stable than GeF3

+ (D3h) by
114.6 kcalmol–1.

Structure and Stability of the (A,H2,F)+ and (A,H,F2)+

Isomeric Ions (A = Sn and Pb)

Passing to the tin- and lead-containing ions (A,H2,F)+

and (A,H,F2)+ (A = Sn and Pb), with the only exception of
the HSn+–(F2) isomer 26 and the HPb+–(F2) isomer 32, all
the FA+–(H2), HA+–(HF) and FA+–(HF) isomers, 22, 23,
25, 28, 29 and 31 (A = Sn and Pb), become appreciably
more stable than the corresponding covalent structures 21
(F–SnH2

+), 24 (H–SnF2
+), 27 (F–PbH2

+) and 30 (H–
PbF2

+). The MP2(full)/6-311G(d,p)/LANL2D energy dif-
ferences amount to about 17 kcalmol–1 for HSn+–(HF) and
26.0 kcalmol–1 for FSn+–(H2), range around 50 kcalmol–1

for FSn+–(HF), FPb+–(H2) and HPb+–(HF), and become
as large as about 85 kcalmol–1 for the FPb+–(HF) isomer.
The values obtained by CCSD(T) single-point calculations
are essentially similar, but these estimates could be in prin-
ciple appreciably affected by geometry optimisations. We
note in fact from Figure 1 and Figure 2 that, for the Si and
Ge analogues, the MP2 distances of the ion-neutral com-
plexes are considerably larger than the CCSD(T) values.

From Figure 3 and Figure 4, any FA+–(H2), HA+–(HF),
HA+–(F2) and FA+–(HF) isomeric structure (A = Sn and
Pb) features bond lengths between the constituting moieties
that are typical of ion-molecule complexes. In addition,
similar to their silicon and germanium congeners, their sta-
bilisation energies with respect to the separated ions and
neutrals, computed as about 0.5 kcalmol–1 for isomers 22
and 28, about 3 kcalmol–1 for isomers 26 and 32, and about
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17–24 kcalmol–1 for isomers 23, 25, 29 and 31, are again
related to the increasing solvation ability of their constitut-
ing H2, F2 or HF neutral moieties. They also follow the
orders of stability already noted for Si and Ge, namely
FA+–(H2) � HA+–(HF) and FA+–(HF) �� HA+–(F2) (A
= Sn and Pb).

Concluding Remarks

The benchmark theoretical study by Schleyer and co-
workers[1] on cationic hydrides of group XIV first disclosed
a periodic structural switch from covalent structures to ion-
molecule complexes, which results in particular in the
higher stability of HSn+–(H2) and HPb+–(H2) with respect
to SnH3

+ and PbH3
+. The results of our calculations indi-

cate that, for the fluorine-substituted cations, this structural
switch occurs even earlier and ion-molecule complexes such
as FGe+–(H2) and FGe+–(HF), as well as Ge+–(HF), are
already more stable than their corresponding covalent
structures. In addition, for the tin- and lead-containing ana-
logues, the energy differences become as large as some tens
of kilocalories per mole. From a general point of view, these
findings suggest that the covalent structure of even the sim-
plest AH2X+- or AHX2

+-substituted cations of group XIV
cannot be taken for granted, and, especially for the ions
containing germanium, tin and lead, the role of ion-mole-
cule complexes such as A+–(HX), AH+–(HX) or AX+–(H2)
must be carefully investigated.

Computational Details
The quantum chemical calculations were performed using Unix
versions of the Gaussian03[25] and MOLPRO 2000.1[26] sets of pro-
grams installed on an Alphaserver 1200 and an HP Proliant DL585
machine. The geometries of all the silicon- and germanium-con-
taining ions were first optimised, using the 6-311G(d,p) basis set,[27]

at the second-order Møller-Plesset level of theory with inclusion of
the inner electrons, MP2(full),[28] and subsequently refined, using
the Dunning’s correlation consistent triple-zeta basis set (cc-pVTZ)
[29] at the coupled cluster level of theory (full electrons), including
the contribution from single and double substitutions and an esti-
mate of connected triples, CCSD(T,full).[30,31] To evaluate the influ-
ence of diffuse functions, single-point calculations were finally per-
formed at the CCSD(T,full) level of theory with the aug-cc-pVTZ
basis set. For the doublet state species, we used the spin-restricted
coupled cluster theory as implemented in MOLPRO.[32,33] The
MP2(full)/6-311G(d,p) unscaled frequencies were used to calculate
the zero-point vibrational energies (ZPE) and the vibrational con-
tribution to the thermal correction (TC), obtained at 298.15 K by
standard statistical mechanics formulas.[34] The overall TC term
was finally obtained by adding the translational (3/2 RT) and rota-
tional (RT) contributions at this temperature. The structure and
harmonic frequencies of the tin- and lead-containing species were
computed at the MP2(full) level of theory using the 6-311G(d,p)
basis set for H and F and the Los Alamos ECP plus DZ
(LANL2DZ) for Sn and Pb.[35]

Supporting Information (see footnote on the first page of this arti-
cle): Tables 1S–4S containing the MP2(full)/6-311G(d,p) and
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MP2(full)/6-311G(d,p)/LANL2DZ harmonic frequencies of the
presently investigated ions.
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The reaction of the thiosemicarbazone ligands 1-(COMe)-3-
[C(H)=NN(H)C(=S)NHR]C8H5N, (R = H a, Me b, Et c) with
potassium tetrachloropalladate in an ethanol/water mixture
led to the new tetranuclear palladium(II) compounds [Pd{1-
(COMe)-3-[C(H)=NN=C(S)NHR]C8H4N-k3C5,N,S}]4 (R = H
1a, Me 1b, Et 1c) which contain six-membered metallacycles.
The thiosemicarbazone ligands in these complexes are terd-
entate through the C, N, and S atoms and are deprotonated
at the NH group. The Pd–S bond formed is sufficiently strong

Introduction
Cyclometalated compounds, which make up a fair por-

tion of species pertaining to the organometallic family, are
quite numerous and have been studied to a great degree,
among other reasons owing to the great number of organic
substrates that can undergo a cyclometalation reaction to
form a stable five-membered ring.[1–7] In particular, thio-
semicarbazone ligands are prominent in this process in view
of the donor atoms they display, which is not only limited
to the nitrogen and sulfur atoms of the thiosemicarbazide
chain, or to additional donors set on the parent aldehyde
or ketone, but also because metal–carbon bonding makes
them appropriate terdentate [C,N,S] ligands. This makes
them reminiscent of the related terdentate [C,N,N] Schiff
bases[8–10] and [C,N,O] semicarbazones[11] in that com-
pounds with two fused rings at the metal center are formed;
recently, a further example of [C,N,N] pincer complexes has
been reported.[12]

That thiosemicarbazone derivatives exhibit an altogether
different chemical behavior is due to the strength of the Pd–
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to undergo reactions with nucleophiles without bond cleav-
age. Reaction of 1a and 1b with 1,2-bis(diphenylphos-
phanyl)ethane (dppe) gave the dinuclear species [{Pd[1-
(COMe)-3-{C(H)=NN=C(S)NHR}C8H4N]}2(µ-Ph2P(CH2)2-
PPh2)] (R = H 2a, Me 2b). The molecular structure of complex
1b has been determined by X-ray diffraction analysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Schelate bond, which hinders opening of the metalated and
coordination rings at the metal center, thus making the li-
gands excellent pincer species that powerfully occupy three
of the four coordination positions of the metal, thereby al-
lowing only the fourth coordination site to undergo further
reaction with nucleophiles.

Another interesting issue related to these ligands is that
upon treatment with the corresponding palladium or plati-
num salt, tetrameric compounds bearing a central Pd4S4 or
Pt4S4 central core are obtained, an outcome which, in the
majority of cases, seems to be an inevitable consequence of
their chemistry. In view of our previous results, and in ef-
forts to progress further into the chemistry of cyclomet-
alated thiosemicarbazones, we were interested in establish-
ing if tetrameric compounds could also be obtained in the
case of six-membered palladacycles, for which purpose we
chose ligands derived from condensed systems where five-
or six-membered metalated rings may be formed. It has
been reported that in ligands with condensed rings, the site
and/or the electronic properties of the substituents may
force the formation of six-membered metalated rings as op-
posed to the more stable five-membered ones.[13,14] Further-
more, previous studies have also shown that bulky groups
close to the potential metalation site impede metal–carbon
bond formation by hindering approach of the metal to the
carbon atom.[15] With this in mind we chose the thiosemi-
carbazones derived from the condensation of 1-acetyl-3-in-
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dolecarboxaldehyde and the corresponding thiosemicarb-
azide, where, although metalation could, in principle, be
achieved through the pyrrole (C2) or the phenyl (C5) car-
bon atoms to give a five- or a six-membered metalated ring,
respectively, the acetyl group on the pyrrole nitrogen atom
should sufficiently hinder approach of the palladium atom
to the C(2) carbon, in which case metalation of the ligand
should occur at the C(5) carbon. This paper describes the
results of this endeavor.

Results and Discussion

The ligands a–c were prepared by reaction of 1-acetyl-3-
indolecarboxaldehyde with thiosemicarbazide, 4-methyl-
thiosemicarbazide, or 4-ethylthiosemicarbazide, respectively
(see Exp. Sect.). The bands at around 3380 and 3140 cm–1

in the IR spectra of these compounds are due to ν(N–H)
absorption of the NH2 and NH groups, respectively; the
latter is not present in the spectra of the complexes.[15] The
ligands also show characteristic ν(C=N) and ν(C=S)
stretches in their IR spectra at around 1615 and 830 cm–1,
respectively. In the 1H NMR spectra the resonances at
around δ = 11.5 and 8.30 ppm were assigned to the NH
and HC=N protons, respectively (see Exp. Sect.). New cy-

Scheme 1. (i) K2PdCl4/EtOH; (ii) Ph2P(CH2)2PPh2/Me2CO, 1:2.

Eur. J. Inorg. Chem. 2006, 3016–3021 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3017

clometalated compounds were obtained from the ligands,
as shown in Scheme 1. In a typical experiment, a suspension
of K2PdCl4 in ethanol/water was treated with the corre-
sponding thiosemicarbazone ligand to give complexes
[Pd{1-(COMe)-3-[C(H)=NN=C(S)NHR]C8H4N-k3C5,N,S}]4
(R = H 1a, Me 1b, Et 1c) as air-stable solids, which
were fully characterized, with the ligand in the
(E,Z) configuration. The mass spectrum (FAB) shows
peaks at m/z 1458 (1a), 1515 (1b), and 1571 (1c) for the
molecular ion, and the isotopic composition suggests a tet-
ranuclear complex of formula C48H40N16O4Pd4S4 (1a),
C52H48N16O4Pd4S4 (1b), and C56H56N16O4Pd4S4 (1c).

The IR data are in agreement with deprotonation of the
ligand at the hydrazine nitrogen upon complex forma-
tion[16–19] (vide supra). The ν(C=N) band is shifted to lower
wavenumbers,[20] contrary to the trend observed for other
thiosemicarbazone complexes, which show a shift to higher
wavenumbers.[15] The ν(C=S) band disappears, in agree-
ment with loss of double-bond character upon deproton-
ation of the NH group. Although these data are in good
accordance with metalation of the thiosemicarbazone, they
give little insight as to the metalated carbon atom, for which
definite proof was obtained from the 1H NMR spectra,
whose data are fully consistent with metalation of the C(1)
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carbon atom. Thus, a singlet at δ = 7.41 (1a), 7.41 (1b) and
7.68 ppm (1c) was assigned to the pyrrole C(2)H proton
resonance, which is shifted to lower frequency with respect
to its position in the spectra of the free ligands (δ �
8.3 ppm). The complex ABCD spin system due to the H(5)–
H(8) protons that is seen for the ligands is absent in the
spectra of the complexes, where it gives way to a simple
three-proton first-order spectrum that can be unambigu-
ously assigned and clearly indicates loss of the H5 proton
upon metalation. Thus, two doublets at around δ = 8.6 and
8.4–8.0 ppm were ascribed to the H6 and H8 protons,
respectively, whereas a triplet at around δ = 7.1 ppm was
assigned to the H7 resonance (see Exp. Sect.). Also relevant
is the absence of the signal for the NH group and the high-
field shift of the HC=N resonance by about 0.4–
0.9 ppm.[21,22] Only one set of signals was detected in the 1H
NMR spectra, thereby precluding mixtures of compounds
bearing different metalated carbons and confirming the
strong steric hindrance exerted by the C(O)Me group,
which selectively directs the palladium atom towards the
phenyl C5 atom.

Crystal and Molecular Structure of 1b

Suitable crystals of complex 1b were grown by slowly
evaporating a DMSO solution. Crystal data are given in
the Exp. Sect. An ORTEP illustration of the structure, with
selected interatomic distances and angles, is shown in Fig-
ure 1.

The asymmetric unit of 1b consists of two molecules of
compound 1b and eight DMSO solvent molecules. Al-
though the overall structure for each molecule is only ap-
proximately S4-symmetric, the four cyclometalated moieties
are not symmetry-related. Nevertheless, discussion shall be
limited to the data pertaining to one fourth of the molecule,

Figure 1. Molecular structure of 1b, with labelling scheme. Hydrogen atoms have been omitted for clarity. Selected bond lengths and
angles: Pd(1A)–C(1A) 2.021(5), Pd(1A)–N(2A) 2.064(4), Pd(1A)–S(1B) 2.3208(13), Pd(1A)–S(1A) 2.3380(14), S(1A)–C(12A) 1.749(6),
N(3A)–C(12A) 1.299(7), N(3A)–N(2A) 1.439(5), N(2A)–C(11A) 1.292(6), C(1A)–C(6A) 1.390(6), C(11A)–C(10A) 1.410(7), C(10A)–
C(6A) 1.457(6); C(1A)–Pd(1A)–N(2A) 94.27(18), C(1A)–Pd(1A)–N(2A) 94.27(18), N(2A)–Pd(1A)–S(1B) 173.23(12), C(1A)–Pd(1A)–
S(1A) 176.29(14), N(2A)–Pd(1A)–S(1A) 83.45(12), S(1B)–Pd(1A)–S(1A) 89.92(5), C(6A)–C(1A)–Pd(1A) 118.7(4), C(1A)–C(6A)–C(10A)
130.4(5), C(11A)–C(10A)–C(6A) 125.2(4), N(2A)–C(11A)–C(10A) 123.5(5), C(11A)–N(2A)–N(3A) 112.1(4), C(11A)–N(2A)–Pd(1A)
128.0(4), N(3A)–N(2A)–Pd(1A) 119.9(3), C(12A)–N(3A)–N(2A) 113.6(4), N(3A)–C(12A)–S(1A) 127.2(4), C(12A)–S(1A)–Pd(1A) 95.4(2).
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i.e., the one involving Pd(1A); the structural data for the
other three molecular units are very similar. The palladium
atom exhibits a slightly distorted square-planar geometry
with a central nucleus comprised of an eight-membered ring
of alternating palladium and sulfur atoms, which adopts a
boat conformation. Each palladium atom is bonded to four
different donor atoms: three pertaining to a terdentate thio-
semicarbazone, namely the aryl C(1) carbon, the imine N(2)
nitrogen, and the thioamide S(1) sulfur atom, with a fourth
donor being a sulfur atom S(1B) from a neighboring ligand.
The plane formed by the ligating atoms at palladium
[C(1A), N(2A), S(1A), S(1B): plane 1] is essentially planar
(rms = 0.0132), with slight displacement of the metal atom
by ±0.0395 Å. The remaining planes at palladium: the
metallacycle [Pd(1A), C(1A), C(6A), C(10A), C(11A),
N(2A): plane 2], the coordination ring [Pd(1A), N(2A),
N(3A), C(12A), S(1A): plane 3], and the metalated phenyl
ring [C(1A), C(2A), C(3A), C(4A), C(5A), C(6A): plane 4]
are nearly coplanar [angles between planes 1 and 2 =
1.60(0.08)°, 1 and 3 = 1.13(0.08)°, 1 and 4 = 1.35(0.10)°, 2
and 3 = 2.70(0.08)°, 2 and 4 = 2.80(0.12)°, and 3 and 4 =
1.23(0.11)°]. All bond lengths are in their typical ranges,
and the S(1A)–C(12A) [1.765(8) Å] and N(3A)–C(12A)
bond lengths [1.299(7) Å] are consistent with increased sin-
gle- and double-bond character, respectively. The Pd(1A)–
S(1A) bond [2.3380(14) Å] is longer than the Pd(1A)–S(1B)
bond [2.3208(13) Å], thus confirming the greater trans in-
fluence of the phenyl carbon as compared to the imine ni-
trogen atom. The Pd(1A)–C(1A) bond [2.021(5) Å] is
shorter than the expected value of 2.081 Å,[23] probably due
to partial multiple-bond character.[11,24] The Pd(1)–N(1)
bond [2.064(4) Å] is longer than previous values found in
related complexes (sum of the covalent radii for palladium
and nitrogen: 2.01 Å[10]), due not only to the trans influence
of the sulfur atom but also to the greater size of the met-
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Figure 2. Packing diagram of compound 1b showing the parallel arrangement of the cyclometalated units.

alated ring in the present compound. The angles between
adjacent atoms in the coordination sphere are close to the
expected value of 90°. However, as opposed to previous re-
sults where the C–Pd–N bite angle was less than 90°, due
to formation of a five-membered metallacycle,[25,26] the six-
membered ring in the present case allows a larger bite of
the C,N chelate, thereby relieving strain on the angle at the
metal; consequently, the C(1A)–Pd(1A)–N(1A) angle is
94.27°. On the other hand, inspection of the N(2A)–
Pd(1A)–S(1A) bite angle of the five-membered Pd–N–N–
C–S ring shows a similar value to that observed earlier in
related complexes, with a value of 83.45°. The Pd–Pd bond
lengths across parallel sets of cyclometalated moieties,
which are in the range 3.8–4.1 Å, preclude any interaction
between the metal atoms.

Two noteworthy observations regarding the structure are
that pairs of metalated units are fixed in a nearly co-planar
parallel mode (angle between planes of about 3.2°, with
groups of parallel units separated by about 3.6 Å), and at
an angle of 43° to the a axis (see Figure 2), thus indicating
a possible weak π-stacking with the pyrrole rings set in an
alternating disposition (see Figure 2).

Reactivity of the Complexes

Reactions of 1a and 1b with Ph2P(CH2)2PPh2 (dppe)
were tested in order to corroborate the behavior observed
by us in related compounds. Thus, treatment of 1a and 1b
with Ph2P(CH2)2PPh2 in a 1:2 molar ratio gave compounds
[{Pd[1-(COMe)-3-[C(H)=NN=C(S)NHR]C8H4N]}2(µ-
Ph2P(CH2)2PPh2)] (R = H 2a, Me 2b) as pure, air-stable
solids, which were fully characterized (Scheme 1). The 1H
NMR spectra show a signal at δ = 8.79 (2a) and 8.32 ppm
(2b), shifted to higher frequency with respect to the corre-
sponding tetramers, which was assigned to the HC=N reso-
nance. It appears as a doublet owing to coupling to the
phosphorus nucleus. The H6 resonance [δ = 6.11 (2a) and
6.11 ppm (2b)] is shifted to lower frequency by about
1.5 ppm with respect to the parent complexes owing to
shielding by the phosphane phenyl rings, in accordance
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with a phosphorus trans to nitrogen. The 31P NMR reso-
nance is a singlet at δ = 70.41 (2a) and 70.34 ppm (2b),
thus showing the equivalence of the two 31P nuclei. The 31P
chemical shift values are also consistent with a phosphorus
trans to nitrogen.[27–30]

Conclusions

We have shown that thiosemicarbazones derived from
condensed systems, such as indole, may behave as terdent-
ate [C,N,S] pincer ligands in a cyclometalation reaction with
palladium salts to give new tetranuclear species, which have
been fully characterized in solution, as has one compound
in the solid state. From a structural point of view they are
closely related to similar systems reported by us previously,
although in the present case the condensed rings seem to
favor π stacking of the molecules in the unit cell. An added
novelty to these compounds is the formation of a six-mem-
bered metallacycle, the first example with thiosemicarb-
azones, which is induced by the presence of bulky groups
that hinder formation of the more common, and stable,
five-membered metalated ring.

Experimental Section
General Remarks: Solvents were purified by standard methods.[31]

All chemicals were reagent grade. K2PdCl4 was purchased from
Alfa Products and 1,2-bis(diphenylphosphanyl)ethane (dppe) from
Aldrich-Chemie. Microanalyses were carried out at the Servicio de
Análisis Elemental at the Universidad de Santiago using a Carlo
Erba Elemental Analyzer (model 1108). IR spectra were recorded
as Nujol mulls or KBr discs with a Perkin–Elmer 1330 or a Matt-
son spectrophotometer. NMR spectra were obtained for solutions
in [D6]DMSO with Bruker WM-250 and AMX-300 spectrometers
and are referenced to SiMe4 (1H) or 85% H3PO4 (31P{1H}). All
chemical shifts are reported downfield from standards. The FAB
mass spectra were recorded with a Fisons Quatro mass spectrome-
ter with a Cs ion gun; 3-nitrobenzyl alcohol was used as the matrix.

Synthesis of 1-(COMe)-3-[C(H)=NN(H)C(=S)NH2]C8H5N (a): 1-
Acetyl-3-indolecarboxaldehyde (411 mg, 0.002 mol) and hydrochlo-



J. M. Vila et al.FULL PAPER
ric acid (35%, 0.6 mL) were added to a suspension of thiosemicarb-
azide (200 mg, 0.002 mol) in water (25 mL) to give a clear solution,
which was stirred at room temperature for 4 h. The white solid that
precipitated was filtered off, washed with cold water, and dried in
vacuo. Yield: 497 mg (87%). C12H12N4OS (260.32): calcd. C 55.4,
H 4.7, N 21.5, S 12.3; found C 55.5, H 4.7, N 21.6, S 12.4. IR:
ν(N–H) 3388 m, 3132 m cm–1; ν(C=O) 1709 s; ν(C=N) 1617 s;
ν(C=S) 838 m. 1H NMR ([D6]DMSO): δ = 11.48 (s, 1 H, NH),
8.35 (s, 1 H, H2), 8.34 (m, 2 H, H5,H8), 8.30 (s, 1 H, HC=N), 8.24,
7.61 (br., 2 H, NH2), 7.36 (m, 2 H, H6, H7), 2.68 ppm (s, 3 H,
COMe).

Thiosemicarbazones b and c were prepared following a similar pro-
cedure.

1-(COMe)-3-[C(H)=NN(H)C(=S)NHMe]C8H5N (b): Yield:
480 mg (92%). C13H14N4OS (274.35): calcd. C 56.9, H 5.1, N 20.4,
S 11.7; found C 56.7, H 5.0, N 20.6, S 11.8. IR: ν(N–H) 3289 m,
3129 m cm–1; ν(C=O) 1715 s; ν(C=N) 1612 s; ν(C=S) 823 m. 1H
NMR ([D6]DMSO): δ = 11.50 (s, 1 H, NH), 8.37 (m, 2 H, H5,H8),
8.33 (s, 1 H, H2), 8.30 (s, 1 H, HC=N), 8.06 (br., 1 H, NHMe),
7.39 (m, 2 H, H6, H7), 3.08 (d, 3JH,H = 4.4 Hz, 3 H, NHMe),
2.68 ppm (s, 3 H, COMe).

1-(COMe)-3-[C(H)=NN(H)C(=S)NHEt]C8H5N (c): Yield: 431 mg
(89%). C14H16N4OS (288.37): calcd. C 55.8, H 5.6, N 19.4, S 11.1;
found C 55.6, H 5.5, N 19.3, S 11.0. IR: ν(N–H) 3372 m, 3140 m
cm–1; ν(C=O) 1719 s; ν(C=N) 1615 s; ν(C=S) 831 m. 1H NMR
([D6]DMSO): δ = 11.45 (s, 1 H, NH), 8.36 (m, 2 H, H5, H8), 8.33
(s, 1 H, H2), 8.30 (s, 1 H, HC=N), 8.10 (br., 1 H, NHEt), 7.40 (m,
2 H, H6, H7), 3.65 (m, 2 H, NHCH2CH3), 2.67 (s, 3 H, COMe),
1.19 ppm (t, 3JH,H = 7.1 Hz, 3 H, NH CH2CH3).

Preparation of 1a: Ethanol (40 mL) was added to a stirred solution
of K2PdCl4 (100 mg, 0.306 mmol) in water (6 mL) and the fine yel-
low suspension obtained was treated with a (80 mg, 0.306 mmol).
The mixture was stirred for 24 h at room temperature. The brown
precipitate was filtered off, washed with ethanol, and dried in
vacuo. Yield: 264 mg (59%). C48H40N16O4Pd4S4 (1458.9): calcd. C
39.5, H 2.8, N 15.4, S 8.8; found C 39.8, H 2.8, N 15.2, S 8.7. IR:
ν(N–H) 3331 m cm–1; ν(C=O) 1709 s; ν(C=N) 1604 m. 1H NMR
([D6]DMSO): δ = 8.66 (br., 1 H, H6), 8.41 (s, 1 H, H2), 8.24 and
7.61 (br., 2 H, NH2), 7.98 (br., 1 H, H8), 7.44 (s, 1 H, HC=N),
7.13 (t, 3JH7,H6 = 3JH7,H8 = 7.8 Hz, 1 H, H7), 2.72 ppm (s, 3 H,
COMe). FAB-MS: m/z 1458 [M]+.

Compounds 1b and 1c were synthesized following a similar pro-
cedure.

1b: Yield: 342 mg (62%). C52H48N16O4Pd4S4 (1515.0): calcd. C
41.2, H 3.2, N 15.0, S 8.5; found C 40.9, H 3.2, N 15.2, S 8.6. IR:
ν(N–H) 3394 m cm–1; ν(C=O) 1710 s; ν(C=N) 1600 m. 1H NMR
([D6]DMSO): δ = 8.58 (d, 3JH7,H6 = 8.0 Hz, 1 H, H6), 7.98 (d,
3JH7,H8 = 8.0 Hz, 1 H, H8), 7.86 (s, 1 H, HC=N); 7.41 (s, 1 H, H2),
7.05 (t, 3JH7,H6 = 3JH7,H8 = 8.0 Hz, 1 H, H7), 6.20 (br., 2 H,
NHMe), 2.85 (d, 3JH,H = 4.4 Hz, 3 H, NHMe), 2.55 ppm (s, 3 H,
COMe). FAB-MS: m/z 1515 [M]+.

1c: Yield: 300 mg (55%). C56H56N16O4Pd4S4 (1571.10): calcd. C
42.8, H 3.6, N 14.3, S 8.2; found C 43.0, H 3.6, N 14.2, S 8.1. IR:
ν(N–H) 3359 m cm–1; ν(C=O) 1716 s; ν(C=N) 1603 m. 1H NMR
(CDCl3): δ = 8.63 (d, 3JH7,H6 = 8.1 Hz, 1 H, H6), 8.41 (d, 3JH7,H8

= 8.1 Hz, 1 H, H8), 7.68 (s, 1 H, H2), 6.79 (t, 3JH7,H6 = 3JH7,H8 =
8.1 Hz, 1 H, H7), 6.33 (s, 1 H, HC=N), 4.83 (br., 2 H, NHEt), 3.39
(m, 2 H, NHCH2CH3), 2.76 (s, 3 H, COMe), 0.88 ppm (t, 3JH,H =
6.7 Hz, 3 H, NH CH2CH3). FAB-MS: m/z 1571 [M]+.

Complex 2a: 1,2-Bis(diphenylphosphanyl)ethane (11 mg,
0.028 mmol) was added to a suspension of complex 1a (20 mg,
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0.014 mmol) in acetone (15 mL). The mixture was stirred for 3 h
and the resulting orange solid filtered off and dried. Yield: 23.5 mg
(76%). C50H44N8O2P2Pd2S2 (1127.9): calcd. C 53.3, H 3.9, N 9.9,
S 5.7; found C 53.1, H 4.0, N 9.8, S 5.8. IR: ν(N–H) 3344 m cm–1;
ν(C=O) 1714 s; ν(C=N) 1607 m. 1H NMR ([D6]DMSO): δ = 8.96
(s, 1 H, H2), 8.79 (d, JH,P = 2.7 Hz, 1 H, HC=N), 8.25 (d, 3JH7,H8

= 8.4 Hz, 1 H, H8), 7.09 (t, 1 H, H7), 6.11 (d, 3JH7,H6 = 8.4 Hz, 1
H, H6), 2.66 ppm (s, 3 H, COMe). 31P{1H} NMR ([D6]DMSO): δ
= 70.41 ppm (s). FAB-MS: m/z 1128 [M]+.

Compound 2b was synthesized following a similar procedure.

2b: Yield: 23.8 mg (78%). C52H48N8O2P2Pd2S2 (1155.9): calcd. C
54.0, H 4.2, N 9.7, S 5.6; found C 53.8, H 4.1, N 9.8, S 5.5. IR:
ν(N–H) 3375 m cm–1; ν(C=O) 1710 s; ν(C=N) 1599 m. 1H NMR
([D6]DMSO): δ = 8.90 (s, 1 H, H2), 8.32 (d, JH,P = 2.7 Hz, 1 H,
HC=N), 8.25 (d, 3JH7,H8 = 8.8 Hz, 1 H, H8), 6.83 (t, 1 H, H7),
6.21 (br., 2 H, NHMe), 6.11 (d, 3JH7,H6 = 8.8 Hz, 1 H, H6), 2.74
(s, 3 H, COMe), 2.50 ppm (d, 3JH,H = 4.4 Hz, 3 H, NHMe).
31P{1H} NMR ([D6]DMSO): δ = 70.34 ppm (s). FAB-MS: m/z
1156 [M]+.

X-ray Crystallographic Study: A single crystal of complex 1b was
mounted on a glass fiber and transferred to the diffractometer.
Three-dimensional, room temperature X-ray data were collected on
a Bruker SMART CCD diffractometer by the ω-scan method using
graphite-monochromated Mo-Kα radiation (see Table 1 for details).
All the measured reflections were corrected for Lorentz and polar-
ization effects and for absorption by semi-empirical methods based
on symmetry-equivalent and repeated reflections (Tmax./Tmin. =
0.816/0.587). The structure was solved by direct methods and re-
fined by full-matrix least-squares on F2. Hydrogen atoms were in-
cluded in calculated positions and refined in a riding mode. The
structure contains eight symmetry-related voids of 37 Å3 contain-
ing unresolvable solven; this was treated using the squeeze method,
which lowered the R1 value by about 25%.[32] Refinement con-
verged at a final R = 0.0827 (observed data, F) and wR2 = 0.1128

Table 1. Crystal data and structure refinement for compound 1b.

Empirical formula C208H176N64O16Pd16S16

Formula weight 6043.49
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system triclinic
Space group P1̄
Unit cell dimensions a = 13.018(3) Å, α = 86.517(4)°

b = 21.501(5) Å, β = 88.051(4)°
c = 26.225(6) Å, γ = 86.305(4)°

Volume 7308(3) Å3

Z 1
Calculated density 1.373 Mgm–3

Absorption coefficient 1.130 mm–1

F(000) 2992
Crystal size 0.65×0.40×0.18 mm3

Theta range for data collection 0.95 to 26.43°
Limiting indices –16 � h � 16,

–26 � k � 26,
0 � l � 32

Reflections collected/unique 83071/29736 [R(int) = 0.0447]
Completeness to θ 98.9% (26.43°)
Absorption correction Multi-scan
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 29736/0/1457
Goodness-of-fit on F2 1.016
Final R indices [I � 2σ(I)] R1 = 0.0404, wR2 = 0.1005
R indices (all data) R1 = 0.0827, wR2 = 0.1128
Largest diff. peak and hole 0.900 and –0.681 eÅ–3
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(all unique data, F2), with allowance for thermal anisotropy of all
non-hydrogen atoms. Minimum and maximum final electron den-
sity –0.681 and 0.900 eÅ–3. The structure solution and refinement
were carried out using the program package SHELX-97.[33]

CCDC-291523 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.
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Synthesis, Structure and Magnetic Properties of a New Low-Spin Iron(III)
Complex [FeL3] {L = [HNC(CH3)]2C(CN)}
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High-temperature treatment of acetonitrile with CaC2 and
FeCl2 afforded crystals of the new iron(III) S = 1/2 low-spin
complexes [FeL3]ROH (R = CH3 or C2H5), whose crystal
structures were determined by single-crystal X-ray structural
analysis. The methanol complex consists of a one-dimen-
sional arrangement of the iron moieties, while each methanol
molecule is separated from each other by the complexes. On
the other hand, the ethanol complex contains a two dimen-
sional arrangement of the iron moieties and one dimension-
ally aligned ethanol molecules elongated perpendicular to

Introduction

Transition-metal complexes of π-conjugated N-ligands
have attracted much attention over the years. In these com-
plexes, the strong coordination bonds with the lone pair of
the nitrogen atoms bring the d-electrons of the transition
metal and the π-electrons of the ligands close to each other,
and the interaction between d- and π-electrons leads to se-
veral important properties, such as a modified reactivity of
the center metal, high photon absorbance and efficient
charge transfer. Previous studies with such complexes have
revealed their usefulness as catalysts[1–7] and dye-sensitized
solar cells.[8–10] From the viewpoint of molecule-based mag-
nets, this kind of complex would offer a strong spin–spin
interaction as the strong metal–nitrogen interaction brings
about a high spin density at the nitrogen atom. On the other
hand, it is known that the π-electrons can convey spin po-
larization from one side of the molecule to the other side
through the π-conjugated system.[11–13] Because a π-conju-
gated N-ligand has both of these features, it is expected that
transition-metal complexes based on these ligands would
enable a strong, long-range spin–spin interaction.[14–18]

Furthermore, the flat π-conjugated molecules tend to stack
their molecular planes, which results in a large intermo-
lecular orbital overlap and thus a strong intermolecular
spin–spin interaction.[19,20]

The strong coordination bond is also essential to investi-
gate the effect of the intermolecular arrangement on the
magnetism. It is well known that the magnetism of mole-
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the sheet. Because of the large difference in the inter-com-
plex overlap patterns between the ligands, the two materials
show quite different magnetic properties. The magnetism of
the crystal containing ethanol is well described by the sing-
let–triplet model with the antiferromagnetic interaction 2J/kB

= –7.5 K, while that containing methanol obeys the Curie law
with a negligibly small Weiss temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cule-based magnets largely depends on the intermolecular
overlap patterns, and that some of them can be controlled
by the absorption/desorption of solvent.[21–23] By using π-
conjugated N ligands, the complex approximately keep its
intra-complex structure thanks to the rigidness of the li-
gand and the strong coordination bonds, while the inter-
complex arrangement is considerably rearranged upon
changing the solvent molecules;[24,25] that is, we can investi-
gate only the effect of the inter-complex arrangement.

Because of the features mentioned above, it is important
to synthesize new transition-metal complexes of π-conju-
gated N-ligands. We decided to use the bidentate ligand 2-
amino-3-cyanopent-2-en-4-imine (HL, Figure 1) for the fol-
lowing two reasons. First, its bidentate nature is promising
to create magnetic complexes because they are likely to
form stable coordination bonds like bipyridine. Secondly,
the planer shape of the ligand and the protruding cyano
group seem to ease the intermolecular orbital overlaps
which causes inter-complex spin–spin interaction. However,
although the structure of this ligand is attractive, its insta-
bility prevents the easy synthesis of complexes. Thus, al-
though it was first synthesized more than 40 years ago,[26,27]

Figure 1. The molecular structure of 2-amino-3-cyanopent-2-en-4-
imine (HL). The deprotonated form of the molecule behaves as a
bidentate ligand (Mn+L–).
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up to the present time only one complex of Co and a few
complexes of Ga, Al, and In with the deprotonated ligand
(L–) have been synthesized.[28–30] In this paper, we report
new transition-metal complexes based on this ligand syn-
thesized by an unconventional method, and report the re-
markable solvent dependency of their structure and mag-
netism.

Results and Discussion

Synthesis

To obtain the transition-metal complex based on the li-
gand, we tried to develop a new synthesis method by using
a strong base under water-free conditions. It is known that
the ligand can be synthesized by the trimerization of aceto-
nitrile molecules in the presence of a strong base, as shown
in Scheme 1.[28–30] Furthermore, the strong base stabilizes
the deprotonated form of the ligand and enables complex
formation. Because the ligand is easily decomposed in the
presence of water molecules,[27] the synthesis should be
done under strictly water-free conditions. In light of these
two conditions, calcium carbide is one of the most suitable
reagents as a strong base because it is an easily acquired
water-free base that is strong enough to deprotonate aceto-
nitrile molecules. A stainless-steel airtight vessel is appro-
priate for the synthesis as this not only allows exclusion
of water from the air but also enables the synthesis to be
performed at high temperature, where the trimerization of
acetonitrile is accelerated. Despite the water-sensitivity of
the free ligand molecule, the complex [FeL3] is stable even
in air. It should be noted that vigorous stirring, a longer
reaction time, or a higher reaction temperature lead only to
carbon-encapsulated iron nanoparticles due to the reductive
nature of C2

2–.[31] This one-pot synthesis method gives the
complex [FeL3].

Scheme 1.

Crystal Structures

The complex was obtained as a racemic crystal regardless
of the solvent molecules. The unit cells of [FeL3]CH3OH
and [FeL3]C2H5OH contain two crystallographically equiv-
alent ∆- and Λ-[FeL3] and one ∆- and one Λ-[FeL3] moie-
ties, respectively. Selected bond lengths and angles, and the
molecular structures of [FeL3]ROH can be found in
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Tables 1 and 2, and Figures 2 and 3, respectively. The intra-
complex structures are nearly identical regardless of the sol-
vent molecules. Each complex consists of an iron atom and
three chelating ligand molecules such that the iron atom is
surrounded by the six nitrogen atoms of the ligands to form
an octahedral FeN6 chromophore. The six Fe–N bonds
have similar lengths, and no Jahn–Teller distortion was ob-
served at room temperature despite the low-spin d5 configu-
ration of iron(III), as evidenced by the small Curie constant
(discussed later). The Fe–N bond lengths of [FeL3]ROH
range from 1.916(4) to 1.957(3) Å and are in reasonable
agreement with the values for other iron complexes with
Schiff-base-type ligands.[32,33] The intra-ligand bond lengths
are close to those of other complexes of the L– ligand re-
ported previously.[28–30] The C–N bond lengths, which range
from 1.292(6) to 1.316(5) Å, and the π-conjugated C–C
bond lengths, which range from 1.406(7) to 1.433(6) Å,
indicate that the negative charges are delocalized over the
π-conjugated system of the ligand. Because of this aroma-
ticity, the six-membered chelate rings tend to be planar ex-
cept for a small inflection at the coordinated nitrogen
atoms. For example, the torsion angles of Fe1–N1–N2–C3,
Fe1–N4–N5–C9, and Fe1–N8–N7–C15 in the [FeL3]
CH3OH crystal have values [172.74(13)°, 155.84(13)°, and
166.69(13)°, respectively] that are slightly smaller than 180°,
while the ligand molecules keep its almost flat structure.

Table 1. Selected bond lengths [pm] and angles [°] for [FeL3]-
CH3OH.

Fe1–N1 192.3(3) N8–C16 130.5(4)
Fe1–N2 192.4(3) C2–C3 142.4(4)
Fe1–N4 192.6(3) C3–C4 142.4(5)
Fe1–N5 193.8(3) C3–C6 141.7(5)
Fe1–N7 195.7(3) C8–C9 142.1(4)
Fe1–N8 193.0(3) C9–C10 142.5(4)
N1–C2 130.0(4) C9–C12 141.6(4)
N2–C4 130.1(4) C14–C15 142.2(5)
N4–C8 130.5(4) C15–C16 142.1(5)
N5–C10 130.6(4) C15–C18 142.7(5)
N7–C14 129.8(4)
N1–Fe1–N7 177.82(11) N1–Fe1–N2 90.80(12)
N2–Fe1–N5 178.81(12) N4–Fe1–N5 88.17(12)
N4–Fe1–N8 177.67(12) N7–Fe1–N8 87.96(13)

Table 2. Selected bond lengths [pm] and angles [°] for [FeL3]-
C2H5OH.

Fe1–N1 192.6(4) N8–C15 131.4(6)
Fe1–N2 191.6(4) C1–C2 142.4(6)
Fe1–N4 193.2(4) C2–C3 142.8(6)
Fe1–N5 195.4(4) C2–C6 142.4(6)
Fe1–N7 195.3(4) C7–C8 142.2(6)
Fe1–N8 195.3(4) C8–C9 141.8(7)
N1–C1 129.6(6) C8–C12 142.3(6)
N2–C3 130.8(6) C13–C14 143.5(7)
N4–C7 131.6(5) C14–C15 140.6(7)
N5–C9 130.5(6) C14–C18 143.3(6)
N7–C13 129.2(6)
N1–Fe1–N5 177.57(16) N1–Fe1–N2 90.39(16)
N2–Fe1–N7 176.22(16) N4–Fe1–N5 88.43(17)
N4–Fe1–N8 176.83(16) N7–Fe1–N8 87.05(17)
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Figure 2. Thermal ellipsoid plot (50% probability) of [FeL3]-
CH3OH. The labels Li identify the three crystallographically inde-
pendent ligand molecules. A methanol molecule and hydrogen
atoms have been omitted for clarity.

Figure 3. Thermal ellipsoid plot (50% probability) of [FeL3]-
C2H5OH. The labels Li identify the three ligand molecules. An eth-
anol molecule and hydrogen atoms have been omitted for clarity.

In contrast to the intra-complex structure, the inter-com-
plex arrangement depends greatly on the solvent. In the
crystal of [FeL3]CH3OH, each [FeL3] moiety has two short
contacts with two adjacent complexes, as shown in Fig-
ure 4, and the ligands L2 and L3 face their counterparts in
adjacent complexes. The complexes are connected to each
other by these short ligand–ligand contacts and are ar-
ranged one-dimensionally parallel to the c axis. The cyano
group of ligand L1 is directed towards the hydroxy group
of a neighboring methanol molecule. The stacking struc-
tures of L2–L2 and L3–L3 resemble each other. This stack-
ing mode (type A) is shown in Figure 5 (a), where the cyano
groups of the ligands are placed at the midpoints of the C–
C bonds between the imine groups and methyl groups. In
these contacts, the interatomic distance between the nitro-
gen atom of the cyano group and the carbon atom of the
imine group is about 3.5 Å. In type-A stacking, the overlap
between π-orbitals of the ligands is expected to be small
due to the displacement of the two six-membered chelate
rings, thus suggesting a weak spin–spin interaction between
the complexes. The short iron–iron distances in the bc plane
(Figure 4) are r1 = 8.495(5), r2 = 9.359(5), and r3 =
9.337(5) Å, while that in the a direction is 8.099(5) Å.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3022–30273024

Figure 4. The crystal structure of [FeL3]CH3OH viewed along the
a axis. Hydrogen atoms have been omitted for clarity. The dotted
lines indicate the short iron–iron distances (see text).

Figure 5. The two kinds of stacking modes between adjacent li-
gands viewed perpendicular to the six-membered chelate rings: a)
Type A, b) Type B (see text). Hydrogen atoms have been omitted
for clarify.

The crystal structure of [FeL3]C2H5OH is characterized
by a two-dimensional cage-like arrangement of the com-
plexes and one-dimensionally aligned ethanol molecules. In
the crystal, four complexes form a cage that encloses an
ethanol molecule, as shown in Figure 6, and this cage-like
structure spreads as a sheet in the bc plane. Each ligand in
a sheet is close to a neighboring crystallographically equiva-
lent ligand, and the stacking mode of the ligand pairs L1–
L1 and L3–L3 is also classified as type A (see Figure 5), with
an N–C interatomic contact of about 3.5 Å, while that of
L2–L2 is of type B, with an interatomic distance of around
3.8 Å between the carbon atom of the cyano group and the
carbon or nitrogen atom of the imine group. Although the
interatomic distance of type B stacking is longer than that
of type A, it is expected that the larger π-orbital overlap of
type B stacking brings about a stronger spin–spin interac-
tion than that of type A. The sheets of the cage-like struc-
tures are stacked along the a axis, where the adjacent sheets
are weakly bonded by the inter-plane type A stacking of L2
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ligands. In short, one complex has two small intra-sheet
overlaps (type A, L1–L1 and L3–L3), one small inter-sheet
overlap (type A, L2–L2), and one large intra-sheet overlap
(type B, L2–L2). The cavities of the cages are connected and
form one-dimensional tunnel structures that are elongated
parallel to the a axis; these are filled with ethanol molecules.
The short iron–iron distances in the bc plane shown in Fig-
ure 6 are r1 = 8.142(4), r2 = 10.881(4), and r3 = 9.337(4) Å,
while that in the a direction is 8.195(3) Å. The shortest
iron–iron distance in the crystal of [FeL3]C2H5OH is there-
fore slightly longer than that of [FeL3]CH3OH.

Figure 6. The crystal structure of [FeL3]C2H5OH viewed along the
a axis. Hydrogen atoms have been omitted for clarify. The dotted
lines indicate the short iron–iron distances (see text).

Magnetic Properties

The temperature dependencies of the magnetic suscep-
tibilities, χ, of [FeL3]ROH and the magnetization curves at
1.8 K are shown in Figure 7 (parts a and b), respectively.
The magnetic susceptibility of [FeL3]CH3OH follows the
Curie–Weiss law in the whole temperature range, with a Cu-
rie constant, C, of 0.406 emuKmol–1 and a negligibly small
Weiss temperature, Θ. The fact that Θ is almost zero indi-
cates that the type A overlap of the ligands does not con-
tribute to the spin–spin interaction due to the poor overlap
of the π-orbitals. The observed value of C roughly agrees
with the spin-only value for a S = 1/2 species (0.375),
thereby indicating the low-spin nature of the iron(III). The
small enhancement of C from that of a free S = 1/2 spin
can be attributed to the slightly larger g value predicted
from the magnetization curve. The magnetization curve of
[FeL3]CH3OH is very close to the Brillouin curve of S =
1/2 spins with a g value of 2.08, which indicates that the
inter-complex spin–spin interaction is negligible.

The magnetic susceptibility of [FeL3]C2H5OH can also
be described by the Curie–Weiss law in the high-tempera-
ture region above 10 K (C = 0.403 emuKmol–1, Θ =
–3.3 K). Below 10 K, χ reaches a peak at 4.6 K and then
decreases rapidly with decreasing temperature. A linear ex-
trapolation of χ to lower temperature gives χ = 0 at a finite
temperature of 0.7 K, thus suggesting that the ground state
of the spin system is a singlet. Despite the longer iron–iron
distance and smaller spin density of [FeL3]C2H5OH relative
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Figure 7. a) The magnetic susceptibilities and b) the reduced mag-
netization curves of [FeL3]ROH. The dashed lines are the theoreti-
cal curves for the free S = 1/2 spins having g = 2.08, and the solid
lines are the theoretical curves based on the singlet–triplet model
with the values of 2J/kB = –7.5 K and g = 2.08 (see text).

to those of [FeL3]CH3OH, the inter-complex spin–spin in-
teraction of [FeL3]C2H5OH is stronger than that of [FeL3]-
CH3OH. This fact confirms that the spin–spin interaction
is strongly dependent on the inter-ligand overlap of the π-
orbitals, as predicted from the crystal structures, as in some
previously reported materials, where ligand–ligand contacts
play important roles.[34,35] Based on the crystal structure,
where only one strong inter-complex interaction is ex-
pected, a singlet–triplet model is the appropriate for the
spin system of [FeL3]C2H5OH. In this model, the spin
Hamiltonian, H, is described as shown in Equation (1),
where J, Si, g, µB, and Hex are the interaction between spins,
the spin values, the g value, the Bohr magneton, and the
external magnetic field, respectively.

H = –2JS1·S2 + gµB�
i

Si·Hex (1)

By using this spin Hamiltonian, the partition function Z
[Equation (2)], the free energy F [Equation (3)], the magne-
tization, M, and χ can be calculated, as shown in Equa-
tions (4) and (5), where N and kB are the Avogadro number
and the Boltzmann constant, respectively. The best fit,
shown as solid lines in parts a and b of Figures 7 is nearly
indistinguishable from the observed values with the adjusta-
ble parameters of 2J/kB = –7.5 K and g = 2.08. This consist-
ency offers evidence that only the type B overlap can bring
about a strong spin–spin interaction.
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Z = Tr exp(–H/kBT) (2)

F = –kBT·lnZ (3)

(4)

(5)

Conclusions

Crystals of the new iron(III) complex [FeL3] containing
ROH (R = CH3 and C2H5) have been obtained. The crystal
structure of [FeL3]CH3OH is characterized by a one-dimen-
sional arrangement of the [FeL3] moieties where the cyano
groups are placed above the methyl groups of adjacent moi-
eties. Because of the small overlap between the π-orbitals
of the ligands, the inter-complex spin–spin interaction of
[FeL3]CH3OH is weak, as evidenced by the almost zero
value of the Weiss temperature and the absence of a mag-
netic transition. On the other hand, the crystal of [FeL3]-
C2H5OH consists of a two-dimensional sheet-like arrange-
ment of [FeL3] moieties and one-dimensionally aligned eth-
anol molecules elongated perpendicular to the sheets. In
this structure, [FeL3] moieties are dimerized by the large
inter-ligand overlap and a cyano group is placed above an
imine group of the neighboring complex. Owing to the di-
merization of the complexes, the magnetic properties of
[FeL3]C2H5OH are consistent with a singlet–triplet model
with the inter-complex spin–spin interaction 2J/kB =
–7.5 K.

Experimental Section
Materials and Measurements: CaC2 (Kojundo Chemical Lab. Co.)
was used after ball-milling under argon for 12 h, while FeCl2 and
anhydrous acetonitrile were used as supplied. IR spectra were re-
corded with a Shimadzu FTIR-8600PC for KBr disks. Elemental
analysis was performed with a Yanaco MT-6. Single-crystal X-ray
diffraction data were collected with a Rigaku AFC7R MERCURY
CCD diffractometer with graphite-monochromated Mo-Kα radia-
tion (λ = 0.71069 Å) and a rotating anode generator (50 kV,
100 mA). The structures were solved by direct methods (SHELXS-
97), then refined with full-matrix least-squares (SHELXL-97).[36]

Graphics were produced with ORTEP-III.[37] The positions of hy-
drogen atoms, except N-H groups, were refined with a “riding”
model with Uiso = 1.2Ueq of the connected non-hydrogen atom or
as ideal CH3 groups with Uiso = 1.5Ueq. The crystal data of [FeL3]-
ROH are shown in Table 3.
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Table 3. Crystallographic data for [FeL3]ROH.

[FeL3]CH3OH [FeL3]C2H5OH

Crystal system monoclinic triclinic
Space group P21/n P1̄
a [Å] 8.099(5) 8.195(2)
b [Å] 15.576(5) 12.736(3)
c [Å] 18.563(5) 13.404(2)
α [°] 90 73.149(2)
β [°] 79.690(5) 68.550(2)
γ [°] 90 81.190(3)
V [Å3] 2303.9(17) 1244.4(5)
Z 4 2
ρ 1.310 1.127
F(000) 956 442
Crystal size [mm] 0.53×0.44×0.38 0.08×0.07×0.05
Temperature [K] 296.15 296.16
Absorption correction numerical numerical
Index range (h,k,l) –9 � h � 10 –9 � h � 10

–16 � k � 20 –15 � k � 16
–23 � l � 21 –17 � l � 15

No. of reflections 21966 6034
No. of unique reflections 5144 4384
No. of reflections [F � 2σ(F)] 4791 3820
Residuals [I � 2σ(I)] R1 = 0.0696 R1 = 0.0715

wR2 = 0.1678 wR2 = 0.2090
Residuals (all data) R1 = 0.0742 R1 = 0.0823

wR2 = 0.1710 wR2 = 0.2183

CCDC-295169 and -295168 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

A Quantum Design MPMS-XL SQUID magnetometer was used
to measure DC magnetic susceptibilities of [FeL3]ROH between
300 and 1.8 K in a 0.1-T static magnetic field. The core temperature
independent diamagnetic susceptibility was subtracted from the ex-
perimental values based on Pascal’s constants for all constituent
atoms.

Reaction: In a water- and oxygen-free glove box, CaC2 (449 mg,
7 mmol) and FeCl2 (634 mg, 5 mmol) were suspended in anhydrous
acetonitrile (300 mL). The suspension was sealed in a SUS-316
stainless-steel high-temperature, high-pressure reactor (TPR-1, Tai-
atsu techno, Tokyo, Japan), then the solution was heated to 240 °C
at around 3 MPa for 12 h with gentle stirring. After cooling to
room temperature, the solution was exposed to air and absolute
methanol (100 mL) was added. Vigorous stirring of the solution
for 20 min under air resulted in a deep-blue solution, which was
then filtered. The residue was extracted with methanol, and the
extract was added to the filtrate. The solution was dried in vacuo,
then the precipitate was washed with toluene (200 mL) and ex-
tracted with dichloromethane (300 mL). The solution was dried in
vacuo again. The blue powder was dissolved in hot methanol
(20 mL), then cooled to –10 °C. The purple crystalline product was
collected by filtration. Recrystallization from hot methanol gave
85 mg of [FeL3]CH3OH (4%) as reddish-purple block crystals.
C19H28FeN9O (454.34): calcd. C 50.23, H 6.21, N 27.75; found C
50.18, H 6.40 N 27.61. IR (KBr): ν(N–H) = 3280 cm–1; ν2(C�N)
= 2177; ν(C=N) = 1582 cm–1. A single crystal of [FeL3]C2H5OH
was obtained as follows. Pure [FeL3]CH3OH crystals were dis-
solved in a mixture of THF (30 mL) and ethanol (10 mL). The
solution was slowly evaporated at ambient pressure, and subse-
quent filtration gave small, deep-purple crystals. C20H30FeN9O
(468.37): calcd. C 51.29, H 6.46, N 26.92; found C 51.23, H 6.25 N
26.99. IR (KBr): ν(N–H) = 3284 cm–1; ν(C�N) = 2182; ν(C=N) =
1579 cm–1.
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The bidentate diphosphinite ligand 1,2-bis(diphenylphos-
phanyloxy)ethane (L), Ph2P–O–(CH2)2–O–PPh2, can be se-
quentially incorporated into a series of dinuclear chloro-
bridged ruthenium compounds using [RuCl2(DMSO)4] as a
precursor to give the new bioctahedral compounds [Ru2(µ-
Cl)3(DMSO)3Cl(η2-L)] (1), [Ru2(µ-Cl)3(DMSO)Cl(η2-L)2] (2)
and [Ru2Cl2(η2-L)2{η1-L(O)}2(µ-Cl)2] (3). Compound 3 con-
tains two partially oxidised diphosphinite ligands that act in
a monodentate manner. These compounds can also be ob-
tained by direct reaction of [RuCl2(DMSO)4] with the appro-
priate stoichiometric amount of L but in the case of 3 (in
which prolonged heating is necessary) the reaction affords

Introduction

Ruthenium complexes continue to attract attention be-
cause they can be used in a range of applications in many
different fields including catalytic processes[1] and bioinor-
ganic processes.[2] Moreover, the discovery of the anticancer
activity of [RuCl2(DMSO)4] has increased interest in the
properties of new Ru–DMSO complexes.[3] A number of
chelating diphosphines have been used to stabilise transi-
tion-metal complexes but, surprisingly, studies on analo-
gous diphosphinites are rare, although some such com-
pounds have proved to be efficient catalysts.[4] Furthermore,
the presence of halogeno bridges between the metal centres
provides higher reactivity, thus enhancing their possibilities
for successful use as new catalysts.[5]

We report here the results obtained in the reaction be-
tween [RuCl2(DMSO)4] and 1,2-bis(diphenylphosphanyl-
oxy)ethane (L) to yield a range of new mono- and dinu-
clear ruthenium complexes (Scheme 1). It is worth men-
tioning that, in contrast with the behaviour observed for
other diphosphinite ligands,[6] it was possible to obtain dif-
ferent products when the stoichiometric relationship be-

[a] Departamento de Química Inorgánica, Facultade de Química,
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two mononuclear compounds [RuCl2(η2-L)(Ph2POPPh2)] (7)
and [RuCl(CO)(η2-L)(Ph2POCH2)] (8), with ligand fragments
coordinated to the metal probably originating in metal-medi-
ated disruptions of L. Reaction of 2 with the monodentate
ligands PPh3 – n(OEt)n (n = 1–3) (L�) affords the dinuclear dou-
bly chloro-bridged compound [Ru2(µ-Cl)2Cl2(η2-L)2(L�)2] (4),
the dinuclear triply chloro-bridged compound [{Ru(η2-L)(L�)}2-
(µ-Cl)3]Cl (5) and the mononuclear compound [RuCl2(η2-L)-
(L�)2] (6). The solid-state structures of 2 (transoid isomer), 5
(transoid isomer), 6, 7 and 8 are reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tween the metal-containing precursor and the ligand was
varied.

Results and Discussion

Reaction of [RuCl2(DMSO)4] with L – Preparation of
[Ru2(µ-Cl)3(DMSO)3Cl(L)] (1)

Reaction of [RuCl2(DMSO)4] with 1,2-bis(diphenylphos-
phanyloxy)ethane (L) in a 2:1 molar ratio in refluxing tolu-
ene for 1/2 h gave a yellow solid. The analytical data for
this compound are consistent with the empirical formula
Ru2LCl4(DMSO)3. The IR spectrum shows a strong band
at 1093 cm–1, which is consistent with the presence of the
η1-S (DMSO) ligands.[7] The 31P{1H} NMR spectrum in
CDCl3 shows a singlet at δ = 158.2 ppm, indicating the
magnetic equivalence of the two phosphorus atoms of the
bidentate ligand L. The 1H NMR spectrum shows, in the
same solvent, three singlets at δ = 3.04, 3.12 and 3.43 ppm
(integrating to 6 protons each), which can be assigned to
the three DMSO ligands, and two multiplets at δ = 3.72
and 4.26 ppm (integrating to 2 protons each) corresponding
to the methylene groups of L. Further evidence for the di-
nuclear nature of 1 comes from the FAB-MS spectrum,
which shows signals corresponding to the molecular ion
[M+] and to the fragments [M+ – Cl], [M+ – (DMSO)],
[M+ – 3(DMSO)], [M+ – 3(DMSO) – Cl] and [M+ – Ru –
3(DMSO) – 2Cl]. Two of the three isomers shown in
Scheme 2 are compatible with this structural information.
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Scheme 1.

Scheme 2.

Isomer C can be ruled out because the two P nuclei are
not equivalent. Isomer A is our preferred choice between
isomers A and B because the chemical shift of P is similar
to that observed for compounds with the same environ-
ment[8] and the methyl groups of each DMSO do not ap-
pear as two diastereotopic singlets (we carried out a 2D
1H, 13C HSQC experiment to confirm this, see Supporting
Information) as one would expect them to if they were in
proximity to a bidentate ligand. Moreover, the 2D 1H, 31P
NMR HMBC experiments do not show any evidence of an
interaction between the P atoms and the CH3 protons of
the DMSO ligands (although such negative evidence is not
conclusive).

Reaction of Compound 1 with L – Preparation of
[Ru2(µ-Cl)3(DMSO)Cl(L)2] (2)

Reaction of 1 with L in a 1:1 molar ratio in refluxing
toluene for 1/2 h gave a yellow solid. The analytical data for
this product are consistent with the formulation [Ru2(µ-Cl)3-
(η2-L)2Cl(DMSO)] (2).[9] The IR spectrum shows a strong
band at 1093 cm–1, which is consistent with the presence of
a η1-S sulfoxide ligand.[7]

The 31P{1H} NMR spectrum in CDCl3 shows two sets
of signals. The first set (indicated in Figure 1 by an asterisk)
consists of a pair of doublets and a quartet [consistent with

Eur. J. Inorg. Chem. 2006, 3028–3040 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3029

an AX spin system (δ = 160.7, 151.9 ppm, JAX = 54 Hz)
and an AB spin system (δ = 148.3 ppm, JAB = 44 Hz),
respectively]. This is a characteristic pattern of compounds
of the type [RuCl(PP)(µ-Cl)3Ru(PP)L][10] and can be as-
signed to the transoid form of 2 in which the four P atoms
are not equivalent (see Scheme 3).

Figure 1. 31P{1H} NMR spectrum in CDCl3 for compound 2.

Scheme 3.

The second set of signals consists of two singlets [δ =
156.9, 146.4 ppm] (indicated by a double asterisk in Fig-
ure 1) and corresponds to the cisoid structure 2b (see
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Scheme 4) in which both phosphorus nuclei, belonging to
each bidentate ligand, are magnetically equivalent.

Scheme 4.

The 1H NMR spectrum in CDCl3 also presents signals
that correspond to both structures. For example, two sing-
lets at δ = 2.54 and 2.87 ppm can be assigned to the two
diastereotopic methyl groups of DMSO corresponding to
the transoid structure. At 3.22 ppm a singlet with a lower
intensity can be assigned to the methyl groups of the
DMSO ligand corresponding to the cisoid structure (there
are no diastereotopic signals in this case because of its
higher symmetry). A similar situation occurs with the sig-
nals corresponding to the methylene groups of the bidentate
ligand. As observed in other halide compounds bearing this
ligand,[11] these groups usually display one multiplet for
each proton. In our case different multiplets were observed
that integrate as one proton each and these coexist with
other signals of lower intensity that may correspond to the
cisoid structure.

An HMBC 1H,31P{1H} NMR study (see Supporting In-
formation) shows that there is a correlation between the
signal at δ = 148.3 ppm (in CDCl3) and that at δ = 2.54 ppm
attributed to one of the DMSO methyl groups. This indi-
cates that – in agreement with the assignment made by Bi-
anchini for a similar complex – this resonance corresponds
to the bidentate ligand coordinated to the Ru atom that
bears the DMSO molecule.[8a] The relative intensities of the
signals of the two isomers change significantly when ben-
zene is used as the solvent, with the signals of the cisoid
structure almost residual in this case. This must be due to
the different solubility of the two isomers, because a VT
NMR study carried out in CDCl3 from 25 °C to –50 °C and

Figure 2. ORTEP view of [Ru2(µ-Cl)3(DMSO)Cl(L)2] (2a). The phenyl groups are omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3028–30403030

in C6D6 from 25 °C to 45 °C did not provide any evidence
for interconversion between them.

Finally, the 13C{1H} spectrum in CD2Cl2 shows two sin-
glets at δ = 50.5 and 51.0 ppm, which can be assigned to
the two inequivalent methyl groups of the DMSO ligand
corresponding to the transoid structure. A signal with a
lower intensity was also observed at δ = 51.3 ppm and this
can be assigned to the two equivalent methyl groups of the
cisoid structure.

We were able to obtain single crystals of the transoid iso-
mer of compound 2 (2a) to carry out an X-ray diffraction
analysis. Selected bond lengths and angles are reported in
Table 1 and an ORTEP view is shown in Figure 2.

Table 1. Bond lengths [Å] and angles [°] for 2a.

Bond lengths

Ru(1)–P(2) 2.203(5) Ru(1)–P(1) 2.228(5)
Ru(1)–Cl(4) 2.377(5) Ru(1)–Cl(1) 2.422(4)
Ru(1)–Cl(2) 2.502(5) Ru(1)–Cl(3) 2.551(5)
Ru(2)–P(3) 2.267(5) Ru(2)–P(4) 2.258(5)
Ru(2)–S(1) 2.260(5) Ru(2)–Cl(3) 2.515(5)
Ru(2)–Cl(1) 2.495(4) Ru(2)–Cl(2) 2.395(5)

Bond angles

P(2)–Ru(1)–P(1) 91.21(19) P(2)–Ru(1)–Cl(4) 91.86(19)
P(1)–Ru(1)–Cl(4) 90.28(18) P(2)–Ru(1)–Cl(1) 96.88(17)
P(1)–Ru(1)–Cl(1) 100.39(17) Cl(4)–Ru(1)–Cl(1) 166.02(18)
P(2)–Ru(1)–Cl(2) 174.95(18) P(1)–Ru(1)–Cl(2) 92.70(17)
Cl(4)–Ru(1)–Cl(2) 91.30(17) Cl(1)–Ru(1)–Cl(2) 79.28(15)
P(2)–Ru(1)–Cl(3) 98.52(18) P(1)–Ru(1)–Cl(3) 170.27(17)
Cl(4)–Ru(1)–Cl(3) 89.63(17) Cl(1)–Ru(1)–Cl(3) 78.32(15)
Cl(2)–Ru(1)–Cl(3) 77.57(15) P(4)–Ru(2)–S(1) 93.51(19)
P(4)–Ru(2)–P(3) 90.14(19) S(1)–Ru(2)–P(3) 93.99(18)
P(4)–Ru(2)–Cl(2) 9515(18) S(1)–Ru(2)–Cl(2) 169.72(17)
P(3)–Ru(2)–Cl(2) 91.52(17) P(4)–Ru(2)–Cl(1) 172.99(18)
S(1)–Ru(2)–Cl(1) 90.95(17) P(3)–Ru(2)–Cl(1) 94.94(16)
Cl(2)–Ru(2)–Cl(1) 79.93(15) P(4)–Ru(2)–Cl(3) 96.65(18)
S(1)–Ru(2)–Cl(3) 93.26(17) P(3)–Ru(2)–Cl(3) 169.73(18)
Cl(2)–Ru(2)–Cl(3) 80.25(16) Cl(1)–Ru(2)–Cl(3) 77.68(15)
Ru(1)–Cl(1)–Ru(2) 86.56(14) Ru(2)–Cl(2)–Ru(1) 86.97(15)
Ru(2)–Cl(3)–Ru(1) 83.43(15)

Complex 2 adopts a triply chloride-bridged diruthenium
transoid structure (2a) in which the coordination geometry
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at each metal centre is a distorted octahedron. The struc-
ture is unsymmetrical, with Ru(2) bearing a DMSO and
Ru(1) a chloride ligand. The structural features are similar
to those found in previously reported face-sharing bioctahe-
dral RuII–RuII complexes.[7b,12] The Ru–Clterminal distance is
shorter than the Ru–Clbridge distances. Of all the Ru–Clbridge

distances, those that are trans to a phosphorus atom are the
longest. The shortest Ru–Clbridge distance is that with the
DMSO ligand in the trans position. It is worth noting that
the Ru(1)–P distances (with Ru bound to a terminal chloro
ligand) are significantly shorter than the Ru(2)–P distances
(with Ru bound to the DMSO ligand).

The seven-membered chelate rings allow P–Ru–P angles
of 91.21(19) and 90.14(19)°. The Clbridge–Ru–Clbridge angles
have values between 77.57(15) and 80.25(16)°, with this be-
ing the main source of distortion of the octahedron. As
shown in Figure 3, the environment of the metal atoms cor-
responds with the C1-symmetric transoid isomer, with the
dihedral torsion angle Cl(4)–Ru(1)–Ru(2)–S(1) having a
value of 122.4(2)°. The Ru–Ru distance of 3.371(2) Å lies
in the range expected for this type of dinuclear RuII com-
plex (3.28–3.44 Å).[12a]

Figure 3. Environment of the Ru atoms in 2a.

Scheme 5.
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Reaction of Compound 2 with L – Preparation of
[{RuCl(η2-L)[η1-L(O)]}2(µ-Cl)2] (3)

The reaction of 2 with L (1:2 molar ratio) in refluxing
toluene for 1 h gave the new compound 3. The 31P{1H}
NMR spectrum in CDCl3 displays a doublet at δ =
159.0 ppm (J = 46 Hz), a triplet at δ = 138.3 ppm and a
singlet at δ = 32.5 ppm with an intensity ratio of 2:1:1,
respectively. The singlet at higher field is consistent with
the existence of a P=O group (corresponding to a partially
oxidised molecule of L) that is not coordinated to the metal.
The other two signals can be assigned to the P atoms of
η2-L and η1-L(O), respectively. The 1H NMR spectrum in
CDCl3 displays four multiplets at 3.68, 3.73, 4.17 and
4.49 ppm with an integral ratio 1:1:1:1. These signals corre-
spond to the CH2 groups of the two ligands. The 2D 1H,
1H COSY and the 2D 1H, 31P HMQC spectra allow full
assignment of those signals (see Exp. Sect.). The FAB mass
spectrum contains peaks at mass values for fragments of
dinuclear species [M+ – Cl – L(O)], [M+ – 2Cl – L(O)],
[M+ – 2Cl – 2L(O)] and, interestingly, the strongest frag-
ment was found at 1013, which corresponds exactly to the
monomeric unit [RuClLL(O)]. Finally, treatment of a sam-
ple of 3 with excess NaBPh4 in ethanol resulted in the pre-
cipitation of a new product, 3�. The 31P{1H} NMR spec-
trum of this compound contains two sets of signals: three
pseudotriplets integrating in a 1:1:1 ratio, and a triplet and
a doublet integrating in a 1:2 ratio (the first set integrates
to three times the second one) coexisting with traces of the
original compound (very small signals at 159 and 138 ppm).
When the sample in the NMR tube was stored for five days,
evidence was observed that the reaction had gone back-
wards and the small signals had increased in intensity to
levels similar to those observed at the beginning of the ex-
periment.

All these data suggest the formation of neutral edge-
sharing bioctahedra with two chloro bridges [{RuCl(η2-
L)[η1-L(O)]}2(µ-Cl)2] for compound 3 and this converts
into the cationic face-sharing bioctahedral compound 3� by
reaction with NaBPh4 – as depicted in Scheme 5.
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Reaction of 2 with L� [L� = PPh3 – n(OEt)n; n = 1–3]

In an effort to complement the results described above
and to gather more information about the reactivity of
complex 2, we investigated the reaction of 2 with the mono-
dentate phosphinite, phosphonite and phosphite ligands of
formulae PPh3–n(OEt)n (n = 1–3) (L�). Unexpectedly, dif-
ferent results were obtained when L� was changed from a
phosphinite (n = 1) to a phosphite (n = 3).

L� = PPh2(OEt) – Preparation of [{RuCl(η2-
L)[PPh2(OEt)]2}2(µ-Cl)2] (4)

When a mixture of 2 and PPh2(OEt) in a 1:2 molar ratio
was heated under reflux in toluene for 1 h, the new com-
pound [{RuCl(η2-L)[PPh2(OEt)]2}2(µ-Cl)2] (4) was ob-
tained. Compound 4 shows spectral features that are very
similar to those of compound 3. The 31P{1H} NMR spec-
trum shows a doublet at δ = 159.7 ppm and a triplet at δ =
136.3 ppm (integrating to 2:1, J = 46 Hz), which are very
similar to the signals of 3. The 1H NMR spectrum also
contains a set of signals that is consistent with this formula-
tion. The signals at 4.31 (m, 4 H) and 3.86 (m, 4 H) ppm
can be assigned to the –CH2– groups of the bidentate ligand
L, and those at 3.50 (m, 4 H) and 1.22 (t, 6 H) can be
assigned to the ethoxy group of L�. The FAB mass spec-
trum of 4 displays (as observed for compound 3) peaks that
indicate the dinuclear nature of the compound: 1630
(M+ – Cl), 1435 (M+ – L�), 1400 (M+ – L� – Cl), 830
[RuCl2LL�]+, 797 [RuClLL�]+.

Treatment of a sample of 4 with excess NaBPh4 in etha-
nol gave similar results to those obtained in the case of
complex 3, with a new dinuclear face-shared bioctahedral
complex, 4�, formed as a mixture of both cisoid and transoid
isomers.[13] However, in this case the proportion of the
transoid isomer for the face-shared bioctahedra is signifi-
cantly greater than in the case of compound 3. In agreement

Figure 4. The cation of [{Ru(η2-L)[PPh(OEt)2]}2(µ-Cl)3]Cl (5a) drawn at 20% probability level. The phenyl rings were replaced by spheres
of arbitrary radius.
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with this situation, the 31P{1H} NMR spectrum of 4� in
CDCl3 displays three pseudotriplets at 134.1, 141.9 and
145.7 ppm (corresponding to a transoid isomer) along with
a doublet at δ = 143.3 ppm (the triplet is probably obscured
by the signal at δ = 134.1 ppm) that corresponds to the
cisoid form.

L� = PPh(OEt)2 – Preparation of [{Ru(η2-L)-
[PPh(OEt)2]}2(µ-Cl)3]Cl (5)

When a mixture of 2 and PPh(OEt)2 in a 1:2 molar ratio
was heated under reflux in toluene for 1.5 h, we obtained a
solid with 31P{1H} and 1H NMR spectra consistent with a
mixture (approx. 1:3) of both cisoid and transoid isomers of
the cationic trichloro-bridged dinuclear compound [{Ru(η2-
L)[PPh(OEt)2]}2(µ-Cl)3]Cl (5) (see Scheme 1). The 31P{1H}
NMR spectrum displays a doublet at δ = 151.7 ppm and a
triplet at δ = 158.2 ppm (J = 53 Hz) (cisoid isomer) and
three pseudotriplets at 149.7, 153.0 and 156.1 ppm (transoid
isomer). Careful inspection of the 1H NMR spectrum also
enables the signals of both isomers to be assigned (see Exp.
Sect.). The mass spectrum shows the [M+] peak at m/z =
1567, which is consistent with a dinuclear formulation.
Moreover, treatment of a solution of this complex with ex-
cess NaBPh4 in ethanol gave a tan solid with spectral fea-
tures identical to those of the original product, thus con-
firming its ionic nature. We were also able to obtain suitable
crystals for an X-ray diffraction study. The structure of the
complex cation and the most relevant distances and angles
are shown in Figure 4 and in Tables 2 and 3, respectively.

It can be seen that the cation complex 5a adopts a
transoid [dihedral torsion angle P(1)–Ru(1)–Ru(2)–P(2) of
115.5(2)°] triply chloride-bridged diruthenium structure
similar to 2a (Figure 5). The coordination geometry around
each metal centre is a distorted octahedron, with the same
coordination sphere at each ruthenium atom (three bridging
chlorine atoms and three phosphorus atoms). The two met-
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Table 2. Selected bond lengths [Å] and angles [°] for complex cation
5a.

Bond lengths

Ru(1)–Cl(3) 2.478(3) Ru(1)–Cl(4) 2.482(2)
Ru(1)–Cl(2) 2.535(3) Ru(1)–P(1) 2.241(3)
Ru(1)–P(12) 2.261(3) Ru(1)–P(11) 2.274(3)
Ru(2)–Cl(3) 2.495(3) Ru(2)–Cl(2) 2.511(3)
Ru(2)–Cl(4) 2.473(2) Ru(2)–P(2) 2.253(3)
Ru(2)–P(21) 2.284(3) Ru(2)–P(22) 2.265(3)
Ru(2)–Ru(1) 3.4417(12)

Bond angles

P(1)–Ru(1)–P(12) 89.78(12) P(1)–Ru(1)–P(11) 93.54(11)
P(12)–Ru(1)–P(11) 89.89(11) P(1)–Ru(1)–Cl(3) 95.13(11)
P(12)–Ru(1)–Cl(3) 94.82(11) P(11)–Ru(1)–Cl(3) 170.14(10)
P(1)–Ru(1)–Cl(4) 169.52(10) P(12)–Ru(1)–Cl(4) 99.34(10)
P(11)–Ru(1)–Cl(4) 91.65(10) P(1)–Ru(1)–Cl(2) 93.28(11)
P(12)–Ru(1)–Cl(2) 171.16(11) P(11)–Ru(1)–Cl(2) 98.19(11)
Cl(3)–Ru(1)–Cl(2) 76.66(9) Cl(4)–Ru(1)–Cl(2) 76.95(8)
Cl(3)–Ru(1)–Cl(4) 79.05(8) P(2)–Ru(2)–P(22) 94.45(11)
P(2)–Ru(2)–P(21) 90.66(11) P(22)–Ru(2)–P(21) 90.05(10)
P(2)–Ru(2)–Cl(4) 94.10(10) P(22)–Ru(2)–Cl(4) 170.80(10)
P(21)–Ru(2)–Cl(4) 93.22(9) P(2)–Ru(2)–Cl(3) 168.04(11)
P(22)–Ru(2)–Cl(3) 92.09(10) P(21)–Ru(2)–Cl(3) 99.34(10)
P(2)–Ru(2)–Cl(2) 92.30(11) P(22)–Ru(2)–Cl(2) 98.72(10)
P(21)–Ru(2)–Cl(2) 170.49(9) Cl(4)–Ru(2)–Cl(2) 77.56(8)
Cl(3)–Ru(2)–Cl(2) 76.80(9) Cl(4)–Ru(2)–Cl(3) 78.90(8)
Ru(2)–Cl(2)–Ru(1) 86.02(8) Ru(1)–Cl(3)–Ru(2) 87.59(9)
Ru(2)–Cl(4)–Ru(1) 87.99(8)

Table 3. Hydrogen bonding parameters for complex cation 5a [Å
and °].

D–H···A d(D–H) d(H···A) d(D···A) blab-
la(DHA)

C(3)–H(3B)···Cl(1A) 0.97 2.79 3.500(9) 131.1
C(1)–H(1A)···Cl(1) 0.97 2.93 3.586(10) 125.7
C(2)–H(2A)···Cl(1) 0.97 2.89 3.610(10) 131.3

als maintain the same oxidation state (+II) as a disordered
chloride ion is acting as a counterion. Two of the phospho-
rus atoms coordinated to each metal atom come from the
bidentate phosphinite ligand L, and the third one comes
from the monodentate ligand L�. In contrast to complex
2a, the environment around each ruthenium atom is quite
similar, with similar values for bond lengths and angles. The
Ru–P bonds are slightly shorter, by 0.01 Å, when the ligand
is the monodentate phosphonite ligand. The Ru–Cl bond
lengths range from 2.473(2) to 2.535(3) Å, with the longer
ones corresponding to those including the labelled Cl(2)
atom, the only one that is simultaneously trans to two phos-
phinite phosphorus atoms. The Ru(1)–Cl(2)–Ru(2) angle,
86.02(8)°, is also the most acute of the three Ru–Cl–Ru
angles.

The seven-membered chelate rings allows P–Ru–P angles
of 89.89(11) and 90.05(10)°, which are virtually identical to
one another and similar to those found in 2a. The Cl–Ru–
Cl angles involving the triple bridge have values between
76.66(9) and 79.05(8)° and once again this is the main
source of distortion of the octahedron. The Ru–Ru separa-
tion of 3.4417(12) Å is in the upper limit of the range ex-
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Figure 5. Environment of the Ru atoms in the complex cation 5a.

pected for this type of dinuclear RuII complex, 3.28–
3.44 Å.[12a]

L� = P(OEt)3 – Preparation of [RuCl2(η2-L){P(OEt)3}2]
(6)

When a mixture of 2 and P(OEt)3 in a 1:2 molar ratio
was heated under reflux in toluene for 1 h, we obtained a
solid that has NMR features consistent with a mononuclear
species of formula [RuCl2(η2-L){P(OEt)3}2] (6), in which
one bidentate ligand and two phosphite ligands (mutually
cis) are present. The 31P{1H} NMR spectrum consists of
four double doublets of doublets at 97.8 (P1), 122.0 (P4),
129.8 (P2) and 150.7 (P3) ppm (J12 = 48, J13 = 24, J14 =
544, J23 = 47, J24 = 64 and J34 = 46 Hz). The 1H NMR
spectrum displays two triplets at δ = 0.90 and 1.22 ppm (J
= 7 Hz), which integrate to 9 protons each, and these sig-
nals can be assigned to the methyl groups of L�. These sig-
nals demonstrate the nonequivalence of the two ligands.
The signals corresponding to the methylene protons of both
L and L� appear as seven multiplets of different intensity.
These signals were fully characterised by 2D 1H, 13C{1H}
HSQC correlation (see Figure 6). The methylene protons of
the bidentate ligand L appear as four multiplets at 3.43,
3.98, 4.40 and 5.67 ppm, integrating to one proton each.
On the other hand, the methylene protons of both L� li-
gands appear as four multiplets centred at 3.26, 3.43, 4.23
and 4.46 and these signals integrate to three protons each
because of the nonequivalence of the two L� ligands and the
diastereotopic nature of each pair of geminal CH2 protons.

Crystals suitable for X-ray analysis were obtained. The
structure of the complex is shown in Figure 7 and the most
relevant distances and angles are given in Table 4. The com-
pound consists of discrete units in which the ruthenium
atom is in a slightly distorted octahedral environment, coor-
dinated to two mutually cis chlorine atoms, two phosphorus
atoms of a diphosphinite ligand and two phosphorus atoms
of two monodentate phosphite ligands, which are also mu-
tually cis. The cis angles range from 84.78(5) to 97.28(6)°,
with the latter value corresponding to the chelate angle al-
lowed by the seven-membered chelate ring. The trans angles
range from 170.42(6) to 177.02(6)° and these show the regu-
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Figure 6. 2D 1H,13C{1H} HSQC experiment in CDCl3 for com-
pound 6. Signals in the 13C spectrum can be assigned as follows: δ
= 65.9, 62.6 (br. s, CH2, L), 62.9, 61.9 (d, JCP = 10 Hz, CH2, L�).
Signals marked with an asterisk correspond to an impurity.

larity of the octahedron, which is probably only distorted
due the steric hindrance of the diphosphinite ligand. The
cis Cl–Ru–Cl angle, 86.81(5)°, is similar to those found in
cis complexes RuCl2P4.[14] The Ru–Cl distances are similar
to one another but the Ru–P distances show small differ-
ences in the order Ru–P4 � Ru–P1 � Ru–P3 � Ru–P2.
This order is consistent with the greater trans influence of
phosphorus ligands than Cl and the higher π-acceptor char-
acter of phosphite ligands as compared with phosphinites.

Figure 7. ORTEP representation of complex [RuCl2(η2-L){P(OEt)3}2] (6) drawn at the 30% probability level. The phenyl rings were
replaced by spheres of arbitrary radius.
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Table 4. Selected bond lengths [Å] and angles [°] for complex 6.

Bond lengths

Ru–P(4) 2.2333(17) Ru–P(1) 2.2777(15)
Ru–P(3) 2.3040(17) Ru–P(2) 2.4406(16)
Ru–Cl(2) 2.4633(15) Ru–Cl(1) 2.4675(15)

Bond angles

P(4)–Ru–P(1) 93.48(6) P(4)–Ru–P(3) 91.09(6)
P(1)–Ru–P(3) 92.24(6) P(4)–Ru–P(2) 89.36(6)
P(1)–Ru–P(2) 97.28(6) P(3)–Ru–P(2) 170.42(6)
P(4)–Ru–Cl(2) 177.02(6) P(1)–Ru–Cl(2) 85.91(5)
P(3)–Ru–Cl(2) 91.85(6) P(2)–Ru–Cl(2) 87.82(5)
P(4)–Ru–Cl(1) 93.95(5) P(1)–Ru–Cl(1) 172.04(6)
P(3)–Ru–Cl(1) 84.78(5) P(2)–Ru–Cl(1) 85.65(5)
Cl(2)–Ru–Cl(1) 86.81(5)

Reaction of [RuCl2(DMSO)4] with L in a 1:2 Molar Ratio

A mixture of [RuCl2(DMSO)4] and L in a 1:2 molar ratio
was heated under reflux in toluene for 2 h and the pro-
gression of the reaction was followed by 31P NMR spec-
troscopy. A complicated spectrum was observed with dif-
ferent sets of signals, suggesting the presence of a mixture
of several new compounds. The solution was evaporated to
dryness and the residue was treated with Et2O. An orange
solid and a yellow solution were obtained. The solid was
filtered off, washed with Et2O and dried to afford the same
compound, [{RuCl(η2-L)[η1-Ph2PO(CH2)2OP(O)Ph2]}2(µ-
Cl)2] (3), as was already obtained in the reaction of complex
2 with L.[15] The yellow solution was purified by column
chromatography to yield the two new compounds
[RuCl2(L)(Ph2POPPh2)] (7) and [RuCl(CO)(L)(Ph2PO-
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CH2)] (8) (see Exp. Sect. for details). We were able to obtain
single crystals of both compounds that were suitable for X-
ray analysis.

[RuCl2(L)(Ph2POPPh2)] (7)
The reaction probably involves a metal-promoted disrup-

tion of the bidentate ligand to tetraphenyldiphosphox-
ane,[16] although in a somewhat similar reaction between
[Rh(COE)2Cl]2 (COE = cyclooctene) and P(NMe2)3 in tolu-
ene, the generation of a diphosphoxane complex was attrib-
uted to a hydrolysis impurity present in the commercial
P(NMe2)3.[17] This is probably not the situation in our case
because we did not observe such a process in reactions be-
tween the same ligand and other metals such as Re and
Mn.[18] Other authors have observed the same product
(POP) and suggested a P–P(O) to P–O–P thermal re-
arrangement prior to metal coordination,[19] a process that
is favoured when R groups bonded to P are inductively elec-
tron-withdrawing groups like OR groups (as in our case).
A likely mechanism involves partial hydrolysis of the ligand
due to the prolonged heating and the presence of adven-
titious moisture, followed by a tautomeric rearrangement
from the P–P(O) to the P–O–P form.

The 1H NMR spectrum of 7 in CDCl3 shows a multiplet
centred at δ = 4.30 ppm, which is assigned to the methylene
protons of the bidentate diphosphinite ligand, and signals
between 6.90 and 7.50 ppm corresponding to the phenyl
groups of the two chelating ligands. The 31P{1H} NMR
spectrum in CDCl3 shows two doublets of multiplets
centred at δ = 106.8 and 133.0 ppm, corresponding to the
two phosphorus nuclei of each bidentate ligand. The signal
at lower field can be assigned to the bisphosphinite ligand
L (as shown in the 2D 1H, 31P{1H} HMBC correlation ex-

Figure 8. ORTEP drawing of the complex [RuCl2(L)(Ph2POPPh2)] (7).
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periment by the cross-peak present with the methylene sig-
nal of L at δ = 4.30 ppm, see Supporting Information) and
the multiplet at δ = 106.8 ppm can be assigned to the phos-
phorus nuclei of the tetraphenyldiphosphoxane ligand. The
IR spectrum contains a strong band at 791 cm–1 and this
is assigned to the P–O–P asymmetric stretching mode in
accordance with its chelating nature (reported values of
775–800 cm–1).[16,20]

An ORTEP view of compound 7 is shown in Figure 8
along with the labelling scheme. Selected distances and
angles are given in Table 5. The compound consists of dis-
crete units, although some intermolecular nonclassical
Cl···HC hydrogen bonds can be found (Table 6). The ruthe-
nium atom is in a distorted octahedral environment and is
coordinated to two chlorine atoms that are mutually trans,
two phosphorus atoms of a tetraphenyldiphosphoxane li-
gand and two phosphorus atoms of a diphosphinite ligand.

Table 5. Bond lengths [Å] and angles [°] for compound 7.

Bond lengths

Ru(1)–P(2) 2.3271(7) Ru(1)–P(1) 2.3423(7)
Ru(1)–P(3) 2.3783(7) Ru(1)–P(4) 2.4119(7)
Ru(1)–Cl(1) 2.4237(7) Ru(1)–Cl(2) 2.4280(7)
O(1)–P(4) 1.6593(17) O(1)–P(3) 1.6652(17)

Bond angles

P(1)–Ru(1)–P(2) 92.43(3) P(3)–Ru(1)–P(4) 66.37(2)
P(2)–Ru(1)–P(3) 98.56(2) P(1)–Ru(1)–P(4) 102.76(3)
P(1)–Ru(1)–P(3) 168.91(2) P(2)–Ru(1)–P(4) 164.42(3)
P(2)–Ru(1)–Cl(1) 98.32(3) P(1)–Ru(1)–Cl(1) 92.53(3)
P(3)–Ru(1)–Cl(1) 84.41(2) P(4)–Ru(1)–Cl(1) 84.58(2)
P(2)–Ru(1)–Cl(2) 90.25(3) P(1)–Ru(1)–Cl(2) 87.69(3)
P(3)–Ru(1)–Cl(2) 93.75(3) P(4)–Ru(1)–Cl(2) 86.99(2)
Cl(1)–Ru(1)–Cl(2) 171.40(2) P(4)–O(1)–P(3) 104.14(9)
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The four phosphorus atoms are located in the equatorial
plane (rms = 0.057). The chelate ring angle of the tet-
raphenyldiphosphoxane ligand is only 66.37(2)° and is the
main source of distortion. To the best of our knowledge,
this is the first example of a ruthenium complex with this
type of chelating ligand, but the chelate angle is similar to
that found in the chromium, molybdenum and rhodium
complexes.[17,21] The chelate angle allowed by the seven-
membered chelate ring is close to the theoretical value of
90° [92.43(3)°] and, consequently, the other two angles in
the equatorial plane increase to 98.56(2) and 102.76(3)°.
The trans Cl–Ru–Cl angle is also slightly different than the
expected value of 180° [171.40(2)°] and this is due to a small
deviation of the chlorine atom labelled as Cl(1), as shown
by the P–Ru–Cl angles. The four-membered chelate ring is
almost planar, with the O(1) atom only 0.103(2) Å out of
the P(3)–Ru–P(4) plane.

Table 6. Hydrogen bond parameters for 7 [Å and °].[a]

D–H···A d(D–H) d(H···A) d(D···A) blab-
la(DHA)

C(2)–H(2B)···Cl(2) 0.97 2.61 3.397(3) 138.8
C(12)–H(12)···Cl(1) 0.93 2.61 3.234(3) 124.8
C(32)–H(32)···Cl(2) 0.93 2.69 3.506(3) 147.2
C(56)–H(56)···Cl(1) 0.93 2.69 3.302(3) 124.3
C(86)–H(86)···Cl(2) 0.93 2.82 3.423(3) 123.8
C(85)–H(85)···Cl(2)#1 0.93 2.87 3.738(3) 156.5

[a] Symmetry transformations used to generate equivalent atoms:
1 – x, y + 1/2, 1/2 – z.

The angle P(4)–O(1)–P(3) has a value of 104.14(9)°,
which is slightly less acute than those reported for the afore-
mentioned complexes.[17,21] The ruthenium atom is only
0.0184(4) Å out of the equatorial plane defined by the four

Figure 9. ORTEP drawing of complex 8.
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phosphorus atoms (rms = 0.057). The plane defined by the
two phosphorus atoms and the two oxygen atoms of the
diphosphinite ligand (rms = 0.088) forms a dihedral angle
with the equatorial plane of 41.73(6)°. However, the plane
P(3)–Ru–P(4) forms a dihedral angle of only 6.00(7)° with
the equatorial plane and can essentially be considered as
coplanar [the oxygen atom O(1) is only 0.096(2) Å out of
the equatorial plane].

[RuCl(CO)(L)(Ph2POCH2)] (8)
Compound 8 has a surprising structure in which the ru-

thenium centre is coordinated by an intact ligand L, Cl and
CO ligands, and an anionic fragment Ph2POCH2

– of this
ligand. This arrangement stabilises, in spite of the strain, a
ruthena-phospha-oxa-cyclobutane ring. As the only source
of CO is the bis(phosphinite) L ligand, and we did not ob-
serve similar behaviour for L with other metals,[18] these
fragments must come from a metal-promoted disruption of
the bidentate ligand. Moreover, although the yields are low,
the reaction is perfectly reproducible. The complex was
characterised in solution by multinuclear NMR spec-
troscopy. The 31P{1H} NMR spectrum of 8 in CDCl3
shows three doublet of doublets, which is consistent with a
structure presenting two mutually trans phosphorus atoms
[one on the Ph2POCH2

– fragment (δ = 76.0 ppm) and one
on the L ligand (δ = 133.3 ppm), Jtrans = 341 Hz] and the
other in a cis disposition (δ = 131.5 ppm), Jcis = 14 and
31 Hz. The 1H NMR spectrum of 8 in CDCl3 shows two
groups of multiplets, one in the range 3.80–4.80 ppm that
integrates to six protons and corresponds to the methylene
groups of the two ligands, and other between 7.20–7.80 (30
H) that corresponds to the phenyl groups. An HMBC
31P{1H}–1H correlation enabled identification of the dif-
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ferent proton signals, showing that the multiplets at δ = 3.97
and 4.77 ppm (integrating to 2 protons each) can be as-
signed to the methylene groups of L, and the multiplets at
δ = 4.52 and 4.68 ppm (integrating to one proton each)
correspond to the CH2 group bonded to the ruthenium.
This observation shows that these two protons are dia-
stereotopic.

An ORTEP view of compound 8 is shown in Figure 9
along with the labelling scheme. Selected distances and
angles are given in Table 7. The compound consists of dis-
crete units, although some intermolecular nonclassical
Cl···HC hydrogen bonds can be found (see Table 8). The
ruthenium atom is in a distorted octahedral environment,
coordinated to one chlorine atom, two phosphorus atoms
of a diphosphinite ligand, one phosphorus atom, a carbon
atom of the diphenyl(oxymethyl-κC)phosphinite-κP ligand
and a carbon atom of a carbonyl ligand. Two of the ligands
act as bidentate systems (diphosphinite and phosphinite li-
gand) and these can be considered to be in the equatorial
plane. The four-membered chelate ring is one of the main
sources of distortion in the octahedron, with an angle of
62.9(3)°. The opposite seven-membered chelate angle in the
equatorial plane is slightly larger than one would expect for
this ligand, 93.59(9)°, but the two adjacent angles in the
equatorial plane do not increase to the same extent [P(1)–
Ru(1)–P(3) = 110.85(9)°, C(1)–Ru(1)–P(2) = 92.4(3)°]. The
differences found in these angles are due to the steric effects
of the phenyl rings on the phosphorus atoms. For the same
reason, all the axial angles in the octahedron are close to
the expected 180°, except for the P(2)–Ru(1)–P(1) angle
[155.26(9)°]. The plane formed by the four atoms in the che-
late ring (rms = 0.069) forms a dihedral angle of only
7.2(2)° with the equatorial plane of the donor atoms (rms
= 0.047). The ruthenium atom is only 0.096(3) Å out of this
plane.

Table 7. Selected bond lengths [Å] and angles [°] for complex 8.

Bond lengths

Ru(1)–C(2) 1.835(11) Ru(1)–C(1) 2.181(10)
Ru(1)–P(2) 2.336(3) Ru(1)–P(1) 2.346(3)
Ru(1)–P(3) 2.378(3) Ru(1)–Cl(1) 2.467(2)
P(1)–O(1) 1.582(6) O(1)–C(1) 1.465(11)

Bond angles

C(2)–Ru(1)–C(1) 89.8(4) C(2)–Ru(1)–P(2) 91.9(3)
C(1)–Ru(1)–P(2) 92.4(3) C(2)–Ru(1)–P(1) 88.8(3)
C(1)–Ru(1)–P(1) 62.9(3) P(2)–Ru(1)–P(1) 155.26(9)
C(2)–Ru(1)–P(3) 97.3(3) C(1)–Ru(1)–P(3) 170.5(3)
P(2)–Ru(1)–P(3) 93.59(9) P(1)–Ru(1)–P(3) 110.85(9)
C(2)–Ru(1)–Cl(1) 174.0(3) C(1)–Ru(1)–Cl(1) 84.3(3)
P(2)–Ru(1)–Cl(1) 87.09(8) P(1)–Ru(1)–Cl(1) 89.60(8)
P(3)–Ru(1)–Cl(1) 88.64(8) O(2)–C(2)–Ru(1) 176.2(9)

To the best of our knowledge, the diphenyl(oxymethyl-
κC)phosphinite-κP ligand has only previously been found
to show this behaviour in the manganese complex tetra-
carbonyl-2,2-diphenyl-1-oxa-2-phospha-3-manganacyclo-
butane.[22]
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Table 8. Hydrogen-bonding parameters for complex 8 [Å and °].[a]

D–H···A d(D–H) d(H···A) d(D···A) blab-
la(DHA)

C(43)–H(43)···Cl(1�) 0.93 2.95 3.743(10) 143.8
C(36)–H(36)···O(4) 0.93 2.48 2.854(11) 104.1
C(56)–H(56)···O(3) 0.93 2.46 2.871(11) 107.2

[a] Symmetry transformations used to generate equivalent atoms: �
x – 1, y, z.

Conclusions

New dinuclear ruthenium complexes bearing the 1,2-
bis(diphenylphosphinite)ethane ligand in different pro-
portions were prepared and characterised. The compounds
[Ru2(µ-Cl)3(DMSO)3Cl(η2-L)] (1) and [Ru2(µ-Cl)3(DMSO)-
Cl(η2-L)2] (2) present a face-sharing bioctahedral structure
while compound [Ru2Cl2(η2-L)2{η1-L(O)}2(µ-Cl)2] (3) has
an edge-sharing bioctahedral structure with two chelating
L units and two monodentate ligands in which a phospho-
rus atom is oxidised and remains uncoordinated. Reaction
of compound 2 [a mixture of both cisoid (2a, minor compo-
nent) and transoid (2b, major component) isomers] with the
monodentate ligands PPh3–n(OEt)n (n = 1–3) (L�) affords
different compounds depending on the structure of L�.
When L� is structurally similar to L (both phosphinites),
the resulting compound is the dinuclear doubly chloro-
bridged complex [{RuCl(η2-L)(L�)}(µ-Cl)2] (4), which is
very similar to compound 3 – obtained by reacting com-
pound 2 with L. Reaction of compound 2 with the phos-
phonite L� (n = 2) gave the face-sharing octahedral com-
pound [{Ru(η2-L)(L�)}2(µ-Cl)3]Cl (5) as a mixture of both
cisoid (5a) and transoid (5b) isomers. On the other hand,
when L� is a phosphite (n = 3) the reaction with compound
2 yields the mononuclear compound [RuCl2(η2-L)(L�)2] (6).
Finally, compound 3 can also be obtained by reaction of
[RuCl2(DMSO)4] with L, but in this case two more prod-
ucts with formulae [RuCl2(L)(Ph2POPPh2)] (7) and
[RuCl(CO)(L)(Ph2POCH2)] (8) were also obtained. In these
products a chelating diphosphinite L coexists with new
phosphorus ligands formed in situ by metal-mediated dis-
ruptions of L.

Experimental Section
General: All experimental manipulations were carried out under
argon using Schlenk techniques. All solvents were purified by con-
ventional procedures[23] and distilled prior to use. [RuCl2-
(DMSO)4][24] and 1,2-bis(diphenylphosphanyloxy)ethane[18c] were
prepared using published methods. All the other chemicals were
commercial products and were used as received without further
purification. 1D and 2D NMR spectra (δ, ppm) were recorded in
CDCl3, CD2Cl2 or C6D6 (as indicated) with a Bruker ARX-400
spectrometer (161 MHz for 31P{1H}, 100 MHz for 13C{1H},
400 MHz for 1H) using the solvent as the internal lock. 31P{1H}
chemical shifts are referred to 85% H3PO4 with downfield values
reported as positive. 1H and 13C{1H} signals are referred to resid-
ual protonated solvents as internal standards. IR spectra of samples
in KBr pellets were obtained with a Bruker Vector IFS28 FT spec-
trophotometer. Mass spectra were recorded with a Micromass Au-
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tospec M LSIMS (FAB+) system with 3-nitrobenzyl alcohol as ma-
trix. Microanalyses were carried out with a Fisons EA-1108 appa-
ratus. Merck silica gel 60 (0.040–0.063 mm) was used for column
chromatography.

Synthesis of [Ru2(µ-Cl)3(DMSO)3Cl(L)] (1): A solution of L
(2.0 mL, 0.56 mmol) in toluene was added to a solution of
[RuCl2(DMSO)4] (0.5 g, 1.03 mmol) in toluene (20 mL). The solu-
tion was heated under reflux for 1/2 h, cooled to room temperature
and concentrated under vacuum. The residue was treated with
EtOH to give a yellow solid, which was washed with EtOH and
dried under vacuum. Yield: 0.40 g (77%). C32H42Cl4O5P2Ru2S3

(108.77): calcd. C 38.10, H 4.20, S 9.54; found C 37.97, H 4.19, S
9.50. 1H NMR (CDCl3): δ = 3.04 (s, 6 H, DMSO), 3.12 (s, 6 H,
DMSO), 3.43 (s, 6 H, DMSO), 3.72 (m, 2 H, CH2), 4.26 (m, 2 H,
CH2), 7.29 (m, 12 H, Ph), 7.49 (m, 4 H, Ph), 7.78 (m, 4 H, Ph).
31P{1H} NMR (CDCl3): δ = 158.2 (s). IR (KBr): ν(SO) 1093 (s)
cm–1. FAB+/MS: m/z (calculated for the most abundant isotopes)
= 1010, (M+), 975 (M+ – Cl), 932 (M+ – DMSO), 776 (M+ –
3DMSO), 741 (M+ – 3DMSO – Cl), 602 [RuCl2L]+.

Synthesis of [Ru2(µ-Cl)3(DMSO)Cl(L)2] (2): Method (a): A solution
of L (1.8 mL, 0.50 mmol) in toluene was added to a solution of 1
(0.50 g, 0.49 mmol) in toluene (20 mL). The solution was heated
under reflux for 1/2 h and then cooled to room temperature. The
solvent was removed under vacuum and EtOH was added to the
oily residue. The resulting yellow precipitate was filtered off,
washed with EtOH and dried under vacuum. Yield: 0.43 g (68%).
Method (b): A solution of L (4.0 mL, 1.14 mmol) in toluene was
added to a solution of [RuCl2(DMSO)4] (0.5 g, 1.03 mmol) in tolu-
ene (20 mL). The reaction mixture was heated under reflux for 1 h
and then cooled to room temperature. The solvent was removed
under vacuum and EtOH was added to the oily residue. The re-
sulting yellow precipitate was filtered off, washed with EtOH and
dried under vacuum. Yield: 0.39 g (59%). C54H54Cl4O5P4Ru2S
(1282.92): calcd. C 50.55, H 4.24, S 2.50; found C 50.32, H 4.26, S
2.55. 1H NMR (CDCl3) (intensity ratio 1:4 cisoid/transoid isomers):
δ = 2.54 (s, 3 H, CH3�SO, transoid), 2.87 (s, 3 H, CH3��SO,
transoid), 3.22 (s, 6 H, DMSO, cisoid), 3.57–4.13 [m, (5 H, CH2,
transoid + 5 H, CH2, cisoid)], 4.33 [m, (1 H, CH2, transoid + 1 H,
CH2, cisoid)], 4.50 (m, 1 H, CH2, cisoid), 4.59 (m, 1 H, CH2, cisoid),
4.76 (m, 1 H, CH2, transoid), 4.90 (m, 1 H, CH2, transoid), 6.80–
8.30 [m, (40 H, Ph, cisoid + 40 H, Ph, transoid)] ppm. 31P{1H}
NMR (CDCl3): δ = 146.4 (s, cisoid), 148.3 (q, JAB = 44 Hz,
transoid), 151.9 (d, JAX = 55 Hz), 156.9 (s, cisoid), 160.7 (d, J =
55 Hz, transoid) ppm. C54H54Cl4O5P4Ru2S: calcd. C 50.55, H 4.24,
S 2.50; found C 49.82, H 4.28, S 2.67. FAB+/MS: m/z (calculated
for the most abundant isotopes) 1284 (M+), 1249 (M+ – Cl), 1206
(M+ – DMSO). X-ray quality crystals were obtained by slow evapo-
ration of a CH2Cl2/Et2O (1:10 v/v) solution.

Synthesis of [Ru2(µ-Cl)2Cl2(L)2{L(O)}2] (3): Method (a): A solution
of compound 2 (0.150 g, 0.12 mmol) in toluene (20 mL) was added
to a solution of L (0.75 mL, 0.26 mmol) in toluene and the mixture
was heated under reflux for 1 h, cooled to room temperature and
the solvent removed under vacuum. Et2O was added to the residue
and the resulting yellow solid was filtered off, washed with Et2O
and dried under vacuum. Yield: 0.18 g (92%). Method (b): A mix-
ture of [RuCl2(DMSO)4] (0.5 g, 1.03 mmol) and a solution of L
(7.5 mL, 2.14 mmol) in toluene (20 mL) was heated under reflux
for 2 h with stirring. The solution was cooled to room temperature
and the solvent was removed under vacuum to give an oily residue.
Et2O (5 mL) was added and the resulting yellow solid was filtered
off. Compounds 7 and 8 were obtained from the filtrate (see below).
The solid was washed with Et2O and dried under vacuum. Yield:
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0.72 g (42%). C104H96Cl4O10P8Ru2 (2097.61): calcd. C 59.55, H
4.61; found C 59.20, H 4.63. 1H NMR (CDCl3): δ = 3.68 (m, 4 H,
CH2, L), 3.73 [m, 4 H, CH2, L(O)], 4.17 [m, 4 H, CH2, L(O)], 4.49
(m, 4 H, CH2, L), 6.80–8.00 (m, 80 H, Ph) ppm. 31P{1H} NMR
(CDCl3): δ = 32.5 [s, (P=O), L(O)], 138.3 [t, J = 46 Hz, P, L(O)],
159.0 (d, J = 46 Hz, 2P, L) ppm. FAB+/MS: m/z (calculated for the
most abundant isotopes) 1617 [M+ – Cl – L(O)], 1580 [M+ – 2Cl –
L(O)], 1013 [RuClLL(O)]+.

Synthesis of [Ru2(µ-Cl)2Cl2(L)2{PPh2(OEt)}2] (4): PPh2(OEt)
(0.05 mL, 0.24 mmol) was added to a solution of compound 2
(0.150 g, 0.12 mmol) in toluene (20 mL). The mixture was heated
under reflux for 1 h and the solvent was removed under vacuum.
Addition of Et2O gave an orange-yellow precipitate and this was
filtered off, washed with Et2O and dried under vacuum. Yield:
0.15 g (75%). C80H78Cl4O6P6Ru2 (1665.27): calcd. C 57.70, H 4.72;
found C 57.53, H 4.71. 1H NMR (CDCl3): δ = 1.22 (t, J = 7 Hz,
6 H, CH3), 3.50 (m, 4 H, OCH2), 3.86 (m, 4 H, CH2), 4.31 (m, 4
H, CH2), 6.50–7.90 (m, 60 H, Ph) ppm. 31P{1H} NMR (CDCl3): δ
= 136.3 (t, J = 46 Hz, P, L�), 159.7 (d, J = 46 Hz, 2P, L) ppm.
FAB+/MS: m/z (calculated for the most abundant isotopes) 1631
(M+ – Cl), 1436 (M+ – L�), 1401 (M+ – L� – Cl), 832 [RuCl2-
LL�]+, 797 [RuClLL�]+.

Synthesis of [Ru2(µ-Cl)3(L)2{PPh(OEt)2}2]Cl (5): PPh(OEt)2

(0.07 mL, 0.24 mmol) was added to a solution of compound 2
(0.150 g, 0.12 mmol) in toluene (20 mL). The mixture was heated
under reflux for 1.5 h and the solvent was removed under vacuum.
Addition of Et2O gave a yellow precipitate and this was filtered off,
washed with Et2O and dried under vacuum. Yield: 0.13 g (67%).
C72H78Cl4O8P6Ru2 (1601.18): calcd. C 54.01, H 4.91; found C
53.81, H 4.88. 1H NMR (CDCl3): δ = 0.83 (t, 6 H, J = 7 Hz, CH3,
transoid), 0.97 (t, 6 H, J = 7 Hz, CH3, transoid), 1.25 (m, 12 H,
CH3, cisoid), 3.50–3.90 [m, 16 H, CH2 (L + L�), transoid], 4.01 [m,
8 H, CH2 (L�), cisoid], 4.26 [m, 4 H, CH2, (L)], 4.51 [m, 4 H, CH2,
(L)], 6.40–8.00 [m, (50 H, Ph, cisoid) + (50 H, Ph, transoid)] ppm.
31P{1H} NMR (CDCl3): δ = 149.6 [tapparent, Japp = 48 Hz, 2P (L),
transoid], 151.7 [d, J = 53 Hz, 4P (L), cisoid], 153.0 [tapparent, Japp

= 48 Hz, 2P (L), transoid], 156.1 [tapparent, Japp = 53 Hz, 2P (L�),
transoid], 158.2 [t, J = 53 Hz, 2P (L�), cisoid] ppm. FAB+/MS m/z
(calculated for the most abundant isotopes) 1567 (M+), 1530 (M+ –
Cl), 765 [RuClLL�]+. X-ray quality crystals were obtained by slow
evaporation of a CH2Cl2/Et2O (1:10 v/v) solution.

Synthesis of [RuCl2L{P(OEt)3}2] (6): P(OEt)3 (0.08 mL, 0.48 mmol)
was added to a solution of compound 2 (0.150 g, 0.12 mmol) in
toluene (20 mL). The mixture was heated under reflux for 1 h and
the solvent was removed under vacuum. Addition of Et2O gave a
pale yellow precipitate and this was filtered off, washed with Et2O
and dried under vacuum. Yield: 0.14 g (62%). C38H54Cl2O8P4Ru
(934.71): calcd. C 48.83, H 5.82; found C 49.05, H 5.85. 1H NMR
(CDCl3): δ = 0.90 (t, J = 7 Hz, 9 H, CH3), 1.22 (t, J = 7 Hz, 9 H,
CH3), 3.26 [m, 3 H, CH2 (L�)], 3.43 [m, 3 H, CH2 (L�) + 1 H, CH2

(L)], 3.98 [m, 1 H, CH2 (L)], 4.23 [m, 3 H, CH2 (L�)], 4.40 [m, 1
H, CH2 (L)], 4.46 [m, 3 H, CH2 (L�)], 5.67 [m, 1 H, CH2 (L)] ppm.
31P{1H}NMR (CDCl3): δ = 97.8 (ddd, Jcis = 24, 48 Hz, Jtrans =
544 Hz, P1), 122.0 (ddd, Jcis = 46, 64 Hz, Jtrans = 544 Hz, P4), 129.8
(ddd, Jcis = 47, 48, 64 Hz, P2), 150.7 (ddd, Jcis = 24, 46, 47 Hz,
P3) ppm. FAB+/MS: m/z (calculated for the most abundant iso-
topes) 899 (M+ – Cl), 733 [M+ – Cl – P(OEt)3]. X-ray quality crys-
tals were obtained by slow evaporation of a CH2Cl2/Et2O (1:10 v/
v) solution.

Synthesis of [RuCl2(L)(Ph2POPPh2)] (7) and [RuCl(CO)(L)-
(PPh2OCH2)] (8): From the ether solution obtained during the syn-
thesis of compound 3 [Method (b), see above], the solvent was re-
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moved under vacuum, and the residue was treated with MeOH to
give a yellow solid, which was washed with MeOH and dried under
vacuum. This solid was a mixture of compounds 7 and 8 and these
were separated by column chromatography using silica gel as the
stationary phase. Complex 7 was eluted first using a mixture of
CH2Cl2/Et2O (10:1, v:v). The eluent was removed under vacuum
and the residue was treated with EtOH to give a yellow solid, which
was filtered off, washed with EtOH and dried under vacuum. Yield:
0.012 g (12%). 1H NMR (CDCl3): δ = 4.30 (m, 4 H, CH2), 6.90–
7.50 (m, 40 H, Ph) ppm. 31P{1H} NMR (CDCl3): δ = 106.8 (m,
P3,4), 133.0 (m, P1,2) ppm. C50H44Cl2O3P4Ru (988.75): calcd. C
60.74, H 4.49; found C 60.60, H 4.50. FAB+/MS: m/z (calculated
for the most abundant isotopes) 988 (M+), 953 (M+ – Cl), 602
[RuCl2L]+. X-ray quality crystals were obtained by slow evapora-
tion of a CH2Cl2/EtOH (1:10 v/v) solution. Complex 8 was eluted
using CH2Cl2 as eluent. The solvent was removed under vacuum
and the residue was treated with EtOH. The resulting white solid
was filtered off, washed with EtOH and dried under vacuum. Yield:
0.013 g (1.5%). IR (KBr disc): 1953 (s) (νco) cm–1. 1H NMR
(CDCl3): δ = 3.80–4.80 (m, 6 H, CH2), 7.20–7.80 (m, 30 H, Ph)
ppm. 31P{1H} NMR (CDCl3): δ = 76.0 (dd, J12 = 341, J13 = 14 Hz,
P1), 131.5 (dd, J23 = 31 Hz, P3), 133.3 (dd, P2) ppm. C40H36ClO4-

P3Ru (810.15): calcd. C 59.30, H 4.48; found C 59.46, H 4.46.
FAB+/MS: m/z (calculated for the most abundant isotopes) 782
(M+ – CO), 775 (M+ – Cl), 747 (M+ – CO – Cl), 595 [RuCl(CO)-

Table 9. Crystallographic data for 2a, 5a, 6, 7 and 8.

Compound 2a 5a 6 7 8

Empirical formula C54H54Cl4O5P4Ru2S C72H78Cl4O8P6Ru2 C38H54Cl2O8P4Ru C50H44Cl2O3P4Ru C40H36ClO4P3Ru
Formula mass 1282.85 1601.10 934.66 988.70 810.12
Temperature [K] 293(2) 293(2) 293(2) 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic triclinic monoclinic monoclinic monoclinic
Space group P1̄ P1̄ P21/c P21/c P21/c
a [Å] 13.089(2) 12.312(4) 19.068(4) 18.2857(15) 10.3989(19)
b [Å] 14.520(3) 16.121(5) 13.511(3) 10.9637(9) 30.417(5)
c [Å] 19.143(3) 24.310(7) 17.006(4) 23.896(2) 14.4224(19)
α [°] 110.211(4) 73.483(8) 90 90 90
β [°] 93.650(4) 81.195(6) 102.146(5) 94.062(2) 125.777(9)
γ [°] 99.004(4) 83.280(7) 90 90 90
Volume [Å3] 3344.8(10) 4558(2) 4283.4(17) 4778.6(7) 3701.0(10)
Z 2 2 4 4 4
Dcalcd [Mg/m3] 1.274 1.167 1.449 1.374 1.454
Absorption coefficient [mm–1] 0.776 0.596 0.688 0.614 0.666
F(000) 1300 1640 1936 2024 1656
Crystal size [mm] 0.24 × 0.14 × 0.09 0.29 × 0.214 × 0.23 0.34 × 0.21 × 0.20 0.50 × 0.33 × 0.26 0.25 × 0.27 × 0.15
θ range for data collection [°] 1.52–28.11 1.68–28.19 1.86–28.07 1.71–28.03 1.34–28.08
Index ranges –17 � h � 17 –16 � h � 15 –25 � h � 20 –16 � h � 23 –13 � h � 13

–19 � k � 19 –21 � k � 13 –16 � k � 17 –13 � k � 14 –40 � k � 25
–16 � l � 25 –31 � l � 30 –17 � l � 22 –31 � l � 31 –18 � l � 18

Reflections collected 17668 30329 27353 27535 19695
Independent reflections 12503 21088 10210 10879 8278

[R(int) = 0.0740] [R(int) = 0.1186] [R(int) = 0.1652] [R(int) = 0.0441] [R(int) = 0.1512]
Reflections observed (�2σ) 3658 3904 3373 6882 2658
Data completeness 0.765 0.939 0.981 0.940 0.918
Max. and min. transmission 1.00000 and 1.0000 and 0.7838 1.0000 and 0.711 1.00000 and 1.0000 and 0.36612

0.81992 0.817076
Data/restraints/parameters 12503/0/598 21088/0/833 10210/0/484 10879/0/541 8278/0/450
Goodness-of-fit on F2 0.969 0.608 0.700 0.849 0.811
Final R indices [I � 2σ(I)] R1 = 0.0987 R1 = 0.0724 R1 = 0.0553 R1 = 0.0386 R1 = 0.0732

wR2 = 0.2866 wR2 = 0.1638 wR2 = 0.0699 wR2 = 0.0673 wR2 = 0.1231
R indices (all data) R1 = 0.2550 R1 = 0.2650 R1 = 0.1974 R1 = 0.0748 R1 = 0.2516

wR2 = 0.3317 wR2 = 0.1992 wR2 = 0.0915 wR2 = 0.0728 wR2 = 0.1652
Largest diff. peak/hole [e/Å3] 2.637/–0.637 0.632/–0.451 0.695/–1.054 0.509/–0.371 1.088/–0.617
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L]+. X-ray quality crystals were obtained by slow evaporation of a
CH2Cl2/EtOH (1:10 v/v) solution.

CCDC-297717 to -297721 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Details of crystal data and structural refinement are given in
Table 9. The data were collected with a SIEMENS Smart CCD
area-detector diffractometer with graphite-monochromated Mo-Kα

radiation. Absorption correction was carried out using SAD-
ABS.[25]

The structures of 5a and 8 were solved by Patterson methods and
the structures of 2a, 6 and 7 were solved by direct methods. All of
the structures were refined by a full-matrix least-squares based on
F2.[26] In the case of 5a and 7 the compounds crystallised with a
solvent molecule and the Squeeze program was used to correct the
reflection data for the diffuse scattering due to disordered sol-
vent.[27] Non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were included in idealised
positions and refined with isotropic displacement parameters.
Atomic scattering factors and anomalous dispersion corrections for
all atoms were taken from International Tables for X-ray Crystal-
lography.[28]
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Supporting Information (see also the footnote on the first page of
this article): 2D 1H,13C{1H} HSQC experiment for [Ru2(µ-Cl)3-
(DMSO)3Cl(L)] (1); 2D 1H,31P{1H} HMBC experiments for
[Ru2(µ-Cl)3(DMSO)Cl(L)2] (2) and [RuCl2(L)(Ph2POPPh2)] (7);
synthesis and crystal structure of [Ru2(µ-Cl)3(L)2{PPh2(OEt)}2]Cl.
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Ligand of 1,3,5-Tris(carboxymethoxy)benzene and Bidentate Pyridyl-

Containing Ligands with Three-, Eight- and Ten-Connected Topologies
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Four novel cadmium(II) coordination polymers, [Cd3-
(TCMB)2(4,4�-bipy)(H2O)16]n (1), [Cd3(TCMB)2(bpe)(H2O)13]n

(2), [Cd3(TCMB)2(bpe)2(H2O)4]n (3), and [Cd3(TCMB)2-
(dpp)2(H2O)3]n (4), [TCMB = 1,3,5-tris(carboxymethoxy)ben-
zene, 4,4-bipy = (4,4-bipyridine), bpe = 1,2-bis(4-pyridyl)eth-
ane, dpp = 1,3-bis(4-pyridyl)propane] have been hydrother-
mally synthesized by the self-assembly of the flexible tripo-
dal acid TCMB and Cd(OAc)2·2H2O with pyridyl-containing
ligands possessing different flexibilities. Single-crystal X-ray
diffraction analysis reveals that the four polymers exhibit
novel frameworks due to diverse coordination modes and dif-
ferent conformations of the flexible TCMB as well as pyridyl-
containing ligands. Complex 1 shows a unique twofold paral-
lel interpenetrating 2D honeycomb network structure with
an unusual 63 topology, in which two different large hexa-
gonal rings are arranged alternately, with extraordinary
dimensions of ca. 22.172(6)×12.947(2) Å (A) and
17.233(2)×12.947(2) Å (B) based on the distances of the
atoms at the opposite positions of the rings. Complex 2 is

Introduction

In recent years, self-assembly of metal-organic frame-
works (MOFs) has attracted much attention not only for
the potential discovery of novel functional materials, which
may have applications in the areas including gas storage,
molecular sieves, ion-exchange, catalysis, magnetism, and
optoelectronics, but also for their intriguing variety of
architectures and topologies, such as molecular grids,
bricks, herringbones, ladders, rings, boxes, diamondoids,
and honeycombs.[1–4] In particular, exploring highly sym-
metrical multi-topic ligands and suitable metal salts in or-
der to construct supramolecular architectures is of great
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almost isostructural to complex 1, except that the bidentate
bpe ligands bridge the cadmium centers in an anti conforma-
tion, rendering the network more flexible. Complex 3 fea-
tures a 3D network with one of the scarce eight-connected
(46, 614, 88)(43)2 topologies based on the rare CdI2-type layer
constructed from secondary building units (SBUs) of rare
[Cd3(CO2)4]2– isosceles triangle cadmium clusters. Complex
4 possesses distorted CdI2-type layers constructed from un-
precedented ten-connected Cd3 clusters which are linked by
more flexible dpp ligands in a trans-gauche (TG) conforma-
tion in (4,4) networks, leading to another 3D framework of
the unusual (418, 624, 83)(43)2 topology. Such an arrangement
represents the highest connected topology presently known
for the frameworks. Among them, complex 1 displays photo-
luminescent properties at 460 nm due to the ligand-to-metal
charge transfer (LMCT).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

interest.[5,6] On the basis of [Cp*Fe(η5-P5)], we have synthe-
sized the inorganic fullerene-like molecules and 1D or 2D
coordination polymers.[7] Generally, rigid symmetrical
multi-topic ligands which have been intensively investigated
can lead to more predictable supramolecular structures, but
the diversity of them has been limited to some extent due
to the fact that little or even no conformational changes
can be observed for these kinds of ligands when treated
with metal ions. By contrast, flexible ligands can adopt dif-
ferent conformations and coordination modes according to
the geometric requirements of different metal ions and may
afford unpredictable and interesting supramolecular net-
works. Their reactivities and coordination chemistry have
been less explored and the investigation of metal-organic
frameworks is still a great challenge.[6]

In order to extend our work in this field, we have turned
our attention to an unexplored tripodal ligand, 1,3,5-tris-
(carboxymethoxy)benzene (TCMB). In comparison with
the more intensively investigated rigid ligand, 1,3,5-ben-
zenetricarboxylic acid (BTC),[8] it exhibits additional inter-
esting characteristics, such as more flexibility because of the
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presence of a –OCH2– spacer between the benzene ring and
carboxylate moiety, which may bend to enable it to coordi-
nate metal centers, and the existence of the ether oxygen
atom may function as an electron-donor forming hydrogen
bonds to stabilize the entire structure. Thus, rich topologies,
including coordination modes, packing fashions, and di-
mensionalities of supramolecular coordination solids, may
result from this interesting ligand. Herein, we report four
novel 2D and 3D cadmium(II) compounds with unusual
topologies and different pyridyl-containing coligands,
among which [Cd3(TCMB)2(4,4�-bipy)(H2O)16]n (1) and
[Cd3(TCMB)3(bpe)(H2O)13]n (2) exhibit a novel kind of 2D-
twofold interpenetrating 63 network with two types of large
hexagonal rings arranged alternately, whereas [Cd3-
(TCMB)2(bpe)2(H2O)4]n (3) shows a 3D compact network
composed of rare 2D CdI2-type layers linked by the bpe
ligand, with a topology of (46, 614, 88)(43)2 where the novel
isosceles triangle Cd3 SBUs are taken as eight-connected
nodes and TCMB ligands as three-connected nodes.
[Cd3(TCMB)2(dpp)2(H2O)3]n (4) has ten-connected nodes
similar to Cd3 SBUs connected by more flexible dpp ligands
with a different topology of (418, 624, 83)(43)2. Moreover,
the effects of the coligand, different pyridyl-containing co-
ligands on the structures, and luminescent properties of the
metal-organic frameworks have been investigated in detail.

Results and Discussion

Syntheses of the Complexes

Because of the low solubility of the TCMB ligand, the
hydrothermal method was employed in our syntheses. The
crystals cannot be obtained through general hydrothermal
conditions above 100 °C and only comparably low tempera-
tures such as 80 °C are appropriate for the isolation of
good-quality crystals. Additionally, the polarity of the sol-
vent may also influence the process of assembly and it has
been proven that the addition of cosolvent CH3OH or
C2H5OH helps with the formation of the complexes.[9] For
the rigid 4,4-bipy ligand the ratio of bases/acids is in the
range 1:1 to 3:1 and seems to have no effect on the product.
However, increasing the ratio of bpe ligand/acids from 1:1
to 3:1 extends the two-dimensional structure to the three-
dimensional network, and dpp crystals can only be formed
from reactions where this coligand is in excess. Other cad-
mium salts such as Cd(NO3)2·6H2O were used instead of
Cd(OAc)2·2H2O, but only precipitates were afforded, indi-
cating that the OAc– anion may play an important role in
the formation of the crystals.

Structural Description

[Cd3(TCMB)2(4,4�-bipy)(H2O)16]n (1)

Single-crystal X-ray studies reveal that the fundamental
building unit of complex 1 consists of two repeating crystal-
lographically independent CdII centers (Cd1 and Cd2) [Fig-
ure 1(a)]. Two chelating carboxylate groups (O4, O5, O6i,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3041–30533042

O7i: symmetry code i: 1+x, –1+y, z) from different TCMB
ligands as well as one nitrogen atom from the 4,4-bipy li-
gand occupy the equatorial positions around the Cd1 cen-
ter, and two aqua molecules occur at the apical positions,
leading to the heptacoordinated pentagonal-bipyramidal
coordination geometry. The average Cd–O and Cd–N dis-
tances are ca. 2.376(4) Å and 2.338(5) Å, respectively. The
coordinated carboxylate groups are statistically different in
that for the O6 and O7 carboxylate group, the Cd–O dis-
tances are 2.350(4) Å and 2.507(4) Å, respectively, suggest-
ing that the pentagonal bipyramid is significantly distorted.
On the other hand, the Cd2 center exhibits an octahedral
geometry, with two oxygen atoms from aqua molecules
(O3w, O3wii) (symmetry code ii: –x, –y, 2–z) and two
monodentate carboxylate groups of separated TCMB li-
gands (O9, O9ii) in trans positions composing the equato-
rial plane, and two other aqua molecules (O4w, O4wii) in
apical sites completing the coordination sphere. All the Cd–
O and Cd–N distances are listed in Table 1; they are slightly
larger than the results for other Cd–OFs.[10]

Figure 1. Coordination environments for the Cd2+ centers in 1 (a)
and 2 (b). Hydrogen atoms and solvent molecules have been omit-
ted for clarity, and thermal ellipsoids are drawn at the 30% prob-
ability level. Selected bond information is listed in Table 1. Sym-
metry codes for 1: (i) 1+x, –1+y, z; (ii) –x, –y, 2–z; (iii) 3–x,
1–y, –z: for 2: (i) 1+x, –1+y, z; (ii) 2–x, 1–y, 3–z; (iii) 1–x,
3–y, –1–z.

The TCMB ligand is completely deprotonated and acts
as a µ3-bridge linking three cadmium centers, and ether
oxygen atoms are not involved in the coordination spheres
[Scheme 1(a)]. Two kinds of coordination fashions exist for
the three carboxylate groups, in which two of them adopt
bidentate chelating modes to connect Cd1 centers while the
third bridges one Cd2 center through one carboxylate oxy-
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Table 1. Selected bond lengths [Å] and angles [°] from the four com-
plexes.[a]

Complex 1

Cd(1)–O(1w) 2.300(4) O(5)–Cd(1)–O(4) 53.97(13)
Cd(1)–O(2w) 2.295(5) O(4)–Cd(1)–O(7)i 85.23(12)
Cd(1)–O(4) 2.344(4) O(7)i–Cd(1)–O(6)i 53.68(13)
Cd(1)–O(5) 2.463(4) O(6)i–Cd(1)–N(1) 85.04(16)
Cd(1)–N(1) 2.338(5) N(1)–Cd(1)–O(5) 83.96(16)
Cd(1)–O(6)i 2.350(4) O(2w)–Cd(1)–O(1w) 167.36(14)
Cd(1)–O(7)i 2.507(4) O(2w)–Cd(1)–N(1) 99.31(18)
Cd(2)–O(9) 2.275(4) O(2w)–Cd(1)–O(5) 83.94(16)
Cd(2)–O(3w) 2.232(4) O(1w)–Cd(1)–O(4) 87.33(15)
Cd(2)–O(4w) 2.396(4) O(1w)–Cd(1)–O(7)i 83.16(14)

O(3w)–Cd(2)–O(4w)ii 84.78(16)
O(9)–Cd(2)–O(9)ii 180.0(2)
O(9)–Cd(2)–O(4w)ii 96.35(13)
O(9)–Cd(2)–O(3w) 94.25(16)

Complex 2

Cd(1)–O(1w) 2.287(3) O(5)–Cd(1)–O(4) 54.31(10)
Cd(1)–O(2w) 2.319(3) O(4)–Cd(1)–O(7)i 86.93(10)
Cd(1)–O(4) 2.342(3) O(7)i–Cd(1)–O(6)i 52.90(10)
Cd(1)–O(5) 2.421(3) O(6)i–Cd(1)–N(1) 82.47(11)
Cd(1)–N(1) 2.308(4) N(1)–Cd(1)–O(5) 87.26(11)
Cd(1)–O(6)i 2.395(3) O(2w)–Cd(1)–O(1w) 167.75(11)
Cd(1)–O(7)i 2.399(3) O(2w)–Cd(1)–N(1) 85.40(12)
Cd(2)–O(9) 2.317(3) O(2w)–Cd(1)–O(5) 105.95(12)
Cd(2)–O(3w) 2.279(3) O(1w)–Cd(1)–O(4) 90.68(12)
Cd(2)–O(4w) 2.300(3) O(1w)–Cd(1)–O(7)i 82.24(11)

O(3w)–Cd(2)–O(4w)ii 91.98(11)
O(9)–Cd(2)–O(9)ii 180.000(1)
O(9)–Cd(2)–O(4w)ii 96.43(11)
O(9)–Cd(2)–O(3w) 95.49(11)

Complex 3

Cd(1)–O(4) 2.346(3) O(5)–Cd(1)–O(4) 55.35(9)
Cd(1)–O(5) 2.368(3) O(4)–Cd(1)–O(9)ii 100.57(10)
Cd(1)–O(1w) 2.299(2) O(9)ii–Cd(1)–O(1w) 108.36(11)
Cd(1)–O(6)i 2.255(3) O(1w)–Cd(1)–O(5) 95.65(10)
Cd(1)–O(9)ii 2.245(3) N(1)–Cd(1)–O(5) 93.62(12)
Cd(1)–N(1) 2.305(3) N(1)–Cd(1)–O(9)ii 90.12(12)
Cd(2)–O(4) 2.310(2) N(1)–Cd(1)–O(1w) 85.73(11)
Cd(2)–O(8) 2.268(3) N(1)–Cd(1)–O(6)i 168.82(12)
Cd(2)–N(2) 2.325(3) O(6)i–Cd(1)–O(9)ii 84.18(11)

O(6)i–Cd(1)–O(5) 95.50(11)
O(8)v–Cd(2)–N(2) 95.28(11)
N(2)–Cd(2)–O(8)ii 89.98(11)
O(8)v–Cd(2)–O(4)iv 89.17(10)
O(4)iv–Cd(2)–O(8)ii 85.68(10)
O(4)–Cd(2)–N(2) 87.97(11)
N(2)iv–Cd(2)–O(4) 178.52(11)

Complex 4

Cd(1)–O(5) 2.412(3) O(5)–Cd(1)–O(4) 54.74(11)
Cd(1)–(4) 2.354(3) O(4)–Cd(1)–O(9)ii 91.93(11)
Cd(1)–O(1w) 2.311(3) O(9)ii–Cd(1)–O(1w) 88.23(11)
Cd(1)–O(6)i 2.242(3) O(1w)–Cd(1)–O(4) 147.15(12)
Cd(1)–O(9)ii 2.232(3) N(1)–Cd(1)–O(4) 95.52(13)
Cd(1)–N(1) 2.305(4) N(1)–Cd(1)–O(9)ii 172.38(12)
Cd(2)–O(4) 2.287(4) N(1)–Cd(1)–O(1w) 84.65(13)
Cd(2)–O(7)i 2.291(3) N(1)–Cd(1)–O(6)i 92.51(14)
Cd(2)–N(2) 2.307(4) O(6)i–Cd(1)–O(9)ii 87.07(14)

O(6)i–Cd(1)–O(4) 104.97(12)
O(7)i–Cd(2)–N(2) 91.95(13)
N(2)–Cd(2)–O(7)iv 91.84(13)
O(7)iv–Cd(2)–O(4)iii 90.18(12)
O(4)–Cd(2)–O(7)iv 86.00(12)
O(4)–Cd(2)–N(2) 87.55(13)
N(2)–Cd(2)–O(4)iii 177.92(13)

[a] Symmetry codes for 1: (i) 1 + x, –1 + y, z; (ii) –x, –y, 2 – z; for
2: (i) 1 + x, –1 + y, z; (ii) 2 – x, 1 – y, 2 – z; for 3: (i) x, 1 – y, –1/
2 + z; (ii) x, 2 – y, –1/2 + z; (iii) 3/2 – x, 5/2 – y, 2 – z; (iv) 1 – x,
y, 3/2 – z; for 4: (i) x, 2 – y, –1/2 + z; (ii) x, 1 – y, –1/2 + z; (iii) 2 –
x, y, 1/2 – z; (iv) 2 – x, 2 – y, 1 – z.
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gen atom. One chelating carboxylate group is approxi-
mately coplanar with the aromatic ring, while the other che-
lating and monodentate groups form small dihedral angles
of ca. 14.4° and 30.9°, respectively.

Scheme 1. Coordination modes of the TCMB ligand in the four
complexes.

Furthermore, two-dimensional frameworks containing
compact triple-metallic layers are afforded by two sheets of
Cd1 centers bridged through 4,4�-bipy ligands and one of
the Cd2 centers connected through TCMB ligands, in which
all the same kinds of metal centers are arranged in straight
lines as depicted in Figure 2(a). In this way, large hexagonal
rings are formed and adjacent rings have extremely different
environments, i.e. ring A and ring B. Four TCMB ligands
are linked together by two Cd1 centers and two Cd2 centers
alternately to form a 48-membered macrocycle (ring A).
The distances between two opposite pairs of Cd2+ centers
on the macrocycle are Cd1···Cd1ii with a distance of
22.172(6) Å and Cd2···Cd2i with a distance of 12.947(2) Å
(symmetry code i: 1+x, –1+y, z; ii: –x, –y, 2–z). The sec-
ond type of ring (B) is involved in Cd1 centers of adjacent
layers bridged by the bidentate 4,4�-bipy ligand, which is
also a macrocycle with 44 atoms, four Cd1 centers, and ben-
zene rings of two TCMB ligands located at the vertexes of
this hexagon as well as two 4,4-bipy ligands at the opposite
edges. The distance between the opposite carbon atoms of
the TCMB ligands at the vertexes is 17.233(2) Å, whilst the
edges are separated by 12.947(2) Å based on the Cd2···Cd2i

distance (symmetry code i: 1+x, –1+y, z). If only the Cd1
ions and the geometrical centers of the benzene ring of the
TCMB ligands are considered as three-connected nodes, the
structure can be best described as an infinite two-dimen-
sional network with a 63 topology in which two types of
large hexagonal rings are arranged alternately. To the best
of our knowledge, in most of the reported complexes with
such topologies[11] only two examples with different cavities
have been found,[12] whereas the others only contain hap-
loid cavities.
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Figure 2. Space-filling representation of the 2D layer with a cross-section of the two different rings A and B for 1 (a) and 2 (b). Topological
representation of the twofold interpenetration of the adjacent layers in 1 (c) and 2 (d). Cd1 centers and the geometrical centers of the
benzene ring of the TCMB ligands are considered as three-connected nodes. Hydrogen atoms and the coordinated water molecules are
omitted for clarity.

Because of the flexibility of the TCMB ligand, the metal
atoms in one layer of the network do not lie in the same
plane. All the atoms in ring B are almost coplanar while
the Cd2 centers are located “above” and “below” alter-
nately, with a dihedral angle between the monodentate car-
boxylate group and the plane of the aromatic ring of ca.
30.9°, leading to chair conformations for ring A. Such a
bonding arrangement gives rise to a corrugated sheet top-
ology and two undulating sheets pass through each other,
forming the twofold interpenetrating 2D networks parallel
to the ac plane with a layer thickness of ca. 3.50 Å [Fig-
ure 2(c)]. Furthermore, weak π···π interactions between the
aromatic rings of adjacent layers lead to the 3D metal-or-
ganic framework, in which the composite 2D sheets are
stacked in an ...ABC... fashion, with a mean distance be-
tween the double sheets of ca. 4.08 Å (Figure 3). Such an
uncommon stacking mode for doubly interpenetrated

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3041–30533044

sheets reduces the voids to a large extent, even though the
single network contains large windows as described above.
It is noteworthy that one-dimensional channels still exist
along the a axis, and crystallographically unique uncoordi-
nated water molecules are distributed freely in the network,
which are involved in strong hydrogen bonds with the ether
and carboxylate oxygen atoms between neighboring layers
(see Supporting Information). Details of hydrogen bond pa-
rameters are summarized in Table 2. Interestingly, the hy-
drogen bonds influence the coordination environment of
the Cd1 atom significantly. Because of the presence of the
strong interaction between O7 and O1w with an O(1w)···
O(7)iii (symmetry code iii: –x+1, –y+1, –z+1) distance of
2.689(6) Å and an O(1w)–H1(wB)···O(7)iii angle of 169.9°,
which is a relatively strong hydrogen bond, the correspond-
ing Cd1–O7i (symmetry code i: 1+x, –1+y, z) bond is
weakened and is rather long.
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Figure 3. Topological representation of the side view of the crystal
packing for 1 in the ...ABC... model.

Table 2. Hydrogen bond geometries for complex 1 [Å and °].[a]

D–H···A d(D···A) �(D–H···A)

O(8w)–H(8WA)···O(6)i 2.725(6) 127.8
O(3w)–H(3WB)···O(5w)ii 2.643(6) 145.2
O(2w)–H(2WC)···O(7w)iii 2.735(6) 125.4
O(1w)–H(1WC)···O(8)iv 2.732(6) 140.8
O(8w)–H(8WB)···O(4w)iv 2.795(6) 131.9
O(5w)–H(5WB)···O(1w)v 2.892(5) 140.2
O(2w)–H(2WA)···O(8w)vi 2.753(6) 123.4
O(3w)–H(3WC)···O(7w)vii 3.209(6) 151.3
O(1w)–H1(WB)···O(7)viii 2.689(6) 169.9
O(6w)–H(6WB)···O(9)viii 3.212(6) 156.9
O(5w)–H(5WD)···O(1)viii 3.193(6) 139.2

[a] Symmetry codes for 1: (i) x, y – 1, z; (ii) x, y – 1, z + 1; (iii) x
+ 1, y, z; (iv) x + 1, y, z – 1; (v) x – 1, y + 1, z; (vi) –x + 2, –y, –z
+ 1; (vii) –x, –y, –z + 2; (viii) –x + 1, –y + 1, –z + 1.

[Cd3(TCMB)2(bpe)(H2O)13]n (2)

Complex 2 is isostructural to complex 1, which also con-
sists of a 2D 63 network with two types of hexagonal rings
as described in Figure 2(b). In general, increased flexibility
of the ligand may probably lead to the corresponding
change of the dimensionality, void space, degree of inter-
penetration, or topology.[13] However, in this case, the intro-
duction of two CH2 groups into the bipy molecule results
in a slightly changed framework, which may be attributed
to the flexible TCMB ligand with the ability to bend in
order to satisfy coordination to the metal centers. The bi-
dentate bpe ligand in an anti conformation bridges two Cd1
centers with a Cd1···Cd1iv (symmetry code iv: 1 – x, 3 – y,
–1–z) distance of 13.624(6) Å, which is slightly shorter than
that of similar bridges.[14] Apparently, the orientations of
the ligands adjust themselves to the requirements of the
particular networks.

Comparing these two complexes, the distances of Cd–O
and Cd–N have changed after the substitution of the flexi-
ble bpe for the rigid 4,4�-bipy ligand. The carboxylate
groups in the TCMB ligand coordinate to the Cd1 centers
with an average Cd–O distance of 2.378(3) Å, similar to
that in complex 1. The bond lengths of Cd1–O6i and Cd1–
O7i (symmetry code i: 1+x, –1+y, z) are 2.395(3) Å and
2.399(3) Å, respectively, showing approximately symmetri-
cal chelating conformation of the O6 and O7 carboxylate
group [Figure 1(b)]. Consequently, because of the flexibility
of the bpe ligands and interpenetration of the sheets, the
two types of hexagonal rings become distorted with a
slightly expanded ring A and a seriously compressed
ring B. The dimensions corresponding to those in complex
1 are changed to 22.905(0)×12.902(3) Å, and
18.887(4)×12.902(3) Å, respectively. Obviously, the com-
parable dimensions of the two different kinds of rings en-
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able the two adjacent layers to interpenetrate more easily
than those in complex 1 [Figure 2(d)].

In addition, hydrogen bonds are involved in the neighb-
oring layers, which may play a crucial role in constructing
the whole three-dimensional network (Table 3). The ether
oxygen atom (O1) can form a weak hydrogen bond with the
free water molecule O6w, where the O6w···O1v (symmetry
code v: 1–x, 1–y, 1–z) distance is 3.130(5) Å and the O6w–
H6w···O1v angle is 146.9°. Three water molecules O5w,
O6w, and O7w are bonded to each other through hydrogen
bonds (Figure 4). The O5w atom acts as a double donor,
while O6w and O7w act as single acceptors, and O5w can
still form hydrogen bonds with another O5wvi water mole-
cule (symmetry code vi: –x, 1–y, 1–z). Thus, hexameric
water clusters are formed between the adjacent layers. Inter-
estingly, the six O atoms of the hexameric unit assume a
rather uncommon centrosymmetrical planar conformation,
different from those in other reported hexameric water clus-
ters.[15] Nonbonding Ow···Ow distances and neighboring
Ow···Ow···Ow angles are listed in Table 4, and show wide
variations commensurate with the MOF structure. The
average Ow···Ow distance [2.883(5) Å] is slightly longer
than that of liquid water with a value of 2.85 Å, determined
from the X-ray diffraction radial distribution curve, and
that of the gas phase value of 2.86 Å.[16]

Table 3. Hydrogen bond geometries for complex 2 [Å and °].[a]

D–H···A d(D···A) �(D–H···A)

O(6w)–H(6wB)···O(1)i 3.130(4) 146.9
O(6w)–H(6wA)···O(2w)ii 2.869(5) 130.5
O(5w)–H(5wA)···O(5w)iii 2.889(8) 115.4
O(4w)–H(4wA)···O(8)iv 2.833(5) 139.1
O(3w)–H(3wB)···O(7)v 3.319(4) 147.5
O(2w)–H(2wA)···O(7)vi 2.638(4) 173.8
O(2w)–H(2wB)···(8)vii 2.777(5) 152.1
O(1w)–H(1wA)···O(5)viii 2.695(4) 166.7
O(1w)–H(1wB)···O(3w)ix 3.143(4) 161.5
O(5w)–H(5wB)···O(6w) 2.781(4) 112.4

[a] Symmetry codes for 2: (i) –x + 1, –y + 1, –z + 1; (ii) x – 1, y –
1, z + 1; (iii) –x, –y + 1, –z + 1; (iv) –x + 2, –y + 1, –z + 2; (v) –x
+ 1, –y + 1, –z + 2; (vi) –x + 1, –y + 2, –z + 1; (vii) x, y + 1, z –
1; (viii) –x + 1, –y + 2, –z; (ix) –x + 2, –y + 1, –z + 1.

Figure 4. A perspective view of the centrosymmetrical planar hexa-
maric water cluster in 2, showing the hydrogen bonds between
them.

Except for the hydrogen bonds mentioned above, no clas-
sical weak hydrogen-bond C–H···O interactions between a
carbon atom (C4) of the aromatic ring and the carboxylate
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Table 4. Geometrical parameters of the hydrogen bonds of the
hexameric water clusters in complex 2 [Å and °].[a]

O5w···O6w 2.781(5)
O5w···O7w 2.829(8)
O6w···O7w 5.237(5)
O5w···O5wi 2.889(5)
O5w···O5wi···O7wi 103.5
O5wi···O5w···O6w 118.3
O6w···O5w···O7w 138.0

[a] Symmetry code: (i) –x, 1 – y, 1 – z.

oxygen atom (O8) of the TCMB ligand exist in this com-
plex. The C(4)···O(8)vii interaction (symmetry code vii: 1–
x, 1–y, 2–z) with a distance of 3.310(6) Å and a C(4)–
H(4A)···O(8)vii angle of 152.8°, together with the other hy-
drogen bonds mentioned above, extend the 2D layers into
a 3D network.

[Cd3(TCMB)2(bpe)2(H2O)4]n (3)

The fundamental unit of complex 3 contains two crystal-
lographically independent hexacoordinate CdII centers
(Figure 5). The Cd1 center adopts a distorted octahedral
geometry {CdO5N}, and is bonded to four carboxylate oxy-
gen atoms from three separate TCMB ligands in the basal
plane, one oxygen atom from the aqua molecule, and one
nitrogen atom from the bpe ligand ligating the metal atoms
in the two apical positions. The average Cd–O and Cd–N
distances are 2.303(3) Å and 2.305(3) Å, respectively. Com-
parably, the Cd2 center {CdO4N2} is coordinated by four
different monodentate carboxylate oxygen atoms from four
distinct TCMB ligands and two nitrogen atoms from dif-
ferent bpe ligands, displaying a slightly distorted octahedral
geometry. All the values are in good agreement with the
reported Cd–OFs.[9]

Unlike that in complex 1 and 2, the TCMB ligand exhib-
its essentially different coordination modes and the three
carboxylate groups show large deviations from the plane of
the central aromatic ring [Scheme 1(b)] due to the rotation
of the OCH2 groups; significantly more flexible than the
corresponding coordination ability of the BTC ligand.[8]

Among the three arms, only one is still almost coplanar
with the aromatic ring, whereas the other two are arranged
“above” and “below” the plane. Meanwhile, the three car-
boxylate groups show different coordination fashions: in
the plane, the carboxylate group functions in a mono-
dentate fashion with one oxygen atom bonding the Cd1
center; above the plane, the carboxylate group chelates to
the Cd1 center and one oxygen atom also bridges the Cd1
and Cd2 centers, exhibiting the chelating-bridging mode,
and the third one below the plane behaves in a bidentate
bridging fashion, linking the Cd1 and Cd2 atoms. Thus, the
TCMB ligand serves as a µ5-bridge, linking five Cd centers
through its three arms in different fashions and losing the
original planarity and C3 symmetry observed in the free
state.

As an effective intermetallic bridge, the bpe ligand always
connects the same type of metal centers; however, in this
case, it bridges two crystallographically independent centers
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Figure 5. Schematic representation of the distorted octahedral co-
ordination environments for the two crystallographically unique
Cd2+ metal centers in 3. Thermal ellipsoids are drawn at the 30%
probability level. Hydrogen atoms and other solvent molecules have
been omitted for clarity. For bond lengths and angles see Table 1.
Symmetry codes used to generate equivalent atoms: (i) x, 1–y,
–1/2+z; (ii) x, 2–y, –1/2+z; (iii) 3/2–x, 5/2–y, 2–z; (iv) 1–x, y,
3/2–z; (v) 1–x, 2–y, 2–z.

of Cd1 and Cd2 from different [Cd3(CO2)4]2– cores where
the metal–metal separation for Cd1···Cd2viii (symmetry
code viii: 3/2–x, 5/2–y, 2–z) is ca. 13.883(6) Å. The in-
terplanar angle between the pyridyl rings in bpe is ca. 9.9°
and the C–CH2–CH2–C torsion angle is ca. 70.5°, suggest-
ing a deviation from the normal anti conformation, which
can be viewed as intermediate between the anti and the
gauche conformations. Notably, the dihedral angles between
the planes of the 4-pyridyl rings are obviously larger than
those in complex 2, which is probably one of the main
causes of the dimensions of these two complexes.

The most interesting feature of the complex is the pres-
ence of the unreported isosceles triangle [Cd3(CO2)4]2–

cores [Figure 6(a)] in which the Cd2 atom is located at the
vertex and doubly bridged to adjacent Cd1 metal atoms by
bidentate carboxylate groups in a syn-syn conformation as
well as one oxygen atom from the chelating-bridging group.
The metal–metal separation of Cd1···Cd2 is 4.025(6) Å, sig-
nificantly longer than those in some discrete dimeric cad-
mium tetracarboxylate complexes (3.278–3.452 Å),[17] but
slightly larger than that in a similar bridge reported re-
cently.[18] The two symmetrical Cd1 centers are separated
by the long distance of Cd1···Cd1ix (symmetry code ix: –x,
1+y, 3/2–z) of ca. 6.731(1) Å. As far as we know, in the
few reported Cd–OFs composed of Cd3 SBUs,[19] the metal
centers are mostly located in linear arrangements. The ar-
rangement of six TCMB ligands around a [Cd3(CO2)4]2–

cluster is shown in Figure 6(b).
Thus, the assembly of these trinuclear SBUs leads to a

3D compact and neutral framework through the bridging
of the exo-bidentate bpe and the TCMB ligands. On the
one hand, each Cd3 SBU is interlinked to other two SBUs
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Figure 6. (a) Trinuclear secondary building unit (SBU) in 3. All of
the carboxylate groups are from different TCMB ligands and other
parts of the ligand have been omitted for clarity. Nitrogen atoms
are from the bpe ligand. Symmetry codes: (i) 1–x, +y, 3/2–z; (ii)
x, 1–y, –1/2+z; (iii) x, 2–y, –1/2+z; (iv) 1–x, 1–y, 2–z. (b) Per-
spective view showing the arrangement of six TCMB ligands
around one Cd3 cluster in the unit cell of 3. Large and small open
circles represent cadmium and carbon atoms, respectively. Oxygen
and nitrogen atoms are shown as dotted and crossed circles, respec-
tively. Solvent molecules, other parts of the bpe ligands and hydro-
gen atoms are omitted for clarity.

through four bpe ligands, resulting in the formation of one-
dimensional doubly interlaced zigzag chains in the ac plane
(Figure 7). On the other hand, two carboxylate groups
“above” and “below” the plane of the aromatic ring from
the TCMB ligand connect adjacent Cd3 cores, which results
in the helix structure along the a axis with a mean core
distance of ca. 5 Å, and the third carboxylate groups link
the neighboring helices to form the 2D networks in the bc
plane. Accordingly, the 3D network can be interpreted as
the result of inclination of 1D into 2D layers (Figure 8).
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Figure 7. Doubly interlinked chains constructed from Cd3 SBUs
and bidentate bpe ligands in 3.

In addition, C–H···O hydrogen bonds exist in the 3D net-
works. Carbon atoms with hydrogen atoms (C7–H7, C21–
H21) from the OCH2 groups of the TCMB ligand and aro-
matic rings of the bpe ligand can form C–H···O hydrogen
bonds with the carboxylate oxygen atoms (O6, O7) from
neighboring motifs. The C···O distance [3.280(5)–
3.364(5) Å] and C–H···O angles (156.0–173.0°) of C–H···O
hydrogen bonds are both within the ranges of those re-
ported.[20] In spite of the close packing of the whole frame-
work, small one-dimensional channels are still present and
are viewed along the c axis (see Supporting Information).

In order to classify the network, suitable nodes should
be confirmed. In this complex, every Cd3 core is connected
through six carboxylate groups and four bpe ligands, but
two of the bpe ligands are parallel and can be considered
as one linker from a topological view. Thus, the Cd3 core
can be viewed as an irregular eight-connected node. Ad-
ditionally, taking the geometrical center of the benzene ring
of the TCMB ligand as a three-connected node, the 3D
framework can be represented simply by connecting these
nodes according to the connectivity defined by the bpe li-
gand (Figure 8). When viewed along the bc plane, a 2D
layer composed of tetragons sharing edges or vertexes can
be formed, corresponding to the well-known CdI2-type
layer structure, which is quite common for inorganic com-
pounds. To the best of our knowledge, except for several
examples of metal alkoxides and hydroxides, few organic-
inorganic hybrid materials have been reported with such a
net topology.[21] Moreover, such 2D layers are linked by the
linear bpe ligands. Thus, tetragons and hexagons as well as
octagons can be identified in the projection, which repre-
sent the shortest circuit of the three essential rings that de-
fine the topology of the whole structure. Because the two
kinds of nodes are arranged in a ratio of Cd3/TCMB = 1:2,
the short Schläfli symbol of the topology can be expressed
as the unusual (46, 614, 88)(43)2.[22] As far as we know, for
the majority of 3D metal-organic framework structures, the
connectivity of the building block does not exceed six and,
in general, coordination networks with a local connectivity
higher than six is very rare. Only some examples involving
high coordination number lanthanide metal centers and
polynuclear metal-cluster building blocks with eight-con-
nected nodes have been reported.[23] Thus, the complex we
report represents a scarce eight-connected topology, known
for self-penetrating systems so far.
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Figure 8. Topological representation of the formation of the whole structure of 3 from a 1D helical chain to a 3D network, showing the
self-penetrating shortest circuits (black circles). By this notation, two parallel bpe ligands linking adjacent Cd3 SBUs are viewed as one
stick.

[Cd3(TCMB)2(dpp)2(H2O)3]n (4)

X-ray analysis reveals that in complex 4, similar Cd3

SBUs are also formed with metal–metal distances for
Cd1···Cd2 and Cd1···Cd1x (symmetry code x: 1–x, +y,
3/2–z) of 3.967(5) Å and 6.459(8) Å, respectively, which are
shorter than those in complex 3 (Figure 9). The largest dif-
ference lies in the connectivity of the more flexible dpp li-
gand. In general, the dpp ligand could assume a TT, TG,
GG�, or GG conformation with relative orientations of the
CH2 groups.[24] In this case, the high flexibility of the dpp
molecules enables them to join metal cores in different di-
rections and one dpp ligand connects the Cd1 and Cd2 cen-
ters from adjacent cores with a metal–metal separation
Cd1···Cd2xi (symmetry code xi: 3/2–x, –1/2+y, 1/2–z.) of
ca. 12.368(7) Å, exhibiting significant dihedral angles of
70.5° between the two phenyl rings, which can be viewed as
a trans-gauche (TG) conformation. Additionally, the C25
atom of the methylene group is disordered in this confor-
mation. In this way, the dpp ligands establish a physical
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bridge between the separated Cd3 cores and each Cd3 core
is linked to another four adjacent clusters, resulting in the
(4,4) network (Figure 10).

Similarly, in this compound, the dpp ligands and the
TCMB ligands also interact with each other through
C–H···O hydrogen bonds that originate from the C atoms,
with hydrogen atoms, (C17–H17, C19–H19, C24–H24) of
the dpp ligands and the carboxylate oxygen atoms (O5,
O8xii, O5xiii) (symmetry code xii: x, 2–y, –1/2+z; xiii: 3/2–
x, 1/2+y, 1/2–z), where the C···O distances are in the range
3.209(7)–3.384(7) Å and the C–H···O angles in the range
132.0–172.0°.

Figure 11 illustrates the simplified self-assembly from 1D
helical chains to the 3D network of complex 4. Similar 2D
layers composed of Cd3 SBUs bridged by carboxylate
groups can be formed, with significant distortion that is
closer to that for the HgBr2-type layer, which is another
type of inorganic structure that is very similar to the CdI2

type.[22] Interestingly, the Cd3 cores are bridged to one an-
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Figure 9. Schematic representation of the distorted octahedral co-
ordination environments for the Cd metal centers in 4. Hydrogen
atoms have been omitted for clarity, and thermal ellipsoids are
drawn at the 10% probability level. The disordered dpp ligand is
represented in terms of C25 and C25�. For bond lengths and angles
see Table 1. Symmetry codes used to generate equivalent atoms: (i)
x, 2–y, –1/2+z; (ii) x, 1–y, –1/2+z; (iii) –1/2+x, –1/2+y, +z, (iv)
2–x, y, 1/2–z; (v) 2–x, 2–y, 1–z; (vi) 3/2–x, 1/2+y, 1/2–z.

other by four nonparallel dpp ligands because of the flexi-
bility of such ligands, and thus become a more irregular
ten-connected node. The final 3D network of complex 4
can be viewed as the conversion of the parallel (4,4) sheets
into the 2D sheet, and the topology defined by the dpp
linking of ten-connected and three-connected nodes is rare
(418, 624, 83)(43)2.[22] To the best of our knowledge, the com-
plex we report represents the highest connected topology of
any known entangled species.

In summary, coligands in the reactions have a great influ-
ence on the final products. Firstly, the flexibility of the pyri-
dyl-containing ligands can induce the structures and the ac-
ids to adopt diverse coordination modes and facilitate more
complicated MOFs. Secondly, different amounts of the
bases in the assembly process lead to different dimensions
of the final network. Though the amounts of bases in the

Figure 10. View of the two-dimensional (4,4) layer formed through bidentate dpp-bridging Cd3 SBUs in 4.

Eur. J. Inorg. Chem. 2006, 3041–3053 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3049

reactions are equal, for example, complexes 3 and 4, dif-
ferent frameworks of the products may result from the ad-
justable conformations of the ligands to enable themselves
to satisfy the coordination assemblies. Furthermore, more
bases can coordinate to the metal centers competing with
the aqua molecules, extending the networks from low-di-
mensional to high-dimensional structures, such as complex
3 in comparison with complex 2.

FT-IR Spectra and Thermogravimetric Analyses

The IR spectra show features attributable to the carbox-
ylate stretching vibrations of the complexes. The absence
of signals in the range 1760–1680 cm–1 indicates complete
deprotonation of the TCMB ligand. The characteristic
bands of the carboxylate groups appear in the range 1560–
1620 cm–1 for the asymmetric stretching and 1370–
1490 cm–1 for the symmetric stretching. Weak absorptions
observed over the range 2900–2950 cm–1 can be attributed
to the νCH2 of the TCMB ligand. The broad bands at ca.
3300 cm–1 correspond to the vibration of the water ligands
in the complexes. The TGA curves of complex 1 and 2 have
almost the same thermal characteristics: an obvious weight
loss between 40 °C and 150 °C was attributed to the loss of
all the solvent water molecules (8 H2O per unit for 1: calcd.
10.47, found 10.49; 5 H2O for 2: calcd. 6.67, found 7.54)
and a rapid weight loss was observed from ca. 320 °C, indi-
cating the decomposition of the whole structure. Complexes
3 and 4 also exhibit similar curves and the gradual decrease
occurs from about 100 °C, which is involved in the release
of guest water molecules. The complexes begin to decom-
pose from this temperature and the obvious weight loss was
observed at ca. 330 °C (see Supporting Information).

Photoluminescent Properties

The emission spectra of all the complexes in the solid
state were measured at room temperature (Figure 12). Com-
plex 1 shows fluorescent emissions at 470 nm with a shoul-
der peak at about 530 nm, and no enhancement in the fluo-
rescence intensity is realized compared with the free ligand.
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Figure 11. Topological representation of complex 4 from a 1D helical chain to a 3D network, showing the self-penetrating shortest circuits
(black circles).

Since the free 4,4�-bipy ligand does not show any lumines-
cence in the range 400–800 nm,[25] the main peak at 470 nm
may be interpreted as a ligand-to-metal charge transfer
(LMCT).[26] On the other hand, the shoulder peak is nei-
ther metal-to-ligand charge transfer (MLCT) nor ligand-to-
metal charge transfer (LMCT) in nature, and can probably
be attributed to the intraligand fluorescent emission be-
cause of the similar emission for the free ligand with the
intraligand π-π* transition at 530 nm. Thus, this complex
may be an excellent candidate for blue-fluorescent materi-
als. For complexes 2 and 3, the fluorescence is significantly
decreased, and only weak absorptions were observed at
530 nm for the intraligand transition, while complex 4
shows no photoluminescent properties at room tempera-
ture. Apparently, this phenomenon is associated with the
structure of this complex. In complex 1, strong π···π inter-
actions exist between the adjacent 2D layers, which is favor-
able for the reduction of the energy of the π-π* transition
to some extent, while for complexes 2–4, the gradually in-
creasing flexibility of the coligands from bpe to dpp largely
weakens such interactions, which is disadvantageous to the
luminescence. In complex 4, the interactions are reduced in
such a way that even the luminescence was not observed.
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Figure 12. Photoluminescence spectra of (a) complex 1, (b) com-
plex 2, and (c) complex 3 at room temperature.

Conclusions

Four novel cadmium(II) coordination polymers based on
an unexplored and flexible tripodal ligand, 1,3,5-tris(car-
boxymethoxy)benzene (TCMB) and bipyridyl ligands (rigid
4,4-bipy, flexible bpe, dpp) have been hydrothermally syn-
thesized and structurally characterized, and all of them
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show interesting topologies resulting from the different
comformations and coordination modes of the flexible li-
gands. Complex 1 and 2 have similar unusual twofold paral-
lel interpenetrating 2D 63 networks with two types of hex-
agonal rings of large dimensions arranged alternately. An
excess of the pyridyl-containing ligands leads to the forma-
tion of 3D frameworks of complexes 3 and 4 with scarce
eight- and ten-connected topologies of (46, 614, 88)(43)2 and
(418, 624, 83)(43)2, respectively, both of which contain rare
2D CdI2 layers consisting of isosceles triangle [Cd3(CO2)4]2–

SBUs. They represent one of the few eight-connected and
the highest connected topologies, respectively. Complex 1
exhibits luminescent properties resulting from an LMCT
and may be a potential candidate for blue luminescent ma-
terials. In summary, our research demonstrates for the first
time that 1,3,5-tris(carboxymethoxy)benzene (TCMB)
could be a potential building block to construct novel cad-
mium supramolecular architectures with unusual topologies
and luminescent properties. Further investigation is ongo-
ing.

Experimental Section
General Methods: TCMB was prepared according to the litera-
ture.[27] 4,4-Bipyridine (4,4-bipy), 1,2-bis(4-pyridyl)ethane (bpe),
and 1,3-bis(4-pyridyl)propane (dpp) were purchased from Aldrich
and used as received without further purification. All of the other
reagents were commercially available and used as purchased. The
elemental analysis was carried out with a Perkin–Elmer 240C ele-
mental analyzer, at the Center of Materials Analysis, Nanjing Uni-
versity. The FT-IR spectra were recorded from KBr pellets over
the range 4000–400 cm–1 with a Vector 22 spectrometer. Thermal
analyses were performed with a TGA V5.1A Dupont 2100 instru-
ment from room temperature to 700 °C with a heating rate of
10 °C/min under a flow of nitrogen, and the data are consistent
with the structures. The emission/excitation spectra were recorded
with a Hitachi 850 fluorescence spectrophotometer.

Table 5. Crystal data and structure refinement information for the complexes.

Complex 1 2 3 4

Emprical formula C34H58Cd3N2O34 C36H56Cd3N2O31 C48H50Cd3N4O22 C100H104Cd6N8O42

Formula mass [gmol–1] 1376.02 1350.03 1372.12 2764.31
Space group P1̄ P1̄ C2/c C2/c
a [Å] 9.824(3) 10.906(3) 22.408(3) 29.188(3)
b [Å] 11.936(3) 11.677(3) 11.382(3) 11.674(2)
c [Å] 12.680(3) 11.741(3) 20.863(3) 20.848(3)
α [°] 64.57 (1) 73.56(1) 90 90
β [°] 75.95(1) 69.35(2) 99.57(4) 129.62(2)
γ [°] 72.30(1) 71.18(2) 90 90
V [Å3] 1268.1(15) 1299.9(6) 5247(2) 5471.8(17)
Z 1 1 4 2
Dcalcd. [g cm–3] 1.802 1.725 1.737 1.678
µ [mm–1] 1.349 1.311 1.290 1.236
θ range [°] 1.8–26.0 1.9–27.0 2.0–26.0 2.0–26.0
Index ranges –12 � h � 12 –13 � h � 13 –27 � h � 15 –35 � h � 17

–14 � k � 12 –14 � k � 14 –14 � k � 13 –14 � k � 14
–15 � l � 12 –14 � l � 14 –24 � l � 25 –23 � l � 24

R1, wR2
[a] [I � 2σ(I)] 0.0485; 0.1132 0.0514; 0.1124 0.0412; 0.0984 0.0512; 0.1257

R1, wR2
[a] [all data] 0.0782; 0.1192 0.0660; 0.1165 0.0503; 0.1004 0.0601; 0.1284

Largest difference Fourier peak/hole [eÅ–3] 0.75/–0.76 0.40/–1.74 0.95/–1.58 0.42/–1.35

[a] R1 = Σ||Fo| – |Fc||/|Fo|; wR2 = [Σw(ΣFo
2 – Fc

2)2/Σw(Fo
2)2]1/2.
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[Cd3(TCMB)2(4,4�-bipy)(H2O)16]n (1): In a general synthesis, an
equimolar mixture of TCMB (0.030 g, 0.1 mmol), 4,4�-bipy
(0.016 g, 0.1 mmol), and Cd(OAc)2·2H2O (0.026 g, 0.1 mmol) in
H2O/C2H5OH (1:1, v/v) (10 mL) was placed in a Parr Teflon-lined
stainless steel vessel and heated to 80 °C for 50 h. The reaction
system was then slowly cooled to room temperature and colorless
block crystals of 1 were obtained. After filtration, the crystals were
washed with water and dried in air; yield 0.026 g [56%, based on
Cd(OAc)2·2H2O]. C34H58Cd3N2O34 (1376.02): calcd. C 29.67, H
4.25, N 2.04; found C 29.98, H 4.36, N 1.98. IR (KBr pellet): ν̃ =
3446 (s, br), 2924 (w), 1605 (s), 1418 (m), 1336 (w), 1262 (vw), 1165
(m), 1121 (w), 1075 (w), 807 (w), 726 (w), 629 (vw) cm–1.

[Cd3(TCMB)2(bpe)(H2O)13]n (2): Similar procedures were per-
formed to obtain colorless crystals of complex 2, except that ligand
bpe was used instead of 4,4�-bipy; yield 0.020 g [45%, based on
Cd(OAc)2·2H2O]. C36H56Cd3N2O31 (1350.03): calcd. C 32.02, H
4.18, N 2.07; found C 32.06, H 4.38, N 2.04. IR (KBr pellet): ν̃ =
3449 (s,br), 2924 (w), 1611 (s), 1509 (vw), 1422 (m), 1340 (w), 1264
(vw), 1165 (m), 1121 (w), 1075 (w), 807 (w), 726 (w), 671 (w), 629
(w) cm–1.

[Cd3(TCMB)2(bpe)2(H2O)4]n (3): A mixture of TCMB (0.030 g,
0.1 mmol), bpe (0.036 g, 0.2 mmol), and Cd(OAc)2·2H2O (0.026 g,
0.1 mmol) with a molar ratio of about 1:3:1 in H2O (10 mL) with
several drops of CH3OH was placed in a Parr Teflon-lined stainless
steel vessel and heated to 80 °C for 50 h. The reaction system was
cooled to room temperature to give colorless block crystals of 3
that were filtered, washed with water and dried in air; yield 0.027 g
[59%, based on Cd(OAc)2·2H2O]. C48H50Cd3N4O22 (1372.12):
calcd. C 42.01, H 3.67, N 4.08; found C 41.72, H 3.92, N 3.89. IR
(KBr pellet): ν̃ = 3430 (m, br), 2923 (w), 1612 (s), 1474 (w), 1424
(m), 1320 (m), 1267 (vw), 1171 (s), 1157 (s), 1075 (w), 830 (w), 818
(w),712 (w) cm–1.

[Cd3(TCMB)2(dpp)2(H2O)3]n (4): Complex 4 was obtained in a sim-
ilar manner to that of complex 3, except that more flexible dpp
(0.057 g, 0.3 mmol) was used instead of the bpe ligand; yield
0.033 g [72%, based on Cd(OAc)2·2H2O]. C100H104Cd6N8O42

(2764.31): calcd. C 43.44, H 3.79, N 4.05; found C 42.72, H 3.92,
N 3.99. IR (KBr pellet): ν̃ = 3447 (m), 2919 (w), 1615 (s), 1423
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(m), 1317 (w), 1266 (vw), 1226 (vw), 1172 (m), 1157 (m), 1079 (w),
1020 (vw), 819 (vw), 725 (vw), 657 (vw) cm–1.

X-ray Crystallographic Study: Suitable single crystals were selected
for indexing and intensity data were measured with a Siemens
Smart CCD diffractometer with graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å) at 293 K. The raw data frames were inte-
grated into SHELX-format reflection files and corrected using the
SAINT program. Absorption corrections based on multiscans were
obtained from the SADABS program. The structures were solved
with direct methods and refined with full-matrix least-squares tech-
niques using the SHELXS-97 and SHELXL-97 programs, respec-
tively.[28] The coordinates of the non-hydrogen atoms were refined
anisotropically, and the positions of the H atoms were generated
geometrically, assigned isotropic thermal parameters, and allowed
to ride on their parent carbon atoms before the final cycle of refine-
ment. Basic information pertaining to crystal parameters and struc-
ture refinement is summarized in Table 5, and selected bond
lengths and angles are listed in Table 1. The figures were obtained
by using the SHELXP-97[28] and Olex program packages.[29]

CCDC-294480 to -294483 for complexes 1–4 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional figures, and TGA and luminescent curves of com-
plexes 1–4.
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SBA-15 frameworks with encapsulated Keggin type hetero-
polyacids (HPAs) were synthesized in situ under strongly
acidic conditions (pH�0). During the hydrolysis of tetraethyl
orthosilicate (TEOS), a P- and a Mo source were added into
the initial sol–gel system to form Keggin type HPAs. The tex-
ture of the final products was studied by the N2 adsorption–
desorption isotherms and transmission electron microscopy
(TEM), and their structure was systematically characterized
by X-ray diffraction (XRD), UV/Vis diffuse reflectance-
(DRS), infrared- (IR), and 31P magic angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy. Characteri-
zation results suggest that the samples show very ordered
hexagonal mesostructure, and the HPAs that are incorpo-
rated into the framework of meso-silica are insoluble during

Introduction

In recent years, environmental and economic considera-
tions have raised strong interest in the redesign of commer-
cially important processes so that the use of harmful sub-
stances and the generation of toxic wastes could be avoided.
In this respect, there is no doubt that heterogeneous cataly-
sis, as an alternative to homogeneous catalysis, can play a
key role in the development of environmentally benign pro-
cesses both in petroleum chemistry and in the production
of chemicals, for example, by substitution of liquid acid cat-
alysts by solid materials.[1]

Most notably, zeolites and heteropoly compounds have
attracted much attention not only as such acidic catalysts,
but also as oxidation catalysts. First of all, zeolites, owing
to their uniform intracrystalline microporosity that provides
access to a very large and well-defined surface, the molecu-
lar sieve effect, and the strong electrostatic field centered at
zeolite cations, promised unique opportunities from the
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catalysis. Results of catalytic tests indicate that the materials
demonstrated catalytic activity comparable with or even sur-
passing those of the bulk HPAs in catalytic tests im-
plementing chemical reactions of bulky molecules (1,3,5-tri-
isopropylbenzene cracking, esterification of benzoic acid
with tert-butyl alcohol, and 2,3,6-trimethylphenol hydroxyla-
tion with H2O2). Additionally, some other properties, such as
easy separation and stability when recycled, ensure their po-
tential applications in the chemical industries. Here, we re-
port not only the in situ synthesis and characterization of
SiPMo-X, but also the difference in the catalytic properties
of SiPMo-X and SiPW-X.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

start for important improvements in efficiency and econ-
omy in gas and liquid sorption and separation technologies.
The unique catalytic sites can catalyze many reactions, but
zeolites also have some restrictions in general applications,
such as weaker acidity, lack of variability in pore size, and
the limited number of the constituent elements.[2–12] For
heteropoly compounds, peculiarly for HPAs, because their
unique acidic and redox properties can be controlled at the
atomic/molecular level, their catalytic function in the solid
state as well as in solution has attracted much attention: the
strong acidity or oxidizing properties of heteropoly com-
pounds, the soft basicity of the polyanions, the high solubil-
ity in water and organic solvents, a moderately high thermal
stability in the solid state, the relatively simple synthetic
procedure, the ability to form pseudoliquid phases, and the
possibility of the introduction of several different elements
into polyanions and counter-cations. All the above-men-
tioned advantages of HPAs have led to a large body of work
on their applications in homogeneous and heterogeneous
catalysis.[3–19] Soluble heteropoly compound catalysts
(HPAs are typically strong Brønsted acids and are very sol-
uble in oxygen-containing polar solvents such as water,
alcohols, ethers, and ketones.) can catalyze a large variety
of reaction types but suffer from their inability to be recy-
cled.[5–25] Much effort has been put into developing stable,
water-tolerant solid acid catalysts, as such catalysts do not
require a catalyst separation process after usage and are
therefore much easier to use when compared with homo-
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geneous acid catalysts. One approach to obtaining such a
catalyst is to immobilize an active acidic species onto a solid
support and to practically use this as a solid acidic catalyst.
Moreover, the specific surface areas of solid HPAs are low
(usually less than 10 m2/g), leading to very few active sites
on their surfaces. Thus, immobilization of HPAs onto stable
solid supports to create hybrid catalysts is absolutely neces-
sary for using HPAs as solid catalysts. At the same time,
their catalytic activities are expected to be improved by this
procedure.[10–28]

Mesoporous materials have attracted much attention be-
cause of their wide potential industrial applications as cata-
lysts or catalyst supports and hosts since their discovery in
the last decade, and it has been widely reported that meso-
porous silica SBA-15 has been extensively used as a support
and host because of its large pore size, thick walls, and high
hydrothermal stability, which make it an excellent candidate
for use as a stable solid support as mentioned above.[29–40]

In our previous work, we prepared a series of insoluble
HPA-containing hybrid catalysts by incorporation of HPAs
into mesoporous supports during the formation of a meso-
structure through acid-base interactions or covalent bond
formation.[23,25] We also investigated the heterogeneous
catalytic behavior of these supported HPA catalysts in polar
solvents. It was found that the catalytic activity of HPAs in
the hybrid catalyst was significantly improved by the fasci-
nating physical and chemical properties and the unusual in-
ternal surface topology of the mesoporous materials. More-
over, the separation and recovery of the HPAs from the re-
action environment became easy.[10,21,23,25] We also pre-
sented an in situ synthetic method for incorporating HPAs
directly into the framework of mesoporous materials with-
out destruction of the mesostructure. For example, we in-
troduced Na2HPO4 and Na2WO4 (a P and a W source) or
H3PO4 and Na2MoO4 (a P and an Mo source) into the
initial sol–gel during the preparation of SBA-15 and suc-
cessfully synthesized in situ new mesoporous silica encapsu-
lated with Keggin type HPAs. Here we report not only the
in situ synthesis and characterization of SiPMo-X, but also
the different catalytic properties of SiPMo-X and SiPW-X.

Results and Discussion

Spectroscopy

X-ray Diffraction
Low-angle powder XRD patterns of SiPMo-8, HPMo/

SBA, and SBA-15 samples are shown in Figure 1. Obvi-

Table 1. HPMo content and parameters of the pore structure of SiPMo-8, SBA-15, HPMo, and HPMo/SBA.

Wall Surface Pore CarbonSamples HPW content (wt.-%) d(100) a Pore size thickness area volume residue[b]

Sol–gel Product [nm] [nm] [nm] [nm][a] [m2/g] [cm3/g]

SiPMo-8 33.3 19.6 10.4 12.0 7.6 4.4 807 1.04 10.9
SBA-15 0.0 0.0 10.3 11.9 7.9 4.0 860 1.15 8.8
HPMo/SBA 20.0 20.0 10.3 11.9 7.8 4.1 473 0.85 8.2
HPMo 100 100 – – – – 5 – –

[a] Pore size distributions were determined from N2 adsorption isotherms and the wall thickness was calculated as: thickness = a – pore
size (a = 2×d(100)/31/2). [b] The units for the carbon residue of samples are ×10–6 mmol/g.
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ously, the sample of SiPMo-8 (Figure 1b and Table 1) exhi-
bits three clearly well-resolved peaks indexed as (100),
(110), and (200), which may be associated with the p6mm
hexagonal symmetry similar to that of pure silica SBA-15
(Figure 1a).[32] The three clearly well-resolved peaks may
also indicate that SiPMo-8 is characterized by the presence
of long-range ordering and that the ordering of SiPMo-8
may also be comparable to that of SBA-15. These results
indicate that the formation and presence of HPMo in the
framework of SBA-15, by the addition of H3PO4 and
Na2MoO4 into the sol–gel during the hydrolysis of TEOS,
does not affect the formation of the mesoporous structure
of SBA-15. However, the ordering of conventionally sup-
ported HPMo (SBA-15 as the support) (Figure 1c) de-
creases significantly compared with that of SBA-15, which
may be attributed to the fact that the conventional prepara-
tion method affects the ordering of the support. Moreover,
from Figure 2, we can see that the wide-angle powder XRD

Figure 1. Small-angle XRD patterns of samples: (a) SBA-15, (b)
SiPMo-8, and (c) HPMo/SBA.

Figure 2. Wide-angle XRD patterns of samples: (a) HPMo, (b)
SiPMo-8, and (c) HPMo/SBA.
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patterns of SiPMo-8 (Figure 2b) do not show any obvious
characteristic signals for pure HPMo, indicating the very
high dispersion of HPMo in the meso-silica ma-
trix.[17,23,25,35]

Transmission Electron Microscopy

Figure 3 shows the TEM images of SiPMo-8 and SBA-
15; we can see that the pores of the modified sample
SiPMo-8 (Figure 3a, b) represent a hexagonal analogue to
that of pure silica SBA-15 (Figure 3c, d).[32] Compared with
Figure 3c, d, the images shown in Figure 3a, b suggest that
the ordering of the sample SiPMo-8 is only slightly less
than that of the SBA-15 sample; these results are consistent
with those from XRD.

Figure 3. TEM images of samples: (a) SiPMo-8 in the [100] direc-
tion, (b) SiPMo-8 in the [110] direction, (c) SBA-15 in the [100]
direction, and (d) SBA-15 in the [110] direction.

N2 Adsorption Isotherms

The N2 adsorption isotherms of the SiPMo-8 and
HPMo/SBA samples together with that of pure silica SBA-
15 are shown in Figure 4, and the porosity parameters, such
as the BET specific area, cumulative pore volume, and
average pore diameter, are listed in Table 1. Evidently,
SiPMo-8 shows a typical adsorption curve of type IV (ac-
cording to the IUPAC classification) with an obvious hys-
teresis loop at a relative pressure of 0.70 � P/P0 � 0.85
(Figure 4b) that is very similar to that of pure silica SBA-
15 (Figure 4a).[32] The hysteresis loop for the material start-
ing at about 0.70 relative pressure suggests the presence of
framework mesoporosity. In situ incorporation of HPMo
into the framework of SBA-15 only leads to a very slight
decrease in the values of surface area and pore volume. For
example, the BET surface area and pore volume of SiPMo-
8 are given as 807 m2/g and 1.04 cm3/g, and the correspond-
ing values for SBA-15 are 860 m2/g and 1.15 cm3/g, so there
is no clear difference between the porosity parameters of
pure silica SBA-15 and the SiPMo-8 sample, implying the
formation and presence of HPMo in the initial gel does not
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affect the formation of a mesostructure, which is also in
agreement with the XRD results. However, the BET surface
area and pore volume of HPMo/SBA (Figure 4c) are
473 m2/g and 0.85 cm3/g, respectively, and comparing these
results with the corresponding values for pure silica SBA-
15, the BET surface area and pore volume of HPMo/SBA
are significantly lower; these results also provide evidence
that the conventional preparation method affects the order-
ing of the support.

Figure 4. N2 adsorption/desorption isotherms of samples at STP:
(a) HPMo/SBA, (b) SiPW-8, and (c) SBA-15.

IR Spectra

The infrared spectra of the samples are shown in Fig-
ure 5. It is well known that the Keggin structure of HPMo
is composed of one PO4 tetrahedron surrounded by four
tri-metal groups of three edge-sharing MoO6 octahedra and
that HPMo gives several strong typical IR bands at ca.
1062 cm–1 (stretching frequency of P–O in the central tetra-
hedron PO4), 963 cm–1 (terminal bands of Mo=O in the
exterior octahedron MoO6), 871, and 793 cm–1 (Mo–Ob–
Mo and Mo–Oc–Mo bridge band, respectively) (Fig-
ure 5a).[14] It has been widely reported that pure mesopo-
rous silica of SBA-15 shows the framework bands at about
800 cm–1 (symmetric stretching of Si–O–Si), 960 cm–1

(stretching of Si–O–H), and 1030–1250 cm–1 (anti-symmet-
ric stretching of Si–O–Si) (Figure 5c).[23,25] In our case,
SiPMo-8 gives three intense bands at 1098, 961, 803 cm–1,
and one shoulder band at 896 cm–1 over 600–1400 cm–1 re-
gions (Figure 5b). It should be noted that some bands of
HPMo in the region partially or fully overlapped with the
bands of SBA-15, because of the strong contrast between
the weak signals of HPMo in the framework of SiPMo-8
and the very strong signals of SBA-15. Three strong bands
in the IR spectrum of SiPMo-8 appeared at 803, 961, and
1098 cm–1, from the overlapping of the IR absorption
bands of SBA-15 around 800, 960, and 1100 cm–1, and
those of HPMo at 793, 963, and 1062 cm–1, respectively.
Consequently, the Keggin unit could only be characterized
by the stretching modes assigned to bridging bonds: a very
low-intensity peak at about 896 cm–1, with slightly shifted
shoulder signals, may confirm that the Keggin structure of
HPMo encapsulated into the framework of SBA-15 was
slightly influenced during the synthesis procedure, in other
words, this may indirectly prove that there are interactions
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between the silicon species and the heteropolyanion in the
framework of SiPMo-8, it can thus be deemed that the Keg-
gin structure of HPMo is preserved in the framework of
SiPMo-8.[14]

Figure 5. IR spectra of samples: (a) HPMo, (b) SiPMo-8, and (c)
SBA-15.

UV/Visible Diffuse Reflectance Spectra

The incorporation of HPMo into the framework of SBA-
15 was further indirectly verified by UV/Visible spectra.
The UV/Visible spectra of the samples are shown in Fig-
ure 6. Bulk HPMo (Figure 6a) shows a broad and strong
UV absorption in the range of 200–300 nm, with a maxi-
mum centered at about 260 nm, which is a characteristic
peak attributed to the oxygen–molybdenum charge-transfer
absorption band for Keggin anions. The UV irradiation of
the polyoxomolybdate cluster results in charge-transfer
from an O2– ion to a Mo6+ ion, and this occurs at Mo–O–
Mo bonds corresponding to the formation of a pair con-
sisting of a hole center (O–) and a trapped electron center
(Mo5+). The process can be described as follows:[14]

[Mo6+–O2––Mo6+] �
hv

[Mo5+–O––Mo6+]*

Figure 6. UV/Visible spectra of samples: (a) HPMo, (b) SiPMo-8,
and (c) SBA-15.

SBA-15 did not show any signals in the wavelength re-
gion studied (Figure 6c). In our case, the SiPMo-8 (Fig-
ure 6b) sample has a broad UV absorption in the range
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200–300 nm, with a characteristic peak centered at about
260 nm in the spectrum, similar to that of the [PMo12O40]3–

species. These results indicate that the primary Keggin
structure of HPMo has been introduced into the framework
of the mesostructure and is very stable even after the extrac-
tion of surfactants and washing with deionized water, which
is in agreement with IR results. Similar results can also be
observed with 31P MAS NMR measurements.

31P MAS NMR Spectra

The 31P MAS NMR spectra of bulk HPMo and SiPMo-
8 are shown in Figure 7. It is well known that the 31P MAS
NMR chemical shift of bulk HPMo is strongly dependent
on the number of crystallized water molecules, in our case
bulk HPMo exhibits an intense and sharp line at a chemical
shift of around –4.5 ppm in the 31P MAS NMR spectrum
(Figure 7b) pointing to a uniform phosphorus environment
in the structure of HPMo. The 31P MAS NMR spectrum
of SiPMo-8 also shows an intense and sharp line at around
–4.5 ppm and two low intense down-field and up-field
chemical shifts (–5.1 and –3.8 ppm, respectively) are ob-
served (Figure 7a). These could be deemed to represent very
strong interactions between the molybdophosphoric anions
and the framework of SBA-15, which is made up of a net-
work of SiO2, and could also be attributed to a significant
distortion of the heteropoly anion symmetry, whereby the
long-range order created by water molecules in the hydrated
state of HPMo is lost because of strong chemical interac-
tions between molybdophosphoric anions and the frame-
work of SBA-15. It can be concluded that the Keggin unit
(primary structure) is preserved after being incorporated
into the framework of SBA-15, because HPMo microcrys-
tallites deposited on the silica surface and heteropoly
anions interacting with Si–OH groups have been observed
when HPMo was supported on silica.[14]

Figure 7. 31P MAS NMR spectra of samples: (a) SiPMo-8 and (b)
HPMo.

Catalytic Results

1,3,5-Triisopropylbenzene (TIPB) Cracking

In the reaction of TIPB cracking (see Scheme 1), as
shown in Table 2, SBA-15 shows very low catalytic activity
(conversion at 2.2%), and HPMo supported on the surface



C. Shi, R. Wang, G. Zhu, S. Qiu, J. LongFULL PAPER
Table 2. Catalytic activity of SBA-15, HPMo, SiPMo-X, HPMo/SBA, and HPW, SiPW-X, HPW/SBA.

Conversion of Conversion of TOF of Conversion TOF of Selectivity of
Samples

TIPB esterification[a] esterification[d] of hydroxylation[b] hydroxylation[e] hydroxylation[f]

[wt.-%] [wt.-%] [h–1] [wt.-%] [h–1] [wt.-%]
Fresh Reused[c] Fresh Reused[c] C1 C2 C3

SiPMo-8 50.6 10.2 9.9 3.1 26.5 26.2 251.3 83.4 11.7 4.9
HPMo/SBA 17.4 4.8 0.5 1.5 21.2 4.9 206.6 64.5 28.3 7.2
HPMo 34.3 8.6 – – 28.7 – – 41.1 45.5 13.4
SBA-15 2.2 – – – – – – – – –
SiPW-8 61.3 12.4 12.2 4.0 17.9 17.6 180.2 89.2 9.5 1.3
HPW/SBA 18.8 6.9 0.7 2.2 15.8 3.0 113.0 72.3 19.3 8.4
HPW 42.6 18.1 – – 16.6 – – 50.7 38.8 10.5

[a] Esterification reactions of benzoic acid with tert-butyl alcohol. [b] 2,3,6-Trimethylphenol hydroxylation with H2O2, acetonitrile as the
solvent (polar solvent), 2,3,6-trimethylphenol/H2O2 = 3 (molar ratio); catalyst/2,3,6-trimethylphenol �0.05 (weight ratio), temperature:
353 K, reaction time: 2 h. The products are trimethylhydroquinone (C1, TMHQ), trimethylbenzoquinone (C2, TMBQ), others (C3).
Conversion = 2,3,6-trimethylphenol converted to TMHQ, TMBQ and other products/2,3,6-trimethylphenol added in the system. [c] The
catalysts were reused five times. [d] Turnover frequency of esterification is moles of tert-butyl benzoate yield per mol active site on the
surface of the catalyst per hour, using the fresh catalysts. [e] Turnover frequency of hydroxylation is moles of 2,3,6-trimethylphenol
converted per mol active site on the surface of the catalyst per hour, using the fresh catalysts. The active site numbers on the surface of
SiPMo-8, SiPW-8, HPMo/SBA, and HPW/SBA were estimated on the basis of the amount of HPAs (moles) estimated by ICP analysis,
and the surface areas were determined by N2 adsorption methods. [f] The selectivity of hydroxylation is that of 2,3,6-trimethylphenol
hydroxylation with H2O2 using the fresh catalysts.

of SBA-15 with impregnation methods gives reaction con-
version at 17.4%. In our case, SiPMo-8 shows high catalytic
activity and gives reaction conversion at 50.6%, which is
higher than that of HPMo/SBA, and the results suggest the
potential use of SiPMo-8 as a catalyst for bulky molecule
catalytic reactions. Similar phenomena have also been ob-
served when using SiPW-8 and HPW/SBA samples as the
catalyst, giving conversion at 61.3 and 18.8%, respectively.
We can see that the activity of SiPW-8 in TIPB cracking is
higher than that of SiPMo-8, the activity of HPW/SBA is
higher than that of HPMo/SBA, and the activity of HPW
is also higher than that of HPMo. It is well known that
HPW is a stronger acid than HPMo, and TIPB cracking is
a typical acidic catalytic reaction, so it is easy to understand
the above results.[17]

Scheme 1. Catalytic cracking of 1,3,5-triisopropylbenzene (TIPB):
[A1] 1,3-diisopropylbenzene; [A2] cumene; [A3] 1,4-diisopropyl-
benzene.

Esterification of Benzoic Acid with tert-Butyl Alcohol

In esterification (see Scheme 2), as shown in Table 2, the
SiPMo-8 sample gives conversion at 10.2% (TOF at
3.1 h–1), HPMo/SBA prepared by the impregnation method
shows very low catalytic activity (conversion at 4.8%, TOF
at 1.5 h–1) compared with the SiPMo-8 sample; the SiPW-
8 sample gives conversion at 12.4% (TOF at 4.0 h–1) and
HPW/SBA prepared by the impregnation method shows
conversion at 6.9% (TOF at 2.2 h–1). Moreover, the SiPMo-
8 and SiPW-8 samples still showed similar catalytic activity
compared with the corresponding fresh catalysts after the
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catalysts were reused five times (Table 2), whereas the con-
versions with HPMo/SBA and HPW/SBA were reduced re-
markably after the catalysts were used five times, to only
0.5 and 0.7%, respectively, which may be attributed to the
leaching of the HPAs supported on the surface of SBA-
15 during the reactions.[23,25] The above results suggest that
SiPMo-8 and SiPW-8 are very stable in liquid reactions
even when they are reused many times, and the leaching of
HPAs is hardly observed, as compared with samples pre-
pared by the impregnation method.[18] Similar phenomena
can also be observed in the hydroxylation of 2,3,6-trimeth-
ylphenol with H2O2.

Scheme 2. Esterification of benzoic acid with tert-butyl alcohol:
[B1] tert-butyl benzoate.

Hydroxylation of 2,3,6-Trimethylphenol with H2O2

In hydroxylation (see Scheme 3),[41] also as shown in
Table 2, SiPMo-8 gives conversion at 26.5% (TOF at
251.3 h–1), and HPMo/SBA prepared by the impregnation
method shows similar catalytic activity (conversion at
21.2%, TOF at 206.6 h–1). SiPW-8 gives conversion at
17.9% (TOF at 180.2 h–1), HPW/SBA shows similar cata-
lytic activity (conversion at 15.8%, TOF at 113.0 h–1).
Moreover, after the catalysts were reused five times
(Table 2), SiPMo-8 and SiPW-8 still showed similar cata-
lytic activities (26.2 and 17.6%, respectively) compared with
the corresponding fresh catalysts (26.5 and 17.9%, respec-
tively), whereas the conversions with HPMo/SBA and
HPW/SBA were reduced remarkably, to only 4.9 and 3.0%,
respectively, after the catalysts were recycled five times.
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Other properties of the SiPMo-8 and SiPW-8 samples, such
as easy separation and stability when recycled, ensure their
potential application in the chemical industries. This phe-
nomenon is very similar to that in esterification and all of
these could be attributed to the stability of the HPAs encap-
sulated into the framework of mesoporous materials and
the preservation of the catalytic abilities of the HPAs when
encapsulated. The XRD pattern of impregnated samples
(Figure 1) reveals the effect of the conventional preparation
method on the ordering of the support. For impregnated
samples, some heteropolyacid clusters may block the chan-
nels of the SBA-15 substrate, which on the one hand reduce
the BET surface area and pore volume (Table 1) and on the
other hand prohibit bulky reactant molecules from entering
the channels of the SBA-15 substrate, so that the heteropo-
lyacids in the channels will not be able to perform their
catalytic activity. The number of catalytically active hetero-
polyacids is reduced, and this leads to a reduction of their
apparent total catalytic activity, which in turn gives the ap-
parent result that the activity of impregnated samples is not
as high as that of the in situ synthesized sample (SiPMo-8,
SiPW-8). We also noticed that the catalytic properties of
SiPMo-8 in the esterification and hydroxylation reactions
are different from those of SiPW-8. Although both SiPMo-
8 and SiPW-8 are very active, SiPMo-8 is more active in
hydroxylation and SiPW-8 is more active in esterification;
this is because esterification is an acidic catalytic reaction
and hydroxylation is an oxidative catalytic reaction, and as
HPW is a stronger acid than HPMo and the oxidation abil-
ity of HPW is less than that of HPMo. From Table 2, we
may notice that, although the specific surface areas of solid
HPAs are very low (usually less than 10 m2/g), leading to
very few active sites on their surfaces, HPAs are all active
in the reactions of TIPB cracking, esterification, and hy-
droxylation. Properties of HPAs, such as the ability to form
pseudo-liquid phases, the soft basicity of the polyanions,
and the high solubility in water and organic polar solvents,
make them active in reactions of some bulky molecules.[5–10]

Scheme 3. Hydroxylation of 2,3,6-trimethylphenol with H2O2: [C1]
trimethylhydroquinone (TMHQ); [C2] trimethylbenzoquinone
(TMBQ).

Conclusions

SBA-15 frameworks with encapsulated Keggin type
HPAs were synthesized in situ by adding P- and Mo sources
into the initial sol–gel system during hydrolysis of TEOS
under strongly acidic conditions. Characterization results
suggest that samples synthesized in this manner show a very
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ordered hexagonal mesostructure, and HPAs that are incor-
porated in the meso-silica are insoluble during catalysis.
The results of catalytic reactions suggest that these samples
are very active in reactions of bulky molecules (1,3,5-triiso-
propylbenzene cracking, esterification of benzoic acid with
tert-butyl alcohol, and 2,3,6-trimethylphenol hydroxylation
with H2O2). We can prepare samples with different types
of catalytic activity (such as acid, redox) by incorporating
different types of HPA. Additionally, recycling results of the
liquid reactions of esterification (polar solvent) and hydrox-
ylation (polar solvent) indicate that these materials are eas-
ily separated and recycled as catalysts, which make them
interesting for potential industrial applications.

Experimental Section
Materials: Tetraethyl orthosilicate (TEOS), hydrochloric acid
(HCl), H3PO4, benzoic acid, tertiary butyl alcohol, and H2O2 (30
wt.-%) were of analytical grade and purchased from Tianjin Chemi-
cal Co. (China). 12-Molybdophosphoric acid (HPMo) and sodium
molybdate (Na2MoO4) were of analytical grade and supplied by
Beijing Chemical Co. (China). EO20PO70EO20 (Pluronic P123),
2,3,6-trimethylphenol, and 1,3,5-triisopropylbenzene are Aldrich
products.

Synthesis: The typical in situ synthesis process of SiPMo-X was as
follows: (1) Pluronic P123 (2.0 g) was dissolved in a solution of
hydrochloric acid (10 mL, 36 wt.-%) in deionized water (50 mL)
followed by the addition of TEOS (4.4 mL), and then the mixture
was stirred at 40 °C for 3 h. (2) The requisite amount of Na2MoO4

and H3PO4 was added to the above mixture simultaneously to form
a yellow precipitate. (3) The mixture was further stirred at 40 °C
for 20 h and then transferred into a stainless steel autoclave for
crystallization at 100 °C for 48 h. The obtained products were dried
in vacuo (�10–2 Pa) at 120 °C for 6 h and washed three times with
an ethanol solution containing HCl and distilled water, and finally
treated in vacuo (�10–2 Pa) at 300 °C for 5 h again. The final prod-
ucts were designated as SiPMo-X, where X stands for the Si/Mo
molar ratio in the initial gel, in this paper X is equal to 8.

For comparison, pure silica SBA-15 was synthesized according to
literature procedures.[32] Conventional supported HPMo (SBA-15
as the support) was made by immersing SBA-15 powder into an
HPMo solution under stirring for 3 h, drying at 120 °C for 24 h,
and then calcination at 300 °C for 5 h. This product was denoted
as HPMo/SBA. The methods of synthesis of HPW, SiPW-8, and
HPW/SBA are the same as those in the literature.[23]

Characterization: The HPMo contents in solid samples and the car-
bon residue of the SBA 15 substrate and encaged HPAs were deter-
mined by the results of inductively coupled plasma analysis (ICP,
Perkin–Elmer 3300DV). Powder X-ray diffraction (XRD) data
were recorded with a Siemens D5005 instrument (30 kV, 30 mA)
using nickel-filtered Cu-Kα radiation with a wavelength of λ =
0.15418 nm, diffraction patterns were collected under ambient con-
ditions in the 2θ range 0.6–4° at a scanning rate of 0.6°/min and in
the 2θ range 4–70° at a scanning rate of 6°/min. Transmission elec-
tron microscopy (TEM) experiments were performed with a JEM-
3010F electron microscope (JEOL, Japan) with an acceleration
voltage of 300 kV. The nitrogen isotherms at the temperature of
liquid nitrogen were measured using a Micromeritics ASAP 2010M
system. The samples were outgassed for 10 h at 300 °C before the
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measurements, the volume of adsorbed N2 was normalized to stan-
dard temperature and pressure, specific surface areas were deter-
mined from the linear part of the BET equation, the average pore
diameter was calculated by using the adsorption branches of the
N2 isotherms. Infrared (IR) spectroscopy was performed with a
Bruker IFS 66v/S infrared spectrometer in the range 400–4000 cm–1

by using KBr pellets in vacuo (�0.4 Pa) at ambient temperature.
The diffuse reflectance UV/Visible spectra for powder samples were
obtained with a Perkin–Elmer Lambda 20 UV/Visible spectrometer
equipped with an integrating sphere, and BaSO4 was used as the
internal standard. Solid-state 31P magic angle spinning nuclear
magnetic resonance (MAS NMR) spectroscopy was performed
with an Infinity Plus-400 spectrometer equipped with MAS at a
frequency of 104.26 MHz, chemical shifts were referenced to 85%
H3PO4 as an external standard.

Catalytic Test

Catalytic Cracking of 1,3,5-Triisopropylbenzene

Catalytic cracking of 1,3,5-triisopropylbenzene was carried out by
using the pulse technique in a microreactor, and the analyses of the
catalytic products were performed by a gas chromatograph (GC-
17A, Shimadzu Co.) equipped with a flame ionization detector
(FID) with a flexible, 30-m OV-17 quartz capillary column. The
catalytic cracking was performed under the following standard con-
ditions: the reaction temperature was 250 °C (no thermal cracking);
the reaction pressure was atmospheric pressure; the mass of the
catalyst was 0.050 g; 0.2 µL of TIPB was injected for each test;
nitrogen was used as the carrier gas at a flow rate of 45 mL/min.

Esterification of Benzoic Acid with tert-Butyl alcohol

The esterification of benzoic acid with tert-butyl alcohol was per-
formed under nitrogen at 80 °C in a flask (30 mL) containing sus-
pended catalyst powder (60 mesh pass), benzoic acid (5 mmol), and
tert-butyl alcohol (10 mmol). The amount of catalyst used was
0.150 g. After vigorous agitation for 4 h, the products were ana-
lyzed with a gas chromatograph (6890N, Agilent Co.) equipped
with a flame ionization detector (FID) with a flexible, 30-m HP-5
quartz capillary column.

Hydroxylation of 2,3,6-Trimethylphenol with H2O2

The hydroxylation reaction of 2,3,6-trimethylphenol with H2O2 was
performed at 80 °C in a flask (50 mL) containing suspended cata-
lyst powder (0.150 g, 60 mesh pass), acetonitrile (5 mL) as the sol-
vent, 2,3,6-trimethylphenol (0.156 mol), and H2O2 (0.052 mol), all
added at the same time followed by vigorous agitation for 2 h. The
products were analyzed with a gas chromatograph (6890N, Agilent
Co.) equipped with a flame ionization detector (FID) with a flexi-
ble, 30-m INNOWAX quartz capillary column.
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Salts of the [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazolidyl radi-
cal anion (1) and the early alkali metals, [Li(12-crown-4)2][1]
(3), [Na(15-crown-5)][1] (4), and [K(18-crown-6)][1] (5) as
well as the salt [(Me2N)3S][1] (6) can be prepared by re-
duction of [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (2) with
PhS– anion followed by XRD and ESR characterization.
These salts are thermally stable and soluble in MeCN. Low-
temperature crystallization of salt 5 from MeCN or storage of
5 under MeCN for a few days at ambient temperature gives
the solvate 5·MeCN (7). The radical anion 1 acts as bridging
ligand in salts 4 and 5 and as chelating ligand in salt 7. In

Introduction

The design, synthesis and investigation of new molecular
materials, especially of conducting, superconducting, and
magnetic materials, belong to the topical fields of current
scientific and technological progress. Over the past two dec-
ades, there has been considerable interest in the syntheses,
molecular and electronic structures, and physical properties
of heterocyclic thiazyl radicals, neutral and charged, recog-
nized as promising building blocks for new molecular mag-
nets and/or molecular conductors.[1] Numerous neutral and
positively charged heterocyclic thiazyl radicals (radical cat-
ions) have been carefully explored, while rather rare nega-
tively charged systems (radical anions) have been less
studied.[1] In this context, new preparative approaches to
heterocyclic thiazyl radical anions are of obvious interest.
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salt 3, the radical anion 1 is not coordinated to the cation and
can be considered as “naked” anion. In salt 6, one of the two
crystallographically independent 1 acts as bridging ligand,
whilst the other is not coordinated to the cation. Magnetic
susceptibility data obtained for salts 4 and 5 in the tempera-
ture range of 2–300 K revealed antiferromagnetic exchange
interactions between paramagnetic centers: 4, J = –3.42, αJ
= –1.12 cm–1; 5, J = –1.22 cm–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Recently, we have described the [K(18-crown-6)]+ salt
of the [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazolidyl radical
anion (1, Scheme 1) and its solvate with MeCN that was
unexpectedly isolated in low yield as a result of spontane-
ous decomposition of the [K(18-crown-6)] [PhXNSN] (X =
S, Se) salts in MeCN solution.[2] Since the radical anion 1
might be of interest to material science as a building block
for molecular ion-based conductors and/or magnets,[1] in
this work we report on the rational preparation of the early
alkali metal (Li, Na, K) and tris(dimethylamino)sulfonium
(TAS) salts of the radical ion 1 based on the reduction of
[1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazole (2) with the PhS–

anion. The salts were isolated in high yields, in the case of
the alkali metals as complexes with the corresponding
crown ethers (12-crown-4, 15-crown-5, and 18-crown-6),
followed by XRD and ESR characterization as well as mea-
surements of magnetic susceptibility in the temperature
range of 2–300 K.

Scheme 1.
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Results and Discussion

In this work, salts of the radical anion 1 and the early
alkali metals, [Li(12-crown-4)2][1] (3), [Na(15-crown-5)][1]
(4), and [K(18-crown-6)][1] (5), were prepared in a rational
way by reduction of compound 2 with the PhS– anion in
MeCN solution (Scheme 2). The corresponding PhSM thi-
olates (M = Li, Na, K) were used as a source of the PhS–

anion.

Scheme 2.

For the in situ generation of the PhS– anion the de-
silylation of the Ph–S–SiMe3 precursor was employed
(Scheme 3). This approach allows to prepare salts of 1 not
only with alkali metal cations, for example [K(18-crown-
6)], but also with other cations including organic ones, for
example the tris(dimethylamino)sulfonium (TAS) salt 6.

The salts obtained were characterized by XRD (Table 3,
Figure 1) and ESR (Figure 2) (for 5 XRD and ESR data
were published before).[2] In MeCN solution for all salts the
hfc constant a(14N×4) = 0.314 mT, and g = 2.0045, are in
accordance with previous measurements.[2]

Low-temperature crystallization of salt 5 from MeCN,
or storage of 5 under MeCN for a few days at ambient
temperature, gives the solvate 5·MeCN (7, XRD and ESR
data were published earlier).[2] In the case of 3 and 4, under
the same conditions only the initial salts are recovered, no
inclusion of the MeCN solvent into the crystal lattices is
observed. Transformation of 5 into 7 is reversible, and
crystallization of 7 from boiling MeCN leads to 5. The pro-
cedure can be repeated at least 3 times.

The salts 3–7 are thermally stable and soluble in MeCN.
When protected from air, the salts 3–7 are stable in the crys-
talline state for several months, and in MeCN solution for
several weeks, at least (under electrochemical conditions, a
half-life time of 1 in MeCN solution was estimated as 74.5
s on the basis of the ESR data).[2] Upon contact with air,

Scheme 3.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3061–30673062

Figure 1. Structure of salts 3 (top), 4 (middle), and 6 (bottom).
Crystallographic atom numbering is used; for selected bond lengths
and bond angles, see Table 1.

salts 3–7 decompose in both solid state and in solution.
Among 3–7, salt 3 is the most sensitive towards atmosphere.

It is known that the crystal packing of neutral thiazyl
radicals (revealed general tendency to polymorphism)[1b,3]

is crucial for their macroscopic magnetic properties.[1b] The
crystal packing of salts 3–7 is different. The radical anion
1 acts as bridging ligand in salts 4 (Figure 3) and 5,[2] and
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Figure 2. ESR spectra (|H|104 T–1). Salt 4 (left column): experimental in MeCN solution (top), simulated for solution (middle), and
experimental in crystalline state (bottom). Salt 6 (right column): experimental in MeCN solution (top), simulated for solution (middle),
and experimental in crystalline state (bottom).

as chelating ligand in salt 7.[2] In contrast to salt 5 where 1
coordinates two cations symmetrically with N···K contacts
of 288.5 pm, in salt 4 the bridging anion 1 coordinates the
cations non-symmetrically via N···Na contacts of 251.1 and
283.7 pm, respectively. By these alternating contacts chains
are formed along the crystallographic axis b (Figure 3).

In salt 3 the radical anion 1 is not coordinated to the Li
cation (encapsulated in 2 crown ether molecules, Figure 4)
and can be considered as “naked” anion. In salt 6 one of
the two crystallographycally independent radical anions 1
acts as bridging ligand via S···S contacts of 361.2 pm, whilst
the other is not coordinated to the cation (Figure 5).

Probably, the lack of stabilizing anion-cation interaction
leads to the enhanced instability of salt 3 towards atmo-

Eur. J. Inorg. Chem. 2006, 3061–3067 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3063

Figure 3. Crystal packing of salt 4 (dashed lines indicate shortened
contacts).
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Figure 4. Crystal packing of salt 3 (dashed lines indicate shortened
contacts).

Figure 5. Crystal packing of salt 6 (dashed lines indicate shortened
contacts).

sphere as compared with the other alkali metal salts 4, 5,
and 7. It should be noted, that the coordination chemistry
of thiazyl radicals, both neutral and charged, is still in its
infancy.[4]

Molecular geometry data of the radical anion 1 in salts
3, 4, and 6 are presented in Table 1 (data for salts 5 and 7
were published earlier).[2] Effects of the coordination of the
radical anion 1 to the different cations on its geometry are
rather minor.

Attempts to prepare salts with enlarged spin (negative
charge) delocalization, for instance [Na(15-crown-5)][1][2]
and [K(18-crown-6)][1][2], by low-temperature 1:1 co-
crystallizations of salts 4 and 5 with the neutral precursor
2 were unsuccessful. The initial compounds were recovered.

The data of magnetic measurements for 4 and 5 are pre-
sented in Figure 6. For 4, temperature dependence of mag-
netic susceptibility χ shows the maximum at 8 K. This is
indicative of exchange coupling of radical anion clusters
with even number of paramagnetic centers. For 5, χ in-
creases steadily with temperature lowering.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3061–30673064

Table 1. Molecular geometry of 1 in salts 3, 4, and 6.[a]

Bond [pm]/angle [°] 3 4 6[b]

N1–S2 165.95(16) 165.99(2) 164.6(10), 166.1(9)
S2–N3 166.35(15) 166.5(2) 166.0(10), 166.3(9)
N3–C3a 133.61(19) 134.3(2) 132.6(12), 133.7(11)
C3a–N4 133.8(2) 134.2(2) 130.7(13), 134.8(11)
N4–S5 165.97(14) 166.1(2) 164.6(10), 166.1(9)
S5–N6 166.30(16) 166.73(19) 166.0(10), 166.3(9)
N6–C6a 133.8(2) 134.4(3) 132.6(12), 133.7(11)
C6a–N1 133.5(2) 134.4(3) 130.7(13), 134.8(11)
C3a–C6a 145.39(18) 145.6(3) 145.5(18), 144.2(17)
C6a–N1–S2 104.84(10) 104.96(14) 106.3(7), 103.8(6)
N1–S2–N3 101.27(7) 101.43(9) 99.8(5), 102.1(4)
S2–N3–C3a 104.54(10) 104.47(14) 105.6(7), 103.3(6)
C3a–N4–S5 104.72(9) 104.98(15) 106.3(7), 103.8(6)
N4–S5–N6 101.30(7) 101.28(10) 99.8(5), 102.1(4)
S5–N6–C6a 104.70(10) 104.56(14) 105.6(7), 103.6(6)
N1–C6a–C3a 114.55(14) 114.23(18) 114.5(12), 114.7(10)
C6a–C3a–N3 114.81(13) 114.91(18) 113.7(14), 115.6(10)
N4–C3a–C6a 114.67(13) 114.47(18) 114.5(12), 114.7(10)
N6–C6a–C3a 114.60(14) 114.70(18) 113.7(12), 115.6(10)

[a] Systematic atom numbering is used. [b] Two crystallographically
independent molecules.

Figure 6. Dependence χ(T) in the temperature ranges of 2–300 K
and 2–20 K (insert) for 4 (black circles) and 5 (white circles). Theo-
retical curves (models) 1 (i), 2 (ii), 3 (iii) and 4 (ii) described in the
text.

As mentioned above, crystal packing of 4 and 5 reveals
linear chains formed by the N···M (4, M = Na; 5, M = K)
contacts, alternating for 4 (251.1 and 283.7 pm) and non-
alternating for 5 (288.5 pm). To estimate the energy of ex-
change interaction J between paramagnetic centers, analyti-
cal and numerical expressions of three different models
were used, namely: i) the model of dimers,[5] H = –2JS1S2;
ii) the Bonner–Fisher uniform chain model[6] with exchange
parameters J equal along the chain, H = –2JΣSiSi+1; and
iii) the alternating chain model[6] with exchange parameters
J and αJ alternated along the chain, H = –2JΣ(S2iS2i–1 +
α·S2iS2i+1). The optimized model parameters are given in
Table 2. It is seen that the experimental data (Figure 6, in-
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sert) are best fitted by the alternating chain model (iii) in
the case of 4, and by the Bonner–Fisher model (ii) in the
case of 5 (Table 2), in both cases in accordance with the
discussed features of the crystal packing. Corresponding
theoretical curves are shown in Figure 6 (insert). Thus, de-
spite long distances between radical anions 1 in the crystal
lattices of salts 4 and 5, weak antiferromagnetic exchange
interactions are observed.

Table 2. Optimal parameters in modeling exchange interactions.

Compound Model g factor J [cm–1] –αJ [cm–1] R2

i 2.0(1) 4.06(3) 0.9929
4 ii 2.2(2) 4.9(8) 0.8159

iii 2.003(7) 3.46(2) 1.12(2) 0.9991
5 ii 1.98(1) 1.22(2) 0.9997

One can conclude that even minor changes in the pack-
ing observed in going from 4 (this work) to 5[2] affect the
macroscopic magnetic properties of these salts. Overall, the
crystal packing of the salts of the radical anion 1 seems to
be important for their magnetic behavior.

Conclusions

Early alkali metal (Li, Na, K) and tris(dimethylamino)-
sulfonium (TAS) salts of the [1,2,5]thiadiazolo[3,4-c][1,2,5]-
thiadiazolidyl radical anion are prepared in a rational way
by chemical reduction of [1,2,5]thiadiazolo[3,4-c][1,2,5]thia-
diazole with the PhS– anion. The salts, in the case of the
alkali metals isolated in the form of complexes with the
corresponding crown ethers (12-crown-4, 15-crown-5, and
18-crown-6), are characterized by XRD and ESR. Magnetic
measurements confirmed the presence of unpaired electrons
in the solids. The temperature dependence of the magnetic
susceptibility χ indicates antiferromagnetic interactions in
the solid state.

The salts prepared, which are thermally stable and solu-
ble in MeCN, might be suitable starting materials (sources
of the [1,2,5]thiadiazolo[3,4-c][1,2,5]thiadiazolidyl radical
anion) in the synthesis of new molecular magnets and/or
molecular conductors. The synthetic route based on Ph–S–
SiMe3 can obviously be generalized to preparation of salts
of 1 with transition metal cations (including paramagnetic
ones) since the chemistry of metal alkoxides (especially tert-
butoxides) is well-developed.[7] On the other hand this ap-
proach can be expanded to many other π-heterocycles, espe-
cially nitrogen ones, possessing high electron affinity and
forming stable radical anions.[1g]

Experimental Section
General: Compound 2 was prepared as described earlier.[2] The syn-
theses described below were performed with exclusion of oxygen in
absolutely dry solvents by using a glove box and standard vacuum
line techniques. The pressure was normalized with argon where
necessary. The GC-MS measurements were performed with a Hew-
lett–Packard G1800A GCD device for solutions in CH2Cl2. The
ESR measurements were carried out with a Bruker ESP-300 spec-

Eur. J. Inorg. Chem. 2006, 3061–3067 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3065

trometer (MW power 265 mW, modulation frequency 100 kHz,
modulation amplitude 0.005 mT), under anaerobic conditions. The
spectral integration and simulation were performed with the Win-
sim 32 program. The g factors were measured using an MnO stan-
dard with an accuracy of ±0.0002. Magnetic measurements were
carried out on an MPMS-5S Quantum Design SQUID magnetom-
eter in the temperature range of 2–300 K in a magnetic field of
5000 Oe. The molar magnetic susceptibility χ was calculated using
corrections for the diamagnetism equal to –207·10–6 cm3 mol–1 (for
4) and –243·10–6 cm3 mol–1 (for 5).

Crystallographic Analysis: The data collection for the single-crystal
structure determinations (Table 3) were carried out on a Bruker P4
diffractometer with graphite-monochromated Mo-Kα (71.073 pm)
radiation. The structures were solved by direct methods by use of
the SHELXS-97 program[8] and refined by the least-squares
method in the full-matrix anisotropic (isotropic for H atoms)
approximation by use of the SHELXL-97 program.[8]

CCDC-293646 (for 3), -293645 (for 4), and -293647 (for 6) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. For
5 and 7, the data obtained in this work are in full agreement with
those published previously.[2]

Syntheses of Salts 3–5: At –30 °C, a mixture of 0.144 g (0.001 mol)
of 2, 0.001 mol of PhSM (M = Li, Na, or K) and 0.001 mol
(0.002 mol in the case of Li) of the corresponding crown ether was
dissolved in 10 mL of MeCN. The wine-red solutions were warmed
to 20 °C, stirred for 1 h, and filtered. The solvent was distilled off
under reduced pressure, the residue washed with 10 mL of Et2O,
and dissolved in 5 mL of boiling MeCN under normal pressure.
The solution was filtered and cooled to 20 °C in the case of salt 5,
or to –10 °C in the case of salt 4. In the case of salt 3, 10 mL of
Et2O were recondensed onto the filtrate at –196 °C and the two-
layered system was placed into cryostat at –40 °C. The solvent was
removed with a syringe, and the crystals were washed with 10 mL
of Et2O and dried in vacuo.

Salt 3 forms transparent red plates, yield 0.327 g (65%), m.p.
(sealed capillary) 98 °C (dec.).

Salt 4 forms transparent red plates, yield 0.310 g (80%), m.p.
(sealed capillary) 100 °C (dec.). C12H20N4NaO5S2 (387.44): calcd.
C 37.20, H 5.20, N 14.46, S 16.55; found C 37.37, H 5.12, N 14.38,
S 16.36.

Salt 5 forms transparent ruby plates, yield 0.335 g (75%), m.p.
(sealed capillary) 135 °C (dec.). C14H24KN4O6S2 (447.64): calcd. C
37.57, H 5.40, N 12.52, S 14.33; found C 37.42, H 5.28, N 12.61,
S 14.22.

In each case evaporation of the initially obtained Et2O solutions
gave PhSSPh (95–98%) identified by GC-MS technique via com-
parison with an authentic sample.

At –30 °C, a solution of 0.182 g (0.001 mol) of Ph–S–SiMe3
[9] in

2 mL of THF was added to a solution of 0.376 g (0.001 mol) of
[K(18-crown-6)][tBuO][10] in 5 mL of the same solvent. The solu-
tion was warmed to 20 °C, stirred for 1 h, and the solvent was
distilled off under vacuum to give a white crystalline residue. Com-
pound 2 (0.144 g; 0.001 mol) and 10 mL of MeCN were added at
–30 °C, and the wine-red solution obtained was warmed to 20 °C,
stirred for 1 h, filtered and the solvents evaporated under vacuum.
The residue was washed with 10 mL of Et2O, dissolved in 5 mL of
boiling MeCN under normal pressure, and the solution was cooled
to 20 °C. The solvent was removed with a syringe, and the crystals
were washed with 10 mL of Et2O and dried in vacuo.
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Table 3. Crystal data and structure refinement for salts 3, 4, and 6.

Compound 3 4 6

Empirical formula C18H32LiN4O8S2 C12H20N4NaO5S2 C8H18N7S3

Formula weight 503.54 387.43 308.47
Temperature [K] 173(2) 173(2) 173(2)
Wavelength [pm] 71.073 71.073 71.073
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
Unit cell dimensions a [pm] 837.20(10) 750.7(2) 785.6(12)
b [pm] 1088.7(2) 808.6(2) 804.2(9)
c [pm] 1370.2(2) 1536.2(6) 1253.3(12)
α [°] 102.370(10) 92.17(2) 87.51(5)
β [°] 96.120(10) 101.13(3) 83.68(8)
γ [°] 102.370(10) 112.05(2) 67.52(10)
Volume [nm3] 1.1762(3) 0.8418(4) 0.7272(15)
Z 2 2 2
Density (calcd.) [Mg·m–3] 1.422 1.529 1.409
Abs. coefficient [mm–1] 0.277 0.373 0.505
F(000) 534 406 326
Crystal size [mm3] 0.90×0.70×0.40 0.80×0.30×0.15 0.50×0.20×0.10
θ range for data collection [°] 2.52 to 27.50 2.72 to 27.50 2.82 to 22.51
Index range –10 � h � 1, –1 � h � 9, –1 � h � 8,

–13 � k � 13, –10 � k � 10, –8 � k � 8,
–17 � l � 17 –19 � l � 19 –13 � l � 13

Reflections collected 6527 4829 2417
Independent reflections 5336 [R(int) = 0.0370] 3870 [R(int) = 0.0281] 1880 [R(int) = 0.0399]
Completeness to θ° [%] 98.9 99.9 98.4
Absorption correction nNone none none
Max. and min. transmission 0.8971 and 0.7883 0.9461 and 0.7544 0.9512 and 0.7863
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2

Data/restraints/parameters 5336/0/300 3870/7/227 1880/0/170
Goodness-of-fit on F2 1.043 1.032 1.168
Final R indices [I�2σ(I)] R1 = 0.0383, wR2 = 0.1010 R1 = 0.0423, wR2 = 0.0979 R1 = 0.0776, wR2 = 0.2067
R indices (all data) R1 = 0.0432, wR2 = 0.1051 R1 = 0.0619, wR2 = 0.1070 R1 = 0.1240, wR2 = 0.2303
Largest diff. peak/hole [eÅ3] 0.396/–0.426 0.421/–0.471 0.483/–0.448

Salt 5 forms transparent ruby plates, yield 0.402 g (90%), m.p.
(sealed capillary) 135 °C (dec.).

Evaporation of the initially obtained Et2O solution gave PhSSPh
(97%) identified by GC-MS technique via comparison with an au-
thentic sample.

Synthesis of Salt 6: At –30 °C, a solution of 0.182 g (0.001 mol) of
Ph–S–SiMe3

[9] in 1 mL of MeCN was added to a solution of
0.275 g (0.001 mol) of [(Me2N)3S][Me3SiF2] (TASF)[11] in 5 mL of
the same solvent. The solution was warmed to 20 °C, stirred for
1 h, and the solvent was distilled off under vacuum to give a white
crystalline residue. A solution of 0.144 g (0.001 mol) of 2 in 10 mL
of MeCN was added at –30 °C, the wine-red reaction mixture was
warmed to 20 °C, stirred for 1 h, filtered and the solvents evapo-
rated under vacuum. The residue was washed with 10 mL of Et2O
and dissolved in 5 mL of MeCN. Then 10 mL of Et2O were recon-
densed onto the solution at –196 °C and the two-layered system
was placed into cryostat at –40 °C. The solvent was removed with
a syringe, and the crystals were washed with 10 mL of Et2O and
dried in vacuo.

Salt 6 forms transparent red needles, yield 0.230 g (75%), m.p. (se-
aled capillary) 92 °C (dec.). C8H18N7S3 (308.48): calcd. C 31.15, H
5.88, N 31.78, S 31.18; found C 31.30, H 5.74, N 31.85, S 31.06.

The PhSSPh by-product (95%) was identified as described above.

Preparation of Salt 7: Upon storage under mother liquor for a few
days at ambient temperature, salt 5, crystallized as described above,
transformed slowly into salt 6 (ruby crystals turned to dark-brown).
The solvent was removed with a syringe, and the crystals were
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washed with 10 mL of Et2O and dried under vacuum for a short
time.

Salt 7 forms dark-brown prisms (orange in transmitting light), yield
0.333 g (65%), m.p. (sealed capillary) 125 °C (dec.).

At –196 °C, 10 mL of Et2O were recondensed onto a solution of
0.224 g (0.5 mmol) of salt 5 into 5 mL of MeCN and the system
was placed into a cryostat at –40 °C. The solvent was removed with
a syringe, and the crystals of salt 7 (0.243 g, 95%) were washed
with 10 mL of Et2O and dried under vacuum for a short time.
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Spectroscopic, Structural and Theoretical Investigation of Alkenyl Ruthenium
Complexes Supported by Sulfur–Nitrogen Mixed-Donor Ligands
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A series of molecules bearing both sulfur and nitrogen do-
nors has been investigated as ligands for σ-alkenyl ruthe-
nium complexes. On deprotonation, the ligands, 4-amino-2-
mercaptopyrimidine (HL1), 2-amino-5-mercapto-1,3,4-thia-
diazole (HL2), 2-mercaptothiazoline (HL3), 4-hydroxy-2-
mercaptopyrimidine (HL4) and 2-mercaptoquinoline (HL5) all
react with alkenyl complexes of the form [RuRCl(CO)(BTD)-
(PPh3)2] [R = CH=CHC6H5, CH=CHC6H4Me-4, C(C�CPh)=
CHPh; BTD = 2,1,3-benzothiadiazole] through loss of chlo-
ride and BTD ligands to yield [RuR(L)(CO)(PPh3)2]. Four of
these ligands have alternative potential coordination modes
and donor groups. In all cases complexation occurs to form
four-membered nitrogen–sulfur chelates with the pendant

Introduction
The alkenyl ligand is an important member of the σ-

organyl ligand family due to its presence as an intermediate
in many catalytic reactions, and has attracted substantial
interest over the last 40 years. Alkenyl complexes are known
for many metals. This is largely due to well-established syn-
thetic routes such as hydrometallation and the reaction of
coordinated alkynes with electrophiles or nucleophiles
(Scheme 1).[1]

Since the discovery of hydrometallation of alkynes by the
compounds [RuHCl(CO)L2/3] (L = PiPr3,[2] PPh3

[3]), the re-
sulting alkenyl complexes have been the subject of much
pioneering work by the groups of Werner,[10] Esteruelas[11]

Santos,[12] and Caulton and Eisenstein[13] covering func-
tional-group transformation, ligand exchange and theoreti-
cal calculations. The hydride complexes themselves are
known for their ability to catalyse hydrogenation,[14,15] hy-
drocarbonylation[16] and hydrosilylation[15,17] reactions as
well as the formation of diynes.[18]

Previous work from members of this group has concen-
trated on alkenyl complexes supported by bidentate and tri-
dentate nitrogen and sulfur donor ligands and the reactions
of these complexes.[19] This complemented work by other
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amino or hydroxy functionality playing no role in coordina-
tion. In the case of the 4-aminopyrimidine-2-thiolate (L1) li-
gand, this was confirmed by a single-crystal X-ray study. 2-
Mercaptothiazoline (L3) has the ability to coordinate through
two sulfur donors, however, chelation to nitrogen and sulfur
donors is preferred as demonstrated by a structural study.
This observation is supported by theoretical calculations,
which show that a complex displaying the nitrogen–sulfur
chelate is of significantly lower energy than one bonded to
the ligand through two sulfur donors, despite lone pairs be-
ing available in both cases.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Common routes to alkenyl complexes: (A) RC�CR;[2,3]

(B) Nu–, nucleophile is β to metal;[4] (C) E+, electrophile is β to
metal;[5] (D) Nu–, nucleophile is α to metal;[6] (E) rearrangement
yields alkenyl;[7] (F) H2C=C(X)R, X = halide;[8] (G) loss of H+ to
produce α-alkoxyalkenyls.[9]

groups exploring the effect of polydentate donors on the
structure and reactivity of alkenyl complexes. The majority
of this research has concentrated on the use of symmetrical,
bidentate phosphorus,[20] nitrogen[21] or chalcogen do-
nors.[22] The investigation of mixed-donor ligands has been
largely confined to simple, often homoleptic, coordination
compounds. In particular, very few organometallic com-
pounds bearing these ligands have been reported. The work
reported here is part of a programme[23] to synthesise σ-
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alkenyl complexes bearing mixed-donor bidentate ligands
and to investigate their effect on migratory insertion reac-
tions and hemilabile behaviour in these complexes.

Although the coordination chemistry of sulfur deriva-
tives of nucleic bases has received sporadic attention due to
the interest in metal-based drugs,[24] the potential of thionu-
cleobases and related molecules as sulfur–nitrogen mixed-
donor ligands for organotransition-metal compounds has
been overlooked. The reactions of five such molecules with
coordinatively-saturated σ-alkenyl ruthenium complexes
bearing the labile 2,1,3-benzothiadiazole ligand are dis-
cussed below. Four of the ligands have alternative possible
coordination modes to those adopted and this aspect is ex-
plored in one case using a combination of structural and
computational methods.

Results and Discussion
The organometallic starting materials used in this work

are the 2,1,3-benzothiadiazole (BTD) complexes [Ru(alk-
enyl)Cl(CO)(BTD)(PPh3)2],[25] which provide a useful alter-
native to the 16-electron starting materials, [Ru(alkenyl)-
Cl(CO)(PPh3)2]. The BTD compounds do not suffer con-
tamination by free triphenylphosphane and yield microcrys-
talline starting complexes of excellent purity, which can be
easily (re)crystallized from dichloromethane/ethanol mix-
tures.

4-Amino-2-mercaptopyrimidine (2-thiocytosine) has
been shown to play a role in E. coli transfer-RNA,[26] and
its coordination chemistry has been explored with a number
of metals.[27] Of the coinage metals, copper[28] and silver[29]

coordination complexes have been reported, and work by
members of our group has investigated its use in supramo-
lecular networks of gold(I) based on hydrogen and auro-

Scheme 2. Alkenyl complexes bearing the mixed-donor ligands, L1–L5. (i) C4H5N3S (HL1), NaOMe; (ii) C2H3N3S2 (HL2), NaOMe; (iii)
C3H5NS2 (HL3), NaOMe; (iv) C4H4N2OS (HL4), NaOMe; (v) C9H7NS (HL5), NaOMe.
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philic bonding.[30] In all these reports, the thionucleobase is
bonded through sulfur, in many cases as a monodentate
ligand. In one study,[31] the cisplatin analogue, [PtCl2(L1)2],
was prepared, in which 2-thiocytosine is bonded through
the amino group, demonstrating the range of coordination
options available. Only one organometallic complex (of tin)
has been reported very recently.[32]

Treatment of a suspension of [Ru(CH=CHC6H4Me-4)-
Cl(CO)(BTD)(PPh3)2] and 4-amino-2-mercaptopyrimidine
in dichloromethane with an ethanolic solution of sodium
methoxide led to an immediate colour change from red to
yellow. A yellow microcrystalline solid was isolated. This
gave rise to a singlet resonance in the 31P{1H} NMR spec-
trum at δ = 42.1 ppm, indicating a trans disposition of the
two phosphane ligands; a feature common to all the com-
plexes reported here. The retention of the alkenyl ligand
was confirmed by a doublet at 5.84 (JHH = 16.4 Hz) for the
β proton and a doublet of triplets to lower field for the α
proton at δ = 7.77 ppm (JHH = 16.4 Hz, JHP = 4.3 Hz) in
the 1H NMR spectrum. The tolyl substituent was observed
as an (AB)2 system at 6.46, 6.87 ppm (JAB = 7.9 Hz) and a
methyl resonance at δ = 2.22 ppm. The mixed-donor ligand
itself was identified by a singlet at 4.37 (NH2) and doublet
resonances at 4.98 and 6.65 ppm, showing a coupling of
6.3 Hz between the pyrimidine protons. These values are
shifted to higher field compared to those at δ = 5.96 and
7.47 ppm (JHH = 7.15 Hz) in the free ligand.[33] A molecular
ion at m/z = 897 in the Fast Atom Bombardment (FAB)
mass spectrum and elemental analysis of the dichlorometh-
ane solvate confirmed the overall composition as
[Ru(CH=CHC6H4Me-4)(L1)(CO)(PPh3)2] (1) (Scheme 2).

Reaction of [Ru{C(C�CPh)=CHPh}Cl(CO)(BTD)-
(PPh3)2] with HL1 in a similar manner yielded the disubsti-
tuted alkynyl derivative [Ru{C(C�CPh)=CHPh}(L1)-
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(CO)(PPh3)2] (2), which gave rise to a ν(C�C) absorption
of low intensity at 2147 cm–1 for the enynyl ligand. A
broadened singlet at 4.5 ppm was observed in the 1H NMR
spectrum for the NH2 group. In addition to a singlet for
the vinylic proton (δ = 6.13 ppm) and resonances due to the
aromatic protons of the alkenyl substituents, two doublets
were observed at δ = 5.12 and 7.69 ppm (JHH = 6.3 Hz) in
the 1H NMR spectrum of 2. The chemical shift of the latter
resonance was shifted by approximately 1 ppm downfield
with respect to the same feature in complex 1. A possible
explanation for this observation is provided by the crystal
structure obtained from single crystals of 2, grown by slow
diffusion of ethanol into a dichloromethane solution of the
complex (Figure 1).

An interaction of around 2.6 Å was observed between
the triple bond of the enynyl ligand (C10–C11) and the clos-
est proton of the pyrimidine ring (C19–H). The presence
of this interaction in solution could explain the apparent
deshielding of the proton and hence its shift to lower field.
Such CH–π interactions are often found in terminal al-
kynes,[34] such as in (±)-3-phenylbut-l-ynol, where the dis-
tance to the midpoint of the triple bond is 2.62 Å.[34c] On
the basis of this evidence, the proton resonances at δ = 5.12
and 7.69 ppm were assigned to the H5 and H6 protons,
respectively.

Recent reports have shown 2-amino-5-mercapto-1,3,4-
thiadiazole (HL2) to be an effective corrosion inhibitor for

Figure 1. Structure of [Ru{C(C�CPh)=CHPh}(L1)(CO)(PPh3)2] (2). Selected bond lengths [Å] and angles [°]: Ru1–C1 1.827(4), Ru1–C2
2.111(4), Ru1–N1 2.176(3), Ru1–P2 2.3755(11), Ru1–P1 2.3918(11), Ru1–S1 2.5131(11), S1–C18 1.730(4), N1–C18 1.346(5), C2–C3
1.340(5), C10–C11 1.205(6), C1–Ru1–C2 89.55(16), C2–Ru1–N1 99.97(13), C1–Ru1–P2 89.98(13), C2–Ru1–P2 94.28(11), N1–Ru1–P2
89.80(9), C1–Ru1–P1 89.93(13), C2–Ru1–P1 90.23(11), N1–Ru1–P1 89.55(9), P2–Ru1–P1 175.48(3), C1–Ru1–S1 104.98(13), N1–Ru1–S1
65.49(9), P2–Ru1–S1 89.14(4), P1–Ru1–S1 86.52(4), C18–S1–Ru1 80.18(13), C18–N1–Ru1 102.6(2), C3–C2–Ru1 126.1(3), N1–C18–S1
111.5(3).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3068–30783070

copper[35] and bronze.[36] The properties of its metal com-
plexes have been examined in the inhibition of carbonic
anhydrase.[37] [Ru(CH=CHPh)Cl(CO)(BTD)(PPh3)2] reacts
with HL2 in the presence of base to provide
[Ru(CH=CHPh)(L2)(CO)(PPh3)2] (3) in good yield. The
presence of the mixed-donor ligand was indicated in the 1H
NMR spectrum by a singlet at δ = 5.22 ppm for the NH2

group, along with typical spectroscopic features for the alk-
enyl ligand. The formulation of the structure (Scheme 2)
was based on these data, a molecular ion at m/z = 889 and
elemental analysis.

Thiazoline-2-thiolate (L3) has been used as a bridging
ligand for palladium centres[38] and to generate polymeric
clusters of CuI and AgI.[39] It has also been employed as a
ligand in precursor complexes for the deposition of cad-
mium selenide.[40] However, the potential of the ligand as a
bidentate donor has not been widely explored.[41]

The yellow compound [Ru(CH=CHC6H4Me-4)(L3)-
(CO)(PPh3)2] (4) was isolated from the reaction of HL3 with
[Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] and base
(Scheme 2). Similar spectroscopic features for the alkenyl
ligand were observed in the 1H NMR spectrum as for 1.
Two triplets were also present in the spectrum at δ = 2.13
and 2.36 ppm, and these were assigned to the thiazoline
ring protons showing mutual coupling of 8.2 Hz. The corre-
sponding enynyl derivative, [Ru{C(C�CPh)=CHPh}(L3)-
(CO)(PPh3)2] (5), was prepared in an identical manner. Co-
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ordination of the ligand through a thiolate linkage was ex-
pected in view of the basic conditions employed and this
assumption was reinforced by the observation of NaCl pre-
cipitation during the reactions. However, it was not clear
whether a bidentate chelate would be achieved through the
sulfur or the nitrogen donor on the thiazoline ring. A theo-
retical study was undertaken in order to examine the mode
of coordination of L3. This showed that the chelate should
form through sulfur and nitrogen donors rather than both
sulfur donors and revealed that there is a significant energy
difference between the S,S and S,N coordination modes,
favouring the latter (Computational Section). These calcu-
lations were found to be in good agreement with a later
structural determination using single crystals of the enynyl
derivative, [Ru{C(C�CPh)=CHPh}(L3)(CO)(PPh3)2] (5),
which were grown by slow diffusion of ethanol into a
dichloromethane solution of the complex (Figure 2).

The thionucleobase, 4-hydroxy-2-mercaptopyrimidine
(HL4), also known as 2-thiouracil, has been used to prepare
coordination compounds with a number of met-
als.[42,27a,27k,31] Recent work has investigated the redox
properties of complexes using 2-thiouracil as a bridging li-
gand between ruthenium centres.[27m] However, no organ-
oruthenium species stabilized by this ligand have been re-
ported as far as we are aware.

[Ru{C(C�CPh)=CHPh}Cl(CO)(BTD)(PPh3)2] reacted
readily with HL4 and base to yield [Ru{C(C�CPh)=

Figure 2. Structure of [Ru{C(C�CPh)=CHPh}(L3)(CO)(PPh3)2] (5). Selected bond lengths [Å] and angles [°]: Ru1–C1 1.827(2), Ru1–C5
2.102(2), Ru1–N1 2.1766(19), Ru1–P1 2.3667(6), Ru1–P2 2.3746(6), Ru1–S1 2.5521(6), S1–C2 1.720(2), N1–C2 1.283(3), C5–C6 1.361(3),
C13–C14 1.205(3), C1–Ru1–C5 88.28(9), C5–Ru1–N1 98.55(8), C1–Ru1–P1 88.62(7), C5–Ru1–P1 94.82(6), N1–Ru1–P1 88.95(5), C1–
Ru1–P2 87.87(7), C5–Ru1–P2 90.58(6), N1–Ru1–P2 93.88(5), P1–Ru1–P2 173.46(2), C1–Ru1–S1 108.27(7), N1–Ru1–S1 65.13(5), P1–
Ru1–S1 91.26(2), P2–Ru1–S1 84.61(2), C2–S1–Ru1 76.93(8), C2–N1–Ru1 101.39(15), N1–C2–S1 116.55(17), C6–C5–Ru1 126.48(17).
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CHPh}(L4)(CO)(PPh3)2] (6), the hydroxy analogue of the
4-aminopyrimidine-2-thiolate complex, 2, in excellent yield
(Scheme 2). The coordination of the ligand was assumed to
be through the N1 and sulfur donors in order to minimize
steric interaction between the hydroxy group and the car-
bonyl and enynyl ligands. Coordination of L4 is also pos-
sible as an oxygen–nitrogen mixed-donor. This seemed un-
likely, given the thiophilicity of ruthenium(II) and was ruled
out by the observation of a broadened singlet at δ =
1.75 ppm for the hydroxy proton. A doublet for one of the
pyrimidine protons was noted at δ = 5.22 ppm (JHH =
7.3 Hz) which was assigned to H5 on the basis of HMQC
and HMBC experiments. The H6 resonance (δ = 7.43 ppm,
JHH = 7.7 Hz in the free ligand[33]) was obscured by the
aromatic resonances.

Walton and co-workers have investigated the coordina-
tion properties of quinoline-2-thiolate (L5) with rhenium
complexes[43] and a few examples have been isolated for mo-
lybdenum,[44] cobalt[45] and gold.[46] HL5 has also been used
as an analytical reagent for the determination of nickel,
copper and palladium.[47] Reaction of a suspension of
[Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] with HL5

and sodium methoxide resulted in the formation of the yel-
low complex [Ru(CH=CHC6H4Me-4)(L5)(CO)(PPh3)2] (7).
The peaks observed in the 1H NMR spectrum for the alk-
enyl ligand are similar to those seen in the spectra of 1, 3
and 4. The protons of the quinoline rings are all obscured
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by the resonances of the PPh3 ligands with the exception of
one proton, which gives rise to a doublet at δ = 7.92 ppm
(JHH = 8.3 Hz). The overall formulation is based on these
data, a molecular ion in the FAB mass spectrum at m/z =
931 and elemental analysis.

Structural Discussion

The structure of [Ru{C(C�CPh)=CHPh}(L1)(CO)-
(PPh3)2] (2) (Figure 1) has a distorted octahedral geometry
with cis-interligand angles in the range 65.49(9)–
104.98(13)°. The smallest of these angles corresponds to the
bite angle, N1–Ru1–S1, of the 4-aminopyrimidine-2-thiol-
ate ligand (L1). The structure of 4-amino-5-methylmercap-
topyrimidine has been determined[48] and can be assumed
to be a direct analogue of the free ligand, HL1. This report
revealed that the molecule exists essentially in the thione
form, however, on coordination to divalent ruthenium in
our system, the bond lengths of L1 were observed to be
shifted towards the thiolate form. This is seen in the length-
ening of the C–S distance from 1.710(4) to 1.730(4) Å in 2,
while the N1–C18 distance shortens from 1.371(5) to
1.346(5) Å on coordination. A complex with the related li-
gand, 4-methylpyrimidine-2-thiolate (mpymt), [Ru(mpymt)-
(bpy)2]+ (bpy = 2,2�-bipyridine) has been reported,[42e] in
which the C–S distance [1.711(8) Å] is shorter, and the bond
length corresponding to N1–C18 [1.367(9) Å] is approxi-
mately the same as that found in 2. This indicates that com-
plexation of L1 in 2 represents a greater shift from the
thione to thiolate form than observed in the literature com-
plex. The Ru–S and Ru–N distances for the chelate in
[Ru(mpymt)(bpy)2]+ [2.408(2) and 2.103(6) Å, respectively]
are considerably shorter than the corresponding distances
in 2 of 2.513(11) and 2.176(3) Å. This is likely to be due
to the stronger trans-influence of the carbonyl and alkenyl
donors in [Ru{C(C�CPh)=CHPh}(L1)(CO)(PPh3)2] (2)
compared to 2,2�-bipyridine in the literature complex. The
bite angle of L1 in 2 [65.49(9)°] is also smaller than that
of 68.2(2)° found in [Ru(mpymt)(bpy)2]+. The bond lengths
associated with the alkenyl ligand were found to be unre-
markable and fall within the typical range for these li-
gands.[49] As mentioned above (Results and Discussion), the
close proximity of the H6 proton of L1 and the triple bond
C10–C11 of the enynyl ligand appears to indicate an inter-
action that is also present in solution, as suggested by 1H
NMR evidence.

The structure of 2-mercaptothiazoline (HL3) was only re-
ported very recently and revealed that the molecule adopts
the expected thione form in the solid state with the C–S
bond [1.6745(16) Å] displaying clear double bond charac-
ter.[50] As was found for HL1, coordination in the deproton-
ated form results in a shift of double bond character from
the C–S bond to the N–C bond involved in the chelate.
The C2–S1 distance of 1.720(2) Å found in the structure of
[Ru{C(C�CPh)=CHPh}(L3)(CO)(PPh3)2] (5) (Figure 2) is
considerably longer than that in the free ligand and the N1–
C2 distance of 1.283(3) Å is shorter than the corresponding
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bond length in HL3, 1.319(2) Å. These variations between
bonding in the ligand in free and coordinated states are
greater than those discussed for HL1 above. The bond
lengths between the donors and the ruthenium centre are
essentially the same in both 2 and 5 with the exception of
the Ru1–S1 bond length, which is around 0.03 Å longer in
complex 5. Unlike the 4-aminopyrimidine-2-thiolate (L1) li-
gand, the thiazoline-2-thiolate (L3) moiety is not planar due
to the saturated C3–C4 linkage. The overall geometry of the
structure of 5 is distorted octahedral with cis-interligand
angles in the range 65.13(5) – 108.27(7)°, the smallest being
due to the bite angle of the bidentate ligand. The bond
lengths and distances of the enynyl ligand are similar to
those found in [Ru{C(C�CPh)=CHPh}(L1)(CO)(PPh3)2]
(2).

Computational Study
In order to assess the relative stability of the S,N- and

S,S-bonding modes available to the complex,
[Ru{C(C�CPh)=CHPh}(L3)(CO)(PPh3)2] (5), it was de-
cided to use ab initio and density functional theory calcula-
tions to compute the optimized geometry of two model
complexes derived from structure 5. The calculations were
performed using the NWChem4.6 ab initio package[51] run-
ning on a dual processor Apple Xserve. Each optimization
was performed using analytic gradients and the default con-
vergence criteria of NWChem.

The simplest model for our computational study is ob-
tained by substituting all phenyl groups and R2 by hydrogen
atoms, thus reducing the enynyl ligand to the parent alkenyl
(Scheme 3).

Scheme 3. Computational model. Model A corresponds to R1 =
R2 = H. Model B is for R1 = C�CCH3 and R2 = CH3. Numbering
scheme is the same as that used in the structural study.
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The modest size of model A, along with the use of rela-

tivistic pseudo-potentials for each atom developed by Ste-
vens, Basch and Krauss,[52] allowed us to perform fast ex-
ploratory calculations using both the Hartree–Fock (HF)
method and the local density approximation (LDA) of den-
sity functional theory.

The results of our calculations are shown in Table 1,
where we report a selection of metal–ligand distances. We
observe that the HF distances are much larger than those
measured in the experimental X-ray structure, in particular
for the two phosphanes and the Ru–S bond. This is to be
expected since this method does not take electronic corre-
lation into account. The LDA results for the S,N-bonded
structure on the other hand are in good agreement with
the X-ray values, showing the importance of correlation in
describing the electronic structure of transition metal com-
plexes. Moreover, the good agreement with experiment sug-
gests that the computed values for the S,S complex, which
was not isolated experimentally, are a plausible representa-
tion of the geometrical environment around the ruthenium
atom in the S,S system.

In particular, we note that for both levels of theory the
S,S complex exhibits a strong degree of ring bending which
is absent in the S,N complex. Indeed, Table 1 shows that,
while the out-of-plane angle Ru1–S1–C2–C4 remains very
low for the S,N complex (about 3° to 5°), the S,S complex
has out-of-plane angles between –128° and –110° which
indicate that the hybridization of the second sulfur atom
(S2) is close to tetrahedral. This, in turn, forces the rest of
the thiazoline ring to bend out of the equatorial plane to
accommodate the bonding mode of both sulfur donors. The
out-of-plane angle computed for the S,N complex on the
other hand is in good agreement with that measured in the
X-ray structure of –4.5°.

In Table 2, we observe that, for model A, the computed
difference of total energy is in favour of the S,N complex
in both types of calculations (HF and LDA), which is in
line with the experimental observation. The HF method
predicts a relatively large energy difference of about
92 kJ·mol–1 which is likely to be an overestimation com-
pared to the true value owing to the lack of an appropriate

Table 1. Selected metal–ligand distances for the S,N- and S,S-bonded ruthenium complex computed at various levels of ab initio theory.
The atomic numbering scheme is identical to that in Figure 2.

S,N Complex S,S Complex

Model A Model B Model A Model B
Distance [Å] X-ray HF LDA LDA BP86 HF LDA LDA BP86

Ru1–C1 1.827(2) 1.997 1.854 1.842 1.856 1.983 1.843 1.830 1.847
Ru1–C5 2.102(2) 2.116 2.035 2.074 2.121 2.120 2.060 2.078 2.134
Ru1–N1 2.1766(19) 2.203 2.107 2.132 2.208 4.165 3.859 3.823 4.122
Ru1–P1 2.3667(6) 2.529 2.351 2.378 2.445 2.534 2.366 2.409 2.466
Ru1–P2 2.3746(6) 2.525 2.355 2.379 2.446 2.534 2.361 2.384 2.457
Ru1–S1 2.5521(6) 2.730 2.638 2.613 2.681 2.663 2.579 2.581 2.644
Ru1–C2 2.736 2.803 2.744 2.744 2.804 3.063 2.830 2.804 3.010
Ru1–S2 4.471 4.597 4.547 4.560 4.641 2.727 2.528 2.542 2.627

Out-of-plane angle

Ru1–S1–C2–C4 –4.50° 3.3° 5.0° 2.5° 2.8° –127.9° –108.6° –114.8° –123.5°
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treatment of the electronic correlation. The correlated result
computed using LDA brings the energy difference down to
about 66 kJ·mol–1 which still indicates a very strong prefer-
ence of the ruthenium for S,N coordination over S,S com-
plex formation.

Table 2. Total energy differences for the S,N- and S,S-bonded ru-
thenium structures computed at various levels of ab initio theory.

Level of theory E(S,N complex) – E(S,S complex)

Model A HF – 92.35 kJ·mol–1

LDA – 65.93 kJ·mol–1

Model B LDA – 65.41 kJ·mol–1

BP86 – 64.91 kJ·mol–1

It has been shown that steric effects can have a great
influence on the energetics of ruthenium complexes[53] and,
to assess the influence of bulkier phosphane and alkenyl
ligands, we replaced the hydrogen atoms of our simple
model by methyl and propynyl groups to generate Model B
(Scheme 3). The influence of these groups on the stability
of the bent ring in the S,S complex can result in an increase
of the total energy difference between the S,N and S,S com-
plexes. While these groups cannot account for the overall
steric bulk of the phenyl groups used experimentally, we
expect that any important steric effects would become ap-
parent with this more limited substitution.

The model B compounds were optimized using local
density functional theory and then further refined using a
gradient-corrected exchange and correlation functional
BP86, which has been developed by Becke and Perdew.[54]

It has been shown that this exchange and correlation func-
tional gives good results for transition-metal complexes[55]

and ruthenium complexes containing carbonyl ligands in
particular.[56]

Our results for these calculations are shown in Table 1
and Table 2. First, we see that the change from model A to
model B has a small influence on the computed bond
lengths and improves their agreement with the X-ray mea-
surements. We note a slight elongation of the Ru–P bonds
for both S,N and S,S complexes and a small contraction of
the Ru–S distance for the structure with the S,N coordina-
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tion mode. The values for the out-of-plane angle are also
mildly affected and we see both types of complexes becom-
ing slightly flatter. These observations suggest that the steric
effects are small and indicate that our initial model (Model
A) already provided a good description of both complexes.
Second, we note that the energetics of both complexes are
not perturbed by the increase in steric bulk of the substitu-
ents since the total energy differences between the S,N and
S,S complexes remains at about 65 kJ·mol–1, again in favour
of the S,N complex.

To further investigate the effects of electron correlation
on the structure and energetics of both types of complexes,
the structures obtained from the LDA calculations on
model B were re-optimized using BP86. The resulting ge-
ometries for both complexes are shown in Figure 3. As ex-
pected, since gradient-corrected functionals such as BP86
tends to elongate bonds in transition metal complexes,[55]

we observe a lengthening of most bonds in both complexes.
In the S,N complex, BP86 overestimates the Ru–P and the
Ru–S distances compared with the experimental values,
while the other distances and the out-of-plane angle are rel-
atively unaffected (see Table 1). In the case of the S,S com-
plex, the out-of-plane angle increases and the Ru–P, Ru–S
bonds are longer than calculated previously using LDA.

Figure 3. Optimised structures of the S,N complex (left) and S,S
complex (right) for model B computed at the BP86/SBK level of
theory. Note the large out-of-plane angle in the S,S structure.

Gradient-corrected functionals, such as BP86, provide a
more reliable estimation of the binding energy of transition-
metal complexes than the local density approximation.[55]

Therefore, despite the lengthening of the metal–ligand
bonds with BP86, it is interesting to note that the total en-
ergy difference between the S,N and the S,S complexes com-
puted with this method remains similar to the value com-
puted using LDA (about 65 kJ·mol–1, see Table 2), again
pointing to a marked preference for S,N coordination.

Both models and all levels of theory used in this study
indicate that the S,N complex is thermodynamically fav-
oured over the S,S complex. There are several possible
reasons for the greater stability of a sulfur–nitrogen combi-
nation. First, the S,N configuration of the 2-mercaptothiaz-
oline ligand is able to approach the metal centre more
closely than the ligand in the S,S arrangement. Indeed, ap-
proach of an S,S donor combination is unfavourable due to
the constraining bonding mode of the second sulfur atom
(S2), which causes out-of-plane ring bending of the rest of
the ligand. Second, the HOMO of the 2-mercaptothiazoline
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ligand is composed mainly of the px orbital of the terminal
sulfur atom but has a non-negligible contribution from the
nitrogen atom, which allows a degree of π bonding with the
ruthenium centre. The presence of π ligands in the complex
already (e.g., the carbonyl group) means that an additional
ligand that can act as a π donor will participate more ef-
ficiently in the bonding at the metal centre. Analysis of the
molecular orbitals of the S,S complex shows that such π
bonding is not possible when the metal centre is bonded to
the ligand using the S,S-configuration.

In order to shed some light on a possible kinetic prefer-
ence at the ligand-binding stage for the formation of the
S,N complex over the S,S complex, we computed the charge
distribution of the 2-mercaptothiazoline anionic ligand.
This calculation was performed using the GAMESS-US
suite of programs[57] at the Møllet-Plesset (MP2) level of
theory with a TZV(d,p)++ basis set,[58] since it has been
recognized that DFT can have problems describing
anions.[59] It should be noted that there is a large negative
region around the sulfur atom that protrudes out of the
thiazoline ring (S1) and around the N atom (N1), while the
sulfur atom within the thiazoline ring (S2) is mainly posi-
tively charged. This charge distribution could be responsi-
ble for a preferential formation of a S,N complex since the
orientation of this anionic ligand with respect to a posi-
tively charged centre such as RuII will naturally lead to a
closer contact between the metal centre and the atoms S1
and N1.

Conclusions

This report details the investigation of the coordination
properties of five nitrogen–sulfur mixed-donor ligands with
alkenyl complexes of ruthenium. We believe that these are
the first organoruthenium examples to be reported. Al-
though a number of alternative coordination modes are
possible, all ligands adopt a four-membered nitrogen–sulfur
chelate, a fact confirmed crystallographically for two exam-
ples. In the case of the thiazoline-2-thiolate ligand, the alter-
native sulfur–sulfur coordination mode was investigated
computationally and found to be of much higher energy
than the observed S,N coordination, which was confirmed
by a structural determination. The excellent correlation of
structural and computational data indicates the utility of
this theoretical approach in the rationalization of such com-
plexation behaviour.

Experimental Section
All manipulations were carried out under aerobic conditions with
commercially available solvents and reagents, which were used as
received. Infrared and NMR spectroscopy was carried out at 25 °C
using Shimadzu FTIR 8700 (KBr plates and nujol mulls) and
Bruker AMX-300 (1H: 299.87 MHz, 31P: 121.39 MHz) spectrome-
ters respectively. Infrared spectroscopic features due to the tri-
phenylphosphane ligands have been omitted to aid clarity. FAB-
MS spectra (nitrobenzyl alcohol matrices) were measured using a
VG 70-SB magnetic sector mass spectrometer. Elemental analysis



Coordination Properties of Alkenyl Complexes of Ru with S,N Mixed-Donor Ligands FULL PAPER
was performed at University College, London. Solvates were
determined by integration of the 1H NMR spectra. The
complexes [Ru(CH=CHC6H4CH3-4)Cl(CO)(BTD)(PPh3)2],[25]

[Ru(CH=CHPh)Cl(CO)(BTD)(PPh3)2],[25] [Ru{C(C�CPh)=
CHPh}Cl(CO)(PPh3)2],[60] were prepared according to published
procedures. All other regents were obtained commercially.

Preparation of [Ru(CH=CHC6H4Me-4)(L1)(CO)(PPh3)2] (1):
[Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] (100 mg, 0.106
mmol) and 4-amino-2-mercaptopyrimidine (HL1) (15 mg,
0.118 mmol) were suspended in dichloromethane (20 mL) and eth-
anol (10 mL) and treated with sodium methoxide (11 mg,
0.204 mmol) in ethanol (10 mL). The reaction was stirred for 1 h,
after which the solvent volume was concentrated under reduced
pressure until precipitation of a pale yellow product was complete.
This was washed with water (5 mL), ethanol (5 mL) and hexane
(10 mL). Yield: 68 mg (72%). IR (KBr/nujol): ν̃ = 1923 [ν(CO)],
1614, 1572, 1545, 1313, 1256, 1186 cm–1. 31P{1H} NMR (CDCl3):
δ = 42.1 ppm. 1H NMR (CDCl3): δ = 2.22 (s, 3 H, CH3), 4.37 (s,
2 H, NH2), 4.98, 6.65 [d×2, JHH = 6.3 Hz, 2×1 H, C4H2(NH2)-
N2S], 5.84 (d, JHH = 16.4 Hz, 1 H, Hβ), 6.46, 6.87 [(AB)2, JAB =
7.9 Hz, 4 H, C6H4], 7.25, 7.58 (m×2, 30 H, C6H5), 7.77 (dt, JHH

= 16.4 Hz, JHP = 4.3 Hz, 1 H, Hα) ppm. FAB-MS: m/z (%) = 897
(1) [M]+, 780 (1) [M – alkenyl]+, 635 (2) [M – PPh3]+.
C50H43N3OP2RuS·CH2Cl2 (981.93): calcd. C 62.4, H 4.6, N 4.3;
found C 62.8, H 4.8, N 4.3.

Preparation of [Ru{C(C�CPh)=CHPh}(L1)(CO)(PPh3)2] (2): Syn-
thesis as for 1 using [Ru{C(C�CPh)=CHPh}Cl(CO)(BTD)-
(PPh3)2] (100 mg, 0.097 mmol) and 4-amino-2-mercaptopyrimidine
(HL1) (14 mg, 0.110 mmol) to provide a yellow product. Yield:
72 mg (76%). IR (KBr/nujol): ν̃ = 2147 [ν(C�C)], 1913 [ν(CO)],
1611, 1580, 1537, 1312, 1186, 972, 914 cm–1. 31P{1H} NMR
(CDCl3): δ = 40.1 ppm. 1H NMR (CDCl3): δ = 4.5 (br. s, 2 H,
NH2), 5.12, 7.69 [d×2, JHH = 6.3 Hz, 2×1 H, C4H2(NH2)N2S],
6.13 (s, 1 H, RuC=CH), 6.78 (d, JHH = 7.4 Hz, 2 H, ortho-C6H5),
6.95 (t, JHH = 7.4 Hz, 1 H, para-C6H5), 7.27, 7.61 (m×2, 30 H +
7 H, PC6H5 + C6H5) ppm. FAB-MS: m/z (%) = 982 (9) [M]+, 856
(3) [M – L1]+, 779 (3) [M – alkenyl]+, 720 (5) [M – PPh3]+, 692 (16)
[M–CO –PPh3]+. C57H45N3OP2RuS (983.09): calcd. C 69.6, H 4.6,
N 4.3; found C 69.6, H 4.5, N 4.3.

Preparation of [Ru(CH=CHPh)(L2)(CO)(PPh3)2] (3): Synthesis as
for 1 using [Ru(CH=CHPh)Cl(CO)(BTD)(PPh3)2] (100 mg,
0.108 mmol) and 2-amino-5-mercapto-1,3,4-thiadiazole (HL2)
(16 mg, 0.121 mmol) to provide a pale yellow-green product. Yield:
79 mg (82%). IR (KBr/nujol): ν̃ = 1921 [ν(CO)], 1595, 1580, 1553,
1310, 1184, 972, 847 cm–1. 31P{1H} NMR (CDCl3): δ = 43.7 ppm.
1H NMR (CDCl3): δ = 5.22 (s, 2 H, NH2), 5.89 (d, JHH = 15.7 Hz,
1 H, Hβ), 6.34 (d, JHH = 7.5 Hz, 2 H, ortho-C6H5), 6.82 (t, JHH =
7.5 Hz, 1 H, para-C6H5), 6.90 (t, JHH = 7.4 Hz, 2 H, meta-C6H5),
7.30–7.53 (m, 30 H, PC6H5), 7.94 (dt, JHH = 15.7 Hz, JHP = 3.2 Hz,
1 H, Hα) ppm. FAB-MS: m/z (%) = 889 (45) [M]+, 786 (20) [M –
alkenyl]+, 627 (12) [M – PPh3]+. C48H41N3OP2RuS2·1.5CH2Cl2
(1030.42): calcd. C 57.7, H 4.3, N 4.1; found C 57.5, H 4.0, N 4.3.

Preparation of [Ru(CH=CHC6H4Me-4)(L3)(CO)(PPh3)2] (4): Syn-
thesis as for 1 using [Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)-
(PPh3)2] (100 mg, 0.106 mmol) and 2-mercaptothiazoline (HL3)
(14 mg, 0.117 mmol) to provide a yellow product. Yield: 77 mg
(82%). IR (KBr/nujol): ν̃ = 1906 [ν(CO)], 1573, 1304, 1188, 1045,
941, 831 cm–1. 31P{1H} NMR (CDCl3): δ = 40.4 ppm. 1H NMR
(CDCl3): δ = 2.13, 2.36 (t×2, JHH = 8.2 Hz, 2×2 H, C3H4NS2),
2.26 (s, 3 H, CH3), 5.84 (d, JHH = 16.5 Hz, 1 H, Hβ), 6.60, 6.92
[(AB)2, JAB = 7.93 Hz, 4 H, C6H4], 7.33, 7.69 (m×2, 30 H, C6H5),
7.84 (dt, JHH = 16.5 Hz, JHP = 3.5 Hz, 1 H, Hα) ppm. FAB-MS:
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m/z (%) = 906 (3) [M+H2O]+, 888 (3) [M]+, 771 (1) [M – L3]+,
626 (6) [M – PPh3]+, 598 (2) [M–CO–PPh3]+.
C49H43NOP2RuS2·CH2Cl2 (973.97): calcd. C 61.7, H 4.7, N 1.4;
found C 61.3, H 4.6, N 1.5.

Preparation of [Ru{C(C�CPh)=CHPh}(L3)(CO)(PPh3)2] (5): Syn-
thesis as for 1 using [Ru{C(C�CPh)=CHPh}Cl(CO)(BTD)-
(PPh3)2] (100 mg, 0.097 mmol) and 2-mercaptothiazoline (HL3)
(13 mg, 0.109 mmol) to provide a yellow microcrystalline product.
Yield: 72 mg (76%). IR (KBr/nujol): ν̃ = 2152 [ν(C�C)], 1917
[ν(CO)], 1591, 1574, 1302, 1049, 941, 914 cm–1. 31P{1H} NMR
(CDCl3): δ = 39.6 ppm. 1H NMR (CDCl3): δ = 2.08, 2.88 (t×2,
JHH = 8.0 Hz, 2×2 H, C3H4NS2), 6.08 (s, 1 H, RuC=CH), 6.98–
7.81 (m, 30 H+10 H, PC6H5 +C6H5) ppm. FAB-MS: m/z (%) =
973 (2) [M]+, 856 (3) [M – L3]+, 771 (2) [M – alkenyl]+, 711 (1)
[M – PPh3]+, 684 (8) [M–CO–PPh3]+. C56H45NOP2RuS2 (975.13):
calcd. C 69.0, H 4.7, N 1.4; found C 69.0, H 4.6, N 1.2.

Preparation of [Ru{C(C�CPh)=CHPh}(L4)(CO)(PPh3)2] (6):
[Ru{C(C�CPh)=CHPh}Cl(CO)(BTD)(PPh3)2] (100 mg, 0.097
mmol) and 4-hydroxy-2-mercaptopyrimidine (HL4) (14 mg,
0.109 mmol) were suspended in dichloromethane (20 mL) and eth-
anol (10 mL) and treated with sodium methoxide (10 mg,
0.185 mmol) in ethanol (10 mL). The reaction was stirred for 1 h,
after which all solvent was removed. The residue was dissolved in
dichloromethane (10 mL) and filtered through diatomaceous earth
to remove NaCl. Diethyl ether (40 mL) was slowly added to pre-
cipitate the pale yellow product. This was washed with diethyl ether
(10 mL) and hexane (10 mL). Yield: 85 mg (89%). IR (KBr/nujol):
ν̃ = 2151 [ν(C�C)], 1927 [ν(CO)], 1650, 1595, 1275, 1184, 976,
914 cm–1. 31P{1H} NMR (CDCl3): δ = 40.3 ppm. 1H NMR
(CDCl3): δ = 1.75 (br. s, 1 H, OH), 5.22 [d, JHH = 7.3 Hz, 1 H,
C5H2(OH)N2S], 6.08 (s, 1 H, RuC=CH), 6.76 (d, JHH = 7.7 Hz,
2 H, ortho-C6H5), 6.98–7.72 [m, 30 H+8 H+1 H,
PC6H5 +C6H5 +C5H2(OH)N2S] ppm. FAB-MS: m/z (%) = 984 (1)
[M]+, 857 (0.2) [M – L4]+, 781 (0.6) [M – alkenyl]+, 722 (0.2) [M –
PPh3]+, 694 (1.5) [M–CO–PPh3]+, 491 (0.6) [M – alkenyl–CO–
PPh3]+. C57H44N2O2P2RuS·0.75CH2Cl2 (1047.77): calcd. C 66.2, H
4.4, N 2.7; found C 66.2, H 4.4, N 3.0.

Preparation of [Ru(CH=CHC6H4Me-4)(L5)(CO)(PPh3)2] (7):
[Ru(CH=CHC6H4Me-4)Cl(CO)(BTD)(PPh3)2] (100 mg, 0.106
mmol) and 2-mercaptoquinoline (HL5) (19 mg, 0.118 mmol) were
suspended in dichloromethane (20 mL) and ethanol (10 mL) and
treated with sodium methoxide (11 mg, 0.204 mmol) in ethanol
(10 mL). The reaction was stirred for 1 h, after which the solvent
was concentrated under reduced pressure until precipitation of a
yellow product had begun. The flask was then kept at –20 °C for
4 hours. The resulting precipitate was washed with water (5 mL),
cold ethanol (5 mL) and hexane (10 mL). Yield: 76 mg (77%). Al-
though the product is partially soluble in ethanol, it can be recrys-
tallised from dichloromethane/ethanol mixtures. IR (NaCl/nujol):
ν̃ = 1913 [ν(CO)], 1591, 1545, 1504, 1296, 1184, 1163, 1109, 974,
874, 845, 814 cm–1. 31P{1H} NMR (C6D6): δ = 35.6 ppm. 1H NMR
(C6D6): δ = 2.16 (s, 3 H, CH3), 6.09, 6.59 [(AB)2, JAB = 8.7 Hz, 4
H, C6H4], 6.64 (dt, JHH = 16.7 Hz, JHP = 2.0 Hz, 1 H, Hβ), 6.81–
7.16, 7.36–7.78 (m×2, 30 H+5 H, C6H5 +C9H6NS), 7.92 (d, JHH

= 8.3 Hz, 1 H, C9H6NS), 8.65 (dt, JHH = 16.7 Hz, JHP = 3.5 Hz,
1 H, Hα) ppm. FAB-MS: m/z (%) = 931 (4) [M]+, 669 (7)
[M – PPh3]+, 641 (8) [M–CO–PPh3]+, 524 (7) [M – alkenyl–CO–
PPh3]+. C55H45NOP2RuS·0.25CH2Cl2 (952.28): calcd. C 69.7, H
4.8, N 1.5; found C 69.9, H 4.8, N 1.5.

X-ray Crystallography: Crystals of complexes 2 and 5 were grown
by slow diffusion of ethanol into dichloromethane solutions of the
complexes. A single crystal of each compound was mounted on a
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glass fibre and all geometric and intensity data were taken from this
sample with a Bruker SMART APEX CCD diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Data
reduction and integration was carried out with SAINT+ and ab-
sorption corrections applied using the program SADABS. The
structures were solved by direct methods and developed using alter-
nating cycles of least-squares refinement and difference-Fourier
synthesis. All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were placed in calculated positions and their thermal
parameters linked to those of the atoms to which they were at-
tached (riding model). Structure solution and refinement used the
SHELXTL PLUS V6.10 program package.[61] See Table 3 for se-
lected crystal data.

Table 3. Crystal data for compounds 2 and 5.

2 5·1.5(CH2Cl2)

Chemical formula C57H45N3OP2RuS C57.5H48Cl3NOP2RuS2

Fw 983.03 1102.45
Crystal system monoclinic monoclinic
Crystal colour yellow yellow
Crystal size [mm] 0.48 × 0.12 × 0.10 0.24 × 0.22 × 0.12
Space group C2/c P21/n
a [Å] 28.321(3) 13.0473(8)
b [Å] 19.249(2) 22.7831(14)
c [Å] 21.145(3) 17.5285(11)
α [°] 90 90
β [°] 119.139(2) 104.5250(10)
γ [°] 90 90
V [Å3] 10068(2) 5043.9(5)
Z 8 4
Calculated density [g/cm3] 1.297 1.452
T [K] 293(2) 150(2)
µ(Mo-Kα) [mm–1] 0.458 0.658
F(000) 4048 2260
Reflections collected 43639 44202
Unique reflections (Rint) 12004 (0.0563) 12093 (0.0304)
R1 [I � 2σ(I)] 0.0617 0.0405
wR�2 (all data) 0.1832 0.0952
Residual e·Å–3 (max., min.) 1.540, –1.20 1.084, –1.214

CCDC-263406 and -263407 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Pyridine- and pyrazine-2-carboxamide thiosemicarbazones
(HAm4DH and HAmpz4DH) or their N4,N4-dimethyl deriva-
tives (HAm4DM and HAmpz4DM) react with chloro[2-(di-
methylaminomethyl)phenyl-C1]mercury(II), [Hg(damp)Cl],
to give the tetrahedral [Hg(TSC)2] complexes [TSC =
Am4DH (1), Am4DM (2), Ampz4DH (3) or Ampz4DM (4)].
Spectroscopic studies and a X-ray structural analysis show
that the potentially tridentate thiosemicarbazones adopt S,N
coordination modes, with each deprotonated thiosemicarb-
azone binding to the HgII centre through the azomethine ni-

Introduction

Thiosemicarbazones have been extensively studied due to
their pharmacological properties and their coordinative be-
haviour towards transition-metal ions.[1] However, very few
mercury(II) complexes with thiosemicarbazones are known.

The reaction of potentially tridentate thiosemicarb-
azones, such as 2-acetylpyridine thiosemicarbazone or pyri-
dine-2-carboxamide thiosemicarbazone, with HgII salts
gives rise to five-coordinate compounds [Hg(HL)X2] (X =
Cl, Br or I) in which coordination to the metal centre oc-
curs through the pyridine and azomethine nitrogen atoms
and the thiocarbonyl sulfur atom (Scheme 1, a).[2–6]

Furthermore, compounds such as 2-acetylpyridine N-oxide
N4,N4-dimethylthiosemicarbazone can act as N,S-bidentate
ligands for mercury halides in which the metal atom has a
coordination number four with the same formula [Hg(HL)-
X2] for the complexes (Scheme 1, b).[7] These thiosemicarb-
azones can also form dimeric or polymeric complexes in
which the sulfur or the halogen acts as a bridge between
metal centres and, in some cases, they also behave as S-
monodentate ligands (Scheme 1, c) to form complexes of
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trogen and the thiolate sulfur atoms, whereas the heterocy-
clic nitrogen atoms are free of coordination. Intra- and inter-
molecular hydrogen bonding in all complexes and specific
C–H···π interactions with the chelate or pyridyl rings of the
complexes 1 and 2 were found in the crystal structures.
Furthermore, [Hg(damp)Cl] undergoes symmetrisation to
give the symmetric unit [Hg(Hdamp)2]2+ in which the Hdamp
is protonated at the nitrogen.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the formula [Hg(HL)2X2], where the mercury atom has a
tetrahedral coordination geometry.[5,6,8,9]

Scheme 1.
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Pyridine-2-carboxamide and pyrazine-2-carboxamide

thiosemicarbazone derivatives (Figure 1) are almost always
N,N,S-tridentate ligands[2–6] but are sometimes unidentate
ligands that coordinate through the sulfur atom.[6] Only in
two rhenium complexes does the 2-cyanopyridine thiosemi-
carbazone act as an N,N-bidentate ligand through the pyri-
dine and azomethine nitrogen atoms (Scheme 2, a)[10] or
through the amide and imine nitrogen atoms (Scheme 2,
b).[11]

Figure 1. Pyridine-2-carboxamide and pyrazine-2-carboxamide
thiosemicarbazone derivatives (left and right, respectively).

Scheme 2.

The coordination chemistry of organomercury(II) is not
as extensive as that of mercury(II) salts such as halides or
pseudohalides, probably because organomercury(II) deriva-
tives have a lower tendency to increase their coordination
by interaction with donor molecules. Organomercury(II)
substrates, RHgX, are known to undergo symmetrisation
to form symmetric diorganomercury HgR2 and HgII com-
plexes.[12–15] Bidentate thiosemicarbazones react with or-
ganomercury(II) (RHgX) to form three-coordinate com-
plexes [HgR(TSC)] (R = Ph or Me, TSC = thiosemicarb-
azone).[16–18]

When “TSC” is benzaldehyde or 4-methoxybenzalde-
hyde, the 199Hg NMR spectrum shows two signals, one cor-
responding to the formation of the aforementioned complex
and another corresponding to the formation of HgPh2, in-
dicating that a symmetrisation reaction has occurred. How-
ever, when the “TSC” is cyclopentanone, cyclohexanone, 2-
hydroxybenzaldehyde, N-phenyl pyrrole-2-carbaldehyde, N-
phenyl thiophene-2-carbaldehyde, or furan-2-carbaldehyde
thiosemicarbazonate, the 199Hg spectra show only one sig-
nal, indicating the presence of a single type of chemical en-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3079–30873080

vironment around the mercury(II) atom. The reaction be-
tween acetophenone thiosemicarbazone (Hatsc) and
PhHgCl gives compounds of formula [HgCl2(Hatsc)2],
where the proposed structure is a four-coordinate complex
in which the “Hatsc” is bonded to the metal through the
thiocarbonyl sulfur atom, and Ph2Hg as the products of the
symmetrisation reaction.[19]

In this paper we report the first examples of the reactions
between pyridine-2-carboxamide or pyrazine-2-carbox-
amide thiosemicarbazone (HAm4DH and HAmpz4DH)
and their N4,N4-dimethyl derivatives (HAm4DM and
HAmpz4DM), which are usually N,N,S-tridentate ligands,
with chloro[2-(dimethylaminomethyl)phenyl-C1]mercury(II)
(Figure 2). These reactions give complexes [Hg(Am4DH)2]
(1), [Hg(Am4DM)2] (2), [Hg(Ampz4DH)2] (3) and
[Hg(Ampz4DM)2] (4), which contain two deprotonated li-
gands in a bidentate mode chelating to the HgII through
the azomethine nitrogen and thiolate sulfur atoms, a very
unusual coordination mode for these potentially tridentate
ligands. Furthermore, the 199Hg NMR spectroscopic data
suggest a symmetrisation phenomenon, which is also sup-
ported by 1H NMR and IR data. In contrast to this behav-
iour, it was recently reported that thiosemicarbazonate
complexes of gold(III) are formed in reactions of [Au-
(damp-1C,N)Cl2] with pyridine-2-carboxamide thiosemi-
carbazones, where the organometallic damp– ligand is pro-
tonated during the reactions and the Au–N bond is
cleaved.[20]

Figure 2. Chloro[2-(dimethylaminomethyl)phenyl-C1]mercury(II).

Results and Discussion

The reaction of chloro[2-(dimethylaminomethyl)phenyl-
C1]mercury(II), [Hg(damp)Cl], with pyridine-2-carbox-
amide or pyrazine-2-carboxamide thiosemicarbazone
(HAm4DH and HAmpz4DH) and their N4,N4-dimethyl de-
rivatives (HAm4DM and HAmpz4DM) give solids of for-
mula [Hg(TSC)2] (TSC = deprotonated thiosemicarb-
azone). The products are consistent with the elemental
analysis data and are colourless or yellow and quite soluble
in common organic solvents.

The FAB+ spectra of all complexes show peaks corre-
sponding to {H2L}+, but only the N4,N4-dimethyl-substi-
tuted complexes show fragments that contain mercury. The
spectra of 2 and 4 show peaks at m/z = 646 and m/z = 648,
which can be assigned to a molecular ion of composition
{HgHL2}+. Peaks at m/z = 423 can be assigned to the com-
plex with a loss of a ligand, {HgL}+. In the mass spectra
of 1 and 3 only the signals due to the protonated ligand can
be seen (at m/z 196 and 197, respectively).
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X-ray Crystal Structures

In the molecular structures of the complexes the geome-
try is essentially similar and contains four coordinate neu-
tral Hg(TSC)2 molcules. However, in the compounds 1, 3
and 4 the mercury atom lies on a twofold axis and the
asymmetric unit consists of half a molecule of complex and,
as a consequence, a tetrahedral complex is formed with two
chelating anionic ligands around the central metal (Fig-
ure 3). Complex 2 crystallises in the orthorhombic space
group Pna21 and the Hg metal ion is tetrahedrally coordi-
nated with two symmetrically independent thiosemicarb-
azone ligands as monoanionic bidentate N,S-chelators (Fig-
ure 4). Selected bond lengths and angles are listed in Table 1
and Table 2, respectively.

Figure 3. Structure of 1 showing the intramolecular hydrogen
bonding. Symmetry codes are as given in Table 2.

Figure 4. Asymmetric unit of 2 showing the intramolecular hydro-
gen bonding.

In the complexes 1, 3 and 4 the tetrahedra are highly
deformed with Hg–S bond lengths in the range 2.354(2)–
2.362(1) Å, averaging 2.358(1) Å, which is a little shorter

Eur. J. Inorg. Chem. 2006, 3079–3087 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3081

Table 1. Selected bond lengths [Å] for complexes 1–4.

Bond 1 2[a] 3 4

Hg1–N12 2.490(3) 2.513(2) 2.488(4) 2.540(3) 2.492(5)
Hg1–S1 2.363(1) 2.417(1) 2.312(1) 2.356(1) 2.354(2)
C17–S1 1.764(3) 1.759(6) 1.747(6) 1.757(4) 1.768(7)
C16–N12 1.311(4) 1.35(2) 1.302(7) 1.304(4) 1.305(8)
N12–N13 1.402(4) 1.377(19) 1.410(6) 1.400(4) 1.391(8)
N13–C17 1.290(4) 1.332(7) 1.307(7) 1.295(4) 1.308(9)
C17–N14 1.367(4) 1.346(7) 1.336(7) 1.351(4) 1.361(8)
C16–N15 1.340(5) 1.342(7) 1.334(7) 1.347(5) 1.340(9)

[a] The second column corresponds to molecule II.

Table 2. Selected bond angles [°] for complexes 1–4.

Angle 1 2[b] 3 4

S1–Hg1–S1[a] 153.80(5) 159.70(5) 152.23(5) 157.46(9)
S1–Hg1–N12[a] 118.65(7) 108.05(9) 125.52(7) 120.24(13)
S1[a]–Hg1– 79.13(7) 77.67(9) 77.03(7) 77.51(13)
N12[a]

S1–Hg1–N12 79.13(7) 74.5(5) 77.03(7) 77.51(13)
S1[a]–Hg1–N12 118.65(7) 121.8(5) 125.52(7) 120.24(13)
N12[a]–Hg1– 100.13(13) 113.9(5) 84.05(13) 85.4(3)
N12
N15–C16–N12 123.5(3) 121.6(10) 124.0(5) 124.7(3) 124.1(6)
C15–C16–N12 119.9(3) 121.3(10) 119.1(5) 119.7(3) 117.8(6)
C16–N12–N13 110.9(3) 111.2(15) 112.5(4) 111.2(3) 111.6(5)
N12–N13–C17 118.5(3) 114.4(10) 118.5(5) 117.0(3) 117.4(5)
N13–C17–N14 117.5(3) 115.0(15) 116.8(5) 117.2(3) 117.0(6)
N13–C17–S1 129.6(2) 128.2(4) 126.0(5) 129.5(3) 127.6(5)
N14–C17–S1 112.9(2) 116.8(4) 116.9(4) 113.3(3) 115.4(5)

[a] The second column corresponds to molecule II. [b] Symmetry
transformations used to generate equivalent atoms: –x, y, –z+1/2
(1, 3); –x+1, y, –z +3/2 (4).

than the sum of the single-bond covalent radii (2.52 Å).[21]

However, there is a significant difference between the two
Hg–S distances in 2 [2.416(5) and 2.313(5) Å]. The Hg–N
bond lengths [range 2.484(15)–2.540(3) Å] are somewhat
longer than the Hg–N(hydrazinic) distances in tetracoordi-
nate mercury(II) complexes, but in 1 this distance is
2.290(3) Å, which is significantly shorter. Thus, in 1 the thi-
olate sulfur and hydrazine nitrogen atoms are strongly
bound to Hg.

The bond angles around the Hg centre vary over a wide
range, and in any case the geometry is not clearly tetrahe-
dral. The S–Hg–S bond angles [range 152.23(5)–159.8(2)°]
deviate significantly from the ideal tetrahedral angle, but
the main differences are in the N–Hg–N angles, which have
values of 100.1(1) and 114.(5)° for compounds 1 and 2,
respectively, and 84.1(1) and 85.4(3)° for compounds 3 and
4, respectively. These values seem to indicate that the pyr-
azine rings of the thiosemicarbazones have a significant in-
fluence on the packing.

The coordination polyhedra in the four complexes are to
some extent reminiscent of those adopted by
[Hg(H4DMLO)X2] (X = Cl or Br, H4DMLO = 2-acetyl-
pyridine N-oxide N4,N4-dimethyl thiosemicarbazone).[7]

This can be described as a distorted trigonal pyramid with
the mercury atom in the same mean plane as the nitrogen
and sulfur atoms of the first thiosemicarbazone, and the
sulfur atom of the symmetrical one (1, 3 and 4) or of the
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second thiosemicarbazone (2) [av. 0.2874(2) Å] (Figure 5).
These coordination planes form angles in the range 5.5(1)–
12.0(2)° (1, 3 and 4) and 16.2(4)–36.2(2)° (2) with the mean
plane of the thiosemicarbazone moiety.

Figure 5. Perspective drawing of 4 oriented as a distorted trigonal
pyramid. Symmetry codes are as given in Table 2.

The least-squares plane data and deviations from these
planes for the complexes are listed in Table 3. In all four
complexes the pyridyl and pyrazinyl rings are almost
planar. In complex 1 the pyridine ring and the thiosemi-
carbazone moiety form a dihedral angle of 44.8(1)°, and
the two thiosemicarbazonates bonded to the HgII are nearly
orthogonal, forming an angle of 85.3(1)°. However, in com-
plex 2 the deviations are smaller and the angles between the
pyridine and the thiosemicarbazone moieties are 25.6(8)
and 29.6(7)° for the two non-symmetric ligands and the an-
gle between the thiosemicarbazone main least-squares pla-
nes is 64.2(4)°. In complexes 3 and 4 the angles between the
pyrazine ring and the thiosemicarbazone moieties are
33.3(1) and 42.7(2)°, respectively, whereas the angles be-
tween each thiosemicarbazone moiety and its symmetrical
one are 46.8(1) and 45.8(2)°, respectively (Figure 6).

Table 3. Best least-squares planes for complexes 1–4.

Compound Plane Rms deviation [Å] Largest deviation [Å] Angle with previous plane [°]

1 S1–N12–S1[a] 0 Hg1, 0.335(1)
C16–N12–N13–C17–S1–N14 0.1292 N12, 0.246(2) 9.8(1)
N11–C11–C12–C13–C14–C15 0.0071 C14, 0.012(3) 44.8(1)

2 S1–N12–S2 0 Hg1, 0.215(4)
C16–N12–N13–C17–S1–N14 0.0080 C17, 0.02(2) 16.2(4)
N11–C11–C12–C13–C14–C15 0.0109 C13, 0.02(2) 25.6(8)
N21–C21–C22–C23–C24–C25 0.0139 N21, 0.02(1) 55.7(7)
C26–N22–N23–C27–S2–N24 0.0535 N24, 0.02(1) 29.6(7)
S2–N22–S1 0 Hg1, 0.334(4) 36.2(3)

3 S1–N12–S1[a] 0 Hg1, 0.270(1)
C16–N12–N13–C17–S1–N14 0.0851 N12, 0.160(3) 5.5(1)
N11–C11–C12–C13–C14–C15 0.0057 C14, 0.010(3) 33.3(1)

4 S1–N12–S1[a] 0 Hg1, 0.242(1)
C16–N12–N13–C17–S1–N14 0.0789 N12, 0.156(4) 12.0(2)
N11–C11–C12–N16–C14–C15 0.0126 C15, 0.021(6) 42.7(2)

[a] Symmetry transformations used to generate equivalent atoms: –x, y, –z +1/2 (1, 3); –x +1, y, –z +3/2 (4).
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Figure 6. Parallel projection along the [101] direction showing the
angle of the thiosemicarbazone moieties in the molecule of 3. Sym-
metry codes are as given in Table 2.

The bond lengths in the noncoordinating pyridine and
pyrazine units remain unchanged upon metal-complex for-
mation. These units therefore appear not to participate in
the complexation process. The bond lengths for the thio-
semicarbazone moieties are as one would expect and the
bond lengths in the five-membered chelate rings are inter-
mediate between the usual values for single and double
bonds, thus demonstrating metalloaromaticity.[22]

A number of intra- and intermolecular hydrogen bonds
are formed in the crystal packing arrangement (Table 4),
and it is not only the amine and imine groups that take part
but also the pyridine and pyrazine nitrogen atoms of the
ligands (Figure 7). The most significant intramolecular in-
teractions occur between the amino donor groups and the
imine or pyrazine nitrogen atoms of neighbouring chains,
which act as acceptors. These interactions give rise to a
three-dimensional supramolecular network (Figure 8).
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Table 4. Hydrogen bonding interactions [Å, °] for complexes 1–4.

D–H···A d(D–H) d(H···A) d(D···A) �D–H···A

1[a] N14–H14B···N131 0.76 2.33 3.035(4) 154.5
N15–H15A···N13 0.90 2.22 2.565(4) 101.8
N15–H15B···N11 0.89 2.19 2.660(4) 112.0

2 N15–H15B···N11 0.86 2.35 2.69(3) 104.0
N15–H15A···N13 0.86 2.22 2.53(2) 101.0
N25–H25B···N21 0.86 2.33 2.67(2) 103.5
N25–H25A···N23 0.86 2.28 2.59(2) 101.7

3[b] N14–H14A···N131 0.91 2.24 3.142(5) 172.5
N14–H14B···N162 0.83 2.24 3.060(5) 169.3
N15–H15A···N13 0.95 2.22 2.586(4) 102.2
N15–H15B···N11 0.88 2.24 2.660(5) 109.0

4[c] N15–H15A···N13 0.97 2.27 2.579(9) 100.9
N15–H15B···N11 0.97 2.46 2.772(9) 102.3
N15–H15B···N161 0.92 2.56 3.251(10) 132.2

[a] Symmetry transformations used to generate equivalent atoms:
a) 1: –x+1/2, y+1/2, –z+1/2. [b] 1: –x, –y+1, –z; 2: x–1/2, –y+
3/2, z–1/2. [c] 1: –x+1/2, y–1/2, –z+1/2..

Figure 7. Drawing of the packing diagram of 3 in the ac plane
showing the intermolecular hydrogen bonding and the patterns of
repeating infinite array of layers along the [010] direction.

Figure 8. Partial representation of the unit cell of 4 showing the
intermolecular hydrogen bonding.
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Intermolecular CH···π(chelate ring) interactions between
C–H bonds of the pyridyl ligand and the metal chelate ring
are observed in complex 1 (Table 5). The H···ring centroid
(H···Ω) distances are in the range 2.66–2.89 Å, and the α
and β angles have values of 120° and 12.5–19.0°, respec-
tively (Figure 9). These data are comparable with those
found in crystal structures with weak C–H···π interactions
between an organic moiety and a chelate ring in transition-
metal complexes (α � 110°, β � 16° and H···Ω � 3.0 Å; α,
β, and Ω are defined in Table 5).[23] The crystal structure of
complex 2 also displays a weak C–H···π interaction between
a methyl group and the pyridyl ring of neighbouring mole-
cules.[24]

Table 5. Intermolecular CH···π ring interaction parameters for
complexes 1 and 2.[a]

CH···Ω H···Ω [Å] α [°] β [°]

1 C11–H11···(Hg1/S1)1 2.89 120.4 12.7
C14–H14···(Hg1/S1)2 2.66 120.9 18.9

2 C29–H29B···(N11/C15)3 2.97 123.6 9.5

[a] Ω is the ring plane, α the angle C–H···centroid of Ω and β the
angle defined by the H···centroid line and the perpendicular to this
plane. Symmetry transformations used to generate equivalent
atoms: 1: –x, 1–y, –z; 2: –x, y, ½–z; 3: –x, 1–y, –1/2+z.

Figure 9. Perspective view of 1 showing an intermolecular C–H···π
interaction with the π-system of the chelate ring.

Spectral Data

The complexes exhibit bands due to ν(NH) vibrations in
the range 3500–3146 cm–1. The bands associated with
ν(C=N) and ν(C=C) appear in the range 1609–1444 cm–1

and are shifted to lower and higher frequencies, respectively,
compared to those of the ligands. The ν(NH) band is
shifted to slightly higher frequencies in the complexes with
respect to the ligands, indicating the coordination of the
azomethine nitrogen. The ν(CS) band appears at ca.
755 cm–1 for the complexes with pyridine and ca. 850 cm–1

for the pyrazine derivatives, which is in agreement with ob-
served values for this series of compounds with the sulfur
atom coordinated to the metal centre. Furthermore, coordi-
nation by the N azomethine and the S thiolate is supported
by the localisation of the ν(Hg–N) modes around 405–
418 cm–1 and the ν(Hg–S) modes around 289–326 cm–1,
respectively.

In the 1H NMR spectra of the complexes, the absence of
the N3–H signal is consistent with the thiosemicarbazone



U. Abram, A. Castiñeiras, I. García-Santos, R. Rodríguez-RiobóFULL PAPER
in its deprotonated form. The pyridine proton signals ap-
pear at around 8.44–7.36 ppm and the pyrazine protons are
in the range 9.67–8.48 ppm, which is normal for these aro-
matic protons. The N5H2 proton in both 1 and 2 appear as
a singlet at δ = 6.60 ppm in each case and at δ = 7.06 and
6.51 ppm for 3 and 4, respectively. The N4H2 protons ap-
pear at δ = 6.03 ppm in 1 and at 8.33, 8.22 ppm in 3. The
presence of two signals for the N4H2 protons in 3 must be
due to the restriction of free-rotation around the C7–N4H2

bond.[19,25] The variation in the shielding between the com-
plexes must be related to a different arrangement of the
complex in DMSO solution or to a different interaction
between the N4H2 protons and DMSO.

The 199Hg NMR spectrum of 1 shows two peaks at –577
and –806 ppm (Figure 10). The peak at δ = –806 ppm is due
to our four-coordinate complex, whereas the signal at δ =
–577 ppm may be due to the coordination of the nitrogen
atom of the pyridine ring in DMSO solution, a situation
that increases the coordination number of the Hg atom and
moves the δ(199Hg) signal to higher frequencies. This obser-
vation is in agreement with literature data.[25,26] Further-
more, the 1H NMR spectra of the reaction between
[Hg(damp)Cl] and HAm4DH in a [D6]DMSO solution
shows two peaks for the protons of the pyridine ring, which
is also consistent with the suggested coordination of the
heterocyclic nitrogen atom in solution.

The behaviour of the complexes in solution was followed
by NMR spectroscopy of the reaction between two of the
thiosemicarbazones and [Hg(damp)Cl]. The 199Hg NMR
spectra were recorded for the reactions between [Hg(damp)-
Cl] and HAm4DM or HAmpz4DH in a MeOH/[D4]MeOH
mixture in 10-mm NMR tubes. The spectra for these two
reactions each show two signals (Figure 11). The first signal
is observed at –650 and –655 ppm for the two reactions,
respectively, and this may indicate that, in solution, the het-
erocyclic nitrogen atom is also coordinated to the mercury
centre in the complex HgL2.[25,26] The second peak, which
appears at –1162 and –1167 ppm, respectively, could corre-
spond to the presence of [Hg(Hdamp)2]2+ as a secondary
product formed by symmetrisation.[13,15] These signals are
shifted to higher field with respect to that of [Hg(damp)Cl],

Figure 11. 199Hg NMR spectrum at room temperature of the reaction between [Hg(damp)Cl] and HA4DM in MeOH/[D4]MeOH. The
signal for [Hg(Am4DM)2] is on the left and that for [Hg(Hdamp)2]2+ on the right.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3079–30873084

Figure 10. 199Hg NMR spectrum at room temperature of a solution
of complex 1 in DMSO.

which appears at δ = –1109 ppm. Symmetrisation is a well
known reaction in organometallic mercury com-
pounds[27–29] and the occurrence of such a process would
be consistent with the tendency for organomercury com-
pounds to maintain linearity in R2Hg or RHgX systems.
The overall reaction can be represented as follows:

It seems likely that the most stable form of the complex
in solution is Hg(TSC)2

(NNS), that this is the form first pro-
duced when the reaction is carried out in methanol
(Scheme 3, reaction I), and that its conversion to Hg-
(TSC)2

(NS) via equilibrium II (Scheme 3) is driven by the
precipitation of Hg(TSC)2

(NS) as crystals. When Hg-
(TSC)2

(NS) is dissolved in DMSO, equilibrium II (Scheme 3)
leads rapidly to the presence of both species.

The molar conductivity values for the solutions discussed
above indicate that they are 2:1 electrolytes in MeOH,[30] a
finding that is consistent with the presence of the species
[Hg(Hdamp)2]2+ and 2 Cl–, and consequently, the forma-
tion of a zwitterionic charge distribution in this ligand is
not possible. The pH values of the solutions were also mea-
sured and significant variations were not found with respect
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Scheme 3.

to the typical value for MeOH. This observation is consis-
tent with the presence of the species [Hg(Hdamp)2]Cl2,
which would retain the protons lost by the ligand upon co-
ordination to mercury.

The reaction between [Hg(damp)Cl] and HAmpz4DH in
DMSO was carried out and 1H NMR spectra were ac-
quired. It was found that, in addition to the signals corre-
sponding to species 3 (as discussed above), a new set of
signals appeared due to the presence of organometallic
rings (in the range 7.17–7.48 ppm), CH2 (δ =3.47 ppm) and
the methyl groups of [Hg(Hdamp)2]Cl2 (δ = 2.23 ppm).
Furthermore, the presence of a singlet at δ = 10.26 ppm in
the reaction between [Hg(damp)Cl] and HAmpz4DH pro-
vides further evidence for protonation of the Hdamp nitro-
gen. Similarly, in the reaction between [Hg(damp)Cl] and
HAm4DM in CDCl3, as well as the signals described above,
a signal was observed at δ = 11.60 ppm and this is probably
due to protonation of the species [Hg(Hdamp)2]2+. Proton-
ation of the ligand Hdamp is supported by IR spectra of
damp, which show a band corresponding to ν(N–H) vi-
brations at around 2670 cm–1, a value consistent with those
found for other Hdamp complexes,[20,31,32] and with the N–
H absorption of free tertiary ammonium salts (ca.
2700 cm–1).

Experimental Section
Elemental analyses were performed with a Carlo Erba 1108 micro-
analyser. The mass spectra were obtained using the FAB method
with a Hewlett–Packard HP5988A mass spectrometer. IR spectra
were recorded as KBr disks (4000–400 cm–1) or polyethylene-sand-
wiched Nujol mulls (500–100 cm–1) with a Bruker IFS-66v spec-
trometer. NMR spectra were obtained with a Bruker AMX 300
and AMX 500 spectrometers; chemical shifts are reported in ppm
downfield from Me4Si or Hg(CH3)2. With the exception of
[Hg(Am4DH)2], the 199Hg NMR spectra of the other mercury
complexes could not be registered due to their low solubility.

[Hg(damp)Cl] was synthesised according to the reported pro-
cedure.[33] The thiosemicarbazones were prepared by reduction of
pyridine-2-carboxamide and pyrazine-2-carboxamide with sodium
and subsequent reaction with the corresponding thiosemicarbazide
as described previously.[6,34,35]

Synthesis of [Hg(Am4DH)2] (1): A mixture of HAm4DH (0.03 g,
0.15 mmol) and [Hg(damp)Cl] (0.06 g, 0.15 mmol) in methanol
(25 mL) was heated under reflux for 1 h. The clear pale-yellow
solution was left to crystallise and, after several days, colourless
crystals suitable for crystal determination were obtained. Yield:
4.86 mg. C14H16HgN10S2 (589.06): calcd. C 28.5, H 2.7, N 23.8, S
10.9; found C 28.6, H 2.6, N 23.2, S 10.1. IR: ν̃max= 3479–3148
ν(NH), 1606–1552 ν(C=N and C=C), 1003 ν(NN), 795 ν(CS), 415
ν(Hg–N), 322 ν(Hg–S) cm–1. FAB+ MS, m/z (%), assignment:
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196.09 (1.47), [H2Am4DH]. 1H NMR ([D6]DMSO, ppm): δ = 8.44
(d, 1 H, 1-H), 7.83 (d, 1 H, 4-H), 7.67 (td, 1 H, 3-H), 7.36 (m, 1
H, 2-H), 6.60 (s, 2 H, N5H2), 6.03 (s, 2 H, N4H2).

Synthesis of [Hg(Am4DM)2] (2): HAm4DM (0.02 g, 0.1 mmol) in
methanol was added to a stirred solution of [Hg(damp)Cl] (0.02 g,
0.1 mmol) in methanol (20 mL). The mixture was stirred for several
hours and the resulting yellow solution was left to crystallise. A
yellow crystalline solid formed after several days and crystals suit-
able for X-ray diffraction were obtained from the same solvent.
Yield: 15.48 mg. C18H24HgN10S2 (645.17): calcd. C 33.5, H 3.7, N
21.7, S 9.9; found C 33.4, H 3.8, N 21.7, S 9.1. IR: ν̃max = 3489–
3358 ν(NH), 1609–1544 ν(C=N and C=C), 995 ν(NN), 797 ν(CS),
418 ν(Hg–N), 305 ν(Hg–S) cm–1. FAB+ MS, m/z (%), assignment:
646.27 (1.70), [Hg(HAmDM)(Am4DM)]; 559.26 (17.0),
[Hg(AmDM)(C6H8N4)]; 423.14 (0.73), [Hg(AmDM)]; 224.12
(3.12), [H2Am4DM]. 1H NMR ([D6]DMSO, ppm): δ = 8.44 (d, 1
H, 1-H), 7.74 (d, 1 H, 4-H), 7.63 (td, 1 H, 3-H), 7.37 (m, 1 H, 2-
H), 6.60 (s, 2 H, N5H2), 3.08 (s, 6 H, 2Me).

Synthesis of [Hg(Ampz4DH)2] (3): A mixture of HAmpz4DH
(0.02 g, 0.1 mmol) and [Hg(damp)Cl] (0.04 g, 0.1 mmol) in meth-
anol (25 mL) was heated under reflux for 1 h. The resulting yellow-
green precipitate was filtered off and dried under vacuum. Yellow
crystals suitable for X-ray structural analysis were obtained from
the liquors. Yield: 13.29 mg. Elemental analysis: C12H14HgN12S2

(591.04): calcd. C 24.4, H 2.4, N 28.4, S 10.8; found C 24.5, H 2.3,
N 28.3, S 10.7. IR: ν̃max = 3500–3146 ν(NH), 1608–1553 ν(C=N
and C=C), 1017 ν(NN), 855 ν(CS), 417 ν(Hg–N), 326 ν(Hg–S).
FAB+ MS, m/z (%), assignment: 197.09 (1.64), [H2Ampz4DH]. 1H
NMR ([D6]DMSO, ppm): δ = 9.58 (s, 1 H, 4-H), 8.67 (s, 1 H, 1-
H), 8.56 (d, 1 H, 2-H), 6.61 (s, 2 H, N5H2), 6.37, 6.06 (1 H, 1 H,
s, s, N4H2).

Synthesis of [Hg(Ampz4DM)2] (4): HAmpz4DM (0.02 g,
0.09 mmol) in methanol was added to a stirred solution of
[Hg(damp)Cl] (0.02 g, 0.09 mmol) in methanol (20 mL). The mix-
ture was stirred for several hours and the resulting yellow solution
was left to crystallise. A yellow crystalline formed after several days
and was filtered off and dried under vacuum. Yellow crystals suit-
able for X-ray diffraction were obtained from the same solvent.
Yield: 8.74 mg. C16H22HgN12S2 (647.14): calcd. C 29.7, H 3.4, N
26.0, S 9.9; found C 29.4, H 3.4, N 25.5, S 10.1. IR: ν̃max = 3420–
3312 ν(NH), 1607–1573 ν(C=N and C=C), 1019 ν(NN), 861 ν(CS),
405 ν(Hg–N), 289 ν(Hg–S). FAB+ MS, m/z (%), assignment: 648.20
(34.03), [Hg(HAmpzDM)(Ampz4DM)]; 423.08 (2.01),
[Hg(Ampz4DM)]; 225.10 (5.07), [H2Ampz4DM]; 191.12 (55.29),
(C8H11N6S). 1H NMR ([D6]DMSO, ppm): δ = 8.84 (s, 1 H, 4-H),
8.58 (s, 1 H, 1-H), 8.48 (s, 1 H, 2-H), 6.51 (s, 2 H, N5H2), 3.14 (s,
6 H, 2Me).

X-ray Crystallography: Crystals of all complexes were mounted on
glass fibres and used for data collection. Crystal data were obtained
with a Bruker SMART CCD-1000 diffractometer at room tempera-
ture. X-ray data were processed using the SAINT program[36] and
corrected for absorption using SADABS.[37] Structural solution and
refinement was carried out using the SHELX suite of pro-
grams.[38,39] The hydrogen atoms were located unambiguously from
difference Fourier maps (N–H hydrogen atoms) and included as
fixed contributions riding on attached atoms or included in geo-
metrically idealized positions employing appropriate riding models,
all with isotropic displacement parameters constrained to 1.2 times
those of their carrier atoms. Atom scattering factors were taken
from the International Tables for Crystallography[40] and molecular
graphics were obtained from PLATON[41] (see also Table 6).
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Table 6. Crystallographic data for complexes 1–4.

[Hg(Am4DH)2] [Hg(Am4DM)2] [Hg(Ampz4DH)2] [Hg(Ampz4DM)2]

Empirical formula C14H16HgN10S2 C18H24HgN10S2 C12H14HgN12S2 C16H22HgN12S2

Colour, habit prism, colourless yellow, plate yellow, prism yellow, prism
Formula weight 589.08 645.18 591.06 647.17
Crystal size [mm] 0.57×0.26×0.18 0.14×0.11×0.06 0.16×0.14×0.11 0.18×0.17×0.06
Crystal system monoclinic orthorhombic monoclinic orthorhombic
Space group C2/c (No. 15) Pna21 (No. 33) C2/c (No.15) C2221 (No. 20)
Unit cell dimensions
a [Å] 16.907(4) 17.892(3) 13.316(3) 11.898(4)
b [Å] 7.194(2) 9.070(2) 7.805(2) 11.513(4)
c [Å] 15.535(3) 13.915(3) 18.517(4) 16.605(5)
α [°] 90 90 90 90
β [°] 94.781(4) 90 109.648(3) 90
γ [°] 90 90 90 90
V [Å3] 1883.0(7) 2258.2(7) 1812.4(7) 2274.6(13)
Z 4 4 4 4
Dcalcd. (g·cm–3) 2.078 1.898 2.166 1.890
µ [mm–1] 8.419 7.029 8.750 6.981
θ Range for data coll. [°] 2.42–26.35 2.28–26.37 2.34–28.28 2.45–28.28
Index ranges –20 � h � 20 –22 � h � 0 –16 � h � 17 0 � h � 15

–8 � k � 8 –11 � k � 0 0 � k � 10 –15 � k � 15
–19 � l � 19 0 � l � 17 –24 � l � 0 0 � l � 22

Reflections collected 7619 19433 11513 10875
Unique reflects., Rint 1914, 0.0341 2415, 0.0672 2221, 0.0334 2756, 0.0307
Data/parameters 1914/131 2415/280 2221/123 2756/141
Final R indices R1 = 0.0205 R1 = 0.0430 R1 = 0.0244 R1 = 0.0311
[I�2σ(I)] wR2 = 0.0503 wR2 = 0.0867 wR2 = 0.0427 wR2 = 0.0815
R indices (all data) R1 = 0.0220 R1 = 0.0994 R1 = 0.0380 R1 = 0.0379

wR2 = 0.0510 wR2 = 0.1107 wR2 = 0.0466 wR2 = 0.0878
Goodness-of-fit 1.101 1.097 1.082 1.058
Flack parameter – 0.09(2) – 0.00(1)

CCDC-600478 (for [Hg(Am4DH)2]), -600479 (for [Hg(Am4DM)2]),
-600480 (for [Hg(Ampz4DH)2]) and -600481 (for [Hg(Ampz4DM)2])
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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This paper reports the reaction of Ti(OiPr)4 with a series of
Schiff-base ligands. The Schiff-base proligands 1a–l are syn-
thesised by the condensation of salicylaldehyde with a range
of primary alkylamine and aniline derivatives. The treatment
of 1a–f with Ti(OiPr)4 yields the octahedral bis(aryloxy–
imine)Ti(OiPr)2 complexes 2a–f. X-ray crystal structure analy-
sis of 2c, 2d and 2e reveals complexes with a trans-aldiminato
oxygen atom and cis-N,cis-alkoxide ligand arrangement
about the central metal atom. The reactions of Ti(OiPr)4 with
the ligands 1g and 1h result in a sterically induced ligand
rearrangement to form the octahedral complexes 2g and 2h,
also characterised by X-ray diffraction experiments, in which
the nitrogen atoms of the O,N-chelate are now trans-orien-
tated at the titanium centre. 1H NMR analysis reveals signifi-
cant deshielding of the isopropoxide methine proton, in-

Introduction

In recent years the development of new and increasingly
active homogeneous catalysts for polymerisations has been
one of the driving forces behind the advances in organome-
tallic chemistry, the most significant progress having been
made in the area of metallocene chemistry.[1–5] Much of this
chemistry has focused on the development of new non-Cp
ligands for alkyl d0 metal compounds, which enhance α-
olefin polymerisation, in the presence of co-catalysts, such
as methylaluminoxane (MAO). A variety of ligands have
been explored in recent years, including, for example, alk-
oxides and chelating alkoxides such as hydroxybenzalde-
hydes,[6–9,10] N2O2 Schiff-base ligands,[11–18] and bidentate
N,O ligands such as 8-quinolinolato and pyridine–alk-
oxides.[19–22] Much of this work has focused on the forma-
tion of complexes that incorporate bidentate ligands to af-
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duced by this coordination mode. In contrast, reactions of 1i
and 1j with Ti(OiPr)4 result in the formation and isolation of
the complexes 2i and 2j. X-ray crystal structure analysis
shows complex 2j to have a previously unobserved ligand
orientation, in which both ligands are trans-orientated, with
respect to the aldiminato oxygen atoms, about the titanium
centre, but steric bulk of the ligand inhibits the bidentate
coordination of both O,N-ligands. Further increase in the
steric bulk of the imine substituent results in a reduced reac-
tivity for ligands 1k and 1l, such that Ti(OiPr)4 reacts with 1k
to form the dimeric mono(Schiff-base) complex 2k (charac-
terised by X-ray analysis). No reaction is observed for 1l.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ford metal complexes possessing cis-located “active” sites, a
prerequisite for effective olefin polymerisation. Recently, a
family of group 4 transition-metal complexes, possessing
just such a cisoid arrangement of two aryloxy–imine li-
gands, have been shown to be highly active catalysts for
olefin polymerisation.[23–30] Considerable attention has also
focused on the use of group 4 metal alkoxide complexes in
the ring-opening polymerisations of cyclic esters such as
lactic acid and ε-caprolactone.[31–35]

As part of a more general study of the chemistry of tita-
nium alkoxides, we and others have been interested in the
use of similar complexes for a range of Lewis acid mediated
reactions and polymerisations.[31,32,36,37] Herein we report
the results of a synthetic and structural investigation of the
stereochemical control possible by steric variation of li-
gands, specifically at the imine substituent.

It has been shown previously that ortho substitution of
the aryloxy–imine ligands (R position) can have a marked
effect upon the structure and fluxional properties as well
as the activity of the Schiff-base metal complexes as olefin
polymerisation catalysts.[38,39]

Previous X-ray crystallographic studies have established
that of the five possible isomeric structures of (bidentate)2-
MX2 complexes (bidentate = aryloxy–imine ligand, X =
unidentate ligand) (Figure 1) the preferred structure is a
distorted octahedron with trans-O,cis-N,cis-X ligand ar-
rangement [Figure 1(i)],[14,23–30,40,41] a feature that has also
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Scheme 1. Synthesis of ligands 1a–l and Ti complexes 2a–k.

been rationalised in terms of simple VSEPR concepts.[42]

DFT calculations have also shown this conformation to be
favoured in the gas phase.[23] Complexes with a trans-N,cis-
O,cis-X ligand arrangement have also been reported.[29]

Figure 1. Depiction of the conformational isomers possible for (bi-
dentate)2MX2 complexes.

Figure 2. Structural classes of Schiff-base complexes I–IV.
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Results and Discussion

The aryloxy–imine ligands 1a–l were readily prepared by
the condensation of salicylaldehyde with commercially
available primary amines or aniline derivatives in methanol
using standard procedures (Scheme 1)[43] and isolated as
sharp-melting white to yellow crystalline solids following
recrystallisation in 70–98% yields. The range of amine and
aniline derivatives used in this study were chosen because of
their potential to impart different steric demands at metal
centres.

Synthesis and Structural Characterisation of Schiff Base
Complexes

During the course of this study clear differences in the
stereochemistry of metal complexes isolated, facilitate the
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division of their discussion into four distinct categories:
bis(η2-trans-O,O) complexes, type I; bis(η2-trans-N,N) com-
plexes, type II; bis(η2,η1-trans-O,O) complexes, type III; and
mono(η1) complexes, type IV (Figure 2). 1H NMR spectro-
scopic data and X-ray data are discussed below. 13C NMR
spectroscopic data and elemental analyses are reported in
the Experimental Section and are consistent with the struc-
tures proposed.

Type I Complexes, Bis(η2-trans-O,O) Coordination

The reactions of Ti(OiPr)4 with 2 equiv. of 1a–f proceed
rapidly at room temperature in toluene to afford HOiPr and
the bis(ligand) complexes [{RN=C(C6H4O)}2Ti(OiPr)2]
(2a–f) in high yield (Scheme 1). The complexes 2 were iso-
lated as analytically pure crystalline solids by recrystalli-
sation from concentrated toluene solutions.

1H NMR spectra of 2a–f at room temperature contain
one single set of sharp resonances, for both Schiff-base li-
gands and isopropoxide groups. Despite the variation in
imine substituents in the complexes 2a–f, signals due to the
isopropoxide ligands do not vary significantly (i.e., δ = 4.6–
4.9 ppm for the isopropoxide methine proton). It is well
documented that six-cordinate bis(chelate) complexes of the
structure types I and II (Figure 2) can undergo inversion of
configuration at the metal centre, exhibiting rapid ∆ h Λ
isomerisation and isopropoxide rotation and/or exchange at
ambient temperatures.[44–47] The observation of only one set
of resonances for each ligand type in the 1H and 13C NMR
spectra of 2a–f is consistent with a C2-symmetric structure.
In the specific case of the complexes 2c–e, single-crystal X-
ray diffraction studies confirm the complexes to be type I
(Figure 2) C2-symmetric complexes in the solid state.

In order to probe this fluxional behaviour further, low-
temperature 1H NMR spectra of 2c, which incorporates an
enantiomerically pure chiral ligand, are particularly in-
formative, because the presence of chiral ligands leads to

Figure 3. Variable-temperature 1H NMR spectra of 2c showing the imine CH region of the ligand (relative integrals shown in italics
above peaks).
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the formation of diastereoisomers.[20] Variable-temperature
1H NMR spectra for the imine CH region are shown in
Figure 3. At room temperature (23 °C) the 1H NMR spec-
trum of 2c shows one broad resonance each for the imine
CH, the methine proton of the isopropoxide ligand, and the
methine proton of the chiral imine substituent. Cooling of
the sample to –20 °C results in resolution of each of these
resonances into two peaks of intensity ratio 1:2.1, corre-
sponding to the two diastereoisomers possible for com-
plexes of type I shown in Figure 2. {It is likely that the two
major isomers observed in solution correspond to the two
diastereoisomers of the (trans,cis,cis) isomer [Figure 1(i)] as
non-bulky ligands prefer a trans-O,cis-N conformation.}
Cooling of the sample to –30 °C results in further changes
in the relative intensities of these signals until at –80 °C the
relative intensities are found in a 1:3.6 ratio. Although the
absolute stereochemistry of the major diastereoisomer ob-
served in the solution state cannot be determined unequivo-
cally, it may be inferred from the molecular structure deter-
mination of 2c. Compound 2c crystallises in a chiral space
group as only one diastereoisomer (see below), It is there-
fore likely that this is also the thermodynamically more
stable isomer observed in solution.

The fluctional behaviour observed for 2c at low tempera-
tures is fully reversible, and warming of the sample to 60 °C
shows a slight sharpening of the signals in the 1H NMR
spectrum relative to the room-temperature spectrum, but
no evidence for metal-based isomerisation is observed.

The molecular structures of 2c, 2d, and 2e are shown
in Figures 4, 5 and 6, respectively, and key parameters are
summarised in Tables 1 and 5. All three complexes adopt a
distorted octahedral structure of type I, with a trans-aldimin-
ato,cis-alkoxide,cis-imine ligand arrangement.

The asymmetric unit of 2c contains crystallographically
independent molecules, both of which possess the same chi-
rality but which differ marginally in the relative orientations
of the isopropoxide groups. The coordination geometry
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Figure 4. Molecular structures of the two independent molecules, A and B, in complex 2c. Structures are shown with 50% displacement
ellipsoids; hydrogen atoms have been omitted for clarity.

Figure 5. Molecular structure of complex 2d. The structure is
shown with 50% displacement ellipsoids. Hydrogen atoms have
been omitted for clarity. Disorder in the aryloxy unit (O1–N1) is
not shown.

around the central titanium atom is close to octahedral.
The axial O–Ti–O bond angle is distorted away from
linearity [O(1)–Ti(1)–O(4), 161.65(8)°; O(6)–Ti(2)–O(8),
161.95(8)°] such that there is a displacement of the aldimin-
ato ring away from the isopropoxide ligands. The Ti–OiPr
moieties exhibit bond lengths of 1.777(2) Å [Ti(1)–O(2)],
1.817(2) Å [Ti(1)–O(3)], 1.826(2) Å [Ti(2)–O(7)], and
1.778(2) Å [Ti(2)–O(9)], with O–Ti–O angles of 99.85(9)°
and 101.04(8)° about Ti(1) and Ti(2), respectively. As ex-
pected, the Ti–N(imine) bonds are considerably longer:
Ti(1)–N(1) 2.347(2), Ti(1)–N(2) 2.299(2), Ti(2)–N(3)
2.321(2), Ti(2)–N(4) 2.300(2) Å. The coordination geome-
tries in complexes 2d and 2e are similar to that observed in
2c, although subtle differences between the complexes are
apparent (Table 1).
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Figure 6. (a) Molecular structure of complex 2e, shown with 50%
displacement ellipsoids. Hydrogen atoms have been omitted for
clarity. (b) Supramolecular structure of 2e highlighting the
intermolecular C–H···F interactions C(26)···F(29A) 3.550(4) Å,
C(26)···F(30A) 3.406(4) Å, C(26)–H(26)···F(29A) 154.6°, C(26)–
H(26)···F(30A) 140.1°.

Previous work has highlighted the role of the imine C–
H group in promoting weak intermolecular interactions in
the solid-state structures of Schiff-base complexes.[11] Of the
titanium compounds described in this work, only 2e exhib-
its significant intermolecular interactions involving this hy-
drogen-bond donor group: pairs of monomers are associ-
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Table 1. Selected bond lengths [Å] and angles [°] for complexes 2c
(molecules A and B), 2d and 2e.

2c 2d 2e
A B

Ti–OAr 1.9262(18) 1.9417(18) 1.8945(14) 1.9190(16)
1.9312(18) 1.9181(18) 1.9042(13) 1.9327(18)

Ti–N 2.299(2) 2.300(2) 2.350(16) 2.328(2)
2.347(2) 2.321(2) 2.3278(16) 2.340(2)

Ti–OR 1.7767(19) 1.7778(18) 1.8126(14) 1.7791(19)
1.8170(18) 1.8257(18) 1.8186(14) 1.7979(17)

ArO–Ti–OAr 161.65(8) 161.95(8) 165.35(7) 156.71(9)
N–Ti–N 83.72(8) 84.55(8) 75.98(5) 82.81(7)
O–Ti–N 81.02(7) 81.14(7) 81.06(6) 79.95(7)
RO–Ti–OR 99.85(9) 101.04(8) 104.26(7) 101.96(9)

ated through mutual C–H···F interactions as shown in Fig-
ure 6(b). In related complexes, in which the imine group
is an ortho-F-substituted phenyl ring, C–H···F interactions
between the imine substituent and the β-H atoms of the
growing polymer chain have been cited as the reason for
the remarkable stability and catalytic behaviour of such
complexes.[48,49]

Type II Complexes, Bis(η2-trans-N,N) Coordination

Upon increasing the steric bulk of the imine substituent,
beyond that of o-methoxyaniline, significant changes in the
1H NMR spectra are observed, such that the isopropoxide
methine resonances shift from δ = 4.6–4.9 ppm in 2a–f to δ
= 3.4 and 3.7 ppm in 2g and 2h, respectively. We believe
this change is indicative of a transformation from a type I
to a type II structure. As with complexes 2a–f, NMR spec-
tra of 2g and 2h are consistent with C2-symmetric com-
plexes. A single-crystal X-ray structure of 2h confirms the
type II structure, in which the bidentate ligands adopt a
mutually trans-N,cis-O(Ar),cis-O(R) arrangement, as
shown in Figure 7; although there are no significant differ-
ences in Ti–N and Ti–O(Ar) bond lengths in 2h relative to
type I complexes 2c–e (Tables 1 and 2), there is movement
of the axial nitrogen atoms away from the isopropoxide li-
gands such that the N–Ti–N angle in 2h is 164.61(8)°. As
in the case of 2c–e, the geometry of the aryloxy–imine li-
gands forces the chelate angles around the Ti atom to devi-
ate from the ideal octahedral geometry, with a “bite” angle
[N(1)–Ti(1)–O(1)] of 82.33(10)°, which is comparable to the
average “bite” angles found in 2c–e [81.02(7)° (2cA),
81.14(7)° (2cB), 81.06(6)° (2d) and 79.95(7)° (2e)]. Erker et
al. have previously observed this unusual configuration in
Schiff-base Ti and Zr chloride complexes of the ligand
1h.[29]

The significant shift observed in the 1H NMR spectra of
the isopropoxide ligands on changing from type I to type II
complexes is not reflected in the Ti–O(isopropoxide) bond
lengths, which remain similar in both type I and II com-
plexes (see Tables 1 and 2). This suggests that the deshield-
ing observed for type II complexes (2g and 2h) is due to the
proximity of the methine proton to an N-aryl group of the
Schiff-base ligand rather than due to a differing trans effect
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Figure 7. Molecular structure of 2h. Ellipsoids are shown with 50%
displacement probability. Hydrogen atoms have been omitted for
clarity. Equivalent atoms (*A) are generated by the symmetry
transformations –x+1, y, –z +1/2, and –x+1/2, –y+1/2, –z+1.

Table 2. Selected bond lengths [Å] and angles [°] for complex 2h.

Ti(1)–O(1) 1.975(1) O(1)–Ti(1)–O(1*) 85.30(8)
Ti(1)–O(2) 1.805(1) O(1)–Ti(1)–O(2) 171.27(6)
Ti(1)–N(1) 2.228(1) O(2)–Ti(1)–O(2*) 95.87(8)
N(1)–Ti(1)–N(1*) 164.61(8) O(1)–Ti(1)–N(1) 82.33(6)

caused by reorientation of the ligands. This inference is sup-
ported by the solid-state structures of type I and type II
complexes, in which the isopropoxide methine proton is di-
rected towards an aryl ring in type II complexes but not in
type I. These orientations are apparent from Figures 5 and
7, type I and II complexes, respectively. Overall, the steric
environment surrounding the metal centre is altered signifi-
cantly because of the reorientation of the Schiff-base li-
gands as highlighted by the space-filling diagrams shown in
Figure 8. It would be surprising if these changes did not
influence the reactivity of the metal complexes, and it is
interesting to note that a recent report by Matsui et al. sug-
gests that very bulky imine substituents inhibit the activity
of Schiff-base Zr complexes as polyolefin precatalysts.[23]

Type III Complexes, Bis(η2η1-trans-O,O) Coordination

An additional increase in the steric bulk of the imine
substituents (ligands 1i and 1j) leads to the formation of
complexes 2i and 2j (Scheme 1). Characterisation of 2i and
2j by 1H NMR spectroscopy indicates the presence of the
same ligand set as for 2a–h. However, for both complexes,
the isopropoxide methine proton is only slightly deshielded
in comparison to the type I complexes 2a–f implying that
the isopropoxide group no longer experiences the deshield-
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Figure 8. Complexes 2d [(a) and (c)] and 2h [(b) and (d)] highlighting orientation of the chelating ligands relative to the isopropoxide
methine protons [(a) and (b)] and the difference in the steric environment of the active site in type I and type II complexes [isopropoxide
groups have been omitted in (c) and (d) for clarity].

Figure 9. Molecular structure of complex 2j, shown with 50% displacement ellipsoids; hydrogen atoms have been omitted for clarity.
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ing effects observed in 2g and 2h, and that a further struc-
tural change has taken place.

X-ray structural analysis of complex 2j (Figure 9) reveals
the nature of this change and represents a previously
uncharacterised structure for disubstituted Schiff-base tita-
nium or zirconium complexes. Complex 2j exhibits a five-
coordinate titanium centre, with a distorted square-pyrami-
dal geometry, supporting two alkoxide ligands and two
aryloxide ligands, each exhibiting different bonding modes.
One ligand forms a chelate to the metal centre in the ex-
pected η2 fashion, while the second binds in η1 mode solely
through the aryloxide group. The 2,4,6-triphenylphenyl
group of this monodentate ligand is orientated such that it
is remote from the metal centre, thus relieving steric conges-
tion. Selected bond lengths and angles for 2j are given in
Table 3. Complex 2j may be viewed as a structural model
for the proposed intermediate in the ∆ h Λ enantiomeris-
ation process of octahedral (AB)2MX2 complexes. The en-
antiomerisation process is reasoned to proceed via a five-
coordinate intermediate formed by the rupture of a metal–
ligand bond as shown in Figure 10.[19–21,44–47]

Table 3. Selected bond lengths [Å] and angles [°] for complex 2j.

Ti–O(1) 1.862(2) O(2)–Ti–O(1) 164.72(8)
Ti–O(2) 1.942(2) O(3)–Ti–O(4) 112.11(9)
Ti–O(3) 1.791(2) O(3)–Ti–N(2) 140.21(8)
Ti–O(4) 1.774(2) O(4)–Ti–N(2) 106.25(8)
Ti–N(2) 2.215(2) O(2)–Ti–N(2) 80.27(7)
C(7)–N(1) 1.276(3)
C(46)–N(2) 1.441(3)

Figure 10. Proposed mechanism of racemisation for interchange of
∆ and Λ forms of the bis(aryloxy–imine)titanium complexes. Com-
plexes ∆� and Λ� represent the stable five-coordinate species, such
as 2j.[44–47]

Type IV Complexes, Mono(η1) Coordination

Further increases in the steric bulk of the imine substitu-
ent (ligand 1k, Scheme 1) inhibits formation of disubsti-
tuted complexes analogous to 2a–j, and results in only
monosubstitution of Ti(OiPr)4 to yield 2k, even in the pres-
ence of excess 1k and in refluxing toluene. Under similar
reaction conditions, 1l is recovered intact and no evidence
for even monosubstitution is observed.
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In the solid state, 2k has a dimeric structure (Figure 11,
Table 4) consisting of two terminal alkoxide and two bridg-
ing µ-OiPr groups, as well as one monodentate aryloxide
ligand coordinated to each Ti atom. This is structurally sim-
ilar to the previously reported (alkoxide)(phenoxide)-
titanium complex [Ti2(O-2,4,6-Me3C6H2)2(OiPr)4(µ-
OiPr)2].[18,50] Each titanium centre in 2k possesses a trigo-
nal-bipyramidal geometry, with one µ2-OiPr group in an
axial and one in an equatorial site (Figure 12). The terminal
alkoxy–imine ligand occupies an equatorial site, and within

Figure 11. Molecular structure of complex 2k, shown with 50%
displacement ellipsoids; hydrogen atoms have been omitted for clar-
ity.

Table 4. Selected bond lengths [Å] and angles [°] for complex 2k.

Ti(1)–Ti(2) 3.263(2) Ti(1)–O(4)–Ti(2) 107.05(9)
Ti(1)–O(5)–Ti(2) 107.63(9)

Ti(1)–O(1) 1.882(2) O(4)–Ti(1)–O(5) 72.30(8)
Ti(1)–O(2) 1.762(2) O(4)–Ti(2)–O(5) 72.56(8)
Ti(1)–O(3) 1.778(2)
Ti(1)–O(4) 2.120(2) O(2)–Ti(1)–O(4) 167.09(10)
Ti(1)–O(5) 1.929(2) O(1)–Ti(1)–O(5) 125.83(9)
C(7)–N(1) 1.270(4) O(1)–Ti(1)–O(3) 111.71(10)

O(1)–Ti(1)–O(5) 125.83(9)
Ti(2)–O(8) 1.883(2)
Ti(2)–O(6) 1.788(2) O(5)–Ti(2)–O(7) 170.29(9)
Ti(2)–O(7) 1.766(2) O(4)–Ti(2)–O(6) 115.90(10)
Ti(2)–O(4) 1.924(2) O(4)–Ti(2)–O(8) 122.29(9)
Ti(2)–O(5) 2.112(2) O(6)–Ti(2)–O(8) 174.69(10)
C(87)–N(2) 1.272(4)
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the dimer both ligands are arranged trans to each other
such that the molecule has crystallographic Ci symmetry.
The bridging alkoxide ligands do so unsymmetrically, with
the equatorial Ti–O bonds [Ti(1)–O(5) 1.929(2) Å, Ti(2)–
O(4) 1.924(2) Å] being shorter than the axial [Ti(1)–O(4)
2.120(2) Å, Ti(2)–O(5) 2.112(2) Å] ones. Other bond lengths
and angles found in the structure of 2k are as expected.

Figure 12. Structure of 2k, showing the distorted trigonal-bipyram-
idal geometry about the two titanium centres, with 50% displace-
ment ellipsoids; hydrogen atoms, methyl groups and the imine sub-
stituents have been omitted for clarity.

Conclusions
We have synthesised, isolated and structurally character-

ised Schiff-base complexes of titanium with the previously
observed C2-symmetric type I (2a–f) and type II (2g and
2h) structures. Type II complexes are characterised in their
1H NMR spectra by deshielding of the isopropoxide meth-
ine protons which highlights a significant change in the ste-
ric characteristics of the metal centre. A further increase in
the steric demands of the imine substituent results in the
isolation of complexes with the hitherto unknown five-co-
ordinate type III structure (2i and 2j), which can be viewed
as a structural model for the proposed intermediate in ∆
h Λ racemisation of C2-symmetric complexes of this type.
Increasing the steric bulk of the ligand still further induces
a decrease in reactivity of the ligands towards Ti(OiPr)4.
Thus, ligand 1k substitutes only one alkoxide to form the
bridged alkoxide complex 2k, and 1l is unreactive towards
Ti(OiPr)4.

The ability to control molecular structure and particu-
larly the environment about Lewis acidic metal centres, by
steric variation at a ligands periphery, described here,
clearly shows that, although somewhat distant from the
metal centre, the choice of imine substituent is critical to
the ligand coordination geometry about the central metal,
and points to possible the rational design of metallo-or-
ganic complexes for use in catalysis.

Experimental Section
General Remarks: All manipulations were carried out under dry
argon using standard Schlenk and glove-box techniques. Solvents
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were purified by conventional procedures and distilled prior to use.
Ti(OiPr)4 was purchased from Aldrich and used as received, with-
out further purification. The ligands 1a–m were prepared using the
appropriate amine and salicylaldehyde, all purchased from Aldrich,
using standard literature techniques.[51] Solution 1H, and 13C NMR
experiments were performed at ambient temperature with a Bruker
Avance-300. 1H NMR spectroscopic data are referenced to residual
non-deuterated solvent.

Syntheses of Complexes

[Ti(OiPr)2{η2-OC6H4C(H)NtBu}2] (2a): To a stirred solution of 1a
(0.36 g, 2 mmol) in 20 mL of toluene was added Ti(OiPr)4 (0.3 mL,
1 mmol) dropwise by syringe, at 0 °C. The mixture was heated at
reflux for 2 h. The solution was cooled to room temperature before
removal of solvent under reduced pressure. The yellow residue was
dissolved in a minimum of fresh toluene (6 mL), warmed to ca.
40 °C, and filtered through a Celite pad into a Schlenk flask. The
filtrate was layered with 5 mL of dry pentane and allowed to stand
at 4 °C for 2 days after which the solid microcrystalline product
was collected by filtration, washed with 5 mL of cold hexane and
dried in vacuo. Yield: 0.36 g (70%). C28H42N2O4Ti (518.3): calcd.
C 64.86, H 8.10, N 5.40; found C 65.1, H 8.17, N 5.41. 1H NMR
(300 MHz, 23 °C, CDCl3): δ = 1.17 [br. s, 12 H, OCH(CH3)2], 1.36
[s, 18 H, NC(CH3)3], 4.62 [sept, 3JHH = 6 Hz, OCH(CH3)2, 2 H],
6.6–6.85 (br. m, 4 H, CHarom), 7.18–7.26 (br. m, 2 H, CHarom),
7.27–7.45 (br. m, 2 H, CHarom), 8.34 [s, 2 H, C(H)=N] ppm. 13C
NMR (75.5 MHz, 23 °C, CDCl3): δ = 25.8, 30.9, 61.4, 77.6, 118.5,
119.3, 123.8, 132.5, 133.2, 160.1, 166.5 ppm.

Complexes 2b–2k were prepared in a manner analogous to that of
2a.

[Ti(OiPr)2{η2-OC6H4C(H)N(C10H15)}2] (2b): Yield: 0.38 g (57%).
C40H54N2O4Ti (674.4): calcd. C 71.20, H 8.07, N 4.15; found C
71.60, H 8.01, N 4.09. 1H NMR (300 MHz, 23 °C, CDCl3): δ =
1.22 [br . s, 12 H, OCH(CH3)2], 1.53–2.09 (br. m, 30 H, NC10H15),
4.69 [br. m, 2 H, OCH(CH3)2], 6.67–6.82 (br. m, 4 H, CHarom),
7.14–7.28 (br. m, 2 H, CHarom), 7.32–7.47 (br. m, 2 H, CHarom),
8.32 [s, 2 H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3):
δ = 25.9, 30.2, 36.7, 43.3, 78.4, 117.8, 118.7, 119.4, 131.7, 132.5,
160.4, 164.9 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)N[(R)-CHMePh]}2] (2c): Yield: 0.44 g
(72%). C36H42N2O4Ti (614.3): calcd. C 70.36, H 6.84, N 4.56;
found C 69.60, H 6.84, N 4.42. 1H NMR (300 MHz, 23 °C,
CDCl3): δ = 1.02 [br. s, 12 H, OCH(CH3)2], 1.45 [br. s, 6 H,
CH(CH3)Ph], 4.67 [sept, OCH(CH3)2, 3JHH = 6 Hz, 2 H], 5.29 (br.
m, 2 H, CHMePh) 6.58–6.66 (br. m, 2 H, CHarom), 6.76–6.82 (br.
m, 2 H, CHarom), 6.97 (dd, 3JHH = 7.5 Hz, 4JHH = 1.5 Hz, 2 H,
CHarom), 7.06–7.15 (br. m, 10 H, CHarom), 7.23 (ddd, 3JHH = 8 Hz,
3JHH = 7.2 Hz, 4JHH = 2.1 Hz, 2 H, CHarom), 7.88 [s, 2 H, C(H)=N]
ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3): δ = 21.6, 25.7, 62.5,
78.6, 117.5, 119.4, 123.0, 126.9, 127.6, 128.8, 128.9, 134.18, 134.52,
163.7, 164.7 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NC6H5}2] (2d): Yield: 0.38 g (68%).
C32H34N2O4Ti (558.2): calcd. C 68.80, H 6.09, N 5.01; found C
68.50, H 6.13, N 4.98. 1H NMR (300 MHz, 23 °C, CDCl3): δ =
1.23 [br. s, 12 H, OCH(CH3)2], 4.9 [sept, 3JHH = 6 Hz, 2 H,
OCH(CH3)2], 6.11–6.17 (m, 2 H, CHarom), 6.49 (ddd, 3JHH = 9 Hz,
3JHH = 7.5 Hz, 4JHH = 1.2 Hz, 2 H, CHarom), 6.78–7.04 (m, 14 H,
CHarom), 7.87 [s, 2 H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C,
CDCl3): δ = 25.9, 79.0, 117.8, 119.8, 123.1, 126.2, 128.4, 134.3,
135.2, 154.3, 163.7, 166.3 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NC6F5}2] (2e): Yield: 0.6 g (81%).
C32H24F10N2O4Ti (738.1): calcd. C 52.03, H 3.25, N 3.79; found C
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51.8, H 3.28, N 3.78. 1H NMR (400 MHz, 23 °C, CDCl3): δ = 1.11
[br. s, 12 H, OCH(CH3)2], 4.77 [sept, 3JHH = 5.8 Hz, 2 H,
OCH(CH3)2], 6.45–6.47 (m, 2 H, CHarom), 6.74–6.78 (m, 2 H,
CHarom), 7.20 (dd, 3JHH = 8 Hz, 4JHH = 1.6 Hz, 2 H, CHarom), 7.34
(ddd, 3JHH = 8.4 Hz, 3JHH = 6.8 Hz, 4JHH = 2 Hz, 2 H, CHarom),
8.07 [s, 2 H, C(H)=N] ppm. 13C NMR (100 MHz, 23 °C, CDCl3):
δ = 25.5, 80.7, 118.0, 118.9, 121.2, 135.0, 136.5, 156.5, 164.9,
171.8 ppm. 19F NMR (376 MHz, 23 °C, CDCl3): δ = –148.3 (m),
–160.1 (t, J = 21 Hz), –164.0 (m) ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NC6H4-o-OCH3}2] (2f): Yield: 0.46 g
(74%). C34H38N2O6Ti (618.2): calcd. C 66.02, H 6.15, N 4.53;

Table 5. Crystal data and structure refinement for compounds 2c, 2d, 2e, 2h, 2j and 2k.

Compound 2c 2d 2e

Empirical formula C36H42N2O4Ti C32H34N2O4Ti C32H24F10N2O4Ti
Formula mass 614.62 558.51 738.43
T [K] 150(2) 150(2) 396(2)
Crystal system monoclinic monoclinic monoclinic
Space group P21 P21/a P21/c
a [Å] 18.1430(3) 16.7770(1) 14.3970(2)
b [Å] 10.1730(2) 9.9880(2) 20.1450(4)
c [Å] 18.3320(4) 17.2620(3) 21.5010(4)
β [°] 106.635(1) 90.143(1) 149.477(1)
V [Å3] 3241.91(11) 2892.56(8) 3167.10(10)
Z 4 4 4
Dc [g cm–3] 1.259 1.283 1.549
µ [mm–1] 0.305 0.334 0.370
F(000) 1304 1176 1496
Crystal size [mm] 0.28×0.08×0.08 0.22×0.15×0.10 0.25×0.17×0.15
θ range [°] 3.52–26.38 3.54–27.48 3.60–27.49
Reflections collected 57745 41742 10943
Independent reflections [R(int)] 13136 [0.0516] 6582 [0.0380] 6613 [0.0326]
Reflections [I � 2σ(I)] 10091 5305 4509
Data/restraints/parameters 13136/1/788 6582/24/411 6613/0/446
Goodness-of-fit on F2 0.994 1.030 1.011
Final R1, wR2 [I � 2σ(I)] 0.0423, 0.1024 0.0470, 0.1218 0.0466, 0.1121
Final R1, wR2 (all data) 0.0670, 0.1161 0.0615, 0.1304 0.0814, 0.1304
Max/min difference [e·Å–3] 0.523/–0.308 1.236/–0.756 0.602/–0.525
Absolute structure parameter –0.017(16) – –

Compound 2h 2j 2k

Empirical formula C51H65N2O4Ti C75H66N2O4Ti C75H118N2O8Ti2
Formula mass 817.95 1107.20 1271.51
T [K] 150(2) 150(2) 150(2) K
Crystal system monoclinic orthorhombic triclinic
Space group C2/c Pbca P1̄
a [Å] 23.1450(4) 18.2330(2) 15.3200(3)
b [Å] 17.0660(4) 24.8400(2) 15.6480(3)
c [Å] 14.5820(4) 26.3420(3) 18.1500(4)
α [°] 75.569(1)
β [°] 126.617(1) 65.055(1)
γ [°] 85.119(1)
V [Å3] 4623.03(18) 11930.5(2) 3819.69(13)
Z 4 8 2
Dc [g cm–3] 1.175 1.233 1.106
µ [mm–1] 0.230 0.197 0.259
F(000) 1756 4672 1380
Crystal size [mm] 0.25×0.17×0.15 0.25×0.15×0.08 0.175×0.175×0.075
θ range [°] 3.63–27.46 3.54–27.49. 3.91–24.98
Reflections collected 39356 26279 37007
Independent reflections [R(int)] 5270 [0.1181] 13649 [0.0620] 13339 [0.0752]
Reflections [I � 2σ(I)] 3287 7735 8557
Data/restraints/parameters 5270/0/275 13649/0/768 13339/24/868
Goodness-of-fit on F2 1.027 0.969 0.996
Final R1, wR2 [I � 2σ(I)] 0.0511, 0.1131 0.0552, 0.1351 0.0556, 0.1355
Final R1, wR2 (all data) 0.1035, 0.1332 0.1209, 0.1651 0.1004, 0.1637
Max/min difference [e·Å–3] 0.346/–0.356 0.648/–0.482 0.746/–0.373
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found C 66.50, H 6.09, N 4.45. 1H NMR (300 MHz, 23 °C,
CDCl3): δ = 1.19 [br. s, 12 H, OCH(CH3)2], 3.38 (s, 6 H, OCH3),
4.88 [sept, 3JHH = 6 Hz, 2 H, OCH(CH3)2], 5.99–6.08 (m, 2 H,
CHarom), 6.20–6.28 (m, 2 H, CHarom), 6.36–6.47 (m, 2 H, CHarom),
6.62–6.97 (m, 8 H, CHarom), 7.43–7.56 (m, 2 H, CHarom), 7.89 [s, 2
H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3): δ = 26.8,
56.0, 79.5, 111.7, 117.7, 119.8, 120.6, 123.8, 126.9, 127.8, 134.5,
135.2, 143.6, 151.6, 136.9, 169.7 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NC6(CH3)3H2}2] (2g): Yield: 0.37 g
(58%). C38H46N2O4Ti (642.3): calcd. C 71.03, H 7.17, N 4.36;
found C 71.30, H 7.15, N 4.32. 1H NMR (300 MHz, 23 °C,
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CDCl3): δ = 0.38 [d, 3JHH = 12 Hz, 12 H, OCH(CH3)2], 2.21 (s, 3
H, p-CH3) 2.38 (s, 6 H, o-CH3), 3.45 [sept, 3JHH = 9 Hz, 2 H,
OCH(CH3)2], 6.52 (ddd, 3JHH = 7.6 Hz, 3JHH = 6.8 Hz, 4JHH =
0.9 Hz, 2 H, CHarom) 6.59–6.62 (m, 2 H, CHarom), 6.83 (s, 4 H,
CHarom), 7.08 (dd, 3JHH = 7.8 Hz, 4JHH = 1.8 Hz, 2 H, CHarom)
7.22 (ddd, 3JHH = 8.4 Hz, 3JHH = 7.2 Hz, 4JHH = 1.8 Hz, 2 H,
CHarom), 7.88 [s, 2 H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C,
CDCl3): δ = 19.8, 21.1, 24.9, 77.7, 115.7, 119.9, 121.7, 129.0, 131.5,
134.6, 135.4, 135.7, 151.7, 167.8, 169.2 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NC6[CH(CH3)2]2H3}2] (2h): Yield: 0.6 g
(83%). C44H58N2O4Ti (726.4): calcd. C 72.73, H 7.99, N 3.86;
found C 72.30, H 8.01, N 3.76. 1H NMR (300 MHz, 23 °C,
CDCl3): δ = 0.51 [br. s, 12 H, OCH(CH3)2], 1.25 [br. s, 24 H,
CCCH(CH3)2], 3.77 [sept, 3JHH = 7 Hz, 2 H, OCH(CH3)2], 3.87
[sept, 3JHH = 9.2 Hz, 2 H, CCH(CH3)2], 6.62–6.65 (m, 4 H,
CHarom), 7.19–7.27 (m, 8 H, CHarom), 7.35–7.39 (m, 2 H, CHarom),
8.05 [s, 2 H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3):
δ = 25.29, 27.46, 27.48, 77.8, 115.61, 120.0, 124.17, 124.17, 126.92,
134.9, 136.1, 142.2, 152.2, 167.5, 169 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)NCH(Ph)2}2] (2i): Yield: 0.49 g (66%).
C46H46N2O4Ti (738.3): calcd. C 74.79, H 6.23, N 3.79; found C
74.70, H 6.20, N 3.78. 1H NMR (300 MHz, 23 °C, CDCl3): δ = 0.92
[d, 3JHH = 6.4 Hz, 12 H, OCH(CH3)2], 4.5 [sept, 3JHH = 8.9 Hz, 2
H, OCH(CH3)2], 6.57–6.60 (m, 2 H, CHarom), 6.72–6.73 (m, 2 H,
CHarom), 6.82–6.84 (m, 4 H, CHarom), 7.02–7.27 (m, 20 H, CHarom),
7.79 [s, 2 H, C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3):
δ = 24.3, 70.2, 77.8, 115.9, 118.2, 121.3, 125.8, 126.9, 127.7, 128.1,
133.1, 139.9, 162.6, 166.3 ppm.

[Ti(OiPr)2{η2-OC6H4C(H)N[C6H2(Ph)3]}{η1-OC6H4C(H)NC6H2-
(Ph)3}] (2j): Yield: 0.59 g (58%). C68H58N2O4Ti (1014.4): calcd. C
80.47, H 5.71, N 2.76; found C 80.40, H 5.73, N 2.73. 1H NMR
(300 MHz, 23 °C, CDCl3): δ = 0.69 [d, 3JHH = 6.4 Hz, 12 H,
OCH(CH3)2], 4.14 [sept, 3JHH = 9 Hz, 2 H, OCH(CH3)2], 6.37–
7.50 (m, 42 H, CHarom), 8.29 [s, 2 H, C(H)=N] ppm. 13C NMR
(75.5 MHz, 23 °C, CDCl3): δ = 25.6 80.6, 119.1, 120.2, 125.7, 127.2,
127.4, 127.5, 127.7, 128.3, 128.5, 129.3, 130.3, 130.5, 135.3, 138.3,
140.1, 141.1, 150.2, 164.3, 165.9 ppm.

[Ti(OiPr)3η1-OC6H4C(H)N{C6H2(tBu)3}]2 (2k): Yield: 0.48 g
(82%, based on Ti). C68H110N2O8Ti2 (1178.7): calcd. C 69.27, H
9.34, N 2.38; found C 69.02, H 9.18, N 2.39. 1H NMR (300 MHz,
23 °C, CDCl3): δ = 0.99 [d, 3JHH = 9 Hz, 36 H, OCH(CH3)2], 1.24
[s, 18 H, C(CH3)3], 1.27 [s, 36 H, C(CH3)3], 4.43 [sept, 3JHH =
6.3 Hz, 6 H, OCH(CH3)2], 6.8–6.94 (m, 4 H, CHarom), 7.11–7.38
(m, 4 H, CHarom), 7.96–8.14 (m, 4 H, CHarom), 8.56 [s, 2 H,
C(H)=N] ppm. 13C NMR (75.5 MHz, 23 °C, CDCl3): δ = 26.6,
31.9, 32.5, 35.0, 36.4, 77.6, 120.9, 121.9, 122.5, 127.8, 132.6, 138.9,
141.2, 151.9, 158.4, 165.1, 168.2 ppm.

X-ray Crystallographic Study: Crystallographic data for com-
pounds 2c, 2d, 2e, 2h, 2j and 2k are summarised in Table 5. All
data collections were carried out with a Nonius KappaCCD dif-
fractometer. Structure solution and refinement were performed
using SHELX86[52] and SHELX97[53] software, respectively. Exper-
imental data relating to all structure determinations are summa-
rised in Table 5. Full-matrix anisotropic refinement was im-
plemented in the final least-squares cycles throughout. All data
were corrected for Lorentz and polarisation and, with the excep-
tions of 2d, 2e and 2j, for extinction effects. Hydrogen atoms were
included at calculated positions throughout. In 2d, one of the
phenyl groups was seen to exhibit positional disorder. In particular,
C(1)–C(6) were found to be disordered in a 1:1 ratio with C(1A)–
C(6A). All carbon–carbon distances therein were refined subject to
rigid-bond restraints. In complex 2h, the asymmetric unit consisted
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of one half of a molecule with the central titanium atom residing
on a twofold rotation axis, in addition to half of a toluene molecule
proximate to a crystallographic inversion centre. The methyl group
in the solvent was disordered in a 1:1 ratio by virtue of straddling
this inversion centre. One full toluene molecule was also seen to be
present in the structure of 2j. In addition, one of the isopropyl
groups exhibited disorder whereby C(90)–(92) were disordered in a
1:1 ratio with C(90�)–(92�). Similarly, the asymmetric unit in 2k
was also observed to contain a solvent molecule (toluene) evenly
disordered over two sites. In particular, C(101)–(106) exhibited 1:1
disorder with C(201)–C(206). Both partial rings were refined as
rigid hexagons. Disordered toluene methyl groups were not in-
cluded in the model. Moreover, one tert-butyl substituent was also
found to be disordered in a 70:30 ratio, whereby C(95A)–(96C)
were refined at 70% occupancy and C(95D)–(95F) were refined at
30% occupancy. CCDC-239547 to -239552 contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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It is generally accepted that the alkylation of (Et4N)2-
[Zn(DMIT)2] (1) is a very clean reaction that produces 4,5-
bis(alkylthio)-1,3-dithiole-2-thiones 4 in very high yields. Al-
though this procedure has been widely used, we have found
that, in addition to the 4,5-bis(alkylthio)-1,3-dithiole-2-thione
products 4, highly unexpected byproducts are formed during
the alkylation reaction in which the thione functionalities of
DMIT in (Et4N)2[Zn(DMIT)2] (1) are alkylated instead of the
more reactive thiolate groups. These byproducts were iden-
tified as a novel type of compounds, namely bis(2-alkylthio-
1,3-dithiol-1-ium-4,5-dithiolato)zinc compounds 3, being

Introduction

Among sulfur-containing heterocycles, derivatives of 2-
thioxo-1,3-dithiole-4,5-dithiolate[1] (DMIT), have received a
central position in organic and materials chemistry on ac-
count of the discovery of superconductivity in some of the
metal complexes[2,3] of DMIT and its chalcogene analogs.[4]

In addition, derivatives of DMIT are important building
blocks for the synthesis[5] of tetrathiafulvalene[6–9] (TTF)
systems, such as bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) which has been employed for the preparation
of an extensive range of conducting[10] and superconducting
materials.[11,12] DMIT is commonly isolated as its zinc che-
late[13] in the form of bis(tetraethylammonium) bis(2-thi-
oxo-1,3-dithiole-4,5-dithiolato)zincate (Et4N)2[Zn(DMIT)2]
(1) and subsequent alkylation of the chelated thiolate
groups can be accomplished with a variety of alkylating
agents producing[14] in most cases 4,5-bis(alkylthio)-1,3-di-
thiole-2-thiones.

Although alkylation of the thione functionality of 1,3-
dithiole-2-thione derivatives are favored by a gain in energy
caused by aromatization of the 1,3-dithiole ring to a 1,3-
dithiolium system simple alkylating agents, such as alkyl
halides, are not sufficiently strong alkylating agents to ac-
complish this type of reaction for 4,5-bis(alkylthio)-1,3-di-
thiole-2-thiones. Instead, stronger alkylating agents, such as
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composed of two identical 2-alkylthio-1,3-dithiol-1-ium-4,5-
dithiolate moieties coordinated to a single zinc(II) atom and
were characterized by elemental analyses and different spec-
troscopic techniques as well as single-crystal X-ray structure
analyses. A comparison of the physical properties of com-
pounds 3 and (Et4N)2[Zn(DMIT)2] (1) has been carried out.
The outcome of these investigations revealed significant dif-
ferences in the physical properties of these two systems.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

methyl fluorosulfate, methyl trifluorosulfonate, triethyl-
oxonium tetrafluoroborate, triethyl orthoformate, boron tri-
fluoride–diethyl ether, and dimethyl sulfate must be em-
ployed to produce[15] 2,4,5-tris(alkylthio)-1,3-dithiolium
salts. Despite several reports on 2,4,5-tris(alkylthio)-1,3-di-
thiolium salts only one example[16] of a 2-alkylthio-1,3-di-
thiolium-4,5-dithiolate system – in the form of bis(cyclo-
pentandienyl)(2-methylthio-1,3-dithiolium-4,5-dithiolato)-
titanium(IV) (2) – has, to the best of our knowledge, been
reported so far. In this paper, we present the synthesis and
characterization of four systems 3 each containing two 2-
alkylthio-1,3-dithiolium-4,5-dithiolate moieties coordinated
to a single zinc(II) atom.
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Results and Discussion

In most cases, the reaction between (Et4N)2[Zn-
(DMIT)2] (1) and an appropriate alkyl halide proceeds
smoothly producing (Scheme 1) the corresponding 4,5-bis-
(alkylthio)-1,3-dithiole-2-thiones 4 in yields ranging from
79% to 94%.[14] In the present investigations, we have ob-
served that, in addition to the desired 4,5-bis(alkylthio)-1,3-
dithiole-2-thione products 4, highly unexpected byproducts
are formed during the reaction as a result of alkylation of
the thione functionalities instead of the more reactive thiol-
ate groups.

Scheme 1. Synthesis of 4,5-bis(alkylthio)-1,3-dithiole-2-thione
products 4.

In a typically alkylation experiment (Scheme 2), the zinc-
ate (Et4N)2[Zn(DMIT)2] (1) and the alkyl halide were
heated under reflux in MeCN followed by an aqueous
workup. Subsequent purification by means of column chro-
matographic purification afforded a broad yellow fraction
together with a weaker blue fraction. The first yellow frac-
tion contained 4,5-bis(alkylthio)-1,3-dithiole-2-thione 4,
whereas it was identified (vide infra) that the second blue
band contained the unexpected bis(2-alkylthio-1,3-dithiol-
1-ium-4,5-dithiolato)zinc compound 3 as byproduct.

Scheme 2. Synthesis of bis(2-alkylthio-1,3-dithiol-1-ium-4,5-dithi-
olato)zinc compounds 3.

As illustrated in Scheme 2, the isolated yields for 3a–c
are less than 0.5% when simple alkyl bromides are used as
the alkylating agent. However, the yield can be improved
by using the stronger alkylating agent triethyloxonium tet-
rafluoroborate. In this case, 3d was isolated in a yield just
above 1%. The fact that the yields of 3a–d are very low can
most likely be accounted for by the presence of the more
nucleophilic thiolate groups in (Et4N)2[Zn(DMIT)2] (1)
which prevents the formation of any larger amounts of 3.
Although 3a–d were isolated in very low yields, the alky-
lation reactions can be carried out on a large scale allowing
substantial amounts (50–150 mg) of 3a–d to be isolated.

The unexpected byproducts 3a–d were all isolated as pur-
ple solids. 1H and 13C NMR spectroscopy, high-resolution
mass spectrometry, and elemental analyses all support the
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proposed structures of 3a–d. Furthermore, the structures of
3a and 3b were unequivocally determined by single-crystal
X-ray structure analyses.

X-ray Crystallographic Studies

Crystals of 3a and 3b were grown by letting cyclohexane
diffuse into CHCl3 solutions of 3a and 3b, respectively.
Both compounds show very strong pleochroism with colors
changing between bright blue and dark red under polarized
light. Crystallographic data were collected with a Nonius
KappaCCD diffractometer with Mo-Kα radiation (λ =
0.71073 Å) and the structures were solved by direct meth-
ods using SIR97[17] followed by refinement with
SHELXL97.[18] Table 1 summarizes the crystallographic
data obtained for compound 3a and 3b.

The two chelating planes form angles of 85.1(4)° in 3a
and 89.58(13)° in 3b as compared to 83–85° between the
chelating planes in (Et4N)2[Zn(DMIT)2] (1). The molecular
structure of 3b with a partial labeling scheme is shown in
Figure 1a. In both structures Zn is tetrahedrally coordi-
nated with distortions on account of the limited bite angle
of the bis(thiolato) ligand. The coordination geometry
closely resembles that of (Et4N)2[Zn(DMIT)2] (1). However,
in the case of 3b, there is no crystallographically imposed
symmetry contrasting with the twofold axial symmetry ob-
served in about half of the known structures related to
(Et4N)2[Zn(DMIT)2] (1).[19] This lack of restraint makes
DOQXOW[20] the best candidate for comparison as it too
is unrestrained and its data collected at 150 K (see Table 2
for a comparison of average bond lengths).

There is no apparent change in Zn–S distances despite
the reduced charge of the ligand. The only significant geo-
metric difference between the new ligand and (Et4N)2-
[Zn(DMIT)2] (1) is the obvious lengthening of the C(3)–
S(5) bond to a value somewhere between a double (DMIT)
and single bond [S(5)–C(7)]. An accompanying shortening
of S(3)–C(3) cannot be considered significant.

The packing of 3a and 3b is almost identical and the
packing diagram of 3b is depicted in Figure 1b. Both have
an ordered alkyl chain in perfect staggered conformation in
the plane of its attached dithiole ring. These ordered alkyl
chains pack together with symmetry-equivalent copies to
form layers parallel to the ab plane. The other alkyl chain is
twisted and has bonds which are orthogonal to its attached
dithiole ring. This twist results in a disorder that cannot
readily be modeled wherefore large ADPs have been ac-
cepted instead. The disordered alkyl chains pack in a mixed
layer in which one of the dithiole rings is sandwiched be-
tween the simple alkyl layers. The mixed layer is dominated
by C–H···S interactions (minima are 2.9 Å and 2.7 Å in 3a
and 3b, respectively) and S···S interactions (3.5 Å and
3.7 Å); 3b shows an interaction between the C=C bond and
a dithiole S atom (3.3 Å). The fact that the two dithiole
rings are orthogonal in 3a and 3b precludes more than one
alkyl chain from adopting the favorable all-staggered con-
formation. Thus, if both alkyl chains were supposed to



Characterization of a Byproduct in the Alkylation of DMIT FULL PAPER
Table 1. Crystallograhpic data for 3a and 3b.

3a 3b

Empirical formula C12H14S10Zn C16H22S10Zn
M [g·mol–1] 544.20 600.31
T [K] 150(2) K 150(2)
Crystal system triclinic triclinic
Space group P1̄ P1̄
a [Å] 7.5896(5) 7.70290(10)
b [Å] 8.0138(6) 9.3494(2)
c [Å] 17.1292(15) 18.1802(4)
α [°] 87.400(3) 83.9880(10)
β [°] 80.111(3) 89.8730(10)
γ [°] 76.148(3) 65.7950(10)
V [Å3] 996.49(13) 1186.42(4)
Z 2 2
Dx [g cm–3] 1.814 1.680
µ [mm–1] 2.273 1.918
F(000) 552 616
Crystal size [mm] 0.21×0.10×0.02 0.26×0.20×0.17
θmin to θmax [°] 3.55 to 25.49 3.76 to 27.48
Reflections collected/independent [R(int)] 17153/3694 [0.1847] 16596/5378 [0.0476]
Tmax/Tmin 0.952 and 0.652 0.721 and 0.611
Data/restraints/parameters 3694/ 6/208 5378/7/245
GoF on F2 1.169 1.052
R1 [I�2σ(I)] 0.0983 0.057
wR2 (all data) 0.2448 0.1562
∆ρmax/min [e·Å–3] 1.109/–0.723 1.508/–1.472

Figure 1. (a) Molecular structure of 3b with the crystallographic
numbering shown. (b) Packing of 3b viewed along the a axis of the
unit cell. Hydrogen atoms omitted for clarity.

adopt a staggered conformation in the plane of their at-
tached dithiole rings, one of them would penetrate into the
next layer of molecules. Consequently, one of the alkyl
chains is forced to twist to avoid such an unfavorable pene-
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Table 2. Average bond lengths [Å] for selected chemically equiva-
lent bonds (a few chemically equivalent bonds do deviate more
than 3 e.s.d.s). Data for (Et4N)2[Zn(DMIT)2] was taken from the
literature.[20]

3a 3b (Et4N)2[Zn(DMIT)2] (1)

Zn(1)–S(1) 2.342(5) 2.3410(12) 2.345
S(1)–C(1) 1.724(16) 1.728(4) 1.735
C(1)–C(2) 1.42(2) 1.372(7) 1.362
C(1)–S(3) 1.722(16) 1.739(4) 1.753
S(3)–C(3) 1.707(16) 1.688(5) 1.721
C(3)–S(5) 1.701(16) 1.721(5) 1.661
S(5)–C(7) 1.811(17) 1.818(7)

tration. The molecule essentially makes the best of a bad
lot. Only one alkyl chain can adopt the favorable all-stag-
gered conformation and at the same time remain close
packed. The other alkyl chain must then fend for itself with-
out packing too loosely. This can apparently be done in a
number of only slightly differing ways resulting in extensive
disorder.

The absence of good hydrogen-bond donors (and hence
of strong X–H···S hydrogen bond interactions) may account
for the very different appearance of these compounds in the
solid state (dark red) and in solution (dark blue).

NMR Investigations

A comparison of the 13C NMR spectra recorded of com-
pound 3c with those recorded of (Et4N)2[Zn(DMIT)2] and
4,5-bis(hexylthio)-1,3-dithiole-2-thione (4c) reveal signifi-
cant chemical shift differences for the resonances associated
with the carbon atoms in the 1,3-dithiole moiety. The chem-
ical shift values summarized in Table 3, suggest that the 1,3-
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dithiole moiety gains some aromatic character upon alky-
lation of the thione functionality. This observation is also
supported by the bond lengths listed in Table 2.

Table 3. Selected 13C NMR spectroscopic data (δ values in ppm)
for (Et4N)2[Zn(DMIT)2] (1), 4,5-bis(hexylthio)-1,3-dithiole-2-
thione (4c), and 3c at 298 K.

Compound Solvent C=C S–C–S

(Et4N)2[Zn(DMIT)2] (1) CD3CN 136.4 210.2
4c CDCl3 136.5 211.6
3c CDCl3 158.5 168.5

Photophysical Investigations

The photophysical properties have been studied in
CHCl3 solutions at room temperature using absorption
spectroscopy. The UV/Vis spectroscopic data of 3a–d are
listed in Table 4, together with those of (Et4N)2[Zn-
(DMIT)2] (1) and 4,5-bis(pentylthio)-1,3-dithiole-2-thione
(4b). A comparison of the absorption spectra of 3b,
(Et4N)2[Zn(DMIT)2] (1), and 4,5-bis(pentylthio)-1,3-dithi-
ole-2-thione (4b) is displayed in Figure 2.

Table 4. UV/Vis absorption band maxima (λmax) and molar extinc-
tion coefficients (ε) for compounds 1, 3a–d, and 4,5-bis(pentylthio)-
1,3-dithiole-2-thione (4b) in CHCl3 at room temperature.

Compound λmax [nm] (ε [–1 cm–1])

(Et4N)2[Zn(DMIT2)] (1) 315 (26·103), 494 (21·103)
3a 308 (20·103), 597 (19·103)
3b 308 (20·103), 598 (19·103)
3c 308 (21·103), 598 (20·103)
3d 308 (19·103), 598 (19·103)
4b 278 (6.4·103) 386 (11·103)

Figure 2. Absorption spectra recorded of (Et4N)2[Zn(DMIT)2] (1),
3b, and 4,5-bis(pentylthio)-1,3-dithiole-2-thione (4b). The inset
shows the actual color of the solutions of 1, 3b, and 4,5-bis(pentyl-
thio)-1,3-dithiole-2-thione (4b).

The absorption spectrum of compound 4,5-bis(pentyl-
thio)-1,3-dithiole-2-thione (4b) exhibits relative weak ab-
sorptions in the 250–450 nm region and no absorptions at
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λ � 500 nm, consistent with the observed pale yellow color
(Figure 2, inset) of 4,5-bis(pentylthio)-1,3-dithiole-2-thione
(4b) in CHCl3. Dissolving (Et4N)2[Zn(DMIT)2] (1) in
CHCl3 produced a red solution (Figure 2, inset) with a con-
comitant strong absorption band being observed at λmax =
494 nm (ε = 21·103 –1 cm–1) in the absorption spectrum,
whereas a blue solution (Figure 2, inset) was obtained upon
dissolving 3b in CHCl3. The absorption spectrum recorded
of this blue solution of 3b shows a strong absorption band
centered at λmax � 598 nm (ε = 20·103 –1 cm–1). This band
can most likely be assigned to an intramolecular charge
transfer (CT) taking place between the relative electron-rich
thiolate groups and the 1,3-dithiolium moieties present in
3b. To support this hypothesis, we carried out some molecu-
lar modeling calculations.[21] For simplicity, these investi-
gations were conducted on 3a which indicate that the two
degenerated HOMO and HOMO–1 orbitals (Figure 3)
mainly are located on the thiolate groups and the C=C
bond, whereas the degenerated LUMO and LUMO+1 or-
bitals are located on the 1,3-dithiolium moieties. This led
us to conclude that the Zn atom has only a minor contri-
bution to the 598 nm absorption band. Instead, this absorp-
tion band can most likely be ascribed to an intramolecular
electron transfer occurring between the thiolate groups and
the 1,3-dithiolium moieties.

Figure 3. HOMO and LUMO orbitals of 3a. (a) The degenerated
HOMO and HOMO–1 orbitals are mainly located on the thiolate
groups and the C=C bond, whereas (b) the degenerated LUMO
and LUMO+1 orbitals are located on the 1,3-dithiolium moieties.

Conclusions

In conclusion, we have shown that alkylation of
(Et4N)2[Zn(DMIT)2] (1) not only affords 4,5-bis(alkylthio)-
1,3-dithiole-2-thiones 4, but also takes place at the less nu-
cleophilic thione functionalities producing a novel class of
compounds 3 in which a Zn atom is coordinated to two
aromatic 2-alkylthio-1,3-dithiolium-4,5-dithiolate moieties.
Formation of 3 can be detected by the naked eye since solu-
tions of (Et4N)2[Zn(DMIT)2] (1) and 3 display different col-
ors, red and blue, respectively. Although the isolated yields
of 3 generally were low, it seems that the formation of 3 is
a common feature upon alkylation of (Et4N)2[Zn(DMIT)2]
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(1). Consequently, it can be expected that the method can
be extended to produce more elaborate derivatives of 3. The
findings reported herein are undoubtedly not unimportant
given the amount of research devoted to DMIT and its cor-
responding metal complexes.

Experimental Section
General Procedures: Chemicals and solvents were purchased from
Aldrich and were used as received. Bis(tetraethylammonium) bis(2-
thioxo-1,3-dithiole-4,5-dithiolato)zincate (1) was prepared accord-
ing to a literature procedure.[13] Thin-layer chromatography (TLC)
was carried out using aluminium sheets pre-coated with silica gel
60F (Merck 5554). The plates were inspected under UV light and,
if required, developed in I2 vapor. Column chromatography was
carried out using silica gel 60F (Merck 9385, 0.040–0.063 mm).
Melting points were determined with a Büchi melting point appara-
tus and are uncorrected. 1H (300 MHz) and 13C NMR (75 MHz)
spectra were recorded at 298 K with a Gemini-300BB instrument,
using tetramethylsilane (TMS) or the residual solvent as the in-
ternal standard. All chemical shifts are quoted on the δ scale, and
all coupling constants (J) are expressed in Hertz (Hz). Samples
were prepared using CDCl3 or CD3CN purchased from Cambridge
Isotope Labs. High-resolution Fourier transform matrix-assisted
laser-desorption/ionization mass spectrometry (HiRes-FT-
MALDI-MS) was performed with an IonSpec 4.7 Tesla Ultima
Fourier Transform mass spectrometer, utilizing a 2,5-dihydroxyben-
zoic acid (DHB) matrix. Infrared (IR) spectra were recorded with
a Perkin–Elmer 580 spectrophotometer, while absorption spectra
(UV/Vis) were recorded with a Shimadazu 1601 spectrophotometer.
Elemental analyses were performed by the Atlantic Microlab, Inc.,
Atlanta, Georgia.

General Method for the Preparation of the Bis(2-alkylthio-1,3-di-
thiol-1-ium-4,5-dithiolato)zinc Compounds 3: Bis(tetraethylammon-
ium) bis(2-thioxo-1,3-dithiole-4,5-dithiolato)zincate (1) (21.5 g,
30 mmol) was suspended in anhydrous MeCN (200 mL), where-
upon the appropriate alkyl bromide (120 mmol) was added. The
dark red reaction mixture was heated under reflux for 1 h until no
more starting material could be detected by TLC analysis (Rf =
0.70; eluent: EtOAc/MeCN, 3:2). After being cooled to room tem-
perature, the reaction mixture was concentrated in vacuo, and the
resulting dark green oil was dissolved in CH2Cl2 and purified by
column chromatography (750 mL of silica; diameter: 13.5 cm; elu-
ent: CH2Cl2/petroleum ether, 1:9). The broad yellow band was col-
lected, and the solvent evaporated to afford the 4,5-bis(alkylthio)-
1,3-dithiole-2-thiones 4. Thereafter, the eluent was changed to
CH2Cl2 and a blue band was collected and concentrated to provide
the title compounds 3a–c as purple powders. Crystals suitable for
X-ray analysis were prepared by diffusion of cyclohexane into
CHCl3 solutions of 3a and 3b, providing 3a and 3b as fine purple
plates.

Bis(2-propylthio-1,3-dithiol-1-ium-4,5-dithiolato)zinc (3a): Yield:
46 mg (0.28%); Rf = 0.45 (eluent: CH2Cl2); m.p.183–184 °C (dec.).
1H NMR (300 MHz, CDCl3): δ = 1.09 (t, J = 7.2 Hz, 6 H), 1.84
(sext, J = 7.2 Hz, 4 H), 3.18 (t, J = 7.2 Hz, 4 H). UV/Vis (CHCl3):
λmax (ε) = 308 (20·103 –1 cm–1), 597 nm (19·103 –1 cm–1). IR
(KBr): ν̃ = 2960, 2923, 2866, 2013, 1363, 1285, 1013, 979, 906,
469 cm–1. C12H14S10Zn (544.3): calcd. C 26.48, H 2.59, S 58.91;
found C 26.15, H 2.55, S 58.39.

Bis(2-pentylthio-1,3-dithiol-1-ium-4,5-dithiolato)zinc (3b): Yield:
60 mg (0.33%); Rf = 0.46 (eluent: CH2Cl2); m.p. 148.5–149.5 °C
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(dec.). 1H NMR (300 MHz, CDCl3): δ = 0.93 (t, J = 7.1 Hz, 6 H),
1.34–1.46 (m, 8 H), 1.80 (q, J = 7.4 Hz, 4 H), 3.20 (t, J = 7.4 Hz,
4 H). 13C NMR (75 MHz, CDCl3): δ = 14.0, 22.2, 28.2, 30.8, 40.4,
158.8 (one line for the trithiocarbonate carbon atom is missing).
UV/Vis (CHCl3): λmax (ε) = 308 (20·103 –1 cm–1), 598 nm
(19·103 –1 cm–1). IR (KBr): ν̃ = 2946, 2925, 2854, 2008, 1453,
1424, 1349, 1022, 903, 730, 467 cm–1. HiRes-FT-MALDI-MS:
calcd. for C16H22S10Zn [M+·] 597.8215; found: 597.8209.
C16H22S10Zn (600.4): calcd. C 32.01, H 3.69, S 53.41; found C
32.01, H 3.60, S 53.60.

Bis(2-hexylthio-1,3-dithiol-1-ium-4,5-dithiolato)zinc (3c): Yield:
75 mg (0.49%); Rf = 0.45 (eluent: CH2Cl2); m.p. 161.5–163.0 °C
(dec.). 1H NMR (300 MHz, CDCl3): δ = 0.91 (t, J = 6.7 Hz, 6 H),
1.25–1.50 (m, 12 H), 1.79 (q, J = 7.4 Hz, 4 H), 3.20 (t, J = 7.4 Hz,
4 H). 13C NMR (75 MHz, CDCl3): δ = 14.1, 22.6, 28.3, 28.5, 31.2,
40.4, 158.5, 168.5 cm–1. UV/Vis (CHCl3): λmax (ε) = 308
(21·103 –1 cm–1), 598 nm (20·103 –1 cm–1). IR (KBr): ν̃ = 2946,
2922, 2851, 2006, 1462, 1421, 1357, 1009, 904, 725, 465 cm–1.
HiRes-FT-MALDI-MS: calcd. for C18H26S10Zn [M+·] 625.8528;
found 625.8522. C18H26S10Zn (628.4): calcd. C 34.40, H 4.17, S
51.02; found C 34.38 H 4.29, S 51.31.

Bis(2-ethylthio-1,3-dithiol-1-ium-4,5-dithiolato)zinc (3d): Bis(tetra-
ethylammonium) bis(2-thioxo-1,3-dithiol-1-ylium-4,5-dithiolato)-
zincat (1) (21.5 g, 30 mmol) was suspended in MeCN (200 mL),
whereupon triethyloxonium tetraflouroborate (25.0 g, 120 mmol)
was added. The dark red reaction mixture was heated under reflux
for 5 min until no more starting material could be detected by TLC
analysis (Rf = 0.70; eluent: EtOAc/MeCN, 3:2). The reaction mix-
ture was cooled to room temperature and concentrated in vacuo.
The resulting dark red oil was dissolved in CH2Cl2. Column
chromatography (800 mL of silica; diameter: 13.5 cm; eluent:
CH2Cl2/petroleum ether, 1:4) gave a yellow band and a red band
which was discarded. The bis(2-ethylthio-1,3-dithiol-1-ium-4,5-di-
thiolato)zinc (3d) was then eluted as a blue band with CH2Cl2.
Removal of the solvent provided the title compound 3d as a purple
microcrystalline powder. Yield: 169 mg (1.1%); Rf = 0.20 (eluent:
CH2Cl2); m.p. 164.0–165.0 °C (dec.). 1H NMR (300 MHz, CDCl3):
δ = 1.49 (t, J = 7.4 Hz, 6 H), 3.22 (q, J = 7.4 Hz, 4 H). UV/Vis
(CHCl3): λmax (ε) = 308 (19·103 –1 cm–1), 598 nm
(19·103 –1 cm–1). IR (KBr): ν̃ = 2923, 2011, 1445, 1348, 1288,
1262, 1061, 1016, 905, 787, 466 cm–1. HiRes-FT-MALDI-MS:
C10H10S10Zn [M+·]: calcd. 513.7276; found 513.7265. C10H10S10Zn
(516.23): calcd. C 23.27, H 1.95, S 62.11; found C 23.36, H 1.89, S
62.30.

X-ray Crystallography: Details are listed in Table 1. CCDC-601004
(3a) and -601005 (3b) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Two new ruthenium(II) complexes of formula [Ru(bpy)2-
(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2 are reported. HL1 is a (ni-
trophenyl)ethenyl-substituted phenylpyridine ligand, and L2

is the bipyridine analogue of HL1. The X-ray crystal structure
of [Ru(bpy)2(L1)][PF6] has been solved, and the compound is
found to crystallize in the monoclinic C2/c space group. The
electronic spectrum of the cyclometalated derivative
[Ru(bpy)2(L1)][PF6] exhibits a low-lying transition that is red-

Introduction

Molecules with π-conjugated electronic structures have
been attracting considerable interest due to their potential
nonlinear optical (NLO) properties and applications in op-
toelectronic and photonic devices.[1,2] While the first investi-
gations were initially focused on purely organic systems,[3]

the search for alternative organometallic and inorganic de-
rivatives has gradually intensified in the last fifteen
years.[4–6] Incorporation of metal atoms into π-conjugated
systems introduces many new variables, such as diversity of
oxidation states, intensely colored charge-transfers, ad-
ditional magnetic capabilities, and a diversity of new top-
ologies, which leads to NLO chromophores of much greater
complexity than that of the first generation of “push-pull”
organic molecules.[6]

For instance, ruthenium complexes have provided intri-
guing molecular materials with unusual electronic capabili-
ties since the 1960s, in particular as mixed-valence RuIIRuIII

complexes.[7] In (pyridine)ruthenium() complexes, for ex-
ample, the metal center is engaged in π-bonding with the
organic ligating groups and can be involved in strongly al-
lowed metal-to-ligand charge-transfer (MLCT), and hence
provides various candidates for NLO applications. Indeed,
ruthenium has led to the most investigated family of (pyri-
dine)metal complexes in nonlinear optics.[8] The reasons for
this interest are the possibility of designing various promis-

[a] Laboratoire de Chimie de Coordination du CNRS,
205 route de Narbonne, 31077 Toulouse, France

[b] Department of Chemistry, University of Leuven,
Celestijnenlaan 200D, 3001 Leuven, Belgium
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shifted from 454 to 546 nm relative to that of the parent bi-
pyridine-based complex, which reveals an important charge-
transfer character. To support this assumption, the nonlinear
optical properties were investigated by the hyper-Rayleigh
scattering technique and indicate a molecular static hyperpo-
larizability (β0) equal to 230×10–30 cm5 esu–1.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing octupolar topologies,[9,10] and the observation of switch-
able NLO responses upon metal oxidation in some cases,[11]

a possibility which could attract great interest in relation
with the concept of molecular switches.[12,13]

In the last few years several cyclometalated counterparts
of (polypyridine)ruthenium complexes have been prepared
and their physical properties reported.[14–17] In fact, cyclo-
metalated complexes have found widespread interest as spe-
cies with promising properties in various research fields[15c]

owing to the strong σ-donor ability of the cyclometalating
ligand. Basically, replacement of a nitrogen donor by a for-
mal carbanion donor drastically increases the electron
density around the metal atom and the crystal-field
strength.[14,15a] As a consequence, the d�π* back-donation
is reinforced, which leads to a potential enhancement of the
overall intramolecular charge transfer, a property which is
highly desirable for the design of NLO chromophores. The
enhancement of the donating capabilities of the rutheni-
um() center has been evidenced experimentally by the ob-
servation of intense charge-transfer properties in RuII/RuIII

complexes with bis(cyclometalating) ligands,[15b,18] and by a
shift of the value of the RuII/RuIII oxidation potential of
about 900 mV upon replacement of one nitrogen atom by
one carbon atom in tris(bipyridine)ruthenium()-like com-
plexes.[14]

Recently, we have developed a new synthetic strategy
aimed at providing an access to numerous phenylpyridine
ligands substituted in para (R1) and meta (R2) positions
with respect to the nitrogen atom (Scheme 1).[19] In the per-
spective of nonlinear optics, the presence of an acceptor (A)
in the meta position is the most desirable to favor an intense
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charge-transfer process from electron-rich metal–carbon
moieties, as indicated in this scheme, and finally to provide
a sizeable NLO response.

Scheme 1.

Following this idea, we report here our attempt to design
a set of two (phenylpyridine and bipyridine)ruthenium
complexes with potential MLCT capabilities. In the first
section, their synthesis and characterizations will be pre-
sented. Then, the crystal structure of the cyclometalated
complex will be discussed. Finally, the optical and nonlin-
ear optical properties of both derivatives will be compared
in relation to the enhanced “push-pull” character induced
by the Ru–C linkage. The investigated molecules of formula
[Ru(bpy)2(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2 are shown in
Scheme 2.

Scheme 2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3105–31133106

Results and Discussion

Synthesis and Characterization

Two methods for the synthesis of HL1 and L2, which
contain the electron-withdrawing substituent NO2, were en-
visioned: by condensing formylbipyridine or formyl-
(phenyl)pyridine with the appropriate phosphonate
(method A) or by condensing the phosphonate 3a,b derived
from the bipyridine or the phenylpyridine with p-nitrobenz-
aldehyde (method B). Method B was chosen as the synthe-
sis of 5-(bromomethyl)-2,2�-bipyridine (2b) from 1b[20] has
already been described[21] and was extended here to 5-
methyl-2-phenylpyridine (1a). The first step involves the
conversion of the methyl group to the corresponding bro-
momethyl group by treatment with N-bromosuccinimide
(NBS) and azoisobutyronitrile (AIBN). The bromomethyl
derivatives 2a,b were then converted into the phosphonate
derivatives 3a,b.[22] The final step was the Wadsworth–Em-
mons reaction of compounds 3a,b with the commercially
available p-nitrobenzaldehyde, which leads to the styryl de-
rivatives HL1 and L2 in 29% and 37% yields, respec-
tively.[22] The double-bond linkages were confirmed to be
(E) by 1H NMR analysis based on the value of the JCH=CH

coupling constant (ca. 16 Hz).
The syntheses of the two complexes are not similar. The

tris(bipyridine) complex was obtained by the classical
method, i.e., heating of 1 equiv. of [Ru(bpy)2]Cl2 with
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1 equiv. of L2 in ethanol, whereas for the cyclometalated
complex 1 equiv. of [Ru(bpy)2]Cl2 was treated with 5 equiv.
of the phenylpyridine HL1 in the presence of silver trifl-
ate.[19] The complexes were characterized by the usual meth-
ods. The labelling of the atoms is the one used for the X-
ray structure. Characteristic peaks of cyclometalated com-
pounds were observed in the NMR spectra of [Ru(bpy)2-
(L1)][PF6] and the peaks of the spectra were fully
assigned.[14,23,24] Nevertheless, for complex [Ru(bpy)2-
(L2)][PF6]2, the unambiguous assignment of all the signals
was not possible: since the electronic environments of nu-
merous pyridine hydrogen atoms are nearly similar, their
signals occur in a very narrow chemical-shift range.

Structural Data

The crystallographic data are summarized in the Experi-
mental Section, and the X-ray molecular structure of
[Ru(bpy)2(L1)][PF6] is presented in Figures 1 and 2. The
compound crystallizes in the monoclinic C2/c space group
(Z = 8). The asymmetric unit cell (Figure 1) is built up from
one ruthenium complex, one PF6

– anion, and one molecule
of diethyl ether. In the crystal, [Ru(bpy)2(L1)][PF6] is orga-
nized in extended layers of complexes in the bc plane (Fig-
ure 2). The π-conjugated skeleton of the substituted phenyl-
pyridine ligands lies parallel to the layers, the direction of
highest polarizability (phenyl � NO2) being roughly [001].

The ruthenium atom lies in a distorted octahedral envi-
ronment. Metal–ligand bond lengths are presented in
Table 1. Interestingly, and in contrast with previously re-
ported X-ray data,[16] the Ru–C(1) distance of 2.033(4) Å is
not significantly shortened with respect to the average Ru–
N distance 2.036(4) Å observed for the bipyridine N(3),
N(4) atoms. Nevertheless, a tendency for increased ruthe-
nium–nitrogen bond lengths in the trans position with re-
spect to the Ru–C bond is unambiguously seen [Ru–N(6) =
2.133(4) Å]. Along this line, the increase of this latter bond
length is indeed the most noticeable geometrical change in-
troduced in the coordination sphere of the metal atom by
the presence of a carbon atom, in agreement with the

Figure 1. Asymmetric unit cell of [Ru(bpy)2(L1)][PF6]. Hydrogen atoms are omitted for clarity.
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Figure 2. View of the crystal cell of [Ru(bpy)2(L1)][PF6] in the ac
plane.

[Ru(bpy)2(nitrophenpy)]+ structure reported in the litera-
ture.[16] Another, more surprising, structural feature is the
angle of 37.0(3)° observed between the phenyl group carry-
ing the nitro substituent and the pyridine ring of the phen-
ylpyridine ligand. This rotation suggests that the ni-
trophenyl group is not significantly involved in the charge-
transfer process in the solid state. In order to verify whether
the torsion arises from crystal packing or from intrinsic
electronic effects, the gas-phase geometries of [Ru(bpy)2-
(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2 were investigated within
the framework of density functional theory (DFT).

The calculated coordination spheres are compared in
Table 1. The tendency for slightly increases bond lengths
obtained by DFT is observed here, as is the case in model
Ru(phenpy) complexes (see Experimental Section). In the
case of the bipyridine-based derivative, the six bond lengths
are very similar, with an average value of 2.1175 Å. By con-
trast, the coordination sphere of the cyclometalated deriva-
tive exhibits the usual structural features of [Ru(bpy)2-
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Table 1. Ruthenium–ligand bond lengths [Å] in [Ru(bpy)2(L1)][PF6]
and [Ru(bpy)2(L2)][PF6]2.

[Ru(bpy)2(L1)][PF6] [Ru(bpy)2(L2)][PF6]2
X-ray DFT X-ray DFT

Ru–C(1) 2.033(4) 2.049 n.a. 2.117
Ru–N(1) 2.072(3) 2.131 n.a. 2.120
Ru–N(3) 2.033(3) 2.088 n.a. 2.118
Ru–N(4) 2.039(4) 2.096 n.a. 2.116
Ru–N(5) 2.068(4) 2.124 n.a. 2.116
Ru–N(6) 2.133(4) 2.233 n.a. 2.118

(phenpy)]+ complexes, namely a shortening of the Ru–C
bond (2.049 Å) and elongation of the Ru–N bond (2.233 Å)
trans to the Ru–C bond. Importantly, the angles between
the nitrophenyl and pyridine rings are 4.4° and 3.1° for
[Ru(bpy)2(L1)]+ and [Ru(bpy)2(L2)]2+, respectively. This re-
sult suggests that, to a large extent, the torsion angle of 37°
observed in the crystal structure arises from a solid-state
effect and is not an intrinsic electronic behavior of the chro-
mophores.

Optical Properties

The UV/Vis spectra of [Ru(bpy)2(L1)][PF6] and [Ru-
(bpy)2(L2)][PF6]2 are shown in Figure 3. At first glance,
both spectra are grossly similar and reveal three intense
transitions located at 296 (65150), 370 (51850), and 546
(14500 mol–1 Lcm–1) nm for the cyclometalated complex,
and at 288 (64850), 365 (44900), and 454
(12250 mol–1 Lcm–1) nm for the parent bipyridine-based de-
rivative. It is interesting to note that the only significant
difference in both spectra is a redshift of 92 nm (3711 cm–1)
observed for the low-lying transition depending on the pres-
ence of an Ru–N or Ru–C linkage. This considerable shift
suggests that the low-energy transition is the main signature
of the charge transfer arising between the ruthenium atom
and the substituted bipyridine or phenylpyridine ligand.

Figure 3. UV/Vis spectra of [Ru(bpy)2(L1)][PF6] (1) and [Ru(bpy)2-
(L2)][PF6]2 (2) recorded in acetonitrile.

In order to further analyze the nature of the electronic
transitions of ruthenium complexes, the solvatochromic
properties have been investigated. Solvatochromism is usu-
ally associated with a large dipole moment change upon
electronic excitation, and is therefore an interesting probe of
large charge-transfer capabilities. The absorption maxima

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3105–31133108

recorded in solvents of different polarities are gathered in
Table 2 and presented in Figure 4, where the energy transi-
tions are drawn vs. the Reichardt solvent parameter ET

N.[25]

A first comparison conducted on the two transitions of the
cyclometalated complex, located at 370 and 546 nm, con-
firms that the low-lying transition exhibits the largest solva-
tochromic shift (slope equal to 499 in Figure 4b, vs. 414 in
Figure 4a). This is consistent with the anticipation of an
intense charge-transfer effect associated with the low-lying
transition of these ruthenium complexes. In a second com-
parison, the low-energy transitions are compared for
[Ru(bpy)2(L1)][PF6] (Figure 4b) and the bipyridine-based
[Ru(bpy)2(L2)][PF6]2 (Figure 4c). A reduction of the slope
to 369 in Figure 4c clearly shows that the solvatochromic
shift (and hence the charge transfer properties) are limited
in [Ru(bpy)2(L2)][PF6]2. All together, these experimental
data confirm the initial intuition that cyclometalated deriv-
atives are promising candidates for the design of molecules
with enhanced charge-transfer capabilities.

Table 2.Absorption maxima (λmax [nm]) of the lowest-energy op-
tical transitions for [Ru(bpy)2(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2 in
solvents of different polarities.

Solvent ET
N[a] [Ru(bpy)2(L1)][PF6] [Ru(bpy)2(L2)][PF6]2

MeOH 0.765 369 547.0 361.5 453.0
EtOH 0.654 370.5 549.0 362.0 453.5
1-PrOH 0.617 370.5 550.0 362.0 453.5
2-PrOH 0.552 370 548.5 362.5 453.0
MeCN 0.472 372 550.0 365.0 454.0
CH2Cl 0.321 371.5 553.5 362.0 456.0
CHCl3 0.259 372.5 555.5 365.5 456.5

[a] Reichardt parameter.

A theoretical support is provided from the calculated
electronic spectra. Functionals specifically designed for TD-
DFT calculations of electronic spectra (LB94, SOAP,
GRAC) are not implemented in our version of Gaussian,
therefore the spectra were calculated with ZINDO on the
basis of the gas-phase DFT structures. The data are gath-
ered in Table 3, where they are compared to the experimen-
tal values. There is an important blueshift in the computed
wavelengths for both complexes. However, this seems to be
a general tendency frequently observed in the calculated
spectra of inorganic chromophores.[26] The fact that the
magnitude of this shift is especially pronounced in the case
of the low-energy transition of [Ru(bpy)2(L1)][PF6], which
is assumed to arise from an intense metal–phenyl charge
transfer, may be additionally related to an enhancement of
the ruthenium–ligand distance within the DFT computa-
tion. Apart from these energy differences, a qualitative
agreement between experiment and calculation is observed
on two important points: (i) both complexes exhibit a very
intense high-energy transition and a less intense one located
at lower energy; (ii) while the high-energy transitions are
grossly located at the same energy range in both derivatives,
the low-lying transition is considerably red-shifted in the
case of the cyclometalated compound.

To further understand the nature of the charge-transfer
behavior, the low-lying transitions can be analyzed at the
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Figure 4. Absorption maxima [cm–1] in solvents of different po-
larity (Reichardt constant ET

N) for [Ru(bpy)2(L1)][PF6] [band at
370 (A) and 546 nm (B)] and for [Ru(bpy)2(L2)][PF6]2 [band at
454 nm (C)].

orbital level. In the case of [Ru(bpy)2(L2)][PF6]2, three
dominant excitations contribute to the 1 � 2 transition
(Table 3), which leads to 47% of the ground-state electron
density in orbital 117. However, this orbital is located on
the L2 fragment only (98.1% of the electron density), which
results in a ligand-to-ligand charge-transfer process. The
contribution of the metal atom to 1 � 2 is weak and is
provided by orbital 114 (70.0% centered on the ruthenium
atom). In the case of [Ru(bpy)2(L1)][PF6], the dominant ex-

Table 3. Experimental and ZINDO calculated spectra for [Ru(bpy)2(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2.

Compound UV/Vis spectra ZINDO data Assignment Composition of CI expansion Orbitals (% electron density on RuII)
λ [nm] ε [mol–1Lcm–1] λ [nm] f of the low-lying transitions[a]

[Ru(bpy)2(L1)][PF6] 546 14500 412 0.43 1 � 7 0.529 χ117�123 – 0.436 χ117�120 + 119 (6.1 %), 120 (0.3 %), 123 (0.9 %),
0.371 χ115�119 115 (70.0 %), 117 (31.8 %)

370 51900 344 0.72 1 � 11
[Ru(bpy)2(L2)][PF6]2 454 12300 397 0.42 1 � 2 0.529 χ117�118 – 0.454 χ114�118 – 118 (0.2 %), 119 (4.2 %), 114 (70.0 %),

0.434 χ117�119 117 (1.6 %)
364 44900 358 0.87 1 � 10

[a] Orbital 117 is the HOMO and orbital 118 the LUMO in both compounds.
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citations involved in the 1 � 7 transition lead to the same
47% of ground-state electron density in orbital 117. How-
ever, and in striking contrast with [Ru(bpy)2(L2)][PF6]2, the
electron density in orbital 117 is shared between L1 (61.5%)
and the ruthenium atom (31.8%). An additional donating
contribution of the ruthenium atom is provided by orbital
115 (70.0% ruthenium-based). These differences lead to a
significant enhancement of the donating character of the
ruthenium atom in [Ru(bpy)2(L1)][PF6]. The overall charge-
transfer behavior associated with the 1 � 7 transition is
shown in Figure 5, which clearly indicates that the ruthe-
nium–phenyl fragment is deeply involved as the donating
moiety of the chromophore.

Figure 5. Charge transfer associated with the low-lying electronic
transition of [Ru(bpy)2(L1)][PF6]. White (black) contributions are
indicative of increase (decrease) of electron density occurring upon
electron transition.

Additional experimental evidence revealing the enhance-
ment of the electron density around the metal center is pro-
vided by the electrochemical studies of the RuII/RuIII oxi-
dation process. Single-electron waves are observed in both
complexes, leading to E1/2 values equal to 0.49 and 1.30 V
for [Ru(bpy)2(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2, respec-
tively. The effect of cyclometalation on the stability of the
RuIII state is illustrated by a cathodic shift of about 810 mV.
This behavior demonstrates the strong σ-donating character
of the anionic ligand, and the enhancement of the donating
ability upon replacement of a nitrogen atom by a carbon
atom, in the coordination sphere of the ruthenium atom.[19]

Nonlinear Optical Properties

Before describing the NLO response of [Ru(bpy)2-
(L1)][PF6] and [Ru(bpy)2(L2)][PF6]2, it is important to em-
phasize that the values are not overestimated by multipho-
ton fluorescence. This is experimentally verified by per-
forming femtosecond hyper-Rayleigh scattering (HRS) ex-
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periments as a function of modulation frequency.[27] The
finite lifetime associated with any fluorescence results in a
demodulation (reduction of amplitude) for higher fre-
quencies.[28] As exemplified in Figure 6, no such demodula-
tion is observed in the case of [Ru(bpy)2(L1)][PF6], thus im-
plying that the HRS signal is not comprised of any
multiphoton fluorescence contribution.[29]

Figure 6. Experimental β values as a function of modulation fre-
quency for [Ru(bpy)2(L1)][PF6], showing the frequency-indepen-
dent response of the multiphoton-fluorescence-free HRS signal.

The HRS data are gathered in Table 4 for both deriva-
tives. In the case of [Ru(bpy)2(L2)][PF6]2, the detected signal
falls within the limit of the uncertainty of the present HRS
setup; therefore the hyperpolarizability was not determined
with full accuracy and the reported data are the upper β
limit only. It must be pointed out that, as the second har-
monic (400 nm) is close to the charge-transfer band located
at 546 and 454 nm for [Ru(bpy)2(L1)][PF6] and [Ru(bpy)2-
(L2)][PF6]2, respectively, the experimental β values are nec-
essarily overestimated by resonance. Therefore, the param-
eter to take into account as the intrinsic hyperpolarizability
(independent of the laser frequency) is β0 (vide infra). An
examination of Table 4 reveals a significant enhancement of
the NLO response in the cyclometalated derivative, with an
intrinsic hyperpolarizability equal to 230×10–30 cm5 esu–1.

Table 4. Experimental hyperpolarizabilities [10–30 cm5 esu–1] for the
ruthenium complexes, recorded using the hyper-Rayleigh scattering
method at 800 nm (β) and at zero frequency (β0).

β β0

[Ru(bpy)2(L1)][PF6] 500 230 (±50)
[Ru(bpy)2(L2)][PF6]2 � 200 � 40

Conclusions

Two related ruthenium() complexes have been investi-
gated to compare their MLCT capabilities and hence the
hyperpolarizabilities of metal–phenylpyridine- vs. metal–bi-
pyridine-based chromophores. We have reported on a set of
computational, spectroscopic, electrochemical, and nonlin-
ear optical measurements which all prove that a strongly
enhanced MLCT behavior takes place in a cyclometalated

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3105–31133110

derivative with respect to the parent metal–bipyridine mole-
cule. The last few years have witnessed a growing interest
in (pyridine)ruthenium() complexes in relation with the
concept of NLO switching obtained by a redox effect.[11]

It therefore seems promising to design such cyclometalated
ruthenium chromophores that exhibit large NLO responses
in addition to reversible and accessible redox properties.
Along these lines, these complexes could undoubtedly at-
tract potential interest from the perspective of materials sci-
ence.

Experimental Section
Starting Materials and Equipment: Reagents and solvents are com-
mercially available and were used as received. 1a,[19] 1b,[20] and
[Ru(bpy)2Cl2][30] were prepared according to literature procedures.
1H and 13C NMR spectra were recorded at 298 K with a Bruker
AM 250 spectrometer (250 MHz for 1H NMR and 62.9 MHz for
13C) or a Bruker Avance 500 spectrometer for 2D NMR. The atom
labelling used for the assignment is given in Scheme 2. DCI and EI
mass spectra were obtained with a Thermo Finnigan TSQ 7000
and FAB mass spectra were recorded with a quadrupolar Nermag
R 10-10 instrument using an NBA matrix. UV/Vis spectra were
recorded with a Hewlett Packard 8452A spectrophotometer. Ele-
mental analyses were performed by the “Service de Microanalyses
du Laboratoire de Chimie de Coordination” (Toulouse) with a Per-
kin–Elmer 2400 Serie II instrument. Cyclic voltammetry data were
recorded with an Autolab PGSTAT 100 potentiostat, in acetonitrile
using a Pt disk (1 mm diameter) as the working electrode, a Pt
gauze as the auxiliary electrode, and SCE as the reference electrode.
nBu4NPF6 (0.1 ) was used as the supporting electrolyte (purum
electrochemical grade Fluka, purified by sublimation). All voltam-
metric experiments were performed at ambient temperature in a
home-made, airtight three-electrode cell connected to a vacuum/
argon line. The solutions used for the electrochemical studies were
typically 10–3  in ruthenium complex. Prior to measurements, the
solutions were deoxygenated by bubbling with argon gas for 15 min
and the working electrode was polished with a polishing machine
(Presi P230); during experiments, a stream of argon was passed
over the solution.

5-(Bromomethyl)-2-phenylpyridine (2a): 5-Methyl-2-phenylpyridine
(1a; 2.11 g, 12.5 mmol), NBS (2.22 g, 12.9 mmol), and AIBN
(36 mg) were refluxed in dry CCl4 (58 mL) for 2 h. After cooling,
the suspension was filtered. The solvent was removed in vacuo and
n-hexane (30 mL) was added to the remaining paste. The mixture
was stirred in an ice bath for 1 h, whereupon a white fleecy precipi-
tate appeared. This was filtered off to yield the pure product
(837 mg, 27%). 1H NMR (CDCl3): δ = 8.68 (s, 1 H), 7.97 (m, 2
H), 7.75 (m, 2 H), 7.45 (m, 3 H), 4.52 (s, 2 H) ppm. C12H10BrN
(248.1) + 0.25 H2O: calcd. C 57.05, H 4.19, N 5.54; found C 56.81,
H 3.95, N 5.57. DCI MS (NH3): m/z (%) = 248.1 (33), 250.1 (34)
[MH]+.

5-(Bromomethyl)-2,2�-bipyridine (2b): Same procedure as for the
synthesis of 2a, starting from 5-methyl-2,2�-bipyridine (1b). Yield:
68%. The 1H NMR spectrum is identical to those of previous re-
ports.[31,32]

Diethyl (2-Phenylpyridin-5-yl)methylphosphonate (3a): Under nitro-
gen, 2a (1.01 g, 4 mmol) was dissolved in triethyl phosphite (7 mL)
and the mixture was refluxed for 1 d. After cooling, the brown oil
was purified by two successive chromatographic separations on alu-
mina (99% CH2Cl2/1% CH3OH). Yellow oil (1.31 g, 87%). The



Ruthenium() Complexes with Substituted Bipyridine and Phenylpyridine Ligands FULL PAPER
compound was used in the next step without further purification
(triethyl phosphite could not be totally eliminated). 1H NMR
(CDCl3): δ = 8.55 (s, 1 H), 7.95 (m, 2 H), 7.70 (m, 2 H), 7.42 (m,
3 H), 4.05 (m, 4 H), 3.14 (d, JH,P = 21.6 Hz, 2 H), 1.26 (t, J =
7.2 Hz, 6 H) ppm.

Diethyl (2,2�-Bipyridin-5-yl)methylphosphonate (3b): Same pro-
cedure as for the synthesis of 3a, starting from 2b and using 98%
CH2Cl2/2% CH3OH as eluent for the two chromatographic separa-
tions. Some traces of triethyl phosphite remained and the com-
pound was used without any further purification (Yield: 76%). 1H
NMR (CDCl3): δ = 8.66 (d, J = 4.2 Hz, 1 H), 8.56 (s, 1 H), 8.36
(d, J = 3.6 Hz, 1 H), 8.33 (d, J = 3.8 Hz, 1 H), 7.80 (m, 2 H), 7.28
(m, 1 H), 4.08 (q, J = 7 Hz, 4 H), 3.18 (d, JH,P = 22 Hz, 2 H), 1.35
(t, J = 6.8 Hz, 6 H) ppm.

5-(p-Nitrostyryl)-2-phenylpyridine (HL1): In a Schlenk flask, 3a
(348 mg, 1.14 mmol) was dissolved in THF (21 mL) and cooled in
an ice bath. n-Butyllithium (1.6  in hexane; 0.72 mL, 1.15 mmol)
was added dropwise and the solution was stirred at room tempera-
ture for 1 h. A THF solution (6 mL) of p-nitrobenzaldehyde
(174 mg, 1.15 mmol) was then added slowly and the color changed
from yellow to brown. The mixture was refluxed for 3 h. After cool-
ing to room temperature, the mixture was hydrolyzed with water
(10 mL). The precipitate was filtered off, washed with diethyl ether,
and purified by column chromatography on alumina (80% CH2Cl2/
20% n-pentane). The product was recovered as a lemon-yellow
powder (200 mg, 37% yield). 1H NMR (CDCl3): δ = 8.86 (d, J =
2.1 Hz, 1 H, H6), 8.27 (d, J = 8.8 Hz, 2 H, H11, H13), 8.07 (dd, J
= 8.7 and 1.4 Hz, 2 H, H2�, H6�), 7.98 (dd, J = 8.3 and 2.3 Hz, 1
H, H4), 7.81 (d, J = 8.3 Hz, 1 H, H3), 7.70 (d, J = 8.8 Hz, 2 H,
H10, H14), 7.53 (dd, J = 7.6 and 7.1 Hz, 2 H, H3�, H5�), 7.47 (t,
J = 7.3 Hz, 1 H, H4�), 7.31 (d, J = 16.3 Hz, 1 H, H7), 7.26 (d, J =
16.3 Hz, 1 H, H8) ppm. 13C NMR (CDCl3): δ = 155.22 (C2),
148.96 (C6), 147.08 (C12), 143.18 (C9), 138.59 (C1�), 133.87 (C4),
130.36 (C5), 129.41 (C4�), 129.35 (C7), 128.91 (C5�), 127.89 (C8),
127.10 (C10, C14), 126.89 (C6�), 124.27 (C11, C13), 120.48 (C3)
ppm. C19H14N2O2 (302.3): calcd. C 75.48, H 4.67, N 9.27; found
C 75.14, H 4.59, N 9.12. DCI MS (NH3): m/z = 303 [MH]+.

5-(p-Nitrostyryl)-2,2�-bipyridine (L2): According to the procedure
described above for the synthesis of HL1, 3b yielded compound L2

(29% yield) after purification by chromatography on alumina with
0.5% MeOH in CH2Cl2. 1H NMR (CDCl3): δ = 8.84 (d, J =
1.9 Hz, 1 H, H6), 8.73 (ddd, J = 4.7, 1.6 and 0.8 Hz, 1 H, H6�),
8.51 (d, J = 8.3 Hz, 1 H, H3), 8.47 (d, J = 8 Hz, 1 H, H3�), 8.29
(d, J = 8.9 Hz, 2 H, H11, H13), 8.06 (dd, J = 8.3 and 2.3 Hz, 1 H,
H4), 7.88 (td, J = 7.8 and 1.6 Hz, 1 H, H4�), 7.71 (d, J = 8.8 Hz,
2 H, H10, H14), 7.37 (ddd, J = 5.9; 4.9 and 1 Hz, 1 H, H5�), 7.34
(d, J = 16.5 Hz, 1 H, H7), 7.30 (d, J = 15.5 Hz, 1 H, H8) ppm. 13C
NMR (CDCl3): δ = 155.70 (C2), 155.32 (C2�), 149.15 (C6�), 148.56
(C6), 147.16 (C12), 143.07 (C9), 137.25 (C4�), 133.99 (C4),
131.99(C5) 129.27 (C7), 128.50 (C8), 127.18 (C10, C14), 124.28
(C11, C13), 124.05 (C5�), 121.36 (C3�), 121.22 (C3) ppm.
C18H13N3O2 (303.3): calcd. C 71.28, H 4.32, N 13.85; found C
70.78, H 3.94, N 13.53. EI-MS: m/z = 303 [M]+.

[Ru(bpy)2(L1)][PF6]: [Ru(bpy)2Cl2] (40 mg, 0.073 mmol) and AgOTf
(41 mg, 0.16 mmol) were added to a hot solution of HL1 (110 mg,
0.36 mmol) in MeOH/CH2Cl2 (1:1, 10 mL) and the mixture was
heated at 60 °C for 1 h. After cooling, the AgCl precipitate was
filtered through glass fiber. The filtrate was concentrated and the
crude product was purified by chromatography on alumina using
two eluents: 0.5% MeOH in CH2Cl2 to recover the unreacted ex-
cess of ligand, then 3% MeOH in CH2Cl2 to isolate a dark-violet
complex. A second chromatographic purification of this complex
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was carried out on alumina (3% MeOH in CH2Cl2) to yield the
pure complex (15 mg, 24%). 1H NMR (CD3COCD3): δ = 8.78 (td,
J = 8.2 and 1.1 Hz, 1 H, H36), 8.68 (ddd, J = 8.1, 1.1 and 0.6 Hz,
1 H, H33), 8.62 (ddd, J = 8.2, 1.3 and 0.8 Hz, 1 H, H23), 8.60
(ddd, J = 8.3, 1.2 and 0.8 Hz, 1 H, H26), 8.21 (d, J = 8.8 Hz, 2 H,
H16, H18), 8.24–8.17 (m, 3 H, H11, H37, H9), 8.16 (ddd, J = 5.7,
1.5 and 0.7 Hz, 1 H, H30), 8.10 (ddd, J = 5.4, 1.5 and 0.8 Hz, 1
H, H39), 8.06 (ddd, J = 5.8, 1.4 and 0.8 Hz, 1 H, H29), 8.00–7.90
(m, 6 H, H22, H32, H8, H5, H27, H20), 7.71 (d, J = 8.9 Hz, 2 H,
H15, H19), 7.64 (ddd, J = 7.6, 5.4 and 1.2 Hz, 1 H, H38), 7.42–
7.38 (m, 3 H, H21, H31, H28), 7.29 (d, J = 16.4 Hz, 1 H, H13),
7.21 (d, J = 16.4 Hz, 1 H, H12), 6.92 (dt, J = 7.2 and 1.2 Hz, 1 H,
H4), 6.85 (dt, J = 7.2 and 1.3 Hz, 1 H, H3), 6.52 (dd, J = 7.4 and
1 Hz, 1 H, H2) ppm. 13C NMR (CD3COCD3): δ = 194.27 (C1),
167.39 (C7), 157.90 (C34), 157.09 (C24), 156.80 (C25), 155.34
(C35), 154.27 (C30), 150.56 (C29), 150.04 (C20) 149.95 (C8), 149.23
(C39), 147.10 (C17), 145.26 (C6), 143.34 (C14), 136.59 (C37),
135.37 (C2), 135.19 (C32), 134.04 (C22), 133.77 (C27), 132.22 (C9),
131.17 (C10), 128.62 (C3), 128.46 (C12), 127.98 (C13), 127.37
(C38), 127.27 (C15, C19), 126.57 (C21), 126.40 (C31), 126.27 (C28),
124.85 (C5), 123.97 (C16, C18), 123.63 (C33), 123.41 (C36), 123.09
(C26), 123.08 (C23), 120.95 (C4), 118.39 (C11) ppm. The metathe-
sis was carried out as follows: the complex with the triflate counter-
ion was dissolved in the minimum amount of methanol then a satu-
rated aqueous solution of NH4PF6 was added until no more pre-
cipitation occurred. The precipitate was filtered off, rinsed with dis-
tilled water and dried under vacuum. C39H29F6N6O2PRu (859.7) +
H2O: calcd. C 52.41, H 3.50, N 9.40; found C 52.38, H 3.30, N
9.12. FAB-MS: m/z = 715 [M–PF6]+.

[Ru(bpy)2(L2)][PF6]2: L2 (48 mg, 0.158 mmol) was dissolved in
EtOH (25 mL) under N2 and the mixture heated to reflux.
[Ru(bpy)2Cl2] (85 mg, 0.158 mmol) was then added and the mixture
refluxed for 3 h. After cooling in an ice bath, addition of NH4PF6

(saturated solution in water) led to the precipitation of the complex.
The orange precipitate was filtered off, rinsed with water and di-
ethyl ether, and dried in vacuo (115 mg). The compound was ob-
tained by two successive chromatographic purifications on alumina
(CH3CN) and finally crystallization from acetone, which yielded
the pure, brick-red complex (80 mg, 50%).1H NMR (CD3COCD3):
δ = 8.88–8.82 (m, 6 H, H8, H5, H26, H23, H33, H36), 8.60 (dd, J
= 8.5, 1.9 Hz, 1 H, H9), 8.30–8.06 (m, 7 H, H11, H4, H27, H25,
H32, H37, H39), 8.24 (d, J = 9 Hz, 2 H, H16, H18), 8.11 (dd, J =
5.6, 7 Hz, 1 H, H2), 8.09–8.06 (m, 3 H, H29, H20, H30), 7.76 (d,
J = 8.8 Hz, 2 H, H15, H19), 7.64–7.58 (m, 5 H, H3, H31, H38,
H21, H28), 7.57 (d, J = 16.4 Hz, 1 H, H12), 7.21 (d, J = 16.5 Hz, 1
H, H13) ppm. 13C NMR (CD3COCD3): δ = 157.33, 157.24, 157.21,
157.04, 156.30, 152.07 (C11), 151.92 and 151.83 and 151.75 (C2,
C29, C20, C30), 151.05, 147.62, 142.51, 138.09, and 138.00 (C37,
C32, C25, C27), 136.53, 133.84 (C9), 132.01 (C12), 127.93, 127.88,
127.86, 127.84 (C15, C19), 127.75, 127.04 (C13), 124.60, 124.50,
124.48, 124.44, 124.35, 124.04, 114.38 ppm. C38H29F12N7O2P2Ru
(1006.7): calcd. C 45.34, H 2.90, N 9.74; found C 45.19, H 2.77, N
9.49. FAB-MS: m/z = 862 [M–PF6]+, 717 [M–2PF6]+.

Crystallographic Studies: Single crystals of [Ru(bpy)2(L1)][PF6]
suitable for X-ray structure determination were grown by slow dif-
fusion of diethyl ether into a concentrated solution of the complex
in acetonitrile. Data were collected at 180 K with a Stoe Imaging
Diffraction System (IPDS) equipped with a graphite-monochro-
mated Mo-Kα radiation source (λ = 0.71073 Å) and an Oxford
Cryosystems Cryostream Cooler Device. Empirical absorption cor-
rections were applied (Tmin = 0.811, Tmax = 0.963).[33] The structure
was solved by direct methods using SIR92,[34] and refined by means
of least-squares procedures on F2 with the aid of the program
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SHELXL97[35] included in the software package WinGX version
1.63.[36] Final unit-cell parameters were obtained by means of a
least-squares refinement of a set of well-measured reflections. The
atomic scattering factors were taken from the International Tables
for X-ray Crystallography.[37] All non-hydrogen atoms were refined
anisotropically, and in the last cycles of refinement a weighting
scheme was used, where weights are calculated with the following
formula: w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3.
Further details are listed in Table 5. The drawing of the molecule
was produced with the program ORTEP32[38] with 50% probability
displacement ellipsoids for non-hydrogen atoms. CCDC-602439
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Table 5. Crystal data for [Ru(bpy)2(L1)][PF6] (1).

Empirical formula C29H29N6O2Ru·C4H10O·PF6

Formula mass 933.84
Crystal size [mm] 0.425×0.125×0.0625
Crystal system monoclinic
Space group C2/c
a [Å] 32.661(7)
b [Å] 9.5543(19)
c [Å] 26.044(5)
β [°] 90.92(2)
V [Å3] 8126(3)
ρcalcd. [g cm–3] 1.527
T [K] 180
µ (Mo-Kα) [mm–1] 0.501
Scan mode φ
θ range [°] 2.22 � θ � 26.10
Measured reflections 37036
Independent reflections 7614
Observed reflections 7614
No of parameters 543
H atoms calculated
R1 0.0403
wR2 0.0491
∆ρmax [eÅ–3] 0.518
∆ρmin [eÅ–3] –1.143

Theoretical Methods: Gas-phase geometries for cations [Ru(bpy)2-
(L1)]+ and [Ru(bpy)2(L2)]2+ were fully optimized using the
Gaussian-03 program package[39] within the framework of DFT at
the B3LYP/6-31G*/LANL2DZ(Ru) level.[40,41] The starting metri-
cal parameters for the calculations were taken from the present
crystal structure of [Ru(bpy)2(L1)]+. In the absence of a crystal
structure for [Ru(bpy)2(L2)][PF6]2, the starting model was built up
from the previously reported structures of [Ru(bpy)3][PF6]2,[42] and
4-hydroxy-4�-nitrobiphenyl.[43] Due to the large size of the mole-
cule, time-consuming vibrational analyses were not performed on
the ruthenium complexes. Nevertheless, we checked that the DFT
approach provides an accurate description of the molecular geome-
try in the case of the few previously reported [Ru(bpy)(phenpy)]+

complexes,[16,19] although with a tendency for slightly inflated coor-
dination spheres in the DFT-computed structures. The all-valence
INDO (intermediate neglect of differential overlap) method[44] was
employed to calculate the electronic transitions in order to analyze
the origin of the charge transfer at the atomic level. Calculations
were performed using the INDO/1 Hamiltonian incorporated in
the commercially available MSI software package ZINDO.[45] The
monoexcited configuration interaction (MECI) approximation was
employed to describe the excited states. The 100 lowest-energy tran-
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sitions between the 10 highest occupied molecular orbitals and the
10 lowest unoccupied ones were chosen to undergo CI mixing.

NLO Measurements: The experimental β measurements were per-
formed with the frequency-resolved femtosecond hyper-Rayleigh
scattering (HRS)[46] technique at 800 nm. This setup was used as
described before.[27] The samples were dissolved in acetonitrile and
crystal violet (CV) dissolved in methanol was used as the reference
(βxxx = 338×10–30 cm5 esu–1).[27] A concentration series ws mea-
sured and the slopes of the linear fitting compared. The internal
field-correction factor [(n2 +2)/3]3, where n is the refractive index
at the NaD line, was applied to correct for the difference in solvent
(nMeOH = 1.328 and nMeCN = 1.343). The compounds were ana-
lyzed as dipolar structures with C�v symmetry. To correct for the
difference in symmetry between the dipolar compound and octupo-
lar reference, the following appropriate correction factors were
used:[46b,47]

(1)

The determined apparent hyperpolarizability was found to be inde-
pendent of the modulation frequency, and the fluorescence-free hy-
perpolarizability was calculated by averaging the obtained hyperpo-
larizabilities at different modulation frequencies. Due to the weak-
ness of the 2ω light intensity in the HRS phenomenon, measure-
ments have to be performed close to the resonance, which leads to
an artificial enhancement of the NLO signal. In this case, the pa-
rameter of interest is the intrinsic hyperpolarizability β(0), which is
independent of the laser frequency and can be estimated within a
two-level model according to the following expressions:[48]

(2)

(3)
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Synthesis, Electronic Characterisation and Significant Second-Order
Non-Linear Optical Responses of meso-Tetraphenylporphyrins and Their

ZnII Complexes Carrying a Push or Pull Group in the β Pyrrolic Position

Elisabetta Annoni,[a] Maddalena Pizzotti,*[a] Renato Ugo,[a] Silvio Quici,[b]

Tamara Morotti,[b] Maurizio Bruschi,[c] and Patrizia Mussini[d]
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On page 3860 of the original article[1] we reported:

“The preparation of the phosphonium salt 16 was carried out,
starting from the aldehyde 13, according to the synthetic scheme
reported in a preliminary communication by Bonfantini and Offi-
cer in 1993.[24] However the detailed experimental procedure was
never published, hence a careful description of the synthesis and
characterisation of intermediate porphyrins 14, 15 and 16 is given
in the Experimental Section.”

Recently, Prof. D. L. Officer informed us that the detailed experi-
mental procedure for the synthesis of compound 16 was published
in his article “Efficient synthesis of free-base 2-formyl-5,10,15,20-
tetraarylporphyrins, their reduction and conversion to [(porphyrin-2-
yl)methyl]phosphonium salts”.[2] We apologize for any inconvenience
this omission might have caused.
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COVER PICTURE

The cover picture shows the structure of a chiral half-sand-
wich ruthenium(II) complex with the (4S)-2-[2-(diphenyl-
phosphanyl)phenyl]-4-isopropyl-1,3-oxazoline ligand that
catalyzes the asymmetric 1,3-dipolar cycloaddition reaction
of nitrones with methacrolein. Catalyst precursors as well
as dipolarophile or nitrone-containing intermediates have
been isolated and spectroscopically and/or crystallograph-
ically characterized. Details are discussed in the article by
D. Carmona, M. P. Lamata, L. A. Oro et al. on p. 3155ff.
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What a Difference One Electron Makes! Generating Low-Coordinate Ti–C
and V–C Multiply Bonded Frameworks through One Electron Oxidatively

Induced α-Hydrogen Abstractions

Daniel J. Mindiola,*[a] Brad C. Bailey,[a] and Falguni Basuli[a]

Keywords: Alkylidenes / Alkylidynes / Titanium / Vanadium / Hydrogen abstraction / Oxidation

Low-coordinate, high oxidation state titanium and vanadium
complexes containing terminal metal–carbon multiply
bonded functionalities have been prepared directly or indi-
rectly through one electron oxidatively induced α-hydrogen
abstraction reactions. This synthetic approach offers a mild
entry to reactive M=C and M�C motifs, and does not depend
on external stimulants such as heat, light or base to promote
the α-hydrogen-abstraction step. In addition, this strategic
protocol avoids the use of powerful electrophiles, thus gener-
ating terminal and nucleophilic M–C multiple bonds in low-

Introduction

Metal–carbon multiple bonds are an important function-
ality given their utilization in important industrial processes
such as metathesis, in particular cross-metathesis, ring-clos-
ing metathesis, ring-opening metathesis, ring-opening me-
tathesis polymerization, acyclic diene metathesis polymeri-
zation, acetylene polymerization, and Wittig-type (alterna-
tively referred to as group-transfer) reactions.[1] Seminal pa-
pers and reviews by Chauvin,[2] Grubbs,[3] and Schrock[4]

exemplify both the fundamental and practical use of the
M–C multiple bond. The combination of their efforts
clearly portray how critical fundamental research address-
ing the bonding and structure of the M–C linkage can
rapidly evolve into a more applied area of chemistry such
as catalysis.[1,3,4] Consequently, a cascade of applications
such as the synthesis of pharmaceutical fine chemicals, nat-
ural products, and the formation of polymers have evolved
from a fundamental study involving the M–C mul-
tiple bond.[1,3,4] Not surprisingly, the contribution by Chau-

[a] Department of Chemistry, Indiana University,
Bloomington, Indiana 47405
E-mail: mindiola@indiana.edu
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coordination environments. In some cases terminal alkylid-
enes containing β-hydrogen atoms can also be introduced
through this route. This microreview surveys the synthesis
and chemistry surrounding isolable titanium and vanadium
complexes bearing terminal alkylidene and alkylidyne li-
gands. Particular emphasis will be placed on the synthesis of
the high oxidation state M–C multiple bond.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

vin, Grubbs, and Schrock resulted in their winning of the
2005 Nobel Prize in Chemistry.[5]

Extensive reviews covering advances in the field of
metal–carbon multiple bonds have been published,[3,4,6]

with one of the most comprehensive reviews for high oxi-
dation state transition-metal alkylidenes and alkylidynes be-
ing published in 2002 by R. R. Schrock.[4c] For this reason,
we will limit our attention to the synthesis and chemistry
of high oxidation state alkylidenes and alkylidynes of group
4 and 5 transition metals, since in recent years there has
been a dramatic advancement in this group of elements.[4c]

More specifically, we will discuss only compounds which
have been fully characterized, and that invoke a nucleo-
philic or “Schrock-like” M–C multiply bonded linkage. We
refer the reader to comprehensive reviews discussing the “in
situ” preparation of alkylidenes.[1f,6] This microreview will
focus on the synthesis, structure, and small-molecule chem-
istry invoking alkylidene and alkylidyne ligands of group 4
and 5 transition metals, in particular the lighter 3d conge-
ners for each group. Catalytic reactions will not be covered
in this review, nor the synthesis and chemistry of bridging
alkylidenes or alkylidynes. Given the extensive literature
covering this popular field, we apologize in advance for any
omission of relevant work pertaining to the subject we are
discussing.
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Synthesis of Group 4 and 5 High Oxidation State
Alkylidenes

High oxidation state transition-metal alkylidenes are
commonly prepared through an α-hydrogen-abstraction
route with the first prototypical examples (tBuCH2)3-
Ta=CHtBu[7] and (η5-C5H5)2Ta=CHCH3

[8] being reported
by Schrock. For instance, d0 metal complexes containing an
alkyl group can often be subjected to heat or light [Equa-
tion (1)], sterically imposing Lewis bases [Equation (2)], or
Brønsted bases [Equation (3)] to assist in the α-hydrogen
abstraction or deprotonation of the alkyl α-hydrogen.[4]

(1)

(2)

(3)

In most cases, the Lewis base is often restricted to non-
nucleophilic reagents such as bulky amides, neutral amines,
phospha-ylides, in order to avoid displacement of the alkyl
and subsequent redox chemistry from taking place.[4] In ad-
dition, the metal–alkyl ligand must lack β-hydrogen atoms,
albeit with some exceptions, in order to avoid β-hydrogen-
elimination or -abstraction pathways.[4] Alternate routes to
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the M=C linkage involve the in situ 2e– reduction reactions
of diazoalkanes, “CH2” group-transfer reactions using
phosphoranes such as Ph3P=CH2 [Equation (4)],[9] or two-
electron reduction reactions to promote α-hydrogen elimi-
nation [Equation (5)].[10]

(4)

(5)

Another elegant and rare transformation leading to alk-
ylidene formation is the isomerization of terminal and 1,2-
disubstituted olefins using low-valent metal centers [Equa-
tion (6)].[4c,11] The microscopic reverse, rearrangement of an
alkylidene to an olefin, is not surprising given the intrinsic
instability of β-hydrogen atoms with respect to the bound
olefin. The latter rearrangement has been recognized as a
potentially damaging side-reaction within the alkene me-
tathesis cycle, but quite possibly, an important step in pro-
cesses such as “alkane metathesis”.[12] Recently, two new
protocols to assemble low-coordinate metal–carbon mul-
tiple bonds have been reported. One applies a one-electron
oxidation to promote the α-hydrogen abstraction [Equation
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(7)],[13] while the second method utilizes a highly reducing
metal center to promote P–C bond rupture of a bound tri-
methylphosphane [Equation (8)].[14]

(6)

(7)

(8)

The former synthetic strategy has been referred to as an
oxidatively induced α-hydrogen abstraction.[13] One advan-
tage to this process is that bis(alkyl) complexes composed
of 3d elements such as Ti and V can be readily transformed
to the high-valent alkylidene by a single-electron oxidation.
Most notably, this protocol can generate low-coordinate
complexes bearing terminal M=C linkages with substitu-
tionally labile ligands or counter anions such as OTf–, I–,
Br–, Cl–, and BPh4

–. As a result, d0 transition-metal alkylid-
enes prepared by this route are poised for a subsequent α-
hydrogen abstraction or α-hydrogen deprotonation to gen-
erate the alkylidyne ligand. Another rare, but known
method to generate the terminal alkylidene ligand involves
the breaking of dimers (composed of bridging alkylidenes)
with donor ligands such as phosphanes [Equation (9)].[15a]

(9)

This same strategy can be used for Lewis acid decom-
plexation of heterobimetallic µ2-alkylidene systems using
strong donors such as HMPA.[15b]

Alkylidenevanadium and -titanium Complexes

Despite the extensive number of alkylidenetantalum
complexes,[4] fewer examples exist for the lighter congener,

Scheme 1.
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Nb, while even less cases have been reported for V.[4,6]

Table 1 lists high oxidation state alkylidene complexes for
V (isolated) along with some diagnostic features. The lower
number of V and Nb alkylidenes vs. those for tantalum, can
arguably be correlated to the propensity of the former met-
als to generate low-valent oxidation states.

Theoretical studies by Nugent and co-workers have un-
covered that the charge on the atom multiply bonded to the
metal (e.g. imides, alkylidenes, oxo groups) decreases as we
go up and to the right within the periodic table.[16] Conse-
quently, high-valent NbV and VV are more likely to be re-
duced by Grignard compounds or alkyllithium compounds
as opposed to TaV. Hence, if one plans to incorporate the
M=C linkage onto a lighter congener in a high oxidation
state, then perhaps one should work retrosynthetically from
the low-valent state by subsequent oxidation reactions.
Gratifyingly, two examples for the later hypothesis have
been reported (Scheme 1).[17,18] In 1995, McCamley and co-
workers trapped a transient niobium alkylidene by a redox
route.[17] Their studies described the one-electron oxidation
of NbIV(η5-C5H4tBu)2(CH2Ph)2 with AgBPh4 to generate a
Ag0 mirror along with the kinetically unstable benzylidene
salt [NbV(η5-C5H4tBu)2(CHPh)][BPh4] (Scheme 1, a).[17]

The latter intermediate underwent facile C–H activation re-
actions in toluene to afford the cyclometallated product
(Scheme 1, a), but the mechanism of the C–H activation
reaction was not discussed in this work. The second exam-
ple involving one-electron oxidation to generate M=C link-
ages was reported by Otero and co-workers.[18] In their
studies, one-electron oxidation of the NbIV alkyne
Cp�2Nb[η2-MeOC(O)C�CMe] (Cp� = C5H4SiMe3) with
[FeCp2][BPh4] generated a binuclear vinylidene complex
(Scheme 1, b).[18] Albeit a fascinating transformation, the
mechanism of the latter reaction remains unclear.

Schwartz and co-workers are likely the first group to re-
port the synthesis and characterization (NMR spectro-
scopic data) of group 4 alkylidenes Cp2M=CHR(PR3) (M
= Ti and Zr).[9d,15b] Their seminal work was followed-up by
Bickelhaupt and co-workers in 1986.[15a] However, it was
not until 1992 that Krüger and co-workers structurally
characterized the d0 Ti=C bonded complex (PMe3)-
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Table 1. Terminal alkylidenevanadium and -titanium complexes
(see also ref.[13,15,32,36–41]).
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Table 1. (Continued)
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Table 1. (Continued)

Cp2Ti=C=C=TiCp2(PMe3) [Ti=C, 2.051(2) Å].[19] In 1993,
Fryzuk and co-workers[20] reported the synthesis and struc-
tural elucidation of the first mononuclear and terminal
alkylidene [η5-C5H3-1,3-(SiMe2CH2PiPr2)2]Zr=CHPh(Cl).
Not surprisingly, alkylidene complexes of group 4 are often
represented as +M–CR2

– ↔ M=CR2, much like ylides reso-
nate. This feature explains why common reagents such as
Tebbe’s complex[21] are much more stable than Lewis acid
free and terminal alkylidenes. Table 1 depicts isolable tita-
nium complexes bearing a terminal alkylidene ligand along
with diagnostic features.

Synthesis of Group 4 and 5 High Oxidation State
Alkylidynes

High oxidation state alkylidyne transition-metal com-
plexes are far more rare than the corresponding alkylidenes,
in particular for the early transition metals prior to group
6.[4c] This fact is not surprising because most d0 alkylidynes
are commonly prepared from alkylidenes by an α-hydrogen
abstraction or deprotonation reaction [Equation (10)].

(10)

Some elegant but rare entries to the terminal alkylidyne
functionality invoke two-electron reduction of an alkyl
group to promote α,α�-dehydrogenation and elimination of
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H2 [Equation (11)],[11f] or α-hydrogen elimination of a re-
duced alkylidene–metal complex to generate the alkylidyne–
hydride product [Equation (12)].[10,11f]

(11)

(12)

If one includes group 6 alkylidynes, other elegant entries
would be methine (CH) group transfer to a low-valent
metal center [Equation (13)],[22] trimethylsilyl migration of
η2-vinyl groups [Equation (14)],[23] and alkyne or nitrile me-
tathesis with W2

(III,III) dimers [Equation (15)].[24]

(13)

(14)

(15)

An extensive description of protocols to achieve group 6
M�C linkages have been reported, and we refer the reader
to this work.[6h] However, prior to group 6 transition met-
als, M�CR linkages are far more scarce.[4c] As mentioned
previously, our group has developed a novel technique ap-
plying one-electron oxidation to promote α-hydrogen ab-
straction. This strategy can also be applied to alkylidene(al-
kyl) species of vanadium(IV) thus giving rise to the first
example of an alkylidynevanadium complex [Equation
(16)].[13f]

(16)

Schrock and co-workers reported the first examples of
group 5 alkylidynes, which were composed of tanta-
lum(V),[10b,25] but it was not until 2004 that Mindiola and
co-workers[13f] reported the only examples of alkylidynevan-
adium(V) complexes (both in neutral and cationic forms).
The latter complexes are derived from two subsequent one-
electron oxidation and α-H abstraction steps commencing
from a bis(alkyl)vanadium(III) precursor (vide infra).
Table 2 compiles a list of terminal alkylidynevanadium
complexes.

Not surprisingly, isolable and terminal group 4 alk-
ylidynes are unknown.[4c] Mena and co-workers have re-
ported µ3-bridging alkylidynes of titanium where the hy-
bridization at the α-C is best described as sp3.[26] Very re-
cently however, transient titanium(IV) complexes bearing
terminal alkylidynes can be smoothly generated, mechan-
istically studied, and also trapped with various substrates
(vide infra).[27] Interestingly, the latter alkylidyne precursors
have been indirectly derived from a one electron oxidatively
induced α-hydrogen abstraction. Table 2 compiles a list of
well-defined alkylidynetitanium complexes.
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Table 2. Terminal alkylidynevanadium and -titanium com-
plexes.[13,26,27]
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Oxidatively Induced α-Hydrogen Abstraction to Prepare
M–C Multiple Bonds of Ti and V.

a. Synthesis of Alkylidenetitanium Complexes

An attractive entry towards the assembly of low-coordi-
nate systems possessing metal–ligand multiple bonds can be
derived from a redox reaction where the low-valent metal
is alkylated, then oxidized. Accordingly, the protocol to pre-
pare low-coordinate and terminal alkylidenetitanium com-
plexes involved the use of a d1 precursor complex (nacnac)-
TiCl2 (1) {nacnac– = [ArNC(Me)]2CH, Ar = 2,6-(CHMe2)2-
C6H3}, reported previously by Budzelaar.[28] The β-diketim-
inate ancillary ligand, nacnac–, was chosen given its pre-
cedence to generate low-coordination environments in both
early- and late metal complexes.[29] Hence, the THF base
adduct of 1 can be readily alkylated with 2 equiv. of
LiCH2tBu to afford the bis(alkyl)titanium(III) complex
(nacnac)Ti(CH2tBu)2 (2) in excellent yield.[13a] This com-
pound is remarkably stable to heat, but when treated with
oxidants such as AgOTf or I2, the four-coordinate alkylid-
ene complexes (nacnac)Ti=CHtBu(X) [X– = OTf, (3)–OTf;
X– = I, (3)–I] are readily obtained (Scheme 2).[13a,13b] Com-
plex 3 displays 1H and 13C NMR spectroscopic signatures
consistent with Cs symmetry in solution. The alkylidene Cα

resonance is centered at δ ca. 271–272 ppm with a JCH

coupling constant of 95–85 Hz. The latter parameters are
consistent with these molecules having a terminal alkylid-
ene functionality in which there is a significant α-hydrogen
agostic interaction with the metal center.[4c] The low-coordi-
nation number of 3 was confirmed by single-crystal X-ray
crystallographic studies.[13a,13b] Conveniently, anion ex-
change or transmetallation in compounds such as 3-OTf is
facile (Scheme 2), thus giving rise to a family of alkylidenes
where X– can be varied from halides (Cl and Br), to alkyl
groups (CH2SiMe3), to a borohydride (η3-BH4). These alk-
ylidenes have been thoroughly characterized, but all these
compounds are kinetic products inasmuch as they can un-
dergo intramolecular C–H activation transformations[13a]

or intramolecular Wittig-like rearrangements to afford
compounds such as 4-OTf and 4-I (Scheme 2 shows only
the Wittig-like conversion of 3-X to 4-X, where X– = OTf
or I).[13a,13b] However, the intramolecular Wittig-like re-
arrangement can be readily blocked by replacing the β-
methyl groups on the β-diketiminate NCCCN framework
with tBu.[28] As a result, kinetically stable alkylidenetitan-
ium complexes such as (tBunacnac)Ti=CHtBu(X) (X– =
OTf, 5–OTf; X– = I, 5–I; tBunacnac– = [Ar]NC(tBu)]2CH)
can also be prepared from the corresponding bis(alkyl) pre-
cursor (tBunacnac)Ti(CH2tBu)2 (6) (Scheme 3).[13b] Struc-
tural and spectroscopic features for 5 are similar to those
observed for 3. With the bulkier tBunacnac– framework, one
can also incorporate the isobutylidene ligand onto titanium
by oxidizing precursors such as (tBunacnac)Ti(CH2iPr)2 (7)
with AgOTf (Scheme 3).[30] This implies that oxidatively in-
duced α-hydrogen abstraction is the preferred pathway as
opposed to the more common β-hydrogen elimination and
α-hydrogen abstraction themes. Although isolable, complex
(tBunacnac)Ti=CHiPr(OTf) (8) is a kinetic product since
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solutions decompose gradually over 24 h at 25 °C to afford
the product (η2-HiPrC=C(tBu)CHC(tBu)N[Ar])Ti=NAr-
(OTf) (9): a complex resulting from an intramolecular Wit-
tig-like rearrangement.[30] Despite complex 8 having tBu
groups to block the intramolecular [2+2]cycloaddition, the
alkylidene functionality is apparently far less crowded and
therefore more prone to group-transfer processes
(Scheme 3).

Oxidatively induced α-hydrogen abstraction is a versatile
process because terminal titanium alkylidene ligands can be
readily assembled utilizing another ancillary ligand frame-
work such as PNP (PNP = N[2-P(CHMe2)2-4-meth-
ylphenyl]2–).[31] PNP as an ancillary support provides a “hy-
brid type” coordination environment where both a hard
amide and two soft phosphane donors are oriented in a
meridional geometry. In addition, this ancillary support is
impervious to intramolecular Wittig-like rearrangements
often observed with sterically imposing β-diketiminate li-
gands.[13] Consequently, both (trimethylsilylmethylidene)-
and (neopentylidene)titanium (PNP)Ti=CHR(OTf) (10: R
= SiMe3, 11: R = tBu),[13d] as well as isobutylidene (PNP)-
Ti=CHiPr(OTf) (12)[30] complexes can be constructed with

Scheme 2.

Scheme 3.
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this robust and rigid pincer system (Figure 1 shows their
synthesis along with their corresponding X-ray structures).
Unlike 3, 5, and 8, compounds 10–12 display weaker α-
hydrogen agostic interactions (JC–H = 85–99 Hz), presum-
ably due to the greater coordination number at titanium.
Distinct from 8, complex 12 is remarkably stable despite
having a less hindered and terminal alkylidene with a β-
hydrogen.[30] This demonstrates that alkyl reagents that
commonly reduce, such as iBu–, can be easily transformed
into never-before seen isobutylidene “M=CHiPr” function-
alities on titanium. Compounds like 12 might offer an excel-
lent opportunity to study the reverse: alkylidene to olefin
conversion (vide supra).

b. Synthesis of Alkylidenevanadium Complexes

Our success in preparing the first four-coordinate neo-
pentylidenetitanium by an oxidatively induced α-abstrac-
tion reaction[13] motivated us to pursue other 3d transition
metals, which lack such a motif. Unlike titanium, vanadium
displays more diverse redox chemistry, which could result
in more redox couples as opposed to the more general one-
electron oxidation observed with Ti3+. Terminal alkylidene
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Figure 1. Synthesis of the terminal alkylidenetitanium(IV) complexes 10–12. Single-crystal X-ray structures are displayed to the right
with H atoms omitted for clarity. Selected metrical parameters are displayed under each structure.

complexes of vanadium are rare,[32] with the first example
being reported by Teuben and co-workers, namely
CpV=CHtBu(dmpe) [dmpe = bis(dimethylphosphanyl)eth-
ane].[32a] For us, alkylating Budzelaar’s precursor (nacnac)-
VCl2[28] with 2 equiv. of LiCH2tBu afforded the bis-neopen-
tyl complex (nacnac)V(CH2tBu)2 (13) as dark brown need-
les. Subsequent one-electron oxidation with AgBPh4 gener-
ated a Ag0 mirror along with the alkylidenevanadium(IV)
complex [(nacnac)V=CHtBu(THF)][BPh4] (14)
(Scheme 4).[13e] Complex 14 can readily disproportionate,
but anion exchange using MgI2 (or I2) yielded the much
more stable alkylidenevanadium(IV) (nacnac)V=CHtBu(I)

Scheme 4.

Figure 2. X-Band isotropic EPR spectra of complexes 14 (left) and 15 (right) in a 0.1 m toluene solution.
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(15).[13e] Not only is the neutral complex 15 far more stable
than the corresponding cation, but the I– ligand can also be
readily substituted (vide infra). Compounds 14 and 15 are
d1 paramagnets as well as EPR active. More specifically,
these compounds display an 8-line hyperfine coupling
pattern resulting from coupling of the unpaired electron to
the vanadium center (I = 7/2, 99.6%, Figure 2).[13e] Single-
crystal X-ray diffraction analysis for each system reveal
four-coordinate vanadium complexes bearing a terminal
neopentylidene ligand with short V=C distances [14,
1.795(3) Å; 15, 1.787(3) Å], obtuse V=C–C angles [14,
159.8(4)°; 15, 158.7(3)°], and in each case an α-H agostic
interaction with the d1-metal center.

c. Synthesis of Alkylidynetitanium Complexes

Terminal alkylidynetitanium complexes are unknown,
and the only isolable examples reported in the literature are
µ3-alkylidynes restricted to cubane TiIV

4 clusters.[26] In
2004, Ozerov and co-workers reported remarkably stable
alkylidene(alkyl)zirconium complexes of the type (PNP)-
Zr=CHR(CH2R) (R = Ph or p-tolyl), which were prepared
by α-hydrogen abstraction through thermolysis of the corre-
sponding tris(alkyl) species.[33] However, α-hydrogen ab-
straction for the latter complex was not reported. Inspired
by their work, we reasoned whether analogous TiIV deriva-
tives could undergo not one, but two α-hydrogen abstrac-
tions given the more congested environment for the Ti4+

center. Our hypothesis proved fruitful inasmuch as four-co-
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ordinate alkylidynetitanium complexes can be readily gen-
erated by α-hydrogen abstraction reactions utilizing precur-
sors such as 10 and 11.[27] Accordingly, when complex 11 is
treated with LiCH2tBu in pentane at low temperatures, the
neopentylidene–neopentyltitanium complex (PNP)Ti=CH-
tBu(CH2tBu) (16) can be obtained upon rapid work-up of
the reaction mixture (Scheme 5). Complex 16 reacts rapidly
with benzene at 27 °C within 11.9 hours (4.5 half lives) to
afford (PNP)Ti=CHtBu(C6H5) (17) quantitatively.[27] The
combination of high-level density functional theory (DFT),
labeling, and kinetic studies have demonstrated that com-
plex 16 first undergoes α-H abstraction concomitant with
elimination of CH3tBu, to afford a transient alkylidynetit-
anium intermediate (PNP)Ti�CtBu (A), which experiences
1,2 addition of the benzene C–H bond across the reactive
Ti�CtBu linkage to provide 17 (Scheme 5). The reaction
energy profile for the C–H activation of benzene has been
probed using high-level DFT calculations and is depicted
in Figure 3.[27] The post rate-determining step suggests that

Scheme 5.

Figure 3. Reaction profile for the 15 � 16 conversion, whereby intermediate A is generated. The two transition-state geometries (TS) are
depicted below.

Scheme 6.
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the reverse process (liberation of benzene to generate alk-
ylidyne, 17 � A), is associated with a barrier of 32.8 kcal/
mol. In fact, this theoretical prediction can be experimen-
tally proven under elevated temperature conditions. For ex-
ample, complex 17-d6 can undergo clean conversion to 17
in C6H6 (95 °C, 48 hours), and vice-versa, thus linking in-
termediate A to complex 17 in the reaction profile.[27] This
paradigm is particularly interesting because complex 17 can
potentially be a synthon of A (albeit slow), in benzene, at
ca. 95–120 °C. We have also found another alkylidyne
source. Compound 10 can also be alkylated with
LiCH2SiMe3 to afford (PNP)Ti=CHSiMe3(CH2SiMe3)
(18). Compound 18 has been shown to generate the tran-
sient alkylidyne (PNP)Ti�CSiMe3 (B) in C6H6, albeit at
higher temperatures, to afford the phenyl derivative (PNP)-
Ti=CHSiMe3(C6H5) (19) (Scheme 6). As observed with 17,
thermolysis of 19 in C6D6 also leads to complete conversion
to 19-d6, thus consistent with 19 being in equilibrium (at
higher temperatures) with the alkylidyne intermediate B.[27]
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d. Synthesis of Vanadium Alkylidynes

In 1991, Lippard and Protasiewicz reported the only ex-
ample of a terminal V�C linkage, namely the Fischer car-
byne (CO)(dmpe)2V�COSiPh3 [V�C, 1.754(8) Å].[34] How-
ever, it was not until recently that the first examples of alk-
ylidynes d0, 3d transition metal complexes of group 5 were
reported.[13f] This achievement was in part possible given
our access to low-coordinate alkylidenevanadium com-
plexes having labile ligands, namely compounds 14 and
15.[13e] Accordingly, the four-coordinate neopentylidene
complex 15 can be readily alkylated with LiCH2SiMe3 to
afford the neopentylidene(alkyl) species (nacnac)-
V=CHtBu(CH2SiMe3) (20) (Scheme 7). Complex 20 exhib-
its an EPR spectrum and a solution magnetic moment in
accordance with a VIV radical center,[13f] and when oxidized
with AgOTf or AgBPh4, the neutral (nacnac)V�CtBu(OTf)
(21) or cationic [(nacnac)V�CtBu(THF)][BPh4] (22) neo-
pentylidynes can be readily obtained, respectively
(Scheme 7).[13f] 1H NMR spectra are consistent with 21 and
22 retaining Cs symmetry in solution, while the combina-
tion of 13C (δ: 21, 375 ppm; 22, 374 ppm)[7] and 51V (21: δ
= –882 ppm, 22: δ = –956 ppm) NMR spectra unambigu-
ously confirms the presence of a terminal neopentylidynev-

Scheme 7.

Figure 4. Transformation of the alkylidynevanadium complexes. The reaction coordinate for 21 � 23 is shown to the left with computed
enthalpic values for the transition state (21-TS) and 23. Calculated structural features for the cores of 21, 21-TS, and 23 are also displayed.
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anadium(V) functionality.[13f] In contrast to Schrock’s two-
electron reduction reactions of high-valent 5d metals to
form Ta�C linkages (vide supra),[10] our work involves two,
one electron oxidatively induced α-hydrogen abstraction
steps to prepare vanadium alkylidynes. While compounds
21 and 22 are remarkably stable at room temperature, they
remain kinetic products from the reaction, since extensive
thermolysis at ca. 80 °C results in quantitative conversion
to the imidovanadium complex supported by the chelating
amido–vinyl ligand, (tBuC=C(Me)CHC(Me)N[Ar])V=N-
Ar(OTf) (23) and [(tBuC=C(Me)CHC(Me)N[Ar])-
V=NAr(THF)][BPh4] (24). Compounds 23 and 24 are best
described as azametalacyclohexatriene systems resulting
from an intramolecular cross-metathesis transformation in-
volving an azametalacyclobutene transition state 21-TS
(Figure 4).[13f] The conversion 21 � 23 in C7D8 was deter-
mined to be first-order in vanadium with activation param-
eters ∆S‡ = –6(3) cal/mol·K, ∆H‡ = 25.4(3) kcal/mol. For-
mation of 23 was also found to be independent of solvent
(C7D8 vs. [D8]THF), which rules out dissociative or associa-
tive mechanisms from playing a role in this transforma-
tion.[13f] A similar transformation was observed for the
analogous alkylidenetitanium systems bearing the same β-
diketiminate ligand framework (vide supra).[13a,13b]

Conclusions and Future Outlook

In this microreview we have compiled a series of syn-
thetic strategies that incorporate the terminal alkylidene
and alkylidyne ligands onto the early transition metal series.
One particular method which we have focused our attention
to has been a reaction denoted “oxidatively induced α-hy-
drogen abstraction”. This protocol combines a one-electron
oxidation step with Schrock’s seminal α-hydrogen abstrac-
tion method. One-electron oxidation does not only promote
α-hydrogen abstraction, but also generates metal–carbon
multiple bonds in low-coordination environments while in-
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corporating labile ligands such as OTf–, I–, or BPh4

–. This
feature unavoidably places these compounds along a cas-
cade of other reactions which will ultimately lead to other
novel functionalities. For example, terminal alkylidyne li-
gands can be incorporated onto titanium by an α-hydrogen
abstraction pathway, while alkylidynevanadium complexes
can be generated by a subsequent one-electron α-hydrogen
abstraction reaction stemming from the alkylidene(alkyl)
VIV precursor. In addition, the polarized nature of the
M=C bond renders alkylidenetitanium and -vanadium
functionalities exceedingly nucleophilic thus readily engag-
ing in α-hydrogen migration or deprotonation reactions of
primary phosphides to generate novel functionalities such
as terminal phosphanylidenetitanium and -vanadium com-
plexes.[13d,35] Fine tuning of the ancillary support has cre-
ated kinetically robust systems capable of undergoing inter-
esting intermolecular reactions such as C–H activation. The
chemistry surrounding high-oxidation M=C and M�C
linkages for group 4 and 5 metals is an immature, yet
emerging field in organotransition metal chemistry despite
the first alkylidenetantalum being reported by Schrock in
the early 70’s.[7,8]

With these synthetic strategies now available to generate
a library of M=C and M�C linkages, we are now in posi-
tion to probe these reactive functionalities and hopefully,
pull alongside with the prototypical group 6 alkylidene/alk-
ylidyne reagents commonly used today in catalysis.
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A new super-microporous aluminosilicate having a high alu-
minium content (Si/Al ca. 1) has been prepared through a
surfactant-assisted procedure with the use of a commercially
available binary precursor (di-sec-butoxyaluminooxytri-
ethoxysilane) as a single source of both Al and Si. The forma-
tion of super-micropores is a result of a significant network
shrinkage associated with the thermal elimination of the sur-

Introduction

The discovery of the M41S family of mesoporous silicas
by Mobil’s researchers was a major step towards the expan-
sion of the typical sizes of uniform micropores in zeo-
types.[1] Since then, considerable effort has been devoted to
the systematization of processing routes for the manufac-
ture of silica-based mesoporous derivatives that contain
pore sizes in the 2–10 nm range. The use of surfactants with
alkyl chains of different lengths is the typical procedure em-
ployed for this endeavour.[2] While many investigations have
been aimed at establishing the most suitable strategies to
achieve large mesopores, the number of publications deal-
ing with porous solids in which the pore sizes range between
micropores and small-mesopores is limited.[3] The scarcity
of results, however, is not an indication of the lack of inter-
est in super-microporous solids since they are in high de-
mand for their potential use in a large variety of applica-
tions, such as molecular recognition, adsorption, drug de-
livery and catalysis.[4] In fact, materials with uniform pore
sizes in the 1–2 nm range (i.e. super-microporous) are ex-
pected to exhibit interesting shape- and size selectivity in
the conversion of large organic substrates.

As mentioned above, there are few reports on super-
microporous materials. Sung et al.[5] described the synthesis
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factant. This solid has been studied by X-ray powder diffrac-
tion, electron microscopy, nuclear magnetic resonance spec-
troscopy and porosimetry. A preliminary analysis of the acid-
ity and the catalytic activity of the super-microporous solid
for the selective catalytic reduction of NOx is also presented.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of porous niobium oxide with pore diameters below 2 nm.
Shpeizer et al.[6] have recently reported on a general non-
surfactant-assisted procedure to prepare super-microporous
mixed oxides. With the exception of these two contri-
butions, all of the remaining publications on super-micro-
porous materials are centred on silica-based compositions.
Super-microporous pure silicas have been prepared by dif-
ferent one-pot procedures, which implies the use of “struc-
ture-directing agents” or “templates”. These templates vary
greatly and range from micellar aggregates of surfactants
(e.g. ω-hydroxy-bolaform[7] or long chain alkyl amines[8]) to
simple, but bulky, organic molecules (e.g. adamantan-
amine[9]). Besides surfactant-assistance strategies, some
strategies are based on the use of a single Si source (α-so-
dium disilicate[4]) or on a more complex multistep process
(pore-entrance size decreases after post-synthetic treat-
ment[10]). In some cases, mesoporous materials can be pro-
gressively altered to microporous materials through the in-
corporation of heteroelements such as Al or Zr.

Porous aluminosilicate compositions have traditionally
attracted great interest owing to their capability to act as
acid catalysts for bulky hydrocarbon conversion.[11] In prac-
tice, a solid acid material in the super-microporous domain
could bridge the gap between zeolites and mesoporous alu-
minosilicates. Incorporation of Al centres in the framework
of mesoporous silicas usually leads to a certain pore size
decrease. Hence, aluminosilicates with pore sizes at the
lower end of the mesoporous range have been obtained with
high Al content materials.[12] However, pores in the super-
microporous range usually cannot be achieved even with Si/
Al ratios as low as 7.[13] In this case, the preparation of
super-microporous aluminosilicates requires the combined
effects of short-tail surfactants and high Al content in the
starting solution[14] or, alternatively, the use of post-syn-
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thetic strategies of Al-grafting.[15] Following these synthetic
procedures, super-microporous silicas with a maximum Al
content in the Si/Al = 2.5–7 range have been described.[16]

We report here on a new, direct and reproducible pro-
cedure that has allowed us to prepare a new porous silica
with a very high Al content and with pore sizes in the su-
per-microporous range.

Results and Discussion

Synthesis Strategy

Our surfactant-assisted strategy is based on the use of a
“single-source molecular precursor” (i.e. a molecular pre-
cursor that simultaneously contains all the required oxide
forming elements, Al and Si in this case). Under the syn-
thetic conditions selected, and working in a water/triethan-
olamine medium, the use of such a precursor leads to po-
orly condensed mesostructured solids. Subsequently, the
thermal treatment required to eliminate the surfactant also
induces a significant network shrinkage, which leads to the
formation of the super-micropores. The final material
shows a high proportion of tetrahedral Al, and conse-
quently a high acidity, and reasonable catalytic properties
in the selective catalytic reduction (SCR) of nitrogen oxides
(NOx).

The use of bimetallic complexes, employed extensively by
the Tilley group,[17,18] as inorganic precursors constitutes
a polished approach towards the synthesis of a variety of
mesoporous oxides. Although the composition of the final
mixed oxide depends on that of the precursor, this approach
is advantageous as it ensures an intimate mixture of the
reactive elements from the initial preparative steps. In our
case, we have additionally benefited from the complexing
ability of triethanolamine (leading to atrane complexes),
which in turn plays an essential role as the cosolvent.[19]

The first step in our strategy involves the transesterification
of commercially-available alkoxy derivatives (primary
source of the oxide forming elements) through their treat-
ment with dried triethanolamine at moderate temperatures
(130–170 °C). This reaction leads to the formation of atrane
complexes (real hydrolytic precursors). In fact, the use of
atranes as precursors has allowed us to successfully prepare
a diverse range of mesoporous single- and mixed ox-
ides.[19–25] The additional use of triethanolamine as the co-
solvent[19] is also supported by its use in the preparation of
mesoporous materials in water/alcohol media;[26] however,
atrane complex formation does not occur in water-rich me-
dia. The atrane alkoxy complexes are, in general, unstable
but they are relatively inert towards hydrolysis. In many
cases, this resistance towards hydrolysis (induced by the tri-
ethanolamine-like ligands) aids in the orchestration of the
self-assembling processes (between the inorganic moieties
and the surfactant aggregates) that lead to stable mesostruc-
tured phases.[19] In fact, the nucleophilic displacement of
triethanolamine-related ligands, which occurs as a result of
the attack of water on the silicon or aluminium centres,
becomes more difficult than for monodentate alkoxo

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3147–31513148

groups. In short, the combined effects of: (1) the use of
a rigid binary “single-source molecular precursor”, (2) the
intrinsic “hydrolysis retarding effect” associated with the
formation of atrane complexes, and (3) the buffered water/
alcohol medium generated by the triethanolamine favours
the formation of a low-condensed mesostructured material.
The subsequent thermal evolution of the surfactant (to
open the pore system) occurs together with a significant
network shrinkage because of the completion of the con-
densation reactions, which leads to pores in the super-
micropore domain.

Characterization

As expected, the Si/Al molar ratio in the final material
[1.2±0.2 from electron probe microanalysis (EPMA)] is
very close to that present in the mother liquor. This fact
indicates that there is no degradation of the bimetallic pre-
cursor under the working conditions. EPMA shows that the
samples are chemically homogeneous at the micrometer
level (spot area ca. 1 µm) with a regular distribution of Al
and Si atoms throughout the inorganic walls. We can con-
clude that there is no preferential incorporation of Al or Si
into the final net.

The mesophasic nature of both the as-synthesized and
the super-microporous materials is illustrated by their X-
ray powder diffraction (XRD) patterns and TEM images
(Figure 1 and Figure 2). Both solids show low-angle XRD
patterns with only one strong and relatively broad diffrac-
tion peak, which is typical of mesostructured/mesoporous
materials prepared through surfactant-assisted procedures
(Figure 1). This signal is usually associated with the (100)
reflection if a MCM-41-like lattice is assumed. The observa-
tion of only one broad signal is characteristic of highly dis-
ordered pore systems. The absence of additional signals in
the XRD pattern of the as-synthesized material could be
due to the incorporation of Al into the walls. In fact, similar
XRD patterns were recorded for Al-containing silica mate-
rials prepared from independent Si and Al molecular pre-
cursors under similar conditions.[12] In general, the incorpo-
ration of heteroelements into silica-based hexagonal porous
frameworks implies a progressive lowering of the order in
the pore array. After calcination, the intensity of the signal
decreases, while it also appears significantly broadened.
Moreover, calcination also results in a significant shift in
the maximum towards high 2θ values.

Hence, the value of the a0 parameter (cell parameter as-
suming an MCM-41-like hexagonal array; a0 = 2·d100/31/2)
pronouncedly decreases after calcination (from 5.77 to
5.05 nm). This behaviour indicates that surfactant elimi-
nation results in a significant reorganization of the porous
walls. A relative loss of order together with a significant
network shrinkage occur as a consequence of the calci-
nation process.

While the TEM images (Figure 2) fully correlate to the
XRD observations, the N2 adsorption–desorption iso-
therms confirm the shrinkage of the framework (Figure 3).
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Figure 1. XRD patterns of (a) as-synthesized and (b) super-micro-
porous materials.

Figure 2. Representative TEM images of (a) as-synthesized and (b)
super-microporous materials.

Thus, although the surfactant used (CTMABr) usually
leads to the formation of mesopores (i.e. pores usually in
the 2–3 nm range), the pore size estimated in this case falls
in the microporous domain. In fact, the mean pore size re-
sulting from the D = 4V/S equation (which maintains a
certain validity for super-micropores)[16] indicates a pore di-
mension of 1.3 nm, i.e. in the super-micropore range [pore
volume (V) = 0.18 cm3 g–1, BET surface area (S) =
519 m2 g–1]. Application of the BJH method also indicates
pore sizes in the super-micropore range, although these are
slightly out of the optimum working range of the instru-
ment. Indeed, we can observe a small maximum in the BJH
pore size distribution at ca. 1.45 nm (see Figure 4). Also,
the high value of the thickness of the average pore wall
(3.8 nm, defined as wall thickness = a0 – pore size) suggests
a certain tendency to increase the wall condensation by cal-
cination.
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Figure 3. N2 adsorption–desorption isotherms of the super-micro-
porous aluminosilicate.

Figure 4. BJH pore size distribution on the adsorption branch of
the isotherm.

Besides the above observations, the NMR results provide
further evidence and confirm the theory that the condensa-
tion occurs in the inorganic walls as a consequence of the
thermal treatment. Thus, in the case of the as-synthesized
solid, the 27Al MAS NMR spectrum shows essentially only
one resonance signal at ca. δ = 57.0 ppm (Figure 5a), which
is characteristic of tetrahedral Al sites. On the other hand,
its 29Si MAS NMR spectrum shows a very strong and
broad signal whose centre appears to be shifted downfield
(δ = –80.9 ppm, Figure 5c) when compared to that of a pure
siliceous MCM-41. This signal displacement is in accord-
ance with the resonance of Q4 (4Al) environments. The
broadness of the signal might be a consequence of other
resonances that result from additional minority Si environ-
ments [such as Q4 (3Al) and other Q3 sites]. Thus, the MAS
NMR results are consistent with the Si/Al = 1.2±0.2 molar
ratio determined from EPMA. The evolution of the NMR
spectra indicates the occurrence of a significant conversion
from a tetrahedral Al to an octahedral Al, which is a conse-
quence of the surfactant removal (Figure 5b). This process
also affects the Si sites. In fact, the 29Si MAS NMR signal
shifts from δ = –80.9 ppm to δ = –89.4 ppm (Figure 5d).
This is consistent with an increase in Q4 (3Al) centres. In
short, the thermal surfactant removal also induces a reorga-
nization, by way of a condensation reaction, of the inor-
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ganic walls, and this shrinkage is responsible for the forma-
tion of the super-micropores. A similar behaviour (evol-
ution from meso to micropores through calcination) has
been recently reported in the preparation of pure porous
silicas from hydrated α-sodium disilicate as a Si source.[4] In
our case, we propose that the geometrical constraints im-
posed by the use of a single Si–Al molecular source lead to
the framework in the as-synthesized material. In fact, when
independent Si and Al precursors were used under similar
working conditions, the final pore contraction was signifi-
cantly lower, which resulted in solids with pore sizes that
fall within the low limit of the mesoporous range.[12]

Figure 5. 27Al MAS NMR spectra of (a) as-synthesized and (b)
super-microporous sample. 29Si MAS NMR spectra of (c) as-syn-
thesized and (d) super-microporous sample.

Although ca. 50% of the Al centres have evolved from
tetrahedral to octahedral sites after calcination, the final
super-microporous material shows significant acidity, with
a total number of acid sites of 800 mmolg–1 (determined by
nonselective NH3 adsorption), – 375 mmolg–1 correspond-
ing to Lewis acid sites (estimated from Lewis selective ace-
tonitrile adsorption) and the remaining 425 mmolg–1 to
Brønsted acid sites. This result is consistent with the 27Al
MAS NMR spectrum, which shows both tetrahedral Al (re-
sponsible for Brønsted acidity) and octahedral Al (responsi-
ble for Lewis acidity) after calcination. A preliminary study
on the use of this super-microporous aluminosilicate as a
catalyst for the low-temperature (433 K) SCR of NOx with
NH3 gives a reasonable conversion level (ca. 72%) with lit-
tle ammonia leakage. Comparatively, under the same tem-
perature and flow conditions, the use of NH4Y (Si/Al =
5.7), whose Brønsted acidic strength is higher than that of
our super micro-porous aluminosilicate, leads to 100% NOx

conversion without NH3 leakage; this result is in accord-
ance with the acidity values.

Conclusions

We report here on a simple and reproducible one-pot sur-
factant-assisted procedure for obtaining a new high-Al-con-
tent super-microporous aluminosilicate with well-dispersed
Al and Si centres throughout the inorganic walls. Our strat-
egy to diminish the pore size is based on the intermediate

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3147–31513150

formation of a low-condensed framework starting from a
binary (Al and Si) rigid precursor. Super-micropores are
then formed as a consequence of the structure shrinkage
induced by calcination. The final material presents with a
high acidity and a reasonable catalytic activity in the SCR
of NOx. This strategy can be extended to the preparation
of other bimetallic super-microporous oxides.

Experimental Section
Chemicals: All the synthetic reagents were analytically pure and
were used as received from Aldrich and Gelest. The Si and Al pri-
mary source used was di-sec-butoxyaluminooxytriethoxysilane
(from Gelest). 2,2�,2��-Nitrilotriethanol or triethanolamine
[N(CH2–CH2–OH)3] was used for obtaining the binary (Si and Al)
atrane precursor. The templating agent used was cetyltrimethylam-
monium bromide (CTMABr).

Synthesis: The method was a modification of the so-called “atrane
route”, a simple preparative technique whose main points have
been described previously in detail.[19] In a typical synthesis di-sec-
butoxyaluminooxytriethoxysilane (13.20 g, 0.0375 mol) was slowly
added to liquid triethanolamine (33.5 mL, 0.255 mol), and heated
at 150 °C for 5 min. After the solution was cooled to 90 °C,
CTMABr surfactant (6.84 g, 0.0187 mol) was added. The solution
containing the binary (Si and Al) atrane complex (with the tri-
ethanolamine-related species as ligands) and the templating agent
(CTMABr) was cooled to 60 °C and mixed with water (120 mL,
6.66 mol). After a few seconds, a white powder appeared. The re-
sulting suspension was kept at room temperature for 12 h. The final
(mesostructured) powder was filtered off, washed with water and
ethanol, and air dried. In order to open the pore system (by surfac-
tant removal), both calcination and chemical extraction procedures
were tested. Typical extraction protocols, such as the suspension of
the mesostructured solid in an HCl/ethanol solution (about 1 g of
powder, 15 mL of 35% HCl and 150 mL of 96% ethanol), were
unsuccessful. In practice, this process results in a significant mesos-
tructure degradation or collapse that is provoked by the leaching
of a large proportion of the Al atoms in the form of chloride com-
plexes. This result indicates a high accessibility of the Al centres
in the mesostructure, which provides evidence for a relatively low
condensation in its inorganic walls. Removal of the surfactant was
carried out by calcination. The as-synthesized solid was heated at
50 °C under static air for 5 h, thus yielding the final super-micro-
porous material.

Physical Measurements: Both the as-synthesized and the super-
microporous solids were analyzed for Si and Al content by electron
probe microanalysis (EPMA, Philips SEM-515 instrument). X-ray
powder diffraction (XRD) data were recorded with a Seifert
3000TT θ-θ diffractometer with Cu-Kα radiation. TEM images
were obtained with a Philips CM10 microscope operated at 120 kV.
N2 adsorption–desorption isotherms were recorded with a Micro-
meritics ASAP2010 automated sorption analyzer. 29Si- and 27Al
MAS NMR spectra were recorded with a Varian Unity 300 spec-
trometer operating at 79.5 MHz, and with a magic angle spinning
speed of at least 4.0 KHz. Acidity was estimated from in situ FTIR
experiments with a Nicolet Nexus FTIR instrument equipped with
a quartz cell for the NH3 or acetonitrile adsorption. Activity for
the SCR of NOx with NH3 was determined from operando FTIR
experiments with a homemade infrared reactor cell.[27] More proce-
dural details about both in situ and operando experiments are
given in ref.[28]
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A silver(I) coordination polymer containing 1,3,5-triaza-7-
phosphaadamantane (PTA) in an unprecedented bridging,
tridentate P,N,N�-coordination mode is formed by the reac-
tion of PTA with AgNO3 in water.

The synthesis of the air-stable, water-soluble phosphane
ligand 1,3,5-triaza-7-phosphaadamantane (PTA) was first
reported in 1974[1] but only recently has this phosphane
been used as a ligand in a variety of inorganic and organo-
metallic compounds.[2] An important driving force for the
sudden interest in this ligand has been due to further devel-
opments in “green chemistry” and the need for inorganic/
organometallic compounds that are soluble and stable in
aqueous media.[3,4] One strategy to solubilise metal com-
pounds is by the coordination of water-soluble ligands to a
metal centre, which then may impart water solubility to the
entire complex. In almost all of the known PTA metal com-
plexes, the phosphane acts as a P-donor ligand (Figure 1,
A). Very recently, the first examples of transition metal
compounds that contain N-coordinated PTA (Figure 1, B)
have been observed in manganese complexes [MnX2-
(PTA)2(H2O)2] (X = Cl, Br).[5] In 2005, the organometallic
Ru/Ag coordination polymers [CpRu(L)(µ-P,N-PTA)2-
AgCl2]n (L = dmso, H2O) were reported, which constitute
the first, and so far only, examples of a PTA complex in
which the ligand adopts a bridging N,P-coordination mode
(Figure 1, C).[6]

In the past, we have utilised silver(I) phosphane salts of
the type [AgX(P)] (P = tertiary phosphane; X = OTf, ClO4,
NO3) as phosphane transfer reagents in the preparation of
gold(II) complexes by metathesis reactions.[7] Recently, we
reported the synthesis and characterisation of a series of
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Figure 1. Observed coordination modes of PTA.

water-soluble and water-stable gold complexes, which in-
cludes a gold(II) PTA derivative that was prepared with
[Ag(OTf)(PTA)].[8,9] During our studies of various
[AgX(PTA)] derivatives, we isolated and structurally char-
acterised the nitrate derivative [Ag(PTA)(H2O)]NO3. X-ray
quality crystals of [Ag(PTA)(H2O)]NO3

[10] were formed
when aqueous solutions containing equimolar amounts of
PTA and AgNO3 were mixed. This compound is the first
example of a complex that contains PTA in a triply bridg-
ing P,N,N�-coordination mode (Figure 1, D). The basic unit
of this complex consists of a molecule of P-coordinated
PTA and water coordinated to the silver atom (Figure 2).

These monomers are then arranged such that two of the
PTA nitrogen atoms, N-2 and N-3, coordinate to other sil-
ver atoms, i.e. each silver atom is connected to one phos-
phorus atom, P-1, and two nitrogen atoms, N-2 and N-3,
from three different PTA molecules in a T-shaped arrange-
ment. The coordinated water molecule completes the dis-
torted tetrahedral coordination geometry about the silver
atom. The network structure of the complex can be de-
scribed as a polymeric net that contains hexagonal units
(Figure 3).

In the crystal, these polymeric nets are stacked above
each other, and the resulting channels are occupied by the
nitrate anions (Figure 4).

In this complex, the PTA ligand behaves very similarly
to its all-nitrogen analogue hexamethylenetetramine
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Figure 2. Structure of [Ag(PTA)(H2O)]NO3 which shows the atom-
labelling scheme. Displacement ellipsoids are drawn at 50% prob-
ability and hydrogen atoms are omitted for clarity.

Figure 3. Polymeric net structure of [Ag(PTA)(H2O)]NO3 which il-
lustrates the P,N,N�-coordination mode of the PTA ligand. Hydro-
gen atoms, as well as the nitrate anions, are omitted for clarity.

Figure 4. View of [Ag(PTA)(H2O)]NO3 along the c-axis which
shows three polymer nets and the nitrate anions located in the
channels. Hydrogen atoms are omitted for clarity.

Eur. J. Inorg. Chem. 2006, 3152–3154 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3153

(HMT). A variety of [AgX(HMT)] complexes have been
prepared and structurally characterised and, depending on
the metal/HMT ratios, the solution pH and the type of
counterions, many different two- and three-dimensional
network polymers have been observed.[11–13] In particular,
the polymeric net structure of [Ag(NO3)(HMT)][14] is al-
most identical to that of [Ag(PTA)(H2O)]NO3, with the ex-
ception that a nitrato ligand is O-coordinated to the silver
atom instead of a water molecule, hence the channels in the
3D network of [Ag(NO3)(HMT)] are vacant. The Ag–P
bond length in [Ag(PTA)(H2O)]NO3 [2.3822(12) Å] is
shorter than the Ag–P distances in other silver(I) nitrate
complexes that contain bulky phosphane ligands such
as [Ag(NO3)(PPh3)2] and [Ag(NO3){P(m-MeC6H4)3}]
[2.443(1) and 2.4128(8) Å, respectively].[15] However, if the
bulkiness of the phosphane group is decreased, the Ag–P
bond length becomes shorter as is evident in
[Ag{P(CH2CH2CN)3}2]NO3, whose Ag–P bond length is
2.3832(9) Å.[15] This bond length is very similar to that ob-
served in [Ag(PTA)(H2O)]NO3 in this work, which illus-
trates the small steric bulk of PTA. The two Ag–N distances
[2.441(4) and 2.468(4) Å] are slightly longer than those ob-
served in [Ag(NO3)(HMT)] [2.406(5) and 2.335(6) Å] and
[CpRu(H2O)(µ-P,N-PTA)2AgCl2]n [2.423(6) Å].[6]

In summary we present here the first example of a PTA
ligand that adopts a tridentate, bridging P,N,N�-coordina-
tion mode, which results in a polymeric net structure that
contains hexagonal cavities occupied by nitrate anions.
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Ruthenium complexes of formula [(η6-arene)Ru(LL*)-
(H2O)][SbF6]2 (arene = C6H6, p-MeC6H4iPr, C6Me6; LL* = bi-
dentate chelate chiral ligand with PN, PP or NN donor atoms)
have been tested as catalyst precursors for the asymmetric
1,3-dipolar cycloaddition of nitrones to methacrolein. The re-
action occurs quantitatively with perfect endo selectivity and
moderate enantioselectivity (up to 74% ee). The ruthenium
aqua complexes can be prepared from the corresponding
chlorides, [(η6-arene)RuCl(LL*)][SbF6]. Dipolarophile inter-
mediates [(η6-arene)Ru(PNiPr)(methacrolein)][SbF6]2 {PNiPr
= (4S)-2-(2-diphenylphosphanylphenyl)-4-isopropyl-1,3-ox-
azoline} as well as nitrone-containing complexes [(p-Me-

Introduction

Asymmetric catalysis has achieved a position as one of
the most important areas of modern organic chemistry.[1]

Among the wide variety of organic reactions that are used
in asymmetric synthesis, cycloaddition processes are one of
the most attractive synthetic methodologies because they
allow the construction of new molecular skeletons with se-
veral stereogenic centres in a single step.[2] 1,3-Dipolar cy-
cloaddition reactions represent a highly atom-efficient and
elegant method for the synthesis of five-membered ring sys-
tems and, depending on the choice of dipolar reagent and
dipolarophile, a large variety of heterocycles can be pre-
pared.[3] Nitrones, in particular, have attracted much atten-
tion since they are readily available and easy to handle and
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C6H4iPr)Ru(PNiPr)(nitrone)][SbF6]2 (nitrone = N-benzyl-
idenephenylamine N-oxide, N-benzylidenemethylamine N-
oxide, 3,4-dihydroisoquinoline N-oxide) have been also iso-
lated and characterised. The crystal structures of the chlo-
rides (RRu)-[(η6-C6Me6)RuCl(PNiPr)][SbF6], (RRu)-[(η6-C6H6)-
RuCl(PNInd)][SbF6] {PNInd = (3aR,8aS)-2-[2-(diphenylphos-
phanyl)phenyl]-3a,8a-dihydroindane[1,2-d]oxazole} and
those of the aqua solvates (RRu)-[(η6-arene)Ru(PNiPr)-
(H2O)][SbF6]2 (arene = C6H6, C6Me6) were determined by X-
ray diffraction methods.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

their reactions with olefins give convenient access to isox-
azolidine derivatives (Scheme 1).[4] Because its N–O bond is
readily cleaved to form 3-amino alcohol equivalents under
mild reducing conditions, these cyclic compounds have been
applied as synthetic intermediates for the synthesis of useful
compounds such as alkaloids, β-lactams, amino acids or
amino sugars.[3a,5] However, asymmetric versions of this re-
action are scarce. Furthermore, alkenoyloxazolidinones are
usually employed as bidentate dipolarophiles[3b,4a] and only
a few studies on monodentate α,β-unsaturated aldehydes
have been reported so far.[6]

Scheme 1. Reaction of nitrones with alkenes.

On the other hand, it has been shown that chiral pseudo-
tetrahedral metal half-sandwich complexes[7] are efficient
catalysts for the asymmetric Diels–Alder[8] and hydrogen-
transfer reactions.[9] In this context, we have reported that
the single-coordination-site transition-metal chiral Lewis
acids [(η5-C5Me5)M(R-Prophos)(H2O)][SbF6]2 [M = Rh, Ir;
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Scheme 2. Half-sandwich hexafluoroantimonate complexes.

R-Prophos = 1,2-bis(diphenylphosphanyl)propane] ef-
ficiently promote enantioselective 1,3-dipolar cycloaddition
reactions (DCR) of nitrones with methacrolein.[10]

Taking into consideration all these data, we planned to
test chiral half-sandwich ruthenium complexes of the gene-
ral formula [(η6-arene)Ru(LL*)(H2O)]2+ (LL* = bidentate
chelate chiral ligand) as catalysts in enantioselective 1,3-di-
polar cycloadditions of nitrones with methacrolein. In this
paper we report the preparation of new chloride complexes
of general formula [(η6-arene)RuCl(LL*)][SbF6] (1–4)
which are precursors of aqua solvates (7–16, Scheme 2) and
the use of the latter as catalysts in the above-mentioned
process. The molecular structural details of four representa-
tive complexes, determined by X-ray diffraction methods,
are also included.

Results and Discussion

Preparation and Characterisation of the Diastereomeric
Complexes 1–16

The aqua complexes 7, 8, 10 and 11 were prepared by
treating the corresponding chloride complexes 1–4 with
equimolar amounts of AgSbF6. The latter, in turn, were
prepared from the dimers[11] [{(η6-arene)RuCl}2(µ-Cl)2]
[Equation (1)]. The previously reported chloride 5 and sol-
vates 9, 12 and 15 were similarly prepared.[8u,8x] The pyridy-
lamino derivatives 6 and 16, also prepared according to
Equation (1), will be reported elsewhere.[12] The diphos-
phanyl complexes 13 and 14 were prepared by treatment of
the dimer [{(η6-p-MeC6H4iPr)RuCl}2(µ-Cl)2] with AgSbF6,
filtration of the AgCl formed and subsequent addition of
the corresponding diphosphane.
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(1)

The new complexes were characterised by IR and NMR
spectroscopy, circular dichroism (CD), elemental analysis
(see Exp. Sect.) and by the X-ray crystal structure determi-
nation of one of the epimers at the metal atom of complexes
2, 3, 7 and 8.

During the formation of the chloride complexes, the ru-
thenium atom becomes a chiral centre and, as the chiral
LL* ligand used is enantiopure, the new compounds are
prepared as diastereomeric mixtures of both epimers at the
metal atom. Variable degrees of diastereoselectivity are
achieved, ranging from 10 to 96% de (see Exp. Sect.). Con-
cerning the stereochemistry of the metal centres, it should
be noted that due to the ligand priority rules,[13] different
descriptors are assigned to the chlorides and to their de-
rived aqua complexes, although both display identical spa-
tial disposition of the ligands around the metal atom.

The absolute configurations of the new complexes were
assigned through NMR spectroscopic and CD measure-
ments. Thus, for example, irradiation of the arene protons
in the RRu chloride complexes (or in the SRu aqua solvates)
induces NOE enhancements of the Hg or Ha protons for
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PNiPr- or PNInd-containing complexes, respectively (see
Scheme 2). Similarly, this irradiation induces, in the SRu

chlorides (or in the RRu aqua solvates), NOE enhancements
of the Hi or Hn protons for PNiPr- or PNInd-containing
complexes, respectively.

Proton shielding by aromatic ring currents can also be
used to distinguish between the two epimers at the metal
atom of these chiral complexes. For example, the chemical
shift of the C6Me6 protons differs by 0.43 ppm for the two
epimers of the PNInd-containing complex 4. Inspection of
molecular models indicates that these protons can only be
efficiently shielded by the aromatic indane ring current in
the RRu epimers. Therefore, we assign the high-field reso-
nance to the R epimer.

On the other hand, the difference in the chemical shift
(ca. 1 ppm) between the signals of the two methyl protons
of the PNiPr ligand in complexes 1, 2, 7 and 8 could be
explained by assuming that in these complexes the six-mem-
bered metallacycle adopts an 1S2 screw boat conforma-
tion.[8v,8x,14] Such a conformation has been found in the so-
lid state for complexes 7 and 8 (see below). In this confor-

Figure 1. Molecular views of the cations of the complexes RRu-[(η6-C6Me6)RuCl(PNiPr)][SbF6] (RRu-2), RRu-[(η6-C6H6)RuCl(P-
NInd)][SbF6] (RRu-3), RRu-[(η6-C6H6)Ru(PNiPr)(H2O)][SbF6]2 (RRu-7) and RRu-[(η6-C6Me6)Ru(PNiPr) (H2O)][SbF6]2 (RRu-8).
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mation, one methyl group of the iPr group lies over the pro-
R-phenyl group of the PPh2 group, becoming shielded by
its aromatic ring current.

The aqua solvates 8, 10 and 11 are fluxional. Although
we have not measured the kinetic parameters for the dy-
namic process, the spectroscopic features encountered in the
31P and 1H NMR spectra strongly indicate that it likely
consists of a flip of the phosphanyloxazoline metallacycle
between the 1S2 and 2S1 screw boat conformations as has
been previously found in the related phosphanyloxazoline
aqua solvates of ruthenium, 9 and 12.[8x]

The CD spectra of these complexes corroborate the
above-assigned configurations. The main feature of the CD
spectra of the SRu chlorides (RRu aqua complexes) is a
maximum with a positive Cotton effect centred in the 360–
390 nm range. The CD spectra of corresponding dia-
stereomers with opposite configuration at the metal atom
display a pseudo-enantiomorphic relationship, showing that
the major contribution to the spectra corresponds to the
metal atom. This transition thus gives direct insight into
differences in the configurations at the metal atoms.
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Table 1. Selected bond lengths [Å] and angles [°] for RRu-2, RRu-3, RRu-7 and RRu-8.

RRu-2 RRu-3 RRu-7 RRu-8[a]

Ru–P(1) 2.2920(10) 2.3011(18) 2.3235(15) 2.357(2) 2.363(2)
Ru–O(2)/Cl(1)[b] 2.3973(10) 2.3993(16) 2.156(4) 2.182(5) 2.164(5)
Ru–N(1) 2.133(3) 2.125(5) 2.095(4) 2.115(6) 2.138(6)
Ru–C(19) 2.238(4) 2.183(7) 2.195(5) 2.230(8) 2.222(7)
Ru–C(20) 2.267(4) 2.217(6) 2.186(6) 2.244(7) 2.251(8)
Ru–C(21) 2.372(4) 2.260(6) 2.236(6) 2.230(7) 2.236(8)
Ru–C(22) 2.338(4) 2.269(7) 2.271(6) 2.288(8) 2.278(8)
Ru–C(23) 2.238(4) 2.211(6) 2.229(6) 2.324(7) 2.305(8)
Ru–C(24) 2.253(4) 2.211(6) 2.208(6) 2.280(8) 2.280(8)
Ru-G [c] 1.7897(17) 1.727(3) 1.723(2) 1.766(3) 1.765(3)
P(1)–C(1) 1.824(4) 1.816(6) 1.825(6) 1.837(8) 1.843(8)
N(1)–C(29) 1.297(6) 1.301(8) 1.284(7) 1.292(10) 1.289(10)
N(1)–C(31) 1.499(5) 1.502(9) 1.508(7) 1.522(11) 1.488(9)
C(1)–C(2) 1.405(5) 1.397(10) 1.384(7) 1.406(12) 1.403(11)
C(2)–C(29) 1.460(6) 1.465(10) 1.484(8) 1.469(12) 1.467(11)
C(2)–C(3) 1.391(6) 1.414(9) 1.395(8) 1.393(11) 1.384(10)
P(1)–Ru–O(2)/Cl(1)[b] 87.00(3) 87.06(6) 85.43(13) 84.50(14) 85.79(17)
P(1)–Ru–N(1) 83.73(9) 84.12(15) 83.03(12) 80.47(19) 81.17(18)
P(1)–Ru–G[b] 129.21(6) 128.69(11) 130.68(9) 135.27(12) 134.54(14)
O(2)/Cl(1)–Ru–N(1)[b] 84.06(8) 83.89(16) 80.88(16) 81.9(2) 80.0(2)
O(2)/Cl(1)–Ru–G[b,c] 123.38(6) 123.32(10) 124.79(16) 121.49(18) 122.2(2)
N(1)–Ru–G[c] 133.62(11) 133.96(17) 134.31(14) 134.4(2) 134.2(2)
Ru–P(1)–C(1) 111.76(12) 111.5(2) 108.26(19) 106.7(3) 106.8(3)
Ru–N(1)–C(29) 131.5(3) 125.4(5) 128.8(4) 127.9(6) 125.4(5)
P(1)–C(1)–C(2) 117.8(3) 121.1(5) 121.0(4) 120.1(7) 120.1(6)
C(1)–C(2)–C(29) 123.9(4) 123.9(6) 122.5(5) 122.4(7) 121.9(7)
N(1)–C(29)–C(2) 129.2(4) 130.9(7) 130.1(5) 127.1(7) 131.3(7)

[a] There were two independent molecules in the crystal. [b] Data are included for the Ru–Cl (2 and 3) and the Ru–O(2) (7 and 8) bond
lengths. [c] G represents the centroid of the arene ligand C(19)–C(24).

Molecular Structures of RRu-2, RRu-3, RRu-7, and RRu-8

Single crystals of the chlorides 2 and 3 and of the aqua
complexes 7 and 8 were grown by slow diffusion of diethyl
ether into dichloromethane solutions of the complexes.
Their structures were determined by diffraction methods.
Molecular representations of the cations of the four com-
plexes are depicted in Figure 1 and selected structural pa-
rameters are listed in Table 1. The coordination around the
ruthenium atom is pseudo-octahedral. The η6-arene ligand
ideally occupies three fac-coordination positions. The phos-
phanyloxazoline ligand, coordinated through the phospho-
rus and the nitrogen atoms and one chlorine atom (2, 3) or
one water molecule (7, 8) complete the coordination sphere
of the metal atom. The absolute configuration of the ruthe-
nium centre in the four complexes is R, in accordance with
the ligand priority sequence[13] η6-arene � Cl � P � N
(chlorides) or η6-arene � P � O � N (aqua solvates).

The six-membered Ru–P(1)–C(1)–C(2)–C(29)–N(1)
metallacycle of complexes 3, 7 and 8 adopts a 1S2 screw-
boat conformation[14] with the metal and phosphorus atoms
above and below the best plane, respectively. This confor-
mation forces the pro-R- and pro-S-phenyl groups to adopt
pseudo-axial and pseudo-equatorial arrays, respectively. In
particular, in the solvate complexes 7 and 8, the C(33) car-
bon atom of the isopropyl group lies over the pro-R-phenyl
group of the PPh2 group at 3.260(6) (7) and 3.405(9) Å (8)
from the plane of the pseudo-axial phenyl group. In com-
pound 2, the metallacycle adopts a 2S1 screw-boat confor-
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mation,[14] with the metal and phosphorus atoms below and
above the best plane, respectively.

Catalytic Reactions

Firstly, we tried the (p-methylisopropylbenzene)ruthe-
nium complexes 9 and 13–16, which differ in the LL* bi-
dentate chelate chiral ligand, as catalyst precursors for the
cycloaddition reaction between methacrolein and the
nitrone N-benzylidenephenylamine N-oxide (nitrone I,
Scheme 3) (Table 2). These aqua complexes efficiently cata-
lyse the proposed cycloaddition. The catalyst precursors
were treated with methacrolein in the presence of molecular
sieves (4 Å) before the addition of the nitrone (see Exp.
Sect.). Under these conditions, the formation of active
methacrolein complexes of formula [(η6-p-MeC6H4iPr)-
Ru(LL*)(methacrolein)]2+ is strongly favoured at the ex-
pense of the initial aqua complexes (see below) which pre-
vents hydrolysis of the nitrone catalysed by trace amounts
of the latter.[10b] Quantitative conversions with moderate ee
values were achieved at –25 °C after a few hours. The best
results in this series were obtained when the hybrid P,N-
donor phosphanyloxazoline ligand (PNiPr, complex 9) was
employed as chiral source (Entry 1, Table 2). Therefore, we
focused on complex 9 in subsequent catalytic experiments
(Table 3). Temperature variations slightly affected both
product distribution and enantioselectivity, the latter
smoothly increasing as temperature decreases. The pre-
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viously reported[8x] tetrafluoroborate and triflate complexes
[(η6-p-MeC6H4iPr)Ru(PNiPr)(H2O)][BF4]2 (9·BF4) and
[(η6-p-MeC6H4iPr)Ru(PNiPr)(H2O)][CF3SO3]2 (9·CF3SO3)
were also tested as catalysts. As shown in Entries 5 and 6,
the use of more coordinating anions decreased the yield,
probably due to competition of the anion and the substrate
for the Lewis acid site.[8o,15] The catalyst can be easily reco-
vered and reused.

Scheme 3. Nitrones employed in the catalytic experiments.

Table 2. Enantioselective 1,3-dipolar cycloadditions of methacro-
lein with nitrone I catalysed by [(η6-p-MeC6H4iPr)Ru(LL*)-
(H2O)][SbF6]2 complexes.[a]

Entry Complex t [h] Yield [%][b,c] 3,4-endo[c] 3,5-endo[c] ee [%][d]

1 9 15 100 69 31 54:40
2 13 48 40 40 60 43/–42
3 14 15 90 32 68 6:3

4[e] 15 48 98 36 64 –18/–31
5[e] 16 48 100 91 9 –6/–4

[a] Reaction conditions: catalyst (0.06 mmol, 5.0 mol-%), meth-
acrolein (1.68 mmol), molecular sieves (4 Å) (100 mg) and nitrone
(1.2 mmol) in CH2Cl2 (5 mL). [b] Based on nitrone. [c] Determined
by 1H NMR spectroscopy. [d] Determined by integration of the 1H
NMR signals of the 3-H proton of the diastereomeric R-methyl-
benzylimine derivatives. Positive ee values correspond to the endo-
3R,4R adduct. For the 3,5-endo adduct, positive values are arbitrar-
ily assigned to the ee in the lower-field 1H NMR signal dia-
stereomer. [e] Methacrolein (8.4 mmol) was used.

Consecutive runs of up to three more times were per-
formed, producing a smooth decrease in the conversion
rate. However, neither the 3,4-endo/3,5-endo ratio nor the ee
were significantly affected (Entries 7.1–7.4).

To investigate the stereoelectronic influence of the η6-co-
ordinated arene ligand, we used the new benzene (7, 10)
and hexamethylbenzene (8, 11) derivatives with PNiPr or
PNInd ligands as catalyst precursors for the cycloaddition
of methacrolein with nitrone I (Table 4). Reactions carried
out at –25 °C gave nearly quantitative conversions after
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Table 3. Enantioselective 1,3-dipolar cycloadditions between meth-
acrolein and nitrone I catalysed by [(η6-p-MeC6H4iPr)Ru(PN-
iPr)(H2O)]2+.[a]

Entry Complex T [°C] t [h] Yield [%] 3,4-endo 3,5-endo ee [%]

1 9 0 15 100 57 43 40:30
2 9 –10 24 100 62 38 46:31
3 9 –25 15 100 69 31 54:40
4 9 –45 48 93 74 26 56:49
5 9·BF4 –25 15 79 73 27 29:30
6 9·CF3SO3 –25 15 5 72 28 –

7.1 9 –25 15 100 69 31 54:40
7.2 9 –25 15 92 70 30 56:38
7.3 9 –25 15 75 70 30 56:39
7.4 9 –25 15 62 68 32 56:39

[a] For conditions see footnote of Table 2.

15 h. It seems that the PNiPr ligand performs better than
its PNInd congener with ee values of up to 74% being
achieved with the former. On the other hand, no obvious
trends were observed within the arene series.

Table 4. Enantioselective 1,3-dipolar cycloadditions of methacro-
lein with nitrone I catalysed by complexes 7–12.[a]

Entry Complex Arene LL* Yield [%] 3,4-endo 3,5-endo ee [%]

1[b] 7 C6H6 PNiPr 93 48 52 20:52

2 9 p-MeC6H4iPr 100 69 31 54:40

3 8 C6Me6 94 67 33 74:45

4[b] 10 C6H6 PNInd 98 38 62 –22/–56

5 12 p-MeC6H4iPr 98 62 38 25/–20

6 11 C6Me6 95 66 34 –32/–34

[a] For conditions see footnote of Table 2. [b] Methacrolein
(8.4 mmol) was used.

Finally, we examined the reaction of other acyclic as well
as cyclic nitrones in the catalytic process (Scheme 3,
Table 5). In general, good conversions were achieved, with

Table 5. Enantioselective 1,3-dipolar cycloadditions of methacro-
lein with nitrones II–V.[a]

Entry Complex Nitrone T [°C] t [h][b] Yield [%] 3,5-endo ee [%][c]

1 9 II 0 48 99 98[d] 27
2 9 III –25 16 92 100 39
3 9 IV –25 16 100 100 7
4 9 V –25 48 98 100 16
5 7 II 0 48 5 100 6
6 7 V –25 48 86 100 6
7 8 II 0 24 17 100 –36
8 8 V –25 24 51 100 –61
9 12 II 0 48 100 96[e] 27

10 12 V –25 48 100 100 12

[a] Conditions were those indicated in footnote of Table 2 but using
methacrolein (8.4 mmol). [b] Total reaction time; addition of nitro-
nes was accomplished over 15 h. [c] Determined by integration of
the 1H NMR signals of the 3-H proton of the diastereomeric R-
methylbenzylimine (nitrone II) derivative, the CHO proton of the
(+)-S-mandelic acid (nitrone IV) derivative or the CHO proton ob-
served after addition of the chiral shift reagent Eu(hfc)3 (nitrones
III and V). Positive ee values correspond to the (+)-endo-3R,5R
(nitrone III), (–)-endo-3R,5R (nitrone IV) and (–)-endo-3S,5R
(nitrone V) adducts. For the adducts of nitrone II, positive values
are arbitrarily assigned to the ee in the lower-field 1H NMR signal
diastereomer. [d] 2% of the 3,5-exo isomer was also obtained.
[e] 4% of the 3,4-endo isomer was also obtained.
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perfect regio- and diastereoselectivity for the 3,5-endo iso-
mer. In all cases, low to moderate ee values were achieved.
The hexamethylbenzene complex [(η6-C6Me6)Ru(PN-
iPr)(H2O)][SbF6]2 (8) is the least active catalyst precursor
tried but the most enantioselective (61% ee) and the acyclic
nitrone II generates the least active system even at higher
temperature (0 °C).

The Methacrolein Complexes [(η6-arene)Ru(PNiPr)-
(methacrolein)][SbF6]2 [arene = C6H6 (17), p-MeC6H4iPr
(18), C6Me6 (19)]

To obtain a deeper insight into the catalytic systems, we
studied the solution behaviour of mixtures of aqua com-
plexes [(η6-arene)Ru(PNiPr)(H2O)]2+ with methacrolein by
NMR spectroscopy. When 4 equiv. of methacrolein were
added to solutions of complexes 7–9 at 0 °C, the new com-
plexes [(η6-arene)Ru(PNiPr)(methacrolein)]2+ were formed
according to 31P NMR spectroscopic measurements. Both
complexes are in equilibrium, but in the presence of molec-
ular sieves (4 Å) the position of equilibrium is completely
shifted towards the formation of the methacrolein complex.
In fact, pure complexes 17–19 were isolated from these solu-
tions in about 40% de. The new complexes were character-
ised by analytical and spectroscopic means. An IR band at
ca. 1650 cm–1 along with 1H NMR peaks at δ � 9.50
(CHO) and 6.60 (=CH2) ppm and a 13C NMR resonance
at δ � 213 ppm are diagnostic of coordinated methacrolein.
NOE measurements allowed us to assign the absolute con-
figuration at the metal atom in these complexes. Thus, irra-
diation of the arene or the CHO protons in the SRu epimers
produced NOE enhancement in the Hg or the isopropyl
methyl protons of the PNiPr ligand, respectively. On the
other hand, irradiation of the CHO proton in the RRu epi-
mers gave enhancement in the Hg proton (Scheme 4). From
these data we propose that the major epimer is the RRu

isomer for the benzene and hexamethylbenzene complexes
17 and 19 and the SRu isomer for the p-MeC6H4iPr com-
plex 18.

On the other hand, the considerable difference in the
chemical shift between the two iPr methyl protons of the
phosphanyloxazoline ligand of the complexes (∆δ �
1.0 ppm) at low temperature, could be explained by as-
suming that the six-membered chelate ring of the phos-
phanyloxazoline ligand adopts a 1S2 screw-boat conforma-

Scheme 5. NOEs observed in complexes 20–22.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3155–31663160

Scheme 4. NOEs observed in complexes 17–19.

tion[14] in the ground state. At higher temperature, the
NMR spectroscopic data again indicate a fluxional process,
most probably involving a flip of the phosphanyloxazoline
metallacycle between the 1S2 and 2S1 screw boat conforma-
tions.

Complexes [(η6-p-MeC6H4iPr)Ru(PNiPr)(nitrone)][SbF6]2
[nitrone = I (20), II (21) and V (22)]

The reaction of the nitrone with the coordinated alkene
is usually the rate- and enantio-determining step for the
DCR between nitrones and enals.[7b] We therefore studied,
by NMR spectroscopy, the system generated after addition
of a nitrone to the methacrolein-containing complex [(η6-
p-MeC6H4iPr)Ru(PNiPr)(methacrolein)]2+. While a partial
displacement of coordinated methacrolein was observed
when nitrone I was added to complex 18, nitrone II readily
substituted the coordinated enal, affording the new nitrone-
containing complex [(η6-p-MeC6H4iPr)Ru(PNiPr)(II)]2+. It
is important to note that in normal-electron-demand DCR,
the reaction must occur by dipole attack at the coordinated
dipolarophile. To circumvent this problem, we have carried
out the catalysis with slow addition of nitrones II–V (see
Exp. Sect.). From the solution, we have isolated and charac-
terised the nitrone complexes 20–22. One singlet in the δ =
8–8.5 ppm region of the 1H NMR spectrum, along with a
peak at δ � 150 ppm in the 13C NMR spectrum (attributed
to the N=CH proton and C atom, respectively) strongly
support the coordination of the nitrone ligand. Only one
epimer at metal atom has been detected for these complexes
from –90 °C to room temperature. NOE experiments (see
Scheme 5) allow us to propose that the solely detected iso-
mer is the RRu epimer. According to the observed ∆δ value
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in the chemical shift of the isopropyl methyl protons of the
phosphanyloxazoline ligand (see above) the metallacycle
Ru–P–C–C–C–N should adopt a 1S2 screw-boat conforma-
tion.[14]

Conclusions

The half-sandwich ruthenium complexes [(η6-arene)-
Ru(LL*)(H2O)]2+ are efficient catalyst precursors for the
DCR of methacrolein with a series of nitrones. Typically,
quantitative conversions are achieved at –25 °C in a few
hours. Perfect diastereoselectivity for the endo adducts can
be observed but only low to moderate enantioselectivity is
obtained. Some structural features of the complexes in-
volved in catalysis are illustrative. Firstly, the methacrolein
complexes, presumably the active catalysts, are formed as
mixtures of both epimers at the metal atom. Secondly, the
metallacycle formed by coordination of the LL* ligand is
conformationally labile. Thirdly, the methacrolein rotamer
around the Ru–O bond is not fixed. In the related [(η5-
C5Me5)M(R-Prophos)(methacrolein)]2+ (M = Rh, Ir) sys-
tem, (i) only SM epimers can be detected, (ii) the metallacy-
cle coordination only presents the λ conformation and is
not labile, (iii) O=CH···π attractive interactions set the con-
formation around the M–O bond in both the solid state
and solution. In particular, a very strong shielding of the
O=CH proton (about 2.5 ppm) indicates that this rotamer
is fixed in solution. However, no significant shielding has
been observed for the CHO proton of coordinated meth-
acrolein in the ruthenium complexes reported in this work.
In summary, all these structural differences could explain
the distinct enantioselective behaviour encountered for
these otherwise closely related half-sandwich complexes.
The structural analysis carried out in this work provides a
useful guide for the a priori selection of new enantioselec-
tive catalytic systems. In this context, the isolation of pure
RRu epimers for the nitrone complexes [(η6-p-MeC6H4iPr)
Ru(PNiPr)(nitrone)]2+ opens the door to new enantioselec-
tive processes that will be investigated in our laboratory in
due course.

Experimental Section
General Comments: All solvents were dried with appropriate drying
agents, distilled under argon and degassed prior to use. All prepara-
tions were carried out under argon. Infrared spectra were obtained
as Nujol mulls with a Perkin–Elmer 1330 spectrophotometer. Car-
bon, hydrogen and nitrogen analyses were performed using a Per-
kin–Elmer 240C microanalyser. NMR spectra were recorded with
a Bruker AV-400 (400.16 MHz) or 300-ARX (300.10 MHz) instru-
ment. Chemical shifts are expressed in ppm upfield from SiMe4 or
85% H3PO4 (31P). NOEDIFF, 13C, 31P and 1H correlation spectra
were obtained using standard procedures. CD spectra were deter-
mined in acetone or dichloromethane (ca. 5×10–4 molL–1 solu-
tions) in a cell with 1 cm path length using a Jasco-710 apparatus.
The nitrones were prepared according to literature procedures.[16]

Preparation of the Complexes [(η6-arene)RuCl(LL*)][SbF6] (1–4): A
mixture of the appropriate [{(η6-arene)RuCl}2(µ-Cl)2] (0.25 mmol),
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NaSbF6 (129.4 mg, 0.50 mmol) and the corresponding LL* ligand
(0.50 mmol) in methanol (10 mL) was stirred for 5 h. During this
time, the precipitation of an orange solid was observed. The result-
ant suspension was vacuum-concentrated to dryness. The residue
was extracted with dichloromethane (3×5 mL) and the solution
partially concentrated under reduced pressure. Slow addition of di-
ethyl ether gave an orange solid which was filtered off, washed with
diethyl ether and air-dried. By recrystallisation from methanol/di-
ethyl ether, pure RRu-4 and mixtures of molar compositions SRu-
1/RRu-1 (95:5) and SRu-4/RRu-4 (95:5) were obtained.

Complex 1: Yield 313 mg (76%), 50% de in SRu-1. C30H30ClF6NO-
PRuSb (823.81): calcd. C 43.74, H 3.67, N 1.70; found C 43.55, H
3.91, N 1.68. IR (Nujol): ν̃ = 1603 (m, CN), 658 (s, SbF6) cm–1.
CD [Me2CO; SRu-1/RRu-1 (95:5) mixture; maxima, minima, and
nodes]: Θ (λ) = –10000 (330), 0 (340), +34000 (365), 0 (410), –4000
(430 nm). SRu-1: 1H NMR (CDCl3): δ = 0.12 (d, JH,H = 6.7 Hz, 3
H, MeMeCH), 1.04 (d, JH,H = 7.2 Hz, 3 H, MeMeCH), 1.90
(pseudo-sept, 1 H, MeMeCH), 4.53 (m, 3 H, Hg, Hc, Ht), 5.89 (s,
6 H, C6H6), 7.1–8.1 (m, 14 H, Ph) ppm. 31P{1H} NMR (CDCl3):
δ = 39.7 (s) ppm. 13C NMR (CDCl3): δ = 13.44 (MeMeCH), 18.76
(MeMeCH), 29.87 (MeMeCH), 68.37 (CHcHt), 80.93 (CHg), 92.02
(d, JP,C = 3.2 Hz, C6H6), 128–134 (Ph), 167.1 (d, JP,C = 4.75 Hz,
C=N) ppm. RRu-1: 1H NMR (CDCl3): δ = 0.90 (d, JH,H = 6.7 Hz,
3 H, MeMeCH), 1.19 (d, JH,H = 7.2 Hz, 3 H, MeMeCH), 2.74
(pseudo-sept, 1 H, MeMeCH), 4.58 (m, 2 H, Hc, Ht), 4.76 (m, 1
H, Hg), 5.74 (s, 6 H, C6H6), 7.1–8.1 (m, 14 H, Ph) ppm. 31P{1H}
NMR (CDCl3): δ = 41.1 (s) ppm. 13C NMR (CDCl3): δ = 14.74
(MeMeCH), 18.38 (MeMeCH), 29.32 (MeMeCH), 69.16 (CHcHt),
78.48 (CHg), 91.51 (d, JP,C = 2.4 Hz, C6H6), 128–134 (Ph) ppm.

Complex 2: Yield: 427 mg (94%), 12% de in RRu-2.
C36H42ClF6NOPRuSb (907.97): calcd. C 47.60, H 4.66, N 1.54;
found C 47.74, H 4.30, N 1.38. IR (Nujol): ν̃ = 1591 (m, CN), 657
(s, SbF6) cm–1. SRu-2: 1H NMR (CD2Cl2): δ = 0.28 (d, JH,H =
6.8 Hz, 3 H, MeMeCH), 1.12 (d, JH,H = 7.2 Hz, 3 H, MeMeCH),
1.92 (s, 18 H, C6Me6), 2.01 (m, 1 H, MeMeCH), 4.20 (dpt, JHt,Hg

= 8.4 Hz, JHc,Hg � JH,iHg = 2.7 Hz, 1 H, Hg), 4.30 (pt, JHc,Ht =
8.6 Hz, 1 H, Ht), 4.53 (dd, 1 H, Hc), 7.3–7.8 (m, 14 H, Ph) ppm.
31P{1H} NMR (CD2Cl2): δ = 42.9 (br. s) ppm. 13C NMR (CD2Cl2)
δ = 14.41 (MeMeCH), 15.94 (C6Me6), 18.31 (MeMeCH), 29.77
(MeMeCH), 67.57 (CHcHt), 76.30 (CHg), 101.84 (d, JP,C = 2.8 Hz,
C6Me6), 129–135 (Ph) ppm. RRu-2: 1H NMR (CD2Cl2): δ = 0.67
(d, JH,H = 6.7 Hz, 3 H, MeMeCH), 1.14 (d, JH,H = 7.2 Hz, 3 H,
MeMeCH), 1.87 (s, 18, C6Me6), 2.20 (m, 1 H, MeMeCH), 4.25
(dpt, JHt,Hg = 8.4 Hz, JHc,Hg � JHi,Hg = 2.7 Hz, 1 H, Hg), 4.37 (pt,
JHc,Ht = 8.4 Hz, 1 H, Ht), 4.63 (dd, 1 H, Hc), 7.3–7.8 (m, 14 H,
Ph) ppm. 31P{1H} NMR (CD2Cl2): δ= 44.5 (s) ppm. 13C NMR
(CD2Cl2): δ = 14.66 (MeMeCH), 16.44 (C6Me6), 18.44 (Me-
MeCH), 28.96 (MeMeCH), 68.56 (CHcHt), 76.02 (CHg), 101,65 (d,
JP,C = 2.8 Hz, C6Me6), 129–135 (Ph) ppm.

Complex 3: Yield: 370 mg (85%), 96% de in RRu-3.
C34H28ClF6NOPRuSb (869.84): calcd. C 46.95, H 3.24, N 1.61;
found C 46.71, H 2.94, N 1.60. IR (Nujol): ν̃ = 1588 (m, CN), 659
(s, SbF6) cm–1. CD [Me2CO; SRu-3/RRu-3 (2:98) mixture; maxima,
minima and nodes]: Θ (λ) = +16000 (330), 0 (340), –42000
(370 nm). SRu-3: 31P{1H} NMR [(CD3)2CO: δ = 39.7 (s) ppm. 13C
NMR [(CD3)2CO]: δ = 92.67 (d, JP,C = 2.8, C6H6) ppm. RRu-3: 1H
NMR [(CD3)2CO]: δ = 3.55, 3.62 (AB part of an ABX system, JA,B

= 18.0 Hz, JA,X = 4.0 Hz, JB,X � 0 Hz, 2 H, Hc, Ht), 5.84 (pt,
JHt,Ho = JHn,Ho = 5.0 Hz, Ho), 6.10 (d, 1 H, Hn), 6.24 (s, 6 H,
C6H6), 6.53 (br. d, JHa,Hb = 6.2, 1 H, Ha), 6.83 (pt, 1 H, Hb), 6.9–
8.1 (m, 16 H, Ph) ppm. 31P{1H} NMR [(CD3)2CO]: δ = 37.39 (br.
s) ppm. 13C NMR [(CD3)2CO]: δ = 36.54 (CHcHt), 83.03 (CHn),
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87.07 (CHo); 91.90 (d, JP,C = 2.8, C6H6), 124–140 (Ph), 168.79 (d,
JP,C = 4.18, C=N) ppm.

Complex 4: Yield: 425 mg (89%), 10% de in SRu-4.
C40H40ClF6NOPRuSb (954.00): calcd. C 50.36, H 4.23, N 1.47;
found C 50.42, H 4.10, N 1.38. IR (Nujol): ν̃ = 1595 (m, CN), 654
(s, SbF6) cm–1. SRu-4: 1H NMR [(CD3)2CO]: δ = 1.99 (s, 18 H,
C6Me6), 3.52 (m, 2 H, Hc, Ht), 5.81 (d, 1 H, JHn,Ho = 5.7 Hz, Hn),
5.85 (m, 1 H, Ho), 6.9–8.1 (m, Ph) ppm. 31P{1H} NMR [(CD3)2-
CO]: δ = 37.4 (br. s) ppm. 13C NMR [(CD3)2CO]: δ = 15.26
(C6Me6), 36.30 (CHcHt), 79.31 (CHn), 89.00 (CHo), 101.02 (d, JP,C

= 3.0 Hz, C6Me6), 124–139 (Ph), 168.24 (d, JP,C = 7.2 Hz, C=N)
ppm. RRu-4: 1H NMR [(CD3)2CO]: δ = 1.56 (s, 18 H, C6Me6), 3.61
(m, 2 H, Hc, Ht), 4.55 (d, 1 H, JHo,Hn = 9.0 Hz, Hn), 5.49 (m,
JHt,Ho = JHc,Ho = 6.8 Hz, Ho), 7.1–8.5 (m, Ph) ppm. 31P{1H} NMR
[(CD3)2CO]: δ = 28.66 (s) ppm. 13C NMR [(CD3)2CO]: δ = 14.93
(C6Me6), 39.59 (CHcHt), 77.90 (CHn), 85.61 (CHo), 91.90 (d, JPC

= 2.8 Hz), 100.79 (d, JP,C = 2.9 Hz, C6Me6), 125–142 (Ph), 167.54
(d, JP,C = 8.8 Hz, C=N) ppm.

Preparation of the Complexes [(η6-arene)Ru(LL*)(H2O)][SbF6]2 (7,
8, 10, 11): To a solution of the corresponding chloro compounds
1–4 (0.20 mmol) in dichloromethane (25 mL) was added AgSbF6

(68.7 mg, 0.20 mmol) in acetone (2 mL). The suspension was
stirred for 30 min. The AgCl formed was separated by filtration
and the filtrate was partially concentrated under reduced pressure.
Slow addition of hexane (20 mL) afforded an orange oil that was
converted into a solid powder after vigorous stirring. The solid was
filtered, washed with hexane and dried under vacuum.

Complex 7: Yield: 150 mg (84%), 72% de in RRu-7. C30H32F12NO2-
PRuSb2 (1042.11): calcd. C 34.58, H 3.09, N 1.34; found C 34.71,
H 3.26, N 1.30. IR (Nujol): ν̃ = 3427 (m, H2O), 1598 (s, CN), 658
(vs, SbF6) cm–1. CD [Me2CO, RRu-7/SRu-7 (90:10) mixture, max-
ima, minima, and nodes]: Θ (λ) = +46000 (360), 0 (400), –6000
(425 nm). RRu-7: 1H NMR (CD2Cl2): δ = 0.01 (d, JH,H = 6.5 Hz,
3 H, MeMeCH), 1.03 (d, JH,H = 6.9 Hz, 3 H, MeMeCH), 1.66 (m,
1 H, MeMeCH), 4.64, 4.79 (m, 3 H, Hg, Hc, Ht), 6.13 (s, 6 H,
C6H6), 7.1–8.2 (m, Ph) ppm. 31P{1H} NMR (CD2Cl2): δ = 39.05
(s) ppm. 13C NMR [(CD3)2CO] δ = 12.79 (MeMeCH), 18.07 (Me-
MeCH), 29.0 (MeMeCH), 69.21 (CHcHt), 80.64 (CHg), 90.61 (d,
JP,C = 2.4 Hz, C6H6), 126–135 (Ph), 167.41 (d, JP,C = 6.7 Hz, C=N)
ppm. SRu-7: 1H NMR (CD2Cl2): δ = 0.86 (d, JH,H = 6.6 Hz, 3 H,
MeMeCH), 1.25 (d, JH,H = 6.9 Hz, 3 H, MeMeCH), 6.00 (s, 6 H,
C6H6), 7.1–8.2 (m, Ph) ppm. 31P{1H} NMR (CD2Cl2): δ = 40.2 (s)
ppm. 13C NMR [(CD3)2CO]: δ = 91.24 (d, JP,C = 2.4 Hz, C6H6)
ppm.

Complex 8: Yield: 221 mg (98%), 94% de in RRu-8. C36H44F12NO2-
PRuSb2 (1126.27): calcd. C 38.39, H 3.94, N 1.24; found C 38.27,
H 3.76, N 1.13. IR (Nujol): ν̃ = 3370 (w, H2O), 1645 (m), 1591 (m,
CN), 657 (s, SbF6) cm–1. CD [Me2CO; RRu-8/SRu-8 (97:3) mixture;
maxima, minima and nodes]: Θ (λ) = –12000 (330), 0 (360), +18500
(390 nm). RRu-8: 1H NMR (CD2Cl2): δ = 0.00 (br. d), 0.50 (br. d),
1.15 (br. d, Me2CH), 1.97 (br. s), 2.12 (br. s, C6Me6), 4.55 (br. m),
4.64 (br. m, Hc, Ht, Hg). 1H NMR [(CD3)2CO, –30 °C]: δ = –0.05
(d, JH,H = 6.5 Hz, 3 H, MeMeCH), 1.12 (d, JH,H = 6.8 Hz, 3 H,
MeMeCH), 2.10 (m, 1 H, MeMeCH), 2.15 (s, 18 H, C6Me6), 4.66
(pt, JHt,Hc = JHt,Hg = 9.2 Hz, 1 H, Ht), 4.92 (m, 2 H, Hc, Hg), 5.20
(s, 2 H, H2O), 7.4–8.2 (m, Ph) ppm. 31P{1H} NMR (CD2Cl2,
–90 °C): δ = 45.0 (br. s) ppm. 31P{1H} NMR [(CD3)2CO, –30 °C]:
δ = 44.73 (s) ppm. 13C NMR [(CD3)2CO, –30 °C]: δ = 13.34 (Me-
MeCH), 16.17 (C6Me6), 17.72 (MeMeCH), 23–30 (MeMeCH),
68.55 (CHcHt), 76.25 (CHg), 101.35 (d, JP,C = 2.3 Hz, C6Me6), 125–
136 (Ph), 167.91 (d, JP,C = 4.6 Hz, C=N). SRu-8: 31P{1H} NMR
(CD2Cl2, –90 °C): δ = 42.7 (br. s) ppm.
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Complex 10: Yield: 168 mg (77%), 86% de in SRu-10.
C34H30F12NO2PRuSb2 (1088.14): calcd. C 37.53, H 2.78, N 1.29;
found C 37.04, H 2.80, N 1.20. IR (Nujol): ν̃ = 3442 (m, H2O),
1644(m), 1595 (m, CN), 660 (s, SbF6) cm–1. CD [CH2Cl2; RRu-10/
SRu-10 (7:93) mixture; maxima, minima and nodes]: Θ (λ) =
+16000 (300), 0 (320), –62000 (360), 0 (420), +2000 (430 nm). RRu-
10: 1H NMR (CD2Cl2): δ = 4.56 (s, 2 H, H2O), 6.13 (s, 6 H, C6H6)
ppm. 31P{1H} NMR (CD2Cl2): δ = 39.4 (s) ppm. 13C NMR
(CD2Cl2): δ = 91.13 (d, JP,C = 2.3 Hz, C6H6) ppm. SRu-10: 1H
NMR (CD2Cl2): δ = 3.62 (m, 2 H, Hc, Ht), 4.90 (s, 2 H, H2O), 5.94
(m, 2 H, Ho, Ha), 6.04 (d, JHn,Ho = 6.04 Hz, 1 H, Hn), 6.24 (s, 6
H, C6H6), 6.69 (m, 1 H, Hb), 6.6–8.2 (m, Ph) ppm. 31P{1H} NMR
(CD2Cl2): δ = 36.6 (br. s), 38.13 (s) ppm. 13C NMR (CD2Cl2): δ =
36.53 (CHcHt), 83.51 (CHn), 88.33 (CHo), 90.28 (d, JP,C = 2.3 Hz,
C6H6), 90.47 (d, JP,C = 3.1 Hz, C6H6), 122.65 (CHa), 124–140 (Ph),
168.79 (d, JP,C = 4.7, C=N) ppm.

Complex 11: Yield: 174 mg, (73%), 40% de in SRu-11.
C40H43F12NO3PRuSb2 (1190.32): calcd. C 40.36, H 3.55, N 1.17;
found C 39.73, H 3.75, N 1.15. IR (Nujol): ν̃ = 3370 (w, H2O),
1624 (s), 1596 (m, CN), 660 (m, SbF6) cm–1. CD [Me2CO; RRu-11/
SRu-11 (30:70) mixture; maxima, minima and nodes]: Θ (λ) =
+8500 (330), 0 (340), –17500 (390 nm). RRu-11: 1H NMR [(CD3)2-
CO]: δ = 2.27 (s, 18 H, C6Me6) ppm. 31P{1H} NMR [(CD3)2CO]:
δ = 41.0 (br. s) ppm. 13C NMR [(CD3)2CO]: δ = 17.34 (C6Me6),
102.32 (d, JP,C = 2.4 Hz, C6Me6), 171.0 (d, JP,C = 4.0 Hz, C=N)
ppm. SRu-11: 1H NMR [(CD3)2CO]: δ = 2.12 (s, 18 H, C6Me6),
3.55, 3.63 (AB part of an ABX system, JA,B = 18.0 Hz, JA,X =
4.3 Hz, JB,X � 0 Hz, 2 H, Hc, Ht), 6.05 (d, 1 H, JHn,Ho = 5.7 Hz,
Hn), 6.12 (m, 1 H, Ho), 6.6–8.4 (m, Ph) ppm. 31P{1H} NMR
[(CD3)2CO]: δ = 37.3 (br. s) ppm. 13C NMR [(CD3)2CO]: δ = 10.61
(C6Me6), 37.18 (CHcHt), 80.30 (CHn), 91.77 (CHo), 101.77 (d, JP,C

= 1.6 Hz, C6Me6), 126–141 (Ph), 170.73 (d, JP,C = 7.2 Hz, C=N)
ppm.

Preparation of the Complexes [(η6-p-MeC6H4iPr)Ru(LL*)-
(H2O)][SbF6]2 [LL* = R-Prophos (13); 2,3-Bis(diphenylphosphanyl)-
butane, R,R-Chiraphos (14)]: To a suspension of [{(η6-p-MeC6H4-
iPr)Ru}2(µ-Cl)2] (102.3 mg, 0.17 mmol) in acetone (7 mL) was
added AgSbF6 (229.6 mg, 0.68 mmol). The resultant suspension
was stirred for 30 min and the AgCl formed was filtered off. Solid
LL* (0.34 mmol) was added to the filtrate and the resultant solu-
tion was stirred for 30 min. Slow addition of hexane (20 mL) af-
forded an orange oil which could be converted into a solid powder
after vigorous stirring. The solid was filtered, washed with hexane
and dried under vacuum.

Complex 13: Yield: 290 mg (75%), pure SRu-13. C37H42F12OP2-
RuSb2 (1136.91): calcd. C 39.07, H 3.72; found C 38.94, H 3.44.
IR (Nujol): ν̃ = 3603 (br., H2O), 1643 (m), 658 (s, SbF6) cm–1. 1H
NMR (CD2Cl2): δ = 0.93 (d, JH,H = 6.6 Hz, 3 H, MeMeCH), 0.95
(d, JH,H = 6.6 Hz, 3 H, MeMeCH), 1.16 (dd, JP,H = 12.9, JH,H =
6.6 Hz, 3 H, Me), 1.65 (s, 3 H, Me of p-MeC6H4iPr), 1.95 (m, 1 H,
Ht), 2.45 (pseudo-sept, 1 H, MeMeCH), 2.45(m, 1 H, Hg), 2.88 (br.
s, 2 H, H2O), 3.05 (m, 1 H, Hc), 5.39 (d, JA,B = 6.2 Hz, 1 H, HAHB),
5.97 (d, JA�,B� = 6.6 Hz, 1 H, HA�HB�), 6.02 (d, 1 H, HAHB), 6.06
(d, 1 H, HA�HB�), 7.1–7.9 (m, Ph) ppm. 31P{1H} NMR (CD2Cl2):
δ = 54.1 (d, JP1,P2 = 42.1 Hz, P1), 76.45 (d, P2) ppm. 13C NMR
(CD2Cl2): δ = 15.08 (dd, J = 18.3, 5.1 Hz, Me), 17.63 (Me of p-
MeC6H4 iPr), 21.55, 22.45 (MeMeCH), 30.46 (dd, JP,C = 30.7,
9.5 Hz, CMe), 30.96 (MeMeCH), 31.95 (dd, JP,C = 34.4, 15.4 Hz,
CHcHt), 87.22, 91.95, 93.05 (d, JP,C = 4.4 Hz), 93.46 (C of p-Me-
C6H4iPr), 109.54 (CMe of p-MeC6H4iPr), 124.39 (dd, JP,C = 4.4, J
= 2.2 Hz, CCMe2H), 121–136 (Ph) ppm.

Complex 14: Yield: 317 mg (81%). C38H34F12OP2RuSb2 (1151.26):
calcd. C 39.64, H 3.67; found C 40.01, H 3.39. IR (Nujol): ν̃ =
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3524 (br., H2O), 1644 (s), 660 (s, SbF6) cm–1. 1H NMR (CD2Cl2):
δ = 0.83 (d, JH,H = 7.3 Hz, 3 H, MeMeCH), 0.88 (d, JH,H = 7.3 Hz,
3 H, MeMeCH), 0.95 (dd, JP,H = 13.9, JH,H = 6.6 Hz, 3 H, Me),
1.10 (dd, JP,H = 13.9, JH,H = 6.6 Hz, 3 H, Me), 1.62 (s, 3 H, Me of
p-MeC6H4iPr), 2.16 (pseudo-sept, 1 H, MeMeCH), 2.30, 2.53 (m,
2 H, CHMe), 5.45 (d, JA,B = 6.3 Hz, 1 H, HAHB), 5.58 (d, JA�,B� =
6.3 Hz, 1 H, HA�HB�), 5.80 (d, 2 H, HAHB, HA�HB�), 7.0–7.8 (m,
Ph) ppm. 31P{1H} NMR (CD2Cl2): δ = 74.9, 68.3 (d, JP1,P2 =
48.4 Hz) ppm. 13C NMR (CD2Cl2): δ = 13.17 (dd, J = 17.6, 5.9 Hz,
Me), 15.14 (dd, J = 16.8, 4.4 Hz, Me), 18.13 (Me of p-MeC6H4iPr),
21.94, 22.69 (MeMeCH), 30.58 (MeMeCH), 34.03 (dd, JP,C = 32.2,
11.0 Hz, CMe), 43.45 (dd, JP,C = 32.9, 15.4 Hz, CMe), 89.82 (d,
JP,C = 2.2 Hz), 90.11 (d, JP,C = 2.9 Hz), 93.08, 93.21 (C of p-Me-
C6H4iPr), 105.25 (CMe of p-MeC6H4iPr), 114.23 (CCMe2H), 121–
135 (Ph) ppm.

Catalytic Procedure: The complexes [(η6-arene)Ru(LL*)(H2O)][A]2
(0.06 mmol, 5 mol-%) were dissolved in CH2Cl2 (3 mL) at 0 °C.
Freshly distilled methacrolein [0.14 mL (1.68 mmol) or 0.70 mL
(8.40 mmol)] and activated molecular sieves (4 Å) (100.0 mg) were
added and the suspension was stirred for 30 min. A solution of the
corresponding nitrone (1.20 mmol) in CH2Cl2 (2 mL) was added.
For nitrones II–V, the nitrone solution was added dropwise with a
syringe pump over 15 h. After stirring at the appropriate tempera-
ture for the reaction time indicated in the tables, hexanes (20 mL)
were added. After filtration through diatomaceous earth, the solu-
tion was concentrated to dryness. The residue was purified by
chromatography (SiO2) to provide a mixture of the corresponding
isomers. Regioselectivity was determined on the crude mixture by
1H NMR spectroscopic analysis in C6D6 (nitrones I, II, and V) or
CDCl3 (nitrones III and IV). Enantioselectivity was determined as
indicated in the footnote of Tables 2 and 5.

Preparation of the Complexes [(η6-arene)Ru(PNiPr)(methacrolein)]-
[SbF6]2 [arene = C6H6 (17), p-MeC6H4iPr (18), C6Me6 (19)]: To a
solution of the corresponding aqua complex [(η6-arene)Ru(PN-
iPr)(H2O)][SbF6]2 (0.10 mmol) in CH2Cl2 (5 mL) at 0 °C under ar-
gon, methacrolein (33.0 µL, 0.395 mmol) and molecular sieves
(4 Å) (200.0 mg) were added. The solutions were stirred for 20 min
and the solvent was then vacuum-evaporated. The residues were
extracted with CH2Cl2 (3×2 mL). Addition of dry hexane (20 mL)
to the yellow filtrate afforded yellow solids which were washed with
hexane and vacuum-dried.

Complex 17: Yield: 61 mg, (63%), 40% de in RRu-17.
C33H35F12NO2PRu Sb2 (1093.77): calcd. C 36.23, H 3.22, N 1.28;
found C 36.39, H 3.57, N 1.38. IR (Nujol): ν̃ = 1687 (m, CO), 1599
(s, CN), 660 (s, SbF6) cm–1. RRu-17: 1H NMR (CD2Cl2, 0 °C): δ
= –0.05 (d, JH,H = 6.6 Hz, 3 H, MeMeCH), 1.01 (d, JH,H = 7.3 Hz,
3 H, MeMeCH), 1.03 [s, 3 H, CHO(CH3)CHH], 1.63 (pseudo-sept,
1 H, MeMeCH), 4.63, 4.80 (m, 2 H, Hc, Ht), 4.81 (m, 1 H, Hg),
6.17 (s, C6H6), 6.66 [s, 2 H, CHOC(CH3)CHH], 7.1–8.0 (m, 14 H,
Ph), 9.80 (s, 1 H, COH) ppm. 31P{1H} NMR (CD2Cl2, 0 °C): δ =
39.6 (s) ppm. 13C NMR (CD2Cl2, 0 °C): δ = 12.5 [CHOC(CH3)
CHH], 12.59 (MeMeCH), 18.66 (MeMeCH), 30.24 (MeMeCH),
69.51 (CHcHt), 80.29 (CHg), 90.58 (C6H6), 124–135 (Ph), 145.62
[CHOC(CH3)CHH], 149.07 [CHOC(CH3)CHH], 166.82 (d, JP,C =
4.6 Hz, C=N), 214.81 (CHO) ppm. SRu-17: 1H NMR (CD2Cl2,
0 °C): δ = 0.73 (d, JH,H = 6.6 Hz, 3 H, MeMeCH), 1.24 (d, JH,H =
6.5 Hz, 3 H, MeMeCH), 1.01 [s, 3 H, CHO(CH3)CHH], 2.70
(pseudo-sept, 1 H, MeMeCH), 4.77 (m, 1 H, Hg), 6.05 (s, C6H6),
6.60, 6.63 [s, 2 H, CHOC(CH3)CHH], 7.1–8.0 (m, 14 H, Ph), 9.51
(s, 1 H, CHO) ppm. 31P{1H} NMR (CD2Cl2, 0 °C): δ = 40.75 (s)
ppm. 13C NMR (CD2Cl2, 0 °C): δ = 12.75 [CHOC(CH3)CHH],
14.23 (MeMeCH), 18.08 (MeMeCH), 29.57 (MeMeCH), 70.02
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(CHcHt), 78.11 (CHg), 91.30 (C6H6), 124–135 (Ph), 144.73
[CHOC(CH3)CHH], 149.02 [CHOC(CH3)CHH], 166.45 (d, JP,C =
9.1 Hz, C=N), 214.27 (CHO) ppm.

Complex 18: Yield: 102 mg (88.5%), 36% de in SRu-18.
C38H44F12NO2PRuSb2 (1150.30): calcd. C 39.68, H 3.85, N 1.21;
found C 39.44, H, 4.01, N 1.14. IR (Nujol): ν̃ = 1687 (m, CO),
1598 (m, CN), 659 (s, SbF6) cm–1. RRu-18: 1H NMR (CD2Cl2,
–50 °C): δ = 0.14 (d, JH,H = 6.3 Hz, 3 H, MeMeCH), 1.06 (d, JH,H

= 6.7 Hz, 3 H, MeMeCH), 1.11 (d, JH,H = 7.2 Hz, 3 H, MeMeCH,
MeC6H4iPr), 1.12 (s, 3 H, CHOC(CH3)CHH), 1.26 (d, JH,H =
6.3 Hz, 3 H, MeMeCH, MeC6H4iPr), 1.73 (pseudo-sept, 1 H, Me-
MeCH), 1.92 (s, 3 H, Me, MeC6H4iPr), 2.41 (pseudo-sept, 1 H,
MeMeCH, MeC6H4iPr), 4.70–4.76 (m, 3 H, Hg,Hc,Ht), 5.56 (d,
JA,B = 6.1 Hz, 1 H, HAHB), 5.82 (d, 1 H, HAHB), 6.04 (d, JA�,B� =
6.3 Hz, 1 H, HA�HB�), 6.39 (d, 1 H, HA�HB�), 6.66 (s, 2 H,
CHOC(CH3)CHH), 7.1–8.1 (m, 14 H, Ph), 9.64 (s, 1 H, CHO)
ppm. 31P{1H} NMR (CD2Cl2, –50 °C): δ = 39.0 (s) ppm. 13C NMR
(CD2Cl2, –50 °C): δ = 13.5 [CHOC(CH3)CHH], 13.4 (MeMeCH),
19.0 (Me, MeC6H4iPr), 18.9 (MeMeCH), 23.2 (MeMeCH, Me-
C6H4iPr), 30.3 (MeMeCH), 32.1 (MeMeCH, MeC6H4iPr), 69.6
(CHcHt), 79.8 (CHg), 86.6, 87.4, 89.7, 92.2 (C, MeC6H4iPr), 101.7,
120.1 (d, JP,C = 4.3 Hz), (CMe and CCMe2H, MeC6H4iPr), 124–
136 (Ph), 145.9 [CHOC(CH3)CHH], 150.1 [CHOC(CH3)CHH],
167.6 (d, JP,C = 5.1 Hz, C=N), 214.1 (CHO) ppm. SRu-18: 1H
NMR (CD2Cl2, –50 °C): δ = 0.76 (d, JH,H = 6.3 Hz, 3 H, Me-
MeCH), 0.96 (d, JH,H = 7.2 Hz, 3 H, MeMeCH, MeC6H4iPr), 0.98
(d, JH,H = 7.4 Hz, 3 H, MeMeCH, MeC6H4iPr), 1.05 [s, 3 H,
CHO(CH3)CHH], 1.26 (d, JH,H = 6.3 Hz, 3 H, MeMeCH), 1.97 (s,
3 H, Me, MeC6H4iPr), 2.49 (pseudo-sept, 1 H, MeMeCH, MeC6H4-
iPr), 2.64 (pseudo-sept, 1 H, MeMeCH), 4.5, 4.82 (m, 2 H, Hc, Ht)
4.63 (m, 1 H, Hg), 5.69 (d, JA,B = 6.5 Hz, 1 H, HAHB), 5.75 (d, 1
H, HAHB), 5.93 (d, JA�,B� = 6.0 Hz, 1 H, HA�HB�), 6.24 (d, 1 H,
HA�HB�), 6.69 [s, 2 H, CHOC(CH3)CHH], 7.1–8.1 (m, 14 H, Ph),
9.56 (s, 1 H, COH) ppm. 31P{1H} NMR (CD2Cl2, –50 °C): δ =
40.4 (s) ppm. 13C NMR (CD2Cl2, –50 °C): δ = 13.6 [CHOC(CH3)-
CHH], 14.6 (MeMeCH), 18.4 (MeMeCH), 18.5 (Me, MeC6H4iPr),
21.8, 22.0 (MeMeCH, MeC6H4iPr), 29.9 (MeMeCH), 32.3 (Me-
MeCH, MeC6H4iPr), 70.5 (CHcHt), 77.9 (CHg), 87.9, 91.0, 91.9,
94.4 (C, MeC6H4iPr), 99.3 (d, JP,C = 3.3, CMe, MeC6H4iPr); 115.5
(d, JP,C = 3.3 Hz, CCMe2H, MeC6H4iPr), 124–136 (Ph), 145.3
[CHOC(CH3)CHH], 150.0 [CHOC(CH3)CHH], 167.4 (d, JPC =
8.4 Hz, C=N), 213.8 (CHO) ppm.

Complex 19: Yield: 111 mg, (94%), 40% de in RRu-19.
C39H47F12NO2PRuSb2 (1178.35): calcd. C 40.77, H 4.10, N 1.18;
found C 40.44, H 4.01, N 1.12. IR (Nujol): ν̃ = 1688 (m, CO), 1598
(s, CN), 660 (s, SbF6) cm–1. RRu-19: 1H NMR (CD2Cl2, –30 °C): δ
= 0.06 (d, JH,H = 6.2 Hz, 3 H, MeMeCH), 1.13 (m, 3 H, Me-
MeCH), 1.20 [s, 3 H, CHO(CH3)CHH], 1.90 (pseudo-sept, 1 H,
MeMeCH), 1.92 (C6Me6), 4.7 (m, 3 H, Hc, Hg, Ht), 6.71, 6.77 [s,
2 H, CHOC(CH3)CHH], 7.3–7.9 (m, 14 H, Ph), 9.42 (s, 1 H, COH)
ppm. 31P{1H} NMR (CD2Cl2, –30 °C): δ = 43.3 (s) ppm. 13C NMR
(CD2Cl2, –30 °C): δ = 13.60 [CHOC(CH3)CHH], 13.99 (Me-
MeCH), 16.35 (C6Me6), 18.33 (MeMeCH), 30.03 (MeMeCH),
68.91 (CHcHt), 76.21 (CHg), 101.81 (d, JP,C = 2.3 Hz, C6Me6), 123–
135 (Ph), 145.76 [CHOC(CH3)CHH], 149.84 [CHOC(CH3)CHH],
167.36 (d, JP,C = 5.7 Hz, C=N), 212.65 (CHO) ppm. SRu-19: 1H
NMR (CD2Cl2, –30 °C): δ = 0.73 (d, JH,H = 6.7 Hz, 3 H, Me-
MeCH), 1.29 (d, JH,H = 6.7 Hz, 3 H, MeMeCH), 1.12 [s, 3 H,
CHO(CH3)CHH], 1.89 (C6Me6), 2.10 (pseudo-sept, 1 H, Me-
MeCH), 4.47 (m, 1 H, Hg), 4.62, 4.75 (m, 2 H, Hc, Ht), 6.58, 6.69
[s, 2 H, CHOC(CH3)CHH], 7.3–7.9 (m, 14 H, Ph), 9.24 (s, 1 H,
COH) ppm. 31P{1H} NMR (CD2Cl2, –30 °C): δ = 45.57 (s) ppm.
13C NMR (CD2Cl2, –30 °C): δ = 13.42 [CHOC(CH3)CHH], 14.97
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(MeMeCH), 15.89 (C6Me6), 17.85 (MeMeCH), 30.22 (MeMeCH),
70.38 (CHcHt), 74.67 (CHg), 100.90 (d, JP,C = 2.3 Hz, C6Me6), 123–
135 (Ph), 144.77 [CHOC(CH3)CHH], 149.58 [CHOC(CH3)CHH],
167.83 (d, JP,C = 9.1, Hz, C=N), 210.68 (CHO) ppm.

Preparation of the Complexes [(η6-p-MeC6H4iPr)Ru(PNiPr)(nitro-
ne)][SbF6]2 [nitrone = I (20), II (21), V (22)]: A solution of [(η6-p-
MeC6H4iPr)Ru(PNiPr)(H2O)][SbF6]2 (0.1 mmol) in CH2Cl2 (4 mL)
was stirred in the presence of molecular sieves (4 Å) (200.0 mg) at
0 °C under argon for 20 min. The corresponding nitrone I, II or V
(0.1 mmol) was then added and the suspension stirred for 20 min.
Addition of hexanes (20 mL) caused the precipitation of a solid.
The solvents were separated by decantation and the residue was
washed with hexanes (3×20 mL). After washing, the residue was
extracted with CH2Cl2 (5 mL). Addition of hexanes (20 mL) to the
resultant solution gave an orange-red solid which was washed with
hexanes and vacuum-dried.

Complex 20: Yield: 100 mg (78%) of pure RRu epimer.
C47H49F12N2RuO2PSb2 (1277.44): calcd. C 44.19, H 3.86, N 2.19;
found C 43.93, H 3.63, N 1.98. IR (Nujol): ν̃ = 1595 (s, CN), 659
(s, SbF6) cm–1. 1H NMR (CD2Cl2, –25 °C): δ = –0.37 (d, JH,H =
6.5 Hz, 3 H, MeMeCH), 0.83 (d, JH,H = 7.2 Hz, 3 H, MeMeCH,
MeC6H4iPr), 0.92 (d, JH,H = 6.8 Hz, 3 H, MeMeCH, MeC6H4iPr),
0.97 (d, JH,H = 6.8 Hz, 3 H, MeMeCH), 1.37 (s, 3 H, Me, MeC6H4-
iPr), 1.72 (m, 1 H, MeMeCH), 1.83 (pseudo-sept, 1 H, MeMeCH,
MeC6H4iPr), 4.44 (m, 1 H, Hg), 4.62, 4.74 (m, 2 H, Hc, Ht), 5.50
(m, 1 H, HAHB), 5.57 (d, JA,B = 6.3 Hz, 1 H, HAHB), 5.57 (d, JA�,B�

= 6.3 Hz, 1 H, HA�HB�), 5.67 (d, 1 H, HA�HB�), 6.9–8.3 (m, Ph),
8.63 (s, 1 H, NCH) ppm. 31P{1H} NMR (CD2Cl2, –25 °C): δ =
43.8 (br. s) ppm. 13C NMR (CD2Cl2, –25 °C): δ = 12.4 (MeMeCH),
18.8 (MeMeCH), 21.4 (Me, MeC6H4iPr), 21.4, 23.3 (MeMeCH,
MeC6H4iPr), 30.7 (MeMeCH), 30.8 (MeMeCH, MeC6H4iPr), 69.2
(CHcHt), 78.6 (CHg), 78.8, 85.2, 85.2, 86.3 (C, MeC6H4iPr), 123–
137 (Ph), 155.7 (NCH), 168.2 (d, JP,C = 5.3 Hz, C=N) ppm.

Complex 21: Yield: 94 mg (77%) of pure RRu epimer.
C42H47F12N2RuO2PSb2 (1216.27): calcd. C 41.47, H 3.89, N 2.30;
found C 41.19, H 4.04, N 2.21. IR (Nujol): ν̃ = 1595 (s, CN), 658
(s, SbF6) cm–1. 1H NMR (CD2Cl2, –60 °C): δ = 0.22 (d, JH,H =
6.2 Hz, 3 H, MeMeCH), 1.01 (d, JH,H = 6.6 Hz, 3 H, MeMeCH),
1.09 (d, JH,H = 6.6 Hz, 3 H, MeMeCH, MeC6H4iPr), 1.20 (m, 3
H, MeMeCH, MeC6H4iPr), 1.50 (m, 1 H, MeMeCH), 1.55 (s, 3 H,
Me, MeC6H4iPr), 2.34 (pseudo-sept, 1 H, MeMeCH, MeC6H4iPr),
4.15 (s, 3 H, NMe), 4.75 (m, 2 H, Hc, Ht), 4.84 (m, 1 H, Hg), 5.52
(m, 1 H, HAHB), 6.10 (d, JA,B = 5.9 Hz, 1 H, HAHB), 6.22 (d, JA�,B�

= 6.2 Hz, 1 H, HA�HB�), 6.47 (d, 1 H, HA�HB�), 7.1–8.0 (m, Ph),
8.03 (s, 1 H, NCH) ppm. 31P{1H} NMR (CD2Cl2, –60 °C): δ =
37.8 (s) ppm. 13C NMR (CD2Cl2, –60 °C): δ = 13.70 (MeMeCH),
17.33 (Me, MeC6H4iPr), 18.30 (MeMeCH), 19.76, 23.81 (Me-
MeCH, MeC6H4iPr); 29.65 (MeMeCH); 31.73 (MeMeCH, Me-
C6H4iPr), 51.03 (NMe), 68.67 (CHcHt), 79.67 (CHg), 79.8, 88.0 (d,
JP,C = 7.9 Hz), 88.7, 97.0 (d, JP,C = 3.7 Hz) (C, MeC6H4iPr), 122–
136 (Ph), 154.19 (NCH), 167.68 (d, JPC = 4.9 Hz, C=N) ppm.

Complex 22: Yield: 96 mg (78%) of pure RRu epimer.
C43H47F12N2O2PRuSb2 (1227.28): calcd. C 42.08, H 3.85, N 2.28;
found C 42.19, H 4.01, N 2.36. IR (Nujol): ν̃ = 1598 (s, CN), 659
(s, SbF6) cm–1. 1H NMR (CD2Cl2, –30 °C): δ = 0.18 (d, JH,H =
6.6 Hz, 3 H, MeMeCH), 1.09 (d, JH,H = 6.9 Hz, 3 H, MeMeCH),
1.11 (d, JH,H = 8.4 Hz, 3 H, MeMeCH, MeC6H4iPr), 1.20 (d, JH,H

= 6.6 Hz, 3 H, MeMeCH, MeC6H4iPr), 1.65 (m, 1 H, MeMeCH),
2.01 (s, 3 H, Me, MeC6H4iPr), 2.41 (pseudo-sept, 1 H, MeMeCH,
MeC6H4iPr), 2.67, 2.86, 3.10, 3.94 (m, 4 H, NCH2CH2), 4.40 (pt,
1 H, JHc,Ht = 10.2 Hz, JHc,Hg = 1.8 Hz, Hc), 4.68 (dd, 1 H, Ht),
4.96 (m, 1 H, Hg), 4.98 (m, 1 H, HAHB), 6.08 (m, 1 H, HAHB),
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6.25 (d, JA�,B� = 6.2 Hz, 1 H, HA�HB�), 6.77 (d, 1 H, HA�HB�), 7.2–
7.9 (m, Ph), 8.11 (s, 1 H, N=CH) ppm. 31P{1H} NMR (CD2Cl2,
–30 °C): δ = 39.35 (s) ppm. 13C NMR (CD2Cl2, –30 °C): δ = 13.59
(MeMeCH), 18.19 (Me, MeC6H4iPr), 20.43 (MeMeCH), 18.49,
23.11 (MeMeCH, MeC6H4iPr), 27.08 (NCH2CH2), 29.83 (Me-
MeCH), 31.73 (MeMeCH, MeC6H4iPr), 56.02 (NCH2CH2), 51.03
(NMe), 69.07 (CHcHt), 79.72 (CHg), 81.39, 88.36 (d, JP,C = 8.0 Hz),
88.94, 95.74 (d, JP,C = 2.3 Hz) (C, MeC6H4iPr), 122–136 (Ph),
144.35 (NCH), 166.78 (d, JP,C = 5.7 Hz, C=N) ppm.

Crystal Structure Determination of Complexes RRu-2, RRu-3, RRu-
7 and RRu-8: X-ray data were collected for all complexes at low
temperature [100(2) K] with a Bruker SMART APEX CCD dif-
fractometer with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Data were corrected for absorption using a multiscan
method applied with the SADABS program.[17] The structures were
solved by direct methods with SHELXS-86.[18] Refinement, by full-
matrix least squares on F2 with SHELXL97,[18] was similar for all
complexes, including isotropic and subsequently anisotropic dis-
placement parameters for all non-hydrogen nondisordered atoms.
Particular details concerning the existence of static disorder and
hydrogen refinement are listed below. All the highest electronic re-
siduals (smaller than 1.0 eÅ–3) were observed in close proximity to
the metal or Sb atoms and have no chemical significance. In all
structures, in addition to the internal configuration reference of the
oxazoline ligand, the Flack parameter was refined as a check of
the correct absolute configuration determination.[19] CCDC-
297912, -297913, -297914 and -297915 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via http://www.ccdc.cam.ac.uk/data requested/cif.

Crystal Data for RRu-2: C36H42ClF6NOPRuSb, M = 907.95; red
prism, 0.10×0.09×0.08 mm; orthorhombic, P212121; a =
11.7929(9), b = 14.0329(10), c = 21.8518(16) Å; Z = 4; V =
3616.2(5) Å3; Dc = 1.668 gcm–3; µ = 1.334 mm–1, min/max trans-
mission factors 0.8762/0.9013; 2θmax = 57.74°; 43058 reflections
collected, 8852 unique (Rint = 0.0395); number of data/restrains/
parameters = 8852/0/510; final GoF = 1.103, R1 = 0.0360 [8516
reflections, I � 2σ(I)], wR2 = 0.0807 for all data; Flack parameter
x = –0.025(18); three electron residual peaks above 1 eÅ–3 were
located close to the fluorine atoms (distances shorter than 1 Å) and
have no chemical significance. Most of the hydrogen atoms were
observed in the difference Fourier maps and included in the model
as free isotropic atoms; hydrogen atoms of the terminal methyl
groups were included in calculated positions and refined with posi-
tional and thermal riding parameters.

Crystal Data for RRu-3: C34H28ClF6NOPRuSb, M = 869.81; orange
prism, 0.18×0.07×0.04 mm; orthorhombic, P212121; a =
11.1353(11), b = 16.1491(16), c = 17.6001(18) Å; Z = 4; V =
3164.9(5) Å3; Dc = 1.825 gcm–3; µ = 1.531 mm–1, min/max trans-
mission factors 0.7669/0.9357; 2θmax = 57.8°; 21412 reflections col-
lected, 7573 unique (Rint = 0.0648); number of data/restrains/pa-
rameters = 7573/12/475; final GoF = 1.059, R1 = 0.0557 [6161 re-
flections, I � 2σ(I)], wR2 = 0.0963 for all data; Flack parameter x
= 0.00(3); largest difference peak 1.26 eÅ–3 (close to Sb atom).
Most of the hydrogen atoms were observed in the difference Fou-
rier maps and included in the model as free isotropic atoms; the
remaining hydrogen atoms were included in calculated positions
and refined with positional and thermal riding parameters.

Crystal Data for RRu-7: C30H32F12NO2PRuSb2, M = 1042.11; am-
ber irregular block, 0.15×0.09×0.06 mm; orthorhombic, P212121;
a = 10.1400(17), b = 17.020(3), c = 19.899(3) Å; Z = 4; V =
3434.1(10) Å3; Dc = 2.016 gcm–3; µ = 2.138 mm–1, min/max trans-
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mission factors 0.7398/0.8771; 2θmax = 57.96°; 23407 reflections
collected, 8218 unique (Rint = 0.0570); number of data/restrains/
parameters = 8218/2/451; final GoF = 1.052, R1 = 0.0455 [7064
reflections, I � 2σ(I)], wR2 = 0.0790 for all data; Flack parameter
x = –0.02(2). Hydrogen atoms were included in calculated positions
and refined with a positional and thermal riding model. The two
hydrogen atoms of the coordinated water molecule were included
from observed positions and refined as free isotropic atoms.

Crystal Data for RRu-8·C4H10O: C80H84F24N2O6P2Ru2Sb4, M =
2376.57; red lamina, 0.23×0.19×0.01 mm; monoclinic, P21; a =
11.145(5), b = 17.873(5), c = 23.274(5) Å; β = 103.139(5)°; Z =
2; V = 4515(3) Å3; Dc = 1.748 gcm–3; µ = 1.640 mm–1, min/max
transmission factors 0.7072/0.9774; 2θmax = 57.7°; 30335 reflections
collected, 19946 unique (Rint = 0.0297); number of data/restrains/
parameters = 19946/3/1036; final GoF = 1.076, R1 = 0.0564 [18151
reflections, I � 2σ(I)], wR2 = 0.1275 for all data; Flack parameter
x = 0.03(2). Two independent molecules were observed in the crys-
tal. Two of the SbF6

– anions were observed disordered and a sim-
ilar model was built for both anions using two F6 moieties in each
case; they were refined with complementary occupancy factors.
Even with this model there was some residual electronic density left
in the proximity of these groups. Hydrogen atoms were included in
calculated positions and refined as free isotropic atoms. At this
point, several residual peaks were still present in the difference Fou-
rier maps, clearly separated from anions and cations. They were
interpreted as originated from two heavily disordered diethyl ether
solvent molecules. After several attempts to include these peaks
in geometrically reasonable positions without success, the highest
residuals were included to take account of solvent (C4H10O) pres-
ence.
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The formation reaction of chiral racemic and diastereoiso-
meric title complexes, (Λ,∆)-[Cr{(±)-Mebdtp}3] and Λ-(–)589-
[Cr{(+)-(S)(S)-Mebdtp}3], was monitored by absorption, UV/
Vis, and circular dichroism, CD, spectroscopy, in the pres-
ence of either an excess of the racemic, (±)-Mebdtp–, or the
enantiopure ligand, (+)-(S)(S)-Mebdtp– = O,O�-bis[(+)-(S)-2-
methylbutyl] dithiophosphate ion, at 25 °C in various sol-
vents (ethanol, tetrahydrofuran, chloroform/ethanol, 9:1) and
at various pH values and reactant concentrations. The kinet-
ics of the formation reaction of the racemic complex, (Λ,∆)-
[Cr{(±)-Mebdtp}3], shows three consecutive reaction steps.
The relative pseudo first-order rate constants depend in dif-
ferent ways on the ligand and H+ concentrations. Circular
dichroism measurements during the formation reaction using
the enantiopure ligand, as well as in the final equilibrium
state, show a prevalence of the Λ-(–)589-[Cr{(+)-(S)(S)-
Mebdtp}3] over the ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] dia-

Introduction

Transfer of chirality from a chiral ligand to a coordina-
tion centre is an interesting probe to follow in the field of
asymmetric catalysis, as well as in supramolecular and
bioinorganic chemistry.[1] Intrinsic chirality at the metal
centre can be determined by an enantiopure A[R] or A[S]
ligand forming a tris-chelated octahedral OC-6 metal com-
plex of D3 symmetry, resulting as a left- or right-
handed helical coordination, i.e. Λ-M(A[R]∧A[R])3 or ∆-
M(A[R]∧A[R])3.[2–4] Chiral discrimination in the formation
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stereoisomer in all solvents used. A mechanism is proposed
which involves two parallel pathways each consisting of
three consecutive reactions of solvent substitution by a chiral
chelated ligand, interconnected by some reversible inversion
reactions to obtain in solution the thermodynamic and kinetic
Λ-(–)589-[Cr{(+)-(S)(S)-Mebdtp}3] as the major diastereoiso-
meric compound. From the equilibrated solution the more
stable solid (Λ,∆)-[Cr{(+)-(S)(S)-Mebdtp}3] crystallizes as a ca.
1:1 compound of a pair of the two diastereoisomers, under-
going a crystallization-induced second-order asymmetric
transformation. ∆-[Cr{(+)-(S)(S)-Mebdtp}3] is the thermody-
namically stable diastereoisomer in the solid state, though in
solution this inverts to the more stable Λ-(–)589-[Cr{(+)-(S)(S)-
Mebdtp}3].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of diastereoisomeric octahedral tris-chelate complexes can
be considered as the difference in the interaction of the chi-
ral ligand molecules with the two chiral forms of intermedi-
ate complexes.

In the past, circular dichroism, CD, has been very useful
to study the kinetics of the configurational inversion reac-
tion, Λ-M(A[R]∧A[R])3 i ∆-M(A[R]∧A[R])3, of optically
labile diastereoisomeric complexes, as well as to follow qual-
itatively the formation reaction of Λ- or ∆-M[(R,R)-
bdtp]3 diastereoisomers in various solvents, MIII = Cr, Co,
Rh, Ir.[3,4] Chiroptical spectroscopy is a sensitive probe for
studying electronic transitions and stereochemistry of chiral
transition-metal complexes. CD spectra of chiral tris-(bi-
dentate chelate) metal complexes having octahedral coordi-
nation can show the intrinsic configurational chirality of
the coordinating metal ion. Chiral octahedral complexes of
D3 symmetry give positive or negative differential optical
density, ∆OD, during the formation reaction with enantio-
meric ligands, so the kinetic of these reactions can be ob-
served.
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The aim of this work is to show the influence of the chi-

ral ligand O,O�-bis[(+)-(S)-2-methylbutyl]dithiophosphate,
(+)-(S)(S)-Mebdtp– (1) on the kinetics and thermodynamics
of the formation reaction of diastereoisomeric coordination
compounds, showing, if possible, the chirality transfer
mechanisms from the ligand (1) to the metal centre. Our
current interest is also to reveal the influence of the solvent
on the formation reaction of the diastereoisomers, as well
as on the configurational inversion reaction during the
crystallization, to predetermine chirality on the coordina-
tion centre.

The addition of the ligand to solvated metallic ions in
solution may occur in a typical three-step mechanism for
octahedral tris-bidentate complexes. Two- or three-chelate
ligands coordinated to a metal ion form a left-handed (Λ)
or a right-handed (∆) helix. Two-chelate ligands form a seg-
ment of helices if the two bidentate ligands do not form
a common mean plane. With the title chiral ligand 1 the
preferential formation of the Λ-(S,S)(S,S)(S,S) dia-
stereoisomer in solution has been shown by CD spec-
troscopy.[3a]

Here we report the results of a kinetic study on the for-
mation reaction of the title complexes, as followed by ab-
sorption (OD) and by circular dichroism (CD) to clarify the
mechanism of transfer of chirality from the ligand to the
metal centre and the solvent effect in this type of coordina-
tion compound.

Results and Discussion

Formation Reaction

The formation reaction of the chiral octahedral complex
was carried out at 25 °C using either the enantiomeric dithi-
ophosphinic acids, (+)-(S)(S)-MebdtpH or the racemic
form, (±)-MebdtpH, as well as their lithium salts, as biden-
tate ligands, to react with Cr3+ solvated ion in three dif-
ferent solvents [ethanol (EtOH), chloroform/ethanol
(CHCl3/EtOH, 90:10), and tetrahydrofuran (THF)] follow-
ing Equation (1) and Scheme 1.

Cr3+
(sol) + 3 (±)-Mebdtp–

(sol) � Cr[(±)-Mebdtp]3(sol) (1)

This reaction was studied using an enantiopure chiral li-
gand by CD and UV/Vis spectroscopy to determine the in-
fluence of absolute ligand configuration and of the solvent
on the kinetics and thermodynamics of diastereoselective
octahedral complex formation.[3a] A faster formation of the
tris{O,O�-bis[(+)-(S)-2-methylbutyl]dithiophosphato}chro-
mium(III) complex, Λ-(–)589-[Cr{(+)-(S)(S)-Mebdtp}3] (3),
than ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] (4), was observed
in solution, but in the solid phase a chiral complex (Λ∆)-
[Cr{(+)-(S)(S)-Mebdtp}3] (2), is formed as a ca. 1:1 crystal-
line mixture of diastereoisomers 3 and 4 (Scheme 1).

Chiral discrimination occurs during formation of com-
plexes in solution and also during their crystallization, as
characterized by CD spectroscopy.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3167–31763168

Scheme 1.

In solution the major diastereoisomer is the Λ-(–)589-
[Cr{(+)-(S)(S)-Mebdtp}3] (3), which is in equilibrium with
the minor ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] (4).

Preferential crystallization of ∆- (4) together with Λ- (3)
resulted in the formation of the hetero-chiral 1:1 complex
(Λ∆)-[Cr{(+)-(S)(S)-Mebdtp}3](solid) (2). This complex is
evidently less soluble than the single diastereoisomers Λ-
(3) or ∆- (4). We deduce that an inversion reaction of the
major Λ-(3) towards the minor ∆-(4) complex of the equi-
librium occurs during crystallization, undergoing a
crystallization-induced second-order asymmetric transfor-
mation, which finally yields crystals of (Λ∆)-[Cr{(+)-(S)(S)-
Mebdtp}3](solid) (2), due to more stable hetero-chiral diaste-
reoisomeric crystal packing as known also for some
enantiomers and racemates.[2,5,6] As seen in the past, chang-
ing the stereochemical arrangement of the ligand groups
and atoms causes various different dispersion forces or hy-
drogen bonding and different chiral discrimination forces
between the molecules, in solution as well as in the solid
state.[4a]

To clarify the nature of compound 2 we examined CD
and absorbance spectra in solution and in the solid state
(nujol, KBr pellets, thin film) or as microcrystalline powder
by diffuse reflectance circular dichroism, DRCD.[7] When
the solid complex 2 was dissolved in CH2Cl2, the absorp-
tion spectrum of the solution showed two bands in the
range 500–700 nm. OD measures the total concentration of
the complex in solution and did not change over time.[3a]

In contrast, its CD spectra changed drastically: it showed a
very weak almost flat spectrum at the time of dissolution,
but the intensity of a positive Cotton effect at ca. 675 nm
increased substantially to reach a maximum after 5–23 h
(Figure 1, A). This corresponds to an equilibrium state be-
tween the major (3) and the minor (4) in CH2Cl2 solution
reached through a ∆-(4) � Λ-(3) configurational inversion
(Figure 1, A). This indicates the formation in the solid state
of intermolecular weak interactions between hetero chiral
diastereoisomers. Until now crystals suitable for X-ray
structural investigation have not been obtainable, but het-
ero-chiral packing of a pair of octahedral enantiomeric
complexes has been established in the crystalline racemic
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compound (Λ∆)-[Cr{ddtp}3] with ddtp– = diethyl dithio-
phosphate ion, when the enantiomers are more soluble than
the racemic compound.[2,3a,6] Hetero-chiral packing of a
pair of octahedral diastereoisomeric complexes are also
known.[2] The solubility of the two diastereoisomers is very
high and Λ∆-(2) is the less soluble complex. During
crystallization the Λ-(3)–∆-(4) packing-energy or the tem-
perature favour the Λ � ∆ configurational inversion and
formation of the less soluble solid Λ∆-(2).

Figure 1. (A) CD spectra of ∆Λ-Cr[(S)(S)-Mebdtp]3 (2) dissolved
in CH2Cl2, positive at 678 nm at t = 0 and inverted to Λ-Cr[(S)(S)-
Mebdtp]3 after 5–23 h. (B) CD spectra of ∆-Cr[(S)(S)-Mebdtp]3 (4)
obtained maintaining the solid ∆Λ-Cr[(S)(S)-Mebdtp]3 (2) under
vacuum at 100 °C for 3 h. The compound after dissolution in
CH2Cl2 inverts from ∆ to Λ showing changes at 678 nm from a
negative CD at t = 0, 4, 12 min to a positive CD after 20 min and
over up to 5 h. (C) CD spectrum in nujol mull of solid ∆-Cr[(S)(S)-
Mebdtp]3 (4) obtained under vacuum at 100 °C for 3 h. (D) CD
and UV/Vis spectra of a film over quartz: (a) ∆Λ-Cr[(S)(S)-
Mebdtp]3 (2) and (b) ∆-Cr[(S)(S)-Mebdtp]3 (4) obtained after fast
evaporation of a solution in CH2Cl2.

CD spectra of the solid 2 in nujol, KBr pellet and as a
solid film (Figure 1, D, a) show a flat line in the 400–
800 nm range, proving that the crystallized complex 2 is op-
tically inactive as a ca. 1:1 solid mixture of the two dia-
stereoisomers Λ-(3) and ∆-(4). DRCD of 2 also shows no
Cotton effect in the same region as a result of the hetero-
chiral equimolecular composition of the complex.
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Heating of the solid 2 causes the thermodynamic ∆-(4)
solid diastereoisomer to form. So the last complex 2, main-
tained 3 h under vacuum at 100 °C, shows an inversion of
configuration Λ � ∆ of the inherent chiral coordination
centre in the solid diastereoisomeric mixture 2. ∆-Cr[(+)-
(S)(S)-Mebdtp]3 (4) is the major component in the new so-
lid mixture. CD spectra of this mixture with major (4) and
minor (3) diastereoisomers in nujol mull (Figure 1, C) and
as a film (Figure 1, D, b) clearly show a stable negative Cot-
ton effect in the range 680–710 nm, compared with the flat
spectrum of (Λ∆)-[Cr{(+)-(S)(S)-Mebdtp}3](solid) (2) (Fig-
ure 1, D, a).

The CD spectrum of the solution of the major (4) and
minor (3) mixture shows a negative Cotton effect at 678 nm
at t = 0 min, immediately after dissolution in CH2Cl2; this
is caused by the presence of the diastereoisomer ∆-
(S,S)(S,S)(S,S) (4) as the major component (Figure 1, B).
The CD spectrum is opposite and about enantiomeric to
that of the major diastereoisomer Λ-(S,S)(S,S)(S,S) (3) in
solution (Figure 1A). In a solution of CH2Cl2, EtOH,
CHCl3, or THF, the major diastereoisomer ∆- (4) inverts
the absolute configuration of the coordination metal centre
from ∆ to Λ (Figure 1B) and the equilibrium between major
(3) and minor (4) is once again established. In the solid
state the complex ∆- (4) is thermodynamically more stable,
but after 5 h in solution it reaches an equilibrium between
the kinetic and thermodynamic major Λ- (3) and minor ∆-
(4), diastereoisomeric complexes (Scheme 1, Figure 1A, B).

The less soluble complex 2 is characterized by different
interconversion equilibria between the 3 and 4 diastereoiso-
meric species, depending on the different conditions of tem-
perature, pressure and solvent.[3]

The preferential formation of kinetic and thermo-
dynamic Λ-(–)589-[Cr{(+)-(S)(S)-Mebdtp}3] complex (3) in
solution, or of thermodynamic ∆-Cr[(+)-(S)(S)-Mebdtp]3
(4) in the solid state, can be achieved by kinetically dia-
stereoselective steps and/or equal formation of the two Λ-
(3), and ∆- (4) diastereoisomers with a parallel or consecu-
tive ∆ � Λ or Λ � ∆ inversion reaction.

Absorption and Circular Dichroism Spectra

The absorption spectra of the formation reaction solu-
tion in EtOH show two bands at ca. 675 and 530 nm, which
increase with the reaction time (Figure 2). Two points in the
spectra near 450 nm look somewhat like isosbestic points.
However, accurate examination shows that as time increases
the spectra shifts to higher wavelengths, excluding the pres-
ence of real isosbestic points and suggesting the presence of
some reaction steps in the formation mechanism (see en-
largement in the small window reported in Figure 2).

In the CD spectra at the beginning of the reaction a weak
positive Cotton effect, growing with time, is observed, and
attributed to the 4A2g � 4T2g transition corresponding to
the absorbance at ca. 675 nm. Figure 3 reports the variation
with time of the differential absorbance, ∆OD, in the CD
spectrum in ethanol.
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Figure 2. Variation of the OD spectra during the formation reac-
tion of Cr[(±)-Mebdtp]3. Initial concentrations: Cr(ClO4)3

0.002 mol dm3, LH 0.1 moldm3, EtOH as the solvent.

Figure 3. Variation of the CD during the formation reaction of
Λ-Cr[(S)(S)-Mebdtp]3 (3). Initial concentrations: Cr(ClO4)3

0.002 mol dm3, LH 0.1 moldm3, EtOH as the solvent.

Kinetics by Absorption Spectra

The kinetics of the formation reaction [Equation (1) and
Scheme 1] have been studied by UV/Vis and CD spec-
troscopy in an attempt to understand the reaction pathway
of the stereoselective formation of the Λ- (3) diastereoiso-
mer in solution, as well as the configuration inversion of
diastereoisomeric compounds in solution and in the solid
state.

Kinetic measurements of very high accuracy can offer
reliable information on the formation mechanism in com-
plex systems. OD measurements can give information on
the total stoichiometric reaction. CD contributes infor-
mation on the presence and reactivity of intermediate ste-
reoisomers.

Figure 4 reports the variation in optical density with
time, at 675 nm, and shows the influence on the reaction
rate of three different solvents. Experimentally we measured
and stored in a binary file one point OD/time every minute,
so in the figure the results appear as continuous lines. OD
values for the three runs at the beginning and at the end

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3167–31763170

of the reactions are nearly equal, so the plot affords direct
comparison of the reaction rates in the three solvents.

Figure 4. Increase of the optical density at 675 nm with reaction
time in different solvents. (a) EtOH; (b) CHCl3/EtOH, 90:10; (c)
THF, initial concentrations: Cr(ClO4)3 0.002 moldm3, LH
0.1 moldm3.

At the beginning of the reaction the OD signals in vari-
ous different solvents increase with time, showing that the
initial rate values differ according to the solvent in the se-
quence: THF � (CHCl3/EtOH, 90:10) � EtOH. In the last
part of the reaction the sequence is inverted, showing a
lower reaction rate for THF and a higher one for EtOH.

The rate of a reaction between two ions of opposite
charges, i.e. Cr3+, CrL2+, CrL2

+ and L–, should decrease
with an increase in the dielectric constant of the solvent
(εEtOH = 25.1, εTHF = 7.6, εCHCl3 = 4.8), because the electro-
static interactions are lowered.[8] The measured rates in the
solvents used do not agree well with this statement and
thus, we cannot attribute the rate difference to the dielectric
constants of the solvents. The more important reason for
the solvent-dependent reaction rates is probably due to at
least partial substitution of the water molecules in the hy-
dration sphere of CrIII(H2O)6 by solvent molecules, chang-
ing the characteristics of the activated complexes and of the
reaction intermediates.

The experimental results were analyzed by applying a
method of minimization of bi- or tri-exponential equations,
similar to that used by N. W. Alcock et al.[9]

There are two types of mechanism, I and II, that can be
hypothesized. The three rate constants, ka, kb, kc, and the
extinction coefficients, εB and εC, of the intermediates
CrL(sol)4

2+ and CrL2(sol)2
+ were considered as adjustable

parameters. The extinction coefficients εA and εD of the first
Cr(sol)6

3+ and the last CrL3 species are accessible from the
observed optical density at the beginning and at the end of
the reaction.

The experimental data of the reaction in THF of Fig-
ure 4 (c) are reported in Figure 5 and Figure 6. Similar plots
were obtained for reactions in other solvents.

Figure 5 shows a first-order plot, –log (ODinf – OD) as a
function of time. The curve only becomes linear after a
rather long reaction time, while the first part of the reac-
tion, by the nonlinearity of the curve, suggests the presence
of consecutive steps.
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Figure 5. First-order plot of the formation reaction of Cr[(±)-
Mebdtp]3 in THF as the solvent. Cr(ClO4)3 0.002 mol·dm–3, LH
0.1 mol dm3.

Figure 6 reports the residuals (differences between the
observed and calculated OD values) obtained applying the
method of minimization to the three- and two-step mecha-
nism, (I) and (II) respectively.

Table 1. Pseudo-first-order rate constants (s–1) for the formation reaction of Cr[(+)-(S)(S)-Mebdtp]3 in different solvents and different
reactant concentrations (moldm3). [CrCl3·6H2O] = 0.002 moldm3.

Solvent Reaction [LH][a] [LLi][b] [H+] 105 ka 105 kb 105 kc

number

1 *0.050[c] 0 0.20 5.87 1.93 1.05
2 *0.075 0 0.20 10.1 3.12 1.60
3 *0.10 0 0.20 13.9 4.08 1.85
4 *0.15 0 0.20 23.5 7.98 2.33
5 *0.20 0 0.20 46.8 13.3 2.57
6 *0.10 0 0.025 63.5 18.9 1.84
7 *0.10 0 0.05 38.6 12.1 2.35

C2H5OH 8 *0.10 0 0.075 36.2 9.10 1.96
9 *0.10 0 0.10 27.7 7.97 1.97

10 *0.10 0 0.15 20.7 6.15 1.83
11 *0 0.10 **[c] 1050 61 2.17
12 *0.05 0.05 0.05 39.5 9.7 2.55
13 0.10 0 0.10 43.3 12.1 2.49
14 0.05 0 0.05 30.2 9.75 2.0

15 *0 0.20 ** 3470 178 2.3
16 *0.20 0 0.20 192 40 0.55
17 0.10 0 0.10 72 25 0.23THF 18 0 0.050 ** 2200 38 2.1
19 0 0.10 ** 3000 43 3.9

CHCl3/C2H5OH, 20 0 0.05 ** 877 43 7.2
90:10 21 0 0.20 ** 983 42 6.3

22 0.10 0 0.10 50 9.0 0.58

[a] LH = (+)-(S)(S)-MebdtpH. [b] LLi = (+)-(S)(S)-MebdtpLi. [c] * Measurement done at ionic strength I = 0.212 moldm–3. ** Reaction
solution about neutral.
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Figure 6. Differences between the observed optical density at
675 nm and that calculated according to mechanisms (I) and (II).
Cr(ClO4)3 0.002 moldm3, LH 0.1 moldm3, THF as the solvent.

There is a much better agreement with mechanism (I),
particularly in the first part of the reaction, the residuals
being about 0.001 OD units, ca. 0.2%, of a total absorbance
variation of about 0.6 OD units. The optical density varia-
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tion as a function of time, in all runs made in THF and
CHCl3/EtOH (90:10), is in agreement with mechanism (I)
comprehending three consecutive pseudo first-order reac-
tions to CrIII.

By contrast, some of the runs performed in EtOH as the
solvent show a good agreement with the two-step mecha-
nism II. Nonlinear least-square calculations, according to
mechanism (I), afford poor accuracy, different results being
obtained if one changes the initial set of adjustable param-
eters.

This discrepancy can be attributed to the too small dif-
ferences between the values of the rate constants of the first
and second step. To improve the reliability of the results for
runs in EtOH, supposing that the reaction always occurs in
three steps, the extinction coefficient, εb, of the first inter-
mediate, CrL2+, was measured, performing some runs with
an excess of Cr3+ over the ligand, L–. The value obtained,
εCrL2+ = 46.7 dm3 mol–1 cm–1, was then imposed as a nonad-
justable parameter in mechanism I. The extinction coeffi-
cient, εc, of the second intermediate, CrL2

+, was calculated
as an adjustable parameter for the runs more in agreement
with mechanism II. The mean value obtained, εCrL2+ =
186.9±5.8 dm3 mol–1 cm–1 was imposed as a nonadjustable
parameter for all the runs made in EtOH following mecha-
nism I. In every case the kc calculated values were nearly
equal to the obtainable values from first-order diagrams in
the last part of the reaction. We inferred that the three steps
observed do correspond to the complexation of one, two
and three molecules of the ligand to chromium ion, as
shown in mechanism I.

In Table 1 pseudo first-order rate constants for the for-
mation reaction of [Cr{(+)-(S)(S)-Mebdtp}3](sol) following
the three-step mechanism I are reported. Where possible the
ionic strength was maintained constant at 0.212 moldm–3,
by adding tetrabutylammonium trifluoromethanesulfonate.
The H+ concentration was adjusted with tetrabutylammo-
nium hydroxide or perchloric acid or using lithium salt as
the ligand. The ligand LH was considered to be a strong
acid, as shown by pH measurements. From the results ob-
tained at constant ionic strength in ethanol as the solvent,
it is possible to derive some information as to the reaction
orders with respect to the ligand and to the H+ ion.

Reaction Order with Respect to the Ligand

The reaction order with respect to the ligand (proves 1–
5 of Table 1) is bigger than one for ka and kb and smaller
than one for kc, in good agreement with Equations (2), (3),
and (4).

ka = a [L] + b [L]2 (2)

kb = a� [L] + b� [L]2 (3)

kc = a�� [L]/(1 + b�� [L]) (4)

From the values of rate constants measured at constant
[H]+, 0.200 moldm–1, and a ligand concentration ranging
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from 0.05 and 0.2 moldm–1, values of a = (7.49±1.70)
×10–4 mol–1 dm3 s–1, b = (7.08±1.34)×10–3 mol–2 dm6 s–1,
a� = (2.65±0.32)×10–4 mol–1 dm3 s–1, b� = (1.88±0.25)
×10–3 mol–2 dm6 s–1, a�� = (2.7±2.9)×10–4 mol–1 dm3 s–1

and b�� = 4.8±1.3 mol–1 dm3 were calculated. A mechanism
for the third reaction step in agreement with Equation (4)
could involve a fast pre-equilibrium followed by a slow re-
action, as in equations Equations (5) and (6).

CrL2
+ + L– i CrL2

+···L– (5)

CrL2
+···L– � CrL3 (6)

In the intermediate CrL2
+···L–, where we have not indi-

cated the solvent molecules, ligand L– could be bonded to
the metal by a single bond and the slow step should be a
ring closure with solvent substitution. Similar mechanisms
should be present in the first and second reaction steps too.
The presence of a quadratic term in Equations (2) and (3)
suggests parallel reaction paths of a second order with re-
spect to the ligand. These second-order paths could be at-
tributed to the possibility, forbidden for the third step, of
forming intermediates with more than one mono-bonded
ligand, followed by slow ring closure.

Alternatively these intermediates, Cr3+···L–, CrL2+···L–,
CrL2

+···L–, could be ionic pairs with the ligands and the
metal somehow linked between them through the solvent
molecules of the coordination sphere of the metal. In this
case the rate-determining step should be substitution of a
solvent molecule by the ligand, followed by a fast ring clo-
sure. The value of b�� seems to support the last hypothesis.
In fact in the mechanism we propose, b�� is the formation
constant of the CrL2

+···L– and corresponds, according to
the Fuoss theory,[10] to a distance between the metal and
the ligand in the ionic pair of 10.1 Å, a value that seems to
be of the right order of magnitude.

Reaction Order with Respect to the H+ Ion

The rate constants for the first and second steps, ka and
kb, depend inversely on the hydrogen ion concentration in
all the solvents used, taking very large values when [H+] is
almost absent (proves 6–10, Table 1). Probably at the begin-
ning of the reaction not all the water molecules in the coor-
dination sphere of the Cr3+ ion are substituted by the sol-
vent and the mechanism could involve de-protonated spe-
cies as shown for the first step of the reaction in Equa-
tions (7), (8) and (9).

Cr(OH2)3+i
Ka

Cr(OH)2+ + H+ (7)

k�: Cr(OH2)3+ + L– � CrL2+ + H2O (8)

k��: Cr(OH)2+ + L– � CrL2+ + OH– (9)

The deprotonated species, Cr(OH)2+ and analogously
CrL(OH)+ for the second step, are normally more reactive
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than nondeprotonated species in substitution reactions.[11]

The observed pseudo-first-order rate constants kobs should
depend on the hydrogen ion concentration as in Equa-
tion (10).

kobs = (k� Ka + k�� [H+])/([H+] + Ka) (10)

The experimental results of Table 1, (proves 3, 6–10, [L–]
constant, 0.100 moldm–3, and [H+] varying from 0.025 and
0.200 moldm3) are qualitatively in agreement with Equa-
tion (10). The attempt to test Equation (10) quantitatively,
however, leads to values of the acid ionization constants for
Cr(OH2)3+, Ka = 0.026±0.020 moldm–3, and for Cr(OH2)-
L2+ of the second step, Ka = 0.018±0.008 moldm3, that are
too high compared to the value of 1.4·10–4 moldm3 mea-
sured in aqueous solution for Cr(OH2)6

3+.[12] The rate con-
stants of the third step depend very little on the hydrogen
ion concentration, probably because of the low charge of
the complex ion CrL2

+.

Kinetics by CD

Kinetic measurements performed by optical density can-
not distinguish between Λ and ∆ configuration. We then
repeated the same runs as shown in Figure 4 recording the
CD signal at 675 nm against time, as shown in Figure 7.
The positive Cotton effect observed throughout the reac-
tion and in all solvents used indicates a higher production
in solution of the Λ-(–)589- (3) than the ∆(+)589-[Cr{(+)-
(S)(S)-Mebdtp}3] (4) complex; see Figure 1 (A), 3 and 7.

Figure 7. Variation of the CD signal at 675 nm with formation re-
action time in different solvents: (a) EtOH; (b) CHCl3/EtOH, (c)
THF. Initial concentrations: Cr(ClO4)3 0.002 moldm3, LH
0.1 mol dm3.

The Λ-(–)589-(3) is present at the final equilibrium as a
major complex being stabilized by the solvent in the order:
EtOH � (CHCl3/EtOH, 90:10) � THF. In the first part of
the reaction the positive curve is not monotonic, but shows
some oscillations, with the formation of one maximum and
one minimum in the case of EtOH as the solvent (Figure 7,
a) and two maxima and two minima in the other two cases
(Figure 7b, c). Afterwards the CD signal grows quite regu-
larly to the end of the reaction. These oscillations can be
attributed to the formation of Equilibria (11) and (12) be-
tween the Λ and ∆ forms of CrL2

+ (1:2) and CrL3 (1:3).
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Λ-CrL2
+ i ∆-CrL2

+ (11)

Λ-CrL3 i ∆-CrL3 (12)

Taking into account, (i) the profile of reaction (Figure 7),
(ii) the three consecutive reaction steps of mechanism (I),
supported by the OD measurements, and (iii) Λ and ∆, cis
and trans stereoisomery of intermediates CrL2

+ and final
CrL3 complexes, a probable mechanism of the reaction
studied could be that reported in Scheme 2.

Scheme 2.

The free octahedral coordination positions, are occupied
by the solvent molecules. Every reaction step, indicated by
an arrow, should be of pseudo-first order with respect to
CrIII, which is very complicated because of the presence of
metal complex ions that are differently solvated, protonated
and forming ion pairs. The planar trans-intermediate
CrL2(sol)2

+ in this Scheme was hypothesized as having to
go back to the diastereoisomer 1:1, CrL(sol)4

2+, to form the
cis-Λ- or the cis-∆-CrL2

+, 1:2 diastereoisomer. Considering
Equations (5)–(12), moreover, Scheme 2 must be considered
as a simplified version of more complicated ones.

The number of parameters of Scheme 2, that influence
the CD signal, e.g. rate constants and CD values, is too
large for any quantitative evaluation, because of the forma-
tion of various chiral species during the reaction. Neverthe-
less many computer simulations have been performed to
test the compatibility of the proposed reaction mechanism
with the CD values oscillating in the first part of the reac-
tion (Figure 7). We compared the experimental results of
the three runs reported in Figure 7 during the first 700 min
of reaction also with some other mechanisms with different
numbers of intermediates and reaction steps. Every simula-
tion used CD values of Λ-Cr[(+)-(S)(S)-Mebdtp]3, (3) mea-
sured at the end of the reactions as a known value, and
assumed approximated values for all the other parameters.
The differential equations involved were resolved numeri-
cally and the theoretical values of the CD signals were com-
pared with experimental ones. The calculation was repeated
many times, alternately and by small amounts changing the
values of all the parameters, until it reached the minimum
possible value of the standard deviation.

Numerical values of the parameters thus obtained are
not reliable because they strongly depend on the initial val-
ues used in the calculations. However, the standard devia-
tion and the shape of the CD signal/time curve obtained
with different sets of adjustable initial parameters were
practically identical. One can always obtain better agree-
ment between observed and calculated values, if more inter-
mediate species are used, even if some levelling effect has
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been noted. However, we think that these calculations could
be useful for selecting the simplest mechanism of the hypo-
thetical ones, which could be in sufficiently good agreement
with the experimental results. Figure 8 uses continuous lines
to report the calculated runs according to Scheme 2. In
EtOH (Figure 8, a) the agreement is better than was the
case in other solvents, though simulation cannot really re-
produce the nonmonotonic behaviour of CD with time. It
is interesting to note that this agreement gets worse if we
try to compare the experimental results with a mechanism
with only two consecutive paths instead of one with three
consecutive paths. This fact supports the choice of mecha-
nism (I) over mechanism (II) in the kinetic runs in EtOH
deduced by absorbance measurements.

Figure 8. Simulated curves (continuous lines) CD/time, for
Scheme 2 compared with experimental ones: (a) in EtOH (tri-
angles); (b) in CHCl3/EtOH, 90:10 (delta symbols); (c) in THF
(circles).

The other two runs performed in the other two solvents
are not in agreement with Scheme 2 and must be compared
with some more complicated Schemes. Similar computer
simulations were carried out for Schemes 3–5.

Scheme 3.

The oscillations of CD observed in THF as the solvent
are more complicated and difficult to resolve but they
should contain a greater amount of information about the
mechanism. As the complexity of the mechanism increases,
so does the agreement between the experimental points and
the calculated line.

Simulated curves (see 2 in Figure 9) obtained following
Scheme 2 does not agree with the experimental curve in
THF (see 1 in Figure 9).

In Scheme 3 we do not consider the intermediate trans-
CrL2

+, but, instead, we suppose an interconnecting direct
equilibrium between Λ- and ∆-CrL2(sol)2

+. The little im-
provement in respect of calculations with Scheme 2, where
there is one more intermediate as trans-CrL2

+, suggests that
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Figure 9. Experimental curve CD/time, in THF (1, line of circles),
compared with simulated curves (2–6, continuous lines), obtained
from various schemes of formation reaction: Scheme 2; Scheme 3,
without the intermediate trans-CrL2+; Scheme 4, with all interme-
diates and equilibria; Scheme 5, where the cis- and trans-CrL2+···L–

intermediates were considered kinetically important; curve 6 refers
to a scheme not reported here, but similar to Scheme 5, where the
Λ- and ∆-CrL2+···L– were also considered.

the new equilibrium is an important responsible factor in
the oscillations observed (see 3 in Figure 9).

In Scheme 4 it is suggested that the trans-CrL2
+ interme-

diate could react further, forming equilibria with Λ- and ∆-
CrL2(sol)2

+ diastereoisomers as well. The agreement grows
and the two maxima and minima observed experimentally
begin to appear (Figure 9 and Figure 4).

On increasing the number of direction routes (arrows) in
Scheme 4, we did not obtain a much better agreement, so
we have tried to increase the number of intermediates alone.

Scheme 5 supports the hypothesis, just suggested in
Equations (2)–(6) of the kinetic importance of intermedi-
ates CrL2+···L–, which should be present under two forms,
one with L– mono-bonded in the cis position with respect
to the plane of the first chelated ligand, the other linked in
the trans position. The cis species should form Λ- or ∆-
CrL2(sol)2

+, while the trans species should form Λ-
CrL2(sol)2

+, ∆-CrL2(sol)2
+, or planar trans-CrL2(sol)2

+ (see
5 in Figure 9)

If we suppose that ion pairs of the type CrL2
+···L– are

also present in the third reaction step, the agreement be-
tween calculated and experimental data increases (Figure 9,
6). However, increasing the number of intermediates we can
obtain better agreement between observed and calculated
values, but some levelling effect has been noted.

The experimental results point to a more complicated
mechanism in THF than in EtOH. The solvent confirms its
effect on the kinetic and in the thermodynamic stabilization
of the various diastereoisomers formed during the reaction.
All our experimental results strongly hint at the last tested
mechanisms. However, Scheme 4 must be considered as a
good exemplification of some more complicated mecha-
nisms that we cannot evaluate quantitatively. For every step
shown in Scheme 4 there may be a corresponding reaction
path and various intermediates, as in Scheme 5 or more
complicated Schemes.
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Scheme 4.

Scheme 5.

In the formation of diastereoisomeric octahedral tris-
chelate complexes, chiral discrimination is active because of
the difference in the interaction of the chiral chelating li-
gand molecules with the pro-chiral metal centre of the 1:1
ion, CrL2+ and/or with the two chiral intermediate 1:2, cis
bis-chelated complexed ions, Λ- or ∆-CrL2

+, forming Λ- or
∆-CrL3 diastereoisomeric helical complexes 1:3.

The shape and stereochemical features of the ligand
molecules lead to diastereoselectivity in the formation reac-
tion of complexes. The structure of the resulting complex
and the interactions with the solvent causes thermodynamic
stability of the diastereoisomers as well as chiral discrimi-
nation/recognition between molecules.

We are currently trying quantitative analysis of the con-
figurational inversion reactions from Λ-CrL3 to ∆-CrL3

shown in all Schemes proposed.[13,14]

Conclusions

This paper reports the kinetic study of the formation re-
action of chiral octahedral coordination compounds by iso-
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tropic and chiroptical spectroscopy. The diastereoselective
synthesis of the complex was followed kinetically by UV/
Vis and CD measurements. The OD spectra suggest a three-
step consecutive mechanism for tris-chelate complex forma-
tion. However, a mono-bonded ligand or ion pair could be
formed before chelation and substitution of the solvent. CD
spectroscopy shows new observables and adds a remarkable
new contribution to the knowledge of the chirality transfer
and stereoselective synthesis mechanism of chiral inorganic
diastereoisomeric coordination compounds, when an
enantiopure ligand is used. The CD spectra show preferen-
tial formation of Λ-(3) diastereoisomer in solution, and of
∆-(4) in the solid state. The mechanisms hypothesized on
the basis of the kinetic measurements enable one to show
the formation in solution of the kinetic and thermodynamic
Λ-(–)589-[Cr{(S)(S)-Mebdtp}3] (3) complex in equilibrium
with ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] (4) through two
parallel three-step consecutive pathways interconnected by
some configurational inversion reactions at the metal cen-
tre.

Our experimental results show that diastereoselective
synthesis of Λ-(S,S)(S,S)(S,S) or ∆-(S,S)(S,S)(S,S) can be
achieved using the chiral enantiopure dithiophosphate li-
gand (+)-(S)(S)-Mebdtp– (1). The diastereoselective reac-
tion of chiral enantiopure ligand 1 with a CrIII ion occurs
through kinetically diastereoselective steps during the for-
mation reaction of 1:2 metal/ligand complex, Λ-Cr[(S)(S)-
Mebdtp]2+ or ∆-Cr[(S)(S)-Mebdtp]2+, and of 1:3 complex,
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3 or 4. A hetero-chiral recognition occurs during crystalli-
zation, giving (Λ∆)-[Cr{(+)-(S)(S)-Mebdtp}3](solid) (2)
which by configurational inversion gives the thermo-
dynamic complex ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] (4) in
the solid phase. Crystal packing favours a crystallization-
induced second-order asymmetric transformation, shifting
all equilibria towards formation of the more stable and less
soluble (Λ∆)-[Cr{(+)-(S)(S)-Mebdtp}3](solid) diastereoiso-
mer.

The transfer of chirality from the enantiomeric ligand
(+)-(S)(S)-Mebdtp– to the CrIII centre is achieved during
the formation process by stereoselecting the kinetic and
thermodynamic diastereoisomer Λ-(+)589-[Cr{(S)(S)-
Mebdtp}3] in all the solvents used and the thermodynamic
complex ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] in the solid
phase. The (S)(S) configuration of the chiral ligand prede-
termines Λ configuration on the chromium(III) centre in
solution and ∆ configuration in the solid state.

Experimental Section
Preparation of the Compounds

Hydrated chromium(III) chloride, 2-methyl-1-butanol, and phos-
phorus pentasulfide (Carlo Erba and Aldrich) were used without
further purification. Solvents were purified by standard methods
and dehydrated to a spectroscopic degree.

Lithium O,O�-bis[(S)-(+)-2-methyl butyl]dithiophosphate, (+)-
(S)(S)-MebdtpLi, and MebdtpLi were obtained as described, using
lithium carbonate to neutralize the acid formed.[3]

(Λ∆)-[Cr{(+)-(S)(S)-Mebdtp}3] (2) and the diastereoisomers
Λ-(–)589- (3) and ∆-(+)589-[Cr{(+)-(S)(S)-Mebdtp}3] (4) were pre-
pared as described.[3]

Measurement of Formation Reaction Rates

Kinetics of the formation reaction of the complexes were analyzed
by absorption, UV/Vis, and CD spectroscopy, through measure-
ment of optical density OD and ellipticity, ψ, or differential absorp-
tion, ∆OD, at 675 nm, with various concentrations in different sol-
vents at 25.00±0.01 °C. The ligand was always in great excess so
as to maintain pseudo first-order conditions for the Cr3+ ion.

Solutions of hydrated chromium ion, CrCl3·6H2O (2·10–3 moldm3),
containing a minimum of water (ca. 10–2 moldm3), were mixed
with solutions of the other reagents, in a thermostatted cell (l =
1 cm), controlled by a thermocouple in contact with the same cell.
In chloroform solutions it was necessary to add 10% of absolute
ethanol to dissolve the chromium trichloride. Formation reactions
were followed up to a state of equilibrium between the two dia-
stereoisomers formed, and many days later a stable absorption
band at 675 nm and a correspondingly stable Cotton effect were
observed. The total concentration of the complexes formed, Ctot,
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was determined by isotropic absorbance spectra. The concentration
of the major diastereoisomer formed, CΛ, was determined by the
intensity of the relative Cotton effect in CD spectra.

Spectroscopic Measurements

The kinetics were followed at a fixed wavelength (675 nm) with a
Cary/4 spectrophotometer and with a Jasco J-500 A spectropolari-
meter using a 1-cm cell. UV/Vis spectra were measured with a Jasco
UVIDEC 650 spectrophotometer in various solvents, between 750
and 200 nm. Circular dichroism spectra were obtained in freshly
prepared solutions and in nujol mull, KBr pellets, and film between
750 and 200 nm on a Jasco J-810 spectropolarimeter.
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Two new MnII one-dimensional compounds with formulae
[Mn(µ-N3)2(pyzamid)2]n (1) and [Mn2(3-ampy)4(µ-N3)2(N3)2-
(H2O)2]n, (2) (pyzamid = pyrazineamide and 3-ampy = 3-
aminopyridine) were structurally and magnetically charac-
terized. Compound 1 crystallizes in the monoclinic system,
P2/c space group, and polymerizes through double end-on
azido bridges giving 1D chains with the MnII atoms in a
MnN6 environment. Compound 2 crystallizes in the triclinic
system, P1̄ space group, and consists of alternate [Mn(3-
ampy)2(µ-N3)2(N3)2] and [Mn(3-ampy)2(µ-N3)2(H2O)2] octa-
hedrons (MnN6 – MnN4O2 environments), linked by single
end-to-end azido bridges. Both chains show very uncommon

Introduction

The flexidentate azide ion has been demonstrated as not
only an extremely versatile ligand but also an excellent mag-
netic mediator, which provides complexes of great structural
variety with interesting physical properties.[1–4] The versatil-
ity of this ligand is a direct consequence of its ability to link
transition metal cations in µ-1,1 (end-on, EO), µ-1,3 (end-to-
end, EE), µ-1,1,3, µ-1,1,1, or still other modes, easily yielding
polynuclear, one-, two-, or three-dimensional species with
specific topologies.[5–8] The simultaneous presence of more
than one of these coordination modes in the same com-
pound, increasing the connectivity possibilities, is not
rare.[9] The interest of the magnetochemists in this ligand
lies in the well-established relationship between the coordi-
nation mode and the resulting magnetic properties, which
covers a wide range of ferro-, ferri-, and antiferromagnetic
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topologies. Attemps to obtain manganese/azido derivatives
with the qux = quinoline-4-carboxylato anion gave the re-
cently reported compound [Mn(µ-qux)2(µ-H2O)]n (3), which
consists of a chain with only carboxylato and aqua bridges
with the MnII atoms in a MnO6 slightly distorted octahedron.
In good agreement with the expected behavior, magnetic
susceptibility measurements show weak ferromagnetic inter-
actions for 1, whereas compound 2 exhibits moderate antifer-
romagnetic coupling.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

responses.[1] It should be pointed out that the topology of
the resulting systems is far from under control because of
the similar stabilities of the different coordination modes,
which permit other factors such as packing forces or weak
supramolecular interactions to be determinant.[10] One of
the most complete series of compounds reported to date,
with the general formula [Mn(N3)2(R-py)2]n (R-py, substi-
tuted pyridyl ligands), is a good example of how minor dif-
ferences in R can drastically change the dimensionality or
the coordination mode of the azido bridges, generally be-
cause of weak effects such as hydrogen bonds, steric hin-
drance, or supramolecular π-π stacking interactions in the
solid state. As part of our investigation on metal-azido de-
rivatives, we have recently reported a number of transition
metal coordination polymers with bidentate or tetradentate
neutral organic ligands to built coordination supramolec-
ular frameworks.[8–10]

In this paper we have studied the reaction of azido li-
gands with MnII and several polytopic ligands such as the
coligands pyzamid = pyrazineamide, 3-ampy = 3-amino-
pyridine, and qux = quinoline-4-carboxylato anion. These
coligands, with almost one aromatic N donor, closely re-
lated with previously reported systems such as pyrimi-
dine,[8b] nicotinate anion,[10b] 2-acetylpyridine,[10a,10e] or the
same 3-aminopyridine,[10f] were chosen in order to combine
the azido versatility with the possibility of a second bridg-
ing donor group such as the N pyrazinic or the amide in
pyzamid, the amino function in 3-ampy or the carboxylate
in qux, in a trial experiment to obtain new topologies. As
a result, we present the synthesis, X-ray, and magnetic char-
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acterization of two new polymeric manganese azido deriva-
tives with the formula [Mn(µ-N3)2(pyzamid)2]n (1) and
[Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n (2). For compound 1
the pyrazineamide ligand coordinates through only one of
its donor N atoms in a similar way to a classical pyridine
ligand. In this case double EO azido bridges provide the
second example[8a] of an EO-azido one-dimensional system.
Compound 2 also has monodentate 3-aminopyridine li-
gands such as in [Mn(3-ampy)4(N3)2][10f] but the topology
of the resulting system is very uncommon: alternating
[Mn(3-ampy)2(µ-N3)2 (N3)2] and [Mn(3-ampy)2(µ-N3)2-
(H2O)2] coordination polyhedra, linked by single EE azido
groups gives the 1D arrangement. The reaction with the
qux ligand gave the very recently reported compound
[Mn(µ-qux)2(µ-H2O)]n (3).[11] In this case the qux ligand
only coordinates by means of the carboxylato groups while
azido groups do not coordinate to the manganese atoms.
The structure of 3 is closely related to the similar [Cd(qux)2-
(H2O)]n complex.[12] The magnetic response agrees with the
expected properties for the different kinds of bridges, that
is to say, weak ferromagnetic interactions for the 1D EO-
azido chain 1 and moderately weak antiferromagnetic
coupling for the EE-azido chain 2. Compound 3 shows
weak antiferromagnetic coupling as was reported.[11]

Results and Discussion

Structure of [Mn(µ-N3)2(pyzamid)2]n (1)

A labeled ORTEP plot of the structure is shown in Fig-
ure 1. Selected distances and angles are listed in Table 1.

The structure consists of neutral 1D chains of MnII cat-
ions linked by double end-to-end azido bridges, along the
b axis, see Figure 2. The manganese ions, positioned on
twofold axes, are placed in a distorted octahedral geometry,
MnN6, linked to four bridging azides in the equatorial
plane and two terminal trans pyzamid-groups in the apical
positions. Mn–N(azido) and Mn–N(pyrazine) bond lengths

Figure 2. Left, view along the c-axis of the one-dimensional compound 1, showing the double end-on azido bridges between the manga-
nese atoms and the parallel arrangement of the pyrazine rings along the chain in the b-direction. Right, view of the structure of 1
projected along the b-direction, showing the intra and interchain H-bond network. H bonds involve the N4 atom from the pyrazine ring,
O1 from the amide function, and N8 (–NH2) from the same function.
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Figure 1. Numbering scheme for [Mn(µ-N3)2(pyzamid)2]n (1) with
atomic displacement parameters shown at the 30% probability
level. Symmetry codes are given in Table 1.

are very similar lying in the range 2.328(3)–2.349(3) Å. The
four-membered ring Mn1–N11–Mn1iv–N11i is fully planar
with Mn–N–Mn bond angles of 97.1(1)°. The Mn···Mn dis-
tance is 3.510(1) Å along the chain in the b direction. Aro-
matic rings coordinated at the trans sites to the manganese
atoms shows a distance between the centroids of 3.510 Å,
as result of the short Mn···Mn distances through the double
end-on bridges, Figure 2.

The structure is stabilized in the (a,c) plane by hydrogen
bonds involving the N4 atoms from the pyrazine ligands, as
well as the N8 and O1 from the amide function, Table 2.
The strongest interchain H bonds corresponds to N8–
H···O1 [donor–acceptor distance is 2.907(4) Å with a hy-



Two New 1D Polymeric Manganese Azido Complexes FULL PAPER
Table 1. Selected bond lengths [Å] and bond angles [°] for complex
[Mn(µ-N3)2(pyzamid)2]n (1).

Mn1–N1i 2.328(3) N1–Mn1–N11 92.7(1)
Mn1–N1 2.328(3) N11i–Mn1–N11 83.2(2)
Mn1–N11i 2.332(3) N1i–Mn1–N11ii 87.3(1)
Mn1–N11 2.332(3) N1–Mn1–N11ii 89.5(1)
Mn1–N11ii 2.349(3) N11i–Mn1–N11ii 179.6(1)
Mn1–N11iii 2.349(3) N11–Mn1–N11ii 97.1(1)

N1i–Mn1–N11iii 89.5(1)
N11–N12 0.960(5) N1–Mn1–N11iii 87.3(1)
N12–N13 1.236(6) N11i–Mn1–N11iii 97.1(1)

N11–Mn1–N11iii 179.6(1)
N1i–Mn1–N1 175.8(1) N11ii–Mn1–N11iii 82.5(2)
N1i–Mn1–N11i 92.7(1)
N1–Mn1–N11i 90.5(1) Mn1–N11–Mn1iv 97.1(1)
N1i–Mn1–N11 90.5(1) N12–N11–Mn1iv 121.5(3)

N11–N12–N13 178.9(6)
Symmetry transformations used to generate equivalent atoms:
(i): –x+1, y, –z+1/2; (ii): x, y–1, z; (iii): –x+1, y–1, –z+1/2;
(iv): x, y+1, z

drogen bond angle of 180(6)°], weaker H bonds correspond
to the bifurcated N8···N4 [donor–acceptor distances
2.762(4) and 3.112(4) Å, with hydrogen bond angles of
103(4)° and 146(4)°, respectively], see Figure 2, whereas
weak intrachain contacts are given by the bifurcated inter-
action C6–H···N13. Coordination as a monodentate ligand
of the pyrazine ring can be justified by two reasons: the
steric hindrance of the amide group, too close to N4, and
the additional stabilization of the structure provided by the
H-bond network.

Table 2. H-Bond parameters for compounds 1 and 2.

D–H···A d(D–H) d(H···A) d(D···A) �(D–H···A)
[Å] [Å] [Å] [°]

Compound 1

N8–H8A···O1v 0.77(5) 2.14(5) 2.907(4) 180(6)
N8–H8B···N4 0.84(5) 2.45(5) 2.762(4) 103(4)
N8–H8B···N4vi 0.84(5) 2.38(5) 3.112(4) 146(4)
C6–H6···N13vii 0.95 2.44 3.248(6) 143
C6–H6···N13viii 0.95 2.60 3.072(5) 111
Symmetry transformations used to generate equivalent atoms:
(v): –x + 2, –y + 1, –z + 1; (vi): –x + 2, y, –z + 1/2; (vii): –x + 1, –y, –z;
(viii): –x + 1, –y + 1, –z

Compound 2

O1–H1A···N23iii 0.88(3) 1.93(3) 2.805(3) 172(3)
O1–H1B···N3Aiv 0.82(3) 2.04(3) 2.856(3) 178(3)
N13–H13A···N3Aiv 0.89(3) 2.37(3) 3.238(3) 167(2)
N13–H13B···N3Biii 0.82(3) 2.44(3) 3.242(3) 163(2)
N23–H23A···O1v 0.92(3) 2.28(3) 3.167(3) 161(2)
N23–H23B···N13ii 0.95(3) 2.23(3) 3.171(3) 174(2)
C12–H12···N3Aiv 0.95 2.62 3.444(3) 146
C14–H14···N2Aiii 0.95 2.58 3.407(3) 146
C24–H24···N1Bvi 0.95 2.56 3.282(3) 132
Symmetry transformations used to generate equivalent atoms:
(iii): x – 1, y + 1, z; (iv): x – 1, y, z; (v): –x, –y, –z; (vi): x, y – 1, z

Structure of [Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n (2)

A labeled ORTEP plot of the structure is shown in Fig-
ure 3. Selected distances and angles are listed in Table 3.
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The structure consists of neutral 1D chains of MnII along
the a axis, in which the coordination environment around
the manganese atoms shows a regular alternating chain
(Figure 4).

Figure 3. Numbering scheme for [Mn2(3-ampy)4(µ-N3)2(N3)2-
(H2O)2]n (2). Atomic displacement parameters are shown at the
30% probability level. Symmetry codes are given in Table 3.

Table 3. Selected bond lengths [Å] and bond angles [°] for complex
[Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n (2).

Bond lengths

Mn1–N1Ai 2.216(2) Mn2–N1Bii 2.198(2)
Mn1–N1A 2.216(2) Mn2–N1B 2.198(2)
Mn1–N11 2.251(2) Mn2–O1ii 2.229(2)
Mn1–N11i 2.251(2) Mn2–O1 2.229(2)
Mn1–N3B 2.278(2) Mn2–N21ii 2.242(2)
Mn1–N3Bi 2.278(2) Mn2–N21 2.242(2)
N1A–N2A 1.183(3) N1B–N2B 1.177(3)
N2A–N3A 1.176(3) N2B–N3B 1.180(3)

Bond angles

N1Ai–Mn1–N1A 180.0 N1Bii–Mn2–N1B 180.0
N1Ai–Mn1–N11 90.88(7) N1Bii–Mn2–O1ii 88.81(8)
N1A–Mn1–N11 89.12(7) N1B–Mn2–O1ii 91.19(8)
N1Ai–Mn1–N11i 89.12(7) N1Bii–Mn2–O1 91.19(8)
N1A–Mn1–N11i 90.88(7) N1B–Mn2–O1 88.81(8)
N11–Mn1–N11i 180.0 O1ii–Mn2–O1 180.0
N1Ai–Mn1–N3B 89.59(8) N1Bii–Mn2–N21ii 88.75(7)
N1A–Mn1–N3B 90.41(8) N1B–Mn2–N21ii 91.25(7)
N11–Mn1–N3B 91.20(7) O1ii–Mn2–N21ii 89.85(7)
N11i–Mn1–N3B 88.80(7) O1–Mn2–N21ii 90.15(7)
N1Ai–Mn1–N3Bi 90.41(8) N1Bii–Mn2–N21 91.25(7)
N1A–Mn1–N3Bi 89.59(8) N1B–Mn2–N21 88.75(7)
N11–Mn1–N3Bi 88.80(7) O1ii–Mn2–N21 90.15(7)
N11i–Mn1–N3Bi 91.20(7) O1–Mn2–N21 89.85(7)
N3B–Mn1–N3Bi 180.0 N21ii–Mn2–N21 180.0
N2A–N1A–Mn1 134.7(2) N2B–N1B–Mn2 143.5(2)
N2B–N3B–Mn1 129.9(2) N1B–N2B–N3B 179.5(2)
N1A–N2A–N3A 177.8(3)
Symmetry transformations used to generate equivalent atoms:
(i): –x, –y+1, –z +1; (ii): –x, –y+1, –z

There are two independent manganese ions, both posi-
tioned on inversion centers giving the alternating chain. The
Mn1 ion is placed in a slightly distorted octahedral geome-
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Figure 4. View of the one-dimensional compound 2 showing the
interchain H bridges involving terminal azido ligands and the
–NH2 functions.

try, MnN6. The equatorial plane is defined by two end-to-
end µ-bridging azides and two terminal azides, and the axial
sites are occupied by two terminal 3-ampy groups in a trans
arrangement. The Mn1–N1A bond length (terminal azido
ligand) is slightly shorter than the Mn1–N (bridging azido
or 3-ampy) distances. The Mn2 ion is placed in a slightly
distorted MnN4O2 octahedral environment with two end-
to-end µ-bridging azides, two 3-ampy ligands in the equato-
rial plane, and two water molecules in the apical positions.
The end-to-end azido bridge gives two slightly different
bond angles with the manganese atoms, Mn1–N3B–N2B of
129.9(2)° and Mn2–N1B–N2B of 143.5(2)°, and a Mn–N–
N–N–Mn dihedral angle of 165.1°.

The Mn1···Mn2 distance is 6.3507(2) Å along the chains,
whereas the minimum interchain distance is equal to
7.8105(2) Å.

The structure is stabilized by a large number of strong
hydrogen bonds that involve O1 from the water molecules,
N13 and N23 from the amino functions, the terminal azido
atoms N3A, and also one of the atoms of the bridging
azido group, N3B, Table 2. One of them is an intrachain
contact between the aminated groups N23–H23B···N13ii

whereas the other contacts, involving the water molecules
and the azido ligands, are all interchain contacts, Figure 4.
This H-bond network gives a 3D supramolecular arrange-
ment as occurs in compound 1. The aromatic rings of
neighbor chains interact between them by means of π-π in-
teractions with distances between centroids of 3.394 and
3.510 Å.

Structure of [Mn(µ-qux)2(µ-H2O)]n (3)

A schematic plot of the structure of 3 is shown in Fig-
ure 5. The structure of this compound can be described as
1D chains of manganese atoms along the c axis, linked by
two syn-syn carboxylates and one µ-OH2 molecule. The
manganese ions, positioned on inverse centers, are placed
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in a slightly distorted octahedral geometry, MnO6, linked
to four bridging quinoline-4-carboxylato ligands and two
axial O atoms from bridging water molecules. The MnII–
O(carboxylate) bond lengths lie in the range 2.103(2)–
2.171(2) Å and they are shorter than the MnII–O(water)
distances, 2.286(2) Å. The bond angle Mn–O(water)–Mn�
has a value of 114.1(2)°.

Figure 5. Schematic view of [Mn(µ-qux)(µ2-H2O)]n (3).

The structure is stabilized in the (a,b) plane by strong
interchain Owater···Nquinoline hydrogen bonds [donor–ac-
ceptor distance is 2.742(3) Å with a hydrogen-bond angle
of 179(4)°]. Each water molecule participates in two H
bonds with N-quinoline atoms from two different chains.
The aromatic rings from neighboring chains show π-π
stacking with interplanar distances of 3.381(3) Å.

Synthetic and Structural Features

Polymeric systems with exclusively end-on azido bridges,
all of them characterized by MnII cations, are very uncom-
mon and only three related compounds have been reported
to date. One of them is also a one-dimensional compound
with the formula [Mn(N3)2(2-bzpy)]n, 2-bzpy = 2-benzoyl-
pyridine, which stabilizes the system by means of interchain
π-π stacking of the aromatic rings.[8a]

The other two are bidimensional systems in which the
one-dimensional manganese-azido chains are linked be-
tween them by means of a second bridging coligand such
as bis-monodentate pyrazine[5d] (pyz) or the bis-bidentate
2,2�-bipyrimidine (bpym).[13] The compound [Mn(N3)2-
(pyz)]n also shows an extensive π-π stacking of parallel pyr-
azine rings (distance between the rings is 3.412 Å), which
contributes to stabilize the structure, Scheme 1.

Less clear are the factors that stabilize the other com-
pound, with formula [Mn2(N3)4(bpym)]n, for which π-π
stacking or H bonds cannot be found, but this case is not
totally comparable because the coligand is bis-bidentate. In
our case, compound 1 exhibits the same kind of interaction
between the aromatic rings, which seems to be a quasi gene-
ral factor that favors these types of compounds.

The variety of compounds that can be obtained with
other pyrazines or the 3-ampy ligand are much more diffi-
cult to rationalize. As is shown in Scheme 1, nonsubstituted
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Scheme 1.

pyrazine is able to coordinate both nitrogen atoms but steric
hindrance in substituted pyrazines prevents this kind of co-
ordination and only one of the N ring atoms can act as a
donor. If the function attached to the pyrazine ring con-
tains coordinating groups, the ligand can act as bidentate,
as occurs with pyrazinecarbozylate[14a] and methyl-imido-
pyrazinecarboxylate,[14b] which gives high-dimensional
compounds in both cases. In our case, compound 1, pyr-
azineamide coordinates by only one N-ring donor following
the general trend for substituted pyrazines, but the poor
coordinating amido functions do not act as donors and are
involved in intrachain H bonds.

It should be pointed out that small differences in the syn-
thetic procedure can produce very different compounds as
occurs in the case of the ligand 3-ampy: an excess of 3-
ampy (ratios of MnII, 3-ampy, and sodium azide 1:7:2) yield
the mononuclear compound [Mn(3-ampy)4(N3)2], which is
to be expected from the large 3-ampy concentration.[10f] In
contrast, similar ratios 1:2.5:2.5 or 1:2:3 give either the
[Mn2(3-ampy)4(µ1,1-N3)2(µ1,3-N3)(N3)(H2O)]n system[15]

with alternating coordination modes of the azido bridge or
the above described [Mn2(3-ampy)4(µ1,3-N3)2(N3)2(H2O)2]n
(2) with alternating coordination polyhedra. This pair of
compounds that differs by only one water molecule in their
empirical formula, are a nice example of the similar stability
of end-on and end-to-end coordinations for the azido li-
gand.

Figure 6. Plot of χMT for compound 1 (left plot). Solid line corresponds to the best fit (see text). Right, magnetization of compound 1;
dotted line shows the Brillouin plot for an uncoupled S = 5/2.
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Magnetic Measurements and Coupling Constant
Calculations

The magnetic measurements were performed on pow-
dered crystalline samples in the 2–300 K temperature range.
The shape of the plots indicate that the overall interaction
is weakly ferromagnetic for compound 1 and moderately
antiferromagnetic for 2 and 3.

Compound 1 shows a χMT room temperature value of
4.78 cm3·K·mol–1, greater than the expected value of
4.375 cm3·K·mol–1 for an isolated manganese atom. χM in-
creases continuously on cooling and χMT also increases up
to a maximum value of 8.31 cm3·K·mol–1 at 8 K, decreasing
down to 4.5 cm3·K·mol–1 at 2 K, Figure 6. Fitting the χMT
data as a homogeneous S = 5/2 chain in the 300–15 K tem-
perature range, applying the analytical expression for a reg-
ular chain derived from the Hamiltonian H = –JSi·Si+1 (for
local S = 5/2),[16] gives the best fit parameters J =
+1.1(1) cm–1, g = 2.045(3). The weak ferromagnetic re-
sponse is in good agreement with the expected properties.
End-on azido bridges with M–N–M bond angles around
100° gives typically ferromagnetic coupling and the J value
is similar to that reported for the related compound
[Mn(µ1,1-N3)2(2-bzpy)2]n (2-bzpy = 2-benzoylpyridine), pre-
viously reported by us,[8a] and also agrees with the calcu-
lated values for the ferromagnetic interaction in [Mn(N3)2-
(pyz)]n[5d] and [Mn2(N3)4(bpym)]n.[13] Also, the g value,
slightly greater than 2.00, agrees with this previously re-
ported chain.[8a] The only difference for the [Mn(µ1,1-N3)2-
(2-bzpy)2]n compound lies in the H bonds that afford weak
antiferromagnetic interchain interactions at very low tem-
peratures; their effect can be seen in the decrease of χMT
below 8 K. As can be expected, magnetization measure-
ments, performed at 2 K, show a fast increase in the magne-
tization, reaching a value equivalent to five electrons for the
manganese atom under moderate external fields, Figure 6.

In contrast, compound 2 shows a different response, with
a maximum molar susceptibility at 13 K, Figure 7. On the
basis of the structural data, compound 2 is an alternating
one-dimensional system, which shows similar bond lengths,
quite similar Mn–N–N bond angles, and identical torsion
angles in the bridging region. A fit of the system was per-
formed assuming that the two J coupling constants have
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the same value under these conditions and by applying the
analytical expression for a regular S = 5/2 chain; best fit
parameters were J = –3.15(2) cm–1 and g = 2.000(5).
Attempts to differentiate between the two J values by me-
ans of the analytical expression for an alternating S = 5/2
chain[17] were unsuccessful. For the manganese–azido brid-
ges, theoretical and experimental work on end-to-end coor-
dination modes indicates that the coupling should be anti-
ferromagnetic in all cases and that the large bond or torsion
angles in the bridging region always give a lower interac-
tion. Compound 2 shows one large Mn–N–N bond angle
(143.5°) and a moderate dihedral angle in the Mn–N–N–
N–Mn bridging region. Under these conditions a moder-
ately low coupling can be expected, mainly derived from the
large Mn–N–N bond angle.

Figure 7. Plot of χM (open squares) and χMT (dot centered circles)
for compound 2. Solid line corresponds to the best fit (see text).

Remeasurement of the magnetic properties of compound
3 fully agree with the recently reported[11] data for this com-
pound: molar susceptibility shows a maximum at 17 K, and
a fit of the experimental data gives the best fit parameter J
= –2.75(2) cm–1. This J value agrees with the values re-
ported in the literature for simultaneous carboxylato–aqua
bridges, which are always weakly antiferromagnetic.[18]

Conclusions

Two new one-dimensional systems of MnII have been ob-
tained and characterized from structural and magnetic
points of view. The effect of the coligands employed in the
synthesis play a fundamental role in the topology of the
final compounds: with 3-pyrazineamide (compound 1) and
3-aminopyridine (compound 2) the expected azido chains
were obtained but weak packing interactions (π-π stacking
and H-bond networks) induce either end-on or end-to-end
azido derivatives. In contrast, when the coligand was quino-
line-4-carboxylato (compound 3), the azido ligand did not
coordinate to the manganese atoms and one 1D system
with syn-syn carboxylato and aqua bridges was obtained.
Magnetic measurements have been performed for all of
them, showing a variety of interactions closely related to
the topology of the chains: ferromagnetic interactions for

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3177–31843182

1, alternating antiferromagnetic coupling for 2, and homo-
geneous antiferromagnetic interactions for 3.

Experimental Section
General Remarks: Elemental analyses (C,H,N) were carried out
using a Perkin–Elmer analyzer, Mn2+ was analyzed by a Perkin–
Elmer Analyst 300, AAS atomic absorption spectrometer. Infrared
spectra (4000–400 cm–1) were recorded with a Bruker IFS-125
model FT-IR spectrophotometer using KBr pellets. Quinoline-4-
carboxylic acid, pyrazineamide, and 3-aminopyridine were pur-
chased from Aldrich and other chemicals were of analytical grade
quality and used as received. Magnetic susceptibility measurements
were carried out on polycrystalline samples with a Quantum De-
sign susceptometer working in the range 20–300 K under magnetic
fields of 0.3 T and under a field of 0.03 T in the range 20–2 K
at the Magnetochemistry Service of the University of Barcelona.
Diamagnetic corrections were estimated from Pascal Tables.

[Mn(µ-N3)2(pyzamid)2]n (1): A methanolic solution (10.0 mL) of
manganese nitrate tetrahydrate (0.5 g, 2 mmol) was mixed with an
aqueous/methanolic (1:1) solution (15 mL) of pyrazinamide (0.5 g,
ca. 4 mmol). The mixture was stirred for ca. 5 min. A solution of
sodium azide (0.65 g, 10 mmol) in water (10 mL) was added drop-
wise with vigorous stirring. The resulting clear solution was al-
lowed to stand in a refrigerator for several weeks. Colorless needles
of the ligand were formed, several days latter yellow needles suit-
able for X-ray measurements were collected and dried in air with
a yield of ca. 45%. C10H10MnN12O2 (385.2): calcd. C 31.18, H
2.62, Mn 14.26, N 43.63; found C 31.0, H 2.5, Mn 14.4, N 43.5.
IR (KBr; v: very, s: strong, m: medium, w: weak): ν̃ = 3393 (s),
3294 (m), 3170 (s), 3091 (s), 2100 (vs), 1718 (vs), 1611 (s), 1590 (s),
1432 (s), 1379 (vs), 1330 (s), 1275 (m), 1187 (m), 1166 (ms), 1100
(m), 1061 (s), 1026 (s), 811 (wm), 787 (ms), 706 (w), 643 (w), 567
(s), 507 (s), 440 (s), 408 (w), 386 (w), 365 (vw), 342 (vw), 315 (vw),
292 (vw), 268 (s) cm–1.

[Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n (2): 3-Aminopyridine (0.19 g,
ca. 2 mmol) in methanol (10.0 mL) was added to a solution
(10.0 mL) of MnCl2·4H2O (0.20 g, ca. 1.0 mmol) in methanol. The
mixture was stirred for ca. 5 min. Aqueous solutions of sodium
azide (0.2 g, 3 mmol) and a few drops of saturated -ascorbic acid,
to prevent oxidation, were added successively and continuously
stirred. The resulting clear solution was allowed to stand in a dark
place at room temperature for several weeks. Yellowish-brown crys-
tals suitable for X-ray measurements were collected and dried in
air with a yield of ca. 65%. C10H14MnN10O (345.2): calcd. C 34.79,
H 4.09, Mn 15.91, N 40.57; found C 34.7, H 3.9, Mn 15.9, N 40.5.
IR (KBr; v: very, s: strong, m: medium, w: weak, br: broad): ν̃ =
3343 (vs, br), 3286 (vs, br), 3062 (s), 2631 (m), 2532 (m), 2351 (w),
2310 (w), 2082 (vs), 1661 (s), 1644 (vs), 1605 (vs), 1580 (m), 1488
(vs), 1445 (vs), 1354 (m), 1313 (s), 1277 (s), 1195 (m), 1143 (m),
1096 (m), 1051 (m), 1024 (m), 989 (w), 911 (m), 858 (m), 813 (s),
797 (s), 700 (vs), 644 (s), 610 (s), 594 (s), 477 (m), 407 (m), 388 (m),
343 (w), 315 (w), 292 (w), 268 (s), 232 (s) cm–1.

[Mn(µ-qux)2(µ-H2O)]n (3): Colorless crystals suitable for X-ray
measurements were collected from a 2:1:4 aqueous/methanolic 1:1
solution of quinoline-4-carboxylic acid, manganese nitrate tetrahy-
drate, and sodium azide. From this mixture that contains a large
excess of azido, the neutral chain [Mn(µ-qux)2(µ-H2O)]n, contain-
ing only carboxylato bridges, was obtained instead of the expected
azido derivative. C20H14MnN2O5 (417.3): calcd. C 57.57, H 3.38,
Mn 13.17, N 6.71; found C 57.4, H 3.3, Mn 13.0, N 6.8. IR (KBr;
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Table 4. Crystal data and structure refinement parameters for [Mn(µ-N3)2(pyzamid)2]n (1) and [Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n (2).

[Mn(µ-N3)2(pyzamid)2]n [Mn2(3-ampy)4(µ-N3)2(N3)2(H2O)2]n

Formula C10H10MnN12O2 C10H14MnN10O
Formula mass [g·mol–1] 385.24 345.25
Crystal system monoclinic triclinic
Space group P2/c P1̄
a [Å] 14.1496(3) 7.8105(2)
b [Å] 3.5097(1) 8.3423(2)
c [Å] 14.6946(3) 12.7014(3)
α [deg] 90 78.663(1)
β [deg] 100.393(1) 74.482(1)
γ [deg] 90 63.923(1)
V [Å3] 717.77(3) 713.26(3)
Z 2 2
T [K] 173(2) 173(2)
λ(Mo-Kα) [Å] 0.71073 0.71073
µ(Mo-Kα) [mm–1] 0.959 0.946
dcalc [g·cm–3] 1.782 1.608
Crystal size [mm] 0.30×0.08×0.02 0.18×0.18×0.04
Max./min. transmission 0.9811/0.7618 0.9632/0.8482
Θ min./max. [°] 2.82/27.49 1.67/30.47
Reflections collected 8638 11546
Independent reflections/Rint 1662/0.0396 4304/0.0613
Data/restraints/parameters 1662/18/122 4304/0/223
R [I � 2σI][a] R1 = 0.0508, wR2 = 0.1369 R1 = 0.0449, wR2 = 0.0848
Rw [all][b] R1 = 0.0574, wR2 = 0.1415 R1 = 0.0938, wR2 = 0.1012

[a] R(Fo) = Σ||Fo| – |Fc|| / Σ|Fo|. [b] Rw(Fo)2 = {Σw[(Fo)2 – (Fc)2]2 / [Σw(Fo)4]}1/2.

v: very, s: strong, m: medium, w: weak, br: broad): ν̃ = 3439 (m,
br,) 2765 (m, br), 2353 (m), 1604 (vs), 1579 (vs), 1506 (ms), 1460
(s), 1427 (vs), 1408 (vs), 1377 (vs), 1302 (s), 1267 (m), 1206 (wm),
1153 (m), 1075 (m), 1026 (m), 995 (m), 961 (m), 874 (ms), 802 (s),
784 (s), 765 (s), 740 (ms), 652 (s), 593 (ms), 532 (wm), 510 (wm),
458 (m), 398 (s), 375 (s), 343 (m), 316 (m), 294 (m), 269 (vs) cm–1.

X-ray Crystallographic Study: All diffraction data were collected
using a Siemens SMART CCD diffractometer with Mo-Kα radia-
tion (λ = 0.71073 Å, graphite monochromator). The crystals were
cooled to 173(2) K by a flow of nitrogen gas using the LT-2A de-
vice. A full sphere of reciprocal lattices were scanned by 0.3° steps
in ω with a crystal-to-detector distance of 3.97 cm. Preliminary ori-
entation matrices were obtained from the first frames using the
SMART program.[19] The collected frames were integrated using
the preliminary orientation matrices, which were updated every 100
frames. Final cell parameters were obtained by refinement on the
positions of reflections with I � 10σ(I) after integration of all the
frames using the SAINT program.[19] The data were empirically
corrected for absorptions and other effects using the SADABS pro-
gram.[20] The structures were solved by direct methods and refined
by full-matrix least-squares on all F2 data using SHELXTL.[21] The
non-H atoms were refined anisotropically, while hydrogen atoms
were refined isotropically with the use of geometrical restraints. The
crystallographic and refinement data are summarized in Table 4.
Molecular graphics were prepared using the programs Diamond[22]

and ORTEP3.[23] Structural determination for 3 was recently re-
ported[11] but with a lower quality. Our refinement led to the same
formula C20H14MnN2O5 and C2/c space group with the parameters
a = 15.0903(7) Å, b = 14.3131(7) Å, c = 7.6708(4) Å, β =
92.513(2)°, V = 1655.2(1) Å3, Z = 4, R1 = 0.0484, and wR2 =
0.0772.

CCDC-291400 to -291402 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Nanoparticles: Synthesis and Characterization
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Nanosized ZnS has been synthesized in the interlayer galler-
ies of Mg–Al layered double hydroxides (LDHs) by a process
involving ion exchange of a Mg2Al-NO3 LDH precursor with
a zinc–citrate complex {Na2[Zn(C6H4O7)]·3H2O} followed by
reaction between the intercalated [Zn(C6H4O7)]2– anions and
H2S. The materials have been characterized by elemental
analysis, powder X-ray diffraction (XRD), transmission elec-
tron microscopy, FTIR spectroscopy, MAS 13C NMR spec-
troscopy, and UV/Vis diffuse reflectance spectroscopy, and
structural models have been proposed. The XRD diffraction
patterns indicate that the layered structure is maintained and
that the basal spacing in the intercalated materials depends
on the orientation of the citrate moiety. The results confirm
that cubic ZnS (sphalerite) is formed in the interlamellar do-
main rather than on the external surfaces and is co-interca-
lated with citrate dianions. The growth of ZnS particles is
constrained by the layers of the LDH resulting in a large blue

Introduction

In recent years, semiconductor nanocrystals have at-
tracted considerable attention because of their size- and
shape-dependent optical and electronic properties as well as
their potential for applications in nanodevices. ZnS is one
of the most important II–VI semiconductors and has po-
tential applications in numerous areas including optoelec-
tronics,[1] photocatalysis,[2] and thin-film electroluminescent
devices.[3] There have been many reports of attempts to con-
trol the size and morphology of ZnS including solvothermal
routes,[4] thermal evaporation,[5] reverse micelle templates,[6]

as well as intercalation in zeolites,[7] and mesoporous silica
MCM-41.[8–10] Layered compounds have also been shown
to be potential hosts: by virtue of confining the growth of
nanoparticles inside the interlamellar galleries, the reaction
zone is spatially constrained by the layers,[11–13] giving rise
to conditions similar to those in two-dimensional nanoreac-
tors such as Langmuir–Blodgett (LB) films and self-as-
sembled monolayers.[14,15] One great advantage of such
methods compared with lithographic fabrication is that reg-

[a] State Key Laboratory of Chemical Resource Engineering, Beij-
ing University of Chemical Technology,
Box 98, 15 Beisanhuan Dong Lu, Beijing 100029, China
Fax: +86-1064425385
E-mail: duanx@mail.buct.edu.cn
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shift in the bandgap compared with the bulk material. The
thermal decomposition process of the hybrid material has
been characterized by in situ high-temperature powder XRD
and thermogravimetry-differential thermal analysis (TG/
DTA) coupled with mass spectrometry. The thermal stability
of the zinc–citrate complex anions intercalated in LDHs is
lower than that in the sodium salt. Thermal treatment below
270 °C leads to a reorientation of the citrate anions in the
interlayer galleries associated with a significant interlayer
contraction. No obvious changes in the XRD peaks corre-
sponding to ZnS are apparent below 400 °C, indicating that
sintering to form larger particles is successfully inhibited by
the layered host; at higher temperatures the ZnS is oxidized
with evolution of SO2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ular nanoscale arrays of materials can be obtained with
drastically reduced production costs.[16,17]

Layered double hydroxides (LDHs) are a family of lam-
ellar solids that can be represented by the general formula
[MII

1–xMIII
x(OH)2]x+An–

x/n·mH2O. The structure of this
class of compound, based on the stacking of positively
charged layers with hydrated anions in the interlamellar do-
mains, allows relatively high mobility of these anions.[18] It
is possible to modulate their properties by changing the na-
ture of the MII and MIII cations, their molar ratio, and/or
the size of the An– anion.[19,20] One of the most important
properties of such compounds is their high anion-exchange
capacities. The lamellar structure and the anion-exchange
properties of LDHs make them attractive for technological
applications such as ion-exchangers, adsorbents, pharma-
ceutical stabilizers, and precursors of new catalytic materi-
als.[21–23] There have been many examples of LDHs contain-
ing intercalated metal complex anions such as permanga-
nate,[24,25] and coordination complexes.[26–30] In the case of
metal oxide species, Suib et al.[24] have reported that manga-
nese oxide species (MnOx) can be prepared in LDH inter-
layer galleries by ion exchange followed by in situ post-
treatment, whilst Lukashin et al.[31] have reported the syn-
thesis of iron oxide nanoparticles with different morpho-
logies and composition using an LDH as the template.
However, synthesis of semiconductor nanoparticles using



G. Q. Wu, L. Y. Wang, D. G. Evans, X. DuanFULL PAPER
LDHs as the host structure has not been extensively
studied. Sato et al.[12,13] have reported that extremely small
particles of CdS and CdS–ZnS mixtures less than 0.4 nm in
thickness could be prepared by liquid–liquid reactions in
the interlayers of LDH and their photocatalytic properties
in respect of hydrogen evolution from Na2S, Na2SO3, and/
or 2-aminoethanol under irradiation by visible light have
been studied. The interlayer distance of their proposed
[Cd(EDTA)]2–-intercalated LDH precursor is only
0.762 nm however, which is substantially lower than that
subsequently reported for [Ni(EDTA)]2–-intercalated
LDHs.[26,32] Therefore, the [Cd(EDTA)]2– anions in the pre-
cursor, and hence presumably also the resulting CdS in the
product, are located on the external surfaces of the LDH
rather than in the interlayer galleries.

In this work, we report the synthesis of cubic ZnS (sphal-
erite) nanoparticles by gas–solid reaction in the confined
interlayer gallery space of LDHs and the characterization
of the resulting hybrid materials. An anionic zinc citrate
complex {[Zn(Cit)]2–} [Cit = C6H4O7

4–] is first intercalated
into the LDH by ion exchange with a Mg2Al-NO3 LDH
precursor, giving a material we denote LDH-Zn(Cit). Sub-
sequent reaction with H2S at atmospheric pressure affords
a material, denoted LDH-ZnS-H2Cit, containing ZnS
nanoparticles in the interlayer galleries of the LDH. Subse-
quent treatment of LDH-ZnS-H2Cit with aqueous sodium
carbonate solution gives a material, denoted LDH-CO3-
ZnS, containing interlayer carbonate anions and ZnS on the
external surfaces of the crystallites. This method provides a
simple approach for the synthesis of semiconductor par-
ticles in layered double hydroxide materials.

Results and Discussion

The preparation of LDH-ZnS-H2Cit involves four steps:
preparation of Na2[Zn(Cit)]·3H2O, synthesis of an LDH-
nitrate precursor, intercalation of [Zn(Cit)]2– by anion ex-
change, and, finally, reaction between [Zn(Cit)]2– and H2S
in the interlayer galleries. The coordination chemistry of cit-
rate is rather complex and a variety of mononuclear and
polynuclear complexes have been structurally charac-
terized.[33–37] Generally, trianionic HCit3– is the predomi-
nant form above pH 5.8, but it is possible to remove the
proton from the hydroxy group to give a tetra-anionic Cit4–

species at higher pH; the pH required is lowered consider-
ably when the citrate is coordinated to a transition-metal
cation. On the basis of elemental analysis (see Exp. Sect.),
FTIR spectroscopy, and solid-state NMR spectroscopy (see
below), it can be concluded that the tetra-anionic species
was present in the zinc complex prepared under the reaction
conditions employed in our work. Citrate coordination pre-
sumably involves the alkoxy group, the central carboxylate
group, and one terminal carboxylate group with the octahe-
dral coordination shell around zinc being completed by
three water molecules. This is consistent with the results
from both solution and structural studies of related com-
plexes.[38,39]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3185–31963186

Elemental Analysis

Elemental compositions of the precursors and interca-
lated materials are given in the Experimental Section. The
Mg/Al molar ratio in LDH-Zn(Cit) (2.00) and LDH-ZnS-
H2Cit (2.02) is essentially the same as that in the LDH-NO3

precursor (2.03); the value is slightly lower in LDH-HCit
(1.87), suggesting that part of the magnesium is leached
from the layers during the synthesis of the LDH-HCit. This
is commonly observed during ion-exchange reactions with
LDHs.[20,21] Elemental analysis confirms that the nitrate
anion in the LDH-NO3 precursor is completely displaced
during the exchange reactions with [Zn(Cit)]2– or [HCit]3–,
as no detectable amounts of nitrogen are present in either
material. The data also suggest that the stoichiometry of
the zinc citrate complex is unchanged after intercalation,
although a small amount of carbonate anion is co-interca-
lated along with [Zn(Cit)]2–. The analytical data for LDH-
Zn(Cit) are consistent with the formula [Mg0.69Al0.33-
(OH)2][Zn(C6H4O7)]0.16(CO3)0.01·0.58H2O. In the case of
the [HCit]3– intercalate, the data suggest a stoichiometry
[Mg0.65Al0.35(OH)2](C6H5O7)0.11(CO3)0.01·0.57H2O.

When solid LDH-Zn(Cit) is reacted with gaseous H2S
for 5 min, 20 min, and 1 h, the measured S/Zn molar ratio
is 0.34, 0.55, and 0.70 respectively. The deviation of the
S/Zn ratio from 1:1 implies that the reaction between Zn2+

and H2S is not fully complete. However, when the reaction
time was extended to 8 h, the observed S/Zn molar ratio in
the resulting sample (LDH-ZnS-H2Cit) was 0.96, close to
the ideal value of unity. The analytical data for LDH-ZnS-
H2Cit are consistent with the formula [Mg0.67Al0.33-
(OH)2][ZnS]0.16(C6H6O7)0.16(CO3)0.01·0.70H2O.

X-ray Diffraction

The XRD patterns of the LDH materials are shown in
Figure 1. The patterns are typical of lamellar materials,
with a basal reflection and associated harmonics at low an-
gle 2θ and weaker nonbasal reflections at a higher angle.
The reflections for LDHs are generally indexed in a three-
layer 3R polytype with rhombohedral symmetry (space
group R3̄m), based on the structure of the mineral hydrotal-
cite.[40] In this case, the unit cell c-parameter corresponds
to three times the basal spacing d(003) and the value of the
unit cell a-parameter is calculated from the position of the
d(110) reflection near 60° 2θ. The values of the cell param-
eters and basal spacing (dobs) in the LDH materials are
compared in Table 1. The XRD pattern of LDH-NO3

shows a basal reflection at 0.867 nm, which is similar to
that reported in the literature[41,42] for LDHs with Mg/Al
of about 2. Intercalation of HCit3– leads to an increase in
basal spacing to 1.15 nm, which is also comparable to the
values in the literature.[43] The values of the basal spacing
in LDH-Zn(Cit) and LDH-ZnS-H2Cit are very similar to
each other (1.21–1.22 nm) and slightly larger than that in
LDH-HCit, which may indicate a different orientation of
the citrate moiety within the interlayer galleries. The values
of the unit cell a-parameter are very similar for LDH-NO3,
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LDH-Zn(Cit), LDH-ZnS-H2Cit, and LDH-CO3-ZnS, with
a slightly smaller value being observed for LDH-HCit. The
value of a corresponds to the average distance between
metal ions in the layers and as the Shannon crystal radius
of Al3+ is smaller than that of Mg2+, a decrease in Mg/Al
ratio should lead to a lower value of a; the XRD data are
therefore consistent with the analytical data described
above.

Figure 1. Powder X-ray diffraction patterns of (a) LDH-NO3, (b)
LDH-HCit, (c) LDH-Zn(Cit), (d) LDH-ZnS-H2Cit, and (e) LDH-
CO3-ZnS.

Table 1. Values of unit cell parameters a and c and basal spacing
d(003) for the LDH materials.

Sample a [nm] c [nm] d(003) [nm]

LDH-NO3 0.303 2.601 0.867
LDH-Zn(Cit) 0.304 3.651 1.217
LDH-ZnS-H2Cit 0.304 3.633 1.211
LDH-HCit 0.301 3.441 1.147
LDH-CO3-ZnS 0.303 2.235 0.745

Figure 1 shows the XRD patterns of the LDH-Zn(Cit)
precursor and the materials obtained after exposure to H2S
for 8 hours. Although the positions of the (00l) (l = 3, 6, 9)
reflections of LDH-Zn(Cit) and LDH-ZnS-H2Cit are al-
most identical, as noted above, there is a significant varia-
tion in the relative intensities of the peaks, suggesting that
structural changes have occurred within the interlayer gal-
leries. When the interlayer anions in LDHs do not contain
any atoms with large scattering power, intensities of the

Eur. J. Inorg. Chem. 2006, 3185–3196 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3187

basal (00l) reflections are mainly governed by the X-ray in-
tensity scattered by metal cations in the host layers and the
intensities generally decrease as l increases, as is observed
in Figure 1 for LDH-NO3, LDH-HCit, and LDH-CO3-
ZnS. If the interlayer contains a transition-metal complex
anion as the guest, the intensity of the (006) reflection is
generally greater than that of (003), which has been attrib-
uted to an increased electron density at the midpoint of
the interlayers, where the metal is presumed to be located.
Reported examples include chromate or vanadate anions in-
tercalated in [Mg–Al] LDHs,[44,45] [MOx2]2– (M = Co, Cu)
and [MOx3]3– (M = Cr, Mn, Ga) (Ox = oxalato) anions in
[Zn–Al] and [Mg–Al] LDHs,[29,35] and hexachloro/hydro-
xoplatinum(IV) anions in [Zn–Al], [Mg–Al], and [Cu–Al]
LDHs.[46] It has been reported that 1,1�-ferrocenedicarb-
oxylate and ferrocenecarboxylate anions can be intercalated
in [Zn–Al] LDHs giving materials with basal spacings of
1.55 and 2.00 nm respectively.[47] On the basis of modeling
studies, these values were interpreted in terms of a mono-
layer and bilayer of guest species respectively. In the former
case, the iron atom is located at the midpoint of the inter-
layer galleries and, consistent with this picture, the intensity
of the (006) reflection is larger than that of (003) and (009).
In the bilayer arrangement, alternate iron atoms are shifted
along the c axis above and below the midpoint of the inter-
layer galleries, and in this case the intensity of the (009)
reflection is larger than that of (006). In the case of LDH-
Zn(Cit) (Figure 1, c), the intensity of the (009) reflection is
also greater than that of (006), suggesting a similar dis-
placement of the zinc atoms along the c axis. On treatment
with H2S, the intensity of the (006) reflection increases, with
a concomitant decrease in the relative intensity of the (009)
reflection. This indicates that reaction with H2S involves a
change in the one-dimensional electron density distribution
alone the c axis, which can be ascribed to the migration of
the zinc atoms to the midpoint of the interlayer galleries
and incorporation of sulfur.

In the case of LDH-ZnS-H2Cit, a weak broad diffraction
peak centered around 2θ = 28° is apparent, which corre-
sponds to the (111) lattice planes of cubic ZnS (sphalerite,
JCPDS Card 5-566). The broadness of the peak is indicative
of very small nanoparticles; using the Scherrer formula,[48]

an average particle diameter of about 2.0±0.2 nm in the
direction perpendicular to the (111) lattice planes can be
estimated.

It is well known that LDHs have a very strong affinity
for carbonate anions. After treatment of LDH-ZnS-H2Cit
with an aqueous solution of sodium carbonate, the resulting
solid has a basal spacing of 0.745 nm, which agrees with
that reported in the literature for Mg2Al-CO3 LDH.[41,49]

This indicates that the citrate ions have been displaced by
carbonate from the interlayer galleries. Furthermore, the
XRD pattern of the resulting material LDH-CO3-ZnS (Fig-
ure 1, e) shows a series of strong and sharp diffraction
peaks corresponding to cubic ZnS. This indicates the ZnS
nanoparticles have also been liberated from the interlayer
galleries by treatment with carbonate anions and, free of
the constraint imposed by the layers, grow into larger crys-
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tallites on the external surfaces of the LDH. An average
particle diameter of about 6.0 nm can be estimated accord-
ing to the Scherrer formula.[48]

Transmission Electron Microscopy

The transmission electron microscopy (TEM) images of
LDH-ZnS-H2Cit and LDH-CO3-ZnS are shown in Fig-
ure 2. The diameter and shape of the LDH-CO3-ZnS par-
ticles are essentially identical to those of the LDH-ZnS-
H2Cit, which indicates that the extraction of ZnS from the
interlamellar galleries does not lead to the destruction of
the lamellar structure (see parts a and b in Figure 2). Even
at higher magnification (Figure 2, c), there is no obvious
indication of the presence of ZnS nanoparticles on the ex-
ternal surfaces of LDH-ZnS-H2Cit. It is difficult to confirm
directly the presence of ZnS in the galleries of the LDHs
by the TEM method however; this is probably a result of
the weak contrast between the LDH frameworks and the
nanosized ZnS, as is the case for ZnS and Fe2O3 inside
mesoporous hosts.[8,50] In the case of LDH-CO3-ZnS how-
ever, as shown in Figure 2 (d), many ZnS crystallites of
about 6.0 nm are observed on the external surfaces. The
particle sizes are in agreement with those estimated from
the XRD data. The above results show that the small ZnS
nanoparticles can only grow in the two-dimensional gallery
spaces, where they experience the confinement effect of the
layers.

Figure 2. Transmission electron microscopy images of (a) LDH-
ZnS-H2Cit, (b) LDH-CO3-ZnS at low magnification, (c) LDH-
ZnS-H2Cit, and (d) LDH-CO3-ZnS at high magnification.

FTIR Spectroscopy

FTIR spectroscopy is very helpful in the study of LDHs,
especially those containing interlayer organic anions (or
anions with organic moieties), as it is very sensitive to the
symmetry of the organic anion and to the interactions of
the anion with its environment such as hydrogen bonding
and coordinate bonding.[28,39,45,51,52] The FTIR spectra of
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the Na2[Zn(Cit)]·3H2O and Mg2Al-NO3 LDH precursors
together with those of LDH-Zn(Cit) and LDH-ZnS-H2Cit
are illustrated in Figure 3. For the LDH nitrate precursor
(Figure 3, a), the intense and broad absorption band cen-
tered at 3445 cm–1 corresponds to the stretching vibrations
of the hydroxy groups of both the layer hydroxide moieties
and interlayer water. The broadening of this band is due to
hydrogen-bond formation.[53] The band close to 1640 cm–1

corresponds to the deformation mode (δH2O) of water
molecules. The absorption peaks at 1384 and 839 cm–1 are
usually assigned to the ν3 and ν2 vibration modes, respec-
tively, of NO3

– with D3h symmetry[42,46] whilst bands
around 447 and 675 cm–1 are due to Al–O and Mg–O lattice
vibrations respectively.[23] The slight broadening of the
1384 cm–1 peak and the relatively low wavenumber for the
ν2 mode (at 827 cm–1) are indicative of an interaction of
NO3

– anions with their surroundings,[54] namely with in-
tercalated water, hydroxy groups, and metal cations in the
brucite-type layers.

Figure 3. FTIR spectra of (a) LDH-NO3, (b) Na2[Zn(Cit)]·3H2O,
(c) LDH-Zn(Cit), and (d) LDH-ZnS-H2Cit.

The FTIR spectra of the Na2[Zn(Cit)]·3H2O precursor
(Figure 3, b) exhibits strong characteristic absorptions of
the carboxylate group of the citrate ligands in the asymmet-
ric and symmetric vibration regions. Specifically, νas(COO)
vibrations appear at 1604 (shoulder) and 1576 cm–1 and
νs(COO) vibrations are observed at 1436 (shoulder) and
1393 cm–1. These assignments are in good agreement with
those in K4[MoO3(Cit)]·3H2O,[39] which has been structur-
ally characterized and shown to have the same citrate coor-
dination geometry about the metal as that proposed above
for Na2[Zn(Cit)]·3H2O. The asymmetric νas(COO) and
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symmetric νs(COO) stretching modes in the complexes are
shifted to lower frequencies compared to those of free cit-
rate, denoting the changes in the environment of the ligand
upon complexation to metals. The wavenumber difference
∆ν = νas – νs gives information about the coordination envi-
ronment of the carboxylate group.[51,55] The value of ∆ν for
Na2[Zn(Cit)]·3H2O is 183 cm–1, indicating that the carbox-
ylate groups are either free or coordinated to the metal in
a monodentate fashion, rather than in bridging or bidentate
modes. This is consistent with the structure proposed above
for Na2[Zn(Cit)]·3H2O.

After exchange of Mg2Al-NO3 LDH with Na2[Zn(Cit)]·
3H2O, the ν3 vibration of NO3

– disappears, and the asym-
metric νas(COO) and symmetric νs(COO) stretching modes
of the carboxylate groups, at 1582 and 1399 cm–1 respec-
tively, appear (Figure 3, c). The value of ∆ν for LDH-
Zn(Cit) (189 cm–1) is similar to that in Na2[Zn(Cit)]·3H2O,
indicating that the coordination mode of the carboxylate
groups is unchanged after intercalation. The slight differ-
ence in the value of ∆ν may be a reflection of the different
intermolecular hydrogen-bonding environments experi-
enced by the anion in the sodium salt and in the interlayer
galleries of the LDH.[55–57]

After LDH-Zn(Cit) is exposed to H2S, the IR spectrum
of the resulting material shows a number of changes. The
asymmetric νas(COO) stretching mode shows a shift to
1596 cm–1, comparable to the value for LDH-HCit
(1593 cm–1, spectrum not shown). Furthermore, the band
at 643 cm–1 (see inset of part c in Figure 3) due to the Zn–
O vibration mode[23,47] is no longer detected, and an ad-
ditional IR absorption band at around 1710 cm–1, assigned
to the free COOH vibration mode,[34,58,59] appears (see part
d in Figure 3, inset), suggesting that (at least) one of the
carboxylate groups has been protonated. In K4[(MoO2)2-
O(HCit)2]·4H2O, where the central carboxylate group is
protonated, the free COOH vibration mode is observed[39]

at around 1715 cm–1. These data all indicate that reaction
of intercalated [Zn(Cit)]2– with H2S leads to cleavage of the
Zn–O coordinate bonds in the complex, consistent with the
formation of ZnS in the interlayers, according to Equa-
tions (1) and (2).

H2S (gas) + H2O (interlayer water) � H3O+ + HS– (1)

[Zn(Cit)]2– + HS– + H3O+ � ZnS + H2Cit2– + H2O (2)

Solid-State NMR Spectroscopy

Figure 4 shows the solid-state MAS 13C NMR spectra
of Na2[Zn(C6H4O7)]·3H2O, LDH-Zn(Cit), and LDH-ZnS-
H2Cit. In the spectrum of Na2[Zn(C6H4O7)]·3H2O there
are resonances at δ = 184.4 and 181.4 due to the carboxyl
groups, and in addition there are two signals of lower fre-
quency at δ = 76.3 due to the alkoxy carbon and at δ = 47.9
due to the methylene carbons. The close correspondence
between the MAS 13C NMR spectra of Na2[Zn(C6H4O7)]·
3H2O and LDH-Zn(Cit) indicates that the coordination
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mode of [Zn(C6H4O7)]2– is preserved in LDH-Zn(Cit). In
comparison with LDH-Zn(Cit), the corresponding 13C
NMR resonances for LDH-ZnS-H2Cit are all shifted to
high field. In particular, the α-carboxyl carbon and β-car-
boxyl carbon signals show large shifts of ∆δ 7.0 and
6.7 ppm, which is a clear indication[39] of the loss of coordi-
nation of carboxyl groups to the zinc(II) cation. MAS 13C
NMR spectroscopy is unable to confirm whether the cen-
tral C–O group of the citrate anion is coordinated to the
zinc cation as an alcohol or alkoxide group however. Zhou
et al.[39] have reported the solid-state NMR spectra of struc-
turally characterized oxomolybdenum(VI) citrate com-
plexes, concluding that the coordination of a deprotonated
alkoxide group to molybdenum is characterized by a down-
field shift in the 13C resonance to 82–84 ppm compared
with that for KH3Cit ions (δ =74 ppm). It has been reported
however[60,61] that the solid-state NMR spectrum of a struc-
turally characterized gallium citrate complex with a depro-
tonated alkoxide group coordinated to gallium has a peak
at δ = 76 ppm. This latter value is very close to those re-
ported for the chemical shifts (73–75 ppm) of a C–OH
group in citrate coordinated to cadmium in the solid-state
NMR spectra of structurally characterized CdII com-
plexes.[62] The small difference in chemical shift ∆δ between
LDH-Zn(Cit) (δ = 76.6 ppm) and LDH-ZnS-H2Cit (δ =
74.6 ppm) is consistent with the presence of coordinated cit-
rate in the former and free citrate in the latter, although
whether the coordination mode in the former involves (C–
O–Zn) or [C–O(H)–Zn] linkages cannot be determined. It
is noteworthy that the 13C NMR spectrum of LDH-ZnS-
H2Cit is similar to that of the free anion KH3Cit {13C
NMR (D2O): δ = 177.6 [(CO2)α], 174.0 [(CO2)β], 73.6
(�CO), 43.0 (=CH2)},[39] which is consistent with the IR
data.

Figure 4. Solid-state 13C MAS NMR spectra of (a) Na2[Zn(Cit)]·
3H2O, (b) LDH-Zn(Cit), and (c) LDH-ZnS-H2Cit; spinning side-
bands are indicated with an asterisk. α, central carboxylate; β, ter-
minal carboxylate.
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Optical Properties of the ZnS Nanoparticles

UV/Vis diffuse reflectance spectroscopy was used to in-
vestigate the optical properties of the ZnS nanoparticles. As
shown in Figure 5, the LDH-Zn(Cit) precursor has negligi-
ble absorption above 250 nm, whereas, in contrast, both
LDH-ZnS-H2Cit and LDH-CO3-ZnS have significant ab-
sorption in the range 250–350 nm, consistent with the pres-
ence of ZnS. In comparison with that of bulk ZnS, the ab-
sorption onset of LDH-ZnS-H2Cit shows a blue shift of
about 50 nm, whereas the absorption edge of LDH-CO3-
ZnS shows a smaller blue-shift of about 25 nm. The blue
shift in UV/Vis spectra, indicating an increase in the
bandgap of the material, is associated with a decrease in
the particle size, characteristic of the so-called quantum size
effects.[63] The smaller blue shift of LDH-CO3-ZnS relative
to that of LDH-ZnS-H2Cit implies that the former contains
larger ZnS particles,[14,64] which is consistent with the XRD
data discussed above. The absorption onset for the ZnS
nanoparticles is followed by a peak generally referred to as
the excitonic peak. The excitonic peak position of the as-
prepared ZnS particles in LDH-ZnS-H2Cit is at 276 nm,
corresponding to a bandgap of 4.52 eV, which is some
0.87 eV higher than that in bulk ZnS (3.65 eV).[65] The dia-
meter of the ZnS particles in LDH-ZnS-H2Cit, as calcu-
lated by the Wang equation,[4,63] is about 2.0 nm, which is
comparable to the value estimated from XRD (2.0±0.2 nm)
as noted above.

Figure 5. UV absorption spectra of (a) LDH-Zn(Cit), (b) LDH-
ZnS-H2Cit, (c) LDH-CO3-ZnS, and (d) bulk ZnS (with particles
diameter above 1 mm).

The presence of the shoulder (307 nm) on the long wave-
length side of the excitonic peak in LDH-ZnS-H2Cit may
be an indication of an anisotropic disk or plate-like mor-
phology of the ZnS particles induced by their confinement
in the interlayer galleries. Li et al.[66] have prepared ZnS/
octylamine hybrid nanosheets that show two such absorp-
tion features, and a similar phenomenon has been observed
for CdS nanoparticles in LB films.[14] Alternatively, a high
wavelength shoulder may be caused by a large concentra-
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tion of defect sites (vacancies and interstitial anions).[67,68]

Li et al.[69] reported that ZnS nanoparticles with �3 nm
average diameter have two absorption features, concluding
that the weak shoulder that appeared at 320 nm was caused
by sulfur vacancy defects. Similar features have been ob-
served and discussed in the literature for ZnS nanopar-
ticles.[70,71] The spectra of our ZnS nanoparticles thus sug-
gest that the organic component present in the sample may
interact with the ZnS particles. The interface induced by
the interaction between the ZnS clusters and the organic
component in LDH-ZnS-H2Cit may possess a large number
of sulfur vacancy defects, which is consistent with the re-
sults of chemical analysis of the S/Zn ratio. Therefore, the
optical properties of our ZnS nanoparticles may be simi-
larly influenced by the presence of sulfur vacancy defects.

Structural Model of the Intercalated Materials

All of the experimental results given above indicate that
the [Zn(Cit)]2– anion is intercalated in the interlayer galler-
ies and that ZnS nanoparticles are synthesized in situ by
reaction with H2S. If the thickness of the LDH layer (TLayer

= 0.21 nm) and the hydrogen-bonding space between the
layers and anions (2LH = 0.27 nm) are subtracted[72] from
the observed basal spacing of LDH-Zn(Cit) (see Table 1),
the gallery height is calculated to be 0.74 nm. As the esti-
mated length[73] of the [Zn(Cit)]2– anion (with three H2O
molecules) is about 0.79 nm, its long axis is probably ori-
ented perpendicular to the layers (Figure 6, a) with the pen-
dant carboxylate group of adjacent anions hydrogen-
bonded to opposite layers. This locates the Zn atoms away
from the center of the interlayer galleries, consistent with
the relative intensities of the XRD reflections discussed

Figure 6. Schematic illustration of the structures of (a) LDH-
Zn(Cit) and (b) LDH-ZnS-H2Cit.
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above [I(009) � I(006)]. On reaction with H2S, a change in
the one-dimensional electron-density distribution alone the
c axis occurs, consistent with the formation of ZnS nano-
particles in the center of the interlayer galleries, along with
co-intercalated H2Cit2– anions, as shown schematically in
part b of Figure 6.

As discussed above, on the basis of XRD and UV/Vis
spectroscopic data, the estimated diameter of the ZnS par-
ticles is about 2.0 nm. As the gallery height in LDH-ZnS-
H2Cit is only 0.73 nm, this implies that the particles have a
disc- or plate-like morphology. A similar observation has
been reported in the literature[14,15,58,74,75] for semiconduc-
tor nanoparticles formed in the layers within LB films,
where the particles adopt a disc-like morphology as result
of the constraints imposed by the two-dimensional nanore-
actors.

Thermal Behavior of the Materials

In Situ Variable Temperature XRD Study of LDH-Zn(Cit)
and LDH-Zns-H2Cit

The in situ variable temperature powder X-ray diffrac-
tion patterns of LDH-Zn(Cit) and LDH-ZnS-H2Cit in the
temperature range 30–900 °C are shown in Figure 7 and
Figure 8 respectively. In each case, as the temperature is in-
creased above ambient, the basal reflections move to higher
angles, indicating a contraction in interlayer spacing. The
magnitudes of the contraction observed on heating the two
samples are very different however. The value of the basal
spacing of LDH-Zn(Cit) decreases from 1.217 nm at 30 °C
to 1.148 nm at 240 °C. The observed contraction of
0.069 nm can be interpreted in terms of the destruction of
the hydrogen-bonding space as a result of removal of inter-
layer water molecules and the loss of coordinated water
molecules from the complex anion (TG measurements on
the Na2[Zn(C6H4O7)]·3H2O precursor show that it be-
comes completely dehydrated below 150 °C). It is worth
mentioning that the inversion of intensity between the (006)
peak and (009) peak in LDH-Zn(Cit) disappears on heating
from 30 °C to 150 °C. This probably results from a disorder
in the arrangement of the guests associated with the loss of
water molecules from the hydrogen-bonded framework in
the interlayer galleries, as water molecules play an impor-
tant role in preserving interlayer order.[28,41] On further
heating above 270 °C, the layer structure collapses com-
pletely, indicative of decomposition of the [Zn(Cit)]2– com-
plex and dehydroxylation of the layers. At 400 °C, reflec-
tions characteristic of a cubic MgO-like phase begin to ap-
pear as a result of decomposition of the layers and at
900 °C reflections from a MgAl2O4 spinel phase and MgO
are present, as is generally observed for calcined [Mg–Al]
LDHs.[49,76] In addition, peaks that can be assigned to ZnO
(JCPDS Card 01-1136), resulting from the decomposition
of [Zn(Cit)]2–, can be observed.

In comparison with LDH-Zn(Cit), the value of the basal
spacing of LDH-ZnS-H2Cit shows a much larger contrac-
tion of about 0.25 nm on heating from ambient temperature
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Figure 7. In situ powder X-ray diffraction patterns of LDH-Zn(Cit)
in the temperature range 30–900 °C.

Figure 8. In situ powder X-ray diffraction patterns of LDH-ZnS-
H2Cit in the temperature range 30–900 °C.
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to 240 °C, as shown in Figure 8. At 240 °C, evolution of
CO2 is not observed in the MS curve for LDH-ZnS-H2Cit
(see below), implying that decomposition of the intercalated
citrate anions does not occur at this temperature. The sig-
nificant decrease in basal spacing therefore probably results
from a reorientation of the free citrate anions from being
essentially perpendicular to the layers to being parallel to
the layers; a similar phenomenon has been observed for tar-
trate anions intercalated in LDHs.[77] At 900 °C, peaks at-
tributed to MgO, MgAl2O4, and ZnO appear, as for LDH-
Zn(Cit).

It is noteworthy that the width of the broad diffraction
peak centered around 2θ = 28° corresponding to ZnS is
essentially unchanged on heating from 30 to 240 °C, im-
plying that there is no growth in particle size with increas-
ing temperature. This provides further evidence that the
ZnS nanoparticles are formed in the interlayer galleries
rather on the external surfaces of the LDH, as in the latter
case considerable sintering would be expected.[8] At 400 °C,
the broad diffraction peak of ZnS is no longer observed,
which is in agreement with the evolution of SO2 observed
in the MS data for LDH-ZnS-H2Cit at a similar tempera-
ture (see below).

TG/DTA Analysis Coupled with Mass Spectrometry

The results of the thermal analysis of the materials are
presented in Figure 9, Figure 10, and Figure 11. Generally,
four steps are observed in the thermal evolution of LDHs:
desorption of physically adsorbed water, removal of the
interlayer structural water, dehydroxylation of the brucite-
like sheets, and the decomposition of the interlayer anions,
although the first two steps may overlap in the temperature
range 30–200 °C and the latter two steps may also overlap
at higher temperatures.

For the complex Na2[Zn(C6H4O7)]·3H2O (Figure 9), the
thermal decomposition clearly consists of three distinct
steps. The first one (30–300 °C, 14.8% mass loss) corre-
sponds to the removal of coordinated water. The sharp
mass loss observed in the range 300–400 °C (21.1% mass
loss) is due to combustion of the organic ligand, with a
corresponding sharp endothermic peak (Tm = 377 °C) in
the DTA curve (Figure 9, a). There is a third sharp mass
loss step in the range 400–600 °C (10.1% mass loss), with a
corresponding strong endothermic peak (Tm = 524 °C) in
the DTA curve. Mass spectrometric analysis (Figure 9, b)
shows that the first endothermic peak is associated with
evolution of both water and carbon dioxide (m/e 44, CO2

+),
whilst the second endothermic process involves liberation
of CO2 alone. On this basis Na2[Zn(C6H4O7)]·3H2O de-
composes on heating in air by three steps, as in Equa-
tions (3), (4), and (5).

Na2[Zn(C6H4O7)]·3H2O � Na2Zn(C6H4O7) + 3 H2O (3)

Na2Zn(C6H4O7) + 9 O2 � Na2CO3 + ZnCO3 + 2 H2O + 4 CO2

(4)

ZnCO3 � ZnO + CO2 (5)
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Figure 9. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of Na2[Zn(Cit)]·3H2O.

The thermal decomposition of LDH-Zn(Cit) is charac-
terized by three mass loss steps (Figure 10, a). The re-
duction in mass between 30 and 200 °C (Tm = 120 °C, 9.9%
mass loss) is due to loss of surface adsorbed and interlayer
water resulting in the decrease in interlayer spacing ob-
served in Figure 7. The latter two mass loss steps overlap
to some extent (total weight loss of 37.7%) and are ac-
companied by exothermic peaks in the DTA at 319 and
417 °C (Figure 10, a). These two exothermic peaks occur
some 58 and 107 °C below the temperatures of the corre-
sponding DTA peaks for Na2[Zn(C6H4O7)]·3H2O. Typi-
cally, the thermal stability of a complex anion intercalated
in LDHs is higher than that of the precursor salt.[41] How-
ever, the opposite has been reported in the literature,[78,79]

as is the case here. Although intercalation of the anion gives
rise to a hydrogen-bonding interaction between the pendant
terminal COO– group of the citrate ligand and the layer
hydroxy groups, the strongly hydrogen-bonded network of
hydrated cations and anions in the precursor salt, clearly
demonstrated in the single-crystal structure of Cu2-
(C6H4O7)·3H2O,[33] is lost on intercalation and this may be
the origin of the greater thermal stability of the precursor
salt. The MS trace (Figure 10, b) shows that both water and
carbon dioxide are evolved simultaneously over the entire
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Figure 10. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of LDH-Zn(Cit).

decomposition range, rather than in discrete steps as seen
for Na2[Zn(C6H4O7)]·3H2O (Figure 9, b).

The TG trace for LDH-ZnS-H2Cit (Figure 11, a) shows
also three mass loss events. The first step, corresponding to
the removal of surface adsorbed and interlayer water, ex-
tends from room temperature to approximately 240 °C (Tm

= 113 °C, 10.8% mass loss). The second step (240–540 °C,
25.9% mass loss), with two corresponding exothermic max-
ima at 332 and 440 °C in the DTA curve, can be assigned
to partial decomposition of the citrate ligands and the dehy-
droxylation of the hydroxide layers. The MS trace (Fig-
ure 11, b) shows evolution of both carbon dioxide and

Table 2. Results and interpretation of thermogravimetric measurements on precursors and products.

Sample Temperature range [°C] Observed step Experimental mass loss [%] Calculated[a] mass loss [%]

Na2[Zn(Cit)] 30–300 dehydration 14.8 15.2
300–600 ligand decomposition 31.2 31.8

LDH-Zn(Cit) 30–200 dehydration 9.9 9.7
200–700 dehydroxylation + anion 37.7 38.9

decomposition
LDH-ZnS-H2Cit 30–240 dehydration 10.8 9.2

240–950 dehydroxylation + anion 42.1 42.9
decomposition

[a] Mass losses are calculated based on the stoichiometries Na2[Zn(C6H4O7)]·3H2O for Na2[Zn(Cit)], [Mg0.67Al0.33(OH)2][Zn-
(C6H4O7)]0.16(CO3)0.01·0.58H2O for LDH-Zn(Cit) and [Mg0.67Al0.33(OH)2][ZnS]0.16(C6H6O7)0.16(CO3)0.01·0.70H2O for LDH-ZnS-H2Cit.
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Figure 11. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of LDH-ZnS-H2Cit.

water during this process. During the final step (540–950 °C
16.2% mass loss), a gradual weight loss is observed and the
MS trace shows that both SO2 (m/e 64, SO2

+) and CO2 are
evolved. The former presumably arises from oxidation of
ZnS according to Equation (5) [see Equation (6)]

2 ZnS + 3 O2 � 2 ZnO + 2 SO2 (6)

and is consistent with the absence of the peak assigned to
ZnS from the X-ray diffraction patterns recorded above
400 °C. The CO2 arises from oxidation of residual organic
material and as all organic material is lost below 550 °C
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on heating LDH-Zn(Cit), this may indicate that complete
combustion of intercalated citrate in LDH-ZnS-H2Cit is
hindered by the presence of co-intercalated ZnS.

The mass losses expected for materials with stoichiomet-
ries proposed on the basis of chemical analysis and TGA
results are listed in Table 2 and correspond closely to the
experimental values.

Conclusions
Cubic sphalerite ZnS nanoparticles can be synthesized

by an in situ reaction between a pre-intercalated [Zn-
(Cit)]2– anion and H2S in the interlayer galleries of an
LDH. The LDH precursor is obtained by an ion-exchange
reaction of Na2[Zn(C6H4O7)]·3H2O and a nitrate-contain-
ing LDH. The synthesis of the ZnS nanoparticles, involving
a gas–solid reaction between the LDH and H2S, provides a
simple approach for the synthesis of such semiconductors
in layered hosts. Structural data show that [Zn(Cit)]2–

anions are accommodated vertically in the interlayer region
as a monolayer with the zinc center in adjacent anions lo-
cated alternately above and below the midpoint of the inter-
layer galleries. Reaction with H2S leads to the formation
of co-intercalated ZnS in the interlayer galleries and citrate
dianions. The ZnS nanoparticles grow only gradually in the
two-dimensional gallery spaces because of the confinement
effect of the layers. The material exhibits an excitonic peak
at 276 nm corresponding to a bandgap of 4.52 eV, which is
some 0.87 eV higher than that in the bulk. The diameter of
the ZnS particles (� 2 nm), as estimated from XRD and
UV/Vis spectroscopic data, is larger than the gallery height
of the LDH (0.73 nm), demonstrating that the ZnS nano-
particles have a disc- or plate-like morphology.

Experimental Section
Synthesis: In order to prevent contamination by carbonate ions
arising from atmospheric CO2, all procedures were carried out un-
der constant nitrogen flow using freshly decarbonated, deionized
water.

Preparation of Na2[Zn(Cit)]·3H2O: A mixture of ZnO (3.91 g,
0.048 mol) and citric acid monohydrate, C6H8O7·H2O (H4Cit)
(10.09 g, 0.048 mol), was stirred in water (100 mL) until the solids
had completely dissolved. The reaction mixture was subsequently
stirred overnight at 60 °C. Aqueous sodium hydroxide solution
(1.0 ) was added until the pH reached 8.5. After concentration
and slow evaporation, a white solid was obtained. The produced
solid was redissolved in a water/ethanol mixture, 8:1 (v/v), under
mild heating. The derived reaction mixture was allowed to slowly
evaporate at room temperature. A few days later, a white crystalline
material appeared at the bottom of the flask. The white crystals
were isolated by filtration and dried under vacuum.
Na2[Zn(C6H4O7)]·3H2O (353.43): calcd. C 20.37, H 2.83, H2O
15.28, Na 13.02, Zn 18.51; found C 20.58, H 2.56, H2O 14.87, Na
13.36, Zn 18.93 (% H2O was determined by thermogravimetry as
described below). 13C MAS NMR: δ = 47.9 (=CH2), 76.3 (�CO),
181.3 [(CO2)β], 184.4 [(CO2)α] ppm.

LDH-Nitrate Precursor: Mg2Al-NO3 LDH was prepared by a co-
precipitation method at controlled pH as described in the litera-
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ture.[80] The resulting white precipitate was collected by centrifuga-
tion, washed several times, and stored moist under nitrogen.
[Mg0.67Al0.33(OH)2](NO3)0.31(CO3)0.01·0.47H2O (87.32): calcd. C
0.15, H 3.36, Al 10.24, H2O 8.66, Mg 18.39, N 4.99; found C 0.15,
H 3.25, Al 10.35, H2O 9.68, Mg 18.70, N 5.18.

LDH-Zn(Cit): LDH-Zn(Cit) was prepared starting from the as-
synthesized LDH-nitrate without drying the solid. The wet LDH-
NO3 (13.75 g, about 10.0 mmol of NO3

–) was suspended in a solu-
tion of Na2[Zn(Cit)]·3H2O (14.14 g, 40.0 mmol) in water (100 mL).
The mixture was stirred at room temperature for 8 h in nitrogen.
The resulting product was separated by centrifugation, extensively
washed, and finally air-dried at 65 °C. [Mg0.67Al0.33(OH)2]-
[Zn(C6H4O7)]0.16(CO3)0.01·0.58H2O (109.81): calcd. C 10.28, H
3.49, Al 8.16, H2O 9.76, Mg 14.60, Zn 9.23; found. C 10.44, H
3.47, Al 8.18, H2O 9.90, Mg 14.62, Zn 9.22. 13C MAS NMR: δ =
47.1 (=CH2), 76.6 (�CO), 180.1 [(CO2)β], 184.9 [(CO2)α] ppm. For
comparison purposes, the (C6H5O7)3–-containing LDH (LDH-
HCit) was prepared by an analogous procedure. [Mg0.65Al0.35-
(OH)2](C6H5O7)0.11(CO3)0.01·0.57H2O (90.62): calcd. C 8.86, H
4.07, Al 10.40, H2O 10.13, Mg 17.24; found C 8.81, H 3.94, Al
10.32, H2O 11.30, Mg 17.12.

LDH-ZnS-H2Cit: Powdered LDH-Zn(Cit) samples were treated
with gaseous H2S for 8 h. The sample is denoted LDH-ZnS-H2Cit.
[Mg0.67Al0.33(OH)2][ZnS]0.16(C6H6O7)0.16(CO3)0.01·0.70 H2O
(117.06): calcd. C 9.70, H 3.71, Al 7.63, H2O 9.65, Mg 13.70, S
4.19, Zn 8.72; found C 9.98, H 3.58, Al 7.26, H2O 10.79, Mg 13.07,
S 3.97, Zn 8.39. 13C MAS NMR: δ = 44.3 (=CH2), 74.6 (�CO),
173.4 [(CO2)β], 177.9 [(CO2)α] ppm.

LDH-CO3-ZnS: The reaction of LDH-ZnS-H2Cit with aqueous
Na2CO3 solution was carried out at 60 °C with a tenfold excess of
CO3

2–/Al3+ for 2 h. The resulting product was separated by centri-
fugation, extensively washed, and finally air-dried at 65 °C. The
sample is denoted LDH-CO3-ZnS.

Characterization: Elemental analyses for metals and sulfur were
performed by ICP emission spectroscopy using a Shimadzu ICPS-
7500 instrument. Carbon, hydrogen, and nitrogen analyses were
carried out using an Elementarvario elemental analysis instrument.

The in situ powder X-ray diffraction (in situ XRD) data were re-
corded with a Shimadzu XRD-6000 powder diffractometer in the
temperature range 30–900 °C in air, using Cu-Kα radiation (λ =
0.154 nm) at 40 kV and 30 mA. The samples, as unoriented pow-
ders, were step-scanned in steps of 5°/min in the 2θ range from 3
to 70° using a count time of 4 s per step. The rate of temperature
increase was 10 °C/min with a holding time of 5 min before each
measurement.

FTIR spectra of samples in KBr matrix were recorded with a
Bruker Vector 22 spectrophotometer in the range 4000–400 cm–1.
UV/Vis diffuse reflectance spectra were recorded at room tempera-
ture with a Shimadzu UV-2101PC instrument with BaSO4 powder
as the reference.
13C solid-state magic-angle spinning nuclear magnetic resonance
(MAS NMR) spectra were recorded with a Bruker AV300 spec-
trometer operating at a frequency of 75.467 MHz for 13C at a spin-
ning rate of about 4500 Hz with a 5 s pulse delay.

TEM images were obtained with a JEOL 2010 FasTEM at an acce-
lerating voltage of 200 kV. Powder samples were ultrasonically dis-
persed in ethanol, and the suspension was deposited on a copper
grid coated with a holey carbon film.

Thermogravimetric analysis coupled to mass spectrometry was per-
formed using a Perkin–Elmer Diamond TG apparatus linked to a
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ThermoStar mass spectrometer by a quartz capillary transfer line
heated at 190 °C. The heating rate was 10 °C/min, with an air flow
rate of 200 cm3/min. The TG apparatus was at atmospheric pres-
sure, and the mass spectrometer at a working pressure of
6×10–6 Torr. The mass of sample used was 10 mg in each case.
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Platinum complexes with a tridentate amine ligand (A3) and
a nucleobase (L) represent very useful models for investiga-
ting nucleobase/cis-amine interactions without the complica-
tions arising from nucleobase/nucleobase interferences pres-
ent in the more frequently used cis-A2PtL2 model systems (A2

= two monodentate amines or a diamine). In this context, the
Me3dienPtL complexes (Me3dien = N1,N4,N7-trimethyldi-
ethylenetriamine), previously investigated, were particularly
informative. The presence of a methyl group on each ter-
minal nitrogen atom renders the rotation of L about the Pt–L
bond slow on the NMR timescale and the two half spaces
defined by the coordination plane inequivalent. Thus, gua-

Introduction

Cisplatin [cis-PtCl2(NH3)2] displays exceptional antican-
cer activity when employed in the treatment of testicular,
ovarian, cervical, head and neck, oesophageal, and non-
small-cell lung cancers.[1,2] Continued research into the
mechanism for the action of cisplatin[3–5] is being carried
out in order to understand why it is so extraordinarily effec-
tive, especially against testicular cancer, and to allow for the
rational design of new derivatives that could overcome the
toxic side effects and the resistance to cisplatin of several
tumors.

The major DNA adduct formed by cisplatin, the intras-
trand cross-link between adjacent G groups, is mimicked by
cis-A2PtG2 models, where A2 stands for two monodentate
or a bidentate amine and G is a guanine derivative. Models
with bulky A2 ligands, designed to reduce the rate of rota-
tion around the Pt–G bonds, have been extensively investi-
gated in our laboratories and have contributed to the eluci-
dation of some relevant features of cisplatin adducts.[6–12]

In some instances, in order to investigate the role of nucleo-
tide/cis-amine interactions without the complications aris-
ing from interactions between cis-nucleotides, model com-
pounds containing only one G group have also been con-
structed.
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nine and deoxyguanine derivatives were found to have com-
parable rates of rotation by way of a H-bond interaction be-
tween the O6 atom of the rotating guanine and the NH group
of the cis-amine. We have now extended the investigation to
Me5dien complexes (Me5dien = N1,N1�,N4,N7,N7�-penta-
methyldiethylenetriamine). The results indicate that the ab-
sence of a proton on the terminal nitrogen atoms not only
reduces the rate of rotation of L by a factor of 1010, but also
dramatically increases the difference in the rates between
the L ligands mimicking guanine and deoxyguanine.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The most widely used model compound for platinum ad-
ducts with just one coordinated purine base is represented
by dienPtL (dien = 1,4,7-triazaheptane = diethylenetri-
amine). N4-methyldien, N1,N4,N7-trimethyldien, and
N1,N1�,N4,N7,N7�-pentamethyldien (abbreviated as Me-
dien, Me3dien, and Me5dien, respectively) are systems of
increasing steric bulk, which can differently affect the rate
of rotation of a purine base about the Pt–N7 bond. All
these ligands are nonsymmetrical with respect to the plati-
num coordination plane. In particular the single Me group
on the N4 atom occurs only on one side of the platinum
coordination plane. Therefore, coordination of a nonsym-
metrical ligand L, such as a purine base, can lead to the
formation of two MendienPtL conformers differing in the
orientation of the purine base with regard to the Mendien
ligand (Scheme 1). The six-membered ring of the purine
base and the central N-methyl group of Mendien can be
either on the same side (endo rotamer) or on opposite sides
(exo rotamer) of the platinum coordination plane.[13–17]

MedienPtL complexes[18] are very dynamic and the four
hydrogen atoms on the terminal nitrogen atoms exert negli-
gible hindrance to the endo/exo interconversion process;
therefore, similar to the case of dienPtL complexes, only
one set of signals, which is the coalescence of the sets of
signals of the two conformers, is observed in the NMR
spectra.[19]

Me3dienPtL complexes represent a case in which the in-
terconversion is sufficiently slow (already at ambient tem-
perature) to be studied by NMR spectroscopic techniques.
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Scheme 1. Schematic view of the Mendien ligands (top) and of the
two possible conformers (endo and exo) for Me5dienPt(1-methyl-
benzimidazole) (bottom).

The rate of endo/exo interconversion has been found to de-
pend upon the nature of the purine derivative investigated,
and the factors influencing the rotation around the Pt–L
bond have been elucidated.[11–14]

In particular, Me3dienPtL compounds could be prepared
in the form that has all three methyl groups of Me3dien on
the same side of the platinum coordination plane [syn-(R,S)
isomer];[12] moreover, under acidic or neutral conditions no
change in ligand configuration could be detected after se-
veral days in aqueous solution. Me3dienPtL complexes were
found to be the most informative for assessing steric, sol-
vation, and electronic factors influencing stability and dy-
namic behavior.

A first interesting result of the investigation was the large
tendency of a coordinated 5�-nucleotide to place the phos-
phate group on the same side of the platinum coordination
plane as the NH groups of Me3dien; such a conformation
allows for phosphate/cis-amine H-bonding. Therefore, the
endo rotamer was the exclusive form in adducts with 5�-
GMP, while in adducts with 9-EtG and 3�-GMP, in which
such an interaction cannot take place, the endo and exo
rotamers were present in comparable amounts. The effect
of the substituent at the 6-position of the purine ring on
the rate of rotation about the Pt–N7 bond was also investi-
gated. The rate of interconversion between rotamers was
comparable for guanine and deoxyguanine derivatives not-
withstanding the greater bulk of the C6 substituent in the
guanine complex. In contrast, the rate of rotation was far
slower for the adenine derivative although the bulk of the
C6 substituent is comparable for adenine and guanine. Acti-
vation parameters for rotation suggest that an attractive in-
teraction between the negatively charged O6 atom of the
guanine (an H-bond acceptor) and the positively charged
N-hydrogen atom of the cis-amine (an H-bond donor)
could lower the rotational barrier and render the rate of
rotation of guanine only one order of magnitude slower
than that of deoxyguanine. Finally, in the case of adenine

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3197–32033198

derivatives in which the substituent at the 6-position of the
purine ring is bulky and positively charged (as positively
charged as the N-hydrogen atoms of the triamine) the bar-
rier to rotation could be expected to be far greater than that
observed for guanine and deoxyguanine derivatives with the
consequence that the interconversion between rotamers be-
comes very slow.

In order to prove further the correctness of the explana-
tion given above, we extended the investigation to fully
methylated dien derivatives (Me5dienPtL compounds) lack-
ing protons on the terminal aminic groups. Some Me5di-
enPtL complexes have already been investigated (L = a gua-
nine derivative such as 9-EtG, guanosine, 5�-dGMP, 5�-
GMP,[11] and penciclovir,[10] or a deoxyguanine such as fam-
ciclovir[10]); however, in none of the cases was it possible to
observe an interconversion between rotamers and the
endo/exo ratio was in the range 0.6–1 in the case of the
guanine derivatives and ca. 2 in the case of the deoxyguan-
ine derivative. We therefore looked at other N-donor het-
erocycles that could mimic guanine and deoxyguanine de-
rivatives but be more reactive and allow for the detection
of a kinetically controlled composition, which could poss-
ibly be different from that at thermodynamic equilibrium.
The search has been successful. We found two bases
(Scheme 2), 1-methylbenzimidazole (bzim) and 1--ribose-
1H-[1,2,4]triazole-3-carboxamide (ribavirin, riba) for which
the reaction was completed in 2 d at ambient temperature.
Moreover, the initially formed rotamer composition ap-
pears to be under kinetic control (endo/exo ratio of 7–8)
and in one case (bzim) it has been possible to measure the
rate of isomerization to the thermodynamically controlled
composition and to evaluate the activation parameters.

Scheme 2. Structures and numbering schemes for the two ligands
L used in this work.

New insights into steric, electronic, and solvation factors
influencing the dynamic behavior of these model com-
pounds have been gained.
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Results

Me5dienPt(bzim)

The reaction of [Pt(Me5dien)(NO3)](NO3) with bzim was
complete after 48 h at room temperature. In the 1H NMR
spectrum two sets of signals of very different intensities (ca.
8:1) were detected. For each set of signals the resonance at
the lower field belongs to H2 and reveals a downfield shift
with respect to the corresponding signal for the free bzim
of ca. 0.8 ppm. This is a clear indication that both sets of
signals belong to complex species in which bzim is N3-coor-
dinated to the platinum atom. Therefore, most likely, the
two sets of signals arise from the presence of two conform-
ers, endo and exo (Table 1).

A 2D NOESY experiment showing connectivities be-
tween bzim protons and N-Me protons of Me5dien enabled
the assignment of the two sets of signals to the correspond-
ing conformers (Figure 1). Previous investigations on

Figure 1. 2D NOESY spectrum of Me5dienPt(bzim). All cros-
speaks belong to the major set of signals that result from the endo
conformer. The second set of signals has intensities that are too
weak to generate observable crosspeaks, and, by exclusion, it is
assigned to the exo rotamer.

Table 1. Chemical shift values (ppm) for the Me5dienPtL complexes (L = riba or bzim), and the starting [Pt(Me5dien)(D2O)]2+, bzim,
and riba compounds. The sugar protons of Me5dienPt(riba) not listed in the table underwent rather small chemical shift changes (values
for free riba are given in parenthesis): H2� 4.75 (4.66), H3� 4.46 (4.50), H4� 4.30 (4.22), H5�/5�� 3.91/3.76 (3.87/3.76).

H2/H5[a] H4 H7 H5 H6 N1-Me/H1�[b] N-Me (Me5dien)

central anti syn
Me5dienPt(D2O) 3.04 2.92 2.75

Bzim 8.08 7.72 7.64 7.51 7.49 3.86
Me5dienPt(bzim) endo 8.85 8.47 7.79 7.64 7.62 4.07 3.27 2.89 2.44

exo 8.93 8.18 7.77 7.63 7.60 4.08 3.19 2.79 2.58
Riba 8.75 6.05

Me5dienPt(riba) endo 9.81 6.14 3.21 2.80 2.47
exo 9.90 6.15 3.10 2.71 2.58

[a] H2 for bzim and H5 for riba. [b] N1-Me for bzim and H1� for riba.
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strictly related compounds have demonstrated that syn-N-
Me signals of Me5dien are always at a higher field with
respect to anti-N-Me signals and the latter are at a higher
field with respect to the central N-Me signals.[13–17]

The major conformer exhibits intense NOE crosspeaks
between bzim-H2 and anti-N-Me groups of Me5dien and
between bzim-H4 and syn-N-Me groups of Me5dien, there-
fore it is identified as the endo rotamer (the six-membered
ring of bzim is on the same side of the platinum coordina-
tion plane as the central N-Me group of Me5dien). Conse-
quently, the minor form is identified as the exo rotamer
(the six-membered ring and the central N-Me group are on
opposite sides of the platinum coordination plane). A com-
mon feature of the MendienPtL compounds is a signal for
the L proton adjacent to the coordinating nitrogen atom,

Figure 2. 1H NMR spectra of Me5dienPt(bzim) after standing for
different times in D2O solution at 353 K (a, b, c, and d correspond
to 0, 1800, 3600, and 12000 s, respectively). The signals of the bzim
aromatic protons fall in the region δ = 9–7 ppm, while the Me5dien
protons fall in the region δ = 4–2 ppm. The intensity of the aro-
matic proton signals is increased by a factor of two with respect to
the intensity of the aliphatic proton signals. Peaks labeled with �

belong to the endo rotamer, peaks labeled with � belong to the exo
rotamer, and peaks labeled with L belong to unreacted bzim.
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Table 2. Experimental Cendo/Cexo ratios [for Me5dienPt(bzim) complex] evaluated from NMR spectroscopic data. For each temperature
(first column) the Cendo/Cexo value was evaluated at different time intervals (given in parenthesis) starting from the kinetically controlled
composition and ending when the equilibrium composition was reached (last value on each line). The values of the equilibrium [K =
(Cexo

� /Cendo
� )] and kinetic constants (kendo and kexo) are also given.

T [K] Cendo/Cexo (time [103 s]) K kendo + kexo kendo kexo

(10–6 s–1) (10–6 s–1) (10–6 s–1)

323 7.69 5.94 3.30 2.48 2.14 2.00 1.83 1.78 1.77 0.565 6.16 2.22 3.93
(0) (18.0) (104) (187) (270) (335) (594) (680) (767)

333 6.47 6.00 4.25 3.83 2.10 1.83 1.75 0.572 17.1 6.22 10.9
(0) (7.20) (18.0) (27.0) (88.2) (153) (583)

343 7.25 3.37 2.58 2.14 1.88 1.72 0.583 146 53.7 92.1
(0) (3.60) (7.20) (10.8) (17.0) (45.0)

348 5.51 4.33 3.61 2.95 2.40 2.20 2.06 1.86 1.71 0.584 185 68.1 117
(0) (0.900) (1.86) (2.82) (5.58) (7.50) (9.36) (12.8) (35.0)

353 7.55 4.81 3.76 3.14 2.79 2.48 2.21 1.91 1.70 0.590 239 88.8 150
(0) (0.900) (1.80) (2.70) (3.60) (4.50) (6.30) (9.90) (12.0)

363 6.23 3.09 2.60 2.13 1.84 1.78 1.67 0.600 769 288 481
(0) (0.600) (1.20) (1.80) (3.00) (3.66) (6.50)

more shielded in the endo rotamer than in the exo rot-
amer.[13,14,16,17]

The 8:1 ratio between rotamers reflects a kinetic rather
than a thermodynamic preference for the endo form. As a
matter of fact, with time, the endo/exo ratio decreases until
a constant value (representing the thermodynamic equilib-
rium) is reached (Figure 2). The rate of isomerization is
very slow at room temperature, requiring weeks; however,
it can be increased by increasing the temperature. In order
to evaluate the activation parameters (∆H‡ and ∆S‡), the
rates of isomerization were measured at different tempera-
tures in the range 323–363 K (Table 2).

The ∆H‡ and ∆S‡ values for the rate of isomerization of
the endo (kendo) and exo (kexo) conformers were found to be
almost identical (∆H‡ = 118±9 and 119±9 kJmol–1 for the
endo and exo rotamers, respectively; and ∆S‡ =
15±20 JK–1 mol–1), indicating that the two rotamers have
very similar ground-state enthalpy and entropy values
(Table 3).

Table 3. Collection of activation enthalpies (∆H‡ [kJmol–1]) and
entropies (∆S‡ [JK–1 mol–1]) for interconversion between rotamers
in Me3/5dienPtL complexes. Standard deviations are given at the
95% confidence limit.

Compound ∆H‡
endo ∆H‡

exo ∆S‡
endo ∆S‡

exo

Me3dienPt(penciclovir)[a] 61±2 54±2 –8±4 –29±4
Me3dienPt(9-EtG)[b] 65±2 56±2 2±4 –28±4

Me3dienPt(deoxypenciclovir)[c] 111±2 105±2 181±4 159±4
Me5dienPt(bzim) 118±9 119±9 15±20 15±20

[a] Penciclovir = 9-[4-hydroxy-3-(hydroxymethyl)but-1-yl]gua-
nine.[17] [b] 9-EtG = 9-ethylguanine.[16] [c] Deoxypenciclovir = 6-de-
oxy-9-[4-hydroxy-3-(hydroxymethyl)but-1-yl]guanine.[17]

Me5dienPt(riba)

The reaction of [Pt(Me5dien)(NO3)](NO3) with riba was
also complete after 48 h at room temperature. Two sets of
signals (intensity ratio 7:1) were observed. For both sets of
signals the chemical shift of the aromatic proton of riba
(H5) is more than 1 ppm at a lower field with respect to the
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corresponding signal for the free ligand indicating that in
both cases the riba ligand is N4-coordinated to the plati-
num atom. Therefore, the two sets of signals have to be
ascribed to two conformers, most likely the endo and exo
rotamers (Table 1).

As in the the case of bzim, a 2D NOESY experiment
enabled the assignment of the two sets of signals to the
corresponding conformers. In particular, the presence of a
crosspeak between the riba H5 proton and the anti-N-Me
signal of Me5dien for the more intense set of signals indi-
cates that in this case the major rotamer also has the endo
conformation (Figure 3). No isomerization was observed
for this compound, even after prolonged heating at 363 K.

Figure 3. 2D NOESY spectrum of Me5dienPt(riba). The crosspeak
belongs to the major set of signals and this set is assigned to the
endo rotamer. The second set of signals has intensities that are too
weak to generate observable crosspeaks and, by exclusion, it is as-
signed to the exo rotamer.

Discussion

In Table 3 we compare the activation parameters for rot-
amer interconversion in the series of Me3/5dienPtL com-
plexes investigated so far. In the case of Me3dien complexes
the most remarkable difference was between the guanine
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and deoxyguanine derivatives. The enthalpy of activation
was ca. 50 kJmol–1 higher in the case of the deoxyguanine
derivative, notwithstanding the fact that deoxyguanines
carry a much smaller group (H) in the 6-position of the
purine ring as compared to guanines for which the substitu-
ent at the 6-position is much bulkier (O). We argued that
in the transition state (in which the purine base is dragged
through the platinum coordination plane) the O6 atom of
the guanine ligand (negatively charged) and the N-hydrogen
atom of the cis-amine (positively charged) can give rise to
an attractive interaction which helps in lowering the rota-
tional barrier. In contrast, in the case of deoxyguanine de-
rivatives, both the purine H6 and the cis-amine N-hydrogen
atom carry a partial positive charge; therefore, the electro-
static repulsion between the two positively charged moieties,
when coming close to one another, would increase the rota-
tional barrier, notwithstanding the small size of H6 as com-
pared to O6 of guanine. In the case of deoxyguanine the
greater enthalpy of activation is also accompanied by a
rather large entropy of activation (average 170±4 as com-
pared to –18±4 Jmol–1 K–1 for guanine derivatives). We
suggested that, in the presence of an electrostatic repulsion
between the two groups, there could be a large desolvation
process (particularly of the amine groups) with the conse-
quent release of water molecules and increase of activation
entropy. The explanation given for the Me3dien derivatives
is fully confirmed by the behavior of the Me5dien deriva-
tives reported in this paper. The major difference between
Me3dien and Me5dien derivatives is the absence, in the lat-
ter case, of positively charged N-hydrogen atoms on the cis-
amine groups. In principle, there could also be a change in
steric bulk of the terminal amines (an additional methyl
group attached to each terminal nitrogen atom in the case
of Me5dien); however, such a change in steric bulk could be
rather small. It has been widely demonstrated that the rota-
tion of a coordinated purine base is mainly affected by sub-
stituents on the cis-amine, which have “quasi-equatorial”
character, and Me3dien and Me5dien both have one “quasi-
equatorial” methyl group on each terminal nitrogen
atom.[14]

The Me5dienPt(bzim) complex has an activation en-
thalpy for rotamer interconversion that is very similar to
that observed for the Me3dienPt(deoxyguanine) derivative.
The stereochemistry of the H4 proton of bzim is coincident
with that of the H6 proton of deoxyguanines; therefore, it
is expected to generate a similar steric interaction with the
“quasi-equatorial” N-Me group on the cis-amine, while it is
dragged through the platinum coordination plane. Accord-
ingly, the measured ∆H‡ value for rotation is very similar
for Me3dienPt(deoxyguanine) and Me5dienPt(bzim) com-
plexes. In contrast, the ∆S‡ value was much greater for Me3-
dienPt(deoxyguanine) (average 170±4 JK–1 mol–1) than for
Me5dienPt(bzim) (average 15±20 JK–1 mol–1). The large
value of ∆S‡ for the former complex was explained by a
desolvation (particularly of the amine NH group) taking
place in the transition state; such a desolvation cannot oc-
cur in the Me5dienPt(bzim) complex lacking amine N-hy-
drogen atoms.
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The rate of interconversion was found to be extremely
low for the Me5dienPt(riba) complex in which the riba li-
gand has the O6 substituent stereochemically equivalent to
the O6 atom of a guanine group. In the case of Me3di-
enPt(guanine) derivatives the ∆H‡ value for rotamer in-
terconversion was found to be lowered by an electrostatic
attraction between the negatively charged O6 atom and the
positively charged N-hydrogen atom of the cis-amine. Such
an interaction cannot take place in the Me5dienPt(riba)
complex lacking amine N-hydrogen atoms. Therefore, con-
trary to the case of Me3dienPtL derivatives (for which the
∆H‡ value was significantly lower for guanine as compared
to deoxyguanine derivatives), Me5dienPtL compounds are
expected to have a much larger ∆H‡ value for guanine-type
derivatives (like the riba complex) having a bulkier substitu-
ent at the C6 position than for deoxyguanine-type deriva-
tives (like the bzim complex) having a small proton at the
C6 position. This fully explains the much slower rate of
rotation observed in Me5dienPt(riba) as compared to
Me5dienPt(bzim).

Conclusions

This investigation has highlighted two features of Me5-
dienPtL compounds (a kinetic preference for the endo rot-
amer and a rate of rotation depending upon the substituent
at the peri position with respect to the coordinated L nitro-
gen atom) that further contribute to deepening our under-
standing of interactions between a rotating platinum(II)-co-
ordinated ligand L and cis-amine groups. For the first time
in MendienPtL complexes, it has been shown that the kin-
etically preferred product has the bulkier portion of the li-
gand L on the sterically less hindered side of the platinum
coordination plane (that is the side where the “quasi-equa-
torial” N-methyl substituents are located). In the case of
Me3dienPtL derivatives, the rate of rotamer interconversion
was too fast to enable the observation of the kinetically
controlled composition.

The investigation of rotamer interconversion in the case
of Me5dienPt(bzim) has fully confirmed the previous obser-
vation that an amine proton can play a key role in modulat-
ing the rate of rotation of a cis ligand, also in the case in
which an alkyl substituent is attached to the same nitrogen
atom (as in the case of Me3dienPtL compounds). The pres-
ence of such a proton can increase the rate of L rotation by
10 orders of magnitude [compare the rates of rotation of L
in Me3dienPt(deoxyguanine)[17] and in Me5dienPt(bzim)]
and can greatly reduce the difference in the rate of rotation
between ligands L having a bulky oxygen atom or a small
proton substituent in the peri position with respect to the
coordinated nitrogen atom. Therefore, for Me3dienPtL
complexes the rate of rotation is only ten times smaller in
guanine than in deoxyguanine derivatives (at ambient tem-
perature), while for Me5dienPtL derivatives the rate is far
smaller in the case of riba (mimicking a guanine) than in
the case of bzim (mimicking a deoxyguanine).
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Recent results from studies on oligomers led to the hy-

pothesis that the very small size of the NH group, and not
its hydrogen-bonding ability, is responsible for the good ac-
tivity exhibited by antitumor Pt compounds with amine
carrier ligands bearing multiple NH protons.[7,8,22] In con-
trast, for amines lacking NH groups, bulky substituents
projecting out of the coordination plane could clash with
neighboring nucleobases. Since the biological activity of cis-
platin is widely considered to be associated with a definite
arrangement of the nucleic bases (guanines in first place)
linked by the metal center,[6–12] the lack of significant bio-
logical activity for platinum complexes bearing bulky li-
gands can be attributed to the conformational restrictions
that the coordinated bases are subjected to in these com-
pounds. On the other hand, it has been recently demon-
strated that platinum complexes with specially designed
bulky ligands can sort out other interesting effects in the
case of coordination to single-strand oligonucleotides.[23] In
particular, the negatively charged phosphate groups of the
oligonucleotide are no longer able to wrap around the posi-
tively charged metal core with the consequence of favoring
the hybridization of the oligonucleotide with the comple-
mentary strand and tightening the double-strand form.
Therefore, we can envisage a possible employment of the
platinum complex with Me5dien in the modification of sin-
gle-strand oligonucleotides to be used in antisense and anti-
gene therapy.

Experimental Section
Materials: [Pt(Me5dien)(NO3)](NO3) was prepared as previously
described.[20] Bzim was purchased from Sigma–Aldrich, riba was a
gift from Joze Kobe of the Institute of Chemistry of Ljubljana,
Slovenia.

Preparation of the Adducts: Solutions of the adducts were prepared
by treatment of [Pt(Me5dien)(NO3)](NO3) (5 m solution in D2O)
with a stoichiometric amount of ligand. The reactions were moni-
tored by 1H NMR spectroscopy. When the reaction was complete,
the pD of the solution was found to be 7.2 in the case of both bzim
and riba.

NMR Spectroscopy: Spectra were collected in D2O at 298 K with
a Bruker DPX 300 MHz spectrometer. 1H NMR chemical shifts
were referenced to internal TSP. For 2D NOESY experiments a
standard pulse program with gradient pulses during the mixing
time was used. 2048 complex points in the direct detection dimen-
sion and 256 in the indirect dimension were collected. A 3000 Hz
spectral width was used in both dimensions with a 500 ms mixing
time. Chemical shift values are reported in Table 1.

Kinetic Measurements: NMR tubes containing solutions of the
bzim adduct were sealed and kept at a fixed temperature in a water
bath. 1H NMR spectra were taken from time to time by collecting
64 scans. Selected nonexchangeable proton signals were integrated
and used to determine the relative abundance of the two rotamers.
Equilibrium was considered reached when the changes in signal
intensities became negligible (after a time that was five-fold larger
than the estimated half life at a given temperature). The kinetic
constants were determined at six different temperatures covering a
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range of 40° (323, 333, 343, 348, 353, and 363 K). At equilibrium
the exo/endo ratio (K) was found to be rather constant (comprised

between 0.56 and 0.60). The kinetic equation for the endo i
kendo

kexo

exo

process has the following expression:

[in which kendo and kexo are the kinetic constants for the endo �
exo and the exo � endo conversions, respectively; K = (Cexo

� /Cendo
� )

= (kexo/kendo) is the equilibrium constant; Ct, C0, and C� are the
concentrations of a given rotamer (endo or exo) at time t, at time
0, and at equilibrium]. The graphical representation of the logarith-
mic term as a function of time (Figure 4) corresponds to a straight
line whose slope gives kendo + kexo. From the values of kendo/kexo

(corresponding to the equilibrium constant K) and of kendo + kexo

(kinetically determined) the individual kendo and kexo constants

Figure 4. Plots of lnx {x = [(KCendo
t – Cexo

t )/(KCendo
0 – Cexo

0 )]} as a
function of time for the isomerization of Me5dienPt(bzim) at dif-
ferent temperatures.

Figure 5. Plots of ln (h/B)·(k/T) as a function of 1/T for the endo
� exo (�) and exo � endo (�) interconversion of Me5dienPt(bzim).
According to the Eyring equation, ∆H‡ and ∆S‡ can be derived
from the slope [(∆H‡)/R] and intercept [(∆S‡)/R] of the straight line
fitting the experimental points.
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could be determined. Enthalpies and entropies of activation (∆H‡

and ∆S‡) were estimated (for direct and inverse reactions) from
plots of ln (h/B)·(k/T) vs. 1/T (Figure 5), according to the Eyring
equation:

[k = kinetic constant (kendo or kexo) at temperature T; h, B, and R,
are the Planck, Boltzmann, and gas constants, respectively].[21] Val-
ues of Cendo/Cexo at different time intervals for a given temperature
together with the estimated values of K, kendo, and kexo are reported
in Table 2. Activation parameters are reported in Table 3.
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A series of methoxyphenyl-functionalized diiron azadithiol-
ate (ADT) complexes, [{(µ-SCH2)2N(C6H4OMe-p)}Fe2(CO)5L]
[L = CO (2); PPh3 (3); PPh2H (4)] and [{(µ-SCH2)2N-
(C6H4OMe-p)}Fe2(CO)4(CN)2][Et4N]2 (5) as the active site
models of Fe-only hydrogenases has been investigated.
While model 2 was prepared in 67% yield by a condensation
reaction of N,N-bis(chloromethyl)-p-methoxyaniline (1) with
[(µ-LiS)2Fe2(CO)6], models 3–5 were prepared in 49–75%
yields by a CO substitution reaction of 2 with PPh3, PPh2H,
or Et4NCN, respectively. The X-ray crystal structures of 2 and

Introduction

Hydrogen evolution and uptake in the biological energy
cycle is mostly catalyzed by two types of metalloenzymes:
Fe-only hydrogenases and NiFe hydrogenases.[1,2] Fe-only
hydrogenases (hereafter referred to as FeHases) have re-
cently received much more attention than NiFe hydro-
genases, primarily owing to their much higher efficiency
than NiFe hydrogenases in the production of hydrogen,[3]

a clean and highly efficient fuel. The high-quality crystal
structures of FeHases isolated from C. pasteurianum and D.
desulfuricans have indicated[4] that the active site of FeHases
(so-called H cluster) comprises a butterfly 2Fe2S cluster
with one of the Fe atoms linked to a cuboidal 4Fe4S cluster
through the S atom of a cysteinyl ligand. There are also
three other ligands, namely CO, CN–, and dithiolate coordi-
nated to Fe atoms of the butterfly 2Fe2S cluster (Scheme 1).
It is noteworthy that the dithiolate ligand bridged between
the two iron atoms of the 2Fe2S cluster was recently sug-
gested as an azadithiolate (ADT) SCH2NHCH2S,[5] in
which the bridgehead N atom plays an important role for
the heterolytic cleavage or formation of H2 in the enzymatic
process.[6] In spite of the biological importance of the
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Tianjin 300071, China
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3 revealed that the methoxyphenyl substituent is attached to
the N atom by an axial bond and the nitrogen lone electron
pair in an equatorial position. On the basis of cyclic voltam-
metric studies of 2 and 4, it was found that 2 is a catalyst for
proton reduction, and an EECC mechanism is proposed for
such electrocatalytic H2 production catalyzed by the ADT-
type models.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bridgehead N atom in the H cluster, the synthetic and func-
tional studies regarding azadithiolate (ADT) model com-
plexes[7] have been much less investigated than diiron 1,3-
propanedithiolate (PDT) model compounds.[8] So far, the
PDT-type models [(µ-H)(µ-PDT)Fe2(CO)4(L)2]+ (L =
Me3P, tBuNC) have been reported to be catalysts for H/D
exchange reactions.[9] In addition, the PDT- and ADT-type
models [(µ-PDT)Fe2(CO)4(CN)(Me3P)]–,[10] [(µ-PDT)Fe2-
(CO)4L2] (L = CO, Me3P),[11] and [{(µ-SCH2)2N(p-
BrC6H4CH2)}Fe2(CO)6][12] have been demonstrated to be
catalysts for proton reduction to H2 under electrochemical
conditions. To further develop the biomimetic chemistry of
FeHases, we initiated a study on the synthesis, structures
and properties of a new series of diiron ADT-type model
complexes, in which some substituents are attached to the
N atom and Fe atoms in the diiron ADT framework [{(µ-
SCH2)2N}Fe2(CO)n] (n = 4, 5). Herein we report our results
obtained from this study.

Scheme 1. Composite structure of H cluster obtained from protein
crystallography (X = CH2, NH, or O).
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Results and Discussion

Synthesis and Spectroscopic Characterization of
Compounds 1–5

The synthetic methods for our target compounds 2–5
and their precursor 1 are based on those previously re-
ported by Rauchfuss[13] and the well-known CO substitu-
tion reactions with various 2e ligands[14] (Scheme 2). Treat-
ment of p-methoxyaniline with paraformaldehyde in
CH2Cl2 at room temperature followed by treatment with an
excess of SOCl2 gave N,N-bis(chloromethyl)-p-methoxyani-
line (1) in 91% yield. Further reaction of 1 with lithium salt
[(µ-LiS)2Fe2(CO)6] {generated in situ from [(µ-S)2Fe2(CO)6]
and Et3BHLi in THF at –78 °C}[15] afforded the ADT-type
model 2 in 67% yield. Models 3–5 could be prepared in 49–
75% yields through CO substitution reactions of 2 in
MeCN with PPh3 in the presence of the decarbonylating
agent Me3NO, with PPh2H in toluene at reflux, or with
Et4NCN in MeCN from 0 °C to room temperature, respec-
tively.

Compounds 1–5 have been characterized by elemental
analysis and IR and 1H NMR spectroscopy. The 1H NMR
spectra of 1–5 each show a singlet at δ � 3.7 ppm for their
MeO groups and an AB quartet between δ = 6.5 and
7.2 ppm for their para-disubstituted C6H4 benzene rings.
While precursor 1 displays a singlet at δ = 5.44 ppm for its
CH2 groups, 2 exhibits a singlet, 3 two doublets, 4 a mul-
tiplet, and 5 a singlet for their CH2 groups at a relatively
higher field. In addition, the IR spectra of 2–5 show three
absorption bands around 2000 cm–1 for their terminal car-
bonyl groups and the ν̃(C�O) values of 3–5 are markedly
shifted towards lower frequencies relative to those of their

Scheme 2. (a) (CH2O)n, CH2Cl2, room temp.; (b) SOCl2, room temp.; (c) [(µ-LiS)2Fe2(CO)6], THF, –78 °C; (d) PPh3, Me3NO, MeCN,
room temp.; (e) PPh2H, toluene, reflux; (f) Et4NCN, MeCN, 0 °C.

Eur. J. Inorg. Chem. 2006, 3204–3210 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3205

parent complex 2. It follows that the PPh3, PPh2H, and
CN– ligands in 3–5 are all stronger electron-donating li-
gands than CO.[16]

Crystal Structures of Compounds 2 and 3

The structures of 2 and 3 have been unambiguously con-
firmed by X-ray crystal diffraction analysis. ORTEP dia-
grams of 2 and 3 are given in Figures 1 and 2, and Tables 1
and 2 list selected bond lengths and angles, respectively.
Models 2 and 3, as illustrated in Figures 1 and 2, indeed
consist of a p-methoxyphenyl-substituted azadithiolate
group that is bridged between two iron atoms to form a
butterfly 2Fe2S cluster. The Fe–Fe bond of 3 [2.554(2) Å]
is longer than those of 2 [2.5076(16) Å], [{(µ-SCH2)2-
NMe}Fe2(CO)6] [2.4924(7) Å][7a] and [(µ-PDT)Fe2(CO)6]
[2.5103(11) Å],[17] but somewhat shorter than those in the
structures of enzymes C. pasteurianum and D. desulfuricans
(ca. 2.6 Å).[4] The sum of the C–N–C angles around the N
atom is 354.8° for 2 and 355.9° for 3. This means that the
p–π conjugation exists between the substituted benzene ring
and the p-orbital of the bridgehead N atom, although it is
weakened because the N atom is slightly deviated from the
plane defined by the N(1), C(7), C(8), and C(9) atoms (for
2) or by the N(1), C(24), C(25), and C(26) atoms (for 3).
Both 2 and 3 contain two fused six-membered rings: N(1)-
C(7)S(1)Fe(2)S(2)C(8) and N(1)C(7)S(1)Fe(1)S(2)C(8) for
2; N(1)C(24)S(1)Fe(1)S(2)C(25) and N(1)C(24)S(1)Fe(2)-
S(2)C(25) for 3. The former six-membered ring in 2 or 3 is
in a chair conformation, while the latter ring in 2 or 3 is in
a boat conformation. It should be noted that the phenyl
group attached to the N(1) atom of 2 and 3 resides in an
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axial position and the nitrogen lone electron pair is in an
equatorial position. In fact, such a conformation is also ob-
served in other phenyl-substituted ADT-type models.[7c]

Furthermore, the PPh3 ligand in 3 is in an axial position of
the square-pyramidal geometry of the Fe(1) atom and trans
to the substituted benzene ring in order to reduce the steric
repulsion between these two bulky structural units.

Figure 1. ORTEP view of 2 with 30% probability level ellipsoids.

Table 1. Selected bond lengths [Å] and angles [°] for 2.

Fe(1)–S(2) 2.264(3) N(1)–C(7) 1.439(8)
Fe(2)–S(1) 2.263(2) N(1)–C(8) 1.418(8)
Fe(1)–S(1) 2.2537(19) N(1)–C(9) 1.419(8)
Fe(1)–Fe(2) 2.5076(16) Fe(2)–S(2) 2.249(3)
S(1)–Fe(1)–S(2) 84.42(8) Fe(1)–S(1)–Fe(2) 67.45(6)
S(1)–Fe(1)–Fe(2) 56.45(5) Fe(2)–S(2)–Fe(1) 67.50(8)
S(2)–Fe(1)–Fe(2) 55.97(7) C(8)–N(1)–C(9) 119.6(5)
S(2)–Fe(2)–Fe(1) 56.54(8) C(8)–N(1)–C(7) 113.4(6)
S(1)–Fe(2)–Fe(1) 56.10(5) C(9)–N(1)–C(7) 121.8(5)

Figure 2. ORTEP view of 3 with 30% probability level ellipsoids.
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Table 2. Selected bond lengths [Å] and angles [°] for 3.

Fe(1)–P(1) 2.290(2) Fe(2)–S(1) 2.322(2)
Fe(1)–S(1) 2.314(3) P(1)–C(6) 1.856(7)
Fe(1)–S(2) 2.320(3) N(1)–C(24) 1.443(8)
Fe(1)–Fe(2) 2.554(2) N(1)–C(25) 1.452(9)
Fe(2)–S(2) 2.296(3) N(1)–C(26) 1.438(9)
S(1)–Fe(1)–P(1) 105.13(8) S(2)–Fe(2)–S(1) 83.44(8)
S(1)–Fe(1)–S(2) 83.09(8) S(1)–Fe(2)–Fe(1) 56.43(7)
P(1)–Fe(1)–Fe(2) 156.84(7) Fe(1)–S(1)–Fe(2) 66.84(8)
S(1)–Fe(1)–Fe(2) 56.73(6) C(26)–N(1)–C(24) 118.6(6)
S(2)–Fe(1)–Fe(2) 55.96(7) C(25)–N(1)–C(24) 114.2(6)

Electrochemistry of Compounds 2 and 4

The electrochemical behavior of the representative mod-
els 2 and 4 was studied in MeCN by cyclic voltammetric
techniques. Table 3 lists their electrochemical data, and Fig-
ures 3 and 4 show their cyclic voltammograms, respectively.

Table 3. Electrochemical data of 2 and 4.[a]

Compound Epc Epa [V] Epa Epc [V]

2 –1.61 –1.48 +0.48 –
–2.10 – +0.81 –

4 –1.78 –1.50 +0.26 –
–2.22 – +0.49 –

[a] All potentials in Table 3 are vs. Fc/Fc+.

It has been demonstrated that 2 displays one quasi-re-
versible reduction, one irreversible reduction and two
irreversible oxidations, whereas 4 exhibits two irreversible
reductions and two irreversible oxidations. The first and
second reduction peaks of 2 (–1.61 V, –2.10 V) and 4
(–1.78 V, –2.22 V) can be assigned to the one-electron re-
duction processes from FeIFeI to FeIFe0 and FeIFe0 to
Fe0Fe0 (supported by bulk electrolysis). Similarly, the first
and second oxidation peaks of 2 (+0.48 V, +0.81 V) and 4
(+0.26 V, +0.49 V) should be attributed to the one-electron
oxidation processes from FeIFeI to FeIFeII and FeIFeII to
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Figure 3. Cyclic voltammogram of 2 (1 m) in 0.1  nBu4NPF6/
MeCN at a scan rate of 100 mVs–1.

Figure 4. Cyclic voltammogram of 4 (1 m) in 0.1  nBu4NPF6/
MeCN at a scan rate of 100 mVs–1.

FeIIFeII, respectively. It can be seen that the reduction and
oxidation peaks of 4 (Figure 4) are apparently shifted
towards more negative potentials than those corresponding
to 2. This is consistent with the substituent PPh2H being
a stronger electron-donating ligand than CO. Actually, the
electrochemical behavior described above resembles that
displayed by those reported for ADT-, PDT-, and ODT-
(oxadithiolate)-bridged analogs.[10–12,18]

We further studied the electrochemical behavior of model
2 by cyclic voltammetric techniques in the presence of
HOAc (0–10 m) in MeCN. As shown in Figure 5, the cur-
rent intensity of the initial first peak at –1.61 V slightly in-
creased when the first amount of HOAc (2 m) was added,
but it did not increase further with sequential increments of
the acid concentration. However, when the first 2 m

HOAc was added, the initial second peak at –2.10 V grew
considerably and increased linearly with increasing acid
concentration. It is evident that such cyclic voltammetric
behavior features an electrocatalytic proton reduction pro-
cess.[10–12,18–21] This catalytic process was further confirmed
by electrolysis of a MeCN solution of 2 (0.33 m) with ex-
cess HOAc (6.6 m) at –2.18 V (Figure 6). The initial rate
of electrolysis is more than twice as much as it is in the
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absence of the catalyst. A total of 10.2 F/mol passed in
0.5 h, which corresponds to 5.1 turnovers. In such a large-
scale experiment, H2 evolution could clearly be seen. Gas
chromatographic analysis showed that the hydrogen yield
was about 90%.

Figure 5. Cyclic voltammogram of 2 (1.0 m) with HOAc (0–
10 m).

Figure 6. Bulk electrolysis of HOAc at a vitreous carbon rod elec-
trode in the presence of 2 ( ) and without 2 (······); extrapolation
of the catalytic reduction at the initial electrolysis rate (------).

On the basis of previously reported, similar
cases[10–12,18–21] and the above-mentioned electrochemical
observations, we can propose an EECC (E = electrochemi-
cal, C = chemical) mechanism to account for the above-
described electrocatalytic H2 production process. As shown
in Scheme 3, model 2 can undergo a one-electron reduction
at –1.61 V to give the intermediate 2a. Further one-electron
reduction of 2a at –2.10 V affords intermediate 2b, which is
then protonated to give intermediate 2c. Final protonation
of 2c results in H2 evolution to accomplish the catalytic
cycle. Apparently, this mechanism is different from the
CECE mechanism for H2 production from HClO4 catalyzed
by the benzyl-substituted model [{(µ-SCH2)2N(p-
BrC6H4CH2)}Fe2(CO)6].[12] In the CECE mechanism the
bridged N atom of the benzyl-substituted model is first pro-
tonated by strong acid, HClO4, whereas in our EECC
mechanism the bridged N atom of model 2 is not proton-
ated by weak acid, HOAc. In fact, the protonation of the
benzyl-substituted model and the nonprotonation of 2 were
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all confirmed by spectroscopic studies. That is, the 1H
NMR and IR spectroscopic data of the benzyl-substituted
model determined in HClO4 were obviously changed due
to protonation of its bridged N atom,[12] while the corre-
sponding data of model 2 determined by us in HOAc were
almost the same as those determined in the absence of
HOAc.[22] Finally, it should be noted that model 2 un-
dergoes serious decomposition in HClO4. The decomposi-
tion could be observed by its color changes from red to
orange and then to light yellow. In addition, some bubbles
were liberated upon addition of 5–30 equiv. of HClO4 to a
solution of 2 in CD3CN. In fact, it is the decomposition
that precluded us from further studies on its electrochemi-
cal behavior in the presence of HClO4.

Scheme 3. Suggested EECC mechanism for H2 production cata-
lyzed by 2. All carbonyl groups attached to Fe are omitted for
clarity.

Experimental Section
General Comments: All reactions were carried out under prepuri-
fied nitrogen with standard Schlenk and vacuum-line techniques.
All solvents were dried and distilled prior to use. Paraformalde-
hyde, SOCl2, Et3BHLi (1  in THF), p-MeOC6H4NH2, Et4NCN,
Me3NO·2H2O, and PPh3 were available commercially and used as
received. [(µ-S)2Fe2(CO)6][15] and PPh2H[23] were prepared accord-
ing to published procedures. Preparative TLC was carried out on
glass plates (26×20×0.25 cm) coated with silica gel H (10–40 µm).
IR spectra were recorded with a Nicolet Magna 560 FTIR or a
Bruker Vector 22 infrared spectrophotometer. 1H NMR spectra
were recorded with a Bruker AC-P 300 NMR spectrometer. Ele-
mental analyses was performed with an Elementar Vario EL ana-
lyzer. Melting points were determined with a Yanaco MP-500 ap-
paratus.

Preparation of N,N-(ClCH2)2N(C6H4OMe-p) (1): A suspension
consisting of paraformaldehyde (1.50 g, 50 mmol), p-Me-
OC6H4NH2 (2.46 g, 20 mmol), and CH2Cl2 (30 mL) was stirred at
room temperature for 5 h, and then treated dropwise with SOCl2
(9.52 g, 80 mmol). After the gas evolution had ceased, solvent and
unreacted SOCl2 were removed in vacuo. The residue was purified
by extraction into Et2O. Removal of Et2O afforded 1 as an orange
solid (3.99 g, 91%). M.p. 38–40 °C. 1H NMR (300 MHz, CDCl3):
δ = 7.15, 7.12, 6.84, 6.81 (AB q, 4 H, C6H4), 5.44 (s, 4 H, 2CH2),
3.70 (s, 3 H, CH3) ppm. IR (KBr disk): ν̃ = 1507 (s), 1280 (m),
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1245 (s), 1183 (m), 1154 (s), 1098 (m), 1052 (m), 1023 (s), 943 (s),
820 (s) cm–1. C9H11Cl2NO (220.10): calcd. C 49.11, H 5.04, N 6.36;
found C 49.12, H 5.19, N 6.40.

Preparation of [{(µ-SCH2)2N(C6H4OMe-p)}Fe2(CO)6] (2): A solu-
tion of [(µ-S)2Fe2(CO)6] (0.344 g, 1 mmol) in THF (20 mL) was
cooled to –78 °C and treated dropwise with Et3BHLi (1  in THF,
2 mL, 2 mmol) to give a green solution. After stirring for 15 min,
1 (0.55 g, 2.50 mmol) was added to cause an immediate color
change from green to red. The mixture was warmed to room tem-
perature and stirred for 8 h. The crude product was separated by
TLC using CH2Cl2/petroleum ether (1:5) as the eluent. Compound
2 was obtained from the main band as a red solid (0.329 g, 67%).
M.p. 132–135 °C. 1H NMR (300 MHz, CDCl3): δ = 6.90, 6.87,
6.72, 6.69 (AB q, 4 H, C6H4), 4.26 (s, 4 H, 2 CH2), 3.78 (s, 3 H,
CH3) ppm. IR (KBr disk): ν̃ = 2073 (s), 2027 (vs), 1969 (s) (C�O)
cm–1. C15H11Fe2NO7S2 (493.07): calcd. C 36.54, H 2.25, N 2.84;
found C 36.42, H 2.30, N 2.86.

Preparation of [{(µ-SCH2)2N(C6H4OMe-p)}Fe2(CO)5(PPh3)] (3): A
mixture of 2 (0.124 g, 0.25 mmol), PPh3 (0.065 g, 0.25 mmol),
Me3NO·2H2O (0.029 g, 0.25 mmol), and MeCN (20 mL) was
stirred at room temperature for 3 h. The resulting dark-brown mix-
ture was concentrated to dryness in vacuo and the residue was sep-
arated by TLC using CH2Cl2/petroleum ether (1:2) as the eluent.
Compound 3 was obtained from the main band as a red solid
(0.136 g, 75%). M.p. 134 °C (dec). 1H NMR (300 MHz, CDCl3): δ
= 7.73–7.44 (m, 15 H, 3C6H5), 6.76, 6.73, 6.49, 6.46 (AB q, 4 H,
C6H4), 3.82 (d, J = 12.3 Hz, 2 H, 2 CHH), 3.73 (s, 3 H, CH3), 2.90
(d, J = 12.3 Hz, 2 H, 2 CHH) ppm. IR (KBr disk): ν̃ = 2041 (vs),
1984 (vs), 1923 (s) (C�O) cm–1. C32H26Fe2NO6PS2 (727.33): calcd.
C 52.84, H 3.60, N 1.93; found C 52.80, H 3.45, N 1.87.

Preparation of [{(µ-SCH2)2N(C6H4OMe-p)}Fe2(CO)5(PPh2H)] (4):
A mixture of 2 (0.124 g, 0.25 mmol), PPh2H (0.047 g, 0.25 mmol),
and toluene (20 mL) was stirred and refluxed for 4.5 h. The same
workup used for 3 gave 4 as a red solid (0.080 g, 49%). M.p. 126–
127 °C. 1H NMR (300 MHz, CDCl3): δ = 7.62–7.34 (m, 10 H, 2
C6H5), 6.72, 6.69, 6.51, 6.48 (AB q, 4 H, C6H4), 6.20 (d, J =
349.8 Hz, 1 H, PH), 4.03–3.92 (m, 4 H, 2CH2), 3.68 (s, 3 H, CH3)
ppm. IR (KBr disk): ν̃ = 2045 (vs), 1984 (vs), 1924 (s) (C�O) cm–1.
C26H22Fe2NO6PS2 (651.25): calcd. C 47.95, H 3.40, N 2.15; found
C 47.92, H 3.32, N 2.19.

Preparation of [{(µ-SCH2)2N(C6H4OMe-p)}Fe2(CO)4(CN)2]-
[(Et4N)]2 (5): A solution of Et4NCN (0.156 g, 1 mmol) in MeCN
(5 mL) was added to a solution of 2 (0.247 g, 0.5 mmol) in MeCN
(20 mL) at 0 °C, causing an immediate gas evolution. The mixture
was warmed to room temperature and stirred for 4 h. The resulting
brown-red solution was concentrated to dryness and the product
was washed with hexane and diethyl ether, and finally dried in
vacuo. Compound 5 was obtained as a red solid (0.266 g, 71%).
M.p. 82–83 °C. 1H NMR (300 MHz, CD3CN): δ = 6.86, 6.83, 6.72,
6.68 (AB q, 4 H, C6H4), 4.16 (s, 3 H, OCH3), 3.74 (s, 4 H, 2 CH2S),
3.44 (q, J = 6.9 Hz, 16 H, 8 CH2CH3), 1.14 (t, J = 6.9 Hz, 24 H,
8 CH2CH3) ppm. IR (KBr disk): ν̃ = 2066 (s), 2027 (s) (C�N),
1968 (vs), 1933 (vs), 1893 (vs) (C�O) cm–1. C31H51Fe2N5O5S2

(749.59): C 49.67, H 6.86, N 9.34; found C 49.50, H 7.02, N 9.21.

X-ray Structure Determination of 2 and 3: Single crystals of 2 and
3 suitable for X-ray diffraction analyses were grown by slow con-
centration of their CH2Cl2/haxane solutions at about –25 °C. Each
single crystal was mounted on a Bruker SMART 1000 automated
diffractometer. Data were collected at room temperature, using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) in the
ω-2θ scanning mode. Absorption corrections were performed with
the SADABS program.[24] The structures were solved by direct
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methods using the SHELXS-97[25] program and refined by full-
matrix least-squares techniques (SHELXL-97[26]) on F2. Hydrogen
atoms were located by using the geometric method. Details of crys-
tal data, data collections, and structure refinements are summa-
rized in Table 4. CCDC-293719 (2) and -293720 (3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 4. Crystal data and structural refinement details for 2 and 3.

2 3

Empirical formula C15H11Fe2NO7S2 C32H26Fe2NO6PS2

Mr [g·mol–1] 493.07 727.33
Crystal system orthorhombic triclinic
Space group Pca2(1) P1̄
a [Å] 15.995(4) 9.691(8)
b [Å] 9.306(3) 10.371(8)
c [Å] 24.928(8) 17.578(16)
α [°] 90 72.857(12)
β [°] 90 78.003(18)
γ [°] 90 87.556(13)
V [Å3] 3710.7(19) 1651(2)
Z 8 2
ρcalcd. [g·cm–3] 1.765 1.463
F(000) 1984 744
µ [mm–1] 1.826 1.097
2θmax [°] 52.98 50.02
Reflections collected 20521 8267
Independent reflections 6006 5706
Index ranges –20 � h � 1 9 –11 � h � 9

–11 � k � 9 –12 � k � 12
–22 � l � 31 –16 � l � 20

R 0.0463 0.0806
Rw 0.0921 0.1324
Goodness-of-fit 1.058 1.019
Largest diff peak/hole [e·Å–3] 1.136/–0.448 0.731/–0.519

Electrochemistry: Acetonitrile (Fisher Chemicals, HPLC grade) was
the solvent used for the electrochemistry. A solution of 0.1 

nBu4NPF6 in MeCN was used as the electrolyte in all of the cyclic
voltammetric experiments. The electrolyte solution was degassed
by bubbling N2 through it for 10 min before measurements were
taken. Electrochemical measurements were made using a BAS Ep-
silon potentiostat. All voltammograms were obtained in a three-
electrode cell with a 3-mm-diameter glassy carbon working elec-
trode, a platinum counter electrode and an Ag/Ag+ (0.01  AgNO3/
0.1  nBu4NPF6 in MeCN) reference electrode under N2 or CO.
The working electrode was polished with 0.05 µm alumina paste
and sonicated in water for 10 min. Bulk electrolysis was run on a
vitreous carbon rod (ca. 3 cm2) in a two-compartment, gas tight,
H-type electrolysis cell containing ca. 18 mL of MeCN. All poten-
tials are quoted against the ferrocene/ferrocenium (Fc/Fc+) poten-
tial.
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Cationic Brønsted Acids for the Preparation of SnIV Salts: Synthesis and
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Ph3SnN(SiMe3)2 (1) was prepared in good yields by reaction
of [{NaN(SiMe3)2}2·THF] (2) with Ph3SnF. Treatment of 1 with
[H(OEt2)2][H2N{B(C6F5)3}2] (4) in dichloromethane afforded
the stannylium cation [Ph3Sn(OEt2)][H2N{B(C6F5)3}2] (5),
which was characterised by 1H, 13C{1H}, 11B, 19F and 119Sn
NMR spectroscopy. The reaction of Sn(NMe2)4 with
[Ph2MeNH][B(C6F5)4] (3) gave the amidotin(IV) compound
[Sn(NMe2)3(HNMe2)2][B(C6F5)4] (6) which proved very
stable towards ligand substitution and resisted treatment
with Et2O, THF, TMEDA and pyrazine. Two new Brønsted
acid salts [H(NMe2H)2][B(C6F5)4] (7) and [(C4H4N2)H·OEt2]-

Introduction

Organotin(IV) compounds have long attracted interest
due to their reactivity, their industrial applications and their
intriguing biological activity.[1,2] In particular, organo-
tin(IV) cations are thought to play an essential part in the
cytotoxicity of organotin compounds[3] or in their catalytic
activity for esterification reactions,[4] and the search for
stable examples of SnIV cations was initiated over half a
century ago.[5–19] However, to this date only few cationic
complexes of tin have been isolated. Even though in the
past decade or so fundamental breakthroughs have been
achieved where tin cations free of donor atoms have been

Scheme 1. Involvement of Me3Sn+ in the formation of a tin-stabilised carbocation.
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[H2N{B(C6F5)3}2] (8) were synthesised. The reaction of 7 with
Sn(NMe2)4 in Et2O allowed the preparation of 6 in a much
improved yield (83%). The treatment of 7 with Me3-
SnN(SiMe3)2 in Et2O yielded [Me3Sn(HNMe2)2][B(C6F5)4] (9)
nearly quantitatively. Compounds 1, 2, 6, 8 and 9 were char-
acterised by single-crystal X-ray diffraction analyses; 6 is the
first example of a structurally characterised amidotin(IV)
cation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

characterised in the solid state,[20–25] stannylium cations sta-
bilised by donor heteroatoms appear to be more readily ac-
cessible.[2] For instance, cationic tin species stabilised by a
Y,C,Y-chelating pincer-type ligand (where Y is an hetero-
atom such as oxygen or nitrogen) have been prepared very
successfully in the past 15 years.[26–32] The utilisation of
N,C,N-coordinating ligands has even enabled the prepara-
tion of air-stable organotin cations.[33,34] Our interest in the
chemistry of cationic tin species is based on our recent iso-
lation of a thermally remarkably stable sec-alkyl carbo-
cation that was generated by the attack of a Me3Sn+ inter-
mediate on a suitably substituted propene (Scheme 1).[35,36]

This prompted us to investigate the chemistry of cationic
tin species in more detail. We report here the reactions of a
number of tin amides with cation-generating agents. To the
best of our knowledge, simple SnIV-amide precursors have
never been employed efficiently for this purpose.

A convenient way of generating cationic metal species
is the reaction of protolysis-sensitive metal complexes with
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Brønsted acidic salts of very weakly coordinating anions.
For example, the oxonium ions [H(L)x]+ [L = Et2O, THF,
x = 2; L = (MeC=NC6H3-iPr2-2,6)2, x = 1] as salts of per-
fluorinated anions have been synthesised and used with
great success in recent years;[37–43] we have shown that they
can be applied as a very clean way to abstract alkyl, alkoxy
and amido groups from various metals such as Mg, Zr, Zn
or Cd.[43–47] For instance, the reactions of ZnR2 [R = C6F5,
Me, Et, N(SiMe3)2], MgR2 [R = Bu, N(SiMe3)2], or
Cp2Zr(O-iPr)2 with [H(OEt2)2]+[X]– [X = H2N{B(C6F5)3}2

or B(C6F5)4] allowed the characterisation of, respectively,
[(Et2O)3ZnR][X],[44–45] [(Et2O)3MgR][X][45] and [Cp2Zr(O-
iPr)(HO-iPr)][X].[46] In addition, the anilinium salts
[PhNMe2H][B(C6F5)4] and [Ph2NMeH][B(C6F5)4] have
long been known and used as activating agents in olefin-
polymerisation catalysis.[48–49]

As part of our ongoing studies on the preparation and
the reactivity of main-group element cations,[43–45,47,50] we
describe here the preparation and reactions of the stan-
nylium compounds [Ph3Sn(OEt2)][H2N{B(C6F5)3}2],
[Sn(NMe2)3(HNMe2)2][B(C6F5)4] and [Me3Sn(HNMe2)2]-
[B(C6F5)4]. The structures of [{NaN(SiMe3)2}2·THF],
Ph3SnN(SiMe3)2 and [(C4H4N2)H·OEt2][B(C6F5)4] are also
presented.

Results and Discussion

Synthesis and Structure of Ph3SnN(SiMe3)2

First attempts to generate a sterically relatively unencum-
bered stannyl cation involved the reaction of
Ph3SnN(SiMe3)2 (1) with one equiv. of [Ph2Me-
NH][B(C6F5)4] (3). Compound 1 is conveniently accessible
from Ph3SnF and 0.5 equiv. of [{NaN(SiMe3)2}2·THF] (2)
in hot toluene (Scheme 2). The 119Sn NMR spectrum of 1
exhibited a single peak at δ –106.4 ppm, i.e. there was a
noticeable highfield shift of ca. 145–185 ppm when com-
pared to other known R3Sn–NR�2 trialkyltin amides.[1] 1 is
very soluble both in polar (CH2Cl2, Et2O, THF) and non-
polar (toluene, light petroleum) organic solvents.

Crystals of 1 suitable for X-ray diffraction crystallogra-
phy were isolated as large colourless blocks by recrystalli-

Scheme 2. Synthesis of Ph3SnN(SiMe3)2 (1) and its subsequent reactions with Brønsted acids [Ph2MeNH][B(C6F5)4] (3) and
[H(OEt2)2][H2N{B(C6F5)3}2] (4).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3211–32203212

sation from a concentrated toluene solution stored at
–26 °C. The tin atom in 1 has a tetrahedral coordination
geometry, while the nitrogen atom is trigonal planar coordi-
nated. A view of a molecule of 1 is depicted in Figure 1.
Viewed down the N(4)–Sn bond, the N(4)–Si(5) bond
eclipses the Sn–C(11) bond. The Si(5)–N(4)–Sn–C(11) tor-
sion angle is 0.8(4)°. The Sn–C(11), Sn–C(21) and Sn–C(31)
bond lengths in 1 of 2.149(6), 2.154(6) and 2.114(6) Å,
respectively, are typical of SnIV–aryl bonds.[31–32,51] The Sn–
N(4) bond is 2.060(5) Å, i.e. greater than the two Sn–N
bond lengths reported for (Me2N)2Sn(O-2,6-tBu2-C6H3)2

[1.980(4) and 1.997(4) Å][52] and the Sn–NMe2 bond length
[2.013(3) Å] found in {(2,2,6,6-Me4C5H6N)–P=C(SiMe3)}-
Sn{NMe2}{N(SiMe3)2}2,[53] but comparable to the two Sn–
N(SiMe3)2 bond lengths [2.070(2) and 2.080(2) Å] also iden-
tified in the latter compound. In the crystal packing, there
is no stacking of parallel phenyl rings; instead, the principal
packing features are those of hydrogen atoms (both of
phenyl and methyl groups) pointing into the centre of
phenyl rings, and of methyl–methyl interactions.

During the course of this work large crops of the crystal-
line sodium amide 2 were obtained fortuitously from a con-
centrated light petroleum solution stored at –26 °C. The
molecular structure of 2 was determined and, interestingly,
confirmed the presence of only 0.5 molecules of THF per
sodium atom.

The molecule of 2 contains a Na2N2 ring with a C2 axis
passing through the two sodium atoms (Figure 2). Na(1) is
bound only to the two bridging nitrogen atoms, whereas
Na(2) is coordinated to the same N atoms as well as to one
THF ligand. Examination of the region on the “open” side
of Na(1) shows its closest neighbours to be two C(21)
methyl groups of neighbouring molecules, with Na(1)···
C(21��) and Na(1)···C(21���) distances of 3.104(6) Å; the
closest H atoms are the H(21c) atoms of these methyl
groups, at 2.61 Å. The shortest distances between the
methyl groups (about the twofold symmetry axis) are:
C(21��)···C(21���) 3.756(9), H(21b��)···H(21b���) 2.62, and
H(21b��)···H(21c���) 2.79 Å. Because the contact distance
between two hydrogen atoms is ca. 2.4 Å, there is negligible
space for any other atom or group in this region; the methyl
groups cover this ‘open’ side of Na(1). There are other short
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Figure 1. View of a molecule of 1, indicating the atom numbering
scheme; atoms labelled ‘n’ represent the carbon atoms C(n). Hydro-
gen atoms have been omitted for clarity. Thermal ellipsoids are
drawn at the 50% probability level. Selected bond lengths [Å] and
angles [°]: Sn–C(11) 2.149(6), Sn–C(21) 2.154(6), Sn–C(31)
2.114(6), Sn–N(4) 2.060(5), N(4)–Si(4) 1.738(5), N(4)–Si(5)
1.743(5); C(11)–Sn–C(21) 102.5(2), C(31)–Sn–C(11) 109.5(2),
C(31)–Sn–C(21) 114.0(2), N(4)–Sn–C(11) 112.9(2), N(4)–Sn–C(21)
112.8(2), N(4)–Sn–C(31) 105.3(2).

Na···H contacts of similar distance in this structure, viz.
Na(1)···H(12a) 2.62, Na(1)···H(12c) 2.64 and Na(2)···
H(22a) 2.66 Å. There are also Me···Me contacts between
each of these C(21) groups and methyl groups of the Na(1)
complex, e.g. H(12a)···H(21b�) 2.76 Å, H(21a)···H(21a�)
2.80 Å and H(11c)···H(21a�) 2.73 Å. These contacts effec-
tively shield Na(1) from approach by any other ligand. The

Figure 2. View of a molecule of [{NaN(SiMe3)2}2·THF] (2), indi-
cating the atom numbering scheme. Hydrogen atoms have been
omitted for clarity. Thermal ellipsoids are drawn at the 50% prob-
ability level. Selected bond lengths [Å] and angles [°]: Na(1)–N
2.388(5), Na(2)–N 2.400(5), Na(2)–O(3) 2.285(6), N–Si(1) 1.696(5),
N–Si(2) 1.688(6); N–Na(1)–N� 99.7(2), N–Na(2)–N� 99.0(2), N–
Na(2)–O(3) 130.5(1).
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arrangement around Na(2) is trigonal planar, while each of
the two nitrogen atoms are in a slightly distorted tetrahe-
dral environment. The two N–Na(1)–N and N–Na(2)–N
angles are almost identical [99.7(2)° and 99.0(2)°, respec-
tively]. The presence of a THF molecule coordinated to
Na(2) has very little influence on the N–Na(2) distance, be-
cause the N–Na(1) bond length of 2.388(5) Å is only mar-
ginally shorter than the 2.400(5) Å found for N–Na(2). It is
remarkable that despite the presence of a unique molecule
of THF in the dimeric 2, all bond lengths and angles corre-
spond closely to those already reported for the bis-THF
adduct [{NaN(SiMe3)2}2·2THF].[54] For instance, the N–
Na(1), N–Na(2) and Na(2)–O(3) bond lengths of 2.388(5),
2.400(5) and 2.285(6) Å, respectively in 2 compare very well
with the Na(1)–N(1) and Na(1)–O(1) lengths of 2.399 and
2.267 Å given for [{NaN(SiMe3)2}2·2THF], and the N–
Na(2)–N in 2 [99.0(2)°] is very close to the 101.7° found for
N(1)–Na(1)–N(1) in the bis-THF adduct.

Synthesis of [Ph3Sn(OEt2)][H2N{B(C6F5)3}2] (5)

Treatment of 1 with an equimolar amount of [H(OEt2)2]-
[H2N{B(C6F5)3}2][38] (4) in dichloromethane yielded a vis-
cous oil, from which a fine white powder was obtained
upon repeated washing with light petroleum. NMR spectro-
scopic data of this solid were consistent with the formula-
tion [Ph3Sn(OEt2)][H2N{B(C6F5)3}2] (5), and the composi-
tion was confirmed by elemental analysis. Compound 5 is
very soluble in chlorinated solvents and diethyl ether, but
is only sparingly soluble in toluene and insoluble in light
petroleum. The 119Sn NMR resonance for 5 was found at
δ –76.0 ppm, i.e. at much higher field than reported for the
free ions (mesityl)3Sn+ (δ +806 ppm)[21] and (2,4,6-triiso-
propylphenyl)3Sn+ (δ +714 ppm).[23] All attempts to deter-
mine the molecular structure of 5 proved unsuccessful,
possibly due to its high air- and moisture-sensitivity. It was
not possible to remove the coordinated Et2O molecule, even
upon heating under vacuum.

Attempts to generate a stannyl cation free of coordinat-
ing ether by reacting 1 with [Ph2MeNH][B(C6F5)4] (3) in
dichloromethane at room temperature gave dark blue mix-
tures from which no tractable material could be isolated.

Synthesis, Characterisation and Reactivity of [Sn(NMe2)3-
(HNMe2)2][B(C6F5)4] (6), [H(HNMe2)2][B(C6F5)4] (7) and
[(C4H4N2)H·OEt2][H2N{B(C6F5)3}2] (8)

To the best of our knowledge simple amidotin(IV)–
amide complexes have never been used for the preparation
of organotin cations, and it prompted us to investigate the
potential of these simple precursors for such purposes.

The sterically very hindered amide MeSn[N(SiMe3)2]3
was treated with the cation-generating agents 3, 4,
[Ph3C][H2N{B(C6F5)3}2] or B(C6F5)3 in dichloromethane.
However, none of these reactions proceeded to give the ex-
pected organotin cations, but instead the starting material
MeSn[N(SiMe3)2]3 was recovered in all cases.[55]
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By contrast, the less encumbered Sn(NMe2)4 can be em-

ployed effectively for reactions with Brønsted acids. On ad-
dition of one equiv. of Sn(NMe2)4 to a colourless solution
of 3 in dichloromethane, a pale yellow, slightly cloudy solu-
tion was obtained (Scheme 3, Method A). The crude prod-
uct was isolated as a viscous yellow oil. Attempts to purify
the compound adequately with light petroleum failed. Nev-
ertheless, crystals were grown from a concentrated dichloro-
methane solution, and crystallographic studies carried out
on these colourless plates indicated the structure [Sn-
(NMe2)3(HNMe2)2][B(C6F5)4] (6), with two molecules of
dimethylamine coordinated to the metal centre. Elemental
analysis and NMR characterisation were in agreement with
the proposed structure. The 1H NMR spectrum displayed
a single sharp singlet for all methyl groups at δ 2.76 ppm,
while the N–H protons gave rise to a broad singlet centred
at δ 3.25 ppm. Whereas in the 119Sn NMR spectrum the
starting material Sn(NMe2)4 exhibited a resonance at δ
–122.4 ppm, the peak for 6 was high-field shifted by about
190 ppm, to δ –311.4 ppm. The borate anion showed an 11B
NMR signal at δ –13.6 ppm, while the 19F NMR reso-
nances at δ –133.4, –160.6 and –166.1 ppm are typical of a
noncoordinated borate. Compound 6 is highly soluble in
diethyl ether, THF and dichloromethane, moderately solu-
ble in toluene and insoluble in light petroleum. It is very
air- and moisture-sensitive, but is thermally stable for
periods of weeks at room temperature, and does not show
any sign of deterioration upon prolonged exposure to
light.

The structure of the [Sn(NMe2)3(HNMe2)2]+ cation (6+)
is shown in Figure 3. The complex is trigonal-bipyramidal,
with the two dimethylamine ligands trans to one another
[angle N(11)–Sn–N(12) 176.0(2)°; angle sum for Neq–Sn–
Neq 360.0°]. The Sn–N distances to the axial HNMe2 li-
gands [Sn–N(11) 2.382(7), Sn–N(12) 2.321(7) Å] are sub-
stantially longer than those to the equatorial amido groups
[Sn–N(13) 2.013(7) Å, Sn–N(14) 2.005(6) and Sn–N(15)
1.990(7) Å]. The average Sn–Neq length in 6+ (2.003 Å) is
somewhat shorter than the average Sn–Neq length of
2.038 Å found in the geometrically comparable neutral
complex Me2NSn(MeNCH2CH2N)3N,[56] which presum-
ably reflects the influence of the positive charge on the
metal centre in 6+. To the best of our knowledge, 6 is the
first example of a structurally characterised five-coordinate
amido SnIV-cation paired with a noncoordinating counter-
anion.

Scheme 3. Preparation of [Sn(NMe2)3(HNMe2)2][B(C6F5)4] (6).
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Figure 3. View of the [Sn(NMe2)3(HNMe2)2]+ cation (6+), indicat-
ing the atom numbering scheme. Atoms labelled ‘n’ represent the
carbon atoms C(n). Hydrogen atoms (except for the amino H
atoms) have been omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths [Å] and angles
[°]: Sn–N(11) 2.382(7), Sn–N(12) 2.321(7), Sn–N(13) 2.013(7), Sn–
N(14) 2.005(6), Sn–N(15) 1.990(7); N(12)–Sn–N(11) 176.0(2),
N(13)–Sn–N(11) 91.4(3), N(14)–Sn–N(11) 90.4(3), N(15)–Sn–
N(11) 89.9(3), N(13)–Sn–N(12) 84.6(3), N(14)–Sn–N(12) 92.1(3),
N(15)–Sn–N(12) 91.5(3), N(14)–Sn–N(13) 120.8(3), N(15)–Sn–
N(13) 118.7(3), N(15)–Sn–N(14) 120.5(3).

The preparation described above gave 6 in low yield
(24% based on Sn). Consequently, a more economical route
was developed, which consisted of protonating Sn(NMe2)4

while at the same time offering a second molecule of di-
methylamine (Scheme 3, Method B). For this purpose, the
new Brønsted acid [H(HNMe2)2][B(C6F5)4] (7) was pre-
pared. The low basicity of NMePh2 compared to that of
HNMe2 was exploited for the nearly-quantitative synthesis
of 7 (Scheme 4, top). Thus, the straightforward reaction of
3 with a large excess of HNMe2 in diethyl ether at room
temperature yielded a white solid after removal of the vola-
tiles. Upon thorough washing with light petroleum, a fine
white powder was obtained, and the composition of 7 was
confirmed by elemental analysis and NMR spectroscopy. In
the 1H NMR spectrum (in CD2Cl2), all four methyl groups
appear as a sharp singlet at δ 2.61 ppm, while the three N–
H protons are equivalent and give rise to a sharp singlet at
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Scheme 4. Preparation of new Brønsted acids stabilised by weakly coordinating perfluorinated anions.

δ 7.04 ppm. It is worth noting that this reaction must not
be conducted in dichloromethane, as in this case crystalline
Me2NH·HCl is slowly formed in quantitative yield. For this
reason, highly concentrated solutions of 7 and short acqui-
sition times were used to record its NMR spectra. Com-
pound 7 dissolves in Et2O and THF but is hardly soluble
in toluene and insoluble in light petroleum. As anticipated,
the reaction of Sn(NMe2)4 with an equimolar amount of 7
in diethyl ether proceeded cleanly to yield ether-free 6 in a
substantially improved yield (83%; Scheme 3, Method B).

The stability of 6 was demonstrated by its remarkable
inertness towards ligand substitution. There is no reaction
with diethyl ether, THF or even a chelating ligand such as
tetramethylethylenediamine (TMEDA). Moreover, 6 was
also isolated as the only product of the reaction between 3
and Sn(NMe2)4 carried out in Et2O or THF instead of
CH2Cl2 (yield 10–20% with respect to Sn).

Because adding an excess of pyrazine to 6 proved ineffec-
tive in displacing one of the dimethylamine ligands, we en-
visaged adding [(C4H4N2)H·OEt2][H2N{B(C6F5)3}2] (8) to
Sn(NMe2)4, with the rationale that such reaction would
lead to the formation of a SnIV cation coordinated by at
least one bifunctional pyrazine ligand. Thus, the new
Brønsted acid 8 was conveniently prepared by addition of
pyrazine to a solution of 4 in dichloromethane (Scheme 4,
bottom, Method A). After removal of the volatile fraction
and several washings with light petroleum, analytically pure
8 was recovered in high yield (88%). Product 8 was also
readily obtained in 77% yield by reaction of solid pyrazin-
ium chloride with [Na(OEt2)4][H2N{B(C6F5)3}2] in dichlo-
romethane (Scheme 4, bottom, Method B). Compound 8
can easily be dissolved in Et2O and chlorinated solvents,
but shows poor solubility in aromatic solvents and light pe-
troleum. Unexpectedly, no clean product could be recovered
from the reaction of Sn(NMe2)4 and 8 performed in
CH2Cl2; instead a complicated mixture of products was ob-
tained.
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The anion [H2N{B(C6F5)3}2]– was chosen in preference
to B(C6F5)4

– because of its better crystallisation properties,
and indeed crystals of 8 suitable for X-ray crystallography
were grown as colourless shards from a concentrated

Figure 4. View of the salt [(C4H4N2)H·OEt2][H2N{B(C6F5)3}2] (8),
indicating the atom numbering scheme. Hydrogen atoms (except
for the amido and acidic atoms) have been omitted for clarity. Ther-
mal ellipsoids are drawn at the 50% probability level. Selected bond
lengths [Å] and angles [°]: N(2)–H(2n) 1.27(5), O(1)–H(2n) 1.38(5),
N(2)–C(41) 1.335(6), N(2)–C(44) 1.337(6), N(3)–C(42) 1.321(6),
N(3)–C(43) 1.331(6), N(1)–B(1) 1.627(4), N(1)–B(2) 1.638(4),
N(1)–H(1a) 0.90, N(1)–H(1b) 0.90, H(1a)–F(5) 2.24, H(1a)–F(11)
2.13, H(1a)–F(26) 2.32, H(1b)–F(16) 1.98; N(2)–H(2n)–O(1)
156(5), C(41)–N(2)–C(44) 120.6(4), C(42)–N(3)–C(43) 114.9(4),
B(1)–N(1)–B(2) 133.2(2).
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dichloromethane solution cooled to –26 °C (Figure 4). The
acidic proton in the cation was refined freely. It lies between
the oxygen and nitrogen atoms and is located somewhat
closer to the latter [N(2)–H(2n) 1.27(5) Å, O(1)–H(2n)
1.38(5) Å]; the N(2)–H(2n)–O(1) angle is 156(5)°. The C–N
bonds of the protonated nitrogen [1.335(6) and 1.337(6) Å]
are marginally longer than those to the nonprotonated ni-
trogen atom [1.321(6) and 1.331(6) Å]. The structure of the
anion resembles strongly that in [Na(OEt2)2][H2N{B-
(C6F5)3}2] reported previously.[38]

Scheme 5. Preparation of [Me3Sn(HNMe2)2][B(C6F5)4] (9).

Figure 5. View of the two independent ion pairs in the salt [Me3Sn(HNMe2)2][B(C6F5)4] (9), indicating the atom numbering scheme.
Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Selected bond lengths [Å] and
angles [°]: For the first cation, Sn(1)–N(1) 2.405(6), Sn(1)–N(2) 2.323(6), Sn(1)–C(1) 2.036(6), Sn(1)–C(2) 2.404(6), Sn(1)–C(3) 2.085(6);
N(1)–Sn(1)–N(2) 176.3(2), N(1)–Sn(1)–C(1) 78.4(2), N(1)–Sn(1)–C(2) 93.0(2), N(1)–Sn(1)–C(3) 94.0(2), N(2)–Sn(1)–C(1) 100.2(2), N(2)–
Sn(1)–C(2) 84.9(2), N(2)–Sn(1)–C(3) 89.7(2), C(1)–Sn(1)–C(2) 124.5(2), C(2)–Sn(1)–C(3) 127.9(2), C(1)–Sn(1)–C(3) 107.5(3). For the
second cation, Sn(2)–N(3) 2.263(5), Sn(2)–N(4) 2.272(4), Sn(2)–C(8) 2.417(7), Sn(2)–C(9) 2.049(6), Sn(2)–C(10) 2.154(6); N(3)–Sn(2)–
N(4) 177.0(2), N(3)–Sn(2)–C(8) 98.8(2), N(3)–Sn(2)–C(9) 80.2(2), N(3)–Sn(2)–C(10) 91.7(2), N(4)–Sn(2)–C(8) 84.0(2), N(4)–Sn(2)–C(9)
97.7(2), N(4)–Sn(2)–C(10) 87.3(2), C(8)–Sn(2)–C(9) 116.8(3), C(9)–Sn(2)–C(10) 116.1(3), C(8)–Sn(2)–C(10) 127.1(3).
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Synthesis and Characterisation of [Me3Sn(HNMe2)2]-
[B(C6F5)4] (9)

As discussed above, no stannyl cation could be generated
from MeSn[N(SiMe3)2]3 upon treatment with various cat-
ion-generating agents. On the other hand, the sterically less
hindered mono-amide Me3SnN(SiMe3)2 reacted success-
fully with one equiv. of 7 in Et2O to yield [Me3Sn-
(HNMe2)2][B(C6F5)4] (9) in a near-quantitative yield
(Scheme 5). Compound 9 was fully characterised by NMR
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spectroscopy in CD2Cl2, and its composition was con-
firmed by elemental analysis. It is readily soluble in ethers
and chlorinated solvents, but only poorly soluble in aro-
matic hydrocarbons and totally insoluble in light petro-
leum. It is air- and moisture-sensitive, but is thermally
stable and does not deteriorate when exposed to light.

The 119Sn NMR spectrum of 9 consists of a single peak
located at δ –25.3 ppm, i.e. it has undergone a high-field
shift of about 77 ppm when compared to the starting mate-
rial (δ +52.1 ppm). By contrast, the 119Sn NMR resonance
for the free Bu3Sn+ appears at the much higher frequency
(δ +454 ppm).[22] In the 1H NMR spectrum, the resonance
for the nine Sn–CH3 protons is found at δ 0.60 ppm, exhib-
iting a 2JH,Sn coupling of 30.7 Hz; the two N–H protons
display a resonance at δ 2.14 ppm, and are considerably
more shielded than the two analogous protons in 6 (δ
3.25 ppm). The 11B (δ –13.6 ppm) and 19F (δ –133.6, –164.0
and –168.0 ppm) NMR spectra are characteristic of the
noncoordinating nature of the counteranion.

Single crystals of 9 were readily grown from a dichloro-
methane/light petroleum mixture at –28 °C as colourless
slabs, suitable for X-ray diffraction. The crystal structure
(Figure 5) indicates the presence of two independent ion
pairs per asymmetric unit. The arrangement around the tin
atoms of the two cations in 9 resembles that in 6. Each of
the cations has a distorted trigonal-bipyramidal environ-
ment, where the two dimethylamine ligands are situated in
apical positions [N(1)–Sn(1)–N(2) 176.3(2)°; N(3)–Sn(2)–
N(4) 177.0(2)°]. The average angle sums for Ceq–Sn(1)–Ceq

[359.9(2)°] and Ceq–Sn(2)–Ceq [360.0(3)°] confirm the plan-
arity of the trigonal SnMe3 subunits. In both cations, one
of the three equatorial Sn–C bonds is significantly longer
than the other two [Sn(1)–C(2) 2.404(6) compared to Sn(1)–
C(1) 2.036(6) and Sn(1)–C(3) 2.085(6) Å; Sn(2)–C(8)
2.417(7) compared to Sn(2)–C(9) 2.049(6) and Sn(2)–C(10)
2.154(6) Å], and there are considerable variations in the
Ceq–Sn–Ceq angles [Ceq–Sn(1)–Ceq 107.5(3)–127.9(2)°; Ceq–
Sn(2)–Ceq 116.1(3)–127.1(3)°]. The axial Sn–N bond
lengths in 9 differ slightly between the two independent cat-
ions [Sn(1)–N(1) 2.405(6) and Sn(1)–N(2) 2.323(6) Å;
Sn(2)–N(3) 2.263(5) and Sn(2)–N(4) 2.272(4) Å], but overall
compare well with those found in 6 [2.382(7) and
2.321(7) Å] and in the related ammonia complex
[Me3Sn(NH3)2][N(SO2Me)2] (Sn–N 2.328 and 2.383 Å; N–
Sn–N 179.2°).[57] The equatorial Sn–C bond lengths in 9
are comparable to those reported for the latter compound
(Sn–C 2.117–2.124 Å).

Conclusions

We have shown that Brønsted acids paired with weakly
coordinating perfluorinated counteranions can be em-
ployed as an effective way to generate cationic tin(IV) com-
plexes. With this aim in mind two new nitrogen-based
Brønsted acids have been developed. The SnIV cations
formed in such fashion are highly electrophilic. In particu-
lar, [Sn(NMe2)3(HNMe2)2]+ [B(C6F5)4]– was synthesized as
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the first example of a structurally characterised cationic
amidotin complex. The dimethylamine ligands exhibit a
surprising resistance to substitution by other Lewis bases.
Future work will involve tailor-made cationic Brønsted ac-
ids and their use in combination with other main group
precursors for the development of new architectures built
around cationic metal centres and weakly coordinating
anions.

Experimental Section
General: All manipulations were performed under argon using
standard Schlenk techniques. Solvents were pre-dried, and distilled
under inert atmosphere over sodium (low-sulfur toluene), sodium–
benzophenone (diethyl ether, THF), sodium–potassium alloy (light
petroleum, boiling point 40–60 °C) or calcium hydride (dichloro-
methane). NMR solvents were dried with activated 4-Å molecular
sieves and degassed by several freeze–thaw cycles. NMR spectra
were recorded with a Bruker Avance DPX-300 spectrometer.
Chemical shifts are reported in ppm. 1H NMR spectra
(300.13 MHz) are referenced to the residual protons of the deuter-
ated solvent used. 13C NMR spectra (75.47 MHz) were referenced
internally to the D-coupled 13C resonances of the NMR solvent.
11B (96.29 MHz), 19F (282.38 MHz) and 119Sn (111.91 MHz) NMR
spectra were referenced externally to BF3·Et2O, CFCl3 and SnMe4,
respectively. HN(SiMe3)2, NMePh2, Ph3SnF, SnCl4, Me3SnCl,
MeSnCl3, C4H4N2, HNMe2 and N,N,N�,N�-tetramethylethylenedi-
amine were used as purchased without further purification.
B(C6F5)3,[58–59] [Ph2MeNH][B(C6F5)4] (3),[49] [Na(OEt2)4][H2N-
{B(C6F5)3}2],[38] [H(OEt2)2][H2N{B(C6F5)3}2] (4),[38] [Ph3C][H2N-
{B(C6F5)3}2],[38] MeSn[N(SiMe3)2]3,[60] Me3SnN(SiMe3)2

[61] and
Sn(NMe2)4

[62] were prepared according to the literature methods.

Synthesis of Ph3SnN(SiMe3)2 (1): Ph3SnF (5.0 g, 13.5 mmol) was
added rapidly at –78 °C to a suspension of [{NaN(SiMe3)2}2·THF]
(6.0 g, 13.5 mmol) in light petroleum (80 mL). The mixture was
warmed slowly to room temperature and was stirred overnight. The
volatiles were removed under vacuum, giving a white solid which
was suspended in toluene (60 mL). The reaction mixture was stirred
at 60 °C for 5 hours. The precipitate of NaF was then removed by
filtration, and the supernatant was concentrated to 20 mL. X-ray
quality crystals were obtained by recrystallisation at –26 °C. Yield:
4.8 g (70%). 1H NMR (CD2Cl2, 25 °C, 300.13 MHz): δ = 7.66 (m,
6 H, Ar–H), 7.44 (m, 9 H, Ar–H), 0.10 (s, 18 H, SiMe3) ppm.
13C{1H} NMR (CD2Cl2, 25 °C, 75.48 MHz): δ = 142.5 (Ci, 1JC,Sn

= 298.9 Hz, SnPh3), 137.0 (Co, 2JC,Sn = 20.6 Hz, SnPh3), 129.6 (Cp,
4JC,Sn = 6.2 Hz, SnPh3), 129.1 (Cm, 3JC,Sn = 28.9 Hz, SnPh3), 5.6
(SiMe3) ppm. 119Sn NMR (CD2Cl2, 25 °C, 111.91 MHz): δ =
–106.4 ppm. C24H33NSi2Sn (510.4): calcd. C 56.48, H 6.52, N 2.74;
found C 56.71, H 6.52, N 2.87.

Preparation of [{NaN(SiMe3)2}2·THF](2): The solvent was removed
from a solution of NaN(SiMe3)2 (12.0 g, 65.4 mmol) in THF
(125 mL) under vacuum and the resulting solid extracted with light
petroleum (2×100 mL). The filtrate was concentrated to 50 mL
and stored overnight at –26 °C, affording a large crop of colourless
crystals suitable for X-ray diffraction crystallography. Yield 10.0 g,
22.8 mmol, 70%. 1H NMR (CD2Cl2, 25 °C, 300.13 MHz): δ = 3.41
(t, 4 H, J = 6.6 Hz, CH2–CH2–O), 1.22 (m, 4 H, CH2–CH2–O),
0.26 (s, 36 H, SiMe3) ppm. 13C NMR (CD2Cl2, 25 °C, 75.48 MHz):
δ = 68.4 (CH2–CH2–O), 25.4 (CH2–CH2–O), 7.0 (SiMe3) ppm.
C16H44N2Na2OSi4 (438.9): calcd. C 43.79, H 10.11, N 6.38; found
C 43.01, H 10.10, N 6.40.
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[Ph3Sn(OEt2)][H2N{B(C6F5)3}2] (5): A colourless solution of 1
(0.5 g, 1.0 mmol) and 4 (1.2 g, 1.0 mmol) in CH2Cl2 (8 mL) was
stirred at room temperature for 12 hours. The solvent was then re-
moved under vacuum, leaving a sticky foam. Upon repeated wash-
ing with light petroleum a white powder was obtained which was
suspended in 3 mL of light petroleum, and dichloromethane (ca.
2 mL) was added until the solid was completely dissolved. Cooling
to –26 °C for several days gave a white microcrystalline solid, yield
0.5 g (30%). 1H NMR (CD2Cl2, 25 °C, 300.13 MHz): δ = 7.92–7.70
(m, 15 H, Ar–H), 5.70 (br. s, 2 H, H2N), 3.61 (q, 3JH,H = 7.0 Hz,
4 H, CH3–CH2–O), 0.99 (t, 3JH,H = 7.0 Hz, 6 H, CH3–CH2–O)
ppm. 13C{1H} NMR (CD2Cl2, 25 °C, 75.48 MHz): δ = 149.8,
146.7, 141.2, 138.7, 137.8, 135.5 (all ArF5–C), 136.9 (Ci, SnPh3),
136.6 (2JC,Sn = 22.8 Hz, Co, SnPh3), 131.1 (Cp, SnPh3), 131.0 (3JC,Sn

= 33.8 Hz, Cm, SnPh3), 67.5 (CH3–CH2–O), 13.9 (CH3–CH2–O)
ppm. 11B NMR (CD2Cl2, 96.29 MHz, 25 °C): δ = –5.3 ppm. 19F
NMR (CD2Cl2, 282.38 MHz, 25 °C): δ = –133.4 (d, 3JF,F =
19.8 Hz, 12 F, Fo), –160.7 (t, 3JF,F = 19.8 Hz, 6 F, Fp), –166.0 (t,
3JF,F = 19.8 Hz, 12 F, Fm) ppm. 119Sn NMR (CD2Cl2, 25 °C,
111.91 MHz): δ = –76.0 ppm. C58H27B2F30NOSn (1464.1): calcd.
C 47.58, H 1.86, N 0.96; found C 47.45, H 2.02, N 1.04.

[Sn(NMe2)3(HNMe2)2][B(C6F5)4] (6). Method A: To a colourless
solution of 3 (1.3 g, 1.5 mmol) in CH2Cl2 (15 mL) was added neat
Sn(NMe2)4 (0.5 g, 1.7 mmol). The solution was stirred at room
temperature for 5 h, when it gradually turned pale yellow and
cloudy. It was then concentrated to ca. 5 mL and crystals suitable
for X-ray crystallography were obtained after several days at
–26 °C. Yield 0.4 g (24% relative to Sn). 1H NMR (CD2Cl2, 25 °C,
300.13 MHz): δ = 3.25 (br., 2 H, N–H), 2.76 (s, 30 H, N–CH3)
ppm. 13C{1H} NMR (CD2Cl2, 25 °C, 75.48 MHz): δ = 150.0,
146.8, 140.2, 138.2, 136.9, 135.0 (all ArF5–C), 42.0 (br., N–CH3)
ppm. 11B NMR (CD2Cl2, 96.29 MHz, 25 °C): δ = –13.6 ppm. 19F
NMR (CD2Cl2, 282.38 MHz, 25 °C): δ = –133.6 (d, 3JF,F =
19.8 Hz, 8 F, Fo), –164.1 (t, 3JF,F = 19.8 Hz, 4 F, Fp), –168.0 (t,
3JF,F = 19.8 Hz, 8 F, Fm) ppm. 119Sn NMR (CD2Cl2, 25 °C,
111.91 MHz): δ = –311.4 ppm. C34H32BF20N5Sn (1020.2): calcd. C
40.03, H 3.16, N 6.87; found C 39.52, H 2.95, N 6.48.

Method B: Neat Sn(NMe2)4 (0.4 g, 1.4 mmol) was added to a solu-
tion of 7 (0.9 g, 1.2 mmol) in Et2O (30 mL). A white precipitate
formed within 2 min. The reaction mixture was stirred overnight,
and light petroleum (10 mL) was added, yielding a white precipi-
tate. The supernatant was filtered off. The white solid residue was
washed with light petroleum (4×30 mL) and dried in vacuo. The
product proved to be identical to that prepared by Method A. Yield
1.0 g (83% relative to Sn).

[H(HNMe2)2][B(C6F5)4] (7): Dimethylamine (6.6 g, 14.6 mmol) was
condensed into a Schlenk tube at –35 °C and transferred rapidly to
a solution of 3 (1.2 g, 1.4 mmol) in Et2O (25 mL). The resulting
colourless solution was stirred overnight at room temperature. The
volatiles were then removed in vacuo, yielding a white solid which
was washed thoroughly with light petroleum (5×20 mL) and dried
under vacuum. Yield 0.9 g (86%). 1H NMR (CD2Cl2, 25 °C,
300.13 MHz): δ = 7.04 (s, 3 H, N–H), 2.61 (s, 12 H, N–CH3) ppm.
13C{1H} NMR (CD2Cl2, 25 °C, 75.48 MHz): δ = 150.0, 147.1,
140.1, 138.0, 136.7, 135.0 (all ArF5–C), 36.7 (N–CH3) ppm. 11B
NMR (CD2Cl2, 96.29 MHz, 25 °C): δ = –11.7 ppm. 19F NMR
(CD2Cl2, 282.38 MHz, 25 °C): δ = –131.8 (d, 3JF,F = 19.8 Hz, 8 F,
Fo), –161.9 (t, 3JF,F = 19.8 Hz, 4 F, Fp), –165.9 (t, 3JF,F = 19.8 Hz,
8 F, Fm) ppm. C28H15BF20N2 (770.2): calcd. C 43.66, H 1.96, N
3.64; found C 43.92, H 1.82, N 3.65.

[(C4H4N2)H·OEt2][H2N{B(C6F5)3}2] (8). Method A: Pyrazine
(0.1 g, 1.2 mmol) was weighed under inert atmosphere and rapidly
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added to a solution of 4 (1.0 g, 0.8 mmol) in CH2Cl2 (25 mL). The
colourless mixture was stirred at room temperature overnight, and
the solvent was pumped off under vacuum to leave a white solid
which was washed with light petroleum (3×25 mL) and dried in
vacuo. Crystals suitable for X-ray diffraction were obtained by
recrystallisation from a concentrated CH2Cl2 solution at –26 °C.
Yield 0.8 g (88%). 1H NMR (CD2Cl2, 25 °C, 300.13 MHz): δ =
16.46 (br., 1 H, N–H), 10.36–8.10 (v br, 4 H, C–H), 5.70 (br. s, 2
H, H2N), 3.86 (q, 3JH,H = 7.0 Hz, 4 H, CH3–CH2–O), 1.34 (t, 3JH,H

= 7.0 Hz, 6 H,CH3–CH2–O) ppm. 13C{1H} NMR (CD2Cl2, 25 °C,
75.48 MHz): δ = 148.8, 146.6, 141.1, 138.6, 137.8, 135.4 (all ArF5–
C), 142.7 (C4H4N2), 67.7 (CH3–CH2–O), 15.0 (CH3–CH2–O) ppm.
11B NMR (CD2Cl2, 96.29 MHz, 25 °C): δ = –5.3 ppm. 19F NMR
(CD2Cl2, 282.38 MHz, 25 °C): δ = –133.4 (d, 3JF,F = 19.8 Hz, 12
F, Fo), –160.6 (t, 3JF,F = 19.8 Hz, 6 F, Fp), –166.1 (t, 3JF,F = 19.8 Hz,
12 F, Fm) ppm. C44H17B2F30N3O (1195.2): calcd. C 44.22, H 1.43,
N 3.52; found C 43.91, H 1.58, N 3.43.

Method B: [Na(OEt2)4][H2N{B(C6F5)3}2] (1.9 g, 1.4 mmol) was
added at room temperature to a suspension of solid C4H4N2·HCl
(0.15 g, 1.3 mmol) in 25 mL of CH2Cl2. The pyrazinium chloride
reacted immediately, and the resulting solution turned pale yellow
while small amounts of NaCl precipitate persisted. The solution
was filtered off after 6 h, and the volatiles were removed under
vacuum. A white powder was isolated, the composition of which
was essentially identical to that of the solid obtained with Method
A above. Yield 1.2 g (77%).

[Me3Sn(HNMe2)2][B(C6F5)4] (9): Compound 7 (0.8 g, 1.0 mmol)
was rapidly added to a solution of Me3SnN(SiMe3)2 (0.6 g,
1.8 mmol) in Et2O (30 mL). The resulting colourless solution was
stirred at room temperature for 1 h. Upon removal of the volatiles
in vacuo a white solid was obtained which was washed thoroughly
with light petroleum (2×50 mL) and dried in vacuo to constant
weight. Yield 0.9 g (96%). Recrystallisation from a dichlorometh-
ane/light petroleum mixture (4:1) kept at –26 °C afforded single
crystals of 9 as colourless slabs. 1H NMR (CD2Cl2, 25 °C,
300.13 MHz): δ = 2.42 (s, 12 H, N–CH3), 2.14 (br., 2 H, N–H),
0.60 (s, 9 H, Sn–CH3) ppm. 13C{1H} NMR (CD2Cl2, 25 °C,
75.48 MHz): δ = 150.1, 146.9, 140.2, 138.3, 137.0, 135.0 (all ArF5–
C), 37.8 (N–CH3), –5.4 (Sn–CH3) ppm. 11B NMR (CD2Cl2,
96.29 MHz, 25 °C): δ = –13.6 ppm. 19F NMR (CD2Cl2,
282.38 MHz, 25 °C): δ = –133.6 (d, 3JF,F = 19.8 Hz, 8 F, Fo), –164.0
(t, 3JF,F = 19.8 Hz, 4 F, Fp), –168.0 (t, 3JF,F = 19.8 Hz, 8 F, Fm)
ppm. 119Sn NMR (CD2Cl2, 25 °C, 111.91 MHz): δ = –25.3 ppm.
C31H23BF20N2Sn (933.0): calcd. C 39.91, H 2.48, N 3.00; found C
40.07, H 2.40, N 3.06.

X-ray Crystallography: Crystal data and refinement results for com-
pounds 1, 2, 6, 8 and 9 are collated in Table 1. In each case, crystals
were mounted on glass fibres, either in oil and fixed in the cold
nitrogen stream on a Rigaku/MSC AFC7R diffractometer (sam-
ples 1, 2 and 6) or with epoxy resin on a Nonius KappaCCD dif-
fractometer (samples 8 and 9). Data were processed with the
TeXsan/PROCESS[63] or DENZO program,[64] and absorption cor-
rections applied. The structures were determined by heavy atom
methods (compounds 1 and 2) or direct methods (compounds 6, 8
and 9) in SHELXS.[65] Refinement was by full-matrix least-squares
methods in SHELXL.[65] In all, non-hydrogen atoms were refined
anisotropically; hydrogen atoms were included in idealised posi-
tions and their isotropic thermal parameters were set to ride on the
Ueq values of the parent carbon or nitrogen atoms. Scattering fac-
tors for neutral atoms were taken from ref.[66]. The relatively large
difference peaks and holes were located close to the tin atoms and
arise from inadequate absorption correction. No absorption correc-
tion was applied in the case of compound 1.
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Table 1. Crystal and structure refinement data for compounds 1, 2, 6, 8 and 9.

Compound 1 2 6 8 9

Elemental formula C24H33NSi2Sn C16H44N2Na2OSi4 C10H32N5Sn, C24BF20 C8H15N2O, C36H2B2F30N C62H46B2F40N4Sn2

Formula weight 510.4 438.9 1020.2 1195.2 1866.0
Crystal system triclinic monoclinic triclinic orthorhombic triclinic
Space group P1̄ (no. 2) C2/c (no. 15) P1̄ (no. 2) P212121 (no. 19) P1̄ (no. 2)
Unit cell dimensions [Å, °]
a 11.799(14) 11.195(13) 12.569(10) 13.9820(2) 13.910(4)
b 12.031(12) 21.65(2) 14.304(12) 17.1460(2) 14.102(3)
c 9.405(11) 11.877(13 10.983(8)) 18.3470(3) 17.786(4)
α 95.68(9) 90 91.59(7) 90 88.92(2)
β 107.33(9) 109.73(9) 102.48(6) 90 82.07(2)
γ 84.08(9) 90 85.87(7) 90 89.94(2)
Cell volume, V [Å3] 1264(2) 2710(5) 1923(3) 4398.43(11) 3454.9(15)
No. of formula units/cell, Z 2 4 2 4 2
Density (calculated) [mg/m3] 1.340 1.076 1.762 1.805 1.794
F(000) 524 960 1012 2360 1832
Absorption coefficient [mm–1] 1.114 0.259 0.796 0.197 0.875
Temperature [K] 140(1) 140(1) 140(1) 293(2) 120(2)
Crystal colour, shape colourless block colourless prism colourless plate colourless shard colourless slab
Crystal size [mm] 0.8×0.7×0.5 0.5×0.25×0.2 0.7×0.40×0.15 0.27×0.02×0.02 0.50×0.18×0.08
θ range [°] for data collection 2.3–25.1 1.9–20.0 1.9–25.0 2.9–27.1 1.2–27.5
Index ranges for h, k, l 0/14, –14/14, –11/10 –1/10, –20/20, –11/10 0/13, –16/16, –12/12 –17/16, –19/21, –23/23 –17/17, –18/18, –22/22
Absorption correction Psi-scans Psi-scans Psi-scans Semi-empirical from Semi-empirical from

equivalents equivalents
Max./min. transmission 1.00/0.584 1.00/0.756 1.00/0.64 0.996/0.949 0.933/0.669
Total no. of reflections measured 4681 2028 5537 63610 70746
No. of unique reflections 4443 1270 5200 9638 14464
Rint for equivalents 0.088 0.146 0.104 0.074 0.065
No. of “observed” reflections (I � 2σI) 3851 883 4053 7707 11285
Refinement
Data/restraints/parameters 4443/0/254 1270/0/121 5200/0/563 9638/0/727 14464/0/1021
Goodness-of-fit on F2, S 1.048 0.999 0.996 1.065 1.098
Final R indices (“observed” data) R1 = 0.061, R1 = 0.058, R1 = 0.063, R1 = 0.047, R1 = 0.055,

wR2 = 0.156 wR2 = 0.114 wR2 = 0.158 wR2 = 0.104 wR2 = 0.150
Final R indices (all data) R1 = 0.071, R1 = 0.094, R1 = 0.084, R1 = 0.068, R1 = 0.076,

wR2 = 0.164 wR2 = 0.126 wR2 = 0.170 wR2 = 0.113 wR2 = 0.160
Largest diff. peak and hole [e·Å–3] 3.23 and –1.92 0.22 and –0.30 1.52 and –2.22 0.60 and –0.29 2.07 and –1.79

CCDC-605857 (for 1), -605858 (for 2), -605859 (for 6), -605860
(for 8) and -605861 (for 9) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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New quaternary salts of pentafluorosulfanyl-substituted
(SF5) N-methylimidazole (1), 4-amino-1,2,4-triazole (3) or
pyridine (5) were prepared and characterized. Most of the
salts exhibit good thermal stabilities and low melting points
placing them in the ionic liquid class. Their densities range
between 1.4 and 1.8 g/cm3. The standard enthalpies of for-

Introduction

Energetic materials are vital to the improvement and ad-
vancement in our lives; essential in peace and in armed con-
flict. These materials are controllable energy sources which
deliver power as a function of the rate at which the energy
is liberated. Propellants that release energy over a period of
a few milliseconds to seconds by evolving gases are useful
for driving turbines or propelling rockets. However, explos-
ives, which evolve energy at rapid rates are employed to
produce intense shock waves and find great value in mining,
cutting, and initiation of detonation phenomena. Nearly all
of the industrially used energetics are based on ammonium
nitrate, while for military purposes nitroglycerin, nitrocellu-
lose, HMX, TNT, or RDX are most frequently used. Cur-
rently, the research in the field of energetic materials has
tended to be directed towards the synthesis of simple mole-
cules with high energy, high density, high heat resistance
and low sensitivity by often focusing on the design of nitro-
gen-containing heterocyclic-based, energetic, low-melting
salts.[1,2] Energetic materials that are salts often possess ad-
vantages over molecular analogues since they tend to exhi-
bit lower vapor pressures and higher densities.

High on the list of important characteristics for energetic
materials are density and energy released. Earlier we re-
ported new thermally stable, pentafluorosulfanyl polyfluo-
roalkyl-substituted quaternary salts whose melting points
were less than 0 °C and where the presence of the penta-
fluorosulfanyl group markedly increased the densities of
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mation for the new salts were calculated by the use of com-
putationally feasible DFT(B3LYP) and MP2 methods in con-
junction with an empirical approach based on densities of
salts.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

these room-temperature ionic liquids vis-à-vis most of their
perfluoroalkyl or alkyl analogues.[3] Based on those results
and the following observations: (1) indications that the SF5

group can provide energetic salts with improved properties,
i.e., increased density, decreased sensitivity and good ther-
mal stability; and (2) the larger energy release found due to
formation of HF in the detonation of SF5 explosives [com-
pare the average S–F bond energy (79 kcal/mol) to that of
H–F (136 kcal/mol)],[4] we examined the impact of the
pentafluorosulfanyl group on the properties of energetic
salts. In the present work, we report the preparation and
characterization of pentafluorosulfanylalkyl-substituted
imidazolium, triazolium and pyridinium salts that contain
highly oxidizing anions.

Results and Discussion

Initially, we attempted to quaternize N-methylimidazole
(1), 4-amino-1,2,4-triazole (3) or pyridine (5) with
SF5CH2CH2Br or SF5CH2CH2OTs, but failed because
major decomposition of the pentafluorosulfanyl-containing
precursor occurred due to the loss of HBr or HOTs. In
sharp contrast, by simply elongating the alkyl chain in the
SF5 electrophile from ethyl to propyl, excellent yields re-
sulted. For example, reaction of SF5CH2CH2CH2Br with
N-methylimidazole (1) in a 1:1 molar ratio without solvent
at 65 °C for 12 h led to the formation of the quaternary salt
2 in 90% isolated yield (Scheme 1). Analogously, reactions
of SF5CH2CH2CH2Br with 4-amino-1,2,4-triazole (3) and
pyridine (5) gave the monoquaternary bromides 4 and 6 in
�85% isolated yields. Nitrate, perchlorate, dinitramide, and
pentafluorosulfanylnitramide salts were synthesized by me-
tathesis of the monoquaternary salts with silver nitrate, sil-
ver perchlorate, ammonium dinitramide, and potassium
pentafluorosulfanylnitramide,[5] respectively, in aqueous
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Scheme 1.

solution (Scheme 1). Because some of the nitrate salts were
hygroscopic, they were dried under vacuum for 24 h and
stored in a desiccator for further analysis.

Phase-transition temperatures [midpoints of melting
points (Tm) or glass phase transition temperatures (Tg)]
were determined by differential scanning calorimetry
(DSC), and decomposition points (Td) were recorded using
thermogravimetric analysis (TGA) (Table 1). It is seen that
the decomposition temperatures and heats of formation for
the perchlorate salts are higher than those of the nitrate and
dinitramide salts. The melting points of the imidazolium (2)

Table 1. Structure and properties of SF5-containing salts.

[a] Lattice energy [kcal/mol]. [b] [kcal/mol]. [c] Detonation velocity [m/s]. [d] Detonation pressure [GPa].
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and pyridinium (6) salts are considerably lower than that of
triazolium salts (4).

Density is one of the important physical properties of
energetic salts. Some of the experimental densities obtained
by using a helium pycnometer for the new salts are also
listed in Table 1. For all of the compounds, densities ex-
ceeded 1.40 gcm–3, likely arising from the presence of the
SF5 moiety. This is particularly noticeable in the case of
4d, which exhibits a density of 1.82 g/cm3 due to the SF5

functional groups found in both anion and cation, which
markedly enhance this property.
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Thermochemistry

According to Born–Haber energy cycles, heats of forma-
tion of ionic salts can be simplified by the formula:

∆Hf
o (ionic salts, 298 K) = ∆Hf

o (cation, 298 K) + ∆Hf
o (anion,

298 K) – ∆HL

where ∆HL is the lattice energy of the ionic salts. For 1:1
salts and considering the nonlinear nature of the cation and
anion we currently used, ∆HL [kJ/mol] can be predicted by
the formula suggested by Jenkins et al.[6] as:

∆HL = 1981.2·(ρm/Mm)1/3 + 108.8

Heats of formation of the NO3
–, ClO4

– and N(NO2)2
–

anions can be easily obtained by the reactions in Scheme 2.

Scheme 2.

Scheme 3.
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The proton affinities (PA) were calculated using the G2
method or taken from the literature.[7] A value of
1528.085 kJmol–1 with correction of 6.197 kJmol –1 was
adopted for ∆Hf

o (H+, 298 K).[8,9] Heats of formation of
HNO3 and HN(NO2)2 in the gas phase are available (–32.1
and 29.9kcal/mol, respectively),[7] while the heat of forma-
tion of HClO4 (g) is a little uncertain. In this work,
0.6 kcalmol–1 was used. This was derived by computation
using W1 and W2 methods.[10] This molecule exhibits par-
ticularly severe degrees of inner polarization, and as such
obtaining a basis-set limit SCF component to the total at-
omization energy becomes a challenge. However, the G2
calculation gives 10.8 kcal/mol. Heats of formation of
NO3

–, ClO4
– and N(NO2)2

– were calculated to be –73.6,
–66.4, and –26.9 kcal/mol, respectively.

Then the remaining task was to determine the heats of
formation of the cations, and of N(NO2)(SF5)–, which were
computed using the method of isodesmic reactions
(Scheme 3). The 1,2,4-triazolium species was purposely
conserved, because its heat of formation has been experi-
mentally determined to be 835 kJmol–1.[8] With the experi-
mental heat of formation of imidazole and pyridine, the
imidazolium and pyridinium cations were calculated by the
proton-affinity reactions shown in Scheme 2 using the G2
method. The enthalpies of reactions (∆Hr

o
,298) are obtained

by combining the MP2(full)/6-311++G** energy difference
for the reactions, the scaled zero-point energies, and other
thermal factors. Thus, the heats of formation of the cations
and of N(NO2)(SF5)– can be readily extracted. The results
are listed in Table 1. The calculated enthalpies of formation
(∆fHm) range from –419.5 kcalmol–1 to –161.5 kcalmol–1.
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All of the values are negative mainly as a result of the

large negative heat of formation of SF5 (–216.3 kcal/
mol).[11]

The expected detonation pressures (P) and detonation
velocities (D) based on the traditional Chapman–Jouget
thermodynamic detonation theory were calculated
(Table 1).[12] For all the salts, the calculated detonation
pressures lie in the range between P = 10.4 GPa (2b) and P
= 16.7 GPa (4d). These values are similar to that of tetrani-
tromethane (14.4 GPa).[13] Detonation velocities range be-
tween D = 5538 ms–1 and D = 6630 ms–1 (4d), higher than
those of ammonium dinitramide (D � 5300 ms–1) and lead
azide (D = 5300 ms–1).

Of all of the new energetic compounds, 4b is thermally
considerably more stable than 4d, but its density is lower by
0.4 g/cm3. Also, the pentafluorosulfanylnitramide derivative
4d has a melting point which is 71 °C lower than 4b. The
densities of the new (pentafluorosulfanyl)alkyl quaternary
salts are surprisingly low compared to their (pentafluo-
rosulfanyl)polyfluoroalkyl quaternary analogs that exhibit
densities around 2 g/cm–3 making them among the most
dense of any of the non-chloroaluminate salts reported to
date.[14] Comparisons must be made carefully because the
(pentafluorosulfanyl)polyfluoroalkyl derivatives were only
studied with bis(trifluoromethanesulfonyl)amide as the
anion.[3] However, it may be concluded that density may be
enhanced by the presence of fluorine in fluoroalkyl and/or
pentafluorosulfanyl moieties.

Conclusions

Syntheses of SF5-propyl derivatives of imidazole, 4-
amino-1,2,4-triazole, and pyridine and their subsequent
quaternization led to new energetic salts. Most of the new
salts exhibit good physical properties, including moderately
high density (�1.40 g/cm3), good thermal and hydrolytic
stabilities and low melting points (�100 °C). The molar en-
thalpies of formation were calculated by theoretical meth-
ods. Perchlorate salts have slightly higher molar enthalpies
of formation than the analogous nitrates. The calculated
heats of formation for dinitramide-containing salts are the
highest. Utilization of pentafluorosulfanylnitramide as the
anion contributes to a decrease in the melting point because
of its asymmetry and of the tendency for the negative
charge to be dispersed over the entire anionic structure, as
is the case for dinitramide.

Experimental Section
Caution: While we have experienced no difficulties with shock and
friction sensitivity of these compounds with high nitrogen content
and rather high heats of formation, they should be synthesized in
mmol amounts and handled with extreme care.

General Methods: All the reagents used were analytical reagents
purchased from commercial sources and used as received. 1H, 19F
NMR and 13C NMR spectra were recorded with a 300-MHz NMR
spectrometer operating at 300.13, 282 and 75.48 MHz, respectively.
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Chemical shifts are reported relative to Me4Si or CCl3F. The sol-
vent was D2O unless otherwise specified. The melting and decom-
position points were recorded with a differential scanning calorime-
ter and a thermogravimetric analyzer at a scan rate of 10 °C/min,
respectively. IR spectra were recorded using NaCl plates for neat
liquids and KBr pellets for solids. Densities of ionic liquids were
measured at room temperature using a pycnometer. Densities of
solid salts were measured at room temperature using a Micromerit-
ics Accupyc 1330 gas pycnometer. Elemental analyses were per-
formed with an EXETER CE-440 Elemental Analyzer.

Theoretical Study: Computations were performed with the
Gaussian03 (Revision D.01) suite of programs.[15] The geometric
optimization and the frequency analyses are carried out using B3-
LYP functional analyses with 6-31+G** basis set.[16] Single energy
points were calculated at the MP2(full)/6-311++G** level.[17,18] All
of the optimized structures were characterized to be true local en-
ergy minima on the potential energy surface without imaginary fre-
quencies.

General Procedure: N-Methylimidazole (1), 4-amino-1,2,4-triazole
(3), or pyridine (5) (2 mmol) and SF5CH2CH2CH2Br were sealed
in a Pyrex glass tube in vacuo by cooling to liquid nitrogen tem-
perature and then heated at 65 °C for 12 h. After cooling to room
temperature, the tube was opened and the volatile materials were
removed at reduced pressure. Washing of the crude products with
an acetone/pentane mixture (1:3) gave 2, 4, and 6 in good yields.
The nitrate, perchlorate, dinitramide and pentafluorosulfanylnitra-
mide salts were synthesized by metathesis of the monoquaternary
bromides with silver nitrate, silver perchlorate, ammonium dinitra-
mide, and potassium pentafluorosulfanylnitramide[5] in water. Re-
actions of these bromides with silver salts in water in a 1:1 molar
ratio were carried out at 25 °C. After 2 h, silver bromide was re-
moved by filtration. The filtrate was concentrated and dried in
vacuo to give 2a–b, 3a–b in high yields. Reactions of analogous
substrates with ammonium dinitramide or potassium pentafluo-
rosulfanylnitramide in water were stirred at room temperature for
2 h to give a heterogeneous mixture. The water was removed under
reduced pressure at 50 °C until constant weight was reached. To
the remaining suspension were added chloroform and anhydrous
magnesium sulfate. After 1 h, the suspension was filtered and the
volatile material was removed under reduced pressure at 30 °C for
2 h to afford the dinitramide or pentafluorosulfanylnitramide salts.

1-Methyl-3-[3-(pentafluorosulfanyl)propyl]imidazolium Bromide (2):
Yield 90% (0.596 g). IR (KBr pellet): ν̃ = 3433, 3146, 3069, 2982,
2858, 2750, 2069, 1749, 1639, 1574, 1462, 1379, 1286, 1244, 1169,
1073, 831, 624, 595, 563 cm–1. 1H NMR: δ = 8.78 (s, 1 H), 7.53 (s,
1 H), 7.48 (s, 1 H), 4.34 (t, J = 0.79 Hz, 2 H), 3.91 (m, 5 H), 2.58
(m, 2 H) ppm. 13C NMR: δ = 124.84, 123.05, 68.90 (m), 48.15,
36.69, 27.36 (m) ppm. 19F NMR: δ = 85.65 (m, 1 F), 64.84, (d, m,
4 F) ppm. C7H12BrF5N2S (331.14): calcd. C 25.39, H 3.65, N 8.46;
found C 25.46, H 3.59, N 8.41.

1-Methyl-3-[3-(pentafluorosulfanyl)propyl]imidazolium Nitrate (2a):
Yield 90% (0.282 g). IR (KBr pellet): ν̃ = 3433, 3149, 3092, 2395,
2289, 2067, 1631, 1571, 1377, 1169, 1082, 1037, 829, 758, 655, 627,
595, 563, 482 cm–1. 1H NMR: δ = 8.80 (s, 1 H), 7.56 (s, 1 H), 7.50
(s, 1 H), 4.36 (t, J = 4.82 Hz, 2 H), 3.94 (m, 5 H), 2.60 (m, 2 H)
ppm. 13C NMR: δ = 137.16, 124.96, 123.14, 69.01 (m), 48.22, 36.78,
27.36 (m) ppm. 19F NMR: δ = 85.43 (m, 1 F), 64.78, (d, m, 4 F)
ppm. C7H12F5N3O3S (313.25): calcd. C 26.84, H 3.86, N 13.41;
found C 26.54, H 4.02, N 12.97.

1-Methyl-3-[3-(pentafluorosulfanyl)propyl]imidazolium Perchlorate
(2b): Yield 89% (0.312 g). IR (KBr pellet): ν̃ = 3429, 3088, 2379,
1716, 1566, 1388, 1087, 826, 754, 625, 598, 544 cm–1. 1H NMR: δ
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= 9.02 (s, 1 H), 7.80 (s, 1 H), 7.71 (s, 1 H), 4.52 (t, J = 4.87 Hz, 2
H), 4.06 (m, 5 H), 2.66 (m, 2 H) ppm. 13C NMR: δ = 137.11,
124.86, 123.07, 69.04 (m), 48.16, 36.67, 27.40 (m) ppm. 19F NMR:
δ = 84.93 (m, 1 F), 64.34, (d, m, 4 F). C7H12ClF5N2O4S (350.69):
calcd. C 23.97, H 3.45, N 7.99; found C 23.82, H 3.44, N 7.97 ppm.

1-Methyl-3-[3-(pentafluorosulfanyl)propyl]imidazolium Dinitramide
(2c): Yield 84% (0.300 g). IR (KBr pellet): ν̃ = 3154, 3115, 2974,
1566, 1517, 1432, 1336, 1187, 1105, 1009, 756, 624, 595, 563 cm–1.
1H NMR: δ = 9.20 (s, 1 H), 7.85 (s, 1 H), 7.74 (s, 1 H), 4.56 (t, J
= 4.81 Hz, 2 H), 4.06 (m, 5 H), 2.67 (m, 2 H) ppm. 13C NMR: δ
= δ138.11, 125.02, 123.34, 69.44 (m), 48.15, 36.66, 27.85 (m) ppm.
19F NMR: δ = 84.91 (m, 1 F), 64.20, (d, m, 4 F). C7H12F5N5O4S
(357.26): calcd. C 23.53, H 3.39, N 19.60; found C 23.68, H 3.48,
N 19.32.

4-Amino-1-[3-(pentafluorosulfanyl)propyl]triazolium Bromide (4):
Yield 84% (0.280 g). IR (KBr pellet): ν̃ = 3297, 2958, 2704, 1807,
1623, 1564, 1524, 1417, 1333, 1193, 1074, 1020, 993, 914, 871, 822,
694, 615, 565, 486, 415 cm–1. 1H NMR: δ = 8.87 (s, 1 H), 8.51 (s,
1 H), 4.55 (t, J = 4.52 Hz), 3.98 (m, 2 H), 2.64 (m, 2 H) ppm. 13C
NMR: δ = δ146.45, 68.89 (m), 51.35, 26.05 (m) ppm. 19F NMR: δ
= 85.75 (m, 1 F), 64.67, 2 H (d, m, 4 F). C5H10BrF5N4S·1.5 H2O
(360.14): calcd. C 16.67, H 3.64, N 15.56; found C 16.58, H 3.58,
N 15.43.

4-Amino-1-[3-(pentafluorosulfanyl)propyl]triazolium Nitrate (4a):
Yield 88% (0.277 g). IR (KBr pellet): ν̃ = 3451, 3305, 3196, 3121,
2395, 1762, 1627, 1525, 1385, 1194, 1073, 1012, 864, 835, 679,
618 cm–1. 1H NMR: δ = 8.90 (s, 1 H), 8.79 (s, 1 H), 4.56 (t, J =
4.66 Hz, 2 H), 3.99 (m, 2 H), 2.65 (m, 2 H) ppm. 13C NMR: δ =
146.46, 69.11 (m), 51.37, 26.03 (m) ppm. 19F NMR: δ = 85.32 (m,
1 F), 64.55, (d, m, 4 F) ppm. C5H10F5N5O3S (315.22): calcd. C
19.05, H 3.20, N 22.22; found C 19.30, H 3.25, N 22.43.

4-Amino-1-[3-(pentafluorosulfanyl)propyl]triazolium Perchlorate
(4b): Yield 87% (0.307 g). IR (KBr pellet): ν̃ = 3456, 3101, 2448,
2289, 2021, 1619, 1556, 1446, 1377, 1282, 1086, 829, 626, 561 cm–1.
1H NMR ([D6]acetone): δ = 9.96 (s, 1 H), 9.11 (s, 1 H), 4.74 (t, J
= 4.54 Hz), 4.16 (m, 2 H), 2.76 (m, 2 H) ppm. 13C NMR ([D6]-
acetone): δ = δ142.34, 69.57 (m), 51.48, 26.24 (m) ppm. 19F NMR
([D6]acetone): δ = 85.06 (m, 1 F), 64.29, 2 H (d, m, 4 F) ppm.
C5H10ClF5N4O4S (352.67): calcd. C 17.03, H 2.86, N 15.89; found
C 16.90, H 2.93, N 15.53.

4-Amino-1-[3-(pentafluorosulfanyl)propyl]triazolium Dinitramide
(4c): Yield 78% (0.280 g). IR (KBr pellet): ν̃ = 3317, 3133, 1708,
1632, 1521, 1434, 1379, 1187, 1074, 1016, 833, 759, 621, 563,
484 cm–1. 1H NMR: δ = 8.88 (s,1 H), 8.69 (s,1 H), 4.55 (t, J =
4.56 Hz, 2 H), 3.98 (m, 2 H), 2.64 (m, 2 H) ppm. 13C NMR: δ =
146.46, 68.91 (m), 51.35, 26.07 (m) ppm. 19F NMR: δ = 85.05 (m,
1 F), 64.25, (d, m, 4 F) ppm. C5H10F5N7O4S (359.23): calcd. C
16.72, H 2.81, N 27.29; found C 16.97, H 2.97, N 27.05.

4-Amino-1-[3-(pentafluorosulfanyl)propyl]triazolium Pentafluorosul-
fanylnitramide (4d): Yield 70% (0.308 g). IR (KBr pellet): ν̃ = 3289,
3133, 3021, 2959, 2362, 1803, 1623, 1455, 1371, 1327, 1298, 1178,
1039, 992, 824, 736, 622, 565, 481 cm–1. 1H NMR: δ = 10.71 (s,1
H), 9.1 (s,1 H), 4.83 (t, J = 4.56 Hz), 4.19 (m,2 H), 2.73 (m, 2 H)
ppm. 13C NMR: δ = 144.66, 69.54 (m), 50.92, 26.45 (m) ppm. 19F
NMR: δ = 91.75 (m, 1 F) 84.84 (m, 1 F), 64.13 (d,, m 4 F), 64.09
(m, 4 F) ppm. C5H10F10N6O2S2 (440.29): calcd. C 13.64, H 2.29,
N 19.09; found C 13.78, H 2.45, N 18.68.

1-[3-(Pentafluorosulfanyl)propyl]pyridinium Bromide (6): Yield 78%
(0.256 g). IR (KBr pellet): ν̃ = 3475, 3402, 3120, 3042, 3022, 2960,
2052, 1629, 1484, 1213, 1180, 874, 827, 785, 690,630, 557, 493,
454 cm–1. 1H NMR : δ = 8.89 (d, 2 H J = 3.78 Hz), 8.60 (t, J =
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5.25 Hz, 1 H), 8.12 (t, J = 4.84 Hz, 2 H), 4.75 (t, J = 5.12 Hz),
4.60 (m, 2 H), 2.72 (m, 2 H) ppm. 13C NMR: δ = δ147.15, 145.34,
129.48, 68.62 (m), 60.31, 28.32 (m) ppm. 19F NMR: δ = 85.02 (m,
1 F), 64.82 (d, m, 4 F) ppm. C8H11BrF5NS (328.14): calcd. C 29.28,
H 3.38, N 4.27; found C 29.43, H 3.23, N 4.10.

1-[3-(Pentafluorosulfanyl)propyl]pyridinium Dinitramide (6a): Yield
89% (0.315 g). IR (KBr pellet): ν̃ = 3540, 3138, 3065, 2358, 2331,
1637, 1519, 1486, 1424, 1310, 1183, 1015, 814, 772, 753, 686,
626 cm–1. 1H NMR: δ = 9.27 (d, J = 3.62 Hz), 8.75 (t, J = 5.25
Hz), 8.30 (t, J = 4.79 Hz), 5.03 (t, J = 5.11 Hz), 4.20 (m,2 H), 2.90
(m, 2 H) ppm. 13C NMR: δ = 147.11, 146.10,129.59, 68.18 (m),
60.27, 28.86 (m) ppm. 19F NMR: δ = 84.66 (m, 1 F), 64.35 (d, m,
4 F) ppm. C8H11F5N4O4S (354.25): calcd. C 27.12, H 3.13, N
15.82; found C 27.30, H 3.03, N 15.56.
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Structural and magnetic properties of La0.7Pb0.3(Mn1 – xCox)-
O3 (0.1 � x � 0.3) manganites are reported. Samples were
fabricated by the sol-gel low temperature method. At room
temperature, the first structural characterisation of all phases
gave as a result the rhombohedral space group (R3̄c). All
compositions show ferromagnetic behaviour and magnetore-
sistance. The measured low-temperature magnetic moment
and the Curie temperature continuously decrease with re-
spect to the undoped composition, as Mn ions are substituted

Introduction
Perovskite-like phases with the general formula Ln3+

1 – x-
A2+

xMnO3 (Ln3+ = La, Pr, Nd, Sm… and A2+ = Ca, Sr,
Ba, Pb…) have attracted the attention of the scientific com-
munity because of the magnetotransport properties exhib-
ited.[1,2] The double exchange mechanism[3] is used to ex-
plain the ferromagnetic behaviour of these phases, while the
simultaneous presence of ferromagnetism and a metallic
state brings about colossal magnetoresistance (CMR) when
the magnetic field is changed.[4] These generic magnetic and
transport properties in this type of doped manganites
mainly arise from a strong on-site exchange interaction
(Hund’s-rule couple J � 2–3 eV[5]) between the localised t2g

spins and itinerant eg electrons.[6] The rhombohedral and
orthorhombic distortion of the actual crystallographic
structure of the classic cubic symmetry is also an essential
factor to understand the magnetic and transport properties
of these samples.[7]

The substitution of the Mn ions by other transition-
metal ions in perovskites of composition Ln0.7A0.3Mn1 – y-
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progressively by Co. This is interpreted in terms of substitu-
tion of Mn3+ by Co3+ and the appearance of a small amount
of Co4+. The measured magnetoresistance reaches 40% for
the 10% Co-doped one at the corresponding Curie tempera-
ture. The resistivity behaviour of all the studied compounds
is determined by the intra- and intergrain conduction mecha-
nisms, with grain sizes in the range of 10–25 nm.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

TM3+
yO3 (TM = transition metal) gives rise to changes in

the Mn3+:Mn4+ ratio, with important modifications in their
magnetic and transport properties.[8–12] The y = 0 sample
shows ferromagnetism and CMR. In this sense, the effect
of different trivalent ions from the iron group (partially
filled 3d shells) as Fe3+ (3d5), Co3+ (3d6) or Ni3+ (3d7) sub-
stitution in the Mn site is still an interesting subject.

We have shown, in previous works,[9,13] that iron enters
as high-spin t2g

3 eg
2 (HS, S = 5/2) Fe3+ in the

La0.7Pb0.3Mn1 – xFexO3 family of compositions because it
is the most stable oxidation state for this cation, and its
ionic radius is very similar to that of the Mn3+ ion. Iron
couples antiferromagnetically with Mn ions and weakens
progressively the double exchange mechanism and so the
ferromagnetic character (decrease of both Curie tempera-
ture and low-temperature magnetic moment value) of the
compounds as the doping level increases. A 20–30% substi-
tution of Fe leads to magnetic frustration and insulating
behaviour in these compositions.[13]

The electronic and magnetic properties of the LaCoO3

perovskite is still a matter of research in the scientific com-
munity. Goodenough determined that the spin state of the
Co3+ ions presents a t2g

6 eg
0 diamagnetic low-spin configu-

ration at low temperatures (LS, S = 0), which changes as
temperature increases to a t2g

4 eg
2 high-spin (HS, S = 2)

state. The possibility of having Co3+ in different spin states
as a function of temperature arises from the close values of
the intra-atomic exchange energy (JH) and the crystal field
splitting (10Dq) at the Co sites. The low-temperature spin
state of the CoIII ion is due to the large crystal field, which
stabilises its low-spin configuration and is energetically
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more favourable. Increasing temperature, a thermally acti-
vated spin transition from the low-temperature LS state to
a paramagnetic HS state occurs; in the range 100–350 K
both populations are stabilised in a dynamical equilib-
rium.[14,15] More recently different authors[16,17] have evi-
denced the existence of a transition that develops from the
low-temperature Co3+ (LS, t2g

6 eg
0) to an intermediate spin

(occupation t2g
5 eg

1) state, as temperature increases, with
energy differences about 10–12 meV between the ground
and the first excited state. Also, in Co containing perov-
skite-like compounds and in particular in cobaltites, the coex-
istence of those ions with high-spin tetravalent Co4+ (t2g

3

eg
2) has also been proposed.
In order to study such a transition and the effect of these

different tri- or tetravalent Co cations, we present the results
concerning the magnetic and structural properties of the
La0.7Pb0.3(Mn1 – xCox)O3 manganites when Mn is substi-
tuted progressively by Co up to 30% doping levels. Similar
research work was performed in a family of manganites
having Ca instead of Pb occupying the A site.[15] Briefly, it
was found that even for small doping levels of Co (as low
as x = 0.05) the ferromagnetic order of the pure manganite
is severely modified. The magnetic-order temperature de-
creases quickly in the Mn–Co mixed compounds, with al-
most a constant value of 165–170 K for doping levels rang-
ing from x = 0.1 to 0.3. But Ca2+ and also Sr2+ are cations
with ionic character and when cations with a more covalent
character, such as Pb2+[13] and Bi3+,[18] are used, the ob-
served magnetic behaviour indicates a soft and progressive
decrease of the magnetic-order temperatures in each family
of compounds.

Neutron diffraction, magnetic and transport measure-
ments have been used in order to perform this study. We
have been especially careful in the analysis of the chemical
and structural properties of the studied compositions, and
tried to explain the observed magnetic and magnetotrans-

Figure 2. Rietveld fit to the neutron diffraction data (recorded at 10 K) for the La0.7Pb0.3Mn0.7Co0.3O3 compound showing Bragg reflec-
tions for the R3̄c phase, difference curve and (inset) refinement of the main diffraction peak, around 2θ = 69°.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3227–32353228

port properties on the basis of those previously determined
characteristics.

Results and Discussion

The morphology of the La0.7Pb0.3Mn0.9Co0.1O3 com-
pound is shown as representative in the SEM photograph
(taken with 8500 times magnification) of Figure 1. The mi-
crostructure reveals uniform and fine grain growth, less
than 1 µm size, as expected from the sol-gel fabrication pro-
cess used to synthesise the samples. The observed agglomer-
ation of such fine grains is also a direct consequence of the
fabrication process used.

Figure 1. SEM photograph of the La0.7Pb0.3Mn0.9Co0.1O3 com-
pound.

The crystal structure of this family of compounds has
been analysed in the trigonal space group (R3̄c) (see Fig-
ure 2), hexagonal setting (Z = 6), using the D1B neutron
powder diffraction data.

The Co cation undergoes a spin-state transition, in the
range 125–230 K, that is directly correlated with the ionic
radius of the cations and is reflected in the thermal evol-
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ution of the Mn/Co–O bond length obtained from the neu-
tron diffraction patterns (see Figure 3). We attribute this
transition to be from nonmagnetic (LS) to magnetic inter-
mediate state (IS) of the Co cations, with the appearance of
orbital ordering of occupied eg orbitals, as has been pre-
viously observed by other authors in the related compound
LaCoO3.[16,17] A very recent work[19] on this subject has
proved that Co–O hybridisation has to be taken into ac-
count, giving rise to a “covalent” IS, Co(t2g

5 eg
1.5)–O(2p5.5).

However, in our case the Co quantity is small enough to
give a precise picture of this transition.

Figure 3. Thermal evolution of the bond length Mn/Co–O for these
compounds.

The oxygen stoichiometry of the samples was determined
by thermogravimetric analysis, the oxides being heated
up to 900 °C in flowing 5% H2/Ar. The samples were
reduced to MnO and CoO and the observed weight losses
allowed us to determine the oxygen contents of
La0.7Pb0.3Mn0.9Co0.1O3.10, La0.7Pb0.3Mn0.8Co0.2O3.17 and
La0.7Pb0.3Mn0.7Co0.3O3.20 for the synthesised samples. The
obtained excess of oxygen for all the samples is in good
agreement with the quantities obtained from the redox ti-
tration, the oxygen excess being a direct consequence of the
fabrication process used.

Two losses of consecutive weight based on the tempera-
ture for all the samples are observed (see Figure 4). The first
loss occurs at a temperature of 437 °C. This temperature
increases as the Co doping level in the sample increases,
while the second loss happens at approximately the same
temperature in all cases.

According to this we can affirm that first the Mn4+ and
Co4+ ions (this one only for the 20% and 30% Co-contain-
ing compositions) are reduced to Mn3+ and Co3+ respec-
tively and when all components appear in the form Mn3+

and Co3+ (constant amount in all the samples) the second
reduction takes place, that is to say, the Mn3+ and Co3+

ions are reduced to Mn2+ and Co2+ respectively.
The obtained ZFC–FC curves, for all the compositions,

are shown in Figure 5. From ZFC curves, a continuous de-
crease of the magnetic-order or Curie temperature from
240 K for the 10% Co-doped composition to 180 K for the
30% Co-doped one is clearly observed. This decrease in
those magnetic-ordering temperatures can be directly attrib-
uted to the progressive suppression of the double exchange

Eur. J. Inorg. Chem. 2006, 3227–3235 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3229

Figure 4. Thermogravimetric curves in H2. It shows two steps of
reduction indicating a reduction process of TM4+ � TM3+ �
TM2+ (TM = Mn and Co).

interaction present in the Mn host as Co content increases
in the composition of the samples.

There is a remarkable similarity between this low-field
magnetisation behaviour, indicating that the magnetisation
process is basically the same. The degree of irreversibility
of such processes is high, as indicated by the splitting be-
tween ZFC and FC curves. This bifurcation of both curves
occurs at a temperature Tb corresponding to the blocking
temperature of the largest particles in the assembly. That is,
Tb defines also a temperature above which magnetisation
processes are fully reversible. It is worth mentioning that
the drop of the ZFC magnetisation below TC for each com-
position can be interpreted as a feature of cluster glass be-
haviour. On the other hand, a clear weakening of the ferro-
magnetic character of these compounds on Co substitution
is observed, reflecting a decrease of the measured Curie
temperature value as Co content increases in the composi-
tion of the samples.

The hysteresis loops, measured at 10 K and up to 7 T (see
Figure 6), show the usual ferromagnetic behaviour, quickly
reaching magnetic saturation, and the measured values of
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Figure 5. Zero-field cooling (ZFC) and field cooling (FC) curves measured at 10 mT.

the coercive field are 95.5, 114 and 243 kA/m for the 10, 20
and 30% Co-doped compositions, respectively. This high
magnitude of the coercive field measured at low tempera-
ture can be understood as arising from the strong aniso-
tropic nature of the Co ion.[20] The experimental value of
the low-temperature magnetic moment was also determined
by using Arrott plots.[21] All measured magnetic data are
summarised in Table 1. Previous work from the authors[13]

determined the following values for the undoped
La0.7Pb0.3MnO3 composition: low temperature �µMn�LT =
3.4 µB, TC = 345 K, high-temperature effective moment
�µMn�HT = 5.9 µB. For the x = 0.1 composition the mea-
sured low-temperature magnetic moment supports our pre-
vious supposition that Co enters in the composition only
as Co3+ (LS) (diamagnetic at low temperatures). However,
this is not the case for the x = 0.2 and 0.3 samples. The
measured moment values do not agree with the supposition

Figure 6. Hysteresis loops measured at 10 K and up to 7 T.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3227–32353230

that all Co is Co3+. To account for those measured values
(and in particular for the x = 0.2 composition, in which a
higher degree of ferromagnetic coupling is observed) we
need to assume that also Co4+ (HS, S = 5/2) is present in
those compositions. In fact, a simple calculation gave us a
good fit for the measured low-temperature magnetic mo-
ment values taking into account small percentages of about
9% high-spin Co4+ for the 20% and 5% for the 30% Co-
containing compositions. The existence of Co4+ has been
observed in other manganite phases.[22] Thus, the low-tem-
perature magnetic properties of these compounds can be
understood on the basis of a competition between positive
Co3+–O–Co4+ and negative Co3+–O–Co3+ and Co3+–O–
Mn4+ interactions, in which it concerns Co ions. Further-
more, a scenario in which Co3+ ions cluster around Co4+

ions is plausible and justifies the observed zero-field cooled
magnetisation behaviour.
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Table 1. Values of the low-temperature magnetic moment and Curie temperature for the La0.7Pb0.3(Mn1 – xCox)O3 (0.1 � x � 0.3) family
of compounds.

Sample µ [µB][a] µ [µB][b] TC [K][b] µ [µB][c] Torder [K][c] µeff [µB][f] θc [K][f] µt [µB][g]

Co0.1 3.06 3.05 240 3.04[d] 275 5.31 265 5.6
Co0.2 2.72 3.17 210 2.72[e] 230 5.27 244 5.5
Co0.3 2.38 2.63 180 2.11[e] 190 5.22 230 5.2

[a] Expected values if only Co3+ enters in the compositions. [b] Values obtained from magnetic measurements. [c] Values obtained from
neutron diffraction. [d] T = 1.5 K. [e] T = 10 K. [f] Values from Curie–Weiss law in the paramagnetic regime. [g] Values calculated as
explained in the text.

We can check the validity of this guess by analysing the
high-temperature magnetisation behaviour. In Figure 7 we
show the χ–1

dc = H/MZFC versus T behaviour measured in
the paramagnetic phase for the different samples. A Curie–
Weiss law is clearly followed above TC and in the tempera-
ture range over which the data were taken. The effective
moments µeff obtained from the Curie constants are shown
in Table 1, together with the obtained paramagnetic Curie
temperatures, θC. We have also calculated the expected
value µt of that effective moment as µt = [(1 – x)�µMn�2

HT

+ x�µCo�2]1/2, taking into account the previous percent-
ages of Co4+ (HS) and that only Co3+ (covalent IS,
2.5 µB

[19]) is present for each composition (see Table 1). As
expected, all calculated values are slightly higher than the
experimental ones, except for the x = 0.3 compound, which
shows an excellent agreement between both experimentally

Figure 7. Curie–Weiss plot of the dc susceptibility.

Figure 8. Thermal evolution of the neutron diffraction patterns for the La0.7Pb0.3Mn0.8Co0.2O3 compound.
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determined and calculated values. This sample has the low-
est paramagnetic Curie temperature and as a first conse-
quence a better accuracy in the experimental determination
of µeff than the other two compounds because the tempera-
ture range used for the fitting extends to temperatures far
above TC.

The proposed magnetic behaviour for this family of Co-
doped manganites is also supported by our neutron diffrac-
tion experiments. The thermal evolution of the neutron dif-
fraction patterns for these samples was also recorded (see
Figure 8). In all cases, two reflections with magnetic contri-
bution at the same d values are observed. This feature is
indicative of an equivalent magnetic structure for the com-
pounds. That is, the magnetic order does not change its
structure when including 10, 20 or 30% of Co in these La-
based phases. Furthermore, all magnetic reflections can be
indexed with the same cell as the nuclear one, indicating
an equivalent type of ferromagnetic structure with collinear
magnetic moments. The magnetic contribution appears at
about 275, 230 and 190 K for the 10, 20 and 30% Co-doped
compositions, respectively. The best solution for the fits was
obtained with a collinear magnetic structure in which the
magnetic moment of the Mn ion is placed into the (101)
crystallographic plane, in the hexagonal setting (parallel to
the [111] direction of the perovskite cubic cell) (see Fig-
ure 9). The obtained values of the magnetic moment at the
lowest temperature of the measurement (1.5 or 10 K) are
2.74, 2.72 and 2.11 µB for the 10, 20 and 30% Co-doped
compositions, respectively. Figure 10 shows the temperature
dependence of the refined magnetic moment value for the
studied Co-containing compositions.
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Figure 9. Magnetic structure obtained from neutron diffraction
analysis for the La0.7Pb0.3Mn0.8Co0.2O3 compound.

Finally, the room-temperature measured values of the
resistivity are 0.098, 0.617 and 0.981 Ω·cm for the 10, 20
and 30% Co-containing samples, respectively. That is, con-
ductivity of the samples decreases as the amount of cobalt
that enters into the composition of the samples increases.

From the measured resistivity values as a function of
temperature and applied magnetic field we can calculate the
magnetoresistance at 6 T as MR (%) = [1 – R(6 T)/
R(0 T)]×100. The magnitude of this magnetoresistance (see
Figure 11) is about 25% for the 30% Co-containing sample
and reaches 40% for the 10% Co-containing one (with a
local maximum arising from an intragrain magnetoresis-
tance mechanism) at the corresponding Curie temperature
of each compound. As the doping level of the cobalt in-
creases, a progressive decrease of the MR value is observed
(see Table 2).

Figure 10. Temperature dependence of the magnetic moment obtained from neutron diffraction data for the Co family of compounds.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3227–32353232

Figure 11. Temperature dependence of the electrical resistivity for
all compounds, as the doping level of Co increases. The insets
show: (a, b) the corresponding magnetoresistance vs. temperature
behaviour and (c) the fit to the VRH mechanism for T � TC.
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It is already well established that the zero-field resistivity

data obtained for T � TC obey the Mott variable range
hoping (VRH) mechanism[23] when the carriers are localised
near the Fermi energy, as it is in the case of hole-doped
manganites. Previous works[24,25] have determined also that
the exponent n = 1/2 is the most adequate one for this law.
Indeed our zero-field resistance data obey Equation (1).

(1)

Efros and Shklovskii[26] explained that such resistance
behaviour is directly related to a form of hopping favoured
by the Coulomb repulsion between carriers. Its most impor-
tant consequence is the existence of an energy or Coulomb
gap, which basically reflects the differences between the
minimum energies of adding an electron and subtracting
one from the system, without disturbing the other charges.
From the obtained T0 values, we have estimated values for
these energy gaps ranging between 1 and 5 eV (see Table 2).
In particular, the sample containing 20% of doping element
exhibits a gap value higher than that obtained when
Ln0.7A0.3MnO3-type perovskites are synthesised by using
the ceramic method.[27,28] Other authors have already iden-
tified such resistivity behaviour, specially at low tempera-
tures, as arising in samples with low grain size (around 20–
30 nm).[29] As previously discussed, our perovskites pre-
pared by the sol-gel method present as one of their charac-
teristics the fine grain obtained,[30] typically below 1 µm (see
Figure 1). It is already well established that tunnelling of
electric charge into small nanoparticles increases the Cou-
lomb energy by the charging effect, strongly enhancing the
tunnel resistance. The grain sizes of our compounds can
be roughly estimated by using the measured values of the
blocking temperature in ZFC–FC curves. This can be writ-
ten as Tb = KV/(25kB), where K is the anisotropy constant
and V is the grain volume [V = (3π/4)(d/2)3, d being the
diameter of the grains, assumed to be spherical for sim-
plicity]. From ferromagnetic resonance experiments in a
similar La0.67Ba0.33MnO3 oxide,[31] we used K values in the
range 2–4×104 J/m3. Thus, from the values of Tb = 215 K
(30% Co, the lowest one) and 255 K (10% Co, the highest
one) we infer grain sizes of 10–25 nm for both composi-
tions, in good agreement with the grain sizes obtained from
our structural study. But the presence of those nanosized
grains in our samples is strongly supported also by the low-
temperature behaviour of the resistivity of these com-
pounds.

Table 2. Values of the magnetoresistance at the corresponding Cu-
rie temperature and calculated energy gap for the La0.7Pb0.3-
(Mn1–xCox)O3 (0.1 � x � 0.3) family of compounds.

Sample ρ0
[a] [Ω·cm] MR [%] ∆E [eV][b]

Co0.1 0.098 40 1.9
Co0.2 0.617 38 3.5
Co0.3 0.981 25 4.0

[a] At 300 K and H = 0 applied field. [b] Data fitted to the variable
range hopping model, T � TC range.
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The resistivity of the 10% Co-doped sample shows typi-
cal features of grain boundary (intergrain) effects, that is a
maximum of ρ(T) at a temperature well below TC that is
not shifted to higher temperatures by applying an external
magnetic field (see Figure 10, a); but at low temperatures
and because of the small size of the grains, it is increasingly
difficult to activate this intergrain mechanism. In this situa-
tion, transport is effectively blocked, giving, as a result, a
much higher upturn in the low-temperature resistivity. This
is the so-called Coulomb blockade,[32] and appears much
more enhanced in the 20% Co-doped composition.

Along this line of reasoning, our experimental data be-
low 100 K fit well to the expression for granular metals
[Equation (2)].[33]

(2)

In Equation (2) ∆ is proportional to the activation or charg-
ing energy, EC, of a single grain. From our fits we have
obtained values of ∆1/2 = 2.4 and 8.5 K1/2, and gap energies
of 0.5 and 6.2 meV for the Co-10% and Co-20% doped
compositions, respectively, that agree with results from
other authors[29,34] obtained for related compounds. We
also have to mention that the fit to the T–1/2 law is better
than that to the T–1 dependence postulated for a pure Cou-
lomb blockade effect.

Conclusions
In the light of our experimental work, we can conclude

that Co enters in the La0.7Pb0.3Mn1 – xCoxO3 family of per-
ovskites, giving rise to low distortion in the structure of
these compounds. The measured low-temperature satura-
tion magnetic moments are mainly due to the coexistence
of Co3+ (LS) and high spin Co4+, as confirmed by suscep-
tibility measurements in the paramagnetic region. The clus-
ter glass behaviour indicated by zero-field cooled magnetis-
ation curves is due to the fact that Co3+ probably clusters
around Co4+ ions. A progressive increase in the doping level
of Co gives rise to a subsequent decrease in the measured
Curie temperature values, indicating that the long-range
ferromagnetism is sensitive even to small amounts of Co.

Because of the sol-gel fabrication process used, we have
obtained very homogeneous and small size of the grains
(about 10–25 nm as obtained by structural methods and
confirmed by magnetic measurements) for all samples. This
makes the measured resistivity behaviour to be determined
both by the intra- and intergrain carrier tunnelling mecha-
nism that evolve at low temperatures to strong Coulomb
blockade for the 20% Co-doped sample.

All compounds show magnetoresistance with magni-
tudes, at the Curie temperatures, of 40 and 25% for the 10
and 20% Co-doped samples, respectively.

Experimental Section
Mixed oxides of nominal composition La0.7Pb0.3(Mn1 – xCox)O3 (0
� x � 0.3) were prepared by the sol-gel method with the required
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quantities of analytical grade of La2O3, Pb(NO3)2, Co(NO3)2·6H2O
and Mn(C2H3O2)2·4H2O as the starting materials. Citric acid and
ethylene glycol were used as gelling agents for the metallic ions in
a nitrate solution. After drying in a sand bath for 24 h, the gel
obtained was subjected to successive heat treatments at tempera-
tures of 773, 973 and 1073 K, each of 10 h. In order to measure
the electrical resistivities of the samples, the powder thus obtained
was pelletised with a pressure of 7.2 MPa prior to final sintering at
1173 K for 10 h in flowing oxygen.

The Mn3+/Mn4+ content of each sample was determined by redox
titration using an excess of FeSO4 solution and back titration with
KMnO4. We have observed small deviations from the theoretical
stoichiometries that could be due to an excess in the oxygen con-
centration, in accordance with the preparation method, or more
probably to the presence of cation vacancies in the samples. We
have obtained a ratio Mn3+/Mn4+ of 0.37/0.53 for the x = 0.1 com-
pound that changes progressively to 0.10/0.60 for the x = 0.3 one.
That is, as expected, the Mn3+ content decreases as the Co doping
level increases in the nominal composition of our samples.

Thermogravimetric measurements were performed in a TA instru-
ments SDT 2960 thermobalance. Approximately 50 mg of sample
was placed on an alumina crucible and heated to 900 °C at 5 °C/
min in a 5% H2/Ar current flow.

Scanning electron microscopic (SEM) observations were also per-
formed to give an indication of the compound morphology and
compactness using a JEOL JSM-6400 instrument.

The first crystallographic characterisation of the phases was per-
formed by X-ray powder diffraction analysis using a Philips X-Pert
diffractometer, working with Cu-Kα1 and Cu-Kα2 radiation, Soller
slits of 0.04 rad and receiver and divergence slits of 1°. Powder
diffraction patterns were Rietveld fitted using the FULLPROF
program.[35]

Magnetic and resistance measurements were conducted in a Quan-
tum Design MPMS-7 SQUID magnetometer. The zero-field cool-
ing (ZFC) and field cooling (FC) curves were performed under an
applied field of 10 mT. The order temperature, TC, was determined
from the ZFC curves as the temperature where the minimum of
the dM/dT derivative occurs. Hysteresis loops at 10 K and up to
7 T were also obtained. The resistance and magnetoresistance ver-
sus temperature measurements were taken by using a conventional
dc four-wire system, with the magnetic field applied parallel to the
current.

Neutron diffraction measurements were performed at the high-flux
reactor at the Institut Laue-Langevin, Grenoble, France. In order
to trace the temperature dependence of the structural and magnetic
properties, measurements were carried out on D1B. We used a
wavelength of 2.519 Å to study the range 2θ = 20–100° at tempera-
tures ranging from 10 to 300 K. The Rietveld analysis of the dif-
fraction data was performed using the FULLPROF program. The
line shape of the diffraction peaks was generated by a pseudo-Voigt
function and the background interpolated between some fixed
background points of the diagrams. In the final run the following
parameters were refined: unit-cell parameters, zero-point, half-
width, pseudo-Voigt and asymmetric parameters, scale factor,
atomic coordinates and thermal isotropic factors. The occupancy
factors were also allowed to vary in the last steps of the refine-
ments. Because of the high correlation between the thermal and
occupancy factors, in some cases the refinements did not reach the
convergence. In those cases, the occupancy factors were fixed to
the theoretical ones.

All structural parameters obtained from neutron diffraction experi-
ments together with the tolerance factor (t) of the perovskite struc-
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ture, t = (dLa–O)/√2(dMn/Co–O) (with dLa–O and dMn/Co–O the La–O
and Mn/Co–O bond lengths), are summarised in Table 3. A pre-
vious study of the related parent compound La0.7Pb0.3MnO3 gave
as the main structural parameters the following: V = 353.01 Å3, t
= 0.995, Mn–O–Mn = 166.8° and O–Mn–O = 90.71°.[13] We have
observed that for our compounds the unit-cell volume decreases
with increasing Co content according to the smaller size of this
ion. However, this substitution produces only a minor distortion
in the MnO6 octahedra, the O–Mn/Co–O and Mn/Co–O–Mn/Co
angles remaining rather constant. The tolerance factor does not
suffer any appreciable change for the different compositions. These
geometrical characteristics indicate that the distortion of the
La0.7Pb0.3Mn1 – xCoxO3 perovskite structure is nearly independent
of the x value, in good agreement with the comparable size of Co3+

and Mn3+ ions. From our structural fits and using the Scherrer
formula[36] we have estimated a grain size between 16 and 20 nm.

Table 3. Atomic parameters for the La0.7Pb0.3(Mn1 – xCox)O3 (0.1
� x � 0.3) family of compounds after the Rietveld refinements of
the D1B neutron powder diffraction data. La and Pb atoms are at
6a positions (0, 0, 1/4); Mn and Co atoms are at 6b (0, 0, 0); O
atoms are at 18e (x, 0, 1/4). Z = 6 in all cases.

Sample Co0.1 Co0.2 Co0.3

T [K] 296 280 200
Space group R3̄c R3̄c R3̄c
a [Å] 5.496(2) 5.4948(9) 5.4859(9)
c [Å] 13.346(4) 13.3374(8) 13.2925(9)
V [Å3] 349.1(2) 348.7(9) 346.4(9)
t 0.995 0.994 0.989
La B[Å2]/Focc 0.247(3)/0.7 0.247(3)/0.7 0.247(3)/0.7
Pb B[Å2]/Focc 0.247(3)/0.3 0.247(3)/0.3 0.247(3)/0.3
Mn B[Å2]/Focc 0.247(3)/0.9 0.247(3)/0.8 0.247(3)/0.7
Co B[Å2]/Focc 0.247(3)/0.1 0.247(3)/0.2 0.247(3)/0.3
O x 0.4592(1) 0.4565(1) 0.4551(1)
O B[Å2]/Focc 1.4(4)/0.531 1.4(4)/0.531 1.4(4)/0.531
Mn/Co–O [Å] 1.953(3)x6 1.951(3)x6 1.948(3)x6
La/Pb–O [Å] 2.524(5)x3 2.508(5)x3 2.496(5)x3

2.741(5)x6 2.741(5)x6 2.734(5)x6
2.972(6)x3 2.986(6)x3 2.989(6)x3

�La/Pb–O� [Å] 2.7447 2.7443 2.7386
Mn/Co–O–Mn/Co [°] 166.81 165.92 165.48
O–Mn/Co–O [°] 90.7 90.77 90.86
Rp [%] 3.41 4.12 3.64
Rwp [%] 4.82 5.79 5.01
χ2 2.57 3.59 3.00
Bragg R 4.79 4.73 3.89
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The orange [RuII(H3L)](ClO4)2·3H2O (1) complex was synthe-
sized from cis-[RuCl2(dmso)4] and H3L, where H3L (tris{[2-
{(imidazol-4-yl)methylidene}amino]ethyl}amine) is a tripodal
ligand obtained by condensation of tris(2-aminoethyl)-
amine and 4-formylimidazole in a 1:3 mol ratio. The X-ray
crystal structure analysis revealed that the complex has an
octahedral structure coordinated by three imidazole nitrogen
atoms and three Schiff base (imine) nitrogen atoms. The un-
coordinated NH groups of the imidazole moieties of 1 are
easily deprotonated by the action of a base. The effect of

Introduction

Ruthenium complexes containing imidazole and its de-
rivatives have attracted great attention in recent years since
several of them serve as antitumor drugs.[1] For example,
(H2im)[RuIIICl4(Him)(dmso)] (Him = imidazole) and
(H2ind)[RuIIICl4(Hind)(dmso)] (Hind = indazole) are on
clinical trials, the first as an antimetastatic drug and the
second as an anticancer agent against primary tumors and
metastases and, in particular, colon carcinomas. As a mode
of antitumor action of the RuIII complexes, the “activation
by reduction” hypothesis was proposed. The RuIII com-
plexes were suggested to serve as prodrugs that are activated
by reduction to RuII in order to coordinate more rapidly to
biomolecules.[1d] In other words, the RuIII complexes should
possess biologically accessible reduction potentials to be
active in vivo.

Recently, we reported the structures and properties of
FeII and FeIII complexes with a tripodal ligand containing
three imidazole groups, H3L; H3L (tris{[2-{(imidazol-4-
yl)methylidene}amino]ethyl}amine) is a potentially hepta-
dentate Schiff-base ligand derived from 1:3 condensation
of tris(2-aminoethyl)amine and 4-formylimidazole (Fig-
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deprotonation on the RuIII/RuII redox potential was studied
by cyclic voltammetry in methanol containing 0.1 M LiClO4.
Complete deprotonation shifts the RuIII/RuII potential to a
much more negative value from –0.18 to –0.72 V vs. Ag/Ag+,
making it easier to oxidize. The bluish-purple RuIII complex,
[RuIII(H3L)]3+, was formed by controlled-potential electrolysis
of 1, and the electronic spectrum is reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ure 1).[2] The X-ray crystal structure analysis of
[FeII(H3L)](BF4)2·3H2O revealed that the FeII ion is sur-
rounded by three Schiff base (imine) nitrogen and three
imidazole nitrogen atoms in an octahedral fashion, where
the tertiary amine nitrogen atom is uncoordinated. The un-
coordinated imidazole NH hydrogen atoms of [FeII-
(H3L)]2+ are easily deprotonated; upon addition of up to
three equiv. of NaOH, [FeII(H3L)]2+ in methanol under aer-
obic conditions shows a drastic color change from yellow-
ish-orange, through reddish-orange and green, to deep
blue.[2c] FeII species are oxidized to FeIII by air under basic
conditions, and from the final blue solution, we obtained
the iron(III) complex, [FeIII(L)], containing the deproton-
ated ligand L3–. Deprotonation of [FeII(H3L)]2+ induces
oxidation of the metal center to generate the [FeIII(L)]0 spe-
cies. Thus, this reaction is an example of a proton-coupled
electron-transfer (PCET) reaction.[3] If we study a ruthe-
nium complex with a ligand containing several imidazole
groups such as H3L, we should be able to control the redox
potential by adjusting the pH of the solution because the
complex will have several different pKa values. PCET is the
basic mechanism of bioenergetic conversion. Small-mole-
cule activation, redox-driven proton pumps, and hydrogen
atom abstraction reactions of a wide variety of oxidases and
reductases all involve the coupling of electrons to pro-
tons.[1d] Thus, [RuII(H3L)]2+ should be an ideal system to
study the pH-dependent metal-based couples as models for
PCET reactions because deprotonation should affect the
stability of the oxidation state of the Ru complex.

We report here the synthesis, structure, and properties
of a RuII complex with a tripodal ligand containing three



Ruthenium(II) Complex Containing Three Imidazoles FULL PAPER

Figure 1. Synthetic procedures for the tripodal H3L ligand and [RuII(H3L)]2+ (1), and the ∆ and Λ configurations of complex 1.

imidazole groups, [Ru(H3L)](ClO4)2 (Figure 1), with em-
phasis being placed on the effect of deprotonation on the
cyclic voltammogram (CV) and on the electronic spectrum.

Results and Discussion

Synthesis and Characterization

The tripodal H3L ligand was prepared by the condensa-
tion reaction of tris(2-aminoethyl)amine and 4-formylimid-
azole in a 1:3 mol ratio in methanol (Figure 1). The H3L
ligand was not isolated and a solution containing this li-
gand was used for the synthesis of [Ru(H3L)](ClO4)2·3H2O
(1). Orange [Ru(H3L)]2+ was prepared by mixing the ligand
and cis-[RuCl2(dmso)4][4] in a 10:1 mol ratio. It should be
noted that the ligand/[RuCl2(dmso)4] ratio is not 1.0, but
10. We tried to prepare the complex in different ligand/Ru
ratios. A large excess of the ligand seems to be necessary to
yield the desired complex. At present, we cannot explain
why complex 1 does not form under the equivalent mol ra-
tio (ligand/Ru = 1.0).

The IR spectrum of complex 1 (4d6, t2g
6) shows an in-

tense band assignable to the Cl–O vibration of the perchlo-
rate ion at 1088–1143 cm–1 and an intense characteristic ab-
sorption at 1607 cm–1 assignable to the C=N stretching vi-
bration of the tripodal Schiff-base ligand. The position of
the C=N stretching band is close to that of [FeII(H3L)]-
(BF4)2·3H2O (1610 cm–1) in the low-spin state (3d6, t2g

6).[2f]

It has been reported that the position of the C=N stretching
band is sensitive to the electronic state of the complex. For
example, [FeII(H3L)](BF4)2·3H2O exhibits a spin crossover
behavior and the high-spin species (t2g

4eg
2) shows the C=N

stretching vibration in the Raman spectrum at a higher en-
ergy (1638 cm–1, T � 200 K) than the low-spin one
(1610 cm–1, T � 100 K).[2f] Complex 1 in D2O shows a very

Eur. J. Inorg. Chem. 2006, 3236–3243 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3237

simple 1H NMR spectrum, and it conforms to the high
symmetry (C3) of the complex confirmed by X-ray crystal-
lography.

Crystal Structure

The crystal structure consists of a ruthenium(II) complex
cation, [Ru(H3L)]2+, and two perchlorate ions as the
counteranions. Figure 2 shows an ORTEP drawing of the
cation of complex 1 with the atom numbering scheme. Se-
lected distances and angles, with their estimated standard
deviations in parentheses, are listed in Table 1. A rutheni-
um(II) ion with the 4d6, t2g

6 electron configuration assumes
an octahedral coordination environment with the N6 donor
set of the tripodal ligand including three imidazole and
three Schiff base nitrogen atoms. The tertiary amine nitro-
gen atom (N1) is not coordinated, the Ru···N1 distance be-
ing 3.161(6) Å. The lengths of the six Ru–N bonds are
2.151(7)–2.232(8) Å, and are in the expected range for the
given coordination number and donor atoms. The corre-
sponding M–N bond lengths for [CoIII(H3L)](ClO4)3·H2O
(3d6, t2g

6) and [FeII(H3L)](BF4)2·3H2O (3d6, t2g
6) are as fol-

lows: CoIII 1.88(1)–1.98(1) Å,[5] FeII 1.981(3)–1.989(4) Å.[2f]

Ionic radii (Shannon) for six-coordinate CoIII and FeII are
reported to be 0.69 and 0.75 Å, respectively.[6] The ionic
radius (Shannon) for RuII is not available. However, on the
basis of the above M–N bond lengths, we can estimate the
ionic radius for RuII to be ca. 0.95 Å, assuming the nature
of the bonding is similar for each one of the three com-
plexes.

The crystal consists of a dimeric unit. Two adjacent com-
plex cations with the opposite absolute configurations (∆
and Λ) are connected in a tail-to-tail fashion by
N–H···O(ClO4

–)···H–N hydrogen bonds through two
counter-ClO4

– anions, with N(imidazole)···O(ClO4
–) dis-
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Figure 2. ORTEP drawing of the cation of [Ru(H3L)](ClO4)2 (1)
with atom numbering scheme showing the 50% probability ellip-
soids.

tances of 3.01(1) and 2.96(1) Å and the N(imidazole)···
O(ClO4

–)···N(imidazole) angle of 102.0(3)° (Figure 3,
Table 2). Each of the other two flanking ClO4

– ions in
Figure 3 (part a) are hydrogen-bonded with only one com-
plex cation.

Figure 3. X-ray crystal structure of [Ru(H3L)](ClO4)2 (1). (a) Two
ClO4

– ions connect the two adjacent complex cations through hy-
drogen bonding, while the other two flanking ClO4

– ions are hydro-
gen bonded with only one complex cation. (b) Crystal packing
showing that the two complex cations in the same color are con-
nected by hydrogen bonding.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3236–32433238

Table 1. Selected distances [Å] and angles [°] for [Ru(H3L)](ClO4)2

(1).[a]

Bond lengths

Ru(1)–N(2) 2.172(8) Ru(1)–N(3) 2.190(7)
Ru(1)–N(5) 2.194(7) Ru(1)–N(6) 2.190(8)
Ru(1)–N(8) 2.151(7) Ru(1)–N(9) 2.232(8)

Interatomic distances

Ru(1)···N(1) 3.161(6) Ru(1)···Ru(1)1 7.646(1)
Ru(1)1···Ru(1)2 7.453(1) Ru(1)1···Ru(1)3 10.197(1)

Bond angles

N(3)–Ru(1)–N(2) 77.6(3) N(5)–Ru(1)–N(2) 96.7(3)
N(6)–Ru(1)–N(2) 92.6(3) N(8)–Ru(1)–N(2) 102.6(3)
N(9)–Ru(1)–N(2) 173.0(3) N(5)–Ru(1)–N(3) 162.5(3)
N(6)–Ru(1)–N(3) 86.7(3) N(8)–Ru(1)–N(3) 100.5(3)
N(9)–Ru(1)–N(3) 95.6(3) N(6)–Ru(1)–N(5) 77.0(3)
N(8)–Ru(1)–N(5) 96.9(3) N(9)–Ru(1)–N(5) 90.3(3)
N(9)–Ru(1)–N(6) 88.8(3) N(9)–Ru(1)–N(8) 76.6(3)

[a] Symmetry operators: (1) 1/2–x, 1/2+y, 1/2–z +1; (2) 1/2+x,
1/2+y, +z; (3) +x, –y+1, 1/2+z –1.

Table 2. Intermolecular hydrogen bond lengths [Å] and angles [°]
for [Ru(H3L)](ClO4)2 (1).

D H A D···A D–H H···A D–H···A

N(4) H(7) O(3�)[a] 3.01(1) 0.95(1) 2.13(1) 154(1)
N(10) H(23) O(3)[b] 2.96(1) 0.95(1) 2.12(1) 147(1)
N(7) H(15) O(5�)[c] 3.01(1) 0.950(9) 2.07(1) 167.1(8)

[a] 1/2–x, 1/2+y, 3/2–z. [b] +x, –y, 1/2+z. [c] +x, –1+y, z.

Electronic and CD Spectra

The electronic spectrum of complex 1 in methanol is
shown in Figure 4. The complex is fairly stable in methanol
under aerobic conditions and the spectrum stays unchanged
for at least five hours. The complex shows an intense band
attributable to a metal-to-ligand charge transfer (MLCT)
transition in the visible region at 424 nm (13900 –1 cm–1),
which obscures the weak d–d bands. The MLCT band is
unsymmetrical, which may be related to the less than octa-
hedral local symmetry (C3) of the complex that leads to loss
of the degeneracy of the MLCT transitions. The bands in
the UV region are mainly due to intraligand transitions.
The electronic spectrum of the H3L ligand in methanol is
also shown in Figure 4. Comparison of the two spectra in-
dicates that the shoulder around 330 nm of 1 is attributable
to the Schiff base π–π* transition and that the intense band
at 248 nm is mainly due to the imidazole moiety.

The uncoordinated NH groups of the imidazole moieties
of 1 can be deprotonated by the action of a base. With the
addition of NaOCH3 to [Ru(H3L)]2+ in methanol, a slight
color change from yellow to yellowish-orange was ob-
served: aliquots of the methanolic NaOCH3 solution were
added up to three equiv. to [Ru(H3L)]2+ in methanol, and
the reaction was followed spectrophotometrically (Fig-
ure 5). Although isosbestic points were observed at 375 and
440 nm, the latter is not sharp. This behavior can be ex-
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Figure 4. Electronic spectra of [Ru(H3L)](ClO4)2·3H2O (1, ) and the H3L ligand (- - -) in methanol.

Figure 5. Electronic spectral changes of [Ru(H3L)](ClO4)2·3H2O (1) upon addition of NaOCH3. NaOCH3 in methanol was added stepwise
to a methanol solution of 1 (3.4×10–5 ) up to 3.0 equiv.

plained as follows : The pKa values for [Ru(H3L)]2+,
[Ru(H2L)]+, and [Ru(HL)] are similar to each other, and
many species ([RuII(H3L)]2+, [RuII(H2L)]+, [RuII(HL)]0, and
[RuII(L)]–) exist in equilibrium to obscure the isosbestic
points [Equation (1)].

(1)

In order to examine the stability of the deprotonated spe-
cies under aerobic conditions, we measured the spectral
change with the passage of time. After the addition of
one equiv. of NaOCH3, the spectrum stayed almost un-
changed for at least 90 min. However, with the addition of
two equiv. of NaOCH3, a slight spectral change was ob-
served after 90 min. This spectral change may be due to
oxidation of RuII to RuIII. This behavior is in agreement
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with the cyclic voltammetry results described later. Thus,
the above deprotonation reaction was carried out under an
inert atmosphere. The reaction is reversible: protonation of
[RuII(L)]– in methanol takes place upon sequential addition
of HClO4 in methanol, and the complex is finally converted
to [RuII(H3L)]2+ [Equation (1)].

[Ru(H3L)]2+ is chiral because of a spiral coordination ar-
rangement of the achiral H3L ligand around the RuII ion.
Optical resolution was carried out by column chromatog-
raphy on SP-Sephadex, with 0.15  sodium (+)-tartrate be-
ing used as the eluent.[7] The eluate was collected fraction-
ally. The first and last fractions show CD patterns that are
enantiomeric to each other, as shown in Figure 6. A strong
CD band around 330 nm is attributable to the Schiff base
π–π* transition. Recently, we have reported that the FeII

complex containing the H3L ligand, [FeII(H3L)](BF4)2·
3H2O, is spontaneously resolved, and X-ray crystallography
revealed that the complex showing negative CD around
320 nm, attributable to the Schiff base π–π* transition, has
the ∆ absolute configuration.[2f] We have also resolved
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Figure 6. Circular dichroism (CD) spectra of [RuII(H3L)]2+ (1) resolved by SP-Sephadex column chromatography [eluent: 0.15  Na2(+)-
tart], the first ( ) and the last (- - -) fraction showing patterns that are enantiomeric to each other.

[CoIII(H2L)]2+ by fractional crystallization of the dia-
stereomeric salt with [Sb2{(+)-tart}2]2– [tart = tartrate(4)
ion] and have determined the absolute configuration by X-
ray crystallography.[8] The less soluble diastereomeric salt,
[CoIII(H2L)][Sb2{(+)-tart}2]·4H2O, has the Λ configuration
and exhibits positive CD around 320 nm. From these re-
sults, we conclude that the faster-eluted enantiomer of
[Ru(H3L)]2+ showing negative CD around 330 nm has the
∆ absolute configuration. Exciton theory has been applied
to tris(chelate)- or cis-bis(chelate)-type metal complexes,
where chelate denotes such ligands as 2,2-bipyridine, 1,10-
phenanthroline, or Schiff-base ligands, and the relationship
between the CD pattern in the ligand π–π* transition region
and the absolute configuration around the metal ion has
been established.[9] The conclusion described above for the
present complex is in agreement with the assignment based
on exciton theory.

Electrochemistry

The electrochemical properties of [RuII(H3L)]2+ and its
deprotonated forms, [RuII(H2L)]+, [RuII(HL)]0, and
[RuII(L)]–, were studied by cyclic voltammetry (CV). The
measurements were performed under nitrogen using meth-
anol solutions containing LiClO4 (0.1 ) as the supporting
electrolyte. The redox couple of [RuII(H3L)]2+ appears at
–0.18 V (Epc = –0.21 V, Epa = –0.15 V) vs. Ag/Ag+ irrespec-
tive of the scan rate (10 � v � 200 mVs–1), the peak current
ratio ipa/ipc was found to be 1.0, (ipa or ipc)/v1/2 was indepen-
dent of v, and the peak separation (∆Ep) was 0.060 V (Fig-
ure 7). These results are consistent with an electrochemi-
cally reversible one-electron redox process, see Equation (2).

(2)
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Figure 7. Cyclic voltammograms of [Ru(H3L)](ClO4)2·3H2O (1,
0.2 m) in methanol containing 0.1  LiClO4 at a glassy carbon
electrode at sweep rates of (1) 10, (2) 20, (3) 50, (4) 100, and (5)
200 mVs–1.

The bluish-purple RuIII complex, [RuIII(H3L)]+, was
formed by controlled-potential electrolysis of [RuII(H3L)]2+

at 0.0 V vs. Ag/Ag+ in methanol containing 0.1  (n-
C4H9)4NBF4. The progress of the oxidation reaction was
monitored spectrophotometrically (Figure 8). The band at
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424 nm decreased while two bands appeared at 320 and
580 nm, and isosbestic points were observed at 370 and
480 nm. The broad moderately intense band at 580 nm can
be assigned as an LMCT band.[10]

[RuII(H3L)]2+ in methanol undergoes reversible depro-
tonation and protonation upon addition of a base and an
acid, respectively, as described above (deprotonation–pro-
tonation is associated with the imidazole moieties). Figure 9
shows the progress of the deprotonation reaction as moni-
tored by cyclic voltammetry. Upon addition of one equiv.
of NaOCH3 to [RuII(H3L)]2+ in methanol (Figure 9, b), the
current intensity of the initial redox couple at –0.18 V (Epc

= –0.21 V, Epa = –0.15 V; Figure 9, a) diminishes and the
couple shifts slightly to a more negative potential (Epc =
–0.29 V, Epa = –0.18 V), and a new redox couple attribut-
able to [RuIII/II(H2L)]2+/+ appears at –0.67 V (Epc = –0.72 V,
Epa = –0.61 V). Upon addition of one more equiv. of Na-
OCH3 (Figure 9, c), the second redox couple shifts to a
more negative potential (Epc = –0.75 V, Epa = –0.62 V) and
grows at the expense of the first redox couple, and the initial
redox couple shifts to a more negative potential (Epc =
–0.35 V, Epa = –0.24 V). Full deprotonation at the imid-
azolate nitrogen moieties is achieved by adding three equiv.
of base to produce [RuII(L)]– (see part d in Figure 9, E0�
= –0.72 V, Epc = –0.77 V, Epa = –0.66 V). Complete depro-
tonation of the ligand shifts the RuIII/RuII redox potential
to a more negative value from –0.18 V to –0.72 V, i.e.
180 mV per proton. Carina et al.[11] reported that deproton-
ation of the uncoordinated NH groups of the imidazole
moieties switches the redox potential of iron by as much as
345 mV per proton. A series of reverse reactions was ob-
served when an acid (HCl) was added to [RuII(L)]–. These
results are consistent with the acid–base equilibrium [Equa-
tion (1)]. Analysis of the CVs in Figure 9 (a–d), suggests
that each [RuII(H3–nL)](2–n)+ (n = 0–3) species is charac-
terized by a different potential of the redox couple although
the redox couple for [RuIII/II(HL)]+/0 was not clearly ob-
served; as the degree of deprotonation increases, the redox

Figure 8. Electronic spectral changes accompanied by the progress of controlled-potential electrolysis (oxidation) of [Ru(H3L)]2+ in meth-
anol containing 0.1  (n-C4H9)4NBF4 at 0.0 V vs. Ag/Ag+.
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potential becomes more negative (i.e. the compound be-
comes easier to oxidize). These results are in accordance
with the instability of the deprotonated species under aero-
bic conditions, as observed by electronic spectroscopy. It is
worth noting that, for a metal complex with a ligand exhib-
iting acid–base properties in aqueous solution, the redox
potential value is pH dependent; usually, however, each spe-
cies (fully deprotonated, monodeprotonated, etc.) does not
show an independent redox couple, but only an averaged
couple is observed.[12] The [RuII(L)]– species exhibits an-
other redox couple at +0.12 V (Figure 9d, Epc = +0.08 V,

Figure 9. Progress of the deprotonation of [Ru(H3L)](ClO4)2·3H2O
as monitored by cyclic voltammetry. (a)–(d): stepwise addition (0,
1, 2, and 3 equiv.) of NaOCH3 in methanol to 0.2 m
[Ru(H3L)](ClO4)2·3H2O in methanol containing LiClO4 (0.1 ).
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Epa = +0.16 V), and this couple may be assigned as the
RuIV/III process.[10]

We have demonstrated that the uncoordinated NH
groups of the imidazole moieties of 1 can easily be depro-
tonated by the action of a base, and that deprotonation
stabilizes the oxidized form, RuIII.

Experimental Section
Caution! Perchlorate salts of metal complexes are potentially ex-
plosive. Only small quantities of material should be prepared, and
the samples should be handled with care.

Materials: All reagents and solvents in the syntheses were of rea-
gent grade and were used without further purification. cis-
[RuCl2(dmso)4] was prepared according to the literature pro-
cedure.[4]

[Ru(H3L)](ClO4)2·3H2O (1): A methanol solution (20 cm3) contain-
ing tris(2-aminoethyl)amine (0.73 g, 5 mmol) and 4-formylimid-
azole (1.44 g, 15 mmol) was heated under reflux for 20 min to give
a yellow-orange solution. This methanol solution contains the H3L
ligand, and the solution was used for the preparation of the Ru
complex. Nitrogen (or argon) gas was bubbled through the solution
for 15 min to remove oxygen (Solution A). cis-[RuCl2(dmso)4]
(0.242 g, 0.5 mmol) was dissolved in oxygen-free methanol
(20 cm3), and the ligand solution (Solution A) was added to this
solution by a syringe. The mixture was heated under reflux for 6 h.
The color of the solution changed from orange to dark brown. The
solution was cooled to room temperature, and a methanol solution
(50 cm3) of NH4BF4 (1.6 g, 15 mmol) was added to give a brown
precipitate, which was collected by filtration. This product is not
soluble in common organic solvents, and it is not the desired com-
pound, but seems to be an oligomer. The filtrate was diluted with
0.01  HCl (300 cm3). The solution was passed through a column
(2.7 cm I.D.×15 cm) of SP-Sephadex C-25. The adsorbed cationic
species were eluted with 0.2  NaCl/0.01  HCl. The eluate con-
taining the fastest eluted orange-red band was collected, and mixed
with an aqueous solution (5 cm3) of NaClO4 (0.2 g). The orange
crystals that deposited were collected by filtration. They were
recrystallized from water under nitrogen. Yield 15 mg.
C18H30Cl2N10O11Ru1 = [Ru(H3L)](ClO4)2·3H2O: calcd. C 29.44, H
4.11, N 19.07; found C 29.34, H 3.74, N 18.88. 1H NMR (D2O,
ref. DSS): δ = 2.8–3.5 (m, 4 H, CH2), 7.25 (s, 1 H), 7.80 (s, 1 H),
8.52 (s, 1 H) ppm. IR (KBr pellet): ν̃ = νC=N(Schiff base),
1607 cm–1; νCl–O(ClO4

–), 1088, 1115, 1143 cm–1. UV/Vis (CH3OH):
λ (ε) = 424 nm (13900 –1 cm–1), 248 nm (34800 –1 cm–1). Crystals
suitable for X-ray analysis were obtained by adding a diethyl ether
layer to an acetonitrile solution of the complex.

Optical Resolution: An aqueous solution (20 cm3) of
[Ru(H3L)](ClO4)2·3H2O (3 mg) was adsorbed onto SP-Sephadex
(1 cm3) and the SP-Sephadex was placed on top of an SP-Sephadex
column (1 cm ID×30 cm). The complex was eluted with 0.15 

sodium (+)-tartrate, and the eluate was fractionally collected.[7]

Physical Measurements: UV/Vis absorption spectra were recorded
with a JASCO Ubest-550 spectrophotometer. Infrared spectra were
measured on a JASCO FT/IR-550 spectrophotometer. CD spectra
were recorded with a JASCO J-720 spectropolarimeter. 1H NMR
spectra were recorded with a Varian Mercury 300 spectrometer (1H
at 300 MHz) at ambient temperature. Cyclic voltammetry measure-
ments were performed under nitrogen using a Fuso HECS 321B
potential sweep unit with methanol solutions containing LiClO4

(0.1 ) as the supporting electrolyte. The electrochemical cell was
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a three-electrode system consisting of a glassy-carbon working elec-
trode, a platinum wire auxiliary electrode, and an Ag/Ag+ (Ag/
0.01  AgNO3) reference electrode. As an external standard, the
Fc/Fc+ (Fc = ferrocene) couple was observed at –0.170 V vs. Ag/
Ag+ under the same conditions. Controlled-potential electrolysis
experiments were carried out with a platinum-gauze working elec-
trode, with the use of a Fuso HECS 312B DC-pulse polarograph
and a Model 1109 integrator. The reference electrode was the same
Ag/Ag+ (Ag/0.01  AgNO3) electrode used for the cyclic voltam-
metric experiments, and the auxiliary electrode was a platinum wire
separated from the test solution by a salt bridge.

X-ray Data Collection, Reduction, and Structure Determination: An
orange crystal of 1, with the approximate dimensions
0.5×0.2×0.1 mm, was mounted by a loop method, and the X-ray
data were collected with a Rigaku R-AXIS RAPID II imaging
plate area detector using graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å). The crystallographic data are summarized in
Table 3. The structure was solved by direct methods, and was re-
fined using full-matrix least-squares procedures with the Crystal-
Structure crystallographic software package.[13] There are two pos-
sible space groups, C2/c (No.15) and Cc (No.9). We tried to solve
the structure in both space groups. Only the space group C2/c gave
rational results.

Table 3. X-ray crystallographic data for [Ru(H3L)](ClO4)2 (1).

Formula C18H24Cl2N10O8Ru
Formula mass [g mol–1] 680.43
Crystal system monoclinic
Space group C2/c (No.15)
a [Å] 25.758(8)
b [Å] 10.772(4)
c [Å] 18.933(5)
α [°] 90
β [°] 101.57(1)
γ [°] 90
V [Å3] 5146(2)
Z 8
Dcalcd [g cm–3] 1.756
µ [cm–1] 8.82
R1

[a] [I � 2.0σ(I)] 0.082
wR2

[b] [all data] 0.243
T [°C] –180

[a] R1 = Σ||Fo| – |Fc|| / Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/
Σw(Fo

2)2}1/2.

CCDC-298967 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A Supramolecular Assembly of Organotin Complexes: Syntheses,
Characterization and Crystal Structures of Organotin Complexes with

meso-2,3-Dimercaptosuccinic Acid

Chunlin Ma*[a,b] and Qingfu Zhang[a]
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A series of two types of organotin complexes, namely [(R3Sn)4-
(dmsa)] (R = Ph 1, PhCH2 2, CH3 3, nBu 4; H4dmsa = meso-
2,3-dimercaptosuccinic acid) and [(R2Sn)2(dmsa)(Y)]·L (R =
Ph, Y = 2H2O, L = H2O, Et2O 5; R = PhCH2 6; R = CH3 7; R
= nBu 8; R = nBu, Y = 0.5MeOH 9) have been synthesized.
All complexes were characterized by elemental analysis and
FT-IR and NMR (1H, 13C and 119Sn) spectroscopy. Among
them, the strucrtures of complexes 1, 3, 5, and 9 were also
determined by X-ray crystallography. The structural analyses
show that complexes 1 and 3 are tetranuclear triorganotin
monomers, complex 5 is a dinuclear diphenyltin monomer,
and complex 9 is a 3D di-n-butyltin coordination polymer

Introduction
Recently, the design and self-assembly of metal com-

pounds into one-, two-, or three-dimensional supramolec-
ular architectures has been attracting considerable attention
due to their potential applications and intriguing architec-
tures.[1–9] Two main lines of study are adopted, based on
the different nature and bonding energy of the interactions
responsible for networking, namely (i) frameworks com-
prised of metal centers and di- or polydentate ligands con-
nected through chemical (covalent or coordination) bonds,
which have been widely studied in the crystal engineering
of microelectronic, nonlinear optical, ferromagnetic, and
catalytic materials,[2,3] (ii) networks derived by the assembly
of mono- or polynuclear metal complexes through intermo-
lecular weak interactions such as hydrogen bonds, π–π in-
teractions, electrostatic interactions, and so on, where it has
been found that these weak interactions play vital roles in
highly efficient and specific biological reactions and are es-
sential for molecular recognition and the self-organization
of molecules in supramolecular chemistry.[4,5]

Both systems mentioned above have recently been widely
investigated in the supramolecular chemistry of organome-
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with a metal-organic framework structure. The supramolec-
ular structure analyses reveal that the type of organic substit-
uent attached to the tin atoms can apparently affect the
supramolecular assembly: when the substituents attached to
the tin atom are aromatic groups (1 and 5) the supramolec-
ular structures are dominated by intermolecular π–π (C–H···π)
weak interactions, whereas when the substituents attached
to the tin atom are alkyl groups (3 and 9) the supramolecular
structures are dominated by intermolecular Sn�X (X = S, O)
coordination interactions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tallic complexes[6–9] because the supramolecular structures
of such complexes can be more rationally controlled by tail-
oring the type and number of organic substituents attached
to the metal center. Among these complexes, organotin
complexes are attracting more and more attention due to
their wide industrial applications and antitumor activi-
ties,[10] as well as their interesting and varied supramolec-
ular structures.[7–9] In our previous work, we have also re-
ported several interesting supramolecular structures as-
sembled from organotin complexes.[9] To continue our re-
search in this area, we selected another interesting ligand −
meso-2,3-dimercaptosuccinic acid (H4dmsa). This ligand
was chosen based on the following considerations: first,
both the carboxy and thiol groups in this ligand can form
strong covalent bonds with the organotin moiety, thus pro-
viding sufficient thermodynamic stability for them to be
stable in the solid state, including toward corrosive sub-
stances such as oxygen and water; second, H4dmsa is a
polyfunctional chelate ligand with two carboxy and two
thiol groups, so it has a rich coordination chemistry and
can help to construct multidimensional coordination poly-
mers by acting as a multidentate bridging linker; third, the
conformational flexibility of this ligand will allow for the
formation of various and interesting molecular and supra-
molecular structures; fourth, H4dmsa can bond more than
one organotin moiety in one discrete molecule, which will
increase the opportunities for supramolecular assembly
from these complexes through intermolecular weak interac-
tions between substituents (such as π–π interactions); fifth,
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H4dmsa is a simple linear ligand without a complicated in-
ner structure, which makes it easy to analyze the electronic
and steric influence of the organic substituents attached to
the tin atom on the supramolecular structure. In addition,
although H4dmsa is a mercapto-containing, water-soluble,
nontoxic, orally administered metal chelator that has been
used as an antidote to heavy metal (lead, mercury, arsenic,
and cadmium) toxicity for more than 50 years,[11] few metal
complexes with this ligand have been determined by X-ray
crystallography so far.[12] Recently, we began to treat
H4dmsa with organotin compounds with the hope of ob-
taining interesting supramolecular structures by assembly
of this polyfunctional ligand with different organotin com-
pounds. Here we report the detailed syntheses of eight new
organotin complexes of meso-2,3-dimercaptosuccinic acid
of two types: [(R3Sn)4(dmsa)] (R = Ph 1, PhCH2 2, CH3 3,
nBu 4) and [(R2Sn)2(dmsa)(Y)]·L (R = Ph Y = 2H2O L =
H2O, Et2O 5; R = PhCH2 6; R = CH3 7; R = nBu 8; R =

Scheme 1.
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nBu Y = 0.5MeOH 9). All complexes were characterized by
elemental analysis and FT-IR and NMR (1H, 13C, and
119Sn) spectroscopy. The structures of complexes 1, 3, 5,
and 9 were also determined by X-ray crystallography.

Results and Discussion

Syntheses

Complexes 1–4 were obtained by reaction of H4dmsa/
EtONa/R3SnCl in a 1:4:4 molar ratio in toluene/methanol
(5:1) at 40 °C, while complexes 5–8 were obtained by reac-
tion of H4dmsa/R2SnO in a 1:2 molar ratio in toluene/
methanol (5:1) at reflux. Crystals of complex 9 were ob-
tained by solvothermal reaction of H4dmsa/KOH/R3SnCl
in a 1:4:4 molar ratio in methanol/water (2:1) at 150 °C.
The synthetic procedures are shown in Scheme 1.
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Spectroscopic Studies

IR

The main feature in the IR spectra of complexes 1–9 is
the absence of bands in the region 3120–2980 and 2560–
2410 cm–1, which appear in the free ligand as CO2H and SH
stretching vibrations, thus indicating metal–ligand bonding
through these sites. The typical absorptions for Sn–C, Sn–
O, and Sn–S vibrations in complexes 1–9 are all located in
the normal range of similar organotin complexes.[13,14]

IR spectroscopy can provide useful information concern-
ing the coordination of the carboxyl groups in organotin
carboxylates.[15,16] When the carboxylic group coordinates
the tin atom in a monodentate manner (mode I), the differ-
ence between the wavenumbers of the asymmetric and sym-
metric carboxylic stretching bonds, ∆ν̃ [∆ν̃ = ν̃(νasCO2

–) –
ν̃(νsCO2

–)], is larger than that observed for ionic complexes.
When the ligand chelates (mode II), ∆ν̃ is considerably
smaller than that for ionic complexes, while in the asymmet-
ric bidentate coordination mode the value is in the range
characteristic of monodentate coordination. The character-
istic wavenumber difference for mode III is larger than that
for chelating groups and nearly the same as that observed
for ionic complexes (Scheme 2).

Scheme 2. Different coordination modes of the carboxylate group.

Based on the above results, it was possible to distinguish
the coordination mode of the CO2

– group. The magnitude
of ∆ν̃ (about 242–268 cm–1) for 1–6, compared with that for
the corresponding sodium salts, reveals that the carboxylate
ligands are monodentate, while the value of about 200 cm–1

for 7–9 suggests a bidentate coordination mode. The con-
clusions drawn from the IR data are consistent with the X-
ray crystallography study.

NMR

The 1H NMR spectra show the expected integration and
peak multiplicities. In the spectra of the free ligand, the res-
onances observed at δ � 10.50 and 1.65 ppm, which are
absent in the spectra of the complexes, indicate removal of
the CO2H and SH protons and formation of Sn–O and Sn–
S bonds. This conclusion accords well with the IR data.
Moreover, the 1H NMR spectroscopic data show that the
chemical shifts of the phenyl groups in complexes 1 and 5
(δ = 7.36–7.79 ppm), the methyl groups in complexes 3 and
7 (δ = 0.84–0.91 ppm), and the methylene groups connected
directly to the tin atom in complexes 2, 4, 6, 8, and 9 (δ =
1.25–3.26 ppm) undergo an upfield shift relative to those of
their precursors.

The 13C NMR spectra of all compounds show a signifi-
cant downfield shift of all carbon resonances compared
with the free ligand because of an electron-density transfer
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from the ligand to the metal atom. Although at least two
different types of carboxy groups are present, only one sin-
gle resonance is observed for the CO2 group in the 13C spec-
tra. A possible reason for this is that either accidental mag-
netic equivalence of the carbonyl carbon atoms occurs or
the separation between the sets of resonance is too small to
be resolved.

The 119Sn NMR spectroscopic data show two signals for
complexes 1–4 (δ = –95.1, –125.5 ppm for 1; δ = –93.5,
–118.8 ppm for 2; δ = –96.4, –121.6 ppm for 3; δ = –98.2,
–126.1 ppm for 4) and both of them are in the normal range
for four-coordinate tin complexes,[17] thus indicating the
existence of two different coordination environments
around the tin atoms for complexes 1–4 in solution, which
is similar to that found in the complexes [(Ph3Sn)2(p-
mpspa)] and [(Ph3Sn)2(cpa)].[18] The 119Sn NMR spectro-
scopic data of complexes 5–8 (δ = –150.2, –165.8, –175.7,
and –173.8 ppm for 5–8, respectively) show signals in the
normal range for five-coordinate tin complexes.[17] How-
ever, complex 9 shows two signals at δ = –126.8 and
–170.5 ppm, which are in the range corresponding to the
coordination number 5 (δ = –90 to –190 ppm),[17] thus it
can reasonably be assumed that there are also two different
coordination environments around the tin atoms of com-
plex 9 in solution.

Crystal Structures

X-ray Crystallographic Study of 1 and 3

Crystals of 1 suitable for an X-ray crystallography study
were grown from dichloromethane, while crystals of 3 were
grown from diethyl ether. The most relevant crystallo-
graphic data for 1 and 3 are summarized in the Experimen-
tal Section. Selected bond lengths and bond angles for 1
and 3 are given in Tables 1 and 2, respectively.

Table 1. Selected bond lengths and angles for complex 1.

Bond lengths [Å]

Sn1–C3 2.122(5) Sn1–C9 2.135(5)
Sn1–C15 2.114(4) Sn1–S1 2.4373(13)
Sn1–O1 2.071(3) Sn1–O2 2.838(3)
Sn2–C21 2.152(4) Sn2–C27 2.154(5)
Sn2–C33 2.130(5) Sn2–S1 2.4373(13)
Sn2–O2 2.849(3) C1–O1 1.294(5)
C1–O2 1.224(5) C2–S1 1.820(4)

Bond angles [°]

C3–Sn1–C15 120.23(18) C3–Sn1–O1 108.67(15)
C15–Sn1–O1 107.00(15) C9–Sn1–O2 150.50(14)
C3–Sn1–C9 110.86(19) C9–Sn1–C15 106.90(18)
C9–Sn1–O1 101.51(15) C3–Sn1–O2 76.02(14)
C15–Sn1–O2 92.38(14) O1–Sn2–O2 50.53(10)
C21–Sn2–C33 114.72(18) C21–Sn2–S1 114.09(12)
C33–Sn2–S1 116.78(13) C27–Sn2–O2 164.38(14)
C21–Sn2–O2 84.33(14) C33–Sn2–O2 77.37(14)
S1–Sn2–O2 70.10(7) C21–Sn2–C27 108.08(18)
C27–Sn2–C33 104.74(18) C27–Sn2–S1 95.68(13)

A perspective view of the molecular structure of complex
1 is shown in Figure 1. Complex 1 is a tetranuclear tin moi-
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Table 2. Selected bond lengths and angles for complex 3.

Bond lengths [Å]

Sn1–C3 2.100(6) Sn1–C4 2.105(6)
Sn1–C5 2.114(6) Sn1–O1 2.095(3)
Sn1–O2 3.092(3) Sn2–C6 2.121(7)
Sn2–C7 2.130(6) Sn2–C8 2.125(7)
Sn2–S1 2.4384(13) Sn2–O2 3.164(4)
C1–O1 1.296(5) C1–O2 1.212(5)
C2–S1 1.834(4)

Bond angles [°]

C3–Sn1–C4 121.6(3) C3–Sn1–C5 117.4(3)
C4–Sn1–C5 115.1(3) C3–Sn1–O1 100.3(2)
C4–Sn1–O1 101.01(18) C5–Sn1–O1 92.84(19)
C6–Sn2–C7 116.0(3) C6–Sn2–C8 109.8(3)
C7 –Sn2–C8 108.4(3) C6–Sn2–S1 111.5(2)
C7–Sn2–S1 111.30(19) C8–Sn2–S1 98.3(2)

ety containing two symmetrical (Ph3Sn)2(SCHCO2) moie-
ties (inversion center: –x+2, –y+1, –z). Each tin atom in
complex 1 forms four primary bonds: three from the phenyl
C atoms and one from the O (for Sn1) or S (for Sn2) atom
of the bridging ligand. The bond angles around the Sn1
and Sn2 atoms range from 101.51(15) to 120.23(18)° and
from 95.68(13) to 116.78(13)°, respectively, suggesting ap-
parent distortion from an ideal tetrahedron. The Sn1–O1
(2.071 Å) and Sn2–S1 [2.4373(13) Å] distances are in the
normal range for Sn–O[19] and Sn–S[20] covalent bonds.
There are also two weak intramolecular Sn···O interactions
in complex 1 [Sn1–O2 = 2.838(3) and Sn2–O2 =
2.849(3) Å]. Although these distances are considerably
longer than the normal Sn–O covalent bond, they lie in
the range of Sn···O distances of 2.61–3.02 Å that have been
confidently reported for intramolecular bonds.[21] As the
oxygen atoms of the carboxylate groups in complex 1 are
involved in weak coordination interactions with the tin
atoms along one of the tetrahedral faces, the structural dis-
tortion for the tin atoms in 1 is best described as a capped
tetrahedron.

Analysis of the supramolecular structure in the crystal
lattice of 1 reveals that weak intermolecular C–H···π inter-
actions play important roles in the supramolecular arrange-
ments. The C–H···π interaction can also be viewed as an
edge-to-face (as opposed to point-to-face or T-shaped) π–π
interaction, and now is usually assigned to non-conven-
tional weak hydrogen bonds.[5c,5g] Although this interaction
is much weaker than covalent and coordinative interactions,
and even than typical hydrogen bonds (such as O–H···O
and N–H···O etc.), it clearly governs the supramolecular as-
sembly in many compounds.[5g,22] In complex 1, a series of
parallel molecular chains connected by weak intermolecular
C8–H8···Cg1 interactions (Cg1 is the centroid of the phenyl
ring C9–C14) is found along the horizontal direction. Inter-
estingly, these parallel molecular chains are further inter-
linked by weak intermolecular C6–H6···Cg2 interactions
(Cg2 is the centroid of phenyl ring C27–C32) to form a 2D
network structure in the defined plane (see Figure S1 in the
Supporting Information). These C–H···π interactions in
complex 1 (C8···Cg1 = 3.270, H8···Cg1 = 3.860 Å, C8–
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Figure 1. Molecular structure of complex 1 (all hydrogen atoms
have been omitted for clarity).

H8···Cg1 = 112.67°; C6···Cg2 = 3.752, H6···Cg2 = 2.867 Å,
C6–H6···Cg2 = 159.41°) are close to those found in bis(N-
pyridoxy--amino acidato)cobalt(III) complexes,[23] thereby
suggesting they are strong enough to assemble these tetra-
nuclear tin molecules into a 2D network in the solid state.

A perspective view of the molecular structure of 3 is
shown in Figure 2. Complex 3 is also a tetranuclear tin moi-
ety containing two symmetrical (Me3Sn)2(SCHCO2) moie-
ties (inversion center: x, 1–y, –1/2+z). The molecular struc-
ture of 3 is similar to that of 1, so we will not deal with
many structural details here. However, a comparison of the
molecular conformations and configurations of complexes
1 and 3 should be noted: first, the two intramolecular
Sn···O weak interactions (Sn1···O2 = 3.092, Sn2···O2 =
3.165 Å) in complex 3 are weaker than in 1 and are out
of the range of typical intramolecular Sn–O bonds (2.61–
3.02 Å).[21] Therefore, these distances are almost sufficient
to make this oxygen atom stereochemically inactive around
the two Sn atoms; second, the Sn2 atom in complex 3 dis-
plays a distorted tetrahedral coordination sphere, with six
angles ranging from 98.3(2) to 116.0(3)°. The bond angles
around Sn1 (from 92.84 to 121.6°) show a larger deviation
from the ideal value for a tetrahedron (109.5°), thereby indi-
cating that there may be intermolecular contacts around
Sn1 in the crystal lattice (vide infra). Finally, all the Sn–C
and covalent Sn–O and Sn–S bonds around each tin atom
in complex 3 are unremarkable, as expected.

To our surprise, the common intermolecular C=O�Sn
interactions that can give rise to either polymeric or cyclo-
oligomeric structures in trimethyltin compounds[24] are not
found in complex 3. In fact, the supramolecular structure
of complex 3 is a 2D network linked by weak intermo-
lecular Sn�S coordination interactions. As shown in Fig-
ure 3, the asymmetric unit of complex 3 is linked by weak
intermolecular Sn1···S1 coordination interactions along the
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Figure 2. Molecular structure of complex 3.

b and c axes to form a 2D layer with a 24-membered cavity
in the bc plane. Although the loose cavities provided by
these intermolecular Sn–S weak coordination interactions
are large enough (7.525×11.265 Å) and are not completely
filled by the methyl groups on the tin atoms that protrude
into the interior, there are no solvent molecules in these
cavities. This is not surprising in view of the fact that pack-
ing of such layers along the a axis produces a genuine no-
cavity structure in the crystal lattice of complex 3 (see Fig-
ure S2 in the Supporting Information). Although the weak
intermolecular Sn···S coordination distance in complex 3 is
3.286 Å, it still falls in the range proposed for secondary
Sn···S coordination bonds (2.79–3.81 Å)[6] and is even close
to the C=S···Sn distance [3.2274(8) Å] found in (5-
mercapto-3-phenyl-1,3,4-thiadiazoline-2-thionato)tri-

Figure 3. Supramolecular structure of complex 3 showing the 2D network linked by intermolecular Sn1···S1 coordination interactions
(dotted line).
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methyltin.[25] If the weak Sn···S interaction is also consid-
ered, the coordination environment around the Sn1 atom
in complex 3 can best be described as a distorted trigonal
bipyramid.

X-ray Crystallographic Study of 5 and 9

Crystals of 5 suitable for an X-ray crystallography study
were grown from dichloromethane/diethyl ether, while crys-
tals of 9 were obtained from the mother liquor of the solvo-
thermal reaction. The most relevant crystallographic data
for 5 and 9 are summarized in the Experimental Section.
Selected bond lengths and bond angles for 5 and 9 are given
in Tables 3 and 4, respectively.

Table 3. Selected bond lengths and angles for complex 5.

Bond lengths [Å]

Sn1–C11 2.11(2) Sn1–C5 2.13(2)
Sn1–O1 2.37(1) Sn1–S1 2.416(4)
Sn1–O5 2.443(6) Sn2–C23 2.130(9)
Sn2–C17 2.16(2) Sn2–O3 2.36(1)
Sn2–O6 2.406(7) Sn2–S2 2.413(4)

Bond angles [°]

C5–Sn1–C11 121.7(7) C11–Sn1–S1 118.4(6)
C5–Sn1–S1 116.8(5) O1–Sn1–O5 167.2(3)
C17–Sn2–C23 118.7(6) C23–Sn2–S2 122.2(3)
C17–Sn2–S2 116.5(6) O3–Sn2–O6 167.3(3)

A perspective view of the molecular structure of 5 is
shown in Figure 4. The [(Ph2Sn)2(dmsa)·2H2O] asymmetric
unit is a dinuclear tin moiety with two coordinated water
molecules. The [(Ph2Sn)2(dmsa)] moiety contains two five-
membered SnSCCO chelate metallacycles with an envelope
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Table 4. Selected bond lengths and angles for complex 9.[a]

Bond lengths [Å]

Sn1–C9 2.125(18) Sn1–C13 2.12(2)
Sn1–O1 2.156(13) Sn1–O9 2.264(15)
Sn1–S1 2.394(5) Sn2–C17 2.104(182)
Sn2–C21 2.08(2) Sn2–O3 2.234(10)
Sn2–O8B 2.186(9) Sn2–S2 2.408(4)
Sn3–C25 2.081(18) Sn3–C29 2.138(19)
Sn3–O5 2.183(10) Sn3–O4 2.259(9)
Sn3–S3 2.389(4) Sn4–C33 2.09(2)
Sn4–C37 2.138(18) Sn4–O2A 2.239(11)
Sn4–O7 2.241(9) Sn4–S4 2.402(4)

Bond angles [°]

C9–Sn1–C13 125.0(10) C9–Sn1–S1 119.5(6)
C13–Sn1–S1 115.2(8) O1–Sn1–O9 167.3(5)
C17–Sn2–C21 125.4(8) C17–Sn2–S2 114.5(6)
C21–Sn2–S2 119.2(5) O3–Sn2–O8A 164.4(4)
C25–Sn3–C29 123.5(9) C25–Sn3–S3 119.3(6)
C29–Sn3–S3 117.0(7) O4–Sn3–O5 162.5(4)
C33–Sn4–C37 118.1(9) C33–Sn4–S4 114.4(7)
C37–Sn4–S4 127.4(6) O7–Sn4–O2B 163.6(4)

[a] Symmetry codes: A: x–1/2, –y+1/2, z–1/2; B: x, –y, z+1/2.

conformation, which is similar to the anion of the dior-
ganotin carboxylate [(nPr)3NH][Me2Sn(µ2-SCH2COO)C-
l].[26] Each tin atom in complex 5 is a five-coordinate trigo-
nal bipyramid, with two phenyl groups and the sulfur atom
of dmsa occupying the equatorial plane and one of the car-
boxyl oxygen atoms (O1 or O3) and one coordinated water
molecule (O5 or O6) in axial positions. Because there is a
strong (O,S) chelate effect (O1–Sn1–S1 = 78.64°, O3–Sn2–
S2 = 78.75°), the corresponding axial–Sn–axial angles
(167.20° for Sn1 and 167.24° for Sn2) and equatorial angles
(116.80°, 118.40°, 121.69° for Sn1 and 116.51°, 118.67°,
122.15° for Sn2) suggest the geometries of both tin atoms
in complex 5 are distorted trigonal pyramids. The two coor-
dinative Sn–OH2 bonds (Sn1–O5 = 2.443, Sn2–O6 =
2.406 Å) are slightly longer than the corresponding covalent
Sn–O bonds (Sn1–O1 = 2.367, Sn2–O2 = 2.360 Å) and are
in the range of known Sn–OH2 bonds [2.14(3)–
2.47(2) Å].[27] Both Sn–O (Sn1–O1 = 2.367, Sn2–O2 =
2.360 Å) and Sn–S (Sn1–S1 = 2.415, Sn2–S3 = 2.413 Å)
bond lengths are close to those found in diorganotin car-
boxylates and thiolates.[9a] In addition, there are co-crys-
tallized water and diethyl ether molecules in complex 5.

The supramolecular structure of complex 5 is dominated
by a 1D helical molecular chain along the c axis linked by
intermolecular C–H···π (C3–H3···Cg3, Cg3 is the centroid
of phenyl C5–C10) weak hydrogen-bonding interactions
(see Figure S3 in the Supporting Information); the pitch of
this helix (13.337 Å) is longer than that found in (Ph3Sn)2-
(SC6H4CO2) (9.991 Å).[20b] The corresponding C3···Cg3,
H3···Cg3, and C3–H3···Cg3 values (3.866 Å, 3.019 Å, and
145.31°) in complex 5 are close to the C–H···π values in the
CH4/C6H6 system[5g] but larger than that found in complex
1, which is in good agreement with theoretical calculations
that predict that C–H···π interactions in aliphatic/aromatic
systems are weaker than in aromatic/aromatic systems.[5g]
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Figure 4. Molecular structure of complex 5.

A perspective view of the molecular structure of 9 is
shown in Figure 5; for clarity, the somewhat disordered β,
γ and δ carbon atoms of the butyl groups have been omit-
ted. The structure analysis for 9 reveals that it is a 3D
metal-organic framework constructed by the S-shaped
building block [(nBu2Sn)2(dmsa)]2·MeOH. The S-shaped
asymmetric unit consists of two [(nBu2Sn)2(dmsa)] moieties
and one coordinated MeOH molecule. Interestingly, every
two five-membered SnSCCO chelate metallacycles in the
asymmetric unit that are connected by the same dmsa li-
gand, such as pSn1 and pSn2, pSn3 and pSn4,[28] are not
coplanar (dihedral angles between pSn1 and pSn2 and pSn3
and pSn4 are 71.51° and 60.69°, respectively), while pSn2,
pSn3, and the bridging O4 atom are almost in the same
plane (largest deviation: 0.071 Å; mean deviation: 0.035 Å).
Each [(nBu2Sn)2(dmsa)] moiety in complex 9 also contains
two five-membered SnSCCO chelate metallacycles, similar
to those found in complex 5. The coordination environment
around each tin atom in complex 9 is also distorted trigo-
nal-bipyramidal, with the equatorial positions occupied by
two n-butyl groups and one thiol sulfur atom from the
dmsa ligand and the axial positions shared by one coordi-
nated oxygen atom from the dmsa ligand and an additional
Lewis base, which may be a solvent molecule (for Sn1) or
an intermolecular C=O�Sn bond (for Sn2, Sn3, and Sn4).
The corresponding axial–Sn–axial skeletons are bent (rang-
ing from 162.51° to 167.51°; av. 164.53°) due to the strong
chelate effect of the O and S atoms (O–Sn–S chelate angles
ranging from 80.31° to 82.68°; av. 81.36°), which is similar
to that found in complex 5. All the Sn–S and Sn–O dis-
tances lie in the range 2.389(4)–2.408(4) and 2.156(13)–
2.259(9) Å, respectively, except for Sn1–O9, which is consis-
tent with the situation reported in other organotin com-
pounds.[9a,29] Moreover, the solvent-coordinated Sn–O
bond (Sn1–O9) is only 2.264(15) Å, which is close to the
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corresponding covalent Sn–O bond [Sn1–O1 = 2.156(13) Å]
formed with carboxylate groups (the difference between
these two Sn–O bonds is only 0.108 Å) and shorter than
that found in [(Me3Sn)(TMA)]·2MeOH (2.462 and
2.586 Å),[9b] thus showing the strong coordinative interac-
tions between guest methanol molecules and the host
framework.

The supramolecular structure of complex 9 is a 3D
metal-organic framework built by {[(nBu2Sn)2(dmsa)]2·
MeOH} units. As shown in Figure 6a, each {[(nBu2Sn)2-
(dmsa)]2·MeOH} unit is linked by intermolecular C=O�Sn
coordination interactions along the 110 and 01̄1 directions,
thus forming a 2D layer with 53-membered organotin rings
in the defined plane. Furthermore, these layers are linked
to form a 3D framework along the 010 direction to give 56-
membered rhombic channels (Figure 6b). The size of the
53-membered ring channel is 26.83×11.50 Å (transannular
Sn4···Sn4� and Sn2···Sn3), while the 56-membered ring
rhombic channels are only 13.551×9.658 Å in size (trans-
annular Sn4···Sn4�� and Sn2�···Sn3�). The solvent methanol
molecules reside in the 53-membered ring channels because
they are strongly coordinated to the framework Sn1 atoms.
A strong H-bonding interaction is also found between the
methanol molecule and the framework oxygen atom O9
(O9···O6 = 2.525 Å). These coordinating and H-bonding in-
teractions between the methanol molecules and the frame-

Figure 6. a) 2D “wall-like” layer and b) 3D metal-organic framework of complex 9. The O–H···O hydrogen bonds between guest methanol
molecules and the host organotin framework are shown with a broken line (the n-butyl groups on the tin atoms have been omitted for
clarity).
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Figure 5. Molecular structure of complex 9 (the β, γ, and δ carbon
atoms of the butyl groups on the tin atom have been omitted for
clarity).

work are believed to be responsible for the formation of
the framework structure. It is worth mentioning here that,
although the channels in this complex are ostensibly large
enough to capture the guest methanol molecules, they con-
stitute only 4.3% of the crystal volume and are almost com-
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pletely filled by the butyl groups on the tin atoms that pro-
trude into the interior (if nBu groups are omitted they con-
stitute up to 69.7%; see Figure S4, Supporting Infor-
mation).[30] This is apparently different to ionic complexes
with a 3D open-framework structure, such as [{Mn(dcbp)}·
2H2O]n (dcbp = 4,4�-dicarboxylato-2,2�-bipyridine)[31] and
[Co(bix)2(H2O)2](SO4)·7H2O [bix = 1,4-bis(imidazol-1-yl-
methyl)benzene],[32] which all have a large pore aperture for
guest molecules (18.2% and 27%, respectively) and show
reversible “desorption-adsorption” processes.

The TGA of 9 shows a continuous weight loss (found:
2.7%) from 77 to 135 °C, which is attributed to the loss of
guest methanol molecules (calcd. 2.5%); the host frame-
work is stable up to 280 °C, at which point decomposition
starts. However, during thermal treatment under vacuum
the crystal lattice collapses at relatively low temperatures
(� 100 °C). X-ray crystallography proved that the crystal-
line 3D framework is transformed into an amorphous mate-
rial, which is similar to that found in the organotin complex
[{(nBu)2Sn(2,5-pdc)(H2O)}3·3H2O·yEtOH]n.[8a] To evaluate
the porosity of this material, crystals of 1 were thermally
treated for a period of 1 h (100 °C at 10 Torr) and then ex-
posed to vapors of H2O, EtOH, MeOH, and NH3. In all
cases no solvent molecules were found by elemental analysis
or integration of the 1H NMR spectrum in CD3COCD3,
thus showing the irreversibility of the removal of the en-
clathrated guest molecule within the host framework. This
is well in agreement with the crystal structure analysis.

Conclusions

In summary, a series of organotin complexes based on
meso-2,3-dimercaptosuccinic acid have been synthesized.
All complexes were characterized by elemental analysis and
FT-IR and NMR (1H, 13C and 119Sn) spectroscopy. The
structures of complexes 1, 3, 5, and 9 have also been deter-
mined by X-ray diffractomety. Both the spectra and crystal
structures show that when meso-2,3-dimercaptosuccinic
acid reacts with triorganotin compounds it can form tetra-
nuclear monomers, whereas when it reacts with diorganotin
compounds it can form dinuclear monomers or 3D poly-
mers with a metal-organic framework structure.

The supramolecular structures described in this paper
demonstrate that the type of substituent attached to the tin
atom has an influence on the supramolecular arrangement:
when the groups attached to the tin atom are aromatic
groups (1 and 5), the supramolecular structures are domi-
nated by intermolecular C–H···π weak interactions, whereas
when the groups attached to the tin atom are alkyl groups
(3 and 9), the supramolecular structures are dominated by
intermolecular Sn�X (X = S, O) coordination interactions.
In diorganotin complexes, it also shows that the number of
solvent molecules coordinated to the tin atom is crucial for
the supramolecular assembly. This contribution adds se-
veral new features to the fast developing field of supramo-
lecular chemistry and aids the fundamental understanding
of molecular recognition and systematic rationalization of
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molecular aggregation in crystal engineering of organome-
tallic complexes.

Experimental Section
Materials and Measurements: Commercially available starting ma-
terials and solvents were used. Tribenzyltin chloride,[33]dimethyltin
oxide, and dibenzyltin oxide[34]were prepared by standard methods
reported in the literature. The melting points were obtained with a
Kofler micro-melting point apparatus and are uncorrected. IR
spectra were recorded with a Nicolet-460 spectrophotometer using
KBr discs and sodium chloride optics. 1H, 13C, and 119Sn NMR
spectra were recorded with a Varian Mercury Plus 400 spectrome-
ter operating at 400, 100.6, and 149.2 MHz, respectively. The spec-
tra were acquired at room temperature (298 K) unless otherwise
specified; 13C NMR spectra were broadband-proton-decoupled.
The chemical shifts are reported in ppm with respect to the refer-
ences and are quoted relative to external tetramethylsilane (TMS)
for 1H and 13C NMR, and to neat tetramethyltin for 119Sn NMR
spectroscopy. Elemental analyses were performed with a PE-2400II
apparatus.

[(Ph3Sn)4(dmsa)] (1): This reaction was carried out under nitrogen.
meso-2,3-Dimercaptosuccnic acid (0.182 g, 1 mmol) and sodium
ethoxide (0.272 g, 4 mmol) were added to a mixed solution of tolu-
ene and methanol (5:1) in a Schlenk flask and stirred for 0.5 h.
After the addition of triphenyltin chloride (1.542 g, 4 mmol), the
mixture was stirred at 40 °C for 12 h and then filtered. The solvent
was gradually removed by evaporation under vacuum until a solid
product was obtained. This solid was then recrystallized from
dichloromethane to give colorless crystals of 1. Yield: 1.294 g
(82%). M.p. 212–214 °C. C76H62O4S2Sn4 (1578.1): calcd. C 57.84,
H 3.96, S 4.06; found C 57.75, H 4.05, S 4.00. IR (KBr): ν̃ =
1594 cm–1 ν(COO)as, 1352 ν(COO)s, 560 ν(Sn–C), 447 ν(Sn–O), 320
ν(Sn–S). 1H NMR (CDCl3): δ = 4.25 (s, 2 H, CH), 7.46–7.79 (m,
60 H, C6H5) ppm. 13C NMR (CDCl3): δ = 53.1, 128.1, 129.3, 136.5,
148.6, 177.4 ppm. 119Sn NMR (CDCl3): δ = –95.1, –125.5 ppm.

[{(PhCH2)3Sn}4(dmsa)] (2): Complex 2 was prepared in the same
way as compound 1, by adding tribenzyltin chloride (1.710 g,
4 mmol) to meso-2,3-dimercaptosuccinic acid (0.182 g, 1 mmol)
and sodium ethoxide (0.272 g, 4 mmol). The solvent was gradually
removed by evaporation under vacuum until a solid product was
obtained. Yield: 1.484 g (85%). M.p. 200–202 °C. C88H86O4S2Sn4

(1746.6): calcd. C 60.51, H 4.96, S 3.70; found C 60.55, H 5.00, S
3.75. IR (KBr): ν̃ = 1595 cm–1 ν(COO)as, 1358 ν(COO)s, 575 ν(Sn–
C), 438 ν(Sn–O), 335 ν(Sn–S). 1H NMR (CDCl3): δ = 3.24 (s, 24
H, CH2), δ = 4.25 (s, 2 H, CH), 7.25–8.05 (m, 60 H, C6H5) ppm.
13C NMR (CDCl3): δ = 34.8, 54.2, 126.6, 128.7, 129.7, 134.2, 135.0,
176.3 ppm. 119Sn NMR (CDCl3): δ = –93.5, –118.8 ppm.

[(Me3Sn)4(dmsa)] (3): Complex 3 was prepared in the same way as
compound 1, by adding trimethyltin chloride (0.800 g, 4 mmol) to
meso-2,3-dimercaptosuccinic acid (0.182 g, 1 mmol) and sodium
ethoxide (0.272 g, 4 mmol). The solvent was gradually removed by
evaporation under vacuum until a solid product had formed. The
solid was then recrystallized from ethanol to give colorless crystals
of 3. Yield: 0.733 g (88%). M.p. 108–110 °C. C16H38O4S2Sn4

(833.34): calcd. C 23.06, H 4.60, S 7.69; found C 23.10, H 4.65, S
7.65. IR (KBr): ν̃ = 1598 cm–1 νas(COO), 1360 νs(COO), 583 ν(Sn–
C), 476 ν(Sn–O), 357 ν(Sn–S). 1H NMR (CDCl3): δ = 0.84 (s, 36
H, CH3), 4.25 (s, 2 H, CH) ppm. 13C NMR (CDCl3): δ = –5.0, 2.5,
53.4, 175.5 ppm. 119Sn NMR (CDCl3): δ = –96.4, –121.6 ppm.

[(nBu3Sn)4(dmsa)] (4): Complex 4 was prepared in the same way as
compound 1, by adding tri-n-butyltin chloride (1.302 g, 4 mmol)
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to meso-2,3-dimercaptosuccinic acid (0.182 g, 1 mmol) and sodium
ethoxide (0.272 g, 4 mmol). The solvent was gradually removed by
evaporation under vacuum until a solid product was obtained.
Yield: 1.137 g (85%). M.p. 152–154 °C. C52H110O4S2Sn4 (1338.4):
calcd. C 46.70, H 8.25, S 4.75; found C 46.66, H 8.28, S 4.79. IR
(KBr): ν̃ = 1590 cm–1 νas(COO), 1358 νs(COO), 575 ν(Sn–C), 450
ν(Sn–O), 365 ν(Sn–S). 1H NMR (CDCl3): δ = 0.92 (t, 3JH,H =
7.2 Hz, 36 H, CH3), 1.25–1.71 (m, 72 H, CH2CH2CH2), 4.27 (s, 2
H) ppm. 13C NMR (CDCl3): δ = 13.4, 25.8, 26.5, 27.0, 54.0,
177.2 ppm. 119Sn NMR (CDCl3): δ = –98.2, –126.1 ppm.

[(Ph2Sn)2(dmsa)(2H2O)]·H2O·Et2O (5): A mixture of meso-2,3-di-
mercaptosuccinic acid (0.182 g, 1 mmol) and Ph2SnO (0.580 g,
2 mmol) in toluene/methanol (5:1) was refluxed in a Dean–Stark
trap for 10 h. After cooling to room temperature, the solvent was
removed under vacuum to give 5 as a colorless solid. This solid
was then recrystallized from diethyl ether to give colorless crystals
of 5. Yield: 0.732 g (86%). M.p. � 300°C (dec.). C32H38O8S2Sn2

(852.1): calcd. C 45.10, H 4.50, S 7.55; found C 45.08, H 4.45, S
7.60. IR (KBr): ν̃ = 1585 cm–1 νas(COO), 1352 νs(COO), 558 ν(Sn–
C), 460 ν(Sn–O), 375 ν(Sn–S). 1H NMR (CDCl3): δ = 7.68–7.36
(m, 20 H, C6H5), 4.26 (s, 2 H, CH) ppm. 13C NMR (CDCl3): δ =
51.8, 128.4, 128.8, 131.5, 150.8, 176.5 ppm. 119Sn NMR (CDCl3):
δ = –150.2 ppm.

[{(PhCH2)2Sn}2(dmsa)] (6): Complex 6 was prepared in the same
way as complex 5, by refluxing (PhCH2)2SnO (0.634 g, 2 mmol)
and meso-2,3-dimercaptosuccinic acid (0.182 g, 1 mmol). After
cooling to room temperature, the solvent was removed under vac-
uum to give 6 as a colorless solid. Yield: 0.647 g (83%). M.p. 205–
207 °C. C32H30O4S2Sn2 (780.13): calcd. C 49.27, H 3.88, S 8.22;
found C 49.30, H 3.85, S 8.20. IR (KBr): ν̃ = 1578 cm–1 νas(COO),
1310 νs(COO), 552 ν(Sn–C), 460 ν(Sn–O), 336 ν(Sn–S). 1H NMR
(CDCl3): δ = 3.26 (s, 8 H, CH2), 4.27 (s, 2 H, CH), 7.24–7.58 (m,
20 H, C6H5) ppm. 13C NMR (CDCl3): δ = 56.3, 125.8, 128.7, 129.3,
143.7, 177.1 ppm. 119Sn NMR (CDCl3): δ = –165.8 ppm.

[(Me2Sn)2(dmsa)] (7): Complex 7 was prepared in the same way as
complex 5, by refluxing Me2SnO (0.330 g, 2 mmol) and meso-2,3-
dimercaptosuccinic acid (0.182 g, 1 mmol). After cooling to room

Table 5. Crystallographic data for complexes 1, 3, 5, and 9.

Complexes 1 3 5 9

Empirical formula C76H62O4S2Sn4 C16H38O4S2Sn4 C32H38O8S2Sn2 C41H80O9S4Sn4

Formula mass 1578.14 833.34 852.12 1320.05
Crystal system triclinic monoclinic triclinic monoclinic
Space group P1̄ C2/c Pna2(1) Cc
a [Å] 11.027(2) 18.556(3) 9.431(2) 23.733(9)
b [Å] 12.329(3) 13.3144(14) 37.063(10) 13.087(5)
c [Å] 12.733(3) 13.0162(14) 13.337(4) 18.598(7)
α [°] 80.690(3) 90 90 90
β [°] 86.406(3) 105.2910(15) 90 102.383(6)
γ [°] 77.944(3) 90 90 90
Volume [Å3] 1669.7(6) 3103.7(7) 4662(2) 5642(4)
Z 1 4 4 4
Absorption coefficient [mm–1] 1.590 3.330 1.196 1.941
Crystal size [mm] 0.42×0.35×0.19 0.51×0.43×0.17 0.31×0.27×0.12 0.19×0.15×0.12
Dcalcd. [g cm–3] 1.569 1.809 1.214 1.554
θ range for data collection [°] 1.62–25.03 1.91–25.03 2.23–25.01 1.76–25.03
Reflections collected 8855 7895 23091 14550
Unique reflections 5842 (Rint = 0.0196) 2742 (Rint = 0.0306) 8071 (Rint = 0.0794) 7029 (Rint = 0.0553)
Data/restraints/parameters 5842/0/338 2742/0/118 8071/610/394 7029/141/516

R1 = 0.0326, R1 = 0.0286, R1 = 0.0882, R1 = 0.0525,Final R indices [I � 2σ(I)] wR2 = 0.0733 wR2 = 0.0669 wR2 = 0.2255 wR2 = 0.1159
R1 = 0.0560, R1 = 0.0416, R1 = 0.1448, R1 = 0.1007,R indices (all data) wR2 = 0.0886 wR2 = 0.0768 wR2 = 0.2683 wR2 = 0.1408
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temperature, the solvent was removed under vacuum to give 7 as a
colorless solid. Yield: 0.418 g (88%). M.p. 221–223 °C.
C8H14O4S2Sn2 (475.74): calcd. C 20.20, H 2.97, S 13.48; found C
20.25, H 3.00 S 13.55. IR (KBr): ν̃ = 1635 cm–1 νas(COO), 1326
νs(COO), 543 ν(Sn–C), 480 ν(Sn–O), 345 ν(Sn–S). 1H NMR
(CDCl3): δ = 0.91 (s, 12 H), 4.27 (s, CH) ppm. 13C NMR (CDCl3):
δ = –0.6, 54.8, 177.5 ppm. 119Sn NMR (CDCl3): δ = –175.7 ppm.

[(nBu)2Sn]2(dmsa) (8): Complex 8 was prepared in the same way as
complex 5, by refluxing (nBu)2SnO (0.498 g, 2 mmol) and meso-
2,3-dimercaptosuccinic acid (0.182 g, 1 mmol). After cooling to
room temperature, the solvent was removed under vacuum to give
8 as a colorless product. Yield: 0.515 g (80%). M.p. 310–312 °C.
C20H38O4S2Sn2 (644.1): calcd. C 37.30, H 5.95, S 9.96; found C
37.32, H 5.80, S 10.00. IR (KBr): ν̃ = 1632 cm–1 νas(COO), 1330
νs(COO), 558 ν(Sn–C), 464 ν(Sn–O), 328 ν(Sn–S). 1H NMR
(CDCl3): δ = 0.80–0.93 (t, 3JH,H = 6.8 Hz, 12 H, CH3), 1.35–1.82
(m, 24 H, CH2CH2CH2), 4.22 (s, 2 H, CH) ppm. 13C NMR
(CDCl3): δ = 13.5, 25.8, 26.3, 27.5, 52.0, 175.4 ppm. 119Sn NMR
(CDCl3): δ = –173.8 ppm.

{[(nBu)2Sn]4(dmsa)2(MeOH)}n (9): A mixture of meso-2,3-dimer-
captosuccinic acid (0.091 g, 0.5 mmol), KOH (0.112 g, 2 mmol), tri-
n-butyltin chloride (0.651 g, 2 mmol), CH3OH (10 mL) and H2O
(5 mL) was heated in a Teflon-lined autoclave at 150 °C for 3 d.
After cooling to room temperature, colorless crystals of 9 were col-
lected and washed with hexane. Yield: 0.280 g (85%). M.p. 298°C
(dec.). C41H81O9S4Sn4 (1320.5): calcd. C 37.30, H 6.11, S 9.72;
found C 37.25, H 6.20, S 9.70. IR (KBr): ν̃ = 3195 cm–1 νas(OH),
1625, 1555 νas(COO), 1532, 1326 νs(COO), 556 ν(Sn–C) 470 ν(Sn–
O), 330 ν(Sn–S). 1H NMR (CD3COCD3, D2O): δ = 0.82–0.96 (t,
3JH,H = 7.0 Hz, 24 H, CH3), 1.33–1.85 (m, 48 H, CH2CH2CH2),
4.25 (s, 4 H, CH) ppm. 13C NMR (CD3COCD3): δ = 13.8, 25.5,
26.2, 27.1, 52.4, 176.8 ppm. 119Sn NMR (CD3COCD3): δ = –126.8,
–170.5 ppm.

X-ray Crystallography: Crystals were mounted in Lindemann capil-
laries under nitrogen. All X-ray crystallographic data were collected
with a Bruker SMART CCD 1000 diffractometer with graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) at 298(2) K. A
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semiempirical absorption correction was applied to the data. The
structures were solved by direct methods using SHELXS-97 and
refined against F2 by full-matrix least squares using SHELXL-97.
Non-hydrogen atoms were refined anisotropically, while hydrogen
atoms were placed in geometrically calculated positions using a ri-
ding model. Crystal data and experimental details of the structure
determinations are listed in Table 5. The molecular and supramo-
lecular structures in this paper were created with the X-Seed soft-
ware package.[35] CCDC-238964 (1), -254168 (3), -254166 (5), and
-254171 (9) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Supromolecular structures of complexes 1, 3, 5, and 9 (Fig-
ures S1–S4).
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Recent experiments have shown that root-mean-square am-
plitudes-of-vibration (rmsav) for iron atoms in organometallic
complexes at various temperatures can be extracted from
temperature-dependent 57Fe Mössbauer spectroscopic data
related to the recoil-free fraction of the metal atom. The ap-
plicability of this procedure has been validated by compari-
son with rmsav data extracted from Uij values obtained from
single-crystal X-ray diffraction parameters at various tem-
peratures. This analysis has been applied in detail to a study

Introduction

In a number of recent publications from this laboratory
(HU),[1–4] it has been shown that temperature-dependent
57Fe Mössbauer effect spectroscopy (ME) can serve to
elucidate the root-mean-square-amplitude-of-vibration
(rmsav) of the metal atom in ferrocene-type organometal-
lics. While such studies have led to reasonably self-consis-
tent values for this parameter, detailed validation has only
been accomplished in the case of the parent ferrocene, for
which single-crystal X-ray data are available at a number of
different temperatures. However, in the case of ferrocene,
not only are the details of the molecular structure and ar-
rangement complicated by the existence of a number of dif-
ferent crystallographic forms, but the particular crystallo-
graphic form assumed at a given temperature depends on
the thermal history of the sample.[5] References to these re-
ported X-ray data have been reported earlier.[4]

To place the inference concerning the iron atom rmsav
in iron organometallics on a more reliable basis, in the pres-
ent study both the X-ray structure and the detailed ME
parameters of decamethylferrocene (DMFc) have been de-
termined at a number of different temperatures, thus al-
lowing a comparison of the values obtained by the two
techniques.
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of decamethylferrocene (DMFc), for which the agreement
between the rmsav values derived from the two experimental
procedures is compared in the present study. A comparison
of these rmsav values for a number of related structures is
also reported over a similar temperature range. An improved
method for the quantitative preparation of isotopically en-
riched DMFc is described.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

There have been a number of X-ray studies of DMFc
reported in the literature, but the early work of Struchkov
et al.[6] has been re-examined by Raymond et al.[7] and in
neither case are the thermal parameters of the metal atom
extractable from the available data. In the present study,
single-crystal X-ray diffraction data for DMFc (1) have
been acquired at 123, 173, 232, and 298 K and the rmsav
data calculated from the corresponding anisotropic dis-
placement parameters Uij are compared to detailed ME
spectroscopic results over the range 88 � T � 385 K. In
addition, lattice dynamical parameters have been extracted
from ME data for DMFc+BF4

– (2), the co-crystalline solid-
state adduct (intercalate) of C60 and DMFc reported by
Stanghellini et al.[8] (3), and the mononuclear bucky ferro-
cene CpFe(CH3)5C60 reported by Nakamura and Matsuo
et al.[9] (4). The details of the rmsav data for the metal atom
in these structurally related complexes are described in de-
tail in the present study.

Results and Discussion

A representative ME spectrum of 1 at 298 K is shown in
Figure 1. It consists of a single quadrupole doublet with a
line width (fwhm) of 0.243±0.005 mms–1 at room tempera-
ture. The resonance effect under these conditions is about
2.8%, and the data were treated with the “thin absorber”
approximation. The hyperfine parameters [isomer shift (IS)
and quadrupole splitting (QS)] for 1 have been reported ear-
lier.[10] The area ratio of the two components of the doublet
spectrum are essentially temperature independent over the
range 90 � T � 370 K, thus indicating no appreciable an-
isotropy in the metal atom motion parallel and perpendicu-
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lar to the symmetry axis passing through the two five-mem-
bered rings and the Fe atom. This is in contrast to the ob-
servations made in the case of the parent ferrocene,[3,4] in
which this anisotropy is significant over a similar tempera-
ture range.

Figure 1. 57Fe Mössbauer spectrum of decamethylferrocene (1) at
room temperature. The velocity scale is with respect to the centroid
of an α-Fe absorber spectrum at room temperature.

The recoil-free fraction scales with the area (A) under the
resonance curve in the “thin absorber” approximation; that
is ln [A(T)/A(r)] [where A(T) is the area under the resonance
curve at temperature T, and A(r) is a reference temperature]
scales with ln f. The recoil-free fraction, f, in turn, is given
by

f = exp(–k2�xave
2�)

where k is the wave vector of the ME gamma ray
(7.3039 Å–1) and �xave

2� is the mean square amplitude of
the metal atom motion. It follows that an estimate of the
msav can be extracted from the temperature-dependent
spectral area values extracted from the ME data. The tem-
perature dependence of the logarithm of the area under the
resonance curve is summarized graphically in Figure 2. It is
immediately obvious from these data that there is signifi-
cant curvature in this dependence, especially at higher tem-
peratures (i.e. above about 300 K), in contrast to what is
usually observed in organometallic solids. Moreover, the
highest temperature at which reliable ME data can be ac-
quired is approximately 385 K, which is some 165 K below
the melting point of this compound. It may be postulated
that the onset of ring rotation at higher temperatures, which
increases the metal–ring distances, increases the rmsav of
the iron atom to the point where the ME is no longer ob-
servable. However, this assumption has been questioned on
the basis of a density of states (DOS) study at 25 K, carried
out at ESRF by Chumakov and van Buerck.[11] This study
showed that the DOS is almost completely defined by the
data within the first 9 meV and that at higher temperatures
(above 100 K) all these modes are effectively populated.
However, their DOS data do not directly elucidate the
reason for the non-linearity referred to above except to indi-
cate that an additional effect sets in at higher temperatures.
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Moreover, the X-ray data in the range 123 � T � 298 K
show that the distance from the metal atom to the centers
of the five-membered rings increases by only 0.45% with
increasing temperature. Extrapolation of the linear low-
temperature dependence of –ln [A(T)] to 298 K shows that
this extrapolation gives a value some 10% smaller than
what is observed experimentally. Thus, the decrease in f is
not well accounted for by the onset of ring-rotation, and
this dynamic may not be solely responsible for the non-
linearity in the lnA(T) vs. T data summarized in the figure.
A “softening” of the lattice (as probed by the Fe ion) well
below Tmp must be accounted for by another mechanism.
Differential scanning calorimetry data by Kobayashi et
al.[12] have shown the existence of two solid phase transi-
tions at 397±1 and 501±2 K involving uniaxial reorienta-
tion of the whole molecule about its C5 axis. NMR spectro-
scopic data by Waugh et al.[13] and Pines et al.[14] have been
interpreted in terms of a 2π/5 jump process involving an
energy barrier of about 143 and 140 meV, respectively, but
these processes would not be significant in the solid in the
low-temperature regime. The barrier to internal rotation for
the gas-phase molecule has been reported[7b] to be
43.4 meV.

Figure 2. Temperature dependence of ln [A(T)/A(90)] for 1. The
low-temperature data were obtained with a natural abundance nFe
sample and were fitted using the optically “thin” absorber approxi-
mation. The high-temperature data were acquired using an en-
riched 57Fe sample as discussed in the text.

The ln [A(T)] data have been scaled so that the low-tem-
perature regime passes through (0,0) at T = 0 K. The re-
sulting curve can be well fitted by a second-order polyno-
mial function from which lnA, and hence the msav of the
metal atom, can be calculated at all temperatures. These
values, in turn, can be compared to those extracted from
the anisotropic displacement parameters of the single-crys-
tal X-ray diffraction experiment, and are shown in Figure 3
by the filled data points. The agreement between these two
sets of values, at least up to 298 K, appears to be quite
satisfactory, and validates the interpretation of the Möss-
bauer data in terms of �xave

2�. A similar comparison for
ferrocene, based on the data of Brock and Fu,[15] has been
reported earlier.[3]
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Figure 3. Temperature-dependence of the k2�xave
2� values for 1

extracted from the ME data (open circles) and from the single-
crystal X-ray diffraction data (filled circles). The average errors in
the X-ray values are ±0.00064, ±0.00112, ±0.0014, and
±0.00138 Å2 at 298, 223, 173, and 123 K, respectively.

A summary of the rmsav of the metal atom in 1 at five
different temperatures calculated from the X-ray data and
the ME experiments is given in Table 1, which includes the
comparable data for related systems to be discussed below.
Thus, despite the uncertainty concerning the origin of the
non-linearity in the ln f vs. T data shown in Figure 2, it is
clear that the ME data can be used to estimate the rmsav
of the metal atom in such organometallic solids.

Table 1. Root-mean-square amplitudes-of-vibration (rmsav; Å) of
the iron atom in a number of structurally related organometallics
discussed in the text.

Ferro- 4 3 2 DMFc DMFc Temp. [K]
cene (ME) (X-ray)

0.131 0.102 0.115 0.105 0.107 0.104 100
0.154 0.120 0.140 0.126 0.122 0.125 150
0.183 0.137 0.157 0.145 0.143 0.143 200
0.202 0.156 0.182 0.162 0.182 0.165 250
0.222 0.174 0.202 0.177 0.205 0.191 300

A molecular system closely related to the neutral species
1 is that obtained by one-electron oxidation of 1, in which
the cationic charge is balanced by the presence of either
BF4

– or PF6
– anions. The ME spectra of the former com-

pound, 2, consist of a single broad resonance line which
arises from spin-lattice relaxation of the paramagnetic
metal site. The ME hyperfine parameters of 2 are listed in
Table 2, and are similar to those of the corresponding BF4

–

Table 2. Mössbauer effect (ME) hyperfine parameters at 90 K and related values for the compounds discussed in the text. The parentheti-
cal number(s) are the errors associated with the last figure(s) for each entry.

IS(90) QS(90) –d(IS)/dT –d(lnA)/dT Meff ΘM

[mms–1] [mms–1] [10–4 mms–1 K–1] [10–3 K–1] [Daltons] [K]

1 0.492(3) 2.473(2) 3.17(13) (curv.) 131(3) n.a.
2 0.460(5) 0.189(5) 3.82(8) 5.93(4) 109(5) 110(5)
3 0.501(5) 2.451(5) 2.32(4) 6.82(7) 85(3) 116(5)
4 0.575(4) 2.475(4) 5.36(5) 7.42(17) 78(2) 116(5)
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salt. It is, however, interesting to note that the ln [A(T)/
A(90)] vs. T data are well fitted by a linear regression over
the temperature range 90 � T � 360 K, in contrast to the
data for 1 discussed above. The lnA(T) data for 2 are shown
graphically in Figure 4 (filled data points) together with
those for 3 and 4 (to be discussed below). The rmsav data
for 2 listed in Table 1 are very similar to those reported for
1 at a given temperature, except at 300 K, which is indica-
tive of a similarity in the Fe–ligand interaction, especially
in the lower temperature regime. Unfortunately, the relevant
iron atom Uij data are not available in the literature, so no
direct comparison with X-ray data for the cationic complex
2 can be effected at the present time.

Figure 4. Temperature-dependence of the ln (A) data (normalized
to the 90 K value) for 2, 3, and 4.

The data in Table 1 includes rmsav results obtained from
ME experiments on the co-crystalline product C60·DMFc
(3) reported by Stanghellini et al.,[8] which is similar to the
C60 ferrocene intercalate reported by Crane et al.[16] for
which the ME characterization has been reported from this
laboratory.[17] The ME hyperfine parameters of 3 are in-
cluded in Table 2. The Uij values for the iron atom in 3 have
been determined at 150 K by Stanghellini et al.[8] and the
calculated k2�xave

2� value of 1.10 is in good agreement
with the ME extracted value of 1.02 at the same tempera-
ture. The remainder of the rmsav data for 3 listed in Table 1
are those derived from the ME data as described for 1
above. It is noted from these data that the rmsav of the
metal atom in 3 is comparable to that in 1 at the same
temperature, suggesting that this parameter reflects intra-
rather than intermolecular forces. It is also worth noting
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that the temperature dependence of the ln [A(T)/A(90)] data
for 3 over the temperature range 89 � T � 350 K are well
accounted for by a linear regression (cc = 0.994 for 23 data
points) so that the lattice “softening” observed in 1 is again
absent in 3. Since both the isomer shift and the recoil-free
fraction data show a linear temperature-dependence over
the total temperature range, it is possible to calculate[18]

both an “effective vibrating mass” (Meff) and a “Mössbauer
lattice temperature” (ΘM) of 85±3 D and 116±5 K, respec-
tively. Clearly, these data refer to the high-temperature lim-
iting values, i.e. Texp � ΘM/2. The difference between the
calculated Meff (85 D) and the “bare” atom mass (57 D)
reflects the covalency of the metal atom–ligand interaction,
as discussed earlier.[19] The [k2�x2�]1/2 values at five dif-
ferent temperatures, calculated from the lnA(T) data as
noted above, and making the assumption that the high-tem-
perature limiting slopes extrapolate to f = 0 as T � 0, are
summarized graphically in Figure 5.

Figure 5. The [k2�x2�]1/2 parameters for 2, 3, and 4 at five dif-
ferent temperatures calculated from the high temperature (T � ΘM/
2) slopes of the data shown in Figure 4, as discussed in the text.

Finally, a related organometallic structure in which the
iron atom is ligated to two five-membered rings and in
which there are five methyl groups on the C60 sphere, in
near proximity to the metal center, is provided by the
“bucky ferrocene” compound 4, for which the details of the
ME parameters have been reported earlier.[4] In this mole-
cule the iron atom “sees” an unsubstituted Cp ring in one
direction and a similar Cp ring in the opposite direction,
with, however, five methyl groups attached to the next
neighbor carbon atoms of the C60 sphere. The ME hyper-
fine parameters and derived data are included in Table 1
and the rmsav values for the iron atom are listed in Table 2
and included in Figure 5. As in the case of 2 and 3, the ln f
vs. T plot is linear over the temperature range 210 � T �
370 K as already noted.[1] As indicated in Figure 5, the
rmsav of the metal atom in 4 is very nearly identical to that
in 1 and 3. Presumably the massive fullerene moiety ligated
to the Fe center plays no critical role in the magnitude of
the rmsav of the metal atom in these complexes.
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Summary and Conclusions

An improved efficient synthesis of 57Fe-labeled decame-
thylferrocene (57Fe DMFc) has been developed. The re-
sulting product has been characterized by elemental and
isotopic composition, single-crystal X-ray diffraction, and
IR and NMR spectroscopic data. The availability of 57Fe
DMFc, in turn, has made it possible to use temperature-
dependent Mössbauer effect spectroscopy to elucidate the
hyperfine interactions in this material at high temperatures,
as well as the temperature-dependence of the recoil-free
fraction of the metal atom. From these data it is possible
to determine the mean-square-amplitude-of-vibration of
the iron atom motion, and to compare these results with
those extracted from single-crystal X-ray diffraction data.
The agreement between these two data sets in the tempera-
ture range 80 to 300 K is quite satisfactory within the
quoted experimental errors. The origin of the non-linearity
observed in the recoil-free fraction data, as well as the van-
ishingly small value of this parameter at temperatures about
165 K below the melting point of DMFc is assumed to be
due in part to the onset of ring rotation in the solid, but
may have an additional contribution not well elucidated by
the presently available data. The comparison of the Fe vi-
brational amplitude as a function of temperature for a
number of structurally related ferrocene-type systems
should lead to a clearer understanding of the relationship
between the microscopic architecture and the dynamic be-
havior of the metal atom in these structures.

Experimental Section
A commercial sample of 1 was recrystallized from trichloroethylene
and used without further purification for the ME studies. A sample
of 57Fe-enriched 1 was prepared as described below and used for
acquiring data in the high-temperature regime (T � 300 K) where
the recoil-free fraction values (f), which determine the area under
the resonance curve, become so small that natural abundance sam-
ples would require inordinately long data acquisition times. Single
crystal samples of 1 for the X-ray diffraction studies were grown
as described below. A sample of 2 was prepared in the Innsbruck
laboratory and used for Mössbauer studies as received. Complex 3
was similarly made available by Profs. Stanghellini and Viterbo and
used as received. A sample of 4 was provided by Profs. Nakamura
and Matsuo, and again used as received.

Temperature-dependent ME studies were carried out as described
previously[1–5] and spectrometer calibration was effected using a
10.52 mgcm–2 α-Fe foil at room temperature, which also served as
the isomer-shift reference point. Temperature control was moni-
tored using the DASWIN program of Glaberson and Brettschne-
ider,[20] and confirmed that the indicated temperatures were con-
stant to better than ±0.2 K over the data acquisition periods (typi-
cally 8–24 hours) at each temperature.

For the structural investigations of 1, a rhomb-shaped crystal of
good optical quality (0.14×0.14×0.16 mm3 in size) was selected
and mounted on a glass fiber. Data collections at four different
temperatures were performed using graphite-monochromated Mo-
Kα radiation on a Stoe IPDS-II diffractometer equipped with a 700
Series Oxford Cryostream nitrogen gas stream cooler. The mor-
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phology of the crystals was described by external faces and an ana-
lytical absorption correction based on the indexed faces was ap-
plied. Further data reduction included Lorentz and polarization
corrections. The subsequent least-squares refinements were ac-
complished with the program SHELX97.[21] The corresponding X-
ray data for 3 have been reported in the literature.[8]

Synthesis and Characterization of [57Fe]Decamethylferrocene

Instrumentation: Microwave reactor: Synthos 3000, Anton Paar
GmbH, Austria; Kugelrohr apparatus: Buechi GKR-51, Switzer-
land. IR spectra were measured with a Nicolet 5700 FT-IR with
an ATR diamond window, and 1H and 13C NMR spectra were
recorded in CDCl3 solution with a Bruker Avance DPX 300 spec-
trometer. All organometallic reactions were carried out under an
inert atmosphere using standard Schlenk techniques. Solvents were
distilled, dried, and deoxygenated prior to use. Starting compounds
not specifically referred to are commercially available by several
suppliers. Purchased chemicals were used without any further puri-
fication.

57Fe-enriched iron powder (95%) was purchased from ATM, Ad-
vanced Materials Technologies. From this starting material, en-
riched 57FeCl2 was prepared by oxidation with methanolic hydro-
gen chloride in a microwave reactor by the novel procedure de-
scribed below. This synthesis is also a low-temperature preparation
in solution,[22] but avoids the concomitant formation of chlorobuta-
nol from HCl and THF, which is difficult to separate from methyl-
ated ferrocenes during workup. The 57Fe-labeled decamethylferro-
cene was then prepared from 57FeCl2 by complexation with the
[CpMe5]– anion in analogy to the synthesis of [57Fe]octamethylfer-
rocene.[23] In contrast to octamethylferrocene, decamethylferrocene
is very easily oxidized on silica and alumina-packed chromatog-
raphy columns, which results in extremely reduced yields if any
chromatographic purification is required. The elemental and iso-
topic composition of [57Fe]decamethylferrocene was determined by
means of HR mass spectrometry (Finnigan MAT 95). The exact
monoisotopic molecular weight was measured using the following
HR-FAB-MS conditions: Cs gun: 20 kV, 2 µA; glycerol matrix, res-
olution R = 8000, E-scan, average over 20 scans. The determination
of the 57Fe/56Fe isotope ratio of the target compound gave a 57Fe
content of �95.0%.

Synthesis of Anhydrous 57FeCl2: 57Fe powder (35 mg, 0.62 mmol)
was fixed on a magnetic stirring bar and placed in a Teflon-lined
microwave reactor along with 6 mL of a 1.25  solution of hydro-
chloric acid in methanol (6 mL required to immerse the internal
temperature probe), whereupon a slight evolution of hydrogen was
observable. The reaction mixture was heated to 150 °C within 1 min
and held at this temperature for 50 min. Afterwards, it was cooled
by the fan-device for 20 min. The liner was opened under a stream
of nitrogen and the contents transferred to a Schlenk tube. The
57Fe powder was completely dissolved, although the yellowish col-
oration indicated the presence of iron() salts. Subsequently, the
solvent and excess hydrogen chloride were stripped off on a vacuum
line (oil pump) whilst heating to 40 °C in a water bath, and the
crude iron chlorides triturated for 5 min with chlorotrimethylsilane
(1 mL) in order to remove protic solvent residuals. The chlorotri-
methylsilane was then pumped off whilst shaking the Schlenk tube
in such a way that the crude iron chloride was deposited in a layer
covering the lower part of the tube. Afterwards, the remainder was
rinsed with hexamethyldisilane (1 mL) and evacuated again to yield
an off-white material. Anhydrous THF (40 mL) was added to the
Schlenk tube and the solution was stirred magnetically with an
additional 5 mg of excess 57Fe powder adhered to the stirring bar
to give a clear white solution of FeCl2 within 2 min. The THF
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solution was cooled to –40 °C under nitrogen and used for the com-
plexation step below.

Synthesis of [57Fe]Decamethylferrocene: Anhydrous THF (60 mL)
was placed in a second Schlenk tube and 1,2,3,4,5-pentamethyl-
1,3-cyclopentadiene (0.95 mL, 170 mg, 1.26 mmol; Chem. Abstr.
registry no. 4045-44-7) was added from a syringe. The solution was
cooled to –40 °C under nitrogen and butyllithium (0.80 mL, 1.6 

in hexane) was added to give a yellowish cloudy suspension. After
30 min the external cooling bath was removed and the reaction
mixture was warmed to 10 °C whilst stirring. Afterwards, the reac-
tion mixture was again recooled to about –30 °C. The 57FeCl2/THF
solution obtained by the procedure described above was added with
a cannula and the stirring bar holding the excess elemental iron
powder was also transferred. The resulting reaction mixture grad-
ually turned black. After 90 min, the cooling bath was removed
and the reaction mixture was ultrasonicated for 30 min. The sol-
vents were removed on the vacuum line and the remainder was
partitioned between diethyl ether (30 mL) and water (40 mL) in a
separating funnel. The aqueous layer was washed with diethyl ether
(30 mL) and the combined organic phases again extracted with
water (2×30 mL). The organic phase was dried with anhydrous
sodium sulfate and filtered. Evaporation (rotary evaporator) and
drying (oil pump) yielded 105 mg of crude decamethylferrocene as
a yellow-orange powder (52% of theoretical yield based on 57Fe).
Finally, the crude product was sublimed[24] in a Kugelrohr appara-
tus at 200 °C on a vacuum line. HR-MS calcd. for C20H30

57Fe1

(DMFc): 327.1696; found 327.1705 (cation; rel. intensity 27.4);
calcd. for C19

13CH30
57Fe1 (DMFc): 328.1730; found 328.1699 (cat-

ion; rel. intensity 6.2). IR data (ATR): ν̃ = 2962.5 cm–1 s, 2943.2 m,
2891.5 s, 2851.7 m, 2712.0 w, 1473.4 m, 1448.0 m, 1424.2 m,
1371.9 s, 1353.0 w, 1259.3 m, 1068.8 s, 1024.6 vs, 867.5 w, 796.5 s,
698.7 ws, 589.4 w, 536.1 w, 507.2 w, 449.4 vs, 416.6 m. 1H NMR
(CDCl3): δ = 1.67 ppm (s, methyl-H). 13C NMR (CDCl3): δ = 9.59,
(methyl-C, 1JC,H = 125.4 Hz), 79.70 ppm (Cp-C). DMFc is only
sparingly soluble in methanol; alternatively, suspending the crude
material by ultrasonication then centrifuging the mixture allows
removal of any organic impurities. Crystals suitable for X-ray struc-
ture determinations were grown by slow evaporation of the solvent
from a solution in 2-methylbutane at ambient temperature. In order
to recover any residual unreacted 57Fe material, the aqueous ex-
tracts containing precipitated iron(III) hydroxide (formed by oxi-
dation with ambient oxygen during workup) were centrifuged.
Iron(III) chloride may be reconverted to iron(II) chloride by dis-
solving the separated Fe(OH)3 in methanolic hydrogen chloride
and drying/reducing with trimethylchlorosilane/hexamethyldisilane
as described above.
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Controlling the Size of BaF2 Nanocubes from 1000 to 10 nm
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Size control of BaF2 nanocubes has been achieved by varying
reaction time and pH value, thus producing nanocubes with
a controllable edge length in the range 10–1000 nm. A linear
relationship between cube size and reaction time has been
revealed. Furthermore, a process has been developed to
separate the growing BaF2 nanocubes from the remaining
solid products at different stages of the synthesis. On the ba-
sis of the observed crystallite morphologies, we have eluci-

Introduction

Solid inorganic fluorides have a number of uncommon
properties, for example, electron-acceptor behavior, a large
optical-transmission domain, high resistivity, and anionic
conductivity. Inorganic nanoscale fluorides and rare-earth-
doped inorganic nanoscale fluorides have attracted much
interest recently because of their unique properties,[1] such
as optical, electrical, and magnetic, which result from the
size and shape of their particles.[2] Barium fluoride is one
of the dielectric fluorides (along with CaF2 and SrF2) that
have a wide range of potential applications in microelec-
tronic and optoelectronic devices, such as wide-gap insulat-
ing overlayers, gate dielectrics, insulators, and buffer layers
in semiconductor-on-insulator structures and more ad-
vanced 3D devices.[3] BaF2 salts activated with rare-earth
ions have also been reported to display unique luminescence
properties and can be used as scintillators.[4] Recently, BaF2

nanowires and nanocubes with arching sheet-like dendrites
have been prepared in quaternary microemulsions and re-
verse micelles, respectively.[5] Li et al. have reported the
preparation of CaF2 nanocubes by a hydrothermal method
in the absence of surfactants.[6] Monodispersed noble-metal
and Cu2O nanocubes[7] have also been synthesized by con-
trolled oxidation–reduction reactions. However, to the best
of our knowledge, there have been no reports on large-scale
preparations of BaF2 nanocubes to date. Therefore, the de-
velopment of simple methods for the synthesis on a large
scale is a challenge. It was reported that oxygen may be
incorporated into BaF2 as oxygen–vacancy pairs and detri-

[a] Nano-materials and Nano-chemistry, Hefei National Labora-
tory for Physical Sciences at Microscale, University of Sci-
ence & Technology of China,
Hefei, Anhui 230026, P. R. China
Fax: +86-551-3603987
E-mail: yxielab@ustc.edu.cn
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dated an “extension growing” mechanism to describe the
size-controlled growth of BaF2 nanocubes using this method.
Photoluminescence results demonstrate that the deoxidant
selenite ions prevent the incorporation of oxygen into the
BaF2 nanocubes effectually, which will greatly affect their
performance as scintillators.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

mentally affect the performance of the resulting nanocubes
as scintillators,[8] thus avoiding the incorporation of oxygen
into the products will be necessary in industry. We have
synthesized single-crystalline BaF2 nanocubes through a
simple hydrothermal precipitation procedure in the pres-
ence of selenite ions, which act as deoxidants and prevent
the incorporation of oxygen effectively. The morphology
and size of the final products can be manipulated through
controlling the synthesis parameters such as reaction time
and pH value.

Results and Discussions

Structural and Compositional Analysis

Figure 1 shows a representative XRD pattern of samples
prepared with this approach, which indicates that all the
products are phase-pure crystalline BaF2 [in cubic sym-
metry; space group (SG) Fm3m, lattice constant a =

Figure 1. Powder XRD pattern of single-crystalline BaF2 nano-
cubes with an edge length of 55 nm.
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6.19±0.01 Å].[9] No other impurities have been found in the
synthesized products.

Further evidence for the quality and composition of the
samples was obtained by X-ray photoemission spectroscopy
(XPS) of the products. An XPS measurement of the crystals
shows peaks corresponding to Ba, F, O, and C (Figure 2),
which agrees with results previously reported in the litera-
ture.[10] The oxygen detected in the XPS measurement may
come from the atmosphere. Furthermore, low amounts of
oxygen (about two percent) are frequently observed in XPS
spectra. Both the results of the XRD and XPS studies leave
no doubt that the product is BaF2.

Figure 2. XPS spectrum of the BaF2 nanocubes with an edge length
of 55 nm.

Morphology of the BaF2 Nanocubes

As shown in Figure 3a, the BaF2 products described
above have perfect cubic morphology. It is also clear that
more than 95% of the BaF2 particles have a regular cube-
like structure with a mean edge length of 55 nm. The excel-
lent crystallinity of the BaF2 nanocubes is also confirmed
by an electron diffraction (ED) experiment. Figure 3c
shows a spot pattern from a single-crystalline BaF2 nano-
cube (Figure 3b). In this case, the electron beam is incident
along the [001] direction, and the spot array has a fourfold
axis that can be indexed with hk0 (i.e. [001] zone spots, in
accordance with the extinction rule of electron diffraction
for the space group Fm3m), which indicates cubic symmetry
for the BaF2 nanocubes. Figure 3d shows a typical FESEM
image of the BaF2 nanocubes. The inset shows a FESEM
image at higher magnification that clearly displays the sharp
corners and edges of these nanocubes. All these observa-
tions confirm that the particles are indeed cubelike. More-
over, the nanocubes obtained from this approach are very
uniform in size.

Size-Controlled Growths

In this work, size control of BaF2 nanocubes has been
achieved by varying the reaction time and adjusting the pH,
and this produces BaF2 nanocubes with a controllable edge
length in the range 10–1000 nm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3261–32653262

Figure 3. (a) TEM image of the BaF2 nanocubes (pH = 2,
0.002 mol SeO2 for 24 h). (b) TEM image of one BaF2 single-crys-
talline nanocube. (c) Electron diffraction pattern of the nanocube
in (b). (d) Typical FESEM images of the as-synthesized BaF2 nano-
cubes. The inset shows a magnified FESEM image that illustrates
the sharp corners and edges of these nanocubes.

With a simple variation in the reaction time (or ageing
time), the size of these nanocubes can be controlled easily.
In fact, we have obtained nanocubes as small as 10 nm
(average edge length) with an ageing time of 3 h, as reported
in Figure 4 and Figure 5a. After a reaction time of only
3 h, these BaF2 nanoparticles started to show cubic type
morphology, although they are not as well-faceted as sam-
ples obtained with longer ageing times. In principle, it is
possible to capture even smaller particles by drawing sam-
ples at ageing times shorter than 3 h. However, the ex-
tremely low yield makes it impractical to do so. Nonethe-
less, the possibility of synthesizing even smaller (a few na-
nometers) and yet uniform nanocubic BaF2 is positively
indicated. With ageing times of 12 and 24 h (as shown in

Figure 4. Average size of BaF2 nanocube edges as a function of
ageing time and SeO2 added. The line is linearly fitted with R2 =
0.98.
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Figure 5b and Figure 3a, respectively), the particles grad-
ually increase in size and are better faceted. As can be seen
in Figure 4, the size kinetics appears to be linear with re-
spect to time and independent of the amount of SeO2 added
under the synthesis conditions investigated (i.e. 0.02  of
SeO2 was sufficient to generate the cubelike morphology).
On the basis of the TEM image statistics, it is found that
the amount of SeO2 used (either 0.02 or 0.08 ) does not
have a substantial influence on the sizes of the nanopar-
ticles. Although our primary focus in this work is on BaF2

nanocubes in the range 10–50 nm, this linear relationship is
likely to extend further. TEM image statistics also indicate
an improvement in size uniformity for the long-aged sam-
ples.

Figure 5. TEM images of BaF2 nanocubes prepared (0.04  SeO2,
pH = 2) with ageing times of: (a) 3 h and (b) 12 h (crystallite types
B and C have been marked).

Varying the pH value of the system, while keeping other
synthesis parameters unchanged, leads to a dramatic
change in the size and shape of the particles. Figure 6 and
Table 1 show the morphologies and sizes of the particles
obtained by increasing the pH value of the system. It is
found that when the pH value is small (�2), the nanopar-

Figure 6. FESEM images of BaF2 nanoparticles prepared (0.04 
SeO2, ageing time 24 h) with different pH values: (a) pH = 4, (b)
pH = 6 and (c) pH = 7.

Table 1. The morphologies and mean sizes of BaF2 nanoparticles
at different pH values.

pH value Morphology Mean size [nm]

2 Cube 55
4 Cube 200
6 Cube 1000
7 Octahedron 1000

Eur. J. Inorg. Chem. 2006, 3261–3265 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3263

ticles are smaller, and their shapes are cubic; When pH
value � 2, only larger nanocubes form; in the pH value
range 2–6, a clear transition from small cubic particles is
observed. Only octahedral particles with a mean edge
length of 1 µm form when the pH value is raised to 7.

Growth Mechanism

In Figure 5, a considerable amount of BaF2 nanopar-
ticles (marked with arrows) show special morphologies, al-
though the majority of the BaF2 crystallites are highly sym-
metrical nanocubes with equal edges. Aside from the nor-
mal, perfect nanocubes (type A), there are two types of “ab-
normally grown” nanocubes. As illustrated further in
Scheme 1, the first one, type B, indicates some sidewall ex-
tension. The second one, type C, results largely from an in-
plane completing growth. All crystallites observed can be
broadly classified as either type A, type B, or type C, a
finding also reported for Co3O4 nanocubes.[11] As depicted
in the literature, a correct sequential arrangement of these
crystallite types would naturally disclose the nanocube
growth mechanism, a logical repetition of the three types
of nanocrystallites, i.e. ···� Asmaller � B � C � Alarger

�···. Thus, the growth does not proceed in a layer-by-layer
manner (atomically), but with multiple-layer growth, i.e. nu-
cleation and growth take place simultaneously in different
atomic layers.

Scheme 1. Schematic illustration of the “extension growing” pro-
cess based on the morphologies of intermediate crystallites (B and
C) observed. The crystallite types B and Chave also been referred
to in Figure 5.

In this approach, SeO2 plays a critical role in the forma-
tion of the BaF2 nanocubes. Firstly it acts as deoxidant, to
prevent the incorporation of oxygen, which will affect the
luminescence properties of BaF2.[8] Photoluminescence ex-
periments were carried out at room temperature on a Per-
kin–Elmer Model LS-55 fluorescence spectrometer with a
Xe lamp. Photoluminescence results, as shown in Figure 7,
display a weak emission peak at 453 nm (2.74 eV), which is
excited at 270 nm (4.59 eV). The luminescence band at
2.74 eV results from an oxygen–vacancy complex with an
oxygen on a fluorine site with a next-nearest fluorine vac-
ancy on the surface of the nanocrystals.[12] It is believed
that the deoxidant selenite ions prevent the incorporation
of oxygen into BaF2 effectively during the growth process,
as the emission peak is so weak that it is difficult to be
detected. Under the same conditions, the PL spectrum of
BaF2 with oxygen incorporated displays an intense peak
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Scheme 2.

(several hundred times that of BaF2 prepared by using
SeO2) at the same position. The trace oxygen may come
from the atmosphere when the products were examined.
Secondly, it is believed that SeO2 which is tetragonal in
symmetry (a = 8.3 Å, c = 5.1 Å) acts as a seed for the
growth of the BaF2 nanocubes. The [001]-oriented BaF2 has
a fourfold-symmetric a plane with a = 6.2 Å, which matches
well to the fourfold-symmetric SeO2 (001) substrate, 4aBaF2

� 3aSeO2
, and this results in a c-axis-oriented growth of

BaF2 on SeO2 (001). A small quantity of crystalline SeO2

was also found in the sample prior to washing with distilled
water and anhydrous alcohol. In this solution system, SeO2

undergoes a recrystallization process, which is illustrated in
Scheme 2.

Figure 7. Photoluminescence (PL) spectra acquired from the 55-
nm BaF2 nanocubes excited at 270 nm.

When the pH value is lowered, more crystalline SeO2

seeds form, which provides more nucleation points for the
BaF2 nanoparticles. This prevents the nanoparticles from
aggregating and leads to the formation of smaller nano-
cubes, as illustrated in Table 1. When the pH value is in-
creased to 7, only octahedral crystals are obtained. This is
considered to be related to the enhanced surface energy of
the BaF2 nanooctahedra in the absence of SeO2 seeds,
which leads to more stable {111} faces being exposed.
These results also indicate that the growth rate along
�100� relative to that along �111� can be manipulated
by adjusting the pH value, which will dictate whether nano-
cubes or nanooctahedra are formed. The concentration of
SeO2 (either 0.02 or 0.08 ) does not have a substantial in-
fluence on nanoparticle size (Figure 4) probably because at
either of these concentrations, the solution is already satu-
rated with small crystalline seeds of SeO2. No BaSeO3 is
found in the product as a result of the acidic conditions.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3261–32653264

Conclusions

In summary, by controlling the reaction time and pH val-
ues, BaF2 nanocubes of different sizes have been prepared
in the range 10–1000 nm with high crystallite-monodispers-
ity. The relationship between the size of the cube and reac-
tion time is found to be linear. Furthermore, on the basis
of the observed crystallite morphologies, an “extension
growing” growth mechanism has been elucidated for the
formation of the BaF2 nanocubes. The growth of the BaF2

nanocubes proceeds in a multiple-layer manner. This work
may uncover new ways for preparing other nano-polyhedra.

Experimental Section
Preparation of BaF2 Nanocubes: In a typical growth procedure for
BaF2 nanocubes, BaCl2 (0.002 mol), SeO2 (0.002 mol), and NaF
(0.004 mol) powders were combined in distilled water (30 mL) and
stirred for 2 min. The solution pH was then adjusted with hydro-
chloric acid solution until its pH value was about 2. The sample
(about 50 mL) was placed in a 60 mL autoclave with a Teflon liner,
which was maintained at 140 °C for 24 h and then air cooled to
room temperature. After reaction, the white precipitate was col-
lected and washed thoroughly with distilled water and anhydrous
alcohol. The product was dried in a vacuum at 50 °C for 4 h.

Sample Characterization: The samples were characterized by X-ray
powder diffraction using a Rigaku D/max-Rapid X-ray dif-
fractometer equipped with a copper anticathode and secondary
graphite monochromator (Cu–Kα1,2, λ = 1.54178 Å). A scan rate
of 0.05°/s was used to record the patterns in the 2θ range 20–70°.
TEM images and ED patterns were taken on a Hitachi Model H-
800 instrument with a tungsten filament, with an accelerating volt-
age of 200 kV. The FESEM image was obtained with a JSM-6700F
field emission scanning electron microanalyser (JEOL, Japan),
where the resulting powders were mounted on a copper slice. X-
ray photoelectron spectroscopy (XPS) was performed with an ES-
CALab MKII X-ray photoelectron spectrometer, using Mg-Kα X-
ray radiation as the excitation source. The binding energies ob-
tained in the XPS analysis were calibrated against the C 1s peak at
284.2 eV.
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The reaction of 1,2-bis[(2,6-diisopropylphenyl)imino]ace-
naphthene (dpp-bian, 1) with 1 equiv. of nBuLi in diethyl ether
or with 2 equiv. of nBuLi in hexane produces [{dpp-bian-
(nBu)}Li(Et2O)] (3) and [{dpp-bian(nBu)Li}nBuLi]2 (4), respec-
tively. Complexes 3 and 4 are formed by the transfer of an
nBu anion to one of the imine carbon atoms of the dpp-bian
ligand. Treatment of 3 and 4 with H2O affords the C-alkyl-
ated N-protonated amino-imino compound dpp-bian(H)-
(nBu) (5). The reaction of 3 with GeCl2(dioxane) affords the

Introduction

In many respects, progress in organometallic and coordi-
nation chemistry is determined by the type of organic li-
gands used for the preparation of these metal complexes.
The use of a new ligand system usually leads to complexes
with more or less novel chemical properties. During the last
decade, acenaphthene-1,2-diimines (bian) have become
widely used as ligands in coordination chemistry. Diimine
transition metal complexes serve as catalysts in alkyne hy-
drogenation,[1] C–C bond formation,[2] cycloisomeriza-
tion,[3] hydrosilylation,[4] polymerization of alkenes[5] and
acrylic monomers,[6] as well as in the copolymerization of
CO2

[7] and CH2=CH2
[8] with methylenecyclopropene, of

ethylene with norbornene,[9] and of CO with styrene.[10]

Thus, acenaphthene-1,2-dimine late transition metal com-
plexes, the so-called Brookhart catalysts,[11] are some of the
most effective catalysts for olefin polymerization known un-
til now. The π-acceptor capability of the acenaphthene-1,2-
dimine ligand causes an electron deficiency at the respective
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sian Academy of Sciences,
Tropinina 49, 603950 Nizhny Novgorod, GSP-445, Russia
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three-coordinate germylene complex [{dpp-bian(nBu)}GeCl]
(6). The molecular structures of 3–6 were determined by sin-
gle-crystal X-ray structure analysis. The lack of symmetry in
the alkylated bian system in 3–6 causes the non-equivalence
of all protons except those of the CH3 groups of the iPr sub-
stituents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

metal center that makes these complexes highly reactive
towards organic substrates.

Recently, we have demonstrated for the first time that
main group metals also readily form stable bian complexes.
The most widely used ligand in this field is 1,2-bis[(2,6-di-
isopropylphenyl)imino]acenaphthene (dpp-bian, 1). One of
the remarkable features of the dpp-bian ligand in its main
group metal complexes is its ability to adopt variable oxi-
dation states. The reduction of dpp-bian with alkali metals
in diethyl ether affords the mono-, di-, tri- and tetra-anions
of the ligand, i.e. [(dpp-bian)Mn(Et2O)m] (M = Li, Na; n =
1–4),[12] whereas with alkaline-earth metals the reduction
of dpp-bian provides only dianions, forming the complexes
[(dpp-bian)M(THF)n] (M = Mg, Ca; n = 2–4).[13] De-
pending on the reaction medium, the reduction of dpp-bian
with aluminum in the presence of its halides gives the com-
plexes [(dpp-bian)AlCl2], [(dpp-bian)AlI(Et2O)], and [(dpp-
bian)AlCl(Et2O)].[14] Alkylaluminum complexes with dpp-
bian as a radical-anionic as well as a dianionic ligand are
obtained by treating (dpp-bian)Na with R2AlX (R = Me,
Et, iBu; X = Cl, Br).[15] Similarly, the metal-exchange reac-
tions of (dpp-bian)Na2 or (dpp-bian)Na with GeCl2 give the
germanium() derivatives [(dpp-bian)Ge][16] and [(dpp-bian)-
GeCl],[17] respectively. The variability of the oxidation state
of the dpp-bian ligand is impressively demonstrated by the
decomposition of [(dpp-bian)Mg(iPr)(Et2O)], which occurs
with elimination of iPr radicals and simultaneous reduction
of the dpp-bian radical anion to the dianion.[18] The oppo-
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site process, namely oxidation of the dpp-bian dianion to
the radical anion, is observed in the reactions of [(dpp-bian)-
Mg(THF)3] (2) with organic substances such as aromatic
ketones.[19] The course of the reactions of 2 with ethyl ha-
lides further demonstrates the non-innocence of the dpp-
bian ligand in its metal complexes. They proceed by single-
electron transfer from the dianionic dpp-bian ligand to EtX
to yield an ethyl radical, which, in turn, attacks the ligand,
which is now a radical anion, at one of the imino carbon
atoms to give [(dpp-bian)(Et)MgX(THF)n].[20] Acidic sub-
stances such as aliphatic ketones, terminal alkynes, and ni-
triles add to complex 2 with protonation of one of the li-
gand nitrogen atoms to produce complexes with unsymmet-
rical amido–imino dpp-bian ligands.[21] The different modes
of the dpp-bian ligand (A: neutral; B: radical-anion; C: di-
anion) in the reactions of 2 with organic substrates, as well
as the resulting modifications of the dpp-bian ligand (D:
amino/imine and E: amido/amine), are shown below.

In this paper, we report on the alkylation of dpp-bian
with nBuLi to provide the ligand system D and its subse-
quent reaction with GeCl2.

Results and Discussion

Alkylation of dpp-bian with nBuLi

Addition of 1 equiv. of nBuLi to a suspension of dpp-
bian in diethyl ether caused immediate dissolution of dpp-
bian and a change in the color of the reaction mixture from
yellow to blue. Crystallization of the foamy residue, remain-
ing after removal of the solvents, from hexane afforded
[dpp-bian(nBu)]Li(Et2O) (3) in the form of blue, crystalline
plates in 44% yield (Scheme 1).
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Scheme 1.

The reaction of equivalent amounts of dpp-bian and
nBuLi also proceeded easily in hexane but produced yellow
instead of blue crystals, the characterization of which by 1H
NMR spectroscopy in C6D6 is seriously hindered by mul-
tiple overlaps of the numerous signals. However, [D10]Et2O
solutions of both the blue and the yellow crystals give iden-
tical 1H NMR spectra.

Addition of a twofold molar amount of nBuLi to a sus-
pension of dpp-bian in hexane caused immediate precipi-
tation of [{dpp-bian(nBu)Li}nBuLi]2 (4) as red crystals in
81% yield (Scheme 2).

Scheme 2.

Hydrolysis of 3 and 4 resulted in the formation of the
yellow, crystalline amino-imine [dpp-bian(H)(nBu)] (5;
Scheme 3).

Scheme 3.

The anionic amido–imino ligand [dpp-bian(nBu)]– of the
lithium complex 3 can be transferred to other metal ions
such as Ge2+. Thus, the reaction of equimolar amounts of
3 and GeCl2(dioxane) in Et2O afforded almost quantitative
yields of red, crystalline [{dpp-bian(nBu)}GeCl] (6), which
contains three-coordinate GeII (Scheme 4).

Scheme 4.
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Molecular Structures of Compounds 3–6

The molecular structures of 3–6 were determined by sin-
gle-crystal X-ray analysis and are presented in the figures.
Selected bond lengths and angles for 4–6 are presented in
Tables 1 and 2, respectively. The low quality of the X-ray
data obtained for 3 (R1 = 0.1231) does not allow detailed
information of bond lengths and angles. However, the X-
ray structure of 3 (Figure 1) is good enough to indicate
clearly that the reaction of nBuLi with dpp-bian (1:1 molar
ratio) occurs with the transfer of the butyl group to the
imino carbon atom C(2) of the dpp-bian ligand, thus mak-
ing this carbon atom a chiral center.

Table 1. Selected bond lengths [Å] for 4–6. Ma = Li(2) for com-
pound 4 and Ge for compound 6.

Compound 4 5 6

C(1)–N(1) 1.285(3) 1.274(3) 1.286(3)
C(2)–N(2) 1.485(3) 1.497(3) 1.468(3)
C(1)–C(2) 1.561(3) 1.542(3) 1.533(3)
C(2)–C(37) 1.561(4) 1.535(3) 1.558(3)
Li(1)–N(2) 2.071(5)
Ma–N(1) 2.007(5) 2.1182(19)
Ma–N(2) 1.978(5) 1.8723(19)
Li(1a)–C(41) 2.265(6)
Li(1)–C(41) 2.321(6)
Ma–C(41) 2.087(6)
Ma–Li(1) 2.307(6)
Li(1)–Li(1a) 2.562(10)
Ma–Cl 2.3500(7)

Table 2. Selected bond angles [°] for 4, 5 and 6. Ma = Li(2) for
compound 4 and Ge for compound 6.

Compound 4 5 6

N(1)–C(1)–C(2) 120.2(2) 119.6(2) 117.7(2)
N(2)–C(2)–C(1) 112.5(2) 103.41(17) 105.22(18)
N(2)–C(2)–C(37) 108.75(19) 112.66(18) 111.90(19)
C(1)–C(2)–C(37) 106.2(2) 112.19(18) 110.28(18)
C(1)–N(1)–Ma 102.1(2)
C(2)–N(2)–Ma 101.9(2)
C(2)–N(2)–Li(1) 130.9(2)
N(2)–Li(1)–C(41a) 129.2(3)
N(2)–Ma–N(1) 93.5(2) 81.46(8)
N(2)–Ma–C(41) 111.2(2)
N(1)–Ma–C(41) 153.0(3)
N(1)–Ma–Cl(1) 93.06(5)
N(2)–Ma–Cl(1) 102.68(6)

In the solid state, compound 4 (Figure 2) is the centro-
symmetric dimer of the 1:1 adduct of solvent-free 3 with
nBuLi. This dimer is formed by interaction of all four lith-
ium atoms with the two µ3-bridging nBu(Li) carbanions.
Within the monomeric units, the bonding modes of the two
lithium atoms relative to the [dpp-bian(nBu)]– anion are dif-
ferent. Li(2) is connected with both N(1) and N(2) of the
amido[N(2)]–imino[N(1)] ligand, while Li(1) is linked only
to N(2). The amido–imino character of the alkylated dpp-
bian ligand is manifested by the bond length within the
N(1)–C(1)–C(2)–N(2) fragment. The length of the C(1)–
N(1) bond [1.285(3) Å] is close to that of the C=N double
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Figure 1. Molecular structure of 3. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at 30% probability.

bond in free dpp-bian [1.282(4) Å],[22] whereas the C(2)–
N(2) distance [1.485(3) Å] corresponds well with the
average value of carbon–nitrogen single bonds. In spite of
the different functionality of the nitrogen atoms in the [dpp-
bian(nBu)]– anion, the N(1)–Li(2) and N(2)–Li(2) distances
are very similar [2.007(5) and 1.978(5) Å, respectively]. The
distance of the Li(1) atom to the amido atom N(2) is
2.071(5) Å. Both n-butyl carbanions act as µ3-bridges be-
tween Li(2) and the symmetry-equivalent Li(1) and Li(1a)
atoms (symmetry operation: –x, –y, –z). The same bridging
mode of n-butyl anions has been observed in [{(nBuLi)4-
(TMEDA)}�],[23] which exhibits a TMEDA-linked
tetrameric cubane structure. The distances C(41)–Li(1)
[2.321(6) Å] and C(41)–Li(1a) [2.265(6) Å], which are
in the range of the Li–C distances in [{(nBuLi)4-
(TMEDA)}�], are significantly longer than the C(41)–Li(2)
distance [2.087(6) Å].

The molecular structure of the metal-free amino-imine
compound 5 (Figure 3) shows C–N distances that differ sig-
nificantly, thus indicating an N(1)–C(1) double bond
[1.274(3) Å] and an N(2)–C(2) single bond [1.497(3) Å]. The
sum of the bond angles at N(2) (340°) points to a more
tetrahedral (327°) than trigonal-planar (360°) arrangement.

The molecular structure of 6 (Figure 4) corresponds to a
monomeric three-coordinate germylene. Because of the
three different groups (chloride ion, amido- and imino-ni-
trogen atoms) bonded to the germanium atom and its lone
electron-pair, the germanium atom is a chiral center. Taking
into account that the C(2) atom in 6 is also chiral, one may
expect the existence of two diastereomeric pairs of mole-
cules, whereas in fact only one diastereomeric pair is pres-
ent in the unit cell. In these two diastereomeric molecules
the nBu group and the chlorine atom are positioned at the
same side of the plane formed by the metallacycle Ge–
N(1)–C(1)–C(2)–N(2). Again, the difference between the
amido and the imino functionality of the ligand is evident
from the C–N distances [N(1)–C(1) = 1.286(3) and N(2)–
C(2) = 1.468(3) Å]. However, in contrast to compound 4,
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Figure 2. Molecular structure of 4. Hydrogen atoms are omitted for clarity. Thermal ellipsoids are drawn at 30% probability.

Figure 3. Molecular structure of 5. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at 30% probability.

there is also a pronounced difference in the length of the
Ge–N(amido) bond [Ge–N(2) = 1.872(1) Å] and the Ge–
N(imino) bond [Ge–N(1) = 2.118(1) Å]. The Ge–N(amido)
distance compares well with the two Ge–N(amido)
bonds in the germylene [(dpp-bian)Ge] [1.896(3) and
1.885(3) Å].[16] The Ge–Cl distance [2.3500(7) Å] is notice-
ably longer than the corresponding distance in the three-
coordinate GeII compound [(dpp-bian)GeCl] [2.2693(8) Å],
which contains dpp-bian as a radical-anionic ligand.[17a]

The sum of the bond angles (277.2°) at the germanium
atom [81.46(8), 93.06(5), 102.68(6)°] is almost the same as
in [(dpp-bian)GeCl] (276.8°).[17a]

Eur. J. Inorg. Chem. 2006, 3266–3273 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3269

Figure 4. Molecular structure of 6. Hydrogen atoms are omitted
for clarity. Thermal ellipsoids are drawn at 30% probability.

NMR Spectroscopy of 3–6

The addition of nBuLi to one of the C=N bonds of dpp-
bian results in the formation of an asymmetric amido–
imino structure, which, in turn, causes the inequivalence of
all aromatic protons as well as of all methine protons of the
isopropyl substituents (Figure 5).

The 1H NMR spectrum of a solution of the blue crystals
of 3 in C6D6 contains twelve signals for the aromatic pro-
tons, ranging from δ = 7.48 to 6.53 ppm, and four signals
for the methine protons at δ = 5.12, 3.44, 3.33, and
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Figure 5. 1H NMR spectrum of 3 divided into two sections (C6D6,
400 MHz, 20 °C). The aromatic region is not shown.

3.23 ppm (Figure 5a). Due to the restricted rotation around
the N–C(ipso-Ph) bonds, all eight methyl groups become
unequal and appear as eight doublets in the range from δ
= 1.75 to 0.09 ppm (Figure 5b). The presence of the chiral
carbon atom C(2) next to the methylene protons of the nBu
group causes the inequivalence of the α-CH2(nBu) protons
and the appearance of two triplets of doublets at δ = 2.67
and 2.33 ppm. The CH3(nBu) group gives rise to a triplet
at δ = 0.72 ppm, whereas the β- and γ-CH2(nBu) protons
appear as multiplets at δ = 1.23 and 0.68 ppm. The signals
of the coordinated Et2O molecule are centered at δ = 3.00
(q) and 0.83 (t) ppm. Dissolution of 3 in [D10]Et2O does
not cause significant changes in the 1H NMR spectrum.
Thus, the four signals of the methine protons appear as sep-
tets at δ = 4.84, 3.35, 3.23 and 2.96 ppm, the nonequivalent
α-CH2(nBu) protons give rise to two triplets of doublets at
δ = 2.40 and 2.12 ppm, and the eight doublet signals for
the unequal methyl groups are found between δ = 1.40 and
–0.30 ppm.

The 1H NMR spectrum of 4 recorded in C6D6 (red solu-
tion) reveals only broadened signals, which could not be
assigned. However, a simple 1H NMR spectrum (Figure 6)
was obtained from a solution of compound 4 in [D10]Et2O
(blue solution) in which the positions of all signals of the
amido–imino ligand are identical with those of the 1H
NMR spectrum of solutions of compound 3 in [D10]Et2O.

Unexpectedly, the 1H NMR spectrum of compound 5 in
[D8]THF (Figure 7) shows signals for only eight of the
twelve aromatic protons, and of the total of four methine
protons belonging to the isopropyl substituents only two
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Figure 6. 1H NMR spectrum of 4 divided into two sections ([D10]-
Et2O, 400 MHz, 20 °C). The aromatic region is not shown.

give distinguishable signals which are superimposed upon
each other and centered at δ = 3.08 and 3.01 ppm (Fig-
ure 7). Also, only four of the eight doublet signals expected
for the CH3(iPr) protons can be located. However, it should
be noted that in the aromatic and aliphatic regions in which
the missing signals would be expected, a visible raising of
the baseline is observed. We attribute this to a significant
broadening of those signals due to a slow (on the NMR
timescale) dynamic process within the molecules of 5 in
solution and suggest an umbrella-like inversion at the
amino nitrogen atom N(2). Such a process affects all the
protons of the 2,6-iPr2Ph ring bonded to N(2) and leads to
a broadening of the 1H resonances of this substituent. In
contrast, the signal of the proton connected directly to N(2)

Figure 7. 1H NMR spectrum of 5 ([D8]THF, 200 MHz, 20 °C). The
aromatic region is not shown.
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appears as a sharp singlet at δ = 3.91 ppm. The α-CH2(nBu)
protons give rise to two triplets of doublets at δ = 2.56 and
2.38 ppm and the CH3(nBu) signal appears as a triplet at δ
= 0.66 ppm.

The 1H NMR spectrum of compound 6 in [D8]THF
shows analogous signal sets to the 1H NMR spectrum of
compound 3 recorded in [D10]Et2O, which differ only with
respect to the chemical shifts of the signals. Nevertheless,
the spectrum has one noticeable feature. In the 1H NMR
spectrum of 6, the α-CH2(nBu) protons appear at δ = 3.90
and 2.41 (2 td) ppm, thus displaying a much larger dia-
stereotopic splitting constant (1.49 Hz) than those observed
in the spectra of 3 (0.28 Hz in Et2O), 4 (0.28 Hz in Et2O),
and 5 (0.18 Hz in THF). We believe that the high value of
the splitting constant of 6 is caused by the chirality at the
germanium atom.

Conclusions

We have been able to demonstrate that the addition of
nBuLi to one C=N bond of dpp-bian produces a new,
asymmetrically chelating amido–imino ligand system which
is expected to be useful for the preparation of new metal-
based reagents for organic synthesis.

Experimental Section

General Remarks: All manipulations were carried out under nitro-
gen using standard Schlenk techniques. Hexane, diethyl ether, and
benzene were dried by distillation from sodium/benzophenone.
nBuLi (2.5  in hexane) was purchased from ACROS. The deuter-
ated solvents [D8]THF (Aldrich), C6D6 (Aldrich), and [D10]Et2O
(Euriso-top) used for NMR experiments were dried with sodium/
benzophenone at ambient temperature and, just prior to use, were
condensed under vacuum into the NMR tubes already containing
the respective compound. Melting points were measured in sealed
capillaries. IR spectra were recorded with an FTIR FSM-1201
spectrometer (Monitoring Ltd.), and 1H NMR spectra were ob-
tained with Bruker DPX-200 and Bruker DRX-400 NMR spec-
trometers.

[{dpp-bian(nBu)}Li(Et2O)] (3): Addition of 0.8 mL of nBuLi (2.5 

in hexane; 2.0 mmol) to a stirred suspension of dpp-bian (1.0 g,
2.0 mmol) in Et2O (20 mL) at room temperature caused immediate
dissolution of dpp-bian and formation of a clear blue-green solu-
tion. The foamy residue left after evaporation of the solvent was
recrystallized from hexane. The thin blue plates of compound 3
formed within 20 h were collected by decantation of the mother
liquor. Yield: 0.56 g (44%); m.p. � 120 °C (dec.). C44H59LiN2O
(638.91): calcd. C 82.72, H 9.31; found C 82.59, H 9.17. 1H NMR
(400 MHz, C6D6, 20 °C): δ = 7.48 (dd, J = 7.6 and 1.7 Hz, 1 H,
CH arom.), 7.42 (d, J = 8.0 Hz, 1 H, CH arom.), 7.29 (d, J =
8.0 Hz, 1 H, CH arom.), 7.26 (dd, J = 7.6 and 1.7 Hz, 1 H, CH
arom.), 7.26 (pseudo t, J = 7.6 Hz, 1 H, CH arom.), 7.24 (d, J =
6.8 Hz, 1 H, CH arom.), 7.18 (pseudo t, J = 7.6 Hz, 1 H, CH
arom.), 7.10 (dd, J = 7.6 and 1.7 Hz, 1 H, CH arom.), 7.08 (pseudo
t, J = 7.2 Hz, 1 H, CH arom.), 6.87 (pseudo t, J = 7.8 Hz, 1 H,
CH arom.), 6.58 (d, J = 7.2 Hz, 1 H, CH arom.), 6.53 (d, J =
6.8 Hz, 1 H, CH arom.), 5.12 [pseudo t, J = 6.8 Hz, 1 H, CH-
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(CH3)2], 3.44 [pseudo t, J = 6.8 Hz, 1 H, CH(CH3)2], 3.33 [pseudo
t, J = 6.8 Hz, 1 H, CH(CH3)2], 3.23 [pseudo t, J = 6.8 Hz, 1 H,
CH(CH3)2], 3.00 (q, J = 7.0 Hz, 4 H, Et2O), 2.67 (td, J = 12.5 and
4.2 Hz, 1 H, CHH(CH2)2CH3], 2.33 [td, J = 12.5 and 4.2 Hz, 1 H,
CHH(CH2)2CH3], 1.75 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.45 [d, J
= 6.8 Hz, 3 H, CH(CH3)2], 1.30 [d, J = 6.8 Hz, 3 H, CH(CH3)2],
1.18 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.15 [d, J = 6.8 Hz, 3 H,
CH(CH3)2], 0.97 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.95 [d, J =
6.8 Hz, 3 H, CH(CH3)2], 0.83 (t, J = 7.0 Hz, 6 H, Et2O), 0.72 [t, J
= 7.0 Hz, 3 H, (CH2)3CH3], 0.10 [d, J = 6.8 Hz, 3 H, CH(CH3)2]
ppm.

[{dpp-bian(nBu)Li}nBuLi]2 (4): Addition of 1.8 mL of nBuLi (2.5 

in hexane; 4.4 mmol) to a stirred suspension of dpp-bian (1.0 g,
2.0 mmol) in hexane (20 mL) at room temperature caused dissol-
ution of dpp-bian and precipitation of a red crystalline product.
The product was filtered off and recrystallized from hexane
(35 mL) to yield 1.08 g (81%) of compound 4 as red crystals. M.p.
� 130 °C darkening, �181 °C melting (dec.). C88H116Li4N4·C6H14

(1343.8): calcd. C 84.01, H, 9.75; found C 83.13, H, 9.21. 1H NMR
(400 MHz, Et2O, 20 °C): δ = 7.74 (d, J = 8.2 Hz, 1 H, CH arom.),
7.45 (d, J = 8.2 Hz, 1 H, CH arom.), 7.30 (m, 1 H, CH arom.),
7.25 (m, 2 H, CH arom.), 7.16 (pseudo t, J = 8.2 Hz, 1 H, CH
arom.), 7.12 (pseudo t, J = 8.2 Hz, 1 H, CH arom.), 7.02 (dd, J =
7.3 and 1.9 Hz, 1 H, CH arom.), 6.68 (pseudo t, J = 7.3 Hz, 1 H,
CH arom.), 6.61 (dd, J = 7.3 and 1.9 Hz, 1 H, CH arom.), 6.38 (d,
J = 7.3 Hz, 1 H, CH arom.), 6.11 (d, J = 6.9 Hz, 1 H, CH arom.),
4.84 [pseudo t, J = 6.9 Hz, 1 H, CH(CH3)2], 3.35 [pseudo t, J =
6.9 Hz, 1 H, CH(CH3)2], 3.23 [pseudo t, J = 6.9 Hz, 1 H, CH-
(CH3)2], 2.96 [pseudo t, J = 6.9 Hz, 1 H, CH(CH3)2], 2.40 [td, J =
12.7 and 4.7 Hz, 1 H, CHH(CH2)2CH3], 2.12 [td, J = 12.7 and
3.5 Hz, 1 H, CHH(CH2)2CH3], 1.40 [d, J = 6.9 Hz, 3 H, CH-
(CH3)2], 1.28 [d, J = 6.9 Hz, 3 H, CH(CH3)2], 1.18 [d, J = 6.9 Hz,
3 H, CH(CH3)2], 1.14 [d, J = 6.9 Hz, 3 H, CH(CH3)2], 1.11 [d, J
= 6.9 Hz, 3 H, CH(CH3)2], 0.87 [m, 8 H, LiCH2(CH2)2CH3], 0.83
[d, J = 6.9 Hz, 3 H, CH(CH3)2], 0.71 [t, J = 7.2 Hz, 3 H,
(CH2)3CH3], 0.64 [d, J = 6.9 Hz, 3 H, CH(CH3)2], –0.30 [d, J =
6.9 Hz, 3 H, CH(CH3)2], –0.98 [t, J = 7.0 Hz, 3 H, LiCH2-
(CH2)2CH3] ppm.

(dpp-bian)(H)(nBu) (5): Addition of H2O (0.3 mL) to a solution of
3 [prepared in situ from 1.0 g (2.0 mmol) of dpp-bian in Et2O]
caused an immediate yellow coloring of the reaction mixture. After
evaporation of the solvent under reduced pressure, the residue was
dried in vacuo for 1 h and was then recrystallized from Et2O
(20 mL) to yield 0.85 g (76%) of compound 5 as yellow drusy crys-
tals; m.p. � 179 °C. C40H50N2 (558.82): calcd. C 85.97, H, 9.02;
found C 85.88, H 8.98. IR (Nujol): ν̃ = 3359 (w), 3057 (w), 1663
(vs), 1621 (w), 1598 (w), 1582 (m), 1491 (w), 1379 (s), 1363 (s),
1328 (m), 1305 (w), 1269 (w), 1252 (m), 1193 (m), 1179 (w), 1143
(w), 1113 (m), 1098 (w), 1051 (w), 1035 (m), 1019 (w), 1003 (w),
957 (w), 935 (m), 907 (w), 890 (w), 830 (s), 808 (w), 798 (s), 785
(vs), 769 (s), 755 (s), 726 (m), 708 (m), 667 (w), 649 (w), 632 (w),
606 (w), 597 (w), 559 (w), 538 (w), 522 (w), 511 (w), 469 (w), 449
(w) cm–1. 1H NMR (200 MHz, [D8]THF, 20 °C): δ = 7.48 (d, J =
8.3 Hz, 1 H, CH arom.), 6.64 (d, J = 8.3 Hz, 1 H, CH arom.), 7.28–
7.12 (m, 4 H, CH arom.), 6.51 (d, J = 7.3 Hz, 1 H, CH arom.),
6.35 (d, J = 7.0 Hz, 1 H, CH arom.), 3.91 (s, 1 H, N–H), 3.08
[pseudo t, J = 6.8 Hz, 1 H, CH(CH3)2], 3.01 [pseudo t, J = 6.8 Hz,
1 H, CH(CH3)2], 2.56 (td, J = 12.2 and 3.8 Hz, 1 H, CHH(CH2)2-
CH3], 2.38 [td, J = 12.2 and 5.0 Hz, 1 H, CHH(CH2)2CH3], 1.17
[d, J = 6.8 Hz, 3 H, CH(CH3)2], 1.05 [d, J = 6.8 Hz, 3 H, CH-
(CH3)2], 0.92 [d, J = 6.8 Hz, 3 H, CH(CH3)2], 0.89 [d, J = 6.8 Hz,
3 H, CH(CH3)2], 0.66 [t, J = 7.3 Hz, 6 H, (CH2)3CH3] ppm.
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[{dpp-bian(nBu)}GeCl] (6): Addition of a solution of 3 [prepared in
situ from 1.0 g (2.0 mmol) of dpp-bian in Et2O] to a stirred suspen-
sion of GeCl2(dioxane) (0.46 g, 2.0 mmol) in Et2O (10 mL) caused
a change of the color of the solution from blue to brown. The
solution should be filtered immediately after mixing the reagents,
otherwise 6 starts to crystallize from the reaction mixture on stand-
ing. Slow evaporation of the solvent from the filtrate at low pres-
sure caused the crystallization of 6 as red crystals. Yield: 1.18 g
(89%); m.p. 238 °C. C40H49ClGeN2 (665.85): calcd. C 72.15, H
7.42; found C 72.05, H 7.30. IR (Nujol): ν̃ = 1624 (s), 1589 (s),
1491 (w), 1378 (s), 1364 (w), 1315 (m), 1249 (s), 1221 (w), 1203
(m), 1187 (m), 1162 (w), 1141 (w), 1109 (m), 1099 (m), 1060 (m),
1050 (w), 1035 (m), 1005 (w), 961 (w), 933 (w), 919 (m), 884 (w),
861 (m), 833 (s), 819 (w), 800 (s), 784 (vs), 768 (w), 760 (s), 748
(m), 723 (s), 700 (w), 676 (w), 653 (w), 635 (w), 618 (m), 599 (w),
582 (w), 546 (w), 527 (w), 516 (w), 499 (w), 480 (m), 465 (w), 451
(w), 442 (w), 419 (m), 403 (m) cm–1. 1H NMR (200 MHz, [D8]THF,
20 °C): δ = 8.08 (d, J = 8.3 Hz, 1 H, CH arom.), 7.77 (d, J = 8.3 Hz,
1 H, CH arom.), 7.54–7.31 (m, 6 H, CH arom.), 7.22 (pseudo t,
J = 7.3 Hz, 1 H, CH arom.), 6.97 (dd, J = 7.5 and 1.7 Hz, 1 H,
CH arom.), 6.55 (d, J = 7.3 Hz, 1 H, CH arom.), 6.15 (d, J =
7.0 Hz, 1 H, CH arom.), 4.66 [pseudo t, J = 6.8 Hz, 1 H, CH-
(CH3)2], 3.90 [td, J = 13.0 and 4.0 Hz, 1 H, CHH(CH2)2CH3], 3.79
[pseudo t, J = 6.8 Hz, 1 H, CH(CH3)2], 3.01 [pseudo t, J = 6.8 Hz,
1 H, CH(CH3)2], 2.61 [pseudo t, J = 6.8 Hz, 1 H, CH(CH3)2], 2.41
[td, J = 13.0 and 4.5 Hz, 1 H, CHH(CH2)2CH3], 1.45 [d, J =
6.9 Hz, 3 H, CH(CH3)2], 1.42 [d, J = 6.9 Hz, 3 H, CH(CH3)2], 1.24
[d, J = 6.9 Hz, 3 H, CH(CH3)2], 1.23 [d, J = 6.9 Hz, 3 H, CH-
(CH3)2], 1.20 [d, J = 6.9 Hz, 3 H, CH(CH3)2], 1.13 [m, 3 H,
CH2(CH2)2CH3], –0.06 [m, 1 H, CH2(CH2)2CH3], 0.90 [d, J =
6.9 Hz, 3 H, CH(CH3)2], 0.66 [t, J = 7.2 Hz, 3 H, (CH2)3CH3], 0.64
[d, J = 6.9 Hz, 3 H, CH(CH3)2], 0.05 [d, J = 6.9 Hz, 3 H, CH-
(CH3)2] ppm.

Single-Crystal X-ray Structure Determination of 4–6: The data were
collected with a Siemens SMART CCD diffractometer (graphite-
monochromated Mo-Kα radiation, ω-scan technique, λ =
0.71073 Å) at 173 K. 4: C88H116Li4N4·C6H14, M = 1343.78, mono-
clinic, a = 31.9219(11), b = 12.7641(5), c = 22.8212(8) Å, β =
113.4070(10)°, V = 8533.4(5) Å3, T = 173(2) K, space group C2/c,
Z = 4, µ = 0.059 mm–1, 26677 reflections measured, 7521 unique
(Rint = 0.0895) which were used in all calculations. R1 [I � 2σ(I)]
= 0.0694, wR1 (all data) = 0.1201. 5: C40H50N2, M = 558.82, mono-
clinic, a = 19.0920(8), b = 9.1708(4), c = 19.2750(7) Å, β =
90.164(1)°, V = 3374.8(2) Å3, T = 173(2) K, space group P21/c, Z
= 4, µ = 0.063 mm–1, 20271 reflections measured, 5929 unique (Rint

= 0.1428) which were used in all calculations. R1 [I � 2σ(I)] =
0.0593, wR1 (all data) = 0.1240. 6: C40H49ClGeN2, M = 665.85,
monoclinic, a = 9.7607(3), b = 17.3631(6), c = 21.0357(7) Å, β =
97.9650(10)°, V = 3530.7(2) Å3, T = 173(2) K, space group P21/n,
Z = 4, µ = 0.973 mm–1, 23727 reflections measured, 6922 unique
(Rint = 0.0747) which were used in all calculations. R1 [I � 2σ(I)]
= 0.0409, wR1 (all data) = 0.0940. The structures were solved by
direct methods using SHELXS-97[24] and were refined on F2 using
SHELXL-97.[25] All non-hydrogen atoms were refined anisotropi-
cally and the hydrogen atoms were placed in calculated positions
and assigned to an isotropic displacement parameter of 0.08 Å2.
SADABS[26] was used to perform area-detector scaling and absorp-
tion corrections. The geometrical aspects of the structures were an-
alyzed with the PLATON program.[27] CCDC-605326 (4), -605327
(5), and -605328 (6) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Reaction of the 16-electron half-sandwich rhodium and iri-
dium complexes [Cp*M{S2C2(B10H10)}] [M = Rh (1a), Ir (1b)]
with multidentate ligands (L) such as 5,10,15,20-tetra(4-pyri-
dyl)porphyrin) (H2TPyP), 2,4,6-tri(4-pyridyl)-1,3,5-triazine
(tpt), and 4,4�-azopyridine, gave the corresponding multi-
cluster complexes [Cp*MS2C2(B10H10)]n(L) [M = Rh, Ir; n = 4,
L = H2TPyP (2); 3, L = tpt (3); 2, L = 4,4�-azopyridine (4), N,N�-
bis(4-pyridinylmethylene)biphenyl-4,4�-diamine (5), pyr-
azine, (6), 2,5-di(4-pyridyl)-1,3,4-oxadiazole (7), 1,2-di(4-pyr-
idyl)ethylene) (8), diisonicotinic acid 1,4-phenylene diester
(9), 4,4�-bipyridine (10)]. The X-ray structure of 2a reveals
that an H2TPyP unit bridges four [Cp*RhS2C2(B10H10)] frag-
ments to form a tetranuclear [Cp*RhS2C2(B10H10)]4(H2TPyP)
complex and the [Cp*RhS2C2(B10H10)] units adopt a tail-to-

Introduction

During the last decade, a series of mononuclear 16-
electron Cp* half-sandwich complexes of Co, Rh, and Ir
have been prepared that contain didentate, chelating 1,2-
dicarba-closo-dodecaborane(12)-1,2-dichalcogenolate li-
gands [(B10H10)C2E2]2– (E = S, Se).[1] These complexes exhi-
bit a rich coordination chemistry due to both their unsatu-
ration at the metal atom and the bridging or chelating prop-
erties of the sulfur or selenium atoms.[2] Among the types
of target structures attracting attention are highly symmet-
rical, aesthetically appealing architectures such as star-
shaped molecules.[3] The efforts to build cluster-supported
molecular or supramolecular structures are expected to of-
fer many fascinating research problems with potentially sig-
nificant ramifications.[4] To the best of our knowledge, only
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tail contact mode, rather than a head-to-tail mode, in spite of
the large steric repulsion between the two carborane ligands.
In complex 3a, three [Cp*RhS2C2(B10H10)] units are symmet-
rically arranged around the periphery of one tpt core, thus
forming a “bowl-shaped” structure. In 4a, 5a, 6a, 8b, and 9b,
two [Cp*RhS2C2(B10H10)] fragments take a trans conforma-
tion around the linear or pseudo-linear pyridyl-based ligand
core, while in 7a they are in a cis conformation. All new com-
plexes 2–10 were characterized by 1H and 11B NMR spec-
troscopy, and X-ray structural analyses are reported for com-
plexes 2a, 3a, 4a, 5a, 6a, 7a, 8b, and 9b.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

a few examples of ortho-carboranyl-functionalized highly
branched molecules have been reported in the search for
efficient methods for assembling suitable organic or inor-
ganic linkers into desired target metallodendrimers.[5–7]

Carboranes are obvious candidates for such applications
because of their synthetic versatility and well-developed
derivative chemistry. Our laboratory and Herberhold
et al. have already reported the synthesis of the 16-
electron “pseudo-aromatic” half-sandwich complexes
[Cp*M{E2C2(B10H10)}] (M = Co, Rh, Ir; E = S, Se),[8] and
a recent publication from our laboratory suggests that this
species may be promising for further transformations owing
to its electron deficiency at the metal center.[9] This has al-
lowed the construction of a polycarborane molecular archi-
tecture that takes advantage of special attributes, such as an
addition reaction at the metal center in a dichalcogenolato
metal heterocycle.[8]

Here, we describe the assembly of soluble, air-stable
supramolecular structures based on the metal-containing
moieties [Cp*M{S2C2(B10H10)}] (M = Rh 1a; M = Ir 1b),
bridged by nitrogen-based, star-shaped organic spacers
(Scheme 1).
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Scheme 1. Reaction of [Cp*MS2C2(B10H10)] with a pyridyl-based ligand to give complexes 2–10.

Results and Discussion

Synthesis and Characterization

We recently reported the reaction of the iridium precur-
sor [Cp*IrS2C2(B10H10)] (1b) with 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (tpt) and 4,4�-bipyridine, which leads to the forma-
tion of the multi-cluster [Cp*IrS2C2(B10H10)]n(L) [n = 3, L
= tpt; 2, L = 4,4�-bipyridine].[6] By using different metal
complexes (1a, 1b) and the linear or pseudo-linear pyridyl-
based ligand that have been used as building blocks for dis-
crete supramolecular assemblies[10] as starting materials,
further neutral star-shaped molecules with [Cp*MS2C2-
(B10H10)] (M = Rh or Ir) units can be synthesized.
Scheme 1 shows the formation of star-shaped molecules 2–
10, which were characterized by single-crystal X-ray analy-
sis, elemental analysis, and 1H NMR, 11B NMR and IR
spectroscopy.

Stirring a mixture of [Cp*Rh{S2C2(B10H10)}] (1a) and
5,10,15,20-tetra(4-pyridyl)porphyrin (H2TPyP) in CH2Cl2
at room temperature for 24 h produced a red solution of
2a in high yield. The IR spectrum shows a strong band at
approximately 2559 cm–1 due to the carborane group. The
formation of 2a was confirmed by the appearance of signals
at δ = –2.89, 1.78, 8.20, 9.02, and 9.38 ppm in the 1H NMR
spectrum, which are ascribed to the H2TPyP and Cp* li-

Eur. J. Inorg. Chem. 2006, 3274–3282 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3275

gands; the 11B NMR spectrum exhibits carborane (B–H)
resonances at δ = –5.8, –8.2, –9.0, and –10.8 ppm.

Trinuclear complex 3a, formulated as [Cp*Rh-
{S2C2(B10H10)}]3(tpt) from elemental analysis and 1H
NMR spectroscopy, was formed when 1a was treated with
tpt in a 3:1 molar ratio in CH2Cl2 at room temperature
(Scheme 1). The 1H NMR spectrum shows two kinds of
resonances for each of the Cp* and tpt ligands, at δ =
1.77 ppm and δ = 8.67, 8.96 ppm respectively, suggesting
the presence of configurational isomers. The signals at δ =
–7.9 and –10.3 ppm in the 11B NMR spectrum suggest B–
H activation.

The 16-electron “pseudo-aromatic” half-sandwich com-
plexes 1a and 1b react readily with two equivalents of 4,4�-
azopyridine to give dimeric complexes formulated as
[Cp*M{S2C2(B10H10)}]2(C10H8N4) (M = Rh 4a, Ir 4b). The
IR spectra of 4a and 4b show B–H bands for the carboranes
at 2568 and 2562 cm–1, respectively. The 1H NMR spectrum
of 4a shows a singlet at δ = 1.77 ppm due to the methyl
groups of the Cp* ligands and resonances at about δ = 7.76
and 8.85 ppm due to the 4,4�-azopyridine protons; that for
4b has a singlet at δ = 1.87 and δ = 7.80 and 8.92 ppm. The
11B NMR spectrum exhibits a carborane (B–H) resonance
at δ = –6.1, –7.5, –8.7, and –10.9 ppm for 4a and δ = –6.2,
–7.5, –8.6, and –10.5 ppm for 4b. Detailed structures were
confirmed by X-ray analysis of 4a (see below), which re-
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vealed that the complex is a dimer bridged by a 4,4�-azopyr-
idine molecule.

Analogously, treatment of 1a or 1b with N,N�-bis(4-pyri-
dinylmethylene)biphenyl-4,4�-diamine, pyrazine, 2,5-di(4-
pyridyl)-1,3,4-oxadiazole, 1,2-di(4-pyridyl)ethylene, diiso-
nicotinic acid 1,4-phenylene diester, or 4,4�-bipyridine also
generated the dinuclear complexes [Cp*Rh{S2C2(B10H10)}]2-
(C24H18N4) (5a), [Cp*M{S2C2(B10H10)}]2(C4H4N2) (M =
Rh 6a, Ir 6b), [Cp*Rh{S2C2(B10H10)}]2(C12H8N4O) (7a),
[Cp*M{S2C2(B10H10)}]2(C12H10N2) (M = Rh 8a, Ir 8b),
[Cp*Rh{S2C2(B10H10)}]2(C18H12N2O4) (M = Rh 9a, Ir 9b),
[Cp*M{S2C2(B10H10)}]2(C10H8N2) (M = Rh 10a, Ir 10b),
respectively. All the 1H NMR spectra in CDCl3 show two
resonances for each of the Cp* and pyridyl or pyrazine li-
gands and the 11B NMR spectra in CDCl3 exhibit a carbor-
ane (B–H) resonance. In the IR spectra, the B–H vibration
bands of the carborane group appear at 2575–2580 cm–1 for
all of the complexes, and the C=O band appears at
1690 cm–1 for 9a and 1692 cm–1 for 9b.

Molecular Structures

The crystal structure of 2a consists of quadridentate
units in which there are two crystallographically indepen-
dent RhIII atoms and the H2TPyP ligand adopts a bridging
mode (Figure 1, a). All of the rhodium centers adopt a
three-legged piano-stool conformation with a six-coordi-
nate geometry, assuming that the Cp* ligand functions as a
three-coordinate ligand. The angles between adjacent atoms
around the rhodium atoms are nearly 90°. All of the Cp*
atoms fall in a fairly good plane, and the Cp* ligands are
symmetrically bound to the rhodium atoms. The distances
between Rh and the least-squares plane of the Cp* ring are
1.78 and 1.82 Å, which compare well with those for other
rhodium complexes containing Cp*.[11,12] The dihedral an-
gle along the S···S vector in the rhodadithiolato metallacy-
cle (RhS2C2) is about 173° and 169°, compared to 180° in
1a.[8b] An H2TPyP unit bridges four [Cp*RhS2C2(B10H10)]
fragments to form the tetranuclear [Cp*RhS2C2(B10H10)]4-
(H2TPyP) complex. An interesting feature of this solid-state
structure is that the [Cp*RhS2C2(B10H10)] units adopt a
tail-to-tail contact mode, rather than a head-to-tail mode,
in spite of the large steric repulsion between the two carbor-
ane ligands, similar to that reported previously.[5] In the
crystal lattice, molecules of 2a form an extended two-di-
mensional layered structure. Within each layer, the mole-
cules of 2a interdigitate through the four legs, as depicted
inpart b of Figure 1. The dihedral angle between neigh-
boring porphyrins is 46.8°. The shortest distance between
Cp* ligands in the same layer is 3.75 Å, and there is a very
weak π–π interaction between the molecules. In addition,
four dendrimer complexes in the same layer form a paral-
lelogram with dimensions 15.4×18.0 Å2. As illustrated in
Figure 1 (b), there are channels running along the b axis.
The overall free voids are 35.0% of the cell volume, omit-
ting solvent molecules and hydrogen atoms.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3274–32823276

Figure 1. (a) Molecular unit of [Cp*RhS2C2(B10H10)]4(H2TPyP)
(2a). (b) Stacking of the molecules in crystals of 2a, as viewed along
the b axis. Selected distances [Å] and angles [°]: Rh(1)–N(3)
2.127(7), Rh(1)–S(1) 2.358(3), Rh(1)–S(2) 2.360(3), Rh(2)–N(4)
2.134(7), Rh(2)–S(4) 2.353(3), Rh(2)–S(3) 2.357(3), S(4)–C(4)
1.803(10), S(1)–C(1) 1.788(10), S(2)–C(2) 1.769(11), S(3)–C(3)
1.795(11), C(1)–C(2) 1.655(14), C(3)–C(4) 1.658(14); N(3)–Rh(1)–
S(1) 89.3(2), N(3)–Rh(1)–S(2) 89.7(2), S(1)–Rh(1)–S(2) 90.62(10),
N(4)–Rh(2)–S(4) 88.6(2), N(4)–Rh(2)–S(3) 91.9(2), S(4)–Rh(2)–
S(3) 90.28(10), C(4)–S(4)–Rh(2) 106.4(3), C(1)–S(1)–Rh(1)
105.7(3), C(2)–S(2)–Rh(1) 106.0(3), C(3)–S(3)–Rh(2) 106.3(3).

Changing the ligand from H2TPyP to tpt gives 3a, whose
structure was established by X-ray structure analysis (Fig-
ure 2) and is very similar to that of [Cp*IrS2C2(B10H10)]3-
(tpt).[6] Three [Cp*RhS2C2(B10H10)] units are symmetrically
arranged around the periphery of one tpt core to form a
“bowl-shaped” structure. All of the rhodium centers adopt
a three-legged piano-stool conformation, which has six-co-
ordinate geometry, assuming that the Cp* ligand functions
as a three-coordinate ligand. The Rh–N bond lengths are
2.125(6)–2.144(9) Å, which are similar to those of 2a. Each
tpt ligand connects three Rh atoms related by crystallo-
graphic threefold symmetry in the tetragonal space group
P42/ncm. It is interesting that the tpt ligand acts in a bifunc-
tional tridentate fashion in 3a through three N-donor
atoms of the oligopyridyl and one triazine group. Two
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neighboring molecules of 3a are paired and staggered in a
face-to-face fashion, with the separation between the cen-
tral triazine rings being 3.46 Å, which is indicative of the
presence of π–π stacking interactions. The two neighboring
molecules within the stack are rotated by about 60° with
respect to each other, just like two buckled bowls.

Figure 2. (a) Molecular unit of [Cp*RhS2C2(B10H10)]3(tpt) (3a). (b)
Two units of 3a in a staggered disposition. Selected distances [Å]
and angles [°]: Rh(1)–N(1) 2.125(6), Rh(1)–S(1) 2.361(2), Rh(1)–
S(2) 2.371(2), Rh(2)–N(2) 2.144(9), Rh(2)–S(3a) 2.360(3), Rh(2)–
S(3) 2.360(3), S(1)–C(1) 1.765(8), S(2)–C(2) 1.776(8), S(3)–C(3)
1.760(11), C(1)–C(2) 1.690(12), C(3)–C(3a) 1.65(2); N(1)–Rh(1)–
S(1) 90.72(18), N(1)–Rh(1)–S(2) 90.54(17), S(1)–Rh(1)–S(2)
91.05(8), N(2)–Rh(2)–S(3a) 90.0(2), N(2)–Rh(2)–S(3) 90.0(2),
S(3a)–Rh(2)–S(3) 90.66(15), C(1)–S(1)–Rh(1) 106.0(3), C(2)–S(2)–
Rh(1) 105.8(3), C(3)–S(3)–Rh(2) 105.7(4); symmetry transforma-
tion for the generation of equivalent atoms a: –x+2, –y, –z +1.

Another remarkable feature of 3a is the packing pattern
along the c axis. These “buckled bowls” stack along the c
axis to form an interesting stacking structure. As shown in
Figure 3, each of the eight molecules of 3a is paired up to
form two types of channels with the dimensions ranging
from 3.6–4.0 Å. In other words, each molecule of 3a is
locked into position by pairing up with neighboring mole-
cules in the crystal lattice. The packing in the crystals is
such as to create infinite tunnels. It is interesting that such
channels are constructed with a double-stranded helix,
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which consists of repeating “buckled bowl” molecules.
Overall, the free voids form 40.1% of the cell volume, omit-
ting hydrogen atoms.

Figure 3. Crystal structure of 3a viewed down the c axis. All hydro-
gen atoms have been omitted for clarity.

A perspective drawing of 4a is given in Figure 4. The
crystal unit has a crystallographically imposed inversion
center in the middle of the Rh···Rh vector. The molecule
has a dimeric structure connected by a 4,4�-azopyridine li-
gand. The plane of the rhodacycle has a dihedral angle of

Figure 4. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C10H8N4)
(4a). (b) Crystal structure of 4a viewed down the b axis. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.121(3), Rh(1)–S(2)
2.3487(11), Rh(1)–S(1) 2.3526(11), S(1)–C(1) 1.781(4), S(2)–C(2)
1.781(3), C(1)–C(2) 1.658(5); N(1)–Rh(1)–S(2) 90.23(9), N(1)–
Rh(1)–S(1) 90.50(9), S(2)–Rh(1)–S(1) 91.06(4), C(1)–S(1)–Rh(1)
105.71(12), C(2)–S(2)–Rh(1) 106.30(13).



J.-Q. Wang, C.-X. Ren, G.-X. JinFULL PAPER

Figure 5. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C24H18N4) 2(CHCl3) (5a). All hydrogen atoms have been omitted for clarity.
Selected distances [Å] and angles [°]: Rh(1)–N(1) 2.140(4), Rh(1)–S(2) 2.3530(17), Rh(1)–S(1) 2.3553(17), S(1)–C(1) 1.778(6), S(2)–C(2)
1.785(6), C(1)–C(2) 1.661(8); N(1)–Rh(1)–S(2) 91.32(14), N(1)–Rh(1)–S(1) 89.90(14), S(2)–Rh(1)–S(1) 91.30(6), C(1)–S(1)–Rh(1) 105.7(2),
C(2)–S(2)–Rh(1) 105.7(2).

102.3° with 4,4�-azopyridine, and the Rh···Rh distance is
13.195 Å. Two neighboring molecules of 4a are staggered
in a face-to-face fashion, with the separation between the
central Cp* rings being 3.64 Å, which is indicative of the
presence of weak π–π stacking interactions (Figure 4, b).

The crystal structures of 5a and 6a are similar to that of
4a, and also consist of [Cp*RhS2C2(B10H10)] and N,N�-
bis(4-pyridinylmethylene)biphenyl-4,4�-diamine or pyrazine
adducts in a 2:1 molar ratio. As shown in Figures 5 and 6,
each Rh is also in a three-legged piano-stool conformation.
The Rh–N bond lengths are 2.129(3)–2.140(4) Å, similar to
those of 2a, 3a, and 4a. The crystal unit has a crystallo-
graphically imposed inversion center in the middle of the
Rh···Rh vector. The molecule has a dimeric structure con-
nected by a N,N�-bis(4-pyridinylmethylene)biphenyl-4,4�-di-
amine or pyrazine ligand, respectively. The plane of the rho-
dacycle has a dihedral angle of 100.7° with N,N�-bis(4-pyri-
dinylmethylene)biphenyl-4,4�-diamine for 5a and 86.7° with
pyrazine for 6a, and the Rh···Rh distance is 23.980 Å for 5
and 7.019 Å for 6a.

Figure 6. Molecular unit of [Cp*Rh{S2C2(B10H10)}]2(C4H4N2)
(6a). All hydrogen atoms have been omitted for clarity. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.129(3), Rh(1)–S(2)
2.3528(12), Rh(1)–S(1) 2.3662(12), S(1)–C(1) 1.784(4), S(2)–C(2)
1.769(4),C(1)–C(2), 1.665(5); N(1)–Rh(1)–S(2) 89.32(8), N(1)–
Rh(1)–S(1) 91.26(9), S(2)–Rh(1)–S(1) 90.01(5), C(1)–S(1)–Rh(1)
105.97(14).
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As shown in Figure 7, there are two crystallographically
independent rhodium(III) atoms in the crystal of complex
7a, and the stoichiometry of [Cp*Rh{S2C2(B10H10)}]2-
(C12H8N4O) is 2:1. Each RhIII is also located in a three-
legged piano-stool conformation. The two metal atoms
Rh(1) and Rh(2) are interconnected by 2,5-di(4-pyridyl)-
1,3,5-oxadiazole groups to form a dimeric structure. The
plane of each rhodacycle forms a dihedral angle of 88.4°
and 91.6° with 2,5-di(4-pyridyl)-1,3,5-oxadiazole, respec-
tively; the Rh(1)···Rh(2) distance is 13.820 Å. It is interest-
ing to note that the two [Cp*RhS2C2(B10H10)] fragments

Figure 7. (a) Molecular unit of [Cp*Rh{S2C2(B10H10)}]2-
(C12H8N4O)·(THF) (7a). (b) Two units of 7a in a staggered disposi-
tion. All hydrogen atoms have been omitted for clarity. Selected
distances [Å] and angles [°]: Rh(1)–N(1) 2.148(7), Rh(1)–S(1)
2.356(3), Rh(1)–S(2) 2.363(2), Rh(2)–N(2) 2.126(7), Rh(2)–S(4)
2.343(3), Rh(2)–S(3) 2.369(3), S(1)–C(1) 1.792(9), S(2)–C(2)
1.782(10), S(3)–C(3) 1.785(9), S(4)–C(4) 1.766(9), C(1)–C(2)
1.687(13), C(3)–C(4) 1.637(12); N(1)–Rh(1)–S(1) 91.7(2), N(1)–
Rh(1)–S(2) 88.94(19), S(1)–Rh(1)–S(2) 90.38(10), N(2)–Rh(2)–S(4)
91.5(2), N(2)–Rh(2)–S(3) 88.8(2), S(4)–Rh(2)–S(3) 90.30(9), C(1)–
S(1)–Rh(1) 106.7(3), C(2)–S(2)–Rh(1) 107.2(3), C(3)–S(3)–Rh(2)
105.7(3), C(4)–S(4)–Rh(2) 106.6(3).
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are in a cis conformation, which is different from the trans
conformation in 4a, 5a, and 6a. It is also interesting that
the 2,5-bis(4-pyridyl-1,3,5-oxadiazole) ligand is bifunctional
didentate in 7a through two N-donor atoms of the oligopy-
ridyl and one oxadiazole group. Two neighboring molecules
of 7a are paired and staggered in a face-to-face fashion,
with the separation between the central oxadiazole rings be-
ing 3.15 Å, which is indicative of the presence of strong π–
π stacking interactions (Figure 7, b). The two neighboring
molecules within the stack are rotated by about 180° with
respect to each other, just like two buckled boxes.

The crystal structures of complexes 8b and 9b are quite
similar to those of 4a, 5a, and 6a. As shown in Figures 8
and 9, respectively, X-ray crystallographic analysis reveals
that the complexes are dimers bridged by pyridyl ligands
with an Ir···Ir distance of 13.461 Å for 8b and 19.654 Å for
9b. The plane of the iridacycle forms a dihedral angle with

Figure 8. Molecular unit of [Cp*IrS2C2(B10H10)]2(C12H10N2) (8b).
All hydrogen atoms have been omitted for clarity. Selected dis-
tances [Å] and angles [°]: Ir(1)–N(1) 2.115(5), Ir(1)–S(1) 2.3568(14),
S(1)–C(1) 1.774(5), C(1)–C(1a) 1.662(10); N(1)–Ir(1)–S(1)
87.70(11), N(1)–Ir(1)–S(1a) 87.70(11), S(1)–Ir(1)–S(1a) 90.79(7),
C(1)–S(1)–Ir(1) 105.50(17).

Figure 9. Molecular unit of [Cp*IrS2C2(B10H10)]2(C18H12N2O4)·
2(CH2Cl2) (9b). All hydrogen atoms have been omitted for clarity.
Selected distances [Å] and angles [°]: Ir(1)–N(1) 2.132(8), Ir(1)–S(2)
2.3551(18), Ir(1)–S(1) 2.359(3), S(1)–C(1) 1.782(8), S(2)–C(2)
1.768(10), C(1)–C(2) 1.652(13); N(1)–Ir(1)–S(2) 90.35(17), N(1)–
Ir(1)–S(1) 88.2(3), S(2)–Ir(1)–S(1) 90.71(7), C(1)–S(1)–Ir(1)
106.3(3), C(2)–S(2)–Ir(1) 105.6(3).

Eur. J. Inorg. Chem. 2006, 3274–3282 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3279

the pyridyl ring of 107.7° for 8b and 97.5° for 9b. It is inter-
esting to note that the two [Cp*IrS2C2(B10H10)] fragments
in 8b and 9b are in a trans conformation, similar to 4a, 5a,
and 6a.

In summary, a new set of multi-cluster molecules has
been synthesized from half-sandwich rhodium(III) and iri-
dium(III) complexes bearing 1,2-dicarba-closo-dodeca-
borane(12)-1,2-dithiolate chelate ligands and different
multidentate pyridyl ligands. This synthetic approach,
which is based upon stepwise building-up of metal clusters
with organic fragments, offers the potential for exquisite
control over the detailed architecture of the materials,
which may lead to a variety of unusual shapes.

Experimental Section
All manipulations were performed under nitrogen using standard
Schlenk techniques or in a glove box. Solvents were dried by re-
fluxing over sodium/benzophenone ketyl (toluene, hexane, cyclo-
hexane) and distilled just before use. [Cp*Rh{S2C2(B10H10)}]
(1a),[12] [Cp*Ir{S2C2(B10H10)}] (1b),[13] 2,4,6-tri(4-pyridyl)-1,3,5-tri-
azine,[14] 4,4�-azopyridine,[15] N,N�-bis(4-pyridinylmethylene)bi-
phenyl-4,4�-diamine,[16] diisonicotinic acid 1,4-phenylene diester,[17]

2,5-di(4-pyridyl)-1,3,4-oxadiazole[18] were prepared by methods re-
ported previously. IR spectra were recorded with a Nicolet AVA-
TAR-360IR spectrometer, whereas 1H (500 MHz) and 11B
(160 MHz) NMR spectra were obtained with a Bruker DMX-500
spectrometer in CDCl3 solution. Elemental analyses were per-
formed with an Elementar vario EI Analyzer.

Caution! Perchlorate salts are explosive (especially when dry) and
should be handled with care.

Synthesis of [Cp*Rh{S2C2(B10H10)}]4(H2TPyP) (2a): A mixture of
1a (178 mg, 0.4 mmol) and H2TpyP (62 mg, 0.1 mmol) in CH2Cl2
(30 mL) was stirred for 24 h, whereupon the green-colored mixture
gradually changed to red. The solvent was then evaporated under
vacuum. The residue was washed with toluene to give a violet solid
of 2a (190 mg, 79%). C88H126B40N8Rh4S8 (2396.6): calcd. C 44.10,
H 5.30, N 4.68; found C 43.85, H 5.16, N 4.57. 1H NMR
(500 MHz, CDCl3, 20 °C): δ = –2.89 (s, porphine NH, 2 H), 1.78
(s, C5Me5, 60 H), 8.20 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 8 H), 9.02 (m,
pyrrole, 8 H), 9.38 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 8 H) ppm. 11B
NMR (160 MHz, CDCl3, 20 °C): δ = –5.8, –8.2, –9.0, –10.8 ppm.
IR (KBr pellet): ν̃ = 2581, 2559 (νB–H), 1578, 1420, 986, 792 cm–1.

Synthesis of [Cp*Rh{S2C2(B10H10)}]3(C18H12N6) (3a): A solution of
1a (133 mg, 0.3 mmol) in CH2Cl2 (30 mL) was added to tpt (31 mg,
0.1 mmol) in CH2Cl2 (30 mL). The green-colored mixture was
stirred for 24 h, whereupon it gradually changed to violet. The sol-
vent was then evaporated under vacuum. The residue was washed
with toluene to give a violet solid of 3a (143 mg, 82%).
C54H87B30N6Rh3S6 (1645.8): calcd. C 39.41, H 5.33, N 5.11; found
C 39.28, H 5.27, N 5.10. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.77 (s, 30 H, C5Me5), 8.67 (br., 6 H, 3,5-pyridyl), 8.96 (br., 6 H,
2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3, 20 °C): δ = –7.9,
–10.3 ppm. IR (KBr pellet): ν̃ = 2573, 2559 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C10H8N4) (4a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-azopyr-
idine (21 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-colored
mixture was stirred for 24 h, whereupon it gradually became dark
red. The solvent was then evaporated under vacuum. The residue
was washed with toluene to give a red solid of 4a (85 mg, 79%).
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C34H58B20N4Rh2S4 (1073.1): calcd. C 38.05, H 5.45, N 5.22; found
C 37.87, H 5.39, N 5.17. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.77 (s, 30 H, C5Me5), 7.76 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl),
8.85 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz,
CDCl3, 20 °C): δ = –6.1, –7.5, –8.7, –10.9 ppm. IR (KBr pellet): ν̃
= 2568 (νB–H), 1657, 1600, 1491, 1450 cm–1.

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C10H8N4) (4b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-azopyr-
idine (21 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-colored
mixture was stirred for 24 h, whereupon it gradually became dark
red. The solvent was then evaporated under vacuum. The residue
was washed with toluene to give a red solid of 4b (100 mg, 80%).
C34H58B20Ir2N4S4 (1251.8): calcd. C 32.62, H 4.67, N 4.48; found
C 32.39, H 4.61, N 4.43. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.87 (s, 30 H, C5Me5), 7.80 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl),
8.92 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz,
CDCl3, 20 °C): δ = –6.2, –7.5, –8.6, –10.5 ppm. IR (KBr pellet): ν̃
= 2562 (νB–H), 1653, 1610, 1491, 1438 cm–1.

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C24H18N4) (5a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to N,N�-bis(4-
pyridinylmethylene)biphenyl-4,4�-diamine (36 mg, 0.1 mmol) in
CH2Cl2 (30 mL). The green-colored mixture was stirred for 24 h,
whereupon it gradually became dark red. The solvent was then
evaporated under vacuum. The residue was washed with toluene to
give a red solid of 5a (91 mg, 73%). C48H68B20N4Rh2S4 (1251.4):
calcd. C 46.07, H 5.48, N 4.48; found C 45.77, H 5.39, N 4.41. 1H
NMR (500 MHz, CDCl3, 20 °C): δ = 1.76 (s, 30 H, C5Me5), 7.2–
7.5 (m, 8 H, biphenyl), 7.69 (s, 2 H, CH), 8.25 (br., 4 H, 3,5-pyri-
dyl), 9.12 (br., 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –6.1, –7.5, –8.9, –10.6, –12.2 ppm. IR (KBr pellet): ν̃ =
2551, 2573 cm–1(νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C4H4N2) (6a): A solution of
1a (178 mg, 0.4 mmol) in CH2Cl2 (30 mL) was added to pyrazine
(17 mg, 0.2 mmol) in CH2Cl2 (30 mL). The green-colored mixture
was stirred for 24 h, whereupon it gradually became dark red. The
solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 6a (159 mg, 82%).
C28H54B20N2Rh2S4 (969.03): calcd. C 34.70, H 5.62, N 2.89; found
C 34.59, H 5.58, N 2.83. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.79 (s, 30 H, C5Me5), 8.80 (s, 4 H, pyrazine) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –7.7, –10.2 ppm. IR (KBr pellet): ν̃
= 2563 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C4H4N2) (6b): A solution of
1b (213 mg, 0.4 mmol) in CH2Cl2 (30 mL) was added to pyrazine
(17 mg, 0.2 mmol) in CH2Cl2 (30 mL). The green-colored mixture
was stirred for 24 h, whereupon it gradually became dark red. The
solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 6b (197 mg, 86%).
C28H54B20Ir2N2S4 (1147.66): calcd. C 29.30, H 4.74, N 2.44; found
C 29.01, H 4.71, N 2.42. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.86 (s, 30 H, C5Me5), 8.81 (s, 4 H, pyrazine) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –7.3, –10.1 ppm. IR (KBr pellet): ν̃
= 2558 cm–1 (νB–H)

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C12H8N4O) (7a): A solution
of 1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 2,5-di(4-
pyridyl)-1,3,5-oxadiazole (22 mg, 0.1 mmol) in CH2Cl2 (30 mL).
The green-colored mixture was stirred for 24 h, whereupon it grad-
ually became dark red. The solvent was then evaporated under vac-
uum. The residue was washed with toluene to give a red solid of
7a (86 mg, 77%). C36H58B20N4ORh2S4 (1113.2): calcd. C 38.84, H
5.25, N 5.03; found C 38.49, H 5.17, N 4.98. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.76 (s, 30 H, C5Me5), 7.67 (d, 3JH,H = 5 Hz, 4
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H, 3,5-pyridyl), 8.76 (d, 3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B
NMR (160 MHz, CDCl3, 20 °C): δ = –5.7, –7.3, –8.9, –10.6 ppm.
IR (KBr pellet): ν̃ = 2555, 2576 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C12H10N2) (8a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 1,2-di(4-
pyridyl)ethylene (18 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-
colored mixture was stirred for 24 h, whereupon it gradually be-
came dark red. The solvent was then evaporated under vacuum.
The residue was washed with toluene to give a red solid of 8a
(76 mg, 71%). C36H60B20Rh2N2S4 (1071.2): calcd. C 40.37, H 5.65,
N 2.62; found C 40.19, H 5.53, N 2.55. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.77 (s, 30 H, C5Me5), 7.20 (m, 2 H, CH), 7.56
(br., 4 H, 3,5-pyridyl), 8.81 (m, 4 H, 2,6-pyridyl) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –5.8, –7.2, –8.5, –10.3 ppm. IR (KBr
pellet): ν̃ = 2559, 2580 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C12H10N2) (8b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 1,2-di(4-
pyridyl)ethylene (18 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-
colored mixture was stirred for 24 h, whereupon it gradually be-
came dark red. The solvent was then evaporated under vacuum.
The residue was washed with toluene to give a red solid of 8b
(94 mg, 75%). C36H60B20Ir2N2S4 (1249.8): calcd. C 34.60, H 4.84,
N 2.24; found C 34.31, H 4.79, N 2.21. 1H NMR (500 MHz,
CDCl3, 20 °C): δ = 1.87 (s, C5Me5, 30 H), 7.26 (m, CH, 2 H), 7.71
(br., pyridyl, 4 H), 8.92 (br., pyridyl, 4 H) ppm. 11B NMR
(160 MHz, CDCl3, 20 °C): δ = –5.9, –7.1, –8.5, –10.5 ppm. IR (KBr
pellet): ν̃ = 2561, 2579 cm–1 (νB–H).

Synthesis of [Cp*Rh{S2C2(B10H10)}]2(C18H12N2O4) (9a): A solution
of 1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to diisonico-
tinic acid 1,4-phenylene diester (32 mg, 0.1 mmol) in CH2Cl2
(30 mL). The green-colored mixture was stirred for 24 h, where-
upon it gradually became dark red. The solvent was then evapo-
rated under vacuum. The residue was washed with toluene to give
a red solid of 9a (98 mg, 81%). C42H62B20N2O4Rh2S4 (1209.2):
calcd. C 41.72, H 5.17, N 2.32; found C 41.59, H 5.08, N 2.25. 1H
NMR (500 MHz, CDCl3, 20 °C): δ = 1.78 (s, C5Me5, 20 H), 7.26
(s, phenyl, 4 H), 7.79 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl), 8.95 (s,
3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –3.2, –5.3, –7.0, –8.2, –9.7, –12.8 ppm (signal overlap).
IR (KBr pellet): ν̃ = 2563, 2575 cm–1 (νB–H), 1692 (νC=O).

Synthesis of [Cp*Ir{S2C2(B10H10)}]2(C18H12N2O4) (9b): A solution
of 1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to diisonico-
tinic acid 1,4-phenylene diester (32 mg, 0.1 mmol) in CH2Cl2
(30 mL). The blue-colored mixture was stirred for 24 h, whereupon
it gradually became dark red. The solvent was then evaporated un-
der vacuum. The residue was washed with toluene to give a red
solid of 9b (115 mg, 83%). C42H62B20Ir2N2O4S4 (1387.9): calcd. C
36.35, H 4.50, N 2.02; found C 36.07, H 4.39, N 1.93. 1H NMR
(500 MHz, CDCl3, 20 °C): δ = 1.89 (s, C5Me5, 20 H), 7.31 (s,
phenyl, 4 H), 7.89 (d, 3JH,H = 5 Hz, 4 H, 3,5-pyridyl), 9.01 (d,
3JH,H = 5 Hz, 4 H, 2,6-pyridyl) ppm. 11B NMR (160 MHz, CDCl3,
20 °C): δ = –3.2, –5.3, –7.0, –8.2, –9.7, –12.8 ppm (signal overlap).
IR (KBr pellet): ν̃ = 2562, 2575 cm–1 (νB–H), 1690 (νC=O).

Synthesis of [Cp*Rh{S2C2(B10H10)}](C10H8N2) (10a): A solution of
1a (89 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-bipyri-
dine (16 mg, 0.1 mmol) in CH2Cl2 (30 mL). The green-colored mix-
ture was stirred for 24 h, whereupon it gradually became dark red.
The solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 10a (85 mg, 81%).
C34H58B20N2Rh2S4 (1045.1): calcd. C 39.07, H 5.59, N 2.68; found
C 38.92, H 5.46, N 2.60. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.78 (s, C5Me5, 30 H), 7.53 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 4 H),
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8.71 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 4 H) ppm. 11B NMR (160 MHz,
CDCl3, 25 °C): δ = –6.5, –7.7, –8.1, –10.8 ppm. IR (KBr pellet): ν̃
= 2582, 2571 cm–1 (νB–H).

Synthesis of [Cp*Ir{S2C2(B10H10)}](C10H8N2) (10b): A solution of
1b (106 mg, 0.2 mmol) in CH2Cl2 (30 mL) was added to 4,4�-bipyri-
dine (16 mg, 0.1 mmol) in CH2Cl2 (30 mL). The blue-colored mix-
ture was stirred for 24 h, whereupon it gradually became dark red.
The solvent was then evaporated under vacuum. The residue was
washed with toluene to give a red solid of 10b (106 mg, 87%).
C34H58B20Ir2N2S4 (1223.75): calcd. C 33.37, H 4.78, N 2.29; found
C 32.98, H 4.57, N 2.23. 1H NMR (500 MHz, CDCl3, 20 °C): δ =
1.86 (s, C5Me5, 30 H), 7.57 (d, 3JH,H = 5 Hz, 3,5-pyridyl, 4 H),

Table 1. Crystallographic data for compounds 2a, 3a, and 4a.

2a 3a 4a

Empirical formula C47H68B20Cl6N4Rh2S4 C54H87B30N6Rh3S3 C34H58B20N4Rh2S4

M 1452.01 1645.68 1073.10
Crystal size [mm] 0.20×0.18×0.15 0.36×0.25×0.18 0.15×0.12×0.10
Crystal system monoclinic tetragonal monoclinic
Space group P21/n P42/ncm C2/c
a [Å] 17.054(5) 35.361(8) 18.589(6)
b [Å] 19.400(6) 35.361(8) 13.115(4)
c [Å] 21.333(6) 16.106(5) 21.696(8)
β [°] 103.470(5) 107.890(5)
V [Å3] 6864(3) 20139(9) 5034(3)
Z 4 8 4
ρcalcd. [g cm–3] 1.405 1.086 1.416
µ(Mo-Kα) [mm–1] 0.872 0.642 0.854
Collected reflections 28432 81749 12471
Unique 12021 9069 5506
Parameters 748 464 304
Goodness of fit 1.040 1.092 0.779
R1

[a] [I � 2σ(I)] 0.0928 0.0835 0.0404
wR2

[a] [I � 2σ(I)] 0.2144 0.2436 0.0639
Max./min. residual density [eÅ–3] 2.006/–0.812 1.144/–0.502 0.575/–0.430

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).

Table 2. Crystallographic data for compounds 5a, 6a, and 7a.

5a 6a 7a

Empirical formula C25H37B10Cl3N2RhS2 C28H54B20N2Rh2S4 C40H62B20N4O2Rh2S4

M 747.05 968.99 1181.20
Crystal size 0.20×0.16×0.10 0.20×0.15×0.10 0.10×0.10×0.08
Crystal system monoclinic triclinic monoclinic
Space group P21/n P1̄ P21/c
a [Å] 11.530(2) 8.0300(16) 12.213(4)
b [Å] 12.845(3) 11.270(2) 18.241(6)
c [Å] 24.066(5) 13.560(3) 25.984(8)
α [°] 95.82(3)
β [°] 99.272(3) 90.96(3) 94.340(6)
γ [°] 109.54(3)
V [Å3] 3517.7(12) 1148.8(4) 5772(3)
Z 4 1 4
ρcalcd. [g cm–3] 1.411 1.401 1.359
µ(Mo-Kα) [mm–1] 0.853 0.926 0.754
Collected reflections 14548 4868 24082
Unique 6213 4000 10171
Parameters 398 268 654
Goodness of fit 1.020 1.038 0.704
R1

[a] [I � 2σ(I)] 0.0615 0.0371 0.0520
wR2

[a] [I � 2σ(I)] 0.1395 0.0857 0.1141
Max./min. residual density [eÅ–3] 0.905/–0.578 0.338/–0.440 0.996/–0.472

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).
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8.77 (d, 3JH,H = 5 Hz, 2,6-pyridyl, 4 H) ppm. 11B NMR (160 MHz,
CDCl3, 25 °C): δ = –6.3, –8.1, –8.7, –10.3 ppm. IR (KBr pellet): ν̃
= 2583, 2571 cm–1 (νB–H).

X-ray Crystallographic Analysis: Diffraction intensity data were
collected with a Bruker Smart Apex CCD diffractometer. The de-
termination of the unit cell and the collection of intensity data were
performed with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). All the data were collected at room temperature using
the ω-scan technique. The structures were solved by direct methods
using Fourier techniques, and refined on F2 by a full-matrix least-
squares method. SADABS[19] absorption corrections were applied
to the data. All non-hydrogen atoms were refined with anisotropic
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Table 3. Crystallographic data for compounds 8b and 9b.

8b 9b

Empirical formula C19H32B10Cl2IrNS2 C44H66B20Cl4Ir2N2O4S4

M 709.78 1557.63
Crystal size 0.30×0.18×0.15 0.12×0.10×0.06
Crystal system orthorhombic orthorhombic
Space group Pnnm Pbca
a [Å] 14.804(4) 17.865(6)
b [Å] 18.493(5) 15.210(5)
c [Å] 10.485(3) 22.950(7)
V [Å3] 2870.4(14) 6236(3)
Z 4 4
ρcalcd. [g cm–3] 1.642 1.659
µ(Mo-Kα) [mm–1] 4.995 4.611
Collected reflections 11645 5575
Unique 2694 3395
Parameters 200 376
Goodness of fit 1.097 0.719
R1

[a] [I � 2σ(I)] 0.0303 0.0319
wR2

[a] [I � 2σ(I)] 0.0799 0.0447
Max./min. residual density [eÅ–3] 1.546/–1.030 0.556/–0.570

[a] R1 = Σ||Fo| – |Fc|| (based on reflections with Fo
2 � 2σF2). wR2 = [Σ{w(Fo

2 –Fc
2)2}/Σ{w(Fo

2)2}]1/2; w = 1/[σ2(Fo
2)+(0.095P)2]; P =

[max(Fo
2, 0)+2Fc

2]/3 (also with Fo
2 � 2σF2).

displacement coefficients, expect the solvent molecules in 2a and
7a. Hydrogen atoms were used in calculated positions. All the cal-
culations were carried out using the program SHELXTL.[20] All
figures were produced with the PLATON program.[21] Crystal data,
data-collection parameters, and the results of the analyses of com-
pounds 2a, 3a, and 4a (Table 1), 5a, 6a, and 7a (Table 2), and 8b
and 9b (Table 3) are given below.
CCDC-298247, -298248, -298249, -298250, -298251, -298252,
-298253, and -298254 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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Can the Clusters Zr6O4(OH)4(OOCR)12 and [Zr6O4(OH)4(OOCR)12]2
Be Converted into Each Other?

Michael Puchberger,[a] Franz René Kogler,[a] Myhedin Jupa,[a] Silvia Gross,[a][‡]

Helmut Fric,[a] Guido Kickelbick,[a] and Ulrich Schubert*[a]

Keywords: Zirconium / Zirconium oxo cluster / Hafnium oxo cluster / Metal carboxylate / Ligand exchange

Upon reaction of zirconium alkoxides, Zr(OR)4, with carbox-
ylic acids, the clusters Zr6O4(OH)4(OOCR)12 (Zr6) or
[Zr6O4(OH)4(OOCR)12]2 (Zr12) were obtained, depending on
the employed carboxylic acid. The structures of Zr12 clusters
with acetate, propionate, vinyl acetate or 3,3�-dimethylacryl-
ate ligands were determined by single-crystal X-ray diffrac-
tion, as well as that of methacrylate/acetate and methacry-
late/propionate mixed-ligand clusters. The structure of the
hafnium cluster [Hf6O4(OH)4(acetate)12]2 is also reported for
comparison. The Zr12 clusters are structurally related to the
Zr6 clusters since they are composed of two Zr6 sub-units
which are bridged by four carboxylate ligands. In each com-
pound, carboxylic acid molecules interact with the cluster by
hydrogen bonding to part of the µ3-OH ligands. The clusters
are highly dynamic in solution, due to site exchange of the

Introduction

We have previously prepared a variety of carboxylate-
substituted titanium and zirconium oxo clusters, mainly to
use the (meth)acrylate derivatives for the preparation of
cluster-crosslinked polymers.[1] During this work, we ob-
tained several types of zirconium oxo clusters, among them
Zr6O4(OH)4(OOCR)12 (Zr6) and the dimer [Zr6O4(OH)4-
(OOCR)12]2 (Zr12), having the same overall stoichiometry.
Previous to this work, we obtained crystalline Zr6 clusters
for RCOO = methacrylate (1)[2] and 5-norbornene-2-car-
boxylate,[3] and the Zr12 type for RCOO = acrylate.[4] The
crystal structures of both cluster types additionally contain
carboxylic acid molecules interacting with the ligand shell
of the clusters by hydrogen bonding (see below).

The Zr6 clusters consist of a Zr6O4(OH)4 cluster core in
which the triangular faces of a Zr6 octahedron are alterna-
tively capped by µ3-O and µ3-OH groups. The structure of
the Zr12 cluster consists of two Zr6 sub-units which are
connected by four carboxylate bridges. This will be dis-
cussed below in more detail. In a formal manner, the Zr12
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[‡] Current address: Department of Chemical Sciences, University
of Padova,
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carboxylate ligands; low-temperature NMR spectra of the
clusters correspond to the solid-state structures. The Zr6 and
Zr12 clusters can be clearly distinguished by their solution
NMR spectra. Reactions between selected Zr12 clusters and
carboxylic acids led to the conclusion, that only part of the
ligands is accessible for ligand exchange reactions. In con-
trast, all ligands were exchanged when the Zr6 cluster
Zr6O4(OH)4(methacrylate)12 was treated with an excess of
propionic acid, and Zr6O4(OH)4(propionate)12 was formed.
However, the Zr12 cluster [Zr6O4(OH)4(propionate)12]2 was
obtained from the reaction of Zr(OBu)4 with propionic acid.
The Zr6 and Zr12 clusters thus do not interconvert at the
given reaction conditions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

clusters can be constructed by opening two µ2-(edge-bridg-
ing) carboxylate ligands of Zr6 and letting two such units
dimerize as shown in Figure 1.

Figure 1. The schematic structures of Zr6 [Zr6O4(OH)4(OOCR)12,
left] and Zr12 ([Zr6O4(OH)4(OOCR)12]2, right) showing that the
molecular structure of Zr12 is derived from the Zr6 structure. The
dashed boxes mark the chelating ligands, and the box drawn with
solid lines the carboxylate bridges connecting the Zr6 sub-units.

The clusters were obtained when Zr(OR�)4 was treated
with the corresponding carboxylic acid. In each case, only
one cluster type was obtained, mostly in very high to quan-
titative yields, i.e. we never obtained mixtures of both clus-
ters. This raises the question whether the formation of
either cluster is controlled by the particular reaction condi-
tions or by the different carboxylate ligands including the
hydrogen-bonded carboxylic acid molecules. Differences in
the electronic and/or steric properties could determine
which cluster is formed. A related question of practical im-
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portance, is whether the Zr6 and Zr12 clusters can be con-
verted into each other once they are formed. Since carbox-
ylate-substituted metal alkoxides play an important role in
sol-gel chemistry,[1,5] the conversion of intra-cluster bridges
to inter-cluster bridges could result in the formation of
oligomers or polymers made of cluster units, which could
severely influence the structure of the networks formed dur-
ing sol-gel processing.

We report in this article experiments proving that the two
cluster types are not interconverted under the conditions
employed during their synthesis. First, we will describe new
Zr12 clusters with different carboxylate ligands than pre-
viously described. Second, we will demonstrate that the Zr6
and Zr12 clusters can be clearly distinguished in solution
by their NMR spectra. Third, we will show that each cluster
type is retained when the ligands are exchanged; this ren-
ders possible the preparation of Zr6 and Zr12 clusters with
the same ligands.

Results and Discussion

Preparation and Structures of New Zr12 Clusters

Cluster 1 was previously prepared by reaction of Zr(OPr)4

in propanol or Zr(OBu)4 in butanol with four equivalents
of methacrylic acid.[2] The reported procedure is very reli-
able, and it is possible to prepare large quantities of this
cluster per run for materials syntheses.[1] However, minor
changes in the kind of employed carboxylic acid resulted in
the formation of Zr12 clusters instead. The crystalline clus-
ters [Zr6O4(OH)4(OOCMe)12]2·6MeCOOH·3.5CH2Cl2 (2),
[Zr6O4(OH)4(OOCCH2Me)12]2·6MeCH2COOH (3), [Zr6O4-
(OH)4(OOCCH2CH=CH2)12]2·6CH2=CHCH2COOH (4)
and [Zr6O4(OH)4(OOCCH=CMe2)12]2·4Me2C=CHCOOH
(5) were formed in high yields when an 80% solution of

Figure 2. Structure of [Zr6O4(OH)4(OOCCH2CH=CH2)12]2 (4).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3283–32933284

Zr(OBu)4 in n-butanol was treated with acetic acid (10 mo-
lar equivalents), propionic acid (2–10 molar equivalents),
vinylacetic acid (7 molar equivalents) or 3,3�-dimeth-
ylacrylic acid (4 molar equivalents), respectively. Methylene
chloride was used as a co-solvent in the reaction of acetic
acid to obtain crystals suitable for single crystal measure-
ments. These reactions show that the Zr12 cluster type is
obviously obtained with a much broader range of carbox-
ylic acids than the Zr6 cluster type.

We have previously shown that the carboxylate ligands
of the Zr6 clusters can be partially or fully exchanged, when
the Zr6 clusters are reacted with a carboxylic acid. Partial
exchange resulted in mixed-ligand clusters, which can alter-
natively be prepared by reaction of the metal alkoxide with
mixtures of two carboxylic acids.[8,6] Mixed-ligand Zr12
clusters can also be obtained by both methods. Crystalline
[Zr6O4(OH)4(OOCCH2Me)3{OOCC(Me)=CH2}9]2·
CH2=C(Me)COOH·5MeCH2COOH (6) was obtained by
reaction of Zr(OBu)4 with a 2:5 or 1:6 mixture of propionic
and methacrylic acid, and [Zr6O4(OH)4(OOCMe)8-
{OOCC(Me)=CH2}4]2·6MeCOOH (7) by reacting Zr(OBu)4

with five equivalents of a 1.4:3.6 mixture of methacrylic
acid and acetic acid.

The cluster [Hf6O4(OH)4(OOCMe)12]2·6MeCOOH·
6CH2Cl2 (8) was similarly prepared by reaction of Hf-
(OBu)4 with 10 molar equivalents of acetic acid in CH2Cl2.
This Hf12 cluster is isostructural to the zirconium cluster 2
and is therefore included in the discussion.

The solid-state structures of the Zr12 clusters are fairly
similar; differences are only observed for the carboxylic ac-
ids which are hydrogen-bonded to the cluster. We will there-
fore first discuss the structure of the vinyl acetate-substi-
tuted cluster 4 (Figure 2) as an example before we turn to
the mixed-ligand clusters and point out differences among
the different Zr12 clusters.
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The structure of Zr6 (Figure 1, left) consists of a

Zr6O4(OH)4 core in which the triangular faces of a Zr6 oc-
tahedron are alternatively capped by µ3-O and µ3-OH
groups. The same cluster core was found in Ce6(OH)4-
O4(acetylacetonate)12.[7] Three carboxylate ligands of Zr6
chelate the zirconium atoms at one µ3-O capped face (“che-
lated face”), while the other nine OOCR groups bridge all
edges of the Zr6 octahedron except the edges of the chelated
face. Each zirconium atom is coordinated by eight oxygen
atoms. The cluster core thus has a C3v symmetry with the
C3 axis passing through the center of the chelated face and
the triangular face opposite to it.

The basic structural features of Zr6 are retained in the
sub-units of centrosymmetric 4 and all the other clusters of
the Zr12 type (Figure 1, right and Figure 2). The carboxyl-
ate ligands opposite the chelated face in the Zr6 unit appear
to be somewhat activated. For example, we previously ob-
tained modifications of the Zr6 structure, where one car-
boxylate ligand opposite the chelated face was opened to a
monodendate coordination and the vacated coordination
site occupied by a coordinated alcohol or a water molecule
[Zr6O4(OH)4(OOCR)12·XOH, X = R, H].[4,8] In Zr12, two
of the bridging carboxylate ligands per Zr6 unit opposite
the chelated face are opened and are converted to inter-
cluster bridges, i.e. the Zr12 clusters are thus dimers of Zr6
in which Zr6 sub-units are connected by four inter-cluster
carboxylate bridges. The third bridging carboxylate ligand
opposite the chelated face [O(39)/C(40)/O(41)] stays bridg-
ing. This change of the coordination mode of two carboxyl-
ate units per Zr6 unit from edge-bridging to inter-cluster
bridging has only little effect on the geometrical parameters
of the cores of the Zr6 sub-units and the remaining carbox-
ylate ligands.

The µ3-O and µ3-OH groups capping the Zr6 core can be
easily distinguished by their Zr–O distances. In 4, the oxy-
gen atoms O(5)–O(8) were µ3-O (Zr–O distances between
203.5(2) and 210.7(2) pm, where the Zr–O distances at the
chelated face were slightly longer [209.0–210.7 pm]), while
O(1)–O(4) were µ3-OH. While the Zr–O(1) distances (the
µ3-OH group opposite the chelated face) were quite uni-
form [229.8(2)–233.1(2) pm], that of the other three capping
OH groups showed a pattern of two short [218.3(2)–
221.7(2) pm] and one long [233.1(2)–239.1(2) pm] Zr–O dis-
tance, i.e. the groups are in fact between µ2 and µ3.

The Zr–O distances of the intra-cluster bridging carbox-
ylate ligands (218.3–223.6 pm) in 4 were in the same range
as the inter-cluster bridging ligands (216.6–222.3 pm) while
the distances of the chelating ligands were distinctly longer.
Remarkably, each chelating carboxylate ligand had a longer
[229.7(2)–230.8(2) pm] and a significantly shorter [225.3(2)–
227.4(2) pm] Zr–O bond length, which is due to the hydro-
gen bonds described below, the shorter distance being the
oxygen atom interacting with the hydrogen-bonded acid.

The crystal lattice of 4 contains three vinylacetic acid
molecules per asymmetric unit, which interact with the clus-
ter subunits via hydrogen bridges. The OH group of each
carboxylic acid is hydrogen-bonded to an oxygen atom of a
chelating vinyl acetate ligand [O(9)···O(87) 265.8 pm,
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O(15)···O(93) 262.9 pm, O(23)···O(99) 263.8 pm] and the
carbonyl oxygen of each carboxylic acid is hydrogen-
bonded to one of the three µ3-OH groups surrounding the
chelating face [O(2)···O(85) 271.8 pm, O(3)···O(91)
275.0 pm, O(4)···O(97) 273.1 pm]. The hydrogen-bonding
pattern in 4 is schematically shown in Figure 3.

Figure 3. Hydrogen bonding patterns in 4. The vinyl groups are
omitted for clarity.

The hydrogen-bonding pattern of 4 (similar for the other
Zr12 clusters) is remarkable, as it shows that the µ3-OH
groups in the clusters are efficient proton donors in hydro-
gen bonds and thus enable the coordination of carboxylic
acid molecules at the periphery of the clusters. This may be
important for carboxylate-exchange reactions as discussed
below (see also ref.[8]). As we have already pointed out in a
related case,[9] the simultaneous action of carboxylic acids
as hydrogen donors and hydrogen acceptors may stabilize
unusual bonding situations.

The inorganic core of the mixed-ligand clusters 6 and 7
was the same as that of the other Zr12 clusters, but the
distribution of the ligands needs to be discussed. In the fol-
lowing discussion we distinguish between (i) the chelating
ligands, (ii) the ligands bonded to zirconium atoms at the
face of the Zr6 octahedron opposite the chelated face (“op-
posite ligands”), which are the carboxylate bridges connect-
ing the Zr6 sub-units and the remaining edge-bridging li-
gand at the “opposite” face, and (iii) the ligands bridging
the zirconium atoms of the “chelated” face and the “oppo-
site” face (“belt ligands”, see Figure 1). Cluster 6 is again
centrosymmetric and contains three propionate and nine
methacrylate ligands per Zr6 sub-unit. All propionate
groups were “opposite” ligands (Figure 4). In the acetate/
methacrylate-substituted cluster 7, with a lower proportion
of methacrylate ligands, the saturated (acetate) ligands oc-
cupied again the “opposite” ligand positions and in ad-
dition part of the “belt” positions, while the methacrylate
ligands were at the chelating and part of the “belt” posi-
tions (as a matter of fact, part of the belt positions con-
tained disordered acetate and methacrylate ligands in the
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Figure 4. Structure of [Zr6O4(OH)4(OOCCH2Me)3{OOCC(Me)=CH2}9]2 (6).

solid-state structure). There is obviously a clear preference
of the methacrylate ligands in the order chelating � belt �
opposite. The reason for this preference is currently specu-
lative. One possibility is that the pKa of methacrylic acid is
slightly lower (4.66) than that of propionic acid (4.88) and
acetic acid (4.76), and the site preference is thus due to the
basicity of the anions. Another reason could be the slightly
different steric demand of the ligands.

The molecular structures of all Zr12/Hf12 clusters were
essentially the same. However, different hydrogen-bonding
patterns of the carboxylic acids were observed. In the clus-
ters 2 and 8, the hydrogen bonding was the same as in 4
discussed above. A second type of hydrogen bonding
pattern was observed in 3, 6 and 7. Again, three carboxylic
acid molecules are hydrogen-bonded per Zr6 unit with the
µ3-OH groups neighboring the chelated face as the hydro-
gen donors to the carbonyl oxygen atoms. However, the OH
groups of the carboxylic acid molecules interact in a dif-
ferent manner with the chelating ligands. In 6, two carbox-
ylic acid molecules interact with the two oxygen atoms of
one chelating ligand. The second chelating ligand is hydro-
gen-bonded as in 4, while the third is not involved in hydro-
gen bonding. The structure of 3 contained two half Zr12
molecules in the asymmetric unit. One of them had the
same hydrogen-bonding pattern as in 4, and the other as in
6. In 7, the OH group of one acetic acid molecule interacted
with two chelating carboxylate ligands (with rather long
O···O interactions, 286–301 pm), the second oxygen atom
of which was hydrogen-bonded to the other acetic acid
molecules. The dimethylacrylate derivative 5 had only four
hydrogen-bonded acid molecules, probably because of their
greater steric bulk. One of the dimethylacrylic acid mole-
cules is hydrogen-bonded as described above, i.e. the car-
bonyl oxygen interacts with one of the µ3-OH groups [O(1)]
and an oxygen of a chelating carboxylate ligand [O(30)].
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The carbonyl group of the second hydrogen-bonded di-
methylacrylic acid molecule interacts with the µ3-OH group
O(3), but the hydrogen atom of the carboxylic OH group
interacts in a bifurcated manner with one oxygen atom of
both other chelating carboxylate ligands.

NMR Spectra of Zr6 and Zr12 Clusters

For the NMR spectroscopic investigation of the clusters,
the solvate molecules of the crystalline compounds were ne-
arly completely removed by repeated dissolution/evapora-
tion cycles, as described in the Experimental Section. We
have previously reported the 1H and 13C NMR spectro-
scopic data of 1,[8] where the signals in the room tempera-
ture spectra can be clearly assigned to three nonequivalent
ligand positions (one chelating and two different bridging
positions) according to the C3v symmetry of the cluster in
the crystalline state. The signal ratio of the olefinic CH2

protons should therefore be 2:1:1, which was approximately
found by integrating the corresponding signals of the solu-
tion 1H NMR spectrum; the proton signals of all methyl
groups were overlapping. The three different ligands can be
easily distinguished in the 1H/13C HMBC spectrum of 1
(Figure 5), where long-range correlations between the ole-
finic CH2 and CH3 protons to the corresponding carboxyl-
ate carbon atoms were observed. The signals at δ = 6.10/
5.65 ppm (1H NMR) and 184.7 ppm (13C NMR) were
therefore assigned to the chelating ligands, and those at
5.97/5.39 ppm (1H NMR) and 171.9 ppm (13C NMR) as
well as those at 6.04/5.60 ppm (1H NMR) and 169.6 ppm
(13C NMR) to the two inequivalent bridging ligands. This
sequence of chemical shifts shows that 13C NMR signals of
chelating carboxylates are distinctly shifted to a lower field.
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This is in line with previous work on zinc carboxylate clus-
ters, where this was explained by electronic effects of the
bound metal(s).[10]

Figure 5. 1H/13C HMBC spectrum of 1 at room temperature in
CD2Cl2.

We start the discussion of the NMR spectra of the Zr12/
Hf12 clusters with the simpler cases, i.e. the acetate-substi-
tuted clusters [Zr6O4(OH)4(OOCMe)12]2 (2) and
[Hf6O4(OH)4(OOCMe)12]2 (8), which both show the same
features in the NMR spectra. Six of the 24 acetate ligands
are chelating ligands, 14 are bridging ligands within the
same Zr6 sub-unit and four ligands are inter-cluster bridg-
ing. The symmetry of the cluster in the crystalline state is
Ci with 12 inequivalent ligand positions. Neglecting a slight
perturbation of the symmetry by crystal packing or slightly
different conformations of the acetate ligands, the molecu-
lar symmetry is in fact C2h (Figure 6 (a)]. This results in
seven nonequivalent ligand positions, i.e. two chelating,
four bridging and one inter-cluster bridging, with a signal
ratio of 1:1:2:2:2:2:2. In the case of a Ci symmetry three of
the 12 ligand positions are chelating, seven are bridging and
two are inter-cluster bridging. Their signal intensity should
be the same. A comparison of these two cases is shown in
Figure 6. In passing, it should be pointed out that, in the
worst case for NMR investigations, all ligands may become
inequivalent due to different ligand conformations. This
may lead to different isomers and an even greater number
of signals or broader resonances.

Temperature-dependent 1H NMR spectra of solvate-free
[Zr6O4(OH)4(OOCMe)12]2 (2) in CD2Cl2 are shown in Fig-
ure 7. Five separated methyl signals were observed at 20 °C.
Upon cooling the solution to –40 °C two additional signals
appeared; the seven nonequivalent ligand signals in an ap-
proximate ratio of 1:1:2:2:2:2:2 indicate that the cluster has
indeed C2h symmetry in solution.

A tentative assignment of the signals was reached from
a 1H/13C HMBC spectrum (Figure 8) and by comparison
of the chemical shifts with those of compound 1. The signal
at δ = 1.75 ppm, which shows a long-range correlation to
the most down-field shifted carboxylate at δ = 181.1 ppm,
was assigned to a chelating acetate ligand, whereas the sig-
nal at δ = 2.05 ppm, showing a long-range correlation to
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Figure 6. [M6O4(OH)4(OOCMe)12]2 [M = Zr (2) or Hf (8); (a)] has
a mirror plane whereas [Zr6O4(OH)4(OOCCH2Me)12]2 [3; (b)] only
has an inversion center due to the different conformation of the
ethyl groups.

Figure 7. Temperature-dependent 1H NMR spectra of [Zr6O4-
(OH)4(OOCMe)12]2 (2) in CD2Cl2.
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the most high-field shifted carboxylate at δ = 175.9 ppm,
should correspond to a bridging ligand. The signals with
long-range correlations between 2.02 ppm (1H) and
176.6 ppm (13C) as well as 2.00 ppm (1H) and 176.6 ppm
(13C) appear in the 1H NMR spectrum only with 50% in-
tensity and can therefore be assigned to the set of inter-
cluster bridging ligands and to the set of chelating ligands.
The remaining three signals at 1.91 (δ = 177.4 ppm), 1.90
(δ =177.3 ppm) and 1.89 (δ = 177.5 ppm) must then be sig-
nals of the other bridging acetate ligands. The carbon sig-
nals of the methyl groups are listed in the Experimental
Section.

Figure 8. 1H/13C HMBC spectrum of 2 at –40 °C in CD2Cl2.

A different picture was obtained for the propionate-sub-
stituted cluster [Zr6O4(OH)4(OOCCH2Me)12]2 (3) in [D8]-
toluene (Figure 9). The 1H NMR spectrum at room tem-
perature showed sharp lines, and signals for six different
ligands were observed. Five of them showed long-range cor-
relations to carboxylate carbon atoms at 184.0, 179.9,
179.8, 179.7 and 178.4 ppm in a 1H/13C HMBC spectrum,
whereas no long-range correlation was observed for the
broad CH3 signal at δ = 1.02 ppm. This is common for fast
exchanging ligands in such cluster compounds.

Figure 9. Temperature-dependent 1H NMR spectra of [Zr6O4-
(OH)4(OOCCH2Me)12]2 (3) in [D8]toluene.
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Cooling the sample to –40 °C changed the picture, and
signals for at least ten inequivalent ligands were observed
in the 1H NMR spectrum (not shown). This means that the
symmetry of 3 is reduced to at least Ci or even C1 at lower
temperatures. In the 1H/13C HMBC spectrum at this tem-
perature, six carboxylate signals were now resolved, and the
signal, which formerly gave no long-range correlation, was
shifted from 1.02 to 0.89 ppm and split into two proton
signals, both of which gave a long-range correlation to the
same carbon at δ = 192.0 ppm. This signal was also tenta-
tively assigned to a chelating ligand. When the sample was
further cooled to –80 °C (not shown) the lines in the spec-
trum became broad and unstructured. This indicated that
at room temperature the symmetry is approximately C2h be-
cause the ligand conformations are averaged on the NMR
time scale. At lower temperature, the ligand motion is re-
stricted, and the symmetry of the cluster is thus lowered,
resulting in a larger number of signals.

These examples show that the Zr6 and Zr12 clusters can
be clearly distinguished by their molecular symmetry and
therefore by their NMR spectra in solution. While the C3v

symmetric Zr6 cluster 1 has three sets of nonequivalent car-
boxylate ligands, the Zr12 clusters have either C2h or Ci

symmetry and should therefore have either seven or 12 non-
equivalent ligands. The symmetry of the cluster may even
be reduced to C1 and therefore the number of signals in the
NMR spectra increases when the ligand motion is restric-
ted. The NMR spectrum of 1 at room temperature had al-
ready shown signals for all three nonequivalent ligands
(Figure 5). In the case of the Zr12 clusters 2 and 3, the
room temperature NMR spectra show signals for five or six
nonequivalent ligands, respectively. This indicates that site
exchange of the ligands in 2 and 3 is much easier than that
in the Zr6 cluster 1. Furthermore, it was observed that in
the case of 3 the most dynamic region in this Zr12 cluster
is that of the chelating ligands.

It is worth noting at this point that the ability to distin-
guish clearly between a Zr6 and a Zr12 cluster is already a
clear indication that there is no equilibrium between these
two different clusters at room temperature in solution.

Figure 10. 1H/13C HMBC spectrum of [Zr6O4(OH)4(OOCCH2-
Me)3{OOCC(Me)=CH2}9]2 (6) at room temperature in [D8]toluene.
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To explore the ability of the Zr12 clusters to undergo

ligand exchange reactions and to compare this with the al-
ready known exchange behavior of the Zr6 clusters[8,6] we
analyzed the mixed propionate-methacrylate cluster 6. The
1H NMR spectrum of 6 in [D8]toluene at room temperature
showed broad and unstructured lines, due to ligand ex-
change. The corresponding 1H/13C HMBC spectrum (Fig-
ure 10) of 6 showed signals for only three different methac-
rylate ligands and six different propionate ligands. The car-
boxylate carbons of the methacrylate groups appeared at
171.5, 172.0 and 172.5 ppm, and that of the propionate li-
gands at 178.3, 178.4, 179.7, 179.8, 184.1 and 184.2 ppm.

Reaction of [Zr6O4(OH)4(OOCCH2Me)3{OOCC-
(Me)=CH2}9]2 (6) and Zr6O4(OH)4{OOCC(Me)=CH2}12

(1) with Propionic Acid

Cluster 6 was treated with a large excess of propionic
acid in CH2Cl2. After careful workup of the reaction prod-
uct and excessive drying in vacuo, the 1H NMR spectra
(Figure 11) showed a complete exchange of the cluster-
bonded methacrylate ligands against propionate ligands.
The obtained spectrum is very similar to that of 3 directly
prepared from Zr(OBu)4 and propionic acid (see above).
This indicated that in Zr12 clusters at least the “outer”
parts of the cluster, to which the 18 methacrylate ligands
are bonded, are accessible to ligand exchange in solution.

Figure 11. Top: 1H NMR spectrum (in [D8]toluene) of the reaction
product of 6 with an excess of propionic acid in [D8]toluene at
room temperature. Bottom: 1H NMR spectrum of solvate-free 3
for comparison.

To check whether all ligands can be exchanged, we used
the propionate-substituted cluster 3. Treatment with an ex-
cess of acetic acid should yield the acetate cluster
[Zr6O4(OH)4(OOCMe)12]2 (2) when all ligands are ex-
changed. The 1H NMR spectrum of the reaction product
is compared in Figure 12 (center) with the starting com-
pound 3 (top) and 2 (bottom). It is easy to see that even
after excessive treatment with acetic acids signals from pro-
pionate ligands were retained. The integration of the signals
showed that the ratio of acetate to propionate was 3:1. This
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leads to the conclusion, that the “opposite ligands” of the
Zr12 cluster are not accessible for ligand exchange reactions
in solution.

Figure 12. Top: 1H NMR spectrum of [Zr6O4(OH)4(OOCCH2-
Me)12]2 (3). Bottom: 1H NMR spectrum of [Zr6O4(OH)4(OOC-
Me)12]2 (2), the expected reaction product. Center: Reaction prod-
uct of 3 with an excess of acetic acid. All spectra were recorded at
room temperature in CD2Cl2.

In contrast, when the Zr6 cluster 1 was treated with a
large excess of propionic acid, the NMR spectra clearly
showed that no methacrylate ligands were left and therefore
all ligands were exchanged against propionate.[8] In the 1H/
13C HMBC spectrum of the reaction product (Figure 13),
long-range correlations between the CH2 and CH3 protons
of three different propionate groups to the corresponding
carboxylate carbon atoms were observed. A comparison
with the 1H/13C HMBC spectrum of 1 (Figure 5) showed a
similar peak pattern of the signals; two of the signals ap-
peared at a higher field (180.0 and 180.4 ppm), whereas one
signal was shifted to lower field (δ = 184.0 ppm). The inten-
sity ratio of the protons is also approximately 2:1:1 as found
for 1. This indicates strongly that the cluster core of the Zr6
cluster was preserved during the exchange reaction, that the
overall symmetry C3v was retained and that Zr6O4(OH)4-
(propionate)12 was formed.

One of the key steps in the formation of zirconium oxo
clusters from Zr(OR�)4 and carboxylic acids is the esterifi-
cation reaction of the acid with the cleaved alcohol.[11] The
thus-generated water is the source of the oxo and hydroxo
ligands in the clusters. When mixed-ligand clusters are pre-
pared from two different acids, the question is whether two
esters were formed or just one. We therefore also monitored
the formation of 6 in solution starting from Zr(OBu)4 and
a mixture of propionic and methacrylic acid by NMR spec-
troscopy, concentrating on signals from either butyl propi-
onate or butyl methacrylate. After 6 h, the reaction was al-
most complete and no more ester was formed. The TOCSY
spectrum (Figure 14, top) showed that the sharp triplet at δ
= 3.93 ppm (marked by an arrow) can be assigned to the
CH2O moiety of a butyl residue, and the 1H/13C HMBC
spectrum (Figure 14, bottom) shows a long-range corre-
lation from this triplet to a propionate group at δ =
173.7 ppm. The other signals in the 1H/13C HMBC spec-
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Figure 13. 1H/13C HMBC spectrum of the reaction product of 1
treated with an excess of propionic acid at room temperature in
[D8]toluene.

trum were due to methacrylic acid (δ = 173.0 ppm) and pro-
pionic acid (δ = 179.8 ppm). No butyl-methacrylate was
formed during the reaction. This experiment shows that the
formation rate of ester, and thus water, may play a key role
in the formation of different cluster types.

Figure 14. TOCSY spectrum (top) and 1H/13C HMBC spectrum
(bottom) of the formation of [Zr6O4(OH)4(propionate)3(methacryl-
ate)9]2 (6) after 6 h in [D8]toluene.

Conclusions

The most important conclusion of this work is that Zr6
and Zr12 clusters, despite their structural similarity, are not
converted into each other in solution under the employed
conditions. The first proof is that their solution NMR spec-
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tra are clearly different, especially at low temperatures. The
spectra are in agreement with the molecular symmetries ob-
tained from the solid-state structures. Second, exchange ex-
periments showed that both Zr6O4(OH)4(propionate)12 and
[Zr6O4(OH)4(propionate)12]2 can be obtained, depending
on the preparation route. The Zr6 cluster Zr6O4(OH)4(pro-
pionate)12 was obtained by treatment of Zr6O4(OH)4(meth-
acrylate)12 (1) with a large excess of propionic acid and
clearly identified by NMR spectroscopy. On the other hand,
the Zr12 cluster [Zr6O4(OH)4(propionate)12]2 was formed
either when [Zr6O4(OH)4(propionate)3(methacrylate)9]2 (6)
was treated with a large excess of propionic acid or directly
from Zr(OBu)4 and propionic acid. In either case, the clus-
ter symmetry is retained upon ligand exchange.

From a structural point of view, the Zr12 clusters are
dimers of Zr6 in which the Zr6 sub-units are connected by
four inter-cluster carboxylate bridges. The Zr12 clusters
could be constructed by opening two µ2- (edge-bridging)
carboxylate ligands of Zr6 and letting two such units dimer-
ize by formation of four inter-cluster bridges. The notion
that the Zr12 clusters could be formed in this manner was
imposed by the previous observation that one carboxylate
ligand opposite the chelated face can be opened to a mono-
dentate coordination and the vacated coordination site oc-
cupied by a coordinated alcohol or a water molecule. NMR
spectra indicated that this process is reversible.[8] The pro-
cess leading to the Zr12 clusters is obviously not related to
this. Why either Zr6 or Zr12 clusters are formed when
Zr(OR)4 is reacted with carboxylic acids is still an open
question. The key to answering this question could be the
acidity of the employed carboxylic acids. This influences
both the rate of ester plus water formation and also the
bond strength of the coordinated carboxylate ligands. The
interplay of both probably determines how the cluster for-
mation proceeds in the early stages of the reaction.

Experimental Section

Acetic acid (99%, Aldrich) was dried with CaSO4 and distilled be-
fore use. Methacrylic acid (99%, Aldrich) and propionic acid
(99.5%, Aldrich) were distilled. Zr(OBu)4 (80% in BuOH, Aldrich),
Hf(OBu)4 (95%, ABCR), vinylacetic acid (97%, Aldrich) and di-
methylacrylic acid (97%, Aldrich) were used as received. All experi-
ments were carried out in a moisture- and oxygen-free argon atmo-
sphere. To remove the solvate molecules from the crystalline clus-
ters, the compounds were dissolved in CH2Cl2 and all volatiles were
removed in vacuo. This process was repeated with toluene and once
more with CH2Cl2. The obtained solids were dried at room tem-
perature and ca. 10–5 mbar.

All NMR spectra were recorded with a Bruker Avance 300 (1H at
300.13 MHz, 13C at 75.47 MHz) equipped with a 5 mm, inverse-
broadband probe head with a z-gradient unit. 2D experiments were
measured with Bruker standard pulse sequences: COSY (Corre-
lated Spectroscopy), TOCSY (Total Correlation Spectroscopy),
HSQC (Heteronuclear Single Quantum Correlation) and HMBC
(Heteronuclear Multiple Bond Correlation). Gas-tight Young tubes
were used for all measurements. Solvents were either CD2Cl2
(99.8%, euriso-top) or [D8]toluene (99.8%, euriso-top).
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Synthesis of [Zr6O4(OH)4(OOCMe)12]2·6MeCOOH·3.5CH2Cl2
(2): Acetic acid (2.62 g, 43.66 mmol) was added dropwise at room
temperature to a solution of Zr(OBu)4 (4.44 mmol, 2.13 g of a 80%
solution in BuOH) in CH2Cl2 (5 mL) whilst stirring in a Schlenk
tube. Within 3 h at room temperature colorless crystals were ob-
tained. The crystals were separated and dried in vacuo. Yield:
864 mg (68%). C63.5H111Cl7O76Zr12 (3433.2): calcd. C 22.22, H
3.26; found C 22.37, H 3.21. IR-ATR: ν̃ = 2960 (w), 2776 (w), 2607
(w), 1757 (w), 1709 (m), 1599 (s), 1556 (s), 1449 (s), 1346 (m),
1258(m), 1046 (m), 1026 (m), 910 (w), 883 (w), 791 (w), 735 (w),
669 (m) cm–1. 1H NMR (Figure 7) (C7D8, 25 °C): δ = 1.82, 1.94,
1.96, 2.01, 2.05 (Me), 10.01 (OH). At –40 °C: 1.75, 1.89, 1.90, 1.92,
1.99, 2.02, 2.06 (CH3), 11.51 ppm (OH). 13C NMR (C7D8, 25 °C):
δ = 181.0, 177.5, 176.6 (CO); 23.5, 23.8, 23.7, 22.9, 20.9 (Me). At
–40 °C: 181.1, 177.4, 177.3, 177.5, 176.5, 175.9, 175.9 (CO); 23.6,
24.1, 23.9, 23.9, 22.8, 23.5, 21.0 ppm (Me).

Synthesis of [Zr6O4(OH)4(OOCCH2Me)12]2·6MeCH2COOH (3):
Propionic acid (1.8 g, 24.2 mmol) was added dropwise at room tem-
perature to a stirred mixture of Zr(OBu)4 (2.37 mmol, 1.14 g of a
80% butanol solution). After 7–8 h at room temperature, colorless
crystals (0.53 g) were formed. The crystals were separated and dried
in vacuo. Yield 0.53 g (75%). C90H164O76Zr12 (3556.9): calcd. C
30.39, H 4.65; found C 29.30, H 4.30. IR-ATR: ν̃ = 3402 (w), 3259
(w), 2978 (m), 2942 (w), 1717 (m, COOH), 1600 (s, sh, COO), 1533
(s, COO), 1468 (s), 1439 (s, COO), 1374 (m), 1300 (s), 1211 (m),
1078 (m), 1014 (w), 910 (w), 882 (w), 810 (m) cm–1. 1H NMR (Fig-
ure 8) (C7D8, 25 °C): δ = 1.06, 1.23, 1.35, 1.37, 1.47, 1.49 (Me);
2.20, 2.36, 2.39, 2.55, 2.69, 2.95 (CH2); 11.96 ppm (OH). 13C NMR
(C7D8, 25 °C): δ = 180.2, 180.8, 179.9, 184.3, 178.6 (CO); 28.4,
30.5, 30.5, 30.6, 30.0, 30.2 (CH2); 8.5, 9.8, 9.5, 9.5, 9.9, 10.2 ppm
(Me).

Synthesis of [Zr6O4(OH)4(OOCCH2CH=CH2)12]2·6CH2=CH-
CH2COOH (4): Vinylacetic acid (966 mg, 11.22 mmol) was added
dropwise to Zr(OBu)4 (1.62 mmol, 776 mg of a 80% solution in
BuOH). A microcrystalline precipitate was obtained after 5 min
which formed colorless crystals within 2 d at room temperature.
The crystals were separated and dried in vacuo. Yield: 332 mg
(63%). C120H164O76Zr12 (3917.2): calcd. C 36.79, H 4.22, ZrO2

37.75; found C 36.54, H 4.06, ZrO2 38.39 (TGA). IR-ATR: ν̃ =
3396 (w, OH), 3080 (w, CH), 3020 (w, CH), 2982 (w, CH), 1711
(m, C=O), 1641 (w, C=C), 1603 (m, COOas.), 1547 (sh, COOas),
1537 (s, COOas), 1436 (s, COOs), 1417 (s, COOs), 1392 (s, COOs),
1314 (w), 1295 (w), 1268 (m), 1199 (m), 1121 (w), 994 (m), 914 (m,
C=C), 893 (sh), 811 (m), 782 (sh), 762 (w), 724 (m, CH), 676 (sh),
627 (s, OCO) cm–1. 1H NMR (C7D8, 25 °C): δ = 6.43, 6.34, 6.32,
6.30, 5.94 (=CH); 5.30/5.14, 5.27/5.11, 5.26/5.17, 5.23/5.09, 5.27/
5.12, 5.04/4.96 (CH2=); 3.61/3.30, 3.57/3.27, 3.33/3.17, 3.29/3.14,
3.28/3.14, 3.00/2.90 (CH2); 11.55, 7.36, 7.32, 6.88 ppm (OH). 13C
NMR (C7D8, 25 °C): δ = 182.7, 182.5, 182.3, 178.7, 176.9 (CO);
135.1, 133.7, 131.0 (=CH-); 118.5, 117.1, 115.8 (CH2=); 42.1, 41.8,
41.6, 39.5 ppm (CH2).

Synthesis of [Zr6O4(OH)4(OOCCH=CMe2)12]2·4Me2C=CHCOOH
(5): Dimethylacrylic acid (1.23 g, 12.3 mmol) was added to a solu-
tion of Zr(OBu)4 (3.25 mmol, 1.56 g of a 80% solution in BuOH)
in toluene (5 mL) whilst stirring. The mixture was allowed to stir
for an additional 30 min. After 20 days at room temperature color-
less crystals separated, which were dried in vacuo. Yield: 0.985 g
(88%). C140H208O72Zr12 (4137.8): calcd. C 40.64, H 5.07, ZrO2

35.73; found C 40.58, H 4.87, ZrO2 35.29 (TGA). IR-ATR: ν̃ =
3648 (w), 3355 (w, OH), 2911 (w, CH), 1696 (m, C=O), 1651 (s,
C=C), 1577 (s), 1520 (br. s, COOas), 1419 (s, COOs), 1370 (m), 1314
(s), 1234 (m), 1183 (m), 1161 (m), 1077 (m), 862 (m), 819 (m), 722
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(m), 638 (m) cm–1. 1H NMR (CD2Cl2, 25 °C): δ = 5.57, 5.56, 5.52,
5.57, 5.53, 5.44, 5.37 (CH); 2.1, 2.08, 2.07, 1.92, 1.88, 1.79, 1.47
(Me); 10.63 ppm (OH). 13C NMR (CD2Cl2, 25 °C): δ = 171.5,
174.3, 171.7 (CO); 150.7, 152.5, 157.0 (CH); 118.3, 120.2, 120.5,
121.7, 121.4, 121.9, 121.1 (CMe2), 20.0, 19.9, 20.7, 19.7, 27.0, 27.0,
27.0 ppm (Me).

Synthesis of [Zr6O4(OH)4(OOCCH2Me)3{OOCC(Me)=CH2}9]2·
CH2=C(Me)COOH·5MeCH2COOH (6): Propionic acid (1.37 g,
18.49 mmol) and methacrylic acid (0.618 g, 7.17 mmol) were added
dropwise at room temperature to a stirred mixture of Zr(OBu)4

(3.72 mmol, 1.78 g of a 80% butanol solution). After 24 h at room
temperature colorless crystals were formed. The crystals were sepa-
rated and dried in vacuo. Yield: 995 mg (85%). C109H164O76Zr12

(3785.1): calcd. C 34.59, H 4.37, ZrO2 39.06; found C 33.08, H
3.87, ZrO2 39.49 (TGA). IR-ATR: ν̃ = 3393 (w, OH), 2979 (m),
1718 (m, COOH), 1595 (s, sh, COOas), 1543 (s, COOas), 1462 (s),
1421 (s, COOs), 1372 (m), 1302 (s), 1244 (m), 1203 (m), 1080 (m),
936 (m, C=CH2), 826 (m), 617 (m) cm–1. 1H NMR (Figure 10)
(C7D8, 25 °C): δ = 0.99, 1.11, 1.24, 1.34, 1.40 (CH3 propionate);
2.11, 2.24, 2.43, 2.57, 2.71 (CH2 propionate); 6.30, 5.20, 6.40, 5.29,
6.26, 5.25 (CH2 methacrylate); 11.70 ppm (OH). 13C NMR (C7D8,
25 °C): δ = 178.3, 179.8, 184.1 (CO, methacrylate); 179.8, 179.6,
178.2, 184.2, 183.7 (CO, propionate); 137.5, 140.1, 139.9 (CMe,
methacrylate); 123.1; 123.2; 125.5 (CH2, methacrylate); 27.8, 30.2,
30.3, 29.9, 30.2 (CH2, propionate); 18.2, 18.5, 18.4 (CH3, methacry-
late); 8.3, 9.6, 9.3, 9.7, 9.8 (CH3, propionate) ppm.

Synthesis of [Zr6O4(OH)4(OOCMe)8{OOCC(Me)=CH2}4]2·
6MeCOOH (7): Methacrylic acid (239 mg, 2.78 mmol) and acetic
acid (423 mg, 7.04 mmol) were added dropwise to Zr(OBu)4

(1.97 mmol, 945 mg of a 80% solution in BuOH) whilst stirring.
Colorless needles were formed after 12 h at room temperature. The
crystals were washed twice with n-heptane (1 mL) and dried in
vacuo. Yield: 540 mg (98%). IR-ATR: ν̃ = 3221 (w, OH), 2980 (vw,
CH), 2956 (vw, CH), 2927 (vw, CH), 2875 (vw, CH), 1711 (m,
C=O), 1643 (w, C=C), 1595 (sh), 1547 (s, COOas.), 1448 (sh), 1422
(s, COOs), 1373 (m, COOs), 1344 (w), 1298 (w), 1245 (s), 1207 (sh),
1179 (w), 1047 (w), 1029 (w), 1007 (w), 937 (w), 902 (w), 883 (w),
852 (w), 827 (m), 798 (m), 674 (sh), 644 (vs, OCO), 631 (sh), 612
(vs, OCO) cm–1. 1H NMR (CD2Cl2, 25 °C): δ = 6.17/5.66, 6.08/
5.59, 6.06/5.59, 5.92/5.39 (CH2=); 1.82, 1.77, 1.75, 1.68 (Me, meth-
acrylate); 2.00, 1.95, 1.62, 1.47 (Me, acetate); 11.48 ppm (OH). 13C
NMR (CD2Cl2, 25 °C): δ = 189.5, 180.1, 176.4, 175.4, 174.1 (CO,
acetate); 183.5, 180.1, 171.1 (CO, methacrylate); 138.5, 135.9,
135.7, 135.6 (-C-); 127.2, 127.1, 126.9, 123.8 (CH2=); 22.9, 23.1,
20.5 (Me, acetate); 17.8, 16.6 ppm (Me, methacrylate).

Synthesis of [Hf6O4(OH)4(OOCMe)12]2·6MeCOOH·3CH2Cl2 (8):
Acetic acid (1.92 g, 32.0 mmol) was added dropwise at room tem-
perature to a stirred solution of Hf(OBu)4 (3.2 mmol, 1.57 g of a
95% solution in BuOH) in CH2Cl2 (3 mL). After 24 h at room
temperature colorless crystals were formed. The crystals were sepa-
rated and dried in vacuo. Yield: 1.15 g (98%). C63H110Cl6Hf12O76

(4438.1): calcd. C 17.05, H 2.50; found C 17.00, H 2.29. IR-ATR:
ν̃ = 3663 (w), 3387 (w), 1710 (m), 1558 (s), 1453 (s), 1261 (m), 1029
(m), 804 (m), 652 (s), 615 (s) cm–1. 1H NMR (CD2Cl2, 25 °C): δ =
1.84, 1.94, 2.01, 2.04, 2.05 (Me), 10.32 (OH) ppm. 13C NMR
(CD2Cl2, 25 °C): δ = 181.9, 177.8, 176.7 (CO); 23.5, 23.8, 23.0,
21.8, 21.1 (Me) ppm.

Reaction of [Zr6O4(OH)4(OOCCH2Me)3{OOCC(Me)=CH2}9]2 (6)
with Propionic Acid: An excess (1.94 g, 26.2 mmol) of propionic
acid was added to a solution of 6 (165 mg, 0.043 mmol) in benzene
(5 mL). The solution was stirred for 10 min, and then all volatile
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compounds were removed in vacuo. This process was repeated
twice.

Reaction of Zr6O4(OH)4(OMc)12 (1) with Propionic Acid: An excess
(ca. 20 mmol) of propionic acid was added to a solution of 1
(226 mg, 0.133 mmol) in toluene (15 mL). The solution was stirred
for 10 min, and then all volatile compounds were removed in vacuo.
This process was repeated twice.

X-ray Structure Analyses of 2–8: Data collection (Table 1): The
crystals were mounted on a Siemens SMART diffractometer (area
detector) and measured in a nitrogen stream. Mo-Kα radiation (λ

Table 1. Crystallographic and structural parameters of 2–8.

2 3 4 5

Empirical formula C48H80O64Zr12· C72H128O64Zr12· C96H128O64Zr12· C120H176O64Zr1·
C12H24O12·C3.5H7Cl7 C18H36O12 C24H36O12 C20H32O8

Formula weight 3425.2 3556.9 3911.2 4137.8
Temperature [K] 173 173 173 173
Crystal system monoclinic triclinic monoclinic triclinic
Space group P21/c P1̄ C2/c P1̄
Unit cell dimension
a [pm] 1253.71(6) 1709.2(6) 3427.6(2) 1488.19(8)
b [pm] 2415.0(1) 1935.6(6) 2716.7(1) 1722.83(9)
c [pm] 2050.9(1) 2156.1(7) 2075.5(1) 1935.7(1)
α [°] 86.951(7) 90.366(1)
β [°] 104.900(1) 88.241(8) 125.968(1) 93.499(1)
γ [°] 78.973(7) 112.497(1)
Volume [pm3]·106 6000.5(5) 6990 (4) 15641.3(1) 4574.3(4)
Z 2 2 4 1
Calcd. density [g/cm3] 1.896 1.686 1.660 1.498
Absorption coeff. µ [mm–1] 1.255 0.951 0.859 0.737
Crystal size [mm] 0.34×0.10×0.09 0.36×0.28×0.24 0.37×0.26×0.25 0.30×0.30×0.30
2θ range [°] 1.92–28.36 1.46–23.26 2.10–28.32 1.76–25.00
Reflections coll./unique 69801/14888 30393/19224 54899/19363 46107/16023
Data/parameters 14888/766 19224/1605 19363/940 16023/1009
GOF on F2 1.039 1.028 1.016 1.019
R [I � 2σ(I)] 0.0574 0.070 0.041 0.041
wR2 0.1415 0.184 0.101 0.112
Largest diff. peak/hole [e·Å–3] 2.293/–1.077 3.211/–1.466 1.248/–0.869 1.452/–1.001

6 7 8

Empirical formula C90H128O64Zr12· C64H96O64Zr12· C48H80Hf12O64·
C4H6O2·C15H30O2 C12H24O12 C12H24O12·C6H12Cl12

Formula weight 3791.1 3344.2 4678.8
Temperature [K] 213 173 173
Crystal system monoclinic monoclinic monoclinic
Space group P21/n C2/m P21/c
Unit cell dimensions
a [pm] 2274.1(2) 3626.9(3) 1255.93(9)
b [pm] 1491.3(2) 1574.1(2) 2419.5(2)
c [pm] 2314.5(2) 1369.8(1) 2049.7(2)
α [°]
β [°] 111.519(2) 109.385(2) 104.993(1)
γ [°]
Volume [pm3]·106 7302(1) 7377(1) 6016.3(8)
Z 2 2 2
Calcd. density [g/cm3] 1.709 1.497 2.583
Absorption coeff. µ [mm–1] 0.916 0.896 10.672
Crystal size [mm] 0.36×0.30×0.07 0.18×0.16×0.12 0.21×0.18×0.12
2θ range [°] 1.74–26.37 2.38–25.00 2.22–25.00
Reflections coll./unique 43785/14908 20132/12844 38319/10582
Data/parameters 14908/901 12844/772 10582/743
GOF on F2 1.030 1.038 1.289
R [I � 2σ(I)] 0.037 0.0676 0.076
wR2 0.091 0.1803 0.149
Largest diff. peak/hole [e·Å–3] 1.032/–0.554 1.259/–0.731 4.319/–2.227

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3283–32933292

= 71.069 pm, graphite monochromator) was used for all measure-
ments. The data collection covered a hemisphere of the reciprocal
space, by a combination of three or four sets of exposures. Each
set had a different φ angle for the crystal, and each exposure took
15 or 20 s and covered 0.3° in ω. The crystal-to-detector distance
was 5 cm. The data were corrected for polarization and Lorentz
effects, and an empirical absorption correction (SADABS[12]) was
employed. The cell dimensions were refined with all unique reflec-
tions. The structures were solved by the direct or the Patterson
method (SHELXS97[13]). Refinement was performed by the full-
matrix least-squares method based on F2 (SHELXL97) with aniso-
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tropic thermal parameters for all non-hydrogen atoms. Hydrogen
atoms were inserted in calculated positions and refined riding with
the corresponding atom.

CCDC-604528 (2), -604529 (for 3), -604530 (for 4), -604531 (for
5), -604532 (for 6), -604533 (for 7), and -604534 (for 8) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Facile Synthesis of Cyclometalated Ruthenium Complexes with Substituted
Phenylpyridines
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Keywords: Metallacycles / N ligands / Ruthenium

We have developed a new strategy that uses the Kröhnke
synthesis for the preparation of various substituted phenyl-
pyridines in excellent yields (up to 88%). Starting with the
appropriate commercially available acetophenone, a variety
of phenylpyridines substituted by either electron-donating
(i.e. methyl, methoxy) or -withdrawing groups (i.e. bromide,
nitro) on the phenyl ring are obtained in a two-step synthesis.
The corresponding functionalized cyclometalated ruthenium
complexes can be prepared with unusually high yields by

Introduction
(Polypyridine)ruthenium() complexes have attracted

much interest as light absorbers, photoluminescent sensors
or switches, and intermolecular energy- and electron-trans-
fer agents.[1] Some cyclometalated counterparts of these
complexes have been prepared and their physical properties
reported.[2–6] In fact, cyclometalated complexes have found
widespread interest as species with promising properties in
various fields[7] owing to the strong σ-donor ability of the
cyclometalated ligand. Typically, the coordinating ligand
forms a bond to the metal center and then intramolecular
C–H activation takes place to yield a five-membered chelate
ring. Replacement of a nitrogen donor by a formal carban-
ion donor drastically increases the electron density around
the metal atom[4] and the crystal-field strength.[5]

A variety of synthetic methodologies[8] for the synthesis
of new pyridine derivatives have been developed. One of
the most important is the transition-metal-catalyzed cross-
coupling reactions of precursors developed by Negishi, Su-
zuki, and Stille (see refs.[9–11]). In fact, all these methods
entail the preparation of functionalized intermediates.[12] In
the course of our studies we have prepared a number of
polypyridine ligands[13] by using the Kröhnke method.[14]

By extending this procedure to aromatic ketones, we pro-
pose an easy and versatile synthesis of substituted phenyl-
pyridines.[15] Starting from commercially available aceto-
phenones, a variety of mono- or difunctionalized phenyl-
pyridines substituted by electron-donating (i.e. methyl,
methoxy) or -withdrawing groups (i.e. bromide, nitro) on
the phenyl ring can be obtained with very good yields.

[a] Laboratoire de Chimie de Coordination, UPR 8241 du CNRS,
205 route de Narbonne, 31077 Toulouse Cedex 04, France
E-mail: sasaki@lcc-toulouse.fr

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3294–33023294

using methanol as reaction solvent. The electrochemical data
of the complexes demonstrate the strong σ-donating charac-
ter of the anionic phenylpyridine ligand. X-ray analyses of
four complexes show a shortening of the Ru–C bond associ-
ated with the elongation of only one of the five Ru–N bonds
(trans effect).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Synthesis

Our synthetic route starts with the preparation of the
pyridinium derivative of the appropriate aromatic methyl
ketone.[14] Condensation of these derivatives with methacro-
lein gives the corresponding phenylpyridines, as described
in Scheme 1. We also checked this synthesis with tiglic alde-
hyde[16] to show that this methodology can be extended to
other α,β-unsaturated carbonyl compounds.

Scheme 1.

The different ligands synthesized in this work are sum-
marized together with the few previously reported mole-
cules in Table 1. To the best of our knowledge, no crystal
structure of a phenylpyridine has been published (vide
infra).
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Table 1. List and yields of ligands LH prepared by this method.

Yield [%] Ref.

3a: R1 = R2 = R3 = H 88 [15,17,18]

R1 = R2 = H, R3 = CH3 84 [21]

3b: R1 = CH3, R2 = R3 = H 88 [10]

3c: R1 = Br, R2 = R3 = H 62
3d: R1 = R3 = H, R2 = Br 82 [20]

3e: R1 = NO2, R2 = R3 = H 77
3f: R1 = R3 = H, R2 = NO2 79
3g: R1 = OCH3, R2 = R3 = H 81
3h: R1 = R3 = H, R2 = OCH3 76 [19,20]

The different products were obtained in good yields and
their characterizations were carried out by 1H and 13C
NMR spectroscopy as well as by mass spectrometry (FAB
or DCI) and microanalysis (see Experimental Section).
These compounds offer the possibility for further reactions
on both aromatic rings; for example, the Br atom on the
phenyl ring can be replaced in various reactions and the
NO2 group can be reduced, whereas the pyridine ring can
be functionalized thanks to the methyl group.[22]

The synthesis of five cyclometalated RuII complexes was
carried out by Constable’s method[4] with a modification
proposed by Coudret,[23] which uses only 5 equiv. of ligand
instead of a 15-fold excess.[4] We obtained much higher
yields of cyclometalated complexes (up to 90%) than ac-
cording to the literature procedure by using methanol in-
stead of dichloromethane[4] as solvent. Constable[24] has
studied the effect of different solvents in the reactions of
6-phenyl-2,2�-bipyridine with ruthenium(II) and concluded
that the higher the dielectric constant of the solvent the
greater the proportion of the metalated product formed (as
is the case with methanol compared to dichloromethane).
Purification of the complexes was carried out by column
chromatography, which enables recovery of the unreacted
excess of ligand. This synthesis yields the corresponding
functionalized ruthenium complexes directly, whereas in the
literature functionalization was carried out on the ruthe-
nium complexes. Using 3,5-dipyridylbenzene, Collin et al.
converted the corresponding cyclometalated complex into
the nitro derivative and subsequently into the amino deriva-
tive.[25] More recently, Coudret was able to obtain the corre-
sponding bromo-substituted complex upon treatment of
[Ru(bpy)2L]+ (L = phenpy) with NBS.[25] The synthesis of
the amino derivative was also carried out.[26] The different
direct functionalizations of the complex were possible only
at the position para to the carbanion.[27] In our case, by
using the appropriate starting material (acetophenone),
other positions of the substituent on the ligand and there-
fore in the complex are accessible.

Complete assignment of the 1H and 13C NMR spectra
of the complexes required 1D, 2D 1H-1H COSY, HMQC
1H-13C and HMBC 1H-13C experiments. The labelling of
the atoms is that of the X-ray structures. For the five com-
plexes, comparison of the 1H NMR spectra shows that the
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peaks corresponding to the phenylpyridine ring are influ-
enced by the electronic character of the substituents on the
phenyl ring. More precisely, in the high-field region between
δ = 7.3 and 5.9 ppm, the most high-field-shifted doublet is
assigned to the proton of the phenyl ring (8-H) in the ortho
position and its chemical shift varies from δ = 5.95 (meth-
oxy derivative 4h) to 7.3 ppm (nitro derivative 4f). The up-
field shift of the proton adjacent to the site of metalation
is a common feature of compounds of this type.[4,24,28] The
other shielded doublet (between δ = 6.45 and 7.05 ppm) is
attributed to the proton meta (9-H, complex 4a) or para
(10-H, complexes 4b, 4d, and 4h) to the metalated carbon
atom. An exception is observed for 4f, for which the proton
10-H is highly deshielded (δ = 7.69 ppm) due to the elec-
tron-withdrawing character of the nitro substituent.

X-ray Analysis

Single crystals of ligands 3a and 3b were obtained after
slow concentration of a mixture of pentane and ethyl ace-
tate. The ORTEP diagrams of 3a and 3b are shown in Fig-
ure 1.

Figure 1. X-ray molecular structures of 3a (top) and 3b (bottom).

Ligand 3a crystallizes in the P212121 orthorhombic space
group. The two aromatic rings are not planar, with an N(1)–
C(5)–C(6)–C(7) torsion angle of 32.3°. Ligand 3b crys-
tallizes in the P21/n monoclinic space group. The molecule
is slightly more planar than 3a, with an N(1)–C(5)–C(6)–
C(7) torsion angle of 28.4°. As these compounds are not
symmetrical, and as the exact position of the substituents
can be unambiguously determined by NMR spectroscopy
and because of the synthetic scheme, the position of the
nitrogen atom is well defined. This is important for the
analysis of the X-ray data of the complexes.
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Crystals of the four complexes 4b�, 4d, 4f, and 4h were

obtained for X-ray analysis (Figure 2). In one case (4b),
good-quality crystals were available only after exchange of
the trifluoromethanesulfonate counteranion by hexafluoro-
phosphate to give complex 4b�. Crystallization occurred
upon slow diffusion of diethyl ether into acetonitrile solu-
tions of the complexes at 5 °C.

The ruthenium complex 4b� crystallizes in the P21/n mo-
noclinic space group. The asymmetric unit cell contains one
ruthenium complex, one PF6

– anion, and one molecule of
acetone. The phenylpyridine ligand is almost perfectly
planar in the complex, with an N(1)–C(5)–C(6)–C(7) tor-
sion angle of 0.59° against torsion angles of 2.69° and 1.73°
in the bipyridine ligands with N(2)/N(3) and N(4)/N(5),
respectively. The brominated complex 4d crystallizes in the
C2/c monoclinic space group. The unit cell contains eight
molecules of complex (Z = 8), and four molecules of water.
The phenylpyridine ligand is roughly planar, with an N(1)–
C(5)–C(6)–C(7) torsion angle of 2.95° against torsion

Figure 2. ORTEP representation of the X-ray structureS of 4b� (top left), 4d (top right), 4f (bottom left), and 4h (bottom right). The
hydrogen atoms, solvent molecules, and counteranions are omitted for clarity.
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angles of 3.00° and 0.27° in the bipyridine ligands with
N(2)/N(3) and N(4)/N(5), respectively. Complex 4f crys-
tallizes in the P21/n monoclinic space group, with one mole-
cule in the asymmetric unit cell. The bipyridine ligands are
nearly perfectly planar in the complex, with torsion angles
of 0.30° and 0.40° for the bipyridine ligands with N(2)/N(3)
and N(4)/N(5), respectively. By contrast, the torsion angle
in the phenylpyridine ligand is 1.63°. Complex 4h crys-
tallizes in the P1̄ triclinic space group. The asymmetric unit
cell contains one ruthenium complex, one CF3SO3

– anion,
and one molecule of acetonitrile. The phenylpyridine ligand
is perfectly planar (torsion angle of 0.17°), whereas the bi-
pyridine ligands are slightly distorted, with torsion angles
of 5.96° and 4.46° for the bipyridine ligands with N(2)/N(3)
and N(4)/N(5), respectively.

The Cambridge Crystallographic Database contains 156
entries with a (phenylpyridine)metal unit, most of them
containing platinum (55) and palladium (24). However,
structures containing a (bpy)2(phenpy)metal unit are far
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Table 2. First coordination sphere (metal–ligand bond lengths [Å]) in [RuII(bpy)2(L)]+ complexes.

Complex Ru(1)–C(7) Ru(1)–N(1) Ru(1)–N(2) Ru(1)–N(3) Ru(1)–N(4) Ru(1)–N(5)

4b� 2.036(3) 2.080(2) 2.043(2) 2.036(2) 2.066(2) 2.138(2)
4d 2.030(5) 2.071(4) 2.042(4) 2.051(4) 2.065(4) 2.123(4)
4f 2.020(4) 2.078(4) 2.047(4) 2.055(4) 2.060(4) 2.121(4)
4h 2.031(8) 2.067(6) 2.047(5) 2.042(6) 2.066(6) 2.121(6)
Av. value 2.029(5) 2.074(4) 2.045(4) 2.046(4) 2.064(4) 2.125(4)
a[a] 1.997(7) 2.075(5) 2.040(5) 2.056(5) 2.086(5) 2.140(5)
b[a] 2.044(1) 2.069(4) 2.067 2.046 2.037 2.075

[a] a: [Ru(bpy)2(NPP)][BF4][6] [NPP = 2-(3-nitrophenyl)pyridine]. b: [Ru(bpy)2(ppy)][PF6][28] (ppy = phenylpyridine).

less common, with only four entries.[6,29–31] In two of them,
namely [Ru(bpy)2(phenpy)][CrMn(ox)3][30] and [Rh(bpy)2-
(phenpy)](PF6),[31] the localization of the carbon atom was
not possible. In the third complex, [Ru(bpy)2(phen-
py)](PF6),[29] the carbon atom was arbitrarily localized be-
cause its distribution was equal on the six atomic sites
bonded to the Ru atom. Finally, the only crystal structure
in which the carbon–metal bond was unambiguously iden-
tified is that of [RuII(bpy)2{2-(nitrophenyl)pyridine}](BF4),
reported by Reveco et al.[6] The description of the coordina-
tion sphere of the four new complexes 4b�, 4d, 4f, and 4h is
compared to the previously reported structures in Table 2.
First of all, it must be pointed out that the position of the
carbon atom is unambiguous as the positions of the substit-
uents in the unsymmetrical ligands are definite. The average
metal–ligand distances for the four available structures were
calculated and show the following general features: (1)
whereas the Ru(1)–C(7) bond is shorter than the other
metal–ligand bonds, the Ru–N bonds to both the nitrogen
atom trans to the carbon atom [N(5)] and the one cis to the
carbon atom [N(1)] are slightly elongated, which leads to a
distorted octahedral geometry around the metal atom; (2)
the Ru(1)–N(4) bond is also slightly elongated, but less than
Ru(1)–N(5), probably because it belongs to the same bipyri-
dine ligand; (3) the Ru(1)–N(2) and Ru(1)–N(3) bond
lengths have similar values, thus showing that this bipyri-
dine ligand is the least disturbed by the cyclometalating li-
gand. Interestingly, comparison of the Ru(1)–C(7) bond
length [1.997(7) Å] in [RuII(bpy)2{2-(3-nitrophenyl)-
pyridine}](BF4)[6] and that in complex 4f [2.020(4) Å, the
smallest value in the series of complexes 4], in which the
nitro substituent is at the 4-position, demonstrates the influ-
ence of the electron-withdrawing character of the substitu-
ent. More precisely, in the para position, both inductive and
mesomeric effects are transmitted to C(9) whereas in the
meta position (complex 4f) only an inductive effect is in
operation.

Electrochemistry

The ligands and ruthenium complexes were examined by
cyclic voltammetry (Figure 3) and Osteryoung square-wave
voltammetry (Table 3).
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Figure 3. Cyclic voltammograms at room temperature of ruthe-
nium complexes 4c, 4d, 4f, 4h (solid line) and ligands 3c, 3d, 3f, 3h
(dashed line) in CH3CN with 0.1  TBABF4 as supporting electro-
lyte (Pt electrode, v = 0.1 Vs–1).

Ligands 3c, 3d, and 3h exhibit two processes: one in oxi-
dation (ca. 1.9 V) and one in reduction (ca. –2.4 V). How-
ever, ligand 3h presents another oxidation (1.55 V) due to
the methoxy substituent. Ligand 3f displays two reduction
processes: a reversible redox couple at –1 V assigned to the
NO2 substituent and an irreversible reduction at –1.84 V
(much higher than those of other ligands). This suggests
that because of the electron-withdrawing properties of the
NO2 group, the oxidation is also dramatically shifted to
higher potentials that are not measurable under the experi-
mental conditions.

Cyclic voltammetry of the complexes exhibits three char-
acteristic processes: one oxidation process and two re-
duction processes.

First, the reversible redox couple at around 0.5 V is read-
ily assigned to the RuIII/RuII process.[4,32] A comparison of
the potentials in Table 3 indicates that the first metal-cen-
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Table 3. Redox potentials ([V] vs. SCE) of the ligands and ruthe-
nium complexes in 0.1  TBABF4 in acetonitrile solutions mea-
sured at room temperature.

Oxidation Reduction
E1/2

[a] E1/2
[b] E1/2

[b] E1/2
[a] E1/2

[a] E1/2
[a] E1/2

[b]

3c 1.90 –2.44
3d 1.91 –2.19
3f n.d.[c] –1.04 –1.84
3h 1.55 1.99 –2.55
4c 0.48 1.73 –1.54 –1.82 –2.40
4d 0.60 1.77 –1.51 –1.76 –2.24
4f 0.67 1.99 –1.12 –1.57 –1.81 –1.94
4h 0.52 1.63 n.d.[c] –1.53 –1.79 –2.37
Ru(bpy)3

[33] 1.29 –1.35 –1.54 –1.73

[a] The E1/2 values were estimated as the average of the cathodic
and anodic peak potentials in cyclic voltammetry with a scan rate
of 100 mVs–1. [b] The E1/2 values were obtained from the square-
wave voltammogram: frequency 20 Hz, step potential 5 mV, ampli-
tude 20 mV. [c] Not observed or badly defined under the experi-
mental conditions.

tered oxidation of the complex is shifted by about 800 mV
to more cathodic potentials than that of [Ru(bpy)3].[33] This
behavior demonstrates the strong σ-donating character of
the phenylpyridine ligands, which stabilize RuIII by increas-
ing the electron density on the metal atom.[4,7c] Moreover,
the nature of the substituents affects the shift of the RuIII/
RuII potential. The methyl and methoxy substituents with
electron-donating character induce the most significant
shift, whereas the electron-withdrawing groups (Br and
NO2), which decrease the electron density on RuIII, lower
the magnitude of the shift.

Second, the complexes exhibit two reduction processes at
around –1.55 and –1.80 V (–1.35 and –1.54 V for [Ru(bpy)3]).
Complex 4f displays an additional first reduction pro-
cess at –1.12 V assigned to the NO2 substituent. Generally,
compared to [Ru(bpy)3], the bpy-centered quasi-reversible
reductions are shifted to more negative potentials and are
also strongly affected by the presence of the cyclometallat-
ing ligand,[7c] but the nature of the substituents does not
affect significantly these processes. Moreover, the most
cathodic potentials near the solvent/electrolyte limit were
resolved in the square-wave experiment and were assigned
to the phenylpyridine ligand.

Conclusions

We have been able to synthesize new substituted phenyl-
pyridines in high yields by a very simple general method
from cheap, commercially available starting materials.
Functionalized cyclometalated ruthenium(II) complexes
were obtained in much higher yields than the few examples
described in the literature. As crystals for four of them were
obtained, an X-ray study highlighted specific features of the
Ru–C and the trans-Ru–N bonds. The easiness in obtaining
first the ligands and then the cyclometalated complexes is
a breakthrough for the application of these complexes. By a
“building block” approach, involving convergent synthesis,
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these compounds could lead to various polynuclear com-
plexes[34] or to new compounds with potential NLO proper-
ties.[22]

Experimental Section
General: Reagents and solvents were commercially available and
were used as received. [Ru(bpy)2Cl2] was prepared according to a
literature procedure.[35] 1H and 13C NMR spectra were obtained at
298 K in CDCl3, CD3COCD3, or (CD3)2SO with a Bruker AM 250
spectrometer (250 MHz for 1H NMR and 62.9 MHz for 13C) or a
Bruker Avance 500 spectrometer for 2D NMR. DCI and EI mass
spectra were recorded with a Thermo Finnigan TSQ 7000 and FAB
mass spectra were recorded with a quadrupolar Nermag R 10-10
instrument with NBA as matrix. Elemental analyses were per-
formed at the LCC with a Perkin–Elmer 2400 Serie II instrument.
Electrochemistry data: Voltammetric measurements were carried
out with a potentiostat Autolab PGSTAT 100. A home-made, air-
tight three-electrode cell connected to a vacuum/argon line made
up of a Pt disk (0.5 mm diameter) as working electrode, a Pt gauze
as auxiliary electrode, and an SCE as reference electrode. All ex-
periments were performed at ambient temperature in CH3CN solu-
tion, with 0.1  nBu4NBF4 as supporting electrolyte (purum elec-
trochemical grade Fluka, purified by sublimation). The solutions
used for the electrochemical studies were typically 10–3  in ruthe-
nium complex. Prior to measurements, the solutions were deoxy-
genated by bubbling with argon gas for 15 min and the working
electrode was polished with a polishing machine (Presi P230); dur-
ing experiments, a stream of argon was passed over the solution.
All potentials are reported vs. SCE.

X-ray Analysis: Data collection (Table 4) was performed at low
temperature (180 K) with an IPDS STOE diffractometer equipped
with a graphite-monochromated Mo-Kα radiation source (λ =
0.71073 Å) and an Oxford Cryosystems Cryostream Cooler Device.
The final unit-cell parameters were obtained by means of a least-
squares refinement performed on a set of 5000 well-measured re-
flections. Crystal decay was monitored during the data collection;
no significant fluctuations of intensities were observed. The struc-
tures were solved by direct methods using SIR92,[36] and refined by
means of least-squares procedures on F2 with the aid of the pro-
gram SHELXL97[37] included in the software package WinGX ver-
sion 1.63.[38] Atomic scattering factors were taken from the Inter-
national Tables for X-ray Crystallography.[39] All hydrogen atoms
were located geometrically and refined by using a riding model. All
non-hydrogen atoms were refined anisotropically, and in the last
cycles of refinement a weighting scheme was used, where weights
are calculated from the following formula: w = 1/[σ2(Fo

2)+
(aP)2 +bP] where P = (Fo

2 +2Fc
2)/3. Drawings of the molecules

were produced with the program ORTEP32,[40] with 30% prob-
ability displacement ellipsoids for non-hydrogen atoms. CCDC-
603013 to -603018 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Typical Procedure for the Preparation of the Pyridinium Derivatives
2a–h: A solution of sublimated iodine (5.25 g, 20.5 mmol) in 8 mL
of dry pyridine was added to a solution of 20 mmol of acetophe-
none in 5 mL of dry pyridine. After heating at 80 °C for 6 h, then
cooling, the precipitate was filtered off, rinsed once with pyridine,
dried, and recrystallized from boiling ethanol. The corresponding
pyridinium derivative was isolated as a beige powder.
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Table 4. Crystal data, data collection and refinements parameters for ligands 3a and 3b and complexes 4b�, 4d, 4f, and 4h.

3a 3b 4b� 4d 4f 4h

Empirical formula C12H11N C13H13N C36H34F6N5OPRu C33H26BrF3N503.5Ru C35H30F3N6O5.5RuS C37H31F3N6O4RuS
Formula mass 169.22 183.24 798.72 818.63 812.78 801.80
Crystal size [mm] 0.5 × 0.3 × 0.07 0.35 × 0.25 × 0.12 0.375 × 0.11 × 0.05 0.4 × 0.2 × 0.07 0.45 × 0.1875 × 0.05 0.3 × 0.2 × 0.08
Crystal system orthorhombic monoclinic monoclinic monoclinic monoclinic triclinic
Space group P212121 P21/n P21/n C2/c P21/n P1̄
a [Å] 6.1173(5) 6.338(5) 9.0328(7) 24.295(5) 15.2172(16) 9.240(5)
b [Å] 7.4700(5) 7.218(5) 13.7518(10) 13.694(3) 14.5676(10) 13.611(5)
c [Å] 20.0874(19) 22.561(15) 27.824(2) 20.137(4) 16.8313(17) 15.545(5)
α [°] 90 90 90 90 90 66.107(5)
β [°] 90 96.211(5) 87.981(10) 105.74(3) 112.241(11) 83.613(5)
γ [°] 90 90 90 90 90 72.623(5)
V [Å3] 917.92(13) 1026.1(11) 3454.1(4) 6449(3) 3453.5(6) 1705.8(12)
ρcalcd. [g cm–3] 1.224 1.186 1.536 1.686 1.563 1.561
T [K] 180 180 180 180 180 180
µ(Mo-Kα) [mm–1] 0.072 0.069 0.570 1.853 0.584 0.587
Scan mode φ φ φ φ φ φ
Measured reflec- 7932 7840 32316 27761 29682 15476
tions
Independent reflec- 1075 1950 6770 5432 5882 5659
tions
Observed reflec- 1075 1950 6770 5432 5882 5659
tions
Criteria I � 2σ(I) I � 2σ(I) I � 2σ(I) I � 2σ(I) I � 2σ(I) I � 2σ(I)
Refinement on F2 F2 F2 F2 F2 F2

No of parameters 119 129 455 430 453 463
H atoms calculated calculated calculated calculated calculated calculated
R1 0.0285 0.0504 0.0319 0.0504 0.0456 0.0744
wR2 0.0705 0.1312 0.0706 0.1407 0.1001 0.1716
∆ρmax [e Å–3] 0.125 0.208 0.551 1.192 0.558 1.049
∆ρmin [e Å–3] –0.111 –0.228 –0.480 –1.043 –0.410 –1.529
GOF 1.052 1.053 0.974 1.033 0.884 0.910

Compound 2a: Yield: 4.03 g (62%). 1H NMR ([D6]DMSO): δ =
9.01 (d, J = 5.5 Hz, 2 H), 8.75 (dt, J = 7.9 and 1.2 Hz, 1 H), 8.29
(t, J = 7.4 Hz, 2 H), 8.07 (dd, J = 7 and 1.4 Hz, 2 H), 7.79 (m, 1
H), 7.67 (dt, J = 7.6 and 1.7 Hz, 2 H), 6.51 (s, 2 H) ppm. 13C NMR
([D6]DMSO): δ = 190.6, 146.4, 146.2, 134.7, 133.4, 129.1, 128.2,
127.8, 66.3 ppm. C13H12INO (325.14): calcd. C 48.02, H 3.72, N
4.31; found C 47.92, H 3.38, N 4.09. FAB-MS: m/z = 198 [M–I]+.

Compound 2b: Yield: 4.27 g (63%). 1H NMR ([D6]DMSO): δ =
8.98 (d, J = 5.5 Hz, 2 H), 8.71 (t, J = 7.8 Hz, 1 H), 8.24 (dd, J =
7.3 and 6.6 Hz, 2 H), 7.86 (s, 1 H), 7.84 (d, J = 6.3 Hz, 1 H), 7.54
(m, 2 H), 6.44 (s, 2 H), 2.44 (s, 3 H) ppm. 13C NMR ([D6]DMSO):
δ = 190.6, 146.3, 146.2, 138.5, 135.3, 133.5, 129.0, 128.4, 127.8,
125.5, 66.2, 20.8 ppm. C14H14INO (339.17): calcd. C 49.58, H 4.16,
N 4.13; found C 49.58, H 4.27, N 4.00. FAB-MS: m/z = 212
[M–I]+.

Compound 2c: Yield: 6.30 g (78%). 1H NMR ([D6]DMSO): δ =
8.97 (d, J = 5.5 Hz, 2 H), 8.76 (t, J = 7.8 Hz, 1 H), 8.30 (dd, J =
7.2 and 6.8 Hz, 2 H), 8.22 (m, 1 H), 8.1–8.0 (m, 2 H), 7.65 (t, J =
7.9 Hz, 1 H), 6.48 (s, 2 H) ppm. 13C NMR ([D6]DMSO): δ = 189.8,
146.5, 146.2, 137.1, 135.5, 131.4, 130.7, 127.9, 127.2, 122.3,
66.2 ppm. C13H11BrINO (404.04): calcd. C 38.65, H 2.74, N 3.47;
found C 38.71, H 2.55, N 3.33. FAB-MS: m/z = 277 [M–I]+.

Compound 2d: Yield: 6.30 g (78%). 1H NMR ([D6]DMSO): δ =
8.97 (d, J = 5.5 Hz, 2 H), 8.74 (t, J = 7.8 Hz, 1 H), 8.28 (dd, J =
7.1 and 7 Hz, 2 H), 8.00 (d, J = 8.6 Hz, 2 H), 7.90 (d, J = 8.6 Hz,
2 H), 6.45 (s, 2 H) ppm. 13C NMR ([D6]DMSO): δ = 190.0, 146.4,
146.2, 132.5, 132.2, 130.1, 128.8, 127.8, 66.1 ppm. C13H11BrINO
(404.04): calcd. C 38.65, H 2.74, N 3.47; found C 38.55, H 2.50, N
3.24. FAB-MS: m/z = 277 [M–I]+.
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Compound 2e: Yield: 5.55 g (75%). 1H NMR ([D6]DMSO): δ =
8.98 (d, J = 5.7 Hz, 2 H), 8.76 (m, 2 H), 8.63 (dd, J = 8.2 and
2 Hz, 1 H), 8.48 (d, J = 7.8 Hz, 1 H), 8.31 (dd, J = 7.1 and 7 Hz,
2 H), 7.98 (t, J = 8 Hz, 1 H), 6.55 (s, 2 H) ppm. 13C NMR ([D6]-
DMSO): δ = 189.6, 148.0, 146.6, 146.2, 134.8, 134.3, 131.0, 128.6,
127.9, 122.5, 66.3 ppm. C13H11IN2O3 (370.14): calcd. C 42.18, H
3.00, N 7.57; found C 42.22, H 2.92, N 7.45. FAB-MS: m/z = 243
[M–I]+.

Compound 2f: Yield: 5.33 g (72%). 1H NMR ([D6]DMSO): δ = 8.97
(d, J = 5.5 Hz, 2 H), 8.76 (t, J = 7.8 Hz, 1 H), 8.48 (d, J = 8.8 Hz,
2 H), 8.27–8.32 (m, 4 H), 6.51 (s, 2 H) ppm. 13C NMR ([D6]-
DMSO): δ = 190.0, 146.4, 146.2, 132.5, 132.2, 130.1, 128.8, 127.8,
66.1 ppm. C13H11IN2O3 (370.14): calcd. C 42.18, H 3.00, N 7.57;
found C 42.33, H 2.95, N 7.46. FAB-MS: m/z = 243 [M–I]+.

Compound 2g: Yield: 5.82 g (82%). 1H NMR ([D6]DMSO): δ =
8.99 (d, J = 5.5 Hz, 2 H), 8.75 (t, J = 7.8 Hz, 1 H), 8.29 (dd, J =
7.5 and 6.6 Hz, 2 H), 7.70–7.55 (m, 2 H), 7.54 (s, 1 H), 7.39 (md,
J = 7.7 Hz, 1 H), 6.48 (s, 2 H), 3.87 (s, 3 H) ppm. 13C NMR ([D6]-
DMSO): δ = 190.4, 159.4, 146.3, 146.2, 134.7, 130.3, 127.8, 120.6,
120.4, 112.7, 66.3, 55.5 ppm. C14H14INO2 (355.17): calcd. C 47.34,
H 3.97, N 3.94; found C 47.39, H 3.97, N 4.00. FAB-MS: m/z =
228 [M–I]+.

Compound 2h: Yield: 5.11 g (72%). 1H NMR ([D6]DMSO): δ =
9.00 (d, J = 5.5 Hz, 2 H), 8.74 (t, J = 7.8 Hz, 1 H), 8.27 (dd, J =
7.5 and 6.7 Hz, 2 H), 8.05 (d, J = 8.8 Hz, 2 H), 7.19 (d, J = 8.8 Hz,
2 H), 6.45 (s, 2 H), 3.90 (s, 3 H) ppm. 13C NMR ([D6]DMSO): δ
= 188.8, 164.2, 146.2, 130.7, 127.7, 126.2, 114.4, 66.9, 55.8 ppm.
C14H14INO2 (355.17): calcd. C 47.34, H 3.97, N 3.94; found C
47.22, H 3.60, N 3.72. FAB-MS: m/z = 228 [M–I]+.
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Typical Procedure for the Preparation of the Phenylpyridines 3a–h:
NH4OAc (4 equiv., 8 mmol) and methacrolein (4 mmol) were
added to a solution of the pyridinium derivative (2 mmol) in 5 mL
of formamide. The reaction mixture was heated at 80 °C for 6 h
and, after cooling, the ligand precipitated and was filtered off and
rinsed with water. If the ligand did not precipitate it was extracted
with Et2O (3×20 mL), the organic phase was dried with MgSO4,
concentrated to dryness, and purified by chromatography on silica
gel with EtOAc in pentane (10:90) or methanol in dichloromethane
(3:97) as eluent.

5-Methyl-2-phenylpyridine (3a): 1H NMR (CDCl3): δ = 8.51 (d, J
= 1.2 Hz, 1 H), 7.96 (m, 2 H), 7.62 (d, J = 8 Hz, 1 H), 7.54 (dd, J
= 8 and 2.1 Hz, 1 H), 7.49–7.35 (m, 3 H), 2.36 (s, 3 H) ppm. 13C
NMR ([D6]DMSO): δ = 154.7, 150.0, 139.3, 137.4, 131.6, 128.7,
128.6, 126.7, 120.0, 18.2 ppm. C12H11N(169.23): calcd. C 85.21, H
6.51, N 8.28; found C 85.29, H 6.37, N 8.21. DCI-MS: m/z = 170
[MH]+.

5-Methyl-2-(3-methylphenyl)pyridine (3b): 1H NMR (CDCl3): δ =
8.51 (s, 1 H), 7.79 (s, 1 H), 7.71 (d, J = 7.5 Hz, 1 H), 7.61 (d, J =
8 Hz, 1 H), 7.53 (dd, J = 8.1 and 1.9 Hz, 1 H), 7.34 (t, J = 7.6 Hz,
1 H), 7.19 (d, J = 7.5 Hz, 1 H), 2.42 (s, 3 H), 2.35 (s, 3 H) ppm.
13C NMR (CDCl3): δ = 154.9, 150.0, 139.3, 138.3, 137.3, 131.5,
128.6, 127.4, 123.8, 120.1, 21.5, 18.1 ppm. C13H13N (183.25): calcd.
C 85.21, H 6.51, N 8.28; found C 85.29, H 6.37, N 8.21. DCI-MS:
m/z = 184 [MH]+.

2-(3-Bromophenyl)-5-methylpyridine (3c): 1H NMR (CDCl3): δ =
8.51 (s, 1 H), 7.87 (td, J = 7.8 and 1.5 Hz, 1 H), 7.58 (m, 2 H),
7.50 (ddd, J = 8, 1.7 and 0.8 Hz, 1 H), 7.32 (t, J = 8 Hz, 1 H), 2.38
(s, 3 H) ppm. 13C NMR (CDCl3): δ = 152.9, 150.1, 141.3, 137.4,
132.3, 131.4, 130.2, 129.7, 125.1, 123.0, 120.0, 18.2 ppm.
C12H10BrN (248.12): calcd. C 58.09, H 4.06, N 5.65; found C 58.15,
H 3.74, N 5.52. DCI-MS: m/z (%) = 248 (96), 250 (100) [MH]+.

2-(4-Bromophenyl)-5-methylpyridine (3d): 1H NMR (CDCl3): δ =
8.49 (d, J = 0.6 Hz, 1 H), 7.83 (m, 2 H), 7.58 (m, 4 H), 2.35 (s, 3
H) ppm. 13C NMR (CDCl3): δ = 153.5, 150.1, 138.2, 137.5, 132.0,
131.8, 128.2, 123.0, 119.8, 18.2 ppm. C12H10BrN (248.12): calcd. C
58.09, H 4.06, N 5.65; found C 58.14, H 3.93, N 5.59. DCI-MS:
m/z (%) = 248 (100), 250 (95) [MH]+.

5-Methyl-2-(3-nitrophenyl)pyridine (3e): 1H NMR (CDCl3): δ =
8.81 (s, 1 H), 8.54 (s, 1 H), 8.33 (d, J = 7.7 Hz, 1 H), 8.22 (dd, J =
8 and 1.1 Hz, 1 H), 7.70 (d, J = 8 Hz, 1 H), 7.62 (m, 2 H), 2.40 (s,
3 H) ppm. 13C NMR (CDCl3): δ = 152.0, 150.4, 148.7, 141.0, 137.7,
133.1, 132.5, 129.6, 123.2, 122.5, 120.1, 18.2 ppm. C12H10N2O2

(214.22): calcd. C 67.28, H 4.70, N 13.08; found C 67.13, H 4.44,
N 12.97. DCI-MS: m/z = 215 [MH]+.

5-Methyl-2-(4-nitrophenyl)pyridine (3f): 1H NMR (CDCl3): δ = 8.57
(s, 1 H), 8.31 (d, J = 8.9 Hz, 2 H), 8.15 (d, J = 8.9 Hz, 2 H), 7.71
(d, J = 8.1 Hz, 1 H), 7.62 (dd, J = 8.1 and 1.8 Hz, 1 H), 2.41 (s, 3
H) ppm. 13C NMR (CDCl3): δ = 152.0, 150.4, 148.7, 141.0, 137.7,
133.1, 132.5, 129.6, 123.2, 122.5, 120.1, 18.2 ppm. C12H10N2O2

(214.22): calcd. C 67.28, H 4.70, N 13.08; found C 67.41, H 4.34,
N 12.95. DCI-MS: m/z = 215 [MH]+.

2-(3-Methoxyphenyl)-5-methylpyridine (3g): 1H NMR (CDCl3): δ =
8.51 (d, J = 1.5 Hz, 1 H), 7.60 (t, J = 8 Hz, 1 H), 7.55 (m, 2 H),
7.36 (t, J = 8 Hz, 1 H), 6.93 (dd, J = 8.2 and 2.5 Hz, 1 H), 3.88 (s,
3 H), 2.36 (s, 3 H) ppm. 13C NMR (CDCl3): δ = 160.0, 154.5,
150.0, 140.9, 137.3, 131.7, 129.6, 120.1, 119.1, 114.7, 111.7, 55.3,
18.2 ppm. C13H13NO (199.25): calcd. C 78.39, H 6.53, N 7.03;
found C 78.08, H 6.60, N 6.83. DCI-MS: m/z = 200 [MH]+.

2-(4-Methoxyphenyl)-5-methylpyridine (3h): 1H NMR (CDCl3): δ =
8.47 (s, 1 H), 7.90 (dd, J = 8.7 and 1.6 Hz, 2 H), 7.6–7.5 (m, 2 H),
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6.97 (dd, J = 8.8 and 1.8 Hz, 2 H), 3.86 (s, 3 H), 2.34 (s, 3 H) ppm.
13C NMR (CDCl3): δ = 160.1, 154.3, 149.8, 137.2, 133.0, 130.8,
127.8, 119.2, 114.0, 55.2, 18.0 ppm. C13H13NO (199.25): calcd. C
78.39, H 6.53, N 7.03; found C 78.30, H 6.59, N 6.96. DCI-MS:
m/z = 200 [MH]+.

General Procedure for the Preparation of the Complexes: [Ru(bpy)2-
Cl2] (0.15 mmol) and AgOTf (0.30 mmol) were added to a solution
of the ligand (0.75 mmol) in 5 mL of MeOH, and the mixture was
refluxed in the dark for 2 h. After cooling and filtration of a brown
precipitate, the filtrate was concentrated off and purification was
carried out by chromatography on alumina. Elution with EtOAc/
pentane (10:90) provided unreacted ligand and further elution with
MeOH/CH2Cl2 (3:97) gave the pure complex.

Complex 4a: Yield: 98 mg (90%). 1H NMR (CD3COCD3): δ = 8.77
(dt, J = 8.2 and 1 Hz, 1 H, H25), 8.68 (dt, J = 8 and 1.1 Hz, 1 H,
H28), 8.61 (dt, J = 8 and 1 Hz, 1 H, H18), 8.59 (dt, J = 8 and
1 Hz, 1 H, H15), 8.16 (ddd, J = 5.7, 1.5 and 0.7 Hz, 1 H, H31),
8.13 (ddd, J = 9.2, 5.6 and 1.5 Hz, 1 H, H24), 8.06 (d, J = 8.3 Hz,
1 H, H4), 8.05 (m, 1 H, H22), 7.98–7.93 (m, 3 H, H12, H29, H19),
7.92–7.86 (m, 3 H, H11, H14, H21), 7.62 (ddd, J = 8.7, 2.1 and
0.7 Hz, 1 H, H3), 7.59 (ddd, J = 7.5, 5.4 and 1.2 Hz, 1 H, H23),
7.56 (m, 1 H, H1), 7.39–7.34 (m, 3 H, H20, H30, H13), 6.88 (dd,
J = 7.2 and 1.3 Hz, 1 H, H10), 6.81 (td, J = 7.3 and 1.3 Hz, 1 H,
H9), 6.18 (ddd, J = 7.3, 1.3 and 0.4 Hz, 1 H, H8), 2.08 (s, 3 H,
CH3py) ppm. 13C NMR (CD3COCD3): δ = 191.79 (C7), 164.97
(C5), 157.88 (C27), 157.15 (C17), 156.81 (C16), 155.36 (C26),
154.15 (C31), 150.24 (C29), 149.98 (C11), 149.77 (C1), 149.10
(C22), 145.57 (C6), 136.73 (C3), 136.41 (C24), 135.18 (C8), 134.98
(C29), 133.78 (C19), 133.53 (C14), 132.07 (C2), 128.10 (C9), 127.22
(C23), 126.48 (C20), 126.29 (C30), 126.14 (C13), 123.73 (C11),
123.58 (C28), 123.34 (C25), 123.06 (C15), 123.04 (C18), 120.74
(C10), 118.39 (C4), 17.15 (CH3py) ppm. FAB-MS: m/z = 582 [M–
OTf]+.

Complex 4b: Yield: 98 mg (88%). Metathesis: the complex with the
triflate counterion was dissolved in the minimum amount of meth-
anol, then a saturated solution of NH4PF6 was added until no more
precipitation was observed. The precipitate was filtered off, rinsed
with distilled water, and dried under vacuum. 1H NMR ([D6]-
DMSO): δ = 8.76 (d, J = 8.2 Hz, 1 H, H25), 8.68 (d, J = 8.2 Hz,
1 H, H28), 8.61 (d, J = 8.8 Hz, 1 H, H15), 8.59 (d, J = 8.8 Hz, 1
H, H18), 8.09 (td, J = 7.5 and 0.9 Hz, 1 H, H24), 8.04 (d, J =
8.3 Hz, 1 H, H4), 7.99 (d, J = 5.4 Hz, 1 H, H31), 7.91 (t, J =
8.1 Hz, 1 H, H29), 7.89 (t, J = 8 Hz, 1 H, H19), 7.86 (t, J = 8.1 Hz,
1 H, H14), 7.81 (d, J = 5.3 Hz, 1 H, H22), 7.72 (d, J = 5.6 Hz, 1
H, H12), 7.68 (s, 1 H, H11), 7.62 (d, J = 5.6 Hz, 1 H, H21), 7.58
(d, J = 8.8 Hz, 1 H, H3), 7.56 (t, J = 6.5 Hz, 1 H, H23), 7.38 (t, J
= 6.5 Hz, 1 H, H30), 7.36 (m, 1 H, H20), 7.35 (t, J = 7 Hz, 1 H,
H13), 7.28 (s, 1 H, H1), 6.61 (d, J = 7.4 Hz, 1 H, H9), 6.18 (d, J
= 7.5 Hz, 1 H, H8), 2.22 (s, 3 H, CH3phe), 2.04 (s, 3 H, CH3py)
ppm. 13C NMR ([D6]DMSO): δ = 187.54 (C7), 164.74 (C5), 157.72
(C27), 157.0 (C16), 156.65 (C17), 155.22 (C26), 153.91 (C31),
150.03 (C21 or C12), 149.78 (C12 or C21), 149.55 (C1), 148.99
(C22), 145.55 (C10), 137.21 (C3), 136.86 (C24), 135.45 (C29),
134.94 (C8), 134.20 (C14 or C19), 133.89 (C19 or C14), 132.14
(C2), 129.78 (C9), 129.33 (C6), 127.83 (C23), 127.05 (C20 or C13),
126.87 (C13 or C20), 126.77 (C30), 124.99 (C11), 124.21 (C28),
123.94 (C25), 123.69 (C15), 123.64 (C18), 118.86 (C4), 21.27
(CH3ph), 18.17 (CH3py) ppm. FAB-MS: m/z = 596 [M–PF6]+.

Complex 4d: Yield: 90 mg (74%). 1H NMR (CD3COCD3): δ = 8.78
(dt, J = 8.2 and 1 Hz, 1 H, H25), 8.71 (dt, J = 8.1 and 1 Hz, 1 H,
1 H, H28), 8.64 (dt, J = 8.3 and 1 Hz, 1 H, H15), 8.62 (dt, J = 8.3
and 1 Hz, 1 H, H18), 8.17 (ddd, J = 5.7, 1.7 and 0.7 Hz, 1 H, H31),
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8.14 (td, J = 8.4 and 1.5 Hz, 1 H, H24), 8.09 (d, J = 8.2 Hz, 1 H,
H4), 8.02 (ddd, J = 5.4, 1.6 and 0.8 Hz, 1 H, H22), 8.00 (ddd, J =
7.6, 5 and 0.5 Hz, 1 H, H29), 7.98 (ddd, J = 7.6, 5 and 0.5 Hz, 1
H, H14), 7.95 (m, 1 H, H19), 7.93 (m, 1 H, H21), 7.88 (ddd, J =
5.7, 1.4 and 0.8 Hz, 1 H, H12), 7.82 (d, J = 8.3 Hz, 1 H, H11), 7.64
(ddd, J = 8.3, 1.1 and 0.7 Hz, 1 H, H3), 7.59 (ddd, J = 7.5, 5.4 and
0.8 Hz, 1 H, H23), 7.57 (d, J = 1.2 Hz, 1 H, H1), 7.44–7.37 (m, 2
H, H30, H20), 7.42 (dd, J = 5.8 and 1.5 Hz, 1 H, H13), 7.04 (dd,
J = 8.3 and 2.1 Hz, 1 H, H10), 6.54 (d, J = 2.1 Hz, 1 H, H8), 2.08
(s, 3 H, CH3) ppm. 13C NMR (CD3COCD3): δ = 196.20 (C7),
163.95 (C5), 157.77 (C27), 157.07 (C16), 156.74 (C17), 155.32
(C26), 154.18 (C31), 150.39 (C21), 150.12 (C12), 149.98 (C1),
149.17 (C22), 144.86 (C6), 137.02 (C8), 136.93 (C3), 136.70 (C24),
135.38 (C29), 134.32 (C14), 134.20 (C19), 132.68 (C2), 127.27
(C23), 126.73 (C30), 126.55 (C20), 126.37 (C13), 125.32 (C11),
123.73 (C28), 123.67 (C9), 123.54 (C10), 123.45 (C25), 123.27
(C18), 123.25 (C15), 118.77 (C4), 17.19 (CH3) ppm. FAB-MS: m/z
(%) = 662 (45), 660 (43) [M–OTf]+.

Complex 4f: Yield: 28 mg (24%). 1H NMR (CD3COCD3): δ = 8.81
(d, J = 8.2 Hz, 1 H, H25), 8.73 (d, J = 8.1 Hz, 1 H, H28), 8.67 (d,
J = 8 Hz, 1 H, H15), 8.63 (d, J = 8 Hz, 1 H, H18), 8.28 (d, J =
8.2 Hz, 1 H, H4), 8.17 (td, J = 7.9 and 1.6 Hz, 1 H, H24), 8.11 (d,
J = 8.6 Hz, 1 H, H11), 8.12 (m, 1 H, H31), 8.06 (ddd, J = 5.3, 1.4
and 0.8 Hz, 1 H, H22), 8.03 (td, J = 7.7 and 1.4 Hz, 1 H, H14),
7.98 (td, J = 8 and 1.5 Hz, 1 H, H29), 7.96 (m, 1 H, H19), 7.94
(m, 1 H, H21), 7.92 (m, 1 H, H12), 7.74 (m, 1 H, H3), 7.72 (m, 1
H, H1), 7.69 (dd, J = 8.5 and 2.4 Hz, 1 H, H10), 7.62 (ddd, J =
7.5, 5.5 and 1.2 Hz, 1 H, H23), 7.46 (ddd, J = 7.3, 5.7 and 1.3 Hz,
1 H, H13), 7.39 (ddd, J = 7.3, 5.7 and 1.3 Hz, 2 H, H30, H20),
7.29 (d, J = 2.4 Hz, 1 H, H8), 2.13 (s, 3 H, CH3) ppm. 13C NMR
(CD3COCD3): δ = 194.80 (C7), 162.76 (C5), 157.78 (C26), 157.03
(C16), 156.75 (C17), 155.30 (C26), 154.34 (C22), 152.86 (C6),
150.60 (C1), 150.47 (C21), 150.24 (C12), 149.25 (C22), 146.99 (C9),
137.12 (C3), 136.89 (C24), 135.61 (C29), 134.73 (C14), 134.57
(C19), 134.44 (C2), 128.41 (C8), 127.33 (C23), 126.93 (C13), 126.67
(C30 or C20), 126.52 (C20 or C30), 123.83 (C28), 123.65 (C11),
123.54 (C25), 123.43 (C15), 123.39 (C18), 120.39 (C4), 115.90
(C10), 17.31 (CH3) ppm. FAB-MS: m/z = 627 [M–OTf]+.

Complex 4h: Yield: 95 mg (83%). 1H NMR (CD3COCD3): δ = 8.77
(d, J = 8.2 Hz, 1 H, H25), 8.72 (d, J = 8.2 Hz, 1 H, H28), 8.62 (d,
J = 8.1 Hz, 1 H, H18), 8.60 (d, J = 8.1 Hz, 1 H, H15), 8.20 (dd, J
= 5.8 and 1.1 Hz, 1 H, H31), 8.12 (td, J = 7.8 and 1.5 Hz, 1 H,
H24), 8.05 (dd, J = 5.4 and 1.3 Hz, 1 H, H22), 7.97 (m, 1 H, H29),
7.95 (m, 1 H, H12), 7.94 (m, 1 H, H21), 7.92 (d, J = 8.2 Hz, 1 H,
H4), 7.89 (m, 1 H, H19), 7.88 (m, 1 H, H14), 7.82 (d, J = 8.5 Hz,
1 H, H11), 7.58 (ddd, J = 7.5, 5.4 and 1.1 Hz, 1 H, H23), 7.55 (dd,
J = 8.4 and 2.1 Hz, 1 H, H3), 7.47 (m, 1 H, H1), 7.39–7.34 (m, 3
H, H13, H20, H30), 6.45 (dd, J = 8.5 and 2.6 Hz, 1 H, H10), 5.95
(d, J = 2.4 Hz, 1 H, H8), 3.53 (s, 3 H, OCH3), 2.04 (s, 3 H, CH3)
ppm. 13C NMR (CD3COCD3): δ = 194.27 (C7), 164.71 (C5),
159.59 (C6), 157.84 (C27), 157.29 (C17), 156.83 (C16), 155.36
(C26), 154.06 (C31), 150.22 (C29), 150.03 (C14), 149.41 (C1),
149.11 (C22), 138.37 (C9), 136.65 (C3), 136.41 (C24), 134.99 (C12),
133.78 (C21), 133.59 (C19), 130.77 (C2), 127.19 (C23), 126.43
(C20), 126.27 (C30), 126.12 (C13), 124.99 (C11), 123.64 (C28),
123.42 (C25), 123.13 (C15), 123.07 (C18), 119.69 (C8), 117.63 (C4),
106.43 (C10), 53.73 (OCH3), 17.10 (CH3) ppm. FAB-MS: m/z =
612 [M–OTf]+.
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I. M. Szilágyi,* F. Hange, J. Madarász,3413
G. Pokol

In situ HT-XRD Study on the Formation of
Hexagonal Ammonium Tungsten Bronze by
Partial Reduction of Ammonium Paratungstate
Tetrahydrate

Keywords: Tungsten / Reduction / In situ studies /
X-ray diffraction / X-ray photoelectron
spectroscopy / Solid-state 1H NMR
spectroscopy

L. Weber,* I. Domke, J. Kahlert,3419
H.-G. Stammler

Chemical Oxidation of 1,3,2-Diazaboroles and
1,3,2-Diazaborolidines

Keywords: Diazaboroles / Diazaborolidines / Diaza-
borolium salts / Nitrosonium hexafluoro-
phosphate

3312  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2006, 3309�3316



J. Tedim, S. Patrı́cio, R. Bessada,3425
R. Morais, C. Sousa, M. B. Marques,
C. Freire*

Third-Order Nonlinear Optical Properties of
DA-salen-Type Nickel(II) and Copper(II)
Complexes

Keywords: Third-order NLO properties / Z-scan tech-
nique / UV/Vis spectroscopy / Schiff bases

S. Beaini, G. B. Deacon,* M. Hilder,3434
P. C. Junk, D. R. Turner

Organotin Compounds as Reagents for the
Synthesis of Lanthanoid Complexes by Redox
Transmetallation Reactions

Keywords: Redox transmetallation / Lanthanoid /
Trimethyltin reagents / Pyrazolate / Aryl
oxide / Ytterbium / Europium

M. Wei, X. F. Tian, J. He, M. Pu,3442
G. Y. Rao, H. L. Yang, L. Yang, T. Liu,
D. G. Evans, X. Duan*

Study of the In Situ Postintercalative Polymeri-
zation of Metanilic Anions Intercalated in NiAl-
Layered Double Hydroxides under a Nitrogen
Atmosphere

Keywords: In situ polymerization / Polyaniline /
Layered double hydroxides / Nitrogen
atmosphere

G. Albertin,* S. Antoniutti, J. Bravo,3451
J. Castro, S. Garcı́a-Fontán, M. C. Marı́n,
M. Noè
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Osmium(II) complexes possessing β-diketonate, quinolinate,
diimine, and C-linked pyridyl azolate chelates reveal inter-
esting structural and photophysical properties. Spectroscopic
and dynamic measurements, in combination with theoretical
analyses, have provided an important understanding of the
electronically excited state properties of these complexes,
such as the energy gap and nature of the lower lying states,
rate for intersystem crossing, and the efficiency of corre-
sponding radiative decay and nonradiative deactivation pro-
cesses. This review also reports on the synthetic processes

1. Introduction
Owing to their versatility and potential in optical sensing

and sensitization,[1] as well as in constructing a wide variety
of photoresponsive molecular electronics,[2] research on the
photophysics and photochemistry of transition-metal com-
plexes has been revitalized and has attracted much recent
attention. Particularly, a wide range of metal elements with
distinctive d-shell configurations have been employed in or-
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that lead to the neutral OsII and RuII complexes that possess
two trans-substituted phosphane donor ligands together with
two anti-parallel, aligned azolate chromophores. Consider-
able efforts have been made to focus on utilizing these emit-
ting materials as phosphorescent dopants for practical PLED
and OLED fabrication. Consequently, the interplay between
these emitting materials and device configurations is dis-
cussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

der to study their luminescent properties. The influence of
metal atoms, together with the modification of ligand archi-
tectures, continuously provides an attractive theme for fur-
ther investigations. There has been an intensive investiga-
tion into the emissive ReI complexes, in particular those
with a functionalized diimine ligand attached to the fac-
[Re(CO)3] unit.[3] The diimine group, exhibiting diversified
electronic properties, has rendered a possibility for fine-tun-
ing the excited state properties and luminescent efficiencies.
In sharp contrast, relatively less attention has been focused
on the behavior of their isoelectronic and isostructural OsII

analogues. In an attempt to explore their chemistry and cor-
responding photophysical properties, we have directed our
research efforts specifically to the preparation and charac-
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terization of a great range of OsII complexes. With an inge-
nious design of ligated chromophores, we believe that the
luminescent OsII complexes may serve as new models for
probing a variety of fundamental characteristics in both
ground and excited states (vide infra).

From the application point of view, organometallic com-
plexes possessing heavy transition-metal elements are cru-
cial for the fabrication of phosphorescent organic light-
emitting diodes (OLEDs).[4] The strong spin–orbit coupling
effectively promotes singlet-to-triplet intersystem crossing,
as well as enhances the subsequent transition from the trip-
let excited state to the ground state, the results of which
then facilitate strong electroluminescence by harnessing
both singlet and triplet excitons. Theoretically, an internal
phosphorescence quantum efficiency (ηint) that can be as
high as 100% could be achieved,[5] such that these emitting
materials would be superior to their fluorescence-only
counterparts for which only singlet excitons can be utilized.
This superiority leads to a continuous trend of shifting re-
search endeavors to the heavy transition-metal-based emit-
ters, among which intense research has been carried out on
the system involving IrIII complexes ever since the seminal
study on [Ir(ppy)3] (ppy = 2-phenylpyridine).[6] In compari-
son, although much less explored, Os(II) complexes may
gain certain advantages, such as the reduction of radiative
lifetime and hence a possibility of higher luminescent effi-
ciency, over the traditional IrIII and PtII emitting materials
in OLED applications.

On one hand, this is probably due to the fact that Os in
all emissive Os complexes possesses the unique +2 oxi-
dation state. Hence, luminescent OsII complexes, in general,
are expected to exhibit lower electrochemical oxidation po-
tentials in dπ orbitals relative to those of the iso-electronic
IrIII complexes. Thus, unless OsII complexes are incorpo-
rated with strong π-accepting ancillary ligands such as CO,
the osmium dπ orbitals will be destabilized, which results in
an increase in the metal-to-ligand charge transfer (MLCT)
contribution relative to typical π–π* transitions. Such a
property, i.e. a short radiative decay time, may also improve
the OLED device efficiencies by minimizing the unwanted
triplet-triplet annihilation that occurs at a higher operating
current density.[7] On the other hand, in comparison to the
luminescent Pt complexes possessing a similar PtII +2 oxi-
dation state, the octahedral ligand arrangement of the OsII

complexes would provide a prevailing environment for re-
ducing the intermolecular interaction. This is mainly due to
the fact that the planar arrangement and the d8 electronic
configuration of the PtII complexes are subject to aggrega-
tion, which leads to a possible π–π stacking interaction in
both fluid and solid solutions.[8]

Another subject of current interest is the development of
luminescent, neutral RuII complexes.[9] Despite the fruitful
progress on the transition-metal complexes above, a practi-
cal barrier to the commercialization of phosphorescent
OLED technologies may result from the prohibitive cost of
noble metals. With regard to the viability of application,
there is an urgent need to develop phosphorescent emitting
materials from less expensive precursors, among which RuII

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3319–33323320

serves as an alternative. Skepticism to this approach, how-
ever, might arise as a result of the weaker ligand field
strength of RuII as well as its smaller heavy-atom-effect, i.e.
weak spin–orbit coupling, relative to the third-row transi-
tion metals.[10] Nevertheless, recent progress has shown that
RuII complexes are suitable for decent OLED/PLED per-
formance. Such success is apparently credited to the ratio-
nal design of ligand structures through the standpoint of
fundamental chemistry and photophysics. Accordingly, in
this review, a certain focus will also be directed towards
the synthesis, characterization, and utilization of the RuII

complexes, their excitation behavior, and the fabrication of
efficient phosphorescent OLED devices.

2. [Os(CO)3] Derivatives

2.1 Diketonate Complexes

Photophysical studies of lower oxidation state rhenium(I)
complexes with the structural formula fac-[Re(CO)3X(L)]
(X = halides and L = bidentate heterocycles such as 2,2�-
bipyridine) have received considerable attention over the
past two decades.[3,11] The observed emission could origi-
nate from the ligand-centered π–π*, intra- or interligand
charge transfer, or even from the metal-to-ligand charge
transfer (MLCT) states, depending on the nature of hetero-
cyclic ligands. Moreover, the central metal cation would
also impose notable influence on the photophysical proper-
ties of the complexes. This gives us the motivation to initiate
the heretofore unexplored osmium(II) tricarbonyl ana-
logues.

Accordingly, a series of β-diketonate complexes with the
formula [Os(CO)3(tfa)(LX)] (1–7) were synthesized from
the Os dimer [Os2(CO)6(tfa)2] (tfa = trifluoroacetate) with
the appropriate diketone reagent (LX)H in a Carius tube.[12]

[Os2(CO)6(tfa)2]+(LX)H � [Os(CO)3(tfa)(LX)]+H2

The remarkable variation in the photophysical properties
of complexes 1–7 is summarized in Table 1. For the hexa-
fluoroacetylacetate complex 1, the lowest energy absorption
at 336 nm, with an extinction coefficient as low as
3000 –1 cm–1, is assigned to the 1MLCT transition, while
the corresponding emission appears at λmax = 545 nm. The
phosphorescent character is ascertained by its large Stokes
shift and long radiative lifetime, τr, of ca. 7 µs, which is cal-
culated by τr = τp/Φ (τp: observed decay time, Φ: emission
yield). Upon replacing one CF3 substituent with a tert-butyl
or a phenyl group to form complexes 2 or 3, respectively,
the emission is still dominated by phosphorescence, as indi-
cated by its large Stokes shifted peak wavelength and dras-
tic O2 quenching effect.

Replacement of the aromatic pendant with either α- or
β-naphthalene to form 4 or 5, respectively, also gives rise to
a unique phosphorescence with a peak wavelength at 560
and 540 nm, respectively. However, in contrast to the sole
phosphorescence for complexes 1–3 in both degassed and
aerated CH2Cl2, dual emission that consists of fluorescence,
i.e. 462 nm (4) and 455 nm (5), and phosphorescence was
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Table 1. Photophysical properties of complexes 1–7 in CH2Cl2 at room temperature.

Abs. λmax [nm] (ε×103) PL λem [nm] Φ [%][a] τf � 1/kisc [ps] τp [µs] Emitting states[b]

1 336 (3) 545 5.0 –[c] 0.35 3MLCT/3ππ* (11.0%)
2 321 (7) 507 4.9 –[c] 5.0 3MLCT/3ππ* (7.0%)
3 347 (14.7) 520 16.2 0.48 14 3MLCT/3ππ* (4.0%)
4 375 (13.6) 462,[d] 560 7.9 3.64 11 3ππ* (1.3%)
5 355 (17.2) 455,[d] 540 13.5 6.71 19 3ππ* (1.0%)
6 316 (17.6), 438 (19.8) 550, 690 1.2 120 14 1ππ*/3ππ* (�0%)
7 378 (20.7), 453 (11.3) 575, 740[e] 11.0 2100 –[f] 1ππ* (�0%)

[a] The solution was degassed with at least three freeze-pump-thaw cycles. For 6, the reported Φ value is the sum of florescence and
phosphorescence. [b] Values in parentheses are the percentage of 3MLCT/3ππ. [c] τf is shorter than the system response of 150 fs. [d] The
emission band was only detectable in an aerated solution. [e] The phosphorescence was acquired by laser (355 nm) excitation in a 77-K
methylcyclohexane glass. [f] The phosphorescence intensity was too weak to resolve the lifetime.

resolved for 4 and 5 under aerated conditions, which indi-
cates their relatively slow S1–T1 intersystem crossing rate,
kisc. Further substitution of pyrene (6) reveals drastically
different excitation behaviors. This is confirmed by the ob-
servation of dual fluorescence (550 nm) and phosphores-
cence (690 nm) with a ca. 1:1.2 intensity ratio. In contrast,
complex 7 exhibits only fluorescence, regardless of whether
it is in degassed or aerated CH2Cl2, as supported by the
excessive short radiative lifetime of 2.1 ns. Nevertheless,
weak phosphorescence with a peak wavelength at ca.
740 nm was resolved for 7 in a 77 K methylcyclohexane
glass matrix.

The changes of the lowest energy excited state character
can be rationalized by the π-electron conjugation intro-
duced by the polyaromatic pendant at the diketonate chro-
mophore, which increases (decreases) the π (π*) energy of
both S1 and T1 states in a qualitative manner. The fast kisc

observed in 1–3 can be rationalized by mixed MLCT and
π–π* character in both S1 and T1 manifolds. If intersystem
crossing takes place mainly from the S1 � T1 pathway, the
corresponding rate constant, kisc, is proportional to
�T1|HSO|S1�2

(∆ES1–T1)
2

, where Hso is the Hamiltonian for the spin–

orbit coupling and ∆ES1–T1
is the energy difference between

singlet (S1) and triplet (T1) states. The mixing of π–π* and
MLCT in both S1 and T1 states leads to the S1 � T1 in-
tersystem crossing that incorporates the �1dππ*|Hso|3ππ*�
or �3dππ*|Hso|1ππ*� term. The net result induces the
change in orbital angular momentums, i.e. dπ � π coupled
with the flip of the electron spin, so that the transition has
a significantly large first-order spin–orbit coupling term,
which results in a drastic enhancement of the intersystem
crossing.[13]
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Accordingly, among complexes 1–7, as shown in Table 1,
the greatest MLCT/π–π* mixing in 1 and 2 gives rise to
ultrafast, system-response–limited (�1013 s–1) kisc. Because
of the lack of MLCT/π–π* state mixing in 6, kisc decreases
drastically to 9.2×109 s–1. Apparently, because of the lack
of MLCT, complexes 6 and 7 mainly undergo a 1ππ* �
3ππ* intersystem crossing, in which the coupling between
orbital and spin angular momentum, and hence the
�1ππ*|Hso|3ππ*� term, should be rather small owing to
negligible changes in orbital angular momentum that can
couple with the flip of electron spin. In other words, there
is a small first-order spin–orbit coupling to enhance the in-
tersystem crossing.

To investigate the effect of the anionic ligands X in this
class of osmium(II) complexes, we prepared the dibenzo-
ylmethanate complexes using the reaction sequence and the
corresponding anion exchange protocols that is depicted.

[Os2(CO)6(µ-X)2]+(dbm)H � [Os(CO)3X(dbm)], X =
tfa (8) and I (11)

(8)+NaCl, NaBr or NH4SCN � [Os(CO)3X(dbm)], X
= Cl (9), Br (10), and SCN (12)

Table 2 shows their photophysical data, for which the
lowest-energy absorption band in the region of ca. 367–
380 nm can be assigned as an intraligand π–π* transition
of the chelating dbm ligand, together with a small pro-
portion of MLCT character.[14] The emission lifetime is un-
usually long (�29 µs), giving characteristics of the long-
lived phosphorescent emission and quantum yields ap-
proaching the level 0.08–0.13. The only exception is the io-
dide complex 11 (Φ = 0.007) − which could originate from
photoinduced dissociation involving the weak Os–I bond −
which exhibits a decrease in phosphorescence upon pro-
longed photolysis. The hypsochromic shift of the emission
peak maximum follows the order tfa � SCN � Cl � Br �
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Table 2. Photophysical properties and electrochemical data of complexes 8–12 in CH2Cl2 at room temperature.

Formula Abs. λmax [nm] (ε×103) λem [nm][a],[b] το [µs][a],[b] Φem kr [103 s–1][c]

8 [Os(CO)3(tfa)(dbm)] 280 (22), 367 (20) 538 (541) 64 (3.0) 0.13 2.02
9 [Os(CO)3Cl(dbm)] 285 (19), 372 (16) 557 (537) 46 (9.1) 0.13 2.76
10 [Os(CO)3Br(dbm)] 278 (19), 375 (16) 563 (561) 29 (4.2) 0.08 2.82
11 [Os(CO)3I(dbm)] 278 (24), 380 (14) 574 (602) 0.72, 38 (2.7) 0.007 0.18
12 [Os(CO)3(SCN)(dbm)] 277 (26), 372 (15) 539 (545) 53 (3.4) 0.13 2.49

[a] Excitation wavelength: 380 nm. [b] Data in parenthesis were obtained in the thin solid films. Note that a faster decay component
(�0.2 µs) was observed for 8–12 in the solid state possibly due to the defective sites. Its integrated intensity is �10% and is thus neglected.
[c] kr = Φem/τ.

I, which is proportional to the electron-donor strength of
the anion that destabilizes the metal-centered HOMO,
hence decreasing the energy gap.

We also made an attempt to probe the fundamentals of
the triplet-state properties based on this inherent molecular
design involving the related fac-[Os(CO)3] unit.[15] One intri-
guing topic relevant to triplet-state properties should be as-
cribed to the triplet-state intramolecular charge transfer
(TSICT) process.[16] It has been reported that the micelle or
polymer encapsulated organic chromophore, together with
the external heavy atom effect, may resolve room-tempera-
ture phosphorescence.[17] However, the resulting hetero-
geneous and rigid environments make the investigation of
the solvation-associated properties impractical. As a result,
photophysical properties associated with TSICT, such as
the solvation relaxation dynamics and the steady-state con-
sequence, e.g. the phosphorescence solvatochromism, are
not attainable in solvents with a low viscosity. Our strategic
design, in contrast, is much more simple (c.f. complex 13)
and involves the utilization of the [Os(CO)3Cl] fragment to
support an asymmetrical β-diketonate ligand, composed of
an N,N-dimethylaniline and a 2-naphthylene substituent
that serve as the electron donor and the acceptor, respec-
tively.[18] As the attached heavy-metal fragment [Os(CO)3Cl]
generally possesses a large energy gap for the metal dd and
MLCT transitions,[19] the organic chromophore of interest,
i.e. β-diketonate, is expected to lie in the lower-lying excited
states.

Figure 1 shows the absorption and emission spectra of
13 in various solvents. The different relaxation dynamics of
fluorescence and phosphorescence allowed us to resolve
each component.[15] In aerated cyclohexane, this molecule
exhibits distinct dual fluorescence at 470 nm and phospho-
rescence at 570 nm with a sum of near unitary quantum
efficiency. As the solvent polarity increases, drastic polarity
dependence in emission spectra is observed. Evidently, both
the fluorescence and phosphorescence undergo notable ba-
thochromatic shift and give rise to an exceedingly broad
emission signal. Changes in dipole moment for the S1 and
T1 states with respect to the ground state are deduced to be
18.0 and 11.9 Debye, respectively, with the Lippert–Mataga
equation.[20] The appreciable difference in dipolar changes
implies the intrinsic difference in the electron-density distri-
bution between S1 and T1 states. Further theoretical analy-
sis indicates that the T1 state possesses a substantial contri-
bution (�10%) from the MLCT transition originating from
the osmium dπ orbital to the π system of the 2-naphthyl
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moiety, whereas the S1 state is dominated by a ππ* configu-
ration. Thus, the redistribution of π electron density be-
cause of the charge transfer should be less emphasized in
the T1 state, rationalizing its smaller dipolar change. Such
intrinsic, subtle differences in charge-transfer properties are
intriguing and worthy to pursue further from a theoretical
standpoint.

Figure 1. The absorption and steady-state emission spectra of 13 at
298 K in degassed cyclohexane (-�-), dichloromethane (-�-), and
acetonitrile (-∆-). The trace (-�-) denotes the emission spectrum of
13 in aerated cyclohexane.

2.2. Quinolinolate Complexes

Providing that the osmium fragment [Os(CO)3X] of β-
diketonate complexes serves as a prototype to facilitate the
intersystem crossing, other chelating anions such as quinolin-
olate have also been explored in an attempt to reveal their
phosphorescent characters.[21] This issue is motivated by the
consideration that aluminum quinolinolate and its homo-
logues were extensively tested for applications as the emit-
ting or the electron-transporting materials in OLEDs.[22]

Four osmium(II) quinolinolate complexes 14–17 were
synthesized, which provide a good example of the structural
modifications that influence the basic photophysical prop-
erties. Table 3 summarizes the peak wavelengths of the low-
est-energy absorption and other important photophysical
data. The room-temperature absorption and emission spec-
tra of complexes 14–17 in toluene are shown in Figure 2.
The lower-lying absorption peak located at near 420–
450 nm is derived from a π–π* transition with a significant
contribution from the intraligand charge transfer (ILCT)
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transition.[23] This delineation is in good agreement with the
ca. 20-nm bathochromic shift of a similar absorption band
of 17, for which fluorine substitution at the 5-position is
expected to markedly lower the π–π energy gap of the quin-
olinolate fragment because of the resonance (i.e. meso-
meric) effect.[24] The assignment to the MLCT band is dis-
carded owing to the lack of electronic dependence on the
metal environment in the iodide complex 15.

As depicted in Figure 2, except for the fluorine-substi-
tuted complex 17 in which only fluorescence could be re-
solved, complexes 14–16 revealed two distinct bands, the
intensity ratios of which varied according to the quinolinol-
ate ligands and the anionic ancillary ligands. The shorter-
wavelength band, showing characteristics of a short lifetime
(�2 ns, see Table 3), is classified as fluorescent emission,
while the longer-wavelength band can be assigned to the

Table 3. Photophysical properties of complexes 14–17 in degassed toluene at room temperature.

Abs. λmax [nm] (ε×103) PL λmax [nm] Φ [%][a] Fluorescence [ns] Phosphorescence [µs][b]

14 424 (3.3) 526, 635 1.4 0.55 33.1
15 430 (4.1) 520, 650 2.4 0.15 3.8
16 421 (3.4) 520, 650 0.2 0.21 21.6
17 443 (2.9) 560, 689 1.1 1.10 –

[a] The solution was degassed with at least three freeze-pump-thaw cycles. The reported Φ value is the sum of fluorescence and phospho-
rescence. [b] The phosphorescence lifetime was measured by a direct laser flash experiment.

Figure 2. UV/Vis absorption and normalized emission spectra of 14 (-�-), 15 (-�-), 16 (-∆-), and 17 (-�-) in toluene at room temperature.
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respective phosphorescence on the basis of its relatively
much longer lifetime (�1 µm) and drastic quenching effect
under oxygen. It is believed that both of these emissions are
dominated by typical π–π* transition in combination with
ILCT [phenolate site (π) � pyridine site (π*)] character.
The latter transition, in part, incorporates the transfer of
electron densities from the oxygen atom of the phenolate
fragment to the π* orbitals of the fused ring system. The
fluorine atom in complex 17 exhibits the mesomeric ef-
fect,[24] which results in the decrease in electronic transition
energy, with a consequent bathochromic shift in both the
absorption and emission bands.

The variation in the intensity of dual emissions, i.e. fluo-
rescence vs. phosphorescence, can be correlated with the re-
laxation dynamics of the S1 � T1 intersystem crossing. In
comparison with complex 14, the addition of a 2-methyl
group in 16 enhances kisc threefold, which may be rational-
ized by the increase in density of the final vibronic states
(T1) having the same energy as the initial states (S1). For
complex 17, the mesomeric effect introduced by the fluorine
atom at the 5-position of the quinolinolate would result in
the retardation of intersystem crossing in a qualitative man-
ner and hence give the reduction of kisc. However, in the
case of iodide-substituted complex 15, the phosphorescence
is significantly increased, plausibly because of the ad-
ditional iodide heavy-atom effect that drastically increases
the rate of intersystem crossing (vide infra).[25]
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3. [Os(CO)2] Derivatives

3.1 Diimine Complexes

Dicarbonyl osmium(II) complexes of the type [Os(di-
imine)(CO)2I2] contain both π-donating iodide ligands and
an accepting diimine ligand with low energy π* orbitals.
These osmium(II) complexes exhibit pseudo-octahedral ge-
ometry, and the iodide and carbonyl ligands are located at
the trans and cis positions, respectively.[26] The main interest
in initiating this investigation was to shed light on the na-
ture of the lowest excited state; for example, whether these
complexes display the basic characteristics of the usual
metal-to-ligand charge transfer excited state (MLCT) or a
state with a substantial amount of the halide-to-ligand
charge transfer (XLCT) character.

It is noted that these OsII complexes exhibit much
stronger room-temperature iodide-to-ligand phosphores-
cence than that of their ruthenium analogues. Such a differ-
ence is attributed to an increase in the all osmium ligand
bonding strength relative to that of the second row ruthe-
nium counterparts, which affords an increase in the energy
of the metal-centered dd state. Therefore, this dd state is
more difficult to populate in the osmium derivatives, which
shows a notable increase in luminous intensity. Conversely,
if the metal-centered dd state is more easily populated,
which is more likely to occur in the ruthenium complexes,
the complex may relax back to the ground state through
nonradiative means and exhibit a great loss in the emission
efficiency.[27] DFT calculations on complex 18b confirm
that the room-temperature emission originates from mixed
XLCT (�70%) and MLCT (�30%) as a result of the lower
oxidation potential of the iodide ligand. Replacing the di-
imine ligand from bipyridine (or phenanthroline) with the
pyridyl benzoxazole ligand leads to a significant bathochro-
matic shift of the emission signal. The result implies that
the benzoxazole ligand of 19 possesses a lower energy π*
orbital relative to that of the bipyridine (or phenanthroline)
ligands, which in turn gives a reduction in the energy gap
for the MLCT/XLCT excited states.

3.2 Pyridyl Azolate Complexes

The C-linked 2-pyridyl azolate belongs to a class of che-
lating ligands for which the large difference in the electronic
properties of the pyridyl and the azolate fragment would
render a larger ligand-centered π–π* energy gap. Such a
property is very desirable for the generation of rarely ob-
served blue phosphorescence. Furthermore, the disparity in

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3319–33323324

electron distribution between the azolate and pyridyl frag-
ments may provide a synergic effect such that the electron
density transfers from the azolate to the cationic metal cen-
ter and back to the pyridyl fragment, giving a delocalized
and stabilized metal–chelate bonding interaction.

Treatment of 3-trifluoromethyl-5-(2-pyridyl)pyrazole
(fppz)H and Os3(CO)12 afforded only one complex, 20, in
moderate yield.[28] For reactions with the related triazole
chelate, two isomeric complexes, 21 and 22, were observed
for the direct treatment of 3-tert-butyl-5-(2-pyridyl)triazole
(bptz)H with Os3(CO)12.[29] Separation of products was
achieved by using their marked solubility differences in ace-
tone, where the less soluble isomer 21, which is structurally
related to complex 20, can readily be obtained as a crystal-
line solid, while isolation of the second complex 22 required
repeated extraction and slow diffusion of hexane vapor into
a saturated acetone solution at room temperature.

It is notable that the pyridyl fragments in complexes 20
and 21 are both located at the mutual trans position, while
the pyridyl groups in complex 22 are located trans to the
cis-oriented carbonyl ligands.

The corresponding photophysical data are summarized
in Table 4. For complex 20, the lowest-energy absorption
bands at ca. 310 nm are ascribed to the ligand-centered π–
π* transitions, while the corresponding MLCT transitions
could be hidden under the more intense π–π* transitions.
The emission spectrum exhibits a distinct vibronic feature
with λmax at 430, 457, and ca. 480 nm in CH3CN. The fact
that the entire emission band originates from a common
excited-state species is ascertained by the same fluorescence
excitation spectra throughout the monitored wavelengths of
420–600 nm. This observation leads us to propose that the
emissive state mainly possesses a ligand-centered 3ππ* char-
acter.

Table 4. Photophysical properties of complexes 20–22 in degassed
CH3CN at room temperature.

Abs. λmax [nm] PL λmax [nm] Q.Y. Φ τ [µs]

20 311 430, 457, 480 0.14 18.5
21 333 455, 480, 507 0.42 39.9
22 340 460, 483, 515 0.00046 0.026

Figure 3 shows the UV/Visible absorption and emission
spectra of both 21 and 22 in acetonitrile. Similarly, a struc-
tureless band with a maximum at 310–334 nm can be as-
signed to a triazolate-to-pyridine intraligand π–π* transi-
tion. For their emission spectra, complex 21 exhibits strong
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emission, with a quantum yield of 0.42, for which distinct
vibronic peak maxima appear at ca. 455, 480, and 507 nm
in degassed CH3CN at 298 K. Remarkable differences in
emission properties were observed for 22. Although its
emission profile looks quite similar to that of 21, this com-
plex is nearly nonemissive with a quantum efficiency as low
as 4.6×10–4 in degassed CH3CN solution at 298 K. This
weak phosphorescence also correlates well with the ob-
served fast relaxation dynamics, in which the lifetime of
phosphorescence for 22 is measured to be as short as 26 ns.
It is also worth noting that a small but non-negligible fluo-
rescence shoulder (λmax � 420 nm, τf �200 ps) could be re-
solved in 22 (Figure 3), although the rate of intersystem
crossing is very fast, as indicated by the system-response-
limited rising component of the phosphorescence
(�200 ps).

One possibility to account for the distinctive difference
in emission behavior of 22 is that there exist certain excited
states, possibly a metal-centered d–d transition (i.e. ligand
field, LF, transition), which results in weakening of the
metal–ligand interaction as a result of their anti-bonding
character and may thus act as an activator for the overall
radiationless transition.[30] However, this possibility was
ruled out as none of the four lowest excited states, including
two singlet and two triplet manifolds that were examined,
possess the anticipated dd character. The inaccessibility of
the dd excited state is believed to result from the strong
ligand field strength of the triazolate chelates as well as of
the CO ligands.

On the other hand, according to our TD–DFT calcula-
tion, a T1 configuration in 22 could be reasonably attrib-
uted to a 3ππ* manifold, mixed to a great extent with small
amounts of the 3MLCT character.[31] By populating the T1

excited state, a shift in the electron density from the metal
center, CO ligands, and the triazolate moiety to the pyridine
moiety occurs, which results in a further reduction of the

Figure 3. UV/Vis absorption and emission spectra of 21 (-o-) and 22 (—) in CH3CN solution at room temperature.
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already weakened Os–pyridine interactions in 22, for which
the weakened bond lengths have been confirmed by single-
crystal X-ray analysis. As a result, in 22, the potential en-
ergy surface (PES) of T1 might be so shallow that, under
extreme conditions, a surface crossing of PESs between T1

and S0 is possible. As shown in Figure 4, upon excitation,
fast S1–Tn intersystem crossing (ISC) must take place. It is
plausible that ISC proceeds from S1 to T2 because of their
closeness in energy, followed by a fast rate for T2 to T1

internal conversion (�1 ps–1). After population equilib-
rium, 22 can be thermally activated to certain vibrational
levels close to the section of surface crossing to execute the
radiationless deactivation through facile metal–ligand bond
stretching. Thus, a dominant T1 � S0 radiationless transi-
tion caused by a “loose-bolt” effect might take place upon
thermal activation.[32]

This discovery may allow a parallel comparison with the
behavior of tris(cyclometalated) iridium complexes for
which isolation of two geometrical isomers has been docu-
mented in the literature.[33] Structural and spectroscopic
data suggest that the facial isomers have stronger and more
evenly distributed metal–ligand bond interactions, and are
highly emissive in both fluid and solid states at room tem-
perature. In contrast, the meridional isomers have much
greater bond length alternations caused by the differing
trans influences of anionic phenyl and neutral nitrogen do-
nors such as pyridine or pyrazolate, and are significantly
less emissive under identical conditions at room tempera-
ture. We speculate that this greater bond strength alter-
nation then induces a similar effect upon electronic exci-
tation, which is more likely to be responsible for the rapid
radiationless deactivation observed in this IrIII system.

Moreover, treatment of complex 20 with a nitrogen do-
nor ligand led to the formation of a new series of OsII com-
plexes with formula [Os(fppz)2(CO)(L)] (23, L = 4-dimeth-
ylaminopyridine; 24, L = pyridine; 25, L = 4,4�-bipyridine;
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Figure 4. Energy levels of the lower-lying excited states and the proposed relaxation pathway for complex 22. ISC: intersystem crossing,
IC: internal conversion. SC: surface crossing.

26, L = pyridazine; 27, L = 4-cyanopyridine); the remaining
carbonyl ligands and the N-heterocyclic ligand are located
at the axial positions.[34] Variation in the axial N-heterocy-
clic ligand leads to remarkable changes in photophysical
properties such that the energy gap and the phosphores-
cence peak wavelength can be fine-tuned.

For complexes 23 and 24, the axial nitrogen donor ligand
possesses an electron-rich aromatic π system, which dis-
courages its participation in the lowest-energy electronic
transition. As a result, the phosphorescence originates from
a combination of intraligand 3ππ* (3ILCT) and metal-to-
ligand charge transfer transitions (3MLCT) to the pyridyl
fragments of the fppz chelates, and its peak wavelength is
independent of the polarity of the solvent. This is con-
firmed by the observation of an only 18-nm red-shifted
emission wavelength for complex 24 upon changing sol-
vents from cyclohexane (487 nm) to acetonitrile (�505 nm).
In sharp contrast, complexes 25–27 exhibit mainly ligand-
to-ligand charge transfer (LLCT) transitions, with a trans-
fer of electron density from the equatorial pyrazolate frag-
ment to the axial nitrogen donor ligand because of the ex-
cessive stabilization produced by either the extended π con-
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jugation (4,4�-bipyridine) or the presence of an extra elec-
tronegative nitrogen atom (pyridazine and 4-cyanopyri-
dine). The phosphorescence thus reveals strong solvent-po-
larity dependence, which results in a large shift in emission
wavelength, e.g. from 560 (in C6H12) to 665 nm (in CH3CN)
and from 603 (in C6H12) to 710 nm (in CH3CN) for com-
plexes 25 and 27, respectively. These results clearly demon-
strate that a simple derivatization of the axial N-heterocy-
clic ligand drastically alters the excitation properties per se
from intraligand charge transfer (ILCT) to the LLCT tran-
sition. The latter exhibits remarkable LLCT phosphores-
cence solvatochromism, so that a broad range of color tun-
ability was achieved. Future applications to probe molecu-
lar/metal ion recognition will be of great interest and these
can be achieved by applying the mechanism that incorpo-
rates solvent-polarity dependent interplay between ILCT
and LLCT.[35]

4. Diphosphane Osmium Derivatives

An optimized synthesis was performed by the treatment
of Os3(CO)12 with at least 6 equiv. pyridyl azole in anhy-
drous diethylene glycol monoethyl ether (DGME) at 180–
190 °C, followed by the addition of a decarbonylation rea-
gent, Me3NO, and the phosphane ligands in sequences.[36]

This one-pot synthesis strategy gives the desired OsII com-
plexes 28–33 in good yields (�70%), and hence has a great
advantage as it can be scaled up for possible industrial ap-
plication.[37]
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Figure 5 shows an ORTEP diagram of 28, in which the
metal atom is located at a crystallographic center of inver-
sion. The two chelating pyrazolate ligands establish a nearly
planar OsN4 basal arrangement, together with two PPh2Me
ligands located at the trans positions. The planar ligand ar-
rangement is analogous to those of the porphinato ligand in
metalloporphyrins such as [Os(TTP)(PPh3)2] (TTP = meso-
tetraphenylporphinate) and [Os(TPP)(CO)(Im)] (Im = 1-
methylimidazole).[38] The measured Os–N(pz) distances of
2.073(2) Å in 28 are slightly shorter than the respective Os–
N(py) bond lengths of 2.090(2) Å; both bond lengths fall in
the range expected for a typical N�OsII dative bond. Of
particular interest are the relatively weak nonbonding con-
tacts (N3A···C1 = 3.305 Å and N3A···H1 ca. 2.50 Å) ob-
served between the ortho-hydrogen atom of the pyridyl moi-
ety and the N atom of the nearby pyrazolate fragment. It
is speculated that this H-bonding, to a certain extent, is
akin to that observed in the cobaloxime complexes.[39]

Figure 5. ORTEP diagram of 28; selected distances: Os–P(1) =
2.3616(5), Os–N(1) = 2.090(2), Os–N(2) = 2.073(2), N(2)–N(3) =
1.349(2), N(3)···H(1A) = 2.508 Å and angles: N(1)–Os–N(2) =
76.48(7), N(1)–Os–N(2A) = 103.52(7)°.

As indicated in Table 5, the UV/Vis spectra of these os-
mium complexes show similar patterns, with three notable
absorption maxima. The highest energy band, observed at
ca. 400 nm, is naturally assigned to the spin-allowed 1ππ*
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transition. The next lower energy absorption band, around
454–466 nm, can be ascribed to a spin-allowed metal-to-
ligand charge transfer (1MLCT) transition, while the third
lowest energy band can be assigned to a state involving a
mixture of both 3ππ* and 3MLCT characters.

Table 5. Photophysical properties of complexes 28–33 in CH2Cl2
and solid state at room temperature.

Abs. λmax [nm] PL λmax [nm] Q.Y. Φ[a] τ [ns][a]

28 405, 454, 542 617 (618)[a] 0.50 (0.21) 855 (631)
29 411, 456, 553 632 (655) 0.19 (0.29) 725 (610)
30 406, 466, 560 649 (670) 0.25 (0.10) 634 (440)
31 405, 457, 543 617 (631) 0.62 (0.24) 960 (180)
32 403, 457, 545 614 (618) 0.76 (0.36) 940 (580)
33 410, 465, 550 629 (634) 0.50 (0.21) 810 (910)

[a] Data in parentheses are measured in the solid state at room
temperature.

For the emission spectra, in comparison with 28, which
is coordinated by two PPh2Me ligands, complex 29, bearing
the PPhMe2 groups, reveals a ca. 15-nm bathochromic shift
in λmax that can qualitatively be rationalized by an increase
in the OsII dπ energy level as a result of the poor π-ac-
cepting strength of the PPhMe2 ligands (see Table 5). Com-
plexes 28 and 31, both possessing two PPhMe2 ligands, ex-
hibit nearly identical emission in solution, λmax =617 nm.
This is due to the fact that the triazolate fragment, which
is more electron withdrawing relative to pyrazolate, exerts
an equal amount of stabilization to both HOMO and
LUMO, which are located at the OsII metal center and the
adjacent pyridyl site, respectively. Moreover, changing the
substituent on the triazolate from tert-butyl (30) to CF3 (31)
and then to C3F7 (32) causes a notable blue-shift as a result
of the increase in the MLCT gap by lowering the metal dπ
energy level.

Moreover, the observed lifetimes of ca. 0.6–0.9 µs in de-
gassed CH2Cl2 solution are considerably shorter than those
of other reported red emitting IrIII complexes.[40] This, in
combination with decent quantum yields �0.1, implies that
the OLED devices fabricated using this class of osmium
complexes could exhibit reduced triplet-triplet annihilation
at the higher driving voltage.[7,41]

For the preparation of light-emitting devices, we incorpo-
rated the osmium phosphor 29 into a tailor-made blue-
emitting polyfluorene derivative PF-TPA-OXD.[42] This
host polymer, which contains both hole- and electron-trans-
porting side chains, is capable of facilitating charge injec-
tion and transport and is suitable for matching the dopant-
host energy level to achieve the direct formation and con-
finement of an exciton at the dopant. This configuration
leads to a reduction in the electrical excitation of the host
polymer, which in turn decreases the degree of exciton loss
arising from nonradiative decay of the host triplet. In prac-
tice, PLED devices having the configuration ITO/poly-
(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene)
(PEDOT) (35 nm)/polymer emitting layer (50–70 nm) and
dopant 29/TPBI (30 nm)/Mg:Ag (100 nm)/Ag (100 nm)
were fabricated, and the optimized dopant concentration of
29 was kept at ca. 1 mol-%. The PL profile of this device
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contains two components, which are attributed to the poly-
fluorene emission of the PF-TPA-OXD host and the triplet
emission of 29, while the corresponding EL spectra indicate
an exclusively dopant emission. The dramatic difference be-
tween the PL and EL spectra reveals that the emission
would result from direct charge trapping, followed by re-
combination with opposite charges at the dopant sites.[43]

To understand the details of the charge–transport mecha-
nism, the HOMO and LUMO energy of 29 were estimated
by using the onset potentials of the oxidations and re-
ductions obtained with cyclic voltammetry (CV). As shown
in Figure 6, holes in this device can easily be injected from
PEDOT (–5.2 eV)[44] into the HOMOs (–5.3 eV) of the PF-
TPA-OXD host upon overcoming a small energy barrier
(0.1 eV). For complex 29, the ionization potential is 0.8 eV
below the HOMO of PF-TPA-OXD; therefore, holes can be
trapped at the dopant site, followed by recombination of
opposite charges (electrons) to form excitons. For compari-
son, this device reached a maximum external quantum effi-
ciency of 8.37% with a peak brightness of 16720 cdm–2.
Moreover, a maximum ηext of 12.8% is reached by using a
similar device configuration and by employing a tetraphen-
ylenebiphenyldiamine (TPD) based cross-linkable hole-
transport layer, as well as a layer of 1,3,5-tris(N-phenyl-
benzimidazol-2-yl)benzene (TPBI) as an electron-transport
layer and complex 29 as a dopant emitter.[45]

In contrast, ionic red-emitting osmium(II) incorporating
various substituted bipyridine ligands were also synthesized
and tested for OLED applications.[46] The schematic draw-
ing of two representative osmium(II) complexes, 34 and 35,
are shown.

This class of complexes features strong red MLCT phos-
phorescent emission ranging from 611 to 651 nm and the
best quantum yields, up to 45%.[47] Electrophosphorescent
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Figure 6. Proposed energy level for the devices having the configu-
ration ITO/PEDOT/29: PF-TPA-OXD/TPBI/Mg:Ag.

devices were demonstrated by using poly(N-vinylcarba-
zole) and 2-tert-butylphenyl-5-biphenyl-1,3,4-oxadiazole
(PVK:PBD) as the emitting layer, which give a brightness of
1400 cdm–2. The best external quantum efficiency of 2.2%,
which corresponds to a photometric efficiency of 1.9 cdA–1,
was achieved when switching the host matrix from
PVK:PBD to a blend host of poly(2-vinylnaphthalene)
(PVN) and PBD.[48] Moreover, it is understood that the
analogous cationic osmium complexes are capable of trap-
ping both electrons and holes, which facilitates the direct
recombination of holes and electrons on the complex sites;
however, the resulting devices failed to show any device
data comparable to those of previously mentioned neutral
osmium complexes such as 29, even under the conditions
using the copolymer PF-TPA-OXD, which is well known
for its carefully balanced charge injection and transporting
properties.[45] It is obvious that the counterions presented
in this class of bipyridine complexes have seriously deterio-
rated the performance of the device, presumably by affect-
ing the charge trap/transport property of the osmium com-
plexes; hence, the use of ionic emitting materials must be
avoided.

For a further comparison, we also took advantage of the
high volatility of the neutral osmium(II) complexes to pre-
pare OLEDs using direct thermal evaporation.[37] In this
approach, complex 31 was selected for fabricating a series
of multilayer devices with the configuration ITO/
HTL(40 nm)/CBP:31(30 nm)/BCP(10 nm)/Alq3(30 nm)/LiF-
(1 nm)/Al(150 nm), where CBP, BCP, and Alq3 are the ab-
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breviations for 4,4�-N,N�-dicarbazolyl-1,1�-biphenyl, 2,9-di-
methyl-4,7-diphenyl-1,10-phenanthroline, and tris(8-hy-
droxyquinolinato) aluminum(III), respectively. Interest-
ingly, upon switching the hole-transport layer (HTL) from
4,49-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)
and 9,9-bis{4-[bis(p-biphenyl)aminophenyl]}fluorene
(BPAPF),[49] a very high initial external quantum efficiency
of ca. 20% and luminous efficiency of 27.8 cdA–1 are ob-
tained at 1 mAcm–2. These examples stand as some of the
best red-emitting phosphorescent OLED devices ever fabri-
cated.

5. Diphosphane Ruthenium Derivatives

It is indispensable to have neutral RuII complexes that
are suitable for serving as efficient phosphorescent emitters.
However, the weaker ligand field strength for the second
row transition elements requires the use of strong field an-
cillary ligands such as phosphane to increase the energy gap
of the metal-centered d–d transition, such that the radia-
tionless deactivation associated with the metal–metal and/
or metal–ligand bond stretching motion can be significantly
suppressed.[19,50] Moreover, the relatively high oxidation po-
tential in RuII versus that of its third-row OsII analogues
demands the employment of extensively conjugated 1-iso-
quinolyl-substituted chromophores to compensate for the
unfavorable metal oxidation potential for the generation of
saturated red emission.

Conversely, a series of RuII complexes 36–40 were syn-
thesized following the synthetic scheme established for their
osmium counterparts.[9] Their emission spectra are depicted
in Figure 7, while photophysical data are listed in Table 6.
Moderate to highly intense luminescence in the solid state
is obtained for complexes 36–38, with λmax at 709, 682, and

Figure 7. Photoluminescence of RuII phosphors as solid film at room temperature.
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632 nm, respectively. In good agreement with the 3MLCT
emission, the PPh2Me derivative 37 exhibits a ca. 27-nm
hypsochromic shift in λmax relative to the PPhMe2 anchored
36; this result can qualitatively be rationalized in terms of
a decrease in the RuII dπ energy level as a result of the
increase in π-accepting strength. For complex 38, an even
more notable hypsochromic shift of 50 nm is achieved. This
is apparently caused by the electron-withdrawing effect of
the CF3 substituents on pyrazolate, which has a function of
lowering the electron density at the RuII metal center.

With the aim of reducing ligand π conjugation, replace-
ment of the 1-isoquinolyl pyrazolate ligands with less-con-
jugated 2-pyridyl pyrazolate counterparts afforded the pyr-
idyl complexes 39 and 40.[51] Although 39 has a low chemi-
cal stability upon contact with chlorinated solvents in air,
its solid sample gives a faint orange emission at λmax =
568 nm at room temperature – a result of increasing the
emission gap from that of 36 (λmax = 709 nm) by reducing
the π-conjugation of the LUMO orbital.

A further increase in the energy gap for 40 is expected
owing to the presence of an electronegative CF3 substituent
on the chelating pyrazolate, which is expected to stabilize
the metal dπ orbitals by lowering the electron density. This
viewpoint can be firmly supported by TD–DFT calcula-
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Table 6. Photophysical properties of complexes 36–40 in CH2Cl2 and solid state at room temperature.

Abs. λmax [nm] (ε×103) PL λmax [nm][a] Φ[a] τobs. [µs][a]

36 336 (20), 363 (14), 462 (13), � 580 (0.9, br.) 718 (709) – (0.02) – (1.06)
37 332 (20), 361 (15), 455 (12), � 566 (1, br.) 700 (682) – (0.02) – (0.64)
38 320 (25), 353 (13), 446 (17), � 523 (1, br.) 636 (632) 0.01 (0.24) 0.10 (1.82)
39 309 (19), 395 (10), 443 (1), � 493 (1, br.) – (568) – (0.001) – (0.16)
40 297 (22), 392 (12), � 460 (0.7, br.) – – –

[a] Data in parentheses are measured in the solid state at room temperature.

tions. As shown by the absorption data listed in Table 6,
complex 40 apparently exhibits the highest 1MLCT absorp-
tion (ca. 460 nm) among all other RuII complexes prepared
(493–580 nm). The TD–DFT results of 40 show that the
lowest-energy triplet state involves metal dd character
(�64%), while the typical 3MLCT state increases in energy
and becomes a second lowest excited state.[51]

As for the OLED applications, a multilayer device using
24 wt.-% of 38 as a dopant emitter in a CBP host and with
NPB as a hole transport layer exhibits saturated red emis-
sion with an external quantum efficiency of 5.10%, lumi-
nous efficiency of 5.74 cdA–1, and power efficiency of
2.62 lmW–1, while incorporation of a thin layer of PEDOT/
PSS between ITO and NPB gives an optimized result with
external quantum efficiency of 7.03%, luminous efficiency
of 8.02 cdA–1, and power efficiency of 2.74 lmW–1 at
20 mAcm–2. The nonionic nature, high emission quantum
efficiency, and short radiative lifetime are believed to be the
key factors responsible for this unprecedented behavior. In
contrast, fabrication of OLED devices using the ionic emit-
ting materials can only produce devices with poor perform-
ances,[52] although the related RuII complexes have been ex-
tensively utilized in light-emitting electrochemical cells
(LECs),[53] in which the excessive mobile counterions facili-
tate the electrochemical redox processes required for gener-
ation of high efficiency steady-state radiance.

6. Concluding Remarks

With the aim of optimizing the performance of organic
light-emitting diodes, research on the transition-metal com-
plexes evidently still offers great prospects. In this review,
we demonstrate the power of OsII and RuII fragments in
supporting a variety of ligands, such as those of [Os(CO)3]-
substituted diketonate or quinolinolate complexes, [Os-
(CO)2] derivatives involving diimine or pyridyl azolate com-
plexes, diphosphane-substituted osmium and ruthenium de-
rivatives, which result in complexes with great luminescent
properties. We also show the importance of merging theo-
retical and experimental observations, providing timely
feedback for further rational design of numerous function-
alized luminescent complexes. In this regard, we formulate
a fundamental issue regarding a generalized radiationless
deactivation process, i.e. the first-order perturbation incor-
porating the spin–orbit coupling from various orbital con-
figurations (e.g. 3ππ* or 3dππ*). In this approach, mixing
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between 3ππ* and 3dππ* apparently gains a certain prefer-
ence for facilitating the S1 � T1 intersystem crossing rate
(and likewise the T1 � S1 process). As a result, the intersys-
tem crossing rate can be qualitatively predicted through
theoretical frontier orbital analyses in combination with,
for example, X-ray structural determination. As for the case
of neutral RuII complexes, we trust that the design of li-
gands for averting the incorporation of metal dd character
into the lowest triplet state plays a key role in increasing
the luminescent behavior; this strategy should be equally
applicable to other systems incorporating second-row tran-
sition-metal elements.

In view of OLED applications, a broad range of color
tuning from red to blue has been achieved by derivatization
of either pyridine or azolate segments as well as by varia-
tion in the electronic properties of the central metal atom
by adjusting the ancillary ligands. Accordingly, we have re-
viewed a number of C-linked pyridyl azolate based OsII and
RuII complexes with regard to making OLEDs with excel-
lent performance. It is thus possible that these pyridyl azol-
ate based metal complexes, after full optimization, will
eventually meet the expected industrial demand. Further
extension of the chapter of OsII transition-metal complexes
is also of great interest. On the basis of a similar principle,
coarse as well as fine-tuning of ligands, especially the pyr-
idyl azolate based complexes, toward the near-IR region
with high luminescent efficiency is feasible, making possible
their future applications in other fields such as near-IR im-
aging, optical communication, and photovoltaic systems,
etc. We thus believe that the results as well as the perspec-
tives presented in this review should spur continuous inter-
est in the design and preparation of luminescence materials
incorporating both OsII and RuII elements.
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The triple helicate dinuclear iron(II) complex, [Fe2(L)3]-
(ClO4)4·2H2O (1), previously reported by Tuna et al. (Chem.
Eur. J. 2004, 10, 5737), was prepared and characterised by
detailed SQUID and 57Fe Mössbauer measurements. Com-
pound 1 exhibits a thermochromic two-step spin conversion
at TSC

(1) ca. 240 K and TSC
(2) ca. 120 K, but does not switch

its spin state further below 20 K as proven by Mössbauer
spectroscopy. The sharp variation of the susceptibility below
20 K is due to zero-field splitting of the remaining iron(II)
high-spin species. Applied field 57Fe Mössbauer spec-

Introduction
The spin crossover (SCO) phenomenon presumably be-

longs to one of the most exciting and active field of research
in molecular and coordination chemistry[1] as probed by the
constantly increasing amount of papers.[2] This phenome-
non has been observed for coordination compounds of 3d
transition metals such as d4 (CrII, MnIII), d5 (FeIII, MnII),
d6 (FeII, CoIII) and d7 (CoII) ions.[3] Yet, most of the syn-
thetic efforts and physical investigations have been carried
out for FeII mononuclear complexes displaying a wide
range of SCO behaviours.[1,2] Recently, synthetic ap-
proaches combining the tools of supramolecular and coor-
dination chemistry have been developed because it was real-
ised that bridging active sites through noncovalent and/or
covalent bonds could enhance cooperative effects associated
to the spin-state change of individual molecules.[4] Such
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troscopy experiments at 4.2 K indicate that the gradual ther-
mal spin conversion from [HS–HS] pairs to [LS–LS] pairs is
complete for one half of the FeII active sites. The presence of
a step tracked in the spin-conversion curve and through the
variation of the Mössbauer parameters of an uncoupled
iron(II) site call for the occurrence of an [LS–HS] intermediate
spin state in the plateau region.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

strategy is appealing because it can lead to the observation
of a bistability domain that is of great importance for po-
tential applications.[5] It should, however, be used with cau-
tion as strong cooperative interactions between spin-chang-
ing molecules in the crystal lattice can disfavour, in some
cases, the occurrence of spin-state crossover itself.[6,7] The
understanding of complex magnetic behaviour as developed
in SCO coordination polymers[8] requires a full understand-
ing of the SCO occurring in much simpler compounds such
as monomers and oligomers.[9–10] As such, dinuclear FeII

complexes exhibiting a SCO between the high-spin (HS,
5T2g) state and the low-spin (LS, 1A1g) state in the liquid
and solid state have been the subject of intensive prepara-
tion and investigations during the last three years.[11–19] The
quest for new complexes is motivated by the understanding
of the nature and the determination of the proportion of
the existing spin pairs for these materials exhibiting grad-
ual, abrupt or stepwise spin conversions. Another motiva-
tion stems from the possibility to combine both magnetic
exchange and SCO phenomena in the same dinuclear
unit[20] leading to multifunctional materials.[21]

Several modules have been used to link the active SCO
sites in these binuclear systems: one bridging ligand such as
µ-bpym (bpym = 2,2�-bipyrimidine)[11,12,17b] or µ-dicyan-
amide,[15] two ligands constituting a µ-pyrazolato[16,17] or µ-
triazolato bridge,[18] or three benzimidazole bridging li-
gands leading to an helicate structure presenting a spin con-
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version in solution.[19] A new series of triple helicate dinu-
clear FeII complexes of the type [Fe2(L)3]A4·nSolvent with
A = PF6

–, BF4
– and ClO4

– was also recently communi-
cated.[22] L is a Schiff base resulting from the condensation
of 3H-imidazole-4-carbaldehyde with 4,4�-methylenediani-
line in methanol. Their crystal structure reveals that the FeII

centres are in a six-coordinate pseudo-octahedral coordina-
tion environment bound to three imidazolimine units origi-
nating from three different ligand strands. Each ligand
strand binds to two metals, and the three ligands wrap
around the metal–metal axis leading to a triple helical dinu-
clear structure (Figure 1). CH···π interactions are noted in
the centre of the helix, the Fe···Fe distance being of
11.584(3) Å.[22] These compounds, that were investigated by
SQUID measurements over the temperature range 1.8–
340 K, where shown to display a thermally induced spin-
state conversion. The perchlorate complex of formula
[Fe2(L)3](ClO4)4·2H2O (1) attracted our special interest, be-
cause it was reported to exhibit a two-step spin conversion
with one gradual step at Tsco � 180 K and another very
abrupt spin conversion was proposed to take place below
ca. 20 K. On this basis, the authors concluded on the exis-
tence of a “tristability” phenomenon[22] although no hyster-
esis effect was observed. Our attention has been drawn to
this compound for two main reasons:

Figure 1. View of the triple-helicate cation in complex 1 adapted
from ref.[22]. Hydrogen atoms and perchlorate anions are omitted
for clarity. White and grey small spheres correspond to nitrogen
and carbon atoms, respectively. The larger black spheres corre-
spond to FeII ions.

(i) To our experience it is very unlikely, for kinetic
reasons, that thermal spin conversion occurs at such low
temperatures as below 20 K. The sharp decrease of the χMT
values below 20 K may be rather due to zero-field splitting
(ZFS) of the approximately 50% of the FeII ions in the HS
state still present in the plateau around 50 K.

(ii) The spin conversion observed between 260 and 50 K
gives rise to the question whether it takes place simulta-
neously in the FeII dinuclear units, viz. via [HS–HS] ↔ [LS–
LS] pairs, or via the intermediate [HS–LS] pairs in the se-
quence [HS–HS] ↔ [HS–LS] ↔ [LS–LS], as demonstrated
to occur in other dinuclear FeII complexes.[11a,12,14]

We thus re-synthesised and characterised compound 1 in
order to clarify its thermally induced spin conversion by a
set of precise SQUID and 57Fe Mössbauer measurements
over the temperature range 1.8–300 K. The full differentia-
tion of the existing spin pairs is not a routine exercise, and
can only be solved using applied field Mössbauer spec-
troscopy,[23] which has also been carried out at 4.2 K.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3333–33393334

Results

Synthesis and Characterisation

Complex 1 was prepared according to the described pro-
cedure.[22] The ligand L was first obtained as shown by 1H
NMR and IR spectroscopy. The complex was also success-
fully obtained, as an orange powder, as shown by electro-
spray ionisation mass spectrometry (ESI), C,H,N analysis,
IR and UV/Vis spectroscopy. No thermogravimetric mea-
surement was carried out due to the presence of perchlorate
anions in this complex. The use of 57Fe Mössbauer spec-
troscopy (vide infra), confirmed the nonoxidation of this
material since no ferric species were observed for this FeII

compound. Interestingly, this material reveals a distinct col-
our change on cooling from orange (293 K) to wine brown
(77 K). This reversible thermochromic phenomenon was
not previously reported.[22]

Magnetic Susceptibility Measurements

The magnetic data were collected every K over the tem-
perature range 300–1.8 K on cooling and warming modes
with an applied field of 10 kOe. The temperature depen-
dence of the molar magnetic susceptibility is displayed in
Figure 2 in the form of a χMT vs. T plot, χM being the
molar magnetic susceptibility corrected for diamagnetic
contributions and T the temperature. At room temperature,
χMT is equal to 7.23 cm3 mol–1 K, which indicates FeII ions
in the HS state with a g value of 2.197. As T is lowered,
χMT initially remains constant down to ca. 280 K and then
smoothly decreases in two steps as a result of a HS to LS
conversion, reaching a plateau value of 3.43 cm3 mol–1 K at
66 K. The conversion is thus incomplete, ca. 50% of mole-
cules remaining in the HS state. Between 65 and 30 K, the
χMT product decreases very slightly, a behaviour that might
be attributed to weak antiferromagnetic interactions be-
tween paramagnetic spin carriers, as confirmed by applied
field 57Fe Mössbauer spectroscopy. Below 20 K, χMT de-
creases sharply and falls to 0.96 cm3 mol–1 K at 1.8 K. This
behaviour can be attributed to the presence of ZFS splitting
due to spin-orbit coupling of the HS FeII ions, and the pre-
ferred Boltzmann population of the lowest levels with
decreasing temperatures. The absence of any spin-state
crossover at this temperature is unambiguously demon-
strated by zero-field 57Fe Mössbauer spectroscopy (see next
section). The spin conversion occurs in two steps with tran-
sition temperatures near 240 K and 120 K, respectively. It
is of interest to note that the mean transition temperature
around 180 K roughly corresponds to the transition tem-
perature deduced from the gradual spin conversion of the
first step presented in.[22] As T is increased, the same mag-
netic behaviour was observed indicating no hysteresis effect
in none of the spin conversion branches. This measurement
thus confirms the absence of a bistability domain for 1 and
does not support the tristability behaviour interpreted in
ref.[22]. The calculated χMT values for the nonsolvated di-
nuclear complex in ref.[22] of 7.70 cm3 Kmol–1 and
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3.81 cm3 Kmol–1 at room temperature and 66 K, respec-
tively, are noticeably higher than in Figure 2 of the present
study. These magnetic data were not calculated for the non-
solvated complex as indicated in the caption to Figure 1
in ref.[22] because considering the molecular mass
(1718.93 gmol–1) and diamagnetic correction (–220.68·
10–6 cm3 mol–1) for the crystals of [Fe2(L)3](ClO4)4·
4MeOH·H2O, we could fully recover the magnetic data pre-
sented in ref.[22]. The calculations in ref.[22] are thus not cor-
rect because these SQUID measurements were performed
on powders of [Fe2(L)3](ClO4)4·2H2O as done in our study.

Figure 2. χMT vs. T plot for 1 over the 300–1.8 K range.

Zero-Field 57Fe Mössbauer Spectroscopy

57Fe Mössbauer spectra were recorded for 1 at variable
temperatures between 300 K and 4.2 K. Selected spectra are
displayed in Figure 3, and detailed values of the Mössbauer
parameters at 19 temperatures deduced from least-squares
fitting procedures are listed in Table S1 (supp. inf.; for sup-
porting information see also the footnote on the first page
of this article). The spectrum at 300 K could be fitted best
with two quadrupole doublets. The isomer shift, δ, is
0.98 mm/s for both doublets, the quadrupole splitting, ∆, is
1.20 mm/s and 0.79 mm/s, respectively. Both signals refer to
FeII in the HS state, one denoted as HS(A) with area frac-
tion of ca. 10% and the other as HS(B) with area fraction
of ca. 90%. This result is consistent with the magnetic mea-
surements recorded at 300 K that also indicated 100% of
HS FeII ions. On decreasing the temperature the quadru-
pole splitting of these two FeII HS species increases (see
Figure 4); this is typical for FeII HS species, where the elec-
tric field gradient is dominated by the temperature-depend-
ent valence-electron contribution. The difference between
the quadrupole-splitting values of HS(A) and HS(B) is
caused by different lattice contributions of opposite sign to
that of the valence-electron contributions. The HS(B) signal
loses intensity on lowering the temperature at the favour of
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Figure 3. Selected 57Fe Mössbauer spectra for 1 over the tempera-
ture range 300–4.2 K. The integrals of HS species (A and B) are
filled in light grey and grey, respectively, and the LS species (B) in
black.
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a new signal, a poorly resolved quadrupole doublet with
parameter values δ = 0.57 mm/s and ∆ = 0.25 mm/s typical
of iron(II) in the LS state, LS(B) that is seen from 270 K
downwards. Thus HS(B) undergoes partial thermal spin
conversion to reach a plateau, that is also seen in the χMT
curve, corresponding to ca. 40% HS(B) and ca. 50% LS(B)
at 4.2 K, while the ca. 10% of HS(A) remains essentially
constant over the whole temperature range (Figure 5). The
partial spin conversion is completed at about 80 K as noted
in the χMT curve. The spectrum obtained at 4.2 K shows,
in comparison to the spectrum at 61 K, that the strong de-
crease of the χMT values to very low temperatures, seen in
Figure 2, is not caused by a further decrease of the HS mo-
lar fraction and, therefore, not caused by a spin transition.
The ZFS with increasing Boltzmann population of the low-
est electronic levels on lowering the temperature is responsi-
ble for the abrupt decrease below 20 K.

Figure 4. Temperature dependence of isomer shift (δ) and quadru-
pole splitting values ∆ for site A: � (HS) and site B: ◊ (HS), ∆ (LS)
in 1 over the temperature range 300–4.2 K.

The SCO dinuclear units are thus represented by the
HS(B) site. But the nature of the HS(A) site should be dis-
cussed. The HS(A) site does not refer to an impurity as a
result of oxidation because no ferric species were detected
(the isomer shift corresponds to FeII ions[24] and signal A
is present over the whole temperature range of investiga-
tion – see Figure 5). It cannot be attributed to the iron
starting material, too, for two reasons: (i) The isomer shift
of HS(A) is exactly the same as the one of the dinuclear
units HS(B) (see Figure 4) (ii) We did not observed a grad-
ual replacement of the lines for this site between ca. 200 K
and 250 K, as reported for [Fe(H2O)6](ClO4)2.[25] Therefore,
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Figure 5. Temperature dependence of the relative area fraction for
site A: � (HS) and site B: ◊ (HS), ∆ (LS) in 1 over the temperature
range 300–4.2 K. The HS molar fraction (�) is also given.

HS(A) should correspond to nonswitched complexes that
could be either [Fe2L3]4+ dinuclear units or dinuclear units
with one vacant metal centre. Applied field Mössbauer ex-
periments (see next section) have revealed that these species
are uncoupled at 4.2 K. We thus favour the hypothesis of
the presence of mononuclear species, that is interestingly
supported by the detection of mononuclear species in the
ESI analysis of 1.

Applied Field 57Fe Mössbauer Spectroscopy

To answer the second question of this study, whether the
spin conversion occurs via intermediates of [HS–LS] pair
formation or directly from [HS–HS] to [LS–LS] pairs, we
have performed a 57Fe Mössbauer experiment in applied
parallel magnetic field (50 kOe) at 4.2 K (Figure 6), as the
zero-field Mössbauer spectrum gives only access to the frac-
tion of HS and LS components, irrespective of the nature
of the spin pairs involved. The effective hyperfine magnetic
field Heff at the iron nuclei of a paramagnetic nonconduct-
ing sample in an external field Hext may be estimated as Heff

� Hext – [220–600(g–2)]�S�, where �S� is the atomic spin
moment and g the Landé splitting factor.[26,27] The differ-
ence between the expectation values of S for FeII in the LS
and in the HS states in [LS–LS], [HS–LS] and [HS–HS]
pairs enables one to distinguish unambiguously between the
dinuclear units consisting of two possible spin states in an
external magnetic field.[11a] To do so, the strength of the
external magnetic field should be sufficiently high, and the
temperature sufficiently low, in order to avoid magnetic re-
laxation taking place within the characteristic time window
of a Mössbauer experiment (� 10–7 s). The black spectrum
with area fraction of 57% refers to FeII–LS split by a local
effective field of 49.4 kOe, which corresponds to the applied
magnetic field of 50 kOe, as expected for �S� = 0 of the LS
centres in the [LS–LS]. The grey doublet with area fraction
of 37% shows considerable line broadening arising from the
interaction with the external field. The value of the effective
field calculated from this spectrum is 13 kOe. The two iron
HS centres of the [HS–HS] pairs are antiferromagnetically
coupled and the resulting spin ladder is thermally popu-
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lated leading to the expectation value �S� of ca. 0.4, de-
rived from the formula above. This value results from a
weak antiferromagnetic coupling between the two HS FeII

centres of the dinuclear species. The light-grey magnetically
split spectrum with area fraction of ca. 6% is typical for
uncoupled FeII–HS centres with S = 2 each. This fraction
corresponds to the HS(A) site. The calculated effective field
is 56 kOe. Thus, no [HS–LS] pairs were detected at 4.2 K.

Figure 6. 57Fe Mössbauer spectrum of 1 recorded at 4.2 K in an
external magnetic field of 50 kOe. The signals in black, grey, and
light grey refer to LS ions in [LS–LS] pairs, HS ions in [HS–HS]
pairs and to uncoupled HS ions, respectively.

Discussion

The field experiments at 4.2 K may call for the occur-
rence of thermal spin conversion in the present triple helic-
ate dinuclear system directly from [HS–HS] to [LS–LS] spe-
cies, contrary to what was observed for the series
{[Fe(L)(NCX)2]2(µ-bpym)} (L = bpym, X = S or Se) and
(L = bt = 2,2�-bithiazoline and X = S)[23] and for
{[Fe(phdia)(NCS)2]2(phdia)} (phdia = 4,7-phenanthroline-
5,6-diamine)[14] using the same physical method. According
to Real, the predominant factor that determines the exis-
tence of [HS–LS] pairs is the strength of intermolecular in-
teractions in these compounds.[28] Indeed, weak intermo-
lecular interactions were taken responsible for the direct
[HS–HS] to [LS–LS] transformation observed by applied
field Mössbauer spectroscopy in {[Fe(dpa)(NCS)2]2-
(bpym)} (dpa = 2,2�-dipyridylamine),[13] but such interac-
tions can be hardly evaluated because this material was not
structurally characterised. This is in line with a density
functional theory (DFT) study recently reported by Zein
and Borshch.[29] These authors have studied the energetics
of five binuclear SCO complexes exhibiting different ligand-
field strength and different structural arrangements of the
bridging ligands. It could be shown that spin transition via
the intermediate [HS–LS] pairs occurs only in those cases,
where the energy of the [HS–LS] pairs lies below the half-
way point between the energies of [LS–LS] and [HS–HS]
states. Favourable for this to occur seems to be a planar
bridging structure. On the contrary, a strong distortion of
the bridging ligand breaks the electronic communication
between the metal centres and destabilises the [HS–LS]
spin-state shifting it above the halfway point. In such sys-
tems, a direct spin transition from [HS–HS] to [LS–LS] is
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expected and has indeed been observed on the basis of X-
ray measurements, for two other binuclear complexes:
[(pypzH)(NCSe)Fe(µ-pypz)2Fe(NCSe)(pypzH)]·2H2O dis-
playing an abrupt spin transition[17a] and [{Fe(NCBH3)(4-
phpy)}2(µ-bpypz)2] (4phpy = 4-phenylpyridine) presenting
a stepwise transition.[16a] This also appears to be the case
in the triple helicate system under study that displays a
gradual spin conversion despite the fact that all noncoordi-
nated species (perchlorate anions, water and methanol sol-
vent molecules) are involved in hydrogen bonding with the
triple-helicate cation in the crystal structure of [Fe2(L)3]-
(ClO4)4·4MeOH·H2O.[22] The use of the very flexible L thus
does not propagate efficiently cooperative effects associated
with the spin-state change within the dinuclear unit as ear-
lier observed for some Fe coordination polymers exhibiting
a gradual SCO behaviour.[30] Interestingly, according to the
above mentioned DFT calculations,[29] the step in the spin
conversion curve around 180 K (see Figure 2) calls for the
presence of an intermediate spin state involving [LS–HS]
pairs. This situation is supported by the Zero-field Möss-
bauer study looking at the evolution of the HS(A) fraction
as well as its Mössbauer parameters. On cooling, in the re-
gion slightly below the step, the quadrupole splitting in-
creases rather abruptly and follows from then on the usual
increase of the quadrupole splitting with decreasing tem-
perature (Figure 4). The jump in quadrupole splitting falls
together with the formation of the [LS–LS] pairs. If we con-
sider that the transition would directly occur from [HS–HS]
to [LS–LS], we would then rather expect a continuous in-
crease in quadrupole splitting as is commonly observed for
iron(II) HS compounds. The ca. 50% gradual spin conver-
sion of 1 thus occurs via [LS–HS] pairs formation and is
complete for the involved fraction since these pairs are not
present at 4.2 K. A quantitative evaluation of the popula-
tion of these mixed species could not be obtained by ap-
plied field Mössbauer spectroscopy due to the high tem-
perature range of the plateau (� 180 K) that would have
prevented the trapping of the sample to 4.2 K by rapid
cooling. During the pronounced change of the quadrupole
splitting of HS(A) the area fraction of this site increases
and decreases again (see Figure 5). This indicates transient
stiffening of the nearby lattice which shows that these HS
sites, although presumably not directly linked to the dinu-
clear complexes, may take part in the cooperative elastic
interactions accompanying the spin conversion process.

Conclusions

The spin-state-crossover phenomenon in [Fe2(L)3]-
(ClO4)4·2H2O (1) investigated by precise SQUID magnetic
measurements performed over the temperature range (300–
1.8 K) occurs in two steps at ca. 240 K and ca. 120 K. 57Fe
Mössbauer data recorded at 4.2 K have demonstrated that
half of the FeII ions remains in the HS state, and that the
second drop of χMT observed below ca. 20 K cannot be
attributed to a spin-state conversion. The absence of any
hysteresis effect also disapproves the “multistability” char-
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acter reported for 1,[22] and confirms the noncooperative
character of the spin conversion. Applied field Mössbauer
measurements demonstrate the occurrence of a complete
thermal spin conversion for half of the iron(II) ions from
[HS–HS] to [LS–LS] species because no [LS–HS] species
were identified at 4.2 K. The mechanism of this spin-state
conversion should, however, involve [LS–HS] species that
should be responsible of the presence of the plateau around
180 K in the magnetic measurements (Figure 2) and which
are sensed in the Mössbauer parameters of an uncoupled
iron(II) site. Further experiments are planned to confirm
the presence of these mixed species in this novel system.

Experimental Section
General: All reagents and solvents were used as received from com-
mercial sources. 1H NMR spectra were recorded with a Gemini
200–92, 200 MHz spectrometer. The solvent residual peak has been
set as a reference. CHN analyses have been performed by the Zen-
trale Analytik of the Institute für Organische Chemie (Mainz). IR
spectra were collected with a BioRad FTS-135 spectrometer using
KBr pellets. UV spectra in solution were recorded with a Cary 50
spectrometer and diffuse reflectance spectra on solids were re-
corded with a CARY 5E spectrophotometer using polytetrafluoro-
ethylene as a reference. Mass spectra were recorded with a Thermo
Finnigan LCQ Ion Trap spectrometer using ESI mode and de-
tecting positive ions. Magnetic susceptibilities were measured over
the temperature range 1.8–300 K with a cooling and heating rate
of 2 K/min with a Quantum Design MPMSXL SQUID magnetom-
eter equipped with a 50-kOe magnet operating at 10 kOe. Magnetic
data were corrected for diamagnetic contributions, which were esti-
mated from Pascal’s constants. 57Fe Mössbauer spectra were re-
corded in transmission geometry with a conventional constant-ac-
celeration spectrometer with a room temperature 57Co(Rh) source
over the temperature range (300–83 K). The samples were sealed in
a Plexiglas sample holder. For the 4.2 K experiment, the samples
were mounted in a helium-bath cryostat with a 57Co(Rh) source
that was kept at 4.2 K. A superconducting magnet was applied to
create a magnetic field directed parallel to the wave vector of the
γ-quanta. The spectra were fitted to Lorentzians using Recoil 1.05
Mössbauer Analysis Software[31] assuming equal Debye–Waller
factors of the HS and LS states of the FeII ions. All isomer shifts
refer to natural Fe at room temperature.

Synthesis of L: The L ligand has been prepared as a white solid by
a condensation reaction of 4,4�-methylenedianiline and 3H-imid-
azole-4-carboxaldehyde in methanol according to ref.[22]. 1H NMR
(200 MHz, DMSO, 25 °C): δ = 8.43 (s, 1 H, Him), 7.82 (s, 1 H,
H2/4); 7.64 (s, 1 H, H2/4), 7.24 (d, J = 7.6 Hz, 2 H, HPh), 7.15 (d, J
= 7.6 Hz, 2 H, HPh), 3.96 ppm (s, 1 H, CH2) ppm. IR (KBr): ν̃ =
3021 (w), 2907 (w), 2827 (w), 1629 (vs), 1600 (s), 1541 (vw), 1501
(s), 1437 (m), 1414 (w), 1351 (w), 1330 (w), 1299 (w), 1222 (m),
1201 (w), 1170 (w), 1148 (sh), 1109 (w), 1093 (m), 1014 (w), 990
(m), 977 (sh), 918 (w), 873 (m), 844 (m), 808 (w), 787 (w), 753 (w),
709 (w), 622 (s), 601 (w), 539 (m) cm–1.

Synthesis of 1: The complex [Fe2L3](ClO4)4·2H2O was prepared as
an orange powder according to a procedure slightly adapted from
that in ref.[22] substituting the addition of LiClO4 by Fe(ClO4)2·
6H2O to avoid the presence of unwanted cationic species and a few
mg of ascorbic acid to prevent oxidation of FeII ions. Yield: 0.097 g
(67%). C63H58Cl4Fe2N18O18 (1608.77): calcd. C 47.04, H 3.63, N
15.67; found C 47.10, H 3.67, N 15.58. IR (KBr): ν̃ = 3131 (br),
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2932 (w), 2853 (w), 1620 (vs), 1599 (s), 1558 (w), 1540 (w), 1506
(s), 1501 (sh), 1437 (m), 1294 (m), 1232 (w), 1207 (w), 1090 (vs),
1009 (m), 935 (vw), 892 (m), 861 (w), 814 (m), 756 (w), 708 (w),
625 (s), 544 (w) cm–1. UV/Vis (PTFE): λmax = 470 nm (MLCT),
880 nm (5E�5T2). UV/Vis (MeCN): λmax = 282 (π–π*), 306 (π–π*),
460 (MLCT), 825 (5E�5T2). ESI-MS (MeCN): m/z = 1473 [Fe2-
(L)3(ClO4)3]+, 1118 [Fe2(L)2(ClO4)3]+, 817 [Fe2(L-H)(L-2H)]+, 686
[Fe2(L)3(ClO4)2]2+, 636 [Fe2(L)2(L-H)(ClO4)]2+, 586 [Fe2(L)-
(L-H)2]2+, 459 [Fe2(L)(L-H)(ClO4)]2+, 409 [Fe(L-H)]+, 355 [HL]+.
The synthesis carried out with the same reagents as in ref.[22] led to
the same analytical results.

CAUTION! No problems were encountered during the preparation
of the perchlorate complex described in this work. However, suit-
able care must be taken when handling such potentially explosive
materials.

Supporting Information (see footnote on the first page of this arti-
cle): Overview of the 57Fe-Mössbauer parameters for 1.
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“To Bend or not To Bend?” Both! The Planar and Bent Structures of
[(Ph3P)4Rh2(µ-F)2]
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The first experimental evidence is presented for planar–bent
isomerism of complexes of the type [L4M2(µ-X)2]. Both the
planar and bent forms have been detected for the same com-
position, [(Ph3P)4Rh2(µ-F)2], with full exclusion of any varia-
tion in such factors as the nature of the metal, ligand, coun-
terion, and solvent of co-crystallization. Computational

In 1998, two of us published a paper entitled “To Bend
or Not To Bend: Dilemma of the Edge-Sharing Binuclear
Square Planar Complexes of d8 Transition Metal Ions”.[1]

This publication provided a structural and theoretical
analysis of complexes of the type [L4M2(µ-X)2] which are
ubiquitous in the chemistry of catalytically important met-
als such as Ni, Pd, Pt, Rh, and Ir.[1–3] A remarkable feature
of such dinuclear complexes is their ability to exist in either
planar or bent forms, with the bending angle θ (Scheme 1)
showing a bimodal distribution with maxima at 130 and
180°. Analysis of well over 100 X-ray structures of [L4M2(µ-
X)2] (X = halogen or chalcogen) indicated that for M =
Rh, Pd, and Pt, both bent and planar geometries are com-
monly observed.[1] The energy cost of bending for such
complexes is normally low, often only a few kcalmol–1,[1,4]

suggesting that both forms could be found experimentally
for a single species. Both almost planar and more bent
molecules have been found in the crystal structure of non-
square-planar [Co2(µ-PPh2)2(CO)6].[5] The Pt2(µ-S)2 moiety
in complexes of the type [L4Pt2(µ-S)2] is commonly bent,[1]

though for L = 2-(diphenylphosphanyl)pyridine, a planar
structure was reported.[6] Depending on the nature of the
counterion X in [Pt2(NH3)4(µ-OH)2]X2, both the planar (X
= NO3

[7] or 1/2CO3, dihydrate[8]) and bent (X = ClO4
[9])

forms of the cation can exist in the crystalline state. The
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studies point to weak C–H···F intramolecular bonding as an
additional factor affecting the choice between the planar and
bent geometries.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

angle θ for these structures is apparently governed by H-
bonding interactions involving the anion, as well as by dif-
ferent packing requirements for different X. There have
been no literature reports describing a compound of the
type [L4M2(µ-X)2], for which both planar and bent forms
have been detected for the same composition, with full ex-
clusion of any variation in the ligand, counterion, solvent
of crystallization, and so forth. In this communication, we
report the first example of such a complex, [(Ph3P)4Rh2(µ-
F)2].

Scheme 1.

Some of us recently reported[10,11] that the fluoro conge-
ner of Wilkinson’s catalyst, [(Ph3P)3RhF], exhibits intri-
guing reactivity patterns. For instance, heating of
[(Ph3P)3RhF] in benzene (at 80 °C for 2.5 h) leads to F
transfer to one of the P atoms, as shown in Equation (1).[10]

(1)

The reaction occurs by reversible Ph/F exchange as the
first key step.[11] In order to determine if the resulting fluo-
ride complex, trans-[(Ph3P)2(Ph2PF)RhF], was also capable
of undergoing such Ph/F exchange, the thermolysis was
conducted for longer periods of time. After 5–6 h at 80 °C,
complex reaction mixtures were produced, as judged by 19F
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and 31P NMR analysis. Because the NMR spectroscopic
data did not allow for unambiguous characterization of
new compounds, a series of attempts were made to isolate
some of the products by fractional crystallization. After the
reaction solutions were concentrated and treated with ether
and/or hexane, single crystals were obtained. X-ray analysis
of one of the gold-yellow square plates revealed the struc-
ture of ideally planar (θ = 180°) [(Ph3P)4Rh2(µ-F)2] (1).[12]

Poor quality, disordered structures of 1·2C6H6 and
1·2C6H5CH3 have been mentioned before.[10] The formation
of [(PPh3)4Rh2(µ-F)2] is easily accounted for by dissociation
and decomposition of the (in its free form[13,14]) unstable
Ph2PF from [(Ph3P)2(Ph2PF)RhF] to give “[(PPh3)2RhF]”
which would undergo dimerization to 1.

Figure 1. ORTEP view of the planar form of 1 (1-p) with thermal ellipsoids drawn to the 50% probability level. Selected bond lengths
[Å] and angles [°]: Rh(1)–F(1) 2.131(5), Rh(1)–F(1A) 2.141(5), Rh(1)–P(1) 2.161(3), Rh(1)–P(2) 2.185(3); F(1)–Rh(1)–F(1A) 77.3(2),
F(1)–Rh(1)–P(1) 171.4(2), F(1A)–Rh(1)–P(1) 94.2(1), F(1)–Rh(1)–P(2) 93.2(2), F(1A)–Rh(1)–P(2) 170.1(1), P(1)–Rh(1)–P(2) 95.4(1).

Figure 2. ORTEP view of the bent form of 1 (1-b) with thermal ellipsoids drawn to the 50% probability level. Selected bond lengths [Å]
and angles [°]: Rh(1)–F(1) 2.02(1), Rh(1)–F(2) 2.07(1), Rh(1)–P(2) 2.116(6), Rh(1)–P(1) 2.146(7), Rh(1)–Rh(2) 2.972(6), Rh(2)–F(1)
2.04(1), Rh(2)–F(2) 2.08(1), Rh(2)–P(4) 2.109(6), Rh(2)–P(3) 2.115(6); F(1)–Rh(1)–F(2) 76.1(5), F(1)–Rh(1)–P(2) 169.8(4), F(2)–Rh(1)–
P(2) 95.7(3), F(1)–Rh(1)–P(1) 93.9(4), F(2)–Rh(1)–P(1), 170.0(3), P(2)–Rh(1)–P(1) 94.3(2), F(1)–Rh(1)–Rh(2) 43.1(4), F(2)–Rh(1)–Rh(2)
44.5(3), P(2)–Rh(1)–Rh(2) 133.0(2), P(1)–Rh(1)–Rh(2) 126.82(14), F(1)–Rh(2)–F(2) 75.6(5), F(1)–Rh(2)–P(4) 167.7(3), F(2)–Rh(2)–P(4)
92.1(4), F(1)–Rh(2)–P(3) 95.6(4), F(2)–Rh(2)–P(3) 170.6(4), P(4)–Rh(2)–P(3) 96.6(2), F(1)–Rh(2)–Rh(1) 42.8(3), F(2)–Rh(2)–Rh(1)
44.3(4), P(4)–Rh(2)–Rh(1) 126.6(2), P(3)–Rh(2)–Rh(1) 126.6(2).
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In another experiment under similar reaction and
crystallization conditions, growth of very thin, “two-dimen-
sional” looking yellow plates was noticed. Although the
bulkiest crystal in the batch appeared to be only ca.
0.005 mm thick, its X-ray analysis was achieved with a
Bruker Smart Apex-II CCD instrument. To our surprise,
the crystal was comprised of the same dimer [(Ph3P)4Rh2(µ-
F)2] but in a bent form (θ = 133.7°). The planar (1-p) and
bent (1-b) structures are shown in Figures 1 and 2, respec-
tively.[12] The quality of the structure of 1-b was limited by
the crystal size/shape, and structure subtleties such as bond
lengths and angles should be looked at with care. Most im-
portantly, the bent geometry was established beyond any
doubt.
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The structures of 1-p and 1-b were carefully examined to

see if the Rh centers could be bridged by OH, rather than
F. There was no evidence from the X-ray data that either
structure contained OH based upon occupancy refinement
or the location of hydrogen atoms from difference maps.
However, the X-ray data from structures of this quality can-
not rule out completely the presence of OH either partially
or fully occupied in the bridging position. While direct X-
ray evidence cannot be obtained for the lack of OH in the
crystals, a number of experimental facts support the formu-
lation [(Ph3P)4Rh2(µ-F)2]. Complex 1 has been found[15a]

uncommonly stable toward hydrolysis. Rigorously anhy-
drous conditions[11] were used all through the experiments,
from the thermolysis to the fractional crystallization
steps. The starting material, [(Ph3P)3RhF], was free of
[(Ph3P)4Rh2(µ-OH)2] (NMR), the “would-be” product of
its hydrolysis. Because there is no fast exchange between
[(Ph3P)3RhF] and [(Ph3P)4Rh2(µ-OH)2],[15a] the presence of
the latter would have been easily detected. The reaction
mixtures were studied by 19F and 31P NMR prior to frac-
tional crystallization in a dry-box. The NMR spectra indi-
cated the presence of 1[10] and no detectable amounts of
[(Ph3P)4Rh2(µ-OH)2] with the characteristic chemical shift
and J(Rh–P) coupling constant.[15b] It is also noteworthy
that unlike 1, [(Ph3P)4Rh2(µ-OH)2] crystallizes with 2 mole-
cules of benzene under similar conditions.[15c] Measuring
NMR spectra of the crystals in bulk supported the formula-
tion [(Ph3P)4Rh2(µ-F)2].[10] The ultimate solution to the
problem, however (as also suggested by a referee), would
be obtaining NMR spectroscopic data for the very crystals
used in the X-ray determination. This, however, is not ex-
perimentally feasible. The masses of the crystals of 1-p
(0.420×0.420×0.030 mm; d = 1.454 gcm–3) and 1-b
(0.320×0.300×ca. 0.005 mm; d = 1.618 gcm–3) were ca.
0.0077 mg and 0.00078 mg, respectively. Such quantities are
not amenable to a solution NMR study.

The difference in energy between the planar and bent
forms (∆E) of 1 is expected to be small. For instance, the
∆E value from the ab initio (MP2) study of the planar (θ =
180°) and bent (θ = 139.1°) forms of [(PH3)4Rh2(µ-F)2] has
been computed at about 3 kJmol–1,[1] the smallest differ-
ence among the series of analogous halide-bridged rhodium
complexes. This small value suggests that the observed devi-
ation from the planar geometry of 1 may be easily forced by
weak ligand–ligand interactions or different crystal-packing
requirements, e.g., due to co-crystallization with different
solvents. Remarkably, however, both X-ray-analyzed crys-
tals contained only molecules of 1 and no other co-crys-
tallized species. Examination of the X-ray structures of 1-p
and 1-b did not reveal any conclusive evidence that the crys-
tal packing might influence the bending along the F···F
hinge.

Both structures exhibit intramolecular CH···F close con-
tacts, as defined by being shorter than the sum of the
van der Waals radii (2.67 Å). Such CH···F interactions are
common for late transition metal fluoride complexes.[16] In
the planar form (1-p) each F atom interacts with two ortho-
hydrogen atoms of two different phenyl groups of the same

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3340–33453342

phosphane ligand with the H···F distances of 2.45 and
2.49 Å and corresponding C···F distances of 3.11 and
3.21 Å. In contrast, each fluorine atom of the bent form (1-
b) exhibits only one short CH···F contact. Within the bent
molecule, the two non-symmetry related H···F distances are
observed at 2.26 and 2.64 Å with C···F distances of 3.02
and 2.92 Å, respectively. At difference with the planar form,
the bent form (1-b, Figure 2) presents three intermolecular
contacts shorter than 3.0 Å to the bridging fluorine atoms.
It should be emphasized that because of the limited quality
of the structures the presented H···F distances should be
interpreted with care.

The unusual existence of both the planar and the bent
forms of [(Ph3P)4Rh2(µ-F)2] prompted us to perform ex-
ploratory electronic structure calculations in search for an
explanation, using DFT at the B3LYP level.[17] First, we
verified that the DFT calculations do reproduce the qualita-
tive expectations of the higher level MP2 calculations, using
the simplified model complexes [(R3P)4Rh2(µ-F)2] (R = H,
Me) in which the phenyl rings in the phosphane ligands
were substituted by the computationally affordable H atoms
or Me groups. Energy optimization of their bent and planar
forms tells us that the two geometries correspond to two
nearly isoenergetic minima (characterized through a vi-
brational analysis; geometries provided in the Supporting
Information). We note also that B3LYP calculations have
been shown to provide excellent results for the analysis of
bending of dinuclear complexes similar to the ones studied
here.[18]

These results, combined with the structural information
of the short contacts between the bridging fluoride ions and
the phenyl groups of the phosphanes, suggest that the
F···Ph interactions may govern the choice between the
planar and bent forms. Therefore, we studied the interac-
tion between [(H3P)4Rh2(µ-F)2] and an independent ben-
zene molecule. Two energy minima were found for the
[(H3P)4Rh2(µ-F)2]···C6H6 adduct. In one of them, one C–
H···F contact is formed while the Rh2F2 core remains prac-
tically planar (θ = 165°). The slight degree of bending is
most likely an artefact of the choice of only one benzene
ring to study this interaction, because in the experimental
planar structure each fluorine atom interacts with one
phenyl proton at each side of the molecular plane. In the
other minimum found for the adduct, two C–H···F contacts
appear between two ortho-hydrogen atoms of the exo-
phenyl group and the two bridging fluorine atoms, quite
similar to the intermolecular interaction found in the
experimental bent structure 1b. Moreover, the optimized
adduct presents a minimum only at a bent geometry (θ =
148°), thus giving support to the idea that the inter-
molecular C–H···F contacts favor the bent structure.[19]

Further support to the effect of the weak hydrogen bonds
governing the molecular geometry comes from calculations
on [(H2PhP)4Rh2(µ-F)2], in which the phenyl substituents
pointing to the central part of the molecule have been re-
tained. This complex has only one energy minimum with a
planar geometry and two short intramolecular F···H con-
tacts (2.14 Å) per fluorine atom.
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Let us concisely review the factors influencing the bend-

ing in [L4M2(µ-X)2],[1] as applied to 1.
The Nature of the Metal. Of the metals that may present

both planar and bent structures (Rh, Ir, Pd, and Pt), rho-
dium is the one that favors the most diverse distribution.
For the other metals, planar structures prevail for palla-
dium and platinum, while only bent structures are found
for iridium.

The Nature of the Bridging Atom. Of all the halogens,
fluorine is apparently the one, for which the smallest ∆E
value is expected. The ab initio (MP2) calculated values for
∆E in [(PH3)4Rh2(µ-X)2] are 3, 17, 26, and 31 kJmol–1, for
X = F, Cl, Br, and I, respectively.[1]

The Nature of the Terminal Ligand. It has been con-
cluded[1] that bent structures for [L4M2(µ-X)2] are favored
by monodentate ligands L that are good σ-donors/π-ac-
ceptors. Strongly σ-donating organic tertiary phosphanes
R3P are also recognized[20] as π-acids, the combination of
electronic properties that might be important for stabiliza-
tion of the M–F bond in late transition metal fluorides.[15a]

With regards to steric properties, the bending in 1 is surpris-
ing due to the presence of four bulky PPh3 ligands which
normally favor only planar structures.[1]

The Substituents of the Phosphane Ligand. Given the
small energy difference between the planar and bent forms
to be expected for the [(PR3)4Rh2(µ-F)2] compounds, the
ability of the R groups to form weak hydrogen bonds with
the bridging fluorine atoms, combined with the different
orientation of the PR3 groups in the planar and bent forms,
may stabilize the form with the larger number of short
H···F contacts for R = Ph, but not for R = Me.[19]

Very poor solubility of 1 precludes its low-temperature
NMR studies in solution. More easily soluble Werner’s Rh–
F dimer [(iPr3P)4Rh2(µ-F)2][21] has been found[11,15a] planar
in the solid state. A detailed solution NMR study[21] did
not reveal the presence of two or more isomers of
[(iPr3P)4Rh2(µ-F)2] at room temperature. Because the 19F
and 31P spectral parameters of 1 are similar,[10] the barrier
to planar–bent isomerization of both [(iPr3P)4Rh2(µ-F)2]
and 1 may be low enough to regard 1-p and 1-b as confor-
mational isomers.

It is worth mentioning in this communication one more
unexpected result obtained during our studies of decompo-
sition of [(Ph3P)3RhF] at prolonged heating. After a ben-
zene solution of [(Ph3P)3RhF] in glass had been kept at
80 °C for 48 h, the formation of well-shaped yellow crystals
was noticed. Although the amount of these crystals was
insufficient for full characterization in bulk, single-crystal
X-ray analysis was carried out to reveal the astounding
structure of a cationic RhI complex [(dppbz)2Rh]+X– (2)[12]

where dppbz = 1,2-bis(diphenylphosphanyl)benzene [Equa-
tion (2); Figure 3].[22] The nature of the counterion X– could
not be established unambiguously. In the X-ray analysis, the
anion refined well as tetrahedral [F3SiO]–. Indeed, when the
experiment was repeated in a teflon reactor, no precipi-
tation was observed, indicating that the bis(chelate) was not
produced. Although the formation of [(dppbz)2Rh]+ from
[(Ph3P)3RhF] in glass is certainly remarkable, we did not
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carry out a detailed study of this reaction [Equation (2)], as
it was beyond the scope of this project. It is noteworthy,
however, that monitoring the long-term decomposition of
[(Ph3P)3RhF] by 31P and 19F NMR spectroscopy indicated
intermediate formation of several Rh species bearing PhPF2

as a ligand, i.e. triplets of multiplets with large triplet coup-
ling constants of ca. 900–1100 Hz in the 31P NMR spectra.
Hence, the originally formed Ph2PF ligand [Equation (1)] is
apparently capable of undergoing further Ph/F exchange
with fluoride on Rh, albeit at considerably slower rates.

(2)

Figure 3. ORTEP view of the cation of 2 with thermal ellipsoids
drawn to the 50% probability level. Selected bond lengths [Å] and
angles [°]: Rh(1)–P(2A) 2.2807(7), Rh(1)–P(2) 2.2807(7), Rh(1)–
P(1) 2.2975(7), Rh(1)–P(1A) 2.2976(7); P(2A)–Rh(1)–P(2)
174.93(3), P(2A)–Rh(1)–P(1) 95.03(2), P(2)–Rh(1)–P(1) 85.00(2),
P(2A)–Rh(1)–P(1A) 85.00(2), P(2)–Rh(1)–P(1A) 95.03(2), P(1)–
Rh(1)–P(1A) 179.29(3).

In conclusion, we have obtained the first experimental
evidence for the existence of a single compound of the type
[L4M2(µ-X)2] in both planar and bent forms. Most import-
antly, the two forms have been detected for the same compo-
sition, [(Ph3P)4Rh2(µ-F)2], with full exclusion of any varia-
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tion in such factors as the nature of the metal, ligand, coun-
terion, and solvent of co-crystallization. For the first time,
experimental support has been provided to the previous
theoretical results predicting a very small difference in en-
ergy between the planar and bent forms for dimers of the
type [L4M2(µ-X)2]. The preliminary DFT study suggests
that the hydrogen bonding pattern will govern whether the
planar or bent form is isolated.

Supporting Information (see footnote on the first page of this arti-
cle): Tables containing atomic coordinates of the B3LYP optimized
geometries of [(H3P)4Rh2(µ-F)2] and [(Me3P)4Rh2(µ-F)2] in their
planar and bent conformations, of the adducts formed by benzene
and [(H3P)4Rh2(µ-F)2] in the exo and endo orientations, and of
[(H2PhP)4Rh2(µ-F)2]. Figures showing the energy of interaction be-
tween a benzene molecule and [Rh2(µ-F)2(PH3)4] as a function of
the intermolecular F···H distance, calculated at the B3LYP and
MP2 levels, and the relative B3LYP energy of [(Me3P)4Rh2(µ-F)2]
as a function of the bending angle θ.
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Recent theoretical calculations have shown that Ir should be-
have as a chemical analogue to N, with the result that IrUO+,
like known NUO+, is predicted to be a stable species isoelec-
tronic with UO2

2+, the uranyl dication. The target hetero-
metallic analogue to uranyl has now been prepared by direct
laser desorption/ionization of a U/Ir alloy, and by oxidation

Introduction

Despite that actinide–transition metal (An–Mnd) bond-
ing has been an important goal in molecular actinide chem-
istry, remarkably few complexes have been characterized in
which an An–Mnd bond has been clearly identified (An =
Th, U).[1,2] In these complexes, the An–Mnd bonding is
either mediated by phosphido bridges,[1] or is between the
An and a Mnd-containing fragment, MndCp(CO)2 (Cp = cy-
clo-C5H5),[2] which can be considered an “organometallic
pseudohalogen”.[3] Accordingly, there to date seem to be no
well-established molecular complexes with a direct, unsup-
ported covalent An–Mnd bond.

Gaseous AnMnd bimetallics are elementary molecular
species incorporating distinct An–Mnd bonding. The ThRu,
ThRh, ThIr, ThPt, and URh molecules, synthesized in
high-temperature vapors, have bond energies of 500 to
600 kJmol–1.[4] Direct An–M5d bonding was also demon-
strated with the preparation of the ThFe+ and UFe+ ions
by collision-induced dissociation (CID) of AnFe(CO)x

+ (x
= 2, 3).[5] In a recent theoretical study, Gagliardi and
Pyykkö[6] predicted several stable triatomic species which
would incorporate covalent bonds between uranium and 5d
transition metals (M5d), including IrUO+. According to the
concept of “autogenic isolobality”,[6,7] Au can behave as a
pseudohalogen, Pt as a pseudochalcogen, and Ir as a pseu-
dopnictogen. Thus, IrUO+ can be formally represented as
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of UIr+ with N2O and C2H4O. Properties of UIr+, UPt+, and
UAu+ bimetallic ions have been studied. They demonstrate
direct actinide–transition metal bonding, and support the
concept of “autogenic isolobality”.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

{Ir�U=O}+, which is nominally isoelectronic with
{N�U=O}+ and {O=U=O}2+ (the uranyl dication);[6] both
of the latter have been prepared in the gas phase.[8,9]

In view of recent theoretical predictions of strong U–M5d

covalent bonds and stable triatomic species incorporating
such bonds, we employed laser desorption/ionization (LDI)
of binary An/M5d alloys to synthesize gaseous AnM5d

+ bi-
metallic ions. The synthesis of these ions, and their reac-
tions with nitrous oxide, ethylene oxide, and ethane, are in-
terpreted in the context of “autogenic isolobality”,[6,7] and
the nature of An–M5d bonds.[6]

Results and Discussion

In the initial experiments that employed dilute (� 2–5
wt.-%) An/Pt alloys (An = Th, Pa, U, Np, Pu, Am, Cm),[10]

several diatomic and triatomic ions were produced. These
included the bimetallics, ThPt+, PaPt+, UPt+, NpPt+,
PuPt+, AmPt+ and CmPt+, the trimetallics ThPt2

+ and
UPt2

+, and the bimetallic oxides OThPt+, OPaPt+, OUPt+

and ONpPt+. The appearance of the OAnPt+ (from O con-
tamination in the alloys) only for Th through Np reflects
the particularly strong O–An+ bonds there;[10] the suggested
atomic connectivities of the oxides are consistent with this
strong bonding.

Generation of the AnPt+ ions motivated a LDI study of
U/M5d alloys (M5d = Os, Ir, Pt, Au; � 20 wt.-% U). The
following three bimetallics were produced in the indicated
order of relative yields: UAu+ � UPt+ � UIr+; UOs+ was
not observed. Illustrative LDI spectra are shown in Fig-
ure 1. For each U/M5d (M5d = Au, Pt, Ir) alloy, U+ and
M5d

+ were produced by LDI, both in an abundance very
roughly an order of magnitude greater than that of UM5d

+.
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In analogy with high-temperature synthesis of AnMnd,[4] the
UM5d

+ (and other AnM5d
+) are presumably formed by co-

alescence of a neutral atom and monopositive ion in the
laser-desorption plume. As the four IE[M5d] are in the range
of 8.7 eV (Os) to 9.2 eV (Au) and IE[U] = 6.2 eV,[11] elec-
tron transfer from U to M5d

+ is exothermic by � 2.5 eV and
should predominate over U/M5d

+ coalescence. A probable
mechanism for generation of the UM5d

+ is instead associa-
tion of U+ with M5d. It is not possible to be conclusive
regarding the bimetallic formation mechanism(s) or the rel-
ative yields. However, several atomic properties that might
account for the relative UM5d

+ yields vary monotonically
between Os and Au; for example, the electron affinities
{EA/eV}[11] are: Os {1.1} � Ir {1.6} � Pt {2.1} � Au {2.3}.
Another factor that likely affects the propensity for coales-
cence during alloy LDI is the relative volatilities of the tran-
sition-metal constituents, as indicated by their vapor pres-
sures at 2500 K{P/Torr}:[12] Os {3·10–6} � Ir {6·10–4} � Pt
{0.04} � Au {17}. In a general sense, the relative yields
can be considered to be related to the different electronic
structures of the M5d. LDI also resulted in the formation
of the trimetallics UAu2

+ and (minor) UPt2
+, but not UIr2

+

or UOs2
+. Bimetallic monoxides were also produced by

LDI, with the following average relative abundances:
OUAu+ � OUPt+ � OUIr+ (OUOs+ was not observed).
The OUIr+ ion has been predicted as a species comprising
a strong formally triple U�Ir bond, which renders it iso-
electronic with dipositive uranyl, O=U=O2+,[6] and
N�U=O+.[8]

Some bimetallic ions were subjected to collision-induced
dissociation (CID). Whereas UAu+ fragmented into U+ and
Au, there was no evidence for dissociation of UPt+ or UIr+.
Although these results suggest a relatively weak U+–Au
bond, consistent with single- rather than multiple-bond
character, such CID studies are only qualitative. Electronic
structure calculations should be performed to assess the va-
lidity of these somewhat speculative interpretations of the
CID results regarding the relative bond energies. The CID
of OUAu+ and OUPt+ resulted exclusively in fragmentation
to OU+ and Au or Pt, suggesting that the U–M5d bonds
are weaker than the U–O bonds (there was insufficient
OUIr+ for a CID study). These latter CID results support
the proposed O–U–M5d connectivity – for both the U–M5d–
O and U–O–M5d connectivities, some M5dO loss would be
expected.

To further probe the nature of these UM5d
+, they and

the constituent atomic metal ions were treated with N2O,
C2H4O (ethylene oxide) and C2H6. The results of the pri-
mary ion–molecule reactions are summarized in Table 1. In
some cases, secondary and higher order reactions were ob-
served, but these are not discussed here.

For a reaction of thermalized ions to occur, the overall
process must be exothermic regardless of kinetic considera-
tions. If a reaction does not proceed it may be due to a
kinetic barrier rather than endothermicity. Here we only
consider thermodynamic limits based on the requirement
for exothermicity; no assumptions are made regarding ki-
netics. In accord with previous results, both Ir+[13a] and
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Figure 1. Direct LDI mass spectra for U/Ir (top), U/Pt (middle),
and U/Au (bottom) alloys. The two isotopes of Ir and several iso-
topes of Pt are evident. The minor peaks in the middle spectrum
at m/z = 456–460 correspond to the composition UPtC2

+.

Pt+[13] were oxidized to the monoxides by N2O, consistent
with the requirement that D[Ir+–O] ca. 250 kJmol–1[14] and
D[Pt+–O] ca. 322 kJmol–1[15] exceed D[N2–O] =
167 kJmol–1.[14] That Au+ is unreactive with N2O[13a] may
reflect a kinetic or thermodynamic barrier. As reported pre-
viously,[8,10a] U+ reacts with N2O to give UO+ and UN+.
The three UM5d

+ ions react with N2O to give OUAu+,
OUPt+ and OUIr+, along with UO+ (and AuN2, PtN2 and
IrN2 as presumed neutral products). Given the inert charac-
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Table 1. Products, rate constants, and efficiencies for primary reactions of atomic and bimetallic ions.[a]

Reactant N2O C2H4O C2H6

Ion Product(s) k k/kCOL Product(s) k k/kCOL Product(s) k k/kCOL

U+[b] UO+(60) UN+(40) 3.26 0.47 UO+ 5.89 0.34 – �0.01 �0.001
Ir+ IrO+ 1.38 0.19 IrCH2

+ 3.59 0.21 IrC2H4
+(50) 2.21 0.23

IrC2H2
+(50)

Pt+ PtO+ 0.17 0.024 PtCH2
+ 2.82 0.16 PtC2H4

+(60) 2.29 0.24
PtC2H2

+(40)
Au+ – �0.01 �0.001 AuCH2

+ 1.98 0.11 AuC2H4
+ 1.86 0.19

UIr+ OUIr+(70) UO+(30) 0.65 0.098 OUIr+ 4.01 0.24 – �0.01 �0.001
UPt+ OUPt+(80) UO+(20) 0.64 0.095 OUPt+ 3.50 0.21 – �0.01 �0.001
UAu+ OUAu+(40) 1.93 0.29 OUAu+(60) UO+(40) 4.60 0.28 – �0.01 �0.001

UO+(40)
UN+(20)

[a] Where more than one product was formed, the relative abundances (%) are indicated in parentheses. Rate constants (k) are in units
of 10–10 cm3 molecule–1 s–1; k/kCOL are the reaction efficiencies.[10c] Absolute rate constants are uncertain by ±50%; relative uncertainties
are ±20%. [b] Results for the U+/N2O and U+/C2H4O reactions are from ref.[10a].

ter of bare Au+ toward N2O, the formation of OUAu+ sup-
ports the proposed atomic connectivity. The OUIr+ connec-
tivity had been predicted from theory.[6] The UAu+/N2O re-
action produced NUAu+, for which the thermodynamic
requirement is D[N–UAu+] � {D[N–NO] =
482 kJmol–1}.[14] That both UO+[8,10a] and UPt+ are oxid-
ized by N2O is in agreement with the isolobal analogy be-
tween UPt+ and UO+.[6,7] The observation that UN+ is un-
reactive with N2O, while formally isoelectronic UIr+ is oxi-
dized to OUIr+ by N2O, illustrates that the “autogenic iso-
lobality” concept does not imply absolute correspondence,
but rather chemical analogy.[6,7]

Whereas U+ is oxidized to UO+ by C2H4O,[10a] the three
M5d

+ react to give carbenes, M5dCH2
+ (Table 1). Thus, if

the neutral product of the M5d
+/C2H4O reactions is formal-

dehyde (CH2O), the thermodynamic requirement is
D[M5d

+–CH2] � 334 kJmol–1; if instead the neutral prod-
ucts are CO+H2, the thermodynamic requirement is
D[M5d

+–CH2] � 332 kJmol–1.[14] Previous experimental
studies have established D[Ir+–CH2] = 474±3 kJmol–1,[16]

D[Pt+–CH2] � 464 kJmol–1,[17] and D[Au+–CH2] �
397 kJmol–1.[18] The formation of the triatomic oxides,
rather than carbenes, from the UM5d

+/C2H4O reactions is
reminiscent of the U+/C2H4O reaction. This suggests that
the reactivities of the UM5d

+ are dominated by the oxophil-
icity of the uranium metal center, and that the product ox-
ides can be represented as OUM5d

+. In analogy with the
ethane results discussed below, the U+-like, rather than
M5d

+-like, reactivity of the UM5d
+ with C2H4O suggests

that the transition-metal center has been rendered inert.
The thermodynamic requirement for the C2H4O oxidation
reactions is D[O–UM5d

+] � 354 kJmol–1[14] (M5d = Ir, Pt,
Au). The oxidation of the three UM5d

+ in a similar manner
to bare U+ provides a further indication of the O–U–M5d

connectivities proposed above. Additional calculations are
required to establish the energy differences between the dif-
ferent isomers, as well as whether the species are linear (like
UO2

2+) or bent (like ThO2). The calculations by Gagliardi
and Pyykkö[6] indicate that some triatomic uranium-transi-
tion metal species adopt a linear structure but the bond
angle for OUIr+ (or other OUM5d

+) was not reported.[6]
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The appearance of UO+ (+ AuC2H4) from the UAu+/
C2H4O reaction is consistent with a weaker U+-Au bond as
compared with the U+–Ir and U+–Pt bonds. Neither the
UIr+/C2H4O nor UPt+/C2H4O reactions result in UO+

(+ M5dC2H4). This distinctive behavior of UAu+ supports
the interpretation of the CID results discussed above in
terms of the relative U–M5d bond strengths.

The results in Table 1 for reactions with ethane are in
agreement with earlier reports for U+/C2H6,[19] Ir+/C2H6,[17]

and Au+/C2H6;[18] in an ion beam study of the Pt+/C2H6

reaction,[20] only PtC2H4
+ (+ H2) was reported, not

PtC2H2
+ (+ 2H2). In contrast to the bare M5d

+, but like
bare U+, the three UM5d

+ were unreactive towards C2H6:
the reactivity of the transition metal center is evidently
“shut off” in the UM5d

+, in distinct contrast to Pt2
+, which

is as effective at dehydrogenating C2H6 as is atomic Pt+.[20]

The reduced reactivity of UM5d
+ also contrasts with ions

such as PtCu+, PtAg+ and PtAu+, which dehydrogenate
methane with an efficiency comparable to that of Pt2

+.[21]

According to the concept of “autogenic isolobality”,[6,7] it
can be considered that there are no non-bonding valence
electrons at the transition metal centers in Au–U+, Pt =U+

and Ir�U+. With the lack of available valence electrons at
the M5d center, reactivity would disappear, as is observed.

In conclusion, we have synthesized several new AnPt+

(An = Th through Cm), and examined the chemistries of
UIr+, UPt+, and UAu+ in the general context of “autogenic
isolobality”, and the prediction of strong actinide–transi-
tion metal bonds.[6,7] Our experimental results are consis-
tent with the predicted bonding for these species – specifi-
cally, the reactivities of the transition-metal centers are ap-
parently “shut off” in the UM5d

+ bimetallics. With each of
the three reagents, N2O, C2H4O and C2H6, the reactivities
of the UM5d

+ ions were evidently dominated by the U metal
center, in agreement with the concept of “autogenic isolob-
ality”.[6] To further probe Ir as a pseudopnictogen, Pt as a
pseudochalcogen, and Au as a pseudohalogen or pseudohy-
drogen,[22,23] our future efforts will compare directly reactiv-
ities of the UM5d

+ (M5d = Ir, Pt, Au) and isoelectronic
UX+, where X is a pnictogen, chalcogen, or halogen (or H).
One noteworthy result of the present work was the synthesis
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of IrUO+, which was predicted to exist as a stable species
isoelectronic with uranyl, OUO2+.[6]

Experimental Section
The experimental procedures, described in detail elsewhere,[5,9,10]

are briefly summarized here. The atomic and bimetallic ions were
produced by direct LDI of arc-melted actinide–transition metal al-
loys,[10] An/Pt (An = natural Th-232, Pa-231, depleted U, Np-237,
Pu-242, Am-243, Cm-248) and U/M5d (M5d = Os, Ir, Pt, Au). The
LDI ions directly entered the source cell of a dual cell Finnigan
FT/MS 2001-DT FTICR mass spectrometer equipped with a 3-T
magnet and controlled by an Odyssey data system; all experiments
were performed in the source cell. The N2O and C2H6 were com-
mercial gases (�99%); the C2H4O was a commercial liquid (�99%)
degassed prior to use. The reagents were introduced into the spec-
trometer through a leak valve to pressures of 3·10–8 to 2·10–7 Torr.
Isolation of ions was achieved using single-frequency, frequency-
sweep, or SWIFT excitation. The reactant ions were thermalized by
collisions with argon, introduced through a leak valve to a constant
pressure in the range of (1–5)×10–6 Torr, concurrent with the rea-
gent gas. Thermalization of the reactant ions was confirmed by
standard procedures.[5,9,10] The CID experiments were carried out
by ion excitation and collision with argon.[5] The pseudo-first-order
rate constants, k, were determined from the reactant ion decay as
a function of time; the collisional rate constants, kCOL, were calcu-
lated as described previously.[10c]

Acknowledgments

This work was supported by Fundação para a Ciência e a Tecnolo-
gia (FCT) and POCI 2010 (co-financed by FEDER), under con-
tract POCI/QUI/58222/2004; and by the Office of Basic Energy
Sciences, U.S. Department of Energy under contract DE-AC05-
00OR22725 with Oak Ridge National Laboratory. M. Santos is
grateful to FCT for a Ph.D. grant.

[1] a) J. M. Ritchey, A. J. Zozulin, D. A. Wrobleski, R. R. Ryan,
H. J. Wasserman, D. C. Moody, R. T. Paine, J. Am. Chem. Soc.
1985, 107, 501–503; b) P. J. Hay, R. R. Ryan, K. V. Salazar,
D. A. Wrobleski, A. P. Sattelberger, J. Am. Chem. Soc. 1986,
108, 313–315.

[2] a) R. S. Sternal, C. P. Brock, T. J. Marks, J. Am. Chem. Soc.
1985, 107, 8270–8272; b) R. S. Sternal, T. J. Marks, Organome-
tallics 1987, 6, 2621–2623.

[3] B. E. Bursten, K. J. Novo-Gradac, J. Am. Chem. Soc. 1987,
109, 904–905.

Eur. J. Inorg. Chem. 2006, 3346–3349 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3349

[4] a) K. A. Gingerich, Chem. Phys. Lett. 1973, 23, 270–274; b)
K. A. Gingerich, Chem. Phys. Lett. 1974, 25, 523–526; c) K. A.
Gingerich, S. K. Gupta, J. Chem. Phys. 1978, 69, 505–511.

[5] M. C. Vieira, J. Marçalo, A. Pires de Matos, J. Organomet.
Chem. 2001, 632, 126–132.

[6] L. Gagliardi, P. Pyykkö, Angew. Chem. Int. Ed. 2004, 43, 1573–
1576.

[7] P. Pyykkö, M. Patzschke, J. Suurpere, Chem. Phys. Lett. 2003,
381, 45–52.

[8] C. Heinemann, H. Schwarz, Chem. Eur. J. 1995, 1, 7–11.
[9] a) H. H. Cornehl, C. Heinemann, J. Marçalo, A.

Pires de Matos, H. Schwarz, Angew. Chem. Int. Ed. Engl. 1996,
35, 891–894; b) J. K. Gibson, R. G. Haire, M. Santos, J. Març-
alo, A. Pires de Matos, J. Phys. Chem. A 2005, 109, 2768–2781.

[10] a) M. Santos, J. Marçalo, A. Pires de Matos, J. K. Gibson,
R. G. Haire, J. Phys. Chem. A 2002, 106, 7190–7194; b) M.
Santos, J. Marçalo, J. P. Leal, A. Pires de Matos, J. K. Gibson,
R. G. Haire, Int. J. Mass Spectrom. 2003, 228, 457–465; c) M.
Santos, A. Pires de Matos, J. Marçalo, J. K. Gibson, R. G.
Haire, R. Tyagi, R. M. Pitzer, J. Phys. Chem. A 2006, 110,
5751–5759.

[11] NIST Chemistry WebBook – NIST Standard Reference Datab-
ase Number 69, June 2005 release (http://webbook.nist.gov/
chemistry).

[12] O. Kubaschewski, C. B. Alcock, Metallurgical Thermochemis-
try, 5th ed., Pergamon, Oxford, 1979, pp. 358–377.

[13] a) V. V. Lavrov, V. Blogojevic, G. K. Koyanagi, G. Orlova,
D. K. Bohme, J. Phys. Chem. A 2004, 108, 5610–5624; b) M.
Brönstrup, D. Schröder, I. Kretzschmar, H. Schwarz, J. N. Har-
vey, J. Am. Chem. Soc. 2001, 123, 142–147; c) X.-G. Zhang,
P. B. Armentrout, Eur. J. Mass Spectrom. 2004, 10, 963–975.

[14] S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D.
Levin, W. G. Mallard, J. Phys. Chem. Ref. Data 1988, 17
(Suppl. 1).

[15] M. Pavlov, M. R. A. Blomberg, P. E. M. Siegbahn, R.
Wesendrup, C. Heinemann, H. Schwarz, J. Phys. Chem. A
1997, 101, 1567–1579.

[16] F.-X. Li, X.-G. Zhang, P. B. Armentrout, Int. J. Mass Spec-
trom. (published online on March 29, 2006).

[17] K. K. Irikura, J. L. Beauchamp, J. Phys. Chem. 1991, 95, 8344–
8351.

[18] A. K. Chowdhury, C. L. Wilkins, J. Am. Chem. Soc. 1987, 109,
5336–5343.

[19] C. Heinemann, H. H. Cornehl, H. Schwarz, J. Organomet.
Chem. 1995, 501, 201–209.

[20] T. Hanmura, M. Ichihashi, T. Kondow, J. Phys. Chem. A 2002,
106, 11465–11469.

[21] K. Koszinowski, D. Schröder, H. Schwarz, Angew. Chem. Int.
Ed. 2004, 43, 121–124, and references therein.

[22] P. Pyykkö, Angew. Chem. Int. Ed. 2004, 43, 4412–4456.
[23] L. Gagliardi, J. Am. Chem. Soc. 2003, 125, 7504–7505.

Received: June 16, 2006
Published Online: July 24, 2006



FULL PAPER

DOI: 10.1002/ejic.200600383

Supramolecular Silanol Chemistry: Inclusion Complexes of 1,3,5-
Tris(diisopropylhydroxysilyl)benzene and 4,4�-Bis(pyridines)

Jens Beckmann*[a] and Sanna L. Jänicke[a]

Keywords: Supramolecular chemistry / Crystal engineering / Inclusion compounds / Hydrogen bonds / Silicon

The trisilanol 1,3,5-(HOiPr2Si)3C6H3 (5), a novel building
block for applications in supramolecular chemistry, has been
prepared via the intermediates 1,3,5-(HiPr2Si)3C6H3 (6) and
(CliPr2Si)3C6H3 (7). The inclusion complexes 5·0.5H2O,
5·bpy·0.5H2O, 5·bpe, 5·azpy and 5·bpa have been investi-
gated by X-ray crystallography [bpy = 4,4�-bipyridine, bpe
= (E)-bis(4-pyridyl)ethylene, azpy = 4,4�-azopyridine, bpa =
bis(4-pyridyl)aceylene]. The ratio between donor and ac-
ceptor molecules is always 1:1 and the crude supramolecular
motifs are very similar for 5·bpy·0.5H2O, 5·bpe, 5·azpy and
5·bpa. The trisilanol molecules form 1D chains, which are

Introduction

Organosilanols are well known for their extensive self-
organisation in the solid state, which has led to the observa-
tion of a great variety of different hydrogen-bond pat-
terns.[1] In most cases organosilanols form hydrogen bonds
with themselves, but occasionally co-crystals with
alcohols,[2] ethers[3] and amines[4] have been observed.
Whilst the majority of these complexes has been formed
inadvertently with solvent and reagent molecules, recently
a small number of inclusion complexes has been prepared
deliberately by co-crystallisation studies.[5] However, the
vast potential of organosilanols in molecular recognition
has not yet been exploited for applications in supramolec-
ular chemistry and crystal engineering. The organosilanols

Scheme 1.
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Fabeckstr. 34–36, 14195 Berlin, Germany
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connected by nearly perpendicular 4,4�-bis(pyridine) mole-
cules to give rise to formation of 2D grid networks featuring
O–H···O(H)Si and O–H···N hydrogen bonds. Differences are
observed in the shape and size of the voids defined by the
2D grids. The smaller voids are blocked by trisilanol mole-
cules of adjacent 2D networks in case of 5·bpy·0.5H2O and
5·bpe. In case of 5·azpy, the larger voids are filled by inter-
penetration of the same 2D networks.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

used in previous studies lack topological pre-organisation
of the silanol sites on a molecular level, a prerequisite for
genuine control of supramolecular structures.

Gaining control over solid-state structures requires the
judicious choice of molecular building blocks (“synthons”)
possessing adhesive functional groups (“tectons”) with pre-
fixed directionality.[6] 1,3,5-Trimesic acid, 1,3,5-(HOOC)3-
C6H3 (1), the prime building block for organic supramolec-
ular chemistry fulfils this criterion and gives rise to forma-
tion of honeycomb (“chicken-wire”) networks containing
nano-dimensional cavities in the solid state, which may be
useful for applications in host–guest chemistry
(Scheme 1).[7] Organometallic chemistry can extend the
range of useful building blocks for supramolecular chemis-
try by a wealth of adhesive functional groups.[8] For in-

stance, 1,3,5-benzenetriphosphonic acid, 1,3,5-(H2O3P)3-
C6H3 (2), has been used for co-crystallisation studies with
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a number of amines, which has given rise to formation of
inclusion complexes revealing N–H···OP hydrogen-bond
contacts (Scheme 1).[9]

Recently, we have prepared 1,3,5-(hydroxydiorganosilyl)-
benzenes, 1,3,5-(HOR2Si)3C6H3 (3, R = Me; 4, R = Ph) and
investigated their supramolecular structures (Scheme 1).[10]

Unfortunately, all attempts to prepare inclusions complexes
of 1,3,5-(hydroxydiorganosilyl)benzenes and amines have
not yet been successful. In case of 3, the amines have base-
catalysed the condensation and formation of siloxanes,
whereas in case of 4, C–H···π stacking is presumably the
predominant crystal-packing force, precluding the forma-
tion of inclusion complexes with amines.[11] We have now
prepared a novel 1,3,5-(hydroxydiorganosilyl)benzene,
1,3,5-(HOiPr2Si)3C6H3 (5) possessing bulky and aliphatic
isopropyl groups, which are able to circumvent the difficult-
ies encountered with 3 and 4 in co-crystallisation studies
with amines. Herein, we describe co-crystals of 5 with 4,4�-
bipyridine (bpy), (E)-bis(4-pyridyl)ethylene (bpe), 4,4�-azo-
pyridine (azpy) and bis(4-pyridyl)aceylene (bpa) that exhi-
bit similar supramolecular motifs featuring 2D grid net-
works of O–H···O(H)Si and O–H···N hydrogen bonds.

Results and Discussion

The synthesis of the trisilanol 1,3,5-(HOiPr2Si)3C6H3 (5)
has been achieved in three steps starting from commercially
available 1,3,5-tribromobenzene (Scheme 2). The diisopro-
pylsilyl groups have been introduced by the in situ Grignard
reaction of 1,3,5-Br3C6H3 with iPr2SiHCl/Mg affording
1,3,5-(HiPr2)3C6H3 (6) as a distillable oil. Chlorination of 6
using SO2Cl2 has provided the corresponding chlorosilane
1,3,5-(CliPr2)3C6H3 (7) as distillable oil that solidifies upon
standing at room temperature. The base hydrolysis of 7 pro-

Scheme 2.
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vides the trisilanol 1,3,5-(HOiPr2Si)3C6H3 (5) as a low-melt-
ing crystalline solid.

Solid-State Structure of 5

After recrystallisation from CH2Cl2/hexane, the trisilanol
1,3,5-(HOiPr2Si)3C6H3 (5) has been obtained free of crystal
water. The IR spectrum (KBr pellet) of this material exhib-
its two absorptions at 3694 cm–1 (sharp, intense) and
3345 cm–1 (broad, very intense), which were assigned to
stretching vibrations of hydroxy groups that are free and
involved in hydrogen bonding, respectively.[12] This assign-
ment is supported by a preliminary X-ray structure analy-
sis,[13] which reveals that only one silanol group is engaged
in hydrogen bonding, whereas the other two are free. Unfor-
tunately, severe disorder or twining has precluded the
satisfying refinement of the X-ray data. When slowly crys-
tallised from toluene the trisilanol was isolated as a hemihy-
drate, 5·0.5H2O, which has been investigated by X-ray dif-
fraction. A perspective view of the supramolecular structure
of 5·0.5H2O is shown in Figure 1. Crystal and refinement
data are collected in Table 6. The asymmetric unit contains
three crystallographically independent molecules of 5 (de-
noted A, B and C) and water. Twelve O···O distances be-
tween 2.684(3) and 2.871(3) Å are indicative for weak to
medium-strength hydrogen bonding and are listed in
Table 1. The exact donor–acceptor relationship could not
be established from the erratic refinement of the hydrogen
positions. However, from the close proximity of the water
molecules (O11–O12) to four oxygen atoms of the silanol
groups it can be deduced that each water molecule serves
twice as donor and acceptor for a total of four hydrogen
bonds. The supramolecular motif around the water mole-
cules can be described best as a spirocyclic arrangement of
two eight-membered rings each consisting of four oxygen
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Figure 1. Perspective view of the inclusion complex 5·0.5H2O (only SiO groups of the outer trisilanol molecules are shown for clarity).

and four hydrogen atoms. The eight-membered rings feature
one water molecule and three silanol groups and therefore
somewhat resemble the hydrogen-bond motif observed for
the hydrate of 4.[10] The participation of all silanol groups
in hydrogen bonding is confirmed by an IR spectrum (KBr)
of 5·0.5H2O, which shows one absorption at 3357 cm–1

(broad, very intense).

Table 1. Donor acceptor distances [Å] of the hydrogen bonds of
5·0.5H2O.

O–H···O(H)Si O–H···OH2

O1···O3 2.719(2) O2···O11 2.757(5)
O1···O4 2.778(2) O3···O10 2.761(3)
O2···O9 2.700(3) O4···O10 2.791(5)
O5···O6 2.739(3) O6···O12 2.861(3)
O5···O7 2.675(3) O7···O12 2.809(5)
O8···O9 2.771(3) O8···O11 2.783(3)

Inclusion Complexes of 5 with 4,4�-Bis(pyridines)

Co-crystals of 5 with 4,4�-bipyrdine (bpy), (E)-bis(4-pyr-
idyl)ethylene (bpe), 4,4�-azopyridine (azpy) and bis(4-pyr-
idyl)acetylene (bpa) have been obtained and investigated by
X-ray crystallography. Crystal and refinement data are col-
lected in Table 6. To account for the fact that the trisilanol
5 and the 4,4�-bis(pyridines) contain three potential H-do-
nors sites and two potential H-acceptor sites, respectively,
the ratio of the reactants was originally intended to be 2:3.
However, all isolated co-crystals consist of equimolar
amounts of the trisilanol 5 and the acceptor molecule,
which has been confirmed by microanalyses and 1H NMR
spectroscopy. The same co-crystals are also formed when
an excess of the trisilanol 5 is used.

Eur. J. Inorg. Chem. 2006, 3351–3358 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3353

A perspective view of the inclusion complex
5·bpy·0.5H2O is shown in Figure 2. Hydrogen-bond param-
eters are collected in Table 2. The asymmetric unit contains
two crystallographically independent molecules of 5 (de-
noted as A and B) and bpy as well as one water molecule,
which are associated through hydrogen bonding. The do-
nor–acceptor relationship has been unambiguously estab-
lished by complete refinement of all relevant hydrogen
atoms. The trisilanol molecules are linked by hydrogen
bonds (O3–H3···O4/O6–H6···O1) into 1D chains, in which
the benzene rings are nearly coplanar. These 1D chains are
connected by two bpy pillars and one water molecule giving
rise to the formation of a 2D grid structure. The connection
between the 1D chains and the bpy pillars is realised by
two hydrogen-bond junctions (O1–H1···N1/O7–H7A···N2/
O2–H···O7 and O4–H4···N3/O5–H5···N4) running approxi-
mately in parallel. This 2D grid network is linked to adja-
cent networks by an additional hydrogen bond (O7–
H7B···O5) being associated with the water molecule. Adja-
cent network layers are aligned parallel without penetration
and are shifted with respect to each other by half length of
the supramolecular repeating unit, so that the 1D chains
are situated in close proximity to the bpy pillars of the adja-
cent layers. This crystal packing avoids larger cavities in the
lattice.

A perspective view of the inclusion complex 5·bpe is
shown in Figure 3. Hydrogen-bond parameters are col-
lected in Table 3. The asymmetric unit contains only one
molecule of 5 and one bpe molecule, which are linked by
hydrogen bonding. The position of all relevant hydrogen
atoms has been located during the X-ray data refinement.
The supramolecular motif can be described best as 2D
brick-wall structure. Therein, the trisilanol 5 forms 1D
chains, in which the individual molecules are linked by hy-



J. Beckmann, S. L. JänickeFULL PAPER

Figure 2. Perspective view of the inclusion complex 5·bpy·0.5H2O.

Table 2. Hydrogen-bond parameters [Å, °] of 5·bpy·0.5H2O.

O–H···A O–H H···A O···A O–H···A

O1–H1···N1 0.75(3) 2.02(3) 2.761(8) 176(3)
O2–H2···O7 0.80(4) 2.01(4) 2.779(7) 164(3)
O3–H3···O4 0.72(5) 2.05(5) 2.764(4) 172(5)
O4–H4···N3 0.82(4) 1.95(4) 2.767(8) 177(3)
O5–H5···N4 0.77(5) 2.09(5) 2.859(8) 171(5)
O6–H6···O1 0.69(3) 2.16(3) 2.842(4) 173(4)
O7–H7A···N2 0.96(7) 1.87(7) 2.796(8) 162(6)
O7–H7B···O5 0.79(4) 2.13(4) 2.91(1) 168(3)

Figure 3. Perspective view of the inclusion complex 5·bpe (only half of the outer bpe molecules are shown for clarity).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3351–33583354

drogen bridges (O2–H2···O1) and the phenyl rings are co-
planar. The bpe molecules are situated approximately per-
pendicular to the 1D chains to which they are associated

Table 3. Hydrogen-bond parameters [Å, °] of 5·bpe.

O–H···A O–H H···A O···A O–H···A

O1–H1···N2 0.82(3) 1.90(3) 2.716(5) 176(3)
O2–H2···O3 0.73(4) 2.03(4) 2.752(4) 171(4)
O3–H3···N1 0.76(5) 2.00(4) 2.755(5) 175(5)
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Figure 4. Perspective view of the inclusion complex 5·azpy.

Table 4. Hydrogen-bond parameters [Å, °] of 5·azpy.

O–H···A O–H H···A O···A O–H···A

O1–H1···O3 0.87(4) 1.91(4) 2.765(9) 165(4)
O2–H2···N3 0.84(4) 1.96(5) 2.783(4) 167(4)
O3–H3···N1 0.67(5) 2.15(5) 2.817(5) 176(6)
O4–H4···N4 0.71(5) 2.16(5) 2.866(4) 175(5)
O5–H5···N2 0.61(4) 2.24(4) 2.832(4) 169(4)
O6–H6···O4 0.64(4) 2.19(4) 2.81(1) 164(5)

Figure 5. Perspective view of the inclusion complex 5·bpa.
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through hydrogen bonding (O1–H1···N2/O3–H3···N1). The
almost square-like voids defined by this 2D brick-wall net-

Table 5. Hydrogen-bond parameters [Å, °] of 5·bpa.

O–H···A O–H H···A O···A O–H···A

O1–H1···N1 0.67(5) 2.20(5) 2.871(7) 171(5)
O2–H2···N2 0.78(5) 2.07(5) 2.828(6) 166(5)
O3–H3···O2 0.85(5) 1.95(5) 2.782(7) 165(4)
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work are approximately 10×10 Å and blocked mostly by
trisilanol molecules of adjacent layers running parallel.

A perspective view of the inclusion complex 5·azpy is
shown in Figure 4. Hydrogen-bond parameters are col-
lected in Table 4. The asymmetric unit contains two crystal-
lographically independent molecules of 5 (denoted as A and
B) and azpy. All hydrogen atoms related to hydrogen bonds
have been located during the X-ray data refinement. Similar
as observed for the two previous structures, the trisilanol
molecules are associated through hydrogen bonds (O1–
H1···O3/O6–H6···O4) and give rise to the formation of 1D
chains. However, unlike the two previous structures, the
phenyl rings are not coplanar. The overall supramolecular
motif may be also described as 2D brick-wall structure. The
azpy pillars occur pair-wise and are situated approximately
perpendicular to the 1D chains to which they are associated
through hydrogen bonds (O2–H2···N3/O3–H3···N1/O4–
H4···N4/O5–H5···N2). The almost square-like voids defined
by the supramolecular arrangement are approximately
16×16 Å and filled by the same interpenetrating 2D brick-
wall network. To the best of our knowledge interpenetrating
networks[14] have not yet been observed for silanol struc-
tures.[1]

A perspective view of the inclusion complex 5·bpa is
shown in Figure 5. Hydrogen-bond parameters are col-
lected in Table 5. The asymmetric unit contains one mole-
cule of 5 and bpa. All hydrogen atoms associated with hy-
drogen bonding have been located during the refinement.
As observed in the structures before, the trisilanol mole-
cules are associated through hydrogen bonds (O3–H3···O2)
giving rise to the formation of 1D chains, in which the
phenyl groups are not coplanar. The bpa pillars are situated
approximately perpendicular to the 1D chains to which they
are associated through hydrogen bonding (O1–H1···N1/O2–
H2···N2). The almost square-like voids defined by the
supramolecular pattern are approximately 8×8 Å.

The close examination of hydrogen-bond parameters
(Tables 1–5) reveals no significant difference between O–
H···O(H)Si and O–H···N hydrogen bonds. The donor–ac-
ceptor distances of the hydrogen bridges of all four struc-
tures range from 2.684(3) to 2.91(1) Å with an average of
2.78(1) Å and compare well with previously reported exper-
imental values[1–5] as well as parameters established compu-
tationally in the gas phase for H3SiOH···O(H)SiH3

(2.863 Å) and H3SiOH···pyridine (2.815 Å) at the B3LYP/
6-311+(2d,p) level of theory.[15]

Applications in supramolecular chemistry and crystal
engineering require that the molecular building blocks are
rigid and that the functional groups possess a pre-fixed di-
rectionality.[7] In an effort to qualitatively examine the con-
formational flexibility of the silanols groups, the O–Si–C–
C torsion angles have been assessed and compared for all
structures. The absolute torsion angles can vary between
2.5(2) and 70.3(2)°; however, most values are close to the
average of 25.5(2)° for all structures. The average of these
values for each individual trisilanol molecule varies only be-
tween 20.6(2) and 31.4(2)°, which apparently suggests that
the silanol groups cannot adopt conformations that are en-
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tirely independent from the influence of the other two sil-
anol groups attached to the same phenyl ring.

Conclusions

Regardless of the stoichiometric ratio of the reactants ap-
plied, the inclusion complexes between 5 and 4,4�-bis(pyrid-
ines), namely 5·bpy·0.5H2O, 5·bpe and 5·azpy, contain the
same number of donor and acceptor molecules, which are
associated by hydrogen bonding. The thermodynamic driv-
ing force of the co-crystallisation is the energy gain associ-
ated with the formation of O–H···N hydrogen bonds. This
energy gain needs to be higher than that of the competitive
O–H···O(H)Si hydrogen bonds. We have recently shown
that the BSSE-corrected hydrogen-bond energies of the
model compounds H3SiOH···O(H)SiH3 and H3SiOH···
pyridine are –3.47 and –6.47 kcalmol–1, respectively, at the
B3LYP/6-311+(2d,p) level of theory.[15] These values sug-
gest that the highest energy gain should be observed when
the ratio between trisilanol and 4,4�-bis(pyridine) is 2:3, al-
lowing a maximum of three O–H···N hydrogen bridges.
However, the loss of symmetry in a 2:3 complex and the
associated increase of entropy, apparently, cannot be com-
pensated entirely by the O–H···N hydrogen-bond energy.
The formation of 1:1 complexes might be a compromise
between the gain of hydrogen-bond energy and the loss of
symmetry.

One of the more ambitious goals in supramolecular
chemistry is the prediction of solid-state architectures.[6]

Interestingly, the crude supramolecular motifs are very sim-
ilar for 5·bpy·0.5H2O, 5·bpe and 5·azpy. In all three struc-
tures, the trisilanol molecules form 1D chains, which are
interconnected by nearly perpendicular 4,4�-bis(pyridine)
pillars to give rise to formation of 2D grid networks. How-
ever, the inevitable voids between the 2D grids differ sub-
stantially in size and shape for all four structures. The small
voids of 5·bpa (8×8 Å) are unfilled, the medium-sized voids
of 5·bpy·0.5H2O (10×12 Å) and 5·bpe (10×10 Å) are
blocked by trisilanol molecules of adjacent 2D networks,
whereas the larger voids of 5·azpy (16×16 Å) are filled by
interpenetration. It might be interesting to see if these voids
can be also filled with guest molecules that may possibly
interact with the C–C and N–N double bonds of the bpe
and azpy pillars.

Experimental Section
General: 1,3,5-Tribromobenzene, chlorodiisopropylsilane, 4,4�-bi-
pyridine (bpy) and (E)-bis(4-pyridyl)ethylene (bpe) are commer-
cially available, whereas 4,4�-azopyridine (azpy) and bis(4-pyridyl)-
acetylene (bpa) have been prepared according to known routes.[16]

NMR spectra were collected using a Jeol JNM-LA 400 FT spec-
trometer and are referenced against Me4Si. IR spectra were re-
corded with a 5 SXC Nicolet DTGS FT-IR spectrometer. Micro-
analyses were obtained with a Vario EL elemental analyser.

1,3,5-Tris(diisopropylsilyl)benzene (6): A 250-mL three-neck flask
equipped with a septum, dropping funnel and reflux condenser was
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charged with Mg turnings (4.75 g, 195 mmol), iPr2SiHCl (24.0 g,
159 mmol) and THF (100 mL). The Mg was activated by addition
of 1,2-dibromoethane (250 µL) through a syringe. 1,3,5-Tribromo-
benzene (15.3 g, 49.0 mmol) dissolved in THF (100 mL) was slowly
added. The temperature was maintained at 40 °C for 12 h, before
the mixture was hydrolysed by the addition of H2O (50 mL). The
organic layer was washed with water (3×20 mL) and dried with
Na2SO4. Removal of the solvent and fractional distillation of the
crude product in vacuo afforded 6 as an almost colourless viscous
oil [11.5 g, 27.3 mmol (56%); b.p. 200–220 °C/7.5 10–3 Torr]. 1H
NMR (CDCl3, 399.65 MHz): δ = 7.56 (s, 3 H, Ph), 3.86 [s, 1J(1H-
29Si) = 182 Hz, 3 H, SiH], 1.16 (m, 6 H, CHMe2), 0.98, 0.90 (d, 36
H, CHMe2) ppm. 13C{1H} NMR (CDCl3, 100.40 MHz): δ = 143.4,
131.8 (Ph), 18.7, 18.4 (CHMe2), 10.8 (CHMe2) ppm. 29Si{1H}
NMR (CDCl3, 79.30 MHz): δ = 5.3 [s, 1J(29Si-1H) = 184 Hz] ppm.
IR (KBr plates): ν̃ = 2101 (SiH) cm–1. C24H48Si3 (420.52): calcd. C
68.55, H 11.41; found C 68.53, H 11.45.

1,3,5-Tris(chlorodiisopropylsilyl)benzene (7): A 50-mL Schlenk flask
with gas outlet was charged with 6 (10.5 g, 25 mmol) and sealed
with a septum. An excess of SO2Cl2 (7 mL, 93 mmol) was slowly
added through a syringe. After a short induction delay, a strongly
exothermic reaction occurred and SO2 gas vigorously evolved. Dur-
ing the reaction, the mixture was cooled with an ice bath. After the
addition was complete, the mixture was stirred at room temperature
for 24 h and at 40 °C for 1 h. Unreacted SO2Cl2 was removed in
vacuo and the remaining crude product was purified by kugelrohr
distillation to give 7 as a colourless low-melting solid [9.37 g,
17.9 mmol (72%); b.p. 220–240 °C/7.5 10–3 Torr]. 1H NMR
(CDCl3, 399.65 MHz): δ = 7.89 (s, 3 H, Ph), 1.45 (m, 6 H, CHMe2),

Table 6. Crystal data and structure refinement of 5·0.5H2O, 5·bpy·0.5H2O, 5·bpe, 5·azpy and 5·bpa.

5·0.5H2O 5·bpy·0.5H2O 5·bpe 5·azpy 5·bpa

Empirical formula C48H90O7Si6 C68H113N4O7Si6 C36H58N2O3Si3 C34H56N4O3Si3 C36H56N2O3Si3
Formula mass [gmol–1] 947.75 1267.18 651.11 653.10 649.10
Crystal system monoclinic triclinic monoclinic monoclinic monoclinic
Crystal size [mm] 0.60×0.63×0.83 0.11×0.22×0.42 0.01×0.15×0.05 0.02×0.14×0.50 0.05×0.07×0.37
Space group C2/c P1̄ P21/c Pn C2/c
a [Å] 17.910(2) 11.068(3) 10.763(2) 17.054(4) 34.326(9)
b [Å] 43.010(6) 16.077(4) 23.687(5) 11.947(3) 11.798(3)
c [Å] 23.406(3) 22.753(5) 16.169(4) 20.495(5) 21.652(5)
α [°] 90 103.633(6) 90 90 90
β [°] 94.643(4) 98.387(5) 108.016(5) 110.609(5) 117.209(7)
γ [°] 90 101.752(5) 90 90 90
V [Å3] 17970(4) 3771.2(15) 3920.1(15) 3908.5(15) 7798(3)
Z 12 2 4 4 8
ρcalcd. [Mg·m–3] 1.051 1.116 1.103 1.110 1.106
T [K] 143 133 173 173 173
µ(Mo-Kα) [mm–1] 0.180 0.160 0.155 0.157 0.155
F(000) 6216 1378 1416 1416 2816
θ range [°] 0.95 to 25.00 0.94 to 25.00 1.58 to 25.00 1.34 to 25.00 0.98 to 25.00
Index ranges –16 � h � 21 –13 � h � 13 –12 � h � 11 –12 � h � 11 –17 � h � 40

–51 � k � 51 –17 � k � 19 –28 � k � 28 –28 � k � 28 –14 � k � 13
–27 � l � 15 –22 � l � 27 –19 � l � 19 –19 � l � 19 –24 � l � 25

No. of reflections collected 44816 25707 31128 23848 16008
Completeness to θmax 99.3% 97.6% 99.9% 99.6% 98.0%
No. independent reflections 15720 12955 6905 10302 6736
No. obsd. reflns. with 11896 9210 4799 9097 2649[I�2σ(I)]
No. refined parameters 835 798 409 817 409
GooF(F2) 1.010 1.035 1.069 1.103 0.876
R1(F) [I�2σ(I)] 0.048 0.050 0.0519 0.0366 0.0660
wR2(F2) (all data) 0.151 0.140 0.1561 0.1042 0.1980
(∆/σ)max 0.002 0.002 0.001 0.002 0.001
Largest diff peak/hole [e·Å–3] 2.498/–0.391 0.768/–0.253 0.546/–0.363 0.376/–0.217 0.374/–0.380
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1.09, 1.01 (d, 36 H, CHMe2) ppm. 13C{1H} NMR (CDCl3,
100.40 MHz): δ = 141.6, 130.7 (Ph), 16.9, 16.7 (CHMe2), 13.7
(CHMe2) ppm. 29Si{1H} NMR (CDCl3, 79.30 MHz): δ = 26.4 (s)
ppm. C24H45Cl3Si3 (523.87): calcd. C 54.99, H 8.65; found C 54.90,
H 9.03.

1,3,5-Tris(hydroxydiisopropylsilyl)benzene (5): Compound 7 (8.23 g,
16 mmol) dissolved in diethyl ether (40 mL) was treated with an
aqueous solution (40 mL) of NaOH (5.28 g, 132 mmol). The mix-
ture was stirred at room temperature for 3 h before the layers were
separated. The organic layer was washed with H2O (3×40 mL) and
dried with Na2SO4. The removal of the solvent in vacuo produced
a colourless solid that was recrystallised from CH2Cl2/hexane to
furnish 5 as colourless crystals [3.2 g, 6.8 mmol (43%); m.p. 90–
91 °C]. 1H NMR (CDCl3, 399.65 MHz): δ = 7.74 (s, 3 H, Ph), 2.39
(s, OH), 1.20 (m, 6 H, CHMe2), 1.00, 0.92 (d, 36 H, CHMe2) ppm.
13C{1H} NMR (CDCl3, 100.40 MHz): δ = 140.7, 132.7 (Ph), 17.1,
16.9 (CHMe2), 12.4 (CHMe2) ppm. 29Si{1H} NMR (CDCl3,
79.30 MHz): δ = 7.0 (s) ppm. IR (KBr pellet): ν̃ = = 3694, 3345
(OH) cm–1. C24H48O3Si3 (468.89): calcd. C 61.48, H 10.32; found
C 61.53, H 10.62. Slow recrystallisation from toluene afforded
5·0.5H2O. C48H98Si6O7 (955.80): calcd. C 61.32, H 10.33; found C
60.13, H 10.50.

Synthesis of the Inclusion Complexes of 5 with 4,4�-Bis(pyridines):
Compound 5 (50 mg, 0.107 mmol) and the appropriate amount of
the 4,4�-bis(pyridines) (byp: 10.7 mg, bpe: 13.0 mg, azpy: 13.7 mg,
0.070 mmol) were dissolved in CH2Cl2/hexane (3:2). Slow concen-
tration of the solution furnished colourless or orange crystals. The
yields were not optimised. 5·byp·0.5H2O: Yield 20 mg (30%).
C68H113N4O7Si6 (1267.19): calcd. C 64.40, H 9.06, N 4.42; found
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C 63.78, H 9.40, N 4.06. 5·bpe: Yield 30 mg (43%). C36H58N2O3Si3
(651.13): calcd. C 66.41, H 8.98, N 4.30; found C 66.35, H 9.19, N
4.27. 5·azpy: Yield 40 mg (57%). C34H56N4O3Si3 (653.09): calcd. C
62.53, H 8.64, N 8.58; found C 62.31, H 8.58, N 8.44. 5·bpa: Yield
40 mg (57%). C36H56Si3N2O3 (648.10): calcd. C 66.61, H 8.70, N
4.32; found C 66.12, H 8.71, N 4.19.

X-ray Crystallography: Intensity data were collected with a Bruker
SMART 1000 CCD diffractometer with graphite-monochromated
Mo-Kα (0.7107 Å) radiation. Data were reduced using the program
SAINT.[17] The structures were solved by direct methods and differ-
ence Fourier synthesis using SHELXS-97 implemented in the pro-
gram WinGX 2002.[18] Full-matrix least-squares refinements on F2,
using all data, were carried out with anisotropic displacement pa-
rameters applied to all non-hydrogen atoms. Disorder of an isopro-
pyl group in 5·0.5H2O was resolved with split occupancies of 0.6
and 0.4 for C81 and C81�. The large residual electron density
(2.498 e·Å–3) might be indicative for disorder (of O12) or an unac-
counted solvent molecule; however, all attempts of modelling
failed. Hydrogen atoms attached to carbon atoms were included in
geometrically calculated positions using a riding model and were
refined isotropically. Hydrogen atoms attached to oxygen atoms
were located from the electron-density maps of 5·bpy·0.5H2O,
5·bpe, 5·azpy and 5·bpa and refined isotropically without restraints.
The absolute configuration of 5·azpy has been determined by the
refinement of the Flack parameter [0.00(8)]. Figures were created
using DIAMOND.[19] Further details are listed in Table 6. CCDC-
605353 (5·0.5H2O), -605354 (5·bpy·0.5H2O), -605355 (5·bpe),
-605356 (5·azpy) and -605357 (5·bpa) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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The mononuclear transition metal complexes [Cu(CF3SO3)212]
(1a), [Zn(CF3SO3)212] (1b), [Cu(CF3SO3)222]·2CH3CN (2a),
and [Zn(CF3SO3)222]·2CH3CN (2b) have been prepared
from the newly synthesized doxyl nitroxide ligands 4,4-di-
methyl-2,2-di(2-pyridyl)oxazolidine-N-oxyl (1) and 4,4-di-
methyl-2,2-bis[2-(3-methylpyridyl)]oxazolidine-N-oxyl (2)
and M(CF3SO3)2 (M = CuII or ZnII). These metal–nitroxide
complexes have been structurally and magnetically charac-
terized. In all complexes, the four pyridyl groups coordinate
in equatorial coordination sites and the two nitroxide groups
in axial coordination sites, which means that the central
metal ion acquires a distorted N4O2 octahedral configuration.
The variable-temperature magnetic susceptibility data show

Introduction

Studies in multi-spin systems consisting of paramagnetic
metal ions and organic radicals are drawing much attention
in the field of molecular magnetism.[1] The advantage of
using metal–radical compounds resides not only in the fact
that both building blocks afford spin centers but also that
a higher dimensional molecular architecture can be con-
structed by versatile coordination patterns of paramagnetic
metal ions. Moreover, the radical ligands have the possibil-
ity of mediating a stronger magnetic interaction between
the adjacent paramagnetic metal ion centers even though
the metal–metal distance is large. Therefore, the metal–radi-
cal approach has become one of the most promising strate-
gies for large hetero-spin assemblies of exchange-coupled
species.

On the other hand, as is the case with metal–radical com-
plexes in which the radical centers are directly bound to the
paramagnetic metal ions, intramolecular magnetic interac-
tions are governed by direct overlap between their magnetic
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that complexes 1b and 2b exhibit paramagnetic behavior,
and hence a very weak intraligand magnetic interaction
could be estimated [JNO–NO = –0.64 (1b) and 0.14 cm–1 (2b)].
The χmT values of 1a and 2a decrease continuously with
decreasing temperature until they reach a nearly constant
value at around 50 K, thereby indicating an intramolecular
antiferromagnetic interaction between the CuII ion and the
nitroxide ligands for both 1a and 2a [JCu–NO = –81.6 (1a) and
–78.1 cm–1 (2b)]. These magnetic behaviors are supported by
density functional theory calculations and are discussed in
connection with the specific structural features.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

orbitals.[2,3] Hence, the nature of the magnetic interaction
depends strongly on the coordination geometry around the
paramagnetic metal ion. For example, the magnetic interac-
tions in copper(II)–radical complexes range from strong
antiferromagnetic interactions to weak ferromagnetic
ones.[2] Therefore, the development of organic radical li-
gands is important to control the magnetic interaction. Se-
veral kinds of organic radical ligands have been studied in
this context.[4–7] In particular, nitroxide radicals have often
been used as paramagnetic ligand molecules because of
their stability and ease of chemical modification.[3] How-
ever, nitroxides are generally considered as weak Lewis
bases and hence they cannot coordinate to metal ions un-
less the Lewis acidity of the metal center is enhanced by
using electron-withdrawing co-ligands such as hexafluo-
roacetylacetonato (hfac). Consequently, their weak ligating
ability to metal ions prevents the formation of metal–ni-
troxide complexes with high-dimensional structures.[3] Ac-
tually, the dimensionality is restricted due to the prior occu-
pation of coordination sites by the electron-withdrawing co-
ligands.[8,9] Two strategies have been developed to overcome
this difficulty. One approach is to use a high-spin poly-
(nitroxide radical) as a polydentate bridging ligand to con-
nect the paramagnetic metal ions.[10,11] The other approach
is to incorporate nitroxide groups into normal organic li-
gands with powerful ligating ability such as pyridine,[12]

2,2�-bipyridine,[13] triazole,[14] imidazole,[15] and piperazine,[16]
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which allows a facile coordination to metal ions through
the chelate effect.

In the present work, two new organic radical ligands
bearing pyridyl groups, namely 4,4-dimethyl-2,2-di(2-pyr-
idyl)oxazolidine-N-oxyl (1) and 4,4-dimethyl-2,2-bis[2-(3-
methylpyridyl)]oxazolidine-N-oxyl (2), were synthesized to
have a suitable ligating ability to metal ions. The selection
of copper(II) and zinc(II) as the metal ion centers stems
from two reasons: (i) CuII has a d9 configuration with spin-
1/2, which simplifies the magnetic interaction between the
metal ion and the organic radical ligand,[3] and (ii) ZnII has
a closed-shell d10 configuration with no unpaired electrons,
and hence we can extract the direct magnetic interaction
between the paramagnetic ligand molecules. More conve-
niently, the ionic radius for CuII (0.87 Å) is almost the same
as that for ZnII (0.88 Å).[17] Structural characterization by
X-ray crystallographic studies and measurement of the
magnetic properties with a SQUID magnetometer for the
newly prepared metal–radical complexes were performed.
For the CuII and ZnII complexes with 1, a theoretical analy-
sis was also carried out on the basis of density functional
calculations.

Scheme 1. Synthesis of 1 and 2: (i) nBuLi, THF, –80 °C; (ii) ClCO2Et, THF, –80 °C; (iii) toluene, H2SO4, reflux (–H2O); (iv) MCPBA,
Et2O, 0 °C.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3359–33683360

Results and Discussion

Synthesis

The novel radical ligands 1 and 2 were synthesized as
illustrated in Scheme 1.

Coupling of the dipyridyl ketone 3 (or 4), with 2-amino-
2-methylpropan-1-ol in toluene gives the oxazolidine 5 (or
6), in high yield. A long reaction time (several days) and
continuous water removal by means of a Dean–Stark trap
were needed for successful preparation of 5 and 6. Dipyridyl
ketone 4 was prepared by reaction of ethyl chloroformate
with lithiated 2-bromo-5-methylpyridine, whereas 3 is com-
mercially available. Oxidation of 5 and 6 with MCPBA in
Et2O finally gave 1 and 2 in relatively high yield. The four
complexes 1a, 1b, 2a, and 2b were obtained by treatment of
an acetonitrile solution of M(CF3SO3)2 (M = CuII and
ZnII) with the corresponding radical ligand, 1 and 2; vapor
diffusion of Et2O into the reaction mixtures afforded single
crystals of these complexes. Elemental analyses of com-
plexes 1a and 1b confirmed that the two radical ligands
coordinate to a single metal ion. On the other hand, efflo-
rescence was observed with complexes 2a and 2b, which
suggests that some solvent molecules are included in the
crystals. Consequently, we could not determine the chemi-
cal formulae of 2a and 2b from the elemental analyses; they
were finally determined by the X-ray structure analyses, as
discussed below.

Crystal Structures

The structures of complexes 1a, 1b, 2a, and 2b were de-
termined by X-ray crystallography at 103 or 123 K. All the
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Table 1. Selected bond lengths [Å], bond angles [°], and dihedral angles [°] for 1a, 1b, 2a, and 2b.

1a 1b 2a 2b

M–N2 2.001(1) 2.101(1) 2.014(2) 2.025(2) 2.101(2) 2.096(2)
M–N3 2.033(1) 2.144(1) 2.028(2) 2.001(2) 2.134(2) 2.119(2)
M–O1 2.333(1) 2.163(1) 2.333(2) 2.309(2) 2.165(1) 2.155(2)
N2–M–N3 86.52(6) 85.24(5) 86.53(8) 87.66(8) 85.03(7) 86.46(6)
M–O1–N1 110.3 114.2 110.9 109.7 114.7 113.3
φ[a] 90.5 91.4 94.8 83.8 85.5 96.4
θ[b] 6.0 5.6 5.9 4.7 5.8 5.1

[a] Dihedral angle between the equatorial plane and the nitroxide plane (see text). [b] Tilt angle of the CuII–ONO coordination bond from
the line perpendicular to the equatorial plane of the CuII ion (see text).

complexes crystallize in the triclinic system with space
group P1̄; they are isostructural. The nitroxide ligand mole-
cule 1 or 2 in these complexes behaves as a tridentate ligand
through two pyridyl N-atoms (Npyridyl) and one nitroxide
O-atom (ONO). All the equatorial coordination sites around
the central metal ion are occupied by the Npyridyl atoms,
with the remaining axial coordination sites occupied by
ONO atoms. As a result, the central metal ion has a dis-
torted N4O2 octahedral configuration. The triflate anions
are not coordinated. Selected bond lengths, bond angles,
and dihedral angles are given in Table 1, where the dihedral
angle, φ, is defined as that between the equatorial plane
(defined by the central metal ion and the four Npyridyl

atoms) and the nitroxide plane (defined by the nitroxide N-
and O-atoms and two carbon atoms adjacent to the ni-
troxide N-atom). The tilt angle, θ, is defined as the differ-
ence between the line along the CuII–ONO coordination
bond and the line perpendicular to the equatorial plane of
the CuII ion.

[Cu(CF3SO3)212] (1a) and [Zn(CF3SO3)212] (1b)

The molecular structures of 1a and 1b are shown in Fig-
ure 1. The central CuII and ZnII ions reside at the inversion
center of a distorted octahedron. In the equatorial plane, a
considerable deviation from the ideal square geometry is
seen in 1a: the two kinds of CuII–Npyridyl bond lengths are
Cu–N2 = 2.001(1) and Cu–N3 = 2.033(1) Å, and the N2–
Cu–N3 angle is 86.52(6)°. The axially coordinated CuII–
ONO bond [Cu–O1 = 2.333(1) Å] is longer than the equato-
rially coordinated CuII–Npyridyl bonds. As is well-known for
a d9 electron configuration like the CuII ion, the octahedral
geometry does not remain perfect at equilibrium and is in-
evitably distorted along one axis (the Jahn–Teller effect).[18]

A similar deviation from the ideal square geometry is
also observed in 1b [Zn–N2 = 2.101(1), Zn–N3 =
2.144(1) Å; N2–Zn–N3 = 85.24(5)°]. The elongation along
the axial axis is not conspicuous due to the d10 electron
configuration of the ZnII ion [Zn–O1 = 2.163(1) Å]. The
dihedral (φ) and tilt (θ) angles in 1a (and 1b) are 90.5°
(91.4°) and 6.0° (5.6°), respectively. As the elongation axis
is through O1–Cu1–O1*, the magnetic orbital of CuII is
considered to be dx2–y2, which is directed toward the nitro-
gen atoms of the pyridyl groups. As shown in part a of
Figure 2, neighboring complex molecules in 1a (and also
1b) are well separated in the crystal [the shortest distances
between the adjacent metal ions for 1a and 1b are 7.5928(5)
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Figure 1. ORTEP view (50% probability ellipsoids) and atom label-
ing scheme of a) [Cu(CF3SO3)212] (1a) and b) [Zn(CF3SO3)212]
(1b). The non-coordinated triflate anions have been omitted for
clarity. The atom labeling for compounds 2a and 2b is identical.

and 7.6792(4) Å, respectively]. The shortest ONO–ONO dis-
tances between intermolecular nitroxide groups for 1a and
1b are 5.680(2) and 5.953(2) Å, respectively. There is a short
C–C contact [3.337(3) Å for 1a and 3.323(3) Å for 1b] that
is less than the sum of the van der Waals radii (3.40 Å)[19]

between the adjacent complex molecules along the a-axis.
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As described later, however, the spin density on the C atoms
with the short contact is so small that a strong magnetic
interaction via this molecular contact cannot be expected.
Consequently, the magnetic systems of 1a and 1b can be
considered to be an assemblage of well-isolated three- and
two-spin systems, respectively. Moreover, 1a and 1b have
similar molecular and crystal structures, and therefore we
can compare the magnetic interactions in the three-spin sys-
tems with those in the two-spin system without the central
spin-1/2 moiety within the same geometrical configuration.

Figure 2. Views of the crystal packing for 1a (a) and 2a (b).

[Cu(CF3SO3)222]·2CH3CN (2a) and [Zn(CF3SO3)222]·
2CH3CN (2b)

The crystal structure of 2a is shown in Figure 2 (b). The
crystal of 2a (and also 2b) contains two acetonitrile mole-
cules per molecular unit and is different from 1a (and 1b)
as there are two crystallographically independent molecules
in which the central metal ion resides on the inversion cen-
ter. The molecular structures of 2a and 2b are similar to
those of 1a and 1b. The characteristic geometrical param-
eters of 2a are as follows: Cu–O1 = 2.333(2) [2.309(2)], Cu–

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3359–33683362

N2 = 2.014(2) [2.025(2)], Cu–N3 = 2.028(2) Å [2.001(2) Å];
the N2–Cu–N3 angle is 86.53(8)° [87.66(8)°]. The corre-
sponding parameters in 2b are also similar to those of 1b:
Zn–O1 = 2.165(1) [2.155(2)], Zn–N2 = 2.101(2) [2.096(2)],
Zn–N3 = 2.134(2) Å [2.119(2) Å], N2–Zn–N3 = 85.03(7)°
[86.46(6)°]. Moreover, the dihedral (φ) and tilt (θ) angles in
2a (and 2b) are 94.8° [83.8°] (85.5° [96.4°]) and 5.9° [4.7°]
(5.8° [5.1°]), respectively. The deviation of the dihedral an-
gle between the equatorial plane and the nitroxide plane
from 90° in 2a and 2b is larger than that in 1a and 1b. The
intermolecular distances in 2a and 2b are larger than those
in 1a and 1b due to the steric hindrance of the crystallized
acetonitrile molecules and the methyl group of ligand 2 (the
shortest distances between the adjacent metal ions for 2a
and 2b are 7.97 and 8.16 Å, respectively). The shortest
ONO–ONO distances between intermolecular nitroxide
groups for 2a and 2b are 7.477(3) and 7.465(3) Å, respec-
tively. In addition, there is no intermolecular contact less
than the sum of the van der Waals radii (3.40 Å for C–C;
3.22 Å for C–O)[19] between the adjacent complex mole-
cules. Therefore, the intermolecular magnetic interactions
in 2a and 2b are expected to be weaker than those in 1a
and 1b.

Magnetic Properties

The temperature-dependent magnetic susceptibility of
complexes 1a, 1b, 2a, and 2b was measured in the tempera-
ture range 2–300 K; χmT values are plotted as a function of

Figure 3. Temperature-dependence of the magnetic susceptibilities
of a) 1a (solid circle) and 1b (solid triangle) and b) 2a (solid circle)
and 2b (solid triangle). The solid curves represent the best theoreti-
cal fit to the data (see text).
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the temperature in Figure 3, where χm is the molar magnetic
susceptibility per molecular unit.

[Cu(CF3SO3)212] (1a) and [Zn(CF3SO3)212] (1b)

As shown in Figure 3 (a), the χmT value for 1b is nearly
constant at around 0.75 emuKmol–1, which corresponds to
two magnetically uncoupled spins-1/2 per molecular unit.
This result is reasonable for the complex of a diamagnetic
ZnII ion with two spin-1/2 radical ligands. Moreover, the
crystal structural analysis shows that the shortest ONO–
ONO distance between intermolecular nitroxide groups
(5.95 Å) is longer than that between intramolecular
nitroxide groups (4.33 Å). This indicates that the spin sys-
tem in 1b can be regarded as an assemblage of approxi-
mately isolated two-spin clusters. Taking these results into
account, the magnetic data for 1b were analyzed by using
the Bleaney–Bowers equation[20] for a two-spin cluster com-
posed of a pair of nitroxide radical ligands (H = –2JNO–NO

SNO·SNO, where SNO is the spin-1/2 operator for the
nitroxide radical ligand and JNO–NO is the exchange coup-
ling constant between two intramolecular nitroxide spins).
Furthermore, the Curie–Weiss law can be used to describe
inter-cluster magnetic interactions [Equation (1)], where f is
the purity factor of the sample, NA the Avogadro number,
g the isotropic g-factor (assuming g = 2), θ the Weiss tem-
perature, kB the Boltzmann constant, and µB the Bohr mag-
neton.

(1)

The best fit parameters were found to be f = 1.02,
JNO–NO = –0.64 cm–1, and θ = –0.4 K (–0.26 cm–1). The
small values of JNO–NO and θ indicate that the intra- and
intermolecular magnetic interaction between the nitroxide
radical spins in 1b can be ignored as compared to the mag-
netic interaction between the d9 CuII spin and the nitroxide
radical spin in the complex molecule of 1a, as discussed
below.

In contrast, the χmT value for 1a at room temperature
is smaller than the theoretical value (χmT =
1.125 emuKmol–1) for three spins-1/2 per molecular unit.
Furthermore, on lowering the temperature, the χmT value
decreases gradually and reaches a nearly constant value
close to a theoretical value for a single spin-1/2 per molecu-
lar unit (χmT = 0.375 emuKmol–1) at around 50 K. These
results indicate that a relatively strong antiferromagnetic in-
teraction is present in the crystal of 1a. As indicated by
the crystal structure analysis of 1a, the shortest intra- and
intermolecular ONO–ONO distances between the nitroxide
radical ligands (4.67 and 5.68 Å, respectively) and the
shortest intermolecular CuII–CuII distance (7.59 Å) are
longer than the CuII–ONO distance (2.333 Å). This indicates
that the spin system in 1a can be regarded as an assemblage
of approximately isolated three-spin clusters consisting of a
CuII ion and two nitroxide radical ligands. Moreover, the
direct intramolecular magnetic interaction between the ni-
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troxide ligand molecules in 1a can be neglected due to the
magnetic behavior of 1b. Therefore, the arrangement of the
three-spin clusters in complex 1a can be regarded as a linear
three-spin model [SNO(1)–SCu–SNO(2)]. The spin Hamilto-
nian can be written as shown in Equation (2) using an ex-
change coupling constant, JCu–NO, between the CuII spin
and the nitroxide radical spin.

H = –2JCu–NO[SNO(1)·SCu +SCu·SNO(2)] (2)

for which the eigenvalues are

Hence, the temperature dependence of χmT is given by
Equation (3).

(3)

The parameters in this equation are the same as in Equa-
tion (1). This equation was fitted well to the experimental
data, and the best-fit parameters were f = 0.99, JCu–NO =
–81.6 cm–1, and θ = –1.1 K (–0.77 cm–1). The sign of
JCu–NO is opposite to that found for CuII–nitroxide com-
plexes where the ONO atoms occupy the axial positions
(+10 to +70 cm–1).[2,21] However, the magnitude of JCu–NO

is smaller than that observed for CuII–nitroxide complexes
where the ONO atoms occupy the equatorial positions (ca.
–600 cm–1).[2,21] This discrepancy in the sign of JCu–NO sug-
gests that the overlap mode between the π* orbital of the
nitroxide group and the magnetic orbital (dx2–y2) of the CuII

ion differs between the present complex and the previously
reported axially coordinated CuII–nitroxide complexes.[22]

The relatively small JCu–NO value arises from the fact that
the Cu–ONO distance is fairly long (ca. 2.3 Å) owing to the
Jahn–Teller distortion as compared to that for the
equatorially coordinated CuII–nitroxide complexes (ca.
2.0 Å).[21,23,24]

[Cu(CF3SO3)222]·2CH3CN (2a) and [Zn(CF3SO3)222]·
2CH3CN (2b)

The χmT vs. T plots for 2a and 2b are shown in Figure 3
(b). The temperature dependence of the χmT value for 2a
and 2b is similar to those for 1a and 1b, respectively. The
X-ray structural analysis shows that the intermolecular dis-
tance and shortest contacts in 2a and 2b are larger than
those in 1a and 1b. However, the temperature dependence
of their magnetic properties remains unchanged. This
means that the main magnetic interaction observed in the
crystals of 1a and 2a can be ascribed to the intramolecular
antiferromagnetic interaction between the CuII spin and the
nitroxide radical spin. Hence, the magnetic data were again
fitted to Equations (1) and (3). The best fit, shown in Fig-
ure 3 (b) as a solid line, afforded the following parameters:
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f = 1.03, JCu–NO = –78.1 cm–1, and θ = –0.2 K (–0.15 cm–1)
for 2a and f = 1.01, JNO–NO = 0.14 cm–1, and θ = –0.3 K
(–0.19 cm–1) for 2b. The value of JCu–NO is similar to that
for 1a, which supports the assumption that the spin align-
ment in 1a and 2a is governed by an intramolecular antifer-
romagnetic interaction between the CuII ion and the ni-
troxide ligands.

Theoretical Considerations

On the basis of the obtained X-ray structures of 1a and
1b we performed quantum chemical calculations in order
to examine the electronic structures of the present metal–
radical complexes. First of all, we investigated the spin-den-
sity distribution of complexes 1a and 1b. As density func-
tional theory (DFT) calculations often give good results for
both signs and magnitudes of spin densities of open-shell
molecules, we carried out calculations using the hybrid HF/
DF method (B3LYP/LANL2DZ).[25] The partially occupied
spin-free natural orbitals from the B3LYP/LANL2DZ cal-
culations for the 4Au state of 1a and the selected spin densi-
ties of the low- and high-spin states of 1a and 1b are shown
in Figures 4 and 5, respectively. In both of the doublet and
quadruplet states of 1a, the spin densities are mainly local-
ized on the CuII ion and the nitroxide groups. In 1b, the
spin densities for the singlet and triplet states are localized
only on the nitroxide groups of the two ligands. On the
other hand, the spin densities over the peripheral pyridyl
groups of 1a and 1b are quite small. These results are con-
sistent with the experimental result that the intermolecular
magnetic interactions in all four complexes are very weak.

Figure 4. Three partially occupied natural orbitals for the 2Au state
of 1a at the UB3LYP/LANL2DZ level of theory.
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Moreover, the sign of the spin density on the CuII ion in
the doublet state of 1a is opposite to that in the quadruplet
state, while the magnitudes of the spin densities on the CuII

and nitroxyl groups remain unchanged. This indicates that
an antiferromagnetic spin alignment occurs in the doublet
state of 1a, while a ferromagnetic spin alignment occurs in
the quadruplet state of 1a. In addition, the natural orbital
occupation number indicates that the 2Au state of 1a has a
doublet triradical character.

Energetically, the doublet state (2Au) in 1a was estimated
to be more stable than the quadruplet state (4Au) by
223 cm–1. In addition, the exchange coupling constant, J,
can be estimated to be 110 cm–1 by using the approximate
spin projection method[26–29] given by Equation (4),

(4)

where E(2Au) and E(4Au) are the total energies for the 2Au

and 4Au states and �S2�(2Au) and �S2�(4Au) the expecta-
tion values for the total spin angular momentums of 2Au

and 4Au states. The estimated J value gives a good agree-
ment with the JCu–NO value determined from the magnetic

Figure 5. Mulliken spin density for a) the doublet and quadruplet
states (in parentheses) of 1a and b) the singlet and triplet states (in
parentheses) of 1b at the UB3LYP/LANL2DZ level of theory. The
centrosymmetric atoms have the same spin density (having the op-
posite sign only for the singlet state of 1b), hence one of the two
ligands has been omitted for clarity.
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measurements. On the other hand, the singlet (1Au) and
triplet (3Au) states of 1b were found to be virtually degener-
ate. This indicates that effective magnetic interactions be-
tween the two nitroxide ligands via the diamagnetic ZnII

ion do not occur.
The present axially coordinated CuII–nitroxide com-

plexes 1a and 2a show antiferromagnetic coupling between
the metal center and the nitroxide ligand molecule, al-
though the CuII–nitroxide magnetic interaction in the axi-
ally coordinated CuII–nitroxide complexes is usually ferro-
magnetic.[3,22] Schweizer and co-workers have clearly shown
the spin-density distribution of an axially coordinated CuII–
nitroxide complex on the basis of a neutron diffraction
analysis; their results strongly suggest that the ferromag-
netic interaction between the CuII ion and the nitroxide li-
gand is derived from orthogonality between the corre-
sponding magnetic orbitals (the 3dx2–y2 atomic orbital for
CuII and the π* orbital for the nitroxide).[30] In general, the
exchange parameter is approximately expressed as Equa-
tion (5),

Jdir � ρx2–y2J(3dx2–y2, π*) (5)

where ρx2–y2 is the density of the unpaired electron
on the 3dx2–y2 atomic orbital, S = �3dx2–y2|π*� is the
overlap integral between the magnetic orbitals, εxy and
επ* are the orbital energies, �3dx2–y2 π*|π*3dx2–y2� and
�3dx2–y2 3dx2–y2|π*π*� are the two-electron integrals of the
exchange and Coulomb types, respectively, and h is the one-
electron Hamiltonian. According to Musin and co-
workers,[31] the strong antiferromagnetic coupling (J �
–500 cm–1)[3] in equatorially coordinated CuII–nitroxide
complexes can be explained by the above-mentioned direct
exchange interaction Jdir. The third term of J(3dx2–y2, π*) in
Equation (5) becomes dominant due to the large overlap
integral S � 10–1 (Jdir � –500 cm–1).

On the other hand, in axially coordinated CuII–nitroxide
complexes, slight delocalization of the unpaired electron
from the π* orbital of the nitroxide group to the 3dz2 atomic
orbital of the CuII ion takes place. Hence, the delocalized
π* orbital is approximately expressed as π* + cz2 3dz2. As a
result, the exchange parameter contains two main contri-
butions, J � Jdir + Jdel. The exchange parameter due to
the delocalization mechanism Jdel takes the form shown in
Equation (6),

Jdir � ρx2–y2 ρz2 �3dx2–y2 3dz2|3dz2 3dx2–y2� (6)

where ρz2 = cz2, the spin density due to delocalization from
the nitroxide group to CuII. In the axially coordinated CuII–
nitroxide complexes, the values of S are estimated to be very
small because of orthogonality between the 3dx2–y2 atomic
orbital for the CuII ion and the π* orbital of nitroxide
group. Hence, the direct exchange term Jdir only gives a
very small positive value. On the other hand, in spite of the
smallness of the delocalization ρz2, the large intra-atomic
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exchange integral [Equation (6)] leads to a major contri-
bution from the delocalized exchange term Jdel (ca. 10–
65 cm–1).[31]

In the present complexes 1a and 1b the nitroxide groups
are axially coordinated to the CuII ion. However, the deter-
mined exchange parameter is antiferromagnetic (Jexp �
80 cm–1), which is contrary to the expected ferromagnetic
interaction in axially coordinated CuII–nitroxide complexes.
This can be explained by the difference of overlap mode
between the magnetic orbitals of the CuII ion and the ni-
troxide groups. As shown in Figure 6 (a), when the sym-
metry plane containing the π* orbital of the nitroxide group
is orthogonal to the equatorial plane of the CuII ion, the
tilting of the CuII–ONO coordination bond from the line

Figure 6. Schematic views of possible orbital interactions between
the magnetic orbitals (3dx2–y2) of the CuII ion (3dx2–y2) and the
nitroxide radical (π*). θ is the tilt angle of the CuII–ONO coordina-
tion bond from the line perpendicular to the equatorial plane of
the CuII ion.

Figure 7. Dependence of the overlap integral between the Slater 2p
atomic orbital of the oxygen atom and the Slater 3dx2–y2 atomic
orbital of the Cu atom on the distance ∆R (in Å) defined in the
inset (Rcosθ was fixed to 2.3202 Å, which corresponds to complex
1a). ∆R can be related to the tilt angle θ in Table 1 and Figure 6
by the formula sinθ = ∆R/R. We adopted 2.275 and 2.95 for the
values of ζ of the oxygen 2p orbital and the copper 3d orbital,
respectively [see: J. A. Pople, D. L. Beveridge, Approximate Molecu-
lar Orbital Theory, McGraw-Hill, New York, 1970.]. In the case of
complex 1a, the corresponding overlap integral was estimated to
be 0.001 [∆R = 0.2438].
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perpendicular to the equatorial plane causes an effective
overlap between the π* orbital of the nitroxide group and
the 3dz2 atomic orbital of the CuII ion. Therefore, the delo-
calization mechanism [Equation (6)] leads to a relatively
large ferromagnetic interaction. On the other hand, as
shown in Figure 6 (b), in the present CuII–nitroxide com-
plexes the symmetry plane containing the π* orbital of the
nitroxide group is nearly parallel to the equatorial plane of
the CuII ion. Hence, the overlap integral between the π*
orbital of the nitroxide group and the 3dz2 atomic orbital
of the CuII ion is virtually negligible. Thus, we can ignore
the above-mentioned delocalization mechanism in com-
plexes 1a and 1b. More importantly, the CuII–ONO coordi-
nation bond tilts from the line perpendicular to the equato-
rial plane (θ � 5°) in the present coordination mode [Fig-
ure 6 (b)]. Therefore, the finite overlap integral between the
π* orbital of the nitroxide group and 3dx2–y2 atomic orbital
of the CuII ion is expected. However, the overlap integral is
expected to be small compared to the equatorially coordi-
nated CuII–nitroxide complexes, as shown in Figure 7 (S �
0.001). Such a specific overlap mode leads to a relatively
weak antiferromagnetic interaction (J � 80 cm–1) in com-
plexes 1a and 1b due to the direct exchange mechanism.

Concluding Remarks

The synthesis, magnetic properties, and theoretical analy-
sis of CuII complexes 1a and 2a and ZnII complexes 1b and
2b containing radical ligands 1 and 2 have been described.
It has been shown that the combination of the metal ion
and these radical ligands results in formation of iso-
structural mononuclear complexes. The magnetic properties
of the ZnII complex indicate that there is a weak intramo-
lecular magnetic interaction between two nitroxide ligands.
On the other hand, the exchange coupling constant JCu–NO

between the CuII and the nitroxide ligands for 1a and 2a
was determined to be –81.6 and –78.1 cm–1, respectively,
thereby indicating an antiferromagnetic interaction. The
DFT calculations show that the ground 2Au state of 1a has
a doublet triradical character and give a reasonable ex-
change coupling constant JCu–NO (–110 cm–1). Although
the present axially coordinated CuII–nitroxide complexes
show an antiferromagnetic interaction, this interaction can
be attributed to the specific structural features of the coor-
dination pattern of the nitroxide ligand molecules. Unfortu-
nately, the present nitroxide ligand molecules 1 and 2 are
contained in mononuclear transition metal complexes.
However, it may be possible to build highly dimensional
magnetic materials by using radical ligands containing 3-
or 4-pyridyl groups to avoid coordination of all the pyridyl
groups to a single metal ion.

Experimental Section
General Procedures and Materials: 1H and 13C NMR spectra were
recorded with a JEOL AL-300 spectrometer, and chemical shifts
are given in ppm relative to internal tetramethylsilane (TMS; δ =
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0.0 ppm) for 1H and to CDCl3 for 13C NMR spectroscopy. Elemen-
tal analyses were performed by the Center for Organic Elemental
Microanalysis of Kyoto University. Toluene was distilled from over
calcium hydride. 2-Amino-2-methylpropan-1-ol was distilled from
over calcium hydride under reduced pressure. THF was distilled
from over potassium/benzophenone under argon. m-Chloroperben-
zoic acid (MCPBA) was obtained commercially (70–75% purity)
and used without further purification. All the other purchased rea-
gents and solvents were used without further purification.

4,4-Dimethyl-2,2-di(2-pyridyl)oxazolidine (5): This compound was
prepared by a modified literature procedure.[32,33] A mixture of
bis(2-pyridyl) ketone (9.71 g, 51.7 mmol), freshly distilled 2-amino-
2-methylpropan-1-ol (110 mL, 1130 mmol), and concentrated
H2SO4 (25 drops) in toluene (200 mL) was refluxed for 4 d. The
water generated was removed by means of a Dean–Stark trap con-
taining 4-Å molecular sieves. The reaction mixture was then cooled
to room temperature and concentrated under reduced pressure.
Water (200 mL) and Et2O (100 mL) were added to the resulting
residue and then the organic layer was separated. The aqueous
layer was extracted with CH2Cl2 (2×100 mL). The combined or-
ganic layers were dried with MgSO4 and the solvents evaporated
in vacuo. The residue was recrystallized from cyclohexane to afford
5 (4.39 g, 33%) as a white solid. The mother liquor was evaporated
and chromatographed on aluminum oxide (ethyl acetate/n-hexane
= 1:1 as eluent) to afford additional 5 (8.54 g, 65%). The total yield
was 98%. 1H NMR (300 MHz, CDCl3): δ = 8.55 (d, J = 4.0 Hz, 2
H), 7.75 (d, J = 7.9 Hz, 2 H), 7.63 (td, J = 7.7, 1.6 Hz, 2 H), 7.11–
7.16 (m, 2 H), 4.26 (br., 1 H), 3.68 (s, 2 H), 1.21 (s, 6 H) ppm. 13C
NMR (75.5 MHz, CDCl3): δ = 162.3, 148.5, 136.3, 122.3, 121.2,
98.9, 77.9, 59.6, 26.6 ppm. C15H17N3O: calcd. C 70.56, H 6.71, N
16.46, O 6.27; found C70.28, H 6.71, N 16.55, O 6.30.

4,4-Dimethyl-2,2-di(2-pyridyl)oxazolidine-N-oxyl (1): This com-
pound was also prepared by a modified literature procedure.[32]

Thus, a solution of MCPBA (4.34 g, ca. 17.6 mmol) in Et2O
(40 mL) was added dropwise to an ice-cooled solution of 5 (3.01 g,
11.8 mmol) in Et2O (40 mL). The resulting solution was allowed to
stand for 4 h. Cold 5% Na2CO3 aqueous solution (40 mL) was then
added to the reaction mixture and the aqueous layer was separated.
The organic layer was extracted with cold 5% Na2CO3 aqueous
solution (4×40 mL) and the aqueous phases were combined. The
aqueous phase was extracted with CH2Cl2 (5×40 mL). The com-
bined organic phase was washed with cold 5% Na2CO3 solution
(2×40 mL), dried with MgSO4, and the solvents evaporated in
vacuo. The resulting orange solid was chromatographed on silica
gel (acetone as eluent). A fraction (Rf = 0.61) afforded 1 as an
orange solid (1.99 g, 62%). ESR (X-band, toluene): g = 2.0094 and
aN = 13.7 G. C15H16N3O2: calcd. C 66.65, H 5.97, N 15.55, O
11.84; found C66.74, H 5.92, N 15.48, O 11.84.

Bis[2-(3-methylpyridyl)] Ketone (4): Compound 4 was prepared by
a modified literature procedure.[34] nBuLi (10.5 mmol, 1.5  in hex-
ane) was added dropwise to a solution of 2-bromo-5-methylpyri-
dine (1.93 g, 11.0 mmol) in THF (15 mL) at –90 °C (petroleum
ether/liquid nitrogen) under argon. The resulting solution was
stirred at –90 °C for 1 h, and then a solution of ethyl chloroformate
(0.58 g, 5.18 mmol) in THF (2 mL) was added rapidly. After stir-
ring overnight, the reaction mixture was concentrated and CH2Cl2
(100 mL) and water (100 mL) were added. The organic layer was
separated and the aqueous layer was extracted with CH2Cl2
(4×50 mL). The combined organic layer was washed with 10%
aqueous NaHCO3, dried with MgSO4, and the solvents evaporated
in vacuo. The crude product was chromatographed on silica gel
(ethyl acetate as eluent). A fraction (Rf = 0.38) afforded 4 as a pale-
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yellow solid (yield 0.40 g, 36%). 1H NMR (300 MHz, CDCl3): δ =
8.57 (dd, J = 1.5, 0.7 Hz, 2 H), 8.01 (d, J = 7.9 Hz, 2 H), 7.67 (ddd,
J = 7.9, 2.2, 0.7 Hz, 2 H), 2.43 (s, 6 H) ppm. 13C NMR (75.5 MHz,
CDCl3): δ = 192.8, 152.1, 149.7, 137.0, 136.7, 125.0, 18.7 ppm.
C13H12N2O: calcd. C 73.56, H 5.70, N 13.20, O 7.54; found C73.28,
H 5.85, N 13.06, O 7.48.

4,4-Dimethyl-2,2-bis[2-(3-methylpyridyl)]oxazolidine (6): Com-
pound 6 was obtained from 4 by the same procedure as 5. The
reaction mixture was chromatographed on aluminum oxide (ethyl
acetate as eluent) to afford 6 as a pale-yellow solid (Rf = 0.83, yield
97%). 1H NMR (300 MHz, CDCl3): δ = 8.37 (s, 2 H), 7.60 (d, J =
7.9 Hz, 2 H), 7.43 (d, J = 8.1 Hz, 2 H), 4.21 (br., 1 H), 3.67 (s, 2
H), 2.27 (s, 6 H), 1.20 (s, 6 H) ppm. 13C NMR (75.5 MHz, CDCl3):
δ = 159.7, 148.9, 136.9, 131.6, 120.7, 98.9, 77.9, 59.7, 26.7,
18.0 ppm. C17H21N3O: calcd. C 72.06, H 7.47, N 14.83, O 5.65;
found C 72.15, H 7.68, N 14.58, O 5.52.

4,4-Dimethyl-2,2-bis[2-(3-methylpyridyl)]oxazolidine-N-oxyl (2):
Compound 2 was obtained from 6 by the same procedure as 1.
The reaction mixture was chromatographed on a silica gel column
(acetone as eluent) to afford 2 as an orange solid (Rf = 0.72, yield
73%). C17H20N3O2: calcd. C 68.43, H 6.76, N 14.08, O 10.72;
found C 68.25, H 6.84, N 13.91, O 10.54.

General Procedure for the Synthesis of Complexes 1a, 1b, 2a, and
2b: A solution of the radical ligand (2.0 mmol) in acetonitrile
(10 mL) was added to a solution of the appropriate triflate salt
(1.0 mmol) in acetonitrile (15 mL). The color of the solution
changed to dark green (for the CuII complexes) or pale yellow (for
the ZnII complexes). The resulting solution was filtered and Et2O
vapor was slowly diffused into the solution. The single crystals ob-
tained were suitable for X-ray studies.

[Cu(CF3SO3)212] (1a): Dark green blocks. C32H32CuF6N6O10S2:
calcd. C 42.60, H 3.57, N 9.31; found C 42.68, H 3.57, N 9.34.

[Cu(CF3SO3)222]·2CH3CN (2a): Efflorescent dark-green needles.
C40H46CuF6N8O10S2: calcd. C 46.17, H 4.46, N 10.77; found C
44.19, H 4.31, N 8.39.

[Zn(CF3SO3)212] (1b): Yellow blocks. C32H32F6N6O10S2Zn: calcd.
C 42.51, H 3.57, N 9.30; found C 42.57, H 3.59, N 9.19.

[Zn(CF3SO3)222]·2CH3CN (2b): Efflorescent yellow needles.
C40H46F6N8O10S2Zn: calcd. C 46.09, H 4.45, N 10.75; found C
44.55, H 4.26, N 9.15.

Table 2. Crystallographic data for 1a, 1b, 2a, and 2b.

1a 1b 2a 2b

Empirical formula C32H32CuF6N6O10S2 C32H32F6N6O10S2Zn C40H46CuF6N8O10S2 C40H46F6N8O10S2Zn
Formula mass 902.30 904.13 1040.51 1042.34
Crystal system triclinic triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄ P1̄
a [Å] 7.5928(5) 7.6792(4) 13.1699(8) 12.2718(9)
b [Å] 11.050(1) 11.1243(9) 15.9376(8) 12.9988(2)
c [Å] 12.656(2) 12.3578(6) 12.3034(6) 16.309(1)
α [°] 62.580(2) 114.878(1) 97.677(3) 95.983(6)
β [°] 79.239(1) 99.148(2) 115.045(1) 98.322(4)
γ [°] 86.508(1) 93.366(3) 95.896(1) 114.940(4)
V [Å3] 925.6(2) 936.2(1) 2281.9(2) 2294.2(2)
Z 1 1 2 2
T [K] 103 123 123 123
Dcalcd. [g cm–3] 1.619 1.604 1.514 1.509
Goodness of fit 1.21 1.04 0.19 1.09
R 0.051 0.047 0.038 0.074
RW 0.075 0.104 0.042 0.096
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X-ray Crystallographic Studies: The measurements were performed
on a Rigaku/MSC Mercury CCD diffractometer (for 1a) or a Ri-
gaku RAXIS imaging plate area detector (for 1b, 2a, and 2b) with
graphite-monochromated Mo-Kα radiation. The data were col-
lected at a temperature of 103 K (for 1a) or 123 K (for 1b, 2a, and
2b) to a maximum 2θ value of 54.9° (for 1a and 2a) or 60.1° (for
1b and 2b). After correction of the raw data for Lorentz and polar-
ization effects, the structure was solved by direct methods
(SIR97[35]). The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included but not refined. For 2a, hydrogen
atoms were refined isotropically. However, for 1a, 1b, and 2b hydro-
gen atoms were included but not refined. Crystallographic data for
these complexes are listed in Table 2.

CCDC-267140 (for 1a), -267141 (for 2a), -267142 (for 1b), and
-267143 (for 2b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic Susceptibility Measurements: The magnetic susceptibility
was measured on polycrystalline samples of 1a and 1b or powder
samples of 2a and 2b in the 2–300 K temperature range under a
field of 500 G with a SQUID magnetometer (Quantum Design
MPMS-5S). The data were corrected for magnetization of the sam-
ple holder and the magnetic susceptibility was corrected for dia-
magnetism of the constituent atoms using the Pacault method.[36]

Calculational Methods: Density functional theory (DFT) calcula-
tions were carried out by using a hybrid method (B3LYP) that com-
bines Becke’s three-parameter non-local exchange functional[21]

with the non-local correlation functional of Parr and co-workers.[37]

All of the computations were performed with the Gaussian 98
package[38] using the LANL2DZ basis set where the pseudopoten-
tial proposed by Hay and Wadt[39] is applied to the Cu atom, and
the Dunning/Huzinaga valence double-ζ basis set[40] to the H, C,
O, and N atoms. We employed the geometrical parameters of the
isolated complex molecules of 1a and 1b determined by the X-ray
crystallography as the geometry for the quantum chemical calcula-
tions, without geometry optimizations. DFT doublet, triplet, and
quadruplet energies were calculated in straightforward unrestricted
fashion (UB3LYP). The open-shell singlet energy for 1b was esti-
mated by the sum method.[41] Generally speaking, the UB3LYP
calculations for the open-shell singlet state give the so-called
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broken-symmetry state.[42] In the weak bonding regime, the follow-
ing relationship is deduced between the energies of the broken-sym-
metry state (EBS) and those of the pure (open-shell) singlet (ES)
and triplet states (ET) from which we can estimate the pure singlet
energy for complex 1b [see Equation (7)].

EBS = (ES + ET)/2 (7)
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A family of cone p-tert-butylcalix[4]arene-crown-5 com-
pounds with various substituents (H, COCH3, CH2CO2C2H5

and CH2CO2H) appended at the opposite phenolic oxygen
atoms have been synthesised to evaluate their efficiency and
selectivity towards different alkali and alkaline-earth metal
ions, and also to ascertain the role of the appended side-arms
in the complexation process. The selectivity of these iono-
phores towards Na+, K+, Mg2+, and Ca2+ has been evaluated
with an aqueous solution containing an equimolar mixture of
these ions. The concentration of metal ion in the extract (or-
ganic phase) has been estimated by ion chromatographic as-
say. Among these ions, K+ shows the highest selectivity in
all cases except one, where the two phenolic oxygen atoms
contain COCH3 substituents. All the ionophores show poor
selectivity towards Mg2+ and Ca2+. Association constants (Ka)
for the binding of Na+ and K+ to these ionophores have been
determined spectrophotometrically. Ka (7.2×107) is highest

Introduction
Calixarenes, which are macrocyclic oligomers made up

of phenol units linked by a methylene bridge, are receiving
increasing attention because of their ability to bind guest
molecules or ions.[1] In the calixarene family, calix[4]arenes
are most popular because of their rigid structures, which
make them ideal candidates for the complexation of neutral
molecules or ions.[1,2] This chemistry has become even more
versatile because of the ease with which calix[4]arenes can
be modified with functional groups at either the lower or
upper rims, or both, depending on the requirements. These
modified calixarenes provide a highly pre-organized archi-
tecture for the assembly of converging binding sites.[3]

Among these calixarene derivatives, calix[4]arene-crown
ethers have attracted intense interest as selective alkali
metal extractants.[4] The ion selectivity of this class of com-
pounds is controlled mainly by the conformation of the ca-
lixarene platform, the size of the crown ether ring, the sub-
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cals Research Institute,
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for the binding of K+ to the ionophore with CH2CO2C2H5

substituents. The molecular structures of four of the iono-
phores and four of the metal complexes have been estab-
lished by single-crystal X-ray crystallography. Analysis of the
structures revealed that in case of the ionophore with two
COCH3 substituents, the C–H···O interactions form an eight-
membered zigzag ring almost perpendicular to the crown
ring, which prevents entry of the metal ions into the calix-
crown cavity. The ionophore with CH2CO2C2H5 substituents,
where no such interaction is observed, forms metal com-
plexes easily and exhibits the highest association constant.
1H and 13C NMR studies have also been carried out to inves-
tigate the conformational behaviour of these ionophores and
their metal complexes in solution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

stituents at the upper rim of the calixarene and the ap-
pended functional groups at the two sides of the crown ring.
Among various conformations of the calixarene, 1,3-alter-
nate conformers have been studied more extensively as com-
plexing agent for alkali metal ions.[4b,4c,4f,5] Other conform-
ers have also been prepared but metal ion complexation
studies are rare.[4a,4d] Among various crown ether rings,
crown-5- and crown-6-containing calixarene derivatives
have been found to be more suitable for complexation with
alkali metal ions.[4] A number of calix[4]-bis(crown ethers)
and their complexation behaviour, mainly with cations of
large size, have also been reported.[6]

It has been observed that the substituents at the lower
rim determine the conformations of the calixarenes. Calix-
[4]arene-crown ether derivatives in 1,3-alternate conforma-
tion have been studied most since they are more efficient
and selective in the complexation of potassium ions.[5] The
ionophores p-tert-butylcalix[4]arene-crown derivatives,
which have not been studied extensively, exist in cone, par-
tial cone and 1,3-alternate conformations.[4a,4g,7] In the lat-
ter case, the desired conformation can be obtained by ma-
nipulating the experimental conditions and reagents.[4g,8] It
should be noted that the selectivity and efficiency of extrac-
tion of alkali and alkaline-earth metal ions is maximal with
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the cone conformation of p-tert-butylcalix[4]arene-crown
derivatives, except for one report in which a partial cone
conformation was reported to exhibit high K+/Na+ selectiv-
ity.[4a]

As part of our effort to identify suitable options for selec-
tive extraction of K+ from natural sources such as brine
and bittern, which mainly contain Na+, K+, Ca2+ and
Mg2+,[9] we here report our studies on competitive binding
of these ions with p-tert-butylcalix[4]arene-crown-5 deriva-
tives in the cone conformation (Figure 1). The effect of ap-
pended substituents on complexation and the structural
features of the ionophores before and after complexation in
solution and the solid state, as probed by NMR spectro-
scopic and single-crystal X-ray studies, are reported. These
studies have enabled us to unravel structural features of the
ionophores and their complexes; in particular, the influence
of intramolecular hydrogen bonding on complexation.

Figure 1. Structures of the ionophores (1–5) used in this study.

Scheme 1. Synthesis of p-tert-butylcalix[4]arene-crown-5 compounds; a) OTsCH2(CH2OCH2)2CH2OTs, tBuOK, benzene; b) CH3COBr,
NaH, diethyl ether; c) CH3COBr, NaH, THF; d) BrCH2CO2C2H5, K2CO3, CH3CN; e) NaOH, ethanol.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3369–33813370

Results and Discussion

Synthesis of Ligands 1–5

The compound p-tert-butylcalix[4]arene-crown-5 (1) was
synthesised by the reaction of p-tert-butylcalix[4]arene,
tetraethylene glycol ditosylate and tBuOK (Scheme 1) ac-
cording to a modified literature procedure.[4a] The confor-
mation of the calix-crown products depends on the reaction
conditions and reagents used; the cone conformation
needed for the complexation study could be obtained in
good yield. For the synthesis of acetyl derivatives of 1, we
attempted the reaction at room temperature with acetyl
chloride and acetyl bromide, using NaH as base and diethyl
ether as solvent. However, a mixture of mono- and diacetyl
derivatives was obtained, with the former as the major
product even after extended (3 d) stirring. We optimised the
reaction conditions in diethyl ether to maximize the yield
of the monoacetyl derivative, and compound 2 was ob-
tained in cone conformation after purification by column
chromatography. By switching the solvent from diethyl
ether to THF and conducting the synthesis under reflux
conditions, we were successful in obtaining the diacetyl de-
rivative 3 in good yield. Compound 4 was obtained in cone
conformation by the reaction of 1 with ethyl bromoacetate
in the presence of K2CO3 under reflux in acetonitrile. Hy-
drolysis of 4 yielded the corresponding acid 5 in good yield.
During preparation of this manuscript, a paper has ap-
peared on the synthesis of 4 and 5 and use of the latter as
a proton di-ionisable extractant for Mg2+, Ca2+, Sr2+ and
Ba2+; however, this study is quite different from that re-
ported here.[10]
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Synthesis of Na+ and K+ Complexes of 1–5

Reaction of the ligands with a ten-fold excess of metal
picrate in chloroform resulted in the formation of 1:1 metal
complexes. In the case of 3, however, the Na+ complex
(3·Na+Pic–, Pic = picrate) was only obtained in poor yield,
and virtually no complex formation took place with K+, as
evident from the 1H NMR spectrum. Hence, the K+ com-
plex of 3 is not discussed further.

All of these ligands and metal complexes gave satisfac-
tory C, H, and N analyses. The mass spectra of all these
ligands and metal complexes were recorded and the ob-
served m/z values show excellent agreement with the calcu-
lated values. It may be noted that the m/z values (100%) of
all ligands correspond to the Na+ adduct [ligand + Na]+,
which is a well-known phenomenon in LC mass spectrome-
try. The potassium and sodium complexes of the ligands
(complex formation was confirmed by NMR studies and
X-ray structure determination; vide infra) exhibit molecular
ion peaks corresponding to [ligand + K]+ and [ligand + Na]+,
respectively.

NMR Study

The 1H and 13C NMR spectra of all compounds were
recorded in CDCl3 and the data are presented in the Experi-
mental Section. The NMR spectroscopic data established
the conformation of the ligands and complexes in solution.
The 1H NMR spectra of these compounds exhibit two sig-
nals for the aromatic protons, two doublets for the bridging
methylene groups of the calixarene unit and two singlets for
the tert-butyl groups. In the case of 2 and its complexes,
however, the spectra are more complex because of asym-
metric substituents at the p-hydroxy positions of the oppo-
site benzene rings (OH and COCH3). In all of these ionoph-
ores and complexes, a typical AB pattern was observed for
the methylene bridge (ArCH2Ar) protons, that is, two
widely separated doublets at δ = 3.90–4.65 and 3.12–
3.36 ppm (J = 12–13.8 Hz), which suggests that these ion-
ophores exist in a cone conformation in solution.[4a,11] The
low-field doublet is due to the axial H atom and the high-
field doublet is due to the equatorial H atom of the methyl-
ene bridge. The chemical shift difference (∆δ) between Haxial

and Hequatorial serves as a measure of the “flattening” of
each phenyl unit.[1a,12] In general, ∆δ = 0.9 ppm for a sys-
tem in the regular cone conformation, and for a more “flat-
tened” conformation the value of ∆δ decreases. For com-
pounds 1–5, the ∆δ values are 0.78, 0.89 (1.31 for another
ring), 0.78, 1.48 and 1.10 ppm, respectively. These data indi-
cate that the “flattening” of the phenyl rings is greater in 1
and 3 and lesser in 4 and 5 than that of the regular cone
conformation.[4a] The reduced “flattening” in 4 and 5 is be-
cause of steric crowding caused by bulky substituents at the
narrow lower rim of the calix[4]arene-crown moiety. The ∆δ
values for the metal complexes of 1–3 could not be calcu-
lated because of the overlapping of signals from the high-
field doublet and crown moiety. However, for the complexes
of 4 and 5 these values are in the range 1.07–1.12 ppm,
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thus indicating that the structures of the metal complexes
in solution are close to a regular cone conformation. The
difference between the two signals due to phenyl groups and
also due to tert-butyl groups observed for the free ligand
are significantly reduced (�0.1) in the complexed state. This
is presumably because insertion of a metal ion into the
crown cavity provides a similar geometrical shape of the
complexed molecule. It should be noted that the two ap-
pended CH2CO2C2H5 groups of 4·Na+Pic– and 4·K+Pic–

exhibit one set of signals [δ = 4.77 (s), 4.32 (q) and 1.33 (t)
ppm for 4·Na+Pic– and δ = 4.57 (s), 4.32 (q) and 1.33 (t)
ppm for 4·K+Pic– (Figure 2)] thus indicating that both
groups in each compound are chemically equivalent in solu-
tion. A similar observation was also noted for the com-
plexes of 3 and 5, in which two appended COCH3 and
CH2CO2H groups are present, respectively. Interestingly,
the crystal structures of 4·Na+Pic–, 4·K+Pic– and 5·K+Pic–

(see below) show that only one of the two appended groups
in each complex is connected to a metal ion through its
oxygen atom. Therefore, two sets of signals for two non-
equivalent appended groups in each complex are expected.
The appearance of only one set of signals suggests exchange
of coordination between the appended groups and the
metal ion in solution. This exchange process is fast enough
on the NMR timescale to make them indistinguishable. An-
other unprecedented observation is noted for the signals for
the phenyl and tert-butyl protons of the complexes of 1.
Ligand 1 shows two signals for the phenyl protons and two
signals for the tert-butyl protons. However, in the complexes
one of the signals (high-field) of the phenyl protons is found
to split to produce two signals at δ = 6.73 (1 H) and 6.63
(3 H) ppm for 1·Na+Pic– and δ = 6.74 (1 H) and 6.61 (3 H)
ppm for 1·K+Pic–. The high-field signal for tert-butyl is also
seen to split to produce signals at δ = 1.20 (3 H), 0.92 (3
H) and 0.83 (12 H) ppm for 1·Na+Pic– and δ = 1.20 (3 H),
0.93 (3 H) and 0.81 (12 H) ppm for 1·K+Pic–. The possibil-
ity of the formation of other conformations can be ruled
out on the basis of full NMR spectroscopic data. The crys-
tal structure of 1·K+Pic– shows that the picrate anion is
coordinated to the metal ion in a bidentate fashion through
the oxygen atoms of the deprotonated phenolic group and
one of the nitro groups. Beer et al. have noted similar obser-
vations in the lanthanide picrate complexes of their tert-
butylcalix[4]arene diamide ligand.[13]

Analysis of the crystal structure of 1·K+Pic– shows that
the benzene ring of the picrate anion is in proximity, and
almost parallel to, one of the benzene rings of the calixar-
ene (Cg–Cg distance is 3.76 Å and the dihedral angle be-
tween the planes of the rings is 13.72°). The structural
analysis shows that one of the phenyl protons and a few of
the tert-butyl protons of one of the benzene rings of the
calixarene are pointed towards the deshielding zone of the
benzene ring of the picrate anion, which results in a split-
ting of the signals for the phenyl and tert-butyl protons.[14]

Because of this deshielding effect, the signals of one of the
phenyl protons and two methyl groups of the tert-butyl
moiety are shifted downfield; the shift of one of the methyl
groups is quite pronounced.
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Figure 2. 1H NMR spectra of ionophore 4 (a), its Na+ (4·Na+Pic–)
(b) and K+ complexes (4·K+Pic–) (c), recorded in CDCl3 at room
temperature.

In the 13C NMR spectra, the signals of the carbon atoms
of the four methylene bridges (ArCH2Ar) appear at the
same position (one peak), with a chemical shift of δ �
31 ppm, which is typical for the cone conformation of tert-
butylcalix[4]arene derivatives.[4g,15] The other observation is
that the C-1 and C-4 carbon atoms (see Figure 3 for the
numbering scheme) show two signals each, which could be
due to different substituents attached to the carbon atoms
at the lower rim of the calixarene. In the metal complexes,
the 13C NMR signals are consistent with the cone confor-
mation of the calixarene moiety albeit with some changes
in chemical shift for the carbon atoms of the crown moiety,
due to complex formation, compared to the free ligand.

Figure 3. Numbering scheme for carbon atoms of the p-tert-bu-
tylcalix[4]arene used in the NMR discussion.

Crystal Structures

X-ray crystal structures of four ionophores and four
complexes have been determined; ORTEP views of the ion-
ophores are displayed in Figure 4. The structures of the ion-
ophores clearly show the flattened cone conformation, as
suggested by the NMR spectroscopic data. However, the
extent of flattening differs from ligand to ligand. The inter-
planar angles between the two opposite rings are 71.89° and
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41.10° (82.67° and 35.60° for the other molecule in the unit
cell) for 1, 87.00° and 7.40° for 2, 60.66° and 39.82° for 3
and 78.10° and 29.18° for 4. The opposite benzene rings,
which are connected to the crown moiety, are less flattened,
as evident from their low inter-planar angles. The wide vari-
ations in flattening of the rings are due to steric overcrowd-
ing of the bulky substituents at the lower rim of the rings
and also due to intramolecular C–H···O interactions. It
should be noted that the oxygen atoms of the CO groups of
the COCH3 substituent in 2 and 3 and the CH2COOC2H5

substituent of 4 are directed away from the polyether rings,
which could be due to minimisation of the electrostatic re-
pulsion between the lone pairs of the oxygen atoms of the
CO and polyether rings. Most of the appended groups show
hydrogen-bonding interactions with the oxygen atoms of
the polyether rings. There are many examples of hydrogen-
bonding interactions involving OH groups at the lower rim
of the calixarene,[16] although hydrogen-bonding interac-
tions involving other groups are not common. In case of 1,
the hydrogen atoms of the OH groups (O6–H6 and O7–H7)
make strong O–H···O interactions with O5 and O1, which
act as donors; O7, on the other hand, acts as an acceptor,
making C–H···O interactions with H48A and H50B of the
methylene groups of the polyether ring. The interesting fea-
ture of the packing is the dimeric association of the two
ligands A and B present in the asymmetric unit. This occurs
by an intermolecular C–H···O interaction involving H10K
attached to C101 and the phenolic oxygen atom O6. Two
such hydrogen-bonded dimers are further associated by a
C–H···π interaction to form a tetrameric unit (Figure 5).
Details of C–H···O, C–H···N, and C–H···π interactions of
1–3 and 4 are given in Table S1 in the Supporting Infor-
mation. In the case of 2, the hydrogen atom (H1) of the
phenolic oxygen atom O1 is involved in a strong intramolec-
ular O–H···O interaction with O4. Two of the methyl hydro-
gen atoms of the acetyl moiety (H46B and H46C) make
intramolecular C–H···O interactions with O4 and O8 of the
crown moiety. A packing diagram of 2 showing the one-
dimensional array formed by intermolecular hydrogen-
bonding interactions between adjacent molecules is de-
picted in Figure S1 (Supporting Information).

The intramolecular hydrogen-bonding pattern of 3 is
interesting and provides important information regarding
its robustness towards complexation with K+. In this com-
pound, it has been observed that the two H atoms of each
methyl group of the two appended COCH3 groups (H46B,
H48C and H46C, H48B) are close to the oxygen atoms of
the polyether ring and are held strongly by C–H···O interac-
tions with O6 and O8 of the crown moiety (Table 1) In fact,
this hydrogen bonding forms an eight-membered puckered
ring, which is nearly perpendicular to the crown ring
(79.33°) and crosses it through the middle (Figure 6). We
believe this interaction also exists in solution and, therefore,
metal ions such as K+ cannot enter into the cavity to form
metal complexes. The packing diagram of 3, which shows a
dimeric association of the molecule through intermolecular
interactions involving surrounding lattice solvent molecules,
is shown in Figure S2 (Supporting Information).
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Figure 4. ORTEP views of compounds 1 (a), 2 (b), 3 (c) and 4 (d).

Figure 5. Packing diagram of 1 viewed along the a-axis showing
the tetrameric association of the compound with acetonitrile (ball-
and-stick model) in the cavity of the calix cone.

Table 1. Intramolecular C–H···O interactions involving methyl hy-
drogen atoms of COCH3 and oxygen atoms of the crown ring for 3.

D–H···A H···A [Å] D···A [Å] �(D–H···A) [°]

C46–H46B···O6 2.30 3.240(3) 167
C46–H46C···O8 2.32 3.269(3) 168
C48–H48B···O8 2.44 3.315(4) 151
C48–H48C···O6 2.40 3.255(4) 149
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Figure 6. Capped stick model of compound 3, showing C–H···O
interactions (dotted line) involving methyl hydrogen atoms of
COCH3 groups and oxygen atoms (O6 and O8) of the crown
moiety.
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In the case of 4 the C–H···O interactions involving the

crown ring are not significant. The only interaction ob-
served is that between the hydrogen atoms (H49A) of the
CH2COOC2H5 moiety and O9 of the crown ring. However,
the oxygen atoms of the CO groups of both CH2COOC2H5

moieties form C–H···O interactions with the hydrogen
atoms of the bridging methylene group. The packing dia-
gram of 4 is also available as Supporting Information (Fig-
ure S3).

All of the above ligands contain lattice solvent mole-
cule(s) and these appear to play a role in crystal formation.

Figure 7. ORTEP views of complexes 1·K+Pic– (a), 4·Na+Pic– (b), 4·K+Pic– (c), and 5·K+Pic– (d).
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One of the acetonitrile molecules present in the crystal oc-
cupies the cone cavity of the calixarene unit in all cases.
This acetonitrile molecule is held in the cavity and forms
C–H···N interactions with the hydrogen atom of one of the
bridging ethylene groups and C–H···π interactions with the
benzene rings of the calixarene moiety.

The crystal structures of the metal complexes reveal that
the K+ ion is coordinated to eight oxygen atoms in all com-
plexes whereas the Na+ ion in 4·Na+Pic– is coordinated to
six oxygen atoms (Figure 7). In 1·K+Pic–, where eight coor-
dination sites with oxygen atoms as donor are not available,
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the picrate anion acts as a bidentate ligand to make K+

octacoordinate. For complexes 4·Na+Pic–, 4·K+Pic– and
5·K+Pic–, out of two CH2CO2C2H5 and CH2CO2H ap-
pended arms, the oxygen atom of the CO group of one arm
is coordinated to K+. In the case of 4·Na+Pic–, however,
two oxygen atoms (O9 and O10) of the crown moiety are
not coordinated to Na+. The M–O distances of all com-
plexes are given in Table 2. In the metal complexes, the cone
conformations of the calixarene moieties are more symmet-
ric than those of the corresponding free ligands. For exam-
ple, all the four phenyl rings of 4·K+Pic– make similar
angles of intersection with the plane of the four rim methyl-
ene groups (64.50–69.92°) and the inter-planar angles be-
tween the two opposite rings are 45.63° and 54.25°, which
suggests an almost symmetric cone conformation of the ca-
lixarene unit.

Table 2. Metal–oxygen bond lengths [Å] for complexes 1·K+Pic–,
4·Na+Pic–, 4·K+Pic–, and 5·K+Pic–.

1·K+Pic–

K1–O9 2.700(2) K1–O2 2.824(2)
K1–O5 2.703(2) K1–O4 2.845(2)
K1–O1 2.711(2) K1–O8 2.890(2)
K1–O3 2.726(2) K1–O6 3.013(2)

4·Na+Pic–

Na1–O5 2.367(3) Na1–O7 2.405(3)
Na1–O11 2.375(3) Na1–O8 2.420(3)
Na1–O1 2.394(3) Na1–O4 2.543(3)

4·K+Pic–

K1–O1 2.657(2) K1–O7 2.801(2)
K1–O5 2.659(3) K1–O4 2.803(2)
K1–O11 2.712(2) K1–O9 2.836(3)
K1–O10 2.758(3) K1–O8 2.931(3)

5·K+Pic–

K1–O1 2.742(6) K1–O8 2.760(6)
K1–O2 2.561(8) K1–O9 2.971(8)
K1–O4 2.566(5) K1–O10 2.926(6)
K1–O7 2.703(4) K1–O11 2.704(4)

Analysis of the crystal structures revealed that each of
these structures make a number of intra- and intermo-
lecular C–H···O interactions, leading to layered or zigzag
chain network of packing. Packing diagrams (Figures S4–
S7) and a table of hydrogen-bonding interactions (Table S2)
for all these complexes are available as Supporting Infor-
mation. Some of the solvent molecules and picrate anions
are highly disordered, as discussed in the Experimental Sec-
tion.

Selectivity

The selectivities of these ionophores toward metal ions
such as Na+, K+, Mg2+ and Ca2+ were determined by a
two-phase extraction method followed by ion chromato-
graphic assay of the metal ions in the extract.[9] The experi-
ments were carried out with an aqueous solution containing
equimolar amounts of Na+, K+, Mg2+ and Ca2+ as their
picrate salts, as described in the Experimental Section.
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Chromatograms of the original solution and that of the ex-
tract obtained using 4 are given in Figure 8. The distribu-
tions of metal ions in the organic extracts, together with
values of the observed selectivity ratios, are given in Table 3.
As can be seen from the data, all ionophores except 3 show
high selectivity towards K+, this selectivity being highest for
4 (82.1%). From the crystal structures it appears that the
calix-crown cavity fits well with K+, allowing it to coordi-
nate to all the oxygen donors of the cavity. Na+ also coordi-
nates, but it does not fit well in the cavity and leaves two
oxygen atoms of the crown ring uncoordinated. Mg2+ and
Ca2+ show poor selectivity.

Figure 8. Ion chromatograms of a) a solution containing an equi-
molar mixture of Na+, K+, Mg2+, and Ca2+ and b) the extract
obtained from the equimolar mixture by two-phase extraction
using ionophore 4.

Apart from cavity size, the C–H···O interactions involv-
ing oxygen atoms of the crown ring observed in some of
these compounds play an important role in complex forma-
tion. In the ionophores 2–5, the main coordination core
(calix-crown moiety) for all of them is the same, with one
of the appended arms taking part in coordination. How-
ever, the selectivity for a particular metal ion (e.g. K+) dif-
fers significantly. The crystal structures show that in the
case of 2, one side of the crown ring is blocked by strong
C–H···O interactions between two of the methyl protons of
COCH3 and the oxygen atoms of the crown rings. For 3,
both the sides are blocked (Figure 6), and in this case the
effect is so severe that K+ cannot enter into the cavity for
complex formation. For 4, however, the C–H···O interac-
tion involving oxygen atoms of the crown ring is not signifi-
cant and the metal ion can interact easily with the calix-
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Table 3. Concentration of metal ions in the extract and selectivity ratio with respect to potassium ion.

Compound Concentration [%] of metal ion in extract[a] Selectivity ratio[b]

Na+ K+ Mg2+ Ca2+ K+/Na+ K+/Mg2+ K+/Ca2+

1 22.0 63.8 3.2 10.9 1.7 12.2 6.0
2 28.3 57.5 2.15 12.0 1.2 16.5 4.9
3 56.5 25.3 –[c] 18.1 0.3 – 1.4
4 17.9 82.1 –[c] –[c] 2.7 – –
5 26.6 69.4 0.7 4.2 1.5 60.9 16.9

[a] Concentration [%] of metal ion in the original solution (before extract): Na+ = 18.2, K+ = 30.9, Mg2+ = 19.9, Ca2+ = 31.7. [b] Ratio
calculated by [% of K+ in the extract][% of Mn+ in the original solution]/[% of Mn+ in the extract][% of K+ in the original solution]. [c]
Trace amount.

crown moiety. This is consistent with the selectivity data
and the association constants determined. It should be
noted that apart from the appended arms, the remainder
of all five ionophores is identical, therefore the observed
variation in complex formation/selectivity is obviously due
to the effect of the appended arms. Steric crowding is not a
significant factor in this case as the ionophore with the
most bulky appended arms (4) shows the highest selectivity.
This suggests that the intramolecular hydrogen-bonding in-
teractions involving the lower rim of the ionophore play an
important role in complex formation with metal ions. The
appended functional groups, which are expected to act co-
operatively as an axial ligand to stabilise the complex, may
not always work in this manner and could even inhibit com-
plex formation.

Association Constants

The association constants (Ka) of the ionophores 1–5
with Na+ and K+ picrates were determined spectrophoto-
metrically, as described in the Experimental Section. Metal
picrates in aqueous solution were extracted with chloroform
both in the presence and absence of host. The amount of
picrate ion in the chloroform layer was determined from its
extinction coefficient at 380 nm after appropriate dilution
in CH3CN. The association constants were determined
using Equation (1), where Ka is the association constant, Kd

the distribution constant, R the molar ratio of picrate to
host in the organic layer, [Gi]H2O the initial concentration of
the guest (metal ion/picrate), [Hi]CHCl3 the initial concentra-
tion of the host (ionophore) in chloroform, VCHCl3 the vol-
ume of the organic layer (chloroform) and VH2O the volume
of the aqueous layer.[17]

(1)

The molar ratios of picrate to host (R) were determined
from Equation (2), where A is the observed absorbance in
the aqueous phase, D the dilution factor, ε the extinction
coefficient of the picrate salt at 380 nm in CH3CN (ε =
16900), [Gi

+] the initial concentration of guest in the aque-
ous phase, Vaq the volume of the aqueous phase, Vorg the
volume of the organic phase, and [Hi*] the initial concentra-
tion of the host in the CHCl3 phase.[18]
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(2)

The distribution constants were determined using Equa-
tion (3).[17]

(3)

The values of association constants (Ka) and R for all
ionophores are given in Table 4. The data show that the
values of Ka for K+ with various ionophores decrease in the
order 4 � 5 � 1 � 2 �� 3, which is consistent with the
selectivity data and the C–H···O interactions observed in
the crystal structures. For Na+, the values of Ka are approx-
imately 10–100 times lower than those for K+, in line with
the selectivity data.

Table 4. Molar ratio of picrate/host in the organic layer (R) and
association constants (Ka) with Na+ and K+.

Ionophore R Ka

Na+ K+ Na+ K+

1 0.02 0.24 1.06×104 1.82×106

2 0.02 0.08 8.70×104 3.25×105

3 0.01 – 5.17×104 –
4 0.26 0.68 3.12×106 7.20×107

5 0.34 0.66 5.96×106 5.80×107

Conclusions

A series of p-tert-butylcalix[4]arene-crown ethers with
various substituents attached to the opposite phenolic oxy-
gen atoms have been synthesised in the cone conformation
to evaluate their performance as ionophores towards Na+,
K+, Mg2+ and Ca2+. NMR and crystal structure studies
suggest that these ionophores exist in a “flattened” cone
conformation both in solution and the solid state. Na+ and
K+ complexes of these ionophores have been synthesised
and the crystal structures show that, in all cases, one of the
two appended substituents coordinates to the metal ion and
the size of the calix-crown cavity is most suited to K+

among the ions studied. The 1H NMR study also revealed
that there is fast exchange of coordination between the two
appended groups and the metal ion in solution. The selec-
tivity study with a mixture of cations showed the highest
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selectivity towards K+; the association constants also follow
the same order. The one exception is compound 3, where
access to the metal ion is blocked as a result of strong C–
H···O interactions between the pendant COCH3 substitu-
ents and the crown moiety. Such deleterious interactions
are apparently nonexistent in the case of the CH2CO2C2H5

substituents as the ligand interacts strongly with the metal
ions. Evidently, although appended functional groups (like
“lariat” crown ethers) are known to act as a stabilizing axial
ligand, these may, in fact, act in the opposite way if strong
intramolecular hydrogen bond involving the crown ring is
operational. The X-ray structure determination of the ion-
ophores therefore provides an insight into the effect of in-
tramolecular interactions on the structure–selectivity corre-
lation.

Experimental Section
Reagents and Methods: The ligand p-tert-butylcalix[4]arene was
synthesised according to a literature procedure.[19] Metal picrate
salts were prepared by the reaction of picric acid and the metal
hydroxide in aqueous media. All the reagents used in this study
were purchased from Aldrich and S. D. Fine Chemicals. All sol-
vents were of analytical grade and purified by standard procedures
before use.[20] Milli-Q (Millipore Corporation) water was used for
extraction and ion chromatographic study. Elemental analyses (C
and H) were performed with a model 2400 Perkin–Elmer elemental
analyzer. NMR spectra were recorded with a model DPX 200
Bruker FT-NMR instrument. Infrared spectra were recorded with
a Perkin–Elmer Spectrum GX FT-IR system. Mass spectra were
recorded with a Q-TOF MicroTM LC-MS instrument. The UV/Vis
spectra were recorded with a model 8452A Hewlett–Packard diode
array spectrophotometer. Cation concentration was measured with
a Dionex 500 ion chromatograph. Single crystal structures were
determined using a Bruker SMART 1000 (CCD) diffractometer.

Synthesis of 1: A mixture of p-tert-butylcalix[4]arene (1.46 g,
2.25 mmol) and tBuOK (0.23 g, 2 mmol) in 150 mL of dry benzene
was refluxed under an inert gas with stirring for 1.5 h, then tetra-
ethylene glycol ditosylate (1.06 g, 2 mmol) was added. After re-
fluxing for 24 h, a second portion of tBuOK (0.23 g, 2 mmol) was
added, and the reaction mixture was refluxed for an additional
24 h. It was then cooled to room temperature, treated with 1  HCl
(125 mL), and extracted five or six times with 30 mL of diethyl
ether each time. The combined organic layers were finally washed
three times with water (100 mL each time) and the solvent was
removed by rotary evaporation. The crude product was purified by
column chromatography using silica gel as packing material and
dichloromethane/ethyl acetate (4:1) as eluent. Yield: 0.75 g (43%).
1H and 13C NMR spectroscopic data are similar to those reported
earlier.[4a,10] LC-MS: m/z = 829.51 (calcd. for [1 + Na+] 829.50).
C52H71O7.5 (1·0.5H2O, 815.50): calcd. C 76.59, H 8.78; found C
76.48, H, 8.69.

Synthesis of 2: Compound 1 (0.27 g, 0.3 mmol), NaH (0.04 g,
1.75 mmol), and acetyl bromide (0.4 mL, 5.4 mmol) were dissolved
in 70 mL of diethyl ether and the mixture was stirred at room tem-
perature under an inert gas for 3 d. After removing the solvent
with a rotary evaporator, the solid mass was treated with 10% HCl
(50 mL) and extracted with dichloromethane (50 mL). The organic
layer was washed twice with water (50 mL each time) and the sol-
vent was removed by rotary evaporation. The product was purified
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by column chromatography using silica gel as packing material and
ethyl acetate/hexane (1:5) as eluent. Initially, some starting materi-
als were separated and then the desired product was eluted. The
solvent was removed from the desired fraction and the solid com-
pound was dried in vacuo. Yield: 0.11 g (39%). 1H NMR
(200 MHz, [D3]chloroform): δ = 7.20 (s, 2 H, ArH), 7.08 (s, 2 H,
ArH), 6.79 (s, 1 H, OH), 6.64 (d, J = 2.4 Hz, 2 H, ArH), 6.59 (d,
J = 2.4 Hz, 2 H, ArH), 4.55 (d, J = 13.0 Hz, 2 H, ArCH2Ar), 4.13
(d, J = 12.8 Hz, 2 H, ArCH2Ar), 4.07–3.46 (m, 16 H, crown-CH2),
3.24 (dd, J1 = 13.1, J2 = 3.6 Hz, 4 H, ArCH2Ar), 2.90 (s, 3 H,
OCH3), 1.35 (s, 9 H, tBu), 1.34 (s, 9 H, tBu), 0.83 (s, 18 H, tBu)
ppm. 13C NMR: δ = 171.18 (COCH3), 151.45, 151.25, 150.44 (C-
1), 147.43, 146.24 (C-4), 135.71, 135.44, 133.11, 132.01, 131.96 (C-
2, C-6), 128.47, 126.05, 125.58, 125.36, 125.33, (C-3, C-5), 74.98,
72.39, 71.69, 71.52, 70.99, 70.38, (OCH2CH2OCH2CH2O), 32.49,
32.29, (C-7), 32.40, 31.62 (C-8), 31.97 (ArCH2Ar), 22.10 (COCH3)
ppm. LC-MS: m/z = 871.7 (calcd. for [2 + Na+]: 871.53).
C54H73O8.5 (2·0.5H2O, 857.53): calcd. C 75.63, H 8.58; found C
75.64, H 8.55.

Synthesis of 3: NaH (0.02 g, 0.8 mmol) was added to a solution of
1 (0.20 g, 0.25 mmol) in THF (70 mL) and the reaction mixture
was refluxed. After 30 min of reflux, a solution (10 mL) of acetyl
bromide (0.5 mL, 7.0 mmol) in THF was added dropwise to the
reaction mixture and refluxing was continued. After 6 h, the solu-
tion was cooled to room temperature, filtered and the solvent of
the filtrate was removed by rotary evaporation. The residue was
treated with 2  HCl (50 mL), the mixture filtered and the solid
mass washed twice with water (25 mL each time). The product thus
obtained was recrystallised from dichloromethane/acetonitrile.
Yield: 0.16 g (81%). 1H NMR (200 MHz, [D3]chloroform): δ = 7.06
(s, 4 H, ArH), 6.48 (s, 4 H, ArH), 4.28–4.06 (m, 8 H, crown-CH2),
3.90 (d, J = 12.8 Hz, 4 H, ArCH2Ar), 3.77–3.61 (m, 8 H, crown-
CH2), 3.12 (d, J = 12.8 Hz, 4 H, ArCH2Ar), 2.56 (s, 6 H, OCH3),
1.25 (s, 18 H, tBu), 0.78 (s, 18 H, tBu) ppm. 13C NMR: δ = 171.39
(COCH3), 154.95, 152.44 (C-1), 146.66, 145.43 (C-4), 135.53 (C-2),
132.16 (C-6), 126.68, 125.51 (C-3, C-5), 74.02, 73.62, 71.89, 71.57
(OCH2CH2OCH2CH2O), 32.42, 31.82, 31.74 (C-7, C-8), 32.04 (Ar-
CH2Ar), 22.25 (COCH3) ppm. LC-MS: m/z = 913.53 (calcd. for [3
+ Na+]: 913.52). C56H76O10 (3·H2O, 908.52): calcd. C 74.03, H
8.43; found C 74.12, H, 8.07.

Synthesis of 4: A mixture of 1 (0.20 g, 0.25 mmol) and K2CO3

(0.08 g, 0.53 mmol) in 70 mL of acetonitrile was refluxed with stir-
ring for 3 h, then ethyl bromoacetate (0.09 g, 0.53 mmol) was added
dropwise and refluxing was continued for 24 h. The reaction mix-
ture was then cooled to room temperature, treated with 5% HCl
(50 mL) and extracted with 50 mL of dichloromethane. The or-
ganic layer thus obtained was washed twice with water (50 mL in
each time) and the solvent was removed by rotary evaporation. The
crude product was recrystallised from dichloromethane/acetonitrile.
Yield: 0.18 g (71%). 1H NMR (200 MHz, [D3]chloroform): δ = 6.84
(s, 4 H, ArH), 6.74 (s, 4 H, ArH), 5.07 (s, 4 H, OCH2CO), 4.65 (d,
J = 12.6 Hz; 4 H, ArCH2Ar), 4.20–4.05 (m, 8 H, crown-CH2),
3.76–3.66 (m, 8 H, crown-CH2), 3.17 (d, J = 12.6 Hz, 4 H, Ar-
CH2Ar), 1.21 (t, J = 6.8 Hz, 6 H, CH3), 1.13 (s, 18 H, tBu), 1.01
(s, 18 H, tBu) ppm. 13C NMR: δ = 171.53 (OCH2COOCH2CH3)
153.98, 152.79 (C-1), 145.28, 145.13 (C-4), 134.67 (C-2), 134.09 (C-
6), 125.46 (C-3, C-5), 73.40, 71.81, 71.49, 71.18, (OCH2CH2OCH2-
CH2O), 70.98 (OCH2COOCH2CH3), 60.69 (OCH2COOCH2CH3),
34.37, 34.25 (C-7), 32.68 (ArCH2Ar), 32.18, 31.83 (C-8), 14.82
(OCH2COOCH2CH3) ppm. LC-MS: m/z = 1001.58 (calcd. for [4
+ Na+]: 1001.57). C60H86O13 (4·2H2O, 1014.6): calcd. C 71.03, H
8.54; found C 71.01, H, 8.46.
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Synthesis of 5: An aqueous solution (0.25 mL) of NaOH (15%)
was added to an ethanolic solution (70 mL) of 4 (0.10 g, 0.1 mmol)
and the reaction mixture was heated under reflux. After 24 h, it
was cooled to room temperature and the solvent was removed by
rotary evaporation. Then, 50 mL of cold water was added to the
solid mass and 30% HCl was added dropwise with vigorous stirring
until the pH of the solution reached 1. The solid product thus pro-
duced was isolated by filtration. The crude product was then dis-
solved in chloroform (50 mL) and washed with HCl (30%) followed
by concentrated brine. The organic layer was separated, the solvent
removed, and the product dried in vacuo. Yield: 0.065 g (70%). 1H
NMR (200 MHz, [D3]chloroform): δ = 7.12 (s, 4 H, ArH), 6.60 (s,
4 H, ArH), 5.29 (s, 4 H, OCH2CO), 4.37 (d, J = 12.0 Hz, 4 H,
ArCH2Ar), 4.08–3.85 (m, 16 H, crown-CH2), 3.27 (d, J = 12.0 Hz,
4 H, ArCH2Ar), 1.33 (s, 18 H, tBu), 0.83 (s, 18 H, tBu) ppm. 13C
NMR: δ = 172.99 (OCH2COOH), 153.69, 152.18 (C-1), 146.69,
146.19 (C-4), 135.49 (C-2), 132.89 (C-6), 126.39, 126.19 (C-3, C-5),
74.09, 71.13, 71.07, 70.99 (OCH2CH2OCH2CH2O), 70.44 (OCH2-
COOH), 34.89, 34.39 (C-7), 32.89 (ArCH2Ar), 32.39, 31.99 (C-8)
ppm. LC-MS: m/z = 945.52 (calcd. for [5 + Na+]: 945.51).
C56H80O14 (5·3H2O, 976.51): calcd. C 68.87, H 8.26; found C 69.14,
H, 8.32.

General Procedure for the Synthesis of Na+ and K+ Complexes of
1–5: A mixture of 0.05 mmol of the required ionophore (1–5) and
Na+/K+ picrate (0.5 mmol, ten-fold excess) was stirred in chloro-
form at room temperature for 24 h. The reaction mixture was then
filtered to remove unreacted picrate salt and the complex was ob-
tained by removing the solvent from the filtrate by rotary evapora-
tion. The yellow complex thus obtained was dissolved in a mini-
mum amount (ca. 3 mL) of dichloromethane (in which Na+/K+

picrate is almost insoluble) and filtered to remove trace quantities
of unreacted Na+/K+ picrate. The solvent was then removed from
the filtrate and the yellow product was dried in vacuo. The 1H
NMR spectra of the product did not show any signal correspond-
ing to free ligand or excess picrate anion. Yield: 90–95%.

Sodium Complex of 1 (1·Na+Pic–): 1H NMR (200 MHz, [D3]chloro-
form): δ = 8.69 (s, 2 H, picrate), 7.03 (s, 2 H, OH), 7.03 (s, 4 H,
ArH), 6.73 (s, 1 H, ArH), 6.63 (s, 3 H, ArH), 4.22–4.16 (m, 12 H,
ArCH2Ar and crown-CH2 overlapped), 3.98–3.80 (m, 8 H, crown-
CH2), 3.30 (d, J = 13.6 Hz, 4 H, ArCH2Ar), 1.29 (s, 18 H, tBu),
1.20 (s, 3 H, tBu), 0.92, 0.83 (s, 15 H, tBu) ppm. 13C NMR: δ =
150.15, 148.15 (C-1), 143.27, 142.18 (C-4), 132.61 (C-2), 128.62 (C-
6), 127.50 (C-3), 126.35 (C-5), 125.99 (picrate), 75.84, 71.27, 70.24
(OCH2CH2OCH2CH2O), 34.59 (C-7), 32.40, 32.24, 31.60 (C-8),
31.93 (ArCH2Ar) ppm. LC-MS: m/z = 829.10 (calcd. for [1 + Na+]:
829.50). C58H72N3NaO14 (1057.51): calcd. C 65.84, H 6.85, N 3.96;
found C 65.46, H, 6.49, N 3.68.

Potassium Complex of 1 (1·K+Pic–): 1H NMR (200 MHz, [D3]chlo-
roform): δ = 8.70 (s, 2 H, picrate), 7.05 (s, 2 H, OH), 7.05 (s, 4 H,
ArH), 6.74, (s, 1 H, ArH), 6.61 (s, 3 H, ArH), 4.37–4.18 (m, 12 H,
ArCH2Ar and crown-CH2), 3.90–3.73 (m, 8 H, crown-CH2), 3.30
(d, J = 13.8 Hz, 4 H, ArCH2Ar), 1.30 (s, 18 H, tBu), 1.20 (s, 3 H,
tBu), 0.93 (s, 3 H, tBu), 0.81 (s, 12 H, tBu) ppm. 13C NMR: δ =
50.35, 148.17 (C-1), 143.74, 142.15 (C-4), 132.65 (C-2), 129.03 (C-
6), 127.74 (C-3), 126.55 (C-5), 125.89 (picrate), 75.75, 71.56, 71.35,
70.14 (OCH2CH2OCH2CH2O), 34.69, 34.59 (C-7), 32.43, 32.26,
31.62 (C-8), 31.85 (ArCH2Ar) ppm. LC-MS: m/z = 845.41 (calcd.
for [1 + K+]: 845.50). C58H72KN3O14 (1073.5): calcd. C 64.89, H
6.76, N 3.91; found C 65.15, H 6.54, N 3.67.

Sodium Complex of 2 (2·Na+Pic–): 1H NMR (200 MHz, [D3]chloro-
form): δ = 8.78 (s, 2 H, picrate), 7.05 (s, 2 H, ArH), 6.98 (s, 2 H,
ArH), 6.66 (br., 2 H, ArH), 6.63 (br., 2 H, ArH), 4.30–3.62 (m, 20
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H, ArCH2, crown-CH2), 3.30 (d, J = 12.8 Hz, 4 H, ArCH2), 2.27
(s, 3 H, OCH3), 1.35 (s, 9 H, tBu), 1.30 (s, 9 H, tBu), 0.82 (s, 18
H, tBu) ppm. 13C NMR: δ = 171.36 (COCH3), 150.34, 150.06, (C-
1), 148.59, 148.00 (C-4), 132.55 (C-2), 128.51 (C-6), 127.22, 126.44
(C-3, C-5), 125.85 (picrate), 75.88, 71.93, 71.21, 70.22 (OCH2CH2-
OCH2CH2O), 34.57, 32.20 (C-7), 32.30, 31.51 (C-8), 31.83 (Ar-
CH2Ar), 21.74 (COCH3) ppm. LC-MS: m/z = 871.9 (calcd. for [2
+ Na+]: 871.53). C60H76N3NaO16 (with H2O, 1117.5): calcd. C
64.49, H 6.86, N 3.76; found C 64.23, H 6.88, N 3.57.

Potassium Complex of 2 (2·K+Pic–): 1H NMR (200 MHz, [D3]chlo-
roform): δ = 8.72 (s, 2 H, picrate), 7.20 (s, 1 H, ArH), 7.08 (s, 1 H,
ArH), 7.06 (s, 2 H, ArH), 6.79 (s, 1 H, OH), 6.64–6.56 (m, 4 H,
ArH), 4.16–3.46 (m, 20 H, ArCH2, crown-CH2), 3.33–3.19 (m, 4
H, ArCH2), 2.90 (s, 3 H, OCH3), 1.34 (s, 9 H, tBu), 1.30 (s, 9 H,
tBu), 0.83 (s, 18 H, tBu) ppm. 13C NMR: δ = 174.56
(COCH3),150.56, 150.33 (C-1), 147.88, 146.28 (C-4), 132.80 (C-2),
128.75 (C-6), 127.49, 126.31 (C-3, C-5), 125.73 (picrate), 75.01,
72.39, 71.44, 70.43 (OCH2CH2OCH2CH2O), 34.46, 32.48 (C-7),
32.28, 31.56 (C-8), 31.85 (ArCH2Ar), 21.82 (COCH3) ppm. LC-
MS: m/z = 887.57 (calcd. for [2 + K+]: 887.53). C60H74KN3O15

(1115.5): calcd. C 64.60, H 6.69, N 3.76; found C 65.13, H 6.37, N
3.85.

Sodium Complex of 3 (3·Na+Pic–): 1H NMR (200 MHz, [D3]chloro-
form): δ = 8.82 (s, 2 H, picrate), 7.16 (s, 4 H, ArH), 6.53 (s, 4 H,
ArH), 4.28–3.72 (m, 20 H, ArCH2, crown-CH2), 3.35 (d, J =
13.0 Hz, 4 H, ArCH2), 2.61 (s, 6 H, OCH3), 1.26 (s, 18 H, tBu),
0.75 (s, 18 H, tBu) ppm. 13C NMR: δ = 171.58 (COCH3), 151.77,
151.51 (C-1), 146.64, 144.50 (C-4), 135.67 (C-2), 132.38 (C-6),
127.20 (picrate), 126.71, 125.88 (C-3, C-5), 75.23, 71.98, 71.17,
70.53 (OCH2CH2OCH2CH2O), 34.70, 32.32, 32.20, 31.93 (C-7, C-
8), 31.49 (ArCH2Ar), 21.34 (COCH3) ppm. LC-MS: m/z = 914.0
(calcd. for [3 + Na+]: 913.52). C62H77N3NaO16.5 (with 0.5H2O,
1150.5): calcd. C 64.73, H 6.75, N 3.65; found C 64.75, H, 6.92, N
3.32.

Sodium Complex of 4 (4·Na+Pic–): 1H NMR (200 MHz, [D3]chloro-
form): δ = 8.80 (s, 2 H, picrate), 7.10 (s, 4 H, ArH), 7.04 (s, 4 H,
ArH), 4.77 (s, 4 H, OCH2CO), 4.48 (d, J = 12.4 Hz, 4 H, Ar-
CH2Ar), 4.32 (q, J = 7.4 Hz, 4 H, OCH2CH3), 4.09 (m, 4 H, crown-
CH2), 3.86 (br., 12 H, crown-CH2), 3.36 (d, J = 12.2 Hz, 4 H,Ar),
1.33 (t, J = 7.0 Hz, 6 H, OCH2CH3), 1.13 (s, 18 H, tBu), 1.10 (s, 18
H, tBu) ppm. 13C NMR: δ = 171.44 (OCH2COOCH2CH3) 151.85,
150.53 (C-1), 148.78, 148.23 (C-4), 134.73 (C-2, C-6), 127.16 (pic-
rate), 126.60 (C-3, C-5), 77.04, 73.93, 71.27, 70.33, (OCH2CH2-
OCH2CH2O), 70.57 (OCH2COOCH2CH3), 62.60 (OCH2-
COOCH2CH3), 34.83, 34.80 (C-7), 31.95 (C-8), 31.10 (ArCH2Ar),
14.84 (OCH2COOCH2CH3) ppm. LC-MS: m/z = 1001.57 (calcd.
for [4 + Na+]: 1001.57). C66H84N3NaO18 (1229.6): calcd. C 64.47,
H 6.89, N 3.42; found C 64.77, H 6.88, N 3.66.

Potassium Complex of 4 (4·K+Pic–): 1H NMR (200 MHz, [D3]chlo-
roform): δ = 8.82 (s, 2 H, picrate), 7.10 (s, 4 H, ArH), 7.06 (s, 4 H,
ArH), 4.57 (s, 4 H, OCH2CO), 4.46 (d, J = 12.2 Hz, 4 H, Ar-
CH2Ar), 4.32 (q, J = 7.4 Hz, 4 H, OCH2CH3), 4.40–3.84 (m, 16
H, crown-CH2), 3.36 (d, J = 12.6 Hz, 4 H, ArCH2Ar), 1.33 (t, J =
6.8 Hz, 6 H, CH3), 1.13 (s, 18 H, tBu), 1.10 (s, 18 H, tBu) ppm.
13C NMR: δ = 170.76 (OCH2COOCH2CH3) 151.76, 151.12 (C-1),
148.31, 147.74 (C-4), 134.47, 134.37 (C-2, C-6), 127.17 (picrate),
126.68 (C-3, C-5), 77.13, 73.87, 71.50, 70.64, (OCH2CH2OCH2-
CH2O), 70.57 (OCH2COOCH2CH3), 62.63 (OCH2COOCH2CH3),
34.79 (C-7), 31.97 (C-8), 30.16 (ArCH2Ar), 14.86 (OCH2-
COOCH2CH3) ppm. LC-MS: m/z = 1017.1 (calcd. for [4 + K+]:
1017.6). C66H84KN3O18 (1245.6): calcd. C 63.66, H 6.79, N 3.37;
found C 64.15, H, 6.94, N 3.40.
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Sodium Complex of 5 (5·Na+Pic–): 1H NMR (200 MHz, [D3]chloro-
form): δ = 8.85 (s, 2 H, picrate) 7.06 (s, 4 H, ArH), 7.10 (s, 4 H,
ArH), 4.65 (s, 4 H, OCH2CO), 4.43 (d, J = 12.0 Hz, 4 H, ArCH2),
4.08–3.86 (m, 16 H, crown-CH2), 3.36 (d, J = 12.0 Hz, 4 H,
ArCH2), 1.14 (s, 18 H, tBu), 1.11 (s, 18 H, tBu) ppm. 13C NMR:
δ = 172.23 (OCH2COOH), 151.61, 150.18 (C-1), 148.77, 148.24 (C-
4), 134.75 (C-2, C-6), 126.69 (picrate), 126.60, 126.49 (C-3, C-5),
74.03, 71.45, 70.68, 69.96 (OCH2CH2OCH2CH2O), 68.25 (OCH2-
COOH), 34.81, 34.74 (C-7), 31.93, 31.89 (C-8) 30.37 (ArCH2Ar)
ppm. LC-MS: m/z = 945.0 (calcd. for [5 + Na+]: 945.51).
C62H78N3NaO19 (with H2O, 1191.5): calcd. C 62.50, H 6.60, N
3.52; found C 62.67, H, 6.75, N 3.64.

Potassium Complex of 5 (5·K+Pic–): 1H NMR (200 MHz, [D3]chlo-
roform): δ = 8.87 (s, 2 H, picrate), 7.12 (s, 4 H, ArH), 7.04 (s, 4 H,
ArH), 4.65 (s, 4 H, OCH2CO), 4.47 (d, J = 12.0 Hz, 4 H, ArCH2),
4.07–3.82 (m, 16 H, crown-CH2), 3.36 (d, J = 12.2 Hz, 4 H,
ArCH2), 1.17 (s, 18 H, tBu), 1.07 (s, 18 H, tBu) ppm. 13C NMR:
δ = 171.50 (OCH2COOH), 153.81, 152.13 (C-1), 148.43 (C-4),
134.56, 134.38 (C-2, C-6), 126.83, 126.63 (picrate, C-3, C-5), 74.05,
71.62, 70.69, 70.32 (OCH2CH2OCH2CH2O), 68.72, (OCH2-
COOH), 34.77 (C-7), 32.01, 31.90 (C-8) 30.37 (ArCH2Ar) ppm.
LC-MS: m/z = 961.57 (calcd. for [5 + K+]: 961.51). C62H78KN3O19

(with H2O, 1207.5): calcd. C 61.67, H 6.51, N 3.48; found C 61.16,
H, 6.80, N 3.24.

Determination of Selectivity of the Ionophores: The selectivity of the
ionophores towards Na+, K+, Mg2+, and Ca2+ was determined
using an equimolar mixture of the picrate salts of these ions accord-
ing to a procedure described in the literature.[9] In a typical pro-
cedure, equal volumes (15 mL) of an aqueous solution of an equi-
molar mixture of picrate salts (Na+, K+, Mg2+, Ca2+; 0.005  each)
and a CH2Cl2 solution (15 mL) of the required ionophore (0.005 )
were mixed and vigorously shaken in a vortex mixer for 15 min.
The solution was then transferred to a separating funnel and al-
lowed to stand for 4–5 h. The dichloromethane layer was then sepa-
rated and transferred to a crucible, stripped of solvent by gentle
heating in a water bath, and then heated in a furnace at 550 °C for
4–5 h. The residue was dissolved in deionized water (ca. 5 mL) and
filtered through 0.2-µm filter paper. The relative concentrations of
the cations in the filtrate were determined by ion chromatography
on an Ion Pac CS12 (2 mm) analytical column and 20 m methyl-
sulfonic acid as eluent with a flow rate of 0.25 mLmin–1. Quantifi-
cation was made using a standard solution containing a mixture of
NaCl, KCl, MgCl2, and CaCl2 (15 ppm each). A blank experiment,
without added ionophore, was carried out under similar experi-
mental conditions; no detectable amount of picrate was observed
in the dichloromethane layer.

Determination of Association Constants (Ka) with Na+ and K+ Pic-
rate: Association constants of the ionophores 1–5 with Na+ and
K+ were determined according to a published procedure using pic-
rate as anion.[17,18] This involves two-phase (water/chloroform) ex-
traction of the metal complex followed by determination of the
ratios of picrate to host (R) in the organic phase and determination
of the distribution constants (Kd) of the picrate salts between water
and chloroform [Equations (1)–(3)].

Determination of Molar Ratio of Picrate/Host in the Organic Layer
(R): Aqueous solutions were prepared that were 0.01  in the pic-
rate of Na+ and K+. Into each of two 10-mL centrifuge tubes was
transferred 1 mL of the appropriate picrate solution with a syringe;
1-mL aliquots of a previously prepared chloroform solution that
was 0.01  in host were then added with a syringe to each tube.
The tube was covered immediately with a rubber septum to prevent
evaporation and the two layers in each tube were mixed thoroughly
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with a Vortex Genie mixer for 5 min. The tubes were then placed
in a centrifuge for 15 min. Aliquots of 0.5 mL of the organic phase
were carefully removed from each phase with a syringe and trans-
ferred to a 10-mL volumetric flask, which was brought to the mark
with acetonitrile. The absorbance of each sample was then deter-
mined (λ = 380 nm) after appropriate dilution (to make absorbance
within measuring limit). The molar ratio of picrate/host (R) was
then calculated from Equation (2).

Determination of Distribution Constants (Kd) of Picrate Anion: A
0.02  metal picrate solution in 100 mL of water was added to
100 mL of chloroform and the mixture was shaken in a separating
funnel for 5–6 h. The layers of the mixture were then allowed to
separate overnight (ca. 12 h). The lower layer (chloroform) was
then carefully transferred into a round-bottomed flask and the sol-
vent evaporated with a rotary evaporator. The residue was quanti-
tatively transferred with acetonitrile to a 10-mL volumetric flask
and diluted with acetonitrile up to the mark. The absorbance of
the organic layer was measured spectrophotometrically and the
value of Kd was determined from Equation (3).

X-ray Crystallography for 1–4, 1·K+Pic–, 4·Na+Pic–, 4·K+Pic– and
5·K+Pic–: Crystal data collection and refinement parameters for all
eight compounds are given in Table 5. A suitable crystal of each
compound was selected, coated with Paratone oil and mounted
with epoxy cement on the tip of a fine glass fibre. Data sets were
obtained with a Bruker Smart APEX diffractometer with a CCD
area detector using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å) at liquid nitrogen temperature (100 K). Data frames
were processed using the Bruker SAINT program.[21] Intensities
were corrected for Lorentz, polarisation, decay effects and an ab-
sorption correction was applied using SADABS.[22] The structure
was solved by direct methods using SHELXS-97[23] and refined on
F2 using SHELXL-97.[24] The non-hydrogen atoms were located
directly by successive Fourier calculations and were refined aniso-
tropically in all the solvated ligand structures except for 2. In 2,
three of the tert-butyl groups attached to the phenyl rings were
found to be disordered over two positions (with occupancy factor
0.50) and these disordered tert-butyl groups were refined only iso-
tropically. In the case of 1·K+Pic–, the lattice THF molecule is dis-
ordered extensively, and in the case of 4·K+Pic– two of the tert-
butyl groups, the lattice solvent molecules (benzene and THF) and
the nitrate groups of the picrate anions showed dynamic disorder;
all these disordered atoms were refined isotropically. Since it was
very difficult to determine the dynamic disorder present in both
the tert-butyl groups and lattice solvent molecules, these disorders
were taken care of by assigning a tentative occupancy factor for
the reasonably good peaks appearing in the difference Fourier map
depending upon their peak heights. Anisotropic full-matrix refine-
ment of all atoms, except the disordered atoms, was carried out
using SHELXL-97 until convergence was reached (no significant
peaks in the difference Fourier map). The inclusion of all the disor-
dered atoms with the occupancy factor tentatively assigned, de-
pending upon the peak height, significantly reduced the refinement
parameters, thus implying the correct treatment of the disorder; a
constrained or rigid model refinement was not possible in this case.
In the case of 4·Na+Pic–, it was not possible to locate the picrate
anions and severely disordered solvents (THF and toluene from
which crystals for X-ray study were grown) present in the lattice
from the difference Fourier map. A suitable disorder model was
not obtained and the picrate anion and solvent contribution was
subtracted from the reflection data using the program
SQUEEZE.[25] A combination of SQUEEZE and PLATON was
applied to resolve severely disordered molecules of solvents (THF
and toluene) within the asymmetric unit, which also contains one
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Table 5. Experimental data for the X-ray diffraction studies on single crystals of 1–4, 1·K+Pic–, 4·Na+Pic–, 4·K+Pic–, and 5·K+Pic–.

Compound 1 2 3 4 1·K+Pic– 4·Na+Pic– 4·K+Pic– 5·K+Pic–

Empirical formula C108H142N2O14 C58H51N2O8 C76H84N3O9 C64H88N2O11 C62H72KN3O15 C60H82NaNO12 C82H70KN3O19 C62H58N3KO19

Formula mass 1692.24 904.01 1133.68 1061.36 1138.33 1002.25 1440.51 1188.21
a [Å] 12.2085(12) 20.9878(13) 14.3741(9) 12.9539(9) 12.4879(11) 13.570(3) 15.4140(12) 19.1372(13)
b [Å] 35.618(4) 12.7867(8) 14.7658(9) 13.7659(9) 15.1378(13) 32.711(8) 20.1863(16) 16.0996(12)
c [Å] 46.261(5) 21.2898(13) 17.2358(11) 16.9973(11) 16.1659(14) 19.403(5) 24.673(2) 20.0525(14)
α [°] 90 90 66.2500(10) 82.6790(10) 92.793(2) 90 90 90
β [°] 90 111.2090(10) 78.6250(10) 88.1120(10) 94.146(2) 105.859(5) 97.7120(10) 97.772(2)
γ [°] 90 90 67.2500(10) 80.4720(10) 100.515(2) 90 90 90
Z 8 4 2 2 2 4 4 4
V [Å3] 20116(4) 5326.4(6) 3084.2(3) 2964.6(3) 2990.8(4) 8285(3) 7607.6(10) 6121.5(8)
Crystal system orthorhombic monoclinic triclinic triclinic triclinic monoclinic monoclinic monoclinic
Space group Pbca P21/c P1̄ P1̄ P1̄ P21/n P21/n P21/c
λ [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
ρcalcd. [g cm–3] 1.118 1.127 1.221 1.189 1.264 0.804 1.258 1.289
µ [mm–1] 0.073 0.075 0.205 0.080 0.157 0.059 0.143 0.162
F(000) 7328 1908 1212 1148 1208 2164 3032 2488
Temp. [K] 100 100 100 100 100 100 100 100
Rflns collected/unique 60303/13142 20483/6939 18195/13407 25645/13342 18244/13194 39935/14475 44443/17616 24283/7976
R(int) 0.1332 0.0247 0.0172 0.0160 0.0247 0.0981 0.0367 0.084
GOF on F2 1.065 1.195 1.013 1.038 1.009 0.856 1.044 1.073
R1/wR2 ([I � 2σ(I)] 0.1203/ 0.0764/ 0.0651/ 0.0518/ 0.0665/ 0.0910/ 0.0945/ 0.1180/

0.2972 0.2149 0.1669 0.1427 0.1633 0.2134 0.2720 0.3039
R1/wR2 (all data) 0.1867/ 0.0816/ 0.0809/ 0.0592/ 0.0908/ 0.1527/ 0.1360/ 0.1631/

0.3498 0.2184 0.1801 0.1492 0.1778 0.2404 0.3056 0.3356

crystallographically independent picrate anion. Within the 3460 Å3

void space occupied by solvent molecules and the unresolved
anion, a total of 810 electrons were calculated per unit cell. After
correction for the one unresolved counteranion per asymmetric
unit, corresponding to 115 electrons, the rest of the electron density
per asymmetric unit (87.6) can be equated for by the presence of
approximately one molecule of THF and one molecule of toluene
in the asymmetric unit. A refinement using reflections modified
by the SQUEEZE procedure behaved well, and the geometry of
4·Na+Pic– and, of course, the R factors and GOF values were sig-
nificantly improved. H atoms (except for the H atoms attached to
the disordered non-hydrogen atoms and some of the lattice solvent
hydrogen atoms) were calculated on the basis of geometric criteria
and were treated with a riding model in subsequent refinements
using the SHELXL default parameters. The molecular graphics of
the crystal structures were generated using ORTEP, PLATON and
Mercury.[26–28] CCDC-297554 to -297561 (for complexes 1–4,
1·K+Pic–, 4·Na+Pic–, 4·K+Pic–, and 5·K+Pic–, respectively) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information Available (see footnote on the first page of
this article): Tables S1 and S2 contain hydrogen-bonding param-
eters of the ionophores and metal complexes, respectively. Figures
S1–S7 show packing diagrams of 2–4, 1·K+Pic–, 4·Na+Pic–,
4·K+Pic–, and 5·K+Pic–, respectively.
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Reaction of anhydrous CrCl2 with the tripodal ligands 1,1,1-
tris(hydroxymethyl)ethane (H3thme), 1,1,1-tris(hydroxyme-
thyl)propane (H3tmp) and pentaerythritol (H4peol) produces
three new CrIII clusters that have been structurally and mag-
netically characterised. The dimeric complex [Cr2(H2tmp)2-
Cl4]·2MeOH (1·2MeOH) is generated under reflux. An anal-
ogous reaction, but under solvothermal conditions produces
the octametallic species [Cr8O2(thme)2(Hthme)4Cl6]·2MeOH
(2·2MeOH) and [Cr8O2(Hpeol)2(H2peol)4Cl6]·3MeOH
(3·3MeOH). Complex 1 is a simple dimeric species whereas
the structures of 2 and 3 are based on the decametallate
{M10O28}26– ion. Variable-temperature direct-current (dc)
magnetic susceptibility data were collected for complexes 1
and 2 in the 1.8–300 K temperature range in fields up to 5.0 T.
Complex 1 has a ground state of S = 0 with the best-fit pa-
rameters J = –12.30±0.04 cm–1 and g = 1.990±0.003. Elec-

Introduction

Polymetallic clusters of chromium remain relatively rare,
and in terms of nuclearity, relatively small. Whereas clusters
of Mn, Fe, Ni, Co and Cu have, in some cases, contained
more than eighty metal centres, the largest known CrIII

clusters contain only twelve metal ions.[1–20] The kinetically
inert nature of the CrIII ion usually requires reactions to be
carried out at high temperatures, and the most successful
synthetic routes have involved either the direct heating of
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tronic structure calculations based on density functional
theory (DFT) on 1 and 2 have been carried out and good
agreement with the experimental data was found for 1. For
2, the theoretical results have been used as starting point to
fit the J values to the experimental data, revealing the pres-
ence of competing antiferromagnetic (J4,7 = –39.0 cm–1; J3,7 =
J4,6 = +1.1 cm–1, J4,5 = J3,4 = –20.0 cm–1, J3,6 = –16.0 cm–1 and
J1,3 = J1,6 = J1,4 = J1,7 = –4.8 cm–1) exchange interactions be-
tween the CrIII centres that suggests a singlet ground state
with very close S = 1, 2, 3 and 4 excited states. Magneto-
structural correlations developed on a model complex based
on 1 show a strong dependence of J with Cr–O–Cr angle. A
similar magneto-structural correlation is found for the J val-
ues obtained by theoretical calculations on 2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the basic Cr carboxylates [Cr3O(O2CR)6(H2O)3]+ or the
heating of the CrIII salt in the presence of a carboxylic acid.
For example, the use of a combination of CrF3 and pivalic
acid leads to a family of clusters based on wheels,[1] as does
the solvothermal heating of [Cr3O(O2CR)6(H2O)3]+ in
alcohol.[2] An interesting aspect of this chemistry is that
homometallic Cr clusters all contain bridging carboxylates,
the majority have topologies that are based on either cubes
or wheels, and most are characterised by S = 0 spin ground
states. The exceptions to this are a Cr12 centred-penta-
capped trigonal prism with S = 6,[3] a ferromagnetic Cr10

wheel,[2] and a tetrametallic cluster with S = 6.[4]

Theoretical calculations based on density functional
theory of magnetic exchange coupling constants (J) in binu-
clear and polynuclear transition-metal complexes have
gained much attention recently because these methods have
proven to give good numerical estimates of J values as well
as providing insight into the electronic structure of the
molecule of interest.[11,21–40] For polynuclear transition-
metal complexes, the best way to experimentally obtain a
good set of J values (or other spin Hamiltonian parameters
such as zero-field splitting) is Inelastic Neutron Scattering
(INS) or Frequency Domain Magnetic Resonance Spec-
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Scheme 1.

troscopy (FDMRS).[5–7] INS allows the direct spectroscopic
determination (in zero-applied field) of such parameters,
but unfortunately these measurements are somewhat un-
common because of restrictive sample requirements.[5]

These constants can also be evaluated from magnetic
susceptibility (fitting of χM or χMT vs. T curves), heat ca-
pacity or EPR measurements, but the obtained values are
only correct if certain requirements are fulfilled, namely: (i)
as well as in the INS experiments, the choice of an accurate
spin Hamiltonian that properly describes the magnetic
properties of the system; (ii) the presence of critical points
in the experimental curves that allow for a better assessment
of the variable parameters in the fitting; and (iii) avoidance
of over-parameterisation, i.e. using too many parameters (J
constants) in the spin Hamiltonian. In this latter case, ob-
taining a set of J values from theoretical calculations as
a starting point for the fitting procedure is a very useful
alternative.

We have been using the tripodal ligand 1,1,1-tris(hyd-
roxymethyl)ethane (H3thme, Scheme 1) and its analogues in
the synthesis of Mn, Fe, Ni and Co clusters[8] and herein
report our first attempts to make polymetallic CrIII clusters
including a novel dinuclear cluster and a related octametal-
lic CrIII cluster whose structure is based on the decametall-
ate {M10O28}26– ion. Both complexes are formed from sim-
ilar reaction schemes, but the dimeric cluster is isolated un-
der reflux and the octametallic species isolated under solvo-
thermal conditions. In order to elucidate the magnetic prop-
erties of these compounds, we have also studied their elec-
tronic structure. The relevant exchange coupling constants
have been calculated and several magneto-structural corre-
lations have been found and interpreted according to the
Cr–O–Cr angle for different families displaying several
bridging ligands (oxo, alkoxo).

Results and Discussion

Synthesis

When CrCl2, H3tmp and NaOMe are stirred in MeOH
at room temperature no isolable products are obtained,
even if the solvent is evaporated and the resultant solid ex-
tracted into a variety of solvents. When the reaction is re-
peated, but under reflux, the dimeric species 1 is obtained
when the original MeOH solution is stripped off and the
resultant solid redissolved in MeCN. No isolable product is

Eur. J. Inorg. Chem. 2006, 3382–3392 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3383

obtained from the initial MeOH solution or from any other
solvents, or when the reaction is repeated with the tripodal
ligands H3thme or H4peol. Superheating a methanolic solu-
tion containing equivalent amounts of CrCl2, H3thme or
H4peol and NaOMe in a sealed high-pressure vessel at
100 °C for 12 h followed by slow cooling to room tempera-
ture generates crystals of compounds 2 and 3, respectively,
directly from the reaction mixture in high yield. It is likely
that the CrII ions are oxidised almost immediately upon dis-
solution, but the analogous reactions – under both re-
fluxing and solvothermal conditions – using CrIII halides
failed to yield any isolable products.

Structure Description

Complex 1 (Figure 1) crystallises in the monoclinic space
group P21/c. Selected bond lengths and angles are given in
Table 1. The structure consists of two CrIII ions related by
an inversion centre, bridged by two singly deprotonated
H2tmp– ligands. The deprotonated arms (O1 and O1A) act
as µ-bridges with the protonated arms (O2, O3A and sym-
metry equivalents), each bonding in a terminal fashion.
These are H-bonded to the MeOH solvent molecules [e.g.
O4···O2, 2.552(3) Å] and their bonds to Cr are slightly
longer [1.983(2)–2.017(2) Å] than the bridging Cr–O dis-
tances [1.954(2)–1.964(2) Å]. Two terminal chloride ions
(Cl1, Cl2 and symmetry equivalents) complete the coordi-
nation spheres of the CrIII ions, and these H-bond to the

Figure 1. Perspective view of the dinuclear complex [Cr2(H2tmp)2-
Cl4] (1).
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Table 1. Selected bond lengths, intermetal distances and angles for
1.

Cr1–O1 1.954(2) Cr1–Cl1 2.338(2)
Cr1–O1A 1.964(2) Cr1–Cl2 2.309(2)
Cr1–O2 1.983(2) Cr1···Cr1A 3.022(2)
Cr1–O1–Cr1A 100.9(2) O1A–Cr1–Cl1 173.1(1)
O1–Cr1–O1A 79.1(2) O2–Cr1–Cl1 90.0(2)
O1–Cr1–O2 90.6(2) O3–Cr1–Cl1 91.4(2)
O1A–Cr1–O2 87.8(2) O1–Cr1–Cl2 171.8(2)
O1–Cr1–O3 86.9(2) O1A–Cr1–Cl2 93.5(2)
O1A–Cr1–O3 90.5(2) O2–Cr1–Cl2 92.6(2)
O2–Cr1–O3 177.3(2) O3–Cr1–Cl2 89.7(2)
O1–Cr1–Cl1 94.4(2) Cl1–Cr1–Cl2 93.2(1)

oxygen arms of the tripodal ligands on neighbouring mole-
cules (Cl···O, 3.06–3.18 Å). The CrIII ions are in distorted
octahedral geometries with cis angles in the range 79.1(1)–
94.43(7)° and trans angles of 171.77(7)–177.25(9)°. In the
crystal the Cr2 units pack in 2D sheets as mediated by the
Cl···O and O(tripod)···O(MeOH) H-bonds, with these
“metallic” sheets separated from each other by the organic
tails of the tripodal ligands and the chloride ions. Here,
the closest intermolecular interactions are of the order 3.5–
4.0 Å. Complex 1 is structurally related to the vanadium
dimers of general formula [V2O2(H2tripod)2Cl2], in which
one of the chloride ions on each metal has been replaced
by an oxygen.[9]

Complex 2, [Cr8O2(thme)2(Hthme)4Cl6] crystallises in
the triclinic space group P1̄, whereas complex 3,
[Cr8O2(Hpeol)2(H2peol)4Cl6] crystallises in the monoclinic
space group C2/c. Both structures are essentially the same,
and thus we will confine our discussion to complex 2

Table 2. Selected bond lengths and angles for 2.

Cr1–O1 2.084(2) Cr2–O5 1.963(3) Cr3–O9 1.979(3)
Cr1–O1A 2.087(2) Cr2–O6 1.962(3) Cr3–O10 1.971(3)
Cr1–O2 1.958(3) Cr2–O7 2.064(3) Cr4–O1 2.108(2)
Cr1–O3 1.928(3) Cr2–O8 1.978(3) Cr4–O3 1.961(3)
Cr1–O8 1.933(3) Cr3–O1 2.060(3) Cr4–O4 2.020(3)
Cr1–O9 1.977(3) Cr3–O2 1.978(3) Cr4–O6 1.950(3)
Cr2–O1 2.083(2) Cr3–O5 1.984(3) Cr4–O10 1.954(3)
Cr2–Cl1 2.273(1) Cr3–Cl2 2.292(1) Cr4–Cl3 2.282(1)
Cr1–O1–Cr1A 89.3(1) Cr1–O1–Cr2 170.9(1) Cr1–O1–Cr3 95.2 (1)
Cr1–O1–Cr4 89.1(1) Cr2–O1–Cr3 93.9 (1) Cr2–O1–Cr4 90.4(1)
Cr3–O1–Cr4 93.6(1) Cr1–O1A–Cr2 89.9(1) Cr1–O1A–Cr3 94.3(1)
Cr1–O1A–Cr4 172.1(1) Cr3–O1A–Cr4 101.5(1) Cr1–O2–Cr3 101.1(1)
Cr2–O5–Cr3 100.2(1) Cr2–O6–Cr4 99.0(1) Cr1–O8–Cr2 97.7(1)
Cr1–O9–Cr3 101.36(1) O1–Cr1–O8 172.7(1) O1A–Cr1–O3 173.5(1)
O2–Cr1–O9 172.9(1) O1–Cr1–O3 87.0 (1) O1A–Cr1–O8 86.7(1)
O1A–Cr1–O9 93.2(1) O3–Cr1–O8 96.3(1) O3–Cr1–O9 92.54(1)
O5–Cr2–O7 170.8(1) O6–Cr2–O8 170.4 (1) O1A–Cr2–Cl1 179.22(1)
O1A–Cr2–O6 85.4(1) O1A–Cr2–O8 85.6(1) O5–Cr2–O8 92.1(1)
O6–Cr2–O7 89.7(1) O6–Cr2–Cl1 93.9(1) O7–Cr2–Cl1 92.2(2)
O2A–Cr3–O10 165.1(1) O5A–Cr3–O9 165.0(1) O1–Cr3–Cl2 179.5(1)
O1–Cr3–O2A 82.4(1) O2A–Cr3–O9 85.5(1) O5A–Cr3–O10 88.9(1)
O9–Cr3–O10 90.0(1) O9–Cr3–Cl2 98.3(1) O10–Cr3–Cl2 96.8(1)
O3–Cr4–O6A 169.3(1) O4–Cr4–O10 172.7(1) O1–Cr4–Cl3 177.1(1)
O1–Cr4–O3 85.5(1) O1–Cr4–O6A 85.0(1) O1–Cr4–O10 82.0(1)
O3–Cr4–O10 93.2(1) O6A–Cr4–Cl3 95.6(1) O10–Cr4–Cl3 95.1(1)
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(Table 2 and Table 3). Differences in the packing arrange-
ments between 2 and 3 are discussed afterwards (Figure
S1). The core of 2 (Figure 2) consists of two [Cr5O]13+

square-based pyramids, related by an inversion centre,
which share one edge forming a central [Cr8O2]20+ unit. The
core can be regarded as part of the decametallate
{M10O28}26– ion of two edge-sharing octahedra, but with
two of the apical metal centres missing and with the bridg-
ing and terminal oxo groups replaced by a combination of
oxygen atoms from tripodal ligands and chloride ions. The
tripodal ligands are of two types: the two fully deproton-
ated thme3– ligands, each bound to the open triangular face
of the square-based pyramid with each oxygen (O5, O6,
O10A) arm bridging in a µ2-fashion between either the api-
cal CrIII ion (e.g. Cr3A) and basal ion (e.g. Cr2) or between
two basal CrIII ions (e.g. Cr4A, Cr2). The remaining four
tripodal ligands are doubly deprotonated, Hthme2–, and oc-
cupy four of the “faces” surrounding the vacant apical Cr
sites: one deprotonated arm bonds in a µ2-fashion between
apical and basal CrIII ions (e.g. O9) – thus linking the two
square-based pyramids together; the second deprotonated
arm bridges between two basal sites (e.g. O8), with the third
protonated arm (e.g. O7) binding in a terminal fashion to
a basal CrIII site. There are six chloride ions in the structure
which each bond terminally to CrIII ions on the open tri-
angular faces of the square-based pyramids. The two O2–

ions are five-coordinate and square-based pyramidal, each
bound to four basal and one apical CrIII ion, with cis angles
in the range 89.2–95.3° and trans angles 170.8–172.0°
(Table 2). The result is an {M8L26} unit, equivalent to the
{M10O28}26– decametallate ion minus the two {ML} apices.
The terminal Cr–O bonds of the Hthme2– ligand are signifi-
cantly longer (2.020–2.064 Å) than the µ-bridging oxygen
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Table 3. Selected bond lengths, intermetal distances and angles for 3.

Cr1–O1 2.088(2) Cr2–O2 1.988(2) Cr3–O8A 1.955 (2)
Cr1–O1A 2.086(2) Cr2–O4 2.039(2) Cr3–O10 1.964(2)
Cr1–O2 1.937(2) Cr2–O8 1.951(2) Cr4–O1A 2.040(2)
Cr1–O3 1.968(2) Cr2–O9 1.960(2) Cr4–O3 1.978(2)
Cr1–O5 1.924(2) Cr3–O1A 2.116(2) Cr4–O6A 1.978 (2)
Cr1–O6 1.959(2) Cr3–O5 1.972(2) Cr4–O9A 1.983(2)
Cr2–O1 2.080(2) Cr3–O7 2.008(2) Cr4–O10 1.971(2)
Cr2–Cl1 2.286(1) Cr3–Cl2 2.268(1) Cr4–Cl3 2.297(1)
Cr1···Cr1A 2.931(1) Cr1···Cr2 2.937(1) Cr1···Cr3 2.949(1)
Cr1···Cr4 3.033(1) Cr1···Cr4A 3.037(1) Cr2···Cr3A 2.988(1)
Cr2···Cr4 3.026(1) Cr3···Cr4 3.025(1) O11···O13 2.656(1)
Cr1–O1–Cr1A 89.2(1) Cr3A–O1–Cr4A 93.4(1) Cr1A–O1–Cr2 170.9(1)
Cr1–O1–Cr2 89.6(1) Cr1–O2–Cr2 96.9 (1) Cr1–O1–Cr3A 171.9(1)
Cr1A–O1–Cr3A 89.1(1) Cr2–O1–Cr3A 90.8 (1) Cr1–O1–Cr4 94.7(1)
Cr2–O1–Cr4A 94.6(1) Cr1A–O1–Cr4A 94.6(1) Cr1–O3–Cr4 100.4(1)
Cr1–O5–Cr3 98.4(1) Cr1–O6–Cr4A 100.9(1) Cr2–O8–Cr3A 99.8(1)
Cr2–O9–Cr4A 100.24(1) O1–Cr1–O5 173.7(1) O1A–Cr1–O2 173.2(1)
O3–Cr1–O6 173.4(1) O1–Cr1–O1A 90.8(1) O1–Cr1–O2 87.2(1)
O1–Cr1–O3 93.3(1) O1A–Cr1–O3 82.0(1) O1A–Cr1–O5 87.2(1)
O1A–Cr1–O6 93.5(1) O2–Cr1–O5 95.4(1) O3–Cr1–O6 92. 4(1)
O2–Cr2–O8 170.9(1) O4–Cr2–O9 171.9(1) O3–Cr2–Cl1 178.9(1)
O1–Cr2–O2 86.1(1) O1–Cr2–O4 89.5(1) O1–Cr2–O8 85.2(1)
O2–Cr2–O9 91.6(1) O4–Cr2–Cl1 90.9(1) O3–Cr2–Cl1 93.8(1)
O5–Cr3–O8A 168.4(1) O7–Cr3–O10 171.2(1) O1A–Cr3–Cl2 178.2(1)
O1A–Cr3–O5 85.2(1) O1A–Cr3–O8A 84.1(1) O5–Cr3–O7 87.8(1)
O5–Cr3–O10 92.9(1) O7–Cr3–Cl2 92.6(10) O8A–Cr3–Cl2 96.6(1)
O3–Cr4–O9A 165.7(1) O6A–Cr4–O10 166.5(1) O1A–Cr4–Cl3 178.3(1)
O1A–Cr4–O6A 82.6(1) O3–Cr4–O6A 86.2(1) O3–Cr4–O10 91.0(1)
O9A–Cr4–O10 96.7(1) O3–Cr4–Cl3 95.5(1) O9A–Cr4–Cl3 98.7(1)

Figure 2. Perspective view of the octanuclear complex [Cr8O2-
(thme)2(Hthme)4Cl6] (2) (top) and its metal–oxygen core (bottom).

Eur. J. Inorg. Chem. 2006, 3382–3392 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3385

bond lengths (1.949–1.984 Å), with O4 and O7A hydrogen
bonded both to each other and a MeOH solvate molecule
(e.g. O4···O7A, 2.737 Å; O4···O11, 2.662 Å) (Table 2). All
the CrIII ions are in distorted octahedral geometries with
their oxidation states confirmed by a combination of BVS
calculations, bond lengths and overall charge balance con-
siderations.

In the crystal the molecules pack in columns with one
Cr8 unit sitting directly above and below its nearest neigh-
bours. Here, the closest intermolecular interactions are be-
tween the terminal chloride ions and the tripodal ligands
(� 3.5–3.7 Å). Intermolecular interactions between the col-
umns are mediated through a combination of Cl···C (tri-
pod) H-bonds (in the region of � 3.5–3.7 Å), and the Cl···O
(MeOH) H-bonds. For complex 3, the pendant alcohol
group of the pentaerythritol ligand is found to greatly influ-
ence the packing within the crystal lattice. These additional
OH groups form hydrogen bonds to molecules in adjacent
planes (e.g. O11···O13, O11A···O13A) at a distance of ca.
2.65 Å and result in these planes packing in a perpendicular
fashion. The terminal chloride ions are also involved in two
intermolecular H-bonding interactions; one OH···Cl inter-
action with an uncoordinated H2peol– ligand arm (e.g.
O12···Cl3, 3.25 Å), and the other with a MeOH solvent
molecule (O17···Cl2, 3.21 Å).

The edge-sharing [M8(µ5-O2)]n+ core adopted by 2 and 3
is somewhat unusual. Other examples of this octanuclear
fragment are restricted to the Ba clusters [Ba8O2]12+,
[Sr6Ba2O2]12+ and [Ba8Eu2O2]12+ where the principal bridg-
ing ligand is also an alkoxo group.[10,11] Similar cores can,
however, be found in the decanuclear transition-metal
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clusters [Fe10O2Cl8(tmp)6], [(VO)2Fe8O2Cl6(tmp)6] and
(NEt4)2[Mn10O2Cl8(thme)6].[9,12,13]

Magnetic Measurements

Solid-state dc magnetisation measurements were per-
formed on 1 and 2 in the temperature range 1.8–300 K in a
field of 5.0 kG and the Irreducible Tensor Operator (ITO)
formalism was employed to fit the experimental data by me-
ans of the programme VPMAG.[14] For complex 1, the
room temperature χMT value of approximately
3.75 cm3·K·mol–1 is that expected for two non-interacting
CrIII centres (Figure 3). As the temperature is lowered, the
value of χMT drops very gradually until approximately
100 K where it begins to fall more dramatically, reaching a
value close to 0 cm3·K·mol–1 at 1.8 K. At 27 K a maximum
in χM is reached (χM = 0.0512 cm3·K·mol–1). This behaviour
is indicative of relatively weak antiferromagnetic exchange
coupling between the CrIII ions with an S = 0 spin ground
state. Using the spin Hamiltonian Ĥ = –JŜ1·Ŝ2, the best fit
(Figure 3 solid line) was obtained for the following param-
eters: J = –12.30±0.04 cm–1 and g = 1.990±0.003, resulting
in an S = 0 spin ground state. The agreement factor of the
fit, defined as

F = {∑[χexp.
i – χcalcd.

i ]2}/{∑[χcalcd.
i ]2}, is good (F = 1.1·10–5).

Figure 3. Plot of χM and χMT vs. T for complex 1. The solid lines
are fits to the experimental data. See text for details.

For complex 2, the χMT value of approximately
10.8 cm3·K·mol–1 at 300 K is smaller than that expected for
eight noninteracting S = 3/2 metal centres (15 cm3·K·mol–1,
with g = 2.0). Below 300 K, the value of χMT drops grad-
ually with temperature reaching a pseudo-plateau with a
value of approximately 3.2 cm3·K·mol–1 at 10 K (Figure 4).
This behaviour is indicative of dominant antiferromagnetic
exchange between the CrIII ions, resulting in a relatively
small spin ground state (S = 2). Below 10 K the χMT value
falls again to approximately 2 cm3·K·mol–1 at 1.8 K. The
decrease of χMT in this last region is probably due to inter-
molecular interactions, the magnetic anisotropy of the
ground spin state, or (less probably) the presence of more
stable states displaying lower spin angular momenta.
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Figure 4. Plot of χMT vs. T for complex 2 and (inset) magnetisation
(M) vs. field (H) data taken in the ranges 1.8–6.2 K and 0.5–5.0 T.

Magnetisation measurements in the 1.8–6.2 K tempera-
ture range were performed under constant magnetic fields
of 0.5–5.0 T (Figure 4, inset). The isofield lines are not su-
perimposable and the values of reduced magnetisation (M/
NµB) become higher than expected for the postulated spin
ground state (M/NµB � 4 for S = 2). This is probably
caused by population of low-lying excited states with higher
spin numbers which become more stable with increasing fi-
elds. For this reason a fit of the magnetisation data to a
Brillouin equation was not attempted, because a well-iso-
lated spin ground state is required for such a model to ap-
ply. The possibility of slow relaxation of the magnetisation
was investigated by collection of ac susceptibility data taken
in a range of frequencies. However, no out-of-phase (χM

//)
signal was observed over the whole temperature range (1.8–
6.2 K) indicating that 2 is not a single-molecule magnet.

Unfortunately, there are few examples of CrIII com-
pounds in the literature that actually possess similar bridg-
ing ligands to the ones found in 2 and 3, and even these
contain other bridging co-ligands (e.g. carboxylates
etc.).[15–23] Moreover, there exists little magnetic characteri-
sation of these species and/or their magnetic properties have
not been quantitatively analysed because the complexity of
the system.[24–30] Thus, it is very difficult to compare and
contrast any results with other CrIII complexes. In addition,
in such complicated multiple J systems it is usually possible
to find several sets of J values that can reproduce the exper-
imental magnetic behaviour equally well. We therefore de-
cided to carry out calculations based on DFT in order to
either have good estimated J values to use them as a start-
ing point in a fit.

Theoretical Study of the Magnetic Exchange Coupling

Complex 1

An exchange coupling constant, J = –7.5 cm–1, has been
obtained from DF calculations on complex 1 using the
broken symmetry approach. Although the theoretical study
correctly reproduces the nature of the magnetic interaction,
the magnitude of the J constant is slightly lower than the
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experimental value (–12.3 cm–1). Despite the fact that only
a few compounds display the [Cr2(OX)2]4+ core (X = H,
Me or Et), there does exist a magneto-structural correlation
for this unit based on experimental structural parameters
which relates the magnetic exchange constant to the Cr–O–
Cr angle (α), the Cr–O distance (dCrO), and the dihedral
angle formed between the OR group and Cr2O2 plane
(θ).[31] Here, we have revisited this correlation bringing up
to date the experimental data (Table 4), as well as per-
forming a theoretical analysis by electronic structure calcu-
lations. The Cr–O distance remains essentially unchanged
along the series of compounds, so we have focused our ef-
forts in the study of the influence of the α and θ angles. We
have used the model complex [Cr2(OMe)2(H2O)4Cl4] (1A)
built from the experimental structural parameters of 1 (Fig-
ure S2). In this magneto-structural correlation only the α
angles have been modified with the remaining parameters
constant. It is important to stress that the molecular geome-
try of the most stable compound corresponds to an α angle
equal to 100.85° – similar to that experimentally found
(100.93°, Figure 5). This α value is the same in the singlet
(ground state) and triplet state. The thermal energy at room
temperature allows the α angle to achieve any value between
98.8 and 102.8° and so, in agreement with the experimental
data (Table 4), we can conclude that the experimental α
angles in the [Cr2(OR)2]4+ complexes will take similar val-
ues.

At α = 101.3° (αmin), near the more stable molecular
geometry, the antiferromagnetic exchange coupling reaches
a minimum value (J = –5.2 cm–1). At lower α angles the
exchange coupling becomes strongly antiferromagnetic be-
cause the inter-metal distance is short enough to allow di-
rect interaction between the paramagnetic centres (α � 95°).
However, as has been observed in bis-alkoxo dinuclear cop-
per(II) complexes,[32,33] there is an experimental and theo-
retical correlation between the α and θ (dihedral) angles
(Figure S3). However, no qualitative changes occur in the
magneto-structural correlation between the J constant and
the α angle (Figure 5). Most complexes display an α value
of around 100–101°, but in some cases where bulky alkoxo
bridging ligands are used, the α angle can take larger values.

Table 4. Experimental structural data and exchange coupling constants[a] for [Cr2(OR)2]4+ compounds.

Compound dCrO α θ J[b] Refcode[c] Ref.

[Cr(L1)(Cl)]2(ClO4)2·DMF 1.963 99.27 149.77 – FEBXIT [36]

[Cr(L2)(OMe)(H2O)]2(ClO4)2 1.958 100.79 154.07 – DESRIC [37]

[Cr(H2tmp)Cl2] 2·2MeOH 1.959 100.93 142.93 –12.3 (–7.5) – this work
[Cr(acac)2(OMe)]2 1.962 101.03 150.19 –9.8 BIKVAS [22]

[Cr(3-Cl-acac)2(OMe)]2 1.959 101.09 155.58 –9.8 MXCACR10 [34]

[Cr(3-Br-acac)2(OMe)]2 1.956 101.44 154.48 –8.5 MXBACR10 [34]

[Cr(tmjd)2Cr(OMe)]2 1.954 101.74 148.77 –8.9 CUVVAQ [38]

[Cr(3-Br-acac)2(OEt)]2 1.958 101.75 161.58 –17.9 EXBACR10 [34]

[Cr(DpyF)(OMe)(Cl)]2 1.977 101.88 159.69 –12.5 WOXFIY [39]

[Cr(LS)(OMe)(MeOH)]2·MeOH 1.981 103.10 175.41 –16.6 VACROH [40]

[Cr(LSe)(OMe)(MeOH)]2 1.968 103.58 177.32 –18.0 VACREX [40]

[Cr(L3)(MeOH)]2·MeOH 1.984 104.17 167.07 – QOZRIG [41]

[a] All angles in °; distance in Å and constants in cm–1. [b] Because various magnetic models have been used in the literature, J refers to
the energy of the triplet states as calculated from the observed susceptibility data. Theoretical value obtained from electronic structure
calculations is in parentheses. [c] Codes for locating structural data in the Cambridge Structural Database.[58]
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Figure 5. Relative energy (in kcal/mol, solid line) of the singlet
ground state and magnetic exchange coupling as a function of the
bridging angle Cr–O–Cr (α) angle. The dotted and dashed lines
correspond to the J values obtained on model 1A when the θ angle
is or is not optimised, respectively.

In these cases the alkoxo group is almost coplanar with the
[Cr2(OR)2]4+ unit and the antiferromagnetic coupling be-
comes stronger (Table 4), as predicted by theoretical calcu-
lations.[22,34–41] We have analysed this magneto-structural
correlation in order to find the electronic factors that gov-
ern it (Figure S4). In agreement with previous work, we
have concluded that the contribution from the dxy magnetic
orbitals is responsible for the correlation between the J con-
stant and the α angle.[31] A more detailed analysis can be
found in the Supporting Information.

The thme ligand provides two possible exchange path-
ways to mediate the magnetic exchange coupling between
the CrIII centres: (a) by one alkoxo oxygen only; and (b) by
the more extended O–C–C–C–O network (see Figure 1). In
previous work, we demonstrated that the more extended
pathway is an inefficient route for magnetic communication
between FeIII ions where t2g and eg magnetic orbitals are
present.[42] In this case, calculations on the full experimental
molecule and on the simpler model lead to the same conclu-
sion. The calculations on the model, where only the shortest
pathway is present, give a theoretical J value (–5.2 cm–1)
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similar to that obtained for the full molecule (–7.5 cm–1).
Moreover, the experimental J value of 1 (–12.3 cm–1) agrees
well with those observed in previous complexes presenting
similar α angles via the shortest M–O–M pathway only
(–9.8 cm–1). Therefore, the longest M–O–C–C–C–O–M
pathway should not be relevant in these complexes as it
leads to weak contributions. The contribution of eg mag-
netic orbitals – not present in the CrIII ion – are mainly
responsible for the magnetic exchange coupling in FeIII

complexes and it is strongly weakened when the exchange
pathway is lengthened.

Complex 2

As was shown in the structural section, the metal ions in
complexes 2 and 3 are connected in three different ways: (a)
by two µ5-oxo bridging ligands (J1); (b) by one µ5-oxo ion
(J2); and (c) by one µ5-oxo ion and one µ-alkoxo (J3). How-
ever, this simple model infers a higher molecular symmetry
than that experimentally found (Figure 6). The lower mo-
lecular symmetry is related to the different Cr–O bond
lengths and Cr–O–Cr angles, and in reality we can take into
account ten possible exchange coupling constants and, thus,
the spin Hamiltonian (Equation (1):

Figure 6. Scheme of the interactions employed in the study of the
magnetic properties of 2 and 3.

where the subindex in the J constants refers to the para-
magnetic centres involved in the exchange coupling. We
have performed a least-squares fitting to the fourteen-equa-
tion system obtained from the differences in the energy be-
tween the fifteen spin distributions (SDi) shown in Table

Table 5. Description of the bridging ligands, average Cr···Cr distances, Cr–O bond lengths, Cr–O–Cr bond angles and calculated exchange
coupling constants Ji,j (in cm–1).

i,j Bridging ligands d(Cr···Cr)[a] d(Cr–O)[a] Cr–O–Cr (α)[a] Ji,j

4,7 (µ5-O2–)2 2.930 (2.930) 2.085 (2.087) 89.3 (89.2) –52.7
3,7 (µ5-O2–) 4.154 (4.152) 2.084 (2.083) 170.9 (170.9) –3.8
4,6 (µ5-O2–) 4.165 (4.194) 2.097 (2.102) 172.1 (171.9) –2.8
4,5 (µ5-O2–)(µ-OR) 2.942 (2.949) 2.021 (2.025) 93.7 (93.8) –26.2
3,4 (µ5-O2–)(µ-OR) 2.946 (2.937) 2.020 (2.023) 93.8 (93.3) –25.7
3,6 (µ5-O2–)(µ-OR) 2.974 (2.987) 2.026 (2.026) 94.7 (95.3) –10.6
1,3 (µ5-O2–)(µ-OR) 3.029 (3.026) 2.023 (2.020) 97.1 (97.4) –4.8
1,6 (µ5-O2–)(µ-OR) 3.039 (3.025) 2.023 (2.023) 97.6 (96.9) –3.9
1,4 (µ5-O2–)(µ-OR) 3.039 (3.033) 2.021 (2.017) 97.7 (97.8) –1.4
1,7 (µ5-O2–)(µ-OR) 3.061 (3–037) 2.023 (2.018) 98.3 (97.5) +0.8

[a] The values corresponding to 3 are displayed in parentheses. Angles and distances are given in ° and Å.
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S1. The results are shown in the Table 5. In Figure 7 is dis-
played a spin density map of the most stable configuration,
SD3. A more detailed description of this study is able in the
Supporting Information.

Figure 7. Spin density map calculated at the B3LYP level for the
spin ground state of 2 (light and dark contours indicate positive
and negative spin populations, respectively). The isodensity surface
corresponds to a value of 0.005 e–/bohr3.

Although the [Cr2O2] unit has a relatively low symmetry,
a good magneto-structural correlation is found between the
exchange coupling constants and the Cr–O–Cr angle in the
cases where one oxo and one alkoxo groups act as bridges
between metal ions (interaction 4–5, 3–4, 3–6, 1–3. 1–6,
1–4, 1–7; see Table 5). A change of the nature of the mag-
netic interaction is observed at α ca. 98°, where the ferro-
and antiferromagnetic contributions are counter-balanced
and a zero value for the J constant is expected (Figure 8).
This correlation is also found with the metal–metal distance
because the Cr–O distances are almost constant within this
small family. Only one system is not in accord with this
correlation, displaying a weaker antiferromagnetic interac-
tion than that expected, probably due to the longer Cr–O
bond length (2.026 Å, Table 5) weakening the metal–ligand
overlap and thus the magnetic exchange.
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Figure 8. Dependence of the calculated exchange coupling constant
(J) in 2 for the [Cr2O2]2+ core with the Cr–O–Cr(α) angle.

There are two exchange interactions that mediate only
through one µ5-oxo bridge (interaction 3–7, 4–6; see
Table 5) where the J constants are found to be –3.8 cm–1

and –2.8 cm–1. These values are very similar because both
[Cr2O2] units have similar α values (170.9° and 172.1°). The
magnetic coupling in this case is expected to be governed
by the Cr–O distance, so the stronger of the two J constants
is the one with the shortest Cr–O bond length. The stronger
magnetic interactions found in 2 where two µ5-oxo bridges
are present (interaction 4–7) should thus be due to the ex-
tremely small α values (Table 5).

Unfortunately, it is difficult to find similar compounds in
the literature that have been structurally and magnetically
characterised. In fact, only two such dinuclear complexes
and one dodecanuclear CrIII complex exist.[17,29,30] For the
dinuclear complexes there are no reported magnetic mea-
surements and for the Cr12 cluster the measurements have
not been analysed due to the complexity of the system. The
crystal structures of two CrIII dimers displaying a linear or
quasi-linear [Cr2O]4+ core are known,[24,25] but, as is often
the case, there are no studies of the magnetic properties,
meaning we have no way to check the validity of our theo-
retical results.

The magnetic behaviour of 2 can be simulated by exact
diagonalisation of the energy matrix built using the irred-
uctible tensors operator approach. We have obtained the
χMT vs. T curve for 2 from the calculated J values and find
that they are in qualitatively acceptable agreement with the
experimental curve (Figure 9). We have also carried out a
fit using these J values as starting point and to avoid over-
parameterisation, we have reduced the number of variables
in the way shown in Table 6. The best fit was obtained for
the following parametes: J4,7 = –39.0 cm–1; J3,7 = J4,6 =
+1.1 cm–1, J4,5 = J3,4 = –20.0 cm–1, J3,6 = –16.0 cm–1, J1,3

= J1,6 = J1,4 = J1,7 = –4.8 cm–1 and g = 1.919. The J values
are in good agreement with the calculated ones. However,
the g factor is slightly smaller than that expected for a chro-
mium(III) ion (1.98–1.99). This fact can be explained by a
partial hydration of the sample observed when it is exposed
to the environment modifying the formula mass. According
to the magneto-structural correlation observed in 2 (Fig-
ure 8), when one oxo and one alkoxo group act as bridges,
a strong antiferromagnetic coupling is expected for small
angles (89.3º) such as it occurs for J4,7. Probably, for this α
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value a short metal–metal distance is found favouring the
direct interaction between two metal ions, as proposed in
the previous theoretical study on dinuclear models (com-
pound 1). It is also possible to find a set of J parameters
with a g factor near to 1.98–2.00; however, this set is dis-
carded because the obtained J4,7 value is too large
(–122.9 cm–1). In fact, the J4,7 value expected from the mag-
neto-structural correlation shown in Figure 8 (–53.3 cm–1)
is lower and closer to that obtained from DF calculations.
In the curves obtained with the calculated and fitted J val-
ues, as the temperature decreases the value of χMT is close
to reaching a plateau (χMT � 3.2 cm3·K·mol–1) in agree-
ment with the experimental curve. At lower temperatures
the value of χMT falls to reach a value equal to zero corre-
sponding to a singlet ground state. Thus, we can reject pos-
sible intermolecular interactions or magnetic anisotropy as
a cause of the magnetic behaviour at lower temperature.
Regardless, the chosen set of J values must explain the be-

Figure 9. Magnetic susceptibility curves for 2 obtained from the
calculated J values (dashed line) and fitted J values (solid line) that
are shown in Table 6. The experimental data is displayed as black
circles.

Table 6. Exchange coupling constants (Ji,j, cm–1) obtained for 2
from theoretical calculations (A) and fitted values (B) in the tem-
perature range 300–20 K. We also indicate the g factor, agreement
factor (F), the spin ground state (GS) and the relative energy of
first excited state (E1, in cm–1).

Ji,j A B

J4,7 –52.7 –39.0
J3,7 –3.8 +1.1
J4,6 –2.8 +1.1
J4,5 –26.2 –20.0
J3,4 –25.7 –20.0
J3,6 –10.6 –16.0
J1,3 –4.8 –4.8
J1,6 –3.9 –4.8
J1,4 –1.4 –4.8
J1,7 +0.8 –4.8
g factor – 1.919
F – 5.1·10–5

GS 0 0
E1

[a] 0.23 (1) 0.18 (1)

[a] S value of the first excited state in parentheses.
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haviour observed for the dependence of the magnetisation
with magnetic field at several temperatures. From an en-
ergy-level diagram obtained from calculated J values (Fig-
ure S5), we observe that some singlet, triplet, quintet and
septet states are very close to the ground spin state. At
slightly higher energy we can also find the first nonet state.
Thus, when the applied magnetic field is increased some ms
eigenfunctions of low-lying excited states with higher multi-
plicity will be populated reaching a non-zero-saturation
value. In this situation the shape of the magnetisation curve
and the saturation value are dependent on the temperature,
because low-lying excited states will be populated at higher
temperature. A similar behaviour is observed with the pa-
rameters obtained in the fit.

Conclusions

In conclusion, the reactions between CrCl2 and the tripo-
dal ligands H3thme, H3tmp, and H4peol have produced new
di- and octanuclear CrIII clusters. Complex 1 can only be
made under reflux and complexes 2 and 3 only under solvo-
thermal conditions. Complexes 2 and 3 represent rare ex-
amples of “large” Cr clusters containing no bridging car-
boxylates with structures derived from the decametallate
core commonly seen in polyoxometallate chemistry. As
such, 1–3 may represent the first examples in a large family
of Cr clusters and variations of the above reaction schemes
may lead to the isolation of diverse metal polyhedra exhibit-
ing novel magnetic properties. Magneto-structural corre-
lations for [Cr2(OR)2]4+ and [Cr2O2]2+ complexes have been
found, which we hope will help the analysis of the magnetic
properties in new polynuclear CrIII clusters. Electronic-
structure calculations based on density functional theory
have allowed us to understand the electronic factors that
govern these correlations. Electronic structure calculations
have been performed on 1 and 2 and good estimates of the

Table 7. Crystallographic data for complexes 1–3.

1 [Cr2] 2 [Cr8thme] 3 [Cr8peol]

Formula C14H34Cl4Cr2O8 C32H66Cl6Cr8O22 C33H70Cl6Cr8O27

M [g·mol–1] 576.12 1427.52 1565.62
Crystal system monoclinic triclinic monoclinic
Space group P21/c P1̄ C2/c
a [Å] 9.3936(32) 10.0553(19) 13.1762(6)
b, Å 10.0550(34), 10.968(2) 17.5288(8)
c [Å] 12.4914(42) 12.671(2) 22.9112(11)
α [°] 90 79.722(15) 90
β [°] 99.812(6) 67.844(18) 99.468(4)
γ [°] 90 89.221(15) 90
V [Å3] 1162.6(7) 1271.3(4) 5219.6(4)
T [K] 100(2) 100(2) 100(2)
Z 2 2 4
ρcalcd. [g cm–3] 1.646 1.870 1.985
Crystal shape and colour green block green block green block
Crystal size [mm] 0.08×0.04×0.01 0.37× 0.20× 0.08 0.35× 0.24×0.13
µ [mm–1] 1.430 2.032 1.998
Unique data 1676 7850 8477
Unique data, [I � 2 θ (F)] 1430 6443 6309
R1, wR2 0.0290, 0.0705 0.0572, 0.1572 0.0572, 0.1469
Goodness of fit 1.060 1.090 1.022
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J values have been obtained. Different sets of J values have
been found to reproduce the magnetic behaviour of 2. An
analysis of the theoretical results and those obtained in the
fitting procedure by diagonalisation of the Hamiltonian
matrix allowed us to select one among the fitted J value
sets.

Experimental Section
[Cr2(H2tmp)2Cl4]·2MeOH (1·2MeOH): Anhydrous CrCl2 (0.5 g,
4.0 mmol), H3tmp (0.545 g, 4.0 mmol) and NaOMe (0.110 g,
2.0 mmol) were heated at reflux in MeOH (30 mL) for 3 h. The
reaction mixture was filtered and the resulting dark green solution
cooled. The solvent was then removed under reduced pressure and
the resulting dark green solid recrystallised from MeCN (20 mL).
Green crystals of 1 appeared upon Et2O diffusion over 2 weeks.
Yield based on CrIII: 0.230 g (20%). C14H32Cl4Cr2O8 (574.22):
calcd. C 29.18, H 5.95; found C 28.99, H 5.85. IR (KBr pellet): ν̃
= 3424 (s), 3170 (s), 2978 (s), 2604 (m), 1630 (w), 1453 (m), 1384
(m), 1299 (m), 1265 (w), 1189 (w), 1100 (s), 1040 (s), 940 (s), 773
(w), 592 (m), 560 (s), 509 (m), 443 (w) cm–1. [Cr2(H2tmp)2Cl4]·
2MeOH (576.22): calcd. C 29.18, H 5.95; found: C 28.99, H 5.85.

[Cr8O2(thme)2(Hthme)4Cl6]·2MeOH (2·2MeOH): This complex
was synthesised by heating CrCl2 (0.3 g, 2.4 mmol), H3thme
(0.29 g, 2.4 mmol) and NaOMe (0.13 g, 2.4 mmol) in MeOH
(9 mL) in a teflon-lined autoclave at 100 °C for 12 h. Slow cooling
to room temperature yielded dark green crystals of 2. Yield based
on CrIII: 0.130 g (30%). C32H62Cl6Cr8O29 (1427.28): calcd. C 26.85,
H 4.65; found C 26.28, H 4.67. IR (KBr pellet): 3420 (s), 2930 (s),
2361 (m), 1636 (w), 1464 (w), 1385 (w), 1124 (m), 1044 (s), 630 (m),
580 (s), 536 (m), 468 (w) cm–1.

[Cr8O2(Hpeol)2(H2peol)4Cl6]·3MeOH (3·3MeOH): The complex
was synthesised as 2, replacing H3thme with H4peol.
C33H60Cl6Cr8O22 (1549.27): calcd. C 25.31, H 4.89; found C 25.63,
H 4.97. IR (KBr pellet): ν̃ = 3450 (s), 2931 (m), 2874 (m), 1636
(w), 1472 (w), 1388 (w), 1224 (w), 1115 (s), 1060 (s), 653 (m), 593
(s), 537 (m), 506 cm–1 (w).
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X-ray Crystallography: Data were collected with either Bruker
SMART APEX CCD (1) or Oxford Diffraction Crysalis CCD dif-
fractometers (2, 3) at 100(2) K using Mo-Kα radiation (λ =
0.71073 Å). Both structures were solved by direct methods and re-
fined (on F2 for all reflections) using SHELXTL.[43,44] Absorption
corrections were applied using SADABS (1) and software built into
the Crysalis CCD program (2, 3). All non-hydrogen atoms were
refined anisotropically. Excessive thermal motion of the chlorine
atoms in 1 required thermal and angular restraints to be applied.
Neither refinement nor absorption corrections reduced the residual
electron density in the core of 2. The hydrogen atoms in 2 could
not be found so were added in calculated positions. Relevant crys-
tallographic information for the compounds is summarised in
Table 7. CCDC-285702–285704 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Magnetic Measurements: Variable-temperature, solid-state direct
current (dc) magnetic susceptibility data down to 1.80 K were col-
lected with a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 5.5-T dc magnet at the University of Barcelona.
Diamagnetic corrections were applied to the observed paramag-
netic susceptibilities using Pascal’s constants.

Computational Details: All theoretical calculations were carried out
with the hybrid B3LYP method,[45–47] as is implemented in the
Gaussian03 program.[48] Double-ζ (SV) and triple-ζ (TZV) quality
basis sets proposed by Ahlrichs and co-workers have been used for
all atoms.[49,50] For the chromium ions, two extra p functions have
been added. The electronic configurations used as starting points
have been created using Jaguar 6.0 software. The broken-symmetry
approach has been employed to describe the unrestricted solutions
of the antiferromagnetic spin states.[51–53] No molecular modelling
has been done, with the full experimental geometry of 2 used for
the calculations. A quadratic convergence method was employed to
determine the more stable wave functions in the SCF process.[54]

The atomic spin densities were obtained from Natural Bond Or-
bital (NBO) analysis.[55–57]

Other Measurements: Elemental analyses were performed by the
University of Manchester Microanalysis Service. IR spectra were
recorded as KBr pellets on a Nicolet model 510P spectrophotome-
ter.
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Computational, Spectroscopic and Electrochemical Characterization
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The cationic dinuclear (hydroxo)AuIII complex [Au2(OH)2-
(tppz)]Cl4 [tppz = 2,3,5,6-tetrakis(2-pyridinyl)pyrazine] was
prepared by allowing the ligand tppz to react with
K[AuCl4]·2H2O in refluxing methanol. Its NMR and IR spec-
tra support the formation of a symmetric hydroxo derivative
instead of the expected chloro complex. DFT B3PW91 calcu-
lations were performed with various basis sets to give better
insights into the properties of the prepared complex and to
compare it with the known derivative [Au(OH)(terpy)]2+

(terpy = 2,2�:6�,2��-terpyridine). The electrochemical behav-

Introduction

Pyridine-derived polydentate ligands play a fundamental
role in inorganic chemistry and one of the most interesting
molecules of this kind is the terdentate ligand 2,2�:6�,2��-
terpyridine (terpy; Scheme 1), whose coordination chemis-
try with AuIII has been studied in the past few years. In
particular, chloro- and hydroxogold(III)–terpy complexes of
the type [AuL(terpy)]2+ (L = Cl, OH) are known that have
been structurally characterized.[1,2] In the field of gold com-
plexes with pyridine-based polydentate ligands, much less
attention has been devoted to the ligand 2,3,5,6-tetrakis(2-
pyridinyl)pyrazine (tppz; Scheme 1), even though it can be
approximately considered as a “double terpyridine” and,
therefore, is suited to coordinate two metal fragments to
form complexes having a strong electronic delocalization.

A number of tppz complexes of transition metals such
as ruthenium and osmium,[3] iron,[4] rhodium,[5] iridium,[6]

nickel,[7] palladium,[8] copper[7,9,10] and zinc[10] have been
prepared, whereas, to the best of our knowledge, no exam-
ple of a gold derivative of 2,3,5,6-tetrakis(2-pyridinyl)pyr-
azine has been published in the literature. The previous
works regarding tetrakis(2-pyridinyl)pyrazine coordination
chemistry demonstrated that both mono- and dinuclear
tppz complexes can be synthesized and that it is also pos-
sible to obtain mixed-metal tppz derivatives. Many of these
tetrakis(2-pyridinyl)pyrazine complexes have shown intri-
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iour of [Au2(OH)2(tppz)]Cl4 was investigated by cyclic vol-
tammetry and it was found that two main irreversible re-
duction processes occurred. In particular, a four-electron pro-
cess, leading to the formation of gold(I) complex species in
solution, and a two-electron process affording metallic gold
were observed. The electronicity involved in the two pro-
cesses was verified by macroelectrolysis at controlled poten-
tial.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. 2,2�:6�,2��-Terpyridine (terpy) and 2,3,5,6-tetrakis(2-pyr-
idinyl)pyrazine (tppz) and the numbering of their hydrogen and
nitrogen atoms.

guing spectroelectrochemical and electrochemical proper-
ties due to the characteristics of the tppz ligand.

In this paper the synthesis of a tetrakis(2-pyridinyl)pyr-
azine derivative of gold, the dinuclear hydroxo complex
[Au2(OH)2(tppz)]Cl4, is reported for the first time. DFT
B3PW91 calculations are also performed to give better in-
sights into the electronic and steric properties of the pre-
pared compound and to compare it with the known
[Au(OH)(terpy)]2+ cation. Cyclic voltammetric experiments
and macroelectrolysis at controlled potential are performed
to understand the redox properties of [Au2(OH)2(tppz)]Cl4
and to ascertain an eventual formation of stable tetrakis(2-
pyridinyl)pyrazine derivatives of gold(I) in solution.

Results and Discussion

Preparation and Characterization of the Complex

The hydroxo complex [Au2(OH)2(tppz)]Cl4 was prepared
by treating the ligand 2,3,5,6-tetrakis(2-pyridinyl)pyrazine
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(tppz) with potassium tetrachloroaurate dihydrate K[AuCl4]·
2H2O in refluxing methanol (see Scheme 2). On the basis
of previous works with the terpy ligand,[1,2] the formation
of the chloro complex [Au2Cl2(tppz)]2+ was expected. How-
ever, both the IR and the 1H NMR spectra of the reaction
product support the presence of a coordinated hydroxo li-
gand. Thus, an O–H stretching is observable in the IR spec-
trum (3412 cm–1) and the hydrogen atoms of the OH li-
gands give a broad signal in the 1H NMR spectrum. The
chemical shift of this signal is, as expected, quite dependent
upon the temperature. The formation of a hydroxo ligand
is probably due to the presence of water in the reaction
mixture coming from the starting precursor K[AuCl4]·
2H2O. All the pyridine rings are magnetically equivalent,
and only four signals attributable to coordinated tppz can
be observed in the 1H NMR spectrum. Also, the 13C{1H}
NMR spectrum shows signals of only four primary carbon
atoms and two quaternary carbon atoms. This means that
the prepared compound is dinuclear and that both the gold
atoms have the same coordination environment. Finally, the
elemental analyses (C, H, Cl, N) are also in agreement with
the proposed formulation, the deviations between found
and calculated values being less than 0.4%.

Scheme 2. Synthesis of [Au2(OH)2(tppz)]Cl4.

DFT Studies

To better understand the electronic and steric properties
of the prepared compound, computational geometry optim-
isations of the cations [Au(OH)(terpy)]2+ and [Au2(OH)2-
(tppz)]4+ were performed using the DFT B3PW91 method.
Table 1 shows the rAu–O, rAu–N7 and the average rAu–N1

bond lengths of [Au(OH)(terpy)]2+ and [Au2(OH)2(tppz)]4+.
The average C6–N1–Au–O dihedral angle and the Mulliken
charge of the coordinated [AuOH] fragments are also in-

Table 1. Selected bond lengths and angles for the cations [Au(OH)(terpy)]2+ and [Au2(OH)2(tppz)]4+ and the Mulliken charge of the
coordinated [AuOH] fragment. BS1: CEP-121G, CEP-31G on Au; BS2: D95V, SDD on Au; BS3: D95, LANL2DZ on Au.

Complex rAu–N1 [Å] rAu–N7 [Å] rAu–O [Å] C6–N1–Au–O [°] [AuOH] charge

BS1
[Au(OH)(terpy)]2+ 2.0484 1.9916 1.9796 0.4 0.786
[Au2(OH)2(tppz)]4+ 2.0421 2.0224 1.9646 9.4 0.891
BS2
[Au(OH)(terpy)]2+ 2.0370 1.9871 1.9897 0.6 0.886
[Au2(OH)2(tppz)]4+ 2.0312 2.0194 1.9764 9.0 0.953
BS3
[Au(OH)(terpy)]2+ 2.0423 1.9855 1.9763 0.9 0.831
[Au2(OH)2(tppz)]4+ 2.0377 2.0151 1.9597 9.8 0.915

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3393–33993394

cluded. The differences between the DFT-calculated bond
lengths and the bond lengths found in the X-ray structure
analysis of [Au(terpy)(OH)](ClO4)2

[2] are always less than
2.2%; the greatest deviation between calculated and experi-
mental rAu–O bond lengths is less than 1.2%.

The average rAu–N1 and rAu–O bond lengths for both op-
timised cations are almost identical to within three signifi-
cant figures, whereas the Au–N7 bond in the [Au2-
(OH)2(tppz)]4+ complex is about 0.03 Å longer than that
in the monomer. The coordination of two gold fragments
strongly twists the molecule from planarity because of the
steric hindrance between the H3 atoms of the pyridine
rings. The degree of twisting can be quantified by compar-
ing the C6–N1–Au–O dihedral angles of [Au(OH)(terpy)]2+

and [Au2(OH)2(tppz)]4+: the terpy derivative is approxi-
mately planar, with an average C6–N1–Au–O dihedral an-
gle of less than 1°, while the dinuclear [tetrakis(2-pyridi-
nyl)pyrazine]gold derivative has an average C6–N1–Au–O
dihedral angle of between 9.0° and 9.8°, depending upon
the basis set. A similar deviation of the tetrakis(2-pyridi-
nyl)pyrazine ligand from planarity has already been ob-
served in the X-ray structures of dinuclear tppz derivatives
of various transition metals.[3,5–10]

From the calculated geometries, a C2h symmetry can be
ascribed to the [Au2(OH)2(tppz)]4+ cation, which is in agree-
ment with the corresponding 1H NMR and 13C{1H} NMR
spectra. The DFT B3LYP/BS3 optimised geometry of
[Au2(OH)2(tppz)]4+ is shown in Figure 1.

Figure 1. DFT B3LYP/BS3 optimised geometry of the [Au2(OH)2-
(tppz)]4+ cation.
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The Mulliken charge of the [AuOH] fragments in the

[Au2(OH)2(tppz)]4+ cation is always higher than that calcu-
lated for the [Au(OH)(terpy)]2+ complex (see Table 1). This
means that the tetrakis(2-pyridinyl)pyrazine derivative has
less basic hydroxo ligands and more electrophilic gold
centres and this fact can be ascribed to the lower ability of
the tppz ligand, if compared with two terpy molecules, to
delocalize the positive charge on its aromatic rings. The
mechanism of formation of the mononuclear [Au(OH)-
(terpy)]2+ cation from the chloro complex [AuCl(terpy)]2+

and the equilibrium between this hydroxo derivative and the
corresponding aqua complex [Au(OH2)(terpy)]3+ has been
studied in a previous paper.[2] It was found that the water
molecule coordinated to the [Au(terpy)]3+ fragment behaves
as a strong acid (Ka � 0.8 ). It therefore seems reasonable
to hypothesise that the mechanism leading to the [Au2-
(OH)2(tppz)]Cl4 complex could be similar to that of the
analogous terpy derivative. Thus, the reaction between tppz
and AuCl4– probably leads to the initial formation of an
intermediate chloro species. This may react with water pres-
ent in the reaction medium to give a very acidic aqua spe-
cies which, on the basis of the DFT calculations, would be
even more acidic than the corresponding [Au(OH2)-
(terpy)]3+ complex and, consequently, would deprotonate to
provide the final [Au2(OH)2(tppz)]Cl4 hydroxo species. It
must be considered that, although the formation of (aqua)-
AuIII–tppz derivatives is disfavoured by the experimental
conditions, the driving force of the whole reaction is the
immediate deprotonation of the coordinated water mole-
cules. The [Au2(OH)2(tppz)]Cl4 product should be very
stable as the square-planar hydroxo species is known to be
inert towards nucleophilic substitution.[11] Besides, the very
similar values of the calculated rAu–O bond lengths in
[Au2(OH)2(tppz)]4+ and [Au(OH)(terpy)]2+ (see Table 1)
and the fact that the terpy derivative is rather stable allowed
us to conclude that the same lack of reactivity occurs for
the dinuclear AuIII complex prepared in this work.

On the other hand, because the formation of a 6+ diaquo
intermediate of the type [Au2(OH2)2(tppz)]6+ in solution is

Scheme 3. Mechanism of formation of the [Au2(OH)2(tppz)]Cl4 complex.
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rather improbable as its acidity should be even higher than
that of a 5+ aquo species like [Au2Cl(OH2)(tppz)]5+ or
[Au2(OH)(OH2)(tppz)]5+, a possible reaction pathway lead-
ing to the hydroxo derivative from the intermediate chloro
species is that summarized in Scheme 3.

Electrochemical Characterisation

The redox properties of [Au2(OH)2(tppz)]Cl4 were inves-
tigated by cyclic voltammetry (CV) with both conventional
and microelectrodes.[13,14] Figure 2 shows a typical cyclic
voltammogram recorded for [Au2(OH)2(tppz)]Cl4 at
50 mVs–1 with a 3 mm glassy carbon electrode, displaying
a rather complex pattern. In particular, in the forward scan,
two main irreversible cathodic processes occurring at –0.030
and –0.70 V (A and B, respectively, in Figure 2), and a series
of smaller processes, which occur over the potential region
from –1.5 to –2.2 V, are observed. In the reverse scan, apart
from the small peaks associated with the latter processes,
two major peaks, occurring at 0.56 and 1.16 V (C and D,
respectively, in Figure 2), are observed. Direct anodic scans,
starting from 0.3 V, also displayed peak D, which is charac-
terised by its much smaller height (see Figure 2 dashed
line). This finding suggests that a bulk solution species is
responsible for the latter electrode process. Voltammetric
measurements performed in DMF solutions containing the
supporting electrolyte and increasing amounts of [BzEt3N]-
Cl allowed us to assign peak D as being due to the oxi-
dation of free Cl– ions. Similarly, the series of small cathodic
and anodic patterns over the potential region from –1.5 to
–2.2 V were assigned to an electrode process involving free
tppz ligand, as checked in solutions of pure sample. Peaks
A and B probably involve the metal centres and our atten-
tion was therefore mainly devoted to these processes. It
should be noted that peak B is rather broad, and a closer
examination of its shape suggests that at least two overlap-
ping peaks are present in it.
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Figure 2. Cyclic voltammograms of 2 m [Au(OH)2(tppz)]Cl4 in
DMF + 0.1  TBAP; (––) direct cathodic scan, (- - -) direct anodic
scan. Glassy carbon electrode (3 mm diameter); scan rate:
50 mVs–1.

Figure 3 shows the cyclic voltammograms obtained for
the [Au2(OH)2(tppz)]Cl4 solution on reversal of the scan di-
rection soon after either peak A or B were traversed. It is
evident that peak C originates from the second cathodic
process, while peak D increases strongly in current height
after peak A has been traversed. This current increase indi-
cates that a larger amount of Cl– ions is formed at the elec-
trode surface following the first reduction process. This cir-
cumstance, along with the conductivity value found for a
10–3  [Au2(OH)2(tppz)]Cl4 solution in DMF at 25 °C (ΛM

= 159 Ω–1 mol–1 cm2), which is lower than that expected for
a 4:1 electrolyte (i.e. in the range 250–300 Ω–1 mol–1 cm2[12]),
suggests that the [Au2(OH)2(tppz)]4+ cation forms relatively
stable ionic couples with chloride ions in DMF. Evidence
for association of cationic gold(III) complexes of the type
[AuCl2(N–N)]+ (N–N = sp2-nitrogen-donating chelate li-
gands like 2,2�-bipyridine and 1,10-phenanthroline) with
chloride in solution is known in the literature;[17] therefore,
both the low conductivity value and the growth of peak D
after the first reduction process were not unexpected. The
above scenario did not change when performing cyclic vol-
tammetric measurements at different scan rates over the
range 0.01–0.5 Vs–1. The analysis of peak current (Ip) as a
function of the square root of scan rate (v1/2) was linear for
both peaks A and B, thus indicating that they are diffusion-
controlled processes.[13] An analysis of the peak potential
(Ep) and the half-peak potential (Ep – Ep/2) (Ep/2 is the po-
tential at Ip/2) as a function of scan rate over the above
range was also performed. However, because of the com-
plex nature of peak B, only the characteristics of peak A
were examined from a quantitative point of view. It was
found that Ep(A) shifts by about 90 mV towards more nega-
tive potentials with a tenfold change of scan rate, although
(Ep(A) – Ep/2) is equal to 106(±7) mV regardless of the scan
rate. These findings are consisent with the occurrence of an
irreversible electrode process.[13] The irreversible character
of process A was further confirmed by CV measurements
performed at higher scan rates with a platinum microdisk
electrode. In fact, no oxidation process was directly associ-
ated to peak A, even when performing CV measurements
at scan rates up to 500 Vs–1.[13]
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Figure 3. Cyclic voltammograms of 2 m [Au(OH)2(tppz)]Cl4 in
DMF + 0.1  TBAP; (––) reversal of the scan direction after peak
B, (- - -) reversal of the scan direction after peak A. Glassy carbon
electrode (3 mm diameter); scan rate: 50 mVs–1.

Cyclic voltammetric measurements with the microelec-
trodes were also performed at low scan rates, and Figure 4
shows a typical CV obtained at 20 mVs–1. Under these con-
ditions sigmoidal waves, which are typical for microelec-
trodes working under steady-state conditions, were ob-
tained.[14] The number of both cathodic and anodic pro-
cesses observed, and their positions, are identical to those
obtained with the conventional electrode. The shape of the
voltammogram either confirmed or gave additional infor-
mation with respect to that obtained with the conventional
electrode. In particular, the analysis of wave A in terms of
the Tomes difference (E1/4 – E3/4)[15] (i.e. the difference be-
tween the potentials recorded at 1/4 and 3/4 of the steady-
state limiting current of the forward waves) gave a value of
81(±2) mV, which is considerably higher than the value of
56.5/n mV (n is the number of electrons) expected theoretic-
ally for a reversible process at 24 °C.[13] This confirms the
irreversible character of process A. The CV pattern on re-
versal of the scan direction from the second cathodic wave
displays a current cross-over to which wave C is associated
(see Figure 4). This behaviour is typical for metal deposi-
tion and growth on the electrode surface.[16] Therefore, the
formation of metallic gold is conceivably occurring over the
reduction process of the second wave. Consequently, wave
C could be assigned to the stripping of metallic gold from
the electrode surface.

The involvement of metallic gold in the correspondence
of peak C was verified by performing a series of measure-
ments with a conventional gold electrode in DMF solutions
containing TBAP and, in consecutive steps, [BzEt3N]Cl and
the tppz ligand. It was observed that the anodization of the
gold electrode in the presence of [BzEt3N]Cl provided the
peak at 0.56 V (peak C), probably due to the formation of
gold chloride species.

The number of electrons involved in the two cathodic
processes A and B was evaluated by preparative macroelec-
trolysis at controlled potential.[13] Exhaustive reduction per-
formed at –0.4 V (where only A is reduced) yielded a charge
consumption corresponding to a total of four electrons per
mol of [Au2(OH)2(tppz)]Cl4, i.e. an overall two-electron
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Figure 4. Cyclic voltammogram of 2 m [Au2(OH)2(tppz)]Cl4 in
DMF + 0.1  TBAP at a 12.5-µm Pt disk; scan rate: 20 mVs–1.

process for each Au centre. During this experiment the solu-
tion turned from bright yellow to colourless. Cyclic voltam-
metric analysis of the electrolysed solution performed with
a glassy carbon electrode displayed peak B in the cathodic
scan and peaks C and D upon reversal of the scan direction.
Only peak D was present in the direct anodic scan. It is
also interesting to note that the voltammetric analysis per-
formed on an electrolysed solution after a charge consump-
tion corresponding to a an overall two electrons per mol of
[Au2(OH)2(tppz)]Cl4 still displays peak A with a height
equal to half of its initial value, while peak B maintains
almost the same height as in Figure 2. This suggests that the
reduction of [Au2(OH)2(tppz)]Cl4 provides only the species
responsible for peak B, and that the electrons consumed are
shared between the two AuIII centres, conceivably providing
AuI species.

Macroelectrolysis performed at –1.5 V (i.e. at peak B) re-
quired an overall two electrons per mol of the [Au2(OH)2-
(tppz)]Cl4 complex, thus indicating a one-electron reduction
process for each central atom. This reduction process af-
fords metallic gold, as indicated by the fact that during elec-
trolysis the platinum gauze becomes covered by a yellow
film, conceivably due to a thick deposit of metallic gold,

Scheme 4. Reduction pathway at peaks A and B.
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and at the same time the colour of the solution turned from
almost colourless to yellow-orange. Voltammetric analysis
of the electrolysed solution displayed only a series of peaks
from –1.5 to –2.5 V in the cathodic region, and peak D
during the anodic scan. The latter peak was also observed
by direct scan in the anodic potential window. Conse-
quently, the final reduction products are metallic gold, free
tppz ligand and Cl– ions.

On the basis of the voltammetric and macroelectrolysis
experiments, the possible reduction pathways for processes
A and B can be described as shown in Scheme 4.

Concluding Remarks

The first gold complex of 2,3,5,6-tetrakis(2-pyridinyl)-
pyrazine has been synthesized and spectroscopically charac-
terised. DFT B3PW91 calculations have allowed us to
understand some steric and electronic properties of the pre-
pared compound, while electrochemical measurements have
allowed us to determine the tetraelectronic nature of the
reduction process, which leads to the formation of a stable
gold(I)–tppz derivative in solution. Further studies will be
carried out in order to obtain new complexes having a gold
ion linked by the bridging ligand tppz to another transition
metal ion, which could be really interesting from an electro-
chemical point of view.[3]

Experimental Section
Materials: The salt K[AuCl4]·2H2O was prepared according to a
standard procedure starting from metallic Au (99.99%). The ligand
2,3,5,6-tetrakis(2-pyridinyl)pyrazine, the supporting electrolyte tet-
rabutylammonium perchlorate (TBAP) and benzyltriethylammo-
nium chloride [BzEt3N]Cl were purchased from Aldrich. Solvents
were dried using standard techniques.

Preparation of [Au2(OH)2(tppz)]Cl4: This complex was prepared
by adding solid 2,3,5,6-tetrakis(2-pyridinyl)pyrazine (0.194 g,
0.5 mmol) to a solution of K[AuCl4]·2H2O (0.414 g, 1.0 mmol) in
methanol (25 mL). The reaction mixture was heated to reflux for
12 h. During this time the white, insoluble ligand slowly changed
to a bright yellow precipitate, which was filtered after cooling the
reaction mixture to room temperature and dried in vacuo. The
product was purified by dissolving the solid in the minimum vol-
ume of DMF (ca. 6 mL) and filtering the resulting solution. Drop-
wise addition of diethyl ether (ca. 20 mL) caused the product to
precipitate, and this solid was filtered, washed with diethyl ether
and dried in vacuo. The complex was obtained in nearly quantita-
tive yield. C24H18Au2Cl4N6O2 (958.18): calcd. C 30.08, H 1.89, Cl
14.80, N 8.77; found C 30.20, H 1.90, Cl 14.85, N 8.80. 1H NMR
[(CD3)2SO, 298 K]: δ = 8.53 (dd, 3JH,H = 5.1, 4JH,H = 1.2 Hz, 4 H,
6-H), 8.26 (dd, 3JH,H = 7.2, 4JH,H = 1.5 Hz, 4 H, 3-H), 8.21 (ddd,
3JH,H = 7.2, 3JH,H = 6.9, 4JH,H = 1.2 Hz, 4 H, 4-H), 7.66 (ddd,
3JH,H = 5.1, 3JH,H = 6.9, 4JH,H = 1.5 Hz, 4 H, 5-H), 6.01 (br. s, 2
H, OH) ppm. 13C{1H} NMR [(CD3)2SO, 298 K]: δ = 153.5, 147.6
(tppz quaternary C atoms), 147.1, 140.2, 125.7, 125.5 ppm (tppz
primary C atoms). IR (nujol): ν̃ = 3412 [ν(O–H)] cm–1. ΛM (DMF,
298 K) = 159 Ω–1 mol–1 cm2.

Physical Measurements: Infrared spectra (4000–400 cm–1, nujol
mulls) were recorded with a Perkin–Elmer Spectrum One spectro-
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photometer. 1H NMR, 1H COSY and 13C{1H} NMR spectra were
obtained with an Avance 300 Bruker spectrometer in (CD3)2SO at
temperatures between 298 and 338 K. 1H and 13C{1H} NMR spec-
tra are referenced to internal tetramethylsilane. The SwaN-MR and
MestRe-C software packages were used to treat the NMR spectro-
scopic data.[18] Elemental analyses (C, H, Cl, N) were performed
by the microanalytical laboratory at the Department of Pharma-
ceutical Sciences, University of Padua. The conductivity of 10–3 

solutions of the complexes in DMF at 25 °C was measured with a
Radiometer CDM 83 instrument.

Computational Details: Computational geometry optimisation of
the cations [Au(OH)(terpy)]2+ and [Au2(OH)2(tppz)]4+ was per-
formed in vacuo using the restricted DFT B3PW91 method[19,20]

without symmetry constraints. The basis sets used were CEP-121G
(CEP-31G on the Au atom) (BS1),[21] D95V (SDD on the Au atom)
(BS2) and D95 (LANL2DZ on the Au atom) (BS3).[22] Geometry
convergence was accelerated using the GDIIS algorithm. All of the
resultant stationary points were characterized as true minima (i.e.,
no imaginary frequencies). Atomic charges were derived from a
Mulliken population analysis. All calculations were carried out
with computers equipped with Intel Pentium 4 660 processors
(Prescott 2M) operating at 3.6 GHz. The software used was
Gaussian 98.[23]

Electrochemical Apparatus and Procedure: Voltammetric experi-
ments were performed in an air-tight, three-electrode cell, which
was located in a Faraday cage to avoid external noise. Working
electrodes of both conventional and micrometric dimensions were
employed. The working electrodes of conventional size were either
a glassy carbon or a platinum disk of about 3 mm diameter. Prelim-
inary voltammetric tests showed that similar results were obtained
whether conventional glassy carbon or platinum disk electrodes
were employed as working electrodes, therefore the general voltam-
metric behaviour of the investigated complex at the conventional
glassy carbon electrode is discussed in the text. The microelectrode
was a Pt microdisk (25 µm diameter), which was prepared by seal-
ing a 25-µm-diameter wire directly in glass, as reported else-
where.[16] A platinum spiral was used as counter electrode, and
aqueous Ag/AgCl saturated with KCl was used as reference elec-
trode. It was separated from the cell by a salt bridge containing the
same solvent and supporting electrolyte solution as used in the cell.
All working electrodes were polished mechanically with graded alu-
mina powder (1, 0.3 down to 0.05 µm) on a polishing microcloth.
Cyclic voltammetric experiments were performed with a potentios-
tat/galvanostat PAR 283 A (EG&G) controlled by 270 PAR (EG&
G) software using a PC. For experiments with conventional elec-
trodes, positive feedback corrections of the uncompensated resis-
tance (i.r. drop) were performed. Steady-state voltammograms with
the microelectrode were recorded at 20 mVs–1. Macroelectrolyses
were carried out in an H-shaped cell with the cathodic and anodic
compartments separated by a sintered glass disk. As the compound
examined displayed comparable voltammetric behaviours on glassy
carbon and platinum electrodes, the working electrode used in mac-
roelectrolysis was a large-area platinum gauze, while a platinum
spiral served as counter electrode. In controlled-potential electro-
lyses, an Amel model 552 potentiostat coupled to an Amel model
731 integrator was employed. Unless otherwise stated, voltam-
metric and coulometric measurements were performed at room
temperature using 2 m [Au2(OH)2(tppz)]Cl4 and 0.1  supporting
electrolyte (TBAP) DMF solutions. The cells were degassed with
pure nitrogen (99.99%), which was first passed through sulfuric
acid solution to remove traces of water and then equilibrated to
the vapour pressure of DMF, prior to the measurements.
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Condensation of a derivatized 2-aminoglucose fragment with
salicylaldehyde affords the new sugar-based Schiff base li-
gand benzyl 4,6-O-benzylidene-2-deoxy-2-salicylideneami-
no-α-D-glucopyranoside (H2L). The reaction of the dibasic
ligand H2L with [Cu(CH3COO)2]·H2O leads to the formation
of the tetranuclear copper(II) complex [{Cu(L)}4] (3) by a self-
assembly process. The X-ray structural analysis of complex
3 which crystallizes together with two molecules of chloro-
form and one molecule of ethanol in the space group P212121

revealed for all copper atoms a NO3 coordination environ-
ment with a square-planar geometry. The tetranuclear mole-
cule 3 consists of four chiral building blocks {Cu(L)} with the
rare 2,3-coordination of the trans-configured donor atoms of

Introduction
Carbohydrates are the most abundant biogenic class of

compounds involved in a wide range of functions in living
organisms. In case of cellulose, sugars act as scaffolding ma-
terial in plants. Monosaccharide fragments are participat-
ing in glycolipids and glycoproteins and play an important
role in various biological processes e.g. as building blocks
for nucleotides and of the ADP/ATP energy-storage sys-
tem.[1] Many sugar-metabolizing enzymes have been re-
vealed to function with alkaline earth and transition metal
ions in the active sites.[2–10]

Although the importance of sugar–metal interaction is
known for many years, the field of sugar–metal complexes
is still largely unexplored. Only for the past two decades,
sugars received a growing interest as ligand components in
bioorganic chemistry due to their enantiomerically pure
natural abundance and their polyfunctionality. The vicinal
functional groups feature many donor atoms forming stable
chelate complexes.[11–15] Furthermore, carbohydrates com-
bine interesting properties like stable chiral scaffold and
supramolecular arrangement. Well-known modification
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the sugar backbone. The observed coordination mode of the
building blocks exemplifies how chitosan-derived polysac-
charide ligands can act as a chiral support for transition-
metal complexes. The C-3 alcoholate oxygen atoms of the
carbohydrate unit is bridging adjacent {Cu(L)} moieties re-
sulting in an eight-membered Cu4O4 ring with a boat-like
conformation. Temperature-dependent magnetic measure-
ments of 3 indicate moderate antiferromagnetic interactions
between the four copper(II) ions with a coupling constant of
J = –130 cm–1.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

strategies for introducing additional donor groups into the
sugar backbone are N-glycosylation with polyamines[16–22]

and nucleophilic substitution of bromoethyl-O-glyco-
sides.[23–28] A further method is the condensation of amino
saccharides and carbonyl components resulting in triden-
tate Schiff base ligands.[29–31]

The corresponding transition-metal complexes show a
large tendency for coordinative saturation via coligation or
self-assembly to polynuclear compounds by oxo-bridging.
Many naturally available copper-containing enzymes like
catechol oxidase[32] or ascorbate oxidase[33] exhibit a poly-
nuclear active site. Thus, polynuclear sugar-modified cop-
per(II) complexes are interesting concerning their biorele-
vance as structural and/or functional models for various
metalloenzymes. However, the rare examples described in
literature are linear trinuclear and cyclic di- or tetranuclear
copper(II) complexes which are based on either C-1 or C-6
amino functionalized carbohydrate fragments.[34–38]

Amino precursors have to be synthesized by N-glycosyl-
ation or a laborious six-step synthesis with participation of
various protecting groups. 2-Aminoglucose is the monomer
unit of chitosan which could be obtained from acidic de-
acetylation of chitin (see Scheme 1). The β-(1-4)-linked
polysaccharide is the structural element in the exoskeleton
of crustaceans. The vision of creating polymeric catalysts
provoked us to more detailed studies of the coordination
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chemistry of Schiff base ligands derived from the mono-
meric chitosan fragment 2-aminoglucose.

Scheme 1. 2-Aminoglucose backbone as found in chitosan.

Results and Discussion

Synthesis and Characterization

Starting from benzyl 2-amino-4,6-O-benzylidene-2-de-
oxy-α--glucopyranoside (1)[39,40] the Schiff base ligand
H2L (2) was prepared by condensation with salicylaldehyde
in methanol as depicted in Scheme 2. The synthesized Schiff
base ligand 2 was characterized by IR, NMR and ESI-MS
studies as well as elemental analysis. The IR band at
1637 cm–1 is attributed to the valence vibration of the imino
group. In the NMR spectra the corresponding resonances
of the imino group are present at δ = 167.8 ppm (13C NMR)
and at δ = 9.91 ppm (1H NMR). The proton on C-1 of the
-glucose moiety leads to a doublet in the 1H NMR spec-
trum with 3J12 = 3.7 Hz indicative for the exclusive presence
of the α-anomer of the saccharide unit associated with the
cis position of the protons attached to C-1 and C-2. Due
to its hydrophobic phenyl groups the sugar ligand 2 is solu-
ble in less polar solvents.

For complexation an aqueous solution of [Cu(CH3-
COO)2]·H2O was added to a chloroform solution of 2 in a
1:1 molar ratio at room temperature. Ethanol was added
under vigorous stirring for homogenization of the generated
two-phase system. Slow evaporation of the dark green solu-
tion affords crystals of [{Cu(L)}4]·2CHCl3·EtOH (3·
2CHCl3·EtOH) as green prisms after 4 d. Due to its volatil-
ity, chloroform is removed first from the reaction mixture
leading to an increasing polarity of the remaining solution.
Owing to the poor solubility of 3 in polar solvents the
formed copper(II) complex can be isolated in very high
yields.

Scheme 2. Reaction scheme for the synthesis of ligand H2L (2).
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In accordance with the molecular ion peaks at 2092
([{Cu(L)}4+H]+) and 2113 ([{Cu(L)}4+Na]+) obtained
from ESI-MS measurements, complex 3 also appears to ex-
ist as undissociated tetranuclear species in solution. UV/Vis
studies of the green copper(II) complex 3 performed in
chloroform solution exhibit two charge–transfer bands at
277 and 370 nm and a third band at 628 nm attributed to
a d–d transition. No weight loss can be found up to the
decomposition temperature by TGA measurement indicat-
ing that all solvent molecules are removed during the air-
drying process consistent with the formula [{Cu(L)}4] for
complex 3. This is further corroborated by the results ob-
tained from elemental analysis.

To the best of our knowledge complex 3 is the first tetra-
nuclear transition-metal complex derived from the mono-
meric chitosan unit 2-aminoglucose. Copper(II) structures
on the basis of C-1-salicylidene-functionalized Schiff base
ligands of 1-amino--sorbitol[35] and 1-amino-4,6-O-ethyl-
idene-β--glucopyranose[38] have recently been reported.
Furthermore, 3 is the first transition-metal complex charac-
terized by X-ray crystallography featuring a trans-config-
ured coordination of donor atoms at C-2 and C-3 of the
sugar moiety. From literature 2-aminoglucose-derived cis-
dioxomolybdenum(VI) complexes are known with the metal
center coordinated by the imino nitrogen atom and the al-
coholate oxygen atom at the anomeric carbon atom C-1.[41]

Structure Description

Figure 1 shows the molecular structure of the complex
[{Cu(L)}4] (3) which was found in crystals of
3·2CHCl3·EtOH. The observed space group P212121 is con-
sistent with the appearance of only one diastereomer
formed by self-assembly of the four neutral mononuclear
chiral building blocks {Cu(L)}. Selected distances and
angles are given in Table 1. Each copper(II) center is coor-
dinated in a square-planar environment by a phenolate oxy-
gen atom of the salicylidene residue, a nitrogen atom of the
C-2 imino group and a C-3 alcoholate oxygen atom of the
sugar backbone. The fourth position is occupied by an ad-
ditional C-3 alcoholate group from an adjacent sugar unit.
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Figure 1. Molecular structure of [{Cu(L)}4] (3) in crystals of 3·2CHCl3·EtOH. Solvent molecules and hydrogen atoms are omitted for
clarity. (left) View approximately along the pseudo S4 axis of the central Cu4 tetrahedron. (right) Side view, indicating the boat-like
conformation of the Cu4O4 metallocycle.

All 2-aminoglucose moieties adopt the more stable 4C1

chair conformation. The copper(II) centers are included
well in each NO3 coordination plane with deviations less
than 0.05 Å from the corresponding mean planes. The N–
Cu–O and O–Cu–O angles are varying from 83.9 to 94.5°
and from 170.5 to 177.1°, which is consistent with a slightly
distorted square-planar geometry at the copper atoms.

The tetranuclear complex 3 is formed by a self-assembly
process of four chiral building blocks {Cu(L)}, with the C-
3 alcoholate oxygen atoms being the bridging links between
adjacent {Cu(L)} moieties. The resulting eight-membered
Cu4O4 ring depicted in Figure 2 is folded in a boat-like con-
formation. The metal centers occupy the vertices of a dis-
torted tetrahedron which is bisected by the distorted tetrag-
onal plane [torsion angle τ(O13–O23–O33–O43) = 51.8°]
composed of the linker alcoholate oxygen atoms Oi3 (i is
the running number assigned to the {Cu(L)} moieties) with
its normal vector almost collinear to the pseudo C2 axis
of the [{Cu(L)}4] molecule. This results in a non-coplanar
orientation of the coordination planes of the four {Cu(L)}
moieties given by Cui, Ni, Oi3, Oi6 and Oj3 (i and j are
the running numbers of the {Cu(L)} moieties). The angles
between adjacent planes are ranging from 68.4 to 88.9°,
whereas the angles between opposite planes are 43.0 (Cu1
and Cu3) and 45.7° (Cu2 and Cu4).

In accordance with the Cui–Oi3 distances ranging from
1.917 to 1.957 Å the C-3 alcoholate groups are deproton-
ated affording a dianionic ligand unit and finally complex
3 as a neutral species. All bond lengths and angles of com-
plex 3 are in the expected range (see Table 1). Unlike the
square-planar coordination found for the metal centers in
3, the only two other sugar-based tetranuclear copper(II)
complexes described in literature[35,38] exhibit a square-py-
ramidal coordination environment at the copper(II) ions. In

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3400–34063402

Table 1. Selected distances [Å] and angles [°] for [{Cu(L)}4] (3) in
crystals of 3·2CHCl3·EtOH.

Distances

Cu1–N1 1.926(3) Cu2–N2 1.982(3)
Cu1–O13 1.957(3) Cu2–O23 1.917(3)
Cu1–O16 1.900(3) Cu2–O26 1.908(3)
Cu1–O43 1.938(3) Cu2–O13 1.939(3)
Cu3–N3 1.953(3) Cu4–N4 1.956(3)
Cu3–O23 1.933(3) Cu4–O33 1.928(3)
Cu3–O33 1.925(3) Cu4–O43 1.947(3)
Cu3–O36 1.890(3) Cu4–O46 1.917(3)
Cu1···Cu2 3.395(4) Cu2···Cu3 3.407(6)
Cu1···Cu3 3.610(5) Cu2···Cu4 3.881(5)
Cu1···Cu4 3.435(5) Cu3···Cu4 3.454(5)

Angles

N1–Cu1–O13 84.56(12) N2–Cu2–O23 83.91(12)
N1–Cu1–O16 93.49(12) N2–Cu2–O26 92.05(13)
N1–Cu1–O43 170.50(13) N2–Cu2–O13 173.43(13)
O13–Cu1–O16 171.96(13) O23–Cu2–O26 175.53(12)
O13–Cu1–O43 88.49(11) O23–Cu2–O13 89.92(11)
O16–Cu1–O43 94.26(12) O26–Cu2–O13 94.05(12)
N3–Cu3–O33 85.32(12) N4–Cu4–O43 84.11(13)
N3–Cu3–O36 93.68(13) N4–Cu4–O46 91.61(13)
N3–Cu3–O23 171.75(13) N4–Cu4–O33 176.11(13)
O33–Cu3–O36 177.16(13) O43–Cu4–O46 174.41(11)
O33–Cu3–O23 86.59(12) O43–Cu4–O33 92.49(12)
O36–Cu3–O23 94.48(12) O46–Cu4–O33 91.65(12)
Cu1–O13–Cu2 121.21(13) Cu2–O23–Cu3 124.47(13)
Cu1–O43–Cu4 124.30(14) Cu3–O33–Cu4 127.34(14)

the latter cases, the apical position is occupied by an ad-
ditional alcoholate group from the sugar backbone. The ab-
sence of an auxiliary accessible donor function in H2L (2)
may be the reason for the observed coordination number
four in complex 3. Unsaturated copper(II) centers are inter-
esting with respect to catalysis due to a possible substrate
binding at the unoccupied fifth position.
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Figure 2. Representation of the central Cu4O4 core of complex 3.

Magnetic Properties

Magnetic susceptibility measurements of powder samples
of 3 were carried out in the temperature range of 2–300 K
at an applied magnetic field of 500 Oe. The magnetic data
are represented as χM vs. T and χMT vs. T plots in Figure 3.
The molar paramagnetic susceptibility χM is corrected for
the diamagnetic contributions using Pascal’s constants. χM

goes through a maximum at about 150 K and is increasing
again below 25 K due to the presence of paramagnetic im-
purities. The observed low-temperature value of χMT is in
accordance with an S = 0 ground state of 3. The high-tem-
perature value of 1.41 cm3 Kmol–1 at 300 K is slightly below
the expected spin-only value for four independent cop-
per(II) ions. The temperature dependence of χMT clearly
indicates antiferromagnetic exchange interactions within
the tetranuclear core of complex 3.

Figure 3. Plots of χM vs. T (�), χMT vs. T (�) for 3. The solid lines
represent the best fit to the experimental data (see text).

On the basis of the Cu···Cu distances ranging from 3.39
to 3.88 Å and the unfavorable relative orientations of the
copper coordination planes, direct interactions between the
metal centers are not very likely. Therefore, the prominent
interaction is most likely superexchange through the alco-
holate bridges. In the majority of cases the central Cu4O4

Eur. J. Inorg. Chem. 2006, 3400–3406 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3403

unit of tetranuclear copper(II) complexes exhibits a cubane-
like structure treated as a dimer of Cu2O2 fragments. In
complex 3 the Cu4O4 metallocyclic core unit adopts the un-
usual boat-like conformation found for only two other mag-
netically studied examples.[35,42]

Because of the similarity of the Cui–Oi3 distances rang-
ing from 1.917 to 1.957 Å and the Cui–Oi3–Cuj bridging
angles ranging from 121.2 to 127.3°, only one coupling con-
stant J is employed. This assumption is confirmed by the
obtained quality of the best fit (solid lines in Figure 3) on
the basis of the Heisenberg spin Hamiltonian given in
Equation (1)[43] to the experimental data, which results in a
coefficient of determination of r2 = 0.99999. The fit param-
eters g = 2.15, J = –130 cm–1, ρ = 0.0024 and χTIP =
6.9·10–4 cm3 mol–1 were obtained by least-square methods
utilizing Equation (2) (χTIP = temperature-independent
paramagnetism). To account for small amounts of para-
magnetic impurity in the sample indicated by the χM vs. T
plot, the additional constant ρ (fraction of paramagnetic
impurity) was included in Equation (2). The contributions
of ρ become significant at temperatures below 20 K.

(1)

(2)

For dinuclear copper complexes with a planar Cu2O2

core magneto-structural correlations between the Cu–
O(R)–Cu bridging angle (α) and the singlet-triplet splitting
(J) have been reported depending on the nature of the
bridging unit (R = H, alkyl, aryl).[44] On the basis of the
Cui–Oi3–Cuj bridging angles observed for complex 3, rang-
ing from 121 to 127°, the relationship found for alcoholate-
bridged copper(II) complexes (J = 82.1α–7857) would esti-
mate a very strong antiferromagnetic interaction of about
2000 cm–1, which is a rather poor prediction. Although this
difference may be related to the variation of the number
of bridges, this cannot account for the overall effect. More
important is the fact that for planar Cu2O2 arrangements
the bridging angle is a sufficient parameter to describe the
interaction of the magnetic orbitals based on their given
coplanar orientation, whereas this is not the case for com-
plexes with single alcoholate bridges. Therefore, additional
parameters are essential in order to describe the relative ori-
entation of the magnetic orbitals for systems with single
alcoholate bridges, as found in the case of complex 3. An
important structural feature in this context is the torsion
angle between adjacent copper coordination planes.[45] For
complex 3 the relevant torsion angles range from 68 to 89°.
This missing coplanarity of the adjacent Cu coordination
planes is associated with poor overlap of the magnetic or-
bitals.[46] Hence, this can explain the comparatively low
value of J observed for complex 3.
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Conclusions

The reaction of the sugar-derived Schiff base ligand H2L
(2), obtained from the condensation of benzyl 2-amino-4,6-
O-benzylidene-2-deoxy-α--glucopyranoside (1) and sali-
cylaldehyde, with [Cu(CH3COO)2]·H2O affords the tetranu-
clear complex [{Cu(L)}4] (3) by a self-assembly process of
the chiral building blocks {Cu(L)}. The structure determi-
nation by X-ray crystallography revealed the exclusive pres-
ence of square-planar coordination environments for the
copper(II) ions, which to the best of our knowledge is as
yet unprecedented in literature for oligonuclear complexes
with sugar-derived Schiff base ligands. The square-planar
coordination of the copper centers is given by a phenolate
oxygen atom of the salicylidene residue, a nitrogen atom of
the C-2 imino group and a C-3 alcoholate oxygen atom of
the sugar backbone as well as the bridging C-3 alcoholate
oxygen atom of the adjacent {Cu(L)} building block. The
four adjacent {Cu(L)} moieties are linked by the C-3 alco-
holate oxygen atoms resulting in an eight-membered Cu4O4

metallocycle adopting a boat-like conformation. This is un-
common for such a tetranuclear oxygen atom bridged core
unit, for which usually a cubane-like structure is observed.
Magnetic studies of complex 3 show moderate antiferro-
magnetic interactions between the copper(II) centers with a
coupling constant of J = –130 cm–1. Regarding to the ob-
tuse Cui–Oi3–Cuj bridging angles of more than 120° much
larger exchange interactions would be predicted on the ba-
sis of magneto-structural correlations derived from binu-
clear complexes. This is mainly because of the missing co-
planarity of the adjacent Cu coordination planes and hence
the magnetic orbitals. As first example for 2-amino sugar-
derived transition-metal complexes exhibiting a 2,3-coordi-
nation of the trans-configured donor atoms of the sugar
backbone, 3 provides useful insight to the opportunity of
constructing polysaccharide-based coordination com-
pounds, in particular chitosan-derived polymer complexes.

Experimental Section
Material: The precursor ligand benzyl 2-amino-4,6-O-benzylidene-
2-deoxy-α--glucopyranoside (1) was obtained by a three-step syn-
thesis starting from N-acetyl-α--glucopyranosamine following re-
ported procedures.[39,40] All other chemicals were purchased from
commercial suppliers and used without further purification.

Physical Measurements: Melting points are given uncorrected and
were determined with a VEB Analytik Dresden HMK 72/41555.
Thermogravimetric analysis (TGA) for powdered samples was per-
formed with a Netzsch STA409PC Luxx apparatus under constant
flow of nitrogen ranging from room temperature up to 1000 °C
with a heating rate of 1 °C/min. Infrared and Raman spectra were
recorded with a Bruker IFS55/EQUINOX spectrometer. 1H and
13C NMR experiments were carried out with a Bruker AVANCE
DRX 400 spectrometer. The exact interpretation was accomplished
by additional two-dimensional experiments. For the labeling
scheme see Scheme 2. UV/Vis spectra were recorded with a Varian
CARY 5000 UV/Vis-NIR spectrometer. Mass spectra were mea-
sured with a Bruker MAT SSQ 710 spectrometer. Elemental analy-
ses were determined with a Leco CHNS/932 elemental analyzer
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and a VARIO EL III. Magnetic susceptibilities were obtained from
powdered samples using a Quantum-Design MPMSR-5S SQUID
magnetometer equipped with a 5-Tesla magnet in the range from
300 to 2 K. The diamagnetic correction of the sample was esti-
mated from Pascal’s constants.

Crystallographic Study: Crystallization of complex 3 from a mix-
ture of chloroform, ethanol and water afforded green prismatic
crystals of [{Cu(L)}4]·2CHCl3·EtOH (3·2CHCl3·EtOH) suitable for
X-ray measurements. Single crystals were selected while still cov-
ered with mother liquor under a polarizing microscope and fixed
on fine glass fibers. X-ray measurements were carried out with a
Nonius Kappa CCD diffractometer using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å). The crystallographic data
is summarized in Table 2. The structure was solved by direct meth-
ods with SHELXS-97[47] and was full-matrix least-squares refined
against F2 using SHELXL-97.[47] The refinement afforded a Flack
parameter of 0.004(8). Anisotropic thermal parameters were used
for all non-hydrogen atoms except the ethanol solvent molecules.
Hydrogen atoms were calculated and treated as riding atoms with
fixed thermal parameters. CCDC-602321 contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Centre
via www.ccdc.cam.ac.uk/data-request/cif.

Table 2. Crystallographic data and structure refinement parameters
for 3·2CHCl3·EtOH.

Empirical formula C112H108Cl6Cu4N4O25

Formula mass [g/mol] 2376.88
Crystal size [mm] 0.5×0.5×0.5
Crystal system orthorhombic
Space group P212121

a [Å] 15.137(3)
b [Å] 26.021(5)
c [Å] 26.987(5)
V [Å3] 10629(4)
T [K] 183(2)
Z 4
ρcalcd. [g/cm–1] 1.485
µ [mm–1] 1.017
θ range [°] 1.09–27.48
Unique data 24107
Observed data [I�2σ(I)] 17801
Parameters 1362
Goodness-of-fit on F2 1.077
R1 for observed data 0.0464
wR2 for all data 0.1270

Synthesis of Benzyl 4,6-O-Benzylidene-2-deoxy-2-salicylideneamino-
α-D-glucopyranoside (H2L) (2): Salicylaldehyde (0.65 mL;
6.10 mmol) was added to a suspension of 1 (2.00 g, 4.33 mmol) in
60 mL methanol at room temperature. A clear yellow solution was
obtained within 2 min. After stirring additional 10 min a yellow
solid precipitated. The mixture was subsequently stirred for an-
other 20 min before the precipitate was collected by filtration. The
product was washed with a small amount of methanol and then
dried in air. Yield: 2.40 g (93%). C27H27NO6 (461.52): calcd. C
70.27, H 5.90, N 3.04; found C 69.12, H 6.00, N 2.70. M.p. 94–
96 °C. IR (KBr): ν̃ = 3447 (ν O–H), 3064, 3032 (ν C–H arom.),
2909 (νas CH2), 2870 (νs CH2), 1637 (ν CH=N), 1580, 1498 (ν
C=C), 1454 (δ CH2), 1374, 1351, 1316, 1282, 1211, 1151 (ν C–O),
1050 (ν C–O), 1024 (ν C–O), 984, 754, 733, 697 cm–1. 1H NMR
(400 MHz, CDCl3, 25 °C): δ = 3.45 (dd, 3J2,1 = 3.7, 3J2,3 = 9.5 Hz,
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1 H, 2-H), 3.63 (dd, 3J4,3 = 3J4,5 = 9.5 Hz, 1 H, 4-H), 3.81 (dd,
2J6a,6e = 3J6a,5 = 10.4 Hz, 1 H, 6a-H), 4.09 (ddd, 3J5,6a = 9.9, 3J5,6e

= 4.9 Hz, 1 H, 5-H), 4.29–4.36 (m, 2 H, 3-H and 6e-H), 4.61 and
4.81 (2d, 2J7a,7b = 12.2 Hz, each 1 H, 7a-H and 7b-H), 4.92 (d, 3J1,2

= 3.7 Hz, 1 H, 1-H), 5.59 (s, 1 H, 21-H), 6.89 (dt, Jd = 1.1, Jt =
7.5 Hz, 1 H, Ph), 7.01 (d, Jd = 8.2 Hz, 1 H, Ph), 7.26–7.41 (m, 10
H, Ph), 7.50–7.53 (m, 2 H, Ph), 9.91 (s, 1 H, 14-H), 13.50 (s, 1 H,
20-OH) ppm. 13C NMR (100 MHz, CDCl3, 25 °C): δ = 62.9 (C5),
69.0 (C3, C6), 69.8 (C7), 72.6 (C2), 81.9 (C4), 98.5 (C1), 102.2
(C21), 117.3, 118.5, 118.6, 126.36, 127.9, 128.0, 128.4, 128.5, 129.3,
131.8, 132.8, 136.9, 137.1 (all Ph), 161.6 (C20), 167.8 (C14) ppm.
ESI-MS: m/z (%) = 484 [(H2L)+Na]+ (100).

Synthesis of [{Cu(L)}4] (3): A solution of [Cu(CH3COO)2]·H2O
(174 mg, 0.87 mmol) in 5 mL water was added dropwise to a solu-
tion of 2 (400 mg, 0.87 mmol) in 15 mL chloroform at room tem-
perature. Subsequently 30 mL ethanol were added under vigorous
stirring. Complex 3 was obtained in form of green crystals of
[{Cu(L)}4]·2CHCl3·EtOH suitable for X-ray measurements after
4 d. The crystals have been isolated, washed with a small amount
of ethanol and dried in air affording a solvent-free material. Yield:
417 mg (92%). C108H100Cu4N4O24 (2092.23): calcd. C 62.00, H
4.82, N 2.69; found C 61.95, H 4.79, N 2.57. Decomposition inter-
val: 284–307 °C. IR (KBr): ν̃ = 3447 (ν O–H), 3063, 3030 (ν C–H
arom.), 2929 and 2910 (νas CH2), 2884 and 2860 (νs CH2), 1636 (ν
CH=N), 1603 and 1533 (ν C=C), 1452 (δ CH2), 1387, 1349, 1332,
1192, 1148 (ν C–O), 1119 (ν C–O), 1097 (ν C–O), 1065 (ν C–O),
1024 (ν C–O), 913, 756, 737, 699, 653 cm–1. Raman (solid): ν̃ =
3052 (ν C–H arom.), 2962, 2937 (νas CH2), 2889, 2870, 2860 (νs

CH2), 1637 (ν C=N), 1603, 1535 (ν C=C), 1457, 1451 (δ CH2),
1359, 1350, 1249, 1209, 1027 and 1003 (ν C–O), 808 cm–1. UV/Vis
(CHCl3): λmax (ε) = 277 (4.21·104), 370 (2.17·104), 632 nm (4.97·102

l mol–1 cm–1). ESI-MS: m/z (%) = 2092 [{Cu(L)}4 +H]+ (11); 2113
[{Cu(L)}4 +Na]+ (100).
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Discrete ZnII Complexes of 1H-1,10-Phenanthroline-2-one
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The hydrothermal reaction of 1H-1,10-phenanthroline-2-one
(Hophen), zinc acetate, benzoic acid (Hba), and triethyl-
amine (3.0 mL) yields the tetranuclear complex [Zn4(µ3-
OH)2(ophen)4(ba)2] (2), which features a chair-like Zn4(µ3-
OH)2 cluster with two ba ligands centrosymmetrically ori-
ented. [(OAc){Zn3(µ3-OH)(ophen)3}(ox){Zn3(µ3-OH)(ophen)3}-
(OAc)] (3; ox = oxalate) was isolated when less triethylamine
(1.0 mL) was used. Two Zn3(µ3-OH)(ophen)3 clusters in 3 are
linked together by an oxalate to form a dumbbell-like struc-
ture in which the acetate and oxalate ligands point outward
from the Zn3(µ3-OH)(ophen)3 cluster with an acute bending
angle. A geometric analysis reveals that Zn3(µ3-OH)-
(ophen)3 and dicarboxylate with an obtuse bending angle
cannot form an infinite zigzag chain, whereas the ring isomer

Introduction
The rational design of supramolecular metal–organic

compounds has received considerable attention. Due to the
lack of control over the self-assembly of individual metal
ions or ligands, chemists have introduced metal clusters as
molecular building blocks as they offer greater structural
rigidity and predictable coordination geometries.[1] This
strategy has been successfully combined with net-based or
reticular approaches to assemble many pre-designed cluster-
based coordination polymers,[2] and has recently been ex-
tended to discrete metal–organic polyhedra.[3] Discrete
metal–organic polygons and polyhedra have been widely
studied[4] and continue to be one of the most interesting
research topics.[3,5–9] Generally, the vertices or the edges of
these polygons and polyhedra are occupied by single metal
ions such as cis-protected PtII and PdII,[4–7] while reported
cluster-based polygons or polyhedra are rare.[3,8,9] System-
atic studies of cluster-based polygons have mainly been con-
cerned with cis-protected Mo2

4+ and Rh2
4+ dimetal units.[8]

It should be noted that common metal clusters can possess
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can. With isophthalate (ipa), thiophene-2,5-dicarboxylate
(tda), and 4,4�-oxybis(benzoate) (oba) instead of the acetate
of 3 three new complexes, namely [{Zn3(µ3-OH)(ophen)3}-
(ipa)2{Zn3(µ3-OH)(ophen)3}]·0.5H2O (4), [{Zn3(µ3-OH)-
(ophen)3}(tda)2{Zn3(µ3-OH)(ophen)3}] (5), and [{Zn3(µ3-OH)-
(ophen)3}(oba)2{Zn3(µ3-OH)(ophen)3}] (6), were obtained in
which two Zn3(µ3-OH)(ophen)3 clusters are linked by a pair
of ipa, tda, or oba ligands to form isostructural, cluster-based
2:2 metallomacrocycles. Photoluminescence studies of 2–6
revealed that their luminescent properties are derived from
ophen-based π-π* excited states.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

more than two leaving groups, for example there are six
substitutable acetates in [Zn4O(OAc)6], whereas a polygon
requires uniquely two-connected building blocks. Therefore,
known cluster-based metal–organic polygons are extremely
rare, especially for trinuclear or larger metal clusters. In this
context, the key strategy for the rational construction of
cluster-based polygons is to select metal clusters with only
two substitutable monotopic ligands.

Another problem in the controlled assembly of metal–
organic polygons comes from the phenomenon of supramo-
lecular isomerism. Both polygons and infinite zigzag chains
as possible extended superstructures can be obtained for a
given set of two-connected angular and/or linear molecular
building blocks.[10] The kinetically favored infinite frame-
work structures are usually the dominant species for highly
insoluble metal–organic systems, especially those neutral
ones such as metal polyazolates/polycarboxylates. There-
fore, the reaction conditions should also be controlled to
avoid the formation of infinite chain isomers.

Recently, we discovered a novel chelating/bridging li-
gand, namely 1H-1,10-phenanthroline-2-one (Hophen),
which tends to form polynuclear metal clusters such as
[Cu2(ophen)2],[11] [Cd3(ophen)5Cl], and [Zn4(µ4-O)-
(ophen)4(OAc)2] (1).[12] Obviously, the two acetate ligands
located on two opposite sides of the centrosymmetric clus-
ter of 1 might be substituted by angular dicarboxylates to
form infinite chains or finite rings. Unfortunately, our pre-
liminary trials of substituting the acetates in 1 by dicarbox-
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Scheme 1. Simplification of 1 as a linear two-connected building block (a) and two typical supramolecular isomers formed by using a
bent dicarboxylate to substitute the two acetates of 1 (b).

ylates failed. From a geometrical point of view, centrosym-
metric Zn4(µ4-O)(ophen)4 is a linear two-connector since
the two acetates are located on two opposite sides of the
Zn4(µ4-O) core. When a common rigid angular dicarboxyl-
ate such as isophthalate is used, the hypothetical cluster-
based hexagonal ring of Zn4(µ4-O)(ophen)4 should be ex-
pected. Similar to the approaches for copper(I) imidazolate
rings,[6a] the inner cavity of this hexagon is too large for
common templates. Although we can use dicarboxylates
with smaller bending angles (much smaller than 120°) to
reduce the difficulty, such rigid angular dicarboxylates are
not readily available. Alternatively, we can also shift our
attention to reducing the bending angle by modifying the
ZnII cluster.

Since acidity can play an important role in controlling
the degree of aggregation and the structure of oxo/hydroxo-
bridged ZnII clusters, we anticipated being able to synthe-
size new ZnII clusters by varying the reaction conditions,
especially the pH. Simple carboxylates like acetate and ben-
zoate were used as the potential leaving groups. Herein, we
report our step-by-step approach toward the rational design
and synthesis of a new series of cluster-based metallacycles
(Scheme 1).

Results and Discussion

Synthesis and Structure

We first obtained the discrete, tetranuclear cluster
[Zn4(µ3-OH)2(ophen)4(ba)2] (2; ba = benzoate) using trieth-
ylamine (3.0 mL) as base, while the oxo-bridged 1 was syn-
thesized by using the very strong base NaOCH3. The four
ZnII ions of 2 are bridged by two µ3-OH– groups [Zn–O1
1.932(2)–2.018(2) Å] to form a centrosymmetric, chair-like
Zn4(µ3-OH)2 core. The ZnII ions are also chelated by the
bipyridyl fragments of ophen ligands [Zn–N 2.028(2)–
2.127(2) Å] (Figure 1). The ketone oxygen atoms of the
ophen ligands further bridge the Zn4(µ3-OH)2 core either
by coordinating to ZnII ions [Zn1–O3 2.018(2) Å] or by hy-
drogen bonding to the hydroxo groups (O1···O2 2.562(2) Å,
O1–H···O2 166(3)°]. The outer ZnII ions are further coordi-
nated by ba ligands in a chelating mode [Zn2–O4 2.247(2),
Zn2–O5 2.088(2) Å]. According to the above discussion, 2 is
not a good candidate for the construction of cluster-based

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3407–34123408

metallacycles as the ba ligands are oriented centrosymmet-
rically, as in 1.

Figure 1. Perspective view of the molecular structure of 2 (a: –x,
1 – y, –z).

The chair-like Zn4(µ3-OH)2 cluster is composed of two
edge-sharing triangular Zn3(µ3-OH) clusters. One may ex-
pect that changing the pH value would either prevent or
promote the expansion of the Zn3(µ3-OH) cluster, and con-
sequently modify the size and symmetry of the ZnII cluster.
For example, Zn4(µ4-O) or Zn5(µ3-OH)2 might be generated
at higher pH, while Zn3(µ3-OH) might be generated at
lower pH. When the experiments were carried out using less
triethylamine (1.0 mL), we managed to isolate several new
complexes with the expected Zn3(µ3-OH)(ophen)3 clusters.
A discrete, hexanuclear complex [(OAc){Zn3(µ3-OH)-
(ophen)3}(ox){Zn3(µ3-OH)(ophen)3}(OAc)] (3; ox =
oxalate) was isolated in 20% yield by the solvothermal reac-
tion of Zn(OAc)2, Hophen, triethylamine, and benzoic acid
in water. We subsequently found that 3 could also be syn-
thesized in a higher yield (40%) in the absence of benzoic
acid. The Zn3(µ3-OH) cluster in 3 [Zn–O1 1.983(2)–
2.037(2) Å] replicates part of the Zn4(µ3-OH)2 core in 2.
Each of the three ZnII ions is also chelated by a correspond-
ing ophen ligand through its bipyridyl fragment [Zn–N
2.062(2)–2.193(2) Å]. Each ketone oxygen atom of the
ophen ligands further ligates another ZnII ion [Zn–O
1.962(2)–2.125(2) Å]. An acetate ligand coordinates to the
outer sphere of Zn3(µ3-OH)(ophen)3 by ligation to the ZnII
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ion [Zn–O 2.053(2) Å] and hydrogen bonding to the hy-
droxy ion (O1···O8 2.594(3) Å, O1–H···O8 170(3)°]. Finally,
two {Zn3(µ3-OH)(ophen)3}(OAc) moieties are linked by a
bis-chelating, exo-tetradentate oxalate ligand [Zn–O
2.011(2)–2.169(2) Å]. This unexpected oxalate ligand must
be derived from an acetate since no oxalic acid or oxalate
was added. An oxalate ligand can be generated by oxidation
of ethanol or oxidative coupling of methanol under solvo-
thermal conditions using nitrate as the oxidant.[13] It has
also been reported that oxalate can be generated by the de-
carboxylative coupling of isonicotinates under solvothermal
conditions.[14] Since no obvious oxidant was added in our
experiment, we believe that the oxalate in 3 might be de-
rived from the decarboxylative coupling of an acetate (Fig-
ure 2).

Figure 2. Perspective view of the molecular structure of 3 (a: –x,
–y, 1 – z).

Two carboxylate vectors (OAc– and ox2–) in 3 point out-
ward from Zn3(µ3-OH)(ophen)3 with a bending angle of
around 30° (or turning angle of around 150°). Therefore,
we can construct a 2:2 cluster-based metallacycle by substi-
tuting the carboxylates by dicarboxylates with a bending
angle of about 150° (or turning angle of about 30°). Inter-
estingly, these two types of two-connected molecular build-
ing blocks, which individually contain an acute or an obtuse
bending angle, cannot be self-assembled into an infinite zig-
zag chain, as illustrated in Scheme 1. Geometrically, this
phenomenon can be explained by considering the geometric
criteria for these isomers. For the ring isomers, the overall
turning angle is equal to 360° = n(x + y) (x � 0, y � 0, x
� y, n � 2), whereas for the zigzag chain isomers the overall
turning angle is equal to 0° � n(x – y) (x � 0, y � 0, x �
y, n � 2), where x and y are the turning angles of the molec-
ular building blocks and n is the number of repeat units. In
other words, a finite ring-like structure would be much
more easily obtained in such a self-assembly system because
it does not contain infinite zigzag chain isomers (Scheme 2).

We therefore used isophthalate (ipa), thiophene-2,5-di-
carboxylate (tda), and 4,4�-oxybis(benzoate) (oba) as the
obtuse dicarboxylates to replace the acetate and oxalate.
Three new, isostructural, centrosymmetric, cluster-based
metallacycles, namely [{Zn3(µ3-OH)(ophen)3}(ipa)2-
{Zn3(µ3-OH)(ophen)3}]·0.5H2O (4), [{Zn3(µ3-OH)-
(ophen)3}(tda)2{Zn3(µ3-OH)(ophen)3}] (5), and [{Zn3(µ3-
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Scheme 2. Simplification of the Zn3(µ3-OH)(ophen)3 cluster as an
angular building block (a) and possible extended structures for
combining two different types of angular building blocks (b).

OH)(ophen)3}(oba)2{Zn3(µ3-OH)(ophen)3}] (6), were ob-
tained in high yields under solvothermal conditions similar
to that of 3. It should be noted that no zigzag chain isomer
or other crystalline product was isolated in these experi-
ments (Figure 3).

The Zn3(µ3-OH)(ophen)3 clusters in 4–6 are isostructural
to that of 3 with similar structural parameters [Zn–OH
1.950(1)–2.059(1), Zn–N 2.022(2)–2.177(2), Zn–Oophen

1.968(2)–2.196(2) Å], while the acetate and oxalate ligands
in 3 are now replaced by dicarboxylate ligands. The coordi-
nation/hydrogen-bonding mode of the carboxylate group of
the acetate in 3 is retained in 4–6 [Zn2–O7a 2.042(2)–
2.056(2), O1···O8a 2.613(2)–2.668(3) Å; O1–H···O8a
160(3)–168(3)°]. The stable five-membered chelating mode
of the oxalate in 3 is not available for ipa, tda, or oba, and
is replaced by four-membered chelating carboxylate groups
in 4–6. Two Zn–O bond lengths of the chelating carboxylate
groups in 4–6 show remarkable structure-related differ-
ences. Two carboxylate groups in an ipa moiety are oriented
with a bending angle of about 120°, which is significantly
smaller than the required angle of 150°. This structural de-
viation is compensated for by distorting the very energeti-
cally stable, ideal chelating carboxylate to a quasi-mono-
dentate one [Zn1–O5 1.946(2), Zn1–O6 2.560(2) Å]. On the
other hand, two carboxylate groups in tda are oriented with
a bending angle of about 140°, and the difference in the
Zn–O bond lengths in 5 [Zn1–O5 2.039(2), Zn1–O6
2.283(2) Å] is much smaller than that in 4. A short intramo-
lecular S···S contact [3.461(2) Å] is also found in 5. Further-
more, the bending angle of oba (ca. 130°) and the difference
in Zn–O bond lengths in 6 [Zn1–O5 2.002(2), Zn1–O6
2.366(2) Å] lies between those of ipa and tba.

Two Zn3(µ3-OH)(ophen)3 clusters are linked by different
dicarboxylates to give nanosized supermolecules. According
to the lengths of the dicarboxylates, the sizes of 3–6 vary
from 1.76 to 2.15, 2.20, and 2.72 nm, respectively. Similar
to 1, intermolecular, head-to-tail π-π stacking interactions
are the major supramolecular interactions between the dis-
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Figure 3. Perspective view of the molecular structures of 4 (a: –x, –y, 1 – z), 5 (a: 1 – x, –y, 1 – z), and 6 (a: –x, –y, –z).

crete molecules in 2–6. Significant intramolecular, head-to-
head π-π stacking interactions are also found in 1–6. Al-
though 2–6 are discrete, neutral molecules, they are barely
soluble in common solvents. This interesting phenomenon
has also been observed in other solvothermally synthesized
discrete complexes and may be partially ascribed to the sig-
nificant three-dimensional packing of the molecules (see
Supporting Information).

Photoluminescence

Compounds 2–6 display bright blue to green photolumi-
nescence upon UV irradiation. The photoluminescence pa-
rameters of 2–6 are summarized in Table 1 and the emission

Table 1. Photoluminescence properties of 2–6.

Excitation [nm] Emission [nm] Lifetime [ns]

2 383 sh, 402 sh, 418 487 3.43(5)
3 375, 404 sh 464 3.58(4)
4 383, 402 sh, 409 sh 468 6.97(1)
5 383, 401 sh, 413 469 7.70(2)
6 376, 393 sh, 406 477 7.57(4)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3407–34123410

and excitation spectra of 2–6 are shown in Figure 4. The
solid-state photoluminescent properties of 2–6 are very sim-
ilar to those of 1,[12] thus implying that the carboxylate li-
gands may not influence the nature or energy of the lumi-
nescence-related electronic ground state or excited state.
The carboxylate ligands in 1–6 have much smaller π-conju-

Figure 4. Photoluminescence spectra of 2–6.
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gated systems than that of the ophen ligand, therefore the
lowest lying HOMO–LUMOs should be mainly localized
on the ophen ligand, which results in an ophen-based π-π*
excitation mechanism. Compared with that of oxo-bridged
1 (15 ns), the shorter luminescence lifetime of 2–6 (3.4–
7.7 ns) may be attributed to the quenching effect of the OH
stretch.

Conclusions

Based on geometrical considerations and a strategy of
controlling the reaction condition, we have successfully syn-
thesized a new series of cluster-based metallacycles. Our re-
sults demonstrate that the degree of aggregation of the hy-
droxy- or oxo-bridged Zn–ophen cluster can be simply con-
trolled by varying the reaction conditions, generating
[Zn4(µ4-O)(ophen)4]2+, [Zn4(µ3-OH)2(ophen)4]2+, or
[Zn3(µ3-OH)(ophen)3]2+ from very high (NaOMe) to rela-
tively low basicity (triethylamine). Although the above Zn
clusters are potential candidates for the construction of
cluster-based metallacycles, we have demonstrated that
[Zn3(µ3-OH)(ophen)3]2+, which binds two carboxylate
groups in an acute angle, can easily form 2:2 metallacycles
with different dicarboxylate ligands with obtuse bending
angles. The self-assembly principle has been rationalized in
the context of supramolecular isomerism, in which the infi-
nite zigzag chain isomer is excluded by the geometrical
requirements of the molecular building blocks. Owing to its
tendency to form metal clusters, ophen may be an excellent
ligand for paramagnetic transition metal ions to form metal
clusters of significance in molecular magnetism.

Experimental Section
General Remarks: Commercially available reagents were used as re-
ceived without further purification. Hophen was prepared by our
previously reported method.[12] IR spectra were obtained from KBr
pellets on a Bruker EQUINOX 55 FT IR spectrometer in the 400–
4000 cm–1 region. Elemental analyses (C, H, N) were performed

Table 2. Crystallographic data and structure refinement for 2–6.

Compound 2 3 4 5 6

Formula C62H40N8O10Zn4 C76H44N12O16Zn6 C88H53N12O16.5Zn6 C84H48N12O16S2Zn6 C100H60N12O18Zn6

Formula weight 1318.50 1803.52 1934.64 1937.68 2109.82
Space group P21/c (no. 14) P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2) P1̄ (no. 2)
a [Å] 10.3041(6) 10.5382(6) 10.4276(5) 10.4076(5) 11.1842(5)
b [Å] 13.5436(8) 10.8562(6) 10.8019(6) 10.6861(5) 14.1429(6)
c [Å] 18.8727(11) 17.2856(10) 20.1650(10) 18.5376(9) 15.7344(8)
α [°] 90 81.156(1) 91.529(1) 98.675(1) 64.734(2)
β [°] 104.884(1) 76.051(1) 104.170(1) 96.148(1) 87.895(2)
γ [°] 90 61.021(1) 118.809(1) 116.608(1) 73.613(2)
V [Å3] 2545.4(3) 1677.35(16) 1901.49(17) 1786.32(15) 2149.23(17)
Z 2 1 1 1 1
Dc [gcm–3] 1.720 1.785 1.689 1.801 1.630
µ [mm–1] 1.938 2.197 1.945 2.126 1.729
Final R indices[a] R1 = 0.0492 R1 = 0.0499 R1 = 0.0346 R1 = 0.0450 R1 = 0.0395
All data[a] wR2 = 0.0917 wR2 = 0.0938 wR2 = 0.0795 wR2 = 0.0955 wR2 = 0.0938
GooF 1.039 1.002 1.046 1.033 1.028

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|; wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.
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with a Perkin–Elmer 240 elemental analyzer. The steady-state fluo-
rescent and fluorescence lifetimes were determined with an Edin-
burgh Instrument FLS920 fluorescence spectrophotometer. Single-
crystal samples were used in photoluminescence analyses.

Synthesis of [Zn4(µ3-OH)2(ophen)4(ba)2] (2): Reaction of a mixture
of Zn(OAc)2·2H2O (0.220 g, 1.0 mmol), Hophen (0.196 g,
1.0 mmol), benzoic acid (0.060 g, 0.5 mmol), triethylamine
(3.0 mL), and water (10.0 mL) in a 23-mL Teflon-lined bomb at
160 °C for 80 h afforded yellow, block-like crystals (yield: 0.20 g,
60%). C62H40N8O10Zn4 (1318.6): calcd. C 56.47, H 3.06, N 8.50;
found C 56.34, H 3.09, N 8.39. IR: ν̃ = 3059 cm–1 w, 1624 s, 1593 s,
1560 s, 1534 s, 1483 s, 1391 s, 1313 w, 1136 m, 845 s, 723 m, 657 m,
473 w.

Synthesis of [(OAc){Zn3(µ3-OH)(ophen)3}(ox){Zn3(µ3-OH)-
(ophen)3}(OAc)] (3): Reaction of a mixture of Zn(OAc)2·2H2O
(0.220 g, 1.0 mmol), Hophen (0.196 g, 1.0 mmol), triethylamine
(1.0 mL), and water (10.0 mL) in a 23-mL Teflon-lined bomb at
160 °C for 80 h afforded yellow, block-like crystals (yield: 0.12 g,
40%). C76H44N12O16Zn6 (1773.6): calcd. C 51.47, H 2.50, N 9.48;
found C 51.36, H 2.54, N 9.40. IR: ν̃ = 3409 cm–1 w, 3057 w,
2921 w, 1652 s, 1624 s, 1560 s, 1526 s, 1481 s, 1389 s, 1309 m,
1138 m, 943 w, 846 s, 734 m, 659 m, 496 m.

Synthesis of [{Zn3(µ3-OH)(ophen)3}(ipa)2{Zn3(µ3-OH)(ophen)3}]·
0.5H2O (4): Reaction of a mixture of Zn(OAc)2·2H2O (0.220 g,
1.0 mmol), Hophen (0.196 g, 1.0 mmol), isophthalic acid (0.041 g,
0.25 mmol), triethylamine (1.0 mL), and water (10.0 mL) in a 23-
mL Teflon-lined bomb at 160 °C for 80 h afforded yellow, block-
like crystals (yield: 0.19 g, 80%). C88H53N12O16.5Zn6 (1934.8):
calcd. C 54.63, H 2.76, N 8.69; found C 54.67, H 2.68, N 8.72.
IR: ν̃ = 3411 cm–1 w, 3057 w, 1624 s, 1561 s, 1528 s, 11484 s, 1388 s,
1307 w, 1140 w, 944 w, 846 s, 737 m, 657 m, 496 w.

Synthesis of [{Zn3(µ3-OH)(ophen)3}(tda)2{Zn3(µ3-OH)(ophen)3}]
(5): Reaction of a mixture of Zn(OAc)2·2H2O (0.220 g, 1.0 mmol),
Hophen (0.196 g, 1.0 mmol), thiophene-2,5-dicarboxylic acid
(0.043 g, 0.25 mmol), triethylamine (1.0 mL), and water (10.0 mL)
in a 23-mL Teflon-lined bomb at 160 °C for 80 h afforded yellow,
block-like crystals (yield: 0.16 g, 65%). C84H48N12O16S2Zn6

(1937.8): calcd. C 52.06, H 2.50, N 8.67, S 3.31; found C 52.17, H
2.51, N 8.59; S 3.18. IR: ν̃ = 3421 cm–1 w, 3059 w, 1624 s, 1563 s,
1526 s, 1482 s, 1391 s, 1141 w, 943 w, 846 s, 735 m, 656 w, 498 w.

Synthesis of [{Zn3(µ3-OH)(ophen)3}(oba)2{Zn3(µ3-OH)(ophen)3}]
(6): Reaction of a mixture of Zn(OAc)2·2H2O (0.220 g, 1.0 mmol),
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Hophen (0.196 g, 1.0 mmol), 4,4�-oxybis(benzoic acid) (0.060 g,
0.25 mmol), triethylamine (1.0 mL), and water (10.0 mL) in a 23-
mL Teflon-lined bomb at 160 °C for 80 h afforded yellow, block-
like crystals (yield 0.18 g, 70%). C100H60N12O18Zn6 (2110.0): calcd.
C 56.92, H 2.87, N 7.97; found C 56.87, H 2.95, N 7.83. IR: ν̃ =
3418 cm–1 w, 3051 w, 1625 s, 1595 s, 1559 s, 1534 s, 1484 s, 1390 s,
1243 s, 1161 m, 849 s, 781 m, 734 m, 704 m, 661 m, 496 w.

X-ray Crystallographic Study: Diffraction intensities were collected
at 293(2) K on a Bruker Smart APEX CCD area-detector dif-
fractometer (Mo-Kα, λ = 0.71073 Å). Absorption corrections were
applied by using the multi-scan program SADABS.[15] The struc-
tures were solved by direct methods and refined with a full-matrix
least-squares technique with the SHELXTL program package.[16]

Anisotropic thermal parameters were applied to all non-hydrogen
atoms. The organic hydrogen atoms were generated geometrically
(C–H: 0.96 Å); hydroxy hydrogen atoms were located from differ-
ence maps and refined with isotropic temperature factors. Crystal
data as well as details of data collection and refinements for the
complexes are summarized in Table 2.

CCDC-291301 to -291305 (for 2–6) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Hexagonal ammonium tungsten bronze, (NH4)0.33–xWO3–y, is
a possible constituent of the intermediate “tungsten blue ox-
ide” in non-sag (NS) tungsten production and a material of
chromogenic and sensor interest. Its formation has been
studied by in situ high-temperature powder X-ray diffraction
(HT-XRD) accompanied by semiquantitative phase analysis
through the partial thermal reduction of ammonium para-
tungstate tetrahydrate, (NH4)10[H2W12O42]·4H2O, in flowing
10% H2/He. The effect of the heating program on the forma-

Introduction

Hexagonal ammonium tungsten bronze (HATB),
(NH4)0.33–xWO3–y, is one of the compounds that may be
intermediates in the powder metallurgical production of
tungsten lamp filaments. Partial reduction of the starting
material, ammonium paratungstate tetrahydrate (APT),
(NH4)10[H2W12O42]·4H2O, between 400 and 600 °C pro-
duces an intermediate product (called “tungsten blue ox-
ide”), which is a possible mixture of different phases. It is
doped with K, Al and Si that ensure, after complete re-
duction in hydrogen, an overlapping crystallite structure of
tungsten powder, which finally provides appropriate me-
chanical stability (a so-called “non-sag” feature) to tungsten
filaments even at high operating temperatures in lamps.[1–3]

Among the possible constituents of “tungsten blue oxide”
(an X-ray amorphous phase, WO3, WO2.9, WO2.72, WO2

and tungsten bronzes[1,2,4–7]), hexagonal ammonium tung-
sten bronze may have an important role in the doping pro-
cess because of its ion-exchange property.[4,5,8,9]

Furthermore, for applications in electrochromic de-
vices,[1,10–14] humidity[15,16] and gas sensors[17–21] as well as
secondary batteries,[22] metastable tungsten oxides and ox-
ide bronzes have attracted much attention in the past dec-
ades due to their open-tunnel structures.[1,2,23,24] Hexagonal
ammonium tungsten bronze is an interesting member of
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tion of the title compound has been discussed. Highly crystal-
line, monophasic hexagonal ammonium tungsten bronze
prepared by partial reduction of ammonium paratungstate
tetrahydrate has been characterised by high-precision pow-
der XRD, X-ray photoelectron spectroscopy (XPS), chemical
analysis and solid-state 1H NMR spectroscopy (1H-MAS-
NMR).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

these compounds because of its mixed proton and electron
conductivity[25] and, in addition, hexagonal WO3 can be
produced by its oxidation,[26] the latter being one of the
most studied tungsten oxides.[22,27–29] Besides hydrother-
mal[25,30] and solvothermal[31,32] synthetic methods, the par-
tial reduction of APT is also a viable way of preparing the
hexagonal ammonium tungsten bronze for these fields of
interest.

For further studies on the various aforementioned reac-
tions and applications of the title compound, it is advisable
to obtain a deeper insight into its formation through the
partial reduction of APT. In previous studies, when heating
APT at a rate of 5–10 °Cmin–1, hexagonal ammonium
tungsten bronze readily appeared between 350 and 600 °C
but was accompanied by some other phases (monoclinic,
orthorhombic or hexagonal WO3 in air,[1,2,33–37] tetragonal
hydrogen tungsten bronze, WO2.9, WO2.72 and WO2 in re-
ducing gases[1,2,7,37–40] and X-ray amorphous phase in all
cases). On the other hand, a monophasic, crystalline and/or
partly amorphous hexagonal ammonium tungsten bronze
could be produced when APT was decomposed in a furnace
between 300 and 500 °C in reducing[41–45] or inert gases.[46]

In an attempt to explain the effect of the heating condi-
tions on the partial reduction of APT, we report here our
results obtained by in situ high-temperature powder X-ray
diffraction (HT-XRD) in flowing 10% H2/He on the forma-
tion and thermal stability of hexagonal ammonium tung-
sten bronze. Supported by the results of our HT-XRD mea-
surements and also by earlier studies,[1,2,7,37–46] we have pro-
posed a model for the formation of the title compound
through the partial reduction of APT. In harmony with this
model, HATB has been prepared in a monophasic, highly
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crystalline form and its composition and structure have
been studied by high-precision powder XRD, X-ray photo-
electron spectroscopy (XPS), chemical analysis and solid-
state 1H NMR spectroscopy (1H-MAS-NMR).

Results and Discussion

Formation and Thermal Stability of Hexagonal Ammonium
Tungsten Bronze

On the basis of earlier studies,[43–45] an annealing tem-
perature of 400 °C seemed to be the most suitable for the
formation of the monophasic title compound when heating
APT in a furnace in a reducing gas. This process (fast heat-
ing of APT followed by an isothermal period) has been
modelled by in situ HT-XRD measurements in flowing
10% H2/He.

Straight after (1 min) rapid heating (100 °Cmin–1) of
APT to 400 °C, hexagonal ammonium tungsten bronze,
HATB (ICDD 42-0452), tetragonal hydrogen tungsten
bronze, THTB, HxWO3–y (ICDD 23-1448), and an X-ray
amorphous phase were identified in the XRD pattern (Fig-
ure 1). The 2θ = 23.702° reflection of HATB (I/I0 = 65%)
and the 2θ = 22.980° reflection of THTB (I/I0 = 50%) were
used for semiquantitative phase analysis. The amounts of
crystalline hexagonal bronze and tetragonal bronze were
69% and 31%, respectively (Figure 2). This is much higher
than in the case of heating APT slowly (5 °Cmin–1) to
450 °C, whereby the proportion of HATB was 34%.[47]

Figure 1. In situ HT-XRD patterns at 400 °C after rapid heating
(100 °Cmin–1) of APT in 10% H2/He.
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Figure 2. Amount of the formed crystalline tungsten bronzes from
APT at 400 °C after rapid heating (100 °Cmin–1) in 10 % H2/He.

During consecutive heating at 400 °C, the sample became
more crystalline. This is indicated by the growth in intensity
of reflections from both the hexagonal and tetragonal
bronzes (Figure 1). On the other hand, the ratio of the hex-
agonal phase increased steadily (Figure 2). A further in-
crease in the crystallinity of the sample and the amount of
the hexagonal bronze (80%) accompanied cooling of the
sample to room temperature (r.t.), which followed the 4 h
isothermal heating period.

Our present study, as well as a comparison of earlier re-
sults,[1,2,7,37–46] shows that the heating conditions of APT in
a reducing gas influence the formation of the bronzes, i.e.
formation of the hexagonal bronze is favoured when APT
is heated rapidly whereas for the formation of the tetragonal
bronze, slow heating is favourable. We propose an explana-
tion in terms of structure for this phenomenon.

The structure of APT is basically determined by the par-
atungstate ion, [H2W12O42]10–, which is built up from twelve
WO6 octahedra. These large ions are bound together by
water molecules and ammonium ions.[48] When annealing
APT at 250–300 °C (in fact this is the third main decompo-
sition step of APT[1,2,37]), ammonia and water are released,
structural collapse and rearrangement take place, i.e. some
WO6 octahedra from separate paratungstate ions become
linked together and an amorphous phase is formed.[49] In
this structure, a certain number of water molecules, ammo-
nium ions as well as ammonia molecules are trapped and
therefore cannot be released in this temperature region.
From the amorphous phase, tungsten bronzes and then
tungsten oxides form on further heating at 300–600 °C.

We suppose that the heating rate of APT determines the
process of WO6 octahedra linking and the amount of
trapped molecules and ions. This then also determines the
possibility of the formation of hexagonal and tetragonal
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bronzes. Ammonia molecules and ammonium ions fit in the
hexagonal channels of HATB the best. Therefore, the faster
APT is heated, the more ammonia molecules and ammo-
nium ions (as well as water molecules) are trapped in the
cages between the WO6 octahedra. This results in a higher
proportion of hexagonal bronze.

The growth in the amount of HATB during the isother-
mal period must also be explained. One solution might be
that the tetragonal bronze becomes transformed into the
hexagonal material.[39] The other possibility is that right af-
ter (1 min; Figure 2) the rapid heating of APT, only a part
of the sample crystallised. Since under such circumstances
the formation of the hexagonal phase seems to be favoured,
during the isothermal period, when the other part of the
sample also crystallised, HATB was formed to a greater
extent than THTB resulting in a growth in the percentage
of the hexagonal bronze.

It should be mentioned that we observed only a phase
mixture at all stages of the reaction and that the hexagonal
bronze was accompanied by small amounts of the tetrago-
nal bronze even after 4 h of annealing. We assume that the
difference of the decomposition conditions for APT in a
furnace and in a high-temperature camera may be the
reason why a monophasic HATB finally did not form in
our experiments.

However, we clearly detected that during fast heating and
then during isothermal heating of APT, much more hexago-
nal bronze than tetragonal bronze formed. We also ob-
served that during the isothermal stage the sample became
more crystalline. Our results and assumptions together with
earlier studies[41–46] thus show that when HATB is required
in a highly crystalline, monophasic form, APT has to be
heated rapidly, preferably at 400 °C in a reducing gas, and
kept under these conditions for several hours, which in
practice corresponds to heating APT in a furnace.

It is very interesting that in air formation of the tetrago-
nal hydrogen tungsten bronze was not observed as de-
scribed earlier and that hexagonal ammonium tungsten
bronze was accompanied by an X-ray amorphous phase
and/or by crystalline monoclinic, orthorhombic or hexago-
nal WO3.[1,2,33–37] In this case, oxidation might also have an
effect on the linking process of paratungstate ions, which
should be responsible for the absence of the tetragonal
bronze during the decomposition sequence of APT in air.

Characterisation of Hexagonal Ammonium Tungsten
Bronze

In order to check our model of how highly crystalline,
monophasic hexagonal ammonium tungsten bronze is

Table 1. Recalculation of cell parameters of HATB samples for which d values have been previously published.[8,44,46]

Source Compound a [nm] σa [nm] c [nm] σc [nm]

Ref.[46] ICDD 42-0452 (NH4)0.33WO3 0.7392 0.0002 0.7512 0.0003
Recalculated ref.[46] 0.7391 0.0001 0.7512 0.0002

Ref.[44] (NH4)0.25WO3 0.7388 0.0003 0.7551 0.0006
Recalculated ref.[44] 0.7388 0.0003 0.7550 0.0006

Ref.[8] (NH4)0.1135WO2.9832·(H2O)0.14 0.7389 not given 0.7514 not given
Recalculated ref.[8] 0.7379 0.0005 0.7508 0.0009
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formed through the partial reduction of APT, ammonium
paratungstate tetrahydrate was annealed at 400 °C for 6 h in
H2. The structure and composition of the resultant HATB
sample were determined by high-precision powder XRD,
XPS, chemical analysis and 1H-MAS-NMR spectroscopy.

Characterisation of Hexagonal Ammonium Tungsten
Bronze by High-Precision XRD

XRD analysis showed that the HATB sample contained
only the hexagonal ammonium tungsten bronze phase,
which was identified by the ICDD 42-0452 card in space
group P63/mcm, no. 193.[46] The sample was highly crystal-
line [the signal/background ratio for the (2,0,0) reflection
was 6050 cps/60 cps] and an X-ray amorphous phase was
not detected. Thus, a monophasic, highly crystalline hexag-
onal ammonium tungsten bronze could be successfully pro-
duced by partial thermal reduction of APT, in agreement
with our model.

To check the cell parameter refining program, we recal-
culated the cell parameters of the title compound on the
basis of the measured reflections of HATB found in the
literature[8,44,46] and this showed the reliability of our pro-
gram (Table 1). The slight difference in literature cell pa-
rameters[8,44,46] might have been caused mostly by the differ-
ences in the compositions of hexagonal ammonium tung-
sten bronze samples.[5]

In order to obtain precise XRD data, we used all the
simulated reflections of the P63/mcm, no. 193 space group
for finding and indexing the reflections in the measured
XRD pattern of the HATB sample. The simulated reflec-
tions were calculated with PulverX using cell parameters of
HATB reported by Dickens et al.[44] Deconvolution of
peaks, base line correction, splitting of peaks from Cu-Kα1

and -Kα2 radiation, profile fitting and, finally, correction of
reflections on the basis of an Si internal standard were then
performed. The obtained reflections of HATB are listed in
Table 2.

The following cell parameters of the HATB sample were
obtained: a = 0.7381±0.0001 nm, c = 0.7540±0.0002 nm.

While we could detect all the measurable 77 reflections
of HATB, Kiss et al.[8] observed 49 reflections, Dickens et
al.[44] listed 20 and Volkov[46] detected 25 of them. Interest-
ingly, Kiss et al.[8] reported indices (3,0,1) and (5,0,3), which
are in contrast to the extinction rule of the space group P63/
mcm, no. 193.

Characterisation of Hexagonal Ammonium Tungsten
Bronze by XPS

In tungsten bronzes, the tungsten atoms may appear in
different oxidation states.[1,2] To check this for our HATB
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Table 2. Powder XRD data of HATB.

d [nm] I/I0 [%] hkl d [nm] I/I0 [%] hkl

0.6407 41.4 100 0.1277 0.3 500
0.3771 66.7 002 0.1267 0.4 323
0.3696 17.9 110 0.1257 0.8 006
0.3308 7.5 111 0.1233 0.9 106
0.3246 18.8 102 0.1226 0.9 330
0.3197 100.0 200 0.1220 3.0 413
0.2638 9.7 112 0.1219 3.0 404
0.2439 55.9 202 0.1216 1.5 331
0.2413 2.5 210 0.1210 2.1 502
0.2303 4.4 211 0.1209 1.7 420
0.2132 2.8 300 0.1188 0.5 116
0.2076 1.5 113 0.1170 1.8 206
0.2035 2.6 212 0.1168 1.5 332
0.1885 8.7 004 0.1158 0.9 324
0.1857 2.9 302 0.1152 2.8 422
0.1846 17.0 220 0.1149 2.0 315
0.1808 2.9 104 0.1148 1.5 510
0.1774 4.6 310 0.1136 2.2 511
0.1741 2.0 213 0.1121 0.6 414
0.1726 6.3 311 0.1114 0.2 216
0.1678 2.8 114 0.1105 1.1 333
0.1657 15.6 222 0.1098 0.9 512
0.1624 18.1 204 0.1082 0.2 306
0.1603 6.5 312 0.1066 0.6 600
0.1599 5.1 400 0.1052 0.3 325
0.1484 1.7 214 0.1050 0.2 430
0.1473 6.9 402 0.1045 2.0 513
0.1470 3.1 320 0.1040 0.9 431
0.1450 3.3 313 0.1038 1.5 226
0.1441 0.6 321 0.1035 0.5 117
0.1413 0.9 304 0.1030 0.6 334
0.1400 0.7 115 0.1026 0.6 316
0.1395 0.8 410 0.1025 1.0 602
0.1374 2.5 411 0.1024 0.4 415
0.1367 0.6 322 0.1023 0.4 520
0.1320 7.2 224 0.1018 2.7 424
0.1310 1.1 412 0.1015 0.7 521
0.1292 1.8 314 0.1011 0.1 432
0.1280 0.1 215

sample, the WO3 reference sample was investigated first. Be-
sides O atoms (O1s = 530.7 eV) only WVI atoms were de-
tected (Figure 3a), the W4f values of which (W4f7/2 =
36.9 eV and W4f5/2 = 34.8 eV) were in agreement with ear-
lier results.[27,50,51]

After refining the XPS spectrum belonging to the HATB
sample (Figure 3b), WIV atoms (W4f7/2 = 35.2 eV and
W4f5/2 = 33.2 eV) and WV atoms (W4f7/2 = 35.9 eV and
W4f5/2 = 33.5 eV) were also observed besides WVI

atoms.[52–54] Zhan et al.[32] also investigated a hexagonal
ammonium tungsten bronze sample by XPS but they did
not report the presence of WIV and WV atoms.

Furthermore, in our HATB sample, NH3 molecules (N1s
= 399.7 eV) were also detected in addition to NH4

+ ions
(N1s = 401.9 eV).[50,51] Up to this time ammonia molecules
were only detected in HATB by 1H-MAS-NMR spec-
troscopy[4,5] whereas they were not detected by XPS.[32]

Depth profiling by Ar+ ion sputtering was not informa-
tive because sputtering distorted the structure so much that,
due to oxygen loss, even W0 species (W4f7/2 = 32.5 eV and
W4f5/2 = 30.5 eV) appeared.[54–56]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3413–34183416

Figure 3. XPS spectra of (a) WO3 and (b) HATB.

Chemical Analysis of Hexagonal Ammonium Tungsten
Bronze

In order to determine the composition of the HATB
sample, it was first heated at 800 °C in argon in a Setaram
TG-DTA 92 thermobalance to form WO3–x and was then
heated at 800 °C in air to form WO3. From the correspond-
ing weight changes, the W and O contents of the sample
were calculated. The N content was determined by titration
of the ammonia released when the HATB sample was
heated in nitrogen. The ratio of NH4

+ ions to NH3 mole-
cules was measured by XPS. The total amount of H2O pres-
ent in the sample was calculated by complementing to
100% (m/m). The weight loss of the sample up to 100 °C,
i.e. corresponding to adsorbed water was not taken into ac-
count when calculating the stoichiometry. Thus, the
formula of the HATB sample was determined as
(NH4)0.07(NH3)0.04(H2O)0.09WO2.95. XPS analysis showed
no impurities in the sample.

In the case of HATB samples, for which cell parameters
and d values were published previously[8,44,46] (Table 1), the
chemical analysis of samples was not detailed enough. The
presence of NH3 molecules was not checked in any of the
reports corresponding to refs.[8,44,46] and the rate of re-
duction, i.e. the oxygen index, was not taken into account
in refs.[44,46].

Characterisation of Hexagonal Ammonium Tungsten
Bronze by 1H-MAS-NMR Spectroscopy

Because of the possible presence of some proton-contain-
ing species (NH3, NH4

+, H2O and OH group) in hexagonal
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ammonium tungsten bronze, the HATB sample was also
characterised by solid-state 1H NMR spectroscopy.

In the 1H-MAS-NMR spectrum of the WO3 reference
sample, only a small peak was observed at δ = 0.8 ppm,
which was also noticeable in the 1H-MAS-NMR spectrum
of HATB (Figure 4). Since this peak was also present in the
1H-MAS-NMR spectrum of the sample holder, we could
not check the presence of OH groups on the surface of WO3

and HATB particles.[4,5,57]

Figure 4. 1H-MAS-NMR spectrum of HATB.

In the1H-MAS-NMR spectrum of HATB, the large peak
at δ � 5 ppm seemed to be asymmetric and we could not
fit it properly with one or two but only with three peaks.
The peak at δ = 4.9 ppm was assigned to the ammonium
ions situated in the hexagonal channels, in accordance with
ref.[5] We suppose that the peak at δ = 5.8 ppm is due to
ammonia molecules in the hexagonal channels, an idea
which is also supported by our XPS measurements and also
by earlier results.[5] The peak at δ = 4.0 ppm may come from
water molecules bound to the surface of or inside the
bronze particles.

Conclusions

On the basis of in situ HT-XRD measurements and ear-
lier results,[1,2,7,37–45] we propose that the heating program
of APT influences the process of linking of WO6 octahedra
of paratungstate ions. This probably determines the likeli-
hood, as a result of structural factors, of the formation of
hexagonal ammonium tungsten bronze. Formation of mon-
ophasic hexagonal bronze is favoured the most when APT
is heated rapidly at 400 °C in a reducing gas. On the basis
of this model, the preparation of a highly crystalline, mon-
ophasic HATB sample was successful.

Chemical analysis of the resultant hexagonal ammonium
tungsten bronze sample showed a composition of
(NH4)0.07(NH3)0.04(H2O)0.09WO2.95. The presence of WIV,
WV and WVI species detected by XPS supports the electron-
conducting properties while the presence of NH3 molecules
and NH4

+ ions detected by XPS and 1H-MAS-NMR spec-
troscopy supports the proton-conducting properties of the
title compound. With powder XRD analysis more reflec-
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tions of hexagonal ammonium tungsten bronze were de-
tected than previously observed.

Experimental Section
Ammonium Paratungstate Tetrahydrate: Ammonium paratungstate
tetrahydrate (H. C. Starck GmbH), (NH4)10[H2W12O42]·4H2O
(ICDD 40-1470) was used as purchased (analysis: measured WO3

89.6%, NH3 5.1%; calculated WO3 88.8%, NH3 5.4%). XRD mea-
surements did not show any impurities in the APT sample.

Hexagonal Ammonium Tungsten Bronze: Hexagonal ammonium
tungsten bronze was produced by annealing APT at 400 °C for 6 h
in H2 since, on the basis of earlier results[43–45] and our HT-XRD
measurements, these conditions seemed to be the best for the for-
mation of highly crystalline, monophasic HATB.

Tungsten Trioxide: Monoclinic tungsten trioxide, WO3 (ICDD 83-
0951), was produced as a reference sample for XPS and 1H-MAS-
NMR spectroscopic analysis by heating APT at 600 °C for 2 h in
air. XRD, XPS and 1H-MAS-NMR spectroscopic measurements
did not show any impurities in the WO3 sample.

In situ High-Temperature Powder X-ray Diffraction (HT-XRD): HT-
XRD patterns were recorded with a device consisting of a Müller
Mikro 111 generator, a Philips PW 1710 diffractometer control unit
and a Philips PW 1050 goniometer between 2θ = 10–30° and 20–
26° at (0.02° per 0.5 s) with Cu-Kα1,2 radiation. Heating of samples
was performed in an Anton Paar HTK 16 high-temperature camera
in flowing 10% H2/He. Deconvolution of peaks, base-line correc-
tion, splitting of peaks from Cu-Kα1 and -Kα2 radiation as well as
profile fitting were carried out using Profit for Windows 1.0. The
relative ratio of the crystalline phases was calculated by semiquan-
titative phase analysis.

Powder X-ray Diffraction (XRD): X-ray diffraction pattern of the
title compound was recorded with a Philips MPD 1880 X-ray dif-
fractometer using Si (ICDD 27-1402) as an internal standard be-
tween 2θ = 5 and 100° at (0.01° per 3 s) with Cu-Kα1,2 radiation.
The same program and method were used to obtain the Cu-Kα1

reflections as in the case of in situ HT-XRD experiments. Mea-
sured reflections were indexed on the basis of simulated reflections
of the P63/mcm, no. 193 space group, which were calculated by
PulverX using cell parameters of HATB reported by Dickens et
al.[44] A linear interpolation was made between the deviations of
measured and standard d values at each Cu-Kα1 reflection belong-
ing to the Si internal standard and, using the function obtained
this way, the d values of HATB sample were corrected. The cell
parameters of hexagonal ammonium tungsten bronze were refined
using a gwbasic language program, which used non-linear fitting
(least square of 1/d2, Gauss–Newton–Marquardt method) without
weighting.[58]

X-ray Photoelectron Spectroscopy (XPS): XPS data were collected
with a VG Microtech instrument consisting of an XR3E2 X-ray
source, a twin anode (Mg-Kα and Al-Kα) and a CLAM 2 hemi-
spherical analyser using Mg-Kα radiation. Survey scans were ob-
tained in the 0–1100 eV range with a 20 eV pass energy at 0.4 eV
per 0.1 s. Detailed scans were recorded with a 50 eV pass energy at
0.05 eV per 1.5 s. The spectrometer was calibrated by using the
binding energy of the C 1s line (284.5 eV).

Solid-State 1H NMR Spectroscopy (1H-MAS-NMR): 1H-MAS-
NMR spectra were recorded with a Varian Unity 300 spectrometer
supplied with a Doty XC5 solid-phase 1H head at a rotor spinning
frequency of 4000 Hz in an XC5 insert (special sample holder),
which was set inside an Si3N4 rotor.
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Oxidation of the 1,3,2-diazaborole tBuNaCH=CHNb(tBu)-
BBr(Na–B) (1h) with NO+PF6

– afforded the diazaborolium
salts [tBuNa=CH–CH=Nb(tBu)BF2(Na–B)]+X– (X = Br–, Br3

–,
PF6

–) (3h) as the result of different oxidation processes. The
same product was obtained when the 1,3,2-diazaborolidine
tBuNaCH2CH2Nb(tBu)BBr(Na–B) (2h) was subjected to reac-
tion with NO+PF6

–. In contrast to this, oxidation of 1h and 2h
with NO+BF4

– cleanly furnished [tBuNaCH–CH=Nb(tBu)-
BFBr(Na–B)]+BF4

– (6h). Treatment of the 1,3,2-diazaboroles
tBuNaCH=CHNb(tBu)BR(Na–B) [R = H (1e), CN (1i), C�CH
(1j)] with NO+PF6

– under comparable conditions led to the

Introduction

The reactivity of the 1,3,2-diazaboroles I towards a broad
range of nucleophiles has been investigated intensively and
described in detail in the literature some years ago.[1] More
recently, the redox chemistry of these compounds and of
their saturated analogs, the 1,3,2-diazaborolidines II
(Scheme 1), has been studied by cyclic voltammetry and
He(I)-UV-photoelectron spectroscopy.[2]

Scheme 1. Diazaborole I, diazaborolidine II and boranide ion III.

The electrochemical reduction of diazaboroles to afford
the boranide ion III, however, has never been observed.
This is consistent with the results of their chemical re-
duction with sodium/potassium alloy, which also did not
lead to anions of the type III. The latter would be analo-
gous to Denk’s silylene[3] or to the related germylene.[4] The
alkali metal reduction of IV[5] and VI[6] afforded the dibo-
ranes(4) V and VII. Treatment of diazaborole 1h, however,
did not furnish the corresponding diborane(4) (Scheme 2).
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borolium salts [tBuNa=CH–CH=Nb(tBu)BRF(Na–B)]+PF6
– [R =

H (3e), CN (3i), C�CH (3j)]. All the borolium salts investi-
gated in this study were reversibly reduced by cyclic voltam-
metry. The novel products were characterized by elemental
analyses and NMR spectra (1H, 11B, 13C, 19F, 31P). The X-
ray structure analysis of 3h reveals two independent planar
cations in the asymmetric unit, accompanied by one bromide
and one tribromide ion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 2. Chemical reduction of 1,3,2-diazaboroles IV and VI.

The electrochemical oxidation of N,N-di-tert-butyldiaza-
boroles 1a–i by cyclic voltammetry displayed clean, but
irreversible waves, whereby the oxidation potentials Eox,1/2

vary strongly in dependence of the substitution pattern at
the boron center (Table 1). Thus, the amino-substituted
borole 1a as well as the methoxy-substituted heterocycle 1c
were oxidized much easier than the cyano- or bromodiaza-
boroles, 1h or 1i, which was rationalized by the donor and
acceptor abilities of the functional groups at the boron
atom. The corresponding saturated 1,3,2-diazaborolidines
with identical ligands at the boron atom exhibited the same
trend, but in general they were less easy oxidized. This trend
was confirmed by photoelectron spectroscopy of the hetero-
cycles in the gas phase.[2]
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Table 1. Oxidation potentials of 1a–i in CH2Cl2 vs. Fc/Fc+.

1 a b c d e f g h i

R NH2 OMe Me NMe2 H SMe SnMe3 Br CN
Eox [mV] –288 –58 124 158 310 354 396 576 752

Results and Discussion

With respect to the irreversible electrochemical oxidation
of diazaboroles, we were interested in the nature of the oxi-
dation products and thus decided to oxidize these heterocy-
cles chemically. The reaction of 1 equiv. of bromoborole 1h
with 2 equiv. of NO+PF6

– in CH2Cl2/hexane led to the
quantitative formation of the difluoroborolium salt 3h as
yellow crystals (Scheme 3). The counterion in the product,
however, was not uniform. Obviously, the bromo ligand of
1h was displaced by fluoride, which was released from a
PF6

– ion before, and serves now as a counterion in the salt
in addition to the PF6

– ion and the tribromide ion. The
presence of a Br3

– anion indicates that additional redox
processes have taken place. It could be formed from Br– by
the oxidation with excessive NO+PF6

–. In contrast to other
1,3,2-diazaborolium salts with bromo or chloro substitu-
ents, 3h was excellently soluble in dichloromethane and
moderately soluble in toluene.

Scheme 3. Oxidation of the bromoborole 1h and bromoborolidine
2h with NO+PF6

– (X = Br, Br3, PF6).

The reaction of the 1,3,2-diazaborolidine 2h with
NO+PF6

– under the same conditions also led to the forma-
tion of product 3h (Scheme 3). The employment of 4 equiv.
of NO+PF6

– did not lead to an improved yield. Instead
2 equiv. of the nitrosonium salt were recovered unaffected
after the reaction.

Another situation was encountered when the 1,3,2-diaza-
borole was substituted by poor leaving groups, like the hy-
drido, ethynyl or cyano units. Here, only one fluoride atom
was added to the boron center and borolium ions with two
different ligands were formed. Thus, the reaction of the hy-
droborole 1e, the cyanoborole 1i or the ethynylborole 1j
with 2 equiv. of NO+PF6

– afforded the intensely yellow (3e)
or red borolium salts (3i and 3j) in moderate to high yields
(Scheme 4).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3419–34243420

Scheme 4. Oxidation of diazaborole 1e, i, j with NO+PF6
–.

Here, the hexafluorophosphate was observed as the sole
counterion. The formation of the different diazaborolium
salts studied here requires a twofold electron transfer. Prin-
cipally, this could lead to the liberation of 2 equiv. of NO.
At the top of the reaction vessel, where the released gases
came into contact with air, an acidic reaction at a moist
indicator paper was observed (HNO3). The oxidation of the
diazaborolidine 2h to 3h, however, required the removal of
four electrons. According to experimental evidence this is
accomplished by only 2 equiv. of the nitrosonium salt. Ob-
vioulsy, here NO+ is reduced to a nitrogen species with an
oxidation number smaller than +II (N2?). The treatment of
diazaboroles containing electron-donating substituents on
the boron atom, like dimethylamino- or methoxy-function-
alized derivatives 1d and 1b with NO+PF6

–, did not lead
to the borolium salts. Here, a ring opening took place with
the formation of N,N�-di-tert-butyldiazabutadiene (4),
[Me2NBF2]2 (5d) or [MeOBF2]n (5b), which were identified
by comparison of their 1H and 11B NMR spectra with those
of authentic samples (Scheme 5).

Scheme 5. Oxidation of diazaboroles 1b, d with NO+PF6
–.

The 1,3,2-diazaboroles 1c, 1k (R = Ph) with methyl or
phenyl substituents at the boron center were reluctant
towards oxidation with NO+PF6

– despite the fact that the
methyl-substituted diazaborole 1c and its saturated analog
were easily oxidized electrochemically. Even an excess of the
oxidant and stirring in boiling toluene for hours did not
lead to the oxidation of the heterocycle.

Some of these experiments were repeated with NO+BF4
–

and AgPF6 With the hexafluorophosphate, the results of
the reaction with NO+PF6

– were reproduced. In contrast to
this, the reaction of 1h and 2h with NO+BF4

– led to the
mixed borolium salt 6h (Scheme 6). In addition to elemental
analysis, the identity of 6h was evidenced by ESI mass spec-
troscopy. The signal of the cation of 6h (m/z = 356 [M+])
was observed with the correct isotopic distribution.
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Scheme 6. Reaction of 1, 2h with NO+BF4
–.

With AgPF6 as an oxidation agent, side reactions were
observed depending on the stoichiometry of both reactants.
Equimolar amounts of bromoborole 1h and AgPF6 led to
the formation of equal portions of tBuNaCH=CHNb(tBu)-
BF(Na–B) (1l) and salt 3h. The formation of the fluoro-
borole 1l was avoided by the use of 2 equiv. of AgPF6, and
borolium salt 3h was then isolated as the only product.

Spectra and Structural Data

The 11B{1H} NMR spectrum of 3h displays several sig-
nals in the typical area for tetracoordinate boron (δ �
6 ppm), due to the various borolium salts present.[7] In the
1H NMR spectrum the ring protons absorb as broad sing-
lets at δ = 8.87 ppm. The NMR spectroscopic data of the
other borolium salts 3e,i,j and 6h are similar. ESI mass spec-
tra of all the different borolium salts were obtained,
whereby the cations represent the base peak. The products
of the reaction of 1,3,2-diazaboroles with electron-donating
groups (1b,d) were identified by comparison of the 1H and
11B{1H} NMR spectroscopic data with authentic samples.
In both cases, the 1H NMR spectrum displays two charac-
teristic singlets at δ = 1.10 and 8.09 ppm for the free N,N�-
di-tert-butyldiazabutadiene. In addition to that, in the 1H
NMR spectrum of the reaction of 1b with NO+PF6

–, an-
other singlet at δ = 1.24 ppm is present, which belongs to
the boron-bound methoxy group of the difluoro(methoxy)-
borane 5b. The product of the reaction of 1d with
NO+PF6

–, the difluoro(dimethylamino)borane 5d, shows in
the 1H NMR spectrum a singlet at δ = 1.36 ppm. In the
11B{1H} NMR spectrum, the signals for [F2BOMe]n (n =
2,3) are observed at δ = 0.66 ppm and for [F2BNMe2]2 at δ
= 1.08 ppm, in agreement with the data of authentic sam-
ples.

X-ray Structural Analysis of 3h

Yellow single crystals of 3h suitable for an X-ray diffrac-
tion study (Table 2) were grown from a dichloromethane/
hexane (1:1) mixture. Two independent diazaborolium cat-
ions are in the asymmetric unit in addition to one bromide
and one tribromide anion. There are no bonding contacts
between the cations and anions. The tribromide ion is

Eur. J. Inorg. Chem. 2006, 3419–3424 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3421

slightly bent [Br(3)–Br(2)–Br(4) 175.65(1)°] with bond
lengths Br(2)–Br(3) of 2.5811(4) Å and Br(2)–Br(4) of
2.5325(4) Å. In the symmetric anion of (Me3NH)Br3 the
Br–Br bond length amounts to 2.54 Å (Br–Br–Br 171°),
whereas in the nonsymmetric anion of (PBr4)Br3 (Br–Br–Br
177.3°) the Br–Br bond lengths are 2.39(1) and 2.91(1) Å.[8]

As the bonding parameters of both cations do not differ
significantly, only the ring constructed of the atoms B(1),
N(1), N(2), C(1) and C(2) is discussed in detail (Figure 1).
The structure features a planar five-membered heterocycle
(sum of bond angles 539.9°) with a tetracoordinate boron
atom. The bond lengths B(1)–F(1) [1.366(3) Å] and B(1)–
F(2) [1.369(3) Å] are slightly shorter than the B–F contacts
in the BF4

– ion of [{Mes*P=C(NMe2)}2Cu]BF4, which
range from 1.379(2) to 1.403(2) Å.[9] The boron–nitrogen
bonds [B(1)–N(1) 1.607(3) Å, B(1)–N(2) 1.611(3) Å] are sig-
nificantly longer than the average B–N single-bond of
1.59 Å found in amine–boranes.[10] Consistently, in com-
pound VIII the B–N distance amounts to 1.588(3) Å.[11] An
extremely long B–N bond was found in the Dewar borazine
IX [1.752 Å].[12]

Figure 1. Crystal structure of 3h; H atoms have been omitted for
clarity. Selected bond lengths [Å] and angles [°]: B(1)–N(1) 1.607(3),
B(1)–N(2) 1.611(3), B(1)–F(1) 1.366(3), B(1)–F(2) 1.369(3), N(1)–
C(1) 1.282(3), N(2)–C(2) 1.290(3), N(1)–C(3) 1.513(3), N(2)–C(7)
1.511, C(1)–C(2) 1.491(3); N(1)–B(1)–N(2) 97.2(2), B(1)–N(1)–C(1)
110.4(2), B(1)–N(2)–C(2) 109.8(2), N(1)–C(1)–C(2) 111.0(2), N(2)–
C(2)–C(1) 111.2(2), N(1)–B(1)–F(1) 110.9(2), N(1)–B(1)–F(2)
112.1(2), N(2)–B(1)–F(1) 112.4(2), N(2)–B(1)–F(2) 109.7(2), F(1)–
B(1)–F(2) 113.3(2), B(1)–N(1)–C(3) 124.9(2), B(1)–N(2)–C(7)
125.2(2), C(1)–N(1)–C(3) 124.7(2), C(2)–N(2)–C(7) 124.4(2).

In the precursor molecules, the 1,3,2-diazaborole B–N
bond lengths range from 1.40–1.45 Å [e.g., (trimethylstan-
nyl)diazaborole 1g: B–N 1.439(7) and 1.450(7) Å].[1b] The
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endocyclic C–N bond lengths [C(1)–N(1) 1.282(3) Å; C(2)–
N(2) 1.290(3) Å] are characteristic for double bonds which
are well comparable with those in the cyclic ketiminoborane
X [1.273(3)–1.277(2) Å].[13]

The carbon–carbon bond length in the cation
[1.491(3) Å] indicates a bond order of unity, whereas in the
precursor diazaboroles double bonds [e.g., 1.344(8) Å in 1g]
are typical. In the course of the oxidation process the angle
at the boron atom N(1)–B(1)–N(2) (in diazaboroles ca.
105°) was compressed to 97.42(16)° in 3h, whereas the en-
docyclic angles B(1)–N(1)–C(1) [110.41(17)°], B(1)–N(2)–
C(2) [109.8(2)°], N(1)–C(1)–C(2) [111.0(2)°] and N(2)–
C(2)–C(1) [111.2(2)°] are similar to those in 1g [107.1(4)–
110.2(5)°].

Electrochemical Data

The established protocol for the synthesis of 2-halo-
1,3,2-diazaboroles involves the reduction of the correspond-
ing diazaborolium salts with a strong reducing agent, e.g.
sodium amalgam.[1d] This preparative result is supported by
reductive cyclovoltammetric experiments. All borolium salts
3e,h,i,j and 6h show a clean, reversible curve in the range of
0 to –2 V, performed in dichloromethane or acetonitrile as
a solvent. The reductive cyclovoltammogram of 3j is shown
as a representative in Figure 2 with scan rates from 10 to
100 mV/s.

Figure 2. Reductive multiscan cyclovoltammogram of the borolium salt 3j, 0 to –700 mV, CH2Cl2 with TBAPF at scan rates 10, 20, 50
and 100 mV/s.
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The distance between the two extrema (120 mV) exceeds
the theroretical value of 58 mV and could be an indicator
for quasireversibility.

The reductive potentials E1/2 of the various borolium
salts, taken from square-wave voltammetry, vary from
–731 mV (3e) to –742 mV (3j), vs. the ferrocene/ferrocinium
standard. As expected, no electrochemical oxidation was
observed in the range of 0–3.2 V.

Conclusions

A number of 1,3,2-diazaboroles with different substitu-
ents at the boron atom can be irreversibly oxidized using
cyclic voltammetry; the potentials Eo, taken from square-
wave voltammetry, vary strongly, subject to the functional
group at the boron atom. We were interested in the nature
of the oxidation products and decided to study the chemical
oxidation of a series of 1,3,2-diazaboroles 1b–e and 1h,i,j.
The products were either borolium salts with two fluoride
ligands at the boron atom as given with 3h, or borolium
salts with one fluoride substituent in addition to the func-
tional group at the boron center. The latter situation was
observed with diazaboroles containing poor leaving groups
as given in 1e,i,j. With electron-donating groups at the bo-
ron atom (1b,d) oligomers of difluoroboranes were detected
as products. Interestingly, the alkyl- or aryl-substituted di-
azaboroles can not be oxidized chemically, although the
oxidative cyclovoltammogram of the methyl-substituted
borole 1c shows a clean, irreversible signal. The chemical
oxidation of the 2-bromodiazaborolidine 2h suprisingly led
to the same product 3h as in the case of the unsaturated
analog.



Chemical Oxidation of 1,3,2-Diazaboroles and 1,3,2-Diazaborolidines FULL PAPER
The borolium salts 3e,h,i,j and 6h are deeply colored, air-

stable compounds and prone for reduction by cyclic vol-
tammetry. Hereby, the values of E1/2 [ca. –735 mV] do not
vary significantly.

Experimental Section
General: All manipulations were performed under dry nitrogen.
Solvents were rigorously dried with appropriate drying agents and
distilled before use. The boron-containing heterocycles were pre-
pared as described in the literature: tBuNa=CH–CH=Nb(tBu)-
BR(Na–B) (1b–e,h,i,j; R = OMe,[5] Me,[14] NMe2,[1a] H,[1b] Br,[1d]

CN,[1a] C2H[1a]) and tBuNaCH2CH2Nb(tBu)BBr(Na–B) (2h).[2]

NMR spectra were recorded in CD2Cl2 with a Bruker AM Avance
DRX 500 spectrometer (1H, 11B, 13C, 19F) using SiMe4, BF3·OEt2

and CFCl3 as external standards, mass spectra with a VG Autospec
sector-field mass spectrometer (Micromass). The electrochemical
experiments were performed with a PAR Model 270A instrument
and the relevant software (Model 270). A system of microelectrodes
with a three-electrode array was used. As working electrode a plati-
num wire was used (1.5 cm length, 0.5 mm diameter), which was
formed to a helix around the counter electrode. A silver wire
(1.5 cm length, 1 mm diameter) served as pseudo-reference elec-
trode. All experiments were conducted in a glass device, which was
flame dried prior to use and filled with dry dinitrogen. The deter-
minations were performed in a 0.1  solution of tetrabutylammo-
nium hexafluorophosphate (TBAPF) in CH2Cl2 and MeCN with
concentrations of the analyte of ca. 1·10–4 mol L–1 in the range of
0–3 V. The cyclovoltammograms were recorded with scan rates of
5–700 mVs–1, whereby the results presented here were obtained
with scan rates of 10, 20, 50 and 100 mVs–1. All published poten-
tials were confirmed by square-wave voltammetry (frequency:
5 Hz). The oxidation potentials were referenced vs. the ferrocene/
ferrocinium couple (Eox = 0 eV) as a standard.

[(tBuNa=CH–CH=NbtBu)BF2(Na–B)]X (X = Br–, Br3
–, PF6

–) (3h).
Path a: Compound 1h (1.00 g, 3.86 mmol) was dissolved in a mix-
ture of 20 mL of CH2Cl2 and 20 mL of hexane and cooled to
–30 °C. Then solid NOPF6 (1.36 g, 7.72 mmol) was added. The
color of the solution turned pale yellow and after 2 h at 20 °C to
orange. After 2 d at 4 °C, the product 3h crystallized with different
counterions (1.61 g). Path b: Analogous protocol with 2h instead
of 1h. Path c: Analogous protocol with AgPF6 instead of NOPF6.
1H NMR: δ = 1.54 (s, 18 H, tBu), 8.87 (s, 2 H, NCH) ppm. 13C
NMR (CD2Cl2): δ = 27.7 [s, C(CH3)3], 60.8 [s, C(CH3)3], 151.2 (s,
NCH) ppm. 11B{1H} NMR: δ = 6.1 ppm. 19F{1H} NMR: δ =
–69.7 (d, 2J = 710.0 Hz, PF6

–), –148.8 (s, BF) ppm. 31P{1H} NMR:
δ = –144 (sept, 2J = 710.0 Hz, PF6) ppm. Due to different counteri-
ons the elemental analysis was meaningless. ESI MS: m/z = 217
[tBuNa=CH–CHNb(tBu)BF2(Na–B)]+.

[(tBuNa=CH–CH=NtBu)BBrF(Na–B)]BF4 (6a): To a chilled solu-
tion (–30 °C) of 1h (1.00 g, 3.86 mmol) in a mixture of CH2Cl2
(20 mL) and hexane (20 mL), solid NOBF4 (0.90 g, 7.72 mmol) was
added. The color of the solution turned pale yellow and after 2 h
at room temp. it changed to orange. After 3 d at 4 °C, pure 6a
(1.24 g, 88%) was collected as yellow crystals. 1H NMR: δ = 1.44
(s, 18 H, tBu), 8.80 (s, 2 H, NCH) ppm. 13C NMR: δ = 27.9 [s,
C(CH3)3], 61.2 [s, C(CH3)3], 151.7 (s, NCH) ppm. 11B{1H} NMR:
δ = 5.2 ppm. 19F{1H} NMR: δ = –69.7 (d, 2J = 710.0 Hz, PF6

–),
–148.5 (s, BFBr) ppm. C10H20B2BrF5N2 (364.80): calcd. C 32.92,
H 5.53, N 7.68; found C 33.44, H 6.13, N 7.99. ESI MS: m/z = 278
[tBuNa=CH–CHNb(tBu)BBrF(Na–B)]+.
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[(tBuNa=CH–CH=NbtBu)BHF(Na–B)]PF6 (3e): Solid NOPF6

(1.94 g, 11.10 mmol) was added to a solution (–30 °C) of 1e (1.00 g,
5.55 mmol) in CH2Cl2 (20 mL) and hexane (20 mL). Again, the
color of the solution changed during the reaction from colorless to
orange. After 2 d of stirring at room temp., the solution was stored
at –4 °C for 4 d, and 1.28 g (67%) was obtained as yellow crystals.
1H NMR: δ = 1.41 (s, 18 H, tBu), 3.75 (br. s, BH), 8.53 (s, 2 H,
NCH) ppm. 13C NMR: δ = 27.3 [s, C(CH3)3], 60.8 [s, C(CH3)3],
158.3 (s, NCH) ppm. 11B{1H} NMR: δ = 5.2 ppm. 19F{1H} NMR:
δ = –69.7 (d, 1J = 710.0 Hz, PF6

–), –147.7 (s, BFBr) ppm. 31P{1H}
NMR: δ = –144 (sept, 1J = 710.0 Hz, PF6

–) ppm. No reliable analy-
sis was obtained. ESI MS: m/z = 199 [tBuNa=CH CHNb(tBu)-
HBF(Na–B)]+.

[(tBuNa=CH–CH=NbtBu)B(CN)F(Na–B)]PF6 (3i): A solution of 3i
(1.00 g, 4.88 mmol) and NOPF6 (1.70 g, 9.76 mmol) was stirred in
a mixture of CH2Cl2/hexane (1:1) for 3 d, whereby the color
changed from yellow to red. The solution was stored at 4 °C for at
least 5 d; then 1.39 g of the product (77%) was obtained as a red
solid. 1H NMR: δ = 1.45 (s, 18 H, tBu), 7.81 (s, 2 H, NCH) ppm.
13C{1H} NMR: δ = 28.9 [s, C(CH3)3], 59.6 [s, C(CH3)3], 155.1 (s,
NCH) ppm. 11B{1H} NMR: δ = 5.1 ppm. 19F{1H} NMR: δ =
–69.7 (d, 1J = 710.0 Hz, PF6

–), –148.5 (s, BFCN) ppm. 31P{1H}
NMR: δ = –144 (sept, 1J = 710.0 Hz, PF6) ppm. C11H20BF7N3P
(369.11): calcd. C 35.79, H 5.46, N 11.38; found C 35.38, H 6.11,
N 11.99. ESI MS: m/z = 224 [tBuNa=CH CHNb(tBu)B(CN)F(Na–
B)]+.

[(tBuNa=CH–CH=NbtBu)B(C2H)F(Na–B)]PF6 (3j): Neat NOPF6

(1.72 g, 9.80 mmol) and 3j (1.00 g, 4.90 mmol) were stirred in a
mixture of CH2Cl2/hexane (1:1) for 1 d, whereby the solution
turned from colorless to cherry-red. After 4 d at 4 °C, 1.25 g of the
product was collected as a red solid (69%). 1H NMR: δ = 1.69 (s,
18 H, tBu), 2.51 (s, C2CH), 8.77 (s, 2 H, NCH) ppm. 13C NMR: δ
= 29.0 [s, C(CH3)3], 66.0 [s, C(CH3)3], 89.8 (s, C2H), 161.3 (s, NCH)
ppm. 11B{1H} NMR: δ = 5.1 ppm. 19F{1H} NMR: δ = –69.7 (d,
1J = 710.0 Hz, PF6

–), –148.5 (s, BFC2H) ppm. 31P{1H} NMR: δ

Table 2. Crystal data and collection parameters.

3h

Empirical formula C10H20BBr3F2N2

Mr [mgmol–1] 1.621
Crystal dimensions [mm] 0.30×0.21×0.15
Crystal system triclinic
Space group P1̄
a [Å] 10.1840(12)
b [Å] 11.5580(11)
c [Å] 14.1300(10)
α [°] 84.033(7)
β [°] 69.445(7)
γ [°] 83.944(8)
V [Å3] 1544.6(3)
Z 2
ρcalcd. [Mg·m–3] 1.621
µ [mm–1] 5.251
F(000) 748
Θ [°] 2.14–30.00
No. refl. collected 61803
No. refl. unique 8984
R(int) 0.0523
No. refl. [I�2σ(I)] 6835
Refined parameters 468
GOF 1.048
RF [I�2σ(I)] 0.0308
wRF2 [I�2σ(I)] 0.0517
∆ρmax/min [e·Å–3] 0.770/–0.705
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= –144 (sept, 1J = 710.0 Hz, PF6) ppm. C12H21BF7N2P (368.12):
calcd. C 39.15, H 6.15, N 7.61; found C 39.33, H 6.12, N 7.78. ESI
MS: m/z = 223 [tBuNa=CH CHNb(tBu)B(C2H)F(Na–B)]+.

Reaction of 1b with NOPF6: Compound 1b (1.00 g, 4.48 mmol) and
neat NOPF6 (1.72 g, 9.80 mmol) were stirred in a mixture of hex-
ane/CH2Cl2 (1:1) for 7 d. The solvent was removed in vacuo and
0.18 g (50%) of [F2BOMe]n (n = 2, 3) was collected as a yellow oil.
1H NMR: δ = 1.24 (s, 3 H, OMe) ppm. 11B{1H} NMR: δ =
0.66 ppm. 19F{1H} NMR: δ = –152.6 ppm.

Reaction of 1d with NOPF6: Compound 1d (1.00 g, 4.75 mmol) and
neat NOPF6 (1.67 g, 9.5 mmol) were stirred in a mixture of hexane/
CH2Cl2 (1:1) for 9 d. The solution turned red after minutes (a boro-
lium salt is formed, but not stable). After removal of the solvent,
0.40 g (98%) of 5d was collected as a colorless solid. 1H NMR: δ
= 1.36 (s, 6 H, NMe2) ppm. 11B{1H} NMR: δ = 1.09 ppm. 19F{1H}
NMR: δ = –162.6 ppm.

X-ray Structural Analysis: Details are listed in Table 2. CCDC-
292358 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Third-order nonlinear and linear optical properties of
nickel(II) and copper(II) complexes with salen ligands, func-
tionalised with electron donor/acceptor groups (DA-salen),
have been investigated in solution by the Z-scan technique
using an Nd:YAG laser (λinc = 1064 nm) and UV/Vis spec-
troscopy. The [M(DA-salen)] complexes exhibit positive non-
resonant nonlinear refractive indexes (n2

I) in the range
27.0–8.50·10–21 m2 W–1 and nonlinear absorption coefficients
(α2

I) within the range 1.80–26.0·10–17 mW–1. The latter values
correspond to less than 10% of the overall magnitude of the
third-order susceptibility, |χ3|, which is the result of the ab-
sence of electronic transitions near λinc = 1064 nm. For the
group of NiII complexes, the highest n2

I values are exhibited
by the complexes with aromatic diimine bridges and large

Introduction

During the last decade there has been a continuous de-
mand for new materials capable of faster responses in op-
tical information processing.[1] More specifically, the search
has been focused on materials possessing high nonresonant
nonlinear optical (NLO) responses. This implies that the
materials must have not only high nonlinear refractive in-
dexes, but also small linear and nonlinear absorptions;
otherwise the slow photothermal effects arising from ab-
sorptive processes dominate the desirable fast photorefrac-
tive effects.[2]

Molecules with high NLO responses must possess small
differences between the ground and low excited states; the
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π-electron delocalisation, which leads to intense electronic
charge-transfer bands (ε � 16000 mol–1 dm3 cm–1) in the re-
gion λ = 275–500 nm. The complexes that exhibit charge-
transfer bands near λinc/2 = 532 nm, also show the highest α2

I

values, a consequence of multiphoton absorption processes.
For the group of CuII complexes, the highest n2

I value is also
observed by the complex that exhibits the most intense
charge-transfer bands in the region λ = 275–475 nm. Between
NiII and CuII complexes with the same DA-salen ligands,
those of copper show always higher n2

I values, indicating
that NLO responses can also be fine-tuned by the metal
centre.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

corresponding electronic transitions should also correspond
to strong absorptions and there must be a large difference
between the dipole moments of the ground and excited
states.[3] These properties can be accomplished by com-
pounds with a D-π-A structure, where an electron donor
(D) group and an electron acceptor (A) group are placed
away from each other in the molecule through a π-conju-
gated system, therefore creating a high asymmetry in the
electronic density.

Organic compounds with extensive π-delocalisation have
emerged as promising NLO materials instead of inorganic
solids, due to their ultrafast NLO responses, good process-
ability as thin-film devices and enhanced nonresonant NLO
responses.[4] More recently, transition metal complexes have
appeared as an important alternative for the design of NLO
materials, since the metal centre can impart important
structural and electronic properties to the organic ligands,
and consequently to the NLO responses.[5] Among transi-
tion-metal complexes, those with porphyrins and their de-
rivatives exhibit great potential application due to their two-
dimensional structures and unique electronic properties.[6]

The N2O2 Schiff-base ligands derived from salicyladehyde
and diamines (generically named as salen ligands) can be
used as alternative building blocks for the design/prepara-
tion of NLO compounds owing to their synthetic versatility
relative to the introduction of electron donor/acceptor func-
tionalities and creation of extensive π-delocalisation to in-
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duce large electron asymmetry.[7] Furthermore, they can
also coordinate several transition metal cations, in different
oxidation states, which can additionally fine-tune the NLO
responses.

The second-order NLO properties of metal complexes
with salen-type ligands functionalised with electron donor
and acceptor groups with a D-π-A structure have been ex-
tensively studied by Di Bella and Lacroix[8–14] and some im-
portant conclusions have been presented on the relationship
between complex molecular structure and second-order
NLO properties. It has been shown that second-order NLO
responses of salen-type complexes were related to the pres-
ence of intense low-energy metal-to-ligand, ligand-to-metal
charge transfer and intraligand transitions. The importance
of the metal centre in these complexes was shown in the
surveys carried out by the same authors and others.[11,14,15]

Inclusion of metal centres in Schiff-base ligands was always
accompanied by an enhancement of second-order NLO re-
sponses, compared to that of the free ligands and the role
of the metal centre could be twofold, as it could act as both
the donor of the D-π-A structure and/or as part of the π-
bridging moiety.

With the work presented here we endeavour to extend
the previous study on NLO properties of salen complexes
to third-order and exploit the potential application of these
compounds as building blocks for the preparation of mate-
rials with NLO properties suitable for ultrafast switching
technologies. Several nickel(II) and copper(II) complexes
with salen-type ligands functionalised with electron donor/
acceptor groups – denoted here by [M(DA-salen)] com-
plexes (Scheme 1) – were investigated by the Z-scan tech-
nique and their nonlinear refractive index and nonlinear ab-
sorption determined and the relationship between molecu-
lar NLO properties and complex molecular structure ex-
ploited. To the best of our knowledge, this is the first study
on third-order NLO properties of (salen)nickel(II) and
-copper(II) complexes in solution, although recently, the
third-order NLO properties of some related bis(salicylald-
iminato)NiII and -CuII complexes were measured by a
coupling Z-scan technique and degenerate four-wave mix-
ing.[16] The study presented here can also be the starting
point for a survey of the NLO properties of electroactive
films based on the same [M(DA-salen)] complexes, as pre-
vious works have shown that (salen)nickel(II) and -cop-
per(II) complexes can be electropolymerized as electroactive
films that exhibit interesting electrochromic properties.[17]

The potential application of these compounds/films in
ultrafast switching technologies has determined the choice
of the wavelength to study the third-order NLO responses,
λinc = 1064 nm, as the operating wavelength in ultrafast
switching technologies is generally in the near infrared re-
gion (λ = 1000–1500 nm).[18] It must be mentioned that very
few of the organic materials reported so far are suitable for
implementation in devices working in the near infrared.[4]

In fact, the absolute magnitude of the nonlinear refractive
index can be enhanced by one- or two-photon resonant
transitions when the compound has strong absorptions
close to λin (1064 nm) and λin/2 (532 nm), and for the or-
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Scheme 1. Structures of [M(DA-salen)] complexes, M = Ni and Cu.

ganic compounds with the largest nonlinear refractive in-
dex, strong electronic transitions are usually observed at λ
= 500–600 nm, leading to strong absorption losses.[19] In
this context, the attempt to produce new molecular com-
pounds with the referred and desired properties still re-
mains an actual area of research. The divalent transition-
metal complexes with salen ligands have square-planar geo-
metries leading to strong electronic transitions (CT and in-
traligand) in the UV/Vis region and medium-intense d–d
bands in the far visible region;[20] these electronic character-
istics make them potential candidates for the preparation
of materials with third-order nonlinear optical properties to
be used in ultrafast optical communications.

Results and Discussion

The linear and nonlinear optical properties of the NiII

and CuII complexes with DA-salen ligands summarised in
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Scheme 1 have been investigated as a function of the dif-
ferent combinations of the electron donor/acceptor groups
introduced in the ligand in the 3-position of the aldehyde
fragment (methoxy group, pyrrol or morpholine deriva-
tives) and in the diimine bridge (several aromatic and ali-
phatic diimine bridges). These N2O2 tetradentate ligands
with delocalised π-systems impart strong ligand fields lead-
ing to almost square-planar geometries and low-spin
ground states for the metal complexes (for those that have
more than one spin ground state), inducing high degrees of
covalence/delocalisation within the metal–ligand bonds.
The presence of these electronic properties, which are im-
portant in the design of molecules with high nonlinear op-
tical properties, can be firstly surveyed from the study of
the linear optical properties of the metal complexes.

UV/Vis Spectra

The UV/Vis spectra of NiII and CuII complexes with DA-
salen ligands are very similar and present typically high in-
tense bands (ε higher than 1000 mol–1 dm3 cm–1) occurring
at λ � 400 nm, due to metal-to-ligand and ligand-to-metal
charge transfer and intra-ligand transitions and one broad
band in the visible region at λ = 500–650 nm with ε values
ranging from 70 to 400 mol–1 dm3 cm–1, corresponding to
the nonresolved d-d transitions from the four low-lying d
orbitals (dxz, dyz, dz2, dx2–y2) to the empty (in the case of Ni)
or half filled (in the case of Cu) dxy orbital.[20] This latter
broad electronic band is not observed in the nickel com-
plexes that have an extended π-system including the alde-
hyde moiety and the diimine bridge, as the more intense CT
bands are shifted to higher wavelengths, therefore pre-
venting its observation. This is a general trend that is ob-
served for nickel and copper complexes with salen ligands
that have an extended π-system and is a consequence of the
high degree of π-delocalisation between the metal centre
and the ligand, which in turn induces an increase in ε val-
ues. The λmax bands for all the complexes and the corre-
sponding ε values are summarised in Table 1. The electronic
spectra of nickel and copper complexes with salen com-
plexes functionalised with methoxy groups are shown in
Figures 1 and 2 as examples.

The energy of the broad band assigned to d-d transitions
can provide a rough estimate of the equatorial ligand-field
strength, since one of the electronic transitions comprised

Table 1. Electronic bands (λmax) and respective absorption coefficients (ε) for the [M(DA-salen)] complexes.

Complex λmax [nm] (ε [mol–1 dm3 cm–1])

1 254 (42800), 294 (16400), 312 (18800), 376 (22700), 447 (14300)[a], 471(9000)
2 258 (34400), 294 (16100)[a], 374 (18800), 478 (6000), 666 (100)
3 294 (22600), 396 (19900)[a], 356 (23100)[a], 372 (25600), 482 (6800), 560 (1000)[a]

4 254 (42100)[a], 286 (17800), 314 (20300), 388 (16200), 438 (19100), 510 (1400)[a], 556 (1600), 612 (1400)[a]

5 330 (8400)[a], 344 (9400), 376 (6900)[a], 408 (8300), 554 (100)[a]

6 262 (20700), 346 (3100), 358 (3300), 416 (2100), 630 (100)*
7 278 (34200), 360 (9600)[a], 372 (10400), 378 (10000)[a], 574 (400)
8 280 (28800), 366 (7700)[a], 372 (7900), 378 (7700)[a], 610 (300)
9 280 (25900), 360 (7700)[a], 366 (8100), 378 (7700), 566 (400)

[a] Inflections.

Eur. J. Inorg. Chem. 2006, 3425–3433 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3427

in the band envelope is dxy � dx2–y2 and the energy associ-
ated with this transition is 10Dq-C.[7,20] No comparison is
possible between energies for d-d transitions for the Ni
complexes with aliphatic imine bridges (complexes 5 and 6)
to those with aromatic imine bridges (complexes 1 to 4), as
they are not observed in the latter complexes. However, for
those with aliphatic bridges (Ni and Cu complexes) it can
be inferred that an increase in the number of bridging car-
bon atoms is associated with a small decrease in ligand
field, as can be gathered from the lower energies of d-d

Figure 1. UV/Vis spectra of [Ni(3-MeOsalen)]-based complexes in
solution recorded in the range: (a) λ = 250–500 nm (complex con-
centration 1·10–5 moldm–3) and (b) λ = 500–1100 nm (complex
concentration 1·10–3 moldm–3).



C. Freire et al.FULL PAPER
transitions for the complexes with the 1,3-propanediamine
bridge; this decrease must be due to an increase in the size
of the ligand cavity. On the other hand, for Cu complexes
the introduction of methyl groups in the ethylene bridge
leads to a slight increase in ligand field strength due to the
donor capacity of these groups. No trend in the values of
λmax of the d-d band was detected when comparison is
made between the nickel and the copper complexes with the
same ligands.

Figure 2. UV/Vis spectra of [Cu(3-MeOsalen)]-based complexes in
solution recorded in the range: (a) λ = 250–500 nm (complex con-
centration 1·10–5 mol dm–3) and (b) λ = 500–1100 nm (complex
concentration 1·10–3 moldm–3).

Another key aspect to analyse in terms of the linear op-
tical properties is the values of ε, for both types of electronic
bands: d-d and charge-transfer bands. In this context it
must be mentioned that the ε values (d-d and CT bands)
for the Cu complexes are always higher than those of the Ni
homologues, and complexes with aromatic diimine bridges
show higher values than those with aliphatic diimine brid-
ges, with the complex 1 showing the most intense bands of
the group of DA-salen studied in this work. These can be
related to the degree of covalence in the M–L bonds, and
thus copper complexes will have a high degree of covalence
when compared with the homologous nickel complexes.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3425–34333428

Z-Scan Measurements

The Z-scan technique used to evaluate the NLO proper-
ties was developed by Sheik-Bahae et al.[21,22] and is based
on the transformation of phase distortion during beam
propagation. By using a single Gaussian laser beam, the
transmittance of a nonlinear medium is measured as a func-
tion of the sample position (Z), measured with respect to
the focal plane; further details on the Z-scan technique can
be gathered from the literature.[21,22] This technique requires
relatively simple experimental apparatus, when compared
with other common techniques, such as nonlinear interfero-
metry, degenerate four-wave mixing (DFWM) and third
harmonic generation (THG) and provides the direct mea-
surement of both nonlinear refractive index and absorption
coefficient, along with their sign,[23] which allows the esti-
mation of the third-order susceptibility coefficient |χ3| in its
real and imaginary components, respectively. Moreover, the
measurement of third-order optical properties is not limited
by restrictions in the system symmetry, which is an impor-
tant advantage when compared with second-order tech-
niques, which can only be used on noncentrosymmetric sys-
tems.

The experimental setup of the Z-scan technique was vali-
dated using carbon disulfide, which has been extensively
studied in the literature.[2,21,22] Figure 3a shows the CS2 Z-
scan results and respective fitting curve obtained by the le-
ast-squares method: it shows the expected peak-valley curve
with a pre-focal minimum followed by a post-focal maxi-
mum, which demonstrates a nonlinear refraction index with
a positive sign. When compared with published works[21,22]

the curve shape allows us to ignore nonlinear effects arising
from nonelectronic processes, mostly thermal effects, since
the refractive processes depend on the temperature and the
use of high-energetic lasers could be a contribution to the
rise in the local temperature of the sample region where the
laser is focused. Under these conditions, if the complexes
present nonlinear refractive indexes, they will be only due
to electronic processes. The nonlinear refractive index of
CS2 was measured and is 1.09·10–18 m2 W–2, which is very
close to the reported value.[2]

All the complexes show a peak-valley curve with a pre-
focal minimum followed by a post-focal maximum, which
demonstrates a nonlinear refraction index with a positive
sign. The almost symmetrical shape of the Z-scan plots of
the complexes shows that nonlinear refraction effects domi-
nate any nonlinear absorption. In Figure 3b a typical closed
Z-scan result and the corresponding fitting curve are de-
picted for complex 3.

The nonlinear refractive indexes of the complexes, n2
I,

were calculated using the CS2 nonlinear refractive index by
applying Equations (1) and (2), deduced from the theory
inherent to the Z-scan technique[21] and considering the ex-
perimental conditions unchanged during all the measure-
ments performed. The nonlinear absorption coefficients,
α2

I, were calculated using Equation (3), based on the Beer–
Lambert law, in which ∆Tp,v is the difference of normalized
transmittance peak-valley due to nonlinear refraction,
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Figure 3. Closed Z-scan measurement at λinc = 1064 nm; normal-
ised transmission plotted as a function of sample position z of: (a)
CS2 and (b) a solution of complex 3 in CH3CN.

∆Tv(absorption) is the difference of normalized transmittance
occurring in the valley due to nonlinear absorption. Both
∆T values were obtained using the least-squares method, L
is the sample length and α is the linear absorption coeffi-
cient.

Table 2. Values of nonlinear refractive indexes (n2
I), nonlinear absorption coefficients (α2

I) and third-order susceptibility coefficients (|χ3|),
real and imaginary components, for the [M(DA-salen)] complexes.[a]

Complex Solvent n2
I·1021 α2

I·1017 |χ3|(real)·1034 |χ3|(imag)·1035 |χ3|·1034

[m2 W–1] [mW–1] [m2 V–2] [m2 V–2] [m2 V–2]

7 CH3CN 26.7 1.85 25.4 2.65 25.4
1 CH2Cl2 20.5 16.8 19.5 24.1 19.6
9 CH3CN 17.1 8.18 16.3 11.8 16.4
4 CH3CN 12.6 25.4 12.1 36.5 12.6
3 CH3CN 12.6 4.63 12.0 6.66 12.0
8 CH3CN 11.3 10.6 10.8 15.2 10.9
6 CH2Cl2 11.1 11.6 10.6 16.7 10.7
2 CH3CN 9.53 4.07 9.09 5.85 9.11
5 CH3CN 8.52 3.90 8.13 5.61 8.14

[a] The complexes are displayed by decreasing values of n2
I. All values are normalised for complex concentration of 1 mmoldm–3. The

values of |χ3| have been calculated with the following expression: .
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(1)

(2)

(3)

The nonlinear refractive index and nonlinear absorption
coefficients allow the estimation of the third-order suscep-
tibility coefficient, |χ3|, in its real and imaginary compo-
nents, respectively using Equations (4) and (5);[2] n0 is the
linear refractive index, n2

I is the nonlinear refractive index,
α2

I is the nonlinear absorption coefficient, c is the light
velocity and k the magnitude of the wave vector, k = 2π/λ,
where λ is the wavelength.

(4)

(5)

In Table 2 are summarised the normalized values for
nonlinear refractive indexes (n2

I), nonlinear absorption co-
efficients (α2

I) and the third-order susceptibility coefficient
(|χ3|) and its real and imaginary components; data is nor-
malised for a complex concentration of 1 mmoldm–3.

The complexes show nonlinear refractive indexes (n2
I) at

λ = 1064 nm in the range of 27.0–8.50·10–21 m2 W–1and
nonlinear absorption coefficients (α2

I) within the range of
1.80–26.0·10–17 mW–1. The contribution of nonlinear re-
fractive indexes and the nonlinear absorption coefficients
to the overall magnitude of the third-order susceptibility
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coefficient is presented in Figure 4. Analysis of the plot in-
dicates that in general, the imaginary part of |χ3|, associated
with α2

I, contributes less than 10% to the overall |χ3|. There-
fore, we can conclude that the NLO responses of [M(DA-
salen)] complexes investigated in this work are mainly con-
trolled by nonlinear refractive processes and this is an im-
portant result for our main objective of designing molecules
with potential application for optical communications.

Figure 4. Different contributions for |χ3| in [M(DA-salen)] com-
plexes, M = Ni and Cu.

As mentioned previously, low values of α2
I are compati-

ble with the absence of electronic transitions near λinc and
λinc/2. In fact, none of the complexes showed electronic
transitions at λinc = 1064 nm (see UV/Vis spectra). Never-
theless, complexes 1 and 4 show two intense electronic tran-
sitions in the vicinity of λinc/2 = 532 nm, the wavelength at
which the double-photonic transitions occur, and thus are
responsible for their highest nonlinear absorption coeffi-
cients.

The bis(salicylaldiminato)NiII and -CuII analogues[16] of
the complexes described in this work show a similar trend
for their third-order NLO properties measured at λ =
532 nm: values of n2

I around 10–19 m2 W–1 and a small con-
tribution of the nonlinear absorption to the overall |χ3|. This
similarity can be attributed to the same geometry, ligand
coordinating atoms and electronic structure of the metal
centres in both types of complexes.

Effect of the Substituents on the NLO Responses

For the group of NiII complexes functionalised with
methoxy groups in 3-position of the aldehyde moiety, com-
plexes 3 to 6, the highest NLO responses are shown by com-
plexes with aromatic diimine bridges with electron acceptor
properties, [Ni(3-MeOsaldiCN)] (4) and [Ni(3-MeOsal-
ophen)] (3). The highest NLO response of these complexes
is the result of the presence of intense low-energy charge-
transfer bands that are associated with a high variation of
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the transition dipolar moment vector. These are induced by
the high degree of aromaticity, and the proper combination
between the π-donor properties of the methoxy group in
the aldehyde moiety and the π-acceptor properties of the
imine bridges; on the contrary the σ-donor groups (CH3

and CH2) in the aliphatic imine bridges of complexes 6 and
5 decrease the charge asymmetry and thus the NLO re-
sponses. Comparison between NiII complexes with the same
diimine bridge derived from 4,5-Me2-1,2-phenylenediimine
and different substituents in the aldehyde, complexes 1 and
2, show that the former complex, which exhibits the largest
number and most intense electronic bands is the one that
presents the highest NLO response; in this case the proper
combination between substituents to enhance the NLO re-
sponse is the CH3 σ-donor groups within the aromatic im-
ine bridge and the pyrrol derivative in the 3-position of the
aldehyde, that have electron-acceptor properties.

Within the Cu complexes, that are also functionalised
with methoxy groups in the 3-position of the aldehyde, but
have aliphatic imine bridges, the nonlinear refractive index
of [Cu(3-MeOsalen)] (7) is considerably higher than those
of [Cu(3-MeOsalpd)] (8) and [Cu(3-MeOsaltMe)] (9), fol-
lowing the same trend of the ε values associated with the
CT transitions. In this case, the NLO responses decrease
with the increase in the number of CH3 or CH2 electron-
donor groups in the aliphatic bridge, suggesting, as referred
for Ni complexes, that methoxy groups still act as π-donor
groups.

Between NiII and CuII complexes with the same DA-
salen ligands, those of copper show higher n2

I values, indi-
cating that, besides the presence of DA electron groups
within the salen ligand, NLO responses can also be fine-
tuned by the metal centre. The increase in the NLO re-
sponses on going from (DA-salen)NiII to -CuII complexes
have also been observed in the studies performed by
Di Bella and Lacroix on the second-order NLO properties
of similar complexes[11,12] and in the study of the third-or-
der NLO properties (at λ = 532 nm) of the bis(salicylaldimin-
ato)NiII and -CuII complexes.[16] Some insights into a pos-
sible explanation can be gathered from their UV/Vis spec-
tra, although the number of complexes to be compared is
small.

The UV/Vis spectra of homologous NiII and CuII com-
plexes, 5, 6, 8 and 9, in the range of λ = 250–500 nm (Fig-
ure 5a) show no significant differences in the ε values of the
CT bands, suggesting that the differences within the NLO
responses may depend on other factors. Nevertheless,
analysis of the spectra in the range λ = 500–1100 nm, Fig-
ure 5b, where d-d bands appear, show some interesting fea-
tures: the d-d bands of the CuII complexes are more intense
than those of the NiII analogues, and the intensity differ-
ences are higher for the complexes with the tetramethyleth-
ylene bridge; the NLO response follows exactly the same
trend. The differences in third-order nonlinear responses for
these complexes with salen ligands with aliphatic bridges
suggests that the metal centre displays an important role in
the variation of the molecular transition dipole moment
and thus in the NLO response.
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Figure 5. Comparison between UV/Vis spectra of NiII and CuII

with the same DA-salen ligands in the range: (a) λ = 250–500 nm
(complex concentration 1·10–5 moldm–3) and (b) λ = 500–1100 nm
(complex concentration 1·10–3 moldm–3).

It is worthwhile to mention that [Cu(3-MeOsalen)] (7) is
the complex with the highest n2

I of the compounds studied
in this work, beyond those of nickel with high extensive
π-delocalisation and efficient DA groups to create charge
asymmetry. As the number of copper complexes used in this
work is limited, no further conclusions can be made on the
role of this cation in the NLO responses of Schiff-base li-
gands. Several Cu complexes with DA-salen ligands are
now being prepared and their third-order NLO properties
evaluated.

Conclusions

The linear and third-order NLO properties of some
nickel(II) and copper(II) complexes with salen ligands func-
tionalised with donor/acceptor groups, [M(DA-salen)], were
investigated by combining electronic spectroscopy and the
Z-scan technique.

The [M(DA-salen)] complexes exhibit positive nonreso-
nant nonlinear refractive indexes (n2

I) in the range of 27.0–
8.50·10–21 m2 W–1 and nonlinear absorption coefficients
(α2

I) within the range of 1.80–26.0·10–17 m2 W–1. The non-
linear absorption contribution is less than 10% of the over-
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all magnitude of the third-order susceptibility, |χ3|, which is
the result of the absence of electronic transitions near λinc

= 1064 nm or strong absorption near λin/2 = 532 nm, a con-
sequence of the square-planar geometry of all the com-
plexes coupled with a strong in-plane ligand field imposed
by the DA-salen ligands.

The NLO responses follow the same trends observed for
the number and ε values of the metal complexes electronic
bands in the UV/Vis region, and therefore UV/Vis spec-
troscopy has been shown to be an important tool to com-
plement the study of NLO properties for [M(DA-salen)]
complexes.

The combination of electron-donor/acceptor groups in
[M(DA-salen)] complexes strongly affects the nature and
value of NLO response; nevertheless, more important than
the strength of individual donor and/or acceptor groups is
the combination of both D/A groups to achieve a high non-
linear response.

The results presented in this work also show that replace-
ment of NiII for CuII in DA-salen with aliphatic bridges
leads to a significant improvement in the NLO response;
however, no further explanations could be anticipated, be-
cause of the low number of complexes that have been
studied. In future, we intend to prepare more CuII com-
plexes with DA-salen and other metal complexes in order
to better understand the role of the metal centre within the
third-order NLO responses.

Experimental Section

Materials: All the solvents were obtained from Merck; nickel(II)
acetate 4-hydrate and copper(II) acetate 1-hydrate were obtained
from Riedel–de Haën, and diaminomaleonitrile from Fluka. The
reagents 2-hydroxy-3-methoxybenzaldehyd, 4,5-dichloro-1,2-phen-
ylenediamine, 4,5-dimethyl-1,2-phenylenediamine, 1,2-phenylenedi-
amine, 1,3-diamino-2-propanol, ethylenediamine, 1,3-diaminopro-
pane and 2,3-dimethyl-2,3-dinitrobutane were obtained from Ald-
rich; all the chemicals were used as received. The compound 2,3-
diamino-2,3-dimethylbutane was prepared by the method of
Sayre,[24] and 4-(ethoxymethyl)morpholine was prepared as de-
scribed elsewhere.[25] The DA-salen ligands were prepared by the
standard method of refluxing an ethanolic solution containing stoi-
chiometric amounts of the aldehyde and the diamines:[26] typically
10 mmol of the aldehyde was treated with 5 mmol of the diamines,
leading to yields in the range of 70–90%. An exception was the
preparation of the ligand 1,2-(4,5-dimethyl)phenylenbis(3-oxyethyl-
pyrrole)salicylideneimine that was synthesised as described in the
literature.[27] Similarly, the respective complexes were prepared by
the usual method of refluxing an ethanolic solution of the
DA-salen ligand and the metallic acetate in stoichiometric
quantities[10,26] (typically 5 mmol of each reagent), leading to yields
in the range of 50–80%. An exception was the complex [Ni(3-
MeOsaldiCN)] (4), which was prepared by a procedure described
in the literature.[12]

[Ni(3-pyrsalophenMe2)] (1): 1H NMR (300 MHz, CDCl3): δ = 7.78
(s, 2 H, CHN), 7.56 (s, 2 H, Harom), 6.85–6.71 (m, 8 H, Harom),
6.33–6.20 (t, 6 H, Harom), 4.31–4.23 (t, 4 H, CH2), 2.99–2.96 (t, 4
H, CH2), 1.90 (s, 6 H, CH2) ppm. C36H32N4NiO6 (675.4): calcd. C
64.0, H 4.8, N 8.3; found C 64.0, H 4.8, N 8.2.
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[Ni(3-morphsalophenMe2)] (2): 1H NMR (300 MHz, DMSO): δ =
8.78 (s, 2 H, CHN), 7.95 (s, 2 H, Harom), 6.75–7.49 (m, 6 H, Harom),
3.52–3.60 (m, 12 H, CH2O, CH2N), 2.37–2.46 (m, 8 H, CH2), 2.30
(s, 6 H, CH3) ppm. C32H36N4NiO4 (599.4): calcd. C 64.1, H 6.1, N
9.4; found C 63.1, H 6.1, N 9.4.

[Ni(3-MeOsalophen)]·H2O (3): 1H NMR (300 MHz, CDCl3): δ =
8.22 (s, 2 H, CHN), 7.71–6.30 (m, 10 H, Harom), 3.84 (s, 6 H,
OCH3) ppm. C22H18N2NiO4·H2O (451.1): calcd. C 58.6, H 4.5, N
6.2; found C 58.6, H 4.6, N 6.3.

[Ni(3-MeOsaldiCN)]·H2O (4): 1H NMR (300 MHz, CDCl3): δ =
8.08 (s, 2 H, CHN), 7.01–6.74 (m, 6 H, Harom), 3.07 (s, 6 H, OCH3)
ppm. C20H14N4NiO4·H2O (451.1): calcd. C 53.3, H 3.6, N 12.4;
found C 53.7, H 3.1, N 12.3.

[Ni(3-MeOsaltMe)] (5): 1H NMR (300 MHz, CDCl3): δ = 7.50 (s,
2 H, CHN), 6.70–6.50 (m, 6 H, Harom), 3.80 (s, 6 H, OCH3), 1.40
(s, 12 H, CH3) ppm. C22H26N2NiO4 (441.2): calcd. C 59.9, H 5.9,
N 6.3; found C 59.9, H 6.0, N 6.3.

[Ni(3-MeOsalpd)]·2H2O (6): 1H NMR (300 MHz, CDCl3): δ = 7.90
(s, 2 H, CHN), 6.96–6.74 (m, 6 H, Harom), 3.91 (s, 6 H, OCH3),
3.77–3.71 (m, 4 H, CH2), 2.17–2.00 (m, 2 H, CH2) ppm.
C19H20N2NiO4·2H2O (435.1): calcd. C 52.4, H 5.6, N 6.4; found C
52.0, H 5.6, N 6.3.

[Cu(3-MeOsalen)]·H2O (7): C18H18CuN2O4·H2O (407.9): calcd. C
53.0, H 4.9, N 6.9; found C 53.5, H 5.3, N 6.9.

[Cu(3-MeOsalpd)] (8): C19H20CuN2O4 (403.9): calcd. C 56.5, H 5.0,
N 6.9; found C 56.6, H 4.9, N 6.9.

[Cu(3-MeOsaltMe)]·1.5H2O (9): C22H26CuN2O4·1.5H2O (473.0):
calcd. C 55.9, H 6.2, N 5.9; found C 55.5, H 6.1, N 5.8.

Physical Measurements: The solution UV/Vis spectra of the com-
plexes were recorded with a Unicam UV-2 spectrometer in the ran-
ges of λ = 250–500 nm (complex concentration 1·10–5 moldm–3)
and λ = 500–1100 nm (complex concentration 1·10–3 moldm–3),
using quartz cells with a 1-cm optical path. The Z-scan technique
measurements were carried out using a 6-ns pulse Nd:YAG laser
(λ = 1064 nm) with a repetition rate of 10 Hz. The focal distance f
was 20 cm, the energy per pulse E in the focus was 0.2 mJ, the
beam radius at half-maximum in the focus r1/2 was 1.5 mm and the
aperture diameter D was 2.2 mm (oscilloscope and photodiode).
The spatial pulses were considered to be in the Gaussian transverse
mode (TEM00) and the sample is regarded as optically thin, be-
cause its length is small enough such that changes in the beam
diameter within the sample due to either diffraction or nonlinear
refraction can be neglected. The solutions were placed in a 1-cm
quartz cuvette which was fixed in a controlled translation stage
moving along the z-direction. All the Z-scan measurements were
performed with the finite aperture placed in front of the photodi-
ode: closed Z-scan mode. The possibility of analysing the contri-
bution of different NLO processes to the overall NLO response
(nonlinear absorption and nonlinear refraction) by using only the
closed Z-scan mode, is described elsewhere.[22] This can be achieved
because each process affects the transmittance through the aperture
in a distinctive way: nonlinear absorption processes cause a sym-
metrical decrease of the transmittance with a minimum located in
the focal point, linear processes are detected by a symmetrical rise
in the transmittance around the focal point and nonlinear refractive
processes are detected by the presence of a peak-valley profile,
where the height and shape of the peaks are equal to the valley
homologues, with an inflexion point placed at the focus. The fitting
of experimental data was performed using a mathematical function
composed of three different components that account for each phe-
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nomenon present within the sample: (i) a negative Gaussian associ-
ated with the nonlinear absorption coefficient, (ii) its first derivative
which evaluates the nonlinear refractive index,[22] and (iii) a
Gaussian component with positive sign to evaluate linear processes.
The experimental data fitting was obtained using least-squares
methods. None of the solvents used in the preparation of the com-
plex solution showed nonlinear optical behaviour; the complex
concentrations used were within the range of 4.5–6.0 mmoldm–3.
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Redox transmetallation reactions between trimethyltin com-
pounds, SnMe3L [L = 3,5-diphenylpyrazolate (Ph2pz), 2,6-di-
tert-butyl-4-methylphenolate (OAr), or C6F5] and lanthanoid
metals have yielded [Ln(Ph2pz)2(DME)2] (Ln = Eu, Yb),
[Ln(Ph2pz)3(DME)2] (Ln = Y, La, Nd, Eu), [Ln(Ph2pz)3(THF)3]
(Ln = Nd, Sm), [Ln(Ph2pz)3(THF)2] (Ln = Y, Yb), [Sm(OAr)3-
(THF)], [Yb(OAr)2(THF)3], and [Yb(C6F5)2(THF)4] complexes
in yields generally competitive with those from other

Introduction

Redox transmetallation reactions between lanthanoid
metals and mercury or thallium compounds [Equations (1)
and (2); n = 2, 3] have become an important route to rare
earth organometallic compounds, organoamides, aryl ox-
ides,[1] and thiolates.[2]

Ln + n/2 HgL2 � Ln(L)n + n/2 Hg (1)

Ln + n TlL � Ln(L)n + n Tl (2)

On the other hand, there has been only one example of
redox transmetallation between a tin reagent and a lan-
thanoid metal; viz formation of an ytterbium(II) organo-
amide from an SnII precursor,[3] despite the widespread use
of tin reagents in non-redox transmetallations.[4] Trialkyltin
compounds can be envisaged as potential redox transmetal-
lation reagents for the preparation of lanthanoid complexes
[Equation (3)].

Ln + n SnR3L � Ln(L)n + n/2 Sn2R6 (3)

Encouragement that such syntheses may be possible
comes from the oxidation of bis(tert-butylcyclopentadienyl)-
samarium(II) by trimethyltin fluoride to give the corre-
sponding organosamarium(III) fluoride [Equation (4)].[5]

[a] School of Chemistry, Monash University,
P. O. Box 23, Clayton, Victoria 3800, Australia
Fax: +61-3-9905-4597
E-mail: glen.deacon@sci.monash.edu.au
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methods, and hexamethylditin. The crystal structures of
[Nd(Ph2pz)3(DME)2]·DME, [Eu(Ph2pz)3(DME)2]·2DME, and
[Sm(Ph2pz)3(THF)3]·3THF were determined. All have nine-
coordination of the lanthanoid atom and three η2-Ph2pz li-
gands, the first two also having an η1- and an η2-DME ligand
and the last having three THF ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

6 [Sm(η5-C5H4tBu)2(THF)2] + 6 SnMe3F �
2 [Sm(η5-C5H4tBu)2F]3 + 3 Sn2Me6 (4)

However, the reduction of hexaphenylditin and tri-
phenyltin halide by ytterbium giving [Yb(SnPh3)2][6] sends
a note of warning especially if excess Ln metal is used, de-
spite the high E0 value (–2.9 V) for reduction of
Ph3SnSnPh3.[7]

Lead(II) compounds have also been used as oxidants,[8]

and an attempted use in redox transmetallation unexpec-
tedly gave a Pb/La dimetallic compound.[9] We now report
proof of concept of reaction according to Equation (3) by
syntheses of a range of lanthanoid pyrazolates and aryl ox-
ides generally in good yield from appropriate trimethyltin
reagents. In addition, in situ formation of Yb(C6F5)2 from
SnMe3(C6F5) has been demonstrated.

Results and Discussion

The outcomes of the reactions of trimethyltin 3,5-di-
phenylpyrazolate [SnMe3(Ph2pz)],[10] trimethyltin 2,6-di-
tert-butyl-4-methylphenolate [SnMe3(OAr)] and trimethyl-
(pentafluorophenyl)tin with lanthanoid metals in 1,2-di-
methoxyethane and tetrahydrofuran are summarised in
Scheme 1. Reactions with SnMe3(Ph2pz) gave both trivalent
[Ln(Ph2pz)3(DME)2] (Ln = Y, La, Nd, Eu), [Ln(Ph2pz)3-
(THF)3] (Ln = Nd, Sm), [Ln(Ph2pz)3(THF)2] (Ln = Y, Yb)
and divalent [Ln(Ph2pz)2(DME)2] (Ln = Eu, Yb) pyrazolate
complexes [Equations (5) and (6); L = Ph2pz; S = DME or
THF].
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(5)

(6)

Scheme 1. Redox transmetallation reactions between SnMe3L and
Ln metals.

Similarly, [Sm(OAr)3(THF)] and [Yb(OAr)2(THF)3] were
obtained from analogous reactions of lanthanoid metals
with SnMe3(OAr) in tetrahydrofuran [reactions according
to Equations (5) and (6); Ln = Sm, Yb; L = OAr; S =
THF]. Formation of hexamethylditin in all reactions was
established by 1H NMR spectroscopy[11] and in one case
also by 119Sn NMR spectroscopy.[12] Thus, the 119Sn NMR
spectrum of the filtrate after isolation of [Yb(OAr)2-
(THF)3]·THF showed the presence of a resonance attribut-
able to Sn2Me6.[12] There was no resonance near δ =
–95 ppm where the signal of the Yb–Sn-bonded species
[Yb{Sn(CH2tBu)3}2(THF)2] is observed,[13] suggesting sig-
nificant amounts of Yb(SnMe3)2 are not formed despite the
use of a large excess of Yb metal. Reactions were carried
out with activation of the lanthanoid metal by Hg metal.
Without activation, reactions occurred, but were slower.
Initiation of reactions was faster in DME than in THF.
Variation of the excess of europium metal in the reactions
of SnMe3(Ph2pz) in DME enabled either the EuII or EuIII

product to be obtained (Scheme 1) in good yield. On the
other hand, the corresponding reaction of Yb metal has a
solvent-dependent outcome, yielding a YbII complex in
DME but a YbIII complex in THF (Scheme 1), even though
a greater excess of Yb metal was utilised for the latter. In
THF, a deep orange-red colour suggestive of some YbII was
observed after sonication, but the solution turned yellow
after removal from the excess of Yb due to oxidation by
SnMe3(Ph2pz) [Equation (7)].

2 Yb(Ph2pz)2 + 2 SnMe3(Ph2pz) � 2 Yb(Ph2pz)3 + Sn2Me6 (7)

Reactions according to Equations (5) and (6) generally
give yields comparable with those of alternative routes
(Table 1). However, [Nd(Ph2pz)3(DME)2], [Nd(Ph2pz)3-
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(THF)3], and [Sm(Ph2pz)3(THF)3] are obtained in higher
yield by the present method, but [Ln(Ph2pz)3(THF)2] (Ln
= Y, Yb) in lower yield. In addition, [Ln(Ph2pz)3(DME)2]
(Ln = Y, Eu), and [Sm(Ph2pz)3(THF)3] are new complexes,
while [Nd(Ph2pz)3(DME)2]·DME is a new solvate. The last
complex has previously been isolated as an unsolvated pow-
der[14] and as a C6D6 solvate.[15] Of special interest is the
formation of [Yb(Ph2pz)3(THF)2] by reaction according to
Equation (5), as attempts to prepare this complex from Yb
metal, Hg(C6F5)2 and Ph2pzH led to gross decomposi-
tion,[16a] and the corresponding reaction using HgPh2, and
redox transmetallation between Yb metal and Tl(Ph2pz)
both yielded YbII complexes.[16b] Thus, previous access to
[Yb(Ph2pz)3(THF)2] required a two-step synthesis[17]

(Table 1). Attempted reaction of Yb metal with
SnMe3(C6F5) in tetrahydrofuran at room temperature for
2 d failed, but, after 1 d of ultrasonication, incomplete for-
mation of Yb(C6F5)2 [Equation (6); Ln = Yb; L = C6F5]
was detected. By contrast, redox transmetallation between
Yb and Hg(C6F5)2 in tetrahydrofuran requires only a few
minutes induction and is complete in 4 h.[1c]

Table 1. Comparison of yields of Ln(L)n complexes of the current
study with literature methods.

Ln(Ph2pz)n(S)m Ln + Reported Method
SnMe3L

[Y(Ph2pz)3(DME)2]·DME 80 – –
[La(Ph2pz)3(DME)2] 82 77[a] La/Ph2pzH/Hg(C6F5)2

[a]

[Nd(Ph2pz)3(DME)2]·DME 79 17[a] Nd/Ph2pzH/Hg(C6F5)2
[a]

[Eu(Ph2pz)2(DME)2] 88 90[b] Eu/Tl(Ph2pz)[b]

[Eu(Ph2pz)3(DME)2]·2DME 70 – –
[Yb(Ph2pz)2(DME)2] 80 66[c] several[c]

[Y(Ph2pz)3(THF)2] 54 76[d] Y/Ph2pzH/Hg(C6F5)2
[d]

[Nd(Ph2pz)3(THF)3]·THF 97 69[e] Nd/Ph2pzH/Hg(C6F5)2
[e]

[Sm(Ph2pz)3(THF)3]·3THF 96 72[f] Sm/Ph2pzH/Hg(C6F5)2
[f]

[Yb(Ph2pz)3(THF)2] 51 64[g] Yb/Tl(Ph2pz) + oxid. with
Tl(Ph2pz)[g]

[Sm(OAr)3(THF)]·THF 45 49[h] metathesis[h]

[Yb(OAr)2(THF)3]·THF 87 76[i] several[i]

[a] Ref.[14] [b] Ref.[16a] [c] Ref.[16b] [d] Ref.[18] [e] Ref.[19] [f] This work.
[g] Ref.[17] [h] Ref.[20] [i] Ref.[21]

Known complexes (Table 1) were characterised by lan-
thanoid metal analyses, IR spectroscopy and 1H NMR
spectroscopy, which confirmed the DME or THF/Ph2pz or
OAr ratio. However, 4-H(pz) and o-H(Ph) resonances of
[Nd(Ph2pz)3(THF)3]·THF were too broad for satisfactory
integrations. Furthermore, single crystals of [Nd(Ph2pz)3-
(THF)3]·THF, [Yb(Ph2pz)2(DME)2] and [Yb(OAr)2-
(THF)3]·THF were grown, and their unit cells are in agree-
ment with the reported data.[16,19,20] In the case of the
known[16a] [Eu(Ph2pz)2(DME)2], fifteen of sixteen single
crystals examined had unit cell data corresponding to that
reported for trans-[Eu(Ph2pz)2(DME)2],[16a] the product of
redox transmetallation between Eu metal and
Tl(Ph2pz).[16a] However, the values for one crystal were
close to those for cis-[Yb(Ph2pz)2(DME)2],[16b] and can be
attributed to cis-[Eu(Ph2pz)2(DME)2]. It previously seemed
surprising that [Eu(Ph2pz)2(DME)2] crystallised with the
Ph2pz ligands mutually transoid when the complex of the
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adjacent Sm was isolated cisoid[16a] as was cis-[Yb(Ph2pz)2-
(DME)2].[16b] Although only one crystal of cis-[Eu(Ph2pz)2-
(DME)2] was identified from the reaction according to
Equation (6), its existence is established.

The composition of the new complex Y(Ph2pz)3(DME)3

was established by microanalysis, metal analysis, and the
DME/Ph2pz ratio by 1H NMR spectroscopy. Single crystals
could not be obtained, but as Y3+ has a similar size to Er3+,
which gives a nine-coordinate [Er(Ph2pz)3(η2-DME)(η1-
DME)][14] complex, it is likely the yttrium complex is a
nine-coordinate mono-DME solvate [Y(Ph2pz)3(DME)2]·
DME. Besides characterisation by IR and NMR spec-
troscopy, and lanthanoid metal analyses, the new complexes
[Eu(Ph2pz)3(DME)2]·2DME, [Sm(Ph2pz)3(THF)3]·3THF
and the new solvate [Nd(Ph2pz)3(DME)2]·DME were char-
acterised by single-crystal X-ray structure determinations
(below). For the Nd complex, both 4-H(pz) and o-H(Ph)
resonances were severely broadened. The DME of solvation
was readily lost from crystals of the Eu complex and the
%Eu value for the dried complex corresponded to the com-
position [Eu(Ph2pz)3(DME)2], whilst the 1H NMR spectra
from two separate preparations showed a DME/Ph2pz ratio
of 4:3, as in single crystals, and 3:3. Similarly, the dried
product from one preparation of the samarium complex
showed a THF/Ph2pz ratio of 6:3 as in the single crystals,
and the product from another a THF/Ph2pz ratio of 5:3.
No other products showed a similar loss of lattice solvent
of crystallisation.

The structures of [Eu(Ph2pz)3(DME)2]·2DME (Figure 1)
and the new solvate [Nd(Ph2pz)3(DME)2]·DME have nine-
coordinate lanthanoid atoms with three η2-Ph2pz ligands,
one chelating DME and one (less usual[22]) unidentate
DME. Selected bond lengths and angles are given in
Table 2. The complexes have similar connectivity to unsol-
vated [Er(Ph2pz)3(DME)2][14] and [Nd(Ph2pz)3(DME)2]·
2C6D6,[15] but there are differences in the structural details.
Notably, the uncoordinated end of the unidentate DME
points away from the metal atom in the present complexes
[Eu···O(2)nonbonding 5.47 Å, Nd···O(2)nonbonding 5.41 Å; Eu–
O(1)···O(2) 162°, Nd–O(1)···O(2) 153°] more markedly than

Table 2. Selected bond lengths [Å] and angles [°] for the new Ln(Ph2pz)n complexes.

[Nd(Ph2pz)3(DME)2]·DME [Eu(Ph2pz)3(DME)2]·2DME [Sm(Ph2pz)3(THF)3]·3THF

Bond lengths Molecule 1 Molecule 2

Ln(1)–N(1) 2.452(3) 2.411(3) Sm(1)–N(1) 2.428(4) Sm(2)–N(7) 2.439(4)
Ln(1)–N(2) 2.470(3) 2.424(3) Sm(1)–N(2) 2.463(4) Sm(2)–N(8) 2.423(4)
Ln(1)–N(3) 2.485(3) 2.454(3) Sm(1)–N(3) 2.435(4) Sm(2)–N(9) 2.450(4)
Ln(1)–N(4) 2.430(3) 2.418(3) Sm(1)–N(4) 2.418(4) Sm(2)–N(10) 2.425(4)
Ln(1)–N(5) 2.451(2) 2.436(3) Sm(1)–N(5) 2.415(4) Sm(2)–N(11) 2.467(4)
Ln(1)–N(6) 2.462(2) 2.423(3) Sm(1)–N(6) 2.460(4) Sm(2)–N(12) 2.428(4)
Ln(1)–O(1) 2.526(2) 2.505(2) Sm(1)–O(1) 2.507(3) Sm(2)–O(4) 2.627(3)
Ln(1)–O(3) 2.558(2) 2.532(3) Sm(1)–O(2) 2.588(3) Sm(2)–O(5) 2.520(3)
Ln(1)–O(4) 2.576(2) 2.504(2) Sm(1)–O(3) 2.517(3) Sm(2)–O(6) 2.498(3)

Bond angles

O(1)–Ln(1)–O(3) 140.87(7) 134.91(8) O(1)–Sm(1)–O(2) 76.25(11) O(4)–Sm(2)–O(5) 74.47(11)
O(1)–Ln(1)–O(4) 156.04(7) 160.42(8) O(1)- Sm(1)–O(3) 159.00(12) O(4)–Sm(2)–O(6) 131.23(11)
O(3)–Ln(1)–O(4) 63.05(7) 64.14(8) O(2)–Sm(1)–O(3) 124.48(11) O(5)–Sm(2)–O(6) 153.80(11)
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in the erbium complex (4.62 Å/122°) and the neodymium
C6D6 solvate (4.92 Å/129°). Plausibly, packing effects asso-
ciated with differing solvation in the crystals [2 DME (Eu),
1 DME (Nd) (this study); 0 DME (Er);[14] 2 C6D6 (Nd)[15]]
affect the arrangements of the η1-DME ligand. All Ph2pz
and η2-DME ligands are nearly symmetrically chelating
with only a small divergence in Ln–N (0.01–0.05 Å) and
Ln–O (η2-DME) (0.01–0.03 Å) bond lengths (Table 2).
Nevertheless, the differences between Nd–N bond lengths
of each chelating pair in the DME solvate (0.018, 0.054,
0.012 Å) (Table 2) are slightly larger than in the C6D6 solv-
ate (0.008, 0.026, 0.005 Å).[15] For [Eu(Ph2pz)3(DME)2]·
2DME (Table 2) and [Nd(Ph2pz)3(DME)2]·2C6D6,[15] the
Ln–O (η1-DME) distance lies between the values for Ln–O
(η2-DME), whereas for [Nd(Ph2pz)3(DME)2]·DME
(Table 2) and the Er complex[14] Ln–O (η1-DME) is the
shortest Ln–O distance. Moreover, the pairings here do not
conform to the η1-DME conformational pairings. Whilst
the �Ln–N(O)� distances decline in the sequence Nd, Eu,
Er as expected from the lanthanoid contraction, �Eu-N�

Figure 1. Molecular structure of [Eu(Ph2pz)3(DME)2]·2DME. Se-
lected bond lengths [Å] and angles [°] for this structure and the near
isostructural Nd complex are given in Table 2. Only one disordered
position of η2-DME shown for clarity.



Lanthanoid Complexes by Redox Transmetallation Reactions FULL PAPER
exceeds �Er-N� by more (0.09 Å) than than expected
(0.06 Å) from ionic radii,[23] whereas the corresponding
�Ln–O� difference is less (0.03 Å) than expected.

[Sm(Ph2pz)3(THF)3]·3THF has nine-coordination for sa-
marium with three η2-Ph2pz and three THF ligands (Fig-
ure 2). It is isostructural with [Nd(Ph2pz)3(THF)3]·THF,
which was isolated as a mono-THF solvate,[19] whereas the
present complex has two closely related independent mole-
cules and six THF solvent molecules in the asymmetric
unit. The Sm–O bond lengths are very similar to the Nd–
O bond lengths,[23] despite the expectation of a 0.03 Å dif-
ference based on ionic radii.[23] Molecule 2 has almost iden-
tical O–Ln–O angles to those of the Nd complex, but mole-
cule 1 shows some deviation. More symmetrical η2-Ph2pz
bonding is observed in the present complex, and �Sm–N�

Figure 2. Molecular structure of [Sm(Ph2pz)3(THF)3]·3THF. One
of the two independent but closely related molecules is displayed.

Figure 3. Molecular structure of [SnMe3(OAr)]. Selected bond
lengths [Å] and angles [°]: Sn(1)–O(3) 2.0082(15), O(3)–C(1)
1.363(3), Sn(1)–C(7) 2.127(2), Sn(1)–C(8) 2.139(3), Sn(1)–C(9)
2.127(3); C(1)–O(3)–Sn(1) 133.77(14), O(3)–Sn(1)–C(7) 105.56(9),
O(3)–Sn(1)–C(8) 104.31(9), O(3)–Sn(1)–C(9) 106.44(9), C(7)–
Sn(1)–C(8) 113.92(11), C(7)–Sn(1)–C(9) 117.10(11), C(8)–Sn(1)–
C(9) 108.42(11).
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is 0.02 Å shorter than �Nd–N�, near ionic radius expecta-
tions.[23]

An X-ray crystal structure was also obtained for the
[SnMe3(OAr)] reagent (Figure 3). The compound is essen-
tially isostructural with the known [SiMe3(OAr)].[24] The
coordination environment around the tin atom is distorted
tetrahedral. However, the C–O–Sn angle is significantly
smaller than the C–O–Si angle within the silicon ana-
logue,[24] presumably owing to reduced steric crowding by
the tert-butyl groups due to the increased ionic radius of
tin.

Conclusions

This study shows that organotin(IV) compounds can be
used in redox transmetallation reactions with lanthanoid el-
ements to provide metal–organic lanthanoid complexes
[Equations (5) and (6)]. Although their initial reactivity is
somewhat lower than that of the analogous TlI reagents or
redox transmetallation with HgR2 and LH, comparable or
in some cases better yields have been obtained with the tin
reagents (Table 1). Moreover, the different reactivity has en-
abled both EuII and EuIII complexes to be isolated and a
different Yb oxidation state outcome than with previous
redox transmetallation methods. Besides variation of the
alkyl groups, there is opportunity for considerable modula-
tion of the tin reagents, e.g. (i) use of SnMe3Ar reagents
with lanthanoid metals and protic reagents such as pyr-
azoles, phenols, and amines in redox transmetallation/li-
gand exchange, and (ii) exploration of SnVI � SnII re-
duction with the potentially more transfer efficient
SnMe2L2 reagents. Evidence that Yb metal reacts with
SnMe3(C6F5) to give Yb(C6F5)2 in solution provides en-
couragement for the use of this compound in redox trans-
metallation/ligand exchange.

Experimental Section
General Remarks: All reactions were carried out under dry nitrogen
using standard Schlenk and dry-box equipment. THF was freshly
distilled from sodium/benzophenone, while DME was distilled
from sodium. Infrared spectra (4000–650 cm–1) were recorded as
Nujol mulls with a Perkin–Elmer 1600 FTIR spectrophotometer.
1H NMR spectra were recorded with a Bruker DPX 300 MHz
spectrometer using dry degassed deuteriobenzene or deuteriote-
trahydrofuran solvents at 25 °C; resonances were referenced to re-
sidual hydrogen from the solvent. 119Sn NMR spectra were ob-
tained with a Bruker DRX 400 spectrometer and were referenced
to tetramethyltin. 19F NMR spectra were recorded with a Bruker
DPX 300 spectrometer and were referenced to external CFCl3. 1H
NMR spectra of all solutions following reactions of lanthanoid
metals with SnMe3L reagents showed the presence of Sn2Me6 (δ
= 0.20 ppm; J 117Sn–CH3

= 46.4 Hz, J119Sn–CH3
= 48.4 Hz).[11] Metal

analyses of the lanthanoid complexes were performed by EDTA
titration with xylenol orange indicator following digestion in con-
centrated nitric and sulfuric acids and buffering with hexamine.[16a]

Microanalysis samples were sealed in glass ampoules under puri-
fied N2 and were determined by the Campbell Microanalytical ser-
vice, University of Otago, New Zealand. 3,5-Diphenylpyrazole and
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SnMe3(Ph2pz) were prepared as reported.[25,10] A modification
(LiC6F5 instead of MgC6F5Br) of the reported method[26] was used
to obtain SnMe3(C6F5), which was distilled under reduced pressure
and had IR and 19F NMR spectra as reported.[26] Bis(pentafluoro-
phenyl)mercury Hg(C6F5)2 was prepared by a literature method.[27]

(2,6-Di-tert-butyl-4-methylphenolato)trimethyltin(IV). Method (a):
n-Butyllithium (11.2 mL, 1.6  in hexanes, 18.0 mmol) was added
dropwise to pre-dried 2,6-di-tert-butyl-4-methylphenol (3.30 g,
15.0 mmol) in Et2O (50 mL), and the mixture was stirred for 1 h.
Trimethyltin chloride (14.97 mL, 1.0  in hexanes, 14.97 mmol) was
then added dropwise. After stirring the reaction mixture overnight,
the diethyl ether solution was filtered and the filtrate concentrated
to crystallisation. Data of the crude product, which contained
traces of lithium phenolate (NMR identification): IR: ν̃ = 2726 w,
1603 w, 1418 vs, 1346 s, 1263 s, 1233 s, 1216 m, 1194 m, 1118 w,
1023 w, 918 w, 886 s, 861 m, 822 m, 772 m, 722 m cm–1. 1H NMR
(C6D6): δ = 0.34 (s, 2JH,117Sn = 53 Hz, 2JH,119Sn = 57 Hz, 9 H,
Me3Sn), 1.51 (s, 18 H, tBu), 2.32 (s, 3 H, Me), 7.20 (s, 2 H, 3,5-H)
ppm. Extraction with hexane and concentration of the solvent
yielded pure SnMe3OAr as colourless crystals (1.99 g, 35%), iden-
tified by X-ray crystallography (below). 119Sn{1H} NMR
(149 MHz, C6D6, 25 °C): δ = 131.5 ppm. Method (b): Excess of
SnMe3Cl (1.80 g; 9.05 mmol) was added to a solution of lithium
2,6-di-tert-butyl-4-methylphenolate (LiOAr) (1.33 g; 5.90 mmol) in
Et2O (50 mL), and the resulting solution was stirred at room tem-
perature overnight. After filtration through a filter cannula, the
Et2O was removed under vacuum yielding a very fine crystalline
material, which was washed with 3×10 mL of hexane to remove
SnMe3Cl. M.p. 138–140 °C;1.35 g, 55%. The 1H NMR spectrum
(C6D6) as above, was void of LiOAr resonances. C18H32OSn
(383.16): calcd. C 56.42, H 8.41; found C 56.56, H 8.22.

Redox Transmetallation Reactions

Preparation of Bis(3,5-diphenylpyrazolato)lanthanoid(II) and
Tris(3,5-diphenylpyrazolato)lanthanoid(III) Complexes: DME or
THF (50 mL) was added to excess lanthanoid metal (powder or
filings), SnMe3(Ph2pz) and 1–2 drops of mercury. The resulting
mixture was stirred or sonicated at room temperature usually for
5 d. A colour change was observed for most reactions within 4 h
(Yb: 1 h). The filtrate was collected by a filter cannula, and the
solvent volume reduced to 15 mL. Crystalline or powdered
Ln(Ph2pz)n (n = 2,3) compounds were obtained by cooling of the
concentrated solutions to –20 °C. In all cases, the 1H NMR spec-
trum of the crude product was obtained to verify Sn2Me6 forma-
tion.[11] The product was then washed with hexane to remove
Sn2Me6, and dried briefly under vacuum.

[Y(Ph2pz)3(DME)2]·DME: Y metal powder (0.59 g; 6.62 mmol) and
SnMe3(Ph2pz) (0.50 g; 1.32 mmol) in DME, stirred for 5 d, gave
colourless crystals;0.36 g, 80%. IR: ν̃ = 1603 m, 1512 w, 1420 w,
1260 m, 1225 w, 1192 w, 1154 w, 1130 w, 1107 m, 1072 m, 1057 s,
1026 m, 1000 w, 972 vs, 912 m, 872 s, 804 m, 794 m, 758 vs, 704 s,
696 vs, 688 s cm–1. 1H NMR (C6D6): δ = 2.98 (br. s, 18 H, CH3-
DME), 3.10 (br. s, 12 H, CH2-DME), 7.04–7.07 (br. t, 6 H, p-H),
7.08 (s, 3 H, 4-H), 7.14 (br. s, 12 H, m-H), 7.90–7.93 (br. d, 12 H,
o-H) ppm. C57H63N6O6Y (1017.05): calcd. C 67.31, H 6.24, N 8.26,
Y 8.74; found C 66.73, H 6.60, N 8.22, Y 8.91.

[La(Ph2pz)3(DME)2]: La powder (1.03 g; 7.44 mmol) and
SnMe3(Ph2pz) (0.50 g; 1.31 mmol) in DME, stirred for 5 d, gave
a white powder; 0.35 g, 82%. The IR spectrum is similar to that
reported.[14] 1H NMR (C6D6): δ = 3.02 (br. s, 12 H, CH3-DME),
3.17 (br. s, 8 H, CH2-DME), 7.01–7.12 (m, 21 H, m-H, p-H, 4-H),
7.86 (br. s, 12 H, o-H) ppm. C53H53LaN6O4 (976.93): calcd. La
14.22; found La 14.51.
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[Nd(Ph2pz)3(DME)2]·DME: Nd metal powder (0.94 g; 6.55 mmol)
and SnMe3(Ph2pz) (0.52 g; 1.36 mmol) in DME, stirred for 5 d,
gave lavender-blue crystals; 0.38 g, 79%. The IR spectrum is in
agreement with that of [Nd(Ph2pz)3(DME)2].[15] 1H NMR (C6D6):
δ = –3.41 (br. s, 12 H, CH2-DME), 0.29 (s, 18 H, CH3-DME), 8.08-
8.22 (m, 18 H, m-H, p-H), 12.4 (v. br. s, o-H), 17.8 (v. br. s, 4-H)
ppm. C57H63N6NdO6 (1072.39): calcd. Nd 13.45; found Nd 13.71.
X-ray crystallography established the composition [Nd(Ph2pz)3-
(DME)2]·DME.

[Eu(Ph2pz)2(DME)2]: Eu metal filings (2.52 g, 16.6 mmol) and
SnMe3(Ph2pz) (0.60 g, 1.57 mmol) in DME, sonicated for 5 d, gave
deep yellow crystals; 1.06 g, 88%. The IR spectrum is identical with
that reported.[16a] 1H NMR (C6D6): δ = 0.43 (br. s, 8 H, CH2-
DME), 0.92 (br. s, 12 H, CH3-DME), 1.32–2.09 (br. m, 22 H, 4-H,
p-, m-, o-H) ppm. C38H42EuN4O4 (770.73): calcd. Eu 19.73; found
Eu 19.26. X-ray crystallographic examination of the yellow crystals
gave one crystal: monoclinic, space group P21/a, a = 7.8740, b =
18.8715, c = 23.9260 Å; β = 91.042°, V = 3554.67 Å3; isomorphous
with cis-[Yb(Ph2pz)2(DME)2][16b] [monoclinic, space group P21/a,
a = 7.882(4), b = 18.959(3), c = 24.080(14) Å; β = 91.03(2)°, V =
3598(3) Å3] and fifteen crystals of trans-[Eu(Ph2pz)2(DME)2], mo-
noclinic, space group P2/c, a = 14.9771, b = 12.5269, c =
19.6728 Å; β = 109.398°, V = 3481.40 Å3, in agreement with re-
ported data[16a] [monoclinic, space group P2/c, a = 19.746(3), b =
12.635(2), c = 15.396(2) Å; β = 110.12(1)°, V = 3607 Å3].

[Eu(Ph2pz)3(DME)2]·2DME: Eu metal chunks (0.73 g, 4.80 mmol)
and SnMe3(Ph2pz) (0.53 g, 1.38 mmol) in DME, stirred for 3 d,
gave golden yellow crystals; 0.38 g, 70%. IR: ν̃ = 1604 m, 1246 w,
1192 m, 1124 m, 1107 m, 1057 s, 1026 m, 971 s, 916 w, 865 m, 800
w, 758 vs, 724 w, 696 s, 684 s, 666 w cm–1. 1H NMR (C6D6): δ =
0.23 (s, 3 H, 4-H), 2.09-3.68 (br. s, 40 H, CH3 and CH2-DME),
7.01-8.56 (m, 30 H, o-, m-, p-H) ppm. Metal analysis on dried crys-
tals for C53H53EuN6O4 (loss of DME of solvation) (989.99): calcd.
Eu 15.35; found Eu 15.36. Single crystals were obtained from an-
other preparation that involved sonication of the DME mixture of
Eu metal chunks and SnMe3(Ph2pz) for 3 d (yield �5%). X-ray
crystallographic examination revealed the composition [Eu-
(Ph2pz)3(DME)2]·2DME. The 1H NMR spectrum in [D8]THF
showed loss of 1DME of solvation (C4D8O): δ = 3.47–3.59 (m, 30
H, CH3-, CH2-DME), 5.16 (s, 3 H, 4-H), 7.35 (br. t, 18 H, m- and
p-H), 7.84 (d, 12 H, o-H) ppm.

[Yb(Ph2pz)2(DME)2]: Yb metal filings (1.20 g, 6.96 mmol) and
SnMe3(Ph2pz) (0.66 g, 1.72 mmol) in DME, sonicated for 5 d, gave
deep red crystals; 0.54 g, 80%. The IR spectrum is in agreement
with that reported.[16b] 1H NMR (C6D6): δ = 3.12 (br. s, 20 H, CH3,
CH2-DME), 7.22 (br. s, 6 H, p-H, 4-H), 7.33 (br. s, 8 H, m-H), 8.10
(br. s, 8 H, o-H) ppm (reasonable agreement with data for a solu-
tion in C4D8O).[16b] C38H42N4O4Yb (791.80): calcd. Yb 21.85;
found Yb 20.32. A unit cell, monoclinic, space group P21/a, a =
7.7214, b = 18.7327, c = 23.8207 Å; β = 91.03°, V = 3445.20 Å3 is
in agreement with that of cis-[Yb(Ph2pz)2(DME)2][16b] [monoclinic,
space group P21/a, a = 7.882(4), b = 18.959(3), c = 24.080(14) Å;
β = 91.03(2)°, V = 3598(3) Å3].

[Y(Ph2pz)3(THF)2]: Y metal powder (1.01 g; 11.36 mmol) and
SnMe3(Ph2pz) (0.61 g; 1.60 mmol) in DME, sonicated for 5 d, gave
a white powder; 0.26 g, 54%. The IR spectrum is identical with
that reported.[18] 1H NMR (C6D6): δ = 1.36 (s, 8 H, CH2-THF),
3.43 (br. s, 8 H, CH2-THF), 6.91 (br. s, 6 H, p-H), 7.02 (br. t,
12 H, m-H), 7.17 (br. s, 3 H, 4-H), 7.71 (br. s, 12 H, o-H) ppm.
C53H49N6O2Y (890.90): calcd. Y 9.98; found Y 9.28.

[Nd(Ph2pz)3(THF)3]·THF: Nd metal powder (0.95 g; 6.57 mmol)
and SnMe3(Ph2pz) (0.57 g; 1.49 mmol) in THF, stirred for 5 d, gave



Lanthanoid Complexes by Redox Transmetallation Reactions FULL PAPER
lavender-blue crystals; 0.51 g, 97%. The IR spectrum is identical
with that reported.[19] 1H NMR (C6D6): δ = –5.59 (br. s, 16 H,
CH2-THF), –2.78 (br. s, 16 H, CH2-THF), 7.90–8.01 (br. s, 18 H,
m-H, p-H), 12.37–12.62 (v. br. s, o-H), 17.95–17.98 (v. br. s, 4-H)
ppm. C61H65N6NdO4 (1090.45): calcd. Nd 13.22; found Nd 13.58.
A unit cell on the lavender blue crystals, orthorhombic, space
group P212121, a = 14.18(2), b = 16.26(1), c = 22.78(2) Å; V =
5254(8) Å3 is identical with that of [Nd(Ph2pz)3(THF)3]·THF[19]

[orthorhombic, space group P212121, a = 14.009(9), b = 16.280(8),
c = 22.640(16) Å; V = 5163(5) Å3].

[Sm(Ph2pz)3(THF)3]·3THF. Method (a). SnMe3(Ph2pz) with Sm
Metal in THF: Sm metal powder (1.59 g; 10.6 mmol) and
SnMe3(Ph2pz) (0.52 g; 1.36 mmol) in THF, stirred for 5 d, then
sonicated for 1 d, gave a brownish/yellow precipitate; 0.54 g, 96%.
IR ν̃ = 1602 m, 1562 w, 1424 w, 1298 w, 1225 w, 1154 w, 1071 m,
1050 (sh), 1026 m, 970 s, 915 m, 869 m, 803 w, 757 s, 697 m, 669
w cm–1. 1H NMR (C6D6): δ = 0.91 (m, 24 H, CH2-THF), 2.66 (m,
24 H, CH2-THF), 7.29 (t, 6 H, p-H), 7.60 (t, 12 H, m-H), 7.83 (s,
3 H, 4-H), 9.48 (d, 12 H, o-H) ppm. C69H81N6O6Sm (1240.78):
calcd. Sm 12.12; found Sm 11.98. In a similar reaction, sonicating
the same amounts of Sm and SnMe3(Ph2pz) for 6 d, the filtrate,
after isolation of the bulk product as a powder, was allowed to
stand for a few months and deposited single crystals of [Sm(Ph2pz)3-
(THF)3]·3THF (0.16 g, 30%). The IR spectrum and 1H NMR
chemical shifts agree with those of the above preparation, but the
solid had lost 1THF of solvation. An X-ray structure determi-
nation of the colourless crystals found two [Sm(Ph2pz)3(THF)3]·
3THF molecules in the unit cell (see below). Method (b): Sm pow-
der (0.22 g; 1.50 mmol), bis(pentafluorophenyl)mercury (0.80 g;
1.50 mmol) and 3,5-diphenylpyrazole (0.66 g; 3.00 mmol) were
stirred in THF (30 mL) at room temperature for 5 d. After fil-
tration through a diatomaceous earth pad, the pale yellow filtrate
was concentrated to 2 mL. Petroleum spirit (20 mL) was added
causing formation of a white precipitate, which was dried under
vacuum for 3.5 h; 0.89 g, 0.72 mmol, 72%. The IR spectrum is as
above. C69H81N6O6Sm (1240.78): calcd. Sm 12.12; found Sm 12.30.

[Yb(Ph2pz)3(THF)2]: Yb metal filings (1.36 g; 7.89 mmol) and
SnMe3(Ph2pz) (0.55 g; 1.44 mmol) in THF were sonicated for 5 d.
The initial deep orange-red solution lightened to a yellow colour
after filtration and concentration. A white powder was obtained
after evaporation of THF; 0.24 g, 51%. The IR spectrum is similar
to that reported.[17] C53H49N6O2Yb (975.03): calcd. Yb 17.75;
found Yb 18.34.

Preparation of (2,6-Di-tert-butyl-4-methylphenolato)lanthanoid(II)
and 2,6-Di-tert-butyl-4-(methylphenolato)lanthanoid(III) Complexes

[Sm(OAr)3(THF)]·THF: THF (50 mL) was added to a mixture of
Sm metal powder (1.52 g; 10.1 mmol), SnMe3(OAr) (0.89 g;
2.33 mmol) and 2 drops of Hg metal, and the resulting solution
was sonicated for 5 d. The deep-coloured solution was filtered
through a filter cannula, and THF was removed under vacuum.
The precipitate was washed with hexane to remove Sn2Me6, giving
a yellow powder; 0.33 g, 45%. IR ν̃ = 1602 w, 1550 w, 1420 m, 1272
s, 1217 w, 1196 w, 1040 s, 918 m, 888 m, 862 m, 818 s, 802 s. 789
s, 722 w, 668 w cm–1. 1H NMR (C6D6): δ = 1.24 (br. s, 8 H, CH2-
THF), 1.71 (s, 54 H, tBu), 2.43 (s, 9 H, Me), 3.19 (br. s, 8 H, CH2-
THF), 7.42 (s, 6 H, 3,5-H) ppm. C53H85O5Sm (952.60): calcd. Sm
15.78; found Sm 16.08.

[Yb(OAr)2(THF)3]·THF: THF (50 mL) was added to a mixture of
SnMe3(OAr) (1.10 g, 2.87 mmol), Yb metal filings (1.70 g,
9.82 mmol) and 2 drops of Hg metal, and the resulting mixture was
ultrasonicated for 5 d. After allowing the suspension to settle, the
deep orange supernatant solution was filtered and concentrated to
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25 mL, resulting in golden-yellow crystalline [Yb(OAr)2(THF)3]·
THF; 1.12 g, 87%. The IR spectrum corresponds to that report-
ed.[21b] C46H78O6Yb (900.15): calcd. Yb 19.22; found Yb 19.92. The
unit cell, monoclinic, space group P21, a = 9.7489, b = 15.2423, c
= 15.3858 Å; β = 95.62°, V = 2277.68 Å3, is in agreement with
that reported[21a] [monoclinic, space group P21, a = 15.393(4), b =
15.619(5), c = 9.859(2) Å; β = 95.62(2)°, V = 2359 Å3]. A 119Sn{1H}
NMR (149 MHz, C6D6, 25 °C) spectrum of the filtrate shows the
presence of Sn2Me6: δ = –109.0 ppm (reported: δ = –108.7 ppm)[12]

but no SnMe3(OAr) signal. The 1H NMR spectrum (C6D6) of the
concentrated solution shows phenolate resonances: δ = 2.18 (s, 6
H, Me), 7.42 (s, 4 H, 3,5-H) ppm (tBu methyl resonances hidden
by the residual THF solvent resonances).

SnMe3(C6F5) with Yb Metal in THF: SnMe3(C6F5) (1 mL,
8.03 mmol) was added under N2 to a stirred mixture of Yb filings
(1.14 g, 6.60 mmol) and 2 drops of Hg metal in THF (50 mL). Af-
ter 2 d, no colour change was observed. The reaction mixture was
ultrasonicated for 1 d resulting in a deep-coloured solution. A 19F
NMR spectrum (282 MHz, 25 °C) of the solution showed
[Yb(C6F5)2(THF)4][28] and SnMe3(C6F5)[26] in a 2:1 ratio: δ =
–108.3 (br. m, 8 F, o-F, [Yb(C6F5)2(THF)4]), –121.5 [m, 2 F, o-F,
SnMe3(C6F5)], –154.0 [m, 1 F, p-F, SnMe3(C6F5)], –161.5 (m, 14 F,
m-F, SnMe3(C6F5) and m-, p-F, [Yb(C6F5)2(THF)4]) ppm (in agree-
ment with the respective reported data {[Yb(C6F5)2(THF)4]:[28] δ
= –108.3 (o-F) and –161.4 (m-, p-F) ppm; SnMe3C6F5:[26] δ =
–122.2 (o-F), –153.9 (p-F), –161.4 (m-F) ppm}.

X-ray Crystallography: Crystalline samples of SnMe3(OAr),
[Nd(Ph2pz)3(DME)2]·DME, [Nd(Ph2pz)3(THF)3]·THF, [Eu(Ph2pz)2-
(DME)2], [Eu(Ph2pz)3(DME)2]·2DME, [Yb(Ph2pz)2(DME)2],
[Sm(Ph2pz)3(THF)3]·3THF, and [Yb(OAr)2(THF)3]·THF were
mounted on glass fibres in viscous hydrocarbon oil. Crystal data
were collected using an Enraf–Nonius Kappa CCD instrument (Sn,
Sm, Eu, Yb) or Bruker ApexII diffractometer (Nd) both equipped
with monochromated Mo-Kα radiation, λ = 0.71073 Å. All data
were collected at 123 K, maintained using an open flow of nitrogen
from an Oxford Cryostreams cryostat. X-ray data were processed
using the DENZO program (Nonius)[29] or SAINT package
(Bruker).[30] Structural solution and refinement was carried out
using SHELXL-97[31] and SHELXS-97[32] utilising the graphical
interface X-Seed.[33] For [Eu(Ph2pz)3(DME)2]·2DME there was one
disordered DME molecule in the lattice which was modelled over
two sites. The η2-DME contains two disordered positions of the
C2 backbone, also successfully modelled. For [Sm(Ph2pz)3(THF)3]·
3THF there were three THF molecules in the lattice with varying
degrees of disorder. These were refined isotropically and no hydro-
gen atoms were attached. For [Nd(Ph2pz)3(DME)2]·DME, one
Ph2pz phenyl group was successfully modelled as being disordered
over two positions. The corresponding phenyl group of the same
Ph2pz ligand also showed signs of disorder but this could not be
satisfactorily modelled. The µ2-DME showed signs of being disor-
dered in an analogous manner to that in the Eu complex but could
not be modelled adequately. Crystal data and refinement param-
eters for all complexes are compiled below. CCDC-288000 to
-288002 and -607830 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Crystal Data for SnMe3(OAr): C18H32OSn, M = 383.16,
0.5×0.5×0.375 mm, monoclinic, space group P21/c (No. 14), a =
13.421(3), b = 15.265(3), c = 9.0962(18) Å, β = 93.34(3)°, V =
1860.5(6) Å3, Z = 4, Dc = 1.368 g/cm3, F(000) = 792, 2θmax = 55.8°,
19949 reflections collected, 4416 unique (Rint = 0.0434). Final GooF
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= 1.103, R1 = 0.0316, wR2 = 0.0851, R indices based on 3616 reflec-
tions with I�2σ(I) (refinement on F2), 182 parameters, 0 restraints.
Lp and absorption corrections applied, µ = 1.369 mm–1. The com-
plex is isostructural with SiMe3(OAr).[24]

Crystal Data for [Nd(Ph2pz)3(DME)2]·DME: C57H63N6NdO6, M =
1072.39, blue block, 0.24×0.18×0.10 mm, monoclinic, space
group P21/c (No. 14), a = 12.3824(2), b = 16.0973(4), c =
26.7915(7) Å, β = 97.5260(10)°, V = 5294.2(2) Å3, Z = 4, Dc =
1.345 g/cm3, F(000) = 2220, 2θmax = 55.0°, 42938 reflections col-
lected, 12144 unique (Rint = 0.0263). Final GooF = 1.076, R1 =
0.0413, wR2 = 0.0963, R indices based on 10980 reflections with
I�2σ(I) (refinement on F2), 674 parameters, 9 restraints. Lp and
absorption corrections applied, µ = 1.036 mm–1.

Crystal Data for [Eu(Ph2pz)3(DME)2]·2DME: C61H73EuN6O8, M
= 1170.21, yellow block, 0.35×0.30×0.20 mm, monoclinic, space
group P21/n (No. 14), a = 11.785(2), b = 25.600(5), c = 20.106(4) Å,
β = 106.03(3)°, V = 5830(2) Å3, Z = 4, Dc = 1.333 g/cm3, F(000) =
2432, 2θmax = 55.0°, 23569 reflections collected, 13230 unique (Rint

= 0.0657). Final GooF = 0.951, R1 = 0.0442, wR2 = 0.0748, R
indices based on 8144 reflections with I�2σ(I) (refinement on F2),
711 parameters, 0 restraints. Lp and absorption corrections ap-
plied, µ = 1.134 mm–1.

Crystal Data for [Sm(Ph2pz)3(THF)3]·3THF: C69H81N6O6Sm, M =
1240.75, colourless block, 0.20×0.10×0.10 mm, triclinic, space
group P1̄ (No. 2), a = 13.343(3), b = 18.579(4), c = 25.270(5) Å, α
= 76.58(3), β = 85.19(3), γ = 87.35(3)°, V = 6070(2) Å3, Z = 4,
Dc = 1.358 g/cm3, F(000) = 2588, 2θmax = 55.0°, 51382 reflections
collected, 27663 unique (Rint = 0.0737). Final GooF = 1.018, R1 =
0.0598, wR2 = 0.1171, R indices based on 17199 reflections with
I�2σ(I) (refinement on F2), 1471 parameters, 280 restraints. Lp
and absorption corrections applied, µ = 1.025 mm–1.
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A new route has been developed for preparing polyaniline
(PANI) layered double hydroxide (LDH) nanocomposites
through in situ chemical oxidative polymerization of metan-
ilic anions (m-NH2C6H4SO3

–) intercalated in NiAl LDHs un-
der a nitrogen atmosphere by using pre-intercalated nitrate
as an oxidizing agent. The interlayer space of NiAl LDHs has
been used as an original nanoreactor for the in situ polymeri-
zation of the intercalated monomer. The whole process in-
volves the synthesis of the precursor LDH [Ni2Al (OH)6(NO3)·
nH2O], the intercalation of the monomer metanilic anions
into the LDH and its in situ polymerization between the lay-
ers by thermal treatment under a nitrogen atmosphere. The
interlayer polymerization reaction was monitored by thermo-
gravimetric analysis (TG), differential thermal analysis
(DTA), mass spectrometry (MS), UV/Vis absorption spec-

Introduction

In recent years, considerable interest has been devoted to
nanocomposites prepared from the assembly of an organic
polymer and an inorganic layered material. Polymer inter-
calation nanocomposites prepared by using layered materi-
als are expected to consist of a high degree of polymeric
ordering and to exhibit advanced physicochemical proper-
ties compared with the individual parts.[1–5]

Among the organic polymers, polyaniline (PANI) has
been and continues to be extensively studied as an organic
component in such systems. Polyaniline is a promising con-
jugated polymer because of its simple synthesis, high con-
ductivity, and excellent environmental stability, although it
is associated with rather poor properties with respect to
processing. Consequently, there are many reports focusing
on the preparation of novel nanocomposites consisting of
PANI with various layered materials such as V2O5 xero-
gel,[6] MoO3 bronze,[7] graphitic oxide,[8] α-RuCl3,[9] mont-
morillonite,[10] and layered metal phosphates.[11]
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troscopy, in situ X-ray absorption near edge structure
(XANES) spectroscopy, in situ high-temperature X-ray dif-
fraction (HT-XRD) and in situ Fourier transform infrared
(FTIR) spectroscopy. The UV/Vis spectra provide evidence
for the polymerization of the intercalated metanilic anions,
and an increase in the interlayer distance from 16.0 to 17.2 Å
is observed by HT-XRD. It has been found by the in situ tech-
niques that the pre-intercalated nitrate anions act as the oxi-
dizing agent that induces the polymerization of the interlayer
monomer under a nitrogen atmosphere upon heating at
300 °C. The orientation of the interlayer polymerization prod-
uct has also been proposed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

As for the layered materials, LDHs have received con-
siderable attention because of their special intercalation
properties. LDHs, which are widely known as a class of
anionic clays, can be represented by the general formula
[M1–x

IIMx
III(OH)2]x+(An–)x/n·mH2O, where MII and MIII

are divalent and trivalent metal cations, respectively. An– is
an exchangeable inorganic or organic anion and the x value,
i.e. the charge density, is equal to the molar ratio MIII/(MIII

+ MII). LDHs have positively charged layers, and a wide
variety of charge-balancing anionic species have been in-
tercalated into the gallery region.[12] As a result, LDHs are
now well established as excellent anion-exchange materials
and their extensive intercalation chemistry has widespread
applications in the area of organic/inorganic nanocompos-
ites.[13]

PANI/LDH nanocomposites were first reported by
Challier and Slade.[14] Prior to the incorporation, the LDH
host structure was exchanged with terephthalate or hexacy-
anoferrate anions in order to expand the basal spacing. The
pre-swollen LDH materials were then heated at reflux with
pure aniline. Analysis of the XRD patterns of the products
confirmed the presence of multiple phases. More recently,
interlayer polymerization methods have concentrated on
heat treatment after polymeric monomer intercalation into
the LDH. This process is the so called “soft thermal treat-
ment”, which is a two-step soft chemistry route that in-
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cludes the intercalation of aniline sulfonic acid between the
sheets of the LDHs and its subsequent in situ polymeriza-
tion at a temperature below 200 °C in air. This approach
can avoid the ion-exchange reaction competing with the
interlayer polymerization as well as the destruction of the
layered structure by external oxidizing agents. As in the case
of other lamellar nanocomposites, atmospheric oxygen was
found to play a major role in the polymerization pro-
cess.[15–17]

In the present study, we report a new route for preparing
PANI/LDH nanocomposites by using pre-intercalated ni-
trates as the oxidizing agent. In situ chemical oxidative po-
lymerization of metanilic anions (m-NH2C6H4SO3

–) in-
tercalated in NiAl LDHs under a nitrogen atmosphere has
been performed for the first time. The whole process in-
volves the synthesis of the precursor LDH [Ni2Al(OH)6-
(NO3)·nH2O], the intercalation of the monomer metanilic
anions into the LDH and its in situ polymerization between
the layers by thermal treatment under nitrogen. Advantages
of this method are: (1) the restricted interlayer region of the
LDH makes it easier to obtain nanosized oligomers with
uniform size; (2) the pre-intercalated NO3

– acting as an oxi-
dizing agent can prevent the influence of mass transfer and
diffusion on the polymerization reaction of the interlayer
monomer. A combination of techniques, including TG–
DTA–MS, UV/Vis, in situ XANES, in situ HT-XRD, and
in situ FTIR spectroscopy, was used for the characteriza-
tion of intercalated metanilic anions and their in situ inter-
layer polymerization. UV/Vis spectroscopy provides evi-
dence for the polymerization of the intercalated monomer,
and an increase in the interlayer distance from 16.0 to
17.3 Å is observed by HT-XRD. It has been found by the
in situ techniques that the pre-intercalated nitrate anions
act as the oxidizing agent, which induces the polymerization
of the interlayer monomer upon heating at 300 °C under
nitrogen. The orientation of the interlayer polymerization
product has also been proposed.

Results and Discussion

Structure of NiAl-Metanilic LDHs

The X-ray diffraction patterns of the precursor NiAl-
NO3 LDH and the metanilic anion intercalated LDH are
shown in Figure 1. In each case, the reflections can be in-
dexed to a hexagonal lattice with R-3m rhombohedral sym-
metry, commonly used for the description of the LDH
structures.[19] The main diffraction peaks for NiAl-NO3

LDH appear at 9.9° (003), 19.9° (006), 29.5° (009), and
62.1° (110) (Figure 1a), while the corresponding peaks for
NiAl-metanilic LDH are observed at 5.4°, 11.1°, 16.8°, and
61.7° (Figure 1b), respectively. Apparently, the XRD
pattern for NiAl-metanilic LDH exhibits the characteristic
reflections of LDH materials with a series of (00l) peaks,
which are evidence for the layered character. The interlayer
distance for the NiAl-NO3 LDH is 8.9 Å which is larger
than that reported by Prinetto et al. (8.3 Å, for the existence
of a large amount of CO3

2–).[20] After the intercalation of
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metanilic acid, the value of the interlayer distance increased
to 16.3 Å, which is 7.4 Å larger than that of NiAl-NO3

LDH. The expansion of the basal spacing was due to the
intercalation of metanilic anions into the LDH lamellar.
Thus, the interaction of NiAl-NO3 LDH with an aqueous
solution of metanilic acid at pH 7.0 led to the anion ex-
change of NO3

– for the metanilic anions with conservation
of the layered structure. As for the (110) reflection, no obvi-
ous shift was observed after intercalation, indicating that
no significant change occurred in the LDH layer.

Figure 1. XRD patterns for (a) NiAl-NO3 LDH and (b) NiAl-
metanilic LDH.

The size of the gallery height of 11.5 Å, obtained by sub-
tracting the thickness of the aluminium hydroxide layer
(4.8 Å) from the interlayer distance (16.3 Å),[21] was much
longer than a single perpendicular anion height (6.4 Å, cal-
culated with Chemwin 6.0) but shorter than its double
value. This may indicate that the guest anions are accom-
modated with an interpenetrating arrangement, leaving in-
terstitial gaps between the monomers and the hydroxide
sheets. Water molecules and nitrate anions occupy these in-
terstitial spaces.

Compared with the NiAl-NO3 LDH precursor (Fig-
ure 2a), three strong bands at 1599, 1484, and 1454 cm–1

and two weak bands at 1257 and 1315 cm–1 are observed
in the FTIR spectrum of NiAl-metanilic LDH (Figure 2b),
which can be attributed to the characteristic absorptions
of metanilic anions.[22] The remarkable absorption band at
1384 cm–1 resulting from the stretching vibration of NO3

–

is also observed. It can be seen that not all of the NO3
–

anions have been exchanged by metanilic anions, and sim-
ilar results have also been reported by other researchers in
studies of the intercalation of large anions into NO3-LDH
precursors.[23,24] Furthermore, elemental analysis data show
that the chemical composition of the NiAl-metanilic LDH
is Ni0.66Al0.34(OH)2(C6H4NH2SO3)0.23(NO3)0.11·0.78H2O,
which is consistent with the results of XRD and IR spec-
troscopy.

The structure of an LDH is based on brucite-like layers
in which octahedrally coordinated metal ions share edges
to form infinite sheets.[25] The area of each [Ni1–xAlx-
(OH)2]x+ octahedral unit is related to the unit cell param-
eter a by the formula: S = �3(a2/2).[26] The value of a can be
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Figure 2. FT IR spectra for (a) NiAl-NO3 LDH and (b) NiAl-
metanilic LDH.

calculated from the XRD pattern in Figure 1b (a = 2d110 =
2.99 Å). The area of each octahedral unit is therefore
7.74 Å2, giving one positive charge per 23 Å2 in the case of
x = 0.34 (based on the chemical composition of NiAl-met-
anilic LDH given above). The maximum dimensions of the
anion are calculated as 6–7 Å (calculated with Chemwin
6.0), and the corresponding cross-sectional area of the com-
plex anions can thus be estimated to be in the range of 28–
38 Å2. Consequently, it is impossible for metanilic anions
alone to balance the positive charge of the host layer,
thereby accounting for the co-intercalation of NO3

–.
On the basis of the discussion above, the structure of

NiAl-metanilic LDHs can be represented as alternating
NiAl-OH hydroxide layers and layers containing metanilic
anions, NO3

–, and water molecules. The schematic model
of NiAl-metanilic LDHs is proposed in Figure 3.

Figure 3. A schematic representation of the possible arrangement
for NiAl-metanilic LDHs.

UV/Vis Spectroscopy

Results obtained by UV/Vis spectroscopy give evidence
for the polymerization of metanilic anions intercalated in
NiAl LDHs by heat treatment under nitrogen. Figure 4
shows the optical absorption spectra, in the wavelength
range 230–800 nm, of the synthesized NiAl-metanilic LDH
and the resultant products after heat treatment at different
temperatures.
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Figure 4. UV/Vis spectra of NiAl-metanilic LDH after heat treat-
ment at different temperatures under nitrogen.

It can be seen from Figure 4 that two absorption bands
at 262 and 269 nm at room temperature are observed, which
are associated with the phenyl group of the metanilic mono-
mer. Along with the heat treatment, a strong absorption
band (centered at 296 nm) corresponding to the πB–πB*
transition appears when the temperature reaches 300 °C,[27]

indicating that the polymerization of the intercalated mono-
mer occurrs and the polymeric product possesses alternative
benzenoid units (see structure A). The absorption band cen-
tered at 550 nm, attributable to charge transfer from the
benzoid to the quinoid segments (πB–πQ*), becomes more
obvious when the temperature increases to 320 °C (see
structures B and C).[28] The πB–πQ* transition provides di-
rect evidence that quinoid units are produced and the inter-
layer polyaniline sulfonic (PANIS) is present in its highly
oxidized form. This result is consistent with reports on the
study, by optical absorption spectroscopy, of the intercon-
version of polyaniline oxidation states.[27,29,30]

In Situ XANES

Previous studies on PANI/CuCr LDH nanocomposites
show that oxidative Cu2+ has been used to induce the reac-
tion of the oxidative polymerization of aniline in the inter-
layer galleries of pillared hosts.[14] In order to study whether
Ni2+ in the host layer participates in the interlayer polyme-
rization in this system, in situ X-ray absorption near edge
structure (XANES) measurements were carried out at the
Ni K-edge. The features in the absorption edge are sensitive
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to the immediate Ni environment and local geometry. For
the K edge, the existence of a pre-edge and its intensity are
closely related to the degree of d–p orbital mixing, and loss
of centrosymmetry can cause a large intensity of this peak.
The dominant jump at the edge arises from the dipolar-
allowed transition related to final electronic 4p states.
Therefore, it is sensitive to the variation of the oxidation
state of Ni.[31]

Figure 5 shows the normalized XANES spectra at the Ni
K-edge of NiAl-metanilic LDH heated under nitrogen. The
pre-edge peak (A) can be observed and this arises from the
quadrupolar 1s�3d transition, which is directly related to
the occupation of the 3d orbital and to the local symmetry.
Peak C reflects the long-range ordering of the Ni–O or Ni–
Ni shell.[32] During the heat treatment, a broadening of
both peaks B and C was observed as a result of the thermal
disorder. However, no significant shifts in the three peaks
could be observed, implying that no dramatic redox process
involving Ni occurred during the heat treatment. The re-
sults therefore demonstrate that Ni2+ in the host layer does
not serve as the oxidant for the interlayer oxidative polyme-
rization and thus maintains the same valence in the tem-
perature range 25–320 °C.

Figure 5. In situ XANES spectra at the Ni K-edge of NiAl-metan-
ilic LDH heated from 25 to 320 °C under nitrogen.

TG–DTA–MS Analyses

Simultaneous thermogravimetric (TG) and–differential
thermal analyses (DTA) combined with analysis by mass
spectrometry was found to be useful for following the in situ
thermal behavior of the organic/inorganic nanocomposites
over a wide temperature range.[33]

The TG, DTG, and DTA profiles for the pristine metan-
ilic acid are shown in Figure 6. It can be seen that metanilic
acid exhibits rather high thermal stability from room tem-
perature to 400 °C under nitrogen. Two consecutive weight
losses occur between 400 and 500 °C, with two correspond-
ing strong endothermic peaks in the DTA curve attributable
to the decomposition of metanilic anions.
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Figure 6. TG–DTA profiles of the pristine metanilic acid heated
under nitrogen.

In the case of NiAl-metanilic LDH (Figure 7), the TG–
DTA–MS determination shows that the thermal behavior
under nitrogen can basically be described in four steps: the
first step is observed between ambient temperature to about
100 °C. The TG curve displays a small weight loss with an
endothermic peak in the DTA curve, and the corresponding
MS determination (Figure 8 and Table 1) reveals one H2O+

(m/z = 18) peak at ca. 100 °C. This process is associated
with the volatilization of the adsorbed water in the compos-
ite.

Figure 7. TG–DTA profiles of NiAl-metanilic LDH heated under
nitrogen.

Figure 8. Mass analyses of NiAl-metanilic LDH heated under he-
lium.



X. Duan et al.FULL PAPER
Table 1. Results for MS analyses of NiAl-metanilic LDH.

Proposed
H2

+ N+ O+ H2O+ N2
+ NO+ N2O+ NO2

+ SO2
+ C6H4

+

positive ion

m/z 2 14 16 18 28 30 44 46 64 76
Intensity [A] 10–11 10–11 10–11 10–10 10–10 10–11 10–11 10–12 10–12 10–13

The second step takes place in the temperature range
300–350 °C. The TG curve shows a big weight loss ac-
companied by a strong exothermic peak in the DTA curve.
Several fragments assigned to N2

+ (m/z = 28), NO+ (m/z =
30), N2O+ (m/z = 44), H2O+ (m/z = 18), and NO2

+ (m/z =
46) appear in the corresponding MS curves. For the nitrate-
containing LDHs, the release of NO2 and NO was generally
attributable to the pyrolysis of nitrates, whereas the inter-
layer nitrate would be evolved as NO and N2O only during
the TPR experiment under hydrogen.[34] In this work, the
release of N2, NO, and N2O at the same time provides evi-
dence that the co-intercalated nitrate anions are involved in
an interlayer redox reaction. The NO2

+ peak lags behind
the N2

+, NO+, N2O+, and H2O+ peaks, indicating that py-
rolysis of the pre-intercalated nitrates occurs after re-
duction. The DTA curve in this step displays a strong exo-
thermic peak at about 320 °C, which was not found in the
DTA curve of the pristine metanilic acid. Roland-Swanson
et al. have reported DTA traces with such an exothermic
peak assigned to the polymerization of the 3-sulfopropyl
methacrylate potassium salt (SPMA) intercalated in ZnAl
LDHs by thermal treatment.[35] Because the reaction was
complete without the use of any external chemical agent,
the polymerization process was interpreted as an oxidative
reaction induced by atmospheric oxygen. In the present
study, this strong exothermic peak and the reduction of the
co-intercalated nitrates correspond to the emergence of the
new absorption bands attributable to the πB–πB* and πB–
πQ* transitions in UV/Vis spectra, which demonstrates the
polymerization of metanilic anions intercalated NiAl LDHs
in the same temperature range. On the basis of the dis-
cussion above and of the comparison with other studies on
the thermal behavior of the polymeric monomer/LDH nano-
composites, the strong exothermic process under an inert
atmosphere in this work can be assigned to the chemical
oxidative polymerization of the interlayer monomer with
the co-intercalated nitrates acting as the oxidizing agent.
This will be further discussed in the next sections.

The third weight loss (350–450 °C) is due to the pyrolysis
of the hydroxide layers and the interlayer organic materials,
which results in an enhanced signal of H2O+ (m/z = 18) and
SO2

+ (m/z = 64). The corresponding endothermic peak is
observed at ca. 430 °C. The complete thermal decomposi-
tion of the nanocomposite occurs in the fourth step (450–
600 °C).

In Situ FTIR

Figure 9 shows the in situ FTIR spectra for NiAl-metan-
ilic LDH heated to different scheduled temperatures under
nitrogen. Table 2 summarizes the assignments of the IR ab-
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sorption bands for metanilic-intercalated LDH and its ther-
mal products.[36,37]

Figure 9. In situ FTIR spectra for the thermal polymerization of
NiAl-metanilic LDH.

Table 2. Assignments for IR absorption bands for metanilic-in-
tercalated LDH and its thermal products.[a]

Frequency [cm–1] Assignment

1599 disorder-induced C–C ring stretching
1581 stretching of N=Q=N
1484 ring stretching of C=C
1468 stretching of N=B=N
1453 stretching of benzene ring
1315 N–H in or out of plane bending
1275 C–H bending or C–N stretching
1170 C–H bending in plane
1110 C–S bending in plane
1035 S=O bending
991 C–H bending out of plane

[a] Abbreviations: B, benzenoid unit; Q, quinonoid unit.

It can be seen that very little change is observed for the
three strong bands at 1599, 1484, and 1454 cm–1 and the
weak band at 1315 cm–1, which are characteristic absorp-
tions of metanilic anions from room temperature to 250 °C.
When the temperature increases to 300 °C, the former four
characteristic bands weaken remarkably because of the in-
crease in the conjugated degree of the polymerization prod-
ucts upon thermal treatment. Moreover, the emergence of
the bands at 1581 and 1468 cm–1 in the spectrum of NiAl-
metanilic LDH at 300 °C indicates that the polymerization
product is in a high oxidation state.[38] The comparison of
the IR spectrum of the original metanilic-intercalated LDH
and those of its oxidation products after treatment at
300 °C reveals a sharp decrease in the intensity of the bands
at 1170 (υC–H in plane), 1275, and 1315 cm–1, which points
to a substantial decrease in the number of amino groups
(–NH2). This further confirms the formation of an inter-
layer polyconjugated system. Moreover, the intensity of the
band at 1384 cm–1 attributable to cointercalated NO3

– de-
creases sharply as the temperature reaches 300 °C, thereby
giving evidence that NO3

– is engaged in the interlayer redox
reaction. This is in agreement with the results of UV/Vis
spectroscopy and TG–MS.
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In Situ HT-XRD

In order to get further insight into the thermal polymeri-
zation process of the monomer intercalated NiAl LDH, in
situ X-ray measurements were carried out. The tempera-
tures at which the X-ray data were collected were defined
on the basis of TG–DTA analysis. The in situ HT-XRD
patterns of the intercalation product NiAl-metanilic LDH
in the temperature range 25–320 °C under nitrogen are
shown in Figure 10. The variation in the d003 basal spacing
of NiAl-metanilic LDH with temperature is displayed in
Figure 11.

Figure 10. In situ HT-XRD patterns of NiAl-metanilic LDH in the
temperature range 25–320 °C.

Figure 11. The relationship between the d003 basal spacing and tem-
perature.

Upon increasing the temperature, the (003), (006), and
(009) reflections of NiAl-metanilic LDH move to a slightly
higher 2θ angle (as shown in Figure 10), and the (003) basal
spacing decreases from 16.3 to 16.0 Å (Figure 11) when the
material was heated from 25 °C to 150 °C. This contraction
may result from the loss of absorbed water and parts of
gallery water.[39] However, the value of d003 slowly increases
from 16.0 Å at 150 °C to 16.2 Å at 250 °C. This might be
due to the reorientation of the interlayer monomer ac-
companied by the loss of the gallery water.
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When the temperature reaches 300 °C, the (003) reflec-
tion of the nanocomposite becomes broader and moves to a
remarkably lower 2θ angle. The interlayer distance increases
drastically from 16.2 Å at 250 °C to 17.2 Å at 300 °C, indi-
cating that interlayer polymerization of the interlamellar
species occurs. This phenomenon was also observed in the
case of post-intercalative polymerization of aniline and its
derivatives in layered metal phosphates after thermal treat-
ment at 130 °C in air.[11] In addition, the color of the nano-
composite turns from bright green to dark brown after the
heat treatment. The broadening of the (003) reflection and
the decrease in intensity of other diffraction peaks of the
nanocomposite at 300 °C indicate the decrease in ordered
stacking sequences and in crystallinity during the polymeri-
zation process. Nevertheless, the diffraction maximum be-
tween the 2θ values of 62 and 63° (the spectrum at 300 °C
in Figure 10) can still be observed, indicating the conser-
vation of the lamellar structure with no substantial struc-
tural collapse during the interlayer polymerization reaction.

The coupling between the monomers and the arrange-
ment of their subsequent dimerization or polymerization
have been discussed in term of the gap sizes, which can be
calculated by using the peak fit program of XRD-6000 Ver-
sion 4.1.[17] The geometry and atomic charges of the pos-
sible dimers have been optimized by using the MOPAC
semi-empirical method, employing the PM3 Hamilto-
nian.[40]

Figure 12 shows the peak fit results of d003 at 300 °C, at
which the interlayer polymerization occurs. Three different
d003 values, i.e. 15.77, 17.48, and 20.07 Å were obtained in
this case, and the corresponding gallery heights were calcu-
lated to be 10.97, 12.68, and 15.27 Å, respectively, by sub-
tracting the inorganic layer thickness of 4.8 Å. The polyme-
rization between monomers located on different layers (op-
posite inner side) may proceed iso- or syndiotactically, and
the coupling between monomers may occur by a linkage
(α,β), (β,β), or (N,N). The calculated lengths of the three
possible dimers are 10.43, 11.63, and 12.42 Å (as shown in
Scheme 1), respectively. It can be concluded that the coup-
ling between monomers most likely occurs by the linkages
(α,β) and (N,N) since the calculated lengths of the two pos-
sible dimers (10.43 and 12.42 Å) correspond well with the
two gallery heights of 10.97 and 12.68 Å. As a result, the
coupling between monomers on different layers hereinbe-
fore should give rise to the quasi-monolayer arrangement
by the linkage (α,β) (Figure 13a), whereas the gallery height
of 15.27 Å may result from the bilayer arrangement when
polymerization occurs between the two monomers on the
same layer (Figure 13b).[17] The linkage of N and N charac-

Figure 12. The peak fit results of d003 of NiAl-metanilic LDH at
300 °C.
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Scheme 1. The structure for the three possible dimers of metanilic anions formed by different linkages: (a) (α,β), (b) (β,β), and (c) (N,N).

Figure 13. Schematic representations of the interlayer polymerization products.

teristics, which results from the “head-to-head” coupling
(Figure 13c), was observed only in the spectra of products
prepared under neutral or basic conditions. For instance,
the formation of azobenzene derivatives in basic or in an
acetonitrile/pyridine medium has also been reported by
Wawzonek and MacIntyre.[41] On the basis of the discussion
above, it can be concluded that the coupling between mono-
mers most likely occurs by the (α,β) and (N,N) linkages,
and the main coupling likely occurs by an (α,β) linkage.
This is in agreement with the much earlier work of
Mohilner et al., in which aniline oxidation products ob-
tained in neutral or weakly acidic media have a predomi-
nantly “head-to-tail” arrangement.[42]

TEM

The TEM micrographs of the prepared materials are il-
lustrated in Figure 14. It can be seen that NiAl-metanilic
LDH exhibits the characteristic LDH platelet, an ill-defined
shape with a uniform size from 200 to 300 Å (Figure 14a).
This morphological result is consistent with that from HT-
XRD analysis. The polymerization product PANIS shows

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3442–34503448

a similar platelike morphology (Figure 14b) with average
particle size of 50–100 Å. Such a small size is possibly due
to the restriction on the chain growth of PANIS afforded
by the layers of LDH.

Figure 14. TEM images of (a) NiAl-metanilic LDH and (b) the
polymerization product (PANIS).
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Conclusions

The in situ chemical oxidative polymerization of metan-
ilic anions (m-NH2C6H4SO3

–) intercalated in NiAl LDH
has been performed for the first time by the use of pre-
intercalated nitrate as the oxidizing agent. From the charac-
terization by XRD, IR spectroscopy, elemental analysis,
and geometrical considerations, the schematic model of
NiAl-metanilic LDH has been proposed in which the struc-
ture can be represented as alternating NiAl-OH hydroxide
layers and layers containing metanilic anions, NO3

– ions,
and water molecules.

Results obtained by UV/Vis spectroscopy give evidence
for the polymerization of the metanilic anions intercalated
NiAl LDH when the temperature reaches 300 °C. The par-
ticle sizes of 50–100 Å of the interlayer polymerization
product determined by TEM microscopy indicates the low
conjugation extent of the interlayer PANIS.

In situ XANES demonstrates that Ni2+ in the host layer
does not serve as the oxidant for interlayer oxidative poly-
merization. According to the results of TG–DTA–MS for
the pristine metanilic acid and the NiAl-metanilic LDH un-
der nitrogen, we propose that the pre-intercalated nitrate
anions act as the oxidant, which induces the polymerization
of the interlayer monomer under nitrogen upon heating at
300 °C.

In situ FTIR and in situ HT-XRD provide further in-
sight into the thermal polymerization process. The basal
spacing increases from 16.0 to 17.2 Å, and the characteristic
vibrational absorptions of polyaniline emerge at 300 °C un-
der nitrogen. It can be concluded, on the basis of the peak
fit program and the MOPAC semi-empirical method, that
the coupling between monomers most likely occurs by the
(α,β) and (N,N) linkages. The possible schematic arrange-
ment for the interlayer products has also been proposed.

Experimental Section
Reagents: All chemicals used in this synthesis including Ni(NO3)2·
6H2O, Al(NO3)3·9H2O, NaOH, and metanilic acid (m-
NH2C6H4SO3

–) were of analytical grade and were purchased from
Aldrich and used without any further purification. High purity ni-
trogen gas (O2 � 1 ppm) and high purity helium gas (O2 � 1 ppm)
were purchased from the Beijing Chemical Plant Limited. All solu-
tions were prepared with distilled and decarbonated water.

Synthesis: The precursor LDH [Ni2Al(OH)6(NO3)]·nH2O was pre-
pared following a standard aqueous coprecipitation and thermal
crystallization method.[18] A solution of NaOH (8.0 g, 0.20 mol) in
water (100 mL) was added dropwise over 2 h to a solution (100 mL)
containing Ni(NO3)2·6H2O (19.4 g, 0.066 mol) and Al(NO3)3·
9H2O (12.5 g, 0.033 mol), with vigorous stirring under nitrogen.
The pH value of the solution at the end of addition was 7.0. The
resultant gelatinous precipitate was maintained at 100 °C for 72 h,
centrifuged, and washed thoroughly with water before drying at
70 °C for 24 h under vacuum.

The metanilic intercalated NiAl-LDH was prepared following the
ion-exchange method. A solution (100 mL) of metanilic acid
(10.4 g, 6.0 mmol) with a pH value adjusted to 7.0 using NaOH
(2.0 ) was added to a suspension of NiAl-NO3 LDH (5.0 g, ca.
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1.5 mmol) in water (100 mL). The mixture was held at 30 °C under
nitrogen for 72 h. The product was washed extensively with water,
centrifuged, and dried under vacuum for 24 h.

For the thermal treatment, the hybrid phase was placed in a tube
furnace heated at 25, 100, 150, 200, 250, 300, or 320 °C for 0.5 h
under nitrogen.

Characterization Techniques: Powder X-ray diffraction (XRD) mea-
surements were performed on a Rigaku XRD-6000 diffractometer,
using Cu-Kα radiation (λ = 1.5418 Å) at 40 kV and 30 mA. Data
were collected over the angular range of 2θ from 3° to 70° at a
scanning rate of 0.02° per second at room temperature. The UV/
Vis spectra were collected in reflectance mode using a Shimadzu
UV-2401 spectrophotometer in the 230–800 nm region (the samples
were dissolved in 0.1  hydrochloric acid). Fourier transform infra-
red (FTIR) spectra were recorded using a Vector 22 (Bruker) spec-
trophotometer in the range 4000 to 400 cm–1 with 2 cm–1 resolu-
tion. The standard KBr disk (1 mg of sample in 100 mg of KBr)
was used. In situ XANES spectra were collected at the XAFS sta-
tion (beam line 4W1B) of the Beijing Synchrotron Radiation Facil-
ity. The storage ring energy was 2.2 GeV and the current was 50–
60 mA. The X-rays were monochromated by using a Si (111) single
crystal. Samples were shaped into ingots with a thickness of about
1 mm. X-ray absorption spectra of the Ni K-edge were collected at
ambient temperature up to 320 °C with a heating rate of 5 °Cmin–1

under nitrogen in the transmission mode. The incident and trans-
mission X-ray intensities were detected using ion chambers which
were installed in front of and behind the sample, respectively. In
situ HT-XRD measurements were performed on a Rigaku D/max
2500VB2+/PC diffractometer in the temperature range 25–320 °C
under nitrogen by using Cu-Kα radiation (λ = 1.5418 Å) at 40 kV
and 30 mA. The samples as disoriented powders were scanned in
steps of 0.02° in the 2θ range 3°–70° by using a count time of 4 s
per step. An α-Al2O3 substrate was used. In situ FTIR spectra were
recorded with a Nicolet 60sxb spectrometer in the range 4000 to
400 cm–1 with 2 cm–1 resolution. The spectra were obtained every
10° with a heating rate of 5 °Cmin–1 under nitrogen. The standard
KBr disk method (1 mg of sample in 100 mg of KBr) was used.
TG–DTA analyses were carried out under nitrogen (flux of
100 mLmin–1) with a Seiko 6300 simultaneous DTA–TGA appara-
tus from Seiko Instruments, at a heating rate of 5 °Cmin–1, with
Al2O3 as a reference. Simultaneous TG–MS analyses were per-
formed with a Pyris Diamond TG–DTA instrument coupled to a
ThermoStarTM QM220 mass spectrometer by a quartz capillary
transfer line at 180 °C. The heating rate was 5 °Cmin–1, with a
helium flow of 100 mLmin–1. The scanning speed of mass was
1 a.m.us–1, with a filtering time 0.03 s. The TGA apparatus oper-
ated at atmospheric pressure, and the mass spectrometer at a work-
ing pressure of 3×10–6 mPa and an electron energy of 70 eV. The
proposed mass number, the ion current intensity, and the amplify-
ing rate are listed in Table 1. Elemental analyses were performed
with a Shimadzu ICPS-7500 instrument. C, H, and N content were
determined by using an Elementarvario elemental analysis instru-
ment. TEM images were obtained by using a JEOL JEM-1200 in-
strument operating at an acceleration voltage of 80 kV. The TEM
samples were ultrasonically dispersed in water, and then a suspen-
sion was deposited onto a holey carbon film deposited on a Cu
grid.
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Hydroxylamine and O-methylhydroxylamine complexes
[M(NH2OH)(CO)nP5–n]BPh4 and [M(NH2OCH3)(CO)nP5–n]-
BPh4 [M = Mn, Re; n = 1, 2, 3; P = P(OEt)3, PPh(OEt)2,
PPh2OEt] were prepared by allowing hydrides MH(CO)n-
P5–n to react first with triflic acid and then with an excess of
hydroxylamine. Bidentate phosphane and phosphite can also
be used to prepare both NH2OH and NH2OCH3 complexes
of manganese and rhenium of the [M(NH2OR)(CO)2(P–P)-
{P(OEt)3}]BPh4 and [M(NH2OR)(CO)3(P–P)]BPh4 [R = H, CH3;
P–P = Ph2POCH2CH2OPPh2, Ph2PO(CH2)3OPPh2, Ph2PN-
(CH3)CH2CH2N(CH3)PPh2] types with the use of MH(CO)2-

Introduction
Despite the very large number of transition-metal com-

plexes that contain monodentate nitrogenous ligands[1] such
as ammonia, amines, imine, nitrile, nitrogen monoxide, hy-
drazine, etc., the coordination chemistry of hydroxylamine,
NH2OH, may be considered somewhat unexplored. A
glance through the literature, in fact, shows that hydroxyl-
amine complexes are very scarce,[2] and only recently have
some examples of complexes of the [MX(NH2OH)(CO)2-
(PPh3)2]CF3SO3 (M = Ru, Os; X = Cl, Br) and
[Re(NH2OH)(CO)3(PPh3)2]CF3SO3 types been reported.[3]

This feature is rather surprising in view of the fact that
the hydrazine molecule, NH2NH2, which is isoelectronic to
and somewhat similar to NH2OH forms a number of stable
and isolable transition-metal complexes.[4,5] A reason for
the scarce number of hydroxylamine derivatives may be a
result of the presence of the OH group that is bonded to
NH2, which makes the NH2OH a poor ligand either as an
N-bonded, or as an O-bonded group. However, the instabil-
ity of the NH2OH molecule in the free state may also con-
tribute to the fact that the synthesis of hydroxylamine deriv-
atives is somewhat difficult.

We have interest in the chemistry of transition metal
complexes with nitrogen-containing ligands and have re-
ported the synthesis and the reactivity of hydrazine com-
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Dorsoduro 2137, 30123 Venezia, Italy

[b] Departamento de Química Inorgánica, Universidade de Vigo,
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(P–P){P(OEt)3} and MH(CO)3(P–P) as precursors. The com-
plexes were characterized spectroscopically and by the
X-ray crystal-structure determination of [Re(NH2OCH3)(CO)2-
{PPh(OEt)2}3]BPh4 and [Re(NH2OCH3)(CO)3{Ph2PO(CH2)3-
OPPh2}]BPh4. Oxidation of the hydroxylamine complexes
with Pb(OAc)4 was studied at –40 °C and led to an unstable
compound tentatively characterized as a nitroxyl [M]–
N(H)=O derivative.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

plexes of Mn, Re, Fe, Ru, and Os stabilized by phosphite
ligands.[6] Recently, we have focused our attention on the
NH2OH molecule and reported the preparation of both
mono- and bis(hydroxylamine) complexes of ruthenium
and osmium of the [MH(NH2OH)P4]+ and [M(NH2OH)2-
P4]2+ types (M = Ru, Os; P = phosphites).[7]

These studies have now been extended to manganese and
rhenium as a central metal to determine whether the syn-
thesis of hydroxylamine complexes can be achieved for
these metals and, if possible, to compare these complexes
with related hydrazine derivatives.[6a,6g] The results of these
studies, which allow the synthesis of the first hydroxylamine
and methylhydroxylamine complexes of manganese and of
new examples for rhenium, are reported here.

Results and Discussion

The synthesis of hydroxylamine complexes of manga-
nese(I) and rhenium(I) was achieved by the reaction of the
MH(CO)nP5–n hydride[6a,8] first with an equimolar amount
of triflic acid (HOTf) and then with an excess of hydroxyl-
amine, as shown in Scheme 1 and Scheme 2.

Protonation of the MH(CO)nP5–n hydride with HOTf
leads to the evolution of H2 and the formation of the triflate
complexes M(κ1-OTf)(CO)nP5–n.[6a,8] Substitution of the la-
bile κ1-OTf ligand with NH2OH afforded the final hydrox-
ylamine complexes, which were isolated in good yields and
characterized. Crucial for the success of the synthesis is to
carry out the reaction at 0 °C for 5–8 hours and to use a
large excess of free NH2OH. Otherwise, either intractable
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Scheme 1. M = Mn (1, 3), Re (2, 4); P = P(OEt)3 (a), PPh(OEt)2 (b); OTf = CF3SO3.

mixtures of products, or very low yields in the complexes
are obtained. It should also be noted that only the mono-
[M(CO)P4] and the dicarbonyl [M(CO)2P3] fragments with
P(OEt)3 and PPh(OEt)2 ligands allow the synthesis of hy-
droxylamine complexes. With tricarbonyl complexes
[M(CO)3P2], a different phosphane such as PPh2OEt or
Ph2PN(Me)CH2CH2N(Me)PPh2 (P–P) must be used to
yield hydroxylamine complexes [Mn(NH2OH)(CO)3-
(PPh2OEt)2]BPh4 (5c) and [Re(NH2OH)(CO)3(P–P)]BPh4

(6e) [Scheme 2].
It seems, therefore, that the electronic properties of the

[M(CO)nP5–n] (M = Mn, Re) fragment are important in de-
termining the synthesis and the stabilization of the NH2OH
complexes. In particular, it seems that an electron-poor
metal center is not able to stabilize the coordination of
NH2OH. With good π-acceptor[9] phosphanes such as
P(OEt)3 and PPh(OEt)2 only mono- and dicarbonyl com-
pounds [M(NH2OH)(CO)P4]+ and [M(NH2OH)(CO)2P3]+

were obtained, while stable tricarbonyl cations

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3451–34623452

[M(NH2OH)(CO)3P2]+could only be prepared through the
use of phosphanes that are less π-acidic than PPh(OEt)2,
such as PPh2OEt and P–P, which were used in complexes
5c and 6e. The presence of four strong π-acceptor carbonyl
ligands in the [M(CO)4P] fragment makes the metal center
so electron-poor that it does not allow for the preparation
of hydroxylamine complexes with any phosphane used.

A comparison between the behavior of NH2OH and the
somewhat related NH2NH2 ligands toward the [M(CO)n-
P5–n] fragment reveals that when hydrazine was used the
synthesis of mixed-ligand complexes of manganese and rhe-
nium with carbonyl and phosphite compounds was easily
achieved with every [M(CO)nP5–n] fragment,[6a,6g] and stable
complexes were even obtained with the tetracarbonyl
[M(NH2NH2)(CO)4P]+ cation, but hydroxylamine was
found to be a more problematic ligand. Only appropriate
fragments, in fact, allow for the synthesis of the correspond-
ing hydroxylamine derivatives, which highlights the fact that
NH2OH is a molecule that is hard to coordinate.



Preparation of NH2OH and NH2OCH3 Complexes of Mn and Re FULL PAPER

Scheme 2.

However, the use of the triflate complex M(κ1-OTf)-
(CO)nP5–n (n = 1, 2, 3) as a precursor allows for the synthe-
sis of the first hydroxylamine complexes of manganese, in
addition to new examples of rhenium derivatives. Only one
example, in fact, of NH2OH complexes of rhenium[3b] is
reported in the literature, while only quantum chemical cal-
culations[10] are reported for hydroxylamine complexes of
manganese.

The results obtained with hydroxylamine prompted us to
extend our study to the use of both N- and O-substituted
NH2OH as a ligand. We began to investigate the behavior
of the N-methyl, NH(CH3)OH, and hydroxylamine towards
the triflate complex M(κ1-OTf)(CO)nP5–n, but in no case
was an N-methylhydroxylamine complex obtained. The ste-
ric hindrance of the methyl group probably prevents the N-
coordination of the NH(CH3)OH molecule.

The O-methylhydroxylamine, on the other hand, quickly
reacts with the triflate complexes M(κ1-OTf)(CO)nP5–n con-
taining monodentate phosphite ligands (P) to give the
NH2OCH3 derivatives 7–11 which were isolated in good
yield and characterized (Scheme 3).

The reaction also proceeds with triflate precursors Re(κ1-
OTf)(CO)2(P–P){P(OEt)3} and Re(κ1-OTf)(CO)3(P–P),
containing bidentate phosphane ligands, to yield the related
NH2OCH3 complexes 9–11, as shown in Scheme 4.

The syntheses of the NH2OCH3 complexes 7–11 can be
carried out at room temperature and do not need particular
attention to give the final complexes in good yields.
Furthermore, in contrast to NH2OH, the tricarbonyl frag-
ment M(CO)3P2 afforded stable O-methylhydroxylamine
complexes with all the phosphites used. These results may
be attributed to the presence of the methoxy group in
NH2OCH3, which makes O-methylhydroxylamine a better
σ-donor than NH2OH. As a result, more thermally stable

Eur. J. Inorg. Chem. 2006, 3451–3462 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3453

Scheme 3. M = Re (7, 9, 11), Mn (8, 10); P = P(OEt)3 (a),
PPh(OEt)2 (b).

Scheme 4. M = Mn (10), Re (11); P–P = Ph2POCH2CH2OPPh2 (d),
Ph2PN(CH3)CH2CH2N(CH3)PPh2 (e), Ph2PO(CH2)3OPPh2 (f).

complexes were obtained with the NH2OCH3 ligand, and
suitable crystals for X-ray crystal-structure determination
were also obtained with the O-methylhydroxylamine com-
plexes 9b and 11f.

Once crystallized, both the hydroxylamine complexes
1–6 and the O-methylhydroxylamine complexes 7–11 are
stable as solids and in a solution of polar organic solvents,
in which they behave like 1:1 electrolytes.[11] The complexes
were characterized spectroscopically (Table 1 and Table 2)
and by the X-ray crystal-structure determination of
[Re(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 (9b) and [Re-
(NH2OCH3)(CO)3{Ph2PO(CH2)3OPPh2}]BPh4 (11f),
whose ORTEP drawings are shown in Figure 1 and Fig-
ure 2.
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Table 1. Selected IR and 300 MHz NMR spectroscopic data for manganese and rhenium complexes.

Compound IR[a] Assign- 1H NMR[b,c] Assign- Spin 31P{1H}NMR[b,d]

ν̃ [cm–1] ment δ [ppm] ment system δ [ppm]
J [Hz] J [Hz]

1b [Mn(NH2OH)(CO){PPh(OEt)2}4]BPh4 3415 m, br νOH 6.11 br[e] OH A4
[e] 196.4 s

3303 m νNH 5.30 br NH2

3222 m 3.48 m, br CH2

1884 s νCO 3.19 m, br
1.11 t CH3

2a [Re(NH2OH)(CO){P(OEt)3}4]BPh4 3434 m, br νOH 6.39 t[e] OH A4
[e] 118.0 s

3316 w νNH JH,H = 2.3
3230 m 6.17 m, br NH2

1888 s νCO JP,H = 3.0
4.01 q CH2

1.27 t CH3

3b [Mn(NH2OH)(CO)2{PPh(OEt)2}3]BPh4 3414 m νOH 6.16 br[f] OH A2B[f] PA: 189.6
3289 m νNH 5.68 t, br NH2 PB: 182.0
3217 m 3.78 m CH2 JA,B = 84.0
2000 s νCO 1.25 m CH3

1909 s
4a [Re(NH2OH)(CO)2{P(OEt)3}3]BPh4 3390 m νOH 5.50 t, br[e] OH AB2

[e] PA: 142.0
3277 m νNH 5.05 m, br NH2 PB: 135.1
3221 m 4.10–3.30 m CH2 JA,B = 36.7
1986 s νCO 1.31 m CH3

1902 s 1.14 t
4b [Re(NH2OH)(CO)2{PPh(OEt)2}3]BPh4 3417 m νOH 5.79 t, br OH AB2 PA: 139.3

3287 m νNH 5.60 m, br NH2 PB: 137.4
3218 m 3.94 m CH2 JA,B = 36.1
1998 s νCO 3.84 m
1915 s 1.37 m CH3

1.35 t
4ad [Re(NH2OH)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4 3383 m, br νOH 4.95 m, br NH2 ABC PA: 124.0

3348 m νNH 4.59 m, br OH PB: 121.3
3215 m 4.50–3.88 m CH2 PC: 112.6
1988 s νCO 4.10 m JA,B = 34.0
1889 s 1.16 t CH3 JA,C = 248.1

JB,C = 27.2
5c [Mn(NH2OH)(CO)3(PPh2OEt)2]BPh4 3395 m νOH 4.65 m, br[g] NH2 A2

[f] 158.1
3269 m νNH 4.41 br OH
3223 m 3.56 m CH2

2065 m νCO 1.15 t, br CH3

1973 s
1940 s

6e [Re(NH2OH)(CO)3{Ph2PN(CH3)CH2CH2N(CH3)PPh2}]BPh4 3381 m, br νOH 4.87 t, br OH A2 66.1 s
3243 m νNH 3.54 m, br NH2

3212 m 3.80 m CH2

2047 s νCO 3.28 m
1979 s 2.50 s NCH3

1913 s
7a [Re(NH2OCH3)(CO){P(OEt)3}4]BPh4 3263 w νNH 6.19 qnt[g] NH2 A4

[g] 119.0 s
3230 m 4.00 m CH2

1881 s νCO 3.49 s OCH3

1.26 t CH3 phos
8b [Mn(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 3269 m νNH 4.88 t[g] NH2 A2B [f] PA: 194.1

3223 m JP,H = 6 PB: 187.9
1993 s νCO 3.95 m CH2 JA,B = 93.0
1907 s 2.88 s OCH3

1.36 m CH3 phos
1.34 t
1.30 t

9b [Re(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 3238 m νNH 4.75 t[g] NH2 AB2
[g] PA: 139.1

2025 s νCO JP,H = 6 PB: 138.4
1909 s 4.09–3.80 m CH2 JA,B = 34.9

2.70 s OCH3

1.37 m CH3 phos
1.32 t
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Table 1. Continued

Compound IR[a] Assign- 1H NMR[b,c] Assign- Spin 31P{1H}NMR[b,d]

ν̃ [cm–1] ment δ [ppm] ment system δ [ppm]
J [Hz] J [Hz]

9ad [Re(NH2OCH3)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4 3245 m νNH 4.32 m, br NH2 ABC PA: 131.0
3215 m 4.08 m CH2 PB: 113.1
1995 s νCO 4.55–4.27 m PC: 109.4
1891 s 2.64 s OCH3 JA,B = 33.2

1.14 t CH3 phos JA,C = 245.2
JB,C = 30.2

10b [Mn(NH2OCH3)(CO)3{PPh(OEt)2}2]BPh4 3261 m 4.83 t[e] NH2 A2
[e] 188.7 s, br

3228 m JP,H = 6
2056 m 4.05 m CH2

1975 s 2.90 s OCH3

1943 s 1.38 t CH3 phos
10d [Mn(NH2OCH3)(CO)3(Ph2POCH2CH2OPPh2)]BPh4 3257 m νNH 4.58 m, br NH2 A2 165.8 s

3225 m 4.35–4.00 m CH2

2042 s νCO 3.23 s OCH3

1977 s
1945 s

11b [Re(NH2OCH3)(CO)3{PPh(OEt)2}2]BPh4 3259 m νNH 5.48 t NH2 A2 135.2 s
3215 m JP,H = 4.5
2072 w νCO 4.08 m CH2

1981 s 2.99 s OCH3

1949 s 1.44 s CH3 phos
11e [Re(NH2OCH3)(CO)3{Ph2PN(CH3)CH2CH2N(CH3)PPh2}]BPh4 3271 w νNH 4.32 m NH2 A2 66.1 s

3235 w 3.81 m CH2

2044 s νCO 3.26 m
1971 s 2.54 s, br OCH3 +
1925 s NCH3

11f [Re(NH2OCH3)(CO)3(Ph2POCH2CH2CH2OPPh2}]BPh4 3246 m νNH 4.76 s, br NH2 AB PA: 110.0
3217 m 3.72 m OCH2 PB: 115.0
2066 m νCO 3.50 m JA,B = 32.5
1971 s 2.39 s OCH3

1950 s 1.95 m CH2

[a] In KBr pellets. [b] In CD2Cl2 at 20 °C, unless otherwise noted. [c] Phenyl proton resonances omitted. [d] Positive shift downfield from
85% H3PO4. [e] At –30 °C. [f] At –70 °C. [g] At 0 °C.

Compound 9b does not show any interaction between
the complex cation and the BPh4

– anion, but in the case
of 11f an interionic interaction, with parameters: distance
H···Ct1 = 2.66(3) Å, distance N···Ct1 = 3.530(3) Å and an-
gle NHCt1 = 167(3)° (where Ct1 is the centroid of one of
the phenyl rings of the anion) indicates an NH-π hydrogen
bond between the nitrogen of the O-methylhydroxylamine
and a phenyl ring of the BPh4

– anion. Compound 11f crys-
tallized with a molecule of CH2Cl2 solvent to give a supra-
molecular arrangement of the crystal through a hydrogen-
bonded network involving the cation [parameters, H···Ct2
= 2.98 Å, C···Ct2 = 3.805(4) Å, angle CHCt2 = 141.2°;
H···O4� = 2.74 Å, C···O4� = 3.649(5) Å, angle CHO4� =
152.4°. Symmetry operation 2–x, 2–y, 2–z; Ct2 stands for
the centroid of the phenyl ring labeled as C31 to C36.]

In both cationic complexes the rhenium atom is coordi-
nated in a slightly distorted octahedral fashion. In 9b there
are three meridional phosphonite ligands PPh(OEt)2, two
cis carbonyl ligands and an N-coordinated O-methylhy-
droxylamine. In 11f there are three mer carbonyl ligands,
two phosphorus atoms of the bidentated phosphinite ligand
PPh2{O(CH2)3O}PPh2, and an N-coordinated O-methylhy-
droxylamine. The coordination polyhedra in 11f is more ir-
regular; the cis angles range from 86.26(9) to 95.47(3)°, and

Eur. J. Inorg. Chem. 2006, 3451–3462 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3455

95.47(3) is the largest value that corresponds to the chelate
angle of the bidentate ligand. This fact was already ob-
served in other compounds that bear this ligand[8d] and it
is probably due to the steric requirement of the ligand.

For 11f, the eight-membered ring adopts the disposition
of a chair, in such a way that the phosphorus and the oxy-
gen atoms are in a planar situation (rms deviation of
0.0229) with the rhenium atom slightly below the plane
[0.463(2) Å], and the three carbon atoms form another al-
most parallel plane, [dihedral angle of 4.5(4)°] at 1.21(1) Å
(average for the two nearest carbon atoms). This conforma-
tion was previously found for complexes with this ligand.[8d]

The Re–P bond lengths are in the range observed for
complexes with phosphonite or phosphinite ligands.[8d,12]

For 9b, the Re–P distances for the mutually trans phos-
phonite ligands [2.381(3) Å (average)] are shorter than that
of the phosphonite trans to a carbonyl ligand [2.413(3) Å]
because of the stronger π-acceptor character of the CO
group. The same behavior is observed in compound 11f in
which the Re–P1 distance is shorter [2.3647(8) Å] than Re–
P2 [2.4608(8) Å].

The Re–C bond lengths in 9b also show the different
trans influence of the ligand: Re–C2 (trans to a P atom) is
0.063 Å longer than Re–C3 (trans to an N atom) because
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Table 2. 300 MHz 13C{1H} NMR spectroscopic data for selected manganese and rhenium complexes.

Compound 13C{1H}NMR[a] δ [ppm], J [Hz] Assignment

3b [Mn(NH2OH)(CO)2{PPh(OEt)2}3]BPh4
[b] 221.1 m CO

216.5 m
65.7 d CH2

64.8 d
16.3 s CH3

16.1 s
4b [Re(NH2OH)(CO)2{PPh(OEt)2}3]BPh4

[b] 198.3 m CO
195.5 m
63.5 m CH2

16.3 m CH3

4ad [Re(NH2OH)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4
[c] 196.9 m CO

193.2 m
65.2 s, br CH2 bident.
64.8 s, br

63.0 d, JC,P = 8 CH2

15.7 d, JC,P = 6 CH3

7a [Re(NH2OCH3)(CO){P(OEt)3}4]BPh4
[b] 196.3 qnt CO

66.8 s OCH3

61.7 t CH2

16.3 s CH3

8b [Mn(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4
[b] 221.8 m CO

217.9 m
67.1 s OCH3

65.2 d CH2

64.1 d
16.5 s CH3

16.2 s
9ad [Re(NH2OCH3)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4

[c] 197.3 m CO
193.4 m
66.7 s OCH3

65.3 s, br CH2 bident.
64.1 s, br

62.9 d, JC,P = 8 CH2

15.8 d, JC,P = 7 CH3

11b [Re(NH2OCH3)(CO)3{PPh(OEt)2}2]BPh4
[b] 190.1 t, JC,P = 8 CO

189.8 t, JC,P = 10
67.9 s OCH3

64.7 m CH2

16.3 m CH3

11e [Re(NH2OCH3)(CO)3{Ph2PN(CH3)CH2CH2N(CH3)PPh2}]BPh4
[c] 194.2 m CO

188.3 m
66.2 s OCH3

52.1 t, JC,P = 7 CH2

39.5 t, JC,P = 3 NCH3

11f [Re(NH2OCH3)(CO)3(Ph2POCH2CH2CH2OPPh2}]BPh4
[c] 191.0 m CO

189.1 m
65.4 s OCH3

64.7 s, br OCH2

63.4 s, br
29.6 s, br –CH2–

[a] Phenyl resonances omitted. [b] In CD2Cl2 at 20 °C. [c] In CDCl3 at 20 °C.

of the stronger π-acceptor character of the phosphonite li-
gand.

In both cases, the geometrical parameters of the O-meth-
ylhydroxylamine ligand are in accordance with an sp3 char-
acter for both the oxygen and the nitrogen atom,[13] and the
conformation of the ligand is such that all the atoms belong
to the same plane (Re–N1–O1–C1) (rms deviation of 0.0173
and 0.0405, respectively). The Re–N bonds are similar to
those found in previously reported[3b] hydroxylaminerheni-
um(I) complexes.
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The presence of the NH2OH or NH2OCH3 ligand
in the complexes can be determined by IR and NMR
spectroscopy (Table 1). The IR spectra of the hydroxyl-
amine derivatives show one medium-intensity band at
ν̃ = 3381–3434 cm–1 for the νOH stretch, and two bands
at ν̃ = 3212–3348 cm–1 attributed to the νNH stretch
of the NH2OH ligand. In the spectra of the related
NH2OCH3 complexes only two medium-intensity
bands at ν̃ = 3215–3271 cm–1 for the νNH stretch were ob-
served.
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Figure 1. The cation of [Re(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 (9b) drawn at 30% probability level.

Figure 2. The cation of [Re(NH2OCH3)(CO)3{Ph2PO(CH2)3OPPh2}]BPh4 (11f) drawn at 30% probability level.

The NMR spectra of the NH2OH complexes 1–5,
which contain monodentate phosphite ligands, indicate
that they are fluxional. The slightly broad signal that ap-
pears at room temperature in the proton spectra, in fact,
resolves into two signals for the ligands at 243 K. At this
temperature the spectra show, besides the signals for the
phosphite and the BPh4 anion, a triplet at δ = 4.41–
6.39 ppm (JH,H = 2.3 Hz) attributed to the OH protons of
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the NH2OH ligand and one slightly broad multiplet at δ
= 3.54–6.17 ppm for the NH2 protons of NH2OH group.
Decoupling experiments and COSY spectra were used to
confirm these assignments and to determine the value of
JH,P for the NH2 protons. Values between JH,P = 2 and
3 Hz were determined for the NH2OH complexes 1–5,
which strongly supports the presence of an N-bonded
NH2OH ligand.
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The proton spectra of complexes 4ad and 6e, which

contain the bidentate phosphane ligand show, apart from
no fluxionality, the characteristic signals for the NH2 and
the OH protons , in agreement, also in this case, with the
presence of the hydroxylamine ligand.

The 1H NMR spectra of the NH2OCH3 derivatives show
a singlet at δ = 2.39–3.49 ppm attributed to the methoxy
group, OCH3, and a multiplet at δ = 4.32–6.19 ppm for the
NH2 protons of the O-methylhydroxylamine ligand. De-
coupling experiments indicate that the multiplet for the
NH2 protons is a result of the coupling of the phosphorus
nuclei of the phosphane to the NH2OCH3 ligand with JH,P

= 4–6 Hz, which is in agreement with the N-bonded coordi-
nation of the NH2OCH3 ligand.

The 31P{1H} NMR spectra of the monocarbonyl com-
plexes [M(NH2OH)(CO)P4]+ and [M(NH2OCH3)(CO)P4]+

(1, 2, 7) appear as a slightly broad signal at room tempera-
ture, which resolves into a sharp singlet at 243 K, in agree-
ment with the magnetic equivalence of the four phosphite
ligands. On the basis of these data, a geometry of type I
(Scheme 1 and Scheme 3), with the carbonyl and the hy-
droxylamine ligands in a mutually trans position, can rea-
sonably be proposed.

The IR spectra of the dicarbonyl complexes
[M(NH2OR)(CO)2P3]+ (3, 4, 8, 9) (R = H, CH3) show two
strong νCO bands which indicate a mutually cis position of
the two carbonyl ligands. These two CO groups, however,
are not magnetically equivalent, because they show two
well-separated multiplets at 221.8 and 193.2 ppm in the 13C
NMR spectra (Table 2). At room temperature, the 31P{1H}
NMR spectra of the dicarbonyl complexes that contain the
monodentate phosphite ligands (3b, 4a, 4b, 8b, 9b) show a
rather broad multiplet which resolves into an AB2 pattern
at temperatures between 0 and –70 °C. This indicates that
there are two phosphites that are magnetically equivalent
but different from the third phosphite. On the basis of these
data, a mer-cis geometry of type II (Scheme 1 and
Scheme 3) similar to that observed in the solid state for 9b
can reasonably be proposed for these dicarbonyl-hydroxyl-
amine derivatives.

In the temperature range between +20 and –80 °C, the
31P{1H} NMR spectra of the dicarbonyl complexes 4ad and
9ad appear as an ABC multiplet, which can be easily simu-
lated with the parameters reported in Table 1. These param-
eters indicate that, while two of the JP,P values are compar-
able(JP,P = 27–34 Hz) the third is considerably higher than
the others (JP,P = 245–248 Hz), which suggests that two of
the three phosphanes are in a mutually trans position. Tak-
ing into account that the IR spectra suggest the presence
of two CO groups in a mutually cis position, we can then
reasonably propose a mer-cis geometry of type II (Scheme 1
and Scheme 4) for the complexes containing a bidentate
phosphane ligand.

At room temperature, the 31P NMR spectra of the
tricarbonyl cations [M(NH2OH)(CO)3P2]+ (5c) and
[M(NH2OCH3)(CO)3P2]+ (10b, 11b) appear as a rather
broad signal which resolves into a sharp singlet as the tem-
perature is lowered, which indicates the magnetic equiva-
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lence of the two phosphane ligands. The IR spectra show,
in the νCO region, three bands; one band of medium inten-
sity and two strong bands, which suggests a mer arrange-
ment of the three carbonyl ligands. On the basis of these
data, a mer-trans geometry III may be proposed for the
tricarbonyl complexes 5c, 10b, 11b.

The IR spectra of the tricarbonyl complexes 6e, 10d and
11e, containing bidentate phosphane ligands, show three
strong absorptions in the νCO region, which indicates a fac
arrangement of the three carbonyl ligands. In the tempera-
ture range between +20 and –80 °C the 31P{1H} NMR
spectra appear as a sharp singlet, in agreement with the
magnetic equivalence of the two phosphite ligands. On the
basis of these data, a fac geometry (IV) can reasonably be
proposed for these hydroxylamine complexes. Finally, a
mer-cis geometry of type V (Scheme 4), like that found in
the solid state, can be proposed for the tricarbonyl complex
[Re(NH2OCH3)(CO)3{Ph2PO(CH2)3OPPh2}]BPh4 (11f),
whose IR spectrum shows one medium-intensity band and
two strong bands in the νCO region. The 31P NMR spec-
trum has an AB multiplet.

The mer-cis geometry observed for compound 11f is un-
usual as compared with those of related complexes 10d, 11e
that contain bidentate phosphane ligands and may be at-
tributed to the steric requirement of the Ph2PO-
(CH2)3OPPh2 ligand, because the π-acceptor properties of
the P–P phosphites are very similar in complexes 10d and
11f.

The fluxional behavior observed in some of our hydrox-
ylamine complexes may be due to an intermolecular process
that involves dissociation of NH2OR or phosphite ligands.
NMR experiments in the presence of free phosphite or hy-
droxylamine, however, seem to exclude such a process.
Therefore, it is plausible to assume that the fluxional pro-
cess simply results in the inter-exchange of the position of
both the P- and the NH2OR ligands at room temperature,
and the progressive decrease of this change as the tempera-
ture is lowered leads to a static A2B or ABC system at
–70 °C.

Reactivity studies of the hydroxylamine complexes were
undertaken, and the preliminary results indicate that they
are relatively robust complexes. Substitution of the NH2OH
or NH2OCH3 ligand by carbonyl or phosphane is very slow
at room temperature, while reflux conditions cause the de-
composition of the complexes.

Oxidation reactions with Pb(OAc)4 were also tested, and
the results show (Scheme 5) that, while the O-methylhy-
droxylamine complexes 7–11 do not react with Pb(OAc)4

under any conditions, hydroxylamines 1–6 quickly react
with Pb(OAc)4 at –40 °C to give a pale-yellow solution. Un-
fortunately, the solid separated from this solution is not a
pure species, but its 1H NMR spectrum shows, in the case
of the oxidation of complex [Re(NH2OH)(CO)2{PPh-
(OEt)2}3]BPh4 (4b), a slightly broad signal at δ = 19.7 ppm.
This resonance may be attributed[2b,3b] to the NH proton
of the N(H)=O group of the [Re{N(H)=O}(CO)2-
{PPh(OEt)2}3]+ cation, formed by selective oxidation of the
NH2OH ligand, as shown in Scheme 5.
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Scheme 5. M = Mn, Re.

Unfortunately, the nitroxyl [Re{N(H)=O}(CO)2P3]+ de-
rivatives are unstable even at –40 °C and were separated
only as traces. The IR spectrum of the separated solid did
not show a signal for the nitrosyl [Re]–NO complex, which
would result from the deprotonation of [Re]-N(H)=O . This
observation suggests that the deprotonation does not take
place. Our results, therefore, prove that the M(CO)nP5–n

fragment is able to stabilize the coordination of the hydrox-
ylamine group, but not that of the nitroxyl ligand.

Conclusions

In this report we have highlighted that the synthesis of
the unprecedented hydroxylamine and the O-methylhydrox-
ylamine complexes of manganese can be achieved through
the use of mixed-ligand Mn(OTf)(CO)nP5–n complexes with
mono- or bidentate phosphites and carbonyls as precursors.
New NH2OH and NH2OCH3 derivatives of rhenium were
also prepared which allowed for the first structural param-
eters of an O-methylhydroxylamine complex to be obtained.
Oxidation of the hydroxylamine complexes with Pb(OAc)4

at –40 °C was also studied and led to the unstable [M]–
N(H)O nitroxyl derivative.

Experimental Section
General: All synthetic work was carried out under an inert atmo-
sphere by using standard Schlenk techniques or a ffacuum Atmo-
sphere dry-box. Once isolated, the complexes were found to be rela-
tively stable in air, but were stored under an inert atmosphere at
–25 °C. All solvents were dried with appropriate drying agents, de-
gassed on a vacuum line and distilled into vacuum-tight storage
flasks. The phosphite P(OEt)3 (Aldrich) was purified by distillation
under nitrogen, while PPh(OEt)2 and PPh2OEt were prepared by
the method of Rabinowitz and Pellon.[14] The bidentate phos-
phanes Ph2PO(CH2)nOPPh2 (n = 2, 3) and Ph2PN(CH3)-
CH2CH2N(CH3)PPh2 were prepared by the reported meth-
ods.[8c,8d,15] Re2(CO)10 was purchased from Pressure Chemical Co.
(U.S.A.) while Mn2(CO)10 was purchased from Aldrich, and both
compounds were used as received. Hydroxylamine (NH2OH), N-
methylhydroxylamine [NH(CH3)OH], and O-methylhydroxylamine
(NH2OCH3) were prepared by a slight modification of a reported
method,[16] which involved the treatment of hydroxylamine hydro-
chloride with sodium ethylate in ethanol. The free NH2OH was
isolated as a white solid, while NH(CH3)OH and NH2OCH3 were
prepared in solution just prior to use. Other reagents were pur-
chased from commercial sources in the highest available purity and
used as received. Infrared spectra were recorded with a Nicolet
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Magna 750 FT-IR or Perkin–Elmer Spectrum One spectrophotom-
eter. NMR spectra (1H, 13C, 31P) were obtained with Bruker
AC200, AVANCE 300, and ARX 400 spectrometers at tempera-
tures varying between –90 and +30 °C, unless otherwise noted. 1H-
and 13C spectra are referred to internal tetramethylsilane, while
31P{1H} chemical shifts are reported with respect to 85% H3PO4,
with downfield shifts considered positive. The COSY, HMQC, and
HMBC NMR experiments were performed with their standard
programs. The SwaN-MR and g-NMR software packages[17] were
used to treat the NMR spectroscopic data and for the simulation.
The conductivity of 10–3 mol·dm–3 solutions of the complexes in
CH3NO2 at 25 °C was measured with a Radiometer CDM 83 in-
strument.

Preparation of the Complexes: The hydride complexes MH(CO)n-
P5–n [M = Mn, Re; P = P(OEt)3, PPh(OEt)2, PPh2OEt; n = 1, 2, 3,
4] were prepared by following the previously reported metho-
d.[6e,8a,8b] The related complexes MH(CO)2(P–P){P(OEt)3} and
MH(CO)3(P–P) [P–P = Ph2POCH2CH2OPPh2, Ph2PO(CH2)3-
OPPh2, Ph2PN(CH3)CH2CH2N(CH3)PPh2] were also obtained by
a known method.[8c,8d]

[Mn(NH2OH)(CO)nP5–n]BPh4 (1b, 3b, 5c) [P = PPh(OEt)2 (b),
PPh2OEt (c); n = 1 (1); n = 2 (3); n = 3 (5)]: An equimolar amount
of CF3SO3H (0.2 mmol, 18 µL) was added to a solution of the
appropriate hydride MnH(CO)nP5–n (0.2 mmol) in CH2Cl2 (10 mL)
cooled to –196 °C. The reaction mixture was brought to room tem-
perature, stirred for 1 h, and then cooled again to –196 °C. An ex-
cess of hydroxylamine (1 mmol, 0.91 mL of a 1.1  solution in eth-
anol) was added, and the resulting solution was brought to 0 °C
and stirred for 8 h. The solvent was removed under reduced pres-
sure. The oil that was obtained was treated with ethanol (1.5 mL)
containing an excess amount of NaBPh4 (0.4 mmol, 137 mg). A
yellow solid slowly separated out from the resulting solution, which
was allowed to stand at –25 °C overnight to complete the precipi-
tation. The solid was filtered and crystallized at 0 °C from CH2Cl2
and ethanol. Yield: 115 mg for 1b (47%), 131 mg for 3b (62%), and
103 mg for 5c (54%).

1b: C65H83BMnNO10P4 (1228.01): calcd. C 63.58, H 6.81, N 1.14;
found C 63.82, H 6.95, N 1.10. ΛM = 55.5 Ω–1 mol–1 cm2.

3b: C56H68BMnNO9P3 (1057.82): calcd. C 63.58, H 6.48, N 1.32;
found C 63.45, H 6.57, N 1.27. ΛM = 56.0 Ω–1 mol–1 cm2.

5c: C55H53BMnNO6P2 (951.72): calcd. C 69.41, H 5.61, N 1.47;
found C 69.35, H 5.75, N 1.44. ΛM = 51.9 Ω–1 mol–1 cm2.

[Re(NH2OH)(CO)nP5–n]BPh4 (2a, 4a, 4b) [P = P(OEt)3 (a),
PPh(OEt)3 (b); n = 1 (2); n = 2 (4)]: These complexes were prepared
as per the related manganese complexes 1, 3, 5 with the use of
hydride ReH(CO)nP5–n as a precursor. The reaction mixture was
stirred for 4 h at room temperature. Yield: 175 mg for 2a (71%),
142 mg for 4a (65%), and 147 mg for 4b (62%).

2a: C49H83BNO14P4Re (1231.10): calcd. C 47.81, H 6.80, N 1.14;
found C 48.02, H 6.90, N 1.06. ΛM = 53.8 Ω–1 mol–1 cm2.

4a: C44H68BNO12P3Re (1092.95): calcd. C 48.35, H 6.27, N 1.28;
found C 48.44, H 6.25, N 1.19. ΛM = 54.3 Ω–1 mol–1 cm2.

4b: C56H68BNO9P3Re (1189.09): calcd. C 56.57, H 5.76, N 1.18;
found C 56.66, H 5.90, N 1.12. ΛM = 54.7 Ω–1 mol–1 cm2.

[Re(NH2OH)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4 (4ad):
This complex was prepared as per the related rhenium complexes
2 and 4 with the use of ReH(CO)2(Ph2POCH2CH2OPPh2)-
{P(OEt)3} as a precursor. The reaction mixture was stirred at room
temperature for 6 h. Yield: 131 mg (55%). C58H62BNO8P3Re
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(1191.06): calcd. C 58.49, H 5.25, N 1.18; found C 58.62, H 5.29,
N 1.15. ΛM = 50.0 Ω–1 mol–1 cm2.

[Re(NH2OH)(CO)3{Ph2PN(Me)CH2CH2N(Me)PPh2}]BPh4 (6e):
This complex was prepared as per the related rhenium complexes
with the use of hydride ReH(CO)3(Ph2PN(CH3)CH2CH2N(CH3)
PPh2). The reaction was stirred for 7 h at 0 °C; yield 175 mg (81%).
C55H53BN3O4P2Re (1079.00): calcd. C 61.22, H 4.95, N 3.89; found
C 61.05, H 4.88, N 3.68. ΛM = 52.6 Ω–1 mol–1 cm2.

[Re(NH2OMe)(CO)nP5–n]BPh4 (7a, 9b, 11b) and [Mn(NH2OMe)-
(CO)nP5–n]BPh4 (8b, 10b) [P = P(OEt)3 (a), PPh(OEt)2 (b); n = 1
(7); n = 2 (8, 9); n = 3 (10, 11)]: An equimolar amount of CF3SO3H
(0.2 mmol, 18 µL) was added to a solution of the appropriate hy-
dride MH(CO)nP5–n (0.2 mmol) in CH2Cl2 (5 mL) cooled to
–196 °C. The reaction mixture was brought to room temperature,
stirred for 1 h, and then cooled again to –196 °C. An excess of
NH2OCH3 (2 mmol, 1.54 mL of a 1.3  solution in ethanol) was
added, and the resulting solution was brought to room temperature
and stirred for about 5 h. The solvent was removed under reduced
pressure. The oil that was obtained was treated with ethanol
(1.5 mL) containing an excess of NaBPh4 (0.4 mmol, 137 mg). A
white or pale-yellow solid slowly separated out from the resulting
solution, which was allowed to stand at –25 °C overnight to com-
plete the precipitation. The solid was filtered and crystallized from
CH2Cl2 and ethanol. Yield: 167 mg for 7a (67%), 133 mg for 8b
(62%), 176 mg for 9b (73%), 123 mg for 10b (68%), and 155 mg
for 11b (75%).

7a: C50H85BNO14P4Re (1245.12): calcd. C 48.23, H 6.88, N 1.12;
found C 48.45, H 6.94, N 1.08. ΛM = 56.9 Ω–1 mol–1 cm2.

8b: C57H70BMnNO9P3 (1071.85): calcd. C 63.87, H 6.58, N 1.31;
found C 63.80, H 6.67, N 1.27. ΛM = 55.9 Ω–1 mol–1 cm2.

Table 3. Crystal data and structure refinement for [Re(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 (9b) and [Re(NH2OCH3)(CO)3{Ph2PO-
(CH2)3OPPh2}]BPh4 (11f).

Identification code 9b 11f

Empirical formula C57H70BNO9P3Re C56H53BCl2NO6P2Re
Formula weight 1203.06 1165.84
Temperature 293(2) K 173(2) K
Wavelength 0.71073 Å 0.71073 Å
Crystal system monoclinic triclinic
Space group P21/c P1̄
Unit cell dimensions a = 12.707(2) Å a = 10.0187(7) Å

b = 27.279(5) Å b = 15.7038(11) Å
c = 17.486(3) Å c = 17.9835(13) Å
α = 90° α = 94.267(1)°
β = 106.130(5)° β = 104.823(1)°
γ = 90° γ = 105.249(1)°

Volume 5822.9(18) Å3 2608.3(3) Å3

Z 4 2
Density (calculated) 1.372 Mg/m3 1.484 Mg/m3

Absorption coefficient 2.222 mm–1 2.544 mm–1

F(000) 2464 1176
Crystal size 0.14×0.11×0.07 mm 0.36×0.23×0.22 mm
Theta range for data collection 1.42 to 28.08° 1.36 to 28.01°
Index ranges –15 � h � 16; –35 � k � 27; –20 � l � 22 –12 � h � 13; –20 � k � 18; –23 � l � 18
Reflections collected 30713 17230
Independent reflections 12872 [R(int) = 0.1441] 11960 [R(int) = 0.0424]
Reflections observed (�2σ) 3713 10213
Data completeness 0.908 0.949
Max. and min. transmission 1.000 and 0.753 1.000 and 0.739
Data/restraints/parameters 12872/0/656 11960/0/632
Goodness-of-fit on F2 0.637 0.953
Final R indices [I�2σ(I)] R1 = 0.0555 wR2 = 0.0631 R1 = 0.0301 wR2 = 0.0608
R indices (all data) R1 = 0.2593 wR2 = 0.1031 R1 = 0.0400 wR2 = 0.0629
Largest diff. peak and hole 0.837 and –0.600 e·Å–3 0.989 and –0.890 e·Å–3
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9b: C57H70BNO9P3Re (1203.11): calcd. C 56.90, H 5.86, N 1.16;
found C 57.04, H 5.95, N 1.11. ΛM = 53.5 Ω–1 mol–1 cm2.

10b: C48H55BMnNO8P2 (901.66): calcd. C 63.94, H 6.15, N 1.55;
found C 64.10, H 6.41, N 1.49. ΛM = 52.1 Ω–1 mol–1 cm2.

11b: C48H55BNO8P2Re (1032.92): calcd. C 55.82, H 5.37, N 1.36;
found C 55.60, H 5.35, N 1.25. ΛM = 55.0 Ω–1 mol–1 cm2.

[Re(NH2OMe)(CO)2(Ph2POCH2CH2OPPh2){P(OEt)3}]BPh4 (9ad):
This compound was prepared as per the related rhenium complexes
7, 9, 11 with the use of hydride ReH(CO)2(Ph2POCH2CH2OPPh2)-
{P(OEt)3}. Yield: 137 mg (57%). C59H64BNO8P3Re (1205.09):
calcd. C 58.80, H 5.35, N 1.16; found C 59.04, H 5.49, N 1.18. ΛM

= 49.6 Ω–1 mol–1 cm2.

[Mn(NH2OMe)(CO)3(Ph2POCH2CH2OPPh2)]BPh4 (10d) and
[Re(NH2OMe)(CO)3(P–P)]BPh4 (11e, 11f) [P–P = Ph2PN(Me)-
CH2CH2N(Me)PPh2 (e), Ph2PO(CH2)3OPPh2 (f)]: These com-
plexes were prepared as per the related complexes 7–11 with the
use of hydride MH(CO)3(P–P). The reaction was stirred for 5 h.
Yield: 108 mg for 10d (58%), 168 mg for 11e (77%), and 162 mg
for 11f (75%).

10d: C54H49BMnNO6P2 (935.25): calcd. C 69.32, H 5.28, N 1.50;
found C 69.25, H 5.43, N 1.47. ΛM = 55.6 Ω–1 mol–1 cm2.

11e: C56H55BN3O4P2Re (1093.03): calcd. C 61.54, H 5.07, N 3.84;
found C 61.49, H 5.13, N 3.80. ΛM = 52.3 Ω–1 mol–1 cm2.

11f: C55H51BNO6P2Re (1080.97): calcd. C 61.11, H 4.76, N 1.30;
found C 61.25, H 4.87, N 1.24. ΛM = 50.7 Ω–1 mol–1 cm2.

Oxidation Reaction: The oxidation of the hydroxylamine and
O-methylhydroxylamine complexes was carried out at low tempera-
ture (–40 °C) by using Pb(OAc)4 as a reagent. In a typical experi-
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ment, a sample of the appropriate complex, [M(NH2OH)(CO)n-
P5–n]BPh4 or [M(NH2OCH3)(CO)nP5–n]BPh4 (0.10 mmol), was
placed in a three-necked, 25-mL, round-bottomed flask fitted with
a solid-addition sidearm containing an equimolar amount of
Pb(OAc)4 (44 mg, 0.10 mmol). The system was evacuated, CH2Cl2
(10 mL) was added, the solution cooled to –40 °C, and the Pb-
(OAc)4 was added portionwise over 10–20 min to the cold solution
with stirring. The reaction mixture was then warmed to 0 °C,
stirred for 10 min, and the solvent was removed under reduced
pressure. The oil obtained was treated at 0 °C with ethanol (2 mL)
containing NaBPh4 (42 mg, 0.12 mmol), but no solid compound
was separated from the resulting solution.

X-ray Crystal-Structure Determination of [Re(NH2OCH3)(CO)2-
{PPh(OEt)2}3]BPh4 (9b) and [Re(NH2OCH3)(CO)3{Ph2PO(CH2)3-
OPPh2}]BPh4 (11f): Suitable crystals for X-ray analysis were ob-
tained by slow cooling of a saturated solution of the complexes in
ethanol and CH2Cl2. The data was collected with a SIEMENS
Smart CCD area-detector diffractometer with graphite-monochro-
mated Mo-Kα radiation, at room temperature in the case of 9b and
at –100 °C in the case of 11f. Absorption corrections were carried
out with SADABS with the use of semi-empirical methods from
equivalents.[18] The structures were solved by direct methods in the
case of 9b and by Patterson methods in the case of 11f. Both were
refined by a full-matrix least-squares analysis based on F2.[19] Non-
hydrogen atoms were refined with anisotropic displacement param-
eters. Hydrogen atoms were included in idealized positions and re-
fined with isotropic displacement parameters, except those bonded
to the nitrogen atom in 11f, which were located on the density map
and refined isotropically. Atomic scattering factors and anomalous
dispersion corrections for all atoms were taken from the Inter-
national Tables for X-ray Crystallography (Tables 3, 4 and 5).[20]

Table 4. Selected bond lengths [Å] and angles [°] for
[Re(NH2OCH3)(CO)2{PPh(OEt)2}3]BPh4 (9b).

Re–C3 1.838(12) Re–C2 1.901(10)
Re–N1 2.223(8) Re–P1 2.378(3)
Re–P2 2.385(3) Re–P(3) 2.413(3)
O1–C1 1.426(11) O1–N1 1.432(8)
C3–Re–C2 86.1(5) C3–Re–N1 176.3(4)
C2–Re–N1 91.3(4) C3–Re–P1 91.5(3)
C2–Re–P1 87.6(3) N1–Re–P1 85.6(2)
C3–Re–P2 91.0(3) C2–Re–P2 85.4(3)
N1–Re–P2 91.5(2) P1–Re–P2 172.41(10)
C3–Re–P3 96.2(3) C2–Re–P3 177.6(3)
N1–Re–P3 86.33(19) P1–Re–P3 91.53(9)
P2–Re–P3 95.31(9) C1–O1–N1 111.2(8)
O1–N1–Re 110.5(5)

Table 5. Selected bond lengths [Å] and angles [°] for
[Re(NH2OCH3)(CO)3{Ph2PO(CH2)3OPPh2}]BPh4 (11f).

Re–C3 1.962(4) Re–C4 1.977(3)
Re–C2 1.998(3) Re–N1 2.232(3)
Re–P1 2.3647(8) Re–P2 2.4608(8)
N1–O1 1.440(3) O1–C1 1.436(3)
C3–Re–C4 92.80(13) C3–Re–C2 91.70(13)
C4–Re–C2 175.41(13) C3–Re–N1 86.45(12)
C4–Re–N1 90.57(11) C2–Re–N1 90.62(11)
C3–Re–P1 86.98(9) C4–Re–P1 91.47(9)
C2–Re–P1 87.85(9) N1–Re–P1 173.21(9)
C3–Re–P2 176.74(9) C4–Re–P2 89.29(9)
C2–Re–P2 86.26(9) N1–Re–P2 91.03(8)
P1–Re–P2 95.47(3) O1–N1–Re 107.26(16)
C1–O1–N1 111.3(2)
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Details of crystal data and structural refinement are given in
Table 3; selected bond lengths and angles are listed in Table 4 and
Table 5. CCDC-297494 and -297495 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Three new SnII phosphate materials, [NH3(CH2)3NH2(CH2)2-
NH2(CH2)3NH3]·2[Sn2P2O8] (I), [(N2C5H14)2][Sn4P4O16]·
3H2O (II) and [(N2C5H14)][Sn2P2O8]·H2O (III), have been
synthesised by means of hydrothermal methods using N,N�-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and
homopiperazine (H-PIP; for II and III), respectively, as the
structure-directing organic amines. The solids I–III have lay-
ered architectures. The structures of all three compounds
consist of strictly alternating vertex-sharing trigonal-pyrami-
dal SnO3 and tetrahedral PO4 moieties forming infinite layers

Introduction

The wide structural diversity along with the potential ap-
plications in the areas of catalysis, sorption and separation
processes are the reasons for the continued interest in the
area of open-framework materials.[1] The continuing re-
search has clearly established that new materials with novel
structures can be made in the presence of structure-direct-
ing organic amines.[2] It is now firmly established that tin(II)
phosphates exhibiting open-framework structures can be
prepared employing hydrothermal methods.[3–13] The chem-
istry of divalent tin and its related compounds, especially
the phosphates[3–13] and the phosphonates,[14–16] continues
to yield unexpected results with the lone-pair associated
with SnII playing a significant role. In the family of tin
phosphates, the isolation of solids having zero-,[3] one-,[4,5]

two-[6–8] and three-dimensionally[9–13] extended networks
clearly indicates that the system is versatile like the other
family of open-framework phosphates. It is noteworthy that
one of the basic structural building blocks, present in most
of the phosphate based open-framework solids, is a four-
membered ring made of [M2P2O4] units. The analogue with
M = Sn has also been isolated and characterised.[3] The
main structural features present in all the tin phosphate and
phosphonate materials are the presence of either three- and/
or four-coordinated SnII atoms that are vertex-linked to
PO4 tetrahedra forming channels and cavities. In general, it
is observed that the Sn/P ratio in many of the tin phos-
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possessing apertures bound by 4- and 8-T atoms (T = Sn, P).
The distorted 4- and 8-membered apertures within the layers
suggest the subtle influence of the lone-pair of electrons of
SnII on the structure. The interlamellar space is occupied by
the protonated organic amine molecules which interact with
the framework through N–H···O hydrogen bonding. The
compounds I–III bear some structural relationship to the lay-
ered zinc phosphite phases.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

phates is �1. In this paper, we report the hydrothermal syn-
thesis and structures of three simple open-framework tin(II)
phosphates, [NH3(CH2)3NH2(CH2)2NH2(CH2)3NH3]·
2[Sn2P2O8] (I), [(N2C5H14)2][Sn4P4O16]·3H2O (II) and
[(N2C5H14)][Sn2P2O8]·H2O (III), having an Sn/P ratio of
1.0. The compounds were prepared in the presence of N,N�-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and
homopiperazine (H-PIP; for II and III ), respectively, as the
structure-directing agent.

Results and Discussion

Three new SnII phosphates, [{NH3(CH2)3NH2(CH2)2-
NH2(CH2)3NH3}2]·2[Sn2P2O8] (I), [(N2C5H14)2][Sn4P4O16]·
3H2O (II) and [(N2C5H14)][Sn2P2O8]·H2O (III), were syn-
thesised using hydrothermal methods. As a result of the
synthesis being kinetically controlled solvent-mediated reac-
tions, there is no relationship between the starting synthesis
mixture composition and the stoichiometry of the final so-
lid product. The compounds I–III have similar structures
consisting of layers that are intercalated by the structure-
directing organic amine molecules. The structures are based
on a network of strictly alternating SnO3 and PO4 units.
These units form infinite layers with the incorporation of
the organic amine in the fully protonated form.

The asymmetric unit of I contains 18 independent non-
hydrogen atoms, of which two Sn and P atoms are crystallo-
graphically independent. The structure of I is constructed
from a network of SnO3 and PO4 units forming infinite
layers which are anionic. The connectivity between these
moieties creates 4- and 8-membered rings along the b-axis.
The polyhedral connectivity between the SnO3 and PO4

units forming the two-dimensional layer is shown in Fig-
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ure 1. As can be noted, each four-membered ring within the
layer is connected to four eight-membered rings and each
eight-membered ring is attached to four four-membered
rings. The organic amine molecules (BAPEN) balance the
charges of the anionic layers and are located in the spaces
between the layers. The individual layers are held together

Figure 1. Polyhedral view of a single layer in [NH3(CH2)3-
NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8] (I) in the ac plane.

Figure 2. (a) Arrangement of the layers in I in the bc plane. (b) Arrangement of the layers in I in the ab plane. The dotted lines in both
the cases represent possible hydrogen-bonding interactions.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3463–34713464

by the fully protonated BAPEN molecules through hydro-
gen bonding interactions (Figures 2a and b).

The asymmetric unit of II contains 42 independent non-
hydrogen atoms, of which 24 atoms belong to the frame-
work and the remaining atoms to the lattice water and
amine guest molecules. There are four Sn and P atoms that

Figure 3. Polyhedral view of a single layer in [(N2C5H14)2]-
[Sn4P4O16]·3H2O (II).
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are crystallographically independent. Similar to I, the struc-
ture of II is constructed by a network of SnO3 and PO4

units forming infinite layers that are anionic. The connectiv-
ity between these moieties creates 4- and 8-membered rings
in the ab plane (Figure 3). In II, there appear to be two
types of 4- and 8-membered apertures, the arrangement of
which gives a three-dimensional character to the layers. The
differences in the sizes and shapes of the apertures may be
attributed to the relative positioning of the lone-pair of elec-
trons on SnII. The charge-compensating protonated organic
amine cations (H-PIP) are located in the inter-lamellar re-
gions and are involved in hydrogen bonding through N–
H···O, C–H···O and O–H···O interactions (Figure 4).

Figure 4. Arrangement of the layers in II in the bc plane. Dotted
lines represent possible hydrogen-bonding interactions. The lattice
water molecules are not shown.

The asymmetric unit of III contains 20 independent non-
hydrogen atoms, of which two Sn and P atoms are crystallo-
graphically independent. The connectivity between the
SnO3 and PO4 units creates 4- and 8-membered rings within
the layer in the bc plane. The polyhedral connectivity of a
single layer is shown in Figure 5. As can be noted, each

Figure 6. Arrangement of layers in III in the ac plane. Dotted lines represent possible hydrogen-bonding interactions. The lattice water
molecules are not shown.
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4-membered ring within the layer is connected to four 8-
membered rings and each 8-membered ring is attached to
four 4-membered rings. The 8-membered rings are consider-
ably more distorted compared with those in the structures
of I and II. The organic amine molecules (H-PIP) balance
the charges of the anionic layers and are located in the
spaces between the layers. The individual layers are held
together by the protonated H-PIP molecules through hy-
drogen-bonding interactions (Figure 6).

Figure 5. Polyhedral view of a single layer in [(N2C5H14)][Sn2P2O8]·
H2O (III) in the bc plane.

Compounds I–III therefore represent examples of open-
framework solids possessing alternating anionic and cat-
ionic layers. It may be noted that one of the basic building
units present in many of the tin phosphates and other re-
lated materials, namely M2P2O4 units (M = Sn in the pres-
ent case),[3] can be observed in all the structures.

The Sn–O bond lengths are in the range from 2.0635(18)
to 2.1234(17) Å and the O–Sn–O bond angles are between
82.76(6) and 93.42(14)° which is typical of three-coordinate
SnII centres[3–13] (Tables 1, 2 and 3). The Sn atoms are
linked to P by means of the oxygen links. The P atoms are
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Table 1. Selected bond lengths [Å] and bond angles [°] for
[NH3(CH2)3NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8] (I).

Sn(1)–O(1) 2.0911(17) P(1)–O(5)[a] 1.5412(17)
Sn(1)–O(2) 2.0899(18) P(1)–O(6)[b] 1.5475(17)
Sn(1)–O(3) 2.1035(16) P(1)–O(3) 1.5510(16)
Sn(2)–O(4) 2.0635(18) P(2)–O(8) 1.4928(18)
Sn(2)–O(5) 2.0957(18) P(2)–O(4) 1.5268(17)
Sn(2)–O(6) 2.1234(17) P(2)–O(1) 1.5442(18)
P(1)–O(7) 1.5022(18) P(2)–O(2)[c] 1.5448(19)

O(2)–Sn(1)–O(1) 89.12(8) O(8)–P(2)–O(4) 111.89(12)
O(2)–Sn(1)–O(3) 86.52(7) O(8)–P(2)–O(1) 109.78(11)
O(1)–Sn(1)–O(3) 82.76(6) O(4)–P(2)–O(1) 107.85(11)
O(4)–Sn(2)–O(5) 84.62(7) O(8)–P(2)–O(2)[c] 112.26(13)
O(4)–Sn(2)–O(6) 88.67(7) O(4)–P(2)–O(2)[c] 107.20(11)
O(5)–Sn(2)–O(6) 88.13(7) O(1)–P(2)–O(2)[c] 107.65(11)
O(7)–P(1)–O(5)[a] 108.40(11) P(2)–O(1)–Sn(1) 119.79(10)
O(7)–P(1)–O(6)[b] 112.81(11) P(2)[c]–O(2)–Sn(1) 122.75(11)
O(5)[a]–P(1)–O(6)[b] 108.79(10) P(1)–O(3)–Sn(1) 122.80(9)
O(7)–P(1)–O(3) 110.93(10) P(2)–O(4)–Sn(2) 130.82(11)
O(5)[a]–P(1)–O(3) 109.29(10) P(1)[d]–O(5)–Sn(2) 126.37(11)
O(6)[b]–P(1)–O(3) 106.55(9) P(1)[b]–O(6)–Sn(2) 120.31(10)

Symmetry transformations used to generate equivalent atoms: [a]
x, y, z + 1. [b] –x –y, –z. [c] –x + 1, –y, –z. [d] x, y, z – 1.

Table 2. Selected bond lengths [Å] and bond angles [°] for
[(N2C5H14)2][Sn4P4O16]·3H2O (II).

Sn(1)–O(1) 2.082(4) P(1)–O(4) 1.545(4)
Sn(1)–O(2) 2.092(4) P(1)–O(6) 1.558(4)
Sn(1)–O(3) 2.124(4) P(2)–O(14) 1.510(4)
Sn(2)–O(4)[a] 2.079(4) P(2)–O(5) 1.535(4)
Sn(2)–O(5)[b] 2.101(4) P(2)–O(11) 1.546(4)
Sn(2)–O(6) 2.112(4) P(2)–O(2) 1.547(4)
Sn(3)–O(7) 2.095(4) P(3)–O(15) 1.517(4)
Sn(3)–O(8) 2.107(4) P(3)–O(10)[c] 1.532(4)
Sn(3)–O(9) 2.115(3) P(3)–O(7) 1.540(4)
Sn(4)–O(10) 2.082(4) P(3)–O(9)[d] 1.551(4)
Sn(4)–O(11) 2.099(4) P(4)–O(16) 1.500(4)
Sn(4)–O(12) 2.115(4) P(4)–O(8) 1.533(4)
P(1)–O(13) 1.499(4) P(4)–O(3) 1.554(4)
P(1)–O(1) 1.535(4) P(4)–O(12) 1.557(4)

O(1)–Sn(1)–O(2) 85.96(15) O(15)–P(3)–O(10)[c] 109.4(2)
O(1)–Sn(1)–O(3) 90.65(15) O(15)–P(3)–O(7) 110.6(2)
O(2)–Sn(1)–O(3) 92.12(15) O(10)[c]–P(3)–O(7) 108.2(2)
O(4)[a]–Sn(2)–O(5)[b] 89.10(15) O(15)–P(3)–O(9)[d] 110.6(2)
O(4)[a]–Sn(2)–O(6) 88.93(15) O(10)[c]–P(3)–O(9)[d] 109.3(2)
O(5)[b]–Sn(2)–O(6) 85.25(14) O(7)–P(3)–O(9)[d] 108.6(2)
O(7)–Sn(3)–O(8) 89.12(15) O(16)–P(4)–O(8) 110.8(2)
O(7)–Sn(3)–O(9) 88.60(14) O(16)–P(4)–O(3) 110.2(2)
O(8)–Sn(3)–O(9) 87.21(14) O(8)–P(4)–O(3) 109.5(2)
O(10)–Sn(4)–O(11) 85.27(14) O(16)–P(4)–O(12) 111.7(2)
O(10)–Sn(4)–O(12) 86.81(14) O(8)–P(4)–O(12) 108.4(2)
O(11)–Sn(4)–O(12) 93.42(14) O(3)–P(4)–O(12) 106.1(2)
O(13)–P(1)–O(1) 111.9(2) P(1)–O(1)–Sn(1) 129.0(2)
O(13)–P(1)–O(4) 112.3(2) P(2)–O(2)–Sn(1) 123.0(2)
O(1)–P(1)–O(4) 107.7(2) P(4)–O(3)–Sn(1) 119.1(2)
O(13)–P(1)–O(6) 109.4(2) P(1)–O(4)–Sn(2)[a] 127.4(2)
O(1)–P(1)–O(6) 106.6(2) P(2)–O(5)–Sn(2)[b] 126.5(2)
O(4)–P(1)–O(6) 108.7(2) P(1)–O(6)–Sn(2) 121.2(2)
O(14)–P(2)–O(5) 111.4(2) P(3)–O(7)–Sn(3) 122.2(2)
O(14)–P(2)–O(11) 109.5(2) P(4)–O(8)–Sn(3) 131.4(2)
O(5)–P(2)–O(11) 109.3(2) P(3)[d]–O(9)–Sn(3) 123.2(2)
O(14)–P(2)–O(2) 110.9(2) P(3)[c]–O(10)–Sn(4) 129.3(2)
O(5)–P(2)–O(2) 107.8(2) P(2)–O(11)–Sn(4) 123.8(2)
O(11)–P(2)–O(2) 107.9(2) P(4)–O(12)–Sn(4) 121.6(2)

Symmetry transformations used to generate equivalent atoms:
[a] –x + 1, –y + 1, –z + 1. [b] –x, –y + 1, –z + 1. [c] –x, –y, –z +
2. [d] –x + 1, –y, –z + 2.
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tetrahedrally linked to oxygen atoms with P–O distances in
the range of 1.493(2) to 1.558(4) Å and O–P–O bond angles
in the range of 106.1(2) to 112.8(2)°. The P(1)–O(7) and
P(2)–O(8) bonds with distances of 1.5022(18) and
1.4928(18) Å for I, P(1)–O(13), P(2)–O(14), P(3)–O(15) and
P(4)–O(16) bonds with distances of 1.499(4), 1.510(4),
1.517(4) and 1.500(4) Å for II and P(1)–O(7) and P(2)–O(8)
bonds with distances of 1.506(3) and 1.510(3) Å for III are
all formally P=O double bonds. Terminal P=O groups in,
for example H3PO4·0.5H2O, are 1.485 and 1.495 Å in
length.[17] The various bond lengths and angles observed
in compounds I–III are in good agreement with other tin
phosphate open-framework structures.[3–13] Selected bond
lengths and angles are listed in Tables 1, 2 and 3 for I, II
and III, respectively.

Table 3. Selected bond lengths [Å] and bond angles [°] for
[N2C5H14][Sn2P2O8]·H2O (III).

Sn(1)–O(1) 2.075(3) P(1)–O(4)[a] 1.546(3)
Sn(1)–O(2) 2.086(3) P(1)–O(6)[b] 1.547(3)
Sn(1)–O(3) 2.100(3) P(1)–O(1) 1.548(3)
Sn(2)–O(4) 2.081(3) P(2)–O(8) 1.510(3)
Sn(2)–O(5) 2.114(3) P(2)–O(5) 1.546(3)
Sn(2)–O(6) 2.114(3) P(2)–O(2)[c] 1.546(3)
P(1)–O(7) 1.506(3) P(2)–O(3) 1.550(3)

O(1)–Sn(1)–O(2) 87.32(11) O(8)–P(2)–O(5) 111.61(16)
O(1)–Sn(1)–O(3) 85.90(11) O(8)–P(2)–O(2)[c] 109.41(16)
O(2)–Sn(1)–O(3) 90.42(11) O(5)–P(2)–O(2)[c] 108.12(16)
O(4)–Sn(2)–O(5) 84.35(11) O(8)–P(2)–O(3) 112.58(16)
O(4)–Sn(2)–O(6) 88.91(12) O(5)–P(2)–O(3) 106.81(15)
O(5)–Sn(2)–O(6) 86.08(11) O(2)[c]–P(2)–O(3) 108.15(16)
O(7)–P(1)–O(4)[a] 110.40(16) P(1)–O(1)–Sn(1) 129.44(17)
O(7)–P(1)–O(6)[b] 112.59(16) P(2)[c]–O(2)–Sn(1) 124.39(16)
O(4)[a]–P(1)–O(6)[b] 108.16(16) P(2)–O(3)–Sn(1) 123.33(15)
O(7)–P(1)–O(1) 110.33(16) P(1)[d]–O(4)–Sn(2) 125.01(17)
O(4)[a]–P(1)–O(1) 108.82(17) P(2)–O(5)–Sn(2) 123.74(15)
O(6)[b]–P(1)–O(1) 106.39(16) P(1)[e]–O(6)–Sn(2) 123.96(16)

Symmetry transformations used to generate equivalent atoms:
[a] –x + ½, y + ½, –z + ½. [b] x + ½, –y + ½, z + ½. [c] –x, –y
+ 1, –z. [d] –x + ½, y – ½, –z + ½. [e] x – ½, –y + ½, z – ½.

The proton-decoupled 31P pulsed MAS NMR spectra of
I and III, shown in Figures 7a and b, clearly indicate the
presence of two phosphorus sites with chemical shifts of δiso

= 2.58 and 0.116 ppm for I and δiso = –3.475 and
–4.507 ppm for III. The differences in the chemical shifts
may be attributed to the involvement of the phosphate tet-
rahedra in hydrogen-bonding interactions. The observation
of two distinct chemical shift peaks in the MAS NMR spec-
tra indicates the presence of two crystallographically inde-
pendent P sites which is in agreement with the single-crystal
X-ray crystallographic data. Similar chemical shift values
have been observed in other phosphate compounds.[18]

The lone pair of electrons on SnII appears to play an
important role in the present structures. The stereoactive
lone-pair of electrons manifests itself in the lattice by creat-
ing open spaces between the two layers in the tin phos-
phates. It is likely that the differences in the arrangement of
the 4- and 8-membered apertures within the layers, ob-
served in the present compounds, are also subtly influenced
by the presence of the lone-pair electrons. The lone-pair of
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Figure 7. 31P-CPMAS NMR spectra for (a) [NH3(CH2)3NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8] (I) and (b) [(N2C5H14)][Sn2P2O8]·H2O
(III).

electrons on SnII generally points in a direction perpendicu-
lar to the plane of the layers. This is also expected since the
amine molecules are cationic and located between the layers
which would facilitate favourable interactions with the lone-
pair of electrons. Similar lone-pair electron positions have
been observed in many other layered SnII phosphate materi-
als.[6–8]
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Multipoint hydrogen-bonding interactions help maintain
structural stability and possibly help in the formation of
many of the open-framework materials that have low-di-
mensional character.[3–8,19–24] In the present structures I–
III, the hydrogen atoms of the amine molecule interact
strongly with the framework oxygen atoms, especially with
the double-bonded ones. Thus, a large number of N–H···O
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and C–H···O hydrogen-bonding interactions has been ob-
served in I–III. In addition, the lattice water molecules also
participate in hydrogen-bonding O–H···O interactions. Se-
lected hydrogen-bonding interactions, observed in I–III, are
listed in Table 4. The present compounds I–III thus provide
good examples of multipoint hydrogen bonding and illus-
trate the importance of them in the structural stability of
two-dimensional solids.

Table 4. Selected hydrogen-bonding interactions in [NH3(CH2)3-
NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8] (I), [(N2C5H14)2]-
[Sn4P4O16]·3H2O (II) and [(N2C5H14)][Sn2P2O8]·H2O (III).

Moiety D–H A–H D–A D–H···A

I

N(1)–H(1)···O(5)[a] 0.89 2.40 3.215(3) 152
N(1)–H(2)···O(8)[a] 0.89 1.90 2.765(3) 162
N(1)–H(3)···O(8)[b] 0.89 1.87 2.717(3) 158
N(2)–H(10)···O(7)[c] 0.90 1.78 2.665(3) 166
N(2)–H(11)···O(3)[d] 0.90 1.95 2.828(3) 163

II

N(1)–H(1)···O(100) 0.90 1.83 2.664(8) 154
N(1)–H(2)···O(14)[d] 0.90 1.99 2.774(7) 175
N(2)–H(9)···O(200) 0.90 1.79 2.687(8) 175
N(2)–H(10)···O(15)[d] 0.90 1.78 2.672(7) 170
N(3)–H(15)···O(300)[b] 0.90 1.85 2.728(8) 165
N(3)–H(16)···O(9)[b] 0.90 2.05 2.891(7) 155
N(4)–H(23)···O(3) 0.90 1.95 2.828(7) 166
N(4)–H(24)···O(6) 0.90 1.94 2.789(7) 158
O(100)–H(101)···O(14)[b] 0.86 1.91 2.668(7) 148
O(100)–H(102)···O(15)[e] 0.86 1.81 2.634(7) 161
O(200)–H(201)···O(13)[a] 0.86 1.80 2.630(7) 165
O(200)–H(202)···O(16)[b] 0.85 1.96 2.760(9) 157
C(5)–H(13)···O(7) 0.97 2.39 3.198(8) 141
C(7)–H(20)···O(13)[b] 0.97 2.52 3.442(9) 159
C(8)–H(22)···O(2)[b] 0.97 2.53 3.446(8) 158
C(10)–H(27)···O(100) 0.97 2.58 3.424(15) 145
C(10)–H(28)···O(16) 0.97 2.47 3.438(16) 174

III

N(1)–H(1)···O(8)[a] 0.90 1.94 2.773(5) 153
N(1)–H(2)···O(8)[c] 0.90 1.85 2.744(5) 175
C(2)–H(5)···O(2)[c] 0.97 2.45 3.364(5) 157
C(2)–H(6)···O(7)[b] 0.97 2.39 3.348(5) 172
C(3)–H(4)···O(5) 0.97 1.98 2.918(4) 161
C(3)–H(8)···O(7)[c] 0.97 1.73 2.664(5) 160

Symmetry transformations used to generate equivalent atoms: I:
[a] –x, 1 – y, 1 – z. [b] 1 – x, 1 – y, –z. [c] x, y, 1 + z. [d] –x, 1 –
y, –z. II: [a] 1 – x, 1 – y, 1 – z. [b] –x, 1 – y, 1 – z. [c] 1 – x, –y,
1 – z. [d] 1 + x, y, –1 + z. [e] x, y, –1 + z. III: [a] ½ + x, ½ – y,
–½ + z. [b] ½ + x, ½ – y, ½ + z. [c] – x, ½ + y, ½ – z.

Structurally, the present compounds possess many fea-
tures that are similar to other previously known open-
framework solids, especially in SnII phosphates with two-
dimensional structures.[6–8] The layered arrangements in II
and III, however, appear to be unique. Additionally, the
SnII phosphates can be compared with the structures of the
recently discovered layered zinc phosphite networks.[23,24]

While the SnII phosphate structures are built up from SnO3

trigonal pyramids and PO4 tetrahedra, the ZnO4 tetrahedra
and PO3 pseudo-tetrahedral units are vertex-linked in the
zinc phosphite structures. Thus, the net available vertices
for bonding in both the cases are similar. In the zinc phos-
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phites, the fourth vertex of the pseudo-tetrahedra is occu-
pied by a P–H bond and in the SnII phosphates the fourth
vertex is occupied by the lone-pair of electrons of the SnII

ions. Illustrative examples of some of the previously re-
ported zinc phosphite structures in which the layers have 4-
and 8-membered apertures along with the layer arrange-
ment of I and II are shown in Figure 8. In the zinc phos-
phites, [C2N2H10][Zn2(HPO3)3][23] and [(C4N2H12)-
(C5NH4)]4[Zn6(HPO3)8],[24] (Figures 8a and b), the 8-mem-
bered rings are connected edge-wise and are separated by
edge-sharing 4-membered rings. In the zinc phosphite
[C3NH10]2[Zn3(HPO3)4],[24] the connectivity within the lay-
ers is identical to that found in I (Figures 8c and d) which
clearly establishes the net available vertices for bonding in
both the structures. The structural features observed in the
structures of II and III (Figures 8e and f) appear to be
unique and, to the best of our knowledge, there are no cor-
responding zinc phosphite structures known in the litera-
ture. It may be noted that the 8-membered rings in III are
distorted compared with those in I and II, indicating the
subtle control exhibited, on the structure of III, by the lone-
pair of electrons on SnII. In general, the layered phosphate/
phosphite structures are held together by strong hydrogen-
bonding interactions involving the P=O groups and the or-
ganic amine template molecules. The presence of trigonal-
pyramidal SnO3 and tetrahedral PO4 units linking to form
the layers and the interactions with the organic amine mole-
cule renders the unique architectures seen in these materials.

Conclusions

The synthesis of three new layered tin() phosphate mate-
rials, [NH3(CH2)3NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8]
(I), [(N2C5H14)2][Sn4P4O16]·3H2O (II) and [(N2C5H14)]-
[Sn2P2O8]·H2O (III), consisting of alternating inorganic and
organic layers has been accomplished. These materials, to-
gether with the previously reported SnII phosphate and
phosphonate solids, illustrate the profound structural influ-
ences of relatively minor modifications in the reaction con-
ditions and/or changes in the starting source of tin. The
present solids represent another example illustrating the im-
portance of multipoint hydrogen bonding in the synthesis
and stability of lower dimensional open-framework materi-
als. The structures appear to a have close similarity to the
phosphite-based ones. The stereoactive lone-pair of elec-
trons on SnII appears to subtly control the formation of
the structure by manifesting itself in the open spaces. Our
continuing research on the SnII phosphates indicates that
other related structures are formed under hydrothermal
conditions in the presence of other structure-directing
agents. While the isolation of a two-dimensional solid with
strictly alternating SnO3 and PO4 moieties provides infor-
mation about the stereochemical consequences of the SnII

lone-pair of electrons, further evaluation is required to ex-
ploit the structure-directing influences of this unit in the
presence of other organic amines in the synthesis of open-
framework materials.
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Figure 8. (a) View of the T-atom (T = Zn, P) connectivity within the layer in the zinc phosphite [C2N2H10][Zn2(HPO3)3].[23] (b) View of
the T-atom (T = Zn, P) connectivity within the layer in the zinc phosphite [(C4N2H12)(C5NH4)]4[Zn6(HPO3)8].[24] (c) View of the T-atom
(T = Zn, P) connectivity within the layer in the zinc phosphite [C3NH10]2[Zn3(HPO3)4].[24] (d) T- atom (T = Sn, P) connectivity in I
within the layer. Note the close similarity with the zinc phosphite structure (c). (e) T-atom (T = Sn, P) connectivity in II within the layer.
(f) T-atom (T = Sn, P) connectivity in III within the layer.

Experimental Section
NMR Spectroscopy: Solid-state NMR experiments were carried out
with a Bruker DSX 300 spectrometer operating at 7 T with a reso-
nance frequency of 121 MHz for 31P. A Bruker 5 mm double reso-
nance probe was used for the experiments. The 31P MAS spectra
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were recorded using standard cross-polarisation (CP) procedures
and high proton decoupling employing a magic angle spinning
(MAS) frequency of 7 kHz. In a typical experiment, radio-fre-
quency fields of 120 kHz were used. The chemical shifts are re-
ported relative to 85% H3PO4 as an external standard.
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Synthesis: Compounds I–III were synthesised by hydrothermal
methods starting from a tin phosphate gel and employing N,N�-
bis(3-aminopropyl)ethylenediamine (BAPEN; for I) and homopi-
perazine (H-PIP; for II and III) as the structure-directing agents,
respectively. For the synthesis of compound I, SnII oxalate was used
as the source of tin, whereas SnCl2·2H2O was employed for II and
III. In a typical synthesis for I, tin(II) oxalate (0.211 g) was dis-
persed in distilled water (1 mL). To this were added 85% aq. H3PO4

(0.07 mL) and BAPEN (0.19 mL) and the mixture was stirred at
room temperature until homogeneous (ca. 30 min.). The final reac-
tion mixture with the composition 1.0SnC2O4/1.0H3PO4/
1.0BAPEN/55H2O was heated in a 23 mL PTFE-lined stainless
steel autoclave at 180 °C for 72 h. The initial pH of the mixture
was 9.0 and there was no appreciable change in pH after the reac-
tion. The resultant product contained large quantities of block-
shaped colourless crystals along with a small quantity of white
powder. The yield of the product was ca. 70% based on the metal
source. For II, a reaction mixture with the composition
1.0SnCl2·2H2O/1.0H3PO4/3.0(H-PIP)/55H2O was heated in a
23 mL PTFE-lined stainless steel autoclave at 150 °C for 48 h. The
initial pH of the mixture was 7.0 and there was no change in pH
during the reaction. The product contained predominantly un-
identified powder with a few isolated plate-like single crystals. The
white powder product was found to be poorly crystalline and did
not correspond to the structure of II. In spite of our repeated
attempts, we were not able to prepare II in pure form and hence
other than the single-crystal structure, we have not been able to
characterise the compound completely. For III, a reaction mixture
with the composition 1.0SnCl2·2H2O/1.0H3PO4/3.0(H-PIP)/110
H2O was heated at 150 °C for 24 h resulting in large quantities of
block-like single crystals (yield 60%). In all the preparations, the
products were washed with deionised water and dried under ambi-
ent conditions.

Single-Crystal Structure Determinations: A suitable colourless sin-
gle crystal of each compound was carefully selected under a polar-

Table 5. Crystal data and structure refinement parameters for [NH3(CH2)3NH2(CH2)2NH2(CH2)3NH3]·2[Sn2P2O8] (I), [(N2C5H14)2]-
[Sn4P4O16]·3H2O (II) and [(N2C5H14)][Sn2P2O8]·H2O (III).

I II III

Empirical formula C8H26N4O16P4Sn4 C10H32N4O19P4Sn4 C5H14N2O9P2Sn2

Formula mass 1033.04 1111.04 545.50
Crystal system triclinic triclinic monoclinic
Space group P1̄ (no.2) P1̄ (no. 2) P21/n (no. 14)
a [Å] 8.010(1) 10.065(3) 8.956(2)
b [Å] 9.449(1) 11.677(3) 12.997(2)
c [Å] 9.742(1) 14.404(4) 12.911(2)
α [°] 68.54(1) 76.438(4) 90
β [°] 85.65(1) 73.189(4) 107.187(3)
γ [°] 71.88(1) 71.766(4) 90
Volume [Å3] 651.51(2) 1519.7(7) 1435.8(4)
Z 2 2 4
ρcalcd. [g cm–3] 2.633 2.428 2.524
λ (Mo-Kα) [Å] 0.71073 0.71073 0.71073
µ [mm–1] 4.111 3.542 3.744
θ range [°] 2.25–28.00 1.50–24.71 2.28–28.03
Total data collected 7527 13678 12260
Unique data 3021 5116 3362
Observed data [I � 2σ(I)] 2889 3985 3046
Refinement method full-matrix least squares on |F|2 full-matrix least squares on |F|2 full-matrix least squares on |F|2

R indices [I � 2σ(I)] R1 = 0.0177,[a] wR2 = 0.0456[b] R1 = 0.0352,[a] wR2 = 0.0916[b] R1 = 0.0278,[a] wR2 = 0.0618[b]

R indices (all data) R1 = 0.0177,[a] wR2 = 0.0456[b] R1 = 0.0491,[a] wR2 = 0.0990[b] R1 = 0.0324,[a] wR2 = 0.0639[b]

Largest difference peak/hole [eÅ–3] 0.508/–0.706 1.191/–1.217 0.928/–0.749

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2. w = 1/[σ2(Fo)2 + (aP)2 + bP], P = [max.(Fo

2,0) + 2(Fc)2]/3, where a
= 0.0225 and b = 0.2629 for I; a = 0.0517 and b = 2.3068 for II and a = 0.0181 and b = 3.1629 for III.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3463–34713470

ising microscope and glued to a thin glass fibre. The single-crystal
diffraction data were collected with a Bruker AXS Smart Apex
CCD diffractometer at room temperature (293 K). The X-ray gen-
erator was operated at 50 kV and 35 mA using Mo-Kα (λ =
0.71073 Å) radiation. Data were collected with ω-scans of width
0.3°. A total of 606 frames were collected in three different settings
of φ (0, 90 and 180°), keeping the sample-to-detector distance fixed
at 6 cm and the detector position fixed at –25°. Pertinent experi-
mental details of the structure determinations are listed in Table 5.
The data were reduced using SAINTPLUS[25] and an empirical ab-
sorption correction was applied using the SADABS program.[26]

The crystal structures were solved and refined by direct methods
using SHELXL-97 present in the WinGX suite of programs.[27] The
hydrogen atoms were placed in geometrically idealised positions
and refined using the riding model. The last cycles in the refine-
ments included all the atomic positions, anisotropic thermal pa-
rameters for all the non-hydrogen atoms and isotropic thermal pa-
rameters for all the hydrogen atoms. Full-matrix least-squares
structure refinement against |F|2 was carried out using the WinGX
suite of programs.[27] CCDC-299664, -299665 and -602825 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Initial Characterisations: The initial characterisations of I and III
were carried out using elemental analysis, powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA) and infrared spec-
troscopy (IR). Elemental analyses of the crystals were carried out
using atomic absorption spectroscopy (ThermoFinnigan FLASH
EA 1112 CHNS analyser). TGA measurements were performed in
an atmosphere of flowing oxygen (flow rate 50 mLmin–1) in the
temperature range 30–800 °C (heating rate 5 °Cmin–1). Infrared
spectra were recorded in the range 400–4000 cm–1 using KBr pellets
(Perkin-Elmer SPECTRUM 1000 instrument). The powder X-ray
diffraction patterns were recorded on crushed single crystals in the
2θ range 5–50° using Cu-Kα radiation (Philips X’pert Pro). The C,
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H and N analyses of I and III are as follows: I: calcd. C 9.29, H
2.52, N 5.42; found C 9.92, H 2.64, N 5.49; III: calcd. C 10.97, H
2.92, N 5.12; found C 11.36, H 3.14, N 5.18. The powder X-ray
diffraction patterns (XRD) for I and III indicated that the patterns
were new and being entirely consistent with those simulated from
the single-crystal structures.[28] The XRD pattern of the powder
sample, obtained along with I, also indicated that it belongs to the
structure of I. The IR spectra of I and III show similar features
and the following bands were observed: I: ν̃ = 3000 [νs(N–H)], 2824
[νs(C–H)], 1602 [δ(N–H)], 1465 [δ(C–H)], 1406 [νs(C–N)], 1334
[νs(C–C)], 1153 [νas(PO4)], 755 [νs(PO4)], 625 [δas(PO4)], 583
[δs(PO4)] cm–1; III: ν̃ = 3554 [νs(O–H)], 3099 [νs(N–H)], 2804 [νs(C–
H)], 1619 [δ(O–H)], 1505 [δ(N–H)], 1431 [δ(C–H)], 1377 [νs(C–N)],
1238 [νs(C–C)], 1109 [νas(PO4)], 843 [νs(PO4)], 638 [δas(PO4)], 587
[δs(PO4)] cm–1. The TGA studies on I were carried out in flowing
air (50 mLmin–1) in the temperature range 25–800 °C (heating rate
10 °Cmin–1). The results indicate one sharp weight loss in the at
around 325 °C with a tail up to 475 °C followed by a small increase
in the weight. The observed weight loss of ca. 15% in the range
325–500 °C corresponds to the loss of the amine molecule (calcd.
17.2%). The weight gain of 3% after 500 °C is probably the result
of the oxidation of SnII to SnIV in the oxygen atmosphere (calcd.
3.74%). The TGA studies of III showed an initial weight loss fol-
lowed by a prominent one. The initial continuous weight loss of
4.14% in the temperature range 30–200 °C corresponds to the loss
of the lattice water and some adsorbed water (calcd. 3.30%). The
second and more prominent weight loss of 15.5% in the range 300–
700 °C corresponds to the loss of the amine molecule (calcd.
18.6%). Similar to I, beyond 700 °C there was a small weight gain
of 2.75% which may be due to the oxidation of SnII to SnIV in the
oxygen atmosphere. In both cases, the powder X-ray diffraction
pattern of the decomposed samples indicated a poorly crystalline
SnIVP2O7 phase (JCPDS: 29-1352). It seems likely that an amorph-
ous phase with a ratio Sn/P � 1:1 is also present.

Supporting Information (for details see the footnote on the first
page of this article): Asymmetric units for all the compounds (I–
III), experimental and simulated powder XRD patterns, IR spectra
and TGA curves for compounds I and III.
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The protonation constants of cyclen– and cyclam–pyridine [1-
(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane (L1) and
1-(pyridin-2-ylmethyl)-1,4,8,11-tetraazacyclotetradecane (L2),
respectively] and the stability constants (logβ110) of the corre-
sponding copper complexes ([CuL1]2+ and [CuL2]2+) were de-
termined by potentiometric titrations. The complexes were
subsequently isolated and characterised by X-ray diffraction,

Introduction

The coordination chemistry of tetraazamacrocyclic re-
ceptors like cyclen and cyclam is always of interest, as new
fields like diagnostic imaging or therapeutic agent develop-
ment have recourse to such ligands. Gadolinium complexes
of polyamino carboxylate ligands are frequently used as
contrast agents for magnetic resonance imaging (MRI) to
improve the images.[1] Therapeutic metalloradiopharmaceu-
ticals designed to localise tumour sites and deliver a cyto-
toxic radiation dose have become widespread.[2] These
molecules are made up of a bifunctional chelator, which
coordinates the metal ion and is covalently attached to a
targeting molecule. The design of the chelator depends on
the metal ion and, for instance, the complexation of copper
radionucleides is provided by N-functionalised cyclams.[3]

High thermodynamic and kinetic complex stabilities consti-
tute crucial parameters for their in vivo applications. For
this purpose, tetraazamacrocyclic receptors are very well
suited, as the donor atoms, the ligand denticity and, above
all, the ligand preorganisation ensure such stabilities. Fi-
nally, stereochemistry is often important when targeting
complexes to specific receptors and, as far as tetraazamac-
rocyclic ligands are concerned, the orientation of the N–H
bonds is important for receptor recognition.[4] It was re-
cently shown that modifications of the macrocyclic substi-
tution pattern can act directly on the stereochemistry and
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B. P. 1039, 51687 Reims Cedex 2, France

[b] UMR CNRS 6511, Institut de Chimie de Rennes, CS 74205,
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Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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UV/Vis spectroscopy and electrochemical studies. The
[CuL2]2+ complex adopts two distinct and stable geometries
(trans I and III), which mainly differ by the macrocycle con-
figuration. The trans III configurational isomer can be con-
verted into the trans I one by electron transfer.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the properties of the metal complexes.[5–7] In particular, in
metal complexes of N,N�,N��,N���-tetrasubstituted tet-
raazamacrocycles, topological reorganisations can be in-
duced by electron transfer. For these reasons, the prepara-
tion and characterisation of coordination compounds with
tetraazamacrocyclic ligands bearing pendant substituents
are still of interest. N-functionalisation may enhance the
metal complexation and the coordination ability of the pen-
dant arms may affect the stereochemistry of the metal com-
plexes.

In this study, we focused on the copper coordination of
cyclen– and cyclam–pyridine (L1 and L2, respectively;
Scheme 1) in aqueous solution. The stability constants of
the 1:1 copper complexes were determined. The complexes’
stereochemistry was studied in solution (UV/Vis and EPR
measurements) and supported by X-ray data. Finally, elec-
trochemical experiments were carried out to give an insight
into the behaviour of the copper complexes in solution.

Scheme 1.
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Results and Discussion

The ligands L1 and L2 were prepared according to the
bis(aminal) methodology.[8] The protonation constants of
the ligands and the overall formation constants of the cop-
per complexes (see Experimental Section) were determined
by means of potentiometric titrations at 20 °C in a
1 mol·L–1 KNO3 medium.

Acid/Base Behaviour of L1 and L2

The titration of the L1 and L2 solutions gave rise to neu-
tralisation curves with a single inflexion point at pH � 7
for both ligands. A nonlinear least-squares refinement of
six independent data sets with PROTAF software[9] allowed
the determination of the logK01h values, which are summa-
rised in Table 1 with those of cyclen, cyclam and a monopy-
ridyl relevant derivative, L3 (Scheme 1), for comparison.
For both ligands, one should expect five protonation con-
stants, four for the nitrogen atoms of the macrocycle and
one for the pyridinic nitrogen atom (Npyr).

For L1, the first two constants, logK011 (10.6) and
logK012 (9.77), are close to those determined for the parent
cyclen.[10] It means that the beginning of the protonation
pattern of L1 is similar to the cyclen one and that the first
two added protons are bound inside the macrocyclic cavity.
The same proposal can be formulated for the cyclam ana-
logue L2, as the first two protonation constants (logK011 =
11.31 and logK012 = 10.47) are similar to the ones deter-
mined for the parent cyclam.[11]

For L1, only the third protonation constant (logK013 =
3.42) can be reached, while the last two are too weak to be
determined with sufficient accuracy, unlike L2, for which
three additional protonation constants (logK013 = 2.88,
logK014 = 2.32 and logK015 = 1.73) are calculated. For each
ligand, the purpose is to identify as much as possible when
the Npyr-protonation occurs. In fact, for the ligands incor-
porating a pyridine moiety, the Npyr-protonation occurs in
a wide pH range: for example the Npyr protonation con-
stant is logK012 = 2.46[12a] for the 2-pyridinylmethanamine,
and logK013 = 3.91 for the relevant ligand cyclen–pyridine
L3 (Table 1[12b]). Consequently, for the studied ligands, the
identification of the third (L1) or third and fourth (L2) pro-
tonation sites remains ambiguous, as these protonation
steps occur at pH � 3.5, and in this pH range at least two
sites are in competition, the first one being the Npyr atom,

Table 1. Ligand protonation constants logK01h and overall formation constants β110 of the 1:1 copper complexes. Values in parentheses
represent 2σ standard deviation.

L1[a] L2[a] L3[b] L4[a] L5[a] Cyclen[c] Cyclam[c,d]

L + H+ h LH+ 10.6(1) 11.31(1) 10.99(5) 10.80(6) 11.5(1) 10.97 11.58
LH+ + H+ h LH2

2+ 9.77(8) 10.47(6) 7.16(5) 9.23(3) 9.31(3) 9.87 10.62
LH2

2+ + H+ h LH3
3+ 3.42(5) 2.88(8) 3.91(5) �2 2.46(4) �2 1.61

LH3
3+ + H+ h LH4

4+ �2 2.32(1) �3 �2 2.29(7) �2 2.42
LH4

4+ + H+ h LH5
5+ �2 1.73(5)

Cu2+ + L h CuL2+ 21.0(2) 23.0(2) 20.4(3) 22.0(2) 23.3 26.5

[a] Potentiometric titrations experimented at 20.0(1) °C, I = 1 mol·L–1 (KNO3) (this work). [b] Ref.[12b] at 25 °C, I = 0.1 mol·L–1 (NaClO4).
[c] Ref.[10] at 25 °C, I = 1 mol·L–1 (KNO3). [d] Ref.[11]

Eur. J. Inorg. Chem. 2006, 3472–3481 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3473

the second one being a nitrogen atom from the macrocyclic
cavity. This is particularly true for the cyclam ligand L2. In
order to gain an insight into the protonation pattern of L1

and L2, UV absorption and 1H NMR evolutions taking
place upon protonation were investigated. For L1 and L2,
the acidification of the medium induces in the UV absorp-
tion spectra (Figure 1) the characteristic hyperchromic shift
of the pyridine chromophore,[13] which begins to appear at
pH = 3.7 for L1, at pH = 2.9 for L2 and increases with
decreasing pH to a maximum for L1 at pH = 1.5 and for
L2 at pH = 1.6. The protonation patterns of L1 and L2

ligands were then examined by recording 1H NMR spectra
at different pH values. The proton assignment was firstly
elucidated with the help of two-dimensional 1H-1H COSY,
1H-13C HMQC and 1H-13C HMBC correlation charts. For
L1 (Figure 2, see also SI-1 in the Supporting Information),
the chemical shifts of the aromatic protons (Har) are sensi-
tive reporters of the protonation state of the ligand amino

Figure 1. Spectrophotometric titrations of L1 and L2 by KOH
(0.1 mol·L–1): (a) [L1] = 3.9×10–4 mol·L–1 in HCl (1 mol·L–1), pH
� [1.5; 9.3]. (b) [L2] = 2.34×10–4 mol·L–1 in HCl (1 mol·L–1), pH
� [1.6; 9.1]. T = 20 °C; l = 1 cm [inset: ε (mol–1·L·cm–1) = f(pH)].
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functions. In the pH range 4–12, no significant evolution
of the 1Har chemical shifts is observed (see also molecular
modelling of L1), which means that the first two protons
bind the macrocycle (L1H+ and L1H2

2+ species). In the pH
range 2–4, a marked downfield shift is observed for the sig-
nals of the aromatic protons. This observation, in agree-
ment with the UV data, strongly suggests that the third pro-
tonation step in L1 occurs on the Npyr atom.[14] For L2 (Fig-
ure 3, see also SI-2,3 in the Supporting Information), the
best reporters of the protonation steps are the Har and the
protons in the β-position with respect to the macrocyclic
nitrogen atoms. In the pH range 9–12, a downfield shift is
observed for the signals of the aliphatic protons, confirming
that the first two protons added (species L2H+ and L2H2

2+)
bind to the macrocyclic cavity. In the pH range 1.5–3, a
concomitant downfield shift of the signals of Har and β-H
is observed. In this region, the distribution diagram of the
protonated L2 species indicates that the existence domains
of L2H3

3+, L2H4
4+ and L2H5

5+overlap. It is worth noting
that the coexistence of these three species induces a deep
modification of the β-H signals with the coalescence of the
β-H signals at pH � 2 (see SI-3 of the Supporting Infor-
mation). All these arguments mean that, for L2, the third
and fourth protonation steps cannot be unambiguously at-
tributed to the Npyr atom and to a macrocyclic nitrogen
atom, respectively.

Figure 2. (a) pH dependence of the 1H aromatic NMR signals of
L1. (b) Distribution diagram of the L1 protonated forms ([L1] =
1.5×10–3 mol·L–1, I = 1 mol·L–1).
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It is worth noting too that, for L1, the difference between
logK012 and logK013 is important. The third protonation
constant attributed to the Npyr atom in L1 (logK013 = 3.42)
is about two orders of magnitude smaller than that for the
Npyr-protonation in pyridine (pKa = 5.25[15]). This differ-
ence reflects the free-energy cost of protonating the third
amino group in L1, that is, the protonation of the Npyr atom
is more difficult when the pyridine group is appended in
proximity to the macrocyclic ring. At least two reasons can
be invoked to explain this behaviour.[16] The first one takes
into account the stabilisation of the diprotonated structure
by intramolecular hydrogen bonding with the pyridine ni-
trogen atom (the protonation of this atom then induces hy-
drogen bond break-up). The second one corresponds to a
conformational reorganisation upon protonation. To check
these assumptions, molecular modelling of L1 and its pro-
tonated forms was undertaken.

Figure 3. (a) pH dependence of the 1H aromatic and β-H NMR
signals of L2. (b) Distribution diagram of the L2 protonated forms
([L2] = 1.5×10–3 mol·L–1, I = 1 mol·L–1).
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Molecular Modelling of L1 and Its Protonated Forms

Low-energy conformers generated by a conformational
search performed at the semiempirical level (AM1 calcula-
tions) were optimised using the Gaussian package[17a] under
DFT/B3LYP/6-31G* formalism. The results concerning the
L1 ligand are gathered in Table 2.

Table 2. DFT-optimised molecular structures of L1, [L1H]1+,
[L1H2]2+and [L1H3]3+. For the sake of clarity, only the pertinent
hydrogen atoms are represented. The dashed lines correspond to
hydrogen bonds.

The lowest-energy structure computed for the neutral li-
gand L1 shows an outward orientation of the pyridine moi-
ety relative to the macrocyclic cavity. The macrocycle has
two of the three hydrogen atoms of the secondary amine
functions directed towards the centre of the cavity. For the
stepwise addition of protons, all the protonation sites were
considered and the most stable situations are reported in
Table 2. As the first proton is added, the pyridine moiety
moves towards the inside of the macrocyclic cavity. The op-
timised geometry shows that the added proton is stabilised
by a hydrogen bond with the Npyr atom, the overall struc-
ture being stabilised by two intramolecular hydrogen bonds.
These characteristics are reinforced when the addition of
the second proton is considered. The diprotonated structure
is symmetrical, the symmetry plane including the pyridine
ring. The pyridine moiety is then in an apical position
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towards the macrocyclic cavity, the Npyr atom stabilising the
added proton by hydrogen bonds. Finally, the addition of
the third proton occurs on the Npyr atom and the pyridine
moiety is moved outward the macrocyclic cavity. The Npyr

atom can no longer stabilise the first two added protons, as
the hydrogen bonds are broken up. Moreover, the compari-
son of the calculated macrocyclic shapes for the L1 ligand
and its protonated forms shows conformational modifica-
tions. The reorganisation of the macrocyclic cavity as a
function of an increased number of protons is a way to
accommodate positive charges in proximity. The modifica-
tion is particularly important between [L1H2]2+ and
[L1H3]3+ structures, as it corresponds to the shift of the pyr-
idine ring away from the cyclen cavity. All these considera-
tions indicate that the protonation of the [L1H2]2+ species
is difficult, which is in good agreement with the small
logK013 value determined for L1.

Copper Complexation of L1 and L2

Thermodynamic Stability of the Complexes [CuL1]2+ and
[CuL2]2+

The pH titration of the ligands L1 and L2 in the presence
of 1 equiv. of copper(II) showed the formation of [CuL1]2+

and [CuL2]2+ complexes. From the analysis of the titration
data, the complexation constants logβ110 of [CuL1]2+

(21.0±0.2) and [CuL2]2+ (23.0±0.2) were determined
(Table 1). The comparison of these values with those deter-
mined for (cyclen)- and (cyclam)copper complexes shows
that the N-functionalisation of the cavity provokes a de-
crease of the complexes’ stability (Table 1). This decrease
is, however, less pronounced than for the benzyl complexes
[CuL4]2+ and [CuL5]2+ (Table 1). This suggests that in solu-
tion the pyridine moiety is weakly involved in copper coor-
dination.

Molecular Structures of the Complexes

To provide a proof of the stoichiometry and the structure
of the complexes, a crystallographic study of the copper(II)
complexes of L1 and L2 was carried out.

For the [CuL1]2+ complex, X-ray quality blue single crys-
tals were grown from diffusion of diethyl ether into an ace-
tonitrile solution of the complex. Selected geometrical pa-
rameters are given in Table 3. The X-ray structure of
[CuL1]2+ showed that the metal ion is pentacoordinate (Fig-
ure 4), the coordination sphere of the copper centre con-
sisting of the four macrocyclic nitrogen atoms and the pyri-
dinic Npyr atom. The Cu–N(secondary) bond lengths
[2.013(4)–2.022(4) Å] are in the range expected for a copper
ion coordinated in a cyclen cavity;[18] the Cu–N(tertiary)
bond length of 2.058(3) Å, longer than the average of the
Cu–N(secondary) ones (2.018 Å), is a consequence of the
macrocyclic N-alkylation.[19] The Npyr atom is coordinated
to the copper ion and the Cu–Npyr bond length is rather
short [2.164(4) Å] by comparison with the same situation in
the corresponding bis(macrocyclic) compound (2.266 Å).[18]

This leads, in the solid state, to an efficient five-membered
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chelate ring, as the Npyr–Cu–N4 angle of 80.65(14)°, where
the N4 atom bears the pyridine arm, is noticeably smaller
than the other three Npyr–Cu–N angles [99.00(17)–
126.74(16)°].

Table 3. Selected bond lengths [Å] and angles [°] in [CuL1]2+.

Cu–N1 2.013(4) N1–Cu–N2 86.31(16)
Cu–N2 2.020(4) N1–Cu–N3 146.94(18)
Cu–N3 2.022(4) N1–Cu–N4 85.44(14)
Cu–N4 2.058(3) N1–Cu–N5 111.24(16)
Cu–N5 2.164(4) N2–Cu–N3 86.10(16)

N2–Cu–N4 152.46(17)
N2–Cu–N5 126.74(16)
N3–Cu–N4 86.62(15)
N3–Cu–N5 99.00(17)
N4–Cu–N5 80.65(14)

Figure 4. SCHAKAL diagram of [CuL1]2+.

For the [CuL2]2+ complex, as far as metal cation coordi-
nation by a cyclam derivative is concerned, one may expect
the formation of stereoisomers for the complexes, according
to the relative orientation of the NH group towards the
macrocyclic cavity. The most frequently encountered con-
figurational isomers are trans I (R,S,R,S) (++++) and trans
III (R,R,S,S) (+–+–), where + indicates that the NH group
is above the plane of the macrocycle and – indicates that it
is below the plane.[20] Recently, it was demonstrated that,
according to the redox state of the copper centre, different
coordination modes around the metal ion are reached and
can be responsible for the formation of the trans I and the
trans III isomers.[6] Thus, depending on the experimental
conditions, trans I and trans III isomers of [CuL2]2+ were
isolated and characterised in the solid state. A [CuL2]2+

complex was easily obtained as a blue solid when the syn-
thesis was performed with copper perchlorate in CH3OH.
The X-ray structure of the corresponding complex (Fig-
ure 5, Table 4a) showed that it adopts the trans I arrange-
ment. The copper ion is pentacoordinate in a distorted
square-pyramidal environment. The Npyr atom is therefore
coordinated to the metal centre [2.220(2) Å]. The bond
angles around the copper ion are different from those ex-
pected in an ideal square-pyramidal structure [e.g.
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N1CuN2, N4CuN1, N2CuN4, N3CuN1 of 86.20(5),
95.83(5), 170.96(5), 164.19(5)°, respectively]. The four
macrocyclic nitrogen atoms define a plane and the copper
ion is out of this plane by 0.218 Å.

Figure 5. SCHAKAL diagram of [CuL2]2+ trans I.

Table 4. Selected bond lengths [Å] and angles [°] of [CuL2]2+ trans
I (a) and [CuL2]2+ trans III (b).

a

Cu–N1 2.010(2) N1–Cu–N2 86.20(5)
Cu–N2 2.080(2) N1–Cu–N3 164.19(5)
Cu–N3 2.024(2) N1–Cu–N4 95.83(5)
Cu–N4 2.037(2) N1–Cu–N5 95.39(5)
Cu–N5 2.220(2) N2–Cu–N5 78.66(5)

N3–Cu–N2 90.33(5)
N3–Cu–N4 85.34(5)
N3–Cu–N5 99.05(5)
N4–Cu–N2 170.96(5)
N4–Cu–N5 109.84(5)

b

Cu–N1 2.038(2) N1–Cu–N3 169.05(8)
Cu–N2 2.025(2) N1–Cu–N5 109.70(8)
Cu–N3 2.092(2) N2–Cu–N1 90.92(9)
Cu–N4 2.024(2) N2–Cu–N3 85.64(9)
Cu–N5 2.250(2) N2–Cu–N5 95.11(8)

N3–Cu–N5 80.99(8)
N4–Cu–N1 84.71(9)
N4–Cu–N2 165.38(9)
N4–Cu–N3 96.05(9)
N4–Cu–N5 99.50(8)

When the complexation was performed with L2 and
Cu(CH3CN)4PF6 as CuI salt in CH3OH under aerobic con-
ditions,[6] a violet solid resulting from the oxidation of CuI

by dioxygen was formed. The X-ray structure of the com-
plex (Figure 6, Table 4b) highlighted the fact that it adopts
a trans III configuration. The copper environment is still
pentacoordinate, the Npyr–Cu bond being a little longer
[2.250(2) Å] than the corresponding one in the trans I com-
plex. The main geometrical parameters are more or less the
same as those observed for the trans I isomer, the copper
ion being out of the macrocyclic plane by 0.224 Å.
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Figure 6. SCHAKAL diagram of [CuL2]2+ trans III.

UV/Vis Spectral Properties and EPR Studies of the
[CuL1,2]2+ Complexes

The UV/Vis absorption maxima of the complexes
[CuL1,2]2+ in water and in acetonitrile together with the cor-
responding solid-reflectance spectra are listed in Table 5.

Table 5. UV/Vis data {λ [nm] (ε [mol–1·L·cm–1])} of [CuL1,2]2+ com-
plexes in H2O, CH3CN solutions and in the solid state.

H2O CH3CN Solid state

[CuL1]2+ 595 (218) 601 (247) 600
[CuL2]2+ trans I 602 (129) 588 (144) 580
[CuL2]2+ trans III 541 (228) 550 (125) 551

In the [CuL2]2+ trans I/III complexes, with regard to the
copper band, the spectrum of the trans I complex exhibits
a λmax = 602 nm in H2O (588 nm in CH3CN) and a λmax =
580 nm in the solid state. The concordance of solid-state
and solution UV/Vis spectra means that on going from the
solid state to solution, the copper environment is main-
tained. The λmax values are consistent with a pentacoordi-
nate copper centre,[19b,21] where the pyridyl group coordina-
tion has to be considered, according to the X-ray data for
the [CuL2]2+ trans I complex (CuN5 chromophore). For the
trans III complex, a λmax = 541 nm in H2O (550 nm in
CH3CN) and a λmax = 551 nm in the solid state were deter-
mined. The λmax values suggest then that the pyridyl group
in the trans III complex is still coordinated to the metal
centre (CuN5 chromophore). When a 5  perchloric acid
solution was added to aqueous solutions of [CuL2]2+ trans

Table 6. EPR parameters of [CuL1,2]2+ complexes in frozen solution (DMF) at 150 K.

g� g�
[a] A� [10–4 cm–1] A� [10–4 cm–1]

[CuL1]2+ 2.192 2.045 4.26 175.0 15.6
[CuL2]2+ trans I 2.190 2.045 4.22 177.5 25.5
[CuL2]2+ trans III 2.197 2.045 4.37 188.7 22.5
[Cu(cyclen)]2+[b] 2.198 2.057 184
[Cu(cyclam)]2+[b] 2.186 2.049 205

[a] G = (g� – 2)/(g� – 2). [b] Ref.[23]
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I/III complexes, a blue shift was observed for the absorption
maxima (from 602 to 531 nm for [CuL2]2+ trans I and from
541 to 511 nm for [CuL2]2+ trans III). The positions of the
resulting bands (531 and 511 nm) are typical of a CuN4

chromophore where the metal ion is held in an N-mono-
functionalised cyclam cavity.[22] Then the acid addition trig-
gered the pyridine decoordination.

In the [CuL1]2+ complex, the spectrum exhibits a broad
band at λmax = 595 nm in H2O (601 nm in CH3CN) and at
λmax = 600 nm in the solid state. The positions of these
bands are typical of a square-pyramidal complex[18] where
the copper centre is pentacoordinate. The concordance of
solid-state and solution UV/Vis spectra seems to indicate
that the copper coordination is again the same in the solid
state and in solution. On the basis of the X-ray structure, it
means that the pyridine moiety participates in the metal
coordination (CuN5 chromophore). To test this proposal, a
5  perchloric acid solution was added to an aqueous solu-
tion of the [CuL1]2+ complex. Under these conditions, no
blue shift of the absorption maximum was observed. In
fact, this is not surprising if we consider that under acidic
conditions the pyridine moiety can be decoordinated and
replaced by a water molecule, as it is well known that in the
cyclen cavity the copper ion is always pentacoordinate.[18]

The acidification of the [CuL1]2+ solution can lead to chro-
mophore modification from CuN5 to CuN4O.

Electron paramagnetic resonance corroborates the coor-
dination geometry proposed for the copper ion in
CuL1]2+ and [CuL2]2+ trans I/III complexes. The EPR spec-
tra of the three complexes were recorded in a DMF solution
at 150 K to ensure good glasses, and the corresponding sim-
ulated anisotropic parameters are listed in Table 6. The X-
band EPR spectra of [CuL1]2+ and [CuL2]2+ trans I/III fro-
zen solutions exhibit a strong absorption at about 3200 G,
imputable to the allowed transitions ∆MS = 1. The shapes
of the spectra consisted of four equidistant absorptions in
the parallel region as expected for the coupling of the un-
paired copper electron to the copper nucleus (I = 3/2) (SI-
4 in the Supporting Information). These spectra with g� �
g� and G � 4 are typical of axially symmetric d9 copper(II)
complexes in a ground-state doublet with the unpaired elec-
tron in the dx2–y2 orbital.[21] Moreover, for [CuL2]2+ com-
plexes, the g� values are slightly larger than that for [Cu(cy-
clam)]2+ (2.186),[23] which is again consistent with the N-
alkylation of the macrocyclic cavity.[22] The hyperfine coup-
ling constant A� is also a good indicator of distortion from
square-planar to square-pyramidal coordination in cop-
per(II) complexes, with smaller values implying distortion.



F. Chuburu et al.FULL PAPER
The A� values for [CuL1]2+and [CuL2]2+ trans I/III are
smaller than the corresponding A� values for [Cu(cyclen)]2+

and [Cu(cyclam)]2+ (Table 6), which is consistent with
[CuL1]2+and [CuL2]2+ trans I/III X-ray structures and
pentacoordinate copper centres.

Redox Properties of the [CuL1,2]2+ Complex

The electrochemical behaviour of [CuL1]2+ in acetonitrile
was determined. The reduction was quasireversible and oc-
curred at E1/2

red = –0.89 V versus Fc+/Fc (∆Ep = 80 mV);
the oxidation was irreversible with a peak potential at Ep

ox

= 1.55 V versus Fc+/Fc. No change in the CV waves was
observed when full scans were performed except a drop in
the current intensities when the system was investigated at
high potentials, because of the irreversible oxidation.

Electrochemical studies of acetonitrile solutions of
[CuL2]2+ trans I/III were only performed on the CuII/CuI

reduction system as oxidation to CuIII is irreversible and
produces highly oxidative species giving very high anodic
currents.[24] For the trans I complex, a single quasireversible
reduction system was observed at E1/2

red = –1.145 V versus
Fc+/Fc (∆Ep = 130 mV) and the voltammogram was fully
reproducible from the first scan to several scans in re-
duction. This means that the electrogenerated [CuL2]+ trans
I complex is stable, as it does not evolve within the voltam-
metry timescale.[7] For the trans III complex, the reduction
yielded the short-lived [CuL2]+ trans III complex, for which
an irreversible wave was located at Ep

red = –1.05 V versus
Fc+/Fc. The comparison of the reduction potential of
[CuL2]2+ trans I and [CuL2]2+ trans III shows that the trans
I complex is more difficult to reduce than the trans III one.
This has to be correlated with the Cu–Npyr distances ob-
tained from crystallographic measurements. For the trans I
complex, the Cu–Npyr distance is 2.220 Å, while for the
trans III one this distance is 2.250 Å; for the trans I isomer,
the ligand field is therefore stronger. Consequently, the trans
I isomer’s antibonding eg* orbitals are destabilised com-
pared to the trans III ones, making, for the trans I isomer,
the removal of an electron easier and its withdrawal more
difficult.[22]

The electrogenerated [CuL2]+ trans III complex is a tran-
sient species. Effectively, it readily isomerises as the revers-
ible trans I system at E1/2

red = –1.15 V versus Fc+/Fc (∆Ep

= 140 mV) is immediately observed after the irreversible
trans III one. On cycling, the consecutive voltammograms
exhibit only the trans I system. This behaviour has been
observed until now only on tetrasubstituted (cyclam)copper
complexes,[6,7] and indicates that the topological rearrange-
ment process of the electrogenerated [CuL2]+ trans III com-
plex to a [CuL2]+ trans I complex is rapid. One can also
conclude that the pyridine moiety greatly enhances the
[CuL2]+ stabilities, particularly for the trans I complex, as
it does not evolve towards other species within the voltam-
metry timescale.[7] Finally, as the trans III � trans I conver-
sion has not been observed by other techniques, electro-
chemical experiments illustrate the relevance of electron
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transfer in mediating topological reorganisation of the
functionalised cyclam cavity.

Conclusion

In cyclen– and cyclam–pyridine ligands and their copper
complexes, the pyridine moiety behaves as a “non-inno-
cent” fragment and its influence can be felt at several levels.

In the ligands, it participates through intramolecular hy-
drogen bonds in the stabilisation of two added protons in
the macrocyclic cavity. In the copper complexes, the pyri-
dine nitrogen atom participates as a fifth coordination site
for the metal ion, both in the solid state and in solution.
Regarding the complexes’ structures, the pyridine moiety
does not significantly affect the flexibility of the macro-
cyclic shape, as two configurational (cyclam–pyridine)cop-
per complexes (trans I and trans III) can be synthesised.
Finally, the pyridine moiety facilitates the stabilisation of
copper(I) complexes and, as a result, helps the mediated
electron transfer topological reorganisation of the trans III
complex into the trans I one.

Experimental Section
Syntheses: The metal salts were purchased from Aldrich. All the
other reagents were of the highest grade commercially available and
used without further purification.

Ligand Synthesis: The ligands L1 and L2 were synthesised accord-
ing to a published procedure.[8]

Preparation of the Copper Complexes

[CuL1](ClO4)2: Copper perchlorate hexahydrate (130 mg,
0.35 mmol) in methanol (5 mL) was added dropwise to a solution
of L1 (100 mg, 0.32 mmol) in methanol (15 mL). The blue solution
was refluxed for 2 h and then concentrated by solvent evaporation.
The blue solid complex was precipitated upon addition of diethyl
ether, and collected by filtration under vacuum. This solid was fur-
ther dissolved in acetonitrile and the diffusion of a diethyl ether
solution produced blue monocrystals of [CuL1](ClO4)2, suitable for
X-ray analysis. C14H25Cl2CuN5O8·H2O (543.84): calcd. C 30.92, H
5.00, N 12.88; found C 31.06, H 4.72, N 12.70. ESI-MS; m/z (%):
calcd. for [CuL1(ClO4)]+ 425, found 425 (100); calcd. for
[CuL1H–1]+ 325, found 325 (75).

[CuL2](ClO4)2 trans I: A similar procedure to that described for
[CuL1](ClO4)2 was used. Blue single crystals suitable for X-ray dif-
fraction analysis were obtained by diffusion of diethyl ether in the
acetonitrile solution of [CuL2](ClO4)2. C16H29Cl2CuN5O8 (553.88):
calcd. C 34.70, H 5.28, N 12.64; found C 34.65, H 5.01, N 12.48.
ESI-MS; m/z (%): calcd. for [CuL2(ClO4)]+ 453, found 453 (100);
calcd. for [CuL2H–1]+ 353, found 353 (60).

CAUTION: Perchlorate-containing complexes are potentially ex-
plosive and appropriate precautions should be in place for their
preparation, handling and storage.

[CuL2](PF6)2 trans III: Cu(CH3CN)4PF6 (62 mg, 0.17 mmol, white
powder) in methanol (5 mL) was added dropwise to L2 (50 mg,
0.17 mmol) in methanol (10 mL). The solution, which immediately
turned blue, was stirred at room temperature in aerobic conditions
for 1 d and then concentrated by solvent evaporation. The violet
solid complex was precipitated upon addition of diethyl ether, and
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collected by filtration. This solid was further dissolved in methanol
and the diffusion of a diethyl ether solution produced violet single
crystals of [CuL2](PF6)2, suitable for an X-ray analysis.
C16H29CuF12N5P2·CH3OH (676.95): calcd. C 30.16, H 4.91, N
10.35; found C 30.29, H 4.73, N 10.45. ESI-MS; m/z (%): calcd.
for [CuL2(PF6)]+ 499, found 499 (70); calcd. for [CuL2H–1]+ 353,
found 353 (100).

Potentiometric Measurements: Potentiometric titrations were car-
ried out with an automatic titrator composed of a microprocessor
burette Metrohm Dosimat 665 and a Metrohm pH-Meter 713 con-
nected to a computer. The titration procedure was fully auto-
mated.[25] All measurements were performed within a thermoregu-
lated cell at 20.0±0.1 °C under an argon stream to avoid the dissol-
ution of carbon dioxide. The ionic strength was adjusted to 1 with
potassium nitrate. The combined “U”-type Metrohm glass elec-
trode used had a very low alkaline error. Solutions of ligand
(1×10–3 to 2 ×10–3 mol·L–1) and ligand/copper nitrate mixture (li-
gand/metal ratio in the range 1.2–2) were titrated with a
0.1 mol·L–1 KOH solution. For the complex titrations, an equilibra-
tion period of 1 month at 40 °C at acidic pH was observed until
pH stabilisation. The potentiometric data were processed by using
the PROTAF program[9] to obtain the best-fit chemical model and
refined overall constants βmlh.

The stepwise protonation constants (K0lh) related to the equilib-
rium of Equation (1) are defined by Equation (2) and were deduced
from the refined (β0lh) values by Equation (3).

Table 7. Crystal data and details of the structure determination for [CuL1,2]2+complexes.

[CuL1](ClO4)2, CH3CN [CuL2] trans I (ClO4)2 [CuL2] trans III (PF6)2

Empirical formula C16H28Cl2CuN6O8 C16H29Cl2CuN5O8 C16H29CuF12N5P2

Formula mass 566.88 553.88 644.92
Temperature [K] 120 120 120
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/c P21/n
Colour blue blue violet
a [Å] 11.911(5) 9.978(5) 9.2090(2)
b [Å] 13.695(5) 14.867(5) 17.0482(3)
c [Å] 14.837(5) 15.254(5) 15.5835(3)
α [°] 90 90 90
β [°] 98.444 97.635(5) 100.95(10)
γ [°] 90 90 90
Volume [Å3] 2394(16) 2242(15) 2402.01(8)
Z 4 4 4
Dcalcd. [g·cm–3] 1.573 1.640 1.783
Absorption coefficient [mm–1] 1.189 1.266 1.152
F(000) 1172 1148 1308
λ(Mo-Kα) [Å] 0.71069 0.71069 0.71073
Largest diff. peak/hole [e·Å–3] 1.719/–1.065 0.566/–0.544 0.952/–0.705
Nο. independent reflections 5427 7794 5490
Nο. reflections [I � 2.0σ(I)] 3924 6564 4527
R1 0.0641 0.0338 0.0424
wR2 0.1719 0.0822 0.1078
Goodness-of-fit on F2 1.006 1.053 1.043
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(1)

(2)

(3)

Spectroscopic Measurements: 1H and 13C NMR spectra were re-
corded with a Bruker DRX 500 spectrometer. 1H-1H and 1H-13C
2D correlation experiments were performed to assign the signals.
In 1H NMR titrations, the pD was adjusted by additions of small
amounts of a 4% diluted NaOD solution or a 3.5% diluted DCl
solution to D2O solutions containing ligand L1 or L2

(1.5×10–3 mol·L–1). The pH was calculated from the measured pD
values using Equation (4).[26]

pH = pD – 0.40 (4)

For both ligands, NMR measurements were performed after an
equilibration time of 1 d. Mass spectra in acetonitrile were recorded
with a Micromass Q-TOF instrument by electrospray positive ion-
isation. Electronic spectra in aqueous or acetonitrile solutions were
all measured in the 200–900 nm range with a Perkin–Elmer
Lambda 6 spectrophotometer. Solid-state spectra were obtained by
depositing the complexes on a “Schleicher and Schüll” paper. EPR
spectra were recorded with a Bruker ESP 300e spectrometer
equipped with a Bruker E035M gaussmeter and an HP 5350B mi-
crowave frequency counter. Samples were prepared at a concentra-
tion of 5 mmol·L–1 in DMF frozen solutions (150 K, Bruker
ER4111VT variable-temperature unit). The simulation of the high-
field EPR spectra was performed using XSophe software version
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1.1.4 for Mandriva 2006 x86-64 developed by the centre for Mag-
netic Resonance and the Department of Mathematics of the Uni-
versity of Queensland, Brisbane, Australia, for Bruker Biospin
GmbH.[27] The software uses an angular dependence of g linewidth
model and a Hooke and Jeeves optimisation method with the cop-
per element in a natural abundance (for [CuL1]2+: linewidth in the
parallel region 23.7×10–4 cm–1, in the perpendicular region
19.8×10–4 cm–1; for [CuL2]2+ trans I: linewidth in the parallel re-
gion 35.0×10–4 cm–1, in the perpendicular region 27.0×10–4 cm–1;
for [CuL2]2+ trans III: linewidth in the parallel region
32.5×10–4 cm–1, in the perpendicular region 17.5×10–4 cm–1).

Electrochemical Measurements: Voltammetric data were recorded
with an “Autolab with PGSTAT12” potentiostat (ECO Chemie)
associated to a conventional three-electrode electrochemical cell,
the working electrode being a glassy carbon disk. A platinum plate
was used as a counter electrode and a silver electrode separated
from the complex solution was used as a pseudoreference. In aceto-
nitrile, the potential of the pseudoreference was measured versus
the ferricinium/ferrocene couple. Complex concentrations were al-
ways close to 10–3 mol·L–1 and tetrabutylammonium hexafluoro-
phosphate 10–1 mol·L–1 was used as the supporting electrolyte.

Computational Details: The input geometries were obtained by a
conformational search performed on each structure, L1, [L1H+],
[L1H2+], [L1H3+], at the semiempirical level (AM1 calculations,
Spartan software[17b]) to determine the lowest conformer for each.
The low-energy conformers generated were then minimised using
the Gaussian 98 program package.[17a] Both geometry and energy
calculations were performed at the DFT/B3LYP/6-31G* level. Each
molecular structure was fully optimised and characterised as a
minimum by frequency calculations.

Crystal Structure Determination: The crystal diffraction data were
collected with a Kappa CCD diffractometer (Centre de Dif-
fractométrie X, Univ. Rennes, France) using monochromated Mo-
Kα radiation (λ = 0.71073 Å) at 120 K. Data collection was per-
formed with the COLLECT program.[28] Frames integration and
data reduction procedures were realised using the DENZO and
SCALEPACK program of the KappaCCD software package,
respectively,[29] for the CuL1 and CuL2 trans I/III compounds and
with EVAL[30] and SADABS[31] programs. The structures were
solved using the direct-methods program SIR97,[32] which revealed
all non-hydrogen atoms. SHELXL97[33] was used to refine the
structure. Finally, hydrogen atoms were placed geometrically and
held in riding mode in the least-squares refinement procedure. Fi-
nal difference maps revealed no significant maxima. Further details
are given in Table 7. CCDC-602318 ([CuL1]2+), -602319 ([CuL2]2+

trans I) and -602320 ([CuL2]2+ trans III) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Stack plots of 1H NMR spectra (aromatic region), EPR spec-
tra, and Z-matrix of DFT-minimised (B3LYP/6-31G*) lowest-en-
ergy conformers.
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MgCo4Ge6 is a novel compound in the ternary system Mg-
Co-Ge. Single crystals for a structure analysis were obtained
from mixtures of the elements at high temperatures in sealed
tantalum ampoules. The tetragonal structure [I4̄2m; a =
6.1725(9) and c = 8.660(2) Å; YRu4Sn6 structure type] was de-
termined by X-ray single crystal analysis and refined to R1 =
0.027 for all data. The electronic structure is discussed by
means of density of states and band-structure analyses on the

Introduction

The synthesis of polar intermetallic alloys with a well-
defined stoichiometry is attempted in order to obtain sub-
stitutes for the expensive platinum group metal catalysts
currently used for the selective hydrogenation of α,β-unsat-
urated aldehydes. While both the electronic and structural
properties of intermetallic compounds, as well as the cata-
lytic properties of some alloys on ceramic supports, have
been studied extensively, no systematic investigations on the
catalytic properties of well-defined alloys have been re-
ported yet. A comparison of the ternary tetrelides of cobalt
and ruthenium shows that isotypic compounds are ob-
tained in many cases.[1–4] Besides this isotypic relationship,
which can be taken as evidence for the similarity of the
chemical properties of the two metals involved, we have also
found that specific element combinations in alloys lead to
an unexpected catalytic activity. In this context, we have
recently reported the catalytic properties of Mg2Sn[5] and
MgCo6Ge6,[6] both of which show a remarkable activity
and a high selectivity for the hydrogenation of cis/trans cit-
ral to geraniol and nerol. Since alloys of such compositions
have not yet been considered as catalytically active materi-
als, we extended our systematic study to other compounds
in the ternary phase diagram Mg-Co-Ge and report here
on the novel representative MgCo4Ge6.
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basis of density functional theory. Chemical bond analysis is
performed using the electron localization function (ELF). The
catalytic properties of the polar intermetallic alloy with re-
spect to the selective hydrogenation of α,β-unsaturated alde-
hydes are discussed and compared with those of the recently
investigated MgCo6Ge6.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Crystal Structure

MgCo4Ge6 crystallizes in the YRu4Sn6 structure type
and can be derived from the Au3Cu structure.[7,8] The rela-
tionship between the structure of MgCo4Ge6 and that of
Au3Cu is emphasized in Figure 1. The Au3Cu structure de-
rives from a cubic close packing of Au atoms by replacing
every fourth Au by a Cu atom in each close packed layer,
whilst maintaining the Au triangles. The cubic packing of
those trigonal layers labeled as A, B, and C is shown in
Figure 1 (a). Replacement of every second Mg atom in the
hypothetical, corresponding MgGe3 structure by a C2v

distorted tetrahedral Co4 unit in an ordered manner (Fig-
ure 1, b) leads to the title compound (Mg2Ge6 �
MgCo4Ge6). In the Au3Cu structure, Cu is cube-octahe-
drally coordinated by 12 Au atoms, and in MgCo4Ge6 Mg
is similarly coordinated by 12 Ge atoms, although in a
strongly distorted cube-octahedral manner. Two opposite
squares of the six present in a cube-octahedron are rhom-
boidally distorted, with the orientation of the two short di-
agonals perpendicular to each other. The lengths of the
short diagonals are in the range of the other Ge–Ge con-
tacts within the cube-octahedron. The rhomboidal dis-
torted squares of the Ge12 cube-octahedra are strongly
bent, thereby retaining the convex nature of the polyhedron.
The remaining four squares of the cube-octahedron are
capped by Co atoms. The resulting 16-vertex polyhedron
Mg@Ge12Co4 is shown in Figure 2 (a). These polyhedra
form a tetragonal body-centered packing and are intercon-
nected by common vertices and external Co–Co bonds
(Figure 2, b).
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Figure 1. The relation between the MgCo4Ge6 and the Au3Cu
structure. a) The Au3Cu structure; labels indicate atoms and the
cubic stacking sequence of the layers A, B, and C; the Au3 triangles
of each layer are highlighted in grey. b) Related packing of MgGe12

polyhedra in MgCo4Ge6, with inserted Co4 units in black.

Figure 2. a) The Ge12Co4 coordination polyhedron around the Mg
atom. All thermal ellipsoids are shown at 90% probability. b) Te-
tragonal body-centered packing of Ge12Co4 polyhedra (Co in
black, Ge in grey).

An alternative description arises from the Ge sub-lattice,
where the connection of the Ge atoms leads to layers of
vertex-sharing Ge8 units in the ab plane, with a close anal-
ogy between these units and the arrangement in the molecu-
lar compound P4S4 (Figure 3, a). The Ge substructure
forms two-dimensional slabs in the ab plane that are
stacked in the c direction, with each subsequent layer
shifted by (1/2, 1/2, 1/2) to form the body-centered packing
(Figure 3, b). The P4S4-like Ge8 cages are “filled” with dis-
torted tetrahedral Co4 units (Figures 3, a and c), and the
cavities formed by four vertex-sharing Ge atoms and four
bridging Ge atoms host the Mg atoms. The coordination
sphere of the Mg atoms is completed by two Ge–Ge con-
tacts of − with respect to the Ge sub-lattice − three-con-
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nected Ge atoms of the previous and next Ge layers along
the c direction (Figure 3, c). The Ge–Ge distances [2.906(1)
and 2.987(1) Å] of the Ge sub-structure are longer than in
typical covalently connected Ge atoms in Zintl phases,
which are about 2.6 Å. Another interesting feature is the
Co4 unit that is present in the P4S4-type Ge8 cages. These
show two longer and four shorter Co–Co distances of
3.102(1) and 2.581(2) Å, respectively. The shorter distances

Figure 3. a) Crystal structure of MgCo4Ge6 as a combination of
the Ge substructure centered by Co4 units. All thermal ellipsoids
are shown at 90% probability. b) [001] stacking of the germanium
layers. c) Combination of the two views of a) and b).
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are close to that observed in α-Co (2.506 Å).[9] Some binary
cobalt germanides have even shorter Co–Co contacts, with
the shortest being 2.377 Å in Co5Ge7.[10] Figure 3 (c) shows
the combined picture of the packed polyhedra and the
homoatomic Ge substructure: four 16-vertex polyhedra are
interconnected in the ab plane by four fourfold-connected
atoms of one P4S4-type Ge8 entity. Further external inter-
connections between the polyhedra occur via the shorter
Co–Co contacts of the C2v distorted Co4 tetrahedra.

Catalytic Properties

GC analysis revealed that citral undergoes no conversion
in hydrogenation experiments under the reaction conditions
described in the Experimental Section (reaction time:
150 min). Therefore, the experiments were repeated with a
larger amount of MgCo4Ge6 (up to 500 mg) under H2 pres-
sure (7.5 MPa) for a longer reaction time (360 min) in a
batch reactor (300 mL, Parr), but again, no conversion was
observed. The absence of any catalytic activity is in contrast
to the behavior of the intermetallic compound MgCo6Ge6,

Figure 4. a) Band structure and DOS of MgCo4Ge6. b) Partial contributions of Co and Ge to the density of states.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3482–34883484

for which a citral conversion of 17% was observed at
453 K.[6]

Quantum Chemical Calculations

The TB-LMTO band-structure calculations (Figure 4, a)
reveal individual bands with a large dispersion crossing the
Fermi level. The Fermi level is located at a local minimum
of the density of states (DOS). Thus, MgCo4Ge6 is clearly
a metal with delocalized states at the Fermi level. An analy-
sis of the partial contributions to the DOS shows that the
states at the Fermi level have predominantly Co orbital
character (Figure 4, b). Ge orbital contributions are located
well below the Fermi level, whereas there are virtually no
Mg orbital contributions at all. This is consistent with the
fact that Mg is the most electropositive element in the com-
pound. The COHP curve in Figure 4 (c) indicates that
bonding Ge–Co interactions are optimized up to EF. Anti-
bonding interactions occur only above EF. The correspond-
ing COHP curves of Ge–Ge contacts show that these inter-
actions are much weaker. There is a noticeable flat COHP
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region in Figure 4 (c) as well as in the Ge–Ge COHP diagram
(not shown) right below EF. Since there are considerable Ge
and Co contributions in the DOS plot of Figure 4 (b) those
states must belong to nonbonding states. In order to detect
nonbonding domains, chemical bonding was further ana-
lyzed by means of the electron localization function (ELF).

Figure 5. Two-dimensional cross-sections of the ELF in the ab plane at different values along the c direction. Isobars for 0.3 � ELF �
0.8, with a step width of 0.05, are superimposed on the colored maps. Valence ELF is presented to the left, with all-electron ELF to the
right. Structural motifs are superimposed on the valence ELF pictures. e) Left-hand side: 3D Isosurfaces of the ELF around selected
atoms. Yellow: valence ELF (ELF = 0.759) at the two germanium sites. Violet: valence ELF (ELF = 0.3) between the cobalt atoms;
right-hand side: as in Figure 5 (e), but all-electron ELF (ELF = 0.545 in green) around the germanium sites.

Eur. J. Inorg. Chem. 2006, 3482–3488 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3485

Figure 5 shows several two-dimensional cross-sections of
the function parallel to the ab plane. The color of each pixel
corresponds to a certain value of ELF, as illustrated by the
color bar at the bottom of Figure 5 (d). Contour lines illus-
trate ELF isobars and are superimposed onto the pictures.
The left-hand column of Figure 5 represents the ELF calcu-
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lated from a valence-electron treatment, while the right-
hand column illustrates the ELF calculated from the elec-
tron density of all electrons, including core electrons. The
atoms in the plane and their next neighbors are overlaid.
At z = 0 the ab plane cuts though the Mg and Ge2 atoms
and the four centers of the shorter Co–Co bonds of the C2v

distorted tetrahedron (Figure 5, a). In both valence and all-
electron ELF, maximum values of ELF are observed close
to the Ge2 atoms pointing towards the neighboring Mg
atoms. The regions (1) can be interpreted as lone-pair-type
localization domains since the Ge2 and Mg atoms are ulti-
mately separated by minimum values of ELF. Another
small maximum (2) of the function with ELF = 0.3 is ob-
served at the center of the Co–Co bonds, thus indicating a
certain degree of covalency for these bonds. The second
slice at z = 0.1033 (Figure 5, b) cuts through the center of
the bonds between the three-connected Ge1 and four-con-
nected Ge2 atoms. No maximum is observed here, and these
contacts do not show any covalent contribution. The third
cut (Figure 5, c), at z = 0.2066, cuts through the Ge1 posi-
tions. Three maxima are observed in a staggered position
around each Ge1 atom with respect to the three Ge1–Ge2
contacts. Additionally, ELF maxima (4) that can be attrib-
uted to the Ge1 atoms of the adjacent layer become visible.
In the valence-ELF picture these maxima point directly
towards the Co atoms of adjacent layers, while, due to the
repulsion between the core and the valence electrons, they
appear to be separated into two smaller maxima in the case
of the all-electron ELF. Finally, the cut at z = 0.25 (Fig-
ure 5, d) is located in the middle between two P4S4-type
layers of Ge8 cages, where no Ge–Ge bonds can be detected.

The situation in the vicinity of the Ge8 cages is also out-
lined in Figure 5 (e), which shows the 3D isosurfaces of the
valence ELF to the left and the all-electron ELF to the
right. The yellow isosurfaces correspond to an ELF value
of 0.76 of the valence ELF. There are five basins and these
which must be interpreted as being of a lone-pair type since
their ELF maxima are not located on an atom–atom con-
nection vector. The larger one (4) is attached to the Ge1
atom and points away from the three Ge1–Ge2 contacts.
Consistent with the 2D images (Figure 5, c) it points
towards a Co atom of the adjacent Ge–Co layer. The four
smaller, bean-shaped maxima are found around the four-
bonded Ge2 atom; the positions of the four local maxima
are due to the tetrahedrally oriented Ge2–Ge1 contacts.
The valence-ELF isosurface with ELF = 0.3 is superim-
posed in violet color. The maxima are located at the centers
of the shorter Co–Co contacts and confirm a certain degree
of covalency, as already deduced from the 2D plots. The
right-hand side of Figure 5 (e) shows the all-electron ELF
isosurfaces of ELF = 0.545 around the two different germa-
nium sites. The picture differs from that of the valence-
ELF: the lone-pair attached to the Ge1 site is significantly
flattened as compared to the one in the valence-ELF, and
is turned into a crest due to the repulsion of the adjacent
cobalt atom by the core electrons. The bean-shaped basins
around the Ge2 atoms are contracted to two basins, which
are oriented directly towards the adjacent Mg sites.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3482–34883486

Conclusions

Our search for other catalytically active alloys in the ter-
nary phase system Mg–Co–Ge has led to the discovery of
the novel compound MgCo4Ge6, which crystallizes in the
YRu4Sn6 structure type first described by Venturini et al.
The structure can be regarded as a coloring of the cubic-
close packing observed in the Au3Cu structure. A closer
investigation of the interatomic distances reveals peculiar
and unprecedented homoatomic substructures for each of
the Ge and Co atoms (Table 1). With respect to the dimen-
sionality of the Ge sub-lattice, the structure is similar to
MgCo6Ge6, which contains a graphite-type Ge sub-lattice
with Ge–Ge contacts of about 2.9 Å. Quantum chemical
investigations on the DFT level as well as the ELF in-
terpretation of both compounds show that the Ge–Ge con-
tacts of the Ge sub-lattices do not indicate any covalent
bond contributions. However, in MgCo6Ge6 additional Ge2

dimers with considerably localized bond character in the
range of a Ge–Ge single bond were observed. In MgCo4Ge6

a combination of chemical bond types is found, with the
main bonding contributions originating from Co–Ge inter-
actions. ELF analysis reveals lone-pairs at the three-con-
nected Ge atoms of the Ge subnet. These lone-pairs are
oriented toward the Co atoms and thus a dative bonding
between Ge and Co atoms can be formulated. Further small
covalent contributions are found between the transition
metal atoms.

Table 1. Interatomic distances [Å] for MgCo4Ge6.

Ge(1)–Ge(2) 2.906(1) (2×) Mg(1)–Co(1) 2.894(2) (4×)
Ge(1)–Ge(1) 2.978(1) Co(1)–Ge(1) 2.285(2)
Co(1)–Co(1) 2.581(2) (2×) Co(1)–Ge(2) 2.371(1) (2×)
Co(1)–Co(1) 3.102(1) Co(1)–Ge(1) 2.419(2) (2×)
Mg(1)–Ge(1) 2.945(1) (4×) Co(1)–Ge(1) 2.469(2)
Mg(1)–Ge(2) 3.086(1) (4×)

Despite some similarities with respect to chemical bond-
ing properties, such as two-dimensional Ge networks and
composition, all attempts to catalyze citral hydrogenation
with MgCo4Ge6 failed, which is in contrast to the catalytic
behavior of the intermetallic compound MgCo6Ge6.[6] This
difference indicates that catalytic properties might also de-
pend on the structure type and thus on the electronic prop-
erties and not only on the nature of the metals involved.

Experimental Section

Synthesis: MgCo4Ge6 was synthesized by heating a stoichiometric
mixture of the elements in a tantalum crucible to 750 °C for two
days, followed by slow cooling of the reaction product to room
temperature. The product consisted of xenomorphous crystals with
a metallic luster, which were embedded in a microcrystalline silver-
metallic matrix. The purity of the sample was established crystallo-
graphically, using a STOE STADI P powder diffractometer with
a Cu-Kα source. The powder diffractogram, which could be
indexed[11] with the help of the theoretical powder pattern calculated
for MgCo4Ge6, showed only slight impurities of elementary Ge.
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Crystal Structure Determination: The crystal structure was deter-
mined from single-crystal X-ray diffraction data. A single crystal
was selected from the reaction mixture and placed into an oil-filled
glass capillary. The measurement was performed on a Nonius DIP
2020 diffractometer equipped with a monochromatic Mo-Kα source
(λ = 0.71073 Å). Data were collected by a scan of 2° in φ in 180
frames. The exposure time was 300 seconds per frame. The collec-
tion of the intensity data was carried out with the HKL2000 pro-
gram.[12] Cell parameters were initially calculated from reflections
taken from five frames of reflections. The final lattice parameters
were calculated from all reflections observed in the actual data col-
lection. The data from the data collection were processed with the
Scalepack[12] program and corrected for absorption using the PLA-
TON[13] program suite. A summary of the experimental and crys-
tallographic data is given in Table 2.

Table 2. Crystallographic data for MgCo4Ge6.

Empirical formula MgCo4Ge6

Formula weight 695.57
Temperature 293(2) K
Wavelength 0.71073 Å
Crystal system tetragonal
Space group I4̄2m
Unit cell dimensions a = 6.1725(9) Å

c = 8.660(2) Å
Volume 329.94(9) Å3

Z 2
Density (calculated) 7.001 g cm–3

Absorption coefficient 36.664 mm–1

F000 624
Crystal size 0.1 × 0.1 × 0.15 mm
Theta range for data collection 4.05 to 27.54°
Index ranges –5 � h � 5, 0 � k � 8, 0 � l � 11
Reflections collected 2645
Independent reflections 212
Completeness to θ = 27.54° 100.0 %
Absorption correction PLATON[13]

Refinement method full-matrix least-squares on F2

Data/restraints/parameters 212/0/19
Goodness-of-fit on F2 1.367
Final R indices [I � 2σ(I)] R1 = 0.027, wR2 = 0.077
R indices (all data) R1 = 0.027, wR2 = 0.077
Largest diff. peak and hole 1.530 and –0.977 e Å–3

The structure was solved by direct methods, which revealed the
atomic positions and was refined with the SHELXL-97 program.[14]

The final coordinates and equivalent isotropic temperature factors
of all atoms are given in Table 3.

Table 3. Atomic coordinates (×104) and equivalent isotropic dis-
placement parameters [Å2 ×103] for MgCo4Ge6. U(eq) is defined as
one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z U(eq)

Mg 2a 0 0 0 20(1)
Co 8i 8223(2) 8223(2) 4215(2) 17(1)
Ge1 8i 8294(1) 8294(1) 7066(1) 18(1)
Ge2 4c 0 5000 0 13(1)

Further details of the crystal structure investigation may be ob-
tained from the Fachinformationzentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; E-mail:
crysdata@fiz-karlsruhe.de) on quoting the depository number
CSD-416401.
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Hydrogenation Reaction: The hydrogenation of citral (3,7-dimethyl-
2,6-octadienal), which has three unsaturated bonds including con-
jugated C=C and C=O groups as well as an isolated C=C bond,
was chosen as a test reaction. Hydrogenation was carried out in a
high-pressure batch reactor system described earlier.[15] The reactor
was filled with a solution of 1 mL of citral in 9 mL of hexane. After
the addition of 100 mg of MgCo4Ge6 (particle size � 63 mm), the
reaction mixture was stirred at 850 rpm, the reactor was flushed
four times with argon (2 MPa), and heated up to 453 K within
45 min (0.8 MPa argon pressure was left in the reactor). The reac-
tion was started by setting the hydrogen pressure to 7 or 9 MPa,
respectively. Analysis of the reaction mixture by GC (HP 5890,
flame ionization detector, DB-WAX capillary column) showed no
conversion products.

Quantum Chemical Calculations: The electronic structure was inves-
tigated by means of the ab initio full-potential linear muffin-tin
orbital (LMTO) method in the atomic sphere approximation
(ASA), using the tight-binding (TB) program (TB-LMTO-ASA).[16]

The calculations were based on the local-density approximation
(LDA), and the Hedin–Lundquist parameterization was employed
for exchange and correlation potentials.[17] The radii of the muffin-
tin spheres and empty spheres were determined according to Jepsen
and Andersen.[18] For the calculations, s, p, and “down-folded” d-
partial waves for Ge, s, p, and “down-folded” d-partial waves for
Mg, and s, p, and d-partial waves for Co were used. COHP (crystal
orbital Hamilton populations) plots[24] show DOS curves, which
were weighted by the contributions of each crystal orbital to some
measure of the strength of a given bond. The contribution of the
covalent part of a particular interaction to the total bonding energy
of the crystal can be obtained from COHP analyses. All COHP
curves presented here are in the following format: positive and
negative values are bonding and antibonding, respectively.

For further insight into the chemical bonding in intermetallic com-
pounds a topographical analysis of the electron density distribution
using the Electron Localization Function (ELF), which was origi-
nally introduced for the deduction of the shell structure of atoms
from the electron density, was performed.[19] ELF values were
scaled between 0 and 1, with high ELF values and local ELF max-
ima corresponding to areas and centers of localized electrons, and
low ELF values defining the spatial area around these maxima.
The resulting partition of space into areas of high electron localiza-
tion can be interpreted in terms of bonding and nonbonding elec-
tron pairs and reveals their three-dimensional shape. Thus, spatial
domains of localized electrons become visible.[20–23] These calcula-
tions were carried out both with valence electrons only and with
all electrons.
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The synthesis of 4-(4H-chalcogenopyran-4-ylidene and 4H-
chalcogenochromen-4-ylidene)-1-(phenylthio)but-2-enyl-
idene complexes is described and their non-linear optical
(NLO) properties have been investigated (as µβ by EFISH).
NMR studies and X-ray crystallographic analyses show that
the (phenylthio)carbene fragment has a better electron-with-
drawing capability than the methoxy analogues and, like-
wise, the corresponding thiocarbenes have a more significant

Introduction

Due to the strong electron-withdrawing effect of the (car-
bene)pentacarbonylmetal fragment, alkenyl Fischer carbene
complexes have been exploited extensively for synthetic pur-
poses. The utility of these unsaturated organometallic rea-
gents in the Dötz reaction[1] in 1,2-, 1,4- and 1,6-addition
reactions[2] or in the synthesis of heterocyclic compounds
by means of various cycloaddition processes[3] is well docu-
mented. In the field of organometallic complex utilisation
for NLO applications,[4] this electronic ability has made the
pentacarbonyl(methoxy- or aminocarbene)metal fragments
attractive candidates as acceptors in push-pull structures.[5]

Association by means of a π-spacer to classic organic or
organometallic donors such as para-(dimethylamino)ben-
zyl[6] or ferrocenyl[7] groups has proved the efficiency of this
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pyrylium character. The µβ values of these complexes were
obtained from EFISH experiments. The microscopic NLO re-
sponse is sensitive to the nature of the intracyclic chalcogen
atom, the nature of the metal centre and the benzo-annu-
lation of the heterocycle.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

method. High values of the first molecular hyperpolaris-
ability β have been determined by Hyper Raleigh Scattering
(HRS). The influences of the metal (W or Cr),[5] the unsatu-
rated chain length[6,7] and the solvent[7] on the β values have
been investigated. The results have been analysed in the
context of the two-level model developed by Oudar and
Chemla[8] which is based on the predominance of a single
electronic transition despite the presence of more than one
electronic transition in the visible region.[7]

In fact, the role of the organometallic carbene fragment
is not well understood. For aminocarbene complexes, pola-
risation of the π-cloud by the electronic inductive effect of
the M(CO)5 moiety is responsible for the important NLO
response.[6] The influence of an MLCT transition is mini-
mised due to the lack of conjugation between the unsatu-
rated chain and the carbene fragment.[9] On the other hand,
noticeable β values were also obtained for highly π-conju-
gated unsaturated methoxycarbene complexes.[5] It is worth
noting that despite significant electronic differences be-
tween these two classes of carbenes, a systematic compari-
son between them has never been carried out. In addition,
surprisingly, there are no reports on the NLO properties of
unsaturated (alkylthio)- or (phenylthio)carbene complexes.

In fact, unlike their alkoxy or amino counterparts, (alk-
enyl)(thio)carbene complexes are rare compounds.[10] Their
properties and reactivity require further elucidation.[11]

Only some unsaturated (alkylthio)- and (phenylthio)carb-
enes have been reported by Aumann et al. using a conden-
sation reaction between non-enolizable aldehydes (benzal-
dehyde, cinnamaldehyde) and the carbanion of CH3(SR)-
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C=M(CO)5 (M = Cr, W).[10] The low pKa values which
characterise these complexes[12] [pKa = 8.37 for CH3-
(SCH3)C=W(CO)5 compared with 12.36 for CH3(OCH3)-
C =W(CO)5] enabled deprotonation by NEt3. On the other
hand, we have previously shown that 4H-pyran-4-ylidene
fragments act as efficient electron-donors in push-pull
methoxy Fischer-type carbene complexes.

The pyrylium character of these molecules was evaluated
by using NMR spectroscopy, X-ray crystallographic mea-
surements, DFT calculations and from their reactivity
towards nucleophilic reagents.[2b,13] More recently, we have
reported the NLO properties (as µβ by EFISH) of (4H-
chalcogenopyran-4-ylidene and 4H-chalcogenochromen-4-
ylidene)-1-methoxyalkenylidene complexes.[14] The µβ prod-
uct is sensitive to the length of the unsaturated spacer, the
nature of the chalcogen atom and to benzo-annulation of
the heterocycle. Herein, we wish to report the formation
and, for the first time, the first hyperpolarisability measure-
ments of (phenylthio)carbene complexes. In addition, from
NMR spectroscopic studies and X-ray structure analyses,
we have shown that the carbonyl[(phenylthio)carbene]metal
fragment acts as a powerful electron-withdrawing group.
Comparison with analogous methoxycarbenes has been
carried out.

Results and Discussion

Synthesis

To obtain the expected donor-acceptor structures, we
first chose to repeat Aumann’s procedure[10] using the ap-
propriate heterocyclic aldehydes 1a–1e[15] and the carbanion
produced from CH3(PhS)C=W(CO)5 by treatment with
NEt3, but this was unsuccessful. Addition of chlorotrimeth-
ylsilane (TMSCl) to the reaction mixture induced an instant
colour change from red-orange to blue. After hydrolysis
and purification by silica-gel chromatography, the intense

Scheme 1. Preparation of push-pull (phenylthio)carbene complexes 2.
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dark blue condensation products 2a–2e could be isolated.
The moderate to low yields reported (Scheme 1) are the
consequence of a decomplexation reaction which arises dur-
ing the workup leading to the corresponding thioester.[16]

The lack of reactivity without the assistance of TMSCl
could be due to the high zwitterionic character of the het-
erocyclic aldehydes which prevents the carbanion addition
on the carbon atom of the carbonyl function (Scheme 1).

We suggest that addition of the chlorosilane reagent pro-
duces alkenylpyrylium salts and favours the conjugated ad-
dition of the carbanion as the first step in this reaction.
Such a zwitterionic form is insignificant in benzaldehyde
and cinnamaldehyde and the condensation reaction does
not require the use of TMSCl.[10,17]

The new heterocyclic carbene complexes 2a–2e were
characterised by 1H and 13C NMR spectroscopy, UV/Vis
spectroscopy, FTIR spectroscopy, elemental analysis and
high resolution mass spectrometry (for 2a). All the data are
consistent with the proposed structures. In particular, the
3JH,H coupling constant values (ca. 13 Hz) are in agreement
with an (E) configuration for the C2–C3 double bond of
the unsaturated chain (Scheme 1).

NMR Studies – Evaluation of the Pyrylium Character of
the Heterocyclic Complexes 2 in Solution

To obtain information about the pyrylium character of
complexes 2 in solution, three NMR spectroscopic criteria
were taken into account: (i) the chemical shift values of the
2-H and 3-H signals, (ii) the differences in 3JH,H values (∆J)
across adjacent C=C and C–C bonds of the unsaturated
chain and (iii) the 13C NMR chemical shift of the carbene
carbon signal. First, with regards to the 1H NMR spectra
of all compounds 2, the chemical shift values of 2-H and 3-
H display an oscillatory behaviour [δ(3-H) � δ(2-H) � δ(4-
H)] (Scheme 1). In particular the respective 3-H, 2-H signal
position, which leads to positive ∆ values [δ(3-H) – δ(2-H)]
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Table 1. NMR spectroscopic data for complexes 2–3.[a]

2a[b] 2b[b] 2c[b] 2d[b] 2e[b] 2�c[b][14] 3a[c][14] 3b[c][14] 3c[c]14] 3d[c][15c] 3e[c][14]

∆ [δ(3-H) – δ(2-H)] [ppm] 1.44 1.44 1.33 1.29 1.28 1.12 0.94 0.79 0.59 0.79 0.45
∆J[d] [Hz] –0.6 –0.6 0.2 0.1 0.2 0.6 0.4 0.7 1.8 1.5 0.6
δ13C [ppm] 261.6 263.5 273.1 272.1 274.3 301.7 289.0 292.9 296.5 295.8 297.9

[a] NMR spectra were recorded in [D8]THF solution. [b] Scheme 1. [c] Figure 1. [d] ∆J values: difference in 3JH,H values across adjacent
C(2)=C(3) and C(3)–C(4) bonds for compounds 2–3.

(Table 1), suggests a highly conjugated push-pull structure
for which the zwitterionic resonance form B is of impor-
tance in the valence bond description of the heterocyclic
molecules (Scheme 1). As shown in Table 1, a similar trend
has been observed for the methoxycarbene 3,[14,18] analo-
gously to 2 (Figure 1).

Figure 1. Molecular structure of methoxycarbene complexes 3.

As noted previously,[13a] this result differs from that
found for other push-pull methoxy- and aminocarbene con-
taining ferrocenyl,[7] para-(dimethylamino)phenyl[19] or 3,4-
(methylenedioxy)phenyl groups[6] for which 2-H is more de-
shielded than 3-H (Table 2, Figure 2). For aminocarbenes,
the predominance in solution of a conformation in which
the (carbene)carbonylmetal fragment is perpendicular to
the unsaturated part of the molecule would be responsible
for this feature.[6,9] Owing to the low π-overlap, the induc-
tive effect of the (carbene)carbonylmetal fragment controls
the 1H NMR chemical shift values of the unsaturated chain
and δ(2-H) � δ(3-H).

Table 2. 1H NMR spectroscopic data for push-pull alkenylidene
complexes (Figure 2).

R Y M ∆ [δ(3-H) – δ(2-H)] ∆Jav. Solvent
[ppm] [Hz][a]

Fc[7] OMe W –0.22[b] 3.8[b] CDCl3
p-N(CH3)2C6H4

[19] OMe W –0.11[b] 3.9[b] CD2Cl2
3,4-CH2O2C6H4

[6] N(CH2)4 Cr –0.10[b] – CDCl3

[a] ∆Jav. values: average difference in 3JH,H values across adjacent
C=C and C–C bonds. [b] Evaluated from NMR values found in
refs.[6,7,19]

Figure 2. Structure of alkenyl Fischer-type carbene complexes.
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It can be noted that the ∆ values [δ(3-H) – δ(2-H)] of the
(phenylthio)carbenes 2 are larger than those of meth-
oxycarbenes 3, indicating that the contribution of the pyryl-
ium resonance structure in 3 is of lesser importance than in
2. However, the 1H NMR chemical shift differences should
reflect other factors such as the anisotropic effect of the
phenyl group linked to the sulfur atom. Therefore, a com-
parison between the electronic influence of the methoxy-
and the (phenylthio)carbene group requires other criteria.

Previously, it has been emphasised that the variation of
3JH,H values along a conjugated polyene chain provides a
good estimate of the C–C bond lengths (or bond orders).[20]

In push-pull molecules containing a similar donor (ac-
ceptor), the so-called bond length alternation (BLA) de-
pends on the strength of the acceptor (donor). As a conse-
quence, the difference ∆J between the coupling constant
3JH,H of concomitant C–C bonds ranges from 6.5 Hz for
unconjugated molecules to 0 Hz for molecules in which all
the C–C bond lengths are equal (cyanine limit). As shown
in Table 1, calculated ∆J values for carbenes 2 and 3 are
slightly negative or positive, in accordance with a reduced
bond length alternation and, therefore, indicating a large
degree of intramolecular charge transfer. Two features are
noteworthy:

(1) The phenylthio complexes display lower ∆J values
than those of their methoxy counterparts, in agreement
with the better electron-withdrawing ability of the thiocar-
bene group as found above from the ∆ [δ(3-H) – δ(2-H)]
criterion. The negative values found for 2a and 2b strongly
suggest that these molecules approach or even surpass the
cyanine limit (predominance of resonance structure B)
(Scheme 1). As proposed by Ali and Bernasconi from pKa

values and kinetic constant determinations for both classes
of complexes, the electronic difference can be mainly attrib-
uted to the smaller π-donor effect of the SR group com-
pared with that of the methoxy group.[12] As a consequence,
in complexes of type 2, the conjugation between the ends
of the molecule through the unsaturated chain is increased.
However, concerning the π-effect strength of the SR group
in Fischer-type carbene complexes, it should be noted that
opposite conclusions were drawn from X-ray crystallo-
graphic data[21] and dynamic NMR studies (Figure 3).[22] In
this context, the 13C NMR chemical shift values of the car-
bene carbon atom are of interest. In Fischer-type carbenes,
the large upfield shift of the carbene carbon signal, when
the heteroatom substituent is changed from an alkoxy to an
amino group, has been attributed to the greater ability of
the nitrogen atom to participate in dative π-bonding with
the carbene carbon atom.[23] As shown in Table 3, such a
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difference exists in (4H-pyran-4-ylidene)alkenylidene com-
plexes (comparison between the carbene carbon chemical
shifts of complexes 4 and 3a). Accordingly, the intramolecu-
lar charge transfer in donor-acceptor unsaturated amino
complexes[13] is limited due to the predominance of a reso-
nance form involving the lone pair of the nitrogen atom of
the amino group and the p-orbital of the carbene carbon
atom. The chemical shift difference ∆ [δ(3-H) – δ(2-H)] and
the ∆J value found for the unsaturated aminocarbene com-
plex 4 also support this electronic description. Since the
PhS group in complex 2 seems to possess a lesser π-elec-
tron-donating capability compared with that of a methoxy
group, the upfield shift observed for the carbene carbon
signal of 2a (Table 3) seems, at first glance, to be surprising.
This finding, which is in sharp contrast to the usually ob-
served chemical shift [δ(Ccarb,thio) � δ(Ccarb,methoxy)],[24]

should again reflect the donor-acceptor intramolecular
charge transfer enhancement for the thiocarbene complexes.
It is actually well established that along a series, the 13C
NMR carbene carbon chemical shift is sensitive to the elec-
tronic influence of the ligand.[13b]

Figure 3. Structure of (4H-pyran-4-ylidene)alkenylidene complexes.

Table 3. NMR spectroscopic data for selected push-pull (4H-pyran-
4-ylidene)alkenylidene complexes (Figure 3).

Y ∆ [δ(3-H) – δ(2-H)] ∆J δ13C
[ppm] [Hz] [ppm]

3a OMe 0.94 0.4 289
4[13a] N(CH2)4 –0.03 3.8 244
2a SPh 1.44 –0.6 261

(2) For the same organometallic phenylthio or methoxy
fragment, ∆J values appear to increase from the pyran to
the benzopyran series (methoxy and thiocarbene) (Table 1).
This trend, which does, however, have an exception (see
NMR values of 3e), suggests a decrease in the electron-
donor strength upon benzo-annulation (Table 1). Accord-
ingly, the pyrylium characters of molecules 2a, 2b, 3a and
3b are greater than those of 2c, 2d, 3c and 3d, respectively.
This view is corroborated by the low-field chemical shift
values of the carbene carbon signals observed (even for 3e)
for the fused ring compounds. It should be noted that the
chemical shift difference δ(Ccarb,benzopyran) – δ(Ccarb,pyran) is
more pronounced for the (phenylthio)carbene indicating the
great sensitivity of these complexes to π-electronic effects.

Very recently, effects of successive benzo-fusions for pyri-
dinium acceptors in push-pull zwitterionic chromophores
have been reported.[25] In such cases, and in agreement with
the present results, it has been found that the annulation
favours the neutral form thanks to the aromatic character
of the fused benzene ring.

Finally, it is worth noting that the ∆J values reported
here and those found for analogous derivatives of 3 of in-
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creasing length[14,15] are much smaller than those calculated
from previous studies for unsaturated methoxy complexes
containing ferrocenyl[7] or para-(dimethylamino)phenyl do-
nor groups[19] (∆Jav. � 3.5 Hz) (Table 2, Figure 2). This
once again confirms the great electron-donor capability of
the proaromatic pyran and benzopyran heterocycles and
the powerful electron-withdrawing ability of the carbonyl-
[(phenylthio)carbene]metal group.

X-ray Analysis of 2a

Blue single crystals of 2a suitable for the X-ray analysis
were obtained by slow concentration of a diethyl ether/pe-
troleum ether solution. The molecular view with the atom
labelling is shown in Figure 4. As indicated by the ORTEP
drawing, the determination of the (E) stereochemistry based
on the J coupling constant values is correct. The molecule
exhibits a nearly planar conformation. However, the phenyl
ring linked to the sulfur atom is in a syn conformation and
is twisted by 88.8(5)° with respect to the plane of the conju-
gated chain. In addition, C(3) and C(4) lie slightly away
from the ideal plane. The –CH=CH–C(SPh)=W(CO)5 frag-
ment is in an syn conformation.

Figure 4. ORTEP drawing of 2a showing the atom numbering. Hy-
drogen atoms are omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Selected bond lengths [Å]: W(1)–C(1)
2.251(7), S–C(1) 1.719(7), C(1)–C(2) 1.398(10), C(2)–C(3) 1.377(9),
C(3)–C(4) 1.373(9), C(4)–C(4�) 1.389(9), O(6)–C(6�) 1.359(8),
O(6)–C(2�) 1.370(8), C(2�)–C(3�) 1.336(10), C(3�)–C(4�) 1.429(10),
C(6�)–C(5�) 1.350(10), C(5�)–C(4�) 1.435(9).

Assuming that the solid-state molecular structure reflects
the conformation of 2a in solution, this situation should
have an influence on the NLO properties (see below). In
accordance with the NMR investigations, the nearly equal
C(2)–C(3), C(3)–C(4) bond lengths together with the large
C(1)–W bond length [2.251(7) Å] are indicative of signifi-
cant delocalisation between the heterocyclic oxygen atom
and the metal centre through the unsaturated backbone
(large pyrylium character). On the pyran side, the intra-
cyclic C–C and C–O bond length values appear to be close
to those found for other (4H-pyran-4-ylidene)alkenylidene
complexes for which DFT calculations and X-ray analyses
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have indicated a pyrylium character.[13] It is noticeable that
the 2,6-diphenylpyrylium salts bearing a 4-(dimethyl-
amino)benzyl group donor display similar intraheterocyclic
C–O and C–C bond lengths due to pronounced 4H-pyran-
4-ylidene character.[26] Again, in accordance with the sig-
nificant contribution from the pyrylium form, the exocyclic
C=C bond length (1.389 Å) has single-bond character. This
value is greater than that determined for lesser conjugated
bis(4H-pyrans) (1.375 Å)[27] and is close to those reported
by us for other methoxy(4H-pyran-4-ylidene)alkenylidene
complexes.[2b,13b] Moreover, it is worth remarking that in
chromenylideneacetaldehyde hydrazone containing [(η6-
arene)CpFe]+ as an electron-accepting group, the exocyclic
C=C bond is 1.354 Å long indicating a weak benzopyryl-
ium form.[28] Finally, the C–SPh distance (1.719 Å), which
lies within the normal range (C–S, C=S),[20] provides evi-
dence for back-bonding donation from the heteroatom lone
pair and the carbene carbon atom (resonance structure C)
(Scheme 1). It is noticeable that a lower value was reported
from the pentacarbonyl[methyl(phenylthio)carbene]chro-
mium complex X-ray analysis.[20b]

Linear and Non-Linear Optical Properties

The UV/Vis electronic spectra of molecules 2 were re-
corded in four solvents of varying polarity (Table 4). For
2a, 2b, 2c and 2�c, a rapid decomplexation reaction occurs
in DMSO (ε25 °C = 48.9) leading to the corresponding thio-
ester.[10] In such cases CH3CN (ε25 °C = 37.5) was used. The
UV/Vis spectra of the (phenylthio)carbenes 2 consist of two
intense absorption bands in the visible region (Table 4). By
comparison with the spectra of analogous methoxycarbene
complexes, for which DFT computations have been per-
formed,[13b] the lower and the higher energy bands can be
assigned to the metal-to-ligand charge transfer transition
(MLCT), corresponding to the HOMO–LUMO transition,
and the intraligand charge transfer transition (ILCT or
π�π*), respectively. In these complexes, the HOMO and
the LUMO electronic density is mainly located on the metal
centre and on the ligand, respectively.[13] However, despite
the great similarity of the spectra, it can be noted that com-
pared with their methoxy counterparts 3, the corresponding
electronic transitions of 2 are red-shifted, possibly as a con-

Table 4. UV/Vis absorption properties of compounds 2 in various solvents.

Solvent λmax [nm] (ε×10–4)
2a 2b 2c 2d 2e 2�c

λ1 (ε) CCl4 538 (4.8) 565 (3.2) 541 (2.9) 526 (3.7) 563 (3.3) 549 (3.5)
λ1 (ε) CH2Cl2 532 (4.1) 561 (3.2) 540 (3.4) 524 (3.4) 567 (2.3) 549 (3.7)
λ1 (ε) (CH3)2CO 521 (4.2) 551 (2.5) 536 (1.1) 519 (3.0) 562 (2.3) 544 (3.8)
λ1 (ε) CH3CN 518 (3.1) 547 (2.0) 534 (2.2) 518 (2.5) 561 (1.4) 544 (3.0)
λ1 (ε) DMSO [a] [a] 538 (1.9) 522 (2.5) [a] [a]

λ2 (ε) CCl4 673 (3.4) 695 (2.5) 663 (1.7) 649 (2.0) 679 (2.2) 690 (1.3)
λ2 (ε) CH2Cl2 658 (5.4) 693 (4.3) 657 (3.0) 638 (3.1) 682 (2.3) 670 (1.8)
λ2 (ε) (CH3)2CO 652 (8.1) 689 (5.0) 652 (1.3) 631 (3.5) 681 (2.9) 662 (2.3)
λ2 (ε) CH3CN 648 (6.4) 687 (4.4) 654 (2.6) 630 (3.2) 682 (1.9) 663 (1.9)
λ2 (ε) DMSO [a] [a] 663 (3.1) 636 (4.0) [a] [a]

[a] In DMSO, decomplexation reactions occur.
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sequence of a lowering of the π*-level (LUMO). On the
other hand, under the intracyclic O�S atom substitution,
a bathochromic shift can be observed for the two bands.
Such a trend, also found for the methoxycarbenes,[14]

should be a consequence of a decrease in the HOMO–
LUMO and π�LUMO gaps. MNDO calculations have
shown that such HOMO–LUMO gap lowering upon O�S
substitution exists in push-pull chalcogenopyrylium salts.[29]

Substitution of the Cr atom for W (2c, 2�c comparison)
leads to a clear bathochromic shift.

As expected, the MLCT band appears to be more sensi-
tive to the metal change. The presence of a tBu electron-
donating group in 2d (which, unlike a phenyl substituent, is
not capable of conjugative interaction with the chalcogeno-
benzopyran ring) increases the energy of both transitions.
Finally, influence of the benzo-annulation on the maximum
absorptions seems more complex and depends on the na-
ture of the chalcogen atom (Table 4) and on the solvent
polarity. Thus, for 2a and 2b, the two characteristic CT
bands exhibit a hypsochromic shift when the solvent po-
larity is increased, as expected from the zwitterionic charac-
ter of the ground state (see above). It is worth remarking
that for the less zwitterionic methoxy complexes 3a and 3b
(Figure 1), analogous to 2a and 2b, a bathochromic shift
occurs for the MLCT transition.[14] For the chalcogenoben-
zopyran complexes 2c, 2d and 2e, a weak solvent influence
can be observed for both electronic transitions, and an in-
version of the solvatochromism cannot be totally excluded.
The behaviour of the carbenechromium complex 2�c differs
from that of 2c since the solvent change has a small influ-
ence on the π�π* transition and the MLCT transition is
only sensitive to the less polar solvents utilised (CCl4,
CH2Cl2 and CH3COCH3) (observation of a hypsochromic
shift). In conclusion, the presence of two intense electronic
transitions in the visible region should make the interpret-
ation of the NLO results more difficult and precludes rel-
evant analysis based on the two-level model.[8]

Second-order nonlinear properties were studied in
CHCl3 solution (ε25 °C = 4.7) at 1907 nm by the electric-
field-induced second-harmonic generation technique (EF-
ISH) which provides information about the scalar product
µβ (2ω) of the vector component of the first hyperpolaris-
ability tensor β and the dipole moment vector. This product
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Table 5. µβ values for 2–3.

2a 2b 2c 2d 2e 2�c 3a[14] 3b[14] 3c[14] 3d[15c] 3e[14]

µβ [10–48 esu][a] 173 518 420 374 421 140 505 665 219 310 402

[a] µβ(2ω) at 1907 nm in CHCl3. Molecular concentrations used for the measurements were in the range 10–3 to 10–2 ; 3-methyl-4-
nitroaniline (MNA) for which µβ(CHCl3) = 71.06×10–48 esu was used as an external reference. µβ± 20%.

is derived according to Equation (1) and, considering
γ0(–2ω,ω,ω,0), the third-order term is negligible for the
push-pull compounds under study. This approximation is
usually used for push-pull organic and organometallic
molecules.

γEFISH = µβ/5kT + γ0(–2ω,ω,ω,0) (1)

All complexes were thus tested away from resonance. It
should be noted that the sign and values of µβ depend on
the “direction” of the transition implied in the NLO phe-
nomena and on the direction of the ground-state dipole mo-
ment. When β and µ are parallel (antiparallel), positive
(negative) maxima µβ values are reached.

DFT calculations performed on analogous methoxycarb-
enes have shown that the ground-state dipole moment is
governed by the pyrylium character of these molecules (Fig-
ure 5).[13b] However, a slight variation in the dipole moment
orientation can occur according to the degree of syn or anti
conformation of the complexes (see X-ray analysis of 2a).[30]

Figure 5. Orientations of the ground-state and excited-state
(MLCT) dipole moment vectors.

As for the methoxycarbenes[14] 3, all the µβ values of
complexes 2 (Table 5) are large and positive, indicative of
the implied transition(s) of the first excited states which are
more polarized than the ground states and a vectorial β
with almost the same direction as the ground-state dipole
moment. This is not in accordance with the negative solva-
tochromism or the low solvent polarity influence observed
for the MLCT and π-π* transitions in 2a–2e and 2�c. More-
over, the MLCT charge transfer direction implies an excited
dipole moment vector µe opposite to the ground-state di-
pole moment µg vector.[8] Therefore, this transition may
only play a minor role in the first hyperpolarisability, since
positive µβ values are found. On the other hand, the π�π*
charge transfer implies a corresponding µe almost parallel
to µg. A positive or a negative µβ value could be expected
with respect to the contribution of the two limit forms A
and B (Scheme 1). Despite the complexity of this situation,
important information can be deduced from the µβ values
shown in Table 5.

First, substitution of W by Cr (2c, 2�c comparison)
lowers the first hyperpolarisability response. This shift, as
previously[5] proposed, should be the consequence of a
more polarisable metal electron shell for the W atom. How-
ever, a part of the µβ decrease should reflect the variation
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of the dipole moment (see NMR: ∆J values). From a com-
parison of 2a and 2b it seems once again (see 3a, 3b, 3c and
3e µβ values, Table 5)[14] that the presence of an intracyclic
pyran sulfur atom favours the hyperpolarisability response.
This effect could be relevant to the greater polarisability of
the electrons of the sulfur compared with the electrons of
the oxygen. However, it can be noted that this heteroatomic
influence is not operative in the chalcogenobenzopyran
structure, since similar responses are found for 2c and 2e.
It seems that the presence of a fused benzene ring produces
subtle electronic differences which make the analysis more
difficult. On the other hand, annulation produces an in-
crease in µβ for O-heterocycles and a decrease for S-hetero-
cycles. This last result is in line with the behaviour of analo-
gous methoxycarbenes (see 3a, 3c and 3b, 3e µβ values,
Table 5).[14] It should be the consequence of the lower
π-electron mobility in 2e owing to the aromatic character
of the appending benzene ring. The low µβ value observed
for the pyran complex 2a, which is responsible for the in-
verse µβ evolution for the two series, merits comments. As
stated from NMR spectroscopic data, the pyrylium charac-
ter of 2a is important and is close to the thiopyrylium char-
acter of 2b (see ∆J value, Table 1). Consequently, the greater
aromaticity of the pyran ring in 2a[29,31] should in part ex-
plain the lower NLO response. Finally, for the (phenylthio)-
carbenes, substitution of a phenyl group by a tertiary butyl
group slightly reduced the µβ value (2c, 2d comparison).
The opposite trend (slight increase) may be observed for the
methoxycarbenes (3c, 3d comparison). In conclusion, from
µβ and ∆J value comparison, it seems that the BLA factor
has a minor influence on the NLO behaviour of these com-
plexes.

Conclusion

In the 4-(4H-chalcogenopyran-4-ylidene and 4H-chalco-
genochromen-4-ylidene)-1-(phenylthio)but-2-enylidene com-
plexes 2, the carbonyl[(phenylthio)carbene]metal fragment
acts as an exceptional electron-accepting group. Conse-
quently, the pyrylium character is important and some of
the complexes under investigation surpass the cyanine limit
in [D8]THF. From comparisons of NMR spectroscopic
data, it seems that the carbonyl[(phenylthio)carbene]metal
group in complexes 2 is a better electron-withdrawing group
than a carbonyl(methoxycarbene)metal group. A single-
crystal X-ray diffraction analysis of compound 2a has
shown an electronic structure which enables conjugation be-
tween the intracyclic oxygen atom and the metal centre
which is in accordance with the pronounced pyrylium char-
acter of the heterocycle. The first hyperpolarisability of the
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thiocarbenes have been measured by the EFISH technique.
The µβ values are close to those found for methoxycarbenes
of similar lengths[14] and are sensitive to the intracyclic het-
eroatom, the benzo-annulation and the metal. However, the
presence of two absorption bands in the visible region pre-
cludes analysis based only on a simple model. Theoretical
calculations should be necessary to obtain more infor-
mation on the electronic transitions and excited states im-
plied by the NLO properties.

Experimental Section
General Remarks: All preparations involving organometallic (4H-
pyran-4-ylidene)alkenylidene compounds were carried out under
dry nitrogen. Solvents were dried and distilled before use according
to standard procedures.[32] 1H and 13C NMR spectra were recorded
in [D8]THF using a Bruker 500 MHz spectrometer. Infrared spec-
tra were recorded with a Perkin–Elmer FTIR-1000 spectrometer
using KBr plates. Microanalyses were performed using a Microana-
lyseur Flash EA 1112 instrument and mass spectra were obtained
using a high-resolution MS/MS Zab spec Tof micromass system at
the Centre Régional de Mesures Physiques de l’Ouest Université de
Rennes 1. Optical absorption spectra were measured with a Perkin–
Elmer Lambda 25 spectrophotometer.

X-ray Structure Determination: Blue single crystals of 2a suitable
for X-ray analysis were obtained by slow concentration of a diethyl
ether/petroleum ether solution and were mounted on a Nonius
four-circle diffractometer equipped with a CCD camera and a
graphite-monochromated Mo-Kα radiation source (λ = 0.71073 Å)
at the Centre de Diffractométrie (CDFIX), Université de Rennes
1, France. Data collection was performed at 293(2) K.
C32H20O6SW, M = 716.39, monoclinic, P21/c, a = 9.0690(2), b =
14.7950(2), c = 21.4990(5) Å, β = 100.432(1)°, V = 2836.9(1) Å3, Z
= 4, ρcalcd. = 1.677 gcm–3. 12109 structure factors were collected
before merging to yield 6506 unique intensities (Rint = 0.0482). The
structure was solved with SHELXS-97.[33] The refinement of 361
parameters against F2 of 6506 unique intensities [4246 observed
intensities I � 2σ(I)] was performed with SHELXL-97[34] with an-
isotropic thermal parameters for all non-hydrogen atoms. Hydro-
gen atoms were added to the structure model in calculated posi-
tions. Final residuals: R = 0.0548, wR = 0.1247. CCDC-297214
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Synthetic Methodology: General Procedure for the Synthesis of
Complexes 2a–2e: A solution of the aldehydes[15] 1a–1e
(1.1×10–3 mol) with 1 equiv. of CH3(SPh)C=W(CO)5

[10,35]

(1.1×10–3mol), 3 equiv. of (CH3)3SiCl (TMSCl) and 3 equiv. of
(C2H5)3N in THF (20 mL) was stirred at room temperature. The
reaction, monitored by TLC, showed that the starting carbene
complex quickly disappeared. Degassed water was poured onto the
blue reaction mixture and the product was extracted with diethyl
ether. The extract was dried with magnesium sulfate and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel plates (elution with petroleum ether/
dichloromethane, 70:30). The condensation products 2a–2e were
isolated after evaporation of the solvent and recrystallised from
diethyl ether/petroleum ether solutions.

Synthesis of Analogous Complex 2�c: The above procedure was ap-
plied, but using the (phenylthio)carbene complex CH3(SPh)-
C=Cr(CO)5.
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Complex 2a: Decomposition � 250 °C. MS (FAB): calcd. for
C29H20O3SW [M – 3 CO]+· 632.0643, found 632.0660. IR (KBr
pellet): ν̃ = 2049, 1928, 1893, 1641, 1519, 1502, 1482, 1342, 1245,
1156, 963, 934, 882, 792, 767, 680, 591 cm–1. 1H NMR ([D8]THF):
δ = 8.39 (t, 3J = 12.9 Hz, 1 H, 3-H), 7.99 (m, 4 H, Ph), 7.59 (m, 3
H, Ph), 7.58 (s, 1 H, 3-H), 7.54 (m,3 H, Ph), 7.48 (m, 5 H, Ph),
7.24 (d, 4J = 1.5 Hz, 1 H, 5-H), 6.95 (d, 3J = 12.6 Hz, 1 H, 2-H),
6.04 (d, 3J = 13.2 Hz, 1 H, 4-H) ppm. 13C NMR ([D8]THF): δ =
261.6 (C-1), 205.8 (C, CO), 200.8 (C, CO), 160.4 (C-2�), 160.2 (C-
6�), 157.3 (C-3), 152.3 (C-4�), 138.95 (C-2), 134.2 (C, Ph), 132.6 (C,
Ph), 132.4 (C, Ph), 132.2 (C, Ph), 130.4 (C, Ph), 130.3 (C, Ph),
130.2 (C, Ph), 130.1 (C, Ph), 126.8 (C, Ph), 126.7 (C, Ph), 118.0
(C-4), 111.9 (C-5�), 105.1 (C-3�) ppm.

Complex 2b: M.p. 162 °C. IR (KBr pellet): ν̃ = 2051, 1902, 1878,
1529, 1472, 1276, 1168, 805, 747 cm–1. C30H20S2W (628): calcd. C
52.47, H 2.75, S 8.75; found C 52.78, H 3.05, S 8.66. 1H NMR
([D8]THF): δ = 8.40 (t, 3J = 12.9 Hz, 1 H, 3-H), 7.93 (s, 1 H, 3�-
H), 7.74 (m, 4 H, Ph), 7.56 (m, 3 H, Ph), 7.52 (m, 3 H, Ph), 7.50
(s, 1 H, 5�-H), 7.47 (m, 5 H, Ph), 6.97 (d, 3J = 12.6 Hz, 1 H, 2-H),
6.24 (d, 3J = 12.6 Hz, 1 H, 4-H) ppm. 13C NMR ([D8]THF ): δ =
263.5 (C-1), 206.0 (C, CO), 200.6 (C, CO), 155.8 (C-3), 152.1 (C-
4�), 150.1 (C-2�), 149.2 (C-6�), 139.8 (C-2), 138.8 (C, Ph), 137.4 (C,
Ph), 137.1 (C, Ph), 134.2 (C, Ph), 132.0 (C, Ph), 130.6 (C, Ph),
130.5 (C, Ph), 130.4 (C, Ph), 128.5 (C-5�), 127.5 (C, Ph), 127.3 (C,
Ph), 121.0 (C-3�) ppm.

Complex 2c: Decomposition � 250 °C. IR (KBr pellet): ν̃ = 2052,
1906, 1615, 1529, 1505, 1487, 1350, 1272, 1170, 1123, 1011, 907,
795, 764, 682 cm–1. C30H18O6SW (690): calcd.C 52.19, H 2.63, S
4.64; found C 52.56, H 2.89, S 4.78. 1H NMR ([D8]THF ): δ = 8.55
(t, 3J = 12.8 Hz, 1 H, 3-H), 8.11 (d, 3J = 8.2 Hz, 1 H, benzo), 8.01
(2 H, m, Ph-H), 7.67 (ddd, 3J = 8.4 Hz, 3J = 7.1 Hz, 1 H, benzo),
7.60 (1 H, s, 3�-H), 7.56 (m, 4 H, benzo, Ph), 7.52 (m, 3 H, Ph),
7.50 (2 H, m, Ph), 7.36 (ddd, 3J = 8.2 Hz, 3J = 7.1 Hz, 1 H, benzo),
7.22 (d, 3J = 12.9 Hz, 1 H, 2-H), 6.80 (d, 3J = 12.7 Hz, 1 H, 4-H)
ppm. 13C NMR ([D8]THF): δ = 273.1 (C-1), 206.0 (C, CO), 200.4
(C, CO), 157.6 (C-2�), 156.9 (C-3), 154.0 (C-6�), 147.0 (C-4�), 141.2
(C-2), 139.0 (C, Ph), 134.0 (C, benzo), 133.8 (C, Ph), 132.8 (C, Ph),
132.3 (C, Ph), 130.8 (C, Ph), 130.6 (C, Ph), 130.1 (C, Ph), 126.9 (C,
benzo), 126.8 (C, Ph), 125.3 (C-5�), 119.3 (C, benzo), 115.3 (C-4),
102.7 (C-3�) ppm.

Complex 2d: M.p. 170 °C. IR (KBr pellet): ν̃ = 2052, 1914, 1622,
1563, 1534, 1508, 1477, 1462, 1349, 1309, 1267, 1232, 1183, 1164,
1135, 1104, 1024, 960, 936, 882, 862, 836, 808, 761, 751 cm–1.
C28H22O6SW (670): calcd. C 50.17, H 3.31, S 4.78; found C 50.30,
H 3.41, S 4.56. 1H NMR ([D8]THF): δ = 8.56 (t, 3J = 12.8 Hz, 1
H, 3-H), 8.07 (dd, 3J = 8.3 Hz, 4J = 1.3 Hz, 1 H, benzo), 7.63 (ddd,
3J = 8.4 Hz, 3J = 7.2 Hz, 4J = 1.3 Hz, 1 H, benzo), 7.52 (m, 3 H,
Ph), 7.48 (m, 2 H, Ph), 7.43 (dd, 3J = 8.4 Hz, 4J = 1.0 Hz, 1 H,
benzo), 7.33 (ddd, 3J = 8.3 Hz, 3J = 7.2 Hz, 4J = 1.0 Hz, 1 H, 6�-
H), 7.17 (d, 3J = 12.9 Hz, 1 H, 2-H), 7.01 (s, 1 H, 3�-H), 6.72 (d,
3J = 12.8 Hz, 1 H, 4-H), 1.40 (s, 9 H, CH3) ppm. 13C NMR ([D8]-
THF): δ = 272.1 (C-1), 205.7 (C, CO), 200.3 (C, CO), 170.4 (C-2�),
157.9 (C-3), 154.4 (C-6�), 148.1 (C-4�), 140.5 (C-2), 139.0 (C, Ph),
133.9 (C, benzo), 133.9 (C, Ph), 130.8 (C, Ph), 130.6 (C, Ph), 126.6
(C, benzo), 125.3 (C, benzo), 122.1 (C-5�), 119.1 (C, benzo), 114.1
(C-4), 110.9 (C-3�), 37.2 [C, C(CH3)3], 28.2 (C, CH3) ppm.

Complex 2e: Decomposition � 250°. IR (KBr pellet): ν̃ = 2050,
1902, 1526, 1500, 1485, 1258, 1163, 1085, 962, 823, 750, 689 cm–1.
C30H18O5S2W (706): calcd. C 51.01, H 2.57, S 9.08; found C 51.64,
H 2.67, S 9.87. 1H NMR ([D8]THF): δ = 8.54 (t, 3J = 12.7 Hz, 1
H, 3-H), 8.28 (d, 3J = 8.4 Hz, 1 H, benzo), 8.03 (s, 1 H, 3-H), 7.78
(dd, 3J = 5.5 Hz, 4J = 2.8 Hz, 2 H, Ph), 7.71 (d, 3J = 8.0 Hz, 1 H,



N. Faux, F. R.-L. Guen, P. Le Poul, B. Caro K. Nakatani, E. Ishow, S. GolhenFULL PAPER
benzo), 7.58 (m, 1 H, benzo), 7.55 (m, 6 H, Ph), 7.51 (m, 2 H, Ph),
7.49 (m, 1 H, benzo), 7.26 (d, 3J = 12.9 Hz, 1 H, 2-H), 7.07 (d, 3J
= 12.7 Hz, 1 H, 4-H). 13C NMR ([D8]THF): δ = 274.3 (C-1), 206.1
(C, CO), 200.1 (C, CO), 156.2 (C-3), 148.2 (C-4�), 146.1 (C-2�),
142.1 (C-2), 138.9 (C, Ph), 138.0 (C, Ph), 131.0 (C, Ph), 130.7 (C,
Ph), 130.4 (C, Ph), 129.8 (C-5�), 129.6 (C, benzo), 128.4 (C, benzo),
127.5 (C, Ph), 121.1 (C-4), 119.3 (C-3�) ppm.

Complex 2�c: Decomposition � 250°. IR (KBr pellet): ν̃ = 2041,
1907, 1625, 1512, 1488, 1463, 1350, 1322, 1273, 1154, 1123, 1112,
964, 909, 884, 814, 763, 688, 654 cm–1. C30H18O6SCr (558): calcd.
C 64.51, H 3.25, S 5.74, found C 64.47, H 3.52, S 6.14. 1H NMR
([D8]THF): δ = 8.55 (t, 3J = 12.8 Hz, 1 H, 3-H), 8.07 (dd, 3J =
8.2 Hz, 4J = 1.3 Hz, 1 H, 5-H), 7.59 (s, 1 H, 3-H), 7.56 (m, 3 H, Ph),
7.42 (m, 4 H, 8-H, Ph), 7.45 (m, 2 H, Ph), 7.42 (d, 3J = 13.1 Hz, 1
H, 2-H), 7.35 (ddd, 3J = 8.2 Hz, 3J = 7.2 Hz, 4J = 1.0 Hz, 1 H, 6-
H), 6.76 (d, 3J = 12.6 Hz, 1 H, 4-H) ppm. 13C NMR ([D8]THF): δ
= 301.7 (C-1�), 227.6 (C, CO), 219.7 (C, CO), 157.2 (C-2), 153.9
(C-9), 153.2 (C-3�), 146.2 (C-4), 140.2 (C-2�), 133.8 (C, Ph), 132.9
(C, Ph), 132.2 (C, Ph), 130.8 (C, Ph), 130.5 (C, Ph), 130.1 (C, Ph),
126.7 (C-6 + C, Ph), 125.3 (C-5), 122.1 (C-10), 119.2 (C-8), 115.3
(C-4�), 102.3 (C-3) ppm.

NLO Measurements: NLO measurements were carried out using
the Electric Field Induced Second Harmonic (EFISH) tech-
nique.[36] The data were recorded using a nanosecond Nd:YAG
pulsed (10 Hz) laser operating at 1064 nm, equipped with a hydro-
gen cell (1 m long, 40 bar) for Raman shifting. The 1907 nm beam
was selected and used as the fundamental for EFISH. The com-
pounds were dissolved in chloroform at various concentrations
(typically in the range of 1×10–3 to 9×10–3 molL–1) and a specific
cell mounted on a translation stage was used. The centrosymmetry
of the solution was broken by dipolar orientation of the chromo-
phores with a high voltage pulse (5 kV) synchronized with the laser
pulse. The SHG signal was selected through a suitable interference
filter, detected by a photomultiplier, and recorded by an oscillo-
scope. Translation of the cell allowed us to obtain the typical
Maker fringes. The NLO response was analysed according to an
already published procedure. 2-Methyl-4-nitroaniline was used as a
reference (µβ = 71×10–48 esu at 1907 nm) to determine the µβ value
of our compounds.

Supporting Information (see footnote on the first page of this arti-
cle): Table S1 lists the UV/Vis absorption properties of complexes
3 in various solvents.

Acknowledgments

CNRS, le Conseil Général des Côtes d’Armor, la Communauté des
Communes du Trégor and le Ministère de l’Education Nationale
de la Recherche et de la Technologie (MENRT; grant to N. F.) are
gratefully acknowledged for their financial support.

[1] a) H. Wang, W. D. Wulff, J. Am. Chem. Soc. 1998, 120, 10573–
10574; b) M. L. Waters, T. A. Brandvold, L. Isaacs, W. D.
Wulff, A. L. Rheingold, Organometallics 1998, 17, 4298–4308;
c) M. Torrent, M. Duran, M. Sola, J. Am. Chem. Soc. 1999,
121, 1309–1316; d) J. Barluenga, F. Aznar, I. Gutierrez, A.
Martin, S. Garcia-Granda, M. A. Llorca-Baragano, J. Am.
Chem. Soc. 2000, 122, 1314–1324; e) J. Barluenga, L. A. Lopez,
S. Martinez, M. Tomas, Tetrahedron 2000, 56, 4967–4975.

[2] a) J. Barluenga, J. Florez, F. Fatanas, J. Organomet. Chem.
2001, 624, 5–17; b) B. Caro, P. Le Poul, F. Robin-Le Guen, M.-
C. Sénéchal-Tocquer, J.-Y. Saillard, S. Kahlal, L. Ouahab, S.
Gohlen, Eur. J. Org. Chem. 2000, 577–581.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3489–34973496

[3] for reviews see: a) H. Rudler, A. Parlier, S. Bezennine-Lafollée,
J. Vaissermann, Eur. J. Org. Chem. 1999, 2825–2833; b) R. Au-
mann, Eur. J. Org. Chem. 2000, 17–31; c) J. W. Herndon, Tetra-
hedron 2000, 56, 1257–1280; d) J. Barluenga, J. Santamaria, M.
Tomas, Chem. Rev. 2004, 104, 2259–2284.

[4] a) N. J. Long, Angew. Chem. Int. Engl. 1995, 34, 21–38; b)
D. R. Kanis, M. A. Ratner, T. J. Marks, J. Am. Chem. Soc.
1992, 114, 10338–10357; c) D. R. Kanis, M. A. Ratner, T. J.
Marks, Chem. Rev. 1994, 94, 195–242; d) D. R. Kanis, P. G.
Lacroix, M. A. Ratner, T. J. Marks, J. Am. Chem. Soc. 1994,
116, 10089–10102; e) S. H. Lecours, H. W. Guan, S. G. Di-
Magno, C. H. Wang, M. J. Therien, J. Am. Chem. Soc. 1996,
118, 1497–1503; f) E. Hendrickx, A. Persoons, S. Samson,
G. R. Stephenson, J. Organomet. Chem. 1997, 542, 295–297; g)
G. Roth, H. Fischer, T. Meyer-Friedrichsen, J. Heck, S. Houb-
rechts, A. Persoons, Organometallics 1998, 17, 1511–1516; h)
M. P. Cifuentes, J. Driver, M. G. Humphrey, I. Asselberghs, A.
Persoons, M. Samoc, B. Luther-Davies, J. Organomet. Chem.
2000, 607, 72–77; i) H. Wong, T. Meyer-Friedrichsen, T. Far-
rell, C. Mecker, J. Heck, Eur. J. Inorg. Chem. 2000, 631–646; j)
H. Le Bozec, T. Renouard, Eur. J. Inorg. Chem. 2000, 229–239;
k) S. Barlow, S. R. Marder, Chem. Commun. 2000, 1555–1562;
l) J. A. Mata, E. Falomir, R. Llusar, E. Peris, J. Organomet.
Chem. 2000, 616, 80–88; m) D. Roberto, R. Ugo, S. Bruni, E.
Cariati, F. Cariati, P. C. Fantucci, I. Invernizzi, S. Quici, I. Le-
doux, J. Zyss, Organometallics 2000, 19, 1775–1788; n) R. D. A.
Hudson, A. R. Manning, J. F. Gallagher, M. H. Garcia, N.
Lopes, I. Asselberghs, R. Van Boxel, A. Persoons, A. J. Lough,
J. Organomet. Chem. 2002, 655, 70–88; o) M. Pizzotti, R. Ugo,
D. Roberto, S. Bruni, P. Fantucci, C. Rovizzi, Organometallics
2002, 21, 5830–5840; p) A. Hameed, A. Rybarczyk-Pirek, J.
Zakrzewski, J. Organomet. Chem. 2002, 656, 102–107; q) I.
Janowska, J. Zakrzewski, K. Nakatani, J. A. Delaire, M. Palus-
iak, M. Walak, H. Scholl, J. Organomet. Chem. 2003, 675, 35–
41; r) F. Cariati, U. Caruso, R. Centore, A. De Maria, M. Fu-
sco, B. Panunzi, A. Roviello, A. Tuzi, Inorg. Chim. Acta 2004,
357, 548–555; s) G. Martin, M. V. Martinez-Diaz, G.
de la Torre, I. Ledoux, J. Zyss, F. Agullo-Lopez, T. Torres,
Synth. Met. 2003, 139, 95–98; t) E. Peris, Coord. Chem. Rev.
2004, 248, 279–297; u) F. Cariati, U. Caruso, R. Centore, A.
De Maria, M. Fusco, B. Panunzi, A. Roviello, A. Tuzi, Optical
Materials 2004, 27, 91–97; v) P. G. Lacroix, F. Averseng, I.
Malfant, K. Nakatani, Inorg. Chim. Acta 2004, 357, 3825–
3835; w) P. M. Cifuentes, M. G. Humphrey, J. Organomet.
Chem. 2004, 689, 3968–3981; x) C. E. Powell, M. G. Hum-
phrey, Coord. Chem. Rev. 2004, 248, 725–756.

[5] S. Maiorana, A. Papagni, E. Licandro, A. Persoons, K. Clays,
S. Houbrechts, W. Porzio, Gazz. Chim. Ital. 1995, 125, 377–
379.

[6] E. Licandro, S. Maiorana, A. Papagni, P. Hellier, L. Capella,
A. Persoons, S. Houbrechts, J. Organomet. Chem. 1999, 583,
111–119.

[7] K. N. Jayaprakash, P. C. Ray, I. Matsuoka, M. M. Bhadbhade,
V. G. Puranik, P. K. Das, H. Nishihara, A. Sarkar, Organome-
tallics 1999, 18, 3851–3858.

[8] a) J. L. Oudar, D. S. Chemla, J. Chem. Phys. 1977, 66, 2664–
2668. In this simplified model β � ∆µ·fge/E3 where ∆µ = µe –
µg (µg is the ground-state dipole moment value and µe is the
dipole moment value of the excited state), fge and E are the
oscillator strength and the energy of the electronic transition,
respectively. b) B. F. Levine, C. G. Betha, J. Chem. Phys. 1976,
65, 1989–1993.

[9] B. A. Anderson, W. D. Wulff, T. S. Powers, S. Tribbitt, A.
Rheingold, J. Am. Chem. Soc. 1992, 114, 10784–10798. In this
case, a conformation in which the carbon–carbon double bond
is perpendicular to the carbene fragment is preferred.

[10] R. Aumann, J. Schröder, Chem. Ber. 1990, 123, 2053–2058.
[11] For example, a recent theoretical study (DFT calculation) re-

lated to electronic properties of (CO)5Cr=C(X)R does not take
into account the (alkylthio)- or (phenylthio)carbene (X = SR;



NLO Properties of 4-(4H-Pyran-4-ylidene)-1-(phenylthio)but-2-enylidene Complexes FULL PAPER
R = alkyl, C6H5). M. Cases, G. Frenking, M. Duran, M. Sola,
Organometallics 2002, 21, 4182–4191.

[12] C. F. Bernasconi, M. Ali, J. Am. Chem. Soc. 1999, 121, 3039–
3045.

[13] a) F. Robin-Le Guen, P. Le Poul, B. Caro, R. Pichon, N. Kerva-
rec, J. Organomet. Chem. 2001, 626, 37–42; b) B. Caro, P.
Le Poul, F. Robin-Le Guen, J.-Y. Saillard, S. Kahlal, C. Mo-
inet, N. Le Poul, J. Vaissermann, Tetrahedron 2002, 58, 7519–
7530.

[14] N. Faux, B. Caro, F. Robin-Le Guen, P. Le Poul, K. Nakatani,
E. Ishow, J. Organomet. Chem. 2005, 690, 4982–4988.

[15] a) Aldehyde 1a was obtained from the action of DMF on the
corresponding 4-methylpyrylium salts followed by hydrolysis of
the iminium salts by a 2% NaOH solution. G. A. Reynolds,
J. A. van Allan, J. Org. Chem. 1969, 34, 2736–2741; b) Alde-
hydes 1b–1e are formed by treatment of 4-unsubstituted chal-
cogenopyrylium salts with NEt3/I2 followed by K2CO3 salt ac-
tion.D. H. Wadsworth, M. R. Detty, B. J. Murray, C. H.
Weidner, N. F. Haley, J. Org. Chem. 1984, 49, 2676–2681; c) N.
Faux, Thesis dissertation, Université de Rennes 1, 2004.

[16] Hydrolysis performed with cold water decreases the thioester
formation.

[17] Addition of chlorosilane reagents to heterocyclic aldehydes in
CH2Cl2 solution gives a yellow precipitate of pyrylium salts: B.
Caro, unpublished results. Another mechanism proposed by
one referee is that the alkenylylidene complexes are produced
in a two-step reaction. The first step is the reversible addition
of a carbanion to the carbonyl group. This reaction occurs in
any case (for benzaldehyde and heterocyclic aldehyde) but in
the absence of TMSCl does not undergo the elimination to
complexes 2a–2e due to the electron-donating effect of the 4H-
pyran-4-ylidene group.

[18] Carbene complex 3d (Figure 1) is obtained from aldehyde 1d
(Scheme 1) and CH3(OCH3)C=W(CO)5 by treatment with
NEt3 in the presence of TMSCl; see ref.[15c]

[19] C. Cosset, I. Del Rio, H. Le Bozec, Organometallics 1995, 14,
1938–1944.

[20] a) G. Scheibe, W. Seiffert, G. Hohlneicher, C. Jutz, H. J.
Springer, Tetrahedron Lett. 1966, 7, 5053–5059; b) R. Radeglia,
S. Dähne, J. Mol. Struct. 1970, 5, 399–411; c) M. Blanchard-
Desce, V. Alain, P. V. Bedworth, S. R. Marder, A. Fort, C.

Eur. J. Inorg. Chem. 2006, 3489–3497 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3497

Runser, M. Barzoukas, S. Lebus, R. Wortmann, Chem. Eur. J.
1997, 3, 1091–1104.

[21] R. J. Hoare, O. S. Mills, J. Chem. Soc., Dalton Trans. 1972,
653–656.

[22] O. E. Fischer, M. Leupold, C. G. Kreiter, J. Müller, Chem. Ber.
1972, 105, 599–608.

[23] C. V. Senoff, J. E. H. Ward, Inorg. Chem. 1975, 14, 278–282.
[24] P. D. Woodgate, H. S. Sutherland, C. E. F. Rickard, J. Or-

ganomet. Chem. 2001, 629, 114–130.
[25] a) A. Abbotto, L. Beverina, S. Bradamante, A. Facchetti, C.

Klein, G. A. Pagani, M. Redi-Abshiro, R. Wortmann, Chem.
Eur. J. 2003, 9, 1991–2007; b) Z. Sainudeen, P. C. Ray, J. Phys.
Chem. A 2005, 109, 9095–9103. It can be noted that the elec-
tronic structures of the zwitterionic merocyanines studied are
sensitive to changes in the solvent.

[26] I. Turowska-Tyrk, T. M. Krygowski, P. Millart, J. Mol. Struct.
1991, 263, 235–245.

[27] J. J. Doney, C. H. Chen, H. R. Luss, Tetrahedron Lett. 1982,
23, 1747–1750.

[28] L. Millán, M. Fuentealba, C. Manzur, D. Carrillo, N. Faux, B.
Caro, F. Robin-Le Guen, S. Sinbandhit, I. Ledoux-Rak, J. R.
Hamon, Eur. J. Inorg. Chem. 2006, 1131–1138.

[29] a) M. R. Detty, J. M. McKelvey, H. R. Luss, Organometallics
1988, 7, 1131–1147.

[30] R. Aumann, J. Schröder, Chem. Ber. 1990, 123, 2053–2058.
[31] For a recent review, see: A. T. Balaban, D. C. Onicia, A. R.

Katrizky, Chem. Rev. 2004, 104, 2777–2812.
[32] D. D. Perrin, W. L. F. Armarego, D. R. Perrin, Purification of

Laboratory Chemicals, Pergamon Press, New York, 1980.
[33] G. M. Sheldrick, SHELXS-97, Program for Crystal Structure

Solution, Göttingen, 1997.
[34] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure

Refinement, Göttingen, 1997.
[35] C. H. Lam, C. V. Senoff, J. E. H. Ward, J. Organomet. Chem.

1974, 70, 273–281.
[36] a) I. Maltey, J. A. Delaire, K. Nakatani, P. Wang, X. Shi, S.

Wu, Adv. Mater. Opt. Electron. 1996, 6, 233–238; b) C. Bossh-
ard, G. Knöpfle, P. Prêtre, P. Günter, J. Appl. Phys. 1992, 71,
1594–1605.

Received: April 4, 2006
Published Online: July 11, 2006



FULL PAPER

DOI: 10.1002/ejic.200600351

Synthesis of a BEDT-TTF Bipyridine Organic Donor and the First FeII

Coordination Complex with a Redox-Active Ligand

Katel Hervé,[a] Shi-Xia Liu,[b] Olivier Cador,[a] Stéphane Golhen,[a] Yann Le Gal,[a]

Azzedine Bousseksou,[c] Helen Stoeckli-Evans,[d] Silvio Decurtins,[b] and Lahcène Ouahab*[a]

Keywords: Iron / N ligands / BEDT-TTF / Synthesis design / Redox chemistry

The synthesis of the new ligand, BEDT-TTF-bipy [4,5-ethyl-
enedithio-4�,5�-(4�-methyl-2,2�-dipyrid-4-ylethylenedithio)-
tetrathiafulvalene] is reported. The first FeII coordination
complex, namely [Fe(NCS)2(BEDT-TTF-bipy)2]·CHCl3, with
this redox-active ligand is obtained. Magnetic measurements

Introduction

Charge transfer (CT) complexes based on organic donors
such as TTF (tetrathiafulvalene) and its derivatives have
been intensively studied.[1] Considerable efforts are cur-
rently devoted to the synthesis and investigations of new
molecule-based materials involving interplay and synergy
between multiple physical properties, such as electrical con-
ductivity or superconductivity and magnetic effects, optical
and magnetic properties or spin crossover.[2] Construction
of such materials appears to be a challenging target for syn-
thetic chemists who are faced with the difficult control of
the self-assembly of molecular building blocks. This is in-
deed a crucial step to obtain a supramolecular compound
that has the desired structure, stability and physical proper-
ties. Some significant achievements have been obtained in
different directions: (i) light-induced magnetization[3] ob-
served in a Prussian blue derivative, namely K0.2Co1.4-
[Fe(CN)6]·6.9H2O,[3c,3d] which exhibits a reversible photo-
induced magnetization as a result of oxidation state changes
for the metal ions from [CoIII, S = 0 and FeII, S = 0] to
[CoII, S = 3/2 and FeIII, S = 1/2]; (ii) synergy between spin-
crossover and magnetic interactions:[4] [Fe(mnt)2(rad)] [mnt
= maleonitriledithiolate; rad = 2-(para-N-methylpyridinio)-
4,4,5,5-tetramethylimidazolin-1-oxyl] exhibits a spin cross-
over between SFe = 5/2 at high temperature and SFe =
1/2 at low temperature and also an antiferromagnetic (AF)
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and Mössbauer spectroscopy revealed the coexistence of
high-spin and low-spin FeII species with a ratio of 40:60 in
this compound.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

interaction at low temperature between the radical unit and
FeIII; (iii) electrical conductivity and magnetic interac-
tions:[5–7] conducting materials incorporating localized
spins are currently a subject of intense investigations and
many compounds of this kind were obtained and charac-
terized, such as (BEDT-TTF)3[MnCr(C2O4)3] [BEDT-TTF
= bis(ethylenedithio)tetrathiafulvalene (or ET)],[6a](BETS)2-
FeCl4 [BETS = bis(ethylenedithio)tetraselenafulvalene],[6b]

(C1-TET-TTF)2FeX4 [X = Cl, Br; C1-TET-TTF = 4,5-bis-
(methylthio)-4�,5�-ethylenedithiotetrathiafulvalene].[2a]

Only two examples of hybrids with a combination of a
spin cross-over property and electrical conductivity have
been reported so far, namely Fe(abpt)2(TCNQ)2

[8] and
[Fe(sal2-trien)][Ni(dmit)2].[9] However, in both cases no con-
ductivity was observed. In order to enhance interactions be-
tween the two subsystems, a strategy consisting of the coval-
ent linkage of paramagnetic transition-metal ions to redox-
active ligands has been addressed.[7] However, to the best
of our knowledge, there is no example of such a system
with TTF derivatives as ligands. As a first attempt in this
direction, we report here a detailed study on the synthesis
and characterizations of the new ligand BEDT-TTF-bipy
as well as its FeII complex, namely [Fe(NCS)2(BEDT-TTF-
bipy)2]·CHCl3.

Results and Discussion

Synthesis

The synthesis of ligand 6 was performed as shown in
Scheme 1 by a phosphate-mediated cross-coupling method
between chalcogenones 4 and 5. The former was prepared
by transchalcogenation of the corresponding thione 3, the
synthesis of which was based on the thermal depolymeriza-
tion of oligomer 1 on heating, followed by Diels–Alder re-
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action with 4-methyl-4�-vinyl-2,2�-bipyridine (2). All com-
pounds were easily purified by chromatographic separation
or precipitation and have been fully characterized. Com-
pound 7 (Scheme 2) was obtained by allowing Fe(NCS)2 to
react with 6 in chloroform.

Scheme 1. Synthesis of BEDT-TTF-bipy (6).

Scheme 2. One of the possible isomers of the FeII complex 7.

Single-Crystal Structure of Compound 4

An ORTEP plot of molecule 4 with the atomic number-
ing scheme is shown in Figure 1.

Figure 1. ORTEP (50% probability ellipsoids) structure of com-
pound 4. Hydrogen atoms are omitted for clarity. Selected bond
lengths [Å]: S1–C16 1.754(2), S2–C16 1.745(2), S2–C15 1.765(3),
S3–C14 1.748(2), S3–C15 1.765(3), S4–C14 1.747(3), S1–C12
1.839(3), S4–C13 1.808(3), O1–C15 1.207(3).

Eur. J. Inorg. Chem. 2006, 3498–3502 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3499

Molecule 4 contains an essentially planar moiety, com-
prising atoms C(14), C(15), C(16), O(1) and all four sulfur
atoms; this plane forms an angle of 126.5° with the mean
plane calculated from the C(7)–C(8)–C(9)–C(10)–C(11)–
N(2) atoms belonging to the pyridyl ring. All atoms of the
bipyridyl moiety lie almost perfectly within one plane with
atoms N1 and N2 situated in anti orientation. As expected,
S(1)–C(12) and S(4)–C(13) are typical single bonds, while
the other C–S bonds are considerably shorter than that of
a single C–S bond, indicating some delocalized π-bonding
through the interaction of the sulfur d-orbitals with the
C=C and C=O π-bonds. These C–S bond-length differences
have been found in other analogous compounds.[10]

Single Crystal Structure of Compound 6

Although the quality of the crystal of compound 6 was
poor, it was possible to determine its crystal structure. An
ORTEP plot of the molecule with the atomic numbering
scheme is shown in Figure 2. Compared to compound 4,
the nitrogen atoms of the bipyridyl moiety also lie in an
anti position, but an angle of 11.8(11)° is observed between
the two pyridyl rings. The mean plane calculated from the
pyridyl ring [C(11)–C(12)–C(13)–C(14)–C(15)–N(1)] di-
rectly bonded to the BEDT-TTF moiety, forms an angle of
75.2(5)° (see Figure 3) with the almost planar TTF skeleton
[S(3)–S(4)–C(5)–C(6)–S(5)–S(6)]. As usual, a boat confor-
mation is observed for the ET molecule. One can notice
that the S(7)–C(9) and S(8)–C(10) bonds are significantly
shorter than the corresponding ones [S(1)–C(12) and S(4)–
C(13)] observed in compound 4 (see Figures 1 and 2).

Figure 2. ORTEP structure of 6 with 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity. Selected bond lengths [Å]:
S6–C8 1.723(16), S6–C6 1.734(15), S3–C5 1.720(17), S3–C3
1.787(16), S8–C8 1.731(17), S8–C10 1.78(2), S4–C5 1.753(16), S4–
C4 1.76(2), S5–C6 1.731(16), S5–C7 1.762(19), C5–C6 1.42(2), C8–
C7 1.38(3), C4–C3 1.32(3), S7–C9 1.72(3), S7–C7 1.729(18).

Figure 3. View of compound 6 showing the angle of 75.2(5)° be-
tween the TTF skeleton and the N(1)C5 pyridyl ring.

TGA of Compound 7

The detection of the temperature dependence of weight
loss of [Fe(NCS)2(BEDT-TTF-bipy)2]·CHCl3 was carried
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out on a powdered sample between 25 and 150 °C, where
the compound starts to decompose. In total, a weight loss
of 8.1% is observed within the range 25–65 °C. The gas
analysis by means of mass spectrometry coupled to TGA
revealed the presence of chloroform only. The calculated
weight loss for one molecule of CHCl3 is equal to 8.5%.

Electrochemical Measurements of Compound 7

The solution redox properties of the new donor ligand 6
and of the target compound 7 were investigated by cyclic
voltammetry (CV), in dichloromethane. Table 1 gives these
results and those obtained for BEDT-TTF (ET) under the
same conditions. In each case, two typical reversible single-
electron redox couples are observed, corresponding to re-
spective formations of the monocation followed by the di-
cation. No difference is observed between ET and donor 6
redox potentials, showing that the methylbipyridyl group
has no effect on the redox potentials. The first potential of
compound 7 remains unaffected while the second potential
decreases.

Table 1. Cyclic voltammetric data[a].

Compound E1
1/2 E2

1/2 E(Fe2+/Fe3+) ∆E = E2
1/2 – E1

1/2

[V] [V] [mV] [mV]

ET 0.52 0.94 420
6 0.55 0.95 400
7 0.55 0.86 1100 310

[a] All oxidation potentials were determined under N2 in CH2Cl2
vs. ESC at room temperature. Measurements have been performed
at a scan rate of 100 mV·s–1 using 0.1  (Bu4N)PF6 as the electro-
lyte and Pt as the working electrode.

UV/Vis Spectra of Compound 7

The room-temperature UV/Vis absorption spectra of
BEDT-TTF-bipy and [Fe(NCS)2(BEDT-TTF-bipy)2] in
DMF solution are shown in Figure 4. The spectra mainly
reveal that upon complexation, an intense broad band ap-
pears at around 19000 cm–1. This band is characteristic of

Figure 4. Absorption spectra of 6 (circles) and [Fe(NCS)2(BEDT-
TTF-bipy)2] (–––) in dimethylformamide solution.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3498–35023500

the Fe–bipyridine metal-to-ligand charge transfer
(MLCT).[11,12] The presence of this MLCT band reflects the
formation of the complex [Fe(NCS)2(BEDT-TTF-bipy)2].
The intense absorption band observed at energies �
25000 cm–1 corresponds to the tail of the intra-ligand
charge transfer π-π*.[13,14]

Magnetic Susceptibility of Compound 7

The thermal dependence of the χMT product of
[Fe(NCS)2(BEDT-TTF-bipy)2]·CHCl3 is represented in
Figure 5. At room temperature, χMT is equal to
1.65 cm3·K·mol–1 and the value remains almost constant
down to 60 K where it starts to decrease. The room-tem-
perature value is, on the one hand, much lower than the
expected value for a high-spin (HS) FeII species (χMT �
3.7 cm3·K·mol–1)[15] and, on the other hand, much higher
than the expected value for a purely low-spin (LS) FeII spe-
cies (χMT � 0.1 cm3·K·mol–1).[16] We may therefore con-
clude that both HS and LS FeII species are mixed together,
the ratio being close to 40:60. It may also be the result of
the presence of cis/trans configurations in the complex, but
this could not be answered conclusively. The lowering of
χMT at low temperatures can be due to the zero-field split-
ting of FeII[17] and intermolecular antiferromagnetic inter-
actions between the metal centres.

Figure 5. Thermal variation of χMT for a powdered sample of
[Fe(NCS)2(BEDT-TTF-bipy)2]·CHCl3.

Mössbauer Spectroscopy of Compound 7

The Mössbauer spectrum of [Fe(NCS)2(BEDT-TTF-
bipy)2]·CHCl3 at 80 K is shown in Figure 6. The spectrum
shows unambiguously the presence of two spin states for
FeII: a high-spin state, characterized by a doublet with qua-
drupole splitting ∆EQ = 2.70(1) and an isomer shift IS =
1.000(6) mm·s–1 and a low-spin state, characterized by a
second quadrupolar doublet with quadrupole splitting ∆EQ

= 0.369(2) and an isomer shift IS = 0.367(1) mm·s–1. These
Mössbauer parameters are in good agreement with those
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observed in the literature for high-spin and low-spin FeII

compounds.[18] On the basis of equal Debye–Waller factors
(f) for HS and LS FeII, the ratios AHS/ATOT and ALS/ATOT

result in 0.25(1) and 0.75(1), respectively. However, this pa-
rameter for the resonating nuclei can differ distinctly for
HS and LS FeII,[19] whereby the determined LS area (ALS)
overestimates the LS molar fraction if fHS = fLS is assumed.
Consequently, an HS FeII fraction in the order of 0.3–0.4
can be estimated in fairly good agreement between the mag-
netic and the Mössbauer measurements.

Figure 6. Mössbauer spectrum of [Fe(NCS)2(BEDT-TTF-bipy)2]·
CHCl3 at 80 K. The spectrum is characterized by two quadruple
doublet characteristics of high-spin and low-spin states of FeII,
respectively.

Conclusions

We reported in this contribution a detailed synthesis and
structure of a new ligand, namely BEDT-TTF-bipy as well
as the first FeII coordination complex, namely [Fe(NCS)2-
(BEDT-TTF-bipy)2]·CHCl3 with this redox-active ligand.
Although it was not possible to obtain single crystals of this
complex, the use of different techniques (TGA, elemental
analysis, cyclic voltammetry, magnetic measurements, UV
and Mössbauer spectroscopy) allowed us to fully character-
ize this material. Magnetic measurements and Mössbauer
spectroscopy showed a mixture of high-spin and low-spin
FeII species with a ratio of 40:60 in this complex. Moreover,
one of the reasons for the lack of crystallization might be
the existence of several possible isomers for this compound.
In order to limit the number of isomers, work is underway
to prepare the corresponding ligand with a terminal C=C
double bond [C(9)–C(10) in Figure 2].

Experimental Section
General: X-ray data for compound 4 were collected at 253 K with
a Stoe Image Plate Diffraction System,[20] while for compound 6
data were collected at room temperature with an Enraf–Nonius
four-circle diffractometer equipped with a CCD camera (CDFIX
centre of Université de Rennes 1). Both sets of data were collected
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using an Mo-Kα graphite-monochromated radiation source (λ =
0.71073 Å). The room-temperature UV/Vis absorption spectra were
obtained with a BIO-TEK Instruments UVIKON-XL spectropho-
tometer. The magnetic susceptibility χM was recorded with a Quan-
tum Design MPMS SQUID magnetometer operating in the 2–
300 K temperature range at a field of 1 T. The experimental data
have been corrected from the diamagnetism of the sample holder
and the intrinsic diamagnetism of the materials evaluated with Pas-
cal’s tables. Mössbauer measurements were obtained on a constant-
acceleration spectrometer with a 50 mCi source of 57Co (Rh ma-
trix). The isomer shift values (IS) are given with respect to metallic
iron at room temperature. The absorber was a sample of microcrys-
talline powder enclosed in a 2 cm diameter cylindrical plastic sam-
ple holder, the size of which was determined to optimize the ab-
sorption. The 80 K spectrum was obtained by using an MD306
Oxford cryostat, the thermal scanning being monitored by an Ox-
ford ITC4 servocontrol device (±0.1 K). Fitting parameters for all
spectra were obtained by using a least-squares computer program.
The standard deviations of statistical origin of the Mössbauer pa-
rameters are given in parentheses. Cyclic voltammetry measure-
ments were conducted with an EDAC EA161 Potentiostat. Ther-
mogravimetric analysis was performed with a SETARAM LAB-
SYS DTA-TG/DSC apparatus coupled to a Pfeiffer Omnistar mass
spectrometer.

Synthesis: All reagents were of analytical grade and used as re-
ceived. All reactions were carried out under argon, using freshly
distilled and degassed solvents. The [C3S5]x oligomer 1[21] and 4-
methyl-4�-vinyl-2,2�-bipyridine (2)[22] were prepared according to
literature procedures.

4,5-[(4�-Methyl-2,2�-dipyrid-4-yl)ethylenedithio]-1,3-dithiole-2-
thione (3): A mixture of oligomer 1 (1 g) and compound 2 (1 g,
5.1 mmol) in dioxane (20 mL) was heated to 75 °C and stirred for
1.5 h. The resulting mixture was filtered hot and the precipitate was
further washed with dichloromethane (3×25 mL) to completely ex-
tract the product. The filtrate and combined washings were treated
with activated charcoal. After filtration, the solvent was evaporated
under vacuum to give a yellow oil that was purified by chromatog-
raphy on silica gel with dichloromethane/ethyl acetate (1:1) to af-
ford a yellow powder (1.44 g, 72 %). C16H12N2S5·0.3C4H8O2

(419.05): calcd. C 49.30, H 3.46, N 6.69; found C 49.50, H 3.16, N
6.64.

4,5-(4�-Methyl-2,2�-dipyrid-4-ylethylenedithio)-1,3-dithiol-2-one (4):
To a solution of 3 (0.4 g, 1 mmol) in chloroform (55 mL) and acetic
acid (7 mL), was added Hg(OAc)2 (0.935 g, 2.9 mmol). The mixture
was stirred at room temperature for 45 min. During this period,
the suspension changed colour from yellow to white. The resulting
white precipitate was filtered off using Celite and washed thor-
oughly with CHCl3. The filtrate and combined washings were neu-
tralized with a saturated Na2CO3 aqueous solution and then ex-
tracted with water (3×40 mL). After drying with Na2SO4, the com-
bined organic phases were concentrated under vacuum. The re-
sulting oily product was solidified upon the addition of diethyl
e th e r to g ive 4 as a p a l e ye l low powd e r (0 .2 8 g , 7 3 % ) .
C16H12N2OS4·0.2C4H10O (391.36): calcd. C 51.56, H 3.60, N 7.16;
found C 50.70, H 3.57, N 6.90.

4,5-Ethylenedithio-4�,5�-(4�-methyl-2,2�-dipyrid-4-ylethylenedithio)-
tetrathiafulvalene (6): A suspension of 4,5-ethylenedithio-1,3-dithi-
ole-2-thione (5)[23] (0.26 g, 1.16 mmol) and compound 4 (0.3 g,
0.54 mmol) in triethyl phosphite (5 mL) under nitrogen was heated
to 120 °C and stirred for 2 h. After cooling to room temperature,
a red precipitate had formed, which was filtered off and washed
with diethyl ether to afford analytically pure 6 as a red powder
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(0.19 g, 44 %). C21H16N2S8·0.5H2O (561.89): calcd. C 44.89, H
2.85, N 4.99; found C 44.88, H 2.90, N 4.57.

[Fe(NCS) 2 (BEDT-TTF-bipy) 2 ] ·CHCl3 (7) : A mixture of
FeSO4·7H2O (25.2 mg, 0.09 mmol), KNCS (17.6 mg, 0.18 mmol)
and a pinch of ascorbic acid in 3 mL of freshly distilled methanol
was stirred at room temperature for 30 min. After filtration, the
resulting colourless solution of Fe(NCS)2 was added dropwise to a
solution of compound 6 (100 mg, 0.18 mmol) in distilled chloro-
form (22 mL). A red-brown precipitate formed immediately, which
was filtered off and washed with MeOH and CHCl3 to give the
desired FeII complex as a dark-purple powder (87 mg, 75 %).
C44H32FeN6S18·CHCl3 (1397.17): calcd. C 38.68, H 2.38; N 6.01,
S 41.31; Fe 4.00; found C 38.97, H 2.45, N 6.46, S 39.95, Fe 4.42.

X-ray Crystallography. 4: A pale-yellow, rod-like crystal of com-
pound 4 (0.42×0.15×0.11 mm) was obtained by slow concentra-
tion of a solution of compound 4 in a mixture of CH2Cl2 and ethyl
acetate. The intensity data were collected at 253 K. This compound
crystallized in the P1̄ triclinic space group with the following pa-
rameters: a = 5.6428(7) Å, b = 10.1851(13) Å, c = 15.158(2) Å, α =
105.847(15)°, β = 94.448(16)°, γ = 103.526(15)°, V = 805.5(2) Å3,
Z = 2, µ = 0.594 mm–1, 2911 unique for 5724 collected reflections,
R1 = 0.0392, wR2 = 0.1039. 6: Compound 6 was dissolved in a
mixture of CH2Cl2 and ethyl acetate and heated in an ultrasonic
bath. The resulting solution was filtered and a few drops of meth-
anol were added to the solution. After slow concentration, a few
crystals of 6 of very low quality were obtained. The intensity data
were collected at room temperature. This compound crystallized in
the monoclinic space group P21/c with the following parameters: a
= 6.8420(4) Å, b = 17.6760(11) Å, c = 19.2560(14) Å, β =
96.146(2)°, V = 2315.4(3) Å3, Z = 4, µ = 0.785 mm–1, 4026 unique
for 13627 collected reflections, R1 = 0.1949, wR2 = 0.4551. All
structures were solved by direct methods using the program
SHELXS-97.[24] The refinement and all further calculations were
carried out using SHELXL-97.[25] H-atom positions were calcu-
lated as a riding model. Non-H atoms were refined anisotropically,
using weighted full-matrix least squares on F2. CCDC-287337 and
-600718 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Four complexes with the formulae Gd2(ClF2CCOO)6(hypy)2

(1), Gd2(F3CCOO)6(hypy)2 (2), Gd2(F2HCCOO)6(hypy)2 (3)
and Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4) have been synthe-
sised and characterised by single-crystal X-ray diffraction
methods at room temperature. The title compounds have
been obtained by reaction of the corresponding gadolinium
carboxylates with 4-hydroxypyridine in a solution of ethanol
and water. They crystallise in the triclinic space group P1̄ (Z
= 2) [1: a = 999.8(4) pm, b = 1061.8(5) pm, c = 1283.6(6) pm,
α = 91.23(5)°, β = 111.29(5)° and γ = 105.27(5)°; 2: a =
972.4(4) pm, b = 1053.5(5) pm, c = 1252.4(6) pm, α = 94.23(5)°,
β = 110.21(5)° and γ = 104.84(5)°; 3: a = 883.3(4) pm, b =
1051.3(4) pm, c = 1284.9(6) pm, α = 100.46(5)°, β = 109.87(5)°

Introduction

In connection with the investigations of the structural
chemistry of polynuclear complexes of lanthanides that are
of importance for the study of magnetic interactions,[1–16]

we paid attention to the carboxylates Gd2(XkHmCCOO)6-
(H2O)n(hypy)2 [X = Cl, F; k = 2, 3; m = 0, 1; n = 0, 2; hypy:
tautomerised 4-hydroxypyridine = 4-(1H)-pyridone]. There
are no simple rules to predict the occurrence of ferro- or
antiferromagnetic coupling, unlike those of Goodenough
and Kanamori for compounds of d elements.[17] In order to
eliminate this nescience we determined the magnetic behav-
iour of the title compounds. The magnetic data were inter-
preted by considering magnetic exchange coupling in the
dinuclear Gd3+–Gd3+ units.[17,18]

Results and Discussion

Crystal Structures

The crystal data and details of the refinements for 1, 2,
3 and 4 are summarised in Table 1, selected bond lengths
can be found in Table 2.
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and γ = 97.43(5)°; 4: a = 913.7(4) pm, b = 1079.0(5) pm, c =
1137.5(5) pm, α = 93.41(5)°, β = 109.36(5)° and γ = 99.53(5)°].
The crystal structures consist of dinuclear Gd3+–Gd3+ units.
The corresponding residuals (all data) for the refined struc-
tures are 4.82% (1), 5.93% (2), 5.68% (3) and 4.04% (4). The
magnetic behaviour of the compounds was investigated over
the temperature range 1.76–300 K. The magnetic data were
interpreted by considering exchange interactions within the
dimeric units [Jex = –0.019 cm–1 (1), Jex = –0.034 cm–1 (2), Jex

= –0.064 cm–1 (3), Jex = –0.011 cm–1 (4)].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The title compounds crystallise in the triclinic space
group P1̄ (Z = 2) with 1: a = 999.8(4) pm, b = 1061.8(5) pm,
c = 1283.6(6) pm, α = 91.23(5)°, β = 111.29(5)° and γ =
105.27(5)°; 2: a = 972.4(4) pm, b = 1053.5(5) pm, c =
1252.4(6) pm, α = 94.23(5)°, β = 110.21(5)° and γ =
104.84(5)°; 3: a = 883.3(4) pm, b = 1051.3(4) pm, c =
1284.9(6) pm, α = 100.46(5)°, β = 109.87(5)° and γ =
97.43(5)°; 4: a = 913.7(4) pm, b = 1079.0(5) pm, c =
1137.5(5) pm, α = 93.41(5)°, β = 109.36(5)° and γ =
99.53(5)°.

Gd2(ClF2CCOO)6(hypy)2 (1)

The crystal structure is shown in Figure 1. The Gd3+ ions
are connected (Gd3+–Gd3+ distance is 386.6 pm) through
two carboxylate groups (µ2-carboxylato-κ1O:κ1O�) and two
4-(1H)-pyridone molecules (µ2-pyridone-1:2κ2O) to form
dimers (Figure 2). In addition each Gd3+ ion is chelated by
two chlorodifluoroacetate ions and one pyridone molecule
(Figure 2). The central ion is ninefold coordinated by oxy-
gen atoms originating from the carboxylate groups (Gd3+–
O distances are 240.2–268.3 pm) and three pyridone mole-
cules (Gd3+–O distances are 226.4–246.6 pm).

The 4-(1H)-pyridone molecules form the extended struc-
ture through π–π stacking interactions (Figure 3).[19,20] The
shortest orthogonal distance between two aromatic frag-
ments is 325.4 pm.
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Table 1. Crystallographic data for Gd2(ClF2CCOO)6(hypy)2 (1), Gd2(F3CCOO)6(hypy)2 (2), Gd2(F2HCCOO)6(hypy)2 (3) and
Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4).

Compound 1 2 3 4

Crystal system triclinic triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄ P1̄
Lattice constants [pm,°] a = 999.8(4) a = 972.4(4) a = 883.3(4) a = 913.7(4)

b = 1061.8(5) b = 1053.5(5) b = 1051.3(4) b = 1079.0(5)
c = 1283.6(6) c = 1252.4(6) c = 1284.9(6) c = 1137.5(5)
α = 91.23(5) α = 94.23(5) α = 100.46(5) α = 93.41(5)
β = 111.29(5) β = 110.21(5) β = 109.87(5) β = 109.36(5)
γ = 105.27(5) γ = 104.84(5) γ = 97.43(5) γ = 99.53(5)

V [pm3] 1214.4(9)×106 1145.1(9)×106 1079.7(8)×106 1035.4(8)×106

Z 2 2 2 2
ρ (X-ray) [g·cm3] 2.012 1.991 1.946 2.098
Absorption coefficient µ [mm–1] 3.151 3.013 3.168 4.014
F(000) 706 658 610 626
Crystal dimensions [mm] 0.333×0.222×0.222 0.407×0.333×0.2405 0.222×0.992×0.407 0.481×0.666×0.148
Temperature [K] 293(2)
Wavelength Mo-Kα (λ = 71.073 pm)
θ range [°] 2.29 � 2θ � 26.25 2.34 � 2θ � 26.23 2.32 � 2θ � 26.24 2.41 � 2θ � 26.20
Index range (h, k, l) –12 � h � 12 –11 � h � 11 –10 � h � 10 –11 � h � 11

–13 � k � 13 –13 � k � 13 –12 � k � 12 –13 � k � 13
–15 � l � 15 –15 � l � 15 –15 � l � 15 –14 � l � 14

No. of collected reflections 17685 16568 15712 15064
No. of independent reflections 4519 4243 4007 3849
Observed reflections with F � 2σ 4139 3876 3527 3647
Rint 0.0697 0.0912 0.0858 0.0705
Structure refinement Full-matrix, least-squares
No. of refined parameters 325 327 298 252
Goodness-of-fit[a] 1.095 1.122 1.078 1.094
Residuals [I � 2σ(I)][a] R1 = 0.0446 R1 = 0.0559 R1 = 0.0506 R1 = 0.0386

wR2 = 0.1187 wR2 = 0.1445 wR2 = 0.1329 wR2 = 0.1013
Residuals (all data)a R1 = 0.0482 R1 = 0.0593 R1 = 0.0568 R1 = 0.0404

wR2 = 0.1241 wR2 = 0.1545 wR2 = 0.1384 wR2 = 0.1045
Largest differential hole and peak –1.758×10–6/ –0.551×10–6/ –2.691×10–6/ –2.012×10–6/
[epm–3] 1.431×10–6 0.622×10–6 1.319×10–6 1.684×10–6

CCDC deposition number[27] 604198 604200 604199 604197

[a] Definition given in the literature.[25]

Table 2. Selected interatomic distances [pm] for Gd2(ClF2CCOO)6(hypy)2 (1), Gd2(F3CCOO)6(hypy)2 (2), Gd2(F2HCCOO)6(hypy)2 (3)
and Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4).

1 2 3 4

Gd–Gd[a] 386.6(3) Gd–Gd[a] 387.7(3) Gd–Gd[a] 388.0(3) Gd–Gd[b] 405.1(2)
Gd–O(1B) 226.4(4) Gd–O(1A) 224.8(6) Gd–O(1A) 228.1(5) Gd–O(1A) 224.6(4)
Gd–O(1A) 235.7(4) Gd–O(1B) 234.6(5) Gd–O(1B) 233.7(5) Gd–O11 230.4(4)
Gd–O32 240.2(5) Gd–O31 240.3(5) Gd–O31 241.1(6) Gd–O31 237.8(3)
Gd–O31 241.7(5) Gd–O32 240.8(6) Gd–O32 242.8(6) Gd–O22 239.0(4)
Gd–O(1A)[a] 246.6(4) Gd–O(1B)[a] 247.3(5) Gd–O22 247.1(7) Gd–O(1W) 239.3(4)
Gd–O21 248.6(5) Gd–O22 250.4(6) Gd–O(1B)[a] 249.6(6) Gd–O21 239.8(4)
Gd–O12 253.2(6) Gd–O12 253.4(6) Gd–O11 257.8(7) Gd–O32 250.3(4)
Gd–O11 267.4(6) Gd–O21 266.3(7) Gd–O12 259.2(8) Gd–O31[b] 263.8(4)
Gd–O22 268.3(6) Gd–O11 267.2(7) Gd–O21 268.0(7)

Symmetry transformations used to generate atoms: [a] –x +1,–y+1, –z +1; [b] –x+1,–y+1, –z +2.

Gd2(F3CCOO)6(hypy)2 (2) and Gd2(F2HCCOO)6(hypy)2

(3)

The crystal structures of 2 (Figure 4) and 3 (Figure 5)
comprise dimers [shown in Figure 6 (2) and Figure 7 (3);
Gd3+–Gd3+ distance is 387.7 pm for 2 and 388.0 pm for 3].
The structural characteristics are as described for 1. The

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3503–35093504

Gd3+–carboxylate O distances for 2 are 240.3–267.2 pm and
241.1–268.0 pm for 3. The Gd3+–pyridone O distances for
2 are 224.8–247.3 pm and 228.1–249.6 pm for 3.

The extended structures are also formed by the 4-(1H)-
pyridone molecules through π–π stacking interactions as in
1.[19,20] The shortest orthogonal distances between the two
aromatic fragments are 331.1 (2) and 325.6 pm (3).
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Figure 1. Crystal structure of Gd2(ClF2CCOO)6(hypy)2 (1). The triclinic unit cell is given; H atoms are not displayed.

Figure 2. Dimeric unit in Gd2(ClF2CCOO)6(hypy)2 (1). The dashed
line shows the Gd3+–Gd3+ distance; H atoms are not displayed.

Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4)

The crystal structure of 4 is shown in Figure 8. The struc-
ture comprises discrete dimers (Gd3+–Gd3+ distance is
405.1 pm) with two kinds of bridging carboxylate groups
(µ2-carboxylato-κ1O:κ1O� and µ2-O�;κ2O,O�) along with a

Eur. J. Inorg. Chem. 2006, 3503–3509 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3505

Figure 3. π–π stacking of the 4-(1H)-pyridone molecules in
Gd2(ClF2CCOO)6(hypy)2 (1). The unit cell is given; H atoms are
not displayed.

chelating dichloroacetate ion, a water and a 4-(1H)-pyri-
done molecule (Figure 9). The Gd3+ ion is eightfold coordi-
nated by oxygen atoms originating from five carboxylate
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Figure 4. Crystal structure of Gd2(F3CCOO)6(hypy)2 (2). The triclinic unit cell is given; H atoms are not displayed.

Figure 5. Crystal structure of Gd2(F2HCCOO)6(hypy)2 (3). The triclinic unit cell is given; H atoms are not displayed.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3503–35093506
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Figure 6. Dimeric unit in Gd2(F3CCOO)6(hypy)2 (2). The dashed
line shows the Gd3+–Gd3+ distance; H atoms are not displayed.

Figure 7. Dimeric unit in Gd2(F2HCCOO)6(hypy)2 (3). The dashed
line shows the Gd3+–Gd3+ distance; H atoms are not displayed.

Figure 8. Crystal structure of Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4). The triclinic unit cell is given; H atoms are not displayed.

Eur. J. Inorg. Chem. 2006, 3503–3509 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3507

Figure 9. Dimeric unit in Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4). The
dashed line shows the Gd3+–Gd3+ distance; H atoms are not dis-
played.

groups, one water and one pyridone molecule (Gd3+–O dis-
tances are 224.6–263.8 pm).

Former results have shown that the µ2-O�;κ2O,O� mode
is responsible for a ferromagnetic interaction, whereas the
µ2-carboxylato-κ1O:κ1O� bridging mode leads to an antifer-
romagnetic interaction.[21,10–16] The obtained crystal struc-
tures of the compounds 1-3 are of interest for magnetic in-
vestigations in order to study the influence of the bridging
pyridone oxygen atom and of the µ2-carboxylato-κ1O:κ1O�
bridging mode of the carboxylate group. Compound 4 is
interesting for magnetic investigations in order to study the
influence of the coexistence of the µ2-O�;κ2O,O�- and the
µ2-carboxylato-κ1O:κ1O� bridging modes.

Magnetic Behaviour

The presentation of the magnetic data follows the recom-
mendation of Hatscher et al.[22] Figures 10, 11, 12 and 13
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display the measured effective Bohr magneton numbers
(µeff) of 1–4 in the temperature range 1.76–300 K (H(ir) =
500 and 1000 Oe). The curve progression shows
antiferromagnetic behaviour in each case. The measured
magnetic susceptibility (χm

(ir)) is interpreted by Equation (1)
given below, where the intramolecular interaction within
the dimeric unit is described by the Heisenberg model with
a spin Hamiltonian Ĥex = –2JexŜGdl·ŜGd2 (SGd1 = SGd2 =
7/2):[18]

(1)

where NA is the Avogadro constant, µB the Bohr magneton,
g the Landé factor, kB the Boltzmann constant, T the abso-
lute temperature and Jex the magnetic excoohange param-
eter.

The fitting procedure leads to Jex = –0.019 cm–1 (1), Jex

= –0.034 cm–1 (2), Jex = –0.064 cm–1 (3) and Jex =

Figure 10. Comparison of measured (∆, H(ir) = 0.5 kOe; �, H(ir) =
1.0 kOe) and calculated (−) effective Bohr magneton numbers for
Gd2(ClF2CCOO)6(hypy)2 (1).

Figure 11. Comparison of measured (∆, H(ir) = 0.5 kOe; �, H(ir) =
1.0 kOe) and calculated (−) effective Bohr magneton numbers for
Gd2(F3CCOO)6(hypy)2 (2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3503–35093508

–0.011 cm–1 (4), with g = 2.00. The agreement between the
measured and calculated µeff values [µeff = 2.8279-
(Tχm

(ir))1/2] are shown in Figures 10–13.

Figure 12. Comparison of measured (∆, H(ir) = 0.5 kOe; �, H(ir) =
1.0 kOe) and calculated (−) effective Bohr magneton numbers for
Gd2(F2HCCOO)6(hypy)2 (3).

Figure 13. Comparison of measured (∆, H(ir) = 0.5 kOe; �, H(ir) =
1.0 kOe) and calculated (−) effective Bohr magneton numbers for
Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4).

The values of Jex for the title compounds are comparable
with those of other carboxylates containing Gd3+. The co-
existence of the µ2-pyridone-1:2κ2O- or µ2-O�;κ2O,O�
bridging mode and the µ2-carboxylato-κ1O:κ1O� bridging
mode in 1–4 leads to a negative exchange parameter
(Table 3). Thus, only in the case where the carboxylate
group exclusively bridges the Gd3+ ions in a µ2-O�;κ2O,O�
bridging mode is a ferromagnetic interaction observed.

Experimental Section
Transparent, colourless, air stable single crystals of 1–4 have been
obtained by reaction of the corresponding gadolinium carboxylate
with 4-hydroxypyridine (Fluka, �95.0%) [molar ratio 2:1 for 1, 2
and 4; 1:2 for 3] in a solution of ethanol (Sigma–Aldrich, 99.8%)
and water (1:1). The starting compounds Gd(ClF2CCOO)3(H2O)3,
Gd(CF3COO)3(H2O)3, Gd(HF2CCOO)3(H2O)2·H2O and Gd3(H2-
ClCCOO)9(H2O)5 were prepared as given in the literature.[11,16,21,23]

Well-grown single crystals were mounted on a STOE imaging plate
diffractometer. The data collection was carried out at room tem-
perature. The structures were solved by Patterson methods and
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Table 3. Comparison of Jex [cm–1], bridging mode and Gd3+–Gd3+ distance [pm] for Gd2(ClF2CCOO)6(hypy)2 (1), Gd2(F3CCOO)6-
(hypy)2 (2), Gd2(F2HCCOO)6(hypy)2 (3), Gd2(Cl2HCCOO)6(H2O)2(hypy)2 (4), Gd2(ClH2CCOO)6(bipy)2 (A), Gd(CF2HCOO)3(phen) (B),
Gd(F2HCCOO)3(H2O)2·H2O (C), [NH3CH3][Gd(Cl2HCCOO)4] (D), [NH3C2H5][Gd(Cl2HCCOO)4] (E) and Gd(H3CCOO)3(H2O)2·2H2O
(F).

Compound Jex Bridging mode Gd3+–Gd3+ Distance Reference

3 –0.064 µ2-pyridone-1:2κ2O and µ2-carboxylato-κ1O:κ1O� 388.0 this work
2 –0.034 µ2-pyridone-1:2κ2O and µ2-carboxylato-κ1O:κ1O� 387.7 this work
A –0.020 µ2-O�;κ2O,O� and µ2-carboxylato-κ1O:κ1O� 399.0 [15]

1 –0.019 µ2-pyridone-1:2κ2O and µ2-carboxylato-κ1O:κ1O� 386.6 this work
B –0.016 µ2-O�;κ2O,O� and µ2-carboxylato-κ1O:κ1O� 403.4 [14]

4 –0.011 µ2-O�;κ2O,O� and µ2-carboxylato-κ1O:κ1O� 405.1 this work
C –0.012 µ2-carboxylato-κ1O:κ1O� 445.6 [21]

D –0.007 µ2-carboxylato-κ1O:κ1O� 451.6 [12]

E 0.029 µ2-O�;κ2O,O� 418.1 [13]

F 0.025 µ2-O�;κ2O,O� 420.6 [10]

D 0.023 µ2-O�;κ2O,O� 418.4 [12]

were refined with anisotropic displacement parameters based on F2

by using the SHELXS-97[24] and SHELXL-97[25] programs. Each
data analysis indicated the P1̄ space group. The final refinement
yielded R1 (all data) = 4.82% (1), R1 (all data) = 5.93% (2), R1 (all
data) = 5.68% (3) and R1 (all data) = 4.04% (4). Hydrogen atoms
were always included by using a riding model. The crystal data and
details of the refinements are summarised in Table 1. Selected bond
lengths can be found in Table 2.

Elemental analysis (Vario EL, Elementar Analysesysteme GmbH,
Hanau, Germany) for 1 C16H10Cl3F6GdN2O8 (735.86): calcd. C
26.12, H 1.37, N 3.81; found C 26.03, H 1.41, N 3.78. For 2
C16H10F9GdN2O8 (686.50): calcd. C 27.99, H 1.47, N 4.08; found
C 28.01, H 1.49, N 4.00. For 3 C16H13F6GdN2O8 (632.53): calcd.
C 30.38, H 2.07, N 4.43; found C 30.36, H 2.10, N 4.41. For 4
C11H10Cl6GdNO8 (654.17): calcd. C 20.20, H 1.54, N 2.14; found
C 20.26, H 1.59, N 2.14.

Pulverised single crystals of the title compounds were measured
with a SQUID magnetometer (MPMS5, Quantum Design) over
the temperature range 1.76–300 K at magnetic fields (H(ir)) of 500
and 1000 Oe. No field dependence of the magnetic data was ob-
served. The sample was weighed into the lid of a gelatine capsule.
To avoid orientation effects during the measurement, another gela-
tine capsule was pressed on the sample to fix it. Subsequently, the
container was sewn in a plastic straw. The raw magnetic data were
corrected for diamagnetism of the sample carrier and the sample
by using the increments of Haberditzl.[26]
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A bent trinuclear copper(II) complex (1) incorporating µ-phen-
oxo, µ-syn-syn carboxylato, and µ3-chloro bridges and an
O,N,N-coordinated reduced Schiff-base ligand is reported.
The complex shows an intramolecular ferromagnetic interac-
tion in the solid state. The EPR spectra also support the mag-
netic behaviour of the complex. In the compound, each cop-
per centre has a square-pyramidal geometry. The separation
between the adjacent copper ions is about 3.05 Å and that
between the terminal copper ions is about 5.0 Å. The com-

Introduction
The chemistry of multinuclear copper complexes has

aroused considerable interest in recent years as copper has
been found in the active sites of a large number of metallop-
roteins[1,2] as well as because of their interesting magnetic
properties.[3] Among the multicentred copper proteins, the
active sites of particulate methane monooxygenase
(pMMO),[4] laccase[5] and ascorbate oxidase[6] contain tri-
nuclear copper(II) sub-units. It has been documented that
trinuclear copper(II) centres exhibit the S = 3/2 ground
state in the fully oxidised form of pMMO.[7] It is also re-
ported that the oxidised form of the active site of ascorbate
oxidase consists of an angled trinuclear copper(II) moiety
with a Cu···Cu separation in the range 3.66–3.90 Å, with
appropriate C2 symmetry.[6] Although a few ferromag-
netically coupled trinuclear copper(II) complexes have been
reported,[8,9] to the best of our knowledge studies on mixed-
bridged bent trinuclear copper(II) complexes are rare.[10]

Thus, there is an increasing demand for mixed-bridged
angular trinuclear copper(II) systems in order to better
understand the underlying chemistry as well as the mag-
netic properties of biomolecules. Furthermore, the studies
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plex forms a supramolecular architecture through N–H···Cl
hydrogen bonding between the amine group of the reduced
Schiff-base ligand and the counter chloride anions. Absorp-
tion and fluorescence spectral studies and viscosity measure-
ments have been performed to determine the type of interac-
tion with calf-thymus DNA. The nuclease activity of the com-
plex with plasmid DNA is also studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of such systems may be helpful in order to develop the fun-
damental knowledge about the exchange interactions be-
tween the paramagnetic centres of such systems and in the
design of molecular-based ferromagnetic materials. These
considerations have generated a lot of interest in the synthe-
sis and characterisation of ferromagnetically coupled
mixed-bridge bent trinuclear copper(II) complexes using
conformationally labile reduced Schiff-base ligands.

The study of the interaction of polynuclear copper(II)
complexes with DNA and their nuclease activity is also of
abiding interest in the field of bioinorganic chemistry of
copper.[11] This is because such polynuclear complexes
might interact with DNA by different pathways and exhibit
DNA cleavage activity.[8a,12] Thus, developments in the field
of DNA interaction and cleavage studies with small mole-
cules have prompted us to explore the binding of trinuclear
copper(II) complexes with DNA and their nuclease activity.

Besides the importance of understanding the chemistry,
magnetic properties and DNA interaction studies with bio-
logically related polynuclear copper(II) complexes, the de-
sign of polynuclear coordination clusters by self-assembly
of small building blocks has also received a great deal of
attention in the context of crystal engineering, molecular
recognition and supramolecular chemistry.[13–15] One par-
ticularly interesting method in the construction of self-as-
sembled clusters involves using a ligand that can be in-
volved in coordination and hydrogen-bonding interactions
simultaneously, such that the transition metal cationic
centres are linked through anions by hydrogen bonding to
form a self-assembled cluster. Reduced Schiff-base ligands
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have great potential in the organisation of the primary
molecule in the solid state by intermolecular hydrogen
bonding.[16] This has also motivated us to undertake the
task of designing a supramolecular cluster in the solid state
by self-assembly with bifunctional reduced Schiff-base li-
gands.

Here we describe the synthesis of a mixed-bridge (µ-phen-
oxo, µ-carboxylato, and µ3-chloro) trinuclear copper(II)
complex incorporating an O,N,N-coordinated reduced
Schiff-base ligand. The X-ray structure of the complex has
been determined, which allows the secondary interactions
in the solid state to be investigated thoroughly. Variable
temperature magnetic susceptibility measurements confirm
the ferromagnetic behaviour, and the EPR spectra also sup-
port the magnetic behaviour. The solution properties are
studied, and the interaction with DNA and nuclease ac-
tivity of the complex is scrutinized.

Results and Discussion

The reduced Schiff base ligand (HL) used in this work
was prepared by NaBH4 reduction of the corresponding
Schiff base in methanol.[17]

The stoichiometric reaction of copper(II) chloride dihy-
drate with HL and benzoic acid in the presence of pipera-
zine in methanol afforded a dark coloured complex of for-
mula [Cu3L2(C6H5COO)2Cl]Cl in good yield. This complex
displays carboxylate stretches near 1560 and 1420 cm–1,
respectively. The splitting between the two peaks is
140 cm–1, which indicates that the carboxylate group brid-
ges the two copper ions in a syn-syn fashion.[18] The band
at around 1200 cm–1 is assigned to the ν(C–Ophenolate) vi-
bration. The hydrogen-bonded NH vibration occurs as a
broad band near 3400 cm–1.

The electronic spectra were recorded in Tris-HCl/NaCl
buffer solution; the data are summarised in the Exp. Sect.
The complex exhibits a single d-d absorption band near
650 nm which is characteristic of square-pyramidal cop-
per(II) complexes.[19] The allowed intense band observed
near 420 nm is believed to be due to an LMCT transition
between bridging phenoxide and copper(II) ions.[19]

Molecular Structure

The crystal structure of [Cu3L2(C6H5COO)2Cl]Cl (1) was
determined. The asymmetric unit consists of one half of a
centrosymmetric molecule; Figure 1 shows the cationic part
of the molecular structure and the bond parameters are
listed in Table 1.
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Figure 1. Perspective view and atom-labelling scheme for the cat-
ionic part of [Cu3L2(C6H5COO)2Cl]Cl (1). All non-hydrogen atoms
are represented by 30% thermal probability ellipsoids.

Table 1. Selected bond lengths [Å] and angles [°] for [Cu3L2(C6H5-

COO)2Cl]Cl.

Cu(1)–N(2) 1.981(4)
Cu(1)–O(1)# 1.947(3)
Cu(1)–O(2) 1.929(3)
Cu(1)–Cl(1) 2.732(2)
Cu(2)–O(1) 1.973(3)
Cu(2)–O(3) 1.926(4)
Cu(2)–Cl(1) 2.654(2)
Cu(1)···Cu(2) 3.055(8)
Cu(1)···Cu(1)# 5.104(8)
N(1)–Cu(1)–N(2) 82.00(19)
N(1)–Cu(1)–O(1)# 173.79(16)
N(1)–Cu(1)–O(2) 91.40(18)
N(1)–Cu(1)–Cl(1) 98.74(15)
N(2)–Cu(1)–O(1)# 94.14(16)
N(2)–Cu(1)–O(2) 165.73(18)
N(2)–Cu(1)–Cl(1) 91.22(14)
O(1)#–Cu(1)–O(2) 91.28(15)
O(1)#–Cu(1)–Cl(1) 86.16(10)
O(2)–Cu(1)–Cl(1) 102.32(12)
O(1)–Cu(2)–O(1)# 175.67(19)
O(1)–Cu(2)–O(3) 90.10(14)
O(1)–Cu(2)–O(3)# 90.70(14)
O(1)–Cu(2)–Cl(1) 87.83(10)
O(3)–Cu(2)–O(3)# 159.0(3)
O(3)–Cu(2)–Cl(1) 100.50(13)
Cu(1)#–O(1)–Cu(2) 102.40(14)
Cu(1)–Cl(1)–Cu(2) 69.10(3)
Cu(1)–Cl(1)–Cu(1)# 138.20(7)
Cu(1)–Cu(2)–Cu(1)# 113.31(3)

Symmetry operation for Cu(1)#, O(1)# and O(3)#: 2/3 + x, –2/3
+ y, 1/6 – z.

The compound possesses a twofold axis through the cen-
tral copper atom. In the cationic part, the adjacent copper
atoms are bridged by the phenoxy oxygen atom of the de-
protonated ligand L and two oxygen atoms of a didentate
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syn-syn benzoato group to give a bent trinuclear entity. The
three copper atoms in the trinuclear moiety form an isosce-
les triangle with an adjacent Cu···Cu distance of 3.055(8) Å
and a terminal Cu···Cu distance of 5.104(8) Å. The Cu(1)–
Cu(2)–Cu(1)# and Cu–Ophenoxo–Cu angles are 113.31(3)°
and 102.40(14)°, respectively. The geometry of each copper
ion is distorted square-pyramidal in which the basal plane
of the terminal copper atoms consists of two nitrogen (pyri-
dine and amine) and two oxygen (phenoxo and benzoato)
atoms while that of the central copper atom contains four
oxygen atoms. The equatorial planes are essentially planar
(mean deviation = 0.0649 and 0.2128 Å) and the dihedral
angle between the terminal and central basal planes is
65.7°. The apical site of each copper ion is occupied by the
µ3-chloro group. The Cu–(µ3-Cl) bond lengths span the
range 2.654(2) to 2.732(2) Å and are significantly larger
than the terminal Cu–Cl bond. Cu(1) is displaced by
0.1550 Å whereas Cu(2) is shifted by 0.1381 Å towards the
apical chloride group. The Cu–N and Cu–O bond lengths
are normal.

Hydrogen Bonding

The primary structure of the compound is remarkably
different from its solid-state structure due to the involve-
ment of secondary interactions in the lattice. In the ex-
tended solid-state structure a self-assembled cluster com-
pound is formed by simultaneous coordinative and hydro-
gen-bonding interactions. The amine hydrogen atom of
both the reduced Schiff-base ligands in the trinuclear entity
engage in hydrogen bonding. The chloride ion is symmetri-
cally hydrogen bonded with the amine hydrogen atom
[Cl···N = 3.163(6) Å] of one of the reduced Schiff-base li-
gands of three different molecules. The basic unit of the
cluster is shown in Figure 2. The remaining three amine hy-
drogen atoms of the three different molecules of the small
building blocks are anchored within an extended hydrogen-
bonding network. This interaction leads to the formation of
macrocyclic cavities with six molecules of average diameter
25.0 Å; the hydrogen-bonded macrocyclic cavity is shown
in Figure 3. The hexameric synthons are again assembled

Figure 2. Basic unit of secondary interactions of [Cu3L2(C6H5-
COO)2Cl]Cl (1); carbon and hydrogen atoms have been excluded
for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3510–35163512

in the crystal lattice through similar types of intermolecular
contacts to form a honeycomb-like supramolecular array.
This honeycomb network is shown in Figure 4.

Figure 3. Hexameric macrocycle of 1; carbon and hydrogen atoms
have been excluded for clarity.

Figure 4. Supramolecular network in the lattice of 1; carbon and
hydrogen atoms have been excluded for clarity.

Magnetic Studies

The variable-temperature magnetic susceptibility, χM, per
trinuclear copper(II) unit was measured in the temperature
range 2–300 K. A χMT value of 1.32 cm3 mol–1 K is ob-
served for 1 at 300 K, which is as expected for three magnet-
ically quasi-isolated spin doublets (g � 2.00). Upon
decreasing the temperature the χMT value increased to
1.87 cm3 mol–1 K at 7 K. Such magnetic behaviour is char-
acteristic of a predominant ferromagnetic exchange coup-
ling in a trinuclear copper(II) system. The plot of χMT vs.
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T is given in Figure 5. After passing through the maximum,
the χMT value decreases quickly to 1.60 cm3 mol–1 K at 2 K.
The magnetic orbitals of the terminal copper ions in 1 have
predominantly dx2–y2 character. A significant exchange in-
teraction between two terminal copper atoms through the
bridging chloride ligand may be excluded in the isolated
trinuclear moiety because the delocalisation of an unpaired
electron towards the apical chloride ion is likely to be less
effective due to the large Cu–(µ3-Cl) bond length.[20] The
decrease of χMT at low temperature is probably either due
to a zero-field splitting effect (D parameter) for the S = 3/2
ground state or inter-cluster antiferromagnetic interactions
(J�). Both D and J� exhibit the same behaviour in the low-
temperature regime. However, in the case of copper(II), the
possible D parameters of the S = 3/2 ground state must be
very small due only to the dipolar interactions. Therefore,
for simplification, the D parameter was not taken into con-
sideration when fitting the experimental data. The fit of the
susceptibility data was carried out using the molecular field
approximation, with the J� parameter, according to the
method given by Kahn,[3] with the Hamiltonian

H = –J(S1S2 + S2S3) + gβHSz – zJ��Sz�Sz

Figure 5. Plot of χMT vs. T for [Cu3L2(C6H5COO)2Cl]Cl (1) (open
points are the experimental data and the solid line represents the
best fit obtained). Plot of the reduced magnetisation, M/Nβ, vs. H
for 1 at 2 K (see inset).

With this molecular field approach (neglecting D param-
eter), the best-fit parameters for complex 1 are: J =
20.8±0.2 cm–1, J� = –0.4±0.2 cm–1, g = 2.13±0.01 and R
= 1.2×10–4 [R = ∑(χM

calc – χM
obs)2/∑(χM

obs)2].
The nature of the reduced molar magnetisation is shown

in the inset of Figure 5. The M/Nβ value at 5 T is close
to 3Nβ and this value indicates the tendency to have three
unpaired electrons (S = 3/2) at 2 K.

The ferromagnetic interaction in the present complex can
be explained by considering the dihedral angle between the
equatorial planes of the terminal and central copper(II)
centres.[21] It is known that spin coupling between the para-
magnetic centres becomes ferromagnetic when the dihedral
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angle decreases from 180°. In complex 1 the dihedral angle
of 65.7° deviates significantly from the value of 180°. These
results also support the ferromagnetic interactions.

EPR Spectra

Variable-temperature EPR spectra of the complex were
recorded to find out more about the behaviour of the un-
paired electron within the trinuclear cluster in the solid
state. The X-band EPR spectra of polycrystalline powdered
complex at different temperatures are shown in Figure 6.

Figure 6. Solid powder X-band EPR spectra of [Cu3L2(C6H5-
COO)2Cl]Cl (1).

The EPR spectrum at 4 K is dominated by a transition
at 1215 G (Figure 6, c), which unambiguously identifies the
S = 3/2 ground spin-state. At this temperature the signals
within the ±1/2 and ±3/2 Kramer’s doublets are observed.
It is clear from the variable-temperature studies (Figure 6)
that the intensity of the MS = ±1/2 EPR spectra increases
with decreasing temperature. At 4 K the effective g� value
is found at 5.2; this value may arise due to the transition
within MS = ±1/2 of the Kramer doublet of quadruplets
state (S = 3/2). The corresponding g� value is observed at
2.15. It is interesting to note that the strong signal at low
field gradually broadens and almost disappears with in-
creasing temperature (Figure 6). However, the signal corre-
sponding to g � 2.0 remains almost unchanged. These
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spectral features have been attributed to the increasing pop-
ulation of the two S = 1/2 excited states with a rise in tem-
perature. As a consequence, there is compensation of the S
= 3/2 ground state and the room-temperature spectrum is
more reminiscent of the S = 1/2 term. All the spectral ob-
servations are in good agreement with the magnetic mo-
ment of the complex.

Interaction Between DNA and the Complex

Electronic absorption spectroscopic techniques are often
employed to investigate the binding of DNA with com-
plexes. To achieve this, the absorption spectra of the com-
plex in the absence and presence of calf-thymus DNA at
different concentrations were measured. The UV/Vis spec-
tral change with increasing DNA concentration for 1 is
shown in Figure 7. A considerable hypochromicity without
appreciable change in wavelength of the d-d and charge-
transfer transitions can be attributed to an interaction[22]

between the surface of the DNA molecule and the trinu-
clear complex. The binding constant between DNA and the
complex was determined from the UV/Vis spectroscopic
data using the following equation[23]

[DNA]/(εa – εf) = [DNA]/(εb – εf) + 1/Kb(εa – εf)

Figure 7. (a) Absorption spectra of [Cu3L2(C6H5COO)2Cl]Cl (1) in
50 m Tris-HCl and 18 m NaCl buffer (pH 7.2) in the presence
of increasing amounts of DNA ([DNA] = 0–75 µ). (b) Plot of
[DNA]/(εa – εf) vs.[DNA].
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where εa, εf and εb correspond to Aobs./[Cu], the extinction
coefficient of the free copper complex and the extinction co-
efficient of the copper complex in the fully bound form,
respectively. The binding constant obtained is 1.38×105 –1.

Fluorescence spectra of the ethidium bromide–DNA in-
tercalative adduct were recorded in the presence of the com-
plex. No considerable quenching of fluorescence intensity
was observed in the presence of 1, which suggests that there
is no significant intercalation between DNA and the metal
complex.

Viscosity measurement is an important tool to ascertain
the interaction mode[24] of DNA with complexes. It has
been established that a significant enhancement in viscosity
of a DNA solution is observed in the case of classical inter-
calative binding of complexes.[25] However, groove-face,
electrostatic or surface binding of the compounds results in
less or no change of viscosity of the DNA solution.[26] The
η/η0 values are given in Table 2. The results show that there
is a slight decrease in relative viscosity of calf-thymus DNA
solution in the presence of this trinuclear complex and this
is probably due to interaction of the complex with the DNA
surface.

Table 2. Data for DNA viscosity in the presence of complex 1.

[complex]/[DNA][a] η/η0

0.0 1.00
0.13 0.992
0.17 1.002
0.22 0.990
0.26 0.971
0.31 0.952
0.35 0.950

[a] [DNA] = 200 µ.

In summary, the UV/Vis spectral, fluorescence and vis-
cosity measurements reveal that the trinuclear complex in-
teracts with the DNA surface and is inhibited from intercal-
ation with the DNA molecule. This interaction mode is dif-
ferent from that of previously reported trinuclear copper
species.[8a]

Cleavage of pUC18 DNA by [Cu3L2(C6H5COO)2Cl]Cl (1)

The cleavage of supercoiled pUC18 DNA by the complex
was studied by gel electrophoresis in Tris-HCl/NaCl buffer.
Figure 8 shows the gel electrophoresis separation of plas-
mid DNA induced by our mixed-bridge, bent, trinuclear
copper(II) complex. From this figure it can be seen (lane 5)
that the complex itself converts plasmid supercoiled pUC18
DNA into a mixture of supercoiled (Form I) and nicked
(Form II). The activity increases remarkably in the presence
of H2O2 (lane 6). However, there is no significant increase
(lane 7) in the conversion on addition of 2-mercaptoethanol
to the complex and H2O2. Incubation with H2O2, 2-mer-
captoethanol or both H2O2 and 2-mercaptoethanol without
the complex does not cause strand scission of supercoiled
DNA. These experimental results demonstrate that complex
1 exhibits DNA cleavage activity that is enhanced by the
addition of hydrogen peroxide. We assume that there is a



A Ferromagnetically Coupled, Bent, Trinuclear Copper(II) Complex FULL PAPER
possibility of formation of copper-oxo species during the
DNA cleavage reaction in the absence or presence of
H2O2.[27] This copper species is probably responsible for the
cleavage of DNA by the trinuclear complex alone (lane 5).
Besides the copper-oxygen species, the generation of hy-
droxy radicals in the presence of H2O2 enhances the DNA
cleavage activity (lane 6).[27]

Figure 8. Electrophoretic separation of pUC18 DNA by
[Cu3L2(C6H5COO)2Cl]Cl (1). DNA alone (lane 1), DNA + 2-mer-
captoethanol (lane 2), DNA + H2O2 (lane 3), DNA + H2O2 + 2-
mercaptoethanol (lane 4), DNA + 1 (lane 5), DNA + 1 + 100 µ
H2O2 (lane 6), DNA + 1 + H2O2 + 2-mercaptoethanol (lane 7).

Conclusions

A conformationally labile reduced Schiff-base ligand
having coordinating and hydrogen-bonding sites has been
successfully utilized to synthesise a phenoxo, carboxylato,
chloro-bridged bent trinuclear copper(II) complex in good
yields. The separations between the copper ions in the com-
plex fall in the range 3.05–5.10 Å, which is in agreement
with the trinuclear active sites of the oxidized form of as-
corbate oxidase.[6] The ferromagnetic behaviour of the com-
plex also resembles the oxidized form of particulate meth-
ane monooxygenase.[7] The variable-temperature EPR spec-
tral measurements support the magnetic behaviour. Spec-
tral and viscosity measurements reveal the surface binding
of 1 to calf thymus DNA. Cleavage of pUC18 by 1 indicates
that the complex exhibits nuclease activity. Interesting
supramolecular structures are obtained in the solid state
through the combination of hydrogen bonding between the
chloride ion and the NH group of the reduced Schiff-base
ligand. The results presented herein may be helpful in un-
derstanding the chemistry and magnetic properties of biom-
olecules containing trinuclear sub-units in their active sites.
In addition, the studies also provide valuable insights into
the synthesis of supramolecules by self-assembly of reduced
Schiff-base ligands. Further research aimed at the synthesis
of polynuclear mixed-bridged copper complexes containing
different reduced Schiff-base ligands, investigation of their
DNA interaction and clarification of the cleavage mecha-
nism, along with their solid- and solution-state behaviour
is currently in progress.

Experimental Section
Materials: All the starting chemicals were analytically pure and
were used without further purification. The ligand was prepared
by reduction of the corresponding Schiff base derived from salicyl-
aldehyde and 2-(aminomethyl)pyridine with NaBH4.[17]
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Calf thymus (CT) DNA and supercoiled pUC18 DNA were ob-
tained from Sigma. The concentration of calf thymus DNA
(200 µ) was estimated spectrophotometrically from the extinction
coefficient of DNA (6600 –1 cm–1) at 260 nm.[28] Agarose (molecu-
lar biology grade), 2-mercaptoethanol, and ethidium bromide were
purchased from Sigma.

Physical Measurements: UV/Vis spectra were recorded with a Per-
kin–Elmer LAMBDA25 spectrophotometer and IR spectra were
measured with a Perkin–Elmer L-0100 spectrometer. Electrochemi-
cal measurements were performed (acetonitrile solution) with a
CH620A electrochemical analyzer using a platinum electrode. Tet-
raethylammonium perchlorate (TEAP)[29] was used as supporting
electrolyte and the potentials are referenced to the standard calo-
mel electrode (SCE) without junction correction. EPR spectra were
recorded with a Bruker 300E automatic spectrometer, varying the
temperature between 4–300 K. Magnetic measurements were car-
ried out on polycrystalline samples with a Quantum Design MPMS
XL SQUID susceptometer operating at a magnetic field of 0.1 T
between 2 and 300 K. The diamagnetic corrections were evaluated
from Pascal’s constants. Elemental analyses (C, H, N) were per-
formed with a Perkin–Elmer 2400 Series II elemental analyzer.
Viscosity measurements were performed with an Ubbelohde vis-
cometer at 27±0.1 °C. The concentration of DNA was 200 µ. The
flow times were determined with a digital stop clock and each mea-
sured point is the average of four readings. Viscosity values are
presented as η/η0 vs. [complex]/[DNA], where η is the viscosity of
DNA in the presence of complex and η0 is the viscosity of DNA
solution alone.
The gel electrophoresis experiments were performed by incubation
at 37 °C for 1 h as follows: pUC18 DNA (200 ng), complex (40 µ),
H2O2 (100 µ), and 2-mercaptoethanol (100 µ) in 50 m Tris-
HCl/18 m NaCl buffer (pH 7.2). The sample was electrophoresed
for 2 h at 40 V on 1% agarose gel using Tris-boric acid-EDTA
buffer (pH 8.3). After electrophoresis, the gel was stained using
1 µgmL ethidium bromide and photographed under UV light.

[Cu3L2(C6H5COO)2Cl]Cl (1): A methanolic solution (5 mL) of
benzoic acid (70 mg, 0.6 mmol) containing piperazine (45 mg) was
added to a solution of CuCl2·2H2O (90 mg, 0.6 mmol) in methanol
(15 mL). A methanolic solution of HL (107 mg, 0.5 mmol) was
added to the resulting solution. Slow evaporation of the dark-green
solution yielded a dark-green crystalline product. Yield: 70%
(340 mg). C40H34Cl2Cu3N4O6 (927.5): calcd. C 51.75, H 3.67, N
6.04; found C 51.4, H 3.4, N 5.9 ppm. IR (KBr): ν(C–Ophenolate)
1240; ν(COO–) 1420, 1560; ν(NH) 3400 cm–1. UV/Vis [Tris-HCl/
NaCl buffer]: λmax (ε) = 650 nm (1480 –1 cm–1), 420 (8260). Epa

(Cu3
II/Cu2

IICuIII couple): 1.1 V (irr); Epc (Cu3
II/Cu2

IICuI couple):
–0.5 V (irr).

Crystallographic Studies: Suitable crystals of complex 1 were grown
by slow evaporation of a methanolic solution. The X-ray intensity
data were measured at 293 K with a Bruker AXS SMART APEX
CCD diffractometer (Mo-Kα, λ = 0.71073 Å). The detector was
placed at a distance of 6.03 cm from the crystal. A total of 606
frames were collected with a scan width of 0.3° in different settings
of φ. The data were reduced with SAINTPLUS[30] and an empirical
absorption correction was applied using the SADABS package.[30]

Metal atoms were located by direct methods and the rest of the
non-hydrogen atoms emerged from successive Fourier synthesis.
The structure was refined by full-matrix least-square procedures on
F2. All non-hydrogen atoms were refined anisotropically. The amine
hydrogen atoms were located directly in the difference Fourier maps
and the remaining hydrogen atoms were included in calculated po-
sitions. Calculations were performed with the SHELXTL V5.03[31]

program package. Relevant crystal data are given in Table 3.
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Table 3. Crystallographic data for 1.

Formula C40H34Cl2Cu3N4O6

Mw 927.5
Space group R-3c
a [Å] 21.773(3)
b [Å] 21.773(3)
c [Å] 51.579(8)
α [°] 90
β [°] 90
γ [°] 120
V [Å3] 21176.0(5)
Z 21
T [K] 293(2)
ρcalcd. [mgm–3] 1.311
µ (Mo-Kα) [mm–1] 1.483
R1,[a] wR2[b] [I � 2σ(I)] 0.0654, 0.1909

[a] R1 = ∑|Fo| – |Fc|/∑|Fo|. [b] wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.

CCDC-275218 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Ammine[tris(cyclopentadienyl)]-, amido[bis(cyclopentadien-
yl)]lanthanides, and tris[bis(trimethylsilylamido)]cerium have
been studied with respect to CO2 absorption under various
reaction conditions. Subsequent thermal treatment of these
complexes under gaseous and supercritical CO2 yielded new
higher condensed lanthanide Ln/O/C/N solids. IR spectro-
scopic studies of the CO2-activated species reveal the forma-
tion of various oxonitridocarbonates, in particular carba-
mates (O2CNH2

–), imidocarbonates (O2CNH2–), isocyanates
(OCN–), and carbonates (CO3

2–), which function as multiden-
tate linkers between the lanthanide ions. Thereby, inorganic
polymers are formed, which represent single-source precur-

Introduction

Carbon dioxide (CO2) is an interesting reagent for vari-
ous synthetic approaches in the chemistry of catalysis and
represents a reagent of growing interest in other fields of
chemistry.[1–6] Novel methods to sufficiently activate CO2

for an application in organic and inorganic solvent reac-
tions have been reported emphasizing the potential of this
compound in various processes.[7–12] We have discovered a
novel approach for this “green” reagent as a pre-organized
C/O donor in solid-state reactions for the synthesis of novel
mixed N-containing lanthanide derivatives of carbonato
compounds, which can be described as oxonitridocarbon-
ates (i.e. O2CNH2

–, O2CNH2–, O3C3N3H2–, OCN–). These
groups can be envisaged to function as bidentate or multi-
dentate linkers between the Ln ions (Ln = lanthanide =
La–Lu) resulting in crosslinked inorganic polymers.

The present study revealed that several kinds of oxonitri-
docarbonates were formed by the reaction of CO2 with N-
containing inorganic complexes and it was therefore in-
tended to investigate these CO2 absorbants for the use as
single-source precursors and potential Ln/O/C/N-dopants
for applications in solid-state reactions. (Nitrido)lanthanide
materials are of particular interest in materials chemistry
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sors for application in various deposition methods and can
therefore be utilized as pre-organized reagents in solid-state
chemistry. In this context, we report on the structural charac-
terization of one of the molecular precursors [Cp3YbNH3] [re-
ticular pseudomerohedral twin, P21/c, a = 826.8(2), b =
1103.8(2), c = 1482.0(3) pm, β = 101.60(3)°, Z = 4, V =
1309.0(5)·106 pm3]. Crystals of [Cp3YbNH3] appear red,
orange, yellow, and dark green depending on the orientation
under plane-polarized light (pleochroism).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of optically active or semiconducting compounds. Research
previously carried out in our laboratory revealed that the
introduction of oxygen into Ln nitridosilicates results in
interesting luminescent properties.[13–17] The CO2 reactivity
studies of these precursor compounds reported herein en-
large the potential of amorphous O/C/N-containing solids
as future reagents for materials science.

In this context we have focused on the study of the solid-
state reactivity of activated ammine- and amidolanthanide
compounds towards carbon dioxide under various reaction
conditions. In particular we report the use of tris[bis(tri-
methylsilyl)amido]cerium (Ce-BTMSA) as well as ammine-
[tris(cyclopentadienyl)]lanthanides (Ln-NH3, cyclopen-
tadienyl = Cp) and amido[bis(cyclopentadienyl)]lantha-
nides (Ln-NH2) as reactive complexes for the absorption
and insertion of CO2 in the solid state.

[Ce{N(SiMe3)2}3] (Ce-BTMSA) has been used as a dop-
ant in materials chemistry yielding SrS:Ce.[18] Because of
the sterically demanding nature of the BTMSA moiety, the
central atom exhibits free coordination sites above and be-
low the cerium atom, and – caused by the electron de-
ficiency at the Ce center – these complexes can be consid-
ered to be highly reactive with respect to a variety of O-
containing reagents and in particular against CO2.

Lanthanide metallocenes have been shown to be interest-
ing molecular reagents in materials chemistry.[19] Recently,
the synthesis of aggregated nanocrystalline lanthanide ni-
tride materials was reported to be successful using
[Cp3LnNH3] and [{Cp2LnNH2}2] as precursors.[20] These
amido- and ammine(cyclopentadienyl)lanthanide com-
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plexes are volatile under vacuum (10–3 mbar) and at tem-
peratures as low as 150–250 °C, which makes them poten-
tially relevant for chemical vapor deposition (CVD) pro-
cesses.[21,22]

These complexes have been described in the litera-
ture;[23–27] however, neither further applications nor crystal
structure determinations have been reported for
[Cp3YbNH3]. In the course of our work the crystal struc-
ture of [Cp3YbNH3] (Yb-NH3) has been determined suc-
cessfully. Pleochroic behavior was observed viewing the
crystals under plane-polarized light. Yb-NH3 can therefore
be considered as an interesting material for optical applica-
tions.

For further degradation processes, the Cp rings can be
removed easily by thermal treatment or using inorganic
bases like LiNH2 or CaH2.[20] The mild-temperature condi-
tions, under which supercritical carbon dioxide is used, are
of special interest for these precursor compounds.[2,5,10] In
this manner, Yb-NH3 can be carboxylated before thermal
degradation of the Cp ligands occurs. Thus, this CO2-acti-
vated compound represents a molecular single-source pre-
cursor.

The absorption of CO2 and the resulting amorphous
products have been studied by IR spectroscopy, elemental
analysis, and temperature-dependent in-situ mass spectrom-
etry (MS) studies. The higher condensed O/C/N materials
obtained are rather difficult to characterize. Solid-state
NMR studies can be considered to be rather inappropriate,
because of the anisotropic environment around the metal
ions resulting in very large quadrupole moments. Further-
more, most LnIII complexes exhibit unpaired electrons
(paramagnetism).

As an important reference substance for IR spectroscopy,
ammonium carbamate was used and re-characterized[28]

more accurately by IR spectroscopy and X-ray structure
analysis. This compound was synthesized by the reaction of
liquid ammonia with gaseous CO2. Whereas the reaction of
these gases under normal conditions (pressure, tempera-
ture) always yields ammonium carbamate, amido and
ammine metal complexes react with carbon dioxide in a
different way.[7,29–35] Scheme 1 shows possible species
formed by the nonstoichiometric reaction of CO2 with
NH3. Apparently, some of these products are not stable in
the protonated form, but are known as anionic ligands in
inorganic chemistry.

Scheme 1. Protonated species formed by the reaction of CO2 and
NH3.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3517–35243518

Results and Discussion

Characterization and Reactivity of [Cp3YbNH3] and
[{Cp2YbNH2}2]

The molecular structure of [Cp3YbNH3] (Yb-NH3) has
been determined by X-ray diffraction analysis and is illus-
trated in Figure 1. The YbIII ion shows a coordination
number CN = 10 taking into account only the binding elec-
tron pairs of the Cp and NH3 ligands. The centroids (Ctr)
of the Cp rings and the coordinated NH3 ligand form a
distorted tetrahedral environment around the Yb center. Se-
lected bond lengths and angles are given in Table 1.

Figure 1. Molecular structure of [Cp3YbNH3] at 130 K (50% prob-
ability ellipsoids). The hydrogen atoms were calculated and refined
using a riding model with fixed isotropic thermal parameters.

Table 1. Selected bond lengths [pm] and angles [°] for [Cp3YbNH3].

[Cp3YbNH3]

Yb–N 242.0(4)
Yb–Ctr(1) 241.1(3)
Yb–Ctr(2) 242.2(3)
Yb–Ctr(3) 240.0(3)
N–Yb–Ctr(1) 97.23(2)
N–Yb–Ctr(2) 98.65(2)
N–Yb–Ctr(3) 98.55(2)
Ctr(1)–Yb–Ctr(2) 117.98(2)
Ctr(1)–Yb–Ctr(3) 118.04(2)
Ctr(2)–Yb–Ctr(3) 118.06(2)

The three Cp ligands are η5-coordinated to the central
ion and the Yb–Ctr bond lengths lay within the expected
ranges from 240.0(3) to 242.2(3) pm. The Yb–N bond is
only slightly shorter [242.0(4) pm] compared with other re-
ported structures of [Cp3LnNH3] (Ln = Gd, Dy, Ho, Er).[20]

Additional intermolecular interaction was observed for one
Cp ring (Ctr1) to a neighboring ammonia ligand of another
complex molecule. Intermolecular distances Yb–Ctr1 of
319.6(4) and 263.5(4) pm for C(15)–H(1N) were observed.
The formation of a weak N–H–C interaction is probable as
one proton of the coordinated ammonia is slightly acidic
(Figure 2).
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Figure 2. Projection of the unit cell of [Cp3YbNH3], view along
axis a. Intermolecular interactions are depicted with dotted lines.

Crystals of Yb–NH3 appear in different colors depending
on the orientation of plane-polarized light under which they
are viewed (pleochroism). In the literature, Cp-containing
ytterbium complexes have been discussed controversially
towards their colors. Often, explanations for this discrep-
ancy were given taking into account also the presence of
YbII. In the case of Yb-NH3 all colors given elsewhere have
been described correctly.[24,26,27] Along the crystal faces the
crystallites appear red, orange, yellow, and dark green. Fig-
ure 3 displays two crystals at different orientations towards
the light source. The emerald green powder of Yb-NH3

sealed in an ampule is shown as well.

Figure 3. a) Yb–NH3 sealed in an ampule under argon. b, c) Two
crystals of Yb-NH3 viewed under plane-polarized light and in three
different orientations towards the light source.

Thermal treatment of Yb-NH3 under argon (250 °C)
causes deprotonation of the coordinated NH3 ligand and
abstraction of one cyclopentadiene molecule (C5H6) form-
ing the more stable and sublimable dinuclear complex
[{Cp2YbNH2}2] (Yb-NH2). The crystal structure of this
complex has been determined recently.[20] The Yb–Ctr and
Yb–N distances of 234.3(6)–234.6(7) pm and 229(1) and
233(1) pm, respectively, were observed to be significantly
shorter than in the ammonia-coordinated derivative.

Yb-NH3 has been characterized by IR spectroscopy (Fig-
ure 4). The coordinated ammonia can be identified by the
strong N–H stretching vibrations at 3365, 3330, and
3250 cm–1 and by the intense asymmetric and symmetrical
N–H deformation and reticular vibrations at 1600, 1225,
and 500 cm–1. The vibrations differ only slightly within a
range of ±7 cm–1 from the corresponding ammine com-
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plexes of Sm, Gd, Dy, Ho, and Er.[20] The seven typical
stretching [2 ν(CH), 2 ν(CC)] and deformation vibrations
[1 δ(CH) parallel, 2 δ(CH) perpendicular] of the cyclopen-
tadienyl rings at 3090, 3070, 1440, 1360, 1010, 790, and
775 cm–1 were also observed.[36]

Figure 4. IR spectrum of Yb-NH3.

In contrast to Ln-NH3, the amido complexes (Ln-NH2)
are stable up to 360 °C until melting and decomposition to
LnN occurs. Thus, the ammonia complex can be considered
as a reactive reagent for low-temperature carboxylation re-
actions whereas the Ln-NH2 compounds are interesting for
solid-state reactions up to 350 °C under normal pressure.
Both species (Ln = Ho, Yb) were used for decomposition
reactions utilizing gaseous and supercritical carbon dioxide.

Characterization of Ammonium Carbamate
[NH4]+[O2CNH2]–

The solid-state structure of thin colorless plate-like crys-
tals was re-determined by X-ray diffraction analysis. The
crystal parameters reported in older literature data were
confirmed and the bond lengths and angles of the ammo-
nium ion and the amido moiety were determined more ac-
curately.[28] Ammonium carbamate crystallizes in the ortho-
rhombic space group Pbca, with a = 653.5(2), b = 675.4(2),
c = 1711.9(4) pm, V = 755.73(3)·106 pm3.

The compound is stable in closed vessels or under CO2.
The IR spectrum was used as an important reference for
further investigations, as it shows vibrations of an oxonitri-
docarbonate without any metal interaction (Figure 5).

Figure 5. IR spectrum of ammonium carbamate.

Broad N–H and O–H stretching vibrations between 3500
and 2500 cm–1 indicate the presence of N···H···O-bridging
ligands of the carbonyl and the ammonium moiety. Three
intense signals are attributed to the O=C and N=C valences
of the carbamate ligand at 1615, 1535, and 1445 cm–1.[29,32]
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Additionally, the deformation vibrations of N–H and
O–C–N can be located at 1272, 1112, 859, and
695 cm–1.[29,32]

Heterogeneous Solid-Gas Reactivity of [Ce{N(SiMe3)2}3]
Towards CO2

The structure of Ce-BTMSA has been determined else-
where[18] and revealed a mononuclear species with the CeIII

ion in the center of the three BTMSA ligands (CN = 3). It
has been shown that the central atom displays a disorder in
the z direction, occupying two sites positioned above and
below the plane formed by the ligand nitrogen atoms. The
compound has been described to be isostructural with other
Ln derivatives.

Crystalline Ce-BTMSA was heated under argon to
150 °C and then brought into reaction with a slow stream
of pure gaseous CO2. The beige solid (Ce-1a) was analyzed
by IR spectroscopy and showed 40.3% loss of weight. Sub-
sequent thermal treatment of the reaction product under
NH3 to 650 °C resulted in the formation of a brown
amorphous solid (Ce-1b). Further loss of weight was ob-
served and IR spectroscopic measurements and elemental
analysis were carried out. The product showed a composi-
tion of Ce/O/C/N = 4:14:7:4. Figure 6 represents the vi-
brational spectra of the reagent Ce-BTMSA and also in-
cludes the carboxylation product after thermal treatment at
150 °C and 650 °C.

Figure 6. IR spectra of Ce-BTMSA (top) and the carboxylation
products after annealing at 150 °C under CO2 (center) and 650 °C
(bottom).

Ce-1a heated to 150 °C still shows sharp signals at 2960,
1250, 1055, and 840 cm–1, indicating the presence of
stretching and deformation vibrations of Si–C and Si–N
moieties.[37] A broad and intense absorption between 1700
and 1300 cm–1 is characteristic of both carbonate and car-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3517–35243520

bamate groups.[29,38] Additionally, an intensive large and a
weak vibration are located between 2150 and 2250 and at
2015 cm–1. They can be assigned to several kinds of molecu-
lar fragments: Strong absorptions can be observed in the
region 2250–1950 cm–1 if isocyanates are present.[38,39] Sig-
nals of weak and strong intensities have been reported upon
occurrence of agostic Si–H or CO2 adducts.[37,40] The for-
mation of OCN groups can be regarded as improbable due
to the low reaction temperature and the specific energy nec-
essary for the conversion of a carbamic ligand into carbon-
ate and isocyanate moieties according to Scheme 1.

The ammonolysis reaction of Ce-1a at 650 °C yielded a
product (Ce-1b) with a largely different IR spectrum (Fig-
ure 6). Less-resolved vibrations typical of amorphous, more
condensed solid-state compounds are present, thus proving
further decomposition into an O/C/N-containing material.
Considering the thermal conditions and peak profiles, this
spectrum closely corresponds to typical isocyanato vi-
brations reported in the literature.[39] N–C–O stretching and
deformation modes can be attributed to the signals at 2160
and 1975 as well as 887 and 837 cm–1, respectively. Absorp-
tions at 1595, 1455, and 1375 are situated in the characteris-
tic region for both carbamato and carbonato ligands.[29,38]

A formula for the amorphous compound (Ce-1b) with
composition Ce4O14C7N4 (according to elemental analysis)
can be formulated as [Ce4(OCN)3(O3C)(O2CN)]. Further
decomposition of the compounds at higher temperatures re-
sulted in the formation of Ce2O3. The overall thermal treat-
ment of Ce-BTMSA under CO2 can by summarized as
Equations (1) and (2).

(1)

(2)

Heterogeneous Solid-Gas Reactivity of [{Cp2HoNH2}2]
Towards CO2

Crystalline Ho-NH2 was heated under purified gaseous
CO2, H2, and N2 (CO2/H2/N2 = 1:1:1). The pink crystallites
of Ho-NH2 did not show reaction with the gases below a
temperature of 200 °C. During the reaction, the compound
decolorized forming a beige solid (Ho-1a). Subsequent
heating to a temperature of 350 °C was carried out to
achieve a complete thermal degradation of the Cp ligands.
A brownish reaction product (Ho-1b) was isolated and ana-
lyzed by X-ray diffraction, elemental analysis, and IR spec-
troscopy. The solid was observed to be amorphous and
showed a composition of Ho/O/C/N/H = 2:8:12:1:11. The
vibrational spectra of the starting material Ho-NH2 and the
carboxylation product after thermal treatment at 200 °C
and 350 °C are depicted in Figure 7.

Compared with Ho-NH2 the N–H valence vibrations at
3504 cm–1 are broadened in the spectrum of Ho-1a. Similar
signals were observed in the IR spectrum of ammonium
carbamate (vide supra) and indicate the formation of
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Figure 7. IR spectra of Ho-NH2 (top) and the carboxylation prod-
ucts after annealing under CO2/H2/N2 at 200 °C (center) and
350 °C (bottom).

N···H···N-bridged molecular units in the solid. Absorptions
around 2950 and 2850 cm–1 indicate the occurrence of C5H6

formed by degradation of the Cp ligands under H2.[26]

Intense broad vibrations at 1620, 1598, and 1530 cm–1

are characteristic of CO and CN moieties in carbamato de-
rivatives.[38] Together with additional strong signals between
1480 and 1290 cm–1 these absorptions confirm the forma-
tion of carbamates or carbonates.[29,32,38] Especially the
shoulders at 1620, 1598, and 1290 cm–1 are in accordance
with vibrations observed for other lanthanide carbamates
and ammonium carbamate. The C–O deformations can be
attributed to the 950–750 cm–1 region.

Only weak intensities were observed between 2250 and
2100 cm–1. The presence of isocyanato moieties can there-
fore be excluded, but signals of similar shape and intensity
in this region were described for several adduct complexes
of CO2 and H2. The temperature conditions (200 °C) could
still justify the occurrence of these species. As a matter of
fact, the spectrum of Ho-1b clearly shows that the stretch-
ing vibrations for the CO2 and NCO2 fragments in the re-
gion 2250–1550 cm–1 are diminished and thus a further
thermal degradation apparently occurred.

For Ho-1a a possible formula can be formulated as
[Ho2(CO3)2(O2CNH)]n. A further thermal treatment of this
compound at higher temperatures resulted in the formation
of holmium carbonate, confirmed by X-ray powder diffrac-
tion. Therefore, the thermal treatment of Ho-NH2 with
CO2/H2/N2 at temperatures between 200 and 350 °C can be
written as Equation (3).

(3)
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In order to detect volatile species being potentially
evolved during the degradation process of Ho-1a, mass
spectra were acquired while heating an evacuated sample in
a furnace up to 300 °C. Until 160 °C, a peak of relatively
low intensity with m/z = 18 dominates the spectra, which
can be attributed to water adsorbed on the sample and ad-
hering to the inside wall of the spectrometer and glass tube.
A peak at m/z = 44 shows increasing intensity between 80
and 180 °C; at 200 °C it dominates the spectra. Ammonia
(m/z = 17) simultaneously appears in the diagram between
140 and 260 °C, the associated intensity, however, being or-
ders of magnitude smaller as compared to that of CO2. The
degradation of cyclopentadiene (C5H6, m/z = 66) was de-
tected beyond 200 °C. At temperatures above 220 °C the
relative intensity of CO2 (m/z = 44) decreases, while the m/z
= 66 peak was observed to be the dominating species in
the defragmentation pattern until the final temperature of
300 °C was reached. The MS measurement of Ho-1a proved
the insertion of CO2 into the N–H bond and showed that
C5H6 was built during the degradation process. N–H moie-
ties must have been present in the carboxylation product,
otherwise a formation of NH3 would not be observable.

Heterogeneous Solid-Gas Reaction of [Cp3YbNH3] in
Supercritical CO2

Yb-NH3 shows high reactivity against supercritical CO2

at 40–50 °C and at a pressure of 250–280 bar. The emerald
green amido complex adsorbed CO2 forming an orange-
yellow solid (Yb-1). During the carboxylation process, Yb-
NH3 was transformed into Yb-NH2. Under normal pres-
sure conditions this reaction was observed to require tem-
peratures between 200 and 290 °C. Yb-NH2 formed in the
first reaction stage as well as the reaction product Yb-1 and
both were analyzed by IR spectroscopy. The spectra are de-
picted in Figure 8.

Figure 8. IR spectra of Yb-NH2 (top) and the carboxylation prod-
uct (bottom) after the reaction in supercritical CO2 (T = 50 °C, p
= 250–280 bar).

The µ2-bridged amido ligands of the dinuclear complex
Yb-NH2 can be identified by the intense N–H stretching
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vibrations around 3350 and 3290 cm–1, and the asymmetric
and symmetric N–H deformation modes around 1540, 670,
and 440 cm–1.[20] An intense vibration mode at 3500 cm–1,
probably due to a combination of two lower signals, is typi-
cal of these amido compounds.[20]

The characteristic stretching and deformation vibrations
of Yb-NH2 are observed in both spectra. Therefore, a de-
gradation of the Cp ring did not occur, probably due to the
mild thermal conditions under which the experiment was
carried out. Additionally, broad N–H stretching vibrations
can be identified in the 3500–3000 cm–1 region and can be
interpreted as N–H-bridging moieties (vide infra). Signals
at 2950 cm–1 indicate the occurrence of C5H6 formed by the
decomposition process of Yb-NH3 to Yb-NH2. The most
characteristic vibrations in the spectra of Yb-1 are the in-
tense absorptions at 1640, 1540, 1450, and 1379 cm–1. They
fit well in the expected ranges of CO and CN stretching
vibrations of carbamato complexes.[29] The deformation
modes for these kinds of carbamato ligands can be ob-
served at 841 and 670 cm–1. Therefore, the formation of an
isolated or higher condensed carbamato complex with the
formula [{CpYb}2O2CNH] is very probable.

The synthesized oxonitridocarbonates were observed to
be amorphous and not soluble in any common polar and
nonpolar solvent. Attempts to crystallize these products by
thermal treatment resulted in the decomposition of these
precursors to the corresponding oxides or oxide cyana-
mides.

Conclusions

Ce-BTMSA, Ln-NH3, and Ln-NH2 have been shown to
be considerable molecular precursor compounds for ther-
mal degradation reactions resulting in novel highly con-
densed lanthanide O/C/N materials. The carbonato, imido-
carbonato, and carbamato species were synthesized using
different kinds of heterogeneous solid-gas reactions.

The Ce-BTMSA precursor absorbs CO2, leading to the
formation of a mixed carbamato(carbonato)isocyanato
compound. The IR spectra of the products differ signifi-
cantly from the results reported for carboxylation reactions
in solution or in sealed ampules.[35,41] The cerium precursor
Ce-BTMSA is activated with CO2 in the first step. Accord-
ing to the results of the elemental analysis two molecules of
CO2 are absorbed by one molecule of Ce-BTMSA. Sub-
sequently, the CO2 inserts into the Ce–N bond yielding a
carbamato species. According to Scheme 1 further ammon-
olysis of the compound at higher temperatures results in the
formation of an carbonato(isocyanato)cerium compound.
The flowing gas stream provides for a better degradation of
the Me3Si groups.

Lanthanide metallocenes were observed to be quite
stable against thermal treatment under an inert gas, but
they represent a highly reactive molecular precursor species
under CO2 at temperatures above 200 °C. The use of both
a reducing (H2) and oxidizing agent (CO2) with N2 as the
carrier gas gave satisfying results forming a polymeric (imi-
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docarbonato)holmium complex. The Cp ligands can be
split off easily by the presence of H2 with CO2 occupying
the free coordination sites of the lanthanide ion. The acti-
vation or doping of the surface of various materials with
lanthanide carbonates or carbamates could therefore be
achieved in this way.

The carboxylation reaction of Yb-NH3 in supercritical
carbon dioxide showed, that the temperature necessary for
the CO2 insertion into the Yb–N bond can be lowered sig-
nificantly. The complex molecule reacted with CO2 without
simultaneous degradation of the Cp ligands. Thus, a molec-
ular single-source precursor with the tentative formula
[{CpYb}2O2CNH] has been synthesized. It represents an
adequate compound for the deposition of predefined Ln/O/
C/N material on various surfaces in materials chemistry.[19]

Furthermore, the observed pleochroism of [Cp3YbNH3]
is a promising optical property for further applications of
this compound as a future dopant in solid-state sciences.
Thus, small amounts of this compound introduced during
the synthesis of materials could change significantly the op-
tical properties of the final products. The high volatility of
[Cp3YbNH3] facilitates significantly the doping process
using CVD techniques at very convenient conditions
(180 °C, 10–3 mbar).

Experimental Section

General Procedures: All manipulations described below were per-
formed with rigorous exclusion of oxygen and moisture in flame-
dried Schlenk-type glassware or tubes of silica glass, interfaced to
a vacuum (10–3 mbar) line. Argon was purified by passage through
columns of silica gel, molecular sieve, KOH, P4O10, titanium
sponge (650 °C), hydrogen and nitrogen by passage through col-
umns of silica gel, molecular sieve, KOH, P4O10, BTS,[42] and CrII

oxide catalyst.[43] Carbon dioxide was purified by passage through
columns of P4O10 and BTS catalyst.[42] Anhydrous lanthanide(III)
chlorides were purchased from Alfa Aesar (99.99%, ultra dry) and
were used without any further purification. The complexes
[Cp3YbNH3] (Ln-NH3) and [{Cp2LnNH2}2] (Ln-NH2, with Ln =
Ho, Yb) as well as [Ce{N(SiMe3)2}3] were prepared according to
known procedures[20,25,44] and sublimed twice before use
(10–3 mbar, 120–250 °C). For thermal degradation experiments a
Reetz collapsible tube furnace (LK-1100-45-250) handled by an
Omron (RE.LB.1.P16) temperature controller was used. For CO2

experiments under supercritical conditions a Parr high-pressure
vessel (Type 4740) with a Parr gage block (Type 4316) was used.
FT-IR spectra were recorded with a Bruker IFS 66v/S spectrometer
with DTGS detector. The samples were thoroughly mixed with
dried KBr and the preparation procedures were performed in a
glovebox under dried argon. The spectra were collected in a range
from 400 to 4000 cm–1 with a resolution of 2 cm–1. During the mea-
surement, the sample chamber was evacuated. Elemental analysis
was performed by Mikroanalytisches Labor Pascher, Remagen,
Germany. Each element of the sample was analyzed twice. Tem-
perature-dependent mass spectra were recorded using DEI+
(70 eV) with the sample contained in an evacuated (10–4 mbar)
Schlenk tube (length 330 mm, diameter 10 mm) connected with the
gas inlet system of the spectrometer by glass tubes of about 200 mm
total length, thus providing dynamic vacuum conditions. The
Schlenk tube was placed horizontally in a Carbolite furnace
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equipped with a Eurotherm temperature controller (Type 2132).
The sample was heated up to 573 K in steps of 5 Kmin–1 and mass
spectra of the volatile decomposition products were acquired suc-
cessively at intervals of 20 K.

X-ray Crystallography: Reflection data were collected with a STOE
IPDS diffractometer. The Stoe IPDS software package was used
for the determination of the unit-cell parameters, the data collec-
tion, and to transform the raw data into the reflection data file.
Subsequent calculations after the determination of the unit-cell pa-
rameters and data reduction to the hkl format were carried out
using the SHELXS[45] and SHELXL[46] program. The analytical
scattering factors for neutral atoms were used throughout the
analysis. Hydrogen atoms were either treated isotropically, if found
in the Fourier maps, or were otherwise included manually using a
riding model. Absorption correction was carried out using the Stoe
IPDS program package. All non-hydrogen atoms were refined an-
isotropically. X-ray diffraction experiments on powder samples at
room temperature were conducted with a STOE Stadi P dif-
fractometer with Ge(111)-monochromated Cu-Kα1 radiation (λ =
154.06 pm). [Cp3YbNH3]: The structure of Yb-NH3 was solved by
direct methods and refined on F2 by full-matrix least-squares tech-
niques. Intrinsic reticular pseudo-merohedral twinning was ob-
served for each of the isolated crystals.[47] The compound crys-
tallizes as emerald-green or ruby (depending on the viewing direc-
tion and lighting) brick-shaped crystals. An appropriate extracted
crystal was used and two data sets for each twin domain were ex-
tracted from the diffraction data. Yb-NH3 showed pseudo-ortho-
rhombic symmetry, but X-ray powder diffraction experiments

Table 2. Summary of crystallographic data for [Cp3YbNH3].

[Cp3YbNH3]

Empirical formula C15H15NYb
Formula mass [gmol–1] 385.34
Crystal system Monoclinic
Space group P21/c (no. 14); reticular pseudo-

merohedral twinning
Diffractometer device Stoe IPDS
Crystal size [mm] 0.20×0.14×0.06
Wavelength λ [pm] 71.073 (Mo-Kα)
Temperature T [K] 120
Twin law

Twin ratio 0.027(2)
Lattice constants [pm, °] a = 826.8(2)

b = 1103.8(2)
c = 1482.0(3)
β = 101.60(3)

Cell volume [106 pm3] 1309.0(5)
Formula units/cell 4
ρcalcd. [g cm–3] 1.955
µ [mm–1] 7.12
F(000) 740
2θ range [°] 2.53–30.61
Measured refl. 15421
Independent refl. 3952
Refl. with Fo

2 = 2σ(Fo
2) 12103

No. of refined parameters 155
Max. peak/min. hole [e·Å–3] 1.684/–1.485
Rint/Rσ 0.0459/0.0342
R1 [I�2σ(I)] 0.0457
wR2 0.1224
GooF 1.152
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(XRD) confirmed a monoclinic cell setting. The diffraction sym-
metry was 2/m and the systematic absences were consistent with
the centrosymmetric monoclinic space group P21/c. The reflections
were isolated unifying all of the overlapping reflections of the two
domains to one reflection set of the most appropriate individual.
Subsequent determination of the twin law and refinement of the
data resulted in a satisfying crystal structure refinement, taking
into account the problems encountered during the isolation and
weighting of the overlapping reflections in the reciprocal space.
Tables 1 and 2 show the crystallographic data as well as bond
lengths and angles, and Figure 1 the molecular structure of Yb–
NH3. CCDC-603950 (for [Cp3YbNH3]) and -603951 (for [NH4]+-
[O2CNH2]–) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis. Ce-1: Ce-BTMSA was ground in a mortar, placed in an
alumina boat and transferred into a silica tube situated in a tube
furnace. First, the solid was heated under flowing argon to 150 °C
and than predried CO2 was added to the gas stream. Melting of
the yellow Ce-BTMSA was observed immediately after the first
contact with CO2 and the yellow fluid solidified within 30 min
yielding a beige product (Ce-1a). The solid was cooled slowly to
room temperature and a small part of the solid was used for IR
spectroscopic analysis. The residue was re-introduced into the silica
tube and heated to 650 °C under flowing predried ammonia. Am-
monia was dried by passage over KOH pellets, CrII catalyst and
condensed over Na and K before use. A dark-brown solid (Ce-1b)
was isolated after the sample was cooled to room temperature (4 h)
and analyzed by elemental analysis, IR spectroscopy, and X-ray
powder diffraction. Ce-1b (0.0615 g) was isolated after the reaction
process using an argon-filled glovebox. Ho-1: Ho-NH2 was ground
in a mortar, placed in an alumina boat and transferred into a silica
tube situated in a tube furnace. The solid was heated under a flow-
ing gas stream of a mixture of CO2/H2/N2 = 1:1:1 and heated
slowly to 200 °C. The temperature was maintained for 4 h. Cooling
of the sample to room temperature yielded a beige solid (Ho-1a).
A small part of the solid was used for IR spectroscopic analysis
and the residue was re-introduced into the silica tube and heated
to 350 °C (4 h) under the same conditions as described above. A
dark-brown solid (Ho-1b) was isolated after the sample was cooled
to room temperature (2 h) and analyzed by elemental analysis, IR
spectroscopy, and X-ray powder diffraction. Yb-1: Yb-NH3 was in-
troduced into a high-pressure vessel and connected with a gas vac-
uum line. Purified carbon dioxide was desublimated by cooling the
vessel to –80 °C until sufficient solid CO2 was present. The reaction
vessel was closed and warmed slowly to 50 °C. A pressure of 250–
280 bar was observed during the reaction. After 1 d, the pressure
was reduced carefully by opening the valve of the unit and the
vessel was opened in an argon-filled glovebox. A yellow-orange
powder (Yb-1) was isolated and analyzed by X-ray diffraction
methods, IR spectroscopy, and elemental analysis.

Supporting Information (see footnote on the first page of this arti-
cle): Tables of crystal data, structure solution and refinement, bond
lengths and angles for [NH4]+[O2CNH2]– as well as figures of the
crystal structure.
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Two isomeric S2O2 macrocycles (L1 and L2) with a 14-mem-
bered cavity have been synthesised as a model system with
different binding modes. Self-assembly reactions of L1 and L2

with silver perchlorate afford the respective ligand-directed
cyclic oligomer complexes with different shapes: a poly-
(bicyclic dimer) (1) and a discrete cyclic tetramer (2). The for-

Introduction

The programmed self-assembly of discrete supramolec-
ular complexes and coordination networks has attracted in-
tense interest not only for their potential applications as
new functional materials but also their fascinating struc-
tural topologies.[1] A cyclic oligomer complex, which is one
of the entities in the former category, has been reported to
be capable of selective recognition and separation of guest
species, including small molecules and anions.[2] As a meth-
odology of emerging significance in supramolecular chemis-
try, there is an interest in understanding the factors that
influence the way in which metal complexes self-assemble
into cyclic oligomers. Rigid rod-like didentate ligands such
as 4,4�-bipyridyl derivatives, together with corner-piece
complexes based on late transition metal ions, are known
to form a range of metallacycles.[3]

Besides its formation of numerous cyclic oligomer com-
plexes with multidentate N-donor ligands, the soft silver()
ion has a high affinity for sulfur ligands, such as linear thio-
ethers, and such compounds can be used as building blocks
to construct discrete metallomacrocyclic frameworks as well
as network species. For their supramolecular assembly, the
choice of length of the spacer unit in the ligand, anions and
solvent are crucial to the structure of the final product.

Recently, we proposed the exo coordination properties of
S/O or S/O/N donor macrocycles, which afford diverse
types of supramolecular complexes, including cyclic oligo-
mer silver() complexes, upon varying donor atoms,
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mation of these supramolecular complexes is discussed in
terms of conformational discrimination of two isomeric
macrocycles due to ring rigidity and interdonor distances.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

counteranions and solvents.[4] This approach is attractive
because the exo coordination of sulfur donors[5] to the
metal ion offers the possibility of linking the ligand building
blocks in diverse modes. We are interested in extending this
to a ligand-directed approach, such as ligand isomerism,[6]

in order to construct new supramolecular structures, includ-
ing cyclic oligomer complexes based on dithiaoxa macro-
cycles. By using two positional isomers with different inter-
donor distances (L1 and L2), we succeeded in generating
two different cyclic oligomer complexes (1 and 2).

Results and Discussion

Synthesis and Characterisation of Ligands

Synthesis of the ligands began with salicylaldehyde
(Scheme 1). Dichlorides (m = 0 and 1) were prepared using
a known procedure,[7] and L1 and L2 were obtained by
macrocyclisation coupling reactions between these dichlo-
rides and dithiols in the presence of Cs2CO3 under high-
dilution condition in reasonable yield (28 and 41%, respec-
tively). The 1H and 13C NMR spectra together with elemen-
tal analyses and mass spectra are clearly in agreement with
the proposed structures.
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Scheme 1. Synthesis of ligands.

The structures of these macrocycles were also character-
ised in the solid state by single-crystal X-ray crystallogra-
phy. Colourless crystals of L1 and L2 suitable for X-ray
analysis were obtained by slow concentration of their re-
spective solutions in methanol (L1) or dichloromethane
(L2). Crystals of L1 and L2 (Figure 1) have the acentric
space groups Pc and P212121, respectively. The conforma-
tions of the ring cavities in the two molecules differ only in
their inter-donor distances. In both cases, the macrocyclic

Figure 1. Molecular structures of L1 (a) and L2 (b). Thermal ellip-
soids are drawn at the 30% probability level. Selected interatomic
distances [Å]: L1: S1···S2 5.627(2); L2: S1···S2 4.387(1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3525–35313526

rings are relatively flattened and the two oxygen atoms are
oriented endodentate, whilst the two sulfur atoms are ar-
ranged exodentate with respect to the ring cavity.[5] As ex-
pected, the observed S···S distance in L1 (5.627 Å) is signifi-
cantly longer than that of L2 (4.387 Å).

Complex Syntheses and Structural Description

Two crystalline supramolecular complexes were obtained
from the assembly reactions of the ligands with silver per-
chlorate. A colourless precipitate was obtained from L1 and
AgClO4 in methanol/water, and colourless single crystals of
1 suitable for X-ray analysis were obtained by vapour dif-
fusion of diethyl ether into a nitromethane solution of this
complex. Similarly, a colourless precipitate was obtained
from L2 and AgClO4 in dichloromethane/methanol, and
colourless single crystals of 2 suitable for X-ray analysis
were obtained by vapour diffusion of diethyl ether into its
DMF solution (Scheme 2).

The X-ray analysis revealed that 1 is a poly(bicyclic di-
mer) [{Ag2(L1)2(ClO4)2}CH3NO2]n (Figure 2a). The bicy-
clic dimer unit of 1 contains two bridging Ag atoms, two
macrocycles, two perchlorate ions and one noncoordinating
nitromethane molecule (not shown). Each five-coordinate
Ag atom[8] that lies outside the cavity bridges two S donors
from two different macrocycles in a bent fashion [S1–Ag1–
S1C 161.95(6)°] such that the two metal centres point
towards each other. However, the separation of the two Ag
atoms [Ag1···Ag1A 4.8611(12) Å] is far from the range of
an argentophilic interaction.[9] Interestingly, two diagonally
opposite ClO4

– anions weakly bridge two Ag atoms in a
bidentate manner to form a three-dimensional bicycle. It is
known that in most reported AgClO4 complexes with di-
thioether ligands, the ClO4

– anions usually take the role of
a monodentate ligand or intercalating anion. However, the
ClO4

– anions in 1 coordinate to two Ag atoms in the rare
η2-double-bridge mode through two O atoms to form an
eight-membered ring.[8] Several cases of bicyclic dimeric
AgClO4 complexes with acyclic dithioethers[8] were ex-
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Scheme 2. Complexes prepared.

tracted from the Cambridge Crystallographic Database
(CCDC).[10] As we understand, however, this is the first ex-
ample of a bicyclic dimeric AgClO4 complex based on a
cyclic analogue. The bicyclic dimer unit is further held to-
gether by Ag–Ag contacts[9] [3.129(1) Å] to form a poly-
meric chain of the bicyclic dimer unit. Some d10 metal ions
show a tendency to form metal–metal bonds, and Ag–Ag
contacts in the range 2.80–3.30 Å have been reviewed.[9]

The two repeating adjacent bicyclic dimer units of 1 are
perpendicular to each other and show a propeller-like side
view (Figure 2b). In this case, no significant change of the
S···S distance (5.622 Å for 1) is observed compared with
that for L1 (5.627 Å).

In the packing structure (Figure 2c), each 1D network is
arranged side by side with an adjacent one such that they
form an offset face-to-face-type π-π stacking interaction[11]

through the aromatic rings. The dihedral angle between the
two aromatic rings is 13.0(3)°, thereby indicating a slightly
tilted orientation. The intercentroid distance between two
aromatic rings is 4.153 Å, which falls at the mean of the
literature range (3.7–4.6 Å) for such an interaction.[11]

The reaction of L2 with AgClO4 in dichloromethane/
methanol afforded a colourless precipitate. Vapour dif-
fusion of diethyl ether into a DMF solution of this precipi-
tate gave a crystalline product 2. An X-ray analysis revealed

Eur. J. Inorg. Chem. 2006, 3525–3531 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3527

that 2 is a cyclic tetramer [Ag4(L2)4(ClO4)2](ClO4)2·2MeOH
with inversion symmetry (Figure 3a). Tetranuclear AgI

complexes [Ag4L4]4+ of trithiamacrocycles (L) with similar
cyclic tetrameric structure have been reported by Loeb et
al.[12] Ag1, which lies outside the cavity, is bonded to one
O and two S atoms of one macrocycle as well as to one S
atom of the adjacent macrocycle to form a distorted tetra-
gonal environment, whereas tetrahedrally coordinated Ag2
is surrounded by two S atoms of one macrocycle and one
S atom of an adjacent macrocycle. The fourth site is occu-
pied by an O atom of ClO4

– in a monodentate manner.
Consequently, the repeating Ag1–S–Ag2–S bonding leads
to an octagonal scaffold with an Ag4S4 core. The two coor-
dinating ClO4

– ions are attached to the exterior and two
other ClO4

– ions are included in the octagonal cavity. The
resulting 3D structure of 2 is “doughnut”-like and has a
diameter of approximately 13.8 Å and a thickness of 7.4 Å.
The S···S distances in 2 (3.432 and 3.635 Å) are shorter than
that in L2 (4.387 Å) due to conversion of the torsion angle
between the two S atoms from anti to gauche upon com-
plexation.

The FAB mass spectra of 1 and 2 contain peaks at m/z
= 439 and 979, which correspond to [Ag2(L1)2]2+ and
[Ag4(L2)4(ClO4)2]2+, respectively, according to their isotope
patterns (Figure 4).
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Figure 2. Poly(bicyclic dimer) structure of 1: (a) general view, (b) side view and (c) packing arrangement showing π-π stacking (dashed
line). Hydrogen atoms and non-coordinating nitromethane molecules have been omitted for clarity. Thermal ellipsoids are drawn at the
30% probability level. Selected bond lengths [Å] and angles [°]: Ag1–S1 2.4243(14), Ag1–S1C 2.4243(13), Ag1–Ag1D 3.1285(11),
Ag1···Ag1A 4.8611(12), S1···S1A 5.6217(24); S1–Ag1–S1C 161.95(6), S1C–Ag1–Ag1D 80.98(3), S1–Ag1–Ag1D 80.98(3). Symmetry oper-
ations: A: x, y, –z + 1; B: 2 – x, –y, 1 – z; C: –x + 2, –y, z; D: y + 1, –x + 1, –z + 3/2.

Conclusion

The preparation and structural characterisation of two
types of cyclic oligomer silver() complexes derived from
isomeric S2O2 macrocycles have been presented. The ten-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3525–35313528

dency to adopt these respective arrangements shows the
possibility that the metal coordination mode can be con-
trolled by tuning the inter-donor distances in the backbone
of each bound ligand.
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Figure 3. Cyclic tetramer structure of 2: (a) top view, (b) side view and (c) space-filling view (noncoordinating anions are omitted).
Hydrogen atoms and noncoordinating methanol molecules have been omitted for clarity. Thermal ellipsoids are drawn at the 30%
probability level. Selected bond lengths [Å] and angles [°]: Ag1–S1 2.6102(14), Ag1–S2 2.6322(14), Ag1–S4 2.5245(12), Ag2–S3 2.4855(13),
Ag2–S4 2.6990(13); S1–Ag1–S2 81.79(4), S4–Ag1–S2 145.60(4), S4–Ag1–S1 113.43(4), S3–Ag2–S4 88.92(4), Ag1–S4–Ag2 120.60(5);
S1···S2 3.4320(18), S3···S4 3.6346(17), Ag1···Ag2 4.5381(7), Ag1···Ag1A 5.6148(9). Symmetry operation: A: –x + 1, –y + 1, –z + 1.

Experimental Section
General Remarks: Chemical reagents and solvents were purchased
commercially and used as received without further purification. In-
frared spectra were measured with a Mattson Genesis Series FTIR
spectrophotometer, and the NMR spectra were recorded with a
Bruker 300 MHz spectrometer. Mass spectra were obtained with a
JEOL JMS-700 spectrometer at the Central Laboratory of Gyeong-
sang National University.

Synthesis and Characterisation of L1: Cesium carbonate (11.22 g,
34.46 mmol) was dissolved in DMF (1000 mL) in a 3-L, round-
bottomed flask. 1,3-Propanedithiol (2.12 g, 22.5 mmol) and the di-
chloride (6.7 g, 22.5 mmol) were dissolved in DMF (30 mL) and
this solution was taken up in a 50-mL glass syringe. Under nitro-
gen, the contents of the syringe were added dropwise (0.6 mLh–1)

Eur. J. Inorg. Chem. 2006, 3525–3531 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3529

to the DMF solution of Cs2CO3 at 45–50 °C over 50 h. The reac-
tion mixture was rapidly stirred for a further 10 h, cooled to room
temperature and filtered. The filtrate was concentrated and the resi-
due was partitioned between water and dichloromethane. The
aqueous phase was separated and extracted with two further por-
tions of dichloromethane. The combined organic phases were dried
with anhydrous sodium sulfate and then concentrated to dryness.
Flash column chromatography on silica gel with 20% ethyl acetate/
n-hexane as the eluent led to the isolation of L1 as a colourless
crystalline product in 28% yield. M.p. 78–80 °C. C18H20O2S2

(332.48): calcd. C 65.02, H 6.06; found C 64.79, H 6.12. IR (KBr):
ν̃ = 2924, 2290, 1590, 1491, 1415 cm–1. 1H NMR (300 MHz,
CDCl3): δ = 7.60–7.04 (m, 8 H, Ar), 5.83 (s, 2 H, OCH2), 3.69 (s,
4 H, ArCH2), 2.34 (t, J = 7.57 Hz, 4 H, SCH2CH2), 1.63 (t, J =
2.24 Hz, 2 H, SCH2CH2) ppm. 13C NMR (125 MHz, CDCl3): δ =
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Figure 4. Observed isotopic distribution for 12+ (a) and 22+ (b) in
the FAB mass spectra of 1 and 2. The bars represent the predicted
mass spectral distribution for this ion.

Table 1. Crystal and experimental data.

L1 L2 1 2

Empirical formula C18H20O2S2 C18H20O2S2 C37H43Ag2Cl2NO14S4 C74H88Ag4Cl4O26S8

Formula mass 332.46 332.46 1140.60 2223.20
Temperature [K] 173(2) 298(2) 173(2) 173(2)
Crystal system monoclinic orthorhombic tetragonal monoclinic
Space group Pc P212121 P42/m P21/c
Z 2 4 2 2
a [Å] 4.6632(4) 8.7160(8) 11.7322(8) 16.8393(9)
b [Å] 11.9310(11) 11.6729(11) 11.7322(8) 13.5962(7)
c [Å] 14.8994(13) 16.7701(15) 15.979(2) 20.7473(11)
β [°] 97.685(2) 90 90 110.8510(10)
V [Å3] 821.51(13) 1706.2(3) 2199.5(3) 4439.0(4)
DX [gcm–3] 1.344 1.294 1.722 1.663
2θmax [°] 56.56 56.52 52.7 56.6
R 0.0645 0.0476 0.0455 0.0511
wR 0.1247 0.0994 0.0856 0.1442
No. of reflection used [I�2σ(I)] 3271 4096 2342 10421

(Rint = 0.0532) (Rint = 0.0658) (Rint = 0.1156) (Rint = 0.0311)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3525–35313530

154.73, 130.95, 128.21, 123.09, 114.58, 92.19, 31.10, 29.82,
28.81 ppm. FAB-MS: m/z = 332 [M+].

Synthesis and Characterisation of L2: The synthetic procedure was
almost the same as for L1 except for the use of a different dichloride
(m = 1) and 1,2-ethanedithiol as the thiol (Scheme 2). Flash column
chromatography (SiO2; n-hexane/ethyl acetate, 1:1) afforded the
product as a white solid in 41% yield. M.p. 128–130 °C.
C18H20O2S2 (332.48): calcd. C 65.02, H 6.06, S 19.29; found C
64.88, H 6.25, S 19.47. IR (KBr): ν̃ = 2921, 2358, 1592, 1490, 1452,
1288 cm–1. 1H NMR (500 MHz, CDCl3): δ = 6.87–7.38 (m, 8 H,
Ar), 4.34 (s, 4 H, OCH2), 3.78 (s, 4 H, ArCH2), 2.73 (s, 4 H,
SCH2CH2S) ppm. 13C NMR (125 MHz, CDCl3): δ = 155.95,
131.02, 128.59, 128.06, 121.52, 111.07, 66.65, 31.61, 28.17 ppm.
FAB-MS: m/z = 332 [M+].

[Ag2(L1)2(ClO4)2]·2H2O (1): A colourless precipitate was obtained
by mixing of equimolar amounts of L1 and AgClO4 in methanol/
water. The product was filtered off and washed with methanol and
dried under vacuum. Yield: 78%. M.p. 180–181 °C.
C36H44Ag2Cl2O14S4 (1115.63): calcd. C 38.76, H 3.98, S 11.50;
found C 38.75, H 3.96, S 11.49. IR (KBr): ν̃ = 2928, 1595, 1492,
1454, 1418, 1294, 1226, 1097 (ClO4

–), 1001, 756, 621 cm–1. FAB-
MS: m/z = 439 [Ag2(L1)2]2+.

[Ag4(L2)4(ClO4)2](ClO4)2·1.5MeOH (2): Reaction of L2 with
AgClO4 in dichloromethane/methanol afforded a colourless pre-
cipitate. Vapour diffusion of diethyl ether into a DMF solution
gave rise to a crystalline product. The product for microanalysis
was dried under vacuum. Yield: 90%. M.p. 159–160 °C.
C73.5H86Ag4Cl4O25.5S8 (2207.26): calcd. C 40.44, H 4.28; found C
40.00, H 3.93. IR (KBr): ν̃ = 2932, 1593, 1493, 1452, 1246, 1097
(ClO4

–), 930, 758, 621 cm–1. FAB-MS: m/z = 979 [Ag4(L2)4]2+.

CAUTION! Perchlorate salts of metal complexes are potentially ex-
plosive and should be handled with great care.

X-ray Crystallography: All data were collected with a Bruker Smart
diffractometer equipped with a graphite-monochromated Mo-Kα (λ
= 0.71073 Å) radiation source and a CCD detector; 45 frames of
two-dimensional diffraction images were collected and processed to
obtain the cell parameters and orientation matrix. The first 50
frames were retaken after complete data collection. The crystal
showed no significant decay. The frame data were processed with
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SAINT to give the structure factors.[13] The structure was solved
by direct methods and refined by full-matrix least-squares methods
on F2 for all data with SHELXTL.[14] The non-hydrogen atoms
were refined anisotropically. In 2, the ten peaks which were found
to have an electron density of more than 1 eÅ–3 in the final differ-
ence Fourier map are the ghosts of methanol. Relevant crystal data
collection and refinement data for the crystal structures of L1, L2,
1 and 2 are summarised in Table 1. CCDC-292047 (L1), -292048
(L2), -292049 (1) and -292050 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.ac.uk/data_request/cif.
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A novel metal-organic chiral nanotube, {[Zn(C14H10N2O4)·
(H2O)4]2·H2O}n (1), with the walls consisting of homochiral
triple-stranded right-handed (P) helices has been con-
structed by the reaction of acyclic ligands and zinc ions. All
guest water molecules are arranged in a helical fashion in-
side the hydrophilic channel of the nanotube. This coordina-

Introduction
Nanotubular supramolecular architectures are currently

of intense interest in chemistry, biology, and materials sci-
ence, owing to their potential applications in mimicking ion
channels, water channels, and as small molecule transport
systems.[1,2] The construction of synthetic nanotubes is
achieved through the self-assembly of suitable cyclic build-
ing blocks such as cyclic peptides[3] and cyclic oligoureas.[4]

Another motif in the formation of nanotubes is achieved by
the self-assembly of acyclic oligopeptides which, like cyclic
peptides, are building blocks that can also result in chiral
tubular structures.[5] However, most of the previously re-
ported nanotubes are made up of synthetic organic mole-
cules and to date, the construction of metal-containing nan-
otubular structures has received scant attention.[6] In form-
ing channel structures, the coordination polymer approach
has the advantage of preparative convenience, functionali-
zation, and thermal stability.[7] The metal-organic nanotu-
bes could be generated through the self-assembly of metal
ions with organic ligands and such metal-organic nanotu-
bes might display opto-electronic or magnetic properties in-
duced by the coordination moiety. Furthermore, the em-
ployment of chiral organic molecules can induce a nonce-
ntrosymmetric structure in the resulting nanotubes which
may be useful in the field of nonlinear optics (NLO) appli-
cations.[8] In view of the above, we present herein the con-
struction of a novel metal-organic chiral nanotube, ZnL (1)
[L = (2S,2�S)-2,2�-(benzene-1,4-dicarboxamido)dipropion-
ate], with the walls consisting of homochiral triple-stranded
right-handed (P) helices and its optical properties.
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tion polymer shows blue-emitting fluorescence and displays
a second harmonic generation (SHG) response in the solid
state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Crystal Structure

Compound 1 was obtained by the reaction of zinc ace-
tate with the chiral ligand H2L. The crystal structure of 1
reveals that, there is one zinc ion, one ligand dianion, and
two coordination water molecules as well as half of one
guest water molecule in the asymmetric unit. Crystallo-
graphic data of 1 is summarized in Table 1. As shown in
Figure 1, the coordination motif of the zinc ion has a trigo-
nal-bipyramidal geometry. Two coordinated water O atoms
(O1 and O2) occupy an axial position of the Zn trigonal

Table 1. Crystallographic data for complex 1.

1

Empirical formula C28H38N4O17Zn2

Formula mass 833.36
Crystal system monoclinic
Space group P 21

Temperature [K] 298(2)
a [Å] 11.755(2)
b [Å] 4.9670(10)
c [Å] 14.654(3)
β [°] 92.27(3)
V [Å3] 854.9(3)
Z 1
Dcalcd. [mgm–3] 1.619
µ [mm–1] 1.485
Rint 0.0208
Reflections collected 3396
Unique reflections 2959
N(parameters/restraints)refined 237/1
Goodness-of-fit on F2 1.047
R1 [I�2σ(I)][a] 0.0544
wR2 [I�2σ(I)][b] 0.1145
R1 (all data)[a] 0.0633
wR2 (all data)[b] 0.1166

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = [Σw(|Fo
2| – |Fc

2|)2/Σw(|Fo
2|)2]1/2.



A ZnII-Based Chiral Crystalline Nanotube FULL PAPER

Figure 1. ORTEP view of compound 1 showing 30% probability displacement ellipsoids. All H atoms and the guest water molecule are
omitted for clarity. Symmetric codes: A: –x, y – 1/2, –z + 1; B: –x, y – 3/2, –z + 1.

Table 2. Selected bond lengths [Å], angles [°], and torsion angles [°] for 1.

Zn(1)–O(3) 1.952(4) Zn(1)–O(6)[a] 1.976(5)
Zn(1)–O(5)[b] 1.982(4) Zn(1)–O(1) 2.071(4)
Zn(1)–O(2) 2.252(4) O(3)–Zn(1)–O(6)[a] 119.07(17)
O(3)–Zn(1)–O(5)[b] 125.79(18) O(6)[a]–Zn(1)–O(5)[b] 113.21(18)
O(3)–Zn(1)–O(1) 97.38(18) O(6)[a]–Zn(1)–O(1) 94.22(19)
O(5)[b]–Zn(1)–O(1) 92.03(17) O(3)–Zn(1)–O(2) 83.90(17)
O(6)[a]–Zn(1)–O(2) 87.6(2) O(5)[b]–Zn(1)–O(2) 84.95(19)
O(1)–Zn(1)–O(2) 176.9(2) C(4)–N(1)–C(2)–C(3) 81.1(7)
C(4)–N(1)–C(2)–C(1) –155.8(6) C(11)–N(2)–C(12)–C(14) 176.8(6)
C(11)–N(2)–C(12)–C(13) –62.2(7) N(1)–C(2)–C(1)–O(3) –6.2(8)
N(2)–C(12)–C(13)–O(5) –34.3(7) N(2)–C(12)–C(13)–O(6) 145.5(4)

[a] Symmetry transformations used to generate equivalent atoms: –x, y – 3/2, –z + 1. [b] Symmetry transformations used to generate
equivalent atoms: –x, y – 1/2, –z + 1.

bipyramid, while three carboxylato O atoms (O3, O5A, and
O6B) bond to the equatorial positions. At one end of the
ligand, the side methyl group C14 is almost coplanar with
the amide group O8/C11/N2 with a torsion angle of
176.8(6)° for C11–N2–C12–C14, while the carboxyl group
O5/C13/O6 is almost perpendicular to the amide plane. At
the other end of the ligand, the methyl group C3 is vertical
on the amide plane O7/C4/N1 with a torsion angle of
81.1(7)° for C4–N1–C2–C3. The carboxyl group O4/C1/O3
lies slightly out of the plane of the amide group O7/C4/N1

Figure 2. Triple-stranded right-handed helix. All water molecules,
amide O atoms, H atoms, and the side α-methyl groups are omitted
for clarity.

Eur. J. Inorg. Chem. 2006, 3532–3536 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3533

with a torsion angle of –6.2(8)° for N1–C2–C1–O3 (selected
bond lengths, angles, and torsion angles are listed in
Table 2). Thus, the two sides of the phenyl ring are not
equivalent with each other, owing to the different coordina-
tion modes of the two carboxylate groups (O3/C1/O4 as a
monodentate ligand and O5/C13/O6 as a carboxyl bridge)
and their conformations. Consequently, two ligands connect
a pair of zinc ions in a head-to-tail fashion through the O3
and O6 atoms, thus forming a right-handed twofold single-

Figure 3. 1D tube-like coordination polymer with hydrophilic
channel including water molecules.
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Figure 4. Guest water molecules are arranged in a helical fashion inside the polymeric structure.

Table 3. Hydrogen bonds for 1.

D–H···A d(D–H) [Å] d(H···A) [Å] d(D···A) [Å] �(D–H···A) [°]

N(2)–H(6)···O(7)[c] 0.86 2.19 3.004(7) 158.8
O(1)–H(1B)···O(4)[d] 0.96 1.92 2.620(6) 127.4
O(1)–H(1A)···O(1)[d] 0.96 1.99 2.943(4) 170.8
O(2)–H(2B)···O(1W)[e] 0.96 1.82 2.500(10) 125.3
O(1W)–H(1WC)···O(8)[e] 0.85 2.39 3.094(9) 141.1
O(2)–H(2B)···O(8)[b] 0.96 2.49 3.430(7) 167.6
O(2)–H(2C)···O(8)[a] 0.96 1.82 2.776(6) 171.0

[a] Symmetry transformations used to generate equivalent atoms: –x, y – 3/2, –z + 1. [b] Symmetry transformations used to generate
equivalent atoms: –x, y – 1/2, –z + 1. [c] Symmetry transformations used to generate equivalent atoms: –x + 1, y + 1/2, –z + 1. [d] Sym-
metry transformations used to generate equivalent atoms: –x, y + 1/2, –z + 2. [e] Symmetry transformations used to generate equivalent
atoms: –x + 1, y – 1/2, –z + 1.

Figure 5. The nanotube arrays in complex 1. The guest water mole-
cules and H atoms except for the amide H atoms are omitted for
clarity.

stranded helix propagating along the b-axis. The O5 atoms
at “the head” and at “the tail” link two zinc ions from dif-
ferent single-stranded helices, respectively, thus constructing
a homochiral triple-stranded (P) helix as depicted in Fig-
ure 2. In the previously reported triple helical coordination
polymers, the interwoven helices just form rod-like struc-
tures owing to the small screw diameter.[9] However, in com-
plex 1, the triple-stranded helix around the screw axis gen-
erates an open-ended tube with an average internal dia-
meter of 5 Å including the van der Waals contact (approxi-
mately 3 Å excluding the van der Waals contact), which is
attributed to the expansion of the screw diameter by the
phenyl ring. The interior of the channel is hydrophilic ow-
ing to the presence of the guest water molecules as shown
in Figure 3. All guest water molecules are arranged in a
helical fashion inside the polymeric structure (Figure 4). In
the lattice, as depicted in Figure 5, all nanotubes are packed
together to produce three-dimensional arrays by means of
the inter-tubular hydrogen-bonding interactions between
amide groups, coordination water molecules and guest
water molecules as well as carboxylate groups (for details
see Table 3).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3532–35363534

Thermal and Optical Properties

The TGA performed under flowing N2 shows a gradual
weight loss of 1.95% in the temperature range of 30–64 °C
corresponding to the guest water molecule’s liberation from
the channels (calcd. 2.16%). The weight loss of 8.29% in
the range 64–135 °C is attributed to the removal of coordi-
nation water molecules (calcd. 8.64%) and the decomposi-
tion of compound 1 starts at 386 °C. A crystal of com-
pound 1 was stable at room temperature; however, it
cracked when it had been left to stand at 45 °C for 14 d
in order to release guest water molecules. Compound 1 is
insoluble in water and common organic solvents such as
methanol, ethanol, acetone, acetonitrile, DMF, and DMSO.

As shown in Figure 6, compound 1 exhibits a blue-fluo-
rescent emission around 439 nm upon excitation at 338 nm
in the solid state at room temperature. This has a blue shift
and an enhancement of intensity in comparison with the
emission of the ligand (a very weak emission is observed for
the free ligand around 450 nm upon excitation at 348 nm in
the solid state). This indicates that the emission is neither
MLCT (metal-to-ligand charge transfer) nor LMCT (li-
gand-to-metal charge transfer) in nature and can thus be
tentatively assigned to intraligand fluorescent emission.[10]

The significant enhancement of fluorescent intensity is
probably ascribed to the coordination of ligand to the Zn
ion, increasing the ligand conformational rigidity, thereby
reducing the nonradiative decay of the intraligand 1(π-π*)
excited state.[11]

Given that 1 crystallizes in a noncentrosymmetric space
group, its powder second harmonic generation (SHG) mea-
surement was performed according to the method pre-
viously reported by Kurtz.[12] When a beam at λ = 1064 nm
fundamental wavelength from a Q-switched Nd:YAG laser
falls onto compound 1, a green light can be seen with the
naked eye. The preliminary experimental result shows that
the powder SHG intensity of 1 is about 0.6 times that of
urea. This intensity is comparable to the previously re-
ported helical coordination polymers.[13]
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Figure 6. Fluorescent spectra of 1 in the solid state at room tem-
perature.

Conclusions

In conclusion, the reported nanotubular coordination
polymer 1 has hydrophilic channels surrounded by homo-
chiral triple helices, emits an enhanced blue fluorescence,
and exhibits a second harmonic generation response. The
transparency of the complex and its insolubility in common
solvents, such as water, methanol, and ethanol among
others, makes it an attractive candidate for blue-emitting
fluorescent materials and in nonlinear optics (NLO) appli-
cations. Therefore, it can be developed towards a new motif
in the formation of chiral nanotubes with opto-electronic
properties.

Experimental Section
General: Elemental analyses were carried out with a Perkin–Elmer
240C elemental analyzer. IR spectra were recorded with a Bruker
VECTOR22 FT-IR spectrometer using the KBr pellet technique.
Thermogravimetric analyses (TGA) were performed with a TA-
SDT 2960 thermal analyzer at a heating rate of 10 °Cmin–1 from
room temperature to 600 °C under flowing nitrogen. The solid-state
excitation-emission spectrum was acquired with an AMINCO
Bowman Series AB2 Luminescence Spectrometer at room tempera-
ture. Approximate estimations of second-order NLO intensity were
obtained by a comparison of the results from a powdered sample,
in the form of a pellet (Kurtz powder test),[12] with those obtained
for urea. A pulsed Q-switched Nd:YAG laser at a wavelength of
1064 nm was used to generate an SHG signal from samples. The
backward-scattered SHG light was collected using a spherical con-
cave mirror and passed through a filter that transmits only 532 nm
radiation.

{[Zn(C14H10N2O4)·(H2O)4]2·H2O}n (1): The diacid, (2S,2�S)-2,2�-
(benzene-1,4-dicarboxamido)dipropionic acid (H2L), was synthe-
sized by treating 1,4-benzenedicarbonyl dichloride with -alanine
ethyl ester according to a published procedure.[14] The ligand H2L
(31.0 mg, 0.1 mmol) and zinc acetate dihydrate (22.0 mg, 0.1 mmol)
were dissolved in water (10 mL). The resulting solution was left to
stand for several weeks at room temperature. Colorless block crys-
tals that formed were collected by filtration (16.0 mg, yield 40%).
C28H38N4O17Zn2 (833.36): calcd. C 40.35, H 4.60, N 6.72; found
C 40.30, H 4.68, N 6.69. IR (KBr): ν̃ = 3392 (m), 3268 (m), 2994

Eur. J. Inorg. Chem. 2006, 3532–3536 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3535

(w), 1654 (s), 1619 (s), 1578 (s), 1550 (s), 1490 (s), 1396 (m), 1320
(m), 1176 (w), 1055 (w), 870 (w), 746 (w), 594 (w) cm–1.

Crystallography: A single crystal with dimensions
0.6×0.4×0.3 mm was used for structural determination with an
Enraf–Nonius CAD-4 diffractometer with graphite-monochro-
matized Mo-Kα radiation (λ = 0.71073 Å) using a ω-2θ scan mode
at 298 K. Intensity data were collected in the θ range of 1.39–
25.97°, data reduction was made with the MolEN package.[15] Ab-
sorption corrections from ψ scans were applied. The structure was
solved by direct methods using SHELXS-97[16] and refined by le-
ast-squares treatment on F2 by full-matrix least squares using
SHELXL-97 with anisotropic displacement parameters for all non-
hydrogen atoms.[17] The guest water molecule O1W was refined as
occupancy disorder. CCDC-279580 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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EDITORIAL

METALLOENZYMES AND CHEMICAL BIOMIMETICS

Luigi Casella[a]

Bioinorganic enzymology, the chemistry of metallo-
enzymes and closely related areas dealing with metal-
loprotein functions, is a broad interdisciplinary re-
search field, representing an intellectually attractive
and experimentally demanding frontier in modern

chemical and biologi-
cal sciences. Inorganic
chemists should play a
major role in this area
because metal ions
and their properties/

reactivity are a primary feature characterizing these
biological systems. Metalloproteins are basically
highly elaborated metal complexes where the ligand
is a structured polypeptide chain. They contain one
or more metal ions in the active site and are optimally
designed to accomplish evolutionary directed func-
tions. The ultimate goal of biological inorganic chem-
istry research is to gain an understanding of these
functions in terms of structure and reactivity. Inor-
ganic chemists, in particular, recognize that the struc-
tural and electronic properties of biological metal
centres are often modulated from those of small mol-
ecules containing the same metal ion. Understanding
these differences is essential for understanding func-
tion, and for this reason the contribution of synthetic
and biomimetic chemistry is extremely important for
the progress of this field.

The significance of the metal-centred chemistry per-
formed by metalloenzymes is not limited to the bio-
logical environment. It has a strong impact on the

[a] Professor Luigi Casella
Chairperson, European COST Chemistry Action D21 Metalloenzymes and chemical biomimetics
Dipartimento di Chimica Generale
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medical sciences (e.g. generation of oxygen radicals,
production and reactions of nitric oxide), pharmaco-
logical sciences (e.g. enzyme inhibition, protein recep-
tors, metal toxicity), and environmental sciences (e.g.
nitrogen and sulphur cycles, soil and water detox-
ification). But the capacity of metalloenzymes to
carry out energetically difficult processes efficiently
under mild conditions should also be attractive to
chemical industry, with the aim of developing en-
vironmentally friendly processes.

As with other interdisciplinary research fields, it is
clear that bringing together scientists with different
expertise is essential for the progress in the area. The
key importance of
metallobiochemistry
has been recognized
at the European level
with the launch of
several COST Ac-
tions, and ultimately
D21 (2000�2006) had the objective of coordinating
the research efforts by a large number of European
groups on topics of timely and relevant interest, and
promoting more intensive exchange between individ-
ual groups. More than 100 laboratories were involved
in this programme, which developed along the follow-
ing priority areas: (a) structural, mechanistic and
spectroscopic studies of metalloenzymes; (b) synthetic
studies of mononuclear and polynuclear metal com-
plexes with biomimetic ligands as active site models
and biomimetic catalysts; (c) structural and spectro-
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scopic studies on electron transfer proteins; (d)
characterisation and biological role of metal-protein
interactions; (e) small molecules activation at biologi-

cal and biomimetic
metal centres. A large
body of high quality
scientific progress has
been made during the
years through this
COST Action. Much

of this would have probably been made also in the
absence of this programme, but it is true that facili-
tating the collaborations increased the scientific im-
pact that would have been obtained if individual
groups carried out their research independently.
Given the dimension of COST D21, a huge number
of papers have been published in the literature within
this programme. A “flavour” of the broad scope of
D21 “Metalloenzymes and chemical biomimetics” is
given by the fully peer-reviewed microreviews and re-

3546  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2006, 3545�3546

search papers appearing in the present and following
issues of the European Journal of Inorganic Chemis-
try. These papers span several research topics which
characterized D21, and in particular focus on insulin
mimetic vanadium complexes (Gätjens et al., Kiss et
al.), DNA cleavage by artificial nucleases (Borras et
al.), metal-protein interactions (Kiss et al.), enzyme
inactivation by radical species (Golding et al.), pro-
tein-protein interactions (Moura et al.), enzymatic
production of toxic small inorganic molecules (Ob-
inger et al.), inhibition of zinc enzymes (Santos et al.),
distribution of vanadate in human blood (Gorzsas et
al.), biomimetic chemistry of dinuclear zinc com-
plexes (Meyer et al.), vanadium complexes (Pessoa et
al., Geraldes et al.) and manganese clusters (McKen-
zie et al.), and engineering of electron transfer pro-
teins (Canters et al.). We hope that this collection will
stimulate more inorganic chemists to be involved into
the field of metallobiochemistry, perhaps initiating
interdisciplinary collaborations.
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COVER PICTURE
The cover picture shows a symbolic representation of the fate
of vanadate in human blood. Since the transition metal va-
nadium is named after Vanadis, the Nordic goddess of
beauty, she is represented by the famous Venus de Milo
sculpted in metal. Her cloth is decorated with the functional
groups of the ligands that can form a complex (“dress”) with
the metal while travelling in the blood vessels, the latter being
symbolised by the caverns in the background. The water in
the caves represents the aqueous solutions in which speciation
studies have been carried out in the group of Professor Lage
Pettersson. Further references to these studies are found as
cave paintings on the walls: a distribution diagram and a set
of 51V NMR spectra. The studies have been carried out in
the framework of the COST D21/009 working group. The
geographical locations of the research groups within this
working group are shown by illuminated dots on the map of
Europe in the background. The goal of the studies was to
better understand the ability of vanadium to lower blood glu-
cose levels (represented by the sugar cubes washed ashore on
the left) and thus its potential as an orally applicable drug
against diabetes. A Microreview, covering the results of the
above mentioned speciation studies dealing with the fate of
vanadate in human blood, is represented by A. Gorzsás, I.
Andersson, and L. Pettersson on p. 3559ff. The digital art-
work for this cover was created by András Gorzsás.
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As a summary of recent activities at our research group, a
model describing the distribution of pentavalent vanadium
(referred to as vanadate throughout the present work) in hu-
man blood has been constructed based on our speciation
studies performed in the physiological medium of 0.150 M

Na(Cl) with various blood constituents. In addition, other
data (most notably with the high mass serum constituents
albumin and transferrin) have also been used to give as
broad a view as possible. Two antidiabetic drug candidate
ligands, picolinate and maltol, have also been included in
order to investigate the stability of their vanadium complexes
in the presence of blood constituents, i.e. to account for li-

Introduction

Arguably the biggest contribution to the renewed interest
in the bioinorganic chemistry of vanadium originates from
the discovery of the insulin-enhancing properties of this
transition metal and its compounds. Diabetes mellitus, with
its explosively increasing incidence worldwide[1] and many
global and societal implications,[2] is one of the most threat-
ening and costly “epidemics” of our times. Currently insulin
is used as the core treatment in both type I and type II
diabetes. Although it is extremely important, there is need
for substitutes, especially when dealing with type II diabe-
tes. In addition, being destroyed in the stomach, insulin
cannot be administered orally in mammals and the constant
use of subcutaneous injections is inconvenient. Thus, the
ideal substitute would be orally applicable and effective,
particularly in the case of type II diabetes. It also should
meet other criteria regarding its absorption, stability in
body fluids, a desired high specificity and low toxicity.[3]
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gand-exchange possibilities. The model predicts transferrin
to be the major carrier of vanadium in the bloodstream. It is
capable of almost completely replacing the vanadium-bound
picolinate even if the latter is in large excess. Maltol, on the
other hand, can retain most of the vanadium when it is sup-
plied in about a 5 mM concentration. The model still has cer-
tain limitations but it serves as a useful base for investigating
structure, stability, relationship effects and provides insight
into the fate of vanadate in human blood.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Vanadium compounds have long been shown to exert in-
sulin-like effects both in vitro,[4–8] and in vivo,[3,9,10,11–20] the
first example being documented as early as 1899.[21] In all
these tests, vanadium has been demonstrated to perform
insulin-like actions in virtually all respects.[9,22,23] The
amount of vanadium needed to induce the required meta-
bolic effects has been found to be in the range of micromo-
lar to millimolar concentrations,[4,6,7,8,24] depending not
only on the nature of the compound but also on the time
course of the management (generally lower doses are
needed when long-term treatment is applied). It is worth
noting that usually a longer time has been required during
in vivo experiments to observe the desired insulin-like ef-
fects as compared to in vitro tests. On the other hand, the
effects have mostly been long lasting, even after stopping
the administration of the compounds. These indicate a pos-
sible accumulation of the active component(s) in the body,[9]

as has been shown in the case of bones.[25,19,20] It is also
important to point out that plasma insulin levels have not
been increased during the treatments. Thus, the glucose-
lowering effects are not due to a vanadium-induced increase
in insulin secretion,[14,26] but rather they are realised by
mechanisms that are (at least partly) different from that of
insulin.[3,27] However, these mechanisms are not yet com-
pletely elucidated. In addition, different vanadium com-
pounds operate along (partially) different pathways, further
complicating the picture.[9,28,29]
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Unfortunately, mostly owing to the low adsorption and

specificity of vanadium, problems with toxicity and side ef-
fects arise. On the other hand, these problems can in theory
be overcome by applying the proper ligands. In fact a great
advantage of vanadium compounds is that virtually all of
their important features, such as stability, oral availability,
as well as absorption, toxicity, etc. can be fine-tuned by me-
ans of different ligands. While investigating the effects of
different vanadium complexes, it has also been suggested
that it is always the uncomplexed vanadium that is the
active component, irrespective of the introduced species.[30]

In other words, the only role of the ligand could be to de-
liver vanadium as efficiently as possible, including translo-
cation across the cell membrane. In opposition to this hy-
pothesis, different mechanisms of action have been sug-
gested for different vanadium complexes, depending on the
nature of the compound.[9,28] Whatever the case may be,
ligands may still play an important role in facilitating the
uptake and/or transport of vanadium, thereby reducing tox-
icity and side effects and possibly increasing effectiveness.

It should also be noted that the incidence of diabetes is
increasing among pets, for similar reasons as in the case
of humans, namely sedentary lifestyle and obesity.[31] Food
supplies often contain nutrients in much higher amounts
than the natural diet of the animal would do or require. For
instance, there is a large amount of carbohydrates in certain
commercial cat foods, despite the well-known fact that cats
are strict carnivores, and hence their diet naturally is based
mostly on protein and fat with very little carbohydrates.[32]

This causes serious malnutrition as the high carbohydrate
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diet leads to decreased insulin sensitivity in cats.[33] How-
ever, applying regular injections in animal treatment is even
more troublesome than in the case of humans. Thus, oral
medication is also desired in veterinary practices, and vana-
dium compounds may represent one type of solution.

Finally, it has to be pointed out that, although research
in this field involves vanadium in its +4 and +5 oxidation
states (as well as +3, to a much lesser extent), in the present
article we focus solely on the +5 oxidation state. Thus, from
here on, vanadium in the text refers to vanadium(V), unless
otherwise specified.

Speciation Studies and Modelling

Numerous drugs are known to be bound to plasma pro-
teins when entering the bloodstream. The extent and nature
of this interaction has a profound effect on the distribution
of the drug into other compartments and on its therapeutic
as well as toxic effects.[34–36]

Complete speciation studies are of great value in the fun-
damental research of this field. By the pH-independent for-
mation constants obtained from such studies modelling of
physiological conditions can be done, which is of funda-
mental interest in revealing vanadium interactions in hu-
mans as well as in drug design and production. Once vana-
dium speciation is established with all the major compo-
nents in blood, including mixed ligand species, modelling
can be used to determine the fate of any particular vana-
dium complex under physiological conditions, provided that
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the speciation with the given ligand in the complex is also
known. This paper represents such an attempt. Although
some of the constituents of human blood had to be ex-
cluded (see below), our ongoing series of investi-
gations,[37–39] have provided us with enough data to form a
base for model calculations that are of interest to research-
ers in this field.

Albumin is found in approximately 630 µ concentration
(Table 1) in human blood, and it (together with α1-acid gly-
coprotein) is one of the most common nonspecific binding
proteins. Transferrin is another binding protein that is im-
portant in the case of metal transportation[40,41] (especially
with iron, hence the name). It is present in human blood in
about a 37 µ concentration (Table 1), and has two binding
sites per protein to accommodate metal ions.[42] In normal
serum, only about 30% of the total binding sites are occu-
pied by iron.[43] This means that there are still sites available
for other metal ions, without needing to replace the tightly
bound iron. It has to be noted that there is a bidentate
carbonate in the active site, usually referred to as the syner-
gistic anion,[44,45] without which practically no iron–trans-
ferrin binding occurs.

Since both albumin and transferrin play important roles
in the distribution and transportation of different com-
pounds, they cannot be ignored when evaluating the inter-
actions of any introduced vanadium-containing drugs in
human blood. Indeed, it has been demonstrated that vana-
dium binds to both of these proteins,[46–54] although the
binding is approximately 1000-times stronger to transferrin
than to albumin.[55] Interestingly, vanadium has been found
to be bound to transferrin even in the absence of HCO3

–.[56]

Beside these two proteins, other constituents should also
be included in a model that attempts to elucidate the fate

Table 1. Vanadate complexes with selected constituents in human blood. The concentrations of the ligands in healthy human subjects are
given according to ref.[57] Maltol and picolinate are included to represent drug candidate ligands. The simplified notations for the com-
plexes represent only their nuclearities and charges. Whenever charge is not indicated, it has not been determined in the study. Asterisks
denote complexes with the same composition but different structures. The higher number of asterisks, the less dominating the species is.
Formation constants for the complexes are shown at 25 °C, and the ionic media in which they have been determined are also noted.

Ligand (Abbreviation) Concentration in human blood Complex notation logβ Medium

Glycine (Gly) 2.3 m VGly 1.8[a,i] 1.0  KCl, HEPES buffer
Lactate (Lac–) 1.51 m VLac2– 0.88[b] 0.15  Na(Cl)

VLac– 6.92[b]

Phosphate (P–) 1.1 m VP3– –5.68[c] 0.15  Na(Cl)
VP2– 1.51[c]

VP2
4– –3.94[c]

VP2
3– 2.36[c]

Citrate (Cit3–) 99 µ VCit2– 14.19[d] 0.15  Na(Cl)
Histidine (His) 77 µ VHis 0.2[e,i] 0.15  NaCl

*VHis –0.2[e,i]

Albumin (Alb) 630 µ VAlb 3.0[a,i] 1.0  KCl, HEPES buffer
Transferrin (Trf) 37 µ VTrf 6.5[f,i] 0.1  HEPES buffer
Picolinate (Pi–) – VPi2– 18.92[g] 0.15  Na(Cl)

*VPi2– 18.77[g]

**VPi2– 18.24[g]

VPi– 9.31[g]

*VPi– 8.70[g]

Maltol (Ma) – VMa– 2.66[h] 0.15  Na(Cl)
VMa2– –7.37[h]

VMa2
– 7.02[h]

[a] Ref.[51] [b] Ref.[37] [c] Ref.[38] [d] Ref.[39] [e] Ref.[58] [f] Ref.[48] [g] Ref.[59] [h] Ref.[60] [i] Constants are logK values, not logβ.
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of vanadium in human blood. Table 1 lists five additional
low mass bioligands: glycine, lactate, phosphate, citrate and
histidine, with their respective concentrations in human
blood. Some constituents, such as carbonate, sulfate, cyste-
ine, etc. have been excluded owing to the lack of (reliable)
formation constants for their vanadate complexes. Of these
excluded ligands, only hydrogen carbonate should be of
considerable importance, because of its high concentration
in blood (almost 25 m).

In addition to the physiological concentrations of the se-
lected blood constituents, Table 1 also lists the complexes
they form with vanadate. These species have been included
in the model calculation. Unfortunately, some of the forma-
tion constants given in Table 1 have not been determined in
the physiological medium, which introduces an error in the
model calculations. Moreover, in the case of transferrin, an-
other simplification has been made. As explained earlier,
transferrin is capable of binding two metals per protein,
which could lead to the formation of a V2Trf-type complex
with vanadium. On the other hand, iron is present and
competes with vanadium for the binding sites under physio-
logical conditions. What is more, the binding of iron is fav-
oured over other metal ions by transferrin. Since no iron is
included in the model calculation, this kind of competitive
binding has to be included in another way. It has been
achieved by performing the calculation with VTrf-type com-
plexes only. The other binding site can then be occupied by
iron, as is most probably the case. Thus, the complex VTrf
can in fact be considered as FeVTrf. Although this is a
rather arbitrary simplification, it should give satisfactorily
accurate results, since the amount of vacant binding sites of
transferrin is estimated to be around 40 µ in human serum
in the presence of iron.[42]
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In all cases, only those mononuclear complexes that may

be relevant at the pH of human blood have been listed.
Higher nuclearity species have been omitted completely, as
they are extremely unlikely to be present at very low total
concentrations of vanadium. For the present modelling
[V]tot = 1 µ has been chosen, since vanadate species have
shown insulin-like effects at this concentration, but no tox-
icity.[8] For a more complete list of vanadate species formed
with a given ligand at various pH values and total concen-
trations, consult the references.

In order to represent an introduced vanadium-containing
drug, either vanadate–picolinate or vanadate–maltol com-
plexes (Table 1) have also been included in the model. This
has been done to investigate whether the carrier ligand gets
replaced by any of the blood constituents. Picolinate and
maltol have been chosen since they form very stable mono-
nuclear complexes with vanadium.[59,60] Extensive clinical
research and in vitro tests have been carried out on com-
plexes of vanadium and either of these ligands (or deriva-
tives).[15,61,62,63–66] In addition, both ligands bind to vana-
dium over a wide pH range, covering conditions from acidic
(stomach) to nearly neutral and slightly alkaline (blood,
small intestines). This is of importance when taking a de-
signed drug orally.

The calculations presented here have been performed
using WINSGW,[67] a programme package based on the
SOLGASWATER algorithm.[68] For the species formed in
the H+–H2VO4

– binary system, formation constants have
been taken from ref.[69] In cases of the different ternary H+–
H2VO4

– ligand systems, only the complexes listed in Table 1
have been taken into consideration with the formation con-
stants given there. For the model, [V]tot = 1 µ and pH =
7.4 have been used, with [Ligand]tot set to values given in
Table 1 for each of the ligands. Thus, the matrix consisted
of inorganic vanadates together with all the vanadate–li-
gand complexes given in Table 1.

Figure 1 shows the results of one of the model calcula-
tions. As can be seen, when there is no carrier ligand intro-
duced with vanadium and the high mass serum constituents

Figure 1. Distribution of vanadate in the presence of different blood constituents at pH = 7.4. [V]tot = 1 µ in all cases, concentrations
of the constituents are according to Table 1. HMS is short for the high mass serum constituents, albumin and transferrin. Gly stands for
glycine, P for phosphate, Trf for transferrin and Pi for picolinate in the legend. From left to right: (a) No HMS, no Pi (b) No Pi, HMS
included (c) No HMS, [Pi]tot = 20 m (d) [Pi]tot = 20 m, HMS included.
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(HMS), albumin and transferrin, are excluded from the
model, most of the metal is present as inorganic monovan-
adate, H2VO4

– and HVO4
2– (Figure 1, a). Approximately

12% of vanadium is bound to glycine, and about 1–2% to
other constituents (mostly phosphate). When the proteins
are also included, however, more than 98% of the total va-
nadium is bound to transferrin (Figure 1, b). To illustrate
the strength of picolinate itself as a carrier ligand in the
absence of HMS, the distribution is also shown for that case
(Figure 1, c). The diagram shows that a substantial fraction
of vanadium (about 90%) is bound to picolinate when nei-
ther of the proteins is present. However, when HMS are
included the transferrin binds almost all of the vanadium
(approximately 90%), despite the high concentration of pic-
olinate (20 m, Figure 1, d). This is in accordance with the
results obtained with canine blood,[47] where it has been
shown that almost 80% of vanadium is bound to trans-
ferrin, regardless of what kind of inorganic vanadium spe-
cies has been injected originally. It is also in accordance
with the fact that introduced vanadium seems to be targeted
towards iron-rich cells,[70] i.e. the transport route of vana-
dium follows that of iron.

Interesting results are found when doing the same kind
of modelling with maltol, instead of picolinate (Figure 2).
Using the same concentration for maltol as for picolinate
in the previous calculation (20 m), it is obvious how much
stronger this ligand binds to vanadate at physiological pH
(Figure 2, a). Even in the presence of HMS, almost 97% of
the total vanadium is bound as VMa2

– (Figure 2, b). When
lowering the total concentration of maltol to 5 m, more
vanadium is bound to transferrin, but still not more than
approximately 34% (Figure 2, c). This means that although
transferrin binds vanadium very strongly, a considerable
fraction of the metal can still be bound to its original car-
rier if an appropriate ligand is applied. Certainly the ligand
needs to be in excess, but it does not have to be at extreme
concentrations to be able to effectively compete with the
HMS. In contrast, recent findings with vanadium(IV)–bis-
maltolato complexes suggest that transferrin is capable of
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Figure 2. Distribution of vanadate in the presence of blood constituents at pH = 7.4. [V]tot = 1 µ in all cases, concentrations of blood
constituents are according to Table 1. HMS is short for high mass serum constituents (albumin and transferrin). Trf stands for transferrin
and Ma for maltol in the legend. From left to right: (a) No HMS, [Ma]tot = 20 m (b) HMS included, [Ma]tot = 20 m (c) HMS included,
[Ma]tot = 5 m.

replacing the maltol ligand(s) of the introduced complex at
certain concentration ratios.[71] However, it is worth noting
that vanadium(IV) has a higher affinity to transferrin than
does vanadium(V).[56] In other words, vanadium(V) com-
plexes generally have a better chance to avoid ligand re-
placement by transferrin than the corresponding ones with
vanadium(IV). This is especially interesting when compar-
ing the vanadium–bismaltolato complexes in each oxidation
state. Vanadium(IV)–maltol (or derivative) complexes have
been extensively studied,[61–65] and have shown promising
insulin-enhancing properties. However, the corresponding
vanadium(V) species seems to be considerably less active in
this regard.[72] Why that is so is hard to explain by our spe-
ciation model alone, especially when taking into account
the ease by which vanadium(V) and (IV) could interconvert
under physiological conditions. Our model indicates that
vanadium(V) forms very strong complexes with maltol
(Figure 2), but says nothing about the kinetic lability of the
formed species. A too inert species may effectively remove
vanadium from the system by binding it too tightly and
thereby prohibiting its interactions with other compounds.
Additionally, it could be a charge effect. The bismaltolato
complex of vanadium(IV) is neutral, whereas the corre-
sponding vanadium(V) species is –1 charged. This certainly
affects the way the complex can enter the cells and might be
at least one of the reasons why they show different insulin-
enhancing activities.

It has to be mentioned that limitations do apply to the
models presented above. First of all, the formation con-
stants used are from different media and a considerable
simplification has been made when considering only VTrf
but not V2Trf in the model. In addition, mixed ligand vana-
date complexes so far have only been determined with lac-
tate and citrate[39] out of all the bioligands shown in
Table 1. Although these are extremely weak complexes,
others (with phosphate, for instance) might not necessarily
be. In addition, recent data on the interactions of the vana-
dium(IV)–bismaltolato complex with HMS indicated that
albumin may take part in the formation of such mixed-li-
gand complexes (in that case a vanadium(IV)–maltol–albu-
min species).[71] While no such species have yet been re-
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ported with vanadium(V) complexes, their existence cannot
be ruled out. Nevertheless, these are not likely to cause
major changes in the overall picture, and the model should
be valid for all the major features and trends.

Concluding Remarks

Speciation studies are very useful for the bioinorganic
and medicinal chemistry of vanadium compounds in many
respects. First of all, they provide insight to the complex
formation patterns and preferences of vanadate in the pres-
ence of various biologically important or potential drug
candidate ligands. This is extremely valuable, since it helps
in tailoring the properties of the complex and also casts
light on the fate of vanadium in the presence of e.g. blood
constituents. In addition, by means of the formation con-
stants obtained from such studies, parameters can be op-
timised for crystallisation studies or in general to obtain a
maximum yield in the synthesis of a given complex. More-
over, physiological conditions can also be modelled (with
certain restrictions) to predict what happens to any intro-
duced vanadium compound when it enters e.g. the stomach,
bloodstream, etc. Naturally, care must be taken to use the
proper ionic medium for the studies (e.g. 0.150  Na(Cl),
to represent the ionic strength of human blood). A series
of speciation studies with pentavalent vanadium has been
carried out with different blood constituents in this con-
text.[37–39] As incomplete as this series is, it forms a solid
base for model calculations aiming to elucidate the fate of
vanadate (compounds) in human blood. Although certain
limitations apply to the model presented in this paper, the
major features should be valid nonetheless, providing a use-
ful overview and practical guidelines.
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[53] D. Rehder, M. Časný, R. Große, Magn. Reson. Chem. 2004,

42, 745–749.
[54] D. C. Crans, J. J. Smee, E. Gaidamauskas, L. Yang, Chem. Rev.

2004, 104, 849–902.
[55] G. Heinemann, B. Fichtl, M. Mentler, W. Vogt, J. Inorg. Bi-

ochem. 2002, 90, 38–42.
[56] M. H. Nagaoka, T. Yamazaki, T. Maitani, Biochem. Biophys.

Res. Commun. 2002, 296, 1207–1214.
[57] W. R. Harris, Clin. Chem. 1992, 38, 1809–1818.
[58] M. Fritzsche, V. Vergopoulos, D. Rehder, Inorg. Chim. Acta

1993, 211, 11–16.
[59] I. Andersson, A. Gorzsás, L. Pettersson, Dalton Trans. 2004,

421–428.
[60] K. Elvingson, A. González Baró, L. Pettersson, Inorg. Chem.

1996, 35, 3388–3393.
[61] K. H. Thompson, V. G. Yuen, J. H. McNeill, C. Orvig, in: Va-

nadium Compounds: Chemistry, Biochemistry and Therapeutic
Applications (Eds.: A. S. Tracey, D. C. Crans), ACS Symposium
Series 711, ACS Publications, Washington DC, 1998, chapter
26.

[62] J. H. McNeill, V. G. Yuen, H. R. Hoveyda, C. Orvig, J. Med.
Chem. 1992, 35, 1489–1491.

[63] H. Sakurai, K. Fujii, H. Watanabe, H. Tamura, Biochem. Bio-
phys. Res. Commun. 1995, 214, 1095–1101.

[64] K. Fukui, Y. Fujisawa, H. Ohya-Nishiguchi, H. Kamada, H.
Sakurai, J. Inorg. Biochem. 1999, 77, 215–224.

[65] K. H. Thompson, J. H. McNeill, C. Orvig, Chem. Rev. 1999,
99, 2561–2572.

[66] J. Gätjens, B. Meier, T. Kiss, E. M. Nagy, P. Buglyó, H. Saku-
rai, K. Kawabe, D. Rehder, Chem. Eur. J. 2003, 9, 2924–2935.

[67] For more information and availability, please visit the website
www.chem.umu.se/dep/inorgchem/samarbeta/WinSGW_eng.stm.

[68] G. Eriksson, Anal. Chim. Acta 1979, 112, 375–383.



On the Fate of Vanadate in Human Blood MICROREVIEW
[69] H. Schmidt, I. Andersson, D. Rehder, L. Pettersson, Chem.

Eur. J. 2001, 7, 251–257.
[70] N. D. Chasteen, E. M. Lord, H. J. Thompson, J. K. Grady, Bio-

chim. Biophys. Acta 1986, 884, 84–92.
[71] B. D. Liboiron, K. H. Thompson, G. R. Hanson, E. Lam, N.

Aebischer, C. Orvig, J. Am. Chem. Soc. 2005, 127, 5104–5115.

Eur. J. Inorg. Chem. 2006, 3559–3565 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3565

[72] V. G. Yuen, P. Caravan, L. Gelmini, N. Glover, J. H. McNeill,
I. A. Setyawati, Y. Zhou, C. Orvig, J. Inorg. Biochem. 1997, 68,
109–116.

Received: April 21, 2006
Published Online: July 24, 2006



SHORT COMMUNICATION

DOI: 10.1002/ejic.200600506

Pressure-Induced Metal–Semiconductor–Metal Transitions in an MMX-Chain
Complex, Pt2(C2H5CS2)4I

Atsushi Kobayashi,[a] Aya Tokunaga,[b] Ryuichi Ikeda,[b] Hajime Sagayama,[c]

Yusuke Wakabayashi,[c] Hiroshi Sawa,[c] Masato Hedo,[d] Yoshiya Uwatoko,[d] and
Hiroshi Kitagawa*[a]

Keywords: Mixed-valent compounds / Conducting materials / MMX chain / Metal–insulator transition / High pressure

The electrical conductivity and X-ray diffraction measure-
ments were performed for a highlyconductive halogen-
bridged binuclear-metal mixed-valence complex (the so-
called MMX chain), Pt2(C2H5CS2)4I, under high pressure up
to 2.5 GPa. The complex exhibited pressure-induced metal–
semiconductor–metal transitions at 0.5 and 2.1 GPa. The X-
ray diffuse scatterings were observed at k = n+0.5 (n: inte-
ger) under ambient pressure, which are derived from the
charge-density wave (CDW: ···Pt2+–Pt2+···I–Pt3+–Pt3+–I···) fluc-
tuation in the MMX chain. Above 0.5 GPa, where the pres-
sure-induced metal–semiconductor transition occurred, these

Introduction

One-dimensional (1D) halogen-bridged mixed-valence
binuclear-metal complexes (MMX chain) have drawn much
attention because of their various electronic structures that
originate from the internal degree of freedom of charge dis-
tribution in metal-dimer units as follows:[1–2]

(1) Averaged-valence (AV) phase
–M2.5+–M2.5+–X–M2.5+–M2.5+–X–
(2) Charge-polarization (CP) phase
···M2+–M3+–X···M2+–M3+–X···
(3) Charge-density wave (CDW) phase
···M2+–M2+···X–M3+–M3+–X···
(4) Alternate-charge-polarization (ACP) phase
···M2+–M3+–X–M3+–M2+···X···
Pt2(C2H5CS2)4I, which is an MMX chain complex as

shown in Figure 1, exhibits a high electrical conduction and
a metal–insulator (M–I) transition at 205 K.[3] This M–I
transition temperature (TMI) is relatively lower than typical
1D d-electron conductors in comparison with transition-
metal complexes such as K2Pt(CN)4Br0.3·nH2O (commonly
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scatterings disappeared. The electronic phases under high
pressure (P) were found to be attributable to the metallic
averaged-valence state (AV: –Pt2.5+–Pt2.5+–I–Pt2.5+–Pt2.5+–I–)
with CDW fluctuation of P � 0.5 GPa, semiconducting
charge-polarization state (CP: ···Pt2+–Pt3+–I···Pt2+–Pt3+–I···) of
0.5 � P � 2.1 GPa, and metallic AV state of P � 2.1 GPa. The
electronic state of Pt2(C2H5CS2)4I is very sensitive to pres-
sure, which implies that the phase competition among the
CP, CDW, and AV phases is present in the MMX chain.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

called KCP(Br); TMI = 250 K at 0 GPa).[4] It was revealed
that the electronic state changes variously with decreasing
temperature; the AV phase occurs with CDW fluctuation

Figure 1. Chain structure of Pt2(C2H5CS2)4I.
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above 205 K, the CP phase between 160–205 K, and the
ACP phase below 160 K.[3,5] This phase competition is de-
rived from the fact that the several interactions, such as the
electron transfer integral (t), electron correlation (on-site
(U) and inter-site (V) Coulombic repulsive energies), and
electron-lattice interaction (S) are antagonistic to each
other in this complex.[1d,1e,6]

The application of a high pressure to low-dimensional
complexes gives rise to a drastic change in their physical
properties because of an increase in the electron transfer
integral t and a suppression of electron-lattice interaction
S.[7] For example, (CH3)4N[Ni(dmit)2]2 shows a pressure-
induced transition at 0.32 GPa from the normal metallic
state to the superconducting state below 3 K.[8] Since the
title complex exhibits various electronic states, the applica-
tion of pressure may create a novel electronic phase. There-
fore, we have investigated the electronic state of the MMX-
chain complex under high pressure by electrical resistivity
and X-ray diffuse scattering measurements.

Results and Discussion

Figure 2(a) shows the pressure dependence of the electri-
cal resistivity along the b-axis (parallel to the 1D chain) at
298 K. As the pressure is increased, the resistivity decreases
rapidly up to 0.5 GPa and gradually between 0.5 and
2.1 GPa. The pressure coefficients of the resistivity below
and above 0.5 GPa are –1.8 and –0.16 GPa–1, respectively.
Above 2.1 GPa, the resistivity is almost constant. The
change in the pressure coefficients at 0.5 and 2.1 GPa im-
plies that some phase transitions occur at these pressure
points. A small resistance jump observed at 2.1 GPa is due
to the resistance hysteresis derived from a cycle of cooling
and heating processes in the electrical conductivity mea-
surements.

The temperature dependences of the electrical resistivity
at 0, 0.5, 1.1, and 2.1 GPa along the b-axis are shown in
Figure 2(b). The resistivity is normalized at 300 K. At am-
bient pressure, Pt2(C2H5CS2)4I exhibited metallic conduc-
tion (� 5 Scm–1 at 300 K) and underwent a metal–insulator
transition at 205 K, which is consistent with our previous
work.[3] As a little pressure was applied, a pressure-induced
metal–semiconductor transition occurred at 0.5 GPa; the
metallic conduction disappeared and a behavior consistent
with a semiconductor was observed in the whole tempera-
ture range. This pressure-induced metal–semiconductor
transition is in agreement with the discontinuity of the pres-
sure coefficient observed at 0.5 GPa [Figure 2(a)]. The acti-
vation energy decreased with applied pressures from
72 meV at 0.5 GPa to 54 meV at 1.1 GPa, which is consid-
ered to be due to an increase in the bandwidth W (� 4t for
1D electronic system). At 2.1 GPa, metallic behavior was
again observed, and an M–I transition occurred at 114 K.
This pressure-induced semiconductor–metal transition is
also in agreement with the discontinuity of the pressure co-
efficient observed at 2.1 GPa. Compared with the TMI =

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3567–35703568

Figure 2. (a) Pressure dependence of the electrical resistivity at
298 K up to 2.5 GPa. (b) Temperature dependence of the electrical
resistivity under several pressures (0, 0.5, 1.1 and 2.1 GPa).

210 K of KCP(Br) under 3.2 GPa,[4d] the transition tem-
perature 114 K is a significantly lower value, which means
that the metallic state of Pt2(C2H5CS2)4I is very stable as a
1D electronic system.

To clarify the electronic state under high pressure, an X-
ray diffraction measurement was performed on a single-
crystal with a diamond-anvil cell at room temperature.[8]

Figure 3(a) shows the X-ray diffraction photograph taken
at 0.1 GPa. Diffuse scatterings were clearly observed at k =
n+0.5 (n: integer), which corresponds to the CDW fluctua-
tion that exists at ambient pressure as mentioned above.
The intensities of the pixels located on the solid-line arrow
from A to B in Figure 3(a) are shown in Figure 3(b). These
scatterings observed at k = n+0.5 disappeared gradually
with increasing pressure, and were hardly observed above
0.5 GPa. The disappearance of these diffuse scatterings in-
dicates that the CDW fluctuation is lost above 0.5 GPa
where the pressure coefficient changed, as shown in Fig-
ure 2. Since no remarkable change in X-ray diffraction
photographs was observed in the pressure region between
0.5 and 2.5 GPa, the superstructures with twofold periodic
ordering such as CDW or ACP are absent in the high-pres-
sure range.

In general, the application of high pressure to the com-
plex suppresses the electron-lattice interaction S and in-
creases the electron transfer integral t because of the in-
crease in the elastic energy and the decrease in the in-
teratomic distance. This in turn results in an increase in the
conductivity, and the behavior of the complex tends to
change from an insulator to a semiconductor or a metallic
species.[7] Actually, with pressure the conductivity of
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Figure 3. (a) X-ray diffraction photograph under 0.1 GPa at room
temperature. (b) Intensity on the solid-line arrow from A to B in
Figure 3(a) under several pressures (0.1, 0.5, 0.7 and 2.0 GPa).

Pt2(C2H5CS2)4I increased drastically and the CDW fluctua-
tion of ···Pt2+–Pt2+···I–Pt3+–Pt3+–I··· was suppressed, which
would disturb the itinerancy of the conduction of the elec-
trons. The pressure-induced metal–semiconductor transi-
tion was nevertheless observed at 0.5 GPa. Recent theoreti-
cal calculations performed by Yamamoto et al. pointed out
that the inter-site Coulombic repulsive energy V increases
as the interatomic distance is decreased with pressure, and
in the case of V � t, the CP phase of ···Pt2+–Pt3+–I···Pt2+–
Pt3+–I··· could be stabilized.[6a,6b] The CP phase can be re-
garded as a charge-ordered (or charge-localized) state, that
is, a Mott insulating state.[9] With the consideration of the
absence of any twofold structures, the semiconducting state
of the complex in the region of 0.5–2.1 GPa is attributable
to the CP phase. Above 2.1 GPa, the metallic phase ap-
peared again in the temperature range of 114–300 K, which
would be derived from the AV state of –Pt2.5+–Pt2.5+–I–
Pt2.5+–Pt2.5+–I– under the delicate competitive condition of
t � V. No twofold structures were observed, which is not
in conflict with the AV state.

In summary, the electrical conductivity and X-ray dif-
fraction measurements under high pressure have been per-
formed for a highly conductive MMX-chain complex,
Pt2(C2H5CS2)4I. Pressure-induced metal–semiconductor–
metal transitions were observed at 0.5 and 2.1 GPa, which
is considered to be derived from the phase transitions of
the metallic AV state with CDW fluctuation to the semicon-
ducting CP state, and from the CP state to the metallic AV
state, respectively. The electronic state of Pt2(C2H5CS2)4I is
very sensitive to pressure, which implies that the phase com-
petition among the CP, CDW, and AV phases is present in
the MMX chain. To determine the origin of these metal–
semiconductor–metal transitions, theoretical calculations,
Raman and IR spectroscopic studies under high pressure,
are in progress.

Eur. J. Inorg. Chem. 2006, 3567–3570 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3569

Experimental Section
Synthesis: Single-crystals of Pt2(C2H5CS2)4I were prepared accord-
ing to the literature (see ref.[3a]).

Electrical Conductivity: The dc electrical resistivity of Pt2(C2H5CS2)4I
along the b-axis (parallel to the 1D chain) was measured for several
single-crystals with the four-probe-method with the use of a clump-
cell and a cubic-anvil press system at the ISSP, the University of
Tokyo.

X-ray Diffraction: X-ray diffraction measurements under high pres-
sure were performed with a diamond-anvil cell at the BL-1B beam-
line in KEK-PF (λ = 0.688 Å). Pressure was calibrated by the ruby
luminescence technique.
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Pressure effect studies on the spin crossover behaviour of the
mononuclear compounds {Fe[H2B(pz)2]2(bipy)}(1) and
{Fe[H2B(pz)2]2(phen)}(2) have been performed in the range
of 105 Pa–1.02 GPa at variable temperatures (100–310 K).
Continuous spin transitions and displacement of its charac-
teristic temperature has been observed for 1 with increasing

Introduction

The ability of spin crossover (SCO) materials to change
their magnetic, structural, dielectric and optical properties,
induced by a variation of temperature and/or pressure or
light, has led to an increase in the interest of their potential
use in technological applications. Because of their switching
properties, SCO materials are potentially useful for rewrit-
able optical, thermal or pressure memories at a nanometric
scale.[1–6]

While thermally induced spin crossover behaviour in FeII

complexes is increasingly common, pressure induce high
and low spin (HS and LS) FeII complexes are scarcely re-
ported in the literature. Systematic and detailed studies re-
lated to the concerted action of both temperature and pres-
sure variation on SCO compounds have only recently be-
come possible with the development of special hydrostatic
pressure cells in connection with magnetic susceptibility,
optical and Mössbauer measurements, EXAFS and vi-
brational spectroscopy.[7–8] Here we present pressure effect
investigations on the magnetic behaviour of {Fe[H2B-
(pz)2]2(bipy)}(1) and {Fe[H2B(pz)2]2(phen)} (2) complexes
carried out in the range of 105 Pa–1.2 GPa.

Both 1 and 2 undergo thermal- and light-induced SCO.[9]

The thermal spin transition of 2 is more cooperative than
that of 1, as shown by the more abrupt spin transition that
takes place with hysteresis (with characteristic temperatures
of Tc� = 165 K and Tc� = 169 K). Structural data has
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pressure. Meanwhile the response of 2 under applied pres-
sures is quite unexpected, and can only be understood in
terms of a crystallographic phase transition or change in the
bulk modulus of the compound.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

been previously reported for both the HS and LS states.[10]

As illustrated in Figure 1, the structures of 1 and 2 are com-
posed of mononuclear neutral species where the positive
charge of the iron(II) ion is neutralized by the coordination
of two bidentate dihydrobis(pyrazolyl)borate [H2B(pz)2]–

anions; bipy or phen neutral ligands are then used to fill
the iron(II) coordination sphere. The molecular structures
for both compounds are very similar with Fe–N bond
lengths in the 2.212–2.158 Å and 2.007–1.996 Å range for
the HS and LS states, respectively. Contrary to 1, the spin
transition of 2 is accompanied by a crystallographic phase
transition [C2/c (HS) and P1̄(LS)].[10]

Figure 1. Molecular structure of 1 (left) and 2 (right).

Results and Discussion

Figure 2 gathers a collection of χMT versus T curves (χM

is the molar magnetic susceptibility, and T the temperature)
at different hydrostatic pressures for complex 1. The mea-
surements have been performed at the rate of 1 K·min–1 on
single-microcrystals. At 300 K and 105 Pa, a χMT value of
3.52 cm3·K·mol–1 indicates a S = 2 spin state configuration
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for the iron(II) ions. χMT remains constant down to 220 K,
where it progressively diminishes as a consequence of the
spin transition to the S = 0 spin state and attains a value
of 0.06 cm3·K·mol–1 at 100 K. The transition is complete
and relatively abrupt. The temperature at which the number
of molecules in the HS and LS states is equal, T1/2, is 160 K.
Application of pressures as high as 0.26 GPa have a strong
effect on the T1/2 value and shifts it upwards to 210 K. At
this pressure, the χMT value at 300 K is slightly lower than
that observed at atmospheric pressure which indicates that
a small amount of molecules are in the LS state (300 K:
3.42 cm3·K·mol–1, 97% HS molecules). An increase in the
pressure up to 0.4 and 0.5 Gpa results in a displacement of
T1/2 to 233 K and 255 K, respectively. At room temperature,
the χMT value at these two last pressures also decreases to
3.23 cm3·K·mol–1 and 3.12 cm3·K·mol–1, respectively.

Figure 2. Thermal dependence of χMT at different pressures for 1.

It is worth mentioning the remarkable continuous char-
acter of the spin transition as pressure is increased. The
spin crossover takes place in temperature intervals of 150 K,
whereas at 105 Pa the spin crossover occurs within 70 K.
Also, the linear pressure dependence of T1/2 for 1 should be
noted. The slope of the line in the T1/2 versus P plot,
dT1/2/dP = 187.5 K·GPa–1 (Figure 4), is in the range of val-
ues observed for several mononuclear compounds such as
[Fe(abpt)2(NCS)2] polymorph B,[11] [Fe(phen)2(NCS)2]
polymorph II,[12] [Fe(dpa)2(NCS)2][13] and [Fe(pic)3]-
Cl2·EtOH[14] (Table 1).

Table 1. dT1/2/dP in K·GPa–1.

[Fe(abpt)2(NCS)2] 176
[Fe(phen)2(NCS)2] polymorph II 220
[Fe(dpa)2(NCS)2] 187.5
[Fe(pic)3]Cl2·EtOH 150

Figure 3 shows the thermal dependence of 2 for χMT at
different pressures. As for 1, the measurements have been
performed on single-microcrystals in the cooling and warm-
ing modes at a rate of 1 K·min–1. At 300 K and atmospheric
pressure, the χMT value is 3.60 cm3·K·mol–1, which indi-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3571–35733572

cates a HS configuration of the iron(II) ions. This value
remains virtually constant up to the point of the spin transi-
tion, which takes place abruptly at Tc� = 165 K and Tc�
= 169 K. The application of a hydrostatic pressure of
0.19 GPa dramatically influences the spin crossover behav-
iour of 2 particularly in the width of the hysteresis loop.
Indeed, ∆Tc is equal to 20 K. Meanwhile, at atmospheric
pressure ∆Tc is only 4 K. At 0.19 GPa, the critical tempera-
ture for the cooling mode is Tc� = 169 K and for the
warming mode it is Tc� = 189 K. Another remarkable fact
is the decrease in the abruptness of the spin transition in
the cooling mode. This is in contrast to the transition in the
warming mode, which remains steep. A further increase in
the pressure up to 0.33 GPa results in a considerable shift
of the spin transition to higher temperatures, Tc� = 238 K
and Tc� = 240 K, with the hysteresis width being very nar-
row. A complete transformation to a second order phase
transition occurs at 0.55 GPa, where T1/2 is approximately
270 K. At 1.02 GPa, almost all of the molecules are in the
LS state at room temperature. Reversibility of these mea-
surements was checked after a complete relaxation of the
pressure because the magnetic behaviour of 2 at 105 Pa was
perfectly reproducible. Moreover, the magnetic behaviour of
2 in the range of 105 Pa–1.02 GPa was investigated in two
independent experiments, and the exact same results were
obtained.

Figure 3. Thermal dependence of χMT at different pressures for 2.

Figure 4 displays the pressure dependence of the average
Tc

av values calculated as Tc
av = (Tc

down +Tc
up)/2 for 2. As it

can be seen, there is a strong nonlinearity in the case of
compound 2 that contrasts the almost linear dependence
observed for 1. This is an unexpected result in view of the
fact that the mean field theory of phase transitions in SCO
compounds predicts a decrease in the hysteresis width and
in the slope of the transition curve with an increase in the
pressure. The hysteresis vanishes at a critical pressure, and
at even higher pressures the transition transforms into a
second order continuous phase transition.[7,8,15] However,
there are several SCO systems in which the effect of pres-
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sure on the SCO behaviour cannot be adequately described
by this theory. Occurrence of structural phase transitions
and/or a change in the bulk modulus of the materials under
the applied pressure has been proposed for the observed
anomalous behaviour (e.g. increase in the hysteresis width,
nonlinear behaviour of Tc(P) versus P).[5,7,8,16]

Figure 4. T1/2 versus P plots for 1 (filled circles) and Tav versus P
plot for 2 (filled squares). The straight line corresponds to the lin-
ear fit for 1.

As mentioned above, the crystallographic phase transi-
tion that involves the space group change C2/c (HS) ↔
P1̄(LS) takes place concomitantly with the thermally in-
duced HS ↔ LS spin transition in 2. The response of 2
under the applied pressures increases the hysteresis width at
0.19 GPa, and the nonlinear behaviour of T1/2 versus P
could be due to the occurrence of a crystallographic phase
transition under these applied pressures. The unexpected
pressure effects will be understood from the crystal struc-
ture determination under applied pressure and, of course,
at variable temperature.

Experimental Section
Synthesis of 1 and 2: Single-crystals of both compounds were ob-
tained as discussed previously in the literature.[9]

Magnetic Susceptibility Measurements Under Hydrostatic Pressure:
The variable-temperature magnetic susceptibility measurements
were performed on small single-crystals with a Quantum Design
MPMS2 SQUID susceptometer equipped with a 5.5 T magnet and
operated at 1 T and 1.8–375 K. The hydrostatic pressure cell was
made of hardened beryllium bronze with silicon oil as the pressure-
transmitting medium, and was operated in the pressures range

Eur. J. Inorg. Chem. 2006, 3571–3573 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3573

105 Pa–1.2 GPa (accuracy �±0.025 GPa). Cylindrically shaped
powder sample holders with dimensions of 1 mm in diameter and
5–7 mm in length were used. The pressure dependence of the super-
conducting transition temperature of the built-in pressure sensor,
which is made of high purity tin, was used to measure the pres-
sure.[17] Experimental data were corrected for diamagnetism with
Pascal’s constants.
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The monomethyl ester 2MeOdipicH (1) of 2,5-dipicolinic
acid, characterized as its magnesium salt [Mg(H2O)6]-
(2MeOdipic)2, was converted, via the diesters 2MeO-
5ROdipic and the copper complexes [Cu(5ROdipic)2], to the
ligands 5ROdipicH (R = iPr 2a, (S)-2-Bu 2b). The proligands
2MeO-5ROdipic (with R = diisopropyl-D-galactose 2c, myo-
inositol-orthoformate 2d) and 2MeO-5R�NHdipic (where R�

represents the ethyl-protected L-amino acid residues Gly 3a,
Ala 3b, Val 3c and Phe 3d) were obtained from 2-MeO-
5Cldipic and the amino acid ethyl esters. Reaction of 2 and
3 with VOSO4 afforded the complexes [VO(H2O)(5ROdipic)2]
(4a–d) and [VO(H2O)(5R�NHdipic)2], 5a–d, respectively.

Introduction

During the last two decades, in vitro and in vivo studies
have demonstrated the potential of many vanadium
compounds as insulin-mimetic (or insulin-enhancing)
agents.[1–3] Among those which have been shown to be ef-
fective are bis(maltolato)oxidovanadium complexes,[4a]

which successfully passed clinical tests phase I,[4b] [VO-
(pic)2] which normalizes serum glucose and fatty acid levels
in rats with streptozotozin-induced diabetes type 1,[5] and
[VO2(H2O)(2,6-dipic)]–, which had beneficial effects in cats
suffering from diabetes type 2.[6] Picolinato complexes of
vanadium appear to be generally effective,[7] the extent,
however, to which they actually mimic the involvement of
insulin in the glucose and lipid metabolisms is subject to
variations in the coordination periphery. We have recently
shown that the methyl ester derivative [VO(H2O)-
(5MeOdipic)2], where 5MeOdipic is the monomethyl ester
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[Mg(H2O)6](2MeOdipic)2·4H2O, 2b, 3a and 4a·0.5H2O were
characterized by single-crystal X-ray diffraction analysis. Se-
lected type 4 and 5 complexes were submitted to in vitro tests
(fibroblasts, SV 3T3 mice fibroblasts) for their uptake kinetics
and insulin-mimetic behavior. The compounds were compar-
able to insulin in their ability to stimulate cellular glucose
uptake and metabolism. In vitro tests with rat adipocytes
showed that the complexes also mimic the ability of insulin
to inhibit lipolysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of 2,5-dipicolinate, is clearly more effective than the corre-
sponding ethyl ester both in the ability to trigger cellular
glucose uptake (and metabolism) and to inhibit lipolysis.[8]

These differences in impact correlate with the net amount
of vanadium taken up by the cells, possibly indicative for a
balanced hydro/lipophilicity being a key factor in efficacy.

An apparent advantage of vanadium complexes in the
treatment of diabetes mellitus type 1 (lacking insulin pro-
duction) and type 2 (tolerance/resistance against insulin) is
their application per os, and the possibility to design the
compounds so as to provide minimal toxicity and optimal
efficiency along with stability against redox- and hydrolytic
break-down. The compound has to survive the acidic con-
ditions pertinent to the stomach (pH typically around 2), as
well as the slightly alkaline conditions in the small intestines
(pH7–8) and the blood stream (pH7.35). It has to resist
to a certain extent competing ligands such as the plasma
constituents citrate, phosphate and transferrin in order to
preserve the information implanted by the specific proper-
ties of the ligands used in the synthesis of the potential
drug. The complex should be easily absorbed in the gastro-
intestinal tract, transported by the blood stream at least
partly intact, and traffic across the cell membrane. Oxidova-
nadium complexes carrying monoesters of 2,5-dipicolinic
acid as ligands have been shown to fulfil several of these
conditions.[8] Picolinates are natural metabolites; toxicity by
degradation of the complexes thus will be minimized. In
order to improve the trans-membrane transport, a fine-tun-
ing of the hydro/lipophilicity by choosing the “correct” sub-
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Scheme 1.

stituents in the ligand periphery is one option. A second
option is to attach groups to the periphery for which mem-
brane receptors exist and which can thus be recognized by
the cell. Following these concepts, we have extended earlier
investigations on picolinates to galactose and inositol deriv-
atives on the one hand, and carboxamides derived from
amino acids on the other hand. Scheme 1 gives an overview
of the types of compounds discussed in the present work.
Along with the vanadium complexes and their in vitro insu-
lin-mimetic properties, structural features of ligands and li-
gand precursors will be described.

Results and Discussion

Synthesis, Characterization and Structure Determination

The syntheses of the ligands 2a–b followed the route de-
picted in Scheme 2. 6-(Methoxycarbonyl)pyridine-3-car-
boxylic acid (1) was converted into the corresponding acyl
chloride by reaction with thionyl chloride. Addition of a
solution of the acid chloride in toluene to a solution of the
alcohol ROH (R = iPr, (S)-sBu, in 1.4 fold excess) in pyri-
dine yielded the mixed diesters 2MeO-5ROdipic, which

Scheme 2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3575–35853576

were converted via the copper complexes [Cu(5ROdipic)2]
into the acids 5ROdipicH, 2a–b. For the structure of the
anion of 1, 1H–1, see below.

Single crystals of 2b were grown from aqueous acetone
solution. 2b crystallizes in the monoclinic space group P21.
Bond lengths and angles are in the expected range (Table 1).
The molecular structure and a picture showing the hydro-
gen-bonding network are displayed in Figure 1. The mole-
cules are linked through OH···N hydrogen bonds, compar-
able to the features exhibited by other members of this fam-
ily of dipicolinic acid derivatives.[8]

The proligands 2c–d were synthesized in analogy to the
ligands 2a–b, with the modification that equimolar amounts
of acyl chloride and alcohol were reacted. The deprotection
step via the copper complexes was omitted. The cleavage of
the methyl ester group occurred in situ under the conditions
chosen for the synthesis of the vanadium complexes and
concomitantly with the coordination of the carboxylate
function to vanadium.

For the syntheses of the amino acid derivatives 3a–d, cf.
Scheme 2, a solution of the acyl chloride in dichlorometh-
ane was treated with a solution containing the amino acid
ethyl ester hydrochloride and triethylamine in CH2Cl2,
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Table 1. Selected bond lengths [Å] and angles [°] for [Mg(H2O)6](1H–1)2·4H2O, 2b and 3a.

[Mg(H2O)6](1H–1)2·4H2O 2b 3a

C1–O1 1.4516(13) C1–C2 1.499(4) C1–O1 1.458(2)
C2–O1 1.3251(14) C1–O1 1.323(4) C2–O1 1.328(2)
C2–O2 1.2080(13) C1–O2 1.197(4) C2–C3 1.504(3)
C2–C3 1.4960(14) C5–C7 1.492(4) C6–C8 1.503(2)
C6–C8 1.5083(13) C7–O3 1.198(4) C8–N2 1.337(2)
C8–O3 1.2716(13) C7–O4 1.340(4) C8–O3 1.227(2)
C8–O4 1.2390(13) C8–O4 1.479(4) C9–N2 1.442(2)
C1–O1–C2 116.05(9) O1–C1–O2 125.5(3) O1–C2–O2 124.31(18)
O1–C2–O2 124.91(10) O3–C7–O4 124.91(10) O3–C8–N2 122.13(17)
O3–C8–O4 125.91(10)

Figure 1. Top: XSHELL plot of 2b (50% probability level). Bot-
tom: Hydrogen bonding network for 2b (Mercury, vers. 1.1).

Figure 2. XSHELL plot of 3a (50% probability level).

Eur. J. Inorg. Chem. 2006, 3575–3585 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3577

which led to the formation of the desired products in good
yields. The compounds were characterized by the standard
spectroscopic and spectrometric methods. In the case of the
glycine ethyl ester derivative 3a, colorless single crystals
were grown from dichloromethane/hexane at room tem-
perature. 3a crystallizes in the monoclinic space group P21/
c. The molecular structure is shown in Figure 2. Bond
lengths and angles are in the expected range (Table 1).

The magnesium salt of 1, [Mg(H2O)6](1H–1)2·4H2O, was
isolated in low yields as a by-product of the synthesis of the
amino acid derivatives and characterized by IR and 1H
NMR spectroscopy. The magnesium apparently stemmed
from MgSO4 employed as a drying agent for the solvents.
Single crystals grew from a methanolic solution by slow
evaporation of the solvent. The compound crystallizes in
the monoclinic space group P21/c with two independent
molecules in the asymmetric unit. The magnesium cation is
octahedrally coordinated by six water ligands. The molecu-
lar structure is depicted in Figure 3, bonding parameters
are contained in Table 2. There are hydrogen bonds between
the waters of crystallization O8 and O9 (2.74 Å), O8 and
the pyridine-N (2.83 Å), and O9 and water coordinated to
Mg2+ (2.79 Å).

Following a procedure described previously,[8] the vana-
dium(IV) complexes 4a–b were isolated from the reaction of
vanadyl sulfate and the acids 2a–b as green microcrystalline
powders. Green single crystals of compound 4a·0.5H2O
were obtained from a hot aqueous solution on slow cooling.
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Figure 3. XSHELL plot of [Mg(H2O)6](1H–1)2·4H2O (50% probability level). Only one of the anions 1H–1 and two of the waters of
crystallization are shown.

Table 2. Crystal data and structure refinement for (1H–1)2, 2b, 3a, 4a.

[Mg(H2O)6](2-MeOdipic)2 2b 3a 4a·0.5H2O

Emperical formula C16H32MgN2O18 C11H13NO4 C12H14N2O5 C20H23N2O10.5V
M [gmol–1] 564.75 223.23 266.25 510.35
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2(1)/c P2(1) P2(1)/c P1̄
Cell dimensions
a [Å] 13.7795(7) 4.4079(15) 13.0421(17) 10.9185(5)
b [Å] 7.5126(4) 9.434(3) 6.8948(9) 13.4119(5)
c [Å] 13.8657(8) 13.354(4) 15.465(2) 17.6792(8)
α [°] 90 90 90 69.6350(10)
β [°] 117.2500(10) 91.478(6) 112.338(2) 78.2570(10)
γ [°] 90 90 90 77.8200(10)
V [Å3]/Z 1276.07(12)/2 555.1(3)/2 1286.3(3)/4 2348.42(17)/4
ρ(calcd.) [g cm–3] 1.470 1.335 1.375 1.440
µ [mm–1] 0.156 0.102 0.108 0.481
F(000) 596 236 560 996
Crystal size [mm] 0.41×0.34×0.10 0.55×0.26×0.07 0.65×0.10×0.07 0.50×0.250×0.10
θ range [°] 2.94–32.50 2.64–27.49 1.69–27.49 2.14–29.00
Index ranges –20�h�20, –5�h�5, –16�h�16, –14�h�14,

–11�k�11, –12�k�12, –8�k�8, –18�k�18,
–20�l�20 –16�l�16 –19�l�19 –24�l�24

Reflections collected 33675 6338 14783 57316
Independent reflections (Rint) 4587 (0.0457) 1328 (0.0746) 2916 (0.0460) 12361 (0.0478)
Restraints/parameters 15/200 1/148 0/175 13/661
GooF on F2 1.004 0.928 1.055 0.969
Final R (I � 2σI0), R1/wR2 0.0414/0.0985 0.0473/0.0871 0.0464/0.0942 0.0470/0.1208
R indices (all data), R1/wR2 0.0582/0.1050 0.0694/0.0932 0.0765/0.1200 0.0748/0.1348
Largest diff. peak and hole [e·Å–3] 0.555/–0.259 0.225/–0.184 0.518/–0.430 1.099/–0.521

The compound crystallizes in the monoclinic space group
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P1̄ with two independent molecules and one water of
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Figure 4. XSHELL plot of 4a (50% probability level). Only one of the two independent molecules, containing one of the iPr substituents
in a disordered state, is shown. Water of crystallization omitted. Selected bonding parameters: V1–O1 1.5989(14), V1–O2 2.0175(14), V1–
O3 1.1290(15), V1–O7 1.9890(15), V1–N1 2.1503(17), V1–N2 2.1072(16) Å; O1–V1–O3 164.55(7), O2–V1–N2 164.62(7), O7–V1–N1
161.62(6)°.

crystallization, disordered over two positions, in the asym-
metric unit. Two ligands coordinate in the expected biden-
tate manner to form, together with an aqua ligand (O2) in
the equatorial plane and an oxo ligand (O1) in the apical
position, a distorted octahedron, Figure 4. The oxygen O3
of one of the carboxylato groups occupies the axial position
trans to the oxo ligand, leading to the rather long V1–O3
distance 2.1290(15) Å due to the trans influence of the dou-
bly bonded oxygen. The isopropyl group of one of the li-
gands is disordered over two positions (1:1) in one of the
two independent molecules. The bonding parameters for
the coordinated ligand anion are the same within the error
limits as in the free ligand 2a (Table 1). The water of
crystallization is in hydrogen-bonding contact with the car-
boxylate oxygens O4 (2.79 Å) and O3 (2.83 Å).

For the synthesis of the vanadium(IV) complexes 4c–d
and 5a–d, an aqueous solution of vanadylsulfate was mixed
with a solution of the proligand and sodium acetate in
THF/water and heated to reflux for 6 h. Under these condi-
tions, the deprotection of the 2-position of the ligand pre-
cursor and the subsequent formation of the desired vana-
dium complex took place. The resulting dark green solution
was evaporated to dryness. Recrystallization from THF
yielded complexes 4c–d and 5a–d as green solids. All analy-
ses confirmed the coordination of two ligand molecules to
the metal center plus a solvent molecule, commonly water;
cf. Scheme 1 and 4a in Figure 4.

Insulin-Mimetic Tests

The biological tests with regard to glucose uptake and
metabolism were carried out with a modified (see below)
MTT reduction assay using Simian virus transformed mice
fibroblasts as described earlier.[16] In this assay, yellow solu-
ble MTT is reduced to insoluble formazan blue by re-
duction equivalents generated by the metabolism of glucose
by the mitochondrial respiratory chain. The amount of
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formazan blue is determined photometrically and correlates
with the ability of either insulin or the vanadium compound
to stimulate cellular glucose uptake and metabolism by the
cells. The cells were grown to sub-confluency, and incubated
in insulin-free medium for 24 h in order to minimize effects
other than those imparted by the vanadium compound.
This procedure was followed by 3 h incubation with the me-
dium supplemented with the vanadium compound. This
modified MTT test has previously been verified using -
[C6–3H]glucose.[16] In order to determine the time depend-
ent effect, a sample was taken every 15–30 minutes. Com-
pounds included in this study are 4c, 5a, 5c, 5d, VOSO4,
and [VO(5MeOdipic)2], the insulin-mimetic activity of
which has been established earlier, and which proved most
effective among the alkyl derivatives [VO(5ROdipic)2].[8]

The amino acid derivative with alanine, 5b, displayed a be-
havior similar to the glycine derivative 5a.

Figure 5 shows the absorbance for different concentra-
tions of the vanadium compounds relative to a control
group (without vanadium or insulin), and cells incubated
with insulin instead of the vanadium compound. The data
after 60 minutes incubation time are shown. During this
time, about 90% of the overall effect is observed (see be-
low). Except for the glycine derivative 5a, all compounds
exhibit insulin-mimetic properties in the concentration
range (1 µ � c � 200 µ) tested. The most promising re-
sults are those for the phenylalanine derivative 5d, showing
comparable stimulation of glucose uptake and metabolism
as insulin. Particularly noteworthy is the fact that even at
rather low concentrations (c � 10 µ) the vanadium com-
plexes are still active (Figure 5).

The time-dependent effect of compounds 4c and 5a, [VO-
(5MeOdipic)2] and [VO(pic)2] is shown in Figure 6. At an
intermediate vanadium concentration of c = 40 µ the
maximum level of activity is reached after an incubation
time of approximately 90 minutes. Similar results have been
found for other concentrations and other complexes. The
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Figure 5. Glucose uptake stimulated by the vanadium picolinates 4c, 5a, 5c and 5d after 60 min. The absorbance, shown relative to a
control group, reflects the efficacy of the compounds. The diagram also shows the data for [VO(5MeOdipic)2], VOSO4, and a group of
cells where insulin was added instead of vanadium.

time dependence in activity for the compounds apparently
is not as significant as one might expect when considering
the differences in the ligand spheres. Further, Figure 6
clearly shows that the galactose derivative 4c exhibits, at
this specific concentration, an insulin-mimetic activity com-
parable to the well established efficiency of [VO(pic)2][5] and
[VO(5MeOdipic)2].[8] The time dependent insulin-mimetic
effect of 4c at different concentrations reveals that the maxi-
mum level of activity at high concentrations (c = 400 µ

and 200 µ) is already reached after an incubation time of
approx. 45 minutes, cf. Figure 7. In this respect, 4c is
unique, since all of the other compounds considered in this
study displayed the highest activity after 60 to 90 minutes,
even at high concentrations (not shown). Furthermore, the
effect promoted by 4c at c = 400 µ and 200 µ is signifi-
cantly higher than the activity of insulin itself.

Figure 6. Glucose uptake stimulated by 4c and 5a (c = 40 µ) presented as a function of time. This diagram also includes the results for
[VO(pic)2], [VO(5MeOdipic)2] and insulin. Data are not corrected for background.
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Testing of compounds 4c and 5a–c with respect to their
ability to inhibit lipolysis in rat adipocytes required the
presence of 1 m ascorbic acid as a reducing agent. In the
absence of ascorbic acid, aerial oxidation (51V NMR evi-
dence) in the Krebs–Ringer buffer to species of low activity
occurred. Figure 8 shows the effects on the release of free
fatty acids (FFA) by [VIVO(pic)2], the four vanadium(IV)
complexes 4c and 5a–c, and the two dioxidovanadium(V)
complexes K[VO2(pic)2] and K[VO2(2,5dipic)2]. All of the
compounds show an inhibitory effect with respect to the
control C (epinephrine [= adrenalin], which works as an
effective antagonist to insulin), an effect which increases as
concentration is increased from 0.1 to 1 m. The results
obtained with insulin (B in Figure 8) are not quite reached.
There is no sizeable difference in efficiency between the neu-
tral oxidovanadium(IV) and the anionic dioxidovanadi-
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Figure 7. Glucose uptake stimulated by the galactosyl derivative 4c as a function of time over a wide concentration range. Data are not
corrected for background.

Figure 8. Inhibitory effects of vanadium complexes on FFA-release from rat adipocytes treated with epinephrine. Data are expressed as
the means±SDs for three experiments. B: adipocytes treated with insulin. C: adipocytes pre-incubated with saline for 30 min before
treatment with 10 µ epinephrine for 3 h.

um(V) compounds, nor between the different picolinate de-
rivatives. The ligands themselves did not show any appreci-
able activity (data not shown).

Conclusions

In extension of earlier work,[8] we have introduced here
a new concept for the design of potentially insulin-mimetic
vanadium(IV) compounds. The framework represented by
pyridine-2,5-dicarboxylic acid was extended by introducing,
into the 5-position, organic molecules into the ligand sphere
for which membrane receptors exist and/or which modify
the hydro/lipophilicity of the dipicolinatovanadium com-
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plexes. Here, we have employed amino acids, galactose and
inositol residues, along with alkyl derivatives for compari-
son. Selected compounds were subjected to in vitro studies
of their ability to stimulate glucose uptake and oxidative
degradation by modified fibroblasts on the one hand, and
to inhibit lipolysis by adipocytes on the other hand. Except
for the glycine and -alanine derivatives, all compounds
were effective insulin-mimetics in the glucose uptake experi-
ments in the concentration range 200 to 1 µ. The galactose
containing complex initiated an earlier saturation of glucose
uptake in the time-dependent studies than other com-
pounds, which can be interpreted in terms of a faster uptake
of the galactosyl complex by the cells. All of the complexes
also showed insulin-mimetic activity in the inhibition of li-
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polysis, in particular at relatively high concentrations of
1 m.

Experimental Section
General and Chemicals: All preparations of vanadium complexes in
the oxidation state +IV were carried out under nitrogen atmo-
sphere, using Schlenk techniques. For further handling of the com-
plexes, Schlenk techniques were dispensable. Chemicals were ob-
tained from Merck, Aldrich and Fluka and used without further
purification unless stated otherwise. Solvents were dried and puri-
fied by standard procedures. Tetrahydrofuran (THF) was dried and
deoxygenated by refluxing for at least three hours over LiAlH4 and
distilled in an N2 stream. Triethylamine was distilled (88–90 °C)
and stored over molecular sieves (4 Å). Dichloromethane was re-
fluxed for 24 h over calcium hydride. Toluene was refluxed for 24 h
over sodium and then distilled in an N2 stream. Pyridine (H2O
� 0.005%) was stored over molecular sieve. Deionized water was
degassed before use. Products were dried at room temperature un-
der vacuum and stored under N2. The following compounds were
prepared according to published procedures: 6-(methoxycarbonyl)-
pyridine-3-carboxylic acid (1),[9] methyl 5-(chlorocarbonyl)pyri-
dine-2-carboxylate,[10] myo-inositol-orthoformate,[11,12] 1,2:3,4-di-
O-isopropylidene-α--galactose,[13] [VO(pic)2],[14]K[VO2(pic)2],[14]

K[VO2(2,5dipic)].[15]

Analyses and Methods: Elemental analyses were carried out in the
Analytical Laboratory of the Chemistry Department, University of
Hamburg. Infrared spectra were recorded as KBr pellets on a Per-
kin–Elmer 1720 FT–IR spectrometer. NMR spectra were obtained
either on a Varian Gemini 200 BB or a Bruker Avance 400 spec-
trometer at room temperature in 5 mm tubes. Chemical shifts δ are
reported in ppm (parts per million) relative to TMS for 1H and 13C
NMR spectra. Coupling constants (J) are quoted in Hertz. Mass
spectrometry was carried out at the Institute of Organic Chemistry,
University of Hamburg, with the usual spectrometer settings on a
Varian MAT 311A (70 eV, EI) or a VG Analytical 70–250 S (FAB).
EPR spectra of 4a–d and 5a–d were scanned at ca. 9.6 GHz (X-
band) on a Bruker ESP-300 E spectrometer at room temperature
and 100 K. Parameter adaptations by simulation were achieved by
using the Bruker software SimFonia. X-ray structure analyses were
carried out at 153(2) K using Mo-Kα irradiation (λ = 0.71073 Å,
graphite monochromator) on a Smart Apex CCD diffractometer.
Hydrogen atoms were usually found, and otherwise calculated into
idealized positions and included in the last cycles of refinement.
Absorption corrections were carried out by SADABS. Structure
solution and refinement were carried out using the SHELXTL-
Plus software package (G. M. Sheldrick, Version 5.1, Bruker AXS,
1998). For crystal data and structure refinement see Table 2.

CCDC-22102, -285853, -225187, and -257605 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Insulin-Mimetic Tests: Tests for the glucose uptake activity were
based on the MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-2H-tetrazolium bromide) reduction assay.[16] The cells were
cultured in glucose-rich DMEM medium (Dulbecco’s modification
of Eagle’s medium) supplemented with 10% fetal calf serum at
37 °C/5% CO2 to subconfluency. Afterwards, the cells were passed
to an insulin-free, DMEM high glucose medium for 24 h. For the
MTT tests, DMEM (without phenol red) supplemented with MTT
(Sigma; 0.5 g/L) and solutions of the vanadium complexes in dif-
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ferent concentrations were added to the cells and incubated for up
to 3 h at 37 °C in a 5 % CO2 atmosphere. The cells were separated
from the medium and the reaction was stopped by addition of 0.1 

HCl in 2-propanol. The insoluble dye was extracted by HCl/2-pro-
panol, and the amount of formazan blue formed by reduction of
MTT was measured at 570 nm in a multi-well reader (SLT 340
ATC). All measurements were carried out in triplicate; standard
deviations for the absorbances typically amount to 4±2%.

Tests for the inhibition of free fatty acid (FFA) release were per-
formed on epidymal fat pads, excised from male Wistar rats (7
weeks) anesthetized with diethyl ether. The pads were cut into ap-
propriately sized pieces and were incubated with collagenase in
KRB buffer (Krebs–Ringer hydrogen carbonate buffer; 120 m

NaCl, 1.27 m CaCl2, 1.2 m MgSO4, 4.75 m KCl, 1.2 m

KH2PO4, and 24 m NaHCO3; pH7.4) containing 2% BSA at
37 °C with gentle shaking at 100 cycle/min for 1 h. At the end of
the incubation period, the prepared cells were filtered through steri-
lized cotton gauze and washed three times with the KRB buffer.
The cells were incubated at 37 °C for 30 min with the vanadium
complexes, dissolved in DMSO, at various concentrations (0.1–
1.0 m), including 1 m ascorbic acid to prevent their oxidations
in KRB buffer containing 2% DMSO. A 10 µ solution of epi-
nephrine was then added to the reaction mixtures, and the resulting
solutions were incubated at 37 °C for 3 h. The mixtures were centri-
fuged at 3000 rpm for 10 min at 4 °C. On the outer solution of the
cells, the FFA level was determined with a FFA kit (NEFA C test;
Wako, Osaka, Japan).

All animal experiments in the present study were approved by the
Experimental Animal Research Committee of Kyoto Pharmaceuti-
cal University (KPU), and were performed according to the Guide-
line for Animal Experimentation of the KPU.

Synthesis and Characterization

For the NMR assignments, the numbering of the ring-H and -C
atoms follows the usual one. C1 and C7 refer to the carboxylic
carbons in the ring positions 2 and 5, respectively.

[Mg(H2O)6](1H–1)2: This compound was obtained in low yields as
a by-product during the syntheses of the amino acid derivatives 3a–
d (see below). Single crystals were grown by slow evaporation of a
methanolic solution. IR (KBr) ν̃ = 3114, 3075 (ar. C–H); 2955,
2924, 2851 (C–H); 1730 (sh), 1708 (C=O); 1636, 1605, 1561 (C=C),
(C=N); 1479, 1439, 1391, 1324 (C–H); 1287, 1258 (C=C), (C=N);
1158, 1122, 1072, 1030, 1005 (C–O–C); 818 (ar. C–H), ν(C–CO2);
746 (ar. C–H) cm–1. 1H NMR (400 MHz, CD3OD/TMS): δ = 9.19
(m, 1 H, H-2), 8.47–8.45 (m, 1 H, H-4), 8.18–8.16 (m, 1 H, H-5),
3.98 (s, 3 H, H-1) ppm.

General Procedure for the Syntheses of the Ligands 2a–b: To a solu-
tion of methyl 5-(chlorocarbonyl)pyridine-2-carboxylate (1.5 g,
7.56 mmol) in toluene (5 mL) was added dropwise and with cooling
a 1.4 fold excess of the alcohol in pyridine (15 mL). After the ad-
dition of a catalytic amount of 4-(dimethylamino)pyridine, the re-
sulting dark solution was stirred overnight at room temperature.
The solvent was evaporated and the residue dissolved in water. The
aqueous solution was extracted with dichloromethane (5×30 mL).
The organic layer was dried with Na2SO4 and the solvent evapo-
rated. Purification was carried out using column chromatography
on silica gel, elutant ethyl acetate/n-hexane, 1:1, to give a light yel-
low solid (yield 59–65%) which was treated with an equimolar
amount of Cu(NO3)2·3H2O, followed by treatment with hydrogen
sulfide as has been described earlier[8] to produce the ligands as
white solids in yields of 50–85%.

5-(Isopropyloxycarbonyl)-2-pyridinecarboxylic Acid (2a): Yield 44%
(0.69 g). C10H11NO4 (209.20): calcd. C 57.41, H 5.30, N 6.70; found
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C 57.34, H 5.31, N 6.67. IR (KBr) ν̃ = 3053 (ar. C–H); 2980, 2875,
2767 (C–H); 1718 (C=O); 1600, 1583, 1498 (C=C), (C=N); 1471,
1459, 1377 (C–H), (O–H); 1301, 1269 (C=C), (C=N); 1108, 1036
(C–O–C); 750 (ar. C–H) cm–1. 1H NMR (200 MHz, [D6]DMSO):
δ = 9.12 (dd, 4J6,4 = 2.17 Hz, 5J6,3 = 0.82 Hz, 1 H, H-6), 8.40 (dd,
4J4,6 = 2.17 Hz, 3J4,3 = 8.10 Hz, 1 H, H-4), 8.13 (dd, 5J3,6 = 0.82 Hz,
3J3,4 = 8.10 Hz, 1 H, H-3), 5.16 (h, 3J = 6.23 Hz, 1 H, CH(CH3)2),
1.32 (d, 3J = 6.23 Hz, 6 H, CH(CH3)2) ppm. 13C NMR (50 MHz,
[D6]DMSO): δ = 166.17 (C-1), 164.21 (C-7), 152.32 (C-2), 150.39
(C-6), 138.82 (C-4), 128.98 (C-5), 125.24 (C-3), 69.95 (CH(CH3)2),
22.21 (CH(CH3)2) ppm. MS (70 eV, EI): m/z (%): 209 (5) (M+·),
168 (42) (M – C3H5), 165 (34) (M – CO2), 150 (100) (M – C3H7O),
123 (41) (M – C4H6O2), 43 (21) (C2H4N+).

5-[(S)-sec-Butyloxycarbonyl]-2-pyridinecarboxylic Acid (2b): Yield
50% (0.84 g). C10H11NO4 (223.23): calcd. C 59.19, H 5.87, N 6.27;
found C 58.88, H 5.91, N 6.31. IR (KBr) ν̃ = 3047 (ar. C–H); 2976,
2935, 2878, 2768 (C–H); 1715 (C=O); 1599, 1581 (C=C), (C=N);
1457, 1419, 1372 (C–H), (O–H); 1297, 1267 (C=C), (C=N); 1119,
1109, 1035 (C–O–C); 749 (ar. C–H) cm–1. 1H NMR (200 MHz,
[D6]DMSO): δ = 9.17 (br. m, 1 H, H-6), 8.46 (m, 1 H, H-4), 8.19
(br. m, 1 H, H-3), 5.06 (tq, 3J = 6.2 Hz, 1 H, CH(CH3)CH2CH3),
1.78–1.64 (m, 2 H, CH(CH3)CH2CH3), 1.33 (d, 3J = 6.23 Hz, 3 H,
CH(CH3)CH2CH3), 0.94 (t, 3J = 7.4 Hz, 3 H, CH(CH3)-
CH2CH3) ppm. 13C NMR (50 MHz, [D6]DMSO): δ = 165.87 (C-
1), 163.84 (C-7), 151.9 (C-2), 148.88 (C-6), 138.24 (C-4), 128.26 (C-
5), 124.75 (C-3), 73.63 (CH(CH3)CH2CH3), 28.26 (CH(CH3)-
CH2CH3), 19.21 (CH(CH3)CH2CH3), 9.53 (CH(CH3)-
CH2CH3) ppm. MS (70 eV, EI): m/z (%): 223 (1) (M+·), 168 (60)
(M – C4H7), 150 (100) (M – C4H9O), 122 (25) (M – C5H9O2).

Preparation of the Galactose/Inositol Derivatives 2c, 2d: To a solu-
tion of methyl 5-(chlorocarbonyl)pyridine-2-carboxylate (600 mg,
3.0 mmol) in toluene (10 mL) in an ice bath was added a solution
of the corresponding alcohol (3.0 mmol) in pyridine (15 mL). After
addition of a catalytic amount of 4-(dimethylamino)pyridine, the
resulting solution was stirred for 12 h at room temperature. The
solvent was evaporated and the residue extracted with toluene
(10 mL), followed by dichloromethane (10 mL). The galactose de-
rivative was dissolved in 1-butanol and the organic phase washed
with water and a diluted solution of Na2CO3. The organic layer
was dried with MgSO4 and the solvent was evaporated to yield a
yellow oil. The inositol derivative was dissolved in water and the
aqueous phase was extracted with ethyl acetate. The organic layer
was dried with MgSO4 and the solvent was evaporated to yield a
light yellow solid.

2MeO-5GalOdipic (2c): Yield 89% (0.98 g).
C20H25NO9·2H2O·0.5(C4H10O) (496.51): calcd. C 53.22, H 6.90, N
2.82; found C 53.56, H 6.52, N 2.66. IR (KBr) ν̃ = 3112, 2989 (ar.
C–H); 2933, 2851 (C–H); 1728, 1716 (sh) (C=O); 1627, 1597, 1580,
1479 (C=C), (C=N); 1439, 1384 (C–H); 1311, 1275, 1255, 1213,
1168, 1139, 1071, 1003 (C–O), (C–N), (C–O–C); 748 (ar. C–H)
cm–1. 1H NMR (400 MHz, CD3OD/TMS): δ = 9.22–9.15 (m, 1 H,
H-7), 8.56–8.53 (m, 1 H, H-5), 8.27–8.22 (m, 1 H, H-4), 5.52–5.50
(m, 1 H, H-1�), 4.64–4.61 (m, 1 H, H-5�), 4.36–4.28 (m, 2 H, H-2�,
H-3�), 4.02 (s, 3 H, H-1), 3.89–3.85 (m, 1 H, H-4�), 3.69–3.66 (m,
2 H, H-6�), 1.53, 1.41, 1.34, 1.33 (s, 12 H, H-9�, H-10�, H-11�, H-
12�) ppm. 13C NMR (100 MHz, CD3OD/TMS): δ = 165.9, 165.4
(C-8, C-2), 151.8 (C-3), 151.3 (C-7), 140.0 (C-5), 130.3 (C-6), 126.1
(C-4), 110.8, 109.7 (C-7�, C-8�), 97.7 (C-1�), 72.4 (C-2�), 72.2 (C-
3�), 71.9 (C-4�), 67.5 (C-5�), 66.0 (C-6�), 53.5 (C-1), 26.3, 26.2, 25.1,
24.6 (C-9�, C-10�, C-11�, C-12�) ppm. MS (70 eV, EI): m/z (%): 408
(100) (M – CH3), 183 (27) (C8H9NO4

+), 164 (50) (C8H6NO3
+), 115

(26) (C6H11O2
+), 100 (45) (C5H8O2

+), 85 (24) (C5H9O+), 81 (57)
(C5H5O+), 59 (29) (C2H3O2

+), 43 (53) (C3H7
+).
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2MeO-5-Inodipic (2d): Yield 69% (0.73 g). C15H15N1.3O9 (357.48):
calcd. C 50.39, H 4.23, N 5.09; found C 51.90, H 4.35, N 5.18. IR
(KBr) ν̃ = 3399, 3326 (O–H), 3013 (ar. C–H); 2952, 2924, 2852 (C–
H); 1729, 1717 (C=O); 1627, 1597, 1580, 1478 (C=C), (C=N); 1440,
1385 (C–H); 1275, 1162, 1139, 1060, 1007, 993, 960 (C–O), (C–N),
(C–O–C); 748 (ar. C–H) cm–1. 1H NMR (200 MHz, CD3OD/
TMS): δ = 9.21–9.20 (m, 1 H, H-7), 8.28–8.22 (m, 1 H, H-5), 7.98–
7.88 (m, 1 H, H-4), 5.41 (d, 4J = 1.28 Hz, 1 H, H-7�), 4.44–4.40
(m, 2 H, H-1�, H-4�), 4.18–4.06 (m, 4 H, H-2�, H-3�, H-5�, H-6�),
4.01 (s, 3 H, H-1) ppm. 13C NMR (100 MHz, CD3OD/TMS): δ =
166.9, 165.9 (C-8, C-2), 151.5 (C-7), 147.9 (C-3), 140.3 (C-5), 131.3
(C-6), 126.1 (C-4), 103.9 (C-7�), 76.0 (C-2�, C-6�), 70.6 (C-4�), 69.1
(C-3�, C-5�), 61.1 (C-1�), 53.5 (C-1) ppm. MS (70 eV, EI): m/z (%):
352 (3) (M+·-H), 236 (10) (M – C7H3NO), 182 (44) (C8H8NO4

+)
164 (100) (C8H6NO3

+), 137 (26) (C7H7NO2
+), 106 (20)

(C6H4NO+), 73 (41) (C3H5O2
+), 44 (41) (CO2

+).

General Procedure for Compounds (2MeO-5R�NHdipic) 3a–d: To a
solution of the -amino acid ethyl ester hydrochloride (5.0 mmol)
in dichloromethane (10 mL) was added triethylamine (1.52 mL,
1.11 g, 11.0 mmol). The resulting mixture was stirred for 5 minutes
(sometimes formation of a white precipitate was observed). Then a
solution of methyl 5-(chlorocarbonyl)pyridine-2-carboxylate (1.0 g,
5.0 mmol) in dichloromethane (10 mL) was added drop wise with
cooling (5–10 °C). The resulting yellow solution was stirred for 12 h
at room temperature. The solvent was removed by evaporation and
the residue was dissolved in ethylacetate. The solution was filtered,
and the precipitate washed with a small amount of ethylacetate.
The filtrate was concentrated. Purification was carried out using
column chromatography on silica gel; elutant ethyl acetate/n-hex-
ane, 1:1. The products were isolated as slightly yellow oils, which
solidified upon cooling. Yields were 36 to 66%. Single crystals of
compound 3a were obtained by slow diffusion of n-hexane into a
saturated solution of the compound in dichloromethane.

2MeO-5GlyNHdipic (3a): Yield 36% (0.50 g). C12H14N2O5

(266.25): calcd. C 54.13, H 5.30, N 10.52; found C 54.15, H 5.57,
N 9.71. IR (KBr): ν̃ = 3355 (N–H); 3063 (ar. C–H); 2977, 2961 (C–
H); 1753, 1727, 1664 (C=O); 1595, 1531, 1480 (C=C), (C=N), (N–
H); 1440, 1383 (C–H); 1311, 1253, 1200, 1169, 1128, 1024 (C–O),
(C–N), (C–O–C); 753 (ar. C–H) cm–1. 1H NMR (400 MHz, CDCl3/
TMS): δ = 9.14–9.13 (m, 1 H, H-7), 8.33–8.30 (m, 1 H, H-5), 8.21–
8.19 (m, 1 H, H-4), 7.36 (br. t, 1 H, NH), 4.28–4.23 (m, 4 H, H-9,
H-11), 4.03 (s, 3 H, H-1), 1.31 (t, 3J12,11 = 7.1 Hz, 3 H, H-12) ppm.
13C NMR (100 MHz, CDCl3/TMS): δ = 169.74 (C-8), 164.96 (C-
2), 164.90 (C-10), 149.81 (C-3), 148.36 (C-7), 136.63 (C-5), 132.22
(C-6), 124.77 (C-4), 61.78 (C-11), 53.18 (C-1), 41.90 (C-9), 14.13
(C-12) ppm. MS (70 eV, EI): m/z (%): 266 (6) (M+·), 208 (33) (M –
C3H6O), 193 (13) (M – C3H5O2), 164 (100) (M – C5H10O2), 40 (16)
(C3H4

+).

2MeO-5AlaNHdipic (3b): Yield 66% (0.92 g). C13H16N2O5

(280.28): calcd. C 55.71, H 5.75, N 9.99; found C 55.74, H 5.52, N
9.74. IR (KBr) ν̃ = 3296 (N–H); 3067 (ar. C–H); 2985, 2951, 2854
(C–H); 1744, 1718, 1645 (C=O); 1595, 1540 (C=C), (C=N), (N–
H); 1455, 1442, 1381 (C–H); 1311, 1291, 1246, 1214, 1177, 1136,
1020 (C–O), (C–N), (C–O–C); 744 (ar. C–H) cm–1. 1H NMR
(400 MHz, CDCl3/TMS): δ = 9.13–9.12 (m, 1 H, H-7), 8.28–8.21
(m, 2 H, H-4, H-5), 6.94 (br. d, 1 H, NH), 4.82–4.75 (dq, 3J9,NH =
7.1 Hz, 3J9,10 = 7.14 Hz, 1 H, H-9), 4.27 (q, 3J12,13 = 7.14 Hz, 2 H,
H-12), 4.04 (s, 3 H, H-1), 1.56 (d, 3J10,9 = 7.14 Hz, 3 H, H-10),
1.33 (t, 3J13,12 = 7.14 Hz, 3 H, H-13) ppm. 13C NMR (50 MHz,
CDCl3/TMS): δ = 172.90 (C-8), 164.86 (C-2), 164.25 (C-11), 149.74
(C-3), 148.41 (C-7), 136.43 (C-5), 132.27 (C-6), 124.81 (C-4), 61.82
(C-12), 53.16 (C-1), 48.83 (C-9), 18.09 (C-10), 14.12 (C-13) ppm.
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MS (70 eV, EI): m/z (%): 280 (33) (M+·), 235 (13) (M – C2H5O),
208 (34) (M – C3H4O2), 207 (100) (M – C3H5O2), 165 (33) (M –
C6H11O2), 164 (76) (M – C6H12O2), 136 (21) (M – C6H10NO3), 106
(20) (M – C7H12NO4), 78 (25) (C5H4N+).

2MeO-5ValNHdipic (3c): Yield 66% (1.01 g). C15H20N2O5

(308.33): calcd. C 58.43, H 6.54, N 9.09; found C 58.43, H 6.25, N
8.94. IR (KBr) ν̃ = 3307 (N–H); 3103 (ar. C–H); 2971, 2932, 2872
(C–H); 1746, 1713, 1645 (C=O); 1597, 1569, 1523 (C=C), (C=N),
(N–H); 1472, 1437, 1393, 1373 (C–H); 1313, 1301, 1248, 1190,
1160, 1139, 1021 (C–O), (C–N), (C–O–C); 698 (ar. C–H) cm–1. 1H
NMR (400 MHz, CDCl3/TMS): δ = 9.14–9.13 (m, 1 H, H-7), 8.29–
8.19 (m, 2 H, H-4, H-5), 6.74 (br. d, 1 H, NH), 4.81–4.78 (dd,
3J9,NH = 8.44 Hz, 3J9,10 = 4.70 Hz, 1 H, H-9), 4.38–4.14 (m, 2 H,
H-13), 4.04 (s, 3 H, H-1), 2.32 (dq, 3J10,9 = 4.70 Hz, 3J10,11/11� =
6.91 Hz, 1 H, H-10), 1.33 (t, 3J14,13 = 7.14 Hz, 3 H, H-14), 1.03,
1.01 (d, d, 3J11/11�,10 = 6.91 Hz, 6 H, H-11, H-11�) ppm. 13C NMR
(100 MHz, CDCl3/TMS): δ = 175.56 (C-8), 164.92 (C-2), 164.64
(C-12), 149.99 (C-3), 148.41 (C-7), 136.20 (C-5), 132.53 (C-6),
124.87 (C-4), 61.69 (C-9), 57.74 (C-13), 53.20 (C-1), 31.38 (C-10),
19.01, 18.00 (C-11, C-11�), 14.30 (C-14) ppm. MS (70 eV, EI): m/z
(%): 308 (5) (M+·), 235 (85) (M – C3H5O2), 181 (32) (M –
C7H11O2), 164 (100) (M – C6H10NO3), 78 (12) (C5H4N+).

2MeO-5PheNHdipic (3d): Yield 54% (0.96 g). C19H20N2O5

(356.37): calcd. C 64.04, H 5.66, N 7.86; found C 63.88, H 5.66, N
7.74. IR (KBr) ν̃ = 3321 (N–H); 3137, 3068, 3029 (ar. C–H); 2980,
2946, 2870 (C–H); 1734, 1647 (C=O); 1595, 1568, 1526, 1498
(C=C), (C=N), (N–H); 1455, 1439, 1375 (C–H); 1309, 1285, 1194,
1161, 1117, 1099, 1022 (C–O), (C–N), (C–O–C); 748, 700 (ar. C–
H) cm–1. 1H NMR (400 MHz, CDCl3/TMS): δ = 9.00–8.99 (m, 1
H, H-7), 8.21–8.16 (m, 2 H, H-4, H-5), 7.32–7.24 (m, 3 H, H-13,
H-14, H-15), 7.15–7.12 (m, 2 H, H-12, H-16), 6.67 (br. d, 1 H,
NH), 5.09–5.04 (dt, 3J9,NH = 7.49 Hz, 3J9,10 = 5.93 Hz, 1 H, H-9),
4.25 (q, 3J18,19 = 7.16 Hz, 2 H, H-18), 4.03 (s, 3 H, H-1), 3.34–3.23
(m, 2 H, H-10), 1.31 (t, 3J19,18 = 7.16 Hz, 3 H, H-19) ppm. 13C
NMR (100 MHz, CDCl3/TMS): δ = 171.27 (C-8), 164.87 (C-2),
164.15 (C-17), 150.01 (C-3), 148.14 (C-7), 136.26 (C-5), 135.49 (C-
11), 132.34 (C-6), 129.28 (C-12, C-16), 128.74 (C-13, C-15), 127.40
(C-14), 124.91 (C-4), 61.96 (C-18), 53.66 (C-9), 53.21 (C-1), 37.70
(C-10), 14.15 (C-19) ppm. MS (70 eV, EI): m/z (%): 356 (6) (M+·),
283 (14) (M – C3H5O2), 176 (97) (M – C11H16O2), 164 (100) (M –
C11H14NO2), 148 (11) (M – C12H16O3), 131 (18) (M – C12H19NO3),
91 (19) (C7H7

+), 78 (12) (C5H4N+).

Preparation of the Vanadium(IV) Compounds 4a–d and 5a–d. 4a–
b: A solution of the ligand (1.0 mmol) and sodium acetate·3H2O
(136 mg, 1.0 mmol) in water (10 mL) and THF (1 mL) was mixed
with a solution of VOSO4·5H2O (127 mg, 0.5 mmol) in water
(2 mL) at 50 °C to yield light green solids. 4c–d, 5a–d: To a solution
of the proligand (1.0 mmol) and sodium acetate·3H2O (136 mg,
1.0 mmol) in water (3 mL) and THF (6 mL) was added a solution
of vanadyl sulfate·5H2O (127 mg, 0.5 mmol) in water (3 mL). The
resulting green slurry was kept at reflux for ca. 6 h to yield a clear
green solution. The solvent was evaporated, the residue was dis-
solved in THF and filtered. Evaporation to dryness yielded green
solids.

[VO(5-iPrOdipic)2] (4a): Yield 74% (185 mg). C20H20N2O9V·H2O
(501.34): calcd. C 47.91, H 4.42, N 5.59; found C 47.56, H 4.45, N
5.08. IR (KBr) ν̃ = 3114, 3058 (ar C–H); 2983, 2873 (C–H); 1730
(C=O); 1687, 1652 νas(CO2

–); 1609 (C=C), (C=N); 1484, 1397,
1353 (C–H), νs(CO2

–); 1289 (C=C), (C=N); 1108, 1051 (C–O–C);
967 (V=O); 848 (ar. C–H), (C–CO2); 750 (ar. C–H) cm–1. MS
(FAB): m/z = 484 (M–H2O]. EPR (293 K, ethanol): g0 = 1.975, A0
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= 93·10–4 cm–1; (100 K, ethanol): g� = 1.985, A� = 60·10–4 cm–1,
gII = 1.945, AII = 167·10–4 cm–1.

[VO(5-sBuOdipic)2] (4b): Yield 65% (190 mg). C22H24N2O9V·THF
(583.49): calcd. C 53.52, H 5.53, N 4.80; found C 52.70, H 5.47, N
4.98. IR (KBr) ν̃ = 3116, 3080 (ar C–H); 2974, 2931, 2880, 2854
(C–H); 1727 (C=O); 1687 νas(CO2

–); 1643, 1627, 1606, 1578 (C=C),
(C=N); 1485, 1457, 1419, 1357 (C–H), νs(CO2

–); 1283 (C=C),
(C=N); 1130, 1108, 1046 (C–O–C); 977 (V=O); 851 (ar. C–H), (C–
CO2); 748 (ar. C–H) cm–1. MS (FAB): m/z = 512 (M–THF]. EPR
(100 K, ethanol): g� = 1.983, A� = 60·10–4 cm–1, gII = 1.945, AII

= 165·10–4 cm–1.

[VO(5-GalOdipic)2] (4c): Yield 84% (530 mg).
C38H44N2O19V·4THF·0.75Na2SO4 (1260.64): calcd. C 51.45, H
6.08, N 2.22; found C 51.01, H 5.93, N 2.13. IR (KBr) ν̃ = 3114,
3081 (ar C–H); 2988, 2936 (C–H); 1731 (C=O); 1681 νas(CO2

–);
1642, 1608, 1578 (C=C), (C=N); 1457, 1437, 1415, 1383 (C–H),
νs(CO2

–); 1282, 1256, 1283, 1212 (C=C), (C=N); 1168, 1113, 1070,
1002 (O–CH); 973 (V=O); 898, 863 (ar. C–H), (C–CO2); 747 (ar.
C–H) cm–1. MS (FAB): m/z = 884 (M+1). EPR (293 K, THF): g0

= 1.975, A0 = 95·10–4 cm–1; (100 K, ethanol): g� = 1.983, A� =
60·10–4 cm–1, gII = 1.945, AII = 165·10–4 cm–1.

[VO(5-InoOdipic)2] (4d): Yield 85% (331 mg).
C28H24N2O19V·2H2O (779.47): calcd. C 43.15, H 3.62, N 3.59;
found C 43.06, H 4.17, N 3.65. IR (KBr) ν̃ = 3075 (ar C–H); 2929,
2851 (C–H); 1724 (C=O); 1664 (sh) νas(CO2

–); 1635, 1577 (C=C),
(C=N); 1488, 1397, 1348 (C–H), νs(CO2

–); 1287 (C=C), (C=N);
1162, 1124, 1090, 1048, 1006 (O–CH); 985 (V=O); 752 (ar. C–H)
cm–1. MS (FAB): m/z = 778 (M–1]. EPR (293 K, THF): g0 = 1.97,
A0 = 100·10–4 cm–1; (100 K, water): g� = 1.983, A� = 60·10–4 cm–1,
gII = 1.945, AII = 165·10–4 cm–1.

[VO(5-GlyOEtdipic)2] (5a): Yield 73% (241 mg).
C22H22N4O11V·THF·H2O (659.50): calcd. C 47.35, H 4.89, N 8.50;
found C 47.30, H 4.59, N 9.11. IR (KBr) ν̃ = 3067 (ar C–H); 2981,
2953, 2873 (C–H); 1745 (C=O); 1670 νas(CO2–); 1597, 1542 (C=C),
(C=N); 1437, 1417, 1377, 1353 (C–H), νs(CO2

–); 1311, 1248, 1207
(C=C), (C=N); 1119, 1029 (O–CH); 975 (V=O); 873, 829 (ar. C–
H), (C–CO2); 749 (ar. C–H) cm–1. MS (FAB): m/z = 570 (M), 592
[M+Na]. EPR (100 K, ethanol): g� = 1.99, A� = 60·10–4 cm–1, gII

= 1.95, AII = 170·10–4 cm–1.

[VO(5-AlaOEtdipic)2] (5b): Yield 65% (235 mg).
C24H26N4O11V·THF·H2O·0.25Na2SO4 (723.06): calcd. C 46.51, H
5.02, N 7.75; found C 46.15, H 4.45, N 7.99. IR (KBr) ν̃ = 3070
(ar C–H); 2986, 2936, 2854 (C–H); 1738 (C=O); 1665 νas(CO2

–);
1605, 1575, 1541 (C=C), (C=N); 1484, 1452, 1418, 1370, 1343 (C–
H), νs(CO2

–); 1284, 1212, 1179 (C=C), (C=N); 1123, 1047 (O–CH);
977 (V=O); 851 (ar. C–H), (C–CO2); 749 (ar. C–H) cm–1. MS
(FAB): m/z = 598 (M), 620 [M+Na]. EPR (100 K, ethanol): g� =
1.985, A� = 60·10–4 cm–1, gII = 1.950, AII = 163·10–4 cm–1.

[VO(5-ValOEtdipic)2] (5c): Yield 69% (228 mg).
C22H22N4O11V·THF·H2O (659.50): calcd. C 47.35, H 4.89, N 8.50;
found C 47.30, H 4.59, N 9.11. IR (KBr) ν̃ = 3065 (ar C–H); 2967,
2937, 2876 (C–H); 1739 (C=O); 1651 νas(CO2

–); 1570, 1538 (C=C),
(C=N); 1438, 1419, 1393, 1373 (C–H), νs(CO2

–); 1312, 1249, 1197
(C=C), (C=N); 1157, 1021 (O–CH); 975 (V=O); 862, 823 (ar. C–
H), (C–CO2); 744, 697 (ar. C–H) cm–1. MS (FAB): m/z = 654
(M+1], 676 [M+Na]. EPR (100 K, ethanol): g� = 1.981, A� =
60·10–4 cm–1, gII = 1.945, AII = 166·10–4 cm–1.

[VO(5-PheOEtdipic)2] (5d): Yield 50% (203 mg).
C36H34N4O11V·0.5THF·1.5H2O (812.71): calcd. C 56.16, H 5.08,
N 6.89; found C 56.35, H 5.19, N 6.78. IR (KBr) ν̃ = 3061, 3030
(ar C–H); 2980, 2952, 2929, 2868 (CH); 1739 (C=O); 1665
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νas(CO2

–); 1602, 1536, 1497 (C=C), (C=N); 1455, 1438, 1374 (C–
H), νs(CO2

–); 1309, 1247, 1197, 1157 (C=C), (C=N); 1122, 1025
(O–CH); 966 (V=O); 855 (ar. C–H), (C–CO2); 745, 700 (ar. C–H)
cm–1. MS (FAB): m/z = 750 (M+1]. EPR (100 K, ethanol): g� =
1.983, A� = 60·10–4 cm–1, gII = 1.945, AII = 165·10–4 cm–1.
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Crystal Structure of the VV Dimer [V2O2(µ-O)(dmpp)2(OCH3)2] and Its
Equilibrium with the VV Trimer [V3O3(µ-O)3(dmpp)3(H2O)](H2O)2 in
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The behaviour of the cyclic trimeric VV complex [V3O3(µ-
O)3(dmpp)3(H2O)](H2O)2, V3L3, (L = Hdmpp = 3-hydroxy-1,2-
dimethyl-4-pyridinone) was studied in methanol and meth-
anol/water solutions by using 51V and 1D- and 2D 1H NMR
spectroscopy. Red crystals, isolated from a highly concen-
trated methanol solution of the trimeric complex, were ana-
lysed by X-ray crystallography. The solid-state structure of
the compound showed the presence of a new dinuclear VV

cluster and allowed for its formulation as a [V2O2(µ-O)-
(dmpp)2(OCH3)2] complex, V2Y2L2 (Y = OCH3). This complex
crystallises in the monoclinic system: P21/c, a = 8.4573(11) Å,
b = 15.034(2) Å and c = 15.849(2) Å, β = 105.300(2)°, V =
1943,7(4) Å3, Z = 2, and R1(wR2) = 0.0492(0.1706). The trimer
V3L3 complex dissolved in a dry methanol solution fully de-
composes, as shown by the 51V NMR signals at –388, –450
and –551 ppm, which are assigned to a monomer complex
[VO(OMe)(dmpp)2] (VYL2), the dimer V2Y2L2 and the mono-
methyl ester of monovanadate, V1Y (V1 = monovanadate; Y
= OCH3), respectively. In methanol/water solutions, a new
51V NMR signal appears at δ = –492 ppm, which is assigned
to the [VO2(dmpp)(H2O)2] (VL) complex. When the percen-
tage of water in the mixture increases, the relative intensities

Introduction

Vanadium is an essential biological trace element of the
utmost importance.[1,2] It is present in some biological sys-
tems in high concentrations, where it seems to have a rel-
evant role, such as in the Amanita muscaria mushroom as
the amavadin complex[3] and in some ascideas in the form
of tunichromes.[4] Vanadium is the cofactor of some en-
zymes, like the vanadium-dependent haloperoxidases in al-
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of the V2Y2L2 and V1Y signals decrease sharply, and a broad
signal at –488 ppm appears, corresponding to the original VV

trimer complex, which is the only species present in 94%
water. A temperature-dependent 1H NMR study of a CD3OD
solution of V3L3 confirmed the presence, at room tempera-
ture, of the dinuclear V2L2 complex and the VL2 species. At
temperatures below 0 °C down to –50 °C, the appearance of
new signals reflects the presence of isomers for the V2Y2L2

and VYL2 species with different stabilities and symmetries.
2D 1H homonuclear NMR exchange experiments (EXSY) al-
lowed us to establish the isomeric equilibria that take place
in solution, and indicates intramolecular exchange between
the two ligands of the major isomer of VYL2 and intermo-
lecular exchange between the major and minor isomers of
species of different nuclearity, V2Y2L2 and VYL2. However,
no evidence was found for intermolecular exchange between
the major isomers and between the minor isomers of species
of different nuclearity or between isomers of species of the
same nuclearity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gae and lichens[5] and the vanadium-nitrogenases in some
bacteria.[6] It also interferes with the activity of certain en-
zymes, in particular those involved in phosphorylations,[7]

where it acts as a phosphate analogue, and it is responsible
for many physiological and metabolic effects observed in
different organisms, where it is essential at low concentra-
tions although toxic at concentrations higher than 1 m.[8]

Vanadium in biological systems mainly occurs as the an-
ionic vanadate (VV), which is isostructural to phosphate, or
the cationic vanadyl (VIV), depending on the redox proper-
ties of the medium.[8] The insulin-mimetic properties of in-
organic vanadate and vanadyl,[9] as well as of some VIV and
VV complexes,[10] have stimulated the search for a vanadium
complex that can be used as an effective oral substitute for
insulin. The well-recognised biological importance of vana-
dium has attracted much interest for its coordination and
redox chemistry both in the VIV and VV oxidation states
and both in the solid state and in solution. The interest
extends to the modeling of the interaction of vanadium
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with living systems, with particular focus on the structural
and functional biological activity of this element.

The aqueous chemistry of vanadium(V) is very complex.
Hydrolysis, redox and oligomerization reactions can occur
in solution, resulting in different species, depending on the
pH, ionic strength and total vanadium concentration in the
medium,[11] which together determine the coordination
properties of vanadium(V). The structure and reactivity of
vanadate in other solvents, in particular alcohols, have been
largely studied.[12] Vanadium complexes with different geo-
metries and coordination modes containing O and/or N
and/or S as donor atoms in their structures[6b,11,13] have
been useful model compounds to understand the coordina-
tion chemistry of vanadium in living systems. In particular,
the solid-state structures of VIV and VV compounds with
ligands from the class of pyrones and pyridinones (with one
ketonic and one enolic group as donor atoms) have been
determined by X-ray crystallography[14a,15] and EXAFS.[16]

The speciation of these vanadium compounds in solution
has been extensively studied by using potentiomety, UV/
Vis, 51V and 1H NMR and EPR spectroscopy.[14a,16–18]

Compound bis(maltolato)oxidovanadium(IV) [BMOV,
VO(ma)2, ma = maltolate] was the first example to be used
as an insulin-mimetic complex,[14,19] and phase 1 clinical
trials in humans have been completed on bis(ethylmaltol-
ato)oxidovanadium(IV) (BEOV).[20] Several other oxovana-
dium(IV) complexes have also been reported to exhibit in-
sulin-mimetic properties in vivo.[21] The compound bis(3-
hydroxy-1,2-dimethyl-4-pyridinone)oxidovanadium(IV),
VO(dmpp)2 (see Scheme 1 for the structure of the ligand
Hdmpp), as well as the ternary systems formed with low
molecular mass components of blood serum have also been
studied in aqueous solution under anaerobic and aerobic
conditions.[17,18] At physiological pH, VO(dmpp)2 showed
low toxicity in erythrocyte suspensions[22] and promising in
vitro insulin-like properties in fibroblast cell lines[23a] and in
rat adipocytes.[23b]

Scheme 1.

The interaction of vanadate with the ligand Hdmpp in
aqueous solution has been extensively studied by us.[18] A
new trinuclear oxovanadium(V) complex was isolated from
aqueous solution at a pH of 4–5 and was characterised in
the solid state by X-ray crystallography as [V3O3(µ-O)3-
(dmpp)3(H2O)](H2O)2 that contains a cyclic VV cluster and
in aqueous solution by mass spectrometry and 51V and 1H
NMR spectroscopy.[24] In this work, we report on the be-
haviour of this trinuclear VV compound in methanol and
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methanol/water solutions investigated by 51V NMR spec-
troscopy and 1D and 2D 1H NMR spectroscopy. The red
crystals that formed from a highly concentrated CD3OD
solution of the VV trimer were structurally analysed, and
the X-ray crystallographic data obtained indicated the for-
mation of a new dinuclear VV compound [V2O2(µ-
O)(dmpp)2(OCH3)2].

Results and Discussion

X-ray Structure

The X-ray structure obtained for the crystalline [V2O2(µ-
O)(dmpp)2(OCH3)2] complex (V2Y2L2) is shown in Fig-
ure 1 with the atomic numbering scheme, and the corre-
sponding bond lengths and angles are listed in Table 1. It
consists of a dinuclear oxovanadium(V) complex with two
anionic dmpp ligands, one oxygen atom bridge and two
methoxy groups, each coordinated to one vanadium atom.
The oxygen atom bridge links the two vanadium atoms,
each one of which is also coordinated to one oxo group.
Both V1 and V2 atoms adopt a distorted six-coordinate
octahedral geometry (Figure 2). The V1 coordination
sphere is composed of an enolate oxygen atom [V1–O6 =
2.040(3) Å], a ketonic oxygen atom [V1–O7 = 1.989(3) Å],
a deprotonated alkoxide oxygen atom of a methoxy group
[V1–O1M = 1.787(4) Å], a terminal oxo atom [V1–O1 =
1.594(3) Å] and a second oxo atom [V1–O4 = 1.824(3) Å]
that forms a strong bridge to V2 [V2–O4 = 1.804(3) Å]. The
remainder of the V2 coordination sphere is completed by
an enolate oxygen [V2–O3 = 2.060(3) Å], a ketonic oxygen
atom [V2–O5 = 1.972(3) Å], an alkoxide oxygen atom of
the other methoxy ligand [V2–O2M = 1.783(3) Å] and a
terminal oxo atom [V2–O2 = 1.594(3) Å]. A second, weaker

Figure 1. X-ray crystal structure of the complex [V2O2(µ-O)-
(dmpp)2(OCH3)2] showing the atomic numbering scheme. Hydro-
gen atoms have been omitted for simplicity. The ORTEP plot is at
the 30% probability level.
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bridge between V1 and V2 is formed by an enolate oxygen
(O3) of the ligand coordinated to V2 (see Table 1) and an
enolate oxygen (O6) of the ligand coordinated to V1. The
V2–O3 and V1–O6 distances are 2.060(3) Å and 2.040(3) Å,
respectively, as compared with the V1–O3 and V2–O6 bond
lengths of 2.464(3) Å and 2.589(3) Å, respectively. The va-
nadium atom V1 is located at 0.33697 Å from the axial
plane defined by O4, O6, O7 and O1M, and the vanadium
atom V2 is 0.4010 Å from the basal plane defined by O3,
O4, O5 and O2M (Figure 2). Both vanadium atoms have a
strong V=O bond, as the values of the V1–O1 and V2–O2
distances are compatible with those found in other similar
structures.[25] All bond lengths are in the range of the values

Table 1. Selected bond lengths [Å] and angles [°] for [V2O2(µ-
O)(dmpp)2(OCH3)2] with estimated standard deviations in paren-
theses. M indicates the methoxy oxygen atoms.

Bond lengths

V(1)–O(1) 1.594(3) V(2)–O(2) 1.594(3)
V(1)–O(1M) 1.787(4) V(2)–O(2M) 1.783(3)
V(1)–O(3) 2.464(3) V(2)–O(3) 2.060(3)
V(1)–O(4) 1.824(3) V(2)–O(4) 1.804(3)
V(1)–O(6) 2.040(3) V(2)–O(5) 1.972(3)
V(1)–O(7) 1.989(3) V(2)–O(6) 2.589(3)

Bond angles

O(1)–V(1)–O(1M) 99.94(17) O(2)–V(2)–O(2M) 101.51(17)
O(1)–V(1)–O(4) 104.13(17) O(2)–V(2)–O(4) 104.61(17)
O(1M)–V(1)–O(4) 103.30(16) O(2M)–V(2)–O(4) 102.85(15)
O(1)–V(1)–O(7) 101.56(17) O(2)–V(2)–O(5) 100.86(17)
O(1M)–V(1)–O(7) 86.57(16) O(2M)–V(2)–O(5) 87.46(15)
O(4)–V(1)–O(7) 150.29(15) O(4)–V(2)–O(5) 149.83(15)
O(1)–V(1)–O(6) 99.11(16) O(2)–V(2)–O(3) 101.90(16)
O(1M)–V(1)–O(6) 158.03(16) O(2M)–V(2)–O(3) 154.64(15)
O(4)–V(1)–O(6) 82.46(14) O(4)–V(2)–O(3) 80.46(14)
O(7)–V(1)–O(6) 78.95(14) O(5)–V(2)–O(3) 78.69(13)
O(1)–V(1)–O(3) 171.68(16) O(2)–V(2)–O(6) 171.03(15)
O(1M)–V(1)–O(3) 87.04(14) O(2M)–V(2)–O(6) 85.82(14)
O(4)–V(1)–O(3) 69.59(12) O(4)–V(2)–O(6) 68.37(12)
O(7)–V(1)–O(3) 83.25(13) O(5)–V(2)–O(6) 84.49(13)
O(6)–V(1)–O(3) 74.99(12) O(3)–V(2)–O(6) 71.85(12)

V(2)–O(3)–V(1) 81.85(11)
V(2)–O(4)–V(1) 110.33(16)
V(1)–O(6)–V(2) 79.12(11)

Figure 2. Coordination polyhedra in the crystal structure of the
vanadium cluster in the dimeric species [V2O2(µ-O)(dmpp)2-
(OCH3)2].
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reported in the literature for other known polynuclear vana-
dium(V) complexes.[14a,15,26]

The oxido and methoxido ligands of the V2Y2L2 dimer,
which exert a strong trans influence, are cis to one another.
The preference of these ligands for a cis configuration in
such complexes has been demonstrated in VO(OMe)(L)
compounds {where L represents the tetradentate Schiff
bases N,N�-2,2-dimethyltrimethylenebis[salicylidenamin-
ato(2–)] (salnptn) and N,N�-ethylenebis[salicylideneamin-
ato(2–)] (salen)}.[27] In these complexes, a cis-VO(OMe) ar-
rangement was allowed by forcing the normally planar
tetradentate Schiff base ligands into three equatorial and
one axial coordination positions. The oxido and methoxido
ligands are also cis to one another in the cis-VO(OMe)-
(ma)2 complex, which results from aerobic oxidation of
the bis(maltolato)oxidovanadium(IV) complex [VO(ma)2,
BOMV] in methanol.[14a,15a]

The V2Y2L2 dimer complex has an enolic dmpp oxygen
atom (O3 in V1) that is trans and four dmpp oxygen atoms
(enolic O6 and ketonic O7 in V1, and enolic O3 and ketonic
O5 in V2) that are cis relative to the strong V=O bond in
each vanadium atom.[14a,15a] The dmpp oxygen atoms be-
longing to the enolic groups are deprotonated (O3 and O6).
The trans position is destabilised with respect to the other
positions, as shown by the length of the V1–O3 and V2–O6
bonds in the V2Y2L2 species, in a manner similar to that
in other dimeric and monomeric compounds.[28] The dmpp
ligand has a strong preference for meridional coordination,
except when a methoxy group or a water molecule competes
with it for the cis position relative to the oxo group.

The dinuclear complex contains the V2O3 framework,[15b]

which exhibits one bridging oxygen atom (O4) and the for-
mal enolic oxygen atoms (O3 and O6) of the two dmpp
groups. From the X-ray results one could not unambigu-
ously distinguish between a keto-O5 and an enolate-O3
structure for this bifunctional binding group, as the C–O
bond lengths to the formal keto and enolate oxygen atoms
in the C–O–V–O–C chain are almost the same {e.g. C8–O3
[1.338(5) Å], C14–O5 [1.317(6) Å] for the V2 cycle}. It is
possible that the π electron cloud is delocalised over all the
atoms that form each C–O–V–O–C cycle, giving an inter-
mediate character to all the formal ketonic and enolic oxy-
gen atoms of each dmpp molecule.[24] As expected, the dou-
bly bridging (O3 and O6) dmpp atoms have V–O bond
[2.464(3) and 2.060(3) Å for (O3), 2.040(3) Å and
2.589(3) Å for (O6)] that are longer than the V–O bond for
the bridging oxygen atom (O4) [1.824(3) and 1.804(3) Å].
The V2–O6 distance [2.589(3) Å] is even longer than the
V1–O3 distance. The average value of the V–O–V bond
lengths is 1.81(2), which is similar to that obtained for other
polynuclear vanadium compounds.[29] In the V2O3 frame-
work, the bond angle V1–O4–V2 [110.35(16)°] is very dif-
ferent from the bond angles V1–O3–V2 [81.81(11)°] and
V1–O6–V2 [79.12(11)°]. This is in agreement with the re-
sults published for the trimeric species [V3O3(µ-O)3-
(dmpp)3(H2O)](H2O)2.[24]

Figure 3 shows an upper view of the complex along the
pseudo-C2 axis, which passes along the oxygen atom O4.
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Figure 3. Upper view of the complex [V2O2(µ-O)(dmpp)2(OCH3)2]. Hydrogen atoms have been omitted for simplicity. The ORTEP plot
is at the 30% probability level.

This view clearly illustrates the pseudo-C2 symmetry of the
complex. Each of the two methoxy groups is coordinated
to each of the two vanadium atoms. The angle between the
planes of the two dmpp ligands is 34.6°. In this view, it is
easy to foresee that a dynamic equilibrium between dif-
ferent isomers can occur in solution.

Solution Studies

51V NMR Spectroscopic Studies

The behaviour of the cyclic VV trimer compound
[V3O3(µ-O)3(dmpp)3(H2O)](H2O)2, (V3L3)[24] was studied
as a function of solvent composition by 51V NMR spec-
troscopy. Dissolution of black crystals of V3L3 in dry meth-
anol gives a 51V NMR spectrum that shows four signals
with different intensities at –386 (shoulder), –388, –450
and –551 ppm (Figure 4A), which indicates the presence of
four different vanadium(V) species in solution. The signal
at –551 ppm corresponds to the monomethyl ester of vana-
date V1Y (V1 = monovanadate; Y = OCH3),[12c] which was
previously detected as one of the products resulting from
the aerobic oxidation in methanol solution of VO(ma)2 to
[VO(OCH3)(ma)2] and was described as [VO(OCH3)]2+.[15a]

The signal at –450 ppm, with the highest intensity, was as-
signed to the dimer VV complex V2Y2L2. This assignment
is corroborated by the observation of 51V high frequency
shifts of the signals for the dimer with respect to those of
the monomer in other systems, such as the oxovanadium
alkoxides VO(OR)3 or vanadate complexes of hydroxy acids
such as glycerate or lactate.[30]

In a highly concentrated methanol solution, this com-
pound precipitates as red crystals, which were analysed by
X-ray crystallography. The crystal structure is presented in
this work. The signal at –388 ppm was assigned to cis-
[VO(OCH3)(dmpp)2] (VYL2) containing one methoxy
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Figure 4. 51V NMR spectra of solutions of the crystalline VV com-
pound [V3O6(dmpp)3(H2O)]·(H2O)2 obtained at 131.404 MHz and
at 22.0±0.5 °C in (A) dry CH3OH; (B) CH3OH/H2O mixtures, at
pH � 4 and different CH3OH/H2O mol ratios. The CH3OH mol%
is shown in the figure.
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group, analogous to the bis(maltolato) complex
[VO(OCH3)(ma)2],[14a,15a] and its shoulder at –386 ppm to
the corresponding trans isomer.

The 51V NMR spectra of the trimer V3L3 dissolved in
methanol/water solutions with different percentages of the
two solvents dramatically change with the solvent composi-
tion, as shown in Figure 4B. In a solution where the mol
fraction of CH3OH is 83.5%, a new signal appears at δ =
–492 ppm, in addition to those already present. This signal,
which is absent in pure methanol and only appears when
water is present in solution, was assigned to the
[VO2(dmpp)(H2O)2] (VL) complex with no methoxy group
in its structure, which, at pH � 4 appears at –492 ppm, as
previously reported.[18] The relative intensities of the
V2Y2L2 and V1Y signals decrease sharply when the percen-
tage of water in the solution increases. The first signal com-
pletely disappears at 36.0% CH3OH and the second one at
12.3% CH3OH. The signals for the VL and VYL2 species
disappear at 12.3% CH3OH. Furthermore, the VYL2 sig-
nals gradually shift with increasing water content, up to a
value of –376 ppm, reflecting the formation of the
[VO(OH)(dmpp)2] complex, which dominates in water solu-
tion at pH � 4.[18] In addition, at 69.2% CH3OH, a broad
signal appears at –488 ppm. Its intensity increases with the
percentage of water, and when water is present at 94.1%,
it is the only signal observed in the 51V NMR spectrum
(Figure 4B). This signal corresponds to the original VV tri-
mer complex V3L3, whose 51V NMR signal in aqueous
solution at pH � 4 has already been reported.[24] This was
confirmed by slowly evaporating the methanol from a
water/methanol solution of the VV trimer at room tempera-
ture, which leads to an aqueous solution that gives a 51V
NMR spectrum consisting of the same single, broad signal
at –488 ppm. After some time, black crystals were isolated
from the solution, and characterisation of their structure
by X-ray crystallography confirmed that these are indeed
crystals of the VV trimer V3L3 compound, whose structure
had been previously reported.[24]

1H NMR Spectroscopic Studies

1H NMR spectra of solutions of the VV trimer, [V3O3(µ-
O)3(dmpp)3(H2O)](H2O)2, in dry [D4]MeOH (CD3OD, no
water present) were obtained at different temperatures. Fig-
ure 5A shows the signals for the H5 and H6 aromatic dmpp
protons (6.0–8.0 ppm) from 25 °C down to –40 °C, while
Figure 5B shows the signals corresponding to the H5 (6.0–
7.0 ppm) and C(2)–CH3 (1.5–3.0 ppm) dmpp protons at
–50 °C.[14,19] At 25 °C (Figure 5A) two doublets are ob-
served at δ = 7.69 ppm and 7.55 ppm, corresponding to the
H6 protons of the V2Y2L2 and VYL2 species, respectively,
and a doublet at δ = 6.55 ppm and a broad signal at δ =
6.28 ppm, assigned to the H5 protons of the V2Y2L2 and
VYL2 species, respectively. These assignments were made
taking into account the 51V NMR spectra previously dis-
cussed, which show the absence of the VYL and VL species
when no water is present.
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Figure 5. (A) 400 MHz 1H NMR spectra of solutions of the crystal-
line VV compound [V3O6(dmpp)3(H2O)]·(H2O)2 in CD3OD, at dif-
ferent temperatures, showing only the signals corresponding to the
H5 and H6 protons of the ligand dmpp; (B) 200 MHz 1H NMR
spectrum of a solution of the crystalline VV compound
[V3O6(dmpp)3(H2O)]·(H2O)2 in CD3OD, at –50 °C, showing only
the signals corresponding to the H5 (6–7 ppm) and C(2)–CH3 (1.5–
3 ppm) protons of the ligand dmpp. The assignments in the spectra
of Figure 5A are made according to the structures of the isomers
presented in Figure 6.

The 1H NMR spectra at lower temperatures become
more complex, revealing the presence of isomers of these
complexes in solution. At –1 °C, the 6.28 ppm (25 °C)
broad signal splits into two doublets at δ = 6.32 ppm and
6.25 ppm, while the 7.55 ppm (25 °C) signal originates from
the triplet centred at δ = 7.63 ppm formed by two partially
overlapping doublets (Figure 5A, b), which correspond to
the nonequivalent H5 and H6 protons of the two ligands
of the VYL2 compound.[14a,14c,19] These features reflect the
slowing down of the intramolecular dynamic processes,
which, at higher temperature, average the two different envi-
ronments of the H5 and H6 protons of the two ligands in
the dominant cis isomer of VYL2 compound (isomer A,
Figure 6A), making them nonequivalent. At –10 °C, the
new low-intensity doublets appearing at δ = 6.32 ppm and
δ = 7.45 ppm (Figure 5A) are indicative of the presence of
isomeric forms, and correspond to the H5 and H6 protons
of the less stable trans isomer of the VYL2 species (isomer
B, Figure 6B), respectively. The doublet at δ = 6.56 ppm
with a weak intensity corresponds to the H5 proton of an
isomer of the V2Y2L2 dimer with the methoxy groups in a
cis position (Figure 6D); this isomer is less stable than the
major isomer with trans methoxy groups (Figure 6C), which
is similar to the structure obtained in the crystal form. This
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Figure 6. Schematic representation of the chemical structures of the possible isomers of: (A) the more stable and (B) the less stable isomers
of the VYL2 species [VO(dmpp)2(OMe)]; and (C) the more stable and (D) the less stable isomers of the V2Y2L2 species [V2O2(µ-O)-
(dmpp)2(OCH3)2], in methanol solution.

doublet is shifted to 6.57 ppm at –25 °C and to 6.58 ppm
at –40 °C (Figure 5A). At –10 °C the H6 signal of this iso-
mer is not observed, as it overlaps with the large H6 signal
of the major V2Y2L isomer. However, at –25 °C it can be
seen at δ = 7.75 ppm and it shifts to 7.76 ppm at –40 °C.
At lower temperatures the signals of the H6 proton of the
two isomers of VYL2 are shifted to higher frequencies– the
signal of the major isomer (isomer A) becomes superim-
posed with the H6 proton signals of the V2Y2L2 compound.

A schematic representation of the proposed chemical
structures of the two isomers for each of these two species,
which is in agreement with the NMR spectroscopic data, is
presented in Figure 6. From the 1H NMR spectroscopic
data, it is expected that the two H6 protons of the dmpp
ligands in the V2Y2L2 compound are equivalent in each iso-
mer; the same can be said for the two H5 protons (Fig-
ure 6C and D). These protons in the VYL2 species are non-
equivalent in both isomers (Figure 6A and B), although
they are indistinguishable at 25 °C (Figure 5A) because of
the presence of intramolecular averaging processes that are
fast on the NMR time-scale. The structures A and C of
Figure 6 are assumed to represent the more stable isomers
of VYL2 and V2Y2L2, respectively. This assumption is
based on the present X-ray crystal structure data for V2L2

and on the literature data for VYL2 (L = ma).[14,15] How-
ever, a more precise knowledge of the relative stability of
the structures in solution would require a study involving
theoretical energy calculations.

Figure 5B presents an 1H NMR spectrum obtained at
–50 °C that shows the spectral regions 5.8–7.0 ppm, corre-
sponding to the H5 protons, and 1.5–3.0 ppm, correspond-
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ing to the protons of the CH3 group attached to the C(2)
atom of the dmpp molecule. The different doublets corre-
sponding to the H5 protons in the different species in solu-
tion are better resolved and corroborate the presence of two
isomers for the V2Y2L2 complex (one doublet at δ =
6.51 ppm for the more stable isomer C and one doublet at
δ = 6.59 ppm for the less stable isomer D) and two isomers
of the VYL2 compound (two doublets at δ = 6.24 ppm and
6.35 ppm for the less stable isomer B and two doublets at δ
= 6.25 ppm and 6.31 ppm for the more stable isomer A).
With respect to the protons of the C(2)–CH3 group, six sin-
glets are observed: two signals are assigned to the CH3 pro-
tons of the two isomers of the V2Y2L2 complex, each one
corresponding to the six protons of the two equivalent CH3

groups of each isomer, and the other four signals corre-
spond to the four CH3 groups (two nonequivalent CH3

groups in each isomer of the VYL2 complex).

2D NMR Spectroscopic Experiments

Two-dimensional (2D) 1H NMR experiments, COSY (J
correlated spectroscopy) and EXSY [exchange correlated
spectroscopy, obtained using a phase-sensitive nuclear
Overhauser spectroscopy (NOESY) pulse sequence], were
carried out to further investigate the existence of different
isomeric forms in solution, complementing the data ob-
tained through one-dimensional (1D) 1H NMR spectra at
low temperature (–1 °C to –50 °C).

Figure 7 shows the low field region (6.0–8.0 ppm) of the
2D-COSY (Figure 7A) and 2D-EXSY (Figure 7B) spectra
at –10 °C. This temperature value and the region in which
the H5 and H6 signals of the dmpp ligand appear proved to
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Figure 7. 400 MHz 2D 1H homonuclear NMR spectra (spectral region 6–8 ppm) of solutions containing the VV compound [V3O6-
(dmpp)3(H2O)]·(H2O)2, in CD3OD, at –10 °C: (A) COSY spectrum; and (B) EXSY spectrum (mixing time 800 ms) with (C) an expansion
of the H5 proton region. The contours of positive and negative peaks are defined by continuous and dashed lines, respectively.

give the most relevant information. In the COSY spectrum,
cross-peaks correlating the protons H5 and H6 of each spe-
cies in solution are expected. One cross-peak for each of
the isomers C and D of V2Y2L2, two cross-peaks for the
two ligands of the major isomer of VYL2 (isomer A) and
only one of the two expected for its minor isomer (isomer
B) can be observed. These observations confirm the assign-
ments described above for the 1D 1H NMR spectra.

The phase sensitive 2D-EXSY spectrum in the pure
double absorption mode contains two types of cross-peaks.
For small molecules, like those studied here, the cross-peaks
resulting from nuclear Overhauser effects (nOes) that are
based on the intramolecular dipolar interactions of protons
H5 and H6 of the same ligand, which are close in space,
have negative intensities and appear at the same positions
as the COSY cross-peaks. Only three nOe cross-peaks are
observed, two for the major isomer (A) of VL2 and one for
the major isomer (C) of V2Y2L2, as those for the minor
isomers could not be detected. The diagonal peaks and the
exchange cross-peaks resulting from the exchange processes
that occur between different species and/or between the iso-
meric forms of a given species have positive intensities. The
exchange cross-peaks observed for mixing times τm � 1/R,
where R = kex/∆υo is the ratio of the exchange rate constant
and the chemical shift difference between the exchanging
peaks of the same proton in the two species, give useful
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information about the dynamic equilibria in solution.[31]

Their intensities are related to the corresponding exchange
rate constants of the exchange equilibrium. A qualitative
analysis of the exchange patterns of Figure 7B shows six
cross-peaks, two in the H5 region and four in the H6 region.
In the H5 region, there are two stronger correlations – one
between the two ligands of the major isomer of VYL2 (A)
and one between the minor isomer of V2Y2L2 (D) and one
of the two H5 protons of the major isomer of VYL2 (A).
Two weaker correlations in the H5 region are observed be-
tween the minor isomer of V2Y2L2 (D) and the other H5

protons of the major isomer of VL2 (A), and between the
major isomer of V2Y2L2 (C) and the minor isomer of VYL2

(B). In the H6 region, two weak cross-peaks are observed –
one involving correlation of the major or minor isomers of
V2Y2L2 (C or D) with the major isomer of VYL2 (A) and
the other with its minor isomer (B). This uncertainty results
from the overlap of the H6 resonances of isomers C and D
of V2Y2L2. However, taking into account the exchange
pattern observed for the H5 protons, the A↔D and B↔C
correlations between the H6 protons are more plausible.
There is no evidence of cross-peaks correlating the H5 or
H6 protons of the two isomers of the same species.

In conclusion, the 51V NMR spectroscopic data show
that two different oligomeric species containing VV and
dmpp can be isolated in water and methanol. Their X-ray
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crystal structures show that the water species is a cyclic
V3L3 trimer, [V3O3(µ-O)3(dmpp)3(H2O)](H2O)2, while the
methanol species is a V2Y2L2 dimer, [V2O2(µ-O)(dmpp)2-
(OCH3)2]. Dissolution of black crystals of the V3L3 trimer
in methanol leads to its complete dissociation into a
V2Y2L2 dimer, a VYL2 monomer and monovanadate, each
of which has one methoxy group coordinated to the VV

atoms. Red crystals of the dimer were isolated from the
methanol solution. Increasing the amount of water in mix-
tures with methanol leads successively to the appearance of
VL, the disappearance of V2Y2L2 and the monomer species,
while the trimer dominates at high water content.

On the basis of the results from the 2D-EXSY NMR
experiments, the following intermolecular exchange equilib-
ria between the different species were detected in a CD3OD
solution of the trimer VV complex:

V2Y2L2 (C isomer) p VYL2 (B isomer)

V2Y2L2 (D isomer) p VYL2 (A isomer)

These equilibria involve exchange between the major iso-
mer and the minor isomer of species of different nuclearity.
Intramolecular exchange was also detected between the two
ligands of VYL2 (isomer A), but no evidence was found
for intermolecular exchange between the major and minor
isomers of species of different nuclearity or between isomers
of species of the same nuclearity.

Experimental Section
Reagents: Sodium metavanadate, NaVO3, and methanol were pur-
chased from Sigma, and the ligand 1,2-dimethyl-3-hydroxy-4-pyrid-
inone (Hdmpp) from ACROS Organics and used without further
purification. KOH, HCl and CH3OH were obtained from Merck,
while KOD, DCl, D2O (99.9 atom% D) and CD3OD (99.9 atom%
D) from Cambridge Isotope Laboratories. All the experiments were
carried out under aerobic conditions.

Synthesis: The synthesis of the trimer [V3O3(µ-O)3(dmpp)3-
(H2O)](H2O)2 was carried out following the procedure described in
the literature.[24] Red crystals of [V2O2(µ-O)(dmpp)2(OCH3)2] were
isolated from methanolic solution of the trimer; however, under
atmospheric conditions these crystals turn black after replacement
of methanol by water.

Solutions: Solutions of the trimer [V3O3(µ-O)3(dmpp)3(H2O)]-
(H2O)2 used for the 51V NMR spectroscopic experiments contained
CH3OH or CH3OH/H2O mixtures, and were prepared by dissolv-
ing the appropriate amount of the solid compound in the solvent
(or solvents) in order to have the desired concentrations. The
CH3OH/H2O mol ratios were checked by integration of the 1H
NMR signals of the solvents. 1D 1H NMR spectra as well as 2D
1H COSY and EXSY NMR spectra were acquired in CD3OD solu-
tions. pH values were measured by using a Crison MicropH 2002
pH meter with an Ingold 405-M5 combined electrode.

Methods

NMR Spectroscopy: 51V NMR spectra at 22.0±0.5 °C were re-
corded with a Varian Unity-500 Spectrometer operating at
131.404 MHz, using a 5 mm broad band probe. 51V NMR chemical
shifts were externally referenced to a VOCl3 solution at 0 ppm. The
51V NMR acquisition parameters were: 33 kHz spectral width,
25 µs pulse width, 0.5 s acquisition time and 10 Hz line broadening.
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1H NMR spectra were obtained by using a pre-saturation pulse
sequence to eliminate the residual water signal. The low-tempera-
ture 1D and the 2D 1H NMR spectra were obtained with a Bruker
ARX400 NMR Spectrometer operating at 400.13 MHz, using a
5 mm inverse probe and a controlled-temperature unit. Magnitude
COSY and phase sensitive NOESY (800 ms mixing time) were ac-
quired with a spectral width of 4000 Hz in both F1 and F2, with
1024×256 data points. Spectra were processed with unshifted sine
bell (COSY) and sine2 (NOESY) functions. The 1H NMR spec-
trum at –50 °C was obtained with a Bruker AC 200 F Spectrometer
operating at 200.13 MHz, using a 5-mm probe and a controlled-
temperature unit.

ES Mass Spectrum: Electron spray (ES) mass spectra were recorded
with an MSD spectrometer with a fragmentation of 50 V in a mix-
ture of 98% methanol/2% formic acid: m/z = 457 [V2O3-
(C7H8O2N)2(OCH3)]+, 343 [VO(C7H8O2N)2]+, 236 [VO-
(C7H8O2N)(OCH3)]+.

X-ray Crystallography: The crystalline trimer [V3O3(µ-O)3(dmpp)3-
(H2O)](H2O)2 was dissolved in methanol until saturation was
reached. After a few hours, slow evaporation of this solution gave
dark red crystals of X-ray quality. A suitable crystal of [V2O2(µ-
O)(dmpp)2(OCH3)2] was coated with Fomblin oil, placed at the end
of a silica fibre and mounted on a goniometer head of a Bruker
SMART CCD diffractometer in a stream of cold nitrogen gas.
These crystals are unstable and turn black when left in contact with
atmospheric conditions.

Selected crystallographic data are shown in Table 2. Three-dimen-
sional X-ray data were collected at low temperature (173 K) in the
range 1.90 � 2θ � 28.32° with a Siemens SMART 1000 CCD dif-
fractometer by the Ω-scan method. Complex scattering factors were
taken from the programme package SHELXTL.[32] The structure
was solved by direct methods and refined by using full-matrix least-
squares methods on F2. The data were processed and corrected for
Lorentz and polarisation effects and for absorption (semi-empirical
method). The non-hydrogen atoms were refined with anisotropic
thermal parameters in all cases. The hydrogen atoms were refined
to carbon, which were placed in idealised positions and refined by
using a riding mode. A final difference Fourier map showed no
residual density outside –1.064 to +0.845 eÅ–3. Selected bond
lengths and bond angles appear in Table 1.

Table 2. Crystallographic data for the complex [V2O2(µ-O)-
(dmpp)2(OCH3)2].

Empirical formula C16H22N2O9V2

Formula mass [gmol–1] 488.24
Crystal system monoclinic
Space group P21/c
a [Å] 8.4573(11)
b [Å] 15.034(2)
c [Å] 15.849(2)
β [°] 105.300(2)
V [Å3] 1943.7(4)
Z 2
T [K] 173(2)
λ [Å] 0.71073
Dcalcd. [g·cm–3] 1.668
F (000) 1000
No. of reflections collected 10939
No. of observed reflections 3038
R1

[a] 0.0492
wR2 (all data) 0.1706
Largest diff peak and hole [eÅ–3] 0.845/–1.064

[a] R1 = Σ||Fo| – |Fc|| / Σ|Fo|, wR2 = {Σ[w(||Fo|2 – |Fc|2|)2] / Σ[w(Fo
4)]}1/2.
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CCDC-602237 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The reduced Schiff bases of salicylaldehyde [and o-vanillin
(o-van)] with D,L- and L-diaminopropionic acid (DPA), desig-
nated by salDPA, and L-2,4-diaminopentanoic acid [ornithine
(Orn)], designated by salOrn, as well as the VIVO2+ and
VVO2

+ complexes of salDPA were prepared. The compounds
were characterised in the solid state and in solution. The
structure of H4salDPA+Cl– was determined by X-ray diffrac-
tion. Complexation of VIVO2+ and VVO2

+ with salDPA and
salOrn (only the VIVO system) in aqueous solution was
studied by potentiometry, UV/Visible spectroscopy and cir-
cular dichroism, as well as by EPR spectroscopy for the VIVO–

Introduction

The presence of vanadium in biological systems, its insu-
lin-enhancing action[1–4] and anticancer activity[5–7] has
driven a considerable amount of research. Particular inter-
est has been given to the study of the potential benefits
of vanadium compounds as oral insulin substitutes for the
treatment of diabetes.[8–12] Coordinated ligands should be
able to improve the absorption and possibly the transport
of vanadium to the cells, reducing the dose necessary for
producing an equivalent effect. Several vanadium com-
plexes of the dianionic tetradentate Schiff base salen (N,N�-
disalicylideneethylenediamine)-type ligands have been pro
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salDPA system and by 1H- and 51V NMR spectroscopy for the
VVO2–salDPA system. Stoichiometries and complex forma-
tion constants were determined by potentiometry at 25 °C
and I = 0.2 M KCl. Practically only 1:1 complexes were
formed in both systems with composition (VO)LH2 and
(VO)L in the VIVO–salDPA system, and with composition
(VO2)LH and (VO2)L in the VVO2–salDPA system. Spectro-
scopic data provided information about the most probable
binding modes of each stoichiometry.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

posed for use as insulin-enhancing agents, and for treatment
of obesity and hypertension.[13–15] Durai and Samina-
than[13] reported the ability of VIVO(salen) to reverse the
hyperglycemic condition of alloxan-induced diabetic rats to
near normal, thereby exerting insulin-like action. However,
rats tended to become hypoglycemic, and withdrawal of
treatment brought about an immediate return of the hyper-
glycemia. Oxidovanadium(IV) complexes of hydroxysalen
derivatives have also been reported to possess nuclease ac-
tivity in the presence of an activating agent (mercaptopropi-
onic acid or Oxone).[16]

Salen-type ligands present versatile steric, electronic and
lipophilic properties. They may be easily prepared by the
condensation of two compounds: (i) an aromatic o-hy-
droxyaldehyde and (ii) a diamine, the hydrophilic–lipophilic
balance being easily fine-tuned by choosing the appropriate
amine precursors and ring substituents of the aldehyde.
However, Schiff base (SB) ligands have the disadvantage
that they hydrolyse in solution. This instability can be over-
come by the reduction of the SB to give an amine, i.e. li-
gands often designated as salan compounds. This presents
interesting possibilities, as the reduced SB will be more flex-
ible and not restrained to remain planar when coordinated
to a metal centre. Moreover, some of the VIVO2+ and VVO2

+

complexes with salan ligands have been shown to be several
orders of magnitude more stable than the corresponding
salen compounds.[15,17]
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We report the preparation of salan compounds derived

from the condensation of salicylaldehyde [in one case also
of o-vanillin (o-van)] with ,- and -diaminopropionic acid
(DPA), -2,4-diaminopentanoic acid (-ornithine) and -
2,5-diamino-hexanoic acid (-lysine), which are designated
by salDPA (1), salOrn (2) and salLys (3), respectively, and
the preparation of VIVO– and VVO2–salDPA complexes.
The compounds were characterised in the solid state and
in solution. The molecular formulas of two of the salan
compounds prepared (salDPA and salOrn) are depicted in
Scheme 1.

Scheme 1. Molecular formulae of two of the ligands prepared.
Those of salLys (3) and vanDPA (4) are represented in the Support-
ing Information. The totally protonated compound 1 corresponds
to H5salDPA2+. We obtained two different solid compounds:
H3salDPA (1) and H4salDPA+Cl– (1A). When designating these
and the other salan compounds obtained in this work without spe-
cific attention to their protonation state, we will omit the proton-
ation state, e.g. we will normally designate 1 as salDPA.

Most of the biologically important reactions of vana-
dium occur in water-based environments such as blood
plasma or other biological fluids and intracellular media.
Therefore, the knowledge of the distribution and chemical
speciation of the vanadium compounds in aqueous solution
is of utmost importance. Most of the salen-type ligands and
their vanadium complexes prepared so far are not water-
soluble. The vanadium compounds prepared using salDPA
are moderately soluble in water; therefore, they may be use-
ful for therapeutic use. The salOrn ligand (2) was obtained
in a low yield and only a few studies were made using this
compound. However, as salLys (3) is not soluble in water
or in ethanol/water at least up to 10% ethanol, this com-
pound was characterised in the solid state but was not fur-
ther studied.

Figure 1. ORTEP diagram of H4salDPA+·Cl– (1A) with the thermal ellipsoids of the non-hydrogen atoms drawn at the 30% probability
level.
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Studies of moderately water-soluble Schiff bases and
their hydrolytically more stable salan derivatives were pre-
viously reported,[15,17] namely several VIVO– and VVO2–py-
ran complexes [pyran = N,N�-ethylenebis(piridoxylamin-
ato)] were prepared and their properties studied. The li-
gands were found to form basically similar complexes coor-
dinating through the O and N atoms (2×Ophenolate, 2×
Namine/imine). EPR spectroscopic (VIVO–pyran system) and
1H- and 51V NMR spectroscopic (VVO2–pyran system)
studies indicated the presence of various isomeric species in
solution. The additional carboxylate group of salDPA may
alter the structure and stability of the complexes. In fact
salDPA forms very stable complexes with CuII and FeIII,[18]

and in this work we also find that it is an effective ligand
for VIVO2+ and VVO2

+. Moreover, the pendant carboxylate
group may help with the coupling of the salan moiety to
other molecules that may target the compound to specific
biological sites, thereby anticipating the possibility of mini-
mising its toxicity and increasing its efficacy.

Results and Discussion

Synthesis and Characterisation

The reduced SBs 1–2 depicted in Scheme 1 were prepared
by the condensation of two equivalents of the appropriate
aldehyde derivative with one equivalent of the diamine de-
rivative. Treatment of these condensation products with so-
dium borohydride resulted in the reduction of the two imine
bonds, yielding the reduced SBs (salan compounds) de-
picted in Scheme 1. The compounds gave good elemental
analysis and were characterised by 1H NMR spectroscopy.
A reduced SB derived from the reaction of o-vanillin and
DPA [vanDPA (4)] was also obtained and characterised in
the solid state.

Crystals of H4salDPA+Cl– (1A) suitable for X-ray dif-
fraction studies were obtained and more details are given
in the Supporting Information. The amine nitrogen atoms
are both protonated and the carboxylate group is not pro-
tonated. An ORTEP diagram with the molecular structure
is depicted in Figure 1.

The bond lengths found for 1A are within the expected
range, and are similar to those of two related Schiff base
compounds,[19]except for the C=N distance. In these com-
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pounds this distance is 1.248(6) and 1.277(4) Å, and in 1A
it corresponds to two single C–N bonds [1.491(7) and
1.524(6) Å, for N(1)–C(7) and N(2)–C(10), respectively].

Some selected IR data for the ligands and vanadium
complexes are shown in the Supporting Information (Table
S1)[20–23]. The νas(COO) bands appear at 1620–1650 cm–1,
while the νs(COO) bands are assigned to the bands ob-
served at 1415–1480 cm–1. The characteristic ν(V=O) band
appears as a strong band at 960 cm–1 in the IR spectrum of
VIVO(salDPA). For Na[VVO2(salDPA)] the strong ν(V=O)
bands appear at 880 and 906 cm–1.

Solution Studies

salDPA and salOrn

The totally protonated form of compound 1 (Scheme 1)
corresponds to H5salDPA2+. The protonation constants and
respective pKa values derived from the potentiometric ti-
trations are listed in Table 1. These values agree well with
those obtained by Jancsó et al.,[18] for a different medium.
The pKa of the carboxyl group is too low to be determined
by potentiometric measurements, this is because of the
strong electron-withdrawing effect of the neighbouring
amino groups and/or H-bond formation involving these
groups. In the Supporting Information (Section 2), we in-
clude Figure S1 where the 1H NMR chemical shifts of
salDPA are represented as a function of pD. The chemical
shift of the proton attached to C(9) (proton b) shows impor-
tant changes at pD � 2, but the protons attached to C(8)
(protons c) also show some much less important changes in
this pH range. The H4L+ form is dominant in the pH range
2–5 and its deprotonation (pKa2 = 5.91) is well separated
from the following consecutive deprotonation steps. Since

Table 1. Formation constants (logβpqr for species MpLqHr)[a] for the proton, VIVO2+ and VVO2
+ complexes of salDPA and salOrn,[b] and

some derived data (I = 0.2  KCl and 25 °C).

pqr/HmLx/pKan salDPA salDPA salOrn

015/H5L2+/pKa1 –/�1.6 40.31(9)/1.70
014/H4L+/pKa2 35.54(6)/5.91 38.61(8)/7.71
013/H3L/pKa3 29.60(6)/8.45 30.90(6)/8.84
012/H2L–/pKa4 21.15(6)/10.07 22.06(6)/10.45
011/HL2–/pKa5 11.09(9)/11.09 11.61(9)/11.61
010/L3–/–

pqr/MpLqHr
x[c] logβ (VIVO2+)[d] log β (VVO2

+)/pKa log β (VIVO2+)/pKa

112/(VO)LH2 31.28(3) 33.23(3)/6.33
111/(VO)LH– – 26.9(1)/5.9
110/(VO)L2– 23.39(3) 20.99(6)
210/(VO)2L 25.7(3) –
112/{(VO2)LH2}[d] {48.1(2)}[e]/5.08
111/(VO2)LH– 43.02(9)/8.62
110/(VO2)L2– 34.40(9)

[a] Three times the standard deviation is reported in parentheses. [b] A figure with a species distribution diagram for the complexes
formed in the VIVO–salOrn system is included in Section 4 of the Supporting Information. [c] M = (VO) for VIVO complexes and M =
(VO2) for VVO2 complexes. [d] One of the “good” equilibrium models obtained with PSEQUAD from the potentiometric data included
stoichiometry (VO)LH–1 with logβ = 12.92 (other constants have similar logβ values). However, for this different model, (VO)LH–1 starts
forming at pH = 9 and this is not compatible with the Vis spectroscopy and CD results. [e] A VV–salDPA complex forms at pH � ca.
5.5, but precipitation of a grey solid and the possible occurrence of redox reactions precluded the reliable determination of its stoichiome-
try and logβ.
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practically no change in the UV spectra occurs during this
step, this can be assigned to the deprotonation of an amino
group.[18] In Figure S1 it is clear that only the chemical shifts
of the protons attached to C atoms close to the Namine atoms
show significant changes at pD � 6, in particular the proton
attached to C(9) shows important changes. This indicates
that pKa2 is mainly associated with the deprotonation of
atom N(2). Further deprotonation processes are followed by
a continuous increase of the absorption bands at 238 and
292 nm, attributed to intramolecular transitions of the phe-
nolate rings. In Figure S1, for pD � 8 there is a progressive
change in the chemical shifts of all protons (except for pro-
ton b) as pD is increased. Therefore, the three consecutive
deprotonations of H3salDPA involve overlapping deproton-
ation processes related to the second amino group and the
two phenol OH groups. However, the behaviour of the
chemical shifts of the H atoms of C(7) (proton d) and C(8)
(proton c) suggests that the second –NH2

+– group is slightly
more acidic than the two phenol protons whose deproton-
ation occurs at higher pD values, as shown particularly by
the changes in the chemical shifts of the aromatic H atoms
of C(4) and C(13) (protons f1) and of C(2) and C(15) (pro-
tons f2) (see Figure S1).

The protonation constants and pKa values of salOrn, de-
termined by potentiometry, are also included in Table 2.
The pKa values of salOrn (2) are higher than those of
salDPA by a factor of 0.3–1.8 units. Since one of the amino
groups is two carbon atoms further from the carboxyl
group, when compared with salDPA, the pKa(COOH) is
higher for salOrn and could be determined by potentio-
metric measurements. The difference |pKa2

salOrn –
pKa2

salDPA| (equal to 1.8) suggests that the –NH2
+– group

associated with this deprotonation is the one that is closer
to the COO– group.
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Table 2. Spin Hamiltonian parameters for the VIVO–salDPA complexes, obtained by computer simulation of the experimental spectra,
and Az

est values estimated for particular binding modes.

gz
[a] Az (×104 cm–1)[a] Possible binding modes Az

est

gx,y
[a] Ax,y (×104 cm–1)[a] (×104 cm–1)

VOLH2 (II) 1.948 171.1 (COO–, Namine, 2×H2O)eq 173.3
1.963 50.9 (O–

Phen, Namine, 2×H2O)eq(COO–)ax 170.2
VOL (IIIA) 1.944 167.9 (COO–, 2×O–

Phen, H2O)eq(Namine)ax 165.5
1.978 58.0

VOL (IIIB) 1.954 161.4 (2×O–
Phen, COO–, Namine)eq(Namine)ax 160.0

1.978 57.2 (2×Namine, COO–, O–
Phen)eq(O–

Phen)ax 161.2

[a] Spin Hamiltonian parameters obtained by the simulation of the experimental spectra by using the computer programme of Rocken-
bauer and Korecz.[30]

VIVO Complexes

The complex formation constants calculated from the
potentiometric titrations carried out at different vanadium/
salDPA ratios are also included in Table 1.[24] Slow equili-
bration of the solutions only occurred at pH � 10.5 (some
potentiometric measurements) or at pH � 11 (some spec-
troscopic measurements). With VIVO2+ the concentration
distribution diagram (Figure 2) includes the stoichiometries
(oxidation state and charges omitted): VO, (VO)LH2,
(VO)2L (minor species) and (VO)L. For pH � ca. 12 the
CD spectra recorded indicate the formation of a distinct
VIVO–salDPA complex [stoichiometry probably (VO)LH–1];
however, a reliable logβ for this species could not be ob-
tained (see below).

Figure 2. Species distribution diagram for the complexes formed in
the VIVO–salDPA system for solutions for which CVO = 1.0 m
and L/M = 1 (25 °C and I = 0.2  KCl).

It is clear from the speciation diagram that the salDPA
ligand forms very stable complexes with VIVO2+, its hydrol-
ysis products are not formed in measurable concentration
at least in the pH range 2–11 and (VO)L– corresponds to ca.
100% of total V in the pH range 5–11 (at the experimental
conditions specified). In (VO)LH2

+ the tridentate coordina-
tion of the ligand seems to be the most probable, then by
the cooperative deprotonation of the other half of the mole-
cule a significant rearrangement of the coordinating donors
occurs, which results in the formation of a joint chelate-ring
system (for the possible binding modes see later).

Potentiometric pH measurements were also carried out
to determine the equilibrium model and formation con-
stants for the VIVO–salOrn system. The best model includes
the stoichiometries (VO)LH2, (VO)LH and (VO)L; the cor-
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responding logβ values are included in Table 2, and a calcu-
lated species distribution diagram is shown in the Support-
ing Information (Section 3, Figure S2). Compound salOrn
also forms stable complexes with VIVO2+, but the hydrolysis
products of oxidovanadium(IV), namely [(VO)2(OH)5

–]n
and VO(OH)3

–,[25] have a much higher relative importance
in the pH range for the formation of species VOL in the
VIVO–salOrn system than for the VIVO–salDPA system.
This results from the lower stability of this VOL species, as
one ring of the joint chelate system formed with salOrn
is larger than that formed with salDPA (the carbon chain
between the two NH groups is two carbon atoms longer in
Orn than in DPA).

Figure 3 includes some of the CD spectra recorded in
solutions containing VIVO2+ and sal--DPA. Globally the
CD spectra agree well with the speciation diagram included
in Figure 2. Up to pH 2.60, as the only V-containing species
present in solution is VO(H2O)5

2+, the CD signal in the
wavelength range 400–1000 nm (where vanadium-related
bands are expected to show up) is almost zero. As (VO)-
LH2

+ forms, spectra with the band pattern (–,+,–) are re-
corded up to pH ca. 3.4 with λmax � 400 nm (∆εm � 0), ca.
565 nm (∆εm � 0) and ca. 790 nm (∆εm � 0). For pH �
3.5 and up to 5.0, the band pattern gradually changes (see
Figure 3), but in the pH range 5–10.5 the CD spectra re-
main the same, with two main bands at 585 nm (∆εm =
–0.23 mol–1 dm–3 cm–1) and 945 nm (∆εm =
+1.46 mol–1 dm–3 cm–1), and only show small changes in the
pH range 10.5–11.5.

The PSEQUAD computer programme[24] and the CD
spectra obtained at different pH values were used to calcu-
late the logβ and/or the spectrum of each individual species
formed in the VIVO–salDPA system. The calculated logβ
values agree reasonably well with those obtained from the
potentiometry (within ±0.1 log unit), and reasonable CD
spectra could be calculated for VOLH2 and VOL (see Fig-
ure 3d). This confirms that the speciation model proposed
and the stability constants calculated from the potentio-
metric measurements are correct and reliable.

Figure 4 includes some of the visible absorption (Vis)
spectra recorded with solutions containing VIVO2+ and
salDPA. Globally the Vis spectra also agree well with the
speciation diagram included in Figure 2. At pH � 2.60 the
Vis spectra are quite similar to the spectrum of VO-
(H2O)5

2+ (see Figure 4a). For pH � 2.6 bands II (dxy �
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Figure 3. In a, b and c some CD spectra recorded for the VIVO–salDPA system at a 1:1 metal ion/ligand ratio at several pH values
(indicated) and CVO = 1 m are represented. The ∆εm values recorded at pH = 1.96, 2.18, 2.45, 12.4 are close to zero. Spectra in d are
the individual CD spectra calculated for stoichiometries (VO)LH2 and (VO)L by the PSEQUAD programme[24] from the experimental
CD spectra and the equilibrium constants included in Table 2.

dx2–y2) and I (dxy � dxz, dyz) separate gradually, indicating
an increase in the field strength. In the pH range 5.5–11.0
the Vis spectra do not change much (Figure 4b) showing
two bands at ca. 575 nm (εm � 65 mol–1 dm–3 cm–1) and ca.
910 nm (εm � 43 mol–1 dm–3 cm–1), which indicate the pres-
ence of a single predominating species, VOL.

There is an important increase in the absorbance at ca.
400 nm between pH ca. 2.6 and 3.0, a less important one
between 3.0 and 4.0, and then not much change up to pH
12 (Supporting Information, Section 5, Figure S3). This
means that the equatorial coordination of the O–

Phen do-
nors is already important at relatively low pH, and its con-
tribution to the εm values at 380–400 nm does not increase
at pH � 4.0. At pH � 5 the absorbance at ca. 400 nm is
sensitive to small percentages of hydrolysis or oxidation of
the metal ion, but for this system the εm values do not
change much in this pH range.

EPR spectra were measured in “frozen” solutions (77 K)
to check the speciation model and to elucidate the binding
modes of the species. Some of the EPR spectra obtained
for the VIVO–salDPA system, in the region corresponding
to MI = 5/2 and 7/2, are depicted in Figure 5. Table 2 shows
the spin Hamiltonian parameters obtained by simulation of
the experimental spectra. For the VIVO–systems Chas-
teen[26] developed an additivity rule to estimate the hyper-
fine coupling constant Az

est [Equation (1)], on the basis of
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the contributions Az,i of each of the four equatorial donor
groups. The estimated accuracy of Az

est is ±3×10–4 cm–1.

(1)

Most of the Az,i relevant for this work were presented by
Chasteen.[26] The contribution of the carboxylate (COO–)
donor in Equation (1) was estimated by Chasteen as
42.7×10–4 cm–1, on the basis of the Az of the VO-
(oxalato)2

2– complex, assuming that the four COO– groups
coordinate equatorially. However, the solution structure
presumably involves the set (3×COO–, H2O)eq,[27] so this
contribution should be 42.1×10–4 cm–1, the value used in
the present work. This data can be used to establish the
most probable binding mode of the complexes formed, but
care must be taken as the contributions of the donor groups
to the hyperfine coupling may depend e.g. on their orienta-
tion,[28] or the charge of the ligand.[29] The influence of the
axial donor groups (if any) is not taken into account.

Table 2[30] summarises the EPR parameters obtained,
mostly from the simulation of the spectra by using the com-
puter programme of Rockenbauer and Korecz.[30] Globally
the EPR spectra (Figure 5) agree well with the speciation
diagram depicted in Figure 2. Namely, for pH � 3 the only
species detected is the aqua complex [VO(H2O)5

2+ � VO �
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Figure 4. Some of the Vis absorption spectra recorded with aque-
ous solutions containing VIVO2+ and salDPA at a 1:1 metal ion/
ligand ratio at several pH values (indicated) and CVO ca. 3 m.

Figure 5. High field region of the EPR spectra (77 K) of frozen
solutions containing VIVO2+ and salDPA at several pH values, with
L/M = 1 and CVO ca. 3 m. Four main components are detected:
I-[VO(H2O)5]2+, II-(VO)LH2

+, IIIA-(VO)L– and IIIB-(VO)L–.

I]. At pH = 3.04, besides a signal for VO, a signal corre-
sponding to (VO)LH2

+ (II) can already be detected. At pH
3.49 the signals corresponding to VO and (VO)LH2

+ show
similar intensities, but it should be noted that one of the
signals corresponding to (VO)L– (IIIA) also starts appear-
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ing in this field range. In the pH range ca. 4.5–12 only two
EPR components, designated by IIIA and IIIB and corre-
sponding to Az values of 167.9 and 161.4×10–4 cm–1,
respectively, are detected. Their relative intensity is always
the same so they must correspond to isomeric structures of
the same stoichiometry, (VO)L–. Up to pH 12 apparently
no other species forms, and this is consistent with the Vis
and CD spectra obtained. If any small amount of VO-
(OH)3

– is present at high pH, as its Az is ca. 162×10–4 cm–1,
it would not be distinguished from the lines of (VO)L–

(IIIB).
It has been previously emphasised[25] that, as the V atom

in most oxidovanadium(IV) complexes is a stereogenic cen-
tre, most complexes in solution correspond to two enantio-
mers. If the ligand contains stereogenic centres and/or if
one of the coordinating atoms becomes a stereogenic centre,
several isomers corresponding to the same binding mode
necessarily form. This is the case of the VIVO–salDPA sys-
tem where C(9) is a stereogenic centre. Moreover, for the
same stoichiometry more than one type of binding mode
may form. Some may yield distinct EPR signals, others not.

Species (VO)LH2
+ may correspond to binding modes

[(COO–, Namine, 2×H2O)eq(Namine or OPhen)ax] BMa,
[(OPhen, Namine, 2×H2O)eq(H2O or COO–)ax] BMb, or
[(OPhen, COO–, 2×H2O)eq (Namine)ax] BMc (see Scheme 2).
These binding modes correspond to Az

est values of 173.5,
170.2 or 172.3×10–4 cm–1, respectively. The Vis spectra
(Figure 4) indicate a significant equatorial coordination of
OPhen starting at pH � 3; this rules out BMa1 and BMa2.
As the calculated CD spectrum for VOLH2 is quite strong
(Figure 3d), this suggests that the COO– group is coordi-
nated equatorially, since this group should induce a strong
CD effect and is near the stereogenic centre. Therefore, the
predominant binding mode is probably BMc, where a set of
(5+6)-membered chelate rings forms, the part of the salDPA
molecule involved in the coordination being the one closer
to the stereogenic centre.

Species (VO)L– involves at least two types of isomers,
corresponding to species IIIA (Az = 167.9×10–4 cm–1) and
IIIB (Az = 161.4×10–4 cm–1) detected in the EPR spectra
(e.g. Figure 5). Species with binding mode [(2×OPhen,
2×Namine)eq(H2O or COO–)ax] correspond to Az

est =
157.9×10–4 cm–1, quite different from the experimental Az;
therefore, this binding mode does not form significantly.
Species IIIB may correspond to binding modes such as
[(OPhen, COO–, 2×Namine)eq(OPhen)ax] (BMe) corresponding
to Az

est = 161.2×10–4 cm–1, or [(2×OPhen, COO–,
Namine)eq(Namine)ax] (BMf) corresponding to Az

est =
160.0×10–4 cm–1 (see Scheme 2). On the other hand, given
the donor groups available, species IIIA corresponds to
quite a high Az value. The highest reasonable Az

est is ob-
tained for the binding mode [(2×OPhen, COO–, H2O)eq-
(Namine)ax] (BMd), which corresponds to Az

est =
165.5×10–4 cm–1, compatible with the experimental value
(167.9×10–4 cm–1). However, this binding mode assumes
that the amino group N(2)H is deprotonated and noncoor-
dinated, which is hardly probable, even if, not considering
the carboxylate, this group has a lower macroscopic pKa
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Scheme 2. Schematic representation of the plausible structures for
the main stoichiometries that form in the VIVO–salDPA system;
the corresponding Az

est values are also included. In some of these
representations the numbering of atoms of salDPA used in Figure 1
is also included to specify more clearly to which atoms they corre-
spond. For the EPR component IIIA, other plausible binding
modes cannot be ruled out (see text).

(pKa2 = 5.91) value. Possible binding modes that involve
coordination of all groups with high pKa values are: e.g.
[(OPhen, H2O, 2×Namine)eq(OPhen)ax] (Az

est =
164.6×10–4 cm–1) and [(2×OPhen, H2O, Namine)eq(Namine)ax]
(Az

est = 163.8×10–4 cm–1), these also correspond to rela-
tively high Az values and cannot be completely ruled out.
Scheme 2 summarises the set of the most plausible binding
modes for VOLH2 and VOL.

The CD spectrum of the isolated Na[VIVO(sal--DPA)]
complex (see Figure S4) resembles the CD spectrum corre-
sponding to (VO)L– (Figure 3d). The spectrum in Figure 3d
is the calculated spectrum for stoichiometry (VO)L–; there-
fore, it is a weighted average of the CD spectra of all iso-
meric complexes present, i.e. all complex species corre-
sponding to the EPR components IIIA and IIIB.

VVO2 Complexes

The complex formation constants derived from the
potentiometric titrations carried out at different salDPA/
vanadium(V) ratios are also included in Table 2. For the
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VV–salDPA system, the distribution diagram (Figure 6) in-
cludes the stoichiometries (oxidation state and charges
omitted) M, MLH2, MLH and ML (M=VVO2). Hereafter,
MLH2, MLH and ML will be designated by (VO2)LH2,
(VO2)LH– and (VO2)L2–, respectively. The system was also
studied by 51V- and 1H NMR and CD spectroscopy. Some
of the 51V NMR spectra recorded are included in Figure 7
and the CD spectra are included in Figure 8. Under the
experimental conditions used to obtain these spectra, as the
pH was decreased the colour changed from yellow to yel-
low-grey and then to grey (pH � 4). For pH � 5 the pH
was not stable and a solid precipitated. At pH � 4 there
was no important concentration of VV in solution as was
indicated by the low intensity of the 51V NMR spectra. In
the potentiometric titrations similar observations were
made but in the experiments at lower vanadium concentra-
tions (0.5–1 m) no precipitation of any solid compound
was detected upon decreasing the pH. However, as the pH
readings were not stable, only titration points for pH � 5

Figure 6. Approximate species distribution diagram for the com-
plexes formed in the VV–salDPA system for solutions for which CV

ca. 3.0 m and L/M = 1 (t = 25 °C, I = 0.2  KCl). The potentio-
metric data suggest that the VV–salDPA species that forms for pH
� 6 corresponds to a (VO2)LH2 stoichiometry. The full lines were
calculated from the logβ values included in Table 1. The dashed
lines are an estimate of the relative importance of the VV–species
present in solution, partly on the basis of the relative areas of the
51V NMR peaks.

Figure 7. 51V NMR spectra, obtained at 131.404 MHz and at
25.0±0.5 °C, of solutions containing sodium vanadate and
salDPA. Spectra corresponding to two different sets of experiments
are shown, (a) CV ca. 3.0 m and L/M = 1.27 (D2O solution), the
pD values are indicated in each spectrum; (b) CV ca. 4.0 m and
L/M = 1.2 (H2O solution), the pH values are indicated in each
spectrum.



J. Costa Pessoa, T. Kiss et al.FULL PAPER

Figure 8. Some CD spectra recorded for the VVO2–salDPA system at a 1.2:1 ligand/metal ion ratio at several pH values (indicated) and
CV = ca. 3 m. The measurements started at pH ca. 11.5 and were made by making successive additions of an HCl solution. For pH �
5 a grey precipitate started to form, and the amount of this precipitate increased for pH � 4. The CD spectra for pH � 4 were recorded
from clear samples after filtration of the mixture. The CD spectra of species (VO2)LH– and (VO2)LH2– calculated with the PSEQUAD
programme[24] by using the log β values included in Table 1 are shown in Section 8 of the Supporting Information.

were used in the calculations with the PSEQUAD pro-
gramme.

In Figure 7 the 51V NMR peak at –563 ppm (C1), de-
tected between ca. pH 11 and 7.6, corresponds to the
(VO2)L2– species. In this complex the ligand is probably
tetradentate and is coordinated by the two phenolate and
two amine donors (see BMg in Scheme 3), as was observed
in the VV–pyran system where 51V NMR peaks also ap-
peared at ca. –565 ppm.[15] However, as this complex corre-
sponds to a relatively intense CD signal (see below), struc-
tures involving the coordination of the COO– group instead
of one Ophen or one NHamine cannot be ruled out.

The broad peak around –512 ppm (C2), has a peak/
shoulder at –500±2 ppm, and shoulder(s) may also be seen
at �–516±2 ppm. Apparently, the relative intensity of the
peaks at ca. –512 and ca. –500 ppm does not change with
pH, so they correspond to isomeric forms of the same stoi-
chiometry, (VO2)LH–. Scheme 3 includes several plausible
structures for these species.

As mentioned above, for pH � 5 a precipitate forms,
most of the VV is removed from the solution, and the 51V
NMR signals are very weak. Upon addition of an HCl
solution, this grey precipitate dissolves, forming a blue solu-
tion; therefore, the solid contains a VIV species. However,
as neither the grey solid nor its mother solution show an
EPR signal, most of it is probably vanadyl hydroxide (see
also Section 6 in the Supporting Information).

In solutions initially containing 3 m VV and salDPA, a
weak signal at ca. –515 ppm (C3) could be detected between
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ca. pH 5.6 and 4.0 (together with the peak C2 and at least
four other peaks which presumably correspond to oligo-
meric vanadates, not shown in Figure 7). The dashed line
in the pH range 5–6 in Figure 6 was estimated on the basis
of these observations. It is reasonable to assume that this
51V NMR peak corresponds to complex (VO2)LH2, as sug-
gested by the potentiometric calculations.

CD spectra were recorded for aqueous solutions contain-
ing sal--DPA at several pH values, but the ∆εm values were
approximately zero in the range 240–700 nm. Several CD
spectra recorded for the VV–salDPA system are included in
Figure 8. The sal--DPA ligand itself has no significant CD
spectrum for λ � 240 nm and no absorption for λ �
320 nm; therefore, the CD bands observed must mainly be
metal-related induced CD signals. We expect that the effi-
ciency of the sal--DPA donor groups in inducing dissym-
metry in the metal-related bands follows the order COO– �
N(2) � N(1) �� OPhen,[31] i.e. strong CD signals are ex-
pected only when N(2) and particularly COO– are coordi-
nated to the metal centre.

At pH ca. 11.5 the ∆εm values are approximately zero, so
there are no VV–sal--DPA complexes in solution. At
pH 10.5 the pattern of the CD spectrum is the same as
that observed at pH 9.8 or 9.5, but |∆εm|pH10.4 �
1/2|∆εm|pH9.8 or 9.4 (see Figure 8a). These CD spectra corre-
spond to the species (VO2)L2–. Between pH 11.4 and 9.5,
all CD spectra cross at ca. 325 nm, ∆εm = 0, indicating the
presence of only one optically active species in equilibrium
with the VV hydrolysis products. For pH � 9.4 the pattern
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Scheme 3. Schematic representation of the plausible structures for
the main stoichiometries that form in the VVO2–salDPA system. In
some of these representations the numbering of atoms of salDPA
used in Figure 1 is also included to specify more clearly to which
atoms they correspond. Note that, for each of the schematic bind-
ing modes represented, (i) more than one isomer may form, (ii)
other plausible binding modes can be envisaged.

of the CD spectra gradually change, and between pH 8.9
and 7.0 they show an isodichroic point, indicating the pres-
ence of two types of optically active species, VO2L2– and
VO2LH– (Figure 8b). Between pH 7.5 and 5.0, the spectra
remain approximately the same and correspond to (VO2)
LH– (Figure 8c).

For lower pH values, precipitation of a dark-grey solid
occurs. CD spectra could be obtained after filtering the
mixture. Figure 8d includes some of the spectra recorded,
but ∆εm values could not be obtained as the VV concentra-
tion in these solutions is not known. The pattern of these
CD spectra differs from that corresponding to (VO2)LH–

(Figure 8c), so this optically active complex corresponds to
a distinct stoichiometry, (VO2)LH2, as suggested by the
potentiometric data.

Species C3, detected by 51V NMR and CD spectroscopy,
probably corresponds to the binding mode BMl indicated
in Scheme 3. This is the only reasonable way to obtain an
optically active VV–salDPA complex with a (VO2)LH2 stoi-
chiometry, i.e. the (5+6)-chelate rings containing atoms O(2
or 3)–C(17)–C(9)–N(2)–C(10)–C(11)–C(16)–O(4) (see Fig-
ure 1), which are involved in the chelate rings.

Species C2 corresponds to the CD spectra shown in Fig-
ure 8c (and in Figure S6) and to more than one isomer, as
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indicated by the 51V NMR spectrum, where at least two
distinct broad peaks are detected: an intense one at
–512±2 ppm and a weaker one at –500±2 ppm; the differ-
ence in chemical shift between C1 and C2 indicates quite
different binding modes. The broadness of the peaks may
suggest a nonsymmetrical binding mode, BMh and Bmi,
corresponding to a plausible hypothesis. For the tridentate
structures such as BMk and particularly BMj, we would
expect a weak CD signal (see above), but this is not the case
here. However, tridentate structures cannot be ruled out, as
this appears to be the most reasonable explanation for the
large difference in chemical shift between C1 and C2.

Conclusions

The reduced Schiff bases of salicylaldehyde with diami-
nopropionic acid (salDPA) and ornithine (salOrn), as well
as the VIVO2+ and VVO2

+ complexes of salDPA were pre-
pared and characterised in the solid state and in solution.
The structure of one of the protonated forms of salDPA,
H4salDPA+Cl–, was determined by X-ray diffraction. Com-
plexation of VIVO2+ and VVO2

+ with salDPA in aqueous
solution was studied by potentiometry, UV/Visible spec-
troscopy and circular dichroism, as well as by EPR spec-
troscopy for the VIVO–salDPA system and by 1H- and 51V
NMR spectroscopy for the VVO2–salDPA system. The
VIVO–salOrn system was studied by potentiometry.

These reduced Schiff base ligands are less susceptible to
hydrolysis than their corresponding Schiff base compounds,
which we did not isolate in pure form. They also form much
more stable complexes than the corresponding Schiff bases.
As expected for a salen-type ligand derived from an ethyl-
enediamine rather than a butylenediamine moiety, the VIVO
complexes formed with salDPA are much more stable than
those formed with salOrn. In fact, in aqueous solutions
containing 1:1 ligand/metal stoichiometry, no VIVO hydro-
lytic products were detected in the pH range 4 to 11 in the
salDPA system, while for the salOrn system significant con-
centrations of [(VO)2(OH)5

–]n[25] formed in the pH ranges
5–7.5 and 10.5–12.

Practically only 1:1 complexes are formed. The main spe-
cies formed have the composition (VO)LH2

+ and (VO)L– in
the VIVO–salDPA system, (VO)LH2

+, (VO)LH and (VO)L–

in the VIVO–salOrn system and (VO2)LH– and (VO2)L2–

in the VVO2–salDPA system. Spectroscopic data provided
information about the most probable binding mode of each
stoichiometry of the vanadium–salDPA systems. In most
cases, the COO– groups are involved in the coordination to
VIVO2+ or VVO2

+, so the binding modes of the ligand may
differ from those typically found in vanadium–salen sys-
tems.

Globally salDPA is a very effective ligand for VIVO2+ and
VVO2

+, namely in the pH range 6–9. The pendant carboxyl-
ate group may help the coupling of the salan moiety to
other molecules that may target the compound to specific
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biological sites. Therefore, we anticipate the possibility of
using salDPA systems as carriers of vanadium or other
metal ions for this purpose.

Experimental Section
Synthesis of Solid Compounds

salDPA (1): Triethylamine (3 g, 29.8 mmol) was added to a suspen-
sion of - or ,-2,3-diaminopropionic acid (DPA) (2 g, 14.2 mmol)
in methanol (50 mL) in order to neutralise the mixture. Small por-
tions of a solution of salicylaldehyde in MeOH (3.6 g, 29.1 mmol)
were slowly added to this mixture. The mixture became yellow, and
this colour became stronger and stronger until the dissolution of
DPA was completed. The solution was cooled in ice, and sodium
borohydride (2.4 g, 63.9 mmol) was slowly added. A white solid
soon precipitated; it was filtered and suspended in MeOH for 3 h.
The solid was then filtered, washed with water and MeOH and
dried under vacuum. Yield 62%. The number of molecules of water
of crystallization found in the several syntheses performed varied
from 0 to 1 and the values reported are only examples of some of
those found. Yield: 2.8 g, 60%. For H3sal-,-DPA, C17H20.6N2O4.3

[C17H20N2O4·0.3H2O] (321.7): calcd. C 63.46, H 6.45, N 8.71;
found C 63.6, H 6.7, N 8.6. 1H NMR (300 MHz, D2O, �25 °C):
4.30 (s, 5 H, Ar–CH2–N and –CH–N–), 3.55 (d, 2 H, NH–CH2),
6.92 (s, 4 H, CHaromatic), 7.28 (d, 4 H, CHaromatic) ppm. A second
method was also used; in the final stage the white solid was sus-
pended in MeOH, and the pH was lowered with a methanol solu-
tion of HCl (pH � 1.5). The solid dissolved, and ca. 30 min later
another white solid precipitated. This was filtered and washed with
water and MeOH. (Yield: 37%). From the mother solution, kept
at room temperature for one week, white crystals (small needles)
suitable for single-crystal X-ray diffraction were obtained. Yield:
0.132 g, 37%. For H4sal-,-DPA·Cl (1A), C17H21N2O4Cl (358.2):
calcd. C 57.87, H 6.00, N 7.94; found C 58.0, H 6.3, N 7.9. For
H4sal--DPA·Cl, C17H21.6N2O4.3Cl [C17H21N2O4Cl·0.3H2O]
(358.2): calcd. C 56.99, H 6.08, N 7.82; found C 57.1, H 6.3, N 7.7.

sal-L-Orn (2): An ethanol solution (5 mL) of salicylaldehyde
(0.230 mL; 2.2 mmol) was added to an aqueous solution (20 mL)
of -ornithine (0.169 g, 1 mmol). The yellow solution was stirred
for ca. 1 h and then cooled to ca. 0 °C. As a solution of sodium
borohydride (0.095 g, 2.5 mmol) in ethanol (2 mL) containing a few
drops of a NaOH (4 ) solution was slowly added, the yellow col-
our gradually disappeared. After ca. 2 h, the pH was set to ca. 5.2
with HCl (3 ). The solution was kept in a refrigerator at ca. 4 °C
for one week. A small amount of a white precipitate formed, which
was filtered, washed with cold water, ethanol and ether and dried
in vacuo. Yield: 0.051 g, 13%. For H3sal--Orn, C19H28.4N2O6.7

[C19H24N2O4·2.7H2O] (393.0): calcd. C 58.06, H 7.54, N 7.13;
found C 58.0, H 7.5, N 7.1.

sal-L-Lys (3): The procedure was identical to the one used for sal-
-Orn, but the white solid sal--Lys precipitated overnight. Yield:
28%. The number of molecules of water of crystallization found in
the several solids obtained varied from 2 to 3, and the value in-
cluded here corresponds to one of the batches. Yield: 0.114 g, 28%.
For H3sal--Lys, C20H31.4N2O6.7 [C20H26N2O4·2.7H2O] (407.0):
calcd. C 59.01, H 7.77, N 6.88; found C 59.0, H 7.8, N 6.8. The
compound is not soluble in water or in ethanol/water (at least up
to 10% ethanol).

van-D,L-DPA (4): A methanol solution (5 mL) of o-vanillin (0.339 g,
2.2 mmol) was added to a suspension of ,-2,3-diaminopropionic
acid (DPA) (0.142 g, 1 mmol) in methanol (10 mL). Triethylamine
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was added in order to obtain a pH value of ca. 7.0. The yellow
solution was stirred for 3 h at room temperature and then cooled
to ca. 0 °C. Sodium borohydride was then slowly added (0.113 g,
3.0 m), and the solution became colourless. A small amount of a
white solid precipitated, which was washed with cooled water (ca.
4 °C), methanol and ether and then dried in vacuo. Yield: 0.092 g,
ca. 22%. For H3van-,-DPA, C19H28.8N2O8.4

[C19H24N2O6·2.4H2O] (419.6): calcd. C 54.38, H 6.92, N 6.65;
found C 54.4, H 6.4, N 6.6.

Na[VIVO(salDPA)]: salDPA was (0.322 g, 1 mmol) dissolved in
20 mL of ethanol/water (1:3), and a few drops of NaOH (4 ) were
added to promote total dissolution. An aqueous solution (2 mL)
of sodium acetate (0.675 g, 5 mmol) was then added, followed by
the addition of an aqueous solution (2 mL) of VOSO4·5H2O
(0.26 g, 1 mmol). The solution became pink, and a pink solid pre-
cipitated, which was filtered, washed with cold water (�4 °C), etha-
nol and ether, and dried under vacuum. Yield: 0.0987 g, 23%. For
Na[VIVO(sal-,-DPA)], C17H16N2NaO5V [C17H16N2O5VNa·
1.5H2O] (429.2): calcd. C 47.57, H 4.46, N 6.53, Na 5.36; found C
47.8, H 4.7, N 6.5, Na 6.3. All procedures were performed under
N2 and both Na[VIVO(sal-,-DPA)] and Na[VIVO(sal--DPA)]
were prepared.

Na[VVO2(salDPA)]: sal-,-DPA (0.322 g, 1 mmol) was dissolved
in 25 mL of water, and a few drops of NaOH (4 ) were added to
promote total dissolution. An aqueous solution (5 mL) of ammo-
nium vanadate was prepared, also containing a few drops of NaOH
(4 ). Under vigorous stirring, the vanadate solution was slowly
added to the salDPA solution. A solution of HCl (3 ) was then
slowly added until pH ca. 8 was obtained. While adding the acid,
a dark solid first appeared, but it disappeared upon stirring. The
initial yellow colour became greenish. After 2 h of stirring, a grey-
ish solid formed, it was filtered, and the filtrate was kept. After ca.
20 h a lemon-green solid was formed, which was filtered and
washed with cold water (�4 °C), ethanol and ether, and dried un-
der vacuum. Yield: 0.188 g, 40%. For Na[VO2(sal-,-DPA)],
C17H20N2NaO7V [C17H16N2O5VNa·2H2O] (470.2): calcd. C 44.95,
H 4.44, N 6.17, Na 5.05; found C 44.9, H 4.4, N 6.0, Na 4.6.

Potentiometric Measurements

All measurements were made in aqueous solution. The purity of
the ligands was checked potentiometrically and the exact concen-
tration of solutions was determined by the Gran method.[32] The
stock solution of VIVO was prepared and standardised as reported
earlier.[33,34] The H3O+ concentration in the stock solutions were
determined by potentiometry. The VV stock solution was prepared
by dissolving KVO3 (Sigma–Aldrich) in an accurately measured
volume of a KOH solution of known molarity (0.1977 ), and its
OH– concentration was calculated by taking into account the total
volume of the VV stock solution prepared.

All solutions were manipulated in an inert atmosphere (high purity
N2 or purified argon). The ionic strength was adjusted to 0.20 

KCl and the temperature was 25.0±0.1 °C. The pH was measured
with an Orion 710A precision digital pH meter equipped with an
Orion Ross 8103BN type combined glass electrode, calibrated for
hydrogen ion concentration as described earlier.[33] The ionic prod-
uct of water was pKw = 13.76.

The protonation constants of salDPA were determined from five
titration curves of 4- to 8-mL samples with initial concentrations
in the range 0.002 to 0.01 . Those of sal--Orn were determined
from five titration curves of 2- to 4-mL samples with a similar
concentration range.

Stability constants of the VIVO–salDPA system were determined
by potentiometric titrations of six 10.0-mL samples. The metal con-
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centrations were in the range 0.0005–0.003 , and the L/M ratio
was from 0.7 to 4. Titrations were normally performed from pH
2.0 up to 11, unless very extensive hydrolysis, precipitation (only
for L/M = 0.7, at pH = 4.0) or very slow equilibration was detected,
with KOH solution of known concentration (ca. 0.2 ) under a
purified argon atmosphere. For the VIVO–sal--Orn system, the
metal concentrations were in the range 0.001–0.004 , and the L/
M ratios varied from 1 to 4. Titrations were normally performed
from pH 2.0 up to 11 in a 5-mL thermostatted cell, by using the
same criteria as for the VIVO–salDPA system.

The stability constants of the VVO2–salDPA system were also de-
termined by potentiometric titrations of six 10.0 mL samples from
pH 12 to ca. 4 (or down to pH ca. 5 for the more concentrated
samples, as some precipitation was detected at pH � 5) with an
HCl solution of known concentration (ca. 0.2 ). The reversibility
of the VV complexation was checked for three L/M ratios by titrat-
ing samples starting from pH ca. 5. The reproducibility of titration
points included in the evaluation was within 0.005 pH units in the
pH range 5–11.

The concentration stability constants βpqr = [MpLqHr]/[M]p[L]q[H]r

were calculated by using the PSEQUAD computer programme.[24]

The formation of the following VIVO hydroxido complexes was
taken into account: [VIVO(OH)]+, [(VIVO)2(OH)2]2+, [(VIVO)2-
(OH)5]– and [VIVO(OH)3]–.[25,35,36] As is discussed in ref.[25], the
logβ of [(VIVO)2(OH)5]– and [VIVO(OH)3]– are not known accu-
rately. Therefore, the calculations for pH � 4 may not be entirely
reliable, particularly for systems and experimental conditions where
these VIVO-hydroxido complexes have significant concentrations.
For the VIVO–salDPA this is not the case, but for the salOrn system
some inaccuracies may result from this. For the VV systems, the
stability constants were similarly defined, where M refers to VO2

+.
The speciation of vanadate into monomeric, dimeric, tetrameric,
pentameric and decameric species[37] was taken into account.

Spectroscopic Measurements

General: IR spectra were recorded either with a BioRad FTS
3000 MX FTIR or with a Jasco FTIR 430 spectrometer. Visible
spectra were recorded either with a Hitachi U-2000 or a Perkin–
Elmer Lambda 9 UV/Vis/NIR spectrophotometer. The CD spectra
were recorded with a JASCO 720 spectropolarimeter, either with
a red-sensitive photomultiplier (EXEL-308) suitable for the 400–
1000 nm range or with the photomultiplier suitable for the 200–
700 nm range. The EPR spectra were recorded at 77 K (with glass
made by freezing solutions in liquid nitrogen) with a Bruker ESP
300E X-band spectrometer. The 1H- and 51V NMR spectra were
obtained with a Varian Unity-500 NMR spectrometer operating at
499.824 and 131.404 MHz, respectively, by using a 5-mm-broad-
band probe and a controlled-temperature unit set at 25±1 °C.
Most of the 1H NMR spectra were obtained with a Varian Unity
300 spectrometer also at ca. 25 °C.

UV/Vis and CD Spectroscopy: All measurements were made in
water. The temperature was kept at 25.0±0.3 °C with circulating
water. Unless otherwise stated, by visible (Vis) or circular dichroism
(CD) spectra we mean a representation of εm or ∆εm values vs. λ
[εm: absorption/(bCM) and ∆εm: differential absorption/(bCM),
where b: optical path and CM: total VIV or VV concentration]. The
spectral range covered was normally 350–900 (Vis) and either 240–
600 or 400–1000 nm (CD). All measurements and operations of the
spectropolarimeter were computer-controlled. Normally the spec-
tra were recorded by changing the pH with approximately fixed
total vanadium and ligand concentrations. The CD spectra of poly-
crystalline samples were obtained as described in ref.[38]
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EPR Spectroscopy: In the absence of ethylene glycol, a relatively
broad background was present in most of the frozen solution EPR
spectra; therefore, most spectra were run with aqueous solutions
containing 5% of ethylene glycol. The VIVO EPR spectra were sim-
ulated by using a programme by Rockenbauer and Korecz.[30] The
EPR spectra help to elucidate which groups coordinate in solu-
tion.[26] For the VIVO systems, we used the additivity rule to esti-
mate the hyperfine coupling constant Az

est (see above).
1H- and 51V NMR Spectroscopy: All samples were prepared at
room temperature immediately before the acquisition of the NMR
spectra. Ligand solutions for the 1H NMR pH titrations were pre-
pared in D2O (99.995%D) by weighing the appropriate amount of
the ligand in order to have the desired concentration. The pD val-
ues of these solutions were adjusted with DCl and CO2-free NaOD
solutions, and measured by using either a Crison MicropH 2002
pH-meter with an Ingold 405-M5 combined electrode, or a Thermo
Orion 420A+ pH meter with a Mettler Toledo U402-M3-S7/200
combined microelectrode (all calibrated at 20±1 °C with standard
aqueous buffers at pH 4.0 and 7.0). The final values of pD were
determined from pD = pH* + 0.40, where pH* corresponds to the
reading of the pH meter.[39] To obtain 51V NMR spectra, the solu-
tions containing the VV–salDPA complexes were normally pre-
pared by adding the appropriate amounts of the ligand salDPA to
aqueous sodium vanadate solutions of known concentrations and
at pH ca. 11–12 in order to have the desired L/M ratios (L/M = 1–
1.2). The initial VV concentration in the samples was 3 to 5 m.
The measurements normally started at pH ca. 12 and were contin-
ued down to pH 4 (in one set of experiments down to pD 1.8) by
addition of an HCl solution. In these experiments, a dark grey
precipitate formed at pH � 4–5 (depending on the concentrations),
but as the solid settled at the bottom of the NMR tubes, NMR
spectra could be obtained from the clear solution. For the acqui-
sition of 1H NMR spectra from which data shown in Figure S1
was obtained, a ca. 5-m solution of salDPA was prepared at pD
ca. 13 in D2O, by addition of CO2-free NaOD. The measurements
were performed down to pH 1 by addition of DCl (or NaOD,
whenever necessary). For pH � 5 the salDPA started to precipitate,
but as it agglomerated at the bottom of the NMR tubes, the spectra
could be obtained from the clear solution in the upper part. The
1H- and 51V NMR chemical shifts were referenced to DSS (sodium
[2,2,3,3-D4]-3-trimethylsilylpropionate) at 0 ppm and to a VOCl3
external solution at 0 ppm, respectively. 51V NMR acquisition pa-
rameters were: 33 kHz spectral width, 30 µs pulse width, 1 s acqui-
sition time and 10 Hz line broadening. The signal intensities of the
NMR resonances were obtained by using the line-fitting routine
supplied with the NUTSTM PC-based NMR spectral analysis pro-
gramme.[40]

X-ray Crystal Structure Determination of 1: Three-dimensional
room temperature X-ray data were collected with a Bruker Smart
1000 CCD instrument by the φ-ω scan method. Reflections were
measured from a hemisphere of data collected from frames each
covering 0.3° in ω. Of the 10878 reflections measured, all were cor-
rected for Lorentz and polarization effects and for absorption by
multiscan methods based on symmetry-equivalent and repeated re-
flections, and 1765 independent reflections exceeded the signifi-
cance level (|F|/σ|F|) � 4.0. Complex scattering factors were taken
from the programme package SHELXTL,[41] implemented on a
Pentium computer. The structures were solved by direct methods
and refined by full-matrix least-squares on F2. Hydrogen atoms
were left to refine freely with isotropic thermal parameters, except
for hydrogen atoms of N(1), O(4), C(8) and C(9), which were local-
ised in the Fourier map and then fixed to the corresponding atoms.
Refinement was performed with the allowance for thermal anisot-
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ropy of all non-hydrogen atoms. Complex scattering factors were
taken from the programme package SHELXTL. Further details of
the crystal structure determination and X-ray data are given in the
Supporting Information (Section 10). CCDC 602814 (for 1A) con-
tains the supplementary crystallographic data for the structure re-
ported in this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle):

1. Infrared spectra of the compounds.

2. 1H NMR chemical shifts of salDPA as a function of pD.

3. Speciation in the VIVO–salOrn system.

4. CD spectra of VIVO–salDPA solutions at pH � 11.

5. Representation of εm values vs. pH for VIVO–salDPA solutions.
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The interactions of bis-VIVO-1,2-dimethyl-3-hydroxy-4(1H)-
pyridinone (DHP) with apotransferrin (apoTF) were followed
by means of electron paramagnetic resonance spectroscopy
(EPR) at room temperature and at liquid nitrogen tempera-
ture. Partial ligand displacement between DHP and apoTF
was observed, and the reaction was used to determine the
binding constant of VIVO to apoTF. A value of logK =
14.3±0.6 was obtained for the binding of the first VIVO to
apoTF. In order to confirm the validity of the binding con-
stant, UV spectroscopy was used to monitor the displacement

Introduction

There is considerable interest in the binding strength of
metal ions to human serum transferrin (TF) because of its
natural, therapeutic, diagnostic and toxicological impor-
tance.[1] The serum transport protein TF has two very sim-
ilar metal binding sites (C-lobe and N-lobe), and their affin-
ities for metal ions differ only slightly. Each lobe contains
a distorted octahedral site consisting of two Tyr-O– anions,
one His-N group, one Asp-COO– anion and one usually
bidentate hydrogen carbonate anion (the synergistic
anion).[2,3] Normally, the two stepwise binding constants
(logK values) differ by approximately one unit, which is be-
yond the purely statistical factor of four (0.6 log unit), be-
cause of a slight difference in the intrinsic binding affinities
of the two lobes. The mode of binding of metal ions at the
two sites depends upon the nature of the metal ion, the
synergistic anion and the pH, but binding is generally a
little more preferred at the C-terminal site than at the N-
terminal site.[2]
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reaction between VIVO–apoTF and nitrilotriacetic acid
(NTA). The difference between the binding constants ob-
tained by the two different methods (ca. one log unit) was
explained in terms of the possible ternary complex formation
between VIVO–apoTF and the displacing ligand. The bind-
ing constants obtained exhibit a reasonably good agreement
with the linear free energy relationship (LFER) estimation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

A number of experimental techniques have been used to
determine the stability constants of metal–TF complexes.
Difference UV spectroscopy, based on the production of
new absorption bands at ca. 240 nm and ca. 295 nm[2] on
the complexation of metal ions to the phenolic groups of
the Tyr residues, has been applied most frequently.[4–9]

Other methods include equilibrium dialysis, EPR[5] and
multinuclear NMR spectroscopy,[10] the latter two also be-
ing used to distinguish the modes of metal ion binding be-
tween the two sites.[11–14]

Interest in the biochemistry of vanadium has increased
enormously in the past twenty years partly because of its
insulin-mimetic or more precisely insulin-enhancing proper-
ties.[15] It has been proposed that the transport of vanadium
in higher organisms is mediated by TF,[16] and it was re-
cently proved that most of the vanadium in the serum is
bound to TF.[17,18] The complexation of vanadium to TF in
oxidation states of +3,[19–22] +4[13,14,20–27] or +5[21–24,28–30]

has been extensively studied by various research groups.
The results uniformly indicate that two vanadium ions are
bound to the metal-ion-free apoTF, at the usual specific
FeIII binding sites. Using X-band and Q-band EPR spectro-
scopic methods, Chasteen et al.[13,14] distinguished three
VIVO binding environments at a physiological pH (ca. 7.4),
all having similar O-donor-rich environments, but with
slightly different conformations. One possibly has the nor-
mally preferred square-pyramidal or square-bipyramidal
VIVO geometry, in which the VIVO oxygen atom occupies
an apical position (A environment), while for the other two
(B1 and B2) [although in-plane anisotropy (rhombic spec-
tra) is not observed] the noncoincidence of the magnetic
axes suggests significant distortion around the VIVO ar-
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rangement. The relative intensities of the A and B reso-
nances are strongly pH dependent. The two interconvertible
A and B conformational states are believed to belong to
the C-terminal and N-terminal binding sites of the protein,
respectively.[31]

The binding of VIVO to TF is strong, and thus only stoi-
chiometric formation of the complexes can be ob-
served.[13,14,21] We are not aware of any attempt to charac-
terise the complexation of VIVO with TF in a quantitative
way; only the competition between VIVO and FeII binding
to ferritin[26] and the equilibrium distribution of VIVO be-
tween albumin and TF have been studied.[24] Sun et al.[2]

suggested that the LFER between the binding constants
(logK1) of metal ions to the first lobe of TF and the sta-
bility constants, logKOH– for the binding of hydroxide, can
be used for the prediction of unknown stability constants
of metal-ion–TF complexes. Other possible correlations be-
tween the metal ion binding to TF and small N,O-donor
ligands such as nitrilotriacetic acid (NTA), oxalate, acetate,
glycine, malonate and lactate were also examined but none
of them were as good as that with OH–. This suggests that
the two Tyr moieties at the metal-binding site of TF play
predominant roles in determining the strength of the metal
binding.[2] We used the above approach in our previous
work in order to describe the speciation of various insulin-
mimetic VIVO complexes in blood serum,[32] and obtained
a value of logK1(TF) = 13.2±1.6 for VIVO binding to TF.
During the study EPR spectroscopy revealed a partial dis-
placement of apoTF by one of the low-molecular-mass car-
rier ligands, 1,2-dimethyl-3-hydroxy-4(1H)-pyridinone
(DHP). It was decided to make use of this reaction to assess
the binding of VIVO to apoTF.

Accordingly, in this paper we report, to the best of our
knowledge, the first binding constants of VIVO to human
serum TF obtained by means of EPR and UV spectral
monitoring of the ligand displacement reactions between
the VIVO complexes formed with apoTF and DHP or NTA.

Results and Discussion

The EPR spectra of the VIVO–apoTF system at a metal-
ion-to-ligand ratio of 1:1 at pH 7.5 at room temperature
and at 77 K (LNT: liquid nitrogen temperature) are de-
picted in Figure 1. In agreement with the earlier result,[33]

the room temperature spectrum of [VIVO(apoTF)] (Fig-
ure 1, II) is axial because of the slow tumbling motion of
the protein. However, on the parallel part only two types of
vanadium species are clearly observable (A and B), while
the not completely perfect simulation of the spectrum might
indicate the presence of a third species (B2). The measured
ratio of environments A and B is almost identical, but the
difference between the two –7/2 peaks is only 1.5 mT (in-
stead of 2.5 mT as reported earlier in ref.[33]).

The –3/2 peak of the perpendicular part of the LNT X-
band spectra clearly shows three species in contrast with
Chasteen’s earlier findings, where only the Q-band spectra
could differentiate between the B1 and B2 environments. In

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3607–36133608

Figure 1. EPR spectra of VIVO–apoTF, 1:1 at pH 7.5 (I) at liquid
nitrogen temperature and (II) at room temperature.

the parallel part of the spectra, the peaks strongly overlap
and accordingly g� and A� parameters were not determined.

The mechanism of the insulin-enhancing effect of VIVO
compounds is still unknown, and the speciation of the VIVO
insulin-mimetic compounds in the blood is therefore inter-
esting.[34–37] The estimated [VIVO(apoTF)] stability con-
stants obtained from the LFER prediction clearly demon-
strated that in most cases of the insulin-mimetic VIVO com-
plexes (with maltol, picolinic acid, 6-Me-picolinic acid, 2-
OH-pyridine N-oxide and 2-SH-pyridine N-oxide)[32,36]

apoTF completely displaces the carrier ligands in equimolar
concentration. Orvig et al. recently reached a similar con-
clusion with regard to the interactions of [VIVO(maltol)2]
with the serum proteins albumin and apoTF:[38] TF is cap-
able of binding two equivalents of the complex to produce
a [(VIVO)2(TF)] species in which the metal ions occupy both
FeIII binding sites with the concomitant release of the free
maltol. The bis complex of DHP seems to be an exception –
only partial displacement of the DHP occurred because it
forms exceptionally stable complexes with VIVO.[37] Al-
though [VIVO(DHP)2] is present exclusively at pH 7.5 (see
speciation in Figure 2), the EPR spectrum obtained at this
pH (Figure 3a: LNT, 3b: room temperature) indicates the
presence of two isomers. The formation of cis and trans
isomers (see Scheme 1) among the bis-VIVO complexes of
chelating O-donor ligands is well documented in the litera-
ture.[34–37] There is no general rule regarding the preferential
formation of one or other of the isomers, but it has been
found, for instance, that the charge of the coordinating li-
gands and the size of the chelate ring can affect this.[39] The
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Scheme 1. Binding modes of the cis and trans isomers of [VIVO(DHP)2].

EPR parameters of the bis complexes of VIVO and DHP,
together with the ratios of the two isomers, are given in
Table 1. The data reveal that trans isomer formation is fav-
oured with DHP, when a water molecule is trans to the oxo
group of VIVO.

Figure 2. Speciation curves for complexes formed in the
VIVO–DHP system at a 1:2 metal-ion-to-ligand ratio, [VIVO] =
0.001 . Calculated with stability constants, logβ(HL) = 9.76,
logβ(H2L) = 13.46, logβ([VIVOL]+) = 12.18, logβ([VIVOL2]) =
22.83, logβ([VIVOL2H–1]–) = 12.24, logβ([VIVOL3H2]+) = 38.5,
logβ([VIVO2L2H–2]2–) = 16.43, taken from ref.[40]

After the detailed equilibrium and EPR spectral descrip-
tion of the binary systems, measurements were made on the
ternary system VIVO–apoTF–DHP at different metal-ion-
to-ligand ratios at both room temperature and 77 K. For
easier comparison, the room temperature spectra of the
VIVO–apoTF (1:1), VIVO–DHP (1:2) and VIVO–apoTF–
DHP (1:1:2) systems are depicted together in Figure 4. It is
clearly seen that the ternary spectrum is a composite of the
isotropic spectrum of the [VIVO(DHP)2] and the axial one
of the [(VIVO)(apoTF)]. This observation indicates partial
displacement of the carrier ligand by apoTF or vice versa,
i.e. [VIVO(DHP)2] + apoTF h [(VIVO)(apoTF)] + 2 DHP.
(As a first approximation, ternary complex formation with
the protein and the carrier ligand was neglected in order to
make further calculations possible.) The +7/2 and +5/2
parts of the LNT spectra of these three systems are depicted
together in Figure 5.

As a first step in the quantitative evaluation of the spec-
tral changes, the extent of ligand displacement was deter-
mined by calculating the ratio of the concentrations of
VIVO bound to the two ligands through double integration

Eur. J. Inorg. Chem. 2006, 3607–3613 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3609

Figure 3. EPR spectra (sim. = simulated, exp. = experimental) of
VIVO–DHP, 1:2 at pH 7.5 (a) at liquid nitrogen temperature and
(b) at room temperature, t = trans isomer, c = cis isomer.

of the enlarged sections of the simulated EPR spectra
shown in Figure 5. From these data, the concentrations
([VIVO(apoTF)], [DHP], [VIVO(DHP)2] and [apoTF]) and
the displacement constant K = [[VIVO(apoTF)]]·[[DHP]]2/
[[VIVO(DHP)2]]·[[apoTF]] can be calculated. We used this
displacement constant (logK = –3.6±0.3) to obtain the
binding constant for the VIVO–apoTF interaction. The con-
ditional stability constant for the competitive complex
[VIVO(DHP)2] at pH 7.5 was first calculated by taking into
account the protonation equilibria of the ligand DHP,
Equation (1):
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Table 1. EPR parameters[a] for the VIVO–apoTF, VIVO–DHP and VIVO–apoTF–DHP systems obtained by computer simulation[44] of the
experimental spectra, together with some earlier literature results.

[a] In the case of the axial geometry: gx = gy = g�; Ax = Ay = A�; gz = g� and Az = A�. A is given in 104 cm–1. [b] This work. [c] Isotropic
spectra gx = gy = gz = g0 and Ax = Ay = Az = A0. [d] The parameters are not resolved.

(1)

Figure 4. Room-temperature EPR spectra of (a) the binary VIVO–
DHP 1:2 (simulation), (b) the ternary VIVO–apoTF–DHP 1:1:2
and (c) the VIVO–apoTF 1:1 systems (simulation) at pH 7.5. Simu-
lations were performed with EPR parameters given in Table 1.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3607–36133610

A value of logβc([VIVO(DHP)2]) = 18.31±0.06 was ob-
tained. (Stability constants for the formation of the proton
and VIVO complexes were taken from ref.[40]) The condi-
tional binding constant could now be calculated as
logK1

c([VIVO(apoTF)]) = logβc([VIVO(DHP)2])+
logKdisplacement = 18.31–3.6 = 14.7. The ratios ([VIVO-
(apoTF)]/[VIVO(DHP)2]) and the logK1

c([VIVO(apoTF)])
values determined for all spectra are listed in Table 2. From
EPR spectroscopic studies, where formation of both the ter-
nary complex and [(VIVO)2(apoTF)] was neglected,
K1

c([VIVO(apoTF)]) = 14.7±0.3 was determined. The bind-
ing constant logK2

c, characteristic of the binding of the sec-
ond VIVO to apoTF, can be estimated by using the observed
difference between the stepwise binding constants for tran-
sition metal ions (ca. one log unit),[2] as logK2

c-
([VIVO(apoTF)]) = 13.7±0.5.
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Figure 5. Lowfield region (parallel +7/2, +5/2 peaks) LNT EPR
spectra of (a) the binary VIVO–DHP 1:2, (b) the ternary VIVO–
apoTF–DHP 1:1:2 and (c) the VIVO–apoTF 1:1 systems at pH 7.5.

Table 2. Stepwise stability constants {VIVO2+ + apoTF h [VIVO(apoTF)] (log K1
c) and VO2+ +[VIVO(apoTF)] h [(VIVO)2(apoTF)]}

(logK2
c) determined by different methods {pH 7.5, [HCO3

–] = 0.025 , T = 25 °C}.

[a] Square root of the average of the square difference between the measured and simulated absorbance; sqrt{Σ[(Aexp – Afitt)2]/n}, n is the
number of degrees of freedom. [b] Estimated value from ref.[2] (see text).

Eur. J. Inorg. Chem. 2006, 3607–3613 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3611

In order to confirm the conditional [VIVO(apoTF)] bind-
ing constants obtained, UV spectrophotometry was also
used in the hope that this would furnish more accurate
binding constants. In this case, we had to apply a rather
low apoTF concentration (8 µ) so as to be able to measure
the UV absorbance, and we used a different second ligand,
NTA, to displace apoTF from the vanadium coordination
sphere. The shape and the intensity of the individual differ-
ence spectra (see Figure 6) are in good agreement with that
reported by Bertini et al. earlier.[20]

Figure 6. Individual difference spectra of [VIVO(apoTF)] and
[(VIVO)2(apoTF)] calculated from UV spectroscopic measurements.

The determined logK1
c and logK2

c values are listed in
Table 2. Unfortunately, there is a 0.7 unit difference in the
logK1

c values determined with DHP and NTA, and both
are outside the uncertainty range of the same constants de-
termined by EPR spectroscopy.
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The difference between the binding constants determined

from the EPR and UV spectra may be explained in part by
the slightly different experimental conditions: different total
concentrations of apoTF, ca. 1 m for EPR and ca.
0.01 m for UV spectroscopic measurements; different sol-
vents, 10% (v/v) DMSO for the LNT EPR spectroscopy
and water for the other measurements; and different tem-
peratures, ca. –5 °C for the LNT measurements and 25 °C
for the others.

The rather low value obtained for logK2
c by UV spec-

troscopy is more worrying. However, this value is probably
very uncertain because of the very low concentration of the
ligand used in the UV spectroscopic measurements, and
thus the rather high error from any disturbing circum-
stances affecting the concentration of the interacting spe-
cies, or from the light absorption of the sample, such as
slight oxidation of the metal ion. Accordingly, logK2

c deter-
mined by means of UV spectroscopic measurements can be
considered only a tentative value. The constants K1

c and
K2

c are conditional constants for pH 7.5 and 25 m hydro-
gen carbonate concentration.

The differences between the binding constants logK1
c

obtained by the three experimental methods (room-tem-
perature EPR spectroscopy, LNT EPR and UV spec-
troscopy) are about 0.5–1.5 orders of magnitude higher
than that obtained from the LFER prediction (13.2±1.6)
(see Figure 6 in ref.[32]), although they are within the uncer-
tainty range of the latter.

As mentioned above, the absence of ternary complex for-
mation between [VIVO(apoTF)] and the competitor ligand
had to be assumed as a precondition for the calculation
of the binding constant. This has not been proven,[38] and
NMRD measurements[41] have suggested that displaced
DHP ligand(s) do not move far away from the metal ions,
which to some extent continues to feel their presence. More
detailed studies are currently being carried out in our
laboratories in order to explore the possibility of ternary
complex formation between VIVO–apoTF and low molecu-
lar mass carrier ligands. This process may be the reason for
the differing LFER estimated value.

Although the measurements reported here were carried
out with metal-ion-free apoTF, the binding constants deter-
mined can be applied with a good approximation to the
interaction of VIVO with TF, as only ca. 30% of the metal-
binding sites of the protein are saturated with FeIII under
normal conditions, and thus there are enough free sites to
bind other, mostly hard metal ions (e.g. AlIII or VIVO) and
to transport them in the blood stream.

Materials and Methods
Chemicals

DHP, NTA and human apotransferrin (apoTF) were obtained
from Sigma Co. The purities of the small organic ligands were
checked, and the exact concentrations of their solutions were deter-
mined by the Gran method.[42] The concentrations of protein solu-
tions were estimated from their UV absorption (ε280(TF) =
92.300 m–1 cm–1[24]). The VIVO stock solution was prepared as de-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3607–36133612

scribed in ref.[43] and standardised for metal ion concentration by
a permanganate titration.

EPR Spectroscopic Measurements

As a consequence of the ready oxidation of VIVO to VV under
neutral or basic conditions, extreme care was taken to exclude oxy-
gen during the preparation of the samples and during the measure-
ments. It has been reported that VIVO ions bound to human serum
TF are very unstable towards aerobic oxidation,[24] and the half-life
for the oxidation is estimated to be between 5 and 13 min. Aqueous
solutions (0.5 mL) of samples containing DHP and apoTF in ratios
of 0.001 :0.0005 , 0.0015 :0.0005  and 0.001 :0.0008  were
prepared in 0.1  HEPES buffer and 0.025  sodium hydrogen car-
bonate adjusted to pH 7.5. The solutions were carefully purged
with argon and then sealed under an argon atmosphere. A VIVO
stock solution (5 µL) was then added to each sample through a
rubber septum with a Hamilton syringe. Samples for the EPR spec-
troscopic measurements were taken out by syringe and were imme-
diately transferred into the EPR tube (LNT) or into the capillary
(room temperature). X-band EPR spectra (9.59 or 9.40 GHz) were
recorded in aqueous solution at LNT (77 K) and at room tempera-
ture with a Bruker EMX or JEOL JES-RE-1X spectrometer. The
samples for low-temperature measurements contained 10% (v/v) of
DMSO to ensure good glass formation (dilution of the samples
was taken into account). The EPR spectra were evaluated and sim-
ulated with the EPR computer programme of Rockenbauer and
Korecz.[44]

UV Spectroscopic Measurements

At physiological pH, vanadium(IV) undergoes extensive hydrolysis.
Hence, the stability constants of apoTF were determined by a dis-
placement reaction with NTA and with DHP. Both ligands form
appropriately stable complexes with VIVO, and the stability con-
stants are available at 25 °C and I = 0.2  (KCl).[40,45] However,
while NTA does not exhibit significant UV absorption at pH 7.5,
which simplifies the determination, at pH 7.5 the complex
[VIVOL]– of NTA is partly hydrolysed and a ternary complex,
[VIVOL(OH)]2–, is formed, which makes the system somewhat more
complicated. On the other hand, DHP forms a single [VIVOL2]
complex at pH 7.5, but both the complex and the ligand exhibit
significant UV absorption, which imposes a limit to the use of a
high excess of the ligand.

In contrast with the difference UV spectroscopic method (fre-
quently applied by Harris and coworkers to determine the stability
constants of TF complexes with different metal ions[4–9]), we simply
measured the absorbance and fitted the data (wavelength range
250–330 nm) and individual spectra by using the computer pro-
gramme PSEQUAD.[46]

The apoTF concentration was 8 µ, the molar ratio between
apoTF and NTA was 1:0, 0:1, 1:1, 1:5, 1:25 or 1:120 and that be-
tween apoTF and DHP was 0:1, 1:1, 1:2.5 or 1:5 at 25 °C in 0.025 

HCO3
–, and I = 0.2  (KCl) in 0.1  HEPES buffer adjusted to

pH 7.5. The starting volume was 2.0 mL and at each titration point
25 µL of 0.16 m VIVOCl2 was added until an apoTF to VIVO ratio
of 1:4 was reached. (When the calculation suggested hydrolysis of
VIVO at a titration point, the data of the spectrum were omitted
from the calculation.) An HP 8452 diode array spectrophotometer
was used with a silica cell with a pathlength of 1.00 cm. During
measurements, the cell was closed, and during the addition of
VIVO, argon was bubbled through the sample to exclude air.
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In order to assess the molecular form of vanadium insulin-
mimetic complexes in cells, the interactions of VIVO–malt-
olate and VIVO–dipicolinate systems with adenosine 5�-tri-
phosphate (ATP) and glutathione (GSH) in aqueous solution
were studied by employing pH potentiometry, and EPR, CD
and UV/Vis spectroscopy. The stoichiometries and stability
constants of the complexes formed were determined at 25 °C
with an ionic strength of I = 0.2 moldm–3 (KCl). The most
probable binding mode of the complexes formed in solution
was determined by means of various spectral methods. The

Introduction

Since the insulin-mimetic effects of vanadium com-
pounds were first reported, a large number of vanadium
complexes in the oxidation states III to V and as peroxo
complexes have been prepared, tested biologically and
found to be efficient,[1–3] but only one of them, bis(maltol-
ato)oxidovanadium(IV) (VO(malt)2), has participated in
clinical studies; it passed the phase I test in Canada.[2,4] In
vitro, vanadium compounds may enter cells by several path-
ways, including passive diffusion, whereas when given orally
vanadium(III,IV,V) complexes undergo parallel ligand ex-
change and redox reactions with the endogenous or exoge-
nous bioligands of the human body;[1,5,6] this is mostly inde-
pendent of the original form, and depends primarily on the
nature of the interacting bioligand.

For this reason, the interactions of various insulin-mi-
metic VIVO compounds have been studied with the high
molecular mass (h.m.m.) serum components, albumin and
transferrin, and also with some of the low molecular mass
(l.m.m.) components, such as lactate, oxalate, phosphate
and citrate, which may be potential transporters of VIVO in
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results suggest that from among the important cell constitu-
ents, GSH mostly takes part in the reduction of VV to VIV and
helps keep VIV in this oxidation state. ATP, which is a strong
VIVO binder, chelates the metal ion, forming binary and/or
ternary complexes. The results of this work strongly suggest
that ATP binds relevant VIVO species under cellular condi-
tions and thus might somehow be involved in the insulin-
mimetic action of VIVO compounds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the blood.[7–13] Detailed speciation studies led to the sugges-
tions concerning the actual chemical forms of the vanadium
compounds formed from the original carrier complex dur-
ing their transport in the blood. We found that little of the
vanadium remains bound to the original carrier: l.m.m.
serum components (citrate) and h.m.m serum components
(transferrin) displace most of the carrier molecules.[6,11–13]

Accordingly, vanadium can enter cells in the oxidation state
IV through the iron path, and in part in the oxidation state
V through the phosphate path.

In the intracellular medium, reducing agents can interact
in a redox manner with vanadium(V,IV) complexes. The
most frequently discussed candidate for reduction is gluta-
thione (GSH).[14,15] The extent to which vanadium is re-
duced in the redox equilibrium largely depends on the stabi-
lisation of vanadium(IV,V) by complexation. A high intra-
cellular excess of GSH (the usual concentration level is
millimolar), i.e. about three orders of magnitude more than
the biologically relevant concentration of vanadium (the us-
ual concentration level is micromolar) increases the pos-
sibility of vanadium being present in lower oxidation states.
Excess GSH and also GSSG (oxidized glutathione) readily
coordinate to VIVO.[16,17] The vanadium complexes thus
formed may undergo ligand exchange with a variety of
l.m.m. and h.m.m. biogenic ligands available in cells.
Among the l.m.m. binders, adenosine 5�-triphosphate
(ATP) may be of importance[18] as it efficiently binds VIVO
and is present in millimolar concentrations in cells.

Sakurai and Tsuji considered the most relevant oxidation
state of vanadium in the cell to be IV because of the reduc-
ing agents present in the cell (e.g. GSH or cysteine).[19] We
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accepted this and studied vanadium only in the VIVO form,
even though reoxidation of VIVO to VV is an obvious as-
sumption, which can have different importance at different
compartments of the cell. Accordingly, the aim of the pres-
ent work was to attain a better understanding of the behav-
iour of VIVO insulin-mimetic complexes as they enter cells
and interact with l.m.m. cell constituents. Of the VIVO com-
plexes, we chose the VIVO–dipicolinate and VIVO–maltolate
systems, and as cell constituents we selected GSH and ATP
(see Scheme 1). The equilibria in the systems were studied
by a combination of pH potentiometry and spectroscopic
methods [electron paramagnetic resonance (EPR), elec-
tronic absorption (UV/Vis) and circular dichroism (CD)].

Scheme 1.

The complex-forming properties of VIVO with dipicolin-
ate (dipic),[12] maltolate (malt),[7,8,20] ATP[18] and GSH[17]

have been studied, and stability constants measured under
similar experimental conditions have been reported pre-
viously.

Maltolate forms mono and bis complexes with the VIVO
ion by the formation of five-membered (O–, = O) chelates.
The neutral bis complex [VO(malt)2(H2O)] is the predomi-
nant species in the pH range 5–7. It occurs in two geometri-
cal isomeric forms depending on the position of the solvent
molecule; the water molecule can be either cis or trans to
the oxido group of VIVO. In aqueous solution at room tem-
perature and neutral pH, the EPR spectra clearly indicate
that the cis form predominates.[7,8,20] In a recent paper
based on detailed EPR and ENDOR spectroscopic studies,
Mustafi and Makinen concluded that in aqueous solution
at room temperature maltolate coordinates to VIVO only in
the cis form.[21]

Dipicolinate forms mono and bis complexes with the
VIVO ion.[12] In the neutral mono complex, [VO(dipic)-
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(H2O)2], the ligand coordinates in a tridentate manner; the
coordinating donor groups are two carboxylates, besides
the two water molecules, and the pyridyl-N atom is in an
axial position (trans to the oxido group). Bis complex for-
mation in the VIVO–dipic system is not as favoured as it is
with maltolate. In [VO(dipic)2]2–, the first ligand coordi-
nates in a tridentate manner, and the second ligand in a
bidentate manner, having an uncoordinated carboxylate
group. At the biologically relevant neutral pH values, dipic-
olinate is not a very efficient VIVO binder; mixed hydroxo
and oligonuclear binary hydroxo species of VIVO are pres-
ent in the solution, besides the neutral mono complex and
the double negatively charged bis complex.[12]

Results and Discussion
VIVO Ternary Systems with ATP

ATP was found to coordinate to VIVO through the ter-
minal phosphate donor(s) in the weakly acidic and neutral
pH range to yield [VOBHx]x–2 (x = 2, 1, 0) and [VOB2]6–.[18]

In the basic pH range, at low excess, ATP is not a very
efficient VIVO binder because oligonuclear hydroxo species
{[(VO)2(OH)5]–}n are present in the solution besides the
VIVO–ATP complexes. At pH 7–8 the pH readings drift and
pH equilibrium is reached within 10 min; in the pH range
8.8–10.4, pH stabilization was not reached within this time
even at a 10-fold excess of ATP. Thus, the formation con-
stants of the species formed in this pH region are only esti-
mates. In contrast with our earlier report,[18] the formation
of dinuclear species had to be assumed either to fit the pH-
metric data or to explain the slight decrease in intensity of
the EPR spectra. In the earlier work, formation of the bi-
nary hydroxo-bridged hydrolysed VIVO species [(VO)2-
(OH)5]– was not considered, though it is undoubtedly
formed[22,23] and may be responsible for the decrease in the
intensity of the signal rather than the dihydroxo-bridged
VIVO–ATP species: [(VO)2B2Hx]x–4 (x = –2, –3, –4).

In the cells, ATP is present in high excess relative to VIVO
and also relative to the carrier ligands. As the proton com-
petition for the alcoholate donors decreases the ribose moi-
ety becomes a more efficient binding site. In the slightly
basic pH range, the complex [VOB2H–2]8– forms involving
a mixed binding mode with one ATP coordinating through
the phosphate chain and the other through the ribose moi-
ety. In the species [VOB2H–4]10–, both ATP molecules coor-
dinate to the VIVO species through the ribose residue.[18]

The CD spectra furnish information on the species in which
the ribose moiety is coordinated to the VIVO; these species
are mostly formed above the physiological pH. In the highly
basic pH range an extra deprotonation is detected by pH
potentiometry and also by CD spectroscopy (see ESI-1),
corresponding to the formation of [VOB2H–5]11–. In this
species the extra proton is probably lost from a coordinated
water molecule.

VIVO–dipic–ATP System

Our speciation calculations indicated that, in the ternary
system with dipicolinic acid, ATP, as a stronger VIVO
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binder, will displace one of the dipicolinates from the coor-
dination sphere of VIVO. As a result, ternary complexes will
exist, besides the binary ATP complexes, at physiological
pH. The potentiometric data could be fitted by assuming
the formation of the species [VOAB]4–, [VOABH–1]5– and
[VOABH–2]6– (see Table 1). The distribution diagram for the
VIVO–dipic–ATP system (Figure 1) reveals that the forma-
tion of the ternary complex [VOAB]4– is favoured in the
weakly acidic pH range. Besides the carboxylate groups of
dipic, the phosphate groups of ATP are expected to be co-
ordinated in this complex while in [VOABH–2]6–, formed in
the neutral pH range, the deprotonated ribose alcoholate
groups are in equatorial positions.

Table 1. Stability constants of mixed ligand VIVO complexes of di-
picolinate and maltolate (ligands A) with ATP (ligand B).

Ligand A VOAB VOABH–1 VOABH–2

Dipicolinate 11.0(1) 4.3(2) –2.5(1)
Maltolate 13.5(2) – –2.8(9)

Figure 1. Concentration distribution diagram of the VIVO–di-
pic(A)–ATP(B) system at 1:2:10 metal ion-to-ligand ratio, CVO �
0.004 mol dm–3.

The X-band EPR spectra of frozen solutions of the
VIVO–dipic binary system and the ternary system with ATP
at pH � 8 could be simulated as axial spectra. At pH � 8,
the species with the (O–,O–)(O–,O–) donor set has a rhombic
EPR spectrum. The high-field region corresponding to A�

or Az and MI = 5/2 and 7/2 yields more information on
the type and number of species formed. As may be seen in
Figure 2, the EPR spectra for the VIVO–dipic–ATP system
resemble those recorded for the VIVO–ATP system; no new
signals could be detected. Ternary complex formation is ac-
companied only by phosphate/carboxylate substitution in
the equatorial plane, and does not result in any significant
change in the EPR parameters. The EPR parameters of the
binary complexes VOA of dipic and [VOB2]6– of ATP with
carboxylate or phosphate groups in the equatorial plane of
VIVO are also expected to be the same within the uncer-
tainties of the parameters (see Table 2). However, as dipic
retards the hydrolysis of the VIVO complexes present in the
basic pH range, an improved signal-to-noise ratio may be
observed in the ternary system as compared with the binary
VIVO–ATP system; dipic helps to keep VIVO in solution. A
similar observation may be made concerning the CD spec-
tra; they are more intense for the ternary system.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3614–36213616

Figure 2. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO – dipic 1:2, (2)
2VIVO – ATP 1:10, (3) VIVO – dipic – ATP 1:2:10 metal ion-to-
ligand ratio, CVO � 0.004 moldm–3. The pH values are indicated.

Table 2. EPR parameters (g�, A�)[a] for the binary and ternary com-
plexes of VIVO formed with dipicolinate, maltolate and ATP.

Species g� A� (×104 cm–1) Chelating set

[VO(H2O)5]2+ 1.933 182.6 4×H2O

Dipicolinate

VOA 1.931 178.4 (COO–,COO–) 2×H2O
[VOA2]2– 1.939 167.8 (COO–,COO–)(COO–,pyridyl–N)

Maltolate

[VOA]+ 1.937 175.1 (O–, =O) 2×H2O
VOA2 1.938 171.4 (O–, =O) (O–, =Oax) H2O
[VOA2H–1]– 1.942 166.8 (O–, =O) (O–, =Oax) OH–

ATP

[VOBHx]x–2 1.930 181.8 (PO3
2––O–PO2

––O–PO2
––) 2×H2O

[VOB2]6– 1.933 178.4 2×(PO3
2––O–PO2

––O–PO2
––)

[VOB2H–2]8– 1.946 166.8 (PO3
2––O–PO2

––O–PO2
––) (O–,O–)

[VOB2H–4]10– 1.958 151.8 (O–,O–) (O–,O–)

Dipicolinate + ATP

[VOAB]4– 1.933 178.1 (COO–,COO–) (PO3
2––O–PO2

––O–PO2
––)

[VOABH–1]5– – – [b]

[VOABH–2]6– 1.946 167.0 (COO–,COO–) (O–,O–)

Maltolate + ATP

[VOAB]3– 1.941 169.1 ? (O–, =O) (PO3
2––O–PO2

––O–PO2
––)

[VOABH–2]5– 1.943 166.4 ? (O–, =O) (O–,O–)

[a] The relative uncertainty in the calculation of the parameters is
estimated to be ca. 0.005 for g� and ca. 1.0 for A�. In the case of
rhombic distortion g� and A� are in fact gz and Az, respectively.
[b] A logβ value for this stoichiometry was obtained from the pH-
potentiometric data and calculations. However, its EPR signals are
possibly under the complex pattern of other signals recorded and
we did not find a distinct signal for this complex. Therefore we do
not propose any binding mode.

In accordance with the pH-potentiometric speciation re-
sults, electronic absorption spectroscopy unambiguously re-
vealed a new species ([VOAB]4–) in the pH range 2.5–5.5,
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with an extra band in the CT region, caused by the coordi-
nation of dipic (not shown). The difference between the CD
spectra of the VIVO–ATP and VIVO–dipic–ATP systems
(ESI-2) indicates the formation of a new type of ternary
complex above the physiological pH range, where the
ribose moiety becomes a more efficient binding site
([VOABH–2]6–).

VIVO–Maltolate–ATP System

Under physiological conditions (pH � 7), maltolate is a
stronger VIVO binder than dipic. For this reason, participa-
tion of maltolate in in vivo binding (even in binary com-
plexes) can be expected to be more significant than was
found in the case of dipic. The potentiometric data were
fitted with a speciation model[24] with the assumption of
two mixed-ligand complexes, [VOAB]3– and [VOABH–2]5–

(see Table 1). The concentration distribution diagram for
VIVO–maltolate–ATP depicted in Figure 3 displays the spe-
cies formed under the conditions of the spectroscopic mea-
surements. The pH-metric measurements demonstrate that
ternary complex formation is not as dominant as with dipic,
where binary bis complexes of maltolate are present in sig-
nificant amounts.

Figure 3. Concentration distribution diagram of the VIVO – malt-
ol(A) – ATP(B) system at 1:2:10 metal ion-to-ligand ratio, CVO �
0.004 moldm–3.

The EPR spectra of the systems VIVO–maltolate, VIVO–
ATP and VIVO–maltolate–ATP are presented in Figure 4,
and the EPR parameters of the mixed-ligand species are
listed in Table 2. Because of the difference in the type of
donor groups involved in the coordination ternary complex
formation is clearly indicated. Below pH 7, water and a car-
bonyl group are substituted by one or two phosphates, re-
sulting in a detectable change (A� from 171.4×10–4 cm–1 for
VOA2 to 169.1×10–4 cm–1 for [VOAB]3–) in the EPR pa-
rameters.

A new signal from the formation of the complex
[VOABH–2]5– with a sugar-like binding mode of the ATP is
not clearly seen as it is formed only from ca. 20% of the
total V according to the speciation calculations. This species
could be characterised by pH potentiometry only with a
large uncertainty since the species distribution for the
VIVO–ATP (see above) and VIVO–maltolate binary systems
at pH � 9 is also uncertain as a result of the slight aerobic
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Figure 4. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–maltol 1:2,
(2) VIVO–ATP 1:10, (3) VIVO–maltol–ATP 1:2:10 metal ion-to-li-
gand ratios; CVO � 0.004 moldm–3. The pH values are indicated.

redox reaction of VIVO–maltolate that may take place,[20]

and/or the slow hydroxo complex formation processes.[13]

However, in the CD spectra (ESI-3), a new type of signal
can be observed at pH 8–9, unambiguously indicating coor-
dination of the ribose residue corresponding to the forma-
tion of [VOABH–2]5–. At pH � 9, the CD spectra for the
binary and ternary systems become very similar, in agree-
ment with the speciation results: both carrier molecules are
displaced by the ribose-coordinated nucleotide ligands, re-
sulting in the formation of the binary ATP complex
[VOB2H–4(–5)]7–(8–).

VIVO Ternary Systems with GSH

GSH is a cysteine-containing tripeptide (γ-Glu-Cys-Gly)
with eight potential donor atoms. As mentioned above, it is
possible that GSH plays an important role in relation to
the biochemistry of vanadium. It is present in high excess
in cells, but GSH is a much weaker VIVO binder than ATP.
For VIVO concentrations above ca. 1 m and more than a
10-fold excess of the ligand, the bis amino acid type binding
mode ([VOB2H2]2–) with the donor set 2×(COO–, NH2)eq

is relevant in the pH range 5.0–6.5.[15,17,25,26] Participation
of the thiolate donor may occur above pH ca. 7, forming
the complex [VOBH–1]2–. This [VOBH–1]2– stoichiometry
corresponds to two different EPR components, and coordi-
nation of the deprotonated Namide group can be assumed in
the minor isomer.[17] At a 10-fold excess of GSH, ternary
complex formation could be detected only with rather high
uncertainty in the pH-potentiometric titrations (see
Table 3), and this excess of GSH was not enough to prevent
the hydrolysis of the metal ion at pH � 6.5 for the dipic
system and at pH � 8.0 for the maltolate system. Higher
GSH concentrations could not be used in the pH potent-
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iometry because of the high buffer capacity of the ligand,
and thus there was even higher uncertainty in the pH-
potentiometric calculations. Most of the measured pH ef-
fect resulted from deprotonation of the excess ligand, and
only a very small amount of it related to the metal-induced
proton displacement reaction. Hence, complex formation
between VIVO and GSH could be monitored by pH potent-
iometry only with great uncertainty. Accordingly, mostly
spectroscopic measurements (EPR, UV/Vis and CD) were
used to detect the formation of ternary complexes.

Table 3. Stability constants of mixed ligand VIVO complexes of di-
picolinate and maltolate (ligands A) with GSH (ligand B).

Ligand A VOABH2 VOA2BH2 VOA2BH

Dipicolinate 25.9(8) – –
Maltolate 28.6(3) 35.5(8) 27.7(5)

VIVO–dipic–GSH System

A concentration distribution diagram for the VIVO–di-
pic–GSH system with the metal ion-to-ligand ratio and
VIVO concentration used in the spectroscopic measure-
ments is depicted in Figure 5 (the formation constants of
the binary complexes used in the speciation calculation
were taken from ref.[12] and ref.[17]).

Figure 5. Concentration distribution diagram of the VIVO–di-
pic(A)–GSH(B) system at a 1:2:50 metal ion-to-ligand ratio, CVO

� 0.004 mol dm–3.

The speciation calculations suggested that VIVO starts to
coordinate to dipic at pH � 2. At a 10-fold or higher excess
of GSH, besides the binary species, a ternary complex
[VOABH2]– could be detected in which GSH most probably
coordinates in a monodentate way through the C-terminal
COO– or with the possibility of chelation together with the
peptide carbonyl-O. Neither CD nor EPR spectroscopy can
distinguish between these two different binding modes. This
complex can be determined potentiometrically only with
high uncertainty because the coordinating carboxylate do-
nor is in the deprotonated form over most of the pH range
of formation (pK(COOH) ca. 3.5),[17] and thus its coordina-
tion does not result in a direct pH change. At pH � 6,
binary complexes of GSH are formed. Subsequently, be-
cause of the significantly weaker VIVO-binding ability of
GSH, even a 10-fold excess of GSH was not sufficient to
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prevent hydrolysis of the metal ion and formation of the
oligonuclear hydroxo species {[(VO)2(OH)5]–}n.

By EPR spectroscopy (Figure 6, Table 4) a new species
could be detected in the pH range 3–6; this is probably the
ternary species [VOABH2]–. However, at pH ca. 7, the EPR
spectrum of the VIVO–dipic–GSH system coincides fully
with that of VIVO–GSH, indicating that GSH completely
displaces the carrier ligands from the coordination sphere
of the metal ion. Although GSH is a weaker vanadium
binder than dipic, it is present at a 50–100-fold excess rela-
tive to dipic.

Figure 6. High-field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–dipic 1:2, (2) VIVO–
GSH 1:50, (3) VIVO–dipic–GSH 1:2:50 and (4) 1:2:100 metal ion-
to-ligand ratios, CVO � 0.004 moldm–3. The pH values are indi-
cated.

Table 4. EPR parameters (g�, A�)[a] for the binary and ternary com-
plexes of VIVO formed with dipicolinate, maltolate and GSH.

Species g� A� (×104 cm–1) Chelating set

GSH

[VOBH2]+ 1.937 174.2
VOBH 1.941 170.0
[VOB2H2]2– 1.948 163.8 2 × (COO–, NH2)
[VOBH–1]2– (I) 1.956 154.5 (COO–/amide-O, NH2, S–) OH–

[VOBH–1]2– (II) 1.959 147.0

Dipicolinate + GSH

[VOABH2]– 1.930 177.2 (COO–,COO–) (COO–,
amide-O/H2O)

Maltolate + GSH

VOABH2 1.936 174.2 (O–, =O) (COO–, amide-O/H2O)
[VOA2BH2]– 1.941 169.0 (O–, =O) (O–, =Oax) COO–

[VOA2BH]2– 1.949 159.1 (O–, =O) (O–, =Oax) S–

[a] The relative uncertainty in the calculation of the parameters is
estimated to be ca. 0.005 for g� and ca. 1.0 for A�. In the case of
rhombic distortion g� and A� are in fact gz and Az, respectively.

VIVO–Maltolate–GSH System

A concentration distribution diagram of the VIVO–malt-
olate–GSH system under the experimental conditions of the
spectral measurements is depicted in Figure 7. In accord-
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ance with the species distribution, new EPR signals could
be detected that can be assigned to the ternary species (see
Table 4).

Figure 7. Concentration distribution diagram of the VIVO–malt-
olate(A)–GSH(B) system at a 1:2:50 metal ion-to-ligand ratio, CVO

� 0.004 mol dm–3.

In the pH range 2.5–4.0, besides the signals from the spe-
cies [VOBHx]x–1 (x = 2, 3), a new complex (g� = 1.941 and
A� = 169.5×10–4 cm–1) was detected that was not seen in
the EPR spectra of the binary systems. In the pH range
6–7, this signal was slightly shifted (g� = 1.941 and A� =
168.6×10–4 cm–1), but remained in the uncertainty range
of the EPR parameters. Above pH 7, another new signal
appeared at g� = 1.949 and A� = 159.1×10–4 cm–1. Some of
the EPR spectra recorded by varying the B ligand concen-
tration at pH 7.0 are shown in Figure 8.

Figure 8. High field range of the first-derivative EPR spectra at
77 K of frozen solutions containing: (1) VIVO–maltolate 1:2,
(2) VIVO–GSH 1:50, (3) VIVO–maltolate–GSH 1:2:25,(4) 1:2:50
and (5) 1:2:100 metal ion-to-ligand ratios, CVO � 0.004 moldm–3

at pH 7.0.

The EPR spectra clearly indicate ternary complex forma-
tion in the VIVO–maltolate–GSH system at a 25-fold excess
of GSH. Considering the EPR parameters (Table 4) and the
low CD signals recorded (not shown), we conclude that
GSH most probably coordinates at the Gly end through
(COO–, O-amide/H2O) donors, while participation of the
thiolate donor occurs only at pH � 7. The most likely bind-
ing modes of the complexes formed in the VIVO–maltolate–
GSH system are shown in Table 4. In the complex VOABH2

formed in the slightly acidic pH range, GSH coordinates
bidentately or monodentately in the equatorial plane, while
in [VOA2BH2]– formed in the neutral pH range, GSH coor-
dinates in a monodentate manner through the C-terminal
COO– function to the fourth equatorial position of VIVO.
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In the case of VOA2, the cis complex, with one empty equa-
torial coordination site, is the predominant or the exclusive
isomeric form. In the species [VOA2BH]2–, when Equa-
tion (1) is applied to the equatorial donor set, (2×(O–, =O),
S–) may be assumed. The estimated value A�

est =
157.6×10–4 cm–1 agrees fairly well with the experimental
value A� = 159.1×10–4 cm–1. This suggests equatorial thiol-
ate coordination.

VIVO–Carrier Ligand–ATP–GSH Systems

When ATP and GSH are simultaneously considered as
potential VIVO binders, GSH is not expected to be able to
compete with ATP for binding to VIVO since ATP is a much
stronger ligand. The competition reaction was studied by
EPR spectroscopy (see Figure 9) in the absence and in the
presence of the insulin-mimetic complexes. In the case of
dipic, no spectral changes could be detected between the
spectra measured in the presence or absence of GSH, in
agreement with what was found in the VIVO–dipic–ATP
system. Therefore, EPR spectroscopy does not give any in-
formation on the changes that might have occurred in the
coordination sphere because of the high similarity of the
partial contributions of the coordinating donors to the A�

value (see above).
For the VIVO–ATP–GSH ternary system, when ATP was

in a 10-fold excess relative to VIVO, only the EPR signals
of the VIVO–ATP complexes were detected. New signals ap-
peared only at a 2.5-fold excess (EPR parameters: A� =
172.1×10–4 cm–1 and 165.7×10–4 cm–1). Comparison of the
EPR spectra of solutions containing VIVO, maltolate, ATP
and GSH at pH ca. 7 (see Figure 9) revealed significant
changes only when ATP was not present in at least a 10-

Figure 9. High field range of the first-derivative EPR spectra at
77 K of frozen solutions: (A) without carrier ligand, (B) with 8 m
dipicolinate, (C) with 8 m maltolate, (1) VIVO–ATP 1:10,
(2) VIVO–GSH 1:50, (3) VIVO–ATP–GSH 1:10:25,(4) 1:10:50 and
(5) 1:2.5:50 metal ion-to-ligand ratios; CVO � 0.004 moldm–3 at pH
7.0.
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fold excess (see above). Below such an excess of ATP, the
changes in the ratio of the predominating signals seem to
indicate the participation of GSH in complex formation.

Conclusions

With respect to the two important cell constituents GSH
and ATP, our results indicate that if the carrier ligands can
somehow find a way to enter the cell strong VIVO-binder
cell constituents will partly displace the carrier ligands and
ternary complexes with relevant biomolecules of the cell
will be formed. Some of the ternary species are highly an-
ionic, which are partly neutralised and probably undergo
ion paring with cations, K+ and Mg2+, of the cell.

From among the important cell constituents, GSH will
possibly take part in the reduction of VV to VIV and will
help keep VIV in this oxidation state. As a strong VIVO
binder, ATP will chelate the metal ion, forming binary and/
or ternary complexes. The results of this work strongly sug-
gest that ATP binds relevant VIVO species under cell condi-
tions, and thus might somehow be involved in the insulin-
mimetic action of VIVO compounds. However, the time
courses of these parallel redox and complexation reactions
require further investigations.

Experimental Section
Materials: The ligands investigated were Sigma products of the
highest analytical purity. They were used without further purifica-
tion, but their purities were checked and the exact concentrations
of their solutions was determined by the Gran method.[27] The
VIVO stock solution, prepared as described earlier,[28] was standard-
ized for metal ion concentration by permanganate titration and for
hydrogen ion concentration by potentiometry, using the appropri-
ate Gran function. The ionic strength was adjusted to
0.20 mol dm–3 KCl. The temperature was 25.0±0.1 °C for potentio-
metric measurements, and 25.0±0.3 °C for CD and Vis spectra.

Potentiometric Measurements: For potentiometric titrations, an
automatic titration set, including a Dosimat 665 autoburette, an
Orion 710A precision digital pH meter and an IBM-compatible
personal computer was used. A Metrohm 6.0234.100 semimicro
combined glass electrode was calibrated for hydrogen ion concen-
tration according to the method of Irving et al.[29] The ionic prod-
uct of water was taken as pKw = 13.76±0.01.

When we refer to the stoichiometries of complexes present in solu-
tion, the notation MpAqBrHs is used, where M = VIVO2+, H2A
or HA refers to the fully protonated form of dipicolinate acid or
maltolate, respectively, and H5B+ denotes totally protonated ATP.
However two of the four protons of the triphosphate chain dissoci-
ate in very acidic media (pH � 1). H4B+ refers to totally protonated
GSH. The concentration stability constants, βpqrs = [MpAqBrHs]/
([M]p[A]q[B]r[H]s), were calculated by using the computer pro-
gramme PSEQUAD.[30] The equilibria corresponding to the forma-
tion of hydroxo complexes of VIVO were taken into account in the
calculation of the stability constants of the complexes. The follow-
ing stability constants (logβ) were assumed for these complexes:
[VO(OH)]+ (logβ100–1 = –5.94); [(VO)2(OH)2]2+ (logβ200–2 = –6.95),
calculated from the data published by Henry et al.,[31] using the
Davies equation to take into account the different ionic strengths;
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[VO(OH)3]– (logβ100–3 = –18.00);[22] and [(VO)2(OH)5]– (logβ200–5

= –22.50),[22,23] were taken from the literature.

Spectroscopic Measurements: The CD spectra were recorded with a
JASCO 720 spectropolarimeter with a red-sensitive photomultiplier
(EXWL-308). Visible spectra were recorded with a Perkin–Elmer
Lambda 9 spectrophotometer. The spectral range covered was nor-
mally 400–900 nm (Vis) and 400–1000 nm (CD). By Vis and CD
spectra, we mean representations of εm or ∆εm values vs. λ [εm =
absorption/(bCVO) and ∆εm = differential absorption/(bCVO), where
b = optical path and CVO = total VIVO concentration].

The EPR spectra were recorded at 77 K with a Bruker ESR-ER
200D X-band spectrometer. The spin-Hamiltonian parameters
were obtained by simulation of the spectra with the aid of the
modified computer programme of Rockenbauer and Korecz.[32]

The EPR spectra of the VIVO systems help to elucidate the binding
mode of the complexes formed in solution; Chasteen developed
an additivity rule to estimate the hyperfine coupling constant Az

est

[Equation (1)], based on the contributions Az,i of each of the four
equatorial donor groups.[33] The estimated accuracy of Az

est is ca.
3×10–4 cm–1.

Aest
z = ∑

4

i = 1
Az,i (1)

Most of the Az,i data relevant for this work were presented by Chas-
teen.[33] For the carboxylate (COO–) donor, Chasteen estimated its
contribution in Equation (1) to be 42.7×10–4 cm–1, based on the
Az of the VO(oxalato)2

2– complex, assuming that the four COO–

groups coordinate equatorially. However, the solution structure
presumably involves the set (3×COO–, H2O)eq,[34] so this contri-
bution should be 42.1×10–4 cm–1, the value used in the present
work. The contribution of each O donor of maltolate in Equa-
tion (1) was taken to be 41–42×10–4 cm–1. This value was calcu-
lated from the Az parameters of cis and trans complexes of VO(m-
alt)2, determined by assuming the [(O–, =O)(O–, =Oax) H2O] and
[(O–, =O)(O–, =O)] sets, respectively.[8] These data can be used to
establish the most probable binding mode of the complexes formed,
but care must be taken as the contributions of the donor groups to
the hyperfine coupling may depend, for instance on their orienta-
tion,[35] or the charge of the ligand.[36] The influence of the axial
donor groups (if any) is not taken into account. In the absence of
ethylene glycol, a relatively broad background was present in most
of the frozen solution EPR spectra, and therefore most spectra
were obtained from aqueous solutions containing 5% of ethylene
glycol.
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In the presence of holo 2-methyleneglutarate mutase, buta-
1,3-diene-2,3-dicarboxylate and (Z)-glutaconate [(Z)-pent-2-
ene-1,5-dicarboxylate], but not (E)-glutaconate, each in-
duced homolysis of the Co–C bond of coenzyme B12 to afford
cob(II)alamin and the 5�-deoxyadenosyl radical. The latter
probably added to the double bond in (Z)-glutaconate and
one of the double bonds in buta-1,3-diene-2,3-dicarboxylate
to afford a corresponding “radical adduct”. The formation of
new radicals and cob(II)alamin was diagnosed by UV/Visible

Introduction

Coenzyme B12-dependent enzymes comprise eliminases
and mutases, both of which catalyse molecular rearrange-
ments, whereby a functional group undergoes a 1,2-shift en-
abling conversion of substrate to product. In the eliminases,
the migrating group is amino or hydroxy, whereas in the
mutases it is either amino or a carbon-based group. The
mechanisms of these reactions have been extensively dis-
cussed and reviewed.[1–3] For the mutases, experimental and
theoretical data have recently led to the proposal that in
the mutases cob(II)alamin assists the group migration by
stabilising intermediate methylene radicals.[3]

2-Methyleneglutarate mutase from the strict anaerobic
bacterium Eubacterium barkeri, formerly called Clostridium
barkeri, catalyses the reversible carbon-skeleton rearrange-
ment of 2-methyleneglutarate (1a) to (R)-3-methylitaconate
(2a, 2-methylene-3-methylsuccinate) in the pathway of nico-
tinate fermentation.[4] Binding of the substrate 1a to the
enzyme induces homolytic cleavage of the Co–C σ bond in
the prosthetic group coenzyme B12 to afford cob(II)alamin
and the 5�-deoxyadenosyl radical. This highly reactive
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and EPR spectroscopy. (Z)-Glutaconate rapidly inactivated
the mutase with formation of aquocobalamin, which was
possibly derived by electron transfer from cob(II)alamin to
the radical adduct. In contrast, buta-1,3-diene-2,3-dicarbox-
ylate was a much slower inactivator. In this case, the spectro-
scopic data revealed a relatively stable complex of the radical
adduct with cob(II)alamin in the active site of the enzyme.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

methylene radical abstracts the 4-Re-hydrogen atom from
2-methyleneglutarate to yield the substrate-derived 2-meth-
ylene-4-ylglutarate radical (1b) and 5�-deoxyadenosine.
Cob(II)alamin coupled to an organic radical, possibly 2-
methylene-4-ylglutarate (1b), can be observed by EPR spec-
troscopy.[5] It has been proposed that the substrate radical
either fragments into acrylate and the 2-acrylate radical
(CH2=C·HCO2

–), which recombine to the product-related
(R)-3-methylene-itaconate radical (2b), or the latter radical
is derived via an intermediate 1,2-dicarboxycyclopro-
pylmethyl radical (3) (see Scheme 1).[5] Recently, Newcomb
and Miranda have proposed a variant (“polar/heterolytic”)
of fragmentation–recombination in which the intermediates
are the 2-carbanion of acrylate (CH2=C–CO2

–) and the car-
boxyl radical of acrylate (CH2=CHCO2

·).[6] The reaction
cycle is completed by a H-atom transfer from 5�-deoxy-
adenosine to the 3-methylene-itaconate radical (2b) yielding
the product 2a. Finally, the coenzyme is regenerated by
combining cob(II)alamin and the 5�-deoxyadenosyl radical,
thereby reforming the Co–C σ-bond. In this paper we re-
port the use of stable analogues of the proposed intermedi-
ate radicals with π bonds at those carbon atoms that during
catalysis are converted into the sp2 centres of radicals. In
principle, these compounds could either competitively in-
hibit the enzyme or the 5�-deoxyadenosyl radical might add
at a double bond to form an adduct radical and cob(II)-
alamin, thus leading to inactive enzyme. We synthesised
(Z)-glutaconic acid [4a, (Z)-pent-2-ene-1,5-dicarboxylic
acid] as a potential analogue of the 2-methylene-4-ylglutar-
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Scheme 1. Proposed reaction pathways for 2-methyleneglutarate mutase. (Path a) Addition-elimination mechanism with the participation
of an intermediate 1-methylene-1,2-cyclopropanedicarboxylate radical 3, for which the (1S,2R)-isomer is shown {AdoCH2 = 5�-deoxyad-
enosyl; AdoCH3 = 5�-deoxyadenosine}. (Path b) Fragmentation–recombination mechanism for 2-methyleneglutarate mutase involving an
acrylate molecule and a 2-acrylate radical.

ate radical (1b), as well as buta-1,3-diene-2,3-dicarboxylic
acid (5) as an analogue of the (R)-3-methyleneitaconate
radical (2b). The commercially available (E)-glutaconic acid
(4b) was also studied. Interestingly, compounds 4a and 5
were inactivators of 2-methyleneglutarate mutase, whereas
4b had no effect on the enzyme.

Synthesis of Inhibitors

The synthesis of (Z)-glutaconic acid (4a, Scheme 2) was
based on the procedure described in ref.[7] (Scheme 2). Thus,
laevulinic acid (6) was cleanly dibrominated to 3,5-dibro-
molaevulinic acid (7), which underwent a Favorski re-
arrangement on treatment with potassium hydrogen car-
bonate to give exclusively (Z)-glutaconic acid with no trace
of the (E)-isomer 4b according to 1H NMR analysis.

Scheme 2. Synthesis of (Z)-glutaconic acid (4a) [reagents: (i) Br2,
aq. 48 % HBr; (ii) aq. KHCO3].

The synthesis of buta-1,3-diene-2,3-dicarboxylic acid (5,
Scheme 3) was performed via the corresponding di-tert-bu-
tyl ester, the preparation of which was closely modelled on
that of dimethyl buta-1,3-diene-2,3-dicarboxylate.[8] Thus,
tert-butyl acrylate (8) was treated with bromine to give tert-
butyl 2,3-dibromopropionate (9), which was dehydrobromi-
nated to tert-butyl 2-bromoacrylate (10) using triethylamine
as base. The tert-butyl 2-bromoacrylate was subjected to
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nickel(0)-induced coupling to afford di-tert-butyl buta-1,3-
diene-2,3-dicarboxylate (11), which was deprotected with
trifluoroacetic acid to give buta-1,3-diene-2,3-dicarboxylic
acid (5).

Scheme 3. Synthesis of buta-1,3-diene-2,3-dicarboxylic acid (5)
[reagents and conditions: (i) Br2, DCM, �10 °C; (ii) Et3N, diethyl
ether, 0 °C to room temperature; (iii) (cycloocta-1,5-diene)2Ni,
Ph3P, diethyl ether, 25 °C, 4.5 h; (iv) TFA, room temperature].

Enzyme Inhibition Studies

The activity of 2-methyleneglutarate mutase was deter-
mined in a coupled assay using 3-methylitaconate ∆-iso-
merase as an auxiliary enzyme.[5] The formation of 2,3-di-
methylmaleate was followed spectrophotometrically at λ =
256 nm. At first all three compounds were checked for their
ability to inhibit or inactivate the isomerase. Whereas the
glutaconates (4a, 4b) did not affect the enzyme at all, 1 m

buta-1,3-diene-2,3-dicarboxylate (5) caused complete inacti-
vation within 3 min under the conditions of the assay.
Possibly a cysteine residue at the active site of the isomerase
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added to one of the conjugated double bonds of this sub-
strate analogue. This interesting result was not pursued fur-
ther for the time being.

Because both glutaconates did not inhibit the isomerase,
their action on the mutase could be studied directly in the
coupled assay. It was found that 0.2 m (Z)-glutaconate
(4a) already inactivated the mutase by 60% within 1 min;
after 5 min the inactivation was complete. Furthermore,
whereas 1 m (Z) isomer 4a completely inactivated the mu-
tase within 1 min, 1 m (E) isomer 4b exhibited no effect
during this time. Only with 4 m 4b was there a slight devi-
ation from the control observed after the first minute. 1H
NMR spectroscopy revealed that the commercial 4b used
in this study contained ca. 2% 4a. This was deduced from
the integrated signal at δ = 6.55 ppm (β-H of 4a) as com-
pared to 7.03 ppm (4b). Hence the observed inactivation is
completely specific for the (Z) isomer 4a. In order to show
that inactivation of 2-methyleneglutarate mutase only oc-
curred with the holo-enzyme, coenzyme B12-free apo-2-
methyleneglutarate mutase was incubated for 10 min with
4a, which was then removed by gel filtration through Se-
phadex G25. Following the addition of coenzyme B12 to the
recovered apo-enzyme, the reconstituted holo-enzyme was
found to be fully active towards 2-methyleneglutarate.

The effect of 5 on the enzyme was assessed with 15 µ

apo-2-methyleneglutarate mutase (subunit m = 67 kDa),
100 µ coenzyme B12, 2 m dithiothreitol and 1 m 5 in
100 m potassium phosphate (pH 7.4) which were incu-
bated for 30 min at 25 °C. Afterwards, the inhibitor was re-
moved by gel filtration and the activity of the recovered
enzyme was measured in the coupled assay. The results
showed that incubation of the holo-enzyme with 5 de-
creased the activity of the enzyme by 45±2% as compared
to that of a control without 5. We also studied the mutase
under steady-state conditions and found that in the pres-
ence of excess of coenzyme B12 and 10 m 2-methyleneglut-
arate the apo-mutase lost 80% of its activity after 20 min
(50% after 10 min) or about 6 million turnovers; within the
next 20 min the decrease was much slower, leading to 15%
residual activity. In the absence of either coenzyme B12 or
substrate the enzyme remained stable during this time.

UV/Visible spectroscopy of the reconstituted (holo) 2-
methyleneglutarate mutase, from which the excess of coen-
zyme B12 had been removed by gel filtration, exhibited a
broad peak at 535 nm and a shoulder at around 570 nm
(Figure 1). Upon addition of 25 m 2-methyleneglutarate
the absorbance of both features decreased, and the peak
shifted by about 5 nm to 530 nm. A new peak arose at
470 nm indicating the formation of cob(II)alamin. These
spectral changes were already observed after 1 min; incu-
bation for a further 5 min revealed only a slight increase in
the intensities of the new peaks. Addition of 10 m 5 to
holo-mutase resulted in the same changes but with a two-
fold increase in intensity. An almost identical spectrum was
obtained after 30 min incubation of the apoenzyme with
1 m 5 and an excess of coenzyme B12, followed by removal
of the unbound small molecules through gel filtration. Dif-
ferent spectral changes were observed by addition of 10 m
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4a to the holo-enzyme. The peak at 535 nm shifted to
521 nm and a new peak arose at 495 nm. The same concen-
tration of the (E) isomer 4b modified the spectrum in a
similar manner but to a lesser extent, and is ascribed to 2%
4a as an impurity. The new peaks revealed the formation of
aquocobalamin, the oxidation product of cob(II)alamin.

Figure 1. Visible spectra of 20 µ reconstituted holo-2-methyl-
eneglutarate mutase (A) in the presence of 25 m 2-methyleneglut-
arate (B) or 10 m buta-1,3-diene-2,3-dicarboxylate (5, C) or
10 m (Z)-glutaconate (4a, D). The addition of the dicarboxylate
caused 10% dilution. The spectra were run 6 min after the ad-
ditions.

Figure 2. EPR spectra of 270 µ 2-methyleneglutarate mutase incu-
bated in the presence of 1.6 m coenzyme B12 and 40 m of 2-
methyleneglutarate (A) or acrylate (B) or [2,3,3-2H3]acrylate (B,
sharper trace) or (E)-glutaconate (4b, C) or (Z)-glutaconate (4a, D)
or buta-1,3-diene-2,3-dicarboxylate (5, E). EPR conditions: tem-
perature, 40 K for A, 77 K for B–E; microwave power 2 mW (A),
1.3 mW (B), 10 mW for C–E; microwave frequency 9463±1 MHz
(A) or 9435±2 MHz (B–E); modulation amplitude 0.5 mT (A),
1.25 mT (B–E). Spectra were normalised to identical amplitudes,
except for (E)-glutaconate. Thus, the spectra of the glutaconates
can be directly compared.
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EPR spectra were obtained by mixing 270 µ apo-meth-

yleneglutarate mutase (final concentration; 18 mg protein
mL–1) in 50 m Tris/HCl (pH 7.5) and 75 m NaCl with
1.6 m coenzyme B12, and 40 m substrate or inactivator,
followed by freezing in liquid pentane/N2 within 30 s. The
results are shown in Figure 2. The spectra revealed that 2-
methyleneglutarate, as well as the inactivators 4a and 5, led
to the formation of stable enzyme-bound organic radicals,
which interact with cob(II)alamin.[5] In the case of 4a the
concentration dependence of the EPR signal was studied.
Saturation was observed with an apparent Ki of
0.9±0.1 m. The determination of the nature of the radi-
cals (see below) has to await the syntheses of 2H- and 13C-
labelled inactivators. Interestingly, acrylate also induced the
formation of radicals even though it was recently shown
not to act as an inhibitor.[5] This result was confirmed with
perdeuterated acrylate, which sharpened the signal.

Discussion

In this paper we describe two mechanism-based inacti-
vators of 2-methyleneglutarate mutase. Buta-1,3-diene-2,3-
dicarboxylate (5) can be regarded as a close analogue of the
product (R)-3-methylitaconate (2a): just the methyl group
is converted to a second methylene group. Unfortunately we
were not able to perform steady-state kinetics with 5, be-
cause it reacted rapidly and irreversibly with the auxiliary
enzyme, the isomerase. However, incubation of 5 with the
mutase resulted in partial inactivation, formation of oxy-
gen-insensitive cob(II)alamin and induction of an organic
radical interacting with cob(II)alamin. Interestingly the
same features were observed with the substrate 2-methyl-
eneglutarate (1a) itself; only the EPR spectrum was some-
what different. Hence 5 behaved superficially like 2-methyl-
eneglutarate. However, whereas the 5�-deoxyadenosyl radi-
cal abstracts a hydrogen atom from C-4 of 2-methyleneglut-
arate, with 5 the 5�-deoxyadenosyl radical most likely added
at one of its methylene groups leading to an allyl radical
12. A similar proposal has been made for the inactivation of
glutamate mutase induced by 2-methyleneglutarate.[9] The
partial inactivation of 2-methyleneglutarate mutase by 5
suggests that the proposed radical addition may be revers-
ible. The substrate analogue 5 may fit sufficiently well into
the enzyme active site that the adduct produced by the in-
teraction of 5 with the 5�-deoxyadenosyl radical protects
cob(II)alamin from interaction with oxygen.

The inactivator 4a is not so closely related to the sub-
strate 2-methyleneglutarate because it lacks the exo-methyl-
ene group. However, it apparently fits well into the active
site, possibly because the distance between the two carbox-
ylates is similar to that in the enzyme-bound conformation
of (R)-3-methylitaconate. This could be the explanation for
the inability of the (E) isomer 4b to inactivate the enzyme.
The (Z) isomer reacts rapidly with the mutase as shown by
activity measurements and EPR spectroscopy. Already 60 s
after mixing under anoxic conditions an organic radical in-
teracting with cob(II)alamin was detected. In the visible

Eur. J. Inorg. Chem. 2006, 3622–3626 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3625

spectra, however, which were taken after 1 and 6 min (Fig-
ure 1), only aquocob(III)alamin rather than cob(II)alamin
could be seen. This could be due to an electron transfer
from cob(II)alamin to the initially derived adduct radical
from 4a and the 5�-deoxyadenosyl radical.

The adduct radical is possibly 13, arising from addition
of the 5�-deoxyadenosyl radical to C-3 of 4a. Similar elec-
tron transfers have been observed from cob(II)alamin to
substrate-derived radicals in β-lysine 5,6-aminomutase[10]

and in variants of methylmalonyl-CoA mutase.[11]

Experimental Section
Enzymology: The preparation and assay of 2-methyleneglutarate
mutase and 3-methylitaconate ∆-isomerase, as well as the method
of recording the EPR spectra, have been described previously.[5] In
the standard assay, 2-methyleneglutarate mutase activity (0.05–0.1
unit) was measured with 10 m 2-methyleneglutarate as substrate
in 100 m potassium phosphate (pH 7.4, 25 °C) using 3-methylita-
conate isomerase (10–30 units/mL) as auxiliary enzyme. The 2,3-
dimethylmaleate formed was measured by its UV absorbance (ε256

= 0.66 m–1 cm–1). For the inactivation studies (E)- and (Z)-gluta-
conate and buta-1,3-diene-2,3-dicarboxylate were dissolved in
aqueous KOH to give 0.1  solutions (pH ca. 7). In order to re-
move small molecules from the enzymes, PD-10-desalting columns
containing Sephadex® G-25 Medium from GE Healthcare (Amer-
sham Biosciences) were used. Concentrations (m or µ) given in
this paper are the final concentration for a particular component
in the reaction mixture.

3,5-Dibromolaevulinic Acid (7): Bromine (13.7 g, 86 mmol) was
added dropwise to a mixture of laevulinic acid (5.0 g, 43 mmol)
and 48% aqueous HBr (4.3 mL, 38 mmol) at 0 °C over 30 min. The
mixture was stirred at 0 °C for 4 h. The excess of bromine was
removed using a nitrogen flow. The resulting solution was stirred
overnight at 0 °C to give a solid, which was taken up in ethyl ace-
tate (40 mL) and washed with saturated aqueous sodium metabi-
sulfite (3×25 mL). After drying (MgSO4), the solvent was removed
to afford crude product as a pale yellow solid. Recrystallisation
from ethyl acetate/petroleum ether afforded the title compound as
a white solid (7.83 g, 66% yield). M.p. 110–112 °C (lit.[7] m.p. 111–
113). 1H NMR (300 MHz, CDCl3): δ = 2.97 (dd, J = 5.6 and
17.6 Hz, 1 H, CHHCO2H), 3.29 (dd, J = 8.1 and 17.4 Hz, 1 H,
CHHCO2H), 4.07 (d, J = 13.2 Hz, 1 H, CHHBr), 4.28 (d, J =
12.9 Hz, 1 H, CHHBr), 4.94 (br. t, J = 6.0 Hz, 1 H, CHBr) ppm.
13C NMR (75 MHz, CDCl3): δ = 30.9 (C-2), 38.4 (C-5), 41.1 (C-
3), 174.5 (C-1), 194.4 (C-4) ppm. C5H6O3Br2: calcd. C 21.93, H
2.21, found C 22.02, H 2.27. IR (KBr disc): ν̃ = 3000 (m), 1724 (s),
1700 (s), 611 (m) cm–1.
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(Z)-Glutaconic Acid (4a): KHCO3 (17.0 g, 169 mmol) in water
(210 mL) was added to 3,5-dibromolaevulinic acid (5.5 g,
21 mmol). The mixture was vigorously stirred for 19 h. When con-
stant titration values against methyl orange were obtained, the re-
action was quenched by acidification (aq. HCl) and extracted with
diethyl ether (10×30 mL). After drying the combined organic ex-
tracts (Na2SO4) the solvent was removed. The resulting yellow solid
was recrystallised from acetonitrile (decolourisation by charcoal)
to give the title compound as a white solid (0.21 g, 8% yield). M.p.
130–132 °C (lit.[7] m.p. 136–136.5, lit.[12] 136–136.5). 1H NMR
(300 MHz, CD3OD): δ = 3.71 (dd, J = 3.0 and 7.0 Hz, 2 H,
CH2CO2H), 5.93 (dt, J = 2.0 and 11.5 Hz, 1 H, CH), 6.52 (dt, J =
7.0 and 11.6 Hz, 1 H, CH) ppm. 13C NMR [δC (75 MHz, CD3OD)]:
δ = 35.2 (C-4), 123.5 (C-3), 142.2 (C-2), 169.5 (C-1), 174.7 (C-5)
ppm. C5H6O4: calcd. C 46.16, H 4.65; found C 45.99, H 4.62. IR
(KBr disc): ν̃ = 3066 (m), 1686 (s), 1649 (s) cm–1.

tert-Butyl 2,3-Dibromopropionate (9): Bromine (2.9  ) in DCM
(10 mL) was added dropwise to tert-butyl acrylate (2.0 g,
15.6 mmol) in DCM (20 mL), cooled below 10 °C over 20 min. The
mixture was stirred at ca. 5 °C for 2 h at which stage an orange
colour persisted. The solvent was removed to afford the title com-
pound as a colourless oil (4.41 g, 90% yield). 1H NMR (300 MHz,
CDCl3): δ = 1.43 [s, 9 H, C(CH3)3], 3.57 (dd, J = 4.4 and 9.8 Hz 1
H, CHHBr), 3.81 (dd, J = 9.8 and 11.3 Hz, 1 H, CHHBr), 4.27
(dd, J = 4.4 and 11.3 Hz, 1 H, CHBr2) ppm. 13C NMR (75 MHz,
CDCl3): δ = 28.1 [C(CH3)3], 41.0 (C-3), 43.3 (C-2), 83.9
[C(CH3)3], 166.8 (C-1) ppm.

tert-Butyl 2-Bromoacrylate (10): Triethylamine (0.77 g, 0.80 mL,
7.7 mmol) in diethyl ether (5 mL) was added dropwise to tert-butyl
2,3-dibromopropionate (3.0 g, 7.0 mmol) in dry diethyl ether
(15 mL), cooled to 0 °C . The mixture was stirred overnight at room
temperature and then filtered. The filtrate was washed with water
(3×10 mL), dried (Na2SO4) and the solvent was removed. The title
compound was obtained as a pale yellow oil for which no further
purification was needed (1.72 g, 80% yield). 1H NMR (300 MHz,
CDCl3): δ = 1.45 [s, 9 H, C(CH3)3], 6.13 (d, J = 1.5 Hz, 1 H, CHH),
6.77 (d, J = 1.5 Hz, 1 H, CHH) ppm. 13C NMR (75 MHz, CDCl3):
δ = 28.3 [C(CH3)3], 83.4 [C(CH3)3], 123.8 (C-3), 129.2 (C-2), 161.1
(C-1) ppm.

Di-tert-butyl Buta-1,3-diene-2,3-dicarboxylate (11): Bis(1,5-cyclooc-
tadiene)nickel(0) (1.5 g, 5.3 mmol) and triphenylphosphane (2.8 g,
10.6 mmol) were suspended in dry diethyl ether (20 mL) at 25 °C
under nitrogen in a flame-dried Schlenk tube. Neat tert-butyl 2-
bromoacrylate (1.87 g, 8.9 mmol) was added rapidly via syringe
and the reaction mixture was stirred at 25 °C for 4.5 h. The mixture
was diluted with diethyl ether (20 mL), washed with water
(2×25 mL), dried (MgSO4) and the solvent was removed. The
crude product was purified by medium pressure chromatography
(silica, elution with 5% ethyl acetate in petrol). The product con-
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taining fractions (Rf = 0.36 on silica, same solvent system) were
collected and the solvent was removed to afford the title compound
as a colourless oil (0.48 g, 47% yield). 1H NMR (300 MHz,
CDCl3): δ = 1.42 [s, 18 H, C(CH3)3], 5.60 (d, J = 1.7 Hz, 2 H,
CHH), 6.06 (d, J = 1.7 Hz, 2 H, CHH) ppm. 13C NMR (75 MHz,
CDCl3): δ = 28.4 [C(CH3)3], 81.3 [C(CH3)3], 116.6 (CH2), 126.0 (C-
2, C-3), 165.3 (C-1) ppm.

Buta-1,3-diene-2,3-dicarboxylic Acid (5): Trifluoroacetic acid (TFA)
(1.0 mL) was added to di-tert-butyl buta-1,3-diene-2,3-dicarboxyl-
ate (0.16 g, 0.63 mmol) in DCM (2 mL). The resulting solution was
stirred at room temperature for 20 min. The solvent was removed
and the title compound was obtained as a white solid (0.08 g, 90%
yield). Recrystallisation from acetonitrile gave an analytically pure
sample. M.p. 184–186 °C (lit.[13] m.p. 186–188, lit.[8] 192–192.5). 1H
NMR (300 MHz, CD3OD): δ = 5.85 (d, J = 1.5 Hz, 2 H, CHH),
6.22 (d, J = 1.5 Hz, 2 H, CHH) ppm. 13C NMR (75 MHz,
CD3OD): δ = 128.1 (CH2), 140.1 (C-2, C-3), 167.1 (C-1) ppm. IR
(KBr disc): ν̃ = 3066 (m), 1675 (s), 1614 (s) cm–1.
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A nitrogen-rich aluminosilicate with nominal composition
La17Si9Al4N33 has been synthesised at 1500–1650 °C under a
N2 atmosphere by reaction of La metal, AlN and Si3N4. Its
crystal structure was solved and refined in space group
F4̄3m, with a = 15.4279(6) Å and Z = 4, to Rf = 1.9%. The
structure contains two novel types of discrete tetrahedral alu-
minosilicate clusters, with respective nominal compositions
Al4Si4N17 and Si5N16, with La atoms in between. Bulk sam-

Introduction

Nitridosilicates and sialons are well known to exhibit
useful physical properties, such as high strength, good wear
resistance, high decomposition temperature, good oxidation
resistance, excellent thermal-shock properties and resistance
to corrosive environments. They have traditionally been in-
vestigated with an aim towards applications such as cutting
tools, burners, welding nozzles, heat exchangers and engine
applications. Phase-formation conditions and phase-com-
patibility relationships have therefore been systematically
studied in many M-Si-Al-O-N sialon systems [e.g. M = Ca,
Y and rare-earth (RE) elements].[1] During the last decades,
however, more efforts have also been directed towards the
synthesis of novel compounds with more complex crystal
structures.[2] In particular, the use of electropositive metals
as starting materials has proven to be a successful synthesis
route.[3] The new compounds found have crystal structures
that exhibit features that are distinctly different from those
found for oxosilicates.[4–6] For example, whereas the O
atoms in oxosilicates are connected to either one or two Si
atoms,[7] the N atoms in nitridosilicates and sialons may
also be shared by three, and even four, Si tetrahedra.[8,9]
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ples were also investigated by powder X-ray and electron
diffraction. The 29Si and 27Al solid-state NMR results indicate
that the phase contains minor amounts of oxygen and has a
narrow compositional range with probable end limits La17Si9-
Al4N33 and La16.67Si9Al4N32O.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The network connectivity for nitridosilicates is therefore, as
a rule, higher than for oxosilicates.

We report here on the structure determination and bulk
synthesis of a new nitridoaluminosilicate with nominal
composition La17Si9Al4N33. Two features make it note-
worthy. First, its crystal structure does not contain any con-
tinuous linkage of tetrahedra, but instead two types of iso-
lated Si-(Al)-N/(O) clusters. The same type of clusters is
found in the similar structure of Pr63Si40Al12O20N115,[10] the
first known example of a nitridosilicate structure with all
Al and Si atoms in isolated clusters. However, Pr63Si40-
Al12O20N115 crystallises with a cubic primitive unit cell, in
space group P4̄3m with Z = 1 and a = 15.185(2) Å, and the
clusters are different with respect to their composition and
connectivity, as described further below. Counterparts to
the cluster types are also found in oxosilicate structures, al-
though obviously they contain O instead of N atoms. Sec-
ondly, La17Si9Al4N33 is, according to its formal composi-
tion, a rare example of a pure nitridoaluminosilicate. The
few other members include the wurtzite-type phases MAl-
SiN3 (M = Be, Mg, Mn, Ca),[11,12] filled α-Si3N4-type com-
pounds,[13] Ca5Si2Al2N8

[12] and Ca4SiAl3N7.[12]

However, although it is clear that the phase is very rich
in nitrogen, it cannot be ruled out that it may contain minor
amounts of oxygen, considering, for example, that the start-
ing materials were not free of oxygen. In order to obtain
local structural insight, 27Al and 29Si NMR spectra were
therefore recorded. The NMR results indicate that there is
a minor substitution of N by O and that the phase is likely
a solid solution with end limits La17Si9Al4N33 and La16.67-
Si9Al4N32O. In what follows, the nominal composition will
first be assumed, the NMR results presented, and conclu-
sions about compositional variations then addressed in the
Discussion.
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Results

Crystal Structure Determination and Refinement

The single-crystal data for La17Si9Al4N33 could be inde-
xed with a cubic F-centred unit cell with a = 15.410(1) Å.
The F-centring, and the absence of further reflection condi-
tions, was confirmed by electron diffraction (ED). The [011]
zone axis pattern in Figure 1a shows the absence of 00l re-
flections with l � 2n and hk0 reflections with h + k � 2n.
Tilting of the sample (see Figure 1b) showed that an equiva-
lent set of reflections appear in the first-order Laue zone
(FOLZ), thus implying the extinction symbol F---.[14] The
structure was solved in the space group F23 by direct meth-
ods, using the SIR97 program[15] in combination with Fou-
rier difference syntheses. It was refined against F using the
CRYSTALS program[16] and reflections with I/σ(I) � 3. An
inspection of refined atomic positions showed that the
space group symmetry could be increased to F4̄3m (no.
216), and the final refinements made using this space group
yielded a weighted Rf value of 1.9% for 294 unique reflec-

Figure 1.(a) [011] zone axis ED pattern of La17Si9Al4N33, showing
the absence of 00l reflections with l � 2n and hk0 reflections with
h + k � 2n. (b) A corresponding tilted ED pattern, showing an
equivalent set of reflections in the first-order Laue zone (FOLZ).

Table 1. Atomic parameters for La17Si9Al4N33; cubic, a =
15.4279(6) Å, V = 3672.13 Å3, F4̄3m, Z = 4.

Atom Site x y z Ueq [Å2]

La1 24f 1/2 0.29365(6) 0 0.0098
La2 24g 3/4 1/4 0.01012(8) 0.0141
La3 16e 0.40995(6) 0.09005(6) –0.09005(6) 0.0230
La4 4d 3/4 1/4 1/4 0.0176
Si1 4a 1/2 1/2 0 0.0064
Si2 16e 0.6354(3) 0.1354(3) –0.1354(3) 0.0107
Si3 16e 0.6338(3) 0.3662(3) 0.1338(3) 0.0070
Al1 16e 0.8199(3) 0.1801(3) –0.1801(3) 0.0116
N1 48h 0.6134(5) 0.2577(7) 0.1134(5) 0.013(3)
N2 48h 0.3854(6) 0.2476(8) 0.1146(6) 0.029(3)
N3 16e 0.5665(8) 0.4335(8) 0.0665(8) 0.013(4)
N4 16e 0.575(1) 0.075(1) –0.075(1) 0.054(8)
N5 4c 3/4 1/4 –1/4 0.02(1)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3627–36333628

tions. Thermal displacement parameters were refined aniso-
tropically for Si and La atoms, and isotropically for N
atoms. Refinement data are given in the Experimental Sec-
tion, with structural parameters in Table 1 and selected
bond lengths in Table 2.

Table 2. Atomic distances [Å] in La17Si9Al4N33.

Si–N Average

Si1–N3 1.77(2) 4× 1.77
Si2–N2 1.79(1) 3× Si2–N4 1.63(3) 1.75
Si3–N1 1.73(1) 3× Si3–N3 1.80(2) 1.75

Al–N

Al1–N2 1.81(1) 3× Al1–N5 1.866(7) 1.82

La–N

La1–N1 2.53(1) 2× La1–N2 2.60(1) 2× La1–N3 2.5971(9) 2×
La2–N1 2.642(2) 4× La2–N2 2.837(1) 4×
La3–N4 2.56(2) 3× La3–N1 2.63(1) 3×
La4–N1 2.98(1) 12×

Structure Description

The unit cell contains four nominal formula units of
La17Si9Al4N33. Possible deviations from this formula are
addressed in the Discussion. There are four tetrahedral T
(T = Si/Al) sites in the structure. One site has a considerably
larger average T–N distance than the other ones and is con-
cluded to be occupied by Al atoms. The other three T sites
are accordingly occupied by only Si atoms. The structure
contains two types of isolated tetrahedral clusters. One type
has a composition of Al4Si4N17

–23 and is illustrated in Fig-
ure 2 (a). In each Al4Si4N17 unit, a central N atom, on the

Figure 2. The two types of tetrahedral clusters found in the struc-
ture of La17Si9Al4N33. (a) The Al4Si4N17 cluster centred at the 4c
site at (1/4,1/4,1/4). (b) The Si5N16 cluster centred at the 4a site at
(0,0,0).
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4c site at (1/4,1/4,1/4), is common to four AlN4 tetrahedra.
Each of four SiN4 tetrahedra then shares three of its N
corner atoms with separate AlN4 tetrahedra, and has one
free apex N atom pointing outwards from the unit. A crys-
tal-chemical formula[17] for the crystal is [Al41;6Si(2)4

1;3-
N(4)[1]N(2)12

[2]N(5)[4]]23–. A similar cluster is found in the
structure of Pr63Si40Al12O20N115.[10] This has the composi-
tion Al4Si4N13O4

–19 and differs by having O atoms on the
Si tetrahedra apex atom sites. An identical atomic arrange-
ment is also found for the Be4Si4O17 cluster in the structure
of Na10Be4Si4O17.[18]

The other type of cluster, illustrated in Figure 2 (b), has
a composition of Si5N16

–28 and a crystal-chemical formula
of [Si(1)[1;4]Si(3)3

[1;1]N(1)12
[1]N(3)[2]]28–. It has at its centre,

on the 4a site at (0,0,0), a SiN4 tetrahedron that is con-
nected by corner-sharing to four surrounding SiN4 tetrahe-
dra. Similar clusters, with composition Si5O16, are found in
the structure of zunyite [Al13Si5O20(OH)18Cl].[19] The struc-
ture of Pr63Si40Al12O20N115 also contains Si5N16 zunyite-
type clusters, but four such clusters are further interlinked
by four additional SiON3 tetrahedra to form a much larger
cluster with composition Si24N64O4

–104. The arrangement
of two types of clusters in the unit cell of La17Si9Al4N33

Figure 3. An illustration of the arrangement of the two types of
clusters in the unit cell of La17Si9Al4N33. The drawn lines connect
tetrahedral atom positions.

Figure 4. The coordination of N atoms around the four crystallo-
graphically different La atoms in the structure of La17Si9Al4N33.

Eur. J. Inorg. Chem. 2006, 3627–3633 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3629

is illustrated in Figure 3. There are four different La atom
positions in the structure; the coordination of N atoms
around them is illustrated in Figure 4. La1 is coordinated
by six N atoms at 2.53–2.60 Å that form a distorted square
bipyramid, La2 by a distorted cube of eight N atoms at
2.64–2.84 Å, La3 by a distorted octahedron of six N atoms
at 2.56–2.63 Å, and La4 by 12 N atoms that form a cube-
octahedron.

Bulk Synthesis

Initial syntheses showed that the La17Si9Al4N33 phase
could be obtained together with LaN in the presence of a
large excess (double amount) of La metal. The crystallinity
was good, but the sample decomposed over a period of
about one week, simultaneously with hydrolysis of the LaN,
when left in contact with air. When stoichiometric amounts
of the starting materials were used, and also when adding a
smaller excess (10%) of La, yellow to yellow-green coloured
samples were obtained after applying two consecutive heat
treatments at 1500 and 1600 °C. These samples contained
two minority phases in addition to La17Si9Al4N33. The re-
flections of one could be indexed using a small monoclinic
unit cell with a = 5.2582(9), b = 5.5717(9), c = 3.9909(6) Å,
and β = 92.35(1)°, thus indicating that its structure may be
perovskite related. The reflections of the second could be
indexed with an I-centred tetragonal unit cell with a =
6.821(2) and c = 11.133(6) Å. The cell strongly suggests that
the phase is related to La3AlO3N2, which crystallises in I4/
mcm with a = 6.855(2) and c = 11.199(5) Å.[20] A third heat
treatment did not decrease the amounts of these secondary
phases. However, their amounts could be drastically re-
duced by mixing the obtained samples with 3 wt.-% fine-
grained carbon and then further heat-treating them at
1500 °C, i.e. by a carbothermal reduction and nitridation of
the secondary phases. The powder pattern of the stoichio-
metric, yellow sample then only contained two weak reflec-
tions, with relative intensities below 1.5%, for the impurity
phases. A good agreement was found between the observed
reflection intensities and the intensities calculated from the
single crystal data. The obtained unit-cell parameter was a
= 15.4279(6) Å and the indexed powder pattern is given in
Table 3. Unfortunately, we were not able to obtain samples
with this level of purity in larger amounts, for example to
perform neutron powder diffraction or physical property
measurements.

To find an alternative synthetic route, a 4-g stoichiomet-
ric mixture of LaN, Si3N4 and AlN was hot-pressed at
1600 °C and 50 MPa for 4 h. The powder pattern of the
prepared sample contained, however, only broad reflections
from unreacted starting materials, cuspidine-type La4-
Si2O7N2 and unidentified phases. In order to investigate
whether Al and O can be simultaneously incorporated into
La17Si9Al4N33 according to the common sialon substitution
mechanism (Si4+ + N3– ↔ Al3+ + O2) three 1.5-g samples
of La17Si9–xAl4+xN33–xOx, with x = 2, 4, and 6, were pre-
pared with SiO2 as oxygen source. The powder patterns of
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Table 3. Observed and calculated 2θ values for the Guinier–Hägg
diffraction pattern of La17Si9Al4N33 up to the 20th observed line.
a = 15.4279(6) Å, ∆2θ = 2θobs. – 2θcalcd., λ = 1.5406 Å. Cell figure-
of-merit: M20 = 131, F20 = 152 (0.0055, 24).

hkl 2θobs. [°] ∆2θ dobs [Å] I/I0

111 9.930 0.007 8.90 12
220 16.233 –0.004 5.45 1
400 23.046 0.005 3.856 36
331 25.139 –0.001 3.540 20
420 25.813 0.008 3.449 6
422 28.320 0.003 3.149 28
511 30.067 –0.007 2.970 83
440 32.805 –0.007 2.728 100
600 34.871 0.007 2.571 13
620 36.814 –0.002 2.440 1
533 38.218 –0.005 2.353 3
622 38.697 0.015 2.325 5
444 40.473 –0.002 2.227 21
711 41.774 –0.005 2.161 5
640 42.199 –0.007 2.140 2
642 43.879 –0.001 2.062 5
731 45.100 –0.003 2.009 12
800 47.081 –0.005 1.929 10
733 48.242 –0.003 1.885 10
820 48.640 0.013 1.870 7

the samples with x = 2 and 4 showed no change in the unit-
cell parameter for La17Si9Al4N33 and the presence of se-
veral additional phases, among them AlN and the two sec-
ondary phases described above. The sample with x = 6 con-
tained no La17Si9Al4N33 at all. These results show that the
La17Si9Al4N33 phase does not accept any significant simul-
taneous incorporation of Al and O. A comparison of the
obtained unit-cell parameters for all preparations of La17-
Si9Al4N33 showed, however, very small but significant vari-
ations. The largest unit-cell parameter was observed for the
sample prepared with a large excess of La [a =
15.4402(9) Å], and the smallest one for the stoichiometric
sample that was further heat-treated with added carbon at
1500 °C [a = 15.4279(6) Å]. The difference is very small
[0.012(1) Å], but indicates nevertheless that La17Si9Al4N33

shows smaller compositional variations. It may be noted
that the two samples have nominally the same Al/Si ratio.
Finally, attempts were made to prepare isostructural phases
with the rare-earths Pr, Sm, Gd and Y at 1500–1650 °C.
These were not successful, but in the case of Y yielded a
very distinct powder pattern from YN and a hexagonal
phase with a = 9.8027(4) and c = 10.6235(6) Å. The unit-
cell parameters indicate that the phase is isostructural with
Y6+x/3Si11N20+xO1–x,[21] a structure type that can also
incorporate Al according to the more general formula
RE6+x/3Si11–yAlyN20+x+yO1–x+y, e.g. Nd7Si8Al3N20.[22]

Solid-State NMR Spectroscopy

27Al NMR

Figure 5 shows 27Al MAS and 3QMAS[24] NMR spectra
recorded for a freshly prepared sample of La17Si9Al4N33.
The MAS spectrum displays two signals at around δ = 112

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3627–36333630

and 90 ppm, which were assigned to AlN4 and AlN3O tet-
rahedra, respectively, on the basis of typical chemical shifts
for such units.[25,26]

Figure 5. (a) Zoom around the centre-band region of an 27Al MAS
spectrum recorded for La17Si9Al4N33 at a MAS frequency of
12.5 kHz. It results from the summation of 192 signal transients,
each obtained using a relaxation delay of 200 s and short excitation
pulse of flip angle ca. 12°. The nutation frequency was 94 kHz,
measured relative to Al3+(aq). 200 Hz full width at half maximum
height (FWHM) Lorentizan broadening was applied prior to Fou-
rier transformation. Chemical shift values are displayed on the top
of the peak maxima and asterisks indicate spinning sidebands. (b)
3QMAS spectrum recorded by the shifted-echo technique[23] at
13.3 kHz MAS, using 96 transients per t1-value and relaxation de-
lays of 30.5 s. Arrows indicate the direction of peak displacement
due to changes in isotropic chemical shifts and quadrupolar coup-
ling constants.

However, the higher spectral resolution in the 3QMAS
spectrum reveals a significantly more complex signal
pattern than hinted from the 1D MAS spectrum. The signal
region labelled A corresponds to the peak at δ = 90 ppm in
the MAS spectrum. From the 3QMAS data, we estimated
the isotropic chemical shift as δiso = 92 ppm. As the asym-
metry parameter of the electric-field tensor could not be
determined for any of the sites discussed below, we have
henceforth assumed that η = 0, for site A, which results in
a corresponding quadrupolar coupling constant CQ = e2qQ/
h = 1.7 MHz. The same chemical shift value was obtained
by using the frequency positions of central and satellite
transition peaks, as described previously.[26] Signal A ex-
tends along both spectral dimensions due to spreads in iso-
tropic chemical shifts as well as quadrupolar coupling con-
stants. In the MAS spectrum in part a of Figure 5, these
dispersions are manifested as the signal “tail” extending
towards lower shifts (ppm values). However, the broad peak
labelled B (Figure 5, b) also contributes to this spectral re-
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gion. Signal B is associated with an aluminium site experi-
encing a significant quadrupolar coupling constant (esti-
mated as CQ = 7.4 MHz), but unlike the other sites, it is
not associated with dispersions in quadrupolar couplings
or chemical shifts. Based on its isotropic chemical shift (δiso

= 108 ppm), this peak is assigned to an AlN4 environ-
ment.[25,26]

The 3QMAS spectral intensities are not quantitative[24]

due to the widely differing quadrupolar coupling constant
of site B compared to A and C. This is evident, for example,
from the fact that the anisotropic MAS projection of Fig-
ure 5 (b) differs from the 1D MAS spectrum in Figure 5 (a),
as is the incomplete excitation of the peak around δ =
112 ppm (corresponding to signal C in Figure 5, b).

The MAS spectrum was deconvoluted into three compo-
nents (not shown), from which the relative integrated inten-
sities for A–C were estimated. This (highly uncertain) calcu-
lation showed that 55, 34 and 11% of the total signal por-
tion derives from A, B and C, respectively. It now remains
to reconcile the information from the 27Al NMR spectrum,
which shows signals from (at least) three distinct Al envi-
ronments (for the proposed structure of La17Si9Al4N33 only
a single tetrahedral AlN4 site is expected). Several scenarios
of O↔N and Si↔Al substitution were considered. It
turned out to be most plausible that (i) the weak signal C
derives from a minor impurity phase that is not detected by
XRD (incidentally, its NMR parameters are almost iden-
tical to those of AlN) and (ii) the remaining two sites may
be accounted for by noting that if oxygen substitutes for
nitrogen at the 4c position, four AlN4 units are converted
into four AlN3O units for every N�O replacement. After
renormalising the integrals of A and B, this implies that the
structure contains 62% AlN3O and 38% AlN4 units, which
translates roughly into 62% oxygen substitution at the 4c
positions and the net formula La17Si9Al4N32.4O0.6.

29Si NMR

The corresponding 29Si MAS spectrum is shown in Fig-
ure 6. It has a poor signal-to-noise ratio due to the very
slow 29Si T1 relaxation coupled to relatively broad NMR
signals, and displays two main groups of peaks, one ex-
tending between δ = –51 and –56 ppm and another centred
at δ = –70 ppm. Both signals are attributed to SiN4 tetrahe-
dra. However, whereas the chemical shift of the former peak
is representative for such units, a shift of around δ =
–70 ppm is more typical of SiN2O2 groups.[27–29] Therefore,
29Si NMR spectroscopy alone cannot exclude additional
oxygen substitution leading to “mixed” SiNnO4–n environ-
ments. Nevertheless, we note that a relatively broad span of
29Si NMR chemical shifts has already been found from a
still fairly small collection of nitridosilicates, ranging from
δ = –36 ppm in Y3Si6N11 to δ = –65 ppm in LaSi3N5.[27–29]

Thus the very strong shielding of the 29Si nuclei of the SiN4

tetrahedra may originate from a unique combination of
structural factors (bond lengths and angles) in the present
compound. From the single-crystal XRD analysis, we ex-
pect three distinct 29Si signals with relative intensities 1:4:4.
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It is possible to reconcile the spectrum of Figure 6 with the
proposed structure of La17Si9Al4N33 by noting that if the
29Si signals from the two Si 16e sites overlap, a spectrum
with two peaks of relative intensity 1:8 would result. This
is not unlikely when considering that overlap between sig-
nals from distinct SiNnO4–n environments has previously
been reported in the 29Si NMR spectra of oxynitridosil-
icates.[27,28,30] In fact, the width (FWHM � 10 ppm) of the
peak centred at δ = 70 ppm (Figure 6) is exceptional for a
crystalline nitridosilicate. As neither of the two peaks from
La17Si9Al4N33 fitted well to a single Lorentzian, Gaussian
or mixed lineshape, this indeed suggests that they either
arise from several partially overlapping signals or that the
peaks are broadened by residual MAS non-averaged di-
polar couplings between 29Si and the quadrupolar spins in
its surroundings (14N, 27Al and 139La).[27,31] The ratio be-
tween the integrated peaks in Figure 6 was estimated to be
1:(8.5±2). The deviation from the ratio 1:8 may be due to
different degrees of saturation of the three 29Si sites caused
by differing T1 relaxation times or possibly from interfering
signals of minor impurity phases.

Figure 6. 29Si MAS spectrum recorded at 9.4 T employing MAS at
6.5 kHz. It is the result of 68 co-added signal transients using 30°
excitation pulses and 50 min relaxation delays. 150 Hz FWHM Lo-
rentzian broadening was applied in the data processing.

Discussion

EDS microanalysis was performed on both the obtained
crystals and the powder bulk samples and yielded 57(2)%
La, 30(1)% Si, 13.3(9)% Al and 56(3)% La, 30(2)% Si,
13(1)% Al, which correspond to the formulae La17.0(6)-
Si9.0(4)Al4.0(3) and La16.8(7)Si9.1(5)Al3.9(3), respectively. The
analytical results are thus in very good agreement with the
structural cation composition La17Si9Al4, obtained by plac-
ing Al atoms on the 16e sites with x = 0.1800(3) and Si
atoms on the remaining tetrahedral sites. Therefore, if all
cation and anion positions are fully occupied, one can con-
clude by charge balancing that all anions are N3– and that
the compound formula is La17Si9Al4N33.

Considering the diffraction data alone, it cannot be ruled
out, however, that the phase contains smaller amounts of
oxygen. First, the starting materials Si3N4 and AlN contain
some oxygen, corresponding to an estimated O/N ratio in
the final, fully nitrided mixture of about 0.5:33, which may
partly explain why pure bulk samples were not obtained
using stoichiometric metal compositions. Secondly, oxygen
might also have been taken up by the sample during the
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heat treatment, as we have observed for other syntheses,
even though it was performed in a graphite furnace under
a N2 gas flow. Furthermore, as described above, the
amounts of the formed secondary phases could be signifi-
cantly reduced by further carbothermal reduction and ni-
tridation of the samples.

27Al NMR spectroscopy has provided direct evidence of
O substitution at the N5 4c position by showing the pres-
ence of both AlN3O and AlN4 tetrahedral units, whereas
the 29Si NMR spectroscopic data could not rule out ad-
ditional oxygen substitution. The smaller total anion charge
resulting from O substitution is probably compensated by
vacancies on some of the La sites, leading to a formula
La17–x/3Si9Al4N33–xOx (x � 1). However, no reliable conclu-
sions concerning La vacancies could be drawn from struc-
ture refinements. We see no way of incorporating more sub-
stantial amounts of oxygen without larger changes in the
cation composition, which would contradict the results of
the EDS analysis, the single crystal diffraction data, and the
observed near constancy of the unit-cell parameter for bulk
samples. We therefore conclude that the compound has a
formula very close to La17Si9Al4N33 but that it contains
variable minor amounts of oxygen, with probable end-limit
compositions being La17Si9Al4N33 and La16.67Si9Al4N32O.

The unit-cell parameters and atomic coordinates of
La17Si9Al4N33 suggest that its structure could be a 4×4×4
superstructure of the perovskite type, similar to Ce16-
Si15O6N32 for example,[6,9] which is notable as its structure
contains silicon octahedrally coordinated by nitrogen. Fol-
lowing Liebau,[6] the latter formula may accordingly be re-
written as Ce16(Si[6]Si14

[4]�)(O6N32�10). The relationship to
the cubic perovskite ABX3 structure rests on the fact that
the atoms corresponding to A and B do not deviate signifi-
cantly from the highly symmetrical positions in the ideal
perovskite structure, even when the coordination number
for B atoms is reduced from six to four. The anion X posi-
tions may, however, deviate extensively from their ideal po-
sitions and are expected to contain vacancies due to the
decreased coordination number of the B atoms.

For La17Si9Al4N33 the relationship with perovskite is not
so close. While many of the La atoms are found in positions
corresponding to perovskite A atoms, this set of positions
is in addition occupied by Si1 atoms (at the centres of the
Si5N16 zunyite-type clusters), N1 atoms (at the centres of
the Al4Si4N17 clusters), and also contains vacancies [at the
4b sites (1/2,1/2,1/2)]. Further, the Al atom positions are
significantly displaced from the positions corresponding to
perovskite B atoms and the Al4Si4N17 clusters cannot read-
ily be described as part of a perovskite structure. It should
also be noted that the Al4Si4N17 clusters cannot be de-
scribed as being a part of an anion close packing.

According to the formula La17Si9Al4N33, the compound
is one of the rare examples of a pure nitridoaluminosilicate.
More noteworthy, however, is that La17Si9Al4N33 is a nitri-
do(alumino)silicate with a structure where all the tetrahe-
dral atoms are part of isolated complex anions or clusters
that contain only, or predominantly, N atoms. Nitridosilic-
ate crystal chemistry differs from that of oxosilicates mainly
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due to the common occurrence of N(3), and to a much less
extent of N(4), atoms.[9] For oxonitridosilicates and sialons,
the crystal chemistry is more similar to that of oxosilicates,
especially for low N/O ratios. As the T/X ratio increases [T
= (Si/Al) and X = (N/O)] the structures exhibit a condensa-
tion of the tetrahedra in the sequence of isolated TX4 tetra-
hedra � isolated T2X7 groups � rings or chains of tetrahe-
dra � layers of tetrahedra � frameworks of tetrahedra.[11]

Structures containing more complex isolated clusters built
up from TX4 tetrahedra are virtually non-existent for all of
these types of silicates. The compound La17Si9Al4N33 has a
T/X ratio of 1:2.54, from which one might anticipate a
structure containing rings, chains or sheets of tetrahedra.
Instead, the structure contains isolated tetrahedral clusters
and 48.5% N(1), 48.5% N(2) and 3.0% N(4) atoms. Despite
its high nitrogen and silicon content, there are no N(3)

atoms, which are the common structural characteristic for
nitridosilicates.

Experimental Section
Powder samples of La17Si9Al4N33 were prepared at 1500–1650 °C
in a graphite furnace under nitrogen, from La metal (Chempure,
99.9%), Si3N4 (UBE, SN-E10) and AlN (H. C. Starck, Berlin,
grade A) as starting materials. During the synthesis the La metal
reacts with N2 to form reactive LaNd. The powders were mixed,
in amounts of ca. 1 g, and ground in a dry-box under argon to
prevent oxidation of the La metal, and then placed in Nb tubes
that were sealed with parafilm during the transfer to the furnace.
In a typical run, the sample was heated to the synthesis temperature
over 2 h, kept there for 12 h, then cooled to 1200 °C over 4 h,
whereupon the furnace was switched off. Yellow to orange single
crystals were found in preparations at 1650 °C.

The heat-treated powder samples were characterised by their X-ray
powder patterns, which were recorded with a Guinier–Hägg cam-
era, using Cu-Kα1 radiation and Si as internal standard. The data
were evaluated using a film scanner system[32] and, for the majority
of patterns, the Rietveld program FullProf.[33] Energy-dispersive X-
ray (EDX) microanalyses of the metal composition were made
using a JEOL 820 scanning electron microscope equipped with a
LINK AN10000 EDX system. Electron diffraction (ED) studies
were carried out with a JEOL 200FX transmission electron micro-
scope (TEM), operating at 200 kV, in order to confirm the crystal
system and space group. Single-crystal X-ray diffraction (XRD)
data for La17Si9Al4N33 were collected with a STOE image-plate
detector system (IPDS), using a Siemens rotating anode and Mo-
Kα radiation, up to 2θ = 52° and d-values � 0.81 Å (Table 4). The
STOE IPDS software package[34] was used for indexing and inte-
gration.

Further details of the crystal-structure investigations may be ob-
tained from the Fachinformationzentrum, 76344 Eggenstein-Leo-
poldshafen, Germany, on quoting the depository number CSD-
416358.

Magic-angle spinning (MAS) NMR experiments were carried out
on a finely ground powder of La17Si9Al4N33 using a Varian/Chem-
agnetics Infinity-400 spectrometer at a magnetic field of 9.4 T, with
the Larmor frequencies 79.50 and –104.28 MHz for 29Si and 27Al,
respectively. 6-mm and 4-mm probeheads were employed for 29Si
and 27Al acquisitions, respectively. Chemical shifts are reported in
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Table 4. Refinement data for La17Si9Al4N33.

Crystal form cube
Crystal size [mm] 0.02×0.02×0.02
Radiation [Å] Mo-Kα (0.71073 Å)
µ (mm–1) 19.80
Absorption correction numerical from shape
Range of h, k, l –10 � h � 10

0 � k � 13
1 � l � 18

No. of measured reflections 6463
No. of independent reflections 410
No. of observed reflections 294
Criterion for observed reflections I � 3σ(I)
Rint 0.063
2θ max. [°] 52.0
Refinement on F
No. of reflections used in the refine- 294ment
No. of parameters used 34
R [I�3σ(I)] 0.019
wR [I�3σ(I)] 0.019
R (all) 0.031
wR (all) 0.023
S 1.15
∆ρmax, ∆ρmin (e– Å–3) +1.5, –1.0

deshielding (δ) units of ppm, referenced with respect to TMS (29Si)
and Al3+(aq) (27Al). Additional experimental parameters are given
in the figure captions.
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The Template Effect of Palladium(II): Synthesis, Characterization, and Crystal
Structures of 2,4-Substituted 1,3,5-Triazapentadienatopalladium(II) Complexes
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The reaction of LiN(SiMe3)2 with two equivalents of 2-, 3-, or
4-cyanopyridine followed by the addition of half an equiva-
lent of [PdCl2(PhCN)2] gives neutral 1,3,5-triazapentadienato
complexes of the general formula [Pd{HNC(Py)NC(Py)NH}2]
(Py = 2-pyridyl 1, 3-pyridyl 2, 4-pyridyl 3). When the above
reaction was carried out with benzonitrile and then 3- or 4-
cyanopyridine was added followed by half an equivalent of
[PdCl2(PhCN)2] neutral unsymmetrical 1,3,5-triazapen-
tadienato complexes of the general formula [Pd{HNC(Ph)-
NC(Py)NH}2] (Py = 3-pyridyl 4, 4-pyridyl 5) were obtained.
When LiN(SiMe3)2 was treated with one equivalent of benzo-
nitrile in THF, followed by the addition of a quarter of an
equivalent of anhydrous palladium chloride and workup in
air, the trinuclear complex tetrakis(benzamidinato)bis(2,4-di-

Introduction

Didentate, monoanionic, nitrogen-based L–X– ligands
and their complexes are one of the subjects of intense study
in the field of amidinates.[1] Among this class of com-
pounds, the coordination chemistry and potential applica-
tion in catalysis of β-diketiminato ligands and their metal
complexes have received significantly increasing attention
recently. A series of β-diketiminate complexes have been
synthesized by the nucleophilic addition reaction of α-hy-
drogen-free nitriles to substituted methyllithiums, and the
catalytic properties of some of these complexes have been
investigated.[2,3] Similar diimine ligands, namely N-phos-
phanyl-β-diimine ligands,[4] sterically demanding aromatic
diimine ligands,[5] and their complexes have also been devel-
oped. Many metal β-diiminate complexes, such as magne-
sium,[6] aluminum,[7] nickel and palladium,[8] zirconium,[9]

rhodium,[10] gallium,[11] and scandium[12] etc. have been re-
ported. Moreover, these diimine and similar complexes have
been found to be effective catalysts for the polymerization
of ethylene.[8,13]

However, there are very few reports on the isoelectronic
1,3,5-triazapentadienato ligands and their complexes. Tran-
sition metal complexes with chelating 1,3,5-triazapentadien-
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phenyl-1,3,5-triazapentadienato)tripalladium(II) (6) was ob-
tained as yellow crystals in 19% yield. All complexes were
fully characterized by elemental analysis, 1H NMR spec-
troscopy, and mass spectrometry. The solid-state structures of
compounds 2, 3, and 6 were determined by X-ray crystal-
lography. Structural analyses revealed that the 2,4-bis(pyri-
dyl)-1,3,5-triazapentadienyl ligands in 2 and 3 behave as di-
dentate ligands to form six-membered rings with the metal
ion. For 6, the 2,4-diphenyl-1,3,5-triazapentadienyl ligands
also behave as didentate ligands to form six-membered rings
with the metal ion, whereas the amidinato ligands behave as
bridging didentate ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ato ligands have been isolated by (i) evaporating a methanol
solution of nickel chloride hexahydrate and acetamidine,[14]

(ii) treating lithium benzamidinate with [PtCl2(PhCN)2],[15]

(iii) treating acetonitrile with the dinuclear nickel complex
[Ni2(µ-OH)2(tpa)2](ClO4)2 [tpa = tris(2-pyridylmethyl)-
amine],[16] (iv) treating triazine with copper acetate,[17] and
(v) a coupling reaction between amidine and ligated ni-
triles.[18] Bis(perfluoroalkyl)triazapentadiene and its transi-
tion metal complexes have also been synthesized.[19,20]

We have synthesized the complex bis[2,4-bis(n-pyridyl)-
1,3,5-triazapentadienato]nickel(II) (n = 3 or 4) in about
30% yield by the reaction of anhydrous nickel(II) chloride
with the addition product of cyanopyridine with LiN-
(SiMe3)2.[21] We have since extended our study to
[PdCl2(PhCN)2] and the results are described here. De-
pending on the nature of the aryl group, [PdCl2(PhCN)2]
reacts with the addition product of lithium N,N�-bis(tri-
methylsilyl)arylamidinate, [(Me3Si)N(Li)C(Ar)N(SiMe3)]
(Ar = phenyl, 2-pyridyl, 3-pyridyl, 4-pyridyl) and an aryl
nitrile to give the neutral mononuclear triazapentadienyl
complexes bis(2-Ar-4-Ar�-1,3,5-triazapentadienato)palladi-
um(II) (Ar = Ar� = 2-pyridyl 1; Ar = Ar� = 3-pyridyl 2; Ar
= Ar� = 4-pyridyl 3; Ar = Ph, Ar� = 3-pyridyl 4; Ar = Ph,
Ar� = 4-pyridyl 5) and trinuclear triazapentadienyl complex
tetrakis(benzamidinato)bis(2,4-diphenyl-1,3,5-triazapenta-
dienato)tripalladium(II) (6; Scheme 1). This is in contrast
to the reaction of [MCl2(PhCN)2] (M = Pd or Pt) with lith-
ium N,N�-diphenylbenzamidinate [PhN(Li)C(Ph)NPh],
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Scheme 1.

which gives the bis(amidinato) complexes [M{PhNC(Ph)-
NPh}2].[22] The fact that the palladium complexes are iso-
lated with higher yields than the related nickel complexes
and the formation of compound 6 suggest that palladium
plays a more evident template role in the synthesis of 1,3,5-
triazapentadienato metal complexes. In other words, palla-
dium may be specially suited to stabilizing the six-mem-
bered ring formed by palladium and the 1,3,5-triazapen-
tadienato ligand.

Result and Discussion

Synthesis and Structural Characterization

Yellow crystals of the neutral, symmetrical 2,4-disubsti-
tuted 1,3,5-triazapentadienato complexes [Pd{HNC(Py)-
NC(Py)NH}2] (Py = 2-pyridyl 1; 3-pyridyl 2; 4-pyridyl 3),
were obtained in good yields (71, 70, and 71%, respectively)
when LiN(SiMe3)2 was treated with two equivalents of 2-,
3-, or 4-cyanopyridine in THF, followed by the addition of
half an equivalent of [PdCl2(PhCN)2] and workup in air.
Elemental analyses and electrospray ionization high resolu-
tion mass spectroscopic (ESI-HRMS) data confirmed the
formulation of the compounds. The ESI mass spectra (posi-
tive mode) of 1–3 exhibit the [M+1]+ peak at m/z 555.0947,
555.0944, and 555.1032, respectively, which deviate less
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than 10 ppm from the theoretical value of 555.0985 for the
elemental composition C24H21N10Pd. The observed iso-
topic distribution patterns of these peaks also match the
expected theoretical signals.

Compounds 1–3 should have a similar structure. The so-
lid-state structures of 2 and 3 were ascertained by X-ray
crystallography. Perspective drawings of 2 and 3 are shown
in Figures 1 and 2, respectively; selected bond lengths and
angles are given in Table 1.

The structural analyses of 2 and 3 revealed that their
structures are similar to the corresponding nickel(II) com-
plexes [Ni{HNC(Py)NC(Py)NH}2][21] and the analogous Pt
complex [Pt{HNC(Ph)NC(Ph)NH}2].[15] Both 2 and 3 are
centrosymmetric with the palladium(II) ion adopting a
square-planar geometry. The palladium(II) ion in 2 is lo-
cated at the center of the plane defined by the four nitrogen
atoms of the two didentate 1,3,5-triazapentadieno ligands
[HNC(3-Py)NC(3-Py)NH]–, with Pd–N distances of
1.980(3) [Pd(1)–N(1)] and 1.974(3) Å [Pd(1)–N(2)], and an
N(1)–Pd(1)–N(2) angle of 87.12(12)°. Each didentate 1,3,5-
triazapentadienato ligand forms a six-membered metallacy-
cle with the metal ion. This six-membered ring is nearly
planar with a mean deviation of 0.0278 Å from the plane.
Within the 1,3,5-triazapentadieno ligand, the N(1)–C(1)
[1.299(5) Å], C(1)–N(3) [1.353(5) Å], N(3)–C(7)
[1.344(4) Å], and C(7)–N(2) [1.307(4) Å] distances are very
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Figure 1. ORTEP drawing (30% probability level) of the molecular
structure of 2. Hydrogen atoms have been omitted for clarity.

Figure 2. ORTEP drawing (30% probability level) of the molecular
structure of 3. Hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths [Å] and bond angles [°] for compounds 2, 3, and 6.

2 3 6

Pd(1)–N(1) 1.980(3) Pd(1)–N(1) 1.980(4) Pd(1)–N(4) 1.986(10) N(4)–Pd(1)–N(6) 88.5(4)
Pd(1)–N(2) 1.974(3) Pd(1)–N(2) 1.971(4) Pd(1)–N(6) 2.067(9) N(1)–Pd(2)–N(2) 88.3(4)
N(1)–C(1) 1.299(5) N(1)–C(1) 1.316(6) Pd(2)–N(1) 1.998(9) N(5)–Pd(2)–N(7) 86.8(4)
C(1)–N(3) 1.353(5) C(1)–N(3) 1.339(6) Pd(2)–N(2) 1.931(8) Pd(1)–N(4)–C(15) 131.9(9)
N(3)–C(7) 1.344(4) N(3)–C(7A) 1.339(6) Pd(2)–N(5) 2.022(9) N(4)–C(15)–N(5) 120.0(12)
C(7)–N(2) 1.307(4) C(7)–N(2) 1.304(6) Pd(2)–N(7) 2.044(8) C(15)–N(5)–Pd(2) 125.9(9)
C(1)–C(2) 1.497(5) C(1)–C(2) 1.487(6) N(1)–C(1) 1.360(13) Pd(1)–N(6)–C(22) 130.2(9)
C(7)–C(8) 1.498(5) C(7)–C(8) 1.489(6) C(1)–N(3) 1.238(15) N(6)–C(22)–N(7) 125.9(11)
N(1)–Pd(1)–N(2) 87.12(12) N(1)–Pd(1)–N(2) 92.38(16) N(3)–C(8) 1.306(15) C(22)–N(7)–Pd(2) 121.2(9)
Pd(1)–N(1)–C(1) 127.9(3) Pd(1)–N(1)–C(1) 126.7(3) C(8)–N(2) 1.391(12) Pd(2)–N(1)–C(1) 124.4(9)
Pd(1)–N(2)–C(7) 128.3(3) Pd(1)–N(2)–C(7) 128.4(4) C(1)–C(2) 1.445(17) N(1)–C(1)–N(3) 128.0(12)
N(1)–C(1)–N(3) 127.4(3) N(1)–C(1)–N(3) 128.2(4) C(8)–C(9) 1.500(17) C(1)–N(3)–C(8) 127.9(11)
C(1)–N(3)–C(7) 121.7(3) C(1)–N(3)–C(7A) 122.0(4) N(4)–C(15) 1.332(15) N(3)–C(8)–N(2) 122.9(12)
N(3)–C(7)–N(2) 127.0(3) N(3A)–C(7)–N(2) 127.0(5) C(15)–N(5) 1.305(15) C(8)–N(2)–Pd(2) 128.2(9)
N(1)–C(1)–C(2) 119.8(3) N(1)–C(1)–C(2) 117.8(4) N(6)–C(22) 1.239(14)
N(2)–C(7)–C(8) 118.8(3) N(2)–C(7)–C(8) 119.6(4) C(22)–N(7) 1.336(15)

C(15)–C(16) 1.504(15)
C(22)–C(23) 1.448(14)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3634–36403636

similar, thereby indicating complete delocalization within
the N–C–N–C–N framework. The plane of the six-mem-
bered ring forms dihedral angles of 37.8° and 30.7° with the
N(4)- and N(5)-pyridyl planes, respectively, thus indicating
that the N(4)-pyridyl and N(5)-pyridyl rings are not copla-
nar with the metal-containing six-membered ring.

Figure 2 shows the palladium(II) ion of 3 positioned at
the center of the N(1)N(2)N(1A)N(2A) plane, with Pd–N
distances of 1.980(4) [Pd(1)–N(1)] and 1.971(4) Å [Pd(1)–
N(2)], and an N(1)–Pd(1)–N(2) angle of 92.38(16)°. Each
didentate 1,3,5-triazapentadienato ligand forms a six-mem-
bered metallacycle with the metal ion. This six-membered
ring is almost planar, with a mean deviation of 0.0086 Å
from the plane. Within the 1,3,5-triazapentadienato ligand,
the similarity between the N(1)–C(1) [1.316(6) Å], C(1)–
N(3) [1.339(6) Å], N(3)–C(7A) [1.339(6) Å], and C(7A)–
N(2A) [1.304(3) Å] distances shows complete delocalization
within the N–C–N–C–N framework. The planes of the
N(4)-pyridyl and N(5A)-pyridyl rings are not coplanar with
the metal six-membered ring; they form a dihedral angle of
27.1° and 26.8° with the plane of the six-membered metall-
acycle, respectively.

When LiN(SiMe3)2 was treated with one equivalent of
benzonitrile, then one equivalent of 3- or 4-cyanopyridine
in THF, followed by the addition of half an equivalent of
[PdCl2(PhCN)2] and workup in air, the unsymmetrical com-
plexes [Pd{HNC(Ph)NC(Py)NH}2] (Py = 3-pyridyl 4; 4-
pyridyl 5) were obtained as yellow crystals in 31 and 27%
yields, respectively. The formulation of the compounds was
confirmed by elemental analyses and ESI-HRMS data. The
ESI mass spectra (positive mode) of both compounds in
methanol exhibit the corresponding [M+1]+ peak at
m/z 553.1106 for 4 and 553.1049 for 5, both of which devi-
ate by less than 10 ppm from the theoretical value of
553.1080 for the elemental composition C26H23N8Pd. The
observed isotopic distribution patterns of the [M+1]+ peak
also match the expected theoretical signals. It is clear that
the lithium benzamidinate undergoes a nucleophilic ad-
dition reaction with 3-cyanopyridine or 4-cyanopyridine
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and [PdCl2(PhCN)2] to form the respective palladium(II)
complex. Attempts to grow crystals of 4 and 5 suitable for
an X-ray diffraction study were unsuccessful. However, the
structures of 4 and 5 are expected to be similar to those of
2 and 3. Compounds 4 and 5 could adopt either a cis or a
trans configuration (Scheme 1). Unfortunately, the existing
spectroscopic data cannot distinguish between these two
configurations.

When LiN(SiMe3)2 was treated with an excess amount
of benzonitrile followed by addition of a quarter of an
equivalent of PdCl2, the neutral trinuclear palladium com-
plex [Pd3{[HNC(Ph)NC(Ph)NH]2[µ2-HNC(Ph)NH]4}] (6)
was isolated in low yield (19%). This contrasts with the
reaction with anhydrous NiCl2, which gave the ionic salt
[Ni{H2NC(Ph)NH}4]Cl2.[21] The solid-state structure of 6
was ascertained by X-ray crystallography; a perspective
drawing is shown in Figure 3. Selected bond lengths and
angles are also given in Table 1. This structural analysis re-
vealed that 6 is centrosymmetric, with Pd(1) at the inversion
center. There are two kinds of coordinated anions − benz-
amidinato and 2,4-diphenyl-1,3,5-triazapentadienato − and
three palladium atoms in the molecule of 6. All three palla-
dium(II) ions adopt a square-planar geometry. The distance
between two neighboring palladium atoms is 2.933 Å,
which is too long for any significant interaction between the
two metal centers. The N(2)–Pd(2)–N(1) and N(5)–Pd(2)–
N(7) angles are 88.3(4)° and 86.8(4)°, respectively, and the
N(4)–Pd(1)–N(6) angle is 88.5(4)°. The lengths of the bonds
between palladium and the coordinated nitrogen atoms of
the 2,4-bis(phenyl)-1,3,5-triazapentadienato ligand are
1.998(9) [Pd(2)–N(1)] and 1.931(8) Å [Pd(2)–N(2)], respec-
tively. The Pd–N bond lengths between the palladium
atoms and the coordinated nitrogen atoms of benzamidin-
ato are 2.022(9) [Pd(2)–N(5)], 2.044(8) [Pd(2)–N(7)],
1.986(10) [Pd(1)–N(4)], and 2.067(9) Å [Pd(1)–N(6)], which

Figure 3. ORTEP drawing (30% probability level) of the molecular structure of 6. Hydrogen atoms have been omitted for clarity.
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are similar to the Pd–N distance [2.038(3) Å] in
[Pd{PhNC(Ph)NPh}2].[22] The didentate 1,3,5-triazapen-
tadienato ligand forms a six-membered metallacycle with
the metal ion. This six-membered ring is nearly planar, with
a mean deviation of 0.0224 Å from the plane. Within the
1,3,5-triazapentadieno ligand, the N(1)–C(1) [1.360(13)],
C(1)–N(3) [1.238(15)], N(3)–C(8) [1.306(15)], and C(8)–
N(2) [1.391(12) Å] distances are similar, thus indicating de-
localization within the N–C–N–C–N framework. The plane
of the six-membered ring forms dihedral angles of 35.1° and
2.5° with the C(2)–C(7) and C(9)–C(14) phenyl planes,
respectively, presumably due to solid-state packing effects.
This indicates that the C(9)–C(14) phenyl plane is coplanar
with the metal six-membered ring.

There are two benzamidinato anions in half a molecule
of 6. Each of them forms a five-membered ring with two
palladium ions. The five-membered rings Pd(1)N(4)C(15)
N(5)Pd(2) and Pd(1)N(6)C(22)N(7)Pd(2) are nearly planar
with a mean deviation of 0.0615 and 0.0399 Å from the
plane, respectively. The N(4)–C(15) [1.332(15) Å] and
C(15)–N(5) [1.305(15) Å] bond lengths are indicative of de-
localization within the N–C–N framework, which is also
the case for the N(6)–C(22) [1.239(14) Å] and C(22)–N(7)
[1.336(15) Å] bonds. The Pd(1)N(4)C(15)N(5)Pd(2) and
Pd(1)N(6)C(22)N(7)Pd(2) planes form a dihedral angle of
36.3° and 53.0° with the C(16)–C(21) and C(23)–C(28)
phenyl planes, respectively. The dihedral angle between the
two five-membered planes is 87.9°.

Template Effect of Palladium(II) for the Formation of
1,3,5-Triazapentadienato Complexes

The above discussion can be summarized as follows:
(1) Under the same reaction conditions, the yields of com-
pounds 2 (70%) and 3 (71%) are much higher than those
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for the corresponding nickel complexes (28 and 30%,
respectively).[21]

(2) If [PdCl2(PhCN)2] is replaced by ZnCl2, under the same
reaction conditions as for the preparation of compound 3,
the product is 4-pyridylamidinatozinc chloride instead of
bis[2,4-bis(pyridyl)-1,3,5-triazapentadienato]zinc.[23]

(3) The ligand 2,4-bis(pyridyl)-1,3,5-triazapentadiene
[HN=C(4-Py)N=C(4-Py)-NH2] is not stable in air as it
could not be isolated from the hydrolysis products obtained
from the hydrolysis of the intermediate derived from reac-
tion of lithium 4-pyridylamidinate with 4-cyanopyridine. If
the hydrolysis product was analyzed very quickly after the
hydrolysis, the [M+1]+ peak (226.1198) could be found in
the ESI spectra. Moreover, MS-MS analysis of the
[M+1]+ peak showed that [HN=C(4-Py)N=C(4-Py)NH2] is
cleaved into 4-cyanopyridine and 4-pyridylamidine.
(4) Rapid mass spectral analysis of the hydrolysis products
derived from reaction of lithium benzamidinate with benzo-
nitrile did not locate the [M+1]+ peak of the ligand 2,4-
diphenyl-1,3,5-triazapentadiene [HN=C(Ph)–N=C(Ph)-
NH2]. This indicates that the ligand cannot exist in air.
(5) Under the same reaction conditions as for compound 6,
but with nickel chloride instead of palladium chloride, the
product was tetrakis(benzamidine)nickel chloride rather
than the analogous nickel complex.[21]

From the observations mentioned above it is clear that
the nickel or palladium center plays a key role in the forma-
tion of 1,3,5-triazapentadienato complexes. The lithium ar-
ylamidinate attacks another aryl nitrile followed by a 1,3-
silyl shift to produce the 1,3,5-triazapentadienatolithium in-
termediate A (see Scheme 1). When palladium chloride is
added to the reaction system, the 1,3,5-triazapentadienato
metal intermediate complexes B are produced, and these
are hydrolyzed during work up in air to give the stable
bis(2,4-aryl-1,3,5-triazapentadienato)-coordinated metal
complexes. It is clear that the square-planar geometry of
nickel and palladium ions leads to a template effect in the
synthesis. Moreover, the high yield of palladium complexes
and the formation of compound 6 indicate that palladium
is a very effective template for the formation of bis(2,4-aryl-
1,3,5-triazapentadienato)palladium complexes.

Conclusions
We have developed a simple and effective method for the

synthesis of symmetric and unsymmetrical 1,3,5-triazapen-
tadienyl-based transition metal complexes. The 1,3,5-triaza-
pentadienyl ligands, which are generated in situ by the inter-
action of amidinate with aryl nitrile, react with palladium
and nickel ions to form a six-membered planar metallacy-
cle. Structural analyses have revealed that the N–C–N–C–
N framework within the 1,3,5-triazapentadienyl ligand is
completely delocalized.

Experimental Section
General Procedures: All reactions were carried out under nitrogen
in flame-dried Schlenk-type glassware on a dual manifold Schlenk
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line unless otherwise stated. Solvents were pre-dried prior to use.
All chemicals used were of reagent grade and obtained from Ald-
rich or Fisher Scientific Chemical Company. NMR spectra were
measured in [D6]DMSO either on a Varian INOVA 400 MHz FT-
NMR or a Bruker DRX-300 spectrometer. Fast atom bombard-
ment (FAB) mass spectra were recorded with a Finnigan MAT
SSQ710 mass spectrometer, and electrospray ionization high reso-
lution mass spectra (ESI-HRMS) with a quadrupole time-of-flight
(Q-TOF) mass spectrometer equipped with a turbo ionspray source
(PE SCIEX API QSTAR Pulsar i, Applied Biosystem). IR spectra
(KBr pellets) were recorded with a Perkin–Elmer Paragon 1000PC
or Nicolet Nagan-IR 550 Series II FTIR spectrometer. Elemental
analyses were performed with a Vario EL-III instrument.

Preparation of Bis[2,4-bis(2-pyridyl)-1,3,5-triazapentadienato]palla-
dium(II) (1): 2-Cyanopyridine (0.416 g, 4.0 mmol) and LiN(SiMe3)2

(0.334 g, 2.0 mmol) were placed in THF (20 mL) at 0 °C. The
resultant red solution was warmed to room temperature and stirred
for an additional 2 h before cooling down to –78 °C. Anhydrous
[PdCl2(PhCN)2] (0.383 g, 1.0 mmol) was then added to the reaction
mixture which was stirred at –78 °C for an hour before warming
up to room temperature and allowed to react overnight. Solvent
was then removed in vacuo. The reaction system was exposed to
air, methanol (20 mL) was added to the residue and the solution
was filtered. Slow evaporation of the methanol solution gave yellow
crystals of 1. Yield: 0.392 g (0.708 mmol, 71%); m.p. � 300 °C. MS
(FAB, +ve): m/z 554.4 [M]+. ESI-HRMS (in methanol, +ve) calcd.
for C24H21N10Pd: 555.0985; found 555.0947 [M+H]+. 1H NMR
([D6]DMSO): NH protons: δ = 9.31 (s, 4 H); 2-pyridyl protons: δ
= 8.79 (dd, J = 5.6 and 1.6 Hz, 4 H), 8.65 (d, J = 7.6 Hz, 4 H),
8.04 (td, J = 7.6 and 1.6 Hz, 4 H), 7.62 ppm (ddd, J = 7.6, 5.6 and
1.6 Hz, 4 H). IR (KBr): ν̃ = 3448 m, 3286 s, 3057 w, 1576 s, 1550 vs,
1483 m, 1431 vs, 1265 w, 1241 w, 1057 m, 1997 m, 813 mm, 751 s,
708 s cm–1. See also Table 2. C24H20N10Pd·2H2O (590.94): calcd. C
48.78, H 4.09, N 23.70; found C 48.65, H 4.14, N 23.50.

Table 2. Characteristic 1H NMR and IR data for compounds 1–6.

1H NMR IR [cm–1]
NH protons νN–H ν[24] for the 1,3,5-triaza-
[ppm] pentadienyl skeleton

1 9.31 (s, 4×1 H) 3448, 3286 1483, 1431 and 1265
2 8.81 (s, 4×1 H) 3406, 3299 1462, 1411 and 1302
3 9.01 (s, 4×1 H) 3327, 3283 1464, 1410 and 1301
4 9.26 (d, 2×1 H) 3299 1472, 1421 and 1285

8.76 (s, 2×1 H)
5 8.85 (s, 2×1 H) 3430, 3317, 1452, 1402 and 1295

8.79 (s, 2×1 H) 3231
6 8.22 (s, 2×1 H) 3404, 3375, 1472, 1445 and 1273

8.03 (m, 2×2 H) 3357
7.75 (m, 2×2 H)
6.83 (s, 2×1 H)

Preparation of Bis[2,4-bis(3-pyridyl)-1,3,5-triazapentadienato]palla-
dium(II) (2): Compound 2 was prepared under the same reaction
conditions as 1 from 3-cyanopyridine (0.416 g, 4 mmol), LiN-
(SiMe3)2 (0.334 g, 2.0 mmol), and anhydrous [PdCl2(PhCN)2]
(0.383 g, 1 mmol). Yellow crystals of 2 were obtained. Yield:
0.389 g (0.702 mmol, 70%); m.p. � 300 °C. MS (FAB, +ve): m/z:
554 [M]+. ESI-HRMS (in methanol, +ve) calcd. for C24H21N10Pd:
555.0985; found 555.0944 [M+H]+. 1H NMR ([D6]DMSO): NH
protons: δ = 8.82 (s, 4 H); 3-pyridyl protons: δ = 9.23 (s), 8.67 (d,
J = 6.0 Hz, 4 H), 8.42 (d, J = 9.0 Hz, 4 H), 7.51 ppm (dd, J = 9.0
and 6.0 Hz, 4 H). IR (KBr): ν̃ = 3576 w, 3406 w, 3299 s, 3061 m,
1589 s, 1548 s, 1462 s, 1411 s, 1302 s, 1196 w, 1028 m, 827 m, 732 s,
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697 s cm–1. See also Table 2. C24H20N10Pd·2H2O (590.94): calcd. C
48.78, H 4.09, N 23.70; found C 48.93, H 3.93, N 23.39.

Preparation of Bis[2,4-bis(4-pyridyl)-1,3,5-triazapentadienato]palla-
dium(II) (3): Compound 3 was prepared under the same reaction
conditions as 1 from 4-cyanopyridine (0.416 g, 4 mmol), LiN-
(SiMe3)2 (0.334 g, 2.0 mmol), and anhydrous [PdCl2(PhCN)2]
(0.383 g, 1 mmol). Yellow crystals of 3 were obtained. Yield:
0.392 g (0.708 mmol, 71%); m.p. � 300 °C. MS (FAB, +ve): m/z
554.4 [M]+. ESI-HRMS (in methanol, +ve) calcd. for
C24H21N10Pd: 555.0985; found 555.1032 [M+H]+. 1H NMR ([D6]-
DMSO): NH protons: δ = 9.02 (s, 4×1 H); 4-pyridyl protons: δ =
8.76 (d, J = 4.8 Hz, 8 H) and 8.02 (d, J = 4.8 Hz, 8 H). IR (KBr):
ν̃ = 3327 s, 3283 s, 3037 m, 1605 s, 1581 s, 1540 s, 1464 s, 1410 s,
1301 s, 1062 w, 1043 w, 1004 m, 841 m, 749 m, 704 s cm–1. See also
Table 2. C24H20N10Pd·2H2O·0.5CH3OH (606.96): calcd. C 48.48,
H 4.32, N 23.08; found C 48.48, H 4.28, N 22.31.

Preparation of Bis[2-phenyl-4-(3-pyridyl)-1,3,5-triazapentadienato]-
palladium(II) (4): Compound 4 was prepared under similar reaction
conditions to 1. Benzonitrile (0.26 mL, 2.5 mmol) and LiN-
(SiMe3)2 (0.418 g, 2.5 mmol) were placed in THF (20 mL) at 0 °C.
The resultant yellow solution was warmed to room temperature
and stirred for an additional 2 h. 3-Cyanopyridine (0.26 g,
2.5 mmol) was then added at room temperature and allowed to
react overnight. Anhydrous [PdCl2(PhCN)2] (0.479 g, 1.25 mmol)
was then added to the reaction mixture at –78 °C which was stirred
at this temperature for an hour before warming up to room tem-
perature and allowed to react overnight. Solvent was then removed
under vacuum. The reaction mixture was exposed to air, saturated
with methanol (20 mL), and filtered. Slow evaporation of the meth-
anol filtrate gave yellow crystals of 4. Yield: 0.189 g (0.34 mmol,
27%); m.p. � 300 °C. ESI-HRMS (in methanol, +ve) calcd. for
C26H23N8Pd: 553.1080; found 553.1106 [M+H]+. 1H NMR ([D6]-
DMSO): δ = 9.26 (d, J = 2.4 Hz, 2×1 H, NH) 8.76 (s, 2×1 H,
NH), 8.69 (m, 2×2 H), 8.43 (m, 2×1 H), 8.08 (m, 2×2 H), 7.52
(m, 2 ×4 H). IR (KBr): ν̃ = 3299 bm, 3062 w, 1593 m, 1544 vs,
1473 s, 1421 s, 1285 s, 1029 m, 822 w, 720 s cm–1. See also Table 2.
C26H22N8Pd·0.5H2O (561.94): calcd. C 55.58, H 4.13, N 19.93;
found C 55.53, H 4.11, N 19.51.

Preparation of Bis[2-phenyl-4-(4-pyridyl)-1,3,5-triazapentadienato]-
palladium(II) (5): Compound 5 was prepared under the same reac-
tion conditions as compound 4 from benzonitrile (0.41 mL,
4.0 mmol), LiN(SiMe3)2 (0.67 g, 4.0 mmol), 4-cyanopyridine
(0.41 g, 4.0 mmol), and anhydrous [PdCl2(PhCN)2] (0.77 g,
2.0 mmol). Slow evaporation of the methanol filtrate gave yellow
crystals of 5. Yield: 0.34 g (0.62 mmol, 31%); m.p. � 300 °C. ESI-
HRMS (in methanol, +ve) calcd. for C26H23N8Pd: 553.1080; found
553.1049 [M+H]+. 1H NMR ([D6]DMSO): NH protons: δ = 8.85
(s, 2×1 H), 8.79 (s, 2×1 H, NH); 4-pyridyl protons: δ = 8.74 (m,
2×2 H), 8.08 (m, 2×2 H), 8.01 (m, 2×2 H), 7.52 (m, 2×3 H) ppm.
13C NMR ([D6]DMSO): δ = 121.7, 127.6, 128.3, 130.2, 138.4,
145.7, 150.1, 158.5, 160.7 ppm. IR (KBr): ν̃ = 3430 bw, 3317 bm,
3231 bm, 3042 bw, 1602 w, 1585 m, 1565 m, 1535 vs, 1453 s,
1403 vs, 1295 s, 1064 m, 844 w, 825 w, 712 s, 530 w cm–1. See also
Table 2. C26H22N8Pd·H2O (570.95): calcd. C 54.70, H 4.24, N
19.62; found C 54.69, H 4.04, N 19.08.

Preparation of Tetrakis(benzamidinato)bis(2,4-diphenyl-1,3,5-triaza-
pentadienato)tripalladium(II) (6): Benzonitrile (0.412 mL, 4 mmol)
and LiN(SiMe3)2 (0.67 g, 4 mmol) were placed in THF (20 mL) at
0 °C. The resultant red solution was warmed to room temperature
and stirred for an additional 2 h before cooling down to –78 °C.
Anhydrous PdCl2 (0.177 g, 1 mmol) was then added to the reaction
mixture, which was stirred at –78 °C for an hour before warming
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up to room temperature and allowed to react overnight. Solvent
was then removed under vacuum. The mixture was exposed to air,
dichloromethane (20 mL) was added to the residue, and the solu-
tion was filtered. The solvent of the filtrate was removed in vacuo
to give a dark-red oily product. The product was dissolved in THF
(10 mL) and the solvent was allowed to evaporate slowly in air to
afford yellow crystals of 6. Yield: 0.12 g (0.097 mmol, 19%), m.p
� 300 °C. 1H NMR ([D6]DMSO): NH protons, δ = 8.22 (s, 2×1
H), 8.03 (m, 2×2 H), 7.75 (m, 2×2 H), 6.83 (s, 2×1 H); phenyl
protons: 7.66–7.45 ppm (m, 2×20 H). IR (KBr): ν̃ = 3404 m,
3375 s, 3357 m, 3057 w, 3021 w, 1648 w, 1559 vs, 1540 vs, 1472 s,
1445 s, 1273 m, 1218 w, 1028 w, 783 w, 697 vs, 651 m cm–1. See also
Table 2. C56H52N14Pd3·0.5H2O (1247.2): calcd. C 53.88, H 4.28, N
15.72; found C 53.85, H 4.14, N 15.33.

X-ray Crystallography: Crystals of 2·2CH3OH, 3·2CH3OH, and 6
suitable for X-ray diffraction were grown by slow evaporation of
the respective methanol solution of these compounds in air. The
intensity data were collected with a Bruker AXS SMART 1000
CCD area-detector diffractometer with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) at 293 K. The collected frames
were processed with the proprietary software SAINT[25] and an ab-
sorption correction was applied (SADABS[26]) to the collected re-
flections. The structures of these molecules were solved by direct
methods and expanded by standard difference Fourier syntheses
using the software SHELXTL.[27] Structure refinements were made
on F2 using the full-matrix least-squares technique. All non-hydro-
gen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in their idealized positions and al-
lowed to ride on the respective carbon atoms. Pertinent crystallo-
graphic data and other experimental details are summarized in
Table 3.

Table 3. Crystal data and refinement for compounds 2, 3 and 6.

2·2CH3OH 3·2CH3OH 6

Empirical for- C26H28N10O2Pd C26H28N10O2PdC56H52N14Pd3

mula
Molecular mass 618.98 618.98 1240.32
Crystal system triclinic monoclinic triclinic
Space group P1̄ (no. 2) P21/c (no. 14) P1̄ (no. 2)
a [Å] 7.518(2) 5.5416(9) 9.6938(8)
b [Å] 7.865(3) 18.296(3) 10.5983(8)
c [Å] 12.645(4) 13.962(2) 25.0385(19)
α [°] 86.156(6) 90 95.411(2)
β [°] 78.994(5) 97.950(3) 96.251(2)
γ [°] 63.959(5) 90 96.4450(10)
V [Å3] 659.4(4) 1401.9(4) 2526.1(3)
Z 1 2 2
F(000) 316 632 1248
Dcalcd. [g cm–3] 1.559 1.466 1.631
µ(Mo-Kα) [mm–1] 0.749 0.704 1.111
Rflns. collected 3249 8182 12876
Unique rflns. 2629 3159 8860
Obsd. rflns. 2294 1790 3374
GOF on F2 1.002 0.917 0.999
R1, wR2 0.0448, 0.1050 0.0526, 0.1309 0.0434, 0.1043
[I � 2σ(I)]
R1, wR2 (all data) 0.0523, 0.1087 0.0973, 0.1497 0.1345, 0.1362

CCDC-602853 (for 2), -602854 (for 3) and -602855 (for 6) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Ordered meso/macroporous hierarchical silica materials
have been prepared using block copolymer P123 (EO20-
PO70EO20) and an inverse carbon replica of diatom as tem-
plates. The silica wall of the diatom was replaced by ordered
mesoporous silica, while the micron-sized diatom architec-
ture was replicated by using an inverse carbon replication
technique. The mesoporous silica was found to have macro-
porous structures of both columnar and discoid diatom tem-

Introduction

In recent years hierarchical porous materials with two or
more levels of porosities have attracted much attention ow-
ing to their potential applications in catalysis, separation,
and ion-exchange.[1–7] Such materials improve the diffusion
of the guest molecules through the inorganic network of
pores and channels, because larger pores allow for better
molecular accessibility while the smaller pores provide high
surface areas and large pore volumes.[8] Zhao et al. reported
that sponge-like silica membranes with 3D mesoporous/
macroporous structures were obtained by a multiphase pro-
cess of acid-catalyzed silica sol–gel chemistry.[9] Wood cells
were used to prepare micro/macroporous materials by a ze-
olite-seeded growth method.[10] Many nonsiliceous hierar-
chical porous materials, for example carbon or metal oxide
monoliths, were replicated from porous silica monoliths by
Smått et al.[11] During the preparation of hierarchical po-
rous materials, the simplicity of the synthesis and abun-
dance of raw materials are important considerations. For
example, a micro/macroporous composite material was pre-
pared readily with the use of abundant diatomaceous
earth.[12]
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plates. The presence of hierarchical meso/macroporous sys-
tems was confirmed by the results from scanning and trans-
mission electron microscopy, powder X-ray diffraction, and
nitrogen adsorption–desorption studies. The materials with
columnar and discoid morphologies have BET surface areas
of about 400 m2 g–1.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Diatoms are microscopic aquatic, single-celled algae.[13]

Diatomaceous earth, the residue of decayed diatoms, largely
consists of amorphous silica with a macroporous architec-
ture.[14] Diatomaceous earth is extremely abundant and
available at low cost.[15] It is commonly used in sound and
heat insulation, abrasives, filters, absorbents, and explos-
ives.[16] The introduction of mesoporosity or microporosity
to macroporous diatom architecture may extend or improve
their use in many applications. Diatom zeolitization is a
method of obtaining micro/macroporous hierarchical mate-
rials.[12,17] A meso/macroporous material with a BET sur-
face area of 284 m2 g–1 has been prepared using hexadecyl-
trimethylammonium bromide (CTAB) (C16TMABr) as the
template in a previous investigation.[8] The technique of in-
troducing ordered mesoporosity into the macrostructure of
diatoms is based on “pseudomorphic synthesis”, which has
been utilized by Di Renzo and co-workers to prepare dis-
crete micrometer-sized spherical particles of MCM-48,
MCM-41, and large-pore micelle-templated silica
(MTS).[18–20] However, when it was used to rearrange the
silica wall of diatoms, both ordered and disordered meso-
structures co-existed.[8]

Carbon is often used as the hard template to prepare
zeolite or mesoporous materials because of its easy removal.
Zeolite hollow fibers have been prepared by employing car-
bon fibers as the hard template.[21–23] Carbon nanofibers
and carbon black aggregates were also capable of acting as
a template for preparing mesoporous materials.[24,25] ZSM-
5 zeolite/porous carbon composite has been prepared from
carbonized rice husk.[26] Carbon aerogel was employed as
the template to produce zeolite of mesoporous chan-
nels.[27,28] Zeolite single crystals of mesoporous channels
were synthesized by using carbon particles as the tem-



X. Cai, G. Zhu, W. Zhang, H. Zhao, C. Wang, S. Qiu, Y. WeiFULL PAPER
plate.[29] Activated carbon is another template for making
nanoporous silica.[30]

Since ordered mesoporous carbons were prepared by
Ryoo et al.,[31] many ordered mesoporous silica materials
and zeolites have been prepared using mesoporous carbon
as the hard template.[32–36] However, to the best of our
knowledge, there has been no report in the literature on the
use of carbon replicas of biomaterials as templates. Here,
we present the first synthesis of ordered meso/macroporous
hierarchical materials using carbon replicas of biomaterials
as hard templates for macroporosity and a block copolymer
as the templating surfactant for mesoporosity. The non-
ionic block copolymer and the inverse carbon replica of dia-
tom are used as direct templates under acidic conditions.
Although the diatom is an indirect template, it is vital for
keeping the microscopic morphology of the hierarchical
materials. In this process the silica wall of the diatom is
replaced by ordered mesoporous silica completely and the
near perfect macroporous diatom architecture is well repli-
cated.

Results and Discussion

The preparation of ordered meso/macroporous hierarchi-
cal materials with carbon replicas of diatoms as templates
is achieved as follows: sucrose was first introduced in the
macropores of the diatom; after carbonizing the sucrose
and etching the diatom, the carbon replica of the diatom
was prepared; using the carbon replica of the diatom as the
hard template, a solid product with both carbon and silica
was obtained through the solvent evaporation technique.[39]

After removing the carbon replica and the organic template,
the ordered meso/macroporous hierarchical materials were
finally prepared.

Figure 1 shows small-angle X-ray diffraction (XRD) pat-
terns for the hierarchical porous materials that were pre-
pared using columnar and discoid diatoms as templates.
Three resolved peaks appearing at low angles in Figure 1 A
and Figure 1 B can be indexed as 10, 11, and 20 reflections
associated with two-dimensional hexagonal pore ordering
in the p6mm space group.[37] The morphologies of the initial
diatoms were revealed by scanning electron microscopy
(SEM). Figure 2 shows the diatoms with columnar and dis-
coid morphologies. The columnar diatoms have a diameter
of about 7 µm and a length of about 15 µm (Figure 2 A). A
high-magnification image (Figure 2 B) shows that the dia-
meter of subpores is about 0.6 µm. The top of the hollow
columnar diatom presents a hole with a diameter of about
5 µm, as shown in Figure 2 C. Low-magnification images
display the discoid diatoms with a diameter of about 30 µm
(Figure 2 D). From high-magnification observations of the
surface, the subpore sizes range from approximately 350 to
550 nm (Figure 2 E). The thickness of the discoid diatom is
about 5 µm, as identifiable from the side view in Figure 2 F.
There is a cavum in each type of diatom. Part of the diatom
wall is represented in Scheme 1 a.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3641–36453642

Figure 1. Powder XRD patterns of hierarchical porous materials
templated by the diatoms with (A) columnar and (B) discoid mor-
phologies.

Figure 2. SEM images of initial diatoms with (A, B, C) columnar
and (D, E, F) discoid morphologies.

The extent of carbonization depends on the amount of
sucrose adsorbed on the inner surface of the diatom. After
the diatom was dissolved in HF solution, a carbon frame-
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Scheme 1. Schematic illustration of the preparation of the meso/macroporous hierarchical porous materials.

work as an inverse replica of the diatom was obtained, as
shown in Figure 3. Figure 3 A–C show the inverse carbon
replicas of columnar diatoms, while Figure 3 D shows the
carbon replica of the discoid diatom. At a high weight ratio
of sucrose/diatom, it is a carbon rod that inversely replicates
the subpores of diatoms (Figure 3 A–C), which is illustrated
in Scheme 1 b1. When the sucrose is in large excess, the car-
bon layers are formed not only on the internal surface but
also on the external surface of the diatoms (Figure 3 C),
which is represented in Scheme 1 b3. When the weight ratio
of sucrose/diatom is low, insufficient sucrose is absorbed on
the surface of the subpores, which is transformed not to
carbon rods but carbon tubes (Figure 3D), as illustrated in
Scheme 1 b2.

Figure 3. SEM images of inverse carbon replicas of diatoms with
(A, B, C) columnar and (D) discoid morphologies.

After the inverse carbon replicas were immersed in the
silica reaction mixture, they were coated with mesoporous
silica upon evaporation of ethanol. When the carbon and
the surfactant were removed by calcination, the diatom-rep-
licated silica framework possessing an ordered mesostruc-
ture was obtained as depicted in Scheme 1 c and evidenced

Eur. J. Inorg. Chem. 2006, 3641–3645 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3643

by SEM images (Figure 4) for the resultant mesoporous sil-
icas with columnar (Figure 4 A and B) and discoid (Fig-
ure 4 C and D) morphologies. It is apparent that both the
macroporous structure and the morphology of the initial
diatom can be replicated by this method. As observed from
the TEM images in Figure 5, the wall of the above final

Figure 4. SEM images of hierarchical porous materials templated
by diatoms with (A, B) columnar and (C, D) discoid morphologies.

Figure 5. TEM images of hierarchical porous materials templated
by diatoms with (A) columnar and (B) discoid morphologies.
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Figure 6. N2 adsorption–desorption isotherms and pore-size distribution (inset) of hierarchical porous materials templated by diatoms
with (A) columnar and (B) discoid morphologies.

hierarchical porous silica possesses ordered mesopores,
which is in agreement with results of powder X-ray diffrac-
tion (Figure 1).

Nitrogen adsorption–desorption isotherm measurements
were performed on both columnar (Figure 6 A) and discoid
(Figure 6 B) hierarchical porous silica materials. In both
cases, type IV isotherms with large hystereses were ob-
tained, which are characteristic of mesoporous materials.
The BET surface areas of the columnar and discoid hierar-
chical porous materials are 405 and 381 cm2 g–1 and the
pore volumes are 0.41 and 0.37 cm3 g–1, respectively. It is
noted that the BET surface area of about 400 m2 g–1 as ob-
tained here because of the presence of mesoporosity is
much higher than that of previously reported materials tem-
plated by diatoms.[8] The average pore diameter of both
hierarchical materials is about 4.5 nm, as calculated from
the BJH method of mesopore size analysis on the adsorp-
tion branch of the N2 isotherms.

Conclusions

We have demonstrated the synthesis of ordered hierarchi-
cal porous silica using block copolymer P123 and a carbon
replica of a diatom as dual templates. The P123 functions
as a soft template for the formation of mesoporosity and
the inverse carbon replica as a direct hard template for
macroporous structures. The macrostructure of the diatom
is inversely replicated by the carbon replica. The weight ra-
tio of sucrose/diatom was found to be important for the
preparation of carbon replicas. High sucrose/diatom ratios
lead to the formation of carbon layers on both internal and
external surfaces of diatoms and of carbon rods in the
subpores of diatoms; while low ratios resulted in the forma-
tion of a carbon layers only on the internal surface and of
carbon tubes in pores. SEM results show that hierarchical
materials with macropores 350–550 nm in diameter exhibit
columnar and discoid morphologies. Nitrogen sorption
studies indicate that the materials have high BET surface

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3641–36453644

areas of about 400 m2 g–1. Powder XRD and TEM results
indicate that the mesopore in the hierarchical structure has
a two-dimensional hexagonal pore ordering. These ordered
hierarchical porous materials have the advantages of both
mesoporosity and macroporosity, which may find a broad
range of potential applications in catalysis, adsorption, and
separation.

Experimental Section
Two types of diatomaceous earth (consisting of columnar and dis-
coid diatoms) were purchased from Aldrich (Celatom FW80) and
Tianjin Chemical Graduate School, respectively, and were purified
further by sedimentation and ultrasonication. A sedimentary
method in deionized water was used to remove the mixed scrappy
mineral and ultrasonication in ethanol solution was performed to
separate the clay from the diatom. The inverse carbon replication
technique that was used in this work was adopted from the litera-
ture.[38] Thus, the purified diatom was impregnated with an aque-
ous solution of sucrose in the presence of sulfuric acid, and then
the resulting mixture was dried and carbonized at 373 K and sub-
sequently at 433 K. Diatom silica was removed by HF. The detailed
procedure is as follows: purified diatom (1 g) was added to a solu-
tion obtained by dissolving sucrose (0.6 g) and H2SO4 (0.14 g) in
H2O (5 g). The mixture was placed in a drying oven at 373 K for
6 h, and subsequently the oven temperature was increased to 433 K
for another 6 h. After dissolving the diatom in an aqueous solution
of HF for 12 h, the inverse carbon replica was obtained. A silica
reaction mixture was prepared as follows:[39] P123 (0.3 g) was dis-
solved in ethanol (4.5 g), followed by addition of an aqueous HCl
solution (0.03 g, 2 ), deionized water (0.24 g), and tetraethyl or-
thosilicate (TEOS) (0.7 g), whilst stirring. The mixture was stirred
at room temperature for 2 h. Inverse carbon replica (0.23 g) was
added to the above reaction mixture under agitation and the whole
mixture was transferred to an uncovered vessel until the air bubbles
in the solution disappeared. The volatiles were evaporated under a
flow of air after almost 12 h. The black solid was isolated after the
weight of the mixture had lost about 60% by evaporation of etha-
nol and was dried at 373 K; it was then calcined at 823 K for 5 h
to remove the inverse carbon replica and surfactant. The final
product was a white powder. We also employed other silica sources,
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including water glass, silica sol, and fumed silica, and so forth, but
so far no good results have been obtained under the same experi-
mental conditions. When triblock copolymer F127 (EO106-

PO70EO106) was used instead of P123, meso/macroporous hierar-
chical materials could also be prepared and the mesoporous struc-
ture had a cubic Im3m space-group symmetry with a pore size of
5–6 nm. X-ray diffraction (XRD) measurements were conducted
with a Siemens D5005 diffractometer using Cu-Kα radiation (λ =
1.54 Å). Transmission electron micrograph was obtained with a
JEM-3010 using a copper grid-type sample holder. Scanning elec-
tron microscopy was performed with a JSM-6700F. Nitrogen ad-
sorption–desorption isotherms were measured at the temperature
of liquid nitrogen using a Micromeritics ASAP 2010 system. The
samples were degassed at 573 K for 10 h before the measurements.
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Reaction of the 1,1-cyclobutanedicarboxylic (H2L1) or
(1R,3S)-(+)-camphoric (H2L2) acids with uranyl nitrate under
solvothermal conditions gives novel uranyl-organic assem-
blages. The complex [Hpy]2[UO2L1(NO3)]2 (1), obtained in
pyridine, is a dimeric, dinuclear species in which the close-
ness of the two carboxylate groups prevents the formation of
a more extended architecture. The chiral complexes
[UO2L2(py)2]·py (2) and [UO2L2MeOH]·MeOH (3), obtained
with the enantiopure, divergent camphorate ligand in either

Introduction

Several research groups have recently illustrated the po-
tential of hydrothermal methods for the synthesis of uranyl-
organic polymers, with a particular emphasis on obtaining
microporous or luminescent materials.[1] Most of the com-
pounds thus investigated include organic polycarboxylic ac-
ids as ligands and exploit the huge variety of this class of
molecules. Even polyacid complexes recalcitrant to other
crystallization procedures can be obtained in this way, as
evidenced lately by the cases of uranyl citrate and tricarbal-
lylate.[2] Among organic polyacids, particularly interesting
are those which, through a proper choice of geometry and
rigidity, can assemble uranyl ions to form metallacycles, as
is the case for tetrahydrofuran-2r,3t,4t,5c-tetracarboxylic
acid.[3] The latter reacts with uranyl ions in organic solvents
at room temperature to give tri- or tetranuclear cyclic spe-
cies. Other candidates that seemed promising in this context
are 1,1-cyclobutanedicarboxylic (H2L1) and (1R,3S)-(+)-
camphoric (H2L2) acids, but these two ligands, when treated
with uranyl nitrate in the presence of bases such as triethyl-
amine or alkali metal hydroxides, did not give crystals, nei-
ther in organic solvents at room temperature nor under hy-
drothermal conditions. Suitable crystals could only be ob-
tained, albeit in very low yields, under solvothermal condi-
tions, using pyridine or methanol/water as the solvent and
the crystal structures of the three species thus characterized
are reported herein. A search of the Cambridge Structural

[a] CEA/Saclay, DSM/DRECAM/SCM (CNRS URA 331), Bât.
125,
91191 Gif-sur-Yvette, France
E-mail: pierre.thuery@cea.fr
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pyridine (2) or methanol/water (3), are comprised of zigzag
chains defining channels and a microporous assemblage or
of undulated sheets based on tessellated 8- and 32-mem-
bered rings, respectively. Apart from a zinc(II) complex pre-
viously described, compounds 2 and 3 are the only examples
of metal complexes with camphoric acid crystallographically
characterized.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Database (CSD, Version 5.27)[4] indicates that, apart from
a polymeric terbium(III) complex,[5] all the metal complexes
of 1,1-cyclobutanedicarboxylic acid which have been crys-
tallographically characterized include 3d ions [platinum(II)
and palladium(II) in particular]. In the case of (1R,3S)-(+)-
camphoric acid, only one zinc(II) complex has been re-
ported.[6] The present complexes are thus the first with an
actinide ion for both ligands and with an f element for the
second. Much work has recently been devoted to the syn-
thesis of chiral nanoporous materials, with potential appli-
cations in enantioselective separation or heterogeneous
asymmetric catalysis.[7] A particularly simple way to obtain
such assemblages is the use of enantiopure chiral ligands,
such as - or -tartaric acid,[7e,7g,7h] as metal bridges. The
present results show that (1R,3S)-(+)-camphoric acid de-
serves to be considered as a useful building block in this
context.

Results and Discussion

In the presence of pyridine, the diacid H2L1 gives the
centrosymmetric, dinuclear complex [Hpy]2[UO2L1(NO3)]2
(1), represented in Figure 1. The L1 dianions chelate each
of the metal ions, one of them through one oxygen atom of
each acid group (O3, O5) and the other by a single acid
group (O5, O6). The oxygen atoms O5 and O5� are thus
bridging the two metal centres in a µ2 fashion. The four U–
Ocarboxy bond lengths are quite different (Table 1), likely as
a result of the constraints arising from the rigid geometry
of the ligand, the shortest being U–O3 and the longest U–
O6�; the average U–(O5,O5�) bond [2.45(3) Å] is longer
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than U–O3 due to the bridging nature of these oxygen
atoms. All these values are in the range of U–Ocarboxy dis-
tances for uranyl complexes reported in the CSD, 2.24–
2.64 Å [mean value 2.42(7)]. The coordination sphere of the
metal atom is completed by a bidentate nitrate ion, with an
average U–O bond length of 2.509(3) Å, close to the mean
value for bidentate nitrate ions in the CSD, 2.52(3) Å. The
uranium atom is thus in a hexagonal-bipyramidal environ-
ment, quite usual when small-bite bidentate ligands are
used, and is located at 0.0820(8) Å from the mean plane
defined by the six equatorial donor atoms (r.m.s. deviation
0.039 Å). The coordination polyhedra of the two metal
atoms share a common edge (O5–O5�), with a U···U� dis-
tance of 4.2896(3) Å. A similar coordination mode is ob-
served with other diacids, such as adipic acid, in which case
the uranyl dimers are further linked in a three-dimensional
network.[1c] The double negative charge of the complex is
balanced by the positive charges of two pyridinium ions,
which are involved in hydrogen bonds with the uncoordi-
nated carboxylic oxygen atoms O4 and O4� [N2···O4
2.677(4) Å, N2–H2···O4 170°]. It appears that, in contrast
with tetrahydrofuran-2r,3t,4t,5c-tetracarboxylic acid, in
which the acid groups are in the β- or γ-position relative to
one another, their α-position in L1 and the ensuing easy
chelation of the metal ion through one oxygen atom from
each result in these acid groups being nearly coplanar [dihe-
dral angle between the two COO planes 34.3(4)°]. This li-
gand thus appears badly adapted to the synthesis of cyclic
uranyl complexes.

Figure 1. View of the complex [Hpy]2[UO2L1(NO3)]2 (1). Hydrogen
atoms not involved in hydrogen bonds have been omitted for clar-
ity. Hydrogen bonds are shown as dashed lines. Displacement ellip-
soids are drawn at the 50% probability level. Symmetry code: �: 1 –
x, 1 – y, 2 – z.

When treated with uranyl nitrate under conditions sim-
ilar to those leading to complex 1, H2L2 gives the complex
[UO2L2(py)2]·py (2). The two acid groups being in γ-posi-
tions with respect to one another and separated by the
bulky methyl substituents, metal ion chelation through one
atom from each group is no longer possible. Each acid
group chelates a metal ion instead, giving rise to a one-
dimensional polymer in which the motifs are related to one
another by a binary screw axis (Figure 2a). The uranium
atom is in a hexagonal-bipyramidal environment, being
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Table 1. Environment of the uranium atoms: selected bond lengths
[Å] and angles [°].

1[a] U–O1 1.766(3) O1–U–O2 177.47(13)
U–O2 1.758(3) O3–U–O5 68.09(10)
U–O3 2.327(4) O5–U–O5� 58.01(14)
U–O5 2.424(2) O5�–U–O6� 51.36(9)
U–O5� 2.481(3) O6�–U–O8 63.40(10)
U–O6� 2.544(3) O8–U–O7 51.03(11)
U–O7 2.512(3) O7–U–O3 68.02(9)
U–O8 2.506(3)

2[b] U–O1 1.759(6) O1–U–O2 178.6(3)
U–O2 1.772(7) O3–U–O4 52.3(2)
U–O3 2.420(6) O4–U–N1 63.7(2)
U–O4 2.471(6) N1–U–O5� 65.4(2)
U–O5� 2.464(6) O5�–U–O6� 52.6(2)
U–O6� 2.441(6) O6�–U–N2 63.6(2)
U–N1 2.552(6) N2–U–O3 63.0(2)
U–N2 2.569(7)

3[c] U1–O1 1.766(9) O1–U1–O2 177.4(4)
U1–O2 1.753(8) O5–U1–O9 85.5(3)
U1–O5 2.312(9) O9–U1–O13 76.9(3)
U1–O9 2.354(8) O13–U1–O11� 71.1(2)
U1–O11� 2.519(7) O11�–U1–O12� 52.8(2)
U1–O12� 2.414(7) O12�–U1–O5 74.1(3)
U1–O13 2.393(8)
U2–O3 1.741(8) O3–U2–O4 178.1(4)
U2–O4 1.755(8) O6–U2–O10 79.4(3)
U2–O6 2.330(8) O10–U2–O7" 77.3(3)
U2–O10 2.294(7) O7"–U2–O8" 52.6(3)
U2–O7" 2.412(8) O8"–U2–O14 72.8(3)
U2–O8" 2.497(7) O14–U2–O6 78.1(3)
U2–O14 2.365(8)

[a] Symmetry code: �: 1 – x, 1 – y, 2 – z. [b] Symmetry code: �: 1.5 –
x, –y, 0.5 + z. [c] Symmetry codes: �: 1 – x, 0.5 + y, 1 – z; ��: –x,
y – 0.5, –z.

bound, in addition to the two oxo atoms, to four carboxylic
oxygen atoms [mean U–Ocarboxy bond length 2.45(2) Å] and
two pyridine molecules in trans positions [mean U–N bond
length 2.561(8) Å]. The metal atom is located at 0.010(3) Å
from the mean equatorial plane (r.m.s. deviation 0.083 Å)
and the dihedral angle between the equatorial planes of two
successive metal atoms along the chain is 72.80(11)°. The
geometry of the rigid ligand is not modified by metal ion
coordination since the dihedral angle between the two COO
planes is 63.2(8)° in 2, whereas values in the range 61.9–
63.4° are observed in the uncomplexed camphoric acid.[8,9]

Such a value of the angle between uranyl equatorial planes
and the overall coordination geometry could in principle
lead to a cyclic species, but five units would be necessary
for ring closure, giving a large complex probably less stable
than the chiral, undulated chain which is formed instead.
The packing of these chains gives rise to chiral channels
directed along the a-axis in the crystal structure, in which
the solvent pyridine molecules are located (Figure 2b) and
which could in principle be interesting for the recognition
of chiral guests. The absence of any significant π-stacking
or CH···π interactions between host and guest suggests that
the included pyridine molecules, held primarily by
van der Waals interactions, have at most little contribution
in the framework formation. This assemblage presents some
similitude with several hydrogen-bonded organic-organic
polymers including H2L2 and polyamines recently re-
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ported.[9] With polyamines such as 1,2-bis(4-pyridyl)ethane
or DABCO (1,4-diazabicyclo[2.2.2]octane), zigzag chains
with curved parts defined by camphoric acid are observed,
whereas 4,4�-bipyridine gives a spiral arrangement and
other polyamines give more intricate sheets or frameworks.
The coordination bonds with uranyl ions being much more
directional than hydrogen bonds, the chains in 2 appear
more regular (the polyamine complexes are highly disor-
dered) and the separation between camphoric acid units is
reduced. Moreover, no channels are formed in the case of
the organic-organic chains analogous to those in complex 2.
This analogy between linear spacers such as 4,4�-bipyridine,
which is much used, in association with 3d transition metal
ions, to generate squares, boxes or cubes,[10] and the stereo-
chemically constrained uranyl ion has been pointed out pre-
viously and several examples have been given of the use of
uranyl ions as edge- or face-defining units.[3,11]

Figure 2. (a) View of the complex [UO2L2(py)2]·py (2). Hydrogen atoms and solvent molecules have been omitted for clarity. Displacement
ellipsoids are drawn at the 30% probability level. Symmetry codes: �: 1.5 – x, –y, 0.5 + z; ��: 1.5 – x, –y, z – 0.5. (b) View of the packing
along the a-axis. A single chain is shown at the top.
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The presence of coordinated pyridine in complex 2 can
be thought of as preventing the formation of a more ex-
tended assemblage. For this reason, the reaction between
camphoric acid and uranyl nitrate under solvothermal con-
ditions was repeated in a methanol/water solution and in
the presence of NaOH as a base. The chiral complex thus
obtained, [UO2L2MeOH]·MeOH (3), differs markedly from
2. Each camphorate dianion bridges three uranium atoms,
two of them in a monodentate (µ2-carboxylato-O,O�) and
the other in a bidentate, chelating fashion (Figure 3a). Each
metal atom is bound in its turn to three L2 molecules
[average U–Ocarboxy bond length 2.32(2) Å for the µ2-car-
boxylato-O,O� groups and 2.46(5) Å for the chelating
groups] and its environment is completed by a methanol
molecule [average U–O bond length 2.379(14) Å, in agree-
ment with the mean value from the CSD, 2.39(11) Å]. The
metal atom environment is thus pentagonal-bipyramidal, as
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Figure 3. (a) View of the complex [UO2L2MeOH]·MeOH (3). Hydrogen atoms not involved in hydrogen bonds have been omitted for
clarity. Hydrogen bonds are shown as dashed lines. Displacement ellipsoids are drawn at the 50% probability level. Symmetry codes: �:
1 – x, 0.5 + y, 1 – z; ��: –x, y – 0.5, –z; ���: –x, 0.5 + y, –z; ����: 1 – x, y – 0.5, 1 – z. (b) View of the two-dimensional assemblage in 3.

expected since only one ligand is chelating. The metal
centres are displaced by 0.004(4) and 0.003(4) Å from the
associated equatorial mean planes (r.m.s. deviations 0.09
and 0.04 Å). The two uranium atoms linked by the µ2-car-
boxylato-O,O� groups are separated by 5.5737(5) Å and
they are part of a nearly planar eight-membered ring sub-
unit [the dihedral angle between the two average uranyl
equatorial planes is 7.2(4)°]. The four L2 molecules which
diverge from each subunit further assemble these subunits
to form undulated sheets in which the curved parts corre-
spond to the L2 linkers [dihedral angle between the two
COO planes: 66.2(12) and 63.3(10)° in the two independent
molecules]. Larger, 32-membered elongated rings are
formed in the process, which unite four L2 ligands and four
uranyl ions and are doubly bridged in their centre by the
hydrogen-bonded and coordinated methanol molecules
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(Figure 3b). However, no channel is formed through the
packing of these sheets, which does not involve inter-sheet
hydrogen bonding. By contrast with the case of compound
2 in which it behaves as a simple spacer, L2 appears in 3 to
be able to act as a ring assembler, although not as a molecu-
lar metallacycle linker.

Conclusions

The two acids investigated in this work present some
characteristics, such as multiple coordination sites and ri-
gidity, which make them attractive ligands for the synthesis
of uranyl complexes, in the wake of the results previously
obtained with other polyacids. However, the proximity of
the two carboxylic groups in the α-diacid H2L1 favours ura-
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nyl chelation through one oxygen atom from each group,
leading, with further chelation of a second metal atom by
one of the carboxylate groups, to the formation of a di-
meric, dinuclear species. Conversely, the separation of the
two carboxylic acid functions in the γ-diacid H2L2 prevents
similar chelation, but, due to the insufficient curvature of
the ligand, either chiral zigzag chains or undulated sheets
are formed instead of a molecular metallacycle, which
should likely be pentanuclear. Camphoric acid appears nev-
ertheless to be a versatile ligand for metal complexation,
leading to very different, one- or two-dimensional assem-
blages upon varying reaction conditions, and it should
therefore benefit from a reappraisal in metal coordination
chemistry, particularly for its potential in the synthesis of
built-in chiral frameworks. The present results also illustrate
the potential of solvothermal synthesis, which can permit
the obtention of species unattainable through the more
widely used hydrothermal method and also the synthesis of
different species from the same building blocks with dif-
ferent organic solvents.

Experimental Section
Starting Materials: 1,1-Cyclobutanedicarboxylic acid and (1R,3S)-
(+)-camphoric acid were purchased from Aldrich and used without
further purification.

[Hpy]2[UO2L1(NO3)]2 (1): 1,1-Cyclobutanedicarboxylic acid
(57 mg, 0.40 mmol), UO2(NO3)2·6H2O (100 mg, 0.20 mmol) and
pyridine (3 mL) were placed in a 15-mL tightly closed vessel and
heated at 145 °C under autogenous pressure. A few light-yellow
single crystals of complex 1 were obtained in about two weeks.

Table 2. Crystal data and structure refinement details.

1 2 3

Empirical formula C22H24N4O18U2 C25H29N3O6U C12H22O8U
Formula mass 1108.51 705.54 532.33
Crystal system triclinic orthorhombic monoclinic
Space group P1̄ P212121 P21

a [Å] 8.5930(4) 9.6288(4) 8.9042(4)
b [Å] 8.8937(5) 14.7667(8) 18.4850(11)
c [Å] 11.4899(7) 19.1379(11) 9.8137(5)
α [°] 96.053(3) 90 90
β [°] 107.979(3) 90 91.599(4)
γ [°] 113.464(3) 90 90
V [Å3] 739.45(8) 2721.1(2) 1614.65(15)
Z 1 4 4
Dcalcd. [Mg·m–3] 2.489 1.722 2.190
µ (Mo-Kα) [mm–1] 11.026 6.006 10.086
F(000) 512 1360 1000
Reflections collected 31496 56216 71395
Independent reflections 2797 5139 6083
Observed reflections [I�2σ(I)] 2684 4761 5880
Rint 0.071 0.067 0.033
Parameters 208 307 390
R1 0.023 0.039 0.036
wR2 (all data) 0.049 0.106 0.104
S 1.031 1.064 1.045
Flack parameter – 0.006(14) 0.003(13)
∆ρmin. [e·Å–3] –1.91 –1.09 –0.84
∆ρmax. [e·Å–3] 1.37 1.20 1.36
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[UO2L2(py)2]·py (2): (1R,3S)-(+)-Camphoric acid (61 mg,
0.30 mmol), UO2(NO3)2·6H2O (151 mg, 0.30 mmol) and pyridine
(4 mL) were placed in a 20-mL tightly closed vessel and heated at
125 °C under autogenous pressure. Light-yellow single crystals of
complex 2 were obtained within 2 d.

[UO2L2MeOH]·MeOH (3): (1R,3S)-(+)-Camphoric acid (61 mg,
0.30 mmol), UO2(NO3)2·6H2O (151 mg, 0.30 mmol), NaOH
(12 mg, 0.30 mmol), demineralized water (1.5 mL) and methanol
(3 mL) were placed in a 20-mL tightly closed vessel and heated at
140 °C under autogenous pressure. Light-yellow single crystals of
complex 3 were obtained within 3 d.

X-ray Crystallography: The data were collected at 100(2) K with a
Nonius Kappa-CCD area detector diffractometer[12] using graph-
ite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The crystals
were introduced in glass capillaries with a protecting “Paratone-
N” oil (Hampton Research) coating. The unit-cell parameters were
determined from ten frames, then refined on all data. The data (φ-
and ω-scans) were processed with HKL2000.[13] The structures
were solved by Patterson map interpretation (1 and 2) or by direct
methods (3) with SHELXS-97 and subsequent Fourier difference
synthesis and refined by full-matrix least squares on F2 with
SHELXL-97.[14] Absorption effects were corrected empirically with
SCALEPACK.[13] All non-hydrogen atoms were refined with aniso-
tropic displacement parameters. The solvent pyridine molecule in 2
was refined as an idealized hexagon with restraints on displacement
parameters. The hydrogen atoms bound to the nitrogen atom of
the pyridinium ion in compound 1 and to the oxygen atoms of the
methanol molecules in 3 were found on Fourier difference maps
and all the others were introduced at calculated positions; all were
treated as riding atoms with an isotropic displacement parameter
equal to 1.2 (OH, NH, CH, CH2) or 1.5 (CH3) times that of the
parent atom. The absolute configuration in compounds 2 and 3
indicated by the value of the Flack parameter[15] is in agreement
with that of the uncomplexed ligand H2L2. Crystal data and struc-
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ture refinement details are given in Table 2. The molecular plots
were drawn with SHELXTL.[16] CCDC-604884 to -604886 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Bis[bis(oxazolinato)] Complexes of Yttrium and Lanthanum: Molecular
Structure and Use in Polymerization of DL-Lactide and DL-β-Butyrolactone
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Bis[bis(oxazolinato)]lanthanide complexes of general type
[Box]2Ln[N(SiHMe2)2] (Ln = Y, La; Box = deprotonated chiral
and nonchiral 2,2�-methylene[bis(oxazoline)] ligands) have
been prepared by amine elimination protocols. The com-
plexes have been characterized by 1H and 13C NMR spec-
troscopy and elemental analysis. The solid-state structure
of the first bis[bis(oxazolinato)]-lanthanide complex, i.e.
{2,2�-(α-methylmethylene)bis(4,4-dimethyl-2-oxazolinato)}2-
Y[N(SiHMe2)2] (1), is reported. Complex 1 features a five-
coordinate yttrium center in a distorted trigonal bipyramidal
geometry, where the Box ligands adopts a conformation to
minimize nonbonded interactions. The prepared complexes

Introduction
Ring-opening polymerization (ROP) of lactides (LA) and

related lactone monomers has become a quite topical re-
search field in recent years.[1] A reason for this interest is
that the resulting biodegradable/biocompatible polymers, in
addition to their high-tech applications,[1a,1b] could replace
conventional polyolefinic materials.[2] An interesting chal-
lenge in this chemistry is to control the stereoselective ROP
of racemic monomers, to produce in turn either syndiotac-
tic, heterotactic, or isotactic stereoblock polymers, which
each have their own peculiar physico-chemical properties.[1]

Group 3 metal complexes are among the best catalysts/initi-
ators for such ROP reactions.[1b,1c] For instance, we have
recently reported that discrete group 3 complexes having a
tetradentate [amino-ether-bis(phenolate)] ligand are highly
active single-site initiators in the synthesis of heterotactic
and syndiotactic poly(lactide) (PLA) from rac-lactide and
meso-lactide, respectively.[3] The same complexes are also
very active and stereoselective initiators for the controlled
polymerization of rac-β-butyrolactone (BBL), generating
highly syndiotactic poly(3-hydroxybutyrate) (PHB).[4]

Bis(oxazoline) (Box) are some of the most effective tran-
sition-metal ligands for a variety of asymmetric catalytic

[a] Catalyse et Organométalliques, UMR 6226 CNRS-Université
de Rennes 1,
35042 Rennes Cedex, France
Fax: +33-223-236-939
E-mail: jean-francois.carpentier@univ-rennes1.fr

[b] Laboratoire DECOMET, UMR 7177-LC3, Institut Le Bel,
4, rue Blaise Pascal, 67070 Strasbourg Cedex, France
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are among the most active initiators known in the ring-open-
ing polymerization of DL-lactide and DL-β-butyrolactone,
with TOF up to 31200 h–1 at room temperature, and are
highly productive (TON up to 2400). The produced poly(lac-
tide)s and poly(hydroxybutyrate)s have narrow polydispersit-
ies (Mw/Mn = 1.08–1.44) and controlled number-average mo-
lecular masses (Mn up to 182000 gmol–1). However, whether
chiral or nonchiral Box ligands are used, the polymers show
an atactic microstructure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

transformations.[5] Although the synthesis of mono- and
bis[bis(oxazolinato)] organogroup 3 metal complexes has
been known since 1999,[6] their use in catalysis has been so
far limited to asymmetric hydroamination.[7] In this study
we synthesized chiral and nonchiral bis[bis(oxazolinato)]-
lanthanide complexes for the ROP of rac-lactide and rac-
BBL. Their activity and degree of control have been investi-
gated. The first X-ray-characterized bis[bis(oxazolinato)]-
lanthanide catalyst precursor is also presented.

Results and Discussion

Synthesis of Complexes

Bis[bis(oxazolinato)]-lanthanide complexes 1–6 of the
type [Box]2Ln[N(SiHMe2)2] (Ln = Y, La; Box = deproton-
ated ligand) were prepared following the general σ-bond
metathesis procedure reported by Anwander et al.[6,7] The
reaction between 2 equiv. of a neutral Box ligand and a
homoleptic precursor Ln[N(SiHMe2)2]3(THF)2 in benzene
or toluene resulted in the protonolysis of two of the bulky
(dimethylsilyl)amido ligands by the relatively acidic methine
(1–3) or methylene (4–6) protons (Scheme 1). Yttrium and
lanthanum were chosen for this study because they are rep-
resentative of small and large lanthanides, respectively, and
allow straightforward NMR studies thanks to their diamag-
netism. The reaction is readily monitored by 1H NMR spec-
troscopy. For all the ligand/metal systems investigated, the
resulting reaction mixture remains a clear, homogeneous
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Scheme 1.

solution, and complete conversion of reagents is observed
within 2 h at 20 °C. The resulting crude NMR shows clean
release of 2 equiv. of HN(SiHMe2)2, with resonances for
one major or exclusive (�95–99%) product [Box]2-
Ln[N(SiHMe2)2]. This good reactivity and selectivity al-
lowed us to generate effectively in situ some of the com-
plexes, and thus investigate the performances of a broad
range of polymerization precursors (only a few of these are
described in this report).

In addition to previously reported compounds 5 and 6,[6]

the identity of new complexes 1–4 was fully established by
means of 1D and 2D 1H/13C NMR experiments and ele-
mental analyses. Key NMR spectroscopic data include a
single set of 1H and 13C resonances for two Box ligands
equivalent on the NMR timescale at 20 °C. Also, two dis-
tinct 13C resonances for inequivalent SiHMe2 groups are
observed in 1 (δ = 3.58, 3.29), 3 (δ = 3.71, 3.57) and 4 (δ =
3.51, 2.84); this is further confirmed by 1H NMR spec-
troscopy in 3 (δ = 0.35, 0.32) and 4 (δ = 0.35, 0.18), but
does not appear in the lower field 1H NMR spectra (200–
300 MHz) of 1. The 300 MHz 1H and 125 MHz 13C NMR
spectra of 2 show a single resonance for the SiHMe2 groups,
though incidental overlapping cannot be discarded.[6] Com-
parable to the case of 5 and 6,[6] coordination of the chiral
ligands in 3 and 4 renders the SiHMe2 groups dia-
stereotopic and inequivalent; however, this explanation can-
not stand for the achiral complex 1. On the other hand, the
chemical shifts of the SiH protons (1, δ = 5.26; 2, δ = 5.34;
3, δ = 5.01; 4, δ = 4.82 ppm) argue against any significant
Si–H–Y β-agostic interaction.[8]
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Molecular Structure of {1,1-Bis[4,4-dimethyl-1,3-oxazolin-
2-yl]}2Y[N(SiHMe2)2] (1)

To gain a better insight into the above-mentioned struc-
tural features, an X-ray diffraction study was conducted on
1. This is the first molecular structure reported for a bis-
[bis(oxazolinato)]-lanthanide compound[9] and it can be
compared to the only two examples of mono[bis(oxazolin-
ato)]-lanthanide complexes that have been characterized so
far in the solid state.[6,7] Suitable crystals of 1 were grown
at room temperature from a saturated benzene solution.
The unit cell contains two independent molecules (A and
B), which feature overall the same structural arrangement
and coordination geometry, but noticeable differences in
bond lengths and angles; nonetheless, structural trends re-
main comparable within both molecules and mostly data of
molecule A will be discussed below. An ORTEP view of
molecule A is presented in Figure 1 and a partial list of
bond lengths and angles for both molecules A and B is
given in Table 1; complete details of the crystallographic
analysis are given in Table 3.

Compound 1 is monomeric in the solid state, with a five-
coordinate yttrium center ligated by the four nitrogen atoms
of the two Box ligands, and one N(SiHMe2)2 group. The
geometry at the yttrium center is distorted trigonal bipy-
ramidal, with the apical sites being occupied by two Box
nitrogen atoms [N(101) and N(121) in molecule A]. An ap-
proximate [noncrystallographic] C2 symmetry axis exists
through the Y3+ and N(SiHMe2)2 centers. The Box ligands
are oriented away from the N(SiHMe2)2 group in a horse
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Figure 1. Molecular structure of [Me2Box]2Y[N(SiHMe2)2] (1)
(only molecule A is displayed). All hydrogen atoms, except those
on Si atoms (Hi15 and Hi16), are omitted for reasons of clarity.
Ellipsoids are drawn at the 50% probability level.

Table 1. Selected bond lengths [Å] and angles [°] for [Me2Box]2Y[N(SiHMe2)2] (1).

Molecule A Molecule B
Bond lengths

Y(1)–N(141) 2.253(2) Y(2)–N(241) 2.241(2)
Y(1)–N(131) 2.325(2) Y(2)–N(231) 2.355(2)
Y(1)–N(121) 2.389(2) Y(2)–N(221) 2.366(2)
Y(1)–N(111) 2.336(2) Y(2)–N(211) 2.365(2)
Y(1)–N(101) 2.388(2) Y(2)–N(201) 2.332(2)
Y(1)–C(136) 3.008(3) Y(2)–C(236) 3.041(3)
Y(1)–C(126) 3.077(3) Y(2)–C(226) 3.088(3)
Y(1)–C(116) 3.023(3) Y(2)–C(216) 3.087(3)
Y(1)–C(106) 3.099(3) Y(2)–C(206) 3.039(3)
N(101)–C(106) 1.321(3) N(201)–C(206) 1.326(3)
C(106)–C(107) 1.401(4) C(206)–C(207) 1.408(3)
C(107)–C(116) 1.406(3) C(207)–C(216) 1.407(3)
N(111)–C(116) 1.322(3) N(211)–C(216) 1.317(3)
Si(15)–C(152) 1.839(4) Si(26)–C(262) 1.864(3)
Si(15)–C(151) 1.854(4) Si(26)–C(261) 1.872(3)
Si(16)–C(161) 1.859(3) Si(27)–C(271) 1.856(3)
Si(16)–C(162) 1.869(3) Si(27)–C(272) 1.868(3)

Bond angles

N(141)–Y(1)–N(131) 119.32(8) N(241)–Y(2)–N(201) 123.28(8)
N(141)–Y(1)–N(111) 128.74(7) N(241)–Y(2)–N(231) 128.36(8)
N(131)–Y(1)–N(111) 111.94(7) N(201)–Y(2)–N(231) 108.36(8)
N(141)–Y(1)–N(101) 99.83(7) N(241)–Y(2)–N(221) 97.57(7)
N(131)–Y(1)–N(101) 92.57(7) N(201)–Y(2)–N(221) 93.59(7)
N(111)–Y(1)–N(101) 77.01(7) N(201)–Y(2)–N(211) 77.42(7)
N(141)–Y(1)–N(121) 99.35(7) N(241)–Y(2)–N(211) 99.33(7)
N(131)–Y(1)–N(121) 77.62(7) N(231)–Y(2)–N(221) 77.62(7)
N(111)–Y(1)–N(121) 91.26(7) N(231)–Y(2)–N(211) 91.52(7)
N(101)–Y(1)–N(121) 160.81(7) N(211)–Y(2)–N(221) 163.10(7)
C(106)–N(101)–Y(1) 109.98(16) C(206)–N(201)–Y(2) 109.22(16)
N(101)–C(106)–C(107) 129.3(2) N(201)–C(206)–C(207) 130.3(2)
C(106)–C(107)–C(116) 119.3(2) C(206)–C(207)–C(216) 119.4(2)
N(111)–C(116)–C(107) 130.4(2) N(211)–C(216)–C(207) 129.1(2)
C(116)–N(111)–Y(1) 108.25(15) C(216)–N(211)–Y(2) 110.70(15)
Si(15)–N(141)–Y(1) 119.96(11) Si(26)–N(241)–Y(2) 116.15(11)
Si(16)–N(141)–Y(1) 111.66(11) Si(27)–N(241)–Y(2) 122.48(12)
Si(15)–N(141)–Si(16) 128.35(13) Si(25)–N(241)–Si(26) 121.05(13)
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saddle fashion, thus minimizing steric hindrance. Compar-
able to that found in mono(Box)-lanthanide,[6,7] -cop-
per,[10a] -rhodium,[10b] -aluminum,[11a] and -gallium[11b]

complexes, significant delocalization of the ligand negative
charge is suggested by the elongated N(101)–C(106) and
N(111)–C(116) distances [1.321(3) and 1.322(3) Å, respec-
tively] and the shortened C(106)–C(107) and C(116)–C(107)
distances [1.401(4) and 1.406(4) Å, respectively]. The bis-
(oxazolinato) ligands in molecule A are somewhat dissym-
metrically coordinated as apparent from the ca. 0.05–0.06 Å
difference between the Y(1)–N(101)/Y(1)–N(111), and
Y(1)–N(131)/Y(1)–N(131) distances, but the dissymmetry is
less pronounced in molecule B (0.01–0.03 Å). Those Y–
N(Box) distances in 1 [2.325(2)–2.389(2) Å] are longer than
those in the four-coordinate mono[bis(oxazolinato)]-yt-
trium complex [tBuBox]Y[N(SiHMe2)2]2 reported by An-
wander et al. [2.288(5) Å],[6] reflecting the hindrance in-
duced by the second Box ligand. Steric crowding in 1 is also
reflected by the twisting angle between the two oxazoline
ring planes relative to one another [mean plane N(101)/
mean plane N(111), 32.7°; N(121)/N(131), 31.9°; N(201)/
N(211), 32.4°; N(221)/N(231), 32.7°], values which are sig-
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nificantly larger than those observed in mono[bis(oxazolin-
ato)]-lanthanide complexes [12.4°, 15.7°].[6,7] On the other
hand, the Y(1)–N(141) [2.253(2) Å] and Y(2)–N(241)
[2.241(2) Å] silylamide bonds compare well to those in the
four-coordinate [tBuBox]Y[N(SiHMe2)2]2 [2.222(6) Å] and
in the five-coordinate precursor amide complex [2.229(4)–
2.276(4) Å].[12] The normal angles at the silylamide nitrogen
atom and the long Y···H contact distances (�3.03 Å) argue
against any significant β(Si–H)-Y agostic interaction, which
is consistent with the NMR spectroscopic data (vide supra).

Ring-Opening Polymerization of rac-Lactide and rac-β-
Butyrolactone

The prepared bis[bis(oxazolinato)]-lanthanide complexes
are very active in the ROP of rac-lactide and rac-β-butyrol-
actone under mild conditions (Scheme 2, Table 2); polyme-

Scheme 2.

Table 2. Polymerization of rac-lactide and rac-β-butyrolactone with bis[bis(oxazolinato)]-lanthanide complexes.[a]

Entry M [M]/[Ln] Complex Solvent Time[b] Conv.[c] Mn,th
[d] Mn,exp

[e] Mw/Mn
[e]

[min] [mol-%] [gmol–1] [gmol–1]

1 rac-LA 100 3 toluene 5 �98 14400 18300 1.32
2 rac-LA 100 3 THF 5 �98 14400 36400 1.34
3 rac-LA 100 4 toluene 10 �98 14400 22400 1.29
4 rac-LA 100 5 toluene 20 0 14400 – –
5 rac-LA 100 5 THF 20 �98 14400 37000 1.36
6 rac-LA 100 6 THF 10 95 13700 18000 1.18
7 rac-LA 500 6 THF 1 95 68400 63000 1.29
8 rac-LA 100 1 toluene 5 �98 14400 27600 1.25
9 rac-LA 100 1 THF 10 �98 14400 33000 1.27
10 rac-LA 100 2 THF 10 �98 14400 19000 1.22
11 (S)-LA 500 1 THF 5 �98 72000 89000 1.44
12 rac-LA 500 1 THF 5 95 68400 68300 1.14
13[f] rac-LA 500 1 THF 10 �98 14400 6000 1.07
14 rac-LA 1000 1 THF 120 �98 144000 138000 1.24
15[g] rac-LA 1000 1 THF 20 95 45600 33000 1.08
16 rac-LA 2000 1 THF 5 95 273600 182000 1.37
17 rac-LA 4000 1 THF 5 65 374400 ns[h] ns[h]

8 rac-BBL 200 1 THF 2 60 9900 8000 1.21
19 rac-BBL 200 5 THF 2 �98 16800 17000 1.19
20 rac-BBL 200 5 toluene 2 �98 16800 19000 1.14

[a] General conditions: [M] = 0.5–1.0 molL–1, T = 20 °C. [b] Reaction time was not necessarily optimized. [c] Conversion of monomer M
as determined by 1H NMR spectroscopy. [d] Mn Value calculated from the relation: Molecular weight of M×conv. × [M]/[Ln]. [e] Experi-
mental (uncorrected) Mn and Mw/Mn values determined by GPC in THF vs. polystyrene standards. [f] Reaction run in the presence of
5 equiv. (vs. Ln) of iPrOH. [g] Reaction run in the presence of 3 equiv. (vs. Ln) of iPrOH. [h] Polymer insoluble in hot THF.
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rization experiments conducted with mono[bis(oxazolin-
ato)]-yttrium complexes, e.g. [tBuBox]Y[N(SiHMe2)2]2,
gave poorly reproducible results. Complexes 1–4 allow com-
plete conversion of 100 equiv. of lactide within 5–10 min at
room temperature in either toluene or THF solutions at
[rac-LA] = 0.5–1.0 mol/L. The yttrium complex 5 that bears
bulky tert-butyl-substituted BOX ligands is inactive in tolu-
ene (entry 4), which possibly reflects the large steric crowd-
ing at the metal center. However, this complex shows good
activity in THF (entry 5), stressing the crucial importance
of solvent in these ROPs.[3,4,13] Disappointingly, the use of
chiral Box ligands in the initiators does not lead to ste-
reocontrol of the polymerization: all PLA and PHB poly-
mers, including also those produced with the achiral initia-
tors 1 and 2, show atactic (or slightly isotactic-enriched)
microstructures, as determined by NMR analysis.[4,14] Con-
trary to our previous observations with [amino-ether-bis-
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(phenolate)]-lanthanide systems,[3,4] decreasing the tempera-
ture down to –20 °C and changing the solvent (toluene,
THF) resulted in no enhancement in stereoselectivity. Poly-
merization of -lactide by 1 (entry 11) or 3 resulted in pure
isotactic PLA; the decoupled 1H NMR spectrum of the
polymer showed one sharp resonance for the methine re-
gion. This observation supports the lack of base-promoted
epimerization of -lactide or PLA and argues against an
anionic polymerization mechanism being operative.[15]

Because of the absence of stereocontrol with [Box]2-
Ln[N(SiHMe2)2] catalysts, further experiments aimed at in-
vestigating the degree of control of polymerization were
carried out with the nonchiral systems 1 and 2 (entries 8–
18). All the PLAs and PHBs obtained with amido com-
plexes showed monomodal GPC traces with relatively nar-
row polydispersity values (Mw/Mn = 1.14–1.44). In most
cases, the experimental (uncorrected) number-average mo-
lecular mass (Mn) values are close to the theoretical ones
(calculated on the assumption that each silylamide group
initiates the polymerization). As shown by the monotonous
relationship between the monomer-to-metal ratio and Mn

values (Figure 2), which is linear at least up to LA-to-Y =
1000, a good control of rac-LA polymerization is achieved
with 1. Even a catalyst loading of 0.05% yielded almost
quantitatively PLA with Mn as high as 182000 gmol–1 (en-
try 16). The productivity of this system is remarkable, en-
abling high conversion for an unprecedented high rac-LA-
to-Y ratio of 4000 within 5 min (TOF = 31200 h–1) (entry
17). Very narrow polydispersities of 1.07–1.08 were ob-
tained by pre-reacting the amido complex 1 with 2-propa-
nol, to generate in situ the corresponding isopropoxide
bis[bis(oxazolinato)] species (entries 13, 15). It is well
known that isopropoxide is usually a better initiating group
than amido [-N(SiMe3)2, -N(SiHMe2)2] for the ROP of rac-
lactide at room temperature.[3b,16]

Figure 2. Variation of number-average molecular masses (Mn) with
monomer-to-yttrium ratio in the polymerization of rac-lactide with
complex 1 (see Table 2 for conditions).

The ROP of 200 equiv. of rac-BBL proceeded also in a
controlled manner (entries 18–20). Surprisingly, the appar-
ent rate is faster with 5 (TOF � 6000 h–1) than 1 (TOF =
3600 h–1). Even when the polymerization is conducted in
toluene, 5 enables fast conversion of rac-BBL, i.e. the oppo-
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site trend to that observed for rac-lactide polymerization
(entry 4). Reasons for this contradictory trend remain un-
clear to date, but concur with the peculiar behaviors of LA
and BBL monomers in ROPs.

Conclusions

Amido-bis[bis(oxazolinato)] complexes of yttrium and
lanthanum, readily prepared from a tris(amido) lanthanide
precursor and a Box ligand, are very active single-site initia-
tors for the ROP polymerization of rac-lactide and rac-β-
butyrolactone. Their performances in terms of kinetics and
productivity compare favorably with the best systems so far
disclosed. The polymerizations proceed in a controlled fash-
ion, leading to PLAs and PHBs with relatively narrow poly-
dispersities and number-average molecular masses in good
agreement with calculated values. However, such complexes
based on well-known chiral Box ligands appear unable to
control the microstructure of the polymer: only atactic
PLAs and PHBs are produced, which can be achieved as
well with a cheaper nonchiral bis[bis(oxazolinato)]-lantha-
nide complex.

Experimental Section
General Considerations: Synthesis of lanthanide complexes and po-
lymerization experiments were carried out under purified argon
using standard Schlenk techniques or in a high-performance
(�1 ppm O2, �2 ppm H2O) glove box. Solvents (toluene, THF)
and deuterated solvents ([D6]benzene, [D8]toluene, [D8]THF/99.5%
D, Eurisotop) were freshly distilled from Na/K alloy under nitrogen
and degassed thoroughly by freeze-thaw-vacuum cycles prior to
use. Bis(oxazoline) ligands were prepared following reported pro-
cedures[11a] or purchased from Aldrich and used as received. Lan-
thanide precursors Y[N(SiHMe2)2]3(THF)2 and La[N(SiHMe2)2]3-
(THF)2,[17] and complexes 5 and 6,[6] were prepared following lit-
erature procedures. Racemic lactide and S-lactide (Aldrich) were
recrystallized twice from dry toluene and then sublimed under vac-
uum at 50 °C. Racemic β-butyrolactone (Aldrich) was freshly dis-
tilled from CaH2 alloy under nitrogen and degassed thoroughly by
freeze-thaw-vacuum cycles prior to use.

Instruments and Measurements: NMR spectra were recorded with
Bruker AC-200, AC-300, and AC-500 spectrometers in Teflon valve
NMR tubes. 1H and 13C chemical shifts are reported in ppm vs.
SiMe4 and were determined by reference to the residual solvent
peaks. Assignment of signals was made from multinuclear 1D [1H,
13C{1H}] and 2D (COSY, HMQC, HMBC) NMR experiments.
Coupling constants are given in Hertz. Size exclusion chromatog-
raphy (SEC) of PLAs and PHBs was performed in THF at 20 °C
using a Waters SIS HPLC pump, a Waters 410 refractometer, a
DAD-UV detector, and Waters styragel columns (HR2, HR3,
HR4, HR5E) or PL-GEL Mixte B and 100A columns. The number
average molecular masses (Mn) and polydispersity index (Mw/Mn)
of the resultant polymers were calculated with reference to a poly-
styrene calibration. The microstructure of PLAs was measured by
homodecoupling 1H NMR spectroscopy at 20 °C in CDCl3 with
a Bruker AC-500 spectrometer. The microstructure of PHBs was
measured by analyzing the carbonyl region of 13C{1H} NMR spec-
tra at 40 °C in CDCl3 with a Bruker AC-500 spectrometer op-
erating at 125 MHz.
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{2,2�-(α-Methylmethylene)bis(4,4-dimethyl-2-oxazolinato)}2Y[N-
(SiHMe2)2] (1): A solution of 2,2�-(α-methylmethylene)bis[4,4-di-
methyl-2-oxazoline] (100 mg, 0.446 mmol) in toluene (5 mL) was
added slowly under an inert atmosphere to a solution of Y[N-
(SiHMe2)2]3(THF)2 (140 mg, 0.223 mmol) in toluene (5 mL) at
room temperature. The mixture was warmed at 70 °C and then
stirred for 12 h. Volatiles were removed in vacuo and the resulting
white solid was washed with cold hexane (1.0 mL), and dried under
vacuum to give 1 (95 mg, 62%). 1H NMR (200 MHz, C6D6): δ =
5.26 (m, 2 H, SiHMe2), 3.58 (d, J = 7.7, 4 H, CH2O), 3.45 (d, J =
7.7, 4 H, CH2O), 2.23 (s, 6 H, CH3CCN), 1.43 (s, 12 H, CH3), 1.04
(s, 12 H, CH3), 0.45 (d, J = 2.8 Hz, 12 H, SiHMe2) ppm. 13C{1H}
NMR (75 MHz, C6D6): δ = 171.40 (NCO), 77.28 (CH2O), 67.94
(MeCCN), 66.20 (CMe2), 28.20 (CMe2), 26.31 (CMe2), 11.23
(MeCCN), 3.58 (SiHMeMe), 3.29 (SiHMeMe) ppm. C28H52N5O4-
Si2Y (667.82): calcd. C 50.36, H 7.85, N 10.49; found C 49.86, H
7.98, N 10.25.

{2,2�-(α-Methylmethylene)bis(4,4-dimethyl-2-oxazolinato)}2La[N-
(SiHMe2)2] (2): Using the same procedure as used for synthesizing
1 (vide supra), compound 2 was obtained from La[N(SiHMe2)2]3-
(THF)2 (26.0 mg, 0.038 mmol) as a white solid (15 mg, 54%). 1H
NMR (300 MHz, C6D6): δ = 5.34 [m, 2 H, SiH(CH3)2], 3.64 (m, 8
H, CH2O), 2.35 (s, 6 H, CH3CCN), 1.46 (s, 12 H, CH3), 1.33 (s,
12 H, CH3), 0.56 (d, J = 2.8, 12 H, SiHMe2) ppm. 13C{1H} NMR
(75 MHz, C6D6): δ = 169.90 (NCO), 77.39 (CH2O), 64.57
(MeCCN), 62.21 (CMe2), 29.99 (CMeMe), 27.62 (CMeMe), 11.62
(MeCCN), 2.81 (SiHMe2) ppm. C28H52LaN5O4Si2 (717.82): calcd.
C 46.85, H 7.30, N 9.76; found C 46.12, H 7.68, N 9.65.

{2,2�-(α-Methylmethylene)bis[(4S)-4-isopropyl-2-oxazolinato]}2Y-
[N(SiHMe2)2] (3): Using the same procedure as used for synthesiz-
ing 1 (vide supra), compound 3 was obtained from 2,2�-(α-methyl-
methylene)bis[(4S)-4-isopropyl-2-oxazoline] (100 mg, 0.400 mmol)
and Y[N(SiHMe2)2]3(THF)2 (165 mg, 0.200 mmol) in benzene
(10 mL) at 20 °C, and recovered as a white solid (73 mg, 66%). 1H
NMR (500 MHz, C6D6): δ = 5.01 (m, 2 H, SiHMe2), 3.92 (d, J =
10.2, 4 H, CH2O), 3.86 (d, J = 10.2, 4 H, CH2O), 3.65 (m, 2 H,
NCH), 2.27 (s, 6 H, CH3CCN + sept, 4 H, CHiPr), 0.81 (d, J =
6.7, 12 H, CH3 iPr), 0.72 (d, J = 7.0, 12 H, CH3 iPr), 0.36 (d, J =
1.9, 6 H, SiHMe2), 0.32 (d, J = 1.9, 6 H, SiHMe2) ppm. 13C{1H}
NMR (125 MHz, C6D6): δ = 173.25 (NCO), 68.77 (CHN), 66.16
(CH2O), 64.90 (MeCCN), 32.80 (CH iPr), 19.80 (CH3 iPr), 15.06
(CH3 iPr), 12.26 (MeCCN), 3.71 (SiHMeMe), 3.57 (SiH-
MeMe) ppm. C20H32N5O4Si2Y (551.58): calcd. C 43.55, H 5.85, N
12.70; found C 43.26, H 5.93, N 12.67.

NMR Scale Generation of {2,2�-Methylenebis[(4S,5S)-4,5-diphenyl-
2-oxazolinato]}2-Y[N(SiHMe2)2] (4): Using the same procedure as
used for synthesizing 3 (vide supra), compound 4 was generated at
the NMR scale from Y[N(SiHMe 2 ) 2 ] 3 (THF) 2 (14 .0 mg,
0.022 mmol) and 2 equiv. of 2,2�-methylenebis[(4S,5S)-4,5-di-
phenyl-2-oxazoline] (20.0 mg, 0.044 mmol). NMR spectroscopy re-
vealed complete conversion of the reagents to 4 with release of
2 equiv. of HN(SiHMe2)2 (1H NMR: δ = 4.71, 0.11 ppm. 13C
NMR: δ = 0.23 ppm). 1H NMR (200 MHz, C6D6): δ = 6.89 (m, 40
H, Ph), 5.94 [d, J = 7.7, 4 H, CHPh(O)], 5.56 [d, J = 7.6, 4 H,
CHPhN], 5.32 (s, 2 H, CHCCN), 5.06 (m, 2 H, SiHMe2), 0.35 (d,
J = 2.8, 6 H, SiHMe2), 0.18 (d, J = 1.9, 6 H, SiHMe2) ppm.
13C{1H} NMR (75 MHz, C6D6): δ = 174.47 (NCO), 139.37 (Cq

Ph), 135.83 (Cq Ph), 127.89 (Ph), 127.36 (Ph), 126.65 (Ph), 85.48
(CHPh), 71.77 (CHPh), 58.56 (CHCN), 3.51 (SiHMeMe), 2.84
(SiHMeMe) ppm.

Crystal Structure Determination of 1: A suitable single crystal of
1 was mounted onto a glass fiber using the “oil-drop” method.
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Diffraction data were collected at 100 K with an APEX 2 AXS-
Bruker diffractometer with graphite monochromatized Mo-Kα ra-
diation. The crystal structure was solved by means of direct meth-
ods, the remaining atoms were located from difference Fourier syn-
thesis, followed by full-matrix least-squares refinement based on F2

(program SIR-97).[18] Many hydrogen atoms could be found from
the Fourier difference. Carbon-bound hydrogen atoms were placed
at calculated positions and forced to ride on the attached carbon
atom. The hydrogen atom contributions were calculated but not
refined. All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. The unit cell of 1 was found to contain two
independent molecules. The main crystallographic data are summa-
rized in Table 3.

Table 3. Crystal data and structure refinement for 1.

Empirical formula C28H52N5O4Si2Y
Formula weight 667.83
Temperature 100(2) K
Wavelength 0.71073 Å
Crystal system monoclinic
Space group P21/c (no. 14)
Unit cell dimensions a = 11.762(3) Å

b = 34.259(9) Å
c = 17.378(5) Å
β = 91.914(13)°

Volume 6999(3) Å3

Z 8
Density (calculated) 1.268 Mgm–3

Absorption coefficient 1.771 mm–1

F(000) 2832
Crystal size 0.30×0.25×0.20 mm
Theta range for data collection 1.31 to 27.54°
Index ranges –12 � h � 15, –35 � k � 44,

–22 � l � 22
Reflections collected 73433
Independent reflections 15947
Max. and min. transmission –0.465 and 0.632
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 15947/0/721
Goodness-of-fit on F2 1.037
Final R indices [I�2σ(I)] R1 = 0.0423, wR2 = 0.0845

CCDC-603139 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

General Procedure for Lactide Polymerization: In the glovebox, a
Schlenk flask was charged with a solution of the initiator (typically
0.019 mmol, ca. 10 mg) in toluene (0.2 mL) or THF (0.2 mL). To
this solution was added rapidly a solution of the monomer (rac-
LA, S-LA, BBL) in the appropriate ratio in toluene or THF
(3.0 mL). The mixture was immediately stirred with a magnetic stir
bar at room temperature. Aliquots were periodically removed with
a pipette for monitoring by 1H NMR spectroscopy. After the de-
sired time, the reaction was quenched with acidic methanol (0.5 mL
of a 1.2  HCl solution), and the polymer was precipitated with
excess methanol (100 mL). The polymer was then dried under vac-
uum to constant weight.

General Procedure for rac-β-Butyrolactone Polymerization: In the
glovebox, a Schlenk flask was charged with a solution of the initia-
tor (typically 0.014 mmol, ca. 10 mg) in toluene (1.0 mL) or THF
(1.0 mL). rac-β-Butyrolactone (typically 2.64 mmol, 216 µL) was
then syringed in dropwise under vigorous stirring at room tempera-
ture. After a small sample of the crude material was removed with
a pipette for characterization by 1H NMR, the reaction was
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quenched with acidic methanol (0.5 mL of a 1.2- HCl solution in
MeOH), and the polymer was precipitated with excess methanol
(ca. 100 mL). The polymer was then dried under vacuum to con-
stant weight.
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Two coordination polymers of mixed ligands, 2,2�-(1,3-phen-
ylenedioxy)bis(acetate) (pdoa) and 4,4�-bipyridine (bipy),
namely [Zn(pdoa)(bipy)]n (1) and {[Mn(pdoa)(bipy)](bipy)}n

(2), have been hydrothermally synthesized and characterized
by single-crystal X-ray diffraction and IR spectra. Complex 1
crystallizes in the triclinic space group P1̄ with a =
6.8826(18) Å, b = 11.202(3) Å, c = 12.295(3) Å, α = 86.854(4)°,
β = 85.759(5)°, γ = 72.629(4)° and is a novel folded-paper-
shaped coordination compound with polymeric sheets
formed by the five-coordinate ZnII centers and bridging pdoa
and bipy. Complex 2 crystallizes in the monoclinic space
group P21/c with a = 11.507(2) Å, b = 23.254(5) Å, c =

Introduction

In recent years, metal-organic coordination polymers
based on multicarboxylate ligands have been of great inter-
est because of their fascinating molecular topologies and
crystal-packing motifs along with their outstanding proper-
ties in spectroscopy, magnetism, and catalysis, and potential
applications as functional materials.[1] Much work has been
focused on rigid ligands and flexible ligands such as
benzenedicarboxylates[2] and aliphatic carboxylates,[3]

respectively. However, there are few examples of ligands
containing both aromatic and aliphatic features.[4] More-
over, the combination of both dicarboxylate and 4,4�-bipyr-
idine ligands helps to assemble higher-dimensional supra-
molecular networks.[5] Meanwhile, chemists have been pur-
suing multifunctional materials for molecule devices. But,
to the best of our knowledge, porous coordination networks
usually exhibit a single functionality, such as luminescence
or magnetic ordering.[6–9]
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9.8710(19) Å, β = 96.418(4)° and exhibits a robust three-di-
mensional framework with nanosized rectangular channels
(11.627×11.507 Å). They both display blue fluorescent emis-
sion and could be considered as new luminescent materials.
In addition, the magnetic properties of complex 2 were inves-
tigated and the magnetic susceptibility data were rationally
fitted with g = 2.072(5), J = –1.11(4) cm–1, and zJ� =
–0.161(7) cm–1, showing it is an unprecedented luminescent
open-framework antiferromagnet.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We are interested in the utilization of polycarboxylate li-
gands with characteristics of both flexibility and rigidity,
such as 2,2�-(1,4-phenylenedioxy)bis(acetate) and 2,2�-(1,3-
phenylenedioxy)bis(acetate), which were initially investi-
gated as herbicides and remained almost unexplored in the
field of crystal engineering and supramolecular chemistry
to construct coordination polymers.[10] The –OCH2– group
makes these ligands more flexible in comparison with the
corresponding benzenedicarboxylate, whilst the existence of
the benzene ring provides a rigid element. Herein, we report
hydrothermal syntheses, crystal structures, and solid-state
photoluminescent and magnetic properties of two novel co-
ordination polymers with mixed ligands, 2,2�-(1,3-phen-
ylenedioxy)bis(acetate) (pdoa) and 4,4�-bipyridine (bipy),
[Zn(pdoa)(bipy)]n (1) and {[Mn(pdoa)(bipy)](bipy)}n (2), in
which complex 1 is an interesting 2D folded-paper-shaped
structure, whereas complex 2 is an intriguing 3D framework
structure with rectangular nanosized channels. Both, 1 and
2 display blue fluorescent emission, and complex 2 exhibits
the characteristics of a weak antiferromagnetic coupling be-
tween metal ions in the system mediated by both types
of the bridging ligands. Interestingly, to the best of our
knowledge, complex 2 is the first example of an open-
framework coordination polymer with conjugation of blue
fluorescent emission and antiferromagnetic long-range
ordering.
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Results and Discussion

Description of the Crystal Structures

The asymmetric unit of compound 1 contains one Zn2+

ion, one 2,2�-(1,3-phenylenedioxy)bis(acetate) ligand, and
two half bipy molecules (Figure 1a). The zinc ion is five-
coordinate in a distorted square-pyramidal environment of
asymmetry with three oxygen atoms of two different car-
boxylate groups, one bipy nitrogen atom in the basal plane
(O1, O2, O5, N2), and one nitrogen atom of another bipy
ligand at the apex position (N1). Two carboxylate groups
in the same pdoa molecule have different coordination
modes, in which one acts as a chelating bidentate and the
other serves as a monodentate ligand. The unequal coordi-
nation of two oxygen atoms (O1 and O5) from the chelating
bidentate carboxylate moiety of pdoa results from the
asymmetrical five-coordination environment. From the
crystallographic data and selected bond lengths and angles
for the title complexes (Tables 1 and 2), the lengths of Zn1–
O1 [2.244(2) Å] and Zn1–O5 [2.131(2) Å] are similar to
those, relative to the chelating bidentate carboxylate ligand,
found in [Zn3(Hcit)2(H2O)2]n [2.318(2)–2.071(2) Å][11a] and
[Zn4(OH)2(fa)3(bipy)2] [2.367(4)–2.089(4) Å][11b] (Hcit and
fa denote citric acid anion and fumarate, respectively).
However, the separation of Zn1 from O2 of the mono-
dentate COO– group [Zn1–O2 1.9369(18) Å] is significantly
shorter than those relative to the chelating bidentate car-
boxylate ligand, but consistent with those referring to the
monodentate carboxylate ligand in [Zn3(µ3-OH)(µ2-
OH)(bipy)0.5(oba)2]·0.5H2O [1.939(4) Å, oda = 4,4�-oxybis-
(benzoate)][11c] and [Zn3(Hcit)2(H2O)2]n [2.028(2) Å],[11a]

implying the existence of a certain tension in the four-mem-
bered ring formed between the chelating bidentate COO–

group and the zinc ion. The Zn–N distances [Zn1–N1
2.048(2) Å and Zn1–N2 2.090(2) Å] are slightly shorter
than those in structurally related polymers [Zn(tp)(4,4�-
bipy)]n [2.154(2) and 2.186 Å] (tp denotes terephthalate).[12]

The Zn2+ ions are linked by pdoa ligands forming infinite
straight-linear chains along the b-axis. Furthermore, such

Figure 1. Structural plots showing the asymmetric unit and the metal ion’s coordination environment for complexes 1 (a) and 2 (b);
thermal ellipsoids are drawn at 30% probability and all the H atoms are omitted for clarity (symmetry codes: #1: –1 + x, y, –1 + z; #2:
x, 1.5 – y, –0.5 + z; #3: 1 – x, 0.5 + y, 0.5 – z; #4: –1 + x, 1.5 – y, –0.5 + z).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3659–36663660

linear chains are bridged at the point of Zn2+ ions by bipy
ligands to form two-dimensional sheets (Figure 2a), which
have an interesting folded-paper-like topology as illustrated
in Figure 2b. The two pyridine rings of the bipy molecule
are almost coplanar (dihedral angle about 0.93°) and there
is an inversion center at the midpoint of the C1–C1� bond
of each bipy ligand. The adjacent Zn···Zn distance due to
the pdoa ligand in the same chain is 11.202(3) Å and the
Zn···Zn distance between adjacent chains due to bipy is
11.170 (2) Å. Furthermore, the resulting 2D wave-like
sheets superpose on each other with crest to crest, forming
a 3D supramolecular lattice of noninterpenetration by weak
C–H···O H bonds [C17#1–H17#1···O20 or C17–
H17···O20#1, with a C···O distance of 3.468 Å and a C–
H···O angle of 148.86°; symmetry code: #1: 1 – x, 1 – y,
1 – z] and the offset face-to-face π–π stacking interactions
between the pyridine ring of bipy and the phenyl ring of
pdoa (represented as α and β in Figure 3, respectively, with
a separation of 3.397 Å from α to β, and with an angle of
164.1° between them). These weak H bonds and π–π inter-
actions are important in the construction of supramolec-
ules, as is well documented in the literature.[13] Another
interesting feature of the structure is that the pdoa ligands
jut out and stand on the crests of folded-paper-like sheets,
filling the voids among the layers (Figure 3).

As shown in Figure 1b, the asymmetric unit of complex
2 contains one Mn2+ ion, one pdoa ligand, one coordi-
nated, and one free bipy molecule. The Mn atom is in an
octahedral environment with two bipy nitrogen donors (N1,
N2#3) occupying the axial positions and four oxygen atoms
(O2, O3#2, O5#4, O6#1) from four different pdoa ligands
in the equatorial plane (symmetry codes: #1: –1 + x, y, –1
+ z; #2: x, 1.5 – y, –0.5 + z; #3: 1 – x, 0.5 + y, 0.5 – z;
#4: –1 + x, 1.5 – y, –0.5 + z). The two pyridine rings of
each coordinated or guest bipy molecule are not coplanar,
and twisted around each other with dihedral angles 6.63(2)°
and 6.75(2)° for coordinated and guest bipy, respectively, in
contrast to those in complex 1 in which they are virtually
coplanar. The axial Mn–N distances [Mn–N1 2.386(3);
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Table 1. Crystal data and details of the structure determination for complexes 1 and 2.

1 2

Empirical formula C20H16N2O6Zn C30H24MnN4O6

Formula mass 445.74 591.47
Crystal system triclinic monoclinic
Space group P1̄ P21/c
b [Å] 11.202(2) 23.254(5)
c [Å] 12.295(3) 9.8710(19)
α [°] 86.854(4) 90
β [°] 85.759(5) 96.418(4)
Z 2 4
V [Å3] 901.7(4) 2624.7(9)
dcalcd. [g cm–3] 1.642 1.497
µ [mm–1] 1.405 0.557
F (000) 456 1220
Crystal size [mm] 0.30×0.30×0.20 0.32×0.22×0.18
θ range [°] 2.49–28.02 1.75–26.00
Reflections collected 5344 14053
Unique reflections 3954 [R(int) = 0.0730] 5149 [R(int) = 0.0258]
R indices [I � 2σ(I)] R1 = 0.0442, wR2 = 0.1158 R1 = 0.0489, wR2 = 0.1079
R indices (all data) R1 = 0.0485, wR2 = 0.1182 R1 = 0.0742, wR2 = 0.1151

Table 2. Selected bond lengths [Å] and angles [°] for complexes 1
and 2.[a]

1

Zn1–O1 2.244(2) Zn1–O2 1.9369(18)
Zn1–O5 2.131(2) Zn1–N1 2.048(2)
Zn1–N2 2.090(2)
O1–Zn1–O2 100.70(8) O1–Zn1–O5 59.11(8)
O1–Zn1–N2 149.44(9) O2–Zn1–O5 133.92(10)
O2–Zn1–N1 116.57(8) O2–Zn1–N2 97.15(8)
O5–Zn1–N1 106.05(10) O5–Zn1–N2 90.75(8)
O1–Zn1–N1 92.71(9) N1–Zn1–N2 101.23(8)

2

Mn–O(6)#1 2.108(2) Mn–O(3)#2 2.1422(17)
Mn–N(2)#3 2.164(2) Mn–O(2) 2.2044(19)
Mn–O(5)#4 2.2379(18) Mn–N(1) 2.386(3)
O(6)#1-Mn–O(3)#2 92.63(7) O(6)#1-Mn–N(2)#3 85.42(8)
O(3)#2-Mn–N(2)#3 88.25(8) O(6)#1-Mn–O(2) 174.60(7)
O(3)#2-Mn–O(2) 86.24(7) N(2)#3-Mn–O(2) 89.27(8)
O(6)#1-Mn–O(5)#4 93.08(7) O(3)#2-Mn–O(5)#4 172.66(7)
N(2)#3-Mn–O(5)#4 87.62(7) O(2)–Mn–O(5)#4 87.65(7)
O(6)#1-Mn–N(1) 92.55(8) O(3)#2-Mn–N(1) 88.62(8)
N(2)#3-Mn–N(1) 176.19(8) O(2)–Mn–N(1) 92.70(8)
O(5)#4-Mn–N(1) 95.73(7)

[a] Symmetry codes: #1: –1 + x, y, –1 + z; #2: x, 1.5 – y, –0.5 + z;
#3: 1 – x, 0.5 + y, 0.5 – z; #4: –1 + x, 1.5 – y, –0.5 + z.

Mn–N2#3 2.164(2)] and the Mn–O distances [Mn–O2
2.2044(19) Å; Mn–O3#2 2.1422(17) Å; Mn–O5#4
2.2379(18) Å; Mn–O6#1 2.108(2) Å] are comparable to
those of analogous complexes,[14] indicating the manganese
asymmetric coordination environment in terms of diversi-
ties of bond strength. All the carboxylate groups act as bi-
s(unidentate) ligands and each pdoa ligand links four dif-
ferent manganese ions to form an equatorial [Mn(pdoa)]n
sheet (Figure 4a), in which all the phenyl rings are parallel
to each other and vertical to the crystallographic ac plane.
The Mn···Mn separation due to pdoa is 11.507(3) Å, signifi-
cantly larger than that of [Mn(5-methylpyrazole)2(tp)]n
(9.655–9.659 Å) based on a tp ligand.[14b] It can be easily
seen, from the view of the [Mn(pdoa)]n layer along the c-
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Figure 2. (a) Schematic illustration of the 2D network with all the
H atoms omitted for clarity; (b) folded-paper-like topologic dia-
gram of [Zn(pdoa)(bipy)]n (gray spheres denote zinc atoms).

axis (Figure 4b), that all the manganese ions are not in one
plane, instead alternatively situated above and below the
plane between them. Interestingly, as shown in Figure 4a,
this sheet contains distinctive duplex helixes of –Mn–O–C–
O–Mn– with Mn(O–C–O–)2Mn eight-membered rings; the
Mn···Mn distance relative to the bridging carboxylate
group is 4.999(2) Å, similar to that of [Mn(5-methylpyr-
azole)2(tp)]n (4.917 Å),[14b] and shorter than that of [Mn(bi-
py)(H2O)(C4H4O4)]·0.5bipy [5.264(1) Å, C4H4O4 = succi-
nate dianion].[14c] The analogous duplex helix was found in
Tb(bdc)NO3·2DMF (bdc = 1,4-benzenedicarboxylate).[15]
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Figure 3. Perspective view along the b-axis of complex 1 showing the weak C–H···O H bonds (gray dotted lines) and the offset face-to-
face π–π stacking interactions (dark gray dotted lines) between the puckered layers. All the H atoms have been omitted for clarity
(symmetry code: #1: 1 – x, 1 – y, 1 – z).

Figure 4. (a) Representation of the [Mn(pdoa)]n plane in complex 2. (b) View of the [Mn(pdoa)]n plane in complex 2 along the c-axis.
All hydrogen atoms have been omitted for clarity.

It is noteworthy that such a uniform MnII carboxylate 2D
sheet with only one coordination mode of the carboxylate
moiety acting as bis(unidentate) bridging ligand to connect
four metal ions in complex 2 is unprecedented.

Furthermore, the [Mn(pdoa)]n sheets are pillared by the
rigid µ-4,4�-bipyridine ligands to form a 3D open frame-
work exhibiting one-dimensional rectangular tunnels along
the c-axis with dimensions of 11.627×11.507 Å (Figure 5a),
which is considerably larger than that of reported manga-
nese analogues.[14a,14c] To the best of our knowledge, this
manganese inorganic-organic hybrid polymer with a nonin-
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terpenetration three-dimensional framework exhibits the
largest channel among similar MnII pillar-layered structures
documented to date.[14]

The free bipy ligands as guest molecules and templates,
like the examples,[16] reside at the 1D channel (Figure 5b).
Unfortunately, removing the guest bipy molecules will give
rise to collapse of the framework and decomposition of the
whole complex, which was confirmed by thermal gravimet-
ric analyses. Moreover, there exist weak H bonds between
the guest and coordinated bipy molecules, as represented in
Figure 5b, C4#5–H4#5···N3 and C4#7–H4#7···N3#6
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Figure 5. (a) Projection of the 3D network showing the rectangular channels along the c-axis in complex 2. All hydrogen atoms and guest
4,4�-bipyridine molecules have been omitted for clarity. (b) A part of the side view of the 3D structure of 2 showing the guest 4,4�-
bipyridine molecules residing at the 1D channel and the weak H bonds (C–H···N, shown as gray dotted lines) between the coordinated
and guest 4,4�-bipyridine molecules (symmetry codes: #5: 1 – x, 1 – y, 1 – z; #6: 2 – x, 1 – y, 1 – z; #7: 1 + x, y, z).

(symmetry codes: #5: 1 – x, 1 – y, 1 – z; #6: 2 – x, 1 – y,
1 – z; #7: 1 + x, y, z); the C···N distance and the angle of
C–H···N are 3.30 Å and 146.05°, respectively.

IR Spectrum

As well documented in the literature,[17] IR spectra are
very helpful in diagnosing characteristic coordination
modes of carboxylate groups and determining the whole
structure of previously unknown carboxylate complexes.
The crystal structures provide us with an opportunity to
investigate the IR spectral characters of pdoa complexes
with three coordination modes [unidentate, chelating biden-
tate, and bridging bis(monodentate)]; representative data of
IR spectra for pdoa, 1, and 2 are tabulated in Table 3. Al-
though the IR spectra of both complexes are complicated
because of the overlap of the absorption of pdoa and bipy,
several strong bands can be assigned in comparison with
those of pdoa, bipy and other related complexes. The ab-
sence of the ν(COOH) band at 1762 cm–1 and the ν(C–OH)
band at 1267 cm–1 of H2pdoa in 1 and 2 suggests that all
the carboxylate groups are completely deprotonated. The
bands at 3086 and 3048 cm–1 for 1 and 2 can be assigned
to the C–H stretching vibration of the pdoa ligand in con-
trast to that of H2pdoa (3083 cm–1).[18] For complex 1, the
values of νasym(OCO) and νsym(OCO) corresponding to the
unidentate mode are 1622 cm–1 and 1380 cm–1 respectively,
which are similar to those of some carboxylate complexes
with only unidentate coordination of the carboxylate group,
such as [Zn(Pht)(py)2] (νasym: 1618 cm–1; νsym: 1390 cm–1),
[Zn(Pht)(mepy)2] (νasym: 1622 cm–1; νsym: 1372 cm–1; here
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Pht, py, and mepy denote o-phthalic dianion, pyridine, and
3-methylpyridine, respectively),[19a] ZnCl2(Hpipe-2)2 (νasym:
1635 cm–1; νsym: 1397 cm–1), ZnCl2(Hpipe-3)2·3H2O (νasym:
1626 cm–1, νsym = 1387 cm–1; Hpipe-2 = -piperidine-2-
carboxylic acid, Hpipe-3 = -piperidine-3-carboxylic ac-
id).[19b] However, the values of νasym(OCO) and νsym(OCO)
relative to those of the chelating bidentate carboxylate
group are 1608 cm–1 and 1537 cm–1, respectively, similar to
those of [Zn(ip)(bipy)2][Zn(ip)(bipy)]·0.25H2O (νasym:
1615 cm–1; νsym: 1555 cm–1; ip = iosphthalate).[19c] Because
the COO– group has only one coordination mode in com-
plex 2, the very strong absorptions at 1596 and 1407 cm–1

are assigned to νasym(OCO) and νsym(OCO), which are both
highly blue-shifted in comparison with an analogous com-
pound, [Mn(5-methylpyrazole)2(tp)]n (νasym: 1558 cm–1;
νsym: 1374 cm–1).[14b] Conclusively, the order of the separa-
tion between the asymmetric and symmetric stretching vi-
brations resulting from complexes 1 and 2 is ∆(unidentate,
242 cm–1) � ∆(bridging bidentate, 189 cm–1) � ∆(chelating
bidentate, 71 cm–1), supposing that the effects of variation
of metal ions are relatively little to the value of ∆(νasym –
νsym), which are well in accordance with the documented
results of Deacon and Phillips.[17] In addition, the IR char-
acteristics of bipy in complexes 1 and 2 are different. For
complex 1, the two pyridyl rings of bipy acting as a biden-
tate ligand are almost coplanar. Meanwhile, the bipy mole-
cule has a center of symmetry, as indicated in the X-ray
structure, and the in-plane C–H bending vibration (about
1215 cm–1) loses its IR activity. However, for 2, the two pyr-
idyl rings of each free and coordinated bipy molecule are
not coplanar; the IR properties of bipy in 2 are thus similar
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Table 3. The data of IR spectra for H2pdoa and complexes 1 and 2.

H2pdoa 3083 (w), 1762 (vs), 1710 (vs), 1596 (vs), 1494 (vs), 1433 (vs), 1340 (m), 1267 (s), 1248 (s), 1192 (vs), 1156 (s), 1087 (vs), 960
(m), 847 (s), 769 (s)

1 3086 (w), 1638 (vs), 1608 (vs), 1537 (s), 1418 (s), 1380 (s), 1292 (s), 1220 (m), 1157 (vs), 1068 (s), 848 (m), 810 (vs), 764 (s),
725 (s), 638 (s)

2 3048 (w), 1596 (vs), 1486 (w), 1407 (vs), 1322 (w), 1283 (s), 1181 (s), 1156 (vs), 1067 (s), 832 (m), 807 (vs), 717 (s), 626 (s),
605 (m)

to those of pyridine. The strong absorption band at
1181 cm–1 can be rationally attributed to the in-plane C–H
bending vibration of bipy according to the literature.[20]

Luminescent Properties

The excitation and emission spectra for H2pdoa,
[Zn(pdoa)(bipy)]n, and {[Mn(pdoa)(bipy)](bipy)}n are
shown in Figure 6. The excitation bands at 350 nm for
H2pdoa could be assigned to π�π* transitions of the O–
C6H4–O group. Accordingly, the emissions spectra (λex =
350 nm) centered approximately at 394 nm can be assigned
to the transition emission from the T1π,π* and T1n,π* to
the ground state of the –OC6H4O– group.[21] For complex
1, the band at 358 nm in the excitation spectra, similar to
that of H2pdoa, is associated with the π�π* transition of
the O–C6H4–O unit. The band at 473 nm with a shoulder
band at 530 nm in the emission spectrum is obviously dif-
ferent to that of H2pdoa, and accordingly may be assigned
to ligand-to-metal charge transfer (LMCT).[11b,11c,22] The
excitation and emission spectra of 2 are very similar to
those of 1 both in shape and position and are not character-
istic of Mn2+, with 3d5 electron configuration and octahe-
dral coordination sphere according to the literature,[23] thus
the excitation band at 356 nm can be assigned to the π�π*
transition of the O–C6H4–O group, and the emission at
472 nm with the shoulder band at 535 nm to LMCT. Con-
clusively, both 1 and 2 may be used as blue-light-emitting
functional materials. Complex 2, with a combination of lu-

Figure 6. Solid-state excitation-emission spectra of H2pdoa (a),
complex 1 (b), and complex 2 at room temperature (c).
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minescent and magnetic properties (see below), may espe-
cially be a promising candidate for luminescent molecular
magnetic materials.

Magnetic Properties

The temperature dependence of the magnetic suscep-
tibility of complex 2 is depicted in Figure 7 in the form of
the product χMT versus T in the range of 300–1.8 K. The
magnetic susceptibility is corrected for diamagnetism by
using Pascal’s constants. At room temperature, the product
is 4.41 emuKmol–1, which is the same as the spin-only
value for Mn2+ (s = 5/2 and g = 2.008 determined by EPR).
As the temperature is lowered, the product χMT decreases
steadily in the whole temperature range to 0.4 emuKmol–1

at 1.8 K, indicating the antiferromagnetic interaction be-
tween MnII ions through both bridging ligands bipy and
carboxylate. Equally, a maximum was observed in the plot
of χM versus T (Figure 7), which is the nature of antiferro-
magnetic coupling between MnII ions. The magnetic
susceptibility data were fitted assuming that the carboxylate
bridges between MnII ions form a uniform chain with ex-
change constant J and then bipy and pdoa connect the
chains to form the 3D structure of this complex with an
exchange constant zJ�. Thus, the expression in the literature
can be written as Equations (1) and (2) for the magnetic
fittings,[24] where u = coth[JS(S + 1)/kT] – kT/JS(S + 1).

(1)

(2)

The best parameters obtained by a standard least-
squares fitting were g = 2.072(5), J = –1.11(4) cm–1, and
zJ� = –0.161(7) cm–1 with R = 4.3×10–6 [R = ∑|(χM)exp –
(χM)calc|2/∑(χM)2

exp]. Thus, the bipy and pdoa ligands medi-
ate the very weak antiferromagnetic interaction between the
MnII ions in this system.

For a 3D antiferromagnetic complex, an observed maxi-
mum in the plot of χM versus T implies the presence of a
possible long-range anriferromagnetic ordering. It is con-
firmed by the specific heat (Cp) determination with a physi-
cal property measurement system (PPMS) at 10–4 Torr and
zero field. The total specific heat (Cp) of complex 2 at low
temperatures in the range of 1.8–8.5 K was determined ex-
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Figure 7. Temperature dependence of magnetic properties of com-
plex 2 in the form of χMT (�) vs. T and χM (�) vs. T; the solid
line is the fitting of experimental data.

perimentally and the result is shown in Figure 8. It is ac-
cepted that the lattice-specific heats generally vary smoothly
with the temperature and are not influenced greatly by the
details of the structure. Therefore, we can gain insight into
the magnetic properties from the variance of the total spe-
cific heat with the change of temperature. As seen in Fig-
ure 8, a peak is observed at 1.9 K and the lambda shape is
similar to those of some one-dimensional antiferromagnetic
compounds, such as CsMnCl3·2H2O, MnF2, and (CH3)4-
NMnCl3.[25] The plot of Cp versus T further confirms the
antiferromagnetic interaction between the MnII ions in
complex 2; there is long-range ordering below 1.9 K (Neel
temperature). Similar behavior was found in [Mn2(pm)],
where pm represents 1,2,4,5-benzenetetracarboxylate.[26] To
the best of our knowledge, complex 2 represents the first
example of an open-framework coordination polymer with
conjugation of blue fluorescent emission and antiferromag-
netic long-range ordering, a promising candidate for multi-
functional materials, such as luminescent molecular mag-
netic materials.

Figure 8. Total specific heat, Cp, plotted against temperature, T, for
complex 2 between 1.8 and 8.5 K.

Conclusions

Two coordination polymers containing 2,2�-(1,3-pheny-
lenedioxy)bis(acetate) (pdoa) and 4,4�-bipyridine (bipy)
with formulae [Zn(pdoa)(bipy)]n (1) and {[Mn(pdoa)-
(bipy)](bipy)}n (2) have been synthesized and characterized
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by single-crystal X-ray diffraction analyses and IR spectra
and their luminescent properties and the magnetic behav-
iors have been investigated. The reactions of ZnCl2 and
Mn(OOCCH3)2 with pdoa and bipy under the same condi-
tions result in strikingly different structures. Complex 1 has
an interesting 3D noninterpenetration supramolecular
structure, whereas complex 2 forms under the same reaction
conditions an intriguing 3D open-framework structure with
rectangular nanosized channels. The order of the separation
between the asymmetric and symmetric stretching vibration
is ∆(unidentate) � ∆(bridging bidentate) � ∆(chelating bi-
dentate) according to the IR data. Both 1 and 2 display
blue fluorescent emission, indicating that they are poten-
tially luminescent materials. The magnetic studies in the
range 300–1.8 K indicate that complex 2 displays the char-
acteristics of a weak antiferromagnetic coupling between
metal ions in the system mediated by both types of bridging
ligands between the MnII ions. Complex 2 is the first exam-
ple of an open-framework coordination polymer with con-
jugation of blue fluorescent emission and antiferromagnetic
long-range ordering, a promising candidate for multifunc-
tional materials, such as luminescent molecular magnetic
materials.

Experimental Section
Materials and Methods: 2,2�-(1,3-Phenylenedioxy)bis(acetatic acid)
was prepared according to a literature method;[10c] other reagents
were commercially available and used without further purification.

Synthesis of [Zn(pdoa)(bipy)]n (1): A mixture of ZnCl2 (0.07 g,
0.5 mmol), 4,4�-bipyridine (0.078 g, 0.5 mmol), 2,2�-(1,3-phenylene-
dioxy)bis(acetic acid) (0.113 g, 0.5 mmol), methanol (10 mL), and
H2O (10 mL) was placed in a 25-mL Teflon-lined autoclave and
heated to 120 °C for 72 h. Then the solution was cooled to room
temperature and prismatic yellow crystals were obtained, which
were filtered and washed with water and air-dried. Yield (based on
ZnCl2): 0.0141 g (20.1%). C20H16N2O6Zn (445.74): C 53.89, H
3.62, N 6.28; found C 53.71, H 3.34, N 6.08.

Synthesis of {[Mn(pdoa)(bipy)](bipy)}n (2): Synthesized as brown
block-shaped crystals in an identical manner to that of 1 with man-
ganese(II) acetate tetrahydrate (0.122 g, 0.5 mmol) in place of
ZnCl2. Yield [based on Mn(CH3COO)2·4H2O]: 0.020 g (16.4%).
C30H24MnN4O6 (591.47): C 60.92, H 4.09, N 9.47; found C 60.71,
H 3.82, N 9.23.

Physical Measurements: Elemental analyses were carried out with
a PE-2400CHN analyzer. The IR spectra were recorded with a
Bruker VECTOR22 FTIR spectrometer in KBr pellets. Fluores-
cence measurements were performed with an AMINCO-Bowman
Series AB2 Luminescence Spectrometer. EPR spectra were mea-
sured with a Bruker EMX 10/12 EPR spectrometer. Magnetic
susceptibility data on a crushed polycrystalline sample of 2 were
collected over a temperature range of 300–1.8 K using a Quantum
Design MPMS-XL superconducting quantum interference device
(SQUID) magnetometer and diamagnetic corrections were made
using Pascal’s constants. The specific heat measurements were per-
formed using a Quantum Design PPMS Heat Capacity System in
the temperature range 300–1.8 K.

X-ray Data Collection and Structure Determination: Suitable single
crystals of complexes 1 and 2 were mounted on a Pyrex fiber with
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epoxy and affixed to a brass pin for the X-ray experiment. The
intensity data were collected at room temperature with a Bruker
Smart Apex CCD diffractometer with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å). The data were collected over a
hemisphere of the reciprocal space by a combination of three sets
of exposures; each set had a different φ angle (0°, 88°, and 180°)
for the crystal and each exposure of 30 s covered 0.3° in ω. The
crystal–detector distance was 4 cm and the detector swing angle
was –35°. Coverage of the unique set was over 99% complete. The
30 initial frames were recollected at the end of data collection to
monitor crystal decay by analyzing the duplicate reflections, but no
significant decays were observed. The raw data collected were re-
duced and corrected for Lorentz and polarization effects using the
SAINT program and for absorption using the SADABS pro-
gram.[27] The structures were solved by direct methods using
SHELXS 97[28a] and all the non-hydrogen atoms were refined an-
isotropically by full-matrix least squares based on F2 values.[28b]

The largest residual density peak was close to the metal atom. Hy-
drogen atoms were added geometrically and were not refined.
CCDC-294484 (for 1) and -294485 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.
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X1-Y2SiO5:Eu3+ and X1-Y2SiO5:Ce3+ and/or Tb3+ phosphor
layers have been coated on nonaggregated, monodisperse,
submicron spherical SiO2 particles by a sol–gel process, fol-
lowed by surface reaction at high temperature (1000 °C), to
give core/shell structured SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ particles. X-ray diffraction (XRD),
field emission scanning electron microscopy (FESEM), TEM,
photoluminescence (PL), low voltage cathodoluminescence
(CL), and time-resolved PL spectra and lifetimes are used to
characterize these materials. The XRD results indicate that
X1-Y2SiO5 layers have been successfully coated on the sur-

Introduction

The synthesis of nanostructured inorganic materials with
hierarchical morphologies has attracted considerable atten-
tion in the fields of catalysis, separation technology, micro-
electronic devices, and biomaterials engineering.[1] In par-
ticular, the term core/shell nowadays comprises a huge area
of particles that are in the broadest sense defined by a core
of matter that is surrounded by a shell of different matter.[2]

Core/shell materials can be used to protect drugs or other
materials from dissolving or hydrolysis and to strength
polymeric materials,[3] and a gold core has been found to
act as an antenna that absorbs light that is then transferred
to a bound rare-earth oxide shell, thereby enhancing the
oxide luminescence.[4] There are numerous methods for pre-
paring core/shell structured materials, including vapor de-
position, plasma-assisted techniques, chemical reduction,
self-assembly, and co-precipitation.[5] In most cases, how-
ever, the degree of surface coverage is low and the coating
is not uniform.[6] The sol–gel process is an effective method
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face of SiO2 particles, as further verified by the FESEM and
TEM images. The PL and CL studies suggest that
SiO2@Y2SiO5:Eu3+, SiO2@Y2SiO5:Tb3+ (or Ce3+/Tb3+), and
SiO2@Y2SiO5:Ce3+ core/shell particles exhibit red (Eu3+,
613 nm: 5D0–7F2), green (Tb3+, 542 nm: 5D4–7F5), or blue
(Ce3+, 450 nm: 5d-4f) luminescence, respectively. PL exci-
tation, emission, and time-resolved spectra demonstrate that
there is an energy transfer from Ce3+ to Tb3+ in the
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell particles.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

for preparing such materials since the reactants can be ho-
mogeneously mixed at molecular level in solution.

The current demand for high-resolution, high brightness,
and high efficiency in phosphors for cathode-ray tubes,
field-emissive displays, and plasma display panels has pro-
moted the development of new phosphors, particularly
those with a nonagglomerated, monodisperse, spherical
(�2 µm) morphology as they offer higher packing density,
lower scattering of light, brighter luminescent performance,
higher definition, and more improved screen packing.[7]

Nowadays, many synthetic routes have been developed to
control the size, morphology, and distribution of phosphor
particles, such as spray pyrolysis[8] and flux precipitation,[9]

but it is still difficult to obtain highly monodisperse and
spherical phosphor particles by these methods.

It is well known that monodisperse and spherical silica
particles in the nano- to submicron range can be prepared
by the hydrolysis and condensation of tetraethoxysilane
(TEOS) catalyzed by ammonia.[10] If the silica spheres are
coated with phosphors layers, a kind of core/shell phosphor
material with spherical morphology will be obtained and
the size of the phosphor particles can be controlled by the
silica cores. Furthermore, because silica is cheaper than
most of the phosphor materials, which often employ ex-
pensive rare-earth elements as activators and/or host com-
ponents, core/shell phosphor materials should be cheaper
than the pure phosphor materials. Y2SiO5 is an important
material that shows many interesting properties, and rare-
earth (RE) oxyorthosilicates [(RE)2SiO5] doped with Eu3+,
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Ce3+, and Tb3+ are well-known luminescent materials.[11–13]

It is well known that Y2SiO5 is a good laser host[14] and
Y2SiO5:Tb is one of the best green-emitting cathodolumi-
nescent phosphors.[15] Y2SiO5:Eu has also been found to
be a promising candidate for coherent time-domain optical
memory (CTDOM) applications.[16] Therefore, rare-earth-
doped yttrium orthosilicates have been attracting the atten-
tion of many research groups.

In this paper, we employ monodisperse SiO2 spheres as
supporting cores to prepare SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ core/shell-structured phosphor
particles by a sol–gel process, and thoroughly characterize
the structure, morphology, and luminescent properties of
these samples.

Results and Discussion

The procedures for preparation of monodis-
perse core/shell-structured SiO2@Y2SiO5:Eu3+ and
SiO2@Y2SiO5:Ce3+/Tb3+ submicron spherical particles to-
gether with their luminescence photos are given in Fig-
ure S1 (see Supporting Information). The synthesis of the
monodisperse SiO2 core particles was carried out by the
well-known Stöber method, i.e., hydrolysis of TEOS in an
ethanol solution containing water and ammonia.[10] This
process yielded a colloidal solution of silica particles with
a narrow size distribution in the submicron range, with the
particle size of silica dependent on the relative concentra-
tion of the reactants. A sol–gel technique was used for the
deposition of the Y2SiO5:Eu3+ and Y2SiO5:Ce3+/Tb3+ shells
on the SiO2 cores to produce core/shell-structured
SiO2@Y2SiO5:Eu3+ and SiO2@Y2SiO5:Ce3+/Tb3+ particles.

Formation and Morphology of Core–Shell Particles

The formation and morphology of the core/shell particles
were performed representatively for SiO2@Y1.9Tb0.1SiO5 by
X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), and TEM. The results for the other
compounds were similar to those of SiO2@Y1.9Tb0.1SiO5

and will not be discussed further.
The oxyorthosilicates (RE)2SiO5 of the larger rare-earth

ions (RE = La–Tb) possess a monoclinic X1-type structure
with the space group P21/C (no. 14),[17] whereas the smaller
ones (RE = Dy–Lu, Sc) have an X2-type structure with the
space group B2/b (no. 15).[18] Y2SiO5 crystallizes in the X1

structure when annealed at a temperature below 1190 °C
and in the X2 structure above this temperature.[19] Figure S2
(Supporting Information) shows the structure of X1-
Y2SiO5. This structure contains isolated SiO4 tetrahedra
and nonsilicon-bonded oxygen. There are two types of Y
positions. Y1 is coordinated by nine oxygen atoms, eight of
which are bonded to silicon, and Y2 is coordinated by seven
atoms, four of which are bonded to silicon.[20]

Figure 1 shows the XRD profiles for the pure
Y1.9Tb0.1SiO5 powder (a) and SiO2@Y1.9Tb0.1SiO5 (b),
both annealed at 1000 °C, as well as the JCPDS 21-1456
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card for X1-Y2SiO5 (c) as the reference. For the
SiO2@Y1.9Tb0.1SiO5 sample (Figure 1, b), besides the broad
band at 2θ = 22° due to amorphous SiO2,[7] all the diffrac-
tion peaks can be indexed according to the standard data
of X1-Y2SiO5 (JCPDS 21-1456). This agrees well with the
pure Y1.9Tb0.1SiO5 powder sample annealed at 1000 °C,
which also crystallizes with the X1-Y2SiO5 phase structure.
No second phase was detected. In general, the nanocrys-
tallite size can be estimated from the Scherrer formula:
Dhkl = Kλ/(βcosθ), where λ is the X-ray wavelength
(0.15405 nm), β is the full-width at half-maximum, θ is the
diffraction angle, K is a constant (0.89), and Dhkl is the size
along the (hkl) direction.[21] Here, we use diffraction data at
29.60°, 31.02°, 32.58°, and 33.64° to calculate the crystallite
size, which give an estimated average crystallite size of
22 nm for Y1.9Tb0.1SiO5 on the SiO2 sphere and 29 nm for
pure Y1.9Tb0.1SiO5. The unit cell parameters and crystallite
size of Y2SiO5 powder and SiO2@Y1.9Tb0.1SiO5 core/shell
particles, as well as the internuclear distances and angles of
the SiO2@Y1.9Tb0.1SiO5 core/shell particles, were calculated
using Jade 5.0 and CASTEP,[22] respectively. The results are
listed in Table 1 and Table S1, respectively.

Figure 1. XRD patterns of SiO2@Y1.9Tb0.1SiO5 (a) and
SiO2@Y1.9Tb0.1SiO5 (b) particles annealed at 1000 °C as well as
the standard data for JCPDS No. 21-1456 (c) as a reference.

Table 1. Calculated unit-cell parameters and crystalline size of
Y2SiO5 powder and SiO2@Y2SiO5:Tb core/shell particles.

Sample a b c β Crystal size
[nm] [nm] [nm] [°] [nm]

Y2SiO5 powder 0.905 0.690 0.664 106.41 29
SiO2@Y2SiO5:Tb 0.899 0.694 0.662 106.48 22
core/shell particles

Figure 2 shows the SEM micrographs of the as-formed
SiO2 particles (a) and SiO2@Y1.9Tb0.1SiO5 (coated four
times) core/shell particles (b). From the SEM micrograph
in Figure 2 (see part a), we can see that the as-formed SiO2

sample consists of spherical particles with an average size
of 385 nm and that these particles are nonaggregated and
have a narrow size distribution. After functionalizing the
silica particles by coating four times with Y1.9Tb0.1SiO5, the
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Figure 2. FESEM micrographs of amorphous SiO2 (a) and core/shell-structured SiO2@Y1.9Tb0.1SiO5 particles (b) as well as the histograms
for their size distribution (d for a, e for b) and EDX analysis of the core/shell-structured SiO2@Y1.9Tb0.1SiO5 particles (c).

resultant SiO2@Y1.9Tb0.1SiO5 particles are still spherical
and uniform and keep the morphological properties of the
silica particles, as shown in Figure 2 (b). The mean size of
these particles is about 413 nm, which is a little larger than
pure silica. The core/shell spheres were examined by energy-
dispersive X-ray (EDX) analysis, which confirmed the pres-
ence of Y, Si, and O on the surface (Figure 2, c). Tb was
not detected due to its low concentration, although it can
be detected in the luminescence spectra (see below).

In order to investigate the inner structure of
SiO2@Y1.9Tb0.1SiO5, TEM was performed. Figure 3 shows
the SiO2 particles coated by four layers of Y1.9Tb0.1SiO5

shells; the core/shell structure of the sample can be seen
clearly due to the different electron penetrability of the core
and shell. The core can be seen as a black sphere with an
average size of 350 nm and the shells have a gray color and

Figure 3. TEM micrographs of SiO2@ Y1.9Tb0.1SiO5 (a, b). The
inset in (b) is the electron-diffraction pattern of the selected region.
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an average thickness of 50 nm. Electron diffraction mea-
surements were performed at the interface region of the
core and shell of a particle, as shown in the inset of Figure 3
(b). The electron-diffraction rings demonstrate the existence
of a crystalline phase at the surface of the core/shell par-
ticles.

Photoluminescence Properties

The as-prepared core/shell particles of
SiO2@Y2SiO5:Eu3+, SiO2@Y2SiO5:Tb3+ (or Ce3+/Tb3+),
and SiO2@Y2SiO5:Ce3+ can be dispersed in solvents such
as ethanol and water to form a relatively stable colloidal
solution. Under UV excitation, these colloidal sol-
utions show bright red (SiO2@Y2SiO5:Eu3+), blue
(SiO2@Y2SiO5:Ce3+), and green (SiO2@Y2SiO5:Tb3+ and
SiO2@Y2SiO5:Ce3+,Tb3+) luminescence, as shown in Fig-
ure S1.

SiO2@Y2SiO5:Eu3+

SiO2@Y2SiO5:Eu3+ core/shell particles exhibit a strong
red emission under UV irradiation. Figure 4 (a) shows the
excitation and emission spectra of SiO2@Y1.8Eu0.2SiO5

core/shell particles. The excitation spectrum (Figure 4, part
a, left) consists of a broad, intense band, with a maximum
at 253 nm, and some weak lines. The former is due to the
charge-transfer band (CTB) of Eu3+–O2–, and the latter are
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due to f-f transitions within the Eu3+ 4f6 electron configura-
tion (320: 7F0�5H6; 364: 7F0�5D4; 384: 7F0�5G2; 397:
7F0�5L6, 468: 7F0�5D2).[23] Upon excitation into the CTB
at 253 nm, the emission spectrum was found to be com-
posed of 5D0�7FJ (J = 0, 1, 2, 3, 4) emission lines of Eu3+,
with the hypersensitive red emission 5D0�7F2 (612 nm)
transition being the most prominent group (Figure 6, part
a, right). When the Eu3+ is located at a low-symmetry local
site (without an inversion center), the hypersensitive
5D0�7F2 transition is often dominant in its emission spec-
trum.[24] This is actually the case for X1-Y2SiO5, which
adopts a monoclinic structure with a space group of P21/c
where the two Y3+ sites have a C1 point symmetry (without
an inversion center).[12,24] The doped Eu3+ ions occupy the
Y3+ sites in the SiO2@X1-Y2SiO5 core/shell particles, which
results in the hypersensitive red emission 5D0�7F2 transi-
tion of Eu3+ being the most prominent group in its emission
spectrum.

Figure 4. Excitation (left) and emission (right) spectra for
SiO2@Y1.8Eu0.2SiO5 core/shell particles (a) and excitation (left) and
emission (right) spectra for SiO2@Y1.9Tb0.1SiO5 core/shell particles
(b).

The decay curve for the 5D0�7F2 transition of Eu3+ in
SiO2@Y1.8Eu0.2SiO5 core/shell particles is shown in Fig-
ure S3; it can be well fitted to a single-exponential function
as I = Aexp(–τ/τ0)[25] (the fitting parameters are shown in
the figure). A lifetime, τ, of 2.31 ms is obtained for the
5D0�7F2 emission of Eu3+.
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Because of the invariability of the Eu3+ 5D0�7F1 transi-
tion intensity, it can be taken as a reference for the calcula-
tion of luminescent quantum yield.[26,27] On obtaining the
intensity parameters of the Eu3+ emission spectra, the total
radiative rate of 5D0 can be expressed by Equation (1),[27,28]

(1)

where S(0�J) and S(0�1) are the integral intensities of the
5D0�7FJ and 5D0�7F1 transitions, respectively, and kι(0�1)

is the radiative rate of the 5D0�7F1 transition. Since
[kι(0�1)]vac is 14.65 s–1,[29] when an average index of refrac-
tion, n, equal to 1.506 is considered, the value of k0–1 is
equal to n3[kι(0�1)]vac, about 50 s–1.[26,29–32]

The total radiative rate of 5D0 was determined to be
0.137 ms–1 from Equation (1). All the 5D0 decay curves de-
termined for the samples could be fitted well to a single-
exponential function, which reflects the existence of the
Eu3+ local site symmetry.[33,34] The fitted lifetime is 2.31 ms.
From these data, the total decay rate of 5D0 (Ktot), which
can be given as Equation (2), is 0.433 ms–1. Finally, the ab-
solute emission quantum yield (η) determined from Equa-
tion (3) is around 32%. This quantum value seems rather
low considering that the materials have been annealed at
1000 °C, which generally leads to high quantum yields for
this rare-earth ion. This may be due to the concentration
quenching effect. It should be noted that Equation (3) de-
scribes the quantum efficiency of the Eu3+ 5D0 level and
not the absolute emission quantum yield of the
SiO2@Y2SiO5:Eu3+ core/shell particles, and that the abso-
lute emission quantum yield is a more general quantity that
involves the ratio between light absorption and light emis-
sion. Therefore, the absolute emission quantum yield and
the quantum efficiency of the 5D0 level are equal if all the
energy absorbed is transferred to the 5D0 level.

(2)

SiO2@Y2SiO5:Tb3+

SiO2@Y2SiO5:Tb3+ core/shell particles exhibit a strong
green emission under UV irradiation. Figure 4 (b) shows
the excitation and emission spectra of SiO2@Y1.9Tb0.1SiO5

core/shell particles. The excitation spectrum (Figure 4, part
b, left) contains an intense, broad band with a maximum at
247 nm due to the spin-allowed 4f8�4f75d transition (∆S =
0) of Tb3+.[34] The excitation lines in the longer wavelength
regions within the Tb3+ 4f8 electron configuration cannot
be seen at this magnification due to their weak intensity.



Submicron SiO2@Y2SiO5:Eu3+ and SiO2@Y2SiO5:Ce3+/Tb3+ Particles FULL PAPER
Excitation into the spin-allowed 4f8�4f75d band at 247 nm
yields the characteristic emission lines of Tb3+ 5D4�7FJ (J
= 3, 4, 5, 6) transitions, with the 5D4�7F5 (543 nm) green
emission as the most prominent group (Figure 4, part b,
right).

The decay curve for 5D4�7F5 of Tb3+ in
SiO2@Y1.9Tb0.1SiO5 core/shell particles is shown in Fig-
ure S4, which can also be well fitted to a single-exponential
function like the situation for Eu3+ in SiO2@Y1.8Eu0.2SiO5;
the fitting parameters are shown in the figure. A lifetime
value of 3.29 ms is obtained for the 5D4�7F5 emission of
Tb3+.

The PL intensity of SiO2@Y1.9Tb0.1SiO5 core/shell par-
ticles can be tuned by the number of coatings. Figure 5
shows the PL intensity of the sample as a function of the
coating number. Obviously, the PL intensity increases with
an increase of coating number, which can be attributed to
an increase of the thickness of the Y1.9Tb0.1SiO5 shells on
the SiO2 spheres. The PL intensity of the four-layer
SiO2@Y1.9Tb0.1SiO5 core/shell particles reaches about 62%
of that of the pure Y1.9Tb0.1SiO5 sample, as indicated in
Figure 5.

Figure 5. The photoluminescence intensity of Tb3+ as a function
of the number of coatings (N) of SiO2@Y1.9Tb0.1SiO5 core/shell
particles. The photoluminescence intensity of pure Y1.9Tb0.1SiO5 is
also given for comparison.

SiO2@Y2SiO5:Ce3+ and SiO2@Y2SiO5:Ce3+,Tb3+

The SiO2@Y2SiO5:Ce3+ core/shell particles show a blue
emission under longer wavelength UV excitation. The exci-
tation (a) and emission (b) spectra of SiO2@Y1.94Ce0.06SiO5

core/shell particles are shown in Figure 6. The excitation
spectrum mainly consists of a strong band with a maximum
at 370 nm and a weak band at 282 nm, corresponding to
the transitions from the ground state 2F5/2 to the excited 5d
states of Ce3+. The emission of Ce3+ includes a broad band
with a maximum at 443 nm, which is assigned to the parity-
allowed transitions of the lowest component of the 5d state
to the ground state of Ce3+.[35]
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Figure 6. Excitation (a) and emission (b) spectra for SiO2 @
Y1.94Ce0.06SiO5 core/shell particles.

SiO2@Y1.84Ce0.06Tb0.1SiO5 core/shell particles show a
blue-green emission under UV excitation. The excitation
spectrum monitored with the 543 nm emission (5D4�7F5)
of Tb3+ contains an intense band at 247 nm, a weak band
at 282 nm, and a strong band with a maximum at 370 nm.
By comparison with the excitation spectra for
SiO2@Y1.9Tb0.1SiO5 (Figure 4, b) and SiO2@Y1.94Ce0.06-
SiO5 (Figure 5), we can easily ascribe the former band at
247 nm to the 4f8�4f75d transitions of Tb3+, and the latter
bands at 282 and 370 nm to 4f–5d transitions of Ce3+ in
Figure 7 (a). The presence of the excitation bands of Ce3+

in the excitation spectrum monitored with Tb3+ emission
indicates that an energy transfer has occurred from Ce3+ to
Tb3+ in the SiO2@Y1.84Ce0.06Tb0.1SiO5 sample. Excitation
into the Ce3+ excitation band at 370 nm yields both the
emission of Ce3+ (380–470 nm, which is identical to the
emission spectrum of SiO2@Y1.94Ce0.06SiO5 core/shell par-
ticles, dotted line) and that of Tb3+ (5D4�7FJ at 488, 543,
586, 625 nm), as shown in Figure 7 (b), and is further in-
dicative of the energy transfer from Ce3+ to Tb3+ in
SiO2@Y1.84Ce0.06Tb0.1SiO5.

The kinetic decay curves for the emission of Ce3+ in
SiO2@Y1.94Ce0.06SiO5 and in SiO2@Y1.84Ce0.06Tb0.1SiO5

were also measured (see Supporting Information, Fig-
ure S4, parts a and b, respectively). Both of the decay curves
for Ce3+ can be well-fitted to a single-exponential function,
and the lifetimes (τ) for Ce3+ were determined to be 39.8 ns
in the former and 20.1 ns in the latter. The shortening of
the lifetime in SiO2@Y1.94Ce0.06SiO5 with respect to
SiO2@Y1.84Ce0.06Tb0.1SiO5 is due to the occurrence of the
energy transfer from Ce3+ to Tb3+ in the latter sample. The
Ce3+�Tb3+ energy transfer is not complete due to the pres-
ence of the strong Ce3+ emission. The energy-transfer effi-
ciency from a donor (Ce3+) to an acceptor (Tb3+) can be
calculated according to the formula ηET = 1 – Id/Id0 (= 1 –
τ/τ0), where Id (τ) and Id0 (τ0) are the corresponding lumi-
nescence intensities (lifetimes) of the donor (Ce3+) in the
presence and absence of the acceptor (Tb3+) for the same
donor concentration, respectively.[36] The energy-transfer
efficiency from Ce3+ to Tb3+ is 48%, as calculated from the
lifetimes of Ce3+.

In order to study the energy-transfer process from Ce3+

to Tb3+ in SiO2@Y1.84Ce0.06Tb0.1SiO5 in more detail, the
time-resolved emission spectra were measured by excitation
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Figure 7. Excitation (a) and emission (b) spectra for SiO2@Y1.84-
Ce0.06Tb0.1SiO5 core/shell particles.

into the Ce3+ band with a 370-nm laser. The emission spec-
tra collected at different delay times t are shown in Figure 8.
When t = 0.25 µs, only the broad emission of Ce3+ is ob-
served; no Tb3+ emission is present because the excitation
energy of Ce3+ has not been transferred to Tb3+ within this
short time. When t = 1.25 µs, the emission of Ce3+ starts to
decreases and is accompanied by a Tb3+ emission due to the
energy transfer from Ce3+. The emission of Ce3+ decreases
gradually with further increase of the delay time, while that
of Tb3+ begins to increase (a large part of the Tb3+ emission
is from the 5D3 level) due to transfer of more excitation
energy from Ce3+ to Tb3+. When t = 7.75 µs, the emission
of Ce3+ disappears, and the emission spectrum contains ex-
clusively that of Tb3+. The emission from the 5D3 level of
Tb3+ then begins to decrease until it is quenched completely
at t = 100 µs. This quenching of the 5D3 emission of Tb3+

is due to cross-relaxation between two adjacent Tb3+ ions,
i.e. Tb3+ (5D3) + Tb3+ (7F6) � Tb3+ (5D4) + Tb3+ (7F0),
which occurs at a longer delay time.[36]

The mechanism of nonradiative energy transfer from
Ce3+ (5d-level) to Tb3+ (mainly the 5D3 level) is an inductive
resonant process. Since the concentration of Ce3+ ions is
not great, a dipole–dipole interaction between Ce3+ and
Tb3+ in the excited state is the most likely one.[37,38] The
absolute constant of the energy-transfer rate can be defined
by the formula Kt = 1/τ – 1/τ0, where τ and τ0 are the decay
times of luminescence for the donor ions with and without
the acceptor, respectively.[38,39] So, for SiO2@Y1.84-
Ce0.06Tb0.1SiO5, the energy-transfer rate from Ce3+ to Tb3+

is 25 µs–1 (at room temperature). This is much faster than
the radiative rate of Tb3+.[40] As a result, the excited state
of Tb3+ (5D4) can be populated many times by energy trans-
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Figure 8. Time-resolved PL spectra of SiO2@Y1.84Ce0.06Tb0.1SiO5

core/shell particles (λex = 370 nm).

fer from Ce3+ before the depopulation occurs, which result
in the increase of emission intensity during this period.
Thus, the emission characteristics of Ce3+ and Tb3+ in Fig-
ure 8 can be understood.

A summary of the emission and energy-transfer pro-
cesses in SiO2@Y1.84Ce0.06Tb0.1SiO5 is shown schematically
in Figure 9.[41] An electron on Ce3+ ion is excited from the
ground state (4f) to the excited state (5d) by UV light. In
the excited state, this electron either relaxes to the lowest 5d
crystal-field-splitting state then returns to the ground state
to produce the blue emission, or transfers its excitation en-
ergy to the higher excited energy levels of Tb3+ (4f8), which
relax to the 5D4 level, where the green emission (5D4�7FJ)
takes place.[41] Competition between the above two pro-
cesses results in the occurrence of emission from Ce3+ and
Tb3+ simultaneously in SiO2@Y1.84Ce0.06Tb0.1SiO5 (Fig-
ure 9, b)

Figure 9. Scheme of energy transfer from Ce3+ to Tb3+.

Cathodoluminescence Properties

Similar to the emission under UV excitation, the
SiO2@Y1.9Tb0.1SiO5, SiO2@Y1.94Ce0.06SiO5, and SiO2@
Y1.84Ce0.06Tb0.1SiO5 core/shell particles also exhibit strong
red-green, blue, and blue-green luminescence, respectively,
upon excitation with an electron beam (3 kv). Typical
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emission spectra are shown in Figure 10 (a–c), respectively.
These emission spectra basically agree with the correspond-
ing PL emission spectra (Figure 4 and Figure 7). The CL
emission for SiO2 particles coated with four layers of
Y1.94Ce0.06SiO5, Y1.9Tb0.1SiO5, Y1.84Ce0.06Tb0.1SiO5 were
investigated as a function of accelerating voltage, as shown
in Figure S6 (a–c, respectively). When the filament is fixed
at 14 mA, the CL intensities of SiO2@Y1.94Ce0.06SiO5,
SiO2@Y1.9Tb0.1SiO5, and SiO2@Y1.84Ce0.06Tb0.1SiO5 core/
shell particles increase upon raising the acceleration voltage
from 1 to 5 kV. For cathodoluminescence, the Ce3+ and
Tb3+ ions are excited by the plasmons produced by the inci-
dent electrons. The electron penetration depth can be esti-
mated by Equation (4)[42,43]

where n = 1.2/(1 – 0.29·log10 Z), and A is the atomic weight,
ρ is the density, Z is the atomic number, and E is the acce-
lerating voltage (V).[44] For SiO2@X1-Y2SiO5:Tb3+ and
SiO2@X1-Y2SiO5:Ce3+, the electron penetration depth at

Figure 10. CL spectra of SiO2@Y1.94Ce0.06SiO5 (a),
SiO2@Y1.9Tb0.10SiO5 (b), and SiO2@Y1.84Ce0.06Tb0.10SiO5 (c) core/
shell particles (voltage: 3 kV).
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5 kV is 16.5 nm. This value is within the X1-Y2SiO5:Tb3+,
X1-Y2SiO5:Ce3+, and SiO2@Y1.84Ce0.06Tb0.1SiO5 shell for
the SiO2@X1-Y2SiO5:Tb3+, SiO2@X1-Y2SiO5:Ce3+, and
SiO2@Y1.84Ce0.06Tb0.1SiO5 core/shell particles, respectively.
With the increase of accelerating voltage, more plasmons
will be produced by the incident electrons, which results in
more Ce3+ and Tb3+ions being excited and thus a higher
CL intensity. The increase in electron energy is attributed
to deeper penetration of the electron into the shell, which
is governed by Equation (4).

The deeper penetration of electrons into the shell results
in an increase in the electron–solid interaction volume in
which excitation of Ce3+ and Tb3+ions, which is responsible
for light emission, takes place. Therefore, an increase in in-
teraction volume, which effectively determines the genera-
tion of light inside the shell, with an increase in electron
energy brings about an increase in the CL brightness of
SiO2@Y2SiO5:Tb3+ and SiO2@Y2SiO5:Ce3+ core/shell par-
ticles.[45]

Conclusions

A simple and effective sol–gel process has been devel-
oped to coat X1-Y2SiO5: RE3+ (RE = Eu3+, Ce3+, and/or
Tb3+) phosphor layers on monodisperse spherical
SiO2 particles. The obtained SiO2@Y2SiO5:Eu3+,
SiO2@Y2SiO5:Tb3+, SiO2@-Y2SiO5:Ce3+, and
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell-structured phosphors
maintain the spherical morphology, submicrometer size,
and narrow size-distribution of the originals. Under the ex-
citation of UV light and electron beams, these core/shell
phosphors show red, green, blue, and green luminescence,
respectively. An energy transfer from Ce3+ to Tb3+ exists in
SiO2@Y2SiO5:Ce3+,Tb3+ core/shell phosphors, and this has
been studied by time-resolved spectroscopic methods. This
process can be extended to prepare other phosphor materi-
als with a homogeneous spherical morphology.

Experimental Section
The core/shell samples with general compositions SiO2@Y1.8Eu0.2-
SiO5, SiO2@Y1.9Tb0.1SiO5, SiO2@Y1.94Ce0.06SiO5, and SiO2@
Y1.84Ce0.06Tb0.1SiO5 were prepared by a sol–gel process. The
main starting materials were Y2O3 (99.99%), Eu2O3 (99.99%),
Ce2(CO3)3 (99.99%), and Tb4O7 (99.99%), all of which were pur-
chased from Shanghai Yuelong Nonferrous Metals Limited, tetra-
ethyl orthosilicate Si(OC2H5)4 (TEOS, 99 wt.-%, analytical reagent,
Beijing Beihua Chemicals Co., Ltd.), polyethylene glycol (PEG,
molecular weight 10000, analytical reagent), and ammonium hy-
droxide (25 wt.-%, analytical reagent, Beijing Beihua Chemicals
Co., Ltd.).

First, monodisperse silica spheres were prepared by the well-known
Stöber method.[10] In a typical experiment, 7.8 mL of TEOS, 18 mL
of deionized H2O, and 98 mL of NH4OH were added to 75 mL of
absolute ethanol and stirred at room temperature for 3 h to give a
white silica colloidal suspension. The silica particles were centrifu-
gally separated from the suspension and washed with ethanol three
times. Then, coating of the SiO2 particles with Y2SiO5-based phos-
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phor layers was performed by a sol–gel process. According to the
compositions in the above formulae, stoichiometric amounts of
Y2O3, Eu2O3, Tb4O7, and Ce2(CO3)3 were dissolved in dilute
HNO3 with vigorous stirring. Then, a certain amount of TEOS
and water/ethanol (v/v = 1:7) was added to the solution and PEG
was added with a concentration of 0.1 g/mL. The solution was
stirred for 3 h to form a sol, and then silica particles were added
with stirring. After stirring for 3 h, the silica particles were sepa-
rated by centrifugation. The samples were immediately dried at
100 °C for 1 h. The dried samples were annealed to 1000 °C at a
heating rate of 2 °Cmin–1 and held there for 2 h in air (for samples
containing Eu) or in a reducing atmosphere (CO for samples con-
taining Ce and/or Tb). The above process was repeated several
times to increase the thickness of the phosphor shells. For compari-
son, the coating sol was evaporated in a similar way to produce the
pure Y2SiO5-based powder phosphors. The whole process is shown
schematically in Figure 1.

X-ray diffraction (XRD) studies of the powder samples were per-
formed with a Rigaku-Dmax-IIB spectrometer with using Cu-Kα

radiation (λ = 0.15405 nm). The morphology of the samples was
inspected with a field emission scanning electron microscope (FE-
SEM, XL30, Philips) and a transmission electron microscope
(JEOL-2010, 200 kV). The excitation and emission spectra were re-
corded with a Hitachi F-4500 spectrofluorimeter equipped with a
150-W xenon lamp and 1–6-kv electron gun (self-made) as the exci-
tation source. Luminescence decay curves were obtained with a
Lecroy Wave Runner 6100 Digital Oscilloscope (1 GHz) using a
250-nm laser (pulse width: 4 ns, gate: 50 ns) as the excitation source
(Continuum Sunlite OPO). All the measurements were performed
at room temperature.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. Formation process of SiO2@Y2SiO5:Eu3+,
SiO2@Y2SiO5:Ce3+, SiO2@Y2SiO5:Tb3+, and SiO2@Y2-
SiO5:Ce3+,Tb3+ core/shell particles with the corresponding lumi-
nescent photos under UV irradiation. Figure S2. The crystal struc-
ture of X1-Y2SiO5. Figure S3. Decay curves for the luminescence of
Eu3+ in SiO2@Y1.8Eu0.2SiO5 core/shell particles. Figure S4. Decay
curve for the luminescence of Tb3+ in SiO2@Y1.9Tb0.1SiO5 core/
shell particles. Figure S5. Decay curves for the luminescence of
Ce3+ in SiO2@Y1.94Ce0.06SiO5 (a) and in SiO2@Y1.84-
Ce0.06Tb0.1SiO5 (b) core/shell particles. Figure S6. CL emission in-
tensity of SiO2@Y1.94Ce0.06SiO5 (a) SiO2@Y1.9Tb0.10SiO5 (b), and
SiO2@Y1.84Ce0.06 Tb0.10SiO5 (c) core/shell particles as a function
of accelerating voltage. Table S1. Calculated internuclear distances
and angles of SiO2@Y2SiO5:Tb core/shell particles.
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In order to investigate an effective method for carrier injec-
tion into the phosphor of organic electroluminescent (EL)
devices, we synthesized fac-tris(2-phenylpyridine)iridium
[Ir(ppy)3] derivatives containing hole-trapping moieties, such
as diphenylamine, carbazole, and phenoxazine. Their photo-
luminescent maxima were observed around the maximum of
Ir(ppy)3. These values were slightly shifted depending on the
hole-trapping moieties: redshifted due to diphenylamine and
blueshifted due to carbazole and phenoxazine. Further, these
moieties affected the oxidation potentials of Ir complexes in

Introduction

Currently, organic electroluminescent (EL) devices are an
active area of research because of their potential applica-
tions in flat-panel displays.[1] The research to synthesize
phosphorescent materials with heavy metals such as plati-
num and iridium has attracted considerable attention[2,3] be-
cause an internal quantum efficiency of 100% can be
achieved by the energy transfer from both the singlet and

Scheme 1. Structures of Ir complexes 1.
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cyclic voltammetry. EL devices using an Ir complex with di-
phenylamine exhibited high EL performance because 1,1-
bis[4-(di-p-tolylamino)phenyl]cyclohexane (TAPC) was em-
ployed as a hole-transporting layer. The maximum external
quantum efficiency (ηext) was recorded as 12.2%. This value
is comparable to that observed in a device using Ir(ppy)3.
These results indicate that the diphenylamino substituent is
favorable to serve as a hole-trapping moiety of Ir(ppy)3.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

triplet states to the phosphor triplet state at the emitting
layer.[4,5] fac-Tris(2-phenylpyridine)iridium [Ir(ppy)3] is a
well-known green emitter.[3,6] A phosphorescent EL device
using Ir(ppy)3 demonstrated a high performance with a
maximum external quantum efficiency of 19.2%.[3e] This
value was comparable to the theoretical limit of around
20% obtained from simple classical optics.[7] However, fur-
ther investigation of phosphorescent materials is still re-
quired for the research and development of phosphorescent

EL devices. Also, synthetic studies on various materi-
als such as Ir,[8,9] Pt,[10] and other metal[11] complexes have
been conducted. These substances are used as dopants at
the emitting layer. For example, the addition of an amount
of ca. 6 wt.-% of Ir(ppy)3 to the host material afforded the
highest external quantum efficiency.[3a,3b] Therefore, the
combination of phosphorescent and host materials is cru-
cial for effective injection of holes and electrons into the
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phosphor. 4,4�-Bis(carbazol-9-yl)-1,1�-biphenyl (CBP),
which is an aromatic amine, is generally employed as the
host material.[2b] Thus, we synthesized Ir(ppy)3 derivatives
as new types of phosphorescent materials, which are com-
posed of aromatic amines such as diphenylamine, carbazole,
phenoxazine, and phenothiazine[12] (see Scheme 1); these
amine units act as effective hole-trapping moieties.[13] As a
compound related to 1a, its acetylacetonate (acac) complex
[Ir(ppy-NPh2)2(acac)] has been recently synthesized.[14] It
was reported that the phosphorescent EL performance of
this complex was better than that of Ir(ppy)2(acac). In this
paper, we report the synthesis and properties of Ir com-
plexes 1 and their applications in the study of phosphores-
cent EL devices.

Results and Discussion

Preparation and Properties of Ir Complexes Containing
Hole-Trapping Moieties

The synthesis of the Ir complexes 1 is illustrated in
Scheme 2. 2-(4-Bromophenyl)pyridine (3) was synthesized
with a yield of 43% by the reaction of 2-fluoropyridine (2)
with 4-bromophenyllithium;[15] this was utilized as the key
compound in the following amination reaction. The ligands

Scheme 2. Synthesis of ligands 4 and Ir complexes 1.

Eur. J. Inorg. Chem. 2006, 3676–3683 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3677

4a–d were prepared with yields of 82–91% by the Pd-cata-
lyzed cross-coupling reaction of 3 with aromatic amines
such as diphenylamine, carbazole, phenoxazine, and pheno-
thiazine.[16] This reaction required a selective use of an addi-
tive base. Sodium tert-butoxide was selected for the reaction
of diphenylamine, and potassium carbonate was employed
for those of rigid amines, namely, carbazole, phenoxazine,
and phenothiazine. The ligands 4a–c produced the cyclo-
metalated IrIII µ-chloro-bridged dimers 5a–c with yields of
80–88% by treatment with IrCl3·nH2O in 2-ethoxyethanol
and water at 120 °C.[6a] However, the Ir dimer 5d was not
obtained. The Ir complexes 1a–c were prepared with yields
of 48–78% by stirring 4 and 5 in glycerol with K2CO3 at
240 °C.[17] These Ir complexes were obtained in the form of
orange solids for 1a and yellow solids for 1b and 1c. Their
melting points were above 300 °C. Structural determination
was performed by using 1H NMR, MALDI-TOF mass
spectrometry, and elemental analysis. The stereochemistry
of these complexes was determined to be that of facial iso-
mers because the NMR chemical shifts observed in the
three ligands were equivalent. In order to investigate the
molecular structures of the Ir complexes, an X-ray crystal-
lographic analysis of 1a was performed. Two crystallo-
graphically independent molecules existed in this crystal.
The structure of one of these molecules is shown in Fig-
ure 1. Three sets of linear C–Ir–N bonds are observed, indi-
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Figure 1. Molecular structure of Ir complex 1a (stereo view). Ir and N atoms are depicted as shaded octants.

cating that complex 1a is a facial isomer. Three diphenyl-
amine moieties, resembling antennas, exist on the side of
the Ir(ppy)3 core.

The ligands 4 exhibited photoluminescence (PL) maxima
between 400 and 540 nm in dichloromethane. The emission
and absorption maxima are listed in Table 1. The Stokes
shifts (∆) for 4c–d are greater than those for 4a–b, indicating
that the insertion of chalcogens such as O and S atoms into
the carbazole moieties results in large Stokes shifts. The PL
spectra of Ir complexes 1 are shown in Figure 2, and their
emission and absorption maxima are listed in Table 2. The
absorption maxima of the Ir complexes are redshifted as
compared to those of the ligands. These maxima can be
attributed to the metal–ligand charge-transfer (MLCT) ex-
citation. The PL maxima of 1 are almost similar to that of
Ir(ppy)3, indicating the Ir(ppy)3 cores as the source of the
emission. The emission maxima marginally shifted de-
pending on the molecular structure of the hole-trapping
moiety. The maximum of 1a, possessing a flexible amine, is
redshifted from that of Ir(ppy)3, and the maxima of 1b and
1c, possessing rigid amines, are blueshifted. The redshift is
attributed to the resonance effect of the diphenylamino sub-
stituent, which reduced the energy gap between HOMO
and LUMO. On the other hand, the π-conjugation on the
rigid frameworks of carbazole and phenoxazine prevents
the electron donation to the phenylpyridine (ppy) chelates.
Furthermore, the emission maxima of the Ir complexes 1a
and 1b are redshifted by ca. 100 nm from those of the li-
gands 4a and 4b, and the maximum of 1c is similar to that
of 4c because of the large Stokes shift in the ligand. In ad-
dition, the emission maximum of 1a is comparable to that
of Ir(ppy-NPh2)2(acac) (λem = 530 nm).[14] The PL quantum
yields of 1a–c were measured in dichloromethane using
Ir(ppy)3 as the standard (ΦPL = 0.40),[6b] and these values
are listed in Table 2. The quantum yield of 1b is greater
than those of 1a and 1c.

In order to investigate the redox properties of the Ir com-
plexes 1, cyclic voltammetry (CV) was performed in dimeth-
ylformamide (DMF) with 0.1  nBu4NClO4 as the support-
ing electrolyte. The voltammograms of 1 indicated revers-
ible redox waves. The half-wave oxidation potentials of 1a–
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Table 1. PL and absorption maxima of ligands 4.[a]

Ligand λem [nm] λabs [nm] ∆ [nm]

4a 435 346 89
4b 406 318 88
4c 520 326 194
4d 535 320 215

[a] In CH2Cl2.

Figure 2. PL spectra of Ir complexes 1 in dichloromethane.

Table 2. PL and absorption maxima and quantum yields of Ir com-
plexes 1.[a]

Complex λem [nm] λabs [nm] ΦPL
[b]

1a 526 398 0.14
1b 504 378 sh 0.38
1c 509 375 sh 0.17

Ir(ppy)3 512 377 0.40

[a] In CH2Cl2. [b] Measured relative to Ir(ppy)3, λex = 380 nm.

c were recorded as +0.19, +0.48, and +0.23 V vs. Fc/Fc+,
respectively.[18] The values of 1a and 1c were lower than that
of Ir(ppy)3 (+0.32 V), indicating higher electron-donating
abilities of 1a and 1c. On the other hand, the electron-do-
nating ability of 1b was lower than that of Ir(ppy)3 owing to
the introduction of a carbazole moiety. These results were
attributed to the redox behavior of the ligands 4a–c. The
half-wave oxidation potentials of 4a and 4c (quasi-reversible
and reversible waves) were measured to be +0.54 and
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+0.30 V, respectively. The peak oxidation potential of 4b
(irreversible wave) was observed as +0.91 V. In addition, the
half-wave reduction potentials of ligands 4a–c were ob-
served as –2.78, –2.69, and –2.64 V, respectively. Thus, the
hole-trapping moieties affected the oxidation states of Ir
complexes 1.

EL Properties of Ir Complex 1a Compared to Those of
Ir(ppy)3

An organic EL device using Ir complex 1a as the emitter
was fabricated, and its performance was investigated. The
structure of ITO/TPD (50 nm)/Ir complex/CBP (20 nm)/
BCP (30 nm)/LiF (1 nm)/Al (70 nm) was examined. N,N�-
Diphenyl-N,N�-bis(3-methylphenyl)-1,1�-biphenyl-4,4�-di-
amine (TPD), Ir complex (5 wt.-%), and CBP were em-

Figure 3. EL characteristics of ITO/TPD (50 nm)/Ir complex
(5 wt.-%)/CBP (20 nm)/BCP (30 nm)/LiF (1 nm)/Al (70 nm). Ir
complex = 1a (circles), Ir(ppy)3 (triangles). (a) Luminance (L)/cur-
rent density (J) plots. (b) External quantum efficiency (ηext)/current
density (J) plots. (c) EL spectra.
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ployed as the hole-transporting layer, emitter, and carrier
combination host, respectively. 2,9-Dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) was used as an electron-trans-
porting and hole-blocking layer. Figure 3(a) demonstrates
the luminance/current density (L/J) characteristics of the
EL devices using 1a and Ir(ppy)3 as the emitters. The EL
from 1a was over 40000 cdm–2 at 14.4 V, although the emis-
sion from 1a was weak as compared to that from Ir(ppy)3

at the same current density. This result indicated that Ir
complex 1a as well as Ir(ppy)3 were good emitters. The
turn-on voltage was 4.8 V; this value was greater than that
observed in the device with Ir(ppy)3 (3.0 V). The external
quantum efficiency (ηext) of the device with 1a also was
lower than that of the device with Ir(ppy)3 [Figure 3(b)].
Figure 3(c) shows the EL spectra. The spectrum from 1a is
similar to its PL spectrum shown in Figure 2. The EL maxi-
mum from 1a was observed at 528 nm, which was slightly
redshifted as compared to that from Ir(ppy)3 (514 nm). In
addition, a weak EL emission from TPD was observed in
the wavelength region between 390 and 470 nm. This result
indicated that an energy transfer occurred from the MLCT
singlet state of 1a to the singlet state of TPD by the Förster
mechanism.

Scope and Limitations of Ir Complexes Containing Hole-
Trapping Moieties

Because the EL emission from TPD was observed in the
device with 1a, 1,1-bis[4-(di-p-tolylamino)phenyl]cyclohex-
ane (TAPC) was employed as a hole-transporting layer. The
EL structure of ITO/TAPC (50 nm)/Ir complex/CBP
(20 nm)/BCP (30 nm)/LiF (1 nm)/Al (70 nm) was examined.
As an emitter, 5 wt.-% of 1a was employed. Figure 4(a)
shows the plots of the variation of the external quantum
efficiency (ηext) vs. the current density (J), indicating that
the efficiency increased by replacing TPD (circles) with
TAPC (triangles) as the hole-transporting layer (HTL).
Thus, a maximum external quantum efficiency of 9.6% was
observed at 7.4 V. The EL from 1a was over 26000 cdm–2 at
14.4 V. According to the EL spectrum shown in Figure 4(b),
emission from the hole-transporting layer (TAPC) was not
observed. This result implied that the energy transfer from
1a to the hole-transporting layer was suppressed because
the HOMO–LUMO energy gap of TAPC is larger than that
of TPD (TAPC: 3.4 eV; TPD: 3.1 eV). Further, the phos-
phor triplet excitons were effectively confined by the TAPC
layer, thereby leading to the high EL efficiency.[19]

An optimized amount of the Ir complex dopant was used
at the emitting layer. The highest EL efficiency was ob-
served when an amount of approximately 10 wt.-% of 1a
was doped. The molar ratio of the optimized amount was
slightly higher as compared to that used for Ir(ppy)3. The
luminance (L) of 1a was observed as 51900 cdm–2 at 13.0 V.
This resulted in the maximum external quantum efficiency
(ηext) of 12.2% [Figure 4(a)]. This value is comparable to
those observed in devices using Ir(ppy)3 [ηext = 11.5%, Fig-
ure 3(b)] and Ir(ppy-NPh2)2(acac) (ηext = 11.8%).[14] Table 3
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Table 3. EL properties of devices using Ir complexes 1.[a]

Complex wt.-% [%] Turn-on voltage [V] ηext [%,V] L [cd·m–2, V] ηp [lm·W–1, V] λmax [nm] CIE (x, y)

1a 10 4.0 12.2, 6.6 51900, 13.0 24.8, 6.0 528 0.33, 0.64
1b 12 3.6 9.1, 4.8 14600, 13.6 22.5, 4.4 506 0.24, 0.64
1c 11 3.8 8.7, 6.4 31000, 13.0 15.2, 6.4 513 0.26, 0.64

[a] Device structure: ITO/TAPC (50 nm)/Ir complex/CBP (20 nm)/BCP (30 nm)/LiF (1 nm)/Al (70 nm).

Figure 4. EL characteristics of ITO/HTL (50 nm)/1a/CBP (20 nm)/
BCP (30 nm)/LiF (1 nm)/Al (70 nm). (a) External quantum effi-
ciency (ηext)/current density (J) plots. HTL/1a with TPD (5 wt.-%,
circles), TAPC (5 wt.-%, triangles), TAPC (10 wt.-%, squares). (b)
EL spectra.

summarizes the EL performances of devices with Ir com-
plexes 1a–c. The luminance increased in the following or-
der: 1b, 1c, and 1a. This may be attributed to their redox
behavior as explained in the CV study. The EL efficiency of
1a is higher than those of 1b and 1c. These results indicate
that the diphenylamine moiety with a branched structure is
acceptable as the hole-trapping moiety of Ir(ppy)3.

Conclusions

We prepared fac-tris(2-phenylpyridine)iridium [Ir(ppy)3]
derivatives containing hole-trapping moieties such as di-
phenylamine (1a), carbazole (1b), and phenoxazine (1c).
Their PL maxima were observed around the maximum of Ir-
(ppy)3. These values were marginally shifted depending on
the hole-trapping moieties: redshifted for 1a and blueshifted
for 1b and 1c. The electron-donating ability of Ir(ppy)3 was
increased due to the diphenylamine and phenoxazine moie-
ties, and the oxidation state became more unstable due to
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the carbazole unit. Organic EL devices using Ir complex 1a
as the emitter exhibited stronger luminance than devices
that used 1b and 1c. Particularly, high EL efficiency was
observed when TAPC was used as the hole-transporting
layer. The maximum external quantum efficiency from the
device was comparable to that observed in a device that
used Ir(ppy)3. Therefore, the introduction of a branched
aromatic amine into phosphor is effective for the research
and development of new phosphorescent materials.

Experimental Section
General: Iridium trichloride n-hydrate (IrCl3·nH2O) was purchased
from Soekawa Chemicals. Melting points were measured with a
Yanaco micro melting point apparatus and are uncorrected. IR,
UV/Vis, and PL spectra were obtained with JASCO FT/IR-5300,
V-550, and FP-6300 spectrometers, respectively. Mass spectra were
determined with a Hitachi M-2000S mass spectrometer (EI) op-
erating at 70 eV by a direct inlet system and a Voyager-DE STR
mass spectrometer (MALDI-TOF) using dithranol as a matrix. El-
emental analyses were performed with a Perkin–Elmer 2400II ana-
lyzer. 1H and 13C NMR spectra were recorded with Varian GEM-
INI spectrometers (300 and 50 MHz) and a Bruker AVANCE 600
spectrometer (600 and 150 MHz) with tetramethylsilane as an in-
ternal standard.

Preparation of 2-(4-Bromophenyl)pyridine (3): nBuLi in hexane
(1.60 , 16.0 mL, 25.6 mmol) was added dropwise to a suspension
of 1,4-dibromobenzene (5.90 g, 25.0 mmol) in dry diethyl ether
(40 mL) at –78 °C under nitrogen. 2-Fluoropyridine (2) (1.72 mL,
20.0 mmol) was added after stirring for 30 min. The mixture was
stirred at –78 °C for 1 h and at room temperature for 1 h. The reac-
tion mixture was poured into water (50 mL), and diethyl ether
(50 mL) was added. The organic layer was separated and the aque-
ous layer was extracted with diethyl ether (50 mL×2). The com-
bined organic solutions were extracted with a 5% HCl solution
(200 mL×3), and the aqueous layer was adjusted to an alkaline
pH with KOH (63 g). The aqueous layer was extracted with diethyl
ether (200 mL×3). The organic solution was dried with MgSO4

and concentrated. The residue was sublimed at 65–70 °C under
10–2 Torr to afford compound 3 (2.02 g, 43%) as colorless needles.
M.p. 60–62 °C. IR (KBr): ν̃ = 3052, 3007, 1586, 1462, 1433, 1391,
1154, 1100, 1071, 1005, 841, 774 cm–1. 1H NMR (CDCl3,
300 MHz): δ = 7.23–7.28 (m, 1 H), 7.60 (dt, J = 8.8, 2.2 Hz, 2 H),
7.68–7.79 (m, 2 H), 7.88 (dt, J = 8.8, 2.2 Hz, 2 H), 8.69 (ddd, J =
4.8, 1.8, 1.1 Hz, 1 H) ppm. 13C NMR (CDCl3, 50 MHz): δ = 120.3,
122.4, 123.4, 128.4, 131.8, 136.9, 138.2, 149.7, 156.2 ppm. MS (EI):
m/z (%) = 235 (100) [M+], 233 (99) [M+], 154 (84). C11H8BrN
(234.09): calcd. C 56.44, H 3.44, N 5.98; found C 56.47, H 3.55, N
5.89.

Preparation of Ligands 4a–d: A solution of Pd(OAc)2 (28 mg,
0.12 mmol) and tBu3P (90 mg, 0.44 mmol) in toluene (4 mL) was
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added to a suspension of compound 3 (0.94 g, 4.0 mmol), diphenyl-
amine (0.68 g, 4.0 mmol), and tBuONa (0.47 g, 4.9 mmol) in tolu-
ene (4 mL) under nitrogen. The mixture was refluxed for 3 h. After
cooling, the reaction mixture was poured into water (10 mL), and
ethyl acetate (10 mL) was added. The organic layer was separated
and the aqueous layer was extracted with ethyl acetate (10 mL×2).
The combined organic solutions were dried with Na2SO4 and con-
centrated. The residue was chromatographed on alumina gel (hex-
ane/CH2Cl2, 2:1) to give ligand 4a (1.17 g, 91%) as pale yellow
needles. M.p. 177–177.5 °C (from ethanol). IR (KBr): ν̃ = 3057,
1586, 1491, 1466, 1433, 1325, 1279, 787, 756, 698, 515 cm–1. 1H
NMR (CDCl3, 300 MHz): δ = 7.05 (tt, J = 7.3, 1.4 Hz, 2 H), 7.12–
7.20 (m, 7 H), 7.24–7.31 (m, 4 H), 7.65–7.74 (m, 2 H), 7.87 (dt, J
= 8.8, 2.4 Hz, 2 H), 8.65 (ddd, J = 4.9, 1.7, 1.0 Hz, 1 H) ppm. 13C
NMR (CDCl3, 50 MHz): δ = 117.8, 119.8, 121.4, 123.2, 124.7,
127.7, 129.3, 133.1, 136.6, 147.5, 148.7, 149.6, 157.1 ppm. MS (EI):
m/z (%) = 322 (100) [M+]. UV/Vis (CH2Cl2): λmax (log ε) = 346
(4.42), 308 (4.23) nm. C23H18N2 (322.40): calcd. C 85.68, H 5.63,
N 8.69; found C 85.63, H 5.80, N 8.56. Similar reaction conditions
were applied to the synthesis of ligands 4b–d. These were carried
out using K2CO3 (3 equiv.) as a base instead of tBuONa. The reac-
tion mixtures were refluxed for 24 h. 4b: Yield 87% (0.56 g). Pale
yellow crystals (from ethanol). M.p. 179–180.5 °C. IR (KBr): ν̃ =
1603, 1516, 1453, 1366, 1335, 1318, 1235, 779, 750, 725 cm–1. 1H
NMR (CDCl3, 300 MHz): δ = 7.27–7.33 (m, 3 H), 7.40–7.51 (m, 4
H), 7.69 (dt, J = 8.8, 2.2 Hz, 2 H), 7.81–7.83 (m, 2 H), 8.16 (d, J
= 7.8 Hz, 2 H), 8.23 (dt, J = 8.8, 2.2 Hz, 2 H), 8.76 (dt, J = 4.9,
1.1 Hz, 1 H) ppm. 13C NMR (CDCl3, 50 MHz): δ = 109.8, 120.1,
120.3, 120.5, 122.4, 123.5, 126.0, 127.2, 128.4, 136.9, 138.3, 138.4,
140.7, 149.8, 156.5 ppm. MS (EI): m/z (%) = 320 (100) [M+]. UV/
Vis (CH2Cl2): λmax (log ε) = 318 (4.25), 292 (4.30), 240 (4.68) nm.
C23H16N2 (320.39): calcd. C 86.22, H 5.03, N 8.74; found C 86.01,
H 5.19, N 8.62. 4c: Yield 84% (0.86 g). Pale yellow crystals (from
methanol). M.p. 173–174.5 °C. IR (KBr): ν̃ = 1589, 1491, 1341,
1273, 743, 729 cm–1. 1H NMR (CDCl3, 300 MHz): δ = 6.01 (dd, J
= 7.8, 1.5 Hz, 2 H), 6.57–6.72 (m, 6 H), 7.27–7.31 (m, 1 H), 7.45
(d, J = 8.7 Hz, 2 H), 7.80 (m, 2 H), 8.21 (d, J = 8.7 Hz, 2 H), 8.74
(d, J = 4.7 Hz, 1 H) ppm. 13C NMR (CDCl3, 50 MHz): δ = 113.3,
115.4, 120.7, 121.4, 122.5, 123.2, 129.6, 131.1, 134.2, 137.1, 139.4,
139.6, 143.9, 149.7, 156.4 ppm. MS (EI): m/z (%) = 336 (100) [M+],
182 (69). UV/Vis (CH2Cl2): λmax (log ε) = 326 (3.95), 276 (4.21),
240 (4.75) nm. C23H16N2O (336.39): calcd. C 82.12, H 4.79, N 8.33;
found C 82.28, H 4.82, N 8.32. 4d: Yield 82% (0.42 g). Pale yellow
crystals (from ethanol). M.p. 174–175.5 °C. IR (KBr): ν̃ = 1589,
1464, 1437, 1310, 1260, 1244, 1046, 920, 783, 743 cm–1. 1H NMR
(CDCl3, 300 MHz): δ = 6.34 (dd, J = 7.7, 1.9 Hz, 2 H), 6.80–6.90
(m, 4 H), 7.05 (dd, J = 6.9, 2.1 Hz, 2 H), 7.25–7.30 (m, 1 H), 7.49
(dt, J = 8.7, 2.2 Hz, 2 H), 7.77–7.81 (m, 2 H), 8.20 (dt, J = 8.7,
2.2 Hz, 2 H), 8.74 (dt, J = 4.7, 1.4 Hz, 1 H) ppm. 13C NMR
(CDCl3, 50 MHz): δ = 116.6, 120.6, 120.9, 122.4, 122.7, 126.8,
126.9, 129.2, 130.5, 136.9, 139.0, 141.9, 144.0, 149.8, 156.5 ppm.
MS (EI): m/z (%) = 352 (100) [M+]. UV/Vis (CH2Cl2): λmax (log ε)
= 320 (3.87), 257 (4.74) nm. C23H16N2S (352.45): calcd. C 78.38,
H 4.58, N 7.95; found C 78.32, H 4.53, N 7.89.

Preparation of Ir Dimers 5a–c: A mixture of ligand 4a (0.65 g,
2.0 mmol) and IrCl3·nH2O (0.36 g, 1.0 mmol) in a solution of 2-
ethoxyethanol (12 mL) and water (4 mL) was stirred under nitrogen
at 120 °C for 24 h. After cooling, the precipitate was filtered and
washed with methanol, diethyl ether, and hexane to afford Ir dimer
5a (0.69 g, 80%) as yellow solid. M.p. � 300 °C. 1H NMR (CDCl3,
300 MHz): δ = 5.48 (d, J = 2.2 Hz, 4 H), 6.21 (t, J = 6.5 Hz, 4 H),
6.45 (dd, J = 8.5, 2.2 Hz, 4 H), 6.85–6.94 (m, 24 H), 7.09 (t, J =
7.8 Hz, 16 H), 7.22–7.28 (m, 8 H), 7.43 (d, J = 7.7 Hz, 4 H), 8.89
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(d, J = 6.5 Hz, 4 H) ppm. 13C NMR (CDCl3, 50 MHz): δ = 114.3,
117.3, 120.4, 122.7, 122.9, 123.8, 125.4, 128.8, 135.4, 137.2, 146.1,
147.3, 147.7, 151.0, 167.4 ppm. MALDI-TOF MS: m/z = 1741.40
[M+ +1], 1705.41 [M+ –Cl], 870.19 [M+/2], 835.22 [M+/2–Cl].
C92H68Cl2Ir2N8 (1740.9): calcd. C 63.47, H 3.94, N 6.44; found C
63.41, H 3.83, N 6.36. Similar reaction conditions were applied to
the synthesis of Ir dimers 5b and 5c. 5b: Yield 85% (0.36 g). Yellow
solid. M.p. � 300 °C. MALDI-TOF MS: m/z = 1733.37 [M+ +1],
1697.40 [M+ – Cl], 866.22 [M+/2], 831.25 [M+/2–Cl].
C92H60Cl2Ir2N8 (1732.9): calcd. C 63.77, H 3.49, N 6.47; found C
63.15, H 3.43, N 6.32. 5c: Yield 88% (0.43 g). Yellow solid. M.p.
� 300 °C. MALDI-TOF MS: m/z = 1761.33 [M+ –Cl], 898.23 [M+/
2], 863.26 [M+/2–Cl]. C92H60Cl2Ir2N8O4 (1796.9): calcd. C 61.50,
H 3.37, N 6.24; found C 60.57, H 3.25, N 6.01.

Preparation of fac-Ir Complexes 1a–c: A mixture of Ir dimer 5a
(130 mg, 0.075 mmol), ligand 4a (49 mg, 0.15 mmol) and K2CO3

(106 mg, 0.77 mmol) in glycerol (5 mL) was stirred under nitrogen
at 240 °C for 11 h. After cooling, water (5 mL) and dichlorometh-
ane (10 mL) were added. The organic layer was separated and the
aqueous layer was extracted with dichloromethane (10 mL×2).
The combined organic solutions were dried with Na2SO4 and con-
centrated. The residue was chromatographed on silica gel (CH2Cl2)
to afford fac-Ir complex 1a (82 mg, 48%) as orange solid. M.p. �

300 °C (from CH2Cl2). 1H NMR (CDCl3, 600 MHz): δ = 6.24 (dd,
J = 8.4, 2.1 Hz, 3 H), 6.58 (d, J = 2.1 Hz, 3 H), 6.78 (t, J = 6.4 Hz,
3 H), 6.83 (d, J = 7.7 Hz, 12 H), 6.87 (t, J = 7.7 Hz, 6 H), 7.09 (t,
J = 7.7 Hz, 12 H), 7.27 (d, J = 8.4 Hz, 3 H), 7.52–7.55 (m, 6 H),
7.68 (d, J = 8.0 Hz, 3 H) ppm. 13C NMR (CDCl3, 150 MHz): δ =
114.6, 117.7, 120.5, 122.2, 124.5, 124.8, 128.6, 130.2, 135.4, 137.6,
147.2, 147.6, 148.2, 161.9, 166.2 ppm. MALDI-TOF MS: m/z =
1156.42 [M+]. UV/Vis (CH2Cl2): λmax (log ε) = 398 (4.68), 367
(4.70), 320 (4.67), 261 (4.69), 227 (4.80) nm. C69H51IrN6 (1156.4):
calcd. C 71.67, H 4.45, N 7.27; found C 71.65, H 4.32, N 7.33.
Similar reaction conditions, stirring at 240 °C for 48 h and 24 h,
were applied to the synthesis of fac-Ir complexes 1b and 1c, respec-
tively. 1b: Yield 78% (0.27 g). Yellow solid. M.p. � 300 °C. 1H
NMR (CDCl3, 300 MHz): δ = 6.87 (br. m, 6 H), 6.96–7.03 (m, 18
H), 7.20 (d, J = 2.2 Hz, 3 H), 7.71 (td, J = 8.0, 1.5 Hz, 3 H), 7.76
(d, J = 4.7 Hz, 3 H), 7.81 (d, J = 8.2 Hz, 3 H), 7.94 (d, J = 7.1 Hz,
6 H), 7.99 (d, J = 8.0 Hz, 3 H) ppm. MALDI-TOF MS: m/z =
1150.35 [M+]. UV/Vis (CH2Cl2): λmax (log ε) = 378 sh (4.40), 346
(4.70), 238 (5.18) nm. C69H45IrN6 (1150.4): calcd. C 72.04, H 3.94,
N 7.31; found C 72.20, H 4.03, N 7.26. 1c: Yield 54% (0.20 g).
Yellow solid. M.p. � 300 °C. 1H NMR (CDCl3, 300 MHz): δ =
5.69 (dd, J = 7.8, 1.4 Hz, 6 H), 6.01 (td, J = 7.8, 1.4 Hz, 6 H), 6.39
(td, J = 7.8, 1.4 Hz, 6 H), 6.52 (dd, J = 7.8, 1.4 Hz, 6 H), 6.72 (d,
J = 2.0 Hz, 3 H), 6.76 (dd, J = 8.1, 2.0 Hz, 3 H), 7.02 (t, J = 5.9 Hz,
3 H), 7.69–7.73 (m, 6 H), 7.81 (d, J = 8.1 Hz, 3 H), 7.92 (d, J =
7.7 Hz, 3 H) ppm. MALDI-TOF MS: m/z = 1198.34 [M+]. UV/Vis
(CH2Cl2): λmax (log ε) = 375 sh (4.23), 330 (4.52), 283 (4.85), 241
(5.20) nm. C69H45IrN6O3 (1198.4): calcd. C 69.16, H 3.78, N 7.01;
found C 69.14, H 3.90, N 6.89.

X-ray Crystallographic Analysis for fac-Ir Complex 1a: A single
crystal was obtained as a greenish brown platelet by recrystalli-
zation of 1a from a mixture of dichloromethane and ethyl acetate.
Crystal data for 1a: 0.15×0.13×0.03 mm, C69H51IrN6, M =
1156.42, monoclinic, space group P21/n, a = 13.9742(9), b =
17.1467(9), c = 44.590(3) Å, β = 98.158(3)°, V = 10576(1) Å3, Z =
8, Dc = 1.452 gcm–3, µ = 25.82 cm–1, F(000) = 4672. A total of
21884 unique reflections for 2θmax = 55° was collected [I�2σ(I)]
with a Rigaku MSC MercuryCCD diffractometer (Mo-Kα radia-
tion, λ = 0.71070 Å, graphite monochromator) at 173 K. A numeri-
cal absorption correction was applied. The structure was solved



K. Ono et al.FULL PAPER
using the direct method (SHELXS-97)[20] and refined by the full-
matrix least-squares analysis (SHELXL-97)[21] giving values of R1

= 0.088, Rw = 0.165, S = 1.26, ρmax/ρmin = 3.44/–2.31 e·Å–3. All
calculations were performed using the teXsan programs.[22]

CCDC-294487 contains the supplementary crystallographic
data for this paper. The data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical Measurements: CV was performed with a Toho
Technical Research polarization unit PS-07 potentiostat/galvanos-
tat. The CV studies of compounds 1 and 4 were carried out in
DMF with 0.1  nBu4NClO4 using Pt and SCE electrodes. The
values are expressed in potentials vs. Fc/Fc+.

Electroluminescence Measurements: An ITO-coated glass substrate
was patterned and cleaned by scrubbing, ultrasonication, and irra-
diation in a UV/ozone chamber. Organic layers were deposited on
the ITO at an evaporating rate of 1 nm/s. The cathode of a LiF/Al
bilayer was formed by sequential deposition. The rate and thickness
of the films were monitored with a quartz oscillator. The sample
area was 2×2 mm. Current and luminance on applied voltage were
measured with an HP 4145A semiconductor parameter analyzer,
which was connected with a Topcon BM-3 luminance meter. The
electroluminescence spectra were measured with an Ocean Optics
S2000 spectrometer. The external quantum efficiency (ηext) was cal-
culated from the luminance, the current density, and the emission
spectrum of each device assuming that the observed emission was
the Lambertian one.
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Two tripodal ligands containing two pyridyl and one 4-
(benzimidazol-2-yl)-2-tert-butylphenol (HLH) and one 2-tert-
butyl-4-(N-methylbenzimidazol-2-yl)phenol (HLMe) unit
have been synthesized. They possess a N3O donor set that is
known to stabilize phenoxyl radicals more efficiently than
the corresponding N2O2 donor unit. Reaction of one molar
equiv. of Cu(ClO4)2·6H2O with HLH or HLMe affords the zwit-
terionic benzimidazolium phenolate complexes [CuII(HLH)]2+

and [CuII(HLMe)]2+ via a proton transfer reaction coupled to
copper(II) coordination. Addition of HClO4 to [CuII(HLH)]2+

and [CuII(HLMe)]2+ results in the formation of the benzimid-
azolium phenol complexes [CuII(H2LH)]3+ and [CuII(H2LMe)]2+,
while addition of NEt3 affords the benzimidazol-phenolate
complexes [CuII(LH)]2+ and [CuII(LMe)]2+, respectively. The
phenol’s pKa is remarkably low due to the strong with-

Introduction

Galactose Oxidase (GO) is a copper(II) enzyme that ca-
talyses the oxidation of primary alcohols to the correspond-
ing aldehydes, with concomitant reduction of dioxygen to
hydrogen peroxide.[1–11] This two electron chemistry is pro-
moted by a single copper atom, working in synergy with a
tyrosyl radical from the protein. Galactose Oxidase pos-
sesses a N2O2 donor set: One oxygen atom, from the Tyr272

·

radical residue, is the organic redox center, while the other
(from Tyr495) controls the proton transfer process. The
mechanism by which the radical is generated is of major
interest. It has been shown recently that mixing apo-GO
with copper (I or II) in the presence of O2 affords the CuII

radical enzyme.[12–15] During the last few years, several
model compounds for the GO active site have been devel-
oped.[16–48] Tripodal ligands have been widely used, and it
has been shown that they are good structural models, which
reproduce quite well the spectroscopic signatures of GO,
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drawing effect of the benzimidazolium substituent. X-ray
crystallographic analysis of the copper(II) complexes shows
that deprotonation of the axial phenol forces the metal to
move out of the square plane towards the oxygen atom, and
one (or two) Cu–Npyridine equatorial bond length increases.
The copper(II) phenoxyl species [CuII(HLH)]·3+ and
[CuII(HLMe)]·3+ were prepared electrochemically, or by ad-
dition of two molar equiv. of copper(II) to HLH or HLMe. Un-
der these conditions, radical formation has never been ob-
served for tripodal ligands containing two pyridyl and one
2,4-di-tert-butylphenol group. This difference is explained in
terms of the proton transfer mechanism and redox potentials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and sometimes are able to model GO’s reactivity towards
alcohol oxidation.[17,25,27,28,35,38,41,45] It has also been shown
that tripodal ligands possessing a N3O donor set stabilize
more efficiently copper(II) coordinated phenoxyl radicals
than the corresponding N2O2 set.

We have recently developed a biomimetic approach to
radical cofactor formation. In this context, we have studied
the solution chemistry of several tripodal ligands,[49] involv-
ing one pro-phenoxyl group (mimicking the amino acids
of the GO active site), under various copper(II), base, and
dioxygen reagent conditions.[50] We have shown that CuII

phenoxyl radical species could be obtained by adding two
equiv. of copper(II) to ligands possessing a N3O coordina-
tion moiety, such as HLtBu (Scheme 1), in the presence of
one equiv. of triethylamine (O2 is not involved in the reac-
tion). In the absence of base, only a small amount of radical
species is formed. In order to bypass this base requirement
for radical formation, and thus to obtain more biologically
relevant systems, we have synthesized the ligands HLH and
HLMe (Scheme 1). Their structures are also tripodal, with
two pyridyl and one phenol moiety joined together by a
pivotal amino nitrogen atom. The 2-tert-butylphenol unit is
substituted at its 4-position (with respect to the coordinat-
ing oxygen atom) by a benzimidazole (HLH) or N-methyl-
benzimidazole (HLMe) group in order to control the proton
transfer processes, as do some non-coordinating histidine
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residues in enzymes. This substituent is also known to stabi-
lize phenoxyl radicals.[51–52] Another aspect highlighting the
originality of HLH and HLMe is their ability to manage the
two proton/two electron shuttle process (like GO), unlike
other copper(II) complexes containing N3O ligands. The
phenoxyl oxygen atom and the copper(II) ion may control
the two electron transfer, while the benzimidazolium/benz-
imidazole and phenol/phenoxyl acidobasic couples may be
involved in the transfer of two protons. Their chemistry is
therefore close to that of copper complexes of ligands pos-
sessing a N2O2 donor set, while their N3O donor set is ex-
pected to enhance the stability of the phenoxyl radicals.

Scheme 1. Formulae for the ligands.

The coordination and solution chemistry of the cop-
per(II) complexes of HLH and HLMe are described in this

Table 1. Crystallographic data for [CuII(H2LH)]3+, [CuII(HLH)]2+, [CuII(H2LMe)]3+ and [CuII(HLMe)]2+.

[CuII(H2LH)]3+ [CuII(HLH)]2+ [CuII(H2LMe)]3+ [CuII(HLMe)]2+

Formula C34H38Cl3CuN7O13 C36H40Cl2CuN8O9 C37H43Cl3CuN8O15.33 C35H39Cl2CuN7O9.66

M 922.62 863.21 1015.03 846.80
Crystal system monoclinic triclinic triclinic monoclinic
Space group C2/c P-1 P-1 P21/n
a [Å] 32.92(4) 8.142(2) 8.487(2) 8.460(3)
b [Å] 15.38(2) 11.656(2) 15.076(2) 22.356(4)
c [Å] 19.91(2) 21.504(4) 19.185(3) 20.324(7)
α [°] 90 96.99(2) 94.57(1) 90
β [°] 121.13(1) 95.82(2) 101.33(1) 101.5(3)
γ [°] 90 105.53(2) 100.05(1) 90
V [Å3] 8630(16) 1932.4(8) 2353.3(8) 3766(1)
Z 8 2 2 4
T [K] 150 150 150 150
Dc [g cm–3] 1.420 1.483 1.432 1.493
µ [cm–1] 0.758 0.768 0.707 0.787
Monochromator graphite graphite graphite graphite
Wavelength Mo-Kα (0.71073 Å) Mo-Kα (0.71073 Å) Mo-Kα (0.71073 Å) Mo-Kα (0.71073 Å)
Reflections collected 47630 48235 40692 27910
Independent reflections (Rint) 11386 (0.10131) 11277 (0.08692) 7530 (0.11620) 6410 (0.09244)
Observed reflections 11386 [I�2σ(I)] 7923 [I�2σ(I)] 4975 [I�2σ(I)] 4624 [I�2σ(I)]
R 0.0922 0.0403 0.0931 0.0887
Rw 0.1366 0.0530 0.1264 0.1310
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paper, and compared to that of an already published system
based on the ligand HLtBu (Scheme 1).[50]

Results and Discussion

Synthesis of the Ligands

The ligands HLH and HLMe were obtained by using a
Mannich reaction: In a one-pot synthesis, HLH is obtained
by mixing bis(2-pyridylmethyl)amine and 4-(1H-benzoimid-
azol-2-yl)-2-tert-butylphenol in the presence of one equiv.
of formaldehyde. Ligand HLMe is obtained by mixing bis(2-
pyridylmethyl)amine and 2-tert-butyl-4-(1-methyl-1H-
benzoimidazol-2-yl)phenol in the presence of one equiv. of
formaldehyde.

The phenol benzimidazole (and not phenolate benzimid-
azolium) protonation state was confirmed by 1H NMR
([D6]DMSO) due to the hydroxy proton resonance (δ =
11.73 ppm and 11.76 ppm for HLH and HLMe respectively).
Its structural attributes were confirmed by GHMBC and
QHMQC sequences, showing 3J correlations between the
C2 carbon atom (δ = 136.9 ppm and 136.8 ppm for HLH

and HLMe respectively), the tert-butyl protons (δ =
1.50 ppm and 1.49 ppm for HLH and HLMe respectively)
and the hydroxy proton (see ESI).

Structures of the Copper(II) Complexes

The copper(II) phenolate complexes [CuII(HLH)]2+ and
[CuII(HLMe)]2+ were obtained by mixing stoichiometric
amounts of the ligands and Cu(ClO4)2·6H2O in acetonitrile.
Dark blue single crystals were obtained on slow diffusion
of di-iso-propyl ether into acetonitrile solutions of the com-
plexes (Table 1). The ORTEP views of the phenolate com-
plexes [CuII(HLH)]2+ and [CuII(HLMe)]2+ are depicted in
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Figure 1. ORTEP view showing 35% displacement ellipsoids, and partial atomic labelling for (a) [CuII(HLH)]2+, (b) [CuII(HLMe)]3+, (c)
[CuII(H2LH)]2+ and (d) [CuII(H2LMe)]3+. Hydrogen atoms, except the phenolic proton as well as the iminium protons, have been omitted
for clarity. Weakly coordinating perchlorates are not shown (see text). Selected distances and angles are reported in Table 2.

Figure 1 (see parts a and b, respectively), and selected bond
lengths and angles listed in Table 2. The geometry around
the metal center is octahedral, with the copper(II) ion coor-
dinated in a square plane by one tertiary nitrogen atom,
N1, two pyridine nitrogen atoms, N2 and N3, and one ace-
tonitrile nitrogen atom, N4. The phenolate oxygen atom,
O1, occupies one axial position, and one perchlorate oxy-
gen atom, O8, is very weakly coordinated at the opposite
axial position.

In [CuII(HLH)]2+ (Figure 1, a), the bond lengths are
2.021(1) Å (Cu–N1), 1.982(2) Å (Cu–N2), 1.978(1) Å (Cu–
N3), 1.973(2) Å (Cu–N4), 2.156(1) Å (Cu–O1) and
2.813(2) Å (Cu–O8), while the angles N1–Cu–N2, N1–Cu–
N3, N2–Cu–N4 and N3–Cu–N4 differ only slightly from
90° [83.8(1)°, 82.9(1)°, 96.2(1)° and 95.1(1)° respectively].
The mean deviation from the least square plane defined by
atoms N1, N2, N3, N4, and Cu is 0.0801 Å, and the copper
atom is displaced 0.205(2) Å above the basal plane towards
the axial O1 oxygen atom.

In [CuII(HLMe)]2+ (Figure 1, b), the Cu–N1, Cu–N2,
Cu–N3, and Cu–N4 bond lengths are 2.039(5), 1.995(5),
1.999(5) and 1.981(3) Å respectively. The mean deviation
from the least square plane defined by atoms N1, N2, N3,
N4, and Cu is 0.036 Å. The copper atom is displaced
0.245(6) Å above the basal plane towards the axial oxygen

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3684–36963686

atom, with a Cu–O1 bond length of 2.133(4) Å [the Cu–O8
distance is 2.875(5) Å].

In both [CuII(HLH)]2+ and [CuII(HLMe)]2+, the benzimid-
azolium (or N-methylbenzimidazolium) rings of two sepa-
rate molecules, of the same complex, are π-stacked head-
to-tail, with distances between the phenyl and imidazolium
centroids of 3.45 and 3.53 Å for [CuII(HLH)]2+ and
[CuII(HLMe)]2+ respectively. In both [CuII(HLH)]2+ and
[CuII(HLMe)]2+ the iminium hydrogen atom, H1, is hydro-
gen bonded to the O9 oxygen atom of a perchlorate mole-
cule.

Adding one equiv. of HClO4 to acetonitrile solutions of
[CuII(HLH)]2+ and [CuII(HLMe)]2+ affords the copper(II)
phenol complexes [CuII(H2LH)]3+ and [CuII(H2LMe)]3+ that
were recrystallized by diffusion of diisopropyl ether into the
solution (Table 1). In [CuII(H2LH)]3+ and [CuII(H2LMe)]3+

(Figure 1, c and d, respectively) the copper(II) atoms have
similar octahedral geometry. The square plane is defined by
one tertiary nitrogen atom, N1, two pyridine nitrogen
atoms, N2 and N3, and one acetonitrile nitrogen atom, N4.
The phenolic oxygen atom, O1, and one perchlorate oxygen
atom (O7 for [CuII(H2LMe)]3+ and O20 for [CuII(H2LH)]3+)
occupy the apical positions.

The Cu–N1, Cu–N2 and Cu–N4 bond lengths in
[CuII(H2LH)]3+ (phenol copper) are similar to those ob-
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Table 2. Selected bond lengths [Å] and angles [°] for [CuII(HLH)]2+, [CuII(H2LH)]3+, [CuII(HLMe)]2+, [CuII(H2LMe)]3+ and [CuII-
(HLtBu)]2+.

[CuII(HLH)]2+

Cu–N1 2.021(1) Cu–N2 1.982(2) Cu–N3 1.978(1)
Cu–N4 1.973(2) Cu–O1 2.156(1) Cu–O8 2.813(2)
N1–Cu–N2 83.77(6) N1–Cu–N3 82.90(6) N1–Cu–N4 172.84(6)
N2–Cu–N3 159.37(6) N2–Cu–N4 96.18(6) N3–Cu–N4 95.10(6)
O1–Cu–N1 93.50(5) O1–Cu–N2 92.86(5) O1–Cu–N3 103.60(5)
O1–Cu–N4 93.65(6)

[CuII(H2LH)]3+

Cu–N1 2.021(5) Cu–N2 1.980(6) Cu–N3 1.964(5)
Cu–N4 1.972(6) Cu–O1 2.509(5) Cu–O20 2.432(6)
N1–Cu–N2 83.4(2) N1–Cu–N3 82.8(2) N1–Cu–N4 174.9(2)
N2–Cu–N3 165.7(2) N2–Cu–N4 96.6(2) N3–Cu–N4 97.5(3)

[CuII(HLMe)]2+

Cu–N1 2.039(5) Cu–N2 1.995(5) Cu–N3 1.999(5)
Cu–N4 1.981(6) Cu–O1 2.133(4) Cu–O8 2.875(5)
N1–Cu–N2 84.6(2) Cu–N3 82.5(2) N1–Cu–N4 167.9(2)
N2–Cu–N3 160.2(2) N2–Cu–N4 95.9(2) N3–Cu–N4 93.7(2)
O1–Cu–N1 94.2(2) O1–Cu–N2 96.1(2) O1–Cu–N3 99.7(2)
O1–Cu–N4 97.8(2)

[CuII(H2LMe)]3+

Cu–N1 2.031(5) Cu–N2 1.967(6) Cu–N3 1.972(6)
Cu–N4 1.984(5) Cu–O1 2.401(5) Cu–O7 2.714(7)
N1–Cu–N2 83.6(2) N1–Cu–N3 83.2(2) N1–Cu–N4 172.3(2)
N2–Cu–N3 165.6(2) N2–Cu–N4 97.6(2) N3–Cu–N4 94.8(2)

[CuII(HLtBu)]2+

Cu–N1 2.037(4) Cu–N2 1.987(4) Cu–N3 1.977(4)
Cu–N4 1.974(6) Cu–O1 2.456(3)
N1–Cu–N2 83.4(2) N1–Cu–N3 83.6(2) N1–Cu–N4 178.5(2)
N2–Cu–N3 164.4(2) N2–Cu–N4 95.4(2) N3–Cu–N4 97.4(2)

served for [CuII(HLH)]2+ (phenolate copper). This is not the
case for the Cu–N3 bond length that is 1.964(5) Å for
[CuII(H2LH)]3+, which is 0.015 Å shorter than in
[CuII(HLH)]2+ [1.978(1) Å]. One can also notice that the
Cu–O1 bond length in [CuII(H2LH)]3+ is much longer than
in [CuII(HLH)]2+, it is 2.509(5) Å in [CuII(H2LH)]3+ but only
2.156(1) Å in [CuII(HLH)]2+. The Cu–Operchlorate distance in
[CuII(H2LH)]3+ [Cu–O20, 2.432(6) Å] is shorter than ob-
served in [CuII(HLMe)]2+ [Cu–O8, 2.813(2) Å].

Even more marked geometric variations, were observed
for [CuII(H2LMe)]3+. The Cu–N1 and Cu–N4 bond lengths
in [CuII(H2LMe)]3+ are similar to those observed in
[CuII(HLMe)]2+, while both the Cu–N2 and Cu–N3 bond
lengths are 0.02 Å shorter (1.967(6) and 1.972(6) Å, respec-
tively for [CuII(H2LMe)]3+, 1.995(5) and 1.999(5) Å, respec-
tively for [CuII(HLMe)]2+). The Cu–O1 bond length in
[CuII(H2LMe)]3+ is significantly longer than in [CuII-
(HLMe)]2+ (2.401(5) Å in [CuII(H2LMe)]3+, 2.133(4) Å in
[CuII(HLMe)]2+). The copper(II) atom is less displaced
above the mean basal plane towards the axial oxygen atom
in [CuII(H2LMe)]3+ [0.121(7) Å] than in [CuII(HLMe)]2+

[0.245(6) Å]. The Cu–O7 distance in [CuII(H2LMe)]3+

[2.714(7) Å] is shorter than observed in [CuII(HLMe)]2+. A
weak π-stacking interaction (rings are slightly eclipsed) ex-
ists between the phenol unit and the imidazole ring of
[CuII(H2LH)]3+, and between the N-methylbenzimidazolium
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rings of two [CuII(H2LMe)]3+ complexes, the rings are
stacked head-to-tail, as in [CuII(HLMe)]2+. Hydrogen bonds
are present between the two iminium hydrogen atoms, H2
and H3, of [CuII(H2LH)]3+ and the perchlorate oxygen
atoms, O4 and O14. One hydrogen bond is present between
the iminium hydrogen atom, H2, of [CuII(H2LMe)]3+ and
the perchlorate oxygen atom, O15, while another is present
between the phenolic proton, H1, and the oxygen atom, O2,
of one perchlorate molecule.

In these structures, another important point of note is
the torsion angle between the phenol(ate) and the para sub-
stituent of the ring. It is significantly higher for the N-meth-
ylbenzimidazole (40° and 35° for [CuII(H2LMe)]3+ and
[CuII(HLMe)]2+, respectively) than for the benzimidazole (4°
and 27° for [CuII(H2LH)]3+ and [CuII(HLH)]2+, respec-
tively), this may be explained, at least partially, by consider-
ation of the steric hindrance of the methyl group. The con-
sequence of this difference will be weaker electronic com-
munication between the groups in the former case.

Complexes [CuII(HLH)]2+ and [CuII(HLMe)]2+ belong to
the small class of structurally characterized mononuclear
copper(II) complexes of tripodal ligands, in which the phe-
nolate group occupies the unusual axial position. The com-
plexes that belong to this class usually involve only one co-
ordinating phenolate, and exhibit a relatively long Cu–O
bond (higher than 2.17 Å).24 In [CuII(HLH)]2+, and espe-
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cially in [CuII(HLMe)]2+, the Cu–O1 distances are shorter
[2.156(1) and 2.133(4) Å, respectively], making them the
shortest bonds reported for axially coordinated phenolates.

We have previously reported the X-ray crystal structures
of both the copper(II) phenol and the copper(II) phenolate
complexes of HLNO2, the structures of which are related to
HLH (they bear a nitro instead of a benzimidazole substitu-
ent).[49] Unfortunately, the exogenous ligand was different
in these structures, an acetonitrile molecule in the phenol
form, and a chloride ion in the phenolate form. Thus, the
influence of the protonation of the axial phenolate on the
equatorial bonds could not be visualized. Here, we report
X-ray structures in which the phenolate and phenol forms
have been crystallized with the same exogenous ligand (ace-
tonitrile molecule) coordinated to the metal center. To the
best of our knowledge, this is the first example in which
changes in the copper(II) ion geometry, induced by depro-
tonation of the axial phenol, could be visualized so clearly:
the metal moves out of the basal plane towards the oxygen
atom as a consequence of a stronger axial bond, and one
(or both) Cu–Npyridine bond length(s) increase, reflecting the
weakening of the equatorial bonds (Figure 2).

Figure 2. Influence of the phenol protonation state on the Cu–O
and Cu–N bond lengths in [CuII(HLMe)]2+ (left) and [CuII(H2LMe)]3+

(right).

Spectroscopic Properties of the Copper(II) Complexes

The electronic spectra of acetonitrile solutions of
[CuII(H2LH)]3+ and [CuII(H2LMe)]3+ show d-d transitions at
around 600 nm (Table 3, Figure 3). This suggests that the
phenol subunit remains protonated in solution, and that the
copper(II) atom resides within an octahedral (with a very
weakly coordinated perchlorate) or square pyramidal coor-
dination sphere (without the perchlorate). The EPR spectra

Table 3. Electronic and electrochemical properties of the copper(II) complexes in CH3CN solutions.[a]

Complex λmax (nm) [ε (–1 cm–1)] E1/2
[a]

[CuII(H2LH)]3+ 601 br [85] 1.01[b]

[CuII(HLH)]2+ 415 sh [2240], 524 [1160], 700 sh [220], 900 br [165] 0.50[c]

[CuII(LH)]+ 405 sh [1180], 556 [1415], 700 sh [510], 900 br [245] 0.23
[CuII(H2LMe)]3+ 615 br [85] 0.95[b]

[CuII(HLMe)]2+ 508 [1180], 664 sh [210], 900 br [135] 0.60
[CuII(LMe)]+ 521 [1100], 682 sh [340], 900 br [135] 0.31
[CuII(HLtBu)]2+ 600 [180] �0.8[b,d]

[CuII(LtBu)]+ 553 [935], 950 br [180] 0.15

[a] Vvs.Fc/Fc+. [b] Irreversible, the value given is Ep
a. [c] Shoulder. [d] Taken from ref.[49].
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of frozen CH3CN solutions of [CuII(H2LH)]3+ and
[CuII(H2LMe)]3+ are typical of axial mononuclear cop-
per(II) complexes, and similar to that of [CuII(HLtBu)]2+

(Table 4).[49] In all three complexes, the copper(II) atoms
have roughly similar geometry, in agreement with the X-
ray diffraction analysis. The influence of the phenol para
substituent cannot be visualized in the EPR spectra, as a
consequence of the very weak phenolic oxygen–copper(II)
bond (see above). Complexes [CuII(HLH)]2+ and
[CuII(HLMe)]2+ exhibit, in their electronic spectra, the phe-
nolate-to-copper(II) CT transition centered at 524 and
508 nm, respectively (Figure 3, Table 3). The low energy tail
in the 700–900 nm region originates from d-d transitions.
On addition of one equiv. of NEt3 to CH3CN solutions of

Figure 3. 298 K electronic spectra of CH3CN solutions of: (a)
0.1 m [CuII(H2LH)]3+ (solid line), [CuII(HLH)]2+ (dashed line) and
[CuII(LH)]+ (dotted line); (b) 0.2 m [CuII(H2LMe)]3+ (solid line),
[CuII(HLMe)]2+ (dashed line) and [CuII(LMe)]+ (dotted line).
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Scheme 2. Protonation equilibria for [CuII(HLMe)]2+ and [CuII(HLH)]2+.

[CuII(HLH)]2+ and [CuII(HLMe)]2+ the phenolate-to-cop-
per(II) CT transition is displaced towards lower energy re-
gions (556 nm and 521 nm, respectively). Such a shift can
be explained by the increased donor ability of the p-phenol-
ate substituent, and the subsequent deprotonation of the
N-methylbenzimidazolium and benzimidazolium groups by
NEt3, affording the phenolate benzimidazole complexes
[CuII(LH)]+ and [CuII(LMe)]+. Both the phenolate benzimid-
azolium and phenolate benzimidazole forms exhibit, in
their EPR spectra, a signal typical of mononuclear cop-
per(II) complexes (Table 4). The phenolate oxygen atom
does not bridge two copper atoms (as observed when the
phenolate ortho substituent is not sufficiently sterically hin-
dered). The protonation equilibria involving [CuII(HLH)]2+

and [CuII(HLMe)]2+ are summarized in Scheme 2.

Table 4. EPR parameters of the copper(II) complexes of HLMe and
HLH in CH3CN at 100 K.

gxx = gyy gzz Axx
[a] Ayy

[a] Azz
[a]

[CuII(LMe)]+ 2.083 2.248 0.5 0.5 17.2
[CuII(HLMe)]2+ 2.067 2.240 0.5 0.5 17.2
[CuII(H2LMe)]3+ 2.060 2.229 1 1 18.4
[CuII(LH)]+ broad
[CuII(HLH)]2+ 2.056 2.235 1/1.5 1.5 18.0
[CuII(H2LH)]3+ 2.060 2.233 1/1.5 1.5 18.0

[a] Values in mT.

Protonation Constants of the Complexes

The protonation constants were determined from pH-
metric titrations that were monitored by UV/Vis spec-
troscopy (Figure 4). After dissolution of single crystals of
[CuII(H2LH)]3+ and [CuII(H2LMe)]3+ into a CH3CN/H2O
(1:1) mixture (the complexes are poorly soluble in pure
H2O), the s

wpH was increased by addition of NaOH. The
thermodynamic constants were obtained from refinement
of the UV/Vis data by the commercial SPECFIT 32 soft-
ware (Spectrum Software Associated). Their calculation
was based on the spectral changes induced by addition of
base. At s

wpH = 2, the visible spectra of both complexes
consist of CuII d-d transitions at around 650 nm (ε �
100 –1 cm–1), consistent with the phenol benzimidazolium
complexes being the major species present at this s

wpH. The
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shift of the λmax band that occurs when CH3CN is replaced
by CH3CN/H2O (1:1) suggests that the coordinating aceto-
nitrile in [CuII(H2LH)]3+ and [CuII(H2LMe)]3+ is replaced by
a water molecule from the solvent mixture. Increasing the
s
wpH to 5 results in the appearance of a phenolate-to-cop-

per(II) CT in the 475–500 nm region, showing that the phe-
nolate benzimidazolium complexes are formed. The first
pKa values, 3.40±0.01 and 3.55±0.02 for the copper(II)
complexes of HLH and HLMe respectively, are thus attrib-
uted to the deprotonation of the phenol group. Such values
are remarkable, as they are much lower than those reported

Figure 4. s
wpH dependence of the electronic spectra of 0.1 m

CH3CN/H2O (1:1) solutions of [CuII(H2LH)]3+ (a) and
[CuII(H2LMe)]3+ (b). s

wpH was increased by addition of NaOH, T
= 298 K, l = 1.000 cm, I = 0.1  (NaClO4).
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for phenol copper(II) complexes of tripodal ligands (6.66–
7.31),[50] and for GO itself (7.9).[53] This can be explained
by the strong electron-withdrawing effect of the benzimid-
azolium (or N-methylbenzimidazolium) substituent that
very efficiently stabilizes the phenolate form, and therefore
lowers its pKa. As a consequence, deprotonation of the phe-
nol group occurs prior to deprotonation of the coordinated
water molecule. This is in contrast with GO, for which de-
protonation of the tyrosine occurs after deprotonation of
the coordinated water molecule (in the absence of sub-
strate). When the s

wpH is raised to 7.5, a shift of the LMCT
transition towards lower energy regions is observed, while
the ε value increases by a factor of 1.7 for the copper(II)
complex of HLH, and a factor of 1.1 for the HLMe complex.
This structural evolution is close to that observed during
addition of NEt3 to neat acetonitrile solutions of
[CuII(HLH)]2+ and [CuII(HLMe)]2+. We therefore attribute
these spectral changes to deprotonation of the benzimida-
zolium (or N-methylbenzimidazolium) group, rather than
deprotonation of a coordinated water molecule. The corre-
sponding deprotonation constants, 6.56±0.02 for the cop-
per(II) complex of HLH and 6.22±0.06 for the HLMe com-
plex are within the range of those reported for free benzimi-
dazolium and N-methylbenzimidazolium (5.63 and 5.67
respectively).[54] Further increasing the s

wpH results in the
precipitation of the copper(II) complex of HLMe. A shift of
the λmax band is observed for the copper(II) complex of
HLH, which may be attributed to the deprotonation of a
coordinated water molecule (pKa = 8.03±0.10).

Electrochemistry of the Copper(II) Complexes

The CV curves of [CuII(H2LH)]3+ and [CuII(H2LMe)]3+ in
CH3CN (0.1  TBAP) at 298 K display an oxidation wave
at Ep

a = 1.01 and 0.95 V (referred to the Fc/Fc+ system)
respectively, attributed to the oxidation of the phenol moi-
ety (Figure 5, c). It is irreversible, attesting to the primary
oxidation products not being stable over the timescale of
the measurement. Therefore, the redox processes will not be
investigated further.

Figure 5. Cyclic voltammetry curves recorded on a vitrous carbon disc of 1 m CH3CN (+0.1  TBAP) solutions of, on the left: [CuII-
(LH)]+ (a), [CuII(HLH)]2+ (b), and [CuII(H2LH)]3+ (c). On the right: [CuII(LMe)]+ (a), [CuII(HLMe)]2+ (b), and [CuII(H2LMe)]3+ (c). Scan
rate 0.1 Vs–1, T = 298 K, reference electrode Fc+/Fc.
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The CV curves of the phenolate complexes [CuII-
(HLH)]2+ and [CuII(HLMe)]2+ in CH3CN display quasi re-
versible electrochemical signals centered at E1/2 = 0.50 V
(Ip

a/Ip
c 2.5) and E1/2 = 0.59 Vvs.Fc+/Fc (Ip

a/Ip
c = 5), respec-

tively (Figure 5, b). Coulometric titrations reveal that one
electron redox processes are occurring in both cases, sug-
gesting that these signals correspond to the oxidation of the
phenolate to give a phenoxyl radical (vide infra). The lower
Ip

a/Ip
c ratio obtained for [CuII(HLH)]2+ suggests that its oxi-

dation product is more stable than the oxidation product of
[CuII(HLMe)]2+. Resonance effects may contribute to this,
as the planarity between the phenolate ring and its para
substituent is greater for [CuII(HLH)]2+ than for
[CuII(HLMe)]2+ in the solid state. The E1/2 values obtained
for [CuII(HLH)]2+ and [CuII(HLMe)]2+ fall within the range
for related copper(II) complexes in which the phenolate
para substituent is either NO2 or CF3,[49,55] namely, an elec-
tron-withdrawing group.

Complexes [CuII(LH)]+ and [CuII(LMe)]+ exhibit, in their
CV curve, oxidation waves centered at E1/2 = 0.23 V (Ip

a/Ip
c

= 1.6) and E1/2 = 0.32 Vvs.Fc+/Fc (Ip
a/Ip

c = 3.9), respec-
tively (Figure 5, a). As for [CuII(HLH)]2+ and [CuII-
(HLMe)]2+, these signals correspond to the oxidation of the
phenolate moieties to give phenoxyl radicals. The Ip

c/Ip
a ra-

tio, as well as the E1/2 values, obtained for the N-methyl- or
benzimidazolyl-phenolate complexes are lower than those
found for the corresponding phenolate benzimidazolium
(or N-methylbenzimidazolium) complexes. This reflects an
increase in the stability of the oxidation products of the
former complexes with respect to the latter. Deprotonation
of the benzimidazolium (or N-methylbenzimidazolium)
substituent makes the group less electron-withdrawing (in-
ductive effect), and thus easier to be oxidized. These results
nicely illustrate how an external perturbation (protonation)
can influence the value of the phenoxyl/phenolate redox
couple.

One Electron Oxidized Copper(II) Complexes

Upon one electron electrochemical oxidation, the violet
solutions of each copper(II) phenolate complexes turn blue.
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Two intense absorption bands at 400 and 435 nm and a
lower intensity band at ca. 700 nm dominate the visible
spectra, at 233 K, of the electrochemically generated
[CuII(LH)]·2+, [CuII(HLH)]·3+ and [CuII(HLMe)]·3+ com-
plexes in CH3CN (Figure 6 and Figure 7).[56] Such bands,
which have been previously reported for copper(II) phen-
oxyl complexes[57–59] and [CuII(LtBu)]·2+,[49] are attributed to
the π-π* transitions of the radical.[60–67]

Figure 6. 233 K electronic spectra of a 0.1 m CH3CN solution of
[CuII(LH)]·2+ (l = 1.000 cm).

Figure 7. 233 K electronic spectra of a 0.1 m CH3CN solution of
[CuII(HLH)]·3+ (l = 1.000 cm).

The 4 K X-Band EPR spectra of the electrogenerated
species [CuII(LH)]·2+ and [CuII(HLH)]·3+ in CH3CN show
broad ∆MS = ±1 transitions at 250 and 390 mT. The associ-
ated ∆MS = ±2 signal is seen at 150 mT. This signal is split
into four hyperfine lines separated by 8 mT (Figure 8),
which are attributed to the interaction of the electronic spin
with the nuclear spin of the copper(II) (I = 3/2). This is
clear evidence of ferromagnetic coupling between the spins
of the radical and the copper(II). An additional mononu-
clear copper(II) signal, corresponding to degradation prod-
ucts, is also present in each EPR spectrum. [CuII(LMe)]·2+

exhibits a weak transition at 160 mT, while [CuII(HLMe)]·3+

was too unstable to be prepared in sufficient amounts to
enable its EPR spectrum to be recorded.
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Figure 8. X-Band EPR spectra of a 1 m CH3CN solution of
[CuII(LH)]·2+. Microwave frequency 4485 GHz, power 1 mW, mod.
frequency 100 kHz, amp. 1.0 mT, T = 4 K.

The temperature dependence of the UV/Vis spectrum of
[CuII(LMe)]·2+ precludes any investigation of its stability at
298 K, while [CuII(HLMe)]·3+ was too unstable and de-
graded significantly even at 233 K. Complex [CuII(LH)]·2+

has a decomposition rate constant kdecay of 0.067 min–1

(t1/2 = 10.4 min at 298 K). This is 2.5 times weaker than
that of [CuII(LtBu)]·2+ (kdecay = 0.155 min–1), this is likely to
be due to resonance stabilization in [CuII(LH)]·2+. More-
over, [CuII(LH)]+ exhibits an E1/2 value (0.23 Vvs.Fc+/Fc)
that is roughly similar to that of [CuII(LF)]+ (E1/2 =
0.20 V),[4] the structure of which differs from that of
[CuII(LH)]+ by the nature of phenolate para substituent,
which is a fluorine atom. As the radical species [CuII-
(LF)]·2+ decomposed during electrolysis at 233 K, [CuII-
(LH)]·2+ it should be, in principle, too unstable to be charac-
terized. This is not true, showing that charge delocalization
over the benzimidazolium group contributes significantly to
the chemical stability of the radical species [CuII(LH)]·2+.
This also shows that the usual correlation between the
chemical stability of copper(II) phenoxyl radical species,
and the potential values of the phenoxyl/phenolate redox
couple, is not so evident when charge delocalization occurs.
Complex [CuII(HLH)]·3+ was much less stable than
[CuII(LH)]·2+ (kdecay = 0.99 min–1, t1/2 = 0.7 min at 298 K),
this is in agreement with the spectroscopic and electrochem-
ical data. Protonation of benzimidazole, to produce a posi-
tively charged benzimidazolium group, makes it electron-
withdrawing, which destabilizes the phenoxyl radical.

Copper(II) Titration: Addition of 0 to 1 Molar Equivalent

The solution chemistry of each ligand has been studied
in acetonitrile by increasing the ratio of copper(II) perchlo-
rate to HLH and HLMe. When one molar equiv. of cop-
per(II) perchlorate is slowly added to an acetonitrile solu-
tion of HLH, an absorption band appears gradually in the
visible spectra at 526 nm (Figure 9), and EPR reveals the
formation of a mononuclear copper(II) complex. These
spectroscopic features well match those reported for the iso-
lated copper(II) phenolate benzimidazolium species
[CuII(HLH)]2+. Likewise, the addition of one molar equiv.
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Figure 9. Titration of a 0.1 m CH3CN solution of HLH against
copper(II) perchlorate at 233 K: from 0 to 1 molar equiv. of copper
(a), and from 1 to 2 molar equiv. of copper (b); arrows indicate
spectral changes upon the addition of copper (l = 1.000 cm).

Scheme 3. Solution chemistry of HLMe and HLH (a), HLtBu (b), in the presence of copper(II) perchlorate in CH3CN.
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Figure 10. Titration of a 0.3 m CH3CN solution of HLMe against
copper(II) perchlorate at 233 K: from 0 to 1 molar equiv. of copper
(a), and from 1 to 2 molar equiv. of copper (b); arrows indicate
spectral changes upon the addition of copper (l = 1.000 cm).
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of copper(II) to HLMe affords the copper(II) phenolate N-
methylbenzimidazolium complex [CuII(HLMe)]2+ (Fig-
ure 10). Thus, the coordination of the ligands to copper(II)
induces a transfer of the phenolic proton to the benzimid-
azole (or N-methylbenzimidazole) substituent (Scheme 3,
a). This behavior is in sharp contrast with that of HLtBu

(Scheme 3, b), which after addition of one molar equiv. of
copper(II) affords the copper(II) phenol complex
[CuII(HLtBu)]2+.[50] Moreover, formation of this phenol
complex was more complicated than the simple reaction be-
tween the ligand HLtBu and copper(II). As 0 to 0.5 molar
equiv. of copper(II) perchlorate was added, a progressive
increase in the phenolate to copper(II) CT transition was
observed, showing that once the copper is chelated to by
some of the available ligand in solution, the tertiary amine
of the remaining free ligand deprotonates the weakly coor-
dinated phenol (i.e. the pKa of the coordinated phenol is
lower than that of the tertiary ammonium, Scheme 3, b).
When 0.5 to one molar equiv. of copper(II) is added to
HLtBu, the spectrum of the copper(II) phenolate complex
[CuII(LtBu)]+ vanishes and is replaced by that of the cop-
per(II) phenol complex [CuII(HLtBu)]2+. Complexation of
copper(II) to the free protonated ligand H2LtBu+ induces
deprotonation of its tertiary ammonium group; the proton
is transferred to the coordinated phenolate of [CuII-
(LtBu)]+, affording the copper(II) phenol complex
[CuII(HLtBu)]2+ (Scheme 3, b).

Thus proton transfer, coupled to copper(II) complex-
ation, occurs in all cases (HLtBu, HLH and HLMe). Never-
theless, a major difference exists between HLtBu and HLH

(and HLMe) namely, the endogenous base: proton transfer
is managed either by the tertiary amine of HLtBu, or by the
benzimidazole moiety in HLH or HLMe. In all these tripo-
dal ligands, the tertiary amine is involved in copper(II) co-
ordination. When the proton is transferred from the tertiary
amine (ammonium form), it does not chelate the metal thus,
a mixture of the protonated ligand and the copper(II) phe-
nolate complex is obtained when 0.5 molar equiv. of cop-
per(II) is added to HLtBu. The benzimidazolium group does
not interfere with the complexation processes. Thus, when
the proton is transferred from the benzimidazole (or N-
methylbenzimidazole) group of HLH and HLMe, all of the
ligand in solution chelates to the metal, and no free ligand
remains, even when only 0.5 molar equiv. of copper(II) is
added to the ligand. The existence, and location, of the pro-
ton acceptor in the ligand is therefore of crucial importance
in dictating the mechanism by which copper(II) is chelated
by tripodal ligands.

Copper(II) Titration: Addition of 1 to 2 Molar Equivalents

The acetonitrile solutions of HLH and HLMe were ti-
trated against copper(II), at 233 K, and up to two molar
equiv. of copper(II) was added. When one to two molar
equiv. of copper(II) was added, the phenolate to copper(II)
CT transition at 524 nm (and 508 nm) of [CuII(HLH)]2+

(and [CuII(HLMe)]2+) progressively decreases in intensity
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and then vanishes, while new intense transitions appear at
around 400, 450 and 700 nm. The UV/Vis spectrum of the
final species exhibits intense absorption bands at 401, 435
and 700 nm [396, 440 (shoulder) and 700 nm for HLMe].
These features are similar to those of the electrogenerated
[CuII(HLH)]·3+ complex (and [CuII(HLMe)]·3+). The
copper(II) phenolate complexes [CuII(HLH)]2+ and
[CuII(HLMe)]2+ are thus quantitatively oxidized by excess
copper(II) to give the corresponding copper(II) phenoxyl
complexes [CuII(HLH)]·3+ and [CuII(HLMe)]·3+, releasing
free copper(I) according to Scheme 3 (a).[68]

When one molar equiv. of copper(II) was added to an
acetonitrile solution of HLtBu, the copper(II) phenol com-
plex [CuII(HLtBu)]2+ was obtained quantitatively. Continu-
ing to add copper(II) results in the oxidation of a small
amount of the [CuII(HLtBu)]2+ complex (less than 8%) to
give the radical species [CuII(LtBu)]·2+, this is consistent with
the oxidation potential of the phenol in [CuII(HLtBu)]2+ be-
ing too high to allow it to be oxidized by copper(II) to
produce the corresponding phenoxyl radical.[50]

After addition of one molar equiv. of copper(II) to HLH

or HLMe deprotonation of the phenol occurs, induced by
proton transfer to the benzimidazole or N-methylbenzimid-
azole substituent, which lowers its redox potential, making
oxidation by exogenous copper(II) possible in the absence
of exogenous base.[69] Deprotonation of the phenol group
of HLtBu does not occur in the presence of one molar equiv.
of copper(II), thus preventing its oxidation by excess cop-
per(II).

On the other hand, if free copper(II) oxidizes the cop-
per(II) phenolate complex, then one should expect the for-
mation of a copper(II) phenoxyl complex at a copper(II)/
ligand ratio lower than 1:1. This is not the case, showing
that a comproportionation reaction consumes the radical
once it is formed (as in the case of GO[70] and other N3O
ligands[50]) according to Equation 1.

copper(II) phenoxyl+copper(I) � 2 copper(II)–phenolate (1)

Conclusion

Herein we have reported a fine structural approach to
the protonation/deprotonation sequence of the axial Tyr495

in the GO active site. We have also provided evidence of a
proton transfer reaction coupled to a copper(II) coordina-
tion process occurring in the ligands: in the presence of one
molar equiv. of copper(II) the phenolic proton moves
towards the p-benzimidazole (or N-methylbenzimidazole)
substituent affording p-benzimidazolium phenolate com-
plexes. In the presence of excess copper(II) (in absence of an
exogenous base), a copper(II) phenoxyl radical is obtained,
which was not observed for related ligands possessing a p-
tert-butyl group. The existence and location of the proton
acceptor (tertiary amine or benzimidazole) in the ligand is
therefore of crucial importance in dictating the mechanism
by which copper(II) is chelated, and influences the reactiv-
ity of the complex towards an exogenous oxidizer.
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The control of the proton transfer and the metal coordi-

nation, are of prime importance in stabilizing phenoxyl rad-
icals in proteins.[71–79] Recently, each phenomenon has been
explored independently in biomimetic systems. This lead to
the characterization of metal coordinated phenoxyl radi-
cals,[16–50] or hydrogen bonded phenoxyl radicals generated
by proton coupled to electron transfer.[80–83] Ligands HLH

and HLMe are the first systems where both proton transfer
and metal coordination occur simultaneously, contributing
to the stabilization of the phenoxyl radical (by deproton-
ation, lowering of the redox potential by at least 0.35 V,
metal coordination, and by resonance).

Experimental Section
General: All chemicals were of reagent grade and used without pu-
rification. Microanalyses were performed by the Service Central
d’Analyses du CNRS (Lyon, France).

Low-temperature visible spectra were recorded on a CARY 50
spectrophotometer equipped with a low temperature Hellma im-
mersion probe (1.000 cm path length quartz cell). The temperature
was controlled with a Lauda RK8 KS cryostat.

X-band EPR spectra were recorded on a BRUKER ESP 300E
spectrometer equipped with a BRUKER nitrogen flow cryostat,
and a BRUKER EMX spectrometer equipped with an ESR 900
helium flow cryostat (Oxford Instruments). Spectra were treated
using the WINEPR software and simulated using the BRUKER
SIMFONIA software.

Rate constants for the self-decomposition of the radical species
were obtained spectrophotometrically. The absorbance decay at
450 nm (298 K) was fitted using the Biokine software (Bio Logic
Co, Claix, France).

The cyclic and differential pulse voltammograms of each com-
pound (1 m) in CH3CN, containing 0.1  tetra-n-butylammo-
nium perchlorate (TBAP) as the supporting electrolyte, were re-
corded on a CHI potentiostat at 298 K. The working electrode was
a glassy carbon disc, and the secondary electrode was a Pt wire,
and the reference electrode was 0.01  Ag/AgNO3. The potential
of the regular ferrocenium/ferrocene (Fc+/Fc) redox reaction,
+0.087 V under our experimental conditions, was used as an in-
ternal reference. Electrolysis was performed at 233 K at a carbon
felt electrode using a PAR 273 potentiostat.

Crystal Structure Analysis: For all structures, collected reflections
were corrected for Lorentz and polarization effects, but not for
absorption. The structures were solved by direct methods and re-
fined using the TEXSAN software. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were
generated at idealized positions, and were modeled as riding on the
carrier atoms, and refined with isotropic thermal parameters.

CCDC-259962, -259841, -275709 and -275881 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

3-tert-Butyl-4-hydroxybenzaldehyde: 2-tert-Butylphenol (20 g,
133 mmol) was dissolved in MeOH (80 mL), NaOH (80 g) was dis-
solved in water (80 mL) and added dropwise to the reaction mix-
ture. Then CHCl3 was added (during the course of 1 h) at 60 °C.
The reaction mixture was stirred for 3 h, then cooled to 0 °C and
hydrolyzed with 4  HCl until the solution reached pH 5–6. The
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mixture was extracted with CHCl3 and the combined organic layers
were dried with Na2SO4 and then concentrated. Column
chromatography on silica gel [ethyl acetate:pentane (1:20) was the
eluent] yielded 3-tert-butyl-4-hydroxybenzaldehyde (24 g, 40%) as
an orange solid. 1H NMR (200 MHz, CDCl3): δ = 1.44 (s, 9 H),
6.85–6.89 [d, 3JH,H = 8.2 Hz, 1 H], 7.62–7.67 [dd, 3JH,H = 8.2 Hz,
4JH,H = 1.7 Hz, 1 H], 7.84–7.85 [d, 4JH,H = 1.7 Hz, 1 H], 9.84 ppm
(s, 1 H). 13C NMR (75 MHz, CDCl3): δ = 29.7 (t, 3C), 35.1 (q),
117.5 (s), 129.9 (q), 130.6 (s), 137,6 (q), 161.2 (q), 192.3 ppm (s).
M.p. 125 °C. C11H14O2 (178.23): calcd. C 74.13, H 7.92; found C
73.45, H 7.85.

2-tert-Butyl-4-(1-methyl-1H-benzoimidazol-2-yl)phenol: To 3-tert-
Butyl-4-hydroxybenzaldehyde (1.04 g, 5.8 mmol) in MeOH (20 mL)
was added N-methyl-1,2-phenylenediamine (0.709 g, 5.8 mmol) at
0 °C. The mixture was stirred for 0.5 h at 0 °C, and then for 3 h at
room temperature. Benzofuroxane (0.795 g, 5.8 mmol) was dis-
solved in CH3CN (5 mL), and added to the reaction mixture at
room temperature. The mixture was stirred for 12 h at 60 °C, then
cooled to 0 °C, and 10% NaOH (10 mL) was added. The reaction
was poured into 200 mL of water, and concentrated HCl was added
to neutralize the solution. The brown precipitate was filtered,
washed with cold water and CHCl3, and then dried under vacuum.
Yield: 50%. 1H NMR (300 MHz, [D6]DMSO): δ = 1.46 (s, 9 H),
3.89 (s, 3 H), 7.22–7.31 (m, 2 H), 7.54–7.60 (m, 2 H), 7.66–7.69 (m,
2 H), 10.00 ppm (s, 1 H). 13C NMR (75 MHz, [D6]DMSO): δ =
30.1 (t, 3C), 32.6 (t), 35.3 (q), 111.1 (s), 117.0 (s), 119.4 (s), 121.2
(q), 122.5 (s), 122.7 (s), 128.8 (s), 128.9 (s), 137.5 (q), 143.4 (q),
154.7 (q), 158.3 ppm (q). M.p. � 250 °C. MS (DCI, NH3/isobut-
ane) m/z (%): 280 (100) [M+H]+. C18H20N2O (280.36): calcd. C
77.11, H 7.19, N 9.99; found C 75.40, H 7.21, N 9.76.

HLMe: 2-tert-Butyl-4-(1-methyl-1H-benzoimidazol-2-yl)phenol
(1.016 g, 3.6 mmol), bis(2-pyridylmethyl)amine (722 mg, 3.6 mmol)
and formaldehyde (1.4 mL of a 37% aqueous solution) in EtOH/
H2O (5:1, 100 mL) were refluxed together for 12 h. The reaction
mixture was then extracted with ethyl acetate, dried with Na2SO4

and then concentrated. Column chromatography on silica gel [ethyl
acetate/methanol (9:1)+1% isopropylamine was the eluent] yielded
HLMe (600 mg, 35%) as a pale orange solid. 1H NMR (300 MHz,
[D6]DMSO): δ = 1.49 (s, 9 H), 3.89 (s, 3 H), 3.91 (s, 4 H), 3.95 (s,
2 H), 7.21–7.34 (m, 4 H), 7.42–7.44 (d, 3JH,H = 7.8 Hz, 2 H), 7.52–
7.53 (d, 4JH,H = 2.0 Hz, 1 H), 7.56–7.60 (m, 1 H), 7.63–7.64 (d,
4JH,H = 2.0 Hz, 1 H), 7.65–7.68 (m, 1 H), 7.78–7.84 (m, 3JH,H =
4.7 Hz, 4JH,H = 1.7 Hz, 2 H), 8.59–8.60 (d, 3JH,H = 4.7 Hz, 2 H),
11.76 ppm (s, 1 H). 13C NMR (75 MHz, [D6]DMSO): δ = 32.6 (t),
35.4 (q), 57.2 (d), 59.2 (d), 111 (s), 119.4 (q), 120.5 (q), 122.5 (q),
122.7 (s), 123.4 (s, 2C), 124.0 (s, 2C), 128.1 (s), 129.8 (s), 136.8 (q),
137.5 (q), 137.7 (s, 2C), 149.7 (s, 2C), 154.6 (q), 158.4 ppm (q, 2C).
MS (DCI, NH3/isobutane) m/z (%): 492 (100) [M+H]+. M.p.
150 °C. C31H33N5O (491.63): calcd. C 75.73, H 6.77, N 14.25;
found C 75.65, H 7.01, N 14.19.

[CuII(HLMe)](ClO4)2: Ligand HLMe (132 mg, 0.269 mmol) was dis-
solved in CH3CN (10 mL) and Cu(ClO4)2·6H2O (99 mg,
0.267 mmol) in CH3CN (2 mL) was then added dropwise. The solu-
tion was stirred for 15 min and then the volume was reduced to
2 mL. Single crystals of [CuII(HLMe)](ClO4)2 were obtained by slow
diffusion of diisopropyl ether into the CH3CN solution (102 mg,
yield: 68%). ESI MS (m/z): 553 [M – H – (CH3CN) – 2(ClO4)]+.
C33H36Cl2CuN6O9 (795.13): calcd. C 49.85, H 4.56, N 10.57, Cu
7.99; found C 49.57, H 4.82, N 10.11, Cu 7.45.

[CuII(H2LMe)](ClO4)3: Compound [CuII(HLMe)](ClO4)2 (23 mg,
0.029 mmol) was dissolved in CH3CN (1 mL), and HClO4 (70%,
2.4 µL) was added. The solution was stirred for 5 min. Single crys-
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tals of [CuII(H2LMe)](ClO4)3 were obtained by slow diffusion of
isopropyl ether into the CH3CN solution (18 mg, yield: 90%). ESI
MS (m/z): 653 [M – H – (CH3CN) – 2(ClO4)]+. C33H37Cl3CuN6O13

(895.58): calcd. C 44.26, H 4.16, N 9.13, Cu 7.10; found C 44.18,
H 4.13, N 9.13, Cu 6.88.

4-(1H-Benzimidazol-2-yl)-2-tert-butylphenol: To 3-tert-Butyl-4-hy-
droxybenzaldehyde (1.04 g, 5.8 mmol) in MeOH (20 mL) was
added benzene-1,2-diamine (0.631 g, 5.8 mmol) at 0 °C. The mix-
ture was stirred for 0.5 h at 0 °C, and then for 1 h at room tempera-
ture. Benzofuroxane (0.795 g, 5.8 mmol) was dissolved in CH3CN
(5 mL), and added dropwise (over a 10 min period) to the reaction
mixture. The mixture was stirred for 2 h at 60 °C, then cooled to
0 °C and then 10% NaOH (10 mL) was added. The reaction mix-
ture was poured into 200 mL of water and concentrated HCl was
added to neutralize the solution. The brown precipitate was fil-
tered, washed with cold water and CHCl3, and then dried under
vacuum. Yield: 52%. 1H NMR (300 MHz, [D6]DMSO): δ = 1.48
(s, 9 H), 6.95 (d, J = 8.1 Hz, 1 H), 7.17 (dd, 3J = 5.9 Hz, 4J =
3.2 Hz, 2 H), 7.57 (dd, 3J = 5.7 Hz, 4J = 3.2 Hz, 2 H), 7.87 (dd, 3J
= 8.1 Hz, 4J = 1.5 Hz, 1 H), 8.05 (d, 4J = 1.5 Hz, 1 H), 9.94 (s, 1
H), 12.68 ppm (s, 1 H). 13C NMR (75 MHz, [D6]DMSO): δ = 29.7
(t), 34.9 (Cq), 114.9 (CH), 116.8 (CH), 121.0 (Cq), 121.9 (CH),
125.6 (CH), 125.9 (CH), 136.2 (Cq), 139.7 (Cq), 152.6 (Cq),
158.2 ppm (Cq). M.p. � 250 °C. MS (DCI, NH3/isobutane)
m/z (%): 267 (100) [M+H]+. C17H18N2O (266.34): calcd. C 76.66,
H 6.81, N 10.52; found C 75.78, H 6.94, N 9.37.

HLH: 2-tert-Butyl-4-(1H-benzoimidazol-2-yl)phenol (0.500 g,
1.88 mmol), bis(2-pyridylmethyl)amine (374 mg, 1.88 mmol) and
formaldehyde (0.7 g of a 37% aqueous solution, 9.4 mmol) in
EtOH/H2O (2:1, 100 mL) were refluxed together for 12 h. The reac-
tion mixture was then extracted with ethyl acetate, washed with
a saturated NaCl aqueous solution, dried with Na2SO4 and then
concentrated. Column chromatography on silica gel [ethyl acetate/
methanol (5:1)] yielded HLH (270 mg, 30%) as a beige solid. 1H
NMR (300 MHz, [D6]DMSO): δ = 1.50 (s, 9 H), 3.90 (s, 4 H), 3.94
(s, 2 H), 7.19 (dd, 3J = 5.9 Hz, 4J = 3.2 Hz, 2 H), 7.30 (d, 3J =
6.5 Hz, 1 H), 7.32 (d, 3J = 7.1 Hz, 1 H), 7.41 (d, J = 7.8 Hz, 2 H),
7.50–7.62 (m, 2 H), 7.78 (td, 3J = 7.6 Hz, 4J = 1.6 Hz, 2 H), 7.87
(d, 4J = 1.8 Hz, 1 H), 8.01 (d, 4J = 1 Hz, 1 H, 8 Hz), 8.58 (d, 3J =
4.0 Hz, 2 H), 11.73 (s, 1 H), 12.70 ppm (s, 1 H). 13C NMR
(75 MHz, [D6]DMSO): δ = 30.3 (tBu), 35.6 (Cq), 57.6 (CH2), 59.1
(CH2Py), 121.0 (Cq), 122.4 (CH), 123.4 (CH), 123.9 (CH), 124.5
(Cq), 125.4 (CH), 127.6 (CH), 135.9 (Cq), 137.2 (Cq), 137.7 (CH),
144.9 (Cq), 149.7 (CH), 153.0 (Cq), 158.5 (Cq), 158.8 ppm (Cq).
M.p. 200 °C. MS (DCI, NH3/isobutane) m/z (%): 478 (100)
[M+H]+. C30H31N5O (477.60): calcd. C 75.44, H 6.54, N 14.66;
found C 75.16, H 6.55, N 14.50.

[CuII(HLH)](ClO4)2: [CuII(HLH)](ClO4)2 was obtained in a similar
way to [CuII(HLMe)](ClO4)2 by using HLH instead of HLMe (yield:
75%). ESI MS (m/z): 539 [M – H – (CH3CN) – 2(ClO4)]+.
C32H34Cl2CuN6O9·H2O·CH3CN (781.10): calcd. C 48.61, H 4.68,
N 11.67, Cu 7.56; found C 47.92, H 4.51, N 11.68, Cu 7.50.

[CuII(H2LH)](ClO4)3: Complex [CuII(H2LH)](ClO4)3 was obtained
in a similar way to [CuII(H2LMe)](ClO4)3 by using HLH instead of
HLMe (yield: 90%). ESI MS (m/z): 539 [M – H – (CH3CN) –
2(ClO4)]+. C32H35Cl3CuN6O13 (881.56): calcd. C 44.16, H 4.38, N
9.36, Cu 7.08; found C 44.51, H 4.35, N 9.70, Cu 6.75.
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Trialkoxysilylated camphorsulfonamides have been used for
the synthesis of functional organosilicas in a template-di-
rected hydrolysis-polycondensation with tetraethylorthosili-
cate (TEOS). The sol–gel transformation leading to the for-
mation of highly ordered materials indicates that trialkoxysi-
lylated camphorsulfonamides allow the synthesis of func-

Introduction
Since the discovery of the template-directed synthesis of

nanostructured silica by Kresge et al. in 1992,[1] these mate-
rials have attracted considerable interest due to the unique
properties related to their specific morphology, namely high
specific surface, high pore volume and narrow pore-size dis-
tribution on a mesoscopic scale. These features make these
materials the candidates of choice for numerous applica-
tions, for example in the fields of catalysis, separation and
sensing.

The incorporation of functional organic groups into
nanostructured silica can be achieved either in two steps
by post-grafting of silylated precursor molecules onto the
surface of nanostructured silica or in one step by a tem-
plate-directed one-pot hydrolysis-polycondensation of a sil-
ica precursor with a functional organosilane.[2,3] The two
methodologies lead to organosilicas with different morpho-
logical features: although materials obtained by the post-
grafting method are structurally better defined and hydro-
thermally more stable than samples obtained by the direct
one-step method, they often suffer from inhomogeneous
distribution of the functional groups on the support sur-
face. Contrary to this, the one-step condensation procedure
affords materials with a homogeneous distribution of the
functional organic groups over the whole surface.[4] How-
ever, in most cases only low functionalisation degrees can
be achieved following the one-step method. Low-structured
materials are obtained when high molar fractions of func-
tional organosilane or bulky silylated precursors are
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tional organosilicas with high structural regularity. This be-
haviour arises from the affinity of the chiral precursors
towards the lyotropic phase of the ionic surfactants in the
aqueous hydrolysis-polycondensation mixture.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

used.[5,6] The upper limit of preservation of structural or-
dering is often reached with 20 mol-% of added organosil-
ane.[6] For this reason, the elaboration of methods that al-
low the incorporation of bulky functional groups within a
highly structured mesoporous organosilica material is
highly desirable.

Our current interest in the preparation of ordered organo-
silicas led us to explore the synthesis of nanostructured
silica hybrids containing ionic species.[7] As an example, we
achieved the immobilisation of bis-alkylated imidazolium
species on a silica support by a template-directed hydroly-
sis-polycondensation procedure. Supported ionic liquid
phases have attracted large interest in the last few years[8]

as these materials that consist of an ionic layer that covers
the whole surface of a solid support are promising systems
for applications in catalysis,[9–12] separation[13] and
chromatography.[14] We were interested in exploring
whether functional precursor molecules bearing ionic sub-
structures would allow us to enhance the structural regular-
ity of the obtained functional materials in template directed
sol–gel processes. We report here a new nanostructured or-
ganosilica containing ionic and non-ionic (+)-camphorsul-
fonamide substructures as these moieties have been shown
to be efficient auxiliaries in asymmetric catalysis.[15,16]

Results and Discussion

We first focused on the synthesis of functional organosil-
anes bearing camphor substructures. The synthesis of the
trialkoxysilylated camphorsulfonamide precursors 1 and 3
is shown in Scheme 1. The precursor 1 was obtained by the
reaction of (+)-camphorsulfonyl chloride with 3-aminopro-
pyltriethoxysilane (Scheme 1, top). Compound 3, which be-
ars an ionic imidazolium substructure, was synthesised by



B. Gadenne, P. Hesemann, V. Polshettiwar, J. J. E MoreauFULL PAPER

Scheme 1. Synthesis of the trialkoxysilylated camphorsulfonamides 1 (top) and 3 (bottom).

grafting 3-chloropropyltriethoxysilane to the camphorsul-
fonamide 2[15] (Scheme 1, bottom). All reactions were quan-
titative, and the products could be used without further pu-
rification.

The synthesis of the organosilicas incorporating chiral
camphorsulfonamide entities was then realised by a hydrol-
ysis-polycondensation involving the chiral precursor 1 or 3
and tetraethoxysilane (TEOS; Scheme 2). All materials were
prepared from alkaline mixtures containing TEOS, the tri-
alkoxysilylated precursor 1 or 3, water, ammonia and the
surfactant hexadecylpyridinium chloride in the molar com-
position 0.9:0.1:114:8:0.12. We chose a pyridinium salt as
template rather than an ammonium halide as the interac-
tion between the imidazolium precursor 3 and pyridinium
salts may be more favourable than that between imid-
azolium salts and surfactants based on ammonium sub-
structures such as CTAB.[17] The resulting reaction mixture
was heated to 80 °C for 48 h. The surfactant was then re-
moved by washing in a Soxhlet apparatus and the materials
were finally dried at 110 °C for 24 h.

Scheme 2. Immobilisation of camphorsulfonamide species on the
surface of mesoporous nanostructured silica.

Elemental analysis of the materials I and II indicated ne-
arly complete incorporation of the organic precursors 1 and
3 into the organosilica materials during the sol–gel pro-
cedure. The incorporation of the organic entities within the
silica network was also qualitatively monitored by FT-IR
and 29Si/13C-CP MAS NMR spectroscopy. The 29Si CP-
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MAS NMR spectrum of material I is shown as an example
in Figure 1. As reported for other functionalised mesopo-
rous silica materials,[6] the spectrum shows the T3 peak at δ
= –65.8 ppm arising from the RSiO3 substructures and the
Q3 and Q4 peaks (δ = 101.4 and 109.6 ppm) which can be
ascribed to SiO4 substructures with different condensation
degrees.

Figure 1. 29Si CP MAS NMR spectrum of material I.

The morphological properties of materials I and II were
investigated by XRD, TEM and nitrogen adsorption/de-
sorption experiments. The XRD patterns of I and II are
nearly identical and contain the (100), (110) and (200)
peaks characteristic of hexagonal silica mesophases
(Table 1). We have already obtained a material with a hex-
agonal architecture, although less regularly structured,
using an ionic silylated dodecylimidazolium precursor.[7]

The X-ray diffractograms of I and II are shown in Figure 2.

Table 1. XRD spacings of materials I and II.

d Spacings [nm]
100 110 200

Material I 4.00; 2.31 2.00
Material II 4.00 2.30 1.99

The morphology of the materials was also studied by
TEM. The TEM micrographs of I and II show a highly
structured regular hexagonal array of two-dimensionally
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Figure 2. XRD patterns of the organosilica materials I (solid line)
and II (dashed line).

aligned channels (Figure 3). In both cases, the distance be-
tween two pore centres was determined to be 4.0 nm, which
corresponds to the (100) reflection in the XRD patterns.

Figure 3. TEM micrographs of the functionalised organosilicas I
(a) and II (b) along the (100) direction. (c) View along the (110)
direction.

Thus, the TEM and XRD experiments give concordant
results concerning the morphologies of materials I and II,
which both appear as highly regularly structured solids with
hexagonal symmetry. It has to be pointed out that the ionic
substructure of precursor 3 does not have a significant ef-
fect on the structuration of the functionalised organosilica.
The high structuration can rather be explained by the co-
surfactant behaviour of the hydrolysed silylated precursors
1 and 3 in the basic aqueous media during the template-
directed sol–gel procedure.

In a second experiment we studied the reduction of the
carbonyl groups of the immobilised camphorsulfonamide

Scheme 3. Reduction of the immobilized camphorsulfonamide entities.
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entities in the porous material II. This reaction was per-
formed with a suspension of sodium borohydride in meth-
anol under reaction conditions identical to those reported
for the reduction in homogeneous media.[15] This led to the
formation of silica-supported borneol (material III). The re-
action was monitored by FT-IR spectroscopy (disappear-
ance of the absorption of the carbonyl group at ν̃ =
1738 cm–1). The ratio of the immobilized diastereoisomers
could not be determined, but both borneol (endo) and
isoborneol (exo) are probably formed. In solution, a 60:40
ratio has been reported (Scheme 3).[15]

Nitrogen adsorption/desorption experiments with mate-
rials I–III give information about the porosity and the pore
volume of the samples. The isotherms of materials I and II
reflect the formation of mesoporous silica hybrid materials
with specific surface areas of 832 and 759 m2 g–1 and pore
volumes of 0.52 and 0.49 mLg–1, respectively. In both cases,
the sorption curves show typical type-IV isotherms, thereby
suggesting an ordered silica mesophase with pore diameters
of 2.5 nm. The isotherm of material II shows a slight hyster-
esis loop due to capillary condensation of adsorbed nitro-
gen within the pores.[18] In contrast, material III shows a
strongly reduced specific surface (82 m2 g–1), even after
washing with acidic ethanol in a Soxhlet apparatus for three
days. The reduced porosity of material III is probably due
to the inclusion of borate ions within the pores during the
reduction reaction. However, TEM and XRD experiments
with material III confirm that the regular hexagonal struc-
ture of the silica framework is not affected. The sorption
isotherms of materials I–III are presented in Figure 4.

Figure 4. N2 sorption curves of materials I (∆), II (�) and III (�).
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Table 2. Enantioselective addition of diethylzinc to benzaldehyde.[a]

[a] General reaction conditions: benzaldehyde:ligand:Ti(OiPr)4:Et2Zn = 1.0:0.1:1.1:1.2 (molar ratio), reaction time 18 h, reaction tempera-
ture 25 °C. [b] Determined by 1H NMR spectroscopy. [c] Determined by HPLC using a Daicel Chiralcel OD column.

Heterogeneous Asymmetric Catalysis Using the Functional
Organosilicas

The use of catalysts supported on mesoporous silica has
been studied intensively.[19,20] Our interest in organic-inor-
ganic hybrid materials as heterogeneous auxiliaries in asym-
metric catalysis[21–23] led us to investigate materials II and
III, which contain imidazolium substructures, as chiral aux-
iliaries in the asymmetric addition of diethylzinc to benzal-
dehyde. We also compared the catalytic properties of II and
III with similar imidazolium salts bearing camphor or bor-
neol substructures in homogeneous catalysis. The results of
the utilisation of the various chiral auxiliaries in the ad-
dition of diethylzinc to benzaldehyde[24,25] (Scheme 4) are
shown in Table 2.

Scheme 4. Addition of diethylzinc to benzaldehyde.

Materials II and III act as catalytic auxiliaries and lead
to the formation of 1-phenylpropanol in quantitative yield
(entries 1 and 3) after hydrolytic work-up with hydrochloric
acid (1 ). Despite its low porosity, material III shows a
higher enantioselectivity than material II. However, the
selectivities of both materials are lower than those obtained
with the related imidazolium salts in homogeneous solu-
tion, thus indicating a limited complexation of the catalytic
TiIV species by the immobilised chiral camphorsulfonamide
entities (entries 2 and 4). The reduced enantioselectivities
obtained with silica-immobilised camphorsulfonamide li-
gands are probably due to the reaction being catalysed by
TiIV species in a nonchiral environment, for example by
Ti(iOPr)4 in homogeneous solution or by TiIV species

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3697–37023700

grafted onto the silica surface via Si–O–Ti bonds. Further-
more, material III appears to be of low recyclability. The
second utilisation still gave high conversion, but no enantio-
selectivity was observed. We conclude therefore that the
acidic work-up after the first reaction cycle strongly modi-
fies the surface of the material by condensing oxidic Ti and
Zn species, thus inhibiting the accessibility of the immobi-
lised chiral ligand.

Conclusion

We have shown the formation of highly ordered mesopo-
rous silica with a hexagonal architecture containing chiral
camphorsulfonamide substructures located in the pores.
Both ionic and non-ionic precursors lead to the formation
of highly structured materials with hexagonal symmetry.
The high structuration of the materials can be explained
by the high affinity of the silylated camphorsulfonamides
towards the organised micellar phase of the surfactants in
aqueous medium: the trialkoxysilylated camphorsulfon-
amides behave as co-surfactants and fit in the micellar ar-
rangement of the hexadecylpyridinium chloride.[26] The
ionic imidazolium substructure of precursor 3 does not
show a significant effect during the template-directed hy-
drolysis polycondensation: material II does not show a
higher structural regularity than material I. The utilisation
of these functional organosilicas as chiral auxiliaries in
asymmetric catalysis indicated inferior catalytic properties
of the materials compared to related task-specific imid-
azolium salts in terms of selectivity and recyclability. These
results are probably due to incomplete complexation of the
titanium-based complexes to the camphorsulfonamide sites;
considerable amounts of titanium may be linked to the sil-
ica support by covalent Si–O–Ti bonds.

To the best of our knowledge, material II is the first ex-
ample of a chiral ionic substructure grafted onto a nano-
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structured silica support. We believe that these highly
porous functionalised materials may find applications in
molecular recognition, in particular as chiral stationary
phases in liquid chromatography.

Experimental Section
General: All reactions were performed under nitrogen or argon
using Schlenk-tube techniques when necessary. Elemental analyses
were performed by the “Service Central de Microanalyse du
CNRS” at Vernaison, France. Mass spectra were measured with a
Jeol JMS-DX300 mass spectrometer. FT-IR spectra were recorded
from KBr pellets or films with a Perkin–Elmer 1000 FT-IR spec-
trometer. 1H, 13C and 29Si liquid NMR spectra were recorded with
a Bruker AC-250 spectrometer. CDCl3 and [D6]DMSO were used
as NMR solvents. Chemical shifts are reported as δ values in ppm
relative to TMS. 13C and 29Si CP MAS solid-state NMR spectra
were recorded with a Bruker FT AM 400 FT-NMR spectrometer.
Specific surface areas were determined by nitrogen adsorption/de-
sorption experiments using a Micromeritics Gemini 2375 appara-
tus. TEM was performed with a Jeol 1200EX II electron micro-
scope. X-ray diffraction measurements and data treatment were
performed at the Groupe de Dynamique de Phases Condensées at
the University of Montpellier 2. The X-ray diffraction experiments
were carried out on solid powders in glass capillaries (1 mm dia-
meter) in a transmission configuration. A copper rotating anode
X-ray source (4 kW) with a multilayer focusing “Osmic” mono-
chromator giving high flux (108 photons per second) and a pinhole
collimation was employed. An “image plate” 2D detector was used,
and the data obtained were radially averaged to yield the diffracted
intensity as a function of the wave vector q. The diffracted intensity
was corrected for exposure time, transmission and the background
scattering arising from an empty capillary. The enantiomeric excess
of 1-phenylpropanol was determined by chiral HPLC using a
Waters 515 HPLC pump with a Waters 2487 UV detector and a
Daicel Chiralcel OD column using a hexane/2-propanol mixture as
eluent. All reagents were obtained from commercial sources and
used without purification. In experiments requiring dry solvents,
THF, toluene and diethyl ether were distilled from sodium/benzo-
phenone, DMF was distilled from CaH2, dichloromethane was dis-
tilled from P2O5 and alcohols were distilled from Mg. C-(7,7-Di-
methyl-2-oxobicyclo[2.2.1]heptan-1-yl)-N-(3-imidazol-1-ylpropyl)-
methanesulfonamide (2) was synthesised as described before.[15]

Synthesis of the Trialkoxysilylated Precursors

1-(7,7-Dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)-N-[3-(triethoxysilyl)-
propyl]methanesulfonamide (1): (+)-Camphor-10-sulfonyl chloride
(1 g, 4 mmol), (3-aminopropyl)triethoxysilane (0.9 g, 4 mmol) and
triethylamine (0.45 g, 4.5 mmol) were stirred in dichloromethane
(10 mL) at room temperature for 6 h. After completion, dichloro-
methane was evaporated and the resulting residue was extracted
with diethyl ether. After evaporation of the solvent, the product
was obtained as a colourless oil. Yield: 1.66 g (95%). 1H NMR
(CDCl3): δ = 0.68 (m, 2 H), 0.92, 1.04 (2 s, 6 H, 2×CH3), 1.23 (t,
J = 7.1 Hz, 9 H), 1.4–1.5 (m, 1 H), 1.72 (m, 2 H), 1.85–2.45 (m, 6
H), 2.91 (d, J = 14.6 Hz, 1 H), 3.17 (m, 2 H), 3.41 (d, J = 14.6 Hz,
1 H), 3.83 (q, J = 7.1 Hz, 6 H), 5.42 (broad t, 1 H) ppm. 13C NMR
(CDCl3): δ = 7.9, 18.6, 19.9, 20.2, 24.0, 26.7, 27.4, 43.1, 43.2, 46.4,
48.9, 49.6, 58.8, 59.4, 216.9 ppm. FT-IR (film): ν̃ = 3288 cm–1,
2973, 2888, 1746, 1330, 1147, 1079. HRMS [FAB+]: calcd. for
C19H38NO6SSi [M + H]+ 436.2189; found 436.2193.

1-[3-(2-Hydroxy-7,7-dimethylbicyclo[2.2.1]hept-1-ylmethylsulfonyl-
amino)propyl]-3-(3-triethoxysilyl)propyl-1H-imidazol-1-ium Chlo-
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ride (3): Under argon, 1 g (2.94 mmol) of 2 was dissolved in toluene
(20 mL) and 3-chloropropyltriethoxysilane (0.71 g, 2.94 mmol) was
added whilst stirring. The reaction mixture was heated to 80 °C
during 48 h. After cooling to room temperature, the biphasic mix-
ture was washed with diethyl ether (3×30 mL). Finally, the ether-
insoluble layer was dried under reduced pressure. The product was
obtained as a highly viscous yellow liquid. Yield: 1.60 g (94%). 1H
NMR (CDCl3): δ = 0.54 (m, 2 H), 0.84, 0.97 (2 s, 6 H, 2×CH3),
1.15 (t, 9 = H, J = 7.2 Hz), 1.38 (m, CH), 1.8–2.1 (m, 6 H, 3×CH2),
2.29 (m, 4 H, 2×CH2), 2.85 (d, J = 15 Hz, 1 H), 3.11 (m, 2 H,
CH2), 3.33 (d, J = 15 Hz, 1 H), 3.72 (q, J = 7.2 Hz, 6 H), 4.17 (t,
J = 6.6 Hz, 2 H, NCH2), 4.40 (t, J = 6.8 Hz, 2 H), 6.40 (t, J =
6.4 Hz, 1 H, NH), 7.68 (s, 2 H), 9.65 (s, 1 H) ppm. 13C NMR
(CDCl3): δ = 7.6, 14.4, 18.7, 20.0, 20.3, 20.7, 24.5, 26.1, 27.4, 30.7,
34.5, 40.2, 43.2, 47.6, 48.3, 52.4, 59.0, 122.3, 123.4, 137.0,
216.5 ppm. HRMS [FAB+]: calcd. for C25H46N3O6SSi [M]+

544.2877; found 544.2859 (cation).

Synthesis of the Materials: Whilst stirring, the trialkoxysilylated
precursor 1 or 3 was added to a solution of cetylpyridinium chlo-
ride in aqueous ammonia. The resulting mixture was vigorously
stirred for 20 min at 30 °C. After this time, TEOS was added to the
reaction mixture dropwise. The molar composition of the hydroly-
sis-polycondensation mixture was as follows: TEOS/1(3)/water/am-
monia/hexadecylpyridinium chloride = 0.9:0.1:114:8:0.12. The re-
sulting mixtures were heated to 80 °C for 48 h. The surfactant was
removed by repeated washing with acidic ethanol and the materials
were finally dried at 110 °C for 24 h.

Material I: 29Si CP MAS NMR: δ = –65.8, –101.5, –109.6 ppm.
13C CP MAS NMR: δ = 7.9, 18.1, 21.7–25.1, 42.6, 47.9, 58.7,
217.1 ppm. BET surface area: 832 m2 g–1. FT-IR (KBr pellet): ν̃ =
2969 cm–1, 1640, 1224, 1067. Elemental analysis: C 15.83, H 2.87,
N 1.56, S 2.73, Si 31.88.

Material II: 29Si CP MAS NMR: δ = –66.3, –101.0, –110.0 ppm.
13C CP MAS NMR: δ = 7.9, 21.9, 25.0, 42.9, 49.7, 58.3, 124.2,
133.7, 216.5 ppm. BET surface area: 759 m2 g–1. FT-IR (KBr pel-
let): ν̃ = 3452 cm–1, 2973, 1738, 1636, 1225, 1146, 1071. Elemental
analysis: C 18.23, H 3.20, N 3.26, S 2.50, Si 27.27.

Material III: The organosilica II (1.00 g) was suspended in meth-
anol (10 mL) and cooled to 0 °C. Sodium borohydride (50 mg) was
then added and the resulting mixture was stirred at this tempera-
ture for 2 h. The suspension was then filtered. The resulting residue
was extracted in a Soxhlet apparatus with acidified ethanol for 72 h
and finally dried at 110 °C for 24 h. Yield: 960 mg. 29Si CP MAS
NMR: δ = –66.1, –100.0, –109.1 ppm. 13C CP MAS NMR: δ =
8.0, 19.0, 29.6, 45.5, 48.6, 49.8, 124.0, 134.0. BET surface area:
82 m2 g–1. FT-IR (KBr pellet): ν̃ = 3458 cm–1, 2961, 1645, 1225,
1065. Elemental analysis: C 17.84, H 3.31, N 3.20, S 2.66, Si 26.73.

General Procedure for the Addition of Diethylzinc to Benzaldehyde:
The functional organosilica was placed in a Schlenk tube and dried
under vacuum at 100 °C dfor 1 h. After cooling to room tempera-
ture, dichloromethane (10 mL) and Ti(iOPr)4 (313 mg, 1.1 mmol)
were added to the solid. The resulting suspension was stirred at
room temperature for 1 h. After this time, diethylzinc (1.2 mL of a
1  solution in hexanes) was added and the mixture was stirred for
another 15 min. Finally, after the addition of benzaldehyde
(100 µL, 1 mmol), the suspension was stirred for 18 h at room tem-
perature. The reaction mixture was then filtered and the residue
was washed with dichloromethane. 1 mL of ethanol was added to
the filtrate, which was completely hydrolysed by the addition of
15 mL of hydrochloric acid (1 ). Extraction of the solution with
dichloromethane, drying and evaporation afforded the reaction
products, which were analysed in order to determine the conversion
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and the enantiomeric excess. The recovered organosilica was dried
at 100 °C under reduced pressure.
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A series of heteroleptic and homoleptic bis(phthalocyanin-
ato) lanthanide(III) complexes, namely M(Pc)[Pc(OPh)8],
M[Pc(OPh)8]2, Eu(Pc)[Pc(SPh)8], and Eu[Pc(SPh)8]2 [M = Eu,
Ho, Lu; Pc = unsubstituted phthalocyaninate; Pc(OPh)8 =
2,3,9,10,16,17,23,24-octaphenoxyphthalocyaninate; Pc(SPh)8

= 2,3,9,10,16,17,23,24-octathiophenoxyphthalocyaninate]
(1–8) have been prepared. The molecular structure of Eu-
[Pc(OPh)8]2 (4) has been determined by single-crystal X-ray
diffraction analysis. All of the new sandwich compounds
have been characterized with various spectroscopic methods.
Their electrochemical characteristics show that the introduc-

Introduction
It is well established that bis(phthalocyaninato) metal

complexes can serve as molecular materials for electronic
devices such as semiconductors, visual displays, and field-
effect transistors because of their intriguing electrical and
optical properties.[1–3] As the bulk characteristics of molecu-
lar materials are closely related to the properties of individ-
ual molecules, various modifications have been made on
these sandwich compounds with the goal to improve their
performance as advanced materials. To facilitate the solu-
tion processing fabrication and formation of various me-
sophases and supramolecular structures, long alkyl chains,
oxyethylene chains, or crown-ether units are usually added
onto the peripheral or non-peripheral positions of the
macrocyclic ligands.[1–3] However, to the best of our knowl-
edge, there has been no report on double-decker complexes
that contain phthalocyanine ligands substituted with eight
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tion of phenoxy or thiophenoxy groups onto the peripheral
positions of the phthalocyaninato ligand makes the double-
decker harder to oxidize and easier to reduce than the analo-
gous compounds without the (thio)phenoxy group. Theoreti-
cal calculations, with the semi-empirical PM3 method, indi-
cate that the change in the energy level of the frontier orbit-
als of these ligands induced by the electron-withdrawing
substituents is responsible for these unusual electrochemical
properties.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bulky phenoxy groups at either the peripheral or non-pe-
ripheral positions. In this paper, we describe the synthesis,
structure, spectroscopic, and electrochemical properties of
a new series of eight homoleptic and heteroleptic lantha-
nide(III) complexes with octa-β-phenoxy or thiophenoxy
phthalocyaninato ligands. Schematic structures of these
compounds are shown in Figure 1.

It is worth noting that the electronic nature of the phen-
oxy and thiophenoxy groups has been a point of debate.
They are usually regarded as an electron-donating group
because of their similarity to the alkoxy or thioalkoxy
groups,[4] but they can also act as an electron-withdrawing
group depending on the nature of the group connected to
these substituents.[5] In the present case, electrochemical
studies showed that the introduction of eight phenoxy or
thiophenoxy groups on the peripheral positions of the
phthalocyaninato ligands slightly hinders the oxidation and
facilitates the reduction of the resulting double-decker com-
plexes. Similar results have also been previously observed
for the metal-free 2(3),9(10),16(17),23(24)-tetraphen-
oxyphthalocyanine and 2,3,9,10,16,17,23,24-octaphenoxy-
phthalocyanine.[6] The results also revealed the electron-
withdrawing nature of these substituents in the double-
decker complexes. This was in agreement with the calcula-
tions on the frontier molecular orbitals of the metal-free
phthalocyaninato ligands H2Pc, H2Pc(OPh)8, and
H2Pc(SPh)8.
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Figure 1. Schematic structures of bis(phthalocyaninato) lantha-
nide(III) complexes.

Results and Discussion

Synthesis

A substantial number of bis(phthalocyaninato)rare earth
complexes have been synthesized and characterized.[1–3] A
classical method for the preparation of homoleptic sand-
wich compounds involves the self-cyclic tetramerization of
phthalonitriles in the presence of metal salts, whereas the
heteroleptic analogues are usually prepared by the treat-
ment of a rare earth acetate with two different lithium
phthalocyaninates.[7–9] To facilitate the preparation and pu-
rification, in the present work, heteroleptic double-deckers
M(Pc)[Pc(OPh)8] (M = Eu, Ho, Lu) (1–3) and

Table 1. Analytical and mass spectroscopic data for double-decker complexes 1–8.[a]

Compound M+ [m/z][b] Analysis [%]
C H N

Eu(Pc)[Pc(OPh)8] (1) 1913.5 (1913.4) 69.79 (70.28) 3.32 (3.38) 11.72 (11.71)
Ho(Pc)[Pc(OPh)]8 (2) 1927.9 (1926.8) 69.51 (69.29) 3.50 (3.50) 11.52 (11.44)[c]

Lu(Pc)[Pc(OPh)8] (3) 1937.8 (1936.8) 67.45 (67.68) 3.46 (3.26) 11.25 (11.23)[c]

Eu[Pc(OPh)8]2 (4) 2651.7 (2651.6) 71.95 (72.49) 3.77 (3.66) 8.36 (8.47)
Ho[Pc(OPh)8]2 (5) 2664.2 (2663.5) 70.52 (70.79) 3.71 (3.57) 8.27 (8.23)[c]

Lu[Pc(OPh)8]2 (6) 2674.2 (2673.6) 71.87 (71.88) 3.76 (3.62) 8.48 (8.38)[c]

Eu(Pc)[Pc(SPh)8] (7) 2042.3 (2042.3) 64.96 (65.06) 3.27 (3.13) 11.05(10.82)[c]

Eu[Pc(SPh)8]2 (8) 2907.4 (2907.6) 65.03 (64.97) 3.48 (3.28) 7.76 (7.55)

[a] Calculated values given in parentheses. [b] By MALDI-TOF mass spectrometry. The value corresponds to the most abundant isotopic
peak of the molecular ion (M+). [c] For 2·CH3OH, 3·1/2CHCl3, 5·1/2CHCl3, 7·1/4CHCl3, and 8·1/2CHCl3.
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Eu(Pc)[Pc(SPh)8] (7) were obtained by cyclic tetrameri-
zation of the corresponding disubstituted phthalonitriles
with the half-sandwich compounds M(Pc)(acac) as the tem-
plate in refluxing n-pentanol in the presence of 1,8-diazabi-
cyclo[5.4.0]undec-7-ene (DBU).[10] It is worth mentioning
that half-sandwich phthalocyaninato rare earth complexes
M(Pc)(acac) were usually prepared by the reaction of
M(acac)3·nH2O with Li2Pc.[1b,1c] We found that M(Pc)-
(acac) could be easily synthesized and isolated by the treat-
ment of M(acac)3·nH2O with phthalonitrile and DBU in n-
pentanol at 100 °C for a short period of time (1.5 h). This
method could also be applied to substituted phthalonitriles
for the preparation of M[Pc(OPh)8](acac) and Eu[Pc-
(SPh)8](acac) complexes.

For the purpose of comparative studies, homoleptic ana-
logues M[Pc(OPh)8]2 (M = Eu, Ho, Lu) (4–6) and
Eu[Pc(SPh)8]2 (8) were also synthesized by the general cyclic
tetramerization method.

Spectroscopic Characterization

Satisfactory elemental analyses (Table 1) were obtained
for both the heteroleptic and homoleptic double-decker
complexes 1–8, which had been repeatedly purified by col-
umn chromatography and recrystallization. These new
sandwich compounds were also characterized with a range
of spectroscopic methods. The MALDI-TOF mass spectra
of 1–8 showed an intense cluster corresponding to the mo-
lecular ion (M+); these data are also given in Table 1.

The electronic absorption data of this series of com-
pounds were measured in CHCl3 and are compiled in
Table 2. Typical electronic absorption spectra of heterolep-
tic and homoleptic bis(phthalocyaninato)rare earth(III)
complexes were observed for these newly prepared com-
pounds, and the bands could therefore be assigned in a sim-
ilar manner. Figure 2 displays the electronic absorption
spectra of Eu(Pc)[Pc(OPh)8] (1) and Eu[Pc(OPh)8]2 (4) as
typical examples of the heteroleptic and homoleptic series,
together with that of the unsubstituted Eu(Pc)2. Compared
with the unsubstituted analogues, almost all of the absorp-
tions of M(Pc)[Pc(OPh)8] (1–3) and Eu(Pc)[Pc(SPh)8] (7)
were redshifted when one Pc ring was replaced by the sub-
stituted ligand Pc(OPh)8 or Pc(SPh)8. Further redshifts
were observed in the electronic absorption spectra of
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Table 2. Electronic absorption data for double-decker complexes 1–8 in CHCl3.

Compound λmax [nm] (log ε)

Eu(Pc)[Pc(OPh)8] (1) 326 (5.15) 350 (5.02) 485 (4.54) 609 (4.63) 676 (5.27) 909 (3.70) 1399 (3.94) 1612 (4.18)
Ho(Pc)[Pc(OPh)]8 (2) 323(5.11) 349(4.99) 472(4.50) 604(4.59) 669(5.31) 917(3.76) 1410(4.18) 1609(3.93)
Lu(Pc)[Pc(OPh)8] (3) 321(5.11) 347(5.02) 466(4.52) 600(4.57) 665(5.34) 913(3.85) 1410(4.19) 1526(3.82)
Eu[Pc(OPh)8]2 (4) 331 (5.20) 365 (5.17) 500 (4.58) 614 (4.76) 681 (5.34) 909 (3.79) – 1654 (4.05)
Ho[Pc(OPh)8]2 (5) 328(5.13) 362(5.14) 492(4.53) 608(4.68) 674(5.33) 917(3.81) 1410(4.28) 1617(4.07)
Lu[Pc(OPh)8]2 (6) 326(5.15) 361(5.18) 484(4.58) 605(4.69) 670(5.39) 911(3.92) 1410(4.28) 1526(4.01)
Eu(Pc)[Pc(SPh)8] (7) 327(5.08) – 452(4.54) 624(4.68) 694(5.25) 924(3.62) 1658(4.11) 1858(3.87)
Eu[Pc(SPh)8]2 (8) 311(5.12) 341(5.09) 450(4.72) 646(4.88) 715(5.23) 949(3.71) 1847(5.00) 2030(4.12)

M[Pc(OPh)8]2 (4–6) and Eu[Pc(SPh)8]2 (8) as a result of the
replacement of the second Pc ring by Pc(OPh)8 or Pc-
(SPh)8 (Table 2). It is worth noting that in comparison with
those of the alkoxy-substituted bis(phthalocyaninato)euro-
pium counterparts, namely Eu(Pc)[Pc(OC5H11)8][10a] and
Eu[Pc(OC5H11)8]2,[10d] a significant redshift takes place in
the main absorption band in the near IR range of the thi-
ophenoxy-substituted double-decker compounds 7 and 8.
In contrast, an insignificant shift was observed for the same
band of phenoxy-substituted double-decker compounds 2
and 3.

Figure 2. UV/Vis spectra of Eu(Pc)2, Eu(Pc)[Pc(OPh)8] (1), and
Eu[Pc(OPh)8]2 (4) in CHCl3.

IR spectroscopy is a very useful tool for the characteriza-
tion of the phthalocyaninato ligand in sandwich tetrapyr-
role complexes.[11] The IR spectra of 1–8 shows a medium-
to-strong band in the range of 1317–1326 cm–1, as observed
for M(Pc)2 (M = Eu, Ho, Lu), which is a diagnostic marker
band for the phthalocyanine π-radical anions Pc·–,
[Pc(OPh)8]·–, and [Pc(SPh)8]·–.

Upon the addition of hydrazine hydrate as a reducing
agent,[12,13] well-resolved 1H NMR spectra were obtained
for the reduced form of bis(phthalocyaninato)lantha-
nide(III) complexes 1–8, in which both the macrocyclic li-
gands become diamagnetic dianions. Figure 3 shows the 1H
NMR spectrum of the reduced form of 7. For this hetero-
leptic compound, the non-peripheral and peripheral pro-
tons of the unsubstituted phthalocyaninato ligand resonate
at δ = 11.08 and 9.09 ppm, respectively, as two relatively
broad signals, whereas the non-peripheral protons of the
substituted phthalocyanine ring resonate as a singlet at δ
= 10.79 ppm. Three well-resolved signals at δ = 8.79–8.82
(doublet), 8.29–8.34 (triplet), and 8.07–8.12 (triplet) ppm in
the ratio of 2:2:1 are shown for the thiophenoxy ortho,
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meta, and para protons, respectively. The observation of
only one group of signals for the pairs of ortho and meta
protons of the thiophenoxy group suggests that the thi-
ophenoxy group is relatively free to rotate along the Cipso–S
bond in the double-decker complex under these conditions.
Similar results were observed for phenoxy analogues 1–6.
This is in contrast to the restricted rotation of the aryl
groups of meso-tetraarylporphyrinato ligands in double-
decker complexes M(Por)(Ring) [Por = meso-tetrakis(4-
chlorophenyl)porphyrinate (TClPP), meso-tetrakis(4-tert-
butylphenyl)porphyrinate (TBPP); Ring = general phthalo-
cyaninate (Pc�), general naphthalocyaninate (Nc�)].[12,14,15]

This could be due to the lower steric hindrance of the ad-
ditional O/S atom.

Figure 3. 1H NMR spectrum of the reduced form of
Eu(Pc)[Pc(SPh)8] (7) in CDCl3/[D6]DMSO (1:1) which contains ca.
1% hydrazine hydrate; * indicates residual CHCl3.
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Structural Studies

Single crystals of Eu[Pc(OPh)8]2 (4) for X-ray diffraction
analysis were obtained by the slow diffusion of MeOH into
a THF solution of this compound. Unfortunately, the qual-
ity of the crystals was not high enough to obtain a suitable
X-ray structure. Even when the data were collected at
–150 °C, the R1 value (0.1854) was still relatively high. This
might be related to the disorder of the phenoxy groups. Ac-
cording to this set of data, the compound crystallizes in the
orthorhombic system with eight double-decker molecules
per unit cell. Figure S1 (Supporting Information) shows the
molecular structure of 4 from two different perspectives.
The europium center is octa-coordinated by the isoindole
nitrogen atoms of the two octaphenoxyphthalocyaninato li-
gands with an average Eu–N bond length of 2.439 Å, and
forms a square antiprism. The two N4 mean planes are vir-
tually parallel (dihedral angle = 0.4°) with a plane-to-plane
separation of 2.851 Å with the europium atom lying in the
center between the two ligands. In a similar structure to
that of other bis(tetrapyrrole)rare earth double-decker com-
plexes, such as Ce(Pc)(TPyP),[12] the two ligands are not
planar and display a saucer shape. The extent of ligand de-
formation, as defined by the average dihedral angle φ of the
individual isoindole rings with respect to the corresponding
N4 mean plane, is 7.2°. The twist angle, which is defined
as the rotation angle of one ring away from the eclipsed
conformation of the two rings, is close to 45° for this com-
plex; this shows that the two ligands are almost fully stag-
gered. This staggered orientation probably acts to minimize
the nonbonding interactions between the two substituted
phthalocyanines.

Electrochemical Properties

The electrochemical behavior of compounds 1–8 was ex-
amined by cyclic voltammetry (CV) and by differential
pulse voltammetry (DPV), and the results are summarized
in Table 3. For comparison, the data for the unsubstituted
analogue Eu(Pc)2 were also listed.[16] For all these com-
plexes, one to two quasi reversible one-electron oxidation(s)
and four to five quasi reversible one-electron reductions
were revealed. The first oxidation and the first reduction
processes involve the removal of an electron from and the
addition of an electron to the singly occupied molecular

Table 3. Halfwave redox potentials for double-decker complexes 1–8 in CH2Cl2 which contains 0.1  [NBu4][ClO4].

O2 O1 R1 R2 R3 R4 R5 ∆E°1/2
[b]

Eu(Pc)[Pc(OPh)8] (1) +1.61 +0.63 +0.20 –1.00 –1.31 –1.67 – 0.43
Ho(Pc)[Pc(OPh)]8 (2) – +0.56 +0.12 –1.02 –1.32 –1.62 –1.83[c] 0.44
Lu(Pc)[Pc(OPh)8] (3) +1.69 +0.52 +0.07 –1.04 –1.36 –1.72 – 0.45
Eu[Pc(OPh)8]2 (4) +1.59 +0.70 +0.26 –0.96 –1.24 –1.63 – 0.44
Ho[Pc(OPh)8]2 (5) +1.60 +0.61 +0.16 –0.98 –1.28 –1.66 – 0.45
Lu[Pc(OPh)8]2 (6) +1.62 +0.58 +0.13 –0.99 –1.29 –1.73 – 0.45
Eu(Pc)2

[a] +1.59 +0.55 +0.12 –1.06 –1.29 –1.54[c] –1.70[c] 0.43
Eu(Pc)[Pc(SPh)8] (7) +1.57 +0.64 +0.22 –0.90 –1.25 –1.57 –1.77[c] 0.42
Eu[Pc(SPh)8]2 (8) +1.52 +0.67 +0.30 –0.84 –1.08 –1.48[c] –1.79[c] 0.37

[a] Data taken from ref.[16]. [b] ∆E°1/2 is the potential difference between the first oxidation and the first reduction processes. [c] Recorded
by DPV.
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orbital, respectively. Comparison of the first oxidation po-
tentials and the first reduction potentials among the set
M(Pc)2, M(Pc)[Pc(OPh)8], and M[Pc(OPh)8]2, and among
the set Eu(Pc)2, Eu(Pc)[Pc(SPh)8], and Eu[Pc(SPh)8]2, re-
veals that the incorporation of the eight phenoxy or thi-
ophenoxy groups on the phthalocyanine ring makes the
compounds slightly harder to oxidize and easier to reduce
than the analogous compounds without the (thio)phenoxy
group. These results are in contrast to those found for alk-
oxy- or alkyl-substituted phthalocyanines, which clearly re-
veal the electron-withdrawing nature of these phenoxy and
thiophenoxy substituents on the phthalocyaninato li-
gand.[16]

According to our calculations on the frontier molecular
orbitals, with the semi-empirical PM3 method, the intro-
duction of eight phenoxy or thiophenoxy groups on the pe-
ripheral positions of the phthalocyaninato ligand results in
a decrease in the energy of the HOMO of the macrocycle
ligand (Figure 4). As a result, these substituents at the pe-
ripheral positions of the phthalocyaninato ligand act
mainly as electron-withdrawing groups and make this
macrocyclic ligand harder to oxidize and easier to reduce.

On the basis of previous discussions, the interactions be-
tween the two rings of the monomer cause a splitting of
their π-HOMO and π-LUMO, which results in a decrease
in the energy of the HOMO and LUMO of the bis(phthalo-
cyaninato)europium double-decker complexes.[16,17] This is
supported by the experimental results. As shown in Table 3,
the halfwave potentials for the first oxidation and reduction
potentials (Oxd1 and Red1), which involve the HOMO of
the double-decker complexes, are shifted in the more posi-
tive direction along with the increase in the number of
Pc(OPh)8 or Pc(SPh)8 ligands from M(Pc)2, M(Pc)[Pc-
(OPh)8], to M[Pc(OPh)8]2 or from Eu(Pc)2, Eu(Pc)[Pc-
(SPh)8], to Eu[Pc(SPh)8]2, whereas the potentials for the
second and third reductions, Red2 and Red3, which now
involve the LUMO of these compounds, are also shifted in
the positive direction in the same order.

The effect of the size of the rare earth metal is demon-
strated, again, by the fact that the halfwave potentials for
the first oxidation and for the first reduction of
M(Pc)[Pc(OPh)8] and M[Pc(OPh)8]2 are slightly shifted in
the negative direction as the radius of the rare earth metal
decreases in the order Eu, Ho, Lu (Table 3).[16]
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Figure 4. Partial energy diagram of H2Pc, H2Pc(OPh)8, and
H2Pc(SPh)8 obtained from theoretical calculations with the PM3
method.

Conclusions

A series of lanthanide(III) double-decker complexes with
the octaphenoxy- or octathiophenoxyphthalocyaninato li-
gand were synthesized and characterized. Their solution
structures were investigated by 1H NMR spectroscopy,
which indicated that the phenoxy and thiophenoxy substit-
uents are relatively free to rotate along the Cipso–O or Cipso–
S bonds. Their electrochemical characteristics revealed that
these substituents are electron-withdrawing when connected
to the peripheral positions of the phthalocyanine ring. This
conclusion was supported by the theoretical calculations on
the energy levels of the frontier molecular orbitals of the
corresponding phthalocyaninato ligands.

Experimental Section
General: Hexanes and n-pentanol were distilled from anhydrous
CaCl2 and sodium, respectively. Phthalonitriles and the electrolyte
[Bu4N][ClO4] were recrystallized from toluene and acetone, respec-
tively. Dichloromethane for voltammetric studies was freshly dis-
tilled from CaH2 under a nitrogen atmosphere. Column chromatog-
raphy was carried out on silica gel (Merck, Kieselgel 60, 70–230
mesh) with the indicated eluents. All other reagents and solvents
were of reagent grade and used as received. The compounds
M(acac)3·nH2O,[18] 4,5-bis(phenoxy)phthalonitrile,[19] and 4,5-bis-
(thiophenoxy)phthalonitrile[19] were prepared according to the lit-
erature methods.

The UV/Vis and near-IR spectra were obtained with a Hitachi U-
4100 spectrophotometer. IR spectra (KBr pellets) were recorded
with a BIORAD FTS-165 spectrometer. MALDI-TOF mass spec-

Eur. J. Inorg. Chem. 2006, 3703–3709 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3707

tra were recorded with a Bruker APEX47e ultra-high resolution
Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer with α-cyano-4-hydroxycinnamic acid as the matrix. Ele-
mental analyses were performed by the Institute of Chemistry, Chi-
nese Academy of Sciences. 1H NMR spectra were measured with
a Bruker DPX 300 spectrometer in CDCl3/[D6]DMSO (1:1) in the
presence of ca. 1% (by volume) hydrazine hydrate. Spectra were
referenced internally with residual DMSO (δ = 2.49 ppm).

Electrochemical measurements were carried out with a BAS CV-
50W voltammetric analyzer. The cell comprised inlets for a glassy
carbon disk working electrode of 2.0 mm in diameter and a silver-
wire counter electrode. The reference electrode was Ag/Ag+, which
was connected to the solution by a Luggin capillary whose tip was
placed close to the working electrode. The electrode was corrected
for junction potentials by being referenced internally to the ferro-
cenium/ferrocene (Fe+/Fe) couple [E1/2 (Fe+/Fe) = 501 mV vs.
SCE]. Typically, a 0.1 moldm–3 solution of [Bu4N][ClO4] in CH2Cl2
containing 0.5 mmoldm–3 of sample was purged with nitrogen for
10 min, the voltammograms were then recorded at ambient tem-
perature. The scan rates were 20 and 10 mVs–1 for CV and DPV,
respectively.

The frontier molecular orbital energy calculations for unsubstituted
and substituted phthalocyanines were carried out with the semi-
empirical PM3 method.[20] The input structures of H2[Pc(OPh)8]
and H2[Pc(SPh)8] were derived from the optimized geometry of
metal free H2Pc.[21] All calculations were carried out with the
Gaussian98W program.[22]

X-ray Crystallography: Crystal data and details of data collection
and structure refinement for 3 are given in Table S1 (Supporting
Information). Data were collected with a Bruker SMART CCD
diffractometer with an Mo-Kα sealed tube (λ = 0.71073 Å) at
–150 °C, with a ω scan mode and an increment of 0.3°. Preliminary
unit cell parameters were obtained from 300 frames. Final unit cell
parameters were derived by global refinements of reflections ob-
tained from the integration of all the frame data. The collected
frames were integrated with the preliminary cell-orientation matrix.
The SMART software was used for collecting frames of data, in-
dexing reflections and determination of lattice constants; SAINT-
PLUS for integration of intensity of reflections and scaling;[23]

SADABS for absorption correction;[24] and SHELXL for space
group and structure determination, refinements, graphics and
structure reporting.[25] All the H atoms in these compounds were
obtained geometrically. These H atoms were included in the subse-
quent least-squares refinement as fixed contributors. The final re-
finement with anisotropic temperature factors for non-H atoms led
to R = 0.1854 for compound 4.

General Procedure for the Preparation of Heteroleptic
M(Pc)[Pc(OPh)8] (1–3) and Eu(Pc)[Pc(SPh)8] (7): A mixture of
M(acac)3·nH2O (93 mg, 0.20 mmol), phthalonitrile (102 mg,
0.80 mmol), and DBU (20 mg, 0.13 mmol) in n-pentanol (3 mL)
was heated at 100 °C for 1.5 h under a slow stream of nitrogen to
yield the half-sandwich compound M(Pc)(acac). The resulting blue
solution was cooled to room temperature. The crude product was
precipitated by the addition of hexanes into the solution and puri-
fied by chromatography with CHCl3/MeOH (1:1) as the eluent
(94 mg, 48%). The obtained product, M(Pc)(acac) (76 mg,
0.10 mmol), was mixed with DBU (20 mg, 0.13 mmol) and 4,5-bis-
(phenoxy)phthalonitrile (124 mg, 0.40 mmol) or 4,5-bis(thio-
phenoxy)phthalonitrile (137 mg, 0.40 mmol) in n-pentanol (3 mL),
and the resulting mixture was heated at reflux for 8 h. The volatiles
were removed under reduced pressure to afford a dark green resi-
due which was chromatographed with CHCl3/MeOH (9:1) as the
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eluent. A small amount of metal-free phthalocyanine H2Pc(OPh)8

or H2Pc(SPh)8 was collected first, and then the heteroleptic product
M(Pc)[Pc(OPh)8] or Eu(Pc)[Pc(SPh)8] was developed. Repeated
chromatography followed by recrystallization from CHCl3 and
MeOH afforded pure M(Pc)[Pc(OPh)8] (1–3) or Eu(Pc)[Pc(SPh)8]
(7) as a darkish-blue powder with a yield of ca. 30%. It is note-
worthy that these heteroleptic double-decker complexes could also
be prepared from the reaction of M[Pc(OPh)8](acac) or M[Pc-
(SPh)8](acac) with phthalonitrile by the same procedure.

Eu(Pc)[Pc(OPh)8] (1): 56 mg, 28%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 11.22–11.28 (m, 8 H, Pc-H), 10.67 (s, 8 H, Pc*-
H), 9.00–9.06 (m, 8 H, Pc-H), 8.46 (d, J = 7.8 Hz, 16 H, Ph-Ho),
8.22 (t, J = 7.8 Hz, 16 H, Ph-Hm), 7.80 (t, J = 7.8 Hz, 18 H, Ph-
Hp) ppm.

Ho(Pc)[Pc(OPh)8] (2): 53 mg, 26%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 4.17 (s, 18 H, Ph-Hp), 3.85 (s, 16 H, Ph-Hm), 0.34
(s, 16 H, Ph-Ho), –1.71 (br. s, 8 H, Pc-H), –8.98 (br. s, 8 H, Pc-H
or Pc*-H), –10.26 (br. s, 8 H, Pc-H or Pc*-H) ppm.

Lu(Pc)[Pc(OPh)8] (3): 61 mg, 29%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 9.02 (s, 8 H, Pc-H), 8.39 (s, 8 H, Pc*-H), 8.06 (s,
8 H, Pc-H), 7.74 (s, 16 H, Ph-Ho), 7.55 (s, 16 H, Ph-Hm), 7.43 (s,
18 H, Ph-Hp) ppm.

Eu(Pc)[Pc(SPh)8] (7): 64 mg, 30%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 11.08 (s, 8 H, Pc-H), 10.76 (s, 8 H, Pc*-H), 9.08
(s, 8 H, Pc-H), 8.82 (d, J = 7.8 Hz, 16 H, Ph-Ho), 8.29 (t, J =
7.6 Hz, 16 H, Ph-Hm), 8.12 (t, J = 7.5 Hz, 18 H, Ph-Hp) ppm.

General Procedure for the Preparation of Homoleptic M[Pc(OPh)8]2
(4–6) and Eu[Pc(SPh)8]2 (8): A mixture of M(acac)3·nH2O (47 mg,
0.10 mmol), 4,5-bis(phenoxy)phthalonitrile (248 mg, 0.80 mmol) or
4,5-bis(thiophenoxy)phthalonitrile (274 mg, 0.80 mmol), and DBU
(20 mg, 0.13 mmol) in n-pentanol (3 mL) was heated at reflux for
8 h under a slow stream of nitrogen. The volatiles were removed
under reduced pressure to give a dark green residue, which was
chromatographed with CHCl3 as the eluent. Repeated chromatog-
raphy followed by recrystallization from CHCl3 and MeOH af-
forded M[Pc(OPh)8]2 (4–6) or Eu[Pc(SPh)8]2 (8) as darkish-blue
crystals with the yield of ca. 40%.

Eu[Pc(OPh)8]2 (4): 127 mg,43%. 1H NMR (300 MHz, CDCl3/[D6]-
DMSO): δ = 10.79 (s, 16 H, Pc*-H), 8.00 (d, J = 7.8 Hz, 32 H, Ph-
Ho), 7.75 (t, J = 7.8 Hz, 32 H, Ph-Hm), 7.43 (t, J = 7.8 Hz, 16 H,
Ph-Hp) ppm.

Ho[Pc(OPh)8]2 (5): 119 mg, 40%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 4.65 (s, 16 H, Ph-Hp), 4.39 (s, 32 H, Ph-Hm), 1.04
(s, 32 H, Ph-Ho), –9.74 (s, 16 H, Pc*-H) ppm.

Lu[Pc(OPh)8]2 (6): 107 mg, 36%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 8.58 (s, 16 H, Pc*-H), 7.41 (t, J = 7.7 Hz, 32 H,
Ph-Ho), 7.19 (t, J = 8.5 Hz, 32 H, Ph-Hm), 7.13 (s, 16 H, Ph-Hp)
ppm.

Eu[Pc(SPh)8]2 (8): 135 mg, 42%. 1H NMR (300 MHz, CDCl3/
[D6]DMSO): δ = 10.47 (s, 16 H, Pc*-H), 8.24 (d, J = 7.8 Hz, 32 H,
Ph-Ho), 7.83 (t, J = 7.6 Hz, 32 H, Ph-Hm), 7.68 (t, J = 7.3 Hz, 16
H, Ph-Hp) ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Molecular structure of Eu[Pc(OPh)8]2 (4) from two different
perspectives for all non-hydrogen atoms and crystallographic data
for Eu[Pc(OPh)8]2 (4).
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The synthesis, crystal structures, spectroscopic and magnetic
properties studies of four trinuclear oxo-centered carboxylate
complexes are reported and discussed: [Cr3(µ3-O){O2C(OH)-
Ph2}6(H2O)3](NO3)·2H2O·3Me2CO (1·2H2O·3Me2CO), [Cr3-
(µ3-O)(O2CPh)6(H2O)3](NO3)·1.9MeCN·0.5H2O (2·1.9MeCN·
0.5H2O), [Fe3(µ3-O){O2C(OH)Ph2}6(H2O)3](NO3)·5.69H2O
(3·5.69H2O), and [Fe3(µ3-O)(O2CPh)6(H2O)3](NO3)·3MeCN
(4·3MeCN). From a crystallographic point of view, the three
metal ions form an isosceles triangle in 1 and 3 (benzilato
complexes) and an almost equilateral one in 2 and 4 (benzo-
ato complexes). Magnetic susceptibility measurements re-
veal metal-dependent isotropic exchange, for the CrIII clus-
ters (1, 2), with the “magnetic symmetry” resembling that of
an almost equilateral triangle. For the FeIII clusters the “mag-
netic symmetry” resembles that of an isosceles triangle. So-
lid-state 1H NMR studies for 1, through the measurements of
the temperature variation of the relaxation rate 1/T1, reveal

Introduction

One of the reasons for the extensive study of trinuclear
oxo-centered metal carboxylate assemblies (also known
as “basic carboxylates”) of the general formula
[MIII

3O(O2CR)6L3]+ (M = 3d metal ion, L = monodentate
terminal ligand) is that they serve as simple systems for the
study of magnetic and electronic interactions between tran-
sition-metal ions.[1–5] Additional interest originates from the
fact that they are used as precursors for the synthesis of
higher nuclearity clusters exhibiting interesting magnetic
properties.[6,7] Such clusters are also studied because they
serve as models for the building blocks of polynuclear cores
in proteins[8] and in the case of CrIII complexes, for their
biological activity.[9]

[a] Institute of Materials Science, N.C.S.R. “Demokritos”,
15310 Aghia Paraskevi, Athens, Greece
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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that the first excited spin state with ST = 3/2 is well above
(ca. 30 cm–1) the ground state with ST = 1/2, consistent with
the magnetic susceptibility data. Mössbauer spectroscopic
studies give a larger quadrupole splitting, ∆EQ, value for 3
than for 4, because of a larger charge asymmetry in 3 attrib-
uted to the different nature of the carboxylato ligands. EPR
experiments at X-band reveal the presence of antisymmetric
exchange within the CrIII clusters and distributions of both
isotropic and antisymmetric exchange interactions. In the
case of 2 the magnitude and distribution of these interactions
are greater. EPR spectroscopy for 3 suggests weak interac-
tions between neighboring units, which could be described
assuming a dimer of trimers. For complex 4 the EPR spectra
indicate a more complicated picture.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Magnetic susceptibility studies have been performed for
many “basic carboxylates”,[3] and at least in the 200–300 K
temperature range[1] they are well understood within the
framework of the Heisenberg–Dirac–van Vleck (HDvV)
isotropic spin Hamiltonian with antiferromagnetic interac-
tions. Kambe[1] has interpreted the magnetic susceptibility
data assuming that the exchange interactions within the tri-
angle were all equal (equilateral model) or that one was
different from the other two (isosceles model). The crystal
structure for many trinuclear complexes reveals an equi-
lateral configuration. Magnetostructural correlations sug-
gest that the equilateral geometry would be appropriate for
the description of the magnetic susceptibility data. How-
ever, even in highly symmetric cases the magnetic suscep-
tibility measurements require the adoption of the isosceles
configuration, in particular for the interpretation of the
low-temperature properties of these systems.

The equilateral magnetic model leads to an energy-level
diagram with a ground state consisting of two Kramers
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doublets. Lowering of the magnetic symmetry to the isosce-
les configuration indicated by the analysis of the magnetic
susceptibility measurements has the consequence that these
two doublets differ in energy. Experimental techniques such
as heat capacity measurements[10] or inelastic neutron scat-
tering[11,12] have confirmed the lift of the degeneracy of the
ground state in consistency with a lower than equilateral
geometry. In the case of FeIII complexes, Mössbauer spec-
troscopy at liquid helium temperatures and in the presence
of external magnetic fields has led to the same conclusions;
the spectra obtained could not be analyzed within the
framework of equilateral configuration. Instead, the spectra
were reproduced by assuming lower symmetry and in some
cases a scalene configuration was considered more appro-
priate.[13]

In order to interpret the lifting of the ground-state four-
fold degeneracy, a variety of models with different physical
origins has been suggested. An early model introduced the
concept of the magnetic Jahn–Teller effect, within which the
ground state of the system, occupied at low temperatures,
adopts an isosceles rather than an equilateral configura-
tion.[14] An isotropic model involving dynamic distortions
has been suggested[15] and the results are comparable to
those obtained from Kambe’s static isosceles model. Other
models are based on Hamiltonians that include non-Hei-
senberg terms and retaining, or not, the D3 symmetry of
the cluster. These are biquadratic,[16] anisotropic,[16] and
antisymmetric exchange.[2,4,5,17–23] Their appearance is gen-
erally associated with spin-orbit coupling and has been ad-
equately described.[20]

Compelling evidence for the role of antisymmetric ex-
change in trinuclear clusters has been provided by EPR
spectroscopy. Within the context of isotropic Heisenberg in-
teractions the S = 1/2 ground state would give rise to EPR
spectra characterized by the anisotropy of the intrinsic g-
tensors of the single ions. In the case of CrIII and FeIII com-
plexes this intrinsic anisotropy is small and spectra confined
in a narrow region at g � 1.9–2.0 are expected. However,
the observed spectra from many clusters exhibit significant
g-anisotropy, and resonances with g values significantly
smaller (geff � 1.7) than those expected are observed.[18,19]

Involvement of the antisymmetric exchange term has led to
a successful interpretation of this behavior. Similarly, unex-
pectedly large anisotropies attributed to antisymmetric ex-
change have been recently observed in trinuclear CuII com-
plexes[24] and are also frequently encountered in [3Fe4S]1+

clusters in proteins.[25]

In some cases analysis of the X-band EPR spectra sug-
gests that, apart from the role of antisymmetric exchange,
the role of distributions of the Heisenberg and non-Heisen-
berg exchange coupling parameters is also of special impor-
tance.[25–27] Such distributions have also been implied from
Mössbauer studies in the case of FeIII complexes.[13,25,28]

Inelastic neutron scattering studies with the spectral
characteristics at low temperature have been explained as-
suming that more than one triangular complex with dif-
ferent degrees of symmetry-lowering are present in the
structure.[12]
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In the present work, we study the effect of metal and
ligand variation (CrIII vs. FeIII and benzilates vs. benzoates)
on the structural and electronic (magnetic, spectroscopic)
characteristics of “basic metal carboxylates”. We present
the syntheses and studies of the basic benzilates and
benzoates [Cr3(µ3-O){O2C(OH)Ph2}6(H2O)3](NO3)·2H2O·
3Me2CO (1·2H2O·3Me2CO), [Cr3(µ3-O)(O2CPh)6(H2O)3]-
(NO3)·1.9MeCN·0.5H2O (2·1.9MeCN·0.5H2O), [Fe3(µ3-O)-
{O2C(OH)Ph2}6(H2O)3](NO3)·5.69H2O (3·5.69H2O), and
[Fe3(µ3-O)(O2CPh)6(H2O)3](NO3)·3MeCN (4·3MeCN). In
particular we present structural, magnetic and X-band EPR
data for 1–4, Mössbauer spectroscopic data for 3 and 4 and
solid-state NMR spectroscopic data for 1. This is a continu-
ation of our work on CrIII[26] and FeIII[27,29–31] complexes
exhibiting phenomena like spin frustration, antisymmetric
exchange, and J-strain, studied with spectroscopic tech-
niques such as EPR.

Results and Discussion

Syntheses

Most CrIII “basic carboxylate” complexes have in general
been prepared by complicated synthetic routes yielding in-
tractable solids or liquids.[3] FeIII “basic carboxylates” have
been prepared by reaction of a FeIII salt with the appropri-
ate sodium carboxylate in aqueous solutions, yielding
amorphous solids. In any case, pure crystalline products
could not be isolated without recrystallization from organic
solvents. Thus, we have reacted CrIII and FeIII salts with the
appropriate carboxylic acid or sodium salt directly in or-
ganic solvents and we have isolated the corresponding “ba-
sic carboxylates” in crystalline form following a straightfor-
ward and simple synthetic procedure.

The balanced chemical equations for the synthesis of the
“basic benzilates” (CrIII: 1, FeIII: 3) and the “basic benzo-
ates” (CrIII: 2, FeIII: 4) may be written in the forms of Equa-
tions (1) and (2) respectively. In every case it is assumed
that H2O from the starting materials and/or the solvent is
the source of the O2– ion.

A point of synthetic interest is that for the carboxylates
at hand, the use of the carboxylic acid (1/3) or the sodium
carboxylate (2/4) have both led to the desired complexes.
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Table 1. Selected bond lengths [Å] and angles [°] for 1–4.[a]

1 2 3 4

M–Ooxo 1.904(3)–1.907(3) 1.887(4)–1.899(4) 1.893(6)–1.935(6) 1.898(6)–1.908(7)
M–Ocarboxylato 1.959(3)–1.990(3) 1.947(4)–1.980(5) 1.991(6)–2.036(7) 1.977(8)–2.029(9)
M–OH2O 2.008(5)–2.024(5) 2.025(5)–2.067(6) 2.035(7)–2.133(6) 2.082(8)–2.112(7)
M···M 3.278(3)–3.314(3) 3.276(4)–3.290(4) 3.280(6)–3.333(6) 3.290(8)–3.298(8)
M–Ooxo–M 118.8(2)–120.9(2) 119.3(2)–120.8(2) 119.3(3)–121.1(3) 119.6(4)–120.5(4)

[a] M = Cr (1, 2), Fe (3, 4).

Description of the Structures

General Remarks

Compounds 1–4, as members of the large family of “ba-
sic carboxylates” containing a central planar [M3(µ3-O)]7+

core and the carboxylato ligands, lie above and below this
plane. The monodentate ligands are directed trans to the
Fe–Ooxo bonds. Their structural parameters are typical of
“basic carboxylates” and will not be analyzed in detail. In
the case of the benzilato complexes 1 and 3, the triangles
formed by the three metal ions are best described as isosce-
les, while in the benzoato complexes 2 and 4 the triangles
formed are equilateral (within a few standard deviations).
Selected bond lengths and angles for 1–4 are listed in
Table 1, and the molecular structure of 1 is selectively
shown in Figure 1. The most interesting feature in the struc-
tures of 1–4 is the presence of intermolecular interactions
and the formation of 2D networks, which will be discussed
in detail.

Figure 1. Partially labeled ORTEP plot of the cation of 1 with ellip-
soids drawn at the 40% probability level. Only the ipso carbon
atoms of the benzilato ligands are shown and hydrogen atoms have
been omitted for clarity.

Lattice Structure of 1·2H2O·3Me2CO

As shown in Figure 2, the cations of 1 are hydrogen-
bonded through their aquo ligands [Ow(1), Ow(2) and
Ow(3)] to the nitrate counterions and the solvate molecules
[Ow(4), Ow(5) and acetone solvates]. In particular, the
water solvate Ow(5) is the intermediate through which the
trimers are connected to each other through the hydrogen

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3710–37233712

bonds to Ow(2) and O(53) of one trimer [Ow(5)···O(w2)
2.642 Å, Ow(5)···O(53) 2.977 Å] and O(23) of a neighboring
one [Ow(5)···O(23�) 2.809 Å (1 + x, y, z)] forming chains
parallel to the a axis of the unit cell. The nitrate counterions
link trimers belonging to neighboring chains resulting in
the formation of layers extended along the ab plane
[O(33)···O(62��) 3.001 Å (0.5 – x, –0.5 + y, 0.5 – z),
Ow(3)···O(62��) 2.741 Å (0.5 – x, –0.5 + y, 0.5 – z),
O(3)···O(61���) 2.885 Å (x, –1 + y, z), Ow(1)···O(61���)
2.659 Å (x, –1 + y, z)]. The three acetone and the second
water solvate molecules are hydrogen-bonded to each other
and to coordinated water molecules as well as to the hy-
droxy group of the benzilato ligands, thus further stabilizing
the above-mentioned 2D network.

Figure 2. Plot of the 2D polymeric structure of 1 parallel to the ab
plane. Hydrogen bonds are shown as thick black lines (only the
ipso carbon atoms of the benzilato ligands are shown). Cr: black
circles, O: dark gray, N: large open circles, C: small open circles.

Lattice Structure of 2·1.9MeCN·0.5H2O

The lattice structure of 2 due to hydrogen-bonding inter-
actions is shown in Figure 3. The key feature is the presence
of the nitrate counterion, which is hydrogen-bonded to the
coordinated water molecules of three different trimers
[O(61)···Ow(1�) 2.908 Å (–1 + x, y, z), O(62)···Ow(2��)
2.875 Å (x, –1 + y, z), O(63)···Ow(3) 2.901 Å]. Thus, a 2D
network is formed that is parallel to the ab plane. The solv-
ate molecules are hydrogen-bonded to each other and to
coordinated water molecules but they do not contribute to
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the formation of a further polymeric network (these interac-
tions are not shown in Figure 3).

Figure 3. Plot of the 2D polymeric structure of 2 parallel to the ab
plane. Hydrogen bonds are shown as thick black lines. (only the
ipso carbon atoms of the benzoato ligands are shown). Cr: black
circles, O: dark gray, N: large open circles, C: small open circles.

Lattice Structure of 3·5.69H2O

In the structure of 3, the X-ray analysis could not reveal
the hydrogen atoms of the aquo and benzilato ligands, thus
only the intermolecular interactions will be considered for
the formation of the lattice structure (Figure 4). Strong
intermolecular interactions between O(53) of one trimer
and O(13) and Ow(2) of a neighboring trimer [O(53)···
O(13�) 2.917 Å (1.5 – x, 0.5 – y, 1 – z), O(53)···Ow(2�)

Figure 4. Plot of the 2D polymeric structure of 3 parallel to the bc plane. Hydrogen bonds are shown as thick black lines (only the ipso
carbon atoms of the benzilato ligands are shown). Fe: black circles, O: dark gray, N: large open circles, C: small open circles.
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2.917 Å (1.5 – x, 0.5 – y, 1 – z)] are responsible for the
formation of dimers of trimers. The presence of the nitrate
counterions and the existence of strong intermolecular in-
teractions [O(61)···Ow(1��) 2.668 Å (–0.5 + x, 0.5 + y, z)
and O(63)···Ow(3���) 2.612 Å (1 – x, y, 0.5 – z)] connects
the dimers together and the final result is the formation of
a 2D polymeric network parallel to the bc plane.

Lattice Structure of 4·3MeCN

As in the case of 3, the X-ray crystal structure analysis
of 4 did not reveal the hydrogen atoms of the aquo ligands.
Nevertheless, intermolecular interactions less than 3 Å with
the nitrate counterions are considered as possible hydrogen-
bonding interactions. In particular, the nitrate anions inter-
act with three neighboring trimers [O(61)···Ow(3�) 2.890 Å
(1 – x, –y, 1 – z), O(62)···Ow(1��) 2.680 Å (0.5 – x, –0.5 +
y, 1 – z), O(63)···Ow(2���) 2.798 Å (0.5 – x, 0.5 + y, 1 – z)],
linking the trimers to form a 2D polymeric network parallel
to the ab plane (Figure 5). The solvent molecules of
crystallization also interact intermolecularly with the coor-
dinated water molecules, but they do not contribute to a
further development of the lattice structure (these interac-
tions are not shown in Figure 5).

Mössbauer Spectroscopy

Mössbauer spectra from solid powder samples of 3 and
4 were recorded at zero magnetic field in the 78–300 K tem-
perature range. The spectra at 78 K are shown in Figure 6.
Each compound gives rise to one doublet with the following
values for the quadrupole interaction (∆EQ) and the isomer
shift (δ): complex 3, ∆EQ = 0.65 mms–1, δ = 0.50 mms–1;
complex 4, ∆EQ = 0.52 mms–1, δ = 0.52 mms–1. The values
for the isomer shift are consistent with FeIII (S = 5/2) in



V. Psycharis et al.FULL PAPER

Figure 5. Plot of the 2D polymeric structure of 4 parallel to the ab plane. Hydrogen bonds are shown as thick black lines (only the ipso
carbon atoms of the benzoato ligands are shown). Fe: black circles, O: dark gray, N: large open circles, C: small open circles.

an octahedral environment comprising O donors. The line
widths are quite narrow (half width at half maximum
0.20 mms–1), indicating a homogeneous environment
around the FeIII ions. Complex 3 is characterized by a
larger value for ∆EQ than complex 4, indicating a larger
electric field gradient (EFG) for the ferric sites for complex
3. Inspection of the iron environments for the two com-
pounds suggests that this larger EFG cannot be of geomet-
rical origin; there are no systematic geometrical deviations
between 3 and 4 for the ferric octahedra. The larger ∆EQ

for 3 may suggest, however, a larger charge asymmetry im-
posed by the different nature of the two carboxylates.

Figure 6. Zero-field Mössbauer spectra from solid powder samples
of complexes 3 and 4 at 78 K.
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Magnetic Susceptibility Measurements

CrIII Complexes

The χMT product at 300 K is 4.00 and 3.70 cm3 mol–1 K
for 1 and 2 respectively, appreciably below the value antici-
pated for three noninteracting S = 3/2 spins
(5.61 cm3 mol–1 K), indicative of antiferromagnetic interac-
tions (Figure 7). On cooling, this drops to 0.43 cm3 mol–1 K
(for 1) and 0.36 cm3 mol–1 K at 2 K (for 2) not extrapolating
to zero at 0 K, thus suggesting the existence of a paramag-
netic impurity and/or a magnetic ground state. The χM ver-
sus T plots show a gradual increase upon cooling, with a

Figure 7. χM vs. T and χMT vs. T experimental data for complexes
1 (�) and 2 (�) and theoretical curves based on the Hamiltonian
of Equation (4), using the parameters of solutions 1B and 2B,
respectively.
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more abrupt increase below 12 K, probably attributed to a
paramagnetic impurity.

To fit the data, an initial model consisting of three equal
J values was considered, with the Hamiltonian being [Equa-
tion (3)]:

Ĥ = –2J(Ŝ1Ŝ2 + Ŝ2Ŝ3 + Ŝ1Ŝ3) (3)

where Si = 3/2.
Assuming a small fraction of paramagnetic impurities, ρ,

this model yielded satisfactory solutions with parameters J
= –10.3 cm–1, g = 1.87, ρ = 1.0%, and R = 1.5×10–5 for 1
(solution 1A) and J = –10.2 cm–1, g = 1.79, ρ = 0.8%, and
R = 3.8×10–4 for 2 (solution 2A). On further examining the
system, a 2J model was considered, in order to assess the
validity of the previous results. The corresponding Hamilto-
nian was [Equation (4)]:

Ĥ = –2[J(Ŝ1Ŝ2 + Ŝ1Ŝ3) + J�Ŝ2Ŝ3] (4)

An examination of the parameter space for this model
indicated the existence of two local minima (Figures S1 and
S2, Supporting Information). On examining each, two solu-
tions were obtained for complex 1, with best-fit parameters
J = –10.6 cm–1, J� = –9.9 cm–1, g = 1.87, ρ = 0.98%, and R
= 1.3×10–5 (1B) and J = –10.1 cm–1, J� = –10.9 cm–1, g =
1.87, ρ = 0.98%, and R = 1.3×10–5 (1C). Similarly, two
solutions were obtained for 2, with best-fit parameters J
= –11.7 cm–1, J� = –9.6 cm–1, g = 1.82, ρ = 0.62%, and R
= 1.4×10–4 (2B) and J = –10.2 cm–1, J� = –12.9 cm–1, g =
1.82, ρ = 0.62%, and R = 1.5×10–4 (2C).

Solutions 1B, 1C and 2B, 2C are comparable in quality
and only marginally better than solutions 1A and 2A,
respectively. This small improvement of quality in the fits
may stem from the fact that the isosceles model is more
adequate, but might also be a result of overparametrization.
This is further discussed below (see EPR Spectroscopy).

In order to further examine the validity of these results,
the M versus H isotherms of 1 and 2 were measured and
compared to the calculated ones, for each one of the solu-
tions. In each case the magnetization isotherms were practi-
cally superimposable, and verified the data perfectly. Char-
acteristic plots are shown in Figures S3 and S4 in the Sup-
porting Information.

FeIII Complexes

At 300 K the χMT product is 4.69 cm3 mol–1 K for com-
plex 3 and 3.67 cm3 mol–1 K for complex 4, significantly
lower than the theoretically expected value for three nonin-
teracting S = 5/2 spins (13.14 cm3 mol–1 K), indicating anti-
ferromagnetic interactions (Figure 8). Upon cooling, the
χMT product decreases without extrapolating to zero at
0 K, which also agrees with the interplay of antiferromag-
netic interactions and a magnetic ground state.
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Figure 8. χM vs. T and χMT vs. T experimental data for complexes
3 (�) and 4 (�) and theoretical curves based on the Hamiltonian
of Equation (4), using the parameters of solutions 3B and 4C,
respectively.

Initial attempts to simulate the magnetic properties of
complex 3 by considering a single J interaction, viewing the
complex as an equilateral triangle [Equation (3)], did not
yield satisfactory results, so the Hamiltonian of Equa-
tion (4) was considered (with Si = 5/2). From the fitting
process two solutions of satisfactory quality were obtained,
with a small amount of paramagnetic impurity, with their
parameters being J = –27.5 cm–1, J� = –20.5 cm–1, ρ =
0.36%, g = 2.0, and R = 1.0×10–3 (3B) and J = –22.5 cm–1,
J� = –32.6 cm–1, ρ = 0.35%, g = 2.0, and R = 1.1×10–3

(3C). These two solutions were also located on error con-
tour-plots drawn for various values of J versus J� (Fig-
ure S7).

The above-mentioned solutions were further verified by
simulations of the M versus H isotherm at 4 K (Figure S7).
The experimental data were very well simulated using any
set best-fit parameters, which yielded practically superim-
posable calculated curves.

The behavior of complex 4 could not be accounted for
by this model in the low-temperature region, so fits were
carried out between 300 and 14 K. These also yielded two
solutions, with parameters J = –34.9 cm–1, J� = –29.3 cm–1,
ρ = 0, g = 2.0, and R = 2.7×10–4 (4B) and J = –31.0 cm–1,
J� = –38.4 cm–1, ρ = 0, g = 2.0, and R = 1.7×10–4 (4C),
which were also located on error contour-plots for various
J versus J� values (Table 2) (Figure S8). Below 14 K the ex-
perimental curve dropped below the theoretically calculated
one. This was also evidenced from the magnetization curve,
which at 2.5 is significantly lower than the one theoretically
calculated based on the best-fit parameters (Figure S10).

Considering that exchange couplings are primarily medi-
ated through the oxide ions,[32] the J values for the FeIII

complexes are very close to those derived by applying the
formula proposed by Weihe and Güdel[33,34] using the Fe–
O distances and the Fe–O–Fe bridging angles. Although for
dinuclear CrIII compounds the exchange coupling depends
on the same parameters (distances and bringing angles),[35]

an analogous magnetostructural correlation scheme has not
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Table 2. Exchange-coupling constants derived for complexes 1–4.

Best-fit solution J J� Jav
[a] g[b]

(cm–1) (cm–1) (cm–1)

1A –10.3 1.87
1B –10.6 –9.9 –10.4 1.87
1C –10.1 –10.9 –10.4 1.87
2A –10.2 1.79
2B –11.7 –9.6 –11.0 1.82
2C –10.2 –12.9 –11.1 1.82

3B –27.5 –20.5 –25.2 2.00
3C –22.5 –32.6 –25.9 2.00
4B –34.9 –29.3 –33.0 2.00
4C –31.0 –38.4 –33.5 2.00

[a] Jav = (2J + J�)/3. [b] Values in bold were fixed during the fitting
process.

yet been obtained for CrIII compounds[36] with nuclearity
three and higher. The values obtained for the exchange pa-
rameters (J, J�) are very close to the corresponding values
from similar trinuclear oxobridged CrIII and FeIII com-
pounds.[3]

The ligands seem to have no discernible influence on the
magnetic properties of the CrIII-based complexes. On the
contrary, in the case of FeIII-based complexes the J values
are larger in the case of the benzoate ligand (4), as has also
been observed in another series of trinuclear iron(III) car-
boxylate complexes.[37]

Although the number of examples presented herein is
hardly sufficient to establish a valid correlation, we may still
assume that there is some influence of the carboxylato li-
gand’s electronic parameters on the magnitude of the ex-
change couplings. This influence should be secondary to
that induced by the variation of structural parameters like
M···M distances and M–O–M angles, but is probably not
negligible. Such an influence has also been observed by
Mössbauer spectroscopy, which reveals a larger (ca. 25%)
quadrupole splitting for the ferric sites in 3 despite having
very similar geometrical environments to the ferric sites
in 4.

In assessing the metal influence on the magnetic proper-
ties of the complexes, we first observe that couplings are
stronger in iron(III) complexes than in their chromium(III)
counterparts, by a factor of about 3. Secondly, we observe
that, as in the case of “basic iron(III) carboxylates”, “basic
chromium(III) carboxylates” present two best-fit solutions
of their magnetic susceptibility data within the isosceles
model, one with J � J� and one with J � J�. However, an
important difference is that in the case of chromium(III)
complexes these solutions are comparable in quality with
the solution derived from the equilateral model (J = J�),
whereas in the case of iron(III) complexes the latter model
fails to satisfactorily reproduce the experimental data.
Therefore, although the equilateral model may be insuf-
ficient to describe “basic chromium(III) carboxylates”,
other techniques (like EPR) are necessary to unambigu-
ously prove this.
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Solid-State NMR

Solid-state NMR experiments in magnetic molecular
clusters of transition-metal ions probe the magnetic exci-
tations in the electronic spin system of the cluster. In par-
ticular, at low temperatures, T1 spin-lattice relaxation mea-
surements are quite sensitive to the low-lying energy levels
of the system. The 1H NMR spin-lattice relaxation time T1

was measured at an applied magnetic field H = 4.7 T, be-
tween room and liquid-helium temperatures. The relaxation
rate 1/T1 as a function of temperature is shown in Figure 9.
At high temperatures the relaxation rate exhibits a weak
temperature dependence, while below around 80 K an acti-
vated-type dependence is observed. The temperature depen-
dence of 1/T1 measured for 1 is analogous to a previously
studied trinuclear CrIII complex[26] and has a behavior that
has been frequently encountered in previous 1H NMR stud-
ies of molecular clusters that include transition-metal ions
with low S values, for example S = 1/2, 3/2.[38] The NMR
1/T1 relaxation data in clusters including metal ions with
high S values, such as S = 5/2, frequently exhibit a pro-
nounced 1/T1 maximum at temperatures of the order of the
exchange frequency J.[39,40] The absence of a maximum in
clusters with metal ions having low S values has not been
adequately explained so far and is currently under investiga-
tion.

Figure 9. The relaxation rate 1/T1 as a function of temperature
for 1.

Using a two-level system and an Orbach-type activation
process for the electronic excitation, we have been able to
fit the experimental data considering an energy gap consis-
tent with that obtained from the susceptibility data. In this
model the NMR relaxation is caused by the local field fluc-
tuations originating from the magnetic excitations from the
ground state to the excited state, separated by the energy
difference ∆. Assuming that the CrIII spin system remains
in the ground state for an average time τ0 and in the excited
state for a lifetime τ1, during which an effective transverse
local field h� appears at the nuclear site, the relaxation rate
is expressed as [Equation (5)]:[41]
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(5)

where

γN is the proton gyromagnetic ratio, and ωN is the Larmor
angular frequency.

This model has been frequently employed for the nuclear
magnetic relaxation in paramagnets.[38,42,43] For the exci-
tation 1/τ0, we may consider the sum of two processes
[Equation (6)]:[44]

(6)

The first term is a direct-type process, generally appli-
cable at low temperatures, and the second term is an acti-
vation process of the Orbach type because of the presence
of the energy level spacing ∆ and is generally applicable at
higher temperatures.

For the lifetime τ1 we consider a temperature-indepen-
dent term [Equation (7)]:

1/τ1 = C1 (7)

Setting νN = 200.1 MHz (H = 4.7 T), and using Equa-
tions (6) and (7), the experimental NMR points are fitted
to Equation (5), shown as a solid line in Figure 13. The in-
fluence of the first term in Equation (6), the direct process,
is quite small in the experimental determination of ∆. We
observe that the line describes the overall experimental fea-
tures rather well. The value of ∆ determined by the fitting
is ∆ = 30.92 cm–1. According to the analysis of the magnetic
susceptibility measurements for CrIII compounds presented

Figure 10. X-band EPR spectra in the high-field region from powdered samples from compounds 1 (left) and 2 (right) at 4.2 K. Dashed
lines represent theoretical simulations as described in the text. Inset: Distribution of subspectra used to generate the simulations as
described in the text. EPR conditions: microwave power 2.0 mW, mod. amplitude, 1.0 mT (left), 0.4 mT (right), microwave frequency
9.42 GHz.
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in the previous paragraph, the ground state has ST = 1/2 (T
for total) and the first excited state has ST = 3/2. For an
equilateral exchange interaction model, which is the case
(to a good approximation) for the CrIII compounds, ∆ =
3J[4] � 30 cm–1 (for J � 10 cm–1). Both values for the first
excited multiple determined by the analysis of the suscep-
tibility and NMR measurements are in good agreement.

EPR Spectroscopy

EPR spectroscopy has been proven to be very useful in
determining the magnetic properties of the ground state of
trinuclear complexes.[2,4,5,17–23]

CrIII Complexes

X-band EPR spectra from powder samples of 1 and 2
recorded at 4.2 K are shown in Figure 10. Both samples
give rise to strong signals comprising an absorption peak at
g � 1.97–1.98 and broad features at higher magnetic fields
(Figures 10, left and right). The magnetic susceptibility data
indicate an ST = 1/2 ground state for complexes 1 and 2.
Indeed, the signals of Figure 10 are consistent with an iso-
lated ST = 1/2 state. In coupled trimers, a relatively large
anisotropy in the g tensor for the ST = 1/2 ground state
with a g� value significantly smaller than 2 is usually ob-
served. This anisotropy is the result of antisymmetric ex-
change interaction [Equation (8)]:

ĤAE = d(Ŝ1 × Ŝ2 + Ŝ2 × Ŝ3 + Ŝ3 × Ŝ1) (8)

In the framework of Hamiltonian (8), g� � g0, where g0

is the g value for the CrIII metal ion. g� depends critically
on the relationship between d and ∆E, where ∆E is the en-
ergy difference between the two lowest ST = 1/2 states. In
the case of well-isolated ST = 1/2 doublets with respect to
the higher S = 3/2 states and small d values, the dependence
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of g� on these parameters is given analytically through the
relationship [Equation (9)]:[19]

(9)

∆E stands for the separation of the lowest S = 1/2 dou-
blets and is given by the relationship [Equation (10)]:

∆E = (σ2 + D2)1/2 (10)

where D = 4�3d, and σ = 4|J – J�|.
From this model the characteristics of the spectra shown

in Figure 10 can be understood. The absorption peak ob-
served at g � 1.97–1.98 is attributed to the g� component,
whereas the broad derivative feature corresponds to g�. Re-
cently[26] we have observed similar EPR spectra in a CrIII

complex similar to 2. In order to reproduce the line shape
of the spectra we follow the same procedure as in that case.
Namely, we calculate a large number of axial spectra with
g� � 1.97–1.98 and with smaller g� values, and then by a
fitting routine we determine the distribution of the subspec-
tra that reproduce the experimental one. The resulting sim-
ulations together with the distributions of the subspectra
are shown in the insets in Figure 10.

In both cases the distribution profiles exhibit a maximum
at certain g values (1.90 for 1 and 1.53 for 2). These values
are considered as the g� for the S = 1/2 ground states. The
crystal structure at room temperature revealed an isosceles
configuration for 1 and an almost equilateral for 2. The
magnetic susceptibility measurements gave satisfactory re-
sults either with an equilateral (J = J�) or with an isosceles
model (J � J�). An S = 1/2 EPR signal with an axial char-
acter cannot arise from a trinuclear system with J = J�,
because in this case the transition probability correspond-
ing to the g� component vanishes.[5,13,18]

From the dependence of g� on the antisymmetric ex-
change parameter |d|, the magnitude of the latter can be
determined. For this, knowledge of g0� and ∆E is also re-
quired. For CrIII (S = 3/2) the intrinsic g0 tensor is slightly
anisotropic with values g0� and g0� smaller than 2 and in
the 1.98–1.93 range. For the coupled system the g� param-
eter does not depend on |d|, therefore we can safely assume
that g� � g0�. For the perpendicular component we assume
that g0� lies in the 1.98–1.93 region.

Although for the description of the magnetic suscep-
tibility data we did not take into account the antisymmetric
term, the determined values for J and J� can be used in
order to estimate the separation, ∆E of the two lowest S =
1/2 states. We consider also that their average value Jav =
(2J + J�)/3 is valid as it satisfactorily reproduces the tem-
perature dependence of the magnetic susceptibility. From
Equation (9) and the given values for ∆E we determine the
antisymmetric exchange parameter |d| for the two solutions
(1B, 1C and 2B, 2C). From these values we estimate that |d|
� 0.10 cm–1 for 1 and |d| � 1.1 cm–1 for 2. These values fall
in the range reported for other carboxylato-bridged trinu-
clear complexes.[19] |d| is significantly larger for compound
2, suggesting that the nature of the carboxylato-bridging
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ligands affects the magnitude of the antisymmetric ex-
change interaction.

From Equation (10) we find that σ � 3 cm–1 for 1 and σ
� 6 cm–1 for 2. This parameter depicts the splitting of the
S = 1/2 doublets, which is due to the nonequivalence of the
isotropic exchange parameters. We observe that incorpora-
tion of antisymmetric exchange through Equation (10)
leads to a slightly smaller σ compared with the one derived
from a purely isotropic exchange Hamiltonian, which was
considered in the analysis of the magnetic susceptibility
data. From the relationship σ = 4|J – J�| we see that the
actual J and J� values should be slightly different from
those derived from the analysis of the magnetic suscep-
tibility data. This difference is too small to be discernible in
the analysis of the temperature dependence of the magnetic
susceptibility. Moreover, the magnitude of the antisymmet-
ric exchange parameter |d| derived from the analysis of the
EPR data is not expected to affect this analysis.

The parameter σ can be taken as a measure for the lower-
ing of the symmetry because for an equilateral triangle σ =
0. For compound 1 a non-zero value for σ could be antici-
pated, as the room temperature crystal structure already re-
veals an isosceles configuration. On the contrary, com-
pound 2 has an equilateral configuration at room tempera-
ture. Therefore the finite value of σ for this compound (even
larger than compound 1) indicates a lowering of symmetry
at low temperatures. The lowering of symmetry is one of
the properties of trinuclear complexes that have been the
subject of extensive studies during the last few decades, and
from this point of view compound 2 belongs to this family
of clusters.

The distribution of g� values required to reproduce the
EPR spectra of Figure 10 is noteworthy. The distribution is
more pronounced for compound 2. From Equation (9) we
observe that g� is extremely sensitive on the ratio d/∆E. A
relatively small distribution on this parameter would lead
to a large distribution of the g values, resulting in a severely
distorted axial EPR spectrum. This distribution may arise
from structural inhomogeneities, resulting for instance from
partial solvent loss. Alternatively, this behavior may be con-
nected with the lowering of the symmetry discussed above.
We note that, as ∆E depends on σ, a small distribution of
the isotropic exchange constants would have a prominent
effect. These constants are expected to depend on the geo-
metrical characteristics of the clusters. It is probable, there-
fore, that upon cooling a multitude of geometric configura-
tions are trapped, giving rise to slightly different sets of J
values, resulting eventually in a variety of σ values. This
effect would be more pronounced for compound 2 on going
from the equilateral to isosceles configuration upon de-
crease of temperature.

As the temperature increases, new signals emerge in the
lower-field region of the spectra, as shown in Figure 11. The
temperature dependence of these signals indicates that they
arise from excited states of a paramagnetic system. This is
strong evidence against an assignment of these signals to
mononuclear CrIII (S = 3/2) impurities.[46] On the other
hand, they can be very well attributed to excited states with
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S � 1/2 of the trimeric units, which are gradually populated
as the temperature increases. The energy level with ST = 3/2
is the most probable to generate these signals, because it is
the first excited state with S � 1/2 for the system.

Figure 11. The low magnetic field region of EPR spectra from poly-
crystalline samples of 1 and 2 at 4.2 K (dotted lines) and 19 K
(continuous lines). The asterisk * denotes a weak signal, which is
attributed to impurities. EPR conditions: microwave power
2.0 mW, mod. amplitude 1.0 mT, microwave frequency 9.42 GHz.

For an equilateral triangle one has four states with ST =
3/2 with the same energy. For J � J� these states differ in
energy leading to four separate quartets. Moreover, further
splitting may be induced from non-Heisenberg interactions
such as single-ion zero-field splitting, dipolar, and antisym-
metric exchange. The analysis of the ST = 1/2 signals from
the ground state indicates that the magnitude of these inter-
actions is too small to be discernible in the bulk magnetic
susceptibility measurements; however they induce very
complicated EPR spectra. As is clearly shown in Figure 11,
the two complexes differ not only in the EPR spectra ob-
tained from the ST = 1/2 ground state, but also in the EPR
spectra from the excited states.

FeIII Complexes

The EPR spectrum recorded at 4.2 K from a polycrystal-
line sample of compound 3 is shown in Figure 12. Although
the analysis of magnetic susceptibility measurements reveals
that the ground state for compound 3 has ST = 1/2, as in
the case of compounds 1 and 2, the EPR spectrum for this
compound is different. Specifically, a very intense signal is
observed at g � 2.0 and a number of weaker signals are
recorded at lower values of the magnetic field. The signal
recorded at g = 2.0 has a width of about 600 G, and com-
prises an absorption feature at g � 2.18, a derivative at g
� 1.98, and a valley at 1.86. These signals are not explained
by considering an isolated trinuclear complex as in the case
of CrIII-based 1 and 2 complexes. Recently, we have ob-
served similar EPR spectra from powdered samples of an-
other trinuclear complex and for their interpretation we
suggested inter-trimer interactions leading to weakly cou-
pled dimers of trinuclear units.[31] The crystal structure of
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3 reveals intermolecular interactions leading to the forma-
tion of dimers of trinuclear centers. In order to reproduce
the spectra we have employed the same model as in ref.[31]

involving two weakly interacting S1 = S2 = 1/2 species in
the framework of the spin Hamiltonian [Equation (11)]:[20]

Ĥ = Ŝ1J̃12Ŝ2 + Ŝ1g1B + Ŝ2g2B (11)

Figure 12. Experimental (solid) and theoretical (dotted) perpendic-
ular-mode X-band EPR spectra from a powdered sample of 3 at
4.2 K. The simulation is obtained as described in the text using
an intrinsic line width of 7 mT. EPR conditions: microwave power
2.0 mW, mod. amplitude 0.4 mT, microwave frequency 9.42 GHz.

The exchange interaction is represented by an aniso-
tropic diagonal tensor J̃. The distance between the trinu-
clear complexes in a dimer unit is relatively large and the
isotropic exchange interaction is expected to be negligible.
We find that the spectra are well reproduced for J = [0.04,
0.00, –0.04] cm–1 with g1 = g2 = 2.0. The interaction of
Equation (11) leads to a four-energy-level system.

Within this, manifold “half-field” transitions are ex-
pected at g � 4.0.[47] Indeed, such signals are observed in
the EPR spectra of Figure 12. It could be argued that the
signals in the g � 4 region arise from high-spin FeIII impuri-
ties which exhibit derivative signals at g � 4.3. In order to
deduce whether the signals in the g � 4.0 region belong to
the exchange coupled system of Equation (11) or arise from
FeIII impurities, we have performed EPR spectroscopy in
parallel mode (Figure 13). For a high-spin FeIII impurity
with a zero-field splitting term |D| � 1–2 cm–1, the g � 4.3
component has no contribution in parallel mode, as it arises
from a Kramers doublet. The “half-field” transitions of a
system described by Equation (11) involve non-Kramers
doublets and the transition probability in parallel mode is
finite. The existence of a signal at g � 4.0 in the parallel
mode spectrum provides further evidence for an anisotropic
exchange interaction between two neighboring S = 1/2 tri-
mers.

The spectra are reproduced assuming isotropic gi tensors
with g = 2.00. From this point of view, complex 3 does not
exhibit anisotropic g tensors for the ground S = 1/2 state,
unlike the Cr analogue complex 1, for which anisotropic S
= 1/2 signals are observed (Figure 10). Therefore, there is
no indication for antisymmetric exchange in the case of 3.
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Figure 13. Experimental (solid) and theoretical (dotted) dual-mode
X-band EPR spectra from powdered samples of 3 at 4.2 K. A: per-
pendicular mode; B: parallel mode. Simulations are obtained as
described in the text. EPR conditions: A, as in Figure 11; B, micro-
wave power 54 mW, mod. amplitude 0.4 mT, microwave frequency
9.36 GHz.

The anisotropic exchange interaction is mainly of dipolar
origin. In the present case, the spin in each trimer delocal-
izes in three FeIII ions and the size of the triangles is of
the same order of magnitude with the distance between the
species. In such a case a point-dipole model is not a good
approximation. We have observed similar EPR spectra from
powdered samples of another trinuclear complex.[31]

Powdered samples from 4 gave rise to complicated EPR
spectra at liquid helium temperatures extending several
hundreds of mT. We have studied many samples exhibiting
identical Mössbauer and IR spectra but each time their
EPR spectra showed variations. A representative spectrum
is shown in Figure S13. The X-band EPR spectra cannot
be interpreted assuming isolated S = 1/2 species. The simpli-
fied model for intermolecular interactions, adopted in the
case of 3, does not apply to 4 either. Moreover, we note
that the magnetic susceptibility data for liquid helium tem-
peratures exhibited significant deviation from the isotropic
exchange Hamiltonian [Equations (3) and (4)]. Therefore, it
appears that more complicated magnetic interactions have
to be taken into account in order to appropriately describe
the low-temperature magnetic behavior of 4.

Conclusions

Structural, magnetic, and EPR spectroscopic studies
have been carried out on two basic chromium(III) and two
basic iron(III) carboxylates. In addition, solid-state 1H
NMR studies have been carried out on 1 and 57Fe Möss-
bauer studies have been carried out on the ferric complexes
3 and 4. This allowed us to examine the influence of ligand
and metal variation on structural, magnetic, and spectro-
scopic properties.

From a structural viewpoint benzilato ligands induce a
nearly isosceles geometry in 1 and 3, whereas benzoato li-
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gands induce a nearly equilateral geometry. However, these
geometric characteristics are not reflected in the “magnetic
symmetry” of the complexes; the magnetic susceptibility
data of the chromium(III) complexes can be well described
both by the equilateral or isosceles model, whereas those of
the iron(III) complexes demand the use of the isosceles
model. In the case of the isosceles model, two best-fit solu-
tions are obtained for all complexes. Solid-state 1H NMR
studies on 1 reveal that the first excited state is well sepa-
rated from the ground state and quantitatively confirm the
magnetic susceptibility results.

Further information regarding the low-lying spin states
of the trimers was obtained by X-band EPR spectroscopy.
For 1 and 2 the EPR results favor the isosceles model at
least at liquid helium temperatures and confirm the ST =
1/2 ground state. In addition, in 1 and 2 the presence of
antisymmetric exchange was revealed along with a distribu-
tion of the exchange parameters.

Concerning the iron(III) complexes, the EPR spectrum
of 3 is influenced by intermolecular interactions of dipolar
origin, whereas that of 4 is too complicated to be analyzed
in detail. It is however concluded that antisymmetric ex-
change is not so important in 3.

Another point of interest concerns the ligand-induced
electronic effects on various magnetic and spectroscopic
properties. In particular, it was observed that: (i) isotropic
exchange couplings are stronger within benzoato complexes
(2/4) than within benzilato complexes (1/3), (ii) the electric
field gradient is larger for the ferric sites of the “basic
iron(III) benzilate” (3) than for the sites of the “basic
iron(III) benzoate” (4), and (iii) the magnitude of the anti-
symmetric exchange parameter d is about 10 times larger
for 2 than for 1.

These differences gain importance with the close struc-
tural resemblance of 1/2 and 3/4, which does not allow for
their simple geometric interpretation. Rather, we assume
that electronic factors affect the exchange couplings (iso-
tropic and antisymmetric) and EFG, although this point
requires more elaborate studies. Weak intermolecular,
metal-dependent interactions may complicate the analysis
of the properties of the trinuclear units.

Experimental Section
Compound Preparations: All manipulations were performed under
aerobic conditions using materials as received (Aldrich Co). All
chemicals and solvents were of reagent grade.

[Cr3(µ3-O){O2C(OH)Ph2}6(H2O)3](NO3)·2H2O·3Me2CO (1·2H2O·
3Me2CO): Solid benzilic acid (0.233 g, 1.01 mmol) was added to a
refluxing green-purple solution of Cr(NO3)3·9H2O (0.204 g,
0.51 mmol) in Me2CO (15 mL). The reflux continued for 3 days,
giving a green solution, which was layered with a mixture of Et2O/
n-hexane (1:1 v/v %) to afford X-ray-quality green crystals of 1.
The crystals were collected by filtration, and dried in vacuo. (Yield:
0.34 g, ca. 70%.) The resulting powder was analyzed as solvent-
free. C84H72Cr3NO25 (1651.47): calcd. C 61.09, H 4.39, N 0.85;
found C 60.15, H 4.32, N 0.80. Selected IR data: 3614 [ν(OH)free],
1636 [νas(COO)], 1415 [νs(COO)], 600 [νas(Cr3O)] cm–1.
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[Cr3(µ3-O)(O2CPh)6(H2O)3](NO3)·1.9MeCN·0.5H2O (2·1.9MeCN·
0.5H2O): Solid sodium benzoate (0.373 g, 2.58 mmol) was added
to a refluxing green-purple solution of Cr(NO3)3·9H2O (0.517 g,
1.29 mmol) in MeCN (15 mL). The reflux continued for 2 h, giving
a green solution, which upon slow evaporation afforded X-ray-
quality green crystals of 2. (Yield: 0.34 g, ca. 70%.) The crystals of
2 were collected by filtration and dried in vacuo. The resulting pow-
der was analyzed as solvent-free. C42H36Cr3NO19 (1014.73): calcd.
C 49.71, H 3.58, N 1.38; found C 48.90, H 3.44, N 1.29. Selected
IR data: 1574 [νas(COO)], 1421 [νs(COO)], 620 [νas(Cr3O)] cm–1.

[Fe3(µ3-O){O2C(OH)Ph2}6(H2O)3](NO3)·5.69H2O (3·5.69H2O):
Solid benzilic acid (0.228 g, 1.00 mmol) was added to a refluxing
solution of Fe(NO3)3·9H2O (0.202 g, 0.50 mmol) in CH2Cl2
(20 mL). The color of the solution gradually turned from red to
orange and the reflux continued for 2 h. The NaNO3 that precipi-
tated was filtered off and the orange filtrate was layered with n-
hexane (1:1 v/v %). Orange crystals of 3 suitable for X-ray structure
analysis were formed after one week. (Yield: 0.34 g, ca. 70%.) The
crystals of 3 were collected by filtration and dried in vacuo. The
resulting powder was analyzed as solvent-free. C84H72Fe3NO25

(1663.03): calcd. C 60.67, H 4.36, N 0.84; found C 59.86, H 4.28,
N 0.80. Selected IR data: 3603 [ν(OH)free], 1612 [νas(COO)], 1406
[νs(COO)], 598 [νas(Fe3O)]cm–1.

[Fe3(µ3-O)(O2CPh)6(H2O)3](NO3)·3MeCN (4·3MeCN): Solid so-
dium benzoate (0.144 g, 1.00 mmol) was added to a refluxing solu-
tion of Fe(NO3)3·9H2O (0.202 g, 0.50 mmol) in MeCN (20 mL).
The color of the solution gradually turned from red to orange and
the reflux continued for 24 h. A white precipitate was filtered off
and identified as NaNO3 by FTIR spectroscopy. The orange filtrate
was left for slow evaporation and after ca. 1 week, X-ray-quality
orange crystals of 4 were formed. (Yield: 0.34 g, ca. 70%.) The
crystals of 4 were collected by filtration and dried in vacuo. The
resulting powder was analyzed as solvent-free. C42H36Fe3NO19

(1026.28): calcd. C 49.15, H 3.54, N 1.36; found C 48.30, H 3.22,
N 1.27. Selected IR data: 1562 [νas(COO)], 1410 [νs(COO)], 573
[νas(Fe3O)] cm–1.

Physical Measurements: Elemental analyses for carbon, hydrogen,
and nitrogen were performed on a Perkin–Elmer 2400/II automatic
analyzer. Infrared spectra were recorded as KBr pellets in the range
4000–500 cm–1 with a Bruker Equinox 55/S FTIR spectrophotome-
ter. EPR spectra were recorded with a Bruker ER 200D-SRC X-
band spectrometer equipped with an Oxford ESR 9 cryostat in the
4.2–300 K temperature range, an NMR Gaussmeter, an Anritsu
frequency counter, and a DM Bruker cavity. Simulations of the
EPR spectra were done with home-written routines or software
provided to us by Prof. Mike Hendrich, Dept. of Chemistry, Carne-
gie Mellon University, Pittsburgh, USA. Variable-temperature
magnetic susceptibility measurements were carried out with poly-
crystalline samples of 1–4 in the 2.0–300 K temperature range using
a Quantum Design MPMS SQUID susceptometer under magnetic
fields of 0.1 T (for 1, 2) and 1.5 T (for 3, 4). Isothermal magnetiza-
tion measurements were carried out over the 0–5 T magnetic field
range. Diamagnetic corrections for the complexes were estimated
from Pascal’s constants. The calculation of the magnetic suscep-
tibility was accomplished by analytical calculation of the energy
levels associated with the spin Hamiltonian using Kambe’s spin-
coupling approach. Subsequent implementation of the van Vleck
equation was done using a home-written routine. For the case of
the equilateral model, an analytical expression can also be used.[48]

Minimization was carried out with an adapted version of
MINUIT.[49] The error factor R is defined as R = ∑(χexp – χcalc)2/
Nχ2

exp, where N is the number of experimental points. Magnetiza-
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tion M versus applied magnetic field H isotherms were calculated
from the best-fit parameters using MAGPACK.[50] Mössbauer
spectra for 3 and 4 were recorded with a constant acceleration spec-
trometer using a 57Co (Rh) source at room temperature and a vari-
able-temperature Oxford cryostat. The spectra were analyzed with
home-written routines. Variable-temperature 1H-pulsed NMR ex-
periments for 1 were performed at 4.7 T using a Bruker MSL200
spectrometer operating at 200.145 MHz. An Oxford 1200 CF con-
tinuous flow cryostat was employed for measurements in the range
5–300 K. T1 spin-lattice relaxation times were measured using the
standard spin-echo pulse sequence combined with the saturation
recovery method.[51]

X-ray Structure Determination: Green prismatic crystals of 1
(0.25×0.35×0.65 mm) and 2 (0.20×0.30×0.65 mm), and orange
prismatic crystals of 3 (0.10×0.25×0.50 mm) and 4
(0.18×0.28×0.50 mm) were mounted in capillaries with drops of
mother liquid. Diffraction measurements were made on a Crystal
Logic Dual Goniometer diffractometer using graphite-monochro-
mated Mo-Kα radiation. Important crystal data and parameters for
data collection are reported in Table 3. Unit cell dimensions were
determined and refined by using the angular settings of 25 auto-
matically centered reflections in the range 11° � 2θ � 23°. Intensity
data were recorded using a θ–2θ scan. Three standard reflections
monitored every 97 reflections showed less than 3% intensity fluc-
tuation and no decay. Lorentz, polarization, and psi-scan absorp-
tion corrections (for 2 and 3 only) were applied using Crystal Logic
software. The structures were solved by direct methods using
SHELXS-86[52] and refined by full-matrix least-squares techniques
on F2 with SHELXL-97.[53] In all cases, the crystals had poor dif-
fraction ability (despite their sufficient size) and the data were col-
lected in increasing 2θ shells, and in each case the data collection
was terminated when about 50% of the collected shell data were
unobserved. Nevertheless, the quality of the collected data was ade-
quate to establish the structure of the complexes. Further experi-
mental crystallographic details for 1: 2θmax = 43°, scan speed
1.3° min–1; scan range 2.0 + α1α2 separation; reflections collected/
unique/used, 11108/10817 [Rint = 0.0394]/10817; 1200 parameters
refined; (∆/σ)max = 0.011; (∆ρ)max/(∆ρ)min = 0.811/–0.352 eÅ–3; R/
Rw (for all data), 0.0813/0.1769. All non-hydrogen atoms were re-
fined anisotropically. Hydrogen atoms on the phenyl rings were in-
troduced at calculated positions as riding on bonded atoms; those
on the hydroxide and coordinated water molecules were located by
difference maps and were refined isotropically. No H atoms for the
solvate molecules were included in the refinement. Further experi-
mental crystallographic details for 2: 2θmax = 45°, scan speed
2.5° min–1; scan range 1.7 + α1α2 separation; reflections collected/
unique/used, 6522/6163 [Rint = 0.0255]/6163; 667 parameters re-
fined; (∆/σ)max = 0.019; (∆ρ)max/(∆ρ)min = 0.762/–0.625 eÅ–3; R/Rw

(for all data), 0.0836/0.2175. All non-hydrogen atoms were refined
anisotropically, except those of the solvate molecules, which were
refined isotropically. Hydrogen atoms on the phenyl rings were in-
troduced at calculated positions as riding on bonded atoms; those
of the coordinated water molecules were located by difference maps
and were refined isotropically. Further experimental crystallo-
graphic details for 3: 2θmax = 42.1°, scan speed 1° min–1; scan range
1.75 + α1α2 separation; reflections collected/unique/used, 10064/
9849 [Rint = 0.0421]/9849; 1080 parameters refined; (∆/σ)max =
0.001; (∆ρ)max/(∆ρ)min = 0.687/–0.424 eÅ–3; R/Rw (for all data),
0.1449/0.2373. All non-hydrogen atoms were refined anisotropi-
cally, except those of some solvate water molecules that were found
to be disordered and were refined isotropically with occupation fac-
tors summing one. Hydrogen atoms on the phenyl rings were intro-
duced at calculated positions as riding on bonded atoms; the rest
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Table 3. Crystallographic data for complexes 1–4.

1·2H2O·3Me2CO 2·1.9MeCN·0.5H2O 3·5.69H2O 4·3MeCN

Formula C93H94Cr3NO30 C45.8H42.7Cr3N2.9O19.5 C84H83.38Fe3NO30.69 C48H45Fe3N4O19

Formula mass 1861.69 1101.73 1765.49 1149.43
Space group P21/n P1̄ C2/c P21/a
a [Å] 13.647(6) 11.433(7) 32.52(2) 21.33(2)
b [Å] 23.54(1) 11.972(8) 17.02(1) 11.37(1)
c [Å] 29.52(1) 21.76(1) 35.44(3) 22.40(2)
α [°] 84.20(2)
β [°] 90.47(2) 87.47(2) 106.49(2) 95.42(4)
γ [°] 64.36(2)
V [Å3] 9481(7) 2671(3) 18803(2) 5408(8)
Z 4 2 8 4
T [°C] 298 298 298 298
Radiation Mo-Kα Mo-Kα Mo-Kα Mo-Kα

ρcalcd [gcm–3] 1.304 1.370 1.247 1.412
µ [mm–1] 0.416 0.673 0.532 0.869
R1 0.0573[a] 0.0712[b] 0.0795[c] 0.0738[d]

wR2 0.1561[a] 0.2035[b] 0.1943[c] 0.1889[d]

w = 1/[σ2(Fo
2) + (aP)2 + bP] and P = (max(Fo

2,0) + 2Fc
2)/3

R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|) and wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2

[a] a = 0.0926, b = 18.5641, for 8260 reflections with I � 2σ(I). [b] a = 0.1349, b = 4.3563, for 5120 reflections with I � 2σ(I). [c] a =
0.1075, b = 111.5255, for 5989 reflections with I � 2σ(I). [d] a = 0.1108, b = 34.2934, for 3829 reflections with I � 2σ(I).

were not included in the refinement. Further experimental crystal-
lographic details for 4: 2θmax = 45°, scan speed 1°min–1; scan range
1.6 + α1α2 separation; reflections collected/unique/used, 5577/5407
[Rint = 0.0442]/5407; 628 parameters refined; (∆/σ)max = 0.001;
(∆ρ)max/(∆ρ)min = 0.896/–0.556 eÅ–3; R/Rw (for all data), 0.1198/
0.2537. All non-hydrogen atoms were refined anisotropically, except
those of the solvate MeCN, which were refined isotropically. Hy-
drogen atoms on the phenyl rings were introduced at calculated
positions as riding on bonded atoms; the rest were not included in
the refinement.

CCDC-603113 (for 1), -603114 (for 2), -603115 (for 3), and -603116
(for 4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1, S2, S3, and S4 contain selected bond lengths and
angles for compounds 1 2, 3, and 4 respectively. In Figures S1, S2,
S7, and S8, error contour plots of J versus J�, in Figures S3, S4,
S9, and S10, M versus H isotherms at the appropriate temperature,
and in Figures S5, S6, S11, and S12, the energy-level plots for the
studied compounds are shown. Every figure of each one of the
three groups of four figures given above corresponds to each one
of the four studied compounds 1, 2, 3, and 4 correspondingly. In
Figure S13 the X-band EPR spectrum of a powdered sample of 4
is shown.
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Synthesis, structure, and catalysis studies of two Au- and Ag-
based initiators, namely, [3-(N-tert-butylacetamido)-1-(2-hy-
droxycyclohexyl)imidazol-2-ylidene]AuCl (1c) and [3-(N-
tert-butylacetamido)-1-(2-hydroxycyclohexyl)imidazol-2-
ylidene]AgCl (1b), for the bulk ring-opening polymerization
of L-lactide are reported. Specifically, gold complex 1c was
obtained from silver complex 1b by the transmetalation reac-
tion with (SMe2)AuCl. Silver complex 1b was synthesized by
the treatment of 3-(N-tert-butylacetamido)-1-(2-hydroxycy-
clohexyl)imidazolium chloride (1a) with Ag2O. Compound 1a
was synthesized directly from the reaction of N-tert-butyl-
2-chloroacetamide, cyclohexene oxide, and imidazole. The

Introduction
The long-standing notion of gold being an expensive and

unreactive coinage metal with limited utility is gradually
changing. Various new applications of AuI complexes in
pharmaceuticals,[1] chemical vapor depositions,[2] and in
homogeneous catalysis[3] have been recently reported. Com-
pared to the other coinage metals (i.e. Cu and Ag), Au has
seen relatively few applications and poses a formidable chal-
lenge in utility-oriented research. Quite significantly, a re-
cent report detailed the use of a AuI complex supported
over a sterically demanding N-heterocyclic carbene (NHC)
ligand as a catalyst for the ethyl diazoacetate-assisted car-
bene-transfer reaction;[3] this represents an important
breakthrough in this field of chemistry and adds further
promise to the use of gold in chemical catalysis. The grow-
ing utility of NHCs in homogeneous catalysis is now well-
recognized, and a plethora of NHC-based catalysts have
been developed in recent years for a wide variety of trans-
formations, such as C–C coupling reactions,[4,5] olefin me-
tatheses,[6] hydrogenations,[7,8] hydroformylations,[9] hydro-
silylations,[10] CO-ethylene copolymerizations,[11] hydrobor-
ation[12] reactions, and so forth. Interestingly enough, de-
spite the numerous NHC-transition metal complexes that
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Powai, Mumbai 400 076, India
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molecular structures of 1a, 1b, and 1c have been determined
by X-ray diffraction studies. The formation of neutral mono-
meric complexes with linear geometries at the metal centers
was observed for both 1b and 1c. The Au and Ag complexes
1c and 1b successfully catalyzed the bulk ring-opening poly-
merization of L-lactide at elevated temperatures under sol-
vent-free melt conditions to produce moderate to low molec-
ular weight polylactide polymers with narrow molecular
weight distributions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

exist, the Au–NHC complexes are surprisingly few in
number and have seldomly been employed in catalysis.[13]

A growing number of new applications have appeared
lately for the AgI–NHC counterparts however, and their
catalytic utility has just begun to unfold.[14,15] Specifically,
the AgI–NHC complexes have been found to be active cata-
lysts for several chemical transformations, such as, ethyl di-
azoacetate (EDA)-assisted carbene-transfer reactions,[16]

catalytic preparation of 1,2-bis(boronate) esters,[17] transes-
terification reactions, and ring-opening lactide polymeriza-
tion reactions.[18] It is noteworthy that even though the ap-
plications of AgI–NHC complexes in chemical catalysis is a
recent phenomenon, they are long-known for their use as
transmetalation agents for the synthesis of other transition
metal–NHC complexes.[14,15] Like its heavier congener, the
Au analogue, biomedical applications, particularly with re-
gard to antimicrobial activities, have recently been reported
for AgI–NHC complexes.[19,20] Thus far, the popularity of
Ag–NHC complexes can be ascribed to their broadly based
applications, to their synthetic accessibility, and to their air
and moisture stabilities, which make them user-friendly and
hence convenient to handle.[14,15]

As the catalytic utility of Au–NHC complexes remains
largely unexplored and that of the Ag–NHC complexes is
just beginning to emerge, we became interested in the design
of Au and Ag complexes for their potential application in
homogeneous catalysis. In particular, we were interested in



Gold(I) N-Heterocyclic-Carbene-Based Initiator for the Bulk ROP of -Lactide FULL PAPER
the design of Au–NHC and Ag–NHC based initiators for
the ring-opening polymerization (ROP) of -lactide. In this
regard, we have recently reported a Ag–NHC complex as
an initiator for the bulk ROP of -lactide.[21] Although there
exists a few reports on the use of AgI–NHC complexes for
the ROP of -lactides,[18,21] we are unaware of any such re-
port in the case of the AuI–NHC complexes.

Of late, the ROP of -lactide has attracted considerable
attention by virtue of its eco-friendliness. Not only is the
polylactide polymer (PLA) biodegradable, but the lactide
monomer can also be generated from renewable resources
by a corn fermentation process or from agricultural starch
wastes.[22,23] Because of their good mechanical properties
and biocompatibility, PLAs have found wide utility in medi-
cal and pharmaceutical applications.[24,25] Various metals,
such as Zn, Al, and Sn, have been extensively utilized for
the synthesis of PLAs.[22a] The specific objective of our pro-
gram is centered around the design of novel initiators for
the bulk polymerization of -lactides, which are often used
for the large-scale production of PLAs. It is interesting to
note that even though PLAs can be synthesized by both
solution polymerization[26] and bulk polymerization,[27]

solution polymerization suffers from certain disadvantages
such as being susceptible to impurity levels and to various
unwanted reactions, namely, racemization and transesterifi-
cation, and hence is not conducive for the large-scale pro-
duction of PLAs.[28] Our approach towards the design of
initiators for bulk polymerization involved the utilization of
functionalized NHCs as we rationalized that the presence
of functional groups would enhance the solubility of the
initiators in the monomer melt.

Here in this contribution, we disclose the first example
of AuI–NHC-based initiator 1c along with AgI–NHC-based
initiator 1b for the bulk ROP of -lactide (Figure 1). Speci-
fically, both the gold and the silver complexes, namely,
[3-(N-tert-butylacetamido)-1-(2-hydroxycyclohexyl)imid-
azol-2-ylidene]AuCl (1c) and [3-(N-tert-butylacetamido)-1-

Figure 1. The complexes [3-(N-tert-butylacetamido)-1-(2-hydroxy-
cyclohexyl)imidazol-2-ylidene]AgCl (1b) and [3-(N-tert-butylacet-
amido)-1-(2-hydroxycyclohexyl)imidazol-2-ylidene]AuCl (1c).

Eur. J. Inorg. Chem. 2006, 3724–3730 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3725

(2-hydroxycyclohexyl)imidazol-2-ylidene]AgCl (1b), effec-
tively catalyze the ROP of -lactide at elevated temperatures
under solvent-free melt conditions to afford polylactide
polymers of moderate to low molecular weights with nar-
row molecular weight distributions [Equation (1)]. We also
disclose the synthesis and structural characterizations of
both the Au (1c) and Ag (1b) complexes supported over a
novel difunctionalized N-heterocyclic carbene ligand, 3-(N-
tert-butylacetamido)-1-(2-hydroxycyclohexyl)imidazol-2-
ylidene.

Results and Discussion

A difunctionalized N-heterocyclic carbene ligand, 3-(N-
tert-butylacetamido)-1-(2-hydroxycyclohexyl)imidazol-2-
ylidene, with two functionalized imidazolyl N-substituents,
a 2-hydroxycyclohexyl moiety and an N-tert-butylacet-
amido moiety, was synthesized by a modified procedure re-
ported by Arnold and coworkers.[29] Specifically, the NHC
precursor, 3-(N-tert-butylacetamido)-1-(2-hydroxycyclo-
hexyl)imidazolium chloride (1a), was obtained from the di-
rect reaction of N-tert-butyl-2-chloroacetamide, cyclohex-
ene oxide, and imidazole in 96% yield (Scheme 1). The for-
mation of imidazolium salt 1a was confirmed by the ap-
pearance of the diagnostic (NCHN) resonance at δ =
9.31 ppm in the 1H NMR spectrum and the corresponding
carbon resonance (NCHN) at δ = 136.3 ppm in the 13C
NMR spectrum. The most interesting aspect of the 1H
NMR spectrum is the diastereotopic nature of the two
bridging methylene proton (-CH2-) resonances which ap-
pear as two doublets at δ = 5.16 ppm and 4.96 ppm and
display a geminal coupling between the two protons (2JH,H

= 15 Hz). For example, similar diastereotopic hydrogens for
the bridging methylene moiety (-CH2-) have been reported
for Ir complexes with a 1-n-butyl-3-(2-pyridylmethyl)imid-
azol-2-ylidene ligand.[30] The carbonyl moiety (-CONH-)
appeared at δ = 163.8 ppm in the 13C NMR spectrum and
at 1671 cm–1 (νco) in the infrared spectrum. In the electro-
spray mass spectrum the 3-(N-tert-butylacetamido)-1-(2-hy-
droxycyclohexyl)imidazolium cation appeared as a peak at
m/z = 280 and was further substantiated by HRMS results.

Scheme 1.
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The imidazolium halide salt 1a has been structurally

characterized by X-ray diffraction studies (Figure 2). The
N1–C9 and N2–C9 bond lengths are 1.326(6) Å and
1.314(6) Å, respectively, and the N2–C9–N1 angle is
107.9(5)° for 1a and is comparable with other imidazolium
halide salts. For example, in a CN-functionalized imid-
azolium salt, 1-CH2CN-3-methylimidazolium chloride, the
C–N bond lengths are 1.348(3) Å and 1.336(3) Å and the
N–C–N angle is 107.6°.[31]

Figure 2. ORTEP drawing of 1a with thermal ellipsoids drawn at
50% probability level. Selected bond lengths [Å] and angles [°]: N1–
C9 1.326(6), N2–C9 1.314(6), N2–C9–N1 107.9(5).

The silver complex, [3-(N-tert-butylacetamido)-1-(2-hy-
droxycyclohexyl)imidazol-2-ylidene]AgCl (1b), was synthe-
sized by the reaction of 3-(N-tert-butylacetamido)-1-(2-hy-
droxycyclohexyl)imidazolium chloride (1a) with Ag2O in
dichloromethane at room temperature in 86% yield with
the convenient methodology developed by Lin and cowork-
ers.[32] The 1H NMR spectrum of 1b confirmed the absence
of the reactant imidazolium (NCHN) peak in the ca. 9 ppm
region. The 13C NMR spectrum showed a new peak at δ =
181.6 ppm, which corresponds to the silver-bound carbene
(NCN) resonance; the peak at δ = 136.3 ppm attributable
to reactant 1a (NCHN) was absent as a result of its depro-
tonation by Ag2O and is indicative of the formation of 1b.
The two diastereotopic protons of the bridging methylene
(-CH2-) group appeared shifted as two doublets at δ =
4.94 ppm (2JH,H = 15 Hz) and 4.82 ppm (2JH,H = 15 Hz),
respectively, compared to that of 1a. The carbon resonance
of the bridging methylene (-CH2-) group appeared at δ =
54.4 ppm in the 13C NMR spectrum. In the infrared spec-
trum, the amide carbonyl (-CONH-) appeared at 1673 cm–1

while the hydroxy group appeared as a broad peak at
3302 cm–1.

The definitive proof for the structure of 1b came from X-
ray diffraction studies (Figure 3), which revealed a neutral
monomeric complex bearing a 1:1 (NHC ligand/metal) stoi-
chiometry. The silver center of 1b was found to be two-
coordinate, displays a linear geometry [� C1–Ag1–Cl1 =
172.66(11)°], and is consistent with the most common ge-
ometry displayed by d10 silver(I) ions.[33] The Ag–Ccarb

(Ag1–C1 = 2.066(4) Å) bond length of 1b is shorter than
the sum of the individual covalent radii of Ag and C
(2.111 Å),[34a] but is comparable to that observed in other
related (NHC)AgCl-type complexes. For example, a Ag–
Ccarb bond length of 2.056(7) Å was observed in the case
of [1,3-bis(mesityl)imidazol-2-ylidene]AgCl,[35] while that of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3724–37303726

2.098(2) Å was observed in another functionalized NHC
complex, [1-(2-benzylideneamino-3,5-di-tert-butylbenzyl)-
3-(tert-butyl)imidazol-2-ylidene]AgCl.[36] However, it is to
be noted that the extent of π-backbonding in Group 11
metal–NHC (Cu, Au, Ag) complexes still remains a matter
of debate with independent theoretical calculations carried
out by Frenking[37] and Meyer,[38] who propose opposing
views. In addition, a recent study by Cundari[39] concluded
that a shortening of the metal–carbene bond up to 4% can
be attributed to the change in hybridization state of the car-
bene carbon as a consequence of the enhanced s-character
of the in-plane carbene lone pair σ-bonded to the metal in
the metal–NHC complexes. The Ag1–Cl1 bond length of
2.3264(11) Å in 1b, however, matches more closely with the
sum of individual covalent radii of Ag and Cl (2.329 Å)[34a]

and is in agreement with a single-bond character.

Figure 3. ORTEP drawing of 1b with thermal ellipsoids drawn at
50% probability level. Selected bond lengths [Å] and angles [°]: Ag–
C1 2.066(4), Ag–Cl1 2.3264(11), N1–C1 1.350(4), N2–C1 1.345(5),
C1–Ag–Cl1 172.66(11), N2–C1–N1 110.9(3).

Another notable structural feature of 1b is that both of
the N-substituents, that is, the 2-hydroxycyclohexyl and the
N-tert-butylacetamido moieties, are disposed trans to each
other with respect to the plane that contains the central
imidazole ring and the silver center. The 2-hydroxy cyclo-
hexyl O atom (O1···Ag1 = 4.176 Å) and the N-tert-butyl-
acetamido O atom (O2···Ag1 = 4.199 Å) are located equi-
distant from the central Ag atom but in approximately diag-
onally opposite directions (trans orientation). Furthermore,
the 2-hydroxycyclohexyl and the N-tert-butylacetamido
moieties are perpendicular to the imidazole ring where the
dihedral angle is 111.2° (C9–C4–N1–C1) and 85.6° (C1–
N2–C10–C11), respectively.

The treatment of silver complex 1b with (SMe2)AuCl
yielded the gold complex, [3-(N-tert-butylacetamido)-1-(2-
hydroxycyclohexyl)imidazol-2-ylidene]AuCl (1c), along
with the precipitation of off-white AgCl in 77% yield. It is
interesting to note that there are several methods available
for the synthesis of Au–NHC complexes: (1) cleavage of
electron-rich olefins,[40] (2) carbene transfer from Group 6
carbonyl complexes,[41] (3) reactions of azolium salts or free
NHCs with AuI precursors,[42] (4) protonation or alkylation
of gold azolyl complexes,[43] and (5) transmetalation by the
reaction of AgI–NHC complexes with AuI precursors.[32]

The popularity of the transmetalation method is primarily
a result of the fact that the generation of free carbenes from
the imidazolium salts with the use of strong bases often
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promotes decomposition reactions, and also the generated
free carbenes are often difficult to handle because of their
air and moisture sensitivities.[13] The 1H NMR spectrum of
1c shows two diastereotopic bridging methylene protons
(-CH2-) that appear as two sets of doublets at δ = 5.01 ppm
(2JH,H = 15 Hz) and 4.40 ppm (2JH,H = 15 Hz). The Au-
bound carbene (NCN) peak appears slightly shifted at δ
= 170.2 ppm compared to the Ag-bound carbene (NCN)
resonance at δ = 181.6 ppm in the 13C NMR spectrum. In
the infrared spectrum, the carbonyl peak of the amido
(-CONH-) moiety appears at 1676 cm–1 while the cyclo-
hexyl hydroxy peak appears at 3439 cm–1.

The X-ray diffraction study revealed that the molecular
structure of gold complex 1c (Figure 4) is isomorphous with
silver complex 1b. The N-substituents, 2-hydroxycyclohexyl
and N-tert-butylacetamido, were found to be perpendicular
to the imidazole ring, and the dihedral angles between each
of these two moieties and the imidazolium ring is 112.1(5)°
(C9–C4–N2–C1) and 83.7(6)° (C11–C10–N1–C1), respec-
tively. Notably, the 2-hydroxycyclohexyl O atom and the N-
tert-butylacetamido O atom are disposed trans to each
other with respect to the central imidazole ring and they
also point away from the Au atom in diagonally opposite
directions. The O1···Au1 (2-hydroxycyclohexyl O atom) and
the O2···Au1 (N-tert-butylacetamido O atom) distances are
4.082 Å and 4.109 Å, respectively. Consistent with a shorter
covalent radii of Au compared to Ag,[34] the Au1–C1 bond
[1.969(5) Å] in 1c was indeed shorter than the correspond-
ing Ag1–Cl bond [2.066(4) Å] in 1b. Another noticeable dif-
ference is that the N1–C1–N2 angle [105.2(4)°] in 1c is
slightly greater than the value seen in 1b [104.3(3)°].

Figure 4. ORTEP drawing of 1c with thermal ellipsoids drawn at
50% probability level. Selected bond lengths [Å] and angles [°]: Au–
C1 1.969(5), Au–Cl1 2.2845(13), N1–C1 1.332(6), N2–C1 1.355(5),
C1–Au–Cl1 175.30(15), N2–C1–N1 111.3(4).

It is worth noting that compared to the numerous AgI–
NHC complexes that are known, the AuI–NHC complexes
are surprisingly few in number. Correspondingly, the struc-
tural diversity exhibited by AgI–NHC complexes are more
varied and diverse[35,36,44,45] when compared to their gold
counterparts,[46–48] which commonly exhibit neutral mono-
meric (NHC)AuX (X = halide) and cationic [(NHC)2Au]+

type structures.[13] In this regard, Nolan and coworkers[49]

have recently reported a series of neutral monomeric gold
complexes, [1,3-bis(R)imidazol-2-ylidene]AuCl (R = mes-
ityl, 2,6-di-i-propylphenyl, cyclohexyl and adamentyl); the
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bond lengths and bond angles of which are comparable to
that observed in 1c.

Because of their synthetic ease and air and moisture sta-
bilities, there is a growing emphasis on the catalytic utility
of Au and Ag complexes of the (NHC)MX (M = Au, Ag,
X = halide) type. Research in this area may facilitate their
use as precursors in the preparation of other important
compounds.

Quite significantly, both Au and Ag complexes 1c and 1b
efficiently catalyze the bulk ROP of -lactide under solvent-
free melt conditions at elevated temperatures. To the best of
our knowledge, 1c represents the first example of a AuI–
NHC based initiator for the ROP of -lactide. Even though
there exists a report of solution polymerization[18] and a
report of the bulk polymerization[21] of -lactide by AgI–
NHC complexes, we are not aware of any such polymeriza-
tion by AuI–NHC complexes. Bulk polymerization exhibits
certain advantages over solution polymerization: (1) no sol-
vent is required, (2) it is less vulnerable to impurity levels
and unwanted side reactions, (3) it is often useful for the
large-scale production of PLAs.[28]

Specifically, a typical polymerization experiment would
involve the heating of -lactide and the catalyst, 1b or 1c,
for a given monomer to catalyst ratio in a sealed vessel un-
der vacuum at a designated temperature for a specific
period of time. Under these conditions, the reaction mixture
would form a monomer melt in which the polymerization
would occur. The variation of the [M]:[C] ratio (M = mono-
mer, C = catalyst) showed that the maximum molecular
weight in the case of 1b (Entry 2: Mn = 5.1·103, Table 1) as
well as in 1c (Entry 2: Mn = 5.4·103, Table 2) were obtained
at [M]:[C] ratio 100:1 for a 4 h run at 160 °C. The molecular
weight distributions are almost similar for both catalysts 1b
(PDI = 1.10–1.53) and 1c (PDI = 1.07–1.35). Interesting
would be the comparison of the polymerization results of
1b and 1c with that of the other reported Au and Ag–NHC
complexes. As we are unaware of any Au–NHC complex
known for the ROP of -lactide, such a comparison can
only be drawn for the Ag–NHC complexes.[18,21] For exam-
ple, for a cationic 2:1 (NHC ligand/metal) silver-NHC com-
plex supported over a mono-functionalized NHC ligand re-

Table 1. Melt polymerization of -lactide by 1b.

Entry -Lactide/1b Temp. Time Mn Mw/Mn Conversion
ratio [°C] [h] [%]

1 50 160 4 3.6·103 1.39 98
2 100 160 4 5.1·103 1.23 93
3 150 160 4 4.9·103 1.24 86
4 200 160 4 4.8·103 1.16 67
5 250 160 4 4.5·103 1.14 53
6 300 160 4 4.1·103 1.13 42
7 100 120 4 4.2·103 1.10 78
8 100 140 4 4.9·103 1.17 96
9 100 180 4 4.9·103 1.31 96

10 100 160 1 3.0·103 1.19 67
11 100 160 2 4.0·103 1.25 92
12 100 160 3 4.4·103 1.20 95
13 100 160 6 5.1·103 1.29 98
14 100 160 8 4.6·103 1.53 99
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cently reported by us[21] for the bulk polymerization of -
lactide under analogous melt conditions, higher molecular
weight polymers were obtained as compared to that of 1b
and 1c. However, it should be noted that in the present
study neutral monomeric (NHC)MCl (M = Ag and Au)
type complexes, supported over a different difunctionalized
NHC ligand, were examined as initiators for lactide poly-
merizations.

Table 2. Melt polymerization of -lactide by 1c.

Entry -Lactide/1c Temp. Time Mn Mw/Mn Conversion
ratio [°C] [h] [%]

1 50 160 4 3.9·103 1.23 96
2 100 160 4 5.4·103 1.17 80
3 150 160 4 5.0·103 1.13 56
4 200 160 4 3.8·103 1.22 42
5 250 160 4 3.6·103 1.21 31
6 300 160 4 3.6·103 1.13 29
7 100 120 4 2.7·103 1.13 56
8 100 140 4 4.3·103 1.17 74
9 100 180 4 4.1·103 1.12 97

10 100 160 1 2.0·103 1.07 27
11 100 160 2 2.8·103 1.11 41
12 100 160 3 3.4·103 1.11 61
13 100 160 6 4.1·103 1.22 74
14 100 160 8 5.1·103 1.35 90

The time-dependence study showed that the average mo-
lecular weight (Mn) of the polymer increased with time for
the first 6 h in the case of 1b and for the first 4 h in the case
of 1c, after which it reached saturation. The temperature-
dependence study was carried out in the range 120–180 °C
and showed that for both 1b and 1c the molecular weight
increased steadily with the temperature till 160 °C after
which point it started to decrease. The decrease in molecu-
lar weight may be attributed to the depolymerization that
takes place at higher temperatures. A similar decrease in the
molecular weight at higher temperatures has been reported
by Liao[27a] and by Albertson and Varma.[24] Detailed
mechanistic studies are underway to establish the nature of
the active species responsible for the catalysis. In this re-
gard, it is worth mentioning that there have been reports of
both metal-mediated polymerization[21] as well as carbene-
mediated lactide polymerization.[52]

It is interesting to note that despite the fact that the Au–
Ccarb bond energy (76.3 kcal/mol) is significantly stronger
than the Ag–Ccarb bond energy (53.1 kcal/mol) in (NHC)-
MCl (M = Ag and Au) complexes,[37] comparable polymer
molecular weights were observed in the case of 1b (Mn =
3.0–5.1·103) and 1c (Mn = 2.0–5.4·103). At this juncture,
it will be worthwhile to compare the activity of 1c, with
representative examples of other metal-based catalysts for
the bulk ROP of -lactide. For example, the zinc complexes
of the picolyl carbene ligand, namely, ethyl zinc iodide·1-
mesityl-3-picolylimidazol-2-ylidene adduct and its bis-li-
gand adduct gave PLAs with Mn = (6.1–20)·103, when the
polymerization was carried out at 140 °C.[26b] The molecu-
lar weight distributions (PDI = 1.78–2.45) for PLAs ob-
tained from these picolylcarbene-based zinc complexes are,
however, higher as compared to that of 1b or 1c. Similarly,
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the Co, Ni, Cu, and Zn complexes of a Schiff base ligand
derived from salicylidene and -aspartic acid, also yielded
PLAs with a viscosity average molecular weight in the order
of (4.86–11.1)·103 at 130 °C over a period of 24 h.[53]

Furthermore, PLAs with a relatively narrow molecular
weight distribution (PDI = 1.12–1.32) have been obtained
with Mn = (1.93–2.3)·104 with the use of Red-Al as a cata-
lyst in the temperature range of 110–135 °C.[27b] In ad-
dition, a series of titanatranes with varying ring sizes have
been successfully employed to achieve molecular weights
[Mn = (1.6–3.36)·104] with PDI in the range of 1.42–1.97 at
130 °C.[27c] Recently, various ferric alkoxides [Fe(OR)3; R =
Et, Pr, iPr, Bu] have been reported for moderate molecular
weight PLAs [Mn = (1.78–13.97)·104] with PDI = 1.60–1.98;
however, the polymerization have been carried out up to
72 h at 130–150 °C.[27a] We believe that, as a first example
of a Au-based initiator for the bulk polymerization of -
lactide, the Au–NHC complex 1c would encourage further
research in the utility of gold in this area.

Conclusion

In summary, two new silver and gold complexes, namely,
[3-(N-tert-butylacetamido)-1-(2-hydroxycyclohexyl)imid-
azol-2-ylidene]AgCl (1b) and [3-(N-tert-butylacetamido)-1-
(2-hydroxycyclohexyl)imidazol-2-ylidene]AuCl (1c), sup-
ported over a difunctionalized N-heterocyclic carbene li-
gand have been synthesized. The 1a, 1b, and 1c complexes
have been structurally characterized by X-ray diffraction
studies. The comparison of structures 1b and 1c show the
formation of neutral monomeric complexes that have a 1:1
(NHC ligand/metal) stoichiometry. Notably, in neither
structure 1b nor structure 1c was the chelation of the func-
tionalized sidearms to the metals observed. This is in agree-
ment with the two-coordinated d10 configurations of the
AuI and AgI ions that prefer linear geometries. The gold
and silver complexes 1c and 1b effectively catalyze the ROP
of -lactide under solvent-free melt conditions to produce
the polylactide polymer of moderate to low molecular
weight with a narrow molecular weight distribution. Gold
complex 1c represents the first example of a AuI–NHC
based initiator for the ROP of -lactide.

Experimental Section
General Procedures: All manipulations were carried out with a
glove box and/or standard Schlenk techniques. Solvents were puri-
fied and degassed by standard procedures. Ag2O was purchased
from SD-fine chemicals (India) and used without any further puri-
fication. (SMe2)AuCl[50] and N-tert-butyl-2-chloroacetamide[51]

were synthesized according to literature procedures. 1H- and
13C{1H} NMR spectra were recorded in CDCl3 with a Varian
400 MHz NMR spectrometer. 1H NMR peaks are labeled as sing-
let (s), doublet (d) and multiplet (m). Infrared spectra were re-
corded with a Perkin–Elmer Spectrum One FTIR spectrometer.
Mass spectrometry measurements were performed with a Micro-
mass Q-Tof spectrometer. Polymer molecular weights were deter-
mined with a Waters GPC (Waters 2414 RI Detector) and with PL-
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gel, 5µ Mixed-D (2 ×300 mm) column, with polystyrene standards
in chloroform, with a covered molecular weight range of l40 to
4·105. X-ray diffraction data for 1b was collected with a NONIUS-
MACH3 diffractometer and that of 1a and 1c was collected on
Oxford diffraction XCALIBUR-S instrument. The crystal data col-
lection and refinement parameters are summarized in Table 3. The
structures were solved by direct methods and standard difference
map techniques and were refined by full-matrix least-squares pro-
cedures on F2 with SHELXTL (Version 6.10). CCDC-606428 (1a),
CCDC-606429 (1b), and CCDC-606427 (1c) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 3. X-ray crystallographic data for 1a, 1b and 1c.

Compound 1a 1b 1c

Lattice monoclinic orthorhombic orthorhombic
Formula C15H26ClN3O2 C15H25AgClN3O2 C15H24AuClN3O2

Formula weight 315.84 422.70 510.79
Space group P21/n Pabc Pcab
a [Å] 14.799(4) 9.8760(11) 9.879(2)
b [Å] 5.648(5) 19.0390(11) 18.800(2)
c [Å] 21.571(3) 19.2450(12) 19.391(3)
α [°] 90.00 90.00 90.00
β [°] 105.802(15) 90.00 90.00
γ [°] 90.00 90.00 90.00
V [Å3] 1734.8(16) 3618.6(5) 3601.4(11)
Z 4 8 8
Temperature [K] 293(2) 293(2) 293(2)
Radiation (λ [Å]) 0.71073 0.71073 0.71073
ρ(calcd.) [gcm–3] 1.209 1.884 1.884
µ(Mo-Kα) [mm–1] 0.228 1.271 8.328
θ max [°] 32.2342 12.2000 2.99–30.16
No. of data 3051 3182 5309
No. of parameters 194 211 203
R1 0.0821 0.0320 0.0316
wR2 0.2143 0.0708 0.0560
GOF 1.102 0.964 0.827

Synthesis of 3-(N-tert-Butylacetamido)-1-(2-hydroxycyclohexyl)-
imidazolium Chloride (1a): Cyclohexene oxide (0.656 g, 6.69 mmol)
and imidazole (0.455 g, 6.69 mmol) were heated at 60 °C for 12 h
and the resulting sticky brown solid was dissolved in acetonitrile
(ca. 20 mL). N-tert-Butyl-2-chloroacetamide (1.00 g, 6.69 mmol)
was added to the solution and the reaction mixture was heated at
90 °C for 2 h. A white precipitate was collected by filtration and
was recrystallized from acetonitrile (ca. 10 mL) and dried under
vacuum to give the product 1a as a white solid (2.02 g, 96%). 1H
NMR (CDCl3, 400 MHz, 25 °C): δ = 9.31 (s, 1 H, NCHN), 8.19
(br., 1 H, NH), 7.44 (br., 2 H, NCHCHN), 5.16 (d, 2J = 15 Hz, 1
H, CH2), 4.96 (d, 2J = 15 Hz, 1 H, CH2), 4.12–4.00 (m, 1 H,
C6H10), 3.62–3.56 (m, 1 H, C6H10), 2.12–1.98 (m, 4 H, C6H10),
1.78–1.68 (m, 4 H, C6H10), 1.30 [s, 9 H, C(CH3)3] ppm. 13C{1H}
NMR (CDCl3, 100 MHz, 25 °C): δ = 163.8 (CO), 136.3 (NCHN),
123.1 (NCHCHN), 120.1 (NCHCHN), 51.8 (CH2), 34.3 (C6H10),
31.2 (C6H10), 30.9 [C(CH3)3], 28.5 [C(CH3)2], 24.5 (2C, C6H10),
23.9 (2C, C6H10) ppm. IR (KBr): ν̃ = 3213 (br, OH), 1671 (s, CO)
cm–1. LRMS (ES): m/z (%) = 280 [100, (NHC–Ligand)+]. HRMS
(ES): calcd. for (NHC–Ligand)+ 280.2025; found 280.2022.

Synthesis of [3-(N-tert-Butylacetamido)-1-(2-hydroxycyclohexyl)-
imidazol-2-ylidene]AgCl (1b): A mixture of 3-(N-tert-butylacet-
amido)-1-(2-hydroxycyclohexyl)imidazolium chloride 1a (2.98 g,
9.53 mmol) and Ag2O (1.11 g, 4.77 mmol) in dichloromethane (ca.
25 mL) was stirred at room temperature for 6 h. The reaction mix-

Eur. J. Inorg. Chem. 2006, 3724–3730 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3729

ture was filtered and the solvent was removed under vacuum to give
the product 1b as a white solid (3.46 g, 86%). 1H NMR (CDCl3,
400 MHz, 25 °C): δ = 8.19 (br., 1 H, NH), 7.03 (br., 2 H,
NCHCHN), 4.94 (d, 2J = 15 Hz, 1 H, CH2), 4.82 (d, 2J = 15 Hz,
1 H, CH2), 4.25–4.20 (m, 1 H, C6H10), 3.68–3.55 (m, 1 H, C6H10),
2.13–2.04 (m, 4 H, C6H10), 1.80–1.70 (m, 4 H, C6H10), 1.34 [s, 9
H, C(CH3)3] ppm. 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ =
181.6 (NCN–Ag), 166.6 (CO), 123.0 (NCHCHN), 117.8
(NCHCHN), 54.4 (CH2), 34.4 (C6H10), 32.9 (C6H10), 32.3 [C-
(CH3)3], 28.6 [C(CH3)2], 24.9 (2 C, C6H10), 24.4 (2 C, C6H10) ppm.
IR (KBr): ν̃ = 3302 (br, OH), 1673 (s, CO) cm–1. LRMS (ES): m/z
= 386 (NHC–Ag)+, 667 (NHC)2Ag]+.

Synthesis of [3-(N-tert-Butylacetamido)-1-(2-hydroxycyclohexyl)-
imidazol-2-ylidene]AuCl (1c): A mixture of [3-(N-tert-butyl-
acetamido)-1-(2-hydroxycyclohexyl)imidazol-2-ylidene]AgCl 1b
(0.277 g, 0.651 mmol) and (SMe2)AuCl (0.193 g, 0.651 mmol) in
dichloromethane (ca. 15 mL) was stirred at room temperature for
6 h, when the formation of an off-white AgCl precipitate was ob-
served. The reaction mixture was filtered and the solvent was re-
moved under vacuum to obtain the product 1c as a white solid
(0.259 g, 77%). 1H NMR (CDCl3, 400 MHz, 25 °C): δ = 9.12 (br.,
1 H, NH), 7.12 (br., 1 H, NCHCHN), 6.93 (br., 1 H, NCHCHN),
5.01 (d, 2J = 15 Hz, 1 H, CH2), 4.40 (d, 2J = 15 Hz, 1 H, CH2),
4.35–4.29 (m, 1 H, C6H10), 3.76–3.70 (m, 1 H, C6H10), 2.07–2.01
(m, 4 H, C6H10), 1.80–1.67 (m, 4 H, C6H10), 1.30 [s, 9 H, C-
(CH3)3] ppm. 13C{1H} NMR (CDCl3, 100 MHz, 25 °C): δ = 170.2
(NCN–Au), 165.7 (CO), 123.6 (NCHCHN), 117.7 (NCHCHN),
54.4 (CH2), 41.0 (C6H10), 34.0 (C6H10), 32.4 [C(CH3)3], 29.7
[C(CH3)2], 24.9 (2 C, C6H10), 24.3 (2 C, C6H10) ppm. IR (KBr): ν̃
= 3439 (br, OH), 1676 (s, CO) cm–1.

Polymerization Experiments: Bulk polymerizations of -lactide
were carried out in vacuo-sealed glass ampoules. Firstly, the glass
ampoule was charged with monomer (-lactide) and dried for a
period of two hours under high vacuum at 50 °C. Subsequently,
the catalyst (1b or 1c) was then added with the monomer to catalyst
ratio in the range of 50–300. The ampoule was sealed under high
vacuum and immersed in an oil bath. Polymerizations were carried
out in the temperature range 120–180 °C. After a predetermined
time (1–8 h) the glass ampoule was removed and subsequently the
molten reactive polymer mixture was cooled while the sealed am-
poule was immersed in liquid nitrogen to stop the polymerization,
and thereafter the samples were removed for analysis. The analyses
were performed on the crude reaction mixture; no precipitation was
executed in order to avoid fractionation of the sample.
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Two EuIII mixed-ligand complexes, namely [Eu(TTA)3(PBO)]
and [Eu(TTA)3(PBT)] [TTA = 1,1,1-trifluoro-3-(2-thenoyl)acet-
onato, PBO = 2-(2�-pyridyl)-1,3-benzoxazole, and PBT = 2-
(2�-pyridyl)-1,3-benzothiazole], have been synthesized.
[Eu(TTA)3(PBO)] has been structurally characterized by sin-
gle-crystal X-ray diffraction analysis. The complex crys-
tallizes in the monoclinic space group C2/c. The lattice pa-
rameters are a = 41.346(4), b = 10.0538(8), c = 20.3793(16) Å,

Introduction

EuIII complexes have attracted tremendous interest due
to their highly monochromic red emission with large Stokes
shifts and long emission lifetimes of up to a few milli-
seconds.[1] These materials have found widespread applica-
tions in chemical and earth sciences as well as bioinorganic
chemistry, ranging from DNA binding properties to anti-
body labels in immunoassays.[1–3] A particularly important
class of complexes is that of lanthanide β-diketonates,
which have recently attracted attention in the development
of new materials based on red, near-infrared, and white-
light photo-conversion and switching/sensing molecular de-
vices,[4] sol–gel glasses,[5] liquid crystals,[6] red-emitting elec-
troluminescent devices,[7–9] supramolecular assemblies,[10]

polymers,[11] and Langmuir–Blodgett (LB) and self-as-
sembled ultrathin films.[12–14]

As far as EuIII β-diketonates developed for electrolumi-
nescent devices are concerned, [Eu(β-diketonate)3L]-type
complexes (L = bidentate neutral heterocyclic ligand) have
played a very important role. It has been demonstrated that
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β = 110.922(2)°, Z = 8. The EuIII ion is eight-coordinate, with
three bidentate TTA– anions and one bidentate N,O-chelated
PBO molecule. A comparative study by UV and emission
spectroscopy was carried out and electroluminescent proper-
ties of the related complexes [Eu(TTA)3(PBO)] and [Eu-
(TTA)3(PBT)] are reported as well.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the introduction of L to replace the two coordinated water
molecules in [Eu(β-diketonate)3(H2O)2] is imperative to ob-
tain vapor volatility for vacuum deposition film-based elec-
troluminescent devices.[15] However, as almost all of the bi-
dentate neutral heterocyclic ligands are α-diimines such as
2,2�-bipyridine (bpy), 1,10-phenanthroline (phen), or their
substitutional derivatives, in addition to 2,2�-bipyridine N-
oxide and 1,10-phenanthroline N-oxide,[16] novel types of
complexes are limited.[1–8] We have reported a series of
[Eu(β-diketonate)3(α-diimine)]-type complexes for electrolu-
minescent devices,[8] and introduced amphiphilic complexes
of this kind into Langmuir–Blodgett films.[13] To promote
rapid development of these research fields, it is important
to develop novel examples of such complexes.

In addition to the great interest in functional metal com-
plexes based on bpy and phen derivatives, structurally anal-
ogous 2-(2�-pyridyl)azoles such as 2-(2�-pyridyl)-1,3-benz-
oxazole (PBO), 2-(2�-pyridyl)-1,3-benzothiazole (PBT), and
2-(2�-pyridyl)benzimidazole (PBI), which are structurally
similar to 2,2�-bipyridine or 1,10-phenanthroline N-ox-
ide,[16] have attracted special attention for use in electrolu-
minescent devices, as radiopharmaceuticals based on metal
complexes of [ReI(CO)3(L)X] (X = halide),[17] when at-
tached to ReVO3+ and TcVO3+ cores,[18] for complexation
with RuII,[19] PtII,[20] RhIII and PdII,[20b] MoV,[21] SnII,[22]

and CoII, ZnII and CuII etc.,[23] and because of their struc-
tural and physicochemical properties. We have reported the
electroluminescence properties of EuIII complexes with
PBI,[8c,8i] but so far little attention has been paid to lantha-
nide complexes with 2-(2�-pyridyl)azoles.[24] Here, we pres-
ent a comparative study of the optical and electrolumines-
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cence properties of EuIII complexes of [Eu(TTA)3(L)] [TTA
= 1,1,1-trifluoro-3-(2-thenoyl)acetonato; L = PBO, PBT,
and PBI], and a single-crystal X-ray structural characteriza-
tion of [Eu(TTA)3(PBO)].

Results and Discussion

Synthesis

2-(2�-Pyridyl)-1,3-benzoxazole (PBO), 2-(2�-pyridyl)-1,3-
benzothiazole (PBT), and 2-(2�-pyridyl)benzimidazole
(PBI), and their EuIII complexes [Eu(TTA)3(PBO)],
[Eu(TTA)3(PBT)], and [Eu(TTA)3(PBI)] were prepared ac-
cording to the reactions shown in Figure 1. The three 2-
(2�-pyridyl)azoles were obtained by direct condensation of
picolinic acid with 2-aminophenol, 2-aminothiophenol, and
1,2-phenylenediamine, respectively, in a 1:1 molar ratio in
the presence of polyphosphoric acid,[25] although there have
been reports of the synthesis of PBO based on the oxidation
of the appropriate Schiff bases by Ag2O[26a] and by the pal-
ladium-catalyzed carbonylation and condensation of aro-
matic halides and o-aminophenols.[27] Single crystals of
PBT suitable for X-ray diffraction analysis were obtained
by recrystallization from CH2Cl2/hexane; its structure and
lattice parameters are consistent with those reported pre-
viously.[26b] The reaction of [Eu(TTA)3(H2O)2] with L (L =
PBO, PBT and PBI) in a 1:1 molar ratio in refluxing etha-
nol for 1 h, and then washing of the filtered product with
hot ethanol, yielded satisfactorily pure [Eu(TTA)3(L)].
[Eu(TTA)3(PBO)] was also structurally characterized by
single-crystal X-ray diffraction.

Figure 1. The synthetic routes to the EuIII complexes.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3731–37373732

Crystal Structure

A molecular view and the crystal packing of [Eu(TTA)3-
(PBO)] are shown in Figures 2 and 3, respectively; selected
bond parameters are listed in Table 1. As expected, the PBO
ligand coordinates to the EuIII ion in an unusual N,O-chela-
tion mode. The complex crystallizes in the monoclinic space
group C2/c with lattice parameters a = 41.346(4), b =
10.0538(8), c = 20.3793(16) Å, β = 110.922(2)°, and Z =
8. The complex is mononuclear and the EuIII ion is eight-
coordinate, with six oxygen atoms of three bidentate TTA–

Figure 2. Asymmetric unit of [Eu(TTA)3(PBO)] with atom number-
ing scheme and thermal ellipsoids (30%).
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anions and one oxygen atom and one nitrogen atom of a
bidentate PBO ligand. These atoms lie at the apices of a
slightly distorted square antiprism. One of the two planes
of the square antiprism is formed exclusively by oxygen
atoms [O(1)–O(4)] and the other one by one nitrogen atom
and three oxygen atoms [N(1) and O(5)–O(7)]. The two
square planes are almost parallel to each other, as shown
by the dihedral angle of 1.3°. The average bond lengths and
angles of the TTA– ligands are similar to those reported for
other TTA complexes.[28] The Eu–O bond lengths range
from 2.33(2) to 2.58(2) Å, and the mean Eu–O(TTA) bond
[2.36(2) Å] is 0.22 Å shorter than the average Eu–O(PBO)
bond [2.58(2) Å], thus indicating that TTA has a stronger
coordinating ability than PBO. The Eu�O bond in PBO of
[Eu(TTA)3(PBO)], however, is stronger than the Eu�N
bonds found in [Eu(TTA)3(PBO)], [Eu(DBM)3(pip)] (DBM
= dibenzoylmethanato; pip = 2-phenylimidazo[4,5-f]1,10-

Figure 3. The molecular packing of [Eu(TTA)3(PBO)] along the a-
axis. Hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for [Eu(TTA)3-
(PBO)].

Eu(1)–O(1) 2.33(2) Eu(1)–O(2) 2.38(2)
Eu(1)–O(3) 2.38(2) Eu(1)–O(4) 2.33(2)
Eu(1)–O(5) 2.36(2) Eu(1)–O(6) 2.38(2)
Eu(1)–O(7) 2.58(2) Eu(1)–N(1) 2.68(2)
O(1)–Eu(1)–O(4) 109.6(8) O(1)–Eu(1)–O(5) 135.2(7)
O(4)–Eu(1)–O(5) 97.0(8) O(1)–Eu(1)–O(6) 147.3(8)
O(4)–Eu(1)–O(6) 77.6(7) O(5)–Eu(1)–O(6) 72.1(8)
O(1)–Eu(1)–O(2) 71.1(8) O(4)–Eu(1)–O(2) 80.0(8)
O(5)–Eu(1)–O(2) 151.2(8) O(6)–Eu(1)–O(2) 79.3(8)
O(1)–Eu(1)–O(3) 75.2(8) O(4)–Eu(1)–O(3) 71.4(7)
O(5)–Eu(1)–O(3) 80.3(7) O(6)–Eu(1)–O(3) 135.2(8)
O(2)–Eu(1)–O(3) 124.4(7) O(1)–Eu(1)–O(7) 85.9(8)
O(4)–Eu(1)–O(7) 147.1(8) O(5)–Eu(1)–O(7) 90.7(8)
O(6)–Eu(1)–O(7) 74.5(8) O(2)–Eu(1)–O(7) 78.1(8)
O(3)–Eu(1)–O(7) 141.5(8) O(1)–Eu(1)–N(1) 69.4(7)
O(4)–Eu(1)–N(1) 149.1(8) O(5)–Eu(1)–N(1) 69.3(8)
O(6)–Eu(1)–N(1) 120.8(7) O(2)–Eu(1)–N(1) 125.4(8)
O(3)–Eu(1)–N(1) 78.8(7) O(7)–Eu(1)–N(1) 63.0(8)

Eur. J. Inorg. Chem. 2006, 3731–3737 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3733

phenanthroline),[8h] and [Eu(DBM)3(edapip)] {edapip =
3-ethyl-2-[4�-(dimethylamino)phenyl]imidazo[4,5-f]1,10-
phenanthroline}.[8d] Interestingly, as shown in Figure 3,
there is a π···π stacking interaction between two PBO mo-
lecular planes in two adjacent [Eu(TTA)3(PBO)] molecules,
with an interplanar distance of 3.354(1) Å and a dihedral
angle of 0° between them.

UV Spectra

The UV absorption spectrum of [Eu(TTA)3(PBO)] is
compared with those of [Eu(TTA)3(H2O)2] and PBO in Fig-
ure 4. There is one principle π–π* absorption peak at
300 nm in the spectrum of PBO and two peaks at 266 and
338 nm in that of [Eu(TTA)3(H2O)2], while a new shoulder
centered at 318 nm appears in the spectrum of [Eu(TTA)3-
(PBO)] in addition to one peak at 302 nm due to PBO and
two peaks at 266 and 336 nm to [Eu(TTA)3(H2O)2], thus
indicating the complexation of PBO to the Eu(TTA)3 moi-
ety.

Figure 4. UV absorption spectra of PBO (dashed line), [Eu-
(TTA)3(H2O)2] (dotted line), and [Eu(TTA)3(PBO)] (solid line) in
CH3CN.

As shown in Figure 5, the complexation of PBT to
Eu(TTA)3 results in profound changes in the UV spectra:
the π–π* absorption bands at 338 and 266 nm of [Eu-
(TTA)3(H2O)2] are blue-shifted to 330 and 251 nm, respec-

Figure 5. UV absorption spectra of PBT (dashed line), [Eu-
(TTA)3(H2O)2] (dotted line), and [Eu(TTA)3(PBT)] (solid line) in
CH3CN.
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tively, for [Eu(TTA)3(PBT)] and the molar extinction coeffi-
cient for the former is decreased as the coordination reac-
tion takes place. Furthermore, the broad band at 305 nm
for PBT disappears in the spectrum of [Eu(TTA)3(PBT)].

In the spectrum of [Eu(TTA)3(PBI)] (Figure 6), the
dominant absorption feature for Eu(TTA)3 is also blue-
shifted to 323 nm relative to [Eu(TTA)3(H2O)2]; no absorp-
tion feature for PBI is observed (308 nm).

Figure 6. UV absorption spectra of PBI (dashed line), [Eu(TTA)3-
(H2O)2] (dotted line), and [Eu(TTA)3(PBI)] (solid line) in CH3CN.

Photo- and Electroluminescent Properties

The excitation spectra for PBO, PBT, and PBI in CH3CN
show maximum excitation wavelengths at 300, 305, and
308 nm, respectively; these correspond well to their corre-
sponding maximum UV absorption peaks. However, the ex-
citation spectra for [Eu(TTA)3(PBO)], [Eu(TTA)3(PBT)],
and [Eu(TTA)3(PBI)] in CH3CN show maximum excitation
wavelengths at 341, 341, and 339 nm, respectively, which
correspond well to the maximum UV absorption peak at
338 nm for [Eu(TTA)3(H2O)2], thus indicating that TTA–

rather than neutral 2-(2�-pyridyl)azoles (PBO, PBT and
PBI) is mainly involved in intramolecular energy transfer
from the excited triplet of TTA–* to the 5D0 state of EuIII.[1]

The emission spectra of the three complexes show a similar
pattern in the EuIII region, with sharp characteristic emis-
sion peaks at 595, 613, 654, and 702 nm due to 5D0 � 7FJ

(J = 1, 2, 3, and 4) transitions, respectively, with the electric
dipole transition (5D0 � 7F2) being the strongest. The emis-
sion quantum yields of [Eu(TTA)3(PBO)], [Eu(TTA)3-
(PBT)], and [Eu(TTA)3(PBI)] in CH3CN were determined
to be 1.22-, 0.51-, and 0.54-times that of [Eu(TTA)3-
(H2O)2] in the same solvent, respectively.

By using N,N�-bis(3-methylphenyl)-N,N�-diphenyl-1,1�-
biphenyl-4,4�-diamine (TPD) as hole-transporting material,
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) as
hole-blocking material, and tris(8-quinolinolato)aluminium
(Alq3) as electron-transporting material, we fabricated four-
layer electroluminescence (EL) devices with the configura-
tion ITO/TPD (20 nm)/EuIII complex (40 nm)/BCP
(10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1 (200 nm)/Ag (80 nm).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3731–37373734

Figure 7 shows the chemical structures of the materials and
the configuration of the EL devices. As exemplified in Fig-
ure 8 for the electroluminescence spectrum of [Eu(TTA)3-
(PBO)], the two devices give similar features of an EuIII

characteristic emission with good red-emitting purity cen-
tered at 613 nm, which corresponds to the 5D0 � 7F2 tran-
sition. Figures 9 and 10 show current density/luminance/
voltage curves for the devices ITO/TPD (20 nm)/[Eu(TTA)3-
(PBO)] (40 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1

(200 nm)/Ag (80 nm) and ITO/TPD (20 nm)/[Eu(TTA)3-
(PBT)] (40 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1

(200 nm)/Ag (80 nm), respectively. The [Eu(TTA)3(PBO)]-
based device has a turn-on voltage (the voltage at which the
device gives a luminance of 1 cdm–2) of about 10 V, which
is comparable to the voltage of about 10.5 V for an [Eu-
(TTA)3(PBT)]-based device. However, the maximum red-
emitting brightness of 18 cd m–2 achieved at 15 V and
4.3 mAcm–2 for the [Eu(TTA)3(PBO)]-based device is much
lower than the value of 30 cd m–2 observed at 15 V and
165 mA cm–2 for an [Eu(TTA)3(PBT)]-based device and
much higher than the value of 0.43 cdm–2 observed at 26 V
and 1.6 mAcm–2 for an [Eu(TTA)3(PBI)]-based device;[8i] it
is half that (36 cdm–2) observed for an [Eu(TTA)3(HEPB)]

Figure 7. Chemical structures of the materials and the configura-
tion of the EL device.

Figure 8. Electroluminescence spectrum of the [Eu(TTA)3(PBO)]-
based device ITO/TPD (20 nm)/[Eu(TTA)3(PBO)] (40 nm)/BCP
(10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1 (200 nm)/Ag (80 nm).
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[EPBM = 1-ethyl-2-(2�-pyridyl)benzimidazole] based de-
vice.[8c] The poor EL performance observed for the
[Eu(TTA)3(PBI)]-based device is mainly attributed to the
poor vacuum volatility of [Eu(TTA)3(PBI)] due to the pres-
ence of the strongly polar NH group on PBI.

Figure 9. Current/voltage (I/V) and luminance/voltage (L/V) char-
acteristics for the EL device ITO/TPD (20 nm)/[Eu(TTA)3(PBO)]
(40 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1 (200 nm)/Ag
(80 nm).

Figure 10. Current/voltage (I/V) and luminance/voltage (L/V) char-
acteristics for EL device ITO/TPD (20 nm)/[Eu(TTA)3(PBT)]
(40 nm)/BCP (10 nm)/Alq3 (40 nm)/Mg0.9:Ag0.1 (200 nm)/Ag
(80 nm).

Conclusions

We have synthesized two EuIII mixed-ligand complexes
with TTA and PBO or PBT. The N,O-bidentate coordina-
tion to EuIII by PBO in [Eu(TTA)3(PBO)] has been demon-
strated by single-crystal X-ray diffraction. The N,N-Biden-
tate coordination to EuIII by PBT and PBI in [Eu(TTA)3-
(PBT)] and [Eu(TTA)3(PBI)] causes more evident changes
in the UV spectra than in the N,O-bidentate coordinated
[Eu(TTA)3(PBO)]. However, the photoluminescence quan-
tum yield of N,O-coordinated [Eu(TTA)3(PBO)] is the high-
est and follows the order: [Eu(TTA)3(PBO)] � [Eu(TTA)3-
(PBI)] � [Eu(TTA)3(PBT)]. The maximum red-emitting EL
brightness fo l lows the order [Eu(TTA) 3 (PBT)] �
[Eu(TTA)3(PBO)] �� [Eu(TTA)3(PBI)]. The low bright-
ness of only 0.43 cdm–2 observed for the [Eu(TTA)3(PBI)]-
based EL device is most probably due to the poor vacuum
volatility of [Eu(TTA)3(PBI)], since we noticed serious ther-
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mal decomposition during the vacuum deposition of
[Eu(TTA)3(PBI)].

Experimental Section
Physical Measurements: C, H, N elemental analyses were per-
formed with a Vario EL elemental analyzer. IR spectra were mea-
sured with a Nicolet Avatar 360 FT-IR spectrometer as KBr disks.
1H NMR spectra were obtained with a Bruker DRX-500 spectrom-
eter. UV absorption spectra were determined with a GBC Cintra
10e UV/Vis spectrophotometer. Emission spectra were recorded
with a Shimadzu RF-5301PC spectrofluorimeter. The PL quantum
yields of CH3CN solutions of the complexes were calculated using
Equation (1),[29] where φs and φstd are the quantum yields of un-
known and standard [Eu(TTA)3(H2O)2], As and Astd (� 0.1) are
the solution absorbance at the excitation wavelength, Is and Istd are
the integrated emission intensities, and ns and nstd are the refractive
indices of the solvents.

φs = φstd(Astd/As)(Is/Istd)(ns/nstd)2 (1)

The EL devices were fabricated by sequentially depositing organic
layers in one run under high vacuum (�8×104 Pa) thermal evapo-
ration onto a pre-cleaned indium/tin oxide glass substrate with a
sheet resistance of 15 Ω/cm2, which was kindly supplied by China
Southern Glass Holding Co., Ltd as a gift. A shadow mask with
5-mm-diameter openings was used to define the cathode of a 200-
nm thick Mg0.9:Ag0.1 alloy layer, with an 80-nm thick Ag cap. The
thickness of the deposited layer and the evaporation speed of the
individual materials were monitored in vacuo with quartz crystal
monitors. The deposition rates were maintained to be 0.1–
0.3 nms–1 for organic materials and 1.0–1.3 nms–1 for Mg0.9:Ag0.1

alloy. All electrical testing and optical measurements were per-
formed under ambient conditions. The EL spectra were measured
with a Spectrascan PR650 photometer. The current/voltage (I/V)
and luminance/voltage (L/V) characteristics were measured with a
computer-controlled Keithley 2400 Sourcemeter unit with a cal-
ibrated silicon diode.

Materials: [Eu(TTA)3(H2O)2][30] [TTA = 1,1,1-trifluoro-3-(2-
thenoyl)acetonato] was prepared by a literature method. 2-(2�-Pyr-
idyl)benzimidazole (PBI) and [Eu(TTA)3(PBI)] were synthesized as
described previously.[8c,8i] The other materials were commercially
available and were used without further purification.

2-(2�-Pyridyl)-1,3-benzoxazole (PBO): A mixture of powdered 2-
picolinic acid (12.3 g, 0.1 mol), 2-aminophenol (10.9 g, 0.1 mol),
and syrupy phosphoric acid (50 mL) was stirred at 160 °C for 4 h.
The blue slurry was then poured into vigorously stirred cold water
(500 mL). Aqueous ammonia was then added up to a pH of about
7. The resulting pink solid product was filtered off and recrys-
tallized from CH2Cl2/hexane. Yield: 8.6 g (43.9 %). 1H NMR
(500 MHz, CDCl3): δ = 8.86 (d, J = 4.60 Hz, 1 H), 8.40 (d, J =
7.90 Hz, 1 H), 7.94 (m, 1 H), 7.86 (m, 1 H), 7.71 (d, J = 4.60 Hz,
1 H), 7.50 (m, 1 H), 7.44 (m, 2 H) ppm. IR (KBr): ν̃ = 3058 (w),
1583 (m), 1552 (m), 1454 (vs), 1437 (s), 1347 (m), 1242 (m), 1076
(s), 809 (m), 742 (vs), 704 (m) cm–1. C12H8N2O (196.21): calcd. C
73.50, H 4.10, N 14.30; found C 73.70, H 4.20, N 14.10.

2-(2�-Pyridyl)-1,3-benzothiazole (PBT): This was synthesized as de-
scribed above for PBO except that 2-aminothiophenol was used
instead of 2-aminophenol. Yield: 6.0 g (30.6 %). 1H NMR
(500 MHz, CDCl3): δ = 8.72 (d, J = 4.70 Hz, 1 H), 8.42 (d, J =
7.91 Hz, 1 H), 8.13 (d, J = 8.13 Hz, 1 H), 8.00 (d, J = 7.94 Hz, 1
H), 7.89 (m, 1 H), 7.54 (m, 1 H), 7.44 (m, 2 H) ppm. IR (KBr): ν̃
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= 3052 (w), 1583 (m), 1562 (m), 1509 (m), 1456 (s), 1432 (vs), 1316
(s), 1292 (m), 1265 (m), 1233 (m), 996 (m), 978 (s), 783 (s), 758 (s),
739 (s), 725 (s), 618 (s) cm–1. C12H8N2S (212.21): calcd. C 67.90,
H 3.80, N 13.20; found C 68.00, H 3.85, N 13.15.

[Eu(TTA)3(PBO)]: PBO (0.0785 g, 0.4 mmol) and [Eu(TTA)3-
(H2O)2] (0.3408 g, 0.4 mmol) were refluxed in ethanol (10 mL) for
1 h. The solid product formed upon cooling was filtered off,
washed with hot ethanol, and then vacuum-dried. Yield: 0.29 g
(71.6%). UV (CH3CN): λ (ε) = 266 (4.03), 302 (5.18), 318 (5.70),
336 (6.80×104 –1 cm–1) nm. IR (KBr): ν̃ = 1598 (s), 1578 (m),
1541 (m), 1508 (w), 1463 (w), 1413 (m), 1359 (w), 1311 (s), 1250
(w), 1230 (w), 1189 (m), 1136 (s), 1085 (w), 1062 (w), 935 (w), 858
(w), 787 (m), 748 (m), 720 (m), 681 (w), 642 (w), 581 (w), 457 (vw)
cm–1. C36H20EuF9N2O7S3 (1011.7): calcd. C 42.74, H 1.99, N 2.77;
found C 42.66, H 2.06, N 2.96.

[Eu(TTA)3(PBT)]: This complex was synthesized as described
above for [Eu(TTA)3(PBO)] except that PBT was used instead of
PBO. UV (CH 3 CN): λ ( ε ) = 234 (3 .73) , 251 (3 .77) , 330
(5.69×104 –1 cm–1) nm. IR (KBr): ν̃ = 1625 (m), 1598 (s), 1578
(m), 1540 (m), 1508 (w), 1464 (w), 1413 (m), 1357 (w), 1308 (s),
1248 (w), 1231 (w), 1187 (m), 1142 (s), 1083 (w), 1065 (m), 995 (w),
935 (w), 855 (w), 788 (m), 762 (w), 718 (m), 681 (w), 644 (m), 577
(m), 496 (vw), 461 (vw) cm–1. C36H20EuF9N2O6S4 (1027.8): calcd.
C 42.07, H 1.96, N 2.73; found C 41.77, H 2.11, N 2.76.

X-ray Crystallographic Study: Yellow single crystals with approxi-
mate dimensions suitable for X-ray structural analysis were ob-
tained by recrystallization from CH2Cl2/CH3CN. The data were
collected at 294(2) K with a CCD area detector Bruker SMART
2000 X-ray diffractometer with graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å) in the ω-2θ scan mode (2θ range: 5.52–
52.48°). The coordinates of all non-hydrogen atoms and anisotropic
thermal parameters were refined by full-matrix least squares. The
data were processed with a Pentium PC using the Bruker
SHELXTL software package.[16] Further details of the data collec-

Table 2. Principal crystallographic data and parameters of
[Eu(TTA)3(PBO)].

Empirical formula C36H20EuF9N2O7S3

Formula mass 1011.68
Temp. [K] 294(2)
Wavelength [Å] 0.71073
Crystal system monoclinic
Space group C/2c
a [Å] 41.346(4)
b [Å] 10.0538(8)
c [Å] 20.3793(16)
β [°] 110.922(2)
V [Å3] 7912.7(11)
Z 8
Dcalcd. [g cm–3] 1.698
Absorption coefficient [mm–1] 1.835
F(000) 3984
Crystal size [mm] 0.16 × 0.14 × 0.10
θ range [°] 2.02–25.01
No. of reflections collected 19608
No. of independent reflections 6958
No. of observed reflections [I � 2σ(I)] 5215
No. of refined parameters 652
Largest peak/hole [e·Å–3] 0.765/–0.547
Final Rint [I � 2σ(I)] R1 = 0.0363, wR2 = 0.0911
Rint (all data)[a] R1 = 0.0570, wR2 = 0.1095

[a] Structure was refined on Fo
2: wR2 = {Σ [w(Fo

2 – Fc
2)2]/

Σw(Fo
2)2}1 / 2 , where w– 1 = [Σ (Fo

2) + (aP)2 + bP ] and P =
[max(Fo

2,0) + 2Fc
2]/3.
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tion and refinement are given in Table 2. CCDC-296449 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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CdII and CoII complex formation with pyridine (py), 2,2�-bi-
pyridine (bipy), 2,2�6�,2��-terpyridine (terpy), 2-(ami-
nomethyl)pyridine (amp), and bis[(2-pyridyl)methyl]amine
(dpma) was studied at 298 K in the aprotic solvent dimethyl
sulfoxide (DMSO) and in an ionic medium set to 0.1 moldm–3

with Et4NClO4 in anaerobic conditions. Potentiometric, UV/
Vis spectrophotometric, and calorimetric measurements were
carried out to obtain the thermodynamic parameters of the
systems investigated. Enthalpy-stabilized mononuclear MLj

Introduction

In recent years, a variety of polyamine N-donor ligands
have been investigated in water[1–7] and nonaqueous sol-
vents[8–12] with the aim of studying the influence of basicity
and steric effects on selectivity patterns in metal coordina-
tion. Examples of the attractive properties and applications
of these ligands are their potential use as building blocks
of sequestering agents for metals of environmental impor-
tance, such as Cd or Pb,[4] fluorescent chemosensors,[3e] cat-
alysts,[3f] or models for small molecule carriers, as in CuI or
CoII dioxygen complexes.[13–18]

In this context, some of our published papers concerning
the complexation of transition-metal ions like CdII and
CoII[11] have shown that steric effects and N-methylation
strongly influence not only the stoichiometry and nature of
all metal ion complexes formed, but also the selectivity of
these ligands toward metal ions. Systematic studies confirm
that different N-alkylation of polyamines, or merely the
substitution of only one amine with one alcohol group,
causes important differences in the dioxygen affinity of CoII

complexes:[11b,11e] this affinity greatly depends on the elec-
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complexes are formed, whereas entropy changes counteract
complex formation. These results are discussed in terms of
different basicities, steric requirements, and solvation, of
both the ligands and the resulting complexes. Density func-
tional theory (DFT) calculations were carried out in order to
obtain structural information and binding energies in vacuo.
The DFT results are correlated with the solution studies.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tron density at the central metal ion, which, in turn, is affec-
ted by the electron donor and steric properties of the coor-
dinated ligands.

As an extension of previous works, we report here the
results of research on quantifying the complexing ability of
pyridine functions toward CdII and CoII metal ions in
DMSO. The sp2 hybridized N can exert high ligand field
strength, even though its basicity may be less significant
than that of sp3 hybridized nitrogens.[19–21] Moreover, their
lower σ-donor ability, greater rigidity with respect to linear
polyamines, and their ability to give rise to π backbonding
makes them suitable to tune the electronic and steric effects
that govern ligand affinity for metal ions.[22,23] Pyridine
functions are often found in multifunctional compounds
with desirable or predictable properties such as lumines-
cence, electrochemical, or catalytic activity.[22,23]

The model ligands chosen were: pyridine (py), 2,2�-bipyr-
idine (bipy), and 2,2�6�,2��-terpyridine (terpy). In order to
highlight the subtle interplays between steric and electronic
effects, intermediate 2-(aminomethyl)pyridine (amp) and
bis[(2-pyridyl)methyl]-amine (dpma) ligands were also
studied. The latter possess potentially interesting and versa-
tile ways of binding, and may also give rise to polymetallic
complexes with luminescent properties or favor spin-cross-
over phenomena.[24–27]

The stability constants for CdII were determined by di-
rect potentiometric titration techniques, and UV/Vis spec-
troscopic measurements were employed for the CoII sys-
tems. Enthalpy values were obtained by direct calorimetric
titration.

To obtain a gas-phase picture of metal–ligand interac-
tions, the study was completed with calculations using den-
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sity functional theory (DFT). DFT provides an excellent
framework, yielding structural information and a number
of chemical reactivity indices about ligands and their com-
plexes, and gives results of quality comparable to those ob-
tainable by correlated ab initio calculations. DFT has pre-
viously been used to study the influence of N-methylation
on structural properties of transition-metal complexes with
cyclic polyaza ligands[11g,28] and to describe the properties
of polyamines, such as their basicity in both gas-phase[29]

and solvent models.[30]

Results

Solution Thermodymamics

Computer treatment of the potentiometric, spectropho-
tometric, and calorimetric experimental data shows that the
best fit is obtained when only mononuclear MLj species are
considered. The overall stability constants and thermo-
dynamic functions obtained, together with the correspond-
ing limits of error, are listed in Table 1. For the CoII–bipy
system, stability constants in DMSO have been previously

Table 1. Overall stability constants and thermodynamic functions for the reaction M2+ + jL h MLj
2+ in DMSO at 298 K and I =

0.1 mol dm–3 (L = ligand) and in water.[34–38] Errors quoted correspond to three standard deviations.

[a] Ref.[34] [b] Ref.[35] [c] Ref.[36a,36b] [d] Ref.[37] [e] Ref.[38] [f] Ref.[36d] [g] Ref.[36c]
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given[31] and are in good agreement with the data reported
here.

For the CoII–amp and –dpma systems, some experimen-
tal details must be given to explain why thermodynamic
data for CoII–amp are not reported. The color of the solu-
tions turns from pink to deep blue as titration proceeds
with both amp and dpma, as clearly shown in Figure 1, in
which absorbances at increasing times are reported for the
CoII–dpma systems at Rc = CL/CM (the total ligand-to-
metal ratio) of 1. This spectral change had already been
observed in basic aqueous solutions in the presence of O2

and explained by catalytic oxidative dehydrogenation of the
ligand, with the transformation of the amine to imine.[32,33]

Evidently, this reaction also occurs in our case, although
the concentrations of water and O2 were very low in our
experimental conditions. The Co–imine product was ex-
pected to be present in very low amounts; nevertheless, its
very high molar extinction coefficients in the visible range
prevented the use of d-d CoII bands to follow aminopyri-
dine complexation. The rate of the undesired reaction was
influenced by CL/CM: the lower this ratio, the slower the
reaction. The inset in Figure 1 shows absorbance at 588 nm
(A588) as a function of time for various Rc. At a CL/CM
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value �0.7, this process does not occur within a reasonable
interval of time, sufficient to collect reliable spectrophoto-
metric titration point data. This was not the case when amp
was used, as this secondary reaction was much faster and
also not prevented at very low CL/CM ratios.

Figure 1. Spectral changes of a Co/dpma solution (CL/CM = 1) at
increasing times: a) 5 s; b) 30 s; c) 5 min; d) 75 min. Time evolution
(small graph) of absorbance at λ = 588 nm in case of different Co/
dpma ratios: (�) CL/CM = 0.7; (�) CL/CM = 1; (�) CL/CM = 1.5.

Figure 2 and Figure 3 show ∆hv, the total molar enthalpy
change, as a function of Rc for Cd2+- and Co2+-ligand sys-
tems. The fit between experimental and calculated curves
(full lines in the figures) is good, and their shapes are fully
consistent with the information obtained from analysis of
potentiometric and spectrophotometric data.

Figure 2. Total molar enthalpy changes ∆hv as a function of Rc =
CL/CM for CdII complex formation in DMSO. (a) bipy, (◊) 5.05,
(�) 15.01 mmol dm–3 in Cd2+; (b) terpy, (�) 5.04, (�)
15.10 mmol dm–3 in Cd2+; (c) amp, (�) 4.98, (�) 14.97 mmoldm–3

in Cd2+; (d) dpma, (�) 5.07, (�) 14.93 mmoldm–3 in Cd2+. Solid
lines calculated from values of βj and ∆H°βj

, Table 1.

Some considerations may be made: (i) differentiation of
curves of the complexation of Cd with bipy and terpy at
various CM indicates the formation of complexes of low
stability; (ii) for Co with bipy, differentiation after Rc = 1
is explained by the formation of a very stable mononuclear
ML complex, followed by other MLj species of lower sta-
bility; (iii) the linear trend of the curve for the Co–terpy
and –dpma systems up to Rc = 2 and the absence of heat
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Figure 3. Total molar enthalpy changes ∆hv as a function of Rc =
CL/CM for CoII complex formation in DMSO. For (a), (b), and (d),
see legend of Figure 2 for same (a), (b), and (d) systems. In this
case, (c) refers to py, (�) 15.05, (�) 45.01 mmoldm–3 in Co2+.

evolving beyond this value are consistent with the forma-
tion of ML and ML2 complexes of comparable stability; (iv)
as regards Co–dpma, the presence of an equivalent point at
exactly Rc = 2 is in good agreement with the hypothesis
that the secondary reaction is negligible from a calorimetric
point of view.

Calorimetric data show that a very small thermal effect
occurs between Cd and py, even at high metal concentra-
tions (CM = 50 mmoldm–3). For this reason, no ∆H°βj

are
reported, and only a rough value of logβ1 (logβ1 = 0.5 ±
0.2) could be calculated from potentiometric measurements.
A similar trend was found for CoII, but the higher thermal
effects due to metal–ligand interaction allow the calculation
of reliable values for logβl and ∆H°β1

by treatment of calori-
metric data.

For the sake of comparison, Table 1 lists the available
stability constants and thermodynamic functions for com-
plex formation in water.[34–38] The set of data presented are
the most complete in the literature, independently of the
fact that some of them[36] refer to 20 °C. The choice seems
to be reasonable, as the stability constants available at
25 °C, for which enthalpy data are not given,[39,40] are very
close to those reported at 20 °C.

Computational Results

The M–N distances of complexes [CdL]2+ and [CoL]2+,
whose geometries were optimized in vacuo, are listed in
Table 2. A comprehensive list of bond lengths and angles is
given as supporting information also for the free ligands
(Supporting Information, Tables S1–S6): the results are in
good agreement with experimental X-ray data.[41] To check
the reliability of model chemistry in predicting the struc-
tural features of the compounds, the geometry of the struc-
turally known[42] [Co(terpy)2]2+ was optimized (Supporting
Information, Table S7) and also in this case the match be-
tween calculated and experimental data is good.
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Table 2. M–N distances in Å.

In all cases, the M–N bond lengths appear to be shorter
than in crystal structures;[41,43] this is of course due to the
approximate models used and to the absence of other elec-
trodonating ligands. The qualitative result of longer Cd–N
distances of 0.33–0.39 Å with respect to Co–N is consistent
with experimental structures, although in the last case the
gap is in the range 0.18–0.31 Å. Table 3 lists total binding
energies, Ebind, calculated for the formation of ML adducts.
Energies for σ donation from the nitrogen lone pair to the
metal, ELP(N) � M, calculated by using natural bond orbital
(NBO) analysis,[44] are also listed in Table 3. In order to
provide some indication of the role of π acceptor pyridine
units in ligand–metal bonds, the NBO charges of the N
atoms and metals in the compounds are calculated and
listed in Table 4.

Table 3. Binding energies (Ebind) and strengths of N lone pair �
metal interactions from NBO analysis (ELP(N)�M) in kJ mol–1 for
formation of ML2+ complexes. ∆E = ECo2+

– ECd2+
.

Ebind

py bipy terpy

Co2+ –615.0 –1007.9 –1341.8
Cd2+ –548.8 –841.4 –1090.7
∆Ebind –66.3 –166.5 –251.1

ELP(N)�M

Co2+ 205.1 317.5 455.7
Cd2+ 193.1 292.8 412.0
∆ELP(N)�M 12.0 24.7 43.7

Table 4. NBO charges on metals and N atoms in compounds.

L Cd2+ Co2+ CdL2+ CoL2+ CdL2+ CoL2+

Nin Nex

py 1.611 1.663 –0.650 –0.736 – –
bipy 1.610 1.579 –0.659 –0.701 – –
terpy 1.597 1.550 –0.642 –0.648 –0.638 –0.688

Discussion

General Remarks on Solvent Role

All complexes form in highly exothermic reactions,
whereas entropy terms oppose reactions (Table 1), with the
exception of the CdII–terpy system, for which a small posi-
tive entropy value was found. Negative enthalpy and en-
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tropy values are typical of reactions involving complexation
of metal ions by neutral ligands in aprotic solvents.[8–12]

Pyridine complexes are characterized by higher stabilities
in water than in DMSO: the trend is opposite to that found
for simple primary and secondary aliphatic amines, in
which the greater solvation of ligands in water through
strong hydrogen bonds[45,46] overcomes the greater sol-
vation[11a,47] of metal ions in DMSO. In the present case,
the role of ligand solvation is evidently of minor impor-
tance, and the stability constants follow the trend expected
on the basis of metal ion solvation. As regards amp and
dpma, higher stability is still observed in water although it
is much less marked. This higher stability in the case of
dpma systems, for which all the thermodynamic functions
are available in the two solvents, is essentially entropic in
origin, as enthalpy terms are more favorable in DMSO.
This indicates that the desolvation effects of the amino
group, more important in water than in DMSO, play a
major role in determining the stability trend in the two sol-
vents.

Pyridine Ligands

Pyridine shows a much lower affinity for Cd2+ and Co2+

ions with respect to monoamines (logK1
n-butylamine = 2.6

and 1.91 for Cd and Co, respectively):[11a,11b] this point is
certainly due to the lower basicity of pyridine nitrogen
when compared with amines in DMSO.[45,46] Steric effects
may also be considered, as ortho hydrogens on pyridine
rings produce steric hindrance once coordinated to a metal
ion.[2]

The higher stabilities and more negative enthalpy and
entropy data for the CoII–bipy system, as compared with
py, fit the formation of chelated complexes, although some
steric strain, due to hydrogens in 3,3�-positions, occurs in
the cis-conformer allowing coordination to metal ion.[2]

Certainly, the entry of the third bipy molecule causes un-
favorable electronic and steric effects due to the other two
ligands, and this explains the lower stability and enthalpy
gain for the third complexation step. This fits crystallo-
graphic data, which show that, in the solid state, a distorted
octahedron is formed by three bipy molecules around
CoII.[48]

When [Co(terpy)]2+ (and [Co(terpy)2]2+) is formed, the
ligand behaves as a terdentate: the low gain in the enthalpy
term with respect to [Co(bipy)]2+ complex formation
(∆∆H°β1

Co(terpy)�Co(bipy) = –4 kJmol–1) is mainly due to
extensive desolvation effects that come into play when
this rigid terdentate ligand coordinates. This is confirmed
by the low unfavorable entropy term associated with the
same complexation step for the two ligands
(∆T∆S°β1

Co(terpy)�Co(bipy) = +5 kJmol–1). Extra energy
should also be considered for terpy rearrangement in the
preorganized planar conformer with convergent nitrogen
atoms. Lastly, strain is also produced by the resulting two
fused five-membered chelate rings.

Analysis of thermodynamic data on Cd2+ reactions sug-
gests some preliminary considerations: (i) the positive in-
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crease in the stability constants of CoII complexes on going
from py to bipy and terpy (in both solvents) is not observ-
able in the CdII systems; (ii) the lower affinity for CdII than
for CoII is a peculiarity of all the pyridine ligands examined
here. This effect is connected to the intrinsic nature of the
ligands and the size of the metal ions, and not to the dif-
ferent solvation of central ions, as this was presumed to be
larger for CoII than for CdII,[11c] which would give an oppo-
site trend in stability.

The calculated M–N distances (Table 2) show that, in the
gas phase, this higher affinity for CoII is also present: bond
lengths are always longer for CdII– than for CoII–pyridine
systems, these differences being more marked for the less
stable MII–py complexes (0.387 Å longer in CdII–py than
in CoII–py). It is noteworthy that the difference in M–Nin

bond lengths calculated with DFT in CdII– and CoII–terpy
complexes (0.334 Å) is slightly higher than that of the M–
Nex bond (0.331 Å): this is in agreement with previous stud-
ies which found that small cations are able to better interact
with the central nitrogen, due to the steric constraint of this
rigid ligand.[49]

As regards the binding energies (Table 3), the high values
found (549–1542 kJmol–1) cannot be compared with experi-
mental ones, as solvation effects were not taken into ac-
count in calculations. However, they are important because
they show relative trends equal to those experimentally de-
termined: even in this case, the affinity of pyridine ligands
is higher for CoII than for CdII. Certainly, one of the main
factors influencing this trend is the higher charge density
on CoII, which causes this smaller ion to be a harder acid
than CdII.

The π backbonding does not appear to be important as
far as these bipositive metal ions are concerned. In fact, the
trend in total binding energies (Ebind in Table 3) is parallel
to that found in ELP(N)�M, that is σ donation plays a domi-
nant role in ligand–metal bond stabilization. The calculated
NBO charges on metal ions and nitrogens in the com-
pounds (Table 4) give the same indications. The addition of
π-acceptor units (from py to terpy) leads to a decrease in
metal charges (and a simultaneous increase in N charges),
showing that electron transfer mainly goes from the ligand
to the metal by σ donation. An opposite trend in the posi-
tive metal charge was observed when the number of pyri-
dine units was increased in complexes where π backbonding
played an important role.[50]

The stability of CoII complexes increases much more
than that of CdII ones on going from bidentate bipy to terd-
entate terpy (∆∆G°Cd(terpy–bipy) = 0.7; ∆∆G°Co(terpy–bipy) =
1.7). This indicates that, whereas the affinity of the ligands
towards CoII becomes larger and larger on increasing the
number of pyridine donors, the stability of CdII complexes
is not so affected by the increase of binding sites in the
ligand. This is also confirmed by the total binding energy
values (Table 3), which show that ∆Ebind (= Ebind

Co2+
–

Ebind
Cd2+

) increases on going from py to terpy, particularly
for terpy, clearly indicating more marked selectivity for Co2+.

The results of this terpy complexation with CdII are diffi-
cult to explain solely by desolvation and steric effects, al-
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ready discussed for CoII. An attempt to explain these data
is that the ligand behaves as a terdentate one, and this is
achieved by structural rearrangement in the metal ion coor-
dination sphere, giving rise to a pentacoordinate species. A
certain misfit between the size of the large cadmium ion
and the steric requirements of the ligand lies at the origin
of this behavior. Also in the solid state, some preference for
pentacoordination has already been highlighted in Cd–
terpy compounds with crowded anions.[43a] Reaction en-
thalpies, lower for [Cd(terpy)]2+ than for [Cd(bipy)]2+, and
especially the favorable entropy term for the formation of
the terpyridyl complex, compared with the unfavorable en-
tropy of formation of the bipyridyl complex, fit this hypoth-
esis.

Aminopyridine Ligands

The thermodynamic data, when compared with those
obtained for mono- and bidentate aliphatic amines[11a,11b]

and with py, suggest the involvement of all the N atoms in
metal complex formation with amp and dpma. In order to
support this hypothesis, some 1H NMR spectra of solutions
of CdII and dpma at various Rc values were recorded. In
particular, the spectrum of [Cd(dpma)2]2+ in [D6]DMSO
solution (Figure S1, Supporting Information) shows that
the multiplet centered at δ = 8.49 ppm in the free ligand,
assigned to ortho pyridine protons, is shifted by 0.38 ppm
(δ = 8.11 ppm) after complexation. This effect, together
with the symmetric pattern of the given spectrum, reflects
the binding of all pyridine nitrogens to CdII atoms in com-
plex formation. The weak, broad signal due to the proton
of the secondary -NH- amino group is also shifted by about
2 ppm on complex formation (from about 3.2 to 5.1 ppm).
Another proof of the coordination of the amino group of
dpma comes from FTIR spectra, recorded for a DMSO
solution with a dpma-to-cadmium ratio of 2, where no
bands for free secondary amino groups (at 3305 cm–1) can
be detected, whereas only the band due to bonded amine
(at 3192 cm–1) was observed.

Amp complexes with Cd are characterized by much
higher stabilities with respect to bipy (∆logβ1 = 2.56 and
∆logβ2 = 5.14), especially as regards the second complex-
ation step. This is mainly due to the higher affinity for metal
ions of amines compared with pyridines in DMSO.[45,46]

More favorable steric and solvational effects certainly also
play an important role, as indicated by the large gain in
stability produced when the more crowded [Cd(amp)2]2+ is
formed. At the origin of this large stability gain, there is a
considerable and favorable increase in enthalpy that largely
overcomes the parallel unfavorable decrease in entropy. This
may reflect greater solvation of amp complexes in which the
hydrogens of amines bonded to the metal ion can organize
the solvent molecules near the metal complex by forming
hydrogen bonds. This explanation is also in agreement with
the formation of [Cd(amp)3]2+, a stable M/L = 1:3 species,
which is not formed by the more rigid and less solvent-
ordering bipy with the cadmium ion. When the third com-
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plexation step is examined, desolvation effects are already
over, as indicated by the higher negative stepwise enthalpy
and entropy values. The same trend in desolvation effects,
to an even more marked extent, is observed when examin-
ing the second complexation step with dpma.

When a pyridine ring is added to amp, a trend similar to
that found on going from bipy to terpy is obtained for CdII

amp and dpma complexation. The gain in stability is very
small, due to a less unfavorable entropy term, whereas the
∆H°β1

value is even less favorable than for amp: the en-
thalpy gain due to the additional Cd–Npy bond is overcome
by the enthalpy spent during desolvation. As dpma donor
atoms are undoubtedly all bonded to CdII, this result
clearly confirms the low affinity of the pyridine moiety for
CdII, which is even more enhanced when more py units are
part of a more complex structural frame, as in dpma (and
terpy).

From another point of view, as regards differences in
complex stability between one metal ion with terpy and
dpma, it should be noted that the gain in stability is much
more significant for CdII (∆logβ1

dpma–terpy = 2.22) than for
CoII (∆logβ1

dpma–terpy = 0.64), that is, the relative selectivity
towards CoII is decreased. This evidences the great influ-
ence of structural constraints in governing metal–ligand af-
finity: substitution of the central pyridine unit with a flexi-
ble amino group relaxes ligand structural requirements and
decreases the particular misfit cited for Cd–terpy systems.
Obviously, as two pyridines are still inserted in the ligand
frame, residual strains still occur, and also contribute to the
low gain in stability with respect to the Cd–amp system (see
above).

When comparing analogous bidentate and tridentate ali-
phatic ligands, such as primary ethylenediamine (en), dieth-
ylenetriamine (dien), and secondary N,N�-dimethylethylene-
diammine (dmen) and N,N��-dimethyldiethylenetriamine
(dmdien), much higher stability and exothermicity are
found,[11c,11d,11e] due to the higher basicity of the aliphatic
ligands. The opposite occurs with the corresponding terti-
ary N,N,N�,N�-tetramethylethylenediammine (tmen) and
N,N,N,�N�,N��-pentamethyldiethylenetriamine (pmdien) al-
though the basicity order in DMSO is still R3N � py.[45,46]

In this case, steric hindrance due to the methyl groups of
the ligands in the complexes evidently explains this reverse
behavior.

Dioxygen Affinity

Reversible dioxygen-binding properties were found for
[Co(bipy)(terpy)]2+ mixed complexes in nonaqueous low-
coordinating media, such as acetonitrile or nitrobenzene,
and µ-peroxo adducts were isolated.[51] In order to verify if
oxygen binding also occurs in DMSO, O2 was bubbled in
solutions containing the mixed complex [Co(terpy)(bipy)]2+

{the stability constant for the reaction Co2+ + terpy + bipy
h [Co(terpy)(bipy)]2+ was also evaluated by spectrophoto-
metric titration and its value was logK = 8.9(0.1)}. No
changes in UV/Vis spectra were observed in the range 300–
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650 nm, thus showing that no O2 absorption occurred. Fit-
ting the dissociative mechanism at the basis of dioxygen co-
ordination,[52] higher activation energy is probably required
for the bond breaking necessary for O2 coordination, when
the [Co(terpy)(bipy)]2+ species is solvated by the more-coor-
dinating solvent DMSO.

Conclusions

Much lower affinities are shown by pyridine ligands for
CdII than for CoII: this is due to the poorer acid properties
of the former ion, confirmed by the calculated binding ener-
gies of the complex and by longer M–N lengths in Cd2+

complexes. No important π backbonding seems to be in-
volved as far as these bipositive metal ion–ligand systems
are concerned, as evidenced by DFT calculations on model
systems. This selectivity increases with the number of pyri-
dine units in the ligands: when the larger CdII with rigid
planar terpy is considered, a misfit between ion size and
ligand structural requirement is invoked to explain the re-
sults. This point is also confirmed by the huge gain in the
stability of the CdII complex when one py unit is substituted
with an amino group in dpma. This extra stability, espe-
cially with respect to cobalt systems, is not explained only
in terms of the higher σ-donor properties of the amino
group, but also by taking into account the particular relax-
ation introduced into the Cd–ligand system when the cen-
tral py is substituted with an aliphatic moiety. A compari-
son with data available in water shows that the desolvation
effects of the amino group, more important in water than
in DMSO, play a crucial role in determining the stability
trend in the two solvents, especially for aminopyridine li-
gands.

Experimental Section
General Remarks: Solvated salts, Co(ClO4)2·6DMSO and Cd-
(ClO4)2·6DMSO, ligands, and solvents were prepared and purified
as described previously.[11a,11b,11c] All experiments in anaerobic con-
ditions were carried out at room temperature in a MB Braun 150
glovebox under a controlled atmosphere containing less than
1 ppm of water and less than 1 ppm of oxygen.

Potentiometric Measurements: In a typical titration, known vol-
umes of ligand solutions (50 � C°L � 400 mmoldm–3) were added
to CdII solutions (20 mL) (2 � C°Cd � 20 mmoldm–3) at 298.1 ±
0.1 K. The equilibrium concentrations of cadmium(II), necessary
to calculate stability constants, were obtained from the emf data of
a galvanic cell similar to that reported previously.[11a] Emf data
were ascertained with an Amel 338 pHmeter equipped with a Weiss
WCD1001 Cd ion-selective electrode as working electrode and a
Methrom 6.0718.000 silver electrode as reference. The Nernstian
response of Cd electrodes was checked in the range 10–7 � metal
� 10–2 mmoldm–3. Equilibrium was typically reached in 2–5 min.
The Hyperquad[53] minimization program was used to calculate sta-
bility constants.

Spectrophotometric Measurements: UV/Vis spectra were recorded
with a Varian Cary 50 spectrophotometer, using optic fiber probes
connected directly with the cell inside the glovebox. The concentra-
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tions of cobalt(II) and ligands were in the range 2 � C°Co �

20 mmol dm–3 and 50� C°L � 400 mmoldm–3, respectively. Data
were recorded over the wavelength range 300–650 nm. The absorp-
tion maximum for Co(ClO4)2 in DMSO occurs at 535 nm, with an
extinction molar coefficient of ε = 11.9 mol–1 dm3 cm–1.[11a] Maxi-
mum absorption of CoLj complexes is shifted to lower wavelengths
(Supporting Information, Figure S2 as an example), in line with an
increase in ligand field strength. In the case of dpma with CoII,
UV/Vis data were collected in the presence of CdII as a competitive
ion, in order to obtain more reliable values for the stability con-
stants.

The absorbance data at about 20 different wavelengths in the range
450–550 nm were analyzed and the formation constants of CoLj

complexes were determined, together with the molar extinction co-
efficients of the complexes at each relevant wavelength, using the
Hyperquad program.[53] UV/Vis measurements for dioxygen uptake
were carried out on similar apparatus by means of 1-cm optic fiber
probes (Hellma) dipped directly into the reaction vessel.

Calorimetric Measurements: A Tronac model 87-558 precision calo-
rimeter was employed to measure reaction heats. The calorimeter
was checked by titration of tris(hydroxymethyl)aminomethane
(Tham) with a standard solution of HCl in water. The experimental
value of the neutralization heat of Tham was ∆H° =
–47.59 kJmol–1, in good agreement with the accepted value of
–47.53 ± 0.13 kJmol–1.[1]

Calorimetric titrations were performed at 298.00 ± 0.02 K by add-
ing known volumes of ligand solutions (50 � C°L �

400 mmol dm–3) to 20 mL of metal (metal = CdII, CoII) solutions
(2.00 � C°metal � 50.0 mmoldm–3).

For each titration run, the experimental values of the total heat
produced in the reaction vessel were calculated as a function of the
added titrant. These values were corrected only for the dilution
heat of the titrant, which was determined separately. The dilution
heat of the titrate was found to be negligible in the metal concentra-
tion range used.

Quantity ∆hv, total heat per mole of metal ion, was defined and
calculated by dividing the net reaction heat by the number of moles
of metal ion in the calorimetric vessel. The Letagrop Kalle[54] least-
squares computer program was used to calculate enthalpy changes.

NMR Measurements: 1H NMR spectra were recorded at 298 K
with a Bruker AC-200 spectrometer. Measurements were per-
formed on [D6]DMSO solutions containing metal ions (ca.
30 mmol dm–3) and the dpma ligand in the molar ratio Rc = 1 or
2. Analogous measurements were carried out on solutions contain-
ing only the ligand concerned.

FTIR Spectroscopy: FTIR spectra were obtained on a Bio-Rad
FTS 40 spectrometer (maximum resolution 4 cm–1; 16 scans). A
cell with barium fluoride windows (thickness 25 µm) was used.
Cells were filled, closed in a glovebox, and quickly transferred to
the spectrometer. C°Cd and C°L in the DMSO solutions were about
50 mmol dm–3.

Computational Procedure: DFT calculations on ML2+ complexes
(M = Co, Cd; L = py, bipy, terpy) were performed using
Gaussian03[55] with the B3LYP three-parameter hybrid density
functional.[56] For the Co2+ complexes the unrestricted formalism
was employed with three unpaired electrons (S = 4). The split val-
ence basis set 6-31G(d) was employed for the atoms of the ligands,
and a 3-21G basis was applied for the metal ions. The use of the
small 3-21G basis set was due to the observation that sometimes
the application of ECPs with Co2+ gave convergence problems with
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open-shell SCF in DFT calculations. Nevertheless, the choice of
this basis set for the metal ions does not affect the qualitative trend
of the results.

All geometries were optimized by symmetry constraints. After opti-
mization, equilibrium points were characterized by calculating vi-
brational frequencies, in order to confirm that they were local min-
ima.

Binding energies were corrected for zero-point energy and basis set
superposition error (BSSE) by the counterpoise correction (Ebind =
EML2+ – EM2+ – EL + EBSSE).[57] NBO analysis was performed by
the NBO3.1 program included in Gaussian.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 shows 1H NMR spectra for the Cd–dmpa system in
[D6]DMSO. Figure S2 shows spectral changes, in terms of molar
absorption of j species versus wavelengths, for the Co–bipy species.
Tables S1–S7 list DFT-optimized distances and angles of py, bipy,
and terpy, their ML (M = CdII, CoII) and Co(terpy)2 complexes,
and the numbering scheme.
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Dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(II) was
activated with Ag2CO3 and then treated with (S)-methionine,
S-methyl-(S)-cysteine, (S)-selenomethionine and Se-methyl-
seleno-(S)-cysteine. The N,S- and N,Se-chelated platinum(II)
species were isolated as hexafluorophosphate salts and
characterized by multinuclear NMR spectroscopy, ESI-MS,

Introduction

Modern anticancer chemotherapy makes use of a variety
of drugs, including metal-based agents. Cisplatin, cis-diam-
minedichloroplatinum(II), is one of the most effective anti-
cancer drugs known to date.[1] It is widely used in the treat-
ment of several solid tumors, including metastatic testicular
germ-cell cancer, which has become a curable disease in
more than 90% of cases.[2] In order to overcome the severe
toxic side-effects of cisplatin-based therapy (nephrotoxicity,
neurotoxicity, nausea, and vomiting), the second-generation
platinum drug carboplatin, diammine(1,1-cyclobutane-
dicarboxylato)platinum(II), has been developed and ap-
proved for worldwide clinical use.[3,4]

Synthetic variations in the coordinating ligands have led
to platinum complexes with 1,2-diaminocyclohexane
(DACH) ligands.[5] The most prominent representative of
this new class of third-generation platinum complexes is ox-
aliplatin (Figure 1), which was found to be active in primar-
ily cisplatin- and carboplatin-resistant cell lines and tu-
mors.[6] Recently, oxaliplatin (Eloxatin) has been approved
in more than 60 countries all over the world for the treat-
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IR, elemental analyses and, in the case of the (S)-methionine
and (S)-selenomethionine complexes, by X-ray crystallo-
graphy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ment of metastatic colorectal cancer, which is the second
most frequent cause of cancer death in developed coun-
tries.[7]

Figure 1. Chemical structures of oxaliplatin and of one of its me-
tabolites (1) found in the plasma ultrafiltrate of cancer patients,
both of which contain an (S)-methionine ligand.

It is widely accepted that cellular DNA is the crucial tar-
get for platinum anticancer drugs,[8] but how the drug
reaches DNA is still puzzling. Platinum compounds display
a high affinity for sulfur, in agreement with the hard/soft
acid/base (HSAB) principle, therefore sulfur-containing
biomolecules such as amino acids, peptides and proteins in
the blood stream, the cytosol, and the nucleus should pre-
vent anticancer platinum drugs from reaching the DNA.[9]

In plasma ultrafiltrate of rats and cancer patients treated
with oxaliplatin, different kinds of metabolites, including
those with (S)-methionine, have been detected in substantial
amounts.[10,11] Whether these (S)-methionine species are
produced from the organism just for detoxification and ex-
cretion purposes only, or themselves are involved in the an-
ticancer process, is still a matter of some controversy. This
is rather astonishing for a drug that is routinely used in
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clinical practice and which has reached blockbuster status.
Consequently, we have focused on finding an appropriate
synthetic procedure for the synthesis of the (S)-methionine
derivative, which has also been used and extended to other
sulfur- and selenium-containing amino acids. Interestingly,
it is worthwhile to mention that (S)-selenomethionine as
well as Se-methylseleno-(S)-cysteine are currently being
evaluated in preclinical[12] and clinical settings[13,14] as
chemopreventive agents (also called cytoprotective or res-
cue agents). Therefore, syntheses of [(1R,2R)-trans-diami-
nocyclohexane]platinum(II) coordinated to (S)-seleno-
methionine and Se-methylseleno-(S)-cysteine are of great
interest in order to provide these complexes for evaluation
of their pharmacological properties in the future.

Results and Discussion

There are several reports in the literature dealing with
the characterization of complexes like 1 (Figure 1), but in
nearly all cases the target complexes were synthesized in
small amounts in an NMR tube without isolation. In only
one case was the synthesis of 1 described based on several
laborious isolation steps, including two HPLC separa-
tions.[15] Additionally, the yield was very low (1.2%). In the
present work, synthesis of the amino acid platinum(II) com-
plex [(1R,2R)-trans-diaminocyclohexane][(S)-methionine-
κ2N,S]platinum(II) (1·PF6) started from K2PtCl4 and
(1R,2R)-trans-diaminocyclohexane. The resulting complex
dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(II)
was treated with silver carbonate in order to remove the
chloro ligands (Figure 2). Direct addition of (S)-methionine
to the activated platinum species afforded a yellow crude
product after lyophilization. After dissolution and addition
of aqueous HPF6, the target compound 1·PF6 was isolated
as a white solid in moderate yield. The decisive steps
towards the improved preparation of 1 are the use of
Ag2CO3 for the activation of the dichloro[(1R,2R)-trans-di-
aminocyclohexane]platinum(II) complex and the addition
of aqueous HPF6 to this raw product. HPF6 efficiently re-
moves the carbonate counterions, while PF6

– is known to
be a beneficial partner in the crystallization process. The
(S)-methionine complex 1·PF6 was intensively studied and
characterized by 1H, 13C, 15N, 31P, and 195Pt NMR spec-
troscopy, X-ray diffraction analysis, elemental analysis, IR
spectroscopy, and ESI MS.

The 1H NMR spectrum of 1·PF6, which was measured
in H2O/D2O (9:1), can be divided into three spectral regions
(Figure 3). The signals deriving from the cyclohexane ring
(6-H to 11-H) are found in the upfield region (δ = 1.0–
2.3 ppm). The signals of the diastereotopic protons of the
CH2 groups display a marked splitting of up to nearly
0.8 ppm, as could be deduced from the 1H,13C-COSY
NMR spectrum. The 2-H, 3-H, and 4-H resonances of the
coordinated (S)-methionine are found between δ = 2.1 and
3.5 ppm. All NH signals are detected most downfield (δ =
4.8–5.8 ppm) and are partly superimposed by the HDO res-
onance, which was suppressed by pre-saturation. Significant
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Figure 2. Syntheses of [(1R,2R)-trans-diaminocyclohexane]plati-
num(II) complexes containing (S)-methionine (1·PF6), S-methyl-
(S)-cysteine (2·PF6), (S)-selenomethionine (3·PF6), and Se-meth-
ylseleno-(S)-cysteine (4·PF6) as amino acid ligands (stereochemis-
try at 2-C and X are omitted).

downfield shifts are observed for the signals of protons 4-
H and 5-H. In uncoordinated (S)-methionine, 4-H and 5-H
resonate at δ = 2.58 and 2.07 ppm, respectively. In the target
complex, however, two sets of signals at δ = 2.87/2.94 (4-H)
and 2.45/2.46 (5-H) ppm are detected. On the contrary, an
upfield shift from δ = 3.80 ppm in the free ligand to δ =
3.35/3.44 ppm was found for the signal of the α-proton 2-
H. Deconvolution of the 1H NMR spectrum in the region
at δ � 2.45 ppm allowed us to estimate the ratio between
the two sets of signals: under the experimental conditions
(298 K), a ratio of 2:3 was found.

Figure 3. 1H NMR spectrum of 1·PF6 with the HDO signal sup-
pressed by pre-saturation.

The coordination sphere around the central platinum ion
could be determined on the basis of the 195Pt and 15N
chemical shifts. The 195Pt NMR spectrum of 1·PF6 displays
two signals at δ = –3313 and –3335 ppm for the two dia-
stereoisomers (Figure 4), which is in accordance with a
PtN3S configuration. Deconvolution and integration re-
sulted in the same ratio of 2:3. For PtN3S-type complexes,
195Pt chemical shifts in the range of δ = –3000 to –3300 ppm
are expected,[16,17] whereas PtN2SO and PtN2S2 complexes
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resonate in the region af δ � –2700 and –3700 ppm,[18]

respectively. Besides 195Pt NMR investigations, the 15N
chemical shifts were used to characterize the structure of
the platinum complexes. Two-dimensional 1H,15N-corre-
lated spectroscopy at natural abundance of the 15N nuclei
(spin 1/2, 0.37% natural abundance) has proven to be a
powerful tool since the 15N chemical shift of the nitrogen
atom is diagnostic for ligands coordinated in trans position.
Three 15N chemical shifts could be detected for 1·PF6: the
1H,15N shift correlation peak at δ = –45 ppm can be as-
signed to the 2-CNH2 group of (S)-methionine trans to the
nitrogen atom of the DACH ligand,[19] whereas the reso-
nance at δ = –14 ppm can be assigned to 7-CNH2 trans to
the nitrogen atom of the (S)-methionine ligand; the cross
peak of 6-CNH2 trans to the coordinated thioether group
could be detected at δ = –4 ppm.

Figure 4. 195Pt and 31P (small inset) NMR spectra of 1·PF6.

The two sets of resonances for the (S)-methionine ligand
in the 1H NMR spectrum as well as two 195Pt signals for
1·PF6 are a consequence of the coordination of (S)-methio-
nine to the platinum(II) center through the sulfur and nitro-
gen atoms. As a result, another stereocenter which un-
dergoes slow isomerization at the sulfur atom is formed.
When the temperature was raised, the epimerization at the
chiral sulfur center became faster, and at 333 K only one
signal for the methyl protons 5-H was observed. This pro-
cess was reversible (Figure S1, Supporting Information). In
the case of the cyclohexane protons, the isomerization pro-
cess seems to have no detectable influence on the proton
signals. In the 13C NMR spectra of the free and coordinated
(S)-methionine ligand, the resonances of the carbonyl car-
bon atom C-1 are found in close proximity at δ = 174.6 and
176.3/176.8 ppm, respectively. However, a distinct down-
field shift of the signal of the S-methyl group from δ =
14.3 to 19.6/19.7 ppm was detected. These features are in
accordance with an N,S coordination of (S)-methionine to
the platinum(II) center as well. The hexafluorophosphate
counterion signal appears at δ = –143.9 ppm in the 31P
NMR spectrum (Figure 4). Due to the coupling of the
phosphorus nucleus with the six fluorine atoms, it appears
as a septet with a coupling constant of 710 Hz.

X-ray diffraction quality single crystals were grown by
slow concentration of a methanol solution of the complex.
The structure of 1·PF6 consists of a complex cation 1 (Fig-
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ure 5) and a complex anion [PF6]–, which interacts weakly
through contacts of the type N�H···F (N1···F6 2.935,
N2···F4 3.123, N2···F5 3.352, N2···F6 3.303 Å). The plati-
num(II) ion has a square-planar coordination geometry as
it is chelated by two ligands: (1R,2R)-trans-diaminocyclo-
hexane and (S)-methionine. (1R,2R)-trans-DACH acts as a
neutral ligand and coordinates to the platinum(II) ion
through nitrogen atoms N1 and N2 [Pt–N1 2.051(2), Pt–
N2 2.051(2) Å]. These bond lengths are intermediate be-
tween those found in oxaliplatin [Pt�N1 2.06(2), Pt�N2
2.04(2) Å].[20] The second ligand, which is negatively
charged due to the presence of the ionized carboxyl group,
is bound to the platinum(II) ion through the nitrogen atom
N3 and the thiomethyl sulfur atom S1. Coordination of the
latter to the platinum(II) ion creates a new stereogenic cen-
ter at the S atom, i.e. (R), in addition to the opposite config-
uration at atom C7. The Pt�N3 [2.062(2) Å] and Pt�S1
[2.2607(6) Å] bonds are markedly longer than the corre-
sponding bonds in two independent molecules of dichlo-
ro[(S)-methionine-κ2N,S)platinum(II)[21] [2.047(8), 2.029(8)
and 2.246(2), 2.247(2) Å]. The deviation of the coordinated
atoms from the mean plane through PtN1N2N3S1 does not
exceed ±0.023 Å. The five-membered chelate ring has a dis-
torted envelope conformation with a clear tendency
towards a zigzag arrangement of C1 (+0.55 Å) and C6
(–0.14 Å). The torsion angle ΘN1–C1–C6–N2, which serves as
a measure of the deviation of the chelate ring from planar-
ity, is –54.3°. The cyclohexane ring adopts a chair confor-
mation with the amino groups in equatorial positions.

Figure 5. Structure of the cation in 1·PF6 with thermal ellipsoids
at the 50% probability level. Selected bond lengths [Å] and angles
[°]: Pt–N1 2.051(2), Pt–N2 2.051(2), Pt–N3 2.062(2), Pt–S1
2.2607(6), C10–S1 1.810(3), S1–C11 1.805(3), C8–O1 1.235(3), C8–
O2 1.276(3); N1–Pt–N2 82.79(10), N3–Pt1–S1 95.35(7), C11–S1–
C10–C9 –62.8, N3–C7–C8–O1 –2.2.

The six-membered metallocycle has a chair conforma-
tion, which is distorted because of the presence of hetero-
atoms. The methyl substituent at S1 and the COO– group
are placed on opposite sides of the PtN3S plane. The orien-
tation of the carboxylato group can be described by the
torsion angle ΘN3–C7–C8–O1 (–2.2°). This angle is compar-
able with that observed on coordination of (S)-methionine
to the palladium(II) ion in [PdCl2(S-met)] (3.7°).[22]

The derivative 2·PF6, which contains an S-methyl-(S)-
cysteine ligand, was synthesized in analogy to 1·PF6,
thereby demonstrating the applicability of this reaction
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pathway (Figure 2). Characterization was performed by ele-
mental analysis, mass spectrometry, and IR, 1H, and 13C
NMR spectroscopy. Besides the fact that one methylene
unit is missing in 2·PF6, the 1H and 13C NMR spectra show
a similar resonance pattern with respect to the (S)-methio-
nine counterpart. The diastereoisomer ratio was found to
be nearly 1:1. In 2·PF6, the proton signals are shifted to
lower field in the amino acid ligand by 0.1 to 0.5 ppm.
Comparison with the diastereoisomers of 1·PF6 revealed
chemical shift differences smaller than 0.1 ppm. These dif-
ferences are more pronounced in 2·PF6, with ∆δ values of
between 0.1 and 0.2 ppm. Remarkable ∆δ values were ob-
served especially in the case of the S-Me protons (1·PF6:
0.01 ppm; 2·PF6: 0.1 ppm), thereby reflecting the change
from the six-membered to the more strained five-membered
platinacycle. The latter observation was also confirmed in
the 13C NMR spectrum, in which the S-Me carbon reso-
nances are found at δ = 19.6 and 19.7 ppm for 1·PF6 and at
δ = 20.6 and 21.8 ppm for the S-methyl-(S)-cysteine analog
2·PF6.

As mentioned in the introduction, (S)-selenomethionine
and Se-methylseleno-(S)-cysteine are currently being evalu-
ated as cytoprotective agents during the treatment with
platinum-based anticancer complexes. Administration of
either selenium agent results in a decreased platinum-in-
duced toxicity without affecting the tumor-inhibiting prop-
erties of the platinum complexes. In the case of cis- and
carboplatin (two monodentate ammine ligands), in-depth
NMR spectroscopic and ESI-MS studies have been per-
formed.[23,24] These showed that one or both ammine li-
gands are released from the platinum center upon coordina-
tion of (S)-selenomethionine. It is widely accepted that such
types of complexes are not further involved in the antican-
cer process.[24] In contrast, for oxaliplatin, which contains
the bidentate DACH ligand, release of the coordinated di-
amine is not expected due to the chelate effect. Therefore,
the anticancer-active [(1R,2R)-trans-diaminocyclohexane]-
platinum(II) fragment will still remain intact, thus opening
up the possibility to selectively synthesize these types of me-
tabolites and study their pharmacological properties.

Synthesis of the (S)-selenomethionine complex 3·PF6 was
performed in analogy to the (S)-methionine counterpart
(Figure 2). A comparable peak pattern to 1·PF6 as well as
analogous shift differences with respect to the uncoordi-
nated ligand were observed in the 1H and 13C NMR spectra
of 3·PF6. The signals of protons 4-H and 5-H are signifi-
cantly shifted to lower field in the complex, whereas the
signal of the 2-H protons displays an upfield shift (e.g. the
methyl resonances in 3·PF6 at δ = 2.31 and 2.34 ppm occur
in the free ligand at δ = 1.93 ppm). The 13C NMR reso-
nances of 3·PF6 are equivalent to those observed for the
(S)-methionine analog: the resonances for the carboxylate
group in 3·PF6 appear at δ = 176.8 and 176.5 ppm and are
slightly shifted in comparison to the free ligand (δ =
174.5 ppm); a distinct downfield shift of the signal of the
Se-methyl group from δ = 3.6 ppm to δ = 11.7/11.6 ppm
was also observed. The diastereoisomer ratio deduced from
the 1H NMR spectrum by deconvolution and integration
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was 2:3, which is the same as for the (S)-methionine analog.
Comparison of the 1H and 13C NMR spectra of the Se-
methylseleno-(S)-cysteine complex 4·PF6 with those of
3·PF6 revealed the same pattern as described above for
1·PF6 and 2·PF6. The 1H chemical shift differences of the
diastereoisomers (with respect to the amino acid ligand)
were small in the case of 3·PF6 (∆δ � 0.05 ppm), whereas
the ∆δ values of 4·PF6 were found to be between 0.05 and
0.16 ppm. This general behavior was also confirmed in the
13C NMR spectra, in which the Se-Me carbon atom reso-
nates at δ = 11.7 and 11.6 ppm in the case of 3·PF6 and at
δ = 12.6 and 13.5 ppm for the Se-methylseleno-(S)-cysteine
analog 4·PF6. For the latter, a converted diastereoisomer
ratio of 3:2 with respect to 3·PF6 was found. As explained
above, 195Pt and 15N NMR resonances are very indicative
of the coordination sphere around the platinum center.
Both the 195Pt (Figure 6) and 15N chemical shifts of 3·PF6

[195Pt NMR: δ = –3381, –3351 ppm; 15N NMR: δ = –48.0
(2-CNH2), –18.0 (7-CNH2), 3.5 (6-CNH2) ppm] are similar
to those observed for the (S)-methionine analog 1·PF6

(195Pt NMR: δ = –3335, –3313 ppm;15N NMR: δ = –45.2
(2-CNH2), –14.0 (7-CNH2), 4.0 (6-CNH2) ppm] and are
therefore in agreement with the structure presented in
Figure 2.

Figure 6. 77Se and 195Pt (small inset) NMR spectra of 3·PF6 and
4·PF6; 195Pt satellites are marked with asterisks. In the case of the
less intense signals, 195Pt satellites could not unequivocally be de-
tected.

From the analytical point of view, the selenium com-
plexes offer an advantage since the selenium atom itself can
be investigated by NMR spectroscopy (77Se, spin 1/2, 7.6%
natural abundance), thereby ultimately proving coordina-
tion of the selenium atom to the platinum center. Besides a
remarkable downfield shift in comparison to the free li-
gand, coordination of the selenium atom is also reflected
by the appearance of platinum satellites due to a 1J77Se,195Pt

coupling (Figure 6).[25] In 3·PF6 and 4·PF6, the 77Se chemi-
cal shifts of the diastereoisomers appear at δ = 123.5/151.5
and 208.6/220.5 ppm, respectively; the uncoordinated
amino acids resonate at δ = 84.8 and 51.2 ppm, respectively.
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Coupling of 77Se with the 195Pt central ion in the (S)-seleno-
methionine complex 3·PF6 (435 Hz) is thereby significantly
larger than in the Se-methylseleno-(S)-cysteine analog
4·PF6 (355 Hz).

Finally, the structure of 3·PF6 in the solid state was de-
termined by X-ray crystallography. Single crystals were
grown by slow concentration of a methanol solution of the
complex. The structural motif of the complex cation 3 is
very similar to that of complex 1. Again, the methyl and
carboxylate groups are positioned on opposite sides of the
PtN3Se plane. However, it is worth noting that the Pt–Se
distance [2.3777(10) Å] is more than 0.1 Å longer than the
corresponding Pt–S distance in 1. The Pt–Se bond length is
comparable to that in dichloro[O-methyl-(S)-selenomethio-
nine]platinum(II) [2.3697(8) Å].[26] Remarkably, the Se-
methyl and COOMe groups lie on the same side of the
PtCl2NSe plane in this complex (Figure 7).

Figure 7. Structure of the cation in 3·PF6 with thermal ellipsoids
at the 50% probability level. Selected bond lengths [Å] and angles
[°]: Pt–N1 2.056(7), Pt–N2 2.061(7), Pt–N3 2.079(7), Pt–Se1
2.377(10), C10–Se1 1.948(9), Se1–C11 1.920(11), C8–O1 1.225(12),
C8–O2 1.297(10); N1–Pt–N2 82.80(3), N3–Pt1–Se1 95.20(19),
C11–Se1–C10–C9 –60.1, N3–C7–C8–O1 0.50.

Conclusions

[(1R,2R)-trans-Diaminocyclohexane]platinum(II) com-
plexes with coordinated (S)-methionine, S-methyl-(S)-cyste-
ine, (S)-selenomethionine, and Se-methylseleno-(S)-cysteine
ligands have been synthesized and characterized by multi-
nuclear NMR spectroscopy, ESI-MS, IR spectroscopy, and
elemental analysis. The (S)-methionine (1·PF6) and (S)-sele-
nomethionine (3·PF6) complexes were also studied by X-
ray crystallography. The synthetic procedure resulting in the
(S)-methionine complex by activation of the dichlo-
ro[(1R,2R)-trans-diaminocyclohexane]platinum(II) species
with Ag2CO3 and isolation of the resulting complex as its
hexafluorophosphate salt can also be extended to other sul-
fur- and selenium-containing amino acids. This is of central
interest since three out of the four complexes synthesized
are metabolites in cancer patients treated with oxaliplatin.
These metabolites can now be evaluated with respect to
their pharmacological properties.

Experimental Section
General: All chemicals and solvents used were obtained from com-
mercial suppliers and were used as received. (S)-Methione was pur-
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chased from Roth and (S)-selenomethionine from Acros. S-Methyl-
(S)-methionine, Se-methylseleno-(S)-cysteine, and HPF6 (71% in
water) were purchased from Fluka, and potassium tetrachloroplati-
nate(II) was obtained from Johnson Matthey. Dichloro[(1R,2R)-
trans-diaminocyclohexane]platinum(II) was prepared according to
a standard literature procedure.[27] The synthetic procedures were
carried out in a light-protected environment in doubly distilled
water and under argon using standard Schlenk-line techniques. Ele-
mental analyses were performed by the microanalytical laboratory
at the University of Vienna. 1H, 13C{1H}, 31P{1H}, 1H,1H-COSY,
1H,13C-COSY, 1H,15N-COSY, 195Pt, and 77Se NMR spectra were
recorded in D2O or H2O/D2O (9:1) with a Bruker Avance DPX 400
instrument (UltraShield Magnet) using standard pulse programs at
400.13 (1H), 162.0 (31P), 100.63 (13C), 85.99 (195Pt), 76.32 (77Se),
and 40.55 (15N) MHz. Two-dimensional spectra were measured in
a gradient-enhanced mode. Chemical shifts were measured relative
to the solvent peak (δ = 4.71 ppm), to external 85% H3PO4, to
external 15NH4Cl, to external Ph2Se2 at δ = 464 ppm, or to external
K2[PtCl4] at δ = –1630 ppm. Mass spectra (ESI-MS) were recorded
with a Bruker ESQUIRE3000 ion trap mass spectrometer. Infrared
spectra (4000–400 cm–1) were recorded in KBr pellets using a Per-
kin–Elmer FTIR instrument.

(SP-4-3)-[(1R,2R)-trans-Diaminocyclohexane][(S)-methionine-
κ2N,S]platinum(II)·Hexafluorophosphate (1·PF6): Silver carbonate
(355 mg, 1.29 mmol) was added in one portion to a suspension of
dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(II) (500 mg,
1.32 mmol) in 100 mL of water and the mixture was stirred at room
temperature overnight. Silver chloride precipitated and was filtered
off. (S)-Methionine (188 mg, 1.26 mmol) was then added to the
bright-yellow solution and the mixture was stirred at room tem-
perature for 8 h. Thereafter, the solution was lyophilized to give a
slightly yellow crude product. The solid was dissolved in 5 mL of
water in a 10-mL plastic vial and a solution of HPF6 (146 µL,
1.26 mmol) in 1 mL of water was added. The mixture was lyophi-
lized and the solid was washed with small portions of methanol.
The target platinum(II) complex was obtained after filtration by
removal of the solvent under reduced pressure and drying over
P2O5. Yield: 380 mg (50%) [based on the amount of (S)-methio-
nine]. C11H24F6N3O2PPtS (602.44): calcd. C 21.93, H 4.02, N 6.98,
S 5.32; found C 21.62, H 4.05, N 6.76, S 5.30. ESI-MS (methanol):
m/z = 457.3 [M+]. FT-IR (KBr): ν̃ = 3414 w (OH), 3080 w (NH),
1617 s (CO) cm–1. Diastereoisomer 1: 1H NMR (400.13 MHz,
D2O): δ = 4.8–5.8 (m, 6 H, NH2), 3.35 (m, 1 H, 2-H), 2.94 (m, 2
H, 4-H), 2.45 (m, 2 H, 6-H, 7-H), 2.44 (s, 3 H, 5-H), 2.23 (m, 2 H,
3-H), 2.00 (m, 2 H, 8-H, 11-H), 1.54 (m, 2 H, 9-H, 10-H), 1.25
(m, 2 H, 8-H, 11-H), 1.09 (m, 2 H, 9-H, 10-H) ppm. 13C NMR
(100.63 MHz, D2O): δ = 176.8 (1-C), 62.4 (6-C or 7-C), 61.0 (6-C
or 7-C), 56.6 (2-C), 32.7 (2 C, 8-C, 11-C), 32.6 (4-C), 28.5 (3-C),
24.2 (2 C, 9-C, 10-C), 19.7 (5-C) ppm. 15N NMR (40.55 MHz,
H2O/D2O): δ = 4.0 (6-CNH2), –14.0 (7-CNH2), –45.2 (2-CNH2)
ppm. 31P NMR (162.00 MHz, D2O): δ = –143.9 (sept, 1JP,F =
710 Hz, PF6) ppm. 195Pt NMR (85.99 MHz, D2O): δ = –3335 ppm.
Diastereoisomer 2: 1H NMR (400.13 MHz, D2O): δ = 4.8–5.9 (m,
6 H, NH2), 3.44 (m, 1 H, 2-H), 2.87 (m, 2 H, 4-H), 2.46 (m, 2 H,
6-H, 7-H), 2.45 (s, 3 H, 5-H), 2.33 (m, 2 H, 3-H), 2.00 (m, 2 H, 8-
H, 11-H), 1.54 (m, 2 H, 9-H, 10-H), 1.25 (m, 2 H, 8-H, 11-H), 1.09
(m, 2 H, 9-H, 10-H) ppm. 13C NMR (100.63 MHz, D2O): δ = 176.3
(1-C), 62.2 (6-C or 7-C), 61.4 (6-C or 7-C), 55.6 (2-C), 32.7 (2 C,
8-C, 11-C), 31.0 (4-C), 27.7 (3-C), 24.1 (2 C, 9-C, 10-C), 19.6 (5-
C) ppm. 15N NMR (40.55 MHz, H2O/D2O): δ = 4.0 (6-CNH2),
–14.0 (7-CNH2), –45.2 (2-CNH2) ppm. 31P NMR (162.00 MHz,
D2O): δ = –143.9 (sept, 1JP,F = 710 Hz, PF6) ppm. 195Pt NMR
(85.99 MHz, D2O): δ = –3313 ppm.
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(SP-4-3)-[(1R,2R)-trans-Diaminocyclohexane][S-methyl-(S)-cy-
steine-κ2N,S]platinum(II)·Hexafluorophosphate (2·PF6): Silver car-
bonate (238 mg, 0.86 mmol) was added in one portion to a suspen-
sion of dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(II)
(334 mg, 0.88 mmol) in 100 mL of water and the mixture was
stirred at room temperature overnight. Silver chloride precipitated
and was filtered off. S-Methyl-(S)-methionine (114 mg, 0.84 mmol)
was then added to the bright-yellow solution and the mixture was
stirred at room temperature for 8 h. Thereafter, the solution was
lyophilized to give a slightly yellow crude product. The solid was
dissolved in 2 mL of water in a 10-mL plastic vial and a solution
of HPF6 (98 µL, 0.84 mmol) in 1 mL of water was added. The mix-
ture was lyophilized and the solid was washed with small portions
of ethanol. The target platinum(II) complex was obtained after fil-
tration by removal of the solvent under reduced pressure and dry-
ing over P2O5. Yield: 85 mg (17%) [based on the amount of S-
methyl-(S)-cysteine]. C10H22F6N3O2PPtS (588.41): calcd. C 20.41,
H 3.77, N 7.14, S 5.45; found C 20.85, H 3.97, N 7.04, S 5.51. ESI-
MS (methanol): m/z = 443.3 [M+]. FT-IR (KBr): ν̃ = 3438 w (OH),
3224 w (NH), 1625 s (CO) cm–1. Diastereoisomer 1: 1H NMR
(400.13 MHz, D2O): δ = 5.0–6.1 (m, 6 H, NH2), 3.68 (m, 1 H, 2-
H), 2.92 (m, 2 H, 3-H), 2.58 (s, 3 H, 4-H), 2.43 (m, 2 H, 5-H, 6-
H), 2.01 (m, 2 H, 7-H, 10-H), 1.54 (m, 2 H, 8-H, 9-H), 1.26 (m, 2
H, 7-H, 10-H), 1.09 (m, 2 H, 8-H, 9-H) ppm. 1 3 C NMR
(100.63 MHz, D2O): δ = 173.6 (1-C), 61.4 (2-C), 61.3 (2 C, 5-C, 6-
C), 40.8 (3-C), 32.5 (2 C, 7-C, 10-C), 24.1 (2 C, 8-C, 9-C), 20.6 (4-
C) ppm. Diastereoisomer 2: 1H NMR (400.13 MHz, D2O): δ =
5.0–6.1 (m, 6 H, NH2), 3.48 (m, 1 H, 2-H), 3.06 (m, 2 H, 3-H),
2.48 (s, 3 H, 4-H), 2.43 (m, 2 H, 5-H, 6-H), 2.01 (m, 2 H, 7-H, 10-
H), 1.54 (m, 2 H, 8-H, 9-H), 1.26 (m, 2 H, 7-H, 10-H), 1.09 (m, 2
H, 8-H, 9-H) ppm.13C NMR (100.63 MHz, D2O): δ = 173.8 (1-C),
62.2 (2-C), 61.3 (2 C, 6-C, 7-C), 40.8 (3-C), 32.5 (2 C, 7-C, 10-C),
24.1 (2 C, 8-C, 9-C), 21.8 (4-C) ppm.

(SP-4-3)-[(1R,2R)-trans-Diaminocyclohexane][(S)-selenomethionine-
κ2N,S]platinum(II)·Hexafluorophosphate (3·PF6): Silver carbonate
(404 mg, 1.46 mmol) was added in one portion to a suspension of
dichloro[(1R,2R)-trans-diaminocyclohexane]platinum(II) (569 mg,
1.50 mmol) in 100 mL of water and the mixture was stirred at room
temperature overnight. Silver chloride precipitated and was filtered
off. (S)-Selenomethionine (283 mg, 1.44 mmol) was then added to
the bright-yellow solution and the mixture was stirred at room tem-
perature for 8 h. Thereafter, the solution was lyophilized to give a
slightly yellow crude product. The solid was dissolved in 5 mL of
water in a 10-mL plastic vial and a solution of HPF6 (167 µL,
1.44 mmol) in 1 mL of water was added. The mixture was lyophi-
lized and the solid was washed with small portions of methanol
and ethanol. The target platinum(II) complex was obtained after
filtration by removal of the solvent under reduced pressure and
drying over P2O5. Yield: 232 mg (25%) [based on the amount of
(S)-selenomethionine]. C11H24F6N3O2PPtSe (649.33): calcd. C
20.35, H 3.72, N 6.47; found C 19.79, H 3.83, N 6.25. ESI-MS
(methanol): m/z = 504.3 [M+]. FT-IR: ν̃ = 3414 w (OH), 3080 w
( NH) , 1615 s (CO) cm – 1 . Dias t e reo i somer 1 : 1 H NMR
(400.13 MHz, D2O): δ = 4.9–5.7 (m, 6 H, NH2), 3.39 (m, 1 H, 2-
H), 2.91 (m, 2 H, 4-H), 2.42 (m, 2 H, 6-H, 7-H), 2.37 (m, 2 H, 3-
H), 2.31 (s, 3 H, 5-H), 2.00 (m, 2 H, 8-H, 11-H), 1.53 (m, 2 H, 9-
H, 10-H), 1.25 (m, 2 H, 8-H, 11-H), 1.09 (m, 2 H, 9-H, 10-H) ppm.
13C NMR (100.63 MHz, D2O): δ = 176.8 (1-C), 63.0 (6-C or 7-C),
60.6 (6-C or 7-C), 56.9 (2-C), 32.7 (2 C, 8-C, 11-C), 30.9 (3-C), 26.3
(4-C), 24.4 (9-C or 10-C), 24.1 (9-C or 10-C), 11.4 (5-C) ppm. 15N
NMR (40.55 MHz, H2O/D2O): δ = 3.5 (6-CNH2), –18.0 (7-
CNH2), –48.0 (2-CNH2) ppm. 31P NMR (162.00 MHz, D2O): δ =
–141.2 (sept, 1JP,F = 709 Hz, PF6) ppm. 77Se NMR (76.32 MHz,
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D2O): δ = 151.5 (s, 1JSe,Pt = 435 Hz) ppm. 195Pt NMR (85.99 MHz,
D2O): δ = –3381 ppm. Diastereoisomer 2: 1H NMR (400.13 MHz,
D2O): δ = 4.7–5.7 (m, 6 H, NH2), 3.39 (m, 1 H, 2-H), 2.87 (m, 2
H, 4-H), 2.42 (m, 2 H, 6-H, 7-H), 2.35 (m, 2 H, 3-H), 2.34 (s, 3 H,
5-H), 2.00 (m, 2 H, 8-H, 11-H), 1.53 (m, 2 H, 9-H, 10-H), 1.25
(m, 2 H, 8-H, 11-H), 1.09 (m, 2 H, 9-H, 10-H) ppm. 13C NMR
(100.63 MHz, D2O): δ = 176.5 (1-C), 62.8 (6-C or 7-C), 61.2 (6-C
or 7-C), 56.1 (2-C), 32.6 (2 C, 8-C, 11-C), 29.5 (3-C), 24.4 (4-C),
24.2 (9-C or 10-C), 24.1 (9-C or 10-C), 11.4 (5-C) ppm. 15N NMR
(40.55 MHz, H2O/D2O): δ = 3.5 (6-CNH2), –18.0 (7-CNH2), –48.0
(2-CNH2) ppm. 31P NMR (162.00 MHz, D2O): δ = –141.2 (sept,
1JP,F = 709 Hz, PF6) ppm. 77Se NMR (76.32 MHz, D2O): δ = 123.5
(s, 1JSe,Pt not detectable) ppm. 195Pt NMR (85.99 MHz, D2O): δ
= –3351 ppm.

(SP-4-3)-[(1R,2R)-trans-Diaminocyclohexane][Se-methylseleno-(S)-
cysteine-κ2N,S]platinum(II)·Hexafluorophosphate (4·PF6): Silver
carbonate (400 mg, 1.45 mmol) was added in one portion to a sus-
pension of dichloro[(1R,2R)-trans-diaminocyclohexane]plati-
num(II) (560 mg, 1.47 mmol) in 100 mL of water and the mixture
was stirred at room temperature overnight. Silver chloride precipi-
tated and was filtered off. Se-Methylseleno-(S)-cysteine (260 mg,
1.43 mmol) was added to the bright-yellow solution and the mix-
ture was stirred at room temperature for 8 h. Thereafter, the solu-
tion was lyophilized to give a slightly yellow crude product. The
solid was dissolved in 5 mL of water in a 10-mL plastic vial and a
solution of HPF6 (166 µL, 1.43 mmol) in 1 mL of water was added.
The mixture was lyophilized and the solid was washed with small
portions of methanol and ethanol. The target platinum(II) complex
was obtained after filtration by removal of the solvent under re-
duced pressure and drying over P2O5. Yield: 152 mg (17%) [based
o n t h e a m o u n t o f S e - m e t h y l s e l e n o - ( S ) - c y s t e i n e ] .
C10H22F6N3O2PPtSe (635.30): calcd. C 18.91, H 3.49, N 6.61;
found C 18.53, H 3.82, N 6.33. ESI-MS (methanol): m/z = 490.2
[M+]. FT-IR: ν̃ = 3418 w (OH), 3079 w (NH), 1622 s (CO) cm–1.
Diastereoisomer 1: 1H NMR (400.13 MHz, D2O): δ = 4.9–6.1 (m,
6 H, NH2), 3.60 (m, 1 H, 2-H), 2.82 (m, 2 H, 3-H), 2.45 (s, 3 H,
4-H), 2.41 (m, 2 H, 5-H, 6-H), 2.02 (m, 2 H, 7-H, 10-H), 1.53 (m,
2 H, 8-H, 9-H), 1.26 (m, 2 H, 7-H, 10-H), 1.09 (m, 2 H, 8-H, 9-H)
ppm. 13C NMR (100.63 MHz, D2O): δ = 174.0 (1-C), 62.9 (6-C or
7-C), 62.8 (2-C), 61.1 (5-C or 6-C), 32.7 (7-C or 10-C), 32.6 (7-C
or 10-C), 32.0 (3-C), 24.3 (8-C or 9-C), 24.2 (8-C or 9-C), 12.6 (4-
C) ppm. 15N NMR (40.55 MHz, H2O/D2O): δ = 5.2 (6-CNH2), 0.5
(7-CNH2), –21.2 (2-CNH2) ppm. 31P NMR (162.00 MHz, D2O): δ
= –141.2 (sept, 1JP,F = 709 Hz, PF6) ppm. 77Se NMR (76.32 MHz,
D2O): δ = 208.6 (s, 1JSe,Pt = 355 Hz) ppm. 195Pt NMR (85.99 MHz,
D2O): δ = –3444 ppm. Diastereoisomer 2: 1H NMR (400.13 MHz,
D2O): δ = 4.9–6.1 (m, 6 H, NH2), 3.65 (m, 1 H, 2-H), 2.98 (m, 2
H, 3-H), 2.41 (m, 2 H, 5-H, 6-H), 2.37 (s, 3 H, 4-H), 2.02 (m, 2 H,
7-H, 10-H), 1.53 (m, 2 H, 8-H, 9-H), 1.26 (m, 2 H, 7-H, 10-H),
1.09 (m, 2 H, 8-H, 9-H) ppm. 13C NMR (100.63 MHz, D2O): δ =
174.0 (1-C), 62.7 (6-C or 7-C), 62.6 (2-C), 61.0 (5-C or 6-C), 32.7
(7-C or 10-C), 32.6 (7-C or 10-C), 32.1 (3-C), 24.3 (8-C or 9-C),
24.1 (8-C or 9-C), 13.5 (4-C) ppm. 15N NMR (40.55 MHz, H2O/
D2O): δ = 5.2 (6-CNH2), 0.5 (7-CNH2), –21.2 (2-CNH2) ppm. 31P
NMR (162.00 MHz, D2O): δ = –141.2 (sept, 1JP,F = 709 Hz, PF6)
ppm. 77Se NMR (76.32 MHz, D2O): δ = 220.5 (s, 1JSe,Pt not detect-
able) ppm. 195Pt NMR (85.99 MHz, D2O): δ = –3461 ppm.

Structure Determination: X-ray diffraction measurements were per-
formed with Nonius Kappa CCD diffractometers. Single crystals
were positioned at 35 and 29.1 mm from the detector and 591 and
256 frames were measured, each for 20 s over a 1.5 and 1.0° scan
width (for complexes 1·PF6 and 3·PF6, respectively). The data were
processed using the Denzo-SMN software package.[28] Crystal data,
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data collection parameters, and structure-refinement details for
1·PF6 and 3·PF6 are given in Table 1. The structures were solved by
direct methods and refined by full-matrix least-squares techniques.
Non-hydrogen atoms were refined with anisotropic displacement
parameters. H atoms of 1·PF6 were located on difference Fourier
maps and isotropically refined. All hydrogen atoms of 3·PF6 were
included at calculated positions with fixed thermal parameters.
Computer programs: structure solution: SHELXS-97;[29] refine-
ment: SHELXL-97;[30] molecular diagrams: ORTEP;[31] computer:
Pentium II; scattering factors.[32] CCDC-606533 (1·PF6) and
-606879 (3·PF6) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data and details of data collection for 1·PF6 and
3·PF6.

1·PF6 3·PF6

Empirical formula C11H24F6N3O2PPtS C11H24F6N3O2PPtSe
Formula mass 602.45 649.35
Space group P212121 P212121

a [Å] 6.5662(1) 6.6369(4)
b [Å] 12.4846(1) 12.5878(7)
c [Å] 22.1143(2) 22.0958(16)
V [Å3] 1812.85(4) 1846.0(2)
Z 4 4
λ [Å] 0.71073 0.71073
ρcalcd. [g cm–3] 2.207 2.336
Crystal size [mm] 0.29×0.17×0.14 0.32×0.30×0.28
T [K] 120 183
µ [cm–1] 80.13 97.28
Flack parameter 0.006(4) –0.017(14)
R1

[a] 0.0127 0.043l
wR2

[b] 0.0299 0.079
GOF[c] 1.110 1.030

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.

[c] GOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2, where n is the number of
reflections and p is the total number of parameters refined.

Supporting Information (see footnote on the first page of this arti-
cle): Temperature-dependent 1H NMR spectra of 1·PF6.
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CoIII Complexes with Square-Planar N2S2- and N2(SO2)2-Type Ligands as An
Active Site Structural Model for Nitrile Hydratase – Biological Implications of

an Amidate Coordination
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Koichiro Jitsukawa,[a] Tomohiro Ozawa,*[a] and Hideki Masuda*[a]
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In an attempt to understand the unique active site structure
of nitrile hydratase, four CoIII complexes with square-planar
N2S2- or N2(SO2)2-type donor sets, Na[CoIII(L:N2S2)] (1-Na),
PPh4[CoIII(L:N2S2)] (1-PPh4), PPh4[CoIII(L:N2S2)(tBuNC)2] (2),
and PPh4[CoIII{L:N2(SO2)2}(tBuNC)2] (3) were synthesized
and characterized on the basis of electronic absorption spec-
troscopy, IR spectroscopy, cyclic voltammetry, and X-ray
structural analysis. Both of the crystal structures of com-
plexes 1-Na and 1-PPh4 revealed a square planar structure
with N2S2 donating atoms, and 2 exhibited an octahedral
structure coordinated with two tert-butylisocyanide (tBuNC)
molecules at the axial sites of complex 1-PPh4. Complex 3,
which showed an octahedral structure with sulfinate sulfur
atoms equatorially coordinated to the center, was synthe-
sized by the treatment of 2 with a suitable oxidant. The re-
duction potential values from CoIII to CoII for complex 3 in
solution demonstrated a larger positive shift when compared
with those of complexes 1-PPh4 and 2, which indicates that
the oxygenation of the sulfur atoms increased the Lewis acid-
ity of the CoIII center. Interestingly, the coordination equilib-

Introduction

Nitrile Hydratase (NHase) is an enzyme that hydrates a
nitrile compound to the corresponding amide. Because of
its high conversion ability, this enzyme has been employed
for the industrial production of acrylamide from acryloni-
trile under mild conditions.[1] The NHases are largely classi-
fied into FeIII-type and CoIII-type families.[2–4] Rhodococcus
rhodochrous J1, which is a bacterium with the typical CoIII-
type NHase, has been used to produce several kilotons of
acrylamide per year.[3–5] The common amino acid sequence
(C–X–Y–C–S–C) of the peptide in the FeIII-type and the
CoIII-type NHase has been proposed as the metal binding
ligand on the basis of the similarity between the EXAFS
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rium, the C=O stretching frequency, and the redox potential
for 1-PPh4 were all closely related to the acceptor number
(AN) of the solvents. Furthermore, the coordination of mono-
dentate tBuNC to the axial position of 1-PPh4 was dependent
on the solvents used. These findings indicate that an electro-
philic interaction between the carbonyl oxygen atoms and
the solvent molecules control the Lewis acidity of the metal
ion. On the other hand, such a solvent dependence was not
detected in the S=O stretching frequency of sulfinates 3. We
have concluded that the increase in the redox potential/
Lewis acidity of the metal center is a result of the oxygena-
tion of sulfur, and that this increase is controlled by the inter-
action of the amidate carbonyl oxygen with the secondary
coordination sphere. As demonstrated in previous mutation
studies, this study suggests that the interaction of the nitrile
hydratase active site with the functional groups from the
peptide backbone is essential for the catalytic activity of the
complex.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

and its pre-edge spectra[6,7] in addition to homology in sig-
nificant amino acid sequences.[8]

Recent X-ray structure analysis of both NHase types re-
vealed that the metal centers are surrounded by two amide
nitrogen atoms and two cysteine sulfur atoms in the equato-
rial plane with a cysteine sulfur and an oxygen atom (H2O
or OH–), or a cysteine sulfur and a NO group, at the axial
sites for the CoIII- or FeIII-types, respectively.[9–12] Interest-
ingly, two equatorially coordinated cysteine sulfur atoms
are oxygenated to a sulfenate and a sulfinate, respectively,
and the two nitrogen atoms contribute as an amidate li-
gand. Such a unique structure is very interesting in relation
to its hydration mechanism in biological systems.

In such a hydration enzyme, a higher Lewis acidity of the
metal center should be required, although M–OH– (or M–
OH2) or M–NCR are proposed as possible active interme-
diates. On the basis of the HSAB rule, the N– and S– ions
employed in the enzymes may stabilize the higher oxidation
state of the metal center, and the attached electron-with-
drawing carbonyl group along with the sulfenyl and sulfinyl
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oxygen atoms may reduce the electron density on the metal
center to induce a higher acidity. It is quite apparent that
both functional groups are very important for the enzy-
matic reaction. However, the use of the mutant Fe-type
NHases that did not contain oxygenated sulfur atoms did
not show any hydration reaction, which indicates that the
oxygenated sulfur atoms are essential for the enzymatic ac-
tivity.[13]Most studies that use model complexes have fo-
cused on the effect of the oxidation of sulfur. For example,
several CoIII and FeIII complexes with pentadentate ligands
that contain an imine,[14] an amide,[15,16] or an amine[17]

group and sulfur atoms have been synthesized and studied.
Among them, Mascharak and coworkers[15a] have prepared
the complex [Co(PyPS)(CN)] with the use of the amide-type
ligand, which was easily replaced by a H2O molecule. The
coordinated water molecule catalytically hydrated acetoni-
trile to acetamide at pH = 9.5. The addition of an oxidant
to the solutions of the complexes afforded the correspond-
ing sulfur-oxidized species.[15b] For the CoIII mononuclear
complex, the CoIII species with a sulfinate was isolated. Hy-
dration of acrylonitrile with this sulfonate–CoIII complex
proceeded three times faster than that of the complex with
two unoxidized sulfur atoms even in acidic media (pH =
8.0). They concluded that the oxygenation of sulfur would
make the acidity of the coordinated H2O molecule increase.
Other groups have prepared and characterized the CoIII

and FeIII complexes with tetradentate planar ligands that
contain two amide nitrogen atoms and two thiolate sulfur
atoms in the same coordination environment as the NHase
active sites,[18,19] and they also succeeded in the generation
of sulfinate and sulfenate species by the oxidation of the
coordinated sulfur atoms.[18a,18b,19a,19b] However, all of
them showed octahedral structures with two monodentate
ligands at the axial positions.[18a,18b,19a,19b] Recently, Artaud
and coworkers reported that in the synthesis of the N2(SO2)2-
type CoIII complex with a CN– ion at the apical position,
the octahedral complex with a hydroxo ion at another axial
position was derived.[20] Thus, the oxygenation of sulfur in
the equatorial plane has been described to be one of the
important factors that leads to an octahedral geometry.

Few have paid attention to the amidate group. However,
a mutation study of Fe-containing NHase demonstrated

Figure 1. An ORTEP view of Na[Co(L:N2S2)] (1-Na) with solvated water molecules, which shows 50% probability ellipsoids. H atoms
are omitted for clarity except for those of the water molecules.
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that βR56K, whose Arg56 residue is replaced by lysine and
coordinated to the sulfinate and sulfenate oxygen atoms
through a hydrogen bond, demonstrated only ca. 1% of the
reactivity of the native species.[21] For the βY68F mutant
of the CoIII-type NHase, the enzymatic activity drastically
decreased, although it was positioned at a distance from the
active site.[22] Moreover, the OH group of tyrosine in
βTyr68 is linked to the carbonyl oxygen of the active site
through water molecules and the hydrogen bond network
around βArg56. βArg56 is, itself, also connected to βTyr68.
These facts indicate that the hydrogen-bonding interactions
of the coordinating functional groups with the outer sphere
strongly contribute to the appearance of the NHase activity.
Therefore, we focused on the biological role of the amidate
carbonyl group and synthesized two CoIII complexes with
N2S2-type ligands, N,N�-bis(2-mercapto-2-methylpropi-
onyl)-1,3-diaminopropane (H4L) and the corresponding
sulfinic acid derivative [L:N2(SO2)2; the two sulfur atoms
of H4L are oxygenated to sulfinates]. In order to evaluate
the influence of the outer sphere, the coordination behav-
iors of the axial sites of the CoIII complex with tert-butyl-
isocyanide (tBuNC) were evaluated. Isocyanides such as
isobutylisocyanide[23] and cyclohexylisocyanide[24] are often
employed because of their well-known ability to act as coor-
dinative monodentate ligands for NHase.

Results and Discussion

Crystal Structures of Na[Co(L:N2S2)]3H2O (1-Na),
PPh4[CoIII(L:N2S2)]H2O (1-PPh4), PPh4[CoIII(L:N2S2)2-
(tBuNC)2] (2), and PPh4[CoIII{L:N2(SO2)2}(tBuNC)2]-
EtOH (3)

The N2S2-type ligand, H4L, which provides electron-do-
nating atoms similar to the equatorial coordination envi-
ronment of the NHase active center, was used for the con-
struction of the model complexes. The CoIII complex with
L, Na[Co(L:N2S2)] (1-Na), was prepared by the air-oxi-
dation of the corresponding CoII complex derived from the
reaction of CoCl2 and H4L in DMF. Recrystallization of
the compound from an acetonitrile/diethyl ether solution
afforded a single crystal suitable for X-ray analysis, whose
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crystal data and molecular structure are shown in Table 2
and Figure 1, respectively. Two [CoIII(L:N2S2)]– and two
Na+ ions are included together with six water molecules in
a unit cell (Figure S1). Selected bond lengths and angles
are listed in Table 1. Complex 1-Na has a square-planar
geometry with N2S2 donor atoms as well as the equatorial
coordination in the active site of NHase.[9–12] The bond
lengths around the metal center [Co1–N1 = 1.919(3), Co1–
N2 = 1.918(3), Co1–S1 = 2.141(1), Co1–S2 = 2.142(1) Å]
are comparable to those of the CoIII complexes with amide
(Co–N = 1.86–1.90 Å) and thiolate coordinations (Co–S =
2.13–2.14 Å) that were previously reported.[18c,19c] Each car-
bonyl oxygen of the ligand L was significantly coordinated
to three water molecules [Ocarbonyl···Owater = 2.84–2.91 Å]
in the crystal. Furthermore, one water molecule also weakly
approaches the CoIII ion with a bond length of 3.20 Å at
the axial position, which is very similar to the case of Co-
type NHase.[11]

One more CoIII complex with L, PPh4[Co(L:N2S2)] (1-
PPh4), was also prepared by the ion-exchange of 1-Na in
an aqueous solution of PPh4Cl. Complex 1-PPh4 was ob-
tained as a single crystal suitable for X-ray analysis, whose
crystal data and molecular structure are shown in Table 2
and Figure 2, respectively. Four [CoIII(L:N2S2)]– anions and
four PPh4

+ cations are included together with four water
molecules in a unit cell (Figure S2). Selected bond lengths
and angles are listed in Table 1. The molecular structure of
complex 1-PPh4 was essentially the same as that of 1-Na.
The bond lengths around the metal center [Co1–N1 =
1.902(3), Co1–N2 = 1.896(3), Co1–S1 = 2.138(1), Co1–S2
= 2.144(1) Å] are in the range of those of the CoIII com-
plexes with amide (Co–N = 1.86–1.90 Å) and thiolate coor-
dinations (Co–S = 2.13–2.14 Å) that were previously re-
ported.[18c,19c] However, a detailed comparison of those of
1-Na and 1-PPh4 indicated that the Co–N bonds of 1-PPh4

were significantly different from those of 1-Na, although
the Co–S bonds was almost the same as those of 1-Na.
This behavior is apparently influenced by the number of
hydrogen bonds between water molecules and the amidate
carbonyl oxygen atoms. The two carbonyl oxygen atoms of
1-PPh4 are hydrogen-bonded with one water molecule each.
However, each carbonyl oxygen of 1-Na is coordinated to
three water molecules of a water–sodium cluster. The C=O
[1.250(4), 1.243(4)], Camide–N [1.341(4), 1.348(4)], and Co–
N [1.902(3), 1.896(3)] bond lengths of 1-PPh4 with one
water molecule for one carbonyl oxygen demonstrated sig-
nificant alternations of shorter, longer, and shorter lengths
in comparison with those of 1-Na, C=O [1.263(4),
1,257(4)], Camide–N [1.330(4), 1.332(3)], and Co–N
[1.919(3), 1.918(3)], with three hydrogen bonds for each car-
bonyl oxygen. This alternation in bond lengths provides evi-
dence for the fact that the amidate carbonyl oxygen is affec-
ted by the interaction of the secondary sphere.

An octahedral CoIII complex, PPh4[CoIII-
(L:N2S2)(tBuNC)2] (2), where two of the axial positions of
1 are occupied by tert-butylisocyanide (tBuNC) molecules,
was also isolated from an ethanol solution that contained a
large amount of tBuNC as a red-colored single-crystal suit-
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Table 1. Selected bond lengths [Å] and angles [°] for Na[Co-
(L:N2S2)](1-Na) and PPh4[Co(L:N2S2)](1-PPh4) and PPh4-
[Co(L:N2S2)(tBuNC)2](2) and PPh4[Co{L:N2(SO2)2}(tBuNC)2]-
(3).[a]

1-Na
Bond lengths [Å]

Co1–N1 1.919(3) O1···O3 2.86
Co1–N2 1.918(3) O1···O4 2.91
Co1–S1 2.141(1) O1···O5 2.84
Co1–S2 2.142(1) O2···O3 2.86
O1–C4 1.263(4) O2···O4 2.91
O2–C8 1.257(4) O2···O5 2.84
N1–C4 1.330(4)
N2–C8 1.332(3)

Bond angles [°]

N1–Co1–N2 98.0(1) S1–Co1–N2 173.99(9)
S1–Co1–S2 86.12(4) S2–Co1–N1 173.96(9)
S1–Co1–N1 87.89(9) S2–Co1–N2 87.92(9)

1-PPh4

Bond lengths [Å]

Co1–N1 1.902(3) N1–C4 1.341(4)
Co1–N2 1.896(3) N2–C8 1.348(4)
Co1–S1 2.138(1) O1···O3 2.83
Co1–S2 2.144(1) O2···O3 2.82
O1–C4 1.250(4)
O2–C8 1.243(4)

Bond angles [°]

N1–Co1–N2 97.4(1) S1–Co1–N2 174.07(9)
S1–Co1–S2 86.51(4) S2–Co1–N1 171.07(9)
S1–Co1–N1 87.95(9) S2–Co1–N2 88.50(9)

2
Bond lengths [Å]

Co1–N1 1.973(2) O1–C3 1.258(3)
Co1–S1 2.2491(8) N1–C3 1.318(3)
Co1–C7 1.844(3) N2–C7 1.150(4)

Bond angles [°]

N1–Co1–N1* 99.7(1) S1–Co1–N1* 174.69(6)
S1–Co1–S1* 89.12(4) C7–Co1–C7* 179.8(2)
S1–Co1–N1 85.57(6) Co1–C7–N2 176.8(3)

3
Bond lengths [Å]

Co1–N1 1.996(2) O1–C4 1.249(4)
Co1–N2 1.986(2) O4–C8 1.252(3)
Co1–S1 2.1830(7) N1–C4 1.320(3)
Co1–S2 2.1723(7) N2–C8 1.322(3)

Co1–C12 1.874(3) N2–C7 1.148(4)
Co1–C17 1.847(3) N4–C17 1.148(3)

O1···O7 2.66

Bond angles [°]

N1–Co1–N2 97.64(8) S2–Co1–N1 176.85(6)
S1–Co1–S2 93.07(3) S2–Co1–N2 83.97(6)
S1–Co1–N1 85.25(6) C12–Co1–C17 175.6(1)
S1–Co1–N2 176.70(6) Co1–C12–N3 174.8(2)

Co1–C17–N4 174.4(2)

[a] The atoms with and without * are related by a crystallographic
mirror plane between each other.

able for X-ray analysis. Crystal data is listed in Table 2 and
the ORTEP view of the anion moiety of 2 is shown in Fig-
ure 3. Four [CoIII(L:N2S2)(tBuNC)2]– anions and four
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Figure 2. An ORTEP view of [Co(L:N2S2)]– anion part of complex 1 with solvated water molecules, which shows 50% probability
ellipsoids. H atoms are omitted for clarity except for those of the water molecules.

PPh4
+ cations are included in a unit cell. Selected bond

lengths and angles are listed in Table 1. The tert-butyl group
of the axial ligands and the propylene group of the equato-
rial ligand are disordered. The octahedral coordination
formed by the axial binding of tBuNC ligands to 1 induces
longer Co–Namide and Co–S bonds in comparison with
those of 1, although the average bond lengths of Co–S
[2.2491(8) Å] and Co–Namide [1.973(2) Å] are within the
range of those of the previously reported octahedral CoIII

complexes with thiols and/or amides (Co–S = 2.22–2.27 Å,
Co–N = 1.91–2.00 Å).[18a,19a,19b,19d] The detailed examina-
tion of the bond lengths around the Co center indicate that
the Co–N and Co–S bonds are clearly elongated in com-
parison with those of complexes 1-PPh4 and 1-Na, which is
explained by the coordination of the tBuNC molecules.

Figure 3. An ORTEP view of [Co(L:N2S2)(tBuNC)2]– anion part
of complex 2, which shows 50% probability ellipsoids.

Furthermore, treatment of complex 2 with 30% H2O2

according to a previously-reported procedure[19b] with some
modifications successfully afforded the corresponding com-
plex, PPh4[Co{L:N2(SO2)2}(tBuNC)2] (3), of which the two
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thiolate groups were oxygenated to sulfinates. The crystal
data of a single crystal obtained from an EtOH/ether solu-
tion is listed in Table 2, and the molecular structure re-
vealed the formation of complex 3, as depicted in Figure 4.
Selected bond lengths and angles are listed in Table 1. The
bond lengths around the metal center [Co1–N1 = 1.996(2),
Co1–N2 = 1.986(3), Co1–S1 = 2.1830(7), Co1–S2 =
2.1723(7) Å] lay within the range of those of the previously
reported CoIII complexes with amide and sulfinate groups
(Co–N = 1.94–2.00 Å, Co–S = 2.21–2.23 Å).[18a,19b] The
Co–N and Co–S bond lengths of 3 are longer than those
of 1-PPh4 and 1-Na, which is reasonably explained by the
coordination of the tBuNC molecules. The oxygenation of
sulfur in complexes 2 and 3 induced the lengthening of the
Co–N bonds and the shortening of the Co–S bonds, al-
though it did not influence the Co–C(tBuNC) bond lengths.
The carbonyl oxygen atoms of the ligand L:N2(SO2)2 were
also significantly coordinated to an ethanol molecule. Such
a hydrogen bond was not found around the sulfinate oxygen
atoms.

Figure 4. An ORTEP view of [Co{L:N2(SO2)2}(tBuNC)2]– anion
part of complex 3, which shows 50% probability ellipsoids. H
atoms are omitted for clarity.
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Coordination Equilibrium of tBuNC to 1 in Solution

The electronic absorption spectrum of complex 1 showed
a ligand-to-metal charge transfer (LMCT) band around
600 nm (ε = 3800 –1 cm–1), which is characteristic of a
square planar CoIII complex with sulfur atoms.[18c,19c] The
coordination behavior of the monodentate ligands at the
axial positions of 1 was studied with anionic ligands, such
as sodium phenolate, sodium thiophenolate, tetraethylam-
monium thiocyanate (Et4NSCN), and tetraphenylphospho-
nium cyanide (PPh4CN), and with neutral ligands, such as
water, 4-phenylpyridine, and tert-butylisocyanide (tBuNC).
Significant spectral changes were observed only when
PPh4CN or tBuNC was added to a solution of 1 at ambient
temperature. For PPh4CN and tBuNC, the absorption spec-
tra had a change in the isosbestic point at 301 nm and
317 nm in EtOH, respectively (Figure S3). It is clear that
both the monodentate ligands coordinate at the axial sites
of 1. In the case of tBuNC, such a spectral change in the
isosbestic point of the LMCT band was also observed in
other solvents, which indicates that the CoIII complex re-
acted with tBuNC to form octahedral complex 2.[18a,19c]

Formation of the octahedral complex was also supported
by the fact that the finally obtained spectrum was in good
agreement with that of 2. The axial coordination of tBuNC
in complex 2 is also clear from the fact that complexes 1
and 2 show a paramagnetism and a diamagnetism, respec-
tively, in their 1H NMR spectra (Figure S4). It should be
noted that the octahedral coordination of 2 was maintained
without any release of the axial ligands in an aqueous solu-
tion, although the coordination of the ligands was not con-
served in organic solvents (Figure S5). Therefore, we can
conclude that the octahedral structure of complex 2 is
maintained in water, which is comparable to the effect of
the oxygenation of the sulfur atoms.

For the complete formation of octahedral species in ace-
tone, the addition of a 1000-fold excess of tBuNC in meth-
anol was required. The electrostatic effect on the metal cen-
ter that is caused by the interaction between the coordi-
nated amide groups and the solvent is best understood
through the examination of the equilibrium experiment
with complex 1 for the following reasons: (1) the sulfur
atoms of the tetradentate ligand are not easily air-oxidized
in the preparation of complex 1; therefore, direct interac-
tions of the oxygenated sulfinate oxygen atoms with the sol-
vent molecules of the secondary coordination sphere can
be eliminated, (2) the solvation of the neutral monodentate
ligand tBuNC that is coordinated to the complex can be
excluded, (3) the axial coordination of the ligands to the
square-planar complex induces a higher lability of the com-
plex. Therefore, we investigated the effect of solvents on the
equilibrium constant (Ks) [Equation (1)].

(1)

With the use of the intensity change in the LMCT band
(700 nm), the equilibrium constants for the reaction have
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been estimated. Equation (2) was derived on the basis of
Equation (1) with material balances taken into account.

(2)

Here, A0 and A represent the absorption intensities of
the [CoIII(L:N2S2)]– solution and that of the mixed solution
of [CoIII(L:N2S2)]– and [CoIII(L:N2S2)(tBuNC)2]–, respec-
tively. CBu and CCoL are the total concentrations of tBuNC
and the [CoIII(L:N2S2)]– solutions, respectively. The rela-
tionship between the absorbance term of the complex ver-
sus the concentration term of added tBuNC was plotted
according to Equation (1) and showed a linear relationship
with a slope of 2, within experimental error. This indicates
that two tBuNC molecules are coordinated to the CoIII

complex in all of the solvents. This result was also con-
firmed from the similarity in the absorption spectrum of 2
as described above. The equilibrium constant, Ks, clearly
showed the solvent dependence (Table S1); they gradually
decreased as follows: H2O/MeOH (3:7) � H2O/MeOH (1:9)
� methanol � ethanol � 2-PrOH � dichloromethane �
acetone. The constant, Ks, demonstrated a linear relation-
ship only for the acceptor number (AN)[25–28] of solvents
which is an index of electrophilicity[28,29] [Figure 5 (�)]. Ks

did not show this relationship for any other physical param-
eters such as a donor number[29,30] or a dielectric constant.
This result indicates that an interaction of the electrophilic
solvent with 1 makes the axial coordination of tBuNC eas-
ier.

Figure 5. Plots of logKs values (�) and C=O stretching vibration
values (�) for complex 1 versus ANs of organic solvents. (a) THF;
(b) acetone; (c) DMF; (d) MeCN; (e) CH2Cl2; (f) CHCl3; (g) 2-
propanol; (h) EtOH; (i) MeOH; (j) H2O/MeOH [1:9 (v/v)]; (k)
H2O/MeOH [3:7 (v/v)].

Infrared Spectra of 1 and 3 in Organic Solvents

As described above, the coordination of tBuNC at the
axial sites of 1 depends on the electrophilic solvents, whose
solvent dependence should be considered to be caused by
the interaction of complex 1 with the solvent molecules. The
electron-rich carbonyl oxygen atoms of the ligand L can
also interact with the electrophilic solvent. Therefore, IR
spectra were obtained for 1 and 3 in order to identify the
interaction site of the complexes with the solvent molecules.
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The IR spectra of sample solutions without the CoIII com-
plex were measured as a base line. A difference spectrum
between the solution of 1 and the base line was then
adopted. Interestingly, the frequencies assigned to the
stretching vibration of C=O are dependent on the solvents
within the range of 1520–1590 cm–1 as listed in Table S2.
The C=O stretching vibrations are linearly dependent on
the ANs as shown in Figure 5 (�), which suggests that the
axial coordination is predominantly controlled by the inter-
action of the solvent molecules with the carbonyl oxygen
atoms.

The solvent-dependent shift of the C=O stretching fre-
quency was also observed for 3, and the C=O stretching
vibration for 3 (Table S3) showed a similar shift to that of
1, as shown in Figure 6 (�). However, in the same solvents
the absorption bands in 3 appeared in a higher energy re-
gion compared with those of 1. An increase in the C=O
bond strength of 3 compared with that of 1 induced a de-
crease in the Co–N bond strength, which may be explained
in terms of the coordination saturation and strong trans
influence of SO2.[15c] On the other hand, remarkably, the
stretching frequency of the S=O group, which is considered
as another possible interaction site for the solvents, did not
show any significant shift [Figure 6 (�), Table S4]. The vi-
bration responsible for N�C in 3 is also linearly dependent
on the ANs of the solvents (Figure S6, Table S5). The linear
relationship indicates that the interaction of the carbonyl
oxygen atoms with the solvent molecules causes a change
in the N�C vibration, while the sulfinate oxygen did not
show any interaction with the solvents as described above.
The N�C vibration showed a significantly higher energy
shift with an increase in AN, which is similar to the case of
the oxidized sulfur atoms.[18a] This result suggests that the
attractive interaction of the carbonyl oxygen atoms with the
solvent molecules causes an increase in the Lewis acidity of
the CoIII center.

Figure 6. Plots of C=O (�) and S=O stretching vibration values
(�) for complex 3 versus ANs of organic solvents. (a) Acetone; (b)
MeCN; (c) CHCl3; (d) 2-PrOH; (e) MeOH.

Redox Behaviors of 1, 2 and 3 in Organic Solvents

The solvent dependence of the C=O stretching vibrations
that appeared for complexes 1 and 3 must also influence
the acidity of the metal center, so the electrochemical prop-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3753–37613758

erties of the complexes was investigated with the use of cy-
clic voltammetry with an Ag/Ag+ reference electrode. The
voltammogram of 1 exhibited only one quasi reversible re-
dox wave assignable to CoIII/CoII with ∆E � 100 mV and
ip/ic � 1.0 within the experimental potential range (–1.7 V
to –1.1 V). The electrochemical parameters are listed in
Table S5, in which the redox potentials have been standard-
ized to the Fc/Fc+ potential. The redox potential is high
enough to maintain the Co center in the 3+ oxidation state
and is consistent with those of previously reported N2S2-
type Co complexes that contain two amidate nitrogen
atoms and two sulfur atoms as coordinating atoms.[31–33]

The redox potential in methanol is clearly much higher than
that in acetone, which is in agreement with the tendencies
for the equilibrium constant Ks and the C=O stretching vi-
brations. The solvent dependence of the results led us to
expect that the Lewis acidity of the CoIII center could effec-
tively be controlled by the interaction of 1 with the solvent
molecules. The redox potential value (E1/2) assignable to
CoIII/CoII of 1, as expected, exhibited a solvent dependency
with a linear relation to the AN values of the solvents; that
is, –1.12 V versus Fc/Fc+ in MeOH (AN = 41.3) and
–1.73 V in THF (AN = 8.0), respectively (Figure 7, Table
S6). The redox potential values showed a significantly
larger positive shift with an increase in AN, which suggests
that the attractive interaction of the carbonyl oxygen atoms
with the solvent molecules causes an increase in the Lewis
acidity of the CoIII center and promotes the axial coordina-
tion of a monodentate ligand. On the basis of such a linear
relation, the ideal redox potential values of 1 in an aqueous
solution (AN = 54.8) and in a noninteracting solvent (AN
= 0) were estimated to be –0.93 and –1.89 V, respectively,
which implies that the interaction of the amidate carbonyl
group with the water molecules causes a shift in the redox
potential for the CoIII complex by ca. 1 V in comparison
with that of a noninteracting solvent.

Figure 7. Plots of E1/2 for complex 1 versus ANs of organic sol-
vents. (a) THF; (b) acetone; (c) DMF; (d) MeCN; (e) 2-PrOH; (f)
EtOH; (g) MeOH.

Furthermore, the reduction potential of complex 3 in
MeOH was observed at –1.27 V and that of 2 in the pres-
ence of a large amount of tBuNC in a MeOH solution was
detected at –2.18 V, which indicates that the oxygenation of
the sulfur atoms raises the reduction potential of the CoIII
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complex by ca. 0.9 V. The octahedral structure of complex
2 that is maintained in water is comparable to the effect of
the oxygenation of the sulfur atoms. These findings indicate
that the attractive interaction between the carbonyl oxygen
atoms and the water molecules can control the Lewis acid-
ity of the metal ion as well as the effect of the oxygenation
of the sulfur atoms. Consequently, complex 2, as described
above, can maintain the octahedral structure in an aqueous
solution (AN = 54.8) without the release of the axial li-
gands.

Biological Implications

In the crystal structures of both the Co- and Fe-contain-
ing NHases,[9–12] the sulfenate and the sulfinate oxygen
atoms interact with the arginine residue through hydrogen
bonds as described above, and the amidate carbonyl oxygen
atoms are coordinated to water molecules. Moreover, the
water molecules form a hydrogen bonded network with
other water molecules that starts from the tyrosyl oxygen
(βTyr68 in CoIII-type NHases, Figure 8). It has recently
been reported by Miyanaga et al. that the mutant of CoIII-
type NHase, βY68F, where the hydrogen bonded network
is destroyed by the replacement of tyrosine by phenylala-
nine, does not show significant hydratase function.[22] Mi-
yanaga et al. have explained it on the basis of the crystal
structures as follows: βTyr68 contributes to the capture of a
substrate or an imidate intermediate through the hydrogen
bonds.[22] With the consideration of this report[22] and our
results, we can propose that a higher Lewis acidity of the
central metal ion is required for the axial coordination of
the ligands, which is important for the enzymatic reaction,
and may finely be regulated by the hydrogen bonded net-
work from tyrosine to the amidate oxygen atoms through
water molecules. From the fact that the S=O group did not
show an electrophilic interaction,[28,29] we can conclude that
the sulfinate oxygen atoms do not contribute to the control
of the Lewis acidity of the central metal. If the Lewis acid-
ity of the central metal can be sensitively controlled by these
hydrogen bonding interactions, the reaction will rapidly
proceed and the reaction product will also be rapidly re-
leased from the central metal ion. In the crystal structures
of 1-PPh4, 1-Na, and 3 the carbonyl oxygen atoms of the
ligands L and L:N2(SO2)2 are coordinated to water and eth-
anol molecules, respectively. Furthermore, as shown in the
crystal structure of complex 1-Na, three hydrogen bond in-
teractions with three water molecules for each carbonyl
oxygen influenced the Co–N–C–O bonding system. How-
ever, such an interaction was not found in the sulfinyl oxy-
gen atoms of 3, which may suggest that the sulfinyl oxygen
groups do not significantly interact with the solvent mole-
cules.

In conclusion, this paper describes that the hydration re-
action in NHase is significantly controlled by the amidate
groups as well as the oxygenated sulfur groups.
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Figure 8. Hydrogen bonding networks near the active site of
NHase: hydroxy oxygen of βTyr68 hydrogen-bonded to amide car-
bonyl oxygen atoms by water molecules.

Experimental Section
Reagents and Technique: All manipulations were performed with
Schlenk technique under an Ar atmosphere or in a glove box. Rea-
gents in this study were purchased in reagent grade from Wako
Pure Chemical Industries Ltd. or Tokyo Kasei Kogyo Co. Ltd. and
used without further purification. Solvents in reagent grade were
purchased from Wako Pure Chemical Industries Ltd. and Kanto
Kagaku Co. Inc. and distilled twice prior to use.

Synthesis of H4L: 2-benzylthio-2-methylpropionic acid chloride
was synthesized as described previously.[34] The acid chloride
(12.77 g, 50.00 mmol) was added dropwise to a THF solution con-
taining 1,3-diaminopropane (1.85 g, 25.00 mmol) and triethylamine
(5.06 g, 50.00 mmol). After filtration, a 1  HCl aqueous solution
was added to the filtrate and evaporated. Addition of diethyl ether
to the concentrated solution afforded a white powder which was
identified as an S-benzylated L by 1H NMR spectroscopy, whose
powder (2.00 g, 4.36 mmol) was dissolved in THF (20 mL) and
treated with liquid ammonia at –78 °C. To this solution was added
sodium (1.91 g, 82.95 mmol), which was stirred vigorously for
30 min. After the excess ammonia was removed by evaporation at
room temperature, the solution was adjusted to pH 3 with 1 

KHSO4. The product was extracted with ethyl acetate and the sol-
vent evaporated. 1H NMR (300 MHz, CDCl3): δ = 1.63 (s, 12 H),
1.70 (m, 2 H), 2.29 (s, 2 H), 3.28 (q, 4 H), 7.83 (s, 2 H) ppm.

Preparation of Na[Co(L:N2S2)] (1-Na) and PPh4[Co(L:N2S2)] (1-
PPh4): Na[Co(L:N2S2)] (1-Na) was prepared according to the lit-
erature with some modifications.[18,19] Recrystallization of the com-
pound from acetonitrile/diethyl ether afforded a single crystal in
atmosphere. Addition of PPh4Cl (269.4 mg, 0.72 mmol) to an aque-
ous solution (20 mL) of the sodium salt (256.3 mg, 0.72 mmol) af-
forded a single crystal of PPh4[Co(L:N2S2)] (1-PPh4). C35H40CoN2-
O3PS2 (690.74): calcd. C 60.86, H 5.84, N 4.06; found C 60.93, H
5.77, N 4.03. Electronic absorption spectra (CHCl3): λmax

[ε (–1 cm–1)] = 312 (7300), 443 (sh), 640 (2600) nm.

Preparation of PPh4[Co(L:N2S2)(tBuNC)2] (2): Monodentate li-
gand, tBuNC, (200 µL, 1.76 mmol) was added to an acetonitrile
solution (150 µL) containing PPh4[Co(L:N2S2)] (3 mg,



T. Yano, H. Arii, S. Yamaguchi, Y. Funahashi, K. Jitsukawa, T. Ozawa, H. MasudaFULL PAPER
0.43·10–2 mmol). A red crystal was isolated by the slow diffusion of
diethyl ether into the solution at 0 °C. C45H56CoN4O2PS2 (838.99):
calcd. C 64.42, H 6.73, N 6.68; found C 64.14, H 6.60, N 6.47.
Selected IR bands (KBr): ν̃ = 2176 (s, CN), 1535 (s, CO) cm–1. 1H
NMR (300 MHz,D2O): δ = 1.36 (s, 12 H, CH3), 1.49 (s, 18 H, tBu),
1.75 (t, 2 H, CH2), 3.79 (t, 4 H, CH2), 7.72 (m, 20 H, Ph) ppm.
Electronic absorption spectra (H2O): λmax [ε (–1 cm–1)] = 294
(12800), 360 (sh) nm.

Preparation of PPh4[Co{L:N2(SO2)2}(tBuNC)2] (3): To an ethanol
solution (1 mL) containing PPh4[Co(L:N2S2)] (83 mg, 0.12 mmol)
was added tBuNC (191 µL, 1.44 mmol). After the solution was
stirred for 10 min, 30% H2O2 (0.62 mL, 5.45 mmol) was added
dropwise to the ethanol solution at –10 °C. The solution was left
to stand for 3 h at –10 °C. A crude compound was obtained by the
addition of diethyl ether into the solution. Recrystallization of the
compound from ethanol/diethyl ether afforded a single crystal suit-
able for X-ray analysis. C47H64CoN4O8PS2 (967.07): calcd. C 58.37,
H 6.67, N 5.79; found C 58.14, H 6.50, N 6.00. Selected IR bands
(KBr) : ν̃ = 2199 (s, CN), 1552 (s, CO), 1214 and 1071 (s, SO) cm–1.
1H NMR (300 MHz, [D6]DMSO): 1.15 (s, 12 H, CH3), 1.34 (s, 18
H, tBu), 3.16 (t, 6 H, CH2), 7.83 (m, 20 H, Ph) ppm. Electronic
absorption spectrum (EtOH): λmax [ε (–1 cm–1)] = 273 (9700), 313
(21400), 400 (sh) nm. ESI-MS ([CoIII(L:N2(SO2)2)(tBuNC)2]–):
m/z (%) = 563.

X-ray Structural Analysis: Crystals suitable for X-ray diffraction
measurements were mounted on glass fibers. The diffraction data
were collected with a Rigaku Mercury diffractometer using graph-
ite-monochromated Mo-Kα radiation at –100 °C with the oscilla-
tion technique. Crystal data and experimental details are listed in
Table 2. All structures were solved by a combination of direct
methods and Fourier techniques. Non-hydrogen atoms were aniso-
tropically refined by full-matrix least-squares calculations. Hydro-
gen atoms were included but not refined. Refinements were contin-
ued until all shifts were smaller than one-tenth of the standard
deviations of the parameters involved. Atomic scattering factors
and anomalous dispersion terms were taken from the International
Tables for X-ray Crystallography.[35] All calculations were carried
out with a Japan SGI workstation computer with the teXsan crys-

Table 2. Crystallographic data and experimental details for Na[Co(L:N2S2)] (1-Na), PPh4[Co(L:N2S2)] (1-PPh4),
PPh4[Co(L:N2S2)(tBuNC)2] (2) and PPh4[Co{L:N2(SO2)2}(tBuNC)2] (3).

1-Na 1-PPh4 2 3

Empirical formula C11H24CoN2O5S2Na C35H40CoO3N2PS2 C22.5H28Co0.5ON2P0.5S C47H62CoO7N4PS2

Formula mass 410.36 690.74 419.49 949.06
Crystal system triclinic monoclinic tetragonal monoclinic
Space group P1̄ (No. 2) P21/n (No. 14) P4̄ (No. 81) P21/a (No. 14)
a [Å] 9.949(3) 11.658(1) 16.7400(7) 10.4277(4)
b [Å] 9.958(3) 14.085(1) 33.484(1)
c [Å] 10.156(3) 20.977(2) 7.8718(5) 14.1350(5)
α [°] 69.48(2)
β [°] 69.54(2) 100.159(4) 95.288
γ [°] 74.05(2)
V [A3] 869.5(5) 3390.3(5) 2205.9(2) 4914.4(3)
Z 2 4 4 4
Dcalcd. [g cm–3] 1.567 1.353 1.263 1.283
F(000) 428.00 1448.00 888.00 2008.00
µ [cm–1] 12.73 7.14 5.60 5.18
λ [Å] 0.71070 0.71070 0.71070 0.17070
T [K] 173 173 173 173
No. of refls. measured 6948 27401 17735 37445
No. of refls. used [I � 2σ(I0)] 2892 5649 4584 8175
R1

[a]/Rw
[b] 0.041/0.117 0.049/0.102 0.040/0.110 0.051/0.13

GOF 1.05 1.08 1.12 1.11
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tallographic software package.[36] CCDC-606977, CCDC-252730,
CCDC-606976, and CCDC-281586 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Other Physical Measurements

Elemental analysis was performed with a Perkin–Elmer 2400II
CHNS/O full-automatic analyzer. All mass spectra were acquired
with a LCT mass spectrometer equipped with an ionspray interface
(Micromass Limited, Manchester, UK). Instrument settings, data
acquisition, and data processing were controlled by a computer
with Windows NT operating system. Samples were introduced with
a single syringe pump (KD scientific Inc., USA) fitted with Hamil-
ton syringes (Hamilton Co, Reno, NE). The samples for all spectral
measurements were prepared in MeCN or MeOH. 1H NMR spec-
tra were recorded with a Varian Gemini-300 FT-NMR instrument.
Electronic absorption spectra were measured with a JASCO V-550
or V-570 spectrophotometer in the wavelength range of 900 –
250 nm. A match paired quartz cell was used with a 10 mm length.
Infrared spectral measurements were carried out with a JASCO
FT/IR 410 spectrophotometer. Solid samples were prepared with a
pressure greater than 5 tons in KBr powder. Spectra in solution
were measured with the use of a double-piled CaF2 or KBr cell
with 0.1 mm thick walls for the C=O and S=O stretching fre-
quencies of the sulfinates. Differential spectra between the sample
and the corresponding solvent were used to verify the spectral fea-
tures. Electrochemical measurements were performed with a BAS
BIOANALYTICAL Systems model CV-50W or with a ALS/CH
Instruments Electrochemical Analyzer Model 600A. Pt electrodes
were adopted as the working- and counter-electrode and an Ag/
Ag+ electrode was used as a reference. Cyclic voltammograms were
collected in a glove box under an Ar atmosphere. The potential
values were revised on the Fc/Fc+ standard.

Determination of Equilibrium Constants

Equilibrium constants were spectrophotometrically determined by
means of spectral changes of 1 upon the addition of a suitable
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amount of tBuNC. The concentration of complex 1 was kept con-
stant at 5.00·10–5 moldm–3.

Supporting Information (see footnote on the first page of this arti-
cle):Crystal packing of 1-Na with hydrogen bonding interactions
(Figure S1), crystal packing of 1-PPh4 (Figure S2), representative
UV/Vis spectral change of 1-PPh4 due to the addition of mono-
dentate ligand (Figure S3), 1H NMR spectra of 1-PPh4 and 2 (Fig-
ure S4), UV/Vis spectra of 2 (Figure S5), plots of N�C stretching
vibration values for 3 versus ANs (Figure S6), tables of equilibrium
constants, C=O stretching vibration values for 1 and 3, S=O
stretching vibration values for 3, N�C stretching vibration values
for 3, electrochemical parameters for 1 (Tables S1–S6) as PDF files.
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Addition of AsCl3 to S(C6H4SH)2 in benzene solution leads
to the formation of the stable compound S(C6H4S)2AsCl (1).
The S(C6H4S)2AsHal [Hal = Br (2), I (3)] compounds have
been synthesised by halogen exchange from 1 and the corre-
sponding potassium halide. X-ray structure determinations
of complexes 1–3 reveal that the arsenic atom acts as an ac-
ceptor atom exhibiting an intramolecular transannular inter-
action with the thioether-like sulfur atom. The geometry of
the tetracoordinate As atom in the title compounds is de-

Introduction
We have been interested in the coordination chemistry of

dithio ligands that can increase the coordination number
around an acidic Lewis atom A, where A is a heavy p-block
element. Some of these ligands, in particular D(CH2-
CH2S)2

2– with the donor atom D = O, S and NR, are quite
flexible and led to the atom A expanding its coordination
number through an intramolecular transannular interaction
D�A. In these metallocanes, the conformational diversity
is very large.[1] In addition, in these compounds the interac-
tion is a stabilising factor in comparison with the cyclooc-
tane ring and can be envisaged as a tool for controlling
stabilities and conformations. The strength of this interac-
tion spans over a wide range. In some cases it is very strong;
for example in arsocanes the cross-ring bond has been
claimed as being responsible for the stabilisation of discrete
arsenium cations.[2] On the other hand, the more con-
strained ligands of type I (Scheme 1) have been explored for
several groups in the coordination chemistry of transitional
metals as well as light p-block elements; in these type II
complexes the transannular interaction can also take
place.[3] In particular, we have studied some Sb-monohalog-
enated dibenzometallocines and we have shown by means
of X-ray crystallographic and DFT studies the acidic behav-
iour of the antimony atom acting as a Lewis acceptor to-
ward sulfur in the decreasing order I � Br � Cl. These

[a] Centro de Investigaciones Químicas, Universidad Autónoma
del Estado de Hidalgo,
Km. 4,5 Carretera Pachuca-Tulancingo, Pachuca, Hidalgo C.P.
42076, México
Fax: +52-771-717-2000 ext. 6502
E-mail: galvarad@uaeh.reduaeh.mx

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3762–37683762

scribed as distorted pseudo-trigonal-bipyramidal with a ste-
reochemically active lone pair and 66–63% trigonal-bipy-
ramidal character. The transannular interaction influences
the conformation of the dibenzotrithiarsocine system, adopt-
ing the central eight-membered ring with a boat–boat confor-
mation and Cs symmetry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

results prompt us to expand our studies to arsenic, a lighter
group 15 element.

Scheme 1.

Here we report the synthesis and structural study of type
II complexes with arsenic(III) as the acceptor atom. These
compounds are good models for further understanding of
the nature of the S�As interaction. After the description
of the synthesis of dibenzoarsocines, IR and Raman spec-
tra, mass spectra, NMR and X-ray crystallographic data
are presented and discussed.

Results and Discussion

Synthesis of S(C6H4S)2AsHal (Hal = Cl, Br, I)

The ligand S(C6H4SH)2 was prepared according to a re-
ported method.[4] Treatment of S(C6H4SH)2 with AsCl3 in
benzene yielded S(C6H4S)2AsCl (1) as colourless crystals
(see Scheme 2). S(C6H4S)2AsBr (2) and S(C6H4S)2AsI (3)
were obtained from a halogen-exchange reaction as re-
ported for antimony complexes[3] between 1 and an excess
of KBr/HBr or KI in hot benzene, respectively, yielding
colourless crystals for 2 and pale yellow crystals for 3 (see
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Experimental Section for details). All complexes are air-
stable, soluble in benzene and chloroform, and insoluble in
pentane, hexane and 2-propanol.

Scheme 2.

Vibrational Spectra

The Raman spectrum of each compound in the solid
state was obtained for light scattered from the 1579.8 nm
line of an argon ion laser. Under these conditions, com-
pounds 1 and 2 experienced photodecomposition by the la-
ser. The IR spectrum of each solid compound pressed on a
CsI disk was collected in the 4000–200 cm–1 range. The Ra-
man spectrum of the iodo complex is shown in Figure 1.

Figure 1. Raman spectra of S(C6H4S)2AsI (3).

Eur. J. Inorg. Chem. 2006, 3762–3768 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3763

Besides the expected benzene group bands, there are se-
veral bands below 400 cm–1. In the 400–300 cm–1 region we
found two very intense bands assignable to the asymmetric
and symmetric stretching vibration modes of the S–As–S
group. In order to confirm the assignment of these bands,
we compared these data with those exhibited by the anti-
mony analogue complexes previously reported (see
Scheme 3). The data are listed in Table 1. In the case of the
arsenic complexes, the νasym – νsym difference (∆) is
59±3 cm–1, whereas in antimony complexes with sulfur as
the donor atom, ∆ is 46±4 cm–1.

Scheme 3.

In the IR spectra of complexes 1 and 2 we assigned the
392 and 280 cm–1 bands to the As–Cl and As–Br stretching
bands, respectively.[5] In order to establish the presence of
the As–I group frequency band, we used the Varshni ap-
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Table 1. Stretching vibration frequencies of the S–A–S group [cm–1]
of D(C6H4S)2AHal.

D A–Hal[a] Spectroscopy νasym νsym ∆ (νasym – νsym)

S As–Cl IR 380 326 54
Raman [b] [b] –

S Sb–Cl IR 371 330 41
Raman 370 328 42

S As–Br IR 387 325 62
Raman [b] [b] –

S Sb–Br IR 371 327 44
Raman 373 322 51

S As–I IR 380 320 60
Raman 380 321 59

S Sb–I IR 372 325 47
Raman 372 323 49

O Sb–Cl IR 369 316 53
Raman 370 311 59

[a] For the data of antimony complexes see ref.[3] [b] Not measured.

proach reported for a series of metallocanes containing As,
Sb and Bi linked to halide ligands, in conjunction with the
As–I bond length found in complex 3.[6] By using this treat-
ment, we calculated the stretching frequency at 172 cm–1.
However, we did not observe any significant band at this
frequency. Therefore the intense band at 205 cm–1 has been
assigned to the As–I stretching frequency.[5] In this sense,
Draeger et al. stated that the most intense bands in their
series studied belong to the iodo complexes.[6] The vi-
brational data analysis has shown the usual tendency that
the higher the mass of the halogen ligand, the lesser the
frequency of the stretching As–Hal group band.

Mass Spectra

The EI mass spectra were obtained at 70 eV. In 1 and 2
the molecular ion was observed as a low-intensity peak with
the appropriate isotopic ratio; for 3 the molecular ion was
not observed. In all cases the intense ion fragment in m/z =
323 is assigned to the loss of the halogen atom in the com-
pounds, yielding an S(C6H4S)2As tricyclic moiety, confirm-
ing the binding of arsenic to sulfur atoms and the stability
of the dibenzotrithiarsocine system. In all the spectra there
are peaks corresponding to the S(C6H4S)2, S(C6H4)S and
S(C6H4)2 fragments. No more peaks could be assigned.

NMR Spectroscopy

The NMR spectra of the three complexes were recorded
in CDCl3 solution at room temperature and the chemical
shifts are relative to TMS. The assignments of these com-
plexes were made by two-dimensional heteronuclear and
homonuclear correlation experiments (coloc and hetcor).

1H NMR spectra of complexes 1–3 each displayed four
signals in an ABCD pattern (see Table 2, Scheme 4). In
these spectra the disappearance of the signal of the SH pro-
ton at δ = 4.10 ppm indicated that the arsenic complexes
were formed. In solution the two S(C6H4SAs) halves are

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3762–37683764

equivalent. In all complexes the signals of the protons 2-H,
3-H and 4-H are shifted towards high frequencies with re-
spect to those of the free neutral ligand.[4]

Table 2. 1H NMR chemical shift (δ values [ppm]) for 1–3.

Hal 1-H 2-H 3-H 4-H

1 Cl 7.53 7.29 7.21 7.56
2 Br 7.53 7.29 7.21 7.54
3 I 7.48 7.28 7.21 7.52

Scheme 4.

The 13C NMR spectra of complexes 1–3 in CDCl3 each
show an important paramagnetic effect from the arsenic
atom to the ipso carbon atom C-1a, causing chemical shift
variations in the order of 8.6, 7.9 and 7.3 ppm at higher
frequencies with respect to the free neutral ligand.[4] Similar
shifts have been reported in dibenzostibocine analogues.[3]

Another interesting feature was the observation of a small
deshielding of the C-1a atom due to the increment of the
electronegativity of the halogen ligand (see Table 3,
Scheme 5).

Table 3. 13C NMR chemical shift (δ values [ppm]) for 1–3.

Hal C-1 C-1a C-2 C-3 C-4 C-4a

1 Cl 134.7 143.6 130.0 127.7 130.9 131.7
2 Br 134.9 142.9 130.0 127.6 130.7 131.6
3 I 135.3 141.6 129.9 127.7 130.7 131.9

Scheme 5.

X-ray Structures of Compounds 1–3

The structures in the crystalline solid state of all com-
plexes were definitely determined by single-crystal X-ray
diffraction analyses. The molecular structure drawings are
depicted in Figure 2 and selected bond lengths, angles and
torsion angles are given in Table 4. Compounds 1 and 3
crystallise with mirror symmetry in space groups Pmn21

and Pnma, respectively; the two S(C6H4SAs) halves are re-
lated by a mirror plane containing the S2–As–Hal plane.
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Figure 2. ORTEP diagrams of S(C6H4S)2AsCl (1), S(C6H4S)2AsBr
(2) and S(C6H4S)2AsI (3) (50% probability ellipsoids).

In all complexes 1, 2 and 3 the As–S distances are in
good agreement with the covalent radii sum [Σrcov(As,S) =
2.22 Å][7] and with those reported in other heterocycles with
arsenic–sulfur bonds.[8–19] The As–Hal distances (Hal = Cl,
Br, I) are 5–7% longer than the corresponding covalent
radii sum [(Σrcov(As,Cl) = 2.19 Å; Σrcov(As,Br) = 2.34 Å;
Σrcov(As,I) = 2.53 Å][5] and are similar to other
distances in several heterocycles containing As–Hal
bonds.[1,2,8,9,11,16,20,21] The angles around the arsenic atom
can be divided in two sets. The larger angles are the endo-
cyclic S–As–S ones, the largest found in the iodo complex
[102.84(11), 103.22(9) and 104.30(7)° in 1, 2 and 3, respec-
tively]. On the other hand, the angles involving the halogen
atom are on average substantially smaller [87.00(8), 87.71(6)
and 87.70(3)° in 1, 2 and 3, respectively]. At first glance,

Eur. J. Inorg. Chem. 2006, 3762–3768 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3765

Table 4. Selected bond lengths [Å], angles and torsion angles [°] of
S(C6H4S)2AsHal.

1 2 3

Hal Cl Br I
S2�As 2.705(3) 2.698(2) 2.740(1)
As–S1 2.268(2) 2.291(2) 2.283(1)
As–S3 – 2.268(3) –
As–Hal 2.296(2) 2.482(1) 2.692(1)
S2–C6 1.789(6) 1.801(8) 1.786(4)
S2–C7 – 1.794(7) –
S2�As–Hal 166.4(1) 168.36(6) 166.96(3)
S1–As–Hal 87.00(8) 87.30(6) 87.70(3)
S3–As–Hal – 88.12(6) –
S1–As–S2 84.55(6) 84.84(7) 84.31(3)
S1–As–S1A 102.8(1) – 104.30(7)
S1–As–S3 – 103.22(9) –
C6–S2–C6a 102.7(4) – 103.0(2)
C6–S2–C7 – 101.8(3) –
C1–C6–S2–C6A –104.3(5) – –104.7(3)
C1–S1–As–S1A 85.8(2) – –84.7(1)
C1–C6–S2–C7 – 100.1(6) –
C12–C7–S2–C6 – –102.9(7) –
C1–S1–As–S3 – –83.9(3) –
C12–S3–As–S1 – 83.4(3) –

the local geometry of the tricoordinate arsenic atom could
be described as pyramidal.

In addition to the covalent bonds of the arsenic atom, a
transannular interaction S2�As1 within the eight-mem-
bered rings was observed (see Figure 2). The S2�As1 bond
lengths in 1, 2 and 3 are 2.705(3), 2.698(2) and 2.740(1) Å,
respectively, which are 22, 21 and 24% longer than the co-
valent radii sum of As and S but significantly shorter than
the van der Waals radii sum [ΣrvdW(As,S) = 3.65 Å],[7]

prompting us to propose the existence of a secondary bond-
ing.[22] These S2�As1 distances in 1, 2 and 3 are signifi-
cantly longer than those reported for the two crystallo-
graphic different cations in [S(CH2CH2S)2As][GaCl4][2]

[2.347(10) and 2.391(9) Å] and are similar to those reported
for S(CH2CH2S)2AsCl[9] [2.719(3) Å], S(CH2CH2S)2AsBr[1]

[2.70 Å], S(CH2CH2S)2AsI[1] [2.77 Å], [AsCl3(9)aneS3][20]

[2.715(3) Å], [AsBr3{MeS(CH2)2SMe}][20] [2.725(3) Å] and
[AsI3{MeS(CH2)2SMe}][20] [2.697(2) Å] for neutral tetra-
and hexacoordinate arsenic complexes, but significantly
shorter than those reported for [AsCl3(14)aneS4][20]

[2.8709(9) and 2.9655(9) Å] [AsBr3{MeS(CH2)2SMe}][20]

[2.876(3) Å], [AsI3{MeS(CH2)2SMe}][20] [2.792(2) Å],
[S(CH2CH2S)2AsS2CN(CH2CH)2][1] [3.170(2) and
3.113(2) Å], S(CH2CH2S)2AsS2CNEt2

[12] [3.172(2) Å],
S(CH2CH2S)2AsS2PPh2

[10] [2.881(4) Å], S(CH2CH2S)2As-
S2P(OMe)2

[11] [2.911(1) Å] and S(CH2CH2S)2As-
S2P[OCH(Me)]2CH2

[1] [2.942(11) Å]. In the title com-
pounds it can be clearly seen that the transannular interac-
tion (S2�As1) decreases in the order Br � Cl � I with
the shortest distance in the bromo compound. A similar
phenomenon has been observed in the arsocanes.[1]

If the transannular interaction S�As is taken into ac-
count, the geometry of the coordination sphere of the arse-
nic atom can be described as pseudo-trigonal-bipyramidal,
where the halogen and thioether-like sulfur atoms are in
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Table 5. Comparison of S�As–Hal geometrical bond parameters, bond lengths [Å], bond angles [°], and % TBP and BO in 1–3 complexes.

Hal S�As S�As–Hal % TBP ∆d[a] BO[b] S�As

1 Cl 2.705(3) 166.4(1) 66.1 0.485 0.207
2 Br 2.698(2) 168.36(6) 66.6 0.478 0.212
3 I 2.740(1) 166.96(3) 63.7 0.520 0.185

[a] Bond widening, ∆d = (dexp – Σrcov) according to standard bond lengths d(As,S) = 2.22 Å.[7] [b] Mode of calculation BO =
10–(1.41·∆d).[26–28]

Figure 3. View of the As···S intermolecular interactions in the crystal structure of 1.

axial positions; meanwhile the equatorial positions are oc-
cupied by the two thiolate-like sulfur atoms and the stereo-
chemically active lone pair of the arsenic(III) atom.

The influence of the S�As interaction on the local ge-
ometry of the arsenic atom from pyramidal to trigonal-bi-
pyramidal (TBP) can be evaluated. In this regard, we used
the method of Holmes based upon donor–acceptor atom
bond length.[23–25] Likewise, in order to establish the magni-
tude of the interaction, we calculated the Pauling-type bond
order (BO) for all compounds.[26–28] The results are pre-
sented in Table 5. The displacement at geometry and bond
order are related to bond lengths.

The percentages of TBP in the title compounds are
slightly smaller than those reported for the antimony ana-
logues, in spite of the smaller angles S�As–Hal to the ideal
linear trans angle in comparison with the same S�Sb–Hal
data. With regard to the BO, these values are relatively
smaller than those observed for the trithiarsocanes
S(CH2CH2S)2AsHal (Hal = Cl, Br, I) despite the apparent
rigidity of the dibenzoarsocine system, and are also smaller
than those calculated for the S(C6H4S)2SbHal analogues
(0.308, 0.287 and 0.274 for Hal = I, Br and Cl, respectively).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3762–37683766

The transannular interaction also influences the eight-
membered ring conformation, which can be described as
boat–boat (Cs symmetry).[29] This conformation was also
found in the iodo–antimony analogue with the shortest
transannular interaction for that series and the arsenium
cation [S(CH2CH2S)2As]+, which displays the largest BO in
the series of arsocanes.

In the crystal the packing is mainly due to As···S inter-
molecular weak interactions, as is shown in Figure 3 for
the chloro compound. These As···S distances are 3.602(2),
3.595(3)–3.662(3) and 3.711(2) Å for 1, 2 and 3, respec-
tively; the increase in these distances can be ascribed to the
increasing halogen atom sizes.

Conclusions

In order to gain a better insight into the nature of the
D�A interactions and their relation to the geometrical fea-
tures in the dibenzometallocine systems containing heavier
p-block elements, S(C6H4S)2AsHal compounds 1–3 have
been synthesised and structurally fully characterised. All
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compounds exhibit a pseudo-bipyramidal-trigonal local ge-
ometry of the arsenic atom with intramolecular weak As···S
interactions in the crystal structure.

The title compounds exhibit a relatively strong S�As
transannular interaction, where the distances are 21–23%
longer than the covalent radii sum. All compounds have
shown relatively high TBP displacement values, with Pau-
ling-type bond orders similar to the more flexible arsocane
systems. However, these BO values are smaller than those
calculated for the antimony analogues, suggesting a much
poorer Lewis acidity of AsIII in comparison to the heavier
antimony atom.

Experimental Section
General Methods: Unless noted otherwise, all reactions and opera-
tions were carried out under argon at room temperature with use
of standard Schlenk techniques. Solvents were dried and distilled
before use. Melting points were determined with a Melt-Temp II
instrument and are uncorrected. Spectra were recorded with the
following instruments. Mass spectra: EI, 70 eV, Hewlett Packard
MS-598 mass spectrometer. Elemental analysis: Perkin–Elmer
Series II CHNS/O Analyzer. IR spectra: 4000–400 cm–1 range, Per-
kin–Elmer System 2000 FTIR spectrometer, as KBr pellets and
400–200 cm–1 range, Bruker Tensor 27 spectrometer, as CsI pellets.
Raman spectra: In the solid state, 4000–100 cm–1 range, Perkin–
Elmer Spectrum GX NIR FT-RAMAN spectrometer with 10–
280 mW laser power and 4 cm–1 resolution. NMR: Jeol Eclipse 400
spectrometer, residual protio-solvent signal used as reference for 1H
NMR spectra; 13C{1H} NMR spectra referenced through the sol-
vent peaks; chemical shifts quoted on the δ scale (downfield shifts
positive) relative to tetramethylsilane (1H, 13C{1H}); spectra re-
corded at 25 °C; 1H, 399.78 MHz; 13C{1H}, 100.53 MHz. AsCl3,
KBr, HBr and KI were obtained commercially and used as re-
ceived. S(C6H4SH)2 was prepared as reported.[4]

S(C6H4S)2AsCl (1): AsCl3 (1.38 g, 7.55 mmol) was added to a solu-
tion containing S(C6H6SH)2 (1.76 g, 7.59 mmol) in benzene

Table 6. Crystallographic data for compounds 1–3.

Compound 1 2 3

Empirical formula C12H8AsClS3 C12H8AsBrS3 C12H8AsIS3

Mr [g/mol] 358.73 403.19 450.18
Crystal size [mm] 0.60×0.09×0.09 0.50×0.05×0.04 0.17×0.13×0.07
Crystal system orthorhombic monoclinic orthorhombic
Space group Pmn21 P21/c Pnma
ρcalcd. [Mg/m3] 1.778 1.987 2.135
Z 2 4 4
a [Å] 17.306(5) 4.5694(10) 19.062(2)
b [Å] 8.533(2) 17.148(4) 15.8609(17)
c [Å] 4.5381(12) 17.218(4) 4.6332(5)
β [°] 90 92.167(6) 90
V [Å3] 670.1(3) 1348.1(5) 1400.8(3)
µ [mm–1] 3.175 5.922 5.051
F(000) 356 784 856
Gof 0.891 0.879 1.041
Absorption correction SADABS SADABS SADABS
Reflections collected 4346 8046 16873
Unique reflections, Rint 1310, 0.0752 2362, 0.0642 1570, 0.0509
R1, wR2 [I � 2σ(I)] 0.0470, 0.0854 0.0382, 0.0863 0.0347, 0.0868
R1, wR2 (all data) 0.0734, 0.0914 0.0875, 0.1236 0.0518, 0.0929
Large residuals [e/Å3] 0.696/–0.345 0.538/–0.527 0.466/–0.598
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(25 mL). The yellow solution was stirred for 30 min, during which
the colour changed to green, and then was refluxed for 24 h. The
solution was cooled to room temperature and dried by means of a
column of Celite and Na2SO4. Slow concentration of the benzene
solution afforded colourless crystals of 1, which were washed with
hexanes (40 mL) and filtered by suction. Yield: 2.18 g (80%). M.p.
124–126 °C. MS (EI): m/z (%) = 358 (30) [M·+], 323 (70) [M·+ –
Cl], 248 (10) [S(C6H4S)2

·+], 216 (100, base peak) [S(C6H4S)·+].
C12H8AsClS3 (358.76): calcd. C 40.17, H 2.25; found C 40.29, H
2.28. 1H NMR (CDCl3): δ = 7.21 (ddd, 3J3-H,2-H = 3J3-H,4-H =
7.68 Hz, 4J3-H,1-H = 1.48 Hz, 2 H, 3-H), 7.29 (ddd, 3J2-H,1-H =
3J2-H,3-H = 7.68 Hz, 4J2-H,4-H = 1.48 Hz, 2 H, 2-H), 7.53 (dd,
3J1-H,2-H = 7.68 Hz, 4J1-H,3-H = 1.48 Hz, 2 H, 1-H), 7.56 (dd,
3J4-H,3-H = 7.68 Hz, 4J4-H,2-H = 1.48 Hz, 2 H, 4-H) ppm. 13C{1H}
NMR (CDCl3): δ = 127.7, 130.0, 130.9, 131.7, 134.7, 143.6 ppm.
IR (KBr): ν̃ = 3049, 1567, 1447, 1417, 1255, 1032, 732 cm–1.

S(C6H4S)2AsBr (2): S(C6H4S)2AsCl (1, 200 mg, 0.56 mmol), KBr
(400 mg, 3.32 mmol) and HBr (48%, 4 mL) were suspended in ben-
zene (25 mL) and the mixture was refluxed for 24 h. The water was
removed from the resulting colourless solution by means of a
Dean–Stark trap. The yellow solution obtained was dried by means
of a column of Celite and Na2SO4. Slow concentration of the ben-
zene solution afforded colourless crystals of 2, which were washed
with hexanes (40 mL) and filtered by suction. Yield: 160 mg (71%).
M.p. 138–140 °C. MS (EI): m/z (%) = 402 (7) [M·+], 323 (100, base
peak) [M·+ – Br], 248 (20) [S(C6H4S)2

·+], 215 (30) [S(C6H4S)·+ – 1],
184. C12H8AsBrS3 (403.22): calcd. C 35.74, H 2.00; found C 36.14,
H 2.06. 1H NMR (CDCl3): δ = 7.21 (ddd, 3J3-H,2-H = 3J3-H,4-H =
7.50 Hz, 4J3-H,1-H = 1.48 Hz, 2 H, 3-H), 7.29 (ddd, 3J2-H,1-H =
3J2-H,3-H = 7.50 Hz, 4J2-H,4-H = 1.48 Hz, 2 H, 2-H), 7.53 (dd,
3J1-H,2-H = 7.50 Hz, 4J1-H,3-H = 1.48 Hz, 2 H, 1-H), 7.54 (dd,
3J4-H,3-H = 7.50 Hz, 4J4-H,2-H = 1.48 Hz, 2 H, 4-H) ppm. 13C{1H}
NMR (CDCl3): δ = 127.6, 130.0, 130.7, 131.6, 134.9, 142.9 ppm.
IR (KBr): ν̃ = 3042, 1551, 1444, 1415, 1252, 1033, 741 cm–1.

S(C6H4S)2AsI (3): S(C6H4S)2AsCl (1, 200 mg, 0.56 mmol) and KI
(550 mg, 3.32 mmol) were suspended in benzene (25 mL) and the
mixture was refluxed for 24 h. The yellow solution obtained was
dried by means of a column of Celite and Na2SO4. Slow concentra-
tion of the benzene solution afforded pale yellow crystals of 3,
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which were washed with hexanes (40 mL) and filtered by suction.
Yield: 250 mg (80%). M.p. 153–156 °C. MS (EI) m/z (%) = 323
(100, base peak) [M·+ – I], 248 (33) [S(C6H4S)2

·+], 215 (40)
[S(C6H4S)·+ – 1]. C12H8AsIS3 (450.22): calcd. C 32.01, H 1.79;
found C 31.29, H 1.86. 1H NMR (CDCl3): δ = 7.21 (ddd,
3J3-H,2-H = 3J3-H,4-H = 7.48 Hz, 4J3-H,1-H = 1.46 Hz, 2 H, 3-H), 7.28
(ddd, 3J2-H,1-H = 3J2-H,3-H = 7.48 Hz, 4J2-H,4-H = 1.46 Hz, 2 H, 2-
H), 7.48 (dd, 3J1-H,2-H = 7.48 Hz, 4J1-H,3-H = 1.46 Hz, 2 H, 1-H),
7.52 (dd, 3J4-H,3-H = 7.48 Hz, 4J4-H,2-H = 1.46 Hz, 2 H, 4-H) ppm.
13C{1H} NMR (CDCl3): δ = 127.7, 129.9, 130.7, 131.9, 135.3,
141.6 ppm. IR (KBr): ν̃ = 3044, 1550, 1445, 1414, 1251, 1032,
751 cm–1.

X-ray Crystallography: Suitable single crystals of all complexes
were grown by slow concentration of benzene solutions. X-ray dif-
fraction data on 1–3 were collected at room temperature with a
CCD Smart 6000 diffractometer through the use of Mo-Kα radia-
tion (λ = 0.71073 Å, graphite monochromator). The data were inte-
grated, scaled, sorted and averaged using the SMART software
package. The structures were solved by direct methods, using
SHELXTL NT Version 5.10 and refined by full-matrix least
squares against F2.[30] An empirical absorption correction based on
the multiple measurement of equivalent reflections was applied by
using the program SADABS.[31] The displacement parameters of
non-hydrogen atoms were refined anisotropically. The positions of
the hydrogen atoms were kept fixed with a common isotropic dis-
placement parameter. Selected crystallographic data are given in
Table 6. CCDC-600909 (1), -600910 (2) and -600911 (3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reagents [(CpPR2)Li] [R = iPr (2b), cyclohexyl (2c)] react
with [(nbd)RhCl] (nbd = norbornadiene) dimer [(1a)2] to yield
the respective mononuclear complexes [(nbd)Rh(CpPR2)]
(3b,c). Subsequent treatment of 3b with a large excess of MeI
led to the formation of the stable organometallic phospho-
nium salt [(nbd)Rh{CpP(iPr)2Me}]I (4b). The analogous reac-
tion of 3b with the slightly more bulky EtI or nPrI resulted in

Introduction

[CpRh(L)n] complexes have been of increasing interest
lately due to some remarkable reactivities, for example their
ability to catalyse selective C–H activation processes in con-
junction with R2B–BR2 reagents.[1] It may be of interest to
use Rh cyclopentadienides that bear functional groups at
their Cp rings in order to potentially facilitate such cur-
rently high activation energy C–H cleavage reactions by pre-
coordination of suitable substrates in a second coordination
sphere around the catalytically active metal centre. For that
reason, we have prepared a couple of (dialkylphosphanyl)-
cyclopentadienyl-containing rhodium(I) complexes[2] and
have encountered some unexpected features with regard to
their reactions with alkyl iodides. This will be described and
discussed in this article.

Results and Discussion

Synthetic Developments

The (diphenylphosphanyl)cyclopentadienide anion was
prepared by treatment of CpLi with ClPPh2 followed by
deprotonation with n-butyllithium/hexane in toluene.[3]

When we wanted to attach this simple functionalised ligand
to an Rh(diene) framework, we encountered the same diffi-
culties that had previously been observed by Poilblanc et
al.[2] For example, treatment of the (nbd)RhCl (nbd = nor-
bornadiene) dimer [(nbd)RhCl]2 [(1a)2][4] with [(CpPPh2)Li]
(2a) always resulted in the formation of a mixture of the

[a] Organisch-Chemisches Institut der Universität Münster,
Corrensstrasse 40, 48149 Münster, Germany
E-mail: erker@uni-muenster.de
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the formation of the dinuclear [µ-CpP(iPr)2]-bridged dirho-
dium complex [(nbd)Rh{CpP(iPr)2}Rh(nbd)I] (5b) and the cor-
responding ylides C5H4P(iPr)2R1 [R1 = Et (6b), nPr (6c)]. The
rhodium complexes 3b, 4a and 5b were characterised by X-
ray crystal-structure analyses.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

desired mononuclear complex 3a and its dinuclear adduct
5a containing an unreacted monomeric (nbd)RhCl unit
from the starting material (1a)2. These two products could
not be separated with sufficient ease, nor were we able to
convert 5a back to the desired 3a, for example by treatment
with additional 2a (Scheme 1).

Scheme 1.

Therefore, we made a variety of changes in our synthetic
scheme and slightly changed the substituents and reagents
to eventually achieve a clean formation of mononuclear RhI

complexes of the desired type. The reagents [{CpP(iPr)2}Li]
(2b) and [(CpPCy2)Li] (2c; Cy = cyclohexyl) were prepared
as described in the literature.[5,6] The reaction of [(nbd)-
RhCl]2 [(1a)2] with 2b was carried out in THF at room tem-
perature. Removal of the solvent and extraction of the resi-
due with pentane cleanly gave the mononuclear complex
[(nbd)Rh{CpP(iPr)2}] (3b; 85% isolated yield). Complex 3b
was characterised by X-ray diffraction. Single crystals were
obtained from pentane. The structure shows a typical dis-
turbed trigonally planar coordination geometry around the
rhodium atom made up by the pair of norbornadiene C=C
double bonds [C=C(centroid)–Rh–C=C(centroid) = 70.7°]
and the substituted Cp ring [Cp(centroid)–Rh–C=C(cen-
troid) = 144.4° and 144.9°]. The norbornadiene ligand is
almost symmetrically bonded to the metal atom through its
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endo face [Rh–C14/C15 = 2.119(2), 2.127(2) Å; Rh–C18/
C17 = 2.127(2), 2.135(2) Å]. The diisopropylphosphanyl-
substituted Cp ring is rather uniformly η5-coordinated to
the rhodium atom, with Rh–C(Cp) distances being in a nar-
row range between 2.214(2) and 2.290(2) Å.[7] In the crystal,
a metal complex conformation is found that has the bulky
P(iPr)2 substituent rotated toward one side of the coordi-
nated nbd ligand, with the C1–P vector almost bisecting the
C15–Rh–C17 angle in the respective projection. The phos-
phorus centre in complex 3b is three-coordinate and prochi-
ral [C1–P–C7 = 103.1(1)°; C1–P–C6 = 99.7(1)°; C7–P–C6
= 101.9(1)°].

In solution, rotation around the Rh–Cp[P] vector is fast.
Consequently, complex 3b shows only one norbornene ole-
finic 1H NMR multiplet (δ = 3.24 ppm) representing four
protons plus a signal for the two bridgehead hydrogen
atoms (δ = 3.22 ppm). The methyl groups of the isopropyl
substituents at the prochiral phosphorus atom are pairwise
diastereotopic, as expected (13C: δ = 19.7/20.4 ppm). The
1H NMR signals of the pairs of Cp hydrogen atoms are
observed at δ = 4.93 (2 H) and 5.20 (2 H) ppm. The corre-
sponding 31P NMR resonance of 3b occurs at δ = –3.2 ppm.

The reaction of dimer (1a)2 with [(CpPCy2)Li] (2c) took
place analogously. The product [(nbd)Rh(CpPCy2)] (3c)
was isolated in 68% yield. It was characterised spectroscop-
ically and by C,H elemental analysis (for details see the Ex-
perimental Section and Scheme 2).

Scheme 2.

Reactions with Alkyl Iodides

We expected that the CpPR2 subunit in complex 3b, for
example, should show a typical reactivity pattern of a phos-
phorus nucleophile. Treatment with suitable alkyl electro-
philes might, therefore, yield the respective quaternized
phosphonium salts at the organometallic backbone. This
was actually observed when we treated complex 3b with
methyl iodide. Treatment of 3b with a large excess of MeI in
pentane rapidly led to the formation of the organometallic
phosphonium salt 4a (Scheme 3), which precipitated from
the solution and was obtained as a slightly beige-coloured
solid in 92% yield.[8] Slow diffusion of pentane vapour into
a solution of 3b in dichloromethane gave single crystals that
were suitable for an X-ray crystal structure analysis. The
structure of phosphonium salt 4a is very similar to that of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3769–37743770

phosphane complex 3b as it features the same framework
structure (see Figure 1 and Table 1). This similarity even ex-
tends to the overall characteristics of the favoured confor-
mational orientation of the Cp[P] ring system. The C1–P
bond in 4a is shorter [1.767(5) Å] than in 3b [1.822(2) Å]
and the phosphorus centre is tetracoordinate (Figure 2).

Scheme 3.

Figure 1. View of the molecular structure of [(nbd)Rh{CpP(iPr)2}]
(3b).

Table 1. Comparison of selected structural parameters of com-
plexes 3b, 4a and 5b.[a]

3b 4a 5b (Rh1) 5b (Rh2)

Rh–C1 2.290(2) 2.276(5) 2.291(3)
Rh–C2 2.281(2) 2.256(5) 2.216(3)
Rh–C3 2.252(2) 2.268(6) 2.256(3)
Rh–C4 2.261(2) 2.249(6) 2.256(3)
Rh–C5 2.214(2) 2.291(5) 2.248(3) Rh2–I1 2.6624(4)
C1–P 1.822(2) 1.767(5) 1.811(3) Rh2–P1 2.2992(7)
Rh1–C14 2.119(2) 2.129(6) 2.118(3) Rh2–C14b 2.218(3)
Rh1–C15 2.127(2) 2.122(5) 2.126(3) Rh2–C15b 2.223(3)
Rh1–C17 2.135(2) 2.122(5) 2.125(3) Rh2–C17b 2.096(3)
Rh1–C18 2.127(2) 2.133(5) 2.105(3) Rh2–C18b 2.105(3)
C14–C15 1.409(4) 1.396(9) 1.404(4) C14b-C15b 1.361(4)
C17–C18 1.404(4) 1.401(8) 1.403(4) C17b-C18b 1.391(4)

[a] Bond lengths [Å].

In solution, complex 4a features a typical phosphonium-
type 31P NMR chemical shift (δ = +35.1 ppm).[9,10] Again,
the system is conformationally equilibrated in solution. The
isopropyl methyl groups at the prochiral phosphorus atom
are pairwise diastereotopic [13C NMR: δ = 16.6/16.7 (CH3),
22.8 (d, 1JP,C = 49.7 Hz, CH) ppm] and there is an ad-
ditional CH3 group bonded to the phosphorus centre [1H
NMR: δ = 2.24 (2JP,H = 12.5 Hz) ppm; 13C NMR: δ = 4.3
(1JP,C = 54.4 Hz) ppm].
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Figure 2. Molecular structure of [(nbd)Rh{CpP(iPr)2Me}]I (4a).

The reaction of complex 3b with excess ethyl iodide un-
der similar conditions gave a different reaction product. Af-
ter removal of the volatiles in vacuo, we isolated the dinu-
clear [µ-CpP(iPr)2]-bridged dirhodium complex 5b in good
yield (86%; Scheme 4). This product was characterised
spectroscopically, by C,H elemental analysis and by X-ray
diffraction (single crystals were obtained from a pentane
solution at –30 °C).

Scheme 4.

The X-ray crystal structure analysis of 5b shows the pres-
ence of an [(nbd)Rh{CpP(iPr)2}] subunit that is structurally
very similar to that found in 3b or 4a (see above and
Table 1). The phosphorus atom of this unit coordinates to
the Rh centre of an (nbd)RhI subunit. The norbornadiene
ligand is again endo-coordinated through both its C=C
double bonds. The rhodium centre Rh2 is distorted square-
planar coordinated by this pair of C=C double bonds and
P1 and I1 are cis to each other [Rh2–I1 = 2.6624(4), Rh2–
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P1 = 2.2992(7) Å; I1–Rh2–P1 = 95.76(2)°]. The resulting
bond angle at the phosphorus atom (Rh2–P1–C1) is
119.24(9)° (Figure 3).

Figure 3. Molecular structure of complex 5b.

In solution, there is again a rapid rotation around the
Rh1–Cp[P] vector, resulting in the observation of a single
1H NMR =CH resonance [δ = 3.09 (4 H) ppm] for the nbd-
1 ligand. In contrast, nbd-2, which is bonded to the dis-
torted square planar Rh2 centre, exhibits a clearly differen-
tiated pair of HC=CH 1H/13C NMR features of the double
bonds cis to I and cis to P1 [1H NMR: δ = 3.83/5.36 (each
2 H) ppm; 13C NMR: δ = 51.0/78.4 ppm], respectively.
Again, the isopropyl groups at the prochiral phosphorus
atom are pairwise diastereotopic, as expected (1H NMR: δ
= 1.12/1.36 ppm; 13C NMR: δ = 19.7/20.1 ppm). The 31P
NMR resonance of complex 5b is located at δ = +40.1 ppm.

Although the complete mechanistic elucidation of the
unexpected formation of the dinuclear product 5b must
await further detailed studies, we would like to propose a
tentative scheme for the possible formation of this product.
It may be assumed that the formation of the unexpected
product 5b might also be initiated by phosphonium salt for-
mation. The resulting intermediates (4b, 4c) seem not to
be stable under the applied reaction conditions but rather
undergo a nucleophilic displacement of the respective
(C5H4)P(iPr)2R moiety (6b, 6c) by iodide. Substitution of
the Cp-phosphonium ylides 6b, 6c might be facilitated by
their higher steric bulk as compared to the [P]-CH3 deriva-
tive 6a in 4a. In the case of 4b and 4c the nucleophilic sub-
stitution reaction probably leads to the formation of the
ethyl- or n-propyl-substituted phosphonium salts 6b or 6c,
respectively, which must be assumed to be slightly more
bulky than their methylphosphonium analogue 6a. Appar-
ently, the reaction in the cases 4b and 4c, in contrast to the
more persistent 4a, proceeds with cleavage of the Cp ligand
bearing the bulky phosphonium substituent from the rho-
dium atom, with the possible formation of (nbd)RhI (1b).
Under the applied reaction conditions, this monomeric spe-
cies seems never to reach a high enough concentration to
give rise to observable dimer formation, but is apparently



E. Ortega, N. Kleigrewe, G. Kehr, G. Erker, R. FröhlichFULL PAPER
efficiently trapped by the neutral starting material 3b to
yield the CpPR2-bridged dinuclear product 5b.[5,11] We have
only observed this unexpected reaction pathway in the case
of treatment of 3b with ethyl iodide or n-propyl iodide but
so far not with methyl iodide, which only gave the organo-
metallic phosphonium salt 4a that is stable under the ap-
plied reaction conditions.

In order to further support the proposed reaction course,
we treated 2b with methyl iodide, ethyl iodide and n-propyl
iodide. The corresponding trialkyl(Cp)phosphonium ylide
products (6a–c) were isolated as pale-yellow solids and
characterised spectroscopically. The resulting ylide 6a fea-
tures a 31P NMR signal at δ = 24.7 ppm and a 13C NMR
resonance for the adjacent C1 ring carbon atom at δ =
74.0 ppm with a very characteristic 1JP,C coupling constant
of 104 Hz [C=P(iPr)2Me].[12,13] The ethyl-substituted
CpP(iPr)2Et ylide 6b shows an analogous 13C NMR feature
at δ = 74.3 ppm (1JP,C = 101 Hz). This signal was detected
in the crude reaction mixture obtained by treatment of
complex 2b with ethyl iodide to eventually yield 5b.

Conclusions

The reaction of [(nbd){CpP(iPr)2}Rh] (3b) with simple
alkyl iodides shows some remarkably different outcomes
depending on the bulk of the alkyl group of the RI reagent
used. The reaction with methyl iodide leads to the forma-
tion of a stable phosphonium salt 4a, whereas the analo-
gous reaction of 3b with either EtI or nPrI rapidly results
in the formation of the dinuclear product 5b. The experi-
mental characteristics of these reactions led us to assume
that in the latter cases the corresponding phosphonium
salts might also have been formed initially. However, these
slightly more bulky systems seem to be unstable with regard
to CpP(iPr)2R ylide dissociation,[14] a pathway that eventu-
ally leads to the formation of 5b. For the less bulky [(nbd)-
{CpP(iPr)2Me}Rh]I system this pathway seems not to be
readily available under our typical reaction conditions. This
specific alkyl group dependent behaviour makes the 3b +
RI reaction system a remarkable example of an observed
borderline behaviour along a threshold determined by
rather subtle differences in steric bulk.

Experimental Section
General: All reactions involving air- or moisture-sensitive com-
pounds were carried out under an inert gas using Schlenk-type
glassware or in a glove box. Solvents were dried and distilled prior
to use. The following instruments were used for physical characteri-
sation of the compounds: Melting points: DSC 2010 TA-instru-
ments; elemental analyses: Foss-Heraeus CHNO-Rapid; MS:
Micromass Quattro LC-Z electrospray mass spectrometer; NMR:
Bruker AC 200 P (1H: 200 MHz; 13C: 50 MHz), ARX 400 (1H:
400 MHz; 13C: 100 MHz), Varian 500 INOVA (1H: 500 MHz; 13C:
125 MHz) or Varian UNITY plus 600 (1H: 600 MHz; 13C:
151 MHz). The complex [(nbd)RhCl]2 (1a)[4] and the reagents
[{CpP(iPr)2}Li] (2b)[5] and [{CpPCy2}Li] (2c)[5] were prepared ac-
cording to literature procedures.
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X-ray Crystal-Structure Determinations: Data sets were collected
with a Nonius KappaCCD diffractometer equipped with a rotating
anode generator. Programs used: data collection COLLECT (Non-
ius B.V., 1998), data reduction Denzo-SMN (Z. Otwinowski, W.
Minor, Methods in Enzymology 1997, 276, 307–326), absorption
correction SORTAV (R. H. Blessing, Acta Crystallogr., Sect. A
1995, 51, 33–37; R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421–
426) and Denzo (Z. Otwinowski, D. Borek, W. Majewski, W.
Minor, Acta Crystallogr., Sect. A 2003, 59, 228–234), structure
solution SHELXS-97 (G. M. Sheldrick, Acta Crystallogr., Sect. A
1990, 46, 467–473), structure refinement SHELXL-97 (G. M. Shel-
drick, University of Göttingen, 1997), graphics SCHAKAL (E.
Keller, University of Freiburg, 1997). CCDC-600987 to -600989
(for 3b, 4a and 5b, respectively) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Reaction of [{CpP(iPr)2}Li] (2b) With [(nbd)RhCl]2 [(1a)2]. Forma-
tion of Complex 3b: A solution of 2b (94 mg, 0.50 mmol) in THF
(3 mL) was added to a solution of (1a)2 (115 mg, 0.25 mmol) in
THF (3 mL) at ambient temperature and the suspension was stirred
at room temperature overnight. Subsequently, the solvent was re-
moved in vacuo and the crude product was extracted through Celite
with pentane (4 mL) five times. Evaporation of the solvent yielded
the rhodium complex 3b as a yellow powder (160 mg, 0.43 mmol,
85%). Crystals suitable for X-ray crystal structure analysis were
obtained by slow evaporation of the solvent from a concentrated
pentane solution at ambient temperature. 1H NMR (500 MHz,
C6D6, 298 K): δ = 0.95 (t, J = 1.5 Hz, 2 H, CH2

nbd), 1.13 (dd, J =
14.6, 7.1 Hz, 6 H, MeiPr), 1.25 (dd, J = 10.8, 6.8 Hz, 6 H, MeiPr),
1.90 (dsept, J = 7.0, 0.9 Hz, 2 H, CHiPr), 3.22 (m, 2 H, CHnbd),
3.24 (m, 4 H, =CHnbd), 4.93 (m, 2 H, Cp), 5.20 (m, 2 H, Cp) ppm.
13C{1H} NMR (125 MHz, C6D6, 298 K): δ = 19.7 (d, J = 9.3 Hz,
MeiPr), 20.4 (d, J = 17.5 Hz, MeiPr), 23.8 (d, J = 12.8 Hz, CHiPr),
30.5 (d, J = 10.5 Hz, =CHnbd), 47.0 (d, J = 2.8 Hz, CHnbd), 57.4
(d, J = 7.0 Hz, CH2

nbd), 86.3 (m, Cp), 89.0 (m, Cp), 94.7 (Cp;
detected by 1H/13C ghmbc experiment) ppm. 31P{1H} NMR (C6D6,
81 MHz, 298 K): δ = –3.2 (s, PiPr2) ppm. C18H26PRh (376.27):
calcd. C 57.45, H 6.96; found C 57.49, H 6.92.

X-ray Crystal Structure Analysis of 3b: C18H26PRh, M = 376.27,
colourless crystal 0.30×0.30×0.05 mm, a = 5.875(1), b = 10.749(1),
c = 13.870(1) Å, α = 104.53(1), β = 90.22(1), γ = 93.37(1)°, V =
846.3(2) Å3, ρcalcd. = 1.477 gcm–3, µ = 1.093 mm–1, empirical ab-
sorption correction (0.735 � T � 0.947), Z = 2, triclinic, space
group P1̄ (no. 2), λ = 0.71073 Å, T = 198 K, ω- and φ-scans, 8037
reflections collected (±h, ±k, ±l), [(sinθ)/λ] = 0.67 Å–1, 4102 inde-
pendent (Rint = 0.034) and 3745 observed reflections [I � 2σ(I)],
185 refined parameters, R = 0.027, wR2 = 0.070, max. (min.) resid-
ual electron density 0.41 (–1.06) eÅ–3, hydrogen atoms calculated
and refined as riding atoms.

Reaction of [(CpPCy2)Li] (2c) with [(nbd)Rhcl]2 [(1a)2]. Formation
of Complex 3c: According to the procedure described for the for-
mation of 3b, 3c was obtained as a yellow powder (54 mg,
0.118 mmol, 68%) from 2c (46 mg, 0.173 mmol) in THF (2 mL)
and (1a)2 (40 mg, 0.087 mmol) in THF (1 mL). The crude product
was extracted three times through Celite with pentane (2 mL). 1H
NMR (400 MHz, C6D6, 298 K): δ = 0.97 (m, 2 H, CH2

nbd), 1.11–
1.47 (m, 12 H, Cy), 1.65 (dm, J = 11.9 Hz, 2 H, Cy), 1.78 (dm, J
= 11.2 Hz, 2 H, Cy), 1.85 (m, 2 H, Cy), 1.93 (dm, J = 11.7 Hz, 2
H, Cy), 2.31 (dm, J = 11.7 Hz, 2 H, Cy), 3.25 (m, 4 H, =CHnbd),
3.24 (m, 2 H, CHnbd), 4.95 (m, 2 H, Cp), 5.18 (m, 2 H, Cp) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 298 K): δ = 27.0 (s, Cy), 27.6
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(d, J = 7.8 Hz, Cy), 27.8 (d, J = 11.5 Hz, Cy), 30.4 (broad d, J =
10.6 Hz, Cy), 30.4 (d, J = 8.7 Hz, Cy), 30.6 (d, J = 15.2 Hz,
=CHnbd), 34.1 (d, J = 12.8 Hz, Cy), 47.1 (d, J = 2.1 Hz, CHnbd),
57.4 (d, J = 6.8 Hz, CH2

nbd), 86.5 (m, Cp), 89.3 (dd, J = 14.6, J =
3.3 Hz, Cp), 95.1 (dd, J = 23.5, J = 4.6 Hz, Cp) ppm. 31P{1H}
NMR (121.5 MHz, C6D6, 298 K): δ = –11.2 (s, PCy2) ppm.
C24H34PRh (456.39): calcd. C 63.16, H 7.51; found C 63.55, H
7.62.

Reaction of 3b with Methyl Iodide. Formation of the Organometallic
Phosphonium Salt 4a: A large excess of methyl iodide (0.25 mL,
4.00 mmol) was added to a solution of 3b (35 mg; 0.09 mmol) in
pentane (5 mL). Precipitation occurred immediately and the tawny
suspension was stirred at ambient temperature for 2 h. The super-
natant was removed by filtration in air and the resulting beige filter
cake was washed carefully with pentane (1 mL). Subsequently, the
residue was dried in vacuo and 4a was obtained as a brown powder
(44 mg, 0.085 mmol, 92%). Crystals suitable for X-ray crystal
structure analysis were obtained by slow diffusion of pentane into
a concentrated solution of 4a in dichloromethane. 1H NMR
(500 MHz, CDCl3, 298 K): δ = 1.06 (t, J = 1.6 Hz, 2 H, CH2

nbd),
1.43 (dd, J = 9.7, 7.1 Hz, 6 H, MeiPr), 1.47 (dd, J = 9.5, 7.1 Hz, 6
H, MeiPr), 2.24 (d, J = 12.5 Hz, 3 H, Me), 3.03 (m, 2 H, CHiPr),
3.36 (broad s, 2 H, CHnbd), 3.53 (m, 4 H, =CHnbd), 5.19 (m, 2 H,
Cp), 5.79 (m, 2 H, Cp) ppm. 13C{1H} NMR (125 MHz, CDCl3,
298 K): δ = 4.3 (d, J = 54.4 Hz, Me), 16.6 (d, J = 2.5 Hz, MeiPr),
16.7 (d, J = 2.9 Hz, MeiPr), 22.8 (d, J = 49.7 Hz, CHiPr), 35.2 (d, J
= 10.1 Hz, =CHnbd), 46.7 (d, J = 2.6 Hz, CHnbd), 58.4 (d, J =
6.9 Hz, CH2

nbd), 72.8 (dd, J = 90.6, 6.0 Hz, Cp) 87.7 (dd, J = 11.6,
4.2 Hz, Cp), 92.4 (dd, J = 10.1, 3.7 Hz, Cp) ppm. 31P{1H} NMR
(CDCl3, 121.5 MHz, 298 K): δ = 35.1 (s, PiPr2) ppm. MS (ESI):
m/z calcd. 391.105 [M–I]+; found 391.00. C19H29IPRh (518.20):
calcd. C 44.03, H 5.64; found C 43.94, H 5.50.

X-ray Crystal-Structure Analysis of 4a: C19H29IPRh·CH2Cl2, M =
603.13, yellow crystal 0.30×0.10×0.03 mm, a = 15.973(1), b =
10.887(1), c = 26.453(1) Å, V = 4600.1(5) Å3, ρcalcd. = 1.742 gcm–3,
µ = 2.389 mm–1, empirical absorption correction (0.534 � T �

0.932), Z = 8, orthorhombic, space group Pbca (no. 61), λ =
0.71073 Å, T = 198 K, ω- and φ-scans, 22987 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.66 Å–1, 5470 independent (Rint = 0.060)
and 4556 observed reflections [I � 2σ(I)], 231 refined parameters,
R = 0.045, wR2 = 0.146, max. (min.) residual electron density 1.75
(–0.82) eÅ–3 close to iodine, hydrogen atoms calculated and refined
as riding atoms.

Reaction of 3b with Ethyl Iodide. Formation of Complex 5b: A large
excess of ethyl iodide (0.25 mL, 3.10 mmol) was added to a solution
of 3b (30 mg; 0.08 mmol) in toluene (3 mL) at room temperature.
After the reaction mixture had been stirred at ambient temperature
overnight, all volatiles were removed in vacuo. The obtained yellow
oil was washed twice with pentane (1 mL) and dried in vacuo. The
pure product was obtained as a yellow solid (48 mg, 0.07 mmol,
86%). Crystals suitable for X-ray crystal structure analysis were
obtained from a pentane solution at –30 °C. 1H NMR (600 MHz,
C7D8, 298 K): δ = 0.90 (br., 2 H, CH2

nbd1), 1.10/1.14 (each dm, J
= 8.5 Hz, each 1 H, CH2

nbd2), 1.12 (dd, J = 14.5, 7.1 Hz, 6 H,
MeiPr), 1.36 (dd, J = 15.8, 7.0 Hz, 6 H, MeiPr), 2.46 (dsept, J = 7.9,
7.1 Hz, 2 H, CHiPr), 3.09 (m, 4 H, =CHnbd1), 3.08 (m, 2 H,
CHnbd1), 3.36 (br., 2 H, CHnbd2), 3.83 (m, 2 H, =CHnbd2), 4.41 (m,
2 H, Cp), 5.07 (m, 2 H, Cp), 5.36 (m, 2 H, =CHnbd2) ppm. 13C{1H}
NMR (150 MHz, C7D8, 298 K): δ = 19.7 (MeiPr), 20.1 (d, J =
4.7 Hz, MeiPr), 27.9 (d, J = 24.1 Hz, CHiPr), 31.9 (d, J = 10.2 Hz,
=CHnbd1), 47.1 (d, J = 2.4 Hz, CHnbd1), 51.0 (dd, J = 2.3, 1.6 Hz,
CHnbd2), 52.2 (d, J = 11.7 Hz, =CHnbd2), 57.7 (d, J = 6.7 Hz,
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CH2
nbd1), 65.1 (dd, J = 4.9, 2.1 Hz, CH2

nbd2), 78.4 (dd, J = 11.4,
5.5 Hz, =CHnbd2), 87.2 (dd, J = 6.1, 4.2 Hz, Cp), 88.0 (dd, J = 7.6,
3.9 Hz, Cp). 89.1 (Cp, detected by 1H/13C ghmbc experiment) ppm.
31P{1H} NMR (121.5 MHz, C6D6, 298 K): δ = 40.1 (d, J =
163.4 Hz, PiPr2) ppm. C25H34IPRh2 (698.23): calcd. C 43.00, H
4.91; found C 43.03, H 5.26.

X-ray Crystal-Structure Analysis of 5b: C25H34IPRh2, M = 698.21,
red crystal 0.20×0.20×0.10 mm, a = 10.097(1), b = 17.498(1), c =
13.770(1) Å, β = 92.85(1)°, V = 2429.8(2) Å3, ρcalcd. = 1.909 gcm–3,
µ = 2.704 mm–1, empirical absorption correction (0.614 � T �

0.774), Z = 4, monoclinic, space group P21/n (no. 14), λ =
0.71073 Å, T = 198 K, ω- and φ-scans, 16579 reflections collected
(±h, ±k, ±l), [(sinθ)/λ] = 0.67 Å–1, 5968 independent (Rint = 0.030)
and 5230 observed reflections [I � 2σ(I)], 267 refined parameters,
R = 0.026, wR2 = 0.059, max. residual electron density 1.47
(–1.62) eÅ–3 close to iodine, hydrogen atoms calculated and refined
as riding atoms.

Reaction of 3b with n-Propyl Iodide. Formation of Complexes 5b and
6c: n-Propyl iodide (7.8 µL, 13.5 mg, 0.08 mmol) was added to a
solution of 3b (30 mg, 0.08 mmol) in C6D6 (1 mL) at room tem-
perature. The reaction mixture was transferred into an NMR tube
and the reaction was monitored by NMR spectroscopy.

Reaction of [{CpP(iPr)2}Li] (2a) with Methyl Iodide. Generation of
6a: Methyl iodide (99.30 µL, 227 mg, 1.60 mmol) was added to a
solution of 2a (300 mg, 1.60 mmol) in toluene (40 mL) at room
temperature. After the reaction mixture had been stirred at ambient
temperature overnight, all volatiles were removed in vacuo. The
product was obtained as a bright yellow solid (310 mg, 0.94 mmol,
59%). M.p. 96 °C (DSC). 1H NMR [400 MHz, C6D6/TDF (4:1),
298 K]: δ = 6.66, 6.31 (each m, each 2 H, C5H4), 1.83 (dsept, JH,H

= 6.8, JP,H = 10.0 Hz, 2 H, CHiPr), 1.08 (d, JP,H = 12.0 Hz, 3 H,
Me), 0.82 (dd, JP,H = 16.2, JH,H = 6.8 Hz, 6 H, MeiPr), 0.70 (dd,
JP,H = 15.8, JH,H = 6.8 Hz, 6 H, MeiPr) ppm. 13C{1H} NMR
[100 MHz, C6D6/TDF (4:1), 298 K]: δ = 113.9 (d, J = 16.3 Hz,
C5H4), 113.3 (d, J = 13.8 Hz, C5H4), 74.0 (d, J = 104.2 Hz, C=P),
22.7 (d, J = 52.9 Hz, CHiPr), 15.6 (d, J = 1.8 Hz, MeiPr), 15.4 (d, J
= 2.1 Hz, MeiPr), 0.6 (d, J = 56.9 Hz, Me–P) ppm. 31P{1H} NMR
(81 MHz, C6D6, 298 K): δ = 24.7 (s, PiPr2) ppm. MS (ESI): m/z
calcd. 197.1459 [M + H]+; found 197.1446. C12H21P·LiI (330.12):
calcd. C 43.66, H 6.41; found C 42.61, H 6.52.

Reaction of [{CpP(iPr)2}Li] (2a) with Ethyl Iodide. Generation of
6b: According to the procedure described for the generation of 6a,
6b was obtained as a colourless powder (435 mg, 1.26 mmol, 79%)
from the reaction of 2a (300 mg, 1.60 mmol) with ethyl iodide
(129 µL, 249 mg, 1.60 mmol) in toluene (40 mL). M.p. 144 °C
(DSC). 1H NMR [600 MHz, C6D6/TDF (4:1), 298 K]: δ = 6.59,
6.28 (each m, each 2 H, C5H4), 1.99 (dsept, JP,H = 10.6, JH,H =
7.0 Hz, 2 H, CHiPr), 1.77 (dq, JP,H = 12.7, JH,H = 7.7 Hz, 2 H,
CH2), 0.90 (dd, JP,H = 15.4, JH,H = 7.0 Hz, 6 H, MeiPr), 0.86 (q,
JP,H = JH,H = 7.7 Hz, 3 H, CH3), 0.80 (dd, JP,H = 15.4, JH,H =
7.0 Hz, 6 H, MeiPr) ppm. 13C{1H} NMR (125 MHz, C6D6/TDF,
4:1, 298 K): δ = 113.7 (d, J = 16.7 Hz, C5H4), 113.3 (d, J = 13.3 Hz,
C5H4), 73.1 (d, J = 103.5 Hz, P=C), 22.0 (d, J = 51.8 Hz, CHiPr),
16.2 (d, J = 1.8 Hz, MeiPr), 16.0 (d, J = 1.9 Hz, MeiPr), 11.7 (d, J
= 52.9 Hz, CH2), 7.5 (d, J = 4.8 Hz, CH3) ppm. 31P{1H} NMR
(81 MHz, C6D6, 298 K): δ = 24.7 (s, PiPr2) ppm. MS (ESI): m/z
calcd. 211.1616 [M + H]+; found 211.1. C13H23P·LiI (344.15):
calcd. C 45.37, H 6.74; found C 44.45, H 6.73.

Reaction of [{CpP(iPr)2}Li] (2a) with n-Propyl Iodide. Generation
of 6c: According to the procedure described for the generation of
6a, 6c was obtained as a colourless powder (470 mg, 0.76 mmol,
82%) from the reaction of 2a (300 mg, 1.60 mmol) with n-propyl
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iodide (156.5 µL, 271 mg, 1.60 mmol) in toluene (40 mL). M.p.
101 °C (DSC). 1H NMR (600 MHz, C6D6/TDF (4:1), 298 K): δ =
6.67, 6.33 (each m, each 2 H, C5H4), 1.96 (dsept, JP,H = 10.8, JH,H

= 7.2 Hz, 2 H, CHiPr), 1.76 (m, 2 H, PCH2), 1.32 (m, 2 H, CH2),
0.90 (dd, JP,H = 15.8, JH,H = 7.2 Hz, 6 H, MeiPr), 0.79 (dd, JP,H =
15.6, JH,H = 7.2 Hz, 6 H, MeiPr), 0.76 (td, JH,H = 7.1, JH,H =
1.5 Hz, 3 H, CH3) ppm. 13C{1H} NMR [125 MHz, C6D6/TDF
(4:1), 298 K]: δ = 113.8 (d, J = 16.6 Hz, C5H4), 113.4 (d, J =
13.8 Hz, C5H4), 73.2 (d, J = 102.3 Hz, P=C), 22.3 (d, J = 52.3 Hz,
CHiPr), 20.9 (d, J = 51.8 Hz, PCH2), 17.1 (d, J = 4.1 Hz, CH2),
16.2 (d, J = 2.1 Hz, MeiPr), 16.0 (d, J = 2.1 Hz, MeiPr), 16.1 (d, J
= 15.3 Hz, CH3) ppm. 31P{1H} NMR [81 MHz, C6D6/TDF (4:1),
298 K]: δ = 26.1 (s, PiPr2) ppm. MS (ESI): m/z calcd. 225.18 [M +
H]+; found 456.00 [2M + H,Li]+. C14H25P·LiI (358.17): calcd. C
46.95, H 7.04; found C 47.24, H 7.34.
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COVER PICTURE

The cover picture shows the Alhambra in Granada, the home
town of the Spanish author of this paper. The Moors in their
desert dreamt of palaces abundant with water, and that is why
they built the Alhambra. Likewise, the water-soluble encapsu-
lating pyrazolylborate ligand, shown as an (aqua)zinc com-
plex set in one of Alhambra’s gardens, is the realization of a
long-standing dream of the Freiburg group, whose biomi-
metic zinc complex chemistry was previously confined by the
hydrophobicity of the model complexes, typically the zinc hy-
droxide complex shown in the background. The abundance
of red (carbonyl oxygen) and green (amide nitrogen) atoms
in the foreground complex visualizes its hydrophilicity due
to the carboxamide substituents on the tripod ligand. De-
tails are discussed in the article by H. Vahrenkamp et al. on
p. 3869ff.
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Various hydrolytic metalloenzymes contain two adjacent zinc
ions within their active site that work synergistically during
substrate turnover. While structural biology, biochemical in-
vestigations, and quantum chemical calculations have pro-
vided much insight into those cocatalytic sites, crucial details
of the catalytic mechanisms have remained under debate.
Valuable contributions to further our understanding of the
functional role of the zinc ions in a specific coordination envi-
ronment can be obtained from the study of simple biomimetic
synthetic complexes that emulate features of the natural sys-
tems. To this end, a series of highly preorganized pyrazolate-
based dizinc complexes has been developed, which are par-

1. Introduction

Numerous biological functions rely on enzymes that pro-
mote the hydrolytic cleavage of biological substrates such
as phosphate esters, peptides or amides, and these enzymes
often contain two or even three cooperating metal ions
within their active site.[1–4] Although specific mechanisms
are involved for the individual metalloenzymes, crucial roles
of the metal ions are believed to comprise the generation of
a hydroxide nucleophile at physiological pH by lowering the
pKA of water, the Lewis acid activation and orientation of
the substrate through metal coordination, as well as the sta-
bilization of intermediates and leaving groups.[2,4,5] Since
Zn2+ is a strong Lewis acid with rapid ligand exchange and
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ticularly amenable to fine-tuning of the dimetallic core.
These bioinspired dizinc complexes have made possible the
investigation of systematic effects of factors such as the zinc–
zinc separation on hydrolytic activity and substrate binding.
The present microreview summarizes findings relevant to di-
metallohydrolases that have been obtained from studies of
the pyrazolate-based synthetic analogues, including experi-
mental support for a functional role of the Zn–O2H3–Zn motif
and clues to the binding and hydrolytic cleavage of phospho-
diester and β-lactam substrates.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

a flat coordination hypersurface that allows the coordina-
tion number und geometry to be changed easily, it fulfils
all these requirements while, at the same time, lacking unde-
sired redox activity.[6] Hence, zinc is found very often in
hydrolytic enzymes, although other metals such as Mg2+ or
Mn2+, or even Ni2+ in urease may be preferred in certain
cases.

2. Oligozinc Hydrolases: Phosphatases, Metallo-
β-lactamases, and Aminopeptidases as Examples

Prominent hydrolases that incorporate two proximate
zinc ions include some metallo-β-lactamases,[7,8] several
aminopeptidases,[9] phosphotriesterase,[10] and alkaline
phosphatase.[11,12] Similarly, human phosphodiesterase fea-
tures two divalent metal ions, at least one of which is Zn2+

(the second is probably Mg2+).[13,14] Enzymes that hydrolyze
phosphodiesters are of prime importance to the manipula-
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tion of DNA and RNA because of their involvement in
replication, transcription, recombination, and DNA repair.
It is through the synergistic Lewis acid activation of the
substrate, the nucleophile, and the leaving group in these
processes that the 1016-fold rate enhancement can be
achieved that is needed to hydrolyze DNA on the biological
time scale.[3] A representative example illustrating the role
of two active-site zinc ions in phosphoester hydrolysis is
phosphotriesterase (PTE).[10] PTE efficiently degrades
highly toxic organophosphate triesters by the proposed
mechanism outlined in Scheme 1.[15] Similar to various
other oligozinc enzymes, the crystallographically charac-
terized form of PTE has a bridging O atom, which most
likely is a bridging hydroxide in agreement with the experi-
mental pKa value of 5.8.[16] It is assumed that the substrate
enters the scene to replace a water at Zn2, followed by nu-
cleophilic attack of the µ-OH onto the substrate-P and ejec-
tion of the leaving group. Proton transfer away from the
active site, assisted by a nearby histidine residue, gives a
phosphate anion which spans the two metal ions, and sol-
vent molecules finally move in to regenerate the original
state upon product release.

Scheme 1. Proposed mechanism of phosphotriesterase.[15]

Even more than two metal ions may be involved in phos-
phoester cleavage; an example is the P1 nuclease, which de-
grades single-stranded RNA and DNA into 5�-mononucle-
otides. P1 nuclease features a trinuclear zinc site sketched
in Scheme 2, where a hydroxide bridging Zn1 and Zn2 is

Scheme 2. Proposed mechanism of P1 nuclease.[17]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3789–38003790

assumed to attack the phosphate substrate that binds to
Zn3 in a bidentate fashion.[17]

Despite manifold investigations, details of the mode of
action of these and other metallohydrolases remain contro-
versial. One important aspect under debate is the identity
and the exact binding mode of the nucleophile.[18,19] Since
a hydroxide spanning two zinc ions has been detected crys-
tallographically in the majority of dimetallohydrolases, this
µ-OH is usually considered to be the active nucleophile.
Computational evidence for a catalytic bridging hydroxide
in a phosphodiesterase site has indeed been reported.[19] On
the other hand, the hydroxide can be suspected to exhibit a
rather low nucleophilicity in this tightly bridging form. It
has thus been suggested in an alternative picture that a shift
of the bridging hydroxide to a terminal position occurs
upon substrate binding prior to attack on the coordinated
substrate.[20] A similar scenario is also assumed for the di-
zinc-β-lactamase mechanism depicted in Scheme 3.

Scheme 3. Proposed simplified mode of action of dizinc metallo-β-
lactamase CcrA from B. fragilis.[18,21]

β-Lactamases are enzymes that efficiently hydrolyze and
cleave the four-membered ring of β-lactams.[22] This β-lac-
tam motif is a crucial functionality in antibiotics derived
from the penicillin, cephalosporin, and carbapenem fami-
lies. Expression of β-lactamases capable of inactivating this
motif and thus inactivating these drugs has become a stan-
dard bacterial defense mechanism. Among the four classes
(A, B, C, and D),[23,24] of β-lactamases, enzymes of the most
recently discovered class B depend on one or two zinc ions
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within their active site.[8,25] Unfortunately, clinically useful
inhibitors are not yet available for those metallo-β-lactam-
ases, in contrast to the serine-based β-lactamases of classes
A, C, and D.[26] Bacterial resistance caused by metallo-β-
lactamases now represents a serious clinical threat, and a
spread of these enzymes to pathogenic bacteria has raised
the concern of the biomedical community.[27] Current ef-
forts thus focus on gathering a detailed picture of the
mechanism of action within the active site of the metallo-
β-lactamases,[8,28] which is not only of fundamental interest
but may also contribute to the development of effective
mechanism-based inhibitors.[29]

Molecular structures of several dizinc metallo-β-lactam-
ases have been determined,[30–36] but mechanistic studies
have concentrated on CcrA from B. fragilis and BcII from
B. cereus II. While intimate details of the active-site struc-
tures vary, common features of dizinc metallo-β-lactamases
comprise one tetrahedral {(His)3Zn(µ-OH)} motif (Zn2 in
Scheme 3) in which the hydroxide serves as a bridge to the
second zinc (Zn1). The latter is found in a distorted trigonal
bipyramidal environment as a {(His)(Asp)(X)Zn(H2O)(µ-
OH)} center, where X is His or Cys. From stopped-flow
kinetic investigations in combination with theoretical stud-
ies, a mechanism has been postulated[18,21,37] that starts by
docking the substrate to Zn2 by means of its ring carbonyl
group. This polarizes the lactam unit and allows the N-
atom to interact with Zn1, inducing conformational
changes with rupture of the Zn–OH–Zn bridge and acti-
vation of the hydroxide for nucleophilic attack.[38] Zn1 then
stabilizes the negative charge on the nitrogen leaving group,
which is released upon rate-determining proton transfer.[18]

Bringing in water from the medium finally regenerates the
initial active-site state (Scheme 3).

Recent DFT, Hartree–Fock, and molecular dynamics
studies have revealed a somewhat refined picture, suggesting
that the active site can easily assume different conforma-
tions.[39] When the Asp residue is neutral, the dizinc core
may readily interchange between a tightly bridged state A
and a loosely bridged state B with changes of coordination
number at Zn1 (Scheme 4). The more flexible state B can
be described as an O2H3 unit between the two metal ions.
Evidence for different active-site conformation is also avail-
able from experimental studies,[37] but details such as the

Scheme 5. Generation of a water sluice in the active site of blLAP according to recent DFT calculations.[44]
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protonation state of the Asp residue remain controver-
sial.[40,41] It is obvious, however, that solid-state structures
obtained crystallographically do not provide the whole
story.

Scheme 4. Interconversion of tightly and loosely bridged active site
forms of CcrA from B. fragilis as predicted by calculations.[39]

A Zn–(H)OHO(H)–Zn motif reminiscent of the situation
in B has indeed been observed in bioinspired synthetic
model complexes, and from those findings the bridging
O2H3 unit has been proposed as a structural and possibly
functional unit in oligozinc hydrolases.[42,43] Some further
corroboration comes from a most recent DFT study on the
dizinc active site of bovine lens leucine aminopeptidase
(blLAP).[44] This widespread enzyme preferably hydrolyzes
the peptide bond of N-terminal leucine in a peptide chain
and plays a central role in the degradation and modification
of proteins.[9a,45,46] Most proposed catalytic mechanisms
have assumed that the terminal amino group of the peptide
binds to Zn2 and that the OH acts as the nucleophile,[46,47]

but a QM/MM study predicted an unreasonably high calcu-
lated barrier for nucleophilic attack.[48] A more recent DFT
study then demonstrated that an additional water molecule
can be introduced by way of the water channel above Zn1
and may undergo facile insertion into the Zn–OH–Zn unit
to result in an O2H3 bridge (Scheme 5). Since an additional
water molecule may be spontaneously incorporated at Zn1,
this scenario has been described as the formation of a water
sluice in the blLAP active site, providing a plausible mecha-
nism for the continual generation of an active nucleophile
(Scheme 5).[44]

In view of this accumulating body of evidence for the
relevance of a bridging O2H3 in dizinc hydrolases, it ap-
peared particularly desirable to experimentally test the hy-
drolytic efficiency of this motif relative to the related Zn–
OH–Zn unit.
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3. Relevance of Synthetic Model Complexes

Synthetic hydrolase models have been very useful in pro-
viding information about basic functional principles and
mechanistic aspects of enzyme action.[49,50] This is particu-
larly true for the role of active-site metal ions in a specific
biological donor environment, and most recent examples
of hydrolase mimics even aim at elucidating second-sphere
effects such as hydrogen-bonding patterns at metal-bound
substrates.[51,52] As an advantage over their enzyme counter-
parts, small molecule synthetic analogues allow for easy
systematic investigations of substituent effects, and it be-
comes possible to examine a variety of factors that influ-
ence reactivity.[50] Apart from the fundamental insights ob-
tained from those biomimetic studies regarding structural,
spectroscopic, and mechanistic features, there is hope that
artificial nucleases for biomimetic hydrolysis of DNA or
RNA will eventually lead to beneficial applications in bio-
technology and medicine.[53] This has stimulated consider-
able efforts directed towards the development of well-de-
signed metal complexes that mediate the hydrolytic cleavage
of DNA or RNA or phosphodiester model sub-
strates.[4,54,55] One should keep in mind, however, that no
synthetic models have yet been developed that at the same
time mimic all aspects of the natural enzymes, i.e., active-
site structure, function and mechanism. As has been em-
phasized recently,[50] many structural models lack func-
tional equivalence, while many functional models bear little
structural resemblance to the enzyme active sites – a more
elaborate combination of both properties in new synthetic
compounds certainly is a demanding task. This is even
more true for the emulation of additional factors provided
by the protein matrix, such as regulation of activity, site-
specific reactivity, and many more. These aspects are still
far from being included in current model systems.

Successful strategies for obtaining (in a targeted manner)
stable and well-defined di- and multinuclear complexes gen-
erally rely on compartmental ligand scaffolds that provide
distinct binding pockets for the metal ions.[4,56] This may be
achieved by incorporating proper donor sites within a single
macrocyclic framework or by linking two (or more) individ-
ual ligand subunits by means of a more or less rigid spacer.
The spacer itself may contain built-in donor atoms to re-
duce the flexibility and increase preorganization of the di-
nucleating scaffold; phenolate-based systems are certainly
the most abundant among these. Attractive metal–metal
distances usually range from 3 to 5 Å. This report will high-
light a particular class of model complexes for di- and oli-
gonuclear metallohydrolase active sites, where compartmen-
tal pyrazolate-based ligands are used as dinucleating scaf-
folds for nesting two metal ions (C).[57] The central pyrazol-
ate unit is a reasonable compromise for mimicking bridging
carboxylate donors that are widely found in nature but are
difficult to incorporate into a polydentate compartmental
ligand framework: just like a bridging carboxylate group,
the pyrazolate provides a single negative charge and it sup-
ports a similar range of metal–metal distances.
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The scope of modulating electronic and geometric char-
acteristics of the dimetallic core by varying the ligand side
arms attached to the 3- and 5-positions of the heterocycle
is an attractive option for this class of ligands. Important
variations comprise the type and number of side-arm donor
atoms as well as the lengths of the chelate arms (Scheme 6).
While the former allows for the modification of the coordi-
nation numbers and electronic structures of the metal ions,
the latter controls the properties of the dimetallic pocket,
including the metal–metal distance.[58–63]

Scheme 6. Selection of dinucleating pyrazolate ligands.

The comparative experimental studies summarized in
this microreview focus on dizinc complexes of ligands L1–
L6 that provide two metal-ion-binding pockets each, either
tridentate (L4) or tetradentate (L1–L3, L5, L6). The primary
intention behind this approach is to elucidate how the mut-
ual arrangement of two metal ions determines their cooper-
ative reactivity. It is not aimed at exactly reproducing any
biological coordination environment, but emphasis is laid
on the question how two (or more) metals may work in
concert in order to bind and transform biorelevant sub-
strates. Inter alia, studies on this assortment of ligands have
provided experimental evidence for the less favorable reac-
tivity of a tightly bridging hydroxide in the clamp of a di-
metal site as compared with a more loosely bridging O2H3

unit. The results also reveal some general structure–activity
correlations for bioinspired di- and oligozinc hydrolase
mimics. In the long term, it is anticipated that such findings
will contribute to the development of two-center catalysis
not only in the biomimetic but also in a broader sense.

4. Zinc Coordination Chemistry of the
Pyrazolate-Based Scaffolds

(i) Dizinc Complexes with OH versus O2H3 Bridges

As outlined above, a dimetallic arrangement with a
bridging O2H3

– group can be described as a combination
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of both a Zn–OH2 and a Zn–OH function, and hence as a
hydrated form of an active terminal Zn–OH. A comparative
evaluation of the hydrolytic activity of a Zn–O(H)–Zn rela-
tive to that of a Zn–(H)OHO(H)–Zn species in synthetic
model chemistry was achieved with the highly preorganized
dizinc complexes 5 and 6 (Scheme 7), where the metal–
metal separation is controlled by the lengths of the chelat-
ing side arms.[64] Complementing information was obtained
from complexes 1 and 2 that are based on the related ali-
phatic ligand scaffolds, but in this case the system with long
side arms (forming six-membered chelate rings in 1) exhib-
its rather weak Zn2+-binding capabilities in aqueous solu-
tion, which precludes any conclusive evaluation of its hy-
drolytic efficiency under the appropriate conditions.[65]

Scheme 7. Assortment of crystallographically characterized pyr-
azolate-based zinc complexes.[64,65]

In 1 and 5 the zinc ions may come rather close together
(�3.5 Å) and allow for a bridging position of a hydroxide
coligand within the dimetallic pocket. In contrast, the
shorter ligand side arms in 2a/b and 6 pull the two zinc
ions back and apart, thus enforcing much longer Zn···Zn
distances (�4 Å). This prevents the small hydroxide from
spanning the two metal ions and induces incorporation of
an additional solvent molecule, water or MeOH, to give an
O2H3 (2a) or O2H2Me (2b, 6) bridging unit, respectively.
Differences in reactivity for these species are apparent, since
in acetone solution 2a gradually absorbs CO2 from air to
give a carbonato-bridged complex while 1 does not.[43]

Stopped-flow studies on the dinickel(II) analogues of 2a/2b
have revealed that exchange of water and methanol in these
complexes is very rapid with kobs � 103 s–1 at room tem-
perature.[66] The lability of the Zn–H3O2–Zn bridge has
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been corroborated by extensive DFT calculations on the
mechanism of the replacement of water by methanol in pyr-
azolate-based complexes of types 2 and 6 to successively
give the Zn-bound HO–H–OMe and MeO–H–OMe func-
tionalities (by an endothermic process).[67] The replacement
can occur through two fundamentally different substitution
mechanisms: an addition-elimination, controlled by the
metal ions, and a direct exchange in which the metal ions
serve as a template. Since the steric bulk and the stiffness
of the ligands in 2a and 6 prevent an easy expansion of the
coordination sphere, only the direct exchange mechanism
is possible for these systems. Nevertheless, barriers for the
conversion of the HO–H–OH, HO–H–OMe, and MeO–H–
OMe bridges are low enough (lower for 6 than for 2) to
enable a rapid equilibrium under experimental conditions.
Comparing the different functionalities, the HO–H–OH
form is clearly less nucleophilic than the methoxide form
MeO–H–OMe, but the hydroxide in the mixed species HO–
H–OMe is more nucleophilic than the methanol compo-
nent.[67]

Fewer short side arms provided by the ligand in 4 allow
for greater flexibility of the Zn···Zn distance and offer ad-
ditional coordination sites for substrate binding. At neutral
to basic pH, the dizinc complex 4� formed in situ from L4

and Zn(ClO4)2 was found to readily absorb CO2 from air
to give tetranuclear 4, where two {L4H–1Zn2} subunits are
linked by two hydroxide bridges and the resulting rectangle
of four zinc ions is capped by a µ4-carbonate.[68]

Unexpectedly, a bridging hydroxide was detected crystal-
lographically in 3,[65] despite the short ligand side arms that
were assumed to induce a situation similar to the corre-
sponding dinickel(II) complex 2a. This can be traced to the
ability of zinc(II) to adopt a {4+1} coordination with two
significantly elongated backside bonds between zinc and the
bridgehead-N in 3. However, the dinuclear scaffold in 3 ap-
pears to be somewhat strained and it is assumed that the
bridging hydroxide in 3 more easily adopts a semibridging
or even nonbridging position in solution than the tightly
bound hydroxide in 1 and 5. Unfortunately, no crystallo-
graphic information is yet available for [L3aZn2(OH)-
(H2O)x]2+.

(ii) pKa of the Zn-Bound Water

While the X-ray crystallographic results provide struc-
tural insight for the various complexes, knowledge of the
species distribution in aqueous solution is crucial for under-
standing their hydrolytic reactivity. Species distributions of
ligands L1–L6 in the presence of Zn2+ have been determined
by potentiometric titrations and have revealed the existence
of various mononuclear and dinuclear complexes de-
pending on the pH, except for the case of L1, where only
mononuclear species are formed in the pH range 4–7 and
precipitation of zinc hydroxide is observed at higher
pH.[64,65,69,70] As expected, ligands that form six-membered
chelate rings generally provide lower complex stability than
the corresponding systems that form five-membered chelate
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rings, and complexes with pyridyl-containing (L5, L6) or tri-
azacyclononane-derived ligands (L3a, L3b) give more stable
complexes than the corresponding open-chain aliphatic
scaffolds (L1, L2, L4). The species distribution diagram of
L3a/Zn2+ differs somewhat from that of the system L3b/
Zn2+, supporting a significant effect of the outer side-arm
substituents.[65,70] For all ligands except L1, the dominant
species above pH � 8 is [(LH–2)Zn2]2+, which most likely
represents the complex structures 2a, 3, 5, or 6 observed
in the solid state. The species [(LH–2)Zn2]2+ is thus better
described as [(LH–1)Zn2(OH)]2+ or [(LH–1)Zn2(O2H3)]2+.
The pKA of the zinc-bound water can be extracted from the
titration data, and values obtained for [(LH–1)Zn2-
(OH2)x]3+ (L = L2 – L6) are collected in Table 1.

Table 1. pKA values for the deprotonation of Zn-bound water in
dizinc complexes [(LH–1)Zn2(OH2)x]3+ to give [(LH–1)Zn2(OH)-
(OH2)x–1]2+.[64,65,69,70]

Species L1 L2 L3a L3b L4 L5 L6

pKA – 7.57 8.29 8.04 7.66 7.96 7.60

All pKA values are clearly lower than the pKa of
[Zn(H2O)6]2+ (8.96)[71] and lower than most pKA values of
zinc-bound water in five-coordinate mononuclear zinc com-
plexes with tetradentate tripodal ligands. The pKA values
8.29, 8.04, and 7.96 for [(L3aH–1)Zn2]3+, [(L3bH–1)Zn2]3+,
and [(L5H–1)Zn2]3+, respectively, appear to be relatively
high for bridging water in dinuclear zinc(II) complexes,
which is often found to have pKa values below 8. However,
a similar pKA of 8.0 for metal-bound water has been deter-
mined for the dizinc complex of the dinucleating ligand
comprising two tacn subunits tethered by a bridging alk-
oxide.[72] The mononuclear complex [(Me3tacn)Zn-
(OH2)3]2+ (Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane) is much less acidic (pKA � 10.8), which has to
be attributed (at least in part) to its higher coordination
number.[73] Comparison is more straightforward for the sys-
tem L6/Zn2+, since [(tpa)Zn(OH2)]2+ {tpa = tris(pyridylme-
thyl)amine} can be viewed as a mononuclear analogue of
[(L6H–1)Zn2(OH2)x]3+.[60] The pKa of [(tpa)Zn(OH2)]2+ is
8.03,[74] clearly indicating a certain increase in acidity due
to the dinuclear arrangement in 6 that induces formation of
the O2H3 bridge.

As the most interesting result of these considerations, it
should be noted that involvement in strong hydrogen bond-
ing (such as in the O2H3 bridge) can cause an even more
drastic decrease in the pKA of Zn-bound water than incor-
poration of the resulting hydroxide in a bridging position
between two zinc ions, as is evident from a comparison of
the values of pKA = 7.60 for [(L6H–1)Zn2(OH2)x]3+ and pKA

= 7.96 for [(L5H–1)Zn2(OH2)x]3+.[64] The same holds true
for the corresponding pyrazolate systems with aliphatic N-

Scheme 8. Phosphodiesterase model reaction with BNPP test substrate.
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donor side arms, where pKA = 7.57 for [(L2H–1)Zn2-
(OH2)x]3+, pKA = 8.29 for [(L3aH–1)Zn2(OH2)x]3+, and pKA

= 8.04 for [(L3bH–1)Zn2(OH2)x]3+.[65,69,70] These findings
clearly demonstrate that a bridging position of water (or
the resulting hydroxide) is not required for sufficiently low-
ering its pKA to give a zinc-bound hydroxide at physiologi-
cal pH, since this increase in acidity may well be achieved
by the appropriate hydrogen-bonding pattern such as that
found in the intramolecular O2H3 bridge.[64,65] Similar con-
clusions have also been reached for the influence of hydro-
gen bonding in mononuclear zinc hydroxide systems.[75]

This observation supports the view that the O2H3 unit is an
attractive structural and possibly functional motif in oligo-
zinc enzyme chemistry.[42,43,64]

5. Models for Oligozinc Phosphatases

Despite the manifold studies on zinc-containing model
phosphatases, there is still only limited knowledge about the
intrinsic factors that govern hydrolytic activity and a lack
of general structure–reactivity correlations.[72,76] The assort-
ment of dizinc complexes described above appeared to be a
promising set of systems for gaining further clues on the
cooperative action of two proximate zinc atoms in biomi-
metic hydrolytic reactions.

(i) Structure–Activity Correlations in Phosphate Diester
Hydrolysis

Phosphatase activities of the various pyrazolate-based di-
zinc complexes have been evaluated in 1:1 DMSO/aqueous
buffer (or pure water in the case of the L3a/Zn2+ system[77]),
by using sodium bis(4-nitrophenyl) phosphate (sodium
bnpp) as a test substrate (Scheme 8). Differences among the
series of complexes gave valuable insights into structure–
activity correlations and allowed for the experimental as-
sessment of the hydrolytic efficiency of a bridging versus
pseudo-terminal Zn-bound hydroxide.[64,65] Instead of
crystallographically characterized 4, dinuclear species
{L4H–1Zn2} (4�) prepared in situ from L4 and 2 equiv.
Zn(ClO4)2·6H2O was used without isolation of the complex
in order to avoid any possible active-site inhibition by the
carbonate.

Since 1 is not stable in aqueous solution, results for this
complex are not meaningful. For all other systems (2, 3, 4�,
5, 6), the rate of BNPP hydrolysis was linearly dependent
on complex concentration, in agreement with pyrazolate-
based dizinc active species. Pseudo-first-order rate con-
stants kobs (defined by v0 = kobs·[complex]0) at pH 8.28 are
collected in Figure 1, showing drastic differences between
the complexes. Except for 2, inspection of the pH-depen-
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dence of kobs revealed that the sigmoidal increase in hydrol-
ysis rate at higher pH generally coincides with the forma-
tion of species [LH–1Zn2(OH)(H2O)x]2+ featuring the Zn-
bound hydroxide. This clearly established that deproton-
ation of the Zn–OH2 function is required for hydrolytic ac-
tivity, in accordance with findings for other phosphatase
model systems. Only in the case of 2 did the species
[LH–1Zn2(OH)(H2O)x]2+ turn out to be inactive, which was
interpreted in terms of a bidentate substrate binding within
the dimetallic pocket that replaces the Zn-bound hydroxide
and leaves no accessible coordination sites for activation of
the water nucleophile (compare also results for phosphate
ester binding summarized below).[65] Taking into account
the individual species distributions and the predominance
of the active species at the relevant pH, a more reliable com-
parison with reference to the true second-order rate con-
stants kbim that included the percentage factor for the
[LH–1Zn2(OH)(H2O)x]2+ species at pH 8.28 is also given
(Figure 1). Trends are qualitatively similar to those for the
kobs values, with the order of activity 4� � 6 � 5 � 3.

Figure 1. Comparison of rate constants kobs (dark) and kbim (light)
for BNPP hydrolysis at pH 8.28 mediated by the different pyrazol-
ate-based dizinc complexes.

Direct comparison of 5 and 6 proved most insightful and
allowed us to draw valuable conclusions regarding the rela-
tive hydrolytic efficiencies of the Zn–OH–Zn and Zn–
O2H3–Zn functions, since both 5 and 6 are fully stable un-
der the experimental conditions and have closely related di-
metallic core structures. The effect of substrate concentra-
tion on the initial hydrolysis rate suggested a substrate-
binding pre-equilibrium, and a Michaelis–Menten type
analysis gave almost identical KM values of 51±5 m

and 56±4 m, but very distinct kcat values of
(0.49±0.04)×10–5 s–1 and (2.3±0.1)×10–5 s–1 for 5 and 6,
respectively. Evidently, it is not the initial substrate binding,
but the subsequent intrinsic reactivity at the dizinc core that
makes the difference, leading to an almost fivefold higher
hydrolytic activity for 6. Although any further interpret-
ation was hampered by the lack of structural information
for the intermediate {complex–substrate} adducts, these
data strongly support the view of the Zn–O2H3–Zn moiety
as a favorable functional unit in dizinc enzyme chemistry.

After a single turnover, BNPP hydrolysis by any of the
dizinc complexes 3–6 became much slower or even stopped
completely. This has to be attributed to inhibition by the
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formed phosphate monoester (which is a much stronger li-
gand), and structural insight for the phosphate inhibited
dizinc sites was obtained from isolated product-bound com-
plexes (see below). In methanol, however, catalytic transes-
terification was observed to sequentially give the mixed di-
ester methyl 4-nitrophenyl phosphate and dimethyl phos-
phate (dmp).[64] While the first transesterification step again
occurred much faster when mediated by 6 as compared to
5, the opposite was true for the second step. Apparently,
complex 6 is intrinsically more active, but on the other
hand, inhibition is also more pronounced for the system
with the larger Zn···Zn distance. On the basis of structural
insight for the two dizinc complexes with bound DMP as
well as NMR studies, the differences in inhibition could be
rationalized and traced to stronger DMP binding in the di-
metallic clamp of 6: while the larger Zn···Zn separation en-
forced by the ligand scaffold L6 is perfectly suited to accom-
modate the bridging O–P–O moiety of DMP, ligand L5 fa-
vors much shorter Zn···Zn distances.[64] Hence the pyrazol-
ate-based dizinc arrangement in 5 has to be distorted drasti-
cally to host the DMP bridge (Figure 2), resulting in a
much decreased DMP binding affinity. This may hint
towards a suitable strategy to avoid the latent problem of
product inhibition in synthetic dizinc hydrolase models.

Figure 2. Molecular structures of [L5H–1Zn2(dmp)]2+ (top) and
[L6H–1Zn2(dmp)]2+ (bottom) illustrating the much greater distor-
tion of the dizinc scaffold in the former case.

As was also stated for the related complex [L3aH–1Zn2-
(OH)(H2O)x]2+,[77] it can be concluded that the pyrazolate-
based dizinc complexes show many typical features of a me-
talloenzyme, such as formation of a substrate complex, acti-
vation of the substrate through coordination, preorganiza-
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tion of the substrate and the nucleophile, and inhibition by
the product.

(ii) Dizinc Scaffolds with Bound Phosphate

The same O,O�-bridging DMP coordination mode
shown in Figure 2 has been detected crystallographically in
complexes [L2H–1Zn2(dmp)]2+, [L4H–1Zn2(dmp)(NO3)2]2+,
[L5H–1Zn2(dmp)]2+, and [L6H–1Zn2(dmp)]2+, with Zn···Zn
distances between 4.2 and 4.4 Å.[64,65] A similar binding
mode was also observed for diphenyl phosphonate (dpp) in
the related dicopper(II) complex [L3aH–1Cu2(dpp)]2+, while
a µ4-κO:κO�:κO��:κO��� phosphate was found in
[(L3aH–1Cu2)2(PO4)]3+.[70] It should be noted that structures
with bidentate bridging DMP are reminiscent of the pro-
posed phosphate ester binding in the dizinc active sites of
various metallohydrolases[78] and mimic a crucial intermedi-
ate in the phosphotriesterase mechanism (compare
Scheme 1).[15]

ESI mass spectrometry confirmed the weak binding of
BNPP, but significantly stronger coordination of the first
hydrolysis product 4-nitrophenyl phosphate (npp), as well
as of DMP. Active-site inhibition of the most active com-
plex 4� by NPP was visualized in the structure of the com-
plex [(L4H–1Zn2)2(OH)2(npp)]2+ (7; Scheme 9), where the
NPP caps a rectangle of four zinc ions and blocks all access-
ible coordination sites.[65] Accordingly, only 0.5 equiv.
BNPP is hydrolyzed per {L4H–1Zn2} (4�).

Scheme 9. Complex derived from inhibition of 4� by 4-nitrophenyl
phosphate.[65]

6. Models for Dizinc Metallo-β-lactamases

Despite the extensive work on synthetic metallohydrolase
models, very few studies have employed preorganized dinu-
clear zinc(II) complexes as functional mimics of metallo-β-
lactamases.[79–81] Such model studies may contribute valu-
able insights into the mechanistic roles and cooperative ef-
fects of the proximate metal ions in that important class of
enzymes and the identity of the active nucleophile. Further-
more, isolated adducts between synthetic dizinc scaffolds
and β-lactam compounds or their ring-opened derivatives
should provide clues to possible substrate binding modes.

(i) Penicillin G Hydrolysis

Several pyrazolate-based dizinc complexes turned out to
be active mediators for the hydrolytic cleavage of penicillin
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G. Following the time course of penicillin G hydrolysis pro-
moted by 1, 2a, 5, and 6 with in situ FTIR spectroscopy
revealed drastic differences in activity (Scheme 10, Fig-
ure 3).[80]

Scheme 10. Hydrolytic cleavage of penicillin G mediated by the di-
zinc complexes.

Figure 3. Time course of penicillin G hydrolysis in DMSO/water
(9:1) in the presence of the different dizinc complexes.[80]

Unexpectedly, hydrolytic efficiency is much greater for
systems 1 and 5, which feature a shorter Zn···Zn separation
and a bridging hydroxide in their resting state, while com-
plex 2a is not active at all, and 6 is still less efficient than
free Zn2+. Mass spectrometry in combination with NMR
and IR spectroscopy indicated predominant coordination
of the β-lactam antibiotics through their carboxylate group,
whereas involvement of the β-lactam C=O in metal coordi-
nation could not be unambiguously deduced from the spec-
troscopic data, in agreement with findings for other dizinc
metallo-β-lactamase model systems.[79] NMR experiments
of the reaction mixtures suggested an explanation for the
much greater hydrolytic activity of 1 and 5 relative to 2a
and 6: after substrate binding through the carboxylate an-
chor with replacement of the Zn-bound hydroxide (com-
pare the structure of 9 shown below), only in the case of
the six-membered chelate rings in 1 and 5 do the labile side-
arm N-donors tend to dissociate to generate an accessible
coordination site and to allow for the binding and acti-
vation of the water nucleophile. In contrast, the five-mem-
bered chelate rings in 2a and 5 impart much higher stability,
rendering any detachment of the ligand side arms less likely.
Hemilability of the longer side arms in related pyrazolate-
based dimetal complexes could also be confirmed structur-
ally in several cases.[59a,62a,80] These observations underline
the necessity for the activation of both the substrate and
the nucleophile through zinc coordination, which requires
suitably designed dimetallic scaffolds that offer sufficient
and properly oriented binding sites.
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(ii) Structural Characterization of Dizinc β-Lactam Adducts

Unfortunately, it was not possible to isolate any adduct be-
tween a dizinc complex and the penicillin substrate or its
ring-opened product in crystalline form suitable for X-ray
diffraction. In order to obtain structural insight into β-lac-
tam binding at dizinc sites, we therefore turned to smaller
substrate analogues featuring different levels of structural
simplification as compared to penicillin. The most simple
choice is 2-azetidinone, which is readily incorporated into
the dimetallic pocket of some of the pyrazolate-based dizinc
complexes, giving lactamide-bridged complexes such as 8
(Scheme 11).[82]

Comparison of the IR spectroscopic and metric charac-
teristics of the N-deprotonated lactamide with those of free
azetidinone,[83,84] and the β-lactamide subunit of a mono-
nuclear TpCum,MeZn(β-lactamido) complex [Scheme 11;
TpCum,Me = tris(3-cumyl-5-methylpyrazolyl)borate][85] was
informative: in the latter system the β-lactamide is solely
bound by its N atom to a single zinc ion, which reduces
conjugation within the amide moiety and hence leads to
lengthening of the C–N bond and a slight shortening of the
C=O bond. Binding of a second zinc ion to the β-lactam-
ide-O as observed in complex 8 reverses this trend, i.e. the
C–N bond is shortened and the C=O bond is clearly elon-
gated. In line with these structural findings, the β-lactam
ν(C=O) stretch in TpCum,MeZn(β-lactamido) at 1709 cm–1 is
barely shifted from those of free 2-azetidinone, while the
ν(C=O) vibration of 8 appears at much lower frequency.
These findings underline the particular ability of highly pre-

Scheme 11. (β-lactamido)zinc systems.

Scheme 12. Binding of oxazetidinylacetate (oaa).[80]
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organized dinuclear scaffolds to accommodate and polarize
small substrate molecules within their dimetallic binding
pocket, which is quite distinct from activation at a single
metal ion.

2-Azetidinone is apparently unsuited as a model sub-
strate with regard to penicillin binding at a dizinc site be-
cause coordination of the deprotonated β-lactam-N is unde-
sired. N-substituted oxazetidinylacetate (oaa; Scheme 12)
proved more appropriate, since that also incorporates the
carboxylate group in an α position to the β-lactam-N. The
carboxylate of penicillin G was identified spectroscopically
as the primary anchoring group for substrate binding at the
dizinc scaffolds, and the same applies to complexes of oaa,
e.g. in structurally characterized 9.[80]

Interestingly, additional coordination of the β-lactam-O
does occur if the ligand scaffold provides fewer side arms
and hence leaves accessible sites at the metal ion. The tetra-
metallic complex 10 represents the first system for which
binding of a β-lactam-O has been verified crystallographi-
cally. The C=O bond in 10 is markedly lengthened relative
to 9, and the ν(C=O) stretch is found at a significantly
lower frequency (Scheme 12). Such polarization is usually
assumed to activate the amide moiety for nucleophilic at-
tack.

While the structural findings confirm that for β-lactam
antibiotics (or related β-lactam derivatives) binding of zinc
to the carboxylate group is favored over binding to the β-
lactam function, coordination of the β-lactam amide-O may
still be induced under suitable circumstances or upon
proper orientation of the substrate within the binding
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pocket, and this leads to significant changes of the internal
geometry of the β-lactam moiety, which are likely to facili-
tate subsequent hydrolytic ring cleavage. It is plausible that
electrostatics contributes significantly to the preferential
binding of an anionic carboxylate to the highly charged py-
razolate-based dizinc scaffolds {LZn2}3+, but a lower posi-
tive charge of the dizinc arrangement or involvement of the
carboxylate in interactions with positively charged protein
residues or in strong hydrogen bonding within the enzyme
active site may well alter the binding preference in favor of
the neutral β-lactam amide moiety.

Concluding Remarks

The studies summarized above demonstrate how the in-
vestigation of well-designed synthetic model complexes may
afford clues to the understanding of substrate transforma-
tions at metalloenzyme active sites. The compartmental py-
razolate-based ligand scaffolds have the distinct advantage
of easy tuning of essential parameters in the dimetallic
core – such as the metal–metal separation – which have a
decisive effect on reactivity. A bridging position of water
(or the resulting hydroxide) between the two zinc ions is
not required for sufficiently lowering its pKa, but proper
hydrogen bonding of the pseudo-terminal Zn–OH, such as
the one in the Zn–O2H3–Zn function, does the job and at
the same time may result in higher nucleophilicity of the
Zn-bound hydroxide. Comparative functional studies on
the phosphodiesterase activity of an assortment of pyrazol-
ate-based dizinc complexes provided experimental support
for a possible functional role of the Zn–O2H3–Zn motif and
structural insight into phosphate ester binding at dimetal
sites. Similarly, some structure–activity correlations could
be deduced for penicillin hydrolysis at bioinspired dizinc
sites, and first crystallographic evidence for coordination
and activation of a β-lactam could be obtained. Future di-
rections in the development of synthetic analogues of dizinc
enzymes will comprise, inter alia, the incorporation of func-
tional groups that emulate mechanistically important pro-
tein residues in the vicinity of the active site.
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The human heme peroxidases myeloperoxidase (MPO),
eosinophil peroxidase (EPO) and lactoperoxidase (LPO) are
able to oxidise (pseudo)halides and nitrite to reactive species
that participate in host defence against foreign microorga-
nisms as well as in immunomodulation and tissue degrada-
tion in certain pathologies. The heme in EPO and LPO is co-
valently linked to the apoprotein by two ester bonds,
whereas in MPO it is additionally linked by a unique sulfo-
nium ion bond to a methionine residue. As a consequence,
the prosthetic group in MPO is significantly distorted from a
planar conformation. These structural differences are re-
flected by distinct spectral and redox properties as well as
reactivities toward chloride, bromide, iodide, thiocyanate

Heme Peroxidases

Peroxidases are iron-containing enzymes that have been
used in a great number of analytical and technical applica-
tions[1] since they are able to catalyze one- and two-electron
oxidation reactions of inorganic and organic compounds
with hydrogen peroxide. Physiologically, these enzymes are
not only responsible for protection against harmful side-
effects of oxygen metabolism but are also involved in a vari-
ety of biosynthetic and degradative functions related to the
consumption of hydrogen peroxide. Today we know, as re-
sult of gene and genome sequencing and increasing data
deposited in protein data banks, of two heme-containing
peroxidase superfamilies, namely the superfamily of plant,
fungal and bacterial peroxidases[2] and the superfamily of
animal peroxidases.[3] The physiological importance of these
metalloenzymes is underlined by the fact that higher organ-
isms often contain a high number of genes encoding peroxi-
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and nitrite, which function as endogenous two- and one-elec-
tron donors for these enzymes in vivo. Standard reduction
potentials at pH 7 have been determined for all redox cou-
ples involved in the halogenation and peroxidase cycle of
MPO and LPO and partially of EPO. A detailed thermo-
dynamic analysis of the formation of reactive halide species
by MPO and EPO was also performed. Thus, for the first
time, a comprehensive analysis of reactions catalysed by hu-
man heme peroxidases is presented that allows a better un-
derstanding of their role in physiological and pathophysio-
logical processes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

dases. For example, in Arabidopsis thaliana, the first plant
for which the whole genome has been sequenced, 73 full-
length genes encoding classical plant peroxidases[4] and se-
veral genes encoding so-called ascorbate peroxidases[5] have
been identified in the genome. Moreover, the diversity in
structure and function can be further increased by varia-
tions in gene transcription and translation resulting in the
fact that one single gene can encode several multiple forms
of a protein or enzyme.

In the human genome there are only four genes encoding
for homologous heme peroxidases known as myeloperoxi-
dase (MPO), eosinophil peroxidase (EPO), lactoperoxidase
(LPO) and thyroid peroxidase (TPO), which are members
of the animal peroxidase superfamily. MPO, EPO and LPO
are functionally homologous enzymes closely involved in
host defence. MPO is secreted at inflammatory sites from
stimulated polymorphonuclear leukocytes and also mono-
cytes,[6] while EPO is released from activated eosinophils.[7]

LPO is found in mucosal surfaces and exocrine secretions
such as milk, tears and saliva.[8] In contrast, TPO is in-
volved in the biosynthesis of the thyroid gland hormones
thyroxine and triiodothyronine.[9]

Closely related with the physiological role is the nature
of the substrates oxidized by human peroxidases. These en-
zymes prefer small anionic molecules as electron donors,
such as halides (chloride, bromide, iodide), thiocyanate and
nitrite. The corresponding oxidation products, for example
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hypohalous acids or nitrogen dioxide, are responsible for
killing microorganisms[6,10] or in iodination of tyrosine resi-
dues of thyroglobulin in hormone syntheses.[9] However,
since many of these reaction products are (strong) haloge-
nating and nitrating oxidants, they also contribute to tissue
injury in certain inflammatory diseases.[11] Moreover, cer-
tain products of the halogenating activity of peroxidases are
known to function as immunomodulators such as taurine
chloramine[12] and hypothiocyanite.[13]
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These functional features are closely related with the pe-
culiar structural and redox properties of these heme pro-
teins. Recently, the standard reduction potentials of the re-
dox couple compound I/ferric enzyme for MPO, EPO and
LPO, as well as compound II/ferric enzyme and compound
I/compound II for MPO and LPO have been deter-
mined.[14–16] With this knowledge, it is now possible to re-
late much better data on (pseudo)halide and nitrite oxi-
dation to the structural and functional properties of perox-
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idases. This review summarises the present knowledge on
halide and nitrite oxidation by MPO, EPO and LPO from
the viewpoint of biophysical chemistry and compares their
halogenation and nitration activity with respect to the
modification of functional sites in proteins.

Active Site of Mammalian Peroxidases

Among the mammalian peroxidases only the 3D struc-
ture of MPO is known. The structure of human MPO at
2.3 Å resolution was obtained and this structure has been
refined at 1.8 Å, using X-ray data recorded at –180 °C.[17]

Each half of dimeric MPO contains one iron, which is pres-
ent as covalently bound heme. Besides differences in the
overall structure, the mode of heme binding in animal per-
oxidases is the most significant structural difference to
plant-type peroxidases, which have the heme not covalently
attached to the protein. In MPO and other animal perox-
idases, the methyl groups on pyrrole rings A and C of the
protoporphyrin IX derivative are modified to allow forma-
tion of ester linkages with the carboxyl groups of Glu242
and Asp94. In addition, the β-carbon of the vinyl group on
pyrrole ring A in MPO forms a covalent bond with the
sulfur atom of Met243, giving rise to a sulfonium ion link-
age (Figure 1, A).[17] The heme porphyrin ring is consider-
ably distorted from planarity. Although pyrrole rings B and
D are nearly coplanar, ring A and, to a lesser extent, ring
C are tilted toward the distal side, resulting in a bow-shaped
structure of the heme.

Unlike the two acidic residues, Met243 has no obvious
equivalent in EPO, LPO or TPO,[18] although there is bio-
chemical and biophysical evidence for a heme linkage
through esters in EPO,[19] LPO[20] and TPO.[21] The uncom-
mon manner of heme binding is responsible for the peculiar
spectroscopic features[18] and redox properties of mamma-
lian peroxidases. MPO has the largest red shift of the maxi-
mum of the Soret band in the visible spectrum among per-
oxidases and the highest values for standard reduction po-
tentials of redox couples where compound I is involved.
The MPO-specific sulfonium ion linkage could have the fol-
lowing roles: first, it serves as an electron-withdrawing sub-
stituent due to its positive charge, and, second, together
with its neighbouring residue Glu242 (Figure 1, A), it ap-
pears to be responsible for the lower symmetry of the heme
group and distortion from the planar conformation. The
spectral properties of EPO, LPO and TPO are very similar,
thereby underlining that they share an identical way of
heme binding by two ester bonds.[18] All other active site
residues, i.e. the proximal histidine (His336) and the heme
distal site residues histidine (His95 in MPO), arginine
(Arg239) and glutamine (Gln91; see Figure 1) are highly
conserved in mammalian peroxidases. Moreover, the overall
structure of the four representative proteins seems to be
similar. There are only a small number of insertions/de-
letions and modelling suggests that almost all the regions
corresponding to helices in MPO are well conserved in the
other members of this protein superfamily.[18]
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Figure 1. (A) The non-planar porphyrin ring in MPO and its coval-
ent attachments to the protein through two ester bonds (Asp94 and
Glu242) and one sulfonium linkage (Met243). The catalytic resi-
dues His95, Arg239 and Gln91 are also shown, the latter of which
is important in halide binding. (B) The locations of the five water
molecules in the distal heme cavity of ferric high-spin MPO. This
figure was constructed using the coordinates deposited in the Pro-
tein Data Bank (accession code 1CXP). (C) The structure of the
myeloperoxidase-cyanide-bromide double complex (MPO com-
plexed with cyanide and bromide). The view in (D) is approxi-
mately normal to the heme plane. Please note that in the MPO–
bromide complex the halide binds at W2, which is positioned above
the δ-methine bridge carbon (i.e. the potential electron donation
site of both nitrite and halides) between pyrrole rings A and D.
This figure was constructed using the coordinates deposited in the
Protein Data Bank (accession code 1D7W).

Nitrite and Halide Binding
Cyanide and nitrite bind very tightly to the active site of

mammalian peroxidases and convert the protein into a low-
spin species. The pH dependency of cyanide binding re-
sembles that of H2O2 in compound I formation (see below),
since both require the deprotonated form of a group with a
pKa of 4.0–4.3, which seems to be the distal histidine.[22–24]

Following deprotonation of HCN by the distal histidine,
the cyanide anion binds to the heme iron to produce an S
= 1/2 low-spin complex. The crystal structure of the MPO–
cyanide complex[25] shows that the orientation of the cya-
nide ion is determined by the formation of three hydrogen
bonds between its nitrogen atom and the distal histidine as
well as water molecules W2 and W3 (see C and D in Fig-
ure 1). Water W1 is displaced by cyanide and the heme iron
moves about 0.2 Å into the plane of the heme during the
transition of high-spin MPO to its low-spin form. No sig-
nificant protein conformational changes are associated with
cyanide binding.[25]

Similar to cyanide, nitrite binding converts ferric high-
spin to low-spin MPO.[24,26] The structure of the MPO–
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NO2

– complex is unknown. However, because of the large
spectral changes, one would expect that nitrite also binds
directly to FeIII through the nitrogen atom [Equation (1)],
with PorFeIII–NO2

– being the peroxidase nitrite complex.

PorFeIII + NO2
–
p PorFeIII–NO2

– (1)

The pH dependency of nitrite binding resembles that of
halide binding to MPO (see below). In contrast to cyanide
binding, nitrite and halide binding is favoured at acidic pH
and needs protonation of the distal histidine. This is shown
by a significant decrease of the dissociation constant of
bound nitrite upon decreasing the pH from 7.0 (2.3 m) to
5.0 (31 µ).[24] LPO shows a much reduced affinity toward
nitrite, with a dissociation constant of about 45 m at neu-
tral pH.[28] From the pH dependence of NO2

–[24] and chlo-
ride binding,[27] the pKa value of the distal histidine was
found to be around 4.3.

Halides do not bind directly to the heme iron. The struc-
ture of the MPO–bromide complex[25] demonstrates that
bromide binds at the position of water molecule W2 (Fig-
ure 1, B), which is hydrogen bonded to the amide nitrogen
of Gln91. Bromide binding is accompanied by small shifts
of the side-chains of His95 and the heme-ester-linked
Glu242 as well as of water molecules W1 and W5. Possible
electrostatic interactions occur between the bromide and
water molecules W1 and W5, the Nε of His95 and the
amide nitrogen of Gln 91.[25] The closest heme atom to the
bromide is the δ-methylene bridge carbon between pyrrole
rings A and D (Figure 1). Thus, halides are typical high-
spin ligands in contrast to the low-spin ligands cyanide or
nitrite. As a consequence, spectral changes upon halide
binding are relatively small.[18]

The Redox Couple Compound I/Native Enzyme

Hydrogen peroxide is known to convert resting ferric
heme peroxidases (PorFeIII) into compound I
(·+PorFeIV=O),[29] which is a porphyrin π-cation radical
with an oxygen atom coupled by a double bond to iron(IV)
[Equation (2)].[30]

PorFeIII + H2O2 � ·+PorFeIV=O + H2O (2)

In this redox reaction, the reduction of hydrogen perox-
ide to water is coupled with the oxidation of ferric heme.
The oxidation and reduction steps of this redox reaction
consist of the two half reactions (both written as reduction
process) given in Equations (3) and (4).

·+PorFeIV=O + 2e– + 2H+ � PorFeIII + H2O (3)

H2O2 + 2e– + 2H+ � 2H2O (4)

As the absorption of the Soret band of heme peroxidases
shows a marked hypochromicity upon formation of com-
pound I, it is possible to monitor this fast conversion by
stopped-flow spectroscopy. By monitoring the resulting ab-
sorbance change at the wavelength for which the extinction
coefficient of native enzyme and corresponding compound
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I are known, and taking into account the standard re-
duction potential, E�°, of 1.32 V at pH 7 for the redox cou-
ple H2O2/2H2O,[31] equilibrium concentrations of all reac-
tants and standard reduction potentials of the couples com-
pound I/ferric enzyme have been determined for human
heme peroxidases using the Nernst equation [Equation (5)]
(Table 1). An alternative approach to generate compound I
of peroxidases is the use of peroxyacetic acid, which is re-
duced to acetate and water. The redox couple peroxyacetic
acid/acetate, H2O has a standard reduction potential of
1.14 V at pH 7.[16]

E� = E�o + (RT/nF) ln (aox/ared) (5)

Table 1. Standard reduction potentials (E�°) at pH 7 of all redox
couples of the peroxidase cycle of human heme peroxidases.

Redox couple MPO EPO LPO

Compound I/native enzyme 1.16 V[14] 1.10 V[14] 1.09 V[16]

Compound I/compound II 1.35 V[37] n.d.[a] 1.14 V[16]

Compound II/native enzyme 0.97 V[37] n.d.[a] 1.04 V[16]

[a] n. d.: not determined.

In Equation (5) E� is the reduction potential of any redox
couple and E�o is the standard reduction potential that is
referred to a concentration of 1  or a pressure of 101.3 kPa
in the case of gases. The gas constant R is equal to
8.31 JK–1 mol–1. The temperature T is conventionally set to
298 K and n represents the number of electrons transferred
in a single reaction step by the redox couple. The Faraday
constant F is 96485 A·smol–1 and aox and ared are the activi-
ties of the oxidised and reduced species, respectively. This
method has been applied since a direct electrochemical de-
termination of the reduction potential of the compound I/
native enzyme couple is not possible due to the very high
instability of compound I.

The highest E�° value for the compound I/ferric enzyme
couple was found to be 1.16±0.01 V for MPO[14] followed
by EPO and LPO, with E�° values of 1.10±0.01 V[14] and
1.09±0.01 V,[16] respectively. These differences are appar-
ently caused by the mode of heme-to-protein linkages de-
scribed above: only in MPO, in addition to the two ester
linkages that are also present in EPO and LPO, is there the
unique sulfonium ion linkage at Met243 (see A and C in
Figure 1), which, besides its electron-withdrawing proper-
ties, will provoke an additional distortion of the prosthetic
group with the consequence of a pronounced out-of-plane
structure of the iron in the resting state.[17] This uncommon
way of heme binding is also responsible for the red-shift of
the Soret band in MPO (430 nm), EPO (413 nm) and LPO
(412 nm) compared to proteins with a more coplanar heme
such as ferric hemoglobin and horseradish peroxidase
(HRP).[18] The critical role of Met243 in the heme–protein
interaction is underlined by site-directed mutagenesis stud-
ies. Replacement of Met243 in mutant MPO strongly affects
the physical properties, substrate binding, substrate specific-
ity and substrate oxidation of the corresponding mu-
tants.[32] In general, Met243 variants exhibit spectral and
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catalytic properties similar to LPO and EPO, the heme of
which is linked only by two ester bonds to the apoprotein.

The Redox Couples Compound I/Compound II
and Compound II/Ferric Enzyme

Compound I of heme peroxidases can be reduced by two
consecutive one-electron steps to the ferric enzyme via the
intermediate complex compound II [PorFeIV=O], whereby
numerous small molecular substrates, including aromatic
amino acids, nitrite, indole derivatives and others, are oxi-
dised by abstracting one electron.[24,33,34] For example, the
generally accepted mechanism of nitrite oxidation involves
the intermediates compound I and compound II [Equa-
tions (6) and (7)].

·+PorFeIV=O + NO2
– � PorFeIV=O + ·NO2 (6)

PorFeIV=O + NO2
– + 2H+ � PorFeIII + ·NO2 + H2O (7)

These reactions, together with the oxidation of the ferric
enzyme by hydrogen peroxide [Equation (2)], form the per-
oxidase cycle.

The oxidation of nitrite to nitrogen dioxide [E�°(·NO2/
NO2

–) = 1.04 V at pH 7][35] as well as of tyrosine to tyrosyl
radical [E�°(tyrosyl radical/tyrosine) = 0.94 V at pH 7][36]

has been used to convert compound II of MPO or LPO to
the ferric enzyme and to calculate the standard reduction
potentials of the redox couple compound II/ferric enzyme
of these peroxidases (Table 1). Finally, the standard re-
duction potentials of the couple compound I/compound II
have been calculated from the two other experimentally de-
termined potentials of the peroxidase cycle (Table 1). Ex-
perimental details and calculations are described else-
where.[15,16,37]

Significant differences were observed in the oxidation of
indole derivatives by compound I and II of MPO and LPO.
The rates of reduction of compound II to ferric peroxidase
were similar, which is reflected by the fact that the standard
reduction potentials of the redox couple compound II/ferric
enzyme for MPO and LPO differ by only 0.07 V.[16,37]

Higher differences, however, were found in one-electron
substrate oxidation for reactions catalysed by compound I.
The highest standard reduction potential of couple com-
pound I/compound II (1.35±0.01 V at pH 7) was obtained
for MPO.[37] The potential for this couple for LPO
(1.14±0.02 V) is considerably lower,[16] and the correspond-
ing potential for EPO is still unknown. As EPO exhibits
more similarities to LPO than to MPO in its redox proper-
ties, it is assumed that the couple compound I/compound
II of EPO has a similar E�° value to LPO.

Thus, compound I of MPO is able to oxidise substrates
with a reduction potential around 1.2 V and higher with
sufficient rates,[38] thus underlining its extraordinary role in
substrate oxidation during bacterial killing. A partial re-
duction of compound I of MPO to compound II is even
observed in the presence of 250 m hydrogen carbonate.[39]

The redox couple CO3
·/HCO3

– has a standard reduction
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potential at pH 7 equal to 1.78 V.[40] Assuming a very low
concentration for the unstable carbonate radical, it follows
from the Nernst equation [Equation (5)] that compound I
of MPO is readily able to oxidise high concentrations of
hydrogen carbonate.

The formation of isomeric compound I, where the radi-
cal function is transferred from the porphyrin ring to the
protein moiety, is still under discussion.[18,41] The conver-
sion from porphyryl to protein radical has been shown in
MPO[42,43] and LPO[43] in the absence of good one- or two-
electron donors. Apparently, this conversion can be ne-
glected when considering the composition of the medium
at inflammatory sites containing a high number of sub-
strates being oxidised by peroxidases.

Nitrite Oxidation by Mammalian Peroxidases
The oxidation of nitrite by its reaction with either com-

pound I or compound II requires the formation of nitrogen
dioxide [Equations (6) and (7)].[44] As has been demon-
strated above, both compound I and compound II are able
to perform the one-electron reaction of nitrite. Some of the
rate constants for these reactions have been determined for
mammalian peroxidases. Table 2 also includes, for compar-
ative purpose, data for the plant model enzyme HRP.[44,45]

Brück et al.[46] have reported that LPO compound I reacts
with nitrite in a two-electron process to produce nitrate and
the resting enzyme directly due to the lack of observation
of the spectral features of compound II when compound I
was mixed with nitrite in a stopped-flow apparatus. How-
ever, this could be due to the high rate of LPO compound
II reduction by nitrite, which would prevent accumulation
of compound II. Normally, the compound II spectrum
dominates in a peroxidase cycle that consists of Equa-
tions (2), (6) and (7). In fact, with a sequential-mixing
stopped-flow apparatus with millisecond mixing time, we
have been able to observe the transient formation of LPO
compound II (unpublished results) when compound I was
mixed with nitrite. Unfortunately, the reaction rate constant
for the reduction of EPO compound I by nitrite has not
been obtained yet, although it is assumed to be much higher
than that of compound II.[44k]

Table 2. Second-order rate constants for the reduction of the perox-
idase intermediates by nitrite.

Enzyme Intermediate pH k (–1 s–1)

LPO compound I 7.2 2.2×107 [46]

compound II 7.2 3.5×105 [46]

compound II 7.0 6.8×104 [16]

MPO compound I 7.0 (2.2±0.2)×106 [24]

compound II 7.0 (5.5±0.1)×102 [24]

compound I 5.0 (1.1±0.2)×107 [24]

compound II 5.0 (8.9±0.6)×104 [24]

EPO compound II 7.4 (5.6±0.2)×103 [44k]

HRP compound I 6.93 6.7×102 [45a]

compound II 7.5 (6.6±0.4)[44e]

compound II 7.0 13.3[45b]

Generally, reduction of compound I [Equation (6)] is
faster than that of compound II [Equation (7)], and this is
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reflected by the higher redox potential for the compound I/
compound II couple with respect to the compound II/native
enzyme couple (Tables 1 and 2). Nevertheless, the same
trend occurs with HRP (Table 2), which has a standard re-
duction potential of about 0.9 V for both redox intermedi-
ates.[47] This suggests that, besides the thermodynamic
frame, kinetic aspects have to be taken into account. Con-
sidering Equations (6) and (7), according to the Marcus
theory, there are significant differences in complexity. In
compound I reduction the porphyrin cation radical has to
be quenched; the rigid and highly delocalised aromatic skel-
eton of the macrocycle facilitates the electron transfer. In
the case of MPO, it has been demonstrated that the δ-meso
carbon of the porphyrin π-cation radical of compound I is
most likely the electron donation site in compound I since
it is located adjacent to the positively charged sulfonium
ion linkage to the vinyl group attached to pyrrole ring A
(Figure 1).[18,48] By contrast, reduction of the oxoiron(IV)
species in compound II requires a more pronounced re-
arrangement; in fact, Equation (7) requires two protons for
the formation of a water molecule from the oxoiron(IV)
group. Furthermore, formation of the native enzyme in-
cludes a low-spin to high-spin shift that restores the out-of-
plane disposition of FeIII. The need for protons in com-
pound II reduction by nitrite is also shown by the effect of
pH on the reaction rates determined in the case of MPO
(Table 2). Both reductions of compound I and compound
II are controlled by an amino acid residue with a pKa value
of 4.3±0.3,[24] most likely the distal histidine, and the rates
are higher at acidic pH. Reduction of compound I is ap-
proximately fivefold higher at pH 5 with respect to pH 7,
whereas for compound II the ratio of the reaction rate con-
stants at the two pH values increases by a factor of 160,
thus indicating a much larger dependence on the proton
concentration in the latter reaction.

Redox Chemistry of (Pseudo)halide Oxidation
by Peroxidases

Human heme peroxidases are unique among human en-
zymes in their ability to oxidise (pseudo)halides to (pseudo)-
hypohalous acids with concomitant reduction of compound
I in a two-electron step to the ferric enzyme form. The over-
all reaction is given in Equation (8)

·+PorFeIV=O + X– + H+ � PorFeIII + HOX (8)

where X denotes Cl–, Br–, I– or SCN–. This redox process
can be divided into two half-reactions, where the reduction
of compound I [Equation (3)] is coupled with the (pseudo)-
halide oxidation ([Equation (9)], written as a reduction pro-
cess.

XOH + 2e– + H+ � X– + H2O (9)

Standard reduction potentials for the redox couple XOH/
X–, H2O are given for pH 0 and pH 7 in Table 3. At pH 7,
HOCl, HOBr and HOI exist predominantly in the undisso-
ciated form according to their pKa values (see also Table 3).
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Standard reduction potentials for HOCl, HOBr and HOI
were originally described at pH 0. The reduction potentials
of these couples decrease between pH 0 and pH 7 by about
0.03 V with increasing pH unit, as two electrons and one
proton are involved in the corresponding half-reaction.
Thus, the standard reduction potentials of the couples
HOCl/Cl–, H2O, HOBr/Br–, H2O, and HOI/I–, H2O are
1.28, 1.13 and 0.77 V, respectively, at pH 7. A further data
set exists in the literature for these standard reduction po-
tentials at pH 7;[31,49] they are about 0.20 V lower than
those indicated in Table 3. These data were also originally
determined from standard values at pH 0 by using, unfortu-
nately, a wrong coefficient to consider the pH dependence.

Table 3. Standard reduction potentials [V] for two-electron oxi-
dation of (pseudo)halides and pKa values of (pseudo)hypohalous
acids.

X– pKa (HOX) E�°(HOX/X–, H2O) E�°(X2/2 X–)
pH 0 pH 7

Cl– 7.53[50] 1.49[51] 1.28 1.39[52]

Br– 8.8[53] 1.33[54] 1.13 1.09[55]

I– 10.0[56] 0.99[57] 0.78 0.54[58]

SCN– 5.3[59] 0.82[a] 0.56[a] 0.72[a]

[a] This work.

The standard reduction potential for the couple
HOSCN/SCN–, H2O can be calculated from the equilib-
rium constant of the following redox reaction [Equa-
tion (10)].

H2O2 + SCN– � OSCN– + H2O (10)

An equilibrium constant of 3.7×103 –1 has been ob-
tained for this reaction.[60] However, a critical re-evaluation
yielded a totally different value of 5.65×1025 –1.[61] With
the latter value and E�° = 1.32 V at pH 7 for the couple
H2O2/2 H2O,[31] the unknown standard reduction potential
for the couple OSCN–/SCN–, H2O can be determined to be
0.56 V at pH 7. With the pKa value of HOSCN (5.3),[59] a
standard value of 0.82 V is obtained for this redox couple
at pH 0.

Thus, the ease of oxidation of (pseudo)halide ions is the
following: SCN– � I– � Br– � Cl– (Table 3). In conversion
of compound I to the ferric enzyme form by (pseudo)halide
ions studied by rapid scan spectroscopy, the same order of
sequence for the interacting (pseudo)halide has been ob-
tained (Table 4). Only MPO compound I is able to react
with chloride at pH 7.0 at reasonable rates.[42,62] It has been
suggested that the experimental data for the interaction of
chloride with compound I can be fitted best by a mecha-
nism that includes a compound I–chloride complex.[62b] At
low chloride concentration, the formation of the compound
I–chloride complex is rate limiting, whereas at high chloride
concentration its transition to ferric MPO and release of
hypochlorous acid (HOCl) is rate controlling.[62b]
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Table 4. Apparent second-order rate constants for the reactions be-
tween compound I of MPO, EPO and LPO with (pseudo)halide at
pH 7 and 15 °C.

MPO[42] EPO[65] LPO[66]

×104 (–1 s–1) ×104 (–1 s–1) ×104 (–1 s–1)

Chloride 2.5 0.31 –
Bromide 110 1900 4.1
Iodide 720 9300 12000
Thiocyanate 960 10000 20000

At acidic pH compound I reduction is accelerated signifi-
cantly, which is also reflected by an increase in the steady-
state chlorination activity of MPO.[63] At pH 5 EPO com-
pound I is also an oxidant of chloride (Table 4). At acidic
pH, chloride binds to a protonated amino acid close to the
ferryl oxygen since there is a halide-dependent change in
the EPR spectrum at acidic pH.[64] Supported by the crystal
structure of the MPO–bromide but not the MPO–cyanide–
bromide double complex,[25] which can be regarded as a
model of the compound I–halide complex, it is likely that
the distal histidine, upon protonation, allows such direct
interaction between chloride (but not bromide or iodide)
and ferryl oxygen. In the native enzyme, bromide replaces
water molecule W2, which is hydrogen bonded to the amide
of Gln91 in the proximity of the Nε atom of His95 (Fig-
ure 1, B), but in the cyanide complex W2 is not displaced
and bromide binds in place of W5, thereby preventing a
direct H-bond interaction with protonated His95 (Figure 1,
C and D).[25] Maybe the W2 site is inaccessible for larger
anions like bromide or iodide when cyanide is bound to the
iron. Although no crystallographic studies are available for
chloride binding in the distal cavity of MPO, it is possible
that the W2 position could accommodate this ion equally
well in both native MPO and its cyanide complex, since
chloride (1.81 Å) is significantly smaller than bromide
(1.96 Å) or iodide (2.2 Å). The steric hindrance of Br– and
I– to bind at the W2 position seems to be reflected by the
fact that with increasing radii of the anionic substrates the
increase of the rate of compound I reduction by the halide
is less pronounced (Table 4).

It is important to note that EPO compound I is a much
better oxidant of bromide, iodide and thiocyanate than
MPO (Table 4),[65] which suggests some differences in sub-
strate access and binding sites. LPO has been shown to have
barely detectable activity with bromide at neutral pH but
oxidizes iodide and thiocyanate very efficiently (Table 4).[66]

Thus, in addition to redox thermodynamic properties, other
factors such as anion size, anion binding and topological
effects determine the effect of pH and substrate specificity
of compound I reduction directly to ferric peroxidase.[18]

It has also been proposed that MPO is able to oxidise
chloride to chlorine, bromide to bromine or to form the
interhalogen bromine chloride (BrCl). The formation of Cl2
and BrCl in myeloperoxidase-driven reactions and neutro-
phil suspensions has been reported in several publica-
tions.[67] In these cases, the reduction of compound I to the
ferric enzyme [Equation (8)] would be coupled with halide
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oxidation by one of the following half-reactions [Equa-
tions (11), (12) and (13), all written as reduction process].

Cl2 + 2 e– � 2Cl– (11)

Br2 + 2 e– � 2Br– (12)

BrCl + 2e– � Br– + Cl– (13)

The standard reduction potentials of the couples Cl2/
2Cl–, Br2/2Br– and I2/2 I– are given in Table 3. They are
independent of pH. The redox couple BrCl/Br–, Cl– has a
standard reduction potential of 1.21 V.[68] Whether other
halogenated oxidation products, including interhalogens,
can result from (pseudo)halide oxidation by peroxidases is
purely speculative. Due to the low iodide concentration
(�1 µ[69]) in blood and most tissues (with the exception of
the thyroid gland), iodide oxidation by MPO, EPO and
LPO is of little importance. The redox chemistry of SCN–

oxidation by peroxidases is rather complex. In addition to
the formation of hypothiocyanite (OSCN–), further oxi-
dation products such as cyanate (OCN–) and (SCN)2 have
been reported.[61,70] Hypothiocyanous acid (HOSCN) and
SCN– are the hydrolysis products of (SCN)2 with a hydroly-
sis constant of 5.7×10–4 2.[61] From this constant and the
values for the standard reduction potential of the couple
HOSCN/SCN–, H2O (Table 3), the unknown potential for
the couple (SCN)2/2SCN– (0.72 V) can be calculated.

In general, it follows from thermodynamic rules that the
oxidation of a (pseudo)halide by compound I of perox-
idases is only possible if the actual reduction potentials for
(pseudo)halide oxidation [E�(HOX/X–, H2O) or E�(X2/2
X–)] are lower than the reduction potential for the reduction
of compound I E�[compound I/PorFeIII] [Equations (14)
and (15)].

E�(HOX/X–, H2O) � E�[compound I/PorFeIII] (14)

E�(X2/2X–) � E�[compound I/PorFeIII] (15)

The reduction potential of any redox couple depends on
reactant concentrations and pH value and can be deter-
mined by means of the Nernst equation [Equation (5)]. As
the redox couples involved in halide oxidation by perox-
idases possess different dependencies on pH, certain pH
threshold values depending on halide concentration exist
for a given peroxidase − only below this pH threshold value
is the halide oxidation thermodynamically favourable.[68]

The reduction potential of the couple compound I/ferric
enzyme declines by –0.059 V per increasing pH unit at neu-
tral and slightly acidic pH values. The potential of the cou-
ple HOX/X–, H2O is diminished by –0.0295 V per pH unit
if the pH is lower than the pKa value of the corresponding
hypohalous acid. At pH values higher than the pKa value,
the slope will change by –0.059 V per pH unit. The redox
couple X2/2X– is independent of pH.

A selected example for the calculation of pH threshold
values is presented for the formation of HOCl and HOBr
by MPO and EPO assuming equimolar concentrations for
compound I and the ferric enzyme form as well as concen-
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trations of 10–6  for HOCl, 10–1  for Cl–, 10–6  for
HOBr and 10–4  for Br– (Figure 2). Under these condi-
tions, clear pH thresholds are found for the formation of
HOCl and HOBr by EPO at pH 5.75 and 7.6, respectively.
The formation of HOBr by MPO would be possible at all
pH values indicated in Figure 2, while the formation of
HOCl is unlikely at pH values higher than 7.5. Both re-
duction potentials of both couples are nearly identical in
this pH range. It is necessary to point out that these consid-
erations are influenced by uncertainties about the knowl-
edge of the real concentration values of all reactants.

Figure 2. Selected example for the determination of pH threshold
values below which the formation of HOBr or HOCl would be
thermodynamically possible by the MPO (or EPO)-hydrogen per-
oxide-halide system. Reduction potentials of the redox couples
compound I/ferric enzyme are given for MPO and EPO as a func-
tion of pH (solid lines) using equimolar concentrations of com-
pound I and the ferric enzyme form. The reduction potentials of
the couples HOCl/Cl–, H2O and HOBr/Br–, H2O (dotted lines) are
indicated in the same pH range for 10–6  HOCl, 10–1  Cl–, 10–6 
HOBr and 10–4  Br–.

Calculated pH thresholds for the chloride and bromide
oxidation by MPO and EPO have been compared with ex-
perimentally determined pH threshold values for the forma-
tion of chloro- and bromohydrins from unsaturated phos-
phatidylcholines by these peroxidases at varying halide con-
centrations. This analysis revealed that chlorine, bromine
and bromine chloride are the favoured chloride and bro-
mide oxidation products by MPO, whereas hypochlorous
and hypobromous acid will primarily be formed by EPO.[68]

The inability to induce MPO effects at 0.1  Cl– and neu-
tral pH values and the existence of certain pH threshold
values by lowering the pH was also evidenced in other in-
vestigations on lipids, such as the formation of lysophos-
pholipids from highly unsaturated phosphatidylcholines[71]

or the accumulation of diene conjugates in low-density lipo-
proteins.[72] In contrast, when using taurine or monochloro-
dimedon as detection system, the chlorinating activity of
MPO has been reported at neutral pH values up to pH 8.[73]

Taurine is known to bind to MPO and be modified by the
MPO–H2O2–Cl– system by so-called enzyme-bound hypo-
chlorous acid but not by free HOCl, as revealed by kinetic
studies at low pH.[74] Similarly, the chlorination of monoch-
lorodimedon by chloroperoxidase occurs clearly by enzyme-
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bound HOCl.[75] Thus, the mechanism of chlorination of
taurine and monochlorodimedon by MPO at neutral pH
values remains unknown from the viewpoint of redox
chemistry.

For MPO and chloride, it has been shown that chloride
forms a reversible complex with compound I, the ab-
sorbance of which is in between those of compound I and
native MPO.[62b] At pH 7 it was impossible to reconstitute
the ferric enzyme form completely from compound I of
MPO by adding chloride or bromide in the stopped-flow
experiment.[42,74] Apparently, only the complex between
compound I and Cl– or Br– was formed without inducing
the halide oxidation; only at pH 5 did a complete reconsti-
tution of ferric MPO from compound I take place.[28,76]

How the addition of taurine facilitates the reconstitution of
ferric MPO in halide oxidation at neutral pH values re-
mains unknown.

Protein Modification by Peroxidase Products

Reactive halide and nitrogen species produced by heme
peroxidase contribute to the modification of functional sites
of proteins and other biomolecules. Hypochlorous acid, hy-
pobromous acid and nitrogen dioxide in particular have
been investigated for their ability to induce post-transla-
tional modifications in proteins. As a result of the action of
hypohalous acid, most of all, oxidation of sulfhydryl and
methionine residues as well as halogenation of aromatic
amino acid residues have been reported.[77] Although the
chlorination of tyrosine residues in protein by the MPO–
H2O2–Cl– system has been reported,[78] the formation of 3-
chlorotyrosine is an unfavourable reaction for HOCl.[77a]

Only 2% of HOCl produced by MPO or neutrophils is used
to convert tyrosine residues in albumin to chlorotyro-
sines.[78a] A substantial bromination of tyrosine residues of
albumin is observed at physiological concentrations of chlo-
ride and bromide at a pH higher than 7.[79]

Nitration of proteins is often observed during pathophys-
iological situations when oxidative and nitrative stress con-
ditions are simultaneously produced and, in particular, both
nitrite and hydrogen peroxide concentrations in cells in-
crease.[80] The MPO–H2O2–nitrite system causes both ni-
tration and nitrosylation of selected tyrosine and trypto-
phan residues in proteins, for example in human serum al-
bumin.[79b] The most commonly detected marker of bio-
logical nitration is 3-nitrotyrosine, and different mecha-
nisms, which are probably simultaneously active, have been
proposed for its formation in vitro.[80e]

Nitrogen dioxide is derived from the one-electron oxi-
dation of nitrite by compound I and compound II of heme
peroxidases (see above). Dimerisation of two ·NO2 species
in a reversible reaction generates N2O4, which forms sym-
metrical (O2N–NO2) and asymmetrical (ON–NO3) tauto-
mers that are able to produce nitrated and nitrosated tryp-
tophan derivatives.[81]

Formation of 3-nitrotyrosine is also thought to occur by
coupling of nitrogen dioxide with the phenoxy radical
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[Equation (16)], which is also produced by one-electron oxi-
dation of tyrosine residues in proteins mediated by the per-
oxidase intermediates compound I and compound II.

·NO2 + Ph–O· � O2N–Ph–OH (16)

Since the Tyr·/Tyr standard reduction potential at pH 7
is 0.94 V,[36] the phenoxy radical can be generated by oxi-
dation of the phenol by both nitrogen dioxide or the perox-
idase intermediates compound I and compound II.

Even though the dominant mechanism for nitration by
peroxidases in the presence of nitrite and hydrogen peroxide
considers the formation of nitrogen dioxide by the classical
enzyme intermediates, several data show that another active
species with chemical properties similar to those of peroxy-
nitrite can be generated by mammalian peroxidases. This
alternative species has been proposed for LPO based on
kinetic analysis and product distribution in nitration/oxi-
dation experiments of p-cyanophenol, phenylacetic
acid[44d,44e] and tryptophan derivatives[44f] as mechanistic
probes. For the enzymatic reactions, the importance of this
second nitrating species becomes dominant as the nitrite
concentration in solution increases. The generation of an
oxidant species with the chemical properties of peroxyni-
trite by MPO and EPO in the presence of nitrite has been
proposed in vivo, through the use of EPO- and MPO-
knockout mice, from the detection of hydroxylated tar-
gets.[44h] It has been shown that while the major reacting
nitrogen species generated by peroxidase catalysis is nitro-
gen dioxide, a further minor, but not negligible, contri-
bution produces products typical of ONOO– reactivity.

The formation of the enzyme nitrating species with per-
oxynitrite reactivity can be explained by considering that,
after coordination of nitrite to the iron, the nitrite adduct
can undergo oxidation by hydrogen peroxide according to
the following reaction [Equation (17)][44d–44f]

PorFeIII–NO2
– + H2O2 � PorFeIII–N(O)OO– + H2O (17)

where the PorFeIII–N(O)OO– species is assumed to be an
iron-bound peroxynitrite coordinated through the nitrogen
donor atom. This assumption is based on its chemical prop-
erties and on the similarities between the spectral features
of PorFeIII–NO2

– and the intermediate formed as a tran-
sient species upon treatment of LPO with hydrogen perox-
ide in the presence of an excess of nitrite.[44e]

The characterisation of this intermediate is complicated
by its high reactivity, which causes a quick degradation by
reaction with nearby amino acid residues of the protein. In
addition, the lifetime of the heme-bound peroxynitrite may
be reduced through the fast conversion to nitrate. In fact,
the catalytic effect of heme complexes in the dismutation
of (O-bound) peroxynitrite is well known,[82] and a similar
activity can also be exerted with the N-bound species. For
these reasons, the redox properties of the PorFeIII–N(O)
OO– intermediate are not known. The species generated by
LPO shares several reactivity features with free peroxyni-
trite, such as a certain preference to produce N-nitrosotryp-
tophan rather than N-nitrotryptophan, and the capability
of reacting with aromatic residues to give both nitration
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and hydroxylation of the ring.[44f] The latter activity indi-
cates a strong oxidising property for PorFeIII–N(O)OO–, al-
though the relative relevance of the one-electron (radical)
reactions with respect to the two-electron oxidations pro-
moted by this species is still unclear. The lack of effect of
CO2 on the observed reactivity of the PorFeIII–N(O)OO–

intermediate[44e] indicates that the reactivity is not, or is
only partly, due to free peroxynitrite generated by the disso-
ciation of the adduct; thus, the reactions observed occur
within the protein active site and are due to the protein
iron-bound peroxynitrite.

It has to be mentioned that MPO and EPO are strong
cationic proteins with pKa values around 10. LPO, however,
has a pKa value of about 7.5. The formation of complexes
with acidic proteins is known for MPO. The binding and
uptake of MPO to endothelial cells is mediated by MPO–
albumin complexes.[83] After endocytosis by the endothelial,
MPO becomes associated with fibronectin-rich fibrils.[84]

Other proteins known to interact with myeloperoxidase are
apoprotein A-1, ceruloplasmin and antitrypsin,[85] although
the physiological meaning of these findings is unclear. Re-
garding the antimicrobial role of these enzymes, however,
the combination of adhesion to pathogens with the bio-
chemical capacity to generate strong oxidants seems to be
a general strategy in unspecific immune defence that devel-
oped very early in evolution.

Conclusion

Here we have demonstrated how the functional features
of human peroxidases to use small anionic one- and two-
electron donors are closely related with their peculiar struc-
tural and redox properties and how the corresponding
products contribute to the modification of functional sites
of proteins and other biomolecules. This knowledge will
help in the rational design of new potent and specific inhibi-
tors that will dampen inflammation without precipitating
infectious diseases.
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The synthesis and characterization (elemental analysis, IR,
electronic and EPR spectra as well as magnetization mea-
surements over the temperature range 1.8 K–300 K) of solid
complex [Cu(5-MeOsal)2(µ-nia)(H2O)]2 (1; 5-MeOsal = 5-
methoxysalicylate, nia = nicotinamide) is reported together
with the crystal structure. In blue–green complex 1, two
Cu(5-MeOsal)2(H2O) units are held together by a pair of bi-
dentate nonchelating nicotinamide ligands, which form a
(CuNC3O)2 ring. Each Cu atom adopts a distorted square-
pyramidal geometry. The oxygen atoms from two unidentate
5-MeOsal anions occupy the trans position, a water molecule
and the pyridine N atom of nicotinamide build the basal
plane and a carboxamide O atom occupies the apical posi-
tion. The separation between two Cu atoms within the cen-
trosymmetric dimer is 6.940(2) Å. The dimeric units are self-

Introduction
For quite some time, copper complexes with various or-

ganic ligands have been a subject of intense study because
of their interesting properties which include biomedical ac-
tivities. Nicotinamide (also known as a niacin derivative or
vitamin B3) is a nitrogen donor ligand that has been used
in the treatment of various skin diseases (atopic eczema,[1,2]

psoriasis and skin cancer[3–5]), and the biological activity of
its copper complexes have also been studied.[6] In addition,
the biological activity of different salicylic acid derivatives
and their copper(II) complexes is well known.[7–10] Mean-
while, salicylatocopper(II) complexes that contain nicotin-
amide are rarely studied in spite of their possible structural
diversities. There are only two examples (out of 26 known
structures)[6,11] of polymeric copper(II) complexes where
nicotinamide acts as a bridging ligand – [Cu2(CH3COO)4-
(µ-nia)]n and {[Cu(sacharinato)2(µ-nia)(H2O)]·H2O}n.

With the purpose to obtain and study the properties of
all possible products that could be prepared by the reac-
tions under study, we report the synthesis, structural char-
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assembled across a centre of symmetry by the formation of
two pairs of strong hydrogen bonds, which create a one-di-
mensional polymeric structure with the interdimer Cu···Cu
separation 4.901(2) Å. It is believed that these hydrogen
bonds between the copper(II) atoms are responsible for the
unique magnetic properties of compound 1. The magnetic
susceptibility of complex 1 exhibits a maximum at 6 K. A sat-
isfactory explanation was found with the Bleaney–Bowers
equation for Cu–Cu interaction through carboxylato groups
and H-bond bridges (2J = –6.83 cm–1). An additional molecu-
lar field correction that was used to characterize the interac-
tion across the nia bridges is assumed to be extremely weak
(zJ� = –0.28 cm–1).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

acterisation and properties of the unusual dimeric complex
[Cu(5-MeOsal)2(µ-nia)(H2O)]2 (1), which exhibits rare in-
tradimer and/or interdimer interactions that result in mag-
netic properties that are of interest.

Results and Discussion

The molecular structure of 1 (Figure 1) consists of di-
meric [Cu(5-MeOsal)2(µ-nia)(H2O)]2 molecules that are
located at a centre of symmetry. Two equivalent Cu(5-
MeOsal)2(H2O) moieties are connected by a pair of biden-
tate nonchelating nicotinamide ligands, which creates a
twelve-membered metallocyclic (CuNC3O)2 ring. Each Cu
atom adopts a distorted square-pyramidal geometry with
the oxygen atoms of two unidentate 5-MeOsal anions in the
trans position [Cu–O12 = 1.945(2) Å]. A water molecule
[Cu–O1W = 1.989(2) Å] and the pyridine N atom of nico-
tinamide [Cu–N1 = 2.030(3) Å] build the basal plane; a car-
boxamide O atom of the bridging nicotinamide assumes the
apical position [Cu–O1 = 2.267(2) Å]. The copper atom is
displaced from the basal plane towards the carboxamide O
atom by 0.047(1) Å. The τ value[12] of 0.066 implies an al-
most perfect square-pyramidal geometry. The separation
between Cu···Cui (1–x, 1–y, 1–z) within the dimeric mole-
cule is 6.940(2) Å(Figure 1). The amide H atoms of the api-
cally coordinated carboxamide group are linked to the co-
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Figure 1. Perspective view of [Cu(5-MeOsal)2(µ-nia)(H2O)]2, with the atom numbering scheme. Thermal ellipsoids are drawn at the 30%
probability level. Selected bond lengths [Å] and angles [°]: Cu–O13 = 1.945(2), Cu–O12 = 1.952(2), Cu–N1 = 2.030(3), Cu–O1W =
1.989(2), Cu–O1 = 2.267(2), O13–Cu–O12 = 177.05(9), O1W–Cu–N1 = 173.09(10), O13–Cu–O1W = 87.35(9), O13–Cu–O1 = 86.67(9),
O12–Cu–O1W = 90.27(9), O12–Cu–O1 = 91.73(9), O13–Cu–N1 = 92.14(10), O1W–Cu–O1 = 93.32(9), O12–Cu–N1 = 90.42(10), N1–
Cu–O1 = 93.52(9), symmetry codes: (i) 1–x, 1–y, 1–z, (ii) 1–x, –y, 1–z.

ordinated (in the equatorial position) water O atoms (O1W)
by hydrogen bonds N2–H2A···O1Wi (1–x, 1–y, 1–z) with
interatomic distances N2···O1Wi of 3.129(4) Å. These hy-
drogen bonds create six-membered metallocyclic rings
(CuO2NCH) and stabilize the molecular structure of the
dimeric unit of 1. The other short intramolecular hydrogen
bonds are formed by the salicylato hydroxy H atoms (H43O
and H42O) to the carboxylate O atoms (O13 and O22) and
create six-membered cyclic rings (O2C3H) that stabilize the
molecular structure as well.

The unusual dimeric structure of 1 prompted the study
of its magnetic properties within the temperature range 1.8–
300 K and the measurement of its EPR spectrum. The EPR
spectrum (Figure 2) at room temperature is of axial sym-
metry and simulation of its shape[13] gave g� = 2.061 and
g� = 2.345 (gav = 2.156). When the temperature is decreased
to –196 °C (liquid nitrogen), the spectrum becomes pseudo-
isotropic in shape with g = 2.133, and no information con-
cerning the mutual interaction between the paramagnetic
centres within the dimer could be drawn from these spectra
(Figures 2 and 3).

Magnetization measurements showed that 1 exhibits
maximum magnetic susceptibility at 6 K (Figure 3). The
magnetic data of the complex were fit with the Bleaney–
Bowers equation,[14] to characterize the intradimer interac-
tion,

(where N is Avogadro’s number, g is the spectroscopic split-
ting factor, β is the Bohr magneton, k is Boltzmann’s con-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3813–38173814

Figure 2. EPR spectrum of 1 at room temperature.

Figure 3. The plot of the χm and χmT product versus temperature
[χm – the molar magnetic susceptibility calculated per one cop-
per(II) centre]. The solid line was generated from the best-fit mag-
netic parameters.
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stant and J is the exchange parameter) together with the
application of a molecular field model to the calculation of
the present magnetic data of complex 1 to obtain character-
istics of interdimer magnetic interactions.[15]

where χm is the molar susceptibility given by the Bleaney–
Bowers equation, zJ� is the molecular exchange parameter,
z is number of the nearest neighbours and R is the agree-
ment factor defined as

Satisfactory least-squares fit to the experimental results
was obtained for g = 2.06, 2J = –6.83 cm–1, zJ� =
–0.28 cm–1, and R = 9.99·10–5. The small differences be-
tween the g values obtained from the least-squares fit pro-
cedure and gav from the EPR spectra is often observed and
can be attributed to the unresolved axial anisotropy of the
EPR spectra and the fact that the g values obtained from
the magnetic data are only refined isotropically.[16]

This magnetic behaviour of 1 is surprising because the
magnetic centres are bridged by a nicotinamide ligand (the
shortest pathway covers a five-atom bridge) which includes
the aromatic pyridine ring and the carboxamide side chain.
The π-system of the pyridine ring is probably not the actual
mode of interaction [the C31–C71 bond length of
1.506(4) Å is much longer than the average bond length of
1.385(4) Å within the pyridine ring]. The pyridine ring and
the carboxamide group are not coplanar (ring plane to car-
boxamide group plane angle is 14.2°); thus, the structural
data support the notion that there is no possibility for the
π-system to be involved in the magnetic interaction. The σ-
bonds involved in the intradimer magnetic interaction by
nicotinamide ligands can be ruled out on the basis of our
recently published results.[17] The 3-pyridylmethanol bridg-
ing ligand shows[17] the same number of σ-bonds and a very
weak ferromagnetic interaction (Weiss constant Θ =
+1.1 K). Consequently, the model for the magnetic interac-
tion between the Cu2+ ions within the dimeric molecule can
be ruled out as well, and another interaction that is respon-
sible for the magnetic properties of 1 should be found.

The strongest interdimer interactions are illustrated Fig-
ure 1 as a system of O–H···O hydrogen bonds between di-
meric units of 1 that create a supramolecular chain of di-
mers along the b axis with an interdimer copper-to-copper
distance [distance Cu···Cuii (1–x, –y, 1–z) of 4.901(2) Å]
shorter than the distance Cu···Cui within the dimeric units.
The H atoms of the water molecules are linked to uncoordi-
nated carboxyl O atoms (O12ii and O22ii) of the neighbour-
ing 5-methoxysalicylate anions by hydrogen bonds O1W–
H1W···O22ii and O1W–H2W···O23ii (1–x, –y, 1–z) with in-
teratomic distances O1W···O22ii of 2.695(3) Å and
O1W···O23ii of 2.658(3) Å, respectively. The interdimer in-
teractions could cause magnetic interactions because the
pairs of Cu2+ ions are, in this case, bridged by four carbox-
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ylato groups [similar to “paddle-wheel” copper(II) acetate
structures], but one water molecule is inserted into each pair
of carboxylato groups (Figure 4). This water molecule in-
sertion into the bis-carboxylato bridge induces a greater dis-
tance between the polyhedra basal planes, a greater Cu···Cu
distance and a longer path for the magnetic interaction
compared with regular carboxylato dimers. This explana-
tion needs further evidence based either on similar struc-
tures or the analysis of magnetic orbital interactions to be
validated. Both of these topics are currently under investi-
gation in our lab. Data which show that hydrogen bonds
could cause antiferromagnetic interactions between cop-
per(II) centres were found in literature,[18–22] but unfortu-
nately most of the examples involve a completely different
types of ligand.

Figure 4. Schematic comparison of interdimer Cu···Cu interactions
in 1 and in regular “paddle-wheel” carboxylatocopper(II) struc-
tures.

As mentioned above, the crystal structure of 1 can be
compared with polymeric complexes[6,11] [Cu2(CH3COO)4-
(µ-nia)]n and {[Cu(sacharinato)2(µ-nia)(H2O)]·H2O}n where
each Cu atom has a square-pyramidal environment. In the
former complex, the Cu2(CH3COO)4 moieties form dimer
units, and in the latter complex, the Cu(sacharinato)2(H2O)
units are connected by bidentate nonchelating nicotinamide
ligands by N and O donor sites. The Cu–N (N atom of nia
pyridine ring), Cu–O (O atom of carboxamide group of nia
ligand) and finally Cu···Cu (neighbouring Cu atoms
bridged by nia ligands) distances are 2.002, 2.315 and
7.547 Å, respectively, for [Cu2(CH3COO)4(µ-nia)]n, 2.158,
2.146 and 7.056 Å, respectively, for {[Cu(sacharinato)2(µ-
nia)(H2O)]·H2O}n and 2.030(3), 2.268(2) and 6.939(2) Å,
respectively, for complex 1. The shorter Cu···Cu separation
could be explained by a pair of nia bridging ligands and
probably by additional hydrogen bond interaction with N–
H···O (see above).

In [CuCl2(µ-denia)(denia)]2,[23] where a pair of denia li-
gands also serve as a bridge between two equivalent
CuCl2(denia) moieties, the Cu···Cu separation is about
0.762 Å longer than that found in 1. The Cu–N (N atom of
the pyridine ring of the bridging N,N-diethylnicotinamide
molecule) of 2.012(3) Å compares well with the bond length
Cu–N1 of complex [Cu(5-MeOsal)2(µ-nia)(H2O)]2, but Cu–
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O (O atom from amide group of bridging N,N-diethylnico-
tinamide molecule) of 2.475(2) Å is about 0.207 Å longer
than that found in 1. These complexes, however, were not
magnetically characterized.

Conclusions

In conclusion, we have prepared and characterized a
novel dimeric molecular complex that contains nicotin-
amide as a bridging ligand. These dimers are linked into a
chain structure by strong hydrogen bonds that give interdi-
mer copper-to-copper distances that are shorter than those
found in intradimers. The nature of the bridging ligands
(four carboxylic groups of salicylato anions) that are in-
volved in the formation of the interdimer hydrogen bonds
are probably the reason for the unusual magnetic behaviour
of this dimeric substance.

Experimental Section
Materials: All used chemicals were of analytical grade (Aldrich, or
Sigma) and used without further purification.

Physical Measurements: Carbon, hydrogen and nitrogen elemental
analyses were carried out with a CHNSO FlashEA 1112 (Thermo-
Finnigan) elemental analyzer. The copper content of the complex
was determined by the electrolysis of a water solution obtained by
the mineralization of the sample in a mixture of sulfuric acid and
potassium peroxodisulfate. Infrared spectra were measured with a
Nicolet MAGNA 750 IR spectrometer with both KBr pellet and
nujol suspension techniques for the 4000–400 cm–1 region and a
polyethylene pellet for the 400–100 cm–1 region. Electronic spectra
(190–1100 nm) of the complexes were measured in Nujol suspen-
sions with a SPECORD 200 (Carl Zeiss Jena) spectrophotometer.
Magnetization measurements in the temperature range of 1.8–
300 K were carried out on powdered samples of the complexes with
a magnetic field strength of 0.5 T and with a Quantum Design
SQUID Magnetometer (type MPMS-XL5). Corrections for the
diamagnetism of the constituting atoms were calculated with Pascal
constants,[24] the value of 60·10–6 cm3 mol–1 was used as the tem-
perature-independent paramagnetism of the copper(II) ion. EPR
spectra of the powdered samples were recorded at room tempera-
ture with a spectrometer Bruker ESP 300 operating at X-band
equipped with an ER 035M Bruker NMR gaussmeter and a
HP 5350B Hewlett Packard microwave frequency counter.

Synthesis of 1: Nicotinamide (122 mg, 1.0 mmol) was added to an
ethanol solution (30 mL) of copper(II) acetate (200 mg, 1 mmol)
while stirring. After several minutes, 5-methoxysalicylic acid
(336 mg, 2 mmol) was added to the dark blue solution. The reac-
tion mixture was stirred for a few days at ambient temperature. The
blue–green powder product which precipitated from the solution
was filtered off (150 mg, 56%), and the mother liquid was left to
crystallize at ambient temperature. The dark blue–green crystals
were separated and dried at ambient temperature. C44H44Cu2N4O20

(1075.93): calcd C 49.03, H 4.30, Cu 11.79, N 5.19; found C 48.63,
H 4.21, Cu 12.19, N 5.49. IR (KBr): ν̃ = 1635 νas(COO–), 1432
νs(COO–) cm–1. ES (Nujol): 244 (CT band), 323 (CT band), 671
(d�d band) nm.

X-ray Structural Studies: Data collection and cell refinement of
complex 1 were carried out with a Kuma KM4-CCD dif-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3813–38173816

fractometer with graphite monochromated Mo Kα radiation and
the use of the CrysAlis software package.[25] Intensity data were
corrected for Lorenz and polarization factors; absorption correc-
tion was applied as well. The structures of the complexes were
solved by direct methods with SHELXS-97[26] and refined by the
full-matrix least-squares procedure with SHELXL-97. Geometrical
analyses were performed with SHELXL-97.[27] The structures were
drawn with XP in SHELXTL.[28] Crystallographic data for
C44H44Cu2N4O20 (1): Mr = 1075.93, dark green plate,
0.09×0.20×0.20 mm, monoclinic, C2/c, a = 21.805 (6), b = 11.735
(3), c = 17.585 (5) Å, β = 104.72 (3)°, V = 4352 (2) Å3, Z = 4, Dc

= 1.642 Mg·m–3, µ = 1.07 mm–1, F(000) = 2216, T = 100(2) K. Of
the 15711 reflections, 5122 were unique (Rint = 0.066), 3248 ob-
served [F2 � 2.0σ(F2)], which refined to R = 0.058, wR = 0.091.

CCDC-603094 contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Preparation of ZnO Nanowires in a Neutral Aqueous System: Concentration
Effect on the Orientation Attachment Process
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ZnO nanowires with diameters in the range of 10 to 30 nm
and lengths of ca. several micrometers are prepared with the
use of ZnO nanoparticles as building blocks. The length and
diameter of the ZnO nanowires can be controlled by the vari-
ation of the concentration of the nanoparticles in the orienta-

Introduction

The preparation of nanostructures with control of their
size, shape, and crystalline structure has been one of the
main objectives in the chemistry of nanomaterials.[1–5]

Nanoparticles can be used as building blocks to obtain
well-defined assemblies and superstructures, which can lead
to novel and unique properties that are not found in the
individual components.[6–7] Orientation attachment has at-
tracted increased interest in recent years as a new means
for the fabrication and self-organization of nanocrystalline
materials.[8] Recent work has shown the universality of the
orientation attachment in the formation and growth of
nanocrystals.[9–14] To find a facile method that can precisely
control the morphology of low dimensional nanostructures
through the mastery of the orientation attachment process
is still a challenge.

ZnO is an environmentally friendly transparent semicon-
ductor with a large bandgap of 3.37 eV and it exhibits vari-
ous distinct properties.[15–17] One-dimensional (1D) ZnO is
a focused material, which allows it to possess excellent op-
tical properties.[18] Various methods have been successfully
utilized to synthesize 1D ZnO.[19–27] For the reported solu-
tion method, a basic environment is necessary to induce 1D
growth of the ZnO particles in the nanoscale
range.[14,24,27–32] Generally, the common formation mecha-
nisms of 1D ZnO involve the vapor–liquid–solid (VLS)
growth model,[26] and the Oswald ripening growth
model.[27] The VLS process seems to be the most successful
for the generation of 1D structures among all of the vapor-
based methods. The Oswald ripening phenomenon is a clas-
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tion attachment process. A plausible mechanism for the con-
centration-controlled orientation attachment process is sug-
gested.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

sical crystal-growth method which describes the growth of
the crystal in terms of the Gibbs-Thompson equation. The
formation of ZnO nanorods on the basis of the orientation
attachment process has only recently been demonstrated.[14]

Other metal oxide (e.g. TiO2 and CuO) nanorods have also
been prepared by the orientation attachment of nanopar-
ticles.[33–34] In this work, we provide an easy method for the
preparation of ZnO nanowires in a neutral aqueous system
by the careful control of the orientation attachment of the
ZnO nanoparticles. A mechanism for the formation and
growth of the low-dimensional nanostructure, which is criti-
cal to understand in order to achieve control over the mor-
phology of the nanostructure, and the properties of the
structure at the nanoscale level are discussed.

Results and Discussion

Figure 1 shows the SEM image of 1D ZnO obtained by
the hydrothermal treatment of ZnO colloidal nanoparticles
at a concentration of 0.8 g/L. The ZnO nanowires are se-
veral micrometers in length and vary in diameter from 10
to 30 nm. The curvature of the wire implies that there is
some flexibility in the backbone of the ZnO nanowires. Fig-
ure 1B shows the TEM image of an individual ZnO
nanowire with a diameter of ca. 15 nm and a length of ca.
2.3 µm. The inset in Figure 1C displays the selected area
electron diffraction (SAED) pattern of an individual ZnO
nanowire. The SAED pattern reveals the single-crystalline
nature of the ZnO nanowires. Figure 1D shows the
HRTEM image of the ZnO nanowire that is shown in Fig-
ure 1C. The image indicates that the preferred direction of
growth of the ZnO nanowires is [0001]. The morphology of
1D ZnO is strongly dependent on the concentration of the
ZnO colloidal nanoparticles. When the concentration of the
ZnO nanoparticles is increased to 4 g/L, ZnO nanorods
with lengths that vary from 200 to 800 nm and diameters
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Figure 1. (A) SEM image of ZnO nanowires, (B) and (C) TEM images of ZnO nanowires (inset displays SAED pattern), (D) HRTEM of
ZnO nanowires.

that vary from 20 to 40 nm are obtained (see Supporting
Information). When the concentration is increased to 16 g/L,
ZnO nanorods with smaller aspect ratios are obtained.
The diameters of these nanorods vary from 30 to 50 nm and
the lengths vary from 60 to 200 nm (see Supporting Infor-
mation). The narrow distribution of the diameter of the ZnO
nanowires is also indicated by the X-ray diffraction (XRD)
line broadening. Figure 2 shows the XRD patterns for 1D
ZnO obtained at different concentrations of the nanopar-
ticles. All diffraction peaks can be well-indexed to hexagonal
phase zinc oxide (JCPDC card No. 36–1451). The diameters
estimated from the Debey-Scherrer formula on the basis of
the full width of the peak at half-maximum height are
21.0 nm, 28.9 nm, and 48.2 nm obtained by the hydrothermal
treatment of 0.8 g/L, 4.0 g/L, and 16.0 g/L ZnO colloidal
nanoparticles, respectively. These values are consistent with
the SEM observation.

The orientation attachment of the ZnO nanoparticles in
the preparation of the ZnO nanowires is observed after 1 h
of hydrothermal treatment. Two primary nanoparticles attach
to each other along the c-axis as shown in Figure 3A and
Figure 3B. The nanoparticles may attach to each other along
other axes as demonstrated by Pacholski and coworkers,[14]

although we did not observe such a phenomenon. The orien-
tation attachment is fundamentally driven by the high sur-
face-energy (3.5 nm) of the ZnO nanoparticles. However, a
decrease in the high surface-energy is observed upon the for-
mation of 1D ZnO because there is a reduction in the surface-

Eur. J. Inorg. Chem. 2006, 3818–3822 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3819

Figure 2. XRD patterns for 1D ZnO obtained by the hydrothermal
treatment of (a) 0.8, (b) 4.0, and (c) 16.0 g/L ZnO colloids.

to-volume ratio. An important characteristic of ZnO is its
polar surface. The oppositely charged ions produce positively
charged Zn-(001) and negatively charged O-(00–1) polar sur-
faces, which results in a normal dipole moment and sponta-
neous polarization along the c-axis.[20] The electric dipole mo-
ments along the c-axis favor the orientation attachment in
this direction. According to the model proposed by Penn,[35]

the stability constant for the particle encounter complex (Kos)
can be used to estimate the rate of crystal growth by the ori-
entation attachment. High values of Kos tend to favor the
orientation attachment process. In a previous report,[14] a
high concentration of the ZnO colloid was necessary to form
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Figure 3. (A) and (B) HRTEM images of the orientation attachment of two ZnO nanoparticles, (C) and (D) HRTEM images of the fusion
of “1D cores” and primary nanoparticles.

nanorods in a basic ethanol/water environment. Because ZnO
nanoparticles are highly charged in the basic environment, an
increase in the surface potential was observed. As the surface
potential increased, the stability constant decreased. This me-
ans that the orientation attachment process was relatively
slow in basic environments and a higher concentration of the
nanoparticles was needed to accelerate it. In the neutral aque-
ous system we report here, the electrostatic repulsion from
stabilizers such as OH– is avoided, which results in an over-
compensation of the electric-dipole attractions between the
nanoparticles. In other words, the value of Kos is much larger
in neutral aqueous solutions than it is in basic alcoholic solu-
tions, which allows the orientation attachment of the nano-
particles to occur under much lower concentrations. Our re-
sults confirm that orientation attachment can occur at rela-
tively low concentrations of the nanoparticles; in fact, this
was found to occur at concentrations as low as 0.8 g/L
(0.01 ), which is 10 times lower than the reported value.[14]

However, there is also a critical concentration that must be
met in order to produce 1D ZnO in neutral aqueous systems.
If the concentration of the ZnO nanoparticles is less than
0.4 g/L, the orientation attachment of the ZnO nanoparticles
is completely inhibited, and only ZnO nanoparticles that are
larger in size relative to the starting nanoparticles are ob-
tained.

Adjustments in the orientation attachment process can be
realized by the variation of the concentration of the ZnO
nanoparticles in the neutral aqueous system. At a certain
concentration, there is a possibility that two primary particles
collide and merge into a “1D (nanorod) core”. These “1D
cores” can continue to grow into nanorods or nanowires. Fig-
ure 3C and Figure 3D show that individual nanoparticles and
“1D cores” can fuse together by the orientation attachment

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3818–38223820

process, which results in additional 1D growth of the “1D
cores”. On the basis of our observations, we can speculate
that the length of the nanowires can be influenced by the
alteration of the number of viable “1D cores”. The number
of initially merged “1D cores” is related to the concentration
of the nanoparticles. Large amounts of “1D cores” form
when the concentration is high, whereas only small amounts
of “1D cores” form when the concentration is low. In a cer-
tain colloidal stock, the number of ZnO nanoparticles is con-
stant. If the number of “1D cores” was reduced, a greater
share of nanoparticles would be available for continued 1D
growth. It is understandable that fewer “1D cores” will result

Scheme 1. Simplified illustration of the concentration-controlled ori-
entation attachment process.
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in an increase of the length of the nanorods. At the same
time, if the concentration is high, the orientation attachment
will occur with poor orientation selectivity and continued
growth will result in ZnO nanorods with large diameters and
small aspect ratios. Scheme 1 shows a simplified illustration
of the concentration-controlled orientation attachment pro-
cess. The irregular surface of the 1D ZnO nanostructures can
be smoothed and should follow the conventional mechanism
of dissolution and growth (Oswald ripening), which finally
results in a single crystalline nanowire.

Conclusions

In summary, ZnO nanowires have been obtained with the
use of ZnO nanoparticles as building blocks by the concen-
tration-controlled orientation attachment process in a neutral
aqueous system. The concentration of the nanoparticles is
found to influence the orientation attachment process, and
therefore, the continued growth of the ZnO nanowires can be
controlled. Our results suggest that the orientation attach-
ment process is similar to the conventional crystal growth
process if the nanoparticle colloid is viewed as an ion in solu-
tion.

Experimental Section

Physical Methods: Powder X-ray diffraction (XRD) analysis was per-
formed with a Rigaku D/MAX 2500/PC diffractometer with graph-
ite-filtered Cu-Kα radiation. XRD data were collected over 25–60°
with a step interval of 0.02° and a preset time of 1.2 s per step at
room temperature. Scanning electron microscope (SEM) was per-
formed with a JSM-6700F electron microscope. High resolution
transmission electron microscope (HRTEM) was performed with a
JEM-3010 electron microscope. The ZnO nanowires will break into
shorter ZnO nanorods under strong ultrasonic treatment. If samples
are to be observed by HRTEM, prolonged ultrasonic treatment of
the samples should be avoided.

Preparation of ZnO Nanoparticles: ZnO nanoparticles are prepared
by a conventional sol-gel method.[36–37] In a typical synthesis, zinc
acetate dehydrate (2.195 g) is dissolved in ethanol (100 mL) and
heated at reflux for 2 h. The solution is then cooled to room tempera-
ture and lithium hydroxide hydrate (0.588 g) is added. The suspension
is then placed in an ultrasonic bath in order to solubilize the weakly
soluble powder. After 30 min, the suspension is filtered through a
glass fiber (0.1 µm) frit to remove the insoluble solids and then cyclo-
hexane (300 mL) is added into the as-obtained ZnO colloids to pre-
cipitate the ZnO nanoparticles.

Preparation of 1D ZnO: Different amounts of ZnO nanoparticles
(0.02 g, 0.10 g, 0.40 g) were dissolved in distilled water (25 mL) and
then transferred to a 40-mL Teflon-lined stainless steel autoclave and
heated at 160 °C for 12 h. The obtained precipitates were washed
with distilled water and then dried at 60 °C for 2 h.

Supporting Information (see footnote on the first page of this article):
SEM images of 1D ZnO obtained by hydrothermal treatment of
4.0 g/L and 16.0 g/L ZnO colloidal nanoparticles and TEM image of
ZnO nanoparticles.
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Four ternary complexes [Cu(L)2(phen)] where L is an N-
(benzothiazol-2-yl)sulfonamide derivative have been pre-
pared and their ability to cleave DNA has been studied. The
complexes were structurally characterized with the aid of
single-crystal X-ray crystallography. Whereas the molecular
structure of the [Cu(L1)2(phen)] (1) [HL1 = N-(6-chlorobenzo-
thiazol-2-yl)benzenesulfonamide] and [Cu(L3)2(phen)] (3)
[HL3 = N-(benzothiazol-2-yl)benzenesulfonamide] com-
plexes can best be described as having a distorted square-
planar geometry, that of the [Cu(L4)2(phen)] (4) [HL4 = N-
(benzothiazol-2-yl)toluenesulfonamide] complex shows a
strictly square-planar geometry. The [Cu(L2)2(phen)MeOH]
(2) [HL2 = N-(6-chlorobenzothiazol-2-yl)toluenesulfonamide]
complex displays an axially elongated square-pyramidal co-
ordination geometry in which the phen ligand binds at the

Introduction

The mechanism of metal carcinogenesis has been widely
studied since a number of metals are known to have carcin-
ogenic potential. In 1986, for example, Kawanishi et al.[1]

proposed the hypothesis that metal carcinogenesis involves
the generation of endogenous reactive oxygen species
(ROS). These same researchers subsequently reported that
various carcinogenic metal compounds are capable of caus-
ing oxidative DNA damage in the presence of H2O2.[2–5]

Indeed, metals are considered to act not only as carcino-
gens, but also as cocarcinogens that activate carcinogenic
chemicals, since a large number of weak, nonmutagenic car-
cinogens have been found to act through metal-mediated
oxidative DNA damage. Endogenous metals ions such as
copper and iron seem to play a particularly important role
in ROS generation from various carcinogens, which in turn
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basal plane. Viscosity and fluorescence measurements indi-
cated that [Cu(L4)2(phen)] (4) has a propensity for binding
calf thymus DNA. The four complexes were found to be ef-
ficient chemical nucleases, with ascorbate/H2O2 activation
giving rise to hydroxyl and superoxide radicals as active
cleaving species. The nuclease activity of 4 is not only the
highest of the four complexes, but also much higher than that
of the copper–phenanthroline complex. The ability of the
complexes to cleave DNA within cells has been tested by
monitoring the expression of the yEGFP gene containing re-
porter plasmid. The significant induction of fluorescence by
complex 4 indicates that it is able to cleave DNA inside the
cell.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

leads to DNA damage. It has been shown, for example, that
in phosphate buffer CuII/H2O2 induces DNA damage at the
thymine and guanine positions by generating ROS.[6] More-
over, copper has a dual role in oxidative DNA damage: it
generates ROS through autoxidation of carcinogens and
also activates H2O2 to form a reactive CuI–hydroperoxo
complex.

In recent years the interaction of transition metal com-
plexes with nucleic acids has attracted attention because of
their relevance in the development of new reagents for bio-
technology and medical research. Interest in the rational
design of novel transition metal complexes that bind and
cleave duplex DNA with high sequence or structure selec-
tivity has been especially keen. Indeed, there is already a
considerable amount of literature that deals with the practi-
cal use of transition metal complexes as chemical nucleases.
The redox activity of copper complexes of 1,10-phenan-
throline as artificial nucleases, for instance, is well
known.[7,8] Meunier et al.[9] even developed the Clip-Phen
series containing two phen moieties linked through tethers
in order to favor the stoichiometry of two phen units per
copper. These authors showed that the DNA cleavage ac-
tivity of copper Clip-Phen complexes increased dramati-
cally in relation to that of the phen parent compound. They
then went on to determine the cytostatic activity of these
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complexes.[10] Our group has previously reported[11] several
copper ternary complexes of N-substituted sulfonamides
and phen with the ability to damage DNA in the presence
of various reducing agents.

A great number of chemical substances are known to
possess in vitro biocatalytic activity, emulating different en-
zymatic processes. Among these chemicals, copper-coordi-
nated compounds have shown superoxide dismutase and/or
DNAsa activities, depending on the type of ligand present.
However, in vitro activity occurs under conditions that are
usually not equivalent to the physiological environment in
the cell. This is an important consideration in evaluating
research in this field, as, in order to have any effect, the
chemical product in question needs to penetrate within the
cell itself. Once the substance is in the cytoplasm, the dif-
ferent mechanisms of cell detoxification can reduce or even
prevent its activity, either through degradation or extrusion
out of the cell or to intracellular compartments.

In the past, yeast has been used as a model for under-
standing physiological processes in superior eukaryotes and
it is still considered to be an ideal organism for in vivo
studies on the activity of biological compounds. Our group
has used an S. cerevisiae strain deficient in superoxide dis-
mutase for in vivo evaluation of the SOD-like activity of
various copper complexes.[12,13] Induction of different yeast
genes in response to exposure to DNA-damaging agents
represents an important and promising approach for de-
veloping genotoxicity tests. Induction of RAD54 and
RNR2, two promoters that control the expression of dam-
age-inducible genes, has already been used successfully to
evaluate DNA damage.[14–17] We have gone one step further
and developed reporter plasmids that express the green flu-
orescent protein yEGFP gene.[18] The expression of this

Scheme 1. N-(Benzothiazolyl)sulfonamide ligands.
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gene in cells containing the reporter plasmid in response to
the exposure to DNA-damaging agents is thus monitored
by noting the presence of its characteristic green fluores-
cence.

In this paper we describe the synthesis, characterization,
and biological activity assays of four copper ternary com-
plexes with N-substituted sulfonamides and o-phenan-
throline. The sulfonamide ligands selected for this study
(Scheme 1) possess two main features that facilitate the syn-
thesis of copper(II) complexes with nuclease activity; both
a benzothiazole ring and an aromatic ring (benzene or tolu-
ene) able to intercalate between the DNA bases, as well as
a sulfonamido group that can interact with DNA through
hydrogen bonds. In addition, the benzenesulfonamido
group has been suggested to be a functional element that
facilitates various biological activities such as the inhibition
of tumor cell growth.[19] The biological activity studies in-
clude evaluations of DNA binding ability, nuclease activity,
and the ability to damage DNA in yeast cells transformed
with yEGFP expression constructs containing either the
RAD54 or the RNR2 promoter.

Results and Discussion

Spectroscopic and Structural Aspects

Ternary copper(II) complexes [Cu(L)2phen] (L = L1, L2,
L3, and L4) were prepared and characterized with the aid
of analytical, spectroscopic, and X-ray diffraction data.

All the complexes had the same infrared spectrum
pattern, and the most significant feature was a shift of the
characteristic band of the benzothiazole ring from
1550 cm–1 in the free ligands to 1460 cm–1 in the complexes.
As for the sulfonamidato group, the bands assigned to
ν(SO2)as and ν(SO2)s are shifted to slightly lower frequencies
while the ν(S–N) vibration appears at slightly higher fre-
quencies than those of the uncoordinated ligands. In gene-
ral, the IR spectra are similar to those observed for other
copper N-sulfonamide derivatives[20,21] with the modifica-
tions noted above being mainly because of the ligand depro-
tonation at the sulfonamide group.

The diffuse reflectance spectra of complexes 1, 3, and 4
exhibit a d–d shoulder in the range of 652 to 671 nm while
that of complex 2 shows two well-defined d–d bands at 543
and 702 nm. The room temperature magnetic moments of
complexes 1 (µeff = 1.73 BM), 2 (µeff = 1.75 BM), 3 (µeff =
1.82 BM), and 4 (µeff = 1.77 BM) are consistent with the
presence of a single unpaired electron. The EPR spectra of
the complexes are axial with g� ranging from 2.22 to 2.30
and g� around 2.05.

The complexes have been structurally characterized with
the aid of single-crystal X-ray diffraction techniques. OR-
TEP drawings of the complexes, including the atomic num-
bering schemes, are shown in Figure 1, Figure 2, Figure 3,
and Figure 4. Selected bond lengths and angles are listed in
Table 1.

The crystal structures of compounds 1, 3, and 4 consist
of a discrete monomeric copper(II) species surrounded by
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Figure 1. ORTEP drawing of the [Cu(L1)2(phen)] (1) complex.

Figure 2. ORTEP drawing of the [Cu(L2)2(phen)MeOH] (2) com-
plex.

Table 1. Selected bond lengths [Å] and angles [°] for [Cu(L1)2(phen)] (1), [Cu(L2)2(phen)MeOH] (2), [Cu(L3)2(phen)] (3), and [Cu(L4)2-
(phen)] (4).

[Cu(L1)2(phen)] [Cu(L2)2(phen)MeOH] [Cu(L3)2(phen)] [Cu(L4)2(phen)]

Cu(1)–N(2A) 1.989(18) Cu(1)–N(2B) 1.983(2) Cu(1)–N(2B) 1.949(4) Cu(1)–N(2)#1 1.954(15)
Cu(1)–N(2B) 1.989(16) Cu(1)–N(2A) 2.018(2) Cu(1)–N(2A) 1.964(4) Cu(1)–N(2) 1.954(15)
Cu(1)–N(1C) 2.027(12) Cu(1)–N(1C) 2.020(2) Cu(1)–N(2C) 2.006(4) Cu(1)–N(3) 1.989(14)
Cu(1)–N(1D) 1.957(12) Cu(1)–N(2C) 2.036(2) Cu(1)–N(1C) 2.013(4) Cu(1)–N(3)#1 1.989(13)

Cu(1)–O(1) 2.353(3)
N(1D)–Cu(1)–N(2B) 96.9(7) N(2B)–Cu(1)–N(2A) 94.32(9) N(2B)–Cu(1)–N(2A) 96.93(15) N(2)#1–Cu(1)–N(2) 94.2(6)
N(1D)–Cu(1)–N(2A) 165.7(9) N(2B)–Cu(1)–N(1C) 159.55(10) N(2B)–Cu(1)–N(2C) 92.69(16) N(2)#1–Cu(1)–N(3) 162.7(7)
N(2B)–Cu(1)–N(2A) 92.6(6) N(2A)–Cu(1)–N(1C) 91.05(10) N(2A)–Cu(1)–N(2C) 162.05(19) N(2)–Cu(1)–N(3) 95.8(10)
N(1D)–Cu(1)–N(1C) 79.9(8) N(2B)–Cu(1)–N(2C) 93.98(10) N(2B)–Cu(1)–N(1C) 167.69(17) N(3)–Cu(1)–N(3)#1 78.(2)
N(2B)–Cu(1)–N(1C) 167.8(8) N(2A)–Cu(1)–N(2C) 171.67(10) N(2A)–Cu(1)–N(1C) 92.05(16) N(1)–Cu(1)–N(2) 58.57(3)
N(2A)–Cu(1)–N(1C) 92.9(7) N(1C)–Cu(1)–N(2C) 81.35(10) N(2C)–Cu(1)–N(1C) 80.98(18) N(1)–Cu(1)–N(3) 91.39(3)

N(2B)–Cu(1)–O(1) 107.03(11) N(1)–Cu(1)–N(1)#1 159.03(5)
N(2A)–Cu(1)–O(1) 98.82(9) N(1)–Cu(1)–N(2)#1 105.88(3)
N(1C)–Cu(1)–O(1) 91.57(11) N(1)–Cu(1)–N(3)#1 104.96(2)
N(2C)–Cu(1)–O(1) 78.09(9)
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Figure 3. ORTEP drawing of the [Cu(L3)2(phen)] (3) complex.

Figure 4. ORTEP drawing of the [Cu(L4)2(phen)] (4) complex.
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four N atoms belonging to a phenanthroline molecule and
two deprotonated N-sulfonamide ligands in a distorted
square-planar geometry. In complexes 1 and 3 the tetrahe-
drality value of 15.51° and 18.79°, respectively, indicates
that the copper ion adopts a distorted square-planar geom-
etry.[22] The metal ion in complex 4 is located at an inver-
sion symmetry center, hence its coordination polyhedron is
strictly square planar. The Cu–N bond lengths lie in the
range 1.949(4) to 2.027(12) Å, which are normal lengths for
Cu–Nphen and Cu–N-benzothiazole coordination
bonds.[11,13,23]

The copper(II) ion in complex 2 is five-coordinate with
a distorted square-pyramidal geometry. The basal plane is
defined by the benzothiazole N atoms of two deprotonated
sulfonamide ligands and the two N atoms of a phenan-
throline molecule. The Cu–N bond lengths are similar to
those found in complexes 1, 3, and 4. The oxygen atom of
a coordinated methanol molecule occupies the axial posi-
tion with a bond length of 2.353 Å. The changes in bond
length are described by tetragonality (T5); in this case, the
tetragonality value of 0.85 fits into the range expected for
square-pyramidal complexes with mixed nitrogen-oxygen li-
gands.[24] The in-plane angular distortion described by the
ratio τ represents the percentage of trigonal distortion in a
square-pyramidal geometry.[25] The τ value of 0.20 found
here thus indicates the presence of a slight distortion.

The coordination mode of the sulfonamide as a mono-
dentate ligand that binds through the benzothiazole N atom
in complexes 1, 2, 3, and 4 is the same as that usually found
in other CuII complexes with N-substituted sulfonamide an-
alogs.[12,13,23]

DNA Binding Properties

The mode of and propensity for binding of the com-
plexes to calf thymus DNA (CT-DNA) has been studied
with the aid of different techniques.

Viscosity Measurements

Viscosity measurements were carried out on CT-DNA by
varying the concentration of the complexes. Hydrodynamic
measurements that are sensitive to length changes are re-
garded as the least ambiguous and the most critical tests of
binding in solution. One classic intercalation model results
in the lengthening of the DNA helix as the base pairs are
separated to accommodate the binding ligand, thus leading
to the increase of DNA viscosity. In contrast, complexes
that bind exclusively in DNA grooves by means of partial
and/or nonclassic intercalation under the same conditions
typically cause either a less pronounced (positive or nega-
tive) or no change in DNA solution viscosity.[26] The results
obtained with our compounds reveal that while complex 4
(Figure 5) interacts with DNA in a classic intercalative
mode, the presence of complexes 1, 2, or 3 (data not shown)
has no effect on the relative viscosity of CT-DNA. This
indicates that the interaction of these complexes follows the
general pattern of other complexes that bind in DNA
grooves by either a partial or nonclassic intercalation.
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Figure 5. Effect of increasing amounts of the [Cu(L4)2(phen)] (4)
complex on the relative viscosity of CT-DNA.

The different behavior exhibited by complex 4 may be
attributable to its strictly square-planar geometry; in the
other complexes, the distortion of the coordination polyhe-
dron may prevent the intercalation between the bases of the
DNA.

Effect of the Complexes on the Emission Spectra of the
DNA-EB System

To corroborate the findings from the viscometry results
on the mode of DNA interaction, we carried out competi-
tive ethidium bromide (EB) binding studies. Since EB shows
a reduced emission intensity in buffers because of the
quenching by the solvent molecules and a significantly en-
hanced intensity when bound to DNA, the emission inten-
sity of this compound is often used as a spectroscopic
probe.[27] Binding of the complexes to DNA decreases the
emission intensity of EB and the extent of the emission in-
tensity reduction actually gives a measure of the DNA
binding propensity of the complexes in question. The re-
sults in Figure 6 (a) show that the fluorescence intensity
of CT-DNA–EB decreases remarkably with the addition of
complex 4, which indicates that the complex binds to DNA,
replacing the EB from the CT-DNA. Such a result is com-
mon in intercalative DNA interactions and is consistent
with the results obtained from the viscosity measurements.

The fluorescence quenching of EB bound to DNA by
complex 4 is in agreement with the classic linear Stern–
Volmer equation[27]

IF0/IF = 1 + kq [Q],

where IF0 is the emission intensity in the absence of
quencher, IF is the emission intensity in the presence of
quencher, kq is the quenching constant, and [Q] is the
quencher concentration. This concordance can be observed
by comparing the fluorescence quenching curve of IF0/IF to
the concentration of complex 4 (Figure 6, b). It may thus
be concluded that complex 4 binds to DNA mainly by me-
ans of intercalation. The value of Kapp is 1.72×106 –1,
which corresponds to the copper(II) complex concentration
[Q] = 58.1 µ that causes a 50% quenching of the initial
EB fluorescence. This finding suggests that the interaction
of 4 with DNA is quite strong.
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Figure 6. (a) Emission spectra of the DNA–EB system (100 µ CT-
DNA base pairs and 10 µ ethidium bromide) λex = 500.0 nm λem

= 530–650 nm, in the absence (continuous line) and in the presence
(discontinuous lines) of increasing amounts of complex 4 (0–
64 µ). (b) Emission quenching of DNA–EB system upon addition
of [Cu(L4)2(phen)] (4).

The presence of complexes 1, 2, or 3 (data not shown)
has no effect on the emission spectra of the DNA–EB sys-
tem under the same conditions.

Thermal Denaturation Results

The binding of complexes 1–4 to CT-DNA was then
studied from the thermal denaturation profile of DNA.
While complexes 1 and 2 produced no increase in the melt-
ing temperature (Tm) upon their addition to DNA (CT-
DNA Tm = 57 °C), complexes 3 and 4 increased the Tm to
75 and 71 °C, respectively. These results suggest a groove
binding for complexes 1 and 2 and intercalation for com-
plexes 3 and 4, thereby explaining the resulting increased
duplex stabilization.[28]

The behavior of complex 3 is noteworthy, especially since
the thermal denaturation experiments indicate that this
compound can intercalate with DNA while fluorescence
and viscosity results do not agree with this result. One pos-
sible explanation for the duplex stabilization that is effected
by complex 3 is that specific hydrogen-bonding interactions
are present between the N-(benzothiazolyl)sulfonamide li-
gands and the bases or phosphate backbone of the DNA.
Another possibility is that deformations in the double-helix
structure that occur upon binding of the complexes result
in additional interstrand interactions.[29]
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pUC18 Cleavage

We then went on to study the activity of the complexes
as chemical nucleases using supercoiled (SC) pUC18 DNA
in cacodylate buffer (pH = 6.0) with ascorbate/H2O2 acti-
vation. The efficiency of the complexes has been compared
with that of both copper salt and the bis(o-phenanthroline)-
copper complex under the same conditions.

The results shown in Figure 7 indicate that the DNA
cleavage activity order is 4 � 2 � 1 � 3. The results also
reveal that the DNA scission mediated by the compounds
depends on complex concentration, with the cleavage being
more efficient at higher concentrations.

Figure 7. Agarose gel electrophoresis of pUC18 plasmid DNA
treated with copper salt, the complexes, or bis(o-phenanthroline)-
copper(II). [Ascorbate/H2O2]:[tested compound] = 1:1. Incubation
time: 30 min (37 °C). (a) CuSO4 (b) [Cu(L1)2(phen)] (1) complex,
(c) [Cu(L2)2(phen)MeOH] (2) complex, (d) [Cu(L3)2(phen)] (3)
complex, (e) [Cu(L4)2(phen)] (4) complex.
Lane 1: DNA/EcoRI+Hind III. Marker, 3; lane 2: supercoiled
DNA; lane 3: copper salt (a) or complexes (b–e) 1.5 µ; lane 4:
copper salt (a) or complexes (b–e) 3 µ; lane 5: copper salt (a) or
complexes (b–e) 4.5 µ; lane 6: copper salt (a) or complexes (b–e)
6 µ; lane 7: copper salt (a) or complexes (b–e) 7.5 µ; lane 8:
copper salt (a) or complexes (b–e) 9 µ; lane 9: [Cu(phen)2]2+ com-
plex 9 µ.
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Complexes 1 and 2 at 3 and 4.5 µ (see parts b and c in

Figure 7, lanes 4 and 5) produced supercoiled DNA cleav-
age, which was transformed into circular DNA (Form II).
Linearized DNA was not observed under these conditions.
This latter finding suggests that cleavage may occur ran-
domly over the DNA since a significant portion of the plas-
mid already appears to be converted to Form II without
concurrent formation of Form III. For its part, Form III
resulted from multiple cleavage of Form II and appeared
only when full cleavage of Form I was practically achieved
(Figure 7, part b, lane 8 and part c, lane 6).

At low concentrations of complex 3 (1.5, 3, and 4.5 µ,
lanes 3, 4, and 5 in Figure 7, d) the plasmid remained su-
percoiled. In contrast to the reactivity of 1 and 2, complex
3 was unable to mediate the conversion of supercoiled DNA
(Form I) at 3 and 4.5 µ (Figure 7, part d, lanes 4 and 5).
Upon increasing the concentration of 3 to 6 and 7.5 µ,
the supercoiled DNA was partially transformed into open
circular DNA (Figure 7, part d, lanes 6 and 7) whereas at
9 µ, DNA Form I was fully converted into Form II and
Form III (Figure 7, part d, lane 8).

Complex 4 was the most reactive of the complexes (Fig-
ure 7, e), proving to be a very efficient chemical nuclease.
At the very low concentration of 1.5 µ, the compound was
capable of mediating the conversion of supercoiled DNA to
its open circular form (lane 3 in Figure 7, e). In the concen-
tration range from 3 to 6 µ, complex 4 induced complete
degradation of the plasmid to yield the open circular and
linear forms (Figure 7, part e, lanes 4–6) while at 7.5 µ,
the supercoiled DNA was converted into Form II, Form III
and small linear fragments that appeared as a smear on the
gel (Figure 7, part e, lane 7). At a concentration of 9 µ,
only the linear Form III and small linear fragments were
observed (Figure 7, part e, lane 8). These products are in-
consistent with a mechanism of concerted cleavage of both
strains of the plasmid.

As no cleavage was found for CuSO4 under the same
conditions (lanes 3–8 of Figure 7, a), the DNA cleavage ac-
tivity of the compounds can be ascribed to the cooperative
effect between CuII and its ligands.

Since our compounds contain o-phenanthroline as a li-
gand, we have compared their nucleolytic activity with that
of bis(o-phenanthroline)copper complex, which is a well-
known and very efficient chemical nuclease. A comparison
of lane 8 of Figure 7, part b (1, 9 µ), part c (2, 9 µ), part
d (3, 9 µ), and part e (4, 9 µ) with lane 9 of Figure 7 (a)
([Cu(phen)2]2+, 9 µ) clearly indicates that these complexes
present considerably higher nuclease activity than the bis(o-
phenanthroline)copper complex. Under these conditions,
bis(o-phenanthroline)copper complex was only able to
transform a small quantity of SC DNA into its open circu-
lar form while the complexes mediated the full conversion
of the plasmid Form I to the Forms II and III, with com-
plex 4 producing small linear fragments. It is thus clear that
the presence of an N-sulfonamide ligand increases nuclease
activity.

The existence of diffusible radical species in the nuclease
mechanism can be inferred by monitoring the quenching of
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DNA cleavage in the presence of alternative H-atom do-
nors, which should scavenge radicals (such as OH·) in solu-
tion. To this end, we included standard scavengers of reac-
tive oxygen intermediates in the electrophoretic process
(Figure 8).

Figure 8. Agarose gel electrophoresis of pUC18 plasmid treated
with 9 µ complexes and 9 µ ascorbate/H2O2 in the presence of
potential inhibitors. Incubation time 30 min (37 °C). (a) [Cu(L1)2-
(phen)] (1) complex, (b) [Cu(L2)2(phen)MeOH] (2) complex,
(c) [Cu(L3)2(phen)] (3) complex, (d) [Cu(L4)2(phen)] (4) complex.
Lane 1: DNA/EcoRI+Hind III. Marker, 3; lane 2: supercoiled
DNA; lane 3: complex without inhibitors; lane 4:
complex+DMSO (1 ); lane 5: complex+ tert-butyl alcohol (1 );
lane 6: complex+NaN3(100 m); lane 7: complex+2,2,6,6 tet-
ramethyl-4-piperidone (100 m); lane 8: complex+distamycin
(8 µ); lane 9: complex+SOD (15 units).

The presence of the hydroxyl radical scavengers dmso
and tert-butyl alcohol (lanes 4 and 5 of Figure 8a–d) signifi-
cantly inhibited the chemical nuclease activity of the com-
plexes. This suggests a cleavage pathway involving the for-
mation of the reactive hydroxyl radical.

Sodium azide (lane 6 of Figure 8, a–d) inhibited DNA
cleavage by the compounds to some extent, a finding that
points to the participation of 1O2 in the reaction. However,
except in the case of 4, 2,2,6,6-tetramethyl-4-piperidone, an-
other singlet oxygen scavenger, had no observable effect on
the cleavage reaction (lanes 7), which clearly contradicts the
initial result. This may be resolved by taking into account
that since the azide ion can act as a ligand of copper(II),
inhibition of the nuclease reaction probably occurs not by
radical quenching, but rather by blocking the coordination
site on copper that is involved in radical formation. We can
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thus conclude that 1O2 is most likely not involved in the
reaction.[30]

Lane 9 of Figure 8 (a–d) shows a significant reduction of
the DNA cleavage of the complexes in the presence of the
SOD enzyme, which indicates that O2

– is one of the reactive
species that actually breaks the DNA.

In the presence of the minor groove binder distamycin
(lanes 8), the complexes displayed no apparent inhibition of
DNA damage. This suggests that there are no minor bind-
ing preferences for the complexes.[31]

The mechanism of the DNA strand scission of bis(o-
phenanthroline)copper(II) in the presence of reducing
agents indicates that upon its reduction, the copper(II)
complex binds to DNA, thereby liberating a phenan-
throline.[32] Hydrogen peroxide then forms a copper–oxene
reactive species that attacks the C1–H of the -ribose. How-
ever, for complexes 1, 2, 3, and 4, OH· and O2

– are the
active oxygen species involved in the reaction. The involve-
ment of these ROS excludes the formation of a copper–
oxene such as that proposed by Sigman for bis(o-phenan-
throline)copper(II).[32]

Because of the presence of hydroxyl and superoxide radi-
cals and taking into account that the complexes are not able
per se to induce any effect on the double stranded DNA,
but that the cleavage process can be induced with the ad-
dition of activating agents at very low concentrations, we
propose that the DNA damage can occur either through a
Fenton-type reaction:

CuII(L) + e– � CuI(L)

CuI(L) + H2O2 � CuII(L) + OH– + OH·

or a Haber–Weiss reaction:

CuII(L) + e– � CuI(L)

Figure 9. Comparison of EMS-dependent fluorescence in different Saccharomyces cerevisiae strains carrying the RAD54-yEGFP or the
RNR2-yEGFP constructs. Intensity of the fluorescence signal is dependent on incubation time (0, 5, 10, 15, 20, 25, or 30 min; 0 min is
represented as the background). The fluorescence signal displayed has been normalized for cell density.
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CuI(L) + O2 � CuII(L) + O2
–

O2
– + H2O2 � O2 + OH– + OH·

The proposed mechanism for our compounds is similar
to that for the related Cu–N-quinolinsulfonamide-o-phen-
anthroline complex.[11]

In summary, the four complexes are very efficient chemi-
cal nucleases at low concentrations and in the presence of
a low concentration of H2O2/ascorbate. In particular,
[Cu(L4)2(phen)] (4) is a promising compound with much
higher activity than that exhibited by the paradigmatic
bis(o-phenanthroline)copper(II) complex. The high effi-
ciency of 4 is probably due to the fact that its intercalation
binding to DNA permits ROS formation near the deoxy-
ribose moiety. Studies with inhibiting reagents suggest that
the cleavage mechanism for these compounds is different
from that proposed by Sigman for the bis(o-phenan-
throline)copper(II) complex.

Genotoxicity Assay in Yeast Cells

Sensitivity of the RAD54-yEGFP and RNR2-yEGFP
Reporter System to EMS at Different Incubation Times

Previous studies have shown that the brightness of the
fluorescence signal obtained from yeast strains carrying the
RAD54-yEGFP promoter-reporter construct on the plas-
mid correlates with exposure to increasing concentrations
of MMS (methyl methane sulfonate).[15] EMS (ethyl meth-
ane sulfonate) and MMS are alkylating agents that can act
on DNA and lead to damage and mutagenesis. EMS is reg-
ularly used as the reference substance for assessing the mu-
tagenic and DNA-damaging potential of chemicals.[14] In
order to test the sensitivity of the various transformed
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strains to this paradigmatic mutagenic substance, we have
performed fluorescence measurements in response to EMS
treatment with yeast cell cultures carrying the RAD54-
yEGFP or RNR2-yEGFP constructs. These assays have
also been carried out with the aim of selecting the most
sensitive transformed stain for subsequent evaluation of the
genotoxicity of copper(II) complexes.

The results, shown in Figure 9, demonstrate that after
treatment with EMS, only a weak increase in fluorescence
is observed with the various RAD54-yEGFP constructions.

As an alternative sensor system, the RAD54 promoter
was replaced by the promoter of the RNR2 gene. RNR2, a
small subunit of ribonucleoside diphosphate reductase es-
sential for the synthesis of nucleotide precursors, was shown
to be induced by MMS treatment.[15] EMS was also able to
induce measurable levels of yEGFP fluorescence driven by
RNR2, where the fluorescence signal obtained with the
RNR2 promoter was stronger than that observed with the
RAD54 promoter. This result is consistent with data pre-
sented by Jelinsky and Samson[33] and Afanassiev et al.[14]

The best results were obtained with the CML128-RNR2
strain, which was consequently chosen to test the ability of
the copper compounds to cause DNA damage.

Sensitivity of the CML128-RNR2-yEGFP Reporter System
to Copper Compounds at Different Concentrations

The induction of a fluorescence signal driven by pro-
moters that respond to DNA damage in the yeast S. cerevis-
iae provides a system to monitor the activity of substances
that possess mutagenic potential at low concentrations. This
method not only allows for the recognition of mutagenic
agents that are able to produce DNA damage to living sys-
tems, but it can also be used to determine the biologically
active concentrations of these substances, since the yeast
system provides all the typical features of eucaryotic cell
architecture and metabolism.

We thus tested the ability of compounds 1, 2, 3, and 4,
previously shown to be strong DNA-cleaving agents, to in-

Figure 10. Fluorescence response profiles after treatment of CML128-RNR2-yEGFP with increasing concentrations of EMS, complexes
1, 2, 3, or 4, [Cu(phen)2]2+, or CuCl2. Diagrams show the dose response of fluorescence after 20 h of incubation (0  is represented as
the background).
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duce a fluorescence signal in the selected CML128-RNR2-
yEGFP system. The response obtained in the presence of
CuCl2 or [Cu(phen)2]2+ was studied for comparative pur-
poses while EMS was used as a positive control. Figure 10
shows the intensity of the fluorescence signals induced by
EMS, compounds 1–4, and CuCl2 and bis(o-phenan-
throline)copper(II) over the system after 20 hours of incu-
bation.

As can be seen in Figure 10, complexes 3 and 4 induced
fluorescence. In particular, complex 4, which had been
found to be the most efficient chemical nuclease, showed a
significant induction of the fluorescence reporter system,
which indicates that this compound is able to produce DNA
cleavage inside the cell. The signal was much stronger than
that of complex 3. Other substances that have been de-
scribed in the literature as having induced fluorescence sig-
nals over similar systems include cisplatin (a strong DNA
cleaving agent), camptothecin (an inhibitor of topoisomer-
ase I), aphidicolin (an inhibitor of DNA polymerases α and
δ), and actinomycin D (an intercalator that inhibits mainly
transcription, but also replication to some extent).[14]

Complexes 1, 2, and bis(o-phenanthroline)copper(II),
which possesses strong DNA cleaving activity, did not acti-
vate the RNR2 promoter-driven yEGFP expression Also,
the results show that CuCl2 was unable to induce a fluores-
cence signal. These negative results observed with com-
plexes 1, 2, and bis(o-phenanthroline)copper(II), all of
which are able to produce pUC18 DNA cleavage, could be
because of enzymatic inactivation, lack of cell penetration,
detoxification, or other specific properties of the yeast.
Some substances known to have mutagenic or DNA-dam-
aging potential, including psoralen, benzpyrene, tetracy-
cline, colchicine, bleomycin, and mitomycin C, are unable
to induce activity in similar systems.[14]

Because of the high genotoxic potential of 4, our next
task will be to evaluate the therapeutic use of this com-
pound. With this aim, the potential antitumor activity of 4
will be tested on human tumor cell lines.
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Conclusions

Ternary copper(II) complexes with N-substituted sulfon-
amide ligands and o-phenanthroline have been prepared
and structurally characterized with the aid of X-ray crystal-
lography. The DNA cleavage activities of these complexes
have been studied and compared with that of bis(o-phenan-
throline)copper(II). All the complexes act as efficient chem-
ical nucleases and their activities were found to be higher
than that of the paradigmatic bis(o-phenanthroline)cop-
per(II) complex. The most active cleaving agent was found
to be [Cu(L4)2(phen)](4), which was able to mediate DNA
scission at very low concentrations (1.5 µ) in the presence
of low concentrations of activating agents. The significant
activity of this complex can be ascribed to its efficient bind-
ing to DNA, as deduced from viscosity, fluorescence, and
thermal denaturation studies. The sensitivity of the
CML128-RNR2-yEGFP reporter system to copper com-
pounds was tested to evaluate the genotoxic potential (i.e.,
the potential to inflict DNA damage) of the compounds at
the cellular level. The significant induction of fluorescence
by complex 4 indicated a high genotoxic potential for this
compound. This fact makes 4 a very promising DNA dam-
aging agent for further studies on human tumor cell lines.

Experimental Section

Materials: Reagents and solvents were commercially available and
were used without further purification. pUC18 was purchased from
Roche Diagnostics. Calf thymus DNA (CT-DNA) was supplied by
Sigma–Aldrich.

Physical Methods: Elemental analyses (C,H,N,S) were performed
with a Carlo–Erba AAS instrument. IR spectra (KBr disks) were
obtained with a Mattson satellite FT-IR in the range 4000–
400 cm–1. Fast atomic bombardment (FAB) mass spectra were ob-
tained with a VG Autospec spectrometer with 3-nitrobenzyl alcohol
as the matrix. Diffuse reflectance spectra (nujol mulls) of the com-
plexes were carried out with a Shimadzu UV-2101 PC spectropho-
tometer. Electronic Paramagnetic Resonance (EPR) spectra were
taken at the X-band frequency at room temperature with a Bruker
ELEXSYS Spectrometer.

Synthesis of the Ligands

N-(Benzothiazol-2-yl)benzenesulfonamide (HL3) and N-(Benzothi-
azol-2-yl)toluenesulfonamide (HL4): A solution containing 2-amino-
benzothiazole (1 g) and benzenesulfonyl chloride (2.5 g) or tolu-
enesulfonyl chloride (2.5 g) in pyridine (6 mL) was heated at reflux
for 1 h. The mixture was added to cold water (10 mL) and stirred
for several minutes. The resulting solid was recrystallized from eth-
anol. After several weeks, slow evaporation of the filtrate gave rise
to single crystals suitable for X-ray diffraction.

N-(Benzothiazol-2-yl)benzenesulfonamide (HL3): Yield: 1.89 g,
98.9%. C13H10N2S2O2 (290.35): calcd. C 53.77; H 3.47; N 9.65; S
20.08; found C 53.88; H 3.26; N 9.69; S 20.05. IR (KBr): ν̃ = 1561
(thiazole); 1317–1304, 1146 ν(SO2); 959 ν(S–N) cm–1. FAB: m/z =
291 [M+]. UV: λmax = 309 (π�π*) nm.

N-(Benzothiazol-2-yl)toluenesulfonamide (HL4): Yield: 1.88 g,
93.0%. C14H12N2S2O2 (304.38): calcd. C 55.24; H 3.97; N 9.20; S
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21.07; found C 55.11; H 3.97; N 9.26; S 21.14. IR (KBr): ν̃ = 1560
(thiazole); 1314, 1146 ν(SO2); 960 ν(S–N) cm–1. FAB: m/z = 305
[M+]. UV: λmax = 302 (π�π*) nm.

N-(6-Chlorobenzothiazol-2-yl)benzenesulfonamide (HL1) and N-(6-
Chlorobenzothiazol-2-yl)toluenesulfonamide (HL2): These com-
pounds were obtained and characterized as previously re-
ported.[23,34]

Synthesis of the Complexes

[Cu(L1)2(phen)] (1), [Cu(L2)2(phen)MeOH] (2), [Cu(L3)2(phen)] (3),
and [Cu(L4)2(phen)](4): Aqueous NaOH (0.5 , 2 mL) was added
to a solution of the ligand (1 mmol) in methanol (40 mL). A sus-
pension of CuSO4 (0.5 mmol) and 1,10-phenanthroline monohy-
drate (0.5 mmol) in methanol was then added, and the resulting
mixture was stirred for ca. 30 min at 40 °C. After cooling, the mix-
ture was filtered to remove the precipitate that formed. Well-shaped
crystals of 1, 3, and 4 were obtained from the filtrate by slow evapo-
ration at room temperature for several months. Crystals of complex
2 were also formed, but they were not of sufficiently high quality
for structural determination. Reaction in methanol by means of
slow diffusion afforded good quality crystals of 2 after several days.
Crystals of all the complexes were isolated by means of filtration,
washed with MeOH, and dried under vacuum.

Complex 1: Yield: 0.142 g, 32%. C38H26Cl2CuS4N6O4: calcd. C
51.09, H 2.93, N 9.41, S 14.36; found C 51.15, H 2.96, N 9.39, S
14.28. IR (KBr): ν̃ = 1465 (thiazole); 1279, 1129 ν(SO2); 961
ν(S–N) cm–1. Solid UV/Vis: λmax = 355 (π�π*), 652 sh (d–d) nm.

Complex 2: Yield: 0.124 g, 26%. C41H32Cl2CuS4N6O5: calcd. C
51.76, H 3.39, N 8.83 S 13.48; found C 51.65, H 3.42, N 8.91 S
13.28. IR(KBr): ν̃ = 1462 (thiazole); 1295, 1139 ν(SO2); 968
ν(S–N) cm–1. Solid UV/Vis: λmax = 338 (π�π*), 543, 702 (d–d) nm.

Complex 3: Yield: 0.152 g, 37%. C38H26CuS4N6O4: calcd. C 55.49,
H 3.19 N 10.22 S 15.60; found C 55.32, H 3.15 N 10.10 S 15.67.
IR (KBr): ν̃ = 1432 (thiazole); 1276, 1144 ν(SO2); 968 ν(S–N) cm–1.
Solid UV/Vis: λmax = 371 (π�π*), 671 sh (d–d) nm.

Complex 4: Yield: 0.115 g, 27%. C40H30CuS4N6O4: calcd. C 56.49
H 3.56 N 9.88 S 15.08. found C 56.53 H 3.42 N 9.88 S 15.08.
IR(KBr): ν̃ = 1489–1441 (thiazole); 1276, 1134 ν(SO2); 967
ν(S–N) cm–1. Solid UV/Vis: λmax = 337 (π�π*), 665 sh (d–d) nm.

X-ray Crystallography: A green crystal measuring
0.04×0.04×0.08 mm (1), a blue crystal measuring
0.2×0.08×0.24 mm (2), a brown crystal measuring
0.04×0.1×0.2 mm (3), and a dark blue crystal measuring
0.14×0.12×0.08 mm (4), and either a triclinic space group P1̄ (1)
or a monoclinic space group P21/c (2, 3, and 4) (as determined
from systematic absences) were used. Data collection was per-
formed at 293 K with a Nonius Kappa-2000 single crystal dif-
fractometer, with Cu-Kα radiation (λ = 1.54184 Å) for complexes
1, 3, and 4 or with a Nonius Kappa CCD single crystal dif-
fractometer with Mo-Kα radiation (λ = 0.71073 Å) for complex 2.
The crystal-detector distance was fixed at 35 mm (1, 3, and 4) or
32.1 mm (2) and a total of 106 (1), 228 (2), 430 (3), and 91 (4)
images were collected by means of the oscillation method, with a
scan angle per frame of 2° (1, 3, and 4) or 1.7° (2) oscillation and
20 s (1), 15 s (2), 26 s (3), and 2 s (4) exposure time per image. The
data collection was carried out and calculated with the program
Collect.[35] Data reduction and cell refinements were performed
with the programs HKL Denzo and Scalepack.[36]

Unit cell dimensions were determined from 295 (1), 10423 (2), 3916
(3), and 597 (4) reflections between θ = 0.999° and 39.973° (1),
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0.998° and 28.7° (2), 0.999° and 63.691° (3), and 0.99° and 36.05°
(4). Multiple observations were averaged: for complex 1 (Rmerge =
0.0000) this resulted in 1712 unique reflections of which 1189 were
observed with I�2σ(I), for complex 2 (Rmerge = 0.030) this resulted
in 10601 unique reflections of which 6891 were observed with
I�2σ(I), for complex 3 (Rmerge = 0.0000) this resulted in 4086
unique reflections of which 2439 were observed with I�2σ(I), and
for complex 4 (Rmerge = 0.0000) this resulted in 879 unique reflec-
tions of which 732 were observed with I�2σ(I). Final mosaicity
was 0.35(1), 0.43 (2), 0.50 (3), and 0.509 (4). All data completeness
was 74.2% (1), 98.2% (2), 84.0% (3), and 95.5% (4).

Crystal structures were solved by direct methods, either with the
program SIR-97 (1, 2, and 3) or SHELXS-86 (4).[37] Anisotropic
least-squares refinements were carried out with SHELXL-97.[38] All
non-hydrogen atoms were anisotropically refined while hydrogen
atoms were located geometrically. The final cycle of full-matrix le-
ast-squares refinement based on 1712 (1), 10601 (2), 4086 (3), and
879 (4) reflections and 494 (1), 536 (2), 561 (3), and 284 (4) param-
eters converged to a final value of R1 [F2 �2σ(F2)] = 0.052, wR2

[F2 �2σ(F2)] = 0.130, R1 (F2) = 0.082, wR2 (F2) = 0.150 for complex
1; R1 [F2 �2σ(F2)] = 0.046, wR2 [F2 �2σ(F2)] = 0.127, R1 (F2) =
0.090, wR2 (F2) = 0.170 for complex 2; R1 [F2 �2σ(F2)] = 0.044,
wR2 [F2 �2σ(F2)] = 0.094, R1 (F2) = 0.092, wR2 (F2) = 0.112 for
complex 3; and R1 [F2 �2σ(F2)] = 0.036, wR2 [F2 �2σ(F2)] = 0.097,
R1 (F2) = 0.045, wR2 (F2) = 0.105 for complex 4. Final difference
Fourier maps showed no peaks higher than 0.261 e/Å3 nor deeper
than –0.397 e/Å3 for complex 1, no peaks higher than 0.678 e/Å3

to 1.06 Å to H14d nor deeper than 1.5 e/Å3 to 0.85 Å to Cu for
complex 2, no peaks higher than 0.197 e/Å3 to 1.14 Å to N1c nor
deeper than –0.405 e/Å3 to 0.98 to Cu1 for complex 3, and no peaks
higher than 0.411 e/Å3 nor deeper than –0.167 e/Å3 for complex 4.
Semi-empirical absorption correction was applied using the pro-
gram XABS2[39] for complex 1. Geometrical calculations were
made with PARST.[40] The crystallographic plots were made with
ORTEP.[41] A summary of crystallographic data of the complexes
is given in Table 2.

The supplementary crystallographic data for this paper is contained
in CCDC-299259, -299260, -299261, and -299262. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystal data and structure refinement for [Cu(L1)2(phen)] (1), [Cu(L2)2(phen)MeOH] (2), [Cu(L3)2(phen)] (3), and [Cu(L4)2-
(phen)] (4).

Compound 1 2 3 4

Empirical formula C38H26Cl2CuN6O4S4 C41H32Cl2CuN6O5S4 C38H26CuN6O4S4 C20H15Cu0.5N3O2S2

Formula mass [g/mol] 893.33 958.41 822.43 425.24
Crystal system triclinic monoclinic monoclinic monoclinic
Space group P1̄ P21/c P21/c P21/c
a [Å] 10.8510(9) 17.4880(2) 11.6840(3) 12.0450(7)
b [Å] 11.4360(7) 11.7090(2) 18.0120(5) 11.3450(6)
c [Å] 15.6000(12) 20.5440(2) 17.2570(3) 17.8480(10)
α [°] 86.714(3) 90 90 90
β [°] 81.697(3) 95.7960(7) 101.2430(11) 126.072(3)
γ [°] 89.291(3) 90 90 90
V [Å3] 1912.4(2) 4185.23(10) 3562.08(15) 1971.34(19)
Z 2 4 4 4
λ [Å] 1.54184 0.71073 1.54184 1.54184
µ [mm–1] 4.551 0.903 3.485 3.167
ρcalcd. [mg/m3] 1.551 1.521 1.534 1.433
T [K] 293(2) 293(2) 293(2) 293(2)
R1 0.0523 0.0458 0.0437 0.0361
wR2 0.1304 0.1271 0.0941 0.0971
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Metal Complexes–DNA Interactions

Viscosity Measurements: Viscosity experiments were carried out
with a Cannon 25 L97 viscosimeter immersed in a Julabo thermo-
statted water bath maintained at 25.0±0.1 °C. Solutions of the
complexes (1–10 µ) in cacodylate buffer (pH = 6.0) were added
to a calf thymus DNA (50 µ base pairs) solution in cacodylate
buffer. The flow times were measured with a digital stopwatch. The
flow measurements were performed in triplicate. Data were pre-
sented as (η/η0)1/3 vs. the ratio of the concentration of complex and
DNA, where η is the viscosity of DNA in the presence of the com-
plex and η0 is the viscosity of DNA alone. Viscosity values were
calculated from the observed flow time of a DNA-containing solu-
tion corrected from the flow time of buffer alone (t0), η = t – t0.

Fluorescence Quenching of Ethidium Bromide Intercalated to DNA
by Interaction of the Copper Complexes with DNA: The fluorescence
spectra were recorded with a JASCO FP-6200 spectrofluorimeter
at room temperature. The experiments were conducted by adding
copper(II) complex solutions at various concentrations (0–64 µ)
to samples containing 100 µ calf thymus DNA base pairs and
10 µ ethidium bromide in cacodylate buffer (pH = 6.0). All the
samples were excited at 500 nm and emission was recorded at 530–
650 nm.

Thermal Denaturation Experiments: DNA-melting experiments
were carried out by monitoring the absorbance (260 nm) of CT-
DNA (100 µ base pairs) at different temperatures in the absence
and presence of the complexes in a 4:1 DNA/complex ratio. Mea-
surements were performed with an Agilent 8453 UV/Vis spectro-
photometer equipped with a Peltier temperature controlled sample
cell and driver (Agilent 89090A). The solution containing the ter-
nary complex and CT-DNA in phosphate buffer (1 m phosphate,
2 m NaCl, pH = 7.2) was continuously stirred and heated with a
rate of temperature increase of 1 °C/min. The temperature interval
studied ranged from 25 to 90 °C.

pUC18 DNA Cleavage: A typical reaction for complexes was under-
taken by mixing a cacodylate buffer (0.1 , 7 µL, pH 6.0), pUC18
(1 µL, 0.25 µg/µL), a solution of the tested complex (6 µL) at in-
creasing concentrations between 1.5 µ and 9 µ, ascorbate (3 µL),
and a H2O2 (3 µL) twofold molar excess relative to the concentra-
tion of the complex in cacodylate buffer. The mixtures were allowed
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to stand for 30 min at 37 °C. After that, a quench buffer solution
(3 µL) consisting of bromophenole blue (0.25%), xylene cyanole
(0.25%), and glycerol (30%) were added. The solution was then
subjected to electrophoresis on a 0.8% agarose gel in 0.5×TBE
buffer (0.045  Tris, 0.045  boric acid, and 1 m EDTA) contain-
ing 2 µL/100 mL of a solution of ethidium bromide (10 mg/mL) at
80 V for about 2 h. The gel was photographed on a capturing gel
printer plus TDI.

To test for the presence of reactive oxygen species (ROS) generated
during strand scission, various reactive oxygen intermediate scaven-
gers were added to the reaction mixtures. The scavengers used were
superoxide dismutase (15 units), DMSO (1 ), tert-butyl alcohol
(1 ), sodium azide (100 m), and 2,2,6,6-tetramethyl-4-piperidone
(100 m). An assay in the presence of the minor groove binder
distamycin (8 µ) was also performed. Samples were treated as de-
scribed above.

Genotoxicity Assays

Construction of a Plasmid Containing yEGFP Under the Transcrip-
tional Control of the RNR2 or RAD54 Promoter: PCR was used to
amplify the RNR2 and RAD54 promoters from genomic Saccharo-
myces cerevisiae DNA with the primers shown in Table 3. pUG35
plasmid was digested with Sal I and Sac I to remove the original
promoter of yEGFP. The PCR products were digested with the
same restriction enzymes and were ligated into the pUG35 to pro-
duce pUG35-RNR2 or pUG35-RAD54. The yeast strains used in
this study, listed in Table 4, were grown on a YNB medium (1.68 g
of YNB without aa and without salts, 5 g of ammonium sulfate,
and 20 g of glucose per liter) with the required amino acids.

Table 3. Primers used in the construction of the RAD54-yRGFD
or RNR2-yEGFD promoter-reporter plasmid.

RAD54-3SAL GGC CGT TCA CCG TCG ACT ATT CC
RAD54-5SAC AAA ATA TTG AGC TCG AAG ATC TGT CC
RNR2-3SAL GGA CAA TGC GTC GAC AGC AG
RNR2-5SAC TAG CCA GAG CTC TGC ATT ACG C

Table 4. Yeast strain used.

Strain Relevant genotype

BY4741 MATa his3-δ1 leu2-δ0 met15-δ0 ura3-δ0
CML235 MATa his3-δ200 ura3-52 leu3-δ1
W303-1A MATa ura3-1 ade2-1 leu2-3,112 trp1-1 his3-11,15
CML128 MATa leu2-3,112 ura3-52 trp1-1 his4 can1r
CEN.PK2 MATa/MATα ura3-52/ura3-52 trp1-289/trp1-289

leu2-3,112/leu2-3,112 his3δ1/his3δ1
FY73 MATα his3-∆200, ura3-52

Transformed reporter strains

BY4741-RAD54 BY4741 transformed with pUG35-RAD54
CML235-RAD54 CML235 transformed with pUG35-RAD54
W303-1A-RAD54 W303-1A transformed with pUG35-RAD54
CML128-RAD54 CML128 transformed with pUG35-RAD54
CEN.PK2-RAD54 CEN.PK2 transformed with pUG35-RAD54
FY73-RAD54 FY73 transformed with pUG35-RAD54
BY4741-RNR2 BY4741 transformed with pUG35-RNR2
CML235-RNR2 CML235 transformed with pUG35-RNR2
W303-1A-RNR2 W303-1A transformed with pUG35-RNR2
CML128-RNR2 CML128 transformed with pUG35-RNR2
CEN.PK2-RNR2 CEN.PK2 transformed with pUG35-RNR2
FY73-RNR2 FY73 transformed with pUG35-RNR2

Sensitivity of the RAD54-yEGFP and RNR2-yEGFP Reporter Sys-
tems to EMS: Liquid YNB (10 mL; 1.68 g of YNB without aa and
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without salts, 5 g of ammonium sulfate, and 20 g of glucose per
liter) with the suitable requirements were inoculated into a fresh
sample of the yeast strain to give approximately 1×106 cells/mL.
The cultures were incubated overnight at 28 °C with vigorous shak-
ing. The cultures were then washed twice in 50 m potassium phos-
phate buffer (pH = 7.0) and resuspended in this buffer to a final
concentration of 5×107 cells/mL. EMS (30 µL) was added to 1 mL
of cells and incubated for 30 min at 30 °C. 100 µL samples were
obtained at different times (0, 5, 10, 15, 20, 25, and 30 min) during
the incubation. The EMS mutagenesis was stopped in each cell
suspension by adding an equal volume of a freshly made 10% (w/
v) filter-sterilized solution of sodium thiosulfate. The suspensions
were then mixed well and centrifuged, after which the cells were
collected and washed twice with sterile water. The cells were then
inoculated in liquid medium and incubated at 28 °C for 20 h on an
orbital shaker. For cell fluorescence measurements, the cell cultures
were diluted (1:10 in sterile distilled water) and transferred directly
to cuvettes. Samples with cell cultures with no mutagenic agents
were taken as blanks. Fluorescence measurements were performed
with a Jasco FP-6200 spectrofluorometer. The excitation and emis-
sion wavelengths were set to 488 and 511 nm, respectively, with a
slit width of 10 nm. Fluorescence values were normalized for the
absorption values of each cell. The normalized fluorescence values
were then plotted against the substance concentration and incu-
bation time. All calculations and plots were made with MS Excel.

Evaluation of Genotoxicity Produced by the Complexes: Single colo-
nies of the selected transformed yeast strains grown on selective
medium were used to inoculate 5 mL of medium and then grown
to mid log phase (0.4 AU at 600 nm). The cells were resuspended
in fresh medium to a final concentration of 0.1 AU. Solutions of
EMS, the copper salt, or the test compounds at increasing concen-
trations were distributed in parallel. The tubes were incubated at
28 °C for 20 h on an orbital shaker at 120 rpm. Fluorescence mea-
surements were performed as described above except that, in this
case, the first measurement was taken at 0 h and repeated at 4, 16,
and 20 h of incubation.
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Three-dimensional protein structures of the xanthine oxidase
family show different solutions for the problem of transfer-
ring electrons between the flavin adenine dinucleotide (FAD)
group and the molybdenum cofactor. In xanthine oxidase all
the cofactors lie within domains of the same protein chain,
whereas in CO dehydrogenase the Fe–S centres, FAD and
Mo cofactors are enclosed in separate chains and the enzyme
exists as a stable complex of all three. In aldehyde oxidore-

Introduction

Molybdenum and tungsten are found in a mononuclear
form in the active site of a diverse group of enzymes that
catalyze, in general, oxygen-atom transfer and are distinct
from the nitrogenase enzyme that contains a complex
FeSMo cluster. Mononuclear Mo-enzymes have been classi-
fied into three main groups, called the xanthine oxidase
(XO), dimethyl sulfoxide reductase (DMSOR) and sulfite
oxidase (SO) families.[1,2] The active site of these enzymes
contains the metal atom coordinated to one or two pyran-
opterin molecules and to a variable number of ligands con-
taining atoms such as oxygen (oxo, hydroxo, water, serine,
and aspartic acid), sulfur (cysteines) and selenium (seleno-
cysteines). Pyranopterin is an organic ligand that can be
either in the monophosphate form or have a nucleotide
molecule attached by a pyrophosphate link. In addition,
these proteins may have other redox cofactors such as iron-
sulfur (Fe–S) centres, hemes and flavin groups, which are
involved in intra- and intermolecular electron-transfer pro-
cesses.[1–3]

There are a few known crystal structures of molybdenum
hydroxylases from the XO family. These include aldehyde
oxidoreductase (AOR) from Desulfovibrio gigas,[4–6] xan-
thine oxidoreductase (XO) from Bos taurus[7] and Xanthine
dehydrogenase (XDH) from Rhodobacter capsulatus.[8]

[a] REQUIMTE-CQFB, Departamento de Química, Faculdade de
Ciências e Tecnologia, Universidade Nova de Lisboa,
2829-516 Campus de Caparica, Portugal

[b] REQUIMTE-CQFB, Departamento de Química, Faculdade de
Ciências e Tecnologia, Universidade Nova de Lisboa,
2829-516 Campus de Caparica, Portugal
Fax: +351-21-194-8550
E-mail: jose.moura@dq.fct.unl.pt

[‡] Present address: Laboratórios BIAL,
Porto, Portugal

Eur. J. Inorg. Chem. 2006, 3835–3840 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3835

ductase, only Fe–S and Mo co-factors are present in a single
protein chain. Flavodoxin is docked to aldehyde oxidore-
ductase to mimic the flavin component on the intramolecular
electron transfer chain of aanthine oxidase and CO dehydro-
genase and, remarkably, the main features of the electron-
transfer pathway are observed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

There are also two known crystal structures of similar pro-
teins containing Mo, namely CO dehydrogenase (CODH)
from Oligotropha carboxidovorans, which catalyzes the oxi-
dation of CO to CO2 without cleavage of a C–H bond,[9,10]

and 4-hydroxybenzoyl-CoA Reductase (4-HBCR) from
Thaurea aromatica, which catalyzes reductive removal of an
aromatic hydroxy group.[11,12]

Despite their similarity, these proteins show three dif-
ferent sequence arrangements for the active sites participat-
ing in electron transfer between the FAD group: the two
[2Fe-2S] centres and the Molybdenum cofactor.[1,2,7–14] In
general, all the cofactors in XO and XDH lie within do-
mains of the same protein chain, although some exceptions
are found in prokaryotic XDHs such as the one isolated
from Rhodobacter capasulatus. In CODH and 4-HBCR,
two [2Fe-2S] centres, one FAD and one Mo cofactor are
enclosed in separate chains and the enzyme exists as a stable
complex of all three. In AOR only the two [2Fe-2S] centres
and Mo cofactor are present in a single and shorter poly-
peptide chain (Figure 1).

Although the arrangement of the 4-HBCR subunits con-
taining the FAD group, the molybdenum cofactor and the
two intermediary [2Fe-2S] centres is similar to that of
CODH, 4-HBCR is significantly different from CODH.
The gene sequences for the three subunits of 4-HBCR in
Rhodopseudomonas palustris[15] and T. aromatica[13] reveal
significant differences between these proteins, and 4-HBCR
consists of three subunits of (αβγ)2 composition.[16,17] Each
monomer contains a [4Fe-4S] centre[16] in addition to the
prosthetic groups shared with CODH. The additional [4Fe-
4S] centre is coordinated to conserved cysteinyl residues in
a unique stretch of approximately 40 amino acids in the β
subunit.[12,19] Nevertheless, for the purposes of this work
the important features of 4-HBCR are shared with CODH,
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Figure 1. Schematic representation of the domain sequence for the three enzymes XO, CODH, 4-HBCR (that includes an extra elongation
of the β-subunit that binds, in addition to the FAD moiety, the [4Fe-4S] center) and AOR (homologies among molybdenum hydroxylases).
The FAD domain is absent in the D. gigas aldehyde oxidoreductase. In the R. capsulatus Xanthine dehydrogenase and the Bos Taurus
XO, the iron-sulphur and flavin-binding portions of the protein constitute one subunit (XdhA), and the molybdenum-binding portion a
second (XdhB). In the O. carboxydovorans CO dehydrogenase, the iron–sulphur centres are together in one subunit (CoxS), the flavin in
a second (CoxM) and the molybdenum in a third subunit (CoxL). A comparison with the R. capsulatus XDH domain sequence is also
included (a variation of the XO domain theme).

namely the electron-transfer pathway involving the FAD,
the two [2Fe-2S] centres and the Mo cofactor.

The molybdenum [iron-sulfur] protein, first isolated from
Desulfovibrio gigas (DgAOR),[18] was later shown to medi-
ate the electronic flow from salicylaldehyde to a suitable
electron acceptor, and its 2,6-dichlorophenolindophenol
(DCPIP)-dependent aldehyde oxidoreductase activity was
studied in detail[19] using a wide range of aldehydes and
analogues. A steady-state kinetic analysis (KM and Vmax)
was performed for acetaldehyde, propionaldehyde, benzal-
dehyde and salicylaldehyde in the presence of a suitable
electron acceptor (DCPIP), and a simple Michaelis–Menten
model was shown to be applicable as a first kinetic ap-
proach. Xanthine, purine, allopurinol and N1-methylnico-
tinamide (NMN), however, could not be utilized as enzyme
substrates. DCPIP and ferricyanide were shown to be cap-
able of cycling the electronic flow, whereas other cation and
anion dyes [O2 and NAD(P)+] were not active in this pro-
cess. This molybdenum hydroxylase was later shown to be
part of an electron-transfer chain that is capable of linking
the oxidation of aldehydes to the reduction of protons and
involves flavodoxin.[20]

The FAD domain, which is present in XO and CODH
but absent in AOR, and the evidence for in vitro electron
transfer between AOR and flavodoxin, led to the reasonable
assumption that flavodoxin can play the role of a reaction
partner for AOR that replaces the missing domain. Our hy-
pothesis was that the interaction between AOR and flavo-
doxin should mimic the arrangement of the domains or
subunits of the other similar proteins, therefore to test this
hypothesis we attempted to model the AOR-flavodoxin
complex using the BiGGER docking algorithm.[21,22]

Results and Discussion

Our hypothesis was thus that if flavodoxin assumed the
role of the missing FAD domain, the complex of flavodoxin
with AOR should be similar to the structures of CODH
and XO, and should be consistent with the experimental
data available.[20]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3835–38403836

The Nature of the Electron-Transfer Complex

The interaction between AOR and flavodoxin seems to
be driven mostly by electrostatics, since both partners are
highly charged and flavodoxins have high dipolar moments
(approx. 400 Debye). Both AOR and flavodoxin are acidic,
but the reaction rate of electron transfer, as measured using
aldehydes as electron donor through AOR and following
the formation of flavodoxin semiquinone state at 590 nm
(Figure 2) (experimental conditions as in ref.[20]; see also
caption to Figure 2), increased with increasing ionic
strength up to 0.1 . Although the strong ionic-strength de-
pendency of the reaction kinetics for the electron transfer
between AOR and flavodoxin from D. gigas indicates that
the interaction is driven mostly by electrostatics, it was intri-
guing that the reaction rate increased with increasing ionic
strength. However, the docking results (see below) helped
to explain this observation and called our attention to the
effect of ionic strength on the electrostatic field generated

Figure 2. Dependency of the AOR-flavodoxin reaction rate on
ionic strength. The reaction rate was measured by the formation of
the semiquinone form of FAD, which was followed by spectroscopy
at 590 nm. Anaerobic formation of flavodoxin semiquinone was
followed at 580 nm, using benzaldehyde as electron donor, varying
the media ionic strength (adjusted with NaCl). The experiments
were conducted at 20 °C and pH 7.6 (Tris-HCl buffer). AOR was
2 µ, flavodoxin 24 µ and substrate 100 µ. General procedures
as detailed indicated in ref.[20]



The Electron-Transfer Complex Between Aldehyde Oxidoreductase and Flavodoxin FULL PAPER
by AOR at the suggested interaction site, near the more
exposed [2Fe-2S] moiety. Figure 3 shows the electrostatic
field in this region at an ionic strength of 0.0, 0.1 and 0.5 .
The electrostatic field was calculated by solving the lin-
earised Poisson–Boltzmann equation with a multi-grid fi-
nite difference solver,[23] with a grid resolution of 2 Å. The
simplifying assumptions (equal concentrations and radii for
positive and negative ions and linearisation of the hyper-
bolic sine term) and the finite difference solution limit the
precision of the calculations, but this is not important for
the qualitative result that explains the effects of ionic
strength on this reaction. At higher ionic strength the over-
all negative charge of AOR has less influence near the posi-
tive patch surrounding the exposed [2Fe-2S] cluster, thus
allowing a positive region of the field to project farther
from the surface and possibly helping to guide the nega-
tively charged flavodoxin. This explains both the reaction
kinetics data and how these two strongly acidic proteins
may interact despite their large negative charge.

Figure 3. The three panels show the positive regions of the electro-
static field projected by AOR at 0.0, 0.1 and 0.5  of ionic strength.
The isopotential lines are for 0.1, 0.01 and 0.001 kcalmol. Only the
positive regions of the electrostatic field are shown. The more ex-
posed [2Fe-2S] cluster is shown on the lower part of each panel,
and the projecting positive region of the field corresponds to the
most likely docking site (Figure 4).

AOR-Flavodoxin Complex: Docking Model

We used the BiGGER[21,22] docking algorithm both with
the default soft docking parameters and with the hard
docking option for all docking runs. The first stage of the
docking algorithm was to select a set of 5000 solutions from
all possible configurations and generate candidate com-
plexes by shifting one of the partners relative to the other
in steps of 1 Å of translation for each 15°-step in rotation.
This exhaustive search generated billions of possibilities,
most of which were excluded by eliminating excessive over-
lap and by keeping only those with the highest surface con-
tact areas.

The soft docking algorithm[22] is a general docking algo-
rithm applicable to cases ranging from tightly binding en-
zyme-inhibitor complexes to transient electron-transfer in-
teractions, and so must take into account the effects of side-
chain flexibility, which is potentially essential in strong in-
teractions. This algorithm models side-chain flexibility im-
plicitly by allowing some interatomic clashes involving se-
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lected regions of flexible side-chains at the surface of the
protein. The downside is an increase in the fraction of in-
correct models retained in those cases where side-chain flex-
ibility is not a relevant factor. In such cases, which are com-
mon for weak interactions, the hard docking alternative
tends to provide clearer results. Our approach was to use
both alternatives to take advantage of the best features of
each. Agreement between hard docking and soft docking
results indicated that it was not necessary to account for
side-chain conformation changes. In such cases we can use
the hard docking results, which are generally clearer and
easier to interpret. If the results of the two alternatives dis-
agree, then we should use the soft docking models because
this suggests side-chain conformation changes may be an
important factor in the formation of the complex. In the
case of the AOR-flavodoxin complex studied here, the re-
sults of hard docking agreed with those of soft docking −
both approaches gave similar clusters of models among the
highest ranking − so all results presented here are for hard
docking. This agreement of the six different docking simu-
lations, with different conditions and partners, shows the
simulations to be reliable. Furthermore, in all cases there
are structures with the configuration predicted by our hy-
pothesis among the highest scoring models when ranked by
the electrostatic interaction score.

The second stage of BiGGER is the ranking stage, in
which the 5000 models are evaluated according to electro-
statics, solvent exclusion, and surface complementarity and
amino acid contacts. The global scoring function included
in BiGGER is also designed for general applicability by
combining these different factors to give a single score op-
timised to separate correct models from incorrect models
over a broad range of complexes. This is the best option
when no information is available regarding the interaction
being studied. However, BiGGER also provides the hydro-
phobicity and electrostatic scores for those cases in which
it is possible to estimate if the interaction is driven mainly
by solvation effects or by electrostatics.[21,22] Since this was
one such case, we chose to use the electrostatic score to
rank the most likely models. Nevertheless, the global score
also placed high scoring models in the same region (includ-
ing the highest ranking model).

The choice of the electrostatic interaction score was dic-
tated by experimental data on the ionic-strength depen-
dency of the electron-transfer reaction between flavodoxin
and AOR (both form D. gigas), and by the large charge of
the partners, which suggested electrostatics to be the main
driving force in this interaction. Furthermore, the docking
simulations also suggested that the interaction between
AOR and flavodoxin is strongly driven by electrostatics,
since the electrostatic score value was high, with an esti-
mated enthalpy for the electrostatic interaction of approxi-
mately 100 kcalmol–1. This is an approximate value due to
the fact that it is calculated from a simple Coulombic model
and the docking models generated by BiGGER are not very
precise as the translation search is in steps of 1 Å and the
side-chain placement was not optimised for each model.
However, these simplified calculations are the only practical
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way of dealing with thousands of candidate models without
excessive computational demands, and the results do not
require precise energy estimates, as all six simulations were
in agreement and the estimated energy contributed by elec-

Figure 4. The relative positions of the FAD prosthetic groups for COD, XO, and 4-HBCR (first three panels) and the best models for
the AOR-flavodoxin complex using the D. vulgaris, D. gigas and D. salexigens flavodoxins (last three panels). For the docking models the
highest ranking configuration is shown in thick lines, and other high ranking configurations in thin lines. The numbers indicate the
distances (in Å) between the cofactors. For the AOR-flavodixin complexes, the smallest distance of the fifteen highest ranking models is
shown.

Figure 5. One possible docking configuration for D. gigas flavodoxin and AOR (left panel) compared with the structures of XO (top
right), COD (centre right) and 4-HBCR (bottom right). The colours correspond to the sequence homology schemes shown in Figure 1,
green for the FeS regions, orange for the FAD and flavodoxin, and blue for the MCD-Mo or MPT-Mo regions.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3835–38403838

trostatics was one to two orders of magnitude greater than
that for hydrophobicity. Overall, all the simulation results
and experimental data agree that the interaction between
these proteins is essentially due to electrostatics.
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In short, all the docking results presented are for hard

docking with electrostatic scoring. To model the complex
between the flavodoxin and aldehyde oxidoreductase
(AOR) from Desulfovibrio gigas we used the following
structures:

– the X-ray structure for AOR (PDB code 1hlr, after cor-
recting the transformation matrix to generate the dimer),[4,6]

– a homology model for the D. gigas flavodoxin using
the Swiss-PROT sequence Q01095[24] and the structure
from the D. vulgaris flavodoxin (PDB code 1fx1),[25]

– a homology model for the D. salexigens flavodoxin
based on the D. vulgaris flavodoxin structure 1fx1,

– the D. vulgaris flavodoxin structure 1fx1.
Our goal was to model the D. gigas complex, although

flavodoxins from D. vulgaris and D. salexigens also form
productive complexes in vitro (unpublished data). Since the
structure for the D. gigas flavodoxin was a model generated
by homology, the other two − one a crystallographic struc-
ture and the other also a homology model − could be used
to check the consistency of the results and verify that the
D. gigas flavodoxin model was appropriate for our pur-
poses. This was indeed the case, with the docking results for
D. salexigens and D. vulgaris flavodoxin complexes being
virtually identical to those obtained for the D. gigas flavo-
doxin.

We cannot give one unique model for the MOP-flavo-
doxin complex, and the interaction is most likely dynamic
and cannot be represented by a single structure. However,
these results indicate that flavodoxin interacts by docking
near the exposed Fe–S cluster in a configuration resembling
the structures of Xanthine oxidase (Figures 4 and 5). The
distances between the FAD and [2Fe-2S] groups are similar
in all three cases, with the shortest distance in the fifteen
highest ranking models ranging between 6 and 7 Å, values
similar to those of CODH, XO and 4-HBCR. Although
not evident from the figure, in the models with the shortest
distances among the highest ranking the dimethylbenzene
part of the isoalloxazine ring is pointing towards the [2Fe-
2S] centre in a manner analogous to CODH, XO and 4-
HBCR. Despite this structural similarity, the contact sur-
face of the flavodoxin in the AOR-flavodoxin models is less
than half the contact surface of the FAD domain in XO.
The contact surface area for flavodoxin, calculated with the
DSSP program,[26] was no higher than 930 Å2 (value for
the model with largest surface contact among the highest
ranking models), whereas the contact surface for the corre-
sponding domain in XO is 2250 Å2. This may explain why
the XO complex is stable while AOR-flavodoxin is a tran-
sient complex.

Conclusions

AOR was previously shown to be part of an electron-
transfer chain comprising four different soluble proteins
from D. gigas, namely:

AOR � flavodoxin � Cyt c3 (4 hemes) � (NiFe) Hydrogenase
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comprising a total of 11 discrete redox centres, which is
capable of linking the oxidation of aldehydes to the re-
duction of protons to hydrogen and involves a flavodoxin-
FMN semiquinone state.[22] The intramolecular electron-
transfer process within AOR will follow, in the presence of
substrate, the electron flow from Mo to the proximal [2Fe-
2S] centre and then to the distal [2Fe-2S] centre and the
redox partner, modelled here as flavodoxin.

Molybdenum hydroxylases (XO family) are a remarkable
example of how biology finds a wide range of structural
solutions to build up a required electron-transfer array of
redox centres. Different arrangements of the building
blocks (protein chains and domains) give rise to similar 3D
placements of the redox cofactors participating in this op-
timised ET reaction. The docking results for the AOR-flav-
odoxin complex support the hypothesis of structural and
functional equivalence to the active-site arrangements
found in CODH and XO, and the smaller contact surface
suggests an explanation for the AOR-flavodoxin complex
being less stable than the otherwise similar XO.

This modular construction of complex enzymes by re-
arrangement of sub-domains and sub-units is a general ob-
servation. Superoxide reductases are also a good exam-
ple,[27,28] but not unique. Relatively exposed sub-domains
with characteristic structures that are recognized in simple
electron-transfer proteins are, in most cases, used as dock-
ing sites for electron-transfer partners (i.e. ferredoxin fold-
ing in hydrogenase,[29] plant-type ferredoxin folding in AOR
(see ref.[4] and this work) and Fd-NADPH reductase[30]).

A more complex situation was found for the structural
homologue 4-HBCR,[12] which contains an additional iron-
sulfur centre, whereby a low-potential ferredoxin serves as
in vivo electron donor for the enzyme.[11,16] The redox po-
tentials of the FAD·/FADH and MoV/IV transitions are ex-
ceptionally low, thus making 4-HBCR the only member of
the XO family whose function is to catalyze the reduction
of the substrate and suggesting an inverted electron flow.
But, even so, a conserved architecture is also maintained
for the three key redox sites (Mo, 2 [2Fe-2S] centres and
FAD).
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Dioxygen-sensitive dinuclear manganese complexes of the
phenoxo-hinged dinucleating ligand 2,6-bis{[N,N�-bis(2-pic-
olyl)amino]methyl}-4-tert-butylphenolato (bpbp–) containing
exogenous labile THF, water and perchlorato ligands are de-
scribed. The manganese(II) complexes [Mn2(bpbp)(ClO4)2-
(THF)]+ (1) and [Mn2(bpbp)(ClO4)(H2O)2]2+ (2) have been
isolated as the salts 1·ClO4·THF·3H2O, 1·B(C6H5)4·4THF and
2·(ClO4)2·H2O. Complexes 1 and 2 are spontaneously oxi-
dised in air in solution and the solid state. The reaction prod-
ucts of the air oxidation in THF, water and methanol solutions
are labile dinuclear MnII–MnIII, MnIII

2 and MnIII–MnIV com-
plexes containing water- and methanol-derived exogenous
ligands. In addition, a Mn4 complex has been isolated. Mag-
netic susceptibility data confirm the MnII–MnIII oxidation
state assignment with an S = 2/S = 5/2 model with weak anti-
ferromagnetic coupling (J = –3.7 cm–1) in [Mn2(bpbp)-
(CH3O)2(H2O)2](ClO4)2 [3·(ClO4)2]. A tetranuclear complex,
[Mn4(O)4–n(OH)n(bpbp)2](ClO4)4 [n = 1 or 2; 7·(ClO4)4], reco-
vered from THF shows a Mn4O6 adamantane-type core with
the O bridges furnished by the two phenolato groups and
four hydroxide/oxide bridges. We have arrived at two feas-
ible formulations for the core metal oxidation states and oxo-
bridge protonation states, namely [MnIII

4(O)2(OH)2(bpbp)2]4+

Introduction

Dinuclear manganese compounds are of considerable
interest due to their potential as catalysts for oxidation re-
actions in which hydrogen peroxide or, better, dioxygen are
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and [MnIII
3MnIV(O)3(OH)(bpbp)2]4+, for 7, on the basis of a

bond valence sum analysis of the crystal structure, elemental
analysis and XANES. Thus, complex 7 is at least two oxi-
dation state levels lower than known complexes with the
Mn4O6 adamantane core structure. The magnetism of 7 was
fitted well to an MnIII

4 three-J model. Complex cations re-
lated to 3 by homology, and to 7 by hydration/solvation, have
been identified by ESI mass spectrometry. The [Mn2(bpbp)-
(OH)2(H2O)2]2+ ion (4) present in aqueous solutions on dissol-
ution of 1·ClO4·THF·3H2O in air or by simple dissolution of
3 in water-containing solvent is isoelectronic to 3. In the pres-
ence of significant amounts of water the MnII–MnIII com-
plexes 3 and 4 are susceptible to further metal oxidation and
concomitant aquo ligand deprotonation to give ions assign-
able to [MnIII/IV

2(bpbp)O(OCH3)2(H2O)]2+ (5) and [MnIII
2-

(bpbp)(OH)3(H2O)]2+ (6). ESI mass spectra of water or meth-
anol solutions of 1, 2, 3 and 7 show predominantly an ion
assignable to the oxide [Mn2(bpbp)(O)]2+ (8). Cation 8 is most
likely not present in solution. Using mild source conditions
and MS-MS techniques, the gas-phase fragmentation path-
ways to generate 8 have been mapped.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

used as the terminal oxidant.[1] We have discovered that a
dimanganese complex of the dinucleating ligand 2,6-bis-
{[N,N�-bis(2-picolyl)amino]methyl}-4-tert-butylphenolato
(bpbp–) (Scheme 1) promotes an O2-dependent oxidative
cleavage of ketones.[2] The product carboxylates from this
reaction are trapped as bridging ligands in isolated MnII–
MnIII complexes. For reactions in acetone this results in a
mixture of three formate/actetate-bridged MnII–MnIII com-
plexes [Mn2(bpbp)(RCO2)(R�CO2)](ClO4)2 (R = R� = H, R
= H R� = CH3 and R = R� = CH3). 13C-Labelling experi-
ments show that the one- and two-carbon fragments of the
formate and acetate bridges, respectively, are derived from
acetone. The putative reactive oxidizing species derived
from the combination of the [Mn2(bpbp)]n+ core and di-
oxygen has not yet been identified for this system and the
present study represents a further attempt to elucidate the
oxygenation reaction mechanism. Here we report several
species based on the [Mn2(bpbp)]n+ core containing water-,
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methanol- and THF-derived ligands in the presence and
absence of O2.

Scheme 1. 2,6-Bis{[N,N�-bis(2-picolyl)amino]methyl}-4-tert-butyl-
phenolato (bpbp–).

Results and Discussion

Air-Sensitive MnII
2 Complexes

The reaction of manganese(II) perchlorate with bpbpH
in THF under an inert atmosphere gives a white compound
formulated as [Mn2(bpbp)(ClO4)2(THF)](ClO4)·THF·3H2O
(1·ClO4·THF·3H2O). The cation was structurally character-
ised as its tetraphenylborate salt, [Mn2(bpbp)(ClO4)2-
(THF)][B(C6H5)4]·4THF [1·B(C6H5)4·4THF], which was
obtained by recrystallisation of 1·ClO4·THF·3H2O in THF
under N2 in the presence of sodium tetraphenylborate.
Recrystallisation of 1·ClO4·THF·3H2O in the noncoordina-
ting solvent dichloromethane under N2 resulted in replace-
ment of the THF and terminal perchlorate ligands with ad-
ventitious water to give the complex [Mn2(bpbp)-
(ClO4)(H2O)2](ClO4)2·H2O [2·(ClO4)2·H2O].[2] The core
structures of the MnII

2 complexes 1 and 2 are depicted in
in Scheme 2 and the X-ray structures of cations 1 and 2 in

Scheme 2. Ligand-substitution reaction and core structure of the
MnII

2 complexes 1 and 2. For simplicity only the hinging donor O
atom of the dinucleating ligand is shown. Not depicted are the
three remaining N donors to each Mn ion from the heptadentate
ligand.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3841–38523842

Figure 1. Important bond lengths and angles are listed in
Table 1. The metal coordination environments for each of
the manganese ions in 1 and 2 are geometrically different.
In the case of 1 this is further accentuated by the fact that
the donor set on each metal ion is different. One of the
tridentate 2,6-bis{[N,N�-bis(2-picolyl)amino]methyl} arms
is coordinated in a facial mode while the other shows a
meridional coordination geometry in both structures. The
asymmetrical coordination of the bridging perchlorate is
most pronounced in 2 [Mn1–O1 = 2.651(3) and Mn2–O2 =
2.334(2) Å] with a bond-length difference significantly
larger than for 1 [Mn1–O7 = 2.185(18) and Mn2–O8 =
2.296(16) Å]. According to the Cambridge Crystallographic
database,[3] these structures are the first reports of dimanga-
nese complexes with a µ2-perchlorato-O,O� bridge. Only
one other example exists where a perchlorate bridges two

Figure 1. The X-ray crystal structures of the cations in 1 (a) and 2
(b). H atoms, except on the coordinated water molecules, have been
omitted. The perchlorate counteranions and the THF molecules in
1 are modelled as disordered over two positions; only one orienta-
tion is shown.
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Table 1. Selected bond lengths [Å] and angles [°] for 1 and 2.

1 2

Mn1–O1 2.135(5) Mn1–O5 2.104(2)
Mn1–O2[a] 2.284(16) Mn1–Ow1 2.156(3)
Mn1–O7[a] 2.185(18) Mn1–O1 2.651(3)
Mn1–N1 2.212(7) Mn1–N1 2.183(3)
Mn1–N2 2.259(6) Mn1–N2 2.351(3)
Mn1–N3 2.204(6) Mn1–N3 2.186(3)
Mn2–O1 2.130(5) Mn2–O5 2.113(2)
Mn2–O3 2.213(16), 2.056(15) Mn2–Ow2 2.123(3)
Mn2–O8[a] 2.296(16) Mn2–O2 2.334(2)
Mn2–N4 2.271(6) Mn2–N6 2.239(3)
Mn2–N5 2.287(7) Mn2–N4 2.295(3)
Mn2–N6 2.224(8) Mn2–N5 2.248(3)
Mn1···Mn2 3.8620(17) Mn1···Mn2 3.8044(7)
Mn1–O1–Mn2 129.8(3) Mn1–O5–Mn2 128.91(10)

[a] Bond lengths for the disordered bridging perchlorate and THF
molecule in 1 are given as an average whenever the Mn–O bond
lengths were not significantly different (bond difference less than
3·√[(σ1)2 + (σ2)2]).

manganese atoms, but in this case the perchlorate acts as a
one-atom bridge (µ2-perchlorato-O,O).[4]

Air Oxidation of the MnII
2 Complexes

Solutions of complexes 1 and 2 in water, methanol, ace-
tone and THF darken within minutes on exposure to air.

Scheme 3. The core structures of the starting compound 1 and the complexes isolated or identified by ESI MS.

Eur. J. Inorg. Chem. 2006, 3841–3852 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3843

In acetone, this occurs with concomitant acetone oxi-
dation.[2] The species we have now identified when air oxi-
dation of 1 is carried out in water, methanol or THF are
summarised in Scheme 3. The dinuclear, mixed-valence
MnII–MnIII complex [Mn2(bpbp)(CH3O)2(H2O)2](ClO4)2

[3·(ClO4)2] and the tetranuclear complex [Mn4(O)4–n(OH)n-
(bpbp)2](ClO4)4 (n = 1 or 2) [7·(ClO4)4], were isolated from
methanol and THF, respectively, as their perchlorate salts.
Exposure of the salts of 1 and 2 as solid compounds to air
results in them turning brown within hours. We have not
determined the nature of this solid-state reaction.

The Solid-State Characterisation

X-ray Structures

The dark-green crystals obtained from the air oxidation
of 1 in methanol are the mixed-valence MnII–MnIII com-
plex 3·(ClO4)2 (Figure 2). This complex is identical to the
product of the methanol reaction of manganese perchlorate
with bpbpH in air without isolating an intermediate MnII–
MnII complex.[5] The two exogenous H-bonded methoxo-
aquo “bridging groups” span the metal ions. The complex
is unsymmetrical and the valence trapping unambiguous:
the two methoxide ligands are coordinated to the MnIII ion
with an average MnIII–O distance of 1.876 Å, while the two
MnII–OH2 distances are an average of 0.279 Å longer.
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Figure 2. The X-ray crystal structure of the cation in 3.

Solutions of 1 in THF turn dark in minutes and deposit
brown-black solids in good yields over some hours. Ad-
dition of tert-butylhydrogen peroxide to the reaction results
in an instant colour change and precipitation of a dark so-
lid. The products isolated by these two synthetic routes give
identical elemental analyses consistent with two ClO4

– ions
per [Mn2(bpbp)]n+ unit. These products look to be amorph-
ous and give no detectable powder XRD pattern. However,
on one occasion crystals were obtained by the complete
evaporation of the THF from a very dilute solution in a
flask with a large surface area at the base. We have not been
successful in growing better crystals under a variety of more
appropriate conditions. The structure of these small
(0.20×0.10×0.02 mm), weakly diffracting brown crystals
was determined by synchrotron X-ray crystallography to be
a tetranuclear, adamantane-type manganese complex
[7·(ClO4)4; Figure 3]. The data are of low quality, although
the core topology is clear. Bond lengths and angles are
listed in Table 2. A definitive oxidation-state assignment
cannot be made from the X-ray structure alone since the
poor data quality precludes conclusive determination of the
protonation state of the cation. The charge of the cation
(4+) is without doubt, however, and the overall oxidation
state can therefore in theory range from MnIII

2MnIV
2 (only

oxide bridges) down to MnII
2MnIII

2 (only hydroxide brid-
ges); lower oxidation-state assignments would require H2O
as bridging ligand or protonation of the bridging phenolate,
both of which are unfeasible.

We eliminated the lower oxidation-state formulations
[MnIIMnIII

3(O)(OH)3(bpbp)2]4+ and [MnII
2MnIII

2(OH)4-
(bpbp)2]4+ on the basis of a comparison of metric param-
eters with known compounds (see below). This leaves three
possible assignments depending on the number of
hydroxide bridges, namely [MnIII

4(O)2(OH)2(bpbp)2]4+,
[MnIII

3MnIV(O)3(OH)(bpbp)2]4+ and [MnIII
2MnIV

2(O)4-
(bpbp)2]4+. Notably, the structure of complex 7 is very sim-
ilar to its FeIII

4 counterpart [(bpbp)2FeIII
4(µ-O)2(µ-OH)2]-

(ClO4)4,[6] thus implying that an isostructural 7 might also
contain two hydroxide bridges and hence the same metal

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3841–38523844

Figure 3. The X-ray crystal structure of the cation in 7.

Table 2. Selected bond lengths [Å] and angles [°] for 7. Symmetry
transformations used to generate equivalent atoms as indicated by
*: –x, y, 1/2 – z.

Mn1–Mn2* 3.404(3) Mn1–Mn1* 3.664(5)
Mn1–Mn2 3.429(3) Mn2–Mn2* 3.648(4)
Mn1–O2 1.848(10) Mn2–O3 1.818(11)
Mn1–O3* 1.852(11) Mn2–O2 1.864(11)
Mn1–O1A 2.089(6) Mn2–O1C 2.100(7)
Mn1–N1A 2.105(14) Mn2–N1C 2.119(14)
Mn1–N2A 2.153(14) Mn2–N2C 2.149(14)
Mn1–N1B 2.174(16) Mn2–N1D 2.215(12)
Mn1*–O1A–Mn1 122.6(6) Mn1–O2–Mn2 135.0(6)
Mn2*–O1C–Mn2 120.6(6) Mn2–O3–Mn1* 136.1(6)
O2–Mn1–O3* 98.1(5) O3–Mn2–O2 99.3(5)
O2–Mn1–O1A 99.1(4) O3–Mn2–O1C 100.0(4)
O3*–Mn1–O1A 90.8(4) O2–Mn2–O1C 90.7(4)
O2–Mn1–N1A 92.4(5) O3–Mn2–N1C 91.5(6)
O1A–Mn1–N1A 85.5(5) O1C–Mn2–N1C 84.0(4)
O3*–Mn1–N2A 90.7(6) O2–Mn2–N2C 90.9(5)
O1A–Mn1–N2A 88.9(6) O1C–Mn2–N2C 89.0(4)
N1A–Mn1–N2A 79.3(6) N1C–Mn2–N2C 79.1(6)
O2–Mn1–N1B 96.7(6) O3–Mn2–N1D 96.0(5)
O3*–Mn1–N1B 90.4(6) O2–Mn2–N1D 89.7(5)
N1A–Mn1–N1B 90.4(7) N1C–Mn2–N1D 92.6(5)
N2A–Mn1–N1B 74.9(7) N2C–Mn2–N1D 74.8(5)

oxidation state, i.e. MnIII
4. Both complexes have identical

metal–Ophenoxo distances [Fe–Ophenoxo = 2.092(4),
Mn–Ophenoxo = 2.095(7) Å], although the average
Fe–Ooxo/hydroxo distance [1.893(5) Å] is slightly longer than
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the equivalent distance in 7 [Mn–Ooxo/hydroxo =
1.846(11) Å].

Jahn–Teller distortions are commonly observed in
pseudo-octahedral high-spin MnIII (d4) complexes; these
distortions usually take the form of axial elongations or
compressions. In the case of the manganese in complex 7,
the principal distortion is caused by the shorter bond
lengths on one octahedral face due to the anionic oxygen-
based ligands. In addition, there is an axial elongation in
that the longest Mn–O bond is trans to the longest Mn–N
bond. These effects are, however, too subtle to be used for
oxidation,state assignment.

The majority of Mn4 adamantane-type complexes with
which 7 can be compared have been prepared using neutral
tridentate capping ligands [e.g. 1,4,7-triazacyclononane, tris-
(aminomethyl)ethane or N,N-bis(2-pyridylmethyl)ethyl-
amine] and the oxygen atom bridging groups are all non-
protonated oxides rather than hydroxides.[7,8] The strength
of the MnIV–oxo bond typically yields robust adamantane
MnIV

4O6 cores with more or less unambiguous spectro-
scopic signatures. Two singly protonated[7d] complexes and
two one-electron-reduced[7e,8] complexes derived from the
MnIV

4O6 core have been structurally characterised. Ligand-
exchange reactions have furthermore yielded neutral bis-li-
gand complexes containing two N,N-bis(2-pyridylmethyl)-
ethylamine ligands and two N-substituted iminodiacetate li-
gands.[7f] Typical geometrical parameters for these com-
plexes are MnIV–O � 1.80, MnIV–OH � 1.95, MnIII–O �
1.83 Å and Mn–O–Mn � 128–130°. Only small differences
in the Mn–O bond length arise from reduction of MnIV to
MnIII, while protonation induces significant changes. Only
one other Mn4 complex with an adamantane core incorpo-
rating bridging alkoxides/phenoxides as in 7 is known.[8]

Armstrong and co-workers have shown that the mixed-val-
ence complex [(tphpn)2MnIIIMnIV

3(µ-O)4](OTf)2(ClO4)3

[Htphpn = N,N,N�,N�-tetrakis(2-pyridylmethyl)-2-hy-
droxypropane-1,3-diamine] is formed by a core rearrange-
ment induced by a one-electron oxidation of the [{(tphpn)-
MnIIIMnIV(µ-O2)}2]4+ dimer-of-dimers complex.[8] The
complex contains four oxide and two alkoxide bridges and
the average Mn–Ooxo bond length is 1.805(8) Å, which cor-
responds well to a 3:1 mixture of MnIV and MnIII with all
oxide bridges. The analogous average Mn–Ooxo/hydroxo bond
length for 7 is 1.846(11) Å, which is slightly longer and
therefore consistent with a lower average oxidation state in
7.

Oxidation-State Assignment by Bond Valence Sum (BVS)
Analysis

To further assess the possible oxidation states of Mn in
7, we employed Bond Valence Sum (BVS) analysis,[9] which
uses all of the metal–ligand bond lengths to indicate the
likely oxidation state. Each bond length is used to calculate
a bond valence from the expression BV = exp[(r0 – rMX)/
0.37 Å], where r0 depends on the identity of M and X. The
traditional but cumbersome approach[9] to oxidation-state
determination by BVS assumes that the r0 values also de-
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pend on the oxidation state of M, and these r0 values are
selected so that, for complexes with unambiguous oxidation
states, the BVS is approximately equal to the oxidation
state. This approach requires a separate calculation for each
possible oxidation state and is unsuited for mixed-valence
complexes. An alternative, and simpler, approach[10] uses
the BVS calculated with oxidation-state-independent r0 but
allows that it may deviate for some specific donors. For ex-
ample, the parameters r0(M–O) = 1.759, r0(M–N) = 1.831
and r0(M–S) = 2.151 Å can distinguish between complexes
of high-spin iron(II) (BVS = 2.30±0.14), high-spin iron(III)
(BVS = 3.04±0.12), and low-spin iron [BVS = 4.2±0.3 for
low-spin iron(II or III)].

Calculations of BVSs using data from mononuclear man-
ganese complexes found in a search of the Cambridge
Structural Database[3] indicate that the same r0 parameters
previously used for iron can be used to distinguish high-
spin manganese oxidation states (Figure 4). The BVSs for
mononuclear manganese complexes with oxidation states
specified in the CSD name show a clear separation between
manganese(II), (III) and (IV) complexes. About 5% of the
“manganese(II)” complexes have BVSs greater than 2.5 (i.e.
closer to values expected for MnIII or MnIV), but upon con-
sulting the original literature these were found either to be
misnamed in the CSD (NOTGUY, HOSTUE, WAQDEX,
RULNER), oxidation-state ambiguous (SEVWOF), or
likely intermediate-spin (HODTUP, MNPHCY02, TOG-
PEK) or low-spin (NTPOMN, NTPIPM10, LAHCUS,
GOGBEJ, YEXWAZ, WEGQII, LIHBEJ) complexes. Ex-
cluding these from the manganese(II) data results in 279
complexes with BVS = 1.92±0.17. Thus, we conclude that
high-spin MnII, MnIII and MnIV complexes have a BVS of
approximately 1.9, 3.1 and 4.1±0.2, respectively, when
using the r0 values previously used for iron complexes.

Figure 4. BVSs calculated from bond lengths in the Cambridge
Structure Database (April 2001 release) for mononuclear manga-
nese complexes (crystallographic R � 0.10) with only N, O and S
coordination in which the oxidation state of the manganese (II, III
or IV) is specified in the name field. BVS analyses in this paper use
r0 values of 1.759, 1.831 and 2.151 Å for Mn–O, Mn–N and Mn–
S bonds, respectively.
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Figure 5 shows that most binuclear manganese com-

plexes in the CSD have BVSs that are within 0.2 of the
average BVS expected from the assigned oxidation states.
Most of the outliers shown in Figure 5 (those with CSD
codes shown) can be explained as due to errors in oxidation
state naming or differences in spin state, as explained in the
figure caption.

Figure 5. BVSs calculated for dinuclear manganese complexes
where the oxidation states are specified by the name in the Cam-
bridge Structure Database (April 2001 release) plotted vs. the per-
centile within each class. The five solid lines indicate, from left,
the BVSs expected for (II,II), (II,III), (III,III), (III,IV) and (IV,IV)
dinuclear complexes. CSD codes are indicated for structures with
especially large deviations from the expected BVS. In most cases,
the large deviations were explained upon inspection of the CSD
record: (a) only 42% occupancy of manganese atoms; (b–d) mis-
assigned oxidation states in name should be (b) MnIIMnII, (c)
MnIIIMnIII and (d) MnIIIMnIV; (e) probable low- or intermediate-
spin MnIII; ambiguous oxidation state due to presence of cobalt
atom in cluster (assigned as Co2+).

Using the same oxidation-state-independent r0 values,
the BVSs of the MnII

2 complexes 1·ClO4·THF·3H2O and
2·ClO4·H2O as well as the MnII–MnIII complex 3·(ClO4)2

were calculated; they are listed in Table 3. There is excellent
agreement with the values expected based on the data of
Figures 4 and 5. From the BVSs of the individual Mn
atoms of 3 it is clear that they are valence-trapped as a MnII

and MnIII. The BVS of complex 7·(ClO4)4, when compared
to the values obtained by analysis of three X-ray structures

Table 3. Values obtained for the oxidation state assignment from a BVS analysis of 1, 2, 3 and 7.

BVS analysis for crystallographically unique Mn atoms Av. BVS Oxidation state assignment Theoretical av. BVS[a]

1·ClO4·THF·3H2O 1.84 1.91 1.87 MnII
2 1.9 ± 0.2

2·ClO4·H2O 1.96 1.90 1.93 MnII
2 1.9 ± 0.2

3·(ClO4)2
[5] 3.07 2.02 2.54 MnIIMnIII 2.5 ± 0.2

7·(ClO4)4 3.27 3.24 3.25 MnIII
4 3.1 ± 0.2

(MnIII
3MnIV) (3.4 ± 0.2)

[Mn4(µ-O)6(bpea)4]4+ [7e] 3.99 4.03 3.97 4.14 4.03 MnIV
4 4.1 ± 0.2

[Mn4(µ-O)6(bpea)4]3+ [7e] 4.01 4.05 3.66 3.89 3.90 MnIIIMnIV
3 3.9 ± 0.2

[Mn4(µ-O)4(tphpn)4]5+ [8] 4.06 3.80 4.13 3.69 3.92 MnIIIMnIV
3 3.9 ± 0.2

[a] BVS values used: 1.9, 3.1 and 4.1±0.2 for MnII, MnIII and MnIV respectively. bpea = N�N-bis(2-pyridylmethyl)ethylamine; Htphpn
= N,N,N�,N�-tetrakis(2-methylpyridyl)-2-hydroxypropanediamine. Bond lengths used for BVS analysis of 1, 2 and 7 can be found in
Tables 1 and 2; for structural data for the remaining complexes see the references given in brackets.
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of closely related MnIIIMnIV
3 and MnIV

4 adamantane core
complexes, shows that 7 clearly has a much lower overall
oxidation state. The average BVS (3.25) is equally consistent
with a MnIII

4 (expected 3.14±0.2) or MnIII
3MnIV (expected

3.38±0.2) core. The possibility of a MnIII
2MnIV

2 dimer (ex-
pected BVS = 3.63±0.2) is, however, much less likely.

Oxidation-State Assignment by XANES

XANES of 1·ClO4·THF·3H2O and 7·(ClO4)4 supports
these oxidation-state assignments (see Figure 6). The edge
energy, which we consider to be the energy at which the
XANES spectrum intensity = 0.5, for 1·ClO4·THF·3H2O is
almost identical to the energy recorded for MnII(acac)2,
thus confirming the oxidation-state assignment. The edge
energy for 7·(ClO4)4 is very close to that measured for
MnIII(acac)3, thus indicating that the overall oxidation state
of 7·(ClO4)4 might be MnIII

4. Furthermore, the edge energy
is markedly lower than that found in the mixed-valent man-
ganese(III,IV) complex [tpa2Mn2O2](ClO4)3 [tpa = tris(2-
pyridylmethyl)amine; lower by 1.5 eV] and the manga-
nese(IV) complex [(Me3tacn)2Mn2O3][PF6]2 (Me3tacn =
1,4,7-trimethyl-1,4,7-triazacyclononane; lower by 3.0 eV).
The large difference between the edge energy of 7·(ClO4)4

and the mixed-valence tpa-manganese(III,IV) complex dis-
counts a Mn2

IIIMn2
IV oxidation-state assignment for

7·(ClO4)4. The difference in edge energy between a
MnIII

3MnIV and a MnIII
4 complex is, however, probably too

small to be discerned by XANES, and these two oxidation-
state assignments can therefore not be excluded for
7·(ClO4)4.

Assignment of an oxidation state of MnIII
2MnIV

2, and
thus oxo bridges, for 7 has inherent problems due to its lack
of solution stability, as indicated by the lack of Mn–O CT
absorptions and Mn4 ions in the ESI mass spectrum (see
below). This contrasts with the data for the counterpart
FeIII

4 complex,[6] for which, for example, an ion assignable
to the singly deprotonated species [(bpbp)2FeIII

4(O)3(µ-
OH)]3+ is easily observed. This is contradictory to the typi-
cal stability of oxo-bridged manganese complexes. The pres-
ence of hydroxo bridges, which typically are weaker than
oxo bridges, can account for the instability of 7·(ClO4)4

along with the fact that MnIII–O bonds are believed to be
more labile than MnIV–O bonds due to Jahn–Teller ef-
fects.[7e] Armstrong and co-workers have further shown that
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Figure 6. Comparison of Mn K-edge XANES spectra for 1·ClO4

and 7·(ClO4)4 with those of MnII and MnIII complexes of acetylace-
tonate (acac), a MnIIIMnIV mixed-valence di-oxo-bridged complex
of tris(2-pyridylmethyl)amine (tpa), and a MnIV dimeric tri-oxo-
bridged complex of 1,4,7-trimethyl-1,4,7-triazacyclononane
(Me3tacn).

the effective basicity of the oxo bridges in [Mn4O6-
(bpea)4]4+ increases by 17.5 orders of magnitude upon one-
electron reduction.[7e] Thus, the presence of one or two hy-
droxo bridges in 7 is very feasible.

On the basis of the crystal structure (BVS analysis), ele-
mental analysis and XANES of 7·(ClO4)4, we therefore pro-
pose that the complex might be [Mn4(O)4–n(OH)n(bpbp)2]4+

(n = 1 or 2) and contain either three or four MnIII centres.

The Structural Formulation of the Solution- and Gas-Phase
Species Derived from Hydroxylic Solvents by Analysis of
ESI Mass Spectra

Tractable products were not isolated after the air oxi-
dation of 1 in water or in methanol containing significant
amounts of water. Analyses of fragmentation pathways in
ESI mass spectrometric studies of reaction solutions indi-
cate that aqueous solutions contain the homologue of 3, the
MnII–MnIII [Mn2(bpbp)(OH)2(H2O)2]2+ ion (4), and higher
oxidation state MnIII

2 and MnIII/IV
2 solvent-derived species.

The presence of methoxide vs. hydroxide most likely facili-
tates the isolation of 3. Terminal methoxide ligands are
more commonly characterised for MnIII and FeIII com-
plexes than hydroxide ligands, presumably because proton-
transfer interactions between the hydroxide ligand and sol-
vent (non-coordinated) water are blocked. Mn compounds
with terminal hydroxide ligands are usually characterised
only when the hydroxide is found in cavities and other well-
shielded environments.[11] A comparison of the ESI mass
spectra of 3·(ClO4)2 using both methanol and water as
spray solvent is shown in Figure 7. Figure 7(a) and (e) show
that similar spectra are obtained for 3·(ClO4)2 in methanol
and water, respectively, under standard source conditions.
Through a series of Collision Activation Dissociation
(CAD) experiments we were able to show that the ion at
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m/z 348.8, which is observed as essentially the only species
in both these mass spectra, can be assigned to the MnII–
MnIII oxide [Mn2(bpbp)(O)]2+ (8). Cation 8 is, however,
most likely not found solution. This ion corresponds to the
loss of the mass equivalent of two water molecules and one
dimethyl ether molecule from 3, or the loss of the mass
equivalent of three water molecules from 4, to give 8. The
gas-phase fragmentation pathway to 8 could be mapped
from spectra recorded using very mild source conditions
[Figure 7(b) and (f)]. We assigned the higher oxidation state
species [MnIII

2(bpbp)O(OH)2]2+ (m/z 357.2) and
[MnIII/IV

2(bpbp)O(OH2)(OCH3)2]2+ (5) (m/z 388.7) to the
ions generated from the water solutions under mild source
conditions. Coordinated water ligands are retained by cat-
ions 3 and 4 in the spectra in Figure 7(b) and (f), which
show also that methoxide ligands can be substituted by hy-
droxides. Assignments for the various ions are listed under
the spectra. Only neutral species can be lost from cations in
gas-phase CAD experiments: coordinated water loss is fac-
ile, and the mass equivalents of hydroxyl and methoxyl radi-
cals and dimethyl ether can also be lost, ultimately to pro-
duce cation 8. The pathways are delineated in the scheme
under the spectra in Figure 7. We have previously noted the
facile gas-phase formation of (sometimes novel) metal oxide
ions from metal carbonates by loss of neutral CO2.[12] The
present cases showing mass losses equivalent to the neutral
fragments H2O, CH3OCH3, HO· and CH3O· serve as an-
other example.

Magnetic Susceptibility

The magnetic susceptibility of 3·(ClO4)2 was measured in
the temperature range 4.2 to 300 K at an applied field of
1 T. The data are generally indicative of weak antiferromag-
netic coupling occurring within MnII/MnIII pairs via the en-
dogenous bridging phenolate group of bpbp–. The strong
H-bonding between the two aqua ligands of the MnII and
the two methoxide ligands of the MnIII may also contribute
a superexchange pathway. Least-squares fitting of the
susceptibility data to Heisenberg exchange models (–2J
S1·S2) for S = 5/2:4/2 pairs, assuming the g values for MnII

and MnIII, are the same and give the best fit parameters g
= 1.97±0.02 and J = –3.7±0.02 cm–1. The experimental
and calculated plots are shown in Figure 8. The J value is
similar to those found for other dinuclear MnII–MnIII µ-
phenoxo complexes but does not agree with the structural
correlation found by Latour et al.[13] for µ-phenoxo, bis-µ-
carboxylato compounds, largely because the MnII–O and
MnIII–O(phenoxo) lengths are so similar in the present
compound.

Magnetic susceptibility and variable-field magnetisation
measurements on samples of the bulk materials of
7·(ClO4)4 were also carried out. The plot of effective mag-
netic moment (µeff) vs. temperature, measured in a field of
1 T, is shown in Figure 9, while the isothermal magnetis-
ation data are given in Figure S1 (Supporting Information).
A stronger magnetic coupling is evident from the overall
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Figure 7. ESI mass spectra of 3·(ClO4)2 in methanol (a and b) and in water (e and f). Spectra (a) and (e) were recorded with a tube lens
potential of 100 V (normal source conditions); spectra (b) and (f) were recorded with a tube lens potential of 20 V (mild source condi-
tions). Collision-Activated Dissociation (CAD) spectra (c, d and g, h) were recorded by mass selection from spectra (b) and (f), respec-
tively. Mass selected for CAD: (c) m/z 375.7; (d) m/z 371.8; (g) m/z 388.7; (h) m/z 357.2. Peak assignment and CAD pathways are show
below spectra.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3841–38523848
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Figure 8. Plots of magnetic susceptibility () and moment (O) per
molecule for complex 3·(ClO4)2. The solid lines are the calculated
values with the S = 5/2:4/2 model and parameters given in the text.

lower magnetic moment per manganese ion in bulk samples
of 7·(ClO4)4 compared with 3·(ClO4)2. This suggests a
superexchange pathway that is more efficient than that in 3
and is consistent with the presence of oxo bridges, although
in the absence of more a definitive oxidation state assign-
ment from the X-ray crystal structure and XANES mea-
surements a precise analysis cannot be made. We interpret
the data as follows. At 300 K, a µeff value of 8.2 µB per Mn4

is obtained, and this decreases gradually to reach 7.7 µB at
30 K, followed by a rapid decrease to reach 5.6 µB at 2 K,
from where it continues to decrease. Four uncoupled MnIII

S = 2 centres would give a µeff of 9.8 µB (g = 2.0), thus
medium strength antiferromagnetic coupling is indicated.
Except for the beginning of the region of rapid decrease
(10–5 K), the µeff vs. temperature data can be fitted well to
a three-J (S = 2) tetramer (–2JS1·S2) model[14] [for atoms
Mn(1), Mn(2), Mn(3) and Mn(4), where Mn(3) is Mn(2�)
and Mn(4) is Mn(1�) in Figure 3], with g = 1.94 and J12 =
–8, J13 = –38 and J24 = 23 cm–1. The J13 and J24 values
could be positive or negative for a similar J12 value to that
shown (see Figure 9, dotted line). This is not the same as
using a two-J model with J13 = J24 as such a model does not
give a good fit of the data. Comparison of these J values to
those previously reported for MnIII–O–MnIII- (angular)
and MnIII–(OPh)–MnIII-bridged systems unfortunately
does not give an unambiguous assignment of the individual
J values to particular bridges in the adamantane core. This
is because the J values found for such bridges often overlap
in size and are not as clearly defined as in analogous FeIII

systems. In support of the fitting using three J values, it
should be noted that the best fit to the data for the iso-
structural, and possibly isovalent, FeIII

4 complex was a
three-J value fit.[6] In that case they were readily assigned
to the three types of bridge. The magnetisation isotherm for
7·(ClO4)4, at 2 K (Figure S1), did not reach saturation in M
at the highest field of 5 T, but gave a value of 7.65 µB, which
is somewhere between S = 3 and S = 4 ground-state values.
The best-fit parameter set, given above, gave a calculated
M value, at 2 K and 5 T, of 6.9NµB, which is less than the
observed value. This discrepancy may be related to the
heterogeneity of the sample used. The energy levels calcu-
lated from this parameter set show S = 3 lower, but only by
4 cm–1, than S = 4, with other S values greater than
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100 cm–1 above. It was also possible to obtain reasonable
fits to the data of Figure 9 using a MnIIMnIIIMnIIMnIII

model with spins {5/2, 2, 5/2, 2}, and a similar ground S =
3 state and nearby S = 4, but this formulation is unlikely in
view of the XANES data.

Figure 9. Plot of magnetic moment, µeff, (open circles) vs. tempera-
ture, per Mn4, for 7·(ClO4)4. The solid line is that calculated using
the parameters for the MnIII

4 model, with g = 1.94, J12 = –8 cm–1,
J13= –38 cm–1 and J24 = 23 cm-1. The dotted line uses parameters,
also for the MnIII

4 model, with g = 1.93, J12 = –14 cm–1, J13 =
66 cm–1 and J24 = –67 cm–1.

Conclusions

Dioxygen-sensitive dimanganese(II) complexes of a pen-
tadentate, phenoxide-hinged, dinucleating ligand with labile
solvent-derived and perchlorate exogenous ligands have
been structurally characterised. In previous work we have
shown that the [MnII

2(bpbp)]3+ cation can activate di-
oxygen in an as-yet-unknown mechanism to form an oxi-
dant capable of oxidative ketone cleavage. Using other sol-
vents we show here that reactions with O2 yield a series of
dinuclear MnII–MnIII, MnIII

2 and MnIII–MnIV complexes
and one tetranuclear manganese complex. However, we
cannot propose that any of these species is the pertinent
[MnII

2(bpbp)]3+/O2-derived oxidant. The use of “anhy-
drous” conditions was crucial for obtaining the crystals of
1, 2, 3 and 7. The structures of the solution species 4, 5
and 6 have been predicted on the basis of the information
provided by the crystal structures of the other members of
the series and through a careful analysis of tandem MS ex-
periments. The ESI MS studies indicate facile formation of
a gas-phase oxide species 8. Without the analysis of MS/
MS under mild source conditions here, and knowledge of
the solid-state structures of the precursors, such a species
might otherwise have been mistaken as being present in
solution.

The range of oxidation states attainable for an ada-
mantane Mn4O6 core has been extended to a lower oxi-
dation state in complex 7. By comparison with known oxo-
bridged, tetramanganese adamantane core complexes, as
well as the use of BVS analysis and XANES measurements,
the overall oxidation state of complex 7 has been narrowed
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down to two possible assignments − [MnIII

4(O)2(OH)2-
(bpbp)2]4+ and [MnIII

3MnIV(O)3(OH)(bpbp)2]4+. The diffi-
culty in obtaining solution spectroscopic data, and thus fur-
ther oxidation-state evidence, can be attributed to the ex-
pected reactivity of the MnIII–OH–MnIII moieties and serve
as further circumstantial evidence that 7 is not the oxide–
phenoxide-bridged MnIII

2MnIV
2 species [Mn4(O)4(bpbp)2]-

(ClO4)4. Although no definitive assignment can be made, 7
still represents the lowest overall oxidation state for a struc-
turally characterised tetranuclear manganese complex with
an adamantane core − it is either two or three oxidation
levels lower, for example, than [(tphpn)2MnIIIMnIV

3-
(µ-O)4](OTf)2(ClO4)3.[8] Based on the very small differences
of the metric parameters of 7 with the higher oxidation state
Mn4O6 adamantane core compounds in the literature, it can
be envisaged that a relatively wide range of oxidation and
protonation states may be accessible for Mn4O6 ada-
mantane core systems without a major structural defor-
mation. A study of the redox chemistry of 7 and its re-
duced/oxidised and protonated/deprotonated counterparts
would be particularly interesting with respect to modelling
biological water and oxygen metabolism reactions. This has
so far proved impossible in our hands due to solution insta-
bility.

Experimental Section
Elemental analyses were performed at the Chemistry Department
II at Copenhagen University, Denmark, and Atlantic Microlab,
Inc., Norcross, Georgia 30091, USA. UV/Vis spectra were recorded
with a Shimadzu UV-3100 spectrophotometer. ESI mass spectra
were obtained using a Finnigan TSQ 700 triple quadrupole instru-
ment equipped with a Finnigan API source in the nanoelectrospray
mode. 2,6-Bis{[bis(2-pyridylmethyl)amino]methyl}-4-tert-butylphe-
nol (bpbpH),[15] [tpa2Mn2O2](ClO4)3 [tpa = tris(2-pyridyl-
methyl)amine],[16] and [(Me3tacn)2Mn2O3][PF6]2[7b] were synthe-
sised following literature procedures. Mn(acac)2 and Mn(acac)3

were purchased from Aldrich Chemical company.

CAUTION! Although no problems were encountered in the prepara-
tion of the perchlorate salt, suitable care should be taken when hand-
ling such potentially hazardous compounds.

[Mn2(bpbp)(ClO4)2(THF)](ClO4)·THF·3H2O (1·ClO4·THF·3H2O):
Triethylamine (28.8 µL, 0.21 mmol) was added to a solution of
bpbpH (119.2 mg, 0.21 mmol) in degassed THF (3 mL). Mn-
(ClO4)2·6H2O (150.1 mg, 0.42 mmol) was then added to give a
clear, colourless solution. Air-sensitive white microcrystals of the
product deposited over 24 h. Yield: 230.8 mg (92%).
C40H47Cl3Mn2N6O14·C4H8O·3H2O: calcd. C 44.85, H 5.22, N 7.13,
Cl 9.03; found C 44.89, H 5.16, N 7.15, Cl 9.29. ESI MS (CH3CN):
m/z (%) 390.1 (100) [(bpbp)Mn2(ClO4)]2+, 879.2 (50) [(bpbp)-
Mn2(ClO4)2]+.

[Mn2(bpbp)(ClO4)2(THF)][B(C6H5)4]·4THF (1·B(C6H5)4·4THF):
1·ClO4·THF·3H2O and approx. 4 equiv. of NaB(C6H5)4 were dis-
solved in degassed THF. Slow evaporation under N2 gave very air-
sensitive crystals as colourless blocks after a few days.

[Mn2(bpbp)(ClO4)(H2O)2](ClO4)2·H2O (2·(ClO4)2·H2O): A solu-
tion of 1·ClO4·THF·3H2O in degassed CH2Cl2 (approx. 50 ppm
H2O) was allowed to evaporate under N2. Air-sensitive crystals
formed as colourless blocks overnight.
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[Mn2(bpbp)(OCH3)2(H2O)2](ClO4)2 (3·(ClO4)2): Triethylamine
(113 mg, 1.11 mmol) was added to a pale-green solution of
Mn(ClO4)2·6H2O (862 mg, 2.38 mmol) and bpbpH (599 mg,
1.05 mmol) in methanol (14 mL). The initially colourless solution
changed to red brown. Dark-purple crystals of the product de-
posited over 24 h. Yield: 320 mg (31%). C38H49Cl2Mn2N6O13:
calcd. C 46.64, H 5.05, N 8.59, Cl 7.25; found C 45.79, H 5.10, N
8.68, Cl 7.36. ESI MS (mild source conditions, CH3OH): m/z (%)
348.8 (100) [(bpbp)Mn2O]2+, 357.7 (50) [(bpbp)Mn2(OH)2]2+, 366.8
(30) [(bpbp)Mn2(OH)2(H2O)]2+, 371.8 (5) [(bpbp)Mn2(OCH3)2]2+,
375.7 (20) (bpbp)Mn2(OH)2(H2O)2]2+. UV/Vis (CH3OH): λmax, (ε)
= 309 nm (17200 Lmol–1 cm–1), 258 (4560).

Alternatively, recrystallisation of 1·ClO4·THF·3H2O from dry
MeOH in air gave 3·(ClO4)2.

[Mn4(O)2(OH)2(bpbp)2](ClO4)4 (7·(ClO4)4): A solution of
1·ClO4·THF·3H2O (25 mg, 0.021 mmol) in dry THF (50 mL) was
treated with 2 equiv. of tert-butylhydrogen peroxide (6  in decane).
The solution turned black. The mixture was allowed to stand in an
open flask until dryness and the very small brown crystals used for
the structural analysis were recovered. All other preparations of
this material resulted in dark amorphous powders which give no
XRPD pattern. Thus, the homogeneity of the bulk sample of this
compound is not clear despite the fact that elemental analyses are
consistent with the proposed formulation. C72H80Cl4Mn4N12O22:
calcd. C 47.33, H 4.41, N 9.2, Cl 7.76; found (average) C 46.99, H
4.36, N 9.15, Cl 7.50.

X-ray Crystallography: Analysis of 1·B(C6H5)4·4THF was done at
180(2) K on a Bruker Nonius X8-APEXII instrument at the Uni-
versity of Southern Denmark. The structure was solved by direct
methods and refined against all F2 data using software incorpo-
rated in WinGX ver. 1.70.[17] The geometry of all solvent THF
molecules was restrained and each THF molecule was refined with
one isotropic displacement parameter. The O-position of one sol-
vent THF could not be determined. Two of the remaining solvent
THF molecules as well as the coordinated THF and the perchlo-
rates were all refined with isotropic displacement parameters as
disordered over two positions with equal occupancy, except for the
position of the non-bridging perchlorate, which was refined with
33/66% occupancy. The chloride in the bridging perchlorate as well
as all remaining non-hydrogen atoms were refined with anisotropic
atomic displacement parameters, and hydrogen atoms bonded to
carbon were inserted at calculated positions using a riding model.
Crystals of 7·(ClO4)4 were too weakly diffracting for data collection
using a standard laboratory sealed-tube source and so the data
were collected at 150 K at Station 9.8 of the Synchrotron Radiation
Source at Daresbury.[18] The structure was solved by direct methods
and refined by full-matrix least-squares on F2 using the SHELXTL
package.[19] The cation has a twofold axis passing through the two
phenolic oxygen atoms, there is disorder of the two tert-butyl
groups and in one of the perchlorate anions these were both mod-
elled with equal occupancy of two positions. All non-hydrogen
atoms were refined with anisotropic atomic displacement param-
eters and hydrogen atoms bonded to carbon were inserted at calcu-
lated positions using a riding model; hydrogen atoms bonded to
oxygen were not located and were not included in the model. Since
the crystals were formed by complete evaporation of a reaction
mixture, the high R-value might be ascribed to crystal defects
caused by solvent loss. Voids remain in the structure (4×204 Å3

per unit cell) but because of the weak diffraction data
SQUEEZE[20] could not be used to estimate the electron density
and it can therefore not be excluded that diffuse solvent molecules
are located in these voids. Data collection and structure refinement
details are summarised in Table 4.
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CCDC-613204 (for 1·ClO4·THF·3H2O) and -613205 [for 7·
(ClO4)4] contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 4. Crystallographic details.

1·B(C6H5)4·4THF 7·(ClO4)4

Empirical formula C80H99BCl2Mn2N6O14 C72H80Cl4Mn4N12O22

Mr 1560.24 1827.04
λ [Å] 0.71073 0.69410
Crystal system triclinic monoclinic
Space group P1̄ C2/c
Z 2 4
a [Å] 13.346(2) 16.427(4)
b [Å] 14.490(3) 24.404(4)
c [Å] 21.206(4) 20.902(4)
α [°] 78.589(7) 90
β [°] 86.275(7) 93.402(6)
γ [°] 79.374(7) 90
U [Å3] 3949.2(12) 8365(3)
Crystal size [mm] 0.40 × 0.16 × 0.08 0.20 × 0.10 × 0.02
Crystal colour colourless brown
T [K] 180(2) 150(2)
ρcalcd. [g cm–3] 1.312 1.451
µ(Mo-Kα) [mm–1] 0.454 0.795
F(000) 1644 3760
Tmin, Tmax 0.8394, 0.9646
θmin, θmax [°] 3.52 to 21.96 2.34 to 25.00
Completeness to θmax 0.988 0.995
Data collected 33507 30596
Unique data 9530 7868
Rint 0.0953 0.1404
Observed data [I � 2σ(I)] 5547 6145
Parameters, restraints 834, 92 590, 727
Goof, S 1.037 1.236
R1, wR2 [I � 2σ(I)] 0.0907, 0.2447 0.2156, 0.4303
R1, wR2 [all data] 0.1552, 0.2957 0.2424, 0.4415
ρmin, ρmax [e Å–3] 0.755, –0.673 1.480, –1.712

Magnetochemistry: A Quantum Design MPMS5 Squid magnetom-
eter was used to obtain magnetic susceptibility in a field of 1 T.
Samples with a mass of about 20 mg were contained in a calibrated
gelatine capsule which was held in the centre of a plastic drinking
straw fixed to the sample oval. The instrument was calibrated by
use of a standard palladium sample supplied by Quantum Design
Inc. Magnetisation isotherms (2–20 K and 0–5 T fields) were ob-
tained on a sample of 7·(ClO4)4 dispersed in a Vaseline mull in
order to prevent torquing of crystallites and production of anoma-
lous data.

XANES: Complexes were diluted with boron nitride and data were
obtained in fluorescence mode on beamlines X9B or X18 of the
National Synchrotron Light Source, using the inflection point of a
Mn foil spectrum at 6539.0 eV as the energy calibration. The gene-
ral procedures for obtaining XANES spectra (which are normalised
to the edge height) from the fluorescence data were similar to those
used previously for iron and cobalt compounds.[10,21]

Supporting Information (see footnote on the first page of this arti-
cle): Isothermal magnetisation data for 7·(ClO4)4.
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Sulfonamide derivatives containing extrafunctional groups,
such as hydroxamic acids, hydroxypyrimidinones and car-
boxylic acids, have been recently identified as inhibitors
towards several zinc-containing enzymes, such as the matrix
metalloproteinases (MMPs) and/or carbonic anhydrases
(CAs). Since these inhibitors are supposed to bind the zinc
ion at the active site, it was decided to study the zinc(II) com-
plexation with a set of representative compounds in order to
identify the most probable coordination modes and to find
eventual relationships with the inhibitory properties. These
studies were performed in aqueous solution, by potentiome-

1. Introduction
Matrix metalloproteinases (MMPs) and some carbonic

anhydrase (CA) isoenzymes are known to be involved in
carcinogenesis and tumour invasion processes.[1–3] There-
fore, both types of zinc-containing enzymes became the tar-
gets for drug design and specific inhibitors for each type of
enzymes are well known. In particular, many inhibitors of
CAs containing aromatic/heteroaromatic sulfonamides have
been used in the treatment of several diseases; concerning
the MMP inhibitors, hydroxamate derivatives have been
widely developed as possible anti-tumour/metastatic
agents.[1,4]

Since these two families of inhibitors bind the zinc at the
enzyme active sites, efforts have already been made to ex-
plore connections between CA and MMP inhibitors and
eventual “cross-reactivity” or synergic effects.[5,6] Following
the current trend of exploring potential dual inhibitors for
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try and 1H NMR spectroscopy, and in the solid phase, by in-
frared spectroscopy. The solution equilibrium studies indi-
cate that these compounds present similar affinity for zinc
(pZn � 6). Under stoichiometric conditions, the formation of
1:1 metal complex species involves a preferential (O,O) coor-
dination via the hydroxamic or hydroxypyrimidinone moie-
ties, while the coordination via the sulfonamide groups could
mainly be achieved under zinc excess conditions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

those metalloenzymes,[7] we have recently identified a set
of potent enzyme inhibitors,[8,9] some of them containing
sulfonamide moieties inserted in diverse scaffolds bearing
the usual zinc-binding groups in matrix metalloproteinase
inhibitors (MMPi), namely: carboxylic and primary hy-
droxamic groups as well as, more recently, the hydroxypyri-
midinones (heterocyclic hydroxamic acids).[10]

Direct comparison of the previously described com-
pounds showed a clear trend towards an increased inhibi-
tory activity of the sulfonamide derivatives. In the absence
of X-ray structures of the enzyme-inhibitor adducts, some
modelling studies have already been performed to simulate
the inhibition of some MMPs and to aid the understanding
of those results.[8] Aimed at shedding some extra light on
the rationalization of the enzyme inhibition results, a set of
four representative compounds (HiLn, n = 1–4, see
Scheme 1) was selected and their Zn complexation behav-
iour was studied to identify the 1:1 zinc-binding mode pref-
erences of the diverse bifunctional compounds, in order to
establish eventual zinc-binding affinity/inhibitory activity
relationships. Results with some model compounds (e.g.
H2L5 and HL6) were also analysed for comparison pur-
poses.

The zinc complexation studies were mainly performed in
aqueous solution, using potentiometric and 1H NMR spec-
troscopic methods, although a brief analysis of solid zinc
complexes was also carried out by infrared spectroscopy.
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Scheme 1.

2. Results and Discussion

2.1. Acid Base Properties of the Ligands

The fully protonated form of the ligands under study has
three (H2Ln, n = 1, 2, 4) or two (H2L3) dissociable protons.
The determination of the corresponding protonation con-
stants was mainly performed by potentiometry but, for
H2L2, logK3 (�2) was calculated by 1H NMR spec-
troscopy. Table 1 shows the stepwise protonation constants
(logKi) calculated for the sulfonamide derivatives under
study (H2Ln, n = 1–4) and also the values previously deter-
mined for H2L5 and HL6 (used for comparison purposes).

1H NMR titration was also used to determine the pro-
tonation sequence for compounds containing a primary sul-
fonamide group (H2Ln, n = 1, 2, 4). In fact, for H2L1 and
H2L4, the protonation sequence is more difficult to predict
than for the remaining compounds, because both the sul-
fonamide anions and the hydroxamate hydroxy groups are
protonated at nearby high pH ranges. H2L2 was also ana-
lysed by 1H NMR titration due to its analogy to H2L1, to
aid the discussion of the coordination modes for the corre-
sponding zinc complexes. Analysis of the titration curve
profiles (Figure 1) suggests that, for ligands H2L1 and
H2L2, the sulfonamide anion (SO2NH–) is the first group
to be protonated. In fact, for both ligands, at pD ca. 10–
11, peaks 1, 5 and 6 are downfield shifted. Regarding H2L1,
the chemical shift profiles of the nonlabile protons nearby
the sulfonamide group, indicate that the protonation suc-
cessively occurs on the hydroxamate group (downfield shifts
of peaks 3 and 4 at pD � 8.5) and the N-amine group (at
pD ca. 2 large deshielding effect on peaks 2, 3, 4).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3853–38603854

Table 1. Stepwise protonation constants (logKi) of HiLn (i = 1, 2,
n = 1–6) as well as the global formation constants (logβ) of the
corresponding Zn2+ complexes (I = 0.1  KCl, t = 25.0±0.1 °C).

Ligand HiL Protonated ZnmHhLl

log Ki centre (m,h,l) logβ

H2L1 10.28(2) [b] (1,1,1) 15.14(5)
8.75(3) [b] (1,2,2) 30.09(7)
3.21(4) amine

pZn[a] 6.04
H2L2 9.64(1) sulfonamide (1,1,1) 13.52(2)

5.86(2) amine (1,2,2) 26.61(6)
1.8(1)[c] carboxylate

pZn 6.05
H2L3 8.47(1) hydroxamate (1,0,1) 4.96(1)

2.99(2) carboxylate (1,0,2) 8.68(3)
pZn 6.05
H2L4 [d] 10.16(1) sulfonamide (1,1,1) 14.74(3)

7.09(2) hydroxamate (1,2,2) 28.95(4)
2.90(2) N-imine

pZn 6.12
H2L5 [e] 9.11(3) hydroxamate (1,0,1) 6.63(5)

5.75(5) amine (1,1,1) 12.84(4)
1.6 carboxylate (1,0,2) 11.06(7)

(1,1,2) 18.6(1)
(1,2,2) 24.51(5)

pZn 6.27
HL6 [d] 10.45(1) amine (1,1,1) 15.30(1)

7.11(2) hydroxamate (1,2,2) 29.59(2)
2.99(3) N-imine

pZn 6.18

[a] pZn is defined as –log [Zn] calculated for CL/CM = 10, CM =
10–6  at pH 7.4. [b] Overlap of the protonation processes of hydro-
xamate and sulfonamidate groups. [c] Determined by 1H NMR ti-
tration. [d] In 5% DMSO solution. [e] Ref.[12]
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Figure 1. 1H NMR titration curves of (a) H2L1 and (b) H2L2.

For H2L2, Figure 1, b) illustrates that the second and
third protonation occur in the N-amine (large downfield
shifts of peaks 2, 3 and 4 at pD � 5) and carboxylate (at
pD � 1 large downfield shift of peak 3) groups, respectively.

Concerning the hydroxypyrimidinone derivative, H2L4,
Figure 2 shows the following protonation sequence: sulfon-
amide group (at pD ca. 11 downfield shift of peaks 2 and
3); hydroxy group (downfield shift of peaks 1 and 4 at pD
ca. 7); N-imine group (downfield shift of all peaks at pD
ca. 2). As found for the HL6 analogue,[11] all the protons
feel the protonation of the N-imine group, probably due to
the enamine-imine equilibrium.

A brief analysis of the protonation constants summa-
rized in Table 1 indicates that the logK1 (9.6, 10.2) values
of ligands H2Ln (n = 2, 4) should be attributed to the pro-
tonation of the sulfonamide group. The lower value of
logK1 found for H2L2, as compared to H2L1, is probably
due to an electron donation effect that maybe slightly
higher for the hydroxamate than the carboxylate group. The
values calculated for the hydroxamate protonation con-
stants of ligands H2L1 (logK2 = 8.75) and H2L3 (logK1 =
8.47) are also slightly lower than the previously calculated
value for H2L5 (logK1 = 9.11[12]) due to a possible cumulat-
ive effect of the carboxylate group on the stabilisation of
the H2L5 protonated form through a bifurcated hydrogen

Eur. J. Inorg. Chem. 2006, 3853–3860 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3855

bond network with the N-amine. For H2L1, the protonation
processes of the hydroxamate and the sulfonamidate groups
seem to overlap and so the corresponding values of logK1

and logK2 presented in Table 1 cannot be accurately as-
signed to each individual group.

Regarding the acid-base properties of the hydroxypyrimi-
dinone derivatives, the protonation constants calculated for
H2L4 and HL6 present very similar values, namely for the
hydroxy (logK2 7.09 and 7.11) and the N-imine groups
(logK3 2.90 and 2.99). The fact that the amine group of
H2L1 (logK3 = 3.21) presents a lower basicity than those of
H2L2 (logK2 = 5.86) and H2L5 (logK2 = 5.75) must be due
to the presence of the adjacent negatively charged carboxyl-
ate groups in H2L2 and H2L5, which stabilise the formation
of the positively charged ammonium group. Finally, analy-
sis of the protonation constants obtained for the carboxyl-
ate groups shows that lower values were obtained for H2L2

(logK3 = 1.76) and H2L5 (logK3 = 1.6), than for H2L3

(logK2 = 2.99); that difference can be rationalized in terms
of an extra stabilization of the conjugate base due to the
electrostatic interaction between the positively charged
amine and the negatively charged carboxylate groups, as
well as to hydrogen bonding interaction between the ammo-
nium proton and the carboxylate, involving 5-member ring
intermediates.
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Figure 2. 1H NMR titration curves of H2L4.

2.2. Zinc Complexation Studies

In this study, the chelating ability of four sulfonamide
derivatives towards ZnII in aqueous solution was evaluated.
Although the sulfonamides, in their neutral form, are ex-
pected to be poor ligands due to the withdrawal of electron
density from the nitrogen atom onto the electronegative
oxygen atoms, if this N-atom has a dissociable proton, the
electron-withdrawing effect increases its acidity making the
sulfonamide anions effective sigma-donor ligands.

The global formation constants of the HiLn (n = 1–4)
zinc complexes were determined by potentiometry at condi-
tions of 1:1, 1:2 and 2:1 metal-to-ligand molar ratios and
they are collected in Table 1, together with the reported val-
ues for two analogues (H2L5 and HL6).

Figure 3 shows representative potentiometric titration
curves for one of the ligands (H2L1), alone and in the pres-
ence of ZnII. Analysis of the titration curve profiles (Fig-
ure 3) indicates the noninvolvement of the N-amine group
in the zinc coordination and that the hydroxamic acid de-
protonation feels the presence of the metal ion. For pH val-
ues above 6.5–7.0, precipitation occurred and the potentio-
metric titrations were stopped.

Regarding the other ligands under study, the potentio-
metric titration curves also showed the noninvolvement of
specific groups in the coordination to the ZnII ion, namely:
the carboxylate group for H2L3 and the N-imine group for
H2L4. In the case of H2L2, the potentiometric curves cannot
give information about the involvement of the carboxylate
group in the zinc coordination since the determined value
of logK3 is extremely low (�2).

Aimed at getting some further information about coordi-
nation modes, 1H NMR titrations of solutions containing
the systems ZnII/H2Ln (n = 1, 2, 4) were performed and
the corresponding titration curves compared to those of the
respective ligand alone. However, for some of those solution
zinc systems, precipitation occurred due to the eventual for-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3853–38603856

Figure 3. Potentiometric titration curves of H2L1 and 1:1, 2:1 and
1:2 ZnII/H2L1 systems (CL = 0.67 m).

mation of neutral zinc complexes, namely: for H2L1 (at pH
above 7), for H2L2 (at pH ca. 4.5–9) and for H2L4 (at pH
6–10). Therefore, conclusions can be only drawn for pH
ranges outside the precipitation zone. 1H NMR studies of
the ZnII complexes (CL/CM = 1) with H2Ln (n = 2, 4) sug-
gested the noninterference of the sulfonamide group in the
coordination mode of these complexes, which is in accord-
ance with the formation of more soluble zinc-hydroxo spe-
cies for high pH values. In fact, the NMR titration curves
of the ligands and respective zinc complexes are superim-
posed at pD � 11. In the case of H2L1, it is possible to
confirm the noninvolvement of the amine group in the zinc
coordination (Figure S1 in the Supporting Information).
Moreover, the binding of compounds H2L1 and H2L4 to
ZnII, via the two oxygen atoms of the hydroxamic moiety,
was also somehow supported by the absence of significant
modifications of the 1H NMR spectrum of these ligands
due to the presence of the metal ion.[13]

Analysis of Table 1, containing the results of the solution
complexation studies of the diverse compounds (H2Ln, n =
1–4) with ZnII, indicates the existence of 1:1 (ZnHL and
ZnL) and 1:2 (ZnH2L2 and ZnL2) complex species in the
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adopted equilibrium model. As expected, the ZnII com-
plexes with typical (O,O) hydroxamate coordination, as
those formed with H2L1, H2L4 and HL6, have analogous
logβMHL and logβMH2L2

values. For the complexes with
H2L1 or H2L4, the sulfonamide groups are protonated and
the net charges are +1 and 0 for the MHL and the MH2L2

species, respectively. The speciation at different pH condi-
tions for the zinc binary systems under study (H2Ln, n = 1–
4) is illustrated in Figure S2 of the Supporting Information.

Concerning H2L2, the NMR spectral changes with pD
showed the noninvolvement of the sulfonamide group in the
metal coordination, in agreement with the potentiometric
results that indicated a coordination via amine group. The
carboxylate group may also be coordinated to zinc, al-
though the estimated value of logβZnL (ca. 3.6, logβZnHL –
logK1) is lower than the reported one for glycine (4.96 with
α-aminocarboxylate coordination mode[14]) probably due to
the electron-withdrawing effect of the amide group in its
vicinity. With regard to H2L3, a comparative analysis of the
potentiometric curve profiles of the ligand, alone and in the
presence of ZnII, showed a superimposition of the two
curves in the buffer region corresponding to the deproton-
ation of the carboxylic group, thus indicating that the car-
boxylate group is not in the coordination sphere of the
metal ion, according to our expectations. Furthermore, the
global formation constants calculated for the zinc com-
plexes with this ligand (logβZnL = 4.96 and logβZnL2

= 8.68)
are quite similar to the reported values for the correspond-
ing complexes with glycinehydroxamic acid (5.38, 10.07[15]),
thus suggesting that for H2L3 the complexation with zinc
should also involve a (O,O) hydroxamate coordination
mode (the small differences found for the stability constants
of those two ligands are ascribed to the electron-with-
drawing effect of the sulfonamide group). So, the coordina-
tion mode for the 1:1 zinc complex with H2L3 is different
from that previously presented for H2L5 (see Figure 4), in
which the species ZnL evidenced an (N,N,O) coordination
type with the involvement of the hydroxamate-N atom, but
also the amine-N atom and the carboxylate group.[12]

To make a comparative analysis of the affinity of the
studied compounds towards ZnII, the corresponding pM
values at the physiological pH (pM = –log [M], CL/CM = 10
and CL = 10–5 , pH = 7.4) were calculated, in order to
account for the distinct proton concentration dependence
of the compounds. Table 1 shows that, in spite of the pos-
sible different coordination modes, all the compounds pres-
ent quite similar affinity for zinc (pZn � 6).

The infrared (IR) spectra of the solid-state samples for
the ligands H2Ln (n = 1–4) and their corresponding zinc
species were also performed to aid the identification of the
metal coordination modes, namely the eventual involve-
ment of the sulfonamide group. IR data for the ligands and
respective zinc species are listed in Table 2 with provisional
assignments of the selected vibrational modes.

The IR spectra of ligands H2Ln (n = 1, 2, 4) present two
bands (near 1330 and 1160 cm–1), attributable to the asym-
metric (as) and symmetric (sy) S=O stretching (st) fre-
quencies; the spectra of the corresponding zinc complexes
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Figure 4. Proposed structures for 1:1 ZnII complexes with the fol-
lowing ligands: (a) H2L3 and (b) H2L5 [12] (charges and coordinated
water molecules are omitted).

show these bands with lower intensity and two new bands
appear at lower wave numbers (1260 and 1130 cm–1), the
intensity of which increases with ZnII excess, namely from
1:1 to 2:1 (M:L) stoichiometric conditions (see Figure 5).
The blue shifts of these IR bands, upon complexation,[16]

suggest the involvement of the sulfonamide group on the
zinc complexation, at least in the solid phase, for the com-
pounds H2Ln (n = 1, 2, 4).

On the contrary, the IR spectra obtained for H2L3 and
the corresponding zinc complex reveal that the sulfonamide
group is not coordinated to the metal ion, even in condi-
tions of metal ion excess, since there is no shift of the S=O
stretching frequencies (see Table 2).

The spectra of H2Ln (n = 1, 3) also present a strong band
near 1650 cm–1, which should be attributed to the C=O st
of the amide groups; upon zinc complexation, this band
is shifted to lower wave numbers, thus suggesting that the
coordination of these ligands to ZnII occurs via the hydro-
xamate group. The corresponding C=O st band for the hy-
droxypyrimidinone derivative (H2L4) appears at a higher
wave number (1722 cm–1) than the primary hydroxamic ac-
ids, caused by the higher double character of this carbonyl
group, and it is considerably shifted to lower energy upon
complexation with zinc, thus giving support to the expected
hydroxypyrimidinone (O,O) coordination mode.

Moreover, in the IR spectra of compounds containing
carboxylate groups, besides the strong C=O st band corre-
sponding to the amide groups, it is also possible to identify
two bands near 1630 cm–1 (COO– st, very strong) and
920 cm–1 (COO– bending δ). For the systems containing
H2L2, upon complexation, these two bands shifted to lower
wave numbers, which is consistent with the participation of
the carboxylate group in the zinc coordination. Neverthe-
less, for the H2L3 spectra, there is a broad band at
1628 cm–1, probably arising from overlapping of C=O st
(amide) and COO– st (carboxylate), which upon complex-
ation presents only a slight shift to lower wave numbers.
Although this feature cannot give much help to the elucida-
tion of the group involved in the coordination (hydroxa-
mate or carboxylate), the fact that no shift was observed
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Table 2. Infrared spectroscopic data of compounds HiLn (n = 1–4) and respective zinc(II) species (CM/CL = 2).

Vibrational spectra ν [cm–1]
Systems S=O as st S=O sy st C=O st amide COO– as st COO– δ

H2L1 1334 1162 1653 – –
(2:1) Zn2+/H2L1 1259 1138 1641
H2L2 1334 1160 1660 1633 912
(2:1) Zn2+/H2L2 1265 1136 1639 1605 858
H2L3 1346 1151 1628 1628 943
(2:1) Zn2+/H2L3 1342 1151 1616 1616 945
H2L4 1306 1167 1722 – –
(2:1) Zn2+/H2L4 1261 1136 1634

Figure 5. IR spectra of H2L2 and corresponding 1:1 and 2:1 ZnII/H2L2 systems in KBr pellets.

for the COO– bending band, supports the noninvolvement
of the carboxylate group in the coordination to the metal
ion.

Therefore, the solid-state IR data corroborate the coordi-
nation modes found in the solution studies for all the li-
gands and indicate that for the zinc H2L2 complex the car-
boxylate group may be also involved in the metal coordina-
tion. Furthermore, it also illustrated the existence of coordi-
nation via the sulfonamide group in conditions of metal ion
excess.

Previous studies of the compounds H2Ln (n = 1–6) as
MMP and CA inhibitors showed that the sulfonamide de-
rivatives present, in general, a much higher activity against
these metalloenzymes than the corresponding non-sulfon-
amide analogues. In fact, from all the compounds under
study, enzyme inhibition (IC50) of nanomolar order was
only detected for the primary sulfonamide derivatives
(H2L1, H2L2, H2L4), against CA I and CA II, and the sec-
ondary sulfonamide derivative (H2L3) against MMP-2,
MMP-7 and MMP-9.[8,9] However, the present complex-
ation studies reveal that, in aqueous solution, the sulfon-
amide group does not seem to be involved in the zinc-coor-
dination. Therefore, since the primary sulfonamides are be-
lieved to bind the zinc active site of CAs,[4] the difference
between the in vivo and the aqueous solution behaviour
should be due to the inaccessibility of the active site to the
stronger binding moieties. Concerning the secondary sul-
fonamide derivative (H2L3), its high inhibitory activity can
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be rationalized in terms of extra-functional interactions be-
tween the sulfonyl groups and specific amino-acid residues,
namely through hydrogen bonds and lipophilic interactions
at the active site of the metalloenzymes, as suggested by
molecular simulation.[8]

3. Conclusions

The complexation equilibrium studies of four sulfon-
amide derivatives (H2Ln, n = 1–4), already known for their
inhibitory activity towards zinc-containing enzymes, show
that they have similar affinity for zinc (pZn � 6). The solu-
tion and solid infrared studies proved that the 1:1 com-
plexes with ligands H2Ln (n = 1, 3, 4) present (O,O) hydro-
xamate coordination mode, while the zinc complex with
H2L2 seems to involve both the N-amine and the carboxyl-
ate groups. Moreover, the infrared studies of the solid com-
plexes indicate that the metal coordination via the sulfon-
amide groups can mainly occur under conditions of zinc
excess. Therefore, the considerable improvements observed
in the enzyme inhibitory activity of these sulfonamide-con-
taining compounds, as compared to the non-sulfonamide
derivatives, does not seem to be determined by their zinc
coordination mode but by extra-binding or specific stereo-
chemical requirements for the accommodation of the inhib-
itor into the enzyme active site.
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4. Experimental Section
4.1. Materials and General Information

The synthesis of the compounds has already been reported or is in
the process of being published, namely the hydroxamic/acetic acid

derivatives[8,9,12]: 2-(N-{[2-(4-sulfamoyl-
phenyl)ethyl-carbamoyl]methyl}-N-benzyl-amino)acetohydroxamic
acid (H2L1), 2-(N-{[2-(4-sulfamoylphenyl)ethylcarbamoyl]methyl}-
N-benzylamino)acetic acid (H2L2), N-[(hydroxycarbamoyl)methyl]-
N-(4-methoxyphenylsulfonyl)aminoacetic acid (H2L3), N-{(hydro-
xycarbamoyl)methyl}-N-benzylaminoacetic acid (H2L5), and the
hydroxy-pyrimidinone derivatives:[10,11] 4-(2-(4-sulfamoylphenyl)-
ethylamino)-1-hydroxy-2(1H)-pyrimidinone (H2L4) and 4-(5-
aminopentylamino)-1-hydroxy-2(1H)-pyrimidinone (HL6).

All 1H NMR spectra were recorded with a Varian Unity 300 MHz
spectrometer at probe temperature. Chemical shifts are reported in
ppm (δ) from internal reference DSS (sodium 3-trimethylsilyl-[D4]-
propionate). The pD values were adjusted with DCl or CO2-free
KOD, by using a ThermoORION model 420 instrument fitted with
a combined Mettler Toledo U402-M3 S7/200 microelectrode. The
IR spectra were performed with a FTS3000MX Bio-Rad spectro-
photometer.

4.2. Potentiometric Titrations

Solutions: The ZnCl2 (0.0156 ) solution from Merck was stan-
dardized by titration with K2H2EDTA (EDTA = ethylenediamine-
tetraacetic acid). The titrant (KOH) was prepared from a carbon-
ate-free commercial concentrate (Titrisol) and standardized by ti-
tration with a solution of potassium hydrogen phthalate, being dis-
carded whenever the percentage of carbonate (Gran’s method[17])
was higher than 0.5% of the total amount of base.

Measurements: The equipment used was as previously described.[18]

All the potentiometric titrations were performed at 25.0±0.1 °C
and ionic strength (I) 0.10  KCl, the atmospheric CO2 being ex-
cluded from the cell by passing purified N2 across the top of the
experimental solution. Because of the low water-solubility of H2L4,
this compound and HL6 were studied in a 5% DMSO aqueous
medium. For these studies, the calibration procedure was analo-
gous to that in an aqueous medium, but in a 5% DMSO/95% water
solvent mixture, and the same procedure was adopted for the par-
ent ligand HL6.

The cell ligand concentrations, in the absence and in the presence
of the metal ion, at different stoichiometric conditions (1:1, 1:2 and
2:1 molar ratios), were ca. (6.0–7.0)×10–4 , except for H2L3 (CL

= 1·10–3 ). The measurement of the electromotive force of the cell
allowed the calculation of [H+][19] and the determined value of Kw

used in the computations was 10–13.76 and 10–13.74 for the water and
5% DMSO studies, respectively.

Calculation of Equilibrium Constants: The stepwise protonation
constants, Ki = [HiL]/[Hi–1L][H], and the overall zinc complex sta-
bility constants, βZnmHhL1

= [ZnmHhLl]/[Zn]m[H]h[L]l, were calcu-
lated by fitting analysis of the potentiometric titration curves of
the ligand in the absence and in the presence of the zinc ion, respec-
tively, with the HYPERQUAD 2003 program.[20] The stability con-
stants determined in aqueous medium for the Zn2+ hydrolytic spe-
cies[21] were included in all the equilibrium models proposed for
the metal complex systems and the species distribution curves were
plotted with the HYSS program.[20] The quoted errors are the stan-
dard deviations of the overall stability constants given by the pro-
gram for the input data. The Ki standard deviations were deter-
mined by the normal propagation rules and do not represent the
total experimental errors.
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4.3. 1H NMR Titrations

Measurements: 1H NMR titrations of solutions containing H2Ln (n
= 1, 2, 4, CL � 10 m) or of the corresponding ZnII/H2Ln, 1:1
systems were performed in NMR tubes. The adopted medium was
D2O and 1:4 DMSO/D2O solutions for ligands H2Ln, with n = 1,
2 and n = 4, respectively. The pH* value corresponds to the reading
of the pH meter calibrated with the aqueous buffers (pH 4 and 7)
and it was adjusted with DCl or CO2-free KOD. The final pD val-
ues are determined from the equation pD = pH* + 0.40.[22]

Calculation of Equilibrium Constants: The log K3
D value for H2L2

was calculated by fitting analysis of the experimental data, using
the PSEQUAD program[23] and then that value determined in D2O
was converted into the corresponding value in H2O by the equation
pKD = 0.32 + 1.044 pKH.[24]

4.4. IR Measurements

The solid-state IR spectra of the compounds H2Ln (n = 1–4) and
related zinc species were performed as KBr pellets. The complexes
were prepared by adding to the ligand solution the corresponding
amount of 0.0156  ZnCl2 standard solution, in order to obtain a
1:1 or 2:1 metal-to-ligand molar ratio. In the cases of H2L1, H2L2

and H2L4, 1  HCl solution was added to enhance the solubility.
Afterwards, the pH was raised (6–8) with 0.5  KOH solution until
precipitation occurred; the solid was filtered and dried before re-
cording the IR spectra.

Supporting Information (see also the footnote on the first page of
this article): Figure S1 containing the 1H NMR titration curves of
H2L1 and 1:1 ZnII/H2L1 systems and Figure S2 containing species
distribution diagrams for the 1:2 Zn2+-to-ligand systems with li-
gands H2Ln (n = 1–4).

Acknowledgments

The authors thank Portuguese Fundação para a Ciência e Tecnolo-
gia (FCT) (SFRH/BD/10714/2002) and the European COST-D21-
001 project program for financial support.

[1] C. M. Overall, O. Kleifeld, Nat. Rev. Cancer 2006, 6, 227–239.
[2] C. T. Supuran, A. Scozzafava, “Matrix Metalloproteinases

(MMPs)” in Proteinase and Peptidase Inhibition: Recent Poten-
tial Targets for Drug Development (Eds.: H. J. Smith, C. Si-
mons), Taylor & Francis, London, New York, 2002, p. 35–61.

[3] E. Svastova, A. Hulikova, M. Rafajova, M. Zat’ovicova, A.
Gibadulinova, A. Casini, A. Cecchi, A. Scozzafava, C. T. Supu-
ran, J. Pastorek, S. Pastorekova, FEBS Lett. 2004, 577, 439–
445.

[4] C. T. Supuran, A. Casini, A. Scozzafava, Med. Res. Rev. 2003,
23, 535–558.

[5] A. Scozzafava, C. T. Supuran, J. Med. Chem. 2000, 43, 3677–
3678.

[6] A. Casini, A. Scozzafava, A. Mastrolorenzo, C. T. Supuran,
Curr. Cancer Drug Targets 2002, 2, 55–75.

[7] R. Morphy, Z. Rankovic, J. Med. Chem. 2005, 48, 6523–6543.
[8] M. A. Santos, S. M. Marques, T. Tuccinardi, P. Carelli, L. Pan-

elli, A. Rossello, Bioorg. Med. Chem., in press.
[9] M. A. Santos, S. M. Marques, D. Vullo, A. Innocenti, A. Scoz-

zafava, C. T. Supuran, unpublished results.
[10] M. A. Esteves, A. Cachudo, C. Ribeiro, S. Chaves, A. Rossello,

M. A. Santos, Metal Ions in Biology and Medicine, John Libbey
Eurotext, 2006, vol. 9, p. 35–39.

[11] M. A. Esteves, A. Cachudo, S. Chaves, M. A. Santos, Eur. J.
Inorg. Chem. 2005, 597–605.

[12] S. Chaves, S. Marques, M. A. Santos, J. Inorg. Biochem. 2003,
97, 345–353.



S. Chaves, S. M. Marques, A. Cachudo, M. A. Esteves, M. A. SantosFULL PAPER
[13] B. Kurzak, H. Kozlowski, P. Decock, J. Inorg. Biochem. 1991,

41, 71–78.
[14] R. M. Smith, A. E. Martell, Critical Stability Constants, Ple-

num, New York, 1989, vol. 6, p. 2.
[15] E. B. Paniago, S. Carvalho, Inorg. Chim. Acta 1987, 136, 159–

163.
[16] G. Socrates, Infrared and Raman Characteristic Group Fre-

quencies, Tables and Charts, John Wiley & Sons, Chichester,
2001; W. P. Griffith, S. I. Mostafa, Polyhedron 1992, 11, 2997–
3005.

[17] F. J. C. Rossotti, H. Rossotti, J. Chem. Educ. 1965, 42, 375–
378.

[18] S. Chaves, S. Marques, L. Gano, M. A. Santos, J. Inorg. Bi-
ochem. 2003, 97, 161–172.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3853–38603860

[19] M. A. Santos, M. Gil, S. Marques, L. Gano, G. Cantinho, S.
Chaves, J. Inorg. Biochem. 2002, 92, 43–54.

[20] P. Gans, A. Sabatini, A. Vacca, Talanta 1996, 43, 1739–1753.
[21] R. M. Smith, A. E. Martell, Critical Stability Constants, Ple-

num, New York, 1976, vol. 4, p. 9.
[22] A. K. Covington, M. Paabo, R. A. Robinson, R. G. Bates,

Anal. Chem. 1968, 40, 700–706.
[23] L. Zékány, I. Nagypál, G. Peintler, PSEQUAD 501, 2001.
[24] R. Delgado, J. J. R. Fraústo da Silva, M. T. S. Amorim, M. F.

Cabral, S. Chaves, J. Costa, Anal. Chim. Acta 1991, 245, 271–
282.

Received: May 11, 2006
Published Online: July 25, 2006



FULL PAPER

DOI: 10.1002/ejic.200600574

Click Chemistry with an Active Site Variant of Azurin

Thyra E. de Jongh,[a] Anne-Marie M. van Roon,[a][‡] Miguel Prudêncio,[a][‡‡]

Marcellus Ubbink,[a] and Gerard W. Canters*[a]

Keywords: Metalloproteins / Protein structures / Zinc / Copper / Metal replacement

The active site of the blue copper protein azurin (Azu) from
Pseudomonas aeruginosa consists of a Cu ion immobilized
by bonds to four amino acid side chains. The protein assists
in electron transfer in vivo. Replacement of Cu-ligand His117
by a Gly makes the Cu site accessible for exogenous ligands.
Incubation of the H117G Azu with n-alkane linkers carrying
imidazole groups at opposite ends leads to the formation of
noncovalently linked Azu dimers. The active site of H117G
Azu is vulnerable to Cu-catalyzed oxidative attack. Replace-
ment of CuII by ZnII leads to stable dimers, whose structures
have been determined by X-ray diffraction. These structures

Introduction
When applied to proteins, “click” chemistry can provide

decisively new insight in structure and function. Click
chemistry refers to the technique by which a side chain or
a prosthetic group is removed from a protein framework,
either chemically or by site-directed mutagenesis, and the
resulting gap is filled by exogenous compounds. In this way,
modified flavins or heme groups have been inserted into the
apo forms of flavoproteins and heme proteins.[1–3] It allows
the modification of active sites of enzymes in a simple and
straightforward manner. When the prosthetic group is ex-
tended with a linker (“hot wire”), click chemistry can also
allow for the connection of the active site of an enzyme to
a partner molecule or to an electrode.

In copper-containing proteins, the active site consists of
one or more Cu ions that are immobilized in the protein
through coordinate bonds to side chains. By replacing one
of these side chains by a small amino acid (Gly or Ala), the
Cu centre becomes directly accessible for exogenous ligands.
The technique has been successfully applied to the active
site of blue copper proteins and to the type-1 site of the
Cu-containing nitrite reductase.[4,5]

[a] Leiden Institute of Chemistry, Leiden University, Gorlaeus
Laboratories
Einsteinweg 55, P. O. Box 9502, 2300 RA Leiden, The Nether-
lands
Fax: +31-71-527-4349
E-mail: canters@chem.leidenuniv.nl

[‡] Current address: MRC Laboratory of Molecular Biology, Hills
Road, Cambridge CB2 2QH, United Kingdom

[‡‡]Current address: Unidade de Malária, Instituto de Medicina
Molecular, Faculdade de Medicina de Lisboa, Av. Prof. Egas
Moniz, 1649-028 Lisbon, Portugal

Eur. J. Inorg. Chem. 2006, 3861–3868 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3861

are reported here. The similarity in the structure of the active
site between the wild type (wt) Zn-Azu and the dimer is re-
markable in light of the different relation of the coordinating
imidazole to the protein framework (covalently attached vs.
exogenous origin, respectively). The part of the “ligand loop”
running from amino acid 116 to 121 has acquired increased
flexibility in the mutant. The connected subunits have
adopted an unexpected orientation relative to each other.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In the case of the small blue copper protein azurin (Azu)
from Pseudomonas aeruginosa, His117 has been subjected
to such modification. In Azu the Cu is bound by the Sγ
and Sδ atoms of Cys112 and Met121, respectively, and the
Nδ atoms of the residues His46 and His117. There is also
a weak interaction with the backbone carbonyl of Gly45.[6]

Azu is an electron-transfer protein, possibly involved in oxi-
dative stress response.[7] With many electron-transfer pro-
teins, a small part of the prosthetic group (flavin in the case
of flavodoxins or heme in the case of cytochromes, for in-
stance) or the active centre (the Fe-S cluster in ferredoxins
or the Cu site in cupredoxins, for instance) is directly access-
ible from the outside. In Azu this part of the structure is
formed by the Cu-ligand His117. It protrudes through the
protein surface at a shallow depression in the so-called
hydrophobic patch. His117 provides for electronic coupling
with the Cu and, presumably, represents the site where
physiological partners dock.[8,9]

Replacement of His117 by a Gly results in a slightly de-
stabilized form of the protein with a Cu site that has been
classified as Type-2 with spectral characteristics (EPR, UV/
Vis) that clearly differ from the native protein but revert to
those of the native protein upon incubation with imid-
azole.[4,10,11] So far, attempts to determine the structure of
this Azu variant by crystallography failed because the de-
stabilized Cu site appears vulnerable to Cu2+ catalyzed oxi-
dative attack by oxygen, which converts the Cys112 sulfur
into a sulfonate.[12] NMR studies showed an increased mo-
bility of the ligand loop (running from Cys112 to Met121)
on which His117 is located.[13] Click chemistry can enable
the formation of protein multimers by using multifunc-



T. E. de Jongh, A.-M. M. van Roon, M. Prudêncio, M. Ubbink, G. W. CantersFULL PAPER
tional linkers. It has, for instance, been shown that the incu-
bation of H117G Azu with 1,ω-di(imidazol-1-yl)-n-alkane
linkers leads to formation of dimers when butane, pentane
and hexane are employed as the alkane moiety.[14]

In principle, the Cu-catalyzed oxidative modification of
the Cu site in H117G Azu should be avoidable by substitut-
ing the Cu by the redox-inactive Zn. It is known that in the
small blue copper proteins this substitution leads to mini-
mal distortion of the native structure and of the active site
in particular, the changes in the latter being limited to a
shortening of the M2+–Gly45 carbonyl bond and an elong-
ation of the M2+–Sδ(Met121) bond.[15]

Here we report on the preparation and characterization
of the 1,5-di(imidazol-1-yl)pentane (1,5-dip) and 1,6-di-

Figure 1. Titration of Zn-H117G Azu with linkers 1,5-dip and 1,6-dih (A): (B) Relative averaged intensity of resonance a [1,5-dip (�)]
and resonance a� [1,6-dih (�)] of Zn-H117G at increasing ratios of linker to protein (see also panels C and D). (C) and (D): High-field
regions of the 1H NMR spectra of 1 m Zn-H117G Azu upon titration with 1,5-dip (C) or 1,6-dih (D), at pH 6.5 and 305 K for different
molar equivalents of linker to Zn-H117G Azu.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3861–38683862

(imidazol-1-yl)hexane (1,6-dih) linked dimers of Zn-H117G
Azu. The results provide insight into the structural and dy-
namic properties of the H117G Azu variant. In particular,
they give an unexpected perspective on the mobility of the
ligand loop in native and H117G Azu.

Results

Dimerization of Zn-H117G Azurin

As Zn-H117G Azu is colourless, coordination of the
imidazole-based linkers can not be followed by the green-
to-blue optical transition that occurs upon coordination of
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imidazole to CuII-H117G Azurin.[4,10] Instead, ligand bind-
ing was monitored by 1H NMR spectroscopy. Addition of
0.7 molar equiv. of 1,5-dip or 1,6-dih to apo-H117G Azu
had no discernible effect on the 1H NMR spectrum (not
shown), whereas subsequent addition of a slight molar ex-
cess of Zn(SO4)2 to the sample led to the occurrence of
several new protein resonances in the downfield region of
the spectrum (Figure 1C, D). This demonstrates the forma-
tion of a new species for which Zn is required. The new
species exhibits a 3–4 Hz increase in line width correspond-
ing to a 40–60% increase in T2

–1. As the latter varies pro-
portionally with the rotational correlation time, τc, the in-
crease in line width reflects an increase in τc. While doub-
ling of the molecular weight should be accompanied with a
doubling of τc for a spherical molecule, the smaller increase
may reflect the nonspherical shape of the dimer. The line
broadening and the appearance of new resonances confirm
the formation of ZnII-His117Gly Azu dimers noncovalently
linked by di(imidazolyl)alkanes.

To check the stoichiometry, samples of Zn-H117G Azu
were titrated with 1,5-dip and 1,6-dih. The NMR spectra
are shown in Figure 1C and Figure 1D. In the course of the
1,5-dip titration, the signals at 12.56, 11.91 and 10.26 ppm
(Figure 1C: signals a, b and c) grew, while the peaks around
10.1 ppm, consisting of a number of partially overlapping
signals, changed shape. Similar observations were made for
signals at 12.59, 11.90 and 10.11 ppm (Figure 1D: signals
a�, b� and c�) in the case of the 1,6-dih titration. In the
latter case, signal c� almost completely overlaps with the
signals clustered around 10.1 ppm. The average intensities
of signals a and a� as a function of the added amount of
linker are shown in Figure 1B. The signal intensities depend
on the equilibria L + A i LA and LA + A i ALA, with
dissociation constants K1 and K2, respectively. Reliable de-
terminations of K1 and K2 require concentrations of the re-
actants at which there is substantial dissociation. Since K1

and K2 are expected to be in the micromolar range,[14] and

Table 1. Bond lengths and angles between ligands and the metal centre (M) in structures of Azu (P. aeruginosa).[a]

Bond lengths [Å] CuI-wt (1E5Y, 2.0 Å) CuII-wt (4AZU, 1.9 Å) ZnII-wt (1E67, 2.14 Å) Zn-H117G-1,6-dih (2.85 Å)

Gly45–M 3.02 (0.06) 2.76 (0.49) 2.32 (0.07) 1.99 (0.01)
His46–M 2.14 (0.07) 2.29 (0.29) 2.07 (0.04) 2.06 (0.02)
Cys112–M 2.29 (0.01) 2.24 (0.04) 2.30 (0.02) 2.34 (0.01)
Met121–M 3.25 (0.06) 3.15 (0.05) 3.38 (0.07) 3.51 (0.15)
His117/Linker–M 2.10 (0.07) 2.01 (0.05) 2.01 (0.03) 2.07 (0.01)

Bond angles [°]

Sγ112–M–Nδ46 133 (2) 132 (3) 128 (3) 136 (1)
Sγ112–M–Nδ117/Linker 122 (1) 122 (2) 121 (1) 98 (13)
Sγ112–M–Sδ121 113 (1) 110 (1) 103 (1) 99 (2)
Nδ46–M–Sδ121 72 (1) 77 (3) 70 (2) 67 (2)
Nδ46–M–Nδ117/Linker 105 (2) 105 (2) 110 (3) 118 (10)
Sδ121–M–Nδ117/Linker 91 (4) 87 (2) 83 (1) 81 (2)
O45–M–Nδ46 75 (1) 74 (3) 84 (1) 89 (4)
O45–M–Sδ121 145 (1) 148 (2) 152 (2) 152 (3)
O45–M–Nδ117/Linker 87 (2) 89 (1) 98 (2) 102 (4)
O45–M–Sγ112 99 (1) 105 (10) 101 (1) 107 (1)

N2S–M distance [Å] 0.09 (0.01) 0.06 (0.07) – 0.16 (0.04) – 0.32 (0.08)

[a] The bond lengths and angles were obtained by averaging over all the molecules within the asymmetric unit. Numbers between brackets
indicate standard deviations.
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NMR measurements require millimolar quantities for the
titrations, no accurate K values could be extracted from
Figure 1B. What the data do demonstrate is that the equiva-
lence point in the titration is reached at an [L]/[A] ratio of
about 1:2, confirming that one linker molecule associates
with two Azu molecules. (The accuracy of the data points
in Figure 1B is limited by an uncertainty in the linker con-
centration and the inherent inaccuracy of the peak inten-
sities caused by line-width variations in the NMR spectra.
This explains why the equivalence points are not reached at
exactly [L]/[A] = 1:2.)

Crystal Structure of (Zn-H117G)2-1,6-dih Azurin

From diffraction data collected at 100 K, the crystal
structure of (Zn-H117G)2-1,6-dih Azu was solved to 2.85 Å
resolution (Table 3). Data collected at room temperature
showed that the resolution is directly limited by the quality
of the crystals and is not affected by the freezing process.
The asymmetric unit contains a total of four protein mole-
cules arranged as a pair of dimers (Figure 2), reminiscent
of the molecular arrangement observed in crystals of wt
Azurin.[16] Each of the molecules within the dimer is
aligned with its long axis roughly parallel to the 1,6-dih
linker. The intramolecular Zn-to-Zn distance amounts to
16.1 Å. The four molecules within the asymmetric unit are
superimposable with an RMSD of 0.4 Å for the Cα trace
of the entire protein backbone, which diminishes to 0.2 Å
when the loop region between residues 116 and 120 is ex-
cluded, indicating a well conserved core structure. The Cα
trace of Zn-H117G Azu, averaged over all four molecules
in the asymmetric unit, is superimposable with wt Zn-Azu
within 1.1 Å which diminishes to 0.5 Å when residues 116–
120 are ignored. The structural details of the metal site are
reported in Table 1.
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Figure 2. Stereo view of the (Zn-H117G)2-1,6-dih Azu dimer. The
side chains of residues G45, H46, C112, and M121 as well as the
1,6-dih linker are shown as sticks while both zinc atoms are de-
picted as spheres.

Discussion

Metal Site Structure

Although the limited resolution of the structure of the
H117G dimer reported here requires caution with the in-
terpretation of the data, averaging over all of the molecules
within the asymmetric unit permits us to compare the struc-
tural characteristics of the metal site with those in wt CuII-
and ZnII-Azu (Table 1). The main structural difference be-
tween the CuII and ZnII sites in wt Azu relates to the de-
crease in the distance between the metal and the carbonyl
of Gly45 and the concomitant increase in the metal–
Sδ(Met121) distance when Cu is substituted by Zn. Clearly,
the “hard” Zn ion is pulled over from the “soft” sulfur li-
gand to the “harder” oxygen ligand so that the Zn ion ends
up at the other side of the N2S plane as compared with
the Cu ion. A similar observation applies for wt Zn-H117G
Azurin.[15] The extent to which the structural details of the
Zn site in the dimer seem to reproduce those of the wt Zn-
Azu is remarkable, despite the fact that the imidazole ring
is not covalently attached to the protein framework in the
dimer. In particular, the positions of the three hard ligands
His46, Ser112, and His117/Linker which together form a
near-equatorial plane are well conserved. The two axial li-
gands Met121 and Gly45 show slightly larger deviations rel-
ative to wt Zn-Azu. They form weak coordinate bonds to
the Zn ion and have more positional freedom.

NMR Titration

The NMR titration data (Figure 1) clearly demonstrate
that the ZnII-H117G Azu does bind the bifunctional linkers
used for this study. The signals used to follow the titration
have not been assigned. In native wt CuI Azu there are
seven distinct high-field signals in the range of from 9.60 to
11.30 ppm.[27] They derive from the backbone amide pro-
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tons of Asn38, Asn47, Thr52, Ile87, Thr113, Phe114 and
Ser118. Three of these stand out because they occur at very
high chemical shift positions: 11.30 (N38), 10.58 (N47) and
10.48 (F114) ppm. Those of N47 and F114, in the wt struc-
ture, form a H-bridge with the Sγ of the Cys112 metal li-
gand; their chemical shifts to some extent reflect the charge
distribution over the metal site. The amide proton of Asn38
forms a H-bridge with the carboxyl group of Asp11 which
is located in the interface of the ZnII-H117G Azu-dimer.
One expects these three signals to stand out in the spectrum
of the dimer as well, but a definitive identification of the
high-field signals a–c and a�–c� must await a detailed as-
signment of the spectrum. The low-intensity resonances at
10.14 and 9.96 ppm derive from an apo-Azu impurity.

Ligand Loop Dynamics

Although the overall protein structure of each of the sub-
units is very similar to wt Zn-Azu, the loop on which resi-
dues 116 to 119 are located has adopted different confor-
mations in each of the four subunits in the asymmetric unit
(Figure 3A). They all have relatively high B factors indica-
tive of increased flexibility (Figure 3B) This flexibility is
understandable, given that in H117G Azu the loop is com-
prised of a series of small, flexible amino acids (Gly-Gly-
Ser-Ala) and is consistent with the finding by Jeuken et al.
that for CuI-H117G Azu the residues 116–120 display in-
creased backbone dynamics in solution relative to wt
Azu.[13]

It is interesting to note that the complete ligand loop
runs from Cys112 to Met121 but that only the part running
from residues 116–119 shows enhanced disorder. Appar-
ently residues 112–115 are sufficiently strongly anchored to
the protein framework to keep them fixed in the structure
even when His117 is replaced by a Gly. Of the residues 116–
119 in the wt structure, only the side chain of His117 is
anchored to the protein structure, namely through a bond
of the imidazole ring to the Cu. Yet, this is not what keeps
His117 in place because in apo-Azu this loop retains its
native conformation.[17] It is found that some of the ligand
loop residues of ZnII-H117G Azu occur in the disallowed
regions of the Ramachandran plot (Figure 4). These dihe-
dral angles have become accessible to the protein only be-
cause the His117 has been replaced by a Gly. It is therefore
impossible for the ligand loop in wt Azu to adopt a configu-
ration as seen here. To what extent the flexibility of the
ligand loop in Azu differs from those in other blue copper
proteins like plastocyanin, pseudoazurin and amicyanin re-
mains to be seen.

Interface Packing and Solvation

It is of interest to compare the relative orientation of the
Azu monomers in the (Zn-H117G)2-1,6-dih Azu structure
with what has been observed for wt Azu. For wt Azu, the
α-helices of the two monomers are situated on opposite
sides of the dimer (Figure 5). Covalent dimers of Azu, in
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Figure 3. Representation of structural data. (A) Stereo view of resi-
dues G45, H46, C112, H/G117 and M121 of each of the mono-
meric subunits of (Zn-H117G)2-1,6-dih Azu (grey) in the asymmet-
ric unit, superimposed on the structure of Zn-wt Azu (black). The
ligand loops between residues 115–121 are shown in cartoon repre-
sentation; the zinc atoms are shown as spheres. Labels correspond
to the ligands of wt Azu. (B) Stereo image of one of the dimers of
(Zn-H117G)2-1,6-dih Azu observed in the asymmetric unit. Darker
shading and larger tube diameter indicate increased B factors. The
1,6-dih linker is shown in stick representation; the zinc atoms are
shown as spheres. The dimer shown has the most flexible ligand
loops of the two dimers found within the asymmetric unit.

which the Azu moieties are connected through a bis(male-
imidomethyl) ether (BMME) linker also have a tendency to
adopt this orientation.[18] In contrast, the structure of the
noncovalent dimer of (Zn-H117G)2-1,6-dih Azu, in which
the metal ions are connected with the linker through coor-
dinate Zn-imidazole bonds, has both α-helices on the same
side (Figure 5). Somewhat similar orientations have been
observed for the C112D and F114A mutants of Azu (1AG0
and 1AZN, respectively).[19,20]

Although the interface area in the dimer is largely re-
tained, its solvent accessibility is slightly larger than that in
the structures of wt Azu or the BMME-linked N42C Azu-
dimer, both of which display the classical hydrophobic in-
teraction packing (Table 2).[16,18,21] A disulfide-linked N42C
Azu dimer does not fit in this comparison and is a separate
case: its intra-dimer interface is very small (ca. 360 Å2) since
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Figure 4. Ramachandran plots of the loop residues 116-120 of (A)
Zn-wt Azu and (B) (Zn-H117G)2-1,6-dih Azu. Different symbols
are used to represent the individual amino acid chains within the
asymmetric unit.

Figure 5. Cartoon representations of (Zn-H117G)2-1,6-dih Azu
(left) and the crystal packing of Zn-wt Azu (right); the α-helical
regions are shown in dark grey. The zinc atoms are shown as large
spheres (black). Hydrogen-bonded water molecules in the protein
interface of wt Azu are shown as small spheres (light grey).

two monomers are rotated around the C42–C42 disulfide
bond as compared with the wt packing. The inter-dimer
interface is sizeable but smaller than in the wt case. The
decrease in interface for the (Zn-H117G)2-1,6-dih Azu,
however, although not large, is significant and is related to
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Table 2. Solvent accessibility and interface area in azurin dimers.

Accessible surface area [Å2] per monomer Interface area [Å2]
Free[a] Complex[b]

wt (1E5Y) inter 6579 6066 1026
N42C-BMME (1JVL) intra 6547 6050 995
N42C-disulfide bridged (1JVO) intra 6524 6343 363
N42C-disulfide bridged (1JVO) inter[c] 6524 6033 983
(Zn-H117G)2-1,6-dih intra 6687 6205 964

[a] The coordinate file used for the calculation contained a single monomer; additional monomers were removed from the asymmetric
unit. [b] The coordinate files used for the calculation were edited to contain only the molecules that share the contact surface under
consideration. [c] Numbers correspond to the intermolecular interface between two different dimers in the asymmetric unit.

the packing of the monomers. From previous experiments
on H117G Azu it was concluded that 1,5-dip gives optimal
packing of the Azu monomers and that 1,6-dih Azu is
slightly too long to let monomers approach as close as in
the wt case.[14] The increase in metal-to-metal distance in
the Zn-H117G Azu dimer (16.1 Å vs. 14.9 Å in wt Azu[16])
is in line with this conclusion. A slightly larger distance be-
tween the two Azu halves in the dimer would also mean a
smaller contact area, in agreement with the data in Table 2.

The findings reported here and in the preceding dis-
cussion show that the packing of two Azu molecules with
their hydrophobic patches together is thermodynamically
favourable. Previous experiments have shown that the gain
in free energy when two Azu molecules associate is 2.1 kcal/
mol.[14] The present data show that Azu molecules prefer to
pack with their hydrophobic patches opposite to each other,
but that the precise mutual orientation of the monomers
may vary and probably depends on small variations in the
free energy of association caused by small adjustments in
the van der Waals energy, remote charge effects and the
precise configuration of hydrogen bridges across the inter-
face.

Conclusions

Site-directed mutagenesis of the copper ligand H117 of
the blue copper protein Azu (P. aeruginosa) creates a sol-
vent-exposed aperture in the protein, which can accommo-
date a variety of ligands, thereby permitting “hotwiring” of
the protein. Incubation of the H117G variant with bifunc-
tional linkers like the 1,ω-di(imidazol-1-yl)-n-alkanes allows
the formation of Azu dimers noncovalently linked by the
functionalized alkanes. The (Zn-H117G)2-1,6-dih Azu di-
mer was crystallized and its structure was solved to 2.85 Å
resolution. Relative to wt Azu, H117G Azu shows increased
flexibility in the loop region between residues 116–120, sur-
rounding the site of mutation. The displacement of this
loop from the protein interior may facilitate the coordina-
tion of larger exogenous ligands. The structure represents a
type of dimer in which the proteins have adopted a relative
orientation distinct from those previously reported for di-
mers of Azu.
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Experimental Section
Protein Expression and Isolation: Apo-H117G Azu was produced
and purified as described previously. The concentration of apopro-
tein was determined from the absorbance at 280 nm (ε280 =
9.1±0.1 m–1 cm–1) recorded at room temperature (r.t.) on a Per-
kin–Elmer lambda 18 spectrophotometer.

Linkers: The bifunctional ligands (Figure 1A) 1,5-di(imidazol-1-
yl)pentane and 1,6-di(imidazol-1-yl)hexane were synthesized as
previously reported.[14] Purity and integrity of the samples after
prolonged storage was confirmed by 1H NMR and working solu-
tions of 6 m were prepared in MilliQ grade water.

NMR Spectroscopy: All 1H NMR spectra were recorded with a
Bruker Avance DMX 600 MHz spectrometer at 304 K with a spec-
tral width of 12.98 ppm in 4 K memory by using a Watergate-fil-
tered pulse sequence. Free induction decays were Fourier trans-
formed by using a squared sine window function. All samples were
prepared in potassium phosphate (KPi), pH 6.5 buffer (20 m⁾ sup-
plemented with 6% D2O for locking of the signal. The binding
of 1,6-dih to Zn-H117G Azu was assessed by addition of linker
(0.7 equiv.) to a solution of apo-H117G Azu (0.5 m⁾. After re-
cording of the 1H NMR spectrum, Zn(SO4)2 (2 equiv.) was added,
and the sample was incubated at r.t. for ca. 10 min allowing coordi-
nation of the linker to the reconstituted protein. The effects of co-
ordination of 1,6-dih or 1,5-dip on the 1H NMR spectra of Zn-
H117G Azu were compared by titration of protein (1 m⁾ in KPi,
(20 m, pH 6.5) with either of the linkers. Zn-H117G Azu was
prepared by incubating a solution of the apoprotein at the desired
concentration with ZnSO4 (1.2 equiv.) for 10 min at r.t. This solu-
tion was used as prepared.

Crystallization and X-ray Data Collection: A solution of apo-
H117G Azu (10 mg/mL) in Tris-HCl (10 m, pH 7.5) was incu-
bated with ZnCl2 (1.3 equiv.) for 2 h at r.t. Excess ZnCl2 was re-
moved by ultracentrifugation (Centricon, MWCO 10,000). The
sample was then incubated with either 1,5-dip (0.6 equiv.) or 1,6-
dih (0.6 equiv.). Prior to crystallization the samples were filtered
through a low-protein-binding, 0.22-µm filter (Millipore). Crystals
of (Zn-H117G)2-1,6-dih were obtained by sitting drop vapour dif-
fusion at 295 K by using equal volumes of protein and reservoir
solution. Crystals suitable for X-ray crystallography appeared
within 3 d, from protein solution (1 µL) mixed with reservoir solu-
tion (1 µL) containing Tris-HCl (100 m, pH 8.56) and 20% (w/v)
polyethylene glycol (PEG) 8000. No crystals were obtained for (Zn-
H117G)2-1,5-dip. X-ray diffraction data of (Zn-H117G)2-1,6-dih
were collected on an in-house beam by using a MAR345 Image
Plate detector. A crystal was mounted in a cryo-loop (Hampton
Research) and passed quickly through a cryo-protectant solution
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containing 20% glycerol, followed by flash-freezing in a nitrogen
gas stream at 100 K. A data set was collected to 2.85 Å resolution.
All collected data were indexed, integrated and scaled with
HKL2000.[22] Data collection and refinement statistics can be
found in Table 3.

Table 3. X-ray diffraction data collection, refinement and model
statistics.

Data collection

Space group P1
Unit cell parameters a×b×c [Å] 42.66×49.72×66.07
Resolution [Å][a] 25–2.85 (2.9–2.85)
Measured reflections 28364
Unique reflections 11979
Completeness (%) 88.2
Rmerge

[b] (%) 8.7 (34.1)
Average I/sigma (I) 9.36 (1.83)

Refinement statistics

R-factor (%) 19.2 (32.5)
Free R-factor (%) 23.3 (44.7)
Average total B-value protein [Å2] 30.5

Model statistics

Number of TLS groups 4
Number of monomers in the asymmetric 4unit
Number of protein residues 512
Number of solvent molecules 3
Number of Zn ions 4
Number of ligands 2

Ramachandran plot (%)

Most favoured region 89.5
Additionally favoured region 10.2
Generally favoured region 0.2
Disallowed region 0.1

R.m.s. deviation from ideality

Bond lengths [Å] 0.013
Bond angles [°] 1.070

[a] Values of reflections recorded in the highest resolution shell are
shown in parentheses. [b] Rmerge = Σo(|I-�I�|)/Σ(I) (scalepack out-
put). The coordinates have been deposited in the Protein Data
Bank under accession code 2IWE.

Structure Determination and Refinement: The structure of (Zn-
H117G)2-1,6-dih was solved by molecular replacement by using the
program Molrep[23] from the CCP4 program suite[24] by employing
the structure of Zn-wt Azu (PDB entry 1E67)[15] as a search model.
A solution was obtained with an R factor of 39.7% and a corre-
lation coefficient of 58.8. After several rounds of rigid-body and
restrained refinement with Refmac5,[25] the mutated amino acids
were built in manually with Xtalview,[26] followed by automatic sol-
vent building with ARP/wARP.[27] Upon inspection of an Fo – Fc

difference density map, a double conformation of the main chain
running from residue G116 to M121 of molecule A could be mod-
elled and refined, leading to an improvement of Rfree. Extra density
was also observed for this flexible loop in the three other molecules
present in the asymmetric unit but was considered too weak to
build any amino acids. Final refinement by using tight NCS re-
straints between residues 1 to 114 of each protein chain and refine-
ment of translation, liberation and screw (TLS) parameters[28] re-
sulted in a model with an R factor of 19.2% (Rfree 23.3%). The
quality of the model was checked by PROCHECK[29] and
WHATIF[30] (see Table 3). The coordinates and structure factors
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have been deposited in the Protein Data Bank under accession code
2IWE. Figure 2, Figure 3 and Figure 5 were made in PyMOL
0.98.[31] Figure 3 was generated with the help of the color_b.py
script for colouring according to B factor (http://adelie.bioch-
em.queensu.ca/~rlc/).

Solvent Accessibility and Interface Areas: The solvent-accessible
surface area (ASA) was calculated by using the program NAC-
CESS 2.1.1 with a probe radius of 1.4 Å. The interface area was
defined as the sum of the ASAs of the individual proteins minus
the ASA of the complex.
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By refinement of Trofimenko’s procedures, four new tris(pyr-
azolyl)borate (Tp) ligands bearing pyridyl and carboxamide
substituents at the 3-positions of the pyrazole rings, were ob-
tained. Two of them were identified by structure determi-
nations of their potassium salts. Their coordinative properties
were explored by preparing Tp*Zn-X complexes, with X =
Cl, Br, I, NO3, OAc, phenolate, thiophenolate and diorgano-
phosphate, including the cationic complexes [Tp*Zn·L]+ with
L = methanol and pyrazole. From the spectra and structure
determinations of these complexes it has become evident

Introduction
Trofimenko’s tris(pyrazolyl)borate (Tp) ligands[1] have

been the key to success in biomimetic zinc complex chemis-
try, in our own hands[2] as well as in those of our competi-
tors,[3] as evidenced by Parkin’s recent review.[4] One reason
for this is the ease by which their structures can be varied,
for example, by attaching various substituents at the 3- and
5-positions of their pyrazole rings. The substituents at the
3-positions create and control the protective pocket around
the zinc ion, which is the “active center” of the enzyme
model. Substituents as small as methyl groups at the 5-posi-
tions protect the B–N bonds, preventing hydrolytic self-de-
struction of the ligands due to the presence of zinc ions.

Until now most of the 3-substituted Tp ligands bear non-
polar, i.e. mostly hydrocarbon, substituents. This is due to
the fact that most functional organic groups do not survive
the reaction conditions during the Tp ligand synthesis that
occurs in the presence of KBH4 at 150–200 °C. The advan-
tage of the nonpolar TpR,Me ligands (with Me at the 5-
positions and the variable R at the 3-positions) is that they
can be relied upon to form tetrahedral zinc complexes in-
cluding TpR,MeZn-OH the essential enzyme model, and that
the resultant ligand pocket around the zinc ion stabilizes
many kinds of reaction products that model the intermedi-
ates of the zinc enzyme catalyzed processes.[2–4] Their disad-
vantage is that these “intermediates” form such stable zinc
complexes that so far the TpR,MeZn-OH species could not
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that the polar Tp* ligands favor coordination numbers higher
than four for zinc, either by inducing bidentate coordination
of the coligands X and L, using the carboxamide oxygen
atoms for coordination, or by linking two Tp*Zn-X units
through the pyridyl nitrogen atoms. As a result, the structural
chemistry of these complexes is quite varied, and includes
coordination dimers and polymers.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

be used for catalytic processes, and that both the potassium
salts and the zinc complexes of the Tp ligands are not solu-
ble in water, thereby severely hampering their suitability as
enzyme models.

Until now only a few attempts have been made to over-
come these limitations. We have attached 3-pyridyl substitu-
ents to Tp ligands and studied their zinc complex chemis-
try,[5–7] and Ward did the same with 2-pyridyl groups.[8,9]

Carrano reported Tp ligands with carboxylic ester and car-
boxamide substituents and a number of zinc complexes
thereof;[10,11] unfortunately this work could not be repro-
duced by us.[12] In our eyes the most promising approach
has been reported recently by Trofimenko and involved pyr-
rolidinocarbonyl substituents,[13] which have not yet been
exploited in zinc complex chemistry. Insofar as zinc com-
plexes of these Tp ligands with polar substituents have been
studied, it was found that the benefit of their enhanced po-
larity comes along with a liability: the coordination number
of zinc goes up to five or six, either by using the substitu-
ents’ donor groups for coordination, or by the attachment
of additional donor ligands.

In this paper we describe some attempts by our group to
improve this situation. Our plan was to develop pyrazo-
lylborate ligands whose polar substituents have a reduced
tendency to coordinate to the zinc ion in the complex, but
support the solubility of their zinc complexes in protic me-
dia by having the potential to form hydrogen-bonding inter-
actions. The latter condition led to the choice of pyridyl and
amide functionalities, and the former required these donor
groups to point away from the metal ion, or to be sterically
hindered. We succeeded in preparing four new ligands, L1–
L4 (Scheme 1). This paper demonstrates their suitability for
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Scheme 1.

basic zinc complex chemistry. Their use for enzyme model-
ing will be the subject of a subsequent publication. It
should be mentioned that the ligand hydridotris[3-(4�-pyr-
idyl)pyrazolyl]borate, which is a relative of L1, has recently
been obtained and used in some complexes by Ward.[14]

Results and Discussion

Ligands L1–L4

All four ligands were prepared according to Trofimenko’s
method, i.e. by heating the appropriate pyrazole with
KBH4. In case of L1 and L2 the most cumbersome part of
this synthesis was the preparation of the substituted pyr-
azoles, via the corresponding β-diketones, by previously re-
ported procedures.[15–18] The best yields for the potassium
salts of L1 and L2 were obtained by heating KBH4 with
4 equiv. of the pyrazole to 200 °C without solvent. In this
way KL1 and KL2 were obtained as colorless crystalline
materials in yields of 40–50%. These compounds are insol-
uble in hydrocarbons, diethyl ether and chloroform, but sol-
uble in DMSO, acetonitrile, methanol and water/methanol
mixtures. The ligand KL1 possesses a rare property for pyr-
azolylborates in that it is, as expected, soluble in water.

The crystallinity of KL1 allowed its structure to be deter-
mined by X-ray diffraction. Figure 1 shows that the ligand
L1 acts as a tripodal donor towards the potassium ion;
however, the sideways coordination of the pyrazole nitrogen
atoms N3 and N6 is weak. In addition, all the pyridyl nitro-
gen atoms are attached to different potassium ions. If one
counts N3 and N6 as being coordinated at a single position,
the potassium ions have a reasonably perfect octahedral co-
ordination.
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Figure 1. Coordination of the potassium ions in KL1. Bond lengths
[Å]: K–N1 2.897(3), K–N2 2.810(3), K–N3 3.022(3), K–N6
2.954(3), K–N7� 3.152(4), K–N8��� 2.869(3), K–N9�� 2.802(4).

Crystalline KL1 is a 3D coordination polymer. A sub-
structure of this polymer is displayed in Scheme 2, showing
that the pairwise coordination of the pyridyl nitrogen atoms
to neighboring potassium ions creates a chain-like array.
The third remaining pyridyl nitrogen atom of each L1 li-
gand is used to build the 3D network. In general, the struc-
ture of KL1 resembles the structures of our KL compounds,
with L being 3-pyridyl-substituted pyrazolylborates.[5]

The preparation of the carboxamide-substituted ligands
L3 and L4 was even more time-consuming than for L1 and
L2. One reason for this was the multistep syntheses required
for the preparation of the corresponding pyrazoles via dike-
topiperazines,[19–22] as outlined by Trofimenko.[13] Secondly,
the unavoidable non-stoichiometric compositions of the
KBH4/pyrazole reaction mixtures resulted in purification
problems for the KL products. As for L1 and L2, the pyr-
azoles had to be provided in excess during the reactions
with KBH4 in order to obtain reaction mixtures from which
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Scheme 2.

the desired ligands could be isolated. Again, these reactions
were performed without solvent, this time at temperatures
around 150–160 °C. After the purification procedures, only
KL4 could be obtained free from byproducts. One reason
for the problems experienced in purifying KL3 is its high
solubility,·KL3 is soluble in chloroform and more polar or-
ganic solvents,·KL4 is insoluble in chloroform and acetoni-
trile, but soluble in alcohols. Both compounds are soluble
in alcohol/water mixtures, but not in water.

While KL3 could be identified, in the presence of its pyr-
azole, by its spectra, it had to be converted into the zinc
halide complexes 2a and 2b (see below) to enable crystallo-
graphic proof of the L3 structure to be obtained, and to
generate a starting material so its zinc complex chemistry
could be investigated. In contrast, KL4 could be crystallized
and subjected to structure determination by X-ray diffrac-
tion. The solvated crystals contain one KL4 unit, one water
molecule, and 2.5 methanol molecules per asymmetric unit.
The solvent molecules are severely disordered, so their posi-
tions in the coordination sphere of the potassium ion are ill-
defined. In Figure 2 the water molecule, and the methanol
molecule with the highest occupancy factor located near
the potassium ion, are included in the drawing. While it is
meaningless to discuss the coordination geometry of the
metal ion, the binding of the pyrazolylborate ligand to the
potassium ion is neatly defined. Unlike in KL1, it coordi-
nates in the established tripodal fashion. In addition, two
of its three carboxamide substituents use their oxygen
atoms for coordination to two different neighboring potas-
sium ions, thereby making L4 a pentadentate ligand.

Scheme 3.
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Figure 2. Coordination of the potassium ions in KL4. Bond lengths
[Å]: K–N2 2.802(2), K–N5 3.122(2), K–N8 3.040(2), K–O1��
2.860(2), K–O2� 2.822(2), K–O4a 2.707(3), K–O5a 2.762(4).

Like in KL1, the linking of neighboring complex units in
KL4 occurs in a pairwise manner, resulting in a chain-like
array, as shown in Scheme 3. Unlike in KL1, there are no
further links to create a 3D network, as the third carbonyl
oxygen atom of each L1 unit remains uncoordinated.

Zinc Complexes of L1

The coordinative properties of the new pyridyl-substi-
tuted Tp ligands were explored by preparing some zinc
complexes of L1. Thus, the halide complexes 1a–1c resulted
from the reaction of KL1 and the corresponding zinc ha-
lides. Their 1H-NMR spectra in DMSO solution show split
resonances for the pyrazolyl as well as the pyridyl protons,
with intensity ratios between 2:1 and 5:1, and their ν(BH)
IR bands in KBr are also split. This indicates different co-
ordination modes for the “arms” of the L1 tripod, and poss-
ibly different coordination modes for different tripods, the
simplest explanation for which is oligomerization, which
was found in almost all the crystal structures reported in
this paper. 1a–1c did not yield suitable crystals for analysis,
and therefore could not be used to verify this hypothesis.
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The reactions between KL1 and zinc acetate or zinc ni-
trate led to complexes 1d and 1e. While the 1H-NMR spec-
trum of 1d is simple, indicating the monomeric nature of
the complex, the spectrum of 1e shows split resonances, just
like those seen in the spectra of complexes 1b and 1c, with
intensity ratios of 5:1, pointing to an as yet unidentified
oligomeric state being present in solution.

The solid-state nature of both 1d and 1e could be deter-
mined by X-ray methods. Complex 1d is a monomer con-
taining a semi-bidentate acetate ligand, see Figure 3. Its
zinc coordination sphere offers no unusual features com-
pared to the many (pyrazolylborate)zinc carboxylate struc-
tures in the Cambridge Structural Database. However, this
makes 1d an exception among the zinc complexes of L1.

Figure 3. Molecular structure of 1d. Bond lengths [Å]: Zn–N1
2.108(3), Zn(N2) 2.018(3), Zn–N3 2.018(3), Zn–O1 1.919(3), Zn–
O2 2.534(3).

The nitrate complex 1e is a 1D coordination polymer.
Figure 4 shows the coordination sphere for one of the zinc
ions in this polymer. Ligand L1 is nicely tripodal and the
nitrate is symmetrically bound in a bidentate manner. One
of the pyridyl nitrogen atoms coordinates to a neighboring
zinc ion. This results in an octahedral coordination environ-
ment for the zinc ion, albeit a quite distorted one. The poly-
mer chains comprise a zig-zag array of L1ZnONO2 units
linked by the pyridyl substituents.

The p-nitrophenolate complex 1f and the bis(p-ni-
trophenyl)phosphate complex 1g were prepared. It was
thought that they would result from the hydrolytic cleavages
of p-nitrophenyl acetate and tris(p-nitrophenyl)phosphate,
reactions which were to be performed in subsequent studies
with suitable L1ZnX compounds. For their unambiguous
identification they were prepared from KL1, zinc perchlo-
rate, and p-nitrophenolate and bis(p-nitrophenyl)phosphate,
respectively.

The syntheses of 1f and 1g did not yield crystals suitable
for structure determinations, and 1g could not be obtained
in an analytically pure form. Their 1H-NMR spectra show
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Figure 4. Monomeric fragment of polymeric 1e. Bond lengths [Å]:
Zn–N1 2.126(3), Zn–N2 2.263(3), Zn–N3 2.102(3), Zn–O1
2.189(3), Zn–O2 2.200(3), Zn-N9� 2.250(3).

no splitting of the pyrazolyl or pyridyl resonances, thereby
indicating a monomeric structure. This was also the case
for the corresponding zinc complexes with the 3-pyridyl-
substituted Tp ligands. Of these, the nitrophenolate is a pyr-
idyl-bridged dimer,[23] while the phosphate is a hydrated
monomer with five-coordinate zinc ions.[24] The structures
of 1f and 1g may be similar to either of these. Complex 1f
is precipitated with one water molecule per formula unit.

Finally, an attempt was made to obtain a zinc perchlo-
rate complex of L1. To achieve this purpose, KL1 was
treated with Zn(ClO4)2 in a dichloromethane/methanol
solution. However, it became apparent that methanol is a
better ligand for zinc than perchlorate, and the methanol
complex 1h was obtained. In the case of the related sulfur-
containing tripod ligands, there is precedence for the pre-
ferred coordination of alcohol and perchlorate ligands.[25,26]

The 1H-NMR spectrum of 1h, just like the spectra for
several other complexes of 1, displays a splitting of the pyr-
azolyl and pyridyl resonances with intensity ratios of 1:5,

Figure 5. Structure of the dimeric cations of 1h. Bond lengths [Å]:
Zn–N1 2.210(2), Zn–N2 2.047(2), Zn–N3 2.047(2), Zn–O1
2.185(2), Zn–N7� 2.034(2).
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indicating the presence in solution of a complex with an
unknown mode of oligomerization. In the solid state 1h is
dimeric, with the two complex units being held together by
a pair of bridging pyridine rings that lie across a center
of symmetry, see Figure 5. This type of coordination with
trigonal-bipyramidal zinc ions has precedence in the zinc
complexes of the 3-pyridyl-substituted Tp ligands.[6] The
methanol ligand in 1h is positioned on the axis of the trigo-
nal bipyramid. It is linked by a hydrogen bond to a pyridyl
nitrogen atom of a neighboring complex unit, such that a
pairwise linkage across a center of symmetry exists. In this
way a zig-zag array of complex units is seen in the solid
state, that are bridged by pairs of pyridine donors and hy-
drogen bonds in an alternating fashion.

Zinc Complexes of L3 and L4

As mentioned above, ligand L3 had to be converted into
a zinc halide complex in order to have a clean starting mate-
rial for the synthesis of the L3Zn complexes. This was done
by treating the crude reaction product, KL3, with zinc chlo-
ride and bromide, leading to 2a and 2b. Likewise, KL4 was
easily converted with zinc chloride to yield 3a. All three
halide complexes show a rather low solubility, even in
dichloromethane and methanol. This points to an oligo-
meric nature, but their 1H-NMR spectra are simple, and
thus yield no further information.

The zinc nitrate complex of L3, 2c, was prepared from
2b and silver nitrate. The treatment of 2c with potassium
acetate yielded 2d. The two corresponding complexes of L4,
3b and 3c, were synthesized in a more direct fashion from
KL4 and the zinc salts. All four of these complexes are no-
ticeably more soluble than the halide complexes, indicating
a monomeric or dimeric nature, as observed for 1d and 1h.
Only in case of 3c did the 1H-NMR spectrum yield struc-
tural information, as it showed split signals for the methyl
groups of the pyrazole with a 2:1 intensity ratio. The sim-
plest explanation for this is that dimerization has occurred
with a pair of bridging carboxamide substituents. However,
this must remain a speculative structural assignment until
the structural chemistry of the zinc complexes of L3 and
L4 can be based on a sufficient number of X-ray structure
determinations.

As noted above, the p-nitrophenolate complex 2e and the
p-nitrothiophenolate complex 2f were prepared in order to
have reference materials for their identification in product
mixtures during subsequent studies of zinc-catalyzed hydro-
lytic ester cleavage reactions. Compounds 2e and 2f resulted
from the reaction between 2b, KOH, and the corresponding
phenols (as yellow powders). Complex 2e was not obtained
analytically pure. Again, little information could be gath-
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ered concerning their structures. They are more soluble in
solvents of low polarity than the other complexes of L3 and
L4, and hence may be monomeric.

As for L1, a simple reaction of L3 aimed at preparing a
perchlorate complex did not yield the desired product, but
instead a solvated cationic zinc complex of L3 was pro-
duced. Treating the raw product KL3, which contains con-
siderable amounts of 3-tert-butylcarboxamido-5-methylpyr-
azole (Pz*), with zinc perchlorate in dichloromethane/meth-
anol produced a small amount of the pyrazole complex 2g,
which could be identified by its spectra.

Unlike the other complexes of L3 and L4, 2g was pro-
duced as crystals suitable for X-ray structure determination.
The result is displayed in Figure 6. Complex 2g is mononu-
clear. Ligand L3 is coordinated to the zinc ion in the normal
tripodal fashion, with the notable detail that all three car-
boxamide oxygen atoms are pointing towards the zinc ion.
The pyrazole coligand is bidentate and produces a five-
membered O,N chelate ring. Thereby 2g resembles the large
number of TpZn chelate complexes which are frequently
discussed as models for enzyme-inhibitor complexes.[27,28]

The coordination of the zinc ion can be described as rea-
sonably close to trigonal-bipyramidal, with N8 and O4 on
the axis forming the long Zn–X bonds. Additional rigidity
in the structure comes from a hydrogen bond between the
NH group of the pyrazole coligand and one carboxamide
oxygen atom. Thus, the structure of 2g has yielded two
valuable pieces of information with respect to the subse-
quent use of ligands like L3 and L4 for modeling zinc en-
zymes: firstly, these ligands can form mononuclear zinc
complexes and secondly, the carboxamide functional
groups can show polar interactions and hydrogen bonding
at, or near, the zinc center.

Figure 6. Molecular structure of complex 2g. Bond lengths [Å]:
Zn–N2 2.036(5), Zn–N5 2.036(5), Zn–N8 2.269(5), Zn–N11
1.979(5), Zn–O4 2.312(4), N10···O3 2.602(6).
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Conclusions

The four new pyrazolylborate ligands described in this
paper have been found to have conventional properties (i.e.
they coordinate to the zinc ion in the tripodal fashion) as
well as novel features that qualify them for a biomimetic
zinc complex chemistry (i.e. they contain further donor
functional groups, they allow for variable metal coordina-
tion numbers, they engage in various kinds of hydrogen
bonds, and they form complexes which are soluble in water-
containing solvents or even in pure water). Just like the pre-
viously described Tp ligands with 3-pyridyl substituents
they allow, or more accurately they enforce, coordination
numbers higher than four for zinc. The well-established
term “tetrahedral enforcer”, which qualifies many Tp li-
gands, does not hold for L1–L4.

Variability in coordination numbers and geometries, as
seen for the zinc complexes described herein, is a prerequi-
site for catalytic activity. This, together with the increased
solubility in water-containing solvents, indicates that zinc
complexes of L1–L4 with coordinated water or hydroxide,
or with labile coligands X, should qualify as new, or better,
models for, hydrolytic zinc enzymes. In this context, the car-
boxamide-substituted ligands L3 and L4 deserve special at-
tention. Their CO–NH functionality mimics the peptide en-
vironment of the zinc ion in an enzyme in terms of its hy-
drogen-bonding ability, as well as in its polarity and donor
quality. We therefore believe that the carboxamide-substi-
tuted pyrazolylborates should lead to significant advance-
ments in enzyme modeling with zinc complexes, and once
again Swiatoslaw Trofimenko has to be praised for being
the first person to prepare such ligands.

Experimental Section
General: For general working and measuring procedures see ref.[29]

Zinc salts and organic starting materials were obtained commer-
cially.

Pyrazoles: The synthesis of the two pyrazoles needed for the syn-
thesis of L1 and L2 started with the Claisen condensation of ace-
tone with ethyl isonicotinate (commercially available) and ethyl 2-
methylisonicotinate[15] to yield the corresponding diketones.[16]

Their reaction with hydrazine hydrate, as previously described,[17,18]

resulted in 5-methyl-3-(4�-pyridyl)pyrazole and 5-methyl-3-[4�-(6�-
methyl)pyridyl]pyrazole in good yields. The two pyrazoles needed
for the synthesis of L3 and L4 were obtained from the same inter-
mediate, 2,7-dimethyldipyrazolo[1,5-a;1�,5�-a�]pyrazine-4,9-dione,
which was synthesized according to literature procedures.[13,19–22]

Treatment of this with tert-butylamine or aniline in refluxing tolu-
ene, as previously described,[13,22] resulted in 3-(tert-butylcarbox-
amido)-5-methylpyrazole and 3-(phenylcarboxamido)-5-methylpyr-
azole, respectively, in very good yields.

Tripod Ligands

KL1: A mixture of 6.28 g (39.44 mmol) of 5-methyl-3-(4�-pyridyl)-
pyrazole and 532 mg (9.86 mmol) of KBH4 was stirred in a three-
necked 100-mL flask equipped with an immersing thermometer.
The temperature was slowly increased to 200 °C over a period of
30 min. At 140–160 °C, the mixture melted and the gas evolution
became brisk. The melt was stirred continuously at 200 °C until it
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started to turn brown (ca. 3 h) and then slowly cooled to room
temperature. The resulting glassy residue was carefully powdered
and refluxed in 100 mL of toluene for 30 min, in order to remove
unreacted pyrazole impurities. The mixture was filtered while hot,
and the light brown residue was washed 3 times with 5 mL of boil-
ing toluene and once with 5 mL of petroleum ether (30–50 °C).
Recrystallization from 50 mL of acetonitrile at –20 °C yielded
2.59 g (50%) of KL1 as colorless crystals, m.p. 328 °C.
C27H25BKN9 (525.46): calcd. C 61.72, H 4.80, N 23.99; found C
61.23, H 4.85, N 23.87. 1H NMR ([D6]DMSO): δ = 2.02 [s, 9 H,
Me(pz)], 6.44 [s, 3 H, H(pz)], 7.58 (dd, J = 4.5 and 1.5 Hz, 6 H,
Py), 8.42 (dd, J = 4.5 and 1.5 Hz, 6 H, Py) ppm. IR (KBr): ν̃ =
2446 m (BH), 1605 vs (Py) cm–1.

KL2: 5-Methyl-3-[4�-(6�-methyl)pyridyl]pyrazole (2.66 g, 15.35
mmol), and 207 mg (3.84 mmol) of KBH4 were mixed by stirring
in a three-necked 50-mL flask equipped with an immersing ther-
mometer. The temperature was slowly increased to 200 °C over a
period of 30 min. The melt was continuously stirred at 200 °C until
it started to turn brown (ca. 3 h) and then slowly cooled to room
temperature. The resulting glassy residue was carefully powdered
and refluxed in 50 mL of toluene for 30 min, in order to remove
unreacted pyrazole impurities. The mixture was filtered while hot,
and the light brown residue was washed 3 times with 5 mL of boil-
ing toluene and once with 5 mL of petroleum ether (30–50 °C).
Recrystallization from 50 mL of undried acetonitrile at –20 °C
yielded 871 mg (40%) of KL2 as colorless crystals, m.p. 319 °C
(dec.). C30H31BKN9·H2O (567.54 + 18.02): calcd. C 61.54, H 5.68,
N 21.53; found C 61.05, H 5.76, N 21.33. 1H NMR ([D6]DMSO):
δ = 1.99 [s, 9 H, Me(pz)], 2.41 [s, 9 H, Me(py)], 6.41 [s, 3 H, H(pz)],
7.38 (d, J = 5.1 Hz, 3 H, Py), 7.45 (s, 3 H, Py), 8.28 (d, J = 5.1 Hz,
3 H, Py) ppm. IR (KBr): ν̃ = 2486 m (BH), 1612 vs (Py) cm–1.

KL3: 3-(tert-butylcarboxamido)-5-methylpyrazole (3.03 g, 16.65
mmol), and 0.28 g (5.08 mmol) of KBH4 were mixed by stirring in
a 100-mL three-necked flask equipped with an immersing ther-
mometer, and slowly heated until melting, which occurred at
130 °C. The temperature was raised to 160 °C over a period of 2 h,
after which time the gas evolution ceased. After cooling, the solid
residue was carefully powdered and stirred in chloroform over-
night. Then the suspension was filtered and the filtrate concen-
trated to dryness, leaving behind 2.34 g of a colorless mixture of
KL3 and the unreacted pyrazole. According to NMR analysis, the
mixture contained 1.78 g (59%) of KL3. Attempts at further purifi-
cation resulted in increasing the amount of impurities present. 1H
NMR of KL3 (CD3OD): δ = 1.38 (s, 27 H, tBu), 2.05 [s, 9 H,
Me(pz)], 6.39 [s, 3 H, H(pz)] ppm. IR of KL3 (KBr): ν̃ = 3396 m
(NH), 2444 m (BH), 1652 vs (CO) cm–1.

KL4: A mixture of 3.29 g (16.35 mmol) of 3-methyl-5-(phenylcar-
boxyamido)pyrazole and 221 mg (4.09 mmol) of KBH4 was stirred
in a three-necked 50-mL flask equipped with an immersing ther-
mometer. The temperature was slowly increased to 150 °C over a
period of 30 min, at which point the mixture melted. The melt was
continuously stirred at 150 °C until no more hydrogen was evolved
(ca. 2 h), and then heated to 160 °C over a period of 30 min. It was
then cooled to room temperature. The resulting glassy residue was
carefully powdered and refluxed in 30 mL of acetonitrile for 30 min
in order to remove unreacted pyrazole impurities. The mixture was
filtered while hot, and the residue was washed 3 times with 5 mL
of boiling acetonitrile and once with 2 mL of water. Recrystalli-
zation from 40 mL of methanol/dichloromethane (1:2) at –20 °C
yielded 300 mg (11%) of KL4 as large crystals, m.p. 250 °C.
C33H31BKN9O3·H2O (651.58 + 18.02): calcd. C 59.19, H 4.97, N
18.83; found C 59.43, H 5.14, N 18.44. 1H NMR ([D6]DMSO): δ
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= 2.01 [s, 9 H, Me(pz)], 6.46 [s, 3 H, H(pz)], 7.01 (m, 3 H, Ph),
7.27 (m, 6 H, Ph), 7.64 (d, J = 7.6 Hz, 6 H, Ph), 9.25 (s, 3 H, NH)
ppm. IR (KBr): ν̃ = 3365 s (NH), 2470 m (BH), 1653 vs. (CO)
cm–1.

Zinc Complexes of L1

1a: A solution of 46 mg (0.33 mmol) of ZnCl2 in 5 mL of methanol
was added dropwise to a solution of 160 mg (0.30 mmol) of KL1

in 20 mL of methanol/dichloromethane (1:1) over a period of
5 min. After 6 h of stirring, a small amount of a cloudy precipitate
was removed by filtration, and the clear filtrate was slowly concen-
trated at room temperature to yield, after 2 d, 116 mg (65%) of 1a
as colorless needles, m.p. 238 °C. C27H25BClN9Zn·1.5H2O (587.21
+ 27.02): calcd. C 52.80, H 4.59, N 20.52; found C 52.63, H 4.48,
N 20.66. 1H NMR ([D6]DMSO): δ = 2.02 [s, 6 H, Me(pz)], 2.54 [s,
3 H, Me(pz)], 6.44 [s, 2 H, H(pz)], 6.65 [s, 1 H, H(pz)], 7.58 (d, J
= 6.0 Hz, 4 H, Py), 7.70 (d, J = 5.5 Hz, 2 H, Py), 8.41 (d, J =
6.0 Hz, 4 H, Py), 8.59 (d, J = 6.0 Hz, 2 H, Py) ppm. IR (KBr): ν̃
= 2553 and 2496 w (BH), 1619 s (Py) cm–1.

1b: A solution of 150 mg (0.67 mmol) of ZnBr2 in 10 mL of meth-
anol/dichloromethane (1:1) was added dropwise to a stirred solu-
tion of 318 mg (0.61 mmol) of KL1 in 20 mL of methanol/dichloro-
methane (1:1) over a period of 30 min. A white solid precipitated
immediately, but the mixture was allowed to react for 6 h. Then the
solvent was removed in vacuo and the residue was dissolved in
chloroform/methanol (90:10) under reflux. After storage at 5 °C for
2 d, a precipitate of 1b, 298 mg (78%), as colorless needles formed,
m.p. 252 °C. C27H25BBrN9Zn (631.66): calcd. C 51.34, H 3.99, N
19.96; found C 50.77, H 4.11, N 19.53. 1H NMR ([D6]DMSO): δ
= 2.07 [s, 1.5 H, Me(pz)], 2.53 [s, 7.5 H, Me(pz)], 6.46 [s, 0.5 H,
H(pz)], 6.63 [s, 2.5 H, H(pz)], 7.61 (m, 6 H, Py), 8.42 (d, J = 5.3 Hz,
1 H, Py), 8.62 (d, J = 4.9 Hz, 5 H, Py) ppm. IR (KBr): ν̃ = 2557
and 2499 w (BH), 1621 vs (Py) cm–1.

1c: The preparation of 1c was analogous to that of 1b, but with
ZnI2 (127 mg, 0.40 mmol) in place of ZnBr2. Recrystallization from
chloroform/methanol (90:10) at 5 °C yielded 184 mg (75%) of 1c
as colorless needles, m.p. 226 °C. C27H25BIN9Zn (678.66): calcd. C
47.78, H 3.71, N 18.57; found C 47.09, H 3.83, N 19.00. 1H NMR
([D6]DMSO): δ = 2.00 [s, 1.5 H, Me(pz)], 2.54 [s, 7.5 H, Me(pz)],
6.46 [s, 0.5 H, H(pz)], 6.63 [s, 2.5 H, H(pz)], 7.56 (m, 6 H, Py), 8.41
(d, J = 6.0 Hz, 1 H, Py), 8.72 (dd, J = 4.6 Hz and 1.4 Hz, 5 H, Py)
ppm. IR (KBr): ν̃ = 2557 and 2491 w (BH), 1617 s (Py) cm–1.

1d: A solution of 174 mg (0.79 mmol) of Zn(OAc)2·2H2O in 5 mL
of methanol was added dropwise to a solution of 379 mg
(0.72 mmol) of KL1 in 20 mL of methanol/dichloromethane (1:1)
over a period of 5 min. After 6 h of stirring, a small amount of a
cloudy precipitate was removed by filtration, and the clear filtrate
was concentrated to dryness in vacuo. Recrystallization from 15 mL
of methanol at 5 °C yielded 401 mg (91%) of 1d as large colorless
crystals, m.p. 242 °C. C29H28BN9O2Zn (610.80): calcd. C 57.03, H
4.62, N 20.64; found C 56.49, H 4.82, N 20.42. 1H NMR ([D6]-
DMSO): δ = 1.51 (s, 3 H, Ac), 2.56 [s, 9 H, Me(pz)], 6.64 [s, 3 H,
H(pz)], 7.60 (dd, J = 4.6 and 1.4 Hz, 6 H, Py), 8.60 (d, J = 6.0 Hz,
6 H, Py) ppm. IR(KBr): ν̃ = 2558 m (BH), 1608 vs (Py) cm–1.

1e: A solution of 146 mg (0.49 mmol) of Zn(NO3)2·6H2O in 5 mL
of methanol was added dropwise to a solution of 234 mg
(0.45 mmol) of KL1 in 20 mL of methanol over a period of 5 min.
A white solid precipitated immediately, but the mixture was stirred
for 6 h. Then the solvent was removed in vacuo and the residue was
dissolved in chloroform/methanol (90:10) under reflux. After storage
at 5 °C for 5 d, a precipitate of 1e, 188 mg (69%), as colorless crystals
formed, m.p. 210 °C (dec.). C27H25BN10O3Zn·H2O (613.76 + 18.02):
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calcd. C 51.33, H 4.31, N 22.17; found C 51.47, H 4.01, N 22.05.
1H NMR ([D6]DMSO): δ = 2.01 [s, 1.5 H, Me(pz)], 2.55 [s, 7.5 H,
Me(pz)], 6.45 [s, 0.5 H, H(pz)], 6.62 [s, 2.5 H, H(pz)], 7.56 (m, 6 H,
Py), 8.41 (d, J = 5.7 Hz, 1 H, Py), 8.72 (d, J = 5.9 Hz, 5 H, Py).
IR(KBr): ν̃ = 2550 m (BH), 1613 s (Py) cm.

1f: To a stirred mixture of 266 mg (0.50 mmol) of KL1 and 207 mg
(0.55 mmol) of Zn(ClO4)2·6H2O in 30 mL of methanol/dichloro-
methane/water (1:1:0.5) at 0 °C was added a solution of 42 mg
(0.75 mmol) of KOH in methanol/dichloromethane (1:1). After 1 h
of stirring at 0 °C, a solution of 68 mg (0.49 mmol) of p-nitrophenol
in 5 mL of methanol was added. After 6 h of stirring and subsequent
filtration, all volatiles were removed in vacuo, and the residue was
recrystallized from 15 mL of methanol/dichloromethane (1:2) at –
20 °C, yielding 314 mg (93%) of 1f as a light yellow powder, m.p.
254 °C (dec.). C33H29BN10O3Zn·H2O (689.86 + 18.02): calcd. C
55.99, H 4.41, N 19.79; found C 56.15, H 4.42, N 19.74. 1H NMR
(CDCl3): δ = 1.66 (br. s, 2 H, H2O), 2.62 [s, 9 H, Me(pz)], 5.88 (d,
J = 9.1 Hz, 2 H, Ph), 6.43 [s, 3 H, H(pz)], 7.51 (m, 8 H, Py, Ph),
8.41 (dd, J = 4.5 and 1.4 Hz, 6 H, Py) ppm. IR (KBr): ν̃ = 2559 w
(BH), 1607 s (Py), 1584 s and 1304 vs (NO) cm–1.

1g: The method for the preparation of 1g is like the synthetic pro-
cedure for 1f. The reaction mixture contained 266 mg (0.50 mmol)
of KL1, 207 mg (0.55 mmol) of Zn(ClO4)2·6H2O, 42 mg (0.75 mmol)
of KOH, and 183 mg (0.54 mmol) of bis(p-nitrophenyl)phosphoric
acid in 35 mL of methanol/dichloromethane (2:1) at 0 °C. After 2 h
of stirring and subsequent filtration, all volatiles were removed in
vacuo and the raw product was suspended in 5 mL of chloroform.
The suspension was filtered again and the filtrate concentrated to
dryness, leaving behind 134 mg (31%) of impure 1g as a light yellow
powder, m.p. 231 °C. Attempts at purification by recrystallization
were unsuccessful. 1H NMR (CDCl3): δ = 2.60 [s, 9 H, Me(pz)], 6.40
[s, 3 H, H(pz)], 6.85 (d, J = 8.9 Hz, 4 H, Ph), 7.52 (d, J = 5.9 Hz, 6
H, Py), 7.98 (d, J = 9.1 Hz, 4 H, Ph), 8.61 (d, J = 5.7 Hz, 6 H, Py)
ppm. IR (KBr): ν̃ = 2566 w (BH), 1621 s (Py), 1591 s and 1346 vs
(NO) cm–1.

1h: Compound KL1, 210 mg (0.40 mmol), was dissolved in 30 mL
of methanol/dichloromethane (1:1), and a solution of 163 mg
(0.44 mmol) of Zn(ClO4)2·6H2O in 5 mL methanol was added drop-
wise over a period of 10 min. A slurry of KClO4 precipitated imme-
diately. This was filtered off and the clear filtrate was stirred for 6 h.
After this time, a large amount of colorless solid had precipitated.
This precipitate was filtered off and dried in vacuo to yield 180 mg
(66 %) of 1h as a colorless powder, m.p. 284 °C. The mother liquor
was concentrated in vacuo to ca. 20 mL and kept at 5 °C overnight
to yield 10 mg (4%) of 1h as X-ray quality crystals.
C28H29BClN9O5Zn·H2O (683.25 + 18.02): calcd. C 47.96, H 4.46, N
17.98; found C 47.75, H 4.36, N 17.60. 1H NMR ([D6]DMSO): δ =
2.01 [s, 1.5 H, Me(pz)], 2.55 [s, 7.5 H, Me(pz)], 3.34 (s, 3 H, MeOH),
6.45 [s, 0.5 H, H(pz)], 6.62 [s, 2.5 H, H(pz)], 7.56 (m, 6 H, Py), 8.41
(d, J = 5.9 Hz, 1 H, Py), 8.73 (d, J = 5.9 Hz, 5 H, Py) ppm. IR
(KBr): ν̃ = 3572 m (OH), 3428 bs (H2O), 2574 m (BH), 1623 s (Py),
1094 vs (ClO) cm–1.

Zinc Complexes of L3 and L4

2a: To a stirred solution of 1.59 g of impure KL3 (ca. 2.0 mmol of
KL3) in 10 mL of methanol was added dropwise a solution of 0.44 g
(3.2 mmol) of ZnCl2 in 3 mL of methanol. After 4 h of stirring, the
volume was reduced to 3 mL in vacuo. The precipitate was filtered
off and washed with 5 mL of water. After drying in vacuo, it was
suspended in 4 mL of THF and 1 mL of methanol. The remaining
precipitate was filtered off and dried in vacuo, yielding 430 mg (27%)
of 2a as a colorless powder, m.p. 278 °C. C27H48BClN9O3Zn·0.5H2O
(653.35 + 9.01): calcd. C 48.96, H 6.70, N 19.03; found C 48.80, H
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6.74, N 18.86. 1H NMR (CD3OD): δ = 1.48 (s, 27 H, tBu), 2.46 [s,
9 H, Me(pz)], 6.54 [s, 3 H, H(pz)] ppm. IR (KBr): ν̃ = 3398 m (NH),
2505 w (BH), 1648 vs and 1605 vs (CO) cm–1.

2b: The method of synthesis for 2b is like the procedure for the
preparation of 2a. From 1.97 g (ca. 2.5 mmol) of KL3 and 0.90 g
(4.03 mmol) of ZnBr2, 650 mg (38%) of 2b was obtained as a color-
less powder, m.p. 260 °C. C27H48BBrN10O6Zn·1.5H2O (679.80 +
27.03): calcd. C 44.74, H 6.40, N 17.39; found C 44.94, H 6.22, N
17.39. 1H NMR (CD3OD): δ = 1.48 (s, 27 H, tBu), 2.46 [s, 9 H,
Me(pz)], 6.55 [s, 3 H, H(pz)] ppm. IR(KBr): ν̃ = 3397 w (NH), 2500
w (BH), 1650 vs and 1605 vs (CO) cm–1.

3a: A solution of 22 mg (0.16 mmol) of ZnCl2 in 2 mL of methanol
was added dropwise to a solution of 96 mg (0.15 mmol) of KL4 in
10 mL of methanol/dichloromethane (1:1). After 3 h of stirring, a
small amount of cloudy precipitate was removed by filtration, and
the clear filtrate was slowly concentrated at room temperature to
yield after 1 d 91 mg (87%) of 3a as colorless needles, m.p. 216 °C.
C33H31BClN9O3Zn·H2O (713.32 + 18.02): calcd. C 54.20, H 4.55, N
17.05; found C 53.74, H 4.66, N 17.05. 1H NMR (CDCl3): δ = 1.57
(br. s, 2 H, H2O), 2.53 [s, 9 H, Me(pz)], 6.80 [s, 3 H, H(pz)], 7.14
[m, 3 H, Ph], 7.33 (m, 6 H, Ph), 7.74 (d, J = 7.8 Hz, 6 H, Ph), 8.89
(s, 3 H, NH) ppm. IR (KBr): ν̃ = 3315 s (NH), 2511 w (BH), 1648
vs and 1598 vs (CO) cm–1.

2c: A solution of 30 mg (0.19 mmol) of AgNO3 in 2 mL of methanol
was slowly added dropwise to a stirred solution of 0.13 g
(0.19 mmol) of 2b in 15 mL of methanol at 0 °C. After 30 min, the
precipitate was filtered off and the filtrate concentrated to dryness,
leaving behind 100 mg (77%) of 2c as a colorless hygroscopic pow-
der, m.p. 190 °C (dec.). C27H48BN9O3Zn·2H2O (679.90 + 36.04):
calcd. C 45.30, H 6.62, N 19.56; found C 45.34, H 6.68, N 19.08.
1H NMR (CD3OD): δ = 1.48 (s, 27 H, tBu), 2.46 [s, 9 H, Me(pz)],
6.55 [s, 3 H, H(pz)] ppm. IR (KBr): ν̃ = 3294 m (NH), 2557 w (BH),
1642 s and 1608 s (CO) cm–1.

2d: A solution of 8 mg (0.08 mmol) of KOAc in 1 mL of methanol
was added dropwise to a stirred solution of 50 mg (0.07 mmol) of
2c in 4 mL of dichloromethane. After 2 h of stirring, the precipitate
was filtered off and the filtrate concentrated to dryness. The residue
was washed with 1 mL of water and dried in vacuo, leaving behind
35 mg (74%) of 2d as a colorless powder, m.p. 188 °C.
C29H46BN9O5Zn·2H2O (676.94 + 36.04): calcd. C 48.85, H 7.07, N
17.68; found C 48.96, H 7.12, N 17.40. 1H NMR (CD3OD): δ =
1.47 (s, 27 H, tBu), 1.90 (s, 3 H, OAc), 2.46 [s, 9 H, Me(pz)], 6.54 [s,
3 H, H(pz)] ppm. IR (KBr): ν̃ = 3293 w (NH), 2559 w (BH), 1648
vs and 1605 s (CO) cm–1.

3b: A solution of 50 mg (0.17 mmol) of Zn(NO3)2·6H2O in 5 mL of
methanol was added dropwise to a solution of 100 mg (0.15 mmol)
of KL4 in 10 mL of methanol. After 3 h of stirring, a small amount
of cloudy precipitate was removed by filtration, and the clear filtrate
was concentrated to dryness in vacuo. Recrystallization from 10 mL
of methanol/dichloromethane (1:1) at 5 °C yielded 87 mg (77%) of
3b as a white powder, m.p. 190 °C. C33H31BN10O6Zn (739.87): calcd.
C 53.57, H 4.22, N 18.93; found C 52.93, H 4.31, N 19.01. 1H
NMR(CDCl3): δ = 2.39 [s, 9 H, Me(pz)], 6.54 [s, 3 H, H(pz)], 6.76
(m, 9 H, Ph), 7.03 (d, J = 8.2 Hz, 6 H, Ph), 9.80 (s, 3 H, NH) ppm.
IR (KBr): ν̃ = 3282 m (NH), 2566 w (BH), 1648 s and 1601 s (CO)
cm–1.

3c: A solution of 35 mg (0.16 mmol) of Zn(OAc)2·2H2O in 2 mL of
methanol was added dropwise to a solution of 94 mg (0.14 mmol) of
KL4 in 10 mL of methanol/dichloromethane (2:1). After 3 h of stir-
ring, a small amount of cloudy precipitate was removed by filtration,
and the clear filtrate was slowly concentrated at room temperature to
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yield after 1 d 93 mg (88%) of 3c as colorless crystals, m.p. 216 °C.
C35H34BN9O5Zn (736.91): calcd. C 57.05, H 4.65, N 17.11; found C
56.29, H 4.75, N 16.84. 1H NMR (CDCl3): δ = 1.75 (s, 3 H, OAc),
2.39 [s, 3 H, Me(pz)], 2.52 [s, 6 H, Me(pz)], 6.69 [m, 5 H, H(pz) +
Ph], 7.08 (m, 6 H, Ph), 7.28 (m, 4 H, Ph), 7.67 (d, J = 7.6 Hz, 4 H,
Ph), 8.95 (br. s, 1 H, NH) ppm. IR (KBr): ν̃ = 3307 m (NH), 2573
w (BH), 1650 s and 1600 s (CO) cm–1.

2e: A solution of 11 mg (0.15 mmol) of p-nitrophenol in 2 mL of
methanol was deprotonated by the addition of a solution of 9 mg
(0.16 mmol) of KOH in 1 mL of methanol. This intensive yellow
solution was added to a solution of 0.11 g (0.15 mmol) of 2b in
12 mL of methanol. After 3 h, the clear solution was concentrated
under vacuum until the first turbidity appeared, at this time the solu-
tion had been reduced to 3 mL. Addition of 3 mL of dichlorometh-
ane caused a pale yellow precipitate to form. After filtration, the
filtrate was concentrated to dryness. A yellow-brown powder (68 mg)
remained, which consisted mainly of 2e, but could not be purified by
recrystallization. 1H NMR (CDCl3): δ = 1.37 (s, 27 H, tBu), 2.44 [s,
9 H, Me(pz)], 6.36 [s, 3 H, H(pz)], 6.55 (s, 1 H, NH), 6.65 (d, J =
9.0 Hz, 2 H, Ph), 7.96 (d, J = 9.0 Hz, 2 H, Ph) ppm. IR (KBr): ν̃ =
3332 w (NH), 2559 w (BH), 1647 s and 1606 s (CO) cm–1.

2f: The procedure for the preparation of 2f is like the method for
the synthesis of 2e. From 20 mg (0.13 mmol) of p-nitrothiophenol,
8 mg (0.14 mmol) of KOH, and 0.09 g (0.13 mmol) of 2b, 67 mg
(67%) of 2f resulted. Recrystallization from benzene/dichlorometh-
ane reduced this amount to 18 mg (18%) of pure 2f, m.p. 234 °C.
C33H47BN10O5SZn (772.05): calcd. C 51.34, H 6.13, N 18.14; found
C 51.08, H 6.20, N 17.90. 1H NMR (CD3OD): δ = 1.35 (s, 27 H,
tBu), 2.44 [s, 9 H, Me(pz)], 6.50 [s, 3 H, H(pz)], 7.29 (d, J = 8.9 Hz,
2 H, Ph), 7.68 (d, J = 8.9 Hz, 2 H, Ph) ppm. IR (KBr): ν̃ = 3305
m (NH), 2482 w (BH), 1645 s and 1604 vs (CO) cm–1.

2g: A solution of 1.89 g (5.08 mmol) of Zn(ClO4)2·6H2O in 3 mL
of methanol was added to a stirred solution of 2.57 g of raw KL3

contaminated with 3-(tert-butylcarboxamido)-5-methylpyrazole
(ca. 2.7 mmol of KL3) in 10 mL of dichloromethane. After 2 h of
stirring, the precipitate was filtered off and the filtrate was concen-
trated to dryness. The residue was dissolved in 5 mL of dichloro-
methane/methanol (20:1) and the mixture subjected to slow con-
centration. After one week, 140 mg (6%) of 2g had precipitated as
colorless crystals, m.p. 250 °C. C36H58BClN12O8Zn·CH3OH
(898.57 + 32.04): calcd. C 47.75, H 6.71, N 18.06; found C 47.37,
H 6.67, N 18.04. 1H NMR (CD3OD): δ = 1.40 [s, 9 H, tBu(Pz*)],
1.45 (s, 27 H, tBu), 2.34 [s, 3 H, Me(Pz*)], 2.48 [s, 9 H, Me(pz)],
6.55 [s, 4 H, H(Pz*) and H(pz)] ppm. IR (KBr): ν̃ = 3397 (m, NH),
3356 m (NH), 2561 w (BH), 1676 s and 1647 vs and 1557 vs (CO),
1076 vs (ClO) cm–1.

Structure Determinations:[30] Crystals were obtained by the slow
evaporation of solvents: acetonitrile for KL1, dichloromethane/
methanol for KL2 and 1h, methanol for 1d, chloroform/methanol
for 1e and anhydrous dichloromethane for 2g. In those cases where
the crystals contained solvent, care had to be taken to avoid solvent
loss. Diffraction data were recorded at room temperature for KL2

and 2g, and at –50 °C for KL1, 1d, 1e and 1h with a Bruker Smart
CCD diffractometer. The datasets for KL1, KL2, 1h and 2g were
subjected to an empirical absorption correction (SADABS).[31] The
structures were solved with direct methods and refined anisotropi-
cally using the SHELX program suite.[31] Serious disorder problems
concerning the cocrystallized solvent molecules hampered the re-
finements of KL2 and 1h. In the case of 1h we had to resort to
using Spek’s SQUEEZE program, which includes the total electron
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Table 1. Crystallographic details.

KL1 KL4 1d 1e 1h 2 g

Empirical formula C27H25BKN9· C33H31BKN9O3· C29H28BN9O2Zn· C27H25BN10O3Zn C28H29BClN9O5Zn C36H58BClN12O8Zn·
CH3CN H2O·2.5CH3OH CH3OH 2CH2Cl2

Formula mass 566.51 749.71 642.84 613.75 683.25 1068.45
Crystal size [mm] 0.2 × 0.15 × 0.1 0.15 × 0.2 × 0.3 0.25 × 0.15 × 0.05 0.1 × 0.15 × 0.2 0.3 × 0.2 × 0.1 0.15 × 0.15 × 0.25
Space group P21/c P1̄ P21/c P21/n P1̄ Pbca
Z 4 2 4 4 2 8
a [Å] 11.375(2) 13.211(2) 12.936(4) 9.918(3) 10.838(2) 18.560(2)
b [Å] 16.015(3) 13.332(2) 16.933(6) 9.280(3) 12.544(2) 22.349(3)
c [Å] 16.499(3) 13.378(2) 16.460(4) 29.539(8) 16.023(3) 25.651(3)
α [°] 90 105.313(2) 90 90 90.583(3) 90
β [°] 103.399(3) 102.689(2) 120.67(2) 97.220(4) 101.794(3) 90
γ [°] 90 114.741(2) 90 90 94.111(3) 90
V [Å3] 2924(1) 1911.8(4) 3101(2) 2697(1) 2126.3(6) 10640(2)
d(calcd.) [g·cm–3] 1.29 1.28 1.38 1.51 1.07 1.33
µ(Mo-Kα) [mm–1] 0.22 0.20 0.84 0.96 0.68 0.77
hkl range h: –15 to 8 h: –17 to 16 h: –17 to 17 h: –13 to 12 h: –14 to 14 h: –8 to 25

k: –20 to 22 k: –17 to 17 k: –22 to 22 k: –12 to 12 k: –16 to 16 k: –24 to 30
l: –20 to 23 l: –17 to 18 l: –22 to 21 l: –38 to 39 l: –21 to 21 l: –34 to 20

Refl. measd. 19542 17246 28041 22184 18887 38586
Indep. refl. 8052 8887 7663 6429 9849 13078
Obsd. refl. [I � 2σ(I)] 3088 4891 3942 3589 5623 3502
Parameters 371 525 403 379 438 602
Refl. refined 8052 8887 7663 6429 9849 13078
R1 (obsd. refl.) 0.068 0.055 0.058 0.053 0.053 0.070
wR2 (all refl.) 0.238 0.172 0.174 0.158 0.156 0.236
Resid. electron dens. [e/Å–3] +0.4/–0.4 +0.7/–0.5 +0.7/–0.7 +0.6/–0.8 +1.0/–0.4 +0.9/–0.8

density, but not the specific atomic positions in the refinement.[32]

Drawings were produced with SCHAKAL.[33] Table 1 lists the crys-
tallographic details.
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Four ruthenium- and rhodium-based metal–metal-bonded
multicomponent systems have been synthesized, and their
absorption, redox, spectroelectrochemical and structural
properties have been studied. The absorption spectra of the
four bis-dimetallic compounds M2LM2, where L is a bridging
ligand and M is rhodium or ruthenium, exhibit very strong
bands in the UV, visible and, for the diruthenium species,
near-IR region. The low-energy absorption bands are as-
signed to charge-transfer transitions involving a metal–metal
bonding orbital as the donor and an orbital centered on the
bis-tetradentate aromatic ligands as the acceptor (metal–
metal to ligand charge transfer, M2LCT). Each compound ex-
hibits reversible bridging-ligand-centered reductions at mild
potentials and several reversible oxidation processes. The
oxidation signals of the two equivalent dimetallic centers of
each bis-dimetallic compound are split, with the splitting − a
measure of the electronic coupling − depending on both the

Introduction

Since the discovery of mixed-valence complexes by
Creutz and Taube[1] over 30 years ago, architectures includ-
ing several redox centers of the same[2] or different[3] nature
and capable of exhibiting inter-component electronic inter-
action have been the center of much attention. Due to their

[a] ISIS, Université Louis Pasteur, CNRS UMR 7006,
B. P. 70028, 67083 Strasbourg, France
Fax: +33-3-90245140
E-mail: lehn@isis.u-strasbg.fr

[b] Dipartimento di Chimica Inorganica, Chimica Analitica e Chi-
mica Fisica, Università di Messina,
Via Sperone 31, 96166 Villaggio S. Agata, Messina, Italy
Fax: +39-090-393-756
E-mail: campagna@unime.it

[c] Dipartimento di Chimica “G. Ciamician”, Università di Bolo-
gna,
Via F. Selmi 2, 40126 Bologna, Italy
Fax: +39-051-209-9456
E-mail: alberto.juris@unibo.it

[‡] Present address: Department of Chemistry, Queen’s University,
90 Bader Lane, Kingston ON, K7L 3N6, Canada
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3878–38923878

metal and bridging ligand. The mixed-valence species of the
dirhodium species was investigated, and the electronic coup-
ling matrix element calculated from the experimental inter-
valence band parameters for one of them (86 cm–1) indicates
a significant inter-component electronic interaction which
compares well with good electron conducting anionic brid-
ges such as cyanides. Although none of these compounds
is luminescent, the M2LCT excited state of one of the bis-
dirhodium complexes is relatively long-lived (about 6 µs) in
degassed acetonitrile at room temperature. The results pre-
sented here are promising for the development of linear poly-
dimetallic complexes built on longer naphthyridine-based
strands, with significant long-range electronic coupling and
molecular-wire-like behavior.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

rich redox properties, transition metal ions connected by a
bridging spacer have been the focus of much work in this
field, although recent examples have also proved the tre-
mendous potential of organic redox-active species con-
nected through bridging transition metal complexes.[4] A
variety of systems connecting mononuclear metal ions have
been explored, where the spacer is itself a ligand[1,5] or
where spacer and ligands are decoupled and involve single
bonds[6] and multiple bonds (alkynyl for 1D,[7] 2D,[7b,7c]

and 3D[7c] architectures; alkenyl,[5b] cumulenes,[7a,8]

aryl[5b,7b,7d,9a,9b]). These systems may incorporate other
inert[10a] or labile[7b,10b] complexes and have the electronic
communication between the two sites modulated by pH,[11]

light,[12a,12b] or auxiliary ligands.[13] The field has more re-
cently been extended to metal–metal-bonded redox units
because they themselves can include multiple bonds,[14] sim-
ilar to carbon-based units but energetically more accessible,
and may therefore play the role of a conductor. The dissym-
metry around the metal sites allows for testing of the com-
munication along the metal–metal bond through axial li-
gands and spacers similar to their mononuclear counter-
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Figure 1. Formulae and abbreviation of the complexes. Numbering is related to the discussion of the 1H NMR spectroscopic data.

parts (e.g., triple bonds[15] and double bonds[16]), but also
successfully along the equatorial direction.[17]

We report here the synthesis and characterization, ab-
sorption spectra, redox behavior, and spectroelectrochemis-
try of four bi-component systems in which each “compo-
nent” or subunit is made of a metal–metal-bonded dimet-
allic site (Figure 1). The excited-state properties of one such
species are also investigated. As we will see later, each di-
metallic site can indeed be viewed as a single component of
a “dinuclear” system from a redox viewpoint.

Results and Discussion

Synthesis

Ligands

The naphthyridine-based ligands 2-(4-tert-butylphenyl)-
4,6-bis(7-pyridin-2-yl[1,8]naphthyridin-2-yl)pyrimidine
(LPh) and 2-anthracen-9-yl-4,6-bis(7-pyridin-2-yl[1,8]naph-
thyridin-2-yl)pyrimidine (LAnt) were obtained by a Fried-
länder condensation methodology applied to a pyrimidine
scaffold, in a very similar fashion as previously reported[18]

(Schemes 1 and 2). Two synthetic routes were used to access
the central pyrimidine unit. In the case of the 4-tert-bu-
tylphenyl substituent leading to LPh (Scheme 1), the pyr-
imidine ring was built by condensation of the correspond-
ing amidine 2, resulting from ammonia addition to the cor-
responding nitrile 1, with diethyl malonate. The obtained
dihydroxypyrimidine 3 was then chlorinated with a combi-
nation of phosphoryl chloride and N,N-dimethylaniline to
yield the dichloropyrimidine 4Ph. The 9-anthracenyl-substi-
tuted dichloropyrimidine 4Ant, on the other hand, was pre-
pared directly from unsubstituted 4,6-dichloropyrimidine
by deprotonation at the 2-position, reaction with 9-bromo-
anthracene, and oxidation with DDQ, as published earlier
(Scheme 2).[19] The dichloropyrimidines 4Ph and 4Ant were
then coupled with 1-(tri-n-butylstannyl)-1-vinyl ethyl

Eur. J. Inorg. Chem. 2006, 3878–3892 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3879

ether[20] and submitted to acidic hydrolysis to yield the cor-
responding diketones 5Ph and 5Ant, ready for Friedländer
condensation. Once again, different routes were used for
the butyl- and anthracenyl-substituted ligands. The butyl-
substituted ligand was obtained by two consecutive Fried-
länder condensations: a base-catalyzed condensation with
4-aminopyrimidine-5-carboxaldehyde[21] yielded pyrimi-
dine-ended intermediate 6Ph, which was then converted
into the bis(aminocarbaldehyde) 7Ph under acidic condi-
tions. The latter was then condensed with commercially
available 2-acetylpyridine to yield the final ligand LPh.
Bis(ketone) 5Ant, on the other hand, was directly con-
densed with 6-amino-2,2�-bipyridinyl-5-carbaldehyde (9) to
yield ligand LAnt. Compound 9 was also synthesized by
Friedländer condensation of 2-acetylpyridine and 4-amino-
pyrimidine-5-carboxaldehyde (8) followed by acidic hydro-
lysis. LAnt displays the fluorescence emission typical of
anthracene derivatives.

Metal Complexes

Both dirhodium complexes were obtained by treatment
of a suspension of the ligand with commercially available
dirhodium tetraacetate in methanol in the presence of two
equivalents of protons (1 equiv. per acetate bridge to be
substituted).[22a] Heating a suspension of the ligand with
the mixed-valence complex [Ru2(OAc)4Cl][23] in methanol
yielded the desired diruthenium(II) complexes without ad-
ditional reductant.[22b] All complexes were isolated as their
hexafluorophosphate salts.

Characterization

1H NMR Spectroscopy

The diamagnetic dirhodium(II) complexes show a simple
set of signals, thus revealing that the C2 symmetry of the
ligands is maintained in the complexes and therefore that
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Scheme 1. Synthesis of LPh (numbering relates to the discussion of the 1H NMR spectroscopic data).

Scheme 2. Synthesis of LAnt (numbering relates to the discussion of the 1H NMR spectroscopic data).

both dinuclear binding sites are occupied (in agreement
with elemental analysis and mass spectrometry measure-
ments). The two sets of signals from the acetate ligands con-
firm the dissymmetry introduced by a single L ligand (two
different signals for the 12 equatorial and the six axial CH3

acetate protons). The six axial acetate protons are shielded

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3878–38923880

due to the ring effect provided by the anthracene moiety,
thua confirming the involvement of the pyrimidine nitrogen
atoms in the coordination of the Rh2 units and the rotation
of the C–C bonds between the heteroaryl units compared
to the initial ligands. Although the spectra of free ligands
and metal complexes were recorded in different solvents
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Table 1. Chemical shifts [ppm] of the protons in ligands LPh and LAnt (in CDCl3) and their dirhodium complexes (in CD3CN).

Compound H1 H3 H3� H3py H4 H4� H4py H5py H6py Ha Hb tBu

LPh 10.06 8.81–9.0 8.42 8.47 7.97 7.43 8.8 8.73 7.64 1.44
[(Rh2)2LPh] 9.71 8.8–9.0 8.58 8.29 9.67 9.24 7.75 1.49

Compound H1 H3 H3� H3py H4 H4� H4py H5py H6py H5 H6 H7 H8 H9

LAnt 10.3 8.7–8.85 9.03 8.3–8.4 7.99 7.4–7.6 8.7–8.9 7.88 7.4–7.6 8.14 8.67
[(Rh2)2LAnt] 10.1 9.47 8.8–9.1 8.8–9.1 8.52 8.2–8.3 9.50 7.92 7.31, 7.47 8.2–8.3 8.8–9.1

and therefore the chemical shifts cannot be accurately com-
pared (cf. tBu signal as a probe of solvent effect), the intro-
duction of the Rh2 units has a significant deshielding effect
on the protons para to the nitrogen atoms of the bound
heterocycles (ca. +0.5 ppm for H4, H4�and H4py; Table 1)
and on the pyridine protons. The substituents on the pyr-
imidine ring also undergo a downfield shift due to the prox-
imity of the acetate ligands (ca. +0.5 ppm for Ha in LPh
and ca. +0.2 ppm for H9 in LAnt).

The diruthenium(II) complexes are paramagnetic, as ex-
pected for the distribution of the 12 d-electrons of the two
ruthenium(II) centers in a σ2π4δ2δ*2π*2 configuration. The
1H NMR spectra nevertheless show well-defined peaks
ranging from δ = –50 to 80 ppm (Figure 2) whose number
is in accordance with the expected symmetry.

Figure 2. 1H NMR spectra of the paramagnetic complexes
[(Ru2)2LAnt]2+ (top) and [(Ru2)2LPh]2+ (bottom) (CD3CN,
200 MHz, 25 °C).

X-ray Structure Determination

Single-crystal X-ray analysis of [(Rh2)2LPh][24] confirmed
the anticipated structure of the bis-dirhodium complex
(Figure 3). All nitrogen sites are bound to the rhodium
centers. The distance between the two rhodium centers
(2.40 Å) is the same as that found in the parent [Rh2bpnp]+

complex [Rh2 is Rh2(OAc)3 and bpnp is bis(pyridyl)naph-
thyridine],[22a] as are the distances involving the coordinated

Figure 3. Solid-state structure of [(Rh2)2LPh][24] showing the align-
ment of the two bis-dirhodium units bridged by the central pyrid-
imine (hydrogen atoms, solvent, and counter anions have been
omitted for clarity).
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naphthyridines [Rh(1)–N(2) 2.00 and Rh(2)–N(3) 1.98 Å].
As anticipated by the difference in basicity, the strong coor-
dinative contribution of the pyridine [Rh(1)–N(1) 2.16 Å]
stands in contrast to the weaker binding of the pyrimidine
ring [Rh(2)–N(4) 2.31 Å]. Overall, the quasi-planar, cres-
cent-shaped ligand[25] holds the two bis-dirhodium metallic
units in a linear alignment that is bridged by the central
pyrimidine and slightly bent by the coordination-induced
pinching of the subunits.

IR Spectra

The IR spectra of all complexes show many common
features (number and location of bands), which is further
evidence for their similar functional and structural environ-
ments as well as identical symmetry.

Absorption Spectra

All complexes are deeply colored. The optical properties
are represented in Figure 4 and reported in Table 2, to-
gether with those of the simple [M2bpnp]+ dimetallic com-
plexes reported earlier by other groups[22a,22b] (M = RuII or
RhII; these complexes were synthesized again for compari-
son purposes). The absorption spectra are very rich, as ex-
pected because of the presence of several chromophoric
units. The spectra of all the complexes exhibit an intense
absorption feature between 320 and 400 nm. This feature
should therefore receive contribution from spin-allowed π–
π� transitions involving the common L bridging ligand. In
[(Rh2)2LAnt] and [(Ru2)2LAnt], the spin-allowed, anthra-
cene-centered 1La transitions are expected within the same
wavelength range,[26c,27,28] and their contribution is clear
when looking at the vibrational progression appearing in
the spectra of both species. For these latter species, the very
intense absorption band around 254 nm can be straightfor-
wardly assigned to the 1Ba transition of the anthryl sub-
units.[26c,27,28]

As far as the visible absorption is concerned, the lowest-
energy band of the rhodium species is attributed to a
charge-transfer transition from each dirhodium subunit
(most likely from a π� orbital extending over the two metal
centers) to the bridging ligand. Such a transition is a form
of metal–metal to ligand charge transfer (M2LCT) transi-
tion because of the strong interaction between the metal–
metal-bonded units of each component. The red shift of the
lowest-energy absorption band in the present compounds
{λmax = 622 and 634 nm for [(Rh2)2LPh] and [(Rh2)2LAnt],
respectively} compared to that of the parent species
[Rh2bpnp] (λmax = 578 nm) supports the CT assignment,
since in the dicomponent species the LUMO of the polypyr-
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Figure 4. Absorption spectra of [(Rh2)LPh(Rh2)] (a), [(Rh2)-
LAnt(Rh2)] (b), [(Ru2)LPh(Ru2)] (c), and [(Ru2)LAnt(Ru2)] (d) in
acetonitrile solution.

Table 2. Absorption data in CH3CN at room temperature.

λmax [nm] (log10 ε [–1 cm–1])

[Rh2bpnp]·PF6 248 283 346 363 408 sh 440 sh 540 sh 578
(4.69) (4.33) (4.46) (4.63) (3.34) (3.08) (3.40) (3.52)

[(Rh2)LPh(Rh2)]·2PF6 250 292 347 sh 371 412 sh 468 543 622
(4.9) (4.6) (4.5) (4.6) (4.2) (4.0) (3.7) (3.7)

[(Rh2)Ant(Rh2)]·2PF6 248 254 295 347 sh 364 382 478 545 634
(3.1) (5.2) (4.5) (4.5) (4.6) (4.8) (4.1) (3.8) (3.8)

[Ru2bpnp]·PF6 246 274 287 351 440 sh 520 sh 586 sh 612 729 917
(4.5) (4.4) (4.3) (4.5) (3.35) (3.4) (3.6) (3.7) (3.8) (3.2)

[(Ru2)LPh(Ru2)]·2PF6 248 270 sh 370 400 sh 600 695
(4.8) (4.6) (4.6) (4.4) (4.0) (4.2)

[(Ru2)LAnt(Ru2)]·2PF6 254 369 387 (4.6) 602 701
(4.7) (4.5) (4.0) (4.2)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3878–38923882

idine-type bridging ligand (i.e., the acceptor orbital of the
CT transition) is lower in energy than the LUMO of bpnp
(see below).

For the ruthenium compounds, the absorption bands,
which have a similar origin to those of the rhodium ana-
logues, are displaced to lower energies than the rhodium
species, with the lowest-energy band in the near-IR region
(Figure 4). This is also in agreement with a M2LCT assign-
ment, since the metal-based HOMOs of the ruthenium
compounds are higher in energy than those of the corre-
sponding rhodium species (see redox behavior).

Redox Behavior

The four bis-dimetallic species investigated here exhibit a
rich redox behavior. Figure 5 shows the cyclic voltammog-
rams of the compounds and Table 3 reports the main redox
data, together with data relative to the free ligands (bpnp
and LPh) and parent [Rh2bpnp]+ complex for comparison.
To better evidence the bi-component nature of the studied
compounds, these latter are labeled (M2)L(M2) instead of
(M2)2L (M = Rh or Ru; L = LPh or LAnt) in this para-
graph.

As already discussed,[24] the easier reduction of the LPh
ligand compared to the bpnp ligand (∆E1/2

first-red = –0.28 V)
is mirrored by the reduction properties of the complexes,
with [(Rh2)LPh(Rh2)] being easier to reduce than
[Rh2bpnp]+ (∆E1/2

first-red = –0.43 V). This observation is in
accordance with earlier work describing the LUMO of
[Rh2(acetate)3L]+ complexes (L = chelating pyridine/naph-
thyridine-type ligand) as being mainly ligand-based.[29] Sub-
stituting a pyridine for a more easily reduced pyrimidine
yields a new ligand and its derived complexes with less
negative reduction potentials. The lowering of the LUMO
of polypyridyl-type ligands upon complexation has also al-
ready been observed.[26b] Such considerations allow us to
assign the reduction potential of all the bis-dimetallic com-
plexes studied here to bridging-ligand-based processes.

Table 3 also indicates that both bis-dirhodium complexes
are easier to reduce than their bis-diruthenium counterparts
(ca. 0.1 V difference). This may be due to an enhanced π
back-donation in the bis-diruthenium complexes, which
have metal-centered HOMOs of higher energy (see below).
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Figure 5. Cyclic voltammograms (vs. SCE) of the four complexes
[(Rh2)LPh(Rh2)] (a), [(Rh2)LAnt(Rh2)] (b), [(Ru2)LPh(Ru2)] (c),
and [(Ru2)LAnt(Ru2)] (d) in acetonitrile at room temperature.
Scanning rate: 500 mVs–1. The process at about 0.4 V is the ferro-
cene oxidation, used as an internal reference.
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Table 3. Half-wave potentials (vs. SCE) for the oxidation and first
reduction of the four bis-dimetallic complexes and of reference spe-
cies in acetonitrile at room temperature (0.5 m, 0.05  NBu4-
ClO4). Number of exchanged electrons in square brackets. The pro-
cesses are reversible unless otherwise stated.

Reduction, E1/2Compound Oxidation, E1/2 [V] vs. SCE
[V] vs. SCE

bpnp[a] no oxidation at V � +1.80 –1.64 [1]
LPh[a] no oxidation at V � +1.80 –1.36 [1]
[Rh2bpnp][a] +1.30 [1] –0.64 [1]
[(Rh2)LPh(Rh2)] +1.43 [1], +1.50 [1] –0.21 [1][b]

[(Rh2)LAnt(Rh2)] +1.32 [1], +1.53 [2][c] –0.18 [1][b]

[(Ru2)LPh(Ru2)] +0.76 [1], +0.85 [1] –0.31 [1][b]

[(Ru2)LAnt(Ru2)] +0.73 [1], +0.86 [1], +1.51 [1][c] –0.30 [1][b]

[a] Data taken from ref.[24] For the free ligands, the solvent is
dichloromethane and the reported values were obtained at 0 °C.
[b] Further reduction processes take place for all the complexes but
they are ill-behaved and will not be discussed here. [c] Irreversible
process.

The contribution of the diruthenium unit to the LUMO
destabilization thus results in a more negative reduction po-
tential.

Several oxidation waves are observed for all complexes,
as evidenced by the cyclovoltammograms reported in Fig-
ure 5. [(Rh2)LPh(Rh2)] shows two very close oxidation
waves (resolved by differential voltammetry), each of which
corresponds to a one-electron oxidation and is related to
the sequential removal of one electron from each Rh2 unit.
Therefore, the first oxidation process leads to the mixed-
valence, bi-component system [(Rh2

5+)LPh(Rh2
4+)],

whereas [(Rh2
5+)LPh(Rh2

5+)] is obtained upon further oxi-
dation. The first one-electron oxidation of [(Rh2)-
LAnt(Rh2)] is followed by a two-electron irreversible oxi-
dation at 1.53 V. To assign the various processes occurring
in this latter compound to specific subunits, it is useful to
consider that an irreversible oxidation at +1.51 V is ob-
served for [(Ru2)LAnt(Ru2)] (attributed to oxidation of the
anthryl center, see below) and the second oxidation of the
dimetallic subunit of [(Rh2)LPh(Rh2)] occurs at +1.50 V
(see above). It is therefore likely that the first oxidation pro-
cess of [(Rh2)LAnt(Rh2)] corresponds to the oxidation of
one bimetallic subunit and the subsequent irreversible bi-
electronic oxidation involves both the one-electron oxi-
dation of the second Rh2 unit and the irreversible oxidation
of the anthracene unit.

Both the bis-diruthenium complexes are much easier to
oxidize than their bis-dirhodium counterparts. This indi-
cates that the HOMOs are higher in energy for the diruthe-
nium centers than for the dirhodium ones. Once again, two
consecutive one-electron oxidations occur for the bis-ruthe-
nium species (Table 3, Figure 5), which are assigned to the
consecutive oxidation of the interacting dimetallic subunits.
The additional irreversible oxidation at 1.51 V in [(Ru2)-
LAnt(Ru2)], mentioned above, is attributed to the anthra-
cene oxidation.

Intercomponent Interactions

The observation of two distinct oxidation potentials for
the two M2 units in [(M2)LPh(M2)] and [(M2)LAnt(M2)]
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suggests that a non-negligible electronic interaction exists
between the two metal–metal-bonded dimetallic subunits of
the four complexes. Actually, the difference between the two
oxidation potentials is a function of the degree of interac-
tion between the two redox centers.[30] The splittings be-
tween the first two oxidation waves reported in Table 4
show that [(Ru2)LPh(Ru2)] displays a slightly greater degree
of electronic interaction than its bis-dirhodium counterpart
(for the LAnt series, overlap between the second metal-
based oxidation and the anthracene-based irreversible oxi-
dation in [(Rh2)LAnt(Rh2)] makes the comparison mean-
ingless). To rationalize such a difference, it is useful to recall
that, beside Coulombic factors, which are expected to be
identical for both the dirhodium and diruthenium com-
pounds studied here, contribution to the electronic interac-
tion can be related to the separation between the energetic
levels of the HOMOs, which are centered on the metallic
unit, and the LUMO, which is centered on the bridging
ligand, assuming that an effective mechanism for inter-com-
ponent electronic interaction is superexchange via an elec-
tron-transfer pathway involving the bridging ligands.[30]

Hence, on the basis of the Koopman theorem, which ap-
proximates the energy of the orbitals to the redox potential
values, a smaller difference between first oxidation and re-
duction potentials corresponds to a larger inter-component
interaction. From the redox data in Table 3, the HOMOs
of the bis-diruthenium compounds are located at higher en-
ergy than those of the bis-dirhodium species, and this justi-
fies why the interaction is larger in the former compounds
(the effect on the HOMO is only partially compensated by
a reversed effect on the LUMO).

As highlighted in Table 4, it also appears that the anthra-
cene-derived ligand promotes a larger electronic coupling
than the 4-tert-butylphenyl-substituted ligand: the half-po-
tential difference for [(Ru2)LAnt(Ru2)] is 0.13 V, compared
with 0.09 V for [(Ru2)LPh(Ru2)], and, although the poten-
tial of the metal-based oxidation of [(Rh2)LAnt(Rh2)] is not
known exactly, the same appears also to be valid for the
dirhodium couple of complexes. Comparison between the

Table 4. Differences in half-wave potentials between the first two one-electron oxidations of the four bis-dimetallic complexes and the
two related ruthenium-based bis-mononuclear analogues (the structure of the latter is presented on the right).

[a] In acetonitrile. [b] Not determined due to overlap of the second oxidation signal with the anthracene peak. [c] DMF.
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redox properties of the bis-dimetallic compounds studied
here with those of closely related dinuclear complexes in
which each component is made by a RuII polypyridine sub-
unit[26b–26d] reveals striking similarities. The structure of the
naphthyridine-based ligands LPh and LAnt is indeed de-
rived from that of the pyridine-based parents L�Ph and
L�Ant, which accommodate mononuclear ruthenium(II)
complexes (see Table 4, right, for the structure of the RuII

complexes). Interestingly, the enhancement of the electronic
interaction provided by the anthracene pyrimidine substitu-
ent in the bis-dimetallic complexes and the “classic” dinu-
clear RuII polypyridine complexes[26b–26d] is the same
(0.04 V), thus suggesting that similar processes could be oc-
curring.

Two main contributions can explain the anthracene ef-
fect. On the one hand, the anthracene moiety moves the
electronic levels of the bridging ligand to lower energies, as
also suggested by the reduction potentials {[(Rh2)-
LAnt(Rh2)] is easier to reduce than [(Rh2)LPh(Rh2)], see
Table 3, with the reduction mainly based on the bridging
ligand}, probably because the anthryl substituent can con-
tribute to a better delocalization of the added electron. As
a consequence, the LUMO–HOMO gap becomes smaller
and the interaction is enhanced. However, according to this
mechanism, the effect on the HOMO(s) should be negligi-
ble, but this is not the case, since the data in Table 3 indicate
that on passing from the LPh to the LAnt series the
HOMOs are even more affected than the LUMO by the
presence of the anthracene group. On the other hand, the
anthracene moiety may contribute to the electronic coup-
ling between the redox sites by opening a new pathway
for superexchange, for example by mediating a through-
space interaction involving anthracene-based orbitals.
The redox data indeed indicate that the anthracene-
based HOMO is close in energy to the metal-centered
orbitals, so that a hole-transfer pathway involving the
anthracene HOMO is quite possible. It is likely that both
contributions come into play. This situation is schematized
in Figure 6.
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Figure 6. Schematic representation of the interaction between the subunits. In the scheme, A and B represent the dimetallic subunits,
with one of them oxidized (so the mixed-valence species is considered, for clarity). (a) refers to species with LPh as the bridge and (b)
to LAnt as the bridging ligand. Orbital interactions are shown on the left and interactions between states are represented on the right.
In (b), the anthracene (identified as “C”) HOMO contributes to the overall coupling; the bridge is here labeled LC on the “state” diagram
to highlight the contribution of anthracene. S indicates overlap integrals, Ψ the wavefunctions of the various states, and H the electron
coupling matrix elements. The superscript 0 indicates zero-order quantities (i.e. quantities that derive from pure, localized electronic
configurations). The subscripts i, f, e, and h indicate the initial, final, electron- and hole-transfer states, respectively (these latter two are
“virtual” states).[30]

The electronic information gathered through the electro-
chemical (and electronic absorption) studies reported above
is summarized in Scheme 3. In both the metal–metal-
bonded dirhodium and diruthenium complexes, the
LUMO–HOMO gap is reduced on going from the bpnp-

Scheme 3. Compared electronic levels of the one and two dimetallic
site complexes of rhodium and ruthenium.
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based “mononuclear” to the LPh- and LAnt-based “dinu-
clear” complexes, mainly due to a significant LUMO lower-
ing (LUMO centered on the ligand where a pyridine is sub-
stituted by a pyrimidine, plus bimetallic coordination of the
second chelating site). An additional gap reduction is
caused by changing the substitution of the pyrimidine sub-
stituent from a phenyl to an anthryl moiety, which results
in a small further decrease of the LUMO energy and an
increase of the HOMO level.

Spectroelectrochemistry

The splitting of the oxidation processes of the four bis-
dimetallic compounds, which indicates a relatively high sta-
bility of the mixed-valence species with respect to the isoval-
ent forms,[31] prompted us to investigate the properties of
their mixed-valence compounds in more detail by per-
forming spectroelectrochemistry experiments. However, re-
sults were poor for the ruthenium complexes: featureless
absorption spectra were obtained, probably due to the very
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broad and unresolved absorption spectra of the starting
compounds (see Figure 4), particularly in the otherwise di-
agnostic visible and near-IR region. For this reason, our
discussion will be limited to [(Rh2)LPh(Rh2)] and [(Rh2)-
LAnt(Rh2)].

Figure 7 shows the changes in the absorption spectrum
of [(Rh2)LPh(Rh2)] on applying increasingly positive poten-
tials. At the beginning (potential: +1.45 V), a slight increase
of absorption in the range 680–900 nm occurs, with simul-
taneous decrease of the absorption of the M2LCT band at
about 640 nm. A slight absorption decrease of the 350-nm
band also takes place, with formation of a new absorption
in the range 380–450 nm. The absorption feature in the red
is attributed to an intervalence transfer (IT) transition from
the Rh2

4+ subunit to the Rh2
5+ component of the mixed-

valence “dinuclear” [(Rh2
5+)LPh(Rh2

4+)] species obtained
upon first oxidation, whereas the decrease of the M2LCT
band is a consequence of the disappearance of one of the
donor orbitals of the corresponding CT transition. The
changes in the 340–440-nm region are probably the conse-
quence of an asymmetry of the coordination sites of the
otherwise symmetric bridge induced by the mixed-valence
nature of the species. On increasing the applied potential, a
new process starts, as indicated by the isosbestic points at
about 440 and 345 nm (not visible in Figure 7, where only
a limited numbers of spectra are shown for clarity): the IT
band disappears, as does the M2LCT band, and the ligand-
centered bands continue to change. The final spectrum is
constant upon successive increase of applied potential, and
the initial spectrum is recovered when the potential is elim-
inated, in agreement with the reversibility of the oxidation
processes.

Figure 7. Changes in the absorption spectrum of [(Rh2)LPh(Rh2)]
in acetonitrile on applying positive potentials: (a) starting spec-
trum; (b) applied voltage of +1.45 V; (c) applied voltage of +1.60 V.

Figure 8 shows the changes of the absorption spectrum
of [(Rh2)LAnt(Rh2)] upon oxidation at relatively mild po-
tentials. In this case, probably due to the increased separa-
tion between the two oxidation potentials (Table 4), it is
possible to follow the first oxidation process in more detail,
as evidenced by the several isosbestic (or quasi-isosbestic)
points. Indeed, Figure 8 only shows changes related to the
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first oxidation process: as for the former compound, a new
absorption (assigned to the IT transition) appears in the
680–900-nm region even for [(Rh2)LAnt(Rh2)], with con-
comitant decrease of the M2LCT band and changes in the
330–450-nm ligand-centered region. Removing the applied
potential leads back to the starting spectrum quantitatively,
whereas the increase of the positive applied potential leads
to the disappearance of both IT and M2LCT bands and
further changes in the ligand-centered region (not shown)
also in this case.

Figure 8. Changes in the absorption spectrum of [(Rh2)LAnt(Rh2)]
in acetonitrile on applying positive potentials: (a) starting spec-
trum; (b) applied voltage of +1.40 V; (c) applied voltage of +1.55 V.

The possibility of following the formation and disappear-
ance of the IT band in [(Rh2)LAnt(Rh2)] allowed us to cal-
culate the electronic interaction parameters from Equa-
tion (1).[32]

εmax = (2380 r2/Eop ∆ν1/2) HAB
2 (1)

According to Hush,[32] Equation (1) correlates the optical
inter-valence transfer band with the magnitude of the elec-
tronic coupling matrix element between the two subunits A
and B (in the present case, the Ru2

4+ subunits), HAB, εmax

is the maximum molar absorption coefficient of the IT
band, Eop and ∆ν are the band maximum energy and half-
width (in cm–1), respectively, and r is the inter-component
distance (in Å). For [(Rh2)LAnt(Rh2)], εmax is
1900 –1 cm–1, Eop is 13700 cm–1, ∆ν is 3000 cm–1, and r is
9.0 Å (r is taken as the center-to-center distance). By using
the above experimental parameters, a value of 86 cm–1 is
calculated for HAB. This value compares well with the elec-
tronic coupling matrix elements of dinuclear RuII polypyri-
dine complexes bridged by good electron coupling mediator
spacers such as cyanide ligands,[33] thus confirming the sig-
nificant inter-component interaction mediated by the LAnt
bridge.

Excited-State Properties

None of the four bis-dimetallic compounds studied here
(including the two species containing the LAnt ligand,
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Figure 9. Transient absorption spectrum and (inset) decay of [(Rh2)LPh(Rh2)] in acetonitrile. Excitation wavelength: 532 nm.

which shows the typical anthracene fluorescence when not
coordinated to metals) exhibits any luminescence, either at
room temperature or at 77 K. This agrees with the excited-
state properties of metal–metal-bonded acetate species,
which are known to deactivate by nonradiative transi-
tions.[34] However, it has recently been reported[35] that di-
rhodium compounds of this class, although nonlumines-
cent, can exhibit lifetimes on the microsecond timescale and
can therefore be easily involved in bimolecular photoin-
duced electron- and energy-transfer processes. This is the
case, for example, for the complexes [Rh2(O2CCH3)4(L)2]
(L = CH3OH, tetrahydrofuran, triphenylphosphane, pyri-
dine).[35] However, the nature of the long-lived excited state
was not clarified.

The similarity between the dirhodium complexes re-
ported to exhibit the long-lived excited state[35] and the bis-
dimetallic species studied here prompted us to perform
nanosecond transient absorption spectroscopy (in degassed
acetonitrile at room temperature) on the present systems.
With our nanosecond-limited equipment, no transient spec-
trum could be recorded for [(Rh2)LAnt(Rh2)], [(Ru2)-
LAnt(Ru2)], or [(Ru2)LPh(Ru2)]. This suggests that the ex-
cited states of these latter species decay faster than the laser
flash (10 ns). On the contrary, a clear absorption feature
appeared in the transient absorption spectrum of [(Rh2)-
LPh(Rh2)]. This transient absorption exhibits a broad
maximum around 440 nm that extends over a large part of
the visible region (Figure 9). It resembles the absorption
spectrum of the reduced [(Rh2)LPh(Rh2)], so it can be as-
signed to the absorption of the radical anion of the bridging
ligand, in agreement with the M2LCT assignment of the
lowest-energy excited state for the complex.

The transient spectrum of [(Rh2)LPh(Rh2)] disappears
with a monoexponential decay, yielding a lifetime of 5.8 µs,
the same timescale reported for the excited state of other
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metal–metal-bonded dirhodium complexes.[35] The reason
for the absence of such long excited-state lifetimes in the
other compounds studied here could be the nature of the
metal (for the diruthenium species, for which the M2LCT
state is probably so low in energy that nonradiative transi-
tions are very fast) and the presence of the anthracene moi-
ety {for [(Rh2)LAnt(Rh2)]; the anthracene moiety could in-
troduce other low-lying excited states, such as an anthra-
cene-to-bridging ligand CT level, which can accelerate the
decay to the ground state}. Nevertheless, the relatively long-
lived excited state of [(Rh2)LPh(Rh2)] indicates that this
class of compounds also has a good potential to be involved
in processes based on light as the energy input.

Conclusion

The naphthyridine-based ligands reported here are able
to accommodate two sets of dimetallic redox active units
that show electronic communication with one another. Bis-
dirhodium and bis-diruthenium complexes of similar struc-
ture have been synthesized and characterized. Among the
two families of species, electronic communication is
stronger in the diruthenium complexes than in their dirho-
dium counterparts and is further enhanced by the replace-
ment of the phenyl group born by the bridging pyrimidine
with an anthryl moiety. The positive effect of the anthra-
cene substituent on the electronic communication between
dimetallic units is similar to that observed earlier with anal-
ogous mononuclear ruthenium complexes and is proposed
to be mainly due to the involvement of an anthracene-based
HOMO in the interaction mechanism. Moreover, one of the
compounds exhibits a long-lived (microsecond timescale)
excited state. The results presented here are promising for
the development of poly-dimetallic complexes built on
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longer naphthyridine-based strands. Furthermore, the re-
placement of the bridging pyrimidine by a pyrazine group
should lead to a linear (not curved) structure with stronger
electronic coupling between subunits, as is the case in mo-
nonuclear bi-component complexes.[26e] The introduction of
dimetallic units characterized by single metal–metal (such
as the those described here) but also by multiple metal–
metal bonds (e.g., Mo2, Re2) in larger ligands is currently
in progress to extend the work on mononuclear ruthenium
racks[26] towards nanoscale molecular wires.[36]

Experimental Section
Materials and Methods: All reagents were used as received. Dry
solvents (dichloromethane, toluene, THF) were distilled over dry-
ing agents (calcium hydride, Na, Na/benzophenone, respectively)
under argon. 4-Amino-5-cyanopyrimidine,[37] 4-aminopyrimidine-
5-carboxaldehyde,[21] (1-ethoxyvinyl)tri(n-butyl)stannane,[20] 2-(an-
thracen-9-yl)-4,6-dichloropyrimidine,[26b] and tetra-µ-acetodiru-
thenium(II,III) chloride [Ru2(OAc)4Cl][23] were prepared according
to published protocols. 1H and 13C NMR spectra were recorded
with a Bruker AC 200 (200 and 50 MHz respectively) at 25 °C.
Electronic and luminescence spectra were recorded with a Varian
CARY 13e and an AMINCO Bowman Series 2 spectrometer,
respectively, in the reported spectroscopic grade solvents. Mass
spectrometry was performed at the Laboratoire de Spectrométrie
de masse Bio-organique (LSMBO, Strasbourg, France) and ele-
mental analyses at the elemental analysis service, Louis Pasteur
University (Strasbourg, France). IR spectra: (f) = weak, (F) =
strong, (m) = medium.

The electrochemical equipment and methods have been described
previously.[26e] Absorption spectroscopy in the near-IR region were
recorded with a JASCO V570 spectrophotometer. For spectroelec-
trochemical measurements, the latter spectrophotometer was used
in connection with an EG&G 273A potentiostat. Nanosecond
transient absorption experiments were performed in argon-purged
acetonitrile solutions. A Continuum Surelite SLI-10 Nd:YAG laser
was used to excite the sample with 10-ns pulses at 355 nm. The
monitoring beam was supplied by a Xe arc lamp, and the signal
was detected by a red-sensitive photodiode after passing through a
high radiance monochromator. Differential absorption spectra
were recorded point-by-point, while kinetic measurements were
made at a fixed wavelength. Sixty four individual laser shots were
averaged to improve the reliability of each acquisition. The signals
were stored and analyzed on a dedicated PC.

7-(Pyridin-2-yl)pyrido[2,3-d]pyrimidine (8): Two drops of 10%
methanolic sodium hydroxide were added to a hot solution of 4-
aminopyrimidine-5-carboxaldehyde[21] (198 mg, 1.61 mmol) and 2-
acetylpyridine (220 mg, 1.82 mmol, 1.13 equiv.) in 23 mL of abso-
lute ethanol. The solution was then refluxed for 4 h under argon
and concentrated in vacuo. The residue was recrystallized from eth-
anol to yield 229 mg of an off-white solid (68%, m.p. 205 °C). 1H
NMR (CDCl3): δ = 9.57 (s, 1 H), 9.50 (s, 1 H), 8.92 (d, 3J = 8.5 Hz,
1 H), 8.88 (d, 3J = 7.9 Hz, 1 H), 8.8 (br. d, 1 H), 8.44 (d, 3J =
8.5 Hz, 1 H), 7.93 (td, 3J = 7.9, 4J = 1.7 Hz, 1 H), 7.45 (m, 1 H)
ppm. FAB+: m/z 209.1 [MH+]. C12H8N4 (208.22) + 0.025 CHCl3:
calcd. C 68.38, H 3.83, N 26.53; found C 68.42, H 3.85, N 26.53.

6-Amino-2,2�-bipyridinyl-5-carbaldehyde (9): A solution of 7-(pyri-
din-2-yl)pyrido[2,3-d]pyrimidine (229 mg, 1.1 mmol) in 2  aque-
ous hydrochloric acid (80 mL) was refluxed for 2.5 h and then co-
oled in ice. The solution was neutralized with concentrated aqueous
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ammonia (pH ca. 8–9), extracted with ethyl acetate (3×50 mL),
and the combined organic layers were dried (Na2SO4), concen-
trated, and the brown residue purified by column chromatography
(basic alumina, CH2Cl2/EtOAc) to give 180 mg (82%) of the de-
sired amino aldehyde as a yellow powder (m.p. 143 °C). 1H NMR
(CDCl3): δ = 9.90 (s, 1 H), 8.70 (br. d, 3J = 4.3 Hz, 1 H), 8.36 (d,
3J = 8.0 Hz, 1 H), 7.94 (d, 3J = 7.9 Hz, 1 H), 7.85 (d, 3J = 7.7 Hz,
1 H), 7.81 (br. t, 3J = 8.0 Hz, 1 H), 7.33 (ddd, 3J5�,4� = 7.5, 3J5�,6�

= 4.8, 4J5�,3� = 1.4 Hz, 1 H) ppm. 13C NMR (CDCl3): δ = 192.3,
160.2, 158.0, 155.1, 149.3, 145.0, 136.8, 124.5, 122.1, 113.8,
110.6 ppm. FAB+: m/z 200.1 [MH+]. C11H9N3O (199.21) + 0.064
EtOAc: calcd. C 66.00, H 4.68, N 20.51, O 8.81; found C 66.00, H
4.62, N 20.50.

2,7-Dipyridin-2-yl[1,8]naphthyridine (bpnp): Two drops of a 10%
methanolic potassium hydroxide solution were added to a hot solu-
tion of 6-amino-2,2�-bipyridinyl-5-carbaldehyde (3; 75 mg,
3.76×10–4 mol) and 2-acetylpyridine (51 mg, 4.21×10–4 mol,
1.1 equiv.) in absolute ethanol (15 mL). The solution was further
refluxed for 6 h under dinitrogen. The solvent was evaporated and
the solid taken up in dichloromethane (35 mL) and washed with
water (10 mL). The aqueous layer was extracted with dichloro-
methane (5 mL) and the combined organic layers washed with
brine (15 mL), dried (Na2SO4), filtered, concentrated, purified by
column chromatography (basic Al2O3, CH2Cl2), and washed with
acetone and diethyl ether to yield an off-white solid (88 mg, 82%).
1H NMR (CDCl3): δ = 8.89 (d, 3J = 8.0 Hz, 2 H), 8.75 (d, 3J =
8.5 Hz, 2 H), 8.8 (m, 2 H), 8.36 (d, 3J = 8.5 Hz, 2 H), 7.92 (td, 3J
= 7.7, 4J = 1.7 Hz, 2 H), 7.41 (ddd, 3J = 7.5, 3J = 4.8, 4J = 1.0 Hz,
2 H) ppm.

4-tert-Butylbenzamidine Hydrochloride (2):[38] Gaseous hydrogen
chloride was bubbled into a solution of 4-tert-butylbenzonitrile (1;
15.94 g, 0.10 mol) in a mixture of dry benzene (25 mL) and abso-
lute ethanol (20 mL) until saturation was attained. The solution
was stirred for an hour and left to stand at room temperature for
three days. The solution was then concentrated to half its volume
in vacuo until white crystals appeared. The flask was cooled in ice
and diethyl ether was added. The white solid was then filtered and
washed with diethyl ether (3×15 mL) and dried in vacuo. It was
then suspended in absolute ethanol (40 mL) and 60 mL of ammo-
nia-saturated ethanol was added. A white precipitate formed imme-
diately and the reaction mixture was stirred for a day and left to
stand for four days. The white suspension was filtered and the fil-
trate concentrated in vacuo. The solid residue was then collected
and washed with diethyl ether and dried in vacuo to yield 16.71 g
[78%; m.p. 155 °C (dec.)] of the desired amidine hydrochloride as
a white solid. 1H NMR ([D6]DMSO): δ = 9.5 (br. s, 2 H), 9.3 (br.
s, 2 H), 7.85 (d, 3J = 8.6 Hz, 2 H), 7.62 (d, 3J = 8.6 Hz, 2 H), 1.30
(s, 9 H) ppm. 13C NMR ([D6]DMSO): δ = 165.4, 156.9, 127.9,
125.7, 124.9, 34.8, 30.6 ppm. IR (KBr): ν̃ = 3061 (F), 1674 (m),
1486 (m), 852 (f), 734 (f), 674 (f), 557 (f), 210 (m) cm–1. FAB+: m/z
177.2 [C11H17N2]+. C11H17ClN2 (212.72): calcd. C 62.11, H 8.06,
N 13.17; found C 62.20, H 7.92, N 13.14.

2-(4-tert-Butylphenyl)-4,6-dihydroxypyrimidine (3):[39] A freshly pre-
pared solution of sodium methoxide (6.6 g sodium in 75 mL abso-
lute methanol) was added dropwise, at room temperature, to a
suspension of 4-tert-butylbenzamidine hydrochloride (16.71 g,
79 mmol) and diethyl malonate (12.8 mL, 84 mmol, 1.07 equiv.) in
absolute ethanol (150 mL). The mixture was refluxed under dini-
trogen for 7 h. The volatile solvents were removed and the pinkish
residue taken up in water (120 mL) and acidified to pH 3–4 with
concentrated hydrochloric acid (ca. 20 mL). The pale-yellow pre-
cipitate was filtered and washed with water (2×20 mL), dried in
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air and in vacuo to yield 18.4 g of 2-(4-tert-butylphenyl)-4,6-dihy-
droxypyrimidine [92%, m.p. � 260 °C (dec.)]. 1H NMR ([D6]-
DMSO): δ = 8.8 (br. s, 1 H), 8.05 (d, 3J = 8.5 Hz, 2 H), 7.54 (d, 3J
= 8.6 Hz, 2 H), 5.32 (s, 1 H), 1.31 (s, 9 H) ppm. 13C NMR ([D6]-
DMSO): δ = 167.3, 157.2, 154.6, 129.3, 127.5, 125.3, 88.1, 34.6,
30.8 ppm. IR (KBr): ν̃ = 2962 (m), 1637 (F), 1325 (m), 1268 (m),
1197 (f), 844 (f), 520 (f) cm–1. FAB+: m/z 245.2 [MH+].
C14H16N2O2 (244.29): calcd. C 68.83, H 6.60, N 11.47, O 13.10;
found C 68.79, H 6.60, N 11.33.

2-(4-tert-Butylphenyl)-4,6-dichloropyrimidine (4Ph):[39] Phosphoryl
chloride (21 mL, 0.23 mol, 5.3 equiv.) was added dropwise followed
by 2-(4-tert-butylphenyl)-4,6-dihydroxypyrimidine (10.34 g, 42.3
mmol) portionwise to N,N-dimethylaniline (9.2 mL, 73 mmol,
1.7 equiv.) at room temperature under argon. The brown mixture
was allowed to warm up whereupon it turned reddish. The mixture
was refluxed for 1.25 h, then allowed to cool and cautiously poured
onto ice (ca. 80 g). The pinkish solid was filtered, washed with
water until the filtrate was colorless, dried in air and in vacuo, and
purified by flash chromatography (SiO2; hexane/CH2Cl2, 80:6 to
40:7) to yield 21.6 g of a crystalline white solid (92%, m.p. 93 °C).
1H NMR (CDCl3): δ = 8.35 (d, 3J = 8.6 Hz, 2 H), 7.51 (d, 3J =
8.7 Hz, 2 H), 7.22 (s, 1 H), 1.37 (s, 9 H, CH3) ppm. 13C NMR
(CDCl3): δ = 165.9, 162.0, 156.0, 132.3, 128.8, 125.8, 118.4, 35.1,
31.3 ppm. Rf (SiO2; hexane/CH2Cl2, 2.0:0.3) = 0.47. IR (KBr): ν̃ =
2964 (f), 1551 (F), 1519 (F), 1387 (m), 1248 (f), 1097 (f), 830 (m),
642 (f), 218 (F) cm–1. FAB+: m/z 281.1 [MH+]. C14H14Cl2N2

(280.05): calcd. C 59.96, H 5.04, N 10.05, Cl 25.31; found C 59.91,
H 5.02, N 9.85.

1-[6-Acetyl-2-(4-tert-butylphenyl)pyrimidin-4-yl]ethyl Ketone
(5Ph):[20] Dichlorobis(triphenylphosphane)palladium(II) (450 mg)
was added to a solution of 2-(4-tert-butylphenyl)-4,6-dichloropyr-
imidine (4Ph; 6.0 g, 21,3 mmol) and (1-ethoxyvinyl)tri(n-butyl)-
stannane[20] (17.68 g, 49 mmol, 2.3 equiv.) in dry DMF (90 mL).
The solution was heated at 80 °C under argon for 12 h. At room
temperature, the black solution was poured into an aqueous solu-
tion of potassium fluoride (20 g KF in 200 mL of water). The
brown precipitate was filtered and washed with diethyl ether
(300 mL and 4×80 mL). The organic layer was washed with brine
(6×40 mL), dried (Na2SO4), filtered, and concentrated. The re-
sulting beige solid was purified by flash chromatography (SiO2;
hexane/diethyl ether, 95:5) to yield 7.22 g of the bis(vinyl) ether as
a pale-yellow solid (97%). The latter (5.11 g, 14.5 mmol) was dis-
solved in acetone (80 mL), 2  aqueous HCl (15 mL) was added,
and the solution stirred at room temperature for 6 h. The volatile
solvent was removed and the white residual solid taken up in
dichloromethane (200 mL) and washed with an aqueous saturated
solution of sodium hydrogen carbonate (60 mL). The aqueous layer
was extracted with dichloromethane (3×20 mL) and the combined
organic layers dried (Na2SO4), filtered, concentrated, and purified
by flash chromatography (SiO2; hexane/CH2Cl2, 1.0:2.0) to yield
the desired bis-acetylated arylchloropyrimidine (4.1 g, 95%, m.p.
136 °C). 1H NMR (CDCl3): δ = 8.50 (d, 3J = 8.6 Hz, 2 H), 8.25 (s,
1 H), 7.58 (d, 3J = 8.6 Hz, 2 H), 2.83 (s, 6 H), 1.40 (s, 9 H) ppm.
13C NMR (CDCl3): δ = 199.2, 165.4, 161.4, 155.4, 133.6, 128.4,
125.9, 110.5, 35.1, 31.3, 25.8 ppm. Rf (SiO2; hexane/CH2Cl2,
1.0:2.0) = 0.30. IR (KBr): ν̃ = 2963 (m), 1712 (F), 1551 (F), 1419
(F), 1355 (F), 1239 (F), 1182 (F), 854 (m), 790 (m), 565 (m), 210
(F) cm–1. FAB+: m/z 297.4 [MH+]. C18H20N2O2 (296.36): calcd. C
72.94, H 6.81, N 9.46, O 10.8; found C 72.84, H 6.79, N 9.61.

4,6-Bis(2-amino-3-formylpyridyl)-2-(4-tert-butylphenyl)pyrimidine
(7Ph):[40] Five drops of a 10 % methanolic potassium hydroxide
solution were added to a solution of 1-[6-acetyl-2-(4-tert-bu-
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tylphenyl)pyrimidin-4-yl] ethyl ketone (5Ph; 1.00 g, 3.41 mmol) and
4-aminopyrimidine-5-carboxaldehyde (890 mg, 7.23 mmol,
2.1 equiv.) in absolute ethanol (100 mL) at reflux under argon. The
solution rapidly turned brown and a beige precipitate appeared.
The mixture was refluxed for 8 h, cooled to room temperature, and
the precipitate was centrifuged and dried in vacuo. It was then sus-
pended in 2  aqueous HCl (340 mL) and vigorously stirred at re-
flux for 5 h. At room temperature, the mixture was neutralized with
concentrated ammonia. The orange suspension was filtered,
washed with water (2 × 15 mL), dried in vacuo, and purified by
flash chromatography (SiO2; CH2Cl2/EtOAc, 400:15 to 400:40) to
yield the desired bis(aminoaldehyde) [1.1 g, 70%, m.p. � 260 °C
(dec.)] as a yellow solid. A sample was recrystallized from dichloro-
methane/hexane for analysis. 1H NMR (CDCl3): δ = 9.99 (s, 2 H),
9.11 (s, 1 H), 8.60 (d, 3J = 8.5 Hz, 2 H), 8.16 (d, 3J = 7.4 Hz, 2 H),
8.01 (d, 3J = 7.6 Hz, 2 H), 7.59 (br. s), 7.59 (d, 3J = 8.5 Hz, 2 H),
6.86 (br. s, 4 H), 1.43 (s, 9 H) ppm. 13C NMR ([D6]DMSO): δ =
193.4, 163.3, 163.0, 157.8, 157.0, 153.9, 146.2, 134.1, 127.9, 125.5,
114.6, 111.8, 110.0, 34.6, 30.9 ppm. Rf (SiO2; CH2Cl2/EtOAc,
2.0:0.3) = 0.46. IR (KBr): ν̃ = 3349 (m), 2961 (m), 1671 (m), 1619
(m), 1581 (m), 1534 (F), 1379 (m), 1211 (m), 795 (m), 210 (F) cm–1.
FAB+: m/z 453.0 [MH+]. C26H24N6O2 (452.51) + 0.37hexane:
calcd. C 69.97, H 6.07, N 17.35, O 6.61; found C 69.97, H 6.07, N
16.53.

2-(4-tert-Butylphenyl)-4,6-bis(7-pyridin-2-yl[1,8]naphthyridin-2-yl)-
pyrimidine (LPh): Two drops of a 10% methanolic potassium hy-
droxide solution were added to a hot solution of bis(aminoal-
dehyde) 7Ph (150 mg, 3.31 × 10–4 mol) and 2-acetylpyridine
(103 mg, 8.5 × 10–4 mol, 2.6 equiv.) in pyridine (26 mL) and the
solution stirred at 75 °C for 22 h. The solvent was removed in
vacuo and the solid taken up in chloroform (60 mL), which was
successively washed with water (20 mL), brine (15 mL), dried
(Na2SO4), filtered, and concentrated. The residue was washed with
acetone to yield an off-white solid (184 mg, 90%; m.p. � 260 °C),
which was recrystallized from chloroform and acetone and then
purified by flash chromatography (SiO2; CH2Cl2/CH3OH, 1.0:0.1).
1H NMR (CDCl3): δ = 10.06 (s, 1 H), 9.0 (br. d, 3J = 8.4 Hz, 4 H),
8.81 (d, 3J = 8.4 Hz, 2 H), 8.8 (m, 2 H), 8.73 (d, 3J = 8.5 Hz, 2 H),
8.47 (d, 3J = 8.5 Hz, 2 H), 8.42 (d, 3J = 8.6 Hz, 2 H), 7.97 (td, 3J
= 7.7, 4J = 1.8 Hz, 2 H), 7.64 (d, 3J = 8.5 Hz, 2 H), 7.43 (ddd, 3J
= 7.5, 3J = 4.8, 3J = 1.1 Hz, 2 H), 1.44 (s, 9 H) ppm. IR (KBr): ν̃
= 1604 (F), 1525 (F), 1469 (f), 1427 (m), 1371 (f), 862 (f), 792 (m),
409 (f) cm–1. FAB+: m/z 623.1 [MH+], 645.3 [MNa+]. C40H30N8

(622.72) + 0.32 CHCl3: calcd. C 74.55, H 4.70, N 17.30; found C
74.49, H 4.83, N 17.09. UV/Vis (CH2Cl2): λmax (log ε) = 253 nm
(4.95), 273 (sh, 4.8), 293 (sh, 4.6), 331 (sh, 4.4), 344 (4.56), 363
(4.48).

1-[6-Acetyl-2-(anthracen-9-yl)pyrimidin-4-yl]ethyl Ketone (5Ant):
2-Anthracen-9-yl-4,6-dichloropyrimidine 4Ant (986 mg, 3.03
mmol)[26b] and 1-(tri-n-butylstannyl)-1-vinyl ethyl ether (2.40 g,
6.66 mmol, 2.2 equiv.) were suspended in 15 mL of DMF. After
purging three times with argon, dichlorobis(triphenylphosphane)-
palladium(II) (64 mg, 9.1 × 10–5 mol, 0.03 equiv.) was added and
the mixture heated to 80 °C under argon for 12 h whilst being pro-
tected from light. The solvent was removed in vacuo and the brown
residue taken up in dichloromethane (50 mL) and washed with
water (3×40 mL). The organic layer was dried (Na2SO4), filtered,
concentrated, and purified by flash chromatography (SiO2; hexane/
CH2Cl2, 1.0:1.0) to yield 1.078 g of the desired bis(vinyl ether) as
a yellow solid (90%). 1H NMR (CDCl3): δ = 8.55 (s, 1 H), 8.05 (s,
1 H), 8.05 (d, 3J = 8.3 Hz, 2 H), 7.70 (d, 3J = 8.6 Hz, 2 H), 7.3–
7.6 (m, 4 H), 5.66 (d, 2J = 2.0 Hz, 2 H), 4.49 (d, 2J = 2.0 Hz, 2 H),
4.05 (q, 3J = 7.0 Hz, 4 H), 1.52 (t, 3J = 7.0 Hz, 6 H) ppm. 13C
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NMR (CDCl3): δ = 165.5, 162.1, 157.1, 134.2, 131.5, 129.9, 128.4,
128.0, 126.1, 125.9, 125.1, 108.2, 88.5, 63.8, 14.5 ppm. Rf (SiO2;
hexane/CH2Cl2, 1.0:1.0) = 0.40.

2  Hydrochloric acid (6 mL) was added to a mixture of this bis(vi-
nyl ether) in acetone/THF (25/10 mL) and the mixture stirred at
room temperature for 12 h. The volatiles were evaporated and the
residue taken up in dichloromethane (50 mL) and washed with an
aqueous saturated sodium hydrogen carbonate solution
(2 × 10 mL). The combined aqueous layers were extracted with
dichloromethane (2 × 10 mL), and the combined organic layers
dried (Na2SO4), filtered, concentrated, and purified by flash
chromatography (SiO2; hexane/CH2Cl2, 1.0:2.0) to yield 828 mg of
a yellow solid [90%; m.p. 228 °C (dec.)], which was recrystallized
from chloroform/diethyl ether. 1H NMR (CDCl3): δ = 8.66 (s, 1
H), 8.57 (s, 1 H), 8.12 (d, 3J = 8.4 Hz, 2 H), 7.4–7.6 (m, 6 H), 2.72
(s, 6 H) ppm. 13C NMR (CDCl3): δ = 199.0, 168.0, 161.6, 132.3,
131.3, 129.9, 129.1, 128.8, 126.6, 125.4, 125.1, 111.2, 25.9 ppm. Rf

(SiO2; hexane/CH2Cl2, 1.0:2.0) = 0.36. EI-MS: m/z 340.3 [M–],
297.3 [M – COCH3]–, 255.3 [M – 2 COCH3]–. C22H16N2O2 (340.37)
+ 0.075 CH2Cl2: calcd. C 76.46, H 4.69, N 8.08, O 9.23; found C
76.50, H 4.62, N 8.06.

2-(Anthracen-9-yl)-4,6-bis(7-pyridin-2-yl[1,8]naphthyridin-2-yl)pyr-
imidine (LAnt): One drop of a 10% methanolic potassium hydrox-
ide solution was added to a hot solution (65 °C) of the diketone
5Ant (45 mg, 1.32×10–4 mol) and 6-amino-2,2�-bipyridinyl-5-car-
baldehyde (54 mg, 2.71×10–4 mol, 2.05 equiv.) in pyridine (10 mL).
The solution was stirred at this temperature for 11 h. The solvent
was then removed in vacuo and the solid taken up in dichlorometh-
ane (40 mL), washed with water (10 then 15 mL), dried (Na2SO4),
filtered, and concentrated. The crude was purified by column
chromatography (basic alumina) and recrystallized by diffusion of
acetone into a concentrated chloroform solution to yield a pale-
yellow solid (63 mg, 72%, m.p. � 260 °C). 1H NMR (CDCl3): δ =
10.3 (s, 1 H), 9.03 (d, 3J = 7.9 Hz, 2 H), 8.7–8.85 (m, 3J = 8.4 Hz,
6 H), 8.67 (s, 1 H), 8.39 (d, 3J = 9.1 Hz, 2 H), 8.34 (d, 3J = 8.7 Hz,
2 H), 8.14 (br. d, 3J = 7,6 Hz, 2 H), 7.99 (td, 3J = 7.8, 4J = 1.8 Hz,
2 H), 7.88 (br. d, 3J = 8.6 Hz, 2 H), 7.4–7.6 (m, 6 H) ppm. 13C
NMR (CDCl3): δ = 164.7, 164.6, 160.3, 158.0, 157.3, 155.6, 149.2,
138.1, 137.7, 137.2, 131.6, 130.1, 128.6, 128.0, 127.8, 126.3, 125.3,
124.8, 123.9, 123.0, 121.1, 120.9, 120.7, 114.7 ppm. IR (KBr): ν̃ =
1601 (F), 1523 (F), 1467 (f), 1426 (m), 1379 (f), 865 (f), 783 (m),
739 (f), 413 (f) cm–1. FAB+: m/z 667.3 [MH+]. C44H26N8 (666.73)
+ 0.90 CHCl3: calcd. C 72.55, H 3.63, N 15.18; found C 72.61, H
3.57, N 15.18. UV/Vis (CH2Cl2): λmax (log ε) = 250 nm (sh, 5.0),
256 (5.14), 275 (sh, 4.5), 320 (sh, 4.1), 333 (sh, 4.3), 347 (4.46), 363
(4.47), 385 (3.88). Fluorescence (CH2Cl2): λmax (emission) = 331,
356, 376 (sh) nm.

[{(CH3COO)3Rh2}2LPh](PF6)2 [(Rh2)2LPh]:[22a] 1.0  Aqueous hy-
drochloric acid (66 µL, 6.6×10–5 mol, 2.0 equiv.) was added to a
suspension of ligand LPh (20.5 mg, 3.29×10–5 mol) and dirhodium
tetraacetate (29.9 mg, 6.6×10–5 mol, 2.0 equiv.) in methanol (7 mL)
under argon and the mixture was heated to 50 °C for 12 h. The
deep green solution was filtered and ammonium hexafluorophos-
phate (51 mg, 3.1×10–4 mol, 9.5 equiv.) in water (1 mL) was added.
The solvent was then evaporated and diethyl ether allowed to dif-
fuse into a concentrated solution of the residue in acetonitrile. The
precipitate was filtered and washed with water and diethyl ether to
yield a deep green solid (47 mg, 85%, m.p. � 260 °C). 1H NMR
(CD3CN): δ = 9.71 (s, 1 H), 9.67 (br. d, 3J = 4.4 Hz, 2 H), 9.24 (d,
3J = 8.8 Hz, 2 H), 8.8–9.0 (m, 10 H), 8.58 (td, 3J = 8.0, 4J = 1.5 Hz,
2 H), 8.29 (dd, 3J = 7.5, 3J = 4.7 Hz, 2 H), 7.75 (d, 3J = 8.8 Hz, 2
H), 1.49 (s, 15 H), 1.27 (s, 12 H) ppm. IR (KBr): ν̃ = 3450 (F),
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1604 (f), 1564 (F), 1437 (f), 1158 (f), 1021 (f), 846 (F), 705 (f), 560
(f), 405 (m) cm–1. ES-MS (CH3CN, 100 V): m/z 694.0 [(Rh2)2-
LPh]2+, 1532.8 [(Rh2)2LPh, PF6]+. UV/Vis (CH3CN): λmax (log ε)
= 250 nm (4.9), 292 (4.6), 347 (sh, 4.5), 371 (4.6), 412 (sh, 4.2), 468
(4.0), 543 (3.7), 622 (3.7). E1/2 (V vs. SCE, CH2Cl2, 0 °C): –1.72
(rev.), –1.41 (rev.), –1.20 (rev.), –0.60 (rev.), –0.22 (rev.), 1.46 (rev.).

[{(CH3COO)3Rh2}2LAnt](PF6)2 [(Rh2)2LAnt]:[22a] The same proto-
col as above starting from ligand LAnt yielded a brown-green prod-
uct with a similar yield after precipitation of the hexafluorophos-
phate salt from a methanolic solution. (m.p. � 260 °C) 1H NMR
(CD3CN): δ = 10.13 (s, 1 H), 9.50 (br. d, 3J = 5 Hz, 2 H), 9.47 (d,
3J = 8.8 Hz, 2 H), 8.8–9.1 (m, 9 H), 8.52 (td, 3J = 7.7, 4J = 1,4 Hz,
2 H), 8.2–8.3 (m, 4 H), 7.92 (d, 3J = 8.4 Hz, 2 H), 7.47 (br. t, 3J =
8.4 Hz, 2 H), 7.31 (br. t, 3J = 7.3 Hz, 2 H), 1.33 (s, 6 H), 1.21 (s,
12 H) ppm. IR (KBr): ν̃ = 3450 (F), 1605 (f), 1565 (F), 1437 (m),
1414 (m), 1154 (f), 1017 (f), 845 (F), 704 (f), 559 (f), 406 (m) cm–1.
ES-MS (CH3CN, 20 V): m/z 716.0 [(Rh2)2LAnt]2+, 1576.9 [(Rh2)2-
LAnt, PF6]+. C56H44F12N8O12P2Rh4·2.6 CH3OH: calcd. C 38.98,
H 3.04, N 6.21; found C 39.24, H 3.05, N 6.65. UV/Vis (CH3CN):
λmax (log ε) = 248 nm (3.1), 254 (5.2), 295 (4.5), 347 (sh, 4.5), 364
(4.6), 382 (4.8), 478 (4.1), 545 (3.8), 634 (3.8). E1/2 (V vs. SCE,
CH3CN, 25 °C): –0.30 (rev.), 0.73 (rev.), 0.86 (rev.), 1.51 (irrev.).

[{(CH3COO)3Ru2}2LPh](PF6)2 [(Ru2)2LPh]:[22b] A suspension of li-
gand LPh (14 mg, 2.25 × 10–5 mol) and [Ru2(CH3COO)4Cl]
(21.8 mg, 4.60 × 10–5 mol, 2.05 equiv.) in methanol (5 mL) was
heated at 50 °C under argon for 48 h. After cooling to room tem-
perature, the hexafluorophosphate salt was precipitated by addition
of ammonium hexafluorophosphate (38 mg in 1 mL of degassed
water, 2.33×10–4 mol, 10 equiv.). The solid was washed with meth-
anol and diethyl ether and dried in vacuo to yield 28 mg of a dark
blue paramagnetic powder (75 %; m.p. � 260 °C). 1H NMR
(CD3OD, before addition of NH4PF6): δ = 72.0, 66.7, 29.9, 25.7,
16.9, 8.8, 4.1, 2.0, 1.25, –3.8, –7.3, –13.3, –15.4, –22.0, –39.8 ppm.
IR (KBr): ν̃ = 3450 (F), 1593 (f), 1536 (m), 1437 (F), 1329 (f), 1197
(f), 1018 (f), 843 (F), 777 (f), 691 (f), 558 (f), 407 (m) cm–1. ES-MS
(CH3CN): m/z 691.0 [(Ru2)2LPh]2+, 1527 [(Ru2)2LPh, PF6]+, 460.4
[(Ru2)2LPh]3+. C52H48F12N8O12P2Ru4·2.65 H2O: calcd. C 36.33, H
3.13, N 6.52; found C 36.33, H 3.26, N 6.59. UV/Vis (CH3CN):
λmax (log ε) = 248 nm (4.8), 270 (sh, 4.6), 370 (4.6), 400 (sh, 4.4),
600 (4.0), 695 (4.2). E1/2 (V vs. SCE, degassed CH3CN, 25 °C):
–0.31 (rev.), 0.76 (rev.), 0.85 (rev.).

[{(CH3COO)3Ru2}2LAnt](PF6)2 [(Ru2)2LAnt]:[22b] A suspension of
ligand LAnt (19.6 mg, 2.94 × 10–5 mol) and [Ru2(OAc)4Cl]
(30.2 mg, 6.37 × 10–5 mol, 2.17 equiv.) in degassed methanol
(6.5 mL) was heated at 50 °C under argon for 44 h. After cooling
to room temperature, the hexafluorophosphate salt was precipi-
tated by addition of ammonium hexafluorophosphate (53 mg in
1.3 mL of degassed water, 3.25×10–4 mol, 11 equiv.). The solid was
washed with methanol and diethyl ether, and dried in vacuo to
yield 40 mg of a deep blue paramagnetic compound (79%; m.p. �

260 °C). 1H NMR (CD3OD, before addition of NH4PF6): δ = 75.1,
69.8, 29.9, 36.3, 25.0, 17.7, 10.7, 9.8, 5.3, 2.0, –5.0, –8.3, –14.5,
–16.5, –16.9, –20.0, –35.6 ppm. IR (KBr): ν̃ = 3448 (F), 1630 (f),
1597 (f), 1535 (m), 1437 (F), 1329 (f), 1266 (f), 1213 (f), 844 (F),
776 (f), 691 (m), 559 (f), 406 (f) cm–1. ES-MS (CH3CN, 20 V): m/z
713.1 [(Ru2)2LAnt]2+, 1570 [(Ru2)2LAnt, PF6]+, 475.3 [(Ru2)2-
LAnt]3+. C56H44F12N8O12P2Ru4·2.2 H2O: calcd. C 38.33, H 2.78,
N 6.39; found C 38.33, H 2.92, N 6.37. UV/Vis (CH3CN): λmax

(log ε) = 254 nm (4.7), 369 (4.5), 387 (4.6), 602 (4.0), 701 (4.2).
E1/2 (V vs. SCE, degassed CH3CN, 25 °C): –0.30 (rev.), 0.73 (rev.),
0.86 (rev.), 1.51 (irrev.).

Supporting Information (see also the footnote on the first page of
this article): Figures S1 and S2 show differential pulse voltammog-
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rams of complexes [(Rh2)LPh(Rh2)] and [(Ru2)LPh(Ru2)], respec-
tively, in acetonitrile.
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The hydridoirida-β-diketone [IrH{[PPh2(o-C6H4CO)]2H}Cl]
(1) reacts with silver salts of potentially coordinating anions
such as tosylate (–OTs) or triflate (–OTf) to afford the mononu-
clear neutral derivatives [IrH{[PPh2(o-C6H4CO)]2H}(X)] [X =
OTs (2), OTf (3)]. In acetone solution the triflate anion in 3 is
displaced by the solvent to afford the cationic complex
[IrH{[PPh2(o-C6H4CO)]2H}(acetone)]OTf (4), which is stable
only in acetone solution. The reaction of 1 with halide scav-
engers containing less coordinating anions such as PF6

– or
BF4

– results in the formation of cationic compounds
[{IrH[{PPh2(o-C6H4CO)}2H]}2(µ-Cl)]A [A = BF4 (5), PF6 (6)]
containing a dinuclear species with a single chlorine atom
bridging two hydridoirida-β-diketone fragments. Both frag-
ments are magnetically non-equivalent and the acylphos-
phane groups in each hydridoirida-β-diketone fragment are
chemically equivalent. This species undergoes a fluxional

Introduction

Metalla-β-diketones can be considered as enol tautomers
of neutral β-diketones in which the methine group has been
substituted by a transition metal organometallic moiety.
Therefore, they may also be understood as acyl(hydroxycar-
bene) complexes that are stabilized by an intramolecular
hydrogen bond between the acyl and the hydroxycarbene
moiety (see Scheme 1). Hydroxycarbene complexes, for
which a tautomeric equilibrium with the acyl hydrides has
been reported,[1] have been proposed as important interme-
diates in CO reduction reactions[2] or in alkene hydro-
carbonylation reactions to produce alcohols.[3] Metalla-β-
diketones were synthesized for the first time by Lukehart
et al. by the protonation of diacylmetalate anions
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process in solution, with ∆H‡ = 7.8±0.4 kcalmol–1 and ∆S‡

= –10.9±0.5 eu. A combination of rotation around the Ir–Cl
bonds and variation of the Ir–Cl–Ir angle is suggested to be
responsible for the fluxionality. Complex 5 reacts further with
AgBF4 to undergo chloride abstraction along with hydrogen
loss and deprotonation to give the cationic dinuclear complex
[Ir2H{PPh2(o-C6H4CO)}{µ-PPh2(o-C6H4CO)}3]BF4 (7), which
contains an acylphosphane chelate along with three acyl-
phosphane bridging ligands and a single hydrido ligand.
Bubbling of HCl through an MeOH solution of 7 gives 1, thus
making the loss of hydride, enolic protons and chloride from
complex 1 a reversible process. All the complexes were fully
characterized spectroscopically. Single-crystal X-ray diffrac-
tion analysis was performed on complexes 5 and 7.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

[LxM(COR)(COR�)]– (M = Mo, W, Mn, Re, Fe, Os).[4]

Rhena-β-diketones can be deprotonated by transition metal
complexes containing basic ligands to give rhena-β-diketon-
ate derivatives of CuII, FeII, CrIII and ZnII.[5] More recently,
Steinborn et al. have reported mono- and dinuclear platina-
β-diketones obtained by the reaction of hexachloroplatinic
acid with alkynes or by the reaction of diacylhydridoplatin-
um(IV) complexes with TlPF6.[6] Partial deprotonation of
the dinuclear derivatives with amines affords platina-β-dike-
tonates of platina-β-diketones.[7] The reaction of [Ir(Cl)(H)-
{PPh2(o-C6H4CO)}(cod)] (cod = 1,5-cyclooctadiene) with
PPh2(o-C6H4CHO) in protic solvents has allowed the prep-
aration of the first hydridoirida-β-diketone [IrH{[PPh2(o-
C6H4CO)]2H}Cl].[8] Cationic mononuclear hydridoirida-β-

Scheme 1.
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diketones [IrH{[PPh2(o-C6H4CO)]2H}(L)]+ may undergo
reversible deprotonation/protonation reactions, and their
reaction with amines affords neutral diacylhydridoiridiu-
m(III) derivatives.[9]

We report now on the preparation of new hydridoirida-
β-diketones, including novel dinuclear species, and on the
deprotonation of the latter to afford a dinuclear tris-µ-acyl-
iridium(III) complex.

Results and Discussion

The hydridoirida-β-diketone [IrH{[PPh2(o-C6H4CO)]2-
H}Cl] (1) reacts with silver salts of potentially coordinating
anions such as tosylate (–OTs) or triflate (–OTf) to afford
the neutral complexes [IrH{[PPh2(o-C6H4CO)]2H}(X)] [X =
OTs (2), OTf (3)] with loss of AgCl, as shown in Scheme 2.
The IR spectrum of 3 indicates the presence of the coordi-
nated triflate anion, as shown by the presence of a ν(SO)
absorption at 1317 cm–1, which is shifted to higher wave-
numbers with respect to the free anion (1270 cm–1) upon
coordination, as expected.[10] The IR spectrum of 2 con-
tains a ν(SO) absorption at 1259 cm–1, which is also shifted
towards higher wavenumbers with respect to the silver tos-
ylate (1205 cm–1).[11] The FAB mass spectra show the corre-
sponding [M – X]+ peak, as expected for mononuclear com-
plexes. Both the ν(Ir–H) absorptions (2224 cm–1 for 2 and
2264 cm–1 for 3) at rather high wavenumber and the hydride
resonances (δ = –24.24 ppm for 2 and –25.89 ppm for 3) at
rather high field are in accordance with a hydrido ligand
being trans to the bonded oxygen atom of the anion.[8] The
σ-donor strength of O-coordinated anions is among the
smallest and this is reflected in the trans effect.[12] The
NMR spectroscopic data for both 2 and 3 indicate the pres-
ence of two equivalent acylphosphane fragments. The
31P{1H} NMR spectra show singlets at δ � 30 ppm and
the 13C{1H} NMR spectrum of 2 shows a doublet at δ =
256.9 ppm, in the range expected for irida-β-diketones with
acyl(hydroxycarbene) character, with a large JP,C coupling
constant of 102 Hz due to the acyl groups being trans to the
phosphorus atoms. The 1H NMR spectra show the hydride
resonances as triplets due to a JP,H coupling of about 12 Hz,
which agrees with the hydride being cis to both phosphane
ligands, and sharp, low-field singlets at δ = 22.72 ppm for 2
and 22.69 ppm for 3, which support the presence of fairly
strong O···H···O hydrogen bonds and the existence of irida-
β-diketones containing a formally tetradentate PCCP li-
gand.[8,9]

Complex 2 behaves as nonelectrolyte in acetone solution,
whereas acetone solutions of 3 show conductivity values ex-
pected for 1:1 electrolytes.[13] This indicates that in acetone
solution the tosylate group remains bonded to the iridium
ion while the triflate anion is easily displaced by the solvent
to afford the cationic complex [IrH{[PPh2(o-C6H4CO)]2-
H}(acetone)]OTf (4), as shown in Scheme 2. To confirm
this assumption, we recorded the NMR spectra of both
complexes in [D6]acetone solution. The 1H NMR spectrum
of 2 in [D6]acetone is almost the same as that in CDCl3,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3893–39003894

Scheme 2.

with the hydride resonance at δ = –24.03 (t, JP,H =
13.25 Hz) ppm, while the 1H NMR spectrum of 3 shows
two hydride resonances in a 6:1 ratio according to the inte-
grals. The most abundant signal – that of the hydride at δ
= –24.59 (t, JP,H = 12.80 Hz) ppm – is due to 4 and appears
at lower field (ca. 1 ppm) than that of 3, which appears at
δ = –25.74 (t, JP,H = 13.25 Hz) ppm in CDCl3. Attempts to
obtain the acetone complex 4 proved unsuccessful and only
resulted in the isolation of complex 3.

The reaction of [IrH{[PPh2(o-C6H4CO)]2H}Cl] (1) with
halide scavengers containing noncoordinating anions such
as Et3OPF6, Et3OBF4 or AgBF4 and using Ir/scavenger ra-
tios of 2:1 results in the abstraction of only one half of the
chlorine atoms in the starting material and the formation
of the compounds [{IrH[{PPh2(o-C6H4CO)}2H]}2(µ-Cl)]A
[A = BF4 (5), PF6 (6)], which contain a cationic dinuclear
species with a single chlorine atom bridging two hydrido-
irida-β-diketone fragments (see i in Scheme 3). The spectro-
scopic data for the cation in compounds 5 and 6 are the
same. Compounds 5 and 6 show a ν(Ir–H) absorption and
a hydride resonance that agree with a hydride ligand being
trans to a chlorine atom, and a sharp, low-field singlet at
δ = 22.66 ppm that supports the presence of an O···H···O

Scheme 3. i: AgBF4, Et3OBF4 or Et3OPF6 in CH2Cl2; ii: AgBF4 in
CH2Cl2; iii: Et3OBF4 or Et3OPF6 in CH2Cl2; iv: HCl in MeOH.
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fragment. They behave as 1:1 electrolytes in acetone solu-
tion and the FAB spectrum of 6 shows the [M]+ peak at
m/z = 1581, as expected for such a dinuclear species.

In order to ascertain the structure shown in Scheme 3, a
single-crystal X-ray diffraction study of compound 5 was
undertaken. Selected bond lengths and angles, including the
enolic hydrogen bond, are listed in Table 1. The crystal
structure consists of discrete, cationic dinuclear units
formed by pseudo-octahedral Ir moieties sharing the posi-
tion occupied by the chloro ligand and BF4

– anions. An
ORTEP view of the cation is given in Figure 1. Both bridg-
ing Ir–Cl distances in 5 are equal within experimental error
and are, as expected, significantly longer [2.539(3) Å] than
the terminal Ir–Cl distance in 1 [2.485(3) Å].[8] As far as we
are aware, there is only one precedent of a dinuclear iridium
complex containing a single chlorine bridge, which is trans
to an SiR2R� group.[14] The Ir–Cl distances in 5 are shorter
than those found in this previously reported complex and
this difference may reflect the expected stronger structural
trans influence of SiR3 groups than of hydrido ligands.[15]

The coordination around both Ir atoms is pseudo-octahe-
dral with distortions of the type usually observed in hydrido
complexes (maximal deviation from ideal angles of 19° and
16° for Ir1 and Ir2, respectively). The Ir1–Ir2 distance
(4.609 Å) and the Ir1–Cl1–Ir2 angle [130.3(1)°] exclude any
Ir–Ir interaction. This angle is similar to those reported for
related octahedral rhodium [138.15(7)°] or molybdenum
[134.0(1)°] complexes containing a single chlorine bridge
between two metal atoms.[16] The best least-squares equato-
rial planes (P1, P2, C20, C1) and (P3, P4, C39, C58) of the
Ir atoms form a dihedral angle of 54.1(2)°, in accordance
with the Ir1–Cl1–Ir2 angle. There are some differences be-

Figure 1. ORTEP view of the cation in 5 showing the atomic numbering (20% probability ellipsoids) and the intramolecular hydrogen
bonds. The hydrogen atoms, except for the four shown, and the labels of some carbon atoms have been omitted for clarity.

Eur. J. Inorg. Chem. 2006, 3893–3900 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3895

tween both moieties. For example, the average Ir–P dis-
tances are slightly longer [by 0.023(3) Å] in the Ir1 moiety
and the relative disposition of the pseudo-octahedra is
eclipsed with a slight torsion angle of 26.71°. These facts
mean a breaking of the C2 symmetry around the chlorine
atom for the whole structure and the twofold axis is only

Table 1. Selected bond lengths [Å] and angles [°] for Complex 5.

Ir1–P1 2.372(3) Ir2–P3 2.336(3)
Ir1–P2 2.364(3) Ir2–P4 2.354(3)
Ir1–C1 2.01(1) Ir2–C58 2.01(1)
Ir1–C20 2.05(1) Ir2–C39 2.03(1)
Ir1–H1A 1.417 Ir2–H1B 1.420
Ir1–Cl(1) 2.535(3) Ir2–Cl(1) 2.544(3)
C1–O1 1.31(1) C39–O3 1.27(1)
C20–O2 1.28(1) C58–O4 1.27(1)
O2–H2A 1.16 O3–H2B 1.19
O1–H2A 1.27 O4–H2B 1.33
O2···-O1 2.39(1) O4···-O3 2.42(1)
C1–Ir1–C20 91.7(5) C39–Ir2–C58 90.3(5)
C1–Ir1–P1 81.5(4) C39–Ir2–P3 83.7(4)
C20–Ir1–P1 168.8(3) C58–Ir2–P3 173.9(4)
C1–Ir1–P2 172.8(4) C39–Ir2–P4 164.3(4)
C20–Ir1–P2 81.6(4) C58–Ir2–P4 82.2(4)
P1–Ir1–P2 104.7(1) P3–Ir2–P4 103.6(1)
C1–Ir1–Cl(1) 89.0(3) C39–Ir2–Cl(1) 98.9(3)
C20–Ir1–Cl(1) 92.4(3) C58–Ir2–Cl(1) 88.7(3)
P1–Ir1–Cl(1) 96.4(1) P3–Ir2–Cl(1) 92.8(1)
P2–Ir1–Cl(1) 94.0(1) P4–Ir2–Cl(1) 94.7(1)
C1–Ir1–H1A 104.6 C39–Ir2–H1B 77.0
C20–Ir1–H1A 83.1 C58–Ir2–H1B 102.0
P1–Ir1–H1A 90.0 P3–Ir2–H1B 76.1
P2–Ir1–H1A 71.9 P4–Ir2–H1B 91.1
Cl(1)–Ir1–H1A 165.7 Cl(1)–Ir2–H1B 168.4
O2–H2A–O1 159.0 O3–H2B–O4 147.4
Ir1–Cl(1)–Ir2 130.3(1)
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kept for the Ir cores. The C=O distances, which are in the
range 1.27–1.31 Å, are similar to those found in monomeric
irida-β-diketones. The O···O distances and O–H–O angles
are in accordance with a strong enolic character for the hy-
drogen bond and agree with those reported for other irida-
β-diketones.[8,9]

In keeping with the crystal structure, the 31P{1H} NMR
spectra of 5 and 6 show two singlets at δ = 30.7 and
18.3 ppm, respectively, at 203 K, and in the 13C{1H} NMR
spectra two doublets at δ = 257.6 (JP,C = 101 Hz) and
255.6 ppm (JP,C = 103 Hz) are observed. The 1H NMR
spectra contain a triplet at δ = –23.17 (JP,H = 14.6) ppm
and a singlet at δ = 22.66 ppm. Such a pattern is consistent
with the nonequivalence of the hydridoirida-β-diketone
fragments connected through the chlorine bridge, the equiv-
alence of the acylphosphane groups in each hydridoirida-β-
diketone fragment, and the NMR parameters of the hydride
ions and of the enolic protons of both fragments being
equal. Inspection of the 31P{1H} NMR spectra at various
temperatures shows that on raising the temperature the sin-
glets broaden and coalesce at 253 K, giving rise to a broad
resonance centered at δ = 25 ppm at room temperature (see
Figure 2). On the other hand, at room temperature the
13C{1H} NMR spectra show only a doublet at δ = 256.5
(JP,C = 101 Hz) ppm due to the bonded acyl groups. The
1H NMR spectra remain unaltered in the whole tempera-
ture range. From line-shape analysis[17] of the variable-tem-
perature 31P{1H} NMR spectra of complex 5, the activation
parameters ∆H‡ = 7.8±0.4 kcalmol–1 and ∆S‡ =
–10.9±0.5 calK–1 mol–1 have been determined. The entropy
of activation is indicative of an intramolecular rearrange-
ment process.[18] A combination of rotation around the Ir–
Cl bonds, which is restricted at low temperatures due to the
presence of the phenyl groups, and variation of the Ir–Cl–
Ir angle may account for the observed fluxional behavior.

Complex 5 reacts further with AgBF4 to give complex 7,
which contains three acylphosphane bridging groups (see ii
in Scheme 3). Compound 7 shows an IR stretch at
1628 cm–1 due to the terminal acyl group and a strong
stretch at 1525 cm–1 assigned to the bridging acyl groups. It
behaves as 1:1 electrolyte in acetone solution and the FAB
spectrum shows the [M]+ peak at m/z = 1543, as expected
for such a dinuclear species. At 223 K, the NMR spectra of
7 are consistent with the structure shown in Scheme 3. The
1H NMR spectrum shows only one resonance at high field
(δ = –23.24 ppm) as a doublet of doublets, with a JP,H coup-
ling of about 18 Hz, due to the presence of one hydrido
ligand cis to two nonequivalent phosphorus atoms. The for-
mation of three bridging acyl groups breaks the equivalence
of the acylphosphane fragments present in the starting ma-
terial 5. The 31P{1H} NMR spectrum consists of two sets
of doublets due to the presence of four nonequivalent acyl-
phosphane fragments, two per iridium atom, and the JP,P

coupling constants agree with both phosphorus atoms
bonded to the same iridium atom being mutually cis. The
13C{1H} NMR spectrum contains a singlet at δ =
209.1 ppm due to the terminal acyl group and three reso-
nances at δ = 266.5 (d), 264.8 (d), and 257.5 (d) ppm,
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Figure 2.Variable-temperature 31P{1H} NMR spectra of 5; experi-
mental in CD2Cl2 (left) and calculated (right).

respectively, with high JP,C coupling constants of about
95 Hz, due to three acyl groups trans to phosphorus atoms.
The rather low field of the latter suggests the bridging na-
ture and significant carbene-like character for all three acyl
groups.[19–21] Inspection of the NMR spectra at variable
temperature shows that on raising the temperature the
doublet of doublets due to the hydrido ligand collapses into
a triplet at δ = –23.23 (JP,H = 18.3 Hz) ppm. The 31P{1H}
resonances at lower field (δ = 23 and 21 ppm) show a
marked chemical shift temperature dependence such that ∆δ
decreases as the temperature increases and the AX system
observed at low temperature becomes an AB system cen-
tered at δ = 22.3 ppm. The two chemical shifts coincide at
room temperature, and above this temperature they ex-
change position. This behavior has also been reported for
monomeric IrIII complexes.[22] Over the whole temperature
range, the corresponding JP,P value, the 31P{1H} resonances
at higher field, and the 13C{1H} resonances remain un-
changed. A {1H,31P} HSQC experiment at room tempera-
ture shows that the hydrido ligand is coupled to the 31P AB
system at δ = 22 ppm.

Acyl groups are well known as bridging ligands towards
transition metals, although their behavior as such in iridium
homodinuclear complexes is scarce,[21] and the acylphos-
phane chelating ligand o-PPh2(C6H4CO) has been reported
to behave as a bridging acyl group only in ruthenium or
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osmium clusters.[23] We have succeeded in isolating complex
7 as single crystals suitable for X-ray diffraction. To the
best of our knowledge no structural report on dinuclear
transition metal complexes with three bridging acyl groups
has been published, although a crystallographic study of a
triacetylrhenate complex of boron has been reported.[24]

The crystal structure of 7 shows the presence of dinuclear
cations and BF4

– anions packed within normal
van der Waals interaction distances. Two crystallographi-
cally independent cations and anions were identified in the
structural determination, namely A and B. No significant
differences are observed in the molecular geometries of
both. Selected bond lengths and angles are listed in Table 2,
and Figure 3 shows a molecular drawing of the cation A.
The dinuclear cation consists of two pseudo-octahedral
iridium(III) moieties, assuming that the hydrido ligand oc-
cupies the sixth coordination site on Ir1A, with three bridg-
ing acyl groups. Two of the corresponding carbon atoms
are bonded to the iridium atom coordinated to the hydrido
ligand such that the coordination around Ir1 is similar to
that of the parent hydridoirida-β-diketone 5. The hydrido
ligand is trans to the oxygen atom in 7 instead of to the
chlorine atom in 5 and the two oxygen atoms are bonded
to the iridium atom in 7 instead of to a proton in 5. Ir2 is
bonded to two oxygen atoms and one carbon atom of the
bridging acyl groups and six-coordination is attained with
two phosphane groups and one terminal acyl group. The
Ir–P distances in the Ir1A moiety and the Ir2A–P3A dis-
tance are equivalent [average of 2.354(4) Å] and longer than
the Ir2A–P4A distance of 2.242(4) Å as a consequence of
the weaker structural trans influence of the oxygen atom
trans to P4 than that of an acyl carbon atom trans to P1,
P2, and P3. The Ir–O distances [2.23(1), 2.19(1), and

Figure 3. ORTEP view of the cation A in complex 7 showing the atomic numbering (20% probability ellipsoids). The hydrogen atoms
and the labels of some carbon atoms have been omitted for clarity.
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2.12(1) Å for Ir1A–O4A, Ir2A–O1A, and Ir2A–O2A,
respectively] reflect the trans influence being strongest for
the hydrido ligand, similar or slightly weaker for the acyl
carbon atom, and weaker for the phosphorus atom. Bridg-
ing acyl groups can be described by acyl↔oxycarbene reso-
nance structures and this is reflected by shorter M–C and
longer C–O bond lengths than in terminal acyl li-
gands.[19–21] In spite of the oxycarbene character of the
bridging acyl groups suggested by 13C NMR spectroscopy,
the Ir–C and C–O distances for the bridging groups in com-
plex 7 [average of 2.03(2) and 1.23(2) Å, respectively] are
similar to the Ir2A–C39A [1.97(2) Å] and the C39A–O3A
[1.26(2) Å] distances of the terminal acyl ligand. These fea-

Table 2. Selected bond lengths [Å] and angles [°] for complex 7.

Ir1A–P1A 2.345(4) Ir2A–P3A 2.363(4)
Ir1A–P2A 2.353(4) Ir2A–P4A 2.242(4)
Ir1A–O4A 2.23(1) Ir2A–O1A 2.185(8)

Ir2A–O2A 2.123(8)
Ir1A–C1A 2.03(1) Ir2A–C39A 1.97(2)
Ir1A–C20A 2.02(1) Ir2A–C58A 2.05(2)
C1A–O1A 1.23(1) C39A–O3A 1.26(2)
C20A–O2A 1.25(1) C58A–O4A 1.21(2)

C1A–Ir1A–P1A 80.9(4) C39A–Ir2A–P3A 83.2(5)
C1A–Ir1A–P2A 167.6(4) C39A–Ir2A–P4A 93.2(5)
C20A–Ir1A–P2A 80.2(4) P4A–Ir2A–P3A 102.4(2)
C20A–Ir1A–P1A 172.3(4) O1A–Ir2A–P4A 94.0(2)
C20A–Ir1A–C1A 91.7(6) C58A–Ir2A–P3A 173.2(4)
P1A–Ir1A–P2A 106.7(1) C58A–Ir2A–P4A 80.6(4)
O1A–C1A–Ir1A 128(1) O2A–Ir2A–P4A 172.5(3)
O2A–C20A–Ir1A 127(1) O2A–Ir2A–O1A 86.0(3)
C58A–O4A–Ir1A 121(1) C1A–O1A–Ir2A 120.1(9)
C39A–Ir2A–O1A 172.9(5) C20A–O2A–Ir2A 124.3(8)
C39A–Ir2A–O2A 86.9(5) O4A–C58A–Ir2A 128(1)
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tures may be related to the fact that the terminal acyl ligand
is trans to the oxygen atom, which has a weak trans influ-
ence, while the carbon atoms of the bridging ligands are
trans to the phosphorus atoms, and/or to the acyl resonance
structure being a stronger contributor than the oxycarbene
resonance structure to the ground-state structure, as sug-
gested for related iridium(III) complexes.[22]

The reaction of 5 with AgBF4 to give 7 is a complex
transformation and its mechanism is not yet totally clear.
Complex 5 contains two hydrido ligands and also two eno-
lic protons along with a chlorine atom, while complex 7
contains only one hydrido ligand; this means release of one
Cl and three H atoms. Attempts to abstract the chloride ion
from complexes 5 or 6 by using Et3OBF4 or Et3OPF6

proved unsuccessful (see iii in Scheme 3) and this indicates
that the silver salt promotes a reaction path that is not avail-
able for other halide scavengers. It is known that metathesis
reactions of silver salts may lead to the formation of dif-
ferent adducts that can involve silver coordination to the
iridium atom,[25] or formation of a halide bridge between
both metal atoms.[26] In our case, replacement of the enolic
protons by silver ions, similar to that observed in pyrazo-
lyliridium complexes,[27] can also be considered. Cationic
acyl(hydroxycarbene)platinum(II) complexes can be ob-
tained by the reaction of diacylhalohydridoplatinum(IV)
complexes with TlPF6 and may involve an intermolecular
deprotonation/protonation reaction.[28] We believe that the
silver salt is responsible for the abstraction of the chloride
ion and one proton, while evolution of H2, formed by com-
bination of one hydride ion and one proton, occurs.

Bubbling of HCl through an MeOH solution of 7 gives
1 (see iv in Scheme 3). This result shows that the loss of
hydrido ligands, enolic protons, and chloride ions in com-
plex 1 can be reversed; this observation has potential inter-
est in studies directed toward catalytic ionic hydrogena-
tion.[29]

Conclusions

Neutral, mononuclear hydridoirida-β-diketones contain-
ing labile anions have been prepared that can be used to
afford mononuclear, cationic hydridoirida-β-diketones.
Fluxional, dinuclear, cationic hydridoirida-β-diketones con-
taining a single chloride bridge can be obtained upon treat-
ment with a halide abstractor. Silver salts may afford an
asymmetric, dinuclear iridium complex with three acyl-
phosphane bridging ligands. The starting material can be
recovered by addition of HCl. The loss and recovery of hy-
dride ions and protons could be relevant to studies of cata-
lytic processes such as ionic hydrogenation.

Experimental Section
General Procedures: The preparation of the metal complexes was
carried out at room temperature under nitrogen by using standard
Schlenk techniques. [IrH{[PPh2(o-C6H4CO)]2H}Cl] (1) was pre-
pared as reported previously.[8] Microanalysis were carried out with
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a Leco CHNS-932 microanalyser. Conductivities were measured in
acetone solution with a Metrohm 712 conductimeter. IR spectra
were recorded with a Nicolet FTIR 510 spectrophotometer in the
range 4000–400 cm–1 using KBr pellets. NMR spectra were re-
corded with Bruker Avance DPX 300 or Bruker Avance 500 spec-
trometers. 1H and 13C{1H} (TMS internal standard), 31P{1H}
(H3PO4 external standard) and 2D spectra were measured for
CDCl3, CD2Cl2, or [D6]acetone solutions. Mass spectra were re-
corded with a VG Autospec, by the liquid secondary ion (LSI)
technique using nitrobenzyl alcohol as matrix and a cesium gun
(Universidad de Zaragoza).

Preparation of [IrH{[PPh2(o-C6H4CO)]2H}(OTs)] (2): AgOTs
(42 mg, 0.150 mmol) was added to a dichloromethane solution of
1 (60 mg, 0.075 mmol). After stirring for 24 h, the silver salts were
filtered off. Addition of diethyl ether to the solution gave a yellow
precipitate, which was filtered off, washed with diethyl ether, and
vacuum-dried (yield: 50 mg, 70%). IR (KBr): ν̃ = 2224 (w) [ν(IrH)],
1632(s) [ν(C=O)], 1259(s) [ν(SO)] cm–1. 1H NMR (CDCl3): δ =
–24.24 (t, JP,H = 12.24 Hz, 1 H, HIr), 2.19 (s, 3 H, CH3), 22.72 (s,
1 H, OHO) ppm. 13C{1H} NMR (CDCl3): δ = 256.9 (d, JP,C =
102 Hz, CO), 21.2 (s, CH3) ppm. 31P{1H} NMR (CDCl3): δ = 29.9
(s) ppm. FAB MS: calcd. for C45H37IrO5P2S 944, found 773 [M –
OTs]+. C45H37IrO5P2S·0.25CH2Cl2 (965.25): calcd. C 56.31, H 3.92,
S 3.32; found C 56.18, H 3.89, S 3.44.

Preparation of [IrH{[PPh2(o-C6H4CO)]2H}(OTf)] (3): AgOTf
(38 mg, 0.150 mmol) was added to a dichloromethane solution of
1 (60 mg, 0.075 mmol). After stirring for 30 min, the silver salts
were filtered off. Addition of diethyl ether to the solution gave a
yellow precipitate, which was filtered off, washed with diethyl ether,
and vacuum-dried (yield: 47 mg, 68%). IR (KBr): ν̃ = 2264 (w)
[ν(IrH)], 1628 (s) [ν(C=O)], 1317 (s) [ν(SO)] cm–1. ΛM =
116 Ω–1 cm2 mol–1. 1H NMR (CDCl3): δ = –25.89 (t, JP,H =
12.86 Hz, 1 H, HIr), 22.69 (s, 1 H, OHO) ppm. 31P{1H} NMR
(CDCl3): δ = 31.21 (s) ppm. FAB MS: calcd. for C39H30F3IrO5P2S
922; found 773 [M – OTf]+. C39H30F3IrO5P2S (921.89): calcd. C
50.81, H 3.28, S 3.48; found C 50.74, H 3.57, S 3.45.

Preparation of [{IrH[{PPh2(o-C6H4CO)}2H]}2(µ-Cl)]A [A = BF4

(5), PF6 (6)]: Et3OPF6 (9.42 mg, 0.038 mmol) or Et3OBF4 (7.22 mg,
0.038 mmol) was added to a dichloromethane solution of 1 (60 mg,
0.075 mmol). After stirring for 60 min, addition of diethyl ether to
the solution gave a yellow precipitate, which was filtered off,
washed with diethyl ether, and vacuum-dried. IR (KBr): ν̃ = 2221
(m) [ν(IrH)], 1629 (s) [ν(C=O)] cm–1. 1H NMR (CD2Cl2, 203 K): δ
= –23.17 (t, JP,H = 14.2 Hz, 1 H, HIr), 22.66 (s, 1 H, OHO) ppm.
13C{1H} NMR (CD2Cl2, 203 K): δ = 257.6 (d, JP,C = 101 Hz, CO),
255.6 (d, JP,C = 103 Hz, CO) ppm. 31P{1H} NMR (CD2Cl2, 203 K):
δ = 30.7 (s), 18.3 (s) ppm. FAB MS: calcd. for C76H60ClO4P4Ir2

1581; found 1581 [M]+. Data for 5: Yield: 42 mg (68%). ΛM =
147 Ω–1 cm2 mol–1. C76H60BClF4Ir2O4P4 (1667.9): calcd. C 54.73, H
3.63; found C 54.61, H 3.57. Data for 6: Yield: 48 mg (73%). ΛM

= 179 Ω–1 cm2 mol–1. C76H60ClF6Ir2O4P5·0.5CH2Cl2 (1768.5):
calcd. C 51.96, H 3.48; found C 52.03, H 3.23.

Preparation of [Ir2H{PPh2(o-C6H4CO)}{µ-PPh2(o-C6H4CO)}3]BF4

(7): To a dichloromethane solution of 5 (125 mg, 0.075 mmol) was
added AgBF4 (29.1 mg, 0.15 mmol). After stirring for 30 min, the
silver salts were filtered. Addition of diethyl ether to the solution
gave a yellow precipitate that was filtered off, washed with diethyl
ether and vacuum-dried (yield: 68 mg, 53%). IR (KBr): ν̃ = 2189
(w), [ν(IrH)], 1628 (s), 1525 (s) [ν(C=O)] cm–1. ΛM =
152 Ω–1 cm2 mol–1. 1H NMR (CDCl3, 223 K): δ = –23.24 (dd, JP,H

= 19.2 and 18.3 Hz, 1 H, HIr) ppm. 31P{1H} NMR (CDCl3,
223 K): δ = 23.6 and 21.2 (d, JP,P = 12 Hz), 20.1 and 14.2 (d, JP,P
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Table 3. Crystal and refinement fata for 5 and 7.

5 7

Empirical formula [C76H60Cl1O4P4Ir2]BF4·1/2CH2Cl2 [C76H56F3O4P4Ir2]BF4

Mr 1710.24 1628.3
Crystal system monoclinic monoclinic
Space group P21/c P21/n
a [Å] 14.3279(7) 15.583(1)
b [Å] 36.606(2) 36.688(2)
c [Å] 13.235(7) 23.299(2)
β [°] 97.062(1) 94.954(2)
V [Å3] 6888.6(6) 13271(2)
Z 4 8
Dcalcd. [g cm–3] 1.649 1.630
µ [mm–1] 4.091 4.165
F(000) 3364 6392
θ [°] 1.11–25.0 1.04–25.0
Data collected (–17, –42, –14) to (15, 43, 15) (–18, –40, –26) to (18, 43, 27)
No. of reflns. collected 36113 102296
No. of ind. reflns. 12105 (Rint = 0.1195) 23299 (Rint = 0.1700)
Completeness to θ 99.8% 99.6%
Data/restraints/parameters 12105/6/616 23299/8/1279
R[a] [I � 2σ(I)] 0.0585 (6212 obsd. reflect.) 0.0553 (8848 obsd. reflect.)
RwF

[b] (all data) 0.16000 0.1306

[a] ∑||Fo| – |Fc||/∑|Fo|. [b] {∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]}1/2.

= 8 Hz) ppm. 13C{1H} NMR (CDCl3, 223 K): δ = 266.5 (d, JP,C =
91 Hz, CO), 264.5 (d, JP,C = 89 Hz, CO), 257.5 (d, JP,C = 101 Hz,
CO) 209.1 (s, CO) ppm. FAB MS: calcd. for C76H57O4P4Ir2 1543;
found 1543 [M]+. C76H57BF4O4P4Ir2·CH2Cl2 (1714.37): calcd. C
53.95, H 3.47; found C 53.65, H 3.61.

Reaction of [Ir2H{PPh2(o-C6H4CO)}{µ-PPh2(o-C6H4CO)}3]BF4 (7)
with HCl: HCl gas was bubbled at room temperature through a
methanol solution of 7 (30 mg, 0.018 mmol) for 30 min, upon
which a small amount of precipitate was formed. The solvent was
evaporated and the residue analyzed by NMR spectroscopy. Ac-
cording to the spectra, the solid contained mainly complex 1.

X-ray Structure Determination of 5 and 7: Yellow prismatic single
crystals of 5 and needles of 7 suitable for X-ray diffraction were
successfully grown by slow diffusion of diethyl ether into dichloro-
methane or methanol solutions, respectively. Data collection was
carried out at room temperature on a Bruker Smart CCD dif-
fractometer, using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å), operating at 50 kV and 20 mA. In both cases, data were
collected over a hemisphere of the reciprocal space by combination
of three exposure sets. Each exposure of 10 s covered 0.3° in ω. The
first 100 frames were recollected at the end of the data collection
to monitor crystal decay after X-ray exposition; no appreciable
drop in the intensities was observed. A summary of the fundamen-
tal crystal data for the crystals is given in Table 3. The structures
were solved by direct methods and conventional Fourier tech-
niques. The refinement was done by full-matrix least squares on
F2 for 5 and by blocked full-matrix least squares on F2 for 7.[30]

Anisotropic parameters were used in the last cycles of refinement
for all non-H atoms, with some exceptions. The BF4

– anions in
both compounds were refined by three isotropic cycles and in sub-
sequent cycles their thermal parameters were kept constant while
their coordinates were refined with geometric restraints and a vari-
able common B–F distance. For 7, the carbon atoms of some
phenyl rings were refined isotropically. After the last cycles of re-
finement, the Fourier difference of 5 showed some residual elec-
tronic density. This was assigned to one half solvent CH2Cl2. The
carbon and chlorine atoms were treated like the BF4

– anions, i.e.
three isotropic cycles and geometrical restraints. All hydrogen
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atoms were calculated at geometrical positions and refined as ri-
ding on their respective carbon atoms, except the hydride atoms
(H1A, H1B) and the enolic hydrogen atoms (H2A, H2B) for 5,
which were found in a difference Fourier synthesis and their coordi-
nates and thermal parameters fixed. For 7, it was impossible to
locate the hydride ions. These features led to R1 factors of 0.0585
(6212 reflections observed) and 0.0553 (8848 reflections observed)
for 5 and 7, respectively. The largest residual peaks in the final
difference map (1.54 and 1.62 eÅ–3, respectively) were found in the
vicinity of the fluorine atoms of the BF4

– groups in both com-
pounds. CCDC-606708 (5) and -606709 (7) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/datarequest/cif.
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The reaction of the 2,6-diethylpyridine-derived tetraphos-
phane ligand C5H3N[CMe(CH2PMe2)2]2 (1Me) with nickel(II)
or cobalt(II) perchlorate or tetrafluoroborate in methanol pro-
duces complexes of approximate square-pyramidal geometry
(NP4 coordination). The nickel complexes are diamagnetic,
with NMR spectral features (31P) that reflect a tetrahedral
distortion of diametrically opposite phosphorus donors; this
is also found in the solid state. In terms of bond lengths
and angles, all complexes differ significantly from their
analogues containing the phenyl-substituted ligand
C5H3N[CMe(CH2PPh2)2]2. The ligand 1Me is readily and
completely oxidised to the corresponding tetrakis(phosphane
oxide) upon reaction with NO. Slow oxidation of the co-
balt(II) tetrafluoroborate complex of 1Me with aerobic oxygen
in acetonitrile produces a trinuclear cobalt complex contain-
ing two equivalents of partially oxidised ligand (C2-symmet-
rical; donor set: [PMe2]2[P(O)Me2]2). Four phosphane oxide
oxygen atoms coordinate the central cobalt(II) ion in tetrahe-
dral fashion, whereas the lateral cobalt(II) ions are in a
square-pyramidal environment provided by two PMe2 do-

Introduction

Phosphanes are the workhorse ligands of transition
metal chemistry due to their variability in terms of steric
demand and electronic properties. Both factors, which are
mutually dependent, may be controlled within wide limits,
depending on the bulk of substituents and the σ-donor/π-
acceptor balance they impart to the donor atom. The major
application of phosphane complexes is in catalysis, where
the phosphane-coordinated metal ion is the mediator of the
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nors and three acetonitrile ligands in each case. The reaction
of the cobalt(II) perchlorate complex of 1Me with carbon
monoxide gives an octahedral, 19-valence-electron dicar-
bonyl complex in which one of the dimethylphosphanyl
groups is uncoordinated. A structural relative of 1Me,
C5H3N[CMe(CH2PMe2)2][CMe2(CH2PMe2)] (2), which con-
tains one fewer dimethylphosphanyl donor, can be prepared
in a straightforward manner from 2-ethyl-6-isopropylpyri-
dine in a four-stage process. In a series of mononuclear nick-
el(II) complexes, 2 employs only its three phosphane donors
which, together with a monodentate ligand (acetonitrile,
acetamide, or bromide), provide a tetragonal coordination
environment for the metal ion which is intermediate between
square planar and tetrahedral. The acetamide complex is
generated from the acetonitrile complex by slow hydrolysis
of the coordinated ligand. Full spectroscopic details for the
complexes, as well as X-ray structure analyses, are reported.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

desired reaction.[1] It is mainly for the mechanistic implica-
tions in catalysis that the reactivity, or lack thereof, of coor-
dinated tertiary phosphanes themselves (e.g., metallation of
C–H or C–P bonds) has become a focus of investigation.[2]

Within this context, we have extended our study of tetra-
podal pentadentate ligands[3] to include tetraphosphane
pyridine ligands (general formula: 1). We are especially in-
terested in mononuclear complexes of these ligands in which
the “coordination cap” focuses the properties of several
PR2 donors on a single metal ion M. Such coordination
modules can bind an additional monodentate ligand, L, to
form complexes of pseudo-octahedral geometry. Previous
reports have described the diphenylphosphanyl derivative
1Ph, whose steric bulk causes the metal centres to be largely
inert with respect to further coordination (e.g., M = CoII, L
= O2),[4] and iron(II) complexes of the dimethylphosphanyl
derivative (1Me), which undergo unusual P–C bond break-
ing and re-forming reactions, depending on the nature of
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the solvent (nucleophilic/non-nucleophilic), the anion, and
other conditions.[5] The present contribution summarises
coordination chemistry aspects of this ligand with respect
to nickel(II) and cobalt(II), and introduces a structural rela-
tive having only three PMe2-substituted “tentacles” (2).

Results and Discussion

The tetraphosphane 1Me {systematic name: 2,6-bis[1,3-
bis(dimethylphosphanyl)-2-methylpropan-2-yl]pyridine;
“py(PMe2)4”} may be prepared in good yield (�80%)
from the reaction of the corresponding tetrabromide
C5H3N[CMe(CH2Br)2]2 (3)[4] with four equivalents of
LiPMe2

[6] in diethyl ether.[5] The yield of this reaction in-
creases considerably with the purity of the halogenated pre-
cursor. Whereas 3 had previously been obtained as an oil or
waxy solid, which reflected the presence of minor impurities
introduced during the multi-stage synthesis, we have re-
cently been able to obtain 3 in its crystalline form. The com-
pound crystallises solvent-free in the space group Pbca,
with no crystallographically imposed molecular symmetry
(C1; Figure 1). One of the 1,3-dibromo-2-methylprop-2-yl
chains (involving Br3, Br4) adopts a “syn-pentane arrange-
ment”, whereas the other has a more random orientation,
also with respect to the pyridine ring. The bond distances
and angles are unexceptional.[7]

Scheme 1. Preparation of the cobalt complexes 6 and 7, and reaction of 6 with CO to form 10.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3901–39103902

Figure 1. Structure of the tetrabromide 3.

Compound 1Me, which is obtained as a colourless oil, has
the expected spectroscopic signature (1H, 13C, 31P), suggest-
ing C2v symmetry in solution. Upon mixing methanol solu-
tions of equimolar amounts of 1Me and the hexahydrate
salts of nickel(II) or cobalt(II) perchlorate or tetrafluorobo-
rate at room temperature, complex formation is spontane-
ous, as judged by the immediate appearance of a deep red
or brown colour. The reaction mixtures soon begin to de-
posit microcrystalline precipitates which, upon filtration
and drying, analyse for the respective LMX2 complexes [L
= 1Me, M = NiII, X = ClO4 (4) or BF4 (5); M = CoII, X =
ClO4 (6) or BF4 (7); see Equation (1), Scheme 1, and Exp.
Sect.].

In the IR spectra of 4–7, there is no indication for the
coordination (if weak) of the perchlorate or tetrafluorobo-
rate counterions, which would lead to a splitting of the re-
spective anion bands owing to the reduction of local sym-
metry from Td to C3v.[8] The nickel complexes 4 and 5 are
diamagnetic, with well-resolved and very similar NMR
spectra. In the 1H NMR spectra, the pyridine protons ap-
pear as an AB2 spin system (triplet/doublet), and in the 13C
spectra there are three signals for the pyridine carbon
atoms. These features and others, taken together, suggest
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largely symmetrical (i.e., to a first approximation, square
pyramidal) coordination of the ligand. The proton-decou-
pled 31P NMR spectra ([D3]acetonitrile) contain two signals
for the four ligand P atoms, at δ = –13 ppm and –15 ppm,
thus indicating a tetragonal distortion of the basal ligands
(two diametrically opposite P donor atoms above and two
below the NiP4 best plane) in solution. This structural fea-
ture persists in the solid state in both the nickel(II) and
the cobalt(II) complex. Figures 2 and 3 show the crystal
structures of the cations in 4·CHCl3 and 7·MeOH, respec-
tively (the cation structure of 5·MeOH is very similar; see
deposited crystallographic data).

Figure 2. Structure of the dication in the nickel(II) complex
4·CHCl3 (perchlorate salt).

Figure 3. Structure of the dication in the cobalt(II) complex
7·MeOH (tetrafluoroborate salt).

The bond lengths (see Table 1) involving the central ions
in 4 and 7 are markedly shorter than in the structures of
the phenyl-substituted ligand 1Ph.[4] Whereas the metal–ni-
trogen distance is approximately 2.13 Å in both 4 and 7, it
is 2.28 and 2.19 Å in the nickel(II) and cobalt(II) complexes
of 1Ph, respectively, and whereas the metal–phosphorus dis-
tances in 4 and 7 vary around 2.20 Å within a relatively
narrow range, the range is much wider (2.23–2.33 Å) in the
corresponding complexes of 1Ph. The N–M–P and P–M–P
angles of the two sets of complexes vary accordingly. These
differences reflect the considerable decrease in steric bulk of
the ligand periphery upon going from 1Ph to 1Me.
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Table 1. Selected bond distances [Å] and angles [°] in 4·CHCl3 and
7·MeOH (standard deviations in parentheses). The structural pa-
rameters of 5·MeOH are very similar (see CCDC data).

Distance or angle 4·CHCl3 7·MeOH

M1–N1 2.138(4) 2.131(4)
M1–P1 2.1806(13) 2.2261(15)
M1–P2 2.2018(13) 2.2119(15)
M1–P3 2.1797(13) 2.2177(14)
M1–P4 2.1900(15) 2.2203(14)
N1–M1–P1 104.34(10) 101.70(12)
N1–M1–P2 82.12(10) 81.54(13)
N1–M1–P3 104.72(11) 101.65(12)
N1–M1–P4 82.45(10) 81.77(13)
P1–M1–P2 89.59(5) 88.86(6)
P2–M1–P3 94.58(5) 93.31(6)
P3–M1–P4 89.26(5) 89.72(6)
P4–M1–P1 94.30(5) 94.84(6)
P1–M1–P3 150.94(5) 156.62(6)
P2–M1–P4 164.57(6) 163.31(6)

Steric factors, in addition to electronic ones, can also be
expected to play a major role in determining the readiness
with which the polyphosphane is oxidised. Whereas 1Ph

does not react with nitrogen monoxide at 0 °C,[4] the reac-
tion of 1Me under the same conditions is quantitative after
a few minutes, giving the tetrakis(phosphane oxide) 8 as a
white microcrystalline material [Equation (2)]. Similar to
the reaction of 1Ph under more forcing conditions, the reac-
tion proceeds with concomitant formation of N2O. The
P=O stretching vibration appears as a strong band in the
IR spectrum (KBr disc) at 1161 cm–1, and the 31P chemical
shift of the RP(O)Me2 functions is δ = 44.95 ppm (s), sim-
ilar to the values reported for P(O)Me3 (δ =36.2 or
41.0 ppm).[9] The ligand properties of 8 are as yet unstud-
ied. No oxidation of the ligand is observed when the
nickel(II) complexes 4 or 5 are treated with NO under iden-
tical conditions.

Whereas the cobalt(II) complexes [1PhCo]X2 (X = ClO4,
BF4) were found to be unreactive towards aerobic oxygen,[4]

preliminary results indicate that the methyl derivative
[1MeCo](BF4)2 (7) does react to a minor extent, albeit with
partial oxidation of the ligand and not with spontaneous
formation of cobalt(III), as might initially be expected.
While the processes involved require further study, we have
been able to isolate (in very small amount) and characterise
one oxidation product (9) structurally: it is the acetonitrile
solvate of a trinuclear complex in which two symmetry-re-
lated molecular halves, each made up of a cobalt(II) ion
and a partially oxidised ligand, hinge upon a central cobalt
ion which is also in the +II oxidation state (space group C2/
c; the central cobalt ion lies on a crystallographic twofold
rotation axis). The overall charge of the trinuclear complex
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Figure 4. Structure of the hexacation in 9·2CH3CN (tetrafluoroborate salt).

is balanced by six tetrafluoroborate anions [Figure 4, com-
position: C54H100Co3N8O4P8(BF4)6·2CH3CN]. The donor
set of the chelate ligand is (PMe2)2(P[O]Me2)2, with the pyr-
idine nitrogen atom remaining uncoordinated. The pairs of
P[O]Me2 donors in either ligand coordinate the central co-
balt ion in a tetrahedral fashion, while the remaining pair
of PMe2 donors in each ligand coordinates an additional
cobalt ion in a trans arrangement. These lateral cobalt(II)
ions have three additional acetonitrile ligands, and thus ap-
proximate a square-pyramidal coordination geometry, with
Co–P bond lengths slightly longer (at 2.27 Å; Table 2) than
in 7. The 1,3-didentate ligand side-arms each contain one
PMe2 and one P[O]Me2 donor and are homochiral, thereby
reducing the symmetry from C2v in 1 to C2 in the partially
oxidised tetrapodal ligand (Figure 5). The formation of 9
parallels, to a certain extent, the partial oxidation of the
triphos ligand, MeC(CH2PPh2)3, upon reaction of its co-
balt(II) complex with aerobic oxygen, as described by
Huttner et al.[10]

The pentacoordinate cobalt(II) complexes are 17-val-
ence-electron species, and the coordination of an additional
ligand is therefore possible in principle. We studied the be-
haviour of methanol solutions of the perchlorate salt 6
towards carbon monoxide (see Exp. Sect.), and obtained a
well-defined product which, by elemental analysis and
based on its IR spectroscopic and MS data, is a dicarbon-
ylcobalt(II) complex in which one phosphane donor has be-
come decoordinated, as shown in Scheme 1. In addition to
two very strong bands for CO stretching vibrations (at 1988
and 1937 cm–1), there is a prominent band at 875 cm–1 due
to the P–C rocking deformation vibration of an uncoordi-
nated dimethylphosphanyl group.[11] Further, the mass spec-
trum (MALDI-TOF) has three prominent peaks associated
with the parent ion {546 (28) [M – H]+, 430 (100) [M –
H – Co – 2CO]+, 273.5 (18) [M]2+}, thus supporting the
assignment of 10 as a 19-valence-electron, dicarbonyl-
cobalt(II) complex of the pyridine-based tetraphosphane li-
gand. However, a 17-valence-electron species with an unco-
ordinated pyridine nitrogen atom is also possible.

There is a certain degree of similarity between the coor-
dination mode adopted by the tetrapodal ligand in com-
pound 10, where it coordinates through an NP3 donor sub-
set, and the coordination mode adopted by a P–C bond
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Table 2. Selected bond distances [Å] and angles [°] in 9·2CH3CN
(standard deviations in parentheses).

Distance or angle 9·2CH3CN

Co1–O1 1.924(3)
Co1–O2 1.924(3)
P2–O1 1.503(3)
P4–O2 1.507(3)
Co2–P1 2.2741(12)
Co2–P3 2.2655(12)
Co2–N2 1.899(3)
Co2–N3 2.100(4)
Co2–N4 1.899(3)
O1–Co1–O2 109.56(13)
O1�–Co1–O2� 109.56(13)
O1–Co1–O2� 107.23(14)
O2–Co1–O2� 106.02(19)
P2–O1–Co1 158.7(5)
P4–O2–Co1 155.2(2)
P1–Co2–P3 178.41(5)
P1–Co2–N2 90.26(11)
P1–Co2–N3 90.62(11)
P1–Co2–N4 90.69(11)
P3–Co2–N2 91.30(11)
P3–Co2–N3 87.79(11)
P3–Co2–N4 89.63(11)

Figure 5. The partially oxidised, C2-symmetrical tetrapodal ligand
in 9·2CH3CN.

activated form of the same ligand in an iron(II) complex,
where the donor set is likewise NP3, augmented by a carb-
anionic methylene group which results from methanol-in-
duced nucleophilic cleavage of one of the dimethylphos-
phanyl moieties.[5] For this reason, we decided to synthesise
a structural relative (2) of the tetraphosphane ligand 1Me,
which can formally be derived from it by replacing one of
the dimethylphosphanyl substituents by a hydrogen atom.
The synthetic protocol is summarised in Scheme 2. It starts
from 2-ethyl-6-isopropylpyridine, which is exhaustively hy-
droxymethylated in the reactive α-carbon positions by reac-
tion with aqueous formaldehyde in an autoclave at elevated
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Scheme 2. Preparation of the tripodal tetradentate ligand 2.

temperature. The trialcohol 11 is then successively trans-
formed into the mesylate 12, the bromide 13 and, upon
treatment with lithium dimethylphosphide according to a
procedure described by Karsch et al.,[6] into the triphos-
phane 2. The intermediacy of the tribromide 13 is manda-
tory, as we found the mesylate, in a manner similar to the
tosylated derivative, does not react cleanly with dimethyl-
phosphide.

The reaction of 2 with Ni(BF4)2·6H2O in anhydrous ace-
tonitrile initially gives the CH3CN-coordinated complex 14
(Scheme 3); when reaction mixtures are allowed to stand
for several days, solvate water initiates hydrolysis of the co-
ordinated, and hence activated, nitrile,[12] to give the acet-
amide complex 15. Freshly prepared nitrile complex 14 is
transformed into the bromo complex 16 upon treatment
with lithium bromide in methanol (Scheme 3). In every one
of the complexes 14–16, the chelate ligand 2 is tridentate,
with an uncoordinated pyridine nitrogen atom, and there is
one additional monodentate ligand (acetonitrile, acetamide

Scheme 3. Nickel(II) complexes of the tripodal ligand 2.
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or bromide). The solid-state structures (Figures 6, 7 and 8,
respectively) show the nickel ion in a coordination geometry
intermediate between square planar and tetrahedral, with
varying degrees of distortion. The following discussion ap-
plies to all three complexes, with complex 14 singled out for
reference.

The exocyclic methyl substituents (14: C13, C14) are in
different stereochemical environments, which makes the
complex topologically chiral. It is diamagnetic in acetoni-
trile solution, as may be inferred from its fully assigned
NMR spectra (see Exp. Sect. and Figure 6 for the number-
ing scheme used). Significantly, in solution at ambient tem-
perature and on the NMR timescale, the cation has Cs sym-
metry, as indicated by the equivalence of the phosphanyl
substituents P1 and P2, the methyl groups C13/14 (radiat-
ing from the quaternary carbon atom C2) and the methyl
substituents C11/12 on P3. We are currently investigating
whether or not the implied stereochemical flexibility of the
P3-substituted ligand arm can be “frozen” in solution by
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Figure 6. Structure of the dication in 14 (tetrafluoroborate salt).

Figure 7. Structure of the dication in 15 (tetrafluoroborate salt).

Figure 8. Structure of the dication in 16 (tetrafluoroborate salt).

forcing the pyridine nitrogen atom to coordinate to the cen-
tral metal: this would cause the newly formed –N1–C3–C2–
C1–P3–M– chelate ring to adopt a boat conformation,
which would force either the methyl group C13 or the
methyl group C14 into closer proximity to the metal and
thus make C2 a stereogenic centre, as in structurally related
iron(II) complexes.[5] The nickel–phosphorus bond lengths
are within the normal range (Table 3), with the bond trans
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to the monodentate ligand being the shortest in each com-
plex. This resembles the situation in a structurally related
chloro complex of the phenyl-substituted tetrapodal ligand
1Ph,[4] in which one phosphane arm, in addition to the pyri-
dine nitrogen atom, is uncoordinated. The non-bonded dis-
tances between nickel(II) and the pyridine nitrogen atom
are similar in complexes 14–16, ranging from 2.9 to 3.1 Å
(Table 3).

Table 3. Selected bond distances [Å] and angles [°] in 14, 15 and 16
(standard deviations in parentheses).

Distance or angle 14 15 16

Ni1–P1 2.2345(7) 2.2302(10) 2.2128(16)
Ni1–P2 2.1808(7) 2.1926(10) 2.1492(15)
Ni1–P3 2.2437(7) 2.2208(10) 2.2409(16)
Ni1–N2 (O1) (Br1) 1.890(2) 1.919(3) 2.3088(10)
Ni1···N1 3.010(2) 2.869(3) 3.128 (10)
N2–C20 1.132(3) – –
O1–C20 – 1.272(5) –
P1–Ni1–P2 89.82(3) 89.35(4) 89.72(6)
P2–Ni1–P3 98.12(3) 96.39(4) 99.33(6)
P3–Ni1–N2 (O1), (Br1) 89.31(7) 88.78(9) 92.83(5)
P1–Ni1–N2 (O1), (Br1) 88.07(7) 86.88(10) 90.58(5)
P3–Ni1–P1 161.23(3) 168.70(4) 155.30(6)
P2–Ni1–N2 (O1), (Br1) 162.29(7) 170.82(11) 149.77(6)
Ni1–N2–C20 179.1(2) – –
Ni1–O1–C20 – 129.6(3) –
N2–C20–C21 178.6(3) – –
O1–C20–C21 – 122.8(5) –

Conclusions

Approximately square-pyramidal nickel(II) and co-
balt(II) complexes are obtained with the pyridine-derived
tetraphosphane ligand C5H3N[CMe(CH2PMe2)2]2 (1Me), its
NP4 donor set being fully employed in coordination. The
formal replacement of one dimethylphosphanyl group
in 1Me by a hydrogen atom gives the new ligand
C5H3N[CMe(CH2PMe2)2][CMe2(CH2PMe2)] (2) which, in
a series of nickel(II) complexes, acts as a chelating triphos-
phane, with no involvement of the pyridine nitrogen atom
in coordination. Instead, two ten-membered chelate rings
are formed. This contrasts sharply with the situation in a
series of iron(II) complexes,[5] where 2, formed in situ by
cleavage of one of the PMe2 substituents in 1Me, coordinates
through its complete NP3 donor set. This forces one of the
CMe2 methyl substituents into close proximity to the metal
and allows it to act as an agostic two-electron donor.

Experimental Section
CAUTION! The perchlorate complexes 4 and 6 (and possibly also
10) are explosive in the solid state. They explode when put under
mechanical stress (e.g., upon tapping with a metal spatula). They
are to be prepared in quantities not exceeding 150 mg, and the
utmost care is to be exercised in their handling.

Materials and Instrumentation: Unless noted otherwise, all reac-
tions were carried out at room temperature in dried solvents under
dry dinitrogen, using standard Schlenk techniques. 1Me and 3 were
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prepared as described in the literature.[5] Co(BF4)2·6H2O, Co-
(ClO4)2·6H2O, Ni(BF4)2·6H2O, and Ni(ClO4)2·6H2O were pur-
chased from Aldrich and used without further purification. Carbon
monoxide (99.997%) and nitrogen monoxide (99.99%) were pur-
chased from Air Liquide, and 2-ethyl-6-isopropylpyridine was pur-
chased from Alfa Aesar. The IR spectra of solids were measured
using KBr disks. IR spectra were assigned on the basis of literature
data.[11] Spectroscopic data were obtained using the following in-
struments: IR spectroscopy: Nicolet Magna System 750; mass spec-
trometry: Varian 311A, Bruker Daltonics Esquire 3000+ and Voy-
ager-DE Biospectrometry Workstation, PerSeptive Biosystems;
NMR spectroscopy: Bruker ARX 200 and Bruker ARX 400. Signs
of coupling constants in the 1H, 13C, 19F, and 31P spectra were
not determined. The atom numbering (superscripts) used for NMR
assignments of compounds 2 and 11–13 follows the numbering
scheme adopted for compound 11 (Scheme 2). The atom number-
ing (superscripts) used for NMR assignments of compounds 14
and 16 follows the labelling of the X-ray crystal structure of the
compounds (Figures 6 and 8, respectively). Elemental analyses
were carried out using a Thermo Finnigan, Flash EA, 1112 Series
analyser.

Preparation of 2: A solution of 13 (1.2 g, 2.7 mmol) in diethyl ether
(25 mL) was added from a dropping funnel over a period of 1 h
at –70 °C to a suspension of LiPMe2·0.5Et2O (1.0 g, 9.5 mmol) in
diethyl ether (20 mL). The mixture was warmed to room tempera-
ture overnight. The colour changed from brown to red, and all
solid dissolved. After distilling off the solvent, the yellow residue
was treated with pentane (25 mL) and filtered. The light-yellow
solution was dried to yield a colourless oil (0.8 g, 83%). EI-MS
(70 eV): m/z (%) 356 (100) [M – CH3]+. 1H NMR (200 MHz, [D8]-
THF, 25 °C, TMS): δ = 7.53 (t, 3JH,H = 7.8 Hz, 1 H, H3), 7.15 (d,
3JH,H = 7.9 Hz, 1 H, H2), 7.13 (d, 3JH,H = 7.9 Hz, 1 H, H4), 2.14–
1.86 (ddd, AB, 2JH,H = 10.7, 2JP,H = 3.5 Hz, 4 H, H8,9), 1.87 (d,
2JP,H = 3.4 Hz, 2 H, H13), 1.57 (s, 3 H, H7), 1.44 (s, 6 H, H11,12),
0.85–0.63 (3×d, 2JP,H = 3.2 Hz 18 H, PCH3) ppm. 13C{1H} NMR
(50.32 MHz, [D8]THF, 25 °C, TMS): δ = 167.47 (s, 1 C, C1), 165.83
(s, 1 C, C5), 136.81 (s, 1 C, C3), 118.17 (s, 1 C, C2), 117.48 (s, 1 C,
C4), 49.50 (m, 3 C, C8,9,13), 44.73 (t, 1 C, C6), 41.59 (d, 1 C, C10),
29.63 (m, 2 C, C11,12), 26.48 (m, 1 C, C7), 16.18 (m, 6 C,
PCH3) ppm. 31P{1H} NMR (80.95 MHz, [D8]THF, 25 °C, 85%
H3PO4): δ = –61.84 [s, 1×P(Me2)], –62.06 [s, 2×P(Me2)] ppm.

Preparation of 4: A solution of Ni(ClO4)2·6H2O (87 mg,
0.239 mmol) in methanol (2.0 mL) was added over a period of
10 min at room temperature with stirring to a solution of 1
(103 mg, 0.239 mmol) in methanol (1.5 mL). The colour of the
solution changed immediately from green to red, and a red micro-
crystalline precipitate began to form. After three days of continued
stirring, the product was filtered off, washed with methanol
(3×1.0 mL) and dried in vacuo to yield a red solid (148 mg, 90%).
C21H41Cl2NNiO8P4 (689.05): calcd. C 36.60, H 6.00, N 2.03; found
C 36.92, H 5.81, N 1.97. IR (KBr): ν̃ = 2977m, 2922m, 1572m,
1454s, 1424m, 1300m, 1091vs (ClO4

–), 944s, 918s, 622s cm–1.
MALDI-TOF MS: m/z (%) 490 (100) [(py{PMe2}4)Ni]+. 1H NMR
(200 MHz, [D3]acetonitrile, 25 °C, TMS): δ = 8.11 (t, 3JH,H =
7.9 Hz, 1 H, para-H), 7.88 (d, 3JH,H = 8.0 Hz, 2 H, meta-H), 2.37–
2.29 (m, 8 H, CH2), 1.83 (s, 6 H, CH3), 1.74 (m, 24 H, PCH3) ppm.
13C{1H} NMR (50.32 MHz, [D3]acetonitrile, 25 °C, TMS): δ =
165.68 (s, 2 C, ortho-C), 141.89 (s, 1 C, para-C), 125.26 (s, 2 C,
meta-C), 44.79 (s, 2 C, CCH2), 36.72 (m, 4 C, CH2), 33.07 (m, 2 C,
CH3), 16.72 (m, 8 C, PCH3) ppm. 31P{1H} NMR (80.95 MHz,
[D3]acetonitrile, 25 °C, 85% H3PO4): δ = –13.16 [m, 2×P(Me2)],
–14.97 [m, 2×P(Me2)] ppm.
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Compound 5: The procedure is similar to the preparation of com-
pound 4 but with Ni(BF4)2·6H2O (114 mg, 0.336 mmol) and 1
(145 mg, 0.336 mmol). Complex 5 was isolated as a red microcrys-
talline solid; yield: 203 mg (91%). C21H41B2F8NNiP4 (663.75):
calcd. C 38.00, H 6.23, N 2.11; found C 37.71, H 5.85, N 2.11. IR
(KBr): ν̃ = 2978m, 2929m, 1575m, 1453s, 1425m, 1306m, 1055vs
(BF4

–), 946s, 916s, 520m cm–1. MALDI-TOF MS: m/z (%) 490
(100) [(py{PMe2}4)Ni]+. 1H NMR (200 MHz, [D3]acetonitrile,
25 °C, TMS): δ = 8.12 (t, 3JH,H = 7.9 Hz, 1 H, para-H), 7.88 (d,
3JH,H = 8.0 Hz, 2 H, meta-H), 2.38–2.30 (m, 8 H, CH2), 1.81 (s, 6
H, CH3), 1.71 (m, 24 H, PCH3) ppm. 13C{1H} NMR (50.32 MHz,
[D3]acetonitrile, 25 °C, TMS): δ = 165.65 (s, 2 C, ortho-C), 141.91
(s, 1 C, para-C), 125.27 (s, 2 C, meta-C), 44.80 (s, 2 C, CCH2),
36.71 (m, 4 C, CH2), 33.11 (m, 2 C, CH3), 16.73 (m, 8 C,
PCH3) ppm. 19F{1H} NMR (188.31 MHz, [D3]acetonitrile, 25 °C,
CFCl3): δ = –147.88 (s, 4 F, BF4

–) ppm. 31P{1H} NMR
(80.95 MHz, [D3]acetonitrile, 25 °C, 85% H3PO4): δ = –13.15 [m,
2×P(Me2)], –14.99 [m, 2×P(Me2)] ppm.

Compound 6: The procedure is similar to the preparation of com-
pound 4 but with Co(ClO4)2·6H2O (55 mg, 0.15 mmol) and 1
(65 mg, 0.15 mmol). The reaction mixture changed colour from
pink to brown and gave an olive-green microcrystalline precipitate;
reaction time: five days. The product is an olive-green microcrystal-
line solid. Yield: 90 mg (87%). C21H41Cl2CoNO8P4 (689.29): calcd.
C 36.59, H 6.00, N 2.03; found C 36.82, H 6.02, N 2.02. IR (KBr):
ν̃ = 2978m, 2923m, 1573m, 1453s, 1424m, 1299m, 1089vs
(ClO4

–), 944s, 918s, 622s cm–1. MALDI-TOF MS: m/z (%) 490
(80) [(py{PMe2}4)Co]+, 430 (100) [M – H – Co]+.

Compound 7: The procedure is similar to the preparation of com-
pound 4 but with Co(BF4)2·6H2O (328 mg, 0.962 mmol) in meth-
anol (4.0 mL) and 1 (415 mg, 0.962 mmol) in methanol (5.0 mL);
addition time: 20 min at room temperature; observed colours as for
compound 6; reaction time: five days. The product is an olive-green
microcrystalline solid. Yield: 543 mg (85%). C21H41B2CoF8NP4

(663.99): calcd. C 37.99, H 6.22, N 2.11; found C 37.84, H 6.03, N
2.00. IR (KBr): ν̃ = 2975m, 2924m, 1574m, 1454s, 1426m, 1300m,
1054vs (BF4

–), 945s, 919s, 520s cm–1. MALDI-TOF MS: m/z (%)
490 (81) [(py{PMe2}4)Co]+, 430 (100) [M – H – Co]+. 31P{1H}
NMR (80.95 MHz, [D4]methanol, 25 °C, 85% H3PO4): δ = 48.12
[br., 4×P(Me2)] ppm.

Preparation of 8: Nitrogen monoxide was bubbled through a solu-
tion of 1 (110 mg, 0.255 mmol) in diethyl ether (8.0 mL) at approxi-
mately 0 °C for three minutes. A white microcrystalline powder pre-
cipitated, which was filtered off and washed with diethyl ether
(3×2.5 mL) to yield a white solid (124 mg, 98%). C21H41NO4P4

(495.45): calcd. C 50.91, H 8.34, N 2.83; found C 50.71, H 8.25, N
2.78. IR (KBr): ν̃ = 2978m, 2911m, 1653m, 1574m, 1457s, 1420m,
1384s, 1295s, 1161vs (P=O), 941s, 875s, 745m cm–1. EI-MS
(70 eV): m/z (%) 494 (100) [M – H]+. 1H NMR (200 MHz, [D3]-
acetonitrile, 25 °C, TMS): δ = 7.78 (t, 3JH,H = 7.5 Hz, 1 H, para-
H), 7.44 (d, 3JH,H = 7.6 Hz, 2 H, meta-H), 2.69–2.61 (dd, AB, 2JH,H

= 6.0 Hz, 8 H, CH2), 1.86 (s, 6 H, CCH3), 1.35–1.28 (2 d, 2JP,H =
2.4 Hz, 24 H, PCH3) ppm. 31P{1H} NMR (80.95 MHz, [D3] aceto-
nitrile, 25 °C, 85% H3PO4): δ = 44.95 [s, 4×P(O)Me2] ppm.

Preparation of 9: A solution of 7 (160 mg, 0.241 mmol) in acetoni-
trile (3.0 mL) was refluxed in air for five minutes, then placed in a
Dewar vessel filled with hot water (80 °C), and the complete set-
up cooled to 2 °C in a refrigerator. This produced a few single
crystals of 9·2CH3CN within 7 d. Due to lack of material, the crys-
tals were characterised solely by X-ray crystallography.

Preparation of 10: A brownish solution of 6 (105 mg, 0.152 mmol)
in methanol (6.0 mL) was cooled in an ice bath, and a stream of
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carbon monoxide was passed through the solution for five seconds.
The colour of the solution darkened, and stirring was continued
for a further ten minutes. The solvent was then evaporated, and
the residue washed with a 1:2 mixture of methanol and diethyl
ether (3×1.5 mL) to yield a brown solid (61 mg, 54%).
C23H41Cl2CoNO10P4 (745.31): calcd. C 37.06, H 5.54, N 1.88;
found C 36.82, H 5.66, N 1.98. IR (KBr): ν̃ = 2983m, 2921m,
1988vs (CO), 1937vs (CO), 1575s, 1453s, 1422s, 1300s, 1093vs
(ClO4

–), 944s (P–C, coordinated), 917s (P–C, coordinated), 875s
(P–C, uncoordinated), 623vs cm–1. MALDI-TOF MS: m/z (%) 546
(28) [M – H]+, 430 (100) [M – H – Co – 2CO]+, 273.5 (18) [M]2+.

Preparation of 11: An autoclave (volume: 2.1 L) was charged with
2-ethyl-6-isopropylpyridine (50 g, 0.33 mol) and an aqueous form-
aldehyde solution (37%, stabilised with 10% methanol; 250 mL,
3.30 mol) and the mixture heated to 140 °C for 48 h. After cooling
to room temperature, the pressure was released and the solvent
evaporated. The yellow oily residue was then heated to 100 °C for
24 h to remove excess formaldehyde. The residue was dissolved in
trichloromethane (250 mL) and extracted with water (20×70 mL).
The aqueous phase was separated, water removed on a rotary evap-
orator, and the remaining syrupy material dried for a further two
days in vacuo at a temperature of 95 °C to yield a white solid,
which was purified by washing with diethyl ether (27.7 g, 35%).
C13H21NO3 (239.31): calcd. C 65.25, H 8.84, N 5.75; found C
64.97, H 8.80, N 5.67. IR (KBr): ν̃ = 3299vs (OH), 2961vs, 2873vs,
1577vs, 1461vs, 1409m,1042vs, 1027vs, 756s cm–1. EI-MS (70 eV):
m/z (%) 239 (100) [M]+. 1H NMR (400 MHz, [D1]trichlorometh-
ane, 25 °C, TMS): δ = 7.66 (t, 3JH,H = 7.9 Hz, 1 H, H3), 7.20 (d,
3JH,H = 8.0 Hz, 1 H, H2), 7.17 (d, 3JH,H = 8.0 Hz, 1 H, H4), 4.14
(br., 3 H, OH), 3.92–3.75 (dd, AB, 2JH,H = 11.2 Hz, 4 H, H8,9),
3.66 (s, 2 H, H13), 1.29 (s, 6 H, H11,12), 1.17 (s, 3 H, H7) ppm.
13C{1H} NMR (100.64 MHz, [D1]trichloromethane, 25 °C, TMS):
δ = 165.23 (s, 1 C, C1), 163.27 (s, 1 C, C5), 137.56 (s, 1 C, C3),
118.95 (s, 1 C, C2), 118.66 (s, 1 C, C4), 71.83 (s, 1 C, C13), 69.38 (s,
2 C, C8,9), 45.97 (s, 1 C, C6), 42.01 (s, 1 C, C10), 24.95 (s, 2 C,
C11,12), 19.89 (s, 1 C, C7) ppm.

Preparation of 12: A solution of 11 (11.0 g, 0.046 mol) and triethyl-
amine (29.2 mL, 0.207 mol) in dichloromethane (200 mL) was co-
oled to –2 °C, and a solution of methanesulfonyl chloride (12.8 mL,
0.166 mol) in dichloromethane (50 mL) added dropwise, taking
care that the temperature did not exceed +2 °C. The resulting sus-
pension was warmed to room temperature and stirred for one hour.
The reaction product was washed successively with hydrochloric
acid (1 , 1×50 mL), water (1×50 mL), sodium carbonate solution
(1×50 mL), brine (1×50 mL) and finally again with water
(1×50 mL). After drying over Na2SO4 and evaporating the solvent,
the residue was dried in vacuo to yield the product as a colourless
oil (20.3 g, 93%). IR (KBr): ν̃ = 3029vs, 2976vs, 2941vs, 1578vs,
1352vs, 1172vs, 958vs, 528vs cm–1. EI-MS (70 eV): m/z (%) 394
(100) [M – CH3SO2]+. 1H NMR (200 MHz, [D1]trichloromethane,
25 °C, TMS): δ = 7.70 (t, 3JH,H = 8.0 Hz, 1 H, H3), 7.27 (d, 3JH,H

= 7.9 Hz, 1 H, H2), 7.21 (d, 3JH,H = 7.9 Hz, 1 H, H4), 4.63–4.52
(dd, AB, 2JH,H = 8.8 Hz, 4 H, H8,9), 4.47 (s, 2 H, H13), 2.96 (s, 6
H, SO2-CH3), 2.86 (s, 3 H, SO2-CH3), 1.50 (s, 3 H, H7), 1.41 (s, 6
H, H11,12) ppm. 13C{1H} NMR (50.32 MHz, [D1]trichloromethane,
25 °C, TMS): δ = 163.36 (s, 1 C, C1), 158.42 (s, 1 C, C5), 137.56 (s,
1 C, C3), 119.13 (s, 1 C, C2), 118.86 (s, 1 C, C4), 77.64 (s, 1 C, C13),
72.74 (s, 2 C, C8,9), 45.14 (s, 1 C, C6), 41.35 (s, 1 C, C10), 36.84 (s,
2 C, SO2CH3), 36.74 (s, 1 C, SO2CH3), 24.57 (s, 2 C, C11,12), 19.16
(s, 1 C, C7) ppm.

Preparation of 13: Compound 12 (6.27 g, 0.013 mol) was dissolved
in anhydrous dimethyl sulfoxide (150 mL) and heated to 70 °C. Vig-
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orously dried (vacuo, 100 °C, 3 d) lithium bromide (5.17 g,
0.059 mol) was then added in one portion, and the solution stirred
for two days at 70 °C. After cooling to room temperature, water
(200 mL) was added, and the mixture stirred for 30 min. The milky
solution was extracted with diethyl ether (7×70 mL), and the com-
bined ether extracts washed with water (3×50 mL) to remove resid-
ual dimethyl sulfoxide. The organic phase was separated, dried with
Na2SO4, and the solvent evaporated to give an oily, crude product.
Column chromatography (SiO2, 0.060–0.200 mm, pore diameter ca.
6 nm) using a combination of ethyl acetate and hexane (3:1) as
eluent yielded the product as a colourless oil (3.1 g, 56%). IR
(KBr): ν̃ = 2969vs, 2870m, 1576vs, 1458vs, 1423m, 1247vs, 750s
cm–1. EI-MS (70 eV): m/z (%) 416 (32) [M – CH3]+, 414 (98) [M –
CH3]+, 412 (100) [M – CH3]+, 410 (34) [M – CH3]+. 1H NMR
(200 MHz, [D1]trichloromethane, 25 °C, TMS): δ = 7.66 (t, 3JH,H

= 7.9 Hz, 1 H, H3), 7.23 (d, 3JH,H = 7.9 Hz, 1 H, H2), 7.18 (d,
3JH,H = 7.9 Hz, 1 H, H4), 4.00–3.86 (dd, AB, 2JH,H = 10.0 Hz, 4
H, H8,9), 3.80 (s, 2 H, H13), 1.63 (s, 3 H, H7), 1.49 (s, 6 H,
H11,12) ppm. 13C{1H} NMR (50.32 MHz, [D1]trichloromethane,
25 °C, TMS): δ = 164.07 (s, 1 C, C1), 160.04 (s, 1 C, C5), 137.07 (s,
1 C, C3), 118.48 (s, 1 C, C2), 118.36 (s, 1 C, C4), 46.01 (s, 2 C,
C10,13), 42.10 (s, 3 C, C6,8,9), 26.63 (s, 2 C, C11,12), 23.09 (s, 1 C,
C7) ppm.

Preparation of 14: A solution of Ni(BF4)2·6H2O (311 mg,
0.915 mmol) in acetonitrile (3.5 mL) was added over a period of
10 min at room temperature to a solution of 2 (340 mg,
0.915 mmol) in acetonitrile (2.5 mL). The solution changed colour
immediately from green to red, and was stirred overnight. Diffusion
of diethyl ether into this solution produced a red crystalline solid
within 3 d. The product was filtered off and washed with diethyl
ether (3×1.5 mL) to yield red crystals (442 mg, 75%).
C21H39B2F8N2NiP3 (644.78): calcd. C 39.12, H 6.10, N 4.34; found
C 39.09, H 6.19, N 4.30. IR (KBr): ν̃ = 2970s, 2932s, 2292m (CN),
1574vs, 1426vs, 1296s, 1056vs (BF4

–), 948vs, 920vs, 520s cm–1.
ESI-MS: m/z (%) 236 (100) [M]2+. 1H NMR (400 MHz, [D3]aceto-
nitrile, 25 °C, TMS): δ = 7.88 (t, 3JH,H = 7.3 Hz, 1 H, H5), 7.53 (d,
3JH,H = 7.2 Hz, 1 H, H6), 7.52 (d, 3JH,H = 7.2 Hz, 1 H, H4), 2.50–
2.00 (2×m, 4 H, CH2

9,10), 2.46 (s, 2 H, CH2
1), 1.96 (s, 3 H, CH3

21),
1.53–1.50 (m, 6 H, PCH3

16,18), 1.51 (s, 3 H, CH3
15), 1.46–1.43 (m,

6 H, PCH3
17,19), 1.45 (2×s, 6 H, CH3

13,14), 1.26–1.22 (m, 6 H,
PCH3

11,12) ppm. 13C{1H} NMR (100.64 MHz, [D3]acetonitrile,
25 °C, TMS): δ = 166.78 (s, 1 C, C3), 162.87 (s, 1 C, C7), 139.79 (s,
1 C, C5), 122.26 (s, 1 C, C4), 121.22 (s, 1 C, C6), 43.80 (s, 1 C, C8),
42.25 (s, 1 C, C2), 41.38 (d, 1JP,C = 23.3 Hz, 1 C, C1), 37.69 (m, 2
C, C9,10), 32.86 (s, 2 C, C13,14), 32.13 (s, 1 C, C15), 16.66 (m, 2 C,
PCH3

11,12), 15.62 (m, 4 C, PCH3
16–19), 1.75 (s, 1 C, C21) ppm.

19F{1H} NMR (188.31 MHz, [D3]acetonitrile, 25 °C, CFCl3): δ =
–147.90 (s, 4 F, BF4

–) ppm. 31P{1H} NMR (80.95 MHz, [D3]aceto-
nitrile, 25 °C, 85% H3PO4): δ = –3.53 (d, 2JP,P = 70.5 Hz, 2 P,
P2,1), –8.64 (t, 2JP,P = 70.5 Hz, 1 P, P3) ppm.

Preparation of 15: Prepared similar to 14, from Ni(BF4)2·6H2O
(150 mg, 0.441 mmol); solvent: acetonitrile (3.0 mL); addition time:
10 min at room temperature; 2: 190 mg, 0.512 mmol; solvent: ace-
tonitrile (2.0 mL); observed colours as for compound 14; reaction
time: seven days; appearance of product: orange blocks.
C21H41B2F8N2NiOP3 (662.79): calcd. C 38.06, H 6.24, N 4.23;
found C 38.29, H 6.39, N 4.34. ESI-MS: m/z (%) 245 (100) [M]2+.

Preparation of 16: A solution of 14 (115 mg, 0.178 mmol) and LiBr
(16 mg, 0.18 mol) in methanol (4.5 mL) was stirred at room tem-
perature for 1 h. The solvent was evaporated, the residual red solid
dried in vacuo, stirred in diethyl ether (10 mL) for 10 min, the mix-
ture filtered, and the remaining solid dried again in vacuo. Dif-
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fusion of diethyl ether into a saturated solution of 16 in methanol
produced a red microcrystalline solid, as well as single crystals,
within 4 d. The single crystals were separated, and the polycrystal-

Table 4. Selected crystallographic data for 3, 4·CHCl3, 7·MeOH, 9·2CH3CN, 14, 15 and 16.

3 4·CHCl3 7·MeOH 9·2CH3CN

Formula C13H17Br4N C22H42Cl5NNiO8P4 C22H45B2CoF8NOP4 C58H106B6Co3F24N10O4P8

Mr [g mol–1] 506.92 808.41 696.04 1952.94
Size [mm3] 0.20×0.19×0.17 0.60×0.18×0.12 0.50×0.25×0.20 0.62×0.40×0.18
Colour colourless red green violet
F (000) 1936 3344 1772 4012
Crystal system orthorhombic orthorhombic orthorhombic monoclinic
Space group Pbca (no. 61) Pna21 (no. 33) Pna21 (no. 33) C2/c (no. 15)
a [Å] 11.2917(18) 21.794(4) 22.6555(6) 23.5131(9)
b [Å] 14.011(3) 9.583(2) 11.5947(3) 11.0384(3)
c [Å] 20.701(4) 32.694(5) 11.8607(3) 34.8349(11)
β [°] 90 90 90 99.759(2)
V [Å3] 3275.2(10) 6828.0(2) 3115.6(1) 8910.5(5)
Z 8 8 4 4
ρcalc [g cm–3] 2.056 1.573 1.854 1.456
µ [mm–1] 9.814 1.190 0.877 0.792
Abs. correction multi-scan psi-scan SADABS SADABS
Temperature [K] 173(2) 180(2) 293(2) 293(2)
Tmax/Tmin 0.286/0.244 0.870/0.535 0.879/0.603 0.871/0.639
Scan ω and ψ ω and ψ ω and ψ ω and ψ
2Θ range [°] 6.1–51.6 3.9–48.2 3.6–50.0 3.5–50.0
Measured reflections 10034 38301 19062 27646
Unique reflections 2663 10555 5290 7838
Obsd. reflections[a] 2077 8292 4561 5704
Refined parameters 165 761 380 657
wR2 (all data)[b] 0.0637 0.0634 0.1277 0.1426
R1 (obs. data)[c] 0.0375 0.0340 0.0525 0.0566
ρfin (max./min.) [eÅ–3] 0.623/–0.491 0.654/–0.440 0.588/–0.511 0.609/–0.770
Weighting scheme[d] k = 0.0289/l = 3.5634 k = 0.0267/l = 0.0000 k = 0.0654/l = 4.5591 k = 0.0584/l = 16.9833
Abs. struct. parameter – 0.448(12) 0.00(2) –

14 15 16

Formula C21H39B2F8N2NiP3 C21H41B2F8N2NiOP3 C19H36BBrF4NNiP3

Mr [g mol–1] 644.78 662.80 596.83
Size [mm3] 0.72×0.67×0.55 0.25×0.17×0.14 0.09×0.09×0.08
Colour yellow orange red
F (000) 2672 2752 1224
Crystal system orthorhombic monoclinic monoclinic
Space group Pbca (no. 61) P21/n (no. 14) P21/c (no. 14)
a [Å] 13.391(3) 19.419(2) 12.6633(14)
b [Å] 18.763(3) 15.591(1) 11.845(4)
c [Å] 23.050(3) 21.099(2) 16.986(2)
β [°] 90 109.981(5) 96.337(10)
V [Å3] 5791.4(18) 6003.4(9) 2532.4(9)
Z 8 8 4
ρcalc [g cm–3] 1.479 1.467 1.565
µ [mm–1] 0.902 0.875 2.570
Abs. correction psi-scan SADABS multi-scan
Temperature [K] 150(2) 100(2) 173(2)
Tmax/Tmin 0.637/0.563 0.880/0.745 0.821/0.802
Scan ω and ψ ω and ψ ω and ψ
2Θ range [°] 3.5–51.9 6.8–54.2 5.9–57.2
Measured reflections 15298 87231 13028
Unique reflections 5672 13166 3647
Obsd. reflections[a] 4501 9307 5505
Refined parameters 345 1006 281
wR2 (all data)[b] 0.0888 0.1278 0.1783
R1 (obs. data)[c] 0.0332 0.0482 0.0550
ρfin (max./min.) [eÅ–3] 0.564/–0.657 0.812/–0.687 0.987/–1.979
Weighting scheme[d] k = 0.0425/l = 4.4217 k = 0.0415/l = 16.7211 k = 0.1003/l = 1.1743
Abs. struct. parameter – – –

[a] With Fo � 4σ(F). [b] wR2 = ({Σ[w(Fo
2 – Fc

2)2]}/{Σ[w(Fo
2)2]})0.5. [c] R1 = Σ||Fo| – |Fc||/Σ|Fo| for Fo � 4σ(F). [d] w = 1/[σ2(Fo

2) + (k·P)2

+ l·P] and P = (Fo
2 + 2Fc

2)/3.
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line material filtered off and washed with diethyl ether (3×1.0 mL)
to yield a red solid (85 mg, 80%). C19H36BBrF4NNiP3 (596.83):
calcd. C 38.24, H 6.08, N 2.35; found C 38.20, H 6.06, N 2.30. 1H
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NMR (400 MHz, [D4]methanol, 25 °C, TMS): δ = 8.16 (t, 3JH,H =
7.3 Hz, 1 H, H3), 7.83 (d, 3JH,H = 7.3 Hz, 1 H, H4), 7.81 (d, 3JH,H

= 7.3 Hz, 1 H, H2), 2.39–1.90 (2×m, 4 H, CH2
7,10), 2.28 (s, 2 H,

CH2
15), 1.87 (s, 3 H, CH3

13), 1.81 (s, 6 H, CH3
18,19), 1.72–1.65 (m,

6 H, PCH3
8,11), 1.59–1.53 (m, 6 H, PCH3

9,12), 0.74–0.69 (m, 6 H,
PCH3

16,17) ppm. 13C{1H} NMR (100.64 MHz, [D4]methanol,
25 °C, TMS): δ = 168.52 (s, 1 C, C1), 167.97 (s, 1 C, C5), 143.09 (s,
1 C, C3), 124.86 (s, 1 C, C2), 123.79 (s, 1 C, C4), 43.58 (s, 1 C, C6),
42.75 (s, 1 C, C14), 38.68 (m, 1 C, C15), 38.24 (m, 2 C, C7,10), 32.52
(s, 2 C, C18,19), 31.16 (s, 1 C, C13), 15.44 (m, 2 C, PCH3

16,17), 14.38
(m, 4 C, PCH3

8,9,11,12) ppm. 19F{1H} NMR (188.31 MHz, [D4]-
methanol, 25 °C, CFCl3): δ = –147.92 (s, 4 F, BF4

–) ppm. 31P{1H}
NMR (80.95 MHz, [D4]methanol, 25 °C, 85% H3PO4): δ = 3.00 (d,
2JP,P = 83.6 Hz, 2 P, P2,1), –0.90 (t, 2JP,P = 83.6 Hz, 1 P, P3) ppm.

X-ray Crystallography for Compounds 3, 4, 5, 7, 9, 14, 15 and 16:
Colourless single crystals of “pyBr4” (3) formed upon keeping the
oily product under oil pump vacuum for three weeks. Red single
crystals of [(py{PMe2}4)Ni](ClO4)2·CHCl3 (4·CHCl3) were ob-
tained within 10 d by isothermal diffusion of diethyl ether into a
saturated solution of the reaction product in chloroform. Red crys-
tals of [(py{PMe2}4)Ni](BF4)2·MeOH (5·MeOH) and green crystals
of [(py{PMe2}4)Co](BF4)2·MeOH (7·MeOH) were similarly ob-
tained by isothermal diffusion of diethyl ether into a saturated solu-
tion of the reaction product in methanol within a few days. Violet
blocks of [{(py{PMe2}2{OPMe2}2{CH3CN}3)Co}2Co](BF4)6·
2CH3CN (9·2CH3CN) formed after a solution of the reaction
product in acetonitrile had been saturated hot and subsequently
cooled to 2 °C. Single crystals of [(py{PMe2}3CH3CN)Ni](BF4)2

(yellow, 14), [(py{PMe2}3CH3CONH2)Ni](BF4)2 (orange, 15) and
[(py{PMe2}3Br)Ni](BF4) (red, 16) were obtained by isothermal dif-
fusion of diethyl ether into an acetonitrile (14 and 15) or a meth-
anol (16) solution. Crystal data for compounds 3, 4·CHCl3,
5·MeOH, 9·2CH3CN, 14, 15 and 16 are given in Table 4, and se-
lected distances and angles are listed in Tables 1–3. Structures are
presented in Figures 1–8. Compounds 4, 5 and 7 are isostructural.
Intensity data for 4·CHCl3 and 14 were collected on a Stoe Stadi
4 diffractometer; data for 5·MeOH, 7·MeOH and 9·2CH3CN were
collected on a SMART CCD diffractometer; data for 15 were col-
lected on a Bruker-Nonius KappaCCD diffractometer and data for
3 and 16 on a Oxford Diffraction Xcalibur S Sapphire dif-
fractometer using Mo-Kα radiation (λ = 0.71073 Å, graphite mono-
chromator) in all cases. The structures were solved by direct meth-
ods using SHELXS-97[13] or SIR 97[14] and were refined on F2 using
SHELXL-97.[15] All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were placed in calculated positions using a
riding model. SADABS[16] was used to perform area detector scal-
ing absorption corrections, as applicable (Table 4). The absolute
structure in non-centrosymmetric space groups was determined
with SHELXL-97 according to Flack.[13] The geometrical features
of the structures were analysed using the DIAMOND pro-
gramme.[17]
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CCDC-608569 (for 3), -608571 (for 4·CHCl3), -608566 (for
5·MeOH), -608567 (for 7·MeOH), -608568 (for 9·2CH3CN),
-608564 (for 14), -608565 (for 15) and -608570 (for 16) contain the
supplementary crystallographic data. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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The electronic nature of the ligand plays a crucial role in the
palladium-catalysed allylation of amines with allylic
alcohols. The better the ligand is as a π acceptor, the more
active the catalyst. Experiments with a series with mono- and
bidentate ligands featuring phosphanes and phospholes ap-
plied in the catalytic allylation of aniline clearly demonstrate

Introduction

Carbon–nitrogen bond formation is a major challenge in
organic synthesis for the preparation of nitrogen containing
molecules of biological and physiological interest.[1] Among
various metal promoted catalytic processes, the Tsuji–
Trost[1a,2] coupling reaction involving the reaction of a nu-
cleophile with a transient allyl palladium complex proves to
be one of the most straightforward routes towards allyl-
amines. Various nucleophiles and protected allylic alcohols
can be employed and this reaction usually proceeds with
good conversion under mild conditions.[3] However, as in
other allylic alkylation processes, the presence of a good
leaving group such as carboxylate, carbonate, phosphate or
other related derivatives on the allylic moiety is a prerequi-
site in most cases in order to obtain sufficient activity. From
a practical, economical and environmental point of view an
interesting goal consists of directly using allylic alcohols as
alkylating agents.[4] This approach has been explored by Ta-
maru as well as Ozawa and Yoshifuji in 2002. Tamaru et
al. showed that classical palladium(0) complexes, such as
Pd(PPh3)4 and Pd(OAc)2/PnBu3, could be employed as cat-
alysts for the allylation of primary and secondary amines
using a variable amount of BEt3 (between 0.3 and 2.4
equiv.) as a cocatalyst. The group of Ozawa demonstrated

[a] Laboratoire “Hétéroéléments et Coordination” UMR CNRS
7653, École Polytechnique,
91128 Palaiseau Cedex, France
Fax: +33-1-69-33-39-90
E-mail: lefloch@poly.polytechnique.fr

[b] Department of Chemistry and Applied Biosciences (D-CHAB),
ETH Hönggerberg,
Wolfgang-Pauli Str., 8093 Zürich, Switzerland
Fax: +41-1-633-10.32
E-mail: gruetzmacher@inorg.chem.eth.ch
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 3911–3922 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3911

this. Bolstered by DFT calculations, we have devised a new
efficient catalyst for this process which carries the strong π
acceptor 1,2,5-triphenylphosphole as a ligand.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

that DPCB Pd(allyl) complexes (DPCB stands for diphos-
phanylidenecyclobutene ligands) efficiently catalyse the
coupling between aniline derivatives and allylic alcohols in
the presence of MgSO4 as a water scavenger to afford the
corresponding allylamines in good yields (Scheme 1).[4a–4d]

Recently, we showed that allyl palladium complexes of
mixed bidentate P-S ligands featuring a phosphabarrelene
moiety and a diphosphanyl sulfide pendant arm are ef-
ficient catalysts for the bis(allylation) of primary amines un-
der mild conditions.[5]

Scheme 1. Allylation of primary amines by DPCB based com-
plexes.

Though the mechanism of this new catalytic process has
not been explored in detail, the experimental results suggest
that the π accepting capacity of the ligand likely plays a
decisive role in the outcome of the reaction. That is, the
stronger the π accepting capacity, the faster the process. In
this article we report on the use of mono- and bidentate
ligands in this allylation process and show through DFT
calculations that the electronic nature of the phosphane in-
deed plays a crucial role. As will be seen, these studies led
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us to devise a new efficient catalyst featuring the easily
available 1,2,5-triphenylphosphole[6] as a ligand.

Results and Discussion

Synthesis of Complexes

All experiments were carried out using cationic palladi-
um(allyl) complexes as precursors. As neutral donor li-
gands, various acyclic and cyclic phosphanes and one 1,4-
diazabutadiene ligand 1 (Ar = 2,6-diisopropylbenzene) were
tested as models for N–N chelating ligands (see Scheme 2
for a representation of all ligands employed in this study).
The classical triphenylphosphane ligand 2 was used as a
reference and its activity was compared with that of chelat-
ing ligands such as dppe 3 [dppe = 1,2-bis(diphenylphos-
phanyl)ethane] and dppp 4 [dppp = 1,3-bis(diphenylphos-
phanyl)propane] to assess the importance of the chelate ef-
fect. Furthermore, a series of phosphole based ligands was
investigated including the readily available 1,2,5-tri-
phenylphosphole 5 and the phenyldibenzophosphole 6[7] as
well as the chelate ligands 7 and 8[8] which are the phos-
pholyl counterparts of dppe and dppp, respectively. To
complete this series, we extended our study to the 1-di-
benzotropylidene-P-dibenzophosphole 9, a ligand which
has already proved to be very efficient in the Suzuki–
Miyaura cross coupling process allowing the synthesis of
arylboronic esters.[9] Note that it was shown previously that
this highly rigid phosphane alkene (PAL) acts as a firmly
binding bis(chelate) because of its well preorganised con-
cave shaped binding site.

Scheme 2. Ligands used in this study.

Scheme 3. Synthesis of cationic complexes 10–17a,b.
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All cationic palladium complexes were conventionally
prepared by treating equimolar amounts of the ligand with
the [PdCl(allyl)]2 dimer in dichloromethane at room tem-
perature. After stirring for 5 min, the formation of the com-
plexes [Pd(allyl)(L2)]Cl (L2 = two monodentate ligands or
one bidentate ligand) was verified by 31P NMR spec-
troscopy (see the experimental section for 31P NMR spec-
troscopic data of the intermediary complexes). Sub-
sequently, a silver salt AgX (X = OTf or NTf2; Tf =
–SO3CF3) was added to exchange the chloride thereby af-
fording the expected cationic complexes 10a–17a (X = OTf)
or 10b–17b (X = NTf2) (see Scheme 3). Complexes 10a,b
were isolated as orange powders in excellent yields and their
structures are in accord with by NMR spectroscopy and
elemental analysis. Complex 10a was also structurally char-
acterised (X-ray crystal structure given in the available sup-
plementary material). Complexes 11a,b were characterised
by NMR spectroscopy and elemental analyses and their
NMR spectroscopic data were compared with those re-
ported in the literature for the [Pd(PPh3)2(allyl)][X] com-
plexes.[10] The dppe and dppp complexes 12a,b, and 13a,b
as well as the phosphole derivatives 14a,b and 15a,b were
synthesised by following the same experimental procedure
and isolated as colourless or pale-yellow powders (fully
characterised by NMR spectroscopy and elemental analy-
ses). X-ray analyses of single-crystals of complexes 11a (not
reported in this paper), 12b and 13a (given in the available
supplementary material) and of the phosphole complexes
14a and 15a were performed to elucidate their structures.
The structures of the latter are presented in Figure 1 and
Figure 2, respectively. Information concerning the data col-
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lection and refinement are given in Table 9 for both com-
plexes. Selected bond lengths (Å) and angles (°) are listed
in Table 1 (complex 14a) and Table 2 (complex 15a), respec-
tively.

Figure 1. A view of one molecule of complex 14a.

Figure 2. A view of one molecule of complex 15a.

Table 1. Selected bond lengths [Å] and bond angles [°] for complex
14a.

P1–Pd1 2.3066(6) C2–C3 1.437(4)
P2–Pd1 2.3254(6) C3–C4 1.360(3)
Pd1–C45 2.143(2) C4–P2 1.818(2)
Pd1–C46 2.141(3) P1–Pd1–P2 102.4(2)
Pd1–C47 2.202(3) C45–C46–C47 123.7(3)
P2–C1 1.812(2) C4–P2–C1 107.6(2)
C1–C2 1.348(3) P1–Pd1–C45 130.2(1)

Table 2. Selected bond lengths [Å] and bond angles [°] for complex
15a.

P1–Pd1 2.3096(7) C9–C10 1.465(4)
P2–Pd1 2.2882(7) C10–C15 1.398(4)
Pd1–C1 2.190(3) C15–P1 1.824(3)
Pd1–C2 2.176(3) P1–Pd1–P2 99.13(2)
Pd1–C3 2.164(3) C1–C2–C3 121.0(3)
P2–C4 1.804(3) C15–P1–C4 91.2(1)
C4–C9 1.405(4) P1–Pd1–C3 67.5(1)

As displayed in Figure 1, complex 14a adopts the ex-
pected square-planar geometry. The two phenyl rings of the
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phosphole ligands point in opposite directions in order to
minimise the steric congestion with the second phosphole
ligand. No stacking interactions between the two phosphole
rings or their phenyl substituents can be observed. The P1–
Pd1 and P2–Pd1 bond lengths at 2.307(1) Å and 2.325(1) Å
are comparable with the corresponding Pd–P bonds in the
PPh3 complex (11a) [2.311(1) Å and 2.339(1) Å]. Similarly,
the Pd–Callyl bonds (see Table 1) fall in the same range
as those of the PPh3 complex [2.153(2), 2.174(4) and
2.236(8) Å]. Note that in the 1,4-diazabutadiene complex
10a, the Pd–Callyl bonds [2.107(3), 2.122(2) and 2.114(3) Å]
are significantly shorter than in the two phosphole com-
plexes indicating a stronger bond between the Pd atom and
the allyl group.

The structure of 15a is different and π stacking between
the planar dibenzophosphole ligands can be observed (dis-
tance between the two planes: 3.66 Å). Other metric param-
eters are close to those recorded for the structures of com-
plexes 11a and 14a. The bidentate ligands 7 and 8 have
already been synthesised by Neibecker et al. following the
classical procedure which consists of treating the 2,5-di-
phenylphospholide anion with 1,2-dibromoethane and 1,3-
dibromopropane.[8] Complexes 17a,b were straightfor-
wardly formed and isolated as dark-red powders and their
identities were ascertained by NMR spectroscopic studies
and elemental analyses (see Scheme 3). On the contrary, the
synthesis of complexes 16a,b failed. Whatever the experi-
mental conditions used, each attempt led to the formation
of dark solids that could not be dissolved in common or-
ganic solvents and despite many efforts, the insoluble mate-
rials could not be characterised.

The synthesis of complexes 19a,b took a slightly different
reaction pathway. Specifically, the reaction of ligand 9 with
[Pd(allyl)Cl]2 did not yield a cationic complex with chloride
as the counter-anion but the neutral species 18 which results
from the breaking of the dimer, the chloride ligand remain-
ing coordinated to the palladium centre (see Scheme 4).
Complex 18 was characterised by 31P NMR spectroscopy
and its structure determined by an X-ray diffraction study.

Scheme 4. Synthesis of cationic complexes 18 and 19a,b.
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Figure 3 shows the result and selected bond lengths and
angles are listed in Table 3. The structure of complex 18
shows that the 1-dibenzotropylidene-P-dibenzophosphole is
coordinated to the metal centre by means of the phospho-
rus atom only, the C=Ctrop unit remaining uncoordinated.
In order to minimise repulsive steric interactions, the tropy-
lidene and the allyl fragment point in opposite directions
with respect to the central plane through the Pd atom.

Figure 3. A view of one molecule of complex 18.

Table 3. Selected bond lengths [Å] and bond angles [°] for complex
18.

P1–Pd1 2.2822(6) Pd1–C29 2.170(4)
P1–C1 1.813(2) Pd1–C30 2.215(4)
C1–C6 1.407(3) Pd1–Cl1 2.3767(7)
C6–C7 1.466(3) C20–C21 1.337(4)
C7–C12 1.403(3) C28–C29–C30 120.5(7)
C12–P1 1.811(2) C1–P1–C12 91.6(1)
P1–C13 1.875(2) P1–Pd1–C28 96.7(2)
Pd1–C28 2.104(5) P1–Pd1–C30 164.0(2)

Treatment with one equivalent of AgX (X = OTf, NTf2)
yielded the expected cationic species 19a,b which were iso-
lated as very stable colourless powders (see Scheme 4). The
coordination of the double bond to the metal was ascer-
tained by NMR studies and is also seen in the solid-state

Figure 4. A view of one molecule of complex 19b.
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structure of complex 19b (Figure 4). Selected bonding pa-
rameters are listed in Table 4. Details concerning the crystal
data collection and refinement are given in Table 9.

Table 4. Selected bond lengths [Å] and bond angles [°] for complex
19b.

P1–Pd1 2.272(1) Pd1–C30 2.214(4)
P1–C1 1.815(4) Pd1–C13 2.306(3)
C1–C6 1.406(5) Pd1–C14 2.293(3)
C6–C7 1.468(6) C13–C14 1.380(6)
C7–C12 1.415(5) C28–C29–C30 120.2(5)
C12–P1 1.788(4) C1–P1–C12 92.1(2)
P1–C21 1.866(4) C13–Pd1–C14 34.9(1)
Pd1–C28 2.135(4) P1–Pd1–C28 99.0(1)
Pd1–C29 2.166(4) P1–Pd1–C30 165.9(1)

The metric parameters of complex 19b are comparable
with those found in complex 15a. The C=Ctrop bond length
of the tropylidene unit [1.380(6) Å] is slightly lengthened
when compared with the uncoordinated C=Ctrop bond in
18 indicating π back donation from the metal fragment to
the ligand.

Catalytic Experiments

Having all these complexes at hand, we investigated their
performance in catalytic allylic aminations. The allylation
of aniline was chosen as a model reaction (Scheme 5). All
experiments were carried under the same experimental con-
ditions, that is, in THF or toluene at room temperature with
MgSO4 as a water scavenger using 1 mol-% of catalyst, two
equiv. of aniline and one equiv. of allylic alcohol. These
conditions are similar to those used by Ozawa et al. during
their studies with the above mentioned DPCB complexes.
The use of two equiv. of aniline disfavours the formation of
the bis(allylation) derivatives.

Scheme 5. Catalytic coupling of allyl alcohol with aniline using pal-
ladium allyl complexes 10a,b–19a,b as catalyst precursors.

A first series of experiments showed that the use of tolu-
ene or THF as solvent had no influence and gave similar
results. Therefore, all subsequent experiments were per-
formed in THF. As shown in Table 5, only catalysts 11a,b,
14a,b, 15a,b and 19b gave a complete or nearly complete
conversion (80 to 100%) after a reaction time of 24 h. In
the experiments with 11a,b–17a,b, the nature of counter-
anion did not have a significant influence on the catalytic
performance. However, under the reaction conditions used
in these experiments, a strong influence was seen with com-
plexes 19a,b, where the triflate derivative 19a gave only a
20% conversion (vide supra).
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Table 5. Conversion in the catalytic coupling of allyl alcohol with
aniline using palladium allyl complexes 10a,b–19a,b as catalyst pre-
cursors. (n.t. = not tested).

Catalyst 24 h 1 h Catalyst 24 h 1 h

10a 0% n.t. 14a 100% 72%
10b 0% n.t. 14b 100% 100%
11a 100% 47% 15a 100% 52%
11b 80% 27% 15b 85% 34%
12a 20% n.t. 17a 73% 18%
12b 5% n.t. 17b 69% 13%
13a 5% n.t. 19a 20% n.t.
13b 2% n.t. 19b 98% 30%

Hard σ donor ligands such as the diazadiene ligand in
complexes 10a,b are not suited to the Pd-catalysed al-
lylation of aniline and no conversion was achieved. Com-
plexes such as 12a,b and 13a,b with bidentate ligands also
showed very low activities with conversions not exceeding
20%. The chelate complexes 17a,b carrying the bis(phos-
phole) ligand 8 gave better results but no complete conver-
sion was observed after 24 h.

In a second series of experiments, the most active cata-
lysts were selected and the reaction was stopped after 1 h.
As the results in Table 5 show, catalyst 14b proved to be
the most active (complete conversion) and, as previously
observed with 19a,b, this complex with the NTf2 counter-
anion was more active than its triflate counterpart 14a
(72%). However, complete conversion with 14a was
achieved after 2 h. The second best catalyst in terms of effi-
ciency is the dibenzophosphole based complex 15a which
afforded a conversion of 52%. In this case, the NTf2 deriva-
tive 15b was less active (34%). The triphenylphosphane
complex 11a (47% of conversion) ranks in third place.
Among the complexes which showed substantial conversion
after 1 h reaction time, complex 19b was the least efficient
catalyst (30%). Note that in all these experiments the ad-
dition of MgSO4 is not necessary and the absence of this
water scavenger resulted only in a small decrease in the con-
version yields (about 10%).

Having identified 14b as an efficient catalyst, some ad-
ditional experiments were also conducted with a lower
loading of catalyst (0.5 and 0.1 mol-%) and by varying the
substitution scheme of the allyl alcohol. These results are
presented in Scheme 6. Longer reaction times or heating
were needed to achieve a nearly complete conversion when
a low loading of the catalyst was used (7 h at room temp.
with 0.5 mol-% of catalyst and 5 h at 70 °C with 0.1 mol-%

Scheme 6. Reaction of aniline with methyl alcohol and trans-crotyl alcohol catalysed by complex 14b.
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of catalyst). Methylallyl alcohol and trans-crotyl alcohol
were also used as substrates. Introduction of a methyl group
at the alpha position of the alcohol resulted in a significant
decrease in the catalytic activity and, after 24 h at room
temp., only 40% of the substrate was converted. As pre-
viously observed by Ozawa and Yoshifuji, introduction of
a methyl group at the β position (trans-crotyl alcohol) leads
to a mixture of SN2 and SN2� products in a 71:12 ratio.

To complete this study, we then focused our efforts on
the bis(allylation) of primary amines as well as on the
monoallylation of secondary amines. This latter transfor-
mation is known, in particular, to be much more difficult to
achieve.[4c–4d,5] For the bis(allylation) process, catalyst 14b
(1 mol-%) was treated with one equiv. of amine and two or
three equiv. of the allylic alcohol in THF at room tempera-
ture with MgSO4. With two equiv. of alcohol a nearly com-
plete conversion was obtained after 39 h of stirring [92% of
bis(allylation), 8% of monoallylation]. With three equiv. a
complete conversion could be obtained after 14 h of reac-
tion (see Scheme 7).

Scheme 7. Bis(allylation) of primary amines with catalyst 14b.

Experiments to test the activity of 14b in the allylation
of secondary amines were conducted with 1 mol-% of cata-
lyst, one equiv. of amine and two equiv. of allyl alcohol in
THF (at room temperature and 50 °C) in the presence of
MgSO4. Three amines were tested: morpholine, dibenzyl-
amine and N-methylaniline. A complete conversion was ob-
tained after 24 h of heating at 50 °C with morpholine and
N-methylaniline as substrates. Note that 14b is therewith
the most efficient catalyst reported to date for this transfor-
mation.[5] All the results are summarised in Table 6.

The results from the catalyses clearly demonstrate that
the electronic nature of the phosphane plays a crucial role
for the activity. As previously observed, strong π acceptor
ligands lead to higher TON (TON = turn over numbers).
Because diarylalkyl-substituted phosphanes such as dppe,
dppp and ligand 8 show weaker π accepting capacities
than triaryl phosphanes, the better performance of
[Pd(C3H5)(PPh3)2][X] 11a,b can be explained. However, the
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Table 6. Conversion in the catalytic coupling of allyl alcohol with
secondary amines with 14b as a catalyst precursor.

Secondary amines Temperature Conversion

N-Methylaniline room temp. 100%
Morpholine room temp. 28%
Morpholine 50 °C 100%
Dibenzylamine room temp. 11%
Dibenzylamine 50 °C 44%

explanation of the especially high activity of catalyst pre-
cursor 14 with the 2,5-diphenylphosphanylphosphole 5 as
ligand as compared with 15 with the dibenzophosphole de-
rivative 6 is less straightforward and requires a better under-
standing of the electronic nature of the ligands. Conse-
quently, a DFT study was carried out.

DFT Calculations

Calculations were carried out at the B3PW91/6-31G*
level of theory using the Gaussian 03 set of programs. Views
of the two calculated structures are shown in Figure 5 and
selected bond lengths and angles are listed in Table 7. The
agreement between the calculated and experimentally found
bonding parameters[11] is satisfactory. Because of the non-
planarity of the phosphorus atom, phospholes are weakly
aromatic.[12] The aromaticity of phospholes has been the
subject of many debates and several factors determine the
degree of aromaticity, such as the substitution pattern at
the carbon atoms, the pyramidalisation of the coordination
sphere at phosphorus and, most importantly, the nature of
the substituent at phosphorus which determines the ampli-
tude of the overlap between the π system of the C4-butadi-
enyl fragment and the P–R bond. This has been recently
demonstrated with a series of 1-R–P substituted phos-
pholes.[13] Both 5 and 6 carry a phenyl group as the substit-
uent, hence the degree of deviation φ of the P–C bond from
the ring plane can be used in first approximation as an indi-

Figure 5. Views of the optimised geometries of the two ligands 5 and 6 and TS5 and TS6 (hydrogens have been excluded).
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cator. Thus 5 (φ = 68°) would show a higher degree of aro-
maticity than 6 (φ = 72°). The significantly lower inversion
barrier at the phosphorus atom for 5 (16.9 kcalmol–1) than
in 6 (26.2 kcalmol–1) supports this conclusion (see the sup-
porting information for a presentation and structure pa-
rameters of the transition states of the inversions calculated
at the same level of theory). Two explanations can be pro-
posed to rationalise the weaker inversion barrier in phos-
phole 5. First one may propose that the higher barrier for
6 is the result of significant overlap between the σ-P–R
bond and the π system of the butadienyl fragment (negative
hyperconjugation) which stabilises the ground state of this
less aromatic ring system. Note that the inversion barrier
for triphenylphosphane 2 was found to be equivalent to that
of 6, that is 26.2 kcalmol–1. A second possibility is to con-
sider that in the transition state the phosphole 5 is more
aromatic than 6 since in this fused system the π electrons
are delocalised into the two neighbouring six-membered
aromatic rings.[14] To confirm our findings further, the nu-
cleus independent chemical shifts (NICS) were calculated
for both phospholes and their transition states (noted TS5
and TS6, respectively). There is a good relationship be-
tween the NICS and other aromaticity criteria in phos-
pholes and the more negative the NICS the higher the aro-
matic character.[15] NICS calculations were performed with
the optimised structures at the RHF/6-311+G** level of
theory (measured at 1 Å above the plane defined by the
ring, opposite to the substituent at phosphorus). Table 8
shows that phosphole 5 is more aromatic than 6. Not sur-
prisingly, the presence of two fused benzene rings in 6 de-
creases the aromatic character of the central phosphole nu-
cleus. A similar phenomenon has already been reported by
Schleyer in the case of other fused structures such as phen-
anthrene.[15b] In 6, the NICS value of the peripheral ben-
zene rings (–10.3) is higher than that calculated for benzene
(–8.4) using the same method and basis set. NICS calcula-
tions were also performed on the two transitions states TS5
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and TS6, the structures of which are also presented in Fig-
ure 5. Both transition states are, as expected, more aromatic
than their respective precursors but the differences between
the NICS values are insignificant (NICS for TS5: –9.0;
NICS for TS6 = –8.9), that is, the degree of aromaticity
of the transition states is not the determining factor (see
Scheme 8).

Table 7. A comparison between calculated and experimental bond
lengths [Å] and angles [°] for ligands 5 and 6.

5 5[11a] 6 6[11b]

theoretical experimental theoretical experimental

P1–C2 1.822 1.822 1.832 1.812
C2–C3 1.368 1.348 1.412 1.385
C3–C4 1.441 1.440 1.469 1.465
P1–C6 1.839 1.822 1.848 1.841
C3–C2 114.8 116.1 110.0 110.2
P1–C5 1.821 1.822 1.832 1.818

Table 8. Sum of the bond angles around the P atoms, Σ° (P), devia-
tion φ of the P–C bond out the PC4 plane in the calculated struc-
tures of ligands 5 and 6. NICS values and data from CDA calcula-
tions for complexes I, II and III. b and d values are expressed in
electrons and d/b and b/d+b ratios are given in percent.

Ligands and com- 5 6 I II III
plexes

Σ° (P) 302 296
φ° 68 72
NICS (1 Å) – 4.3 – 2.1
donation (d) 0.437 0.406 0.420
back-donation (b) 0.065 0.086 0.067
d/b 6.7 4.7 6.3
d/d+b 13 17.5 13.7
r – 0.341 – 0.331 – 0.331
∆ – 0.010 – 0.009 – 0.009

The binding properties of 5 and 6 towards transition
metal fragments were estimated by means of a charge de-
composition analysis (CDA) as developed by Frenking et
al.[16] For simplicity, and in order to allow comparison with
previous work, we chose, as models, the Ni(CO)3 complexes
I, II and III with triphenylphosphane 2, triphenylphosphole
5 and dibenzophosphole 6 as ligands, respectively (Fig-
ure 6).

Figure 6. Views of the optimised geometries of the complexes I, II and III (hydrogen atoms have been excluded).
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Scheme 8. NICS values calculated at the RHF/6-311+G** level of
theory (measured at 1 Å above the plane defined by the ring, oppo-
site to the substituent at phosphorus) for 5, 6, TS5 and TS6.

Results of this CDA analysis are presented in Table 8,
further details are given in the experimental section. The
small residual term (∆) in all complexes shows that the elec-
tron density has been adequately partitioned into the repul-
sive term, r, and L�M donor, d, as well as the M�L back-
donating terms, b. Hence, the discussion of the data from
the CDA is meaningful.

The data given in Table 8 show that the ligands PPh3 and
dibenzophosphole 6 have similar electronic properties, that
is, they have similar donation/back-donation ratios, d/b, of
about 6.5. The triphenylphosphole 5 is a better acceptor, its
d/b ratio is significantly smaller (4.7).

Inspection of the MO’s involved in the bonding in com-
plexes II (HOMO-12 and HOMO-2, see Figure 7) and III
(HOMO-11 and HOMO-2) revealed that, as expected, the
most significant contribution to the bonding comes from
the orbital which describes the lone pair at phosphorus, i.e.
the HOMO-1 in 5 and the HOMO in 6. On the other hand,
the π back donation mainly results from the combination
of a filled orbital of the Ni(CO)3 fragment with the
LUMO+7 of 5 and 6 (σ* orbitals).

In summary, the results from the DFT calculations fully
support the idea that the π accepting capacity of the ligand
governs the catalytic activity of the palladium complexes
prepared from them: while [Pd(C3H6)(PPh3)2]X 10a,b and
[Pd(C3H6)(6)]X 15a,b perform similarly, [Pd(C3H3)(5)]
14a,b stands out with its exceptional activity.
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Figure 7. Views of the two MO’s which describe the bonding in
complex II.

Conclusions

The performance of a series of catalysts with different
phosphane ligands and one complex with a diazabutadiene
ligand was evaluated in the palladium catalysed allylation
of primary and secondary amines. In this way, a new ef-
ficient catalyst carrying the 1,2,5-triphenylphosphole 5 as
a ligand (complexes 14a,b) was found which enables these
coupling reactions under mild conditions. DFT calculations
enabled a comparison of the electronic structures of the li-
gands which gave the most active catalysts and, in combina-
tion with calculations on simple model complexes, strongly
support the proposition that the best catalysts are obtained
with π accepting ligands. Further studies will now focus on
a systematic investigation of other strong π acceptor li-
gands, especially suitably substituted phospholes and phos-
phanes. Though significant progress has been achieved
through this study, the influence of the ligands and their
related complexes on the mechanistic pathway has yet to be
precisely assessed as well as details on the stereochemical
course of the reaction. DFT calculations aimed at de-
termining the whole catalytic cycle of this important trans-
formation are currently underway and will be presented in
due course.

Experimental Section
General Remarks: All reactions were routinely performed under an
inert atmosphere of argon or nitrogen by using Schlenk and glove-
box techniques and dry deoxygenated solvents. Dry THF and hex-
anes were obtained by distillation from Na/benzophenone. Dry
dichloromethane was distilled from P2O5, dry toluene from Na and
dry acetonitrile from CaH2. NMR spectra were recorded on a
Bruker Avance 300 spectrometer operating at 300 MHz for 1H,
75.5 MHz for 13C and 121.5 MHz for 31P. Solvent peaks were used
as internal references relative to Me4Si for 1H and 13C chemical
shifts (ppm). 31P chemical shifts are relative to an 85% H3PO4 ex-
ternal reference and coupling constants are expressed in Hertz. Ab-
breviations used: b broad, s singlet, d doublet, t triplet, m multiplet,
p pentuplet, sext sextuplet, sept septuplet, v virtual. Elemental
analyses were performed by the Service d’analyse du CNRS at Gif
sur Yvette, France. [Pd(COD)Cl2],[17] P-phenyldibenzophosphole
(6),[7] (dibenzo[a,d]cyclohepten-5-yl)dibenzophosphole (9),[9] tri-
phenylphosphole (5),[6] diazadiene (1)[18] and (2,5-diphenylphos-
phol-1-yl)alkanes 7 and 8[8] were prepared according to literature
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procedures. All other reagents and chemicals were obtained com-
mercially and used as received. The GC yields were determined on
a Varian Star 3400 gas chromatograph equipped with a CHROM-
PACK column (column type: WCOT FUSED SILICA, stationary
phase: CP-SIL 5 CB).

Theoretical Methods: The calculations were performed with the
GAUSSIAN 03 series of programs.[19] The geometries of com-
pounds 2 and 5 and 6 were optimised by using the B3PW91 func-
tional.[20] The standard 6-31G* basis set was used for all atoms (H,
C and P). NICS calculations were performed at the RHF/6-
311+G** level of theory using geometries calculated at the
RB3PW91/6-31G* level of theory. The Ni(CO)3 complexes I, II
and III were calculated with the B3PW91 functional using the 6-
31+G** basis set for P atoms, the 6-31G** basis set for the car-
bonyl groups and the 6-31G basis set for the H and C atoms. The
basis set for the metal was that associated with the pseudo poten-
tial, with a standard double-ζ LANL2DZ contraction. In each
case, harmonic frequencies were calculated at the same level of
theory to characterise the stationary points and to determine the
zero-point energies (ZPE). Intrinsic reaction coordinate calcula-
tions (IRC) were performed to ensure that transition states were
found for the inversion at the phosphorus atoms in the structures
of 5 and 6. All optimised structures reported here have only positive
eigenvalues of the Hessian matrix, i.e they are minima on the po-
tential energy surface. Inspection of ligand to metal donor-acceptor
interactions were performed using the charge-decomposition analy-
sis (CDA). In the CDA method the (canonical, natural or Kohn–
Sham) molecular orbitals of the complex are expressed in terms of
MO’s of appropriately chosen fragments. In the cases studied, the
Kohn–Sham orbitals of the calculations are formed in the CDA
procedure as a linear combination of the MO’s of the phosphorus
ligands 2, 5 and 6 and those of the remaining [Ni(CO)3] fragment.
In all cases, the ligands and the metal fragments were computed in
the geometry of the complex. The orbital contributions are divided
into four parts: (i) the mixing of the occupied MO’s of the ligand
and the unoccupied MO’s of the metal fragment. This value (noted
d) represents the L�M donation; (ii) the mixing of the unoccupied
MO’s of the ligand and the occupied MO’s of the metal fragment.
This value (noted b) accounts for the M�L back donation; (iii)
the mixing of the occupied MO’s of the ligand and the occupied
MOs of the metal fragment. This term (noted r), which describes
the repulsive polarisation between the ligand and metal fragment,
is negative because electronic charge is removed from the overlap-
ping area of the occupied orbitals; (iv) the residual term (∆) which
results from the mixing of the unoccupied MO’s of the two respec-
tive fragments. Usually this term is very close to zero for closed-
shell interactions. This value constitutes an important probe for
determining whether the bonding studied can be really classified
as a donor-acceptor interaction following the Dewar–Chatt–
Duncansson model. Important deviations from ∆ = 0 imply that
the bond studied is more conventionally described as a normal co-
valent bond between two open shell fragments. A more detailed
presentation of the CDA method and the interpretation of the
results can be found in the literature. Compositions of molecular
orbitals, overlap populations between molecular fragments, bond
orders and density-of-states spectra were calculated by using the
AOMix program developed by I. Gorelski (version 6.23).[21]

X-ray Structure Data: Nonius KappaCCD diffractometer, φ and ω
scans, Mo-Kα radiation (λ = 0.71073 Å), graphite monochromator,
T = 150 K, structure solution with SIR97,[22] refinement against F2

in SHELXL97[23] with anisotropic thermal parameters for all non-
hydrogen atoms, calculated hydrogen positions with riding isotropic
thermal parameters (Table 9).
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Table 9. Crystal data for complexes 14a, 15a, 18 and 19b.

14a 15a 18 19b

Empirical formula C47H39P2Pd, CF3O3S, CH2Cl2 C39H31P2Pd, CF3O3S C30H23ClPPd C30H24PPd, C2F6NO4S2

Molecular mass [g mol–1] 1006.12 817.05 556.30 802.05
Crystal size [mm] 0.20 × 0.18 × 0.18 0.23 × 0.20 × 0.03 0.20 × 0.18 × 0.18 0.22 × 0.16 × 0.16
Crystal colour and shape yellow block light yellow plate yellow plate colourless block
Crystal system monoclinic monoclinic monoclinic monoclinic
Temperature [K] 150.0(1) 150.0(1) 150.0(1) 150.0(1)
Space group P21/n P21 P21 P21/c
a [Å] 12.2870(10) 11.6440(10) 9.4010(10) 44.9220(10)
b [Å] 22.1630(10) 11.8720(10) 13.9750(10) 14.9800(10)
c [Å] 16.1300(10) 13.8110(10) 10.0440(10) 18.8280(10)
β [°] 93.9700(10) 110.7300(10) 115.3000(10) 97.6100(10)
V [Å3] 4381.9(5) 1785.6(3) 1193.00(19) 12558.4(11)
Z 4 2 2 16
Density (calculated) [g cm–3] 1.525 1.520 1.549 1.697
Absorbtion coefficient [mm–1] 0.722 0.722 0.974 0.851
F(000) 2048 828 562 6431
θ max [°] 30.03 27.45 30.03 27.48
Reflections collected [I � 2σ(I)] 21134 8000 5637 45074
Independent reflections 12788 [Rint = 0.0208] 8000 [Rint = 0.0000] 5637 [Rint = 0.0000] 26730 [Rint = 0.0164]
Data/restraints/parameters 9168/16/550 7463/16/466 5344/17/309 20798/13/1558
Gof on F2 1.039 1.024 1.055 1.042
R(F), Rw(F2) [I � 2σ(I)] 0.0439, 0.1281 0.0293, 0.0730 0.0252, 0.0636 0.0503, 0.1609
Largest diff peak/hole [e Å–3] 1.549(0.092)/ 0.633(0.057)/ 0.509(0.067)/ 2.068(0.110)/

–0.986(0.092) –0.637(0.057) –0.626(0.067) –0.757(0.110)

CCDC-294689 to -294695 contain the crystallographic data for the
structures reported in this paper and have been deposited with the
Cambridge Crystallographic Data Centre. Copies of these data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Complexes 10a,b [Pd(1)(η3-C3H5)][X]: To a solution
of glyoxal-bis(2,6-diisopropylphenyl)imine (100 mg, 0.26 mmol) in
dichloromethane (2 mL) was added [Pd(allyl)Cl]2 (48.6 mg,
0.13 mmol). After 5 min stirring, the silver salt AgX (0.26 mmol,
10a: 68.2 mg, 10b: 99.3 mg) was added and the pale-yellow solution
became orange. Filtration of AgCl on celite followed by evapora-
tion of the dichloromethane yielded the complexes as orange pow-
ders in very good yields (10a: 97%, 170 mg; 10b: 98%, 201 mg).
Single-crystals of 10a were obtained by slow diffusion of hexanes
into a solution of the complex in chloroform at room temperature.
1H NMR (CDCl3, 25 °C): δ = 1.32 (m, 24 H, CHCH3), 3.03 (m, 2
H, CHCH3), 3.17 (vd, AA�BB�C, Σ J = 12.8 Hz, 2 H, CHallyl), 3.25
(m, 2 H, CHCH3), 3.59 (vd, AA�BB�C, Σ J = 7.0 Hz, 2 H, CHallyl),
5.56 (tt, J = 7.0 and 12.8 Hz Hz, 1 H, CHallyl), 7.26–7.40 (m, 6 H,
m-Ph), 8.61 (s, 2 H, CH=N) ppm. 13C NMR (CDCl3, 25 °C): δ =
23.0 (CHCH3), 23.7 (CH=N), 28.9 (CHCH3), 65.1 (CH2allyl), 120.1
(CHallyl), 124.1–128.8 (m-Ph), 138.1 (o-Ph), 146.1 (ipso-Ph), 170.0
(p-Ph) ppm. C30H41F3N2O3PdS (673.14): calcd. C 53.53, H 6.14;
found C 53.28, H 6.12.

Synthesis of Complexes 12a,b [Pd(3)(η3-C3H5)][X]: To a solution of
1,2-bis(diphenylphosphanyl)ethane (100 mg, 0.25 mmol) in dichlo-
romethane (2 mL) was added [Pd(allyl)Cl]2 (0.13 mmol, 45.9 mg).
After stirring for 5 min, the formation of a bidentate complex was
confirmed by 31P NMR (δ = 51.2 ppm). The silver salt AgX was
then added (0.25 mmol, 12a: 64.5 mg, 12b: 93.9 mg). Filtration of
AgCl on celite followed by evaporation of the dichloromethane
yielded the complexes as white powders in very good yields (12a:
98%, 170 mg; 12b: 98%, 200 mg). Single-crystals of 12b were ob-
tained by slow diffusion of hexanes into a solution of the complex
in dichloromethane at room temperature. 31P NMR (CDCl3,
25 °C): δ = 51.4 ppm. 1H NMR (CDCl3, 25 °C): δ = 2.70 (m,
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A2A�2XX�, Σ J = 99.5 Hz, 4 H, CH2PPh2), 3.39 (vddd,
AA�BB�CXX�, ΣJ = 24.8 Hz, 2 H, CHallyl), 4.86 (m,
AA�BB�CXX�, Σ J = 12.4 Hz, 2 H, CHallyl), 5.81 (vtt, AB2C2X2, Σ
J = 42.5 Hz, 1 H, CHallyl), 7.43–7.60 (m, 20 H, Ph) ppm. 13C NMR
(CDCl3, 25 °C): δ = 27.5 (vt, AXX�, Σ J = 46.0 Hz, CH2PPh), 71.4
(vt, AXX�, Σ J = 33.2 Hz, CH2allyl), 123.6 (vt, AXX�, Σ J =
12.2 Hz, CHallyl), 129.9–132.8 (Ph) ppm. C31H29F6NO4P2PdS2

(826.1): calcd. C 45.07, H 3.54; found C 44.85, H 3.53.

Synthesis of Complexes 13a,b [Pd(4)(η3-C3H5)][X]: To a solution of
1,2-bis(diphenylphosphanyl)propane (100 mg, 0.24 mmol) in
dichloromethane (2 mL) was added [Pd(allyl)Cl]2 (0.12 mmol,
44.5 mg). After 5 min stirring, the formation of a bidentate com-
plex was confirmed by 31P NMR (δ = 6.3 ppm). The silver salt
AgX was then added (0.24 mmol, 13a: 61.7 mg, 13b: 89.8 mg). Fil-
tration of AgCl on celite followed by evaporation of the dichloro-
methane yielded the complexes as white powders in very good
yields (13a: 96%, 165 mg; 13b: 95%, 190 mg). Single-crystals of 13a
were obtained by slow diffusion of hexanes into a solution of the
complex in dichloromethane at room temperature. 31P NMR
(CDCl3, 25 °C): δ = 6.8 ppm. 1H NMR (CDCl3, 25 °C): δ = 2.00
(m, A2M4X2, Σ J = 147.7 Hz, 2 H, CH2CH2PPh2), 2.76 (m,
A2A�2M2XX�, Σ J = 87.4 Hz, 4 H, CH2CH2PPH2), 3.28 (vddd,
AA�BB�CXX�, Σ J = 25.6 Hz, 2 H, CHallyl), 3.95 (vddd,
AA�BB�CXX�, Σ J = 13.5 Hz, 2 H, CHallyl), 5.7 (vtt, AB2C2X2, Σ
J = 42.2 Hz, 1 H, CHallyl), 7.31–7.48 (m, 20 H, Ph) ppm. 13C NMR
(CDCl3, 25 °C): δ = 18.7 (s, CH2CH2PPh2), 25.3 (vt, AXX�, Σ J =
30.7 Hz, CH2CH2PPh2), 73.7 (vt, AXX�, Σ J = 32.5 Hz, CH2allyl),
123.0 (vt, AXX�, Σ J = 12.4 Hz, CHallyl), 128.9–132.8 (Ph) ppm.
C31H31F3O3P2PdS (709.0): calcd. C 52.51, H 4.41; found C 52.35,
H 4.40.

Synthesis of Complexes 14a,b [Pd(5)(η3-C3H5)][X]: To a solution of
[Pd(allyl)Cl]2 (0.16 mmol, 58.6 mg) in dichloromethane (2 mL) was
added triphenylphosphole (0.32 mmol, 100 mg). The formation of
the monophosphole complex was confirmed by 31P NMR (δ =
20.9 ppm). A second equiv. of triphenylphosphole (0.32 mmol,
100 mg) was added and after 5 min stirring, the formation of the
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bis(phosphole) complex was confirmed by 31P NMR (δ =
11.0 ppm). The chloride was then abstracted with a silver salt AgX
(0.32 mmol, 14a: 83 mg, 14b: 120 mg). Filtration of AgCl on celite
followed by evaporation of the dichloromethane yielded the com-
plexes as yellow powders in very good yields (14a: 98%, 280 mg;
14b: 95%, 325 mg). Single-crystals of 14a were obtained by slow
diffusion of hexanes into a solution of the complex in dichloro-
methane at room temperature. 31P NMR (CD2Cl2, 25 °C): δ =
22.7 ppm. 1H NMR (CD2Cl2, 25 °C): δ = 3.61 (vdd, AA�BB�CXX�,
Σ J = 22.5 Hz, 2 H, CHallyl), 4.61 (vdd, AA�BB�CXX�, Σ J =
9.5 Hz, 2 H, CHallyl), 5.75 (vsept, AB2C2X2, Σ J = 41.9 Hz, 1 H,
CHallyl), 6.88 (m, A2A�2XX�, Σ J = 68.9 Hz, 4 H, Hβ), 7.03–7.32
(m, 30 H, HPh) ppm. 13C NMR (CD2Cl2, 25 °C): δ = 80.1 (vt,
AXX�, Σ J = 25.8 Hz, CH2allyl), 122.8 (vt, AXX�, Σ J = 9.9 Hz,
CHallyl), 126.7 (vt, AXX�, Σ J = 7.5 Hz, CHPh), 127.0 (vt, AXX�,
Σ J = 7.4 Hz, CHPh), 129.0 (s, CHPh), 129.1 (s, CHPh), 129.2 (s,
CHPh), 129.6 (vt, AXX�, Σ J = 10.9 Hz, CHPh), 131.9 (s, CHPh),
132.4 (vt, AXX�, Σ J = 11.6 Hz, CPh), 133.1 (vt, AXX�, Σ J =
14.4 Hz, CPh), 133.2 (vt, AXX�, Σ J = 14.4 Hz, CPh), 135.0 (vt,
AXX�, Σ J = 13.5 Hz, CHβ), 135.4 (vt, AXX�, Σ J = 13.4 Hz, CHβ),
142.6 (m, Σ J = 121.7 Hz, Cα) ppm. C48H39F3O3P2PdS (921.3):
calcd. C 62.58, H 4.27; found C 62.18, H 4.25.

Synthesis of Complexes 15a,b [Pd(6)(η3-C3H5)][X]: To a solution of
[Pd(allyl)Cl]2 (0.14 mmol, 50 mg) in dichloromethane (2 mL) was
added the 1-phenyl dibenzophosphole (0.27 mmol, 71 mg). The for-
mation the monophosphole complex was confirmed by 31P NMR
(δ = 15.8 ppm). A second equiv. of 1-phenyl dibenzophosphole
(0.27 mmol, 71 mg) was added and after 5 min stirring, the forma-
tion of the bis(phosphole) complex was confirmed by 31P NMR (δ
= 11.9 ppm). The chloride was then abstracted with a silver salt
AgX (0.27 mmol, 15a: 70 mg, 15b: 102 mg). Filtration of AgCl on
celite followed by evaporation of the dichloromethane yielded the
complexes as pale yellow powders in very good yields (15a: 98%,
217 mg; 15b: 97%, 245 mg). Single-crystals of 15a were obtained
by slow diffusion of hexanes into a solution of the complex in
dichloromethane at room temperature. 31P NMR (CD2Cl2, 25 °C):
δ = 13.9 ppm. 1H NMR (CD2Cl2, 25 °C): δ = 3.84 (br. s, 4 H,
CHallyl), 5.71 (vq, AB2C2X2, Σ J = 41.9 Hz, 1 H, CHallyl), 7.68–
7.21 (m, 26 H, Ph) ppm. 13C NMR (CD2Cl2, 25 °C): δ = 74.23 (br.
s, CH2allyl), 121.0 (br. s, CHallyl), 122.2 (d, JPH = 5.0 Hz, CHPh),
129.1 (d, JPH = 11.2 Hz, CHPh), 129.3 (d, JPH = 12.3 Hz, CHPh),
131.1 (br. s, CHPh), 131.3 (s, CHPh), 131.6 (vt, AXX�, Σ J =
11.9 Hz, CHPh), 142.7 (d, JPH = 8.7 Hz, CPh) ppm.
C40H31F3O3P2PdS (817.1): calcd. C 58.80, H 3.82; found C 58.57,
H 3.82.

Synthesis of Complexes 17a,b [Pd(8)(η3-C3H5)][X]: To a solution
of bis(2,5-diphenylphosphol-1-yl)propane (100 mg, 0.20 mmol) in
dichloromethane (2 mL) was added [Pd(allyl)Cl]2 (0.10 mmol,
35.7 mg). After 15 min stirring, the silver salt AgX was added
(0.10 mmol, 17a: 50.2 mg, 17b: 73 mg) and the formation of the
complexes were confirmed by 31P NMR (δ = 9.0 ppm). Filtration
of AgCl on celite followed by evaporation of the dichloromethane
yielded the complexes as dark-red powders in very good yields (17a:
95%, 150 mg; 17b: 96%, 174 mg). 31P NMR (CDCl3, 25 °C): δ =
9.0 ppm. 1H NMR (CDCl3, 25 °C): δ = 2.24 [m, 6 H, P(CH2)3P],
3.19 (vdt, AA�BB�CXX�, Σ J = 23.5 Hz, 2 H, CHallyl), 4.17 (vd
AA�BB�CXX�, Σ J = 7.0 Hz, 2 H, CHallyl), 5.58 (vsept, AB2C2X2,
Σ J = 41.1 Hz, 1 H, CHallyl), 7.15–7.45 (m, 24 H, Ph and Hβ) ppm.
13C NMR (CDCl3, 25 °C): δ = 19.1 (vt, AXX�, Σ J = 29.4 Hz,
CH2CH2P), 20.3 (s, CH2CH2P), 75.3 (vt, AXX�, Σ J = 25.6 Hz,
CH2allyl), 121.9 (vt, AXX�, Σ J = 9.1 Hz, CHallyl), 126.3 (m, CHPh),
128.0 (s, CHPh), 128.7 (vd, Σ J = 10.1 Hz, CHPh), 132.5 (vt, AXX�,
Σ J = 14.6, CPh), 132.9 (vt, AXX�, Σ J = 14.6, CPh), 134.9 (vt,
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AXX�, Σ J = 14.6 Hz, CHβ), 135.6 (vt, AXX�, Σ J = 14.8 Hz, CHβ),
144.9 (m, Σ J = 86.7 Hz, Cα) ppm. C41H35F3O3P2PdS (833.2):
calcd. C 59.11, H 4.23; found C 58.88, H 4.22.

Synthesis of Complexes 19a,b [Pd(9)(η3-C3H5)][X]: To a solution of
ligand (100 mg, 0.27 mmol) in dichloromethane (2 mL) was added
[Pd(allyl)Cl]2 (0.13 mmol, 48.8 mg). After stirring for 5 min, the
formation of the intermediate complex 18 was confirmed by 31P
NMR (δ = 49.5 ppm) and single-crystals of 18 were grown by slow
diffusion of hexanes into a solution in dichloromethane at room
temperature. The chloride was then abstracted with a silver salt
AgX (0.27 mmol, 19a: 68.6 mg, 19b 100 mg). Filtration of AgCl on
celite followed by evaporation of the dichloromethane yielded the
complexes as white powders in very good yields (19a: 97%, 175 mg;
19b: 96%, 205 mg). Single-crystals of 19b were obtained by slow
diffusion of hexanes into a solution of the complex in dichloro-
methane at room temperature.

31P NMR (CD2Cl2): δ = 55.8 ppm. 1H NMR (CD2Cl2): δ = 3.25
(m, 2 H, CHallyl), 4.10 (vdd, ABCDEX, Σ J = 23.4 Hz, 1 H,
CHallyl), 4.62 (d, JPH = 15.8 Hz, 1 H, H13), 5.43 (vt, ABCDEX, Σ
J = 13.6 Hz, 1 H, CHallyl), 5.77 (vsept, ABCDEX, Σ J = 41.9 Hz,
1 H, CHallyl), 6.08 (dd, JH,H = 7.5, JP,H = 7.5 Hz, 2 H, H5–H8),
7.01 (m, Σ J = 10.5 Hz, 2 H, H15–H26), 7.15 (m, Σ J = 21.3 Hz, 2
H, H3–H10), 7.53 (m, 6 H, H17–H24, H16–H25 and H4–H9), 7.66 (s,
2 H, H20–H21), 7.72 (m, Σ J = 8.9 Hz, 2 H, H18–H23), 7.95 (m, Σ
J = 9.6 Hz, 2 H, H2–H11) ppm. 13C NMR (CD2Cl2, 25 °C): δ =
54.8 (d, JP,C = 14.2 Hz, C13), 66.0 (s, CH2allyl), 85.9 (d, JPC =
24.7 Hz, CH2allyl), 104.3 (s, C20–C21), 122.3 (d, JP,C = 6.1 Hz, C2–
C11), 124.9 (d, JP,C = 5.3 Hz, C3–C10), 129.0 (d, JP,C = 10.5 Hz C15–
C26), 129.5 (d, JP,C = 2.4 Hz, C4–C9), 130.8 (d, JP,C = 22.2 Hz, C5–
C8), 130.9 (d, JP,C = 2.7 Hz, C16–C25), 131.8 (d, JP,C = 45.9 Hz, C1–
C12), 131.9 (d, JP,C = 4.5 Hz, C18–C23), 132.9 (d, JP,C = 2.1 Hz, C17–
C24), 133.5 (d, JP,C = 9.2 Hz, C14–C27), 135.3 (d, JP,C = 2.8 Hz, C19–
C22), 142.8 (d, JP,C = 9.6 Hz, C6–C7) ppm, missing CHallyl.
C32H24F6NO4PPdS2 (802.1): calcd. C 47.92, H 3.02; found C 47.57,
H 3.01.

General Procedure for Catalytic Reactions: The catalyst (1 mol-%)
was placed in a Schlenck tube with MgSO4 (0.25 g) and THF
(1 mL). The Schlenck tube was then filled with aniline (182 µL,
2 mmol) and allyl alcohol (68 µL, 1 mmol). The mixture was stirred
at room temperature and the progress of the reaction was moni-
tored by GC. The mixture was filtered to remove the MgSO4 and
the solvent evaporated in vacuo. The product was then isolated by
column chromatography on alumina (hexanes).

N-(2-Propenyl)aniline: See ref.[4a]



Testing Phosphanes in the Palladium-Catalysed Allylation Amines FULL PAPER
N,N-Bis(2-propenyl)aniline: See ref.[4a]

(E)- and (Z)-N-(2-Butenyl)aniline and N-(1-Methyl-2-propenyl)ani-
line: See ref.[4a]

N-(2-Propenyl)morpholine: See ref.[5]

N-(2-Propenyl)dibenzylamine: See ref.[5]

N-(2-Propenyl)methylaniline: See ref.[5]

N-(2-Methyl-2-propenyl)aniline: 1H NMR (CDCl3): δ = 1.80 (s, 3
H, H4), 3.69 (s, 2 H, H1), 4.02 (br. s, 1 H, NH), 4.89 (d, J = 1.0 Hz,
1 H, H3), 4.97 (d, J = 1.0 Hz, 1 H, H3), 6.63 (AA�BB�C, Σ J =
8.5 Hz, 2 H, m-Ph), 6.71 (tt, AB2C2, Σ J = 16.8 Hz, 1 H, p-Ph),
7.18 (AA�BB�C, Σ J = 15.9 Hz, 2 H, o-Ph) ppm. 13C NMR (CDCl3,
25 °C): δ = 20.6 (s, C4), 50.1 (s, C1), 111.1 (s, C3), 113.0 (s, m-Ph),
117.5 (s, p-Ph), 129.3 (s, o-Ph), 142.8 (s, C2), 148.2 (s, ipso-Ph) ppm.

Supporting Information Available (see footnote on the first page of
this article): ORTEP views and Crystallographic data for 10a, 12b
and 13a and optimised geometries and frequencies for compounds
5 and 6, and for the transition states of the inversion of 5 and 6
and for the nickel complexes I, II and III.
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(4-toluoyl)-5-isoxazolonate Based Organic-Inorganic Hybrids
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Organic-inorganic hybrids incorporating Eu(TPI)3·3H2O or
Eu(TPI)3·2TOPO [where TPI and TOPO stand for 3-phenyl-
4-(4-toluoyl)-5-isoxazolone and tri-n-octylphosphane oxide,
respectively] were synthesized either by acetic acid solvoly-
sis or a conventional hydrolysis sol-gel route. The host frame-
work of these materials, named as di-ureasil, consists of a
siliceous skeleton grafted, through urea cross-linkages, to
both ends of poly(ethylene oxide) chains. The resulting Eu3+-
based di-ureasils were characterized by X-ray diffraction and
Fourier transform mid-IR, 29Si and 13C NMR, and photolumi-
nescence spectroscopy. The room-temperature photolumi-
nescence (PL) spectra of the Eu3+-based di-ureasils display
the typical Eu3+ red emission, assigned to transitions be-
tween the first excited state (5D0) and the ground multiplet
(7F0–4). Enhanced 5D0 quantum efficiency (η = 13% vs. 32%)

Introduction
Lanthanide complexes with organic ligands are of great

interest for a wide range of photonic applications, such as
tuneable lasers, optical fibres for telecommunications, com-
ponents of emitting layers in multilayer organic light-emit-
ting diodes (OLEDs), and light conversion molecular de-
vices (LCMDs).[1–5] The β-diketone ligand is one of the
most important “antenna” from which the energy can be
effectively transferred to lanthanide ions for high harvest
emissions.[4] Despite lanthanide β-diketonate complexes be-
ing characterized by a highly efficient light emission under
UV excitation they have not been employed so far as tunea-
ble solid-state lasers or phosphor devices essentially because
of their low thermal and photochemical stability and poor
mechanical properties.[6] Furthermore, lanthanide β-dike-
tonate chelates are usually isolated as hydrates in which two
or three water molecules are included in the first coordina-
tion sphere of the central metal ion, quenching the emission
from the activation of nonradiative decay paths.[4,7–8]

[a] Departamento de Quimica Fundamental – UFPE,
50670-901 Recife, PE, Brazil

[b] Departamento de Fisica, CICECO, Universidade Aveiro,
3810-193 Aveiro, Portugal

[c] Chemical Sciences and Technology Division, Regional Re-
search Laboratory (CSIR),
Thiruvananthapuram 695019, India
E-mail: mlpreddy@yahoo.co.uk

Eur. J. Inorg. Chem. 2006, 3923–3929 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3923

and a longer lifetime (τ = 0.30 vs. 0.42 ms) was noticed for the
hybrid incorporating the Eu(TPI)3·3H2O complex, compared
with the undoped complex. The enhancement is explained
by the coordination ability of the organic counter part of the
host structure, which is strong enough to displace the water
molecules of the Eu(TPI)3·3H2O complex from the Eu3+

neighborhood in the hybrids. On the other hand, a decrease
in the 5D0 quantum efficiency (η = 76% vs. 61%) and lifetime
(τ = 0.98 vs. 0.75 ms) was noticed for the hybrid incorporating
the Eu(TPI)3·2TOPO complex, relative to the undoped com-
plex, probably because of an increase in the nonradiative
transition probability.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

One of the strategies adopted in recent years to simulta-
neously improve the thermal stability, mechanical proper-
ties, and light-emission properties of lanthanide β-diketon-
ate complexes is to incorporate these complexes into sol-
gel-derived organic-inorganic hybrids.[9–13] The main inter-
est of the organic-inorganic hybrid concept basically derives
from the possibility of tailoring the properties of novel
multifunctional advanced materials through the combina-
tion, at the nanosize level, of the organic and inorganic
components in one single material.[14,15] Among the sol-gel-
derived structures proposed so far, a family of interesting
lanthanide-based hybrid compounds have been reported.[16]

The host matrix, termed as di-ureasil, comprises poly(ethyl-
ene oxide) (PEO) chains of variable length grafted to both
ends to a siliceous backbone through urea cross linkages.
These xerogels, which are easily produced as thin, elasto-
meric and highly transparent monoliths, may withstand a
large amount of guest dopants. When doped with trivalent
lanthanide ions like Nd3+, Eu3+, and Tb3+ the di-ureasils
display remarkable emission properties. Besides a broad
long-lived emission covering the whole visible range of the
electromagnetic spectrum, the di-ureasils exhibit the typical
intra-4f narrow line emission in the green (Tb3+),[17] red
(Eu3+),[18–20] and even in the near infrared (Nd3+) region,[21]

thus opening new prospects for their applications.
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Figure 1. A: Chemical structure of (a) Eu(TPI)3·3H2O (1) and (b) Eu(TPI)3·2TOPO (2); B: d-U(600) di-ureasil hybrid.

A significant part of the research strategy in the field
involves the encapsulation of lanthanide organic complexes
with β-diketonates, aromatic carboxylic acids and heterocy-
clic ligands in sol-gel-derived matrices. These complexes can
be embedded in the matrix by using the ligands covalently
grafted to the framework or by anchoring the lanthanide
ion to specific functional groups of the hybrid matrix. Re-
cently, Eu3+ β-diketonate complexes have been successfully
incorporated into organic-inorganic hybrids and their pho-
tophysical properties have been investigated.[9–11] Neverthe-
less, the incorporation of heterocyclic β-diketonate com-
plexes, namely Eu3+ 4-acyl-3-phenyl-5-isoxazolonate com-
plexes, into organic-inorganic hybrids has not been at-
tempted to date.

In this paper, heterocyclic β-diketone Eu3+ complexes
with the molecular formulae Eu(TPI)3·3H2O and Eu-
(TPI)3·2TOPO [where TPI = 3-phenyl-4-(4-toluoyl)-5-isox-
azolone and TOPO = tri-n-octylphosphane oxide], recently
introduced as light conversion molecular devices by Reddy
et al.,[22] were incorporated into di-ureasil organic-inorganic
hybrids (Figure 1) by conventional hydrolysis and acetic
acid solvolysis. The photoluminescence (in excitation and
emission modes), the 5D0 quantum efficiency, and lifetime
of the di-ureasil hybrids were investigated and compared
with those of the precursor complexes.

Results and Discussion

The synthesis procedures and characterization of the
complexes Eu(TPI)3·3H2O (1) and Eu(TPI)3·2TOPO (2)
(Figure 1A) are detailed in our earlier publication.[22] The
complexes 1 and 2 were incorporated into the di-ureasil
host by acetic acid solvolysis according to the procedure
described elsewhere.[10] Complex 2 was also incorporated
into di-ureasil by a conventional hydrolysis sol-gel route.[10]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3923–39293924

Figure 1B illustrates the structure of the undoped hybrid
matrix.

Powder X-ray Diffraction (XRD)

The X-ray diffraction patterns of d-U(600)-1-AA
[Eu(TPI)3·3H2O (1) incorporated into the d-U(600) di-urea-
sil by acetic acid (AA) solvolysis], d-U(600)-2-AA [Eu-
(TPI)3·2TOPO (2) incorporated into the d-U(600) di-ureasil
by acetic acid (AA) solvolysis], and d-U(600)-2 [Eu-
(TPI)3·2TOPO (2) incorporated into the d-U(600) di-ureasil
by conventional hydrolysis] are shown in Figure 2. The pat-
terns display a main peak centered at ca. 21.0–21.7° associ-
ated with ordering within the siloxane domains. The sec-
ond-order peak appears as a broad weak hump around 38–
46°. The structural unit distance, calculated using the Bragg
law, is approximately 4.07–4.21 Å. These results are similar
to those reported for carboxylic acid solvolysis derived un-
doped hybrids.[14] These data reveal that the Eu3+-based hy-

Figure 2. XRD patterns of the Eu3+-based di-ureasil hybrids.
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brids are highly amorphous. The peak appearing at lower
angles in the XRD patterns, at ca. 3.5 and 5.2° (inset of
Figure 1), has been assigned to interparticle scattering inter-
ference between siliceous domains[23] located at the ends of
the polymer chain and spatially correlated at a mean dis-
tance of 25±1 Å, for d-U(600)-1-AA, 28±1 Å, for d-
U(600)-2, and 19±1 Å, for d-U(600)-2-AA. The different
values calculated for the hybrids incorporating complex 2
indicate that the synthesis methods induce significant differ-
ences in the hybrid structure.

Fourier-Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of d-U(600)-1-AA, d-U(600)-2-AA,
and d-U(600)-2 are shown in Figure 3. The shoulder at ca.
920 cm–1 provides evidence that in the di-ureasils the PEO
chains attain complete disorder. Compared with the un-
doped di-ureasil,[24] the intensity of the shoulder shows a
very slight decrease, indicating a very weak interaction be-
tween the polymer and the complex.[10] The bands at
1324 cm–1 are characteristic of the amorphous state.[10] The
1354 cm–1 bands, ascribed to the CH2 wagging vibrations,
are clearly seen in the spectra. It is known that the νCO
mode of PEO is an excellent tool to probe the changes that
the polymer chains of the hybrids undergo upon incorpora-
tion of the guest compounds. The fact that peaks at about
1110 cm–1, characteristic of noncoordinated oxyethylene
moieties,[24] are almost unchanged in the spectra of the
Eu3+-based di-ureasils suggests that the PEO chains of the
host materials persist in an uncomplexed state.

Figure 3. FTIR spectra of the Eu3+-based di-ureasil hybrids.

In order to study in detail the vibrations of the urea
groups, spectral deconvolutions to the so-called “amide I”
(1800–1600 cm–1) and “amide II” (1600–1500 cm–1) regions
were carried out using Gaussian band shapes, as reported
elsewhere.[14,24] Three components were isolated for the
“amide I” band at 1700, 1672, and 1647 cm–1. According
to the literature,[19,24] the former two components are as-
cribed to the vibrations of urea–polyether hydrogen-bonded
structures, whereas the last one is ascribed to the strong
self-associated hydrogen-bonded urea–urea associations.
For the Eu3+-doped di-ureasils, besides the three mentioned
peaks, a new peak appears at 1619–1625 cm–1, indicating an
effective interaction between the Eu3+ ions and the carbonyl

Eur. J. Inorg. Chem. 2006, 3923–3929 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3925

oxygen atoms of the urea cross-links. While for the hybrids
incorporating complex 1 this result suggests the probable
substitution of the water molecules in the Eu3+ coordina-
tion sphere, for those with complex 2 an interaction be-
tween the Eu3+ ions and the urea cross-links through the
carbonyl groups should occur. In addition, the absence of
an individual band at ca. 1750 cm–1 in all the spectra indi-
cates that neither C=O nor N–H groups from urea cross-
linkages are left free in the hybrid materials.[10] The “amide
II” mode is a mixed contribution of the N–H in-plane
bending, C–N stretching, and C–C stretching vibrations,
peaking, for all the samples, at ca. 1565 cm–1.

NMR Spectra

The 29Si MAS NMR spectra of d-U(600)-1-AA and d-
U(600)-2-AA exhibit broad signals characteristic of T1, T2,
and T3 units (Figure 4). These sites are labeled using the
conventional Tn notation, where n (n = 1, 2, 3) is the
number of Si-bridging oxygen atoms. The absence of T0 in-
dicates that, although the polycondensations are not, in
most cases, complete, no precursor is left unreacted. The T2

and T3 environments (at δ � –58 and –66 ppm, respectively)
are clearly dominant, showing the presence of two main
types of local structures: (SiO)2Si(CH2)3OH and (SiO)3-
Si(CH2)3. The very weak shoulder displayed in these hy-
brids at δ � 51.5 and 53.1 ppm, for d-U(600)-1-AA and d-
U(600)-2-AA, respectively, is ascribed to T1 sites. The con-
densation degree c (Table 1), was calculated using the ex-
pression c = 1/3(%T1 +2%T2 +3%T3). Compared with the
undoped sample[14] the condensation degree decreases, sug-
gesting that there are some interactions between the com-
plex and the matrix (urea cross-links) and that the relatively
larger molecular size for the complex sterically prevents the
polycondensation process and results in the lower conden-
sation degree.

Figure 4. 29 Si MAS NMR spectra of the Eu3+-based di-ureasil
hybrids prepared by solvolysis.

The 13C CP MAS NMR spectra of d-U(600)-1-AA and
d-U(600)-2-AA display a peak at δ = 70.6 ppm, attributed
to –(OCH2CH2)–, whereas the shoulder at about 75.0 ppm
originates from the main-chain carbons of propylene oxide.
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Table 1. 29Si NMR chemical shifts (ppm), population of different
Tn (n = 1, 2, 3) species (%), and degree of condensation (%), c, of
d-U(600)-AA, d-U(600)-1-AA, and d-U(600)-2-AA.

Hybrids T1 T2 T3 c

d-U(600)-AA –55.5(11) –58.9(28) –66.9(61) 83[10]

d-U(600)-1-AA –51.5(19.3) –58.2(25.4) –66.5(55.3) 75.3
d-U(600)-2-AA –53.1(26.8) –58.6(27.9) –66.6(45.3) 72.8

The peaks at ca. 46 and 24 ppm are characteristic of the
(CH2)3 aliphatic chains. The signal at δ = 18.5 ppm is as-
signed to different CH3 groups of the polymer chains, while
the shoulder at δ = 17.4 ppm is ascribed to the ethoxy
groups of the carbon atoms. The weak peak at δ � 159 ppm
is associated with the C=O groups of the urea linkages,[25,26]

supporting the interaction between the complex and the hy-
brid matrix, in agreement with the results obtained from
FT-IR spectroscopy. These results are similar to those re-
ported elsewhere.[10]

Photoluminescence

Figures 5A and B compare the room-temperature exci-
tation spectra (monitored around the peak of the intense
5D0�7F2 transition) of complexes 1 and 2 with those of d-
U(600)-1-AA, d-U(600)-2-AA, and d-U(600)-2. While the
spectrum of complex 1 is dominated by the intra-4f6 lines
corresponding to the 7F0–1�5D1–2 transitions, the spectrum
of complex 2 displays an intense broad band, with three
main components at ca. 298, 330, and 400 nm, ascribed to
the ligand levels. For the latter complex the relative intensity
of the intra-4f6 lines is weaker than the absorption of the
organic ligands, indicating that luminescence sensitization
from the ligand excitation is more efficient than the direct
intra-4f6 absorption. Moreover, in that complex the Eu3+

ions are excited over a much larger wavelength range (240–
440 nm) than that observed for complex 1 (310–440 nm).
The spectra of the Eu3+-based di-ureasils are blueshifted
with respect to that of the two complexes presenting mainly
a broad band (260–450 nm) peaking around 375 nm and
related to the ligand levels and to the hybrid host emitting
centers. This reinforces that the complex incorporation of
the d-U(600) host changes the Eu3+ surroundings. As illus-
trated for complex 2 in Figure 5B, the synthesis route used
to incorporate the complexes leads to slight differences in
the Eu3+ excitation paths, as reported for analogous Eu3+-
based di-ureasil hybrids.[10] It is worth noting that the effi-
ciency of the sensitized process in the hybrids is almost con-
stant over a very broad UV/Vis spectral region (250–
450 nm). Moreover, the absence of Eu3+ intra-4f6 lines in
the excitation spectra of the hybrids strongly suggests that
the metal ions are essentially excited by an efficient sensi-
tized process rather than by direct population of the intra-
4f6 levels (the di-ureasil host contributes to enhancing the
Eu3+ sensitization process).
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Figure 5. Room-temperature excitation spectra (monitored around
610–614 nm) of (A) complex 1 (solid line), d-U(600)-1-AA (solid
circles) and of (B) complex 2 (open triangles), d-U(600)-2-AA (so-
lid triangles), d-U(600)-2 (open squares).

Figures 6 and 7 show the room-temperature emission
spectra of the two complexes and the corresponding Eu3+-
based di-ureasils. The spectra display the characteristic
sharp peaks of the Eu3+ 5D0�7F0–4 transitions (575–
725 nm) being dominated by the hypersensitive 5D0�7F2

lines, which point to a highly polarizable chemical environ-
ment around the Eu3+ ion.[11,13] The detection of a single
5D0�7F0 transition for all the samples investigated (Fig-
ure 6 and Figure 7B), with a typical full-width at half-maxi-
mum (fwhm) value of ca. 20 cm–1, suggests the presence of
a single Eu3+ chemical environment. The detection of that
line, the local-field splitting of the 7F1,2 levels in the 3 and
4 Stark components (Figure 6, Figure 7C and D) and the
higher intensity of the 5D0�7F2 transition indicate that the
Eu3+ local coordination site has a low symmetry without an
inversion center. For the two complexes, no emission arising
from the ligand triplet levels is detected, pointing to an ef-
ficient ligand-to-Eu3+ energy transfer. On the other hand,
the emission spectra of the hybrids display a very-low-inten-
sity band in the blue-green region, as illustrated in the inset
of Figure 6 for d-U(600)-1-AA. This band has been as-

Figure 6. Room-temperature emission spectra of complex 1 (solid
line) and d-U(600)-1-AA (solid circles), excited at 341 and 332 nm,
respectively. The inset shows the magnification of the low-wave-
length side of the emission spectra of d-U(600)-1-AA for different
excitation wavelengths between 292 and 428 nm.
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cribed to the hybrid host emission originated from donor–
acceptor pair recombination occurring in the NH groups of
the urea linkages and in the siliceous nanodomains.[27–30]

The negligible intensity of this emission clearly suggests the
presence of active energy transfer channels between the
emitting centers of the hybrid and the Eu3+ ions, a claim
that is in agreement with the suggested interaction between
the Eu3+ ions and the urea cross-links through the carbonyl
groups. Comparing the emission spectra of d-U(600)-2-AA
and d-U(600)-2 (Figure 7), changes were observed in the
energy peak values, fwhm of each line, and number of Stark
components, suggesting that the two different synthesis
methods affect the Eu3+ first coordination sphere, as al-
ready noticed in the excitation spectra.

Figure 7. A: Room-temperature emission spectra of (a) complex 2,
d-U(600)-2-AA (solid circles) and d-U(600)-2 (open triangles); the
excitation wavelengths are 339 nm for d-U(600)-2, 348 nm for d-
U(600)-2-AA and 327 nm for complex 2. B, C, D: Details of the
5D0�7F0–2 transitions.

The Judd–Ofelt theory is a useful tool for analyzing f–
f electronic transitions.[31] Interaction parameters of ligand
fields are given by the Judd–Ofelt parameters, Ωλ (where λ
= 2, 4, and 6). In particular, Ω2 is more sensitive to the
symmetry and sequence of ligand fields. To produce faster
Eu3+ radiation rates, antisymmetrical Eu3+ complexes with
larger Ω2 parameters need to be designed. The experimental
Ω2 and Ω4 intensity parameters were determined from the
emission spectra given in Figures 6 and 7 by using the
5D0�7F2 and 5D0�7F4 electronic transitions, respectively,
and by expressing the emission intensity IJ = RωJ0ARAD(J)-
N(5D0) in terms of the area under the emission curve. Here,
RωJ0 is the transition energy and N is the population of the
5D0 level. The radiative emission rates, ARAD(J), are given
by [Equation (1)],[32] where e is the electronic charge, ω the
angular frequency of the transition, R the Planck’s constant
over 2π, c the velocity of light, χ the Lorentz local field
correction term given by n(n2 +2)2/9, where n is the refrac-
tion index, and �7FJ�U(λ)�5D0�2 is a squared reduced matrix
element whose values are 0.0032 and 0.0023, for J = 2 and
4, respectively.[33]
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(1)

The magnetic dipole allowed 5D0�7F1 transition was taken
as the reference,[13,32] in vacuo ARAD(5D0�7F1) =
14.65 s–1.[31] An average index of refraction equal to 1.5[34]

was considered leading to ARAD(5D0�7F1) � 50 s–1.[13] The
Ω6 parameter was not determined since the 5D0�7F5,6 tran-
sitions could not be experimentally detected. Table 2 lists
the Ω2 and Ω4 intensity parameters estimated for complexes
1 and 2 and corresponding hybrids. A point to be noted is
the relatively high values of the Ω2 parameter. This might
be interpreted as being a consequence of the hypersensitive
behavior of the 5D0�7F2 transition.[35] The dynamic coup-
ling mechanism is, therefore, dominant, indicating that the
Eu3+ ion is in a highly polarizable chemical environment.

Table 2. Experimental intensity parameters (Ω2 and Ω4), radiative
decay rates, ARAD, nonradiative decay rates, ANRAD, 5D0 lifetimes,
τ, and quantum efficiency, η, for the complex and hybrids. The
parameters’ errors are estimated within 5–10%.

Compounds Ω2 Ω4 ARAD ANRAD τ η
×10–20 ×10–20 [s–1] [s–1] [ms] [%]
[cm2] [cm2]

Complex 1[22] 8.1 5.8 381 2952 0.30 13
d-U(600)-1-AA 19.3 8.2 751 1630 0.42 32
Complex 2[22] 20.7 6.4 773 242 0.98 76
d-U(600)-2 19.8 8.0 765 822 0.63 48
d-U(600)-2-AA 21.1 8.6 813 520 0.75 61

The 5D0 lifetime values (τ) were determined by fitting
the emission decay profiles to a mono-exponential function,
Table 2. The shorter 5D0 lifetime of complex 1, relative to
that of complex 2, is associated with the nonradiative decay
channel from the vibronic coupling with water molecules.[22]

While the lifetime of the d-U(600)-1-AA hybrid increases
around 40%, relative to that of complex 1, the incorpora-
tion of complex 2 into the hybrid host induces a decrease
of the 5D0 lifetime between 24 and 36%, depending on the
synthesis route. On the basis of the emission spectra and
the lifetime measurements, and considering that only non-
radiative and radiative processes are essentially involved in
the depopulation of the 5D0 state, we can estimate the emis-
sion quantum efficiency of the 5D0 excited state (η) as
[Equation (2)], where ARAD is obtained by summing the ra-
diative rates A0J for each 5D0�7F0–4 transition[31] and the
nonradiative rates, ANRAD, are calculated from the experi-
mental decay rates [Equation (3)].

(2)

(3)

Table 2 lists the ARAD, ANRAD, and η for the complexes
and hybrids. The nonradiative rate of d-U(600)-1-AA de-
creases by ca. 55%, relative to that of complex 1, causing
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an enhancement in the emission quantum efficiency (η =
32%) in comparison with complex 1 (η = 13%[22]). This
result is in agreement with the suggested interaction be-
tween the hybrid host and the Eu3+ ions through the oxygen
atom of the carbonyl group, replacing water molecules pres-
ent in the precursor complex. The lower 5D0 quantum effi-
ciency found for the hybrid prepared by the conventional
sol-gel route, relative to that prepared by solvolysis, is
mainly because of an increase in ANRAD, meaning that a
more efficient nonradiative channel involving the first ex-
cited triplet state exists in the former di-ureasil. These re-
sults indicate that the substitution of the water molecules in
the Eu3+ coordination sphere of complex 1 by two TOPO
molecules induces a higher 5D0 emission quantum effi-
ciency relative to the interaction with the oxygen atoms of
the carbonyl groups from the d-U(600) host.

Conclusions

Di-ureasil organic-inorganic hybrids incorporating
Eu(TPI)3·3H2O or Eu(TPI)3·2TOPO complexes were pre-
pared either by acetic acid solvolysis or by conventional hy-
drolysis. XRD and FT-IR, 29Si and 13C MAS NMR spec-
troscopic results demonstrate an effective interaction be-
tween the Eu3+ 3-phenyl-4-(4-toluoyl)-5-isoxazolonate com-
plex and carbonyl groups of the urea linkages. The PL spec-
tra of these di-ureasil organic-inorganic hybrids display the
characteristic Eu3+ 5D0�7F0–4 transitions. The broad emis-
sion typical of amine-functionalized hybrids has negligible
intensity pointing to the activation of energy channels be-
tween the emitting centers of the hybrid host and the Eu3+

ions. The high values obtained for the experimental 4f–4f
Ω2 intensity parameters suggest that the dynamic coupling
mechanism is quite operative in these compounds. The in-
corporation of complex 1 into the d-U(600) host enhanced
the 5D0 quantum efficiency and lifetime because of the co-
ordination ability of the organic counterpart of the host
structure to displace water molecules from the complex co-
ordination sphere. A suitable choice of ligands that better
sensitize the Eu3+ emission together with a fine control of
the synthesis process definitely endorse the design of
nanohybrids with better emission performance.

Experimental Section

Materials and Synthesis: The synthesis procedures of the complexes
Eu(TPI)3·3H2O and Eu(TPI)3·2TOPO and their characterizations
are described in a recent publication.[22] The diamine α,ω-diamine-
poly(oxyethylene-co-oxypropylene) with a molecular weight of
about 600 a.m.u., corresponding to approximately 8.5 (OCH2CH2)
repeat units and commercially designated as Jeffamine ED-600®

(Fluka), was dried with molecular sieves (4 Å, 1.6 mm pellets, Ald-
rich) before use. ICPTES (3-isocyanatopropyltriethoxysilane, 95%,
Fluka) and acetic acid (AA, 99.7%, Aldrich) were used without
further purification. Tetrahydrofuran (THF) and absolute ethanol
were dried with molecular sieves at room temperature before use.
The synthesis of the di-ureasils has already been described in detail
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elsewhere.[14] The first stage of the synthesis involved the reaction
in THF of the isocyanate group of the alkoxysilane precursor
ICPTES with the terminal amine groups of the doubly functional
diamine to form a urea cross-linked organic-inorganic hybrid pre-
cursor, so-called ureapropyltriethoxysilane [d-UPTES(600)]. In the
second step, complexes were incorporated into the hybrid host by
dissolving an appropriate amount of these complexes in ethanol
and chloroform. A typical synthetic procedure was as follows.

Step 1. Synthesis of the Di-ureasil Precursor d-UPTES(600): Jeffa-
mine ED-600® (1.0 mL, 1.75 mmol) was dissolved in dried THF
(5.0 mL) in a flask in a fume hood. ICPTES (0.91 mL, 3.5 mmol)
was then added to this solution whilst stirring. The molar ratio of
Jeffamine ED-600/ICPTES was 1:2. The flask was sealed and the
solution was stirred at room temperature under N2 for 24 h.

Step 2. Synthesis of the Di-ureasils Incorporating Eu(TPI)3·3H2O
and Eu(TPI)3·2TOPO Complexes by the Conventional Sol-Gel
Method or the Carboxylic Acid Solvolysis Process: The THF in the
precursor solution was evaporated under vacuum, and a trans-
parent precursor d-UPTES(600) oil was thus obtained. For the syn-
thesis of the hybrids by the conventional sol–gel method, the
Eu(TPI)3·2TOPO complex (0.0116 mmol) was dissolved in
CH3CH2OH (0.82 mL, 14.04 mmol), and then chloroform (0.5 mL)
and HCl at pH = 2 (0.096 mL, 5.34 mmol) were added to this solu-
tion. The molar ratio of ICPTES/CH3CH2OH/H2O is 1:4:3. Fi-
nally, this mixed solution was added to the precursor whilst stirring
in air at room temperature. The solution was further stirred for
24 h. For the synthesis of hybrids by acetic acid solvolysis, the
Eu(TPI)3·3H2O and Eu(TPI)3·2TOPO complexes (0.0116 mmol)
were dissolved in CH3CH2OH (0.82 mL, 14.04 mmol) and chloro-
form (0.5 mL) was added to this solution. The mixture was added
to the precursor. Finally, AA (0.60 mL) was added whilst stirring
under N2 at room temperature, and the mixture was stirred for
24 h.

Experimental Techniques: Mid-IR spectra were recorded at room
temperature using a MATTSON 7000 FTIR Spectrometer. The
spectra were collected over the range 4000–400 cm–1 by averaging
64 scans at a maximum resolution of 4 cm–1. The compounds were
finely ground (about 2 mg), mixed with approximately 175 mg of
dried potassium bromide (Merck, spectroscopic grade) and pressed
into pellets. Consecutive spectra were recorded until reproducible
results were obtained. X-ray diffraction patterns were recorded
using a Philips X’Pert MPD Powder X-ray diffractometer system.
The powders were exposed to Cu-Kα radiation (λ = 1.54 A°) at
room temperature in a 2θ range (scattering angle) between 1 and
70°. The xerogel samples, analyzed as films, were not submitted to
any thermal pre-treatment. 29Si magic-angle spinning (MAS) and
13C cross-polarization (CP) MAS NMR spectra were recorded with
a Bruker Avance 400 (9.4 T) spectrometer at 79.49 and
100.62 MHz, respectively. 29Si MAS NMR spectra were recorded
with 2 µs (equivalent to 30°) rf pulses, a recycle delay of 60 s and
at a 5.0 kHz spinning rate. 13C CP/MAS NMR spectra were re-
corded with a 4 µs 1H 90° pulse, 2 ms contact time, a recycle delay
of 4 s, and at a spinning rate of 8 kHz. Chemical shifts are quoted
in ppm from tetramethylsilane (TMS). The emission, PL, exci-
tation, and PLE spectra and the lifetimes were measured at room
temperature with a modular double grating excitation spectrofluo-
rimeter with a TRIAX 320 emission monochromator (Fluorolog-
3, Jobin Yvon-Spex), coupled to an R928 Hamamatsu photomulti-
plier, using the front face acquisition mode. All the photolumines-
cence spectra were corrected for optical and detection spectral re-
sponses.
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The coordination chemistry of the tetradentate pyridyl
N-donor ligands r-1-hydroxy-t-3,t-5-bis{[(2-pyridinyl)methyl-
ene]amino}cyclohexane (DDOP) and r-1-hydroxy-t-3,t-5-bis-
{[(E)-(6-methyl-2-pyridinyl)methylene]amino}cyclohexane
(DDMOP) has been investigated with the d10 metal centres
silver(I) and cadmium(II). These conformationally flexible li-
gands offer two coordination modes; either a mononucleating
tetradentate coordination pocket or a bridging bis(bidentate)
chelate. Hence, reaction with CdII produced six-coordinate
mononuclear complexes whose compositions were deter-
mined by X-ray crystallography as [Cd(DDOP)(NO3)2] (1)
and [Cd(DDMOP)(Cl)2]·MeOH (2), while AgI led to the four-

Introduction
Control over the nuclearity and shape of coordination

complexes has been a vital topic in inorganic chemistry for
decades, most particularly since the emergence of supramo-
lecular chemistry in the late 1970s, and provides the key
to future development of designed functional materials.[1–3]

Through careful choice of ligand topology, numerous re-
search groups have been able to control formation of oligo-
meric and polymeric structures; for example the formation
of double- and triple-stranded helicates/mesocates,[4–6] mo-
lecular squares and boxes,[7,8] and infinite inorganic
grids.[9,10] Such chemistry often relies on the use of large,
rigid aromatic N-donor sets, for example the various bi-
and terpyridines, linked by spacers whose shape and rigidity
(or relative flexibility) determines the type of complex.
Schiff-base derivatisation of aliphatic amines or anilines
with pyridinecarbaldehydes provides an attractive route to
aromatic N-donor ligands, due to the relative synthetic ease
of this transformation and the availability of many different
parent amines.[11]

Recent work in our laboratory has focused on the synthe-
sis and coordination behaviour of the small, cyclohexane-
based aliphatic amino ligands r-1,t-3,t-5-triaminocyclohex-
ane (TACH)[12–14] and t-3,t-5-diamino-r-1-hydroxycyclo-
hexane (DAHC).[15–17] While becoming rigid upon coordi-
nation due to conformational locking of the cyclohexane
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University Avenue, Glasgow, G12 8QQ, United Kingdom
E-mail: L.Cronin@chem.gla.ac.uk
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coordinate dinuclear mesocate structures [{Ag(DDOP)}2]-
(CF3SO3)2 (3) and [{Ag(DDMOP)}2](CF3SO3)2·0.5MeOH (4).
It is thought that the mononuclear, octahedral complexes in
the case of zinc(II) and cadmium(II) result from the energetic
stabilisation gained through two extra coordinate bonds,
while in the case of silver(I) the lower propensity of the metal
centre for six-coordination causes the ligand to retain its en-
ergetically preferred dinucleating conformation and to form
the mesocates.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

backbone, these ligands offer two coordination modes;
either bridging with the cis-diamino donor set in the equa-
torial plane, or bidentate chelating upon “ring-flip” to the
bis(axial) conformation. Derivatisation of the amine groups
of these ligands with Schiff bases allows the synthesis of
pyridyl N-donor ligands which, like their parent amines,
possess two distinct coordination modes. Such ligands may
form complexes with different nuclearity according to the
coordination preferences of the metal centre.[18,19] Herein,
we describe mono- and dinuclear coordination complexes
of the DAHC Schiff-base derivatives r-1-hydroxy-t-3,t-5-
bis{[(2-pyridinyl)methylene]amino}cyclohexane (DDOP)
and r-1-hydroxy-t-3,t-5-bis{[(E)-(6-methyl-2-pyridinyl)meth-
ylene]amino}cyclohexane (DDMOP) with the d10 transi-
tion-metal ions CdII and AgI.

Results and Discussion

Overview

DDOP and DDMOP were synthesised from DAHC by
a simple Schiff-base derivatisation using the appropriate
pyridinecarbaldeyhyde, yielding a more highly pre-organ-
ised ligand with a tetradentate [or bis(bidentate)] donor set.
The aromatic rings increase the system’s rigidity, strength-
ening the hand of the ligand and reducing the influence of
anions, solvent and metal centres on the outcome of the
complexation. Furthermore, they provide a hydrophobic
surface capable of participating in π-stacking or other
van der Waals interactions.
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Despite the rigidity of the donor set, the conformational

flexibility of the cyclohexane backbone gives these ligands
two possible coordination modes (Scheme 1); either as a di-
nucleating, bis(bidentate) chelator, or a bis(axial) tetraden-
tate mononucleating conformation. Both coordination
modes are observed in this study, the dinuclear compounds
being formed with silver(I) and mononuclear, ring-flipped
compounds occurring with cadmium(II). The ligands direct
the formation of M2L2 mesocate structures when in their
bis(equatorial) conformation, since the two N2 donor sets
are suitably oriented to bind to one side of the metal–metal
axis, and the angle of approximately 105° between the
planes of the aromatic rings provides an effective corner
piece. Consequently, formation of dinuclear complexes is
favoured by four-coordinate, tetrahedral metal centres
whose ca. 90° twist angle provides a good geometric match
for the bis(equatorial) ligand. Mononuclear species are fav-
oured by coordination to octahedral metal centres, whose
equatorial sites can accept the planar N4 donor set of the
bis(axial) ligand, with their axial sites being occupied by
solvent molecules or counterions. Formation of the two
types of complexes is described by the balanced equations
below, which summarise the reaction of two metal centres
with two ligands:

Dinuclear complex:

2 MX2·nH2O + 2 L � M2L2
4+ + 4 X– + 2n H2O; (2n + 5) species,

8 coordinate bonds.

Mononuclear complex:

2 MX2·nH2O + 2 L � 2 MLX2 + 2n H2O; (2n + 2) species, 12
coordinate bonds.

For silver(I) and cadmium(II), which can access both tet-
rahedral and octahedral coordination geometries, the two
reactions are in competition with each other. It can be seen

Scheme 1. Parent amine DAHC, and mono- and dinuclear species
formed by complexation of its Schiff-base derivatives DDOP and
DDMOP.
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from the larger number of species formed that four-coordi-
nate M2L2 structures are favoured due to entropic factors;
furthermore, the bis(equatorial) ligand conformation ob-
served in such complexes is more energetically favourable
due to reduced steric clash between the imine arms and the
cyclohexane ring. However, the extra coordination bonds
formed in the mononuclear case means that these com-
plexes are favoured by enthalpy.

Cadmium(II) Complexes

Cadmium(II) complexes of DDOP and DDMOP were
prepared in moderately low yields by reaction with cad-
mium(II) salts (nitrate or chloride) in methanol, followed
by crystallisation by diffusion of diethyl ether. This yielded
the (DDOP)bis(nitrato)cadmium complex [Cd(DDOP)-
(NO3)2] (1), and the (DDMOP)bis(chlorido)cadmium com-
plex [Cd(DDMOP)Cl2]·MeOH (2) (the DDMOP complex
would not crystallise with the nitrato ligand). In both, the
N4 ligand acts as a tetradentate chelator in the equatorial
plane, while the chlorido or nitrato ligands occupy the axial
coordination sites (Figure 1). However, interestingly, the
asymmetric unit of 1 contains two crystallographically inde-
pendent complexes, which appear to be associated with
each other through a slipped π-stacking interaction with a
centroid-to-centroid distance of around 3.80 Å.

Figure 1. The two [Cd(DDOP)(NO3)2] complexes in the asymmet-
ric unit of 1 (left) and the complex in [Cd(DDMOP)(Cl)2]·MeOH
(2). C: light grey; N: dark grey; O: medium grey; Cl: small black
spheres; Cd: large black spheres; H: omitted.

Curiously, the pair of complexes in 1 differs quite notice-
ably in its Cd–O bond lengths; Cd2 has longer bonds to the
oxygen atoms, and shorter bonds to the equatorial nitrogen
atoms (Table 1). The size of the cadmium cation causes the
pyridyl arms of the ligand to open from their idealised par-
allel alignment, as indicated by longer coordination bonds
to the pyridyl nitrogen atoms, and also by an N–Cd–N an-
gle that is much larger between the pyridyl nitrogen atoms
than the imino nitrogen atoms. This effect is more dramatic
in 2, where replacement of hydrogen with a methyl group
at the 6-position of the pyridyl ring forces the imine arms
to open wider to accommodate the increased steric demand
(Figure 1). Bond lengths to the axial chlorido ligands are
comparable to the axial Cd2–O bond lengths in compound
1. In solution, 1H NMR spectroscopy (CD3OD) reveals the
ring-flipped structure of these complexes, as shown by the
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Table 1. Selected bond lengths [Å] and angles [°] in [Cd(DDMOP)(NO3)2] (1) and [Cd(DDMOP)Cl2]·MeOH (2). Leq = NO3 or Cl.

Compound 1, Cd1 Compound 1, Cd2 Compound 2

Cd–Nim 2.316(13), 2.327(13) 2.316(13), 2.321(13) 2.376(2), 2.415(2)
Cd–Npy 2.349(11), 2.372(12) 2.332(11), 2.354(14) 2.499(2), 2.600(2)
Npy–Cd–Npy 132.4(4) 132.9(4) 139.97(8)
Nim–Cd–Nim 82.9(4) 83.8(5) 82.97(8)
Cd–Leq 2.381(13), 2.475(17) 2.50(3), 2.506(14) 2.500(1), 2.530(1)
Leq–Cd–Leq 164.3(6) 153.4(5) 139.97(8)

multiplicities of the cyclohexane protons which provide an
excellent conformational probe. Identical NMR spectra
were obtained by directly dissolving the ligand and a small
excess of the cadmium salt in CD3OD, indicating that the
low yields are due to inefficient crystallisation, rather than
formation of other architectures. Furthermore, coordina-
tion to Cd is indicated by satellites resulting from coupling
of the imine protons to the I = 1/2 isotopes 111Cd and 113Cd
(combined abundance = 25%).

The differing shapes and hydrogen-bonding properties of
the chlorido and nitrato ligands result in contrasting ex-
tended structures for the two compounds. In 1 there are
alternating layers of the two crystallographically indepen-
dent complexes (Figure 2), in which they associate in chains
parallel to the crystallographic c-axis through hydrogen-
bonding interactions between the nitrato ligands and the
DDOP alcohol groups (2.976 Å in the Cd1 layer). However,
in the Cd2 layers the nitrato–hydroxy distance (3.126 Å) is
longer than the sum of the van der Waals radii. Association
of the layers appears to occur by the π-stacking interactions
observed in the asymmetric unit. In 2, the [Cd(DDMOP)-
Cl2] units are arranged in hydrogen-bonded chains parallel
to the crystallographic b-axis (Figure 2). To generate the
chains, one chlorido ligand accepts a hydrogen bond from
the DDMOP alcohol group (3.195 Å) of the next complex,
and the other chlorido ligand accepts a hydrogen bond
from an included methanol molecule (3.140 Å). The pyr-
idyl–pyridyl separations observed are too large to suggest
any significant contributions from π-stacking.

To investigate the influence of temperature on these com-
plexations, reactions were also performed at –94 °C, –78 °C,

Figure 2. Crystal packing and hydrogen bonding in [Cd(DDOP)(NO3)2] (1, left) and [Cd(DDMOP)Cl2]·MeOH (2, right). In 1, Cd1
complexes are green and Cd2 blue; colour scheme in 2: C grey; N blue; O red; Cl green; Cd purple; H omitted. Hydrogen bonds are
shown as bright blue dotted lines.
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and in refluxing n-propanol (97 °C). It was anticipated that
low temperatures might reduce the conformational flexibil-
ity of the ligand, encouraging formation of dinuclear aggre-
gates on kinetic grounds, while higher temperatures would
increase the influence of entropy, again favouring dinuclear
species. However, 1H NMR revealed that mononuclear spe-
cies still result under these conditions.

Silver(I) Complexes

In contrast to cadmium(II), complexation of DDOP and
DDMOP with silver(I) results in the formation of M2L2

mesocates, synthesised in analogous fashion to the cad-
mium complexes by reaction with silver(I) triflate. The
M2L2

2+ complex cations are formed by two ligands in the
bis(equatorial) conformation, linked by two Ag(1) centres
with distorted pseudo-tetrahedral geometries (Figure 3).
These dinuclear structures occur because the octahedral co-
ordination mode is less accessible for silver(I) than cad-
mium(II), and because nonplanar geometries are favoured
by four-coordinate silver atoms.[18] Furthermore, the bis-
(equatorial) coordination mode is more favourable for the
ligand as it minimises steric clashes between the pyridyl and
cyclohexane rings. 1H NMR (CD3OD) reveals the M2L2

form of the complexes upon dissolution, and while coupling
of the imine protons to the silver ion (I = 1/2) is only ob-
served in 4, the change in chemical shift relative to uncom-
plexed ligand suggests that 3 does not dissociate. Identical
spectra obtained simply by mixing the silver salt and ligand
in CD3OD suggest that the low yield obtained for 3 is due
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Figure 3. Complex cations in [{Ag(DDOP)}2](CF3SO3)2 (3) and [{Ag(DDMOP)}2](CF3SO3)2·0.5MeOH (4). Ag black, C light grey; N
dark grey; O medium grey; H omitted.

Table 2. Bond lengths [Å] and angles [°] in [{Ag(DDOP)}2](CF3SO3)2 (3) and [{Ag(DDMOP)}2](CF3SO3)2·0.5MeOH (4).

Compound 3 Compound 4

Ag(1)–N 2.236(4), 2.290(4), 2.342(5), 2.438(5) 2.241(5), 2.250(4), 2.410(5), 2.427(5)
Ag(2)–N N/A 2.209(4), 2.287(4), 2.357(5), 2.549(5)
N–Ag(1)–N 133.18(15), 141.50(19), 73.05(17), 72.40(16), 127.99(16), 141.72(17), 139.35(16), 72.17(16), 73.02(17), 129.48(16),

117.00(17) 103.35(17)
N–Ag(2)–N N/A 140.93(17), 138.44(16), 72.31(17), 71.42(16), 134.37(15),

103.34(16)

Figure 4. Crystal packing in [{Ag(DDOP)}2](CF3SO3)2 (3, left) and [{Ag(DDMOP)}2](CF3SO3)2 (4, right). S yellow; F light yellow; Ag
purple; C grey; N blue; O red; H omitted. Disordered atoms are omitted for clarity. Hydrogen-bonded interactions shown by blue dotted
line.

to inefficient crystallisation rather than formation of other
architectures.

In both complexes, the coordination geometry around
the silver atoms is substantially distorted from the tetrahe-
dral ideal, as shown by the wide range of bond lengths and
angles in Table 2. Most importantly, the twist angle between
the two donor sets of each tetrahedron, ideally 90°, is
around 79.5° in 3, and 68° and 71.5° at the two crystallo-
graphically independent silver centres in 4, compensating
for the �100° corner piece provided by the ligands.

Both complexes pack in one-dimensional chains of hy-
drogen-bonded complex cations and counterions (Fig-
ure 4). In 3, these chains propagate parallel to a line bisec-
ting the crystallographic bc plane through the origin, with
each DDOP alcohol group donating a bifurcated hydrogen
bond to one triflate counterion (3.011 Å) and the alcohol
group of the next cation (2.886 Å) in the chain. Edge–face
contacts of around 3.73 Å suggest a contribution from C–
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H–π interactions,[20] although there do not appear to be any
face–face π–π interactions. In the DDMOP complex 4 the
chains run parallel to the crystallographic a-axis, with the
cations connected by hydrogen bonds between their alcohol
groups (2.818 Å), while one of the two triflate anions per
formula unit also accepts a hydrogen bond from a DDMOP
alcohol group (2.775 Å). The second triflate counterion is
disordered and interacts with disordered methanol mole-
cules (2.696 Å), but not the cations. It appears that slipped
face-to-face π-stacking interactions may control the associ-
ation of the hydrogen-bonded chains, with a number of C–
C contacts in the range of 3.45–3.92 Å.

Conclusions

A series of closed-shell transition-metal complexes of two
novel Schiff-base ligands have been synthesised and charac-
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terised in the solid and solution states. These ligands offer
two possible coordination modes, and while mononuclear
complexes are preferred with cadmium(II), M2L2 mesocates
form with silver(I). This preference for mononuclear com-
plexes with cadmium(II) prevails over a wide temperature
range and is due to the greater ability of CdII to accept six-
coordinate environments, and the consequent gain in sta-
bility through formation of two extra coordinate bonds to
solvent molecules or counterions. Further investigation will
be carried out into the possibility of using the conforma-
tional “switch” as a sensor.

Experimental Section
Materials, Methods and Instrumentation: The ligands DDOP and
DDMOP were synthesised by reaction of t-3,t-5-diamino-r-1-hy-
droxycylcohexane with 2-pyridinecarbaldehyde or 6-methyl-2-pyri-
dinecarbaldehyde.[16] All other reagents and solvents were pur-
chased (Fisher/Lancaster/Riedel-de Haën/Aldrich) as AR grade
and used without further purification. Deuterated solvents were
obtained from Aldrich. All complexations were performed under
ambient conditions. IR spectra were measured with a Jasco FTIR-
410 spectrometer and 1H NMR measurements were performed at
room temperature with Bruker DPX-400 and Avance-400 spec-
trometers. X-ray diffraction data were collected with a Nonius
Kappa-CCD diffractometer with Mo-Kα radiation (λ = 0.7107 Å)
and a graphite monochromator.

Preparation of [Cd(DDOP)(NO3)2] (1): DDOP (0.070 g,
0.226 mmol) was dissolved in methanol (20 mL). Cd(NO3)2·4H2O
(0.105 g, 0.340 mmol) was added in methanol (5 mL) and the solu-
tion stirred for 5 h, before the volume was reduced to ca. 3 mL in
vacuo. A white solid was removed by filtration and the solution
was set for crystallisation by Et2O diffusion. After 24 h, clear and
colourless crystals of 1 were observed (0.030 g, 0.0551 mmol,
23.8% yield). 1H NMR (400 MHz, CD3OD): δ = 9.01 (d, 2 H,
2ArH), 8.81 [m (s with satellites from coupling to I = 1/2 Cd iso-
topes 111Cd and 113Cd, combined abundance 25%), 2 H, 2 HC=N],
8.33 (pseudo-td, 2 H, 2 ArH), 8.03 (d, 2 H, 2 ArH), 7.94 (m, 2 H,
2 ArH), 4.51 (m, 2 H, 2 HC–N), 4.39 (tt, 1 H, HCOH), 2.34–2.14
(m, 4 H, 3 HeqCH, HaxCH), 2.01 (pseudo-td, 2 H, 2 HaxCH) ppm.

Table 3. Crystallographic data for 1–4.[a]

1 2 3 4

Empirical formula C18H20CdN6O7 C21H28CdCl2N4O2 C38H40Ag2F6N8O8S2 C42.5H48Ag2F6N8O8.5S2

Fw 544.80 551.77 1130.63 1200.75
Crystal system monoclinic triclinic triclinic triclinic
a [Å] 12.1888(4) 8.9466(3) 9.0415(7) 12.2018(3)
b [Å] 11.9874(4) 9.3958(3) 11.3901(7) 15.6356(5)
c [Å] 14.0365(5) 14.0929(5) 12.2172(8) 15.8170(5)
α [°] 90 76.769(2) 95.435(4) 61.247(1)
β [°] 91.604(2) 85.356(2) 93.135(3) 70.358(2)
γ [°] 90 76.842(2) 110.024(3) 87.980(2)
Space group Pc P1̄ P1̄ P1̄
V [Å3] 2050.10(12) 1122.41(7) 1171.68(14) 2462.21(13)
Z 4 2 1 2
ρcalcd. [g cm–3] 1.765 1.633 1.602 1.620
µ [mm–1] 1.121 1.236 1.005 0.962
T [K] 150(2) 150(2) 293(2) 150(2)
No. observations 20922 (3815 unique) 21739 (4400 unique) 22306 (6684 unique) 37421 (9610 unique)
Residuals R, Rw 0.0624, 0.1634 0.0294, 0.0698 0.0750, 0.2047 0.0659, 0.1722

[a] R1 = Σ|Fo| – |Fc|/Σ|Fo|. wR2 = {Σ[w(Fo
2 –Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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IR (KBr disc): ν̃ = 3431 s, 3062 w, 2933 m, 1651 m, 1595 s, 1423
s, 1296 vs cm–1. C18H20CdN6O7 (544.80): calcd. C 39.68, H 3.70,
N 15.43; found C 39.39, H 3.72, N 15.18.

Preparation of [Cd(DDMOP)(Cl)2]·MeOH (2): DDMOP (0.070 g,
0.208 mmol) was dissolved in methanol (20 mL). CdCl2·2.5H2O
(0.047 g, 0.210 mmol) was added in methanol (5 mL), and the solu-
tion stirred overnight, before the volume was reduced to ca 4.5 mL
in vacuo. A white solid was removed by filtration and after 24 h,
clear, colourless crystals of 2 were produced by diffusion of diethyl
ether into the methanolic solution (0.027 g, 0.0489 mmol, 23.5%
yield). 1H NMR (400 MHz, CD3OD): δ = 8.73 [m (s with satellites
from coupling to 25% abundace I = 1/2 Cd isotopes), 2 H, 2
HC=N], 8.08 (pseudo-t, 2 H, 2 ArH), 7.74 (d, 2 H, 2 ArH), 7.67
(d, 2 H, 2 ArH), 4.68 (tt, 1 H, HCOH), 4.44 (m, 2 H, 2 HCN),
3.03 (s, 6 H, 2 H3CAr), 2.36–2.13 (m, 4 H, 3 HeqCH, HaxCH), 1.98
(pseudo-td, 2 H, 2 HaxCH) ppm. IR (KBr disc): ν̃ = 3404 s, 2923
m, 1647 s, 1591 s, 1458 s, 1256 m, 1163 m, 1129 m 1002 m, 808 s
cm–1. C21H28CdCl2N4O2 (551.79): calcd. C 45.71, H 5.11, N 10.15;
found C 45.40, H 4.74, N 10.09.

Preparation of [{Ag(DDOP)}2](CF3SO3)2 (3): DDOP (0.070 g,
0.226 mmol) was dissolved in methanol (20 mL). AgOTf (0.0875 g,
0.339 mmol) was added in methanol (5 mL) and the solution
stirred in the dark for 48 h, before the volume was reduced to ca
4 mL in vacuo. After a few minutes, the formation of very small
crystals was observed. The solution was filtered and set to crystal-
lise by Et2O diffusion. Within 24 h, small, colourless cubic or rec-
tangular crystals of 3 were observed (0.0411 g, 0.0364 mmol, 16.1%
yield). 1H NMR (400 MHz, CD3OD): δ = 8.91 (s, 4 H, 4 HC=N),
8.39 (d, 4 H, 4 ArH), 8.16 (pseudo-td, 4 H, 4 ArH), 7.92 (d, 4 H,
4 ArH), 7.17 (m, 4 H, 4 ArH), 4.45 (m, 4 H, 4 HCN), 4.29 (m, 2
H, 2 HCOH), 2.13 (m, 8 H, 6 HeqCH, 2 HaxCH), 1.84 (m, 4 H, 4
HaxCH) ppm. IR (KBr disc): ν̃ = 3429 s, 2924 m, 1645 m, 1593 s,
1441 m, 1281 vs, 1255 vs, 1555 s, 1030 s cm–1. C38H40Ag2F6N8O8S2

(1130.63): calcd. C 40.37, H 3.57, N 9.91; found C 40.29, H 3.40,
N 9.79.

[{Ag(DDMOP)}2](CF3SO3)2·0.5MeOH (4): DDMOP (0.070 g,
0.208 mmol) was dissolved in methanol (20 mL). AgOTf (0.0802 g,
0.310 mmol) was added in methanol (5 mL) and the solution
stirred in the dark for 48 h, before the volume was reduced to ca
3 mL in vacuo. After a few minutes, the formation of very small
crystals was observed. The solution was filtered and set to crystal-
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lise by Et2O diffusion. Within 24 h, small, colourless cubic or rec-
tangular crystals of 4 were observed (0.0744 g, 0.0620 mmol, 59.5%
yield). 1H NMR (400 MHz, CD3OD): δ = 8.90 (d, 4 H, 4 HC=N,
d due to coupling with I = 1/2 Ag), 8.03 (pseudo-t, 4 H, 4 ArH),
7.74 (d, 4 H, 4 ArH), 7.58 (d, 4 H, 4 ArH), 4.48 (m, 4 H, 4 HCN),
4.32 (m, 2 H, 2 HCOH), 2.26–2.01 (m, 8 H, 6 HeqCH, 2 HaxCH),
2.20 (s, 12 H, 4 H3CAr), 1.90 (m, 4 H, 4 HaxCH) ppm. IR (KBr
disc): ν̃ = 3423 s, 2920 m, 1642 m, 1592 s, 1458 m, 1278 vs, 1261
vs, 1030 s cm–1. C42H48Ag2F6N8O8S2 (1186.74, losing solvent):
calcd. C 42.58, H 3.91, N 9.46; found C 42.51, H 4.01, N 9.27.

Single-Crystal Structure Determination: Suitable single crystals of
1–4 were mounted on the end of a thin glass fibre using Fomblin
oil. X-ray diffraction intensity data were measured at 150 or 293 K
with a Nonius Kappa-CCD diffractometer [λ(Mo-Kα) = 0.7107 Å].
Structure solution and refinement for 1–4 were carried out with
SHELXS-97[21] and SHELXL-97[22] using WinGX.[23] Corrections
for incident and diffracted beam absorption effects were applied
using empirical[24] or numerical methods.[25] Compound 1 crystal-
lised in the space group Pc and compounds 2, 3 and 4 in P1̄, as
determined by systematic absences in the intensity data, intensity
statistics and the successful solution and refinement of the struc-
tures. All structures were solved by a combination of direct meth-
ods and difference Fourier syntheses and refined against F2 by the
full-matrix least-squares technique. Crystal data, data collection
parameters and refinement statistics for 1–4 are listed in Table 3.
CCDC-605439 to -605442 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Cores – Cluster Isomerism as a Result of Subtle Changes in Ligand Size
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The hydrazide cluster [(iPrZn)4(NHNMe2)4] (1) was synthe-
sised by the reaction of diisopropylzinc with N,N-dimethyl-
hydrazine and was characterised by 1H- and 13C NMR and
IR spectroscopy, mass spectrometry, elemental analysis and
X-ray crystallography. This compound forms asymmetric ag-
gregates containing Zn4N8 cores. The Zn atoms in these ag-
gregates are arranged in topological tetrahedra in which the
triangular faces are bridged by NHNMe2 substituents. Each
NH group is connected to two Zn atoms and each NMe2

group to one Zn atom. Alkoxide clusters were prepared in
one-pot syntheses by treating diisopropylzinc solutions with
mixtures of N,N-dimethylhydrazine and ROH (R = Et, iPr).
The resulting compounds have the formula [(iPrZn)4-
(NHNMe2)3(OR)] [R = Et (3), iPr(4)] and contain Zn4N6O
cages, such that one NHNMe2 in 1 is replaced by one alk-
oxide group. Two different aggregation modes were found
for these Zn4N6O cages. In compound 3, one Zn atom is
bound to two NMe2 groups and one NH group. The other

Introduction

The great variety of the chemistry of group 13 metal hy-
drazides has recently been reviewed by Uhl.[1] Such metal
hydrazides can be employed as single-source precursors for
the generation of metal nitrides[2] by CVD methods, al-
though they have been applied in this context less fre-
quently than metal amides.[3] The compounds reported in-
clude simple dimers like [(Me2Al-µ-NHNMe2)2],[4] trimers
like [(Me2Ga-µ-NHNMe2)3][5] or more complex ladder-type
aggregates such as [Al4(NHNMe2)8(NNMe2)2].[6] The dif-
ferent aggregation modes in such metal hydrazides originate
from the presence of two directly connected inequivalent
donor sites. Scheme 1 shows some examples of typical
bridging modes realised in various metal hydrazides.
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three Zn atoms each have three bonds to NH groups and one
dative bond to an NMe2 group. The cage consists of one four-
membered and one six-membered ring as well as four five-
membered rings. In compound 4, the fourth zinc atom is ex-
clusively bonded to three anionic NH functions in such a way
that the rings in the cage are all five-membered. Compounds
3 and 4 were characterised by NMR spectroscopy and single-
crystal X-ray diffraction. Hydrazide hydroxide clusters were
also obtained through the reaction of a diisopropylzinc solu-
tion with N,N-dimethylhydrazine and a small amount of
water. The structure of the resulting cocrystalline material,
[(iPrZn)4(NHNMe2)4]·[(iPrZn)4(NHNMe2)3(OH)] (2), was also
confirmed by X-ray diffraction. The hydroxide cluster in 2
contains a Zn4N6O cage, with a similar aggregation mode to
that of 4.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

A few of these hydrazides also show β-donor bonding
leading to three-membered AlNN units.[7a–7e] The reaction
between hydrazine, N2H4, and GaMe3 affords a singular
bicyclic compound, [(Me2Ga)4(N2H2)(NHNH2)2],[8] in
which two five-membered heterocycles are connected by a
common N–N bond and also have N–NH2 groups in exocy-
clic positions as in type C. A high degree of coordinative
flexibility has also recently been documented for the related
hydroxylamides in organoaluminium and -gallium chemis-
try; examples of the corresponding four-, five- and six-
membered ring isomers have been reported.[9]
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On the basis of these results, it seems surprising that a

corresponding organometallic chemistry with group 12 ele-
ments, in particular with zinc, which neighbours gallium,
has not been extensively established so far. Zinc alkoxides
are a well-established class of compounds.[10] They include
homoleptic compounds,[10b] alkylzinc alkoxide clusters,[10c]

and the zinc siloxide clusters, which have been described as
early as 1960 by Schmidbaur and co-workers[10d,10e] and
have recently been investigated by Driess and co-workers,
who uncovered new varieties of aggregation and interesting
thermolysis behaviour.[10f–10h] The only known hydrazide of
zinc was [Zn(N2H3)2],[11] but this compound is quite cum-
bersome to synthesise and furthermore has the disadvan-
tage of containing the N2H3 group, which exhibits a con-
siderable explosion hazard. In our recent work, we have
synthesised the first organometallic zinc hydrazide clusters
of the type [(RZn)4(NHNMe2)4] (R = Me, Et) and their
alkoxide and hydrazide hydroxide derivatives.[12] Hydrazides
of other divalent metal ions have been described, examples
include the magnesium hydrazides {Mg[NPhN(SiMe3)2]2}
and {Mg[N(SiMe3)NMe2]2}[13] and the beryllium hydrazide
[Be(NMeNMe2)2].[14] The results of these investigations can
be compared with the better established chemistry of the
alkali metal hydrazides, in particular that of lithium, which
has a large variety of structural motifs.[15–21]

The driving force for preparing these zinc hydrazides and
their oxygen derivatives is to explore their aggregation
chemistry and behaviour in pyrolysis. Zinc oxide is a widely
used semiconductor as it has a wide bandgap. The substitu-
tion of oxide by nitride in zinc-based materials such as ZnO
would result in a p-type semiconductor, which was so far
only realised with Ga codoping or by treatment with active
nitrogen or with nitrogen oxides such as N2O.[22a–22c] How-
ever, these substitution processes show poor reproducibility.
The synthesis of such materials by using a molecular pre-
cursor route has not been tried to date, probably because
of the restricted number of readily accessible thermolabile
Zn/N precursor compounds.

In this contribution, we report the synthesis of new or-
ganozinc hydrazides and derivatives thereof in which hydra-
zide units are replaced by hydroxide or alkoxide units. This
will be the starting point for the exploration of a new class
of compounds, which could possibly be used as molecular
precursors for new materials.

Scheme 2.
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Results and Discussion
Isopropylzinc Hydrazide

The reaction of diisopropylzinc with N,N-dimethylhydra-
zine gives the hydrazide [(iPrZn)4(NHNMe2)4] (1) in mod-
erate yield (Scheme 2). It is soluble in all hydrocarbons and
ethers and is easily purified by crystallisation. Compound
1 melts at 228–229 °C.

Hydrazide 1 was formed by combining iPr2Zn and
H2NNMe2 in a 1:1 ratio and was characterised by NMR
spectroscopy and elemental analysis. The presence of tetra-
meric aggregates was proven by mass spectroscopy; the
highest mass found was that of the tetramer minus one iso-
propyl group. Two bands at 3150 and 3174 cm–1 in the IR
spectrum proved the presence of NH functions. The 1H-
and 13C NMR spectra in CDCl3 solution indicated the ab-
sence of molecular symmetry in the tetramer, as all four
hydrazide methyl groups and all four isopropyl groups at
zinc gave individual sets of signals. However, it is impossible
to prove the formation of a single aggregation type solely
from these data. Therefore, analysis by X-ray diffraction
was performed on colourless single crystals of 1, grown by
storing an n-hexane solution of the compound at –26 °C for
several days.

Compound 1 exhibits an unusual M4N8 cage structure
which is C1 symmetric (Figure 1). The topology is related
to that of [(MeGa)4(NHNPh)4], which contains a Ga4N8

cage and a dianionic ligand compensating for the formal
double charge of the cationic unit MeGa2+.[23] There is also
a structural resemblance to the zinc oximate [(MeZn)4-
(ONCMe2)4], which also has a Zn4N4O4 core,[24] but has
oxygen as the primary binding atom. Furthermore, the
structure is similar to the dimethyl- and diethylhydrazides
[(RZn)4(NHNMe2)4] (R = Me, Et) recently reported by
us.[12]

In compound 1, all the zinc and nitrogen atoms have
coordination number four. There are altogether six rings,
two of which are six-membered (Zn2N4) and four are five-
membered (Zn2N3). The zinc atoms in 1 span a topological
tetrahedron, each one of whose four triangular faces are
capped by a hydrazide ligand. Each hydrazide unit forms
two bonds to zinc atoms from its NH group and one dative
bond from its NMe2 group. The distribution of these types
of bonds is uneven: Zn1 has three bonds to NH units, Zn2
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Figure 1. Molecular structure of [(iPrZn)4(NHNMe2)4] (1) as deter-
mined by X-ray crystallography. Hydrogen atoms are omitted for
clarity.

and Zn3 have two to NH units and one to an NMe2 group,
and finally Zn4 has one bond to an NH unit and two to
NMe2 groups. The bonds from the Zn atoms to the for-
mally anionic NH groups are shorter by more than 0.1 Å
than those to the NMe2 groups. Table 1 lists selected geo-
metric parameters for 1.

Table 1. Selected bond lengths [Å] and angles [°] for [(iPrZn)4-
(NHNMe2)4] (1) as determined by X-ray crystallography.

Bond lengths Angles

Zn1–C15 2.011(8) C15–Zn1–N11 122.0(3)
Zn1–N11 2.094(6) C15–Zn1–N31 120.8(3)
Zn1–N31 2.066(6) C25–Zn2–N21 124.5(4)
Zn1–N41 2.064(7) Zn1–N11–Zn2 106.4(3)
Zn2–N11 2.039(7) Zn1–N11–N12 110.7(3)
Zn2–N21 2.059(8) Zn2–N32–C33 109.2(6)
Zn2–N32 2.150(6) N11–Zn1–N31 95.5(2)
N11–N12 1.436(9) N31–Zn1–N41 97.6(3)

Isopropylzinc Hydrazide Hydroxide

We have previously reported the formation of the mixed
hydrazide hydroxide clusters [(MeZn)4(NHNMe2)3(OH)]
and [(EtZn)4(NHNMe2)3(OH)][12] from the one-pot reac-
tion between dimethyl- or diethylzinc, N,N-dimethylhydra-

Scheme 3.
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zine and water. By carrying out the reaction under similar
conditions, but with diisopropylzinc as the organometallic
component, we expected to obtain [(iPrZn)4(NHNMe2)3-
(OH)]. Unexpectedly, the cocrystalline compound
[(iPrZn)4(NHNMe2)4]·[(iPrZn)4(NHNMe2)3(OH)] (2)
(Scheme 3) formed and was characterised by single-crystal
X-ray diffraction. The presence of the OH group was also
confirmed by IR spectroscopy. In the 1H NMR spectrum,
we could find three sets of signals for the hydrogen atoms
at the isopropyl groups. Adding larger amounts of water to
the mixture of diisopropylzinc and N,N-dimethylhydrazine
leads to the formation of complicated mixtures of com-
pounds and insoluble precipitates, which could not be sepa-
rated or identified.

Compound 2 is very soluble in n-hexane and in ethereal
solvents. Single crystals were obtained by cooling an n-hex-
ane solution of 2 for several days at –26 °C.

The crystals of 2 adopt the monoclinic space group P21/c
and comprise M4N8 and M4N6O cores (Figure 2). Selected
geometric parameters for 2 are listed in Table 2.

Figure 2. Molecular structure of the cocrystalline compound
[(iPrZn)4(NHNMe2)4]·[(iPrZn)4(NHNMe2)3(OH)] (2) as deter-
mined by X-ray crystallography. Hydrogen atoms except the one
bound to oxygen are omitted for clarity.
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Table 2. Selected bond lengths [Å] and angles [°] for [(iPrZn)4(NHNMe2)4]·[(iPrZn)4(NHNMe2)3(OH)] (2) as determined by X-ray crystal-
lography. Each Zn cage appears as a separate column.

[(iPrZn)4(NHNMe2)4] [(iPrZn)4(NHNMe2)3(OH)]

Zn1A-C15A 2.014(7) Zn1B-C15B 2.000(15)
Zn1A-N21A 2.081(6) Zn1B-N21B 2.080(9)
Zn1A-N11A 2.073(6) Zn1B-N31B 2.082(9)
Zn1A-N31A 2.083(5) Zn2B-C25B 2.012(15)
Zn2A-C25A 2.014(9) Zn2B-N21B 2.025(8)
Zn2A-N21A 2.048(6) Zn2B-N12B 2.150(6)
Zn2A-N12A 2.139(8) N11B-N12B 1.444(11)
N11A-N12A 1.472(9) O41B-Zn2B 2.226(11)
C15A-Zn1A-N21A 121.0(3) O41B-Zn3B 2.175(12)
C15A-Zn1A-N11A 122.4(3) C15B-Zn1B-N11B 118.1(6)
C15A-Zn1A-N31A 118.3(3) C15B-Zn1B-N31B 122.9(8)
N21A-Zn1A-N11A 94.9(3) N21B-Zn1B-N11B 96.5(4)
N21A-Zn1A-N31A 98.0(2) N21B-Zn1B-N31B 95.8(4)
N11A-Zn1A-N31A 96.5(2) Zn1B-N21B-Zn2B 104.4(4)
Zn1A-N21A-Zn2A 108.9(3) Zn1B-N21B-N22B 109.2(7)
Zn1A-N21A-N22A 110.1(4) Zn2B-O41B-Zn3B 98.7(6)

Isopropylzinc Monoalkoxide Trihydrazide

In order to obtain zinc alkoxide hydrazide compounds,
we combined dialkylzinc solutions, alcohol and hydrazine
in one-pot syntheses. To achieve the formation of monoalk-
oxide clusters, a diisopropylzinc/hydrazine/alcohol ratio of
4:2.4:2 was employed (Scheme 4). From this mixture we ob-
tained the compounds [(iPrZn)4(NHNMe2)3(OR)] [R = Et
(3), iPr(4)]. In an earlier publication, we mentioned the for-
mation of similar products by alcoholysis of the pure hydra-
zides with dimethyl- and diethylzinc units.[12]

The 1H and 13C NMR spectra of 3 and 4 show one set
of alcoholate signals and three sets of signals for the hydro-
gen atoms at isopropyl groups. The integration ratio gives
a zinc alkyl/hydrazide/alkoxide stoichiometry of 4:3:1. The
IR spectra show bands corresponding to NH stretching
modes. The highest peak in the mass spectrum corresponds
to the mass of the molecular cations minus the mass of the
alkyl group attached to the O atom. Compounds 3 and 4
melt at 195 °C and 223 °C, respectively. They are soluble in
hydrocarbons and ethereal solvents.

The structures of 3 and 4 were obtained by single-crystal
X-ray diffraction (Figure 3 and Figure 4). The compounds
crystallise in the monoclinic space groups P21/n and P21/c,
respectively, from n-hexane solutions upon cooling to
–26 °C for several days.

The quality of the diffraction data for compound 3 was
poor, mainly because of the conformational flexibility of
the isopropyl groups, as we frequently observe in this area
of chemistry. Therefore, the structural data, which we pro-
vide here for the purpose of comparison, should not be
overinterpreted.

Scheme 4.
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Figure 3. Molecular structure of [(iPrZn)4(NHNMe2)3(OEt)] (3) as
determined by X-ray crystallography. Hydrogen atoms are omitted
for clarity. Selected bond lengths [Å] and angles [°]: Zn1–N21
2.040(12), Zn1–N11 2.057(11), Zn1–N32 2.17(2), Zn2–N21
2.001(12), Zn2–N12 2.199(12), O41–Zn2 2.018(15), O41–Zn3
1.989(18), O41–Zn4 2.34(3); C15–Zn1–N21 122.3(9), C15–Zn1–
N11 123.7(10), C15–Zn1–N32 119.1(8), N21–Zn1–N11 94.3(5),
N11–Zn1–N32 88.7(8), Zn1–N21–N22 123.1(11), O41–Zn3–N11
91.0(5), Zn2–O41–Zn3 111.9(7).

Both 3 and 4 contain Zn4N6O cores in their molecular
structures. We found two different types of aggregation
mode in the crystal cores of 3 and 4. In 3, the three zinc
atoms that are connected to oxygen form one bond to an
anionic NH unit and one dative bond to an NMe2 group.
The fourth zinc atom is bound to one NH unit and forms
two dative bonds to NMe2 groups. Therefore, compound 3
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Figure 4. Molecular structure of one of the two independent mole-
cules of [(iPrZn)4(NHNMe2)3(OiPr)] (4) as determined by X-ray
crystallography. Hydrogen atoms are omitted for clarity. Selected
bond lengths [Å] and angles [°]: Zn1–C1 2.016(7), Zn1–N1
2.067(6), Zn2–N5 2.041(5), Zn2–N4 2.150(6), O1–Zn2 2.117(5),
O1–Zn4 2.142(6); C1–Zn1–N1 121.3(3), N1–Zn1–N5 94.8(2), N1–
Zn1–N3 92.9(3), Zn1–N1–Zn3 107.6(3), O1–Zn3–N1 92.2(3), Zn2–
O1–Zn3 108.0(2).

forms one four-membered Zn2NO and one six-membered
Zn2N4 ring as well as two five-membered Zn2N3 and two
five-membered Zn2N2O rings. By contrast, in compound 4,
the fourth zinc atom, which is not connected to the oxygen
atom, bonds to three anionic NH units, allowing all six
rings to be five-membered (Figure 5). This shows that sub-
tle changes in the sizes of the oxygen substituents can lead
to substantial variations in the cage structure of such aggre-

Figure 5. Illustration of the possible aggregation isomers of one of
the hydrazide units at the common core structure
Zn4(NHNMe2)2(OR) in [(iPrZn)4(NHNMe2)3(OEt)] (3, C and D)
and [(iPr2Zn)4(NHNMe2)3(OiPr)] (4, A and B). Only the two dif-
ferent Zn4N6O cores are shown in two views rotated by about 90°.
The structures of the common Zn(N2)2(O) cores of the
Zn4(NHNMe2)2(OR) units are shown in hollow lines, the orienta-
tion of the N2 unit of the NHNMe2 group and its connection to
the rest of the structure are shown in filled lines.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3936–39423940

gates. On the other hand, these results indicate that such
different cage constitutions vary only slightly in energy.

Experimental Section
General Considerations: All manipulations of air-sensitive com-
pounds were carried out under a dry nitrogen atmosphere with
standard Schlenk and high-vacuum techniques by using double
manifolds or in a glovebox operated under argon. Solvents were
purified and dried by standard methods immediately prior to use.
N,N-Dimethylhydrazine was purchased from Aldrich Chemical
Company and dried by distillation from CaH2 under dry nitrogen.
Diisopropylzinc was synthesised according to a literature pro-
cedure.[25] 1H and 13C NMR spectra were recorded with a Varian
Inova-300, 400, 500 or a Varian Unity Plus 600 spectrometer in
CDCl3 which was dried with activated molecular sieves. 1H- and
13C assignments were confirmed when necessary by use of two-
dimensional 1H–1H and 13C–1H correlation NMR experiments. All
spectra were recorded at 25 °C and referenced internally to residual
protiosolvent (1H) or solvent (13C) resonances. Chemical shifts are
quoted in ppm and coupling constants in Hz. A Nonius Kappa-
CCD (λ = 0.71073 Å) (for compounds 1, 2 and 3) or a Bruker
Smart CCD X-ray diffractometer (λ = 1.54184 Å) (for compound
4) was used to collect the scattering intensities for single-crystal X-
ray diffraction experiments. IR spectra were measured with a
Bruker IFS (103 V) by using KBr pellets prepared in the glovebox.

[(iPrZn)4(NHNMe2)4] (1): iPr2Zn (8.00 mL of a 2.5  solution in
n-hexane/diethyl ether; 20.0 mmol) was added dropwise with a sy-
ringe to a stirred solution of H2NNMe2 (2.30 mL, 30.0 mmol) in
n-hexane (20 mL) at 0 °C. The reaction mixture was gradually
warmed to room temp. and stirred for 6 h. Solvents were removed
under reduced pressure The residue was then dissolved in n-hexane
and filtered. The clear, colourless filtrate was stored at –26 °C to
afford colourless, plate-like crystals.

Yield: 63% (2.11 g, 3.14 mmol). M.p. 228–229 °C. 1H NMR
(400 MHz): δ = 0.07 [sept, 3JH,H = 7.7 Hz, 1 H, ZnCH], 0.14–0.30
[m, 2 H, ZnCH], 0.37 [sept, 3JH,H = 7.7 Hz, 1 H, ZnCH], 1.13–1.25
[m, 24 H, ZnCH(CH3)2], 2.06, 2.09, 2.12 [s, 4 H, N-H], 2.23–2.77
[m, 24 H, N(CH3)2] ppm. 13C{1H} NMR (125.7 MHz): δ = 10.22,
11.07, 11.32, 11.69 [ZnCH], 24.73, 24.89, 25.15, 25.31, 25.33, 25.50,
25.59, 25.73 [ZnCH(CH3)2], 53.87, 54.76, 55.14, 55.64, 56.51, 56.83,
57.14, 57.89 [N(CH3)2] ppm. C20H56N8Zn4 (670.24): calcd. C 35.83,
H 8.42, N 16.72; found C 35.75, H 8.21, N 16.38. EI-MS [m/z (%)]:
627 (100), [M+ –C3H7], 567 (53), [M+ –C3H7 –(NHNMe2)], 459
(78), [M+ –2 C3H7 –(NHNMe2)]. IR (KBr): ν̃ = 3150, 3174 (w, N–
H), 2867 (vs), 2821 (vs), 2693 (w), 1465(vs) 1161 (s), 994 (s) 951
(s), 820 (vs), 571 (s) cm–1.

[(iPrZn)4(NHNMe2)4]·[(iPrZn)4(NHNMe2)3(OH)] (2): iPr2Zn
(4.00 mL, 2.5  in n-hexane/diethyl ether, 10.0 mmol) was added
dropwise with a syringe to a stirred solution of H2NNMe2

(0.60 mL, 7.83 mmol) in n-hexane (10 mL) at 0 °C. Water (0.07 mL,
3.88 mmol) was added dropwise with a syringe. The reaction mix-
ture was gradually warmed to room temp. and stirred for 6 h. After
removal of the solvent under reduced pressure, the residue was dis-
solved in n-hexane and filtered. Colourless crystals of 2 were ob-
tained by storing an n-hexane solution of 2 at –26 °C.

Yield: 62% (1.00 g, 1.54 mmol). M.p. 263–264 °C (decomp.). 1H
NMR (300 MHz): δ = 0.21 [sept, 3JH,H = 7.6 Hz, 1 H, ZnCH-
(CH3)2], 0.44 [sept, 3JH,H = 7.6 Hz, 1 H, ZnCH(CH3)2], 0.83 [sept,
3JH,H = 7.5 Hz, 2 H, ZnCH(CH3)2], 1.09–1.29 [m, 24 H,
ZnCH(CH3)2], 2.06–2.78 [m, 21 H, N-H, N(CH3)2] ppm. 13C{1H}
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NMR (125.7 MHz): δ = 11.14, 11.35, 11.60, 11.96, 13.41 [ZnCH],
23.74, 25.07, 25.26, 25.68, 25.78, 25.91, 27.63 [ZnCH(CH3)2], 53.78,
54.15, 55.39, 55.94, 56.78, 57.11, 57.44, 58.16 [N(CH3)2] ppm. EI-
MS [m/z (%)]: 627 (100), [M+ –C3H7]. IR (KBr): ν̃ = 3323 (w, O–
H), 3147 (w, N–H), 2928 (s), 2863 (vs), 2815 (s), 1451 (vs) 1159 (s),
987 (s) 951 (s), 813 (vs) cm–1.

[(iPrZn)4(NHNMe2)3(OEt)] (3): iPr2Zn (8.00 mL of 2.5  in n-hex-
ane/diethyl ether; 20.0 mmol) was added dropwise with a syringe
to a stirred solution of H2NNMe2 (0.92 mL, 12.0 mmol) and EtOH
(0.58 mL, 9.96 mmol) in n-hexane (20 mL) at 0 °C. The reaction
mixture was gradually warmed to room temp. and stirred for 4 h.
After removal of the solvent under reduced pressure, the residue
was dissolved in n-hexane and filtered. The clear, colourless filtrate
was stored at –26 °C to afford colourless crystals of 3.

Yield: 49% (1.60 g, 2.44 mmol). M.p. 195–196 °C. 1H NMR
(300 MHz): δ = 0.50 [sept, 3JH,H = 7.6 Hz, 1 H, ZnCH(CH3)2], 0.64
[sept, 3JH,H = 7.6 Hz, 2 H, ZnCH(CH3)2], 0.79 [sept, 3JH,H =
7.5 Hz, 1 H, ZnCH(CH3)2], 1.12–1.28 [m, 24 H, ZnCH(CH3)2],
1.30 [t, 3JH,H = 7.0 Hz, 3 H, OCH2CH3], 2.04, 2.10 [s, 3 H, N-
H], 2.32–2.70 [m, 18 H, N(CH3)2], 3.93 [q, 3JH,H = 7.0 Hz, 2 H,
OCH2CH3] ppm. 13C{1H} NMR (75 MHz): δ = 10.62, 11.81,
12.04, 12.35 [ZnCH], 20.98 [OCH2CH3], 23.94, 24.02, 24.25, 24.95,
24.74, 24.87, 24.92, 25.15 [ZnCH(CH3)2], 53.76, 54.14, 54.37, 54.62,
55.18, 55.46 [N(CH3)2], 63.49 [OCH2CH3] ppm. IR (KBr): ν̃ =
3174 (w, N–H), 2865 (vs), 2816 (s), 2700 (w), 1159 (s), 874 (vs)
cm–1. C20H54N6OZn4 (654.19): calcd. C 36.72, H 8.01, N 12.85;
found C 36.36, H 8.21, N 12.64.

[(iPrZn)4(NHNMe2)3(OiPr)] (4): iPr2Zn (6.00 mL of 2.5  in n-hex-
ane/diethyl ether; 15.0 mmol) was added dropwise with a syringe to
a stirred solution of H2NNMe2 (0.77 mL, 10.06 mmol) and iPrOH
(0.45 mL, 7.02 mmol) in n-hexane (10 mL) at 0 °C. The reaction
mixture was gradually warmed to room temp. and stirred for 4 h.
The solvents were removed under reduced pressure, the residue was
dissolved in n-hexane and filtered. The clear, colourless filtrate was
stored at –26 °C to afford colourless crystals of 4.

Table 3. Crystal and refinement data for the compounds 1, 2, 3 and 4.

1 2 3 4

Formula C20H56N8Zn4 (C20H56N8Zn4)·(C18H50N6OZn4) C20H54N6OZn4 C21H56N6OZn4

Mr 670.21 1298.32 656.17 670.20
Crystal system monoclinic monoclinic monoclinic monoclinic
a [Å] 15.978(1) 18.191(1) 13.898(1) 17.651(1)
b [Å] 12.006(1) 19.247(1) 13.515(1) 19.763(1)
c [Å] 16.607(1) 19.101(1) 16.714(1) 18.286(1)
α [°] 90 90 90 90
β [°] 101.30(1) 110.58(1) 100.60(1) 105.29(1)
γ [°] 90 90 90 90
V [Å3] 3124.0(4) 6260.9(6) 3085.8(4) 6152.9(3)
T [°C] –75 –75 –75 –153
Space group P21/n P21/c P21/n P21/c
Z 4 4 4 8
ρcalcd. [g·cm–3] 1.425 1.377 1.412 1.447
Crystal size [mm] 0.50×0.50×0.35 0.40×0.25×0.10 0.60×0.25×0.15 0.40×0.18×0.06
λ [Å] 0.71073 0.71073 0.71073 1.54184
µ [mm–1] 3.055 3.047 3.092 3.696
Reflcollected 18372 36365 14219 33862
Reflunique 7442 11015 3991 11349
Rint 0.043 0.062 0.051 0.063
R1/wR2 [I�2σ(I)] 0.079/0.219 0.069/0.185 0.098/0.279 0.082/0.204
R1/wR2 (all data) 0.130/0.255 0.137/0.222 0.131/0.319 0.125/0.230
∆ρfin [e·Å–3] 2.18/–1.37 1.28/–1.15 0.85/–0.55 4.06/–1.12
CCDC number 292691 292692 292693 292694
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Yield: 52% (1.30 g, 1.94 mmol). M.p. 223–224 °C. 1H NMR
(500 MHz): δ = 0.31 [sept, 3JH,H = 7.5 Hz, 1 H, ZnCH(CH3)2], 0.43
[sept, 3JH,H = 7.5 Hz, 2 H, ZnCH(CH3)2], 0.52 [sept, 3JH,H =
7.5 Hz, 1 H, ZnCH(CH3)2], 1.15–1.19 [m, 6 H, OCH(CH3)2], 1.20–
1.32 [m, 24 H, ZnCH(CH3)2], 1.91, 1.94, 2.01 [s, 3 H, N-H], 2.27–
2.70 [m, 18 H, N(CH3)2], 4.17 [sep, 1 H, OCH(CH3)2] ppm.
13C{1H} NMR (125.7 MHz): δ = 11.10, 13.38, 13.68 [ZnCH-
(CH3)2], 24.35, 24.37, 24.69, 24.72, 24.91, 24.93 [ZnCH(CH3)2],
25.43, 25.50 [OCH(CH3)2], 54.17, 54.36, 54.46, 54.83, 54.86, 54.95
[N(CH3)2], 68.53 [OCH(CH3)2] ppm. EI-MS [m/z (%)]: 627 (100),
[M+ –C3H7], 459 (99), [M+ –C3H7 – C3H7ZnOC3H7]. IR (KBr): ν̃
= 3168 (w, N–H), 2867 (vs), 2829 (vs), 1459 (vs), 1377 (s), 1163 (s),
1114 (s), 996 (s), 939 (s), 817 (vs), 787 (s), 570 (s) cm–1.
C21H56N6OZn4 (670.24): calcd. C 37.63, H 8.42, N 12.54; found C
37.41, H 8.44, N 12.39.

Crystal Structures: Crystals of compounds 1, 2 and 3 were selected
and prepared under perfluoropolyether and mounted in a drop of
this solution onto the glass fibre tip of the goniometer head. The
crystallographic data sets for compounds 1, 2 and 3 were collected
with a Nonius Kappa CCD diffractometer; the data set for 4 was
collected with a Bruker Smart CCD diffractometer. The structures
were solved by direct methods and refined with the full-matrix le-
ast-squares procedure (SHELXTL[26]) against F2. Details of the
crystal data and refinements are provided in Table 3. The genera-
tion of good quality crystals of this class of substance has proven
very difficult previously,[12] probably because of the ball-shaped
structure of the tetrameric or pseudotetrameric aggregates. Despite
the limited accuracy of the geometry parameters which could be
achieved with the crystalline materials, the crystal structure deter-
mination results give valuable information regarding the consti-
tution of the cluster-like aggregates.

One of the two independent molecules in the crystal of 4 is less
well defined than the other. In this molecule, two isopropyl groups
were refined as a split model to give abundances for the major
disorder components of 0.54 and 0.87. Furthermore, two N–N
bonds [N(1)–N(2) and N(9)–N(10)] in this molecule were restrained
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to a length of 1.46 (1) Å and the bonds Zn(4)–N(2) and Zn(7)–
N(10) to a length of 2.13(1) Å as they tended to refine to inappro-
priate values. All the distances (bonding and non-bonding) in the
disordered isopropyl groups containing C(7) and C(8) were re-
strained to the average geometry values for the isopropyl groups in
the other, better defined molecule. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
forwarded to the Cambridge Crystallographic Data Centre as
supplementary publications. The deposition numbers are listed in
the last line of Table 3. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The synthesis of Ibuprofen/mesoporous silica has been
achieved by a drug self-templated one-step co-condensation
process. The drug template of Ibuprofen, a co-template of 3-
aminopropyltriethoxysilane (APTES), and tetraethoxysiliane
(TEOS) were self-assembled into Ibuprofen/mesoporous sil-
ica in a neutral aqueous reaction system. This drug/mesopo-

Introduction
Over the past three decades there has been rapid growth

in sustained/controlled drug delivery in the field of modern
medication and pharmaceuticals since sustained/controlled
release can bring both therapeutic and commercial value to
health-care products.[1] Among a wide number of materials,
micelles, liposomes, and polymeric and co-polymeric nano-
particles are widely employed as drug carriers for sustained/
controlled delivery. Recently, a new application of mesopo-
rous silica as a drug-delivery system has been explored,[2]

and there is now growing interest in the use of mesoporous
silica as a sustained/controlled drug delivery system due to
its several attractive features, such as stable uniform meso-
porous structure, high surface area, tunable pore sizes with
narrow distributions, well-defined surface properties,[1,3]

nontoxic nature,[4] and good biocompatibility.[5–7] Several
research groups have reported on the design of mesoporous
silica-based carriers for sustained/controlled drug-delivery
systems.[1–3,6,8–12]

Up to now, the loading of drugs into the channel of
mesoporous silica was mainly post-synthesis, that is, the
mesoporous silica carrier was synthesized first followed by
storage of the drug molecules. The post-synthesis introduc-
tion of drug molecules has been achieved by two general
strategies: (i) by physical adsorption of drug molecules in
the pure mesoporous silica[2,5,8,10,12] or by an acid-base in-
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rous silica was characterized by powder XRD diffraction,
FTIR spectroscopy, N2 adsorption/desorption, TEM, and 29Si/
MAS and 13C/MAS NMR spectroscopy. The Ibuprofen/meso-
porous silica system gives a well-sustained release profile.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

teraction of the drug molecules with amine-supported
mesoporous silica,[1,3] or (ii) by anchoring the drug mole-
cules with modified mesoporous silica by covalent attach-
ment to form a pro-drug with release potential.[11]

Ibuprofen is frequently employed as a model drug for
sustained/controlled delivery owing to its suitable molecule
size of about 1.0×0.5 nm,[2] good pharmacological activity,
and short biological half-life (2 h).[13]

Here, we propose a novel approach to encapsulating Ibu-
profen in the channels of mesoporous silica by a one-step,
drug self-templating technique. The Ibuprofen/mesoporous
silica sample was characterized by powder XRD diffrac-
tion, FTIR spectroscopy, N2 adsorption/desorption, TEM,
and 29Si/MAS and 13C/MAS NMR spectroscopy. Drug-re-
lease profiles have also been determined.

Results and Discussion
Figure 1 schematically illustrates the one-step, drug self-

templated synthesis of our mesoporous silica drug-carrier
system. The synthesis is based on S–N+–I– template path-
ways,[14–16] where S– denotes the anionic drug template and
N+ and I– represent the protonated amine group and nega-
tively charged silane group, respectively. The formation
mechanism is thought to be controlled by the electrostatic
interaction between the negatively charged carboxylic head-
group of the drug template (Ibuprofen) and the protonated
amine group of the organoalkoxysilane (APTES). Conden-
sation occurs preferentially at the alkoxysilane sites in
APTES to onset the formation of the silicate framework.
Meanwhile, drug molecules are encapsulated in the chan-
nels of the mesoporous silicate to finally give the drug-en-
capsulated Ibu/MS system.

The XRD pattern of Ibu/MS shows only one reflection
(see Supporting Information Figure S1), with a d-spacing of
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Figure 1. The one-step, drug self-templated synthesis of Ibu/MS system and sustained release.

4.28 nm. The TEM image confirms that the Ibu/MS sample
possesses an ordered mesoporous structure (Figure 2).
Furthermore, the characteristic mesoporous system was
also confirmed by nitrogen adsorption/desorption measure-

Figure 2. TEM image of Ibu/MS.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3943–39473944

ments (shown in Figure 3), which revealed that the samples
possess a high specific surface area of 1262 m2 g–1, a large
pore volume of 0.66 cm3 g–1, and an average pore size of
2.08 nm. It can be seen that a well-defined step occurs in
the adsorption curve at a relative pressure, P/Po, of 0.2–0.3,
which indicates the filling of framework-confined meso-
pores.[17] This isotherm can be classified as type IV.[18]

Figure 3. Nitrogen adsorption/desorption isotherm and pore-size
distribution of Ibu/MS.
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The FT IR spectra of Ibuprofen show that the band cor-

responding to a free carboxylic acid (1723 cm–1) has
changed to a carboxylate one (1463 and 1637 cm–1) in the
Ibu/MS sample (see Supporting Information, Figure S2),
which suggests COO–···N+ bonding between Ibuprofen and
the co-template (APTES).[1,3,8,19] In addition, bands for the
quaternary carbon atom of Ibuprofen at 1463 and
1519 cm–1 and bands for C–Hx of APTES at 2919 and
2962 cm–1 can be clearly seen in the Ibu/MS system.[20]

These observations show that Ibuprofen and APTES are
involved in the formation of the mesoporous phase.

Figure 4 (part A) shows a typical 29Si/MAS NMR spec-
trum for the Ibu/MS sample. In addition to the free hydroxy
group (Q3) at δ = –110 ppm and cross-linked silicon atoms
(Q4), a new peak group appears between δ = –50 and
–80 ppm in Ibu/MS, which is assigned to the Si atoms coval-
ently bound to organic groups {T2 [(SiO)2Si(OH)CSi] and
T3 [(SiO)3SiCSi], respectively}.[21–23]

Figure 4. NMR spectra of Ibu/MS: (A) 29Si/MAS NMR spectrum;
(B) solid-state 13C/MAS NMR spectrum.

The 13C/MAS NMR spectrum of Ibu/MS is shown in
part B of Figure 4. The peaks of –CH2CH3 at δ = 58 and
14 ppm of pure APTES have disappeared in the Ibu/MS
system due to the condensation of APTES with TEOS,
which is consistent with 29Si MAS/NMR observations.
Furthermore, the peak of the carboxylic acid group of pure
Ibuprofen at δ = 183.22 ppm is shifted slightly to a higher
shielding of δ = 181.16 ppm in the Ibu/MS system due to
the shift of a proton from the carboxylic acid to the amine.
These NMR spectra are in agreement with the results of
the FT IR spectra, which further confirms the COO–-N+

Eur. J. Inorg. Chem. 2006, 3943–3947 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3945

interaction between Ibuprofen and the co-template, as well
as the encapsulation of Ibuprofen in the channels of the
mesoporous silica.

The loading of ibuprofen in the Ibu/MS sample is about
24%, as determined from the drug released (M�) at infinite
time. Since Ibuprofen is mainly adsorbed in the stomach
and proximal intestine, the release profiles of Ibu/MS in
simulated gastric and proximal intestine were determined;
the cumulative release rates are shown in Figure 5. This dia-
gram clearly proves that both systems exhibit sustained-re-
lease profiles. Only 8.61 wt.-% of Ibuprofen is released
within 2 h, and it takes nearly 12 and 45 h to reach 45.06
and 95.2 wt.-% of drug released in simulated gastric fluid,
respectively. The release rate in simulated proximal intestine
fluid is higher than that in the simulated gastric fluid. Thus,
13.95 wt.-% of Ibuprofen is released within 2 h, 52.22 wt.-
% of the drug is released in 12 h, and drug release is fin-
ished in 45 h. The difference of release profiles should be
mainly due to the different solubility of Ibuprofen at dif-
ferent pH values. Additionally, the integrity of the drug
molecules is maintained upon their release from the meso-
porous silica (see Supporting Information, Figure S5).

Figure 5. Cumulative release rates of Ibuprofen in simulated (a)
stomach and (b) proximal intestinal fluid.

For comparison, MCM-41 was functionalized with
APTES and the release kinetics were studied (see Support-
ing Information, Figure S6). It can be seen that this system
shows a faster initial release rate than the Ibu/MS system,
with 17.5 wt.-% of Ibuprofen released within 2 h and
55.56 wt.-% of the drug released in 12 h.

In order to investigate the release behavior of Ibuprofen,
the drug-release kinetics were analyzed with the Kors-
meyer–Peppas model.[24,25] This model often deviates from
Fick’s law and follows an anomalous behavior that follows
the exponential model Mt/M� = ktn, where Mt is the drug
released at time t, M� is the quantity of drug released at
infinite time, k is the kinetic constant, and n is the release
exponent, which characterizes the drug-transport mecha-
nism. When n = 0.5, the drug diffusion and release from
the matrix follow Fick’s law and drug initial release is
slower, while for 1 � n � 0.5 it follows an anomalous non-
Fick-type transport and drug initial release is faster than
that of n = 0.5. A relatively larger initial drug release is
essential for sustained/controlled drug release. The ln (frac-
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tional release of Ibuprofen) is plotted as a function of
ln (time) with the data up to 45 h. The exponent for the Ibu/
MS system is 0.763 and 0.876 at pH 1.2 and 6.8, respec-
tively (Table 1), which suggests that Ibuprofen release from
this system follows an anomalous non-Fick-type transport
behavior.

Table 1. The Korsmeyer–Peppas model fit of Ibuprofen release.

Samples Release medium ln (Mt/M�) vs. ln t n R

Ibu/MS pH 1.2 y = 0.763x – 0.763 0.9949
2.519

Ibu/MS pH 6.8 y = 0.876x – 0.876 0.9775
3.094

Conclusions

In summary, we have achieved a novel and effective
method that uses a drug in a one-step template synthesis
that leads to an Ibu/mesoporous silica system. The reported
Ibu/MS system possesses an ordered mesoporous structure
and gives a well-sustained release profile. The release
mechanism follows an anomalous non-Fick-type behavior.
This new drug/mesoporous silica synthesis technique is
likely find applications in the encapsulation of drugs, fra-
grances, nanoparticles, and (bio)macromolecules inside
mesoporous silica systems.

Experimental Section
Materials: (3-Aminopropyl)triethoxysilane (APTES, Aldrich),
tetraethoxysilane (TEOS, Tiantai Co., Tianjin), and Ibuprofen
(Ibu, Tianzunzezhong, Chemical Co., Nanjing) were used as re-
ceived.

Synthesis of Ibuprofen/Mesoporous Silica System: In a typical pro-
cedure, 0.11 g of Ibu was first dissolved in a mixture of 0.1 g of
APTES and 0.5 mL of distilled water by stirring until a clear solu-
tion had formed. Then, 1.01 g of TEOS was added with continuous
stirring for 24 h at room temperature. The pH value of the final gel
was about 7. This white gel was sealed in a Teflon-lined stainless-
steel autoclave and heated at 323 K for 8 h, followed by further
heating at 373 K overnight under static conditions. The white pre-
cipitate obtained was filtered and washed extensively. The as-syn-
thesized sample was air-dried at room temperature for 48 h.

Characterization: Powder XRD diffraction data were collected on
a SIEMENS D5005 diffractometer with Cu-Kα radiation at 40 kV
and 30 mA. Nitrogen adsorption/desorption was measured with a
Micromeritics ASAP 2010 M sorptometer. Before measurement,
the samples was calcined at 723 K for 5 h, degassed at 373 K for
12 h, and the measurements were carried out at 77 K. Specific sur-
face areas and pore-size distributions were calculated using the
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) models from the adsorption branches, respectively. Solid-
state/MAS NMR spectra were recorded on a Varian infinity plus
400 spectrometer. 29Si/MAS NMR: resonance frequency:
79.41 MHz; spinning frequency: 4.00 kHz; pulse delay: 10.00 s;
pulse width: 30°; 13C/MAS NMR: resonance frequency:
100.52 MHz; contact time: 1.00 min; spin rate: 3.33 kHz. UV/Vis
spectra were recorded with a UV-2450 visible spectrophotometer
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from Shimadzu. An FT-IR spectrometer (JASCOFT/IR-420) was
used to record infrared spectra of the samples by the KBr method.
Powder materials were pressed into a tungsten mesh grid and in-
stalled in an in situ FTIR transmission cell; the samples were out-
gassed in a vacuum system with a residual pressure of less than
3×10–4 Torr at ambient temperature. TEM images were recorded
with a JEOL 3010 at an acceleration voltage of 300 kV.

Drug Release: After the Ibu/MS sample has been compressed into
tablet with a diameter of 10 mm and a thickness of 0.5 mm, the
release rate was obtained by soaking the sample tablets (150 mg)
in 500 mL of simulated gastric and proximal intestinal fluid (pH 1.2
HCl and pH 6.8 buffer solution), respectively, at a temperature of
310 K. At predetermined time intervals, 3-mL samples were with-
drawn and immediately replaced with an equal volume of dissol-
ution medium to keep the volume constant. These samples were
filtered (0.45 µm), diluted, then the Ibuprofen contents were ana-
lyzed at 222 nm using a UV/Vis spectrophotometer.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 shows the powder X-ray diffraction spectra of Ibu/
MS, which confirms the mesoporous structure. Figure S2 shows
the FTIR spectra of (a) pure Ibuprofen and (b) Ibu/MS. Figure S3
shows the 13C/MAS NMR spectrum of neat APTES. Figure S4
shows the 13C/MAS NMR spectrum of neat Ibuprofen, which may
give information that ibuprofen and APTES may be involved in
the formation of the mesoporous structure. Figure S5 shows the
UV/Vis spectra of (a) neat Ibuprofen and (b) Ibuprofen released
from the Ibu/MS system. Figure S6 shows the cumulative release
rates of Ibuprofen from functionalized MCM-41 in simulated fluid.
Figure S7 shows SEM images of the Ibu/MS sample.
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Organoethynylxenon(II) Tetrafluoroborates, [RC�CXe][BF4] – The First
Examples of Isolated Alkynylxenonium Salts: Preparation and Multi-NMR

Characterisation
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The perfluorinated organoethynylxenon(II) salts,
[RC�CXe][BF4] [R = CF3, C3F7, (CF3)2CF, cis-, trans-
CF3CF=CF, C6F5], were prepared by the reaction of XeF2

with the corresponding perfluoroorganoethynyldifluorobor-
anes, RC�CBF2, in 1,1,1,3,3-pentafluoropropane (PFP) or
CH2Cl2 at –60 to –40 °C and isolated in 30–98% yield. Simi-
larly, the non-fluorinated organoethynylxenon(II) salts
[C4H9C�CXe][BF4] and [(CH3)3CC�CXe][BF4] were ob-

Introduction

The preparative chemistry of organoxenon compounds
was established in 1989 with the synthesis of pentafluo-
rophenylxenon(II) salts, [C6F5Xe][Y], obtained by the reac-
tion of XeF2 with (C6F5)3B.[1,2] In the subsequent years xe-
nonium salts, [RXe][Y], with different types of organo
groups in the cation (R = substituted phenyl, polyfluorocy-
cloalk-1-enyl) as well as arylxenon(II) molecules ArXeX (X
= F, Cl, O2CC6F5, CN, C6F5) and the first example of a
Xe(IV)–C compound, [C6F5XeF2][BF4], were investigated.
The achievements made in the first decade of xenon–carbon
chemistry are compiled in some reviews published in 1999–
2002.[3] In the following years reactivities of arylxenon(II)
salts,[4,5] of diarylxenon ArXeAr�,[6] and the preparation
and reactivity of a series of acyclic polyfluoroalk-1-en-
ylxenon(II) salts [RCF=CR�Xe][BF4][7–9] were reported. In

Scheme 1.
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tained in 20 to 40% yield. All [RC�CXe][BF4] salts are solu-
ble in anhydrous HF (aHF) and the salts with R = C4H9 or R
= (CH3)3C display sufficient solubility in the weakly coordi-
nating solvents CH2Cl2 and PFP. The xenonium salts
[RC�CXe][BF4] were unambiguously characterised by their
1H-, 11B-, 13C-, 19F-, and 129Xe NMR spectra in solution.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

2004 Naumann et al. observed RC�CXeF molecules (R =
Me, Bu, Ph) in the fluoride-catalysed reaction of XeF2 and
Me3SiC�CR. The authors reported a significant decompo-
sition of RC�CXeF in solution above –60 °C.[10]

In 1992, Zhdankin et al. published a short communica-
tion on the salt [tBuC�CXe][BF4] obtained by the reaction
of Li[tBuC�CBF3] with BF3 and XeF2 in CH2Cl2
(Scheme 1).[11] This salt, which could not be isolated be-
cause of its decomposition at –30 °C, was characterised by
1H-, 11B-, 13C-, and 129Xe NMR spectroscopy at –40 °C, by
IR spectroscopy at 0 °C, and by the alkynylation of PPh3

to [tBuC�CPPh3][BF4] at –78 °C.
In the analogous reactions of XeF2 with alkynylsilanes,

RC�CSiMe3 (R = Et, Pr, tBu, and Me3Si), and BF3·OEt2

in CD2Cl2 at –45 °C, the authors reported no multi-NMR
spectroscopic data of the desired products, the xenonium
salts. Each reaction solution was only characterised by a

singlet in the 129Xe NMR spectrum. No 129Xe resonances
were found in the spectra of the reaction solutions for R =
H, Me, Ph, CF3, 4-CH3C6H4SO2, (iPr)3Si, PhMe2Si.[11]

We published a preliminarily report of the first isolation
of an alkynylxenon(II) salt in 2003 when we succeeded in
preparing trifluoropropynylxenon(II) tetrafluoroborate
[CF3C�CXe][BF4].[12] We employed the previously devel-
oped approach to polyfluorinated arylxenon(II) and alk-1-
enylxenon(II) salts: the reaction of xenon difluoride with



[RC�CXe][BF4] – The First Examples of Isolated Alkynylxenonium Salts FULL PAPER
polyfluoroorganoboron difluoride in the appropriate sol-
vent.[3b] This preparative method allowed for the isolation
of the new salt as a pure product and opened the possibility
of extensive and unambiguous characterisation. Sub-
sequently, we extended this preparative method to a repre-
sentative series of alkynylxenon(II) salts, [RC�CXe][BF4],
where R represents any alkyl chain, a perfluoroalkyl group,
a perfluoroalk-1-enyl group or a perfluoroaryl group.

Results and Discussion

The addition of XeF2 to the solution of either trifluoro-
propynyldifluoroborane (1a) or heptafluoropent-1-ynyldi-
fluoroborane (2a) in PFP[13] at –40 to –55 °C was ac-
companied by the precipitation of trifluoropropyn-
ylxenon(II) tetrafluoroborate (1b) or heptafluoropent-1-yn-
ylxenon(II) tetrafluoroborate (2b), respectively. Both salts
are insoluble in PFP and form white solids. After decan-
tation of the mother liquors and removal of the residual
volatiles in vacuo, alkynylxenon salts 1b and 2b were iso-
lated in 60–90% yield (Scheme 2).

Scheme 2.

In a similar way, the reaction of heptafluoro-3-meth-
ylbut-1-ynyldifluoroborane (3a) with XeF2 gave hep-
tafluoro-3-methylbut-1-ynylxenon(II) tetrafluoroborate (3b)
in 82% yield (Scheme 3).

Scheme 3.

The replacement of the perfluorinated alkyl group at C-
2 of boranes 1a, 2a, and 3a by the pentafluoropropenyl or
pentafluorophenyl group did not affect the course of the
reaction. Both pentafluoropent-3-en-1-ynyldifluoroboranes
(cis-4a) and (trans-4a) and pentafluorophenylethynyldifluo-
roborane (5a) were successfully converted into pentafluo-
ropent-3-en-1-ynylxenon(II) tetrafluoroborates (cis-4b) and
(trans-4b) and pentafluorophenylethynylxenon(II) tetrafluo-
roborate (5b), respectively. No addition of fluorine to the
double bond in the perfluorinated propenyl or phenyl moi-
ety of 4a or 5a occurred. The ratio cis-4b/trans-4b = 1:2 was
equal to that in the parent boranes 4a (Scheme 4).

To complete the investigations of xenon difluoride with
alkynyldifluoroboranes, we studied the reaction of XeF2

with boranes that contained a hydrocarbon alkynyl chain.
XeF2 was treated with hex-1-ynyldifluoroborane (6a) and
3,3-dimethylbut-1-ynyldifluoroborane (7a) under the condi-
tions mentioned above and formed hex-1-ynylxenon(II) tet-
rafluoroborate (6b) and 3,3-dimethylbut-1-ynylxenon(II)
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Scheme 4.

tetrafluoroborate (7b), respectively (Scheme 5). Surpris-
ingly, these salts are significantly soluble in PFP even be-
low –40 °C. Salt 6b is more soluble than salt 7b. Thus, under
comparable reaction conditions in PFP at –50 °C, 6b re-
mained in solution whereas half of isomer 7b precipitated.
When borane 6a reacted with XeF2 in CH2Cl2 at –65 °C
solely a solution of 6b was obtained.

Scheme 5.

In contrast to the reaction of alk-1-enyldifluoroboranes,
RCF=CFBF2, with XeF2,[7] neither the alk-1-enyltrifluo-
roborate anions, [RCF=CFBF3]–, nor their fluorination
products, [XBF3]– (X = RCF=CF, RCF2CF2), were ob-
served.

The results demonstrate the easy xenodeborylation (re-
placement of the three-coordinate boron atom by xenon)
of both non-fluorinated organoethynyldifluoroboranes and
perfluoroorganoethynyldifluoroboranes, RC�CBF2, in re-
actions with xenon difluoride. Significant differences be-
tween the present reactions and the previously studied reac-
tions of XeF2 with alk-1-enyldifluoroboranes are their in-
sensitivity to the type of R group attached to C-2 of the
multiple C–C bond. It is worth mentioning that in the reac-
tions of hydrocarbon alk-1-enyldifluoroboranes with XeF2

no xenonium salts were obtained. Thus under the same re-
action conditions as those of alkynyldifluoroboranes, cis-
and trans-hex-1-enyldifluoroboranes, C4H9CH=CHBF2,
only gave complex mixtures but no hexenylxenon com-
pounds.[7]

The novel alkynylxenon(II) compounds 1b–5b were iso-
lated as white solids at low temperatures (�–40 °C). When
warmed from –40 °C the solutions took on a brown col-
ouration, and at 20 °C the conversion into dark liquids took
place within a few minutes (4b, 5b) or a few hours (1b–3b).
Salts 1b–5b are very soluble in aHF and insoluble in PFP
and CH2Cl2. A characteristic property of solutions of 1b–
5b in aHF is their longer lifetime at room temperature than
that of the salts themselves in the solid state. In detail, no
decomposition of perfluoroalkynylxenon tetrafluoroborates
1b–3b was detected in aHF solutions within 20–24 h. The
salts 4b and 5b, which contain the unsaturated perfluoro
groups R = CF3CF=CF and R = C6F5, respectively, at C–
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2, decomposed much faster than 1b–3b. Salt 5b totally de-
composed in aHF at –40 °C within 1 h, whereas the total
decomposition of 4b in aHF at 22–24 °C took ca. 4 h. The
complete decomposition of pure solids 4b and 5b at 20 °C
led to the formation of brown materials, insoluble in aHF,
which consisted of non-volatile complex mixtures (19F
NMR).

Hex-1-ynylxenon(II) tetrafluoroborate 6b and its isomer
7b were isolated as brownish powders (probably contami-
nated with impurities) which were easily liquefied above
–40 °C (cf.[11]). Solutions or suspensions of these salts in
either PFP or CH2Cl2 decomposed in a manner similar to
that of the salts in the solid state. Surprisingly, solutions of
6b and 7b in aHF are stable at 22–25 °C for more than
12 h. After 22 h, 38% of 6b and 80% of 7b still remained
unchanged. Finally the complete decomposition led to tar.

Salts 1b–7b were unambiguously characterised by multi-
NMR spectroscopy. The 19F NMR spectra of fluoroor-
ganoethynylxenon(II) tetrafluoroborates 1b–5b in aHF dis-
played signals for the fluoroorgano groups and for the
[BF4]– anion (at approximately δ = –148 ppm) with the ex-
pected integrations. Long-range couplings J19F,129Xe were
observed in the spectra of both isomers of
[CF3CF=CFC�CXe][BF4]. The signal for F-4 at δ =
–128.2 ppm (cis-4b) and F-3 at δ = –149.3 ppm (trans-4b)
displayed 129Xe satellites (5JF-4,Xe = 17 Hz and 4JF-3,Xe =
6 Hz, respectively) in accordance with the natural abun-
dance of the 129Xe isotope of 26%. The assignment of the
coupling 4JF-3,Xe = 8 Hz in the 19F NMR spectrum of
[(CF3)2CFC�CXe][BF4] was confirmed in a 19F{19F(CF3)}
homodecoupling NMR experiment. In the 19F NMR spec-
trum of salts with unbranched perfluoroalkyl R groups, as
in 1b (signal for the CF3 group at δ = –52.5 ppm, τ1/2 =
1.5 Hz) or 2b [19F{19F(CF3)} spectrum of the CF3CF2CF2

group] such couplings were not observed. For comparison,
in the case of cis-perfluoroalk-1-enylxenonium salts, larger
4JF-3,Xe couplings are known. In the spectra of
[cis-YCF2CF=CFXe][BF4], 4JF-3,Xe = 40 Hz (Y = F) and
4JF-3,Xe = 56 Hz (Y = CF3) were measured.[7]

Table 1. 129Xe and selected 13C NMR spectroscopic data for [RC�CXe][BF4].

R Solvent T [°C] δ(Xe) [ppm] δ(C-1) [ppm] 1JC-1,Xe [Hz] δ(C-2) [ppm] 2JC-2,Xe [Hz]

(CH3)3C aHF –60 –3781 –23.7 267 107.0 76
(CH3)3C PFP –60 –3773
(CH3)3C CH2Cl2 –40 –3719 –15.7 [a] 105.7 [a]

(CH3)3C[11] CDCl3 –40 –3631 26.9 120 105.2 79
C4H9 aHF –30 –3783 –24.0 264 101.6 69

–60 –3775
C4H9 PFP –60 –3762 –21.2 279 99.3 73
C4H9 CH2Cl2 –60 –3698 –16.7 288 98.7 75
C6F5 aHF –60 –3662 0.6 308 81.0 62
CF3 aHF –60 –3636 –5.2 343 81.2 69
cis-CF3CF=CF aHF –60 –3613.2 6.9 [a] 79.8 64
trans-CF3CF=CF aHF –60 –3613.4 7.9 332 79.8 64
C3F7 aHF –20 –3619 –0.7 349 80.9 70
(CF3)2CF aHF –20 –3610 –0.5 343 80.4 68

(–3601)[b]

[a] The coupling 13C–129Xe was not observed because of the low intensity of the parent signal. [b] Extrapolated to –60 °C from the
equation: ∆δ(129Xe)/∆T = –0.22 ppmK–1.[20]
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The 129Xe NMR signals of salts [RC�CXe][BF4] 1b–5b
in aHF at –60 °C are singlets located between δ = –3600
and –3662 ppm (Table 1). The influence of the type of the
perfluorinated R group in [RC�CXe]+ on the 129Xe NMR
chemical shifts is demonstrated by the remarkably high-fre-
quency shift (deshielding) of the xenon atom parallel to the
replacement of fluorine atoms in [CF3C�CXe]+ by perfluo-
roalkyl groups: δ(129Xe) = –3636 ppm (RF=CF3) �
–3609 ppm (RF=CF3CF2CF2) � –3600 ppm [RF =
(CF3)2CF]. Furthermore, there is yet a very small but still
experimentally detectable distinction in the 129Xe NMR
chemical shifts caused by configurational distinctions at C-
4 as shown in the case of the isomeric cations [cis-
CF3CF=CFC�CXe]+ (δ = –3613.2 ppm) and [trans-
CF3CF=CFC�CXe]+ (δ = –3613.4 ppm).

Solutions of the salts [C4H9C�CXe][BF4] and [(CH3)3-
CC�CXe][BF4] in aHF (–60 °C) displayed the most shi-
elded xenon nuclei in the series of alkynylxenonium salts
with 129Xe resonances at δ = –3775 ppm and δ =
–3781 ppm, respectively (Table 1).

The 13C NMR spectra of [RC�CXe][BF4] are of particu-
lar interest because they should allow a direct and unam-
biguous proof of the C–Xe bond in alkynylxenon(II) salts.
To our surprise, the resonances C-1 are located at unusually
low frequencies between 8 and –24 ppm. The shielding of
C-1 in aHF solutions of alkynylxenon(II) salts bearing
either hydrocarbon or perfluoroalkyl groups increases in
the same order as the shielding of the xenon atom, e.g. from
R = (CF3)2CF to R = (CH3)3C (Table 1). Salts 4b and 5b
with unsaturated perfluoro R groups attached to C-2 pos-
sess the most deshielded C-1, which is probably the result
of a π-electron interaction of the CF3CF=CF group or the
C6F5 group with the C�C triple bond. The 13C NMR spec-
tra for C-1 of the cations [RC�CXe]+ contains satellites
from the 13C–129Xe coupling, which increases from ca. 1JC-

1,Xe = 265 Hz [R = C4H9, (CH3)3C] to 1JC-1,Xe = 308 Hz (R
= C6F5) to approximately 1JC-1,Xe = 345 Hz (R = perfluoro-
alkyl). An opposite course of couplings is found for
2JC-2,Xe. In addition, it is worth mentioning that the chemi-



[RC�CXe][BF4] – The First Examples of Isolated Alkynylxenonium Salts FULL PAPER
cal shift values for C-2 in the above series show an opposite
trend to that of C-1 and diminish from δ = 107 ppm to
approximately δ = 80 ppm.

In contrast to 1b–5b, the salts [C4H9C�CXe][BF4] and
[(CH3)3CC�CXe][BF4] are soluble in weakly coordinating
solvents such as CH2Cl2 and PFP and do not decompose
in these solutions below –60 °C over the course of several
weeks. The 129Xe resonances of 6b and 7b in PFP are sim-
ilar to those in aHF but are slightly shifted by (9–13 ppm)
to higher frequencies. In contrast, the NMR spectra of 6b
and 7b in CH2Cl2 display significant distinctions relative to
those in aHF. Thus, in CH2Cl2 the 129Xe NMR spectra
show signals that are shifted by 67 ppm (7b) and 77 ppm
(6b) to higher frequencies. In the 13C NMR spectra of both
salts, the resonance for C-1 is even shifted by 8 ppm into
the same direction, whereas the resonance for C-2 moves
by 2 ppm in the opposite direction. The position of the res-
onance for the [BF4]– anion in the 19F NMR spectra of 6b
and 7b is shifted to δ = –144±1 ppm in CH2Cl2 and to δ
= –140±1 ppm in PFP. For comparison, solutions of
[Bu4N][BF4] in aHF (–20 °C), CH2Cl2 (24 °C) and PFP
(–10 °C) display the 19F NMR signal at δ = –148.3, –151.8
and –148.4 ppm, respectively. The deshielding of the signal
for the anion in the 19F NMR spectra of the solutions of
salts 6b and 7b in CH2Cl2 and PFP is attributed to a signifi-
cant cation–anion interaction (borderline description as
contact or tight ion pair). This is in contrast to their behav-
iour in aHF solutions where the salts exist as solvent-shared
ion pairs. The solvation of [BF4]– in aHF can be described
as the protonation of the fluorine terminus by the superacid
aHF or by the formation of a hydrogen bridge between
[BF4]– and the fluorine atom of the HF molecule. Recently
the related phenomena have been reported for solutions of
(aryl)(pentafluorophenyl)iodonium tetrafluoroborates[14]

and (pentafluorophenyl)(perfluoroalkenyl)iodonium tetra-
fluoroborates[15] in CH2Cl2 and aHF.

Finally, we have to mention that some of the NMR spec-
troscopic data of salt 7b presented here differ (see Table 1)
from those reported for the product solution obtained in
accordance with Scheme 1.[11]

Experimental Section
The NMR spectra were recorded with an AVANCE 300 Bruker
spectrometer. The chemical shifts are referenced to TMS (1H, 13C),
BF3·OEt2/CDCl3 (15% v/v) (11B), CCl3F (19F) [with C6F6 as a sec-
ondary reference, δ = –162.9 ppm], and XeOF4 (129Xe) [with XeF2

as a secondary reference, XeF2/MeCN/24 °C (c�0), δ = –
1813.28 ppm].[16] The multiplicities of the 13C- and 19F NMR sig-
nals caused by couplings with the 129Xe nucleus (satellites) are de-
noted by (*). The composition of the reaction mixtures and the
yields of the products were determined by NMR spectroscopy by
using the internal quantitative standard 1,1,2-trichlorotrifluoroe-
thane.

1,1,1,3,3-Pentafluoropropane (Honeywell), 1,1,2-trichlorotrifluoro-
ethane (Merck) were used as supplied. Dichloromethane (Fluka)
was purified and dried by standard procedures.[17] Anhydrous hy-
drogen fluoride was stored over CoF3. Solutions of organoethynyl-
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difluoroboranes 1a–7a were prepared from the corresponding po-
tassium organoethynyltrifluoroborate salts.[18] All manipulations
with organoethynyldifluoroboranes, organoethynylxenon(II) salts
and anhydrous HF were performed in FEP (block copolymer of
tetrafluoroethylene and hexafluoropropylene) equipment under an
atmosphere of dry argon.

Trifluoropropynylxenon(II) Tetrafluoroborate, [CF3C�CXe][BF4],
(1b): A solution of CF3C�CBF2 (0.45 mmol) in PFP (1.5 mL) was
cooled to –47 °C, and xenon difluoride (83 mg, 0.49 mmol) was
added in one portion. Within a few minutes, a white suspension
was formed which was stirred at –45 °C for an additional 1.5 h
before all volatiles were removed in vacuo at –45 °C to give 1b
(82 mg, 59%). Similarly, salt 1b (123 mg, 57%) was prepared in
CH2Cl2 (4.8 mL) at –55 °C from CF3C�CBF2 (0.80 mmol) and xe-
non difluoride (120 mg, 0.71 mmol).

1b: 11B NMR (96.29 MHz, aHF, –20 °C): δ = –2.4 (s, [BF4]–) ppm.
13C{19F} NMR (75.46 MHz, aHF, –20 °C): δ = 112.2 (C-3), 80.5
(d*, 2JC,Xe = 69 Hz, C-2), –5.2 (d*, 1JC,Xe = 345 Hz, C-1) ppm. 19F
NMR (282.40 MHz, aHF, –20 °C): δ = –52.5 (s, 3 F, CF3), –148.0
(s, 4 F, [BF4]–) ppm.

Heptafluoropent-1-ynylxenon(II) Tetrafluoroborate, [C3F7C�CXe]-
[BF4], (2b): A solution of C3F7C�CBF2 (0.66 mmol) in PFP
(1.5 mL) was cooled to –40 °C, and xenon difluoride (99 mg,
0.58 mmol) was added in one portion. The resulting white suspen-
sion was stirred at –40 °C for 2 h before the volatiles were removed
in vacuo (0.13 hPa) at –40 °C to give 2b (237 mg, 98%).

2b: 11B NMR (96.29 MHz, aHF, –20 °C): δ = –1.3 (s, [BF4]–) ppm.
13C{19F} NMR (75.46 MHz, aHF, –20 °C): δ = 117.5 (C-5), 107.9
and 106.9 (C-3 and C-4), 80.9 (d*, 2JC,Xe = 70 Hz, C-2), –0.7 (d*,
1JC,Xe = 349 Hz, C-1) ppm. 19F NMR (282.40 MHz, aHF, –20 °C):
δ = –78.6 (t, 4JF,F = 9 Hz, 3 F, F-5), –101.1 (t, 3JF,F = 3 Hz, q, 4JF,F

= 9 Hz, 2 F, F-3), –124.2 (t, 3JF,F = 3 Hz, 2 F, F-4), –147.2 (s, 4 F,
[BF4]–) ppm.

Heptafluoro-3-methylbut-1-ynylxenon(II) Tetrafluoroborate, [(CF3)2-
CFC�CXe][BF4], (3b): A solution of (CF3)2CFC�CBF2

(0.73 mmol) in PFP (2 mL) was cooled to –45 °C before solid xe-
non difluoride (128 mg, 0.75 mmol) was added in one portion.
Within a few minutes, a white suspension was formed which was
stirred at –40 °C for an additional 1.5 h. The mother liquor was
decanted, and the residue was washed with cold (–40 °C) PFP
(1 mL). After drying in vacuo (0.13 hPa) at –40 °C, salt 3b (207 mg,
69%) was obtained. The mother liquor contained borane 3a
(0.16 mmol) along with traces of (CF3)2CFC�CH and unknown
products (19F NMR).

3b: 11B NMR (96.29 MHz, aHF, –20 °C): δ = –1.3 (s, [BF4]–) ppm.
13C{19F} NMR (75.46 MHz, aHF, –20 °C): δ = 118.8 (CF3), 85.9
(C-3), 80.4 (d*, 2JC,Xe = 68 Hz, C-2), –0.5 (d*, 1JC,Xe = 343 Hz, C-
1) ppm. 19F NMR (282.40 MHz, aHF, –20 °C): δ = –74.0 (d, 3JF,F

= 10 Hz, 6 F, CF3), –170.9 (3JF,F = 10 Hz, d*, 4JF,Xe = 8 Hz, septet,
1 F, F-3), –147.6 (s, 4 F, [BF4]–) ppm.

Pentafluoropent-3-en-1-ynylxenon(II) Tetrafluoroborate, [CF3-
CF=CFC�CXe][BF4], (4b): A solution of CF3CF=CFC�CBF2

(0.50 mmol) (cis/trans = 1:2) in PFP (2 mL) was cooled to –55 °C,
and solid xenon difluoride (84 mg, 0.50 mmol) was added in one
portion. Within a few minutes, a white suspension was formed
which was stirred at –55 °C for an additional 1 h. After centrifuga-
tion at –78 °C, the mother liquor was decanted at –60 °C, the resi-
due was washed with cold (–60 °C) PFP (2 mL) and dried in vacuo
at –55 °C to give 4b (130 mg, 70%).

cis-4b: 11B NMR (96.29 MHz, aHF, –20 °C): δ = –1.3 (s, [BF4]–)
ppm. 13C{19F} NMR (75.46 MHz, aHF, –60 °C): δ = 150.3 and
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135.1 (C-3 and C-4), 119.5 (C-5), 79.8 (d*, 2JC,Xe = 64 Hz, C-2),
6.9 (C-1) (the signal was too low in intensity to detect 1JC,Xe) ppm.
19F NMR (282.40 MHz, aHF, –60 °C): δ = –68.1 (d, 3JF,F = 12 Hz,
d, 4JF,F = 6 Hz, 3 F, F-5), –128.2 (d, q, 3JF,F = 12 Hz, 3JF,F = 3 Hz,
d*, 5JF,Xe = 17 Hz, 1 F, F-4), –134.4 (d, 3JF,F = 3 Hz, q, 4JF,F =
6 Hz, 1 F, F-3), –147.5 (s, 4 F, [BF4]–) ppm.

trans-4b: 11B NMR (96.29 MHz, aHF, –20 °C): δ = –1.3 (s, [BF4]–)
ppm. 13C{19F} NMR (75.46 MHz, aHF, –60 °C): δ = 148.0 and
133.2 (C-3 and C-4), 116.3 (C-5), 79.8 (d*, 2JC,Xe = 64 Hz, C-2),
7.9 (d*, 1JC,Xe = 332 Hz, C-1) ppm. 19F NMR (282.40 MHz,
aHF, –60 °C): δ = –67.9 (d, 3JF,F = 7 Hz, d, 4JF,F = 18 Hz, 3 F, F-
5), –150.0 (d, 3JF,F = 139 Hz, q, 3JF,F = 7 Hz, 1 F, F-4), –149.3 (d,
3JF,F = 139 Hz, q, 4JF,F = 18 Hz, d*, 4JF,Xe = 6 Hz, 1 F, F-3),
–147.5 (s, 4 F, [BF4]–) ppm.

Pentafluorophenylethynylxenon(II) Tetrafluoroborate, [C6F5C�CXe]-
[BF4], (5b)

A: A solution of C6F5C�CBF2 (0.34 mmol) in PFP (0.9 mL) was
cooled to –55 °C, and xenon difluoride (50 mg, 0.29 mmol) was
added in one portion. The resulting suspension was stirred at –50
to –55 °C for 1 h. After centrifugation at –78 °C the brown mother
liquor was decanted at –45 °C. The residue was dried in vacuo
(0.13 hPa) at –45 °C, and pale brownish 5b was obtained (37 mg,
31%). The dissolution in aHF at –40 °C was accompanied by de-
composition of 5b. Total decomposition occurred within 30–50 min
(19F and 129Xe NMR).

B: A solution of C6F5C�CBF2 (0.26 mmol) in CH2Cl2 (1.5 mL)
was cooled to –60 °C and xenon difluoride (38 mg, 0.22 mmol) was
added in one portion. The white suspension was stirred at –60 °C
for 1 h, and subsequently 5b (0.15 mmol, 68%) (19F NMR) was
extracted with cold (–65 °C) aHF (0.5 mL).

5b: 11B NMR (96.29 MHz, aHF, –60 °C): δ = –1.7 (q, 1JB,F =
11 Hz, [BF4]–) ppm. 13C{19F} NMR (75.46 MHz, aHF, –60 °C): δ
= 149.5, 145.7, 137.9, 95.2 (C-2,6, C-4, C-3,5, and C-ipso, C6F5),
81.0 (d*, 2JC,Xe = 62 Hz, C-2), 0.6 (d*, 1JC,Xe = 308 Hz, C-1) ppm.
19F NMR (282.40 MHz, aHF, –60 °C): δ = –131.7 (m, 2 F, F-or-
tho), –142.4 (t, 3JF,F = 19 Hz, t, 4JF,F = 6 Hz, 1 F, F-para), –159.0
(m, 2 F, F-meta), –148.1 (s, 4 F, [BF4]–) ppm.

The solution of 5b in aHF obtained as described under B showed
no significant decomposition at –60 °C over 13 h (19F-, 129Xe
NMR), but when the temperature was raised above –30 °C, 5b
quickly decomposed to give mainly cis-C6F5CF=CHF.[19]

cis-C6F5CF2=CHF1: 1H NMR (300.13 MHz, CDCl3, 24 °C): δ =
6.80 (d, 2JH,F-1 = 71 Hz, d, 3JH,F-2 = 16 Hz) ppm. 19F NMR
(282.40 MHz, CDCl3, 24 °C): δ = –135.9 (d, 3JF,H = 16 Hz, d, 3JF,F

= 15 Hz, t, 4JF,F-ortho = 15 Hz, 1 F, F-2), –138.0 (m, 2 F, F-ortho),
–149.1 (d, 2JF,H = 71 Hz, d, 3JF,F = 15 Hz, t, 5JF,F-ortho = 5, d,
7JF,F-para = 3 Hz, 1 F, F-1), –149.8 (t, 3JF,F = 21 Hz, 1 F, F-para),
–160.4 (m, 2 F, F-meta) ppm.

Hex-1-ynylxenon(II) Tetrafluoroborate, [C4H9C�CXe][BF4], (6b)

A: A solution of C4H9C�CBF2 (0.25 mmol) in CH2Cl2 (0.6 mL)
was cooled to –70 °C and added in one portion to the cold (–70 °C)
suspension of xenon difluoride (60 mg, 0.35 mmol) in CH2Cl2
(0.2 mL). The dark reaction mixture was stirred at –65 to –70 °C
for 1 h. The 1H- and 19F NMR spectra showed the quantitative
conversion of 6a into 6b.

6b: 1H NMR (300.13 MHz, CH2Cl2, –60 °C): δ = 2.59 (t, 3JH,H =
7 Hz, 2 H, 3-H), 1.55 (t, 3JH,H = 7 Hz, t, 3JH,H = 7 Hz, 2 H, 4-H),
1.35 (t, 3JH,H = 7 Hz, q, 3JH,H = 7 Hz, 2 H, 5-H), 0.87 (t, 3JH,H =
7 Hz, 3 H, 6-H) ppm. 11B NMR (96.29 MHz, CH2Cl2, –60 °C): δ
= –1.4 (s, [BF4]–) ppm. 13C{1H} NMR (75.46 MHz, CH2Cl2,
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–60 °C): δ = 98.7 (d*, 2JC,Xe = 75 Hz, C-2), 28.7, 21.8, 20.5 (C-3,
C-4, C-5), 13.4 (C-6), –16.7 (d*, 1JC,Xe = 288 Hz, C-1) ppm. 19F
NMR (282.40 MHz, CH2Cl2, –60 °C): δ = –143.0 (s, [BF4]–) ppm.

aHF (0.4 mL) was added to a solution of 6b in CH2Cl2 and stirred
at –45 °C for 10 min before the acidic phase was decanted.

6b: 1H NMR (300.13 MHz, aHF, –30 °C): δ = 2.68 (t, 3JH,H = 7 Hz,
2 H, 3-H), 1.66 (t, 3JH,H = 7 Hz, t, 3JH,H = 7 Hz, 2 H, 4-H), 1.46
(t, 3JH,H = 7 Hz, q, 3JH,H = 7 Hz, 2 H, H-5), 0.95 (t, 3JH,H = 7 Hz,
3 H, 6-H) ppm. 11B NMR (96.29 MHz, aHF, –30 °C): δ = –1.2 (s,
[BF4]–) ppm. 13C{1H} NMR (75.46 MHz, aHF, –30 °C): δ = 101.6
(d*, 2JC,Xe = 69 Hz, C-2), 29.0, 21.9, 20.1 (C-3, C-4, C-5), 12.0 (C-
6), –24.0 (d*, 1JC,Xe = 264 Hz, C-1) ppm. 19F NMR (282.40 MHz,
aHF, –30 °C): δ = –147.8 (s, [BF4]–) ppm.

B: A solution of C4H9C�CBF2 (0.25 mmol) in PFP (0.7 mL) was
cooled to –70 °C and added in one portion to the cold (–70 °C)
suspension of xenon difluoride (54 mg, 0.32 mmol) in PFP
(0.2 mL). The brown reaction mixture was stirred at –65 °C for 1 h.
The NMR spectra of the suspension showed the total conversion
of 6a and the formation of 6b in �25% yield.

6b: 1H NMR (300.13 MHz, PFP, –60 °C): δ = 1.58 (m, 2 H, 4-H),
1.42 (m, 2 H, 5-H), 0.91 (t, 3JH,H = 7 Hz, 3 H, 6-H) ppm (the signal
for 3-H overlapped with the resonance of PFP at 2.6 ppm). 11B
NMR (96.29 MHz, PFP, –60 °C): δ = –0.1 (s, [BF4]–) ppm. 13C{1H}
NMR (75.46 MHz, PFP, –60 °C): δ = 99.3 (d*, 2JC,Xe = 73 Hz, C-
2), 28.5, 21.4, 19.6 (C-3, C-4, C-5), 12.1 (C-6), –21.2 (d*, 1JC,Xe =
279 Hz, C-1) ppm. 19F NMR (282.40 MHz, PFP, –60 °C): δ =
–140.7 (s, [BF4]–) ppm. No changes were found in a solution of 6b
in CH2Cl2 after storage at –70 °C over 5 months. When 6b was
stored as aHF solution at 22 °C the content of 6b was reduced
from 95–100% (after 2 h) to 38% (after 22 h) to 10% (after 46 h).

3,3-Dimethylbut-1-ynylxenon(II) Tetrafluoroborate, [(CH3)3-
CC�CXe][BF4], (7b)

A: A cold (–60 °C) solution of (CH3)3CC�CBF2 (0.44 mmol) in
PFP (1.7 mL) was added in one portion to the cold (–60 °C) stirred
suspension of xenon difluoride (69 mg, 0.40 mmol) in PFP
(0.1 mL). After 2 h, the reaction mixture was centrifuged at –78 °C
and subsequently the brown mother liquor was decanted at –65 °C.
The precipitate was dried at –60 °C in vacuo to give 7b (37 mg,
0.12 mmol). The mother liquor still contained borane 7a
(0.05 mmol) along with product 7b (0.15 mmol) (1H-, 11B-, 19F
NMR).

7b: 1H NMR (300.13 MHz, PFP, –50 °C): δ = 1.30 (s, CH3) ppm.
11B NMR (96.29 MHz, PFP, –50 °C): δ = –1.4 (s, [BF4]–) ppm. 19F
NMR (282.40 MHz, PFP, –50 °C): δ = –138.9 (s, [BF4]–) ppm.

7b: 1H NMR (300.13 MHz, aHF, –60 °C): δ = 1.26 (s, CH3) ppm.
11B NMR (96.29 MHz, aHF, –50 °C): δ = –1.2 (quintet, 1JB,F =
10 Hz, [BF4]–) ppm. 13C{1H} NMR (75.46 MHz, aHF, –60 °C): δ
= 107.0 (d*, 2JC,Xe = 76 Hz, C-2), 30.9 (C-3), 27.6 (CH3), –23.7
(d*, 1JC,Xe = 267 Hz, C-1) ppm. 19F NMR (282.40 MHz, aHF,
–50 °C): δ = –148.0 (s, [BF4]–) ppm.

B: When a solution of 7b in PFP was warmed to 20 °C, it became
dark, and a black precipitate was formed within 5–10 min. The
decomposition of the colourless solution of 7b in aHF proceeded
slowly at 20 °C and led to a dark colouration. The intensity of the
129Xe NMR signal was also reduced to 80% (after 24 h) and then
to 11% (after 44 h).

7b: 1H NMR (300.13 MHz, CH2Cl2, –60 °C): δ = 1.28 (s, CH3)
ppm. 11B NMR (96.29 MHz, CH2Cl2, –60 °C): δ = –1.4 (s, [BF4]–)
ppm. 13C{1H} NMR (75.46 MHz, CH2Cl2, –40 °C): δ = 105.7 (C-
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2), 30.4 (C-3), 28.9 (CH3), –15.7 (C-1) ppm. 19F NMR
(282.40 MHz, CH2Cl2, –60 °C): δ = –144.7 (s, [BF4]–) ppm.

Supporting Information (see also the footnote on the first page of
this article): Multi-NMR spectra of the [RC�CXe][BF4] salts.
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Reactions of the chloro-bridged dimeric complexes [{(η5-
C5Me5)M(µ-Cl)Cl}2] (M = Rh, Ir) with the polypyridyl ligands
2,3-di(2-pyridyl)pyrazine (dpp) and 2,4,6-tri(2-pyridyl)-1,3,5-
triazine (tptz) in the presence of ammonium tetrafluoroborate
gave the mononuclear complexes [(η5-C5Me5)MCl(κ2-
dpp)]BF4 [M = Rh (1), Ir (2)] and [(η5-C5Me5)MCl(κ2-tptz)]BF4

[M = Rh (3), Ir (4)]. The complexes have been characterised
by elemental analysis, FAB-MS, ESMS, IR, NMR, electronic

Introduction

The chemistry and photophysical properties of the RhIII

and IrIII complexes of polypyridyl ligands and substituted
cyclopentadienyl group are well documented.[1] Since their
discovery in 1968 the pentamethylcyclopentadienyl com-
plexes [{(η5-C5Me5)M(µ-Cl)Cl}2] (M = Rh, Ir) have at-
tracted the attention of many research groups because of
their potential as precursors and uses as hydride transfer
catalysts.[2] The complexes undergo a rich variety of chemi-
cal transformations via the intermediacy of chloro bridge
cleavage reactions leading to the formation of a series of
interesting neutral and cationic mononuclear complexes.[3]

Despite extensive studies on the complexes [{(η5-C5Me5)-
M(µ-Cl)Cl}2] (M = Rh, Ir), their reactivity with potential
bridging ligands, viz. 2,3-di(2-pyridyl)pyrazine (dpp) and
2,4,6-tri(2-pyridyl)-1,3,5-triazine, has yet to be explored.
Furthermore, the construction of self-assembled structures
has attracted increasing scientific attention.[4,5] A properly
designed building block with a metal ion defines the mor-
phology of coordination networks and huge supramolec-
ular architectures.[4] The use of forces such as hydrogen
bonding and weak interactions as a powerful tool for self-
assembling is widely accepted. The introduction of helices
into artificial systems (as in supramolecular chemistry) has
increased the number of intensive investigations by chemists
for many years.[4,5]

During past few years we have become interested in this
area and, in continuation of our studies in this direction,
we have examined the reactivity of the polypyridyl ligands
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and emission spectroscopic studies and the molecular struc-
tures of 1, 2 and 3 have been crystallographically deter-
mined. Structural studies on the complexes revealed the
presence of helical superstructures resulting from C–H···X (X
= N, F, Cl and π) interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

2,3-di(2-pyridyl)pyrazine and 2,4,6-tri(2-pyridyl)-1,3,5-tri-
azine with the chloro-bridged complexes [{(η5-C5Me5)M(µ-
Cl)Cl}2] (M = Rh, Ir) under varying reaction condi-
tions.[6–7] We present herein, reproducible syntheses and
spectroscopic properties of the complexes [(η5-C5Me5)-
MCl(κ2-dpp)]BF4 [M = Rh (1), Ir (2)] and [(η5-C5Me5)-
MCl(κ2-tptz)]BF4 [M = Rh (3), Ir (4)]. We also describe the
crystal and molecular structures of the representative dpp
and tptz complexes [(η5-C5Me5)Rh(κ2-dpp)]BF4 1, [(η5-
C5Me5)Ir(κ2-dpp)]BF4 2 and [(η5-C5Me5)RhCl(κ2-tptz)]-
BF4 3 as well as our results from studies of weak interaction
in these complexes.

Results and Discussion

Synthesis and Characterisation

The reactions of the chloro-bridged dimeric complexes
[{(η5-C5Me5)M(µ-Cl)Cl}2] (M = Rh, Ir) with an excess of
the polypyridyl ligands 2,3-di(2-pyridyl)pyrazine and 2,4,6-
tri(2-pyridyl)-1,3,5-triazine in methanol afforded cationic
mononuclear complexes in reasonably good yields
(Scheme 1). The complexes were isolated as their tetrafluo-
roborate salts [(η5-C5Me5)RhCl(κ2-dpp)]BF4 (1), [(η5-
C5Me5)RhCl(κ2-tptz)]BF4 (2), [(η5-C5Me5)IrCl(κ2-dpp)]-
BF4 (3) and [(η5-C5Me5)IrCl(κ2-tptz)]BF4 (4).

The cationic orange-red crystalline compounds with high
melting temperatures were isolated as air-stable, nonhygro-
scopic solids. The complexes are soluble in methanol, ace-
tone, dichloromethane, chloroform, acetonitrile, dimethyl-
formamide and dimethylsuphoxide but insoluble in petro-
leum ether and diethyl ether. They form air sensitive solu-
tions in acetonitrile, dimethyl sulfoxide and dimethylform-
amide and turn brownish-black after a couple of hours. The
structural identities and homogeneity of 1–4 were estab-
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Scheme 1.

lished by analytical techniques, the results of which are con-
sistent with their proposed formulations. Further infor-
mation regarding compositions was obtained from FAB-
mass spectrometry. FAB-mass spectrometric data (reported
in the Exp. Sect.) of 1–4 are consistent with their respective
formulations. 1H NMR spectroscopic data in CDCl3 for 1–
4 are reported in the experimental section and representa-
tive spectra for [(η5-C5Me5)RhCl(κ2-dpp)]BF4 (1) in CDCl3
are shown in Figure 1. The 1H NMR spectrum of 1 exhibits
distinct resonances at δ = 7.14 (d, J = 6.0 Hz, 1 H), 7.60
(dd, J = 4.5 Hz, 1 H), 7.78 (t, J = 2.9 Hz, 2 H), 8.08 (d, J
= 3.9 Hz, 2 H), 8.64 (d, J = 4.5 Hz, 1 H), 8.89 (t, J = 3.3 Hz,
1 H), 9.00 (d, J = 2.7 Hz, 1 H) and 9.07 (d, J = 2.7 Hz, 1
H) ppm corresponding to the pyrazyl and pyridyl protons
of 2,3-di(2-pyridyl)pyrazine (dpp). The η5-Cp* protons res-
onate as a singlet at δ = 1.80 ppm. The positions and inte-
grated intensities of the various resonances corroborate well
with the formulation of 1. The 1H NMR spectrum of the
complex [(η5-C5Me5)RhCl(κ2-tptz)]BF4 2 exhibits signals at
δ = 7.61 (t, J = 7.2 Hz, 2 H), 7.95 (t, J = 5.4 Hz, 2 H), 8.03
(m, 2 H), 8.22 (t, J = 7.8 Hz, 1 H), 8.95 (m, 4 H) and 9.19
(d, J = 7.8 Hz, 1 H) ppm assignable to the pyridyl protons
of the coordinated tptz ligand and a singlet at δ = 1.79 ppm
corresponding to η5-Cp* protons. A similar trend was ob-
served in the resonances of the analogous iridium com-
plexes 3 and 4.

Comparative absorption spectra of 1–4 recorded in
dichloromethane are shown in Figure 2a. Transitions in the
327–455 nm region can be assigned to Mdπ�Lπ

� metal to
ligand charge-transfer bands (MLCT) and higher energy

Figure 1. 1H NMR spectra of 1 in CDCl3.
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transitions at ca. 280 nm to the intra-ligand π–π� transition.
The absorption bands for the rhodium complexes 1 and 2
are blue shifted relative to those of the iridium(III) counter-
part. The complexes were found to be luminescent at room
temperature in dichloromethane. Emission spectra of 1 and
2 are shown in Figure 2b. Upon excitation at their respec-
tive excitation bands (in parentheses) the complexes exhibit
moderate green-yellow to yellow-orange luminescence
[449 nm (396 nm) for 1; 427 nm (351 nm) for 2; 475 nm
(415 nm) for 3 and 469 nm (347 nm) for 4]. The resultant
emissions correspond to [Mdπ�Lπ

�] 3MLCT transitions for
the polypyridyl ligand since the MCp*Cl moiety does not
emit. The Rh–dpp, 1 and Ir–dpp, 3 complexes exhibit anal-
ogous emission spectra suggesting Mdπ�dppπ

� as a com-
mon transition origin. This view is further strengthened by
a significantly red shifted emission band for the iridium
complexes compared with the analogous rhodium complex.
This is in keeping with the fact that the dπ orbitals of RhIII

are more stable than those of IrIII. Rigidity and the delocal-
isation factor of the acceptor ligand play an appreciable role
in the overall photophysical properties of the complexes be-
cause they decrease the extent of structural changes in the
excited state which in turn decreases the nonradiative decay
and stabilises the 3MLCT based excited state. The analo-
gous Rh–tppz, 2 and Ir–tppz, 4 complexes exhibit equally
intense emissions as the respective dpp complexes. These
emissions, however, are blue shifted, much broader and less
distinct. These results may be better viewed as a conse-
quence of more delocalisation and rigidity of the frame-
work in the coordinated dpp than in tptz.
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Figure 2. (a) Electronic spectra of 1, 2, 3 and 4; (b) emission spectra
of 1 (λex = 396 nm) and 2 (λex = 351 nm) in dichloromethane.

Solid-State Characterisation of 1, 2 and 3

Suitable crystals with distinct morphologies of 1,
2·CH2Cl2, and 3·0.5H2O were grown from dichloromethane
and petroleum ether (40–60°) by diffusion. ORTEP[8] depic-
tions, including atom-numbering schemes of the cations of
1, 2 and 3 are shown in Figure 3 with selected bond lengths
and bond angles listed in Table 1. Complexes 1 and 3 crys-
tallise in the monoclinic space groups P21 and P21/n,
respectively, while 2 crystallises in the orthorhombic
P212121 space group. Two crystallographically independent
molecules can be observed in the unit cell of 1, the only
major difference between them being the orientation and a
lengthening of the Rh–Cl and Ru–N bonds in one molecule.
The solid-state structures of 1 and 3 are analogous, each
metal centre is coordinated to a pyridyl nitrogen, a pyrazyl
nitrogen, a chlorine ligand and an η5-coordinated Cp*
group. In 2, the Rh metal centre is coordinated to N(1) and
N(2) from the tptz ligand, the chlorine ligand Cl(1) and the
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η5 Cp* group. Considering the Cp* as a single coordination
site, the overall coordination geometry about the metal
centres in the complexes 1, 2 and 3 is pseudo-octahedral or
typical piano stool geometry. Average M–CCp* distances in
1 (two asymmetric units), 2 and 3 are 2.141 Å [range
2.114(18)–2.19(2) Å; Rh–Cct 1.759 Å], 2.179 Å [range
2.135(19)–2.231(19) Å; Rh–Cct 1.817 Å], 2.154 Å [range
2.127(10)–2.184(12) Å; Rh–Cct 1.776 Å] and 2.169 Å [range
2.154(10)–2.190(10) Å; Ir–Cct 1.795 Å], respectively.[9,10a]

The C–C bond lengths within the Cp* ring and the C–CH3

bond lengths are normal. The M–Cl distances in 1, 2 and
3 are normal [Rh–Cl 2.378(5), 2.403(6) Å 1; 2.408(3) Å 2
and Ir–Cl 2.395(3) Å 3].[9a,10] The Rh–N bond lengths in 1
and 2 are all within reported values.[9a,10,13] The Ir–N dis-
tances are comparable with those in related Cp*Ir complex-
es.[3c,3d,9a] The angles N–M–N and N–M–Cl (M = Rh, Ir)
are as expected for all the complexes. The molecular struc-
tures of 1 and 3 show that the coordinated pyridyl ring and
pyrazine ring deviate slightly from planarity [9(2)°, 10(2)° 1
and 9(2)° 3] while the uncoordinated pyridyl ring is inclined
at an angle of ca. 44° with respect to the coordinated pyr-
azine ring plane [44(2)°, 42(3)° 1 and 44.6(15)° 3]. However,
in the free dpp ligand, the dihedral angles between the pyr-
azine and pyridyl rings are 42.2°.[11] The pyrazyl rings in
both the 1 and 3 are planer with a deviation of ca. 8°. In 2,
upon coordination with the metal centre rhodium in the κ2-
mode, the tptz ligand loses its planarity. The coordinated
pyridyl ring subtends an angle of 11.9(13)° with respect to
central triazine ring whereas the uncoordinated pyridyl
rings are inclined from the central triazine ring by 9.6(14)°
for the N(1)–C(5) ring and 34.6(14)° for the N(6)–C(14)
ring. The average C–C(C5Me5) bond lengths in the Cp*
group are 1.415 Å and 1.438 Å in 1, 1.432 Å in 2 and
1.443 Å in 3 and the exterior C(C5Me5)–C(C5Me5) average
bond lengths are 1.482 Å and 1.500 Å in 1, 1.479 Å in 2
and 1.493 Å in 3.[12]

Weak interaction studies on the isostructural complexes
1, 2 and 3 revealed the presence of supramolecular helical
self-assembled architectures with their individual peculiari-
ties (Figure 4). Various intra- and intermolecular C–H···X
(X = F, Cl, N, and π) weak interactions are involved in
stabilising the helical superstructures of the complexes 1–
3.[4,5,13] Determinant intermolecular interactions D–H···A–
X (d = H···A, D = D–H···A, θ = D–H···A, φ H···A–X and
ω = D–H···A–X) which stabilise the helical superstructures
are listed in Table 2. A distorted circular void space can be
visualised for the complexes when viewed parallel to the a
axis as depicted in Figure 5. A correlation between the pitch
length and void size has been established. The helical super-
structures for all the complexes involve two molecular resi-
dues in each coil though a steady contraction of the void
space may be observed upon moving from 1 to 3. The ob-
served pitches are 7.639, 11.354 and 15.186 Å for 1, 2 and
3, respectively. Furthermore, it was observed that as the
pitches of the helical superstructures show an increase of
almost 50% (ca. 7.5 Å) and the diameter of the void spaces
decrease by ca. 8.0 Å (80%) (diameters of the void space
are ca. 10.0 Å in 1, ca. 5.0 Å in 2 and ca. 2.0 Å in 3 as
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Figure 3. ORTEP view of 1, 2 and 3.

Table 1. Selected bond length [Å], bond angles [°] and torsion angles [°] in 1, 2 and 3.

1 2 3

Rh(1)–N(1) 2141(14) Rh(2)–N(5) 2.049(13) Rh–N(1) 2.114(8) Ir–N(1) 2.090(8)
Rh(1)–N(2) 2.084(14) Rh(2)–N(6) 2.106(16) Rh–N(2) 2.191(7) Ir–N(2) 2.074(8)
Rh(1)–Cl(1) 2.403(6) Rh(2)–Cl(2) 2.378(5) Rh–Cl(1) 2.378(5) Ir–Cl 2.395(3)
Rh(1)–Ct 1.759 Rh(2)–Ct 1.817 Rh–Ct 1.776 Ir–Ct 1.795
Rh(1)–Cav 2.141 Rh(2)–Cav 2.179 Rh–Cav 2.154 Ir–Cav 2.1694
N(1)–Rh(1)–N(2) 74.9(5) N(5)–Rh(2)–N(6) 77.2(6) N(1)–Rh–N(2) 76.3(3) N(1)–Ir–N(2) 75.6(3)
N(1)–Rh(1)–Cl(1) 85.7(4) N(5)–Rh(2)–Cl(2) 86.9(5) N(1)–Rh–Cl 96.4(2) N(1)–Ir–Cl 84.9(2)
N(2)–Rh(1)–Cl(1) 86.6(5) N(6)–Rh(2)–Cl(2) 86.3(5) N(2)–Rh–Cl 85.8(3) N(2)–Ir–Cl 84.7(3)
N(1)–C(5)–C(6)–N(2) 10(2) N(5)–C(29)–C(30)–N(6) 9(2) N(1)–C(5)–C(6)–N(2) 11.9(13) N(1)–C(5)–C(6)–N(2) 9(12)
N(2)–C(7)–C(8)–N(3) 0(3) N(6)–C(31)–C(32)–N(7) 16(4) N(2)–C(7)–C(8)–N(5) 34.6(14) N(2)–C(7)–C(8)–N(3) 9(2)
N(3)–C(9)–C(10)–N(4) 44(2) N(7)–C(33)–C(34)–N(8) 140.5(16) N(4)–C(13)–C(14)–N(6) 9.6(14) N(3)–C(9)–C(10)–N(4) 136.3(11)

shown in Figure 5).[14] Thus it is noteworthy to mention
here that the pitch size is inversely proportional to the dia-
meter of the void space in the helical superstructure. Though

Figure 4. Helical arrangements of 1 (a) (P-type), 2 (b) (M-type) and 3 (c) (M-type).
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no guest molecules are included in the void spaces of the
helical frameworks in any of the complexes they are, how-
ever, prospective hosts for guest inclusion.
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Table 2. Hydrogen bond parameters for 1, 2 and 3.

D–H···A–X d H···A D D···A θ D–H···A φ H···A–X ω D–H···A–X
[Å] [Å] [°] [°] [°]

1

C1–H1···F7–B2[a] 2.53 3.26 135.5 149.0 161.7
C13–H13···F7–B2[b] 2.55 3.25 132.9 129.5 0.2
C8–H8···π 2.85 3.37 116.2 – –
C46–H46A···π 2.87 3.71 145.9 – –

2

C1–H1···Cl3–C29[c] 2.58 3.40 146.8 119.9 37.7
C11–H11···Cl3–C29[d] 2.34 3.04 132.4 125.5 41.5

3

C7–H7···F2–B[e] 2.43 3.20 140.1 119.4 88.9
C1–H1···F1–B[f] 2.39 3.13 137.1 149.3 164.1
C23–H23A···N4[g] 2.58 3.43 148.3 – –

[a] –x + 1/2, y + 1/2, –z + 1/2. [b] x + 1, y, z + 1. [c] x – 1/2, –y + 3/2, –z. [d] –x + 1, y + 1/2, –z + 1/2. [e] –x + 3/2, y – 1/2, –z + 1/2. [f] –x +
1, –y + 1, –z + 1. [g] x – 1/2, –y + 1/2, z – 1/2.

Figure 5. Helical superstructure with circular cavity for 1 (a), 2 (b) and 3 (c).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3954–39613958
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Conclusions

In this work we have presented four new cationic mono-
nuclear rhodium(III) and iridium(III) complexes [(η5-
C5Me5)MCl(κ2-L)]BF4 (M = Rh, L = dpp 1, tptz 2 and M
= Ir, L = dpp 3, tptz 4) and have described spectroscopic
properties and molecular structures of three representative
complexes. Due to the presence of uncoordinated pendant
donor sites, these have the potential to behave as synthons
or metallo-ligands and could find applications in the synthe-
sis of [(η5-C5Me5)MCl] (M = Rh, Ir) containing homo- or
heterobimetallic complexes. We have also illustrated here an
approach towards the organisation of 3D helices, which are
stabilised by weak interactions in the crystalline state.
Furthermore, a noteworthy relationship between the pitches
and the diameters of the void space in the helical super-
structures has been observed.

Experimental Section
General: Analytical grade chemicals were used throughout. Sol-
vents were dried and distilled prior to use following standard litera-
ture procedures. 2,3-di(2-pyridyl)pyrazine, 2,4,6-tri(2-pyridyl)-
1,3,5-triazine, pentamethylcyclopentadiene, ammonium tetrafluo-
roborate, hydrated rhodium(III) chloride and iridium(III) chloride
(all from Aldrich) were used as received. The precursor complexes
[{(η5-C5Me5)M(µ-Cl)Cl}2] (M = Rh, Ir) were prepared by literature
procedures.[15] Elemental analyses on the complexes were per-
formed by the Microanalytical Laboratory, Sophisticated Analyti-
cal Instrument Facility, Central Drug Research Institute, Lucknow.
Electronic and emission spectra in dichloromethane were obtained
on a Shimadzu UV-1601 and a Perkin–Elmer-LS 55 luminescence
spectrometer, respectively. Infrared spectra were recorded on a Per-
kin–Elmer-577 spectrophotometer. 1H NMR spectra in CDCl3,
using tetramethylsilane as an internal reference, were recorded at
room temperature on a Bruker-DRX 300 NMR machine. FAB
mass spectra were obtained on a JEOL SX 102/DA-6000 mass
spectrometer system using xenon as the FAB gas (6 kV, 10 mA).
The accelerating voltage was 10 kV and spectra were recorded at
room temperature using m-nitrobenzyl alcohol as the matrix.

Synthesis of [(η5-C5Me5)RhCl(κ2-dpp)]BF4 (1): A suspension of
[{(η5-C5Me5)Rh(µ-Cl)Cl}2] (0.618 g, 1.0 mmol) in methanol

Table 3. Crystallographic data and refinement parameters for 1, 2 and 3.

1 2·CH2Cl2 3·0.5H20

Formula C24H25BClF4N4Rh C29H29BCl3F4N6Rh C24H27BClF4IrN4O0.5
Formula weight 594.65 757.65 693.96
Crystal system monoclinic orthorhombic monoclinic
Space group P21 P212121 P21/n
a [Å] 11.354(3) 7.6390(10) 11.3600(8)
b [Å] 15.797(3) 19.6490(10) 15.8850(12)
c [Å] 15.019(5) 21.5380(10) 15.0970(15)
β [°] 111.88(2) 90.00 111.618(7)
V [Å3] 2499.9(11) 3232.8(5) 2532.7(4)
Z 4 4 4
Dcalcd. [mgm–3] 1.580 1.557 1.820
Radiation (λ [Å]) Mo-Kα (0.71073) Cu-Kα (1.54180) Mo-Kα (0.70930)
Reflections:
Collected/unique 4783/4557 3259/3259 4654/4417
R1, wR2 [I � σ(I)] 0.0487, 0.1525 0.0713, 0.1989 0.0550, 0.1366
GOF 1.335 1.245 1.010
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(30 mL) was treated with 2,3-di(2-pyridyl)pyrazine (0.468 g,
2.0 mmol) and stirred at room temperature. The precursor complex
slowly dissolved resulting in an orange-red solution. The resultant
solution was further stirred at room temperature for about 4 h and
then filtered through celite to remove any solid residue. To the fil-
trate was added a saturated methanolic solution of NH4BF4

(10 mL) and the resultant solution was left for slow crystallization
in the refrigerator at ca. 4 °C. After a couple of days, a shiny crys-
talline product appeared which was separated by filtration, washed
with methanol (2×10 mL), diethyl ether (2×10 mL) and dried in
vacuo. Red-brown solid, yield 0.363 g (61%). C24H25BClF4N4Rh
(594.65): calcd. C 48.47, H 4.23, N 9.42; found C 48.21, H 4.35, N
9.24. IR (nujol): ν̃ = 1079 cm–1 (B–F). 1H NMR (CDCl3,
300 MHz): δ = 1.80 (s, 15 H, C5Me5), 7.14 (d, J = 6.0 Hz, 1 H),
7.60 (dd, J = 4.5 Hz, 1 H), 7.78 (t, J = 2.9 Hz, 2 H), 8.08 (d, J =
3.9 Hz, 2 H), 8.64 (d, J = 4.5 Hz, 1 H), 8.89 (t, J = 3.3 Hz, 1 H),
9.00 (d, J = 2.7 Hz, 1 H), 9.07 (d, J = 2.7 Hz, 1 H). FAB-MS:
m/z = 507 [M]+, 472 [M – Cl]2+, 237 [M – Cl – dpp]2+. UV/Vis:
λmax (ε, dm3 mol–1 cm–1) = 396 (2.4×103), 328 (1.2×104), 286
(1.7×104), 237 (3.3×104) nm.

Synthesis of [(η5-C5Me5)RhCl(κ2-tptz)]BF4 (2): This was prepared
from [{(η5-C5Me5)Rh(µ-Cl)Cl}2] (0.618 g, 1.0 mmol) in methanol
following the above procedure for 1 but using tptz (0.624 g,
2.0 mmol) in place of dpp. Bright yellow solid, yield 0.417 g (62%).
C28H27BClF4N6Rh (673.72): calcd. C 49.92, H 4.04, N 12.47;
found C 49.97, H 3.98, N 12.31. IR (nujol): ν̃ = 1083 cm–1 (B–F).
1H NMR (CDCl3, 300 MHz): δ = 1.79 (s, 15 H, C5Me5), 7.61 (t, J
= 7.2 Hz, 2 H), 7.95 (t, J = 5.4 Hz, 2 H), 8.03 (m, 2 H), 8.22 (t, J
= 7.8 Hz, 1 H), 8.95 (m, 4 H), 9.19 (d, J = 7.8 Hz, 1 H). FAB-MS:
m/z = 585 [M]+, 550 [M – Cl]2+, 238 [M – Cl – tptz]2+. UV/Vis:
λmax (ε, dm3 mol–1 cm–1) = 370 (5.4×103), 273 (1.5×104), 235
(2.7×104) nm.

Synthesis of [(η5-C5Me5)IrCl(κ2-dpp)]BF4 (3): This was prepared by
following the same procedure as for 1 but using [{(η5-C5Me5)Ir(µ-
Cl)Cl}2] (0.796 g, 1.0 mmol) in methanol (30 mL) and 2,3-di(2-pyr-
idyl)pyrazine (0.468 g, 2.0 mmol). Yellow-orange solid, yield
0.451 g (66%). C24H25BClF4N4Ir (683.94): calcd. C 42.11, H 3.65,
N 8.19; found C 42.20, H 3.50, N 8.26. IR (nujol): ν̃ = 1081 cm–1

(B–F). 1H NMR (CDCl3, 300 MHz): δ = 1.75 (s, 15 H, C5Me5),
7.20 (d, J = 3.2 Hz, 1 H), 7.58 (t, J = 5.9 Hz, 1 H), 7.76 (t, J =
4.1 Hz, 2 H), 8.11 (m, 2 H), 8.66 (d, J = 4.3 Hz, 1 H), 8.79 (t, J =
3.3 Hz, 1 H), 8.93 (d, J = 3.2 Hz, 1 H), 9.08 (d, J = 3.1 Hz, 1 H).
FAB-MS: m/z = 596 [M]+, 560 [M – Cl]2+, 326 [M – Cl – dpp]2+.
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UV/Vis: λmax (ε, dm3 mol–1 cm–1) = 452 (6.3×102), 380 (4.0×103),
326 (1.2×104), 290 (1.8×104), 233 (1.9×104) nm.

Synthesis of [(η5-C5Me5)IrCl(κ2-tptz)]BF4 (4): This was prepared
following the above procedure for 3 but using tptz (0.624 g,
2.0 mmol) in place of dpp. Red-brown solid, yield 0.480 g (63%).
C28H27BClF4N6Ir (763.02): calcd. C 44.09, H 3.54, N 11.02; found
C 44.15, H 3.68, N 11.10. IR (nujol): ν̃ = 1084 cm–1 (B–F). 1H
NMR (CDCl3, 300 MHz): δ = 1.69 (s, 15 H, C5Me5), 7.68 (t, J =
7.1 Hz, 2 H), 7.91 (t, J = 5.5 Hz, 2 H), 8.10 (m, 2 H), 8.27 (t, J =
7.5 Hz, 1 H), 9.01 (m, 4 H), 9.23 (d, J = 7.6 Hz, 1 H). FAB-MS:
m/z = 675 [M]+, 639 {M – Cl]2+, 327 [M – Cl – tptz]2+. UV/Vis:
λmax (ε, dm3 mol–1 cm–1) = 455 (2.5×103), 366 (6.0×103), 265
(1.9×104), 233 (2.2×104) nm.

X-ray Crystallography: Suitable crystals of 1, 2 and 3 for X-ray
crystallographic studies were obtained from CH2Cl2/petroleum
ether by diffusion. X-ray data for 1 and 3 were collected on an
automatic Enraf–Nonius MACH 3 diffractometer using graphite-
monochromated Mo-Kα radiation at 293(2) K. For 2, X-ray data
were collected at 293(2) K on an Enraf–Nonius CAD-4 dif-
fractometer using monochromated Cu-Kα radiation, λ = 1.54180 Å.
The structures were solved by direct methods and refined by using
MAXUS-99 and SHELX-97.[16] The non-hydrogen atoms had an-
isotropically refined thermal parameters. All hydrogen atoms were
geometrically fixed and were refined using a riding model. The
computer program PLATON was used for analysing the interac-
tions and stacking distances.[16] All the pertinent crystallographic
data are listed in Table 3.

CCDC-604770 to -604772 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The ligand Hhfth [4,4,5,5,6,6,6-heptafluoro-1-(2-thienyl)hex-
ane-1,3-dione], which contains a heptafluoropropyl group,
has been used to synthesize several new ternary lanthanide
complexes (Ln = Er, Ho, Yb, Nd) in which the synergistic
ligand is 1,10-phenanthroline (phen) or 2,2�-bipyridine
(bipy). The two series of complexes are [Ln(hfth)3phen] [ab-
breviated as (Ln)1, where Ln = Er, Ho, Yb] and [Ln(hfth)3-
bipy] [abbreviated as (Ln)2, where Ln = Er, Ho, Yb, Nd].
Members of the two series have been structurally charac-
terized. The growth morphology, diffuse reflectance (DR)
spectra, thermogravimetric analyses, and photophysical
studies of these complexes are described in detail. After li-

Introduction

There has been increasing interest in the use of near-in-
frared (NIR) light, which is one of the best strategies to
obtain high-resolution pictures of deep tissues as NIR light
diffracts much less than visible light [diffraction is pro-
portional to 1/(λ)SP, SP = scattering power].[1] Recently, the
lanthanide ions that are emissive in the NIR region of the
spectrum (800–1700 nm), such as YbIII, NdIII, HoIII, and
ErIII, have received much attention. Interest in the photo-
physical properties of these lanthanide ions mainly stems
from the following three points. First, the Yb3+ ion emis-
sion occurs in the NIR region (approximately 1000 nm)
where biological tissues and fluids (e.g. blood) are relatively
transparent, thus the development of Yb3+ ion lumines-
cence for various analytical and chemosensor applications
is promising. Second, Nd-containing systems have been re-
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gand-mediated excitation of the complexes, they all show the
characteristic near-infrared (NIR) luminescence of the corre-
sponding Ln3+ ions (Ln = Er, Ho, Yb, Nd). This is attributed
to efficient energy transfer from the ligands to the central
Ln3+ ions, i.e. an antenna effect. The heptafluorinated sub-
stituent in the main hfth sensitizer serves to reduce the de-
gree of vibrational quenching. With these NIR-luminescent
lanthanide complexes, the luminescent spectral region from
1300 to 1600 nm, which is of particular interest for telecom-
munication applications, can be covered completely.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

garded as the most popular infrared luminescent materials
for application in laser systems (the basis of the common
1064-nm laser). Third, two telecommunication windows for
amplification are commonly used for long-distance com-
munication, one at 1.3 µm using Nd emission and the other
at 1.5 µm using Er or Ho emission.[2]

However, the low optical cross-section due to the forbid-
den nature of the 4f�4f transitions of these NIR-lumines-
cence lanthanide ions results in inefficient direct exci-
tation.[3] Since the discovery that energy transfer from the
triplet state of an organic ligand can efficiently sensitize the
emissive states of lanthanide ions,[4] there has been con-
siderable effort devoted to designing ligands that optimize
this energy transfer and thus give efficient lanthanide lumi-
nescence. β-Diketones are most commonly used for the
complexation of lanthanide ions. Because of their potential
applications, tris- and tetrakis(β-diketonato)lantha-
nides(III) are the most widely studied complexes of the 4f-
element series.[5] In addition, noncharged ligands like 1,10-
phenanthroline (phen) or 2,2�-bipyridine (bipy) can serve as
the synergistic agent, since an important issue in the design
of NIR-emitting lanthanide complexes is to prevent water
molecules from binding to the lanthanide ions. Sensitizer-
functionalized Eu3+ and Tb3+ complexes have already been
applied as long-lasting luminescent probes in time-resolved
fluoroimmunoassays,[6] whereas sensitizer-functionalized
complexes of the NIR-emitting lanthanide ions Er3+, Yb3+,
Nd3+, and especially Ho3+, are less well studied. These com-
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plexes are very promising not only for application in fluoro-
immunoassays, but also for use in laser systems and for am-
plification of light.[2]

It is well established that the NIR-emitting Ln3+ ions are
particularly prone to vibrational deactivation. Species con-
taining high-energy oscillators, such as C–H and O–H
bonds (typically found in the ligand), are able to quench
the metal excited states nonradiatively, thereby leading to
lower luminescence intensities and shorter excited-state life-
times. The replacement of C–H bonds with C–F bonds is
important in the syntheses of lanthanide complexes with
efficient photoemission properties.[5,7] According to the lit-
erature reported previously, the replacement of C–H bonds
in a β-diketone ligand with lower-energy C–F oscillators is
able to lower the vibration energy of the ligand, which de-
creases the energy loss caused by ligand vibration and en-
hances the emission intensity of the lanthanide ion.[8] Due
to the heavy-atom effect,[7e] which facilitates intersystem
crossing, the lanthanide-centered luminescent properties are
enhanced.[9] It has been reported that the fluorescence
quantum yield of a europium(III) complex increases with
more fluorinated alkyl groups on the β-diketonate li-
gand.[5,8c] More fluorinated β-diketones form more stable
ternary complexes with Lewis bases in organic solvents.[7f]

In this work, the β-diketone ligand Hhfth [4,4,5,5,6,6,6-hep-
tafluoro-1-(2-thienyl)hexane-1,3-dione], which contains a
long perfluoroalkyl chain, is used as the main sensitizer for
synthesizing new NIR-emitting lanthanide complexes.

In this context, and in connection with our interest in
photoluminescence and electroluminescence,[2a,8a,9,10] we
are interested in studying the crystal structures and lumi-
nescence properties of lanthanide complexes. Herein, we re-
port the syntheses and structures of new sensitizer-func-
tionalized NIR-luminescence complexes [Ln(hfth)3phen]
[abbreviated as (Ln)1, where Ln = Er, Ho, Yb] and
[Ln(hfth)3bipy] [abbreviated as (Ln)2, where Ln = Er, Ho,
Yb, Nd], which contain the hfth ligand with a heptafluoro-
propyl group (see Figure S1, Supporting Information). The
properties of these complexes were investigated using dif-
fuse reflectance (DR) spectra and thermogravimetric analy-
ses, and the photophysical properties were studied in detail
and compared with those of the [Ln(hfth)3(H2O)2] com-
plexes.

Results and Discussion

Design and Preparation of Complexes (Ln)1 and (Ln)2

The molar ratio of the lanthanide ion and the β-diketon-
ate investigated was determined to be 1:3 or 1:4. Three pos-
sible types of lanthanide complexes can be designed de-
pending on the ratio:[11,12] (1) When the ratio is 1:3, a simple
tris(complex) can be obtained with three hfth ligands coor-
dinated to one lanthanide ion. However, the six oxygen
atoms from three hfth ligands are not sufficient to complete
the coordination number requirement of a lanthanide ion
(typically 8 or 9). Thus, the tris(complex) usually contains
water or other solvent molecules in the first coordination
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sphere, which is disadvantageous for obtaining high lumi-
nescence intensity. (2) When a metal/ligand ratio of 1:4 is
used, the tetrakis(complex) can be obtained. Although the
tetrakis(complexes) usually show much higher luminescence
intensity, the disadvantage is that a single positively charged
counterion is needed to assure the electrical neutrality of
the complex. This is problematic in the design of electrolu-
minescent devices for charged species. The above two types
leave us with the third option. (3) In addition to a metal/
ligand ratio of 1:3, a Lewis base such as phen or bipy is
added to give a Lewis base adduct of the tris(complex). The
function of phen or bipy is to saturate the coordination
sphere of the lanthanide ion and also to absorb excitation
energy that can be transferred to the excited states of the
lanthanide ion.

It is well known that the positions of the luminescence
bands in the spectrum are characteristic for a specific lan-
thanide ion. This means that the given organic ligands that
are capable of coordinating with different lanthanide ions
can serve various applications operating at different wave-
lengths simply by changing the central lanthanide ion (in
our case Ln = Er, Ho, Yb, Nd).

Crystal Structures

The structure of the lanthanide complex is essential to
understand the energy transfer from the coordinated li-
gands to the central lanthanide ion. Therefore, a consider-
able number of these complexes with various β-diketonates
have been structurally characterized by X-ray crystallogra-
phy since the 1970s. In the present work, the single-crystal
X-ray diffraction studies revealed isostructural crystals (or-
thorhombic, Z = 8) for complexes (Ln)1 and (Ln)2 whose
crystals fall in the same Pbca space group. Thus, only the
structures of (Er)1 and (Yb)2 will be described in detail as
examples.

The crystal structure of (Er)1, with the numbering
scheme, is displayed in Figure 1a. Analysis of the crystal
structure indicates that the central Er3+ ion is eight-coordi-
nate, with six oxygen atoms from three hfth ligands and two
nitrogen atoms from the phen ligand. From the coordina-
tion angles, the coordination geometry may be described as
a square antiprism, one of the two most stable eight-coordi-
nate polyhedra (shown in Figure 1b). The crystal structure
of (Yb)2 (Figure 2a) is similar. The coordination number of
the central Yb3+ ion is also eight, with six oxygen atoms
from three hfth ligands and two nitrogen atoms from the
bipy ligand. The coordination polyhedron can also be re-
garded as a square antiprism (see Figure 2b). For these two
complexes, the Ln–O bonds adjacent to the thienyl ring are
slightly longer than the others, which is probably due to the
inductive effect of the fluorine atoms on the alkyl chain. In
the β-diketone rings of the lanthanide complexes, all of the
average distances for the C–C and C–O bonds are shorter
than a single bond but longer than a double bond. This can
be explained by the fact that there is conjugation between
the thienyl ring and the coordinated β-diketonate, which



H.-J. Zhang et al.FULL PAPER

Figure 1. (a) ORTEP plot for (Er)1 with ellipsoids drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity. (b)
Coordination polyhedron of the ErIII ion.

Figure 2. ORTEP plot for (Yb)2 with ellipsoids drawn at the 30% probability level. Hydrogen atoms have been omitted for clarity.

leads to the delocalization of electron density of the coordi-
nated β-diketonate chelate ring. However, the C–C bond
lengths near the fluorine atoms are close to that of a C=C
bond, which is due to the inductive effect of the fluorine
atoms.[13] The central Ln3+ ion is completely surrounded by
the bulky anionic ligand hfth and the synergistic ligands
phen [for (Ln)1] or bipy [for (Ln)2], and this encapsulated
structure therefore meets the structural requirements of a
lanthanide luminescent sensor[14] by protecting the metal
ion from vibrational coupling and increasing the light ab-
sorption cross-section by the “antenna effect”.

The average Ln–O and Ln–N bond lengths in the crystals
are shown in Table 1, where it can be seen that the average
Ln–O and Ln–N bond lengths decrease from Ho to Yb [for
(Ln)1] and from Nd to Yb [for (Ln)2] due to the so-called
“lanthanide contraction”. It can also be seen that the cell

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 3962–39733964

volume contracts by about 3.81% for (Ln)1 when the lan-
thanide ion changes from Ho to Yb and about 1.58% for
(Ln)2 when the lanthanide ion changes from Nd to Yb.

Table 1. Average Ln–O and Ln–N bond lengths [Å] for (Ln)1 and
(Ln)2.

(Ho)1 (Er)1 (Yb)1 (Nd)2 (Ho)2 (Yb)2

Ln–O 2.310 2.296 2.276 2.393 2.311 2.279
Ln–N 2.551 2.520 2.501 2.633 2.532 2.492

Observed Growth Morphology

Of the single crystals obtained, all the (Ln)1 crystals
show a regular, diamond-like shape whereas the shape of
the (Ln)2 crystals is irregular. We are not sure about the
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reason for this phenomenon, although we think that it may
be due to the different molecular structures of phen and
bipy. All atoms of the phen molecule are in the same conju-
gate area, yet those of the bipy molecule are not. Micro-
scope pictures of a single crystal of (Er)1 with a diamond
shape are shown in Figure 3 to illustrate the growth mor-
phology that is representative for crystals of (Ln)1 but not
for those of (Ln)2. A schematic sketch of each crystal se-
lected is shown in Figure 3 (right), which reveals the growth
habit of the crystals.

Figure 3. Microscope images and corresponding sketches of the
(Er)1 crystals grown from the ethanol/acetone mother liquor.

DR Spectra

The DR Spectra of (Ln)1 and (Ln)2 (Ln = Er, Ho, Yb,
Nd) are shown in Figure 4. In the UV region of the DR
curves (200–400 nm), all broad absorption bands are ob-
served and can be assigned to electronic transitions from
the ground-state level S0 to the excited level S1 of the or-
ganic ligands. In the region above 400 nm in these figures,
each absorption band corresponds to a characteristic tran-
sition between two spin-orbit coupling levels of the lantha-
nide ion (see the insets of Figure 4). Based on the energy
level scheme of each ion, these bands can be assigned to
the transitions from the ground levels 4I15/2, 5I8, 2F7/2, and
4I9/2 to the higher energy levels for the erbium, holmium,
ytterbium, and neodymium complexes, respectively.[15–17]

Photophysical Properties

In 1942, Weissman reported that lanthanide lumines-
cence can be improved by using an intramolecular energy
transfer, the so-called “antenna effect”.[4a] Because the in-
traconfigurational f↔f transitions are forbidden, absorp-
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tion of the lanthanide(III) is very weak. In most cases, one
can use the excitation of strongly absorbing ligands fol-
lowed by energy transfer to promote the lanthanide ion to
the emitting state.[18] Each of the lanthanide ions used in
the course of this work is known to exhibit one or more
spectral emission bands in the 800–1700 nm region. Thus,
to provide a clear understanding of the photophysics and
luminescence properties of these new series of lanthanide
complexes, the excitation and emission spectra of each com-
plex as well as the absorption spectra of the ligands were
characterized and discussed in detail.

The excitation spectra of (Ln)1 and (Ln)2 (Ln = Er, Ho,
Yb, Nd) and the absorption spectra of the ligands (phen,[2a]

Hhfth, and bipy) were obtained (Figure S2, Supporting In-
formation). As is clearly visible in this figure, there are over-
laps between the excitation band of each lanthanide com-
plex and the absorption bands of Hhfth and phen (or Hhfth
and bipy), which indicates the typical sensitization of the
Ln3+ ions by the two organic ligands[19] and thus confirms
that the Ln3+ ions are surrounded by hfth and phen (or
hfth and bipy) in the complexes.[3a,20] It is also worth noting
that the overlap between the absorption band of Hhfth and
the lanthanide excitation band is larger than that between
the absorption band of phen (or bipy) and the excitation
band, which suggests that the antenna effect of the hfth
ligand is more efficient than that of the synergistic ligand
(phen or bipy). Thus, it is reasonable to deduce that the
intramolecular energy transfer in the lanthanide complexes
mainly occurs between the hfth ligand and the Ln3+ ions.[13]

The emission studies were carried out in the NIR region
on all of these complexes upon excitation of the ligand ab-
sorption bands, followed by NIR emission for the Er3+,
Ho3+, Yb3+, and Nd3+ complexes where the synergistic li-
gand is phen or bipy. Using identical experimental settings
(slit width, integration time, excitation wavelength, sam-
pling interval), the direct comparison of the emission inten-
sity of the NIR luminescence for the same lanthanide ion
with different synergistic ligands was investigated.

Erbium

As is shown in Figure S2, the excitation spectra of the
(Er)1 and (Er)2 complexes were obtained by monitoring the
characteristic emission of the Er3+ ion at 1541 nm. In the
excitation spectra, a broad band ranging from 260 to
435 nm for (Er)1 and a broad band from 235 to 430 nm for
the (Er)2 complex are observed. The two broad bands can
be assigned to the absorption of the organic ligands, which
is in agreement with the DR spectra mentioned above (Fig-
ure 4a). Some small bands, originating from f–f absorption
transitions of the Er3+ ion, are also observed in the exci-
tation spectra of the two complexes. They correspond to
the energy transitions 4I15/2�4F7/2 [492 nm for (Er)1 and
486 nm for (Er)2] and 4I15/2�2H11/2 [528 nm for (Er)1 and
524 nm for (Er)2], which is also in agreement with the DR
spectra (Figure 4a).

Excitation of the ligand absorption bands at 397 nm re-
sulted in the emission spectra (Figure 5) of the two Er com-
plexes. For (Er)1 and (Er)2, the emission bands cover large
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Figure 4. DR spectra of (Er)1 and (Er)2 (a), (Ho)1 and (Ho)2 (b), (Yb)1 and (Yb)2 (c), and (Nd)2 (d). The insets show the energy level
diagrams of Er3+, Ho3+, Yb3+, and Nd3+. The transitions of the bands [nm] are indicated by arrows.

Figure 5. Emission spectra (λex = 397 nm) of (Er)1, (Er)2, and
[Er(hfth)3(H2O)2] (in the solid state as powder) at room tempera-
ture.
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spectrum ranges extending from 1414 to 1664 nm and from
1448 to 1656 nm, respectively, with the emission maxima
both located at 1540 nm. The emission obtained is attrib-
uted to the transition from the first excited state (4I13/2) to
the ground state (4I15/2) of the partially filled 4f shell of the
Er3+ ion (see the inset of Figure 4a). The erbium complexes
are especially interesting for application in optical amplifi-
cation because the transition around 1540 nm is in the right
position for the third telecommunication window. To enable
a wide-gain bandwidth for optical amplification, a broad
emission band is desirable.[2d,21] The full widths at half
maximum (FWHM) of the 4I13/2�4I15/2 transition for the
(Er)1 and (Er)2 complexes are 76 and 74 nm, respectively,
which enable a wide-gain bandwidth for optical amplifi-
cation.[22]

Holmium

In the excitation spectra of (Ho)1 and (Ho)2 (Figure S2),
the broad excitation bands in the UV region are both ob-
served, which can be attributed to the absorption of the
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ligands. The excitation edge of the ligands overlaps some
absorption bands corresponding to the characteristic transi-
tions of the Ho3+ ion. These f–f transitions correspond to
5I8�5G4 + 3F7 (389 nm), 5I8�5G5 (421 nm), 5I8�5G6 + 5F1

(453 nm), and 5I8�5F3 (488 nm), which are in agreement
with those of the DR spectra discussed above (Figure 4b).

Of importance is the observation of less frequently inves-
tigated NIR luminescence in holmium complexes.[1b,2e,23]

The emission spectra of (Ho)1 and (Ho)2, after ligand-me-
diated excitation at 397 nm, are shown in Figure 6. Both
luminescence spectra consist of three bands at 990, 1200,
and 1500 nm, which are attributed to the 5F5�5I7, 5I6�5I8,
and 5F5�5I6 transitions, respectively. For (Ho)1 and
(Ho)2, the intensity sequence of the bands is I(5F5�5I7) �
I(5F5�5I6) � I(5I6�5I8). As is shown in the energy diagram
of the Ho3+ ion (inset of Figure 4b), the 5I7�5I8 transition
(�1900 nm) exceeds the measurement range of our detec-
tor. Since the optimum energy difference favors efficient li-
gand-to-ion energy transfer, it is supposed that the 5F4, 5S2,
and 5F5 levels are the main acceptor levels, and the excited
electrons on the 5F5 and 5I6 levels could partially come from
the relaxation of the upper levels followed by the transitions
to the lower levels to give the NIR emission of the Ho3+

ion.[2e] Among these obtained NIR emissions, the 1500-nm
emission is particularly attractive for its good agreement
with the efficient working window of a quartz fiber. For the
(Ho)1 complex, the 1500-nm emission, which covers from
1420 to 1550 nm, may be due to the Stark splitting of the
5F5 and 5I6 levels, providing a satisfying waveband for the
wavelength division multiplexing technology in optical
communications.[2e] The FWHM of this emission is 62 nm,
which is a broad bandwidth for the potential application of
the optical communication systems.

Figure 6. Emission spectra (λex = 397 nm) of (Ho)1 and (Ho)2 (in
the solid state as powder) at room temperature.

Ytterbium

The excitation spectra of (Yb)1 and (Yb)2 were obtained
by monitoring the characteristic emission of the Yb3+ ion
at 980 nm (Figure S2). The excitation spectra are dominated
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by a broad band ranging from 200 to 500 nm for both com-
plexes. These two broad bands can be assigned to the ab-
sorption of the organic ligands and are in agreement with
those in the DR spectra (Figure 4c). The emission spectra
of the two complexes (Figure 7), after ligand-mediated exci-
tation at 397 nm, clearly show the characteristic emission
bands of the Yb3+ ion at 980 nm, which are assigned to the
2F5/2�2F7/2 transition. It should be noted that the Yb3+ ion
emission in the two complexes is not a single sharp band
but an envelope of bands arising at the lower energy side
(1009 and 1038 nm) of the primary 980-nm emission band.
A similar splitting has been reported previously.[24–26] Ac-
cording to the literature, these bands arise from the MJ

splitting of the emitting and/or fundamental state as a con-
sequence of ligand-field effects.[26]

Figure 7. Emission spectra (λex = 397 nm) of (Yb)1, (Yb)2, and
[Yb(hfth)3(H2O)2] (in the solid state as powder) at room tempera-
ture.

The Yb3+ ion plays an important role in laser emission
because of its very simple f–f energy level structure: besides
the 2F7/2 ground multiplet, there is only the 2F5/2 excited
multiplet at around 10000 cm–1. There is no excited-state
absorption on reducing the effective laser cross-section, no
up-conversion, no concentration quenching, and no absorp-
tion in the visible range. The intense Yb3+ ion absorption
lines are well suited for laser diode pumping in this range
and the smaller Stokes shift (about 650 cm–1) between ab-
sorption and emission reduces the thermal loading of the
material during laser operation.[27] These properties of the
Yb3+ ion and the obtained high intensity emission make
these Yb complexes very important for various photonic
applications in ionic crystals and glasses.[28] In addition, the
relative transparency of human tissue at approximately
1000 nm suggests that in vivo luminescent probes operating
at this wavelength (Yb-based emission) could have diagnos-
tic value.[29]

Neodymium

In the excitation spectrum of (Nd)2 (λem = 1061 nm), a
broad band ranging from 260 to 498 nm due to the absorp-
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tion of the organic ligands superimposed with some exci-
tation bands originating from the characteristic absorption
transition of the Nd3+ ion is observed (Figure S2). These f–
f transitions correspond to 4I9/2�2P1/2 + 2D5/2 (432 nm),
4I9/2�4G11/2 + 2K15/2 + 2G9/2 + 2D3/2 (474 nm), 4I9/2�4G9/2

(515 nm), and 4I9/2�2K13/2 + 4G7/2 (529 nm) of the Nd3+

ion, which are well in agreement with those of the DR spec-
trum (Figure 4d). It should be noted that these absorption
transitions are much weaker than that of the ligands, which
proves that luminescence sensitization by excitation of the
ligands is much more efficient than direct excitation of the
absorption levels of the Nd3+ ion.

The excitation of the Nd complex by strongly absorbing
ligands (λex = 397 nm) is quite feasible, as expected based
on the energy level of the triplet state, which is higher than
the Nd luminescent excited state 4F3/2 (11527 cm–1). The
emission spectrum of the Nd complex (Figure 8) consists of
three bands at λ = 880, 1061, and 1335 nm, which are at-
tributed to the f–f transitions 4F3/2�4I9/2, 4F3/2�4I11/2, and
4F3/2�4I13/2, respectively. Some crystal-field fine structure
can be observed, which is an indication that the Nd3+ ion
occupies well-defined crystallographic sites in the com-
plex.[23] Among the three emission bands of the Nd com-
plex, the intensity of the transition at 1061 nm is the strong-
est and is potentially applicable for laser emission. The fine
structure of the 1335-nm band of the complex offers the
opportunity to develop new materials suitable for optical
amplifiers operating at 1.3 µm.[30]

Figure 8. Emission spectra (λex = 397 nm) of (Nd)2 and [Nd-
(hfth)3(H2O)2] (in solid state as powder) at room temperature.

Upon excitation of the ligand absorption band (397 nm),
these lanthanide complexes all show the characteristic NIR
luminescence of Ln3+ ions. The NIR luminescence obtained
in this study shows that the ligands shield the lanthanide
ions well from their surroundings and transfer energy from
their triplet states to the Ln3+ ions efficiently.[31–34] Because
no direct excitation of the lanthanide moiety occurs at the
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excitation wavelength (397 nm), the observed NIR emission
signals only arise by sensitization of the lanthanide ions by
the ligands.

Many authors have reported the influence of water on
the intensity of EuIII luminescence.[35] In fact, the NIR lu-
minescence is even more sensitive to water than the visible
luminescence. As shown in Figures 5, 7, and 8, respectively,
an obvious decrease of the NIR-emission intensity for
[Ln(hfth)3(H2O)2] (Ln = Er, Yb, Nd) is detected when com-
pared to the intensity of the corresponding (Ln)1 or (Ln)2
complex. This is probably related to the replacement of sol-
vent molecules (ethanol or water) by phen or bipy in the
LnIII coordination sphere, which could depress nonradiative
deactivation pathways through vibrational quenching.[36]

These results suggest that the introduction of a second li-
gand instead of water molecules is able to increase the effi-
ciency of energy transfer from the ligands to the central
metal ions, thus resulting in an improvement in the emission
intensity. In the meantime, it is worth noting that the rela-
tive emission intensity of (Ln)1 is stronger than that of
(Ln)2 (Ln = Er, Ho, Yb). Basically, in the lanthanide com-
plexes the ligands may sensitize the Ln3+ ion by energy
transfer, and the probability of energy transfer is strongly
influenced by the energy difference between the energy do-
nor and acceptor.[37] The triplet-state energy level of bipy
was measured and calculated to be 23095 cm–1 from the
shortest-wavelength phosphorescence band of the phospho-
rescence spectrum for [Gd(bipy)3Cl2] (Figure S3, Support-
ing Information), in which the fine-structure is observed.
We have measured the triplet energy states of the phen[38]

and Hhfth[10c] ligands to be 22173 and 20400 cm–1, respec-
tively. So, the energy difference between the phen ligand
and the Hhfth ligand is smaller than that between the bipy
ligand and the Hhfth ligand. The phen ligand may transfer
energy to hfth more efficiently and accordingly afford a
stronger sensitization of the Ln3+ ion emission.[35a,39] In ad-
dition, all the C and N atoms of the phen molecule are
located in the same conjugate area, yet those of the bipy
molecule are not. It is therefore concluded that the presence
of a rigid planar structure in the complex causes a higher
intensity of the sensitized luminescence because such a
structure allows a better energy transfer.[5] Therefore, the
combination of phen and hfth ligands may sensitize the
Ln3+ ion more efficiently, followed by the stronger NIR lu-
minescence of the Ln3+ ion.

The luminescence decay curves obtained from time-re-
solved luminescence experiments could be fitted monoex-
ponentially, thus confirming that the chemical environment
of the Ln3+ ion is uniform in the materials.[20,40] The corre-
sponding lifetimes of the lanthanide excited states are
shown in Table 2. Due to the weakness of the signal and
the limitations of our equipment, no reliable decay time
could be measured for the Ho complexes. The quantum
yields of the lanthanide-centered luminescence in these
complexes were determined by taking [Yb(tta)3phen] (tta =
thenoyltrifluoroacetonate) as standard. The quantum yields
(Q) of these complex samples (S) were calculated by using
the following equation,[24c,41] where n is the refractive index
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of the solvent, I is the wavelength-integrated area of the
corrected emission spectrum, and A is the absorbance value
at the excitation wavelength.

QS =
nS

2ISAR

nR
2ASIR

QR

Table 2. Emission properties for the different NIR-emitting lantha-
nide complexes.

Complex Transition λem [nm] τ [µs][a] QS [%][b]

(Er)1 4I13/2�4I15/2 1541 2.73 0.019
(Er)2 4I13/2�4I15/2 1541 2.27 0.014
(Yb)1 2F5/2�2F7/2 980 14.7 1.28
(Yb)2 2F5/2�2F7/2 980 13.8 1.24
Yb(hfth)3(H2O)2

2F5/2�2F7/2 980 0.97 0.37
(Nd)2 4F3/2�4I11/2 1061 1.27 0.072
Nd(hfth)3(H2O)2

4F3/2�4I11/2 1065 0.15 0.0085

[a] Luminescence lifetimes in the solid state. [b] Quantum yields of
the solution of these complexes in toluene. The excitation wave-
length is 355 nm.

The quantum yield of the reference (R), [Yb(tta)3phen]
in toluene solution (n = 1.4964), was taken as QR =
1.1%.[42] Then, the quantum yields of the solution of these
complexes in toluene were obtained (Table 2). It can be seen
that the quantum yields of these complexes in toluene in-
crease in the order (Ln)1 � (Ln)2, which agrees well with
the corresponding lengthening of the emission lifetime. This
correlation further shows that the combination of hfth and
phen ligands may sensitize the Ln3+ ion more efficiently
than the combination of hfth and bipy ligands. It should
also be noted that the emission lifetimes and quantum
yields for the Yb and Nd complexes investigated are con-
siderably longer than those of the corresponding [Ln-
(hfth)3(H2O)2] complexes, probably because the two water
ligands (containing four potentially quenching O–H oscil-
lators) have been replaced by phen or bipy, in which most
of the C–H oscillators are remote from the metal center.

The luminescence lifetimes and quantum yield values ob-
tained are in line with, or a little higher than, other recently
published results on NIR-luminescent lanthanide com-
plexes.[36,42,43] High-frequency oscillators, such as C–H vi-
brations in the ligand, can provide a very efficient nonradia-
tive pathway for relaxation of the luminescent state of the
NIR-emitting lanthanide ions by vibronic coupling, since
it can be effectively mediated by the ubiquitous molecular
vibrations. It would appear that the heptafluorinated sub-
stituent in the main sensitizer hfth serves to reduce the de-
gree of vibrational quenching, which, in turn, probably
leads to a slightly longer lived Ln3+ ion excited state. There
still exists one C–H bond in the β-diketonate chelate ring
of the complex, however, and this results in the main nonra-
diative factor. Suppression of such vibrational excitation in
the system requires deuteration of the C–H bonds or re-
placement of C–H bonds with C–F bonds in the ligand.[7g]

In addition, improvement of the spectral overlap of the
NIR-emitting Ln3+ ion and the antenna and optimization
of the luminescence quantum yield could be achieved by
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incorporating antenna chromophores with lower lying trip-
let states. This ligand feature is particularly important in
the design of NIR-emitting lanthanide complexes.

Thermogravimetric Analyses

The TGA-DTA analyses of all the (Ln)1 and (Ln)2 com-
plexes were carried out. The TGA diagrams of (Ln)1 and
(Ln)2 are similar, and all reveal two main weight losses.
(Yb)1 and (Nd)2 are given as examples in Figure 9. For
(Yb)1, the analysis show that the melting point is 207.04 °C.
The first weight loss of 74.02% is close to the calculated
value (73.23%) corresponding to the loss of the hfth ligands
and the second weight loss of 12.57% corresponds to the
loss of the phen ligand (calculated: 13.65%). For (Nd)2, the
analysis displays a first weight loss of 74.22% correspond-
ing to the loss of hfth ligands (calculated: 76.23%) and a
second weight loss of 12.23% corresponding to the loss of
the bipy ligand (calculated: 12.33%). The final residues for
(Yb)1 and (Nd)2 are composed of Yb2O3 and Nd2O3,
respectively. The analyses show that the melting points of
the (Ln)1 and (Ln)2 complexes are between 200 and 215 °C,
and the decomposition temperatures are higher than
350 °C. These results suggest that these complexes have
good thermal stability. This may be due to the heptafluorin-
ated substituent in the ligand, as we and other authors have
reported that a fluorinated substituent in a ligand leads to
an improved thermal and oxidative stability and increases

Figure 9. TGA (−) and DTA (---) curves of (Yb)1 and (Nd)2.
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the volatility of the complex.[9,10c,44] The improved thermal
stability and volatility result in good film-forming ability,
which facilitates the fabrication of electroluminescent de-
vices.

Conclusions

Based on the ligand hfth, seven new ternary lanthanide
complexes (Ln)1 (Ln = Er, Ho, Yb) and (Ln)2 (Ln = Er,
Ho, Yb, Nd) have been synthesized. Their single-crystal X-
ray diffraction analyses [except (Er)2], growth morphology,
DR spectra, optical properties, and TGA-DTA analyses
have been reported. We have demonstrated the characteris-
tic NIR luminescence of the corresponding lanthanide com-
plexes upon excitation of the ligand absorption bands, me-
diated by the sensitizing effect of the ligands in the com-
plexes, known as the antenna effect. The broadband emis-
sion at 1540 nm for the Er complexes, 1500 nm for the Ho
complexes, and the fine structure at 1335 nm for the Nd
complex offer the opportunities to develop new materials
suitable for optical amplifiers operating at 1.5 and 1.3 µm,
the two telecommunications windows. The heptafluorinated
substituent in the main sensitizer hfth serves to reduce the
degree of vibrational quenching. In addition, improvement
of the spectral overlap of the NIR-emitting Ln3+ ion and
the antenna and optimization of the luminescence quantum
yield could be achieved by incorporating antenna chromo-
phores with lower lying triplet states. This ligand feature is
particularly important in the design of NIR-emitting lan-
thanide complexes and further work is in process. Further-
more, the above results are pertinent to the application of
these complexes in NIR electroluminescent devices. In on-
going work, we are exploring the properties of electrolumi-
nescent devices fabricated using these lanthanide complexes
as the active materials.

Experimental Section
Materials: Ytterbium oxide (Yb2O3, 99.99%), neodymium oxide
(Nd2O3, 99.99%), holmium oxide (Ho2O3, 99.99%), erbium oxide
(Er2O3, 99.99%), and gadolinium oxide (Gd2O3, 99.99%) were pur-
chased from Yue Long Chemical Plant (Shanghai, China). Sodium
metal (�98%, A. R.), 1,10-phenanthroline monohydrate
(phen·H2O, 99%, A. R.), and 2,2�-bipyridine (�99.5%, A. R.) were
bought from Beijing Fine Chemical Co. (Beijing, China). Hhfth
was purchased from Acros Organics Co. (Geel, Belgium) and Htta
(2-thenoyltrifluoroacetone) from Aldrich. All these reagents were
used directly without further purification. The toluene solvent was
dried by a standard procedure (with Na/benzophenone), distilled
under nitrogen, and kept over molecular sieves. The LnCl3 (Ln =
Er, Ho, Yb, Nd, Gd) ethanol solution was prepared as follows: the
rare earth oxide (Ln2O3) was dissolved in concentrated hydrochlo-
ric acid (HCl) and the surplus HCl was removed by evaporation.
The residue was diluted with anhydrous ethanol. The concentration
of the rare earth ion was measured by titration with a standard
EDTA (ethylenediaminetetraacetic acid) aqueous solution.

Instrumentation: The CHN elemental analyses were carried out
with a VarioEL analyzer. The DR measurements were performed
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with a Hitachi U-4100 spectrophotometer. The UV/Vis absorption
spectra (solutions of Hhfth and bipy in ethanol; solutions of the
investigated complexes in toluene) were recorded with a TU-1901
spectrophotometer. The excitation and emission spectra were mea-
sured with an Edinburgh Analytical Instruments FLS920 equipped
with a laser diode (LD) from the PicoQuant Company as the light
source. The time-resolved measurements for the Yb and Nd com-
plexes were performed with an Edinburgh Analytical Instruments
FLS920 equipped with a 397-nm picosecond laser diode (LD) from
the PicoQuant Company and for Er complexes with an Edinburgh
Combined Fluorescence Lifetime and Steady State Spectrometer
FLS920 equipped with a µF900 lamp (λex = 397 nm). Freshly col-
lected (Er)1 crystals were mounted on the glass and were observed
and recorded with an infrared microscope (HYPERION 3000)
from German Bruker Company. All measurements were performed
at room temp. The low-temperature phosphorescence spectrum of
the Gd3+ complex was measured with a Hitachi F-4500 spectropho-
tometer at liquid nitrogen temperature (77 K). The TGA-DTA
analyses were measured with an SDT 2960 Simultaneous DSC-
TGA of American TA Instruments, with a heating rate of
10 °Cmin–1.

Synthesis of the (Ln)1 Complexes (Ln = Er, Ho, Yb): Hhfth (190 µL,
0.9 mmol) and phen·H2O (0.0595 g, 0.3 mmol) were dissolved in a
suitable volume of anhydrous ethanol. Then, an appropriate
amount of 1.0  sodium hydroxide solution was added dropwise to
the solution to adjust the pH value to approximately 7. LnCl3 etha-
nol solution (0.3 mmol), prepared separately, was then added drop-
wise to this mixture with stirring. The mixture was heated to reflux
and kept at 78 °C for 6 h, and then cooled to the room temperature.
The precipitates were collected by filtration, washed with water and
ethanol, and dried at 70 °C under vacuum overnight. The lantha-
nide complex was recrystallized from an ethanol/acetone mixture.
Pink (for erbium), pale-yellow (for ytterbium), or yellow crystals
(for holmium) suitable for X-ray single-crystal structural determi-
nation were grown from the mother liquor at room temp.

Synthesis of the (Ln)2 Complexes (Ln = Er, Ho, Yb, Nd): The pro-
cedure used to prepare the (Ln)2 was the same as that used for the
(Ln)1 complex expect that bipy (0.0469 g, 0.3 mmol) was dissolved
in anhydrous ethanol instead of phen·H2O (0.0595 g, 0.3 mmol).
The (Ln)2 complex obtained was also recrystallized from an etha-
nol/acetone mixture. Lilac (for neodymium), pale-yellow (for ytter-
bium), or yellow crystals (for holmium) suitable for X-ray single-
crystal structural determination were grown from the mother liquor
at room temp. The purity of the compounds was verified by CHN
elemental analysis (Table S1, Supporting Information).

Synthesis of the [Ln(hfth)3(H2O)2] Complexes (Ln = Er, Ho, Yb,
Nd): An appropriate amount of 1.0  sodium hydroxide solution
was added dropwise to an Hhfth (190 µL, 0.9 mmol) ethanol solu-
tion whilst stirring to adjust the pH value to approximately 7. The
LnCl3 ethanol solution (0.3 mmol) was added dropwise to this mix-
ture with stirring. Then, an appropriate amount of water was added
and the mixture was heated to reflux and kept at 60 °C for 6 h. The
rest of the procedure was similar to that used for the (Ln)1 com-
plex. All complexes were found to be dihydrates.

Synthesis of [Gd(bipy)3Cl2]: At room temperature, 1.5 mmol of bipy
was dissolved in a suitable volume of anhydrous ethanol. Then,
0.5 mmol of a GdCl3 ethanol solution was added whilst stirring
and the solution was heated under reflux for 2 h. The white powder
was filtered and washed with ethanol. The resulting complex was
dried at 60 °C under vacuum overnight.

Synthesis of [Yb(tta)3phen]: This complex was synthesized accord-
ing to a published method.[45]
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Table 3. Crystal data and structure refinement for (Ln)1 and (Ln)2 [except (Er)2].

(Ho)1 (Er)1 (Yb)1 (Nd)2 (Ho)2 (Yb)2

Empirical formula C42H20F21HoN2O6S3 C42H20ErF21N2O6S3 C42H20F21N2O6S3Yb C40H20F21N2NdO6S3 C40H20F21HoN2O6S3 C40H20F21N2O6S3Yb
Formula mass 1308.71 1311.04 1316.82 1264.00 1284.69 1292.80
T [K] 293(2) 187(2) 187(2) 187(2) 187(2) 187(2)
λ [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
Space group Pbca Pbca Pbca Pbca Pbca Pbca
a [Å] 20.9790(5) 20.6146(9) 20.6224(9) 19.9666(12) 19.8709(7) 19.8161(9)
b [Å] 18.3620(5) 18.0507(8) 18.0173(8) 18.4175(11) 18.1779(6) 18.0740(8)
c [Å] 25.5920(5) 25.5197(12) 25.5224(11) 25.3703(15) 25.5521(9) 25.6376(11)
α [°] 90 90 90 90 90 90
β [°] 90 90 90 90 90 90
γ [°] 90 90 90 90 90 90
V [Å3] 9858.4(6) 9496.1(7) 9483.1(7) 9329.5(10) 9229.7(6) 9182.3(7)
Z 8 8 8 8 8 8
Dcalcd. [mgm–3] 1.763 1.834 1.845 1.800 1.849 1.870
Abs. coeff. [mm–1] 1.859 2.031 2.236 1.379 1.984 2.307
F(000) 5104 5112 5128 4952 5008 5032
Crystal size [mm] 0.53×0.34×0.19 0.33×0.27×0.17 0.35×0.29×0.14 0.33×0.12×0.05 0.25×0.27×0.15 0.26×0.16×0.10
θ range [°] 1.59 to 28.29 1.70 to 26.03 1.70 to 26.04 1.61 to 25.08 1.59 to 26.05 1.59 to 28.65
Reflns collected 59772 51450 51480 46137 50058 55491
Ind. reflns (Rint) 11819 (0.0447) 9368 (0.0601) 9342 (0.0213) 8274 (0.1044) 9118 (0.0445) 11192 (0.0876)
Refinement method full-matrix least squares on F2

Data/restraints/parameters 11819/26/631 9368/4/685 9342/56/638 8274/37/505 9118/24/667 11192/23/667
GOF on F2 1.038 1.061 1.012 1.037 1.023 0.931
R1 [I � 2σ(I)] 0.0713 0.0554 0.0679 0.1240 0.0553 0.0568
wR2 [I � 2σ(I)] 0.2404 0.1631 0.1952 0.3134 0.1611 0.1428
R1 (all data) 0.1217 0.0727 0.0777 0.1831 0.0783 0.1043
wR2 (all data) 0.2734 0.1754 0.2050 0.3579 0.1769 0.1643

Single-Crystal X-ray Diffraction Study: X-ray data for the selected
crystal mounted on a glass fiber were collected with a CCD area
detector with graphite-monochromated Mo-Kα radiation. Reflec-
tions were collected with a Bruker SMART APEX detector and
processed with SAINT from Bruker. Data were corrected for Lo-
rentz and polarization effects. The structure was solved by direct
methods and expanded using Fourier techniques. The non-hydro-
gen atoms [for (Yb)1 except F3–F7, F17–F21; for (Nd)2 except
F atoms] were refined anisotropically. The hydrogen atoms were
included using a riding model. All calculations were performed
using the SHELXL-97 crystallographic software package.[46] For
the crystallographic data some R values are high, and for the OR-
TEP plots some of the ellipsoids of some fluorine atoms have a
very irregular shape. These problems could be due to the poor X-
ray data and disorder of the fluorine atoms. Crystallographic data
and structural refinements for compounds (Ln)1 and (Ln)2 are
summarized in Table 3. CCDC-266576 [for (Ho)2], -266577 [for
(Ho)1], -266578 [for (Er)1], -266579 [for (Yb)2], -266816 [for
(Yb)1], and -266983 [for (Nd)2] contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Molecular structures of the complexes (Ln)1 and (Ln)2 (Fig-
ure S1), excitation spectra of (Ln)1 and (Ln)2 complexes (Ln = Er,
Ho, Yb, Nd) and absorption spectra of the ligands (phen, Hhfth
and bipy) (Figure S2), phosphorescence spectrum of [Gd(bipy)3Cl2]
(Figure S3), results of elemental analyses of complexes (Ln)1 and
(Ln)2 (Table S1).
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Chiral Platinum(II) Compounds Containing Ferrocenyl Schiff Bases Acting as
(N), (N,O)–, [C(sp2,ferrocene),N]– or [C(sp2,ferrocene),N,O]2– Ligands

Concepción López,*[a] Amparo Caubet,[a] Sonia Pérez,[a] Xavier Solans,[b]

Mercè Font-Bardía,[b] and Elies Molins[c]

Keywords: Platinum / Ferrocene / Platinacycles / N ligands / N,O ligands

A study of the reactions of the following ferrocenyl Schiff
bases: (SC)-(+)-[FcCH=NCH(R1)CH2OH] {Fc = (η5-C5H5)-
Fe(η5-C5H4), R1 = Me (1a) or CHMe2 (1b)} with cis-
[PtCl2(dmso)2] under different experimental conditions is re-
ported. This study enabled the isolation and characterisation
of the enantiomerically pure platinum(II) complexes trans-
(SC)-[Pt{FcCH=NCH(R1)CH2OH}Cl2(dmso)] {R1 = Me (2a)
or CHMe2 (2b)} and cis-(SC)-[Pt{FcCH=NCH(R1)-
CH2OH}Cl2(dmso)] {R1 = Me (3a) or CHMe2 (3b)} as well
as four isomeric forms of (SC)-[Pt{FcCH=N–CH(R1)-
CH2O}Cl(dmso)] {R1 = Me or CHMe2} (4–7a,b). These iso-
mers differ in the conformation of the imine {anti-(E) (in 4
and 6) or syn-(Z) (in 5 and 7)} or in the relative arrangement
of the nitrogen and the dmso group {trans (in 4 and 5) or cis
(in 6 and 7)}. Imines 1 behave as a N-donor ligand in 2 and
3 and as a (N,O)– group in 4–7. We also prepared the dia-
stereomers {(Sp,SC) and (Rp,SC)} of the platinacycles [Pt{[(η5-

Introduction
Palladium(II) and platinum(II) complexes containing

chiral ligands attract great interest because of their poten-
tial applications in different fields.[1–11] It is well known that
compounds of this kind are useful in homogeneous cataly-
sis[3–4] and as chiral derivatising agents,[5] as reagents to de-
termine enantio- or diastereomeric excesses of organic sub-
strates,[6] or even due to their antitumoral activity.[1c,7] Of
the examples reported, those having a bidentate [C(sp2,ar-
yl),N]– group are particularly relevant.[1,3,6,8–11] The utility
of chiral pallada- and platinacycles in asymmetric catalytic
processes[8] including asymmetric Claisen rearrange-
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C5H3)CH=NCH(R1)CH2OH]Fe(η5-C5H5)}Cl(dmso)] {8 and 9;
R1 = Me (Sp,SC) (8a) and (Rp,SC) (9a) or R1 = CHMe2 (Sp,SC)
(8b) and (Rp,SC) (9b)}, [Pt{[(η5-C5H3)CH=NCH(R1)CH2O]-
Fe(η5-C5H5)}(dmso)] {10 and 11; R1 = Me (Sp,SC) (10a) and
(Rp,SC) (11a) or R1 = CHMe2 (Sp,SC) (10b) and (Rp,SC) (11b)}
and [Pt{[(η5-C5H3)CH=NCH(R1)CH2OH]Fe(η5-C5H5)}Cl-
(PPh3)] {12 and 13; R1 = Me (Sp,SC) (12a) and (Rp,SC) (13a) or
R1 = CHMe2 (Sp,SC) (12b) and (Rp,SC) (13b)}, containing a
[C(sp2,ferrocene),N]– (in 8, 9, 12 and 13) or a [C(sp2,ferro-
cene),N,O]2– (in 10 and 11) group. The X-ray crystal struc-
tures of 1b·H2O, 3b, 7b·CH2Cl2·1/2H2O and 9a are also re-
ported. Our study allows the elucidation of the factors affect-
ing the preferential formation of a given platinum(II) com-
plex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ments[10] is well documented. Notably, Leung et al.[11] have
recently described the first example of a platinacycle that
promotes the asymmetric [4+2] Diels–Alder reaction be-
tween diphenylvinylphosphane and N-(diphenylphos-
phanyl)pyrrole.

On the other hand, palladium(II) complexes containing
(N), (N,E), (C,N)– or (C,N,E)– (E = N�, S or P) ferrocenyl
ligands have attracted great interest in recent years,[12–17]

mainly because of their applications in homogeneous catal-
ysis[16] or in organometallic synthesis.[17] Platinum(II) ana-
logues are less common[18,19] but some of these also exhibit
antitumoral activity against cisplatin-resistant cells.[19] De-
spite a) the wide variety of chiral ferrocene derivatives re-
ported so far, b) the prochiral nature of the ferrocenyl unit
in the metallation process[20] and c) the interest in chiral
palladium(II) and platinum(II) complexes containing ferro-
cenyl units, only a few enantio- or diastereomerically pure
palladacycles with a σ[Pd–C(sp2,ferrocene)] bond are de-
scribed,[21,22] and the platinum(II) derivatives are less com-
mon.[23] Cycloplatination of [FcCH2NMe2] (I) or [Fc-
C(R1)=NR2] (II) {Fc = (η5-C5H5)Fe(η5-C5H4), R1 = H, Me
or Ph, and R2 = OH, (CH2)3NMe2 or phenyl groups} led
to the enantiomers Rp and Sp.[24] Ryabov et al.[23] have re-
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ported the synthesis of the diastereomers (Rp,SS) and
(Sp,SS) of [Pt{[(η5-C5H3)CH2NMe2]Fe(η5-C5H5)}Cl-
{S(O)Me(C6H4-4Me)}].

In view of these facts and as a part of a project directed
towards the preparation of chiral platinum(II) compounds
with potentially bi- or tridentate ligands, we prepared the
enantiomerically pure ferrocenyl Schiff bases: (SC)-(+)-
[FcCH=NCH(R1)CH2OH] (1) {R1 = Me (1a) or CHMe2

Scheme 1. i) Equimolar amount of cis-[PtCl2(dmso)2] in refluxing methanol for 4 h followed by SiO2 column chromatography (see text).
ii) Addition of NaOD (in [D4]methanol) to a solution of 2 or 4 in chloroform. For molar ratios NaOD/2 = 1 compounds 4 were the
major components. The complete conversion of 2 (or 4) into 5 requires molar ratios NaOD/2 = 1.8. The formation of 5a was achieved
at room temperature, but that of 5b required the reaction mixture to be warmed up at 333 K for 1.5 h (see text). iii) The method used
was identical to that of (ii), but because of the small amount of compounds 3 available the intermediate species 6 were detected by NMR
but they were not isolated using this procedure. A more effective method to achieve compounds 7 is presented in the text.
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(1b)} (Scheme 1) and studied their reactivity with cis-
[PtCl2(dmso)2]. We then a) evaluated the potential coordi-
nation abilities of these ligands to platinum(II), b) achieved
a variety of enantio- and diastereomerically pure plati-
num(II) complexes and c) established the best experimental
conditions required to achieve the desired chiral plati-
num(II) compounds. A preliminary account in this field has
recently been reported.[25]
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Results and Discussion

The Ligands

The ferrocenyl Schiff bases (SC)-(+)-[FcCH=NCH(R1)-
CH2OH] {R1 = Me (1a) or CHMe2 (1b)} were prepared
following the procedure described for [FcCH=NR2] with R2

= phenyl, benzyl groups.[26] This method consists in the re-
action of equimolar amounts of ferrocenecarboxaldehyde
(FcCHO) and the amine under reflux using a Dean–Stark
apparatus. When (SC)-(+)-H2NCH(R1)CH2OH (R1 = Me
or CHMe2) was used, the process yielded 1a and 1b, respec-
tively. Elemental analyses of 1a and 1b[27] agreed with
those expected for [FcCH=N–CH(Me)CH2OH] and
[FcCH=NCH(CHMe2)CH2OH]·H2O, respectively and
NMR spectra suggested, according to the literature,[26] that
they adopted the anti-(E) conformation in solution. The
crystal structure of 1b·H2O (Figure 1) consists of equimolar
amounts of [FcCH=NCH(CHMe2)-CH2OH] and H2O
molecules. The �C=N- bond length [1.172(11) Å] is slightly
shorter than the values reported for [FcC(R3)=NR2] (R3 =
H, Me or Ph and R2 = phenyl, benzyl or naphthyl substitu-
ents),[26,28] the imine moiety forms an angle of 4.80(9)° with
the C5H4 ring and the value of the torsion angle C(10)–
C(11)–N–C(12) [176.6(11)°] is consistent with the anti-(E)
conformation.

Figure 1. Molecular structure and atom labelling scheme for (SC)-
(+)-[FcCH=NCH(CHMe2)CH2OH] (1b)·H2O showing the H–
O···H interactions. Selected bond lengths (Å) and angles (°): O–
C(13) 1.523(13), N–C(11) 1.172(11), N–C(12) 1.396(9), C(10)–
C(11) 1.365(9), C(12)–C(13) 1.520(9), C(12)–C(14) 1.523(12),
C(14)–C(15) 1.544(10), C(14)–C(16) 1.373(13), C(6)–C(10)–C(11)
117.3(4), C(9)–C(10)–C(11) 132.7(4), C(11)–N–C(12) 134.5(12), N–
C(11)–C(10) 144.4(17), N–C(12)–C(13) 113.3(6), N–C(12)–C(14)
121.2(10), C(13)–C(12)–C(14) 115.9(7), C(12)–C(13)–O 112.7(8),
C(16)–C(14)–C(12) 102.3(10), C(16)–C(14)–C(15) 119.1(10),
C(12)–C(14)–C(15) 110.4(8).

Bond lengths and angles of the Fc moiety agree with
those reported for most ferrocene derivatives,[29] and the
two pentagonal rings are planar and nearly parallel {tilt
angle = 3.6(5)°}, deviating by about 7.35° from the ideal
eclipsed conformation. In the crystal, the distance between
the hydrogen of the O–H group of the ligand and the oxy-
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gen of the water molecule, O(1W), is 2.696(13) Å and the
O–H···O bond angle is 113.98°, thus suggesting a weak O–
H(10)···O(1W) intermolecular interaction.

Platinum(II) Compounds

In a first attempt to evaluate the potential coordination
abilities of the ferrocenyl Schiff bases 1 to platinum(II),
their reactivity with cis-[PtCl2(dmso)2] under different ex-
perimental conditions was studied. Because of the variety
of products isolated, the most representative results ob-
tained are in Table 1 and Scheme 1.

When 1a (or 1b) was treated with cis-[PtCl2(dmso)2] in
refluxing methanol for 4 h, two compounds were isolated
{Table 1, entries Ia and Ib and Scheme 1, step (A)}. One of
these was identified as FcCHO. The 1H NMR spectrum of
the crude materials showed the typical resonances of this
product. This suggests that it hydrolyses during the reaction
with residual water in the solvent. Examples of a partial
hydrolysis of related Schiff bases induced by the presence
of palladium(II) or platinum(II) salts have been reported in
the literature.[24c,30] The first portions of the second band
gave [Pt{FcCH=NCH(R1)CH2OH}Cl2(dmso)] {R1 = Me
(2a) or CHMe2 (2b)} and the remaining ones produced
orange solids containing 2a (or 2b) and traces of an ad-
ditional isomer (3a and 3b, respectively). Longer refluxing
periods (6 h) did not substantially improve the molar ratios
2a/3a and 2b/3b (1.00:0.10 and 1.00:0.11, respectively).

Previous 1H NMR spectroscopic studies of platinum(II)
and palladium(II) complexes derived from imines have
shown that the chemical shift of the methinic proton is in-
dicative of the conformation of the ligand.[24b,26,30–35] If the
imine is in the syn-(Z) form in the complexes, the signal of
the imine proton is shifted downfield relative to the free
ligand because of the paramagnetic anisotropy of the
metal,[34] which is close to this proton. In contrast, for com-
pounds where the imine is in the anti-(E) form the reso-
nance of the methinic proton is high-field shifted. The com-
parison of 1H NMR spectra of 2 and 3 with those of their
parent ligands 1 indicated that in 2a, 3a, 2b and 3b the
ligands had the anti-(E) conformation and {1H-1H}-
NOESY spectra confirmed this result. Fractional crystalli-
sation of the solids containing the isomeric forms enabled
the isolation of small amounts of 3a and 3b and highly en-
riched (about 98%) 2a and 2b. Characterisation data of 2–
3a,b[27] agreed with the formulas presented in Scheme 1.

The crystal structure of 3b consists of discrete molecules
of [Pt{FcCH=NCH(CHMe2)CH2OH}Cl2(dmso)] sepa-
rated by van der Waals contacts (Figure 2). The plati-
num(II) is in a slightly distorted square-planar environment
bound to the imine nitrogen, the sulfur of the S(O)Me2 li-
gand and two chlorines {Cl(1) and Cl(2)}. The Pt–S bond
length [2.194(4) Å] agrees with the values reported for other
platinum(II) complexes with dimethyl sulfoxide.[12,24,29,35]

The chloro ligands are in a cis arrangement and the value
of the torsion angle C(1)–C(11)–N(12)–C(13) [179.6(14)°] is
consistent with an anti-(E) conformation. Because of the
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Table 1. Summary of the experimental conditions [reagents, solvents, temperature (T) and reaction periods (t)] used in the studies of the
reactivity of 1 with cis-[PtCl2(dmso)2], which is abbreviated as [Pt], or of some of the platinum(II) complexes together with the products
isolated in these reactions.

Entry Reagent Solvent T [K] t Final products[a]

(molar ratio) (molar ratios)

Ia 1a and [Pt] MeOH reflux 4 h 2a and 3a
(1:1) [b]

Ib 1b and [Pt] MeOH reflux 4 h 2b and 3b
(1:1) (1.00:0.05)

IIa 2a and NaOD CDCl3/MeOD 298 5 min 4a
(1:1)

IIb 2b and NaOD CDCl3/MeOD 298 5 min 4b
(1:1)

IIIa 2a and NaOD CDCl3/MeOD 298 5 min 5a
(1:1.8)

IIIb 2b and NaOD CDCl3/MeOD 333 1.5 h 5b
(1:1.8)

IVa 2a and NaOAc MeOH/toluene[c] reflux 72 h 8a and 9a
(1:2) (1:1)

IVb 2b and NaOAc MeOH/toluene[c] reflux 72 h 8b and 9b
(1:2) (1:1)

Va 1a, [Pt] and NaOAc MeOH/toluene[c] reflux 72 h 8a and 9a
(1:1:2) (1:1)

Vb 1b, [Pt] and NaOAc MeOH/toluene[c] reflux 72 h 8b and 9b
(1:1:2) (1:1)

VIa 8a (or 8b) and NaOD[d] CHCl3/MeOH[d] 298 10a (or 10b)
(1:1)

VIb 9a (or 9b) and NaOD[d] CHCl3/MeOH[d] 298 11a (or 11b)
(1:1)

[a] In entries Ia,b and IV–Va,b small amounts of FcCHO were also isolated as a byproduct. 1H NMR spectra of the crude materials
obtained also showed the presence of this aldehyde, thus suggesting that the formation of FcCHO takes place during the reaction because
of residual water in the solvent and that it is not a byproduct generated in the course of the work-up of the column. [b] The presence of
a small amount of 3a (about 5 mg) was detected. [c] A (1:4) mixture. [d] Saturated solution of NaOD in [D4]methanol.

similarity between the NMR spectroscopic data[27] of 3a
and 3b we assumed that the environment of the plati-
num(II) in 3a is the same as in 3b and consequently, in 2a
and 2b the two Cl– ligands would be in a trans arrangement.

On the other hand, the presence of the OH group in the
dangling arm of 2 and 3 prompted us to study whether the
addition of a base could induce the deprotonation of the
OH group and the formation of enantiomerically pure plati-
num(II) complexes containing imines 1 acting as bidentate
(N,O)– ligands. In a first attempt to achieve this aim, the
reactions of 2a (in CDCl3) with NaOD dissolved in meth-
anol (in molar ratios NaOD/2a varying from 0.2 to 1.8)
were studied on an NMR scale {Scheme 1, steps (B) and
(C)}. The results showed that, for molar ratios smaller than
0.4, 2a and a new platinum(II) complex (4a) coexisted in
solution. As can be easily seen in Figure 3, the proportion
2a/4a decreased as the molar ratio NaOD/2a increased and
for a NaOD/2a ratio of 1 (Table 1, entry IIa) the major
product was 4a and only traces of 2a and of a new bypro-
duct (hereafter referred to as 5a) were detected. NMR stud-
ies revealed that in 4a the ligand adopted the anti-(E) con-
formation and behaved as a (N,O)– bidentate ligand. In
view of the characterisation data available,[27] for 4a we pos-
tulate the chemical formula depicted in Scheme 1. An in-
crease of the NaOD/2a molar ratio (up to 1.8) reduced the
relative abundance of 2a and 4a compared with that of 5a
and the complete conversion of 2a into 5a was achieved
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Figure 2. ORTEP plot of cis-(SC)-[Pt{FcCH=NCH(CHMe2)-
CH2OH}Cl2(dmso)] (3b). Thermal ellipsoids at 50% probability;
hydrogen atoms have been omitted for clarity. Selected bond
lengths (Å) and angles (°): Pt(1)–Cl(1) 2.294(4), Pt(1)–Cl(2)
2.306(4), Pt(1)–N(12) 2.041(11), Pt(1)–S(1) 2.194(4), C(1)–C(11)
1.431(18), C(11)–N(12) 1.322(16), N(12)–C(13) 1.496(19), C(13)–
C(14) 1.45(3), C(14)–O(14A) 1.26(4), C(13)–C(15) 1.46(3), C(15)–
C(16) 1.58(4), C(15)–C(17) 1.583(5), Cl(1)–Pt(1)–Cl(2) 89.75(16),
Cl(1)–Pt(1)–S(1) 90.71(18), S(1)–Pt(1)–N(12) 91.1(4), N(12)–Pt(1)–
Cl(2) 88.6(4), C(1)–C(11)–N(12) 128.9(12), C(11)–N(12)–C(13)
118.1(16), N(12)–C(13)–C(14) 114.2(19), N(12)–C(13)–C(15)
118.1(16).
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using NaOD/2a = 1.8 {Table 1, entry IIIa and Scheme 1,
step (C)}. Similar results were obtained when these experi-
ments were performed using 2b (Table 1, entries IIb–
IIIb),[36] showing the formation of an intermediate complex
4b, which could be partially transformed into 5b upon the
addition of NaOD {Scheme 1, steps (B) and (C)}. The reac-
tion 4b � 5b at 298 K was slower than the process 4a �
5a, but it could be accelerated by warming at 333 K. Char-
acterisation data of 5[27] were consistent with those expected
for the isomeric form of [Pt{FcCH=NCH(R1)CH2O}-
Cl(dmso)] {R1 = Me (5a) or CHMe2 (5b)} that contains a
(N,O)– bidentate imine [in a syn-(Z) conformation] and a
trans arrangement between the oxygen and the Cl– ligand.

Figure 3. Graphic plot showing the dependence of the relative
abundance (in %) of compounds 2a (squares), 4a (circles) and 5a
(triangles) on the molar ratios NaOD/2a.

The different ease with which 4a and 4b undergo the anti-
(E) � syn-(Z) isomerisation of the ligand could be attrib-
uted to the different bulk of the substituents (Me or
CHMe2) on the stereogenic carbon.

All these findings suggest that: a) NaOD promotes the
conversions of 2a into 4a and 5a (or of 2b into 4b and 5b)
and b) these reactions proceed in two consecutive steps: the
formation of the five-membered chelate ring, followed by
the anti-(E) � syn-(Z) isomerisation of the imine.

In order to evaluate the potential reversibility of these
reactions, the action of DCl on 5a (or 5b) was also studied.
In all cases FcCHO was isolated as the major product and
only traces of 2a (or 2b) could be detected by 1H NMR
spectroscopy. This suggests that: a) the hydrolysis of the
coordinating ligand was promoted in acidic media and b)
the transformations 5a � 2a and 5b � 2b were not feasible
under these experimental conditions.

Similarly, the reaction of 3a (or 3b) with NaOD gave 7a
(or 7b) {Scheme 1, steps (B�) and (C�)}. However, the effec-
tiveness of this procedure is limited because of the small
amounts of 3a or 3b available from experiments Ia,b. In
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these reactions, evidence of the formation of intermediate
species (6a and 6b, in Scheme 1) was also detected by NMR
spectroscopy.

Compounds 7 could be isolated in a higher yield using an
alternative path that consists in the treatment of equimolar
amounts of the corresponding ligand, cis-[PtCl2(dmso)2]
and NaOAc in refluxing methanol for 72 h.[37] These reac-
tions lead to mixtures of FcCHO and the platinum(II) com-
plexes 2, 3, 5 and 7 (in molar ratios 2a/3a/5a/7a =
0.51:0.40:0.02:1.00 and 2b/3b/5b/7b = 0.41:0.20:0.26:1.00).
Characterisation data of 7[27] agreed with the proposed for-
mulae and complex 7b·CH2Cl2·1/2H2O was also character-
ised by X-ray diffraction.

The crystal structure is formed by molecules of
[Pt{FcCH=NCH(CHMe2)CH2O}Cl(dmso)] (Figure 4),
CH2Cl2 and H2O in a 1:1:0.5 molar ratio. In the heterodi-
metallic molecules, the platinum(II) is bound to a chloride,
the sulfur of the dmso ligand, the nitrogen and the oxygen
of ligand 1b in a slightly distorted square-planar environ-
ment. Bond lengths and angles around the platinum(II)
agreed with those of related compounds containing similar
cores.[29] The values of the Cl(1)–Pt–O(14) bond angle
[85.5(6)°] indicate a cis arrangement between the Cl(1) and
the oxygen of the ligand and consequently the S(dmso) and
N atoms occupy adjacent positions of the coordination
plane. The metallacycle has an envelope-like conformation
in which the C(13) atom deviates by about 0.667 Å (towards
the FeII atom) from the mean plane. The ligand adopts the
syn-(Z) form, the �C=N– group is not included in the five-
membered chelate ring and the C(11)–N(12) bond length is
similar to those of other platinum(II) compounds contain-
ing ferrocenyl or organic imines.[24b,24c,29,30,35]

Figure 4. ORTEP plot of (SC)-[Pt{FcCH=NCH(CHMe2)-
CH2O}Cl(dmso)] (7b). Thermal ellipsoids at 50% probability; hy-
drogen atoms have been omitted for clarity. Selected bond lengths
(Å) and angles (°): Pt(1)–Cl(1) 2.310(7), Pt(1)–S(1) 2.194(8), Pt(1)–
N(12) 2.013(18), Pt(1)–O(14) 1.956(19), C(1)–C(11) 1.44(3), C(11)–
N(12) 1.28(3), C(14)–O(14) 1.42(4), C(13)–C(15) 1.45(4), C(15)–
C(16) 1.56(4), C(15)–C(17) 1.60(4), N(12)–Pt(1)–O(14) 96.5(5),
O(14)–Pt(1)–Cl(1) 85.5(6), Cl(1)–Pt(1)–S(1) 92.4(3), S(1)–Pt(1)–
N(12) 96.8(5), Pt(1)–O(14)–C(14) 109.4(15).

More interesting were the results obtained when com-
pounds 2 were treated with sodium acetate (in a molar ratio
AcO–:2 = 2) in a toluene/methanol (4:1) mixture under re-
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flux for 72 h {Scheme 2, step (A) and Table 1, entries IVa
and IVb}. These reactions gave FcCHO and purple solids
whose elemental analyses[27] were consistent with those ex-
pected for the platinacycles [Pt{[(η5-C5H3)CH=NCH(R1)-
CH2OH]Fe(η5-C5H5)}Cl(dmso)] and their 1H NMR spec-
tra showed two sets of superimposed signals of identical
intensity. These platinum(II) complexes arise from the acti-
vation of the σ[C(sp2,ferrocene)–H] bond and because of
the prochiral nature of the ferrocenyl moiety in pro-
cess,[1a,20,21,22b,23,24] the duplicity of the signals detected in
their NMR spectra could be attributed to the presence of
diastereomers of [Pt{[(η5-C5H3)CH=NCH(R1)CH2OH]
Fe(η5-C5H5)}Cl(dmso)] {8 and 9; R1 = Me (Sp,SC) (8a) and
(Rp,SC) (9a) or R1 = CHMe2 (Sp,SC) (8b) and (Rp,SC)
(9b)}. Their characterisation data[27] and the crystal struc-
tures of two of these compounds (8b and 9a) (see below)
confirmed this result.

Compounds 8 and 9 could also be isolated when a mix-
ture of the corresponding ligand 1, cis-[PtCl2(dmso)2] and
NaOAc (in a 1:1:2 molar ratio) was dissolved in a toluene/
methanol (4:1) mixture and refluxed for 72 h {Scheme 2,
step (B) and Table 1, entries Va and Vb}. This is an alterna-
tive and more effective path to achieve compounds 8–9a,b
(with slightly higher yields and in shorter times) than that
shown in entries IVa and IVb and Scheme 2, step (A).

Scheme 2. i) In toluene, addition of NaOAc (in a NaOAc:2 molar ratio of 2) dissolved in methanol followed by a reflux of the reaction
mixture for 72 h (see text). ii) SiO2 column chromatography. iii) cis-[PtCl2(dmso)2] and NaOAc in a molar ratio 1/PtII/NaOAc = 1:1:2 in
a toluene/methanol (4:1) mixture under reflux for 72 h (see text). iv) Addition of the stoichiometric amount of NaOD dissolved in
methanol. v) In benzene followed by the addition of the equimolar amount of PPh3 and stirring at 343 K for 1 h.
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The two diastereomers of [Pt{[(η5-C5H3)CH=NCH(R1)-
CH2OH]Fe(η5-C5H5)}Cl(dmso)] {8 and 9; R1 = Me (Sp,SC)
(8a) and (Rp,SC) (9a) or R1 = CHMe2 (Sp,SC) (8b) and
(Rp,SC) (9b)} were separated and characterised.[27] The crys-
tal structure of 8b was reported in a preliminary communi-
cation[25] and that of 9a consists of two nonequivalent mole-
cules (I and II) of [Pt{[(η5-C5H3)CH=NCH(Me)CH2OH]-
Fe(η5-C5H5)}Cl(dmso)] (Figure 5) separated by van der
Waals contacts. In molecules I and II, the platinum(II)
atom is bound to a chlorine {Cl(1) or Cl(1A)}, the sulfur
{S(1) or S(1A)} of the dmso ligand, the nitrogen {N(1) or
N(1A)} and the carbon atoms {C(6) (in I) or C(6A)
(in II)}. This results in a slightly distorted square-planar
environment. Bond lengths around the platinum(II) atom
are similar to those of other platinacycles with “Pt(C,N)-
ClS(dmso)” cores.[12,18,29] The values of the bond angles
Cl(1)–Pt(1)–N(1) and Cl(1A)–Pt(1A)–N(1A) {91.7(8)° and
95.2(9)°, respectively} indicate that the Cl– and the N are
in a cis arrangement. The platinacycles are nearly planar
and the large separation between the FeII and the PtII atoms
precludes the existence of any direct interaction between
them.

The main difference between molecules I and II arises
from the relative orientation of the pendant OH arm. The
values of the torsion angles O(2)–C(14)–C(12)–C(13) and
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Figure 5. ORTEP plot of (Rp,SC)-(+)-[Pt{[(η5-C5H3)CH=NCH(Me)CH2OH]Fe(η5-C5H5)}Cl(dmso)] (9a). Thermal ellipsoids at 50%
probability; hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and angles (°): Pt(1)–C(6) 2.01(3), Pt(1)–N(1) 2.05(2),
Pt(1)–S(1) 2.214(2), Pt(1)–Cl(1) 2.427(8), C(10)–C(11) 1.40(4), N(1)–C(11) 1.26(3), N(1)–C(12) 1.50(2), O(2)–C(14) 1.40(3), Pt(1A)–C(6A)
2.03(3), Pt(1A)–N(1A) 2.01(3), Pt(1A)–S(1A) 2.197(8), C(10A)–C(11A) 1.46(4), N(1A)–C(11A) 1.24(4), N(1A)–C(12A) 1.51(4), O(2A)–
C(14A) 1.42(3), C(6)–Pt(1)–N(1) 81.5(12), C(6)–Pt(1)–S(1) 97.8(10), N(1)–Pt(1)–Cl(1) 91.7(8), S(1)–Pt(1)–Cl(1) 89.0(3), C(6A)–Pt(1A)–
N(1A) 78.6(12), C(6A)–Pt(1A)–S(1A) 95.9(9), N(1A)–Pt(1A)–Cl(1A) 95.2(9), S(1A)–Pt(1A)–Cl(1A) 90.4(3).

O(2A)–C(14A)–C(12A)–C(13A) are 174(2)° and 61(3)°; as
a consequence of this arrangement the separation between
the FeII and the oxygen of the OH group in I is greater than
in II.

The formation of platinacycles of general formula
[Pt(C,N)Cl(dmso)] {(C,N)– = cyclometallated imine (L)}
from [Pt(L)Cl2(dmso)] requires a proper orientation be-
tween the σ(C–H) bond to be activated and the plati-
num(II)[1a,38] and the release of one of the Cl– ligands. The
formation of a nearly equimolar ratio of 8 and 9 can be
explained assuming a free rotation around the Cipso–Cimine

bond of 2a or 2b. A similar argument has been used for the
cyclopallada- or cycloplatination of several 1,1�-ferrocenyl-
diimines or diamines.[39]

In order to explore the coordinating ability of the oxygen
to the platinum(II) and the potential hemilability[40] of the
σ(Pt–O) bond, solutions of 8a, 8b, 9a or 9b were treated
separately with the equimolar amount of NaOD. In all
cases, the corresponding diastereomer of [Pt{[(η5-C5H3)-
CH=NCH(R1)CH2O]Fe(η5-C5H5)}(dmso)][27] {10 and 11;
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R1 = Me (Sp,SC) (10a) and (Rp,SC) (11a) or R1 = CHMe2

(Sp,SC) (10b) and (Rp,SC) (11b)} {Scheme 2, steps (C) and
(D)} was isolated. These compounds arise from the acti-
vation of the σ(O–H) bond. In their 1H NMR spectra the
signal due to the imine proton exhibited the typical satel-
lites due to the coupling with the 195Pt nucleus and ap-
peared at higher fields than for the parent complex. Besides,
the resonance of the 13C nuclei of the “�CHCH2–” moiety
shifted downfield. These findings suggested, in keeping with
the bibliography,[41] a (C,N,O)2– mode of binding of the li-
gand.

Solutions of 10 and 11 (in CDCl3) changed with time
and after 3 days the spectra revealed the coexistence of the
pairs (8 and 10) or (9 and 11) (molar ratios 8a/10a = 1.1,
9a/11a = 1.0, 8b/10b = 1.5 and 9b/11b = 0.9). The addition
of DCl to solutions of 10 (or 11) gave 8 (or 9) and subse-
quent cycles exposing 8 or 9 to acidic and basic conditions
showed that the transformations 8 ↔ 10 and 9 ↔ 11 were
reproducible and robust, enabling these systems to function
as a simple molecular switch.[42] Therefore, the deproton-
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ation of the OH group by the action of a base and the
subsequent intramolecular replacement of the adjacent
chloride moiety can be easily tuned by manipulating the
acidity/basicity of the media. Examples of dia-
stereomerically pure metallacycles exhibiting this behaviour
are still unknown.

Finally, and in order to elucidate the potential utility of
the platinacycles [Pt{[(η5-C5H3)CH=NCH(R1)CH2OH]-
Fe(η5-C5H5)}Cl(dmso)] (8 and 9) as precursors for the syn-
thesis of other diastereomerically pure platinum(II) deriva-
tives, we studied the reactions of 8–9a,b with PPh3. In all
cases, the platinacycles [Pt{[(η5-C5H3)CH=NCH(R1)-
CH2OH]Fe(η5-C5H5)}Cl(PPh3)] {12–13; R1 = Me (Sp,SC)
(12a) and (Rp,SC) (13a) or CHMe2 (Sp,SC) (12b) and
(Rp,SC) (13b)} {Scheme 2, steps (E) and (F)} were isolated.
31P{1H} and 195Pt{1H} NMR spectroscopic data[27] for 12–
13 were consistent with those reported for other platinacy-
cles containing a cyclometallated Schiff base,[24b,24c,43] in
which the phosphane and the metallated carbon are in a
cis arrangement, in good agreement with the transphobia
effect.[44]

In summary, the results presented have allowed us to es-
tablish the best experimental conditions to selectively con-
trol the mode of binding {(N), (N,O)–, [C(sp2,ferrocene),N]–

or [C(sp2,ferrocene),N,O]2–} of ligands 1 to platinum(II).
For each one of the ligands, three different pairs of enantio-
merically pure complexes (2–7a,b) are isolated. These com-
pounds differ in the mode of binding of the ferrocenyl li-
gand {N-donor group (in 2 and 3) or a monoanionic
(N,O)– group (in 4–7)}, or in the relative arrangement be-
tween: a) the monodentate ligands bound to platinum(II)
(in 2 and 3), b) these groups and the two heteroatoms of
the ferrocenyl Schiff base (in 4–7) or c) the conformation
of the ligand anti-(E) (in 4 and 6) or syn-(Z) (in 5 and 7).
Moreover, these studies also enable the isolation of the dia-
stereomerically pure platinacycles: [Pt{[(η5-C5H3)-
CH=NCH(R1)CH2OH]Fe(η5-C5H5)}Cl(L)] {L = dmso (8
and 9) or PPh3 (12 and 13)} and [Pt{[(η5-C5H3)-
CH=NCH(R1)CH2O]Fe(η5-C5H5)}(dmso)] (in 10 and 11)
{with a [C(sp2,ferrocene),N]– or [C(sp2,ferrocene),N,O]2– li-
gand, respectively}. As far as we know, chiral ligands exhib-
iting such interesting and versatile modes of binding to
transition metals and, in particular, to platinum(II) have
not been described so far.

The studies undertaken also showed the outstanding re-
activity of compounds 2 and their utility for the preparation
of a wide variety of chiral platinum(II) complexes by: a)
activation of the σ(O–H) to give 4 {which may be trans-
formed into 5 by the subsequent isomerisation anti-(E) �
syn-(Z) of the coordinated Schiff base, Scheme 1, steps (B)
and (C)} or b) the cycloplatination of the ferrocenyl unit
{Scheme 2, step (A)} to give the diastereomers 8 and 9. In
the presence of NaOH, 8 (or 9) evolve to the chiral deriva-
tives 10 (or 11) with a [C(sp2,ferrocene),N,O]2– ligand
{Scheme 2, steps (C) and (D)}. Moreover, the reactivity of
2 through pathways (B) and (A) in Scheme 1 and Scheme 2,
respectively, can be easily controlled by the appropriate se-
lection of the reagent (NaOH or NaOAc) and the solvent.
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The use of equimolar amounts of NaOH and MeOH as
solvent promotes the formation of the coordination com-
pounds with (N,O)– bidentate ligands (4), while larger ex-
cesses induce the anti-(E) � syn-(Z) isomerisation of the
ligands giving 5. The replacement of NaOH by NaOAc and
the decrease of the polarity of the reaction media promotes
the activation of the σ[C(sp2,ferrocene)–H] bond, giving the
platinacycles 8 and 9, which can be easily transformed into
[Pt{[(η5-C5H3)CH=NCH(R1)CH2O]Fe(η5-C5H5)}(dmso)]
(10 and 11) {with a [C(sp2,ferrocene),N,O]2– ligand}. Plati-
nacycles 8–13 are especially attractive as they may be used
as starting materials for the synthesis of a wide variety of
diastereomerically pure platinum(II) compounds, or even
platinum(IV) derivatives (through oxidative addition reac-
tions). Furthermore, the results presented have demon-
strated that the interconversion between the pairs of the
corresponding diastereomerically pure platinacycles (8 and
10 or 9 and 11) can be viewed as an acid–base controlled
molecular switch.[42] These transformations modify the hap-
ticity of the ligand and are particularly relevant in view of
the potential utility of 8–11 in homogeneous catalysis.
Moreover, the environments around the platinum(II) in 2,
3, 8 and 9 are similar to those of [Pt{[(η5-C5H3)CH2NMe2]-
Fe(η5-C5H5)}Cl(dmso)] or [Pt{FcCH2NMe2}Cl2(dmso)],[19]

which exhibit antitumoral activity, and consequently they
are also interesting from this point of view.

Finally, preliminary results reveal that the procedures de-
scribed here can also be extended to other imino-alcohols
derived from 1 by the replacement of the ferrocenyl group
by a phenyl {i.e. (SC)-C6H5CH=NCH(R1)CH2OH with R1

= Me or CHMe2}. Thus, these studies constitute an initial
step toward further research focused on the synthesis and
the study of the properties and potential applications of a
wide variety of novel enantio- or diastereomerically pure
platinum complexes.

Experimental Section
Materials: cis-[PtCl2(dmso)2] was prepared as described.[45] Ferro-
cenecarboxaldehyde, (SC)-(+)-H2NCH(R1)CH2OH {R1 = Me or
CHMe2} and the remaining reagents were obtained from Aldrich
and used as received. The methanol was HPLC grade,[46] and the
remaining solvents used, except benzene, were dried and distilled
before use.[47]

Instrumentation: Elemental analyses were carried out at the Serveis
Cientifico-Tècnics (University of Barcelona) and Servei de Re-
cursos Cientifics i Tècnics (University Rovira i Virgili, Tarragona).
Infrared spectra were obtained with a Nicolet Impact 400 instru-
ment using KBr discs. Proton and the two-dimensional NMR [{1H-
1H}-(COSY) and (NOESY) and the {1H-13C}-(HSQC) and
(HMBC)] experiments were run at 500 MHz with either Varian 500
or Bruker Avance 500DMX instruments. Except where quoted, the
solvent used for the 1H NMR experiments was CDCl3 (99.9%) and
SiMe4 was the internal reference. 195Pt{1H} NMR spectra as well
as 31P{1H} NMR spectra were recorded with a Bruker-250DXR
instrument using CDCl3 (99.9%) as solvent and referenced to
H2[PtCl6] [δ195Pt{H2[PtCl6]} = 0.0 ppm] and P(OMe)3

[δ31P{P(OMe)3} = 140.17 ppm], respectively. In all cases the chemi-
cal shifts (δ) are given in ppm and the coupling constants (J) in Hz.
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Table 2. Crystal data and details of the refinement of the crystal structures of 1b·H2O, 3b, 7b·CH2Cl2·1/2H2O and 9a.

1b·H2O 3b 7b·CH2Cl2·1/2H2O 9a

Crystal system monoclinic orthorhombic monoclinic orthorhombic
Space group P21 (no. 4) P212121 (no. 19) P21 (no. 4) P212121 (no.19)
a [Å] 10.749(6) 10.157(4) 10.368(3) 9.893(5)
b [Å] 6.048(8) 14.356(5) 9.259(3) 16.054(9)
c [Å] 12.411(9) 15.448(6) 14.587(3) 23.633(5)
β [°] 99.80(6) 90.0 101.74(3) 90.0
Z 2 4 2 8
T [K] 293(2) 294(2) 294(2) 293(2)
No. reflections collected 2514 6528 2563 4780
No. reflections observed 855 4520 1999 1918
R indices [I � 2σ(I)] R1 = 0.0426, R1 = 0.0644, R1 = 0.0665, R1 = 0.0480,

wR2 = 0.0902 wR2 = 0.1679 wR2 = 0.1829 wR2 = 0.0665
R indices (all data) R1 = 0.2394, R1 = 0.1036, R1 = 0.1030, R1 = 0.2410,

wR2 = 0.1393 wR2 = 0.1959 wR2 = 0.2044 wR2 = 0.0993
Max. and min. diff. density [eA–3] 0.42 and –0.99 4.69 and –3.41 1.79 and –1.61 0.19 and –0.11
Flack coefficient[a] 0.10(6) –0.008(19) 0.00(3) –0.004(18)

[a] Data from ref.[51]

The optical rotations were determined in CH2Cl2 at 293 K using a
Perkin–Elmer 241 MC polarimeter and the concentration used is
specified in the characterisation section of each compound. Mass
spectra (FAB+) were obtained with a VG-Quattro Fisions instru-
ment using 3-nitrobenzylalcohol (NBA) as matrix.

Crystallography: A prismatic crystal of 1b·H2O (orange,
0.2×0.1×0.1 mm), 3b (orange, 0.59×0.16×0.14 mm),
7b·CH2Cl2·1/2H2O (red, 0.53×0.12×0.12 mm) or 9a (purple,
0.2×0.1×0.1 mm) was selected and mounted on an Enraf–Nonius
CAD4 diffractometer. Unit-cell parameters (Table 2) were deter-
mined from automatic centring of 25 reflections {in the ranges: 12°
� Θ � 21° (for 1b·H2O and 9a), 8.3° � Θ � 15.4°(for 3b) and
8.73° � Θ � 17.9° (for 7b·CH2Cl2·1/2H2O)} and refined by the
full-matrix least-squares method. For 3b, 7b·CH2Cl2·1/2H2O and
9a Lorentz polarisation corrections and absorption corrections
were made.

The structures were solved by direct methods using the SHELXS
computer program[48] and refined by the full-matrix least-squares
method with the SHELX97 or SHELX93 computer programs.[49]

The function minimised was Σw||Fo|2 – |Fc|2|2, where w = [σ2(I) +
(0.0434P)2]–1 (for 1b·H2O), [σ2(I) + (0.1070P)2 + 9.0330P]–1 (for
3b), [σ2(I) + (0.1467P)2]–1 (for 7b·CH2Cl2·1/2H2O) and [σ2(I) +
(0.0132P)2]–1 (for 9a) and P = (|Fo|2 + 2|Fc|2)/3; scattering factors
were taken from the literature.[50] The chirality of the structures
was determined by the Flack coefficient.[51]

CCDC-299520 to -2999523 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Experimental procedures for the preparation of all the
compounds and their characterisation data; graphical plot of the
relative abundance of the species present on solution when 2b was
treated with NaOD (Figure S1).
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COVER PICTURE
The cover picture shows an organoruthenium antimetastasis
compound, superimposed over a Sudoku puzzle, represent-
ing the challenge of discovering new anticancer drugs and
elucidating their mechanisms of action. One needs to un-
cover pieces of information which are interrelated, and
eventually, the complete “picture” is revealed. In this review,
we describe the extent to which the picture has been re-
vealed for ruthenium-based drugs, which are currently
growing in interest as a result of recent successes in clinical
trials. The emphasis is directed towards classifying the vast
array of ruthenium compounds already evaluated in vitro
and in vivo against primary and secondary cancers within
the context of their probable target. It is hoped that on the
basis of the picture presented here more of this intriguing
puzzle will be revealed soon. Details are presented in the
Microreview by W. H. Ang and P. J. Dyson on p. 4003ff.
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Ruthenium-based anticancer chemotherapies are making
significant advances in clinical trials. Until recently, the focus
has been on coordination complexes, and mechanisms such
as “activation by reduction” and “transferrin-targeted deliv-
ery” have been proposed to account for the excellent cytoto-
xicity and low general toxicity of these complexes. More re-
cently organoruthenium compounds, which to some extent
appear not to follow the established rules, have started to
be investigated. Despite such differences, similar activities
between certain coordination and organometallic com-

Introduction

The landmark discovery of the antitumoural properties
of cis-diamminedichloroplatinum(II) (cisplatin), by Rosen-
berg in 1965, heralded a new era of anticancer research
based on metallopharmaceuticals.[1] To date, cisplatin and
its analogues are some of the most effective chemotherapeu-
tic agents in clinical use (see Figure 1), often as the first line
of treatment in testicular and ovarian cancers.[2,3] However,
they are not without their problems. In particular, their
high toxicity and incidence of drug resistance, acquired or
intrinsic, remain the main challenges in their clinical appli-
cation.[4] These limitations have provided the motivation for
alternative chemotherapeutic strategies. For example, sat-
raplatin is a platinum(IV) prodrug, that could be orally ad-
ministered, and is reduced by intracellular biomolecules to
yield cytotoxic platinum(II) moieties once inside the cell.[5]
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pounds suggest similar modes of action are present. DNA,
the classic target, is believed to be the dominant mechanism
for cytotoxicity with certain ruthenium drugs, while with
others, non-classical targets are thought to be more impor-
tant. In this article we describe these features and show how
both ruthenium coordination complexes and organoruthen-
ium compounds represent an ideal scaffold for further drug
design and optimisation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Platinum(IV) compounds with functionalised ligands have
also been harnessed to defeat glutathione-S-transferase-me-
diated drug resistance, to target estrogen receptor-positive
breast cancer and as a pro-drug for photo-chemotherapy
(see Figure 1).[6] There are also a number of platinum(II)
compounds that target aspects of cancer cells to enhance
uptake and improve selectivity.[7] At the same time, the se-
arch for effective anticancer compounds based on other
metal centres has intensified. In particular, anticancer drugs
based on ruthenium have gained significant prominence.

Ruthenium is an attractive alternative to platinum: be-
sides the rich synthetic chemistry, ruthenium has a range
of oxidation states (RuII, RuIII and RuIV) accessible under
physiological conditions, which is unique among the plati-
num-group metals.[8] This feature is significant since the ac-
tivities of most metal-based anticancer drugs are dependent
on their oxidation states. In addition, ruthenium com-
pounds are known to be less toxic than their platinum
counterparts.[8–10] This is believed to be due to the ability
of ruthenium to mimic iron in the binding to biological
molecules, such as albumin and transferrin, although plati-
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Figure 1. Clinical and preclinical platinum-based anticancer drugs.

num drugs can also bind to these proteins. Since rapidly
dividing cells, such as cancer cells, have a greater demand
for iron, transferrin receptors are over-expressed, thereby
allowing ruthenium-based drugs to be more effectively de-
livered to cancer cells.[9,10] In addition, the “activation by
reduction” mechanism could also account for the lower ge-
neral toxicity of some ruthenium compounds.[9] Two ruthe-
nium-based anticancer drugs, namely NAMI-A and
KP1019 (see Figure 2), have successfully completed phase 1
clinical trials and are scheduled to enter phase 2 trials in
the near future.[11–13]

Figure 2. Ruthenium-based anticancer drugs under clinical evalu-
ation.

In the past two decades, a new approach to treating can-
cer, known as targeted therapy, has started to take root.[14]

The new strategy involves targeting cellular signalling path-
ways of cancer cells, yielding highly effective cancer treat-
ments with much reduced severe side effects.[14,15] A few of
them, e.g. Imatinib mesylate and Erlotinib hydrochloride
(see Figure 3), have demonstrated such potential that their
approval processes were fast-tracked by the US Food and
Drug Administration. Eventually, targeted therapies could
become mainstream as the first line therapeutic options, re-
placing existing classical anticancer drugs such as 5-fluoro-
uracil and cisplatin. It is therefore worthwhile to consider
if the existing approaches being used to develop ruthenium-
based anticancer drugs are adequate.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4003–40184004

Figure 3. Drugs for targeted therapy in clinical use.

Classical versus Targeted Chemotherapy

Classical (or conventional) chemotherapy, which origi-
nated in the 1950s, refers to drugs interfering with replica-
tion and mitotic processes of tumour cells.[14] Historically,
these were the main “target” of chemotherapy, since cancer
biology was not well established at that time and little was
known about the causes of cancer and its mechanism, so
the general therapeutic strategy was largely premised on the
fact that cancer cells replicate their DNA more frequently
than normal cells and hence are more susceptible to DNA
damage. Examples of cytotoxic substances include alkylat-
ing agents, mitosis inhibitors and topoisomerase inhibitors.
In recent years, with the advent of molecular oncology, the
study of cancer at the molecular level has been made pos-
sible.[14] The discovery of receptors and growth factors, such
as epidermal growth factor receptor (EGFR), vascular en-
dothelial growth factor (VEGF), cyclin-dependent kinases
(CDK) that are upregulated in cancer cells, provides new
“targets” for cancer therapy.[15,16] Whereas the strategy of
classical chemotherapy relies on damaging cancerous cells
more than normal cells, targeted therapies are far more spe-
cific and their toxicity profile more manageable. Important
classes of target therapeutic agents include monoclonal an-
tibodies that interfere with the activities of EGFR, VEGF
or proteasome, small molecule inhibitors of the tyrosine ki-
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nase receptor (which includes EGFR), as well as immuno-
therapeutic agents that trigger an immune response against
CD20 antigens.[15,17]

The main drawback of classical chemotherapy strategies
is that by blocking the metabolism of rapidly dividing ma-
lignant cells, it inadvertently inflicts damage on healthy cells
that divide frequently, such as hair follicles, bone marrow
and cells lining of the gastrointestinal tract. Consequently,
there are associated side effects, such as hair loss, anaemia
and neutropenia, that are often severe and limit the treat-
ment options.[18] In contrast, targeted therapies focus on
specific cellular signalling pathways on which the cancer
cells depend for growth, proliferation, metastasis and angi-
ogenesis, and are therefore much more selective.[15] It is of
no doubt that the centre of efforts in anticancer research
has shifted towards the latter approach, and while targeted
therapies are still in their infancy, they offer considerable
potential.[14,16]

Despite the potential of targeted therapies, classical che-
motherapeutic drugs, like cisplatin, remain the most effec-
tive and widely available drugs in use. This is because classi-
cal chemotherapeutic approaches target the most funda-
mental aspect of cancer cells, their rapidly dividing nature,
whereas targeted approaches are contingent on discovering
unique and specific features of particular cancer cells. As it
stands, most targeted therapeutic drugs are only effective in
fairly specific types of cancer, e.g. Imatinib mesylate for
chronic myelogenous leukaemia, Erlotinib for advanced
non-small cell lung cancer, etc. This limits their applicability
and most common cancers cannot be treated with “tar-
geted” chemotherapeutic agents, although this is expected
to change in the future.

In recent years, ruthenium-based drug research appears
to be moving away from classical approaches into the realm
of “non-classical” ruthenium-based drugs. It is useful to
take stock of the developments so far, drawing on the les-
sons learnt with respect to drug design and development.
In this review, we explore the major classes of classical and
non-classical ruthenium-based drugs and highlight the prin-
cipal and emerging development strategies.

Classical Ruthenium Anticancer Drugs

Polypyridyl-Ru-Complexes

Polypyridyl-Ru systems have been exploited extensively
as molecular DNA probes, given their photoluminescence
properties and the ability of polypyridyl ligands to interca-
late DNA. The large, rigid, multidentate polypyridyl ligands
confer shape and chirality to the ruthenium complexes that

Figure 4. Polypyridyl ligands used in ruthenium anticancer complexes.
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could be exploited to achieve customised DNA-binding
properties. This has provided the motivation to develop pol-
ypyridyl-Ru complexes as DNA-targeting anticancer
agents, and a large number of these complexes have been
screened for anticancer activity. Typical polypyridyl ring li-
gands include 2,2�-bipyridine (bpy), 1,10-phenanthroline
(phen) and 2,2�:6�2��-terpyridine (terpy) as they are com-
mercially available and readily form stable complexes with
ruthenium (see Figure 4). Some of the earliest polypyridyl-
Ru complexes studied for potential anticancer properties in-
clude cis-[Ru(bpy)2Cl2] (both ∆ and Λ enantiomers) and
mer-[Ru(terpy)Cl3]. In vitro, mer-[Ru(terpy)Cl3] was signifi-
cantly more cytotoxic (L1210, HeLa) than both enantio-
mers of cis-[Ru(bpy)2Cl2], which matches the in vivo data
(BALB/c × C57BL/6 female mice).[19] This trend correlates
to the ability of mer-[Ru(terpy)Cl3] to form DNA-in-
terstrand crosslinks, whereas the inactive cis-[Ru(bpy)2Cl2]
appears to exhibit no such interactions.[19,20] There have
also been numerous examples of polypyridyl-Ru complexes
comprising one or more [Ru(bpy)2L]2+ or [Ru(phen)2L] 2+

units [where L = derivatised quinolines, 2,6-(2�-benzyimida-
zolyl)pyridine/chalcone, aryldiazo-β-diketonate, 4-substi-
tuted thiosemicarbazides, 4-substituted thiopicolinanalides,
2-phenylazoimidazole, etc.] in an attempt to improve the
DNA-intercalating ability of the complex.[21] However, it is
not clear if there has been any serious attempt to advance
these compounds into clinical trials. A series of DNA-bind-
ing ruthenium(II) complexes with tetradentate cyclam rings
and varying DNA-intercalating quinonediimide ligands
were studied in vitro (KB-3–1, KB-V1). It was noted that
cytotoxicity was linked to the ability of the quinonediimide
ligands to intercalate, although the IC50 values were consid-
ered too high to be of interest.[22] Reedijk et al. reported an
example of a NO-containing polypyridyl-Ru complex that
readily liberates NO upon irradiation under a mercury lamp
and that could potentially be applied in phototherapy.[23]

The complex cis-(Cl,Cl)-[RuII(terpy)(NO)Cl2]Cl exhibited
good cytotoxicity towards A2780 human ovarian carci-
noma cell lines, significantly higher than that of mer-[Ru-
(terpy)Cl3], cisplatin or carboplatin, although their activity
under irradiation was not reported. Harding et al. reported
the synthesis of ruthenium analogues of streptonigrin, a
DNA-targeting antitumour antibiotic.[24] On the basis of
structural activity studies, the investigators identified the
key structures responsible for their activity and synthesised
quinolinide and bipyridine ligands to mimic the active sites.
Subsequent dicarbonyl(dichloro)ruthenium(II) complexes
[Ru(CO)2Cl2L] (where L = quinolinide and bipyridine mim-
ics of streptonigrin) were prepared, although it appears that
no further in vitro studies were undertaken. More recently,
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a heteronuclear (Pt, Ru) complex, comprising a Ru(terpy)
moiety, with a highly flexible bridging chain was developed
(see Figure 5).[25] The Pt end was designed to bind directly
to DNA, leaving the Ru(terpy) end to intercalate, thereby
providing additional anchor support. Ultimately, this type
of hybrid complex could provide the basis for customised
DNA-targeting agents that could form long-range DNA
adducts.

Figure 5. Ball and stick representation of a heteronuclear (Pt, Ru)
complex that potentially coordinates and intercalates DNA.

Ru-Polyaminocarboxylate Complexes

The use of polyaminocarboxylate (pac) ligands in metall-
opharmaceutical applications is of growing interest not only
because of their ability to bind strongly with metal centres
but also because their amino and carboxylate binding enti-
ties are akin to those in biological systems.[26] One of the
earlier pac-Ru complexes evaluated for anticancer activity
is the highly water-soluble dichloro(1,2-propylenediamine-
tetraacetate)ruthenium(III), Ru(pdta)Cl2 (see Figure 6),
which demonstrated antitumoural activity in vivo (EAT,
L1210, P388, MX-1, M5076) with low systemic toxicity.[27]

The presence of the two chloride ligands in the cis-confor-
mation was found to be an important feature of its bio-
logical activity; under physiological conditions, the chlo-
rides rapidly hydrolyse.[28] Ru(pdta)Cl2 was found to alter
the DNA conformation in pHV14 DNA and inhibit DNA
lysis by restriction enzymes.[29] The structurally similar
K[RuIII(eddp)Cl2] complex (where eddp = ethylenediamine-
N,N-di-3-propionate) also displayed cytotoxicity in vitro
(HeLa, BT-20, HT-29) and was found to induce DNA
cleavage.[30] A related compound, K2[RuIII(dmgly)Cl4]
(where dmgly = N,N�-dimethylglycine), was reported to be
cytotoxic towards the murine C6 astrocytoma cell line but
not towards primary rat astrocytes, further demonstrating
the selective toxicity of ruthenium complexes towards can-
cer cells.[31] Another class of pac-Ru complexes that has
been extensively studied, K[RuIII(pac)Cl], contains ethyl-
enediaminetetraacetatic acid and its derivatives as the pac
ligands (see Figure 6).[26,32] Like Ru(pdta)Cl2, these com-
plexes also rapidly hydrolyse to yield Ru(pac)(H2O) species
at low pH. In vitro cytotoxicity against tumour cell lines
(MCF-7, NCI-H460, SF-268) showed K[RuIII(pdta)Cl] and
K[RuIII(edta)Cl] to be more efficacious inhibitors of cell
growth, presumably because of their higher reactivity
towards nucleotides.[26,32,33] In addition, several of these
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complexes were found to be effective NO scavengers and
protease inhibitors, thus they could be used to treat various
diseases or serve as antiviral agents.[34]

Figure 6. Examples of Ru-pac complexes investigated for antican-
cer activity (cdta = cyclohexane-1,2-trans-diamine-N,N,N�,N�-tet-
raacetate).

Dimethyl Sulfoxide-Ru Complexes

As early as 1988, cis- and trans-Ru(DMSO)4X2 (where X
= Br, Cl) were screened for antitumour activity (C75B1/
BD2F1 female mice with lung carcinoma) and trans-
Ru(DMSO)4Cl2 was 20-fold more active against metastasis
than its cis counterpart (see Figure 7).[35,36] In leukaemic
mice, the complexes were able to prolong the lifespan of the
host without affecting the number of tumour cells.[35,37] No
further development of cis- and trans-Ru(DMSO)4Cl2 was
reported, presumably in favour of NAMI-A which was
found to be a strong antimetastatic agent by the same inves-
tigators. However, analogues of cis- and trans-Ru-
(DMSO)4Cl2 containing chelating DMSO ligands such as
bis(methylsulfinyl)ethane, bis(ethylsulfinyl)ethane (BESE),
bis(propylsulfinyl)ethane and bis(methylsulfinyl)propane
have since been reported and studied in vitro (CHO).[38]

The compounds were found to be non-cytotoxic under aer-
obic and hypoxic conditions, despite accumulating signifi-
cantly within the cellular DNA. cis-Ru(DMSO)4Cl2, in par-
ticular, has been used as a synthon for numerous com-
pounds such as cis,cis,trans-RuL2(DMSO)2Cl2 (where L
corresponds to cytotoxic nitrofurylsemicarbazone ligands),
although the conjugated products did not offer improved
cytotoxicity (MCF-7, TK-10, HT-29).[39] Similarly, com-
plexes with derivatised DMSO, cis,cis,trans-
RuL2(“DMSO”)2Cl2 and cis-Ru(“DMSO”)2(mal)2 type
compounds (where L = metroidazole and mal = maltol or
ethylmaltol), show no advantageous improvement in cyto-
toxicity (MDA-MB-435S).[40] cis-Ru(DMSO)4Cl2 has been
used to prepare heterodinuclear Pt–Ru compounds cross-
linked by 1,4-diaminobutane, i.e. [{cis,fac-RuCl2-
(DMSO)3}(NH2(CH2)4NH2){cis-Pt(NH3)Cl2}], with a view
to develop a compound that could crosslink DNA–DNA
or DNA–protein structures (see Figure 7).[41] On the basis
of DNA-binding studies, it was demonstrated that the het-
erodinuclear compound could form specific DNA lesions
that could cross-link proteins to DNA, but its sensitivity to
light and rapid hydrolysis prevented further evalu-
ation.[25,42] More recently, both cis- and trans-Ru-
(DMSO)4Cl2 were investigated for their phototoxicity un-
der UVA illumination.[43] Both complexes exhibited photo-
dependent cytotoxicity against human and murine mela-
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noma cell lines (SK-MEL 188, S91) – the trans isomer was
more photocytotoxic. In addition, their reactivity towards
oligonucleotides was found to be greatly accelerated
through a photochemical pathway when irradiated by UVA.

Figure 7. Examples of DMSO–ruthenium compounds evaluated
for antitumour activity.

Ruthenium Arylazopyridine Complexes

Arylazopyridine ruthenium(II) complexes, Ru(azpy)2Cl2
(where azpy = 2-phenylazopyridine), represent a class of
well-characterised anticancer compounds with a strong
structural dependency. Although these complexes can exist
in up to five different isomeric forms, arising from the lack
of a twofold symmetry axis, only three have been reported,
namely the α, β and γ isomers, and their structures unequiv-
ocally established by X-ray crystallography (see Fig-
ure 8).[44,45] The structural characteristics have a significant
impact on the efficacy of the compounds as cytotoxic
agents. Reedijk et al. reported that the high cytotoxicities of
the α and γ isomers in vitro (A498, EVSA-T, H226, IGROV,
MCF-7, WIDR, M19) were comparable to those of cispla-
tin and 5-fluorouracil and is about 10-fold higher than that
of the corresponding β isomer. This result is surprising since
the α and β isomers are structurally similar and differ only
in the orientation of the azpy ligand.[45,46] The addition of
methyl groups to either the pyridine or phenyl moiety, as in
Ru(tazpy)2Cl2 and Ru(mazpy)2Cl2 (tazpy = o-tolylazopyri-
dine and mazpy = 4-methyl-2-phenylazopyridine), did not
alter the trend, validating the structure–activity relationship
of the isomers on cytotoxicity.[46] DFT calculations suggest
that the ability of the Ru(mazpy)2Cl2 isomers to intercalate
to DNA decreases from γ � α � β isoforms on the basis
of the geometric and electronic factors, which correlates
with the observed cytotoxicity.[47] The γ isomer has the
most preferential geometric arrangement of the mazpy li-
gand for DNA intercalation, as well as the lowest LUMO
energy level and smallest HOMO–LUMO energy gap. Ac-
cordingly, it is the most reactive towards DNA. A mixed
ligand analogue, cis-Ru(bpy)(azpy)Cl2, which is structurally
similar to α-Ru(azpy)2Cl2, was found to be 2–10 fold more
cytotoxic in vitro (A498, EVSA-T, H226, IGROV, MCF-7,
WIDR, M19) than cis-Ru(bpy)2Cl2 but much less cytotoxic
(�50-fold) than either α- or β-Ru(azpy)2Cl2.[48] The replace-
ment of the chloride ligands with a 2,2�-bipyridine group,
as in [Ru(bpy)n(azpy)3–n](PF6)2, also did not offer any sig-
nificant advantage over the parent α-Ru(azpy)2Cl2.[49] Some
water-soluble derivatives of the α isoform, where the chlo-
ride ligands are replaced by bridging carboxylate ligands,
e.g. oxalate, malonate or 1,1-cyclobutanedicarboxylate,
overcome one of the main limitation of these complexes.[50]

Although the compounds are 5–10 fold less cytotoxic than
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α-Ru(azpy)2Cl2 (A2780, A2780cisR) and slightly less cyto-
toxic than cisplatin, its cytotoxicity is comparable to that of
carboplatin (see Figure 9). Another water-soluble derivative
[NEt4]2[Ru(sazpy)2Cl2] (where sazpy = 2-phenylazopyrid-
ine-5-sulfonate), which contains a sulfonate functionality on
the azpy group,[51] was �100-fold less cytotoxic (A2780,
A2780cisR) than α-Ru(azpy)2Cl2. More recently, dinuclear
analogues with bridging azpy ligands, comprising two azpy
units joined at the para position of the phenyl rings by a
bridging methylene group, have been reported.[52] The
supramolecular complexes each contain two Ru(azpy)2Cl2
moieties arranged in either the α or γ isoforms. Three iso-
mers have been isolated that contain either α/α-, α/γ- or γ/
γ- “Ru(azpy)2Cl2” units and their structures have been con-
firmed by X-ray crystallography (see Figure 9). The α/γ and
γ/γ isomers were tested in vitro on cancer and non-tu-
mourgenic cell lines (T47D, HBL-100) with the γ/γ isoform
exhibiting the highest cytotoxicity – �30-fold higher than
that of cisplatin.

Figure 8. Different isomeric forms of Ru(azpy)2Cl2 complexes.

Organometallic Arene–Ruthenium-Complexes

Organometallic ruthenium complexes bearing η6-arene
ligands have been investigated extensively as potential anti-
cancer drug candidates. One of the earlier examples is (η6-
benzene)Ru(DMSO)Cl2 (see Figure 10), which has been
shown to strongly inhibit topoisomerase II activity by cleav-
age complex formation.[53] The authors suggested that the
ruthenium complex interacts with DNA and forms cross-
links with topoisomerase II. The complex exhibited anti-
proliferative activity in vitro (Crit-2), but it is inconclusive
if there is a direct link to its ability to inhibit topoisomerase
II activity. Arene–ruthenium complexes containing BESE,
which is essentially a bidentate “DMSO” ligand, have been
tested in vitro (MDA-MB-435s), but their cytotoxicities
were more than 5-fold higher than that of cisplatin, and no
further investigation was reported.[54] In contrast, mono-
functional RuII complexes of the type [(η6-arene)Ru(en)X]+

(where en = ethylenediammine or its derivatives and X =
halide) exhibit high cytotoxicity in vitro (A2780,
A2780cisR, A2780adr, HT29, Panc-1, NX02), comparable
to that of cisplatin, that is dependent on the arene ligand
(see Figure 10).[55] Large arene ligands, such as biphenyl
and tetrahydroanthracene, improved the cytotoxicity of the
drug. Replacement of the en ligand with bpy or tmeda
(N,N,N�,N�-tetramethylethylenediamine) resulted in com-
plexes with poor cytotoxicity.[56] Extensive oligonucleotide
studies have been carried out and [(η6-cymene)Ru(en)X]+

have been found to preferentially bind to guanine bases to
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Figure 9. Ball and stick representation of derivatives of α-Ru(azpy)2Cl2. Unlabelled spheres represent N atoms.

form monofunctional DNA adducts.[57] This was supported
by NMR spectroscopic studies that suggest that the binding
of the [(η6-arene)Ru(en)X]+ moiety to guanine is enhanced
through H-bonding interactions between the en ligand and
the exocylic oxygen atom (i.e. C6–O) on the guanine nucleo-
tide.[58] In contrast, binding to adenine is weakened because
of steric interactions between the en ligand and the exocy-
clic amino groups (i.e. C6–NH2),[58] whereas (η6-cymene)-
Ru(acac)Cl (where acac = acetylacetonate) [see Figure 10]
binds to both adenine and guanine bases – the authors
noted that these results could lead to compounds designed
to target specific DNA nucleotides.[59] With large arene
rings systems, e.g. dihydroanthracene and tetrahydroanthra-
cene, binding of [(η6-arene)Ru(en)X]+ complexes to nucleo-
tide bases was promoted by hydrophobic arene–purine base
π–π stacking interactions, which could explain the en-
hanced cytotoxicity of those derivatives.[60] There was also

Figure 10. Examples of organometallic (η6-arene) ruthenium anticancer drugs.

Figure 11. Ball and stick representation of NAMI-A precursor, Na[trans-RuCl4–(DMSO)Him] (left) and Hdmtp[trans-RuCl4-
(DMSO)dmtp] (right).
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evidence of dynamic chiral recognition of ethylguanine by
the diastereomers of [(η6-biphenyl)Ru(Et-en)Cl]+, realizing
the concept of induced-fit recognition of DNA by chiral
derivatives of ruthenium complexes.[61]

Non-Classical Ruthenium Anticancer Drugs

Antimetastatic NAMI-A Type Complexes

Imidazolium trans-[tetrachloro(DMSO)(imidazole)ru-
thenate(III)] H2im[trans-RuCl4-(DMSO)Him], more com-
monly known as NAMI-A (see Figure 11), was the first ru-
thenium-based anticancer drug to enter clinical trials – as
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a drug candidate against non-small cell lung cancer
(NSCLC).[62] Compared to other transition-metal-based
drugs such as cisplatin, NAMI-A is unique. In vitro, it is
virtually devoid of cytotoxicity, while in vivo, it inhibits
lung metastases formation and reduces metastases weight
without affecting the primary tumour,[63] in contrast to
platinum-based drugs which typically exhibit strong growth
inhibition on primary tumours. Indeed, both in vitro and
in vivo data appear to exclude DNA as the primary target,
in line with the observation that the binding of NAMI-A
to DNA is much weaker than that of platinum com-
plexes.[63–65] Instead, strong binding to serum proteins is ob-
served and the drug could potentially exploit receptor-me-
diated delivery by transferrin for selective delivery to cancer
cells.[66] There is strong evidence linking the antimetastatic
behaviour to the lack of cytotoxicity in vitro, cell-cycle
changes corresponding to cell arrest in the premitotic G2-
M phase and inhibition of Matrigel invasion, which could
constitute an in vitro screening strategy for ruthenium com-
plexes with similar properties.[67] Phase 1 clinical trials
showed that the drug was well-tolerated in patients, revers-
ible blister formation is the dose-limiting toxicity.[12] Several
NAMI-A analogues have been studied for potential anti-
metastatic activity as a means to ascertain the structure–
activity relationships in this class of compounds. NAMI-A
derivatives [mer-RuCl3(DMSO)(acv)(H2O)] and [mer-
RuCl3(DMSO)(acv)-(MeOH)] and [trans-RuCl4(DMSO)
guaH] (where acv = acyclovir and gua = guanine) exhibited
low cytotoxicity in vitro (TS/A), similar to NAMI-A.[68]

Analogues with the dmtp ligand (where dmtp = 5,7-di-
methyl[1,2,4]triazolo[1,5-a]pyridmidine) were also investi-
gated and found to be slightly cytotoxic in vitro (TS/A, KB,
B16-F10).[69] In particular, Hdmtp[trans-RuCl4(DMSO)
dmtp] exhibited a similar in vivo profile to NAMI-A (CBA
mice with MCa carcinoma), strongly inhibiting lung metas-
tases formation without significantly affecting the primary
tumours (see Figure 11).[69] This trend has also been repli-
cated in NAMI-A analogues with pyrazine, pyrazole and
bidentate N-heterocyclic ligands, e.g. 4,4�-bipyridine, 1,2-
bis(4,4�-pyridyl)ethane, suggesting that the imidazole frag-
ment is not an essential feature for the antimetastatic prop-
erty of NAMI-A.[70]

Exploiting the Transferrin Delivery Mechanism

Indazolium trans-[tetrachlorobis(1H-indazole)ruthenate-
(III)] H2in[trans-RuCl4(Hin)2], KP1019 (see Figure 12), the
only other ruthenium drug presently undergoing clinical
evaluation, contains two indazole ligands in the trans con-
formation (whereas in NAMI-A the imidazole ligand is
trans to a DMSO moiety). Unlike NAMI-A, KP1019 is sig-
nificantly cytotoxic in vitro against colorectal cell lines
(SW480, HT29) by induction of apoptosis.[71] There is also
evidence of P-glycoprotein (Pgp) mediated drug resistance
to KP1019, although other multidrug resistance (MDR) as-
sociated proteins (MRP1, BCRP and LRP) did not affect
its activity significantly.[72] The drug was evaluated in vivo
against autochthonous colorectal tumours in rats and was
found to be highly effective in reducing tumour growth (su-
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perior to 5-fluorouracil, the most effective drug in clinical
use against colorectal cancer).[11] In contrast, cisplatin was
inactive in the in vivo model. The activity of KP1019 is
attributed, at least in part, to transferrin-mediated drug
transport, with KP1019 binding strongly to transferrin in
the iron-binding pockets.[73] Indeed, its imidazolium ana-
logue, which binds more weakly to transferrin, is taken up
less effectively by transferrin and is also less cytotoxic in
vitro.[71] Another possible mechanism in play is that the
drug is activated by reduction, from RuIII to RuII, selec-
tively in hypoxic tumour tissue by endogenous bioreduc-
tants such as glutathione. It appears that KP1019 induces
apoptosis in colorectal cell lines predominantly by the in-
trinsic mitochondria pathway and that DNA could be a
target, although studies have shown that the DNA lesions
formed by KP1019 is different to that by cisplatin.[11,74] In
phase 1 clinical trials, the drug was well-tolerated, and five
out of six patients treated achieved disease stabilisa-
tion.[11,13] A large number of KP1019 analogues, compris-
ing different types and numbers of N-heterocyclic rings,
have been reported.[75,76] Notably, it was found that increas-
ing the number of indazole ligands, as in trans-RuIICl2-
(Hin)4 and [trans-RuIICl2(Hin)4]Cl, improved the in vitro
cytotoxicity significantly (CH1, SW480).[76] This was corre-
lated with the increased cellular uptake and a higher re-
duction potential of the homologues, in line with the “acti-
vation by reduction” hypothesis.

Ruthenium-Based Selective Estrogen Receptor Modulators

Selective estrogen receptor modulators (SERMs), such as
tamoxifen (see Figure 13), are a class of drug that have been
successfully used to treat hormone-dependent (ER-positive)
breast cancer, i.e. which express the estrogen receptor ERα.
At the same time, there is no satisfactory therapeutic treat-
ment for hormone-independent (ER-negative) breast tu-
mours that contain another estrogen receptor ERβ, which
accounts for about one-third of breast cancer cases. Jaouen
et al. have developed a series of hydroxytamoxifen deriva-
tives comprising ferrocene (hydroxyferrocifen) (see Fig-
ure 13), and other potentially cytotoxic organometallic
fragments of rhodium, manganese, titanium and rhenium
have been reported, representing a strategy to defeat breast
tumours which contain both ERα and ERβ receptors.[77]

Hydroxytamoxifen analogues containing organometallic
ruthenocenes and their biological evaluation in vitro
(MCF7, MDA-MB231) have also been reported.[78] Al-
though the hydroxytamoxifen-Ru complexes (see Figure 13)
were found to bind strongly to both ERα and ERβ, unlike
hydroxyferrocifen, hydroxytamoxifen-Ru exhibits no cyto-
toxic effect towards ER-negative breast cancer cell lines,
possibly because of the increased stability of the ruthenium
fragment compared to the iron analogue with respect to
oxidation, and thus would not offer any therapeutic advan-
tage over existing treatment options. Nonetheless, the au-
thors noted that the hydroxytamoxifen-Ru complexes could
be suitable for radioimaging of tumour cells using either of
two γ-emitting Ru isotopes, 97Ru and 103Ru.[78]
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Figure 13. Derivatives of tamoxifen.

Ruthenium Ketoconazole Complexes

Ketoconazole (KTZ) and clotrimazole (CTZ) are azole
compounds that were originally developed as antifungal
agents. They also exhibit anticancer properties and keto-
conazole in particular is being used in the clinic as a sec-
ond-line agent for hormone-refractory prostate cancer. Ke-
toconazole-ruthenium Ru(KTZ)2Cl2 and clotrimazole-ru-
thenium Ru(CTZ)2Cl2 complexes were originally developed
to treat tropical diseases,[79] but more recently, they have
been evaluated for anticancer activity. In vitro, Ru(KTZ)2-
Cl2 and Ru(CTZ)2Cl2 were found to be more effective in-
hibitors of cell growth proliferation (C8161) than the parent
ligands KTZ and CTZ.[80] The effects of Ru(KTZ)2Cl2 on
various cell signalling pathways were investigated. In par-
ticular, it was observed that A431 spheroids, known to over-
express EGF-R and to be resistant to either Ru(KTZ)2Cl2
or C225 anti-hEGF-R monoclonal antibody (MAb), were
susceptible towards a combination treatment of Ru-
(KTZ)2Cl2 and the C225 antibody. C225 is an experimental
monoclonal antibody presently under clinical evaluation as
a targeted therapeutic agent against EGFR-expressing met-
astatic colorectal cancer. The authors suggested that
Ru(KTZ)2Cl2 could potentially be used to enhance other
targeted therapeutic treatment methods.[80]

Ruthenium-Based Protein Kinase Inhibitors

The three-dimensional structure of many biomolecules is
complicated and their syntheses are often difficult given the
need to maintain specific conformity and spatial orienta-
tion. With a view to develop synthetic compounds with su-
perior biological activity, Meggers et al. reported an orga-

Figure 12. Ball and stick representation of KP1019 analogue PPh4[trans-RuCl4(Hin)2] (left) and trans-RuIICl2(Hin)4 (right).
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nometallic ruthenium complex that mimics the shape of a
known protein kinase inhibitor, staurosporine (see Fig-
ure 14).[81,82] The strategy exploits the relative ease of syn-
thesising ruthenium moieties of a specific spatial conforma-
tion to mimic aspects of an inhibitor not easily accessible
using purely organic scaffolds.[81,83,84] The authors further
demonstrated the superior binding of the ruthenium mimic
to Pim-1, a protein kinase, and reported co-crystallisation
of the protein with the ruthenium complex.[81] This provides
a basis for the development of further transition-metal-
based enzyme inhibitors and could lead to new types of
organometallic-targeted therapeutic agents.

Figure 14. Staurosporine and an organometallic ruthenium mimic.

Arene PTA Ruthenium(II) (RAPTA) Complexes

The RAPTA compounds comprise a class of organome-
tallic ruthenium(II) complexes with a monodentate 1,3,5-
triaza-7-phosphatricyclo[3.3.1.1]decane (pta) ligand and a
η6-arene ligand. The compounds are readily synthesised in
two steps: the first step involves the reaction of C6-dienes,
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Scheme 1. General synthesis of RAPTA complexes.

typically derived using Birch reduction of the desired arene,
with hydrated RuIIICl3 to yield dimeric [(η6-arene)-
RuIICl2]2.[85] In the second step, 2 equiv. pta are added to
[(η6-arene)RuCl2]2 in organic solvents to yield the desired
RAPTA complex (see Scheme 1). The reaction is thermody-
namically favoured and proceeds in high yield. Alterna-
tively, ligand exchange using the arene-labile complex [(η6-
PhCO2Et)RuCl2]2 can be carried out for arene ligands that
cannot be readily reduced by Birch reduction, such as
benzocrown ethers, but yields are lower.[86] In comparison
to typical phosphane ligands, pta is relatively compact and
sterically undemanding, with a cone angle of 103° (c.f. PPh3

143° and PMe3 134°).[87] As such, RAPTA compounds are
generally air-stable complexes with good thermodynamic
stability. The pta ligand can also be readily derivatised to
form acetylated species, e.g. 3,7-diacetyl-1,3,7-triaza-5-pho-
sphabicyclo[3.3.1]nonane (pta-Ac) or methylated species
(pta-Me+), further expanding the scope of possible RAPTA
compounds.[87] Importantly, the presence of the phosphorus
atom makes the characterisation of RAPTA compounds by
31P NMR spectroscopy fairly straightforward. RAPTA is
also unusual in comparison with other phosphane ruthe-
nium complexes in that it is not only soluble in polar or-
ganic solvents, but also in water. The prototype [(η6-cy-
mene)RuII(pta)Cl2], RAPTA-C, has been central to bio-
logical evaluation and is the reference compound from
which other RAPTA compounds are developed (see Fig-
ure 15). Two key approaches have thus been adopted. The
first is centred on evolving RAPTA into an effective drug
that is highly selective towards tumour cells with a low sys-
temic toxicity. In vitro evaluation and oligonucleotide-bind-
ing studies supplemented by computational studies were
undertaken, with a view that DNA is a possible target, as
with most transition-metal-based anticancer drugs. The sec-
ond approach is aimed at discovering “non-classical” che-

Figure 15. Ball and stick representation of RAPTA-C 1 (left),
RAPTA(Me+)-C 14 (right).
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motherapeutic applications for RAPTA complexes and to
study drug interactions at the proteome level. Early on, spe-
cific protein binding interactions were detected with
RAPTA, which could be the basis for new therapeutic tar-
gets beyond DNA. Furthermore, the remarkably similar in
vivo activity of RAPTA-T and NAMI-A suggests that they
could respond to similar targets.[10] The development of
complementary proteomic techniques as well as rational
drug design for RAPTA complexes has been carried out.
On the basis of these two approaches, more than 20
RAPTA complexes of the general formula (arene)RuII(pta)
X2, where X = Cl, Br, I, SCN or bridging carboxylate li-
gands, have so far been synthesised and studied (see
Scheme 2). In addition, RAPTA analogues containing
other organometallic fragments, namely [CpRu], [Cp*Ru],
[Cp*Rh] and [CyOs] have also been studied.[88]

Evolution of RAPTA Complexes: Hybrid Classical / Non-
Classical Compounds

The motivation to study RAPTA complexes as potential
anticancer drugs came from the observation that RAPTA-
C 1 induces pH-dependent DNA damage against E Coli
pBR322 DNA plasmids, with a significant retardation of
the migration of the supercoiled DNA at pH �7.0 because
of unwinding of the DNA as a result of drug interac-
tions.[89] This provided a means to target cancer cells, since
they generally exhibit lower pH as a result of metabolic
changes, partly because of accelerated cell division. Binding
studies using calf thymus DNA further suggested that
RAPTA-C stabilises the DNA upon binding (see Fig-
ure 16), with a significant increase in the melting tempera-
ture of the DNA-RAPTA-C adduct.[90] This suggests that
the reaction between DNA and RAPTA-C could be ther-
modynamically driven and thus highly favourable. However,
the RAPTA complexes do not show selective binding to
DNA in vitro, proteins and RNA appear to be the main
intracellular targets.[91]

The reactivity of RAPTA complexes towards single-
strand oligonucleotides, studied by ESI-MS, shows that
RAPTA-C 1 and its methylated analogue RAPTA(Me+)-C
14 bind to the 14-mer oligomer (5�-ATACATGGTACATA-
3�) across a range of pH values and concentrations, irrevo-
cably with the loss of the chloride and arene ligands, while
the pta ligand remains intact.[92] Although the purine bases
could, in principle, offer heterocyclic aromatic rings for an
arene-type π-bonding mode with the ruthenium centre,
DFT calculations revealed that such binding would be un-
likely, and it is more probable that the interaction is based
on multiple coordinative N-donor bonds, such binding only
possible with RNAs.[92]
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Scheme 2. Family of RAPTA complexes.

Figure 16. DNA melting curves of calf thymus DNA alone (�) and
calf thymus DNA with RAPTA-C (1:1 ratio) (�), buffer: 10 m
phosphate buffer and 50 m NaClO4.

The cytotoxicity of the RAPTA complexes is generally
very low, at least in both TS/A murine adenocarinoma and
non-tumourgenic HBL-100 human mammary cell lines in
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comparison to cisplatin (see Table 1).[90] However, the lead
RAPTA complexes 1–3 exhibit selective cytotoxicity
towards the TS/A cancer cell lines relative to HBL-100,
which provided early indication that the complexes are be-
nign towards healthy cells. This is important since high sys-
temic toxicity is associated with the drastic side-effects of
cisplatin and related drugs and limits the amount of drug
that can be administered. Similarly, NAMI-A is non-cyto-
toxic to both TS/A and HBL-100 cell lines up to 1 m con-
centration. The pta fragment appears to play a significant
part in determining this selectivity. When pta was replaced
with pta-Me+, as in 14 and 15 (see Figure 15), selectivity
was lost and the compounds were equally toxic in both the
cancerous and non-tumourgenic cell lines.[90] This coincides
with the hypothesis that RAPTA compounds derived their
cytotoxic activity through the protonation of its pta ligand
under hypoxic pH conditions,[89] although such a process is
deemed unlikely given the low pKa of the coordinated pta
moiety.
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Table 1. IC50 values of RAPTA complexes on TS/A and HBL100 cell lines[a] and ruthenium uptake in TS/A cells.[b]

Complex Aromatic pta Anion IC50 IC50 Selectivity Intracellular Intracellular
(TS/A) (HBL-100) Index RAPTA RAPTA

Fragment Fragment [µM] [µM] [µg/106 cells] [×10–4 ]

RAPTA-C 1 cymene pta – 507 �1000 �2.0 0.12 ± 0.02 2.55 ± 0.06
RAPTA-B 2 benzene pta – 231 �1000 �4.3 0.13 ± 0.02 3.26 ± 0.04
RAPTA-T 3 toluene pta – 74 �1000 �13.5 0.16 ± 0.02 2.9 ± 0.3
RAPTA-H 4 hexamethylbenzene pta – 199[d] �300[d] �1.5 0.15 ± 0.01 3.16 ± 0.27
RAPTA-CE 5 ethyl benzoate pta – 103[d] �300[d] �2.9 3.40 ± 0.41 54.67 ± 6.66
RAPTA-BC 6 benzo-15-crown-5 pta – 159[d] �300[d] �1.9 0.28 ± 0.02 4.63 ± 0.35

2,3-dimethyl-1-(2-phenylethyl)-1H-
RAPTA-BI 7 pta BF4

– 66[d] �300[d] �4.5 0.19 ± 0.04 3.03 ± 0.67
imidazolium·BF4

RAPTA-N1 8 N,N�-dimethylbenzylamine pta – 458 813 1.8 0.04 ± 0.004 0.95 ± 0.09
RAPTA-N2 9 N,N�-dimethylbenzylamine·HCl pta Cl– 449 603 1.3 0.10 ± 0.02 2.02 ± 0.38
RAPTA-N3 10 benzylamine·HCl pta Cl– 820 666 0.8 0.05 ± 0.005 1.05 ± 0.09
RAPTA-N4 11 benzylamine·HCl pta BF4

– �1000 612 �0.6 0.06 ± 0.01 1.14 ± 0.21
RAPTA-O1 12 2-phenylethanol pta – 570 778 1.4 0.06 ± 0.01 1.33 ± 0.20
RAPTA-O2 13 1-phenylbutan-3-ol pta – 505 891 1.8 0.07 ± 0.01 1.46 ± 0.30
RAPTA(Me+)-C 14 cymene pta-Me+ Cl– �300 246 �0.8 – –
RAPTA(Me+)-T 15 toluene pta-Me+ Cl– 110 77 0.7 0.33 ± 0.08 5.9 ± 1.4
RAPTA(Ac)-N3 16 benzylamine·HCl pta-Ac Cl– �1000 �1000 1.0 0.05 ± 0.01 0.81 ± 0.19
RAPTA(Ac)-O1 17 2-phenylethanol pta-Ac – 538 715 1.3 0.07 ± 0.006 1.39 ± 0.12
RAPTA[tpp]-C 18 cymene pta, PPh3 BF4

– �100[c] 37[c] �0.4 – –
RAPTA[tpp]-O1 19 2-phenylethanol pta, PPh3 BF4

– 124 82 0.7 – –
RAPTA-S3 20 [9]anes3 pta – 650 738 1.1 – –
RAPTA[pta]-S3 21 [9]anes3 2× pta OTf– 388 �1000 �2.6 – –

[a] 72 h exposure at a maximum concentration of 1000 µ, unless otherwise stated. Cell growth inhibition was determined using the MTT
assay. [b] 24 h exposure at concentration of 100 µ. Ru levels determined using GF-AAS. [c] Compounds were tested in medium contain-
ing 1.0% DMSO, at a maximum concentration of 100 µ. [d] Compounds were tested up to a maximum concentration of 300 µ.

The aromatic fragment is significant, to a certain degree,
in influencing the drug uptake and in vitro activity. The
presence of the ester group significantly improved the drug
uptake in RAPTA-CE 5, with a corresponding improve-
ment in cytotoxicity against TS/A cells. Upon entering the
cells, endogenous esterases could cleave the ester bond,
thereby retaining the charged species within the cell
walls.[90] Addition of functional groups such as benzocrown
and an imidazolium moiety appeared to improve cytotoxi-
city towards TS/A, but not to a significant degree to war-
rant further studies.[90] RAPTA complexes with H-bonding
groups attached to the arene ring (complexes 8–13, 16, 17 in
Scheme 2) were developed and found to be generally more
reactive than lead compounds 1–3 with respect to oligonu-
cleotide binding.[93] However, in vitro, they are not only less
cytotoxic towards TS/A cells but also less selective between
the cell lines. This correlated with drug uptake studies on
TS/A cells which showed that the uptake of these complexes
decreased, presumably because of the incorporation of the
hydrophilic H-bonding substituents. The addition of the
hydrophobic triphenylphosphane (tpp) ligand in RAPTA
complexes 18 and 19 reversed the trend. The complexes
were found to be cytotoxic towards both cell lines, hence
poorly selective, presumably because of increased drug up-
take (see Figure 17).[94] The replacement of the aromatic
fragment with a [9]aneS3 ligand, RAPTA-S3 20, results in
only a slight decrease in selectivity and cytotoxicity, allud-
ing to the fact that the aromatic fragment may not be an
essential feature for in vitro activity and could be effectively
replaced by another face-capping ligand with low steric de-
mand (see Figure 17).[95] Interestingly, RAPTA[pta]-S3 21,
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with [9]aneS3 and two pta ligands, shows good selectivity
and cytotoxicity towards TS/A cells, comparable to that of
1 and 2. RAPTA analogues are presently being evaluated.

Figure 17. Ball and stick representation of RAPTA[tpp]-C 18 (left)
and RAPTA-S3 20 (right); the BF4 anion on 18 was omitted for
clarity.

One of the potential issues with regard to eventual clin-
ical application is the behaviour of drugs in water. Second-
generation cisplatin drugs with oxalate and 1,1-cyclobu-
tane-dicarboxylate ligands have been developed to improve
the stability and solubility of the platinum complexes in
water.[2] RAPTA complexes are prone to hydrolysis and
would have to be administered in saline to suppress the
cleavage of the chloride ligands. With a view to develop
drugs that could resist hydrolysis in aqueous media,
RAPTA complexes 22 and 23, bearing chelating carboxyl-
ate ligands instead of the two chloride ligands, have been
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developed (see Figure 18).[96] They were found to be kin-
etically more stable than 1, and essentially, retained the car-
boxylate ligand in aqueous solution. Preliminary investi-
gations show that these derivatives exhibit the same order
of cytotoxicity in vitro (A549, T47D, MCF7, HT29) as 1
and exhibit similar oligonucleotide binding characteristics,
hence proving to be a possible replacement for RAPTA-C
in clinical studies.[96]

Figure 18. Ball and stick representation of OxaloRAPTA-C 22.

As a strategy to enhance drug efficacy, the next genera-
tion of RAPTA complexes should be more “targeted”. Such
complexes could have multiple modes of activity, function-
alised to achieve specific, desirable outcomes. As proof of
concept, RAPTA complexes designed to inhibit Glutathi-
one-S-Transferases (GST), a cytosolic detoxification en-
zyme associated with drug resistance, have been developed
(see Figure 19.).[97] GST catalyses the conjugation of intra-
cellular xenobiotics with glutathione, which is then expelled
from cells by the GS-export pump. RAPTA complexes con-
jugated through the arene ring to ethacrynic acid, a known
inhibitor of GST enzymes, were found to be effective GST
inhibitors with significantly increased cytotoxic activity, i.e.
showing comparable cytotoxicity to that of cisplatin in cell
lines known to contain elevated levels of GST (A549,
HT29, T47D). Other potential enzyme targets are presently
being investigated.

Figure 19. RAPTA complexes designed to defeat GST-mediated
drug resistance.

Beyond the Classical Approach: RAPTA as Antimetastatic
Agents

Despite the differences in oxidation state and ligand
sphere, the striking semblance of RAPTA complexes to
NAMI-A in vitro, primarily their low toxicity towards non-
tumourgenic HBL-100, prompted the investigation of the
lead RAPTA complexes 1, 2 and 3 for potential antimeta-
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static activity.[90] In vivo experiments on MCa mammary
carcinoma in CBA mice were used to evaluate the effects of
the drugs i.p. on primary tumour growth and lung metasta-
ses formation. Firstly, it was found the lead RAPTA com-
plexes were well tolerated by the mice at very high doses,
consistent with in vitro data. Secondly, a low sustained
treatment regime of RAPTA-C at 4×100 mg/kg/day re-
sulted in significant reduction in both lung metastases
weight and number in treated mice whilst leaving the pri-
marily tumour unaffected. In fact, under this regime 40%
of the mice were completely free from metastases at the end
of the treatment. This phenomenon was replicated in
RAPTA-B and RAPTA-T under various treatment regime
conditions and at 3× 80 mg/kg/day, RAPTA-T was able to
reduce lung metastases in treated mice by 75%.[91] This re-
sult is comparable to that of NAMI-A which typically at
6× 35 mg/kg/day, reduces lung metastases by 71–90% and
metastases number by 40–60%. Accordingly, there is no
corresponding activity on the primary tumour. While the
RAPTA complexes displayed marginally less antimetastatic
activity than NAMI-A, it is much less toxic to mice and
can potentially be administered at much higher dosage.

It is therefore apparent that the antimetastatic behaviour
is not unique to NAMI-A, but applicable to other classes
of ruthenium complexes. In the case of the well-studied
NAMI-A, it is apparent that DNA is not the target, and
more likely, activity is a consequence of drug–protein inter-
actions. Therefore, a proteomic-based analytical approach
based on 2-D PAGE and laser-ablation inductively-coupled
mass spectrometry (ICP-MS) is being developed to identify
the specific proteins interacting with ruthenium-based
drugs.[98,99] The analytical technique utilises well-estab-
lished methods in protein separation and exploits the high
sensitivity of ICP-MS instruments in detecting non-endoge-
nous transition-metal isotopes (in the order of parts per
billion). While the technique is still under development, it
has been used effectively to identify drug–protein interac-
tions in human blood plasma, and was used to identify the
main protein target of cisplatin in bacteria using 1D
PAGE.[99,100]

At the same time, with a view to rationally develop other
ruthenium-based antimetastatic agents, a new class of imid-
azole (η6-arene)ruthenium complexes of the general for-
mula [(η6-arene)RuIICl2(imid)], [(η6-arene)RuIICl(imid)2]X
or [(η6-arene)RuII(imid)3]X2 (where imid = imidazolium li-
gand, X = Cl, BF4, BPh4, 15 examples) have been prepared,
combining the unique structural aspects of NAMI-A and
the “piano-stool” arene ruthenium(II) complexes.[101] The
derived complexes exhibit similar cytotoxicity with RAPTA
complexes in vitro (TS/A, HBL-100) and several of the
complexes exhibit selectivity towards cancer cells. Specifi-
cally, [(η6-cymene)RuIICl(vinylimid)2]Cl 26 and [(η6-ben-
zene)RuII(mimid)3](BF4)2 27 have been identified for fur-
ther in vivo experiments (see Figure 20).[101] Further deriv-
atisation of the imidazolium moiety, to yield antimetastatic
ruthenium complexes conjugated to ethacrynic acid and
other inhibitors of multidrug resistance-associated enzymes,
is also being carried out.[97]
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Figure 20. New class of RAPTA-NAMI antimetastatic drug candi-
dates.

Outlook - Towards Targeted Chemotherapy

Drug discovery and evaluation strategies for ruthenium-
based anticancer complexes rely largely on the classical ap-
proach of screening for biological activity using specific in
vitro or in vivo models, identifying potential drug candi-
dates, deriving structure–activity relationships and there-
after cycles of structural modifications and testing for im-
proved drug efficacy. These tests are “result-oriented”, espe-
cially those based on the effect of the drug on cell viability,
and reveal immediately the inhibitory effect of the drug on
cell growth proliferation. However, even if potential drugs
are identified, to establish directly the drug mechanism is
not trivial, especially where there is no target definition in
the drug design, and investigators often rely on peripheral
experiments in order to rationalise drug behaviour. It is
therefore fortunate that ruthenium, and indeed other transi-
tion metals not endogenous to biological systems, can be
detected using ICP-MS to high levels of sensitivity. Analyti-
cal methods based on ICP-MS could therefore directly es-
tablish the fate of ruthenium drugs once administered.
Keppler et al. employed capillary electrophoresis and size
exclusion chromatography techniques, coupled to ICP-MS,
to determine drug–protein binding of ruthenium drugs in
human blood plasma, and much is now known about
metal-drug plasma-protein interactions.[102] We have dem-
onstrated the efficacy of proteomic methods in protein sep-
aration on polyacrylamide gels, in conjunction with laser-
ablation ICP-MS, to establish drug–protein interactions in
the human plasma and from cell samples.[98,100] The ulti-
mate goal is to create a map of drug–protein interactions
in the proteome of a cancer cell line after treatment with
ruthenium drugs. This is important not only in establishing
the mechanism of drug activity, but also as a way of identi-
fying areas in the proteome on which ruthenium drugs
could target, and hence towards a more systematic way of
developing non-classical ruthenium drugs.

It is debatable whether the inhibition of cell growth pro-
liferation or cytotoxicity should continue to be the pre-
dominant “measure of success” for ruthenium-based anti-
cancer drugs. Many ruthenium drugs are known for their
low systemic toxicity as compared to established platinum-
based drugs. If cytotoxicity is the sole determinant, it is
unlikely that ruthenium drugs would offer significant thera-
peutic advantages. Instead, attributes like cancer-cell selec-
tivity or low systemic toxicity need to be incorporated into
drug evaluation, which would focus preclinical drug devel-
opment towards highly selective ruthenium drugs of low
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toxicity. Furthermore, existing cytotoxicity assays ignore
other aspects of ruthenium drugs that would have greater
therapeutic scope. Indeed, NAMI-A failed the in vitro
evaluation using the NCI’s protocol against a 60-panel cell
lines and would have been omitted for further evaluation
if the conventional method of drug screening were strictly
followed.[98] Sava et al. demonstrated the antimetastatic po-
tential of ruthenium-based drugs, and we have subsequently
shown that this attribute is not confined to NAMI-A, while
Keppler et al. has exploited known ruthenium–transferrin
interactions for drug delivery.[11,63,64] Clearly, more suitable
models for testing ruthenium drugs are needed but it is im-
perative that these testing methods exploit the unique bio-
logical profile of ruthenium.[10]

A relatively uncharted area that holds much potential for
the application of ruthenium-based drugs is combination
therapy. An example is the ketoconazole ruthenium com-
plex which is found to potentiate A431 cells overexpressing
EGF-R to C225 MAb treatment, although the mechanism
is not fully understood.[80] More recently, in vivo experi-
ments (CBA mice with MCa carcinoma) showed that the
combination treatment of NAMI-A and cisplatin led to a
synergistic enhancement in the inhibition of metastases for-
mation and growth of primary tumour in mice, as com-
pared to the treatment of NAMI-A or cisplatin alone. At
the same time, the increase in toxicity was additive, which
was anticipated since both drugs are based on transition-
metal centres and discharged mainly by renal excretion.[98]

Such a strategy would be extremely attractive but would be
dependent on finding other unique applications of ruthe-
nium drugs, such as the antimetastatic behaviour of NAMI-
A, which is beyond the scope of existing therapies.

Beyond developing better ways to augment existing drug
discovery strategies, Meggers et al. have demonstrated the
viability of organometallic ruthenium-based protein-kinase
inhibitors, in a strategy that employs chiral ruthenium moi-
eties surrounded by stable inert ligands as a spatial replace-
ment for the carbohydrate moiety which is difficult to syn-
thesise. In this way, the ruthenium centre plays a relatively
minor role in determining biological activity and serves
more as a connector for other ligands which provides the
shape and conformation.[81,83] The sheer range of possible
ligands of different shapes and sizes gives a high degree of
synthetic flexibility, but it would not be unreasonable to
replace the ruthenium by other transition metals and those
which occur in living systems may prove preferable. The
possibility of ruthenium clusters extending the scope of this
approach could also be worth considering, especially since
clusters have already been shown to have pharmacological
potential.[103] Another approach would be to modify exi-
sting receptor and inhibitor molecules, e.g. in the ap-
proaches taken by Jaouen et al. in the design of SERMs
and by our group in the development of multifunctional
RAPTA complexes.[78,97] Nonetheless, developing ruthe-
nium complexes for target therapies would invariably in-
volve structural biology in the design phase of the receptor/
inhibitor molecule. Designing the receptor/inhibitor mole-
cule around the ruthenium scaffold in the beginning, rather
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than in retrospect, could lead to viable ruthenium drugs
with well-defined and predictable modes of activity.

It is clear that with two ruthenium compounds proceed-
ing through clinical trials, combined with the limited
number of platinum drugs that have entered the clinic since
the discovery of cisplatin and putative drugs based on other
transition metals being withdrawn from clinical trials, ru-
thenium systems hold great potential. With the new strate-
gies outlined in this review, it is likely that we will witness
increased research efforts in this domain.
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The organometallic amino acid 1�-aminoferrocene-1-carbox-
ylic acid (Fca) was incorporated internally into a peptide se-
quence by solid-phase methods combining natural Fmoc-
protected amino acids and Boc-Fca-OH to give the penta-
peptide Boc-Fca-Ala-Gly-Val-Leu-NH2 (2) and the octapep-
tide Ac-Val-Gly-Ala-Fca-Ala-Gly-Val-Leu-NH2 (3). Com-

Turn structures are ubiquitous secondary structural ele-
ments in proteins that have become important targets in
medicinal chemistry.[1–4] Metal complexes, in particular fer-
rocene, may serve as turn mimetics in peptides.[5] The use
of ferrocene-1,1�-dicarboxylic acid as a turn inducer was
described by several groups, particularly those of Herrick,
Hirao and Kraatz.[6–14] Ferrocene derivatives bearing paral-
lel podand peptide strands were shown to induce helically
ordered structures which are controlled by strong intramo-
lecular hydrogen bonds as shown in the solid state by X-
ray crystallography studies as well as in solution by IR, 1H
NMR and CD spectroscopy.[7–10,15,16]

In previous work we investigated the role of 1�-aminofer-
rocene-1-carboxylic acid (Fca) as a turn mimetic in the tet-
rapeptide Boc-Ala-Fca-Ala-Ala-OMe (1) which contains
antiparallel peptide strands stabilized by two intramolecular
hydrogen bonds in both, solution and solid phases
(Scheme 1).[17] All derivatives of ferrocene-1,1�-dicarboxylic
acid and Fca so far were prepared by stepwise synthesis in
solution. Solid-phase peptide synthesis (SPPS) using or-
thogonal protecting groups and linkers is the standard
method for the synthesis of small to medium-sized peptides.
Twenty years ago, a few papers were published dealing with
the application of SPPS to metallocenes. Ferrocenylalanine
(Fer) and cymantrenylalanine (Cym) were incorporated
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pound 3 was found to have a helically ordered structure by
NMR and CD spectroscopy, which is stabilized by intramo-
lecular hydrogen bonding in an antiparallel β-sheet-like ar-
rangement.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

into biologically active peptides (enkephalin, bradykinin
and substance P). Most work was carrid out on enkephalin
which was transformed into [Fer4,Leu5] or [Cym4,Leu5] an-
alogues by replacement of the phenylalanine side chain
(Phe4) with Fer or Cym, thus preserving the aromatic char-
acter of this residue.[18–21] It is worth to mention SPPS of a
“ferrocenophanic” conformationally constrained analogue
of substance P.[22] Very recently, SPPS of N-terminated co-
baltocenium-NLS peptides[23] and metallocenoyl (M = Fe,
Co) tripeptides[24] with antibacterial activity were described
by one of us. In all peptides described up to the present
day, the organometallic group is part of the side chain or
linked to the N-terminus. We therefore set out to incorpo-
rate a metallocene such as Fca into the peptide backbone
by SPPS. In this paper we describe for the first time an
SPPS procedure for constitutive insertion of a ferrocene de-
rivative into the peptide chain back bone.

Scheme 1. The antiparallel orientation of peptide strands in tetra-
peptide 1 is induced by the unnatural amino acid 1�-aminoferro-
cene-1-carboxylic acid (Fca) and stabilized by intramolecular hy-
drogen bonds.

In recent years, the fluorenylmethoxycarbonyl (Fmoc)
group has largely replaced the original Merrifield tert-bu-
toxycarbonyl (Boc) group as the temporary N-terminal pro-
tecting group because it may be easily removed under mild
basic conditions. Boc removal, on the other hand, requires
strong acid which is incompatible with sensitive com-
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pounds, for instance some organometallic complexes.[25,26]

For this reason, we originally planned to synthesize Fca-
containing oligopeptides according to the standard Fmoc
approach.[27] However, N-Fmoc-Fca-terminated oligopep-
tides turned out to be very unstable. Therefore, a combina-
tion of Boc-Fca-OH and Fmoc-Aaa-OH had to be chosen,
thereby reintroducing the classical Merrifield method to the
synthesis of Fca-containing peptides by solid-phase synthe-
sis.

Pentapeptide 2 was obtained by standard Fmoc SPPS,
starting from Fmoc-Leu loaded TentaGel S resin with the
base-labile HMB linker, Fmoc-Val-OH, Fmoc-Gly-OH and
Fmoc-Ala-OH.[27] Subsequent coupling to Boc-Fca-OH,
cleavage from the resin by concentrated ammonia in meth-
anol and thin layer chromatography (TLC) purification
gave Boc-Fca-Ala-Gly-Val-Leu-NH2 (2) (Scheme 2).

Scheme 2. Solid-phase synthesis of the Fca-containing pentapep-
tide 2.

Octapeptide 3 was prepared starting from pentapeptide
2 attached to the solid support. The temporary Boc-protect-
ing group masking the α-amino group of Fca was removed
by gaseous HCl in CH2Cl2 during 1 h. The resulting ammo-
nium salt was converted by the action of 10% NEt3/CH2Cl2
into the corresponding amino species which was coupled
with Fmoc-Ala-OH, Fmoc-Gly-OH and Ac-Val-OH to give
octapeptide Ac-Val-Gly-Ala-Fca-Ala-Gly-Val-Leu-NH2 (3)
(Scheme 3). The product was cleaved from the resin by
concd. NH3 in MeOH and purified by TLC. The yields of
both compounds after TLC purification (14% for 2 and
23% for 3, respectively) were in the expected range for SPPS
procedures, given that no effort was made for optimization
in these initial experiments. The purity of both peptides 2
and 3 was confirmed by analytical HPLC (see Supporting
Information).

Scheme 3. Solid-phase synthesis of octapeptide 3 with the organo-
metallic amino acid Fca incorporated internally.

Evidence for the proposed composition of 2 and 3 was
obtained from ESI-MS where peaks at m/z = 1391.7 [2×M
+ Na]+ (2) and m/z = 876.5 [M + Na]+ (3) were observed.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4019–40214020

The 1H NMR spectra confirmed the proposed structures,
too. Due to the limited solubility of the metallocene pep-
tides, all spectra were measured in [D6]DMSO (approx.
10 m), which competes as a hydrogen-bond acceptor. First
of all, the correct number of amide proton signals confirms
the number of amino acids, i.e. six for 2 and nine for 3,
both including the C-terminal amide with the intensity of
2 H. Upon closer inspection, the 1H NMR spectrum of 2
shows two signals at δ � 8 ppm, whereas 3 has five amide
signals at δ � 8 ppm. Intermolecular hydrogen bonding is
unlikely to occur in DMSO at m concentrations. Thus,
these signals are indicative of relatively strong intramolecu-
lar hydrogen bonds between the peptide strands.[14] From
this analysis it follows for 2 that a structure similar to the
one in Scheme 1, but with a Boc group on the ferrocene
amide moiety, is stabilized by only two hydrogen bonds, one
being between Gly-NH and the Boc group carbonyl oxygen
atom. Much stronger stabilization prevails in 3, with about
five intramolecular hydrogen bonds. This situation is indeed
similar to an antiparallel β-sheet-like protein structure.

CD spectra (in DMSO) were recorded in order to further
elucidate the hydrogen bonding situation (Figure 1). The
strong Cotton effect in the CD spectrum of octapeptide 3
at about 480 nm is evidence for a chiral conformation at the
ferrocene core, similar to our results on the tetrapeptide 1.
The strong intramolecular hydrogen bonding is retained
even in DMSO, which confirms our NMR analysis above.
A positive signal, as observed for 3, correlates with a (P)-
helical arrangement as shown by Hirao[9,10] and by us.[14,17]

Compound 2 lacks one pendant peptide strand and, as ex-
plained above, the secondary structure is far less stabilized.
Consequently, the absence of a Cotton effect in the CD
spectrum of 2 may be readily explained by the lack of
strong intramolecular hydrogen bonding.

In conclusion, we have prepared and characterized two
peptides containing the organometallic amino acid Fca as
part of the backbone by SPPS, namely pentapeptide 2 and
octapeptide 3. Our method is unique because it combines
Fmoc and Boc procedures. The total decomposition of
Fmoc-Fca-Ala-Gly-Val-Leu-resin upon removal of the pro-
tecting group led us to terminate this peptide with Boc-
Fca which is a convenient intermediate either for further
elongation of the peptide chain by Fmoc-protected amino
acids to yield 3 or for its successfully cleavage from the resin
(for 2). The target molecules of previously reported SPPS
with metallocenes were: (i) bioconjugates obtained by re-
placement of one or two Phe “internal” subunits by metal-
locenylalanine or (metallocene-1,1�-diyl)bis(alanine),[18–22]

(ii) N-metallocenoyl terminated peptide sequences.[23,24] In
this paper, we show that it is possible to incorporate the
unnatural ferrocene amino acid Fca into the peptide back-
bone by SPPS. To this end, a suitable combination of Fmoc
and Boc SPPS strategies, which are usually seen as orthogo-
nal, had to be adopted. The two cyclopentadienyl rings in
ferrocene may rotate almost freely against each other. This
gives ferrocene-based turn mimetics a unique degree of
structural flexibility compared to all known organic sys-
tems. Indeed, we obtained evidence for an antiparallel β-
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Figure 1. CD spectra of 2 and 3 (1 m in DMSO).

sheet-like arrangement for the first time with an organome-
tallic turn inducer. Further work in our groups will explore
the possibilities inherent in such biomimetic organometallic
systems.[28–31]

Supporting Information (see footnote on the first page of
this article): Synthetic details and spectroscopic data includ-
ing HPLCs for compounds 2 and 3.
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A facile synthetic methodology to obtain, in one-step, ultra-
small (ca. 1 nm) and water-soluble carboxylate-terminated
platinum nanoparticles is reported. It involves visible light as
a reaction trigger and platinum acetylacetonate and thiogly-
colic acid as the only chemical reactants. These nanoparticles
are stable for weeks and can be easily transferred into or-
ganic solvents such as toluene, chloroform or dichlorometh-
ane by using the cationic surfactant tetraoctylammonium

Introduction

Metal nanoparticles are continuing to draw a great deal
of attention by interdisciplinary areas of the scientific com-
munity due to their exciting optical, electronic, magnetic
and catalytic properties.[1] Potential applications of metal
nanoparticles span indeed from molecular electronics and
optoelectronics to medicine and biology.[2] The modifica-
tion of metal nanoparticles with monolayers of thiol deriva-
tives, has been proven to be an appropriate strategy to
achieve monolayer-protected clusters which are air-stable,
isolable and dispersible in organic solvents.[3] In contrast to
the large number of reports focused on the preparation of
thiol-capped gold nanoparticles, only limited examples have
addressed the synthesis of thiol-protected platinum nano-
particles.[4–7] The interest on these hybrid nanostructures is
strongly motivated not only by their well-established cata-
lytic activity, but also by their biomedical relevance.
Furthermore, as these nanoparticles are characterized by
negligible plasmon absorption into the visible region,[8] they
represent ideal platforms for the fabrication of hybrid op-
tical nanodevices by self-assembling of functional chromo-
genic units.[9] Many practical applications necessitate plati-
num nanoparticles to be dispersible in water with preserva-
tion of their physicochemical properties over long time.[10]

In this regard, Chen and Kimura have shown simple syn-
thetic protocols to prepare water-soluble platinum nanopar-
ticles, with diameters ranging from 2.5 to 4.7 nm, capped
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bromide as the phase-transfer agent. To the best of our
knowledge, they are among the smallest water-soluble plati-
num nanoparticles prepared to date and represent the first
example of preparation of thiol-protected platinum nanopar-
ticles exclusively driven by light.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

with mercaptosuccinic acid and involving the chemical re-
duction of water-soluble platinum salts.[7]

Herein we report a facile synthetic methodology to ob-
tain ultrasmall (ca. 1 nm), water-soluble and stable plati-
num nanoparticles, implying visible light as a reaction trig-
ger and platinum acetylacetonate, Pt(acac)2, and thiogly-
colic acid (TA) as the only chemical reactants.

Results and Discussion

Differently to β-diketonate complexes with metals such
as Cu, Ni, and Pd, Pt(acac)2 undergoes photodecomposi-
tion with comparable efficiency upon irradiation with both
UV and Vis light due to the absence of low-lying d,d states
which deactivate the reactive π,π* state.[11] In hydrogen-do-
nating solvents Pt(acac)2 undergoes efficient photodegrad-
ation to yield colloidal platinum and β-diketones.[11a] The
main steps for this photoprocess are recalled in Scheme 1
for the sake of clarity. They involve the homolytic cleavage
of the metal–ligand bond followed by hydrogen abstraction
by the ligand-centered radical.

Scheme 1. General photodecomposition mechaism of Pt(acac)2 in
the presence of hydrogen donors.
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We have recently demonstrated that colloidal platinum

can also be obtained in water medium by irradiation of
Pt(acac)2 caged in a β-cyclodextrin cavity acting as suitable
host and excellent hydrogen donor.[12] Accordingly, when
Pt(acac)2 is irradiated in acetonitrile, which is not a hydro-
gen donor, the photodecomposition is negligible and does
not lead to the formation of platinum colloids. On these
grounds, we irradiated with visible light an acetonitrile solu-
tion of Pt(acac)2 in the presence of TA. The role of TA is
expected to be twofold. In fact, it is a good hydrogen donor
(the hydrogen atom bound to the sulfur atom is highly reac-
tive towards free radicals) and represents a suited capping
agent to obtain platinum nanoparticles with negatively
charged surface due to the presence of carboxylate groups.
The almost colorless solution turned yellow upon irradia-
tion. As shown in Figure 1, the disappearance of the
Pt(acac)2 absorption was accompanied by the appearance
of the typical absorption band of Hacac (see dotted spec-
trum, for comparison) and a structureless absorption ex-
tending up to the visible region, attributed to colloidal plati-
num. The quantum yield for the photochemical reaction
(see Experimental Section) was Φ = 0.02±0.005.

Figure 1. Absorption spectral changes observed upon 0, 8, 16, 40,
50 min of light irradiation of a 0.5 m acetonitrile solution of
Pt(acac)2 in the presence of 1 m TA. The dotted line shows the
absorption spectrum of Hacac in acetonitrile. The arrows indicate
the direction of the spectral evolution with time. Cell pathlength
1 mm.

A control experiment carried out with an acetonitrile
solution of Hacac provided unambiguous evidence for the
quantitative release of the ligand from Pt(acac)2 upon irra-
diation. As Hacac does not absorb the exciting light, it is
not photodecomposed during the course of the photoreac-
tion and thus, can be easily removed from the reaction mix-
ture by drying the irradiated solution under vacuum at
70 °C for 1 h. The dried sample was very soluble in water
at pH = 8 but not at pH = 2, according to the presence of
the ionizable carboxylic groups bound to the metal surface.
This pH dependence allowed the removal of the unbound
TA through few cycles of redispersion/centrifugation at pH
= 2. The absence of free TA in the supernatant was verified
by ESI-MS. At last, the precipitate was solubilized in water
at pH = 8 and the absorption spectrum was recorded. As

Eur. J. Inorg. Chem. 2006, 4022–4025 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4023

shown in Figure 2A, the spectrum obtained does not show
any detectable absorption associated to Hacac but is exclu-
sively characterized by a structureless absorption extending
into the visible region which is in full agreement with the
spectra reported in the literature for other platinum nano-
particles.[4a,7,8a,8b] High-resolution transmission electron
microscopy (HRTEM) on this sample (Figure 2B) shows
that the platinum nanoparticles are quite well dispersed and
are characterized by an average diameter of (1.0±0.3) nm.
The FFT analysis (inset Figure 2B) reveals that the nano-
particles are single crystals with fcc structure.

Figure 2. (A) Absorption spectrum in water solution at pH = 8, cell
pathlength 1 mm and (B) HRTEM micrograph of the TA-modified
platinum nanoparticles. The inset shows the FFT analysis showing
an fcc packing arrangement.

Elemental analysis conducted on the sample gave the fol-
lowing results: C 4.65, H 0.42, Na 4.48, O 6.40, Pt 74.49, S
6.33. The atomic ratio of C/H/O/S/Na is
1.94:2.15:2.05:1.01:1. This result provides evidence for the
chemisorption of TA through the mercapto termination as
well as for the existence of the carboxylate form
(C2H2O2SNa).

These colloidal nanoparticles exhibited good air stability.
Indeed, they remained dispersed in water for several weeks
with no relevant aggregation, as evidenced by the negligible
variation of the absorption spectrum and the particle size
noted after this period of aging.
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Interestingly, the monolayer-protected nanoparticles can

be easily transferred into organic solvents such as toluene,
chloroform or dichloromethane by using the cationic sur-
factant tetraoctylammonium bromide (TOAB) as the
phase-transfer agent. Figure 3A shows representative
images of the aqueous solution of the TA-modified plati-
num nanoparticles before (left) and after (right) shaking
with dichloromethane containing 0.1  TOAB. The color
change between the aqueous and organic phase clearly indi-
cates that a complete phase transfer is achieved. It is also
noteworthy that the phase transfer occurs without any ag-
gregation as suggested by the negligible variation of the sur-
face plasmon absorption after the nanoparticles transfer
into the organic phase (Figure 3B).[13] In fact, particle ag-
gregation would have led to significant broadening of the
plasmon absorption.[15] These transference experiments
provide a further confirmation that the platinum nanopar-
ticles are negatively charged due to the presence of the car-
boxylate moieties. Pure electrostatic interaction between
these functional groups and the positively charged TOAB
has indeed pointed out by Chen and Kimura in the case of
modified platinum and gold nanoparticles.[7,16]

Figure 3. (A) Photograph of the TA-modified platinum nanopar-
ticles in water at pH = 8 before (left) and after (right) shaking with
a dichloromethane solution containing 0.1  TOAB. (B) Absorp-
tion spectrum of the TA-modified platinum nanoparticles after
transferring in dichloromethane. Cell pathlength 1 mm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4022–40254024

As shown in Scheme 1, the release of the free ligand in-
volves hydrogen abstraction reaction by the ligand-centered
radical. Since the occurrence of such a process from aceto-
nitrile is, of course, out of question because thermodynami-
cally not favored, it is reasonable to conceive that the acac·

radical leads to the formation of Hacac by abstraction of
the –SH hydrogen atom, according to the high reactivity of
thiols towards free radicals.[17]

Conclusions

The photochemical methodology pictorially sketched in
Scheme 2 is very simple, and effective to produce ultrasmall,
water-soluble and stable platinum nanoparticles in a single
step. To the best of our knowledge, they are among the
smallest water-soluble platinum nanoparticles prepared to
date and represent the first example of preparation of thiol-
protected platinum nanoparticles exclusively driven by
light. The advantage offered by the light radiation as a reac-
tion trigger is twofold. Firstly, the use of visible excitation
produced by conventional lamps with moderate light inten-
sity is environmentally friendly and cheap in contrast to the
use of toxic chemicals and sophisticated laser sources. Sec-
ondly, the light radiation allows to produce a large number
of atoms homogeneously and instantaneously, exerting a
key function in the nucleation, growth and dispersion of the
nanoparticles. In view of their small sizes and the well-
known role of the carboxylic moiety in the formation of
self-assembled supramolecular architectures,[18] these car-
boxylate-terminated platinum nanoparticles might be intri-
guing candidates for potential biological applications and
building-up of two- and three-dimensional self-assembled
nanocomposite devices.

Scheme 2. Pictorial view illustrating the single-step formation of
the monolayer-protected platinum nanoparticles.

Experimental Section
All reagents were obtained from Sigma–Aldrich and used as re-
ceived. The solvents used were of analytical and spectrophotomet-
ric grade. All glassware used was immersed in piraña solution
(70:30 H2SO4/H2O2) at 70 °C for 1 h. Warning: piraña solution
should be handled with caution! Next, the glassware was rinsed with
large amounts of high-purity water and dried. Water was purified
through a Millipore Milli-Q system. Irradiation was carried out
under a continuous argon flux in a 10 mm quartz cuvette with
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3 mL capacity using a Rayonet photochemical reactor equipped
with 16 RPR lamps with an emission in the 380–480 nm range with
a maximum at 420 nm. The incident photon flux on the sample
was ca. 1016 quanta s–1. The total irradiation time was 50 min, the
concentrations of Pt(acac)2 and TA were 0.5 m and 1 m, respec-
tively. The photodecomposition quantum yield for the Pt(acac)2

complex was determined spectrophotometrically by using the fol-
lowing equation: Φ = ∆[C]V/∆tI0F, where ∆[C]/∆t is the rate of
disappearance of the platinum complex, V is the volume of the
irradiated solution, I0 is the intensity of the incident photons and
F is the fraction of the photons absorbed by the platinum complex.
Absorption spectra were recorded with a Jasco V-560 spectropho-
tometer. ESI mass spectra were recorded with an Agilent 1100
series ESI/MSD spectrometer. Experimental conditions were as fol-
lows: capillary voltage, 3.5 kV; fragmentor, 100 V; source tempera-
ture, 350 °C; drying gas, N2 (10 L/min); carrier solvent, methanol
(0.4 mL/min). HRTEM images were obtained by means of an FEG
JEM 2010F instrument with a field emission gun operating at
200 kV. The electro-optical configuration guarantees ultrahigh
spatial resolution (0.19 nm). This microscope is equipped with the
GIF (Gatan Image Filter) apparatus which allows to realize images
filtered to narrow windows of the electron energy loss spectrum.
Elemental analyses were conducted by means of standard tech-
niques.
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From the reaction of Cd(CH3COO)2·2H2O with the 1:2 con-
densate (L) of benzil dihydrazone and 2-acetylpyridine,
[CdL(CH3COO)(H2O)]PF6·3H2O (1) is isolated by adding
NH4PF6. L reacts with Cd(ClO4)2·xH2O to yield [CdL2](ClO4)2·
0.5H2O (2). The yellowish complexes 1 and 2 are charac-
terized by NMR and single-crystal X-ray diffraction. 1 is

Introduction

Many naturally occurring molecules are helical.[1] But
synthetic helical organic molecules like [n]helicenes[2] are
rare. These are achieved only through designed synthe-
sis.[3,4] Non-helical organic molecules containing suitable
hetero donor atoms can give rise to helical topology when
they bind to many metal ions because of the coordination
properties of the metal ions.[1,5,6] This has been an impor-
tant area of research in metallo-organic chemistry in recent
times. Metallo-organic helices, commonly, can be single,
double, or triple. A single helical complex may contain a
single metal ion or multiple metal ions. But for multiple
helical complexes, it seems that at least two metal ions in
combination with an at least tetradentate ligand are neces-
sary. So far, only one example of a mononuclear triple heli-
cal complex is known where the metal ion is nine-coordi-
nate LaIII and the helicand is tridentate.[7] To date there
is no example of a mononuclear double helical inorganic
complex. Herein we report such a complex. The metal ion
in our case is CdII and the ligand is a tetradentate N donor.

Results and Discussion

The ligand L we used is helical. It is a 1:2 condensate of
benzil dihydrazone and 2-acetylpyridine.[8] In the area of
inorganic helices, others have been using non-helical li-
gands. But for quite some time, we have been engaged in
generating helical topologies by using ligands which are
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[b] Department of Inorganic Chemistry, Indian Association for the
Cultivation of Science,
Calcutta 700032, India
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found to be a seven-coordinate single helical complex having
a CdIIN4O3 core and homoleptic 2 an eight-coordinate
double helical complex with a CdIIN8 core.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

themselves helical.[9,10] The helical twist in L is brought
about by the N=C(Ph)–C(Ph)=N torsion angle which is
85.9(5)° in the solid state.[11]

Reaction of Cd(CH3COO)2·2H2O with L in an equi-
molar ratio in methanol at room temperature and subse-
quent addition of a stoichiometric amount of NH4PF6 gives
[CdL(CH3COO)(H2O)]PF6·3H2O (1) in 65% yield. From
the reaction of Cd(ClO4)2·xH2O and L in an equimolar
ratio in methanol at room temperature, [CdL2](ClO4)2·
0.5H2O (2) is isolated in 20% yield. The yield of 2 increased
to 60% when the Cd/L ratio was 1:2. Both complexes 1 and
2 have a faint yellow colour.

The X-ray crystal structures of 1 and 2 have been deter-
mined. The structure of the cation of 1 is shown in Figure 1
together with the atomic numbering scheme. The metal atom
is bonded to four nitrogen atoms of the tetradentate ligand
L, two oxygen atoms of an acetate group at 2.354(9),
2.396(10) Å and a water molecule at 2.342(7) Å. The bond
lengths to the four nitrogen atoms of L are 2.390(7) Å to
N(11), 2.411(7) Å to N(18), 2.428(6) Å to N(23), and 2.405(7)
Å to N(30), thus the distances to the pyridine nitrogen atoms
are slightly shorter. The conformation of the ligand is de-
scribed by the N=C(Ph)–C(Ph)=N torsion angle which is
75.4(1)°. The geometry of the coordination sphere can be de-
scribed as a capped trigonal prism with the water molecule
O(100) capping the face of N(11), N(23), N(30), and O(52)
but this is severely distorted by the small bite of the acetate
group. The Cd atom in 1 is seven-coordinate; but in the
homoleptic complex 2, its coordination sphere expands to
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eight to accommodate two ligands. The structure of the cat-
ion of 2 is shown in Figure 2 together with the atomic num-
bering scheme. The geometry is a distorted dodecahedron in
which the pyridine nitrogen atoms N(11), N(30), N(41),
N(60) form one plane (r.m.s. deviation 0.01 Å) and the acyclic
nitrogen atoms N(18), N(23), N(48), N(53) (r.m.s. deviation
0.30 Å) the other plane, the two planes intersecting at 85.8°.
In this structure there is a much greater variation in Cd–N
bond lengths, no doubt because of steric crowding in the
metal coordination sphere. For one of the ligands, distances
are Cd(1)–N(11) 2.422(4), Cd(1)–N(18) 2.504(4), Cd(1)–
N(223) 2.495(4), and Cd(1)–N(30) 2.414(4) Å showing a regu-
lar pattern in which the bonds to the acyclic nitrogen atoms
are longer than the bonds to the pyridine nitrogen atoms.
However, the distances to the other ligand are more irregular
with Cd(1)–N(41) 2.506(4), Cd(1)–N(48) 2.596(4), Cd(1)–
N(53) 2.513(4), and Cd(1)–N(60) 2.460(4) Å. The conforma-
tions of the ligands are the same as that found in 1; the
N=C(Ph)–C(Ph)=N torsion angle in the two independent li-
gand moieties are 73.6 and 77.7 °, respectively. Complexes 1
and 2 contain seven-membered chelate ring(s).

Figure 1. The structure of the cation in 1 with ellipsoids at 25%
probability. The hydrogen atoms on the water molecule were not
located. Selected bond lengths [Å] and angles [°]: Cd1–O100
2.342(7), Cd1–O51 2.354(9), Cd1–N11 2.390(7), Cd1–O52
2.396(10), Cd1–N30 2.405(7), Cd1–N18 2.411(7), Cd1–N23
2.428(6); O100–Cd1–O51 144.9(4), O100–Cd1–N11 88.4(3), O51–
Cd1–N11 93.2(3), O100–Cd1–O52 90.7(5), O51–Cd1–O52 54.9(5),
N11–Cd1–O52 83.6(3), O100–Cd1–N30 85.2(3), O51–Cd1–N30
85.3(3), N11–Cd1–N30 166.5(3), O52–Cd1–N30 84.6(3), O100–
Cd1–N18 126.9(3), O51–Cd1–N18 85.0(4), N11–Cd1–N18 66.5(2),
O52–Cd1–N18 128.7(4), N30–Cd1–N18 126.6(2), O100–Cd1–N23
81.6(3), O51–Cd1–N23 125.0(4), N11–Cd1–N23 123.0(2), O52–
Cd1–N23 151.7(3), N30–Cd1–N23 67.8(3), N18–Cd1–N23 75.8(2).

The topologies of the complexes 1 and 2 are helical
which can be discerned better from their space-filling mod-
els shown in Figure 3. Complex 1 is a mononuclear single
helix. Many examples of such mononuclear single helices
are known,[5,6] but very few with Cd.[12,13] Complex 2 is a
mononuclear double helical complex which is unprece-
dented in its coordination chemistry. Though similar experi-
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Figure 2. The structure of the cation in 2 with ellipsoids at 25%
probability. Selected bond lengths [Å] and angles [°]: Cd1–N11
2.422(4), Cd1–N18 2.504(4), Cd1–N23 2.495(4), Cd1–N30
2.414(4), Cd1–N41 2.506(4), Cd1–N48 2.596(4), Cd1–N53
2.513(4), Cd1–N60 2.460(4); N30–Cd1–N11 160.2(1), N30–Cd1–
N60 79.1(1), N11–Cd1–N60 120.7(1), N30–Cd1–N23 66.9(1),
N11–Cd1–N23 108.8(1), N60–Cd1–N23 93.7(1), N30–Cd1–N18
127.2(1), N11–Cd1–N18 64.7(1), N60–Cd1–N18 73.1(1), N23–
Cd1–N18 71.1(1), N30–Cd1–N41 80.3(1), N11–Cd1–N41 79.9(1),
N60–Cd1–N41 159.4(1), N23–Cd1–N41 77.0(1), N18–Cd1–N41
119.6(1), N30–Cd1–N53 118.9(1), N11–Cd1–N53 73.9(1), N60–
Cd1–N53 64.7(1), N23–Cd1–N53 153.9(1), N18–Cd1–N53 88.0(1),
N41–Cd1–N53 128.1(1), N30–Cd1–N48 78.5(1), N11–Cd1–N48
92.4(1), N60–Cd1–N48 112.5(1), N23–Cd1–N48 131.5(1), N18–
Cd1–N48 153.9(1), N41–Cd1–N48 64.1(1), N53–Cd1–N48 73.0(1).

mental conditions were used for obtaining complexes 1 and
2, their compositions are different. We believe this differ-
ence is due to the difference in the coordinating ability of
the anions. Since acetate is much more coordinating in na-
ture than perchlorate, the presence of acetate gives rise to a
heteroleptic complex such as 1. At present we are engaged
in studying the effect of the anion on the nature of the prod-
uct of our synthetic method. Starting with Cd(NO3)2·4H2O,
it seems that we obtain a single helical complex of composi-
tion CdL(NO3)2·H2O.

Figure 3. Space-filling models of the cations in 1 (a) and 2 (b)
showing the helical nature of the complexes. The methyl and phenyl
groups, and H atoms are removed for clarity. Code: (a) C, dark
grey; N, black; O, light grey; Cd, white; (b) in one of the ligand
strands C is dark grey and in the other light grey, the others are
the same as in (a).

Since compounds 1 and 2 are helical, enantiomers are
expected. Complex 1 crystallises in the non-centrosymmet-
ric space group Cc and twinned refinement gave no evi-
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dence for a twin being present, so the structure can be con-
sidered as non-racemic in the individual single crystals. On
the other hand, complex 2 crystallises in the centrosymmet-
ric space group Pbca and therefore represents a racemic
mixture in the solid state.

Bidentate ligands cannot afford a mononuclear helix.
However, they can form at least dinuclear helicates by
bridging two metal ions.[14] From the example of the LaIII

compound of Renaud et al.,[7] it is clear that, to generate a
mononuclear helical metal complex, the minimum denticity
of the helicand (ligand) has to be three. Now, with some
imagination it can be realized that with a six-coordinate
metal ion, which can give rise to an octahedral geometry, a
tridentate ligand will never yield a mononuclear double he-
lix. This is the reason why so far a mononuclear double
helical complex has never been found with a six-coordinate
metal ion. So the next choice is a tetradentate ligand with
an eight-coordinate metal ion. Both the conditions are ful-
filled in complex 2.

Experimental Section
General: L was synthesised as reported earlier.[8] Microanalyses
were performed with a Perkin–Elmer 2400II elemental analyser.
FT-IR spectra (KBr) were recorded with a Shimadzu FTIR-8400S
spectrometer, UV/Vis spectra in CH2Cl2 with a Shimadzu UV-160A
spectrophotometer and 300 MHz NMR spectra in CD2Cl2 (refer-
ence: TMS) with a Bruker DPX300 spectrometer.

Synthesis of [CdL(CH3COO)(H2O)]PF6·3H2O (1): Cd(CH3COO)2·
2H2O (0.13 g, 0.5 mmol), dissolved in methanol (5 mL), was added
to a methanolic (20 mL) solution of the ligand L (0.22 g,
0.5 mmol), synthesised by a procedure previously published.[8] Af-
ter stirring the resulting light-yellow solution for 30 min, a meth-
anolic solution (5 mL) of NH4PF6 (0.84 g, 0.5 mmol) was added
and the mixture left for the solvent to evaporate. When the volume
was ca. 5 mL, the deposited yellow crystals were filtered off and
found to be suitable for X-ray diffraction. Yield: 0.27 g (65%).
C30H35CdF6N6O6P (833.01): calcd. C 43.23, H 4.24, N 10.09;
found C 43.33, H 4.12, N 10.19. FTIR (KBr): ν̃ = 839 (vs) [ν(PF6)]
cm–1. UV/Vis: λmax (εmax) = 219 (6.2·104), 265 (2.5·104), 310
(2.8·104 –1 cm–1) nm. 1H NMR: δ = 2.03 (s, methyl of acetate),
2.51 (s, methyl of L), 7.11–8.01 (aromatic protons) ppm.

Synthesis of [CdL2](ClO4)2·0.5H2O (2): Cd(ClO4)2·xH2O (0.15 g,
0.5 mmol), dissolved in methanol (5 mL), was added to a meth-
anolic (35 mL) solution of L (0.44 g, 1 mmol) and the mixture
stirred for 2 h (a white crystalline compound started appearing
within 15 min). Then the precipitate was filtered, washed with pe-
troleum ether (5 mL) and dried in air. Yield: 0.36 g (60%). Single
crystals were grown by direct diffusion of n-hexane into a moder-
ately concentrated solution of the complex in dichloromethane.
C56H49CdCl2N12O8.5 (1208.36): calcd. C 55.29, H 4.08, N 13.52;
found C 55.41, H 4.12, N 13.78. FTIR (KBr): ν̃ = 1089 (vs), 623
(s) [ν(ClO4)] cm–1. UV/Vis: λmax (εmax) = 265 (8.6·104), 305
(8.8·104 –1 cm–1) nm. 1H NMR: δ = 2.52 (s, methyl protons), 7.12–
8.03 (aromatic protons) ppm.

X-ray Crystallography: Crystal Data for 1: C30H35CdF6N6O6P, M =
833.01, monoclinic, space group Cc, Z = 4, a = 19.74(2), b =
11.304(14), c = 17.277(19) Å, β = 100.59(1)°, V = 3790(8) Å3, dcalcd.

= 1.460 gcm–3. Crystal data for 2: C56H48 Cd Cl2 N12 O8.50, M =
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1208.36, orthorhombic, space group Pbca, Z = 8, a = 16.2318(7),
b = 21.0442(10), c = 32.2236(14) Å, V = 11007(1) Å3, dcalcd. =
1.458 gcm–3. Data for 1 were collected with a Marresearch Image
Plate system at 293 K using Mo-Kα radiation. The crystal was posi-
tioned at 70 mm from the Image Plate. 95 frames were measured at
2° intervals with a counting time of 2 min. Data reduction was car-
ried out using the XDS program[15] to give 5256 independent reflec-
tions. Data for 2 were collected with an Oxford Instruments X-Cali-
bur CCD system at 150 K using Mo-Kα radiation. The crystal was
positioned at 50 mm from the CCD. 321 frames were measured with
a counting time of 10 s. Data reduction was carried out using the
Crysalis program[16] to give 16192 independent reflections. Both
structures were solved using Shelxs97.[17] The non-hydrogen atoms
were refined with anisotropic thermal parameters. The hydrogen
atoms bonded to carbon atoms were included in geometric positions
and given thermal parameters equivalent to 1.2 times those of the
atom to which they are attached. Absorption corrections were car-
ried out using the DIFABS program[18] for 1 and the ABSPACK
program[19] for 2. The structures were refined on F2 using Shelxl97
to give R1 = 0.0525, wR2 = 0.1382 (for 1) and R1 = 0.0964, wR2 =
0.1239 (for 2) using 4786 (for 1) and 9503 (for 2) reflections with
I�2σ(I). CCDC-611911 (for 1) and -611912 (for 2) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Various heterodimetallic (gallium-lanthanide) compounds
have been prepared by the reaction of LGa(Me)OH (2) with
Cp3Ln. Thus, the adducts LGa(Me)HO�LnCp3 (Ln = Sm, 3;
Nd, 4; Yb, 5) were obtained and characterized by IR spec-

Introduction

Due to our long-standing interest in the syntheses of mo-
lecular main group hydroxides, we have successfully as-
sembled several novel hydroxido complexes.[1–4] Among
these, soluble group 13 hydroxides of aluminum[5] are of
special interest in view of their utilization in the syntheses
of alumoxanes[6] and other heterodimetallic compounds of
potential applications.[7–10] The toluene/liquid ammonia
two-phase hydrolysis[5] or the hydrolysis in the presence of
N-heterocyclic carbenes, as an HCl scavenger,[8] are genuine
routes to prepare these molecules. According to the latter
method, we have assembled the methylgallium hydroxide
(Scheme 1) and have also utilized it as a synthon to prepare
new heterodimetallic compounds. Thus, the reaction of the
gallium hydroxide LGa(Me)OH (2) with Cp2ZrMe2 gave

Scheme 2.
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troscopy and elemental analyses. The single-crystal X-ray
structures of 3 and 4 are also reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the Ga–Zr mixed oxide LGa(Me)–O–Zr(Me)Cp2.[11] Also,
the reaction of LAl(Me)OH (1) with Cp3Ln (Ln = Yb, Er,
Dy) led to the formation of various aluminum–lanthanide
mixed oxides (Scheme 2).[9]

Scheme 1.

This new area of research that combines both main
group and lanthanide elements to constitute a novel class

of heterodimetallic species started with the work of Mehro-
tra and co-workers who reported in the late 1970s the iso-
propoxides of gallium and lanthanides (La, Pr, Nd, Sm, Gd,
Ho and Er), [Ln{Ga(OiPr)4}3], by the reaction of either
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lanthanide chlorides with potassium gallium isopropoxides
or by the reaction of lanthanide isopropoxides with gallium
isopropoxides.[12,13] However, none of these compounds
were structurally characterized and to the best of our
knowledge there has been no other attempt to prepare
mixed metal oxides or hydroxides of gallium with lantha-
nide atoms. It is to be noted that heterodimetallic com-
pounds containing aluminum and lanthanides are well
known but the corresponding gallium compounds are very
rare. Our main aim in this area is to prepare mixed metal
gallium–lanthanide compounds connected by an oxygen
atom. Therefore, we report herein the synthesis and struc-
tural characterization of various Ga–Ln metal hydroxides
by the reaction of LGa(Me)OH with Cp3Ln (Ln = Sm, Nd,
Yb). Moreover, the reactivity of LGa(Me)OH is also com-
pared with its aluminum analogue LAl(Me)OH.

Results and Discussion

Reaction of LGa(Me)OH (2) with 1 equiv. of Cp3Ln was
carried out in toluene at room temperature to afford the
adducts LGa(Me)(µ-OH)LnCp3 (Ln = Sm, 3; Nd, 4; Yb, 5)
(Scheme 3) in good yields. Compounds 3 and 5 are stable
yellow solids and 3 melts at 275 °C whereas 5 melts with
decomposition at 275 °C. Compound 4 is a blue-green solid
that melts with decomposition at 254 °C. As observed in
the IR spectrum of the adducts 3, 4 and 5, elimination of
CpH did not occur and the (µ-OH) stretching frequency
was observed at 3592, 3591, and 3609 cm–1 respectively.
These frequencies are redshifted when compared to that of
LGa(Me)OH (2) observed at 3676 cm–1, which also con-
firms that the hydroxide group bridges between the Ga and
Ln atom. This is in contrast to the reaction of the corre-
sponding aluminum hydroxide LAl(Me)OH (1) with Cp3Ln
where the elimination of CpH occurred (Scheme 2). This
indicates that the proton of LGa(Me)OH (2) is less acidic
than that of LAl(Me)OH (1).[9]

Scheme 3.

Single crystals of 3 and 4 were obtained from a toluene
solution. Figures 1 and 2 show the structures of 3 and 4,
respectively. Both 3 and 4 are isomorphous and crystallize
in the monoclinic space group P21/m with half of a mole-
cule in the asymmetric unit. The lanthanide ions possess a
pseudotetrahedral geometry surrounded by three cyclopen-
tadienyl rings and an oxygen atom. The Ga atom forms
a distorted tetrahedron with two nitrogen atoms of the β-
diketiminato ligand, one carbon atom of the methyl group
and an oxygen atom of the hydroxy bridge. The hydrogen
atom of the bridging hydroxido group [O(1)] in compound
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3 cannot be located in the electron density map, probably
due to the refinement against non-merohedrally twinned
data. However, its presence was confirmed by the infrared
spectrum and also due to the presence of three cyclopen-
tadienyl rings connected to the samarium atom.

Figure 1. Molecular structure of LGa(Me)(µ-OH)SmCp3 (3). Ther-
mal ellipsoids are shown at 50% probabilities. Hydrogen atoms are
omitted for clarity.

Figure 2. Molecular structure of LGa(Me)(µ-OH)NdCp3 (4). Ther-
mal ellipsoids are shown at 50% probabilities. Hydrogen atoms (ex-
cept that at the oxygen atom) are omitted for clarity.

The Ga(1)–O(1) bond in compounds 3 [1.862(7) Å] and
4 [1.851(3) Å] is longer than that found in LGa(Me)OH
[1.831(1) Å]. This elongation is expected due to coordina-
tion of the hydroxy group to the other metal atoms in 3
and 4. The Sm(1)–O(1) bond of 2.465(7) Å is significantly
shorter than that of the corresponding aluminum com-
pound LAl(Me)(µ-OH)SmCp3 [2.500(4) Å][9] but longer
than that of [Cp*2Sm(µ-O2CSPh)]2 [2.328(2) Å].[14] The
Nd(1)–O(1) bond of 2.479(3) Å is longer than the bridging
Nd–O bond in Nd5O(OiPr)13 [2.304(12)–2.345(11) Å] and
significantly longer than the terminal Nd–O bonds
[2.082(11)–2.123(11) Å].[15] The Ga(1)–O(1)–Sm(1)/Nd(1)
core is bent with an angle of 149.3(4)° (3)/149.7(2)° (4)
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which is comparable to that of LAl(Me)(µ-OH)SmCp3

[151.9(2)°] (Table 1).

Table 1. Selected bond lengths [Å] and angles [°] of 3 and 4.

3 4

Ga(1)–C(10) 1.971(2) Ga(1)–C(10) 1.961(5)
Ga(1)–O(1) 1.862(7) Ga(1)–O(1) 1.851(3)
Ga(1)–N(2) 1.963(7) Ga(1)–N(1) 1.956(3)
Sm(1)–O(1) 2.465(7) Nd(1)–O(1) 2.479(3)
Ga(1)–O(1)–Sm(1) 149.3(4) Ga(1)–O(1)–Nd(1) 149.7(2)
O(1)–Ga(1)–N(2) 108.1(2) O(1)–Ga(1)–N(1) 108.4(2)
N(2A)–Ga(1)–N(2) 95.4(4) N(1)–Ga(1)–N(1A) 95.68(2)
N(2)–Ga(1)–C(10) 114.0(3) N(1)–Ga(1)–C(10) 114.1(2)

Conclusion

We have attempted to synthesize heterodimetallic com-
pounds containing gallium and lanthanide elements. The
adducts thus obtained represent rare examples for such a
system. We anticipate that further reaction of LGa(Me)OH
with other suitable lanthanide precursors may allow the for-
mation of heterodimetallic gallium–lanthanide oxides. Such
studies are underway in our laboratory.

Experimental Section
General: All manipulations were performed under dry and oxygen-
free N2 or Ar using Schlenk-line and glove-box techniques. Sol-
vents were purified according to conventional procedures and were
freshly distilled prior to use. LGa(Me)OH,[11] Cp3Yb,[16] and
Cp3Nd[16] were synthesized according to literature procedures.

Table 2. Crystallographic data for the structural analyses of compounds 3 and 4.

Compound 3 4

Empirical formula C45H60GaN2OSm C45H60GaN2NdO
Formula mass 865.01 858.91
T [K] 100(2) 100(2)
Crystal system monoclinic monoclinic
Space group P21/m P21/m
a [Å] 10.219(2) 10.223(3)
b [Å] 19.616(3) 19.588(3)
c [Å] 10.586(2) 10.594(2)
β [°] 109.23(3) 109.26(2)
V [Å3] 2003.6(6) 2002.7(6)
Z 2 2
D(calcd.) [g·cm–3] 1.434(2) 1.424(2)
µ(Cu-Kα) [mm–1] 11.971 10.858
F(000) 890 886
θ range [°] 4.42 to 59.05 4.42 to 58.98
Index range –11�h�10 –11�h�10

0�k�21 0�k�21
0� l�11 0� l�11

Reflections collected 18619 18407
Independent reflections 2951 3414
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Data/restraints/parameters 2951/0/241 3414/2/248
R1, wR2 [I�2σ(I)][a] 0.0521, 0.1192 0.0234, 0.0591
R1, wR2 (all data)[a] 0.0528, 0.1197 0.0236, 0.0592
S 1.077 1.147
∆ρ(min), ∆ρ(max) [e·Å3] 1.141, –1.077 0.651, –0.414

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. wR2 = [Σw(|Fo
2| – |Fc

2|)2/Σw|Fo
2|2]1/2.
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Cp3Sm was purchased from Aldrich and used without further puri-
fication.

Synthesis of LGa(Me)(µ-OH)SmCp3 (3): Toluene (40 mL) was
added to a mixture of LGa(Me)OH (0.52 g, 1.00 mmol) and Cp3Sm
(0.35 g, 1.00 mmol) at room temperature. The mixture was stirred
overnight when the color of the mixture slowly turned to yellow
from orange. After removal of all volatiles in vacuo, toluene
(60 mL) was added and the mixture was heated to 80 °C and fil-
tered while hot. The clear yellow filtrate was kept at room tempera-
ture to afford yellow crystals of 3 (0.58 g), another crop of yellow
crystals was obtained from the mother liquor (0.17 g). Total crystal
yield (0.75 g, 87%). M.p. 275 °C. C45H60GaN2OSm (865.05): calcd.
C 62.48, H 6.99, N 3.24; found C 62.17, H 6.80, N 3.22. EI-MS:
m/z (%) = 504 (72) [M+ – Me – Cp3Sm]. IR (Nujol): ν̃ = 3592,
1521, 1442, 1384, 1311, 1255, 1204, 1176, 1105, 1013, 967, 941,
867, 801, 772, 755, 725, 587, 557, 442 cm–1.

Synthesis of LGa(Me)(µ-OH)NdCp3 (4): Toluene (45 mL) was
added to a mixture of LGa(Me)OH (0.26 g, 0.50 mmol) and Cp3Nd
(0.17 g, 0.50 mmol) at room temperature. The mixture was stirred
overnight when the color of the mixture slowly turned to light blue-
green. After removal of all volatiles in vacuo, toluene (40 mL) was
added to the residue. The mixture was heated to 90 °C and filtered
while hot. The clear light blue-green filtrate was kept at room tem-
perature to afford greenish crystals of 4. Crystal yield (0.38 g,
88%). M.p. 254 °C (decomp.). C45H60GaN2NdO (858.93): calcd. C
62.92, H 7.04, N 3.26; found C 62.69, H 7.13, N 3.22. EI-MS: m/z
(%) = 792 (2) [M+ – CpH], 503 (24) [M+ – Me – Cp3Nd]. IR (Nu-
jol): ν̃ = 3591, 1553, 1521, 1463, 1440, 1378, 1311, 1258, 1204, 1177,
1106, 963, 942, 868, 801, 784, 770, 953, 725, 587, 557, 442 cm–1.

Synthesis of LGa(Me)(µ-OH)YbCp3 (5): Toluene (40 mL) was
added to a mixture of LGa(Me)OH (0.26 g, 0.50 mmol) and Cp3Yb
(0.18 g, 0.50 mmol) at room temperature. The mixture was stirred
overnight when the color of the mixture slowly turned to orange-
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yellow from green. After removal of all volatiles in vacuo, toluene
(45 mL) was added and the mixture was heated to 90 °C and fil-
tered while hot. The clear orange-yellow filtrate was kept at room
temperature to afford yellow crystals of 5. Crystal yield (0.37 g,
91%). M.p. 275 °C (decomp.). C45H60GaN2OYb (887.73): calcd. C
60.88, H 6.81, N 3.16; found C 60.79, H 6.86, N 3.20. EI-MS: m/z
(%) = 726 (50) [M+ – 2 Cp – 2 Me], 711 (60) [M+ – 2 Cp – 3 Me].
IR (Nujol): ν̃ = 3609, 1552, 1524, 1440, 1398, 1315, 1261, 1177,
1106, 1015, 940, 832, 817, 797, 760, 643, 555, 444 cm–1.

X-ray Structure Determination of 3 and 4: A suitable crystal of 3
and 4 was mounted on a glass fibre and coated with paraffin oil.
Data for 3 and 4 were obtained with a Bruker three-circle dif-
fractometer equipped with a SMART 6000 CCD detector using
mirror-monochromated Cu-Kα radiation (λ = 1.54178 Å). Data of
both structures were non-merohedrally twinned. The twin opera-
tion in both cases is a twofold axis along the reciprocal axis 001.
The fractional contribution of the minor domain refined to
0.475(2) (3) and 0.495(1) (4). The structures were solved by direct
methods using SHELXS-97[17] and refined against F2 on all data
by full-matrix least squares with SHELXL-97.[18] All non-hydrogen
atoms were refined anisotropically. Atom scattering factors (includ-
ing anomalous scattering) were taken from the “International
Tables for X-ray Crystallography”.[19] Hydrogen atoms connected
to carbon atoms were included at geometrically calculated posi-
tions and refined using a riding model. The hydrogen atom of the
OH group could be located in 4 in the electron density map and
was refined with distance restraints (Table 2). CCDC-614180 (3)
and -614181 (4) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The reaction of Dm (D = Me2SiO, m = 3–6) with silver hexa-
fluoroantimonate in liquid SO2 affords a mixture of
AgDnSbF6 (n = 6–8) complexes. Upon the addition of CH3CN,
Ag+-directed ring transformations are effected, which allows
for the isolation of neat Dn (n = 6–8). The AgDn

+ cations are
rare examples of Lewis acid donor complexes of silicon

We recently reported the preparation of Li+-cyclodimeth-
ylsiloxane host–guest cations directly from their compo-
nents[1] and provided rare examples of silicon ethers behav-
ing as Lewis bases as shown in Equation (1). Their struc-
tures imply that cyclodimethylsiloxanes (D5 and D6, D =
Me2SiO) act as pseudo crown ethers. Apart from alkali
metal cations (Li+ and K+[2]) with large anions, no other
examples of a metal-cation–siloxane adduct have been re-
ported. Metal-cation–siloxane salt formation is favored by
large anions, which minimizes the unfavorable lattice-energy
changes. Therefore, the question as to whether the forma-
tion of the complexes could be extended to the use of com-
mercially available salts with smaller anions as the starting
materials remains. The Ag+ cation is regarded as a soft
Lewis acid[3] and has a low affinity to oxygen donor li-
gands.[4] Nevertheless, we report below the first examples of
the transition-metal-cation–siloxane SbF6

– salts of AgDn
+

(n = 6–8) formed by the reactions of Dm (m = 3–6) with
AgSbF6 in liquid SO2. Unlike the Li[Al] case, transforma-
tion of the siloxane rings occur with Ag+ acting as a tem-
plate for the formation of the most thermodynamically
stable metal-cation–cyclodimethylsiloxane complex. The
formation of macrocyclic ethers by the reaction of AgAsF6

with (CH2O)3 or ethylene oxide was described by Roesky
and his coworkers.[5] However, no similar ring transforma-
tion reactions of cyclodimethylsiloxanes under mild condi-
tions have been previously reported.[6] Ring-opening poly-
merization of Dm (m = 3–6) has been widely investigated,
and these results are also of interest in this context.
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ethers and Ag+ oxygen donor complexes, and their isolation
implies that numerous metal cation cyclosiloxanes can be
prepared from readily available starting materials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(1)

The reaction of excess AgSbF6 with D5 (1.4:1) in liquid
SO2 affords a colorless, highly hygroscopic solubilized prod-
uct. When a saturated SO2 solution of the product is co-
oled, a colorless crystalline material is afforded. Several sin-
gle-crystals were identified by X-ray diffraction analysis as
AgD7SbF6. However, the mass spectrum of the material
showed fragments which can be attributed to (D6 – Me)+

and (D7 – Me)+. This implies that the crystalline material
was a mixture of AgD7SbF6 and AgD6SbF6. Addition of a
large excess of CH3CN to the solubilized product led to a
two-phase liquid. GC–MS analysis of the upper oily phase
showed three main components: D6, D7 (3.4:1), and D8

(Figure 1). The amount of D8 present in the sample was
very small in comparison with that of D6 and D7 (Fig-
ure 1c),[7] but its presence implies that a small amount of
AgD8SbF6 was part of the mixture. The composition of the
product was further confirmed by in situ 29Si{1H} NMR
(Figure 1a) of the reaction of AgSbF6 with D5 (1.5:1).
Three peaks (–13.585 [AgD7

+], –14.187 [AgD6
+],

–12.83 ppm [AgD8
+]) in a molar ratio of AgD7

+/AgD6
+/

AgD8
+ = 3.7:1:0.2 were found in the spectrum, which is

consistent with the GC results (D7/D6 = 3.4:1). The change
in the intensity of the peaks in the 29Si{1H} NMR spectrum
with temperature implies that an equilibrium in liquid SO2

exists: 2AgD7
+ i AgD6

+ + AgD8
+ (Supporting Infor-

mation, Figure S2.3). The 29Si{1H} NMR spectrum (in SO2,
Figure 1b) of the solution obtained after the addition of an
excess amount of CH3CN showed D7 (–23.09 ppm) and D6
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(–22.42 ppm) with traces of D4 (–20.67 ppm) and D5

(–21.89 ppm).[8] The reaction of AgSbF6 with D5 leads to
the ring transformation of D5 to D6, and D7 can be ex-
pressed as shown in Scheme 1. The separate reactions of
excess AgSbF6 with D3, D4, and D6 gave similar results
(Supporting Information, Figure S2.4). Thus, these AgDn

+

(n = 6–8) cations are intermediates in cyclosiloxane ring
transformations. The AgDnSbF6 complexes slowly decom-
pose in SO2 solutions to afford Me2SiF2, (MeFSi)2O, Me2Si-
FOMe2SiOSiFMe2, and (Me2SiFOMe2SiF)2O (Supporting
Information, Figure S2.5).[9]

Figure 1. a) In situ 29Si{1H} NMR spectrum of the reaction of
AgSbF6 + D5 (1.5:1) in liquid SO2; b) in situ 29Si{1H} NMR spec-
trum after the addition of excess CH3CN into the AgSbF6 + D5

(1.5:1) mixture in liquid SO2; c) GC of the oily phase upon the
addition of CH3CN onto the solid product of the AgSbF6 + D5

(1.4:1) mixture in liquid SO2 (The peak marked with * is due to an
unidentified siloxane chain or rearranged siloxane ring).

Scheme 1.

The solid-state structure[10] of AgD7SbF6 (Figure 2)
shows discrete AgD7

+ cations and SbF6
– anions connected

by four weak Ag–F contacts {4×[2.785(2) Å, 0.070 v.u.]}[11]

which forms a chain along the c-axis (Figure 2c). The Ag
atom coordinates with five oxygen atoms from D7; three of
these interactions are strong {Ag–O1 2.489(2) Å, 0.174 v.u.;
2× [Ag–O4 2.553(1) Å, 0.146 v.u.]} in comparison with the
Ag–O distances in [(CH2O)6Ag2]2+ and Ag(12-crown-4)2

+

{6× [2.458(5) Å, 0.188 v.u.] and 8×[2.57(1) Å, 0.137 v.u.]}.
Two of the Ag–O2 contacts are weak {2×[2.811(1) Å, 0.073
v.u.]}. There are no significant contacts between the Ag and
the O3 atoms {2×[3.601(1) Å, 0.0086 v. u.]}. The sum of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4033–40364034

the bond valences (0.909 v.u.) of all the Ag–O contacts
[0.174 + (0.146×2) + (0.073×2) + (0.0086×2) = 0.629 v.u.]
and the Ag–F contacts (0.070×4 = 0.280 v.u.) correspond
to one positive charge on Ag. The Si7O7 framework and the
Ag atom are approximately planar, and the AgD7

+ has an
overall crystallographic C2v symmetry.[12] This is different
from the approximate D7h symmetry found for KD7

+ where
K+ is coplanar with the ring and interacts with all seven
oxygen atoms of the cyclosiloxane ring. Near-planar pen-
tadentate silver(I) complexes have been reported,[13] but this
coordination mode is not common for silver(I) complexes.
These complexes usually adopt a linear or octahedral coor-
dination geometry.[4] The oxygen atoms that are not bonded
to silver have Si–O bond lengths of 1.608 (2) Å (average),
which is significantly shorter than the Si–O bond lengths
for the oxygen atoms [1.636(1) Å, average] that are bonded
to silver. This is similar to the situation for LiD6

+. The
average Si–O–Si angle at the coordinated O atoms,
144.1(1)°, is much smaller than that at the noncoordinated
O atoms, 166.9(1)°. To the best of our knowledge, this Si–
O–Si angle [166.9(1)°] is the largest reported among the Si–
O–Si angles in cyclodimethylsiloxane. The nature of the
bonding in AgD7

+ is likely similar to that previously de-
scribed in LiD6

+, the differences are currently under investi-
gation.

Some of the steps in a tentative Ag+-directed ring trans-
formation process are shown in Scheme 2. Coordination of
Ag+ to Dm lengthens and weakens the Si–O bond and in-
duces a higher positive charge on silicon. Abstraction of
F– from SbF6

– [fluoride ion affinity of SbF5 (g) = 514 or
503 kJ·mol–1][14] is therefore promoted and is driven by the
formation of the Si–F bond (bond enthalpy of Si–F =
582 kJ·mol–1),[15] which leads to the formation of the FSi-
Me2(OSiMe2)m–2OSiMe2O– anion. This anion can react
further with Dm or AgDn

+, which can lead to larger chain
anions. These chain anions can then attack the silicon
atoms to afford the most thermodynamically favored
AgDn

+ species (e.g. AgD7
+ is more stable than AgD6

+

[Ag+ (g) + 1.4 D5 (g) � AgD7
+ (g), ∆H = –439 kJ·mol–1;

Ag+ (g) + 1.2 D5 (g) � AgD6
+ (g), ∆H = –414 kJ·mol–1].[16]

The changes in the intensities of the AgDn
+ (n = 6–8) sig-

nals with temperature in the 29Si{1H} NMR spectra (Sup-
porting Information, Figure S2.3) imply that the system is
in thermodynamic equilibrium. A cation-induced ring-
opening mechanism has been established for base-initiated
cyclodimethylsiloxane ring-opening polymerization. Alkali
metal cyclodimethylsiloxane adducts are proposed as the in-
termediates; the mechanism is supported by the structure
of AgD7

+ and the detection of AgDn
+ (n = 6–8) in this

study.
This work implies that numerous salts of metal cyclodi-

methylsiloxane complexes can be prepared from commer-
cially available starting materials. Cyclosiloxanes are be-
lieved to act as pseudo crown ethers. The work also suggests
that other polycyclosiloxanes may be prepared if the metal
cation is tailored in size. The size and nature of the anion,
along with related ring transformations (e.g. cyclophos-
phazenes), may also be affected by AgSbF6 or related salts.
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Figure 2. a) A top-view of AgD7
+(bond length [Å], bond angle [°]); b) a side-view of AgD7

+; c) a view of AgD7SbF6 along the c-axis
(bond valences were unlined and hydrogen atoms were omitted for clarity).

Scheme 2.

Experimental Section

Reaction of AgSbF6 with D5 (mole ratio AgSbF6/D5 = 1.4:1) To
Afford Single-Crystals of AgD7SbF6: AgSbF6 (1.237 g, 3.6 mmol)
in one tube (OD 1.5 cm) of a two-tube (Pyrex), two-valve (Teflon
in glass) vessel with an incorporated medium frit was treated with
(Me2SiO)5 (1 mL, 2.58 mmol). The vessel was cooled in liquid N2

and degassed. SO2 (7 mL) was distilled onto the mixture, and the
reaction was warmed to room temperature. A small amount of col-
orless precipitate was then observed over a clear solution. This mix-
ture was stirred overnight at 5 °C and then filtered. Removal of the
volatiles afforded a colorless solubilized product (1.863 g) and a
very small amount of colorless insoluble product. Insoluble prod-
uct: IR (KBr, Nujol Mull, room temp.): ν̃ = 3488 (wb), 2921 (s),
1613 (w), 1458 (s), 1377 (s), 1264 (s), 1061 (sb), 897 (s), 809 (s), 667

Eur. J. Inorg. Chem. 2006, 4033–4036 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4035

(s), 632 (m), 476 (m) cm–1. Scanning electron microscopy-energy
dispersive angle X-ray (SEM-EDAX) analysis showed that the in-
soluble product probably contained SiO2, Sb2O3, SbF3·SbF5, and
AgF. The solubilized product that was obtained in similar reactions
was used in the following workups: i) Crystallization: SO2 (about
8 g) was added to the solubilized products (1.65 g) in a two-tube
vessel. The resulting solution was concentrated until saturation and
then cooled to 5 °C overnight, to afford a colorless crystalline prod-
uct. The vessel was cooled to –78 °C and one valve opened. Crys-
tals were quickly picked out of the solution with a miniature nickel
spoon.[18] Single-crystals suitable for X-ray diffraction were coated
with paratone-N oil, mounted with a glass fiber, and frozen in li-
quid nitrogen while mounted on the goniometer. The crystalline
product was collected in dry box (0.375 g, 23%). M.p: 150 °C (de-
comp.). IR (KBr, neat, room temp.): ν̃ = 2959 (m), 2903 (w), 1605
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(wb), 1446 (wb), 1412 (w), 1377 (w), 1262 (s), 1056 (vs), 859 (m),
799 (vs), 701 (m), 658 (s, SbF6

–), 536 (w), 506 (w), 382 (s, SbF6
–)

cm–1. EI-MS (60 ev): m/z (%) = 503 (25) [D7 – 15]+, 429 (12) [D6 –
15]+. ii) Displacement: CH3CN (3 mL) was condensed onto the sol-
ubilized product (2 g) in a 10 mm-NMR tube glass-blown onto a
valve (Teflon in glass) to afford a two-layer solution. The upper
layer of oily liquid was removed by syringe (0.6 mL). GC–MS: m/z
(%) = 429 (21) [D6 – 15]+, 503 (100) [D7 – 15]+, 429 (21) [D6 – 15]+,
577 (9) [D8 – 15]+. GC-FID: % = 23 (D6), 77 (D7).

In situ NMR Reaction of AgSbF6 with D5 (1.5:1): SO2 (4 mL) was
condensed onto AgSbF6 (2.018 g, 5.87 mmol) and D5 (1.5 mL,
3.87 mmol) in a 10 mm NMR tube described above and sonicated
in ice water for 0.5 h to afford a colorless solution over a small
amount of colorless precipitate. 29Si{1H} NMR (79.4 MHz, SO2,
25 °C): δ = –14.187 (s, AgD6

+), –13.585 (s, AgD7
+), –12.83 (s,

AgD8
+) ppm. 29Si{1H} NMR (79.4 MHz, SO2, 5 °C):δ = –14.106

(s, AgD6
+), –13.502 (s, AgD7

+), –12.01 (s, AgD8
+) ppm. 29Si{1H}

NMR (79.4 MHz, SO2, –5 °C): δ = –14.03 (s, shoulder, AgD6
+),

–13.456 (s, AgD7
+), –12.02 (s, AgD8

+) ppm. 29Si{1H} NMR
(79.4 MHz, SO2, –15 °C): δ = –13.403 (br. s, AgD7

+) ppm. 29Si{1H}
NMR (79.4 MHz, SO2, –40 °C): δ = –13.547 (s, AgD7

+), –12.379
(s, AgD8

+) ppm. 29Si{1H} NMR (79.4 MHz, SO2, –70 °C): δ =
–13.315 (s, AgD7

+), –12.196 (s, AgD8
+) ppm. 1H NMR (400 MHz,

SO2, 25 °C): δ = 0.225 (s, SiMe2) ppm; 13C{1H} (100 MHz, SO2,
25 °C): δ = 0.414 (s, SiMe2) ppm. CH3CN (ca. 1.5 mL) was then
condensed into this solution and sonicated in ice water for 1 h.
29Si{1H} NMR (79.4 MHz, SO2/CH3CN, 25 °C): δ = –23.093 (s,
D7), –22.415 (s, D6), –21.90 (s, D5), –20.668 (s, D4) ppm. 1H NMR
(400 MHz, SO2, 25 °C): δ = 1.350 (s, CH3CN), –0.693 (s, SiMe2)
ppm; 13C{1H} (100 MHz, SO2, 25 °C): δ = 119.027 (s, CH3

13CN),
1.586 (m, 13CH3CN and SiMe2) ppm.
Supporting Information (see footnote on the first page of this arti-
cle): General experimental techniques, in situ 29Si NMR reactions
of AgSbF6 with Dm (m = 3, 4, and 6) in liquid SO2, FT-IR, MS,
and 29Si{1H} NMR spectra, and full details of the crystal structure
of AgD7SbF6 as well as a comparison with KD7

+.
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Treatment of a toluene solution of Zn(C6F5)2 with p-C4H4N–
C6H4CN yields (p-C4H4N–C6H4CN)2Zn(C6F5)2, which has
been structurally characterised following recrystallization
from 1,2-difluorobenzene by single-crystal X-ray diffraction
and possesses the expected distorted tetrahedral molecular
geometry. However, crystallization from dichloromethane
yields a trigonal planar complex with only one p-C4H4N–

The coordination chemistry of zinc continues to enjoy
healthy academic interest spurred by diverse applications in
biology,[1] materials[2–4] and catalysis.[5–6] The characteristic
properties of zinc are the predominance of the redox-resist-
ant zinc(II) oxidation state, flexible coordination number
and geometry, and Lewis acidity of its complexes. Four- to
six-coordinate complexes of zinc are most common but
there are many examples of two-coordinate zinc centres,
particularly with amide, silyl and alkyl donors.[1] In con-
trast, mononuclear trigonal-planar complexes of zinc are
relatively rare, but can be favoured through steric factors[7,8]

or the combination of sterics and electrostatics as is the case
for the [Zn(C6F5)3]– anion.[9]

To date, all structurally characterised neutral adducts of
the form ZnX2Ln, where X is Cl, Br, I or the pseudohalide
C6F5, and L is a monodentate Lewis base, have been shown
to adopt essentially tetrahedral geometries where n is 2.[1,10]

As part of our continuing investigations into the supramo-
lecular architectures of bis(pentafluorophenyl)zinc com-
plexes, we have structurally characterised a series of
(nitrile)2Zn(C6F5)2 adducts.[11] We report here the unexpec-
ted isolation of the mono(nitrile) adduct (p-C4H4N–
C6H4CN)Zn(C6F5)2 and compare its solid-state structure to
that of the bis(nitrile) (p-C4H4N–C6H4CN)2Zn(C6F5)2.

In the solid-state structure of the donor-free form of
Zn(C6F5)2 (1), the essentially linear geometry is perturbed
only by a weak intermolecular C–F···Zn interaction.[12]

[a] Wolfson Materials and Catalysis Centre, School of Chemical
Sciences and Pharmacy, University of East Anglia,
Norwich, NR4 7TJ, UK
Fax: +44-1603-592003
E-mail: S.Lancaster@uea.ac.uk
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 4037–4041 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4037

C6H4CN ligand. The three-coordinate complex forms an
intermolecular dimer in the solid state through a cooperative
combination of zinc–arene, offset homoaromatic and dipole–
dipole interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Compound 1 is most conveniently prepared by the ex-
change between ZnEt2 and B(C6F5)3 in an aromatic solvent,
from which it crystallizes with 1 equiv. of the arene.[13] The
solid-state structure of the η2-bonded toluene adduct
(MeC6H5)Zn(C6F5)2 (2) has very recently been deter-
mined.[14] This weakly bound toluene ligand can be readily
displaced by Lewis bases. For example, we find that treat-
ment of a toluene solution of 1 with 2 equiv. of the nitrogen
donor ligands tBuNH2, Me2NH, (PhCH2)2NH, cyclo-
C4H8NH, pyridine or benzonitrile followed by removal of
toluene under reduced pressure and recrystallisation from a
dichloromethane and light petroleum solvent mixture gives
X-ray quality single crystals. In all but the instance dis-
cussed herein, complexes of the form L2Zn(C6F5)2 with dis-
torted tetrahedral zinc environments are obtained.[11,15]

Treatment of a toluene solution of 1 with 2 equiv. of 4-
(pyrrol-1-yl)benzonitrile followed by solvent removal yields
a crude white solid. Subsequent crystallization from a
dichloromethane and light petroleum solvent mixture at
–28 °C yielded crystals (Scheme 1), which were determined
by X-ray crystallography to be the mono(nitrile) complex
(p-C4H4N–C6H4CN)Zn(C6F5)2 (3) (Figure 1). This result
was unexpected and initially assumed to be a consequence
of a mistake in the reaction stoichiometry. However, despite
taking great care over the reagent ratios, crystallization
from dichloromethane consistently gave compound 3. Em-
ploying identical preparative conditions but attempting
crystallisation from toluene instead of dichloromethane
yielded small colourless crystals that gave a different unit
cell from those of 3 but did not diffract strongly enough
for a full structure determination. Larger crystals, with an
identical cell to those from toluene, were grown from a 1,2-
difluorobenzene and light petroleum solvent mixture at
+2 °C. Crystallographic analysis of this sample revealed it
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Scheme 1.

to be the bis(nitrile) adduct (p-C4H4N–C6H4CN)2Zn-
(C6F5)2 (4) (Figure 2). It therefore seems likely that the ex-
pected bis(nitrile) adduct is initially formed in the reaction
but that recrystallization from dichloromethane yields the
mono(nitrile) adduct.

Figure 1. ORTEP representation of the molecular structure of 3
with 30% displacement ellipsoids. The hydrogen atoms have been
omitted for clarity. Selected bond lengths [Å] and angles [°]; e.s.d.s
are in parentheses: Zn(1)–N(1) 2.094(4), Zn(1)–C(11) 1.983(4),
Zn(1)–C(21) 1.981(4), C(111)–N(1) 1.147(6), C(111)–C(112)
1.436(6), C(115)–N(2) 1.411(5); C(21)–Zn(1)–C(11) 140.1(2),
C(21)–Zn(1)–N(1) 106.4(2), C(11)–Zn(1)–N(1) 108.2(2), C(111)–
N(1)–Zn(1) 165.9(4), C(112)–C(111)–N(1) 174.7(5).

Complex 3 is best described as trigonal-planar, the sum
of the angles about the Zn atom is 354.6° and the Zn atom
is only 0.258(3) Å removed from the plane defined by C(11),
C(21), and N(1). The greater steric requirement of the Zn–
C6F5 groups explains the somewhat larger C–Zn–C vs. C–
Zn–N angles. Scheme 2 shows the only other structurally
characterised neutral nitrogen-ligated trigonal-planar zinc
complexes we are aware of and in each case the neutral
nitrogen donor is part of a bidentate ligand. The Zn–N dis-
tances for the neutral sp2 benzimidazole and imine donors
were 2.067(4), 2.089(2) 1.9805(23), and 1.962(2) Å for I, II,
III, and IV, respectively. Some of these are somewhat
shorter than the 2.094(4) Å found for 3.[7,8] The average Zn–
C bond length [1.982(1) Å, for 3] is 0.03 Å less than that in
[Zn(C6F5)3]–, which presumably reflects the combination of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4037–40414038

reduced steric congestion and electrostatic repulsion.[9] The
dihedral angle between the aromatic planes in the coordi-
nated nitrile ligand in 3 is 23.2(2)°.

The zinc center of the bis(nitrile) adduct 4 has an asym-
metrically distorted tetrahedral coordination sphere. The
123.55(6)° C(11)–Zn–C(21) angle and the Zn–C(21) and
Zn–C(11) bond lengths at 2.021(2) and 2.029(2) Å, respec-
tively, lie well within the range observed for four-coordinate
amine adducts of Zn(C6F5)2. The average dative Zn–N
bonding distance of 2.09 Å is similar to those observed for
(RR�R��N)2Zn(C6F5)2 (2.09–2.16 Å),[11] and only slightly
longer than those found in (MeCN)2ZnCl2 (2.05 Å) and
(MeCN)2ZnI2 (2.04 Å).[16,17] We ascribe the differences be-
tween the Zn–N distances and the dihedral angles between
the aromatic rings in the ligand bonded through N(11)
[2.0660(14) Å and 6.22(7)°] compared to that containing
N(21) [2.1206(15) Å and 26.71(7)°] to subtle crystal packing
effects. There are no other significant structural differences
between the two ligands. The N(11)–Zn–N(21) angle
[95.75(6)°] is somewhat smaller than those observed in the
(RR�R��N)2Zn(C6F5)2 series, doubtless as a consequence of
the modest cone angle of the nitrile ligand, and is compar-
able to the N–Zn–N angles in (MeCN)2ZnCl2 and
(MeCN)2ZnI2.[18] There is no evidence for the sort of steric
congestion that would favour a three-coordinate complex.

Multinuclear NMR investigations of amine adducts of
bis(pentafluorophenyl)zinc have previously indicated solu-
tion-phase equilibria involving rapid exchange of free and
coordinated amine [Equation (1)]. Addition of further
equivalents of amine produced a movement in the observed
1H chemical shifts towards the values for the free amine,
but very little change to the 19F resonances of the Zn–C6F5

groups, which we interpreted as the equilibrium strongly
favouring the four-coordinate complex.[11] This is consistent
with simple thermodynamic considerations favouring the
four-coordinate adduct in which two dative bonds have
been formed. Regardless of the position of the solution
equilibrium, the four-coordinate complexes had invariably
been observed to crystallize preferentially until the isolation
of 3.

For comparison we conducted a variable-temperature 1H
and 19F NMR study of complex 4 (an analogous study with
complex 3 was not possible because of its poor solubility in
toluene). The 19F MMR spectrum of a [D8]toluene solution
barely changed on cooling from 20 to –60 °C. In contrast,
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Figure 2. ORTEP representation of the molecular structure of 4 with 30% displacement ellipsoids. The hydrogen atoms have been omitted
for clarity. Selected bond lengths [Å] and angles [°]; e.s.d.s are in parentheses: Zn(1)–N(11) 2.0660(14), Zn(1)–N(21) 2.1206(15), Zn(1)–
C(21) 2.0209(15), Zn(1)–C(11) 2.0292(16), C(111)–N(11) 1.139(2), C(111)–C(112) 1.437(2), C(115)–N(12) 1.409(2), C(211)–N(21) 1.143(2),
C(211)–C(212) 1.437(2), C(215)–N(22) 1.412(2); C(21)–Zn(1)–C(11) 123.55(6), C(21)–Zn(1)–N(11) 114.80(6), C(11)–Zn(1)–N(11)
107.92(6), C(21)–Zn(1)–N(21) 105.58(6), C(11)–Zn(1)–N(21) 104.96(6), N(11)–Zn(1)–N(21) 95.75(6), Zn(1)–N(11)–C(111) 175.60(14),
N(11)–C(111)–C(112) 179.4(2), Zn(1)–N(21)–C(211) 174.76(14), N(21)–C(211)–C(212) 176.54(17).

Scheme 2.

the chemical shifts of the 1H resonances exhibited signifi-
cant temperature dependence (Supporting Information).
However, there was no sign of decoalescence down to
–60 °C and therefore no indication for the position of this
equilibrium (1).

(C6F5)2ZnL + L h (C6F5)2ZnL2 (1)

Analysis of the crystal packing for complex 3 suggests a
possible explanation for its preferential crystallisation. In
the solid state, molecules of 3 are closely paired about
centres of symmetry (Figure 3), in such a fashion that the
p-C4H4N–C6H4CN ligand of one molecule runs parallel
and in the opposite direction to that of the associated mole-
cule. As well as counter-aligning the two ligand dipoles, this
arrangement also leads to an offset homoaryl interaction
between the phenyl rings. The centroid···centroid distance
is 3.71 Å and the centroid–plane separation is 3.37 Å. The
supramolecular motif in which hydroaromatics form offset
pairs or stacks has been well documented.[19,20] Neverthe-
less, we believe that two short zinc–pyrrole ring contacts are
most significant in directing this intermolecular pairing.
The Zn–C(122�) distance is 2.73 Å, which is well within the
sum of the van der Waals radii (ca. 3.1 Å), while the dis-
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tances to C(121�) and C(123�) are in excess of 3 Å. The
Zn···π interaction in 3 is evidently weaker than those re-
ported for (C6F4-2-C6F5)2Zn·(toluene) in which there is a
close [2.524(3) Å] contact to one arene carbon atom, and
for 2 in which two contacts of 2.784(2) and 2.685(2) Å were
found.[14] It is, however, strikingly similar to the Zn···π in-
teraction observed in the solid-state structure of II, which
also forms an intermolecular dimer with a 2.715(3) Å con-
tact between the zinc atom and the carbon atom in the 3-
position of the pyrrolyl ring.[7c]

We propose that this intermolecular association yields a
species which is significantly less soluble in dichlorometh-
ane than complex 4, and crystallizes out, thereby driving
the equilibrium to the “three-coordinate” complex. In 1,2-
difluorobenzene solution presumably either the formation
of the intermolecular dimer is inhibited or perhaps more
likely it is no longer significantly less soluble than the four-
coordinate adduct 4.

In summary, during the course of a structural survey of
bis(nitrile) adducts of bis(pentafluorophenyl)zinc, an un-
usual and surprising example of a three-coordinate com-
plex, (p-C4H4N–C6H4CN)Zn(C6F5)2, was isolated from
dichloromethane solution and structurally characterised.
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Figure 3. ORTEP representations of (a) the intermolecular dimer
of 3 and (b) the alignment of the two interacting fragments pro-
jected on to the plane of the C6 ring (the displacement ellipsoids
are at 30% probability and the hydrogen atoms have been omitted
for clarity).

The driving force for its crystallization is thought to be
intermolecular dimerisation predominantly through Zn···π
interactions.

Experimental Section
General: All experimental procedures were conducted using stan-
dard Schlenk techniques under anhydrous and anaerobic condi-
tions. [21] The toluene adduct of bis(pentafluorophenyl)zinc was
prepared according to a literature procedure.[13] 4-(Pyrrol-1-yl)ben-
zonitrile was prepared from 4-aminobenzonitrile and 2,5-dimeth-
oxytetrahydrofuran in refluxing acetic acid according to a modified
literature procedure.[22] 1H and 19F NMR chemical shifts are refer-
enced to the residual solvents and CFCl3 respectively.

(p-C4H4N–C6H4CN)Zn(C6F5)2 (3): A solution of (MeC6H5)-
Zn(C6F5)2 (0.44 g, 0.9 mmol) in toluene (10 mL) was treated with
p-C4H4N–C6H4CN (0.3 g, 1.8 mmol). The reaction mixture was
stirred for 30 min before being filtered to separate a small amount
of solid material. The volatiles were removed under reduced pres-
sure and the residue was purified by crystallisation from a mixture
of dichloromethane and light petroleum at –28 °C to afford colour-
less crystals of 3 (0.30 g, 0.52 mmol, 58%). Crystals suitable for
single-crystal X-ray diffraction required a further recrystallization
step. C23H8F10N2Zn (567.69): calcd. C 48.66, H 1.42, N 4.93; found
C 47.92, H 1.24, N 5.30. 1H NMR (300 MHz, CD2Cl2): δ = 7.76
(d, 3JH-H = 8.1 Hz, 2 H, Ar), 7.54 (d, 3JH-H = 8.7 Hz, 2 H, Ar),
7.19 (t, 3JH-H = 2.1 Hz, 2 H, Pyr), 6.41 (t, 3JH-H = 2.1 Hz, 2 H,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4037–40414040

Pyr) ppm. 19F NMR (282 MHz, CD2Cl2): δ = –162.79 to –162.81
(m, 4 F, o-F), –157.06 (t, 3JF-F = 19.8 Hz, 2 F, p-F), –118.99 to
–118.78 (m, 4 F, m-F) ppm.

(p-C4H4N–C6H4CN)2Zn(C6F5)2 (4): Compound 4 was prepared ac-
cording to precisely the same experimental method prior to
crystallization as compound 3. The crude solid was crystallised
from a mixture of 1,2-difluorobenzene and light petroleum at
+2 °C affording colourless crystals of 4 (0.65 g, 0.88 mmol, 98%)
suitable for X-ray analysis. C34H16F10N4Zn (735.89): calcd. C
55.49, H 2.19 N 7.61; found C 54.94, H 2.14, N 7.91. 1H NMR
(300 MHz, CDCl3): δ = 6.41 (t, 3JH-H = 2.1 Hz, 2 H) 7.19 (t,
3JH-H = 2.1 Hz, 2 H), 7.56 (d, 3JH-H = 8.7 Hz, 2 H), 7.82 (d,
3JH-H = 8.7 Hz, 2 H) ppm. 19F NMR (282 MHz, CDCl3): δ =
–163.6 to –163.4 (m, 4 F, o-F), –158.7 (t, 3JF-F = 17 Hz, 2 F, p-F),
–119.0 (d, 3JF-F = 18 Hz, 4 F, m-F) ppm.

X-ray Analyses: Intensity data for crystals of 3 and 4 were collected
with an Oxford Diffraction Xcalibur-3 CCD diffractometer with
Mo-Kα radiation (λ = 0.71073 Å) and graphite monochromator.
Data were processed using the CrysAlis-CCD and -RED pro-
grams.[23] The structures were determined by direct methods in
SHELXS and refined using full-matrix least squares with
SHELXL.[24] The non-hydrogen atoms were refined with aniso-
tropic thermal parameters. Hydrogen atoms were included in ideal-
ised positions and their Uiso values were set to ride on the Ueq

values of the parent carbon atoms. Scattering factors for neutral
atoms were taken from ref.[25] The analysis process was run through
WinGX.[26] CCDC-615024 (3) and -615025 (4) contain the supple-
mentary crystallographic data. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Crystal Structure and Refinement Data for 3: C23H8F10N2Zn, FW

= 567.7 gmol–1; monoclinic, P21/c, a = 6.8993(3), b = 20.4167(8),
c = 14.2444(16) Å, β = 93.691(6)°, V = 2002.3(3) Å3, Z = 4, T =
140(1) K, ρcalcd. = 1.883 Mg/m3, µ(Mo-Kα) = 1.335 mm–1, F(000)
= 1120; colourless prism 0.35×0.30×0.15 mm. The total number
of reflections, recorded to θmax = 27.5°, was 25382, of which 4550
were unique (Rint = 0.041); 3803 were “observed” with I � 2σI.
Final R factors: wR2 = 0.132 and R1 = 0.066 for all 4550 reflections
weighted, w = [σ2(Fo

2) + 11.38 P]–1 where P = (Fo
2 + 2Fc

2)/3; for
the “observed” data only, R1 = 0.055. Largest residual electron den-
sity 1.69 e·Å–3, located close to C(123).

Crystal Structure and Refinement Data for 4: C34H16F10N4Zn, FW

= 735.9 gmol–1; triclinic, P1̄, a = 8.0378(5), b = 14.0455(7), c =
14.5510(9) Å, α = 114.357(6), β = 91.807(5), γ = 97.603(5)°, V =
1476.60(15) Å3, Z = 2, T = 140(1) K, ρcalcd. = 1.655 Mg/m3, µ(Mo-
Kα) = 0.928 mm–1, F(000) = 736; colourless prism
0.59×0.33×0.30 mm. The total number of reflections, recorded to
θmax = 25°, was 16139, of which 5174 were unique (Rint = 0.022);
4726 were “observed” with I � 2σI. Final R factors: wR2 = 0.063
and R1 = 0.026 for all 5174 reflections weighted, w = [σ2(Fo

2) +
(0.0338P)2 + 0.589P]–1 where P = (Fo

2 + 2Fc
2)/3; for the “observed”

data only, R1 = 0.023. Largest residual electron density 0.36 e·Å–3,
located close to Zn(1).

Supporting Information (see footnote on the first page of this arti-
cle): Figure showing the temperature dependence of the 1H NMR
chemical shifts of a [D8]toluene solution of complex 4.
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[5,10,15,20-Tetrakis(p-sulfonatophenyl)porphyrinato]-
manganese(III) in its diaqua form [(H2O)2MnIII(tpps)] forms a
complex with heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin
(TMe-β-CD) to afford a stable 2:1 host–guest inclusion com-
plex whose binding constants, K1 and K2, in phosphate buffer
at pH 7.0 and 25 °C are 8.1×105 and 2.8×104 M–1, respec-
tively. [(H2O)2MnIII(tpps)] dissociates into the monohydroxo
complex [(H2O)(OH–)MnIII(tpps)] above pH 11 (pKa = 11.9)
when incorporated into the TMe-β-CD cavities. The pKa

value of [(H2O)2MnIII(tpps)] in the absence of TMe-β-CD is
12.4, which suggests that the monohydroxo form without a
net charge on the central porphyrin is stabilized by complex-
ation with TMe-β-CD. In an aqueous alkaline solution of
TMe-β-CD, [(H2O)(OH–)MnIII(tpps)] is autoreduced to
[(H2O)MnII(tpps)] by an electron transfer from bound OH– to
MnIII. TMe-β-CD stabilizes the low-valent [(H2O)MnII(tpps)].

Introduction

Although manganese porphyrins (MnPor) are not
known to be prosthetic groups of metalloproteins, they have
widely been utilized as functional models of metalloproteins
such as the manganese-stabilizing protein in photosynthe-
sis II,[1] cytochrome P450,[2] superoxide dismutases,[3] cata-
lases,[4] and peroxidases.[5] MnPors have many advantages
when it comes to mimicking the functions of metalloprote-
ins. For example, they have poor ability to form µ-oxo di-
mers[6] and to bind inorganic anions[7] and have a high abil-
ity to resist degradation of their ligands and to take various
high-valent metal states.[8] The modeling of cytochrome
P450 function using MnPor is a typical example. The for-
mation of an FeIV=O cation radical, the so-called “com-
pound I”, has not been proved in artificial systems, al-
though such a high-valent iron-oxo complex has been as-
sumed as a dominant intermediate in oxygenation catalyzed
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For example, the rate of autoxidation of [(H2O)MnII(tpps)] in
the presence of TMe-β-CD at pH 7.0 was reduced by a factor
of 2.8×104 as compared with the rate without TMe-β-CD.
The redox potentials (E1/2) of [Mn(tpps)] were measured by
spectroelectrochemical methods. The E1/2 values in phos-
phate buffer at pH 7.0 in the absence and the presence of
TMe-β-CD are –211 and –108 mV (vs. NHE), respectively.
TMe-β-CD causes a positive shift of E1/2, which indicates the
stabilization of low-valent [(H2O)MnII(tpps)] by TMe-β-CD
against autoxidation. These electrochemical data, as well as
the thermodynamic ones, give the K1K2 values for complex-
ation of [(H2O)MnII(tpps)] with TMe-β-CD to be 1.2×1012 M–2,
while that for [(H2O)2MnIII(tpps)] is 2.3×1010 M–2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

by cytochrome P450.[9] Meanwhile, a high-valent MnV=O
porphyrin complex has been verified spectroscopically when
a porphyrin ligand has positively charged pyridinium sub-
stituents at the meso positions of the porphyrin.[10] The
MnV=O complex is a reactive intermediate in the epoxid-
ation of alkenes by m-CPBA. MnV=O corrole with a Mn
out-of-plane orientation is more stable than the corre-
sponding porphyrin complex with a Mn in-plane orienta-
tion.[8d,11] MnPors have mainly been utilized as substitutes
of heme and/or hemin.

Since the prominent function of a metalloprotein is ap-
parently dominated by its prosthetic group, the main inter-
est of chemists tends to be focused on the chemical behavior
of this group. In general, however, a protein surrounding
the prosthetic group plays an essential role in its biological
activity. Therefore, construction of a model system involv-
ing functions of both the protein and prosthetic group is a
very important subject in biomimetic chemistry.[12] There
are various kinds of hemoproteins in nature. In spite of a
common prosthetic group (heme), each hemoprotein shows
different functions. A typical example of the inherent char-
acteristics is the oxidation-reduction potentials of hemopro-
teins (see Supporting Information).[13] Although myoglobin
(Mb), hemoglobin (Hb), and peroxidases have a common
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core structure composed of an iron center and an imidazole
moiety as an axial monoligand, their redox potentials differ.
The redox potentials of Mb (+50 mV vs. NHE) and Hb
(+170 mV) are positive, meaning low reactivity in autoxid-
ation of heme to hemin, with these proteins having particu-
lar affinity for dioxygen binding. On the other hand, cyto-
chrome c peroxidase has a redox potential of –194 mV. The
redox potential of cytochrome P450cam with cysteine as an
axial ligand is –300 mV. Hemoproteins with negative redox
potentials tend to form high-valent iron complexes as active
intermediates in their enzymatic reactions. The protein sur-
rounding an iron center regulates the redox potential and
hence the functions of the hemoprotein.

In the present study, we focused on the effects of incorpo-
ration of [5,10,15,20-tetrakis(p-sulfonatophenyl)porphy-
rinato]manganese [Mn(tpps)] by heptakis(2,3,6-tri-O-
methyl)-β-cyclodextrin (TMe-β-CD) on the redox behavior
of [Mn(tpps)] in aqueous solution. We,[14] as well as Tonel-
lato et al.,[15] have reported the extremely strong ability of
TMe-β-CD to include water-soluble porphyrins to afford
trans-type 2:1 host–guest complexes. Previously, we inter-
preted the novel ability of TMe-β-CD to include the water-
soluble porphyrins in terms of induced-fit-type inclusion by
TMe-β-CD, whose cavity is transformable because of the
absence of intramolecular hydrogen bonding.[14d] Recently,
we also found metMb-mimetic functions of a 2:1 complex
of TMe-β-CD and [FeIII(tpps)], which shows selective bind-
ing of inorganic anions in aqueous solution.[16] In advance
of our study, Lawrence and co-workers reported their pion-
eering work on a hemoprotein mimic composed of a cat-
ionic ferric porphyrin and heptakis(2,6-di-O-methyl)-β-
cyclodextrin (2,6-DMe-β-CD).[17] These results led us to
prepare a Mb model that works in aqueous solution.[18]

Since the 1970s, many Mb models have been proposed.[19]

Typically, these models have bulky substituents at the meso
positions of tetraphenylporphyrin to prevent µ-oxo dimer
formation. Although those model compounds whose fer-
rous center is coordinated by a base such as imidazole or
pyridine bind dioxygen in absolute organic solvents, no di-
oxygen adducts are formed if the system contains a trace
amount of water. Recently, we succeeded in preparing a Mb
model (hemoCD) in aqueous solution that is composed of
an O-methylated β-cyclodextrin dimer containing a pyri-
dine linker and [FeII(tpps)].[18] HemoCD binds dioxygen in
aqueous solution (P1/2

O2 = 16.9 Torr and t1/2 = 30 h in
pH 7.0 phosphate buffer at 25 °C). In this model system,
tight encapsulation of [FeII(tpps)] by two O-methylated β-
cyclodextrin moieties is essential to stabilize [FeII(tpps)] and
to bind dioxygen. As an extension of this work, we decided
to study the redox behavior of a manganese porphyrin com-
plexed with TMe-β-CD. In the present study, we tried to
obtain information about the effects of TMe-β-CD on the
stabilization of the low-valent manganese complex
[(H2O)MnII(tpps)]. In order to prepare a good functional
model of Mb and/or Hb, the system should be designed to
stabilize FeIIPor, which is labile in a homogeneous aerobic
solution, by using an artificial protein such as cyclodextrin.
Control of the redox potential of a metalloporphyrin by an

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4043–40534044

artificial protein is essential to develop a new artificial and
functional metalloprotein. The present study might contrib-
ute to these subjects.

Results and Discussion

Complexation of [MnII(tpps)], [MnIII(tpps)], and
[MnIV(tpps)] with TMe-β-CD

At first, complexation of [MnIII(tpps)] with TMe-β-CD
was studied by means of UV/Vis spectroscopy and isother-
mal titration calorimetry (ITC). Figure 1 shows the UV/Vis
spectral changes of [(H2O)2MnIII(tpps)] in 0.05  phos-
phate buffer at pH 7.0 upon addition of TMe-β-CD. The
Soret band at 466 nm is shifted to shorter wavelength and
increases in intensity with increasing concentration of TMe-
β-CD. Three titration curves obtained by monitoring the
absorbances at three different wavelengths were fitted
simultaneously by a set of binding constants (K1 and K2)
using a nonlinear least-squares method (Figure 1, b).[14b]

Figure 1. UV/Vis spectral changes of [(H2O)2MnIII(tpps)]
(1.0×10–5 ) in 0.05  phosphate buffer at pH 7.0 upon addition
of TMe-β-CD at 25 °C (a) and the plots of the changes in ab-
sorbances of [(H2O)2MnIII(tpps)] vs. [TMe-β-CD] (b). The solid
lines are the best fit of the data to an equation for the simultaneous
1:1 and 1:2 complexation.
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Figure 2. Complexation of MnPor with TMe-β-CD in aqueous solution.

Table 1. Binding constants and thermodynamic parameters for complexation of M(tpps) (M = MnII, MnIII, MnIV and FeIII) in aqueous
solution at 25 °C.

M(tpps) Method 10–6·K1 10–4·K2 ∆H0
1 ∆S0

1 ∆H0
2 ∆S0

2 Ref.
[–1] [–1] [kJmol–1] [mol–1 K–1] [kJ mol–1] [Jmol–1 K–1]

MnIII UV[a] 2.0±0.1 3.3±0.2 – – – – this work
MnIII ITC[a] 0.81±0.13 2.8±0.2 –49±1 –50±3 –22±1 11±2 this work
FeIII ITC[b] 1.3±0.1 6.3±0.4 –49±1 –47±1 –12±1 53±1 [16]

MnII UV, ITC[c] too large too large – – – – this work
MnIV ITC[d] 0.34±0.11 7.5±1.3 –25±1 21±6 –6±1 73±4 this work

[a] In 0.05  phosphate buffer at pH 7.0. [b] In 0.1  succinic acid buffer at pH 4.0. [c] In 0.05  phosphate buffer at pH 7.0. The measure-
ment was carried out in the presence of excess Na2S2O4. [d] In 1.0  aqueous NaOH solution. [(OH–)MnIV(tpps)] was prepared by
oxidation of [(H2O)2MnIII(tpps)] with three equivalents of K3[Fe(CN)6].

The titration curves were well-fitted by a theoretical equa-
tion for 2:1 host–guest complexation. The K1 and K2 values
(Figure 2) were determined to be (2.0±0.1)×106 and
(3.3±0.2)×104 –1, respectively (Table 1).

We decided to check the accuracy of the binding con-
stants by a different method (ITC). ITC simultaneously
provides the thermodynamic parameters for complexation
of [(H2O)2MnIII(tpps)] with TMe-β-CD. The isothermal
calorimetric titration curve obtained by the addition of
TMe-β-CD to the [(H2O)2MnIII(tpps)] solution at pH 7.0 is
shown in Figure 3. The titration curve was analyzed by an
equation for 2:1 host–guest complex formation; the results
are summarized in Table 1. The K1 and K2 values from ITC
are somewhat smaller than those from UV/Vis spec-
troscopy; the reasons for this are not clear. However, both
methods clearly indicate that K1 is larger than K2. Since
tpps is a dianionic ligand, a positive charge remains at the
center of [(H2O)2MnIII(tpps)]. Capping of such a polar
metal center by two hydrophobic cyclodextrin cavities
seems to be inadequate compared with the 1:1 complex-
ation where half of the metalloporphyrin is exposed to the
bulk aqueous phase. This might be the reason why K1 is
larger than K2. Such an assumption is supported by the
thermodynamic parameters for complexation. Both en-
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thalpy (∆H1
0) and entropy changes (∆S1

0) for the 1:1 com-
plexation are negative and large, thereby suggesting the con-
tribution of a van der Waals interaction to the 1:1 complex
formation as a main binding force. The negative and large
value of ∆S1

0 is ascribed to the restriction of free rotation
of the sulfonatophenyl groups at the 10- and 20-positions
of the porphyrin due to inclusion of a sulfonatophenyl
group at the 5-position. The complexation of the 1:1 com-
plex with TMe-β-CD to form a 2:1 complex is accompanied
by a positive ∆S2

0. From this observation we assume that
dehydration which is needed for further complexation sup-
ports the formation of the 2:1 complex.

As mentioned below, [MnIII(tpps)] exists in a diaqua
form [(H2O)2MnIII(tpps)] in aqueous solution at pH 7.0.
Under the same conditions, the ferric porphyrin
[FeIII(tpps)] forms a µ-oxo dimer in the absence of TMe-β-
CD. Since the apparent pKa value for the equilibrium be-
tween [(H2O)2FeIII(tpps)] and the µ-oxo dimer is 6.4,[20] the
K1 and K2 values for [(H2O)2FeIII(tpps)] in aqueous solu-
tion below pH 5 seem to be meaningful to compare with
those for [(H2O)2MnIII(tpps)]. The binding constants and
the thermodynamic parameters for [(H2O)2FeIII(tpps)] at
pH 4.0 are shown in Table 1.[16] A similar behavior has been
observed in the complexation of [(H2O)2FeIII(tpps)] with
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Figure 3. Calorimetric titration of [(H2O)2MnIII(tpps)] (2.28×10–4)
with 25 aliquots (10 µL each) of TMe-β-CD (4.79×10–3 ) in
0.05  phosphate buffer at pH 7.0 and 25 °C. The solid line repre-
sents the best fit of the experimental data to the 1:2 Sequential
Binding Sites Model in the ORIGIN software.

TMe-β-CD, although the ∆S0 value for [(H2O)2FeIII(tpps)]
is much larger than that for [(H2O)2MnIII(tpps)].

[(H2O)2MnIII(tpps)] is easily reduced to [(H2O)MnII-
(tpps)] by sodium dithionite (Na2S2O4). The UV/Vis spec-
tral changes of [(H2O)MnII(tpps)] in pH 7.0 phosphate
buffer containing an excess amount of Na2S2O4 were moni-
tored as a function of the concentration of TMe-β-CD (see
Supporting Information). The spectral change was clearly
saturated upon addition of two equivalents of TMe-β-CD,
thus indicating the formation of an extremely stable 2:1
host–guest complex. Binding constants and thermodynamic
parameters for [(H2O)MnII(tpps)] could not be determined
by either UV/Vis spectroscopy or ITC because of the too-
large K values, although the K1K2 value was estimated (vide
infra). Since the net charge at the center of [(H2O)MnII-
(tpps)] is zero, the encapsulation of [(H2O)MnII(tpps)] by
two TMe-β-CD molecules seems to proceed satisfactorily
from the viewpoint of polarity matching between the host
and the guest.

[MnIII(tpps)] was oxidized to [MnIV(tpps)] in 1.0  aque-
ous NaOH solution upon addition of K3[Fe(CN)6].[21] A
strongly basic solution is needed to stabilize the high-valent
MnIV state by coordination of OH– to MnIV. In the pres-
ence of an excess amount of TMe-β-CD, the second-order
rate constant (kox) for oxidation of [(H2O)(OH–)MnIII-
(tpps)] to [(OH–)nMnIV(tpps)] (n = 1 or 2) was determined
to be 50.1 –1 s–1 at 25 °C (Figure 4). Harriman et al. have
determined the kox value for the same oxidation in the ab-
sence of TMe-β-CD to be 1.08×105 –1 s–1.[21] It is clear
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that encapsulation of [(H2O)(OH–)MnIII(tpps)] by two
TMe-β-CD molecules markedly depresses the oxidation by
the polar ferricyanide ion. In other words, the TMe-β-CD
molecules provide a very hydrophobic environment around
the center of [(H2O)(OH–)MnIII(tpps)] that isolates it from
the aqueous bulk phase.

Figure 4. UV/Vis spectral changes of (H2O)(OH–)MnIII(tpps)
(1.0×10–5 ) to [(OH–)MnIV(tpps)] in 1.0  aqueous NaOH solu-
tion containing TMe-β-CD (2.0×10–4 ) upon addition of
K3[Fe(CN)6] (1.0×10–4 ) at 25 °C and the dependence of the
pseudo first-order rate constant (kobs) for the oxidation of
(H2O)(OH–)MnIII(tpps) to [(OH–)MnIV(tpps)] on the concentra-
tion of K3[Fe(CN)6] to determine the second-order rate constant
(kox).

The K1 and K2 values for complexation of [(OH–)n-
MnIV(tpps)] with TMe-β-CD were determined in 1.0 

aqueous NaOH solution by ITC (see Supporting Infor-
mation). The results are shown in Table 1. To the best of
our knowledge, the axial ligation of [MnIV(tpps)] in aque-
ous NaOH solution has not been clarified. If [MnIV(tpps)]
exists as [(OH–)MnIV(tpps)], the net charge at the center of
the porphyrin is +1, the same as that of [(H2O)2MnIII-
(tpps)]. The K1 and K2 values for [(OH–)nMnIV(tpps)] in
aqueous NaOH solution are not much different from those
of [(H2O)2MnIII(tpps)] at pH 7.0. However, the thermo-
dynamic parameters for [(OH–)MnIV(tpps)] differ markedly
from those for [(H2O)2MnIII(tpps)]. The entropy change for
the 1:1 complexation of [(OH–)nMnIV(tpps)] is positive
while that of [(H2O)2MnIII(tpps)] is negative and large. The
entropy change for the second complexation of [(OH–)n-
MnIV(tpps)] is also larger than that of [(H2O)2MnIII(tpps)].
It is assumed that the high-valent MnIV porphyrin gathers
a larger amount of water molecules to its metal center than
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the MnIII porphyrin. It is interesting that complexation of
high-valent [(OH–)nMnIV(tpps)] is entropically favorable
due to extended dehydration while it is enthalpically unfa-
vorable due to weak hydrophobic effect. Complexation pro-
moted by extended dehydration is commonly observed in
cyclodextrin chemistry.[22] The difference between the
thermodynamic parameters of [(OH–)nMnIV(tpps)] and
[(H2O)2MnIII(tpps)] might be ascribed to the difference in
the net charges of the manganese porphyrins. In other
words, there is a possibility of [(OH–)2MnIV(tpps)] rather
than [(OH–)MnIV(tpps)]. The axial ligation of [MnIV(tpps)]
in aqueous alkaline solution could not be clarified from the
present study.

pH Titration

[MnIII(tpps)] exists as a diaqua form in aqueous solution
at neutral pH.[6a] An increase in pH up to 11 did not cause
any UV/Vis spectral change for [(H2O)2MnIII(tpps)] (λmax

= 465 nm) in aqueous solution containing TMe-β-CD.
However, the absorption spectrum changes markedly above
pH 11 (Figure 5) and the pH-titration curve gave a pKa of
11.9. Since the isosbestic points are observed clearly, there
should only be an equilibrium in the pH range between 2.5
and 13.5. The most reasonable process is the acid dissoci-
ation of [(H2O)2MnIII(tpps)] to [(H2O)(OH–)MnIII(tpps)].
In the absence of TMe-β-CD, the pKa value was determined
to be 12.4, somewhat lower than that of the [(H2O)2MnIII-
(tpps)]/TMe-β-CD complex. Such a result means that
[(H2O)(OH–)MnIII(tpps)] is stabilized by complexation with
TMe-β-CD. Harriman et al. have reported two pKa values
(8.6 and 11.6) for [MnIII(tpps)] in aqueous solution without
cyclodextrin.[6a] However, we could not observe the equilib-
rium corresponding to pKa 8.6. It should be noted that a

Figure 5. UV/Vis spectral changes of MnIII(tpps) (1.0×10–5 ) in aqueous TMe-β-CD (1.0×10–3 ) solution in the presence of 0.1 
NaClO4 as a function of pH.
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weak absorption band was observed at 433 nm in the higher
pH region. The absorption maximum of this band is in
good agreement with that of [(H2O)MnII(tpps)]. This band
did not affect the isosbestic points, which suggests only an
equilibrium in this system. Such a contradiction might be
ascribed to the formation of only a small amount of
[(H2O)MnII(tpps)].

Autoreduction of [MnIII(tpps)] in Aqueous Alkaline Solution

Figure 6 shows the absorption spectral changes of
[(H2O)(OH–)MnIII(tpps)] in 1.0  aqueous NaOH solution
containing TMe-β-CD at 50 °C under a nitrogen atmo-
sphere. The absorbance at 463 nm due to [(H2O)(OH–)-
MnIII(tpps)] gradually decreases and a band with a peak at
434 nm, which is ascribed to [(H2O)MnII(tpps)], appears.
[(H2O)(OH–)MnIII(tpps)] is autoreduced to [(H2O)MnII-
(tpps)] in aqueous alkaline solution under anaerobic condi-
tions. Since such an autoreduction occurs only in aqueous
alkaline solution, the OH– ion must participate in this re-
duction. Clear isosbestic points indicate the quantitative na-
ture of this reaction. Arasasingham and Bruice have re-
ported that [5,10,15,20-tetrakis(2,4,6-trimethylphenyl)por-
phyrinato]manganese(III) [MnIII(tmp)] is reduced to [MnII-
(tmp)] in CH3CN containing methanolic tetrabutylammo-
nium hydroxide.[23] Jeon et al. have also studied the autore-
duction of [5,10,15,20-tetrakis(2,6-dichlorophenyl)porphy-
rinato]manganese(III) [MnIII(tcp)] in CH3CN containing
aqueous tetraethyl hydroxide.[24] Both groups reported the
formation of five-coordinate [(L)MnIIPor] complexess (L:
solvent; λmax = 436–437 nm) via [(L)(OH–)MnIIIPor] and/
or [(L)(CH3O–)MnIIIPor]. As a next step, ligand exchange
of [(L)MnIIPor] to [(OH–)MnIIPor] (λmax = 444–445 nm)
proceeds. The former group assumed further conversion of
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Figure 6. Progressive UV/Vis spectral changes of [(H2O)(OH–)MnIII(tpps)] (5.0×10–6 ) to [(H2O)MnII(tpps)] in 1.0  aqueous NaOH
solution containing TMe-β-CD (1.0×10–4 ) at 50 °C under N2. Inset: time course in absorbance at 434 nm due to [(H2O)MnII(tpps)].

[(OH–)MnII(tmp)] to a mixture of [(OH–)2MnIII(tmp)],
[(OH–)(CH3O–)MnIII(tmp)], and [(CH3O–)2MnIII(tmp)]
with absorption maxima at 412 and 448 nm, although the
mechanism was not clarified.[23] The present system is sim-
pler than the systems in CH3CN. Only autoreduction of
[(H2O)(OH–)MnIII(tpps)] to [(H2O)MnII(tpps)] occurs in
1.0  aqueous NaOH solution containing TMe-β-CD at
50 °C. We measured the pH-dependent absorption spectral
change of [(H2O)MnII(tpps)] complexed with TMe-β-CD
and could not find any spectral change in the pH range
between 3.0 and 13.5, therefore no equilibrium exists be-
tween [(H2O)MnII(tpps)] and [(OH–)MnII(tpps)] under the
present conditions. In the absence of TMe-β-CD, no auto-
reduction occurred in 1.0  aqueous NaOH solution. Al-
though we did not study the mechanism of the autoreduc-
tion in detail, one-electron transfer from bound OH– to the
MnIII center might occur, as demonstrated by Sawyer and
co-workers, who found that the oxidation potentials of OH–

and a phenoxide ion in CH3CN shift to less positive poten-
tials upon coordination to [MnIIIPor].[25] As a preliminary
experiment, we measured the ESI mass spectrum (positive
mode) of the CHCl3 extract of a reaction mixture obtained
by heating a mixture of TMe-β-CD (1×10–3 ) in 1.0 

aqueous NaOH solution containing [(H2O)(OH–)MnIII-
(tpps)] (5×10–4 ) at 70 °C for 16 h. The molecular ion
peaks were observed at m/z 1438.6, 1452.6, 1468.6, and
1550.6, which correspond to [(TMe-β-CD – OCH3 + OH +
Na)+; calcd. 1438.2], [(TMe-β-CD + Na)+; calcd. 1452.5],
[(TMe-β-CD + K)+; calcd. 1468.6], and [(TMe-β-CD +
CHCl3 + H)+; calcd. 1550.9], respectively (see Supporting
Information). These results strongly suggest that generated
·OH radical reacts with TMe-β-CD leading to replacement
of an OCH3 group of TMe-β-CD with an OH group.
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Stabilization of Low-Valent [(H2O)MnII(tpps)] by TMe-β-
CD

As shown in Figure 5, the autoreduction occurs even un-
der aerobic conditions if TMe-β-CD is present in the sys-
tem. We therefore studied the effects of TMe-β-CD on sta-
bilization of [(H2O)MnII(tpps)]. Oxidation of [(H2O)MnII-
(tpps)] was carried out by bubbling oxygen through asolu-
tion of [(H2O)MnII(tpps)], which was prepared by
the reaction of [(H2O)2MnIII(tpps)] with Na2S2O4 in phos-
phate buffer at pH 7.0. In the absence of TMe-β-CD,
[(H2O)MnII(tpps)] (λmax = 432 nm) was oxidized at once
to [(H2O)2MnIII(tpps)] (λmax = 466 nm) immediately
after S2O4

2– disappeared upon oxidation with O2 (Sup-
porting Information). In the presence of TMe-β-
CD, however, the autoxidation of [(H2O)MnII(tpps)]
to [(H2O)2MnIII(tpps)] occurs gradually (Figure 7),
thus indicating that low-valent [(H2O)MnII(tpps)] is stabi-
lized against autoxidation by complexation with TMe-β-
CD.

The pseudo-first-order rate constants for autoxidation of
[(H2O)MnII(tpps)] (1.7×10–6 ) in 0.05  phosphate buffer
containing TMe-β-CD (3.4×10–5 ) at pH 7.0 and 25 °C
were determined as a function of partial dioxygen pressure
(see Supporting Information). The second-order rate con-
stant (k) for the autoxidation was determined to be
5.4 –1 s–1. In the absence of TMe-β-CD, the second-order
rate constant has been reported to be 1.5×105 –1 s–1.[26]

Encapsulation of [(H2O)MnII(tpps)] by two TMe-β-CD
molecules drastically depresses the autoxidation. Such a
phenomenon is quite similar to the effect of globin on the
stabilization of a ferrous porphyrin (heme) against autoxid-
ation.
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Figure 7. UV/Vis spectral changes of [(H2O)MnII(tpps)]
(5.0×10–6 ) in 0.05  phosphate buffer at pH 7.0 and 25 °C in the
presence of TMe-β-CD (1.0×10–4 ) after bubbling O2 gas through
the solution. [(H2O)MnII(tpps)] was prepared by the reduction of
[(H2O)2MnIII(tpps)] with an excess amount of Na2S2O4. Inset: The
time course in absorbance at 434 nm due to [(H2O)MnII(tpps)] af-
ter O2 bubbling.

There are two plausible mechanisms for autoxidation of
[(H2O)MnIIPor] (Figure 8). Mechanism 1 is an outer-sphere
electron-transfer mechanism where the electron transfer oc-
curs intermolecularly. Mechanism 2 is similar to the mecha-
nism proposed for autoxidation of oxy-myoglobin[27] and
its model oxy-hemoCD.[18b] Dioxygen complexes of MnII

porphyrin complexes are known to be formed in organic
solvents at low temperature.[28] To the best of our knowl-
edge, the dioxygen adduct of MnIIPor has not been detected
at ambient temperature, meaning that the dioxygen adduct
of MnII porphyrin is very unstable. In Mechanism 2, the
rate-determining step of the autoxidation must be the li-
gand-exchange step of [(H2O)MnIIPor] to [(O2)MnIIPor]
because the autoxidation obeys second-order kinetics. In
our previous work, we determined the rate constant for di-
oxygen association to the iron(II) center of hemoCD to be
4.7×107 –1 s–1.[18b] The penetration of dioxygen into the
cleft formed by the O-methylated β-cyclodextrin dimer is
extremely fast. The cleft of hemoCD should be much less
labile than the present case, where the cleft is formed inter-
molecularly by two TMe-β-CD molecules. The less labile
nature of hemoCD is ascribed to the lower mobility of the

Figure 8. Plausible mechanisms for autoxidation of [(H2O)MnII(tpps)] complexed with TMe-β-CD.
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cyclodextrin moieties linked to each other by a covalent
bond and to ligation of the pyridine moiety involved in the
linker to the FeII center. On the basis of these considera-
tions, mechanism 2 can be excluded. In other words,
[(H2O)MnII(tpps)] seems to be oxidized by an outer-sphere
electron-transfer mechanism (mechanism 1). Since the
penetration of dioxygen into the cleft formed by two TMe-
β-CD molecules is expected to be a fast process, the marked
stabilization of [(H2O)MnII(tpps)] by the TMe-β-CD mole-
cules is not ascribed to the encapsulation effect due to tight
blocking of the MnII center. One possibility that explains
the stabilization of low-valent [(H2O)MnII(tpps)] is alter-
ation of the redox potential of [Mn(tpps)] upon inclusion
into the TMe-β-CD cavities. We therefore measured the re-
dox potentials of [Mn(tpps)] in the absence and presence of
TMe-β-CD.

Redox Potential of [(H2O)2MnIII(tpps)]

At first, cyclic voltammetry (CV) was applied to deter-
mine the MnIII-MnII redox potential of [(H2O)2MnIII-
(tpps)]. In the absence of TMe-β-CD, CV provided a redox
potential, E1/2, of –410 mV (vs. Ag/AgCl) in 0.05  phos-
phate buffer at pH 7.0 containing 0.1  Na2SO4 as support-
ing electrolyte (see Supporting Information). In the pres-
ence of TMe-β-CD, however, no redox peak appeared be-
cause the metal center of [(H2O)2MnIII(tpps)] is blocked by
two TMe-β-CD molecules. It has been shown that an elec-
trode reaction is strictly inhibited by inclusion of a sample
in cyclodextrin.[29] Ribo et al. measured the cyclic voltam-
mograms of MnIII(tpps) complexed with cyclodextrins such
as α-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin.[6b]

They assumed the electrode reactions of the Mn(tpps)-
cyclodextrin complexes adsorbed on the electrode. We were
unable to observe any redox peak when TMe-β-CD, a
stronger host for water-soluble porphyrins, was added to
the system, therefore we decided to use a spectroelectroch-
emical method, which is the established method to deter-
mine the redox potential of metalloenzymes as well as metal
complexes,[30] to study the electrochemistry of the
Mn(tpps)/TMe-β-CD complex.

The Nernst equation [Equation (1)] applied to an elec-
trode reaction is
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E = E1/2 + [(RT)/(nF)]ln (aOx/aRed) (1)

where E and E1/2 are the actual potential and the standard
redox potential, respectively, and aOx and aRed are the
chemical activities of the chemical species on the oxidized
and reduced electrodes, respectively. R, T, and F are the gas
constant, the absolute temperature, and the Faraday con-
stant, respectively. Equation (1) can be transformed into
Equation (2), which is the equation for a one-electron redox
reaction at 25 °C applicable to a spectroelectrochemical
measurement.

E = E1/2 + 0.05914 log[(ARed – A)/(A – AOx)] (2)

where A is the experimentally observed absorbance of a
sample at E and a certain wavelength and ARed and AOx

are the absorbances of the reduced and oxidized species,
respectively, at the same wavelength. In order to accelerate
the electrode reaction, 9,10-anthraquinone-2-sulfonate
(E1/2 = –442 mV vs. Ag/AgCl)[31] was used as an electron
mediator. The UV/Vis spectral changes of [Mn(tpps)] in
phosphate buffer containing 0.1  Na2SO4 as a function of
applied potential (E = –200 to –475 mV vs. Ag/AgCl) are
shown in Figure 9. The spectral changes as a function of E
indicate the existence of only equilibrium between
[(H2O)2MnIII(tpps)] and (H2O)MnII(tpps). From the
Nernst plot, the E1/2 value for the MnIII-MnII redox of the
Mn(tpps)/TMe-β-CD complex was determined to be
–320±3 mV at pH 7.0 and 25 °C. A similar spectroelectro-
chemical titration provided an E1/2 value of –423±8 mV for
[Mn(tpps)] in phosphate buffer (pH 7.0) without TMe-β-
CD (see Supporting Information). Interestingly, complex-
ation of [Mn(tpps)] with TMe-β-CD causes a positive shift
of E1/2 by about 100 mV, which suggests stabilization of
low-valent [(H2O)MnII(tpps)] against autoxidation by TMe-

Figure 9. UV/Vis spectral changes of [Mn(tpps)] (5.0×10–5 ) in 0.05  phosphate buffer containing 5.0×10–4  TMe-β-CD and 0.1 
Na2SO4 at various applied potentials (E = –200 to –475 mV vs. Ag/AgCl) during the spectroelectrochemical titration at pH 7.0 and 25 °C.
Inset: the Nernst plot obtained from the spectral changes at 463 nm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4043–40534050

β-CD. The free-energy change (∆G0) during a redox reac-
tion can be evaluated from Equation (3).

∆G0 = –nFE1/2 (3)

The free-energy changes for the equilibria shown in Fig-
ure 10 were calculated from the E1/2 values and the binding
constants for complexation of [(H2O)2MnIII(tpps)] and
TMe-β-CD. The ∆G0 value for the redox reaction of
[Mn(tpps)] in the presence of TMe-β-CD is 10 kJmol–1,
while that for the system in the absence of TMe-β-CD is
20 kJmol–1. From the thermodynamic and electrochemical
data, the K1K2 value for the complexation of [(H2O)MnII-
(tpps)] with TMe-β-CD to form a 2:1 host–guest complex
can be calculated to be 1.2×1012 –2. In the case of
[(H2O)2MnIII(tpps)], the K1K2 value is 2.3×1010 –2. It is
clear that a positive net charge remaining on the center of
[(H2O)2MnIII(tpps)] greatly destabilizes the 2:1 host–guest
complex.

Although we also measured the MnIII-MnIV redox po-
tentials in aqueous alkaline solutions with and without
TMe-β-CD, we could not obtain reliable data to compare
the redox potential of the Mn(tpps)/TMe-β-CD complex
with that of free [Mn(tpps)] (see Supporting Information).

Conclusions

The present study leads to the following conclusions:
(1) The 1:2 inclusion complex of [(H2O)MnII(tpps)] and
TMe-β-CD is much more stable than that of [(H2O)2MnIII-
(tpps)] and TMe-β-CD. Destabilization of [(H2O)2MnIII-
(tpps)]/TMe-β-CD is ascribed to a positive net charge re-
maining on the center of the metalloporphyrin;
(2) [(H2O)(OH–)MnIII(tpps)] in aqueous alkaline solution
containing TMe-β-CD gradually changes to [(H2O)MnII-
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Figure 10. Free-energy changes for the equilibria of the Mn(tpps)/TMe-β-CD system in aqueous solution at pH 7.0 and 25 °C.

(tpps)] through a one-electron transfer from bound OH– to
MnIII. Formation of low-valent [(H2O)MnII(tpps)] is detect-
able even under aerobic conditions because of marked stabi-
lization due to incorporation of [(H2O)MnII(tpps)] into the
TMe-β-CD cavities;
(3) The redox potentials of [Mn(tpps)] in pH 7.0 phosphate
buffer are –211 and –108 mV (vs. NHE) in the absence and
the presence of TMe-β-CD, respectively. [(H2O)MnII(tpps)]
is stabilized against autoxidation by complexation with
TMe-β-CD, which mimics the function of proteins in bio-
logical systems.

Experimental Section
Materials: [5,10,15,20-Tetrakis(p-sulfonatophenyl)porphyrinato]-
manganese(III) chloride in an acidic form (Frontier Scientific),
TMe-β-CD (Nacalai), and anthraquinone-2-sulfonate sodium salt
(Nacalai) were purchased and used as received. On the basis of the
extinction coefficient of [(H2O)2MnIII(tpps)] (ε466 = 9.5×104), the
purchased manganese porphyrin was determined to be the hexahy-
drate. Water was purified with a Millipore Simpak 1 apparatus.
Pure O2 (99.999%) and pure N2 (99.999%) gases were purchased
from Sumitomo Seika Chemicals.

Measurements: UV/Vis spectra were recorded with a Shimadzu UV-
2450 spectrophotometer with a thermostatted cell holder. The pH
values were measured with a Horiba pH meter M-12. Determi-
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nation of the binding constants for the complexation of [Mn(tpps)]
with TMe-β-CD was performed from the UV/Vis spectral titrations
according to a published method.[14b,16] Microcalorimetric mea-
surements were carried out using a Microcal Isothermal Titration
Calorimeter VP-ITC. The titration curve obtained was analyzed
using the Sequential Binding Sites Model for 2:1 host–guest com-
plexation in the ORIGIN software program.[32]

Mixed O2 gases with various partial pressures in N2 were prepared
with a KOFLOC GM-4B gas-mixing apparatus.

Cyclic voltammetry was carried out with a BAS CV-50W electro-
chemical analyzer. A gold working electrode, a platinum counter
electrode, and a Ag/AgCl (3  NaCl) reference electrode were uti-
lized in a single-component cell. The working electrode was pol-
ished with 0.05-µm alumina and washed with pure water prior to
use. The measurements were carried out under a N2 atmosphere.

The spectroelectrochemical measurements were carried out using
an optically transparent thin-layer electrode cell (BAS, optical
length: 0.5 mm). A working platinum mesh electrode
(7×8×0.2 mm3, 80 mesh) was immersed in the cell. A platinum
wire and Ag/AgCl (3  NaCl) were used as the counter and refer-
ence electrodes, respectively. The potential was controlled by a po-
tentiostat system (ALS1100A electrochemical analyzer, BAS). The
UV/Vis spectra during electronic reduction were recorded with a
Shimadzu Multispec-1500 spectrometer with a thermostatted cell
holder. Anthraquinone-2-sulfonate was used to mediate electron
transfer between the Mn(tpps)/TMe-β-CD complex and the work-
ing electrode. The measurements were carried out at 25 °C under
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N2. The UV/Vis spectral changes at various applied potentials were
analyzed by using a Nernst equation to determine the redox poten-
tial between MnII(tpps) and MnIII(tpps).[31,33]

Supporting Information (see also the footnote on the first page of
this article): Redox potentials of hemoproteins (Table S1), UV/Vis
spectral changes of [(H2O)MnII(tpps)] as a function of [TMe-β-
CD] (Figure S1), ITC for complexation of [(OH–)nMnIV(tpps)] with
TMe-β-CD (Figure S2), ESI mass spectrum of a reaction mixture
of [(H2O)MnII(tpps)] and TMe-β-CD in aqueous alkaline solution
(Figure S3), UV/Vis spectra of [(H2O)MnII(tpps)] and its oxidized
product in phosphate buffer without TMe-β-CD (Figure S4), plot
of the pseudo-first-order rate constant for autoxidation of [(H2O)-
MnII(tpps)] in phosphate buffer with TMe-β-CD vs. [O2] (Fig-
ure S5), CVs. of [Mn(tpps)] in phosphate buffer with and without
TMe-β-CD (Figure S6), spectroelectrochemical data of [Mn(tpps)]
in phosphate buffer without TMe-β-CD (Figure S7), and MnIII-
MnIV redox behavior of [Mn(tpps)] in aqueous alkaline solutions
with and without TMe-β-CD.
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A series of new luminescent cyclometalated iridium(III) poly-
pyridine thiourea complexes [Ir(N-C)2(N-N)](PF6) [HN-C =
2-phenylpyridine (Hppy), N-N = N-ethyl-N�-1,10-phenan-
throlin-5-yl thiourea (phen-TU-Et) (1a), N-phenyl-N�-1,10-
phenanthrolin-5-yl thiourea (phen-TU-Ph) (1b), N-(1-ada-
mantanemethyl)-N�-1,10-phenanthrolin-5-yl thiourea (phen-
TU-MeA) (1c); HN-C = 7,8-benzoquinoline (Hbzq), N-N =
phen-TU-Et (2a), phen-TU-Ph (2b), phen-TU-MeA (2c); HN-
C = 2-phenylquinoline (Hpq), N-N = phen-TU-Et (3a), phen-
TU-Ph (3b), phen-TU-MeA (3c)] have been synthesized and

Introduction

Recognition of anions is an interesting area of research
because of the important roles of anions in industrial and
biological processes and environmental science. Hydrogen-
bonding interactions have been commonly used in the de-
velopment of artificial anion receptors;[1–9] for example,
traditional amide-based receptors have been employed as
hydrogen-bond donors to bind various anions.[1–5] Recently,
the thiourea moiety has attracted much attention because
of its specific binding of F– and oxyanions such as OAc–

and H2PO4
–.[6–9] It has been attached to various organic

chromophores and fluorophores to produce effective anion
sensors.[6–8]

The photophysics and photochemistry of luminescent
iridium(III) polypyridine complexes have attracted much at-
tention recently.[10–25] This interest originates from the suc-
cessful use of these complexes as dopants in the fabrication
of light-emitting diode devices.[16a,16e] Some luminescent
iridium(III) polypyridine complexes have been developed as
luminescent sensors for various analytes, including oxy-
gen,[11c] proton,[17a] and alkali and alkaline-earth metal
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characterized. The photophysical and electrochemical prop-
erties of these complexes have been investigated. On the ba-
sis of the photophysical and electrochemical data, the nature
of the emissive states has been assigned. The thiourea moie-
ties of the complexes allow them to act as receptors for
anions; the binding of OAc–, F–, and H2PO4

– to the complexes
has been investigated by emission titrations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cations.[23d] However, the use of luminescent iridium(III)
polypyridine complexes as anion sensors is very limited.[17b]

With our recent interest in using luminescent iridium(III)
polypyridine complexes as biological labeling reagents and
probes,[25] we envisage that incorporation of a thiourea moi-
ety into these complexes can afford a new anion-sensory
system. Herein, we report the synthesis, characterization,
photophysics, and electrochemistry of a series of new lumi-
nescent cyclometalated iridium(III) polypyridine thiourea
complexes [Ir(N-C)2(N-N)](PF6) [HN-C = 2-phenylpyridine
(Hppy), N-N = N-ethyl-N�-1,10-phenanthrolin-5-yl thio-
urea (phen-TU-Et) (1a), N-phenyl-N�-1,10-phenanthrolin-
5-yl thiourea (phen-TU-Ph) (1b), N-(1-adamantanemethyl)-
N�-1,10-phenanthrolin-5-yl thiourea (phen-TU-MeA) (1c);
HN-C = 7,8-benzoquinoline (Hbzq), N-N = phen-TU-Et
(2a), phen-TU-Ph (2b), phen-TU-MeA (2c); HN-C = 2-
phenylquinoline (Hpq), N-N = phen-TU-Et (3a), phen-TU-
Ph (3b), phen-TU-MeA (3c)] (Scheme 1). The emission and
electrochemical properties of these complexes have been
compared to those of their amine and isothiocyanate coun-
terparts [Ir(N-C)2(N-N)](PF6) [HN-C = Hppy, N-N = 5-
amino-1,10-phenanthroline (phen-NH2) (1d), 5-isothiocy-
anato-1,10-phenanthroline (phen-ITC) (1e); HN-C = Hbzq,
N-N = phen-NH2 (2d), phen-ITC (2e); HN-C = Hpq, N-N
= phen-NH2 (3d), phen-ITC (3e)] (Scheme 1).[25a,25c] The
binding of anions including OAc–, F–, and H2PO4

– to the
thiourea complexes has been investigated by emission ti-
trations.
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Scheme 1. Structures of the iridium(III) polypyridine complexes.

Results and Discussion

Synthesis

The isothiocyanate group of [Ir(N-C)2(phen-ITC)](PF6)
reacts readily with primary amines to form thiourea link-
ages. We have used these luminescent complexes as labeling
reagents for amine-containing biological molecules.[25a,25c]

All the cyclometalated iridium(III) thiourea complexes in
the current work were prepared by the reaction of [Ir(N-C)2-
(phen-ITC)](PF6) with the corresponding amines. To inves-
tigate the effects of the substituent of the thiourea moiety
on the photophysical, electrochemical, and anion-binding
properties of the target complexes, we have employed an
electron-donating ethyl group and an electron-withdrawing
phenyl ring as the substituents. Additionally, a relatively
bulky 1-adamantanemethyl unit has also been employed.
All the iridium(III) thiourea complexes were characterized
by 1H NMR spectroscopy, positive-ion ESI-MS, IR spec-
troscopy, and gave satisfactory microanalysis.

Electronic Absorption and Emission

The electronic absorption spectroscopic data of the iridi-
um(III) thiourea complexes are listed in Table 1. The elec-
tronic absorption spectra of complexes 1a, 2a, and 3a in
CH2Cl2 are shown in Figure 1. All the complexes showed
intense spin-allowed intra-ligand (1IL) (π�π*) (N-N and

Eur. J. Inorg. Chem. 2006, 4054–4062 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4055

N-C–) absorption bands at around 252–348 nm (ε of the
order of 104 –1 cm–1) and spin-allowed metal-to-ligand
charge-transfer (1MLCT) [dπ(Ir)�π*(N-N and N-C–)]
absorption shoulders at around 370–521 nm. Similar
to related cyclometalated iridium(III) polypyridine
systems,[10–16,17a,17c–17e,18–24] spin-forbidden 3MLCT
[dπ(Ir)�π*(N-N and N-C–)] absorption tailing was also
observed in a lower-energy region (ca. 518–550 nm) due to
spin-orbital coupling associated with the iridium(III) cen-
ter. It is noteworthy that the absorption data of the com-
plexes with the same cyclometalating ligand but different
substituents on the thiourea moiety (i.e. ethyl, phenyl or
1-adamantanemethyl) are very similar, thus indicating that
these substituents do not substantially affect the energy
levels of the π* orbitals of the diimine ligands.

Table 1. Electronic absorption spectroscopic data of the iridi-
um(III) polypyridine thiourea complexes at 298 K.

Complex Medium λabs [nm] (ε [–1 cm–1])

1a CH2Cl2 255 (71500), 266 sh (65785), 278 sh (49880),
333 sh (16710), 380 sh (9615), 466 sh (1155)

CH3CN 252 (70060), 266 sh (59590), 279 sh (43780),
332 sh (16520), 375 sh (9100), 465 sh (1205)

1b CH2Cl2 254 (68330), 266 (66960), 282 sh (50175),
332 sh (18330), 375 sh (11605),
463 sh (1550)

CH3CN 253 (62645), 266 sh (59160), 284 sh (42560),
332 sh (16390), 375 sh (10140),
463 sh (1405)

1c CH2Cl2 256 (62640), 268 sh (57860), 332 sh (16890),
370 sh (10950), 464 sh (1855)

CH3CN 253 (64400), 268 sh (55870), 332 sh (16440),
370 sh (10210), 464 sh (1817)

2a CH2Cl2 257 (60335), 282 sh (32620), 328 (20330),
405 sh (6355)

CH3CN 254 (55390), 277 sh (31940), 326 (19420),
408 sh (5500)

2b CH2Cl2 257 (51405), 284 sh (29295), 330 (17935),
403 sh (5490)

CH3CN 254 (56525), 280 sh (35375), 323 (21390),
408 sh (5720)

2c CH2Cl2 256 (72380), 284 sh (37600), 328 (24410),
410 sh (7040)

CH3CN 253 (74020), 280 sh (39225), 325 (25525),
408 sh (6975)

3a CH2Cl2 262 sh (58600), 273 (62095), 333 (29025),
348 sh (26165), 433 (6915), 519 sh (655)

CH3CN 262 sh (62475), 274 (65435), 332 (27140),
346 sh (24660), 427 (6650), 520 sh (685)

3b CH2Cl2 262 (60590), 284 sh (55450), 333 (26340),
347 sh (23070), 436 (5590), 518 sh (510)

CH3CN 262 (61690), 280 sh (57675), 331 (26275),
348 sh (22535), 432 (5725), 521 sh (550)

3c CH2Cl2 263 (69450), 280 sh (63150), 334 (30505),
346 sh (26895), 436 (6700), 520 sh (705)

CH3CN 262 (68875), 280 sh (61795), 334 (29170),
348 sh (25115), 432 (6430), 520 sh (720)

Upon irradiation, all the iridium(III) thiourea complexes
displayed intense and long-lived green to orange lumines-
cence under ambient conditions and in low-temperature
alcohol glass. The emission data of these complexes and
their amine (1d–3d) and isothiocyanate (1e–3e) counter-
parts are summarized in Table 2. The emission spectra of
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Figure 1. Electronic absorption spectra of complexes 1a (—) 2a
(---), and 3a (···) in CH2Cl2 at 298 K.

complexes 1a, 2a, and 3a in degassed CH2Cl2 at 298 K and
in alcohol glass at 77 K are shown in Figures 2, 3, and 4,
respectively. The emission of the ppy– (1a–1c) and bzq– (2a–
2c) thiourea complexes occurred at a lower energy with a
shorter excited-state lifetime and lower emission quantum
yield in more polar CH3CN than in less polar CH2Cl2
(Table 2). These findings suggest that the emissive states
bear a high parentage of triplet MLCT [dπ(Ir)�π*(N-N)]
character.[10,11b–11f,13a,14a,15,16,17c–17e,19a,20–24,25a,25c,25d,25f]

This assignment is supported by the observations that the
iridium(III) thiourea complexes emitted at lower energy
than complexes 1d and 2d, which contain an electron-do-
nating amine group on the diimine ligand, and at higher
energy than complexes 1e and 2e, which contain an elec-
tron-withdrawing isothiocyanate group on the diimine li-
gand. Interestingly, in fluid solutions at 298 K the emission
spectra of all the pq– complexes 3a–3c showed very similar
structural features, with an emission maximum at around
558–563 nm and a shoulder at around 584–588 nm (Table 2
and Figure 4). The independence of the nature of the di-
imine ligands on the emission behavior is further reflected
by the fact that the phen-NH2 complex 3d and the phen-
ITC complex 3e also exhibited very similar emission ener-
gies (Table 2). The excited-state lifetimes of the pq– thiourea
complexes varied from around 3.11 to 1.27 µs and are much
longer than those of their ppy– and bzq– counterparts. On
the basis of these observations, we propose that the emissive
states of these pq– complexes are essentially triplet IL
(π�π*) (pq–) in nature, perhaps with mixing of some
3MLCT [dπ(Ir)�π*(pq–)] character. Similar 3IL emission
has been observed for related iridium(III) pq– sys-
tems.[25c,25d]

Upon cooling to 77 K, the emission bands of the ppy–

(1a–1c) and bzq– (2a–2c) thiourea complexes showed large
hypsochromic shifts (Table 2, Figure 2 and Figure 3), which
is a typical feature of common iridium(III) 3MLCT
emitters.[10a,10c,11b,11c,11e,11f,13a,14b,15,16b–16e,17c,19a,20a,21,22,

25a,25c,25d,25f] Bi-exponential emission decays were observed;
the longer- and shorter-lived counterparts are ascribed to
3MLCT excited states involving the cyclometalating and di-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4054–40624056

Table 2. Photophysical data of the iridium(III) polypyridine com-
plexes.

Complex Medium (T [K]) λem [nm] τo [µs] Φ

1a CH2Cl2 (298) 584 0.81 0.32
CH3CN (298) 587 0.34 0.12
glass[a] (77) 516, 540 sh 49.93 (9 %),

5.73 (91 %)
1b CH2Cl2 (298) 577 0.97 0.13

CH3CN (298) 588 0.47 0.068
glass[a] (77) 531 49.54 (9 %),

5.48 (91 %)
1c CH2Cl2 (298) 585 0.98 0.11

CH3CN (298) 593 0.43 0.032
glass[a] (77) 522, 553 sh 49.38 (10 %),

5.50 (90 %)
1d[b] CH2Cl2 (298) 564 9.52 0.43

CH3CN (298) 568 11.38 0.079
glass[a] (77) 560 (max), 602, 286.21

658 sh
1e[b] CH2Cl2 (298) 598 0.77 0.29

CH3CN (298) 608 0.41 0.079
glass[a] (77) 512 (max), 552, 93.52 (32 %),

594 sh 14.58 (68 %)
2a CH2Cl2 (298) 581 1.13 0.20

CH3CN (298) 590 0.45 0.039
glass[a] (77) 520 (max), 539, 48.04 (21 %),

574 sh 4.82 (79 %)
2b CH2Cl2 (298) 580 1.11 0.15

CH3CN (298) 588 0.56 0.041
glass[a] (77) 505, 540 (max), 47.79 (28 %),

575 sh 4.78 (72 %)
2c CH2Cl2 (298) 587 0.87 0.13

CH3CN (298) 593 0.37 0.040
glass[a] (77) 508 sh, 47.64 (30 %),

520 (max), 539 5.30 (70 %)
2d[b] CH2Cl2 (298) 568 6.65 0.26

CH3CN (298) 567 25.02 0.015
glass[a] (77) 506 sh, 260.30

562 (max), 606,
666 sh

2e[b] CH2Cl2 (298) 597 0.67 0.12
CH3CN (298) 607 0.32 0.046
glass[a] (77) 511 (max), 553, 51.83 (23 %),

600 sh 4.48 (77 %)
3a CH2Cl2 (298) 558, 587 sh 3.11 0.44

CH3CN (298) 561, 584 sh 2.58 0.11
glass[a] (77) 545 (max), 587, 6.10

640 sh
3b CH2Cl2 (298) 558, 584 sh 2.64 0.44

CH3CN (298) 563, 588 sh 2.31 0.21
glass[a] (77) 544 (max), 587, 6.65

631 sh
3c CH2Cl2 (298) 562, 587 sh 2.06 0.28

CH3CN (298) 562, 587 sh 1.27 0.22
glass[a] (77) 545 (max), 587, 6.07

632 sh
3d[b] CH2Cl2 (298) 555, 599 sh 4.07 0.36

CH3CN (298) 559, 599 sh 5.99 0.17
glass[a] (77) 540 sh, 570, 389.15

615 sh, 681 sh
3e[b] CH2Cl2 (298) 560, 599 sh 1.50 0.25

CH3CN (298) 559, 599 sh 1.13 0.17
glass[a] (77) 540 (max), 582, 4.96

626 sh

[a] EtOH/MeOH (4:1, v/v). [b] From ref.[25c]
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Figure 2. Emission spectra of complex 1a in CH2Cl2 at 298 K (—)
and in EtOH/MeOH (4:1, v/v) at 77 K (---).

Figure 3. Emission spectra of complex 2a in CH2Cl2 at 298 K (—)
and in EtOH/MeOH (4:1, v/v) at 77 K (---).

Figure 4. Emission spectra of complex 3a in CH2Cl2 at 298 K (—)
and in EtOH/MeOH (4:1, v/v) at 77 K (---).

imine ligands, respectively.[10,13a] On the contrary, the emis-
sion bands of the pq– thiourea complexes 3a–3c only
showed small blue shifts upon cooling to 77 K (Table 2 and
Figure 4). The complexes displayed very similar and vibron-
ically structured emission spectra with an excited-state life-
time of about 6 µs in alcohol glass at 77 K. It is conceivable
that the nature of the emissive states is essentially 3IL

Eur. J. Inorg. Chem. 2006, 4054–4062 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4057

(π�π*) (pq–), probably mixed with some 3MLCT
[dπ(Ir)�π*(pq–)] character.

It is important to note that the emission properties of
these cyclometalated iridium(III) polypyridine complexes
are sensitive to the substituents on the diimine ligands. In
most cases, the emission energies of the complexes follow
the order: phen-NH2 � phen-thiourea � phen-ITC, which
is indicative of the involvement of 3MLCT [dπ(Ir)�π*(N-
N)] character in the emissive states. On the contrary, varia-
tion of the substituent of the thiourea moiety does not re-
sult in any substantial difference of the emission properties
of the thiourea complexes (Table 2). It appears that the
thiourea bridge does not facilitate electronic communica-
tion and its substituent cannot profoundly perturb the elec-
tronic structures of the diimine ligand and the iridium(III)
complex.

Electrochemistry

The electrochemical properties of the iridium(III) thio-
urea complexes have been studied by cyclic voltammetry.
The electrochemical data of these complexes and the phen-
NH2 and phen-ITC analogs are listed in Table 3. All the
iridium(III) thiourea complexes showed an irreversible wave
at about +1.08 to +1.19 V vs. SCE, which is assigned to the
oxidation of the thiourea groups because similar waves are
absent in the cyclic voltammograms of the phen-NH2 and
phen-ITC complexes (Table 3). An additional quasi-revers-
ible oxidation couple appeared at about +1.21 to +1.31 V,
attributable to the metal-centered IrIV/III oxi-
dation.[10a,10c,11–13,14a,15b,15c,19a,19b,23a,24b,24c,25] The lower re-
versibility of these couples compared to that of typical iridi-
um(III) polypyridine complexes could be a result of the
irreversible thiourea-based oxidation that occurred at lower
potentials. The iridium(III) thiourea complexes exhibited
the first reduction waves at about –1.32 to
–1.37 V vs. SCE. These waves are assigned to the reduction
of the diimine ligands. This assignment agrees with the find-

Table 3. Electrochemical data of the iridium(III) polypyridine com-
plexes in CH3CN (0.1  TBAP) at 298 K (glassy-carbon working
electrode; sweep rate: 100 mVs–1; all potentials vs. SCE).

Complex Oxidation, Reduction,
E1/2 or Ea [V] E1/2 or Ec [V]

1a +1.12,[a] +1.27[b] –1.36,[a] –1.61,[b] –2.30[a]

1b +1.19,[a] +1.27[b] –1.34,[a] –1.57,[b] –2.28[a]

1c +1.12,[a] +1.26[b] –1.36,[a] –1.61,[b] –2.45[a]

1d[c] +1.27[a] –1.45,[a] –2.24,[b] –2.53[a]

1e[c] +1.27 –1.21,[a] –1.48, –1.98,[a] –2.43[a]

2a +1.08,[a] +1.21[b] –1.36,[a] –2.10,[b] –2.34[a]

2b +1.13,[a] +1.21[b] –1.36,[a] –1.61,[b] –2.08,[a] –2.32[a]

2c +1.09,[a] +1.21[b] –1.34,[a] –1.63,[b] –2.08,[a] –2.32[a]

2d[c] +1.13[b] –1.42,[b] –1.69,[b] –2.00,[a] –2.29[a]

2e[c] +1.15 –1.20,[a] –1.47,[a] –2.08,[a] –2.37[a]

3a +1.13,[a] +1.31[b] –1.37,[a] –1.90,[a] –2.27[a]

3b +1.14,[a] +1.30[b] –1.37,[a] –1.56,[b] –1.90,[a] –2.04,[a] –2.24[a]

3c +1.12,[a] +1.27[b] –1.32,[a] –1.58,[b] –1.88,[a] –2.04,[a] –2.27[a]

3d[c] +1.25[a] –1.45, –1.75,[b] –1.99,[b] –2.35[b]

3e[c] +1.28 –1.20,[a] –1.45,[b] –1.87,[b] –2.56[a]

[a] Irreversible waves. [b] Quasi-reversible couples. [c] From ref.[25c]
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ings that the potentials of these waves are less negative than
those of the phen-NH2 (ca. –1.42 to –1.45 V) and more
negative than the phen-ITC analogs (ca. –1.20 to
–1.21 V) due to the electron-donating and -withdrawing
properties of the amine and isothiocyanate groups, respec-
tively. Whilst most diimine-based reductions of cyclomet-
alated iridium(III) polypyridine complexes are reversible in
nature (see references cited above), the irreversibility of
these waves suggests the possible involvement of thiourea
in the reduction process. Again, variation of the substituent
of the thiourea moiety does not cause much difference in
the reduction potentials of these complexes (Table 3), thus
confirming that the π* orbitals of the diimine ligand are
not strongly affected by the substituents on the other side of
the thiourea linkage. Other irreversible and distorted waves
appeared at lower potentials; these are assigned to re-
duction of the cyclometalating ligands.

Anion-Binding Properties

Since the OAc–, F–, and H2PO4
– ions are well known to

bind to thiourea,[6–9] we have studied their binding to the
iridium(III) thiourea complexes. The absorption spectra of
the complexes did not exhibit any changes in the presence
of these three ions. It is therefore likely that the binding
does not significantly alter the π* energy levels of the di-
imine ligands and hence the energies of the 1IL and 1MLCT
transitions. Emission titrations have been performed to
study the anion-binding properties of the complexes. As an
example, the luminescence spectral traces for complex 3c in
CH3CN upon addition of OAc–, F–, and H2PO4

– ions are
illustrated in Figures 5(a), 6(a), and 7(a), respectively. The
emission intensities of all the iridium(III) thiourea com-
plexes in the current work were reduced in the presence of
these three anions. These findings are attributed to binding
of the anions to the thiourea moieties because no changes
were observed for the control complexes [Ir(N-C)2-
(phen)](PF6) (N-C– = ppy–, bzq–, pq–).[26] It is worth men-
tioning that the emission energies of the thiourea complexes
were not altered upon the binding events, thereby suggest-
ing that the uptake of the anions by the thiourea moieties
did not increase the π* levels of the diimine ligands. To a
certain extent, this is in agreement with the independence
of the emission properties of the complexes on the substitu-
ents of the thiourea moieties (see above). We tentatively as-
cribe the observed emission quenching to a more efficient
nonradiative deactivation pathway. Similar anion-induced
emission quenching has also been observed in the lumines-
cent rhenium(I) polypyridine thiourea complexes that we
reported previously.[9]

Treatment of the emission titration data of all the iridi-
um(III) thiourea complexes and the three anions using a
1:1 binding model gave satisfactory fits.[27] Plots of Io/(Io –
Ix) vs. [A–]–1 (A– = OAc–, F–, H2PO4

–) for complex 3c and
the corresponding theoretical fits are shown in Figures 5(b),
6(b), and 7(b), respectively. The logKs values for the bind-
ing of all the iridium(III) thiourea complexes and the three
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Figure 5. (a) Luminescence spectral traces of complex 3c (120 µ)
in CH3CN (0.1  TBAP) upon addition of OAc– at 298 K. The
concentrations of OAc– were 0, 24, 48, 72, 96, and 120 µ, respec-
tively. (b) A plot of Io/(Io – Ix) vs. [OAc–]–1 (�) and the theoretical
fit on the basis of a 1:1 binding stoichiometry (—).

anions in CH3CN have been determined from the fitting
(Table 4). The logKs values for the binding of OAc– range
from 4.03 to 4.35 and are larger than those for F– (from
3.13 to 3.73) and H2PO4

– (from 3.12 to 3.68). Importantly,
variation of the cyclometalating ligands and the substitu-
ents of the thiourea moieties did not lead to any noticeable
difference in the anion-binding properties of the complexes.
The minor role of the cyclometalating ligands on the anion-
binding behavior is reasonable. However, the use of various
thiourea substituents of different electronic and structural
properties was expected to affect the anion-binding affin-
ities of the complexes. Our experimental results indicate,
however, that these effects are minimal. A possible reason
is that these thiourea substituents can only control the elec-
tronic density of one of the two NH groups of the thiourea
moiety, and that the bulky adamantane unit does not ham-
per the binding properties owing to the flexible methylene
linkage. Overall, the iridium(III) thiourea complexes re-
vealed a stronger affinity for OAc– than for the F– and
H2PO4

– ions (Table 4). A similar trend has been observed
for a related naphthalimide-thiourea conjugate [logKs =
4.47 (OAc–), 3.80 (F–), 3.48 (H2PO4

–) in DMSO][8f] and a
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Figure 6. (a) Luminescence spectral traces of complex 3c (120 µ)
in CH3CN (0.1  TBAP) upon addition of F– at 298 K. The con-
centrations of F– were 0, 24, 48, 72, 96, and 120 µ, respectively.
(b) A plot of Io/(Io – Ix) vs. [F–]–1 (�) and the theoretical fit on the
basis of a 1:1 binding stoichiometry (—).

rhenium(I) polypyridine anthraquinone thiourea complex
[logKs = 4.61 (OAc–), 3.66 (F–), 3.70 (H2PO4

–) in
CH3CN].[9] It is likely that this preferential binding of OAc–

ion is associated with the basicity of the anions [pKa = 4.75
(HOAc), 3.45 (HF), 2.12 (H3PO4) in aqueous solution at
298 K].[28] The binding affinities of the iridium(III) thiourea
complexes to F– and H2PO4

– are very similar. The geometry

Table 4. LogKs values for the binding of anions by the iridium(III)
polypyridine thiourea complexes in CH3CN (0.1  TBAP) at
298 K.

Complex OAc– F– H2PO4
–

1a 4.02 3.13 3.34
1b 4.35 3.12 3.46
1c 4.03 3.16 3.16
2a 4.17 3.14 3.45
2b 4.19 3.73 3.68
2c 4.16 3.24 3.26
3a 4.03 3.18 3.13
3b 4.10 3.23 3.12
3c 4.03 3.38 3.14
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Figure 7. (a) Luminescence spectral traces of complex 3c (120 µ)
in CH3CN (0.1  TBAP) upon addition of H2PO4

– at 298 K. The
concentrations of H2PO4

– were 0, 24, 48, 72, 96, and 120 µ,
respectively. (b) A plot of Io/(Io – Ix) vs. [H2PO4

–]–1 (�) and the
theoretical fit on the basis of a 1:1 binding stoichiometry (—).

of the anions appears to contribute strongly to the stabili-
ties of the receptor–anion adducts,[29] with the trigonal
OAc– and tetrahedral H2PO4

– ions fitting the trigonal
planar shape of the thiourea unit better than the spherical
F– ion. Thus, it is likely that the binding affinities of the
iridium(III) thiourea complexes to OAc–, F–, and H2PO4

–

are a combined effect of the basicity and molecular geome-
try of the guest ions.

Conclusions

This paper describes the synthesis, characterization,
photophysics, electrochemistry, and anion-binding proper-
ties of a series of new luminescent cyclometalated iridi-
um(III) polypyridine thiourea complexes. The emission in-
tensities of all the complexes were reduced upon addition
of anions OAc–, F–, and H2PO4

–. The binding stoichiomet-
ries were determined to be 1:1 in all cases, and the logKs

values ranged from 3.12 to 4.35. The binding affinity of the
iridium(III) thiourea complexes for OAc– was higher than
those for F– and H2PO4

–, which is a combined effect of the
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basicity and molecular geometry of the anions. Interest-
ingly, the substituents of the thiourea moieties did not affect
the photophysical, electrochemical, and anion-binding
properties of the complexes, probably due to insufficient
communication between these substituents and the diimine
ligand. Nevertheless, these thiourea complexes are the first
systematic design of specific anion receptors derived from
luminescent cyclometalated iridium(III) polypyridine com-
plexes. The development of related luminescent transition
metal complexes as anion receptors is in progress.

Experimental Section
Materials and Reagents: All solvents were of analytical grade and
were purified according to published procedures.[30] Ethylamine
(2  in THF) (International Laboratory), aniline (Aldrich), 1-ada-
mantanemethylamine (International Laboratory), tetra-n-butyl-
ammonium acetate (TBAOAc; Aldrich), tetra-n-butylammonium
fluoride (TBAF; Acros), and tetra-n-butylammonium dihydrogen
phosphate (TBAH2PO4; Aldrich) were used without purification.
Tetra-n-butylammonium hexafluorophosphate (TBAP; Aldrich)
was recrystallized from hot ethanol twice and dried in vacuo at
110 °C before use.

Synthesis: A mixture of [Ir(N-C)2(phen-ITC)](PF6) (HN-C = Hppy,
Hbzq, Hpq; 0.12 mmol)[25c] and the corresponding amine (ethyl-
amine, aniline, 1-adamantanemethylamine; 0.12 mmol) in acetone
(30 mL) was stirred at room temperature under an inert atmosphere
of nitrogen in the dark for 12 h. Recrystallization of the products
from a mixture of acetone and diethyl ether gave air-stable orange-
yellow crystals.

[Ir(ppy)2(phen-TU-Et)](PF6) (1a): Yield: 93 mg (84%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 9.37 (s, 1 H,
phen-NH), 8.86 (t, J = 8.4 Hz, 2 H, 6-H of pyridyl ring of ppy–),
8.47 (s, 1 H, 6-H of phen), 8.45 (dd, J = 5.0 and 1.2 Hz, 1 H, 2-H
of phen), 8.38 (dd, J = 5.0 and 1.5 Hz, 1 H, 9-H of phen), 8.25 (d,
J = 8.2 Hz, 2 H, 3-H of pyridyl ring of ppy–), 8.10–8.02 (m, 2 H,
3-H and 8-H of phen), 7.96–7.89 (m, 4 H, 4-H of pyridyl ring and
3-H of phenyl ring of ppy–), 7.81 (t, J = 4.9 Hz, 1 H, Et-NH), 7.72
(d, J = 5.0 Hz, 1 H, 7-H of phen), 7.65 (d, J = 5.9 Hz, 1 H, 4-H
of phen), 7.11–6.94 (m, 6 H, 5-H of pyridyl ring and 4-H and 5-H
of phenyl ring of ppy–), 6.45 (d, J = 7.6 Hz, 2 H, 6-H of phenyl ring
of ppy–), 3.72–3.63 (m, 2 H, CH2CH3), 1.21 ppm (t, J = 6.2 Hz, 3
H, CH2CH3). IR (KBr): ν̃ = 3367 (m, N–H), 1269 (m, C=S), 844
(s, PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at m/z 783
[M]+. C37H30F6IrN6PS·0.5H2O (936.94): calcd. C 47.43, H 3.33, N
8.97; found C 47.43, H 3.27, N 8.98.

[Ir(ppy)2(phen-TU-Ph)](PF6) (1b): Yield: 88 mg (75%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 10.43 (s, 1 H,
phen-NH), 10.31 (s, 1 H, Ph-NH), 9.11 (d, J = 8.2 Hz, 1 H, 6-H
of pyridyl ring of ppy–), 8.81 (d, J = 8.5 Hz, 1 H, 6-H of pyridyl
ring of ppy–), 8.55 (s, 1 H, 6-H of phen), 8.42 (d, J = 5.0 Hz, 1 H,
2-H of phen), 8.37 (d, J = 5.0 Hz, 1 H, 9-H of phen), 8.24 (d, J =
8.2 Hz, 2 H, 3-H of pyridyl ring of ppy–), 8.06–7.99 (m, 2 H, 3-H
and 8-H of phen), 7.95–7.88 (m, 4 H, 4-H of pyridyl ring and 3-H
of phenyl ring of ppy–), 7.73–7.67 (m, 4 H, 4-H and 7-H of phen
and 2-H and 6-H of Ph), 7.38 (t, J = 7.6 Hz, 2 H, 3-H and 5-H of
Ph), 7.20 (t, J = 7.0 Hz, 1 H, 4-H of Ph), 7.10–6.94 (m, 6 H, 5-H
of pyridyl ring and 4-H and 5-H of phenyl ring of ppy–), 6.45 ppm
(d, J = 6.7 Hz, 2 H, 6-H of phenyl ring of ppy–). IR (KBr): ν̃ =
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3374 (m, N–H), 1268 (m, C=S), 844 (s, PF6
–) cm–1. Positive-ion

ESI-MS: ion cluster at m/z 829 [M]+. C41H30F6IrN6PS·H2O
(994.00): calcd. C 49.54, H 3.24, N 8.45; found C 49.78, H 3.49, N
8.25.

[Ir(ppy)2(phen-TU-MeA)](PF6) (1c): Yield: 89 mg (77%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 9.44 (s, 1 H,
phen-NH), 8.86 (dd, J = 8.8 and 5.6 Hz, 2 H, 6-H of pyridyl ring
of ppy–), 8.52 (s, 1 H, 6-H of phen), 8.45 (d, J = 4.4 Hz, 1 H, 2-H
of phen), 8.38 (d, J = 4.4 Hz, 1 H, 9-H of phen), 8.25 (d, J =
8.2 Hz, 2 H, 3-H of pyridyl ring of ppy–), 8.10–8.01 (m, 2 H, 3-H
and 8-H of phen), 7.99–7.89 (m, 4 H, 4-H of pyridyl ring and 3-H
of phenyl ring of ppy–), 7.73–7.63 (m, 3 H, 4-H and 7-H of phen
and CH2-NH), 7.11–6.95 (m, 6 H, 5-H of pyridyl ring and 4-H and
5-H of phenyl ring of ppy–), 6.45 (d, J = 7.3 Hz, 2 H, 6-H of phenyl
ring of ppy–), 2.83 (s, 2 H, CH2NH), 1.97 (s, 3 H, CH of ada-
mantane), 1.76–1.61 ppm (m, 12 H, CH2 of adamantane). IR
(KBr): ν̃ = 3387 (m, N–H), 1266 (m, C=S), 844 (s, PF6

–) cm–1.
Positive-ion ESI-MS: ion cluster at m/z 903 [M]+. C46H42F6IrN6PS
(1048.1): calcd. C 52.71, H 4.04, N 8.02; found C 52.58, H 3.98, N
8.25.

[Ir(bzq)2(phen-TU-Et)](PF6) (2a): Yield: 75 mg (64%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 10.66 (s, 1 H,
phen-NH), 9.19 (d, J = 5.9 Hz, 1 H, 2-H of phen), 8.95 (s, 1 H,
Et-NH), 8.71 (d, J = 7.6 Hz, 2 H, 6-H and 9-H of phen), 8.50 (d,
J = 6.7 Hz, 2 H, 4-H of bzq–), 8.39 (d, J = 5.3 Hz, 1 H, 4-H of
phen), 8.29 (d, J = 4.4 Hz, 1 H, 7-H of phen), 8.16 (d, J = 4.1 Hz,
2 H, 2-H of bzq–), 8.00 (d, J = 8.8 Hz, 2 H, 6-H of bzq–), 7.92–
7.86 (m, 4 H, 5-H of bzq– and 3-H and 8-H of phen), 7.59 (d, J =
7.9 Hz, 2 H, 7-H of bzq–), 7.46 (t, J = 5.3 Hz, 2 H, 3-H of bzq–),
7.23 (t, J = 7.3 Hz, 2 H, 8-H of bzq–), 6.47 (d, J = 6.5 Hz, 2 H, 9-
H of bzq–), 3.65–3.63 (m, 2 H, CH2CH3), 1.29–1.20 ppm (m, 3 H,
CH2CH3). IR (KBr): ν̃ = 3365 (m, N–H), 1266 (m, C=S), 847 (s,
PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at m/z 831 [M]+.
C41H30F6IrN6PS·H2O (994.00): calcd. C 49.54, H 3.24, N 8.45;
found C 49.44, H 3.24, N 8.17.

[Ir(bzq)2(phen-TU-Ph)](PF6) (2b): Yield: 86 mg (70%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 9.88 (s, 1 H,
phen-NH), 9.77 (s, 1 H, Ph-NH), 8.99 (d, J = 7.6 Hz, 1 H, 2-H of
phen), 8.83 (d, J = 7.9 Hz, 1 H, 9-H of phen), 8.52 (d, J = 7.3 Hz,
2 H, 4-H of bzq–), 8.47 (s, 1 H, 6-H of phen), 8.43 (d, J = 5.0 Hz,
1 H, 4-H of phen), 8.37 (d, J = 4.1 Hz, 1 H, 7-H of phen), 8.19 (d,
J = 4.4 Hz, 1 H, 2-H of bzq–), 8.11 (d, J = 5.6 Hz, 1 H, 2-H of
bzq–), 8.03–7.86 (m, 7 H, 2-H, 3-H and 8-H of phen and 5-H and
6-H of bzq–), 7.66–7.59 (m, 4 H, 2-H and 6-H of Ph and 7-H of
bzq–), 7.50–7.38 (m, 4 H, 3-H and 5-H of Ph and 3-H of bzq–),
7.24 (t, J = 7.6 Hz, 3 H, 4-H of Ph and 8-H of bzq–), 6.48 ppm (d,
J = 7.3 Hz, 2 H, 9-H of bzq–). IR (KBr): ν̃ = 3395 (m, N–H), 1262
(m, C=S), 847 (s, PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at
m/z 879 [M]+. C45H30F6IrN6PS·0.5H2O (1033.0): calcd. C 52.32, H
3.02, N 8.14; found C 52.19, H 3.28, N 8.08.

[Ir(bzq)2(phen-TU-MeA)](PF6) (2c): Yield: 95 mg (72%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 10.80 (s, 1 H,
phen-NH), 9.24 (d, J = 6.7 Hz, 1 H, 2-H of phen), 8.83 (s, 1 H,
CH2-NH), 8.77 (s, 1 H, 6-H of phen), 8.69 (d, J = 6.5 Hz, 1 H, 9-
H of phen), 8.51 (dd, J = 3.5 and 7.3 Hz, 2 H, 4-H of bzq–), 8.40
(d, J = 3.8 Hz, 1 H, 4-H of phen), 8.30 (d, J = 5.0 Hz, 1 H, 7-H
of phen), 8.16 (t, J = 4.5 Hz, 2 H, 2-H of bzq–), 8.01 (dd, J = 7.0
and 1.8 Hz, 2 H, 6-H of bzq–), 7.94–7.86 (m, 4 H, 3-H and 8-H of
phen and 5-H of bzq–), 7.60 (d, J = 7.6 Hz, 2 H, 7-H of bzq–), 7.46
(dd, J = 5.0 and 2.6 Hz, 2 H, 3-H of bzq–), 7.24 (t, J = 7.6 Hz, 2
H, 8-H of bzq–), 6.48 (d, J = 7.3 Hz, 2 H, 9-H of bzq–), 2.83 (s, 2
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H, CH2NH), 1.97 (s, 3 H, CH of adamantane), 1.68–1.67 ppm (m,
12 H, CH2 of adamantane). IR (KBr): ν̃ = 3439 (m, N–H), 1266
(m, C=S), 847 (s, PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at
m/z 950 [M]+. C50H42F6IrN6PS (1096.2): calcd. C 54.79, H 3.86, N
7.67; found C 54.99, H 3.99, N 7.92.

[Ir(pq)2(phen-TU-Et)](PF6) (3a): Yield: 86 mg (70%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 9.24 (s, 1 H,
phen-NH), 9.03 (d, J = 7.8 Hz, 1 H, 2-H of phen), 8.75–8.65 (m,
3 H, 3-H, 8-H and 9-H of phen), 8.58–8.46 (m, 5 H, 4-H, 6-H and
7-H of phen and 3-H of quinolinyl ring of pq–), 8.31 (d, J = 7.6 Hz,
1 H, 5-H of quinolinyl ring of pq–), 8.15–7.96 (m, 2 H, 4-H of
quinolinyl ring of pq–), 7.89 (s, 1 H, Et-NH), 7.81 (d, J = 6.7 Hz,
2 H, 8-H of quinolinyl ring of pq–), 7.41–7.21 (m, 6 H, 6-H and 7-
H of quinolinyl ring and 3-H of phenyl ring of pq–), 6.95–6.86 (m,
4 H, 4-H and 5-H of phenyl ring of pq–), 6.68 (d, J = 7.9 Hz, 2 H,
6-H of phenyl ring of pq–), 3.62–3.58 (m, 2 H, CH2CH3), 1.32 ppm
(t, J = 7.2 Hz, 3 H, CH2CH3). IR (KBr): ν̃ = 3387 (m, N–H), 1288
(m, C=S), 846 (s, PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at
m/z 882 [M]+. C45H34F6IrN6PS·H2O (1046.1): calcd. C 51.67, H
3.47, N 8.03; found C 51.58, H 3.27, N 8.24.

[Ir(pq)2(phen-TU-Ph)](PF6) (3b): Yield: 96 mg (74%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 10.35 (s, 1 H,
phen-NH), 10.06 (s, 1 H, Ph-NH), 8.95 (d, J = 8.5 Hz, 1 H, 2-H
of phen), 8.72–8.63 (m, 3 H, 3-H, 8-H and 9-H of phen), 8.58–8.46
(m, 4 H, 4-H and 7-H of phen and 3-H of quinolinyl ring of pq–),
8.31 (dd, J = 7.8 and 3.2 Hz, 2 H, 5-H of quinolinyl ring of pq–),
8.22 (s, 1 H, 6-H of phen), 8.06–7.99 (m, 2 H, 4-H of quinolinyl
ring of pq–), 7.80 (t, J = 6.9 Hz, 2 H, 2-H and 6-H of Ph), 7.65 (d,
J = 8.8 Hz, 2 H, 8-H of quinolinyl ring of pq–), 7.41–7.13 (m, 9 H,
3-H, 4-H and 5-H of Ph and 6-H and 7-H of quinolinyl ring and
3-H of phenyl ring of pq–), 6.94–6.84 (m, 4 H, 4-H and 5-H of
phenyl ring of pq–), 6.69 ppm (d, J = 7.6 Hz, 2 H, 6-H of phenyl
ring of pq–). IR (KBr): ν̃ = 3351 (m, N–H), 1288 (m, C=S), 845
(s, PF6

–) cm–1. Positive-ion ESI-MS: ion cluster at m/z 931 [M]+.
C49H34F6IrN6PS·1.5H2O (1103.12): calcd. C 53.35, H 3.38, N 7.62;
found C 53.25, H 3.44, N 7.78.

[Ir(pq)2(phen-TU-MeA)](PF6) (3c): Yield: 106 mg (77%). 1H NMR
(300 MHz, [D6]acetone, 298 K, relative to TMS): δ = 10.87 (s, 1 H,
phen-NH), 9.20 (d, J = 8.2 Hz, 1 H, 2-H of phen), 9.00 (s, 1 H,
CH2-NH), 8.68 (d, J = 4.4 Hz, 1 H, 9-H of phen), 8.60–8.53 (m, 5
H, 3-H, 6-H and 8-H of phen and 3-H of quinolinyl ring of pq–),
8.48–8.44 (m, 2 H, 4-H and 7-H of phen), 8.30 (d, J = 8.2 Hz, 2
H, 5-H of quinolinyl ring of pq–), 7.98–7.93 (m, 2 H, 4-H of quinol-
inyl ring of pq–), 7.78 (d, J = 8.2 Hz, 2 H, 8-H of quinolinyl ring
of pq–), 7.38–7.20 (m, 6 H, 6-H and 7-H of quinolinyl ring and 3-
H of phenyl ring of pq–), 6.92–6.85 (m, 4 H, 4-H and 5-H of phenyl
ring of pq–), 6.68 (dd, J = 7.6 and 2.3 Hz, 2 H, 6-H of phenyl ring
of pq–), 2.83 (s, 2 H, CH2NH), 1.90 (s, 3 H, CH of adamantane),
1.70–1.62 ppm (m, 12 H, CH2 of adamantane). IR (KBr): ν̃ = 3410
(m, N–H), 1288 (m, C=S), 846 (s, PF6

–) cm–1. Positive-ion ESI-
MS: ion cluster at m/z 1002 [M]+. C54H46F6IrN6PS·0.5H2O
(1157.26): calcd. C 56.05, H 4.09, N 7.26; found C 56.26, H 4.38,
N 7.38.

Instrumentation and Methods: Equipment for characterization and
photophysical and electrochemical studies has been described pre-
viously.[25c] Luminescence quantum yields were measured by the
optically dilute method[31] using an aerated aqueous solution of
[Ru(bpy)3]Cl2 (Φ = 0.028)[32] as the standard solution.

Anion-Binding Studies: Steady-state emission spectral titrations
were used to determine the binding constants. A supporting elec-
trolyte (0.1  TBAP) was present in the titration solutions to main-
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tain a constant ionic strength. The binding constant, Ks, of the
anion A– to the receptor Ir for the following equilibrium

was obtained by fitting the experimental data to Equation (1)[27]

(1)

where Io is the emission intensity of the receptor only, Ix is the
emission intensity of the receptor in the presence of the anion at a
concentration [A–], and I� is the limiting emission intensity.
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The enantiomerisation pathway for {[Pt(thiourea)4]}F+ [a
model for the C4-symmetric [Pt(SU)4]SiF6 (SU = thiourea)
complex] and derivatives is explored by density functional
theory (B3LYP/LANL2DZp) und the activation barrier for the
one-step process from C4 to C4� via a C4 transition state is
computed. The substitution of Pt2+ by Pd2+ and Ni2+ and the
exchange of selenourea and tellurourea increase the barrier.

Introduction

Besides the common use of platinum complexes as cata-
lysts in industrial processes,[1–4] PtII complexes deliver the
most common anti-tumour drugs for certain types of can-
cer.[5] Intracellular thiols are known to play an important
role in the metabolism of Pt anti-tumour drugs because of
their participation in trapping the drug.[6] Also, thiols can
influence renal toxicity and can be involved in other side-
effects.[7] Thiourea (SU) is one of the best-known nucleo-
philes for PtII complexes[8,9] and is commonly used in the
investigation of ligand-substitution reactions in coordina-
tion chemistry. Hence, thiourea can very easily displace
other ligands from the metal centre in PtII complexes, in-
cluding S-bonded ligands such as -cysteine in [Pt(terpy)-
(S-cys)]+.[10] The strong binding ability of S-donor nucleo-
philes can also be applied to reverse unwanted side-effects
in chemotherapy.[11,12] It has been demonstrated that thio-
urea could restore the biological activity of Pt-loaded
DNA.[13] Thiourea and other sulfur-containing compounds
have been applied as emergency or protective agents in or-
der to reduce the toxicity of platinum anti-tumour com-
plexes.[14–16] The protective effect of these compounds is
either to prevent or to reverse the formation of Pt–S ad-
ducts of proteins.

As shown in Figure 1, thiourea is able to coordinate in
different ways to the PtII centre depending on the packing
forces and H-bonding networks in different solid [Pt-
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({[Pt(thiourea)4]}F+: 4.2 kcal/mol, {[Pd(thiourea)4]}F+:
4.5 kcal/mol, {[Ni(thiourea)4]}F+: 7.6 kcal/mol,
{[Pt(selenourea)4]}F+: 5.3 kcal/mol, {[Pt(tellurourea)4]}F+:
8.8 kcal/mol).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(SU)4]2+ salts,[17,18] which is controlled by the selected
counter anions. There is current interest in the design of
selective receptors for anions,[19,20] held together by either
electrostatic or hydrogen-bonding-based forces.[21,22] Even
though thiourea seems to show an inherently flexible coor-
dination of the S=C(NH2)2 branches to the platinum centre,
the IOIO conformation has until recently been known as
the only isomer of [Pt(SU)4]2+, based on the structure of
[Pt(SU)4]Cl2.[17,18,23] In contrast, [Pd(SU)4]Cl2 and [Pd-
(SU)4]I2 show the IIOO conformer.[23,24] While investigating
the effects of solvent[25] and dicarboxylates[26] on the struc-
ture of [Pt(SU)4]2+, Gale et al. isolated IIOO as a new con-
former. By serendipity they were able to build a molecular
capsule from two [Pt(SU)4]2+ moieties in the OOOO con-
former complexing endohedrally to a Cl– ion. This molecu-
lar capsule is stabilised by a hydrogen-bonded corset of cro-
conates. In a recent study, we were able to show that all

Figure 1. The four possible conformers of [Pt(SU)4]2+.
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four possible conformers (see Figure 1) of the [Pt(SU)4]2+

unit can be realised in the solid state by nothing more than
a systematic tuning of the molecular structure by the hydro-
gen-bonding ability of the counter anion.[27] The chiral C4-
symmetric (four SU moieties up) was realised in [Pt(SU)4]-
SiF6, where four NH2 groups interact with the SiF6

2– ion
(see Figure 2).

Figure 2. Conformation and H-bonding in [Pt(SU)4]SiF6

(OOOO).[27]

The H-bonds of the NH2 protons formed with adjacent
acceptors usually lead to the formation of clusters bearing
interesting host–guest motifs.[28] The H-bonds formed by
the NH2 protons are especially important in terms of the
motivation for the current study. We recently studied a
larger number of [Pt(SU)4]X2 salts (X = S2O6

2–, SiF6
2–,

ClO4
–, CF3SO3

–, I–, BPh4
–, etc.),[29] and found that the rela-

tively strong N–H···X interactions in the case of X = one
F– of the SiF6

2– anion in [Pt(SU)4]SiF6·0.25H2O drives the
[Pt(SU)4]2+ cation into the OOOO conformation (see
Scheme 1). An analogous arrangement to that shown in
Scheme 1 was recently also found by Gale et al. for the salt
where X = Cl–.[30,31]

Scheme 1. View of the N–H···F– interactions in the {[Pt(SU)4]F}+

unit of [Pt(SU)4]SiF6·0.25H2O.

In these [Pt(SU)4]X units, six-membered proton chelate
rings of the type Pt–S–C–N–H···X are formed. As found so
far,[30] these four rings give rise (in the solid state) to either
λλλλ or δδδδ chiral patterns (cf. Scheme 2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4063–40674064

Scheme 2. Enantiomers of the {[Pt(SU)4]F}+ unit based on the dif-
ference in ring chirality.

The question that we want to answer in the present study
concerns the mechanistic details of the interconversion be-
tween the enantiomers shown in Scheme 2. On the basis of
the well-known flexibility of the Pt–S bond, one would ex-
pect a nondissociative enantiomerisation mechanism, but
the nature of this pathway is so far completely unknown.
In order to simplify our computational studies, the SiF6

2–

counterion was replaced by a simple F– ion leading to the
C4 model units {[Pt(SU)4]F}+ (see Scheme 2). In order to
learn more about the influence of the metal centre and the
donor atoms coordinated to the metal ion, we extended our
investigation of the enantiomerisation mechanism to
[Ni(SU)4]F+ and [Pd(SU)4]F+, and also to the PtII com-
plexes of the heavier analogue, viz. selenourea (SeU) and
tellurourea (TeU).

Results and Discussion

Two alternative pathways seem to be possible for the en-
antiomerisation of the {[Pt(SU)4]F}+ entity shown in
Scheme 2, viz. a dissociative or a nondissociative mecha-
nism. Bond breakage would imply either cleavage of the Pt–
S bond or rupture of the N–H···F H-bond. The nondissoci-
ative alternative is ruled out based on the strength of both
the Pt–S bond and the N–H···F interactions.

The {[Pt(SU)4]F}+ unit can be considered to be a {3}-
cryptand consisting of one metal bridgehead, one fluorine
bridgehead and four pseudo bidentate SU ligands (one S-
donor and one NH-hydrogen-bond donor, see Figure 3).
Therefore, {[Pt(SU)4]F}+ can be regarded as a special cryp-
tand, viz. a mixed {3}-metalla-halide-cryptand.

The nondissociative enantiomerisation can either pro-
ceed by a fully chiral pathway, in line with Mislow’s para-
doxon,[29,30] or via a nonchiral transition state of higher
symmetry. In the present study, our DFT calculations
clearly show that the twisted quadratic prismatic enantio-
mers with C4 symmetry, containing four puckered semi-che-
late rings of opposite chirality (λλλλ vs. δδδδ), are linked
by a single-step, all-chiral enantiomerisation path (see Fig-
ure 4). In contrast to other enantiomerisation processes,[31]

all ground and transition states have the same point group
C4.

The complexes in the present study contain ligands with
puckered six-membered pseudo-chelate rings, where enantio-
merisation involves flipping of these rings (cf. Figure 5).
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Figure 3. Calculated (RB3LYP/LANL2DZp) structure of {[Pt(SU)4]F}+.

Figure 4. Calculated (RB3LYP/LANL2DZp) enantiomerisation pathway for [Pt(SU)4]F+.

Figure 5. Comparison of the enantiomeric pseudo proton chelate
rings belonging to the enantiomers shown in Scheme 2.

It is well known that the six-membered all-sp3 carbon
ring of cyclohexane can undergo ring inversion in a three-
step process at room temperature. In contrast to C6H12,
{[Pt(SU)4]F}+ and related complexes contain chelate rings
with atoms linked by different types of bonding interactions
and a type of hybridisation that differs from cyclohexane.
These features seem to account for the unexpected single-
step isomerisation pathway found in the present case. De-
spite extensive searches, no alternative isomerisation path-
ways could be found.

On the basis of planar six-membered rings in the transi-
tion state, one would expect an achiral C4v structure. This
was computed to be a higher order saddle point (five imagi-
nary frequencies), since the symmetry in the transition is
diminished by the slightly pyramidal NH2 groups of the
XU ligands.

Eur. J. Inorg. Chem. 2006, 4063–4067 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4065

The activation barrier for enantiomerisation of the three
{[M(SU)4]F}+ (M = Ni2+, Pd2+, Pt2+) cations decreases
from Ni2+ to Pd2+ and Pt2+ to ca. 60% (see Table 1). Except
for the obvious differences in the MII–S bonds, the struc-
tural parameters of the three complexes, describing the
ground and transition states, are essentially the same. On
going from the ground state to the transition state, the MII–
S bonds are elongated somewhat, while the M2+···F dis-
tances are slightly shortened and the twist angles [M–S···N–
F] are reduced to a tenth of the value (see Table 2). The
elongation of the MII–S bond is most pronounced in the
case of Ni2+; we expect this to be the main reason for the
higher activation barrier.

Table 1. Calculated (RB3LYP/LANL2DZp) energy barriers for the
enantiomerisation of complexes of the type [M(XU)4]F+.[a]

[M(XU)4]F+ [Ni(SU)4]F+ [Pd(SU)4]F+ [Pt(SU)4]F+ [Pt(SeU)4]F+ [Pt(TeU)4]F+

[kcal/mol] 7.6 4.5 4.2 5.3 8.8

[a] SU = thiourea, SeU = selenourea, TeU = tellurourea.

In contrast to the straightforward results for [M(SU)4]-
F+, a variation of the donor atom type in the thiourea li-
gands from S to Se and Te reveals a more complex picture.
Here the activation barrier increases on going to the heavier
chalcogens. Whereas the transition from SU to SeU is ac-
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Table 2. Calculated (RB3LYP/LANL2DZp) data for [M(XU)4]F+.[a]

[M(XU)4]F+ Ground state Transition state
PG M–donor F–HNH2 F···M [F–D···N–M] PG M–donor F–HNH2 F···M [M–D···N–M]

[Å] [Å] [Å] [°] [Å] [Å] [Å] [°]

[Ni(SU)4]F+ C4 2.30 1.69 2.60 24.6 C4 2.33 1.67 2.55 2.3
[Pd(SU)4]F+ C4 2.42 1.68 2.85 24.5 C4 2.43 1.67 2.79 2.3
[Pt(SU)4]F+ C4 2.40 1.67 3.03 25.2 C4 2.41 1.66 3.01 2.5
[Pt(SeU)4]F+ C4 2.51 1.67 3.05 26.3 C4 2.53 1.66 3.03 1.0
[Pt(TeU)4]F+ C4 2.67 1.69 3.13 27.4 C1 2.70 1.68 3.07 –5.3, 9.3, 7.4, –10.2

[a] SU = thiourea, SeU = selenourea, TeU = tellurourea.

companied by only a moderate increase in the barrier (4.2
and 5.3 kcal/mol, respectively), the barrier for TeU is al-
most twice as high (8.8 kcal/mol) compared to that for SU.
This can obviously be attributed to the metalloid character
of Te, as shown by the change in the Natural Population
Analysis (NPA) charges for the platinum centre and the S,
Se and Te atoms, respectively (see Table 3).[32]

Table 3. Calculated NPA charges (RB3LYP/LANL2DZp) for Pt2+

and the coordinating donor atom of XU.[a]

[Pt(XU)4]F+ [Pt(SU)4]F+ [Pt(SeU)4]F+ [Pt(TeU)4]F+

NPA charge of Pt2+ +0.2 ±0.0 –0.2
NPA charge of donor (X) –0.1 ±0.0 +0.2

[a] SU = thiourea, SeU = selenourea, TeU = tellurourea.

The Pt2+–X bond lengths and the Pt···F distances in-
crease in the expected range. The F···HNH2 distances show
no significant differences, neither in the ground state, nor
in the transition state. The constant F···HNH2 distances lead
in the case of {[Pt(TeU)4]F}+ to a C1 transition state, since
the arms of the tellurourea cage have to be more twisted
than in all other cases. Again, the M2+–chalcogen bonds are
slightly extended in the transition state, whereas the Pt···F
distance is now somewhat reduced.

Conclusions

We have shown that the enantiomerisation of [M(TU)4-
F]+ and related model complexes of this type do not require
cleavage of the M2+–chalcogen bonds nor the rupture of the
N–H···X bond. Instead, a pathway with a chiral transition
structure with four planar rings was found. The activation
barrier is lowered by 60% along the series [Ni(SU)4]F+,
[Pd(SU)4]F+ and [Pt(SU)4]F+. In the series [Pt(SU)4]F+,
[Pt(SeU)4]F+ and [Pt(TeU)4]F+, the activation barrier in-
creases slightly on going from the SU to the SeU deriva-
tives, but doubles in the case of [Pt(TeU)4]F+.

Quantum Chemical Methods
We performed hybrid density functional calculations using the
B3LYP functional[33a–33c] and the LANL2DZ basis set with effec-
tive core potentials,[33d–33g] augmented with polarisation functions
on non-hydrogen atoms.[33h] The performance of this level (denoted
as B3LYP/LANL2DZp) has been documented by us and others.[34]

Structures were characterised as minima, transition structures, or
higher-order saddle points by computation of vibrational fre-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4063–40674066

quencies. Relative energies were corrected for zero point vibrational
energy. The GAUSSIAN suite of programs was used.[35]
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Manganese complexes bearing the chelating phosphane–
borane ligand H3B·dppm [dppm = bis(diphenylphosphanyl)-
methane] have been prepared. Addition of H3B·dppm to
Mn(CO)5Br using Na[BArF

4] as a halide-abstracting reagent
affords [Mn(CO)3(η2-H3B·dppm)][BArF

4] (1). This reacts with
CO to open the bidentate borane to afford [Mn(CO)4(η1-
H3B·dppm)][BArF

4] (2) in which the borane is now bound in
a monodentate manner. The CO addition is reversible, and

Introduction

Reactions catalysed by Lewis acid transition metal frag-
ments invariably rely on the generation of a vacant site on
a cationic metal centre. Often this is generated by dissoci-
ation of a weakly bound ligand (e.g. solvent)[1] or anion.[2]

An alternative mechanism – when a suitable ligand set is
available – is one that involves a hemilabile ligand,[3–5] in
which one donor atom in a chelate ligand has the ability
to reversibly decoordinate in a catalytic cycle to reveal a
coordinatively unsaturated metal centre. The design of hem-
ilabile ligands is often based on ligands in which one end is
a phosphane (which binds strongly) and the other a more
weakly ligating group that can move away to generate a
vacant site (Scheme 1). Examples of the weakly binding
group include phosphane oxides,[6] sulfides,[7,8] and ether
groups.[9] As pointed out nearly 30 years ago by Marks,[10]

[BH4]– can also potentially be a hemilabile ligand, by mov-
ing from η2- to η1-coordination modes (Scheme 1), thus
generating the vacant site needed for substrate coordina-
tion. Examples of borohydride acting in this way are rare
however, as on addition of ligand L loss of H3B·L often
occurs with the concomitant generation of a metal hy-
dride.[11,12] A recently reported observation of η2- to η1-
borohydride hemilability comes from the addition of Lewis
base (e.g. PMe2Ph) to Ru(PMe2Ph)2H(CO)(η2-BH4) to af-
ford Ru(PMe2Ph)3H(CO)(η1-BH4), although at tempera-
tures above 300 K H3B·PMe2Ph is irreversibly lost to gener-
ate Ru(PMe2Ph)3H2(CO).[13]
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Bath, BA2 7AY, UK
Fax: +44-1225-386231
E-mail: a.s.weller@bath.ac.uk
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placing 2 under vacuum (hours) regenerates 1 quantitatively,
demonstrating that the chelating phosphane–boranes can act
as hemilabile ligands. The complexes 1 and 2 have been fully
characterised by NMR spectroscopy and X-ray crystallogra-
phy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

One way of preventing borane loss would be to include
the borohydride ligand in a chelate ring, allowing this po-
tentially useful η2- to η1-transformation to occur without
decomposition. Others[14,15] and we[16–18] have recently re-
ported on the coordination chemistry of chelating phos-
phane–boranes XH2B·dppm (X = H, Cl, dppm =
PPh2CH2PPh2) in which one end of the ligand is valence-
isoelectronic with borohydride while the other provides a
firm phosphane anchor to the metal centre. These ligands
show promise for hemilabile behaviour as the cationic com-
plexes [RuCp*(η2-XH2B·dppm)][Y] [X = H (I), Cl (II); Cp*
= η5-C5Me5; Y = BArF

4; PF6] react with Lewis bases (CO,
PMe3) to open the borane from η2 to η1, thus forming
[RuCp*(L)(η1-XH2B·dppm)]+ (Scheme 2).[16,18] With these
strong ligands the reaction is not reversible, and the ligand
cannot be removed. The η2-precursors I and II can thus
be considered as being operationally unsaturated, effectively
acting as a source of a reactive cationic 16-electron
{RuCp*(η1-XH2B·dppm)}+ fragment. The lack of borane
loss on reaction with Lewis bases can be contrasted both
with borohydride complexes, as discussed earlier, and also
complexes of the monodentate phosphane–boranes devel-
oped by Shimoi, such as MnCp*(CO)2(η1-H3B·PMe3),
which react with weak Lewis bases to displace the bo-
rane.[19–21]
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Scheme 2.

We report here the synthesis of some new cationic man-
ganese complexes with the H3B·dppm ligand. In these com-
plexes the phosphane–borane opens and closes reversibly
(i.e. shows true hemilabile behaviour) on the addition/re-
moval of carbon monoxide.

Results

Treatment of Mn(CO)5Br with H3B·dppm using
Na[BArF

4] as a halide-abstracting reagent results in the iso-
lation of analytically pure (46% yield) [Mn(CO)3(η2-
H3B·dppm)][BArF

4] (1) (Scheme 3). The equivalent reac-
tions with ClH2B·dppm or BrH2B·dppm[18] only resulted in
mixtures of intractable products. Complex 1 has been fully
characterised by NMR spectroscopy and X-ray crystal-
lography, which all show that the chelating phosphane–bo-
rane adopts a bidentate (η2) bridging mode of the BH3

group. Figure 1 shows the solid-state structure of 1.

Figure 1. Solid-state structure of complex 1. Thermal ellipsoids are shown at the 50% probability level; hydrogen atoms are omitted apart
form those associated with the boron atom.
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Scheme 3.

The BH3 fragment binds to the manganese atom through
two B–H–Mn 3-centre-2-electron interactions. The hydro-
gen atoms associated with the BH3 group were located in
the final difference map and freely refined. Within the limits
of confidence associated with the location of hydrides by
X-ray crystallography the two hydrogen atoms that bridge
to the metal atom have B–H bonds that can be considered
longer than that to the terminal hydride [B1–H1a 1.07(3) Å,
B1–H1b 1.30(4) Å, B1–H1c 1.24(3) Å], consistent with the
3c–2e bond description. The Mn–B distance is short
[2.146(4) Å] mirroring that observed in the ruthenium com-
plexes I and II,[16,18] being slightly longer than that found
in three-coordinate boryl complexes of Mn such as (CO)5-
MnB(O2C6H4) [2.108(6) Å][22] and comparable with the σ-
borane complex Mn(η5-C5H4Me)(CO)2(HB{O2C4Me4})
[2.149(2) Å].[23] It is significantly shorter than in the four-
coordinate boryl complex Mn(CO)4(PMe2Ph)(BH2·PMe3)
[2.314(2) Å] for which an [Mn(CO)4(PMe2Ph)]–-
[BH2(PMe3)]+ bonding description is suggested.[19] A sim-
ilar short distance is observed in [Cr(CO)4(η2-BH4)][PPN]



N. Merle, C. G. Frost, G. Kociok-Köhn, M. C. Willis, A. S. WellerFULL PAPER
[2.29(1) Å] which is valence-isoelectronic with 1.[24] As for I
and II,[16,18] this interaction in 1 is best described as being
like borohydride and not a dihydridoboryl complex, as the
B–Mn–H and H–Mn–H angles are far more compressed
than expected for a complex with two hydrides and a boryl
ligand.[25] As expected for a relatively weakly bound BH3

group, the M–C bond lengths associated with the carbonyl
ligands trans to the bridging hydrides [Mn–C2 1.803(4) Å
and Mn–C3 1.817(4) Å] are shorter than that trans to the
phosphane group [Mn–C1 1.849(4) Å].

In solution, the 11B NMR spectrum of 1 demonstrates
the Mn···B interaction by a significant downfield shift of
the signal of the H3B·dppm ligand on coordination, from δ
= –37.1 ppm in the free ligand to δ = 16.7 ppm (∆δ =
+53.8 ppm) in 1, consistent with η2-coordination of the bo-
rane and a significant M···B interaction. In the 1H{11B}
NMR spectrum two signals observed at δ = –9.08 (2 H)
ppm and δ = 4.99 (1 H) ppm are assigned to the bridging
and terminal BH groups, respectively, indicating that ex-
change between the terminal and bridging hydrides does
not occur at room temperature. The methylene backbone in
the dppm group is observed as an integral 2 H doublet of
doublets, indicating time-averaged Cs symmetry in solution.
The 31P{1H} NMR spectrum displays two peaks, a sharp
doublet at δ = 73.7 ppm and a broad signal as δ = 15.6 ppm,
the latter assigned to the boron-bound phosphorus atom.
Other spectroscopic data are also in full accord with the
solid-state structure.

Addition of CO (1 atm) to 1 results in the rapid for-
mation of the tetracarbonyl complex [Mn(CO)4(η1-
H3B·dppm)][BArF

4] (2) and the opening of the phosphane–
borane ligand form η2 to η1 (Scheme 4). The NMR spectro-
scopic data for 2 are very similar to those for the isoelec-
tronic complex Cr(CO)4(η1-H3B·dppm) (III).[16] A diagnos-
tic high-field chemical shift change for the BH3 signal in
the 11B{1H} NMR spectrum to δ = –37.5 ppm (similar to
the free ligand[16,26]) indicates the η1-binding mode and loss
of a significant M···B interaction. In the 1H NMR spec-
trum, the BH3 group is observed as a quadrupolar, broad-
ened integral 3 H signal at δ = –3.74 ppm, which sharpens
on decoupling of 11B. The observation of one integral 3 H
BH3 signal at room temperature shows that the BH3 group
is rapidly spinning around the P–B bond at this tempera-
ture, exchanging terminal and bridging hydrides. Consistent
with this fluxional process, the methylene group on the
dppm ligand is observed as an integral 2 H doublet of dou-
blets. In III this fluxional process also occurs but cannot

Scheme 4.
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be frozen out at low temperature. For 2, cooling to 190 K
(CD2Cl2) results in the observation of two broad signals in
the ratio 2:1 at δ = 1.99 (fwhm = 160 Hz) ppm and δ =
–15.52 (fwhm = 250 Hz) ppm in the 1H{11B} NMR spec-
trum, assigned to the terminal and bridging hydrides,
respectively, showing that the exchange process has been
halted. This difference between neutral III and cationic 2
can be attributed to the increased electrostatic attraction
between the cationic manganese centre and the polarised
Hδ––Bδ+ group. At low temperature, the methylene protons
for 2 are observed as a single integral 2 H broadened peak
(fwhm = 50 Hz) centred at δ = 3.5 ppm in the 1H{11B}
NMR spectrum, suggesting Cs symmetry for the molecule
at low temperature. In the solid-state structure (see below)
the molecule adopts C1 symmetry, resulting in the methyl-
ene protons and the B–H protons being all inequivalent,
contrary to the observation of just two signals for the B–H
protons and one for the methylene group. However, due to
the broadness of these signals at 190 K and the inherent
difficulty associated with reliably integrating such broad
signals, it is not possible to say whether inequivalent envi-
ronments are present for each group, or instead if a low-
energy libration of the bridging hydride around the Mn–B
vector is occurring to make both the dppm methylene and
BH2 protons each equivalent.

The solid-state structure of 2 shows an η1-binding mode
for the phosphane–borane ligand, which forms a δ-agostic
Mn–H–B interaction (Figure 2). The structural metrics are
similar to those already discussed for III,[16] as expected for
this isoelectronic pair and are consistent with a relatively
weak δ-agostic Mn–H–B interaction [Mn···H 1.71(3) Å,
Mn···B 2.748(3) Å]. Notably the Mn···B bond is long – be-
ing similar to that calculated for [Mn(CO)4(PH3)(η1-
H3B·PMe3)]+ [2.780 Å][19] and slightly shorter than ob-
served for neutral Cr(CO)5(η1-H3B·PMe3) [2.79(1) Å].[21]

The Mn–H–B angle of 134(2)° means that the molecule
does not have Cs symmetry in the solid state, in contrast to
the solution NMR spectroscopic data (vide supra). This an-
gle is far more open than those observed in 1 [viz. 91(1),
93(1)°], consistent with move from didentate to mono-
dentate coordination modes. The carbonyl ligand trans to
the weakly bound H3B group has the shortest Mn–C dis-
tance, as expected. The Mn···H distance in 2 is significantly
shorter than that found in γ-agostic complex [Mn(CO)3-
(PCy3)2][BArF

4] [2.01(9) Å],[27] in part a consequence of the
polarised Bδ+···Hδ– group interacting with the cationic
metal centre.
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Figure 2. Solid-state structure of complex 2. Thermal ellipsoids are shown at the 50% probability level; hydrogen atoms are omitted apart
form those associated with the boron atom.

The addition of CO to 2 is reversible. Placing 2 under a
dynamic vacuum (minutes) or under argon (days) regener-
ates 1 quantitatively in both the solid state and solution.
For this reason, crystals of 2 are best obtained under CO
and good microanalytical data could not be obtained. Ad-
dition of Lewis bases other than CO to 2 (MeCN, PR3)
resulted in decomposition. Addition of the weaker Lewis
base H2 did not displace the borane, and addition of D2 did
not result in H/D exchange. This is contrary to complexes I
and II in which H/D exchange occurs, via a putative dihy-
dride intermediate that results from the opening of the bo-
rane to η1.[16,18] Presumably, the cationic {Mn(CO)3}+ frag-
ment is reluctant to undergo oxidative addition of H2 and
thus no H/D exchange is observed in 1.

Interestingly, the complex isoelectronic with 2, Mn-
(CO)5(η1-BH4), has only been briefly reported as a possible
intermediate in the formation of Mn3(CO)10(BH3)3H from
Al[BH4] and Mn(CO)5Br,[28] while the borohydride complex
equivalent to 1, Mn(CO)4(η2-BH4), has not been reported
apart from a calculated structure.[29] Related complexes
with monodentate phosphanes such as [Mn(CO)4-
(PMe2Ph)(η1-H3B·PMe3)][BArF

4][19] and MnCp*(CO)2(η2-
H3B·PMe3)[20] are also unstable in solution. The stability of
2 is doubtlessly associated with the chelate ring, as we have
commented on previously.[16]

Conclusions

As with our earlier studies,[16,18] the results we report
here show that the chelating phosphane–borane ligand
H3B·dppm can open from η2 to η1 on addition of Lewis
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bases. For [Mn(CO)3(η1-H3B·dppm)][BArF
4] this opening is

reversible, and this observation of hemilabile behaviour sug-
gests that, with suitable systems and substrates, they have
the potential for application in catalysis.

Experimental Section
General: All manipulations were carried out under argon, using
standard Schlenk-line and glove-box techniques, unless otherwise
stated. Glassware was pre-dried in an oven at 130 °C and flamed
with a blowtorch under vacuum prior to use. Solvents were dried
with activated alumina, copper or molecular sieves columns by
using an MBraun solvent purification system and stored under
slight vacuum in ampoules equipped with Young’s taps. CD2Cl2
was distilled under vacuum from CaH2. Mn(CO)5Br,[30] Na-
[BArF

4][31] and H3B·dppm[26] were prepared according to published
routes. All other chemicals were used as received from Aldrich and
Strem. Microanalyses were performed by Elemental Microanalysis
Ltd, Devon, UK.

NMR Spectroscopy: 1H, 1H{11B}, 11B{1H}, 11B and 31P{1H} NMR
spectra were recorded with Bruker Avance 300 MHz or 400 MHz
spectrometers. Resonances were referenced to residual hydrogen
from the solvent for 1H and 1H{11B} NMR spectra (CD2Cl2: δ =
5.30 ppm). 11B, 11B{1H} and 31P{1H} spectra were referenced
against BF3·OEt2 (external) and 85%% H3PO4 (external), respec-
tively. Values are quoted in ppm. Coupling constants are quoted in
Hz.

X-ray Crystallography: The crystal structure data for compounds
1 and 2 were collected with a Nonius KappaCCD diffractometer
(Tables 1 and 2). Structure solution, followed by full-matrix least-
squares refinement was performed using the SHELX suite of pro-
grams throughout.[32] Hydrogen atoms were included at calculated
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Table 1. Details of crystallographic data collection and refinement for complexes 1 and 2.

Compound 1 2

Empirical formula C60H37B2F24MnO3P2 C61H37B2F24MnO4P2·0.35CH2Cl2·0.65 C5H12

Mr [gmol1] 1400.40 1505.02
Crystal size [mm] 0.70×0.40×0.30 0.35×0.28×0.23
Crystal colour orange yellow
Crystal system monoclinic orthorhombic
Space group C2/c Pbca
a [Å] 25.4630(3) 13.3490(2)
b [Å] 12.37800(10) 26.4730(5)
c [Å] 38.1190(4) 38.1720(7)
β [°] 91.98 90
V [Å3] 12007.2(2) 13489.5(4)
Z 8 8
Dcalcd. [g cm–3] 1.549 1.482
µ [mm–1] 0.393 0.383
F(000) 5616 6064
T [K] 150(2) 150(2)
λ [Å] 0.71073 0.71073
Θ range [°] 3.22 to 28.68 3.53 to 28.26
Reflections collected 34057 52244
Data/parameters 10178/913 14338/936
Goodness-of-fit on F2 1.078 1.020
Final R indices [I�2σ(I)] R1 = 0.0602, wR2 = 0.1308 R1 = 0.0515, wR2 = 0.1154
Largest diff. peak/hole [e·Å–3] 0.588/–0.670 0.532/–0.416

Table 2. Selected bond lengths [Å] and angles [°] for complexes 1 and 2.

Compound 1

Mn–C(1) 1.849(4) Mn–C(2) 1.803(4) Mn–C(3) 1.817(4)
Mn–B(1) 2.146(4) Mn–P(2) 2.3428(9) B(1)–P(1) 1.944(4)
Mn–H(1B) 1.68(4) Mn–H(1C) 1.69(3) B(1)–H(1A) 1.07(3)
B(1)–H(1B) 1.30(4) B(1)–H(1C) 1.24(3)
C(2)–Mn–B(1) 129.67(15) C(3)–Mn–B(1) 139.74(16) C(1)–Mn–B(1) 87.24(15)
B(1)–Mn–H(1C) 35(1) B(1)–Mn–H(1B) 37(1) H(1B)–Mn–H(1C) 72(2)

Compound 2

Mn–C(26) 1.883(3) Mn–C(27) 1.868(3) Mn–C(28) 1.816(3)
Mn–C(29) 1.871(3) Mn–P(1) 2.3321(8) B(1)–P(2) 1.929(3)
Mn–H(1) 1.71(3) B–H(1) 1.08(3) B–H(2) 1.05(3)
B–H(3) 1.26(3) Mn–B(1) 2.748(3) B–H(3)–Mn 134(2)

positions throughout apart from those associated with the borane
which were located in the final Fourier difference map and refined
without constraints. For complex 2 two, partial occupancy, solvent
molecules (CH2Cl2 and pentane) were included in the refinement.
CCDC-284481 (1) and -284482 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[(CO)3Mn(η2-BH3·dppm)][BArF
4] (1): NaBArF

4 (0.267 g,
0.301 mmol) was dissolved in 10 mL of diethyl ether and added
to a mixture of (CO)5MnBr (0.083 g, 0.301 mmol) and dppm·BH3

(0.120 g, 0.301 mmol) in 20 mL of CH2Cl2. The solution was
stirred for 2 d with regular degassing of the solution to remove
the released CO. The reaction mixture was filtered to remove the
insoluble NaBr to give an orange solution. Solvent was removed
in vacuo to leave an orange solid. Crystals suitable for an X-ray
diffraction study were grown by dissolving the solid in a minimum
of CH2Cl2 and layering with pentane to yield orange crystals
(0.183 g, 46% yield). 1H{11B} NMR (CD2Cl2): δ = 7.79–7.24 (m,
32 H, Ph, BAr4

F), 4.99 (s, 1 H, BH), 2.90 [dd, J(PH) = 10.5 Hz,
J(P(BH3)H) = 12.5 Hz, 2 H, CH2], –9.08 [br. d, J(PH) = 6 Hz, 2 H,
BH2] ppm. 31P{1H} (CD2Cl2): δ = 73.7 [d, J(PP) = 102.1 Hz, 1 P,
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PPh2], 15.6 (br., 1 P, PBH3) ppm. 11B{1H} NMR (CD2Cl2): δ =
16.7 (br. s, 1 B, BH3), –5.9 (s, 1 B, BArF

4). C60H37B2F24MnP2

(1400): calcd. C 51.46, H 2.66; found C 51.60, H 2.74. IR (KBr):
ν̃max = 2519 (m, BH), 2070 (s, CO), 2010 (s, CO), 1975 (s, CO)
cm–1.

[(CO)4Mn(η1-BH3·dppm)][BAr4
F] (2): A CH2Cl2 solution of

[(CO)3Mn(η2-BH3·dppm)][BArF
4] (0.100 g, 0.074 mmol) was

stirred under CO for 15 min to give a yellow solution. The com-
pound loses a carbonyl group in vacuo to give 2. Crystals suitable
for an X-ray diffraction study were grown by layering the CO-satu-
rated CH2Cl2 solution with CO-saturated pentane to yield yellow
crystals. 1H NMR (CD2Cl2): δ = 7.78–7.30 (m, 32 H, Ph, BAr4

F),
3.54 [dd, J(PH) = 11.5 Hz, J(P(BH3)H) = 11.9 Hz, 2 H, CH2], –3.74
[br., J(BH) 61.4 Hz, 3 H, BH3]. Selected 1H{11B} NMR (CD2Cl2)
data: δ = –3.74 [br. d, J(PH) = 8 Hz, 3 H, BH3] ppm. 31P{1H}
NMR (CD2Cl2): δ = 55.2 [d, 1 P, J(PP) = 54.7 Hz, PPh2], 16.0 (br.,
1 P, PBH3) ppm. 11B{1H} NMR (CD2Cl2): δ = –5.9 (s, 1 B,
BAr4

F), –37.5 (br. s, 1 B, BH3) ppm. IR (KBr): ν̃max = 2498 (m,
BH), 2440 (m, BH) 2112 (s, CO), 2053 (s, CO), 2028 (s, CO), 2000
(s, CO) cm–1. Selected low-temperature NMR spectroscopic data
(190 K): 1H{11B} NMR (CD2Cl2): δ = 3.50 (br., 2 H, CH2), 1.99
(v br., 2 H, BH), –15.52 (br., 1 H, BH) ppm.
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The synthesis of a series of compounds containing the photo-
chromic mononitrosyl cation, [RuNO(NH3)5]3+ and metal
complex paramagnetic anions [M(CN)6]3– [M = Cr (1), Fe(2)],
[M(ox)3]3– [M = Cr(3), Fe(4)] and [CrNO(CN)5]3– (5) is re-
ported. The crystal structures of the salts 1 and 3 are dis-
cussed. In contrast to 1 and 3 which exhibit reversible photo-
chromic properties, illumination of 2 and 4 results in an

Introduction

Over the last decade new types of molecular based mag-
nets, namely functionalised magnets with combined mag-
netic and optical properties, have been studied exten-
sively.[1–4] Current research in this field is focused not only
on the improvement of magnetic properties but also on the
search for unusual properties which have not been realised
in magnets so far. In 1996, low-temperature photoinduced
magnetisation was discovered in the prussian blue analogue
K0.2Co1.4[Fe(CN)6]·6.9H2O.[1] The design of such bifunc-
tionalised molecular materials with reversible modifications
of their magnetic properties makes it possible to control
magnetic properties by an external stimulus (light) and this
opens up the possibility for technical applications in dis-
plays, information and energy storage devices and sensors.[5]

Up to now several strategies exist, using different types
of light-sensitive building blocks, for producing the photo-
magnetic effect in molecular compounds combining mag-

[a] Institute of Problems of Chemical Physics, RAS,
MD142432 Chernogolovka, Russia
E-mail: lkushch@icp.ac.ru

[b] Institute of Inorganic Chemistry, Siberian Division of RAS,
630090 Novosibirsk, Russia

[c] Institute of Metal Physics Ural Division, RAS, GSP-170,
620219 Ekaterinburg, Russia

[d] A.V. Shubnikov Institute of Crystallography, RAS,
117333 Moscow, Russia

[e] Institut für Mineralogie, Universität zu Köln,
Zülpicherstrasse 49b, 50674 Köln, Germany

[f] Groupe des Sciences Moléculaires, University of Bordeaux 1,
Institut de Chimie de la Matière Condensée de Bordeaux, UPR
CNRS 9048,
33608 Pessac Cedex, France

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4074–40854074

irreversible photochemical reaction and compound 5 is not
photochromic at all. The magnetic properties of 1 and 3 have
been investigated and complex 1 shows a weak reversible
increase in the value of χMT under light irradiation at low
temperature.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

netic and optical properties.[5] One of the approaches uses
anionic photochromic mononitrosyl complexes of transi-
tion metals as light-sensitive units in the synthesis of bifunc-
tionalised magnetic materials. This was successfully shown
with Ni[FeNO(CN)5]. The nitroprusside anion is diamag-
netic but exhibits a photoinduced transition to two ex-
tremely long-lived metastable states, MSI and MSII, by ir-
radiation with light in the blue-green spectroscopic range
(350–580 nm) at temperatures below 180 K.[6,7] In Ni-
[FeNO(CN)5], randomly aligned neighbouring NiII spins
with S = 1 are ordered after excitation to MSI via two anti-
ferromagnetically coupled spins formed by charge transfer
from the Fe atom to the NO ligand. These spins induce
magnetic coupling between the neighbouring Ni cations fol-
lowed by the formation of a magnetic cluster with S =
5.[2a,2c]

Recently, it has been found that cationic mononitrosyl
Ru complexes also exhibit photochromic properties. Like
the anionic mononitrosyl complexes, the cationic Ru species
exhibit two long-lived metastable states. MSI can be gener-
ated by light irradiation in the blue-green spectroscopic
range (350–580 nm), while MSII can be obtained by subse-
quent illumination in the blue-green and infrared spectro-
scopic ranges (e.g. 1064 nm). In these Ru complexes, the
metastable states have higher decay temperatures (up to
+20 °C for MSI and up to –45 °C for MSII).[8–10]

It was of interest to use the photochromic mononitrosyl
Ru cation as a light-sensitive building block for synthesising
bimetallic compounds with paramagnetic anions.[11] Here
we report the preparation, structures, photochromic and
magnetic properties of bimetallic complexes containing the
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photochromic cation [RuNO(NH3)5]3+ and the paramag-
netic metal complex anions [M(CN)6]3–, [M = Cr(1), Fe(2)],
[M(ox)3]3– [M = Cr(3), Fe(4)] and [CrNO(CN)5]3–(5). The
influence of light on the magnetic properties of [Ru(NH3)5-
NO][Cr(CN)6] has been studied. A weak increase in the
value of χMT under light irradiation at low temperature has
been observed.

Results and Discussion

Synthesis and Structural Characterisation

The following series of salts, comprised of the mononi-
trosyl photochromic cation of [RuNO(NH3)5] and para-
magnetic anions, was synthesised by metathesis in water:
[RuNO(NH3)5][Cr(CN)6] (1), [RuNO(NH3)5][Fe(CN)6] (2),
[RuNO(NH3)5][Cr(ox)3]·3H2O (3), [RuNO(NH3)5][Fe(ox)3]·
xH2O (x � 3) (4) and [RuNO(NH3)5][CrNO(CN)5] (5).

The crystal structures of 1–5 were investigated. Com-
pound 2 is isostructural with 1 whereas 4 is not iso-
structural with 3. The complete structural solutions of 2, 4
and 5 are currently in progress. The main crystallographic
data for 1 and 3 are presented in Table 1 and the crystal
structure of 1 has been briefly published in ref.[11] The struc-
ture is formed from two independent structural units, i.e.
[RuNO(NH3)5]3+ and [Cr(CN)6]3–. The Ru and Cr atoms
lie on a threefold axis and alternate along the c axis (Fig-
ure 1). There are numerous N···N contacts [2.93–3.23(2) Å]
between the CN ligands of the anion and the NH3 ligands
of the cation. The occurrence of the N···N contacts is ap-
parently due to the existence of C–N···H–N hydrogen
bonds between complex components. The cations and

Table 1. Crystal data and structure refinement for 1 and 3.

Compound [RuNO(NH3)5][Cr(CN)6](1) [RuNO(NH3)5][Cr(C2O4)3]·3H2O(3)

Formula C6H15CrN12ORu C6H21CrN6O16Ru
Fw 424.37 586.36
Temp. [K] 293(2) 293(2)
Radiation λ [Å] 0.71069 0.71069
Crystal size [mm] 0.08×0.1×0.35 0.15×0.15×0.50
Crystal system hexagonal hexagonal
Space group R3 P3̄1c
a [Å] 11.224(2) 12.613(2)
b [Å] 11.224(2) 12.613(2)
c [Å] 10.957(2) 20.652(4)
α [°] 90 90
β [°] 90 90
γ [°] 120 120
V [Å3] 1195.4(4) 2845.3(8)
Z 3 6
ρcalcd. [g cm–3] 1.768 1.864
µ, [cm–1] 1.643 1.442
Reflections collected 1926 7491
Independent reflections 1244 2534
[I � 2σI] 681 2009
θ range [°] 2.80–40.08 1.86–30.10
GOOF 0.928 0.906
R 0.1151 0.0588
R1 0.0377 0.0491
wR2 0.1009 0.1009
abs. structure Flack –0.29(16) –
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anions located on the same threefold axis are coupled to
each other by three hydrogen bonds. However, each cation
and anion pair is linked by hydrogen bonds with three
neighbouring cations and anions located on neighbouring
threefold axes. It should be noted that the anion and cation
from a pair are always linked with the cation and anion
from different pairs, which results in the formation of a 3D
network of hydrogen bonds in the crystal.

Figure 1. Projection of the crystal structure of 1 on the ab plane.

It should be especially emphasised that some anomalies
can be observed in the structure of 1: (a) the Ru–N–O link-
age in the [RuNO(NH3)5]3+ cations is bent (ca. 155°) and
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(b) the Cr–C distances differ considerably (ca. 0.1 Å) in the
[Cr(CN)6]3– hexacyano anion. This deserves a special com-
ment. In the ground state of mononitrosyl RuII complexes
such as [RuNO(NH3)5]Cl3·H2O,[13,24] Na2[RuNO(CN)5],[14]

K2[RuNOCl5][21] and K2[RuNOBr5][22] containing the posi-
tively charged (NO)+ ligand, the M–N–O group is normally
linear although a strongly bent M–N–O geometry (ca. 90°)
may be observed in the photoexcited metastable MSII state
in some of these complexes. Related six-coordinate iron(II),
osmium(II) and some other mononitrosyl complexes such
as [Ni(NO)(η5-Cp)] show similar behaviour.[13] However, in
complexes with a neutral NO ligand the M–N–O group is
often strongly bent even in the ground state.[13,15,16] This is
due to the role of the antibonding π*(NO) orbital of the
NO ligand. According to the classification scheme of Fel-
tham and Enemark,[17] the M–N–O bond angle in transi-
tion-metal nitrosyl complexes is defined by a total number
of electrons, n, in the metal ion M and the π*(NO) orbital.
For six-coordinate (pseudo-octahedral) mononitrosyl com-
plexes, the M–N–O angle is 180±10° for n � 6, 145±10°
for n = 7 and 125±10° for n = 8. These data are consistent
with quantum chemical calculations.[18,19]

The nonlinear ground-state geometry of the Ru–N–O
group in [RuNO(NH3)5]3+ is unusual since a study of the
optical properties of 1 showed the NO group to be posi-
tively charged (ν̃NO = 1947 and 1914 cm–1). On closer in-
spection, however, this can naturally be rationalised in
terms of attractive coulombic interactions between NO+

and CN– groups (having opposite electrical charges) com-
bined with the specific crystal structure of 1, as illustrated
in Figure 2. In the room-temperature crystal structure of
1, the nitrosyl groups are statistically disordered in three

Figure 2. Immediate environment of the nitrosyl group (O1c and N1c atoms) in the ‘frozen’ orientation of the [RuNO(NH3)5]3+ cation
is drawn in perspective. The coulombic forces acting on the N1c and O1c atoms of the nitrosyl group are shown by arrows. Some of the
H···N hydrogen bonds between H atoms of the NH3 ligands of the [RuNO(NH3)5]3+ cations and N atoms of the cyano groups of the
[Cr(CN)6]3– anions are shown with grey dashed lines as contacts between the N atoms of NH3 ligand (N2c, N2x, N11m, and N11x,
hydrogen atoms are not shown) with N atoms of the cyano groups (N4o, N3s, N4c, N4w, and N4m). Short (2.01 Å) and long (2.11 Å)
Cr–C bonds of the [Cr(CN)6]3– anions are indicated (the errors in length bonds do not exceed 0.02 Å).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4074–40854076

equivalent positions. Therefore, the occupancy in the re-
fined structure was assumed to be equal to 1⁄3 for the NO
ligand and 2⁄3 for the corresponding NH3 groups. However,
regardless of the specific location of the NO+ group in the
“frozen rotation” configuration of the [RuNO(NH3)5]3+

cations, the positively charged nitrosyl group (N1c and O1c
atoms, Figure 2) is always in contact with five negatively
charged cyano groups from three [Cr(CN)6]3– anions, Fig-
ure 2. The environment of the O1c atom is symmetric
enough: five contacts form a square bipyramid (contacts of
the O1c atom with N4o, N3s, N4c, N4w, and N3g atoms,
shown in solid grey lines). The resultant coulombic force is
directed towards the N3g atom (black downward arrow).
The environment of the nitrogen N1c atom of the nitrosyl
group is less symmetric and consists of two short contacts
[N1c–N3s 3.00(2) Å and N1c–N4o 3.09(2) Å] and two long
contacts [N1c–N4w 3.58(2) Å and N1c–N4c 3.57(2) Å
black lines]. The fifth contact (with the N3g atom) is absent.
Since the positive electrical charge of the nitrosyl group is
preferentially concentrated on the N1c atom (due to lower
electronegativity), this atom is attracted to the two nitrogen
atoms of two cyano groups with short contacts (N1c–N3s
and N1c–N4o, two thin arrows, Figure 2). The resultant
coulombic force should be directed approximately to the
midpoint of the N3s–N4o line (this force is shown with a
bold and long black arrow in Figure 2). As a consequence,
two coulombic forces at O1c and N1c make a torsional mo-
ment which bends the Ru1c–N1c–O1c bond. Note that at
such short distances (3.0–3.5 Å), attractive coulombic inter-
actions are quite strong (ca. 2–4 eV, depending on effective
charges on the actual atoms) resulting in such a pronounced
distortion in the Ru–N–O bond angle (ca. 25°). Note that
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the azimuthal orientation of the Ru1c–N1c–O1c plane is
consistent with local geometry conditions for the coulombic
forces shown in Figure 2. Therefore, despite rather limited
accuracy in the refinement of the N–O position in the X-
ray analysis of 1, these arguments strongly support the exis-
tence of a bent Ru–N–O geometry. Furthermore a similar
bent Ru–N–O ground-state structure (ca. 160°) was pre-
viously observed in the molecular compound (BETS)2[Ru-
NOBr5].[20] This anomaly was explained by the change in
the effective charge on the nitrosyl ligand due to partial
transfer of electron density from the organic BETS mole-
cules. However, similar to the case of 1, this can also be
rationalised in terms of attractive coulombic attractions be-
tween the NO+ group and the S centre of the BETS mole-
cules and with Br– ligands of neighbouring [RuNOBr5]2–

anions. Interestingly, in the related complex (BETS)2[RuN-
OCl5], the Ru–N–O group is almost linear (178°). This
could be due to the differences in the specific geometry of
Ru–NO+···X– contacts (distances, bond angles) in
(BETS)2[RuNOX5] (X = Cl, Br) which have different crystal
structures. In the case of X = Br, the NO+–X– attractive
interactions seem to be stronger than in the case of X =
Cl. Qualitatively, this is consistent with the fact that in the
compound with X = Br the NO+ group occupies only one
crystallographic position, while in compound with X = Cl
the NO+ group is disordered between two positions. In con-
trast to (BETS)2[RuNOX5] compounds, the Ru–N–O bond
angles are almost linear in the precursor compounds
K2[RuNOBr5] and K2[RuNOCl5], i.e. 174.4(1)° for X = Br
and 176.7(5)° for X = Cl.[21,22] These observations indicate
that in some molecular compounds with [RuNOX5]2– build-
ing blocks, external interactions can strongly affect the Ru–
N–O bond angle. This effect is sensitive to the specific crys-
tal structure.

The second anomaly is associated with the distortion of
the octahedral Cr(CN)6

3– anion. The Cr–CN bonds are es-
sentially different, three of them are 2.01(1) Å and the other
three are 2.11(1) Å (Figure 2). The C(2)–Cr(1)–C(2) angles
are 87.3(2)° and the C(1)–Cr(1)–C(1) angles are 92.3(2)°
(Figure 3). The origin of this structural anomaly in the
[Cr(CN)6]3– anions is less evident. In contrast to the case of
the nitrosyl group, the immediate environment of the CN
group can vary depending on the specific orientation of the
NO+ groups in the closest [RuNO(NH3)5]3+ cations. These
may rotate about the C3 axis by 120° and many local config-
urations are therefore possible. An example of the local
crystal structure around the CN– group is shown in Fig-
ure 3. The cyano group (N3 and C1 atoms in Figure 3) is
involved in several CN···NH3 and NO+···CN– contacts with
[RuNO(NH3)5]3+ cations lying in the same Ru–Cr–Ru chain
(running along the c axis, Figure 3) and in the neighbouring
chains. Within each specific Ru–Cr–Ru chain, the cyano
groups in contact with NO+ groups (such as C2–N4 and
C2b–N4b cyano groups in Figure 3) have considerably
longer Cr–C bonds [2.11(1) Å] compared with those
[2.01(1) Å] for cyano groups in contact only with NH3 li-
gands (such as the C1–N3 and C1a–N3a cyano groups in
Figure 3). This is unusual because in many molecular com-
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pounds containing [Cr(CN)6]3–, the octahedra are slightly
distorted with the Cr–C distances fluctuating typically
around 2.06±0.03 Å.[23] Therefore, a pronounced difference
in the Cr–C bond lengths indicates a strong perturbing ef-
fect of the CN···H(NH3) hydrogen bonds and NO+···CN–

coulombic attractions (they are comparable in magnitude).
This implies that the actual “frozen” structure of the
[Cr(CN)6]3– anions can be considerably different from the
statistically averaged crystallographic structure of C3v sym-
metry. In particular, some of the Cr–C bonds to the CN
groups in contact with the NO+ ligand of [RuNO(NH3)5]3+

are even longer than 2.11 Å. Similarly, some of the Cr–C
bonds of CN groups in contact with the NH3 ligand may
be shorter than 2.01 Å. This can cause a large zero-field
splitting of the 4A2g ground spin state of the [Cr(CN)6]3–

anion (see below).

Figure 3. Fragment of the crystal structure of 1. The threefold axes
run through Ru(1), Cr(1), Ru(1c) and Cr(1a), Ru(1b), Ru(1a). The
dotted lines show N···N and N···O contacts between CN ligands
of the anions and NH3 and NO ligands of the cations. The hydro-
gen atoms have been omitted for clarity.

An X-ray analysis of 3 showed that the crystal structure
is formed from two types of [RuNO(NH3)5] cations,
[Cr(ox)3] anions and two types of water molecules. In two
of the six [Ru(1)NO(NH3)5] cations (Ru1) arranged in the
unit cell, the NO group is disordered over six positions and
in the other four [Ru(2)NO(NH3)] cations (Ru2) it is disor-
dered over three positions (Figure 4, a). The Ru–N–O angle
in Ru1 is 170(3)°, while in Ru2 it is equal to 178.5(2)°. Other
valence angles and bond lengths in both types of cation are
close to those found in 1 and [RuNO(NH3)5]Cl3·H2O.[24] In
two [Cr(1)(C2O4)3] (Cr1) anions all six Cr(1)–(O1) distances
are 1.986(2) Å, while in four [Cr(2)(C2O4)3] (Cr2) groups
the Cr–O distances are somewhat longer, namely, 2.017(2)
and 2.013(2) Å. There are two different water molecules in
the structure: one of them is in a general position (O7) and
the other one is in a special position (O8). The water mole-
cule (O8) is orientationally disordered. There are many
shortened N···O and O···O contacts between cations, anions
and water molecules. As in 1, the occurrence of short N···O
and O···O contacts is apparently due to the existence of
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a net of N–H···O, N–O···O and O–H···O hydrogen bonds
between the components of the complex (Figure 4, a and
b). Ru1 cations are linked to Cr1 anions by five hydrogen
bonds [intermolecular N(1)···O(1) contacts of 2.89(2) Å].
Instead of a sixth hydrogen bond, a shortened van der
Waals O(11)···O(1) contact equal to 2.74(2) Å can be ob-

Figure 4. a) Fragment of the crystal structure of 3. The dotted lines show O···N and O···O contacts between oxalate ligands of the anions
and NH3 and NO ligands of the cations and water molecules. The c axis runs parallel to the line connecting Ru(1) and Cr(1). b) Projection
of crystal structure of 3 on the ab plane.
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served. A shorter contact O(11)···O(21) [2.47(2) Å] can be
observed between the Ru1 and Ru2 cations (Figure 4, a).
The Ru2 cations are linked by N(3)–H···O(2) hydrogen
bonds with the Cr1 anion and intermolecular N(3)–
H···O(2) contacts of 2.87(2) Å. The Cr1 and Cr2 anions are
linked to each other by O(7) water molecules along the c
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axis [intermolecular O(2)···O(7) and O(7)···O(5) contacts of
2.86(2) Å and 2.95(2) Å, respectively]. The O(8) water mole-
cule links Cr2 [O(8)···O(6)–2.88(2) Å] anions in the same
direction (Figure 4, a). It should be noted that the carboxyl
oxygen atoms of the Cr2 anions do not participate in the
formation of the hydrogen bonds, which is distinct from
Cr1. This is probably the reason for the distinction between
the Cr–O bond lengths in the Cr1 and Cr2 anions.

Differential Scanning Calorimetry

The photochromic properties of compounds 1–5 were in-
vestigated by differential scanning calorimetry (DSC). This
technique has already been used to detect the existence of
metastable states in complexes containing the nitroprusside
anion[25,26] and some ruthenium mononitrosyl anionic[27,28]

and cationic complexes.[29] With DSC we can determine the
amount of energy, which heats the lattice during the ther-
mal decay of metastable states. In contrast to mononitrosyl
anionic complexes of transition metals, one exothermal
peak was detected in 1 and 3 after their illumination with
blue light (Figure 5).

Figure 5. Thermal decay spectra (q = 5 Kmin–1) of [RuNO-
(NH3)5][Cr(CN)6] after irradiation at 120 K with λ = 434 nm for
MSI.

The appearance of the exothermal heatflow is associated
with the transition of a photochromic cation from the meta-
stable MSI state to the ground state (GS). The temperatures
of the peak maxima observed in the spectra of these com-
plexes are very close to that of [RuNO(NH3)5]Cl3·H2O (ca.
260 K).[30] It should be noted that the intensity of the DSC
signal in 3 was essentially lower than that in 1. Since the
area under the heatflow curve is proportional to the number
density of cations in the metastable state, this is evidence of
a low population in 3. This is possibly due to a small pene-
tration depth of light into the “oxalate” complex crystals,
which are deep-brown in colour in contrast to the light-
orange crystals of 1.

It is known that the illumination of anionic photochro-
mic complexes by NIR light (1064 nm) transforms MSI to
MSII. Recently, it was shown that subsequent irradiation of
[RuNO(NH3)5]Cl3·H2O by light with wavelengths of 400–
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500 nm and 1000–1200 nm transfers MSI into MSII. The
decay of MSII occurs at 220 K.[30] By irradiation of 1 in a
manner completely analogous to [RuNO(NH3)5]Cl3·H2O
this second metastable state was also detected (Figure 6).

Figure 6. Thermal decay spectra (q = 5 Kmin–1) of [RuNO-
(NH3)5][Cr(CN)5] after irradiation at 120 K with λ = 434 nm and
λ = 1064 nm for MSII.

It should be noted that the decay temperature of MSII
in 1 (Td = 195 K) is 25 K lower than in the starting complex
[RuNO(NH3)5]Cl3·H2O (Td = 220 K). A possible explana-
tion for this significant temperature reduction may be given
by the structural peculiarities presented in Figure 2 and dis-
cussed above in terms of coulombic interactions. The gener-
ation of the metastable states implies that these attractive
forces are overcome or at least neutralised. This may occur
by means of the charge transfer from the ground state to
the light-induced intermediate state π�(NO), in which the
new charge distribution of the NO ligand reduces the at-
tractive forces. During the lifetime of this intermediate state,
the motion of the NO ligand is quasi-free and is finally
stabilised in the new relaxed electron density distribution of
the NO ligand. The same arguments apply to the generation
of MSI. The key feature which allows the rotation of the
NO ligand is the new charge configuration in the intermedi-
ate π�(NO) state in order to overcome the coulombic inter-
actions. Otherwise no rotation could occur and the metasta-
ble states would not be occupied.

Since the decay of the metastable states is mono-ex-
ponential over time under isothermal conditions, the de-
population processes are first-order reactions and can be
conveniently described by the Arrhenius law (see Exp.
Sect.). In the present case, a fit of the experimental data
allowed us to evaluate the activation energy (Ea) and the
frequency factor (Z) for MSI and MSII in 1. We obtained
Ea = 0.78(3) and 0.51(3) eV, and Z = 6×1012 and
5×1011 s–1 for MSI and MSII, respectively. The error in the
frequency factor is one order of magnitude due to the small
temperature range of the measurements. These high acti-
vation energies are within the range of those determined for
[RuNO(NH3)5]Cl3·H2O [Ea = 0.73(3) eV, Ea = 0.66(3) eV;
Z = 1×1012 s–1, Z = 1×1012 s–1][31] and account for the
stability of the induced metastable states at low tempera-
ture.
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Complexes 2, 4 and 5 have also been investigated by the

DSC method. In contrast to 1 and 3, which exhibit revers-
ible photochromic properties, the illumination of 2 and 4,
both of which are comprised of [Fe(CN)6]3– and
[Fe(ox)3]3– anions, results in an irreversible photochemical
reaction related to a partial reduction of Fe3+ to Fe2+. The
IR spectrum of a photoproduct of 2 shows a new band near
2044 cm–1 attributed to valence vibrations of the CN– group
bound to Fe2+.

The DSC signal was not observed in 5 with the
[CrNO(CN)5]3– anion. Possibly, the X-ray analysis of the
crystal structure of 5 clarifies the reason for the absence of
photochromic properties. Thus, the study of the photochro-
mic properties of 1–5 shows that the nature of the paramag-
netic metal complex anion strongly affects the photochro-
mism of mononitrosyl Ru complexes.

Magnetic Properties

Figure 7 shows the temperature dependence of the recip-
rocal paramagnetic susceptibility, χP

–1, for [RuNO(NH3)5]-
[Cr(ox)3]·3H2O. The measurements were carried out at
Field Cooling (FC) and B = 10000 G. A fit with the Curie–
Weiss law, χP = C/(T – Θ), with C = 1.98 emuKmol–1 and
Θ = 0.26 K is in good agreement with experiment down to
1.8 K. The low-temperature part of the curve is depicted in
the inset. Figure 8 shows the temperature evolution of χP

–1

for [RuNO(NH3)5][Cr(CN)6] obtained under similar experi-
mental conditions. The data are well described by the Cu-
rie–Weiss law with C = 1.86 emuKmol–1 and Θ = 0.18 K.
Several experimental points at T � 5 K shown on the inset
slightly deviate from the fitting curve. At 300 K χP values
for 1 and 3 are equal to 6.07×10–3 and
6.25×10–3 emumol–1, respectively. A positive Θ value is
usually indicative of ferromagnetic correlations, though for
S � 1 such small values of Θ might also come from the
zero-field splitting of the ground spin state, D. For a system
of noninteracting spins with zero-field splitting, the average
molar paramagnetic susceptibility χP shows an effective

Figure 7. Temperature dependence of the reciprocal paramagnetic susceptibility, χp
–1(T), at 10 kG for [RuNO(NH3)5][Cr(ox)3]·3H2O. The

inset shows the low temperature segment following the Curie–Weiss law with C = 1.98 emuKmol–1 and Θ = 0.26 K.
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Weiss temperature Θ at T � |D|/κ (due to interplay of per-
pendicular and parallel components). At T � |D|/κ, χP

–1

deviates from the Curie–Weiss law. The Curie constants C
for both complexes are very close to 1.88 emuKmol–1,
which is characteristic of noninteracting S = 3/2 spins. Thus,
the paramagnetism of both complexes can be attributed to
the Cr3+ spin system. No indications of the presence of a
paramagnetic RuIII (S = 1/2) oxidation state were found. The
temperature behaviour of µeff for both complexes [where µeff

= (3κχPT/µ0NA)1/2 = 2.828(χPT)1/2] is presented Figure 9.
The magnetic moment µeff of both complexes is little affec-
ted in the temperature range from 300 K to 5 K. Below 5 K,
µeff of [RuNO(NH3)5][Cr(CN)6] reveals a pronounced de-
crease from 3.83 to 2.91 µB (at 1.99 K) whereas µeff of
[RuNO(NH3)5][Cr(ox)3]·3H2O remains nearly constant. In
Figure 10 the magnetisation data in terms of magnetic mo-
ment M in Bohr magnetons (NAµB) are plotted against the
reduced variable B/T (in T/K). The diamagnetic response
of the gel capsule has been subtracted. Samples of 1 and 3
were frozen in fields of 3 T and 5 T, respectively. Experi-
mental points were obtained by decreasing the field to 0
at constant temperatures of 2.00 K and 1.83 K. Maximum
values are 2.70 (5 T) and 2.20 (3 T), respectively. The field
dependence for [RuNO(NH3)5][Cr(ox)3]·3H2O is consistent
with the model of noninteracting spins. A solid line corre-
sponds to the Brillouin function with S = 3/2 and g = 2.080.
The enhanced g value might be due to the ligand field
splitting effect. The low-temperature behaviour of
[Cr(CN)6]3– anions in 1 is quite unusual and cannot be
explained in terms of the Brillouin function. At higher
fields (B � 5000 G) the effective spin value of the Cr3+ ions
in the ground state is considerably smaller than S = 3/2.
On the other hand, at lower fields (B � 5000 G), the abrupt
approach of M to its maximum value is reminiscent of
magnet behaviour. These peculiarities rapidly disappear at
T � 5 K.

This anomalous magnetic behaviour of 1 below 5 K can
be related to the zero-field splitting of the 4A2g ground spin
state (S = 3/2) of Cr3+ ions. In distorted [Cr(CN)6]3– com-
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Figure 8. Temperature dependence of the reciprocal paramagnetic susceptibility, χp
–1(T), at 10 kG for [RuNO(NH3)5][Cr(CN)6]. The inset

shows the low temperature segment following the Curie–Weiss law with C = 1.86 emuKmol–1 and Θ = 0.18 K.

Figure 9. Temperature dependence of the effective magnetic moments of [RuNO(NH3)5][Cr(ox)3]·3H2O (filled squares) and [RuNO-
(NH3)5][Cr(CN)6] (open squares) microcrystals measured at cooling, B = 10 kG. The insert shows the low temperature segment.

plexes, the spin-orbit interaction combined with the low-
symmetry crystal-field component splits the 4A2g ground
spin state into two Kramers doublets separated by a gap of
2D zero-field splitting energy. As a result, at low tempera-
tures (kT � 2D) the effective magnetic moment drops (from
3.83 to 2.91 µB, Figure 9) due to preferential thermal pop-
ulation of the lower Kramers doublet. In this case, the low-
temperature limit of the effective magnetic moment µeff of
[Cr(CN)6]3– can be calculated as µ2

eff = g2
avµ2

BS(S+1), where
S = 1/2, g2

av = (g2
1 + g2

2 + g2
3)/3 and g1, g2 and g3 refer to the

anisotropic g-tensor of the effective spin (S = 1/2) associated
with the lower Kramers doublet of the split 4A2g ground
state. Though the g1, g2, g3 g-tensor components of the
lower Kramers doublet can vary considerably for different
distortions of [Cr(CN)6]3– cyano complexes (typically, g1 =
1.97, g2 = 3.78, g3 = 4.08 and g1 = 1.24, g2 = 1.59, g3 =
5.55), the gav value is insensitive to the specific type of dis-
tortion (gav � 3.40). Thus we obtained µeff = 2.95 µB for the
low-temperature magnetic moment of [Cr(CN)6]3–, which is
remarkably close to the measured value of 2.91 µB (at
1.99 K, Figure 9). This is also consistent with the low-tem-
perature field dependence of magnetisation in which the sat-
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urated magnetic moment of 1 is considerably smaller that
that of 2, Figure 10.

Figure 10. Field dependences of the magnetisation, M/NAµB, of
[RuNO(NH3)5][Cr(ox)3]·3H2O (filled squares) and [RuNO(NH3)5]-
[Cr(CN)6] (open squares) microcrystals at 1.83 K and 2.00 K,
respectively. Measurements were carried out by decreasing the field
down to 0 after field cooling at 50 kG and 30 kG, respectively. The
solid curve denotes fitting by the Brillouin function with S = 3/2
and g = 2.0800. The experimental points are depicted with
a normalised OX scale of B/T, unit GK–1.
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The zero-field splitting of [Cr(CN)6]3– in 1 is approxi-

mately of the order 2D/k � 5 K (2D � 3 cm–1), as can be
estimated from the onset of the drop of the magnetic mo-
ment of 1 (ca. 5 K, Figure 9). In most of CrIII complexes
(and Cr3+ ions doped in host lattices), the zero-field split-
ting of the 4A2g state is within 1 cm–1. However, in some
cases 2D can be considerably larger. This is especially true
for complexes with ligands producing strong crystal-field
splittings, such as cyanide ligands in [Cr(CN)6]3– (in which
the crystal-field splitting energy is as large as 26600 cm–1

[32]). It is important to note that the 2D splitting is sensitive
to the strength of π-type metal–ligand interactions, which
are especially strong for CN– ligands.[33] Qualitative esti-
mates of the 2D value (in terms of angular-overlap model
calculations taking into account spin-orbit interaction, see
ref.[34] for detail) indicate that for some hypothetical distor-
tions of [Cr(CN)6]3– complexes corresponding to the ‘‘fro-
zen’’ crystal structure of 1 (Figure 2), the zero field splitting
can reach a value of 3 cm–1 or even more.

On the other hand, an alternative explanation for the
low-temperature magnetic behaviour of 1 in terms of
through-space exchange interactions between paramagnetic
[Cr(CN)6]3– anions seems not to be reasonable since ex-
change interactions in 1 are expected to be very weak. This
is evidenced from the fact that exchange interactions be-
tween Cr3+ ions involved in bulk and well-isolated com-
plexes are generally quite small.[35,36] Thus, exchange inter-
actions between isolated [Cr(CN)6]3– complexes in a closely
related compound [Co(NH3)5(H2O)] [Cr(CN)6] were found
to be as small as J = –0.03 cm–1.[35] A similar strength to
the exchange interactions between [Cr(NH3)6]3+ complexes
can be found in [Cr(NH3)6](ClO4)2Br·CsBr.[36] More de-
tailed information on the low-temperature magnetic proper-
ties of [RuNO(NH3)5][Cr(CN)6] could be obtained from di-
rect EPR and magnetic measurements for single crystals.
Unfortunately, in contrast to the case of [Co(NH3)5(H2O)]

Figure 11. Field dependences of the AC magnetic susceptibilities of [RuNO(NH3)5][Cr(ox)3]·3H2O (open squares, open triangles) and
[RuNO(NH3)5][Cr(CN)6] (filled squares, filled triangles) microcrystals measured at 1.81 K and 2.00 K, respectively. Solid squares denote
the in-phase susceptibility, χ�M, (filled and open symbols respectively, left axis) and solid triangles denote the out-of-phase susceptibility,
χ��M, (filled and open symbols respectively, right axis). The x axis has a nonlinear scale.
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[Cr(CN)6],[35] the sizes of the crystals of 1 obtained in our
experiments were still too small for such measurements. The
absence of these anomalies in the oxalate complexes 2 is
consistent with a smaller zero-field splitting in Cr(ox)3, (2D
� 0.9 cm–1 � 1.3 K.[37]).

Further information can be obtained from AC suscep-
tibility measurements. The field dependences of the in-
phase (χ�M) and out-of-phase (χ��M) AC susceptibility of
[RuNO(NH3)5][Cr(ox)3]·3H2O and [RuNO(NH3)5]-
[Cr(CN)6] are shown in Figure 11. We have not observed a
maximum of χ�M in the temperature dependences and this
could be associated with the Curie constant. This indicates
the absence of long-range order. However, the field depen-
dences of χ��M for [RuNO(NH3)5][Cr(CN)6] demonstrate a
pronounced maximum of 3.46×10–2 emumol–1 at 5200 G
(note, that the X scale in Figure 11 is nonlinear). Similarly,
χ�M demonstrates an abrupt decrease in the same field
range, 1500 � B � 23000 G. Such behaviour is not typical
of usual paramagnetic insulators. [RuNO(NH3)5][Cr(ox)3]·
3H2O exhibits similar behaviour but with a much smaller
out-of-phase susceptibility of 5.08×10–3 emumol–1 at
5200 G. Taking into account spin dynamics, the experimental
data presented in Figure 9 and Figure 10 can be interpreted
as indicative of short-range magnetic ordering in both hexa-
cyanide and oxalate complexes. This could not be explained
in terms of the single-ion zero-field splitting effects only.
Such behaviour for 1 is most likely due to weak exchange
interactions between [Cr(CN)6]3–anions (which are expected
to be of order 0.03 cm–1, as is the case in [Co(NH3)5(H2O)]-
[Cr(CN)6][35]) combined with a rather strong (� 1 cm–1) zero-
field splitting of the 4A2g ground state and a statistical disor-
der of strongly distorted [Cr(CN)6]3– cyano complexes
(caused by the NO+–CN– coulombic interactions discussed
above). In this case, magnetic interactions between strongly
anisotropic ground Kramers doublets (effective spin S = 1/2)
of Cr3+ ions can differ considerably from the conventional
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isotropic (Heisenberg) spin-spin coupling model [which is
typical of the spin-only (S = 3/2) 4A2g state of Cr3+ ions with
a small zero-field splitting]. Interestingly, it has been found
that the magnetic behaviour of a related compound
[Co(NH3)5(H2O)][Cr(CN)6] is compatible with the ani-
sotropic Ising-type exchange interaction with J =
–0.18 cm–1.[35] This value is consistent in magnitude with the
paramagnetic Curie parameter Θ = 0.18 K obtained for
compound 1. In principle, at low temperatures, this can lead
to a spin-glass spin structure with strong local magnetic cor-
relations caused by strongly anisotropic spin coupling. This
might be responsible for the complicated low-temperature
dynamic magnetic properties of 1 observed in our AC experi-
ments. In contrast, AC magnetic characteristics of the oxa-
late compound are more compatible with the paramagnetic
S = 3/2 spin system with a small zero-field splitting. Further
experiments on the AC susceptibility are in progress.

From the DSC experiments presented above one can
conclude that the photochromic effect in [RuNO(NH3)5]-
[Cr(CN)6] is stronger than that in [RuNO(NH3)5][Cr(ox)3]·
3H2O. This result correlates with low-temperature magnetic
measurements, according to which Cr3+ spins in hexacya-
nide complexes demonstrate a more pronounced dissipation
to the lattice reservoir. This is generally consistent with a
larger zero-field splitting of the S = 3/2 ground spin state in
[Cr(CN)6]3– complexes, which provides a more efficient
spin-lattice coupling.

Photomagnetic Properties

We measured the magnetic properties of 1 at 10 K and
5000 Oe while irradiating with blue light. Figure 12 shows
the result of this photomagnetic experiment. Before irradia-
tion, the χMT value was 1.89 emumol–1 K. When the laser
was switched on, thermal heating caused the sudden de-
crease of the magnetic signal, which then increased continu-
ously until a plateau was reached after 8 h of light irradia-
tion. When the laser was switched off, a sudden increase of
the magnetic signal was observed due to the cessation of
the thermal heating caused by the laser irradiation. The
χMT value in the dark after the illumination was found to
be 1.91 emumol–1 K. Hence the light induces an increase of
only 1% in the magnetic signal of compound 1. This small
effect is real and fully reversible, as was demonstrated by
anneling the material at 300 K and then cooling again to
5 K whereby the original χMT value of 1.89 emumol–1 K
was measured again. The observation of such a weak pho-
tomagnetic effect is not really surprising, despite the fact
that at 5 K the compound is in a photoexcited state. This
may be interpreted as follows: the low-temperature metasta-
ble state is diamagnetic due to the 4d6 low-spin configura-
tion of RuNO(NH3)5. In the irradiated compound, the NO
ligand is rotated by about 180° from Ru–N–O (GS) to Ru–
O–N (MSI). Hence, the coupling through hydrogen bonds
to the paramagnetic [Cr(CN)6] anions changes with respect
to the ground state as the attractive coulombic forces be-
tween the inverted NO (in MSI) and the CN– differ from
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those between NO+ and CN– in GS. This indirect change
of the electron density distribution in [Cr(CN)6] is the
reason for the weak variation in the χMT value.

Figure 12. The time dependence of χMT before, during and after
irradiation at 406–415 nm (Peff = 10 mWcm–2). The abrupt de-
creases are due to thermal effects when the laser is switched on.

Conclusions

The use of the photochromic mononitrosyl [RuNO-
(NH3)5]3+ cation complex as a light sensitive building block
for the preparation of functionalised paramagnets led to
five new compounds: [RuNO(NH3)5][Cr(CN)6](1), [RuN-
O(NH3)5][Fe(CN)6](2), [RuNO(NH3)5][Cr(ox)3]·3H2O(3),
[RuNO(NH3)5][Fe(ox)3]·3H2O(4) and [RuNO(NH3)5]-
[CrNO(CN)5](5). The crystal structures of 1 and 3 are char-
acterised by the presence of 3D networks of hydrogen
bonds due to numerous N···N or N···O contacts between
the CN (1) or ox (3) ligands of the anions and NH3 ligands
of the cations. The study of the photochromic properties
of 1–5 showed that the anion’s nature strongly affects the
photochromism of the mononitrosyl Ru complex. In con-
trast to 1 and 3, which exhibit reversible photochromic
properties, the irradiation of 2 and 4 results in an irrevers-
ible photochemical reaction. Compound 5 composed of
[CrNO(CN)5]3– anions shows no photochromic behaviour.
The study of the magnetic properties has shown that the
paramagnetism of the complexes 1 and 3 is due to the Cr3+

spin system. No indications of the presence of a paramag-
netic RuIII oxidation state were found. The magnetic mo-
ment µeff of both complexes hardly changes in the tempera-
ture range from 300 K to 5 K. Below 5 K the µeff of [RuN-
O(NH3)5][Cr(CN)6] shows a pronounced decrease from
3.83 to 2.91 µB (at 1.99 K) whereas the µeff of [RuNO-
(NH3)5][Cr(ox)3]·3H2O remains nearly constant. The
field dependence of magnetisation for [RuNO(NH3)5]-
[Cr(ox)3]·3H2O is consistent with the model of noninter-
acting spins while the low-temperature behaviour of the
field dependence of 1 is unusual and can not be explained
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in terms of the Brillouin function. The anomalous magnetic
behaviour of 1 below 5 K is due to both the zero-field split-
ting of the S = 3/2 ground spin state of the Cr3+ ions and a
weak exchange interaction between [Cr(CN)6]3– anions. A
weak reversible increase in the χMT value of 1 under light
irradiation at low temperature has been observed.

Experimental Section

Materials: Chemicals: H2C2O4, FeCl3 (anhydrous), K3[M(CN)6]
(M = Cr, Fe), K3[Cr(ox)3] and (NH4)3[Fe(ox)3] were used as pur-
chased.

Syntheses

[RuNO(NH3)5]Cl3·H2O: [Ru(NH3)6]Cl2 (0.548 g, 2 mmol) synthe-
sised as described in ref.[12] was dissolved in water (10 mL). 1 

HCl (10 mL) was added to the solution and then NaNO2 (0.138 g,
2 mmol) was added in portions with continuous stirring. The re-
sultant solution was heated in a water bath until intense gas evol-
ution stopped. More NaNO2 (0.069 g, 1 mmol) was then added to
the cooled solution, which was then heated in a water bath until
intense gas evolution stopped, concentrated to 10 mL, cooled and
filtered from the [RuNO(NH3)4Cl]Cl2 precipitate. The mother
liquor was concentrated to ca. 2–3 mL, cooled and the [RuN-
O(NH3)5]Cl3·H2O precipitate was separated. The product was dis-
solved in 0.1  HCl (4–5 mL), filtered from the [RuNO(NH3)4Cl]-
Cl2 impurity and re-precipitated by addition of 96% ethanol (15–
20 mL) to the mother liquor. The yield of purified [RuNO(NH3)5]-
Cl3·H2O was 516 mg (80%). H17N6Cl3O2Ru (340.5): calcd. H 4.99,
N 24.67, Cl 31.28; found H 4.98, N 24.09, Cl 31.21. IR: ν̃ = 3432
(NH3), 1928, 1913 (NO) cm–1.

[RuNO(NH3)5][Cr(CN)6] (1): An aqueous solution (10 mL) of
K3[Cr(CN)6] (0.0487 g, 0.15 mmol) was added to an aqueous solu-
tion (5 mL) of [RuNO(NH3)5]Cl3H2O (0.0511 g, 0.15 mmol). The
yellow solution was allowed to stand for 2 d in the dark to form
yellow-orange crystals. The crystals were collected by filter suction,
washed with water and dried in vacuo over blue silica. The yield
was 41.2 mg (65%). C6H15N12ORuCr (424): calcd. H 3.54, C 16.98,
N 39.62; found H 3.50, C 17.03, N 39.98. IR: ν̃ = 3432 (NH3),
2199, 2127 (CN), 1947, 1914 (NO) cm–1. Single crystals of quality
suitable for X-ray diffraction analysis were selected from the syn-
thetic sample.

[RuNO(NH3)5][Fe(CN)6] (2): The complex was prepared as a yellow
powder in a similar way to the synthesis of 1 except that K3[Fe-
(CN)6] was used instead of K3[Cr(CN)6]. The precipitate was
formed immediately after mixing the solutions. The powder was
collected by filter suction, washed with water and dried in vacuo
over blue silica. The yield was 41.6 mg (65%). C6H15N12ORuFe
(428.1): calcd. H 3.53, C 16.82, N 39.24; found H 3.80, C 17.03, N
39.17. IR: ν̃ = 3449 (NH3), 2112 (CN), 1944 (NO) cm–1. Single
crystals of quality suitable for X-ray diffraction were obtained by
diffusion of the starting aqueous solutions into agar gel over
1.5 months.

[RuNO(NH3)5][Cr(ox)3]·3H2O (3): The compound was obtained as
black hexagonal crystals in a synthesis similar to that of 1 except
that K3[Cr(ox)3] was used instead of K3[Cr(CN)6]. The yield was
86.8 mg (85%). C6H21N6O22RuCr (682): calcd. H 3.58, C 12.29, N
14.33; found H 3.65, C 12.45, N 14.45. IR: ν̃ = 3450 (NH3), 1701
(C=O), 1918 and 1937 (NO) cm–1. Single crystals of quality suit-
able for X-ray diffraction were selected from the synthetic sample.
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[RuNO(NH3)5][Fe(ox)3]·xH2O(x � 3) (4): The complex was ob-
tained as a yellow-orange powder in a synthesis similar to that used
for 3 except that (NH4)3[Fe(ox)3] was used instead of K3[Cr(ox)3].
The precipitate was formed immediately after mixing the solutions.
The yield was 80.1 mg (78%). C6H21N6O22RuFe (686): calcd. H
3.56, C 12.20, N 14.24; found H 3.68, C 12.50, N 14.69. IR: ν̃ =
3450 (NH3), 1679 (C=O), 1914 (NO) cm–1. Single crystals of qual-
ity suitable for X-ray diffraction analysis were prepared as follows:
an aqueous solution (5 mL) of oxalic acid (0.27 g, 0.3 mmol) was
added dropwise to a solution (5 mL) of FeCl3 (anhydrous, 0.0163 g,
0.1 mmol) and an aqueous solution (5 mL) of [RuNO(NH3)5]-
Cl3·H2O (0.0341 g, 0.1 mmol) was then added. The yellow-orange
solution was allowed to stand for 3 weeks in the dark to allow the
formation of yellow-orange hexagonal crystals.

[RuNO(NH3)5][CrNO(CN)5] (5): An aqueous solution (5 mL) of
[RuNO(NH3)5]Cl3·H2O was mixed with a solution of
K3[CrNO(CN)5] (1:1 equal molar ratio) and a powder precipitated.
The yield was 51.2 mg (80%). C5H15N12O2RuCr (428): calcd. H
3.15, C 14.02, N 39.24; found H 3.25, C 14.65, N 38.94. IR: ν̃ =
3449 and 3440 (NH3), 2118 (CN), 1936 (NO) cm–1. Single crystals
of quality suitable for X-ray diffraction were obtained by diffusion
of the starting aqueous solutions into agar gel over 1.5 months.

Physical Measurements.

Spectra: Infrared spectra were recorded with a Perkin–Elmer spec-
trometer BX-2 in KBr pellets in the 4000-400 cm–1 region.

Crystallographic Data Collection and Structure Determination: Sin-
gle crystals of 1 and 3 were mounted on an automatic four-circle
KUMA DIFFRACTION diffractometer equipped with a graphite-
monochromated Mo-Kα radiation source [ω/2θ scanning, 2(θ) max
= 80°]. The crystal structures were solved by direct methods using
the SHELX-97[38] program package.The positions of hydrogen
atoms were found evenly from the difference Fourier syntheses. The
structures were refined in an anisotropic approximation excluding
hydrogen atoms. The positions of the latter were refined in an iso-
tropic approximation. The positions of N and O (NO) were deter-
mined from the difference Fourier synthesis. Since the position of
N is a weighted average value between those of N (NH3) and
N (NO), it was used as a basic value in the refinement. The struc-
tures were refined using the restrained bond lengths by considering
the occupancies of the positions of NH3 and NO: Ru1–N1
1.75(0.03) Å, Ru1–N11 2.13(0.01) Å, N1–O1 1.22(0.01) Å. Crystal-
lographic data are summarized in Table 1.

CCDC-602209 and -602210 (for compounds 1 and 3) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Differential Scanning Calorimetry (DSC): DSC measurements were
performed using a modified differential scanning calorimeter (Met-
tler DSC 30, TA 3000) equipped with two quartz windows inside
and outside the cryostat. The absolute calibration of enthalpy H
and temperature T was controlled by measuring the phase-transi-
tion of In, Hg, pentane and KH2PO4. During illumination, the
sample was kept at 120 K in a dry nitrogen atmosphere and sub-
sequently heated at a constant heating rate q = dT/dt = 5 K/min.
The exothermal heatflow is the time derivative of the enthalpy H.
To obtain only the contribution of enthalpy of the metastable
states, the enthalpy of the nonirradiated sample was subtracted
from that of the irradiated one. The residual enthalpy was evalu-
ated by fitting to the Arrhenius law modified for dynamic measure-
ments.[10]

dH/dt = HtotZ·exp[–{(Z/q) To�Texp(–EA/kBT) + (EA/kBT)}]
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(Z = frequency factor, EA = activation energy, kB = Boltzmann
constant)

As a light source for generating MSI we used a metal-vapour lamp
(HMI 575 Osram) filtered by dichroitic and interference filters to
the spectroscopic range of 420–460 nm with the maximum at
434 nm. The intensity was 180 mWcm–2. The irradiation time was
3 h which yielded an integrated flux of Q = 1944 Jcm–2 on the
sample. For the generation of MSII the samples were irradiated as
described above and then irradiated with a Nd-YAG laser
(1064 nm). The intensity was 138 mWcm–2. The irradiation time
was 0.5 h yielding an integrated flux of Q = 250 Jcm–2.

Magnetic and Photomagnetic Studies: The temperature and mag-
netic field dependences of the molar paramagnetic susceptibility, χP,
magnetic moment in Bohr magnetons, M/NAµB, effective magnetic
moment, µeff/µB, and the in-phase (χ�M) and out-of-phase (χ��M)
AC susceptibility of 1 and 3 were measured with a commercial
SQUID magnetometer MPMS “Quantum Design”. The tempera-
ture range was 1.8–300 K and the maximum magnetic field attained
B = 5.0 T. AC susceptibility measurements were carried out at
80 Hz with modulation field amplitude of 4 G. Randomly oriented
microcrystals of a typical weight of ca. 10 mg were put into a gel
capsule. Typical cooling rates were 2 Kmin–1 for 300 K � T
�200 K, 4 Kmin–1 for 200 K � T � 15 K and 1 Kmin–1 below
15 K. The background signal of a capsule was diamagnetic within
the entire temperature range, not exceeding 16% (at 300 K) and
0.1% (at 1.98 K) of the sample signal. This was subtracted from
the total signal. For field dependences, the signal from an empty
capsule did not exceed 0.06%. The paramagnetic susceptibility was
also corrected by taking into account the magnetic contributions
of the ligands.

The photomagnetic experiments for 1 were performed with a Kr+

laser coupled through an optical fibre directed into the SQUID
cavity of the magnetometer working in the dc mode (MPMS-5S
“Quantum Design”). Powdered samples of 1 were mounted on a
sample holder as thin layers (weight 0.83 mg) to avoid surface ef-
fects during illumination. The mass was estimated based on the
considering that at 5 K, the magnetisation after irradiation follows
a Brillouin function for an S = 3/2 spin. With this method and
calculating a molecular weight at 424.37 g, the estimated mass of
the sample is 0.83 mg. The samples were irradiated continuously
over 8 hours using the multiline 406–415 nm under a magnetic field
of 5 kOe at 10 K. The effective power of the light on the sample
was measured to ca. 10 mWcm–2. Magnetic properties (χMT) were
recorded before and after irradiation, in each case the light being
turned off to avoid thermal inhomogeneities.[10]
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Mono- and dinuclear cobaloximes with inorganic anions and
pyrazine (Pz) as a base/bridging ligand were synthesized
and characterized by 1H, 13C, UV/Vis and IR spectroscopy
and X-ray structure analysis. Mononuclear complexes XCo-
(dioxime)2Pz were used as precursors for building homo- and
heterodimetallic complexes. The X-ray crystal structures of
ClCo(dmgH)2Pz, ClCo(dpgH)2Pz, [Co(dpgH)2(NO2)2]Na, and
[Co(dmgH)2(NO2)2]2[Ag]2·H2O are reported. [Co(dmgH)2-
(NO2)2]2[Ag]2·H2O shows two AgI ions in different environ-
ments: one is in tetrahedral, whereas the other is in capped

Introduction

Organocobaloximes, initially proposed as models of the
B12 coenzyme, have now acquired an independent research
field because of their rich coordination chemistry and po-
tential application in organic synthesis.[1] The variation in
the N–Co–C bond properties, including its strength, has
been described not only in terms of the trans influence of
the axial neutral base but also of the steric and electronic
properties of the alkyl group.[2,3] The influence of the equa-
torial ligands on the axial ligands (cis influence) in dioxim-
ates, Costa’s model, and iminates (cobalt complexes with
tetradentate Schiff bases) has been previously reported.[2]

Such studies are limited in cobaloximes.[4,5] In recent years
the description of spectroscopic data and structure-property
relationships and their correlation to Co–C bonds have
been most emphasized.[6] We have shown that spectral cor-
relations are much better understood in terms of field ef-
fect; the model takes into account the total effect of cobalt
anisotropy of the [Co(dioxime)2]+ metallabicycle (electron-
withdrawing power) and the ring current arising from the
delocalization of electron density throughout the [Co(diox-
ime)2]+ metallabicycle.[5,7]

Ligand-bridged complexes are of interest in view of their
role as reaction intermediates in inner-sphere electron-
transfer processes[8] and pyrazine has been extensively used
as a bridging ligand. Although a number of examples of
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trigonal coordination and the metal-organic framework in
this molecule shows helical structure. A cyclic voltammetry
study in [XCo(dioxime)2]2-µ-Pz and XCo(dioxime)2Pz [diox-
ime = dmgH (dimethylglyoximato), dpgH (diphenylglyoxim-
ato)] is reported. The reduction, CoIII to CoII and CoII to CoI,
is found to be more difficult in [XCo(dpgH)2]2-µ-Pz than in
XCo(dpgH)2Pz. The CV data have been interpreted in terms
of cobalt anisotropy.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the pyrazine-bridged mixed-valence homo- and heterodime-
tallic complexes of Ru, Fe, and Co are known,[9] there are
few in cobaloxime chemistry.[10–12] A mixing of two cobalt
centers with electron delocalization by pyrazine has been
observed in the recently reported pyrazine-bridged organo-
dicobaloximes, [RCo(dioxime)2]2-µ-Pz.[11,12]

Among the electrochemical studies on cobaloximes only
few describe a correlation to related cobalt complexes to
show the mutual cis and trans influence.[13] Recent work has
shown that the reduction potential depends upon both the
axial and equatorial ligands.[5,7,14] CV data have been ra-
tionalized in terms of cobalt anisotropy and this in turn is
affected by the axial ligands; the effect is more distinct when
the axial ligand is an inorganic group/atom.[5,7] A single
peak with a very high reduction potential is observed in
[RCo(dioxime)2]2-µ-Pz, which points to electron delocaliza-
tion and also shows that the dicobaloximes are more diffi-
cult to reduce than the corresponding monocobaloximes.[12]

In general, the inorganic cobaloximes XCo(dioxime)2B
(B = neutral base) give a better CV curve than organocoba-
loximes.[5,7] Also, the changes in NMR chemical shifts in
the inorganic complexes are much more marked than in or-
ganocobaloximes and these are more effectively rationalized
with the field effect.[4c,5,7,15]

It is therefore interesting and useful to study the pyr-
azine-bridged dinuclear inorganic cobaloximes, [XCo(diox-
ime)2]2-µ-Pz. The spectral and CV data in these dinuclear
complexes should complement the reported data in [RCo-
(dioxime)2]2-µ-Pz. It would also be useful to compare the
data with the corresponding mononuclear cobaloximes,
XCo(dioxime)2Pz.

The aim of the present study is (a) to synthesize [XCo-
(dioxime)2]2-µ-Pz, XCo(dioxime)2Pz, and XCo(dioxime)2-
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Scheme 1. Cobaloximes.

Pz–M [M = CuI, AgI], (b) to verify the validity of our re-
cently proposed field effect model in the interpretation of
spectroscopic data in these complexes, and (c) to perform a
CV study (Scheme 1).

Results and Discussion

Synthesis

The synthesis of complexes 1 and 4 was easy; an addition
of pyrazine to the corresponding aqua complex ClCo(diox-
ime)2H2O in a 1:2 molar ratio afforded the corresponding
dicobaloxime.

Two possibilities were considered for the preparation of
complexes 2, 3 and 5, 6:

(a) We have recently synthesized XCo(dioxime)2Py (X =
NO2, N3) complexes by the nucleophilic substitution of the
chlorido ligand in ClCo(dioxime)2Py.[5,7,15,16] An obvious
choice was to follow the same route. However, the reaction
of NaN3 or NaNO2 with [ClCo(dpgH)2]2-µ-Pz (4) did not
give the desired compound, but instead a CoIII complex was
isolated that was sparingly soluble in chloroform and
dichloromethane but soluble in methanol/water and ace-
tone/water. The 1H NMR in [D6]DMSO showed the ab-
sence of a pyrazine peak. It indicated the presence of a salt
(discussed later).

(b) The same procedure as used in the preparation of 1
and 4 was followed. The dicobaloximes were formed in
good yield. However, this procedure required the prepara-
tion of the corresponding aqua complexes, XCo(dioxime)2-
H2O (8, 9, 11, 12).[17] These were prepared from the corre-
sponding aqua(chlorido)cobaloximes (7 or 10) by the nucle-
ophilic substitution of the chlorido ligand. Any change in
concentration or use of excess NaX led to the formation of
a salt along with the desired product. The salt was identical
to the product obtained earlier in the reaction of
[ClCo(dpgH)2]2-µ-Pz (4) with NaNO2 and was identified as
[Co(dpgH)2(NO2)2]– by X-ray crystallography (19). López
et al. have reported a similar type of salt formation in the
reaction of ClCo(dioxime)2B with excess KCN.[18]

Eur. J. Inorg. Chem. 2006, 4086–4095 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4087

XCo(dioxime)2Pz (13–18) were prepared by the reaction
of the corresponding aqua complexes 7–12 with pyrazine in
a 1:1 ratio by slow evaporation of the solvent. These were
the only products formed in dilute solution, but in a con-
centrated solution the precipitation of the dinuclear product
(1 or 4) occurred and no mononuclear product was formed.
Also a rapid evaporation of the solvent resulted in the for-
mation of a dinuclear complex.

Spectroscopy: Characterization of the Complexes

The 1H NMR spectra of 1–6 and 13–18 are easily as-
signed based on the chemical shifts. The signals are as-
signed according to their relative intensities and are consis-
tent with the related dioxime compounds previously de-
scribed.[11] Complexes 1–3 are sparingly soluble in most or-
ganic solvents and it took more than 1000 scans to obtain
a reasonable 1H NMR spectrum in CDCl3. The 1H values
are given in Table 1.

All four protons in the unligated pyrazine are equivalent
and appear as a singlet at δ = 8.59 ppm. The ligated pyr-
azine in 4–6 appears as a singlet which is shifted downfield
as compared to that of free pyrazine. On the other hand,
pyrazine appears as two doublets in 13–18; the one that is
more upfield is assigned to the protons that are in close
proximity to the cobaloxime moiety. The ring current of the
metallabicycle affects these protons.[5,7] Hence, their signals
are more downfield in 16–18 than in 13–15 because of the
lower ring current in the dpgH complexes. 1H NMR spec-
troscopy in the region δ = 7.5–9.0 ppm can easily differen-
tiate between the di- and mononuclear complexes; pyrazine
appears as a singlet in the former and as two doublets in
the latter.

Spectral Studies

NMR

In the earlier NMR study on cobaloximes XCo(di-
oxime)2Py (dioxime = dmgH, dpgH), Pyα and Pyγ were
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Table 1. 1H NMR and yield.

No. O–H···O Pz dmgH dpgH/others Yield (%)

1 – 8.09 2.45 – 89
2 – 8.16 2.42 – 70
3 – 8.18 2.45 – 75
4 18.52 8.66 – 7.82 (d), 7.77 (t), 7.32 (t), 7.18–7.33 (m) 49
5 18.48 8.74 – 7.13–7.29 48
6 18.36 8.63 – 7.14–7.26 (m) 58

13 – 8.33 (d) 2.42 – 60
8.50 (d)

14 – 8.35 (d) 2.35 – 58
8.57 (d)

15 17.93 8.38 (d) 2.42 – 58
8.55 (d)

16[a] 18.57 8.61 (d) – 7.05–7.28 (m) 80
8.64 (d)

17 18.39 8.66 (d) – 7.16–7.34 (m) 70
8.72 (d)

18 18.41 8.60 (d) – 7.16–7.32 (m) 65
8.62 (d)

19[b,c] 18.47 – – 7.24–7.44 (m)

[a] 13C NMR: δ = 154.05, 147.31, 145.46, 129.92, 129.80, 129.31, 128.01 ppm. [b] Recorded in [D6]DMSO. [c] [Co(dpgH)2(N3)2]– ([D6]-
DMSO): 1H NMR: δ = 18.59, 7.41 (d, 4 H), 7.39 (d, 8 H), 7.27–7.24 (dd, 8 H) ppm; 13C NMR: δ = 151.5, 130.0, 128.7, 127.5 ppm.

found to be the most affected by a change in X.[5,15] The
cobaloximes 13–18 are very similar to pyridine complexes
except that pyridine is replaced by pyrazine (pKa of Pz
1.1,[19] Py 5.3[20]). Also, the spectral studies of pyrazine-
bridged alkyl- (and benzyl-) dicobaloximes have already
been reported from our laboratory.[11,12] Therefore, rather
than going into the details about the spectroscopic data and
cis/trans influence study in the present systems, we want to
highlight only the salient points.

The coordination shift[21] ∆δ1H of the Pzα signal in 13–
18 is very close to the coordination shift ∆δ1H of the Pyα

signal in the corresponding pyridine complexes, indicating
further the similarity in the two systems (Table ST2). As Hα

is affected by the dioxime ring current and cobalt aniso-
tropy, its signal appears more upfield in the dmgH com-
plexes than that of the dpgH complexes in both pyridine
and pyrazine complexes.[4a,11,12] One of the major differ-
ences found in the pyridine and pyrazine complexes is the
coordination shift of the β-hydrogen signal. It is almost un-
altered in the pyrazine complexes, whereas it was shifted
downfield (by 0.2–0.3 ppm) in the corresponding pyridine
complexes. This is due to the presence of a nitrogen atom
instead of a carbon atom at the sixth position in pyrazine.
The cobalt anisotropy is less in the pyrazine complexes be-
cause of its lower pKa value and hence it compensates for
the β-hydrogen signal downfield shift.

In the [(R/X)Co(dioxime)2]2-µ-Pz complexes, Pzα is affec-
ted by the ring current and the cobalt anisotropy of the two
metallabicycles (the factors ring current and cobalt anisot-
ropy work in opposite directions: the Pzα signal is shifted
upfield by the ring current and downfield by the cobalt an-
isotropy) as compared to one in (R/X)Co(dioxime)2Pz,
therefore ∆δ of the Pzα signals should be much larger or
even doubled in the former. It is found to be –0.2 to
–0.3 ppm in 13–15 and –0.4 to –0.5 ppm in 1–3; however,
the difference is unexpectedly small in the corresponding
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dpgH complexes (compare 4–6 and 16–18 with Pzα in free
pyrazine). This is because of the higher cobalt anisotropy
of dpgH, which completely compensates for the upfield
shift due to the ring current. Similar compensation is also
observed in the mono(pyrazine) complexes (compare 13–15
with 16–18) as well as in the pyridine complexes XCo(diox-
ime)2Py, viz. ∆δ of the Pyα signals in the dmgH complexes
is around –0.3 ppm, whereas it is close to zero in the dpgH
complexes.

The pyrazine signals in [RCo(dioxime)2]2-µ-Pz were
found to be shifted downfield in the dpgH complexes and
upfield in the dmgH complexes as compared to the unlig-
ated pyrazine.[11,12] A similar trend is observed in the inor-
ganic complexes 1–6 and ∆δ of the Pzα signals in [RCo-
(dioxime)2]2-µ-Pz complexes is larger than that in 1–6 be-
cause of the higher trans effect of the R group with respect
to the X.

UV/Vis

Three bands, a strong band at 263 nm corresponding to
the Co�dioxime metal-to-ligand charge transfer (MLCT)
and two shoulders around 313 and 330 nm (Co�Pz), are
observed in 16. A similar spectrum is obtained in 4 except
that the intensity of the band corresponding to Co�Pz is
significantly increased. This is expected because of the addi-
tive factor of the two identical chromophoric groups in the
dinuclear complexes. A similar result is found in the dmgH
complexes (see Table 2).

In general, organo-cobaloximes exist largely as pentaco-
ordinate species in coordinating solvents like methanol and
as hexacoordinate species in chloroform or dichlorometh-
ane.[4a,22] Pyrazine-bridged alkyldicobaloximes show similar
behavior to the alkyl(pyridine)cobaloximes.[11] The base-on/
base-off behavior of organocobaloximes has generally been
studied by titration with the base, and the inference is made
from the change in shape of the Co–C CT band with the
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Table 2. UV/Vis and IR data.

Compound UV/Vis: λmax [nm] IR: ν̃ [cm–1]
Co�dioxime Co�Pz Co�Pz O–H···O C=N N–O N–O�

(MLCT) (shoulder) (shoulder)

1 224 (sh), 250 (4.32) 292 (3.77) 312 (3.76) 3417.6 (br.) 1563.7 1242.9 1091.4
4 220 (3.71), 258 (4.36) 292 (4.21) 325 (4.30) 3433.0 (br.) 1530.4 1288.5 1139.8

13 256 (4.35) 290 (3.74) 308 (3.69) 3530.0 1574.9 1239.9 1094.1
3446.7

16 263 (4.46) 313 (4.09) 330 (4.04) 3459.8 1531.5 1285.6 1136.9
3421.2

13·CuIPF6 230 (4.91), 259 (4.52) 3443.5, 1566.4, 1239.3, 1092.3, 845
[Co(dpgH)2(N3)2]– – 3438.7, 2025.3, 1383.3, 1136.5

gradual addition of base to the cobaloxime. It has, however,
not been possible to obtain a similar information in the
present inorganic cobaloximes, because the phenomenon
can be monitored by the Co�dioxime MLCT band only
and this occurs at the same position as in the pyrazine case.

Titration with CuIBF4 Salt

The titration of Cu+ with a solution of 13 in dichloro-
methane was monitored by UV/Vis spectroscopy at 233 and
259 nm. The absorbance of the solution increased until
0.5 equiv. of Cu+ was added (see Figure 1). No spectral
change was observed after the addition of 0.5–1.0 equiv. of
Cu+. This suggests that there is a 2:1 complexation with
Cu+. Job’s plot also suggests a 2:1 complexation (Fig-
ure S14).

Figure 1. Cu+ addition to a solution of [ClCo(dmgH)2Pz] (13). The
Cu+ saturation point is at 0.5 mol-equiv. [ClCo(dmgH)2Pz] =
1×10–5  (1 mL). [Cu+] = 1×10–5  (0.1–1.0 mL).

IR

All IR spectra were recorded as solid samples on KBr
pellets and are tabulated in Table 3. The mononuclear and
pyrazine-bridged dicobaloximes can be distinguished by IR
spectroscopy; the O–H···O peak is a sharp doublet in
monocobaloximes, whereas it is a broad singlet in the case
of dicobaloximes. The O–H···O and C=N peaks appear at
lower frequency in dpgH complexes as compared to dmgH
complexes because of the higher cobalt anisotropy and
lower electron density in the dpgH complexes. The CuIPF6-
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bridged complex gives an IR spectrum identical to that of
dicobaloxime 1 along with a distinct sharp peak at 845 cm–1

for PF6
– (Figures S16 and S17).

Cyclic Voltammetry

The cyclic voltammogram (CV) of a cobaloxime shows
three types of redox couples: CoIII/CoII, CoII/CoI, and
CoIV/CoIII. Organo-cobaloximes, in general, give poor CVs
and most of the time the CoIII/CoII redox couple is not
visible. On the other hand, inorganic cobaloximes show rel-
atively better CVs and all the redox couples are prominent.
Two common solvents used for the study are dichlorometh-
ane and acetonitrile. We have preferred to use dichloro-
methane because of the higher solubility of the cobalox-
imes. The cyclic voltammogram of 13 (Figure 2A) shows an
irreversible wave in the reductive half at –0.47 V corre-
sponding to CoIII/CoII and a quasireversible wave at
–1.08 V corresponding to CoII/CoI. [Interestingly, a CV of
13 recorded in acetonitrile gives a much better plot in which
all the peaks are prominent and show the reversible nature
(Figure 2B).] In comparison, 16 (Figure 2C) is much more
easily reduced, with values at –0.32 and –0.73 V, respec-
tively. In the oxidation half corresponding to CoIV/CoIII,
13 and 16 show one reversible wave at +1.25 and 1.38 V,
respectively. The CV data are very similar to those of the
corresponding pyridine analogues except that the reduction
potential values are low and the oxidation halves are high
(see Table 3). This agrees well with the pKa of pyridine and
pyrazine.

The CV data for both the oxidative and reductive halves
can be rationalized on the basis of the cobalt anisotropy.
The higher the cobalt anisotropy, the lower the reduction
potential and the higher is the oxidation potential.[5,7] A
comparison of the data in 13 with those in 16 shows that
the reduction is easier and the oxidation is more difficult in
16 because of the higher cobalt anisotropy in dpgH com-
plexes than in dmgH complexes. We have made a similar
observation in the gH, dpgH, mestgH, and mixed dioxime
complexes.[5,7,15] In view of this it is quite likely that the
cobalt anisotropy may be the major factor responsible for
the reduction/oxidation process.

We could not record the CV for 1 because of its insolubil-
ity in most organic solvents. The CV graph for 4 has three
peaks; CoIV/CoIII is prominent but CoIII/CoII and CoII/CoI
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Table 3. CV data in dichloromethane and TBAPF6 at 0.2 Vs–1 at 25 °C.

No. CoIII/CoII CoII/CoI CoIV/CoIII

E1/2 (∆Ep)[a] E1/2
[b] ipc ipa ipa/ipc E1/2 (∆Ep)[a] E1/2

[b] ipc ipa ipa/ipc E1/2 (∆Ep)[a] E1/2
[b] ipc ipa ipa/ipc

[V] ([mV]) [V] [µA] [µA] [V] ([mV]) [V] [µA] [µA] [V] ([mV]) [V] [µA] [µA]

4 –0.88[c] –1.39 0.1 – – –1.10[c] –1.61 0.4 – – 1.33 (220) 0.82 0.2 8 40.0
13 –0.47[c] –0.98 15 – – –1.08 (320) –1.59 21 10.7 0.5 1.25 (280) 0.74 26.8 31.2 1.2

13[d] –0.22 (130) –0.73 6.1 6.3 1.0 –1.01 (80) –1.52 11.5 11.5 1.0 1.20 (107) 0.69 9.5 10.0 1.0
16 –0.32[c] –0.83 11.2 – – –0.73 (180) –1.24 19.0 12.7 0.64 1.38 (120) 0.87 22.3 23.6 1.1

ClCo(dmgH)2Py –0.66[c] –1.17 –1.12 (200) –1.63 1.20 (190) 0.69
ClCo(dpgH)2Py –0.29 (490) –0.80 –0.82 (260) –1.33 1.33 (150) 0.82

[a] vs. Ag/AgCl. [b] vs. Fc/Fc+. [c] Values refer to Epc. [d] Value is in CH3CN.

Figure 2. Cyclic voltammograms of 13 in dichloromethane (DCM)
(A), in CH3CN (B), and 16 in DCM (C) with 0.1  (nBu4N)PF6

as supporting electrolyte at 0.2 Vs–1 at 25 °C.

are not; however, the differential pulse voltammogram
(DPV) clearly shows reduction. The pyrazine-bridged ben-
zyl dpgH complex, [PhCH2Co(dpgH)2]2Pz, also showed a
poor CV in the reduction half.[12] The CoIII/CoII and CoII/
CoI values in 4 are –0.88 and –1.10 V, respectively. The CoII/
CoI reduction potential is much lower than the correspond-
ing value in [PhCH2Co(dpgH)2]2Pz (–1.41 V). This is ex-
pected because of the higher cobalt anisotropy in 4. Simi-
larly, the oxidation potential CoIV/CoIII is higher (+1.33 V)
in 4 than in [PhCH2Co(dpgH)2]2Pz (+1.12 V).

X-ray Crystallographic Studies

Description of Structures 13 and 16

The “diamond” diagrams of molecular structures 13 and
16 along with selected numbering schemes are shown in
Figures 3 and 4, respectively. Selected bond lengths, bond
angles, and structural parameters are given in Table 4. The
crystal structure of 13 contains two molecules in its asym-
metric unit. As there is a structural variation, they are num-
bered as 13-I and 13-II and the crystal data are given
separately (Table 4).[23] Cobalt is in a distorted octahedral
geometry with four nitrogen atoms of the dioxime in the
equatorial plane and pyrazine and Cl axially coordinated.
The cobalt atom deviates +0.013 and +0.028 Å from the
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mean equatorial CoN4 plane toward the neutral pyrazine
ligand in 13-I and 13-II, respectively, while the deviation
is –0.016 Å in 16. The positive sign means the deviation is
towards the axial base group.[2]

Figure 3. Molecular structure of ClCo(dmgH)2Pz (13-I and 13-II)
with two molecules in the asymmetric unit. The hydrogen atoms of
the C–H bonds are omitted for clarity.

Figure 4. Molecular structure of ClCo(dpgH)2Pz (16). The hydro-
gen atoms of the C–H bonds are omitted for clarity.

The Co–Cl [2.2332(9), 2.2262(10), and 2.2185(10) Å] and
Co–N5 [1.958(3), 1.967(3), and 1.961(3) Å] bond lengths in
13-I, 13-II, and 16 are very similar to their those of the
corresponding ClCo(dioxime)2Py cobaloximes (dioxime =
dmgH or dpgH). This indicates that the bond length does
not change with a slight difference in the cis or trans influ-
ence.[2a,5] However, the Co–Cl [2.252(1) Å] and Co–N5
[1.981(3) Å] bonds are significantly longer in ClCbl.[24]
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Table 4. Selected bond lengths, bond angles, and structural data.

13 16 16·2DCM 19 [Co(dmgH)2(NO2)2]2Ag2
[a]

Co1 Co2

Co–Cl [Å] 2.2332(9) 2.2262(10) 2.2185(10) 2.2174(10)
Co–N(ax) [Å] 1.958(3) 1.967(3) 1.961(3) 1.963(3) 1.943(3), 1.948(4) 1.937, 1.940; 1.940, 1.940
X–Co–N5 [°] 179.12 178.11 177.62(9) 179.15(9) 180 177.0, 180
d [Å] +0.013 +0.028 –0.016 +0.054 0.0 0
α [°] 4.14 1.04 1.62 11.38 ca. 0 0
τ [°] 81.34 72.63 86.38 82.60 90, 0 ca. 90

[a] Ag1–O8 2.426(6), Ag1–O10 2.428(6), Ag2–O3 2.548 (6), Ag2–O6 2.352(6), Ag2–O11 2.698(5), Ag2–O12 2.383(6), Ag2–O13 2.337(5) Å.

The pyrazine ring is almost parallel to the dioxime C–C
bonds and the twist angles (τ)[25a] are 81.34, 72.63, and
86.38° in 13-I, 13-II, and 16, respectively. The butterfly
bending angle (α)[25b] in 13-I and 13-II is 4.14 and 1.04°,
respectively, while it is 1.62° in 16.

When 16 is crystallized with dichloromethane, the single-
crystal analysis shows two dichloromethane molecules in
the unit cell and its molecular structure differs from 16 (Fig-
ure S22). The Co–Cl and Co–N bond lengths are 2.2174(10)
and 1.963(3) Å and comparable to the values in 16; how-
ever, α (11.38°) and d (+0.054 Å) are larger and the twist
angle is smaller (82.60°). These changes are the results of
crystal packing forces due to the extensive H-bonding and
π-interaction.

Description of Structure 19

The characterization of 19 by X-ray analysis shows it to
be [Co(dpgH)2(NO2)2]Na (Figure 5). An extensive hydro-
gen-bonding network results in large solvent-accessible
voids of about 211 Å3.

The crystal structure contains two cobaloxime molecules
in its asymmetric unit and has two Na+ as counter cations.
The two cobaloxime molecules are structural isomers and
differ only in their orientation of the NO2 group; one is
above the dioxime unit [with a Co–Nax distance of 1.943(3)]
and the other is above the O–H···O unit [Co–Nax distance

Figure 5. Molecular structure of [Co(dpgH)2(NO2)2]Na (19). Counter cations and hydrogen atoms of the C–H bonds are omitted for
clarity.
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1.948(4) Å]. Of the two units, one has a positional disorder
of the NO2 group attached to Co2. The Co–NO2 distances
are comparable to those of NO2Cbl [1.942(6) Å][24] and
[Co(dmgH)2(NO2)2]– [1.945(3) Å][26] indicates no cis influ-
ence.

Description of the Structure of [Co(dmgH)2(NO2)2]2-
[Ag]2·H2O

The molecular structure shows the silver atoms in two
distinct environments: a pseudo-four-coordinate and a
pseudo-five-coordinate arrangement are displayed. A “dia-
mond” picture of the unique portion of this structure is
shown in Figure 6. Two cobaloxime units are repeated in
three dimensions, linked by bridging Ag atoms, to form a
3D coordination polymer. The two silver atoms are in dif-
ferent coordination spheres: one is in a tetrahedral environ-
ment and the other is in a capped trigonal environment, as
demonstrated in Figure 7.

We see two crystallographically inequivalent silver cen-
ters arranged linearly, whose differences arise from the
binding mode of Ag. Ag1 is in a tetrahedral environment
bridged by four oxygen atoms; two sets of symmetry-equiv-
alent oxygen atoms are present. One set belongs to two ni-
tro groups and the other set to two dioxime units. The Ag1–
O bond lengths are 2.426(6) and 2.428(6) Å, respectively.
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Figure 6. Molecular structure of [Co(dmgH)2(NO2)2]2[Ag]2·H2O.

Figure 7. Ag1 and Ag2 coordination environment in [Co(dmgH)2-
(NO2)2]2[Ag]2·H2O.

Ag2 has a (3+1) capped trigonal coordination sphere
with four oxygen atoms. Three short bonds [Ag2–O6
2.352(6), Ag2–O12 2.383(6), Ag2–O13 2.337(5) Å] with
bridging NO2 groups and a water molecule form the trigo-
nal geometry (slightly deviated from the planar geometry).
The longer bond Ag2–O3 [2.548(6) Å] is with the dioxime
oxygen atom; O11 acts like a chelating atom and has a weak
interaction with Ag2 at a distance of 2.698(6) Å to generate
a five-member silver-containing ring.[27]

In the solid state, these tetrahedral building blocks and
cobaloxime units are linked together by the oxygen atom of
the coordinated nitro group into a novel 2D helical struc-
ture along the a-axis. A right-handed helix present in the
crystal structure is shown in Figure 8a. The helix is formed
through four Ag–O bonding interactions (O8–Ag1–O8 and
O6–Ag2–O12) along the 21 screw axis (Figure 8b). Only one
of the oxygen atoms of each nitro group takes part in the
formation of the helix. Each coil of the helix contains six
cobaloxime residues and six Ag atoms and the distance be-
tween the coils is 42.91(1) Å. Also it shows a 2D metal-
organic framework (Figure S23) and an infinite zigzag co-
ordination polymer (Figure S24).
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Figure 8. (a) Space-filling view of the right-handed helix of
[Co(dmgH)2(NO2)2]2[Ag]2·H2O. (b) 2D helical assembly along the
a-axis. Some of the atoms have been omitted for clarity.

Conclusions

Procedures were developed for the synthesis of mono-
and dinuclear inorganic cobaloximes with pyrazine. The
changes observed in NMR and CV are much more promi-
nent than in organocobaloximes and these are more effec-
tively rationalized with the field effect, a model proposed
recently by us. Electron delocalization throughout the two
metallabicycles through pyrazine is observed in the NMR
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and CV studies. [XCo(dioxime)2]2-µ-Pz complexes are more
difficult to reduce than XCo(dioxime)2Pz. Mononuclear
pyrazine complexes behave similarly to the corresponding
pyridine complexes. [Co(dmgH)2(NO2)2]2[Ag]2·H2O shows
two AgI ions in different environments: one is tetrahedral
whereas the other is in a capped trigonal coordination, and
the metal-organic framework in this molecule shows helical
structure.

Experimental Section
General: Cobalt chloride hexahydrate, dimethylglyoxime (SD Fine
Chemicals, India), and pyrazine (Aldrich Chemical Company) were
used as received. Diphenylglyoxime (Lancaster Chemicals) was
washed with methanol before use. Silica gel (100–200 mesh) and
distilled solvents were used in all chromatographic separations.
ClCo(dmgH)2H2O,[28] ClCo(dpgH)2H2O,[29] ClCo(dmgH)2Pz,[18]

and ClCo(dpgH)2Pz[18] were prepared according to the literature
procedure. 1H and 13C NMR spectra were recorded with a JEOL
JNM LA 400 FT NMR spectrometer (400 MHz for 1H and
100 MHz for 13C) in CDCl3 solution with TMS as internal stan-
dard. NMR spectroscopic data are reported in ppm. UV/Vis spec-
tra were recorded with a JASCO V-570 spectrophotometer in
dichloromethane (dry) and methanol (dry) at 298 K. IR spectra
were recorded with KBr pellets in the range 4000–650 cm–1 using
a Vertex-70 Bruker Spectrophotometer. Elemental analysis was car-
ried out at the Regional Sophisticated Instrumentation Center,
Lucknow (see Table ST1). Cyclic voltammetry measurements were
carried out using a BAS Epsilon Electrochemical workstation with
platinum working electrode, Ag/AgCl reference electrode (3  KCl),
and a platinum wire counter electrode. All the measurements were
performed in 0.1  nBu4N(PF6) in dichloromethane (dry) at a con-

Table 5. Crystal data and structure refinement details.

13 16 19 [Co(dmgH)2(NO2)2]Ag

Empirical formula (C12H18Cl1Co1N6O4)2 C32H26Cl1Co1N6O4 C29H24Co1N6Na1.5O14 C24H46Ag3Co3N18O26

Formula mass 809.41 652.97 773.96 1503.19
T [K] 100(2) 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic triclinic monoclinic
Space group P21/c P21/c P1̄ C2/c
a [Å] 10.0217(7) 9.953(7) 9.6382(10) 23.6052(24)
b [Å] 21.7874(16) 24.6908(16) 12.9620(13) 15.5292(17)
c [Å] 15.5993(11) 11.8723(8) 16.5136(17) 14.3357(15)
α [°] 90 90 73.438(2) 90
β [°] 107.352(10) 102.212(10) 83.668(2) 115.993(2)
γ [°] 90 90 75.135(2) 90
V [Å3] 3251.0(4) 2852(2) 1909.7(3) 4723.4(8)
Z 4 2 2 4
ρcalcd. [mgm–3] 1.654 1.521 1.346 2.114
µ [mm–1] 1.251 0.746 0.535 2.355
F (000) 1664 1344 791 2984
Crystal size [mm] 0.31×0.23×0.21 0.32×0.25×0.21 0.26×0.19×0.16 0.32×0.17×0.12
Index ranges –8 � h � 13, –12 � h � 13, –12 � h � 10, –23 � h � 31,

–28 � k � 28, –32 � k � 31, –17 � k � 15, –20 � k � 14,
–20 � l � 19 –15 � l � 9 –19 � l � 21 –18 � l � 19

Reflections collected 20450 18797 12682 15455
Independent reflections 7392 7024 9048 5832
Gof on F2 1.046 1.101 1.056 1.116
Final R indices R1 = 0.0510 R1 = 0.0528 R1 = 0.0866 R1 = 0.0650
[I � 2σ(I)] wR2 = 0.1137 wR2 = 0.1070 wR2 = 0.2173 wR2 = 0.1188
R indices (all data) R1 = 0.0748 R1 = 0.0787 R1 = 0.1119 R1 = 0.1007

wR2 = 0.1273 wR2 = 0.1414 wR2 = 0.2449 wR2 = 0.1522
Data/restraints/parameters 7392/0/441 7024/0/397 9048/0/488 5832/0/342
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centration of 1 m of each complex. In addition, in a separate
series of experiments, an internal reference system (ferrocene/ferro-
cenium ion) was used. Under the conditions used, the reversible
Fc/Fc+ potential occurred at 0.51 V versus the Ag/AgCl electrode.

X-ray Structural Determination and Refinement: Orange crystals
were obtained by slow evaporation of the solvent {acetone/hexane
for 13 and 16; chloroform/methanol/hexane for 19; dichlorometh-
ane/acetone for [Co(dmgH)2(NO2)2]2[Ag]2·H2O}. Single-crystal X-
ray data were collected at 100 K with a Bruker SMART APEX
CCD diffractometer using graphite-monochromated Mo-Kα radia-
tion (λ = 0.71073 Å). The linear absorption coefficients, scattering
factors for the atoms, and the anomalous dispersion corrections
were taken from the International Tables for X-ray Crystallogra-
phy.[30a] The data integration and reduction were processed with
SAINT[31] software. An empirical absorption correction was ap-
plied to the collected reflections with SADABS[32] using XPREP.[33]

All the structures were solved by direct methods using SIR-97[34]

and were refined on F2 by the full-matrix least-squares technique
using the SHELXL-97[30b] program package. All non-hydrogen
atoms were refined anisotropically in all the structures. The hydro-
gen atoms of the OH group of oxime were located on difference
Fourier maps and were constrained to those difference Fourier map
positions. The hydrogen atom positions or thermal parameters were
not refined but were included in the structure factor calculations.
The pertinent crystal data and refinement parameters are compiled
in Table 5. CCDC-299539, -299540, -299541, -299543, and -299544
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis

[ClCo(dmgH)2]2-µ-Pz (1): Pyrazine (0.14 mmol, 0.01 g), dissolved
in acetone (1 mL), was added to a clear brown solution of



D. Mandal, B. D. GuptaFULL PAPER
ClCo(dmgH)2H2O (7) (0.29 mmol, 0.10 g in 10 mL of MeOH). An
immediate precipitation occurred. The solution was stirred for se-
veral hours to ensure complete precipitation. The yellow precipitate
was filtered, washed with acetone, and dried in vacuo over phos-
phorus pentoxide. Yield 0.091 g (89%) with respect to pyrazine.

[ClCo(dpgH)2]2-µ-Pz (4): The same procedure as in 1 was used ex-
cept that ClCo(dpgH)2H2O (10) (0.20 g, 0.34 mmol) was dissolved
in acetone (2 mL) and methanol (1 mL). Yield 0.096 g (49%) with
respect to pyrazine.

[XCo(dioxime)2]2-µ-Pz (2, 3, 5, 6). (a): A solution of NaNO2

(0.03 g, 0.43 mmol) in water (2 mL) was added to a refluxing sus-
pension of 4 (0.53 g, 0.43 mmol) in methanol (30 mL). The reaction
mixture was further refluxed for 0.5 h. The solvent was evaporated
to 2–5 mL. The product isolated was a salt and did not contain the
pyrazine unit. (b): The complexes were prepared from the corre-
sponding aqua complexes according to the method outlined for 1
and 4 (Scheme 2).

Scheme 2.

XCo(dmgH)2H2O (8, 9):[35] These compounds were synthesized by
the nucleophilic substitution of the chlorido ligand by X– in
ClCo(dmgH)2H2O (7). In a typical experiment, a solution of
NaNO2 (0.03 g, 0.43 mmol) in water (2 mL) was added to a re-
fluxing suspension of ClCo(dmgH)2H2O (7) (0.15 g, 0.43 mmol) in
methanol (30 mL). The reaction mixture was further refluxed for
0.5 h. The solvent was evaporated to 2–5 mL and a sufficient
amount of water was added to precipitate the compound; the pre-
cipitate was filtered and dried over phosphorus pentoxide. Yield
(0.12 g, 77%).

XCo(dpgH)2H2O (11, 12): The same procedure as outlined for
XCo(dmgH)2H2O was used. Two products, a salt and the desired
compound 11, were formed. The salt was identified as [Co-
(dpgH)2(NO2)2]– by X-ray crystallography (19). However, when a
dilute solution of NaNO2 (0.03 g, in 10 mL) was treated with
ClCo(dpgH)2H2O (10) (0.25 g, 0.43 mmol) in methanol/acetone
(1:1, 30 mL) (11), the desired product was formed exclusively. Yield
(0.145 g, 71%).

XCo(dmgH)2Pz (13–15): Pyrazine (0.084 g, 1.05 mmol) dissolved in
acetone (5 mL) was added to a clear brown solution of
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N3Co(dmgH)2H2O (0.34 g, 1.00 mmol) in acetone (70 mL). The
solution was stirred for 1 h and kept aside for slow evaporation of
the solvent. The needle-shaped brown crystals, formed after 2–3 d,
were filtered and air-dried. Yield 60%. (a): When acetone was less
than 70 mL, an immediate precipitation occurred and the com-
pound identified was the dinuclear complex 3 (see above). (b): The
use of methanol always led to the formation of a mixture of mono-
and dinuclear complexes.

XCo(dpgH)2Pz (16–18): These were prepared from the correspond-
ing aqua complexes according to the method outlined for 13–15.
Yield 80%.

Heterodimetallic Complexes

Reaction of CuIX (X = BF4, PF6, ClO4) with ClCo(dmgH)2Pz:
When CuBF4 was added dropwise to ClCo(dmgH)2Pz (13) (both
taken in dry dichloromethane), a dark red precipitate formed,
which was completely insoluble in dichloromethane. (A similar
kind of precipitation occurred with other CuI salts also.) The pre-
cipitate dissolved instantaneously upon the addition of 2–3 drops
of acetonitrile and the color changed to yellow. The precipitate
was totally insoluble in most noncoordinating solvents and hence
it could not be characterized by CV, NMR spectroscopy, or crystal-
lographic studies.

Reaction of AgI(PF6) with XCo(dmgH)2Pz: The addition of AgI to
13 or 16 in dichloromethane/acetone immediately formed a white
precipitate of AgCl, whereas the addition of an acetone solution of
AgPF6 to 14 gave an orange-yellow precipitate. In an effort to grow
a single crystal by the layering process, most of the salt precipitated
from the solution but a few orange crystals appeared on the inside
wall of the tube. X-ray analysis of one of these crystals showed it
to be [Co(dmgH)2(NO2)2][Ag]2H2O. The complex may have formed
during the crystallization process or because of a small impurity
of [Co(dmgH)2(NO2)2]Na in 14. However, this compound can be
reproduced with addition of an AgPF6 solution to [Co(dmgH)2-
(NO2)2]Na salt in acetone.

Attempted Synthesis of Mixed Dicobaloximes ClCo(dmgH)2-Pz-
Co(dpgH)2Cl (20): The synthesis of 20 turned out to be unexpec-
tedly complicated. The procedure used in the synthesis of 1–6 did
not afford the required product, for example the reaction of 10 with
13 (1:1) or the reaction of 7 with 16 (1:1) in chloroform formed 4
instead of the desired complex (20). The same reactions in acetone/
methanol afforded 1 as the exclusive product. It is very difficult to
offer any conclusive evidence for the formation of 4 or 1. It is,
however, possible that 4 is thermodynamically the more stable
product and arises from the intermediate ClCo(dpgH)2-Pz-
Co(dmgH)2Cl, a kinetically controlled product. [We have, however,
not been able to isolate this compound, even at low temperatures
(see Scheme S1).] Similarly, all efforts to synthesize other combina-
tions like ClCo(dmgH)2-Pz-Co(dpgH)2nPr and MeCo(dmgH)2-Pz-
Co(dpgH)2Cl also failed, although many procedures were tried (see
Supporting Information).

Supporting Information (see footnote on the first page of this
article): Representative figures of UV/Vis, IR, NMR spectra, and
X-ray metal-organic framework for the subject compounds.
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The reaction between [Mo(η3-C3H5)(CO)2(NCMe)2Br] (1)
and the ferrocenylamidobenzimidazole ligands FcCO-
(NH2benzim) (L1) and (FcCO)2(NHbenzim) (L2) led to a bi-
nuclear (2) and a trinuclear (3) Mo–Fe complex, respectively.
The single-crystal X-ray structure of [Mo(η3-C3H5)(CO)2(L2)-
Br] [L2 = {[(η5-C5H5)Fe(η5-C5H4CO)]2(2-NH-benzimidazol-
yl)}] shows that L2 is coordinated to the endo Mo(η3-C3H5)-
(CO)2 group in a κ2-N,O-bidentate chelating fashion whereas
the MoII centre displays a pseudooctahedral environment
with Br occupying an equatorial position. Complex 2 was for-
mulated as [Mo(η3-C3H5)(CO)2(L1)Br] on the basis of a com-
bination of spectroscopic data, elemental analysis, conductiv-

Introduction
Polynuclear complexes containing molybdenum and iron

have received much attention as possible models for the site
active metal centre(s) in nitrogenases.[1] In particular, orga-
nometallic ligands derived from ferrocene, with one or both
the cyclopentadienyl rings properly functionalised with suit-
able substituents, represent an easy and successful way of
designing polynuclear species able to mimic molecules fea-
turing different biological functions or material science
properties.[2] Common routes start either from ferrocene
carbonyl chloride and an amine, elimination of HCl afford-
ing the desired product, or from lithiated ferrocene.[3] Inter-
estingly, both ferrocenium and some ferrocenylalkyl benz-
imidazoles have been shown to exhibit antitumor proper-
ties.[4] A large amount of chemistry has been developed

[a] Instituto de Tecnologia Química e Biológica (ITQB), Av. da
República, EAN,
2781-901 Oeiras, Portugal

[b] Departamento de Química e Bioquímica, Faculdade de Ciên-
cias da Universidade de Lisboa,
1749-016 Lisboa, Portugal
E-mail: mjc@fc.ul.pt

[c] Dipartimento di Chimica dell’Università di Siena,
Via Aldo Moro, 53100 Siena, Italy

[d] Departamento de Química, CICECO, Universidade de Aveiro,
3810-193 Aveiro, Portugal

[e] Departamento de Química Inorgánica, Instituto de Ciencia de
Materials de Aragón, Universidad de Zaragoza-CSIC,
50009 Zaragoza, Spain

[f] School of Chemistry, University of Reading,
Whiteknights, Reading, RG6 6AD, UK

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4096–41034096

ity and DFT calculations. L1 acts as a κ2-N,N-bidentate li-
gand. In both L1 and L2, the HOMOs are mainly localised
on iron while the C=O bond(s) contribute to the LUMO(s)
and the next highest energy orbitals are Fe–allyl antibonding
orbitals. When the ligands bind to Mo(η3-C3H5)(CO)2Br, the
greatest difference is that Mo becomes the strongest contrib-
utor to the HOMO. Electrochemical studies show that, in
complex 2, no electronic interaction exists between the two
ferrocenyl ligands and that the first electron has been re-
moved from the MoII-centred HOMO.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

around the ferrocenyl amides, arising from the special bio-
logical properties characteristic of amino acids and pep-
tides.[5] Ferrocene labelled amino acids have thus been syn-
thesised,[6] their complexation behaviour towards other
metal centres studied[7] and other properties[8] and applica-
tions, namely as sensors, investigated.[9] We recently de-
scribed the synthesis of two new ferrocenylamidobenzimid-
azole ligands, FcCO(NH2benzim) (L1) and (FcCO)2-
(NHbenzim) (L2).[10] In this work, we studied their activity
as ligands towards the MoII complex [Mo(η3-C3H5)(CO)2-
(NCMe)2X] (X = halide), 1,[11] following our interest in the
reactivity and properties of MoII systems.[12,13] Complex 1
has been used as a synthetic precursor for obtaining several
types of derivatives, some of which have proved to be suit-
able catalysts for, among other things, polymerisation of
dienes or in organic synthesis for allylic alkylations.[14,15]

The complex of L2 was structurally characterised by single-
crystal X-ray diffraction and the other complex by spectro-
scopic studies. Their redox properties were studied by elec-
trochemical techniques and DFT calculations[16] were car-
ried out to interpret the behaviour upon oxidation and to
assign the molecular structure of the complex with L1.

Results and Discussion

Chemical Studies

The coupling reaction between FcCOCl [Fc = (η5-C5H5)-
Fe(η5-C5H4)] and 2-aminobenzimidazole, [NH2(benzimH)],
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in 1:1 and 2:1 ratios led to the ligands FcCO(NH2benzim)
(L1) and (FcCO)2(NHbenzim) (L2)[10] shown in Scheme 1.

Scheme 1.

[Mo(η3-C3H5)(CO)2(NCMe)2Br], 1, reacted with the
ferrocenyl ligand L1 in a 1:1 ratio affording, by means of
substitution of the acetonitrile ligands, a new complex as-
signed as [Mo(η3-C3H5)(CO)2(L1)Br] (2) from elemental
analysis and spectroscopic data.

The infrared spectrum of 2 shows two very strong bands
at 1933 and 1839 cm–1, assigned to the two C�O stretching
modes typical of the carbonyl groups and shifted by 16 and
12 cm–1 relative to those in the precursor complex 1. The
νC=O stretching frequency can be observed at 1675 cm–1

which is essentially the same value as observed in the free
ligand (1678 cm–1) suggesting that the carbonyl group does
not coordinate to the metal centre. In contrast, both the N–
H asymmetric stretches of the NH2 group and the C–NH2

stretch are shifted to lower frequencies, from 3415 cm–1 to
3392 cm–1 and from 1304 cm–1 to 1296 cm–1, respectively.
These changes indicate that the NH2 amino group may be
coordinated to the molybdenum. The bands assigned to the
ferrocenyl subunits appear at 3101 (νC–H), 1419 (νC–C), 1107
(asymmetric ring breathing), 1002 (δC–H)�, 822 (πC–H)�, 490
(δFe–Cp)a and 438 cm–1 (νFe–Cp), i.e. almost in the same posi-
tions as in the free ligand which are 3087 (νC–H), 1450
(νC–C), 1105 (asymmetric ring breathing), 1000 (δC–H)�, 823
(πC–H)�, 494 (δFe–Cp)a and 440 cm–1 (νFe–Cp).[17]

The signals in the room temperature 1H NMR spectra of
2 and 3 in [D7]DMF are too broad to be resolved. At room
temperature, free rotation across the amide bonds leads to
the interconversion between different rotamers of 2 and 3,
with proton resonances occurring on the same time scale.
The temperature dependence of the variable hydrogen
bonding networks present in the complexes, as seen in the
crystal structure of 3 (below), has been reported for several
related complexes and explains this behaviour.[6d–f,8] Upon
decreasing the temperature to 253 K, the broad signals
merge to very well defined signals.

At 253 K, one broad signal at δ = 7.95 ppm can be
clearly assigned to the two NH2 protons. This signal is
downfield relative to that in the free ligand (δ =6.45 ppm),
in agreement with the proposed coordination of the NH2

group to molybdenum.
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The Ha, Hb, Hd and Hc protons of the benzimidazole
fragment in complex 2 can be seen in the aromatic region
at 7.32 (doublet), 7.17 (triplet), 7.08 (doublet) and 6.98 ppm
(triplet), respectively. In the free ligand L1, they appear at
7.29 (doublet, Ha), 7.06 (Hb), 6.93 (doublet, Hd) and
6.81 ppm (triplet, Hc). The deviations are quite small since
these protons are not close to any atom likely to bind to
the metal.

The signals of the ferrocenyl unit appear as multiplets
(H1, H2 at 5.00, 4.79 ppm) and as a singlet (H1� at δ =
4.38 ppm), close to the values for the free ligand (two mul-
tiplets at 4.89 and 4.53 ppm, and one at δ = 4.22 ppm).
The upfield signals at 3.51 (multiplet), 3.30 and 1.18 ppm
(doublets) can be assigned, respectively, to the Hmeso, Hsyn

and Hanti protons of the allyl fragment. Despite the low
global symmetry of the complexes, the signals reflect the
local Cs symmetry of the ferrocenyl ligands. There is no
evidence in the NMR spectra for coordinated acetonitrile,
suggesting that the two nitrile ligands in the precursor 1 are
replaced by L1. The methyl signals at δ = 2.19 ppm in the
1H NMR and 1.34 ppm in the 13C NMR spectrum may
be assigned to uncoordinated acetonitrile. The low molar
conductivity (ΛM = 4.8 Ω–1 cm2 mol–1 in dmf) is character-
istic of a neutral complex which is expected when two ni-
triles are lost but not when the bromide and one nitrile are
lost. Both the IR and the NMR spectroscopic results thus
suggest the coordination of the L1 ligand in a κ2-N,N-bi-
dentate mode in [Mo(η3-C3H5)(CO)2(L1)Br] (2). DFT cal-
culations provided more information on the preferred ge-
ometry (see below).

The precursor complex [Mo(η3-C3H5)(CO)2(NCMe)2Br],
1, also reacted with the ligand L2 to give [Mo(η3-
C3H5)(CO)2(L2)Br], 3, by substitution of the two acetoni-
trile ligands, as confirmed by single-crystal X-ray diffrac-
tion (see below). The infrared spectrum of 3 shows two very
strong bands at 1927 and 1830 cm–1, characteristic of the
νC�O stretching frequencies of the carbonyl groups. Two
other very strong bands, at 1704 and 1655 cm–1, can be as-
signed to C=O stretches. In the free ligand, only one very
intense band was observed at 1678 cm–1. The large shift of
one band to lower frequency (1655 cm–1) in the complex
suggests coordination of one C=O group to molybdenum
whereas the other frequency (1704 cm–1) can be assigned to
the uncoordinated C=O. The bands assigned to the ferro-
cenyl subunits appear at 3073 (νC–H), 1434 (νC–C), 1107
(asymmetric ring breathing), 1002 (δC–H)�, 827 (πC–H)� and
495 (δFe–Cp)a, approximately in the same positions as in the
free ligand.

The 1H NMR spectrum of 3 at 253 K shows one broad
signal at δ = 9.10 ppm assigned to one NH proton as well
as four signals in the aromatic region at 8.54, 7.75, 7.53 and
7.39 ppm assigned to the Ha, Hb, Hd and Hc protons of
the benzimidazole fragment of L2. The H1, H2, and H1�
signals of one ferrocenyl unit appear at δ = 4.73, 4.46 and
4.23 ppm with those of the other at δ = 5.13, 4.91 and
4.44 ppm, respectively. The Hmeso, Hsyn and Hanti protons of
the allyl fragment can be observed at δ = 3.76, 3.30 and
1.18 ppm, respectively. Unfortunately, the 13C{1H} NMR
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spectrum was not of sufficient quality for making assign-
ments.

Crystallography

The X-ray diffraction study of the MoII complex 3
showed that its crystal structure consists of discrete mole-
cules of [Mo(η3-C3H5)(CO)2(L2)Br] and disordered CH2Cl2
solvent molecules. The chlorine atoms occupy two alterna-
tive tetrahedral positions with identical statistical occu-
pancies. Selected bond lengths and angles are given in
Table 1.

Table 1. Selected bond lengths [Å] and angles [°] in the molybde-
num coordination sphere.

Mo–C(100) 1.934(7) Mo–C(200) 1.964(8)
Mo–N(11) 2.223(5) Mo–O(34) 2.225(4)
Mo–Br 2.7169(9)
C(100)–Mo–C(200) 81.9(3) C(100)–Mo–N(11) 97.4(2)
C(200)–Mo–N(11) 88.4(2) C(100)–Mo–O(34) 174.1(2)
C(200)–Mo–O(34) 100.5(2) N(11)–Mo–O(34) 77.4(2)
C(100)–Mo–Br 93.8(2) C(200)–Mo–Br 168.1(2)
N(11)–Mo–Br 81.2(1) O(34)–Mo–Br 82.84(1)

The molecular structure of 3 presented in Figure 1 shows
the molybdenum centre to have a pseudo octahedral coordi-
nation environment with the centroid of the η3-allyl ligand
and two carbonyl ligands assuming a fac arrangement. The
L2 ligand is coordinated in a κ2-N,O-bidentate chelating
fashion with the oxygen atom [O(34)] from a carbonyl
group and the N donor atom from the benzimidazole ring
occupying equatorial and axial coordination positions,
respectively. The Mo–N and Mo–O distances are 2.223(5)
and 2.225(4) Å, respectively, leading to a N–Mo–O bite an-
gle of 77.4(2)° for the six-membered chelating ring. The
metal coordination sphere is completed by a bromine atom
in the equatorial position with a Mo–Br distance of
2.7169(9) Å. This gives rise to the axial isomer depicted in
Scheme 2. In addition, in the solid-state, the η3-allyl ligand
adopts an endo conformation while the Cp rings of both
ferrocenyl subunits display almost eclipsed conformations.

Comparable geometric arrangements with the donor
atoms adopting the same spatial disposition around the
molybdenum centre have been found for related MoII(η3-
C3H5) complexes.[12,13] To the best of our knowledge, the
X-ray structure determination reported here represents the
first evidence for the formation of a molybdenum derivative
of (FcCO)2(NHbenzim). The two carbonyl groups from the
ligand L2 adopt a trans configuration with the free carbonyl
slightly twisted by 79.7(2)° relative to plane of the benz-
imidazole ring. This arrangement is stabilised by an intra-
molecular hydrogen bond between the oxygen atom O(20)
of the free carbonyl group and the nitrogen atom N(32)
from the chelating ring (N–H···O 2.08 Å, 127.0°). The dis-
tance between the two iron centres is 7.372(1) Å while the
Mo is separated from the iron centres at distances of
5.666(1) and 7.051(1) Å, respectively. These long distances
indicate that there is no through-space electronic communi-
cation between the three metal centres.
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Figure 1. Molecular diagram showing the overall structure of
[Mo(η3-C3H5)(CO)2(L2)Br] (3) with the atomic notation scheme
used. The labels for the aromatic atoms have been omitted for clar-
ity.

Scheme 2.

DFT Calculations

[Mo(η3-C3H5)(CO)2(L1)Br] (2) can exist as one of two
isomers, axial or equatorial (Scheme 2).

DFT[16] calculations (ADF program;[18] see section Com-
putational Details) were performed in order to find the
most stable isomer of 2. The axial isomer (Figure 2) was
found to be more stable by 3.2 kcalmol–1. The four-mem-
bered ring motif has been found in many related Mo com-
plexes.[19]

The second feature addressed by the DFT calculations
was the nature of the frontier orbitals of the ligands L1 and
L2 and of complexes 2 and 3 in order to further support
the electrochemical results described below. The HOMO,
LUMO and LUMO+1 of L1 are shown in Figure 3.

The HOMO and the next levels with lower energy are
strongly localised on Fe, as is characteristic of ferrocenes
and they represent the orbitals derived from the t2g set of
this pseudo octahedral structure of a d6 species. The
LUMO is mainly the π* orbital of the C=O group while
the L+1 orbital is the antibonding Fe–Cp combination in-
volving x2–y2 and Cp π*.
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Figure 2. Molekel[20] 3D representation of the structure of the axial
isomer of complex 2, [Mo(η3-C3H5)(CO)2(L1)Br].

(FcCO)2(NHbenzim) (L2) has two ferrocenyl groups
hanging from the benzimidazole unit. The frontier orbitals
are comparable with those of L1 but their number is double.
The HOMO is the analogue of the HOMO of L1, localised
on one Fc unit, while the H-1 is the same but localised on
the second ferrocenyl. The LUMO also has a large contri-

Figure 3. Molekel[20] 3D representation of the HOMO (left), LUMO (centre) and LUMO+1 (right) of FcCO(NH2benzim) (L1).

Figure 4. Molekel[20] 3D representation of the HOMO-1 (left), HOMO (centre) and LUMO (right) of [Mo(η3-C3H5)(CO)2(L1)Br], 2.
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bution of the C=O π* orbital. The Fe–Cp antibonding
levels appear at higher energies.

When the ligands bind to the MoII centre a question
about the nature of the HOMO arises, namely, is it localised
on Mo or does it remain on Fe? In most known com-
pounds, the higher occupied MOs are Fe orbitals, therefore
enabling multiple applications of ferrocenyl derivatives as
probes, although there are examples of the opposite behav-
iour.[21] The most relevant frontier orbitals of complex 2 are
depicted in Figure 4.

The HOMO is strongly localised on the Mo(CO)2 frag-
ment, being Mo–C bonding, while the iron based orbitals
start at H-1 and continue below. The LUMO is mostly the
C=O π* orbital with some Fe contribution.

The same electronic structure can be observed for com-
plex 3 with the HOMO located on Mo(CO)2 and having
some contribution from Br. The H-1 is more delocalised
with participation of Mo, CO, Br and Fe. H-2 to H-6 are
iron d orbitals as in Figure 3 (left). H-7 and H-8, despite a
small Fe contribution, are essentially localised on the bro-
mine atom. The LUMO and L+1 are again based on the
two C=O π* orbitals, with different proportions of each.
Both in the ligands and in their molybdenum complexes,
the frontier orbitals are mostly localised on one of the metal
atoms.
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Electrochemistry

As deducible from Figure 5, the ferrocene/ferrocenium
oxidation exhibited by ligand L1 is accompanied by chemi-
cal complications.

Figure 5. Cyclic voltammetric responses recorded at a platinum
electrode in a CH2Cl2 solution of L1 (0.8×10–3 moldm–3).
[NBu4][PF6] (0.2 mol dm–3) supporting electrolyte. Scan rates: (a)
0.02 Vs–1; (b) 0.2 Vs–1.

In fact, at very low scan rates two almost overlapping
anodic processes appear, which merge in a single process at
higher scan rates. In confirmation of the chemical complica-
tions following the expected one-electron oxidation, con-
trolled potential coulometric measurements (Ew = +0.9 V)
indicated that two electrons per molecule are consumed.
Even if the closeness of the two processes makes difficult a
detailed analysis of the overall process at low scan rates, it
is conceivable that the original one-electron oxidation leads
to a primary species which converts slowly to a new oxidis-
able species (ECE mechanism).[22]

It is hence not unexpected that the Mo complex 2, which
further contains the redox-active centres MoII and Br–,
might afford a more complicated voltammetric pattern, Fig-
ure 6. As a matter of fact, three anodic steps can be de-
tected, namely A, B and C. Unfortunately, any attempt to
determine the precise number of electrons involved in each
step by controlled potential coulometry failed, probably be-
cause of both their closeness and the underlying complex
electron-transfer mechanisms.

Figure 6. Cyclic (—) and Osteryoung square wave (···) voltam-
metric responses recorded at a platinum electrode in a CH2Cl2 solu-
tion of 2 (0.7×10–3 moldm–3). [NBu4][PF6] (0.2 moldm–3) support-
ing electrolyte. Scan rates: (—) 0.2 Vs–1; (···) 0.1 Vs–1.
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Based on the good extent of chemical reversibility, the
most anodic process C can therefore be somewhat naïvely
assigned to the ferrocene/ferrocenium oxidation, whereas
the process B can be tentatively assigned to the oxidation
of the bromide coligand. However, since under the same
experimental conditions the free Br– ion affords two sub-
stantially irreversible oxidations[23] (Ep = +0.71 V and
+0.94 V, respectively), a contribution to peak C from the
second bromide oxidation cannot be ruled out. Finally, in
agreement with either the previous findings[24] or the above
theoretical calculations, the anodic process A, which also
looks likely to exhibit partial chemical reversibility, can be
assigned to the MoII/MoIII couple.

As illustrated in Figure 7, a qualitatively similar situation
is exhibited by the diferrocenyl couple L2/3.

Figure 7. Cyclic (—) and Osteryoung square wave (···) voltam-
metric responses recorded at a platinum electrode in CH2Cl2 solu-
tions of: (a) L2 (0.7×10–3 moldm–3); (b) 3 (0.6×10–3 moldm–3).
[NBu4][PF6] (0.2 moldm–3) supporting electrolyte. Scan rates: (—)
0.2 Vs–1; (···) 0.1 Vs–1.

Controlled potential coulometric measurements corre-
sponding to the anodic process of L2 indicate that more
than the expected two electrons per molecule are consumed
(a low level of the electrolytic current still persists even after
the consumption of 3.2 electrons per molecule). In this case,
however, the final cyclic voltammetric control simply shows
partial re-reduction of the oxidised product, which means
that the chemical complication could be only due to slow
regeneration of the original product likely triggered by
traces of water present in the nominally anhydrous solvent.
Such a drawback is not unusual in exhaustive electrolysis
carried out at relatively high potential values.

It can be noted that the rather rounded peaks exhibited
by L2 give evidence for the postulation that the two ferro-
cenyl subunits are substantially electronically independent
from each other. In turn, as deduced by crystal data, the
insertion of the Mo fragment does not modify such elec-
tronic interactions.

Table 2 lists the formal electrode potentials for the oxi-
dation of the ferrocenyl fragment in the two series of com-
pounds.
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Table 2. Formal electrode potentials (V, vs. the SCE), peak-to-peak
separations (mV) and current ratios for the ferrocene/ferrocenium
ion oxidation processes in the couples L1/2 and L2/3 in CH2Cl2
solution.

Complex E°� ∆Ep
[a] ipc/ipa

[a]

L1 +0.69 70 0.86
2 +0.78 70 [b]

L2 +0.72 [c] 93 0.80
3 +0.76 [c] 96 [b]

Fe(C5H5)2/[Fe(C5H5)2]+ +0.39 76 1.0

[a] Measured at 0.1 Vs–1. [b] Difficult to determine because of
close-spaced preceding processes (see text). [c] Nominal two-elec-
tron process; from OSWV.

It should be noted that the electron-withdrawing effect
exerted by the Mo fragment with respect to the sandwich
ligands is, as expected, almost halved on passing from the
diferrocenyl to the monoferrocenyl complexes.

Conclusions

The two new ferrocenylamidobenzimidazole ligands
FcCO(NH2benzim) (L1) and (FcCO)2(NHbenzim) (L2) re-
act with [Mo(η3-C3H5)(CO)2(NCMe)2Br] to afford two
polynuclear Mo–Fe complexes. Complex 3, with the L2 li-
gand was structurally characterised by single-crystal X-ray
diffraction. The axial isomer was formed and L2 was coor-
dinated in a κ2-N,O-bidentate mode using the benzimid-
azole nitrogen and the closest carbonyl oxygen as donor
atoms. The N–H···O hydrogen bond to the second carbonyl
of L2, already present in the free ligand, was preserved. A
combination of spectroscopic data, elemental analysis, con-
ductivity and DFT calculations led us to formulate complex
2 as [Mo(η3-C3H5)(CO)2(L1)Br] with L1 coordinating in
the neutral form using both the benzimidazole and the NH2

nitrogen atoms thereby resulting in the most stable axial
isomer. The occupied frontier orbitals of the ligands were
based on iron, with a LUMO located on the C=O bond(s)
and the LUMO+1 being Fe–allyl antibonding. Coordina-
tion of the ferrocenyl ligands to Mo leads to Mo based
HOMOs, the Fe orbitals coming next and the unoccupied
levels being similar to those in the free ligands. In agree-
ment with crystal data and theoretical calculations, electro-
chemistry shows that in complex 2 no electronic interaction
exists between the two ferrocenyl ligands and the first elec-
tron is removed from the MoII-centred HOMO.

Experimental Section
Chemical Studies

Commercially available reagents and all solvents were purchased
from standard chemical suppliers. Solvents were dried using com-
mon procedures. The syntheses of the molybdenum complexes were
carried out under nitrogen using Schlenk tube techniques. The
complex [Mo(η3-C3H5)(CO)2(NCCH3)2Br] was synthesised accord-
ing to literature procedures.[5] The ligands L1 and L2 were prepared
as described in the literature.[10] Infrared spectra were measured on
a Mattson 7000 FT spectrometer. Samples were run as KBr pellets.
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NMR spectra were recorded on a Bruker Avance-400 spectrometer
in [D7]DMF. Electronic spectra were recorded with a UNICAM
model UV-4 spectrophotometer. Materials and apparatus for elec-
trochemistry have been described elsewhere.[25] Elemental analyses
were carried out at ITQB.

Preparation of [Mo(η3-C3H5)(CO)2(L1)Br] (2): To a yellow solution
of [Mo(η3-C3H5)(CO)2(NCCH3)2Br] (0.177 g, 0.5 mmol) in dichlo-
romethane (10 mL) was added L1 (0.173 g, 0.5 mmol). The dark-
red solution obtained was stirred at room temperature for 3 h. Ad-
dition of n-hexane resulted in the formation of red solid which was
filtered, washed with n-hexane and dried under vacuum. Unsuc-
cessful attempts to grow crystals suitable for X-ray diffraction were
carried out by vapour diffusion of diethyl ether into a solution of
the complex in CH2Cl2. Yield 0.274 g (78%). Elemental analysis for
2·CH3CN·0.5CH2Cl2 (C25.5H24BrClFeMoN4O3) (701.64): calcd. C
43.65, H 3.45, N 7.98; found C 44.12, H 3.51, N 7.73. 1H NMR
(400 MHz, [D7]DMF, 253 K): δ = 7.95 (br., NH2), 7.32 (d, 1 H,
Ha), 7.17 (t, 1 H, Hb), 7.08 (d, 1 H, Hd), 6.98 (t, 1 H, Hc), 5.23
(CH2Cl2, 1 H), 5.00 (br., 2 H, H1), 4.79 (br., 2 H, H2), 4.38 (br., 5
H, H1�), 3.51 (m, 1 H, Hmeso), 3.30 (d, 2 H, Hsyn), 2.19 (s, CH3CN),
1.18 (d, 2 H, Hanti) ppm. 13C NMR (100.6 MHz, [D7]DMF, 253 K):
δ = 123.7 (Cb), 120.3 (Cc), 114.7 (Ca), 112.5 (Cd), 75.2 (Hmeso),
73.1 (C2), 72.3 (C1), 70.9 (C1�), 57.6 (Canti/syn), 1.34 (CH3CN) ppm.
UV/Vis (CH2Cl2): λ = 482 nm, ε = 1377 cm–1 mol–1 dm3.

Preparation of [Mo(η3-C3H5)(CO)2(L2)Br] (3): To a yellow solution
of [Mo(η3-C3H5)(CO)2(NCCH3)2Br] (0.177 g, 0.5 mmol) in dichlo-
romethane was added L2 (0.278 g, 0.5 mmol). The dark-red solu-
tion formed was stirred at room temperature for 30 min. Addition
of n-hexane resulted in the formation of a red solid which was
filtered, washed with n-hexane and dried under vacuum. Yield
0.382 g (66%). Elemental analysis for 3·3CH2Cl2·2CH3CN
(C41H40N5O4Cl6Fe2BrMo) (1167.05): calcd. C 42.20, H 3.45, N
6.00; found C 41.73, H 3.26, N 6.00. 1H NMR (400 MHz, [D7]-
DMF, 253 K): δ = 9.10 (br., NH), 8.54 (d, 1 H, Ha), 7.75 (m, 1 H,
Hb), 7.53 (d, 1 H, Hd), 7.39 (t, 1 H, Hc), 5.91 (CH2Cl2, 6 H), 5.13
(br., 2 H, HI), 4.91 (br., 2 H, HII), 4.73 (m, 2 H, H1), 4.46 (m, 2
H, H2), 4.44 (s, 5 H, HI�), 4.23 (s, 5 H, H1�), 3.76 (m, 1 H, Hmeso),
3.30 (d, 2 H, Hsyn), 2.12 (CH3CN, 6 H), 1.18 (d, 2 H, Hanti) ppm.
UV/Vis (CH2Cl2): λ = 482 nm, ε = 3750 cm–1 mol–1 dm3.

Crystallography

Red single-crystals of [Mo(η3-C3H5)(CO)2(L2)Br] (3) of suitable
quality for X-ray diffraction were obtained by vapour diffusion of
n-hexane into a solution of the complex in CH2Cl2.

Crystal Data: C35H30BrCl2Fe2MoN3, Mr = 915.07; monoclinic,
space group P21/n, Z = 4, a = 15.784(17), b = 12.632(14), c =
18.170(21) Å, β = 105.33(1)°, V = 3494(7), Z = 4, ρ(calc) =
1.740 Mgm–3, µ(Mo-Kα) = 2.512 mm–1. X-ray data were collected
at room temperature on a MAR research plate system using graph-
ite monochromated Mo-Kα radiation (λ = 0.71073 Å) at Reading
University. The crystals were positioned at 70 mm from the image
plate. 95 frames were taken at 2° intervals using an appropriate
counting time. Data analysis was performed with the XDS pro-
gram.[26] Intensities were corrected for absorption effects using the
DIFABS program.[27] 21894 reflections were collected and merged
to 6467 unique reflections giving an Rint of 0.0449. The structure
was solved by direct methods and by subsequent difference Fourier
syntheses and refined by full-matrix least-squares on F2 using the
SHELX-97 system programs.[28] The CH2Cl2 solvent molecule was
found to be disordered over two positions and the two chlorine
atoms were refined in two alternative tetrahedral positions with
occupancy factors of 1 – x and x, x being equal to 0.657(9). In
addition, the C–Cl distances were constrained at 1.778 Å. Aniso-



P. N. Martinho et al.FULL PAPER
tropic thermal parameters were used for the remaining non-hydro-
gen atoms. The hydrogen atoms bonded to the carbon and nitrogen
atoms were included in the refinement in calculated positions with
isotropic parameters equivalent to 1.2 times those of the atom to
which they are attached. The protons and the hydrogen atoms were
not located from the Fourier difference maps and their positions
were not included in the refinement. The residual electronic density
ranging from –1.157 to 1.480 eÅ–3 was within expected values. The
final refinement of 433 parameters converged to final R and Rw

indices R1 = 0.0664 and wR2 = 0.1217 for 5705 reflections with I
� 2σ(I) and R1 = 0.0767 and wR2 = 0.1257 for all 6467 hkl data.
Molecular diagrams presented were drawn with the PLATON
graphical package software.[29]

CCDC-603243 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Computational Details

Density functional calculations[16] were carried out with the Am-
sterdam Density Functional program (ADF2005).[18] Gradient cor-
rected geometry optimisations,[30] without any symmetry con-
straints, were performed using the Local Density Approximation
of the correlation energy (Vosko, Wilk and Nusair’s)[31] and the
Generalised Gradient Approximation (Becke Perdew[32,33] exchange
and correlation corrections).

A triple-ζ Slater-type orbital (STO) basis set augmented by one
polarisation function was used for Mo, Fe, N, O, C and H. A frozen
core approximation was used to treat the core electrons: (1s) for N,
C and O; ([1–2]s, 2p) for Fe and ([1–3]s, [2–3]p, 3d) for Mo. The
calculations were carried out on the crystal structure described
above for complex 3 and the structure of L1[10] without any modifi-
cations. Geometries for L2 and complex 2 were based on these
structures.
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The reaction of lithium salts of ring-fused ligands (L), where
the ring fused to the cyclopentadienyl moiety is a saturated
one (six, seven, or eight carbon atoms), with YCl3 in THF in
2:1 and 1:1 molar ratios affords complexes of formula
[L2YCl]2 and [(LYCl2·THF)2LiCl·2THF], respectively. Here we
report the synthesis, spectroscopic characterization, and X-
ray crystal structure of [(L�YCl2·THF)2LiCl·2THF] (L� = 2-
phenyl-4,5,6,7,8-hexahydroazulenyl), together with the crys-

Introduction

The chemistry of group 3 organometallics has undergone
a spectacular growth in the past two decades.[1] Besides
their activity as catalysts and reagents for a number of reac-
tions,[2] they are also reckoned to be excellent models[3] and
very active catalysts for Ziegler–Natta polymerizations of
olefins, often without the aid of activators or co-catalysts.

Lanthanide chemistry has been dominated mainly by cy-
clopentadienyl complexes[4] because this family of ligands
allows a wide range of modifications of the environment at
the metal center through simple variation of the substitu-
tion pattern. Despite the interesting results thus far ob-
tained, their high sensitivity to air and moisture, polar sol-
vents,[5] and reagents[5,6] makes their application on an in-
dustrial scale still quite difficult. Furthermore, lanthanides
with unsubstituted cyclopentadienyl ligands are almost in-
soluble in hydrocarbon solvents and usually show low ac-
tivity.[7] Due to the delicate balance required in the ligand
substitution pattern, it is advisable to find a family of cyclo-
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tal structure of the hexameric species [{L�YCl(OH)}6·2THF],
which was quite unexpectedly isolated during the attempted
crystallization of the latter complex and is probably formed
by partial hydrolysis of that complex. The activity of the new
complexes towards ethylene and 1-hexene polymerization
reactions was also tested.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

pentadienyl ligands provided with a more versatile structure
and also capable of imparting higher stability and better
solubility in most common organic solvents. In the frame-
work of our research for metallocenes suitable for applica-
tion in homogeneous catalysis, we have recently[8] synthe-
sized several froup 4 ring-fused metallocenes where the ring
(six, seven, or eight carbon atoms) fused to the cyclopen-
tadienyl moiety is a saturated one. Besides their higher solu-
bility, stability, and resistance to hydrolysis in comparison
with the corresponding unsaturated counterparts, these
complexes proved to be interesting polymerization cata-
lysts,[9] since their particular structure introduces a confor-
mational flexibility that can be finely tuned by varying the
size of the cycloalkyl-ring and by introducing different sub-
stituents on the cyclopentadienyl ring. Here, we report the
reactions of some ligands of this family with yttrium tri-
chloride in 1:1 and 2:1 molar ratios as a test for lanthanides
to check if they can produce more stable and soluble com-
plexes for catalytic applications.

Results and Discussion

Synthesis and Characterization of Yttrium Complexes

The lithium salts (C6CpMe)Li (1; HL = 2-methyl-
4,5,6,7-tetrahydro-1H-indene), (C7CpMe)Li (2; HL = 2-
methyl-1,4,5,6,7,8-hexahydroazulene, and (C8CpMe)Li (3;
HL = 2-methyl-4,5,6,7,8,9-hexahydro-1H-cyclopenta[8]an-
nulene, prepared according to the literature procedures,[9a]

were treated with YCl3 in a 2:1 molar ratio to afford the
corresponding complexes [L2YCl]2 with L = C6CpMe (4),
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C7CpMe (5), and C8CpMe (6), and in a 1:1 ratio to give
the complexes [(LYCl2·THF)2LiCl·2THF] with L =
C7CpMe (7) and C8CpMe (8); see Scheme 1.

Scheme 1. Synthesis of the 2-methyl-substituted complexes.

The resulting complexes, which were isolated as dusty so-
lids by precipitation with n-hexane from toluene or CH2Cl2
solutions, are also completely soluble in diethyl ether and
THF. Analytical (elemental analyses and MS data) and
NMR (1H and 13C; assignments by HMQC and HMBC
experiments) data were consistent with the given formula-
tions.

Crystal Structures

Crystals of complexes 4, 6, 7, and 8 were obtained by
slow evaporation of concentrated CH2Cl2 solutions, but,
despite repeated attempts, they were not suitable for X-ray
analysis. This difficulty in obtaining ordered structures is
probably due both to the flexibility of the saturated ring
and to the small size of the methyl group. Only complex 5
gave crystals suitable for X-ray diffraction, but they did not
withstand the treatment (Fomblin F06206R or dehydrated
Nujol) necessary to protect them from air and moisture
during X-ray data acquisition.

Since the reactivity, stability, and solubility of lanthanide
compounds are highly dependent on the steric hindrance of
the ligand preventing oligomer formation, we decided to
substitute the methyl group in the 2-position of the ligands
for a phenyl group in order to obtain more ordered crystals.
We chose the ligand with a saturated ring of seven carbon
atoms since it was the only one that gave acceptable crystals
for 5 and 7. Treatment of lithium 2-phenyl-1,4,5,6,7,8-hexa-
hydroazulenyl (L�, 9)[9b] with YCl3 in a 2:1 or 1:1 molar
ratio, afforded complexes [(L�2YCl)2] (10) and
[(L�YCl2·THF)2LiCl·2THF] (11), respectively (Scheme 2).

Scheme 2. Synthesis of the 2-phenyl-substituted complexes.

Crystals suitable for X-ray diffractometry studies were
obtained only in the case of complex 11. While attempts to
protect the crystals with Fomblin failed, the use of anhy-
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drous Nujol allowed X-ray data collection at 150 K; this
confirmed the analytical and NMR spectroscopic data,
which correspond to a complex of formula [(L�YCl2·
THF)2LiCl·2THF] (L� = C7CpPh; Figure 1).

Figure 1. ORTEP[10] view of complex 11 displaying the thermal el-
lipsoids at 30% probability. The hydrogen atoms have been omitted
for sake of clarity.

The structure (Figure 1, and Tables S1 and S2 in the Sup-
porting Information) consists of a trimetallic complex
where two atoms of yttrium and one atom of lithium, in a
distorted octahedral coordination, are bridged by three µ-
Cl (Cl1, Cl2, and Cl5) and two µ3-Cl (Cl3 and Cl4) anions.
Each Y atom is coordinated to four chloride ions, an η5-
cyclopentadienyl ring of the 2-phenyl-1,4,5,6,7,8-hexahy-
droazulenyl ligand, and a molecule of THF, while the lith-
ium cation is coordinated to four Cl ions (Cl1, Cl3, Cl4,
and Cl5) and two molecules of THF. The six Y–C1 bonds
involved in the formation of Y–Cl–Y bridges display dis-
tances in the range 2.677(1)–2.860(1) Å (2.77 Å on average),
and are slightly longer than those observed in di-
meric bis[(µ-Cl)YIII(cyclopentadienyl)] complexes (2.66–
2.70 Å).[11–13] This Y–Cl lengthening can be justified by the
presence of a µ-Cl bridge between yttrium atoms and two
µ3-Cl bridges which involve all three metal centers. The re-
maining µ-Cl1 and µ-Cl5 chlorides connecting yttrium
atoms with lithium display shorter Y–Cl distances of
2.607(2) and 2.627(1) Å, in agreement with those found in
the range 2.62–2.65 Å in similar Y–Cl–Li fragments.[14,15]

During our attempts to finding the appropriate crystalli-
zation solvents for complex 11, in one crop we isolated se-
veral crystals stable to Fomblin treatment which allowed
crystal data collection. Quite unexpectedly, they turned out
to be the partial hydrolysis product of 11, most probably
caused by slight traces of water in the crystallization sol-
vent. The results of the fast X-ray data collection at 120 K
revealed the structure of an organometallic yttrium cluster,
namely [{L�YCl(OH)}6·2THF] (12; Figure 2 and Tables S3
and S4 in the Supporting Information). It is well known
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that hydrolysis and oxidation reactions are a common mode
of decomposition for organometallic complexes of yttrium
and the f elements, giving in most cases organometallic spe-
cies containing M–OH or M–O–O–M bonds.[16–18]

Figure 2. ORTEP view of complex 12 displaying the thermal ellip-
soids at 30% probability. The hydrogen atoms have been omitted
for sake of clarity.

The 1H NMR spectrum of crystals of complex 12 is quite
similar to that of 11 except for the presence of a very broad
singlet at δ = 2.73 ppm that can be attributed to the OH
group. The IR spectrum in CH2Cl2 solution shows an OH
stretch at 3540 cm1.

Complex 12 is a hexamer where two trimetallic clusters
of yttrium atoms are held together, around a center of sym-
metry, by two µ-Cl3 chlorides between Y1 and Y3 (Fig-
ure 3). In each trimer the yttrium atoms are surrounded by
an η5-bonded cyclopentadienyl ring belonging to a 2-
phenyl-1,4,5,6,7,8-hexahydroazulenyl ligand and bridged by
chloride and hydroxy groups. In particular, the three Cl1,
Cl2, and O3H anions span the three edges of the triangles
formed with the Y atoms, while the µ3-O1H and µ3-O2H
hydroxy groups triply bridge above and below the triangle
formed by the yttrium atoms. The sixfold coordination
around Y2 is completed by the oxygen atom of a THF
molecule.

Accordingly, the overall geometry about each yttrium
atom can be described as a distorted octahedral coordina-
tion. The Y–(µ-Cl) distances (2.66–2.74 Å) are in agreement
with those observed in dimeric bis[(µ-Cl)YIII(cyclopentadi-
enyl)] complexes. Furthermore, as observed in other com-
pounds,[16–19] the Y–(µ-OH) distances of 2.230(6) and
2.216(4) Å for Y1–O3 and Y2–O3, respectively, are shorter
than those of Y–(µ3-OH), which are in the range 2.34–
2.43 Å. In both complexes the Y–Cp(cyclopentadienyl
centroid) bond length (2.37–2.40 Å) and the Y–O(THF)
distance of 2.338(6) Å are in accordance with the respective
values observed in other cyclopentadienylyttrium deriva-
tives.[20–23]
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Figure 3. Diagram of the metal, halogen, and hydroxy framework
of complex 12, including the coordinated THF molecules.

Polymerization Studies

We have examined the activity of the new yttrium com-
plexes, with MAO as co-catalyst, as a preliminary test for
their polymerization activity. It is known[2] that organolan-
thanide complexes often do not require a co-catalyst or an
activator to show high activity, but they must be previously
converted into the corresponding sterically demanding alkyl
derivatives [(trimethylsilyl)methyl or bis(trimethylsilyl)-
methyl], to prevent β-alkyl elimination, and as intermedi-
ates to the more unstable, but much more active, hydrides.

The bis(cyclopentadienyl) complexes 4, 5, 6, and 10 did
not show any activity towards ethene polymerization, while
the mono(cyclopentadienyl) complexes 7 and 11, which
have a more open coordination sphere around the metal
center, show a moderate activity (Table 1). This result can
be interpreted by taking into account the fact that only a
limited number of mono(cyclopentadienyl) half-sandwich
rare-earth complexes of the type [(η5-C5R5)LnX2(L)n] have
been synthesized, and their catalytic performance is often
hampered by “ate complex” formation with concomitant
alkali metal salt incorporation.[24] We also noticed some dif-
ferences between the polymers obtained with the methyl-
substituted (7) and phenyl-substituted (11) derivatives.
While with the methyl-substituted complex 7, after the us-
ual work-up, a single fraction of highly linear polyethylene
was produced (single peak at δ = 27.7 ppm in the 13C NMR
spectrum), with the phenyl-substituted complex 11 the yield
was almost twice as high but the solid consisted of two frac-
tions, the first (43%) of which is similar to the polymer
isolated with the catalyst 7 and the second (57%) of which
contains a mixture of oligomers. Apparently this different
behavior can be attributed to the influence of the substitu-
ent in the ancillary ligand. It is likely that the methyl group,
which exerts a symmetrical steric hindrance around the
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metal center, produces a more homogeneous material than
the phenyl with its different space occupancy. We also tried
the polymerization of a more sterically demanding mono-
mer, 1-hexene, but we could not get any polymer. In struc-
turally similar achiral lanthanocenes,[2e,25] which are also in-
active towards 1-alkene polymerization, this negative result
has been attributed to the formation of stable η3-allyl type
complexes.[26]

Table 1. Results of ethane and 1-hexene polymerizations.

Complex Monomer Activity[a] Oligomers [%]

4, 5, 6, 10 ethene[b] – –
7 ethene[b] 820 7
11 ethene[b] 1650 57
7 1-hexene[c] – –
11 1-hexene[c] – –

[a] gPol(mmoly h atm)–1. [b] Reaction conditions: toluene: 100 mL,
[Y] = 8 ×10–6 , [MAO]/[Y] = 1100, trxn = 24 h, room temp. [c]
Reaction conditions: toluene: 100 mL, [Y] = 8×10–6 , [MAO]/[Y]
= 1875, trxn = 24 h, room temp.

Conclusions

Novel unbridged bicyclic yttrium complexes containing
six-, seven-, and eight-membered saturated rings fused to a
cyclopentadienyl moiety substituted in position 2 (CH3, Ph)
have been synthesized with 2:1 and 1:1 ligand/metal ratios,
and fully characterized. Unlike their analogous cyclopen-
tadienyl derivatives, these complexes are very soluble in
most common organic solvents but are highly sensitive to
air and moisture. The crystal structure of complex 11 shows
its dimeric nature, thus confirming that the high coordina-
tive unsaturation of the monomer in the absence of high
steric hindrance favors the formation of dimeric yttrium
species. Quite unexpectedly, we have been able to isolate
and fully characterize the hexameric yttrium organometallic
cluster 12, which is probably formed by the reaction of 11
with traces of water in the crystallization solvent. The yttrio-
cenes 4, 5, 6, and 10, in combination with MAO as co-
catalyst, are inactive in the polymerization of ethylene and
1-hexene, while complexes 7 and 11 show a low reactivity
towards ethene polymerization and are also inactive
towards 1-hexene. These unsatisfactory results can be at-
tributed to the probably dimeric nature of the complexes,
which is maintained after MAO activation, thus preventing
access of the olefin to the reactive center due to steric hin-
drance. Further studies are necessary to modify the chloro
complexes (i.e., by substitution with bulky alkyl groups) in
order to produce monomeric yttrium species, which should
be more efficient polymerization catalysts.

Experimental Section
General procedures: All manipulations were carried out under an
oxygen- and moisture-free atmosphere in a Braun MB 200 GII
glove box. All solvents were thoroughly deoxygenated and dehy-
drated under argon by refluxing and distillation over a suitable
drying agent (n-hexane, toluene, and THF over Na or K/benzophe-

Eur. J. Inorg. Chem. 2006, 4104–4110 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4107

none ketyl; CH2Cl2, CD2Cl2, and CDCl3 over CaH2; C6D5N over
KOH). YCl3 (Aldrich) was used as received. Nujol (Aldrich) was
degassed and dehydrated by reflux over potassium. Fomblin
(ABCR) F06206R, viscosity 1600cSt, was degassed prior to use.
The ligands C6CpMeH,[8] C6CpMeLi (1),[8] C7CpMeH,[8]

C8CpMeH,[8] and C7CpPhH[9a] were prepared according to litera-
ture methods. Microanalyses were performed at the Istituto di Chi-
mica Inorganica e delle Superfici, CNR, Padova. The Li contents
of the complexes were determined by ICP using an ICP-MS Agilent
7500 apparatus. Mass spectra were recorded with a Finnigan Trace
MS equipped with a probe for the direct introduction of the sample
(EI = 70 eV, Tprobe = 120–150 °C). 1H and 13C NMR spectra were
obtained for CDCl3 or CD2Cl2 solutions with a Bruker AMX 300
spectrometer operating at 300 and 100.61 MHz, respectively. 2D-
Heterocorrelated COSY experiments (HMQC and HMBC) al-
lowed the identification of all 1H and 13C resonances.

Lithium Salts of the Ligands. General Synthetic Procedure: The
starting diene (14 mmol) was suspended in n-hexane at –80 °C. n-
Butyllithium (14 mmol) was then added dropwise, whilst stirring,
and the solution was slowly allowed to reach room temperature
(about 4 h) and stirred overnight. The lithium salt that separated
from the solution was isolated by centrifugation, washed several
times with n-hexane, and dried under vacuum to give a dusty solid.

2-Methyl-1,4,5,6,7,8-hexahydroazulenyllithium (2): White solid.
Yield: 1.94 g (90%). 1H NMR ([D5]pyridine): δ = 1.73–1.94 (m, 6
H, C-CH2-CH2-), 2.43 (s, 3 H, CH3), 2.85 (br. s, 4 H, -C-CH2-
CH2-), 5.86 (s, 2 H, -CH-,Cp) ppm.

2-Methyl-4,5,6,7,8,9-hexahydro-1H-cyclopenta[8]annulenyllithium
(3): White solid. Yield: 2.22 g (88%). 1H NMR ([D5]pyridine): δ =
1.57–1.74 (m, 8 H, C-CH-CH2-), 2.41 (s, 3 H, CH3), 2.68–2.74 (m,
4 H, -C-CH2-CH2-), 5.86 (s, 2 H, -CH-, Cp) ppm.

2-Phenyl-1,4,5,6,7,8-hexahydroazulenyllithium (9): Pink-white solid.
Yield 1.82 g (60%). 1H NMR ([D5]pyridine): δ = 1.47–1.65 (m, 6
H, C-CH-CH2-), 2.48 (m, 4 H, -C-CH2-CH2-), 6.11 (s, 2 H, -CH-,
Cp), 6.50 (t, 3JH,H = 7.7 Hz, 1 H, meta-C5H6), 6.90 (t, 3JH,H =
7.7 Hz, 2 H, para-C5H6), 7.42 (d, 3JH,H = 7.6 Hz, 2 H, ortho-C5H6)
ppm.

Yttrium Complexes. General Synthetic Procedure: YCl3 (1.0 mmol)
was dissolved in warm THF (30 mL) and cooled to room tempera-
ture. A solution of the lithium salt (2.0 or 1.0 mmol) dissolved in
THF (20 mL) was then added with vigorous stirring at room tem-
perature, and the reaction mixture stirred overnight. The solvent
was then removed under reduced pressure, the residue washed with
dichloromethane (3×10 mL), and separated from LiCl, when nec-
essary, by centrifugation. The yellow solution was concentrated (to
about 10 mL) and left at –25 °C for several days to give microcrys-
tals.

Bis[(µ-chloro){bis[η5-(2-methyl-4,5,6,7-tetrahydro-1H-indenyl)]-
yttrium}] (4): Yellow solid. Yield: 0.508 g (65 %). C40H52Cl2Y2

(781.57): calcd. C 61.47, H 6.71, Cl 9.07; found C 61.05, H 6.95,
Cl 8.90. 1H NMR (CDCl3): δ = 1.65–1.80 (m, 8 H, C-CH2-CH2-),
2.05 (s, 6 H, CH3), 2.50–2.90 (m, 8 H, -C-CH2-CH2-), 5.90 (s, 4
H, -CH-, Cp) ppm. 13C NMR (CDCl3): δ = 14.9 (CH3), 29.9 (-C-
CH2-CH2-), 33.1(-C-CH2-CH2-), 114.6 (-CH, Cp), 125.7 (-C-CH3),
132.8 (-CH2-C=CH-, Cp) ppm. MS (Tprobe = 120 °C): m/z (%) 766
(18) [M+· – CH3]+, 751 (22) [M+· – 2CH3]+, 746 (12) [M+· – Cl]+,
731 (10) [M+· – CH3 – Cl]+.

Bis[(µ-chloro){bis[η5-(2-methyl-1,4,5,6,7,8-hexahydroazulenyl)]-
yttrium}] (5): Yellow solid. Yield: 0.611 g (73 %). C44H60Cl2Y2

(837.68): calcd. C 63.09, H 7.22, Cl 8.46; found C 62.75, H 6.95,
Cl 8.65. 1H NMR (CDCl3): δ = 1.35–1.70 (m, 8 H, C-CH2-CH2-
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CH2-), 1.70–1.95 (m, 4 H, C-CH2-CH2-CH2-), 2.08 (s, 6 H, CH3),
2.50–2.90 (m, 8 H, -C-CH2-CH2-CH2-), 5.95 (s, 4 H, -CH-, Cp)
ppm. 13C NMR (CDCl3): δ = 14.9 (CH3), 29.9 (-C-CH2-CH2-
CH2-), 31.6 (-C-CH2-CH2-CH2-), 33.2 (C-CH2-CH2-CH2), 114.4
(-CH, Cp), 120.3 (-C-CH3), 129.8 (-CH2-C=CH-, Cp) ppm. MS
(Tprobe = 120 °C): m/z (%) 837 (1) [M]+·, 822 (21) [M+· – CH3]+, 807
(25) [M+· – 2CH3]+, 802 (15) [M+· – Cl]+, 690 (42) [C33H45Cl2Y2]+,
403 (44) [C21H27ClY]+, 388 (100) [C20H24ClY]+, 368 (37)
[C21H27Y]+.

Bis[(µ-chloro){bis[η5-(2-methyl-4,5,6,7,8,9-hexahydro-1H-cyclo-
penta[8]annulenyl)]yttrium}] (6): Yellow solid. Yield: 0.590 g (66%).
C48H68Cl2Y2 (893.78): calcd. C 64.50, H 7.67, Cl 7.93; found C
64.15, H 7.25, Cl 7.80. 1H NMR (CDCl3): δ = 1.10–1.25 (m, 12
H, -CH2-), 1.25–1.50 (m, 4 H, -CH2-), 2.00 (s, 6 H, CH3), 2.30–
2.45 (m, 4 H, -C-CH2-CH2-), 2.55–2.75 (m, 4 H, -C-CH2-CH2-),
5.95 (s, 4 H, s, 4 H, -CH-, Cp) ppm. 13C NMR (CDCl3): δ = 14.9
(CH3), 26.3 (C-CH2-CH2–CH2-), 27.4 (-C-CH2-CH2-CH2-), 33.4
(C-CH2-CH2-CH2), 112.3 (-CH, Cp), 122.0 (-C-CH3), 128.3 (-CH2-
C=CH-, Cp) ppm. MS (Tprobe = 10 °C): 893 (3) [M]+·, 878 (27)
[M+· – CH3]+, 863 (31) [M+· – 2CH3]+, 858 (15) [M+· – Cl]+, 446
(8) [C24H34ClY]+, 431 (100) [C23H31ClY]+, 416 (65) [C22H28ClY]+,
396 (37) [C23H31Y]+.

Complex 7: Yellowish solid. Yield: 0.803 g (85 %). C38H62Cl5-
LiO4Y2 (944.92): calcd. C 48.30, H 6.61, Cl 18.76, Li 0.73; found
C 47.95, H 6.55, Cl 18.45, Li 0.80. 1H NMR (CDCl3): δ = 1.25–
1.95 (m, 12 H, -CH2-), 1.90 (br. s, 16 H, THF), 2.00 (s, 6 H, CH3),
2.45–2.80 (m, 8 H, -C-CH2-CH2-), 3.80 (br. s, 16 H, THF), 5.95 (s,
4 H, -CH-, Cp) ppm.

Complex 8: Yellow solid. Yield: 0.807 g (83%). C40H66Cl5O4LiY2

(972.96): calcd. C 49.38, H 6.84, Cl 18.22, Li 0.71; found C 49.15,
H 6.75, Cl 18.45, Li 0.80. 1H NMR (CDCl3): δ = 1.10–1.85 (m, 16
H, -CH2-), 1.98 (br. s, 16 H, THF), 2.05 (s, 6 H, CH3), 2.10–2.65
(m, 8 H, -C-CH2-CH2-), 4.04 (br. s, 16 H, THF), 5.72 (s, 4 H,
-CH-, Cp) ppm. 13C NMR (CDCl3): δ = 16.28 (CH3), 25.81 (THF),
26.47 (-C-CH2-CH2-CH2-), 27.71 (-C-CH2-CH2-CH2-), 33.33 (C-
CH2-CH2-CH2-), 71.02 (THF), 114.16 (-CH, Cp), 123.0 (-C–CH3),
129.91 (-CH2-C=CH-, Cp) ppm.

Bis[(µ-chloro){bis[η5-(2-phenyl-1,4,5,6,7,8-hexahydroazulenyl)]-
yttr ium}] (10): Deep-yel low sol id. Yield: 0.847 g (78 %).
C64H68Cl2Y2 (1085.9): calcd. C 70.78, H 6.31, Cl 6.53; found C
70.45, H 6.15, Cl 6.75. 1H NMR (CD2Cl2): δ = 1.12–2.10 (m, 12
H, -CH2-), 2.25–2.85 (m, 8 H, -C-CH2-CH2-CH2-), 6.14 (s, 4 H,
-CH-, Cp), 7.12 (t, 3JH,H = 7.23 Hz, 2 H, para-C5H6), 7.33 (t, 3JH,H

= 7.62 Hz, 4 H, 4 H, meta-C5H6), 7.46 (d, 3JH,H = 7.23, 4 H, ortho-
C5H6) ppm. MS (Tprobe = 120 °C): m/z (%) 1085 (1) [M]+·, 877 (44)
[C48H51Cl2Y2]+, 667 (2) [C32H34Cl2Y2]+, 543 (1) [C32H34ClY]+, 528
(100) [C31H31ClY]+, 493 (28) [C31H31Y]+, 298 (1) [C16H16Y]+, 210
(20) [C16H18]+.

Complex 11 : Deep-ye l low so l id . Yie ld : 0 .823 g (7 7 % ) .
C48H66Cl5LiO4Y2 (1069.05): calcd. C 53.93, H 6.22, Cl 16.58, Li
0.65; found C 54.10, H 6.05, Cl 16.80, Li 0.70. 1H NMR (CD2Cl2):
δ = 1.65 (m, 8 H, C-CH2-CH2-CH2-), 1.78 (m, 4 H, C-CH2-CH2-
CH2-), 1.89 (br. s, 16 H, THF), 2.40–2.53 (m, 8 H, -C-CH2-CH2-
CH2-), 3.99 (br. s, 16 H, THF), 6.65 (s, 4 H, -CH-, Cp), 7.11 (t,
3JH,H = 7.3 Hz, 2 H, para-C5H6), 7.27 (t, 3JH,H = 7.3 Hz, 4 H,
meta-C5H6), 7.43 (d, 3JH,H = 7.3 Hz, 4 H, ortho-C5H6) ppm. 13C
NMR (CD2Cl2): δ = 25.7 (THF), 28.3 (-C-CH2-CH2-CH2-), 28.4
(-C-CH2-CH2-CH2-), 30.1 (-C-CH2-CH2-CH2-), 30.7 (-C-CH2-CH2-
CH2-), 31.9 (-C-CH2-CH2-CH2-), 70.4 (THF), 124.7 (ortho-C5H6),
126.1 (para-C5H6), 128.7 (meta-C5H6), 133.0 (-CH, Cp), 142.0
(ipso-C5H6), 142.8 (-C–C5H6), 143.6 (-CH2-C=CH-, Cp) ppm.
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Crystals suitable for X-ray analysis were obtained from a very con-
centrated CH2Cl2 solution after four days at –26 °C.

Complex 12: Yellow solid, C104H108Cl6O8Y6 (2232.12): calcd. C
55.96, H 5.73, Cl 9.53; found C 55.80, H 5.60, Cl 9.40. IR
(CH2Cl2): ν̃ = 3540 cm–1. 1H NMR (CD2Cl2): δ = 1.55–1.71 (m, 8
H, C-CH2-CH2-CH2-), 1.71–1.83 (m, 4 H, C-CH2-CH2-CH2-), 1.89
(br. s, 2.7 H, THF), 2.37–2.55 (m, 8 H, -C-CH2-CH2-CH2-), 2.73
(br. s, 1 H, OH), 3.97 (br. s, 2.7 H, THF), 6.66 (s, 4 H, -CH-, Cp),
7.12 (t, 3JH,H = 7.0 Hz, 2 H, para-C5H6), 7.27 (t, 3JH,H = 7.0 Hz, 4
H, meta-C5H6), 7.44 (d, 3JH,H = 7.0 Hz, 4 H, ortho-C5H6) ppm.

X-ray Crystallographic Structure Determinations for 11 and 12: The
crystal data for compounds 11 and 12 (Table 2) were collected at
120 and 150 K, respectively, using a Nonius Kappa CCD dif-
fractometer with graphite-monochromated Mo-Kα radiation. The
data sets were integrated with the Denzo-SMN package[27] and cor-
rected for Lorentz, polarization, and absorption (SORTAV[28]) ef-
fects. The structures were solved by direct methods (SIR97[29]) and
refined using full-matrix least-squares with all non-hydrogen atoms
anisotropic and hydrogens included at calculated positions as ri-
ding on their carrier atoms. All calculations were performed using
SHELXL97[30] and PARST[31] implemented in WINGX[32] system
of programs.

Table 2. Crystal data for complexes 11 and 12.

Compound 11 12

Formula C48H66Cl5LiO4Y2 C104H108Cl6O8Y6

MW 1069.02 2520.56
Space group P212121 P1̄
Crystal system orthorhombic triclinic
a [Å] 11.6874(3) 14.0415(3)
b [Å] 19.9579(5) 14.4971(3)
c [Å] 21.3214(4) 15.4855(5)
α [°] 90 76.886(1)
β [°] 90 86.128(1)
γ [°] 90 65.722(2)
T [K] 120 150
Z 4 1
Dc [gcm–3] 1.428 1.496
F(000) 2200 1286
µ(Mo-Kα) [cm–1] 26.313 33.940
Measured reflections 29098 42244
Unique reflections 9657 12718
Rint 0.101 0.050
Obs. reflns [I � 2σ(I)] 7677 9484
Θmin, Θmax [°] 2.85–26.00 4.00–27.50
hkl ranges –13,14; –24,24; –26,26 –18,18; –16,18; –19,20
R(F2)(obs. reflns.) 0.0537 0.0701
wR(F2) (all reflns.) 0.0961 0.1781
No. variables 541 625
Goodness of fit 1.054 1.218
ρmin, ρmax [eÅ–3] –0.686, 0.379 –0.750, 1.180

CCDC-297382 (for 11) and -297383 (for 12) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Selected interatomic distances and angles are given in
Tables S1–S4.

General Polymerization Conditions: All manipulations of air- and/
or moisture-sensitive materials were carried out under inert atmo-
sphere using either a dual vacuum/nitrogen line and standard
Schlenk techniques or in a dry-box under nitrogen atmosphere
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(�10 ppm oxygen, �20 ppm water). MAO (Witco, 10 wt.-% solu-
tion in toluene) was used after drying in vacuo (5 h, 50 °C,
0.1 mbar) to remove the solvent and unreacted AlMe3, and was
stored under nitrogen. Nitrogen and ethylene were purified by pass-
age through columns of BASF RS-11 (Fluka) and Linde 4-Å mo-
lecular sieves. 1-Hexene was deoxygenated and dehydrated under
nitrogen by refluxing and distillation over LiAlH4, and stored un-
der nitrogen.

Ethylene Polymerizations: A 250-mL glass reactor equipped with a
magnetic stirrer was charged with anhydrous toluene (100 mL) and
MAO (8.8 mmol) from a syringe. Ethylene was then added until
saturation. The polymerization was started by adding a solution of
the catalyst (7 or 11) (8 µmol; [Al]/[Y] ratio: 1100) in toluene (5 mL)
with a syringe under ethylene pressure. After 24 h the reaction was
terminated by addition of a small amount of ethanol, and the poly-
mer was precipitated by pouring the whole reaction mixture into
ethanol (600 mL) to which concentrated hydrochloric acid (5 mL)
had been added. The organic phase was separated, washed with
NaHCO3 saturated solution, deionized water, and dried with
MgSO4. After filtration, the solvent was evaporated under reduced
pressure and the last traces of toluene were eliminated by azeo-
tropic distillation with absolute ethanol (three times). Absolute eth-
anol was added again and the polymer was collected by filtration,
washed with absolute ethanol, and dried overnight under vacuum
at 70 °C. If oligomers were produced (as with catalyst 7), they were
retrieved as an oily residue after evaporation of the ethanol from
the filtered solution, extraction with pentane, and evaporation of
the solvent.

1-Hexene Polymerizations: A 250-mL glass reactor equipped with
a magnetic stirrer was charged with anhydrous toluene (100 mL),
1-hexene (1 mol/L), and MAO (15 mmol). The polymerization was
started by adding a solution of the catalyst (7 or 11) (8 µmol; [Al]/
[Y] ratio: 1875) in toluene (5 mL) with a syringe under nitrogen
pressure. After 24 h the polymerization was quenched by adding a
small amount of ethanol. The contents of the reactor were poured
into a conical flask, and a solution of concentrated HCl in ethanol
(200 mL; 15% by volume) was added. After 30 min stirring, the
mixture was transferred into a separating funnel, the organic phase
was separated, washed once with NaHCO3 saturated solution,
twice with deionized water, and dried with MgSO4. After filtration,
the solvent was removed under reduced pressure. No polymer was
obtained.
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The mononuclear complexes [Rh(LH2)Cl2](ClO4)·3H2O (1)
and [Pd(LH2)](ClO4)2 (2) of the tetraiminodiphenolate macro-
cycle L2– have been synthesized by the transmetallation
reaction between [Pb(LH2)](ClO4)2, and RhCl3·xH2O and
Na2[PdCl4], respectively. In these compounds, the uncoordi-
nated imino nitrogen atoms are protonated and are hydrogen
bonded to the phenolate oxygen atoms to stabilize them
against hydrolytic cleavage. Using these mononuclear com-
plexes, the following heterodinuclear complexes: [RhIIICl2-
(L)PdII](X) [X = ClO4 (3), PF6 (4)], [PdII(L)MII(H2O)2](ClO4)2

[M = Mn (5), Fe (6), Co (7), Ni (8)], [PdII(L)MII](ClO4)2 [M = Cu
(9), Zn (10)]; and the dipalladium(II) complex [Pd2L](ClO4)2

(11) have been synthesized. The crystal structure determined
for [RhCl2(L)Pd](PF6) (4) shows an axially elongated octa-
hedral geometry for RhIII and a square-planar geometry for
PdII. In [PdII(L)CuII](ClO4)2 (9), both the metal ions lie in the
flat plane of the macrocyclic ligand and they are positionally
disordered with equal occupancies. The CuII center has an
apically elongated square-pyramidal geometry due to the

Introduction

Over the past three decades extensive studies have been
made on the chemistry of the phenolate-bridged tetraimino-
diphenol macrocyclic complexes[1–17] derived from the sym-
metrical ligand L2– (I). The focus of interest in complexes
of this sort has been to study the implications of coopera-
tive metal–metal interactions that are manifested in spin-
exchange couplings,[6–15] redox activities,[4,8,9a,11] and bime-
tallic reactivities.[9b,16]

There is considerable interest in involving heterobimetal-
lic complexes in catalytic reactions by way of dual acti-
vation of substrates.[18–20] Heterobimetallic complexes also
have distinct potentiality to act as precursors for producing
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weak perturbation by an oxygen atom of a perchlorate anion.
Complexes 2, 10, and 11 on excitation at 400 nm exhibit lu-
minescence at room temperature at 505, 437, and 443 nm,
respectively. Spectrofluorimetric titrations of [PdII(LH2)]2+

with the acetate salts of zinc(II) and palladium(II) have shown
that the formation of [Pd(L)Zn]2+ and [Pd2L]2+ complex spe-
cies are accompanied by blue shift of luminescence with in-
creased and reduced emission intensities, respectively. The
hyperfine-shifted 1H NMR spectral features of the paramag-
netic compounds 7–9 have been analyzed by determining
their longitudinal (T1) and transverse (T2) relaxation times.
Cyclic and square-wave voltammetric measurements have
been carried out for complexes 7–9 in acetonitrile. For com-
plexes 8 and 9, reversible one-electron reduction occurs with
E1/2 = –0.10 V for PdIICuII/PdIICuI and –0.80 V for PdIINiII/
PdIINiI versus Ag/AgCl. Complex 7 undergoes irreversible
reduction for cobalt(II) at –0.78 V.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

bimetallic nanoparticles, especially those containing plati-
num metals and first-row transition metals.[21] The synthesis
of heterobimetallic complexes where the two metal ions are
held in close proximity by a bridging ligand is a nontrivial
problem, particularly when the ligand is symmetrical in na-
ture. The most common problem in such cases is either the
preferential formation of a particular homodinuclear com-
plex species or the statistical formation of a mixture of two
products. Clearly, the development of a controlled synthetic
route for the generation of heterobimetallic complexes is an
important task. We have introduced a controlled systematic
route to synthesize bimetallic systems of the symmetric
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macrocyclic ligand L2– incorporating 4d–3d metal ions.
Herein we report the synthesis, structures, and spectro-
scopic properties of the mononuclear complexes [M-
(LH2)]n+ (M = RhIII, PdII; n = 3, 2) and the heterodinuclear
complexes [RhCl2(L)Pd]+ and [Pd(L)M]2+ (M = MnII, FeII,
CoII, NiII, CuII, ZnII). The X-ray crystal structures of two
heterodinuclear complexes [RhCl2(L)Pd](PF6) and [Pd(L)-
Cu](ClO4)2 have been determined. Paramagnetic proton
NMR studies have provided information about the influ-
ence of electron spins on the hyperfine-shifted spectral pat-
terns of [Pd(L)MII]2+ (M = Fe, Co, Ni, Cu) complexes.

Results and Discussion

Syntheses

The synthesis of heterobimetallic complexes involving
3d–4d metal ions and the symmetrical compartmental
macrocyclic ligand L2– would ideally require mononuclear
precursor complexes in which one compartment of the li-
gand is metal-free. However, for the ligand L2– such mono-
nuclear complexes are generally not obtainable.[1,2,5,16b] It
has been reported[22] that metal-directed macrocyclization
usually does not take place with nonlabile platinum metals.
Indeed, we have failed to produce mononuclear or dinuclear
complexes of palladium(II) and rhodium(III) of L2–

through a [2+2] condensation reaction between 2,6-difor-
myl-4-methylphenol and 1,3-diaminopropane in the pres-

Scheme 1.
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ence of Na2[PdCl4] or RhCl3·xH2O. In both cases, a mix-
ture of reaction products was obtained which consisted of,
inter alia, amine aldehyde condensed oligomers, metal di-
amine complexes, and [Pd2L�] or [RhL�(H2O)Cl] where
H2L� is the [2+1] Schiff base of 2,6-diformyl-4-methylphe-
nol and 1,3-diaminopropane.

To obviate this problem, sometime back we reported the
synthesis of a mononuclear lead(II) complex, [Pb(LH2)]-
(ClO4)2,[23] by reacting 1 equiv. of lead perchlorate with 2
equiv. each of 2,6-diformyl-4-methylphenol and 1,3-diami-
nopropane in the presence of acetic acid. In this complex,
LH2 represents the macrocycle in the zwitterionic form in
which the two uncoordinated imine nitrogens are proton-
ated and are hydrogen-bonded to the metal-bound phenol-
ate oxygens. The utility of [Pb(LH2)](ClO4)2 as a precursor
to obtain other mononuclear complexes has been demon-
strated by us[24] by isolating complexes [MIII(LH2)(H2O)-
Cl](ClO4)2·nH2O of trivalent labile metal ions such as alu-
minum, gallium, and indium.

As shown in Scheme 1, the metathetical reaction involv-
ing stoichiometric amounts of [Pb(LH2)](ClO4)2 and
RhCl3·xH2O or Na2[PdCl4] and excess NaClO4 leads to
the formation of [Rh(LH2)Cl2](ClO4)·3H2O (1) and
[Pd(LH2)](ClO4)2 (2). The driving force for the reaction is
precipitation of PbCl2 and occupation of its vacant site by
rhodium(III) or palladium(II). The palladium(II) complex
(2), on reaction with a stoichiometric amount of a 3d metal
perchlorate M(ClO4)2·6H2O (M = Mn, Fe, Co, Ni, Cu, Zn)
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and triethylamine, affords the heterodinuclear complexes
[Pd(L)M(H2O)2](ClO4)2 (5–8, Mn–Ni), [Pd(L)Cu](ClO4)2

(9), and [Pd(L)Zn(H2O)](ClO4)2·H2O (10). If the above re-
action is carried out with Na2[PdCl4] and NaClO4, the
homodinuclear complex [Pd2L](ClO4)2 (11) is obtained. In
contrast to 2, the reaction of [RhCl2(LH2)](ClO4)·3H2O (1)
with the above-mentioned metal perchlorates, however,
failed to produce the desired [RhCl2(L)M(H2O)n]+-type
complexes. On the other hand, when 1 is reacted with
Na2[PdCl4] and triethylamine in the presence of NaClO4 or
NH4[PF6] the mixed-metal [RhCl2(L)Pd](ClO4)/(PF6) com-
plexes 3, 4 are readily obtained. This indicates that the trans
axial chloride ions of 1 sterically inhibit the entry of a sec-
ond metal ion into the ligand compartment if the coordina-
tion number of the incoming metal ion exceeds four. In the
case of palladium(II), no difficulty is encountered in ob-
taining [RhCl2(L)Pd]+ because of the square-planar geome-
try of the palladium center.

It needs to be mentioned at this stage that the dipalladi-
um(II) complex [Pd2L](BF4)2 has been prepared earlier[16a]

by reacting the macrocyclic ligand salt [H4L](BF4)2 with
palladium(II) chloride or acetate in acetonitrile in the pres-
ence of a 10-fold excess of triethylamine. The X-ray crystal
structure of this compound has been reported.[16a] Further,
the heterodinuclear complex [PdLNi(CH3CN)2](ClO4)2 has
been previously synthesized[25] by reacting the much earlier
reported mononuclear nickel(II) complex [Ni(H2L)]-
(ClO4)2·H2O[1] with palladium(II) acetate in acetonitrile.
This compound has also been structurally characterized.[25]

We note that the proton NMR spectra reported for
[PdLNi(CH3CN)2]2+ in CD3OD are similar to those of
[PdLNi(H2O)2]2+ in CD3CN obtained in this study.

Crystal Structures

[Rh(Cl2)(L)Pd]PF6 (4)
The structural analysis of complex 4 revealed the pres-

ence of the core cation [Pd(L)RhCl2]+ and one hexafluoro-

Table 1. Selected bond lengths [Å] and angles [°] for [RhCl2(L)Pd](PF6) (4).

Pd(1)–N(1) 1.980(3) Rh(1)–N(3) 1.984(3)
Pd(1)–N(2) 1.990(3) Rh(1)–N(4) 2.001(3)
Pd(1)–O(1) 2.022(2) Rh(1)–O(1) 2.056(2)
Pd(1)–O(2) 2.024(2) Rh(1)–O(2) 2.062(2)

Rh(1)–Cl(1) 2.3395(13)
Rh(1)–Cl(1) 2.3065(13)

N(1)–Pd(1)–N(2) 95.78(12) N(3)–Rh(1)–N(4) 96.86(13)
N(1)–Pd(1)–O(1) 92.43(11) N(3)–Rh(1)–O(1) 170.34(11)
N(2)–Pd(1)–O(1) 171.71(11) N(4)–Rh(1)–O(1) 92.79(12)
N(1)–Pd(1)–O(2) 171.82(11) N(3)–Rh(1)–O(2) 92.63(11)
N(2)–Pd(1)–O(2) 92.40(11) N(4)–Rh(1)–O(2) 170.51(11)
O(1)–Pd(1)–O(2) 79.39(10) O(1)–Rh(1)–O(2) 77.72(9)

N(3)–Rh(1)–Cl(2) 89.58(10)
Pd(1)–O(1)–Rh(1) 101.12(11) N(4)–Rh(1)–Cl(2) 91.10(10)
Pd(1)–O(2)–Rh(1) 100.88(10) N(3)–Rh(1)–Cl(1) 89.06(10)

N(4)–Rh(1)–Cl(1) 90.43(10)
O(1)–Rh(1)–Cl(2) 89.82(9)
O(2)–Rh(1)–Cl(2) 88.97(8)
O(1)–Rh(1)–Cl(1) 91.29(9)
O(2)–Rh(1)–Cl(1) 89.72(8)
Cl(2)–Rh(1)–Cl(1) 178.07(4)
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phosphate anion. An ORTEP representation of the cation
[Pd(L)RhCl2]+ is shown in Figure 1 and selected in-
teratomic distances and angles are listed in Table 1.

Figure 1. ORTEP representation of the [Pd(L)Rh(Cl2)]+ cation of
complex 4 at the 50% probability level. H atoms omitted.

The structure of the cation of 4 consists of one palladi-
um(II) and one rhodium(III) center bridged by the two phe-
nolate oxygens O(1) and O(2) and they are separated by a
distance of 3.150(1) Å. The dihedral angle between the two
phenyl rings is 22.76(1)°, indicating significant deviation of
the macrocycle from the planarity. For the Pd(1) center the
basal plane is provided by the atoms O(1), O(2), N(1), and
N(2) [Pd(1)–O(1) 2.022(2) Å, Pd(1)–O(2) 2.024(2) Å, Pd(1)–
N(1) 1.980(3) Å, and Pd(1)–N(2) 1.990(3) Å]. These donor
atoms are deviated from the mean plane by not more than
±0.010(1) Å and the Pd(1) center lies below the plane by
0.009(1) Å. The Rh(1) center is bonded to the phenolate
oxygen atoms O(1) [Rh(1)–O(1) 2.056(2) Å] and O(2)
[Rh(1)–O(2) 2.062(2) Å], and the imine nitrogen atoms N(3)
[Rh(1)–N(3) 1.984(3) Å] and N(4) [Rh(1)–N(4) 2.001(3) Å].
The mean plane is formed by O(1), O(2), N(3), and N(4)
atoms in which the deviations of the donor atoms do not
exceed ±0.004(1) Å. The trans axial Cl(1) and Cl(2) atoms
are placed above and below the metal plane to complete
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the octahedron. The two Rh–Cl distances [Rh(1)–Cl(1)
2.339(1) Å and Rh(1)–Cl(2) 2.306(1) Å] are almost the
same, albeit rather long. The Cl(2)–Rh(1)–Cl(1) angle
[178.07(4)°] is practically linear. The displacement of Rh(1)
from the least-square plane is only 0.003(1) Å.

[Pd(L)Cu](ClO4)2 (9)

Compound 9 is comprised of the cation [Pd(L)Cu]2+ and
two perchlorate anions. The ORTEP view of the cation is
shown in Figure 2. The relevant bond lengths and angles
are given in Table 2. The [Pd(L)Cu]2+ cation lies on a crys-
tallographic inversion center and thus the M2O2 ring is
planar with M = Pd and Cu centers disordered over both
sites (site occupation factor 0.5). The two metal centers are
bridged by the two phenolate oxygens O(1) and O(1A) and
they are separated by a distance of 3.083(1) Å. The basal
plane for either of the metal atoms is formed by the N2O2

donor atoms and the average metal–donor atom distances
are M(1)–O(1) 1.965(4) Å, M(1)–O(1)#1 1.998(4) Å, M(1)–
N(1) 1.997(5) Å, and M(1)–N(2) 1.971(6) Å. The deviation
of the constituent N2O2 atoms from the mean plane is
0.024(1) Å and both the metal centers are equally displaced
in opposite directions from the mean plane by 0.031(1) Å.
The [Pd(L)Cu]2+ cation is not perfectly flat, as the atoms
C(2) and C(2A) are significantly off [0.62(1) Å] the mean
cation plane. Moreover, the perchlorate anions are heavily
disordered. The distance between the Cu center and a per-
chlorate oxygen O(14) is 2.54 Å. This Cu···O distance is not
unusual for an apical perchlorate donor on otherwise
square-planar copper(II).

Figure 2. ORTEP representation of the [Pd(L)Cu]2+ of complex 9
at the 50% probability level. H atoms omitted. “A” labels indicate
symmetry-related atoms (–x, –y + 1, –z + 1).

It should be noted that 0.5:0.5 disorder of the palladi-
um(II) and copper(II) centers over two sites might as well
indicate that 9 is a 1:1 mixture of [Pd2L](ClO4)2 and [Cu2L]-
(ClO4)2 rather than the mixed-metal complex [Pd(L)Cu]-
(ClO4)2. However, it will be seen in the next section that the
mass spectrum of 9 provides clear evidence that it is a truly
heterodinuclear complex.

In this context it would be relevant to consider the crys-
tal structures reported for the homodinuclear complexes
of palladium(II) and copper(II). In [Pd2L](BF4)2·
2CH3NO2,[16a] the average Pd–O, Pd–N, and Pd···Pd dis-
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Table 2. Selected bond lengths [Å] and angles [°] for [Pd(L)Cu](-
ClO4)2 (9).

M(1)–O(1) 1.965(4)
M(1)–O(1)# 1.998(4)
M(1)–N(1) 1.997(5)
M(1)–N(2) 1.971(6)
M···M 3.0831(1)
O(1)–M(1)–N(2) 92.2(2)
O(1)–M(1)–N(1) 170.5(2)
N(1)–M(1)–N(2) 96.5(2)
O(1)–M(1)–O(1)# 77.86(19)
N(2)–M(1)–O(1)# 170.3(2)
N(1)–M(1)–O(1)# 92.7(2)
C(11)–N(1)–M(1) 122.8(4)
C(1)–N(1)–M(1) 122.9(5)
C(4)–N(2)–M(1) 123.3(5)
C(3)–N(2)–M(1) 120.4(6)

tances are 2.015(1), 1.987(6), and 3.1511(6) Å, respectively.
The structure determined for the dicopper(II) complex
{[Cu2L(H2O)2(ClO4)2][Cu2L(H2O)2](ClO4)2}[12b] showed
the presence of two different complex units in the unit cell.
In one of these units, the dicopper(II) centers are pseudo-
octahedral because of trans axial coordination by the oxy-
gen atoms of perchlorate and water and the relevant bond
lengths are Cu–O 1.985(6) Å, Cu–N 1.956(8) Å, Cu–
O(perchlorate) 2.589(10) Å, Cu–O(water) 2.451(9) Å, and
Cu···Cu 3.091(3) Å. In the second unit, the copper(II) cen-
ters have square-pyramidal geometry with the following
bond lengths: Cu–O 1.970(6) Å, Cu–N 1.965(9) Å, Cu–
O(water) 2.451(6) Å, and Cu···Cu 3.096(3) Å. Further, in
the first unit the copper center is displaced from the equato-
rial mean plane by only 0.019(4) Å, while in the second unit
this displacement, 0.083(6) Å, is greater. A comparison of
the structural geometries of the metal centers and the metri-
cal parameters of 9 with the dipalladium(II) and dicop-
per(II) systems clearly reveals that 9 is a discrete compound.

Mass Spectra

The electrospray ionization mass spectra (ESI positive)
of complexes 1–11, except for 5, have been measured using
their acetonitrile solutions (about 10–4 mol·dm–3). The mo-
nonuclear complex 1 shows two peaks due to the cations
[RhIII(Cl2)(LH2)]+ and [RhIII(Cl)(ClO4)(LH2)]+, whereas
compound 2 shows peaks due to the cations [PdII(LH2)-
(ClO4)]+ and [PdII(LH2)]2+. The heterodinuclear RhIIIPdII

compounds 3 and 4 show only a single peak due to the
[RhIII(Cl2)(L)PdII]+ cation.

For the heterodinuclear PdIIMII complexes (M = Fe, Co,
Ni, Cu, Zn) and the homodinuclear PdIIPdII complex sim-
ilar spectral features have been observed. These are charac-
terized by the occurrence of two types of positively charged
species: [PdII(L)MII(ClO4)]+ and [PdII(L)MII]2+, of which
the doubly positive-charged ion forms the base peak. Fig-
ure 3 shows the cluster of peaks observed for the two types
of molecular cations of 7 along with their corresponding
simulated spectral patterns. It may be noted that the
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Figure 3. Electrospray ionization mass spectra (ESI-MS+) of [PdII(L)CoII](ClO4)2 (7) in acetonitrile. Simulated isotropic spectral patterns
are compared with the observed major positively charged cationic species.

number of peaks, m/z values, and the relative peak heights
observed for the cations [PdII(L)CoII(ClO4)]+ and [Pd(L)-
Co]2+ are in excellent agreement with the calculated spectral
patterns obtained by taking into consideration the relative
abundances of the isotopes of the constituent elements.

The mass spectrum of the complex [Pd(L)Cu](ClO4)2 (9)
has been of particular interest in this context because, as
already noted, the X-ray structure of this compound raised
the possibility of considering it as a mixture of
[Pd2L](ClO4)2 and [Cu2L](ClO4)2. The spectrum of 9
(shown in Figure S1) depicts the presence of peaks only due
to [Pd(L)Cu(ClO4)]+ with m/z = 671.9 (10%) and [Pd(L)-
Cu]2+ with m/z = 287.5 (100%). The observed and calcu-
lated isotopic abundance ratio patterns of the positively
charged species (see Figure S1, supporting information) are
in excellent agreement with each other. Further, the total
absence of peaks due to [Pd2(L)(ClO4)]+ (715), [Cu2(L)-
(ClO4)]+ (629), [Pd2(L)]2+ (309), and [Cu2(L)]2+ (265) rules
out the possibility of 9 as a mixture of the two homodinu-
clear complexes.

Infrared Spectra

The IR spectroscopic data of complexes 1–11 are given
in the Exp. Sect. The νC=N stretching vibrations of all the
complexes lie between 1650 and 1630 cm–1. For the mono-
nuclear complexes 1, 2 the νC=N vibration is observed at
1650 cm–1, while for the dinuclear complexes 3–11 this band
is shifted to lower energy, 1635–1630 cm–1. In the mononu-
clear complexes, a weak band is observed at about
3150 cm–1 due to the protonated imine (νNH), which is hy-
drogen-bonded to the phenolate oxygen. As expected, this
band is not observed in the dinuclear complexes.
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Electronic Spectra

The electronic spectroscopic data for complexes 1–11 are
listed in Table 3. The mononuclear complexes [Rh(LH2)-
Cl2](ClO4)·3H2O (1) and [Pd(LH2)](ClO4)2 (2) exhibit sim-
ilar absorption spectral features with a relatively broad
band around 406 nm and two intense bands around 260 nm
and 220 nm. The latter two bands are due to intraligand
charge transfer transitions, whereas the first one seems to be
due to ligand (phenolate) to metal charge transfer (LMCT)
transition. The spectral patterns observed for the heterodin-
uclear RhIIIPdII complexes are again similar to those of 1
and 2, although the LMCT band is shifted to 385 nm.

The heterodinuclear diamagnetic PdIIM (M = Zn, Pd)
complexes 10, 11 also exhibit spectral features as above
(Table 3). Significant spectral changes occur when MII is a
transition-metal ion. For example, the absorption spectrum
of the PdIICoII complex (7) (Figure S2) shows three bands
at 970 nm (16 dm3·mol–1·cm–1), 375 nm (36400 dm3·
mol–1·cm–1) and 256 nm (177600 dm3·mol–1·cm–1). While
the band observed at 375 nm is due to the LMCT transi-
tion, the band at 970 nm is assignable to 4T1g (F) � 4T2g

transition of high-spin CoII center in an octahedral environ-
ment. In the PdIINiII complex 8, in addition to the two
bands in the UV region (378 and 260 nm), two more bands
are observed in the visible (550 nm) and in the near-IR re-
gion (985 nm). Figure S3 shows the absorption spectrum of
complex 8 in acetonitrile. The bands observed at 985 nm
(8 dm3·mol–1·cm–1) and 550 nm (17 dm3·mol–1·cm–1) are
due to 3A2g � 3T2g and 3A2g � 3T1g (P) transitions of the
six-coordinate nickel(II) center. We note that a third band
expected for 3A2g � 3T1g transition is not observed.
The PdIICuII complex 9 exhibits a single d–d band at
700 nm (39.9 dm3·mol–1·cm–1) in addition to the bands at
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Table 3. Absorption and emission spectroscopic data for complexes 1–11.[a]

Absorption Emission

λmax [nm] (ε [dm3·mol–1·cm–1]) λmax [nm] φ

1 409 (24700), 266 (129800), 221 (190500)
2 407 (26300), 261 (144500), 222 (176000) 505 0.012
3 385 (27800), 261 (131000), 223 (183900)
4 385 (27800), 261 (131000), 223 (183900)
5 372 (32000), 261 (167000)
6 374 (34200), 259 (163200)
7 970 (16), 375 (36400), 256 (177600)
8 985 (8), 550 (17), 378 (32500), 259 (157000)
9 700 (40), 375 (34200), 258 (162000)
10 406 (22400), 259 (166700), 219 (189700) 437 0.033
11 398 (21200), 264 (100900), 219 (179500) 443 0.005

[a] In acetonitrile.

375 and 258 nm (Figure S4). No d–d bands could be ob-
served for the PdIIMnII and PdIIFeII complexes 5 and 6,
respectively.

Luminescence Spectra

The luminescence spectra of the mononuclear palladium
complex 2, the heterodinuclear PdIIZnII complex 10, and
the dipalladium(II) complex 11 were measured in acetoni-
trile solution at room temperature. Table 3 summarizes the
emission spectral characteristics of the complexes, including
their quantum yields. The mononuclear PdII complex on
excitation at 400 nm exhibits a luminescence peak at
505 nm. In the PdIIZnII complex 10, the luminescence peak
is blue-shifted to 437 nm with increased intensity. On the
other hand, for the dipalladium(II) complex 11, consider-
able diminution of emission intensity occurs for the lumi-
nescence peak observed at 443 nm.

Spectrofluorimetric titrations carried out by adding in-
cremental amounts of an acetonitrile solution of Zn-
(OAc)2·2H2O to a solution of 2 containing 2 equiv. of so-
dium acetate in the same solvent, leading to the formation
of 10, is shown in Figure 4. The emission band of 2 at
505 nm (λex = 400 nm) progressively gets quenched with the
addition of zinc(II), whereas a new band appearing at
437 nm due to the formation of 10 progressively increases.
The growth of the emission band at 437 nm was monitored
as a function of the concentration of zinc acetate added.
The inset in Figure 4 shows that the luminescence intensity
reached its maximum when 1 equiv. of Zn(OAc)2·2H2O was
added.

A similar observation has been made for the spectrofluo-
rimetric titration of 2 with palladium acetate (Figure 5).
With the incremental addition of palladium acetate the
band at 505 nm decreases, giving rise to a new band at
443 nm corresponding to the formation of the dipalladium
complex 11. Again, the growth of the 443 nm band was
complete when 1 equiv. of palladium acetate was added. It
has been established from additional measurements that the
presence of 2 equiv. of sodium acetate is essential for the
completion of the reactions. For instance, when titrations
were carried out without adding sodium acetate, 2 equiv. of
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Figure 4. Spectrofluorimetric titration of a mixture of [Pd(LH2)]-
[ClO4]2 (2) (1×10–5 mol·dm–3) and NaOAc (2×10–5 mol·dm–3)
with Zn(OAc)2·2H2O in acetonitrile. The excitation wavelength
used was 400 nm. The inset shows the variation of luminescence
intensity with the number of equivalents of Zn(OAc)2·2H2O added.

M(OAc)2 were required for the completion of the reactions.
Clearly, the role of the excess acetate is to provide a buffer
effect to the liberated acetic acid in Reaction (1).

Figure 5. Spectrofluorimetric titration of a mixture of [Pd(LH2)]-
[ClO4]2 (2) (1×10–5 mol·dm–3) and NaOAc (2×10–5 mol·dm–3)
with Pd(OAc)2 in acetonitrile. The excitation wavelength used was
400 nm. The inset shows the variation of luminescence intensity
with the number of equivalents of Pd(OAc)2 added.
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(1)

In this context, it may be mentioned that relative to
[PdLZn]2+ the luminescence intensity of [Zn2L]2+ is seven
times stronger.[26]

Proton NMR Spectra

Proton NMR spectroscopic studies were carried out for
the diamagnetic complexes 1–4, 10, 11 in (CD3)2SO and for
the paramagnetic complexes 6–9 in CD3CN. The observed
chemical shifts along with the spectral assignments are
given in the Experimental Section.

The spectral features exhibited by the mononuclear RhIII

complex 1 and PdII complex 2 are quite similar. The hydro-
gen-bonded protonated imine N–H···O is observed as a
broad singlet at δ = 12.44 ppm for 1 and 12.22 ppm for 2.
Complex 1 exhibits a doublet for the N=CH resonance in
the metal-free compartment at δ = 8.75 ppm (J = 14.8 Hz,
2 H), because of trans coupling between the NH and CH
protons; however, for complex 2 this is observed as a singlet
at δ = 8.80 ppm. The N=CH resonance in the metal-con-
taining part appears as a singlet at δ = 8.06 ppm (for 1)
and 8.11 ppm (for 2). The occurrence of the doublet at δ =
8.75 ppm in 1 can be alternatively argued as being due to
the coupling of the CH=N proton with 103Rh (I = 1/2).
However, we have recently reported[27] that in the
[Ln(LH2)(NO3)3]-type diamagnetic lanthanide (La, Lu, and
Y) complexes the CH=N resonances are observed as a
doublet between 8.73 and 8.80 ppm and a singlet between
8.20 and 8.30 ppm. Significantly, while 89Y (100%) is a spin
1/2 nucleus, neither La nor Lu have a I = 1/2 isotope, albeit
for all three compounds the chemical shifts and splitting
patterns are similar. It, therefore, appears more reasonable
to us to conclude that the doublet arises because of trans
coupling with the N–H proton. In the heterodinuclear
RhIIIPdII complexes 3/4, the protons on the Rh-containing
site are more shielded than the protons on the Pd-contain-

Figure 6. 1H NMR spectrum of [PdIILCoII(H2O)2](ClO4)2 (7) in CD3CN.
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ing site, whereas in the PdIIZnII complex 10 the protons on
the Pd site are more shielded than those on the Zn-contain-
ing site.

Studies on the paramagnetic 1H NMR spectroscopic be-
havior of the heterodinuclear complexes 6–9 were carried
out in CD3CN solution. The PdIIMnII complex 5 could not
be investigated as it readily decomposes in solution. The
spectroscopic data for complexes 6–9 are given in the Ex-
perimental Section. In paramagnetic compounds, hyper-
fine-shifted resonances are observed due to interactions be-
tween nuclear spin and unpaired electron spins, in addition
to the normal diamagnetic nuclear spin interactions. Elec-
tron and nuclear spin interactions occurring through bonds
give rise to contact shift, while those occurring through
space interactions give rise to dipolar or pseudocontact
shift. Dipolar shift depends on the magnetic anisotropy of
the system and the position in space of a given proton. The
contribution of contact shift decreases rapidly with the in-
crease of the number of bonds connecting the proton with
the paramagnetic center. However, when the unpaired elec-
tron spin is delocalized the interaction remains significant
for protons many bonds away from the metal center. For
assignment of signals in paramagnetic compounds, mea-
surement of longitudinal relaxation times (T1) and trans-
verse relaxation times (T2) are particularly important. T1

correlates proximity of proton to paramagnetic center,
while T2 = 1/π(fwh), where fwh is full width of a signal at its
half-height, correlates line width to proximity of a proton to
the paramagnetic site. Closer proximity of a proton to the
metal center gives rise to shorter T1 and broader line
width.[28]

Figure 6 and Figure 7 show the 1H NMR spectra of
PdIICoII (7) and PdIINiII (8) compounds, while the spec-
trum of PdIICuII (9) is available as supporting information
(Figure S5). The assignments of signals given in Table 4
(numbering scheme for protons is shown in Scheme 2) have
been made from T1 values, line widths, and integration of
protons. The M···H distances (RM···H) have been estimated
by using the relation RM···H = Rref(T1/Tref)1/6, where Rref

and Tref are the reference values and in the present case the
4-methyl group is treated as the reference. As compared in
Table 4, there is good agreement between the RM···H values
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Figure 7. 1H NMR spectrum of [PdIILNiII(H2O)2](ClO4)2 (8) in CD3CN.

Table 4. Peak positions, T1 and T2 values, proximity of H’s to M, and assignments for compounds 7–9.

[a] T2 = 1/π(fwh), fwh is full width at half height. [b] In solution, calculated RM···H = Rref(T1/Tref)1/6, where Rref and Tref are reference (�)
values.

obtained by the NMR method and those obtained from the
X-ray structure determinations of the compounds PdIINiII

(8)[25] and PdIICuII (9). The PdIICoII compound 7 may be
considered as isostructural with the PdIINiII compound 8

Scheme 2.
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and on that basis the Co···H distances obtained from T1

measurements are in good agreement with the Ni···H dis-
tances obtained from the X-ray structure.

Electrochemistry

The electrochemical properties of complexes 7–9 have
been studied in acetonitrile using platinum and glassy car-
bon electrodes. Figure 8 (a) shows the cyclic voltammogram
and square-wave voltammogram of PdIICuII complex 9,
which undergoes one electron reduction of copper(II). The
redox potential (E1/2) of the PdIICuII/PdIICuI couple, as ob-
tained from CV, is –108 mV and the peak-to-peak separa-
tion is 60 mV versus Ag/AgCl. The E1/2 obtained from
square-wave voltammetry is –104 mV. In the potential range
0–1.5 V, an irreversible oxidation occurs for the PdIICuII
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compound at 760 mV, which, however, is not observed for
the PdIINiII and PdIICoII complexes. It appears that this
oxidation is not due to the formation of the ligand-based
phenoxide radical because a similar observation has not
been made for compounds 7 and 8. As oxidation to the
PdIII state seems unlikely, the formation of PdIICuIII species
appears to be more plausible. As shown in Figure 8 (b), the
PdIINiII complex 8 also undergoes near-reversible reduction
with E1/2 = –803 mV for the couple PdIINiII/PdIINiI and
∆Ep = 74 mV. In contrast, the PdIICoII complex 7 un-
dergoes irreversible reduction for CoII at Ep,c = –780 mV.

Figure 8. (a) Cyclic and square-wave voltammogram of
[PdIILCuII](ClO4)2 (9) and (b) cyclic voltammogram of
[PdIILNiII(H2O)2](ClO4)2 (8) in acetonitrile.

Conclusions

Using [Pb(LH2)](ClO4)2 as the precursor macrocyclic
complex, mononuclear [Pd(LH2)2](ClO4)2 and [Rh(LH2)-
Cl2](ClO4)·3H2O complexes have been prepared, which in
turn have been used to produce 4d–3d heterobimetallic
complexes, viz. [Pd(L)M(H2O)2](ClO4)2 (M = Mn, Fe, Co,
Ni), [Pd(L)Cu](ClO4)2, and [Pd(L)Zn(H2O)](ClO4)2·H2O as
well as [RhCl2(L)Pd](PF6) and [Pd2L](ClO4)2. The crystal
structures of the RhIIIPdII and PdIICuII complexes have
been determined. Proton NMR spectroscopic measure-
ments have been carried out for the paramagnetic com-
pounds and M···H (ligand proton) distances estimated from
the relaxation time (T1) values agreed fairly well with those
obtained from X-ray studies. The mononuclear palladi-
um(II) complex, which exhibits photoluminescence, during
titration with Pd(OAc)2 undergoes blue-shift of λem and
diminution of luminescence intensity because of the forma-
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tion of the [Pd2L]2+ complex. On the other hand, the for-
mation of [Pd(L)Zn]2+ species, although it leads to a similar
blue-shift of λem, is accompanied by augmentation of lumi-
nescence intensity. The PdIICuII complex undergoes facile
reversible electrochemical reduction to PdIICuI with E1/2

= –106 mV and irreversible oxidation to PdIIICuII at Ep,a =
760 mV. The PdIINiII complex also undergoes one-electron
reversible reduction to PdIINiI with E1/2 = –803 mV, al-
though no oxidation occurs up to +1.5 V. The redox behav-
ior of the PdIICoII complex in the positive potential range
(0 to +1.5 V) is again featureless, albeit reduction of the
CoII center takes place irreversibly at Ep,c = –780 mV.

Experimental Section
Materials: Reagent grade chemicals obtained from commercial
sources were used as received. Solvents were purified and dried
according to standard methods.[29] 2,6-Diformyl-4-methylphenol
was prepared according to the literature method.[30] The precursor
complex [Pb(LH2)](ClO4)2 was synthesized as reported earlier.[23]

Preparation of the Complexes

CAUTION: All the perchlorate salts reported in this study are po-
tentially explosive and therefore should be handled with care.

Mononuclear Complexes [Rh(LH2)Cl2](ClO4)·3H2O (1),
[Pd(LH2)](ClO4)2 (2): A methanol solution (10 mL) of the metal
chloride salts RhCl3·xH2O or Na2[PdCl4] (1 mmol) and an acetoni-
trile solution (10 mL) of NaClO4·xH2O (550 mg, 4 mmol) were
added to a boiling acetonitrile solution (50 mL) of [Pb(LH2)]-
(ClO4)2 (810 mg, 1 mmol). The color of the solution changed from
yellow to wine red (for Rh) or orange (for Pd). The solution was
refluxed for 12 h. After removal of the precipitated PbCl2 by fil-
tration, the filtrate was concentrated on a water bath to a volume
of about 20 mL. The yellow or orange crystalline products that
deposited on standing were collected by filtration and washed with
methanol and diethyl ether.

[Rh(LH2)Cl2](ClO4)·3H2O (1): Orange crystalline compound.
Yield: 450 mg (62%). MS (ESI+ in CH3CN): m/z = 577
[Rh(Cl2)(LH2)]+ (100%), 641 [Rh(Cl)(ClO4)(LH2)]+ (50%). 1H
NMR [300 MHz, (CD3)2SO, 25 °C]: δ = 12.44 (s, 2 H, N–H···O),
8.75 (d, J = 14.8 Hz, 2 H, CH=N, metal-free site), 8.06 (s, 2 H,
CH=N, metal-containing site), 7.57 (s, 2 H, Ar, metal-free site),
7.44 (s, 2 H, Ar, metal-containing site), 4.10 (s, 4 H, α-CH2, metal-
free site), 4.02 (s, 4 H, α-CH2, metal-containing site), 2.21 (s, 6 H,
CH3), 2.09 (m, 4 H, β-CH2) ppm. IR (KBr [cm–1]): ν̃ = 3459 br,
3147 w, 3080 w, 2919 w, 1650 s, 1550 s, 1469 m, 1445 m, 1357 m,
1279 m, 1237 m, 1122 s, 1084 s, 870 w, 823 w, 769 w, 628 m, 561 w,
487 w. C24H34Cl3N4O9Rh (731.82): calcd. C 39.39, H 4.68, N 7.66;
found C 39.09, H 4.58, N 7.71.

[Pd(LH2)](ClO4)2 (2): Yellow crystalline compound. Yield: 510 mg
(72%). MS (ESI+ in CH3CN): m/z = 611 [Pd(LH2)(ClO4)]+ (10%),
256 [Pd(LH2)]2+ (100%). 1H NMR [300 MHz, (CD3)2SO, 25 °C]: δ
= 12.23 (s, 2 H, N–H···O), 8.80 (s, 2 H, CH=N, metal-free site),
8.11 (s, 2 H, CH=N, metal-containing site), 7.78 (s, 2 H, Ar, metal-
free site), 7.63 (s, 2 H, Ar, metal-containing site), 3.98 (s, 4 H, α-
CH2, metal-free site), 3.85 (s, 4 H, α-CH2, metal-containing site),
2.27 (s, 6 H, CH3), 2.10 (s, 4 H, β-CH2) ppm. IR (KBr [cm–1]): ν̃
= 3449 br, 3143 w, 3078 w, 2921 w, 1650 s, 1552 s, 1477 m, 1450 m,
1351 m, 1291 w, 1236 w, 1233 w, 1217 w, 1082 s, 1014 s, 861 w,
822 m, 624 m, 519 w. C24H28Cl2N4O10Pd (709.83): calcd. C 40.61,
H 3.98, N 7.89; found C 40.52, H 4.05, N 7.87.
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[RhCl2(L)Pd](ClO4)·0.5H2O (3): A methanol solution (15 mL) of
Na2[PdCl4] and an acetonitrile solution (15 mL) of triethylamine
(40 mg, 0.4 mmol) were slowly added to an acetonitrile solution
(15 mL) of compound 1 (150 mg, 0.2 mmol) with stirring. The re-
sulting orange solution was refluxed for 4 h after which it was fil-
tered. The filtrate was concentrated on a water bath to a volume
of about 10 mL and then slowly cooled to room temperature. On
standing for several hours a crystalline red-orange compound de-
posited, which was filtered and washed with methanol and diethyl
ether. Yield: 110 mg (69%). MS (ESI+ in CH3CN): m/z = 682.9
[Rh(Cl2)(L)Pd]+ (100%). 1H NMR [300 MHz, (CD3)2SO, 25 °C]: δ
= 8.19 (s, 2 H, CH=N, Pd site), 8.13 (s, 2 H, CH=N, Rh site), 7.65
(s, 2 H, Ar, Pd site), 7.62 (s, 2 H, Ar, Rh site), 3.94 (s, 4 H, α-CH2,
Pd site), 3.74 (s, 4 H, α-CH2, Rh site), 2.27 (s, 6 H, CH3), 2.07 (s,
4 H, β-CH2) ppm. IR (KBr [cm–1]): ν̃ = 3422 br, 3065 w, 2924 w,
2866 w, 1630 s, 1569 s, 1468 m, 1435 m, 1367 w, 1330 s, 1279 m,
1248 m, 1089 s, 950 w, 833 m, 754 m, 624 m, 520 w, 439 w.
C24H27Cl3N4O6.5PdRh (790.98): calcd. C 36.44, H 3.44, N 7.08;
found C 36.52, H 3.69, N 6.86.

[RhCl2(L)Pd](PF6) (4): Solid ammonium hexafluorophosphate
(150 mg) was added to an acetonitrile solution (15 mL) of com-
pound 3 (60 mg, 0.07 mmol), and the orange solution turned to
red-orange. The solution was filtered and the filtrate was slowly
concentrated on a hot plate. The product that deposited as red-
orange crystals was collected by filtration. Crystals suitable for X-
ray diffraction studies were obtained by diffusing diethyl ether into
an acetonitrile solution of the compound. Yield: 40 mg (72%). MS
(ESI+ in CH3CN): m/z = 682.9 [Rh(Cl2)(L)Pd]+ (100%). IR (KBr
[cm–1]): ν̃ = 2942 w, 1629 s, 1571 s, 1469 m, 1433 m, 1330 m, 1277 w,
1247 m, 1198 w, 1117 m, 958 w, 839 s, 753 m, 646 w, 555 m, 518 m,
407 w. C24H26Cl2F6N4O2PPdRh (827.69): calcd. C 34.82, H 3.17,
N 6.77; found C 34.96, H 3.26, N 6.64. The 1H NMR spectrum of
4 is identical to that of 3.

Heterodinuclear [PdII(L)MII(H2O)n](ClO4)2 [M = Mn, Fe, Co, Ni,
Cu, Zn] Complexes (5–10): A generalized procedure for preparing
these complexes is given. An acetonitrile solution (15 mL) of
M(ClO4)2·6H2O (M = MnII, FeII, CoII, NiII, ZnII) was added to an
acetonitrile solution (30 mL) of compound 2 (140 mg, 0.2 mmol).
The resulting solution was then slowly treated with an acetonitrile
solution (15 mL) of triethylamine (40 mg, 0.4 mmol). After re-
fluxing the solution for 2 h, it was concentrated on a water bath to
a volume of about 10 mL. Preparation of the PdIIMnII, PdIIFeII,
and PdIICoII complexes was carried out under nitrogen. The prod-
uct that deposited in crystalline form on keeping the solution at
room temperature was collected by filtration and washed with
methanol and diethyl ether.

[Pd(L)Mn(H2O)2](ClO4)2 (5): Light orange crystalline compound.
Yield: 110 mg (73%). Satisfactory mass spectrum could not be ob-
tained. IR (KBr [cm–1]): ν̃ = 3410 br, 2929 m, 2851 w, 1633 s,
1563 s, 1459 w, 1434 m, 1412 m, 1324 m, 1114 s, 1087 s, 966 w,
825 s, 759 w, 622 m, 561 w, 501 w. C24H30Cl2MnN4O12Pd (798.98):
calcd. C 36.09, H 3.79, N 7.01; found C 36.17, H 3.79, N 7.09.

[Pd(L)Fe(H2O)2](ClO4)2 (6): Red-brown crystalline compound.
Yield: 100 mg (67%). MS (ESI+ in CH3CN): m/z = 662.9 [Pd(L)-
Fe(ClO4)]+ (9%) and 283 [Pd(L)Fe]2+ (100%). 1H NMR (300 MHz,
CD3CN, 25 °C): δ = 80.21 (4 H), 35.84 (2 H), 20.83 (2 H), 10.90
(2 H), 7.91 (2 H), 4.44 (2 H), 4.22 (2 H), 3.79 (6 H), 1.23 (2 H)
ppm. IR (KBr [cm–1]): ν̃ = 3456 br, 3169 w, 2921 w, 2856 w, 1635 s,
1566 s, 1440 m, 1413 w, 1317 m, 1277 m, 1243 w, 1196 w, 1106 s,
959 w, 924 w, 821 m, 755 w, 622 m, 519 w. C24H30Cl2FeN4O12Pd
(799.69): calcd. C 36.05, H 3.78, N 7.01; found C 36.29, H 3.78, N
7.10.
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[Pd(L)Co(H2O)2](ClO4)2 (7): Red-orange crystalline compound.
Yield: 120 mg (75%). MS (ESI+ in CH3CN): m/z = 667.9 [Pd(L)-
Co(ClO4)]+ (11%) and 284.5 [Pd(L)Co]2+ (100%). 1H NMR
(300 MHz, CD3CN, 25 °C): δ = 168.31 (4 H), 34.46 (2 H), 26.73 (2
H), 22.07 (2 H), 17.6 (4 H), 11.09 (2 H), 6.58 (2 H), 6.09 (6 H)
ppm. IR (KBr [cm–1]): ν̃ = 3433 br, 2923 w, 2852 w, 1634 s, 1563 s,
1555 m, 1461 w, 1438 m, 1412 m, 1326 s, 1279 w, 1242 w, 1195 w,
1114 s, 1087 s, 966 w, 922 w, 823 m, 759 w, 624 m, 519 w.
C24H30Cl2CoN4O12Pd (802.78): calcd. C 35.91, H 3.77, N 6.98;
found C 35.84, H 3.72, N 7.04.

[Pd(L)Ni(H2O)2](ClO4)2 (8): Light green crystalline compound.
Yield: 120 mg (75%). MS (ESI+ in CH3CN): m/z = 666.9 [Pd(L)-
Ni(ClO4)]+ (8%) and 285 [Pd(L)Ni]2+ (100%). 1H NMR
(300 MHz, CD3CN, 25 °C): δ = 128.10 (4 H), 25.53 (2 H), 11.15 (2
H), 9.42 (2 H), 6.14 (4 H), 2.96 (6 H), 2.60 (2 H), –5.00 (2 H) ppm.
IR (KBr [cm–1]): ν̃ = 3428 br, 2909 w, 2851 w, 1643 s, 1618 s, 1565 s,
1461 m, 1438 m, 1413 m, 1326 s, 1283 m, 1243 w, 1195 w, 1121 s,
1092 sh, 1052 sh, 965 w, 922 w, 823 m, 760 w, 621 m, 520 w.
C24H30Cl2N4NiO12Pd (800.54): calcd. C 36.01, H 3.78, N 6.99;
found C 35.99, H 3.85, N 6.81.

[Pd(L)Cu](ClO4)2 (9): Deep green crystalline compound. Yield:
130 mg (86%). MS (ESI+ in CH3CN): m/z = 671.9 [Pd(L)Cu-
(ClO4)]+ (10%) and 287.5 [Pd(L)Cu]2+ (100%). 1H NMR
(300 MHz, CD3CN, 25 °C): δ = 22.64 (2 H), 7.96 (2 H), 7.50 (2 H),
5.19 (4 H), 3.08 (6 H), 1.21 (2 H), –12.00 (2 H) ppm. IR (KBr
[cm–1]): ν̃ = 2922 w, 2859 w, 1632 s, 1572 s, 1468 w, 1436 m, 1419 m,
1326 s, 1283 m, 1245 m, 1198 m, 1094 s, 961 w, 935 w, 826 m,
756 m, 620 m, 518 w. C24H26Cl2CuN4O10Pd (771.36): calcd. C
37.37, H 3.39, N 7.26; found C 37.37, H 3.27, N 7.42.

[Pd(L)Zn(H2O)](ClO4)2·H2O (10): Yellow crystalline compound.
Yield: 110 mg (69%). MS (ESI+ in CH3CN): m/z = 672.9 [Pd(L)-
Zn(ClO4)]+ (12%) and 288 [Pd(L)Zn]2+ (100%). 1H NMR
[300 MHz, (CD3)2SO, 25 °C]: δ = 8.45 (s, 2 H, CH=N, Zn site),
8.10 (s, 2 H, CH=N, Pd site), 7.49 (s, 2 H, Ar, Zn site), 7.46 (s, 2
H, Ar, Pd site), 3.94 (s, 4 H, α-CH2, Zn site), 3.82 (s, 4 H, α-CH2,
Pd site), 2.26 (s, 6 H, CH3), 2.06 (s, 4 H, β-CH2) ppm. IR (KBr
[cm–1]): ν̃ = 3410 br, 2927 m, 2866 w, 1637 s, 1564 s, 1439 m,
1414 m, 1366 w, 1280 m, 1243 m, 1197 w, 1087 s, 969 w, 937 w,
890 w, 825 m, 761 m, 627 m, 572 w, 506 w. C24H30Cl2N4O12PdZn
(809.23): calcd. C 35.62, H 3.74, N 6.92; found C 35.80, H 3.78, N
7.01.

Homodinuclear [Pd(L)Pd](ClO4)2 Complex (11): A methanol solu-
tion (15 mL) of Na2[PdCl4] (60 mg, 0.2 mmol) and an acetonitrile
solution (5 mL) of triethylamine (40 mg, 0.4 mmol) were added
successively to an acetonitrile solution (30 cm3) of [Pd(LH2)]-
(ClO4)2 (140 mg, 0.2 mmol). The mixture was refluxed for 2 h, dur-
ing which time NaCl was precipitated and removed by filtration.
NaClO4 (50 mg) was added to the filtrate and the volume of the
solution was reduced to about 15 mL on a rotary evaporator. After
filtration, the filtrate was kept on a hot plate for slow evaporation
and eventually orange crystals were deposited. The product was
collected by filtration and washed with cold methanol and diethyl
ether. Yield: 120 mg (75%). MS (ESI+ in CH3CN): m/z = 714.9
[Pd(L)Pd(ClO4)]+ (8%) and 309 [Pd(L)Pd]2+ (100%). 1H NMR
[300 MHz, (CD3)2SO, 25 °C]: δ = 8.16 (s, 4 H, CH=N), 7.77 (s, 4
H, Ar), 3.68 (s, 8 H, α-CH2), 2.30 (s, 6 H, CH3), 2.03 (s, 4 H, β-
CH2) ppm. IR (KBr [cm–1]): ν̃ = 2930 w, 2848 w, 1625 s, 1571 s,
1469 m, 1329 s, 1283 w, 1246 w, 1097 m, 1087 s, 955 m, 879 w,
838 m, 751 m, 620 m, 512 w. C24H26Cl2N4O10Pd2 (814.23): calcd.
C 35.40, H 3.22, N 6.88; found C 35.59, H 3.18, N 6.91.

Physical Measurements: Elemental C, H, and N analyses were per-
formed with a Perkin–Elmer 2400II elemental analyzer. The 1H
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NMR (300 MHz) spectra were performed in CD3CN (for 6–9) and
(CD3)2SO solutions (for 1–4, 10, 11) with a Bruker Avance DPX-
300 spectrometer. Longitudinal relaxation times (T1) were mea-
sured by the inversion recovery method. IR spectra were recorded
using KBr disks with a FTIR Nexus Nicolet spectrometer using
KBr disks. The electronic spectra of 1–11 in acetonitrile were mea-
sured in the range 250–1100 nm using Perkin–Elmer Lambda 950
spectrophotometer. Emission spectral measurements were carried
out with a Perkin–Elmer LS55 luminescence spectrometer with
10–5 mol·dm–3 acetonitrile solutions. Emission quantum yields (φ)
were measured at room temperature in acetonitrile solution relative
to perylene as the standard.[31] The quantum yields were calculated
using the relation[32]

φ = φstd(Astd/A)(I/Istd)(η2/η2
std)

where A, I, and η refer to absorbance, integrated emission intensity,
and solution refractive index, respectively. Electrospray ionization
mass spectra (ESI-MS) of compounds 1–11 were measured in ace-
tonitrile with a Micromass Qtof YA263 mass spectrometer. The
electrochemical measurements were carried out with a BAS 100B
electrochemistry system using a three-electrode assembly compris-
ing a Pt or glassy carbon working electrode, Pt auxiliary electrode,
and an aqueous Ag/AgCl reference electrode. The measurements
(CV) were carried out at 25 °C under nitrogen in acetonitrile solu-
tion of complexes 7–9 (about 1 mmol·dm–3) with tetraethylammo-
nium perchlorate (TEAP) (0.1 mol·dm–3) as the supporting electro-
lyte. The reference electrode was separated from the bulk electrolyte
by a salt bridge containing 0.1 mmol·dm–3 TEAP in acetonitrile/
water (1:1). The potentials measured were automatically compen-
sated for the iR drop and under this condition the ferrocene/ferro-
cenium couple occurred at 430 mV.

X-ray Crystallography: The crystal structure analyses were carried
out for compounds 4 and 9, whose intensity data were collected at
293 K and 203 K, respectively with a Bruker AXS P4 dif-

Table 5. Crystallographic data for [RhCl2(L)Pd][PF6] (4) and
[Pd(L)Cu](ClO4)2 (9).

4 9

Empirical formula C24H26Cl2F6N4O2PdRh C24H26Cl2CuN4O10Pd
Formula mass 827.67 770.92
Crystal size [mm] 0.42×0.32×0.24 0.58×0.52×0.40
Crystal system monoclinic monoclinic
Space group P21/c P21/n
a [Å] 12.583(5) 7.2680(19)
b [Å] 17.446(2) 8.9890(13)
c [Å] 13.867(3) 20.738(5)
α [°] 90 90
β [°] 109.16(2) 92.30(2)
γ [°] 90 90
V [Å3] 2875.5(13) 1353.8(5)
Z 4 2
D [g·cm–3] 1.912 1.892
T [K] 293(2) 203(2)
λ [Å] 0.71073 0.71073
µ [mm–1] 1.511 1.713
Measured/observed 7944/6577 4316/3110
reflections
Parameters refined 371 187
Final R indices R1

[a] = 0.0331, R1
[a] = 0.0591,

[I � 2σ(I)] wR2
[b] = 0.0735 wR2

[b] = 0.1779
R indices R1 = 0.0505, R1 = 0.0761,
(all data) wR2 = 0.0830 wR2 = 0.1825

[a] R1(F) = ∑||Fo| – |Fc||/∑|Fo|. [b] wR2(F2) = [∑w(Fo
2 – Fc

2)2/
∑w(Fo

2)2]1/2.
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fractometer using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Crystal data and details of structure determinations
are summarized in Table 5. The intensity data were corrected for
Lorentz polarization effects and semiempirical absorption correc-
tions were made from ψ-scans. The structures were solved by direct
and Fourier methods and refined by full-matrix least-squares based
on F2 using SHELXTL.[33] The non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed at the geo-
metrically calculated positions with fixed isotropic thermal param-
eters.

CCDC-293271 and -293272 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Electrospray ionization mass spectra (ESI-MS+) of [PdII(L)-
CuII](ClO4)2 (9) in acetonitrile (Figure S1), absorption spectrum of
compounds 7–9 (Figures S2–S4), and 1H NMR spectrum of 9 in
CD3CN (Figure S5).
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The synthesis and crystal structure of a novel organic–inor-
ganic hybrid material Co2(H2O)2[O3PCH2(C6H4)CH2PO3] is
described. It crystallizes in the orthorhombic space group
Pca2(1) [a = 9.6214(19), b = 5.6855(11), c = 21.725(4) Å, V =
1188.4(4) Å3], which consists of two-dimensional cobalt–oxy-
gen inorganic layers pillared by p-xylylenediphosphonate
to form a three-dimensional framework, which has

Introduction

Organic–inorganic hybrid materials have received con-
siderable interest because of their potential ability to incor-
porate an organic functionality within a robust framework
and promising applications in adsorbents, optical materials,
magnets, catalysts, and so forth.[1–4] One such group of hy-
brid materials that has attracted much attention is the metal
phosphonate/diphosphonate family, which exhibits great
possibilities for application in the areas of sensors, charge
and energy storage, biotechnology, and so forth.[5–8] As one
hydroxy group (OH) of the phosphonic acid can be re-
placed by other organic groups, the organic diphosphonic
acid has a greater advantage in the synthesis of open-frame-
work compounds than phosphonic acid. The structure and
functionality of these materials can be rationally designed
by controlling the organic portion of organodiphosphonate
ligands ([O3P–R–PO3]4–, R = organic unit). The combina-
tion of organodiphosphonate ligands with metal ions is ex-
pected to lead to new three-dimensional structures with
open frameworks and unique properties.[9–11] Not only do
these ligands form materials with progressively longer or-
ganic chains to expand the pore size or contain organic
functional groups to present both metal and organic species
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10.850×5.687 Å channels running along the b-axis. The ma-
terial is exceptionally stable, even when heated up to 500 °C
in air. More interestingly, the framework components display
a reversible dehydration/rehydration behavior. There is an
antiferromagnetic interaction between the cobalt ions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

to guest molecules within the pores,[12,13] but they are also
desirable in their pillared framework with clearly different
organic and inorganic parts. Investigations of di-, tri-, and
tetravalent metal phosphonates in recent years have yielded
exciting structural diversity with interesting properties.[14–16]

Because the metal polyhedra are bridged by phosphonic
tetrahedra to form two-dimensional layers, many
MII(RPO3)·H2O compounds are two-dimensional struc-
tures, with the metal/PO3 layer arrangement and the ad-
sorption behavior of some dehydrated layered phosphates
reported in the literature.[17–21] The hydrothermal method
has proved to be a promising technique in the preparation
of highly stable and infinite metal–ligand frameworks.[22,23]

The organophosphorus compound p-xylylenediphosphon-
ate, which possesses much longer chains and a more rigid
framework, has been used successfully in the hydrothermal
synthesis of diphosphonates. Ferey et al. solved the struc-
ture of the copper diphosphonate Cu2(H2O)2[O3PCH2-
(C6H4)CH2PO3] by powder X-ray diffraction to reveal that
it was built up from inorganic layers covalently linked by
the organic chains.[24] The inorganic layers are constructed
by the dimers of edge-sharing CuO4(H2O) square pyramids
and the PO3C tetrahedron. Harvey et al. have reported Ga2-

[O3PCH2(C6H4)CH2PO3](H2O)2F2, containing linear
chains of corner-sharing GaO4F2 octahedra connected by
diphosphonate groups to form two-dimensional framework
structures.[12] meta-Xylylenediphosphonic acid has been
used instead of the para isomer, leading to a layered com-
pound.[25]

However, frameworks of organic–inorganic hybrid mate-
rials showing simultaneously permanent porosity and high
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thermal stability are extremely rare.[26,27] The inability of
these materials to support a stable framework at higher
temperatures or after removing guest molecules has hin-
dered further application in many fields.[28] So the applica-
tion of diphosphonates is still quite limited relative to that
of zeolites or aluminophosphates, despite the extensive
studies. Generally, they are thermally unstable when com-
pared with inorganic phosphates and most of them are de-
stroyed at high temperature (�300 °C).

Some diphosphonates containing coordinated water and
showing dehydration behavior have been reported, but their
dehydration behaviors are diverse. The copper ethylenedi-
phosphonate loses water irreversibly from the metal center,
resulting in the collapse of the structure.[29] The aluminum
and gallium diphosphonates lose water in two stages: first
the water residing within channels and subsequently the
water from positions coordinated to metal cations, and the
latter stage leads to loss of crystallinity.[30,31] The aluminum
and vanadium ethylenediphosphonates show reversible de-
hydration/rehydration behavior without losing their crystal-
linity and may therefore have potential applications as ad-
sorbents, sensors, and catalysts, but such diphosphonates
are still not very common.[32,33]

We have successfully synthesized a novel three-dimen-
sional cobalt diphosphonate Co2(H2O)2[O3PCH2(C6H4)-
CH2PO3] with two-dimensional infinite cobalt–oxygen in-
organic layers pillared by an organophosphorus p-xylylene-
diphosphonate. The compound is exceptionally stable even
when heated up to 500 °C in air. More interestingly, the
framework components display a reversible dehydration/re-
hydration behavior.

Results and Discussion

Description of Crystal Structure

Single-crystal X-ray analysis shows that the compound
is a 3D structure that possesses 2D infinite cobalt–oxygen
inorganic layers pillared by the P–CH2–C6H4–CH2–P
group. As shown in Figure 1, the asymmetric unit contains
two crystallographically independent cobalt atoms, one p-
xylylenediphosphonate ligand, and two water molecules.
Each of the cobalt atoms is located in an octahedral coordi-

Figure 1. Thermal ellipsoid plot showing an asymmetric unit of
Co2(H2O)2[O3PCH2(C6H4)CH2PO3].

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4123–41284124

nation environment with five oxygen atoms (O1, O2, O3,
O4, O5 for Co1; O1, O2A, O3A, O4A, O8 for Co2) from
the p-xylylenediphosphonate ligand, and one oxygen atom
(O6 for Co1; O7 for Co2) from the water molecule.

The compound crystallizes in the orthorhombic space
group Pca2(1). Interestingly, the structure consists of infi-
nite inorganic layers of corner-sharing CoO6 octahedra,
which is totally different from other reported metal phos-
phonates using p-xylylenediphosphonate as the ligand.[24]

The coordination between the cobalt atoms and the PO3

groups in the compound is similar to that found in
Mn(C6H5PO3)·H2O[17] or Zn(C6H5PO3)·H2O,[20] but these
are 2D layered structures and the former is a 3D pillared

Figure 2. (a) The view of the Co–O layers of Co2(H2O)2-
[O3PCH2(C6H4)CH2PO3] in the [001] plane. (b) A ball-and-stick
representation of the structure viewed along the [100] and (c) [010]
directions. Hydrogen atoms are omitted for clarity.



Highly Thermally Stable Microporous Metal Organodiphosphonate FULL PAPER
layered structure. As shown in Figure 2a, such a compound
is a rare example of a hybrid metal oxide containing an
infinite 2D –M–O–M–O– net framework.[34] The adjacent
cobalt–oxygen layers are interconnected to each other
through the organic part of p-xylylenediphosphonate, P–
CH2–C6H4–CH2–P, to produce a 3D structure (Figure 2b).
The pillars can connect the inner layers of the Co–O net-
work and, thus, further stabilize the structure. As presented
in Figure 2b, The p-xylylenediphosphonate groups link the
inorganic octahedral layers in the fashion of an alternately
left and right arrangement along the [100] direction. As
indicated in Figure 2c, the framework along the [010] direc-
tion contains a 10.850 Å [Co1–Co1]×5.687 Å [C3–C3] one-
dimensional channel system. The overall structure may be
described in terms of alternating inorganic infinite metal
oxygen layers and organic pillars (P–CH2–C6H4–CH2–P).
To the best of our knowledge, inorganic metal oxygen layers
pillared by organophosphorus groups with the in situ hy-
drothermal method have not been reported so far.

Thermal Stability

The thermal stability of the sample has been studied by
using TGA and XRD at different temperatures. Thermo-
gravimetric analysis (TGA) of the compound (Figure 3)
showed that the first weight loss of 8.61% from 200 to
500 °C corresponds to the loss of two coordinated water
molecules (calculated: 8.66%). The decomposition of the
compound starts above 500 °C, which is in good agreement
with the TGA of the calcined sample, except for the absence
of the first weight loss, indicating that the coordinated
water had already been removed during calcination (Fig-
ure S1). Considering the thermal stability of the compound,
X-ray powder diffraction (PXRD) studies are performed for
the as-synthesized sample and the samples heated at 350 °C,
400 °C, and 500 °C. Figure 4 presents X-ray diffraction
(XRD) patterns simulated from single-crystal X-ray diffrac-
tion data as well as those of the as-synthesized sample, the
calcined samples, and the rehydrated sample. The XRD
pattern of the as-synthesized sample fits well with the simu-
lated one, indicating that the sample is a pure phase. The
XRD patterns for the calcined samples (Figure 4c, d, e) are
similar to that of the as-synthesized sample (Figure 4b).
The very intense peaks, (002) and (004), located at two

Figure 3. TGA curves of the sample.
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Bragg angles 2θ of 8.06° and 16.3°, are always maintained
after calcination and rehydration, indicating that the struc-
ture of 2D cobalt–oxygen pillared by organophosphate does
not collapse after the removal of the coordinated water
molecules and that the calcined sample retains high crystal-
linity and pure phase. It is quite surprising that the com-
pound could maintain its structure even when heated up to
500 °C, which is extremely rare in organophosphates and
suggests that the compound can preserve its rigid and stable
framework at high temperature. It is also clear that the de-
hydration of the water lattice is reversible (Figure 4f).

Figure 4. Simulated powder X-ray diffraction patterns of the single-
crystal crystallography data (a), as-synthesized sample (b), dehy-
drated sample after calcination at 350 °C (c), 400 °C (d), 500 °C
(e), and rehydrated sample after calcination at 350 °C (f).

Dehydration/Rehydration Properties

Interestingly, it was found that the color of the crystals
changed from pink to blue when they were heated at 350 °C
for 2 h, while optical microscopy showed that they main-
tained their transparency and morphology (Figure 5a). Be-
cause of the difference in the crystal field splitting energy
between the octahedral field and the square-pyramidal
field,[35] the observed color of the compound containing oc-
tahedrally coordinated cobalt ions is pink, while that of the
compound containing square-pyramidally coordinated co-
balt is blue. Therefore, accompanying the change of color
from pink to blue, the coordination environment of the co-
balt ion is changed from octahedral to square-pyramidal.

For a deep understanding of how the structure of the
compound changes with temperature and how it undergoes
a reversible dehydration/rehydration process, it is instructive
to simulate the distorted square-pyramidal coordination ge-
ometry of the cobalt atom in the dehydrated compound
(Figure 5b). Notably, all the coordinated water can be re-
moved from the structure at 350 °C within 2 h without loss
of framework periodicity. The coordinated water is removed
and diffuses out along the [100] direction, which is con-
firmed by the observation that some partly dehydrated crys-
tals presented different colors after being calcined at 300 °C
for 2 h: pink at the central part and blue at the two ends of
the crystal (Figure 5c). Therefore, without sufficient time or
higher temperature, the central part could not be fully dehy-
drated. More significantly, the crystals can be fully rehy-
drated when they are immersed in water for several hours.
Thus, the rehydration process is accompanied by a return
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Figure 5. Pictorial representation of the dehydration/rehydration process and the partly dehydrated crystals. The pink crystals turned blue
after dehydration, then changed back to pink after rehydration (a). Correspondingly, the cobalt coordination environment changed from
octahedral to square pyramidal, and finally returned to octahedral (b). The partly dehydrated crystals are pink at the center and blue at
the two ends (c).

of the original pink color (Figure 5a). The XRD pattern of
the rehydrated sample (Figure 4f) indicates that a high de-
gree of crystallinity is retained after water is resorbed.

Water Sorption Properties

The phenomenon of dehydration/rehydration in the micro-
porous frameworks and the thermal stability encouraged us
to try to create the micropores after removing the coordi-
nated and guest water molecules. The calcined compound
was evacuated under reduced pressure (1×10–5 Torr) until
no more weight loss occurred at 150 °C, and then it was
exposed to water vapor. As shown in Figure S2, type I be-
havior is observed in the water adsorption isotherm of the
sample in the range P/P0 = 0–0.7. At saturation, the
amount of water sorbed is 87.6 mgg–1, which is equivalent
to the adsorption of about eight water molecules per for-
mula unit. Therefore, the pore volume is estimated to be
approximately 0.09 mLg–1 by the water adsorption iso-
therm.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4123–41284126

IR Spectrum

This dehydration process can be further confirmed by IR
spectroscopy (Figure 6). The IR spectrum of the as-synthe-
sized sample (Figure 6a) presents broad peaks at 3494 cm–1

Figure 6. IR spectrum of the sample (a) and of the sample after
calcination at 350 °C (b).
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corresponding to the stretching of water molecules and a
sharp peak at 1618 cm–1 corresponding to the bending vi-
bration of coordinated water. After calcination at 350 °C
for 2 h, the two types of peaks mentioned above decreased
in size significantly (Figure 6b). The main structure peaks
could correspondingly be observed in the spectrum of the
calcined sample as compared to the as-synthesized sample,
indicating that the main framework of the compound is re-
tained after calcination.

Magnetic Properties

The temperature-dependent (4–300 K) magnetic suscep-
tibility of the compound is shown in Figure 7. Between 4
and 300 K, χm continuously increases with decreasing tem-
perature and achieves a maximum of 0.115 cm3 mol–1 at
8.99 K. In the 1/χm versus T plot, the susceptibility can be
fitted to the Curie–Weiss law with C = 6.87 cm3 Kmol–1.
The Weiss temperature, θ = –50.97 K, indicates that antifer-
romagnetic interactions exist between the metallic Co cen-
ters.

Figure 7. χm vs. T and 1/χm vs. T plots of Co2(H2O)2[O3PCH2-
(C6H4)CH2PO3].

Conclusions

A cobalt diphosphonate with micropores has been syn-
thesized by a hydrothermal method. The structure was
solved by single-crystal X-ray diffraction and found to be
constructed of infinite cobalt oxygen layers pillared by p-
xylylenediphosphonate groups. The compound is stable up
to 500 °C, illustrating the exceptional stability of the frame-
work. The more important feature is that it undergoes a
reversible dehydration/rehydration process driven by tem-
perature, which can be detected by changes in crystal color.
This is a rare example of a metal diphosphonate framework
that has a “defect” site with incomplete coordination, which
can be created without loss of framework architecture. Such
defect sites in compounds can result in changes in physical
properties, such as color, and are expected to show shape-
selective adsorption behavior for small molecules and could
be potentially used as sensors, adsorbents, catalysts and so
forth.
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Currently, we are carrying out investigations into the
ability of dehydrated compounds to absorb molecules other
than water. Efforts toward the preparation of new hybrid
materials containing other transition metals based on this
type of ligand are underway.

Experimental Section
General Remarks: All chemicals purchased were of reagent grade
or better and were used without further purification. The elemental
analyses were carried out with a Perkin–Elmer 240C elemental ana-
lyzer. TGA (thermal gravimetric analyses) were performed under
nitrogen with a heating rate of 10 °Cmin–1 by using a Perkin–Elmer
TGA 7 thermogravimetric analyzer. XRD was performed with a
Siemens D5005 diffractometer with Cu-Kα radiation, 40 kV, 35 mA
at a scanning rate of 0.3°min–1 (2θ). The IR spectra were recorded
(400–4000 cm–1 region) with a Nicolet Impact 410 FTIR spectrom-
eter by using KBr pellets.

Synthesis of Co2(H2O)2[O3PCH2(C6H4)CH2PO3]: As a typical
preparation procedure, a mixture of tetraethyl p-xylylenediphos-
phonate (0.03 mmol) and Co(NO3)2·4H2O (0.03 mmol) was sus-
pended in deionized water (8 mL) and cyclohexanol (2 mL), and
then triethylamine (0.1 mL) was added while stirring to adjust the
pH value of the mixture. The mixture (pH � 6) was sealed in a 15-
mL Teflon-lined autoclave after being stirred for 60 min. Upon be-
ing heated at 160 °C for 2 d, the autoclaved mixture was naturally
cooled to room temperature. The pink crystals were collected,
washed with deionized water, and dried at room temperature. The
compound was stable in air and insoluble in water and common
organic solvents. C8H12Co2O8P2: calcd. C 23.10, H 2.90, Co 28.33,
P 14.89; found C 23.40, H 3.34, Co 28.03, P 14.20.

X-ray Crystallographic Study: The intensity data were collected
with a Smart CCD diffractometer with graphite-monochromated
Mo-Kα (λ = 0.71073 Å) radiation at 293 K in the ω-scan mode. An
empirical absorption correction was applied to the data by using
the SADABS program.[36] The structures were solved by direct
methods. All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were fixed at calculated positions and refined by
using a riding mode. All calculations were performed with the
SHELXTL program.[37] The crystallographic data are summarized
in Table 1, and the selected bond lengths and bond angles of the
compound are listed in Table 2. CCDC-608190 for Co2(H2O)2-
[O3PCH2(C6H4)CH2PO3] contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystallographic data for the compound.

Empirical formula C8H12Co2O8P2

Formula mass 415.98
Crystal system orthorhombic
Space group Pca2(1)
a [Å] 9.6214(19)
b [Å] 5.6855(11)
c [Å] 21.725(4)
V [Å3] 1188.4(4)
Z 4
ρcalcd. [g cm–3] 0.2325
µ [mm–1] 3.096
R[a] [I � 20σ(I)] 0.0582
Rw

[b] 0.1316

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] Rw = [Σw(Fo
2 – Fc

2)/Σw(Fo
2)2]1/2.
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Table 2. Selected bond lengths [Å] and angles [°] for the com-
pound.[a]

Co1–O1 2.275(5) Co1–O2 2.088(4)
Co1–O3 2.012(5) Co1–O4 2.046(5)
Co1–O5 2.102(5) Co1–O6 2.156(5)
Co2–O1 2.095(5) Co2–O2A 2.068(5)
Co2–O3B 2.192(5) Co2–O4C 2.342(5)
Co2–O7 2.150(6) Co2–O8 2.082(5)

O2–Co1–O1 66.62(17) O3–Co1–O1 90.39(19)
O4–Co1–O1 164.72(17) O5–Co1–O1 85.12(18)
O6–Co1–O1 91.72(18) O3–Co1–O2 156.82(18)
O4–Co1–O2 98.12(19) O5–Co1–O2 87.81(18)
O3–Co1–O4 104.9(2) O3–Co1–O5 93.41(19)
O4–Co1–O5 93.80(19) O2–Co1–O6 88.51(18)
O3–Co1–O6 89.24(18) O4–Co1–O6 88.55(18)
O5–Co1–O6 175.88(19) O2A–Co2–O1 104.95(19)
O2A–Co2–O3B 93.05(19) O1–Co2–O3B 162.00(18)
O7–Co2–O3B 85.9(2) O8–Co2–O3B 88.13(19)
O1–Co2–O4C 95.89(19) O3B–Co2–O4C 66.36(17)
O7–Co2–O4C 90.5(2) O8–Co2–O4C 83.67(18)
O2A–Co2–O4C 157.89(16) O1–Co2–O7 91.6(2)
O2A–Co2–O7 96.12(19) O8–Co2–O7 173.0(2)
O1–Co2–O8 92.99(19) O2A–Co2–O8 87.87(17)

[a] Symmetry transformations used to generate equivalent atoms:
A: x, y – 1, z; B: x – 1/2, –y, z; C: x – 1/2, –y + 1, z.

Water Sorption Isotherm: Water sorption isotherm studies were
performed by measuring the increase in weight at equilibrium as a
function of relative pressure. The weight of the sample was mea-
sured by a CAHN 2000 electrobalance and the adsorbate (H2O)
was added incrementally and manually.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1, TGA curves of the compound after being calcined
at 350 °C, and Figure S2, water sorption isotherm for the dehy-
drated compound, are available.
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Monomeric organotin dications {[nBu2Sn(H2O)4]2+·
2C6H5SO3

–} and {[nBu2Sn(H2O)4]2+·1,5-C10H6(SO3
–)2} have

been synthesized by the reaction of [nBu2SnO]n and the cor-
responding arylsulfonic acid. Dodecanuclear organooxotin
macrocations {[(nBuSn)12(µ3-O)14(µ2-OH)6]2+·2RSO3

–} (R =
C6H5; 2,5-Me2C6H3) have been synthesized by the reaction
of nBuSn(O)(OH) and the corresponding arylsulfonic acid.

Introduction

Organotin oxides [(R3Sn)2O; (R2SnO)n], hydroxides
[R3SnOH] and oxide hydroxides [{RSn(O)OH}n] are impor-
tant precursors for the synthesis of a large number of or-
ganotin compounds.[1] These precursors are the eventual
hydrolysis products of the corresponding organotin halides.
Initial hydrolysis of organotin halides leads to the forma-
tion of hydrated organotin cations.[2] Inspite of their appar-
ent simplicity there have been very few reports on the isola-
tion of such species in the solid state.[3] In most cases, dehy-
drated hydroxide-bridged compounds[4a] or oxo-bridged
ladders[4b] are the products. In preliminary communications
we have recently reported that arylsulfonic acids are effec-
tive in stabilizing {[nBu2Sn(H2O)4]2+·2 2,5-Me2C6H3SO3

–}
(1)[5a] and {[nBu2Sn(H2O)3]2[µ-1,5-C10H6(SO3)2]}2+·1,5-
C10H6(SO3

–)2 (2).[5b] Herein we report the general applica-
bility of this synthetic procedure. Accordingly, the hydrated
organotin cations, {[nBu2Sn(H2O)4]2+·[xY]2–}, where x = 2,
Y = C6H5SO3 (3); x = 1, Y = 1,5-C10H6(SO3)2 (4) have been
prepared and characterized. Attempts to prepare hydrated
monoorganotin cations resulted in the macromeric dodeca-
nuclear organooxotin cages (foot-ball cages), {[(nBuSn)12-
(µ3-O)14(µ2-OH)6]2+·2RSO3

–}, where R = C6H5 (5); 2,5-
Me2C6H3 (6). The X-ray crystal structure of 6 is reported
and compared with other members of this structural type.
In view of the interest in neutral and cationic organotin
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The X-ray crystal structure of one of the dodecanuclear cages
is reported. These organotin cations have been shown to be
effective catalysts in acetylation and transacetylation reac-
tions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

compounds in esterification and transesterification reac-
tions we have explored the catalytic activity of 1–6 towards
acetylation of alcohols and phenols.

Results and Discussion

Synthesis of Organotin Cations

The synthesis of the organotin cations has been ac-
complished in high yields by the reaction of an organotin
oxide with an arylsulfonic acid. The work-up of the reac-
tion mixture and subsequent crystallization in open air al-
lows the isolation of the compounds 1–4. All of these or-
ganotin cations are air-stable solids. Compounds 3 and 4
are prepared by a reaction of the polymeric [nBu2SnO]n
with the corresponding sulfonic acids (Scheme 1). This pro-
cedure is similar to that reported by us recently for the syn-
thesis of 1 (Scheme 1).[5a] Compound 2, which contains two
tin units bridged by a disulfonate, is synthesized by the deal-
kylation reaction involving a 1:1 reaction of (nBu3Sn)2O
with naphthalene-1,5-disulfonic acid.[5b] The dodecanuclear
organooxotin cages 5 and 6 are assembled by the reaction
of n-butylstannonic acid, nBuSn(O)(OH) with the corre-
sponding sulfonic acids (Scheme 2).[6]

Solution Studies

All of these compounds have been characterized by ana-
lytical and spectroscopic techniques (see experimental sec-
tion). Consistent with the above formulation; conductivity
studies on 3 and 4 revealed that these compounds are 1:2
electrolytes. While the specific and molar conductivities of
3 are 1811 µScm–1 and 300 Scm2 mol–1 (3 mmol/L in
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Scheme 1. Synthesis of diorganotin cations 1–4. (i) 2 2,5-Me2C6H3SO3H, toluene, reflux, 8 h. (ii) 2 C6H5SO3H, toluene, reflux, 8 h. (iii)
1,5-C10H6(SO3H)2, toluene, reflux, 8 h. (iv) 2 1,5-C10H6(SO3H)2, toluene, reflux, 6 h.

Scheme 2. Synthesis of monoorganotin macrocations 5 and 6. (i) toluene, reflux, 72 h.

CH3OH), 4 has a specific conductivity of 898 µScm–1 and a
molar conductivity of 150 Scm2 mol–1 (3 mmol/L in DMF)
(Table 1). The increased ionic conductivity of 3 when com-
pared to 1 [specific conductivity 946 µScm–1; molar con-
ductivity 158 Scm2 mol–1 (3 mmol/L in CH3OH)][5a] and 4
is attributed to the increased acidic nature of 3 which arises
due to the benzenesulfonate ligand. The 119Sn NMR spec-
tra of 3 and 4 show a single resonance at –360.6 and
–384.9 ppm, respectively (Table 1), which are comparable to
that observed for 1 (a single resonance at δ = –360.0
ppm)[5a] which is characteristic of a C2O4 environment
around tin atoms.[1b]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4129–41364130

The solution ionic conductivity measurement on 2 shows
that the observed specific and molar conductivities are
2257 µScm–1 and 376 Scm2 mol–1 (3 mmol/L in CH3OH),
respectively. These values suggest that in solution 2 does
not exist as a 1:2 electrolyte but presumably undergoes an
unsymmetrical disproportionation of the tin–sulfonate oxy-
gen bond and thereby producing different kinds of cationic
species. Support for such a hypothesis also comes from the
119Sn NMR chemical shifts of the compound 2. 119Sn
NMR spectrum of a [D6]DMSO solution of 2 shows two
resonances at –385.7 and 8.3 ppm (Table 1). Whereas, the
signal at δ = –385.7 ppm corresponds to the six-coordinate
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Table 1. Solution studies of some of the selected organotin compounds.

Entry Compound Specific conductivity Molar conductivity 119Sn NMR Ref.
[µS cm–1] [Scm2 mol–1] [δ, ppm]

1 {nBu2Sn(µ-OH)(H2O)(O3SCF3)}2 870[a] 43.5[a] –203.2[h] (–209.7[i]) [3c]

2 {[tBu2Sn(µ-OH)(H2O)]+·CF3SO3
–}2 994[a] 49.7[a] –249.7[h] (–249.6[i]) [3c]

3 {[(2-C6H5–C4H8)2Sn(µ-OH)(H2O)]+·CF3SO3
–}2 805[a] 40.0[a] –188.4[i] [3d]

4 1 946[b] 158[b] –360.04[j] [5a]

5 3 1811[b] 300[b] –360.61[j] this work
6 4 898[c] 150[c] –384.91[k] this work
7 2 2257[b] 376[b] –385.7, +8.3[k] this work
8 5 1503[b] 250[b] –284.28, –463.8[l] this work
9 6 971[b] 162[b] –283.97, –462.77[l] this work
10 [Me2Sn(H2O)2(OPPh3)2]2+·2CF3SO3

– 714[d] – –296.4[l] (–343.9[i]) [3e]

11 [nBu2Sn(H2O)2(OPPh3)2]2+·2CF3SO3
– 705[d] – –302.1[l] (–363.5[i]) [3e]

12 foot-ball cage[n] 5[e] – –282.8, –461.8[m] [6]

200[f]–1210[g]

[a] 10 mmol/L in CH3CN. [b] 3 mmol/L in CH3OH. [c] 3 mmol/L in DMF. [d] 3.3 mmol/L in CH3CN. [e] 5 mmol/L in CD2Cl2 (for pure
CD2Cl2, 5 µScm–1). [f] 5 mmol/L in DMSO. [g] 50 mmol/L in DMSO. [h] [D6]acetone. [i] CD3CN. [j] CD3OD. [k] [D6]DMSO. [l] CDCl3.
[m] CD2Cl2. [n] Anion: 2 4-MeC6H4SO3

–.

Scheme 3. Solution equilibrium exhibited by the cation 2. S: more polar solvents (CH3OH or [D6]DMSO).

C2O4 environment around tin, the value of +8.3 ppm is
quite unusual for a diorganotin oxo species and could be
attributed to a tetracoordinate tin containing two coordi-
nated DMSO molecules.[7] If a very dilute solution is used
only the signal at +8.3 ppm is seen. This could presumably
due to the highly polar nature of the solvent DMSO which
displaces all the ligated (water and sulfonate) groups of tin
and thereby producing a [nBu2Sn(DMSO)2]2+ species 2b
(Scheme 3).

The conductivity values of 5 and 6 suggest that these
compounds are 1:2 electrolytes in solution. While the ob-
served specific and molar conductivities of 5 are
1503 µScm–1 and 250 Scm2 mol–1 (3 mmol/L in CH3OH),
the respective values observed for 6 are 971 µScm–1 and
162 Scm2 mol–1 (3 mmol/L in CH3OH), respectively
(Table 1). The 119Sn NMR spectra of 5 and 6 show two
resonances around –280 and –460 ppm. The chemical shift
value of δ = –280 ppm is characteristic of the five-coordi-
nate tin situated at the equator of the molecule whereas the
signal at δ = –460 ppm is due to the presence of six-coordi-
nate tins at the poles.[6]
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Molecular Structure

Whereas the molecular structures of 1 and 2 have been
determined previously,[5] that of 6 is reported here. The mo-
lecular structure of 6·2(dioxane) is shown in Figure 1 (a).
The macrocation is composed of a centrosymmetric
[(nBuSn)12(µ3-O)14(µ2-OH)6]2+ moiety with the asymmetric
unit possessing two symmetry-related “half molecules”. The
structure of this cationic tin cage was described previously
by the use of anions such as chloride,[8a] hydroxide[8b] or
phosphinate.[8c] There has been one report on the structure
of this macrocation where p-toluenesulfonate is the counter
anion.[6] The structure of the macrocation in 6 is like a
“football” consisting of twelve tin atoms which are linked
by µ3-oxo and µ2-hydroxo bridges. All the n-butyl chains
situated on the tin atom are pointing outside the cage core.
The bonding parameters found in this cage are given in
Table 2 and are comparable with the literature values.[6,8]

The structure of the molecule can be understood as follows.
Among the twelve tin atoms present in the molecule, six are
situated at the two poles of the cage and the remaining six
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Figure 1. (a) View of the two molecules of 6 present in its asymmetric unit (at 50% ellipsoidal probability level). The unlabeled atoms
are symmetric counterparts of the labeled atoms. All the n-butyl groups on tin atoms along with their protons and protons in the sulfonate
moieties are removed. (b) View of the two poles consist of two trimeric O-capped subunits of Sn3(µ3-O)(µ2-OH)3. (c) View of the equator
is spanned by a hexameric oxotin cycle Sn6(µ3-O)12.

Table 2. Comparison of (bond) distances in the core structures of selected monoorgano oxotin cages.

Compound Average Sn–O(µ3) Average Sn–OH(µ2) Average Sn–O(X) Average Sn···Sn[e] Inter pole [O(µ3)···O(µ3)] Ref.
[Å] [Å] [Å] [Å] [Å]

Foot-ball cage 6[a] 2.087(4)[f] 2.110(5) – 6.366(5) 3.955(5) this work
2.117(4)[g]

2.059(4)[h]

2.086(4)[i] 2.109(4) – 6.386(6) 3.938(4)
2.112(4)[j]

2.063(4)[k]

Foot-ball cage[b] 2.080(2)[f] 2.119(2) – 6.379(3) 3.984(2) [6]

2.115(2)[g]

2.057(8)[h]

Foot-ball cage[c] 2.091(7)[f] 2.096(8) – 6.331(6) 3.899(6) [8b]

2.054(8)[g]

2.140(8)[h]

Foot-ball cage[d] 2.117(2)[f] 2.142(2) – 6.373(3) 3.996(3) [8a]

2.098(2)[g]

2.060(2)[h]

O-Capped cluster 2.075(5) 2.128(6) 2.122(6), X = P – – [9b]

Double O-capped cluster 2.065(3) 2.172(2) 2.072(2), X = P 6.337(1)[l] 3.778(4) [9a]

Drum 2.101(5) – 2.155(5), X = C – – [9c]

[a] Two crystallographically independent molecules are present; anion: two 2,5-Me2C6H3SO3
–. [b] Anion: two 4-MeC6H4SO3

–. [c] Anion:
two OH–. [d] Anion: two Cl–. [e] Average distance between the diametrically opposite tin atoms present in the equator. [f] Sn is bonded
with µ3-capped oxygen (O-capped) in the poles. [g] Pole tin atoms bonded with µ3-oxygens which are part of the equator. [h] Equator tin
atoms bonded with µ3-oxygens which are part of the equator. [i] Sn is bonded with µ3-capped oxygen (O-capped) in the poles. [j] Pole tin
atoms bonded with µ3-oxygens which are part of the equator. [k] Equator tin atoms bonded with µ3-oxygens which are part of the
equator. [l] Average distance between the diametrically opposite phosphorus atoms present in the equator.
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tin atoms occupy the equator of the cage. The poles consist
of two trimeric O-capped subunits of [(nBuSn)3(µ3-O)(µ2-
OH)3] (Figure 1, b).[9a] Within these subunits the tin atoms
are hexa-coordinate and possess bridging oxo and hydroxo
groups.

The shorter and longer Sn···Sn distances between the two
poles are given in Figure 1 (b). The equator of the cage is
spanned by a hexameric cycle [(nBuSn)6(µ2-O)12] (Figure 1,
c).[9a] In this sub-unit the tins are five-coordinate and are
nearly square pyramidal. This hexameric cycle is stitched by
means of six distannoxane motifs (Sn2O2) with the average
diameter of the cycle being 6.366(5) Å. Thus, it is possible
to envisage the construction of the cage by capping each
side of the hexameric cycle by the two trimeric tin units.

Supramolecular Assembly

In compound 6, two molecules of the 2,5-dimethylben-
zenesulfonate anion interact with three hydroxy groups at
the poles through intermolecular O–H···O hydrogen bond-
ing to generate a one-dimensional chain structure (Fig-
ure 2). The bonding parameters involved in these hydrogen
bonds point to the fact that these are essentially strong hy-
drogen bonds. Hydrogen-bonding interactions among these

Figure 2. O–H···O hydrogen-bond-mediated one-dimensional supramolecular assembly in compound 6. All the n-butyl groups on tin
atoms along with their protons and protons in the sulfonate moieties are removed. Bonding parameters for hydrogen bonding are:
O8–H8 0.701(1), H8···O103 2.027(2), O8···O103 2.701(1) Å, O8–H8···O103 161.45(3)°; O9–H9 0.680(4), H9···O101 2.104(3), O9···O101
2.757(3) Å, O9–H9···O101 161.21(4)°; O10–H10 0.688(2), H10···O102 2.043(4), O10···O102 2.725(5) Å, O10–H10···O102 171.22(1)°; O11–
H11 0.696(6), H11···O203 1.985(4), O11···O203 2.681(8) Å, O11–H11···O203 178.18(5)°; O18–H18 0.696(1), H18···O202 2.053(3),
O18···O202 2.736(8) Å, O18–H18···O202 167.44(1)°; O20–H20 0.690(1), H20···O201 2.058(3), O20···O202 2.721(5) Å, O20–H20···O201
161.45(2)°.
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cages have resulted in the formation of two different rings; a
seven-membered Sn2O4S ring and a 12-membered Sn2O8S2

ring. The average O···O distance observed in this molecule
is 2.72 Å and are comparable with the p-toluenesulfonate
derivative.[6] The distance between two such polymeric
sheets is 11.11 Å. Ribot et al. have utilized a similar type of
cage as versatile nanobuilding blocks for the design of tin-
based organic–inorganic hybrid materials.[10]

Catalysis

In solution all the organotin cations behave as 1:2 elec-
trolytes (Table 1). In view of their anticipated Lewis acidity,
these compounds were tested as catalysts for acetylation of
alcohols. All the organotin cations are very effective in the
acetylation reactions of alcohols (Table 3 and Table 4).
These reactions are completed much faster than those cata-
lyzed by neutral tetraorganodistannoxanes.[11] Thus, acety-
lation of menthol (7d) and cholesterol (7e) are completed
only in 15 min (Table 3; Entries 19–25 and 26–32). Interest-
ingly, inspite of low positive charge, the macrocations 5 and
6 are also reasonably effective although the reaction times
are slightly longer.[3d] The dications 1 and 3 are the most
effective, in keeping with their increased Lewis acidity.
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Thus, even 0.05 mol-% of 1 is sufficient to drive the reaction
to completion (Table 3; Entries 2 and 10). In all instances,
just 0.2 mol-% of the organotin catalyst is sufficient for the
completion of acetylation.

Table 3. Acetylation of alcohols catalyzed by organotin cations.[a]

[a] Reaction conditions: R–OH (1 mmol); Ac2O (1 mL); catalyst
(mol-%); room temp. [b] Isolated yield. [c] See ref.[5a] [d] Product:
diester.

Acetylation of phenols is also catalyzed quiet readily by
the dications 1 and 3. β-Naphthol (7h) is acetylated in the
presence of 3 in nearly 55 min (Table 4; Entry 17). The reac-
tions catalyzed by dinuclear and dodecanuclear organotin
cations 2, 5 and 6 require longer times (Table 4; Entries 5–
7, 12–14 and 19–21). However, as before only 0.2 mol-% of
the catalyst is required for completion of the reaction.

In order to assess if the organotin cations can be used
for transacetylation reactions, two test cases were examined,
using the reaction of the alcohols 7a and 7b with vinyl ace-
tate (10) (Table 5). Transacetylation was completed in all
cases quantitatively, although higher catalyst loadings were
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Table 4. Acetylation of phenols catalyzed by organotin cations.[a]

[a] For reaction Scheme, see Table 3; Reaction conditions: R–OH
(1 mmol); Ac2O (1 mL); catalyst (mol-%); room temp. [b] Isolated
yield. [c] See ref.[5a]

required (1 mol-%). Interestingly the dodecanuclear macro-
cations (5 and 6) are as effective as the mononuclear dicat-
ions (1, 3 and 4).

Table 5. Transacetylation reactions using organotin cations.[a]

[a] Reaction conditions: R–OH (1 mmol); vinyl acetate (10 mmol);
catalyst (1 mol-%); 75 °C. [b] Isolated yield.

Conclusions

In summary, we report a series of organotin cations with
varying nuclearity and charge and have shown their efficacy
in acetylation and in transacetylation reactions. All of the
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organotin cations are air-stable solids that can be prepared
in excellent yields in a one-step synthesis, thus making them
as potentially useful reagents.

Experimental Section
General Remarks: Solvents were dried with sodium benzophenone
ketyl and were collected from the still at the time of reaction.
(nBu3Sn)2O, [nBu2SnO]n, nBuSn(O)(OH), 1,5-C10H6(SO3H)2·4H2O
(Aldrich), -menthol (Lancaster), cholesterol (Acro chemicals), cin-
namyl alcohol (Fluka), C6H5SO3H (75% w/w water solution), phe-
nol, p-cresol, acetic anhydride, vinyl acetate and β-naphthol (sd-
fine, India) were purchased and used as such without any further
purification. 2,5-Me2C6H3SO3H,[12] 1-phenylethanol,[12] 1,3-di-
phenyl-2-propen-1-ol[12] and organotin cations 1[5a] and 2[5b] were
prepared by literature methods. Melting points were measured with
a JSGW melting point apparatus and are uncorrected. Elemental
analyses were carried out with a Thermoquest CE instruments
model EA/110 CHNS-O elemental analyzer. Infrared spectra were
recorded in dichloromethane solution as well as neat liquid or as
KBr pellets with a FT-IR Bruker-Vector Model. 1H and 119Sn
NMR spectra were obtained with a JEOL-JNM LAMBDA 400
model spectrometer using CDCl3, CD3OD and (CD3)2SO solutions
with shifts referenced to tetramethylsilane (for 1H NMR) and tet-
ramethyltin (for 119Sn NMR), respectively. 119Sn NMR spectra
were recorded under broad-band decoupled conditions. Conductiv-
ity measurements were done with a Century Digital Conductivity
Meter Model CC-601.

Synthesis of [nBu2Sn(H2O)4]2+·2C6H5SO3
– (3): A mixture of

[nBu2SnO]n (0.42 g, 1.68 mmol) and C6H5SO3H (75% w/w water
solution) (0.70 g, 3.34 mmol) in toluene (60 mL) was heated under
reflux for 8 h using a Dean–Stark apparatus to remove the water
formed in the reaction by azeotropic distillation. A white puffy
solid formed in the reaction was filtered by a sintered funnel (G-
4), dried (in air) and identified as 3 (0.87 g, 87% yield). M.p. 270 °C
(dec.). C20H36O10S2Sn (619.33): calcd. C 38.78, H 5.85; found C
37.94, H 5.61. IR (KBr, cm–1): ν̃ = 3420 (br., H2O), 1251 (s, SO3

assym. str.), 1192 (s, SO3 assym. str.), 1070 (s, SO3 sym. str.), 1022
(s, SO3 ionic) and 624 (m, C–S). 1H NMR (400 MHz, CD3OD,
ppm): δ = 0.83 (t, J = 7.31 Hz, 6 H, butyl CH3), 1.25 (q, J =
7.31 Hz, 4 H, Sn–CH2), 1.58–1.64 (m, 4 H, butyl CH2), 1.75–1.80
(m, 4 H, butyl CH2), 7.43–7.51 (m, 6 H, aromatic) and 7.82–7.85
(m, 4 H, aromatic). 119Sn NMR (150 MHz, CD3OD, ppm): δ =
–360.61 (s).

Synthesis of [nBu2Sn(H2O)4]2+·1,5-C10H6(SO3
–)2 (4): A mixture of

[nBu2SnO]n (0.30 g, 1.20 mmol) and 1,5-C10H6(SO3H)2·4H2O
(0.43 g, 1.20 mmol) was taken in toluene (60 mL) and heated under
reflux for 8 h using a Dean–Stark apparatus to remove the water
formed in the reaction by azeotropic distillation. A white solid
formed in the reaction was filtered by a sintered funnel (G-4) and
dried (in air) to obtain 4 in good yield (0.66 g, 93% yield). M.p. �

280 °C (dec.). C18H32O10S2Sn (591.91): calcd. C 36.56, H 5.45;
found C 36.29, H 5.19. IR (KBr, cm–1): ν̃ = 3454 (br., H2O), 1206
(s, SO3 assym. str.), 1161 (s, SO3 assym. str.), 1044 (s, SO3 ionic)
and 613 (s, C–S). 1H NMR (400 MHz, [D6]DMSO, ppm): δ = 0.86
(t, J = 7.2 Hz, 6 H, butyl CH3), 1.28 (q, J = 7.2 Hz, 4 H, Sn–
CH2), 1.47–1.49 (m, 8 H, butyl CH2CH2), 7.44 (t, J = 7.2 Hz, 2 H,
aromatic), 7.95 (d, J = 6.8 Hz, 2 H, aromatic) and 8.86 (d, J =
8.4 Hz, 2 H, aromatic). 119Sn NMR (150 MHz, [D6]DMSO,
ppm): –384.91(s).

Synthesis of [(nBuSn)12(µ3-O)14(µ2-OH)6]2+·2C6H5SO3
– (5): A mix-

ture of nBuSn(O)(OH) (1.80 g, 8.62 mmol) and C6H5SO3H (75%
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w/w water solution) (0.45 g, 2.87 mmol) in toluene (150 mL) was
heated under reflux for 72 h using a Dean–Stark apparatus to re-
move the water formed in the reaction by azeotropic distillation.
The reaction mixture was cooled and filtered through a sintered
funnel (G-4) and the clear filtrate was evaporated in vacuo to yield
5 as a white amorphous solid (1.88 g, 95% yield). M.p. 196 °C.
C60H124O26S2Sn12 (2750.26): calcd. C 26.20, H 4.54; found C 26.09,
H 4.24. IR (KBr, cm–1): ν̃ = 3214 (br., OH), 1258 (s, SO3 assym.
str.), 1194 (s, SO3 assym. str.), 1126 (s, SO3 sym. str.), 1035 (s, SO3

ionic) and 618 (m, C–S). 1H NMR (400 MHz, CDCl3, ppm): δ =
0.79–0.89 (m, 36 H, butyl CH3), 1.05–1.69 (m, 72 H, Sn–
CH2CH2CH2) and 6.88–7.79 (m, 10 H, aromatic). 119Sn NMR
(150 MHz, CDCl3, ppm): δ = –284.28 [s, 2J(117/119Sn–13C) = 204,
208 Hz] and –463.8 [s, 2J(117/119Sn–13C) = 204 Hz].

Synthesis of [(nBuSn)12(µ3-O)14(µ2-OH)6]2+·2 2,5-Me2C6H3SO3
–

(6): A mixture of nBuSn(O)(OH) (3.36 g, 16.10 mmol) and 2,5-
Me2C6H3SO3H (1.0 g, 5.37 mmol) in toluene (150 mL) was heated
under reflux for 72 h using a Dean–Stark apparatus to remove the
water formed in the reaction by azeotropic distillation. The reac-
tion mixture was cooled and filtered through a sintered funnel (G-
4) and the clear filtrate was evaporated in vacuo to yield 6 as a
white amorphous solid (3.62 g, 96% yield). Crystals suitable for
single-crystal X-ray diffraction were obtained by recrystallizing
compound 6 in dioxane with 0.5% water. M.p. 158 °C.
C64H132O26S2Sn12 (2806.39) : calcd. C 27.39, H 4.74; found C 26.97,
H 4.85. IR (KBr, cm–1): ν̃ = 3198 (br., OH), 1193 (s, SO3 assym.
str.), 1195 (s, SO3 assym. str.), 1088 (s, SO3 sym. str.), 1021 (s, SO3

ionic) and 616 (m, C–S). 1H NMR (400 MHz, CDCl3, ppm): δ =
0.80 (t, J = 7.32 Hz, 18 H, butyl CH3), δ = 0.88 (t, J = 7.36 Hz, 18
H, butyl CH3), 1.19–1.32 (m, 24 H, Sn–CH2), 1.38–1.70 (m, 48 H,
butyl CH2CH2), 2.23 (s, 6 H, Ar–CH3), 2.55 (s, 6 H, Ar–CH3), 7.00
(s, 2 H, aromatic), 7.09 (s, 2 H, aromatic) and 7.69 (s, 2 H, aro-
matic). 119Sn NMR (150 MHz, CDCl3, ppm): δ = –283.97 [s,
2J(117/119Sn–13C) = 204, 207 Hz] and –462.77 [s, 2J(117/119Sn–13C) =
205 Hz].

General Procedure for Acetylation of Alcohols and Phenols:[5a] A
mixture of the alcohol or phenol (7a–h) (1 mmol), acetic anhydride
(8) (1 mL) and catalytic amount (mol%) of the organotin catalyst
1–6 were stirred at room temperature. The progress of the reaction
was monitored by TLC. At the end of the reaction excess acetic
anhydride was removed in vacuo. The residual portion was dis-
solved in minimum amount of dichloromethane and filtered
through a short column (in some cases the compound was eluted
with ethyl acetate and hexane) to yield the corresponding acetate
9a–h. All the acetates were characterized by 1H NMR spectra and
compared with authentic samples.

General Procedure for trans-Acetylation Reactions: A mixture of
alcohol (7a–b) (1 mmol), vinyl acetate (10) (10 mmol) and catalytic
amount (1 mol%) of the tin catalyst 1–6 were refluxed at 75 °C.
The progress of the reaction was monitored by TLC. After the reac-
tion was complete, excess vinyl acetate was evaporated and the resi-
due was subjected to column chromatography on silica gel to give
acetates 9a–b in good yields. All the acetates were characterized by
1H NMR spectra and compared with authentic samples.

X-ray Crystallographic Study: Colorless block-like crystal of 6 suit-
able for single-crystal X-ray diffraction was loaded on a Bruker
AXS Smart Apex CCD diffractometer. The details pertaining to
the data collection and refinement for 6 are as follows: size 0.4×
0.4× 0.3 mm3; empirical formula C66H136O27S2Sn12; Mw = 2850.15;
triclinic; space group P1̄; a = 12.6693(11) Å; b = 16.4765(14) Å; c
= 24.8100(2) Å; α = 77.131(2)°; β = 86.091(2)°; γ = 69.637(2)°; V
= 4733.1(7) Å3; Z = 2; T = 150(2) K; Dcalcd. = 2.000 Mg·m–3; Mo-
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Kα radiation; θ range 1.35 to 25.03°; 24859 reflections collected,
16441 independent reflections (Rint = 0.0180); R1 = 0.0271, wR2 =
0.0688 [for I�2σ(I)]; R1 = 0.0314, wR2 = 0.0715 (for all data);
GOF = 1.015. The maximum and minimum electron densities are
0.964 and –0.727 e·Å–3, respectively. The structure was solved by
direct methods using SHELXS-97 and refined by full-matrix least-
squares on F2 using SHELXL-97.[13] The hydrogen atoms attached
to oxygen atoms in the hydroxy groups were located from the dif-
ference map and their position were refined. All other hydrogen
atoms were included in idealized positions, and a riding model was
used. Non-hydrogen atoms were refined with anisotropic displace-
ment parameters. A 1,4-dioxane molecule was also present in the
asymmetric unit of 6 as a solvate.

CCDC-296001 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Figure 1 and 2 and its bonding parameters were
obtained from DIAMOND 3.0 software package.[14]
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The air-sensitive DMF-containing intermediate [RuTp(PR3)-
(Cl)(DMF)] is formed by refluxing a DMF solution of
[RuTp(COD)Cl] (1) in the presence of at least 1 equiv. of PR3

(PR3 = PPh3, PPh2iPr, PiPr3, and PCy3). On exposure to air in
the presence of CCl4, this complex is readily converted into
the respective RuIII complexes [RuTp(PR3)Cl2] (2a–d). These
compounds are air-stable, readily accessible, permit easy
variations as far as the electronic and steric properties of the
PR3 co-ligands are concerned, and are reducible to a variety

Introduction

In our continuing systematic studies of the chemistry of
ruthenium trispyrazolylborate (Tp) complexes[1] we have
shown that [RuTp(PCy3)(Cl)(DMF)] reacts with MeOH or
EtOH in the presence of air to afford the RuIII alkoxide
complexes [RuTp(PCy3)(Cl)(OR)] (R = Me, Et).[2] The for-
mation of alkoxy compounds was restricted to very basic
phosphanes, however, and failed, for instance, in the case
of PPh3. Nevertheless, these complexes turned out to be
very useful precursors for a couple of new RuII complexes
of the types [RuTp(PCy3)(Cl)L] [L = CH3CN, pyridine, CO,
P(OMe)3, PMe3] and [RuTp(PCy3)(Cl)(=C=CHR)] (R =
Ph, COOEt, SiMe3, nBu). In the present contribution, we
sought a synthetic route to obtain alternative RuIIITp pre-
cursors that are both air-stable, readily accessible, reducible
to RuIITp complexes, and permit easy variations as far as
the PR3 co-ligands are concerned. We report here the syn-
thesis, characterization, and reactivity of the dichloro RuIII

complexes [RuTp(PR3)Cl2] (PR3 = PPh3, PPh2iPr, PiPr3,
PCy3). These compounds turned out to be valuable pre-
cursors for dihydrogen complexes of the type
[RuTp(PR3)(H)(η2-H2)] as well as other complexes contain-
ing the [RuTp(PR3)]+ fragment.
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of RuIITp complexes. Treatment of 2 with NaBH4 affords di-
hydrogen compounds of the type [RuTp(PR3)(H)(η2-H2)]. Re-
duction of 2 can also be accomplished with Zn in the pres-
ence of CH3CN and pyridine, which affords the diamagnetic
RuII compounds [RuTp(PR3)(CH3CN)2]+ (4a–c) and
[RuTp(PR3)(py)Cl] (5). X-ray structures of representative
complexes are presented.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

The synthesis of [RuTp(PR3)Cl2] (PR3 = PPh3, PPh2iPr,
PiPr3, and PCy3; 2a–d) was performed as a one-pot reaction
by refluxing a DMF solution of [RuTp(COD)Cl] (1) in the
presence of PR3 (� 1 equiv.) to yield the air-sensitive DMF
intermediate [RuTp(PR3)(Cl)(DMF)]. On exposure to air in
the presence of CCl4, this complex is readily converted to
afford, on workup, 2a–d in 77–88% isolated yields
(Scheme 1). No attempts were made to isolate the
[RuTp(PR3)(Cl)(DMF)] intermediate in this reaction se-
quence. It should be noted, however, that the PPh3 and
PPyr3 (Pyr = pyrrolyl) compounds [RuTp(PPh3)-
(Cl)(DMF)] and [RuTp(PPyr3)(Cl)(DMF)] have recently
been isolated and even crystallographically characterized.[3]

Complexes 2a–d are thermally robust orange solids that are
stable to air both in the solid state and in solution. They
are very soluble in most common organic solvents such as
CH2Cl2, THF, or toluene. All complexes were characterized
by elemental analysis. The NMR spectra suffer from severe
line broadening due to the paramagnetic nature of these
complexes. The measured magnetic moments, µeff, of 2a–2d
were determined at 295 K to be 1.89, 1.99, 1.90, and
1.40 µB, respectively, consistent with a d5 (RuIII) low-spin
configuration with one unpaired electron. To further probe
the electronic structure of 2a–d, we examined their redox
behavior by cyclic voltammetry. All four complexes display
only one oxidation-reduction wave with E1/2 values vs.
NHE of 0.31 (PPh3), 0.24 (PPh2iPr), 0.16 (PiPr3), and
0.12 V (PCy3). These values correlate roughly with the in-
creasing electron σ-donating abilities and decreasing π-ac-
cepting properties of the tertiary phosphanes, i.e., the rela-
tive stability of the RuIII complexes follows the order PPh3
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� PPh2iPr � PiPr3 � PCy3. Incidentally, the E1/2 values
decrease with increasing cone angles of the tertiary phos-
phane ligands.

Scheme 1.

The molecular structures of 2a, 2b, and 2d are depicted
in Figures 1, 2, and 3, respectively; selected bond lengths
are reported in the captions. The coordination geometry of
these complexes is approximately octahedral, and the bond
lengths and angles in these three complexes are relatively
uniform. Mean bond lengths for the three complexes are:
Ru–Cl = 2.337(8) Å, Ru–N = 2.071(6) Å for N(2) and N(4),
and Ru–N(6) = 2.112(4) Å; N(6) is trans to the phosphane,

Figure 1. Structural view of [RuTp(PPh3)Cl2] (2a) showing 30%
thermal ellipsoids (hydrogen atoms omitted for clarity). Selected
bond lengths [Å] and angles [°]: Ru–N(2) 2.079(2), Ru–N(4)
2.069(2), Ru–N(6) 2.106(2), Ru–P 2.3642(6), Ru–Cl(1) 2.3236(6),
Ru–Cl(2) 2.3368(6); P–Ru–Cl(1) 90.08(2), P–Ru–Cl(2) 90.28(2),
Cl(1)–Ru–Cl(2) 95.80(2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4137–41424138

which exerts a trans effect, as shown by the Ru–N mean
bond length elongation of 0.041 Å in comparison to the
other Tp nitrogen atoms. The Ru–P bond lengths increase
gradually from 2.364 Å in 2a via 2.380 in 2b to 2.417 Å in
2d; this correlates with the electrochemical data. Another
point of interest is the conformation of the PPh3 ligand in
2a, which instead of the frequent rotor (or propeller) has
an irregular conformation, as can be shown by the Ru–P–

Figure 2. Structural view of [RuTp(PPh2iPr)Cl2] (2b) showing 20%
thermal ellipsoids (hydrogen atoms omitted for clarity). Selected
bond lengths [Å] and angles [°]: Ru–N(2) 2.073(2), Ru–N(4)
2.077(2), Ru–N(6) 2.115(2), Ru–P 2.3796(7), Ru–Cl(1) 2.3442(8),
Ru–Cl(2) 2.3311(8); P–Ru–Cl(1) 92.92(3), P–Ru–Cl(2) 90.62(3),
Cl(1)–Ru–Cl(2) 93.00(3).

Figure 3. Structural view of [RuTp(PCy3)Cl2]·CH2ClCH2Cl
(2d·CH2ClCH2Cl) showing 40% thermal ellipsoids (hydrogen and
CH2ClCH2Cl atoms omitted for clarity). Selected bond lengths [Å]
and angles [°]: Ru–N(2) 2.065(2), Ru–N(4) 2.063(2), Ru–N(6)
2.114(2), Ru–P 2.4168(8), Ru–Cl(1) 2.3459(8), Ru–Cl(2) 2.3433(8),
P–Ru–Cl(1) 95.36(3); P–Ru–Cl(2) 89.11(3), Cl(1)–Ru–Cl(2)
92.79(3).
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Cipso–C torsion angles of 63.6°, 66.8°, and –19.9° for phenyl
rings C(10)–C(15), C(16)–C(21), and C(22)–C(27),[4]

whereas the PPh3 orientation relative to the RuTpCl2 moi-
ety is defined by an angle of 0.2° for N(2)–Ru–P–C(10).
These data suggest that the phenyl ring C(22)–C(27) is in
an approximately bisecting orientation and fits with C(23)–
H(23) in between the two chlorine atoms (Figure 1). It is
interesting to note that this appears to be a preferred con-
figuration rather than merely a packing effect as the crystal
structures of two solvates of 2a, one with ClCH2CH2Cl and
one with Et2O, have essentially the same complex confor-
mation although they crystallize in entirely different lattices
(ClCH2CH2Cl solvate: orthorhombic, space group P212121;
Et2O solvate: triclinic, space group P1̄).

Complexes 2 turned out to be useful reagents for the
preparation of dihydrogen compounds of the types
[RuTp(PR3)(H)(η2-H2)]. Thus, treatment of 2a–d with
NaBH4 affords the diamagnetic RuII compounds
[RuTp(PR3)(H)(η2-H2)] (3a–d) in high yields (Scheme 2).
All these compounds are thermally robust solids that slowly
decompose in the presence of air both in the solid state and
in solution. Characterization was accomplished by elemen-
tal analysis as well as 1H, 13C{1H}, and 31P{1H} NMR
spectroscopy. Complexes 3a–d show a doublet resonance
for the hydride signal at all accessible temperatures in the

Scheme 2.

Scheme 3.
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range δ = –9.31 to –10.53 ppm (Table 1). The integration
ratios toward the other ligands are in agreement with the
presence of three metal-bound hydrogen atoms in all com-
plexes. The presence of a dihydrogen ligand in 3b–d is con-
firmed by the small T1min for the hydride signal, as shown
in Table 1. Measurement of the relaxation time T1min has
been reported previously for 3a.[5] Irreversible isomerization
to the ruthenium(IV) trihydride form [RuTp(PR3)(H)3] has
not been observed, at variance with what commonly hap-
pens in related CpRu or Cp*Ru systems.[6]

Table 1. Selected spectroscopic properties of complexes [RuTp-
(PR3)(H)(η2-H2)] 3a–d.

1H NMR 2JH,P
31P{1H} NMR T1min T

δ [ppm] [Hz] δ [ppm] [ms] [K]

3a –9.31 18.1 75.4 34[a] (400 MHz) 216
3b –9.68 18.2 82.4 41 (300 MHz) 235
3c –10.53 18.1 82.2 24 (300 MHz) 200
3d –10.41 17.6 76.5 27 (300 MHz) 227

[a] Ref.[5]

It should be noted that this type of dihydrogen complex
has also been prepared by different methods utilizing
precursors such as [Ru(PCy3)2(H)2HI],[7] [RuTp-
(PPh3)(CH3CN)H],[5] [RuTp(PiPr2Me)(CH3CN)Cl],[8] and
[RuTp*(COD)H].[9]

Reduction of complexes 2 can also be accomplished with
Zn in the presence of suitable ligands. Thus, treatment of 2
with Zn in neat CH3CN affords the cationic diamagnetic
RuII compounds [RuTp(PR3)(CH3CN)2]+ (4a–c) with either
ZnCl42– as counterion or, if the reaction is performed in the
presence of NaBPh4, with BPh4

– as counterion (Scheme 3).
Similarly, reduction of 2 in the presence of pyridine
(5 equiv.) yields the neutral complex [RuTp(PR3)(py)Cl] (5).
It is noteworthy that if 2 is refluxed in neat pyridine for 2 h,
clean reduction to 5 also takes place in the absence of Zn
powder. It was not possible to obtain the cationic bispyrid-
ine complex [RuTp(PR3)(py)2]+ under these reaction condi-
tions. Compounds 4 and 5 are thermally robust solids that
are stable to air both in the solid state and in solution.
Characterization was accomplished by elemental analysis
and 1H, 13C{1H}, and 31P{1H} NMR spectroscopy; no un-
usual features were observed.
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The structures of [RuTp(PPh2iPr)(CH3CN)2]2(ZnCl4)

(4b) and [RuTp(PPh3)(py)Cl] (5) were determined by X-ray
crystallography. The molecular structures are depicted in
Figures 4 and 5, respectively; important bond lengths are
reported in the caption. Complex 4b is closely related in
terms of stereochemistry and ligand disposition to complex
2b, including the trans influence of the phosphane on the
Ru–N(6) bond (Figure 4). Complex 5 is remarkable in hav-

Figure 4. Structural view of [RuTp(PPh2iPr)(CH3CN)2]2[ZnCl4]·
CH3CN (4b·CH3CN) showing 30% thermal ellipsoids (hydrogen
atoms omitted for clarity). Selected bond lengths [Å] and angles
[°]: Ru–N(2) 2.064(2), Ru–N(4) 2.078(2), Ru–N(6) 2.113(2), Ru–P
2.3234(5), Ru–N(7) 2.028(8), Ru–N(8) 2.029(2), Zn–Cl(1) 2.258(1),
Zn–Cl(2) 2.290(1), Zn–Cl(3) 2.307(1), Zn–Cl(3�) 2.238(2); P–Ru–
N(7) 96.37(5), P–Ru–N(8) 92.90(4), N(7)–Ru–N(8) 90.54(6).

Figure 5. Structural view of [RuTp(PPh3)(py)(Cl)]·solv (5·solv)
showing 30% thermal ellipsoids (hydrogen atoms omitted for clar-
ity). Selected bond lengths [Å] and angles [°]: Ru–N(2) 2.072(6),
Ru–N(4) 2.063(7), Ru–N(6) 2.111(5), Ru–P 2.294(2), Ru–Cl
2.428(2), Ru–N(7) 2.080(7); P–Ru–Cl 98.44(6), P–Ru–N(7) 96.7(2),
Cl–Ru–N(7) 86.2(2).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4137–41424140

ing PPh3 with a very regular propeller-like conformation,
as can be seen by the three Ru–P–Cipso–C torsion angles
of –46.3°, –47.4°, and –54.1°. With this conformation and
N(2)–Ru–P–C(10), the phenyl rings C(10)–C(15) and
C(16)–C(21) exhibit stabilizing intramolecular π-π stacking
interactions with one pyrazole and the pyridine ring.

In summary, we have described a facile synthesis of a
series air-stable dichloro RuIII complexes of the type
[RuTp(PR3)Cl2]. These compounds are readily reduced to
RuII complexes containing the [RuTp(PR3)]+ fragment. The
use of NaBH4 as reducing agent gives the dihydrogen com-
plexes [RuTp(PR3)(H)(η2-H2)], while with Zn in the pres-
ence of CH3CN and pyridine, respectively, complexes
[RuTp(PR3)(CH3CN)2]+ and [RuTp(PR3)(py)Cl] are ob-
tained.

Experimental Section
General: All manipulations were performed under an inert atmo-
sphere of purified argon by using Schlenk techniques. All chemicals
were standard reagent grade and used without further purification.
The solvents were purified according to standard procedures.[10]

The deuterated solvents were purchased from Aldrich and dried
with 4-Å molecular sieves. [RuTp(COD)Cl] (1) was prepared ac-
cording to the literature method.[11] 1H, 13C{1H}, and 31P{1H}
NMR spectra were recorded with Bruker Avance-250, -300, and
-400 spectrometers and are referenced to SiMe4 and H3PO4 (85%),
respectively.

[RuTp(PPh3)Cl2] (2a): A suspension of 1 (150 mg, 0.33 mmol) and
PPh3 (89.1 mg, 0.34 mmol) in DMF (4 mL) was heated at reflux
for 2 h. After removal of the solvent, the remaining residue was
dissolved in CH2Cl2 and CCl4 (2 mL) was added. After stirring of
the solution for 2 h at room temperature, the volume of the solution
was reduced to about 1 mL and the product was precipitated by
addition of Et2O and petroleum ether. The residue was collected
on a glass-frit, washed with Et2O, and dried in vacuo. Yield:
183 mg (86%). C27H25BCl2N6PRu (647.30): calcd. C 50.10, H 3.89,
N 12.98; found C 50.21, H 3.91, N 12.41. µeff = 1.89 µB.

[RuTp(PPh2iPr)Cl2] (2b): This complex was prepared analogously
to 2a using 1 (150 mg, 0.33 mmol) and PPh2iPr (77.6 mg,
0.34 mmol) as starting materials. Yield: 174 mg (88%).
C24H27BCl2N6PRu (613.28): calcd. C 47.00, H 4.44, N 13.70; found
C 47.11, H 4.35, N 13.88. µeff = 1.99 µB.

[RuTp(PiPr3)Cl2] (2c): This complex was prepared analogously to
2a using 1 (150 mg, 0.33 mmol) and PiPr3 (64.9 µL, 0.34 mmol) as
starting materials. Yield: 156 mg (87%). C18H31BCl2N6PRu
(545.24): calcd. C 39.65, H 5.73, N 15.41; found C 39.55, H 5.40,
N 15.53. µeff = 1.99 µB.

[RuTp(PCy3)Cl2] (2d): This complex was prepared analogously to
2a using 1 (150 mg, 0.33 mmol) and PCy3 (95.3 mg, 0.34 mmol) as
starting materials. Yield: 169 mg (77%). C27H43BCl2N6PRu
(665.44): calcd. C 48.73, H 6.51, N 12.63; found C 48.60, H 6.91,
N 12.70. µeff = 1.40 µB.

[RuTpH(H2)(PPh3)] (3a): NaBH4 (28 mg, 0.75 mmol) was added to
a solution of 2a (100 mg, 0.15 mmol) in THF (5 mL) and EtOH
(1 mL) and the reaction mixture was stirred at room temperature
for 2 h. The solution was then evaporated to dryness and the resi-
due was redissolved in THF. Insoluble materials were removed by
filtration and the solution was again evaporated to dryness to yield
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a white solid, which was dried under vacuum. Yield: 84 mg (97%).
C27H28BN6PRu (579.41): calcd. C 55.97, H 4.87, N 14.50; found C
56.10, H 4.76, N 14.60. 1H NMR (C6D6, 20 °C): δ = 7.70–7.51 (m,
7 H, Ph, Tp), 7.25–7.18 (m, 2 H, Tp), 7.15–6.99 (m, 12 H, Ph, Tp),
5.93–5.79 (m, 3 H, Tp), –9.31 (d, 2JH,P = 18.1 Hz, 3 H, H, H2)
ppm. 31P{1H} NMR (C6D6, 20 °C): δ = 75.4 ppm.

[RuTpH(H2)(PPh2iPr)] (3b): This complex was prepared analo-
gously to 3a using 2b (100 mg, 0.16 mmol) and NaBH4 (31 mg,
0.82 mmol) as starting materials. Yield: 76 mg (87%).
C24H30BN6PRu (545.40): calcd. C 52.85, H 5.54, N 15.41; found C
52.77, H 5.49, N 15.50. 1H NMR (C6D6, 20 °C): δ = 7.71–7.46 (m,
6 H, Tp), 7.20–6.86 (m, 10 H, Ph), 5.95–5.69 (m, 3 H, Tp), 2.24–
2.03 (m, 1 H, CH), 1.24 (dd, 3JH,P = 14.1, 3JH,H = 7.0 Hz, 6 H,
CH3), –9.68 ppm (d, 2JH,P = 18.1 Hz, 3 H, H,H2); T1min: 41 ms
(–38 °C, [D8]toluene, 300 MHz). 31P{1H} NMR (C6D6, 20 °C): δ =
82.4 ppm.

[RuTpH(H2)(PiPr3)] (3c): This complex was prepared analogously
to 3a using 2c (100 mg, 0.18 mmol) and NaBH4 (34 mg,
0.90 mmol) as starting materials. Yield: 71 mg (83%).
C18H34BN6PRu (477.36): calcd. C 45.29, H 7.18, N 17.61; found C
45.17, H 7.23, N 17.69. 1H NMR (C6D6, 20 °C): δ = 8.13–7.40 (m,
6 H, Tp), 6.25–5.82 (m, 3 H, Tp), 2.12–1.88 (m, 3 H, CH), 1.09
(dd, 3JH,P = 12.6, 3JH,H = 7.1 Hz, 18 H, CH3), –10.53 ppm (d, 2JH,P

= 18.1 Hz, 3 H, H, H2); T1min: 24 ms (–73 °C, CD2Cl2, 300 MHz).
31P{1H} NMR (C6D6, 20 °C): δ = 82.2 ppm.

[RuTpH(H2)(PCy3)] (3d): This complex was prepared analogously
to 3a using 2d (100 mg, 0.15 mmol) and NaBH4 (28 mg,
0.75 mmol) as starting materials. Yield: 80 mg (89%).
C27H46BN6PRu (597.55): calcd. C 54.27, H 7.76, N 14.06; found C
54.20, H 7.69, N 14.00. 1H NMR (C6D6, 20 °C): δ = 8.16–7.49 (m,
6 H, Tp), 6.32–5.86 (m, 3 H, Tp), 3.60–3.36 (m, 3 H, CH), 2.12–
0.95 (m, 30 H), –10.41 ppm (d, 2JH,P = 17.6 Hz, 3 H, H, H2); T1min:
27 ms (–46 °C, CD2Cl2, 300 MHz). 31P{1H} NMR (C6D6, 20 °C):
δ = 76.5 ppm.

[RuTp(PPh3)(CH3CN)2]2(ZnCl4) (4a): Zn powder (98 mg,
1.5 mmol) was added to a solution of 2a (100 mg, 0.15 mmol) in
acetonitrile and the reaction mixture was stirred at room tempera-
ture for 2 h. Insoluble materials were then removed by filtration.
The volume of the solution was then reduced to about 1 mL and
the product was precipitated by addition of Et2O. The pale-yellow
residue was collected on a glass frit, washed with Et2O, and dried
under vacuum. Yield: 174 mg (76%) C62H62B2Cl4N16P2Ru2Zn
(1524.2): calcd. C 48.86, H 4.10, N 14.70; found C 48.75, H 4.02,
N 14.78. 1H NMR (CD3CN, 20 °C): δ = 8.12–8.04 (m, 1 H, Tp),
7.93–7.80 (m, 3 H, Tp), 7.59–7.44 (m, 3 H, Ph), 7.43–7.33 (m, 6 H,
Ph), 7.23–7.04 (m, 6 H, Ph), 6.85–6.74 (m, 2 H, Tp), 6.44–6.36 (m,
1 H, Tp), 6.04–5.93 (m, 2 H, Tp), 2.33 (s, 6 H, CH3CN) ppm.
13C{1H} NMR (CD3CN, 20 °C): δ = 146.8–127.0 (Ph, Tp), 125.8
(CH3CN), 107.8 (d, JC,P = 1.5 Hz, Tp), 107.4 (Tp), 104.8 (Tp), 5.1
(CH3CN) ppm. 31P{1H} NMR (CD3CN, 20 °C): δ = 51.9 ppm.

[RuTp(PPh2iPr)(CH3CN)2]2(ZnCl4) (4b): This complex was pre-
pared analogously to 4a using 2b (100 mg, 0.16 mmol) and zinc
powder as starting materials. Yield: 156 mg (67%).
C56H66B2Cl4N16P2Ru2Zn (1456.14): calcd. C 46.19, H 4.57, N
15.39; found C 46.23, H 4.61, N 15.42. 1H NMR (CD3CN, 20 °C):
δ = 8.08–7.95 (m, 1 H, Tp), 7.83–7.64 (m, 3 H, Tp), 7.48–6.97 (m,
10 H, Ph), 6.89–6.82 (m, 1 H, Tp), 6.41–6.30 (m, 1 H, Tp), 5.96–
5.80 (m, 2 H, Tp), 3.30–3.06 (m, 1 H, CH), 2.51 (6 H, CH3CN),
1.33 (dd, 3JH,P = 14.5, 3JH,H = 6.9 Hz, 6 H, CH3) ppm. 13C{1H}
NMR (CD3CN, 20 °C): δ = 154.0–127.4 (Ph, Tp), 126.3 (CH3CN),
106.3 (d, JC,P = 3.1 Hz, Tp), 106.3 (Tp), 25.4 (CH), 18.3 (CH3), 4.0
(CH3CN) ppm. 31P{1H} NMR (CD3CN, 20 °C): δ = 54.3 ppm.
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[RuTp(PCy3)(CH3CN)2]BPh4 (4c): NaBPh4 (56.6 mg, 0.165 mmol)
and Zn powder (98 mg, 1.5 mmol) were added to a solution of 2d
(100 mg, 0.15 mmol) in acetonitrile and the reaction mixture was
stirred at room temperature for 2 h. Insoluble materials were re-
moved by filtration. The volume of the solution was then reduced
to about 1 mL and the product was precipitated by addition of
Et2O. The pale-yellow residue was collected on a glass frit, washed
with Et2O, and dried in vacuo. Yield: 126 mg (89%).
C51H63B2N8PRu (941.78): calcd. C 65.04, H 6.74, N 11.90; found
C 64.97, H 6.78, N 11.89. 1H NMR (CD3CN, 20 °C): δ = 7.91–
7.79 (m, 3 H, Tp), 7.78–7.70 (m, 1 H, Tp), 7.67–7.55 (m, 2 H, Tp),
7.38–7.14 (m, 8 H, Ph), 7.09–6.92 (m, 8 H, Ph), 6.90–6.74 (m, 4 H,
Ph), 6.37–6.22 (m, 3 H, Tp), 2.43 (6 H, CH3CN), 2.26–2.05 (m, 3
H, Cy), 1.82–1.56 (m, 18 H, Cy), 1.54–1.32 (m, 4 H, Cy), 1.31–1.02
(m, 8 H, Cy) ppm. 13C{1H} NMR (CD3CN, 20 °C): δ = 146.1–
121.7 (Ph, Tp, CH3CN), 106.5 (Tp), 106.2 (d, JC,P = 2.1 Hz, Tp),
34.6 (d, 1JC,P = 18.6 Hz, CH), 29.1 (CH2), 27.4 (d, JC,P = 9.7 Hz,
CH2), 26.3 (CH2), 3.9 (CH3CN) ppm. 31P{1H} NMR (CD3CN,
20 °C): δ = 38.8 ppm.

[RuTp(PPh3)(py)Cl] (5). Method (a): Pyridine (63 µL, 0.75 mmol)
and Zn powder (98 mg, 1.5 mmol) were added to a solution of 2a
(100 mg, 0.15 mmol) in toluene, and the reaction mixture was
stirred at room temperature for 1 h. Insoluble materials were re-
moved by filtration. The volume of the solution was then reduced
to about 1 mL and the product was precipitated by addition of
Et2O and petroleum ether. The yellow residue was collected on a
glass frit, washed with Et2O and petroleum ether, and dried under
vacuum. Yield: 102 mg (98%).

Method (b): A solution of 2a (100 mg, 0.15 mmol) in pyridine
(5 mL) was heated at reflux for 2 h. The volume of the solution
was then reduced to about 1 mL and the product was precipitated
by addition of Et2O and petroleum ether. The yellow residue was
collected on a glass frit, washed with petroleum ether, and dried
under vacuum. Yield: 98 mg (95%). C32H30BClN7PRu (691.11):
calcd. C 55.63, H 4.38, N 14.19; found C 55.70, H 4.48, N 14.23.
1H NMR (CD2Cl2, 20 °C): δ = 8.78 (d, JH,H = 8.8 Hz, 2 H, py),
7.99 (t, JH,H = 7.7 Hz, 1 H, py), 7.89–6.73 (m, 22 H, Ph, Tp, py),
6.63 (d, JH,H = 1.7 Hz, 1 H, Tp), 6.18–6.12 (m, 1 H, Tp), 5.92 (dd,
1JH,H = 2.2, 2JH,H = 2.3 Hz, 1 H, Tp), 5.80 (dd, 1JH,H = 2.3, 2JH,H

= 2.3 Hz, 1 H, Tp) ppm. 13C{1H} NMR (CD2Cl2, 20 °C): δ = 156.4
(py), 146.4 (Tp), 141.9 (Tp), 140.1 (Tp), 137.5–127.5 (Ph, Tp, py),
125.5 (py), 105.8 (Tp), 105.4 (Tp) ppm. 31P{1H} NMR (CD2Cl2,
20 °C): δ = 54.7 ppm.

X-ray Structure Determination: Crystals of 2a, 2b, 4b·CH3CN, and
5·solv were obtained by diffusion of Et2O or pentane into solutions
in CH2Cl2 (2a, 2b, 5) or CH3CN (4b). Crystals of 2d·CH2ClCH2Cl
were obtained by solvent evaporation. Crystal data and experimen-
tal details are given in Table 2. X-ray data were collected on a
Bruker Smart CCD area detector diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) and 0.3° ω-scan
frames covering either hemispheres or complete spheres of the re-
ciprocal space. Corrections for absorption, λ/2 effects, and crystal
decay were applied.[12] The structures were solved by direct meth-
ods using the program SHELXS-97.[13] Structure refinement on F2

was carried out with the program SHELXL-97.[4] All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were inserted
in idealized positions and were refined as riding on the atoms to
which they are bonded. Solvent disorder (2d·CH2ClCH2Cl,
4b·CH3CN) and anion disorder (4b·CH3CN) was taken into ac-
count. The disordered solvent in 5·solv (a mixture of CH2Cl2 and
Et2O) was squeezed with the program PARST.[14]

CCDC-609376 (for 2a), -609377 (for 2b), -609378 (for
2d·CH2ClCH2Cl), -609379 (for 4b·CH3CN), and -609380 (for



S. Pavlik, M. Puchberger, K. Mereiter, K. KirchnerFULL PAPER
Table 2. Details for the crystal structure determinations of complexes [RuTp(PPh3)Cl2] (2a), [RuTp(PPh2iPr)Cl2] (2b), [RuTp(PCy3)Cl2]
·CH2ClCH2Cl (2d·CH2ClCH2Cl), [RuTp(PPh2iPr)(CH3CN)2]2[ZnCl4]·CH3CN (4b·CH3CN), and [RuTp(PPh3)(py)(Cl)]·solv (5·solv).

2a 2b 2d·CH2ClCH2Cl 4b·CH3CN 5·solv[a]

Formula C27H25BCl2N6PRu C24H27BCl2N6PRu C29H47BCl4N6PRu C58H69B2Cl4N17P2Ru2Zn C32H30BClN7PRu
Fw 647.28 613.27 764.38 1497.17 690.93
Crystal size [mm] 0.58×0.31×0.21 0.33×0.32×0.14 0.24×0.12×0.06 0.40×0.30×0.25 0.45×0.18×0.08
Space group P21/c (no. 14) P21/c (no. 14) P21/n (no. 14) C2/c (no. 15) P21/n (no. 14)
a [Å] 10.3997(4) 9.2269(5) 17.9316(10) 24.7471(12) 10.892(3)
b [Å] 19.9941(9) 29.8909(17) 8.8672(5) 18.9497(9) 30.243(7)
c [Å] 13.2929(6) 10.0220(6) 23.4699(13) 18.7346(9) 11.008(3)
β [°] 93.397(1) 104.133(1) 111.056(1) 129.629(1) 99.425(5)
V [Å3] 2759.2(2) 2680.4(3) 3482.6(3) 6766.6(6) 3577.3(15)
Z 4 4 4 4 4
ρcalcd. [g cm–3] 1.558 1.520 1.458 1.470 1.283
T [K] 173(2) 297(2) 173(2) 173(2) 173(2)
µ [mm–1] (Mo-Kα) 0.849 0.869 0.833 1.048 0.588
F(000) 1308 1244 1580 3048 1408
θmax [deg] 30 27 27 30 25
Reflections measd. 27878 24434 37555 34395 11091
Unique reflections 8034 5830 7579 9766 5517
Refl. with I � 2σ(I) 6739 4951 5554 8010 3657
Parameters 344 316 386 433 388
R1 [I � 2σ(I)][b] 0.0390 0.0363 0.0396 0.0322 0.0829
R1 (all data) 0.0510 0.0462 0.0664 0.0430 0.1250
wR2 (all data) 0.0848 0.0787 0.0844 0.0871 0.1912
Diff. Fourier peaks, –1.10/0.62 –0.35/0.28 –0.58/0.66 –0.53/0.77 –1.08/1.32
min./max. [eÅ–3]

[a] Disordered solvent (CH2Cl2/Et2O) squeezed with program PARST. Chemical formula and derived quantities given without solvent
content. [b] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σ{w(Fo

2 – Fc
2)2}/Σ{w(Fo

2)2}]1/2.

5·solv) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Electrochemical Studies: Cyclic voltammograms were measured in a
three-electrode cell using a 0.2-mm-diameter glassy carbon working
electrode, a platinum auxiliary electrode, and a Ag|Ag+ reference
electrode containing 0.1  AgNO3, the potential of which was cor-
rected using an internal standard redox couple of ferrocenium/fer-
rocene. Measurements were performed at room temperature using
an EG & G PARC 273A potentiostat/galvanostat. Deaeration of
solutions was accomplished by passing a stream of argon through
the solution for 5 min prior to the measurement and then main-
taining a blanket atmosphere of argon over the solution during the
measurement. The potentials were measured in 0.15 

[nBu4N][BF4]/CH3CN, using FeCp2 (E1/2 = +0.69 V vs. NHE) as
internal standard and are quoted relative to NHE.

Magnetic Measurements: For the determination of the magnetic
susceptibility, the powdered complex was pressed into pellets. VT
magnetic susceptibility measurements of the complex were per-
formed with a superconductivity interferometer device (SQUID)
in external fields of up to 3 T, within the temperature range 4.2–
300 K.
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When R2SnCl2 (R = Me, nBu) reacted with substituted benzo-
hydroxamic acid (substituent = 4-F; 2,4-Cl2; 2,5-F2) and po-
tassium hydroxide in aqueous methanol solution, two types
of condensation products could be obtained, depending on
the molar ratio R2SnCl2/RCONHOH/KOH. When a 1:1:2 mo-
lar ratio was used, 1:1 alkyltin hydroxamates {(n-C4H9)2Sn[4-
FC6H4C(O)NO]}n (1) and {(CH3)2Sn[2,5-F2C6H3C(O)NO]}n

(2) were formed. When a 1:2:2 ratio was used, another two
unexpected 2:3 alkyltin hydroxamates, {(CH3)4Sn2[(2,4-
Cl2C6H3C(O)NHO)2][2,4-Cl2C6H3C(O)NO]}n (3) and {(n-

Introduction

Hydroxamic acids (HAs) have attracted considerable at-
tention recently as supporting ligands in organometallic
chemistry and biology because of their tautomerization,[1]

and potential as therapeutics agents.[2] The biological im-
portance and different conformation of HAs may make
their organometallic derivatives exert a subtle influence on
their medicinal applications. In principle, each of the two
oxygen atoms of the hydroxamato ligand is capable of act-
ing as a coordination site, and the bonding modes are flexi-
ble. Moreover, tautomers of HAs assume different confor-
mations or configurations, as indicated in Scheme 1. The
HAs preferentially adopt the (Z) configurations when bind-
ing with metal ions to form a complex, either through the
hydroxamic acid form or the hydroximic acid form. In ad-
dition, it is well documented by both theoretical[3] and ex-
perimental studies that the hydroxamic form is the domi-
nant one in free acids[4] or metal hydroxamates.[5]

Despite these attractive features, studies on the coordina-
tion modes of the complexes possessing hydroxamic ligands
are still relatively scarce. According to the literature,[6] the
complexes of hydroxamic derivatives with metal formed
O,O five-membered chelate rings in most cases, and the li-
gands were usually in the hydroxamic form rather than hy-
droximic form. To the best of our knowledge, the complexes
in which ligands are only in the hydroximic form are rarely
observed, and indeed, a case with the ligands coordinated

[a] School of Pharmaceutical Science, Shanxi Medical University,
Taiyuan 030001, P. R. China

[b] School of Pharmaceutical Science, Tongji Medical College,
Huazhong University of Science and Technology,
13 Hangkong Road, Wuhan 430030, P. R. China
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C4H9)4Sn2[(4-FC6H4C(O)NHO)2][4-FC6H4C(O)NO]}n (4),
were obtained. All these complexes were characterized by
elemental analysis, IR, 1H, 13C, 119Sn NMR spectra and X-ray
diffraction analysis. The results indicated overall (Z)-iminol
coordination mode in the hydroximic tautomeric form for 1
and 2, and keto-iminol mixed-coordination mode including
both in (Z)-hydroxamic and -hydroximic tautomeric forms for
3 and 4.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Isomers of hydroxamic acids.

to the metal center both in the hydroxamic and hydroximic
forms in the same complex has not yet been reported.

On the other hand, in contrast to the extensive chemistry
of transition-metal hydroxamato complexes,[7,8] little is
known about the hydroxamato organotin(IV) complexes,[9]

especially their coordination modes. The synthesis and
structure of 1:2 diorganotin(IV)/hydroxamato complexes
have been previously reported by our group,[10,11] which
provides a novel coordination mode for hydroxamato dior-
ganotin(IV) complexes. To obtain a deeper insight into the
influence of the ligand and to further explore structural di-
versity, in this work, an extension of the work on the 1:2
diorganotin(IV)/hydroxamato complexes was carried out,
and four unusual complexes containing the (Z) isomer hy-
droximic ligand were obtained, presenting novel 1:1 and 2:3
organotin(IV)/hydroxamato complexes with hydroximic li-
gands. Furthermore, the reaction of substituted benzohy-
droxamic acid with dialkyltin(IV) compounds, leading to
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the formation of these special organotin(IV) complexes
with hydroximato ligands, is also discussed.

Results and Discussion

Reaction of Dialkyltin Dichloride with Substituted
Benzohydroxamic Acid

To obtain a deeper insight into the coordination of hy-
droxamic acid to the tin center, the reaction of dialkyltin
dichloride with substituted benzohydroxamic acid was
studied. It was found that the reaction of dialkyltin dichlo-
ride (Bu2SnCl2 and Me2SnCl2) with substituted benzohy-
droxamic acid and potassium hydroxide at a 1:1:2 ratio in
methanol/water gave 1:1 dialkyltin hydroxamates {(n-
C4H9)2Sn[4-FC6H4(O)C=NO]}n (1) and {(CH3)2Sn[2,5-2F-
C6H3C(O)NO]}n (2). When a 1:2:2 ratio was used, another
two unexpected 2:3 alkyltin hydroxamates, {(CH3)4Sn2[(2,4-
Cl2C6H3C(O)NHO)2][2,4-Cl2C6H3C(O)NO]}n (3) and {(n-
C4H9)4Sn2[(4-FC6H4C(O)NHO)2][4-FC6H4C(O)NO]}n (4),
were obtained. All of these complexes contain chelating hy-
droximic acid ligands [(Z) isomer], which is obviously dif-
ferent from well-known dialkyltin hydroxamates. Although
the reactions of metal ions with hydroxamic acid have been
studied extensively, most of them form 1:2 complexes con-
taining hydroxamic acid ligands [(Z) conformer], and very
little is reported on complexes containing hydroximic acid
ligands [(Z) isomer]. Presumably, complexes 1, 2, 3, and 4
could result from the tautomerism of the hydroxamic acid
ligand, as shown in Scheme 1. The present observation
might be attributed to three favorable factors: (1) the alka-
line reaction conditions might make the equilibrium (as
shown in Scheme 1) move from hydroxamic acid [(Z) con-
former] toward hydroximic acid [(Z) isomer] easily, and
thus, the hydrogen atom linked to the nitrogen atom could
migrate to the oxygen atom of the carbonyl group; then
the ratio of hydroximic acid in the keto-iminol tautomerism
equilibrium would be raised in this way, resulting in these
complexes with new coordinated modes; (2) the strong elec-
tron-withdrawing nature of F or Cl may enhance the 1,3-
migratory aptitude of the hydrogen atom in the hydroxamic
acid ligands; (3) it is also conceivable that a hydroxamic
acid in the (E) conformation could also give the observed
products, as any energy requirement for isomerism to the
(Z) form would be compensated for by the favorable ener-
getics associated with the formation of a stable five-mem-
bered chelate ring (i.e. chelate effect).

Syntheses and Characterizations of 1 and 2

When dialkyltin dichloride (Bu2SnCl2; Me2SnCl2) reacts
with substituted benzohydroxamic acid (substituent = 4-F;
2,5-F2) and potassium hydroxide, 1:1 condensation prod-
ucts 1 and 2 can be obtained (Scheme 2). In the IR spectra
for the two complexes, a remarkable difference is the com-
plete disappearance of the stretching vibration bands of N–
H in contrast to their free ligands. This unambiguously con-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4143–41504144

firms that these ligands are coordinated to the tin atoms
through the hydroximic form. The characteristic absorp-
tions at both 1661–1610 cm–1 in the spectra of 1 and 2 indi-
cate the presence of a C=N group.[12–15] For 1, the Bu–Sn–
Bu angle of 129° calculated from the equation of Holeček
and Lyčka[16] is very close to the value of 130.1(4)° found
by X-ray analysis (Table 1). The Me–Sn–Me angle for 2 in
solution calculated from the equation of Lockhart and
Manders[17] is 128°, also close to the 131.45(19)° observed
in the solid state (Table 2). The 119Sn NMR spectroscopic
data show only one signal at δ � –124.8 ppm for 1 and
δ � –129.9 ppm for 2, indicating a typical five-coordinate
species,[16] which was further confirmed by single-crystal X-
ray analysis.

Scheme 2.

Reaction of dialkyltin dichloride (Me2SnCl2; Bu2SnCl2)
with substituted benzohydroxamic acid (substituent = 2,4-
Cl2; 4-F) in 1:2 stoichiometry yields 2:3 condensation prod-
ucts 3 and 4 (Scheme 3). In their free ligands, a strong band
near 3207 cm–1 is observed, assigned to be the ν(NH) ab-
sorption, which is shifted to higher frequency (near
3290 cm–1) in the two complexes. This shows that the NH
group is retained in the two complexes. In the 1H NMR
spectra of complex 3, two single resonances for the proton
in the –NH–O– group are observed at δ = 9.21 and
10.56 ppm, indicating that the proton of the –NH–O–
group exists in complex 3, and confirming the ligand coor-
dinates to the tin atom in the keto (hydroxamato) form.

Scheme 3.

The 119Sn NMR spectroscopic data show two signals at
δ � –222.6 and –221.0 ppm for 3 (δ � –217.4, –216.6 ppm
for 4), indicating the presence of two different tin sites in
solution, which has been confirmed in the solid state for 3
and 4. The δ(119Sn) values of compounds 3 and 4 belong in
the range of six-coordinate compounds.[16,18] In complexes
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3 and 4, the ligands are also coordinated to the tin atom in
the iminol (hydroximato) form, which was verified by X-ray
crystal diffraction technique and is discussed below.

Crystal Structures of Complexes 1 and 2

Selected bond lengths and angles of complexes 1 and 2
are listed in Tables 1 and 2, respectively. The molecular
structures of the two complexes are shown in Figures 1 and
2 for a single chain based on the one-dimensional oxygen-
bridged dialkyltin(IV) complex. The substituted benzohy-
droximic ligands are found to be chelated to the Sn atom
through the carbonyl O atom and the hydroxy O atom, and
Sn–O bond lengths are 2.065(6) and 2.191(5) Å for 1, and
2.064(2) and 2.155(2) Å for 2. The SnIV atoms are bonded
to two alkyl groups, and the C(8)–Sn1–C(12) linkage for 1
[C(8)–Sn1–C(9) for 2] is not linear, having an angle of
130.1(4)° for 1 [131.45(19)° for 2]. All these Sn–C and Sn–
O bond lengths and also all bond angles around the Sn
center are typical values compared with other diorgano-
tin(IV) complexes.[19,20]

However, the endocyclic C–N and C–O bond lengths are
special in contrast with those of well-known 1:2 diorganotin
hydroxamates. The bond length C(7)–N(1) in complex 1 is
1.237(9) Å, and is significantly shorter than the values in
the known 1:2 complexes [the average C–N distance of
1.32 Å is comparable to the corresponding distance in dior-
ganotin(IV) hydroxamates]. Moreover, no hydrogen atom is
at the N1 position, suggesting that the C–N bond in com-
plex 1 is a typical double bond.[21] Meanwhile, the bond
length C(7)–O(1) in complex 1 is 1.378(9) Å, and is signifi-
cantly longer than the typical value of C=O [the average
C=O distance of 1.25 Å is comparable to the corresponding
distance in diorganotin(IV) hydroxamates],[22] which shows
the C–O bond in the complex should be a typical single
bond. The bonding mode is in good agreement with hy-
droximic acid [(Z) isomer]. From the above analysis it could

Table 1. Selected bond lengths [Å] and angles [°] for 1. Symmetry operators: #1: –x + 2, y + 1/2, –z + 1/2; #2: –x + 2, y – 1/2, –z + 1/2.

O(1)–Sn(1) 2.065(6) C(7)–N(1) 1.237(9)
O(2)–Sn(1) 2.191(5) C(7)–O(1) 1.378(9)
O(2)–Sn(1)#1 2.134(4) N(1)–O(2) 1.428(8)
Sn(1)–O(2)#2 1.512(14) C(8)–Sn(1) 2.085(10)
C(8)–Sn(1)–C(12) 130.1(4) O(1)–Sn(1)–C(12) 114.2(4)
O(1)–Sn(1)–C(8) 115.7(3) O(1)–Sn(1)–O(2)#2 76.4(2)
C(8)–Sn(1)–O(2)#2 96.3(3) C(12)–Sn(1)–O(2)#2 95.3(3)
O(1)–Sn(1)–O(2) 75.0(2) C(8)–Sn(1)–O(2) 96.0(3)
C(12)–Sn(1)–O(2) 96.3(3) O(2)#2–Sn(1)–O(2) 151.45(9)

Table 2. Selected bond lengths [Å] and angles [°] for 2. Symmetry operators: #1: –x + 1, y – 1/2, z + 1/2; #2: –x + 1, y + 1/2, –z + 1/2.

Sn(1)–O(1) 2.155(2) C(7)–N(1) 1.286(5)
Sn(1)–O(2) 2.064(2) C(7)–O(2) 1.318(4)
Sn(1)–O(1)#1 2.151(2) N(1)–O(1) 1.430(4)
O(1)–Sn(1)#2 2.151(2) Sn(1)–C(8) 2.097(4)
C(8)–Sn(1)–C(9) 131.45(19) C(9)–Sn(1)–O(1)#1 95.40(15)
O(2)–Sn(1)–C(8) 111.39(16) O(2)–Sn(1)–O(1) 74.03(9)
O(2)–Sn(1)–C(9) 117.15(15) C(8)–Sn(1)–O(1) 98.71(14)
O(2)–Sn(1)–O(1)#1 76.97(9) C(9)–Sn(1)–O(1) 94.63(15)
C(8)–Sn(1)–O(1)#1 95.00(13) O(1)#1–Sn(1)–O(1) 150.78(5)
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Figure 1. Diagram of a section of polymeric 1. Hydrogen atoms
are omitted for clarity.

be concluded that the ligand is coordinated to the tin(IV)
atom in the hydroximic acid form, and complex 1 is a hy-
droximate rather than a hydroxamate.

For complex 2, the overall structure (Figure 2, Table 2)
is similar to that of complex 1. The Sn4+ ion is bonded
with two CH3 groups and one substituted benzohydroximic
ligand. The coordination number of the Sn atom is 5. The
complex has no unusual distances or angles in the Me2Sn
unit.

Like complex 1, the bond length C(7)–N(1) in complex
2 is 1.286(5) Å, and is significantly shorter than those val-
ues in the known 1:2 complexes.[11] Consistently, the average
C(7)–O(2) distance [1.318(4) Å] of complex 2 is significantly
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Figure 2. ORTEP drawing of a section of polymeric 2 with atomic numbering scheme.

longer than the corresponding distance of C=O, indicating
the C–O bond in complex 2 should be a typical single bond.
These data show that the ligand is coordinated to the
tin(IV) atom in the hydroximic acid form and the coordina-
tion mode of complex 2 is similar to that of complex 1.

Figure 3. Diagram of the dimeric repeating units in polymeric 3. Hydrogen atoms are omitted for clarity.
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Crystal Structures of Complexes 3 and 4

The molecular structures of 3 and 4 are shown in Fig-
ures 3 and 4, respectively. Selected bond lengths and angles
for complexes 3 and 4 are listed in Tables 3 and 4, respec-
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tively. The crystal structure of the two compounds consists
of one-dimensional linear chains in which Me4Sn2[(2,4-
Cl2C6H3C(O)NHO)2][2,4-Cl2C6H3C(O)NO] or (n-C4H9)4-
Sn2{[4-FC6H4C(O)NHO]2}[4-FC6H4C(O)NO] units are se-
quentially bridged by the oxygen atom of the N–O bond in
the ligands and contain a central planar Sn2O2 four-mem-
bered ring. The ligands in the two complexes have been
combined with dialkyltin(IV), forming many five-mem-
bered heterometallacycles. However, the number and con-
figuration of the ligand bonded to a different Sn atom are
obviously not consistent with each other. Only one ligand
is coordinated to Sn1 through the hydroximic form, while
the other two ligands are coordinated to Sn2 through the
hydroxamic form. In contrast to the behavior observed for
the 1:2 or 1:1 diorganotin hydroxamate complexes, both 3
and 4 are 2:3 condensation products with an unusual coor-
dinating mode.

Figure 4. Diagram of the dimeric repeating units in polymeric 4.
Hydrogen atoms are omitted for clarity.

Table 3. Selected bond lengths [Å] and angles [°] for 3. Symmetry operator: #1: –x, y, –z + 1/2.

Sn(1)–C(9) 2.097(5) N(1)–C(1) 1.280(5)
Sn(1)–C(8) 2.100(5) N(1)–O(1) 1.422(4)
Sn(1)–O(1) 2.167(3) N(2)–C(10) 1.314(6)
Sn(1)–O(2) 2.190(3) N(2)–O(3) 1.381(5)
Sn(1)–O(1)#1 2.274(3) N(3)–C(19) 1.314(5)
Sn(1)–O(3) 2.450(3) N(3)–O(5) 1.381(4)
Sn(2)–C(18) 2.095(5) O(2)–C(1) 1.305(5)
Sn(2)–C(17) 2.105(5) O(4)–C(10) 1.247(6)
Sn(2)–O(3) 2.109(3) O(6)–C(19) 1.255(5)
C(9)–Sn(1)–C(8) 163.48(19) C(18)–Sn(2)–O(3) 108.87(18)
C(9)–Sn(1)–O(1) 95.54(16) C(17)–Sn(2)–O(3) 101.7(2)
C(8)–Sn(1)–O(1) 99.78(15) C(18)–Sn(2)–O(5) 101.99(17)
C(9)–Sn(1)–O(2) 98.94(17) C(17)–Sn(2)–O(5) 110.8(2)
O(1)–Sn(1)–O(2) 71.72(11) C(18)–Sn(2)–O(6) 89.25(17)
C(9)–Sn(1)–O(1)#1 88.95(17) C(17)–Sn(2)–O(6) 82.62(19)
C(8)–Sn(1)–O(1)#1 90.24(16) O(3)–Sn(2)–O(6) 139.41(11)
O(2)–Sn(1)–O(1)#1 142.31(11) C(18)–Sn(2)–O(4) 85.51(17)
C(8)–Sn(1)–O(3) 88.23(16) O(3)–Sn(2)–O(4) 68.37(12)
O(2)–Sn(1)–O(3) 75.54(11) O(6)–Sn(2)–O(4) 151.28(11)
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In complex 3, the bond lengths N(2)–C(10) and N(3)–
C(19) are 1.314(6) and 1.314(5) Å respectively. The dis-
tances are in the range of a typical single bond, and nearly
equivalent N(2)–C(10) and N(3)–C(19) bond lengths sug-
gest two similar hydroxamate ligands attached to the same
Sn2 atom. Bond lengths C(10)–O(4) and C(19)–O(6) are
1.247(6) and 1.255(5) Å, respectively, which are in the ex-
pected range for C=O bond interaction with obvious
double and donor-bond character. The bonding mode of
the ligand is well in agreement with the (Z) conformer of
hydroxamic acid, indicating that ligands are coordinated to
Sn2 through the hydroxamic ligand [(Z) conformer] form.

Complex 4 is similar to complex 3 in molecular structure.
The bond lengths N(1)–C(7) and N(3)–C(31) are 1.323(5)
and 1.311(5) Å, respectively, indicating the distances are in
the range of a typical single bond in diorganotin(IV) hydro-
xamates. The slight difference in the bond lengths N(1)–
C(7) and N(3)–C(31) may be a result of the existence of
solvent molecules (benzene). Bond lengths C(7)–O(1) and
C(31)–O(6) are 1.241(5) and 1.255(5) Å, respectively, which
are in the expected range for the C=O bond. The bonding
mode of the ligand is in good agreement with the (Z) con-
former of hydroxamic acid, indicating that the ligands are
coordinated to Sn1 through the hydroxamic ligand [(Z)
conformer] form.

Characteristically, the distance between the central car-
bon atom and the coordinated oxygen atom, C(1)–O(2), is
1.305(5) Å in complex 3 {the C(16)–O(4) distance
[1.307(4) Å] in complex 4}, significantly longer than that of
the expected C=O double bond in typical diorganotin(IV)
hydroxamates, indicating a typical single bond. Concur-
rently, the relatively short N(1)–C(1) [1.280(5) Å] bond in
complex 3 and N(2)–C(16) [1.302(5) Å] bond in complex 4
exist in the same ligand and no hydrogen atom is at the
nitrogen atom, indicating a C=N double bond. The ligand-
bonding mode is consistent with hydroximic acid [(Z) iso-
mer], indicating the ligand is coordinated to Sn1 in complex
3 (Sn2 in complex 4) in the hydroximic ligand [(Z) isomer]
form.
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Table 4. Selected bond lengths [Å] and angles [°] for 4. Symmetry operator: #1: –x + 1, –y + 2, –z + 1.

Sn(1)–C(12) 2.109(5) N(1)–C(7) 1.323(5)
Sn(1)–C(8) 2.111(5) N(1)–O(2) 1.379(4)
Sn(1)–O(1) 2.492(3) N(2)–C(16) 1.302(5)
Sn(1)–O(2) 2.130(3) N(2)–O(5) 1.434(4)
Sn(1)–O(3) 2.137(3) N(3)–C(31) 1.311(5)
Sn(1)–O(6) 2.353(3) N(3)–O(3) 1.363(4)
Sn(2)–C(27) 2.110(4) O(1)–C(7) 1.241(5)
Sn(2)–C(23) 2.112(5) O(4)–C(16) 1.307(4)
Sn(2)–O(4) 2.167(3) C(31)–O(6) 1.255(5)
C(12)–Sn(1)–C(8) 138.4(2) C(27)–Sn(2)–C(23) 161.25(18)
C(12)–Sn(1)–O(2) 103.17(16) C(27)–Sn(2)–O(5) 97.45(14)
C(8)–Sn(1)–O(2) 107.81(17) C(23)–Sn(2)–O(5) 98.38(15)
C(12)–Sn(1)–O(3) 112.64(17) O(5)–Sn(2)–O(4) 72.66(9)
O(2)–Sn(1)–O(3) 68.75(10) O(4)–Sn(2)–O(5)#1 141.74(9)
C(12)–Sn(1)–O(6) 84.36(15) C(27)–Sn(2)–O(2) 85.07(14)
C(8)–Sn(1)–O(6) 90.49(17) C(23)–Sn(2)–O(2) 86.91(15)
O(2)–Sn(1)–O(6) 138.10(10) O(5)–Sn(2)–O(2) 147.69(9)

Based on the above studies, it could be concluded that a
keto-iminol mixed-coordination mode including both hy-
droxamic and hydroximic tautomeric forms existed for
complexes 3 and 4.

Conclusion

Under alkaline condition, dialkyltin dichloride
(Bu2SnCl2; Me2SnCl2) and substituted benzohydroxamic
acid (substituent = 4-F; 2,4-Cl2; 2,5-F2) in aqueous meth-
anol solution form two types of condensation products: 1:1
dialkyltin hydroxamate complexes (1 and 2) and unexpected
2:3 alkyltin hydroxamate complexes (3 and 4). All of them
have been verified by spectral methods and X-ray single-
crystal diffraction analysis. The present results demonstrate
that all of these alkyltin hydroxamates contain hydroximic
ligands [(Z) isomer], presenting two kinds of new coordina-
tion modes. Concurrently, dialkyltin hydroxamate com-
plexes exhibit structural diversity through the isomerism of
hydroxamic ligand, which develops the coordination chem-
istry of diorganotin hydroxamic complexes. So far, the re-
sult proves that diorganotin complexes containing substi-
tuted hydroxamate ligands could take on three different co-
ordination modes. Namely, ligands of the diorganotin com-
plexes are only in hydroxamic form [(Z) conformer], or only
in hydroximate form [(Z) isomer] or in both hydroxamate
form and hydroximate form [(Z) conformer and (Z) iso-
mer], forming diversiform hydroxamate complexes.

Experimental Section
Materials and Methods: Dibutyltin(IV) dichloride, ethyl 4-fluoro-
benzoate, ethyl 2,5-difluorobenzoate, and 2,4-dichlorobenzoic acid
were purchased from Aldrich and used as received. The other rea-
gents were of analytical grade. 4-Fluorobenzohydroxamic acid, 2,5-
difluorobenzohydroxamic acid, and 2,4-dichlorobenzohydroxamic
acid were prepared according to reported methods.[23] Elemental
analyses were performed with a PE-2400-II elemental analyzer. IR
spectra in the range 4000–400 cm–1 were recorded with a Perkin–
Elmer FTIR spectrophotometer as KBr discs. 1H, 13C, and 119Sn
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NMR spectra were recorded with a Varian INOVA 600 spectrome-
ter (600.0 MHz for 1H, 150.8 MHz for 13C, 223.6 MHz for 119Sn)
at ambient temperature [δ values in ppm relative to Me4Si (1H, 13C)
or Me4Sn (119Sn)].

Synthesis of {(n-C4H9)2Sn[4-FC6H4(O)C=NO]}n (1): Dibutyltin di-
chloride (0.304 g, 1.0 mmol) in methanol (10 mL) was added drop-
wise to an aqueous methanol solution (water/methanol, 1:3, v/v,
30 mL) of 4-fluorobenzohydroxamic acid (0.150 g, 1.0 mmol) and
KOH (0.112 g, 2.0 mmol). The solution was stirred under N2 at
room temperature overnight. Water (30 mL) was added to form a
white precipitate, which was separated by filtration. The white solid
was then recrystallized from methanol/water. Colorless sheet-
shaped crystals of 1 were slowly formed at room temperature.
Yield: 0.12 g, 32%. M.p. 176–178 °C. C15H22FNO2Sn (385.69):
calcd. C 46.67, H 5.74, N 3.63; found C 46.48, H 5.85, N 3.56. IR
(KBr): ν̃ = 1661 s, 1601 s (CO/NC), 913 s (N–O), 587 w (Sn–C),
531 s (Sn–O) cm–1. 1H NMR (CDCl3): δ = 7.12–7.70 (m, 4 H,
C6H4), 1.64 [m, 2J(Sn,H) = 76 Hz, 4 H, 2 CH1

2], 1.52 (m, 4 H, 2
CH2

2), 1.37 (m, 4 H, 2 C3H2), 0.79 (t, J = 7.2 Hz, 6 H, 2 C4H3)
ppm. 13C NMR (CDCl3): δ = 164.2 (CO), 161.4, 131.4, 127.6, 115.4
and 114.9 (Carom), 27.3 [1J(119Sn,13C) = 537 Hz, CH2–Sn], 23.7
[2J(119Sn,13C) = 40 Hz, CH2CH2Sn], 26.1 [3J(119Sn,13C) = 138 Hz,
CH2CH2CH2Sn], 14.0 (R–Sn) ppm. 119Sn NMR (CDCl3): δ =
–124.8 ppm.

Synthesis of {(CH3)2Sn[2,5-F2C6H3(O)C=NO]}n (2): Dimethyltin
dichloride (0.220 g, 1.0 mmol) in methanol (10 mL) was added
dropwise to an aqueous methanol solution (water/methanol, 1:3,
v/v, 30 mL) of 2,5-difluorobenzohydroxamic acid (0.173 g, 1.0 mmol)
and KOH (0.112 g, 2.0 mmol). The solution was stirred under N2

at room temperature overnight. Water (30 mL) was added to form
a white precipitate, which was separated by filtration. The white
solid was then recrystallized from methanol/water. Colorless sheet-
shaped crystals of 2 were slowly formed at room temperature.
Yield: 0.10 g, 28.2%. M.p. 262 °C dec. C9H9F2NO2Sn (319.86):
calcd. C 33.79, H 2.84, N 4.38; found C 33.52, H 2.96, N 4.29. IR
(KBr): ν̃ = 1665 s, 1616 s (CO/NC), 926 s (N–O), 586 w (Sn–C),
528 s (Sn–O) cm–1. 1H NMR (CDCl3): δ = 7.70–7.16 (m, 3 H,
C6H3), 0.89 [s, 2J(Sn,H) = 79 Hz, 6 H, 2 CH3, R–Sn] ppm. 13C
NMR (CDCl3): δ = 165.0 (CO), 163.4, 162.6, 132.3, 127.4 and
115.7 (Carom), 6.6 [1J(119Sn,13C) = 584 Hz, CH3, R–Sn] ppm. 119Sn
NMR (CDCl3): δ = –129.9 ppm.

Synthesis of {(CH3)4Sn2[(2,4-Cl2C6H3C(O)NHO)2][2,4-Cl2C6H3-
(O)C=NO]}n (3): Dimethyltin dichloride (0.220 g, 1.0 mmol) was
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Table 5. Crystal and data collection parameters of complexes 1–4.

1 2 3 4

Empirical formula C15H22FNO2Sn C9H9F2NO2Sn C50H54Cl12N6O12Sn4 C86H112F6N6O12Sn4

Formula mass 385.69 319.86 1829.83 2010.58
Crystal system monoclinic orthorhombic monoclinic triclinic
Space group P2(1)/c P2(1)2(1)2(1) C2/c P1̄
a [Å] 10.3740(17) 6.7490(8) 22.5882(18) 13.6579(12)
b [Å] 7.8608(13) 7.7636(9) 19.8408(16) 14.1315(13)
c [Å] 22.078(4) 20.754(2) 16.2922(13) 14.3894(13)
α [°] 90 90 90 110.0320(10)
β [°] 102.119(3) 90 115.1810(10) 94.206(2)
γ [°] 90 90 90 114.0800(10)
Volume [Å3] 1760.3(5) 1079.0(2) 6607.8(9) 2307.5(4)
Z 4 4 4 1
Dcalcd. [Mg/m3] 1.457 1.969 1.833 1.447
Absorption coefficient [mm–1] 1.462 2.375 2.039 1.140
F(000) 776 616 3552 1020
Crystal size [mm] 0.20×0.10×0.06 0.12×0.06×0.01 0.20×0.20×0.20 0.20×0.10×0.10
Total no. of reflections measured 16283 12746 34228 26012
No. of unique reflections 3113 2580 6506 9990
R(int) 0.1624 0.0755 0.0832 0.0853
Max./min. transmission 0.9174/0.7587 0.9766/0.7637 0.6859/0.6859 0.8945/0.8040
No. of data/restraints/parameters 3113/2/184 2580/0/138 6506/0/383 9990/2/518
Goodness-of-fit on F2 0.953 1.029 0.956 0.945
Final R indices [I � 2σ(I)] R1 = 0.0664 R1 = 0.0295 R1 = 0.0436 R1 = 0.0461

wR2 = 0.1248 wR2 = 0.0557 wR2 = 0.0985 wR2 = 0.0976
R indices (all data) R1 = 0.1196 R1 = 0.0313 R1 = 0.0572 R1 = 0.0737

wR2 = 0.1390 wR2 = 0.0561 wR2 = 0.1023 wR2 = 0.1133
Largest diff. peak/hole [e/Å3] 0.860/–0.686 0.637/–0.670 0.942/–0.582 1.599/–0.606

added dropwise to an aqueous methanol solution (water/methanol,
1:4, v/v, 30 mL) of 2,4-dichlorobenzohydroxamic acid (0.412 g,
2.0 mmol) and KOH (0.112 g, 2.0 mmol). The solution was stirred
under N2 at room temperature overnight. Water (30 mL) was added
to form a white precipitate, which was separated by filtration. The
white solid was then recrystallized from methanol/benzene. Color-
less block-shaped crystals of 3 were slowly formed at room tem-
perature. Yield: 0.12 g, 26.3%. M.p. 188 °C (dec).
C50H54Cl12N6O12Sn4 (1829.83): calcd. C 32.79, H 2.97, N 4.59;
found C 32.62, H 3.01, N 4.55. IR (KBr): ν̃ = 3290 s (N–H), 1591
s, 1569 s (CO/NC), 918 s (N–O), 575 s, 477 m (Sn–C), 541 s (Sn–
O) cm–1. 1H NMR (CDCl3): δ = 10.56 (s, H, N–H), 9.21 (s, H, N–
H), 7.81–7.27 (m, 6 H, 2 C6H3), 1.25 [s, 2J(Sn,1H) = 91 Hz, 2 CH3,
R–Sn], 0.94 [d, 2J(Sn,H) = 77 Hz, 4 CH3, R–Sn] ppm. 13C NMR
(CDCl3): δ = 164.2, 162.7 (CO), 158.4, 157.2, 131.1, 113.3, 111.1
and 103.3 (Carom), 5.3 [1J(119Sn,13C) = 717 Hz, CH3, R–Sn] and 6.9
[1J(119Sn,13C) = 845 Hz, CH3, R–Sn] ppm. 119Sn NMR (CDCl3): δ
= –222.6, –221.0 ppm.

Synthesis of {(C4H9)4Sn2[(4-FC6H4C(O)NHO)2][4-FC6H4(O)-
C=NO]}n (4): Dibutyltin dichloride (0.304 g, 1.0 mmol) in meth-
anol (10 mL) was added dropwise to an aqueous methanol solution
(30 mL) of 4-fluorobenzohydroxamic acid (0.310 g, 2.0 mmol) and
KOH (0.112 g, 2.0 mmol). The solution was stirred under N2 at
room temperature overnight. Water (30 mL) was added to form a
white precipitate, which was separated by filtration. The white solid
was then recrystallized from methanol/benzene. Colorless block-
shaped crystals of 4 were slowly formed at room temperature.
Yield: 0.26 g, 56%. M.p. 160–161 °C. C86H112F6N6O12Sn4

(2010.58): calcd. C 51.33, H 5.57, N 4.18; found C 51.20, H 5.71,
N 4.03. IR (KBr): ν̃ = 3287 s (N–H), 2956 (Bu), 1617 s, 1559 s
(CO/NC), 904 s (N–O), 579 s, 471 m (Sn–C), 579 s (Sn–O) cm–1.
1H NMR (CDCl3): δ = 7.68–6.94 (m, 16 H, 4 C6H4), 1.67–1.62 (m,
8 H, 4 CH2

2CH1
2), 1.35–1.34 (m, 8 H, 4 C3H2), 0.92–0.84 (t, J =
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7.2 Hz, 12 H, 4 C4H3) ppm. 13C NMR (CDCl3): δ = 165.5, 164.1
(CO), 163.9, 161.9, 133.9, 130.7, 128.8, 126.1, 120.4, 115.7 and
114.9 (Carom), 28.5 [1J(119Sn,13C) = 701 Hz, CH1

2, R–Sn] and 27.4
[1J(119Sn,13C) = 830 Hz, CH1

2, R–Sn], 26.6, 23.2, 13.9–13.7 (R–Sn)
ppm. 119Sn NMR (CDCl3): δ = –217.4, –216.6 ppm.

X-ray Data Collection, Structure Determination, and Refinement:
Suitable single crystals of the four complexes were mounted in glass
capillaries for X-ray structural analysis. Diffraction data were col-
lected with a Bruker SMART CCD diffractometer with Mo-Kα (λ
= 0.71073 Å) radiation at room temperature. During the intensity
data collection, no significant decay was observed. The intensities
were collected for Lorentz-polarization effects and empirical ab-
sorption with the SADABS program. The structures were solved by
direct methods using the SHELXL-97 program. All non-hydrogen
atoms were found from difference Fourier syntheses. The H atoms
were included in calculated positions with isotropic thermal param-
eters related to those of the supporting carbon atoms but were not
included in the refinement. All calculations were performed using
the Bruker Smart program.[24] A summary of the crystallographic
data and selected experimental information are given in Table 5.
CCDC-610570, -610571, -610572, and -610573 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Detailed structural studies of vanadia supported on SiO2 and
modified SiO2 (Si0.8M0.2O2±δ where M = Al3+, Zr4+ and Y3+)
were carried out using different techniques such as powder
XRD, IR spectroscopy and 29Si, 27Al and 51V MAS NMR spec-
troscopy. All samples except vanadia impregnated on Zr4+ or
Y3+ modified SiO2 existed as amorphous phases. A crystalline
phase of ZrO2 was seen in Zr4+ modified SiO2 and YVO4 was
seen in Y3+ modified SiO2 after vanadia impregnation. Based
on 29Si MAS NMR and IR spectroscopic studies it was con-
cluded that substitution of Si4+ by M results in the breakage
of the Si–O–Si network and formation of silicon structural
units with Si–O–M type linkages. Unlike all other modified
SiO2, the silicon structural units remained unaffected in Al3+

modified SiO2 before and after vanadia impregnation. A pro-
found change in the interaction of vanadia with the support
was observed when the SiO2 support was modified with dif-
ferent cations and in all cases the V5+ preferentially inter-

Introduction

Supported vanadia catalysts are widely used for selective
oxidation of hydrocarbons[1–4] and for the reduction of NOx

by ammonia.[5,6] It is well known that the catalytic activity
of vanadia catalysts varies with the supporting oxides. The
reason for the observed change in the catalytic activity has
been attributed to a vanadia-support interaction, which
varies with the nature of the support. Different factors in-
fluencing the interaction are the acidity of the support, the
concentration of vanadia as well as pretreatment conditions
etc.[7–10] Thus, different types of vanadia species exist on
different supports such as isolated tetrahedral vanadium
ions, polymeric species, 2D layers of vanadium oxide or
V2O5 crystallites.[11–15] It has been demonstrated that iso-
lated vanadia species possessing VO4 coordination pre-
dominate at low surface coverage of vanadia whereas at
higher surface coverage both isolated and polymerised spe-
cies may be observed on the surface of the support. A
monolayer of vanadia is formed on the support when the
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Fax: +91-22-25505151
E-mail: sasikala@magnum.barc.ernet.in

Eur. J. Inorg. Chem. 2006, 4151–4156 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4151

acted with the substituted cations. Two types of vanadia spe-
cies, viz. the octahedral and tetrahedral V5+, were present in
vanadia impregnated silica and Al3+ modified silica but the
amount of tetrahedral V5+ was more in the latter. In Zr4+

modified silica, V5+ was present in a crystalline environment
which is the V5+ dissolved in the ZrO2 phase. Vanadia im-
pregnated on Y3+ modified silica exhibited very little chemi-
cal shift anisotropy indicating a symmetric environment
around V5+ in YVO4. The catalytic activity for the selective
oxidation of propane to propene was tested on these sup-
ported catalysts. Vanadia supported on Zr4+ modified silica
showed maximum selectivity whereas vanadia on silica and
Al3+ modified silica showed comparable selectivity for pro-
pene formation. Vanadia on Y3+ modified silica did not show
the formation of propene at all.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

surface coverage is 7–8 V atoms per nm2.[2,16] However, in
the case of V2O5 supported on SiO2, only isolated vanadia
species may be observed on the surface and the maximum
attainable surface coverage is less than 3 V atoms per nm2.
Hence it is of interest to modify the SiO2 support by partial
substitution of Si4+ by Al3+, Zr4+ or Y3+ and to see whether
the support modification improves the dispersion of vana-
dia on the surface and also to study the structure of the
resultant vanadia species. Because the catalytic activity and
turnover frequency of a reaction changes with the type of
VOx species, which in turn depends on the nature of sup-
port, it is useful to study the interaction of vanadia with
this modified support. To the best of our knowledge, the
variation of the nature of the interaction of vanadia with
the silica support when it is modified with different cations
has not been reported so far.

In the present work SiO2 was modified by partial substi-
tution of the Si4+ by Al3+, Zr4+ or Y3+ and vanadia was
loaded on these supports as well as on SiO2. All supports
and vanadia impregnated supports were investigated by
various spectroscopic and diffraction techniques such as
powder XRD, infrared and NMR spectroscopy to see
whether there would be any change in the interaction of
vanadia with the modified silica support compared with the
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unmodified one. The activity of these supported vanadia
materials as catalysts for the oxidative dehydrogenation of
propane to propene has been examined in order to deduce
the dependence of the product selectivity on the type of
surface vanadia species.

Results and Discussion

Figure 1 shows the powder XRD patterns of SiO2, VS,
SA, VSA, SZ, VSZ, SY and VSY (Si0.8M0.2O2±δ, M = Al3+,
Zr4+ and Y3+ represented as SA, SZ and SY, respectively).
It can be seen from the figure that the XRD patterns of
SiO2, VS, SA, VSA, SZ and SY oxides show broad peaks
centred around 22º, which is characteristic of amorphous
silica. However, after vanadia impregnation, samples VSZ
and VSY exhibited crystalline phases. The VSZ sample ex-
hibits a pattern with three peaks centred around 30.3, 50.2
and 59.9º, which can be matched with the tetragonal phase
of ZrO2 (JCPDS card no. 17-0923). The presence of this
phase was further confirmed from the XRD pattern of the
sample heated at 650 °C for 18 h. This clearly showed peaks
corresponding to the tetragonal phase of ZrO2. It is known
that V2O5 stabilises the tetragonal phase of ZrO2.[2] The
XRD pattern of VSY indicates a crystalline phase, the peak
positions of which were found to be matching those of
YVO4. The three most intense peaks seen at 25.0, 33.6 and
49.8º are due to the YVO4 phase (JCPDS card no. 17–
0341). Table 1 gives the total surface area of SiO2, all modi-
fied silica supports before and after vanadia impregnation
and the amount of vanadia on these supports (% V2O5 on
the support by weight, wt.-%). The surface area was found
to decrease with vanadia impregnation and this is in agree-
ment with the previous report.[12]

Figure 1. Powder X-ray diffraction patterns of SiO2, modified silica
samples and vanadia impregnated samples.

Since the XRD patterns of these samples indicate poor
crystallinity, it was not possible to ascertain whether the
Al3+, Zr4+ and Y3+ cations had really substituted the Si4+

sites. Since 29Si NMR spectroscopy can give information
regarding the local coordination of Si4+ and Si–O–Si bond-
ing in SiO2, MAS NMR spectra of these samples were re-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4151–41564152

Table 1. Total surface area and wt.-% of V2O5 on different sup-
ports.

Support wt.-% V2O5 Surface area
on the support [m2 g–1]

SiO2 – 73
VS 9.7 69
SA – 72
VSA 9.7 47
SZ – 173
VSZ 8.0 128
SY – 125
VSY 8.0 75

corded. Figure 2 shows the 29Si MAS NMR spectra of
SiO2, the modified silica support and modified supports im-
pregnated with vanadia. For the SiO2 and VS samples, a
clear asymmetry was observed in their spectra indicating
that more than one type of silicon structural unit (Qn, where
“n” represents the number of SiO4 tetrahedra attached to
Si4+) is present in these samples. The peaks of all modified
supports and vanadia containing supports are broad and
showed varying amounts of asymmetry indicating the pres-
ence of different types of Qn structural units within them.

Figure 2. Deconvoluted 29Si MAS NMR spectra of SiO2, modified
silica samples and vanadia impregnated samples.

However, the spectra of the SA and VSA samples are
identical, with a peak maximum around –99 ppm indicating
that no significant change occurs in the vicinity of the SiO4

tetrahedra upon vanadia impregnation. A downfield shift
seen in the spectra of SA and VSA with respect to SiO2

indicates that Al3+ units have substituted Si4+ ion thereby
forming an Si–Al mixed oxide.

In order to characterise the different structural units in
detail, all spectra except those of SA and VSA were decon-
voluted based on a Guassian fit and it was found that these
patterns mainly consist of Q4 and Q3 structural units of
silicon. The peak positions of the Q4 and Q3 units and their
relative ratios are given in Table 2. It can be seen that the
ratio of Q3 to Q4 is more for VS than that for SiO2 indicat-
ing that V5+ modifies the Si–O–Si network. Similarly, the
ratio of Q3 to Q4 is more in all modified supports compared
with in SiO2 indicating that incorporation of Al3+, Zr4+ or
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Y3+ in silica results in the breakage of Si–O–Si linkages.
The spectra of SA and VSA could be satisfactorily fitted
only as a single Gaussian peak with a peak maximum
around –99 ppm characteristic of Q3 structural units. This
establishes that V5+ has no direct interaction with silicon
structural units in the alumino-silicate network. Had there
been any direct interaction between the silicon and vana-
dium structural units, this would have been reflected in the
relative concentration of Qn structural units and their chem-
ical shift values but this was not observed in the present
study. It was observed, however, that a downfield shift oc-
curs for the peaks corresponding to the Q4 and Q3 struc-
tural units in the spectra of modified silica supports com-
pared with that of SiO2 (see Table 2) and this has been at-
tributed to the decreased Si–O–Si chain length brought
about by the modification.

Table 2. Fitted peak positions of Q4 and Q3 units present in dif-
ferent samples and their relative ratios.

Sample Chemical shift [ppm] Q3/(Q4+Q3)
Q4 Q3

SiO2 –110·9 –102.0 0.29
VS –110·6 –103.9 0.46
SA – –99.0 � 1.0
VSA – –99.9 � 1.0
SZ –108.0 –96.0 0.73
VSZ –106.7 –96.5 0.65
SY –104.1 –90.4 0.54
VSY –105.2 –90.5 0.38

To obtain more information regarding the silicon struc-
tural units attached to OH groups in these samples,
1H�29Si cross polarisation (CP) MAS NMR spectra were
recorded and these are shown in Figure 3. A comparison of
a single pulse spectrum and a CPMAS NMR spectrum of
pure SiO2 reveals that even in unmodified SiO2, Q3 and Q2

structural units exist in the form of Si–OH linkages.

Figure 3. 1H�29Si CP MAS NMR spectra of SiO2, modified silica
samples and vanadia impregnated samples. Inset shows the 29Si
single pulse and CP MAS NMR spectra, respectively, for VSY (a
and b) and VSZ (c and d).

A careful observation of the VS sample revealed a slight
increase in the intensity of the peak corresponding to the
Q2 structural unit and this can be attributed to the breakage

Eur. J. Inorg. Chem. 2006, 4151–4156 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4153

of Si–O–Si linkages brought about by the vanadia incorpo-
ration in silica. Unlike the single pulse spectra of these sam-
ples, the peak corresponding to the Q2 unit can be clearly
seen here due to the sensitivity of the technique to the OH
groups attached to the silica structural units. The spectra of
SA and VSA obtained from single pulse experiments and
CP MAS experiments are exactly identical and can be su-
perimposed over one another. This observation once again
suggests that vanadia incorporation does not bring about
any change in the vicinity of the SiO4 tetrahedra and hence
vanadia probably interacts with the Al3+ of the support.
For the SZ and SY samples, the spectra resulting from sin-
gle pulse and CP MAS spectroscopy are identical, demon-
strating that no Si–OH linkages are created by Zr4+ or Y3+

incorporation in silica. However for the VSZ and VSY sam-
ples, the CP MAS spectra showed a slightly different line
shape with a downfield shift of the peak maxima over a
range of 5–6 ppm compared with that obtained from single
pulse experiments (see inset in Figure 3). This can be attrib-
uted to the formation of Si–OH (Q3 type) linkages brought
about by the removal of Zr4+/Y3+ from the VSZ/VSY sam-
ples to form ZrO2 and YVO4, respectively.

The 27Al NMR spectra of SA and VSA are shown in
Figure 4. A single peak with a chemical shift of 53 ppm
with a comparable line shape can be seen indicating that
Al3+ is in a tetrahedral coordination environment before
and after vanadia impregnation. Since there is no Al3+ pres-
ent in an octahedral coordination mode, it can be con-
cluded that the γ-Al2O3 phase is not present in these sam-
ples. Due to the quadrupolar nature of the Al3+ ion, it is
less sensitive to the changes in the chemical environment
brought about by vanadium incorporation and hence no
change in the line shape is to be expected for the VSA sam-
ple and such is the case.

Figure 4. 27Al MAS NMR spectra of SA and VSA samples (the
peak marked with an asterisk is the isotropic peak).

The IR spectra of all modified silica samples with and
without vanadia impregnation are shown in Figure 5. It can
be seen that the spectra of all silica containing samples are
somewhat similar to the spectrum of SiO2. However, some
subtle changes can be observed in the spectra of modified
silica samples upon closer observation. The IR spectrum of
V2O5 shows three prominent bands at 472, 810 and
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1020 cm–1. The band at 1020 cm–1 corresponds to the un-
shared V=O stretching vibration and the bands located
around 810, 472 and 364 cm–1 can be assigned to the vi-
brations of the bound oxygen which are shared by two va-
nadium atoms.[17,18] The IR spectrum of silica mainly shows
three broad bands centred at 1091, 808 and 470 cm–1 which
can be assigned to the Si–O stretching (antisymmetric
stretching of the type �Si O� �Si), Si stretching (sym-
metric stretching mode of type �Si O Si�) and Si–O–Si
bending of the characteristic groups, respectively.[19,20] Since
the peak positions of both V2O5 and SiO2 are close, they
overlap and hence IR bands due to V2O5 cannot be seen in
vanadia impregnated samples. In all substituted silica sam-
ples, it can be seen that the band around 1091 cm–1 shifts
to a slightly lower frequency compared with that in pure
SiO2. This is due to the substitution of some of the Si4+

centres by bigger cations which form M–O bonds (M =
Al3+, Zr4+ and Y3+). This results in a softening of the Si–
O bond. A similar effect has been observed for the Si
stretching band located around 808 cm–1. A downward fre-
quency shift of the V–O stretch in V2O5–MoO3 has been
reported by Hirata et al.[21] due to the softening of this
bond arising from the replacement of VV by VIV in this
mixed oxide. The IR spectra of reduced V2O5 also show a
similar effect in the V=O stretching vibration due to the
VIV species, the ionic radius of which is larger than VV.[17]

In the case of the SZ and SY samples, it can be seen that
the band around 1091 cm–1 is very broad compared with
that in SiO2 and this is due to the distortion of the Si–O–
Si bond brought about by the substitution. However, in the
case of VSZ and VSY, a shift in this band to a slightly
higher frequency can be observed. This high frequency shift
can be attributed to the formation of ZrO2 and YVO4 com-
pounds in SZ and SY, respectively, resulting from the re-
moval of Zr4+or Y3+ from the silica structure. This observa-
tion is in accord with the 29Si MAS NMR spectroscopic
results. A weak narrow band around 1630 cm–1 present in
the IR patterns of all samples except V2O5 arises due to the
bending vibrations of the OH groups attached to silicon.

Figure 5. IR spectra of V2O5, SiO2, modified silica samples and
vanadia impregnated samples.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4151–41564154

51V solid state NMR spectroscopy can give a clear un-
derstanding of the state of V5+ species on different supports
and many such studies have identified different vanadia spe-
cies such as tetrahedrally or octahedrally coordinated V5+

or vanadia crystallites on various supports.[22–28] Figure 6
shows the 51V static and MAS NMR spectra of V2O5, VS
and VSA. The static pattern of V2O5 is similar to that re-
ported in the literature indicating a distorted octahedrally
coordinated V5+ ion with axial symmetry. The MAS NMR
spectrum shows an isotropic peak at δ = –614 ppm with a
side band pattern typical of this compound. The static spec-
trum of VS was found to be different from that of V2O5. It
consists of two peaks with maxima around –380 and
–597 ppm which are similar to those for the “a” (octahedral)
and “b” (tetrahedral) type V5+ species reported by Eckert
and Wachs.[22] The MAS NMR spectrum of this sample
consists of an extensive side band pattern superimposed
over a weak broad peak. The extensive side band patterns
have been attributed to the presence of bulk-like V2O5 or a
precursor of V2O5

[22,24] in which vanadium is in a distorted
octahedral configuration. The weak broad background
arises from the vanadium species existing in the tetrahedral
configuration. Hence it can be concluded that both octahe-
dral and tetrahedral V5+ are present in this sample. The
static spectrum of VSA also showed a similar pattern to
that of VS with two peaks centred around –340 and
–590 ppm showing the presence of both octahedral and tetra-
hedral V5+. Unlike the MAS NMR spectrum of VS, the
spectrum of the VSA sample clearly showed a side band
pattern similar to that of bulk-like V2O5 superimposed over
a broad peak characteristic of tetrahedral V5+ species. From
these results it can be inferred that the dispersion of vana-
dia is better on SA than on SiO2. The static and MAS
NMR spectra of VSZ, VSY and YVO4 are shown in Fig-
ure 7. The static spectrum of VSZ shows two narrow peaks
around –495 and –566 ppm having line widths significantly
less than those of VS and VSA. The MAS NMR pattern
for this sample is characterised by a sharp isotropic peak at
δ = –566 ppm along with a number of side bands. Both
static and MAS NMR spectroscopic results thus suggest
that V5+ structural units exist in a highly crystalline envi-
ronment. However, the XRD pattern revealed that the only
crystalline phase present in the sample is ZrO2. Thus, based
on the XRD and NMR results, it can be inferred that in
the VSZ sample, the V5+ species are dissolved in the ZrO2

phase. The static spectrum of VSY showed a narrow peak
(peak maximum at δ = –682 ppm), which suggests that V5+

species exist in a symmetric environment and hence exhibit
very little chemical shift anisotropy. Since the VSY sample
showed a crystalline phase of YVO4 in its XRD pattern, the
NMR spectrum of YVO4 was also recorded and is shown in
Figure 7. Both the static and MAS NMR spectra of YVO4

are similar to that of VSY. The MAS spectrum of YVO4

showed an isotropic peak at –673ppm, which is very close
to that of the VSY sample. Hence the peak seen at δ =
–663 ppm for VSY can be assigned to the YVO4 phase.
Thus, 51V NMR spectroscopy gives clear evidence for a dif-
ferent type of interaction between vanadia and modified
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silica compared with unmodified silica. Based on the 29Si,
27Al and 51V NMR results it can be concluded that V5+

selectively interacts with the substituted cations and not
Si4+. This conclusion is in agreement with the observation
of Gao and Wachs[29] who reported a preferential interac-
tion of V cations with Ti, Zr or Al on multilayered metal
oxide catalysts such as V2O5/MO/SiO2 where M = Ti4+,
Zr4+ or Al3+. Similarly, a preferential interaction of Crn+

with alumina compared with silica has been reported where
the Crn+ is adsorbed as a chromate ion.[30]

Figure 6. 51V static and MAS NMR spectra of V2O5, VS and VSA
(the peak marked with an asterisk is the isotropic peak).

Figure 7. 51V static and MAS NMR spectra of VSZ, VSY and
YVO4 samples (the peak marked with an asterisk is the isotropic
peak).

The results of catalytic tests performed on these sup-
ported catalysts for the selective oxidation of propane to
propene are summarised in Table 3. The products formed
during the reactions were mainly propene and CO2. Small
quantities of CH4 and C2H4 were detected and the selectiv-
ity for these products was around 1%. CO, if formed during
the reaction, was not analysed. It can be seen from Table 3
that the catalytic activity and selectivity of vanadia varies
as the silica support is modified with different cations. VSZ
showed maximum selectivity for propene formation
whereas VSY gave no propene formation at all. Though
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the C3H8 conversion was highest for VS, its selectivity for
propene formation was less when compared with VSZ. The
selectivity of VSA for catalytic propene formation was com-
parable with that of VS. These results clearly demonstrate
that the product selectivity and catalytic activity depend sig-
nificantly on the type of vanadia species, which in turn de-
pends on the cations used for the modification of the silica
support. The relatively low value of propene selectivity ob-
served for these catalysts could be due to the low flow rate
of the reactants. It has been reported that low flow rates
result in an increased residence time of the reactants on the
catalysts which can lead to the formation of COx species
from the secondary oxidation of C3H6 as observed in the
present study.[2]

Table 3. Percentage conversion and selectivity data for oxidative
dehydrogenation of propane for various V2O5 supported catalysts
at 550 °C.

No. Catalyst C3H8 conversion C3H6 selectivity
[%] [%]

1 VS 51 14
2 VSA 34 12
3 VSZ 36 23
4 VSY 26 –

The salient feature of this study is that the interaction of
vanadia with the support varies when the SiO2 is modified
by substitution of just 20% of the Si4+ by different cations.
This change in the interaction of vanadia with the modified
support has a significant impact on its catalytic activity and
selectivity for the oxidative dehydrogenation of propane to
propene.

Conclusions

The interaction of vanadia with silica supports varies as
the silica is modified with cations such as Al3+, Zr4+or Y3+.
A preferential interaction of V5+ with Al3+, Zr4+or Y3+ cat-
ions present in SiO2 occurs in these samples. Vanadia pres-
ent on unmodified SiO2 contains two types of V5+ species
which are tetrahedrally and octahedrally coordinated. Bulk-
like V2O5 with a distorted octahedral configuration is the
predominant species on unmodified SiO2 whereas on Al3+

modified SiO2, both tetrahedral and octahedral V5+ species
can be clearly seen. On Zr4+ modified silica, V5+ becomes
dissolved in the ZrO2 phase. On Y3+ modified silica, vana-
dia reacts with Y3+ forming the YVO4 phase. Catalytic tests
conducted for the oxidative dehydrogenation of propane
indicated that the catalytic activity and selectivity of vana-
dia varies with support modification. This is due to the
presence of different types of surface vanadia species on
these catalysts formed by the selective interaction of V5+

with the cations present in modified silica.

Experimental Section
Samples of Si0·8M0·2O2±δ (M = Al3+, Zr4+ and Y3+ represented
as SA, SZ and SY, respectively, in the text) were prepared by the
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coprecipitation technique. Aqueous solutions of aluminium nitrate,
zirconium oxychloride and yttrium nitrate were used for the prepa-
ration of the SA, SZ and SY samples. Each of these solutions, with
the required ratio of cations, was mixed thoroughly with sodium
silicate solution and precipitated using ammonia solution (pH �
8). The precipitates, after filtering, were washed thoroughly and
dried in an oven for nearly 10 h. This was followed by calcination
in air at 500 °C for 2 h. Unmodified SiO2 was prepared by adding
ammonia to an aqueous solution of sodium silicate, followed by a
similar washing and heating procedure mentioned above. Vanadia
was impregnated on these supports (6 atom-% of V) by an impreg-
nation technique. SiO2 and modified SiO2 were kept in contact with
an aqueous solution of ammonium vanadate and were then dried
on a hot plate with constant stirring followed by heating in air at
500 °C for 2 h (vanadia impregnated on SiO2, SA, SZ and SY are
represented as VS, VSA, VSZ and VSY, respectively, in the text).
The surface areas of these samples were measured using the BET
technique with nitrogen as the adsorbing gas. Since a second phase
of YVO4 was seen in the VSY sample, YVO4 was prepared for
comparison purposes. YVO4 was prepared by mixing ammonium
vanadate and yttrium oxide thoroughly in the correct stiochi-
ometric ratio and heating in air at 800 °C for 6 h. V2O5 obtained
from Fluka was used for recording NMR and IR spectra.

Powder X-ray diffraction patterns of these samples were recorded
using a Philips PW1820-X-ray diffractometer coupled with a PW
1729 generator, which was operated at 30 kV and 20 mA. A graph-
ite crystal monochromator was used for generating monochromatic
Cu-Kα radiation. IR spectra were recorded as KBr pellets using a
Bomem MB102 FTIR machine having a range of 200–4000 cm–1.
NMR spectra were recorded with a Bruker Avance DPX 300 spec-
trometer at basic frequencies of 78.206, 59.6214 and 78.9005 MHz
for 27Al, 29Si and 51V, respectively. Spectra were recorded using
7 mm zirconia rotors packed with the sample. Different spinning
speeds of 5 kHz, 4 kHz and 3 kHz were employed to identify the
isotropic peaks. A typical 90° pulse duration for recording 27Al
NMR spectra was 3.5 µs and a delay time of 5 s was used. 51V
MAS spectra were recorded with a 90° pulse duration of 3.5 µs and
a delay time of 4 s. Experiments were also carried out by varying
the 90° pulse duration from 1 µs to 3 µs with a view to establishing
any line distortion brought about by the satellite transitions of the
quadrupolar 51V nuclei. However, it was observed that the line
shapes were unaffected by the different pulse durations. For re-
cording 29Si MAS NMR spectra, a 90° pulse duration of 4.0 µs
and a delay time of 5 s were employed. Delay times were varied
from 5 s to 20 s to see whether there would be any change in the
line shape of the spectra since the 29Si nucleus has a long relaxation
time. For 1H�29Si cross polarisation (CP) MAS NMR experi-
ments, a contact time of 5 µs and delay time of 6 s were employed.
Around 4000 scans were recorded for each sample in order to ob-
tain NMR patters with reasonable signal to noise ratios. All 29Si,
27Al and 51V NMR chemical shifts are expressed with respect to
tetramethylsilane, aqueous [Al(H2O)6]3+ and VOCl3, respectively.

A preliminary test of the catalytic activity of these supported cata-
lysts for the selective oxidation of propane to propene was carried
out in a tubular quartz reactor of 25 cm length and 0.7 cm internal
diameter using a fixed bed. A quantity of 200 mg of catalyst was

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4151–41564156

used for each experiment and the reactant gas mixture had a com-
position of C3H8:O2:He as 1.06:1.09:97.85 (by volume). The reac-
tion was studied at 550 °C using a continuous flow method with a
flow rate of 20 cm3 min–1 of the reactant mixture. The effluent gas
mixture was analysed online by an automatic gas sampling valve
connected to a gas chromatograph (CIC, GC2011) equipped with
a porapak Q column and a thermal conductivity detector. The hy-
drocarbons formed were also analysed in an FID mode using a
porapak R column.
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Optimized conditions for the selective synthesis of
[Li2(PnPhn)(tmeda)x] (n = 2, 3, 4) have been developed. X-ray
diffraction with single crystals show [Li2(P2Ph2)(tmeda)2] and
[Li2(P4Ph4)(tmeda)2] to be ion triples, while for n = 3 the ion
pair [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– is observed. NMR ex-
periments support the assumption that these structures are
retained in solution. Structural differences between the lith-

Introduction

Dichlorophenylphosphane (PhPCl2; also known as phen-
ylphosphonous acid dichloride) is a versatile starting mate-
rial in organophosphorus chemistry that is produced on a
large scale from PCl3 and benzene.[1] Its reductive dehaloge-
nation reaction with alkali metals (M) to give cyclic oligo-
(phenyl)phosphanes, (PhP)n (n = 3–6) has been investigat-
ed.[2a–2j] Further reaction of (PhP)n with strongly reducing
metals (M = Li, Na, or K) leads to reductive bond cleavage
(RBC) and formation of alkali metal catena-oligo-
phosphane-α,ω-diides, [M2(PnPhn)(solv)x].[2a,2b,3] In their
pioneering work, Caulton[3a] and Baudler[3b,3c] were able to
obtain some structural information about the dimetal 1,2,3-
triphenyltriphosphane-1,3-diides [M2(P3Ph3)(solv)x] and
the 1,2,3,4-tetraphenyltetraphosphane-1,4-diides [M2-
(P4Ph4)(solv)x] from 31P NMR spectroscopy in solution.
Recently, Hey-Hawkins et al.[4] and ourselves[5a–5c] have suc-
ceeded in the crystallization of various sodium catena-oligo-
phosphane-α,ω-diides, namely 1,2-diphenyldiphosphane-
1,2-diide [Na6(P2Ph2)3(dme)3] (I),[5a] 1,2,3-triphenyltriphos-
phane-1,3-diide [Na2(P3Ph3)(tmeda)3] (II),[5a] and the
1,2,3,4-tetraphenyltetraphosphane-1,4-diides [Na2(P4Ph4)-
(tmeda)2] (IIIa),[5a] [Na2(P4Ph4)(dme)3] (IIIb),[5a]

[Na2(P4Ph4)(thf)4(tmu)] (IIIc),[5b] and [Na2(P4Ph4)(thf)5]
(IIId) (tmeda = tetramethylethylenediamine, tmu = tetra-
methylurea), which can be isolated from the PhPCl2/Na sys-
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ium and the corresponding sodium compounds, [Na2(PnPhn)-
(tmeda)x], can be partially rationalized using the electrostatic
stabilization parameters, ESP = Σ(1/rM+,M+) + Σ(1/rP–,P–) – Σ(1/
rM+,P–); M = Li, Na.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tem in organic solvents.[4] Figure 1 summarizes these re-
sults.

Compound I consists of a [Na(dme)3]+ cation and the
cluster anion [Na5(P2Ph2)3(dme)3]– (see Figure 1a for a
schematic representation and Figure 1b for a space-filling
model). The structure of II is shown in Figure 1 (c and d),
parts e and f show the structure of IIIa as a representative
of all [M2(P4Ph4)(solv)n] compounds. A solvent molecule
acts as bridging ligand L (L = dme, tmu, or thf) between
the two Na+ ions in IIIb–d. In the schematic pictures of the
structures of I, II, and III, a plus sign is placed at the posi-
tion of the sodium cations and a minus sign at the terminal
phosphorus centers of the dianionic (PnPhn)2– chains. Com-
pounds II and III are classical ion triples (two cations, one
dianion). The cluster anion in I may be viewed as a cyclic
trimer of a corner-sharing ion triple that is additionally
capped by two sodium cations on the top and bottom of
the central hexagonal P6 prism. With the structural param-
eters of these ionic aggregates, the electrostatic stabilization
parameter (ESP) given by Equation (1) was calculated. The
resulting data are listed in Table 1.

(1)

The ESP was introduced by Streitwieser Jr. to account
for the amazingly high stability of ion triples in carbanion
chemistry[6] and is simply the sum of the repulsive inter-
actions between like charges, expressed by (1/r+,+) and
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Figure 1. Schematic representations and space-filling plots of [Na5(P2Ph2)3]– (a, b), [Na2(P3Ph3)] (c, d), and [Na2(P4Ph4)(L)] (e, f).

Table 1. Repulsive interactions r(Na+Na+) and r(P–P–) [Å] and attractive interactions r(Na+P–) [Å] and the resulting ESPs [Å–1] for I, II,
and IIIa–c. L indicates a bridging dme or tmu ligand between the Na+ ions.

[Na5(P2Ph2)3]– [Na2(P3Ph3)] [Na2(P4Ph4)] [Na2(P4Ph4)L] [Na2(P4Ph4)L]
I II IIIa IIIb IIIc

r(Na+Na+) 3.669(7)×6 4.781(1) 4.587(5) 3.519(6) 3.491(4)
3.96(1)×1
5.35(1)×3

r(P–P–) 2.20(1)×3 3.146(1) 3.406(3) 3.947(4) 3.475(2)
4.66(1)×6
5.10(1)×6

r(Na+P–) 3.063(6)×6 2.968(1) 2.848(4) 2.916(6) 2.974(2)×2
3.158(7)×6 2.966(1) 2.885(4) 2.933(6) 2.918(2)×2
2.831(5)×6 3.106(1) 2.829(4) 2.960(6)
4.092(7)×6 3.097(1) 2.972(5) 2.849(6)

ESP –1.17 –0.79 –0.87 –0.84 –0.77

(1/r–,–), minus the sum of attractive interactions, expressed
by (1/r+,–). Despite the fact that the ESP treats the ions
simply as point charges and completely neglects steric inter-
actions and solvation energies, it can be used to interpret
the stability of ion pairs qualitatively. For example, the high
negative ESP value for I explains why the structure of this
cluster is also maintained in solution.[5a] The ESP also indi-
cates that ion pairs with the (P3Ph3)2– dianion like II may
be labile because of the rather short P1···P3 distance (ca.
3.15 Å) and the significantly longer Na–P distances. These
are caused by repulsive steric interactions between the
phenyl groups, especially the one at the central phosphorus
atom, and the solvent molecules coordinated to Na+. In
structures with the (P4Ph4)2– dianion, the steric encum-
brance is less pronounced and the Na+–P– distances are
shorter, which leads to more negative ESPs.

Only in IIIc, which contains a bridging tmu molecule and
a strongly folded Na2P2 ring, is the Na+–Na+ distance more
than 1 Å shorter than in IIIa (no bridging L); as a result
the electrostatic stabilization is slightly less than that of II.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4157–41674158

The motivation for this work was i) to find reliable condi-
tions for the synthesis and isolation of the dilithium(catena-
oligophosphane-α,ω-diides) [Li2(PnPhn)(solv)x] (here and
further on x stands for an unspecified number of solvent
molecules), ii) to determine their solid-state structures, and
iii) to make, whenever possible, proposals for their behavior
in solution. We focused on the isolation of compounds with
tmeda as co-ligand for Li+ in order to obtain a set of com-
parable compounds.

Results and Discussion

Syntheses

The syntheses that worked best in our hands and gave
good yields of pure isolated and crystalline material are
outlined in Scheme 1. In a reductive bond cleavage (RBC)
reaction, pentaphenylcyclopentaphosphane (1)[2i] was
treated with an excess of lithium powder in THF. The re-
sulting orange-red solution showed only one signal at δ =
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–102.9 ppm in the 31P NMR spectrum, thus indicating the
formation of the P2

2– dianion. The primary product,
[Li2(P2Ph2)(thf)x] (2�) was obtained as red powder after
evaporation of the solvent. Subsequent recrystallization of
2� from hot toluene/tmeda (2:1 by vol.) gave red crystals of
[Li2(P2Ph2)(tmeda)2] (2).

Scheme 1. Syntheses of isolable dilithium(catena-oligophosphane-
α,ω-diides), [Li2(PnPhn)(tmeda)m] 2 (n = 2, m = 2), 3 (n = 3, m =
3), and 4 (n = 4, m = 2).

The best synthesis for dilithium 1,2,3-triphenyltriphos-
phane-1,3-diide (3) was found to be the reaction of (PhP)5

with a stoichiometric amount of lithium in dme as reaction
medium. In this solvent, the product [Li2(P3Ph3)(dme)x] (3�)
precipitates directly from the reaction mixture as a bright-
orange powder in good yield (about 70%). The content of
dme (x = 2–3) was estimated by NMR spectroscopy. Sub-
sequently, 3� was dissolved in a 5:1 mixture of toluene and
tmeda and this solution was concentrated to dryness under
high vacuum to remove all volatiles, especially dme; the re-
sulting yellow powder was recrystallized at 7 °C from tolu-
ene to give yellow crystals of the composition [Li2(P3Ph3)-
(tmeda)3] (3).

The best method for the synthesis of pure dilithium
1,2,3,4-tetraphenyltetraphosphane-1,4-diide (4) turned out
to be the stoichiometric reaction of 3� with (PhP)5 (1) in
diethyl ether. After removal of all volatiles under vacuum,
the resulting orange powder (4�) of composition
[Li2(P4Ph4)(solv)x] (solv = Et2O, dme) was dissolved in a
10:3 mixture of toluene and tmeda, again concentrated to
dryness under vacuum, and then recrystallized from methyl
tert-butyl ether (mtbe) to give slightly yellow crystals of the
composition [Li2(P4Ph4)(tmeda)2] (4). Attempts to synthe-
size 4� or 4 by a direct RBC reaction of 1 with the corre-
sponding amount of lithium gave a lower yield (�50%).

Table 2. Selected distances [Å] and the resulting ESPs for 2–4.

[Li2(P2Ph2)(tmeda)2] [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– [Li2(P4Ph4)(tmeda)2]

r(Li+Li+) 4.430(2) – 3.967(2)
r(P–P–) 2.244(3) 3.347(1) 3.229(2)
r(Li+P–) 2.483(1)×4 2.499(7), 2.525(7) 2.618(4)×2, 2.653(4)×2
ESP –0.94 –0.50 –0.96
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Structures

The structures of the dilithium catena-oligophosphane-
α,ω-diides [Li2(PnPhn)] (n = 2–4) were investigated by X-ray
diffraction studies. All compounds contain tmeda mole-
cules as co-ligands bonded to the lithium ions. The Li+Li+,
P–P–, and Li+P– distances in 2, 3, and 4 are listed in Table 2.

The centrosymmetric structure of 2 (Figure 2) can be
viewed as the archetypical structure of an ion triple with
two formal negative charges in the α-position of the di-
anion. The P–P distance [2.244(3) Å] is slightly longer than
the comparable one in the sodium compound [2.20(1) Å].
The main structural difference resides in the orientation of
the phenyl rings, which are in a trans arrangement in 2 while
they take a gauche conformation in the cluster anion
[Na5(P2Ph2)3]– of I (the C–P–P–C torsion angle is about
–72°[5a]). The Ph–P–P–Ph moiety in 2 is planar. As a result
of the short attractive Li+–P– interactions, the ESP for 2
(–0.94 Å–1) is considerably more negative than the ESP
(–0.72 Å–1) for a hypothetical [Na2(P2Ph2)] ion triple with
a structure analogous to that of 2 (an Na–P distance of
2.98 Å, which is the average of the data listed in Table 1, is
assumed).

Figure 2. Structure of 2. Selected distances [Å] and angles [°]: P1–
P1 2.244(3), Li–P1 2.483(1), P1–C1 1.820(1), Li–N1 2.077(1); C1–
P1–P1 98.66(2), C1–P1–Li 93.90(1), Li–P1–Li 126.28(3); torsion
angles: Li–P1–LiA–P1A 0.0, P1A–P1–C1–C2 0.0, C1–P1–P1A–
C1A 180.0.

In the solid state, 3 forms an ion pair composed of a
[Li(tmeda)2]+ cation and an anionic ion double, namely
[Li(P3Ph3)(tmeda)]–. Only one lithium ion coordinates to
the terminal phosphorus atoms P1 and P3 and, as expected
for steric reasons, the coordination occurs from the oppo-
site site to the central phenyl group at P2. The distance
between the two terminal phosphorus atoms P1 and P3 in
2 is about 0.2 Å longer (the P–P–P angle is about 8° larger)
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than in the neutral ion triple [Na2(P3Ph3)(tmeda)3] (II),
where two sodium ions coordinate to P1 and P3. The only
other known triphosphanediide is found in the highly un-
stable ion pair [Na(NH3)5]+[Na(P3H3)(NH3)3]–, which con-
tains the anionic ion double [Na(P3H3)(NH3)3]–.[7] An even
longer P––P– distance (3.67 Å) and larger P–P–P angle
(113.4°) is observed in this compound. An increase of the
P––P– distance will help to diminish the repulsive interac-
tions in the ion doubles which, evidently, have less negative
ESPs than the ion triples because of the long and hence
less stabilizing Na–P distances {–0.79 Å–1 for [Na2-
(P3Ph3)(tmeda)3] II, –0.50 for [Li(P3Ph3)(tmeda)]–, and
only –0.37 for [Na(P3H3)]–}. This loss of stabilizing electro-
static energy in the anionic ion doubles is compensated for
by the solvation energy of the counter cations. Because
these are much higher for lithium than for sodium,[8,9] the
formation of an ion pair in the case of 3 and the formation
of an ion triple for the sodium compound II is easily under-
stood (Figure 3). Note that in the other ion pair, [Na-
(NH3)5]+[Na(P3H3)(NH3)3]–, the smaller size of the ammo-
nia ligand compared to tmeda allows a higher coordination
number at the sodium cations and a better solvation.
Hence, the loss of ESP on going from the ion triple to the
ion double can be compensated.

Figure 3. Structure of 3. Selected distances [Å] and angles [°]: P1–
P2 2.179(1), P2–P3 2.177(1), P1–C1 1.814(3), P2–C7 1.847(3), P3–
C13 1.819(4), P1–Li1 2.493(7), P3–Li1 2.525(6), P1–P3 3.347(1),
P1–P2–P3 100.02(5), P1–Li1–P3 83.37(2), C1–P1–P2 103.7(1), C7–
P2–P3 105.8(1), C7–P2–P1 104.0(1), C13–P3–P2 102.8(1); torsion
angles: C1–P1–P2–C7 106.7(2), C1–P1–P2–P3 40.9(2), C7–P2–P3–
C13 112.9(2), C13–P3–P2–P1 139.3(1), Li1–P1–P2–C7 150.1(2),
Li1–P3–P2–C7 148.2(2).

Finally, the structure of 4 was investigated. This com-
pound has a composition very close to the corresponding
sodium compound IIIa (both contain two tmeda molecules)
and the solid-state structures are also very similar (Fig-
ure 4). Compounds 4 and IIIa are obtained as racemic mix-
tures and form ion triples in which the P4 chain has either
an (R,R)- or an (S,S)-configuration. Note the highly dis-
torted coordination spheres around the lithium atoms and
their contacts to the ipso-carbon atoms of the central

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4157–41674160

phenyl rings. Both features are also observed in the sodium
compound. However, due to the short Li+–P– distances, the
ESP for this ion triple is rather high (–0.96 Å–1).

Figure 4. Structure of 4. Selected distances [Å] and angles [°]: Li–
P1 2.618(4), Li–P1A 2.652(4), Li–N1 2.144(4), Li–N2 2.095(5), P1–
P2 2.167(1), P1–C1 1.832(2), P2–P2A 2.190(1), P2–C7 1.851(2);
P1–Li–P1A 75.6(1), C1–P1–P2 102.26(9), P1–P2–P2A 103.37(2),
P1–P2–C7 105.55(9), P2–P2A–C7A 99.70(8); torsion angles: P1–
P2–P2A–P1A –13.3(1), C1–P1–P2–P2A –160.33(8), C1–P1–P2–C7
95.4(1), Li1–P1–P2–P2A –39.2(1), Li1A–P1A–P2A–P2 58.8(1).

The P–P distances for the (P2Ph2)2–, (P3Ph3)2–, and
(P4Ph4)2– dianions are very similar in the lithium and so-
dium compounds. In the dianions of 2 and I, the P–P dis-
tance is greater than 2.2 Å, whereas in the dianions in 3 and
II it is below 2.2 Å. The terminal P–P bonds in the
(P4Ph4)2– dianions in 4 and IIIa–d are very slightly shorter
(ca. 2.17 Å) than the central P–P bond (ca. 2.20 Å). The
bonds between the formally negatively charged terminal
phosphorus centers and the ipso-carbon atoms of the
phenyl rings are a little shorter (by ca. 0.04 Å) in all com-
pounds than the P–Cipso bonds at the central phosphorus
atoms. This observation may be taken as an indication of
some delocalization of the negative charges into the phenyl
groups, although this effect is small compared to amides.[10]

NMR Spectra

The compound [Li2(P2Ph2)(tmeda)2] (2) is sparingly solu-
ble in hydrocarbons but sufficiently soluble in [D8]thf to
obtain 1H, 13C, 31P, and 7Li NMR spectra. All data corre-
spond quite closely with those observed for the sodium
cluster anion [Na5(P2Ph2)3(dme)3]– in I. The ipso-13C car-
bon resonances of the phenyl groups are observed at δ =
162.2 ppm (δ = 160.7 ppm in I) and the 31P NMR shifts
also vary little (δ = –102.9 ppm in 2, δ = –106.4 ppm in I).
Unfortunately, the 31P-7Li couplings could not be resolved
in the 7Li NMR spectrum (broad signal at δ = 0.6 ppm).
However, in view of the large loss of electrostatic stabiliza-
tion energy upon dissociation of the ion triple into the ion
pair [Li(solv)x][Li(P2Ph2)(solv)y], we believe that the struc-
ture of 2 is retained in solution.

A [D8]toluene solution of the salt [Li(tmeda)2]+-
[Li(P3Ph3)(tmeda)]– (3) shows an AM2 spin system with two
multiplets centered at δA(31P) = –52.3 ppm and δM(31P) =
–71.5 ppm. From a simulation of the spectrum, the coup-
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ling constant 1JA,M � 224 Hz was obtained. These data are
very different from those for the sodium compound
[Na2(P3Ph3)(tmeda)3] (II), which shows an eight-line AB2

spin system with δA = –54.0 and δB = –56.7 ppm (1JA,B =
242 Hz). This finding indicates that different species con-
taining the P3Ph3 unit are present in solution. The 7Li
NMR spectrum in [D8]toluene at low temperature confirms
this assumption: two signals are observed, one broad singlet
at δ = 10.5 ppm for the [Li(tmeda)2]+ cation and one broad
multiplet at δ = 11.4 ppm for the [Li(P3Ph3)(tmeda)]– anion,
that is, 3 exists as an ion pair in solution, as observed in the
solid state. That we could not resolve the 31P-7Li coupling is
probably due to dynamic processes involving exchange of

Figure 5. a) Experimental and simulated 31P NMR spectra of [Li2(P4Ph4)(tmeda)2] (4) and 4�� (marked with asterisks) in toluene solution
at T = 248 K. Chemical shifts and coupling constants are given in Table 3. b) 31P CMAS spectrum of [Li2(P4Ph4)(tmeda)2] (4). Top:
experimental spectrum at 6000 Hz rotation frequency. Bottom: simulated spectrum with: P2,3: δiso = –38.0, δ11 = 33, δ22 = 13, δ33 =
–159 ppm; P1,4: δiso = –86.3, δ11 = 20, δ22 = –62, δ33 = –217 ppm.
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the Li-coordinated solvent molecules. On the contrary, the
very different 31P NMR chemical shifts for the sodium
compound indicate that this forms an intact ion triple in
solution.

The tetraphosphanediide [Li2(P4Ph4)(tmeda)2] (4) is suf-
ficiently soluble in [D8]toluene to allow NMR measure-
ments. At room temperature, ill-resolved multiplets at δ =
–35 to –39 ppm and very broad signals at about δ � –76
and δ � –95 ppm are observed. At low temperature
(248 K), two species (4 and 4��) are observed in a 100:80
ratio in the 31P NMR spectrum (see Figure 5, a). The major
compound 4 shows two multiplets of an AA�BB�X2 spin
system in the 31P NMR spectrum with chemical shifts at
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δ = –38.0 for P2,3 and δ = –95.1 ppm for P1,4. The X part
is observed in the 7Li NMR spectrum, where a slightly
broadened triplet at δ = 10.9 ppm is observed (1JLi,P =
37 Hz).

The resonances of the protons in the para-position of the
phenyl rings are sharp, whereas those of the ortho- and
meta-protons are broadened at low temperature. This is
probably due to hindered rotation of the phenyl groups in
4. This species corresponds to the ion triple with a structure
close to that observed in the solid state.

This is further bolstered by the solid-state 31P CPMAS
spectrum of 4 (Figure 5, b). Only one species is present in
the isolated crystalline material. The observation of only
two isotropic chemical shifts (δiso = –38.0 and –86.3 ppm
for the central and terminal P spins, respectively) is in agree-
ment with the crystallographic C2 symmetry of the ion
triple 4 (see Figure 4). The principal elements of the chemi-
cal shift tensor, δ11 = 33, δ22 = 13, δ33 = –159 and δ11 = 20,
δ22 = –62, δ33 = –217 ppm were obtained by a Herzfeld–
Berger[11] analysis of the intensities of the spinning
side-bands and refined by spectral simulation using the
SIMPSON package.[12] It should be noted that the fine
structure observed in the resonances shown in Figure 5 (b)
is a consequence of orientation-dependent cross-terms in-
volving the scalar and dipolar coupling and the chemical
shift interactions and depends significantly on the fre-
quency of magic angle spinning.[13] For the purpose of spec-
tral simulation, phosphorus–phosphorus scalar coupling
constants were taken into account as their isotropic solu-
tion values (Table 3) but were not refined, and coupling to
the lithium isotopes was accounted for by processing with
an appropriate Gaussian line-shape function.

It is interesting to note that while the isotropic chemical
shifts of the central phosphorus atoms (δiso = –38.0 ppm)
are equal, those of the terminal ones differ (δiso = –86.3
and –95.1 ppm in the solid state and solution, respectively).
As there is no doubt about the constitution of 4 − in both

Table 3. Experimentally derived 31P–31P coupling constants [Hz] of the P1–P2–P3–P4 chain in IIIa,[5a] [Na2(P4tBu4)(thf)4],[4] [Na2-
(P4Mes4)(thf)4],[4] 4, and 4��. The computed,[a] geometric, and magnetic properties for Li2(P4H4)opt,[b] Na2(P4H4)opt,[b] Li2(P4Ph4)-
(tmeda)2,cry,trunc,[c] and the Li2(tmeda)1(P4Ph4)opt,trunc

[c] isomers A and B are also given.

Entry Type P1–P2/P3–P4 [d] 1J1,2/1J3,4 P2–P3 1J2,3 φ J1,3/J2,4 P1···P4 J1,4

Experimental

1 [Na2(P4Ph4)(tmeda)2] (IIIa) A 2.160 –322 2.185 –306 20.3 –11 3.406 310
2 [Na2(P4tBu4)(thf)4] A 2.169 –341 2.222 –306 8.8 –13 3.615 201
3 [Na2(P4Mes4)(thf)4] B 2.165 –310 2.261 –118 72.7 120 4.247 3
4 [Li2(P4Ph4)(tmeda)2] (4) A 2.166 –271 2.190 –268 13.3 –35 3.229 310
5 4�� –266 –15 67 280

Calculated

6 [Na2(P4H4)]opt
[b] A 2.251 –200 2.248 –229 25.7 –26 3.644 292

7 [Na2(P4Ph4)(thf)2.5]cry,trunc
[14] A 2.166 –304 2.207 –323 32.1 –21 3.486 432

8 [Li2(P4H4)]opt
[b] A 2.248 –190 2.252 –204 24.3 –22 3.414 320

9 [Li2(P4Ph4)(tmeda)2]cry,trunc
[a] A 2.166 –267 2.190 –321 13.3 –29 3.229 529

10 Li2(tmeda)1(P4Ph4)opt,trunc; Isomer A [c] 2.215/2.231 –270/–259 2.254 –323 23.6 –27/–20 3.364 417
11 Li2(tmeda)1(P4Ph4)opt,trunc; Isomer B[c] 2.213 –305 2.262 –317 38.3 –25 3.451 323

[a] Coupling constants in Hz calculated at GIAO/B3LYP/6-311+G**//B3LYP/6-31G*.[15] [b] opt = properties of B3LYP/6-31G*-optimized
structure. [c] trunc = truncated geometry; the NMR properties are calculated for the molecule where phenyl groups have been replaced
by H atoms at a standard P–H distance of 1.427 Å and solvent molecules (tmeda) are omitted. [d] P1–P2 = P3–P4 if only one distance
and 1J1,2 = 1J3,4 and J1,3 = J2,4 if only one coupling is given.
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cases the compound exists as the ion triple − we assume a
slightly different conformation in solution, which might be
due to loss of the Li–Cipso interaction present in the solid
phase.

The other species (4��) observed in [D8]toluene solution
at 248 K also shows an AA�BB�X spin system (marked with
asterisks in Figure 5a) with chemical shifts at δ =
–39.7 ppm for P2,3 and a broad resonance at δ = –74.4 ppm
for P1,4 in the 31P NMR spectrum. For this species, no sig-
nal could be found in the 7Li NMR spectrum.

Computations

Recently, Kaupp et al. have calculated the dependence of
the JP,P coupling constants for the conformations A and B
of the P4 chain based on the experimentally known
M2(P4R4) structures (Figure 6).[14] The coupling constants
given in Table 3 depend on the alignment of nonbonding
electron pairs at the phosphorus centers. In A, which has a
small P–P–P–P torsion angle φ, the couplings follow the
order J1,4 (�300 Hz) �� J1,3/J2,4 (11–35 Hz), whereas in B,

Figure 6. Conformations of the P4 chains in tetraphosphanediides
of type A {found in all [M2(P4Ph4)(solv)x] with M = Li, Na, and
[Na2(P4tBu4)(thf)4]} and B {observed in [M2(P4Mes4)(thf)x] M =
Na, x = 4; M = K, x = 6}. The ipso carbons of the aryl groups are
indicated as Ci and the nonbonding electron pairs at the phospho-
rus centers are shown as magenta-colored arrows.
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which has a large angle (�70°), a poor 1,4 alignment of the
lone pairs causes the inverse ordering J1,4 (�5 Hz) �� J1,3/
J2,4 (�100 Hz).

We performed the following computations:[15] i) 31P
chemical shifts were calculated at the GIAO/B3LYP/6-31G*
level for a number of structural isomers of molecules of the
general formula [Li2(P4Ph4)(tmeda)n] (n = 0, 1, 2). The val-
ues obtained for [Li2(P4Ph4)(tmeda)2] (4) with the structure
observed in the crystal and with the optimized structure
(B3LYP/6-31G*), denoted as 4cry and 4opt, respectively, are
δ = –108 (4cry, terminal), –52 (4cry, inner), –70 (4opt, ter-
minal), and –17 ppm (4opt, inner), respectively. The chemi-
cal shift difference, ∆δ, between the terminal and the inner
backbone 31P nuclei is rather constant (–53 ppm relaxed
and –56 ppm crystal geometry). The calculated data repro-
duce the experimental ones satisfactorily, which means that
the chosen theoretical level is sufficient; ii) for comparison,
the structures of the simple molecules [Li2(P4H4)] and
[Na(P4H4)] were optimized at the B3LYP/6-31G* level;
iii) the 31P–31P coupling constants were calculated for
model compounds in which the structure of the M2P4 core
of the complete [Li2(P4Ph4)(tmeda)n] was maintained but
the phenyl groups were replaced by hydrogen atoms and the
tmeda molecules omitted. These truncated geometries are
denoted as [Li2(P4Ph4)(tmeda)n]trunc.

Table 3 lists the P–P coupling constants for the sodium
tetraphosphanediides [Na2(P4Ph4)(tmeda)2] (IIIa),[5a]

[Na2(P4Ph4)(thf)5] (IIId),[5] [Na2(P4tBu4)(thf)4],[4] and the
lithium tetraphosphanediides 4 and 4� as obtained by simu-
lating the experimental spectra. The calculated data for
Li2(P4H4)opt, Na2(P4H4)opt, [Li2(P4Ph4)(tmeda)2]cry,trunc,
and the isomers A and B of Li2(tmeda)(P4Ph4)opt,trunc are
given for comparison. We have also included the data of
[Na2(P4Ph4)(thf)2.5]cry,trunc reported by Kaupp et al.[14]

The experimental data listed for compounds of structure
type A show that the one-bond P–P couplings 1J1,2 = 1J3,4

are somewhat smaller for M = Li (entries 4, 5) than for M
= Na (entries 1–3) and this trend is reproduced with the
calculated model structures (entries 6–9). The P1,2–P3,4

bonds in the optimized models [M2(P4H4)]opt (M = Li, Na)
are longer than in the truncated structures [M2(P4H4)]trunc

and consequently the 1J couplings are smaller. The 1J2,3

coupling is influenced by both the P2–P3 distance and also
by the dihedral angle φ. In compounds with structure B
(entry 3), where φ is large, the 1J2,3 coupling is rather small.
As expected, the couplings J1,3 = J2,4 in the dilithium tetra-
phosphanediide [Li2(P4Ph4)(tmeda)2] (4) are in the range of
the disodium compounds with the same structure type A
and are smaller (entry 4) than for compounds with struc-
ture type B (entry 3). The J1,4 coupling shows a dependency
on the P1···P4 distance and on the dihedral angle φ. At
longer distances (�3.6 Å), J1,4 decreases (compare entries 2
with entries 1 and 4). To some extent, this is also reflected
by the calculations (compare entries 6 with 7 and 8 with 9).
Especially small values for J1,4 are observed for large tor-
sion angles φ (entry 3). In agreement with the experiment,
the calculated coupling constants for [Na2(P4H4)]opt and
[Li2(P4H4)]opt show only little differences. Nevertheless, the
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difference ∆δ = δ(P1,P4) – δ(P2,P3) between the calculated
chemical shifts of the terminal and internal 31P nuclei is
strongly dependent on the alkali cation and significantly
larger for Na [Na2(P4H4): ∆δ = –176 ppm, with δ(P1,P4) =
–232 and δ(P2,P3) = –56 ppm; Li2(P4H4): ∆δ = –137 ppm,
with δ(P1,P4) = –241 and δ(P2,P3) = –104 ppm]. It is note-
worthy that the shifts of the atoms directly attached to the
different cations are less affected than the remote phospho-
rus centers. Although much less pronounced, this is re-
flected by the experimental data {[Na2(P4Ph4)(tmeda)2]
(IIIa): ∆δ = –64.2 ppm with δ(P1,P4) = –89.1 and δ(P2,P3)
= –24.9 ppm; [Li2(P4Ph4)(tmeda)2] (4): ∆δ = –57.1 ppm,
with δ(P1,P4) = –95.1 and δ(P2,P3) = –38.0 ppm}.

With respect to a possible structure for the second species
4�� in solutions of 4, the data in Table 3 give some hints:
the slightly smaller J1,4 and the positive J1,3 = J2,4 indicate
that the conformation of the P4 chain in 4�� has a P–P–P–
P torsion angle φ that is significantly larger than in 4 (��
20°). The very small 1J2,3 indicates that the P2–P3 bond may
also be elongated. The fact that broadened 31P NMR sig-
nals for the terminal phosphorus nuclei P1, P4 are observed
and no 7Li signal could be recorded even at low tempera-
tures point to fast exchange processes. For the sodium com-
pound, we have suggested previously the equilibrium
[Na2(P4Ph4)(thf)x] p [Na(thf)y]+ + [Na(P4Ph4)(thf)z]–, (with
δ1 = –73.3, δ2 = –30.8, δ3 = –16.8, and δ4 = –70.4 ppm and
1J1,2 = 340, 1J2,3 = 340, 1J3,4 = 274, and J2,4 = 148 Hz for
the [Na(P4Ph4)(thf)z]– anion).[5] A computational search of
possible structures for a [Li(P4Ph4)(thf)z]– anion only gave
species with an almost co-planar P4 chain and at least one
significantly high-frequency-shifted resonance for an in-
ternal phosphorus nucleus (�39 ppm). This finding is not
compatible with the experimental results, which show that
the chemical shifts of the external 31P nuclei in 4 and 4��
are quite different. In view of the rather high ESP, it seems
likely that 4�� also has the structure of an ion triple with a
strongly distorted P4 chain. We therefore inspected various
possible structures for 4�� that contain only one tmeda
molecule as co-ligand to lithium (Scheme 2).

Two isomers were found: isomer A, with a chelating
tmeda molecule binding to only one Li ion in a κ2-fashion,
and isomer B, where the tmeda molecule bridges the two
lithium ions in a µ2-κ1,κ1-fashion. Isomer A is about
3 kcalmol–1 more stable than isomer B. The calculated (gas-
phase) energies, ∆Hr, for the dissociation of one tmeda from
4 are in a reasonable range (21–24 kcalmol–1; Scheme 2) to
allow this process in solution. This idea is supported by
measuring the diffusion coefficients of the (P4Ph4)2–-con-
taining species (0.26746×10–9 m2 s–1) and the tmeda mole-
cules (0.29214×10–9 m2 s–1) by pulsed field gradient NMR
techniques.[16] The significantly larger diffusion coefficient
(ca. 10%) for the tmeda molecules is compatible with the
dissociation process, [Li2(P4Ph4)(tmeda)2] p [Li2(P4Ph4)-
(tmeda)] + tmeda, where, on average, three tmeda molecule
are coordinated and one tmeda molecule is free.

Indeed, the P–P–P–P torsion angle φ in A (23.6°) and
especially B (38.3°) is somewhat larger than that observed
in crystals (13.3°) and calculated (12°) for 4. For isomer A,
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Scheme 2. Computed reaction enthalpies for the dissociation [Li2(P4Ph4)(tmeda)2] � [Li2(P4Ph4)(tmeda)] + tmeda.

the predicted 31P chemical shifts are: P1: δ = –74.03 ppm;
P2: δ = 6.87 ppm; P3: δ = –28.52 ppm; P4: δ = –30.06 ppm;
and for the more symmetric isomer B: P1,P4: δ = –55 ppm;
P2,P3: δ = 7 ppm. Considering that the equilibrium shown
in Scheme 2 is likely to be fast on the NMR timescale, the
chemical shift difference (∆δ = –42 ppm) between the
averages of the chemical shifts for the external and internal
31P nuclei, ½(P1 + P4) = –53 ppm and ½(P2 + P3) =
–11 ppm, in isomer A fits better the experimental data for
4�� (∆δ = –34.7 ppm) than isomer B (∆δ = –62 ppm). How-
ever, the agreement between the calculated and experimen-
tal 31P–31P couplings is very poor (see Table 3) and at this
point we cannot draw any definitive conclusion about the
exact nature of 4��.

Conclusions

Optimized conditions for the selective syntheses of di-
lithium (catena-oligophosphane-α,ω-diides) [Li2(PnPhn)-
(solv)x] have bee developed and the species with solv =
tmeda and n = 2, 3, and 4 have been isolated as crystalline
materials and structurally characterized. The compounds
[Li2(P2Ph2)(tmeda)2] and [Li2(P4Ph4)(tmeda)2] form centro-
symmetric genuine ion triples in the solid state and very
probably also in solution. The lithium salt of the triphos-
phanediide behaves differently and is an ion pair, [Li-
(tmeda)2]+[Li(P3Ph3)(tmeda)]–, in the solid and in solution.
On average, the Li–P bonds (average of Li–P distances
listed in Table 2: 2.55 Å) are 15% shorter than the Na–P
distances (av. 2.98 Å) in comparable sodium oligophos-
phane-α,ω-diides (see Table 1). As a consequence, the elec-
trostatic stabilization parameters, ESPs, of the lithium
phosphanediides are significantly larger. Within its limits,
this very simple model, which involves placing point
charges at the positions of the cations and terminal phos-
phorus centers and neglecting all solvation energies and ste-
ric interactions, can be used to rationalize why Li2(P2Ph2)
forms a simple ion triple while the sodium analogue forms
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a larger aggregate. Also, the fact that [Na2(P3Ph3)(solv)x]
forms an intact ion triple but the lithium analogue readily
dissociates into an ion pair is expected. Specifically, the
large drop of the ESP when going from the ion triple
[Na2(P3Ph3)] (–0.79) to a hypothetical ion pair [Na]+-
[Na(P3Ph3)]– (ESP = –0.35; calculated with Na–P = 2.98 Å,
P–P = 3.14 Å) cannot be overcompensated by the solvation
of the dissociated Na+ cation in an organic solvent. Further
studies will concentrate on the question of whether these
different aggregates also have different reactivity.

Experimental Section
General Techniques: All manipulations were performed under ar-
gon. All solvents were dried and purified using standard procedures
and were freshly distilled under argon from sodium/benzophenone
(THF, toluene, tmeda, dme, mtbe) or from sodium/diglyme/benzo-
phenone (n-hexane) prior to use. Air sensitive compounds were
stored and weighed in a glove box (Braun MB 150 B-G system)
and reactions on small scale were performed directly in the glove
box.

NMR Spectra were measured on Bruker AVANCE 500, 400, 300,
and 250 systems. The chemical shifts (δ) are measured according
to IUPAC[17] and expressed in ppm relative to TMS (1H, 13C), LiCl
(7Li), and H3PO4 (31P). No satisfactory elemental analysis could
be obtained due to the high air and moisture sensitivity of the
compounds.

Solid State NMR: 31P CP-MAS solid-state NMR spectra were ac-
quired at room temperature on a Bruker Avance instrument op-
erating at a 1H Larmor frequency of 500 MHz. Conventional cross-
polarization and magic-angle-spinning techniques were im-
plemented using 4-mm rotors, with which rotational frequencies of
more than 11 kHz were achieved. The 13C carboxylate resonance
of α-glycine appeared at δ = 176.0 ppm. As a consequence, refer-
encing of all isotopes could be achieved as for the solution NMR
using the unified Ξ scale.[17] Chemical shifts are expressed relative
to H3PO4.

X-ray Crystallographic Investigations and Crystal Data: Data col-
lection for the X-ray structure determinations were performed on
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a Bruker SMART Apex diffractometer system with CCD area de-
tector by using graphite-monochromated Mo-Kα (0.71073 Å) radi-
ation and a low-temperature device. Crystals of [Li2(P2Ph2)-
(tmeda)2] (2) suitable for X-ray diffraction were obtained by
crystallization of a saturated toluene/tmeda solution at ambient
temperature. Those of [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– (3) were
grown from a toluene solution at 7 °C and of [Li2(P4Ph4)(tmeda)2]
(4) from a saturated mtbe solution at ambient temperature. In order
to avoid quality degradation the single crystals were mounted in
paraffin oil on top of a glass fiber and then brought into the cold
nitrogen stream of a low-temperature device so that the oil solidi-
fied. All calculations were performed with SHELXTL (ver. 6.12)
and SHELXL-97 (G.M. Sheldrick, Göttingen, 1997). The struc-
tures were solved by direct methods and successive interpretation of
the difference Fourier maps, followed by full-matrix least-squares
refinement (against F2). Moreover, an empirical absorption correc-
tion using SADABS (ver. 2.03) was applied to all structures. All
non-hydrogen atoms were refined anisotropically in the X-ray
structures of [Li2(P2Ph2)(tmeda)2] (2) and [Li2(P4Ph4)(tmeda)2] (4),
whereas the tmeda ligand in [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– (3)
was refined isotropically. The ethylene bridge of the tmeda ligand
is highly disordered on two positions and a large number (17) of
restraints had to be used to achieve a satisfactory wR2 value. The
contribution of the hydrogen atoms, in their calculated positions,
was included in the refinement using a riding model for the X-ray
structures of [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– (3) and [Li2(P4Ph4)-
(tmeda)2] (4). Some hydrogen atoms of [Li2(P2Ph2)(tmeda)2] (2)
could be located in the Fourier difference map and hence were re-
fined freely. The disordering in this molecule, which is caused by a
flip of the Li–P–P–Li plane by 48° with respect to the Li–Li vector,
was fixed using the bond lengths of the main structure, resulting in
a large number (12) of restraints. The contribution of the hydrogen
atoms of the disordered part was included by using a riding model.
Upon convergence, the final Fourier difference map of all struc-
tures showed no significant peaks. Relevant data concerning crys-
tallographic data, data collection, and refinement details are sum-
marized in Table 4.
CCDC-280997 to -280999 (for 2–4, respectively) contain the sup-
plementary crystallographic data for this paper. These data can be

Table 4. Crystallographic data for compounds 2, 3, and 4.

Compound [Li2(P2Ph2)(tmeda)2] (2) [Li(tmeda)2]+ [Li(P3Ph3)(tmeda)]– (3) [Li2(P4Ph4)(tmeda)2] (4)

Empirical formula C24H42Li2N4P2 C36H63Li2N6P3 C36H52Li2N4P4

M 462.44 686.71 678.58
Crystal system monoclinic monoclinic monoclinic
Space group C2/m (no. 12) P21/c (no. 14) C2/c (no. 15)
a [Å] 12.192(1) 13.283(1) 10.299(1)
b [Å] 14.059(1) 17.535(1) 17.644(1)
c [Å] 8.335(1) 18.331(1) 21.464(1)
β [°] 101.905(2) 99.828(2) 93.412(2)
V [Å3] 1398.2(1) 4207.2(4) 3893.4(5)
µ [mm–1] 0. 172 0.172 0.223
Dcalcd. [g cm–3] 1.098 1.084 1.158
Crystal dimensions [mm] 0.52×0.45×0.34 0.24×0.13×0.05 0.14×0.13×0.10
Z 2 4 4
T [K] 100 100 200
2θmax [°] 104.30 52.90 52.74
Reflections measured 22784 37854 14022
Reflections unique 8099 (Rint = 0.0191) 8646 (Rint = 0.0781) 3975 (Rint = 0.0505)
Parameters/restraints 184/12 377/17 212/0
R1 [I � 2σ(I)] 0.0411 0.0968 0.0594
wR2 (all data) 0.1260 0.2233 0.1391
Max./min. resid. e– dens. [eÅ–3] 1.035/–0.449 0.930/–0.747 0.355/–0.181
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Computational Methods: Geometries were ab initio optimized[15] at
the B3LYP/6-31G* level unless otherwise stated. Chemical shifts
and nuclear spin-spin coupling constants were obtained for these
geometries and truncated moieties by the GIAO/B3LYP/6-31G*
method. The 31P chemical shift of PH3 (δ = 586 ppm) was calcu-
lated using a B3LYP/6-31G* structure at the GIAO/B3LYP/6-31G*
level and set to –240 ppm vs. H3PO4 as the reference shift for all
computed structures.

Synthesis of [Li2(P2Ph2)(tmeda)2] (2): Lithium sand (39 mg,
5.62 mmol, 6 equivalents) and (P5Ph5) (500 mg, 0.925 mmol,
1 equiv.) were stirred for 24 h in THF (10 mL). The remaining lith-
ium sand was filtered off and the solvent of the deep red filtrate
was removed under high vacuum. The orange red powder was sus-
pended in hot toluene (10 mL) and filtered off. The red powder
was recrystallized from a hot mixture of toluene (4 mL) and tmeda
(2 mL) and, on cooling to ambient temperature, the product sepa-
rated as red crystals (673 mg, 63%). Red, very air-sensitive single
crystals of [Li2(P2Ph2)(tmeda)2] were obtained by storing a satu-
rated toluene/tmeda solution at ambient temperature.
[Li2(P2Ph2)(tmeda)2] (C24H42Li2N4P2, M = 462.45 gmol–1): M.p.
151–153 °C (single crystal, uncorrected). 1H NMR (500.23 MHz,
[D8]THF, 25 °C): δ = 2.18 [s, 8 H, CH3(TMEDA)], 2.34 [s, 24 H,
CH2(TMEDA)], 6.33 (m, 2 H, p-H), 6.62 (m, 4 H, m-H), 7.26 ppm
(m, 4 H, o-H). 7Li NMR (194.4 MHz, DME/[D8]toluene, 25 °C): δ
= 0.6 ppm [s (br.)]. 13C NMR (125.8 MHz, [D8]THF, 25 °C): δ =
46.7 [s, CH3(TMEDA)], 59.4 [s, CH2(TMEDA)], 117.5 [s (br.), 4-C in
Ph], 126.7 [t, (3JC,P + 4JC,P) = 2.4 Hz, 3,5-C in Ph], 131.0 [t, (2JC,P

+ 3JC,P) = 12.2 Hz, 2,6-C in Ph], 162.2 ppm [t, (1JC,P + 2JC,P) =
34.8 Hz, 1-C in Ph]. 31P NMR (202.5 MHz, [D8]THF, 25 °C): δ =
–102.9 ppm (s).

Synthesis of [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– (3): Lithium sand
(45 mg, 6.47 mmol; 3.5 equiv.) and (P5Ph5) (1.00 g, 1.85 mmol;
1 equiv) were stirred for 24 h in dme (10 mL). The orange precipi-
tate was filtered off, washed with dme (2 mL), and dried in high
vacuum. The light orange powder was dissolved in a mixture of
toluene (5 mL) and tmeda (1 mL). The solvent was removed under
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high vacuum to give a yellow powder (1.525 g, 72%). Yellow, very
air-sensitive single crystals of [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]–

were obtained by storing a saturated toluene solution for several
days at 7 °C. [Li(tmeda)2]+[Li(P3Ph3)(tmeda)]– (C36H63Li2N6P3, M
= 686.73 gmol–1): M.p. 166 °C (single crystal, uncorrected). 1H
NMR (300.1 MHz, [D8]toluene, 25 °C): δ = 1.92 [s (br.), 12 H,
CH2(TMEDA)], 2.03 [s (br.), 36 H, CH3(TMEDA)], 6.87 (m, 1 H, p-H
in Ph at PA), 6.89 (m, 2 H, p-H in Ph at PM), 6.97 (m, 2 H, m-H
in Ph at PA), 7.20 (m, 4 H, m-H in Ph at PM), 8.04 (m, 4 H, o-H
in Ph at PM), 8.18 ppm (m, 2 H, o-H in Ph at PA). 7Li NMR
(194.4 MHz, [D8]toluene, –73 °C): δ = 11.4 [m (br.)], 10.5 ppm [s
(br.)]. 13C NMR (75.5 MHz, [D8]toluene, 25 °C): δ = 45.9 [s,
CH3(TMEDA)], 57.2 [s, CH2(TMEDA)], 120.0 (s, 4-C in Ph at PM),
124.8 (s, 4-C in Ph at PA), 127.4 (m, 3,5-C in Ph at PA), 128.1 (m,
3,5-C in Ph at PM), 130.0 (m, 2,6-C in Ph at PM), 131.0 (m, 2,6-C
in Ph at PA), 155.8 (m, 1-C in Ph at PM), 159.1 ppm (m, 1-C in Ph
at PA). Multiplets in the 13C NMR spectra represent the X part of
an AMM�X spin system. 31P NMR (101.3 MHz, [D8]toluene,
25 °C): δ = –52.3 [m, 1JP(M),P(A) = 223.8 Hz, A part of an AM2 spin
system, PA], –71.5 ppm [m, 1JP(M),P(A) = 223.8 Hz, M part of an
AMM� spin system, P(M+M�)].

Synthesis of [Li2(P4Ph4)(tmeda)2] (4): [Li2(P3Ph3)(dme)x] (3�;
892 mg, 1.466 mmol, 5 equiv., x = 3) and (P5Ph5) (158 mg,
0.242 mmol, 1 equiv.) were suspended in Et2O (30 mL). The yellow
suspension was stirred for 24 h. The almost clear yellow solution
was filtered through a Teflon filter. The solvent was removed under
high vacuum and the obtained orange powder was dissolved in a
mixture of toluene (10 mL) and tmeda (3 mL). The solvent was
removed under high vacuum to give a yellow powder (865 mg,
87%). Slightly yellow, very air-sensitive single crystals of
[Li2(P4Ph4)(tmeda)2] were obtained by storing a saturated mtbe
solution for several days at ambient temperature. [Li2(P4Ph4)-
(tmeda)2] (C36H52Li2N4P4, M = 678.6 gmol–1): M.p. 174 °C (single
crystals, uncorrected). 1H NMR (500.2 MHz, [D8]toluene, 25 °C):
δ = 1.76 [s (br.), 8 H, CH2(TMEDA)], 1.95 [s (br.), 24 H,
CH3(TMEDA)], 6.86 (m, 2 H, p-H in Ph at PA), 7.02 (m, 2 H, p-H
in Ph at PB), 7.09 (m, 4 H, m-H in Ph at PA), 7.14 (m, 4 H, m-H
in Ph at PB), 7.72 (m, 4 H, o-H in Ph at PA), 8.22 ppm (m, 4 H, o-
H in Ph at PB). 7Li NMR (194.4 MHz, [D8]toluene, –25 °C): δ =
10.9 ppm (t, 1JLi,P = 37.3 Hz, 2 Li) ppm. 13C NMR (125.8 MHz,
[D8]toluene, 25 °C): δ = 46.1 [s, CH3(TMEDA)], 56.8 [s,
CH2(TMEDA)], 120.6 (s, 4-C in Ph at PA), 125.7 (s, 4-C in Ph at PB),
127.5 (s, 3,5-C in Ph at PA), 127.6 (s, 3,5-C in Ph at PB), 130.2 (m,
2,6-C in Ph at PA), 133.9 (m, 2,6-C in Ph at PB), 148.3 [m (br), 1-
C in Ph at PB], 154.3 ppm [m (br.), 1-C in Ph at PA]. Multiplets in
the 13C NMR spectra represent the X part of an AA�BB�X spin
system. 31P NMR (202.5 MHz, [D8]toluene, 25 °C): δ = –2.3 [m,
(PPh)5], –36.8 (br., [Li2(P4Ph4)(tmeda)2]), –53.3 (m, [Li2(P3Ph3)-
(tmeda)3]), –73.0 (m, [Li2(P3Ph3)(tmeda)3]), –76.0 (br., [Li2(P4Ph4)-
(tmeda)2]), –95.4 (br., [Li2(P4Ph4)(tmeda)2]) ppm. 31P NMR
(202.5 MHz, [D8]toluene, –25 °C): δ = –38.0 (m, B part of an
AA�BB�X2 spin system, PB [4]), –39.7 (m, B part of an AA�BB�X
spin system, PB [4��]), –74.4 (m, A part of an AA�BB�X spin sys-
tem, PA [4��]), –95.1 ppm (m, A part of an AA�BB�X2 spin system,
PA [4]); ratio 4/4�� = 100:81. 31P{1H} CPMAS (202.5 MHz, 25 °C):
δiso = –38, δ11 � 50, δ22 � –10, δ33 � –155 (B part); δiso = –87, δ11

� 0, δ22 � –55, δ33 � –205 ppm (A part). 7Li NMR (194.4 MHz,
[D8]toluene, –25 °C): δ = 10.9 ppm (t, 1JLi,P = 37.3 Hz, 2 Li).

Supporting Information (see footnote on the first page of this arti-
cle): Plots of the 13C NMR spectra of compounds 2, 3, and 4 and
details of the simulation of the 31P CP-MAS spectrum with the
SIMPSON package.
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The phase transition occurring at Tt = 528 K in the natural
mineral and synthetic laser host compound KPb2Cl5 has been
characterized by means of both single-crystal X-ray diffrac-
tion (XRD) as a function of temperature and differential scan-
ning calorimetry (DSC). The K+ and Pb2+(2) cations order on
passing from the high-temperature orthorhombic phase
(space group Pmcn; a = 8.951, b = 8.015, c = 12.683 Å, Z = 4
at 623 K) to the low-temperature monoclinic one (space
group P21/c; a = 8.849, b = 7.918, c = 12.472 Å, β = 90.11°, Z
= 4, at room temperature), leading to a group-subgroup first-
order phase transition displaying moderately fast kinetics

Introduction
KPb2Cl5 is a chloride[1] that has been known for a long

time but has recently triggered a substantial body of litera-
ture because of its use as a host crystal for optical amplifiers
in near- and middle-infrared solid-state lasers.[2] In this
realm of applications, the growth of centimeter-sized high-
quality single crystals is of paramount importance for se-
veral reasons. Firstly, it allows for the investigations of the
intrinsic optical performances (grain boundaries and other
microstructural defects can introduce passive losses within
the laser cavity). Secondly, it permits the characterization of
the anisotropy of these optical properties (absorption and
emission cross-sections, for instance, can depend on the rel-
ative orientation of the electric field with respect to the op-
tical axis of the crystal). Thirdly, it provides a means of
concentrating a sufficiently large number of optically active
ions with virtually no diffusion mobility within a cubic-cen-
timeter-sized volume (with respect to gas lasers) to ensure
optical amplification. In other respects, KPb2Cl5 occurs as
a natural mineral named “challacolloite”[3] that readily
forms in the flue dusts of steelmaking plants[4] and in the
high-temperature fumarole gases of the Kudryavyi (Iturup
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and low entropy production upon thermal cycling around Tt.
The positional entropy calculated from our crystal structure
models corresponds to the transition entropy measured by
DSC within the experimental error, and amounts to about
0.34R. The driving force for the phase transition, A �

22 Jmol–1, remains negligible with respect to both the ther-
mal energy at Tt (RTt � 4.4 kJmol–1) and the transition latent
heat (∆H � 790 Jmol–1), thereby suggesting that this phase
transition is a close-to-equilibrium process.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Island, Kuril Islands), Vesuvius (Italy), and Satsuma–
Iwojima (Japan) volcanoes.[3,5] Until now, the main crystal-
growth method for elaborating pure and rare-earth-doped
KPb2Cl5 single crystals has been the Bridgman–Stock-
barger one: at least 20 different single crystals have been
successfully elaborated by this method.[6–10] Powder X-ray
diffraction (XRD) carried out at room temperature has es-
tablished that KPb2Cl5 adopts the NH4Pb2Cl5 structural
type,[11] and a recent accurate refinement of single-crystal
XRD data firmly confirmed this crystal structure.[12] Al-
though several researchers have evoked the likelihood of a
phase transition undergone by the crystals between the
melting point and room temperature,[7,13] it is only recently
that it was characterized by differential scanning calorime-
try (DSC) and found to display a low entropy production
per thermal cycle around Tt = 528.15 K.[10] In this paper
we present a combined crystallographic and thermo-
dynamic analysis of the phase transition in KPb2Cl5 by me-
ans of single-crystal XRD as a function of temperature and
DSC experiments which supplement the ones previously
undertaken. We demonstrate that it corresponds to a close-
to-equilibrium cationic order-disorder group-subgroup
first-order transition that displays moderately fast kinetics.

Results and Discussion

Crystallographic Aspects

Both the room- and high-temperature structures consist
of edge-sharing Pb2+(1) monocapped octahedra that form
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infinite chains along [100] (Figures 1 and 2). These are iso-
lated from each other but surrounded by, and joined to,
six K+/Pb2+(2) face-sharing bicapped trigonal prism-based
chains that also extend along the [100] direction (Figures 1
and 3). The K+ and Pb2+(2) cations alternate in the room-
temperature phase but are disordered in the high-tempera-
ture phase. The K+/Pb2+(2) chains arrange in a pseudo-hex-
agonal network in the (b�c�) planes that contain the Pb2+(1)
chains (Figure 4). Along [010], the K+/Pb2+(2) polyhedra
share one of their triangular faces, which gives rise to corru-
gated chains [with a 128.8° angle between three successive
K+ or Pb2+(2) cations] that are linked to each other by a
Cl(5)–Cl(5) edge every three polyhedra (Figures 4 and 5).
The Pb2+(1) monocapped octahedra share all their vertices
but not more than one edge simultaneously with a neigh-
boring K+ and/or Pb2+(2) polyhedra. The two equatorial
edges that are not linked to the Pb2+(1) polyhedra, along
the [100] direction, are unshared. The three edges defining
the triangular face at the opposite side from the capped
face, as well as all the faces of the Pb2+(1) polyhedra, also
remain unshared. In Figure 6 (a), the pseudo-quadrilateral
face on the capped side has in common its four edges with
the neighboring two K+ and two Pb2+(2) polyhedra, which
block the view of it. The rise in symmetry in the high-tem-
perature phase stems from the fact that the K+ and Pb2+(2)
cations become equivalent, much like the (8d) K+ cations
do in K2PrCl5, which adopts the Pnma space group.[14]

Hence, a mirror plane appears at 1/4,y,z, on which the
Pb2+(1) cations are located (Figure 6). The 153.75° angle
between the successive Pb2+(1) cations is virtually unaffec-
ted (155.6° at 623 K) by cationic ordering in the neigh-
boring K+/Pb2+(2) chains, whereas in the latter chains the
angle between two consecutive K+ and Pb2+(2) cations
passes from 170.9° at room temperature to 180° at 623 K.
Some of the structural parameters are quite sensitive to the
phase transition. The analysis of the behavior of the unit-
cell parameters (Figure 7) and of the diagonal coefficients
of the anisotropic atomic displacement parameters (ADPs,

Figure 1. Simplified view of the KPb2Cl5 crystal structure at room
temperature (P21/c) showing the two kinds of chains running along
[100]: the ordered K+/Pb2+(2) one and the Pb2+(1) one. In the high-
temperature phase, the K+ and Pb2+(2) cations become crystallo-
graphically equivalent and a cationic disorder appears in the K+/
Pb2+(2) chains over a length typically of 10–1000 Å (see text).
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presented in Figure 8) as a function of temperature is not
devoid of interest for understanding the phase-transition
mechanism. While the a and b parameters show a linear
dependency on temperature from 293 to 573 K, the c
parameter shows two breaks of slope at about 473 and
573 K, which provide clear evidence for the phase transition
since they correspond to the initial and final peak tempera-
tures in the Cp vs. T[10] and Jq vs. T curves (Figure 9). The

Figure 2. (a) Sketch of the Pb2+(1) chains in the room-temperature
phase along [100]; (b) sketch of the Pb2+(1) chains at 623 K (Pmcn
phase) along [100]. Both views show the edge-sharing of the mono-
capped octahedra.
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Figure 3. (a) Sketch of the ordered K+/Pb2+(2) chains in the room-
temperature phase along [100]; (b) sketch of the disordered K+/
Pb2+(2) chains at 623 K (Pmcn phase) along [100]. Both views show
the triangular face-sharing of the bicapped trigonal prisms.

mean lattice-expansion coefficients are:
1

a(293 K)

da

dT
�

38.6×10–6 K–1 (293–598 K),
1

b(293 K)

db

dT
� 42.6×10–6 K–1
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(293–598 K) and
1

c(293 K)

dc

dT
� 39.3×10–6 K–1 (293–

473 K). Although the lattice parameters’ thermal expansion
is not strictly equal to the thermal expansion tensor diago-
nal elements,[15] it provides a sufficiently accurate estimate
of the latter quantities. Worthy of note is the patent de-
crease in the c parameter upon cooling, from 573 to 473 K

−
1

c(473 K)

dc

dT
� 97.9×10–6 K–1 − which suggests that in

this temperature range the thermal stress may be substantial
and also that a very slow cooling under an extremely flat
temperature profile should be applied to the crystal to pre-
vent the generation of dislocations in too large a concentra-
tion. The relative difference in unit cell volume between
293 K and the Pmcn phase at 623 K is about –3.9%. This
anisotropic increase in lattice thermal expansion upon heat-
ing might be attributed to a larger density of weaker bonds
along [001] than along the [100] and [010] directions. The
K+ and Pb2+ chloride polyhedral framework along [001]
does not imply any single face-sharing, unlike along the
[100] and [010] directions; however, the highest rises in Uii

values in the vicinity of the transition temperature occur
along [100]. Analysis of the ADPs (Figure 8) supplies infor-
mation about the possible diffusion paths for the K+ and
Pb2+(2) cations at high temperature. The doubling of the
ADPs undergone by both K+ and Pb2+(2) along the [100],
[010] and [001] directions at the transition outlines the
three-dimensional character of the diffusion of these two
species. Moreover, the isotropy of the lattice thermal expan-
sion up to 473 K, in conjunction with the interchain con-
nections in the (b�c�) plane also indicate that the KPb2Cl5
structure possesses a good deal of three-dimensional char-
acter notwithstanding the existence of both ordered K+/
Pb2+(2) and Pb2+(1) chains in the room-temperature phase.
The increase in the ADPs of the Pb2+(1) cations proves to
be less marked than that of both K+ and Pb2+(2). Cl–(1)
shows a net rise in U33 between 473 and 548 K whereas in
the other directions the thermal evolution of its ADPs
seems regular. Cl–(2), but above all Cl–(5) and Cl–(3), dis-
plays a sharp increase in the displacement parameter along
[100]. From the knowledge of the structure, three possible
K/Pb(2) microscopic jumps can be conjectured: one along
the [100] direction through the Cl–(3)–Cl–(5)–Cl–(2) tri-
angular face, another one along [010] through the Cl–(1)–
Cl–(2)–Cl–(3) triangular face (Figure 5) and the last one
along [001] through the Cl–(5)–Cl–(5) edge mentioned pre-
viously. The anisotropy of the ADPs’ elongation [Fig-
ure 8 (b)] observed for Cl–(1) and Cl–(5) suggests a possible
diffusion path along [001]. Indeed, this elongation occurs
along [100] for Cl–(5), i.e. perpendicularly to the jump direc-
tion, and along [001] for Cl–(1), as sketched in Figure 5.
Although these features are consistent with K+/Pb2+(2) cat-
ion diffusion along the [001] direction, they are still specu-
lative and call for a detailed energy-landscape calculation.
Figure 10 illustrates how an XRD experiment can evidence
the temperature spreading over about 100 K[10] of the phase
transition: the hk0 (h + k = 2n + 1) reflections observed at
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Figure 4. View of the KPb2Cl5 crystal structure at room temperature (P21/c) along [100] showing how the ordered K+/Pb2+(2) chains
share common edges in the (b�c�) planes to form a pseudo-hexagonal channel containing the Pb2+(1) chains: (a) without Pb2+(1) mono-
capped octahedra sketched; (b) with one Pb2+(1) monocapped octahedron drawn; (c) with the closest neighbor of the Pb2+(1) monocapped
octahedron sketched in (b) drawn. These figures illustrate the zig-zag chains formed by the Pb2+(1) monocapped octahedra consistently
with the 153.75° angle between three successive Pb2+(1) cations.

Figure 5. Speculative diffusion path for the K+ and Pb2+(2) cations
in KPb2Cl5 as deduced from the anisotropy of the Cl– anions’ ther-
mal vibrations.
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293 and 473 K transform, at first, at 548 K, into diffuse
scattering and then vanish at 623 K. The occurrence of dif-
fuse scattering is likely to be due to the K+/Pb2+(2) cationic
diffusion.

Structure of Rare-Earth Defects

Figures 6 (a) and (b) portray views of the Pb2+(1) polyhe-
dron and chains that may prove useful when considering
the local structure of the rare-earth defects that are liable
to form when introduced within this compound to produce
laser emission in the near- and middle-infrared wavelength
range. In a recent work, we pointed out that the most ex-
pected rare-earth defects can be expressed in the Kröger–
Vink notation as RE·

Pb – V�K, RE·
Pb – K�Pb, RE··

K – V��Pb,
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Figure 6. (a) Simplified view of the Pb2+(1) monocapped octahedron surrounded by six K+ and Pb2+(2) polyhedra in the (b�c�) planes; (b)
simplified view of the isolated Pb2+(1) chains surrounded by six ordered K+/Pb2+(2) chains in the room-temperature
P21/c phase. The labeling of the K+ and Pb2+(2) sites indicates that they are symmetrically non-equivalent with respect to the Pb2+(1)
sites.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4168–41784172
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Figure 7. (a), (b) Thermal dependence of the KPb2Cl5 lattice pa-
rameters; (c) KPb2Cl5 “X-ray” volumic mass.

RE··
K + 2V�K and 2RE·

Pb + V��Pb. Let us now describe the
situation more precisely by restricting our counting to near-
est neighbors. There are six possible ways of forming each
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Figure 8. Refined diagonal elements of the anisotropic atomic dis-
placement parameters for (a) the K+ and Pb2+ cations and (b) the
Cl– anions in KPb2Cl5 at selected temperatures.

of the RE·
Pb(1) – V�K, RE·

Pb(1) – K�Pb(2) and RE··
K – V��Pb(1)

defects as the absence of symmetry elements makes all the
nearest K+ and Pb2+(2) neighbors symmetrically non-equiv-
alent with respect to the Pb2+(1) sites. Along [100], there is
only one possibility of finding the RE··

K + V��Pb(2) and
RE·

Pb(2) + V�K defects. Owing to the inversion center lo-
cated at 0,0,0 (right in the middle of the pseudo-hexagons
drawn in Figure 4) three non-equivalent RE·

Pb(2) + K�Pb(2)

defects can combine. The counting of three-center-type de-
fects proves to be much more cumbersome, not only be-
cause of the lack of high-order symmetry elements [note,
for example, thirty-six ways of forming RE·

Pb(2) – V��Pb(2) –
RE·

Pb(1)], but also because of the many possible combina-
tions of RE·

Pb – RE·
Pb – V��Pb. All in all, checking for the

redundancies and with the proviso that the relaxation pro-
cesses of atomic positions do not entail new symmetry ele-
ment(s), this brings about more than 100 three-center de-
fects in addition to the 23 two-center ones, all with a dis-
tinct formation free energy. Consequently, a distribution of
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Figure 9. (a) Heat flux vs. temperature curves for raw KPb2Cl5 sin-
gle crystals and KPb2Cl5 single crystals quenched from 633 K; (b)
superposition of the unquenched KPb2Cl5 single crystal Jq vs. T
and c vs. T curves. The double arrow labeled “i” indicates the initial
peak temperature and that labeled “f” the final peak temperature.

them cannot be discarded a priori. It is even likely that the
rare-earth defects’ distribution depends on spatial coordi-
nates because the formation free energy of a particular de-
fect is affected by the concentration of its counterparts.
These considerations put the recent attempts at characteriz-
ing the structure of rare-earth defects into perspective. A
Tb·

Pb(1) – V�K4
defect, assumed to be the majority, has been

supposed to account for the 159Tb3+ high-frequency EPR
spectra obtained in Tb3+-doped KPb2Cl5 single crystals.[16]

The labeling of the K+ site is indicated in Figure 6 (a). By
means of time-resolved fluorescence line-narrowing spec-
troscopy performed on Eu3+-doped KPb2Cl5 single crystals,
Cascales, Fernández and Balda concluded that three defects
form, namely Eu·

Pb(2) – V�K (97%), Eu·
Pb(1) – V�K?

(1.9%)
and Eu··

K – V��Pb(?) (1.1%), without unveiling which K+ and
Pb2+ sites are involved in the latter two defects.[17]

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4168–41784174

Thermodynamic and Kinetic Aspects

By making some assumptions, Defay and Prigogine es-
tablished that the driving force of the transition should vary
with time according to A(t) = kτr·[1 – exp(–t/τr)].[18] Thus,
during the phase transition, the value of the affinity A
changes from 0 to approximately kτr. We suggest to deter-
mine k according to k � –∆H/∆tt – ∆V/Vm·Rβ, in which
∆tt, the time duration of the phase transition, can be ob-
tained from the T vs. t DSC curve as the interval between
the onset time of the baseline deviation and the time of the
peak maximum; β, ∆Vm, and Vm stand for the temperature
scanning rate, the molar volume contraction at fixed pres-
sure and temperature, and some mean molar volume of the
system in the vicinity of the transition, respectively. While
the former is fixed by the experimenter, the latter can be
estimated from the XRD data recorded around Tt. Our cal-
orimetry and XRD data give k � 11.6 Jmol–1 s–1. Further-
more, τr can be assigned an upper limit by a quenching
experiment: this upper limit is τc, the intrinsic cooling time
of a crystal and its container quenched from a temperature
higher than Tt, provided that the quenched sample exhibits
the phase transition exactly like the slowly cooled crystals
(see Experimental Section). As τr � τc � 1.9 s, we deduce
that A � 22 Jmol–1. This value is of the same order of mag-
nitude as the Gibbs free energy change we previously esti-
mated with Smith’s formula (∆G � 35 Jmol–1).[10] The fact
that the affinity remains smaller than both the latent heat
(∆H � 790 Jmol–1) and the thermal energy at Tt (ca.
4.4 kJmol–1), as well as the apparently fast energy relax-
ation kinetics and vanishingly small affinity threshold for
the transition,[10] clearly indicate the close-to-equilibrium
character of the transition, and are also consistent with its
group-subgroup nature. The positional entropy can be ap-
proximated as R ln (xrt/xht), where xht and xrt denote the
number of atomic-position-independent parameters refined
in the high-temperature phase (17) and in the room-tem-
perature one (24), respectively. Hence, ∆Sposn = 0.345R �
∆St. In other words, this transition turns out to be an al-
most purely cationic order-disorder process, with virtually
no phonon mode population redistribution or rotational
disorder. Indeed, the extrapolation of the low-temperature
part of the Cp vs. T curve falls into the high-temperature
one.[10] This behavior of the specific heat baseline before
and after the transition, and the fact that ∆St � ∆Sposn lend
support to the contention that ∆Svibr � 0R. Furthermore,
as we were unable to detect any kind of collective tilt of the
K+ and Pb2+ polyhedra, we think that ∆Sorient = 0R. Thus,
the increase in Uii values observed in Figure 8 certainly
stems from the K+/Pb2+(2) cations’ positional disorder con-
tribution to the Debye–Waller factor.[19] Assuming a K+/
Pb2+ lattice interdiffusion coefficient of the order of magni-
tude of 10–11–10–12 cm2 s–1 around Tt,[20] the fact that the
same transition entropy is found in samples cooled from
633 K in about 1.9 s and in slowly cooled crystals leads us
to presume that this cationic ordering takes place over a
characteristic distance shorter than 1000 Å, that is, at the
submesoscopic scale. On the other hand, owing to the ap-
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Figure 10. Plots of reciprocal lattice planes assembled from the series of experimental frames taken at various temperatures.

parently fast kinetics, low affinity, and group-subgroup na-
ture of its phase transition, KPb2Cl5 is expected to belong
to one of the two fully ferroelastic mmmF2/m species of
Aizu’s theory and display a 2×2 twinned domain micro-
structure.[21] The absence of splitting of the XRD spots
(Figure 10) allows us to discard the possible coexistence of
domains with different orientation states in the crystals of
this study. This, in turn, suggests that the K+/Pb2+ diffusion
upon ordering happens over a length larger than the in-
teratomic distance. Finally, we would like to mention that
although the form of the KPb2Cl5 Cp vs. T curve around
the transition and that of NaClO4 in the vicinity of the
orthorhombic Cmcm to cubic Fm3m transition temperature
are as alike as two peas in a pod,[10,22] the latter situation
proves to be fundamentally different because it involves ro-
tational degrees of freedom of the perchlorate anions in the
transition mechanism.

Conclusions

We have presented a consistent set of DSC and single-
crystal XRD data that establishes the order-disorder group-
subgroup phase transition occurring at 528 K in KPb2Cl5.
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This transition is of first order, displays moderately fast ki-
netics, and can be looked upon as a close-to-equilibrium
process. In the high-temperature phase, a K+/Pb2+(2) disor-
der takes place in the chains of bicapped trigonal prisms
extending infinitely along the [100] direction. The lattice
thermal expansion is almost isotropic from room tempera-
ture to about 473 K, but doubles its value along the [001]
direction in the temperature range of the transition. We
have also disentangled the connections between the Pb2+(1)
chains embedded into the pseudo-hexagonal network of the
K+/Pb2+(2) chains.

Experimental Section

Synthesis and Crystal Growth: KCl powder (63.4 mmol, Chempur
99.99% used as received) was mixed with PbCl2 powder
(126.8 mmol, Chempur 99.999% used as received) in an agate mor-
tar in a ca. 2% wet-nitrogen-filled glovebox, dried in vacuo, and
heated in successive stages from 425 to 565 K under electronic-
grade HCl gas in a silica tube (mounted to a 10–8 atm vacuum
assembly), in order to promote the solid-state reaction taking place

according to KCl + 2 PbCl2 ––––�
HCl

425–565 K
KPb2Cl5. Details of the subse-
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quent crystal growth by the Bridgman-Stockbarger method are
given in ref.[10]

Quenching Procedure: Fresh KPb2Cl5 single crystals were taken
from various locations of the bulk sample but neither from its be-
ginning nor its end and sealed in a silica ampoule with a thickness
of about 1 mm under 0.37 atm of HCl gas. The ampoule was placed
in a vertical open furnace and heated at 633 K for 44 h. After this
time, the ampoule was thrown into a mixture of ice and water. The
intrinsic cooling time can be approximated to τSiO2

+ τKPb2Cl5 �

1.9 s, with τi =
ρiCpi Li

2

Miκi
, Cp(KPb2Cl5, 633 K) � 40.3R[10] and

κ(KPb2Cl5, 300 K) � 4.62 Wm–1 K–1,[23] provided that the surface
exchange contributions to heat dissipation can be neglected. The
crystals did not seem to undergo mechanical breakdown upon
quenching.

Differential Scanning Calorimetry: Calorimetric measurements
were performed from room temperature to 600 K at a temperature
variation rate of β = ±10 °Cmin–1 � ±167 mKs–1, with a commer-
cial continuous disk-type heat flux differential scanning calorime-
ter. A piece of fresh KPb2Cl5 crystal (m = 34.3±0.2 mg), and a
quenched specimen (m = 38.3±0.2 mg) were placed without grind-
ing into a stainless-steel crucible in a ca. 2% wet-nitrogen-filled
glovebox. The crucibles were then sealed with a stainless-steel top
and an Ni ring designed to resist pressures of around 100 atm at
873.15 K. The calorimetry cell was continuously purged with 4N5
N2 gas. Temperature and caloric calibrations are explained in ref.[10]

The results are shown in Figure 9 (a).

Crystal Structure: The XRD investigation was performed at dif-
ferent temperatures (293, 473, 548, and 623 K), with Mo-Kα radia-
tion, with a Kappa CCD (Bruker Nonius) diffractometer equipped

Table 1. Details of XRD data and structure refinements for KPb2Cl5 at selected temperatures.

293 K 473 K 548 K 623 K

Empirical formula KPb2Cl5 KPb2Cl5 KPb2Cl5 KPb2Cl5
Crystal system monoclinic monoclinic orthorhombic orthorhombic
Space group P21/c (no. 14) P21/c (no. 14) Pmcn (no. 62) Pmcn (no. 62)
Z 4 4 4 4
Formula mass [g mol–1] 630.743 630.743 630.743 630.743
F(000) 1072 1072 1072 1072
Radiation Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å)
Crystal size [mm] 0.10 × 0.15× 0.15 0.10 × 0.15× 0.15 0.10 × 0.15× 0.15 0.10 × 0.15× 0.15
Diffractometer: Enraf–Nonius Kappa CCD Kappa CCD Kappa CCD Kappa CCD
Monochromator graphite graphite graphite graphite
θ range [°] 2–42 2–35 2–35 2–35
Index ranges –16 � h � 16 –10 � h � 10 0 � h � 14 0 � h � 14

0 � k � 14 0 � k � 12 0 � k � 12 0 � k � 12
0 � l � 23 0 � l � 20 0 � l � 20 0 � l � 20

Scan type φ and ω φ φ φ
Independent reflections 6083 2040 1383 1384
Reflections with I � 3σ(I) 4335 1575 807 819
Rint (%) 4.18 3.05 2.95 3.50
Refinement method full-matrix least squares on F2

Parameters refined 75 75 45 45
Weighting scheme w = 1/[σ2(Fo

2) + (αP)2 + βP], P = (Fo
2 + 2Fc

2)/3
Absorption correction SADABS SADABS SADABS SADABS
Extinction coefficient 0.108(2) – 0.052(5) 0.101(7)
Goodness-of-fit on F2 1.38 1.77 4.7 3.5
Final R factor
R1 [I � 3σ(I)] 0.028 0.029 0.049 0.046
wR2 [I � 3σ(I)] 0.023 0.026 0.041 0.039
Max. shift/esd 0.005 0.002 0.0001 0.0002
Largest diff. peaks and holes [e Å–3] +2 [0.50 Å near Pb(1)] +1.4 (0.70 Å near K) +3.25 [1 Å near Pb(1)] +2.33 [0.30 Å near Pb(2)/K]

–2 [0. 55 Å near Pb(2)] –1.3 [0. 4 Å near Pb(1)] –3.25 [0. 35 Å near Pb(2)/K] –3.05 [0. 40 Å near Pb(2)/K]
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with a Cyberstar gas blower system. Large Ω- and Φ-scans were
used to control both the crystalline quality of different samples and
determine the unit-cell parameters. A single crystal of suitable size
(100×150×150 µm) was then selected. The dependency of the cell
parameters on the temperature was obtained from large Ω- and Φ-
scans performed at different temperatures; the results are reported
in Figures 7 (a–c). The evolution of the c parameter allowed us to
probe the structural transition and fix the most adequate tempera-
ture for the data collection process. Suitable data-collection strate-
gies were defined by considering the cell parameters, the spot size,
and the obstruction of the diffractometer by the high-temperature
conditioning apparatus. For the room-temperature measurement, a
scanning angle of 0.8° and a Dx (detector–sample distance) of
55 mm were chosen; Φ- and Ω-scans were used. To collect a large
number of weak reflections, but avoiding any detector saturation
by reflections of strong intensity, two different exposure times
(45 s/° and 5 s/°) were used to collect the data. The diffracted inten-
sities were collected up to θ = 42°. One independent monoclinic
space was scanned. Plots of reciprocal lattice planes assembled
from these series of experimental frames are sufficiently accurate
to obtain an overall view of the reciprocal space. The diffraction
pattern can be described within a monoclinic cell [cell parameters
a = 8.8492(3), b = 7.9183(5), c = 12.4716(7) Å, β = 90.106(3)°]. The
observed conditions limiting the possible reflections, h0l: l = 2n
and 0k0: k = 2n, are consistent with the P21/c space group. The
measurements at high temperatures are more tedious. The presence
of both the conditioning apparatus and the high-temperature gas
flow modifies the environment of the goniometer and generates
new shadow zones. To decrease the obstruction near the sample
and to avoid collisions or a direct contact of the gas flow with the
detector, Dx was fixed at 60 mm and only Φ-scans were used. All
data collections at high temperatures were undertaken according
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to the procedure reported in Table 1. The conditions limiting the
possible reflections at 473 K are the one observed at room tempera-
ture, but at 548 and 623 K new conditions consistent with the Pmcn
space group appear (h0l: l = 2n and hk0: h + k = 2n; see Figure 10).
At 623 K, the cell parameters are a = 8.851(12), b = 8.015(17), c =
12.683(15) Å. It should be noted that Pmcn is a supergroup of P21/
c. The existence of diffuse scattering centered on the nodes hk0: h
+ k = 2n + 1 in Figure 10 at 548 K should be noted. The EvalCCD
software[24] was used to extract reflections from the collected
frames and reflections were merged and rescaled as a function of
the exposure time. Data were corrected from absorption using the
SADABS program[25] developed for scaling and correction of area-
detector data. At room temperature a structural model considering
the P21/c space group was built up with SIR2002[26] using direct
methods. Then, the cations and the chloride anions were located.
This model was subsequently introduced in the refinement program
Jana2000,[27] all the atomic positions were refined, and finally an-
isotropic atomic displacement parameters were considered for all
the atoms. The refinement led to an agreement factor of 2.8%.

Table 2. Refined atomic coordinates for KPb2Cl5 at room temperature (P21/c phase) and 623 K (Pmcn phase).

293 K
Atom Wyckoff position x y z

K 4e 0.50993(10) 0.55118(12) 0.83129(7)
Pb(1) 4e 0.745007(14) 0.064158(17) 0.993373(10)
Pb(2) 4e 0.006756(16) 0.506409(19) 0.825856(11)
Cl(1) 4e 0.04196(9) 0.16588(11) 0.90205(7)
Cl(2) 4e 0.77048(12) –0.15544(13) 0.81152(8)
Cl(3) 4e 0.76408(10) 0.31165(12) 0.72073(7)
Cl(4) 4e 0.54059(10) –0.17941(13) 0.08070(9)
Cl(5) 4e 0.77812(10) 0.45939(12) 0.99858(7)

623 K
Atom Wyckoff position x y z

Pb(1) 4c 0.25 0.05955(6) –0.00625(3)
K/Pb(2) 8d 0.50103(7) –0.48274(8) –0.17144(6)

Cl(1)/Cl(4) 8d 0.4616(2) –0.1721(3) 0.0892(2)
Cl(2) 4c 0.75 –0.1845(4) –0.2192(3)
Cl(3) 4c 0.25 –0.1539(4) –0.1896(3)
Cl(5) 4c 0.25 0.4560(4) –0.0004(2)

Table 3. Selected bond lengths [Å] for KPb2Cl5 in the room-temperature (P21/c) and high-temperature (Pmcn) phases.

293 K[a]

Pb(1)–Cl(1)i 2.9770(8) Pb(2)–Cl(1) 2.8756(9) K–Cl(2)xi 3.2826(14)
Pb(1)–Cl(1)ii 2.9263(8) Pb(2)–Cl(1)vi 3.1393(9) K–Cl(2)viii 3.4625(13)
Pb(1)–Cl(2) 2.8671(10) Pb(2)–Cl(2)vii 3.4016(10) K–Cl(3) 3.2509(13)

Pb(1)–Cl(3)iii 3.0058(9) Pb(2)–Cl(2)viii 2.9114(10) K–Cl(3)viii 3.2477(13)
Pb(1)–Cl(4)iv 2.8610(10) Pb(2)–Cl(3)ix 2.9492(9) K–Cl(4)v 3.1737(14)
Pb(1)–Cl(4)v 2.8398(9) Pb(2)–Cl(3)viii 3.2087(9) K–Cl(4)iii 3.2978(14)
Pb(1)–Cl(5) 3.1438(9) Pb(2)–Cl(5)ix 2.9815(8) K–Cl(5) 3.2396(12)

Pb(2)–Cl(5)x 2.9113(8) K–Cl(5)x 3.3207(12)

623 K[b]

Pb(1)–Cl(5) 3.179(3) K/Pb(2)–Cl(5)iv 3.161(2)
Pb(1)–Cl(1) (×2) 2.916(2) K/Pb(2)–Cl(5)i 3.1246(19)
Pb(1)–Cl(1)i (×2) 2.930(2) K/Pb(2)–Cl(1)v 2.976(2)

Pb(1)–Cl(2)i 3.030(3) K/Pb(2)–Cl(1)vi 3.298(3)
Pb(1)–Cl(3) 2.887(3) K/Pb(2)–Cl(2) 3.324(3)

K/Pb(2)–Cl(2)vii 3.096(2)
K/Pb(2)–Cl(3) 3.471(2)

K/Pb(2)–Cl(3)vii 3.155(2)

[a] i: 1 – x, –y, –z; ii: 1 – x, –y, 2 – z; iii: x, 1/2 – y, 1/2 + z; iv: –x, –y, 1 – z; v: 1 – x, –y, 1 – z; vi: x, 1/2 – y, 3/2 + z; vii: –1 – x, 1 – y, –z;
viii: 1 + x, 1/2 – y, 3/2 + z; ix: –1 – x, –y, –z; x: 1 – x, 1 – y, 2 – z; xi: –x,1 – y, –z. [b] i: 1 – x, –y, –z; ii: –1/2 – x, y, z; iii: 1/2 – x, y, z; iv:
–x, –1 – y, –z; v: 1 – x, –1 – y, –z; vi: –x, –1/2 + y, –1/2 – z; vii: 1 – x, –1/2 + y, –1/2 – z.
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It should be noted that the room-temperature data collection and
refinement were performed using two different single crystals of the
same batch, which gave the same results and that, in particular,
none of the crystals investigated were twinned. The structure at
473 K, which exhibits a monoclinic symmetry, was refined using
the final result of the room-temperature structure. Except for the
ADPs, no significant modifications in the structure were observed
(Table 2). The refinements of the structure at higher temperatures
were carried out using a model generated in the Pmcn space group
from the atomic positions determined at room temperature. One
should bear in mind that, in the Pmcn symmetry, the Cl–(1) and
Cl–(4) anions as well as the K+ and Pb2+(2) cations become equiva-
lent (Table 2). The behavior of the ADPs as a function of T is
displayed in Figure 8 (a) and (b). Further details of the crystal
structure investigations may be obtained from the Fachinforma-
tionzentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many [Fax: +49-7247-808-666; E-mail: crysdata@fiz-karlsruhe.de]
on quoting the depository numbers CSD-416430 (293 K), -416431
(473 K), -416432 (548 K), and -416433 (623 K).
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Systematic DFT calculations have been carried out on the
lacunary α-Keggin polyoxometalate derivatives [PW11O39]7–,
[XW9O34]n– (X = AlIII, SiIV, GeIV, PV, AsV, and SbV),
[XW9M2O39]n–, and [XW9M3O40]n– (X = PV and SiIV, M =
MoVI, VV, NbV, and TaV) to investigate the geometric struc-
ture and element substitution effects on the molecular non-
linear optical response. Analysis of the computed static sec-
ond-order polarizability (β0) predicts that the molecular non-
linear optical activity of lacunary Keggin polyoxometalate
derivatives can be modified by replacing the central hetero-
atom and the addenda metal atom. Substitution of the central

Introduction

Nonlinear optical (NLO) materials based on molecular
compounds have continued to be of considerable current
interest because they hold promise for potential applica-
tions in optical signal processing, switching, and telecom-
munications. Among inorganic nonlinear materials, borates,
phosphates, and niobates (β-BaB2O4, LiB3O5, Li2B4O7,
CsLiB6O10, KH2PO4, LiNbO3, etc.) have already been
widely studied. However, compared with the organic and
organometallic compounds that have been extensively ex-
amined for their NLO responses recently, NLO studies of
inorganic materials are relatively rare even though inor-
ganic compounds are robust and are available as large sin-
gle crystals. They also possess a large transparency range,
suffer very low optical losses, and offer a large variety of
structures and a great diversity of electronic properties
shaped by the metal-characterized core and therefore may
comprise a promising family of NLO materials.

Among the various inorganic compounds, polyoxomet-
alates (POMs) have generated substantial interest in recent
years because of their unique structural variety and exciting
properties in fields such as catalysis, medicine, materials sci-
ence, etc.[1] The most representative POM is the well-known
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Al atom or the addenda V atom causes significant enhance-
ment in the molecular nonlinearity. Moreover, the β0 values
are substantially dependent on the defect structures. This
class of inorganic complexes possesses remarkably large mo-
lecular optical nonlinearity, especially for the partial substitu-
tion complex [SiW9Nb2O39]10– (IIIc), which has a computed
β0 value of 2071.0 a.u. Thus, lacunary Keggin polyoxomet-
alates could become excellent candidates in the field of sec-
ond-order NLO.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

α-Keggin heteropolyanion [XM12O40]n– (denoted as α-
XM12; X = PV, SiIV, GeIV, etc.; M = MoVI, WVI, or VV).
The structure of α-XM12 has overall Td symmetry and con-
sists of a central XO4 tetrahedron that shares its oxygen
atoms (Oa) with four M3O13 groups. These M3O13 groups,
made of three edge-sharing octahedra, are linked together
by corners. Lacunary α-Keggin polyanions (species with de-
fect structures) are derived from α-XM12 by removing one
MO6 octahedron (α-XM11, top series in Figure l) or by re-
moving three MO6 octahedra from different M3O13 groups
(A-α-XM9, middle series in Figure l) or the same M3O13

group (B-α-XM9). In order to synthesize novel POMs with
predicted structures, an approach widely used is to treat
lacunary POM precursors with transition metal ions or or-
ganometallic fragments as lacunary structures possess a re-
active nucleophilic polyoxygenated site. Different transition
metal ions can partly or wholly fill these vacancies to give
rise to compounds with magnetism or catalysts,[2] such as
PW9Fe2Ni, PW9Fe3, or PW11Co. The reactions of organo-
metallic fragments with Keggin-type lacunary polyanions
also give numerous novel compounds {e.g., open-type [Si-
W9O37(SnR)3]7– and sandwich-type [(SnR)3(SiW9O34)2]7–}.
Although the study of such lacunary polyanions is receiving
considerable attention,[3] they need to be further investi-
gated theoretically.

Murakami et al. have recently shown by the conventional
powder second-harmonic generation (SHG) method that
nanostructured materials made from lacunary POMs have
larger NLO responses than KH2PO4. They also defined de-
sign criteria to obtain a large NLO response.[4] This experi-
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Figure 1. Ball-and-stick and polyhedral representations of the
studied complexes. The values in brackets are the respective com-
puted static second-order polarizability (a.u.).

mental result inspired us to further investigate the electronic
and NLO properties of lacunary α-Keggin derivatives by a
DFT method. In the past decade, DFT has been shown to
be able to successfully predict the properties of molecules
and materials, including the NLO properties.[5] The model-
ing of polyoxoanions has also made progress.[6] Recently,
we have systematically investigated the bonding character,

Figure 2. Frontier molecular orbitals of systems I, IIb, IIIb,c, and IVe–h.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4179–41834180

redox properties, protonation, stability, and NLO properties
of [X2Mo5O23]6–, [PTi2W10O40]7–, [Mo6O17R2]2–, and
[H12V13O40]3– clusters by DFT.[7] Theoretical studies would
be helpful in the rationalization of the observed properties
and in the design of novel POM-based materials with func-
tional properties by exploiting the unique electronic and
structural characteristics of these complexes.

In this paper we present systematic DFT calculations on
the static NLO responses of a series of lacunary α-Keggin
polyanion derivatives, including Cs systems: [PW11O39]7–,
[PW9Mo2O39]7–, [SiW9Mo2O39]8–, [SiW9Nb2O39]10–, and
[SiW9Ta2O39]10–; and C3v systems: [AlW9O34]11–,
[SiW9O34]10–, [GeW9O34]10–, [PW9O34]9–, [AsW9O34]9–,
[SbW9O34]9–, [PW9V3O40]6–, [SiW9V3O40]7–, [PW9Nb3O40]6–,
[SiW9Nb3O40]7–, [PW9Ta3O40]6–, [SiW9 Ta3O40]7–,
[PW9 Mo3O40]3–, and [SiW9 Mo3O40]4–. (Figure 1) The
effects of geometric structure and element substitution on
the molecular nonlinear response are analyzed and dis-
cussed in order to reveal the general rules governing the
NLO properties of these polyanions.

Results and Discussion

Electronic Structures

The frontier molecular orbitals of all systems have a
common character where the occupied orbitals formally de-
localize over the p-oxygen orbitals, while the unoccupied d-
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metal orbitals delocalize over the addenda atoms.[6,7] This
kind of charge transfer, namely O�M, must be responsible
for the NLO properties of lacunary α-Keggin POM deriva-
tives. The diagrams for the frontier molecular orbitals of
eight representative systems (I, IIb, IIIb,c, and IVe–h) are
displayed in Figure 2, from which several conclusions can
be drawn:

(1) The frontier molecular orbitals of series II have sim-
ilar character (Figure 2, IIb) in that the HOMOs formally
delocalize over the bridge oxygen atoms that are away from
the lacunary sites, which is similar to system I. The LUMOs
delocalize mostly over the six tungsten atoms that are close
to the lacunary sites and partially over the terminal oxygen
atoms. In addition, the unoccupied W(d)–O(p) bands have
an antibonding interaction in series II.

(2) The distribution of HOMOs in series III has a similar
character to that of series II. However, when compared with
series II the LUMOs in series III change significantly as it
is the d-orbitals of the Mo atoms that contribute mainly
to the LUMO of IIIa,b (Figure 2). When Mo atoms are
substituted by Nb or Ta atoms (IIIc and IIId), the LUMOs
mostly delocalize over the two tungsten atoms that are close
to the lacunary sites (Figure 2).

(3) For trisubstituted systems (series IV), the HOMOs
extensively delocalize over the p-oxygen orbitals, except for
the Ta-substituted systems IVd and IVh, where the HOMOs
almost delocalize over the bridge oxygen atom that links
two tantalum atoms [O(TaTa)] and the terminal oxygen
atom that links to tantalum atoms [O(Ta); Figure 2] The
LUMOs of systems IVa,b and IVe,f are mainly concentrated
on the three substituted addenda atoms (Figure 2), which
shows that the d-orbitals of molybdenum and vanadium
play an important role in the redox reactions of trisubsti-
tuted systems.[6b] However, the delocalization of LUMOs is
obviously enhanced by Nb and Ta substitution (Figure 2,
IVg,h).

Geometric Structure and Element Substitution Effects on β

In view of the molecular orbital character discussed
above, we computed the static second-order polarizabilities
(β0) of the series of lacunary POM derivatives considered
in this investigation by DFT. The static second-order polar-
izability is also termed the zero-frequency hyperpolarizabil-
ity and is an estimate of the intrinsic molecular hyperpolar-
izability in the absence of any resonance effects. Geometric
structure and element substitution effects were considered
in a set of calculations by choosing mono- and trivacant
Keggin derivatives and their mixed addenda species. The
computed β0 values of the studied complexes are given in
Figure 1 (I, IIa–c, IIIa, and IVa). The results indicate some
common trends, which are in agreement with the qualitative
predictions of Murakami and co-workers on the NLO re-
sponse of nanostructured materials made from lacunary
POMs.[4] First, the trivacant Keggin complexes (IIa, IIb,
and IIc) have larger β0 values than the monovacant struc-
ture (I): all the β0 values of IIa, IIb, and IIc are above

Eur. J. Inorg. Chem. 2006, 4179–4183 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4181

1100 a.u. whereas the present calculations predict the β0

value of I to be just 794.0 a.u. Second, the replacement of
the central heteroatom (X) slightly alters the β0 values of
IIa, IIb, and IIc, which increase as the heavy central atom
changes in the order Ge � Si � P; the difference between
the β0 values of IIb and IIc is relatively small. Third, par-
tially substituting addenda metal atoms by molybdenum
atoms (IIIa) causes significant enhancement in the molecu-
lar nonlinearity. As can be seen from Figure 1, the β0 value
of IIIa is much larger than that of IVa, the difference be-
tween the two systems exceeds 800 a.u., and this is con-
firmed by the frontier molecular orbital character (Figure 2
IIIb and IVe).

To shed further light on the second-order NLO proper-
ties of lacunary Keggin POM derivatives, more complexes
(IId–f, IIIb–d, and IVb–h) were systematically calculated to
understand the role of the central heteroatom (X) and ad-
denda metal atom (M) in influencing the NLO response.
The replacement of X in the trivacant complexes with five
elements (Al, Si, P, As and Sb) results in different trends
(Figure 3). The substitution by Al results in a larger effect
than by Si, which, in turn, has a larger effect than P (IId �
IIb � IIa); when X is one of the group 15 elements P, As,
and Sb, the computed β0 values indicate that the NLO re-
sponse is IIa � IIe � IIf. As can be seen from two trends
above, the magnitude of increase or decrease of β0 with re-
spect to the trivacant tungstates depends on both the
atomic radius of the central heteroatom (Figure 3A) and its
electronegativity (Figure 3B). When X is from the same row
of the periodic table (e.g. the third row: Al, Si and P) the
β0 value is proportional to the atomic radius and is inversely
proportional to the electronegativity; however, when X is
from the same group (e.g. group 15: P, As, Sb) the opposite
trend is observed: the β0 value is proportional to the elec-
tronegativity and is inversely proportional to the atomic ra-
dius. From Figure 1, we also calculated the static second-
order polarizabilities for series II employing the HF method
(β0

HF). According to the β0
HF values, it can be seen that

DFT and HF methods give consistent trends for the static
second-order polarizabilities. However, the HF method
underestimates the second-order polarizabilities of series II
as there is no correlation consideration in the HF method,
while the DFT methods used in this paper overestimate the
β values. This is in accordance with the literature.[8] There-
fore, it can also be concluded that DFT is a feasible method
for the present POMs. Moreover, the central heteroatom
substitution effects in series III and IV also obey the trends
described above. Substitution by Si results in a larger effect
than by P (IIIb � IIIa, IVe � IVa, IVf � IVb, IVg � IVc,
and IVh � IVd). We believe that the sketch map in Figure 3
will be helpful in designing new NLO materials.

With regard to the role of the addenda metal atom, sim-
ilar trends (Figure 3) can be seen from the calculated data
(Figure 1: IIIb–d and IVa–h) obtained for series III and IV.
Unfortunately, it is difficult to obtain a reasonable result
for [SiW9V2O39]10–. The replacement of M with four ele-
ments (Mo, V, Nb, and Ta) significantly alters their β0 val-
ues (Figure 1: IIIc � IIId � IIIb, IVb � IVc � IVd � IVa,
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Figure 3. The second-order polarizabilities of trivacant complexes IIa–f as a function of the atomic radius (A) and electronegativity (B)
of the central heteroatom (X).

and IVf � IVg � IVh � IVe), which increase as M changes
in the order V � Nb � Ta � Mo. Thus, the computed β0

values predict that the molecular nonlinear optical activity
of lacunary Keggin POM derivatives can be fine-tuned by
replacing the central heteroatom or the addenda metal
atom. Substitution of the central Al atom or the addenda
V atom causes a significant enhancement in the molecular
nonlinearity. Furthermore, the defect structure plays a key
role in increasing the β0 value.

As can be seen from Figure 1, lacunary POMs have
larger second-order polarizability coefficients, especially for
the partially substituted complexes IIIc, whose computed
β0 value is even larger than that of the Au20 cluster with
an equivalent molecular size. The present DFT calculations
predict the β0 value of system IIIc to be 2071.0 a.u., whereas
the predicted second-order polarizability of Au20 is
1655.3 a.u.[9] All these complexes have high transparency in
the visible area[4] therefore, in view of the merit of this class
of inorganic complexes, they could be an excellent material
for use in the second-order NLO field.

Conclusions

A series of lacunary α-Keggin POM derivatives have
been systematically investigated for their molecular nonlin-
ear response, including [PW11O39]7–, [XW9O34]n– (X = AlIII,
SiIV, GeIV, PV, AsV, and SbV), [XW9M2O39]n–, and
[XW9M3O40]n– (X = PV and SiIV; M = MoVI, VV, NbV, and
TaV). Geometric structure and element substitution effects
on the molecular nonlinear response have been analyzed,
and the computed β0 values reveal the general rules to de-
sign a large nonlinearity: (i) the defect structured complex
has a larger β value than a defect-free complex (series IV),
especially for trivacant Keggin complexes (series II) and
partially substituted complexes (series III); (ii) the β0 value
depends on both the atomic radius of the central hetero-
atom (X) and the addenda metal atom (M) and their elec-
tronegativity. When X and M are from the same row of the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4179–41834182

periodic table (X = Al, Si, and P; M = Nb and Mo) the
β0 value is proportional to the atomic radius and inversely
proportional to the electronegativity, whereas when X and
M are from the same group (X = P, As and Sb; M = V, Nb
and Ta) the opposite trend is observed. This class of inor-
ganic complexes possesses remarkably large static second-
order polarizability, especially for [SiW9Nb2O39]10– (IIIc),
which has a computed β0 value of 2071.0 a.u. The frontier
molecular orbital character reveals that the main origin of
the NLO properties of lacunary α-Keggin POMs derivatives
is O�M charge transfer. It is hoped that the results pre-
sented in this paper will stimulate experimental research in
the field of NLO properties involving lacunary Keggin
POM derivatives.

Computational Details
The DFT calculations were carried out with the ADF2004.01 suite
of programs.[10] The zero-order regular approximation (ZORA) was
adopted in all the calculations to account for the scalar relativistic
effects.[11] The generalized-gradient approximation (GGA) was em-
ployed in the geometry optimizations by using the Beck[12] and Per-
dew[13] (BP86) exchange-correlation (XC) functional. For the calcu-
lations, we made use of the standard ADF TZP basis set, which is
a triple-ζ plus polarization STO basis set. The cores (O: 1s; Al, Si,
P, V: 2p; Ge, As: 3p; Sb: 4p; Nb, Mo: 3d; Ta, W: 4d) were kept
frozen. In calculations of the static second-order polarizability, the
RESPONSE module[14] implemented in the ADF program was
used based on the optimized geometries. The van Leeuwen–Baer-
ends XC potential (LB94) was chosen for calculations of all the
response properties.[15] The adiabatic local density approximation
(ALDA) was applied for the evaluation of the first and second
functional derivatives of the XC potential. Moreover, the value of
the numerical integration parameter used to determine the pre-
cision of numerical integrals was 6.0. We also calculated the static
second-order polarizabilities employing the Hartree–Fock (HF)
method based on ab initio quantum chemistry with the
GAUSSIAN03 program.[16] The basis set used for Al, Si, P, and O
is the standard Gaussian basis set 6-31G(d) in which one set of d-
polarization function is included. For 3d, 4d, and 5d transition
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metals, the LANL2DZ basis set[17] was used, in which the effective
core potentials (ECPs) were adopted and mass-velocity, Darwin
relativistic effects were incorporated.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of all systems (Tables S1–S19).
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Three novel hexanuclear core-based hydroxidolanthanide
coordination polymers [Ln3(BDC)3.5(OH)2(H2O)2]·H2O [Ln =
Y (1), Yb (2) and Er (3); BDC = 1,4-benzenedicarboxylate]
were prepared by the hydrothermal method. The controlled
hydrolysis of lanthanide ions led to an open hexanuclear
cluster core. The hexanuclear core containing six (µ3-OH)
bridged LnIII ions from two asymmetric units adopts a chair-
like configuration. It behaves as a building block and is
linked by the BDC ligands to form a 3D framework. The

Introduction
Polynuclear hydroxidolanthanide cluster compounds are

enjoying increasing popularity due to their optical, elec-
tronic and catalytic properties, which may ultimately lead to
potential technological applications such as optoelectronic
devices, luminescent and biocatalyst materials.[1] Many
polynuclear hydroxidolanthanide clusters have been re-
ported in the past two decades. The reported structures
show that the basic structural skeletons belong to two mo-
tifs, i.e. cubane-like clusters and square pyramids with the
[Ln4(µ3-OH)4]8+ cubane-like building block being regarded
as a common structural motif in hydroxidolanthanide clus-
ters.[1b,2] Many tetranuclear hydroxidolanthanide clusters
have a cubane-like building block.[1a,b,c;2b;3] Two cubane-
like units can be combined to a heptanuclear [Ln7(µ3-
OH)8]13+ cluster sharing one vertex.[4] Four or five vertex-
sharing cubane-like cluster units centring around a halide
anion template can be assembled to dodeca-[1a,1c] and pen-
tadecanuclear clusters[1a,1c;5] with wheel structures. The
pentanuclear square-pyramid unit appears to be another
common structural motif in hydroxidolanthanide clus-
ters.[1d,6] The [Eu5(µ4-OH)(µ3-OH)4]10+ cluster has been re-
ported[7] and the square-pyramidal Ln5 unit can be consid-
ered as a building block for hexa-,[1a,1c;8] nona-[6a,9] and
tetradecanuclear[1d,6b,10] clusters sharing their apexes or the
square bases. To the best of our knowledge, the majority of
hexanuclear [Ln6(µ6-O)(µ3-OH)8]8+ skeletons are octahe-
dral while the [Ln6(µ3-OH)4]14+ chair-like core as building
block has never been reported.

[a] Department of Chemistry, Beijing Normal University,
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guest water molecules occupy the 1D channels in the struc-
ture. The upconversion spectra of the Y:Er-Yb codoped coor-
dination polymers have been studied. The distinct upconver-
sion emissions come from two-photon or three-photon
excitation of Y:Er-Yb codoped coordination polymers and
arise from ErIII transitions of the type 4F5/2�4I15/2,
2H11/2�4I15/2, 4S3/2�4I15/2 and 4F9/2�4I15/2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In the past decade, the upconversion of the infrared light
into visible light has been extensively studied on various
crystalline and amorphous materials for their potential ap-
plications in lasers,[11] optical devices, wave-guides, data
storage devices, microfabrication,[12] biological labelling,[13]

biosensors[14] and so on. The most frequently used upconv-
ersion ions are ErIII or TmIII combined with YbIII as a sen-
sitiser. Many different RE-doped (RE = rare earths) inor-
ganic materials have been studied such as oxides,[15] silicates
and phosphates,[16] oxyfluorides,[17] fluorides[18] and
NaYF4.[13b,14a,19] However, very few lanthanide-doped co-
ordination compound materials have been achieved.[20] We
report herein three new hexanuclear hydroxidolanthanide
cluster coordination polymers [Ln3(BDC)3.5(OH)2(H2O)2]·
H2O [Ln = Y (1), Yb (2), Er (3)] which are different from
the reported motifs and the first examples with upconver-
sion properties of the codoped lanthanide (Y, Er, Yb) coor-
dination polymers.

Results and Discussion

Synthesis

The coordination polymers were obtained by hydrother-
mal synthesis. During the preparation, the pH of the reac-
tion systems was adjusted by aqueous NaOH in the pres-
ence of NaAc to control the hydrolysis of the lanthanide
ions. Then 1,4-benzenedicarboxylic acid was added to the
resultant mixture.

Structural Description

The single-crystal X-ray diffraction analysis revealed that
compounds 1, 2 and 3 are isomorphous and, consequently,
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we will only describe the structure of 1 in detail. The asym-
metric unit of 1 consists of a neutral trinuclear [Y3-
(BDC)3.5(OH)2(H2O)2] unit (Figure 1) and one lattice water

Figure 1. Coordination environment of YIII in complex 1 with ellip-
soids drawn at the 30% probability level. All hydrogen atoms and
lattice water molecule are omitted for clarity.

Scheme 1. Coordination modes for the BDC ligands in 1.

Figure 2. (a) Cell structure of 1. (b) Chair-like conformation of the hexanuclear core.
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Table 1. The coordination environment of the YIII ions in the asym-
metric unit.

No. of carboxylate oxygen atomsNo. of µ3-OH No. of H2O

I II

Y1 3 3 2 0
Y2 1 3 3 1
Y3 2 3 2 1

molecule. The three YIII ions are all eight-coordinate but
surrounded by different numbers of µ3-OH groups, coordi-
nated H2O molecules and BDC anions. Around Y1, Y2 and
Y3, there are five, five and four BDC ligands, respectively.
For BDC, which adopts two coordination modes in the
compound, the coordinated carboxyl units are divided into
two types: bridging bidentate (I) and chelating/bridging tri-
dentate (II) (Scheme 1). The hydroxy groups adopt a µ3-
mode to bridge three YIII ions, while the water molecule
only acts as a terminal ligand. Thus, the three YIII ions are
coordinated in markedly different coordination environ-
ments (see Table 1). Selected bond lengths of 1 are listed in
Table 2.

Table 2. Selected bond lengths in complex 1 [Å].

Y(1)–O(1) 2.362(2) Y(2)–O(2) 2.336(2) Y(3)–O(7) 2.226(2)
Y(1)–O(3)#1 2.408(2) Y(2)–O(4)#1 2.335(2) Y(3)–O(10)#1 2.231(2)
Y(1)–O(5) 2.263(2) Y(2)–O(5) 2.436(2) Y(3)–O(11) 2.821(2)
Y(1)–O(8)#2 2.293(2) Y(2)–O(6) 2.500(3) Y(3)–O(12) 2.414(2)
Y(1)–O(11)#2 2.431(2) Y(2)–O(9)#3 2.254(2) Y(3)–O(13) 2.235(3)
Y(1)–O(15) 2.388(2) Y(2)–O(14)#4 2.300(2) Y(3)–O(15) 2.479(2)
Y(1)–O(16) 2.412(2) Y(2)–O(15) 2.429(2) Y(3)–O(16)#2 2.315(2)
Y(1)–O(16)#2 2.278(2) Y(2)–O(17) 2.363(3) Y(3)–O(18) 2.394(3)

Symmetry operations: #1: x + 1, y, z; #2: –x + 1, –y + 1, –z + 1; #3:
–x, –y + 2, –z + 1; #4: –x + 1, –y + 2, –z + 1.

The three YIII ions combine with another three YIII ions
from the adjacent asymmetric unit to form a second hexa-
nuclear building block (Figure 2a). Every three adjacent
YIII ions are linked by one µ3-OH group in the centre,
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which is slightly above the basal face and the Y–O(µ3-OH)
distances range from 2.278 to 2.479 Å. These distances are
comparable with Ln–O(µ3-OH) distances in the reported
octahedral hexanuclear compounds with an average of
2.433 Å.[8d,8e] Four Y3(µ3-OH) trigonal pyramids share
their adjacent sides to form the hexanuclear cluster with a
chair-like conformation (Figure 2b). This chair-like hexanu-
clear building block is different from the reported structural
motifs based on square pyramids and cubane-like cores.
The Ln···Ln distances ranging from 3.731 to 4.712 Å are
longer than those found in the latter two kinds of clusters
(the majority range from 3.5 to 3.8 Å).[1b,3c,4,6,8d,8e,9] This is
due to the steric effect of the open construction of the Ln6

entity whereas the reported hexanuclear clusters are all
closed clusters.

Among the reported hexanuclear hydroxido clusters,
most were almost zero-dimensional.[8a,8b,8d,8e] One 1D ex-
ample was achieved by linking the hydroxidolanthanide
cluster through Pd ions[8c] and a reported pseudo-3D net-
work is based on hydrogen bonds[8f] whereas the hexanu-
clear cores in the title compounds are linked by the ligand
BDC, resulting in 3D coordination polymers. The BDC li-
gands act as short bridges through one carboxylato end
linking the hexanuclear nodes or longer bridges through the
two carboxylate groups. The linkages consist of ten BDC
ligands along the a-axis, four along the [2 0 1̄] direction, two
along the [0 1̄ 1] direction with the remaining two following
the [1̄ 1 0] direction. The linear rigid BDC ligands take the
main role in linking the hexanuclear building blocks into a
complicated 3D structure. The lattice water molecules, fixed
by hydrogen-bonding interactions to the frameworks, are
located in 1D channels in the 3D networks (see Figure 3).

Figure 3. (a) Perspective view of the microporous framework of 1
along the [1 1̄ 0] direction, showing 1D channels where guest water
molecules reside and the guests are shown as space-filling models.
(b) Lateral view of the 1D channels holding the water molecules.
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Upconversion Properties

The upconversion emission spectrum of the Y:Er-Yb co-
doped coordination polymer under 980 nm laser excitation
is shown in Figure 4. The emission spectrum exhibits four
bands. The red emission is centred at 654 nm and results
from the 4F9/2(ErIII) to 4I15/2(ErIII) transition and the green
band has centres at 545 and 524 nm and results from the
transitions 4S3/2(ErIII)/2H11/2(ErIII)�4I15/2(ErIII). A seldom
observed indigo emission centred at 455 nm can
also be observed and corresponds to the transition
4F5/2(ErIII)�4I15/2(ErIII).

Figure 4. Upconversion emission for the ErIII ion in the Y:Yb-Er
codoped coordination polymer (laser power used is 640 mW, EM
slit = 10.0 nm).

The 545 and 524 nm emissions can be described as a two-
photon upconversion excitation mechanism.[15a,18a,18e,18f]

First, the YbIII ions are easily excited to their 2F5/2(YbIII)
level from ground 2F7/2(YbIII) level by absorbing a 980 nm
photon. The energy is transferred to the ErIII ions which
become excited from the 4I15/2(ErIII) level to the 4I11/2(ErIII)
level. A second photon transfer from the excited YbIII ions
pumps the ErIII(4I11/2) ions to the 4F7/2(ErIII) level. The
4F7/2(ErIII) state can decay nonradiatively to the 4S3/2(ErIII)
and 2H11/2(ErIII) levels.[15a,16c,18a] The green emissions ob-
served result from the 4S3/2(ErIII)�4I15/2(ErIII) and the
2H11/2(ErIII)�4I15/2(ErIII) transitions. The decay processes
were confirmed by a frequency of 2160 cm–1 (1410 cm–1 +
750 cm–1, see Figure 5) and the peak at 1410 cm–1 in the IR
spectrum, for which the phonon energy corresponds to the
energy gap between the 4F7/2(ErIII) and 4S3/2(ErIII) states,
and the energy gap between 4F7/2(ErIII) and 2H11/2(ErIII)
states. The possible channel for the green upconversion lu-
minescence is given below:
2F5/2 (YbIII) + 4I15/2(ErIII) � 2F7/2(YbIII) + 4I11/2(ErIII)
2F5/2 (YbIII) + 4I11/2(ErIII) � 2F7/2(YbIII) + 4F7/2(ErIII)
4F7/2(ErIII) � 4S3/2(ErIII)/2H11/2(ErIII) (nonradiative decay)

The 654 nm emission is caused by the transition to the
ErIII ground state 4I15/2(ErIII) from the excited 4F9/2(ErIII)
state.[15a,18a,18e,18f] ErIII ions in the 4I11/2(ErIII) state lose
their energy in the form of an OH vibration at 3500 cm–1

[corresponding to the energy gap between 4I11/2(ErIII) and
4I13/2(ErIII)], decay to the 4I13/2(ErIII) state and then jump
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Figure 5. IR spectrum of the Y:Er-Yb codoped coordination poly-
mer.

to the 4F9/2(ErIII) level by a second pumping photon. This
would account for the red emissions from the 4F9/2(ErIII)
level to the ground state. This mechanism can be described
as:
2F5/2 (YbIII) + 4I15/2(ErIII) � 2F7/2(YbIII) + 4I11/2(ErIII)
4I11/2(ErIII) � 4I13/2(ErIII) (nonradiative decay)
2F5/2 (YbIII) + 4I13/2(ErIII) � 2F7/2(YbIII) + 4F9/2(ErIII)

The 455 nm indigo emission is unusual since upconver-
sion emissions below 490 nm have seldom been observed
for YbIII/ErIII materials.[15a] A probable three-photon
mechanism for the population of the 4F5/2(ErIII) level can
be proposed to explain the indigo emission at 455 nm.
There is a possibility that some excited ErIII(4I11/2) ions
jump back to the lower 4I13/2(ErIII) level giving the
3500 cm–1 IR active decay. The two-photon energy from ex-
cited YbIII(2F5/2) pumps the ErIII(4I13/2) to the 2H9/2(ErIII)
level via the 2F9/2(ErIII) bridge and decays to the 4F5/2(ErIII)
level. The 2H9/2(ErIII)�4F5/2(ErIII) decay corresponds to
2325 cm–1 (1575 cm–1 + 750 cm–1 in the IR spectrum).
Therefore, the possible three-photon mechanism can be ex-
pressed as follows:

Figure 6. Energy-level diagram for the upconversion mechanism of
the Y:Er-Yb codoped coordination polymer under 980 nm exci-
tation.
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2F5/2 (YbIII) + 4I15/2(ErIII) � 2F7/2(YbIII) + 4I11/2(ErIII)
4I11/2(ErIII) � 4I13/2(ErIII) (nonradiative decay)
2F5/2 (YbIII) + 4I13/2(ErIII) � 2F7/2(YbIII) + 4F9/2(ErIII)
2F5/2 (YbIII) + 4F9/2(ErIII) � 2F7/2(YbIII) + 2H9/2(ErIII)
2H9/2(ErIII) � 4F5/2(ErIII) (nonradiative decay)

The energy levels and overall upconversion Scheme of
ErIII are shown in Figure 6.

Thermogravimetric Analysis and Powder X-ray Diffraction

We took complex 1 as a representative example for ther-
mogravimetric analysis (see Figure 7). Under atmospheric
conditions, thermogravimetric analysis performed on 1
showed the first weight loss of 5.5% in the range of 151–
365 °C. This is related to the loss of the two coordinated
water molecules and one lattice water molecule (calcd.
weight loss 5.8%). The second mass loss began at 480 °C
and is associated with the decomposition of the organic and
hydroxy groups. The final residue, after the sample was
heated to 836 °C, was Y2O3 (found weight loss 36.2%,
calcd. 36.5%).

Figure 7. Thermogravimetric trace of 1.

To confirm the thermogravimetric analysis, complex 1
was characterised by powder X-ray diffraction (PXRD) at
25, 100, 400, 635 and 880 °C (see Figure 8). The PXRD

Figure 8. PXRD patterns for 1 taken at 25, 100, 400, 635 and
880 °C.
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patterns of the sample at 100 and 400 °C, although very
similar, are not the same, which indicates the change of the
frameworks after the removal of the lattice water and coor-
dinated water molecules. Above 635 °C, the PXRD patterns
change completely, suggesting the collapse of the frame-
work. The remaining residue Y2O3 coincides quite well with
the standard Y2O3 (No. 01-083-0927).

Conclusions

Three coordination polymers based on hexanuclear
building blocks with (µ3-OH) bridges have been achieved.
The hexanuclear building block has an interesting chair-like
configuration which is different from the reported motifs
based on cubane-like clusters and square pyramids. The
structure of the cluster core depends on the extent of the
hydrolysis of the Ln ions which is closely related to the pH
of the system. Hence, controlled hydrolysis could lead to
polymeric materials based on polynuclear clusters exhibit-
ing different configurations. Furthermore, the Y:Er-Yb co-
doped coordination polymers have been synthesised suc-
cessfully. We have demonstrated the feasibility of introduc-
ing red, green and indigo light emissions of ErIII ions using
IR spectroscopy as supporting evidence for the nonradia-
tive decay. The upconversion emissions of the codoped
polymers correspond to two-photon and three-photon up-
conversion excitation mechanisms.

Experimental Section
General: All chemicals were obtained commercially and used with-
out further purification. Elemental analyses of C, H and N were
performed with an Elementar Vario EL analyser. The IR spectra
were recorded with a Nicolet Avatar 360 FTIR spectrometer using
the KBr pellet technique. The thermal stability was investigated
using a ZRY-2P thermogravimetric analyser under atmospheric
conditions at a heating rate of 10 °Cmin–1, using α-Al2O3 as a ref-
erence. The inductively coupled plasma (ICP) analysis was per-

Table 3. Crystallographic data of 1, 2 and 3.

1 2 3

Empirical formula C28H22O19Y3 C28H22O19Yb3 C28H24O19Er3

Formula mass 929.19 1177.54 1166.25
T [K] 293(2) 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073 0.71073
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
a [Å] 11.392(1) 11.363(3) 11.408(1)
b [Å] 12.070(1) 11.989(3) 12.064(1)
c [Å] 12.996(1) 12.987(4) 13.026(1)
α [°] 86.898(1) 86.741(4) 86.827(1)
β [°] 67.176(1) 67.084(4) 67.126(1)
γ [°] 72.200(1) 72.150(4) 72.137(1)
V [Å3] 1563.9(3) 1547.1(7) 1568.0(2)
Z 2 2 2
Dc [gcm–3] 1.973 2.536 2.470
µ [mm–1] 5.608 9.082 8.043
Reflections collected, unique, Rint 10547, 7180, 0.0187 8207, 5447, 0.0336 8072, 5504, 0.0207
R indices [I � 2σ(I)] R1 = 0.0319, wR2 = 0.0779 R1 = 0.0350, wR2 = 0.0697 R1 = 0.0240, wR2 = 0.0609
R indices (all data) R1 = 0.0457, wR2 = 0.0886 R1 = 0.0492, wR2 = 0.0749 R1 = 0.0267, wR2 = 0.0621
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formed with a JY ULTIMA spectrometer. The powder X-ray dif-
fraction was carried with a PANalytical X’Pert PRO MPD dif-
fractometer using Cu-Kα1 radiation in the 2θ range of 5°–70°.

Synthesis of [Y3(BDC)3.5(OH)2(H2O)2]·H2O(1): A solution of
NaAc·3H2O (0.020 g, 0.15 mmol), YCl3·6H2O (0.030 g, 0.1 mmol),
H2O (5 mL) and aqueous NaOH (0.3 mL, 0.65 molL–1) was stirred
to bring about the hydrolysis of YCl3 and 1,4-benzenedicarboxylic
acid (0.017 g, 0.1 mmol) was then added. The pH of the solution
was adjusted to 5.1 and the mixture was then sealed in a 25 mL
stainless steel reactor with a Teflon liner and heated at 190 °C for
72 h. Colourless block-like crystals of 1 were obtained. Yield:
0.021 g (66.67% based on Y). C28H22O19Y3 (929.19): calcd. C
36.19, H 2.39; found C 36.25, H 2.36. IR (KBr): ν̃ = 553 (s), 3421
(s), 1651 (m), 1571 (s), 1540 (s), 1510 (m), 1410 (s), 1318 (w), 1169
(w), 1016 (m), 745 (s), 525 (m) cm–1.

Synthesis of [Yb3(BDC)3.5(OH)2(H2O)2]·H2O(2): This compound
was prepared according to the procedure for 1 but by using
Yb(NO3)3·6H2O instead of YCl3·6H2O. Diamond-like crystals of 2
were obtained. Yield: 0.020 g (49.61% based on Yb).
C28H22O19Yb3 (1177.54): calcd. C 28.45, H 1.86; found C 28.50, H
2.01. IR (KBr): ν̃ = 3555 (s), 3435 (s), 1654 (m), 1583 (s), 1539 (s),
1502 (m), 1408 (s), 1320 (w), 1170 (w), 1017 (m), 751 (s), 526 (m)
cm–1.

Synthesis of [Er3(BDC)3.5(OH)2(H2O)2]·H2O(3): This compound
was prepared according to the procedure for 1 but by using
ErCl3·6H2O instead of YCl3·6H2O. Pink diamond-like crystals of 3
were obtained. Yield: 0.016 g (41.47% based on Er). C28H22O19Er3

(1164.25): calcd. C 28.89, H 1.91; found C 29.08, H 1.89. IR (KBr):
ν̃ = 3550 (s), 3424 (s), 1650 (m), 1578 (s), 1538 (s), 1509 (m), 1408
(s), 1323 (w), 1174 (w), 1019 (m), 749 (s), 520 (m) cm–1.

Synthesis of [(Y:Er-Yb)3(BDC)3.5(OH)2(H2O)2]·H2O: The codoped
compounds were prepared according to the procedure for 1 but by
using YCl3·6H2O, ErCl3·6H2O and Yb(NO3)3·6H2O (for example,
molar ratio: 94.00:2.00:4.00%) instead of 100% YCl3·6H2O.
Colourless block-like crystals were obtained. Yield: 0.018 g
(56.88% based on total Ln). C28H22O19(Y:Er-Yb)3 (943.83): calcd.
C 35.63, H 2.35; found C 35.85, H 2.43. IR (KBr): ν̃ = 3554 (s),
3423 (s), 1653 (m), 1574 (s), 1535 (s), 1508 (m), 1410 (s), 1319 (w),
1167 (w), 1020 (w), 749 (s), 527 (m) cm–1. The ICP analysis showed
that the molar ratio of Y/Yb/Er was 94.45:2.17:3.38 in the product.
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The observed XRD patterns of the Y:Er-Yb codoped coordination
polymer and 1 indicate that they are isomorphous.

X-ray Structure Determination: Intensity data for 1, 2 and 3 were
collected at 293 K with a Bruker SMART 1000 CCD area detector
diffractometer using graphite-monochromated Mo-Kα radiation (λ
= 0.71073 Å) in φ and ω scan modes with θ ranges of 1.78–27.88°
for 1, 2.09–25.01° for 2 and 1.70–25.01° for 3. Semiempirical ab-
sorption corrections were applied using the SADABS program.[21]

The structures were solved by direct methods[22] and refined by full-
matrix least squares on F2 using the SHELXS-97 and SHELXL-97
programs, respectively.[22,23] All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were generated geometrically
and treated with a mixture of independent and constrained refine-
ments. Details of the crystallographic data of 1, 2 and 3 are summa-
rised in Table 3. CCDC-608985 to -608987 contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/datarequest/cif.

Luminescence Spectroscopy: Upconversion spectra were obtained
with an LS-50B fluorescence spectrophotometer (Perkin–Elmer
Corp., Forster City, CA) with an external 0–800 mW adjustable
laser (980 nm, Beijing Hi-Tech Optoelectronic Co., China) as the
excitation source, instead of the xenon source in the spectropho-
tometer and with a fibre-optic accessory.
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I. Silaghi-Dumitrescu, H. Gornitzka,
L. Silaghi-Dumitrescu, S. Massou

Phosphavinylidene(oxo)phosphorane Mes*P(O)�
C�PMes*: A Diphosphaallene Featuring λ5σ3-
and λ3σ2-Phosphorus Atoms

Keywords: Heterocumulenes / Phosphorus / Phos-
phaalkenes / Methylenephosphoranes
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Many chiral compounds having metal–metal bonds are now
known in which the M–M unit is the chromophore. In this
review they are classified as those where it is either (1) an
inherently chiral chromophore owing to helical stacking of
metal–ligand bonds, or (2) not inherently chiral but sur-
rounded by a collection of ligands bearing chiral substitu-
ents. In only a few cases have the actual CD and/or ORD

Introduction
The way in which metal–metal (M–M) bonds are influ-

enced by, and exert influence upon, a chiral environment is
a topic that has not been comprehensively reviewed. There
is now a large enough body of results to justify at least a
small (surely at least micro) review. In general, metal–metal-
bonded compounds are of interest in many areas such as
catalysis,[1] medicine[2] and for synthesizing supramolecular
arrays.[3]

We preface the main body of the review by reminding
the reader that there are two fundamental classes of op-
tically active molecules:[4]
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spectra been measured and analyzed. These include M2X4-
(PP)2 molecules (PP = a bridging diphosphane) and M2(O2-
CR)4 molcules where R is chiral. The more recently discov-
ered helical extended metal atom chain (EMAC) molecules
are also mentioned.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(1) Those with inherently chiral chromophores
(2) Those with achiral chromophores embedded in chiral

surroundings
We shall divide this review into two parts based on this

difference.

1. Inherently Chiral Di- or Polymetal Chromophores

1a. M–M Bond Twist Induced by Chiral Diphosphanes

The first examples of molecules with the type of structure
shown in Figure 1 were discovered by R. A. Walton and
co-workers, in 1975 for rhenium compounds[5] and in 1978
for molybdenum compounds.[6] Tungsten analogs were
reported in 1980.[7] The compounds with dppe
(Ph2PCH2CH2PPh2) are generally regarded as prototypical,
but many are known with other R2PCH2CH2PR2 and sim-
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ilar bridging diphosphanes.[8] The important feature of the
Re2Cl4(dppe)2 structure shown in Figure 1 is that the con-
formational requirements of the two six-membered rings
that are fused along the metal–metal bond (triple in the
rhenium compounds and quadruple for the molybdenum
and tungsten ones) induce a partial twist away from an
eclipsed conformation. This twist makes the M–M bond
an inherently chiral chromophore. For the compounds with
quadruple bonds, the δ�δ* transition is a particularly con-
venient electronic transition for studying the CD/ORD
spectra.

Figure 1. The core of the prototypical Re2Cl4(dppe)2 molecule
showing the twist away from an eclipsed conformation that pro-
duces a chiral chromophore.

No enantiomers of the M2X4(R2PCH2CH2PR2)2 com-
pounds have been resolved, but by introducing chirality
into the backbone of the diphosphane, the chirality of the
helix around the M–M core can be predetermined. For such
work, the prototype compound is Λ-[Mo2Cl4{(S,S)-
dppb}2], shown along with its CD spectrum in Figure 2,
where (S,S)-dppb is (S,S)-2,3-(diphenylphosphanyl)butane.
The structure, with its Λ sense of the twist, is both predicted
by conformational analysis and confirmed by X-ray crystal-
lography.[9,10]

Figure 2. The β-Mo2Cl4{(S,S)dppb}2 molecule viewed down the
Mo–Mo axis (right) and its CD spectrum (left).

The CD spectrum shows two principal features: a nega-
tive band at about 13500 cm–1 that corresponds to the
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δ�δ* absorption band in the electronic spectrum and a
positive band at about 21300 cm–1. These same two princi-
pal features are seen in most similar molecules having
Mo2

4+ units.[11–14]

There is a very straightforward and unequivocal explana-
tion of these CD results. For the δ�δ* transition, we refer
to Figure 3, where it can be seen that there is a shift of
charge both along and around the metal–metal bond.
Therefore, the δ�δ* transition in such a helical molecule is
both electric-dipole- and magnetic-dipole-allowed; it must,
therefore, be CD allowed. As shown on the left side, when
the Λ twist angle is less than 45°, the signs of the CD bands
would be reversed for the Λ and ∆ isomers. The entire
analysis can be conveniently generalized into a sector dia-
gram, as shown in Figure 4. This shows how the CD sign
changes, alternating from one octant to the next, as a func-
tion of the L–M–M–L angle. Thus, even if it is known from
conformational analysis whether to expect the Λ or ∆ twist,
the extent of the twist must also be known. The first actual
test of this octant rule was made with Mo2Cl4{(R,R)-
DIOP}2, where (R,R)-DIOP is shown in Scheme 1. The
twist angle, χ, in the dominant isomer of the dimolybdenum
compound is –45° � χ � –90°, and the sign of the CD for
the δ�δ* transition is predicted from the sector diagram to
be positive. As shown in Figure 5, this is found experimen-
tally. The diamine molecule, Mo2Cl4[(R)-H2NCH(CH3)-
CH2NH2]2 was also shown to obey the sector diagram.[15]

Figure 3. Diagrams of the transient charge distributions for the
δ�δ* transition in twisted Mo2X4(LL)2 molecules with torsion an-
gle θ (a) in the range 0 to –45° and (b) in the range –45 to –90°.
Note that the two ranges, though in the same direction geometri-
cally, give transient charge distributions of opposite rotational
sense.

Figure 4. The sign rule for the CD of the δ�δ* transition. The
sign of the CD refers to the vector in which the rear set of ligand
atoms is found.
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Scheme 1. The (R,R)-DIOP molecule.

Figure 5. CD spectra of Mo2Cl4{(R,R)-DIOP}2 in CH2Cl2 solution
in the range from 300 to 700 nm.

In all of the compounds just discussed, there is a band
in the visible spectrum (ca. 22000 cm–1) which has the op-
posite CD sign to that for the δ�δ* transition. This band
is due to a δxy�δx2–y2 transition, and it has been shown that
it follows a sector diagram too, but with all of the signs
reversed from those shown in Figure 3 for the δ�δ* transi-
tion.

1b. Molecules with Orthometalated Bridging
Phenylphosphanes

These are compounds with a dimetal unit bridged by two
cisoid orthometalated phosphanes in a head-to-tail
(H,T) arrangement. Two additional equatorial groups such
as carboxylates usually complete the paddlewheel arrange-
ment. The compounds cis-Rh2(C6H4PPh2)2(OAc)2·
2CH3COOH[16] and Os2(C6H4PPh2)2Cl4[17] were the first to
be made. The dirhodium compound and its derivatives have
been studied in great detail. Because of the H,T arrange-
ment of the two orthometalated bridging ligands, the cis-
Rh2(C6H4PPh2)2

2+ unit has only C2 symmetry and is there-
fore chiral. The (R) and (S) conformations are shown in
Scheme 2. The interconversion of (R) and (S) isomers
would require bond breaking and such isomers are not ex-
pected to interconvert at ordinary temperatures because of
the large energy barriers associated with such processes. As
shown in Scheme 3, there is also a secondary source of chi-
rality induced by the twist pattern of each phosphane li-
gand designated as P (for positive torsion angle) and M (for
negative torsion angle along the axis of the helix) following
the nomenclature used for helical molecules.[18] While for
the secondary chirality less energy is expected to be re-
quired for interconversion than for the primary source of
chirality, this value may still be significant. Molecular me-
chanics calculations have been used to estimate the relative
stability of the (SM) and (SP) conformers in cis-
Rh2(C6H4PPh2)2(CH3CN)6

2+,[19] which has a P–Rh–Rh–P
torsion angle of –23°. The results indicate that the experi-
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mental (SM) conformation is 88.1 kJmol–1 more stable than
the (SP) conformation having the same torsion angle, and
that the energy barrier between the conformers is estimated
to be much greater than kT (153.3 kJmol–1)

Scheme 2. The (R) and (S) chirality imposed by the H,T arrange-
ment of the cisoid orthometalated groups.

Scheme 3. The second chirality due to the magnitude and sign of
the torsion angle along the P–Rh–Rh–P unit.

The stable (R) and (S) enantiomers have been resolved.
The separation procedure makes use of the fact that in
(R,S)-cis-Rh2(C6H4PPh2)2(OAc)2·2CH3COOH, the ortho-
metalated phosphane groups are not labile while the car-
boxylate groups are. Reaction with ProtosH (N-4-methyl-
phenylsulfonyl-L-proline, see Scheme 4) yields (R,S)-cis-
Rh2(C6H4PPh2)2(Protos)2·2H2O and the diastereoisomers
are easily separated by column chromatography using silica
gel and elution with a mixture of CH2Cl2/Et2O.[20] Many
analogs using a great variety of substituted phosphanes
have also been synthesized. These compounds have applica-
tions in enantioselective C–H insertion of α-diazo ketones
and other catalyzed reactions.[20,21]
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Scheme 4. The chiral ProtosH molecule.

Substitution reactions of the carboxylate groups from the
diastereoisomers proceed without racemization, and the
group Protos can be easily replaced by other groups such as
carboxylates or acetonitrile. The orthometalated dirhodium
unit in [(R)-cis-Rh2(C6H4PPh2)2(CH3CN)6](BF4)2 has been
useful as a corner piece for the synthesis of enantiopure
supramolecular structures. Reaction with the dicarboxylate
anions O2C(CF2)nCO2, n = 2 and 3, give molecular loops
in which each of the two Rh2(C6H4PPh2)2 units is also co-
ordinated by two carboxylate groups from each of the two
linkers and two axial pyridine molecules, as shown in Fig-
ure 6 for n = 2.[22] In this complex, the P–Rh–Rh–P torsion
angles [75.7(1) and 74.56(9)°] are smaller than those of C–
Rh–Rh–C [–116.9(4) and –119.2(4)°]. Therefore, the overall
chirality of this dirhodium compound is (RMRM). This is
uncommon for simple dirhodium compounds, in which the
torsion angle of P–Rh–Rh–P is usually larger than that of
C–Rh–Rh–C,[23] because of steric repulsions between the
bulky phenyl groups in the phosphanes.

Figure 6. The core of the chiral molecular loop (RR)-[cis-
Rh2(C6H4PPh2)2(py)2O2CF2CF2CO2]2 for which the overall chiral-
ity is (RMRM).

A series of neutral molecular triangles having the for-
mula [cis-Rh2(C6H4PPh2)2]3(dicarboxylate)3·(Lax)6 where
Lax may be one of a variety of donor molecules such as
DMF, MeOH or py, CH2Cl2 have also been made. These
compounds, for which a representative core is shown in Fig-
ure 7, were first prepared by reaction of racemic [cis-
Rh2(C6H4PPh2)2(CH3CN)6](BF4)2 and tetraethylammo-
nium salts of linear dicarboxylates such as, oxalate,
terephthalate and 4,4�-biphenyldicarboxylate.[19] The rela-
tive chiralities of the dirhodium units in these triangles were
established using a combination of data from X-ray crystal-
lography and 31P NMR spectroscopy. It should be noted
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that the combination of the racemic mixture of cis-
Rh2(C6H4PPh2)2

2+ units with dicarboxylate anions to form
triangles can produce four possible stereoisomers: (RRR),
(RRS), (SSR), and (SSS), and each of these can be either
(RP) and (RS), or (SP) and (SM) (see Scheme 3). For the
oxalate compound, all the Rh2 units in each triangle have
the same chirality, and this compound exists as a mixture
of (RPRPRP) and (SMSMSM) isomers having D3 symmetry.
It is notable that no (RM) or (SP) conformers were ob-
served. For the terephthalate analog, the structure shows
two dirhodium units with one chirality and the third one
with another chirality [(RRS) or (SSR)] but again there are
only (RP) or (SM) conformers.

Figure 7. The core of the neutral molecular triangle [cis-
Rh2(C6H4PPh2)2]3(oxalate)3·(Lax)6. Only the Rh2PCC portions of
the orthometalated Rh2C6H4PPh2 units are shown. Axially coordi-
nated ligands have also been removed for clarity. Carbon atoms are
shown as open ellipsoids.

The 31P NMR spectra, shown in Figure 8, suggest that
the structures observed in the solid state remain unchanged
in solution, and that there are no interconversions in solu-
tion to other types of oligomers such as squares. For the
compounds with oxalate and 4,4�-biphenyldicarboxylate
linkers, the doublets are consistent with the high symmetry
in the crystal, whereby all the orthometalated phosphane
ligands are equivalent. Here, the doublets are due to coup-
ling of the P atoms with the I = 1/2 103Rh nucleus. For the
terephthalate analog, the three doublets with nearly iden-
tical coupling indicate that the (RRS) or (SSR) chirality of
the solid state is again present in solution. The enantiopure
analogs [(RRR) or (SSS)] have also been prepared from re-
action of (R)- or (S)-[cis-Rh2(C6H4PPh2)2(CH3CN)6](BF4)2

and the dicarboxylate salts.[24] The core structure of (SSS)-
[cis-Rh2(C6H4PPh2)2]3(terephthalate)3(py)6 is shown in Fig-
ure 9 along with the packing diagram. Catalytic evaluation
of these enantiopure triangles show that they are catalyti-
cally active and provide good results for the intermolecular
cyclopropanation between styrene and ethyl diazoacetate.
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Figure 8. 31P NMR in CD3Cl of the racemic triangular compounds
with oxalate, terephthalate and 4,4�-biphenyldicarboxylate linkers
shown in the same order from top to bottom.

Figure 9. The core structure (top) and packing pattern (bottom)
of (SSS)-[cis-Rh2(C6H4PPh2)2]3(terephthalate)3(py)6. Note that the
molecules stack on top of each other, but alternately out of register,
leaving a chiral channel. For the oxalate analog, the triangular
molecules stack in register.

The same dirhodium corner piece has been used to build
a molecule with pure rotational symmetry T by reaction of
(R)-[cis-Rh2(C6H4PPh2)2(CH3CN)6](BF4)2 and the trianion
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of benzene-1,3,5-tricarboxylic (trimesic) acid.[25] The
compound {NEt4�[(R)-cis-Rh2(C6H4PPh2)(py)2]6(1,3,5-
C6H3(CO2)3)4}BF4, prepared by a designed synthesis and
shown in Figure 10, has only eight C3 and three C2 rota-
tions of the group T. It encapsulates a NEt4

+ cation within
the chiral spheroidal cavity of the cage. In this chiral carce-
plex there are six cisoid (R)-Rh2(C6H4PPh2)2

2+ units (B)
linked by four trimesate anions (A), each connecting to
three different Rh2

4+ units to give an A4B6 type molecule.
All oxygen atoms of the trimesate anions are trans to either
carbon or phosphorus atoms in the orthometalated ligands.
The midpoints of the dirhodium units roughly describe an
octahedron while the centers of the aryl groups of the
anions describe a tetrahedron. Pyridine molecules are found
at both axial positions of each dirhodium unit. This carce-
plex is an all (R) isomer.

Figure 10. A view of the core structure of the carceplex Λ-
{NEt4�[(R)-cis-Rh2(C6H4PPh2)(py)2]6(1,3,5-C6H3(CO2)3)4}BF4

showing the encapsulated tetraethylammonium cation.

The 1H NMR spectrum offers clear evidence that the tet-
raethylammonium cation remains encapsulated in solution,
and shows two signals at high field (–0.035 and –0.278 ppm)
in a ratio of 3:2. The large upfield displacement of these
signals relative to those of a non-encapsulated NEt4

+ cation
is due to strong shielding by the cage. The 31P NMR spec-
trum of the compound in CD2Cl2 in the presence of excess
pyridine is consistent with the existence of only one highly
symmetrical species in solution as it shows only one doublet
because of coupling of each P atom to the adjacent 103Rh
nucleus.

1c. Helical Molecules with Three or More Metal Atoms

The best known compounds are of the type M3(dpa)4X2,
where dpa = the anion of dipyridylamine, X is a mono-
dentate group, typically a monoanion such as a halide, PF6,
acetylide, and others and M = Co, Cr, Rh, Ru, Ni.[26] One
remarkable feature of compounds of this type is the tunable
metal-to-metal interactions within the trinuclear unit and
symmetrical and unsymmetrical arrangements may be ob-
tained depending on the nature of the axial ligands. More
importantly for this review is the typical helical arrange-
ment of the four dpa anions about the M3 unit as shown in



F. A. Cotton, C. A. MurilloMICROREVIEW

Figure 11. A typical structure of an M3(dpa)4X2 as represented by Ni3(dpa)4Cl2. The structure is shown (a) perpendicular to the Ni3 axis,
and (b) looking down the Ni3 axis to emphasize the helical arrangement of the dpa ligands.

Figure 11 for a typical M3 compound. While the set of four
dpa ligands has the capacity to organize an extended metal
atom chain (EMAC), it is also forced by internal non-
bonded (H···H) contacts to form an overall molecular
structure with a helical configuration having right- or left-
handed helicity (referred to as ∆ or Λ, respectively) as
shown in Figure 12.

Figure 12. A schematic representation of the ∆ and Λ isomers of
an EMAC of the type M3(dpa)4X2.

Most of the structures of these M3(dpa)4X2 compounds
are racemic but for [Co3(dpa)4(CH3CN)2](PF6)2 single crys-
tals of the ∆ and Λ isomers were isolated from solution
and manually separated. Their absolute configurations were
determined by X-ray crystallography and circular dichroism
spectra (Figure 13) were measured on solutions made from
crystals of known absolute configuration.[27] Both isomers
exhibit significant Cotton effects. The bands were assigned
from the electronic spectra with that at 312 nm correspond-
ing to a spin-allowed π–π* transition. The transition at
369 nm was assigned to a charge-transfer band and the
lower energy bands at 442 and 544 nm were assigned to
metal-centered transitions in the Co3

2+ core.[27] In general,
the anisotropy or dissymmetry factor given by the ∆ε/ε ratio
of circular dichroic to isotropic absorbance is associated
with the nature of the transitions.[28] For electric-dipole-al-
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lowed and magnetic-dipole-forbidden transitions (CT and
ligand π–π* transitions), the ∆ε/ε ratio � 5·10–3 and for
magnetic-dipole-allowed and electric-dipole-forbidden tran-
sitions (ligand-field transitions, n–π* transitions), ∆ε/ε ratio
� 5·10–3. The transition for the Λ isomer at 312 nm has a
negative sign (∆ε/ε = 8.2·10–4) in the CD spectrum, while
the bands at 369 nm (∆ε/ε = 1.5·10–3), 442 nm (∆ε/ε =
8.25·10–3), and 544 nm (∆ε/ε = 5.0·10–3) are positive. The
CD spectra for the ∆ and Λ isomers are mirror images, as
expected for a pair of enantiomers. The CD bands at 312
and 369 nm have small ∆ε/ε values with the former corre-
sponding to a ligand π–π* transition and the latter corre-
sponding to a LMCT transition. Both are electric-dipole-
allowed and magnetic-dipole-forbidden transitions. The
greater dissymmetry factor ∆ε/ε for the bands at 442 and
544 nm is consistent with these bands being magnetic-di-
pole-allowed and electric-dipole-forbidden metal-centered
transitions. Importantly, the equal intensity but opposite
signs of the spectra from the two solutions of isomers hav-
ing similar concentrations indicates that the two enantio-
mers do not interconvert in solution.

Spontaneous resolution upon crystallization as just de-
scribed, is very rare. Normally only racemic crystals are ob-
tainable. However, chromatographic resolution on columns
of chiral adsorbants has recently been applied with success
to several M3(dpa)4X2 compounds.[29] There are two ways
to determine the absolute helicity of each enantiomer. The
most obvious is to crystallize one (or both) and employ X-
ray crystallography. When this cannot be done, vibrational
circular dichroism can be used. This has been done in the
case of Ni3(dpa)4(OH)2.[30] There are preliminary results
showing that many other helical EMACs will be treatable
by similar methods.

There are also structurally characterized EMACs with
longer polypyridylamides having linear M5, M7 and M9

cores. The structures resemble those with M3 cores in that
the molecules are helical. An example is that of Ni9-
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Figure 13. CD spectra of ∆- (solid line) and Λ- (dashed line)
[Co3(dpa)4(NCCH3)2](PF6)2.

(peptea)4Cl2 (peptea = the anion of pentapyridyltetra-
amine),[31] which is shown in Figure 14. Recently examples
of complexes with four anions derived from polypyridyl-
naphthyridine groups (Scheme 5) have been made contain-
ing Co6

12+ and Co6
11+ cores,[32] and Ni612+ and Ni611+

cores.[33] A schematic representation of the Co6
n+ com-

pounds is given in Figure 15. However, none of these race-
mic mixtures have been resolved.

Figure 14. The structure of one of the enantiomers of Ni9-
(peptea)4Cl2 (top). A view along the main axis of this molecule
emphasizing the helical arrangement of the polypyridylamido li-
gands is at the bottom.

Scheme 5. A schematic drawing of 2,7-bis(α-pyridylamido)-1,8-
naphthyridine used in the syntheses of compounds with M6

12+ and
M6

11+ cores, M = Co and Ni.
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Figure 15. A 2-dimensional representation of the Co6
n+ compounds

synthesized with the ligand in Scheme 5, X = NCS or triflate
anions, and Y = PF6 or triflate anions. The way the EMACs twist
is not shown.

2. Achiral Dimetal Chromophores in Chiral Environments

It appears that the first structurally characterized qua-
druply bonded Mo2

4+ compound containing chiral ligands
was Mo2(L-isoleucine)2(NCS)4·4.5H2O, but no spectro-
scopic data were collected.[34] Later, Mo2(-leucine)4Cl2(p-
toluenesulfonate)2·2H2O was prepared, structurally charac-
terized, and, because of very favorable alignment of the
molecules in the crystal, used for detailed studies of the
polarization and vibronic structure of the δ�δ* absorption
band.[35] Again, however, no ORD or CD data were col-
lected.

Chiral dicarboxylic acid anions, -tartrate and -aspart-
ate, have been used to link Mo2(DAniF)3

+ units (DAniF =
the N,N�-di-p-anisylformamidinate anion).[36] The structure
of the tartrate is shown in Figure 16. An enantiomerically
pure compound in the form of a loop has two cis-Mo2-
(DAniF)2

2+ units and two chiral dicarboxylates made from
hydroquinone and ethyl (S)-lactate,[37] L1-para, shown in
Scheme 6. The structure of the loop [cis-Mo2(DAniF)2]2-
(L1-para)2 is shown in Figure 17. In the crystal, the mole-
cules stack forming channels capable of hosting guest mole-
cules such as CH2Cl2, as shown in Figure 18.

Figure 16. The structure of [Mo2(DAniF)3]2(L-tartrate).

Scheme 6. The ligand L1-para, p-–O2C(CH3)(H)(O)–C6H4–(O)
C(CH3)(H)CO2

–, made from hydroquinone and ethyl (S)-lactate.

Other early work in this area was done by Snatzke,[38]

whose goal was to employ the δ�δ* transition in the Mo2
4+

chromophore, which is conveniently located at about
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Figure 17. The structure of the molecular loop [cis-Mo2(DAniF)2]2-
(L1-para)2.

Figure 18. The packing of [cis-Mo2(DAniF)2]2(L1-para)2 showing
the chiral intersticies.

20000 cm–1, to determine the absolute configurations of
functionalized organic molecules. Direct ORD or CD mea-
surements of the organic molecules themselves was chal-
lenging because their lowest-energy transition was generally
in the ultraviolet. Snatzke’s approach was rather empirical;
it consisted in simply adding Mo2(O2CCH3)4 to a solution
of the organic compound of interest and measuring the CD
spectrum in the visible region due to some generally unde-
fined complex between the organic compound and some
fragment of the Mo2(O2CCH3)4 molecule that had been in-
troduced. Results varied with absolute and relative concen-
trations.

It was later proposed[39] that the ability of Rh2(O2CCF3)4

to bind almost every possible organic functionality includ-
ing simple olefins, at its axial position might lead to a more
reliable realization of Snatzke’s concept, but there has been
no follow up on this. It does not appear that the use of
“spectator” dimetal units, either Mo2

4+ or Rh2
4+ is a very

promising technique.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4209–42184216

Dirhodium Compounds

In 1986 two Rh2(O2CR)4L2 compounds, one with R =
CPh(OH)H and L = EtOH and the other with R =
CPh(OMe)H and L = THF were structurally characterized
and their CD spectra were measured and interpreted.[40]

The structure of the (S)-mandelate is shown in Figure 19
and it resembles that of the Mo2

4+ analog, except for the
absence of axial ligands in the latter.[41] The electronic ab-
sorption and CD spectra of Rh2[(S)-mandelate]4(EtOH)2

are shown in Figure 20. The interpretation, which is much
too complex to recapitulate here, was carried out assuming
that the central Rh2(O2C–)4 core is inherently achiral, hav-
ing D4h symmetry. A one-electron model of a type pre-
viously proposed by others[42] was employed and was found
to be consistent with the fact that the CD signs associated
with the two prominent absorption bands (at ca. 450 and
600 nm) have the same sign. The fact that both are negative
(rather than both positive) was not predictable. However,
because both have the same sign, a reversal of the absorp-
tion band assignments from those accepted at the time is
not ruled out, and indeed MCD measurements reported se-

Figure 19. The structure of Rh2[(S)-mandelate]4(EtOH)2.

Figure 20. CD and UV-vis spectra of Rh2[(S)-mandelate]4(EtOH)2.
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veral years later[43] showed that such a reversal was re-
quired. Thus, while the CD results offer valuable evidence
for assigning the electronic spectrum, they are not by them-
selves definitive.

Chiral dirhodium compounds are some of the most
widely studied species with metal–metal bonds due to their
applications in catalysis. Because this topic has been re-
viewed recently we will not elaborate any further here.[44]

Conclusions

There is considerable diversity of chiral compounds that
contain dimetal units. Those cited in this review suggest
that there is great scope for further development, along
both of the main avenues: (1) compounds in which the li-
gand arrangement renders the M2 unit itself chiral, and (2)
compounds in which the M2 unit is not itself a seat for
chirality but is the linchpin for a surrounding set of chiral
ligands.
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The first organometallic zinc hydroxylamides [Zn(RZn)4-
(ONMe2)6] (1: R = Me; 2: R = iPr) and [Zn(EtZn)4(ONEt2)6] (3)
have been prepared by alkane elimination from dialkylzinc
solutions upon treatment with N,N-dialkylhydroxylamines.
The molecular structures of 1 and 2 reveal that a subtle
change in the constitution of the aggregates can make a
striking difference. By the simple exchange of the MeZn+

groups with iPrZn+ groups, the coordination number of the
central Zn2+ nucleus increases from four (1) to six (2). The
two cluster types are unprecedented in both hydroxylamine
and organometallic chemistry. Compounds 1 and 3 adopt a
doubly bridged fenestrane-like Zn5N6O6 core with two dan-
gling NR2 moieties, whereas iPrZn species 2 comprises an
octahedroid backbone with all donor atoms attached to the

Introduction

Compared to organometallics of the trivalent group 13
elements, zinc requires further contact to a donor atom to
reach coordination number (CN) four because of its di-
valent nature. In metal alkoxide/aryloxide chemistry,[1] an
increase in aggregate dimensionality is already well estab-
lished [compare the Al2O2 ring {(Me2Al)[O(2,6-iPr2-
C6H3)]}2

[2] with the “double cube” [(MeZn)3(OMe)4]2Zn[3]

(CN = 4, 6)].[4] The highly diverse chemistry of the O–N
double-donor array (hydroxylamines or oximes) provides a
plethora of aggregation motifs, for example in group 13
complexes,[5–9] and ought to be transferable to zinc for the
exploration of similar extensions {compare the six-mem-
bered ring dimer [(Me2Al)(ON=CMe2)]2[5a,5b] with the tet-
rahedroid oximate [(MeZn)(ON=CMe2)]4[10] (CN = 4)}.
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five Zn nuclei with the maintenance of the same heteroatom
composition as 1 and 3. Variable-temperature 13C NMR ex-
periments of all-ethyl cluster 3 reveal that the R2NO– ligands
rapidly exchange between the RZn+ and Zn2+ cations. This
process is rationalised by a plausible model which also points
out that the core structure of 3 could be an intermediate motif
in the observed heteroatom connectivity exchange. In line
with this, computational investigations reveal that both skel-
etons are very similar in energy. In sum, the coordination
flexibility of the hydroxylamide ligand makes this group of
organometallic zinc complexes a highly dynamic family of
cluster compounds.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The high coordination flexibility of the hydroxylamide li-
gands that is demonstrated in Al and Ga organometallics
(e.g. in the readily fluctuating tetracyclic Al3 cluster
[{(Me2Al)[ON(Me)]2CH2}2(AlMe)][6]) can be expected by
hypothesis to allow for the construction of highly dynamic
Zn-based multinuclear cluster compounds. Zinc, on its own
accord, has a very rich alkoxide chemistry.[1,3] However, hy-
droxylamide derivatives of divalent metals are rather poorly
understood and encompass merely inorganic coordination
compounds of zinc[11] {e.g. [(H2NOH)2ZnCl2], Crismer’s
salt[12]}, but organometallic examples are completely un-
known.

We report herein the initial evidence to support the above
hypothesis. The reaction of N,N-dialkylhydroxylamines
Me2NOH or Et2NOH with binary zinc alkyls affords three
pentanuclear organozinc cluster compounds: [Zn(RZn)4-
(ONMe2)6] (1: R = Me; 2: R = iPr) and [Zn(EtZn)4-
(ONEt2)6] (3, vide infra).

Results and Discussion

With the focus on compounds 1 and 2 (Scheme 1), it is
elegantly revealed that the highly flexible coordinating
O–N ligands allow Zn atoms to adopt a CN � 4. This
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stands in contrast to the isoelectronically related organozinc
hydrazides (N–N double-donor), where zinc is exclusively
tetracoordinate.[13]

Scheme 1.

Though the formulae of 1 and 2 (apart from the alkyl
groups on Zn) are identical, their three-dimensional coordi-
nation frameworks differ markedly. The all-methyl cluster
[Zn(MeZn)4(ONMe2)6] (1) adopts a fenestrane-like motif,
as determined by X-ray diffraction analysis (Figure 1).[14]

Four O–N moieties coordinate around the central “inor-
ganic” Zn2+ ion by their oxygen atoms and are themselves
interconnected by RZn+ units via O–Zn–N linkages. The
resulting dicationic heterofenestrane {[Zn(ONMe2)4-
(ZnMe)4]2+} is then charge-compensated by two anionic µ2-
O-bridging Me2NO– ligands. If the latter are neglected, the
core of 1 is reminiscent of a handful of known complexes
(e.g. in bioinorganics),[15] but those complexes exhibit solely
square-planar coordinated central metal ions and have no

Figure 1. Crystal structure of 1 (thermal ellipsoids at 50% prob-
ability; hydrogen atoms are omitted; symmetry transformations
used to generate equivalent atoms: –x+1, y, –z+3/2). Selected dis-
tances and angles [Å/°]: Zn1–O3 1.923(3), Zn2–O1 2.100(2), Zn3–
N1 2.175(3), O3–N3 1.435(4), Zn2–C2 1.966(4), N3–C32 1.464(5);
O1–Zn2–O2 86.8(1), O1–Zn1–O1� 132.5(1), O3–Zn3–N1 85.8(1),
O2–Zn2–N3� 103.5(1), Zn1–O1–Zn2 100.0(1), Zn2–O2–Zn3
121.9(1), Zn1–O1–N1 107.9(2), Zn3–O2–N2 123.8(2), Zn3–N1–O1
107.3(2), Zn2–N3�–O3� 111.6(2), Zn2–N3�–C32� 110.2(3), O2–N2–
C21 107.2(3), C21–N2–C22 109.8(4).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4219–42244220

M–C bonds. The aggregation motif of 1 (all Zn atoms: CN
= 4) is unprecedented in both hydroxylamine and organo-
metallic chemistry.

With a subtle size change of the alkyl group at zinc (from
Me to iPr), the core structure of the aggregate completely
shifts as revealed by the crystal structure of ether solvate
2·OEt2 (Figure 2).[14] In this cluster, the ether molecule fills
a void but does not contact any of the Zn atoms. The hy-
droxylamide cluster [Zn(ONMe2)6(ZniPr)4] (2) adopts an
octahedral-based structure with all six O–N ligands O-
bound to the central Zn2+ (CN = 6). Charge compensation
of this [Zn(ONMe2)6]4– fragment is achieved by four iPrZn+

groups, which bind to the six O–N units either in an N,O,O-
or in an N,N,O mode. Because all of the O and N atoms
are now coordinated to Zn, this contrasts the situation in 1
which has two dangling NMe2 groups – one key feature
of the observed coordination “isomerism”. Consequently,
cluster 2 is one of the limited examples of Zn species that
exhibit mixed CNs, whether in organometallic[1,3] or in in-
organic chemistry.[16]

Figure 2. Solid-state structure of 2 in a crystal of the composition
2·OEt2 (thermal ellipsoids at 50% probability; hydrogen atoms and
the Et2O solvate molecule are omitted; symmetry transformations
used to generate equivalent atoms: –x+ 1, –y+2, –z). Selected dis-
tances and angles [Å/°]: Zn2–O4� 1.974(2), Zn1–O2 2.205(2), Zn3–
N4 2.135(2), O4–N4 1.433(2), Zn2–C201 1.987(3), N3–C32
1.467(3); O2–Zn1–O3 78.0(1), O2–Zn1–O3� 102.0(1), O4�–Zn2–
N12 85.2(1), O3–Zn3–N4 106.0(1), Zn1–O12–Zn3 102.1(1), Zn2–
O3–Zn3 119.3(1), Zn3–O3–N3 108.5(1), Zn2–O3–N3 122.8(1),
Zn3–N4–O4 112.2(2), Zn3–N4–C41 109.0(2), O3–N3–C33
106.9(2), C41–N4–C43 110.8(3).

Although the structures of 1 and 2 are not the same, their
core compositions are, and thus, the question arises whether
a pathway for the interconversion between the two cluster
types exists. VT-NMR spectroscopy sheds some light onto
this and onto the molecular dynamics of the aggregates. Be-
tween 300 and 200 K, the 1H NMR spectra of 1 show some
signal broadening but no substantial change to indicate
structural variations; the 13C NMR spectra give a similar
picture. A drawback to these measurements is the limited
solubility of 1 especially at low temperatures, which is most
probably due to its minimal alkyl periphery.
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Fortunately, the all-ethyl analogue [Zn(EtZn)4(ONEt2)6]

(3, Scheme 2) is much more soluble and represents an ex-
quisite VT-NMR substitute for all-methyl cluster 1 because
it adopts the same core motif (Figure 3). Furthermore, the
fact that 1 and 3 exhibit the same coordination framework
underlines that the structural differences between 1 and 2
cannot be accounted for merely by means of the steric con-
gestion of the “organic sphere” about the Zn5N6O6 hetero-
atom core. The number of carbon atoms in that sphere
doubles from 16 (compound 1) to 32 (compound 3) without
any effect on the aggregation motif. Exchange of the
MeZn+ groups (compound 1) by iPrZn+ groups (compound
2) increases that number only by 8 (from 16 to 24). A simple
focus on group sizes – though obvious when only differ-
ences between 1 and 2 are examined based on the literature
findings of EtZn boryloxides[17] or Stephan’s bulky Me2Al
aryloxide[2] (compared to “normal” Al–O organyls with CN
� 4[1]) – is not a definite reason for the varied CN of the
present organozinc hydroxylamides. In fact, if bulkiness of
the group had an influence on the CN of the central “inor-
ganic” Zn2+ nucleus, the opposite trend in the CN would

Scheme 2.

Figure 3. Crystal structure of 3 (thermal ellipsoids at 50% prob-
ability; hydrogen atoms and the disorder of the ethyl group at Zn2
are omitted). Selected distances and angles [Å/°]: Zn1–O11
1.944(7), Zn2–O3 2.041(7), Zn4–N11 2.186(9), O2–N2 1.444(11),
Zn5–C501 1.972(12), N2–C23 1.461(15); O5–Zn5–O11 88.7(3),
O11–Zn1–O12 139.7(3), O2–Zn2–N12 86.2(3), O3–Zn3–N4
107.8(3), Zn1–O11–Zn5 102.3(3), Zn4–O5–Zn5 117.7(3), Zn1–
O12–N12 109.7(5), Zn4–O5–N5 121.9(6), Zn4–N11–O11 104.5(5),
Zn5–N2–O2 112.9(6), Zn5–N2–C21 112.6(7), O2–N2–C23
106.0(8), C21–N2–C23 110.8(10).
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be expected. The overall packing in the aggregation motif
found for 2 is more compact than the one found for 1 and
3.

The 13C NMR spectrum of 3 at 298 K exhibits broad
features for the nitrogen-bound ethyl substituents in the re-
gions between ca. 50 and 60 ppm and between ca. 10 and
15 ppm (Figure 4). At 213 K however, all five resonances
are well-resolved and observable. This is in accordance with
a C2 molecular symmetry with freely rotating O–N bonds
to the dangling NEt2 groups. The ethyl groups at zinc give
two sets of sharp resonances at both low and ambient tem-
peratures. Obviously, the R2NO– units in compounds 1 and
3 exchange between the five Zn nuclei in a highly fluxional
manner.

Figure 4. Details of the 13C NMR spectra of [Zn(ZnEt)4(ONEt2)6]
(3) at 298 K (in [D6]benzene) and at 213 K (in [D8]toluene, DEPT
135 mode).

The 1H NMR spectrum of 2 (Figure 5) displays one
prominent resonance for the Me2NO– units at 300 K, which
indicates an exchange on the NMR time scale comparable
in magnitude to that found for the R2NO– units of 1 and
3. At temperatures below 270 K, this peak splits into a com-
plex set of signals of rather low resolution. Thus, a drop in
the symmetry of the molecule below that of the crystalline
state (C2) can be assumed since the latter would require six
chemically different N–Me groups. From the complexity of
the NMR spectrum, the presence of more than one isomeric
species in solution is reasonable. The two motifs found in
the solid state for 1 and 2 are two likely possibilities.

The observed highly dynamic behaviour is consistent
with rapidly isomerising aggregates. A plausible model is
illustrated in Scheme 3a with the heteroatom core of 1. The
process by which this core is transformed into itself can
be reasoned by the division of the process into four single
steps.[18,19] The first two steps involve the bond formation
between the peripheral noncoordinated N atom and an
RZn+ group [colour code: green (1)]; in addition, there is a
change in connectivity of the O atom of the hydroxylamide
from a peripheral Zn atom to the central Zn atom [colour
code: orange (2)]. The central Zn atom then becomes hexa-
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Figure 5. Variable-temperature 1H NMR spectra of 2 (in [D8]tolu-
ene) in the chemical shift region of the ONMe2 moieties. For clar-
ity, the highlighted temperature range around the coalescence point
is provided in steps of 10 K.

coordinate, and this finalises the transformation of the core
structure from the type adopted by compound 1 to that of
2 in the crystalline state.

Scheme 3. a) Plausible model for the fluctuation of the O–N li-
gands. The overall C2 symmetry compels each step to occur twice.
b) The isomeric heteroatom cluster core as found for 2 in the solid
state – an “intermediate” of the periodical fluctuation.

Two further steps that are reverse in nature to the preced-
ing two allow the ligands to rearrange about the RZn+ and
Zn2+ atoms to reconstruct the heteroatom connectivity
pattern as found in the solid state of 1 {the O atom of one
O–N unit moves from the central Zn2+ nucleus to a periph-
eral RZn+ group [colour code: blue (3)], and the N atom of
the same O–N unit disconnects from the organozinc residue
to become the dangling NR2 group [colour code: red (4)]}.

In order to gain more detailed insight into the energetics
of these systems, we calculated the energies of the two clus-
ter types represented by 1 and 2 in the crystalline state for
the most simple cases, all-methyl compound 1 and the
MeZn+ analogue of 2, because both are unaffected by sub-
stituent conformations. The computations were carried out
at the SCF/SV(P) and RI-BP/SV(P) levels of theory and
reproduce the core structure parameters of the experimen-
tally determined geometries well. At the SCF/SV(P) level,
the aggregation adopted by compound 1 is slightly pre-
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ferred by 5.4 kcalmol–1. At the RI-BP/SV(P) level, the re-
verse was found; the structure of compound 2 was preferred
with an energy difference of 1.2 kcalmol–1.[20]

The small differences in the theoretical calculations along
with the temperature-dependent NMR studies reveal both
aggregation motifs to be very comparable in energy. This
explains the sensitivity of the observed aggregation and co-
ordination modes on small substituent effects and the
highly dynamic behaviour of the species. Thus, pentanuclear
organozinc hydroxylamides 1–3 disclose for the first time
that a metal can be flexibly coordinated by O–N ligands
not only in terms of coordination modes but also numbers.
On the basis of the experimental findings and the unique
ability of the hydroxylamide ligand to be flexibly coordinat-
ing, this group of organometallic zinc complexes forms a
highly dynamic family of cluster compounds.

Experimental Section
CAUTION: Pure zinc organyls may spontaneously ignite upon
contact to air or moisture!

Materials and Methods: All manipulations were carried out under
a dry nitrogen atmosphere with standard Schlenk and high-vacuum
techniques with double manifolds or in a glove box (MBraun Lab
Master 130) operated under an argon atmosphere. All solvents
were purified by standard procedures immediately prior to use.
Me2Zn was obtained in its pure form by the fractional distillation
of a commercial solution (2.0  in toluene, Aldrich). Et2Zn
(Crompton GmbH, Bergkamen, Germany) was transferred into
glassware in the glove box and used without further purification.
iPr2Zn was synthesised according to the literature[21] and further
purified by fractional condensation (removal of trace Et2O from
synthesis). It was stored in the dark at –78 °C because it decom-
poses quite quickly upon exposure to light or ambient temperature.
Me2NOH was obtained from its hydrochloride salt (Aldrich) by
treatment with excess NH3 at –78 °C and separated from the
NH4Cl residue by distillation.[22] Et2NOH (Aldrich) was purified
by fractional distillation.

General Synthetic Protocol: R2Zn (R = Me, Et or iPr) was con-
densed into a round-bottomed flask and then diluted with n-hexane
to generate a ca. 1  solution. With heavy stirring, a solution of
Me2NOH or Et2NOH in THF (ca. 1 ) was slowly added at 0 °C.
The ice bath was removed, and the reaction mixture was stirred
until gas evolution had ceased. All volatiles were evaporated under
reduced pressure, and the colourless to light yellow viscous solid
was extracted with n-hexane/Et2O and filtered. The resulting solu-
tion was carefully concentrated under reduced pressure and stored
at –26 °C (1 and 3) or –45 °C (2) for several days to yield colourless
crystals.

1: From Me2Zn (15.8 mmol, 1.51 g) in n-hexane (15 mL), and
Me2NOH (19.0 mmol, 1.16 g, 1.30 mL) in THF (20 mL). Colour-
less cubes. Yield 1.35 g (1.80 mmol, 57%). 1H NMR (200.1 MHz,
C6D5CD3): δ = –0.68 to –0.15 (m, 12 H, 4×ZnCH3), 2.20–3.00
[m, very br., 36 H, 6×N(CH3)2] ppm. 13C{1H} NMR (50.3 MHz,
C6D5CD3): δ = 3.4, 5.7 [2×(2 C, 2×ZnCH3)], 51–61 [very br., 12
C, 6×N(CH3)2] ppm. C16H48N6O6Zn5 (747.47): calcd. C 25.71, H
6.47, N 11.24; found C 25.34, H 6.32, N 11.12.

2: From iPr2Zn (17.4 mmol, 2.64 g) in n-hexane (20 mL), and
Me2NOH (21.0 mmol, 1.28 g, 1.44 mL) in THF (20 mL). Colour-
less blocks. Yield 2.70 g (2.89 mmol, 83%). 1H NMR (200.1 MHz,
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CDCl3): δ = 0.53 [sept, 3JH,H = 7.5 Hz, 4 H, 4×ZnCH(CH3)2], 1.25
[d, 3JH,H = 7.5 Hz, 24 H, 4×ZnCH(CH3)2], 2.70 [s, 36 H,
6×N(CH3)2] ppm. 13C{1H} NMR (50.3 MHz, CDCl3): δ = 11.6
[4 C, 4×ZnCH(CH3)2], 24.6 [8 C, 4×ZnCH(CH3)2], 52.9 [12 C,
6×N(CH3)2] ppm. MS (EI = 70 eV): m/z (%) = 648 (100) {M +
H –(iPr) –[(iPr)ZnONMe2]}+. C24H64N6O6Zn5 (859.66): calcd. C
33.53, H 7.50, N 9.78; found C 33.24, H 7.43, N 9.65.

3: From Et2Zn (19.0 mmol, 2.35 g) in n-hexane (20 mL), and Et2-
NOH (22.9 mmol, 2.04 g, 2.35 mL) in THF (20 mL). Colourless
blocks. Yield 3.36 g (3.46 mmol, 91%). 1H NMR (599.8 MHz,
298 K, C6D5CD3): δ = 0.37, 0.37 [2×(q, 3JH,H = 8.1 Hz, 4 H,
2×ZnCH2CH3)], ca. 0.85–1.25 [m, very br., 24 H,
4×Ncoord(CH2CH3)2], 1.25 [t, 3JH,H = 7.2 Hz, 12 H,
2×Nuncoord(CH2CH3)2], 1.51, 1.53 [2×(t, 3JH,H = 8.1 Hz, 6 H,
2×ZnCH2CH3)], ca. 2.70–3.20 [m, very br., 24 H, 6×N(CH2-
CH3)2] ppm. 1H NMR (599.8 MHz, 213 K, C6D5CD3): δ = 0.40–
0.57 (m, 8 H, 4×ZnCH2CH3), 0.75, 0.86 (2×{t, br., 2× [3 H,
2×Nuncoord(CH2CH3)2]}), 1.18, 1.21, 1.27, 1.28 (4×{t, br., 2× [3
H, 4×Ncoord(CH2CH3)2]}), 1.67, 1.69 [2×(t, br., 3JH,H = 8.3 Hz, 6
H, 2×ZnCH2CH3)], 2.27 (q, br., 3JH,H = 6.1 Hz), 2.64 (q, br.), 2.69
(q, br., 3JH,H = 6.3 Hz), 2.81 (q, br., 3JH,H = 6.9 Hz), 2.83 (q, br.,
3JH,H = 6.9 Hz), 2.88 (q, br., 3JH,H = 6.4 Hz), 2.97 (q, br., 3JH,H =
6.2 Hz), 3.08 (q, br.), 3.80 (m, br.) {8×(2 H, NcoordCH2CH3);
1× [4×2 H, 2×Nuncoord(CH2CH3)2]} ppm. 13C{1H} NMR
(50.3 MHz, 298 K, C6D6): δ = 3.4, 5.7 [2×(2 C, 2×ZnCH2CH3)],
ca. 11–17 [very br., 8 C, 4×Ncoord(CH2CH3)2], 13.1 [4 C,
2×Nuncoord(CH2CH3)2], 14.1, 14.4 [2×(2 C, 2×ZnCH2CH3)], ca.
51–61 {very br., 12 C, 4×[2 C, 2×Ncoord(CH2CH3)2]; 1× [4 C,
2×Nuncoord(CH2CH3)2]} ppm. 13C{1H} NMR (150.8 MHz, 213 K,
C6D5CD3): δ = 2.4, 5.4 [2×(2 C, 2×ZnCH2CH3)], 12.3, 13.0 [2×(2
C, 2×ZnCH2CH3)], 13.6, 13.8, 13.9, 14.2, 14.7 {4×[2 C,
2×Ncoord(CH2CH3)2]; 1× [4 C, 2×Nuncoord(CH2CH3)2]}, 51.8,
53.8, 55.1, 56.4, 61.2 {4×[2 C, 2×Ncoord(CH2CH3)2]; 1× [4 C,
2×Nuncoord(CH2CH3)2]} ppm. C32H80N6O6Zn5 (971.87): calcd. C
39.55, H 8.30, N 8.65; found C 38.93, H 8.07, N 8.41.
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The novel hybrid compounds Pb2Cu(O2C–CH2–NH2)2X4 (X
= Br, Cl) were prepared and characterized by single-crystal
X-ray diffraction. TA analysis and DSC measurements show
that the compounds are stable up to 200 °C. As in hybrid per-
ovskites, their layered structures are based on metal(II) ha-
lide 2D frameworks, which are here covalently linked by
trans-Cu(Gly)2 flat SBUs. These rigid pillars are able to ac-

Introduction

During the past decade, organic–inorganic compounds
have received considerable attention because of the oppor-
tunity that exists to combine useful properties of both com-
ponents. For example, in hybrid perovskites, whose typical
formula is (R-NH3)2MIIX4, the organic component allows
the solution to be processed as thin films by room tempera-
ture techniques such as spin-coating, whereas the inorganic
component may possess semiconducting properties.[1] Ex-
tensive work has been notably devoted to the study of mate-
rials that are based on iodostannate perovskite layers that
can be used as semiconducting channels in thin-film field-
effect transistors (TFTs)[2] with the potential of relatively
high electrical mobility. For instance, a mobility of
0.6 cm2 V–1 s–1 is attained in (C6H5C2H5NH3)2SnI4.[2a]

Nevertheless, this value remains two orders of magnitude
smaller than that evidenced in CH3NH3SnI3, which is a 3D
perovskite with metallic conductivity.[3] Several strategies
have been considered in order to improve the charge carrier
mobility of such semiconducting thin film materials. This
includes the search of new, possibly nonperovskite, halogen-
ometallate-based salts.[4] Another way is to tune the
bandgap that is associated to a given perovskite network.
This is made possible because of the incorporation of se-
lected cations that are able to impact the bonding features
of the inorganic framework.[5] Hybrids with enhanced
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commodate some of the void that exists in between the PbX2

layers. However, the results from hydrogen absorption ex-
periments that were conducted at 77 K indicate that the hy-
brids are not good candidates for absorption materials.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

structural dimensionality have also been considered.[6,7] In
particular, we recently showed that in [Cu{O2C-(CH2)3-
NH3}2]PbBr4 the amino carboxylic acid zwitterionic mole-
cules led both to the stabilization of a layered hybrid per-
ovskite and to the formation of a Br–Cu–Cu–Br covalent
bond pathway between adjacent perovskite layers.[7] In rela-
tion to amino acids, several coordination compounds have
been prepared from molecules that adopt their zwitterionic
form.[7–9] However, amino acids, which are ubiquitous in
biology, are often used in material chemistry (e.g. coordina-
tion polymers, open-framework compounds) in their basic
form, as they can coordinate to metal ions through both its
carboxylate group and its amino group. With a focus on
glycine, metal(II) glycinate salts that are based on robust
MII(Gly)2 entities are often cluster-type[10] or pseudo 1D
compounds;[11] only a few 2D coordination polymers of
heterometallic glycinates have been reported.[12]

In this communication, we report the preparation and
the X-ray structural characterization of two 3D hetero-
metallic glycinate hybrids Pb2Cu(O2C–CH2–NH2)2X4 [X =
Br (1), Cl (2)]. In the structure of both complexes, the adja-
cent lead halide layers are linked by trans-Cu(Gly)2 (Gly =
–O2C–CH2–NH2) to form 3D frameworks. These layered
structures can be conceptually considered as a result of the
intercalation of neutral trans-Cu(Gly)2 entities in the PbX2

layered network. The rigid pillars do not accommodate
much of the void in between the PbX2 layers and the struc-
tures are not porous[13] because of the small size of the gly-
cinate ligand.

Results and Discussion

Reactions of glycine, copper halide, and lead halide (ha-
lide = Br, Cl) give rise to two hybrid compounds:
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Pb2Cu(O2C–CH2–NH2)2X4 [X = Br (1), Cl (2)]. A broad
band in the 500–800 nm range with a maximum at about
620 nm, is observed in their UV/Vis absorption spectra,
which is correlated to the blue color of the crystals and is
assigned to a 3d–3d electronic transition of cupric ions
(ESI). The form of the amino acids (HO2C-R-NH2) in the
solution varies according to the pH value of the solution.
The amino acids will be in the cationic, zwitterionic, or ba-
sic form in acidic, neutral, or basic solutions, respectively.
In the field of hybrid perovskites, bifunctional molecules
such as HO2C-R-NH3

+ have already been used by us and
we demonstrated the role of 1D carboxylic acid supramo-
lecular synthons in the formation of a noncentrosymmetr-
ical hybrid perovskite structure.[14] Recently, we have also
shown that –O2C-(CH2)3-NH3

+ zwitterionic molecules form
a paddle-wheel-type of cluster with copper, which connects
the perovskite layers that are stabilized by ammonium
counterions.[7] Here, we show that a mixture of glycine, cop-
per, and lead halide, under neutral conditions, affords nice
blue crystals of Pb2Cu(O2C–CH2–NH2)2X4 (X = Br, Cl)
containing –O2C–CH2–NH2 anions. The compound crys-
tallizes in the P21/c space group, and the crystal structure
can be described as layers of lead(II) halide that are linked
together by trans-Cu(Gly)2 pillars (Figure 1). Copper ions
are at the center of a symmetrical unit that consists of two
glycinato ligands, and all non-hydrogen atoms approxi-
mately lie in a plane that contains the c axis (Figures 1 and
2). Two more weakly bonded bromine atoms complete the
[4+2] copper(II) coordination sphere as a result of the
Jahn–Teller effect (Figure 1). All bond lengths [1: dN–Cu =
1.972(5) Å, dO–Cu = 1.967(4) Å, dBr–Cu = 3.167(4) Å; 2:
dN–Cu = 1.959(4) Å, dO–Cu = 1.976(3) Å, dCl–Cu =
2.995(4) Å] are in good accordance with those reported in
the literature for Cu(Gly)2 entities[10,11] or Cu–Br in [4+2]
copper polyhedra.[15]

Figure 1. Structure of Pb2Cu(O2C–CH2–NH2)2Br4 viewed along
the c axis that shows layers of lead polyhedra linked by pillars
formed by trans-Cu(Gly)2 entities. Two copper [4+2] coordination
polyhedra, with the weakly bonded bromide atoms taken into ac-
count, are shown in deep grey.

Figure 2 shows trans-Cu(Gly)2 entities and lead polyhe-
dra that are connected to each other by the carboxylate
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Figure 2. The coordination environment of PbII and CuII ions in 1
that shows the trans-Cu(Gly)2 entities and the polyhedra of Pb
linked together by the carboxylate groups of the organic ligands.
The coordination mode of the glycinato ligands is [2.212 223 13]
according to the Harris notation[16] (All of the hydrogen atoms are
omitted for clarity).

groups of the organic ligands. The coordination mode of
glycinato ligands is [3.212 223 13] according to the Harris
notation,[16] which means that the whole ligand is bound to
three metals and that the donor atoms O1, O2 and N che-
late to two Pb2+ outer ions, one Pb2+ and one inner Cu2+

ion, and one inner Cu2+ ion, respectively. Each lead atom
is surrounded by three oxygen atoms and five bromine
atoms to build a distorted polyhedron that can be described
as an O2Br4 trigonal prism capped by two other Br1 and
O1 atoms. The last rectangular face that is defined by O1–
Br1–Br2–Br2 is open and certainly reveals the stereo effect
of the 6s2 lone pair of electrons of lead(II) (Figure 2). Pb–
O bond lengths are in the range 2.6–2.8 Å [1: O1 2.599(4) Å
and 2.720(4) Å, O2 2.820(4) Å; 2: O1 2.585(3) Å and
2.682(3) Å, O2 2.777(7) Å], whereas the distance of the Pb–
X bonds are in the range 2.928(1)–3.237(1) Å and
2.796(1) Å–3.120(1) Å for 1 and 2, respectively. The ability
of the soft Pb2+ cation to be surrounded by more than six
donor atoms together with the weak chelating effect of the
bromine atoms allow for the formation of this layered com-
pound which can be conceptually described to result from
the intercalation of neutral trans-Cu(Gly)2 entities into the
PbX2 layered structure. This intercalation would be associ-
ated with a concerted electronic effect between both compo-
nents: copper(II) is stabilized by part of the electronic den-
sity that comes from the halide atoms in the lead halide
layers, whereas all the lead atoms accept electronic density
from the carboxylate moieties of the glycinato ligands (Fig-
ure 3).

The representation of the structure by lead polyhedra
and trans-Cu(Gly)2 pillars (Figure 1) shows infinite chan-
nels that run along the c axis. However, the drawing of the
[4+2] copper polyhedra in Figure 1, or a space filling repre-
sentation (see Supporting Information) only show small
windows, which reveals that both complexes are not porous
structures with infinite channels. Nevertheless, consecutive
trans-Cu(Gly)2 pillars (or [4+2] copper polyhedra) along the
b axis are shifted from each other by a distance of c/2; there
are some discrete lattice voids between the lead halide layers
and their spherical volume is defined by a radius of 1.6 Å.
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Figure 3. Schematic representation of an hypothetical intercalation
of trans-Cu(Gly)2 into the PbX2 layered structure, which affords
Pb2Cu(O2C–CH2–NH2)2X4. Arrows indicate the electron donor ef-
fect of the halide and the oxygen atom towards copper(II) and
lead(II) ions, respectively.

H2 absorption measurements were then carried out at 77 K
under a pressure of up to 25 bars to give a maximum ca-
pacity at high pressure of 0.28% weight for the
Pb2Cu(O2C–CH2–NH2)2Br4 sample (see Supporting Infor-
mation), which is far from the values that were obtained in
MOFs chemistry (1–8% range).[17]

In conclusion, we have described the synthesis and the
structural characterization of 3D heterometallic glycinate
salts Pb2Cu(O2C–CH2–NH2)2X4 (X = Br, Cl). As in hybrid
perovskites, their layered structure is based on a metal(II)
halide 2D framework, which is here covalently linked by
trans-Cu(Gly)2 units by the carboxylate groups of glycinato
ligands. We now plan to use others such linkers with non-
oxidative metals in order to achieve lead(II) or tin(II) iodide
based materials that possess semiconducting properties.
With regard to the field of coordination polymers, we have
shown that the association of the glycinato ligands with
both Cu2+ and soft Pb2+ cations and halide anions leads
to an unprecedented 3D architecture. Suitable microporous
coordination polymers, especially those that possess small
pores or compounds that are based on ligands with incor-
porated open metal sites,[18] are increasingly sought, and
trans-MII(Gly)2 could be considered as a building block for
the design of such compounds.

Experimental Section
Synthesis and Thermal Analysis: CuBr2 (0.2241 g, 1 mmol, 99%)
was dissolved in distilled water (60 mL). The solution was stirred
and glycine (0.7539 g, 10 mmol, 99.7%) was then added. After 2 h,
PbBr2 (0.7345 g, 2 mmol, 98%) was added to the solution, and the
solution was then heated at 60 °C and stirred for another 4 h before
it was placed into an aerator. Diamond-like blue crystals were ob-
tained several hours later in a yield of 68.3% (0.646 g, based on
CuBr2). The synthesis of 2 was almost the same as 1, but blue
crystals were obtained after one day in a yield of 53.6% (0.411 g,
based on CuCl2·2H2O). For both compounds, X-ray powder dif-
fraction indicated single-phase samples (ESI).

Thermogravimetric analysis measurements and differential scan-
ning calorimetry were performed in the range of 20–900 °C and
20–450 °C, respectively. The first endothermic peak that was ob-
served at about 200 °C was assigned to the melting of the com-
pounds (DSC), and it occurs just before the first weight loss of
10.6% (for 1) or 13.4% (for 2) observed in TGA. The second
weight loss of 81.3% (for 1) or 69.8% (for 2) can be assigned to
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the departure of PbX2 (theoretical: 1 77.6%, 2 72.0%). The first
weight loss probably corresponds to the departure of a part of the
ligands [H2N–CH2–COOH: 150 g/mol, observed 99.3 g/mol (for 1)
or 102.9 g/mol (for 2)], the remaining compound was CuO at
higher temperature.

Crystal Data for 1: C4H8Br4CuN2O4Pb2, M = 945.68, monoclinic,
a = 8.556(1) Å, b = 10.971(2) Å, c = 8.376(1) Å, β = 108.68(3), V
= 744.8(3) Å3, space group P21/c, Z = 2, calculated density 4.217,
crystal dimensions (mm3): 0.12×0.10×0.08, T = 293 K, Bruker
Nonius Kappa CCD diffractometer, graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å), µ = 34.69 mm–1, 2θmax = 60.04°,
11337 measured reflections of which 2173 were unique (Rint =
0.057) and 1744 had I/σ(I) � 2. The intensities were corrected for
Lorentz-polarization effects, as well as for absorption effect (SAD-
ABS). The structure was solved by direct methods, and refined by
full-matrix least-squares routines against F2 with the use of the
SHELXL97 package. Hydrogen atoms were placed in idealized po-
sitions in riding mode. The refinements of positions and aniso-
tropic thermal motion parameters of the non-H atoms, converge
to R(F) = 0.0274 (1744 reflections, 80 parameters), wR2(F2) = 0.0605
(all data), GOF on F2 = 1.124, ∆ρmax = 1.224 eÅ–3.

Crystal Data for 2: C4H8Cl4CuN2O4Pb2, M = 767.84, monoclinic,
a = 8.424(1) Å, b = 10.404(2) Å, c = 8.237(1) Å, β = 109.02(3), V
= 682.5(3) Å3, space group P21/c, Z = 2, calculated density 3.736,
crystal dimensions (mm3): 0.15×0.10×0.10, T = 293 K, Bruker
Nonius Kappa CCD diffractometer, graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å), µ = 26.93 mm–1, 2θmax = 60.04°, 8282
measured reflections of which 1987 were unique (Rint = 0.039) and
1553 had I/σ(I) � 2. The intensities were corrected for Lorentz-
polarization effects. The structure was solved by direct methods,
and refined by full-matrix least-squares routines against F2 with the
use of the SHELXL97 package. Hydrogen atoms were placed in
idealized positions in riding mode. The refinements of positions
and anisotropic thermal motion parameters of the non-H atoms,
converge to RF = 0.0276 (1553 reflections, 79 parameters), wR2(F2)

= 0.0445 (all data), GOF on F2 = 1.028, ∆ρmax = 0.835 eÅ–3.

CCDC-613293 and -613294 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Hydrogen Storage Measurements: Hydrogen storage measurements
were made with a volumetric device (Sievert’s method) equipped
with calibrated and thermalized volumes and pressure gauges. In
order to remove water and all species that can lie within the pores
and channels, the samples were outgassed while heated at 150 °C
over a 16 h period under primary vacuum. All weight capacities
refer here to outgassed samples. For measurements at 77 K, the
sample holder was immersed in liquid nitrogen and the pressure
variations due to both gas cooling and hydrogen adsorption were
measured with the use of high-purity hydrogen (Alphagaz H22).
Under these thermodynamic conditions, the ideal gas law is no
longer valid and different equations of state were used depending
of the temperature ranges.[19]

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis absorption and XRPD pattern of crystals 1 and 2,
TGA and DSC graphs of both compounds, absorption analysis
and additional figures for structural illustration of 1.
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Homo and heteropolymetallic chains constructed with
[Ru2(µ-O2CR)4]+ building blocks and OCN– and [Ag(OCN)2]–

connectors are described. In the complexes [Ru2{µ-
O2CC(Me)=CHEt}4(OCN)]n (1) and {[Ru2(µ-O2CMe)4][Ag-
(OCN)2]}n (2) an infrequent µ1,1-O coordination mode of the

Introduction

The use of M2 paddlewheel species as building blocks to
construct polynuclear assemblies has focused great interest
in recent years due to the potential applications of these
assemblies.[1–3] Especially, the preparation of supramolec-
ular structures based on diruthenium cores has attracted
much attention because of the singular electronic and mag-
netic properties of these structures.[4–7] Thus, numerous
polymeric or molecular arrangements with tetracarboxyla-
todiruthenium(II,III) units that are linked by mononegative
anions, neutral molecules or organic radicals have been de-
scribed.[4,5] However, in spite of the fact that pseudohalide
ligands represent an efficient way to generate interactions
between metallic centres, these ligands have been little used
to connect diruthenium units. Some thiocyanato complexes
have been described,[8] but the cyanate group has not been
used previously in this chemistry.

The cyanate group is a very versatile ligand that can be
bonded in several ways. In Scheme 1 are collected the main
coordination modes of this ligand. The N-bonded mono-
dentate mode is the most usual, whereas µ1,1-O coordina-
tion has been scarcely observed.

On the other hand, the design of heteropolynuclear com-
plexes combining the electronic and stereochemical peculi-
arities of two different metal ions is a very attractive strat-
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OCN– ligand is observed. In addition, the formation of a Ag–
OCN bond instead of the Ag–NCO coordination mode, which
is more usual, is noteworthy in complex 2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. Main coordination modes of the cyanato ligand.

egy in obtaining complexes with interesting magnetic, elec-
tronic or electric properties.[9]

In this communication we describe the formation of
chains constructed by using [Ru2(µ-O2CR)4]+ fragments
and OCN– groups. The preparation of one heteropolynu-
clear species containing diruthenium and silver centres is
also described.

Results and Discussion

Treatment of [Ru2{µ-O2CC(Me)=CHEt}4]BF4
[10] with

5 equiv. sodium cyanate in methanol/water gives brown
crystals of [Ru2{µ-O2CC(Me)=CHEt}4(OCN)]n (1). The X-
ray crystal structure of 1 is shown in Figure 1.

This structure has two Ru atoms linked by four trans-2-
methyl-2-pentenoato bridging ligands; the axial positions
are occupied by cyanate groups, giving zigzag chains. These
cyanato ligands are coordinated by an infrequent µ1,1-O co-
ordination mode. The Ru–Ru and Ru–Oaxial distances are
2.2793(13) and 2.258(5) Å respectively, typical of those
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Figure 1. PLUTO view of [Ru2{µ-O2CC(Me)=CHEt}4(OCN)]n (1).
Hydrogen atoms are omitted for clarity.

found in other polymeric complexes with O-donor bridging
ligands.[4,5,11] The Ru–O–Ru angle [131.0(6)°] is larger than
those found[4,5] in other nonlinear one-dimensional supra-
molecular structures formed with other bridging ligands. In
contrast, the parent chlorido derivative [Ru2Cl{µ-
O2CC(Me)=CHEt}4]n shows[10] an arrangement of linear
chains in the solid state.

A methanol/water solution obtained from the reaction
of [Ru2Cl(µ-O2CMe)4] with AgNO3 was treated again with
1 equiv. silver nitrate, and 2 equiv. sodium cyanate to give
{[Ru2(µ-O2CMe)4][Ag(OCN)2]}n (2). The crystal structure
of 2 has been determined, and a PLUTO view is shown in
Figure 2.

Figure 2. PLUTO view of {[Ru2(µ-O2CMe)4][Ag(OCN)2]}n (2).
Hydrogen atoms are omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4229–42324230

This compound is formed by zigzag chains that could be
considered as [Ru2(µ-O2CMe)4]+ units linked by [Ag-
(OCN)2]– groups. The cyanato ligands display the same
µ1,1-O coordination mode as those in complex 1, but in this
case they bridge the ruthenium and silver atoms (Figure 3).

Figure 3. Packing of the zigzag chains of {[Ru2(µ-O2CMe)4][Ag-
(OCN)2]}n (2). Hydrogen atoms are omitted for clarity.

The Ru–Ru bond length is 2.2740(9) Å, and the Ru–
Ocyanate bond length is 2.271(6) Å. The Ru–O–Ag angle
[106.0(2)°] is smaller than the Ru–O–Ru angle in 1.

An end-to-end (Ru–OCN–Ag) coordination mode for
the cyanate group was expected in complex 2, because the
OCN– ligand is N-bonded in all the structures described[12]

for silver complexes. The only exception is the compound
[Ag2(NCO)2(dpph)2] [dpph = bis(diphenylphosphanyl)hex-
ane], in which a µ1,3-N,O coordination mode has been
found.[12b] Complex 2 is the first example where the cyanato
ligand is coordinated to a silver centre by the oxygen atom,
leaving the nitrogen atom uncoordinated. It is also note-
worthy that the oxygen atom is shared with the neighbour-
ing ruthenium atom to give µ1,1-O coordination. These re-
sults contrast with the existence of isocyanato ligands in the
complex[13] (NBu4)[Ag(NCO)2].

The magnetic measurements of both compounds show
magnetic moments at room temperature corresponding to
the presence of three unpaired electrons per diruthenium
unit. These magnetic moments, 3.69 and 4.15 µB for 1 and
2 respectively, are in accordance with the ground-state con-
figuration σ2π4δ2(π*δ*)3 proposed by Norman et al.[14] The
representation of the magnetic moment vs. temperature
shows a decrease in the magnetic moment, mainly at low
temperatures (Figure 4).

The molar magnetic susceptibility increases continuously
with decreasing temperature. This behaviour has been ob-
served in other zigzag polymeric diruthenium(II,III) com-
pounds and is due to a large zero-field splitting (ZFS) and
a weak degree of antiferromagnetic coupling between the
dimetallic units.[4–6,11] The magnetic moments for 1 are con-
siderably lower than those for 2 in the whole temperature
range. This behaviour indicates the existence of a stronger
antiferromagnetic interaction in 1. In order to estimate the
zJ values, we have fitted the experimental magnetic data by
using the model of Cukiernik et al.,[15] which incorporates
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Figure 4. Temperature dependence of the molar magnetic suscep-
tibility (�) and magnetic moment (�) for 1 (red) and 2 (blue). The
solid lines result from least-squares fits with g = 2.0, D = 44.6 cm–1,
zJ = –5.0 cm–1 for 1 and g = 2.2, D = 64.0 cm–1, zJ = –0.1 cm–1

for 2.

a strong ZFS as well as a weak intermolecular antiferro-
magnetism by the molecular field approximation. However,
for complex 1 better parameters have been obtained with
our model,[16] which introduces into the spin Hamiltonian
the ZFS and a strong antiferromagnetic interaction. The
fits of the experimental data (Figure 4) confirm the pres-
ence of a higher magnetic interaction for 1 (–5.0 cm–1) than
for 2 (–0.1 cm–1). This behaviour could be explained on the
basis of two factors: i) the different distances between the
diruthenium units in 1 and 2 or ii) the nature of the linker
OCN– or [Ag(OCN)2]–. However, a strong antiferromag-
netic coupling between Ru2(II,III) units with a long linker
has been found by Ren et al.[17] Thus, although Ren’s com-
plex and 2 are different, we think that the difficulty of the
electronic exchange through the diamagnetic [Ag(OCN)2]–

group is probably the main factor in the low magnetic coup-
ling in complex 2.

Conclusions

The present work describes the first diruthenium units
linked by OCN– or [Ag(OCN)2]– groups that show an un-
usual µ1,1-O coordination mode. The design strategies re-
ported in this communication lead to chains with a better
magnetic interaction through the OCN– group than the
[Ag(OCN)2]– fragment. Our further work will explore the
preparation of one-dimensional supramolecular structures
formed by diruthenium units and anionic metallic cores.

Experimental Section
General Remarks: All reactions were carried out in an inert atmo-
sphere, by using standard Schlenk techniques. The complexes
[Ru2Cl(µ-O2CMe)4] and [Ru2{µ-O2CC(Me)=CHEt}4]BF4 were
prepared by literature procedures.[10,18] Other chemicals and sol-
vents were obtained from commercial sources and used without
further purification.

Elemental analyses were carried out by the Microanalytical Service
of the Complutense University of Madrid. IR spectra were re-
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corded with a Midac prospect FT-IR, or a Shimadzu FT-IR Pres-
tige-21 spectrophotometer by using KBr discs. The variable-tem-
perature magnetic susceptibility data were measured with a Quan-
tum Design MPMSXL SQUID (Superconducting Quantum Inter-
ference Device) susceptometer over a temperature range of 2 to
300 K. All data were corrected for the diamagnetic contribution of
both the sample holder and the compound to the susceptibility.
The molar diamagnetic corrections for the complexes were calcu-
lated on the basis of Pascal’s constants. Mass spectra were obtained
with a Bruker Esquire-LC with Electrospray Ionization (ESI) by
using methanol or dmso as solvent. Nominal molecular masses and
isotopic distribution of all peaks were calculated with the
MASAS[19] computer program by using a polynomial expansion
based on natural abundances of the isotopes.

Synthesis of [Ru2{µ-O2CC(Me)=CHEt}4(OCN)]n (1): To a meth-
anol solution (15 mL) of [Ru2{µ-O2CC(Me)=CHEt}4]BF4 (0.22 g,
0.30 mmol) was added an aqueous solution of sodium cyanate
(0.10 g, 1.50 mmol, 10 mL). The reaction mixture was stirred for
1 h. A brown precipitate was formed. The solid was filtered out,
washed with water (4×20 mL) and dried under vacuum to give 1.
Yield: 161 mg (77%). C25H36NO9Ru2 (696.71): calcd. C 43.10, H
5.21, N 2.01; found C 42.98, H 5.11, N 2.13. Main IR data (KBr
disk): 2968 (m), 2935 (m), 2876 (m), 2139 (vs), 2085 (w), 1647 (m),
1435 (v)s, 1415 (vs), 1384 (vs), 1349 (s), 1300 (w), 1258 (w), 1179
(m), 1105 (m), 1067 (w), 1036 (m), 989 (w), 906 (w), 841 (m), 786
w, 752 (m), 684 (s), 651 (w), 623 (w), 530 (s), 479 (w), 431 (w), 421
(w) cm–1. µeff. (room temp.) = 3.69 µB. Mass spectrometric data
(ESI+): m/z = 656 [Ru2{µ-O2CC(Me)=CHEt}4].

Red-brown crystals of 1 suitable for X-ray diffraction were ob-
tained when a methanol solution of [Ru2{µ-O2CC(Me)=CHEt}4]-
BF4 was layered over a water solution of NaOCN.

Synthesis of {[Ru2(µ-O2CMe)4][Ag(OCN)2]}n (2): To a suspension
of [Ru2Cl(µ-O2CMe)4] (0.14 g, 0.30 mmol) in methanol (10 mL)
was added a solution of AgNO3 (0.05 g, 0.30 mmol, 5 mL). The
reaction mixture was stirred for 10 min to give a solid precipitate
of AgCl and a brown solution containing the species [Ru2(µ-
O2CMe)4]+. The precipitate was removed by filtration, and the
solution was treated again with an aqueous solution of AgNO3

(0.05 g, 0.30 mmol, 10 mL) and an aqueous solution of NaOCN
(0.04 g, 0.60 mmol, 10 mL). The reaction mixture was stirred for
one hour, in the absence of light, and gave a brown precipitate. The
solid was filtered out, washed with water (2×20 mL) and dried
under vacuum to give 2. Yield: 110 mg (58%). C10H12AgN2O10Ru2

(630.22): calcd. C 19.06, H 1.92, N 4.44; found C 19.20, H 1.97, N
4.42. Main IR data (KBr disk): 2937 (w), 2155 vs, 2104 (w), 1444
vs, 1398 (m), 1349 (w), 1051 (w), 694 (s), 670 (w), 662 (w), 627 (w),
615 (w) cm–1. µeff. (room temp.) = 4.15 µB. Mass spectrometric data
(ESI+): m/z = 517 [Ru2(µ-O2CMe)4(dmso)].

Crystals of 2 were obtained by slow diffusion of the solution con-
taining the species [Ru2(µ-O2CMe)4]+ and Ag+ (molar ratio 1:1)
over the aqueous solution of NaOCN.

Crystal Structural Data for 1: C25H36NO9Ru2, Mr 696.69, crystal
size 0.14×0.18×0.20 mm, monoclinic, space group P2/c, a =
9.9698(8), b = 12.0247(9), c = 12.4202(9) Å, β = 98.146(2)°, V =
1473.96(19) Å3, Z = 2, Dc = 1.570 gcm–3, F(000) = 706, µ =
1.072 mm–1, 3559 independent reflections, RI [I�2σ(I)] = 0.0865,
wR2 (all data) = 0.2914.

Crystal Structural Data for 2: C10H12AgN2O10Ru2, Mr 630.23,
crystal size 0.04×0.04×0.32 mm, monoclinic, space group P2(1)/
n, a = 7.3420(6), b = 8.8225(7), c = 13.1580(11) Å, β = 92.215(2)°,
V = 851.67(12) Å3, Z = 2, Dc = 2.458 gcm–3, F(000) = 602, µ =
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2.942 mm–1, 2051 independent reflections, RI [I�2σ(I)] = 0.0408,
wR2 (all data) = 0.1205.

Representative crystals were mounted on a Bruker Smart-CCD dif-
fractometer with graphite monochromated Mo-Kα (λ = 0.71073 Å)
radiation. Data were collected at 293(2) K over a hemisphere of
the reciprocal space by a combination of three exposure sets. The
structures were solved by direct methods and refined by full-matrix
least-squares on F2 with the SHELXS and SHELXL programs.[20]

CCDC-612317 and CCDC-612318 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Eu2I2(NCN) is the first compound to contain discrete empty
europium tetrahedra and infinite metal chains that are con-
structed from edge-sharing Eu6 units with an open handbag-
like motif. The europium tetrahedra and chains are bridged

Introduction

Within the past three decades, solid-state (metal) cluster
phases have drawn significant attention due to their inter-
esting structural features and physical properties. There are
many examples of both empty metal clusters and those
filled by interstitial atoms; the differing cluster connectivit-
ies result in a large variety of structural motifs.[1] For in-
stance, Ln6Z octahedra (Z = main-group elements such as
H, B–O, Si, Ga, and C2 units but also transition metals
such as Mn–Cu, Ru–Pd, and Re–Au) serve as characteristic
building blocks in the metal-rich rare-earth halides.[2] On
the other side, Ln4Z (Z = N, O) tetrahedra are found for a
couple of rare-earth halides and sulfides. The different link-
ages of these Ln4Z tetrahedra, by corners and/or by edges,
lead to a large structural richness that involves oligomeric
units, chains, or layers.[3] The polymorph number V of PrI2

was recently reported to contain empty tetrahedral Pr4

units.[4]

Our own research has resulted in novel europium car-
bodiimide compounds that contain discrete, but also oligo-
meric, Eu4 tetrahedra and 1D chains that are constructed
from the tetrahedra by vertex- and face-sharing Eu4.[5]

Nonetheless, there are few reports that outline the coexist-
ence of empty metal clusters and 1D metal chains except
for Ln13Br18B3 (Ln = Gd, Tb)[6] which contains both dis-
crete Ln10B2 bioctahedra and 1D metal chains that are con-
structed from edge-sharing Ln6B octahedra. In this com-
munication, we present the novel phase Eu2I2(NCN), which
is another example of a compound that contains discrete
metal clusters and chains; the latter are constructed from
edge-sharing handbag-like Eu6 units.
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by coordinating carbodiimide (NCN2–) anions in a three-di-
mensional network.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

The crystal structure of Eu2I2(NCN) reveals isolated
empty Eu4 tetrahedra and parallel 1D metal chains that are
bridged by NCN2– anions in a 3D network in which the
iodide anions are located in the interstices (Figure 1, top).
To the best of our knowledge, this is the first example of a
crystal structure that contains both isolated empty metal
tetrahedra and infinite metal chains. Another characteristic
feature of Eu2I2(NCN) is given by the uncommon open
handbag-like Eu6 entity (Figure 1, bottom) which embraces
one NCN2– anion (either located centrally or shifted to the
left or right side with partial occupancies) and is capped by
another two NCN2– anions. As mentioned above, an octa-
hedral Ln6 entity would be a more typical structure for this
type of compound, and the open handbag-like configura-
tion is quite rare and has only been observed in molecular
chemistry, namely to describe one of the lowest-energy
structures of the water hexamer.[7]

There are four different crystallographic positions found
for the Eu units: two fully occupied sites (Eu1 and Eu2)
and two other disordered sites (Eu3 and Eu4); all four of
the Eu sites differ in their coordination environments with
coordination numbers between 6 and 8. While the first two
Eu atoms generate the empty (Eu1)2(Eu2)2 tetrahedron, the
other two are responsible for the open handbag-like
(Eu3)4(Eu4)2 entity. The isolated Eu4 tetrahedra are capped
over all triangular faces by two kinds of NCN2– anions
(Figure 2, top), which is a typical structure. The open hand-
bag-like Eu6 entity, however, is capped by two other NCN2–

units as described above (Figure 1, bottom).The Eu6 entities
are interconnected to each other by edge-sharing to result
in an infinite 1D chain (Figure 1, middle). Note that the
encapsulated NCN2– anion excludes the interpretation of
the 1D chain as a row of neighboring Eu4 tetrahedra (Fig-
ure 2, top) because the filled monomer is nonexistent. The
capping NCN2– anions interconnect the Eu4 tetrahedra and
the 1D chains into a 3D network that contains quasihexag-
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Figure 1. View of the structure of Eu2I2(NCN) along the a axis
which shows isolated Eu4 tetrahedra and 1D metal chains (top), a
single 1D metal chain with encapsulated and capping NCN2–

anions (middle), and the open handbag-like Eu6 unit coordinated
by NCN2– anions (bottom). The I atoms are given as isolated grey
spheres, Eu atoms as dark-grey spheres whereas N atoms are shown
as small grey and C atoms as small dark-grey spheres.

onal and orthorhombic channels for the iodide anions (Fig-
ure 1, top). Alternatively, the structure can be viewed as the
alternate stacking of one layer of metal chains and two lay-
ers of isolated Eu4 tetrahedra along the c axis. As a result,
one Eu4 tetrahedron is simultaneously interconnected to
two metal chains and two other Eu4 tetrahedra (Figure 2,
bottom).

The Eu–Eu distances in the isolated (Eu1)2(Eu2)2 tetra-
hedron cover a range of 3.97–4.10 Å, which is comparable
to 3.98 Å in LiEu2(NCN)I3 and 3.99–4.12 Å in
LiEu4(NCN)3I3.[5] The Eu–N bond for isolated (Eu1)2-
(Eu2)2 is 2.60–2.62 Å, which is also comparable to 2.62 Å
in LiEu2(NCN)I3 and 2.61–2.66 Å in LiEu4(NCN)3I3. In
the (Eu3)4(Eu4)2 entities, the distance between the barycen-
ters of the electron densities of the europium sites cover a
range of 3.72–4.45 Å (Figure 1, bottom, the Eu4–Eu4

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4233–42364234

Figure 2. An isolated Eu4 tetrahedron capped by NCN2– anions
(top) and its coordination (bottom).

distance is neglected). The bottom Eu3–Eu3 distance is
much shorter (3.72 Å), which might be due to an ionic ma-
trix effect of the nonmetal atoms[8] because there are two N
atoms from the NCN2– anions bonded to this edge. The
longer distance of the Eu4–Eu4 (4.45 Å) bond and also the
Eu3–Eu4 (4.34 Å) bond might be due to the steric effect of
the incorporated carbodiimide anion. The Eu–N distances
(between the barycenters of Eu and N sites) lie in the range
of 2.51–2.72 Å. The wide range goes back, in part, to the
distortion of the Eu3 and Eu4 sites. The split positions of
the Eu3 and Eu4 sites mirror the two possible sites of the
encapsulated carbodiimide anion, either central or shifted
to the left or right side of the Eu6 unit. Nonetheless, there
is no indication of any Eu valence instability (see Figure 3)
and all europium atoms are clearly divalent in nature.

There are four different crystallographic sites for the C
atoms which indicate that there are four different NCN2–

anions (Table 1). Two of the anions are spatially separated
and two are spatially correlated; the latter two correspond
to alternatively occupied split positions. All four NCN2–

anions have two double C=N bonds with (almost) equiva-
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Figure 3. Photoluminescence of Eu2I2(NCN) excited at 330 nm
which indicates that europium is divalent.

lent distances such that they adopt the classic carbodiimide
shape. The shape can be confirmed by analysis of the IR
spectra in which characteristic carbodiimide frequencies
(around 1958 cm–1 for the asymmetric stretch and 665, 656,
and 621 cm–1 for the deformation vibration) are clearly de-
tected. Different from the alternatively occupied N4–C3–
N4 and N5–C4–N5 units, which are located in the inter-
stices of the metal chain, the N2–C1–N1 and N3–C2–N3
units bridge all isolated Eu4 tetrahedra and the metal chains
in a 3D network. In particular, the N2–C1–N1 unit bridges
the chain (by the N2 atom) and the Eu4 tetrahedron (by the
N1 atom), whereas the N3–C2–N3 unit connects two iso-
lated Eu4 tetrahedra. The N4–C3–N4 unit is slightly bent
[176(3)°] whereas the other three NCN2– anions are linear
(with N–C–N angles of 180°). Note again that an NCN2–

unit (with 68% site probability, named N4–C3–N4) is lo-
cated in the center of the spatially restricted Eu6 entity, but
it may also appear (with 32% occupancy, named N5–C4–
N5) slightly shifted to the left or right. The very presence
of these dislocated NCN2– units indicates the source for the
distortion of the Eu3/Eu4 sites.

Table 1. C=N bond lengths [Å] and N=C=N angles [°].

C1–N1 1.24(2) N1–C1–N2 180(1)
C1–N2 1.23(2) N3–C2–N3i[a] 180
C2–N3 1.24(2) N4–C3–N4ii[a] 176(3)
C3–N4 1.29(2) N5–C4–N5iii[a] 180
C4–N5 1.28(5)

[a] Symmetry codes: (i) –x, –y, –z + 1; (ii) –x + 1/2, –y + 1, z; (iii)
–x, –y + 1, –z.

In conclusion, a novel europium carbodiimide iodide
serves as the first example of a structure that contains both
isolated empty M4 tetrahedra and infinite 1D metal chains.
In Eu2I2(NCN), the metal chains are constructed from un-
common Eu6 entities that adopt an open handbag-like mo-
tif. All metal chains and isolated tetrahedra are bridged by
carbodiimide anions in a 3D network with the iodide
anions held in the interstices – a structural richness never
seen before within europium cluster chemistry.
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Experimental Section

Synthesis of Eu2I2(NCN): As recently reported, different thermal
treatment of identical reactants may lead to the formation of up
to three different compounds.[5d] The synthesis of Eu2I2(NCN) is
another example of a largely temperature-controlled synthesis. Typ-
ically, yellow single-crystals of Eu2I2(NCN) are synthesized from
the reaction of EuI2, NaCN, NaN3, and InI in a 2:1:1:1 ratio at
elevated temperatures. EuI2 (99.9%) and InI (99.999%) were used
as purchased from Aldrich, and NaCN (95%, Merck) and NaN3

(99%, Alfa) were thoroughly dried in vacuo heated at 160 °C for
3 d. It is important to follow this procedure because even traces of
moisture or oxygen will lead to the immediate formation of Eu4OI6.
The mixtures were transported in tantalum ampoules which were
sealed with an arc welder and jacketed with quartz; both tasks were
performed under an argon atmosphere. The sample was heated to
750 °C at a rate of 6 °C/min. The sample was heated at 750 °C for
a week and then slowly cooled to 600 °C at a rate of 2 °C/min.
After the sample was annealed at 600 °C for 2 weeks, the mixture
was cooled to room temperature at a rate of 2 °C/min. The crystals
of the target phase were easily separated from the surplus fluxes
because the crystals were of different colors and shapes, and the
yield was more than 50%. A single-crystal with a fresh surface was
used for X-ray fluorescence (XRF) analysis. It revealed that the Eu
and I molar percentiles – Eu/(Eu+I) and I/(Eu+I) – are 51.67%
and 48.33%, respectively, which is comparable to the calculated
values of 50% and 50%. The elements Na and In were not de-
tected.

Photoluminescence emission spectra excited at 330 nm were re-
corded at room temperature with a spectrofluorometer (SPEX,
DM3000F) equipped with two 0.22 m double monochromators
(SPEX, 1680) and a 450 W xenon lamp. Two broad bands were
detected with maxima at 417 and 483 nm, which can be assigned
to the 4f65d1�4f7 transition of Eu2+. These two independent broad
bands indicate two different coordinations of the Eu atoms (either
from the isolated Eu4 tetrahedra or from the metal chain). The
small splitting of the broad bands may be attributable to the non-
identity of chemically similar atoms such as Eu3 and Eu4.

Crystal data: Eu2I2(NCN), M = 597.75 g/mol, orthorhombic, a =
11.0056(10) Å, b = 10.8921(11) Å, c = 11.5947(11) Å, V =
1389.9(2) Å3, T = 120(2) K, Space group Pmma (no. 51), Z = 8,
µ(Mo-Kα) = 26.655 mm–1; diffraction data collected with a Bruker
SMART APEX CCD diffractometer with graphite-monochro-
matized Mo-Kα radiation (λ = 0.71073 Å), empirical absorption
correction, 38036 reflections measured, 1920 unique (Rint = 0.0771)
which were all used in the refinements. The final values for wR2

(all data) and R1 [I�2σ(I)] were 0.0733 and 0.0312, respectively.
Crystal structure solution/refinement was processed by means of
SHELX programs.[9] The disordered sites of Eu3, Eu4, and I4 were
refined to site occupation factors of 0.757(2) for Eu3a, 1–0.757(2)
= 0.243(2) for Eu3b, 0.483(2) for Eu4a, 1–0.483(2) = 0.517(2) for
Eu4b, 0.911(3) for I4a, and 1–0.911(3) = 0.089(3) for I4b, respec-
tively. There is no indication whatsoever for a higher symmetry or
a superstructure despite the presence of split positions for the Eu3/
Eu4 sites. The partially occupied anions N4–C3–N4 and N5–C4–
N5 were also refined with a charge constraint (all europium atoms
are divalent indicated by the PL spectra), and their site occupation
factors arrive at 0.68(3) and 1–0.68(3) = 0.32(3). We believe that
the two possible carbodiimide locations induce the aforementioned
europium split positions because of the spatial confinement of the
Eu6 unit. Further details of the crystal-structure investigation may
be obtained from the Fachinformationszentrum Karlsruhe, 76344
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Bis(2,4,6-tri-tert-butylphenyl)phosphavinylidene(oxo)phos-
phorane (1) (Mes* = 2,4,6-tri-tert-butylphenyl), the first
1λ5σ3,3λ3σ2-diphosphaallene, has been synthesised by ad-
dition of the phosphaalkenyllithium Mes*P=C(Li)Cl to
dichlorophosphane oxide Mes*P(O)Cl2. Compound 1 is
stable in the solid-state but undergoes a slow intramolecular
cyclisation in solution by addition of a C–H bond of an ortho-
tert-butyl group to the σ3-P=C double bond. Water adds
chemoselectively and regioselectively to the λ5σ3-P=C bond,

Introduction

The high utility of ketenes, allenes and cumulenes has
been well established in organic synthesis.[1] Phosphaallene
derivatives, namely compounds with P=C=C or P=C=P
skeletons, are phosphorus congeners of allenes and can thus
be expected to be useful starting materials for new organo-
phosphorus compounds.

Among the possible neutral heterocumulenes featuring
the P=C=P sequence, 1σ4,3σ4-diphosphaallenes I[2] and
1σ2,3σ2-diphosphaallenes II[3,4] have been known for many
years. More recently 1σ4,3σ2-diphosphaallenes III have
been isolated.[5]

Here we report the synthesis and the first aspects of the
chemical behaviour of a hitherto unknown 1σ3,3σ2-diphos-
phaallene IV. Despite continuing efforts over the past two
decades to synthesise low-coordinate multiply bonded
phosphorus compounds, such a functionalised molecule has
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which appears to be more reactive than the λ3σ2-P=C bond.
This leads to the hydrolysis compound 8 which has been
structurally characterised. The new bis(phosphane oxide)-
methylene 9 formed from the successive cyclisation of an
ortho-tert-butyl group to the λ5σ3-P=C bond and addition of
water to the λ3σ2-P=C bond has also been structurally char-
acterised.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

never been described even as an intermediate. Moreover,
such a structure is comprised of a methylene(oxo)phos-
phorane unit of which only two stable –P(O)=C� represen-
tatives have been reported to date.[6]

Results and Discussion

Mes*P(O)=C=PMes*, bis(2,4,6-tri-tert-butylphenyl)phos-
phavinylidene(oxo)phosphorane 1 (Mes* = 2,4,6-tri-tert-bu-
tylphenyl), was obtained by addition, at –80 °C, of one
equiv. of phosphaalkenyllithium 2[7] to a solution of dichlo-
rophosphane oxide 4.[8] 31P NMR spectroscopic analysis of
the crude mixture showed the presence of 3, 4 and 1 in a
ratio of 1:1:1. The one-pot preparation of 1 probably in-
volves the preliminary formation of phosphaalkenylphos-
phane oxide 5 followed by a rapid CCl/CLi exchange with
phosphaalkenyllithium 2 leading to the starting dichlo-
rophosphaalkene 3 and intermediate 6. The latter loses LiCl
to afford the title compound 1 (Scheme 1), which could be
easily obtained as a yellow powder from the reaction mix-
ture by precipitation with pentane. The structure of 1 was
unambiguously determined by sophisticated 1H, 13C and
31P NMR spectroscopic studies (1D selective 31P decoup-
ling experiments and 2D HSQC, HMBC) (see supporting
information). The 31P NMR spectrum of 1 displays an AX
system at δ = 261.4 (σ2-P) and 117.3 ppm (σ3-P) with a
coupling constant 2JP,P of 30.5 Hz. A large high-frequency
shift of 120 ppm can be observed for the λ3σ2-P in compari-
son with the value reported for the diphosphaallene
Mes*P=C=PMes* (δ31P = 140 ppm[4b]). The signal of the
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λ5σ3-phosphorus atom is slightly lower in frequency in rela-
tion to those observed for Mes*P(O)=C(R)SiMe3 [δ31P =
153.7 ppm (R = Ph),[6a] 161.1 ppm (R = Me3Si)[6b]]. The sp
hybridised carbon atom gives rise to a doublet of doublets
at δ = 229.1 ppm (1JC,P(O) = 177.4, 1JC,P = 46.8 Hz). The
1H NMR spectrum at room temperature shows slow rota-
tion of the Mes* group bonded to the λ3σ2-phosphorus
atom. Dynamic 1H NMR spectroscopy was performed be-
tween 213 and 328 K and the coalescence temperatures for
the o-tBu groups and for the aromatic protons on the Mes*
group bonded to the λ3σ2-P are 268 and 253 K, respectively,
giving a rotation barrier of 12.2 kcalmol–1. Similar
values have been reported for the rotation barriers of Mes*
groups in the phosphaarsaallene Mes*P=C=AsMes*
(13.6 kcalmol–1)[9] and in the diphosphaallene
Mes*P=C=PMes* (14.0 kcalmol–1).[10] Hindered rotation
can be observed for the Mes* group bonded to the P(O)
moiety even at 328 K (two singlets for the o-tBu groups
and two doublets of doublets for the aromatic protons). A
molecular ion peak can be observed in the mass spectrum
of 1 with the expected fragments at m/z = 565 [M – Me]+

and 523 [M – tBu]+.

Scheme 1. Synthesis of Mes*P(O)=C=PMes* (1).

Compound 1 is stable for months at room temperature
in the solid-state but attempts to crystallise it in various
solvents at low temperatures did not afford satisfactory sin-
gle crystals for X-ray diffraction studies. Compound 1
slowly rearranges within one day at room temperature in
solution. The rearrangement affords the phosphaalkenyl-
phosphane oxides 7a and 7b in near quantitative yield
in the form of two geometric isomers in the ratio of
85:15 (Scheme 2). B3LYP/6-31G(d)//ONIOM B3LYP/6-
31G(d):PM3 calculations support this easy isomerisation
and 7 was found to be lower in energy than 1 by about
54 kcalmol–1.

The 31P NMR spectra of 7a and 7b exhibit signals in the
typical range for phosphalkenes[11a–11d] [δ31P for P=C in 7a
at δ = 339.1 ppm (dd, 2JP,P = 70.2 Hz, 2JP,H = 24.4 Hz) and
in 7b at δ = 353.0 ppm (dd, 2JP,P = 73.3 Hz, 2JP,H = 21.4 Hz,
P=C)] and phosphane oxides[11e] [δ31P for P(O) in 7a at δ =
49.3 ppm (d, 2JP,P = 70.2 Hz) and in 7b at δ = 38.7 ppm
(d, 2JP,P = 73.3 Hz)]. Similar chemical shifts at 327 and
10 ppm have been reported for Mes*P=CH–P(O)-
HMes*.[12] The E structure has been tentatively assigned to
the major isomer 7a on the basis of the 2JP,H coupling con-
stant. For example, in the Mes*P=CHR system, the larger

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4237–42414238

Scheme 2. Rearrangement reaction and hydrolysis of 1.

coupling constant always corresponds to the E isomer
[18 Hz (Z) and 24.7 Hz (E) in Mes*P=C(H)SiMe3].[7a]

Moreover ONIOM B3LYP/6-31G(d):PM3 geometry optim-
isations of 7 place the Z isomer higher in energy by
3.63 kcalmol–1.

This intramolecular cyclisation results from the addition
of a C–H bond of an ortho-tert-butyl substituent of a super-
mesityl group to the σ3-P=C double bond.[13] This re-
arrangement shows that the methylene(oxo)phosphorane
moiety is much less stable than the phosphane oxide one. In
contrast to bis(methylene)phosphoranes RP(=CR�2)2 which
isomerise into phosphiranes,[14] the O=P=C unit in 1 does
not undergo a similar cyclisation (which would lead to the
three-membered ring oxaphosphirane).

The structure of 1 was also established unambiguously
from its hydrolysis products. The λ5σ3-P=C double bond is
much more reactive than the λ3σ2-P=C bond since one
equiv. of water adds only to this double bond to afford the
two geometric isomers 8a and 8b (Scheme 2). Again,
ONIOM B3LYP/6-31G(d):PM3 optimisations show that 8b
(E isomer) is lower in energy by 5.27 kcalmol–1.

The 31P NMR spectra of 8a and 8b exhibit characteristic
signals of phosphaalkenes [δ31P 8a = 305.5 ppm (dd, 2JP,P

= 47.3 Hz, 2JP,H = 24.4 Hz, P=C), 8b = 335.4 ppm (dd, 2JP,P

= 68.5 Hz, 2JP,H = 24.4 Hz, P=C] and phosphinic acids
[δ31P 8a = 24.6 ppm {d, 2JP,P = 47.3 Hz, P(O)}; 8b =
34.9 ppm {d, 2JP,P = 68.5 Hz, P(O)}].

This addition is regioselective and gives, as expected, the
derivative with the hydrogen atom bonded to the central sp2

carbon atom. However, since the reaction of water with 1
is slow in solution (about one day in pentane at room tem-
perature), the competitive cyclisation products 7a,b are also
formed. Compounds 7 and 8 are obtained in the ratio 7a
(25%), 7b (5%), 8a (20%) and 8b (50%). The X-ray struc-
ture of the Z isomer 8b has been determined (Figure 1) and
displays standard bond lengths and angles.

Addition of water to the Z/E mixture of 7 afforded, after
one week, the new bis(phosphane oxide)methylene 9 in the
form of only one diastereoisomer, which was isolated as
pale yellow crystals in 85% yield. The 31P NMR spectrum
of 9 displays two doublets at δ = 52.1 and 4.8 ppm (small
coupling constant 2JP,P of 2.7 Hz). In the nondecoupled 31P
NMR spectrum, derivative 9 exhibits a doublet of doublets
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Figure 1. Structure of 8 (E) (50% probability level). Selected bond
lengths [Å] and angles [°]: P1–C1 1.650(4), P2–C1 1.822(3), P2–C2
1.828(4), P1–C20 1.847(5), P2–O1 1.510(3), P2–O2 1.550(3), P1–
C1–P2 122.3(3), O1–P2–C1 108.72(17), O2–P2–C1 107.32(18), O1–
P2–C2 108.39(17), O2–P2–C2 105.60(18), C1–P2–C2 116.26(19),
C20–P1–C1–P2 168.0.

of triplets for the signal at 4.8 ppm (1JP,H = 517.4 Hz, 2JP,H

= 2.8 Hz, 2JP,P = 2.7 Hz), the very large 1JP,H coupling con-
stant being characteristic of a hydrogen bonded to a λ5σ4-
phosphorus atom. The 1H and 13C NMR spectra display
hindered rotation of the Mes* group. Dynamic 1H NMR
spectroscopy was performed between 253 and 323 K. The
coalescence temperatures for the o-tBu groups and for the
aromatic protons on the Mes* group bonded to the P(H)
atom are 288 K in both cases, corresponding to a rotation
barrier of 14.2 kcalmol–1 which is 2 kcalmol–1 higher than
that of the Mes* group bonded to the λ3σ2-phosphorus
atom in 1.

The X-ray structure of 9 (Figure 2) displays standard
bond lengths and angles.

Figure 2. Structure of 9 (50% probability level). Selected bond
lengths [Å] and angles [°]: P1–C1 1.827(3), P2–C1 1.822(3), P2–C2
1.819(3), P2–C9 1.794(4), P1–C20 1.818(4), P1–O1 1.482(2), P2–
O2 1.481(2), P1–C1–P2 115.14(18), O1–P1–C1 112.78(15), O2–P2–
C1 111.13(14), O2–P2–C2 119.96(16), O1–P1–C20 120.11(14).

In conclusion, the first phosphavinylidene(oxo)phos-
phorane 1, a derivative with three “cumulated formal
double bonds”, was obtained as a stable compound in the
solid-state in a one-pot procedure. The ability of 1 to form
transition metal complexes is now under investigation.

Experimental Section
General: All experiments were carried out in flame-dried glassware
under an argon atmosphere using high-vacuum-line techniques.

Eur. J. Inorg. Chem. 2006, 4237–4241 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4239

Solvents were dried and freshly distilled from sodium benzo-
phenone ketyl and carefully deoxygenated on a vacuum line by
several “freeze-pump-thaw” cycles. NMR spectra were recorded in
CDCl3 on the following spectrometers: 1H, Bruker Avance 300
(300.13 MHz) and Avance 400 (400.13 MHz); 13C{1H}, Bruker
Avance 300 (75.47 MHz) and Avance 400 (100.62 MHz) (reference
TMS); 31P, Bruker AC200 (81.02 MHz) and Avance 400
(162.04 MHz) (reference H3PO4). Melting points were determined
on a Wild Leitz-Biomed apparatus. Mass spectra were obtained on
a Hewlett–Packard 5989A spectrometer by EI at 70 eV.

Synthesis of Mes*P(O)=C=PMes* (1): To a solution of
Mes*P=CCl2 3 (3.15 g, 8.67 mmol) in THF (20 mL) cooled to
–80 °C was added a solution of n-butyllithium (5.7 mL, 1.6  in
hexane, 9.1 mmol). After stirring for 1 h, the solution of
Mes*P=C(Cl)Li was transferred by cannula to a solution of
Mes*P(O)Cl2 4 (3.00 g, 8.67 mmol) in THF (30 mL) at –80 °C. The
reaction mixture became dark brown and after 15 min stirring and
subsequent warming to –20 °C, the solvent was removed under vac-
uum. Pentane (30 mL) was added to the residue and 3 and 4 dis-
solved. However 1 and LiCl precipitated due to both being very
poorly soluble in pentane. After filtration, 1 was extracted with
CH2Cl2. Removal of the solvent gave a pale yellow powder of 1
(2.01 g, 40%, m.p. 125 °C, dec.).

The carbon and phosphorus atoms are numbered as follows:

In order to assign all the signals observed in the 1H and 13C NMR
spectra, HSQC, HMBC and selective 31P decoupling experiments
were performed. 1H NMR (CDCl3, 400.13 MHz, 213 K): δ = 1.10
(s, 9 H, H on C27–29), 1.23 (s, 9 H, H on C17–19), 1.34 (s, 9 H,
H on C13–15), 1.36 (s, 9 H, H on C31–33), 1.65 (s, 9 H, H on C35–
37), 1.79 (s, 9 H, H on C9–11), 7.27 (broad s, 1 H, H on C22), 7.37
(broad d, 4JH,P = 5.2 Hz, 1 H, H on C6), 7.46 (broad s, 1 H, H on
C24), 7.48 (broad d, 4JH,P = 6.1 Hz, 1 H, H on C4) ppm. 13C NMR
(CDCl3, 100.62 MHz): δ = 31.3 (C13–15), 31.5 (C31–33), 32.8
(C17–19), 33.1 (d, 4JC,P1 = 6.5 Hz, C27–29), 33.3 (C9–11), 33.9
(C35–37), 35.2 (C30), 35.5 (C12), 37.4 (C26), 38.1 (d, 3JC,P2 =
3.1 Hz, C16), 38.5 (C34), 38.7 (d, 3JC,P2 = 3.6 Hz, C8), 119.7 (d,
1JC,P2 = 127.5 Hz, C2), 121.7 (C22), 122.6 (d, 3JC,P2 = 13.8 Hz,
C6), 122.7 (C24), 122.9 (d, 3JC,P2 = 15.6 Hz, C4), 138.3 (dd, 1JC,P1

= 74.6 Hz, 3JC,P2 = 28.5 Hz, C20), 150.3 (C23), 152.0 (C21), 153.6
(d, 2JC,P2 = 6.7 Hz, C7), 153.9 (C25), 154.2 (d, 2JC,P2 = 11.0 Hz,
C3), 154.6 (d, 4JC,P2 = 2.9 Hz, C5), 227.3 (dd, 1JC,P1 = 47.1 Hz,
1JC,P2 = 184.7 Hz, C1) ppm.
31P NMR (CDCl3, 81.02 MHz, 298 K): δ = 117.3 (d, 2JP,P =
30.5 Hz, P2), 261.4 (d, 2JP,P = 30.5 Hz, P1) ppm. MS (EI = 70 eV):
m/z (%) = 580 (1) [M]+, 565 (3) [M – Me]+, 523 (20) [M – tBu]+,
467 (5) [M – 2 tBu + 1]+, 335 (30) [M – Mes*]+, 57 (100) [tBu]+.
C37H58OP2 (580.81): calcd. C 76.51, H 10.07; found C 76.76, H
9.75. At 253 K, the signals of C21, 22, 24–26, 27–29, 34, and 35–
37 (13C NMR) and the signals of H on C22, 24, 27–29, 35–37 (1H
NMR) are too broad to be observed. At 328 K, the free rotation
of Mes* bonded to P1 occurs and the following signals may be
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observed: 33.8 (C27–29 and C35–37), 37.8 (C26 and C34), 121.9
(C22 and C24) and 153.2 ppm (C21 and C25) in the 13C NMR
spectrum; 1.39 (s, C27–29 and C35–37) and 7.32 ppm (s, C22 and
C24) in the 1H NMR spectrum.

Synthesis of Cyclisation Products 7a and 7b: A solution of Mes*-
P(O)=C=PMes* 1 (1.20 g, 2.01 mmol) in toluene (10 mL) was
heated at 80 °C for 1 h. NMR analysis showed the conversion of 1
into 7a and 7b in the ratio 85:15. Removal of solvent in vacuo led to
a powder of 7a,b. Attempts at fractional crystallisation in various
solvents (pentane, Et2O, CHCl3) did not allow the complete separa-
tion of the two isomers 7a and 7b. Selective 31P decoupled 1H and
13C NMR experiments were performed. At 283 K, signals of some
tBu groups were too broad to be observed by 1H NMR spec-
troscopy.

7a [(E) isomer]: 1H NMR (CDCl3, 400.13 MHz, 283 K): δ = 1.31,
1.48 and 1.56 (3s, 27 H, H from tBu groups), 2.36 [ddd, 2JH,H =
15.0 Hz, 2JH,P2 = 19.3 Hz, 4JH,P1 = 3.9 Hz, 1 H, H on C9 (carbon
atom bonded to P2)], 2.50 (dd, 2JH,H = 15.0 Hz, 2JH,P2 = 7.1 Hz,
1 H, H on C9), 7.16, 7.28, 7.36 and 7.40 (4 broad s, 4 × 1 H, arom
H), 7.58 (dd, 2JH,P1 = 22.3 Hz, 2JH,P2 = 13.8 Hz, 1 H, H on
C1) ppm. 13C NMR (CDCl3, 100.62 MHz, 283 K): δ = 31.2, 31.3
and 32.5 (C13–15, C17–19, C31–33), 34.2 (d, 4JC,P1 = 7.0 Hz, C27–
29, C35–37), 37.5 (C30), 38.3 (C26, C34), 39.0 (d, 2JC,P2 = 5.8 Hz,
C8), 40.0 (d, JC,P2 = 2.8 Hz) and 40.8 (d, JC,P2 = 3.6 Hz) (C12,
C16), 43.7 (dd, 1JC,P2 = 75.9 Hz, 3JC,P1 = 6.0 Hz, C9), 118.7 (d,
3JC,P2 = 13.8 Hz) and 122.8 (d, 3JC,P2 = 10.0 Hz, C4, C6), 122.2
(C22, C24), 127.1 (d, 1JC,P2 = 95.6 Hz, C2), 138.8 (dd, 1JC,P1 =
67.5 Hz, 3JC,P2 = 17.7 Hz, C20), 150.1 (C23), 153.4 (C21, C25),
154.2 (d, 2JC,P2 = 7.2 Hz) and 157.0 (d, 2JC,P2 = 20.2 Hz, C3, C7),
155.7 (d, 4JC,P2 = 2.5 Hz, C5), 165.3 (dd, 1JC,P2 = 74.8 Hz, 1JC,P1

= 63.2 Hz, C1) ppm. 31P NMR (CDCl3, 81.02 MHz, 298 K): δ =
49.3 (d, 2JP,P = 70.2 Hz, P2), 339.1 (dd, 2JP,P = 70.2 Hz, 2JP,H =
24.4 Hz P1) ppm. MS (EI = 70 eV): m/z (%) = 565 (8) [M – 15]+,
523 (15) [M – tBu]+, 335 (100) [M – Mes*]+, 57 (90) [tBu]+.

7b [(Z) isomer]: 1H NMR (CDCl3, 400.13 MHz, 283 K): δ = 7.82
(dd, 2JH,P2 = 212.0 Hz, 2JH,P1 = 17.6 Hz, 1 H, CH=P) ppm (other
1H signals and 13C signals of the minor isomer could not be as-
signed unambiguously). 31P NMR (CDCl3, 81.02 MHz, 298 K): δ
= 38.7 (d, 2JP,P = 73.3 Hz, PO), 353.0 (dd, 2JP,P = 73.3 Hz, 2JP,H =
21.4 Hz P=C) ppm.

Hydrolysis of 7a and 7b. Synthesis of 9: An excess of degassed water
was added to the mixture of 7a,b (0.60 g, 1.04 mmol) in Et2O. After
stirring for a week at room temperature, NMR analysis showed the
formation of 9. Et2O was removed under vacuum and recrystalli-
sation from pentane afforded pure 9 as pale yellow crystals (0.48 g,
78%, m.p. 203 °C). HSQC, HMBC, NOESY and selective 31P de-
coupled 1H and 13C NMR experiments were performed. 1H NMR
(CDCl3, 400.13 MHz, 253 K): δ = 0.46 (dd, 2JH,P2 = 6.2 Hz, 2JH,H

= 15.3 Hz, 1 H, H on C9, carbon atom bonded to P2), 0.90 and
1.21 (2s, 2 × 3 H, H on C10,11), 1.30 (s, 9 H, H on C13–15), 1.38
(s, 9 H, H on C31–33), 1.52 and 1.65 (2s, 2 × 9 H, H on C27–29
and C35–37), 1.53 (s, 9 H, H on C17–19), 1.54 (dd, 2JH,P2 =
20.4 Hz, 2JH,H = 15.3 Hz, 1 H, H on C9), 2.43 (dddd, 2JH,P1 =
15.0 Hz, 2JH,P2 = 7.2 Hz, 2JH,H = 15.3 Hz, 3JH,H = 7.1 Hz, 1 H, H
on C1), 3.30 (dt, 2JH,P1 and 2JH,P2 = 16.6 Hz, 2JH,H = 15.3 Hz, 1
H, H on C1), 7.07 (dd, 4JH,P2 = 2.0 Hz, 4JH,H = 1.0 Hz, 1 H, H on
C4), 7.41 (dd, 4JH,P2 = 5.2 Hz, 4JH,H = 1.0 Hz, 1 H, H on C6), 7.45
(dd, 4JH,P1 = 2.0 Hz, 4JH,H = 1.0 Hz, 1 H, H on C22), 7.54 (dd,
4JH,P1 = 4.1 Hz, 4JH,H = 1.0 Hz, 1 H, H on C24), 8.52 (ddd, 1JH,P1

= 517.4 Hz, 3JH,P2 = 2.8 Hz, 3JH,H = 7.1 Hz, 1 H, H on P1) ppm.
13C NMR (CDCl3, 100.62 MHz, 253 K): δ = 31.2 (C13–15), 31.4
(C31–33), 31.9 and 33.5 (C10–11), 32.2 (C17–19), 33.6 and 34.3
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(C27–29 and C35–37), 35.3 (C30), 35.4 (C12), 37.7 (C16), 38.7 (d,
2JC,P2 = 6.2 Hz, C8), 39.2 (C26 and C34), 39.6 (d, 1JC,P2 = 72.1 Hz,
C9), 40.6 (dd, 1JC,P1 = 55.1 Hz, 1JC,P2 = 50.5 Hz, C1), 118.9 (d,
3JC,P2 = 14.4 Hz, C4), 123.3 (d, 3JC,P2 = 10.2 Hz, C6), 123.6 (d,
3JC,P1 = 11.9 Hz) and 124.1 (d, 3JC,P1 = 13.4 Hz) (C22 and C24),
125.2 (dd, 1JC,P2 = 96.5 Hz, 3JC,P1 = 3.9 Hz, C2), 128.2 (d, 1JC,P1

= 99.0 Hz, C20), 153.6 (d, 4JC,P1 = 3.1 Hz, C23), 154.2 (d, 2JC,P2 =
8.1 Hz, C7), 156.0 (d, 2JC,P1 = 5.7 Hz, C21), 156.3 (d, 2JC,P2 =
33.0 Hz, C3), 156.6 (d, 4JC,P2 = 2.4 Hz, C5), 157.4 (d, 2JC,P1 =
11.9 Hz, C25) ppm. 31P NMR (CDCl3, 81.02 MHz, 298 K): δ = 4.8
(ddt, 2JP,P = 2.7 Hz, 1JP,H = 517.4 Hz, 2JP,H = 2.8 Hz, P1), 52.1 (d,
2JP,P = 2.7 Hz, P2) ppm. MS (EI = 70 eV): m/z (%) = 599 (2)
[M + 1]+, 581 (1) [M – O – 1]+, 541 (100) [M – tBu]+, 353 (85)
[M – Mes*]+, 57 (70) [tBu]+ C37H60O2P2 (598.82): calcd.C 74.21,
H 10.10; found C 74.56, H 9.85.

Synthesis of 8a and 8b by Hydrolysis of the P(O)=C Double Bond
of 1: An excess of degassed water was added to a solution of 1
(1.15 g, 1.98 mmol) in pentane (20 mL). After stirring for 2 d at
room temperature, NMR analysis showed the formation of a mix-
ture of 7a,b and 8a,b. Attempts at crystallisation from various sol-
vents did not allow complete separation of the two derivatives and
only some single crystals of 8, suitable for an X-ray structure deter-
mination, could be obtained by crystallisation from CHCl3 and
cyclohexane. 31P NMR (CDCl3, 81.02 MHz, 298 K) 8a (30%), δ =
24.6 (d, 2JP,P = 47.3 Hz, PO), 305.5 ppm (dd, 2JP,P = 47.3 Hz, 2JP,H

= 24.4 Hz, P=C) 8b (70%), δ = 34.9 (2JP,P = 68.5 Hz, PO),
335.4 ppm (dd, 2JP,P = 68.5 Hz, 2JP,H = 24.4 Hz, P=C).

X-ray Structure Determinations

Crystal Data for 8 and 9. Compound 8: C43H73Cl3O2P2, M = 790.30
(CHCl3 and cyclohexane in the lattice), triclinic, P1̄, a = 13.998(2),
b = 14.106(2), c = 14.348(2) Å, α = 91.531(4), β = 119.170(3), γ =
108.678(3)°, V = 2285.6(6) Å3, Z = 2, T = 173(2) K. 9004 reflec-
tions (5491 independent, Rint = 0.0740) were collected. Largest elec-
tron density residue: 0.341 eÅ–3, R1 [for I � 2σ(I)] = 0.0565 and
wR2 = 0.1433 (all data) with R1 = Σ||Fo| – |Fc||/Σ|Fo| and wR2 =
[Σw (Fo

2 – Fc
2)2/Σw(Fo

2)2]0.5. Compound 9: C37H60O2P2, M =
598.79, monoclinic, P21/c, a = 10.275(1), b = 25.939(2), c =
14.342(1) Å, β = 110.884(2)°, V = 3571.4(6) Å3, Z = 4, T =
173(2) K. 15676 reflections (5066 independent, Rint = 0.1213) were
collected. Largest electron density residue: 0.250 eÅ–3, R1 [for I �

2σ(I)] = 0.0558 and wR2 = 0.0943 (all data).

All data for structures reported in this paper were collected at low
temperature using an oil-coated shock-cooled crystal on a Bruker-
AXS CCD 1000 diffractometer with Mo-Kα radiation (λ =
0.71073 Å). The structures were solved by direct methods
(SHELXS-97)[15] and all non-hydrogen atoms were refined aniso-
tropically using the least-squares method on F2 (SHELXL-97).[16]

CCDC-605519 (for 8) and -605520 (for 9) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: (for details see the footnote on the first
page of this article): variable temperature 1H NMR, 2D HSQC and
2D HMBC, 13C{1H,31P} and 13C{1H} Jmod spectra of diphos-
phaallene Mes*P(O)=C=PMes* (1), variable-temperature 1H
NMR spectra of bis(phosphane oxide)methylene 9.
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Alkylation of [TaCp*Cl4] (Cp* = η5-C5Me5) with 3 equiv. of
MgCl(CH2SiMe3) gives the chloridotris(trimethylsilylmethyl)
complex [TaCp*Cl(CH2SiMe3)3] (1). TaCp*Cl2Me2 reacts
with 2 equiv. of LiR (R = CH2Ph, CH2SiMe3) to give the mixed
alkyl derivatives [TaCp*Me2R2] (R = CH2Ph, 2; CH2SiMe3,
3). The dimethyldineopentyl complex [TaCp*Me2(CH2-
CMe3)2] (4) was obtained by reaction of TaCp*Cl2-
(CH2CMe3)2 with 2 equiv. of LiMe. The treatment of a tolu-
ene solution of TaCp*Cl2Me2 with 2 equiv. of neophyllithium
in a standard vacuum line gave a mixture of three com-
pounds, [{TaCp*Me2(CH2CMe2Ph)}2(µ-O)] (5), [TaCp*Me2-
(CH2CMe2–o-C6H4-κ2C,C)] (6) and [TaCp*Me(CH2CMe2Ph)-
(CH2)] (7), which were identified by NMR spectroscopy.
However, when the reaction was carried out under rigorously
anhydrous conditions, only complexes 6 and 7 were isolated.
A chlorido(trimethylsilylmethyl)(trimethylsilylmethylidene)
complex [TaCp*Cl(CH2SiMe3)(CHSiMe3)] (8) was prepared
by heating 1 at 60 °C, or by leaving it at room temperature
for a long time. A 3:2 (9/10) mixture of [TaCp*MeR-
(CHSiMe3)] (R = CH2SiMe3, 9; Me, 10) was obtained by ther-
mal treatment of 3, which was accompanied by the evolution
of CH4 and SiMe4. However, irradiation of a [D6]benzene

Introduction

The study of early-transition-metal compounds in high
oxidation states has been a topic of intense research because
of their applications in organic synthesis and in catalysis.[1]

In particular, metal alkyls and alkylidenes are among the
most studied derivatives. Alkyl derivatives have been exten-
sively used as catalysts for the polymerization of olefins,[1,2]

while the importance of alkylidenes is demonstrated by a
comprehensive study of the olefin metathesis reactions that
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solution of 3 with a sun lamp gave a mixture of 9 and
[TaCp*(CH2SiMe3)R(CH2)] (R = Me, 11; CH2SiMe3, 12) in a
2:1:1 (9/11/12) ratio. When a [D6]benzene solution of 4 was
heated at 60 °C, a mixture of the (alkyl)(neopentylidene) de-
rivatives [TaCp*MeR(CHCMe3)] (R = Me, 13; CH2CMe3, 14)
in a 4:1 (13/14) ratio was detected by NMR spectroscopy,
while irradiation with a sun lamp produced a mixture of
alkylidene complexes [TaCp*(CH2CMe3)R(CH2)] (R = Me,
15; CH2CMe3, 16) in a 3:1 (15/16) ratio. On the other hand,
the alkylation of TaCp*Cl2(CH2CMe3)2 with 2 equiv. of
LiCH2SiMe3 gave the (alkyl)(alkylidene) complex
[TaCp*(CH2CMe3)(CH2SiMe3)(CHCMe3)] (17) with the eli-
mination of SiMe4, whereas the treatment of TaCp*Cl2-
(CH2SiMe3)2 with the appropriate reagent gave
[TaCp*(CH2R)(CH2SiMe3)(CHR�)] (R = R� = Ph, 18; R =
CMe2Ph, R� = SiMe3, 19) with the elimination of SiMe4 and
CMe3Ph, respectively. All compounds were studied by IR and
NMR spectroscopy, and the molecular structures of com-
plexes 1, 4 and 5 were determined by X-ray diffraction meth-
ods.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

they are able to catalyse.[3] Further, in combination with
stronger Lewis acids they form highly reactive species that
are important as catalysts in other processes involving ole-
fins.[3b,3c,4–6] Additionally, µ-alkylidene complexes have
been postulated as intermediates in Fischer–Tropsch, olefin
metathesis and Ziegler–Natta catalytic processes.[7]

Preliminary reports from our group have focused on the
ability of tetrachlorido(cyclopentadienyl)niobium and -tan-
talum compounds to coordinate with bulky alkyl substitu-
ents. Thus, the crowding of the coordination sphere of the
metal by the trimethylsilylmethyl group is the basis for the
formation of an alkylidene complex by a spontaneous α-
hydrogen-elimination process.[8] On the other hand, we re-
ported[9] that the use of the 2-[(dimethylamino)methyl]-
phenyl ligand leads to the synthesis of tantalum(V) com-
plexes that can be transformed into new cyclometalated
(alkylidene)tantalum derivatives by the activation of car-
bon–hydrogen bonds in one of the methylamino groups of
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Scheme 1.

the ligand. More recently, the µ-alkylidene complexes
[(TaCp*Cp�)2(µ-CHR)2] (Cp* = η5-C5Me5, Cp� = η5-
C5H4SiMe3, R = C6H5, SiMe3, CMe3) have been prepared
by treatment of the (mixed dicyclopentadienyl)tantalum
compound TaCp*Cp�Cl2 with an appropriate amount of
the corresponding alkyllithium.[10]

In this article, we report the preparation of new (alkyl)-
and (alkyl)(alkylidene)mono(pentamethylcyclopentadienyl)-
tantalum(V) complexes. All compounds were studied by
spectroscopic methods. In addition, the molecular struc-
tures of complexes 1, 4 and 5 were determined by X-ray
diffraction.

Results and Discussion

[TaCp*Cl(CH2SiMe3)3] (1) was synthesized in good yield
by the reaction of [TaCp*Cl4] (Cp* = η5-C5Me5) with
3 equiv. of MgCl(CH2SiMe3) (Scheme 1). In contrast, we
previously reported[8] the preparation of a dialkyl(alkylid-
ene) derivative [TaCp*(CH2SiMe3)2(CHSiMe3)] by the reac-
tion of the tetrachlorido complex with 4 equiv. of an alkyl-
ating reagent. Two absorptions bands were observed in the
IR spectrum of 1 at ν̃ = 1026 and 1243 cm–1, which can be
assigned to νC–C(Cp*)[11] and δas(CH3)(SiMe3),[11c] respec-
tively. The NMR spectra of this complex are in agreement
with a C3v local symmetry around the tantalum atom.

The crystal structure of complex 1 (Figure 1) shows a
tantalum atom in a distorted trigonal bipyramidal environ-
ment with the three alkyl groups occupying the equatorial
positions, and the centroid of the pentamethylcyclopen-
tadienyl ring and the chlorine atom at the apical sites. The
tantalum atom is displaced towards the Cp* ring by 0.46 Å
from the equatorial plane containing the three carbon
(alkyl) atoms.[12] The bond lengths for Ta–Cp*(centroid),
Ta–C (average), and Ta–Cl are 2.180, 2.160 and 2.481(1) Å,
respectively (Table 1). The Ta–C(alkyl) distance is in the
range corresponding to normal values for a Ta–C[11d,13,14]

single bond, whereas the Ta–Cl distance is shorter than that
for a bridging chlorine[15] and longer than that for a ter-
minal chlorine.[11d,14b,16] The angle Cp*–Ta–Cl is 176.84°
and confirms the apical position of the chlorine atom. This
pentacoordination is unusual, and to the best of our knowl-
edge, no other group 5 metal (alkyl)chlorido(cyclopentadi-
enyl) derivative has this trigonal bipyramidal configuration;
all other examples have a four-legged piano-stool arrange-
ment.[11b–d,17,18] In this case, such an arrangement is very
unfavourable because of the important steric requirement
of the trimethylsilylmethyl substituent.

Eur. J. Inorg. Chem. 2006, 4242–4253 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4243

Figure 1. ORTEP drawing of compound 1 with thermal ellipsoids
at the 50% probability level.

Table 1. Selected bond lengths [Å] and angles [°] for compound 1.[a]

Ta1–Cl1 2.481(5) Ta1–Cp1 2.180
Ta1–C6 2.137(16) Ta1–C7 2.188(14)
Ta1–C8 2.156(16) Ta1–C1 2.430(16)
Ta1–C2 2.47(2) Ta1–C3 2.52(2)
Ta1–C4 2.49(2) Ta1–C5 2.480(19)
Si1–C6 1.911(18) Si2–C7 1.888(15)
Si3–C8 1.924(15)
Cp1–Ta1–Cl1 176.84 Cp1–Ta1–C6 103.17
Cp1–Ta1–C7 100.89 Cp1–Ta1–C8 103.25
C6–Ta1–C8 111.7(6) C6–Ta1–C7 114.4(6)
C8–Ta1–C7 120.3(6) C6–Ta1–Cl1 79.6(5)
C7–Ta1–Cl1 76.5(4) C8–Ta1–Cl1 76.9(5)
Si1–C6–Ta1 127.2(9) Si2–C7–Ta1 126.4(9)
Si3–C8–Ta1 126.9(9)

[a] Cp1 is the centroid of the C1–C5 ring.

The mixed alkyl complexes [TaCp*Me2R2] (R = CH2Ph,
2; CH2SiMe3, 3) were obtained (Scheme 2) at room tem-
perature by treatment of toluene solutions of TaCp*Cl2Me2

with stoichiometric amounts of the alkyllithium, LiR, un-
der rigorously anhydrous conditions, while the dimethyldi-
neopentyl complex [TaCp*Me2(CH2CMe3)2] (4) was syn-
thesized by alkylation, at –78 °C, of the dichloridodineop-
entyl derivative with 2 equiv. of LiMe in a diethyl ether/
hexane mixture.

The mixed alkyl complexes 2–4 are extremely air- and
moisture-sensitive, are soluble in most organic solvents and
were characterised by analytical and spectroscopic methods.
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Scheme 2.

Further, the molecular structure of 4 was studied by X-ray
diffraction. A view of this molecule is shown in Figure 2,
which indicates the atom labelling scheme employed. Se-
lected bond lengths and angles are given in Table 2.

Figure 2. ORTEP drawing of compound 4 with thermal ellipsoids
at the 50% probability level.

Complex 4 is a monomer, and if Cp* is considered as
occupying the apical coordination site, it has distorted
square pyramid geometry. Two independent molecules were
found in the asymmetric unit, and their geometrical param-
eters were essentially coincident. The tantalum atom devi-
ates towards the Cp* ring by 0.75 Å from a plane passing
through the atoms C11, C12, C13 and C14, and the two
methyl groups and the two neopentyl groups are mutually
trans in order to separate the sterically demanding groups.
This arrangement is usual in five-coordinate cyclopen-
tadienyl complexes.[11b,11c,11d,17,18] All the bond lengths and
angles are in the normal ranges.

The 1H NMR spectrum of 4 in [D2]dichloromethane at
298 K shows two sets of signals in a ratio of 14:1. For the
major compound, a quintuplet (δ = 0.59 ppm) and a sep-
tuplet (δ = 0.20 ppm, 4JH,H = 1.29 Hz) were observed for
the Ta–(CH3)2 and the Ta–(CH2CMe3)2 moieties, respec-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4242–42534244

Table 2. Selected bond lengths [Å] and angles [°] for compound 4.[a]

Molecule A Molecule B

Cp1–Ta1 2.175 Cp2–Ta2 2.175
C1A–Ta1 2.49(2) C1–Ta2 2.48(2)
C2A–Ta1 2.48(2) C2–Ta2 2.48(2)
C3A–Ta1 2.50(2) C3–Ta2 2.46(2)
C4A–Ta1 2.51(2) C4–Ta2 2.48(2)
C5A–Ta1 2.46(2) C5–Ta2 2.49(3)
C11A-Ta1 2.20(2) C11–Ta2 2.19(2)
C12A-Ta1 2.27(2) C12–Ta2 2.26(2)
C13A-Ta1 2.23(2) C13–Ta2 2.22(2)
C14A-Ta1 2.245(19) C14–Ta2 2.20(2)
C12A-C15A 1.49(3) C12–C15 1.56(4)
C14A-C19A 1.52(3) C14–C19 1.64(3)
Cp1–Ta1–C11A 109.65 Cp2–Ta2–C11 111.00
Cp1–Ta1–C12A 111.62 Cp2–Ta2–C12 108.17
Cp1–Ta1–C13A 109.72 Cp2–Ta2–C13 108.87
Cp1–Ta1–C14A 108.38 Cp2–Ta2–C14 111.17
C11A–Ta1–C13A 140.6(8) C11–Ta2–C13 140.1(10)
C11A–Ta1–C14A 83.4(9) C11–Ta2–C14 84.4(11)
C13A–Ta1–C14A 83.7(10) C14–Ta2–C13 81.7(10)
C11A–Ta1–C12A 83.3(9) C11–Ta2–C12 82.1(10)
C13A–Ta1–C12A 83.1(9) C13–Ta2–C12 85.4(10)
C14A–Ta1–C12A 140.0(8) C14–Ta2–C12 140.7(9)
C15A-C12A-Ta1 133.5(17) C15–C12–Ta2 132(2)
C19A-C14A-Ta1 128.5(16) C19–C14–Ta2 135(2)

[a] Cp1 is the centroid of the C1A–C5A ring and Cp2 is the
centroid of the C1–C5 ring.

tively. On the other hand, the minor component, detected
in a NOESY1D spectra (Figure 3), shows an AB spin sys-
tem (2JH,H = 12.8 Hz) for the Ta–(CH2CMe3)2 dia-
stereotopic protons.

In contrast to 4, the Ta–(CH2SiMe3)2 resonance appears
as a broad signal (∆ν½ = 37 Hz) at δ = –0.25 ppm in the 1H
NMR spectrum of 3 at 298 K, while the signal correspond-
ing to Ta–(CH3)2 was observed as a quintuplet (4JH,H =
1.31 Hz) at δ = 0.44 ppm.

Further, the variable low temperature spectra of 3 indi-
cate the occurrence of a typical spin exchange process be-
tween two very differently populated positions. The minor
position (10%) was detected by EXSY1D at 213 K and
showed an AB spin system (2JH,H = 11.6 Hz) at δav = –0.01
for the Ta–(CH2SiMe3)2 resonance.



(Alkyl)- and (Alkyl)(alkylidene)(pentamethylcyclopentadienyl)tantalum Complexes FULL PAPER

Figure 3. The PFG WFG noesy 1d (mix = 500 ms) proton spectra
(spectrum phase = 180°) of complex 4 at 298 K [bottom: Ta–
(CH2CMe3)2; top: Ta–(CH3)2 resonances].

This spectral behaviour is in agreement with a trans ar-
rangement of the methyl and the alkyl groups (C2v local
symmetry) in the major component and a cis arrangement
of the groups in the minor (Cs symmetry) isomers, which
undergo the mutual spin-exchange process known as Berry
pseudorotation.[14c,14d,16b,18] We hypothesise that in solution
both isomers of the 2–4 mixed alkyl complexes exhibit
pseudo-square-pyramidal geometry in the ground state and
a distorted trigonal bipyramidal environment, similar to
that of 1, in the transition state. Moreover, the isomeriza-
tion process in complex 3 is faster than that in 4, this is
probably caused by the size of the alkyl group. The 13C
NMR spectra of complexes 2–4 show all the expected reso-
nances (see Experimental Section).

The addition of 2 equiv. of LiCH2CMe2Ph to a toluene
solution of TaCp*Cl2Me2 by using a standard vacuum line
(Scheme 3) gives a mixture of the dimethyl(neophyl)(µ-ox-
ido) complex [{TaCp*Me2(CH2CMe2Ph)}2(µ-O)] (5), the
dimethyltantalabenzocyclopentene complex [TaCp*Me2-
(CH2CMe2-o-C6H4-κ2C,C)] (6) and the (methyl)(methyl-

Scheme 3.

Eur. J. Inorg. Chem. 2006, 4242–4253 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4245

idene)(neophyl) complex [TaCp*Me(CH2CMe2Ph)(CH2)]
(7), which were observed by NMR spectroscopy. Complexes
5–7 can be isolated as pure samples by successive recrystalli-
sations from hexane (see Experimental Section). However,
when the same reaction is carried out under rigorously an-
hydrous conditions (glove box) complex 5 is not formed.
We suggest, as a plausible pathway for this alkylation reac-
tion, the initial formation of a mixed alkyl complex
“[TaCp*Me2(CH2CMe2Ph)2]”, that, when followed by or-
thometalation[10,19] of the phenyl ring and by α-hydrogen
activation[7e,20] of a methyl group with the elimination of
CMe3Ph, produces complexes 6 and 7, respectively, while
the hydrolysis of this mixed alkyl complex produces the µ-
oxido complex 5.

In the IR spectrum of complex 5 the absorption band
observed at 740 cm–1 could be assigned to νTa–O–Ta,[15,21]

while all the NMR spectroscopic data (see Experimental
Section) are in agreement with a structural formulation that
shows a trans arrangement of the methyl groups.

The molecular structure of complex 5 (Figure 4) shows
two TaCp*Me2(CH2CMe2Ph) fragments bonded through a
bridging oxygen atom, which acts as an inversion centre.
The angle Ta1–O1–Ta2 is 180,° and the bond length Ta–O
is 1.9227(6) Å (Table 3). This distance is very short and in
agreement with the existence of a π-bonding interaction be-
tween the oxygen and tantalum atoms.[14c] Each tantalum
atom exhibits the normal four-legged piano-stool geome-
try[11,17,18] in which the pentamethylcyclopentadienyl ring
occupies the apical position and the metal centre is dis-
placed towards the Cp* ring by 0.78 Å from a plane formed
by the atoms C21, C6, C8 and O1. The bridging oxygen
atom is located in a trans position with respect to the bulky
ligand. This fact, together with the inversion centre, elimin-
ates steric problems. The distance Ta–C21 [2.294(12) Å] is
significantly longer than the bonds between the metal and
the methyl groups[18] [Ta–C6 2.208(11) Å and Ta–C8
2.194(12) Å], which is probably a result of the trans influ-
ence.
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Figure 4. ORTEP drawing of compound 5 with thermal ellipsoids
at the 50% probability level.

Table 3. Selected bond lengths [Å] and angles [°] for compound 5.[a]

Ta1–O1 1.9227(6) O1–Ta1#1 1.9227(6)
Ta1–Cp1 2.158 Ta1–C6 2.208(11)
Ta1–C8 2.194(10) Ta1–C21 2.294(12)
Ta1–C1 2.502(12) Ta1–C2 2.416(14)
Ta1–C3 2.366(16) Ta1–C4 2.431(13)
Ta1–C5 2.533(11) C21–C22 1.538(17)
C22–C23 1.529(15)
Ta1#1–O1–Ta1 180.00(16) Cp1–Ta1–O1 120.73
Cp1–Ta1–C6 109.88 Cp1–Ta1–C8 109.22
Cp1–Ta1–C21 103.36 O1–Ta1–C6 84.2(3)
C8–Ta1–C6 139.2(5) O1–Ta1–C21 135.9(3)
O1–Ta1–C8 85.9(3) C8–Ta1–C21 79.1(4)
C6–Ta1–C21 80.9(4) C23–C22–C21 112.9(9)
C22–C21–Ta1 134.4(8)

[a] Cp1 is the centroid of the C1–C5 ring. Symmetry transforma-
tions used to generate equivalent atoms: #1 –x+1, –y+2, –z.

The NMR spectrum of 6, which is a monomer species [D
= (11.7±0.2)×10–11 m2 s–1][22] in [D2]dichloromethane [D =
(29.2±0.5) ×10–11 m2 s–1] at 298 K, exhibits an ABCD spin
system at δ = 8.1, 7.3, 7.2 and 7.12 ppm corresponding to
the C6H4 moiety, and four singlets for the η5-C5Me5 (δ =
1.94 ppm, 15 H), Ta–CH2CMe2Ph (δ = 1.15 ppm, 6 H), Ta–
CH2CMe2Ph (δ = 0.88 ppm, 2 H, ∆ν½ = 8.7 Hz) and Ta–
Me2 (δ = 0.27 ppm, 6 H) proton resonances, which justifies
the assignment of Cs symmetry to this complex. Unfortu-
nately, the variable temperature spectra did not show any
significant changes (∆ν½max = 12.7 Hz) to enable the study
of any possible fluxional behaviour. NOE data at 203 K
indicate short distances between the pentamethylcyclopen-
tadienyl ring and the –CMe2–, Ta–Me2 and Ta–CH2– moie-
ties, and between Ta–Me2 and the phenyl (H2 proton) ring,
suggesting an axial position for the phenyl group in the dis-
torted trigonal bipyramidal structure of 6, as shown in
Scheme 3.
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The 1H NMR spectrum of complex 7 in [D2]dichloro-
methane at 298 K shows a singlet for the Cp* ring (δ =
1.95 ppm), three multiplets for the C6H5 group (δ = 7.4, 7.3,
7.13 ppm), two diastereotopic –CMe2– (δ = 1.46, 1.40 ppm)
groups and an ABC3 spin system at δ = 1.26, 0.04 (AB)
and –0.52 (d, 2JH,H = 14.8 Hz, 4JH,H = 1.1 Hz) ppm for the
Ta–CH2CMe2Ph and Ta–Me moieties, respectively. Al-
though 7 contains an asymmetric tantalum(V) central
atom, the Ta=CH2 resonance is observed as one singlet (1H
NMR, δ = 5.27 ppm; 13C NMR, δ = 205.9 ppm, 1JC,H =
126.1 Hz), which is not like an AB spin system. In the vari-
able temperature 1H NMR study, the maximum broad line
(∆ν½ = 110 Hz) of the methylidene resonance was observed
at 173 K, although the multiplicity could not be resolved.
We believe that this experimental result could be due to the
fast rotation (∆G�173 K � 32 kJmol–1) about the Ta–C vec-
tor that accompanies the heterolytic rupture of the double
bond, which is in accordance with the reactivity of these
complexes. This is known to occur in other methylidene
complexes,[18c,23] organic imines[24] and organometallic
complexes.[14c,18d]

(Alkyl)(alkylidene)tantalum compounds were obtained
by the thermal or photochemical treatment of mixed alkyl
derivatives. So, when a toluene or [D6]benzene solution of 1
was heated at 60 °C for 48 h, the (alkyl)(alkylidene)chlorido
complex [TaCp*Cl(CH2SiMe3)(CHSiMe3)] (8) was formed
with the elimination of SiMe4 (Scheme 4). However, com-
plex 1 in [D2]dichloromethane slowly transforms into com-
plex 8 at room temperature.

The 1H NMR spectrum of 8 (D = 13.0×10–10 m2 s–1)[22]

shows signals at δ = 5.54 (1 H) and 0.065 ppm (9 H) for
Ta=CHSiMe3 (29Si NMR, δ = –8.2 ppm), an AB spin sys-
tem at δ = 0.053 and 0.23 ppm (2JH,H = 12.65 Hz, 2 H) and
one singlet at δ = 0.12 ppm (9 H) for the Ta–CH2SiMe3

moiety, and also a resonance for the Cp* ring at δ =
2.15 ppm. Further, free SiMe4 (D = 24.5×10–10 m2 s–1) that
was eliminated from 1 during the reaction was also ob-
served in the solution. The assignment of the trimethylsilyl
resonances and the determination of the 29Si NMR chemi-
cal shifts were based on CIGAR data (Figure 5).

When a [D6]benzene solution of 3 was heated at 60 °C
for 20 h, a mixture of the dialkyl(alkylidene) compounds
[TaCp*MeR(CHSiMe3)] (R = CH2SiMe3, 9; Me, 10) was
generated in a 3:2 ratio; this mixture was identified by
NMR spectroscopy. The reaction occurred with the elimi-
nation of CH4 and SiMe4 (Scheme 5). On the other hand,
the irradiation of a [D6]benzene solution of 3 with a sun
lamp gave a mixture of 9 and [TaCp*(CH2SiMe3)R(CH2)]
(R = Me, 11; CH2SiMe3, 12) in a 2:1:1 ratio. Both processes,
thermal and photochemical, take place by C–Hα activation
of the CH2SiMe3 or Me groups. Complex 9 is the major
product that results from the preferential elimination of
CH4.

In addition, [D6]benzene solutions of the mixed tet-
raalkyl complex 4 slowly decomposed at room temperature
when exposed to a sun lamp, yielding a mixture of the alk-
ylidenes 13–16. When solutions of 4 were heated at 60 °C,
the decomposition was faster, and a mixture of (alkyl)(neo-
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Scheme 4.

Figure 5. PFG Accord HMBC (CIGAR) 1H-{29Si} spectra of 8 acquired over a period of 20 minutes in a Mercury VX spectrometer
with PFG-Z VT 5 mm ATB NMR probe. All parameters were optimized for the 1H–29Si geminal spin coupling.

Scheme 5.

pentylidene) derivatives [TaCp*MeR(CHCMe3)] (R = Me,
13; CH2CMe3, 14) in a 4:1 ratio was produced and iden-
tified by NMR spectroscopy. Further, a mixture of the (alk-
yl)(methylidene) complexes [TaCp*(CH2CMe3)R(CH2)] (R
= Me, 15; CH2CMe3, 16) in a 3:1 ratio was obtained from
the irradiation of a [D6]benzene solution of 4 with a sun
lamp. These results indicate that a C–Hα bond is activated
by thermal (–CH2CMe3) and photochemical (–CH3) pro-
cesses, but in both cases the elimination of neopentane is
preferential.

A spontaneous α-hydrogen-abstraction process takes
place in unstable mixed tetraalkyl intermediates formed by
the reaction of complexes [TaCp*Cl2(CH2R)2] (R = CMe3,
SiMe3) with an alkylating reagent. So, the reaction of
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[TaCp*Cl2(CH2CMe3)2] with 2 equiv. of LiCH2SiMe3 gave
the (alkyl)(alkylidene) complex [TaCp*(CH2CMe3)(CH2Si-
Me3)(CHCMe3)] (17) with the selective elimination of
SiMe4 (Scheme 6). The use of neophyllithium or benzyl-
magnesium chloride leads to an unidentified mixture of alk-
ylidene derivatives. However, new (alkyl)(alkylidene) deriva-
tives [TaCp*(CH2R)(CH2SiMe3)(CHR�)] (R = R� = Ph, 18;
R = CMe2Ph, R� = SiMe3, 19) were prepared by treatment
of [TaCp*Cl2(CH2SiMe3)2] with 2 equiv. of the appropriate
alkylating reagent; these reactions occur with the elimi-
nation of SiMe4 and CMe3Ph, respectively.

For some reported coordinatively unsaturated alkylidene
complexes,[8,25] the stretching frequency corresponding to
the C–H bond in the IR spectrum was assigned to absorp-
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Scheme 6.

tion bands localized in the 2700–2350 cm–1 region, which
are at a lower wavenumber than those for normal C–H
stretches probably as a result of the observed increase in the
length of the C–H bond. In the case of (alkyl)(alkylidene)
compounds 7 and 17–19, the absorption band localized at
ν̃average = 2553 cm–1 can be assigned to νC–H.

In accordance with all the NMR spectroscopic data (see
Experimental Section) the alkylidene complexes 7–19 are
monomeric species with the expected three-legged piano-
stool geometry.[8,26,27]A large degree of deshielding is ob-
served for the alkylidene carbon resonances (δ � 200 ppm).
The direct proton–carbon coupling constants for the
Ta=CHR signals for complexes 7, 11, 12, 15 and 16 are
smaller than the 1JC,H values resulting from coupling in-
volving an sp3 carbon (Ta–CH2R groups) and are compar-
able to other d0 terminal (alkylidene)niobium and -tanta-
lum complexes.[26,27] For the rest of the complexes, we
found similar values for the isostructural alkylmethylidene
moiety.

Conclusions

New trialkylchlorido and dialkyldimethyl(pentamethyl-
cyclopentadienyl)tantalum complexes [TaCp*ClxMeyRz] (x
= 1, y = 0, z = 3, R = CH2SiMe3, 1; x = 0, y = z = 2, R =
CH2Ph, 2; CH2SiMe3, 3; CH2CMe3, 4) have been prepared
by the direct reaction of tetrachlorido or dialkyldichlorido
derivatives [TaCp*Cl4–xRx] (x = 0; x = 2, R = Me,
CH2CMe3) with the appropriate alkylating reagent. How-
ever, when lithium neophyl is used as the reagent under
standard conditions, a different sequence of reactions takes
place, which leads to a mixture from which
[{TaCp*Me2(CH2CMe2Ph)}2(µ-O)] (5), [TaCp*Me2-
(CH2CMe2–o-C6H4-κ2C,C)] (6) and [TaCp*Me-
(CH2CMe2Ph)(CH2)] (7) were isolated and identified by
NMR spectroscopy. Thermal treatment of toluene or [D6]-
benzene solutions of 1 leads to an intramolecular C–Hα
bond activation in an alkyl group, giving the (alkyl)(alkylid-
ene)chlorido complex [TaCp*Cl(CH2SiMe3)(CHSiMe3)] (8)
with the evolution of SiMe4. A mixture of dialkyl(alkylid-
ene) derivatives [TaCp*MeR(CHSiMe3)] (R = CH2SiMe3,
9; Me, 10) was produced when 3 was heated at 60 °C in
[D6]benzene; the mixture was identified by NMR measure-
ments. Further, the direct irradiation of a [D6]benzene solu-
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tion of 3 gave a mixture of 9 and [TaCp*(CH2SiMe3)-
R(CH2)] (R = Me, 11; CH2SiMe3, 12). On the other hand,
[D6]benzene solutions of 4 slowly decompose at room
temperature, giving a mixture of alkylidenes
[TaCp*MeR(CHCMe3)] (R = Me, 13; CH2CMe3, 14) and
[TaCp*(CH2CMe3)R(CH2)] (R = Me, 15; CH2CMe3, 16),
but the decomposition is faster when activated thermally or
photochemically, leading to a mixture of 13–14 and 15–16,
respectively. Finally, a spontaneous α-hydrogen-abstraction
process occurs during the alkylation reaction of
TaCp*Cl2(CH2CMe3)2 with LiCH2SiMe3, which gives
[TaCp*(CH2CMe3)(CH2SiMe3)(CHCMe3)] (17) with selec-
tive elimination of SiMe4. However, new (alkyl)(alkylidene)
complexes [TaCp*(CH2R)(CH2SiMe3)(CHR�)] (R = R� =
Ph, 18; R = CMe2Ph, R� = SiMe3, 19) were obtained by
treatment of TaCp*Cl2(CH2SiMe3)2 with 2 equiv. of the ap-
propriate alkylating reagent; these reactions occurred with
the elimination of SiMe4 and CMe3Ph, respectively.

Experimental Section
All operations were carried out under a dry argon atmosphere, by
using standard Schlenk tube and cannula techniques, or in a con-
ventional argon-filled glove-box. Solvents were refluxed over an ap-
propriate drying agent, distilled and degassed prior to use: [D6]-
benzene and hexane (Na/K alloy), and toluene (Na). Starting mate-
rials Ta(η5-C5Me5)Cl4,[28] Ta(η5-C5Me5)Cl2Me2,[13] Ta(η5-C5Me5)-
Cl2(CH2CMe3)2

[26a,29] and the alkylating reagents LiR (R =
CH2SiMe3, CH2CMe2Ph)[30] and Li(CH2C6H5)(tmeda)[31] were
prepared as previously described. Reagent grade LiMe (1.5  in
diethyl ether, Aldrich) and MgCl(CH2SiMe3) (1  in diethyl ether,
Aldrich) were purchased from commercial sources and were used
without further purification.

Samples for infrared spectroscopy were prepared as KBr pellets or
as Nujol mulls between CsI plates, and the spectra were recorded
with a Perkin–Elmer Spectrum 2000 spectrophotometer (4000–
400 cm–1). The NMR spectra were recorded with Unity 300, Mer-
cury VX 300 and Unity Plus 500 (Varian NMR Systems) spectrome-
ters; chemical shifts were referenced to the 13C- and residual 1H
resonances of the deuterated solvents. Microanalyses (C, H) were
performed with a LECO CHNS 932 microanalyser.

[TaCp*Cl(CH2SiMe3)3] (1): A solution of MgCl(CH2SiMe3)
[6.90 mL, 1 , 6.60 mmol] in diethyl ether was added, at room tem-
perature, to a suspension of TaCp*Cl4 (1.00 g, 2.20 mmol) in hex-
ane (25 mL), and the mixture was stirred for 12 h. The resulting
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suspension was filtered through Celite and then concentrated to ca.
10 mL, the solution was cooled to –20 °C to give 1 as a yellow
microcrystalline solid. Yield 0.90 g (68%). IR (KBr): ν̃ = 2917 (vs),
1494 (m), 1441 (m), 1380 (s), 1243 (vs), 1105 (s), 1026 (s), 845 (vs),
749 (s), 678 (s), 470 (m), 407 (m) cm–1. 1H NMR (300 MHz, [D6]-
benzene, 25 °C): δ = 1.78 (s, 15 H, C5Me5), 0.65 (s, 6 H,
CH2SiMe3), 0.35 (s, 27 H, CH2SiMe3) ppm. 13C{1H} NMR (75
MHz, [D6]benzene, 25 °C): δ = 121.5 (C5Me5), 88.0 (CH2SiMe3),
12.8 (C5Me5), 4.2 (CH2SiMe3) ppm. C22H48ClSi3Ta (613.28): calcd.
C 43.08, H 7.89; found C 43.31, H 7.78.

[TaCp*Me2(CH2C6H5)2] (2): This reaction was carried out in a dry
box by using darkened glassware designed for photosensitive mate-
rials. A solution of Li(CH2Ph)(tmeda) (0.31 g, 1.44 mmol) in tolu-
ene (20 mL) was added to a solution of TaCp*Cl2Me2 (0.30 g,
0.72 mmol) in toluene (30 mL) at room temperature, and the mix-
ture was stirred for 10 h. The suspension was concentrated to dry-
ness and the residue extracted with hexane (3×20 mL). The solu-
tion was filtered, concentrated to ca. 10 mL, and cooled to give 2
as a red microcrystalline solid. Yield 0.29 g (80%). IR (KBr): ν̃ =
2916 (s), 1591 (m), 1484 (vs), 1450 (m), 1379 (s), 1203 (s), 1150 (m),
1062 (s), 1025 (s), 807 (m), 750 (vs), 698 (vs), 601 (m), 529 (m), 443
(w) cm–1. 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 7.21 (m,
2 H), 7.11 (m, 2 H), 6.85 (m, 1 H, H5C6CH2–Ta), 1.67 (br., 4 H,
Ta–CH2Ph), 1.60 (s, 15 H, C5Me5), 0.86 (br., 6 H, Ta–Me2) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 25 °C): δ = not detected
(Ci), 127.9 (Cm), 127.3 (Co), 123.2 (Cp, C6H5CH2–Ta), 119.5
(C5Me5), 94.8 (Ta–CH2C6H5), 81.3 (Ta–Me2), 11.4 (C5Me5) ppm.
C26H35Ta (528.51): calcd. C 59.08, H 6.67; found C 58.98, H 6.70.

[TaCp*Me2(CH2SiMe3)2] (3): A stirred suspension of
TaCp*Cl2Me2 (0.50 g, 1.20 mmol) in toluene (30 mL) was treated
with a solution of LiCH2SiMe3 (0.23 g, 2.40 mmol) in toluene
(20 mL). The reaction mixture was stirred for 10 h at room tem-
perature, and the resulting suspension was decanted and filtered.
The solution was concentrated to dryness and the residue extracted
with hexane (3×15 mL). The solution was filtered, concentrated to
ca. 10 mL, and cooled to –40 °C to give 3 as a yellow microcrystal-
line solid. Yield 0.35 g (74%). IR (KBr): ν̃ = 2947 (vs), 1490 (m),
1432 (s), 1380 (m), 1295 (w), 1241 (s), 1160 (m), 1026 (m), 947 (s),
856 (vs), 823 (vs), 744 (m), 718 (s), 676 (m), 612 (m), 521 (w), 442
(m) cm–1. 1H NMR (500 MHz, [D2]dichloromethane, 25 °C): δ =
2.00 (s, 15 H, C5Me5), 0.40 (quint, 4JH,H = 1.1 Hz, 6 H, Ta–Me2),
0.06 (s, 18 H, Ta–CH2SiMe3), –0.30 (m, 4 H, Ta–CH2SiMe3) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 25 °C): δ = 118.9 (C5Me5),
83.6 (Ta–CH2SiMe3), 71.7 (Ta–Me2), 11.7 (C5Me5), 3.8
(CH2SiMe3) ppm. 13C{1H} NMR (125 MHz, [D2]dichloromethane,
25 °C): δ = 118.9 (C5Me5), 83.2 (Ta–CH2SiMe3), 70.7 (Ta–Me2),
11.1 (C5Me5), 3.5 (CH2SiMe3) ppm. C20H43Si2Ta (520.68): calcd.
C 46.12, H 8.32; found C 45.90, H 8.02.

[TaCp*Me2(CH2CMe3)2] (4): A solution of LiMe in diethyl ether
(1.30 mL, 1.5 , 1.95 mmol) was added to a solution of
TaCp*Cl2(CH2CMe3)2 (0.40 g, 0.75 mmol) in hexane (40 mL) at
–78 °C, and the mixture was stirred for 5 h. The suspension was
then warmed to room temperature and LiCl filtered off. The solu-
tion was concentrated to ca. 10 mL and cooled to –40 °C to give a
yellow microcrystalline solid identified as 4. Yield 0.30 g (81%). IR
(KBr): ν̃ = 2940 (vs), 1431 (m), 1379 (s), 1205 (s), 1157 (m), 1023
(m), 804 (w), 746 (m), 601 (m), 522 (m), 455 (m) cm–1. 1H NMR
(300 MHz, [D6]benzene, 25 °C): δ = 1.66 (s, 15 H, C5Me5), 1.40 (s,
18 H, Ta–CH2CMe3), 0.92 (6 H, Ta–Me2), 0.34 (4 H, Ta–
CH2CMe3) ppm. 1H NMR (500 MHz, [D2]dichloromethane,
25 °C): δ = 1.96 (s, 15 H, C5Me5), 1.07 (s, 18 H, Ta–CH2CMe3),
0.59 (quint, 4JH,H = 1.3 Hz, 6 H, Ta–Me2), 0.20 (sept, 4JH,H =
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1.3 Hz, 4 H, Ta–CH2CMe3) ppm. 13C{1H} NMR (75 MHz, [D6]-
benzene, 25 °C): δ = 118.6 (C5Me5), 111.2 (Ta–CH2CMe3), 76.6
(Ta–Me2), not detected (Ta–CH2CMe3), 36.3 (Ta–CH2CMe3), 11.7
(C5Me5) ppm. C22H43Ta (488.53): calcd. C 54.09, H 8.87; found C
53.95, H 8.72.

[{TaCp*Me2(CH2CMe2Ph)}2(µ-O)] (5): Complex 5 was isolated to-
gether with complexes 6 and 7 by using a standard vacuum line
and Schlenk techniques. A mixture of TaCp*Cl2Me2 (0.50 g,
1.20 mmol) and LiCH2CMe2Ph (0.34 g, 2.40 mmol) was stirred in
toluene (30 mL) at room temperature for 15 h. LiCl was filtered
off, and the resulting solution was concentrated to dryness. The
brown residue was extracted with hexane (3×10 mL), concentrated
to ca. 10 mL, and then cooled to –40 °C to give 5. The filtrate was
cooled to –78 °C to give 6 as a yellow microcrystalline solid, and
the final solution was concentrated to dryness to give 7 as a brown
oil. IR (KBr): ν̃ = 2912 (s), 1599 (w), 1491 (m), 1436 (s), 1378 (s),
1203 (w), 1157 (m), 1027 (m), 740 (vs), 709 (s), 650 (m), 555 (w),
466 (m) cm–1. 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 7.62
(m, 4 H), 7.33 (m, 4 H), 7.12 (m, 2 H, H5C6Me2C–CH2–Ta), 1.79
(s, 12 H, Ta–CH2CMe2Ph), 1.68 (s, 30 H, C5Me5), 1.04 (s, 4 H, Ta–
CH2CMe2Ph), 0.68 (s, 12 H, Ta–Me2) ppm. 13C{1H} NMR (75
MHz, [D6]benzene, 25 °C): δ = 157.3 (Ci), 127.9, 126.3, 124.8
(H5C6Me2C–CH2), 117.8 (C5Me5), 88.3 (Ta–CH2CMe2Ph), 61.4
(Ta–Me2), 43.7 (Ta–CH2CMe2Ph), 35.2 (Ta–CH2CMe2Ph), 11.4
(C5Me5) ppm.

[TaCp*Me2(CH2CMe2–o-C6H4-κ2C,C)] (6) and [TaCp*Me-
(CH2CMe2Ph)(CH2)] (7): Under rigorously anhydrous conditions
(glove box), a solution of TaCp*Cl2Me2 (0.50 g, 1.20 mmol) in tol-
uene (30 mL) was treated with a solution of LiCH2CMe2Ph (0.34 g,
2.40 mmol) in toluene (10 mL), and the mixture was stirred at room
temperature for 15 h. The resulting suspension was concentrated to
dryness, and the residue extracted with hexane (2×15 mL). The
solution was filtered, concentrated to ca. 10 mL and cooled to
–78 °C over a period of several minutes to give a pale brown micro-
crystalline solid identified as 6. Compound 6 was then filtered off,
and the solution was concentrated to dryness to give 7 as a sticky
brown solid.

Data for 6: Yield 0.18 g (32%). IR (KBr): ν̃ = 2909 (vs), 1654 (w),
1574 (w), 1492 (m), 1438 (s), 1377 (s), 1238 (m), 1102 (m), 1024
(m), 762 (s), 731 (vs), 560 (m), 460 (m), 411 (m) cm–1. 1H NMR
(500 MHz, [D2]dichloromethane, –40 °C): δ = 8.05 (m, 1 H, H4C6–
o-CMe2–CH2–Ta), 7.27 (m, 1 H, H4C6–o-CMe2–CH2–Ta), 7.20 (m,
1 H, H4C6–o-CMe2–CH2–Ta), 7.10 (m, 1 H, H4C6–o-CMe2–CH2–
Ta), 1.89 (s, 15 H, C5Me5), 1.07 (s, 6 H, H4C6–o-CMe2–CH2–Ta),
0.77 (s, 2 H, H4C6–o-CMe2–CH2–Ta), 0.18 (s, 6 H, Ta–Me2) ppm.
13C NMR[32] (125 MHz, [D2]dichloromethane, 25 °C): δ = 219.1
(Ci–Ta), 137.1, 124.0, 123.8, 123.2, 160.3 ppm (H4C6–o-CMe2–
CH2–Ta), 115.9 (C5Me5), 112.4 (H4C6–o-CMe2–CH2–Ta), 67.4
(Ta–Me2), 49.5 (H4C6–o-CMe2–CH2–Ta), 34.0 (H4C6–o-CMe2–
CH2–Ta), 10.2 (C5Me5) ppm. C22H33Ta (478.45): calcd. C 55.23, H
6.95; found C 55.10, H 6.75.

Data for 7: Yield 0.32 g (56%). 1H NMR (500 MHz, [D2]dichloro-
methane, 25 °C): δ = 7.41, 7.28, 7.13 (H5C6Me2C–CH2–Ta), 5.27
(s, 2 H, Ta=CH2), 1.95 (s, 15 H, C5Me5), 1.46 (s, 3 H), 1.40 (s, 3
H, H5C6Me2C–CH2–Ta), 1.26 (d), 0.04 (q, AB, 2JH,H = 14.8 Hz, 2
H, H5C6Me2C–CH2–Ta), –0.52 (d, 4JH,H = 1.1 Hz, 3 H, Ta–Me)
ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 25 °C): δ = 205.9 (t,
1JC,H = 126.1 Hz, Ta=CH2), 153.5–125.4 (H5C6Me2C–CH2–Ta),
113.6 (C5Me5), 94.8 (t, 1JC,H = 105.6 Hz, H5C6Me2C–CH2–Ta), 44
(Ta–Me), 40 (H5C6Me2C–CH2–Ta), 31.4, 32 (H5C6Me2C–CH2–
Ta), 11.3 (C5Me5) ppm.
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[TaCp*Cl(CH2SiMe3)(CHSiMe3)] (8): A solution of 1 (0.15 g,
0.24 mmol) in toluene (20 mL) was placed in an ampoule under
rigorously anhydrous conditions and then sealed. The solution was
heated to 60 °C for 2 days. After the ampoule was opened, the
solution was concentrated to dryness, and the brown oil residue
was identified as 8. Yield 0.10 g (80%). IR (KBr): ν̃ = 2913 (s),
2578 (w), 1584 (m), 1488 (m), 1432 (m), 1378 (m), 1244 (vs), 1097
(m), 1026 (s), 941 (s), 841 (vs), 750 (s), 682 (s), 483 (m), 437 (w)
cm–1. 1H NMR (500 MHz, [D2]dichloromethane, 25 °C): δ = 5.54
(s, 1 H, Ta=CHSiMe3), 2.15 (s, 15 H, C5Me5), 0.23 (AB, 2JH,H =
12.7 Hz, 1 H, Ta–CHHSiMe3), 0.12 (s, 9 H, Ta–CH2SiMe3), 0.07
(s, 9 H, Ta=CHSiMe3), 0.053 (AB, 2JH,H = 12.7 Hz, 1 H, Ta–
CHHSiMe3) ppm. 13C{1H} NMR (125 MHz, [D6]benzene, 25 °C):
δ = 231.5 (d, 1JC,H = 89.0 Hz, Ta=CHSiMe3), 116.5 (C5Me5), 50.6
(Ta–CH2SiMe3), 11.9 (C5Me5), 3.4 (Ta–CH2SiMe3), 2.5 (Ta=CHSi-
Me3) ppm. C18H36ClSi2Ta (524.879): calcd. C 41.15, H 6.91; found
C 41.18, H 6.81.

[TaCp*MeR(CHSiMe3)] (R = CH2SiMe3, 9; Me, 10): A solution
of 3 (0.07 g, 0.13 mmol) in [D6]benzene (0.70 mL) was placed into
an NMR tube with a valve, and this tube was heated to 60 °C. The
reaction was monitored by NMR spectroscopy, and after 20 h the
formation of a mixture of the (alkyl)(alkylidene) derivatives 9 and
10 in a 3:2 ratio was confirmed.

Data for 9: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 4.80 (s,
1 H, Ta=CHSiMe3), 1.82 (s, 15 H, C5Me5), 0.32 (s, 9 H, Ta–
CH2SiMe3), 0.28 (s, 9 H, Ta=CHSiMe3), 0.06 (s, 3 H, Ta–Me),
–0.06 (AB, 2JH,H = 12.4 Hz, 1 H, Ta–CHHSiMe3), –0.93 (AB,
2JH,H = 12.4 Hz, 1 H, Ta–CHHSiMe3) ppm. 13C{1H} NMR (75
MHz, [D6]benzene, 25 °C): δ = 223.3 (d, 1JC,H = 76.9 Hz, Ta=CHSi-
Me3), 114.8 (C5Me5), 59.9 (t, 1JC,H = 105.3 Hz, Ta–CH2SiMe3),
42.2 (Ta–Me), 11.8 (C5Me5), 3.7 (Ta–CH2SiMe3), 2.8 (Ta=CHSi-
Me3) ppm.

Data for 10: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 5.81 (s,
1 H, Ta=CHSiMe3), 1.79 (s, 15 H, C5Me5), 0.37 (s, 9 H, Ta=CHSi-
Me3), 0.13 (s, 6 H, Ta–Me2) ppm. 13C{1H} NMR (75 MHz, [D6]-
benzene, 25 °C): δ = 222.8 (d, 1JC,H = 75.7 Hz, Ta=CHSiMe3),
114.7 (C5Me5), 47.9 (Ta–Me2), 11.6 (C5Me5), 3.9 (Ta=CHSiMe3)
ppm.

[TaCp*(CH2SiMe3)R(CH2)] (R = Me, 11; CH2SiMe3, 12): In a
standard experiment, a solution of 3 (0.07 g, 0.13 mmol) in [D6]-
benzene (0.60 mL) was transferred to a valved NMR tube and then
irradiated with a sun lamp for 2 h. A mixture of the (alkyl)(alkylid-
ene) compounds 9, 11 and 12, in a ratio 2:1:1, together with the
elimination products CH4 and SiMe4, was identified in the NMR
spectrum of the resulting solution.

Data for 11: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 6.06 (s,
2 H, Ta=CH2), 1.77 (s, 15 H, C5Me5), 0.34 (s, 9 H, Ta–CH2SiMe3),
0.11 (s, 3 H, Ta–Me), –0.14 (AB, 2JH,H = 12.5 Hz, 1 H, Ta–
CHHSiMe3), –0.69 (AB, 2JH,H = 12.5 Hz, 1 H, Ta–CHHSiMe3)
ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 25 °C): δ = 207.0 (t,
1JC,H = 125.8 Hz, Ta=CH2), 113.3 (C5Me5), 60 (Ta–CH2SiMe3),
43.1 (Ta–Me), 11.3 (C5Me5), 2.5 (Ta–CH2SiMe3) ppm.

Data for 12: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 5.89 (s,
2 H, Ta=CH2), 1.79 (s, 15 H, C5Me5), 0.31 (s, 18 H, Ta–
CH2SiMe3), 0.06 (AB, 2JH,H = 11.9 Hz, 1 H, Ta–CHHSiMe3),
–1.05 (AB, 2JH,H = 11.9 Hz, 1 H, Ta–CHHSiMe3) ppm. 13C{1H}
NMR (75 MHz, [D6]benzene, 25 °C): δ = 205.5 (t, 1JC,H =
126.6 Hz, Ta=CH2), 113.2 (C5Me5), 56.8 (Ta–CH2SiMe3), 11.5
(C5Me5), 2.6 (Ta–CH2SiMe3) ppm.

[TaCp*MeR(CHCMe3)] (R = Me, 13; CH2CMe3, 14): A solution
of 4 (0.04 g, 0.08 mmol) in [D6]benzene (0.60 mL) was placed into
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a sealed NMR tube and then heated to 60 °C for 4 h. The reaction
was monitored by NMR, and a mixture of (alkyl)(alkylidene) com-
pounds 13 and 14, in a 4:1 ratio, together with the organic elimi-
nation products CMe4 (δ = 0.9 ppm) and CH4 (δ = 0.15 ppm), was
identified by NMR spectroscopy.

Data for 13: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 3.38 (s,
1 H, Ta=CHCMe3), 1.84 (s, 15 H, C5Me5), 1.30 (s, 9 H,
Ta=CHCMe3), 0.07 (s, 6 H, Ta–Me2) ppm. 13C{1H} NMR (75
MHz, [D6]benzene, 25 °C): δ = 224.2 (d,1JC,H = 80.3 Hz,
Ta=CHCMe3), 114.3 (C5Me5), 40.9 (Ta–Me2), 34.9
(Ta=CHCMe3), 33.9 (Ta=CHCMe3), 11.3 (C5Me5) ppm.

Data for 14: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 3.26 (s,
1 H, Ta=CHCMe3), 1.83 (s, 15 H, C5Me5), 1.34 (s, 9 H,
Ta=CHCMe3), 1.34 (s, 9 H, Ta–CH2CMe3), 1.08 (AB, 2JH,H =
14.2 Hz, 1 H, Ta–CHHCMe3), –0.07 (s, 3 H, Ta–Me), –0.71 (AB,
2JH,H = 14.2 Hz, 1 H, Ta–CHHCMe3) ppm. 13C{1H} NMR (75
MHz, [D6]benzene, 25 °C): δ = 226.1 (d, 1JC,H = 78.1 Hz,
Ta=CHCMe3), 113.9 (C5Me5), 94.2 (t, 1JC,H = 102.1 Hz, Ta–
CH2CMe3), 47.1, 37 (Ta–Me), 35.2, 34.0 (Ta=CHCMe3, Ta–
CH2CMe3), 33.7 (Ta=CHCMe3, Ta–CH2CMe3), 11.6 (C5Me5)
ppm.

[TaCp*(CH2CMe3)R(CH2)] (R = Me, 15; CH2CMe3, 16): In a typi-
cal experiment, a yellow solution of 4 (0.04 g, 0.08 mmol) in [D6]-
benzene (0.60 mL) was transferred to a valved NMR tube and then
irradiated with a sun lamp for 3 h. The (alkyl)(alkylidene) com-
plexes 15 and 16, in a ratio of 3:1, and the organic elimination
products CMe4 and CH4 were identified in the NMR spectrum.

Data for 15: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 5.92 (s,
2 H, Ta=CH2), 1.75 (s, 15 H, C5Me5), 1.28 (s, 9 H, Ta–CH2CMe3),
1.06 (AB, 2JH,H = 14.4 Hz, 1 H, Ta–CHHCMe3), 0.032 (s, 3 H,
Ta–Me), –0.30 (AB, 2JH,H = 14.4 Hz, 1 H, Ta–CHHCMe3) ppm.
13C{1H} NMR (75 MHz, [D6]benzene, 25 °C): δ = 205.5 (t,
Ta=CH2, 1JC,H = 125.3 Hz), 113.2 (C5Me5), 96 (t, Ta–CH2CMe3,
1JC,H = 117.2 Hz), 42.9 (Ta–Me), 34.8 (Ta–CH2CMe3), 32.8 (Ta–
CH2CMe3), 11.2 (C5Me5).

Data for 16: 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 5.80 (s,
2 H, Ta=CH2), 1.77 (s, 15 H, C5Me5), 1.34 (s, 18 H, Ta–CH2CMe3),
1.20 (AB, 2JH,H = 13.0 Hz, 1 H, Ta–CHHCMe3), –0.40 (AB, 2JH,H

= 13.0 Hz, 1 H, Ta–CHHCMe3) ppm. 13C{1H} NMR (75 MHz,
[D6]benzene, 25 °C): δ = 209.4 (t, 1JC,H = 126.1 Hz, Ta=CH2), 112.8
(C5Me5), 92.4 (t, 1JC,H = 110.9 Hz, Ta–CH2CMe3), 35 (Ta–
CH2CMe3), 34 (Ta–CH2CMe3), 11.6 (C5Me5) ppm.

[TaCp*(CH2CMe3)(CH2SiMe3)(CHCMe3)] (17): TaCp*Cl2-
(CH2CMe3)2 (0.70 g, 1.30 mmol) and LiCH2SiMe3 (0.25 g,
2.60 mmol) were stirred in hexane (45 mL) at room temperature for
10 h. The resulting suspension was filtered and concentrated to ca.
5 mL and cooled overnight to –40 °C to give 17 as an orange micro-
crystalline solid. Yield 0.44 (61%). IR (CsI): ν̃ = 2940 (vs), 2430
(m), 1459 (s), 1434 (m), 1353 (s), 1243 (vs), 1024 (m), 950 (s), 853
(vs), 827 (s), 744 (m), 720 (m), 684 (m), 573 (w), 508 (m), 417 (m)
cm–1. 1H NMR (500 MHz, [D6]benzene, 25 °C): δ = 3.10 (s, 1 H,
Ta=CHCMe3), 1.84 (s, 15 H, C5Me5), 1.38 (s, 9 H) and 1.35 (s, 9
H) (Ta=CHCMe3 and Ta–CH2CMe3), 1.03 (AB, 2JH,H = 13.8 Hz,
1 H, Ta–CHHCMe3), 0.32 (s, 9 H, Ta–CH2SiMe3), 0.11 (AB, 2JH,H

= 12.0 Hz, 1 H, Ta–CHHSiMe3), –0.38 (AB, 2JH,H = 13.8 Hz, 1 H,
Ta–CHHCMe3), –1.44 (AB, 2JH,H = 12.0 Hz, 1 H, Ta–CHHSiMe3)
ppm. 13C{1H} NMR (125 MHz, [D6]benzene, 25 °C): δ = 226.4 (d,
1JC,H = 77.4 Hz, Ta=CHSiMe3), 114 (C5Me5), 88.7 (Ta–
CH2CMe3), 53.7 (Ta–CH2SiMe3), 47.6, 35.4, 34.2 (Ta–CH2CMe3,
Ta=CHCMe3), 34.1 (Ta–CH2CMe3, Ta=CHCMe3), 12.0 (C5Me5),
3.2 (Ta–CH2SiMe3) ppm. C24H47SiTa (544.663): calcd. C 52.92, H
8.69; found C 52.67, H 8.97.
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[TaCp*(CH2Ph)(CH2SiMe3)(CHPh)] (18): This reaction was car-
ried out in a glove box in darkened glassware designed for photo-
sensitive materials. A 1  solution of MgCl(CH2Ph) in diethyl ether
(1.50 mL, 1.45 mmol) was added to a solution of TaCp*Cl2-
(CH2SiMe3)2 (0.40 g, 1.71 mmol) in hexane (30 mL), and the mix-
ture was stirred for 14 h. The resulting suspension was decanted
and filtered through Celite. The red solution was concentrated to
ca. 5 mL and cooled to –40 °C overnight to give 18 as a red micro-
crystalline solid. Yield 0.27 g (65%). IR (CsI): ν̃ = 2914 (vs), 2494
(w), 1856 (w), 1592 (m), 1485 (vs), 1449 (s), 1378 (m), 1242 (s),
1199 (m), 1054 (m), 1027 (s), 950 (m), 850 (vs), 750 (vs), 695 (s),
536 (m), 438 (w) cm–1. 1H NMR (300 MHz, [D6]benzene, 25 °C):
δ = 7.29–6.86 (several phenyl, H5C6CH2–Ta, H5C6CH=Ta), 5.45
(s, 1 H, Ta=CHPh), 1.79 (s, 15 H, C5Me5), 1.68 (AB, 2JH,H =
12.3 Hz, 1 H, Ta–CHHPh), 1.61 (AB, 2JH,H = 12.3 Hz, 1 H, Ta–
CHHPh), 0.88 (AB, 2JH,H = 12.1 Hz, 2 H, Ta–CHHPh , Ta–
CHHSiMe3), 0.09 (s, 9 H, Ta–CH2SiMe3), –1.29 (AB, 2JH,H =
12.1 Hz, 2 H, Ta–CHHPh, Ta–CHHSiMe3) ppm. 13C{1H} NMR
(75 MHz, [D6]benzene, 25 °C): δ = 216.7 (d, 1JC,H = 82.6 Hz,
Ta=CHPh), 151.1–122.9 (several phenyl, H5C6CH2–Ta,
H5C6CH=Ta), 114.5 (C5Me5), 69.1 (t, 1JC,H = 119.4 Hz, Ta–
CH2Ph), 64.1 (t, 1JC,H = 104.2 Hz, Ta–CH2SiMe3), 11.3 (C5Me5),
2.7 (Ta–CH2SiMe3) ppm. C28H39SiTa (584.65): calcd. C 57.52, H
6.72; found C 57.48, H 6.75.

[TaCp*(CH2CMe2Ph)(CH2SiMe3)(CHSiMe3)] (19): TaCp*Cl2-
(CH2SiMe3)2 (0.30 g, 0.53 mmol) and Li(CH2CMe2Ph) (0.16 g,
1.20 mmol) were stirred in toluene (40 mL) at room temperature
for 15 h. The volatiles were removed under reduced pressure, and
the residual solid was extracted with hexane (2×15 mL). The solu-

Table 4. Crystal data and structure refinement details for 1, 4 and 5.[a]

1 4 5

Chemical formula C22H48ClSi3Ta C22H43Ta C44H68OTa2

Formula weight 613.27 488.529 974.8
T [K] 293(2) 293(2) 293(2)
λ (Mo-Kα) [Å] 0.71073 0.71073 0.71073
Crystal system, space group Monoclinic, P21/n Monoclinic, P21/c Triclinic, P1̄
a [Å]; α [°] 15.401(1); 90.00 9.230(1); 90.00 8.639(2); 101.7(2)
b [Å]; β [°] 10.945(1); 91.09(2) 31.913(1); 99.06(5) 10.278(2); 98.77(2)
c [Å]; γ [°] 17.721(1); 90.00 16.087(1); 90.00 12.159(4); 100.71(2)
V [Å]3 2986.6(4) 4679.4(6) 1018.3(5)
Z 4 8 1
ρcalcd [gcm–3] 1.364 1.3804 1.590
µ [mm–1] 3.896 4.698 5.399
F(000) 1248 1984 486
Crystal size [mm3] 0.27×0.30×0.33 0.35×0.30×0.20 0.35×0.35×0.10
θ range [°] 1.32 to 22.97 1.28 to 22.93 2.08 to 25.11
Index ranges –16 �h� 16 –9 �h� 0 –10 �h� 0

–12 �k� 0 –34 �k� 0 –12 �k� 12
0 �l� 19 –16 �l� 16 –14 �l� 14

Number of data collected 4366 6144 3873
Number of unique data 4134 [R(int) = 0.0661] 5711 [R(int) = 0.1381] 3612 [R(int) = 0.0172]
Number of observed reflections 1669 2531 3368
[I�2σ(I)]
Absorption correction Empirical (DIFABS) Empirical (DIFABS) ψ-scan
Max. and min. transmission 0.702, 0.243 0.638, 0.166 0.5815, 0.0942
Number of refined parameters 244 390 214
Goodness-of-fit on F2 0.926 0.951 1.105
Final R indices [I�2σ(I)] R1 = 0.0628 R1 = 0.0677 R1 = 0.0710

wR2 = 0.1079 wR2 = 0.1421 wR2 = 0.1764
R indices (all data) R1 = 0.2540 R1 = 0.2431 R1 = 0.0744

wR2 = 0.1469 wR2 = 0.1870 wR2 = 0.1802
Largest diff. peak and hole [eÅ–3] 0.857 and –1.422 0.917 and –1.605 5.664 and –5.187 (near Ta)

[a] R1 = Σ||Fo| – |Fc||/[Σ|Fo|]; wR2 = {[Σw(Fo
2 –Fc)2]/[Σw(Fo

2)2]}1/2.
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tion was filtered and concentrated to dryness to give 19 as a pale
brown oil. Yield 0.26 g (81%). IR (CsI): ν̃ = 2910 (vs), 2564 (w),
1599 (w), 1492 (m), 1442 (s), 1379 (s), 1242 (vs), 1169 (m), 1028
(m), 945 (vs), 847 (vs), 762 (s), 702 (s), 626 (w), 552 (m), 434 (m)
cm–1. 1H NMR (300 MHz, [D6]benzene, 25 °C): δ = 7.44 (m, 2 H,
H5C6Me2CCH2–Ta), 7.26 (m, 2 H, H5C6Me2CCH2–Ta), 7.09 (m,
1 H, H5C6Me2CCH2–Ta), 4.17(s, 1 H, Ta=CHSiMe3), 1.79 (s, 15
H, C5Me5), 1.70 (s, 3 H), 1.57 (s, 3 H, Ta–CH2CMe2Ph), 1.01 (AB,
2JH,H = 14.4 Hz, 1 H), not detected (AB, 2JH,H = 14.4 Hz, 1 H),
0.40 (AB, 2JH,H = 11.7 Hz, 2 H, Ta–CHHCMe2Ph, Ta–
CHHSiMe3), 0.28 (s, 9 H), 0.14 (s, 9 H, Ta–CH2SiMe3, Ta=CHSi-
Me3), –2.05 (AB, 2JH,H = 11.7 Hz, 2 H, Ta–CHHCMe2Ph, Ta–
CHHSiMe3) ppm. 13C{1H} NMR (75 MHz, [D6]benzene, 25 °C):
δ = 226.8 (d, 1JC,H = 76.6 Hz, Ta=CHSiMe3), 153.6 (Ci), 128.5
(Co), 126.4 (Cm), 125.5 (Cp, H5C6Me2CCH2–Ta), 114.4 (C5Me5),
86.7 (t, 1JC,H = 109.5 Hz, Ta–CH2CMe2Ph), 64.0 (t, 1JC,H =
103.4 Hz Ta–CH2SiMe3), 40.1 (Ta–CH2CMe2Ph), 36.9, 31.9 (Ta–
CH2CMe2Ph), 11.9 (C5Me5), 3.6, 2.8 (Ta–CH2SiMe3, TaCHSi-
Me3).

Crystal Structure Determination for Compounds 1, 4 and 5: Crystal-
lographic and experimental details of the crystal structure determi-
nations are given in Table 4. Suitably sized crystals were sealed un-
der argon in a Lindemann capillary tube and mounted on an Enraf
Nonius CAD 4 automatic four circle diffractometer with graphite
monochromated Mo-Kα radiation (λ = 0.71073 Å). Intensities were
collected at room temperature and corrected for Lorenz and polar-
ization effects in the usual manner. No extinction corrections were
made. Empirical absorption corrections (DIFABS)[33] were made
to the data for 1 and 4, and the data for 5 were corrected with ψ
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scan methods. Structures were initially solved by direct methods,
completed by the subsequent difference Fourier techniques and re-
fined by full-matrix least-squares on F2 (SHELXL-97).[34] Aniso-
tropic thermal parameters were included in the last cycles of refine-
ment for the non-hydrogen atoms, except for five carbon atoms in
compound 5 that remained isotropic. The hydrogen atoms were
included from geometrical calculations and refined by using a ri-
ding model. All the calculations were performed with the WINGX
system.[35]

CCDC-299683(1), 299684(4) and 299685(5) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR spectra of complexes 9-16.
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Molecular recognition of dipeptide (DP) compounds is per-
formed with a ternary cobalt(III) complex containing the
tripodal tetradentate ligand bis-N,N-carboxymethyl-L-phe-
nylalanine (H3bcmpa). The coordination structure of the
complex [Co(bcmpa)(dp)]– (1–14) was spectroscopically as-
signed by UV/Vis, CD, and 1H NMR spectroscopic methods.
Site-specific recognition of the dipeptide on the ternary com-
plex is achieved by various weak, non-covalent, inter-ligand
interactions, such as hydrogen bonding, steric repulsion, and
electrostatic interaction, etc. Some dipeptides having C-ter-
minal aromatic side-chains also demonstrate inter-ligand
CH–π interactions between the aromatic ring and the α-hy-
drogen of bcmpa. Coordination of the N-terminal nitrogen
atom of the dipeptide to cobalt at the trans(N)-position to the
tertiary nitrogen of bcmpa in the octahedral geometry pro-
vides an aminopeptidase model. Under slightly alkaline con-
ditions, the dipeptide ligand of some of these complexes is
cleaved to give the ternary complex, [Co(bcmpa)(aa)]– (aa =
amino acidato). The rate for the hydrolysis of dipeptide de-

Introduction

Various models for the enzyme reaction have been inves-
tigated in the course of studying biomimetic catalysis.[1,2]

Hydrolysis of the peptide bond is usually carried out in
strongly acidic or alkaline conditions as the reaction in neu-
tral aqueous media is very slow. Although hydrolysis of a
gly-val compound under non-catalytic conditions requires
more than 200 years,[3] the presence of an enzyme acceler-
ates the process remarkably.[4] Kimura has reported the se-
quential hydrolysis of peptides in the presence of a [Co(tri-
ne)(OH)(H2O)]2+ complex, in which various oligopeptides
were cleaved to give amino acids.[5] At around the same
time, Bentley et al. also reported cleavage of peptide ligands
mediated by the [Co(trine)(OH)(H2O)]2+ complex.[6] Using
this cobalt(III) complex, moreover, Boreham, et al. have re-
ported a mechanistic investigation of the intermediate of

[a] Department of Applied Chemistry, Nagoya Institute of Tech-
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Gokiso-cho Showa-ku, Nagoya 466-8555, Japan
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creases upon increasing the steric bulkiness of the C-ter-
minal side-chain. In the cases of the ternary complexes
[Co(bcmpa)(gly-phe)]– (6 and 11), which have C-terminal L-
or D-phenylalanine, the hydrolysis of gly-phe to gly was com-
pletely prevented. On the other hand, the ternary cobalt(III)
complexes [Co(bcmga)(gly-phe)]– (18 and 19), where
H3bcmga (bis-N,N-carboxymethyl-L-glutamic acid) is the
more hydrophilic tripodal ligand, give a small amount of the
corresponding cleavage product [Co(bcmga)(gly)]–. The
hydrophobic sphere generated around the metal complex in
6 and 11 regulates approach of OH– ion to the amide car-
bonyl group. Multi-site interactions mediated on the ternary
complexes are available for the design of an artificial hydrol-
ysis enzyme. This is the first report describing the substrate-
specific cleavage of peptides using a simple enzyme model
complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the amide cleavage reaction.[7] In these previous studies
using cobalt(III) complexes, the selectivity of the cleavage
reaction was not discussed. Using cobalt(III) complexes
combined with peptide-hapten, Iverson and Lerner re-
ported the sequence-specific hydrolysis of the gly-phe
bond.[8] Unlike these previous reports, exopeptidase activity
was demonstrated by the regioselective cleavage of lysozyme
using [Co(NH3)4X(H2O)] (X = OH or H2O) complexes as
artificial metallopeptidases.[9] Recently, Chae et al. have re-
ported that a cobalt(III) cyclen complex containing a di-
amide moiety shows an endo-selective cleavage activity for
peptides.[10] However, there have been few reports demon-
strating selectivity for the cleavage of peptides mediated by
cobalt(III) complexes. Since Kostic et al. first reported that
platinum(II) or palladium(II) ions show catalytic activity
for the hydrolysis of peptides,[11] there have been some ex-
amples reported of the selective cleavage of peptide com-
pounds. These systems are considered to be an artificial en-
zyme because the peptide itself becomes a ligand due to
coordination of the sulfur or nitrogen atom, for example
with peptides including cysteine (cys), methionine (met), or
histidine (his).[12] Although a detailed mechanism for the
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hydrolysis reaction is not yet clear, the carbonyl group of
the amide bond to a neighboring cys, met, or his residue
was found to be selectively hydrolyzed under mild condi-
tions when platinum(II) complexes containing two substitu-
tionally labile sites were used.[13]

With a view to investigating metalloenzymes, transition
metal complexes provide an attractive tool for constructing
an artificial enzyme model of peptidase through various
weak, non-covalent interactions.[14–18] A combination of
non-covalent interactions observed at or near the active site
of the enzyme causes high efficiency and specificity for an
enzymatic reaction, which is essential for biological reac-
tions involving substrate recognition.[19] For example, vari-
ous non-covalent interactions, such as hydrogen bonding,
hydrophobic interactions, steric repulsions, and electrostatic
interactions, have been clearly demonstrated at the active
site of the enzyme–substrate complex formed from amino-
peptidase and bestatin.[20] Moreover, an interesting ap-
proach to delineate the non-covalent bonds between chro-
mium(III) complexes containing a nitrilotriacetate frame-
work and a protein surface has been described that uses
NMR and CD spectroscopy.[21] We have hitherto been in-
terested in the construction of molecular recognition mod-
els for enzyme–substrate complexes,[22–25] in which the co-
balt(III) complex [Co(bcmpa)(aa)]–, which contains the
tripodal tetradentate ligand bis-N,N-carboxymethyl--phe-
nylalanine (H3bcmpa), is considered as an enzyme model,
with a didentate amino acid (AA) as substrate. Various
amino acids were found to coordinate to CoIII-bcmpa in a
trans(N) configuration rather than a cis(N) one.[22,24] It is
very interesting that such a simple metal complex demon-
strates the coordination-selective recognition of amino acids
through various non-covalent interactions between bcmpa
and the amino acid moiety.[17] In addition, this CoIII-bcmpa
complex self-assembled on a Au electrode also becomes a
new promoter electrode that recognizes the electron-trans-
fer site in enzymes.[26]

In this study, we report the synthesis of ternary co-
balt(III) complexes [Co(bcmpa)(dp)]– with a dipeptide (DP)
ligand and characterize the inter-ligand interactions for the
site-selective recognition of dipeptides on the complexes
spectroscopically in solution. We also investigate the cleav-
age reaction of the dipeptide ligand in slightly alkaline solu-
tion. Selective hydrolysis of the dipeptide ligand mediated
by the ternary cobalt(III) complexes is caused by the vari-
ous non-covalent inter-ligand interactions, which allow this
complex to be considered as an aminopeptidase model.

Abbreviations

gly-gly: glycylglycine; gly-ala: glycylalanine; ala-gly: alanylglycine;
gly-leu: glycylleucine; leu-gly: leucylglycine; gly-phe: glycylphenyla-
lanine; phe-gly: phenylalanylglycine; gly-val: glycylvaline; gly-phg:
glycylphenylglycine; gly-β-ala: glycyl-β-alanine; gly-Mala: glycyldi-
methylglycine.
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Results and Discussion

Coordination Structure of the Ternary Cobalt(III)
Complexes with Dipeptide Ligands

The complexation of K2[Co(bcmpa)(CO3)] with various
dipeptide compounds in neutral aqueous solution in the
presence of active charcoal gave two negatively charged
complexes after QAE Sephadex exchange column separa-
tion with aqueous KCl solution. One of the separated bands
was found to contain the orange-colored complex
K[Co(bcmpa)(dp)] (1–14), whereas the other contained the
pink-colored complex K[Co(bcmpa)(aa)]; the ratio of the
former to the latter was about 10:1. The UV/Vis spectra
of the main band containing cobalt(III) complexes with a
dipeptide ligand are very similar to those of the previously
reported complexes trans(N)-[Co(bcmpa)(gly)]– and
trans(N)-[Co(bcmpa)(leu)]–.[22] The first absorption band at
19.6–19.8×103 cm–1 (log ε = 2.15–2.18) with a shoulder at
about 16×103 cm–1 (log ε = about 1.3) of complexes 1–14
indicates that two nitrogen atoms occupy the trans position
in an octahedral geometry.[24,27,28] Their second absorption
bands are found at about 26.2–26.4×103 cm–1 (log ε = 2.17–
2.19). On the basis of the spectral analogy to trans(N)-
[Co(N)2(O)4]–, which is supported by the X-ray single crys-
tal analysis of trans(N)-[Co(bcmpa)(gly)]–, trans(N)-
[Co(bcmpa)(leu)]–, and trans(N)-[Co(bcmle)(phe)]–,[22,23] we
consider that the trans position to the bcmpa nitrogen in
the [Co(bcmpa)(dp)]– complex is occupied by the N-ter-
minal amine nitrogen and the cis position by the amide car-
bonyl oxygen atom.[17,22] The compounds included in the
pink-colored minor band were identified as trans(N)-
[Co(bcmpa)(aa)]– complexes on the basis of the spectral
analogy of their previously reported analogs.[22,24] When the
complexation with K2[Co(bcmpa)(CO3)] and dipeptide was
carried out at higher pH, the yield of the pink-colored band
increased and that of the orange-colored one decreased.
These findings indicate that complex formation between the
dipeptide and [Co(bcmpa)(CO3)]2– is accompanied by hy-
drolysis of the amide bond. Moreover, the –1 charge of the
reaction product, as determined by the column separation
behavior, reveals that the amide carbonyl group of the di-
peptide coordinates to the metal center without deproton-
ation. The hydrogen atom attached to the amide nitrogen
of trans(N)-[Co(bcmpa)(dp)]– is not removed in neutral or
weakly alkaline media under complex formation conditions.

The character of the ternary cobalt(III) complexes con-
sisting of the optically active bcmpa and dipeptide was also
investigated by recording their CD spectra.[27,29] The three
positive CD peaks of the trans(N)-[Co(bcmpa)(gly-gly)]–

complex 1 observed at 16.2, 19.6, and 26.0×103 cm–1 are
very similar to those of trans(N)-[Co(bcmpa)(gly)]–.[24] Two
dipeptide complexes, namely [Co(bcmpa)(leu-gly)]– (5) and
[Co(bcmpa)(phe-gly)]– (7), show positive CD peaks at 16.7,
18.7, and 26.4×103 cm–1 and a negative one at
20.9×103 cm–1, respectively, very similar to complexes of
[Co(bcmpa)(leu)]– with coordinated didentate optically
active amino acids.[22,24] Moreover, the intensity of the posi-
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tive CD peaks of 5 and 7 is relatively strong in comparison
with those of [Co(bcmpa)(gly-ala)]– (2), [Co(bcmpa)(gly-
leu)]– (4), and [Co(bcmpa)(gly-phe)]– (6). Enhancement of
the CD intensity indicates the coordination of the asymmet-
ric amino acid moiety of the dipeptide to the cobalt(III)
ion. As shown in Figure 1, the differential CD spectrum
between [Co(bcmpa)(gly--ala)]– (10) and [Co(bcmpa)(gly-
gly)]– (1) has a perfectly antipodal form, as does that be-
tween 2 and 1.[29] Similar differential CD spectra were ob-
served in the complexes coordinated by gly--phe (6) and
gly--phe (11). The characteristic CD spectra of complexes
1–14 reveal that the N-terminal nitrogen atom of the dipep-
tide coordinates to the cobalt ion in a trans(N) manner.

Figure 1. Differential CD spectra of the cobalt(III) complexes with
dipeptide ligands. (a) Effect of C-terminal alanine: (i)
[Co(bcmpa)(gly-ala)]– (2) – [Co(bcmpa)(gly-gly)]– (1); (ii)
[Co(bcmpa)(gly--ala)]– (10) – [Co(bcmpa)(gly-gly)]– (1). (b) Effect
of C-terminal phenylalanine: (iii) [Co(bcmpa)(gly-phe)]– (6) –
[Co(bcmpa)(gly-gly)]– (1); (iv) [Co(bcmpa)(gly--phe)]– (11) –
[Co(bcmpa)(gly-gly)]– (1).

The coordination structure of the diamagnetic cobalt(III)
complex in solution was investigated by 1H NMR spec-
troscopy. The characteristic 1H NMR spectra of dipeptide
complexes 1–14 are summarized in Table 1, where they are
compared with those of [Co(bcmpa)(aa)]– previously iden-
tified.[24] In [Co(bcmpa)(gly-gly)]– (1), three pairs of AB
patterns are observed in the methylene region. One of these
(δ = 3.98 and 4.63 ppm, J = 18.0 Hz) was assigned to the
R-ring hydrogens of bcmpa.[30] The G-ring hydrogens of
bcmpa at δ = 3.20 and 4.13 ppm show a slightly smaller
coupling constant of 16.8 Hz.[31] The others at δ = 4.24 and
4.25 ppm (J = 17.3 Hz) were identified as the N-terminal
methylene hydrogens of the coordinating glycine moiety.
The ABX pattern demonstrated by two benzyl hydrogens at
δ = 3.51 (J = 15.1 and 10.6 Hz) and 3.64 ppm (J = 15.1 and
4.8 Hz) and the adjacent α-hydrogen at δ = 4.90 ppm (J =
10.6 and 4.8 Hz) is derived from the Gs-ring of bcmpa.[30]

The singlet observed at δ = 3.82 ppm was identified as the
C-terminal methylene hydrogens of the glycine moiety. The
aromatic hydrogens of the bcmpa side-chain appear at δ =
7.4–7.6 ppm. As shown in Table 1, the chemical-shift values
of the α-hydrogens of the N-terminal amino acid residue
appear slightly downfield in comparison with those of the
C-terminal one except for complexes 9 and 12, which con-
tain a C-terminal phenylglycine moiety. The above complex
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formation shifts of the N-terminal amino acid moiety indi-
cate N-terminal coordination of the dipeptide to cobalt
with formation of an N–O chelate. Taking account of the
UV/Vis, CD, and 1H NMR spectral investigations, the coor-
dination structure of the dipeptide complex was determined
to be that shown in Figure 2 (a), although other structures
(b–f) are also possible.

Figure 2. Six possible coordination modes of a dipeptide to a co-
balt(III) complex with a tripodal NO3-type ligand: (a) trans(N)-
NO (coordination of N-terminal amine nitrogen trans to the terti-
ary amine of the tripodal NO3-type ligand and the amide carbonyl
oxygen); (b) trans(N)-NN (coordination of N-terminal amine nitro-
gen trans to the tertiary amine of the tripodal NO3-type ligand and
the amide nitrogen); (c) trans(O)-OO (coordination of C-terminal
carboxylic oxygen trans to the tertiary amine of the tripodal NO3-
type ligand and the amide carbonyl oxygen); (d) trans(O)-ON (co-
ordination of C-terminal carboxylic oxygen trans to the tertiary
amine of the tripodal NO3-type ligand and the amide nitrogen); (e)
cis(N)-NN (coordination of the N-terminal amine nitrogen cis to
the tertiary amine of the tripodal NO3-type ligand and the amide
nitrogen); (f) cis(O)-ON (coordination of C-terminal carboxylic
oxygen cis to the tertiary amine of the tripodal NO3-type ligand
and the amide nitrogen).

Inter-Ligand Interactions Observed for the [Co(bcmpa)(dp)]
Complexes

In the 1H NMR spectra of the dipeptide complexes, the
α-hydrogens of the Gs ring of complexes 1–5, 7, 8, 10, 13,
and 14, appear at about δ = 4.8–4.9 ppm, whereas those of
complexes 6 and 9 appear at about δ = 3.8–4.7 ppm. The
downfield shift observed in the former complexes indicates
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Table 1. 1H NMR spectroscopic data of [Co(bcmpa)(dp)]– (1–14) and [Co(bcmga)(dp)]2– (15–19) complexes.[a]

gly-gly gly-ala ala-gly gly-leu leu-gly gly-phe phe-gly
1 2 3 4 5 6 7

R-ring H 3.98 (d) 3.98 (d) 3.98 (d) 4.01 (d) 3.99 (d) 3.96 (d) 3.94 (d)
4.63 (d) 4.64 (d) 4.64 (d) 4.62 (d) 4.62 (d) 4.52 (d) 4.48 (d)
J = 18.0 J = 18.0 J = 18.0 J = 18.1 J = 18.0 J = 18.2 J = 17.1

G-ring H 3.20 (d) 3.22 (d) 3.22 (d) 3.40 (d) 3.20 (d) 3.39 (d) 3.37 (d)
4.13 (d) 4.15 (d) 4.11 (d) 4.29 (d) 4.11 (d) 4.20 (d) 4.19 (d)
J = 16.8 J = 16.5 J = 16.5 J = 16.5 J = 16.5 J = 16.3 J = 16.7

Gs-ring H 4.90 (dd) 4.93 (dd) 4.87 (dd) 4.87 (dd) 4.87 (dd) 4.32 (dd) 4.80 (m)[b]

J = 10.6, 4.8 J = 10.2, 5.2 J = 10.4, 4.8 J = 9.4, 5.4 J = 10.8, 4.8 J = 8.5, 6.4
benzyl H of bcmpa 3.51 (dd) 3.53 (dd) 3.53 (dd) 3.56 (dd) 3.52 (dd) 3.51 (m) 3.52 (m)[b]

(β-position of bcmga) J = 15.1, 10.6 J = 15.0, 10.2 J = 15.1, 10.4 J = 15.0, 9.4 J = 15.1, 10.8
3.64 (dd) 3.64 (dd) 3.66 (dd) 3.63 (dd) 3.61 (dd) 3.59 (dd)
J = 15.1, 4.8 J = 15.0, 5.2 J = 15.1, 4.8 J = 15.0, 5.4 J = 15.1, 4.8 J = 14.9, 3.4

N-terminal α-H of dp 4.24 (d) 4.19 (s) 4.49 (q) 4.22 (s) 4.46 (dd) 4.02 (d) 4.73 (m)
4.25 (d) J = 7.1 J = 8.2, 3.0 4.14 (d)
J = 17.3 J = 17.3

C-terminal α-H of dp 3.82 (s) 4.10 (m)[b] 3.77 (d) 4.25 (m)[b] 3.82 (s) 4.49 (m)[b] 3.80 (d)
3.82 (d) 3.91 (d)
J = 16.8 J = 16.8

gly-val gly-phg gly--ala gly--phe gly--phg gly-β-ala
8 9 10 11 12 13

R-ring H 4.00 (d) 3.85 (d) 3.98 (d) 3.90 (d) 3.84 (d) 4.02 (d)
4.62 (d) 4.84 (d) 4.64 (d) 4.55 (d) 4.54 (d) 4.65 (d)
J = 18.0 J = 18.2 J = 18.1 J = 18.0 J = 18.2 J = 18.0

G-ring H 3.40 (d) 3.01 (d) 3.14 (d) 2.96 (d) 2.72 (s) 3.33 (d)
4.34 (d) 4.01 (d) 4.05 (d) 3.46 (d) 4.29 (d)
J = 16.5 J = 16.5 J = 15.8 J = 16.3 J = 16.8

Gs-ring H 4.86 (dd) 3.85 (dd) 4.88 (dd) 4.75 (dd) 4.57 (dd) 5.00 (dd)
J = 9.5, 5.5 J = 10.5, 5.3 J = 10.1, 4.6 J = 10.7, 4.6 J = 10.7, 4.8 J = 10.7, 5.2

benzyl H of bcmpa 3.55 (dd) 3.23 (dd) 3.51 (dd) 3.47 (dd) 3.45 (dd) 3.55 (dd)
(β-position of bcmga) J = 15.1, 9.5 J = 15.5, 5.3 J = 15.1, 10.1 J = 15.2, 10.7 J = 15.1, 10.7 J = 15.0, 10.7

3.63 (dd) 3.36 (dd) 3.64 (dd) 3.60 (dd) 3.61 (dd) 3.66 (dd)
J = 15.1, 5.5 J = 15.5, 10.5 J = 15.1, 4.6 J = 15.2, 4.6 J = 15.1, 4.8 J = 15.0, 5.2

N-terminal α-H of dp 4.24 (d) 4.30 (d) 4.19 (d) 4.46 (d) 4.19 (d) 4.15 (d)
4.25 (d) 4.31 (d) 4.22 (d) 4.48 (d) 4.34 (d) 4.16 (d)
J = 17.2 J = 17.5 J = 17.3 J = 17.1 J = 17.3 J = 17.1

C-terminal α-H of dp 4.12 (d) 5.13 (s) 4.06 (m)[b]

J = 5.2 4.49 (m)[b] 5.07 (s) 2.33 (t)
J = 6.8

gly-Mala gly-gly gly-ala gly-leu gly-phe gly--phe
14 15[c] 16[c] 17[c] 18[c] 19[c]

R-ring H 3.97 (d) 4.08 (d) 4.08 (d) 4.09 (d) 4.03 (d) 4.04 (d)
4.64 (d) 4.39 (d) 4.40 (d) 4.39 (d) 4.29 (d) 4.34 (d)
J = 18.0 J = 18.3 J = 18.0 J = 18.2 J = 18.3 J = 18.3

G-ring H 3.21 (d) 4.40 (d) 4.39 (d) 4.44 (d) 4.36 (d) 4.33 (d)
4.05 (d) 4.76 (d) 4.69 (d) 4.80 (d) 4.72 (d) 4.47 (d)
J = 16.5 J = 16.8 J = 16.7 J = 16.7 J = 16.5 J = 16.2

Gs-ring H 4.93 (dd) 4.54 (d) 4.56 (t) 4.62 (t) 4.22 (m)[b] 4.50 (m)[b]

J = 10.7, 4.8 J = 6.4 J = 6.7 J = 6.7
benzyl H of bcmpa 3.61 (dd) 2.46 (m)[d] 2.46 (m)[d] 2.47 (m)[d] 2.39 (m)[d] 2.46 (m)[d]

(β-position of bcmga) J = 15.0, 10.7
3.69 (dd)
J = 15.0, 4.8

N-terminal α-H of dp 4.13 (d) 4.27 (s) 4.22 (s) 4.26 (s) 4.04 (d) 4.04 (d)
4.14 (d) 4.19 (d) 4.19 (d)
J = 17.4 J = 17.1 J = 17.1

C-terminal α-H of dp – 3.83 (s) 4.13 (q) 4.26 (m)[b] 4.54 (dd) 4.50 (m) [b]

J = 7.3 J = 10.7, 4.0

[a] Chemical shifts (δ) given in ppm relative to DSS in D2O; coupling constants (J) given in Hz. [b] An accurate value could not be
obtained because of overlap with other peaks. [c] [Co(bcmga)(dp)]–. [d] β-H of the bcmga ligand.
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a hydrogen-bonding interaction between the α-hydrogen of
bcmpa and the coordinating carbonyl oxygen of the dipep-
tide. This interaction, which is mediated by the cobalt(III)
complex with a bcmpa ligand, has also been observed in
the crystal structure of amino acid complexes, in which the
atomic distances between the α-carbon of bcmpa and the
carboxyl oxygen of amino acid in trans(N)-[Co(bcmpa)-
(leu)]– are 2.83 and 2.84 Å.[22] These data are within the
range for a hydrogen bond.[32] In complex 6, however, the
corresponding signal appears at δ = 4.32 ppm, which signi-
fies an upfield shift relative to that for 1 (δ = 4.90 ppm)
with no aromatic side-chain. Some α-hydrogens of the Gs-
ring in the [Co(bcmpa)(dp)]– complexes with a C-terminal
aromatic amino acid are detected in the high-field region
despite the downfield shift caused by the hydrogen bond
described above. This is due to the ring current effect of the
benzene ring. The larger upfield shift in complex 9 indicates
that the benzene ring of the C-terminal phenylglycine resi-
due approaches the α-position more closely in solution. In
addition, the G-ring methylene hydrogens in 11 and 12,
which have a C-terminal aromatic -amino acid residue, ap-
pear at δ = 2.7–3.4 ppm. The highest values of all
[Co(bcmpa)(dp)]– complexes employed here indicate that
the aromatic ring of the -amino acid at the C-terminus of
the dipeptide in 11 and 12 approaches the α-position of the
bcmpa Gs-ring, which is interpreted in terms of an attract-
ive inter-ligand CH–π interaction.[33] We consider that the
CH–π interaction between the aromatic side-chain and the
chelate ring methylene group assembles the aromatic rings
around the outer coordination sphere of the ternary com-
plex.[33,34]

To confirm the inter-ligand interactions, solvent effects
on the 1H NMR spectra of some complexes were examined.
The α-hydrogen of 6 appears at δ = 4.40 ppm in less polar
solvent (75% [D8]dioxane and 25% D2O) and at δ =
4.32 ppm in more polar solution (D2O). Notably, all the
other hydrogens of 6 appear in the up-field region under
less polar conditions. In the cases of 1 and 4, which have
no C-terminal aromatic ring, all hydrogens appear in the
upper field region under less polar conditions than those
provided by D2O. Hydrophobic interaction such as the
CH–π interaction that is present in the aqueous phase does
not form under less polar conditions.[33,34] The results are
listed in Table 2.

Solvent effects were also investigated by CD spec-
troscopy. In complexes 1, 13, and 14, whose only asymmet-
ric ligand is bcmpa, no CD spectral variations were ob-

Table 2. Solvent effect on the proton chemical shift value in typical [Co(bcmpa)(dp)]– complexes.[a]

gly-gly (1) gly-leu (4) gly-phe (6)

Ratio water/dioxane 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75 100:0 75:25 50:50 25:75
3.98, 3.92, 3.84, 3.78, 4.01, 3.93, 3.86, 3.80, 3.96, 3.90, 3.83, 3.76,R-ring H 4.63 4.59 4.45 4.45 4.62 4.54 4.46 4.41 4.52 4.44 4.39 4.36
3.20, 3.18, 3.13, 3.11, 3.40, 3.37, 3.36, 3.36, 3.39, 3.36, 3.35, 3.30,G-ring H 4.13 4.10 4.06 4.05 4.29 4.28 4.28 4.30 4.20 4.18 4.17 4.17

Gs-ring H 4.90 4.86 4.82 4.79 4.87 4.81 4.76 4.73 4.32 4.31 4.33 4.40

[a] Chemical shifts (δ) given in ppm relative to DSS in D2O.
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served between polar (water) and less polar (water/dioxane
= 1:3) solvents. In the case of 4, which contains bcmpa and
an asymmetric C-terminal bulky aliphatic group, the CD
intensity at about 16×103 cm–1 in water increases and that
at 20×103 cm–1 decreases upon addition of dioxane, as
shown in Figure 3 (a). Such a spectral change is caused by
a conformational change of the asymmetric ligand bound
to the cobalt(III) center. On the other hand, in the case
of 6, which contains bcmpa and an asymmetric C-terminal
aromatic group, the CD intensities at about 16 and
20×103 cm–1 gradually decrease upon addition of dioxane
to the aqueous solution, as shown in Figure 3 (b). These
findings are interpreted in terms of a hydrophobic inter-
ligand interaction between the C-terminal aromatic side-
chain of the dipeptide and the benzene ring of bcmpa in
the ternary complexes.

We have previously reported that three inter-ligand inter-
actions, such as hydrogen bonds, steric repulsion, and elec-
trostatic interactions, regulate the coordination structure of
the ternary cobalt(III) complexes [Co(bcmpa)(aa)]–.[22,24]

Two kinds of hydrogen bond in the ternary complexes em-
ployed here act between N-terminal amino hydrogens of the
dipeptide and carboxyl oxygen atoms of bcmpa and be-
tween the α-hydrogen of bcmpa and the amide carbonyl
group of the dipeptide. The hydrogen bond plays an impor-
tant role in the recognition of the dipeptide N-terminus be-
cause it supplies a large fraction of energy required for sta-
bilization of the transition state of an enzyme reaction.[35]

Steric repulsion of the hydrogen atoms between the methyl-
ene groups on the G- or Gs-chelate rings of bcmpa and the
N-terminal amino group is expected to promote the forma-
tion of the trans(N) geometry. An electrostatic interaction
is expected to inhibit the formation of the cis(N) one be-
cause it acts repulsively between the negative charge of the
two carboxylate moieties. From the above discussion, which
is summarized in Figure 4(a), a ternary cobalt(III) complex
coordinated by the N-terminal nitrogen of the dipeptide
and bcmpa with a trans(N) geometry is formed preferen-
tially. This is an interesting model for mimicking aminopep-
tidase, even though it is a low-molecular compound. In the
case of complexation of a dipeptide having a C-terminal
aromatic side-chain, the inter-ligand CH–π interaction as-
sembles the benzene rings of the dipeptide and bcmpa to
form a hydrophobic sphere, as shown in Figure 4(b).
Although we were not able to obtain a crystal of
[Co(bcmpa)(dp)]–, the coordination structures in Figure 4
are proposed based on the above spectral considerations.
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Figure 3. Solvent effects on the inter-ligand interaction between the cobalt(III) ternary complexes and the dipeptide ligand observed by
CD spectroscopy: (a) [Co(bcmpa)(gly-leu)]– (4); (b) [Co(bcmpa)(gly-phe)]– (6).

Figure 4. Schematic drawing of the inter-ligand interactions in the ternary complex: (a) [Co(bcmpa)(gly-gly)]– (1); (b) [Co(bcmpa)(gly-
phe)]– (6), showing the hydrophobic sphere.

Hydrolysis of Dipeptide Ligands Mediated by the Ternary
Cobalt(III) Complexes

cis-Diaquacobalt(III) complexes are known to hydrolyze
carbonyl esters, amides, nitriles, and phosphate esters by the
coordination of these substrates to the metal center.[36]

Buckingham et al. have shown that the hydrolysis of amino
acid esters and peptides is accelerated 106 times in the pres-
ence of a cobalt(III) complex of a linear tetraamine ligand
in neutral media.[17,37] These reactions are promoted by the
nucleophilic attack of hydroxide at the amide carbonyl
group activated by coordination to the metal center. Under
these reaction conditions, however, selectivity for the cleav-
age reaction was not reported.[38] Since the tetraamine li-
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gand has no functional groups for recognition of the pep-
tide, it could not show any selectivity. Exceptionally, a β-
[Co(trien)(OH)(H2O)]2+ complex has been reported to
show selective hydrolysis of peptides[5] even though no in-
ter-ligand interactions were observed in this complex. Here,
we have designed ternary cobalt(III) complexes containing
a bcmpa ligand, which is expected to regulate the selective
hydrolysis of dipeptides due to its having a recognition site
for the aromatic group. From the viewpoint of the selective
cleavage of peptide bonds, a ternary cobalt(III) complex
having inter-ligand interaction sites becomes a molecular
recognition model for aminopeptidases. In order to deter-
mine the active species for the hydrolysis of the amide bond,
we carried out the reaction with [Co(bcmpa)(leu-gly)]– (5)
under different pH conditions at 40 °C. The yield of the
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[Co(bcmpa)(leu)]– complex generated upon hydrolysis of
the leu-gly moiety of 5 was higher at higher pH, as shown
in Figure 5. This finding indicates that the reaction is pro-
moted by OH– ion. Since the amount of unidentified co-
balt(III) complexes increased in the higher pH region, all
reactions were carried out at pH 9.

Figure 5. Rate of formation of [Co(bcmpa)(leu)]– during the hy-
drolysis of [Co(bcmpa)(leu-gly)]– (5) and its dependence on pH.

The yields of the cleavage product, [Co(bcmpa)(aa)]–, at
the initial stage of the reaction are listed in Table 3. The
most striking observation in these reactions is the complete
inhibition of hydrolysis of complexes 6 and 11. The
[Co(bcmpa)(gly)]– complex was not detected even after re-
action of 6 and 11 at pH 9.0 and 40 °C for 3 h. This finding
is in contrast to a previous report that Co-trien-dp com-
plexes can be used for cleavage reactions of peptides includ-
ing C-terminal aromatic amino acid residues.[17] The hydrol-
ysis of complexes 1 and 2, which have a C-terminal glycine
or alanine residue, proceeded easily, as shown in Figure 6.
On the other hand, the yield of [Co(bcmpa)(gly)]– from the
reaction of 4 and 8, which have C-terminal bulky dipeptides
such as gly-val and gly-leu, was poor. The hydrolysis rate
for complex 1 was fivefold higher than those for 4 and 8.
Upon increasing the steric bulkiness of the side chain of
the dipeptide at the C-terminus, the yield of the hydrolysis
product decreased according to the order glycine (C-0), ala-
nine (C-1), valine (C-3), and leucine (C-4). The reaction of
the dipeptide complexes having C-terminal aromatic side-
chain (9 and 12) did not give the corresponding amino acid
complexes, and neither did the complex with C-terminal
phenylalanine. In contrast to the above findings, the reac-
tion of 5, which has an N-terminal bulky substituent, gave
[Co(bcmpa)(leu)]– in moderate yield. In the case of complex
14, which has an α,α-disubstituted amino acid at the C-
terminus, the yield of the [Co(bcmpa)(gly)]– complex was
only 1.7% after 3 h; this was also interpreted in terms of a
steric effect.
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Table 3. Reactivity for the cleavage reaction of various dipeptides
at the ternary cobalt(III) complexes.[a]

Cobalt(III) complexes Yield of gly complex[b] (%)

bcmpa gly-gly (1) 24.9
gly-ala (2) 16.0
gly-leu (4) 3.9
leu-gly (5) 13.4[c]

gly-phe (6) 0.0
gly-val (8) 5.1
gly-phg (9) 3.7
gly--ala (10) 17.3
gly--phe (11) 0.0
gly--phg (12) 2.0
gly-Mala (14) 1.7

bcmga gly-gly (15) 26.3
gly-ala (16) 8.9
gly-leu (17) 2.2
gly-phe (18) 2.9
gly--phe (19) 4.6

[a] The reaction was performed on a 1.25×10–5 mol scale in an
aqueous solution of boric buffer (pH 9) at 40 °C for 3 h. [b] Yield
of [Co(bcmpa)(gly)]– or [Co(bcmga)(gly)]2– determined by HPLC
analysis based on the starting complexes [Co(bcmpa)(dp)]– or
[Co(bcmga)(dp)]2–. [c] [Co(bcmpa)(leu)]–.

Figure 6. Cleavage reactions of various Co-bcmpa-dp complexes.

Two plausible mechanisms for the hydrolysis of amide
compounds mediated by the mononuclear cobalt(III) com-
plex have been proposed.[17,39] One involves external attack
of OH– species on the amide carbonyl group, which is acti-
vated by coordination to the metal center,[40] and the other
involves internal attack of the OH– species, which is acti-
vated by coordination to the metal center where the amide
carbonyl group is coordinated.[41] In the cases of metalloen-
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zymes containing a mononuclear active site, the internal at-
tack mechanism has been proposed on the basis of the X-
ray crystal structural analysis of carboxypeptidase A.[20]

However, the ternary cobalt(III) complexes employed here
have no coordination site available for the OH– species, as
illustrated in Figure 4, therefore hydrolysis of the dipeptide
must occur externally. With bcmpa as ligand hydrolysis of
6 and 11 did not give the corresponding amino acid, in
contrast to the reaction with bcmga as ligand. As bcmga
has a carboxylate moiety instead of the phenyl moiety of
bcmpa, this makes for a more hydrophilic coordination
sphere. In the hydrolysis reactivity of dipeptide complexes
containing a C-terminal aliphatic side-chain, no difference
was found between the bcmpa and bcmga ligands (Table 3).
In Figure 7, however, the reactivity of complexes 6, 11, 18,
and 19, which have C-terminal aromatic side-chains is
clearly not equal; the dipeptide complexes with bcmga give
small amounts of the corresponding cleavage products
whereas those with bcmpa give no cleavage products. In the
case of the bcmpa system, the hydrophobic interaction
around the outer coordination sphere [Figure 4 (b)], which
is generated by the assembly of the benzene ring of bcmpa
and the C-terminal side-chain of the dipeptide, inhibits the
approach of OH– to the amide carbonyl group. In the case
of bcmga, however, such a hydrophobic sphere is not
formed around the complex. Although the overall charges
of the complexes Co-bcmpa (–1) and Co-bcmga (–2) are
different, the effect of the charge on acceleration of the
cleavage reaction is not yet clear. The more negatively
charged [Co(bcmga)(dp)]2– complex and the carboxylate
moiety attached to bcmga seems to attract hydrophilic OH–

species externally. It is interesting that such a simple com-
plex is able to perform the sequence-specific cleavage of
peptides by a combination of inter-ligand interactions. We
have also reported the selective cleavage of various peptides
using simple enzyme model complexes in which the bulki-
ness of the aliphatic side-chain in the ternary cobalt(III)
complex with a terpy ligand controls the specificity of the
oxidative degradation of peptides.[42]

In summary, some ternary cobalt(III) complexes
([Co(bcmpa)(dp)]–) containing an asymmetric tripodal li-
gand and dipeptides have been prepared. Their coordina-
tion geometry has been determined by UV/Vis, CD, and 1H
NMR spectroscopic methods. Site-specific recognition of
dipeptides occurs by various kinds of weak non-covalent
inter-ligand interactions. Such interactions are also ob-
served in the ternary complexes with an amino acid ligand,
[Co(bcmpa)(aa)]–, some of whose structures have been de-
termined by X-ray crystallography. Under slightly alkaline
conditions, the dipeptide ligand of the ternary complexes is
cleaved to give [Co(bcmpa)(aa)]–. Selectivity for hydrolysis
of the dipeptide ligand is regulated by the above interac-
tions. This is the first report describing selectivity for the
cleavage of various peptides using simple enzyme model
complexes. The hydrophobic interaction between bcmpa
and the C-terminal side-chain of the dipeptide regulates the
approach of OH– to the amide carbonyl group coordinated
to the cobalt center. In particular, the CH–π interaction
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Figure 7. Cleavage reaction of cobalt(III) complexes having a C-
terminal aromatic side-chain.

caused by assembly of the benzene ring of bcmpa and the
C-terminal aromatic amino acid moiety inhibits the ap-
proach of OH– and prevents hydrolysis of the dipeptide.
The present ternary (Co-bcmpa-dp) system provides a
method for the selective cleavage of peptide compounds due
to multi-site interactions that is superior to the previous
ternary (Co-trien-dp) system without the recognition site.
We conclude that the multi-site interactions mediated by
the metal complexes could be used to design an artificial
hydrolysis enzyme.

Experimental Section

Material: The NO3-type tripodal tetradentate ligand H3bcmpa, was
prepared from -phenylalanine by a literature procedure.[22,24]

H3bcmga [bis-N,N-carboxymethyl--glutamic acid], which is a co-
ordination analogue of bcmpa, was prepared in a similar manner
from -glutamic acid. QAE Sephadex A-25 (Cl– type) was supplied
by Pharmacia. All amino acid derivatives (- and -isomers) and
gly-gly (grade AA) were obtained from Peptide Institute Inc. and
used without further purification. Other dipeptide compounds,
namely gly-ala, ala-gly, gly-leu, leu-gly, gly-phe, phe-gly, gly-val,
gly-phg, gly--ala, gly--phe, gly--phg, gly-β-ala, and gly-Mala,
were synthesized by a DCC coupling method from the correspond-
ing protected amino acid derivatives.

Measurements: The UV/Vis spectra were recorded with a JASCO
UVDEC-660 spectrophotometer. The circular dichroism (CD)
spectra were recorded with a JASCO J-500C spectropolarimeter.
All measurements for the ternary cobalt(III) complexes were car-
ried out in water and/or water–dioxane solution at room tempera-
ture. 1H NMR spectra were recorded with a JEOL JNM-FX-400
spectrometer in D2O and/or D2O/[D8]dioxane solvent, with DSS as
an internal standard. The HPLC analytical system was constituted
by a JASCO Gulliver Series with a finepak SIL NH2-5 column.
The analytical conditions of HPLC were as follows: the mobile
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phase (flow rate: 1 mLmin–1) was a 2:8 mixture of methanol and
NaHPO4 buffer (0.05 ) and the product complexes were moni-
tored with a UV/Vis detector (wavelength: 510 nm).

Preparation of Ternary Cobalt(III) Complexes with a Dipeptide Li-
gand: K[Co(bcmpa)(gly-gly)] was prepared in a manner analogous
to K[Co(bcmpa)(aa)].[22,24] An equimolar amount of gly-gly and
0.05 g of active charcoal were added to 10 mL of an aqueous solu-
tion of K2[Co(bcmpa)(CO3)] (0.2 ). The resulting mixture was
stirred for 24 h at 40 °C with addition of dilute HCl to maintain
the pH at 6–7. After filtration of active charcoal and desalting with
methanol, the resulting mixture was poured onto a QAE Sephadex
A-25 column (Cl– form, 2.5×35 cm). The cobalt(III) complexes ad-
sorbed on the anion exchange column were washed with distilled
water to remove neutral and cationic complexes, and then two neg-
atively charged bands were separated with KCl solution (0.1 ).
The orange-colored first eluting band was the main fraction, which
gave 0.49 g of product complex (49% yield) after usual isolation,
and the pink-colored second one was the minor product (0.05 g,
5% yield). On the basis of the spectroscopic analysis, the former
was identified as the dipeptide complex K[Co(bcmpa)(gly-gly)] (1)
and the latter as the amino acid complex K[Co(bcmpa)(gly)]. Other
negatively charged bands were also eluted in this separation, but
they were unable to be identified because of lack of product.

K[Co(bcmpa)(gly-gly)] (1): 1H NMR (D2O): δ = 3.20 (d, J =
16.8 Hz, 1 H, G-ring-H),[30] 3.51 (dd, J = 15.1 and 10.6 Hz, 1 H,
benzyl-H of bcmpa), 3.64 (dd, J = 15.1 and 4.8 Hz, 1 H, benzyl-H
of bcmpa), 3.82 (s, 2 H, C-terminal glycine α-H), 3.98 (d, J =
18.0 Hz, 1 H, R-ring-H), 4.13 (d, J = 16.8 Hz, 1 H, G-ring-H), 4.24
(d, J = 17.3 Hz, 1 H, N-terminal glycine α-H), 4.25 (d, J = 17.3 Hz,
1 H, N-terminal glycine α-H), 4.63 (d, J = 18.0 Hz, 1 H, R-ring-
H), 4.90 (dd, 10.6 and 4.8 Hz, 1 H, Gs-ring-H), 7.4–7.6 (m, 5 H,
aromatic-H).

The other K[Co(bcmpa)(dp)] complexes 2–14 were prepared by the
same procedure using the appropriate dipeptide instead of gly-gly.
The K2[Co(bcmga)(dp)] complexes 15–18 were prepared from
K3[Co(bcmga)(CO3)]. Their 1H NMR spectroscopic data are listed
in Table 1.

Hydrolysis of Dipeptide Ligands: Hydrolysis of dipeptide ligand me-
diated by the cobalt complexes was carried out as follows.
K[Co(bcmpa)(dp)] or K2[Co(bcmga)(dp)] (about 0.07 g,
1.25×10–5 mol) was dissolved in 50 mL of an aqueous solution of
0.1  H3BO3/Na2HBO3 buffer, which was maintained at pH 9.0
and 40 °C. The ionic strength during the reaction was 1.0  of KCl.
An aliquot of the reaction mixture passed through a 0.45-µm filter
was analyzed by HPLC at 30 min intervals. After 3 h, the reaction
solution was treated with the same isolation method as described
above. Mono-negative charged complexes generated by the reaction
after QAE Sephadex column separation with 0.1  KCl solution
were characterized by 1H NMR, UV/Vis, and CD spectroscopy.
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Two novel coordination polymers with a 3D pillared-layer
framework, [MII(Tdc)(4,4�-Bpy)]n [M = Fe (1), Co (2); Tdc =
thiophene-2,5-dicarboxylate; 4,4�-Bpy = 4,4�-bipyridine),
have been hydrothermally synthesised and structurally char-
acterised. A simultaneous reduction of iron(III) to iron(II) oc-
curs under hydrothermal conditions in the self-assembly pro-
cess of complex 1. The complexes are isostructural and, in
each complex, the metal ions are linked by double µ2-carbox-
ylate bridges in a syn-syn mode, giving rise to dinuclear units
that are connected to each other by chelating carboxylate
groups from the Tdc ligands in an approximately perpendic-

Introduction
There has been continuous interest in the design and syn-

thesis of metal-organic coordination polymers and supra-
molecular architectures due to their potential applications
in the fields of magnetism, porous materials, catalysis and
nonlinear optical activities or molecular recognition.[1–6] In
the rational development of new strategies for the crystal
engineering of coordination networks and supramolecular
architectures, the pillared-layer assemblies have been shown
to be precursors in an efficient route for the construction
of porous frameworks with controllable channel sizes and
chemical functionalities.[7–9] In particular, the pillared-layer
networks based on coordination bonds are more attractive
than those based on the hydrogen-bonded assemblies owing
to their high structural and thermal stabilities.[10–13] Al-
though the advantages of the pillared-layer assemblies are
generally due to their suitability for manipulation of the
pore structures by means of simple modifications to the pil-
lar module, the search for new layer-building units is also
quite necessary for systematic fine-tuning of structural and
functional features. In this paper, we report two novel coor-
dination polymers with a 3D porous pillared-layer frame-
work, namely [FeII(Tdc)(4,4�-Bpy)]n (1) and [Co-
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ular orientation to form 2D rectangle-grid layers. The adja-
cent layers are held together through 4,4�-Bpy molecules in
a double-pillar support fashion to give a 3D network with
three intersecting perpendicular channels. Variable-tem-
perature magnetic susceptibility measurements revealed
weak antiferromagnetic coupling interactions in both com-
plexes and a field-induced magnetic transition can be ob-
served in 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

II(Tdc)(4,4�-Bpy)]n (2). Thiophene-2,5-dicarboxylate (Tdc)
ligands link the metal ions by bridging and chelating car-
boxylate groups to form a rare type of 2D rectangle-grid
layer containing the dimetallic carboxylate subunits in a
mutually perpendicular orientation. Each 4,4�-Bpy ligand
as a rigid spacer is coordinated to the axial positions of
the metal ions, connecting the [MII(Tdc)]n layers into a 3D
coordination framework with twofold interpenetration. An
interesting aspect of the structure is that the 4,4�-Bpy li-
gands bind to the layers in a double-pillar support fashion
(Scheme 1), which results in a molecular architecture with
a higher thermal stability. In addition, the Tdc ligand dis-
plays both chelating and µ2-bridging carboxylate coordina-
tion modes in the assemblies (Scheme 2) and this is the first

Scheme 1. Schematic representation of the doubly pillared-layer
structures of [MII(Tdc)(4,4�-Bpy)]n (M = Fe, Co).

Scheme 2. Coordination mode of Tdc in complexes 1 and 2.
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observation of such behaviour for the Tdc ligand.[14] Vari-
able-temperature magnetic susceptibility measurements re-
vealed weak antiferromagnetic coupling interactions in
both complexes and a field-induced magnetic transition can
be observed in 2.

Results and Discussion

Synthesis and Structural Description

Single-crystal X-ray diffraction analyses revealed that
complexes 1 and 2 are isostructural and crystallise in the
orthorhombic space group Pccn. As a representative exam-
ple, the crystal structure of complex 1 is described here in
detail. It is interesting to note that a simultaneous reduction
of iron (III) to iron (II) occurs in the self-assembly process
of complex 1 under hydrothermal conditions. There have
been some reports that several metal ions can be reduced
in the presence of 4,4�-Bpy under hydrothermal conditions.
Although the mechanisms of redox reactions are still un-
known, hydrothermal conditions are essential for achieving
the reduced product.[15] The fundamental building unit of
1 is composed of a six-coordinate FeII centre, a Tdc ligand
and a 4,4�-Bpy ligand. Each FeII centre exhibits a distorted
octahedral geometry with two pyridyl nitrogen atoms (N1,
N2D) from different 4,4�-Bpy ligands at the axial positions
and four oxygen atoms in the equatorial plane of which two
(O3A, O4B) are from two µ2-bridging bidentate carboxylate
groups from two different Tdc ligands and the other two
(O1, O2) are from a chelating carboxylate group of a Tdc
ligand, as shown in Figure 1. The Fe–O bond lengths are
in the range of 1.999(3)–2.387(3) Å and the Fe–N bond
lengths are 2.195(3) and 2.168(3) Å, respectively. The O1–
Fe–O2 bite angle of 58.07(10)° is much smaller than the
O3A–Fe–O4B bond angle of 117.90(12)°.

Figure 1. Coordination environment of the FeII ion with atom
labelling in 1. Hydrogen atoms are omitted for clarity.
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Two equivalent FeII ions related by a twofold axis with a
separation of 4.149 Å are bridged by two carboxylate
groups from two different Tdc ligands in a syn-syn mode to
form a dinuclear subunit. These dinuclear units are aligned
approximately perpendicular to each other in the ac plane
and linked further by additional Tdc ligands in a chelating
mode to give rise to a neutral 2D sheet with a rectangular
window of 8.8×11.0 Å (Figure 2). It is worthy of note that
the orthogonal arrangement of dimetallic subunits within a
2D layer is still rare in metal carboxylate complexes in
which dinuclear units are generally parallel to each other.[16]

Each Tdc ligand coordinates to three FeII ions through the
two terminal carboxylate groups in chelating and bridging
modes, respectively, illustrating an unreported coordination
mode for the Tdc molecule. An interesting aspect of the
structure is that the 2D porous sheets are connected by 4,4�-
Bpy ligands through the axial positions of both FeII centres
in subunits to form a 3D doubly pillared-layer structure
with three intersecting perpendicular channels (Figure 3).
The whole structure can also be described as a 3D frame-

Figure 2. Perspective view of the [Fe(Tdc)]n sheet subunit with rec-
tangular windows of about 8.8 Å× 11.0 Å. Hydrogen atoms are
omitted for clarity.

Figure 3. (a) Perspective view of the pillared-layer 3D network of
1; (b) cuboid-like unit in 1.
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work composed of cuboid-like cavities with dimensions of
12.16×12.16×11.49 Å (based on the centre of the dinuclear
subunit). The large cavities in the structure lead to a ten-
dency to form an interpenetrating network. As shown in
Figure 4, a twofold interpenetrating topological structure
can be observed. The volume of the effective void is about
9.9% of the unit-cell volume in the self-inclusion structure.

Figure 4. Structure topology of 1 displaying twofold interpen-
etration (darker and grey rods representing the Tdc and 4,4�-Bpy
ligands, respectively).

Thermogravimetric Analysis

The thermal stabilities of the two complexes were deter-
mined by thermogravimetric analysis (TGA) in air with a
heating rate of 20 °Cmin–1. Complexes 1 and 2 exhibit high
thermal stabilities (Figure S2, Supporting Information). A
sharp weight loss occurs in the temperature range 360–
470 °C for 1 (74.8%) and 380–480 °C for 2 (72.7%), corre-
sponding to the removal of ligands and decomposition of
the framework. The final residues of complexes 1 and 2
were found to be amorphous and could not be identified.

Magnetic Properties

The temperature dependences of the magnetic suscep-
tibilities of 1 and 2 under an applied field of 5000 Oe are
shown in Figure 5 in the form of an χmT vs. T plot, where
χm is the molar magnetic susceptibility per formula unit. At
room temperature, the χmT value of 1 is 3.35 emumol–1 K
per FeII ion, corresponding to an average g value of 2.11.
This is in agreement with the typical value for a high-spin
FeII ion with some orbital contributions.[17] As the tempera-
ture is lowered, the χmT value remains almost constant in
the range 300–50 K and then rapidly decreases to
1.44 emumol–1 K at 2 K. The magnetic susceptibility above
2.5 K follows the Curie–Weiss equation χm = C/(T – θ) with
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C = 3.37 emumol–1 K and θ = –2.01 K. Such behaviour is
consistent with a weak antiferromagnetic coupling interac-
tion between the magnetic centres.

Figure 5. Temperature dependence of χmT for complexes 1 and 2,
the solid lines represent the best fits obtained from the models de-
scribed in the text.

In the structure of 1, the carboxylate-bridged dinuclear
units are connected by 4,4�-Bpy and Tdc units to form the
3D framework. The Fe–Fe distance of 4.149 Å over the µ2-
carboxylate bridge is much shorter than those over the 4,4�-
Bpy (11.49 Å) and the Tdc (10.38 Å) bridges and, conse-
quently, the exchange coupling through the double µ2-car-
boxylate bridge in the dinuclear subunits should be domi-
nant. In order to obtain reliable simulation results, the mag-
netic behaviour of 1 was analysed using an analytical ex-
pression[18] based on the Hamiltonian taking into account
the anisotropy g and the zero-field-splitting term in Equa-
tion (1).

H = g�βH�[1/2(S1
+ + S1

– + S2
+ + S2

–)] + g�βH�(Sz1 + Sz2) –
2J[Sz1Sz2 + 1/2(S1

+S2
–) + 1/2(S1

–S2
+)] + D(Sz1

2 + Sz2
2) (1)

In addition, a molecular field approximation[19] was ap-
plied to Equation (1) to account for the interdimer ex-
change interaction (zJ�) in the 3D system [Equation (2)].

χm = χdi/(1 – 2zJ�χdi/Ng2β2) (2)

Calculations were performed with the MAGPACK pack-
age.[20] The best fit was obtained with the following sets of
parameters: J = –0.242 cm–1, g� = 2.015, g� = 2.289, D =
0.09 cm–1, zJ� = 0 and an agreement factor R {defined as
R = Σ[(χmT)calcd – (χmT)obs]2/Σ(χmT)obs

2} of 4.18×10–5. The
value obtained for D is smaller and the ratio of |J|/D is
equal to 2.69. When J is much larger or smaller than D,
exchange coupling or ZFS will be dominant and the smaller
term can be treated as a perturbation. Thus, the decreases
in χmT at lower temperatures are mainly due to antiferro-
magnetic coupling for complex 1.

For 2, the χmT value at room temperature is equal to
3.15 emumol–1 K, which is much higher than the spin-only
value of 1.875 emumol–1 K expected for an isolated high
spin CoII ion with S = 3/2 and g = 2.00 owing to the orbital
contribution of the CoII ion.[21] Upon cooling, the χmT
value slightly decreases until around 50 K, then rapidly
decreases to 0.76 emumol–1 K at 2 K. Above 32 K, the
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magnetic data follow the Curie–Weiss law with
C = 3.20 emumol–1 K and θ = –8.8 K. The negative Weiss
constant suggests an antiferromagnetic interaction between
the CoII ions. The presence of a small maximum in χm at
2.5 K is indicative of long-range antiferromagnetic ordering
(Figure 6a). Complex 2 has the same structure as 1 and in
order to fit the magnetic data of 2 quantitatively, we used
the MAGPACK package[20] with a similar Hamiltonian
model and taking into account the anisotropy g, the zero-
field splitting parameter D (S1 = S2 = 3/2) and the molecular
field approximation[19] for the interdimer exchange interac-
tion (zJ�). The results of the best fit of the experimental
data in the whole temperature range are shown in Figure 5
with J = –0.37 cm–1, g� = 2.42, g� = 2.85, D = 21.00 cm–1,
zJ� = –0.001 cm–1 and R = 1.25×10–4. The D value is larger
than the |J| value and so the decreases in χmT at lower tem-
peratures are mainly due to the zero-field splitting of com-
plex 2. Until now, only a few CoII complexes bridged by
carboxylate groups in a syn-syn mode have been rigorously
studied from a magnetic point of view due to inherent diffi-
culties resulting from strong spin-orbit coupling and mag-
netic anisotropy orbital degeneracy. Antiferromagnetic in-
teractions are generally observed in these complexes.[22] The
complex magnetic behaviour of CoII ions did not allow us
to accurately simulate the magnitude of the magnetic inter-
action taking into account all factors, thus the value of D
obtained for 2 is larger than that for 1.

Figure 6. (a) Temperature-dependent molar magnetic susceptibilit-
ies of 2 measured at different external fields; (b) field-dependent
magnetisations of 1 and 2 at 2 K. The inset shows the dM/dH de-
rivative curves of 2 at 2 K and 3.5 K.

In fact, the Fe1–O1 (2.387 Å) and Co1–O1 (2.333 Å)
bonds are much longer than the others in the equatorial
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planes in the structures of 1 and 2. Ignoring these bonds, we
can think of the FeII and CoII centres as being in distorted
trigonal-bipyramidal rather than distorted octahedral envi-
ronments. The idealised trigonal-bipyramidal geometry be-
longs to the D3h point group and the orbital momentum is
quenched except for the E� and E�� terms. However, when
the structure is distorted and the symmetry deviates from
pure D3h, the quenching of the ground 4A2� term may not
be sufficient and an admixture of the upper 4E�� term may
bring the orbital momentum into the ground term, re-
sulting in an obviously high µeff value and a deviation of g
from 2.0.[23] In 2, the µeff value (5.02 µB) is much higher
than the spin-only value (3.87 µB) but lies in the range of
4.26–5.03 µB for trigonal-bipyramidal cobalt(II) com-
plexes.[24]

In comparison with 1, the magnetic behaviour of 2 is
more complex in the low-temperature range. The small
maximum of χm at around 2.5 K only appears at low field.
When the external field is increased, this maximum vanishes
above 10 kOe (Figure 6a). Furthermore, the field-depend-
ent magnetisation of 1 exhibits a smooth increase at 2 K,
reaching 3.1 Nβ at 80 kOe which is less than the expected
saturation value of 4 Nβ for a magnetically isolated FeII

centre with g = 2.0, while the magnetisation of 2 shows a
sigmoid-like curve and gives a saturation value of 2.5 Nβ at
80 kOe (Figure 6b). For the CoII ion, an S = 1/2 ground
state is usually observed at low temperatures due to the
overall effect of the crystal field and spin-orbit coupling.
The saturation magnetisation value of 2 is within the range
expected for a free cobalt ion with an effective S = 1/2 and
large anisotropic g values ranging from 4.1 to 5.0.[25]

The disappearance of the χm maximum at higher fields
and the sigmoid-like magnetisation curve of 2 suggest the
occurrence of a field-induced magnetic transition. The tran-
sition field, determined by the dM/dH derivative curve is
ca. 12 kOe at 2 K (inset in Figure 6b). The AC isothermal
magnetisation measurements at 2 K with the DC field from
0 to 50 kOe display a peak value of the in-phase component
of the susceptibility (χ�) at 11 kOe, consistent with the tran-
sition observed in the dM/dH curve. It is worthy of note
that a nonzero out-of-phase component of the AC suscep-
tibility (χ��) appears at 17 kOe with a further increase in
the applied field, indicating the occurrence of the second
magnetic transition. Additional measurements at 3.5 and
5 K show the temperature dependence of the second mag-
netic transition, the H value increases slightly as the tem-
perature increases (Figure 7).

The magnetic behaviour of 2 is analogous to some obser-
vations in the complexes with field-induced spin-flop phase
transitions (SF), which is characteristic for antiferromag-
netic (AF) systems with weak anisotropy.[26] Although this
transition does not generally appear in a system with large
anisotropy such as the Ising mode, similar transition behav-
iour has been discussed for several CoII complexes.[27] In 2,
the spin-flop field (HSF) appears at 11 kOe, corresponding
to a transition from an antiferromagnetic to a spin-flop
state. The AF-SF transition is a first-order transition and
there is a discontinuity in the magnetisation on crossing the
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Figure 7. Field-dependent AC magnetic susceptibilities of 2 mea-
sured at different temperatures.

AF-SF phase boundary. Thus, an inflexion can be observed
in the M(H) curve and a peak also appears in the χ�(H)
plot.[26] Another critical field (HC) is not evident in χ�(H)
although an obvious peak around 17 kOe can be observed
in the χ��(H) curve, which can be identified as the second-
order transition field (HC) from a spin-flop to a ferromag-
netic-like state.[28,29] The lack of a sharp conversion in χ�(H)
suggests that this second phase-transition process is rather
gradual.[29] To further substantiate the spin-flop transition
in 2, additional temperature-dependent AC magnetic
susceptibility measurements at different DC fields were car-
ried out (Figure 8). The zero-field AC magnetic suscep-
tibility measurements exhibit a maximum value of χ� at
2.5 K and a negligible χ�� value, in agreement with the exis-
tence of antiferromagnetic ordering. The data measured at
12 kOe clearly show the disappearance of the χ� maximum,
indicating that an antiferromagnetic coupling has been
overcome. At an applied field of 17 kOe, χ� exhibits a new
broad peak around 6.9 K, accompanied by a maximum
peak of χ�� at somewhat lower temperatures. This feature is
quite consistent with a ferromagnetic-like state. It is also
notable that the similar small peaks around 6.9 K already
appear in χ�(T) and χ��(T) plots at 12 kOe, which is in ac-
cordance with the continuity and gradualness of this sec-
ond-order phase transition. With the above results, the an-
isotropy field HA � 0.71 kOe and the exchange field HE �
1.21 kOe were estimated based on the mean-field relation
HSF = (2HEHA – HA

2)1/2 and HC = 2HE – HA.[30] The an-

Figure 8. Temperature dependence of the AC magnetic suscep-
tibilities of 2 measured in a field amplitude of 3 Oe (711 Hz) and
a DC bias field of 0, 12 and 17 kOe.
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isotropy constant α = HA/HE is 0.59. Although no related
parameter can be found in CoII complexes for comparison,
a lower anisotropy field in 2 suggests that its magnetisation
process can possibly proceed through the spin-flop-like
transition.[31]

Conclusions

In summary, two novel 3D porous frameworks were hy-
drothermally synthesised and structurally characterised.
Metal ions are connected by chelating and bridging carbox-
ylate groups of Tdc groups to form 2D rectangle-grid layers
containing dinuclear subunits in an approximately perpen-
dicular orientation. The interconnection of the 2D layers by
the secondary metal linker (4,4�-Bpy) leads to the doubly
pillared-layered 3D architecture with twofold interpen-
etration. Variable-temperature magnetic susceptibility mea-
surements reveal weak antiferromagnetic coupling interac-
tions in both complexes and a field-induced magnetic tran-
sition can be observed in 2.

Experimental Section
General: All the syntheses were performed in Parr Teflon-lined
stainless steel autoclaves under autogenous pressure. All chemicals
were analytical reagent grade and were used as received. IR spectra
were recorded with a Spectrum One FT-IR spectrophotometer in
KBr pellets in the range 4000–400 cm–1. Elemental analyses were
determined with an Elementar Vario EL III elemental analyser.
The thermal analysis was performed under air with a Netzsch
STA449C thermal analyser at a heating rate of 20 °Cmin–1. Mag-
netic susceptibilities were measured using a Quantum Design
PPMS-9T system. Diamagnetic corrections were estimated from
Pascal’s constants. The pore-volume analysis was performed with
the PLATON software package.

Synthesis of [FeII(tdc)(bpy)]n (1): This compound was synthesised
by the hydrothermal method. A mixture of FeCl3·6H2O (65 mg,
0.24 mmol), H2Tdc (70 mg, 0.41 mmol), NaOH (33 mg,
0.83 mmol) and 4,4�-Bpy (74 mg, 0.47 mmol) in H2O (5 mL) was
homogenised at room temperature for 20 min. The resultant mix-
ture was transferred and sealed in a Teflon-lined steel autoclave
(23 mL) at 120 °C for 3 d and was then cooled to room temperature
at a rate of 1.7 Kh–1. The dark-red crystals were isolated in 35.9%
yield based on Fe. C16H10FeN2O4S (382.17): calcd. C 50.28, H 2.64,
N 7.33; found C 49.82, H 2.98, N 7.36. IR (KBr): ν̃ = 3434 (m),
1604 (s), 1570 (s), 1524 (m), 1490 (w), 1414 (s), 1384 (vs), 1221 (w),
1072 (w), 1046 (w), 1033 (w), 1008 (w), 818 (m), 769 (m), 731 (w),
684 (w), 631 (m), 475 (m) cm–1.

Synthesis of [CoII(tdc)(bpy)]n (2): This compound was obtained
using a procedure similar to that of 1, except that CoCl2·6H2O was
used instead of FeCl3·6H2O. The pink crystals were isolated in
27.6% yield based on Co. C16H10CoN2O4S (385.25): calcd. C
49.88, H 2.62, N 7.27; found C 49.56, H 3.04, N 7.54. IR (KBr): ν̃
= 3435 (m), 1607 (s),1564 (s),1524 (m),1491 (w),1416 (s),1385
(vs),1221 (w), 1075 (w), 1045 (w), 1029 (w), 1011 (w), 821 (m), 767
(m), 732 (w), 682 (w), 634 (m), 477 (m) cm–1.

X-ray Crystallographic Study: The intensity data of 1 were collected
with a Rigaku CCD diffractometer with graphite-monochromated
Mo-Kα radiation (λ = 0.71073 Å) at room temperature. An empiri-
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Table 1. Crystallographic data for complexes 1 and 2.

1 2

Empirical formula C16H10FeN2O4S C16H10CoN2O4S
Formula mass 382.17 385.25
Crystal system orthorhombic orthorhombic
Space group Pccn Pccn
a [Å] 18.2626(13) 17.9459(5)
b [Å] 11.4913(9) 11.4012(3)
c [Å] 16.0515(10) 16.2390(5)
V [Å3] 3368.6(4) 3322.58(16)
Z 8 8
Dcalcd. [g cm–3] 1.507 1.540
F(000) 1640 1560
Crystal size [mm] 0.30×0.10×0.03 0.45×0.18×0.10
Range for data collection [°] 3.10–27.48 2.12–25.66
Reflections collected 24699 16819
Independent reflections 3858 3140
Number of parameters 217 217
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Goodness-of-fit on F2 1.029 1.001
R1 [I � 2σ(I)] 0.0713 0.0656
wR2 (all data) 0.1410 0.1295

cal absorption correction for 1 was performed using the Crys-
talClear program.[32] The crystal structure determination of 2 was
performed with a Siemens SMART CCD diffractometer with
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) at
room temperature. An empirical absorption correction for 2 was
applied using the SADABS program.[33] The structure was solved
by direct methods and refined by full-matrix least-squares fitting
on F2 using the SHELXS-97[34] and SHELXL-97[35] programs. All
non-hydrogen atoms were refined with anisotropic thermal param-
eters. Hydrogen atoms were located by geometric calculations.
Crystallographic data and structural refinements for 1 and 2 are
summarised in Table 1. Selected bond lengths and angles for 1 and
2 are listed in Table 2. CCDC-298904 (1) and -298903 (2) contain
the supplementary crystallographic data for this paper. These data

Table 2. Selected bond lengths [Å] and angles [°] for 1 and 2.

Complex 1

Fe1–O1 2.387(3) Fe1–O4Bi 1.999(3)
Fe1–O2 2.116(3) Fe1–N2Diii 2.195(3)
Fe1–N1 2.198(3) Fe1–O3Aii 2.090(3)
O1–Fe1–O2 58.07(10) O1–Fe1–N1 92.09(12)
O2–Fe1–N2Diii 91.30(13) O2–Fe1–N1 90.25(13)
O3Aii–Fe1–O2 91.29(11) O3Aii–Fe1–N2Diii 91.27(12)
O3Aii–Fe1–N1 90.37(12) O3Aii–Fe1–O2 91.29(11)
O4Bi–Fe1–N1 87.64(14) O4Bi–Fe1–O3Aii 117.90(12)
O4Bi–Fe1–O1 92.82(12) O4Bi–Fe1–O1 92.82(12)
O4Bi–Fe1–N2Diii 90.19(14) N2Diii–Fe1–N1 177.71(13)
N2Diii–Fe1–O1 87.31(12)

Complex 2

Co1–O1 2.333(4) Co1–O4Bi 1.999(3)
Co1–O2 2.110(4) Co1–N2Diii 2.141(4)
Co1–N1 2.154(4) Co1–O3Aii 2.050(3)
O1–Co1–O2 59.03(13) O1–Co1–N1 92.75(16)
O1–Co1–N2Diii 85.75(16) O2–Co1–N1 88.73(16)
O3Aii–Co1–O1 152.45(14) O3Aii–Co1–N2Diii 91.88(16)
O3Aii–Co1–N1 90.21(16) O3Aii–Co1–O2 93.69(14)
O4Bi–Co1–N1 85.99(17) O4Bi–Co1–O3Aii 113.67(15)
O4Bi–Co1–O2 152.11(15) O4Bi–Co1–O1 93.87(14)
O4Bi–Co1–N2Diii 92.44(17) N2Diii–Co1–N1 177.76(17)
N2Diii–Co1–O2 91.93(17)

(i) 1.5 – x, y, –0.5 + z; (ii) –0.5 + x, 1 – y, 0.5 – z; (iii) x, –1 + y, z
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can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional two plots including IR spectrum and TGA curve
(Figures S1 and S2).
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The substituent exchange reaction of PhSnCl3 with [Et3Sn-
(OCH2CH2NMe2)] gives rise unexpectedly to the unsymmet-
rical adduct [Ph2SnCl2·Ph2Sn(OCH2CH2NMe2)2] (2). It has
been unambiguously proved for the first time that com-
pounds of the RSnX3 type are able to undergo the hydro-
carbon substituent redistribution reaction. The analogous tin
complexes [Et2SnCl2·Et2Sn(OMe)2] (5) and [Bu2Sn(OAc)2·
Bu2Sn(OMe)2] (6), which have ligands other than β-dimethyl-

Introduction

Redistribution reactions are a convenient and widely
used method for the synthesis of organometallic com-
pounds.[1] It has been shown previously that penta- and
hexacoordinate organotin compounds such as [MenSn-
Ar4–n] and [Bu2SnArCl], which contain electron-donating
groups in the aryl ligands, are more active towards redistri-
bution, and related (transmetallation), reactions than tetra-
coordinate tin(IV) derivatives.[2] Therefore, the redistri-
bution reactions of hypercoordinate organotin compounds
[RnSnX4–n] containing electron-donating groups in the
functional substituents X but not in the hydrocarbon sub-
stituents R, have been of significant interest. As a continua-
tion of our investigations into the chemistry of (β-dimethyl-
aminoethoxy)germanium and -tin derivatives,[3] we report
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aminoethoxy and could be considered as “organotin analogs
of Grignard reagents” have symmetrical dimeric structures,
i.e., can be formulated as [Bu2Sn(OMe)(OAc)]2 and [Et2Sn-
(OMe)Cl]2, respectively. Both types of structures, viz., un-
symmetrical adduct (2) and symmetrical dimer (5, 6), have
been characterized by X-ray diffraction analysis.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

here on the surprising results of the interaction between (β-
dimethylaminoethoxy)triethyltin and -phenyltin trichloride.

Very recently, we have found that the reaction of
PhGeCl3 with [Et3Ge(OCH2CH2NMe2)] affords [PhGe-
(OCH2CH2NMe2)2Cl] in high yield.[3f] However, the analo-
gous reaction in the case of tin unexpectedly results in the
unsymmetrical adduct [Ph2SnCl2·Ph2Sn(OCH2CH2-
NMe2)2] as the main reaction product.

Results and Discussion

The reaction was carried out by the gradual addition of
[Et3Sn(OCH2CH2NMe2)] to a PhSnCl3 solution in diethyl
ether or tetrahydrofuran. In our opinion, it proceeds in
three stages. In the first stage, diphenyldichloro- and dichlo-
rodialkoxystannanes are formed. The formation of these
products apparently proceeds by the initial formation of a
[PhSn(OCH2CH2NMe2)Cl2] intermediate, which can fur-
ther disproportionate by two paths: either by the exchange
of Ph and OCH2CH2NMe2 substituents (path a) or by the
exchange of Cl and OCH2CH2NMe2 substituents (path b).
Path a gives rise immediately to [Ph2SnCl2] and
[Cl2Sn(OCH2CH2NMe2)2], whereas path b first gives rise to
[PhSn(OCH2CH2NMe2)2Cl] (1) and PhSnCl3, and a subse-
quent interchange of the Ph and Cl substituents affords
[Ph2SnCl2] and [Cl2Sn(OCH2CH2NMe2)2] (Scheme 1).
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Scheme 1.The first stage of the reaction of [PhSnCl3] with
[Et3Sn(OCH2CH2NMe2)].

Scheme 1 was confirmed by an NMR spectroscopic
study of the products of the reaction between the mono-
chloroorganostannane 1, which was prepared by an inde-
pendent method involving reverse order of the reagent mix-
ing (see below), and trichlorophenylstannane. In accord-
ance with the multinuclear NMR spectroscopy data, the re-
action mixture contains [Ph2SnCl2] and [Cl2Sn(OCH2CH2-
NMe2)2]. The latter was identified by comparison of its
NMR spectral characteristics with those of the compound
prepared by treatment of HgCl2 with [Sn(OCH2CH2-
NMe2)2].

A single-crystal X-ray diffraction analysis of 1 (Figure 1,
Table 1) provided proof for the proposed structure and re-
vealed that the tin atom is hexacoordinate with one carbon,
one chlorine, two oxygen, and two nitrogen atoms, with an
overall slightly distorted octahedral cis-cis-trans configura-
tion, respectively.

Figure 1.View of compound 1. The hydrogen atoms have been
omitted for clarity. Displacement ellipsoids are scaled to the 50%
probability level. The coordination bonds are shown by open lines.

It is important to note that, in contrast to [PhGe-
(OCH2CH2NMe2)2Cl], which tends to ionize in hydrogen-
bond-donor solvents such as CHCl3 to form the ionic
pentacoordinate form [PhGe(OCH2CH2NMe2)2][Cl] rather
than the neutral hexacoordinate form,[3f] compound 1 exists
only in the neutral hexacoordinate form.

The second stage is obviously the alkoxylation reaction
of [Ph2SnCl2], which yields [Ph2Sn(OCH2CH2NMe2)2], and
the third stage is the complexation reaction between
[Ph2SnCl2] and [Ph2Sn(OCH2CH2NMe2)2], which yields the
final poorly soluble complex 2.
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Table 1. Selected bond lengths [Å] and angles [°] for 1.

Sn(1)–O(1) 2.024(3) Sn(1)–N(2) 2.306(3)
Sn(1)–O(2) 2.032(3) Sn(1)–N(1) 2.340(3)
Sn(1)–C(1) 2.163(4) Sn(1)–Cl(1) 2.5242(11)
O(1)–Sn(1)–O(2) 89.90(14) C(1)–Sn(1)–N(1) 93.56(13)
O(1)–Sn(1)–C(1) 170.46(15) N(2)–Sn(1)–N(1) 168.42(11)
O(2)–Sn(1)–C(1) 95.82(14) O(1)–Sn(1)–Cl(1) 83.51(10)
O(1)–Sn(1)–N(2) 93.60(12) O(2)–Sn(1)–Cl(1) 168.11(10)
O(2)–Sn(1)–N(2) 81.38(13) C(1)–Sn(1)–Cl(1) 92.10(11)
C(1)–Sn(1)–N(2) 94.80(13) N(2)–Sn(1)–Cl(1) 89.15(9)
O(1)–Sn(1)–N(1) 78.80(12) N(1)–Sn(1)–Cl(1) 98.55(8)
O(2)–Sn(1)–N(1) 89.82(12)

Proof of the structure of 2 came from a single-crystal X-
ray diffraction analysis (Figure 2, Table 2), which revealed
that 2 is the adduct [Ph2SnCl2·Ph2Sn(OCH2CH2NMe2)2]
formed by the bridging oxygen atoms of the β-dimethylami-
noethoxy ligands, with an unsymmetrical arrangement of
the substituents at the tin atoms. It is located on a crystallo-
graphic C2 axis that passes through the tin atoms. The tin
atoms are hexacoordinate, with the phenyl groups in the
trans configuration. The C–Sn–C angle at Sn1 [132.6(3)°]
deviates substantially from the value of 180° (the phenyl
rings are shifted towards the longer Sn�N coordination
bonds), whereas that at Sn2 is essentially linear [177.3(3)°].
The basal plane of Sn1 is defined by an N2O2 donor set
defined by two chelating β-dimethylaminoethoxy ligands
with very long Sn�N bond lengths [2.766(4) Å]. Two chlo-
rine and two oxygen atoms in the cis configuration make
up the basal plane of Sn2. The bond angles in the equato-
rial planes vary from 70.8(1)° to 147.8(2)° for Sn1 and from
66.2(2)° to 105.44(7)° for Sn2. Thus, the geometry of Sn1
is best described as skew-trapezoidal bipyramidal, while
that of Sn2 is best described as distorted octahedral.

Figure 2.View of complex 2. The hydrogen atoms have been omit-
ted for clarity. Thermal ellipsoids are scaled to the 40% probability
level. The coordination bonds are shown by open lines.

The covalent Sn–O [2.091(3) Å] and coordination Sn�O
[2.242(3) Å] bond lengths in the four-membered Sn2O2 ring
are significantly different and close to the corresponding
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Table 2. Selected bond lengths [Å] and angles [°] for 2.[a]

Sn(1)–O(1) 2.091(3) Sn(2)–C(11) 2.150(5)
Sn(1)–C(1) 2.112(5) Sn(2)–O(1) 2.242(3)
Sn(1)–N(1) 2.766(4) Sn(2)–Cl(1) 2.5178(14)
O(1)–Sn(1)–O(1)i 71.66(18) C(11)–Sn(2)–O(1)i 89.13(16)
O(1)–Sn(1)–C(1) 113.44(17) C(11)–Sn(2)–O(1) 88.62(17)
O(1)–Sn(1)–C(1)i 104.69(17) O(1)–Sn(2)–O(1)i 66.15(17)
C(1)–Sn(1)–C(1)i 132.6(3) C(11)–Sn(2)–Cl(1)i 91.36(15)
O(1)–Sn(1)–N(1) 70.77(14) O(1)–Sn(2)–Cl(1)i 160.36(9)
O(1)–Sn(1)–N(1)i 141.13(13) C(11)–Sn(2)–Cl(1) 90.27(14)
C(1)–Sn(1)–N(1) 81.65(16) O(1)–Sn(2)–Cl(1) 94.21(9)
C(1)–Sn(1)–N(1)i 85.56(17) Cl(1)–Sn(2)–Cl(1)i 105.44(7)
N(1)–Sn(1)–N(1)i 147.8(2) Sn(1)–O(1)–Sn(2) 111.10(14)
C(11)–Sn(2)–C(11)i 177.3(3)

[a] Symmetry transformations used to generate equivalent atoms:
i: –x, y, –z + 1/2.

bond lengths in previously investigated mononuclear hexa-
coordinate diphenyltin complexes.[4] The Sn–C and Sn–Cl
bond lengths are also similar to those found in other related
dichloro- and diphenyltin compounds.[4,5]

It is of interest that the result of the reaction of [PhSnCl3]
with [Et3Sn(OCH2CH2NMe2)] depends to a great extent on
the order of reagent mixing. Upon the reverse order of mix-
ing, i.e., when [PhSnCl3] is added to [Et3Sn(OCH2-
CH2NMe2)] solution, di(alkoxy)chlorophenylstannane (1) is
produced in high yield instead of 2. Moreover, the use of
an excess of [Et3Sn(OCH2CH2NMe2)] does not allow the
complete substitution of all three chlorine atoms in
[PhSnCl3] with β-dimethylaminoethoxy groups. For the
sake of comparison, we also carried out the same reaction
for the alkyltin derivatives [MeSnCl3] and [EtSnI3]. How-
ever, despite the utilization of similar reactions, in the case
of the alkyltin derivatives, the reactions stopped after the
first step, affording [MeSn(OCH2CH2NMe2)2Cl] (3) and
[EtSn(OCH2CH2NMe2)2I] (4), respectively, in high yields.
As for 1, compounds 3 and 4 exist only in the neutral hexa-
coordinate form.

It is very important to point out that unique phenyl
group migration from [PhSnCl3] takes place in the reaction
described here. Phenyl group migration has previously been
observed only for the ionic complexes [PhSnHal4]– or
[PhSnHal5]2–, in which such migration is promoted by fluo-
ride ion or tributylphosphane.[6,7] Moreover, in these re-
ports the final reaction products were not isolated from the
reaction mixture and their structures were not determined
unambiguously. In our case, however, only stannanes take
part in the reaction and the structures of all key products
have been determined by elemental analysis, multinuclear
NMR spectroscopy, and X-ray diffraction. Thus, we have
unambiguously proved for the first time that compounds of
the type RSnX3 are able to undergo a redistribution reac-
tion of the hydrocarbon substituent. A more detailed verifi-
cation of the supposed reaction scheme will be the subject
of further investigations.

Complex 2 is the first compound of the type
R2SnX2·R2SnY2 whose structure has been determined by
X-ray diffraction. Previously, Kocheshkov and co-workers
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have reported the existence of unsymmetrical adducts in
solution by studying the interaction of [R2Sn(OMe)2] with
[R2SnCl2] or [R2Sn(OAc)2] (R = alkyl) by calorimetric, diel-
cometric, dielectrometric, and cryoscopic methods.[8] How-
ever, as was shown later by Davies and co-workers, the
structure of these complexes in solution is additionally com-
plicated by the occurrence of the equilibria presented in
Scheme 2. These authors suggested that complexes of the
type R2SnXY·R2SnXY could be considered to be “or-
ganotin analogs of Grignard reagents”.[9] However, no un-
ambiguous evidence of the structure of the complexes
R2SnXY·R2SnXY was available until now. It should be
noted that in the paper cited above, the authors gave prefer-
ence to the symmetrical structure of type II for these com-
plexes.

Taking into account the possible application of these re-
actions to the solution of different synthetic and applied
problems,[10] we have decided to fill this gap. To this end,
we carried out the reactions of diethyltin dichloride with
dimethoxydiethyltin and dibutyltin diacetate with dime-
thoxydibutyltin. The products obtained were studied by X-
ray diffraction analysis. It turned out that they consist of
symmetrical dimers [Et2Sn(Cl)(OMe)]2 (5) and [Bu2Sn-
(OAc)(OMe)]2 (6) (Figures 3 and 4 and Tables 3 and 4),
respectively, with Sn atoms linked by bridging methoxy
groups in the crystal. The coordination geometry around
the metal atoms is a strongly distorted trigonal bipyramid
with the two C atoms and the covalently bonded O atom
of the bridging methoxy group in the equatorial plane. The
coordinated O atom of the bridging methoxy group and Cl
or OAc substituents for 5 and 6, respectively, occupy the
axial positions. The distortion from the ideal trigonal-
bipyramidal geometry is especially apparent in the C–Sn–C
and O–Sn�O angles. The tin atoms in these compounds
can also be regarded as [4+1]-coordinate, i.e. they represent
model compounds along the transformation path tetrahe-
dron ↔ trigonal bipyramid.

Note that the disposition of the substituents implies the
presence of an intrinsic inversion center in both 5 and 6.
However, in the crystal, the crystallographically imposed in-
version center is retained only in the case of 5. In the crystal
structure of 6, two out of the four butyl groups adopt dif-
ferent conformations and are slightly disordered (Figure 4);
the inversion center is lost because of this.

Similar to 2, the covalent Sn–O and coordination Sn�O
bond lengths in the four-membered Sn2O2 rings of 5 and 6
are substantially different [2.054(2) and 2.246(2) Å for 5
and 2.054(2) and 2.277(2) and 2.058(2) and 2.271(2) Å for
6, respectively]. However, in contrast to 2, these bonds oc-
cupy mutually opposite rather than neighboring positions
in the Sn2O2 rings.

According to the DFT calculations (see Supporting In-
formation), there are no complexes of type I on the poten-
tial energy surfaces corresponding to the interactions of
[Et2SnCl2] with [Et2Sn(OMe)2] and [Bu2Sn(OAc)2] with
[Bu2Sn(OMe)2]. The rearrangement of X and OMe substit-
uents to yield monomeric [R2Sn(OMe)X] is exothermic
(∆H0 = –1.5 kcalmol–1 for R = Et, X = Cl and
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Scheme 2.The equilibria of “organotin analogs of Grignard reagents” in solution.[9]

Figure 3.View of complex 5. The hydrogen atoms have been omit-
ted for clarity. Displacement ellipsoids are scaled to the 50% prob-
ability level. The coordination bonds are shown by open lines.

Figure 4.View of complex 6. The hydrogen atoms have been omit-
ted for clarity. Displacement ellipsoids are scaled to the 50% prob-
ability level. The coordination bonds are shown by open lines.

Table 3. Selected bond lengths [Å] and angles [°] for 5.[a]

Sn(1)–O(1) 2.0539(19) Sn(1)–O(1)ii 2.2464(19)
Sn(1)–C(4) 2.125(3) Sn(1)–Cl(1) 2.5101(8)
Sn(1)–C(2) 2.126(3)
O(1)–Sn(1)–C(4) 106.93(9) O(1)–Sn(1)–Cl(1) 91.85(6)
O(1)–Sn(1)–C(2) 108.53(10) C(4)–Sn(1)–Cl(1) 93.26(8)
C(4)–Sn(1)–C(2) 143.82(11) C(2)–Sn(1)–Cl(1) 92.56(8)
O(1)–Sn(1)–O(1)ii 69.94(9) Cl(1)–Sn(1)–O(1)ii 161.79(5)
C(4)–Sn(1)–O(1)ii 91.89(10) Sn(1)–O(1)–Sn(1)ii 110.06(9)
C(2)–Sn(1)–O(1)ii 93.56(9)

[a] Symmetry transformations used to generate equivalent atoms:
ii: –x, –y + 1, –z.

–3.0 kcalmol–1 for R = Bu, X = OAc). Their further dimeri-
zation leads to complexes of type II (∆H0 = –16.2 and
–14.2 kcalmol–1, respectively).
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Table 4. Selected bond lengths [Å] and angles [°] for 6.

Sn(1)–O(2) 2.0538(18) Sn(2)–O(1) 2.0577(18)
Sn(1)–C(5) 2.121(3) Sn(2)–C(19) 2.129(3)
Sn(1)–C(9) 2.137(3) Sn(2)–C(15) 2.133(3)
Sn(1)–O(3) 2.160(2) Sn(2)–O(5) 2.1558(19)
Sn(1)–O(1) 2.2769(19) Sn(2)–O(2) 2.2714(19)
O(2)–Sn(1)–C(5) 102.24(10) O(1)–Sn(2)–C(15) 108.79(10)
O(2)–Sn(1)–C(9) 109.69(10) C(19)–Sn(2)–C(15) 143.19(11)
C(5)–Sn(1)–C(9) 144.82(11) O(1)–Sn(2)–O(5) 84.57(7)
O(2)–Sn(1)–O(3) 84.87(8) C(19)–Sn(2)–O(5) 99.91(9)
C(5)–Sn(1)–O(3) 100.27(9) C(15)–Sn(2)–O(5) 98.12(10)
C(9)–Sn(1)–O(3) 96.97(10) O(1)–Sn(2)–O(2) 69.74(7)
O(2)–Sn(1)–O(1) 69.70(7) C(19)–Sn(2)–O(2) 88.72(10)
C(5)–Sn(1)–O(1) 89.50(9) C(15)–Sn(2)–O(2) 88.74(10)
C(9)–Sn(1)–O(1) 88.04(10) O(5)–Sn(2)–O(2) 154.24(7)
O(3)–Sn(1)–O(1) 154.22(7) Sn(2)–O(1)–Sn(1) 110.09(8)
O(1)–Sn(2)–C(19) 104.65(10) Sn(1)–O(2)–Sn(2) 110.44(8)

Conclusions

The isolation of complexes 2, 5, and 6 provides evidence
for the existence of complexes R2SnXY·R2SnXY (R = Alk,
Ar; X, Y = Hal, OR, X � Y) both as unsymmetrical
adducts [R2SnX2·R2SnY2] and symmetrical dimers
[R2SnXY]2. Moreover, it has been unambiguously proved
for the first time that compounds of the type [RSnX3] are
able to undergo a hydrocarbon substituent redistribution
reaction. The similarity of the redistribution reactions of
hypercoordinate organotin compounds containing electron-
donating groups both in the hydrocarbon R and in the
functional X substituents indicates that the chemical prop-
erties of these compounds are determined primarily by the
coordination mode of the tin atom rather than by the types
of ligands. We believe that our findings open-up alluring
prospects for the investigation of different transmetallation
processes.

Experimental Section
General Procedures: All manipulations were carried out under puri-
fied argon using standard Schlenk and high-vacuum-line tech-
niques. The commercially available solvents were purified by con-
ventional methods and distilled immediately prior to use.
[PhSnCl3],[11] [MeSnCl3],[11] [EtSnI3],[11] [Et3Sn(OCH2CH2-
NMe2)],[3a] [Et2Sn(Cl)(OMe)]2 (5),[8] and [Bu2Sn(OAc)(OMe)]2
(6)[8] were synthesized as described earlier. NMR spectra were re-
corded with a Bruker AM-360 NMR spectrometer at 360.134 MHz
(1H) and 90.555 MHz (13C) for samples in CDCl3 or CD2Cl2.
Chemical shifts are relative to SiMe4 for H, C or indirectly refer-
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enced to TMS via the solvent signals. The accuracy of the coupling
constants is ±0.1 Hz, and the accuracy of chemical shift measure-
ments is ±0.01 ppm for 1H and ±0.05 ppm for 13C. Melting points
were measured in sealed capillaries with a SANYO Gallenkamp
PLC melting point apparatus without any additional corrections.
Elemental analyses were performed on a Carlo Erba EA1108
CHNS-O elemental analyzer.

[PhSn(OCH2CH2NMe2)2Cl] (1): A solution of [PhSnCl3] (3.78 g,
12.50 mmol) in thf (20 mL) was added to an intensely stirred solu-
tion of [Et3Sn(OCH2CH2NMe2)] (11.85 g, 40.35 mmol) in 70 mL
of thf. The solution was stirred for 2 h. The solvent was then re-
moved under vacuum to about one sixth of the initial volume and
70 mL of hexane was added. A white crystalline precipitate was
obtained, filtered, and washed three times with hexane (in 30 mL
portions) and dried in vacuo. The yield was 3.05 g (60%). M.p.
129–131 °C. C14H25ClN2O2Sn (407.50): calcd. C 41.26, H 6.18, N
6.87; found C 40.98, H 6.55, N 6.40. 1H NMR ([D8]thf): δ = 2.29
(br. s, 12 H, Me2N), 2.62–2.68, 2.76–2.86 (two br. m, 4 H, NCH2),
3.81–3.86, 3.93–3.99 (two br. m, 4 H, OCH2), 7.10–7.40 (m, 3 H,
Ph), 8.12–8.40 (br. s, 3JSn,H = 99.0 Hz, 2 H, Ph) ppm. 13C NMR
([D8]thf): δ = 46.12 (br., Me2N), 58.59 (NCH2), 63.47 (OCH2),
128.60 (3JSn,C = 112/108 Hz, Cm), 129.52 (4JSn,C = 21.6 Hz, Cp),
138.04 (br., 2JSn,C = 61.7 Hz, Co), 148.99 (Ci) ppm.

[Ph2SnCl2·Ph2Sn(OCH2CH2NMe2)2] (2): A solution of [Et3Sn-
(OCH2CH2NMe2)] (7.82 g, 26.63 mmol) in thf (30 mL) was added
slowly to a stirred solution of [PhSnCl3] (4.08 g, 13.50 mmol) in
Et2O (50 mL) or thf (50 mL) at room temperature. A large amount
of white precipitate appeared immediately. After stirring the mix-
ture for 2 h and storing it overnight the white precipitate was fil-
tered, washed with benzene, and dried in vacuo. The yield of white

Table 5. Crystallographic data for 1, 2, 5, and 6.

1 2 5 6

Empirical formula C14H25ClN2O2Sn C32H40Cl2N2O2Sn2 C10H26Cl2O2Sn2 C22H48O6Sn2

FW 407.50 792.94 486.59 645.98
T [K] 120 120 100 100
Crystal size [mm] 0.2×0.2×0.1 0.2×0.2×0.2 0.3×0.2×0.2 0.3×0.2×0.2
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21/c C2/c Pbca P21

a [Å] 11.496(2) 18.208(3) 8.5007(16) 8.2721(4)
b [Å] 8.7351(17) 10.1149(11) 13.843(3) 20.433(2)
c [Å] 16.660(3) 19.274(3) 14.118(3) 8.3571(5)
α [°] 90 90 90 90
β [°] 90.947(6) 116.799(5) 90 100.660(5)
γ [°] 90 90 90 90
V [Å3] 1672.7(5) 3168.4(8) 1661.4(6) 1388.17(17)
Z 4 4 4 2
Dc [gcm–3] 1.618 1.662 1.945 1.545
F(000) 824 1584 944 656
µ [mm–1] 1.690 1.777 3.316 1.829
2θmax [°] 56 54 56 56
Index range –15 � h � 15 –23 � h � 23 –11 � h � 11 –10 � h � 10

–11 � k � 11 –12 � k � 12 –18 � k � 18 –27 � k � 26
–19 � l � 22 –24 � l � 24 –18 � l � 18 –11 � l � 11

No. of reflections collected 13779 14829 15113 13583
No. of unique reflections 3972 3453 1984 6565
No. of reflections with I � 2σ(I) 3010 2434 1927 6515
Data/restraints/parameters 3972/6/181 3453/0/182 1984/0/73 6565/10/272
R1; wR2 [I � 2σ(I)] 0.0401; 0.0986 0.0496; 0.1121 0.0248; 0.0548 0.0210; 0.0537
R1; wR2 (all data) 0.0570; 0.1100 0.0712; 0.1206 0.0260; 0.0555 0.0213; 0.0538
GOF on F2 1.009 1.038 1.018 1.022
Tmin; Tmax 0.676; 0.878 0.660; 0.730 0.390; 0.500 0.590; 0.690
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solid was 1.33 g (49.7% scaled to the amount of [PhSnCl3]). M.p.
168.7–169 °C. C32H40Cl2N2O2Sn2 (792.94): calcd. C 48.47, H 5.08,
N 3.53; found C 48.30, H 5.30, N 3.55. 1H NMR (CD2Cl2): δ =
2.36 (br. s, 12 H, NMe2), 2.73–2.78 (br. m, 4 H, NCH2), 3.91–3.96
(br. m, 4 H, OCH2), 7.87–7.91, 7.10–7.50 (two m, 20 H, Ph) ppm.
13C NMR (CD2Cl2): δ = 45.45 (br., NMe2), 45.60, 45.92 (NMe2),
60.43, 61.06 (NCH2), 62.48 (br., OCH2), 128.87, 129.10 (Cm),
129.03, 129.40 (Cp), 130.11, 130.51 (Co), 136.03, 136.20 (Ci) ppm.

Reaction of [PhSn(OCH2CH2NMe2)2Cl] (1) With [PhSnCl3] (NMR
Experiment): A solution of 1 (0.52 g, 1.3 mmol) and [PhSnCl3]
(0.39 g, 1.3 mmol) in thf (10 mL) was mixed in a vacuum of
10–3 Torr. The mixture was stored for 1 h at about 20 °C, then thf
was removed by evacuation and CD2Cl2 (1 mL) was introduced.
The solution was transferred to a 5-mm NMR tube and sealed.
According to the 1H and 13C NMR spectra, the solution contained
[Cl2Sn(OCH2CH2NMe2)2] and [Ph2SnCl2] as the main products.
Ph2SnCl2: 1H NMR (CD2Cl2): δ = 7.60–7.67 (m, 3 H, Ph), 7.81–
7.84 (m, 3JSn,H = 81.2 Hz, 2 H, Ph) ppm. 13C NMR (CD2Cl2): δ =
130.32 (3J = 85.1 Hz, Cm), 132.48 (4J = 18.4 Hz, Cp), 135.57 (2J =
63.6 Hz, Co), 137.50 (Ci) ppm.

[Cl2Sn(OCH2CH2NMe2)2]: A solution of [Sn(OCH2CH2NMe2)2]
(1.76 g, 5.96 mmol) in thf (15 mL) was quickly added to an in-
tensely stirred solution of HgCl2 (1.62 g, 5.96 mmol) in thf (20 mL).
A large amount of heavy dark-grey precipitate appeared immedi-
ately. The mixture was stirred for 30 min and stored overnight. Af-
ter filtration, the solvent was removed under vacuum to about one
sixth of the initial volume. After addition of hexane (50 mL) a
white crystalline precipitate was obtained. This was filtered under
argon, washed with hexane, and dried in vacuo. The yield was
2.12 g (97%). M.p. 205 °C (with decomp.). C8H20Cl2N2O2Sn
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(365.87): calcd. C 26.26, H 5.51, N 7.66; found C 26.05, H 5.41, N
7.40. 1H NMR (CD2Cl2): δ = 2.73, 2.74 (two s, 12 H, Me); 2.83–
2.86 (m, 4 H, CH2N), 3.80–3.85 (m, 4 H, CH2O) ppm. 13C NMR
(CD2Cl2): δ = 46.78, 46.87 (two s, Me2N), 58.03 (3JSn,C = 24.5 Hz,
CH2N), 63.02 (2JSn,C = 57.5 Hz, CH2O) ppm.

[MeSn(OCH2CH2NMe2)2Cl] (3): A solution of [Et3Sn(OCH2-
CH2NMe2)] (6.65 g, 23.33 mmol) in Et2O (20 mL) was added drop-
wise to a stirred solution of [MeSnCl3] (2.80 g, 11.66 mmol) in
Et2O (30 mL). After two hours of stirring an abundant white pre-
cipitate had formed. This was filtered, washed with hexane, and
dried in vacuo. The yield was 2.49 g (61.8%). M.p. 139–140 °C.
C9H23ClN2O2Sn (345.45): calcd. C 31.29, H 6.71, N 8.11; found C
31.05, H 6.80, N 7.97. 1H NMR (CD2Cl2): δ = 0.71 (br. s, 2JSn,H

= 99.0/103.6 Hz, 3 H, MeSn), 2.57 (br. s, 12 H, Me2N), 2.70 (br.,
4 H, CH2N), 3. 78 (br. m, 4 H, CH2O) ppm. 13C NMR (CD2Cl2):
δ = 10.80 (MeSn), 46.27 (Me2N), 58.74 (br., CH2N), 63.61 (br.,
CH2O) ppm.

[EtSn(OCH2CH2NMe2)2I] (4): A solution of [Et3Sn(OCH2-
CH2NMe2)] (4.47 g, 15.21 mmol) in thf (25 mL) was added drop-
wise to a stirred solution of EtSnI3 (4.04 g, 7.64 mmol) in Et2O
(30 mL). The mixture was stirred for 2 h and stored overnight. The
solvent was removed in vacuo to about one sixth of the initial vol-
ume, then 50 mL of hexane was added to give a white crystalline
precipitate. This was filtered under argon, washed with hexane, and
dried in vacuo. The yield was 1.90 g (56%). M.p. 108–109 °C.
C10H25IN2O2Sn (450.93): calcd. C 26.64, H 5.59, N 6.21; found C
26.35, H 5.78, N 6.15. 1H NMR (CD2Cl2): δ = 1.20 (m, 3 H,
CH3CH2Sn), 1.73 (m, 2 H, CH3CH2Sn), 2.63 (br. s, 12 H, Me2N),
2.72 (br., 4 H, CH2N), 3.80 (br. m, 4 H, CH2O) ppm. 13C NMR
(CD2Cl2): δ = 10.49 (br., CH3CH2Sn), 13.39 (2JSn,C = 64.4 Hz,
CH3CH2Sn), 46.82 (br., Me2N), 58.66 (CH2N), 63.32 (CH2O) ppm.

X-ray Crystal Structure Determination: Data were collected on a
Bruker three-circle diffractometer equipped with a SMART 1000
CCD detector and corrected for absorption using the SADABS
program.[12] Data reduction was performed with the SMART[13]

and SAINTPlus[14] programs (see Table 5 for details). The struc-
tures were solved by direct methods and refined by full-matrix le-
ast-squares on F2 with anisotropic thermal parameters for non-
hydrogen atoms. The value of the Flack parameter for complex 6,
0.363(18), indicates that the absolute structure in this case cannot
be determined unambiguously due to the specific centrosymmetric
arrangement of the heavy tin atoms as well as most of the substitu-
ents (see above). All calculations were carried out using the
SHELXTL program (PC Version 5.10).[15]

CCDC-607745 through -607748 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Details of the quantum-chemical calculations.
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Structural Studies of [CpMoL2(CO)2]+ (L = NCMe, L2 = 2,2�-biimidazole)
Complexes and Their Inclusion Compounds with Cyclodextrins
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Protonation of [CpMo(η3-C3H5)(CO)2] followed by addition
of acetonitrile or 2,2�-biimidazole (H2biim) gave the com-
plexes [CpMo(NCMe)2(CO)2](BF4) (1) and [CpMo(H2biim)-
(CO)2](BF4) (2) in good yields. The structures of 1 and 2 were
determined by single-crystal X-ray diffraction in the ortho-
rhombic Pbca and triclinic P1̄ space groups, respectively.
Both complexes have similar metal ion coordination environ-
ments, which can be envisaged as slightly distorted pseudo-
square pyramids, a coordination geometry commonly com-
pared with a four-legged piano stool. The two complexes
were immobilised in native and permethylated β-cyclodex-
trins (β CD and TRIMEB) by methods tailored according to
the stabilities and solubilities of the individual components

Introduction

Half-sandwich metal carbonyl compounds bearing cyclo-
pentadienyl (Cp = η5-C5H5) and η6-arene groups have been,
and continue to be, investigated for applications in various
fields such as catalysis,[1] nonlinear optics[2] and medicine.[3]

The bioorganometallic chemistry of these compounds is of
particular interest, especially in relation to their use as
pharmaceuticals. For example, technetium and rhenium
tricarbonyl complexes with derivatised cyclopentadienyl li-
gands have been investigated for radiopharmaceutical appli-
cations in the diagnosis (99mTc) and treatment (188Re and
186Re) of cancer.[4] In these compounds it is the radioactive
metal centre that provides the activity, although the ligands
attached to the metal centre will ultimately determine the
selectivity and efficiency of these compounds towards target
diseased cells. Considering the known antitumour action of
metallocenes such as Cp2TiCl2 and Cp2MoCl2,[5] it is also
possible that half-sandwich metal carbonyl compounds
containing nonradioactive elements may exhibit anticancer
properties. These studies are, however, in their infancy. Re-
searchers have also examined metal carbonyls for applica-
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and this gave four adducts with a 1:1 host/guest stoichiome-
try. The formation of true inclusion compounds was sup-
ported by powder X-ray diffraction (XRD), thermogravime-
tric analysis (TGA), 13C{1H} CP/MAS NMR and FTIR spec-
troscopy. In the case of the TRIMEB adduct containing com-
plex 1, the crystal packing arrangement is markedly similar
to that previously reported for the corresponding 1:1 TRIMEB
adducts of the neutral guests [CpMoX(CO)3] (X = Cl,
CH2CONH2), featuring columns in which the macrocycles
are arranged along the b axis in a tilted fashion.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tions that directly involve the CO ligands. One of these is
their potential use as biological tracer agents.[6] The carbon-
ylmetalloimmunoassay procedure is based on the IR
stretching vibrations of organometallic carbonyl groups
and has a sensitivity comparable with that of radioactive
tracers.[6a] A second example is the use of metal carbonyls
as carbon monoxide-releasing molecules.[7]

As indicated above, the primary way to control the prop-
erties of half-sandwich metal carbonyl compounds is to
modify the steric, electronic and other properties of the first
sphere ligands, for example the substituents on the Cp ring.
A second approach involves introduction of a second-
sphere ligand noncovalently attached to the first-sphere li-
gands. One of the most promising applications of this idea
is the formation of inclusion compounds with cyclodextrins
(CDs).[8] CDs and their derivatives are known to bind
half-sandwich complexes such as [CpFeX(CO)2] (X = Cl,
Me, CN),[9] [CpFe(NH3)(CO)2](PF6),[10] [CpMn(CO)3],[11]

[(η6-C6H6)Cr(CO)3],[12] [CpMoX(CO)3] (X = Cl,
CH2CONH2),[9e,13] [Cp�Mo(η3-C3H5)(CO)2],[14] [Cp�Mo-
(η3-C6H7)(CO)2] and [Cp�Mo(η4-C6H8)(CO)2](BF4) (Cp� =
Cp, Ind).[15] Some of these encapsulated metallo-organic
complexes exhibit markedly different physical and chemical
characteristics in comparison with the bulk material. CD
inclusion compounds are interesting for pharmaceutical use
because of the enhanced solubility, stability and bioavail-
ability of the drug molecules, as well as the reduced toxic
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side-effects.[16] As part of an ongoing study aimed at im-
proving the properties of potential organometallic pharma-
ceuticals by encapsulation in CDs, we now report on the
encapsulation of the complexes [CpMo(NCMe)2-
(CO)2](BF4) and [CpMo(H2biim)(CO)2](BF4) (H2biim =
2,2�-biimidazole) in β-CD and 2,3,6-tris-O-methyl-β-CD
(TRIMEB). The molecular structures of the “free” dicar-
bonyl complexes have been determined by single-crystal X-
ray diffraction and the inclusion compounds were charac-
terised in the solid state by various techniques.

Results and Discussion

Preparation and Crystal Structures of the Molybdenum(II)
Dicarbonyl Complexes

Treatment of [CpMo(η3-C3H5)(CO)2] with HBF4·Et2O
in dichloromethane affords the labile complex [CpMo(η2-
C3H6)(CO)2(FBF3)],[17] which readily reacts with acetoni-
trile to give [CpMo(NCMe)2(CO)2](BF4) (1) and with 2,2�-
biimidazole to give [CpMo(H2biim)(CO)2](BF4) (2)
(Scheme 1). As expected, complexes 1 and 2 exhibit two
ν̃(CO) stretching vibrations in their FTIR spectra, which
can be attributed to the cis-(CO)2 fragment. The bands for
2 (1976 and 1878 cm–1) appear at lower frequencies than
those for 1 (1988 and 1893 cm–1) because H2biim is a better
electron donor (and acceptor) than acetonitrile and this re-
sults in higher Mo�CO back-donation and a weaker C�O
bond.

Scheme 1.

The crystal structures of compounds 1 and 2 were eluci-
dated from single-crystal X-ray diffraction studies at low
temperature (see Exp. Sect.) and show a number of striking
similarities with respect to the geometries of the 18-electron
half-sandwich molybdenum(II) cationic complexes and the
crystal packing of each material.

Complex 1 crystallises in the orthorhombic Pbca space
group with the asymmetric unit comprised of four individ-
ual residues (two metal complex cations plus two highly dis-
ordered tetrafluoroborate anions) and corresponding to the
empirical formula [CpMo(NCMe)2(CO)2](BF4). Even
though a great number of molybdenum complexes with η5-
cyclopentadienyl and carbonyl[18] or acetonitrile[19–26] li-
gands have been reported, only one structure containing the
latter two ligands is known.[27] To the best of our knowl-
edge, compound 1 represents the first complex containing
all three of these ligands.

As often occurs for transition metal organometallic com-
plexes, the structure of 1 contains two crystallographically
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independent [CpMo(NCMe)2(CO)2]+ cations showing the
same structural arrangement and rather similar coordina-
tion environments (Figure 1, Table 1). These coordination
geometries can be envisaged as slightly distorted pseudo-
square pyramids with the basal plane formed by two cis-
coordinated carbonyl groups and two acetonitrile ligands
and the apical position occupied by an η5-coordinated cy-
clopentadienyl which, for clarity, is hereafter regarded as
unidentate, with the coordination site being the centroid of
the aromatic ring, Cg (Figure 1). This coordination geome-
try is commonly compared with a four-legged piano-
stool[21] in which the metal centre emerges above the basal
plane (ca. 0.92 and 0.93 Å for the two crystallographically
independent complexes) leading to bond angles which devi-
ate significantly from the ideal 90°. The Mo–C (carbonyl)
and Mo–N bond lengths for the two complexes [1.967(4)–
1.988(4) and 2.160(3)–2.179(3) Å, respectively] are in good
agreement with those typically found in similar Mo/Cp
complexes as revealed by a search of the Cambridge Struc-
tural Database (CSD) (Version 5.26, updated in August
2005).[28] Thus, while the typical Mo–C (carbonyl) bond
lengths were found in the 1.64–2.37 Å range (from 1415 en-
tries with a median of 1.97 Å), the Mo–N (acetonitrile)
bond lengths are instead in the 2.12–2.20 Å range (from 16
entries with a median of 2.14 Å). Individual Mo–Caromatic

bond lengths (Table 1) are also consistent with the values
found in related compounds [2.12–2.74 Å for 2468 entries
with a median of 2.34 Å]. However, as commonly encoun-
tered for complexes with the four-legged piano-stool resem-
blance,[29] the observed Mo–Caromatic bond lengths also
indicate a slight “slip” from the expected η5-coordination
mode towards an η3-type with the torsion angles between
the planes defined by the Cp rings and the N···N···C···C
bases of the pyramids being ca. 3.0 and 5.4° [for Mo(1)
and Mo(2), respectively]. Indeed, the Mo–C(4,5) and Mo–
C(13,14) bond lengths are statistically longer than the re-
maining distances within each Cp aromatic ring (Table 1).
This structural feature is depicted in Figure 1 for one
[CpMo(NCMe)2(CO)2]+ complex cation. C(4) and C(5) are
the closest atoms to the slightly bulkier acetonitrile ligands
and the increase in the Mo–Caromatic bond length
[∆average(Mo–C) of ca. 0.09 Å with the largest being ca.
0.12 Å] presumably arises as the result of a tendency to re-
duce the steric pressure imposed upon the complex. The
same occurs for the second complex cation but for atoms
C(13) and C(14) instead [not represented – ∆average(Mo–C)
and the largest bond length difference are identical to the
values for the other complex].

Even though the coordination environments of the two
crystallographically independent [CpMo(NCMe)2(CO)2]+

cations show several similarities, a few geometric aspects of
the square-pyramids are fundamentally different. As sum-
marised in Table 1, the (N,C)–Mo–(N,C) bond angle ranges
for the basal planes of the molybdenum square-pyramids
are slightly distinct for the two complexes [76.60(10)–
79.69(12)° and 74.57(15)–81.47(14)°], these differences aris-
ing from the way in which each crystallographically inde-
pendent complex close-packs in the solid-state. Indeed, one
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Figure 1. Schematic representation of one crystallographically inde-
pendent [CpMo(NCMe)2(CO)2]+ complex cation present in com-
pound 1, emphasising the slightly distorted square-pyramidal coor-
dination environment for the Mo2+ metal centre and showing the
labelling scheme for all non-hydrogen atoms. Displacement ellip-
soids are shown at the 30% probability level and hydrogen atoms
are represented as small spheres. All Mo–C bonds to the coordi-
nated η5-Cp have been omitted for clarity and replaced by a black-
filled dashed bond line to the centroid, Cg. For selected bond
lengths and angles see Table 1.

Table 1. Selected bond lengths [Å] and angles [°] for the molybde-
num coordination environments of the two crystallographically in-
dependent [CpMo(NCMe)2(CO)2]+ complex cations present in 1.

Complex 1

Mo(1)–N(1) 2.164(3) N(2)–Mo(1)–N(1) 76.60(10)
Mo(1)–N(2) 2.160(3) C(6)–Mo(1)–N(1) 80.13(12)
Mo(1)–C(6) 1.988(4) C(6)–Mo(1)–N(2) 128.58(12)
Mo(1)–C(7) 1.969(4) C(7)–Mo(1)–N(1) 125.88(12)
Mo(1)–C(1) 2.299(3) C(7)–Mo(1)–N(2) 79.69(12)
Mo(1)–C(2) 2.252(3) C(7)–Mo(1)–C(6) 78.05(14)
Mo(1)–C(3) 2.272(3) Cg–Mo(1)–C(6) 116.33(2)
Mo(1)–C(4) 2.352(3) Cg–Mo(1)–C(7) 117.99(2)
Mo(1)–C(5) 2.369(3) Cg–Mo(1)–N(1) 116.11(2)
Mo(1)–Cg

[a] 1.977(1) Cg–Mo(1)–N(2) 115.07(2)

Complex 2

Mo(2)–N(3) 2.179(3) N(4)–Mo(2)–N(3) 76.96(11)
Mo(2)–N(4) 2.173(3) C(17)–Mo(2)–N(3) 80.77(13)
Mo(2)–C(17) 1.967(4) C(17)–Mo(2)–N(4) 125.91(12)
Mo(2)–C(18) 1.973(4) C(17)–Mo(2)–C(18) 74.57(15)
Mo(2)–C(12) 2.286(4) C(18)–Mo(2)–N(3) 127.73(12)
Mo(2)–C(13) 2.366(4) C(18)–Mo(2)–N(4) 81.47(14)
Mo(2)–C(14) 2.367(4) Cg–Mo(2)–C(17) 116.88(2)
Mo(2)–C(15) 2.284(4) Cg–Mo(2)–C(18) 116.12(2)
Mo(2)–C(16) 2.248(3) Cg–Mo(2)–N(3) 116.11(2)
Mo(2)–Cg 1.980(1) Cg–Mo(2)–N(4) 117.20(2)

[a] Cg corresponds to the centroid of the coordinated η5-Cp aro-
matic rings [C(1)–C(5) and C(12)–C(16)].

complex packs along the [100] direction of the unit cell in
a typical interlocked head-to-head fashion, stabilised by π-
π interactions between neighbouring η5-Cp aromatic rings
(distance of ca. 3.5 Å, Figure 2, a). Along this cationic
chain the Mo(1)···Mo(1) distances alternate between
5.529(1) and 7.372(1) Å for head-to-head and tail-to-tail
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packing, respectively. However, the other crystallographi-
cally independent complex is instead distributed along the
same direction in a head-to-tail fashion [see part c in Fig-
ure 2, Mo(2)···Mo(2) distance of 6.441(1) Å] which, in the
absence of stabilising interactions between the aromatic ring
and the carbonyl and/or acetonitrile moieties, leads to a
slightly higher steric pressure on the basal plane, thus re-
sulting in the increase of the (N,C)–Mo–(N,C) bond angles
mentioned above.

Figure 2. (a) Head-to-head-faced [CpMo(NCMe)2(CO)2]+ complex
cations in 1 distributed along the [100] direction, showing the π-π
interactions between neighbouring η5-Cp aromatic rings; (b) Crys-
tal packing of 1 viewed in perspective along the [100] direction of
the unit cell, emphasising the alternation in the [010] direction of
undulated layers of [CpMo(NCMe)2(CO)2]+ complex cations and
BF4

– anions; (c) Head-to-tail-faced [CpMo(NCMe)2(CO)2]+ com-
plex cations distributed along the [100] direction. Hydrogen atoms
and Mo–C bonds to the coordinated η5-Cp have been omitted for
clarity.

The crystal packing of 1 is best described as the alter-
nation along the [010] direction of the unit cell of undulated
layers formed by the two crystallographically independent
[CpMo(NCMe)2(CO)2]+ cations with layers of disordered
BF4

– anions (Figure 2). Interactions between these moieties
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are assured by a large number of weak C–H···F interactions
(not shown).

The basic building unit of the complex [CpMo(H2-
biim)(CO)2](BF4) (2) is the 18-electron half-sandwich
[CpMo(H2biim)(CO)2]+ cation, the molecular structure of
which was first reported a few years ago by Romão and co-
workers for [CpMo(H2biim)(CO)2]ReO4 (2R).[30] Notably,
that report still constitutes, to date, the only crystallo-
graphic study of a molybdenum complex with the chelating
H2biim ligand. Here we describe the second compound
containing this complex cation, in which the tetraoxorheni-
um(VII) [ReO4

–] moiety has been substituted by tetrafluo-
roborate anions and the crystal structure determined with
increased precision and at low temperature (see Exp. Sect.
for crystallographic details for the present study; 2R was
determined at ambient temperature with a very large R1

reliability factor of 9.07%).
For compounds 2 and 2R, the cation [CpMo(H2-

biim)(CO)2]+ contains the molybdenum centre bound to a
chelating H2biim residue, two cis-coordinated carbonyl
groups and an η5-Cp moiety. The coordination geometry is,
once again, best described as distorted square-pyramidal
and very much resembles a four-legged piano-stool in which
the base is formed by the chelating H2biim and the carbonyl
residues (Figure 3). The Mo–N and Mo–C (carbonyl) bond
lengths are in agreement with those reported for 2R and
related compounds (Table 2). A search in the CSD for typi-
cal Mo–N distances of chelating ethanediimines shows val-
ues spanning from ca. 2.04 to 2.39 Å with a median of
2.24 Å (from 20 entries in the database). The bite angle of

Figure 3. Schematic representation of the [CpMo(H2biim)(CO)2]+

complex cation present in the crystal structure of 2, emphasising
the distorted square-pyramidal coordination environment for the
Mo2+ metal centre and showing the labelling scheme for all non-
hydrogen atoms. Displacement ellipsoids are drawn at the 30%
probability level and hydrogen atoms are represented as small
spheres. All Mo–C bonds to the coordinated η5-Cp have been omit-
ted for clarity and replaced by a black-filled dashed bond line to
the centroid, Cg. For selected bond lengths and angles see Table 2.
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Table 2. Selected bond lengths [Å] and angles [°] for the molybde-
num coordination environment of the [CpMo(H2biim)(CO)2]+

complex cation present in 2.

Mo(1)–N(1) 2.189(2) N(2)–Mo(1)–N(1) 72.55(8)
Mo(1)–N(2) 2.182(2) C(12)–Mo(1)–N(1) 80.81(10)
Mo(1)–C(12) 1.981(3) C(12)–Mo(1)–N(2) 130.11(9)
Mo(1)–C(13) 1.955(3) C(13)–Mo(1)–N(1) 119.59(9)
Mo(1)–C(7) 2.381(3) C(13)–Mo(1)–N(2) 80.89(9)
Mo(1)–C(8) 2.396(3) C(13)–Mo(1)–C(12) 76.76(12)
Mo(1)–C(9) 2.313(3) Cg–Mo(1)–C(12) 115.86(2)
Mo(1)–C(10) 2.265(3) Cg–Mo(1)–C(13) 120.45(2)
Mo(1)–C(11) 2.296(3) Cg–Mo(1)–N(1) 119.86(2)
Mo(1)–Cg

[a] 1.996(1) Cg–Mo(1)–N(2) 113.95(2)

[a] Cg corresponds to the centroid of the coordinated η5-Cp aro-
matic ring [C(7)–C(11)].

H2biim to the Mo centres is comparable for the two com-
plexes, being ca. 72.8° for 2R and 72.6° for 2.

By employing a much smaller anion (BF4
–) to balance

the charge of the Mo complex, the crystal packing driving
forces mediated by hydrogen bonding interactions (see be-
low) lead to a significant distortion of the geometry of the
N···N···C···C base of the pyramid with observed trans
angles of 130.11(9)° and 119.59(9)°. The corresponding val-
ues for 2R are 124.9(10)° and 126.3(9)°. However, if we con-
sider an average plane for the atoms forming this base, the
displacement of the Mo centre towards the η5-Cp moiety is
ca. 0.96 Å, a value statistically identical to that observed for
2R [0.94(1) Å]. The latter coordinated moiety is, once again,
located at the apex of the distorted square-pyramid and
also exhibits a deviation from the ideal η5-coordination
mode so as to release the steric repulsion with the H2biim
molecule. Indeed, compared with the acetonitrile molecules
in compound 1, the H2biim molecule is bulkier and imposes
statistically longer Mo–C(7,8) bonds [Table 2; ∆average-
(Mo–C) of ca. 0.07 Å with the largest being ca. 0.13 Å].

Individual [CpMo(H2biim)(CO)2]+ cations close-pack in
2 along the [100] direction in a head-to-tail fashion (Fig-
ure 4, a) leading to a chain in which the minimum Mo···Mo
separation is 6.531(2) Å. The crystal structure of 2 is
formed by the alternation, in the [001] direction of the unit
cell, of double layers of [CpMo(H2biim)(CO)2]+ complex
ions with BF4

– anions. Interactions between these moieties
are assured by strong N–H···F hydrogen bonds (see part b
of Figure 4 and Table 3) and, as also reported for com-
pound 1, by a series of weak C–H···F interactions (not
shown).

Table 3. Hydrogen bonding geometry (distances in Å and angles
in °) for [CpMo(H2biim)(CO)2](BF4) (2).[a]

D–H···A d(D···A) �(DHA)

N(3)–H(3)···F(4)i 2.868(3) 144(3)
N(4)–H(4)···F(4)i 3.116(3) 139(2)

[a] Symmetry transformation used to generate equivalent atoms: (i)
x – 1, y, z.
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Figure 4. (a) Crystal packing of 2 viewed in perspective along the [010] direction of the unit cell; (b) Strong N–H···F hydrogen bonding
interactions linking individual [CpMo(H2biim)(CO)2]+ complex cations to neighbouring BF4

– anions. For further details on the geometry
of these interactions see Table 3. As in the previous schematic drawings, Mo–C bonds to the coordinated η5-Cp moieties have been
replaced by black-filled dashed bond lines to the centroid. Symmetry transformation used to generate equivalent atoms: (i) x – 1, y, z.

Cyclodextrin Inclusion Compounds
The relative solubilities of β-CD, TRIMEB and the com-

plexes [CpMo(NCMe)2(CO)2](BF4) (1) and [CpMo(H2bi-
im)(CO)2](BF4) (2) determined the method used for the
preparation of the respective inclusion compounds. An ini-
tial CD/organometallic molar ratio of 1:1 was always used.
For the preparation of β-CD·[CpMo(NCMe)2(CO)2](BF4)
(3), an acetonitrile solution of 1 was added to an aqueous
solution of β-CD, whereas for the preparation of β-
CD·[CpMo(H2biim)(CO)2](BF4) (5) both components were
dissolved in water. Compounds 3 and 5 were obtained as
light brown and light brick coloured solids, respectively, af-
ter removal of the solvents by freeze-drying. The TRIMEB
inclusion compounds TRIMEB·[CpMo(NCMe)2(CO)2]-
(BF4) (4) and TRIMEB·[CpMo(H2biim)(CO)2](BF4) (6)
were obtained by dissolving the components in either
dichloromethane (4) or a mixture of dichloromethane and
ethanol (6), followed by evaporation of the solvent(s) under
reduced pressure.

X-ray diffraction studies enable the identification of true
inclusion complexes of cyclodextrins, mainly based on the
empirical evidence that the powder XRD patterns of these
complexes should be clearly distinct from those obtained by
the superimposition of the diffractograms of the individual
components.[9e,31] Figure 5 shows the patterns for com-
plexes 1 and 2, plain β-CD hydrate, TRIMEB and the ad-
ducts 4 and 5. The diffractograms of the adducts are clearly
different from the sum of the individual patterns for com-
plex 1 and TRIMEB, or complex 2 and β-CD. The TRI-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4278–42884282

MEB adduct 4 is quite crystalline and the diffractogram
shares similarities with the patterns exhibited by the corre-
sponding 1:1 TRIMEB adducts of [CpMoX(CO)3] (X = Cl,
CH2CONH2).[9e,13] A hypothetical structural model of the
inclusion compound TRIMEB·[CpMoCl(CO)3] was ob-
tained by global optimisation using simulated annealing.[9e]

The compound crystallises in the space group P212121 and
the crystal packing features columns in which the macro-
cycles are arranged along the b axis in a tilted position. The
TRIMEB inclusion compound 6 was found to be much less
crystalline than 4, exhibiting very broad and weak features
at about 9.1, 11.5, 18.5 and 23.2° for 2θ in the powder XRD
pattern (not shown). The β-CD adducts 3 and 5 had moder-
ate crystallinity, with diffraction patterns very similar to
that exhibited by the compound β-CD·[CpMo-
(CH2CONH2)(CO)3].[13]

Thermogravimetric analysis of compounds 3–6 was also
useful for the recognition of inclusion complex formation.
Figure 6 shows the TGA curves for [CpMo(NCMe)2-
(CO)2](BF4) (1), compounds 3 and 4, and 1:1 physical mix-
tures of the pure hosts and complex 1. Complex 1 features
a weight loss of about 38% from 100 to 210 °C, which is in
good agreement with the expected loss of 36% calculated
for the removal of 2 NCMe and 2 CO ligands. A further
gradual weight loss of 21% takes place up to 500 °C, leav-
ing a residual mass of 38.2%. The first of these decomposi-
tion steps can be clearly seen in the TG profiles for the
physical mixtures and is followed by the onset of cyclodex-
trin decomposition at about 270 °C for β-CD hydrate and
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Figure 5. Powder XRD patterns of (a) [CpMo(NCMe)2(CO)2]-
(BF4) (1), (b) TRIMEB, (c) the inclusion compound
TRIMEB·[CpMo(NCMe)2(CO)2](BF4) (4), (d) [CpMo(H2biim)-
(CO)2](BF4) (2), (e) β-CD hydrate and (f) the inclusion compound
β-CD·[CpMo(H2biim)(CO)2](BF4) (5).

175 °C for TRIMEB. The TGA profile for the β-CD physi-
cal mixture exhibits an additional well-defined step from
room temperature to 90 °C corresponding to the removal
of water molecules located in the β-CD cavities and also in
the interstices between the macrocycles. The TGA profiles
for compounds 3 and 4 are very different from those for
the physical mixtures. Neither individual steps for dehy-
dration (in the case of the β-CD adduct) nor loss of the
ligands from the organometallic complex were observed.
Instead, both compounds exhibit a continuous and smooth
weight loss from room temperature up to the points where
the host macrocycles begin to decompose (230 °C for 3,
155 °C for TRIMEB). This behaviour, coupled with the
early degradation of the hosts (compared with the pure
compounds β-CD hydrate and TRIMEB) is characteristic
of true inclusion compounds comprising CDs and organo-
metallic molecules. Comparable results were obtained for
[CpMo(H2biim)(CO)2](BF4) (2) and its inclusion com-
pounds (Figure 7), although the decomposition of the orga-
nometallic complex in the physical mixtures is not so obvi-
ous since the pure compound 2 decomposes in a series of
overlapping steps which extend from room temperature to
475 °C.

The 13C{1H} CP/MAS NMR spectra of compounds 1–
6 are shown in Figure 8 and Figure 9. Although the crystal
structure of 1 contains two crystallographically independent
[CpMo(NCMe)2(CO)2]+ cations, with slightly different geo-
metric features and distinct close-packing configurations,
compound 1 gives rise to single peaks at 96.6, 145.1 and
252.6 ppm, assigned to the Cp, CN and CO groups, respec-
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Figure 6. TGA curves of complex 1 (––––), a 1:1 physical mixture
of 1 and β-CD (·····), a 1:1 physical mixture of 1 and TRIMEB
(–·–·) and the inclusion compounds 3 (– – –) and 4 (–··–··).

Figure 7. TGA curves of complex 2 (––––), a 1:1 physical mixture
of 2 and β-CD (·····), a 1:1 physical mixture of 2 and TRIMEB
(–·–·) and the inclusion compounds 5 (– – –) and 6 (–··–··).

tively. On the other hand, three partially revolved lines were
observed between δ = 3 and 5 ppm for the methyl groups
of the acetonitrile ligands. In the spectra of the inclusion
compounds 3 and 4, the guest species can be identified by
a Cp resonance at about 96 ppm and a Me signal at about
3 ppm, which are essentially unshifted when compared with
the resonances for nonincluded 1. The β-CD carbon atoms
in 3 give rise to four single peaks centred around 102.6,
80.6, 72.2 and 60.0 ppm, assigned to C1, C4, C2,3,5 and
C6, respectively. This is in sharp contrast to plain β-CD
hydrate, which exhibits a complex 13C{1H} CP/MAS NMR
spectrum containing multiple sharp resonances for each
type of carbon atom (not shown).[13] The multiple reso-
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nances arise due to different torsion angles about the
α(1�4) linkages[32] and the torsion angles describing the
orientation of the hydroxy groups.[33] The appearance of
single peaks in the 13C{1H} CP/MAS NMR spectrum of 3,
together with a lower dispersion in the chemical shift for
each signal (i.e. the chemical shift range that comprises all
of the resonances from the same carbon atom in distinct
glycosidic units) are typically attributed to the β-CD macro-
cycle becoming symmetric, that is, the encapsulation of the
guest molecule induces the ring to adopt a less distorted
conformation, with each glucose unit in a more similar en-
vironment.[9e,13,34] The low crystallinity of compound 3 may
also contribute to a broadening of the peaks.

Figure 8. Solid-state 13C{1H} CP/MAS NMR spectra of (a) com-
plex 1, (b) the β-CD inclusion compound 3 and (c) the TRIMEB
inclusion compound 4. Spinning sidebands are denoted by aster-
isks.

Like plain β-CD hydrate, the 13C{1H} CP/MAS NMR
spectrum of TRIMEB also contains multiple resonances for
each type of carbon atom (not shown).[13] This is because
the host assumes a severely collapsed conformation in the
solid-state, which minimises the hydrophobic cavity in the
absence of a hydrophobic guest.[35] Several resolved lines
may also be observed for the inclusion compound 4 and
this is consistent with the presence of an ordered crystal-
packing arrangement of CD molecules. Indeed, the pres-
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Figure 9. Solid-state 13C{1H} CP/MAS NMR spectra of (a) com-
plex 2, (b) the β-CD inclusion compound 5 and (c) the TRIMEB
inclusion compound 6. Spinning sidebands are denoted by asterisks
and peaks due to the presence of residual solvents (diethyl ether,
n-hexane or ethanol) are indicated by S.

ence of at least ten sharp lines for the methyl carbon atoms
shows that these groups exist in several different well-de-
fined environments. The overall similarity of the spectrum
with those previously reported for the adducts
TRIMEB·[CpMoX(CO)3] (X = Cl, CH2CONH2)[9e,13] is in
line with the powder XRD results and confirms that the
conformations of the host macrocycles and the crystal
packing arrangements in the three compounds are similar.
On the other hand, a comparison of these spectra with that
for plain TRIMEB reveals considerable differences in the
number, relative intensities and positions of peaks due to
the host, which indicates that the conformation of the
macrocycles in the inclusion compounds is different from
that in plain TRIMEB.

Figure 9 shows the 13C{1H} CP/MAS NMR spectra of
[CpMo(H2biim)(CO)2](BF4) (2) and the inclusion com-
pounds β-CD·[CpMo(H2biim)(CO)2](BF4) (5) and
TRIMEB·[CpMo(H2biim)(CO)2](BF4) (6). The resonances
for the carbon atoms of the biimidazole ligand in 2 appear
in the range 120–137 ppm and the Cp resonance can be
found at δ = 96.1 ppm. The spectrum for compound 5 is
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very similar to that of compound 3 with respect to the β-
CD carbon resonances. Additional peaks for the guest
molecule can be observed at δ = 95.6 ppm (Cp) and 122–
139 ppm (H2biim). For the TRIMEB adduct 6, the H2biim
resonances appear in the range of 115–140 ppm, while the
Cp resonance is obscured by a broad peak for the C1 car-
bon atoms of the host. In fact, in contrast to the spectrum
of 4, the resonances for the host carbon atoms in 6 appear
mainly as single broad peaks, which are presumably related
to the low crystallinity of the compound as revealed by the
powder XRD studies.

For all the inclusion compounds studied, it was not pos-
sible to clearly identify the resonances (masked in the back-
ground) for the CO groups of the guest molecules, even
when contact times of 2 ms were used. The presence of
these groups was confirmed by IR spectroscopy. Thus, in
addition to the intense and typical bands of the cyclodex-
trin hosts, the spectra contained two bands in the CO
stretching region (1880–2000 cm–1). These were mostly
shifted by less than 10 cm–1 compared with the correspond-
ing bands for the nonincluded complexes 1 and 2. Only in
two cases (1971 cm–1 for 3 vs. 1988 cm–1 for 1; 1891 cm–1

for 5 vs. 1878 cm–1 for 2) were larger shifts observed. These
shifts probably arise because the guest molecules in com-
pounds 3–6 are isolated from one another by inclusion in
the CD cavities.

Concluding Remarks

β-CD and TRIMEB inclusion compounds containing
the complexes [CpMo(NCMe)2(CO)2](BF4) and
[CpMo(H2biim)(CO)2](BF4) have been prepared and char-
acterised. Referring to previous work, we may conclude that
neutral, cationic or anionic η5-cyclopentadienyl metal car-
bonyl complexes of the type [CpMLm(CO)n]z–/z+ (M = Mo,
Mn or Fe), with three-legged or four-legged piano stool
geometries, are readily encapsulated by cyclodextrins. The
available experimental and theoretical evidence suggests
that the interaction geometries generally involve insertion
of the Cp ligand into the host cavities, with the CO and L
ligands (L = NCMe, H2biim, Cl, CH2CONH2 etc) protrud-
ing outwards (on the wider secondary side of the host mole-
cules). Indeed, the crystal-packing arrangements in the β-
CD and TRIMEB inclusion compounds containing the
[CpMo(NCMe)2(CO)2]+ complex cation are evidently very
similar to the arrangements found in the corresponding in-
clusion compounds containing the neutral tricarbonyl com-
plex [CpMoCl(CO)3]. We are currently studying how the
behaviour of the organometallic complexes as, for example,
CO-releasing molecules, catalyst precursors or anti-tumour
agents is affected by cyclodextrin encapsulation.

Experimental Section
General Remarks: All air-sensitive operations were carried out
using standard Schlenk techniques under an oxygen- and water-free
nitrogen atmosphere. Solvents were dried by standard procedures
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(diethyl ether and ethanol over Na, CH2Cl2 and NCMe over
CaH2), distilled under nitrogen and kept over 3 Å (NCMe) or 4-Å
molecular sieves. Microanalyses for C, H and N were performed at
the Instituto de Tecnologia Química e Biológica (Oeiras, Portugal)
by C. Almeida and Mo was determined by ICP-OES at the Central
Laboratory for Analysis (University of Aveiro) by E. Soares. TGA
studies were carried out using a Shimadzu TGA-50 system at a
heating rate of 5 °Cmin–1 under air. Powder X-ray diffraction data
were collected at ambient temperature on a X�Pert MPD Philips
diffractometer (Cu-Kα X-radiation, λ = 1.54060 Å) equipped with
a curved graphite-monochromator and a flat-plate sample holder
in a typical Bragg–Brentano para-focusing optics configuration
(40 kV, 50 mA). Infrared spectra were recorded on a Unican Matt-
son Mod 7000 FTIR spectrometer. 13C NMR spectra in solution
were recorded on a Bruker Avance 500 spectrometer. 13C{1H} CP/
MAS NMR spectra were recorded at 125.72 MHz on a (11.7 T)
Bruker Avance 500 spectrometer, with an optimised π/2 pulse for
1H of 4.5 µs, 2 ms contact time, a spinning rate of 7 kHz and 12 s
recycle delays. Chemical shifts are quoted in parts per million rela-
tive to tetramethylsilane.

β-Cyclodextrin (Kleptose®) was kindly donated by laboratoires La
Roquette (France) and heptakis-2,3,6-tris-O-methyl-β-CD was ob-
tained from Fluka. 2,2�-Biimidazole was prepared from glyoxal and
concentrated ammonia following the published method.[36]

[CpMo(η3-C3H5)(CO)2] was prepared as described in the litera-
ture[16b,16c] and characterised by elemental analysis and FTIR spec-
troscopy.

[CpMo(NCMe)2(CO)2](BF4) (1): A solution of [CpMo(η3-
C3H5)(CO)2] (0.35 g, 1.35 mmol) in CH2Cl2 was treated with 1
equiv. of HBF4·Et2O. After 10 min, acetonitrile was added in excess
and the reaction mixture was stirred for 2 h. The solution was then
concentrated to about 5 mL and diethyl ether added to precipitate
a red solid. The solid was filtered, washed with diethyl ether and
n-hexane. Crystals suitable for X-ray analysis were obtained after
slow diffusion at 4 °C of diethyl ether into a saturated solution of
the crude product in acetonitrile. Yield: 0.48 g, 92%.
C11H11BF4MoN2O2 (385.96): calcd. C 34.23, N 7.26, H 2.87; found
C 33.97, N 7.16, H 2.99. FTIR (KBr): ν̃ = 3098 m, 3067 m, 3056
m (all νCH of Cp), 2972 m, 2965 m, 2915 m, 2902 m (all νCH of
Me), 2325 w (νN�C), 2289 w (νN�C), 1988 vs. (νCO), 1893 vs. (νCO),
1621 m, 1434 m, 1422 m, 1366 w, 1352 w, 1305 w, 1300 w, 1083 vs.
(νBF), 1073 s, 1036 s, 928 w, 904 vw, 886 vw, 869 vw, 847 m, 824 w,
772 vw, 713 vw, 588 m, 542 m, 533 m, 522 m, 513 m, 488 m, 458
m, 433 m, 385 m cm–1. 1H NMR (300 MHz, [D6]acetone, 25 °C): δ
= 5.80 (s, 5 H, Cp), 2.19 (s, 6 H, Me) ppm. 13C{1H} NMR
(125.72 MHz, CDCl3, 25 °C): δ = 249.7 (CO), 142.6 (CN), 96.1
(Cp), 4.8 (Me) ppm. 13C{1H} CP/MAS NMR: δ = 252.6 (CO),
145.1 (CN), 96.6 (Cp), 4.7 (Me) ppm

[CpMo(H2biim)(CO)2](BF4) (2): A solution of [CpMo(η3-
C3H5)(CO)2] (0.31 g, 1.19 mmol) in CH2Cl2 was treated with 1
equiv. of HBF4·Et2O. After 10 min, dimethoxymethane was added
in excess and the reaction mixture was stirred for 15 min. 2,2�-bi-
imidazole (0.17 g, 1.30 mmol) was then added and the reaction
mixture stirred for 4 h at room temperature. The resultant orange
solution was filtered and, after concentrating to about 5 mL, di-
ethyl ether was added to precipitate an orange microcrystalline so-
lid. The solid was filtered and washed several times with diethyl
ether and n-hexane. Crystals suitable for X-ray analysis were ob-
tained after slow diffusion at 4 °C of diethyl ether into a saturated
solution of the crude product in ethanol. Yield: 0.47 g, 90%.
C13H11BF4MoN4O2 (438.01): calcd. C 35.65, N 12.79, H 2.53;
found C 35.52, N 12.51, H 2.38. FTIR (KBr): ν̃ = 3360 s, br. (νNH),
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3265 sh (νNH), 3156 m, 3140 s, 3122 s (νNH, νCH of Cp and/or
H2biim), 2929 m, 2776 m, 1976 vs. (νCO), 1878 vs. (νCO), 1707 w,
1638 m, 1534 m, 1512 m, 1429 m, 1420 m, 1359 w, 1321 m, 1284
w, 1253 w, 1123 s, 1100 s, 1068 vs. (νBF), 1004 m, 978 m, 919 w,
846 m, 822 m, 787 m, 761 s, 695 w, 679 m, 620 m, 612 w, 595 w,
538 m, 520 m, 484 m, 471 w, 435 m, 369 vw, 341 vw, 332 vw, 301
w cm–1. 1H NMR (300 MHz, [D6]acetone, 25 °C): δ = 11.6 (NH,
H2biim), 7.75 (d, 2 H, H2biim), 7.67 (d, 2 H, H2biim), 5.85 (s, 5 H,
Cp) ppm. 13C{1H} NMR (125.72 MHz, CDCl3, 25 °C): δ = 253.0
(CO), 136.7, 133.9, 120.7 (all H2biim), 95.2 (Cp) ppm. 13C{1H} CP/
MAS NMR: δ = 257.6, 256.1 (CO), 137.3, 135.0, 133.3, 120.8 (all
H2biim), 104.8, 96.1 (Cp) ppm.

β-CD·[CpMo(NCMe)2(CO)2](BF4) (3): A solution of
[CpMo(NCMe)2(CO)2](BF4) (1) (52.0 mg, 0.134 mmol) in acetoni-
trile (4.0 mL) was added to a solution of β-CD (152.5 mg,
0.134 mmol) in water (6.0 mL) at 40 °C. The resultant solution was
stirred for 1 h and then frozen by immersion of the container in
liquid nitrogen. The solvents were removed by freeze-drying to ob-
tain a light-brown solid. FTIR (KBr): ν̃ = 3375 s, br. (νOH), 2939
m, 1971 s (νCO), 1890 s (νCO), 1640 m, 1536 m, 1509 w, 1422 m,
1367 m, 1334 m, 1300 m, 1244 m, 1157 s, 1101 sh, 1079 vs, 1027
vs, 1003 sh, 946 m, 938 m, 892 w, 860 w, 829 w, 821 w, 762 m, 706
m, 698 m, 670 w, 608 m, 577 m, 527 m, 484 m, 432 m, 356 w, 327
w, 302 w cm–1. 13C{1H} CP/MAS NMR: δ = 102.6 (β-CD, C1),
95.6 (guest Cp), 80.6 (β-CD, C4), 72.2 (β-CD, C2,3,5), 60.0 (β-CD,
C6), 2.8 (guest Me) ppm.

TRIMEB·[CpMo(NCMe)2(CO)2](BF4) (4): A solution of TRIMEB
(0.558 g, 0.39 mmol) in CH2Cl2/water (20:1) was added to a solu-
tion of [CpMo(NCMe)2(CO)2](BF4) (1) (103 mg, 0.26 mmol) in
dichloromethane (10 mL) and the mixture was stirred for 48 h at
60 °C. After cooling to ambient temperature, the solution was evap-
orated to dryness under reduced pressure to obtain a dark-brown
microcrystalline solid. FTIR (KBr): ν̃ = 3463 s, 3106 m (νCH of
Cp), 2989 s, 2935 s, 2842 s, 2322 vw (νN�C), 2290 vw (νN�C), 2074
w, 1988 s (νCO), 1944 w, 1899 s (νCO), 1840 w, 1631 m, 1458 m,
1384 m, 1370 m, 1325 m, 1307 m, 1263 m, 1196 s, 1163 s, 1145 s,
1107 vs, 1084 vs, 1072 vs, 1037 vs, 970 s, 951 m, 905 m, 856 m, 823
w, 805 w, 753 m, 734 m, 704 m, 671 vw, 553 m, 534 m, 522 m, 458 w,
434 w, 385 w, 348 w, 328 w, 313 w cm–1. 13C{1H} CP/MAS NMR: δ
= 100.5, 99.6, 99.2, 98.3 (TRIMEB, C1), 96.8, 96.5 (TRIMEB, C1;
guest Cp), 94.7 (TRIMEB, C1), 85.4, 84.0, 82.4, 81.9, 81.3, 79.2
(TRIMEB, C2,3,4), 76.4, 74.2, 72.2, 71.0, 69.6 (TRIMEB, C5,6),
63.0, 61.8, 61.2, 60.0, 58.9, 58.1, 57.0, 56.5, 55.4 (TRIMEB, O–
Me), 3.8 (guest Me) ppm.

β-CD·[CpMo(H2biim)(CO)2](BF4) (5): A solution of β-CD (311 mg,
0.27 mmol) and [CpMo(H2Biim)(CO)2](BF4) (2) (120 mg,
0.27 mmol) in water (8 mL) was stirred for 50 min at 50 °C and
then frozen with liquid nitrogen. The frozen water was removed by
liophilisation to obtain a brick-coloured solid. FTIR (KBr): ν̃ =
3377 s, br. (νOH), 2928 m, 1973 s (νCO), 1891 s (νCO), 1640 m, 1534
m, 1507 w, 1422 m, 1368 m, 1334 m, 1300 w, 1245 w, 1157 s, 1099
sh, 1079 vs, 1050 sh, 1028 vs, 1005 sh, 944 m, 937 m, 861 w, 828
w, 820 w, 762 m, 706 m, 698 m, 668 m, 607 m, 577 m, 527 m, 483
m, 480 m, 433 m, 356 w, 335 w, 327 w, 302 w cm–1. 13C{1H} CP/
MAS NMR: δ = 139.2, 134.5, 130.2, 122.1 (all guest H2biim), 102.5
(β-CD, C1), 95.6 (guest Cp), 80.7 (β-CD, C4), 71.9 (β-CD, C2,3,5),
59.8 (β-CD, C6) ppm.

TRIMEB·[CpMo(H2biim)(CO)2]BF4 (6): A solution of
[CpMo(H2biim)(CO)2]BF4 (2) (60.0 mg, 0.137 mmol) in a mixture
of dichloromethane (12 mL) and ethanol (4 mL) was treated por-
tionwise with TRIMEB (196 mg, 0.137 mmol), allowing each frac-
tion to dissolve before adding the next. The mixture was stirred for
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1 h and then evaporated to dryness under reduced pressure to ob-
tain a solid product. FTIR (KBr): ν̃ = 3142 m (νNH, νCH of Cp
and/or H2biim), 2984 s, 2929 s, 2834 s, 2079 w, 1973 m (νCO), 1885
m (νCO), 1714 w, 1640 m, 1535 m, 1460 s, 1402 sh, 1369 m, 1322
m, 1304 m, 1259 sh, 1195 s, 1161 vs, 1141 vs, 1110 vs, 1095 vs, 1088
vs, 1072 vs, 1038 vs, 954 s, 937 s, 905 sh, 856 m, 821 w, 756 s, 706
m, 694 m, 666 w, 622 w, 599 sh, 551 m, 517 m, 468 w, 439 w, 377
vw, 346 w, 305 w cm–1. 13C{1H} CP/MAS NMR: δ = 140.3, 129.7,
121.1, 115.0 (all guest H2biim), 105.0, 99.5 (TRIMEB, C1; guest
Cp), 82.2 (TRIMEB, C2,3,4), 71.1 (TRIMEB, C5,6), 60.6, 57.8
(TRIMEB, O–Me) ppm.

Single-Crystal X-ray Diffraction: Suitable single-crystals of
[CpMo(NCMe)2(CO)2](BF4) (1) and [CpMo(H2Biim)(CO)2](BF4)
(2) were mounted on glass fibres using perfluoropolyether oil.[37]

Data were collected at 180(2) K on a Nonius Kappa charge-cou-
pled device area-detector diffractometer (Mo-Kα graphite-mono-
chromated radiation, λ = 0.7107 Å) equipped with an Oxford
Cryosystems cryostream and controlled by the Collect software
package.[38] Images were processed using the Denzo and Scalepack
software packages[39] and data were corrected for absorption by the
empirical method employed in Sortav.[40] Structures were solved by
direct methods using SHELXS-97[41] and refined by full-matrix le-
ast-squares on F2 using SHELXL-97.[42] All non-hydrogen atoms
were directly located from difference Fourier maps and refined with
anisotropic displacement parameters. Selected bond lengths and
angles for the Mo2+ coordination environments are given in Table 1
and Table 2 for compounds 1 and 2, respectively. Table 3 summa-
rises the hydrogen bonding geometries reported for compound 2.

For the two crystal structures, hydrogen atoms bound to carbon
were located in their idealised positions using appropriate HFIX
instructions in SHELXL (43 for the aromatic and 137 for the ter-
minal methyl groups of the coordinated NCMe moieties) and in-
cluded in subsequent refinement cycles in the riding-motion
approximation with isotropic thermal displacement parameters
(Uiso) fixed at 1.2 (for the aromatic hydrogen atoms) or 1.5 (for the
methyl moieties) times Ueq of the carbon atom to which they were
attached. For compound 1, the two crystallographically indepen-
dent BF4

– anions were found to be severely affected by structural
disorder, which was directly reflected in the large thermal displace-
ment parameters calculated for each fluorine atom. This disorder
was modelled by considering, on the one hand, two distinct crystal-
lographic positions for each BF4

– anion with fixed occupancy rates
of 1⁄3 and 2⁄3 and, on the other, a geometry heavily restrained for
each moiety with the B–F and F···F intramolecular distances re-
strained to variable common factors which ultimately refined to ca.
1.34 and 2.18 Å, respectively. This refinement strategy led to a more
reasonable structural model for 1, even though the checkCIF rou-
tines available with the PLATON software package still indicated
a rather large discrepancy between the Ueq values of the boron and
fluorine atoms. The last difference Fourier map synthesis showed,
for 1, the highest peak (0.535 eÅ–3) and deepest hole (–0.790 eÅ–3)
located at 1.37 Å from H(20C) and 0.79 Å from Mo(1), respec-
tively, while, for 2, the highest peak (0.616 eÅ–3) and deepest hole
(–0.798 eÅ–3) were found at 1.65 Å from H(3) and 0.79 Å from
Mo(1), respectively.

CCDC-604073 and -604074 (for 1 and 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic Data for 1: C22H22B2F8Mo2N4O4, M = 771.94,
orthorhombic Pbca, a = 12.871(3), b = 19.222(4), c = 23.849(5) Å,
V = 5900(2) Å3, Z = 8, Dcalcd. = 1.738 gcm–3, µ(Mo-Kα) =
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0.936 mm–1, F(000) = 3040, crystal size = 0.28×0.16×0.10 mm,
brown blocks, θ range = 3.60 to 26.37, index ranges –16 � h �

16, –17 � k � 24, –28 � l � 29, reflections collected = 32704,
independent reflections = 6001 (Rint = 0.0545), R1, wR2 [I � 2σ(I)]
= 0.0345, 0.0739, R1, wR2 (all data) = 0.0513, 0.0803, weighting
scheme m, n = 0.0330, 6.4200.

Crystallographic Data for 2: C13H11BF4MoN4O2, M = 438.01, tri-
clinic P1̄, a = 6.5308(13), b = 7.2832(15), c = 16.962(3) Å, α =
92.91(3), β = 90.91(3), γ = 107.00(3)°, V = 770.2(3) Å3, Z = 2,
Dcalcd. = 1.889 gcm–3, µ(Mo-Kα) = 0.912 mm–1, F(000) = 432, crys-
tal size = 0.10×0.07×0.02 mm, red blocks, θ range = 3.51 to 30.03,
index ranges –9 � h � 9, –10 � k � 9, –23 � l � 23, reflections
collected = 10020, independent reflections = 4484 (Rint = 0.0406),
R1, wR2 [I � 2σ(I)] = 0.0340, 0.0652, R1, wR2 (all data) = 0.0481,
0.0701, weighting scheme m, n = 0, 0.8582.

Acknowledgments

The authors are grateful to FCT, OE and FEDER for funding
(Project POCI//QUI/56109/2004). CCLP is grateful to the FCT for
a postdoctoral grant. We wish to thank Professor João Rocha for
access to research facilities and Paula Esculcas for assistance in
the solid-state NMR experiments. We are also grateful to Celeste
Azevedo for carrying out the TGA experiments and to Rosário
Soares for collection of the powder diffraction data.

[1] a) F. E. Kühn, A. M. Santos, W. A. Herrmann, Dalton Trans.
2005, 2483–2491; b) A. A. Valente, J. D. Seixas, I. S. Gonçalves,
M. Abrantes, M. Pillinger, C. C. Romão, Catal. Lett. 2005, 101,
127–130; c) J. Zhao, A. M. Santos, E. Herdtweck, F. E. Kühn,
J. Mol. Catal. A 2004, 222, 265–271; d) B. F. M. Kimmich, P. J.
Fagan, E. Hauptman, W. J. Marshall, R. M. Bullock, Organo-
metallics 2005, 24, 6220–6229; e) Y. Kotani, M. Kamigaito, M.
Sawamoto, Macromolecules 2000, 33, 3543–3549; f) O. Buisine,
C. Aubert, M. Malacria, Chem. Eur. J. 2001, 7, 3517–3525; g)
J. H. Hardesty, J. B. Koerner, T. A. Albright, G.-Y. Lee, J. Am.
Chem. Soc. 1999, 121, 6055–6067.

[2] a) T. M. Gilbert, F. J. Hadley, C. B. Bauer, R. D. Rogers, Orga-
nometallics 1994, 13, 2024–2034; b) A. R. Dias, M. H. Garcia,
M. P. Robalo, A. P. S. Tekheira, L. A. Bulygina, V. I. Sokolov,
Russ. J. Org. Chem. 2001, 37, 620–623; c) M. H. Garcia, S.
Royer, M. P. Robalo, A. R. Dias, J.-P. Tranchier, R. Chavignon,
D. Prim, A. Auffrant, F. Rose-Munch, E. Rose, J. Vaissermann,
A. Persoons, I. Asselberghs, Eur. J. Inorg. Chem. 2003, 3895–
3904.

[3] a) J. B. Waern, M. M. Harding, J. Organomet. Chem. 2004, 689,
4655–4668; b) R. H. Fish, G. Jaouen, Organometallics 2003,
22, 2166–2177; c) D. L. Mohler, E. K. Barnhardt, A. L. Hurley,
J. Org. Chem. 2002, 67, 4982–4984.

[4] a) J. Bernard, K. Ortner, B. Spingler, H.-J. Pietzsch, R. Alberto,
Inorg. Chem. 2003, 42, 1014–1022; b) M. Saidi, S. Seifert, M.
Kretzschmar, R. Bergmann, H.-J. Pietzsch, J. Organomet.
Chem. 2004, 689, 4739–4744.

[5] S. S. Braga, M. P. M. Marques, J. B. Sousa, M. Pillinger, J. J. C.
Teixeira-Dias, I. S. Gonçalves, J. Organomet. Chem. 2005, 690,
2905–2912, and references therein.

[6] a) G. Jaouen, A. Vessières, I. S. Butler, Acc. Chem. Res. 1993,
26, 361–369; b) D. R. van Staveren, T. Weyhermüller, N.
Metzler-Nolte, Organometallics 2000, 19, 3730–3735; c) J.-M.
Heldt, N. Fischer-Durand, M. Salmain, A. Vessières, G. Ja-
ouen, J. Organomet. Chem. 2004, 689, 4775–4782.

[7] a) T. R. Johnson, B. E. Mann, J. E. Clark, R. Foresti, C. J.
Green, R. Motterlini, Angew. Chem. Int. Ed. 2003, 42, 3722–
3729; b) I. J. S. Fairlamb, A.-K. Duhme-Klair, J. M. Lynam,
B. E. Moulton, C. T. O’Brien, P. Sawle, J. Hammad, R. Motter-
lini, Bioorg. Med. Chem. Lett. 2006, 16, 995–998.

Eur. J. Inorg. Chem. 2006, 4278–4288 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4287

[8] a) F. Hapiot, S. Tilloy, E. Monflier, Chem. Rev. 2006, 106, 767–
781; b) W. Sliwa, T. Girek, Heterocycles 2003, 60, 2147–2183;
c) E. Fenyvesi, L. Szente, N. R. Russel, M. McNamara, in:
Comprehensive Supramolecular Chemistry, (Eds.: J. Szejtli, T.
Osa), Pergamon, Oxford, 1996, vol. 3, pp. 305–366.

[9] a) M. Shimada, A. Harada, S. Takahashi, J. Chem. Soc., Chem.
Commun. 1991, 263–264; b) P. P. Patel, M. E. Welker, J. Or-
ganomet. Chem. 1997, 547, 103–112; c) C. Díaz, A. Arancibia,
J. Inclusion Phenom. Macro. Chem. 1998, 30, 127–141; d) S. S.
Braga, I. S. Gonçalves, P. Ribeiro-Claro, A. D. Lopes, M. Pill-
inger, J. J. C. Teixeira-Dias, J. Rocha, C. C. Romão, Supramol.
Chem. 2002, 14, 359–366; e) S. S. Braga, F. A. Almeida Paz, M.
Pillinger, J. D. Seixas, C. C. Romão, I. S. Gonçalves, Eur. J. In-
org. Chem. 2006, 1662–1669.

[10] D. R. Alston, A. M. Z. Slawin, J. F. Stoddart, D. J. Williams,
Angew. Chem. Int. Ed. Engl. 1985, 24, 786–787.

[11] L. Song, Q. Meng, X. You, J. Organomet. Chem. 1995, 498,
C1–C5.

[12] A. Harada, K. Saeki, S. Takahashi, Organometallics 1989, 8,
730–733.

[13] S. S. Braga, S. Gago, J. D. Seixas, A. A. Valente, M. Pillinger,
T. M. Santos, I. S. Gonçalves, C. C. Romão, Inorg. Chim. Acta,
in press.

[14] S. S. Braga, I. S. Gonçalves, A. D. Lopes, M. Pillinger, J. Ro-
cha, C. C. Romão, J. J. C. Teixeira-Dias, J. Chem. Soc., Dalton
Trans. 2000, 2964–2968.

[15] S. Lima, I. S. Gonçalves, P. Ribeiro-Claro, M. Pillinger, A. D.
Lopes, P. Ferreira, J. J. C. Teixeira-Dias, J. Rocha, C. C.
Romão, Organometallics 2001, 20, 2191–2197.

[16] a) T. Loftsson, M. E. Brewster, J. Pharm. Sci. 1996, 85, 1017–
1025; b) R. A. Rajewski, V. J. Stella, J. Pharm. Sci. 1996, 85,
1142–1169.

[17] a) J. Markham, K. Menard, A. Cutler, Inorg. Chem. 1985, 24,
1581–1587; b) J. R. Ascenso, C. G. de Azevedo, I. S. Gonçalves,
E. Herdtweck, D. S. Moreno, C. C. Romão, J. Zühlke, Organo-
metallics 1994, 13, 429–431; c) J. R. Ascenso, C. G. de Azevedo,
I. S. Gonçalves, E. Herdtweck, D. S. Moreno, M. Pessanha,
C. C. Romão, Organometallics 1995, 14, 3901–3919.

[18] a) N. Begum, S. E. Kabir, G. M. G. Hossain, A. Rahman, E.
Rosenberg, Organometallics 2005, 24, 266–271; b) C. M. Alva-
rez, M. A. Alvarez, M. E. Garcia, A. Ramos, M. A. Ruiz, M.
Lanfranchi, A. Tiripicchio, Organometallics 2005, 24, 7–9; c)
C. M. Alvarez, M. A. Alvarez, D. Garcia-Vivo, M. E. Garcia,
M. A. Ruiz, D. Saez, L. R. Falvello, T. Soler, P. Herson, Dalton
Trans. 2004, 4168–4179; d) M. E. Garcia, V. Riera, M. A. Ruiz,
D. Saez, J. Vaissermann, J. C. Jeffery, J. Am. Chem. Soc. 2002,
124, 14304–14305; e) I. P. Lorenz, S. von Beckerath, H. Noth,
Eur. J. Inorg. Chem. 1998, 645–650; f) M. Akita, K. Noda, Y.
Takahashi, Y. Morooka, Organometallics 1995, 14, 5209–5220.

[19] A. J. Bridgeman, M. J. Mays, A. D. Woods, Organometallics
2001, 20, 2076–2087.

[20] P. Schollhammer, F. Y. Petillon, J. Talarmin, K. W. Muir, Inorg.
Chim. Acta 1999, 284, 107–111.

[21] J. C. Fettinger, H.-B. Kraatz, R. Poli, E. A. Quadrelli, R. C.
Torralba, Organometallics 1998, 17, 5767–5775.

[22] C. G. de Azevedo, M. J. Calhorda, M. Carrondo, A. R. Dias,
M. T. Duarte, A. M. Galvão, C. A. Gamelas, I. S. Gonçalves,
F. M. da Piedade, C. C. Romão, J. Organomet. Chem. 1997,
544, 257–276.

[23] A. Fries, M. Green, M. F. Mahon, T. D. McGrath, C. B. M.
Nation, A. P. Walker, C. M. Woolhouse, J. Chem. Soc., Dalton
Trans. 1996, 4517–4532.

[24] C. Butters, N. Carr, R. J. Deeth, M. Green, S. M. Green, M. F.
Mahon, J. Chem. Soc., Dalton Trans. 1996, 2299–2308.

[25] J. C. Fettinger, D. W. Keogh, R. Poli, J. Am. Chem. Soc. 1996,
118, 3617–3625.

[26] G. R. Willey, T. J. Woodman, M. G. B. Drew, J. Organomet.
Chem. 1996, 510, 213–217.

[27] H. Wadepohl, U. Arnold, H. Pritzkow, M. J. Calhorda, L. F.
Veiros, J. Organomet. Chem. 1999, 587, 233–243.



I. S. Gonçalves et al.FULL PAPER
[28] a) F. H. Allen, Acta Crystallogr. Sect. B Struct. Sci. 2002, 58,

380–388; b) F. H. Allen, W. D. S. Motherwell, Acta Crystallogr.
Sect. B Struct. Sci. 2002, 58, 407–422.

[29] R. Poli, J. Coord. Chem. 1993, 29, 121–173.
[30] M. G. B. Drew, V. Felix, I. S. Gonçalves, F. E. Kühn, A. D.

Lopes, C. C. Romão, Polyhedron 1998, 17, 1091–1102.
[31] W. Saenger, Angew. Chem. Int. Ed. Engl. 1980, 19, 344–362.
[32] a) M. J. Gidley, S. M. Bociek, J. Am. Chem. Soc. 1988, 110,

3820–3829; b) S. J. Heyes, N. J. Clayden, C. M. Dobson, Car-
bohydr. Res. 1992, 233, 1–14.

[33] R. P. Veregin, C. A. Fyfe, R. H. Marchessault, M. G. Tayler,
Carbohydr. Res. 1987, 160, 41–56.

[34] L. Cunha-Silva, J. J. C. Teixeira-Dias, New J. Chem. 2005, 29,
1335–1341.

[35] G. R. Brown, M. R. Caira, L. R. Nassimbeni, B. van Oudt-
shoorn, J. Inclusion Phenom. Macro. Chem. 1996, 26, 281–294.

[36] a) M. J. Calhorda, A. R. Dias, J. Organomet. Chem. 1980, 197,
291–302; b) E. E. Bernarducci, P. K. Bharadwaj, R. A. Lalan-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4278–42884288

cette, K. Krogh-Jespersen, J. A. Potenza, H. J. Schugar, Inorg.
Chem. 1983, 22, 3911–3920.

[37] T. Kottke, D. Stalke, J. Appl. Crystallogr. 1993, 26, 615–619.
[38] R. Hooft, Collect: Data Collection Software, Delft, The Ne-

therlands, Nonius B. V., 1998.
[39] Z. Otwinowski, W. Minor, in: Methods in Enzymology, Vol. 276

(Eds.: C. W. Carter Jr, R. M. Sweet), Academic Press, New
York, 1997, p. 307.

[40] a) R. H. Blessing, Acta Crystallogr. Sect. A 1995, 51, 33–38; b)
R. H. Blessing, J. Appl. Crystallogr. 1997, 30, 421.

[41] G. M. Sheldrick, SHELXS-97, Program for Crystal Structure
Solution, University of Göttingen, Germany, 1997.

[42] G. M. Sheldrick, SHELXL-97, Program for Crystal Structure
Refinement, University of Göttingen, Germany, 1997.

Received: June 14, 2006
Published Online: September 18, 2006



FULL PAPER

DOI: 10.1002/ejic.200600576

Uranium(IV) Complexes of Calix[5]arene

Lionel Salmon,[a] Pierre Thuéry,[a] and Michel Ephritikhine*[a]

Keywords: Uranium / Calix[5]arene / Calixarenes

The µ-oxo uranium(V) compound [Hpy]2[{U(calix[5]arene–
5H)}2(µ2-O)]·4py (1·4py) was the sole product isolated from
the reaction of UCl4 and calix[5]arene unless the last traces of
water were eliminated by thoroughly drying the macrocyclic
molecule; under such strictly anhydrous conditions, the
binuclear UIV complex [Hpy]3[U2(calix[5]arene–5H)Cl6]·4py
(2·4py) was obtained. Treatment of U(OTf)3 or U(OTf)4 (OTf

Introduction

We have recently reported on the synthesis and X-ray
crystal structures of uranium(IV) complexes with calixarene
ligands resulting from reactions of UCl4 with calix[n]arenes
(n = 4, 6 and 8),[1] and of UX4 [X = Cl, MeCOCHCOMe
(acac) and OSO2CF3 (OTf)] or U(OTf)3 with the O-dimeth-
ylated p-tert-butylcalix[4]arene (Me2-tBucalix[4]arene).[2] As
also outlined in the case of the preparation of the chloride-
bridged trimeric complex [{U(Me2-tBucalix[4]arene–2H)-
(µ-Cl)2}3],[3] the successful isolation of these compounds
was critically dependent on the reaction conditions; in par-
ticular, the elimination of adventitious traces of water was
of major importance to avoid the oxidation of the UIV ion.
These difficulties explain why the first attempts to prepare
uranium(IV) calixarene compounds by treatment of UCl4
with p-tert-butylcalix[n]arenes (n = 4, 5, 6) resulted in the
formation of a trinuclear, µ3-oxo-centred [UVI

2UV] complex
for n = 4, dinuclear, µ2-oxo-centred UV or UVI complexes
for n = 5 and a mononuclear UVI homoleptic alkoxide com-
plex for n = 6.[4] We encountered the same problems when
we studied the reactions of UX4 with calix[5]arene. These
reactions seemed to be of special interest to us because
metal complexes of calix[5]arene derivatives are rather
scarce. A search of the Cambridge Structural Database
(CSD, Version 5.27)[5] indicates that only six metal com-
plexes of simple R-calix[5]arene (R = H, tert-butyl) have
been crystallographically characterised.[4,6–9] Concerning
the 5f-element compounds, apart from the binuclear UV

and UVI derivatives cited above,[4] the mononuclear uranyl
complex [HNEt3]2[UO2(p-tert-butylcalix[5]arene–4H)] has

[a] Service de Chimie Moléculaire, DSM, DRECAM, CNRS URA
331, CEA Saclay,
Bâtiment 125, 91191 Gif-sur-Yvette, France
E-mail: salmon@drecam.cea.fr

pierre.thuery@cea.fr
ephri@drecam.cea.fr
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= OSO2CF3) with calix[5]arene gave the dimeric UIV complex
[U(calix[5]arene–4H)(py)]2·4py (3·4py); compound 3 was also
formed when no precautions were taken to avoid the pres-
ence of traces of water, together with compound 1. The crys-
tal structures of the complexes were determined.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

also been described.[8] Here we present the synthesis and X-
ray crystal structures of the UIV and UV compounds, which
were obtained from reactions of UX4 (X = Cl, OTf) with
calix[5]arene.

Results and Discussion

Reaction of UCl4 with 1 molar equiv. of commercial ca-
lix[5]arene in pyridine at 20 °C afforded dark orange crys-
tals of the µ-oxo uranium(V) compound [Hpy]2[{U(calix-
[5]arene–5H)}2(µ2-O)]·4py (1·4py) in 63% yield. The synthe-
sis of 1 is reminiscent of that of [Hpy]2[{U(p-tert-butylca-
lix[5]arene–5H)}2(µ2-O)] from UCl4 and p-tert-butylcalix[5]-
arene.[4] The crystal structures of both compounds are quite
similar and do not merit further discussion; a view of 1 is
shown in Figure 1, and selected bond lengths and angles
are listed in Table 1.

As the UIV � UV oxidation during the formation of 1
likely resulted from the presence of water in the reaction
mixture, it was suspected that commercial calix[5]arene was
not anhydrous, and it was heated under vacuum at 130 °C
for 1 d, but this had no effect on the course of the reaction.
However, the TGA-DTA analysis of this macrocycle re-
vealed a gradual endothermic process between 120 and
210 °C, with a weight loss of 0.9%, which would corre-
spond to the release of half an included water molecule per
calix[5]arene. Final drying of the latter was achieved by
leaving a pyridine solution on molecular sieves (4 Å) for
5 d; the colourless solution turned pale blue and the 1H
NMR signal of the hydroxy protons shifted from δ = 10.57
to 13.75. Addition of 2 molar equiv. of UCl4 into the anhy-
drous solution of calix[5]arene gave a green solution, which
slowly deposited light green crystals of the uranium(IV)
compound [Hpy]3[U2(calix[5]arene–5H)Cl6]·4py (2·4py) in
24% yield.
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Figure 1. View of complex 1·4py with displacement ellipsoids drawn at the 30% probability level; two solvent pyridine molecules and
hydrogen atoms not involved in hydrogen bonds have been omitted; hydrogen bonds are shown as dashed lines; symmetry code: –x, 1 –
y, –z.

Table 1. Selected bond lengths [Å] and angles [°] in compounds
1–3.

1·4py U–O1 2.157(2) U–O1–C2 156.9(2)
U–O2 2.171(2) U–O2–C9 118.52(19)
U–O3 2.149(2) U–O3–C16 157.0(2)
U–O4� 2.126(2) U�–O4–C23 154.8(2)
U–O5� 2.172(2) U�–O5–C30 147.6(2)
U–O6 2.08482(12)
symmetry code: –x, 1 – y, –z

2·4py U1–O1 2.140(7) U1–O1–C2 158.4(7)
U1–O2 2.144(8) U1–O2–C9 119.3(7)
U1–O3 2.177(7) U1–O3–C16 155.5(7)
U1–Cl1 2.793(3)
U1–Cl2 2.693(3)
U1–Cl3 2.693(3)
U2–O4 2.110(8) U2–O4–C23 158.7(7)
U2–O5 2.107(7) U2–O5–C30 152.3(7)
U2–Cl1 2.812(3)
U2–Cl4 2.679(3) U1···U2 5.2862(8)
U2–Cl5 2.650(4)
U2–Cl6 2.670(3)

3·4py U–O1 2.169(2) U–O1–C2 177.4(2)
U–O2 2.671(2) U–O2–C9 97.56(19)
U–O3 2.149(2) U�–O2–C9 156.8(2)
U–O4 2.239(2) U–O3–C16 172.5(2)
U–O5 2.674(2) U–O4–C23 132.9(2)
U–O2� 2.222(2) U–O5–C30 107.63(19)
U–N1 2.573(3) U–O2–U� 105.46(8)
symmetry code: 2 – x, 1 – y, 2 – z

The trianionic complex, shown in Figure 2, represents a
unique example of two metal atoms bound to a single ca-
lix[5]arene ligand. The structure shows a pseudosymmetry
plane, which contains the U1, U2, O2, Cl1 and Cl5 atoms,
with an rms deviation of 0.027 Å. Both uranium atoms are
in six-coordinate environments with fac-O3Cl3 and cis-
O2Cl4 octahedral geometry for U1 and U2, respectively.
The five donor atoms of the calixarene define a mean O5

plane with an rms deviation of 0.155 Å and the uranium
atoms are located 1.125(4) (U1) and 1.626(6) Å (U2) from
this mean plane. The macrocycle is in the distorted cone
conformation, with dihedral angles between the four aro-
matic rings and the O5 mean plane of 25.2(2), 87.4(3),
23.3(3), 73.1(3) and 82.9(3)°. These values, with two smaller
angles corresponding to aromatic rings almost parallel to
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the O5 plane, are analogous to those encountered in com-
pound 1. The mean values of the U–Cl (terminal) and U–
Ophenoxy bond lengths of 2.677(16) and 2.14(3) Å, respec-
tively, are comparable to those measured in the other urani-
um(IV) complexes with calix[n]arenes (n = 4, 6, 8) pre-
viously reported.[1,2] The uranium atoms are further bonded
to the bridging chlorine atom Cl1, with a U1–Cl1–U2 angle
of 141.13(10)°, and they are at a distance of 5.2862(8) Å
from one another. The charge of the trianionic complex is
balanced by those of three pyridinium ions hydrogen
bonded to three pyridine molecules [N1···N2 2.659(17) Å,
N3···N4 2.665(10) Å, N5···N6 2.683(17) Å]. The pyridine
molecule (or pyridinium ion) containing N3 is further en-
capsulated in the calixarene cavity, in which it is held by a
π–π stacking interaction with the aromatic ring bearing O4
[centroid···centroid distance 3.69 Å, dihedral angle 13°,
centroid offset 0.72 Å].

Figure 2. View of the trianion in complex 2·4py with displacement
ellipsoids drawn at the 15% probability level; hydrogen atoms have
been omitted.

No reaction was observed between U(acac)4 (acac = Me-
COCHCOMe) and calix[5]arene in refluxing THF or pyri-
dine while treatment of U(acac)4 with the sodium salt of
the macrocycle led to the sluggish formation of intractable
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products. The lesser reactivity of U(acac)4 with respect to
UCl4 was previously noted with the other calix[n]arenes (n
= 4, 6, 8).[1]

Treatment of U(OTf)3 with commercial calix[5]arene
gave a mixture of red crystals of 1·4py and green crystals
of the dimeric complex [U(calix[5]arene–4H)(py)]2·4py
(3·4py). The latter was obtained from the reactions of
U(OTf)3 or U(OTf)4 with the thoroughly dried macrocycle
but was contaminated with a brown powder of an unidenti-
fied compound. Complex 3 could not be isolated in analyti-
cal purity because of its insolubility in organic solvents, a
problem which was also encountered with most of the ura-
nium(IV) compounds of calix[n]arenes (n = 4, 6, 8).[1] The
formation of 3 from U(OTf)3 implies oxidation of the urani-
um(III) centre, as in the case of the synthesis of a bis-ca-
lixarene UIV complex by treatment of U(OTf)3 with O-di-
methylated p-tert-butylcalix[4]arene.[2] Such oxidation reac-
tions of trivalent uranium complexes by alcohols and phe-
nols were assumed to proceed either by initial proton trans-
fer followed by a valence disproportionation step,[10] or by
the direct oxidation of uranium(III) with concomitant evol-
ution of dihydrogen.[11] All the triflate ligands of U(OTf)3

or U(OTf)4 have been substituted by the phenoxide groups
of the macrocycle, contrary to the chloride ligands of UCl4,
a difference which has already been noted with the reactions
of UX4 (X = Cl, OTf) and other calixarenes,[1,2] and which
reflects the lesser coordinating ability of the triflate ligand.

A view of the centrosymmetric complex 3 is shown in
Figure 3. The uranium atom is bound to five oxygen atoms
from one calixarene, one oxygen atom from the second
(O2�) and the nitrogen atom of the pyridine molecule. The
resulting seven-coordinate uranium environment is pentag-
onal bipyramidal with the N1 and O2� atoms in apical posi-
tions. The uranium atom is located 0.0354(11) Å from the
O5 mean plane defined by the five oxygen atoms of the li-
gand (rms deviation 0.313 Å) and is thus close to the centre
of the O5 coordination site, like the uranyl ion in the mono-
nuclear complex [HNEt3]2[UO2(p-tert-butylcalix[5]arene–
4H)]. In this respect, complex 3 contrasts with complex 1
and the UV and UVI complexes with the same stoichiometry
previously reported,[4] in which the two metal centres are
bound to only two or three phenoxide groups from each
calixarene and are located outside the lower rim array.
Among the U–O bond lengths, those corresponding to the
bridging atom O2 are dissymmetric and larger than the
other ones, as well as that associated to atom O5, which is
the protonated group (Table 1). The average value for the
other bond lengths, 2.19(5) Å, is larger by 0.06 Å than the
average value of the U–Ophenoxy distances measured in ura-
nium(IV) complexes of calixarenes.[1] Such an increase in
the U–O bond length has already been observed in the
[U(Me2calix)(H2calix)] complex (Me2calix = O-dimeth-
ylated p-tert-butylcalix[4]arene) and has been attributed to
the steric effects generated by the sandwich arrangement.[2]

The hydroxy group is involved in a hydrogen bond with the
pyridine molecule [O5···N2 2.626(4) Å, O5–H5···N2 157°].
While the uncomplexed calix[5]arene[12] and p-tert-butylca-
lix[5]arene[13] adopt shallow cone conformations, as well as
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the uranyl complex of p-tert-butylcalix[5]arene,[8] the dis-
symmetric coordination to two metal ions and the presence
of an intermolecular hydrogen bond in 3 result in some dis-
tortion of the cone geometry; the two phenolic rings associ-
ated with metal bridging and hydrogen bonding are more
tilted with respect to the O5 mean plane [dihedral angles
12.5(2), 80.93(8), 15.9(2), 53.26(7) and 72.85(8)° for the
rings bearing O1–O5, respectively]. This conformation dif-
fers from that encountered in the similar dimeric europium
complex [Eu(p-tert-butylcalix[5]arene–3H)(dmso)2]2, which
has been described as a distorted 1,2-partial cone confor-
mation.[7]

Figure 3. View of complex 3·4py with displacement ellipsoids
drawn at the 30% probability level; two solvent pyridine molecules
and hydrogen atoms not involved in hydrogen bonds have been
omitted; hydrogen bonds are shown as dashed lines; symmetry
code: 2 – x, 1 – y, 2 – z.

Conclusions

Reactions of UCl4 and U(OTf)4 with calix[5]arene em-
phasise the extreme sensitivity of uranium(IV) calixarene
complexes towards adventitious traces of water and oxygen
and their easy oxidation into uranium(V) derivatives. The
crystal structure of 2·4py reveals a novel coordination mode
of the calix[5]arene ligand, which was found to be able to
accommodate two metal atoms as large as uranium.

Experimental Section
General: All experiments were carried out under argon (�5 ppm
oxygen or water) using standard Schlenk-vessel and vacuum-line
techniques or in a glovebox. Solvents were dried by standard meth-
ods and distilled immediately before use. The 1H NMR spectra
were recorded with a Bruker DPX 200 instrument and referenced
internally using the residual solvent 1H resonances relative to tet-
ramethylsilane (δ = 0 ppm). Elemental analyses were performed by
Analytische Laboratorien at Lindlar (Germany). Calix[5]arene was
purchased from Acros Organics; the TGA-DTA analysis was per-
formed in dry air flow using a SETARAM TGDTA92 analyser;
the temperature was increased from ambient to 300 °C applying
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heating rates of 10 °Cmin–1. UCl4,[14] U(OTf)3 and U(OTf)4

[15]

were prepared by published methods.

Crystals of [Hpy]2[{U(calix[5]arene–5H)}2(µ2-O)]·4py (1·4py): A
flask was charged with UCl4 (7.2 mg, 0.0188 mmol) and commer-
cial calix[5]arene (10 mg, 0.0188 mmol) in pyridine (0.5 mL). The
solution immediately turned orange and dark orange crystals of
1·4py were deposited after 1 d at room temperature (11 mg, 63%).

Synthesis of [Hpy]3[U2(calix[5]arene–5H)Cl6]·4py (2·4py): Commer-
cial calix[5]arene (50 mg, 0.094 mmol) was dried in pyridine
(10 mL) with molecular sieves (4 Å) for 5 d and UCl4 (71 mg,
0.188 mmol) was then added to the solution. After 5 d at 20 °C,
the light green crystals of 2·4py were filtered off and dried under
vacuum (38 mg, 24%). 1H NMR (200 MHz, [D5]pyridine, 23 °C):
δ = –0.71 and 0.57 (2×2 H, –CH2–), 1.16 (1 H, –CH2–), 1.27 (2
H, –CH2–), 4.46 (1 H, –CH2–), 4.96 (2 H, –CH2–), 7.43 (1 H,
aromatic H), 8.51, 9.70, 11.95, 12.97, 13.22, 15.48 and 16.08
(7×2 H, aromatic H) ppm. The elemental analyses were in agree-
ment with the formula [Hpy]3[U2(calix[5]arene–5H)Cl6]·3py.
C65H58Cl6N6O5U2 (1691): calcd. C 45.8, H 3.5, N 4.4; found C
46.1, H 3.4, N 4.3.

Reaction of U(OTf)3 with Calix[5]arene: An NMR tube was
charged with U(OTf)3 (12.9 mg, 0.019 mmol) and commercial ca-
lix[5]arene (10 mg, 0.019 mmol) in pyridine (0.5 mL). After 12 h at
20 °C, dark orange crystals of 1·4py and light green crystals of
[U(calix[5]arene–4H)(py)]2·4py (3·4py) were deposited.

Reaction of U(OTf)4 with Calix[5]arene: Commercial calix[5]arene
(50 mg, 0.094 mmol) was dried in pyridine (10 mL) with molecular
sieves (4 Å) for 5 d and U(OTf)4 (78.7 mg, 0.094 mmol) was then
added to the solution. After 5 d at 20 °C, green crystals of 3·4py
contaminated with a brown powder were deposited (35 mg, about
40%). Compound 3·4py was identified by X-ray diffraction analysis
but could not be characterised by 1H NMR because of its insolubil-
ity.

X-ray Crystallography: The data were collected at 100(2) K on a
Nonius Kappa-CCD area detector diffractometer using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å). The crystals
were introduced into glass capillaries with a protecting “Paratone-
N” oil (Hampton Research) coating. The unit cell parameters were
determined from ten frames, then refined on all data. The data (φ-
and ω-scans)[16] were processed with HKL2000.[17] The structures
were solved by direct methods or Patterson map interpretation with
SHELXS-97 and subsequent Fourier-difference synthesis and re-
fined by full-matrix least-squares on F2 with SHELXL-97.[18] Ab-
sorption effects were corrected empirically with the program DE-
LABS in PLATON[19] or with SCALEPACK.[17] All non-hydrogen
atoms were refined with anisotropic displacement parameters. The
hydrogen atoms bound to N1 in 1·4py and O5 in 3·4py were found
on Fourier-difference maps, but those bound to N atoms in 2·4py
were not found or introduced. All the other hydrogen atoms were
introduced at calculated positions. All were treated as riding atoms
with an isotropic displacement parameter equal to 1.2 times that
of the parent atom. In 2·4py, one pyridine molecule (containing
N7) was affected with a 0.5 occupancy parameter so as to retain
acceptable displacement parameters and four solvent pyridine
molecules or pyridinium ions, being badly resolved, were refined as
idealised hexagons; restraints on displacement parameters had to
be applied for the atoms of some pyridine molecules or pyridinium
ions. Crystal data and structure refinement details are given in
Table 2. The molecular plots were drawn with SHELXTL.[20]
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Table 2. Crystal data and structure refinement details.

1·4py 2·4py 3·4py

Empirical formula C100H82N6O11U2 C70H63Cl6N7O5U2 C100H82N6O10U2

M [g mol–1] 2019.78 1771.03 2003.78
Crystal system monoclinic orthorhombic monoclinic
Space group P21/n Pbcn P21/c
a [Å] 15.3242(3) 28.255(2) 13.6891(4)
b [Å] 15.6437(4) 22.0276(13) 16.1392(4)
c [Å] 16.9848(4) 22.5201(10) 18.7131(7)
β [°] 106.932(2) 90 106.4533(12)
V [Å3] 3895.21(16) 14016.3(14) 3965.0(2)
Z 2 8 2
ρcalcd. [g cm–3] 1.722 1.679 1.678
µ (Mo-Kα) [mm–1] 4.224 4.898 4.148
F(000) 1992 6864 1976
Data collected 25458 212113 128725
Unique data 7300 13221 7524
Observed data[a] 6339 7607 6624
Rint 0.045 0.062 0.044
Parameters 538 791 532
R1 0.025 0.069 0.026
wR2 0.055 0.199 0.071
S 1.017 0.999 1.039
∆ρmin [e Å–3] –0.62 –1.32 –1.40
∆ρmax [e Å–3] 0.89 2.11 1.09

[a] I � 2σ(I).

CCDC-610617 and -610619 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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New 1-ethyl-3-methylimidazolium (EMI) salts [EMI][X] (X =
[HC(NO2)(CN)]–, [C(NO2)(NO)(CN)]–, [HC(NO)2]– and
[HC(NO2)2]–) and 1-n-butyl-3-methylimidazolium (BMI) salts
[BMI][Y] (Y = [C(CN)3]– and [C(NO2)(NO)(CN)]–) were pre-
pared and characterized. Different synthetic routes to these
new resonance-stabilized methanide-based ionic liquids
starting either from the explosive silver salts (except from
Ag[C(CN)3]) or the easily accessible potassium salts have
been described. The melting points of all new salts are lower
than 100 °C, in fact, most of them are ionic liquids at room
temperature. These strongly colored ionic liquids (besides
[BMI][C(CN)3] which is colorless) are neither heat nor shock
sensitive, are thermally stable up to over 52 °C ([EMI]-
[C(NO2)(NO)(CN)]) and 270 °C ([BMI][C(CN)3]) and can be
prepared in large quantities. The structure and bonding of
resonance-stabilized methanides ([CR1R2R3]– with, R1,2,3 = H,

Introduction
The term pseudohalogen was first introduced by Lothar

Birckenbach[1a] in 1925 and further developed and justified
in a series of papers in the following years.[1b–1d] The anions
CN–, CNO–, N3

–, OCN–, and SCN– can be coined classical
linear pseudohalides. A small species can be classified as a
classical pseudohalogen when it fulfills the following cri-
teria with respect to a halogen-like chemical behavior:[2,3]

A pseudohalogen (X) forms (i) a strongly bound (linear)
univalent radical (X·), (ii) a singly charged anion (X–), (iii)
a pseudohalogen hydrogen acid of the type HX, (iv) salts
of the type M(X)n with silver, lead and mercuric salts of low
solubility, (v) a neutral dipseudohalogen compound (X–X)
which disproportionates in water and can be added to
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NO2, NO, and CN) is discussed on the basis of experimental
and theoretical data. X-ray data of Cs+[HC(NO2)(CN)]–,
K+[HC(NO2)2]–, [EMI]+[C(NO2)(NO)(CN)]–, and [Me4N]+-
[C(NO2)(NO)(CN)]– reveal almost planar anions with strong
cation···anion interactions in the alkali methanides resulting
in three-dimensional network structures in the solid state.
Only weak interionic interactions are found for the ammo-
nium salts. As shown by different theoretical approaches
(charge transfer, resonance energies and NLMO delocaliza-
tion) resonance effects occur in all three classes of methan-
ides (NO2-, NO-, and CN-substituted), however, the magni-
tude of such effect strongly differs depending on the degree
of substitution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

double bonds, and (vi) interpseudohalogen species (X–Y).
However, not all criteria are always met. While many linear
pseudohalogens (e.g. CN, OCN, CNO, N3, SCN) are
known, often the corresponding pseudohalide acids, di-
pseudohalogens, and interpseudohalogens are thermody-
namically highly unstable (e.g. HN3, OCN–NCO, NC–
SCN) with respect to N2/CO elimination or polymerization
or indeed, remain unknown (e.g. N3–N3).

Starting from the binary non-metal hydrides CH4, NH3,
H2O etc. a simple approach can be utilized to derive the
hydrogen acids of the classical linear pseudohalides by com-
bining or substituting isolobal (e.g. HC�/�N in HCN,
HN=/=N=N in HN3, HO–/–CN in HOCN), isosteric (e.g.
N2/CO in HN3/HNCO) or isovalence electronic fragments
(e.g. CO/CS in HOCN/HSCN).[2]

Nonlinear resonance-stabilized pseudohalides can be de-
rived with the help of the Grimm hydride displacement law,
a pseudoelement concept established as early as 1925.[4]

This law describes the formation of a new pseudoelement
·AHn when n H (n = 1–4) atoms are formally added to the
element A. The new complexes ·AHn (e.g. ·OH, ·NH2 and
·CH3) behave like pseudoatoms (in this case like halogens)
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similar to elements of the group n positions to the right in
the Periodic Table (e.g. they form singly charged anions:
OH–, NH2

–, and CH3
–, or neutral dimers: HO–OH, H2N–

NH2 and H3C–CH3). However, chemically there is a signifi-
cant difference in the basicity between these pseudohalides
and the halides as the latter represent only very weak bases
while these pseudohalides are strong bases. Only the suc-
cessive substitution of the hydrogen atoms in ·CH3 (CH3

–)
and ·NH2 (NH2

–) by electron-withdrawing groups such as
CN, NO, and NO2, leads to the class of resonance-stabi-
lized, nonlinear pseudohalogens (pseudohalides). Impor-
tant is also the capability of the electron-withdrawing
groups to delocalize the single p-AO-type lone pair (AO =
atomic orbital) of the C and N atom in CH3 (CH3

–) and
·NH2 (NH2

–), respectively, to decrease the basicity into the
range of the halides. A compilation of all resonance-stabi-
lized methanides, [CR1R2R3]– (R1,2,3 = H, NO2, NO, and
CN), is displayed in Table S0 (see Supporting Information).

Generally, the synthesis of methanides starts from the
free hydrogen acid which often is only generated in situ.
Neutralization leads then to the according methanide salt.
For instance malonodinitrile (Scheme 1, a)[5] is used to syn-
thesize dicyanomethanides and tricyanomethanides
(Scheme 1, b).[6] Nitrosation of malonodinitrile followed by
a basic work up yields the nitrosodicyanomethanide,
[C(CN)2(NO)]–, (Scheme 1, c).[7] Oxidation of the nitrosodi-
cyanomethanides with ammonium cerium(IV) nitrate re-
sults in the formation of nitrodicyanomethanide, [C(CN)2-
(NO2)]–, (Scheme 1, d),[7c,8] rather than the formation of the
dimeric hexasubstituted ethane by radical coupling reac-
tions. In the section “Results and Discussion” the following
abbreviations are used: Nt = nitro, N = nitroso, C = cyano,
M = methanide, combined with the multiplying prefixes D
= di and T = tri; example: NtDCM = nitrodicyanomethan-
ide (see Table S0 in the Supporting Information).

Scheme 1. Synthesis of dicyano, tricyano-, nitrosodicyano- and
nitrodicyanomethanides.

Dinitromethanide (DNtM) can be prepared by nitration
of barbituric acid followed by an alkaline work up pro-
cedure.[9] Access to trinitromethanides (TNtM) is possible
by nitration of acetic anhydride followed by neutralization
in the presence of sodium sulfite (Scheme 2).[10]

Recently, we have described the synthesis of the trisubsti-
tuted nitro(nitroso)cyanomethanides (NtNCM) and the
disubstituted dinitrosomethanides (methylnitrosolates,
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Scheme 2. Synthesis of dinitro- and trinitromethanides.

DNM).[11,12] Nitro(nitroso)cyanomethanides can be gener-
ated by nitrosation of nitroacetonitrile followed by a basic
work up, while treating formamidinium nitrate with hydrox-
ylammonium nitrate and MOtBu (M = alkali metal) in the
presence of oxygen yields the deep blue alkali dini-
trosomethanides.

Herein, we want to report on the synthesis, structure and
properties of new ionic liquids based on some resonance-
stabilized methanides and alkali methanides as well as on
the resonance-stabilization and bonding of these methan-
ides [CR1R2R3]– (R1,2,3 = H, NO2, NO, CN; as well as all
permutations of R1,2,3).

Results and Discussion

Synthesis of Methanide-Based Ionic Liquids

Ionic liquids of resonance-stabilized methanides can eas-
ily be prepared from the alkali salts utilizing the properties
of a pseudohalogen.[2] The first synthetic step includes the
formation of the nearly insoluble silver salts in water (AgX,
X = methanide, Scheme 3). Because the silver salts dissolve
in 2  NH3(aq.), adding ethyl(methyl)imidazolium bromide
(EMI+Br–)[13] results in the formation of a water soluble
ethyl(methyl)imidazolium methanide (EMI+X–) which can
be separated from the AgBr precipitate by filtration. A spe-
cific drying procedure involving stepwise addition and re-
moval of dried methanol, THF and dichloromethane fol-
lowed by removing traces of water or solvent molecules in
high vacuum (HV) is necessary to obtain pure ionic liquids
of the type EMI+X–.

A different approach has been used in case of NtNCM-
based ionic liquids because the silver salt, AgNtNCM, is
reasonably soluble in water. For this reason KNtNCM was
treated with AgNO3 in a 1:1 mixture of methanol and etha-
nol yielding dissolved AgNtNCM and KNO3 as a white
precipitate. Then this AgNtNCM solution is treated by a
solution of ethyl(methyl)imidazolium (EMI+Br–) or n-bu-
tyl(methyl)imidazolium bromide (BMI+Br–) in THF re-
sulting in the formation of the ionic liquids EMI+NtNCM–

and BMI+NtNCM–, respectively, and a AgBr precipitate
which can be separated by filtration. Again, a specific dry-
ing procedure is needed to isolate pure NtNCM-based ionic
liquids (see Scheme 3).
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Scheme 3. Synthetic procedure for the isolation of pure, dry ionic liquids of resonance-stabilized methanides (R = Et, nBu; X = methanide;
HV = high vacuum, ± = addition and removal of solvent for several times).

An alternative route to ionic liquids of methanides avoid-
ing the explosive silver salts (except from AgTCM) involves
the use of imidazolium tetrafluoroborate salts (e.g.
EMI+BF4

–). Because KBF4 precipitates in a methanol/
water solution, the reaction of potassium methanides with
imidazolium tetrafluoroborate salts yields imidazolium
methanides (e.g. EMI+X–) dissolved in methanol/water.

Properties of Methanide-Based Ionic Liquids

In contrast to most of the high energy-density alkali and
silver (NO- and NO2-substituted) methanides,[11,12] the
ionic liquids of methanides with a bulky organic cation are
neither heat nor shock sensitive, and hence can be prepared
and stored on a large scale. Nevertheless, this type of meth-
anide-based ionic liquids can also be considered as “ener-
getic ionic liquids” because the thermodynamically unstable
methanide anion is only kinetically stabilized by the bulky
organic cation such as EMI+ or BMI+.[14] Methanide-based
ionic liquids are very hygroscopic and immediately absorb
water when exposed to air. In the series of the alkali meth-
anides it is mostly the lithium and sodium salts that are
hygroscopic and to a much lesser extent are the heavy alkali
salts (K, Cs).[11,12]

The decomposition temperature of methanide-based
ionic liquids ranges, dependent on the counterion, between
Tdec = 52 °C [EMI+NNtCM–] and 270 °C [BMI+TCM–]
(Table 1).[15] As expected, ionic liquids of methanides sub-
stituted solely by NO or by NO2 are less stable compared
to the pure cyanomethanide-based species. Furthermore, a

Table 1. Properties of methanide-based ionic liquids [RMI+X–] (RMI = R organic group, M = methyl, I = imidazolium; X = resonance-
stabilized methanide).

Methanide R FW [gmol–1] Tm/Tg [°C][a] Tdec [°C][a] λmax [nm][b] Color

TCM13[c] ethyl 201.2 –11[13c] 240[13c] 211 colorless[13c]

TCM n-butyl 229.3 –48 270 211 colorless
NtNCM ethyl 225.2 35 52 489 red
NtNCM n-butyl 253.3 –4 65 489 red
NtCM ethyl 196.2 5 210 364 brown
DNM ethyl 184.2 –6 180 679 blue-violet
DNtM ethyl 216.2 48 186 403 yellow-orange

[a] Tm = melting point, Tg = phase-transition temperature, Tdec = decomposition onset temperature. [b] UV/Vis from water solution.
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slow decomposition of the NO- and NO2-substituted meth-
anides (both ionic liquids and alkali salts) is also observed
when exposed to air.

Different decomposition reactions can be expected e.g.
the oxidation or hydrolysis according to

HC(NO)2
– +1/2 O2 �HC(NO)(NO2)– �NO2

– +HCNO

HC(NO)2
– +H2O�HC(NO)NOH+OH–

2 HC(NO)NOH �2 HCNO+H2O+N2O.

The formation of N2O was experimentally observed
when traces of water were present. The decomposition of
the free methylnitrosolic acid goes via a dimer. Dimeriza-
tion of NO species is known for many NO compounds such
as HNO and both alkyl and most aryl NO compounds.[16]

Hence, NO- and NO2-substituted methanide salts and ionic
liquids should be stored under nitrogen at temperatures be-
low –5 °C.

So far we have not been able to crystallize any of the
discussed ionic liquids without solvent. Solidification re-
sulted only in glass formation, a well-precedented phenom-
enon for ionic liquids.[17] However, storing saturated (e.g.
ethanolic) solutions of ionic liquids at very low temperature
often results in the formation of crystals suitable for single-
crystal X-ray investigations (see section X-ray elucidation).
The experimentally determined melting points varying be-
tween –48 °C (BMI+TCM–) and 48 °C (EMI+DNtM–)
(Table 1), with the BMI salts always possessing the lower
melting point. It can be assumed that both the number and
the strength of interionic interactions (Coulomb and hydro-
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gen bonding) as well as the size of the ions is responsible
for the fairly wide range of observed melting points (see
section X-ray elucidation).

On the basis of the characteristic group frequencies [NO
(1200–1600 cm–1), NO2 (1230–1580 cm–1), and CN (2100–
2290 cm–1)] methanides of the type [CR1R2R3]– (R1,2,3 =
H, NO2, NO, CN) are easily identified by Raman and IR
spectroscopy.[2,7,11,12] Interestingly, the wavenumber of the
characteristic frequency increases with the degree of substi-
tution (Table 3 and Table 4).

As expected, the 13C NMR resonance of the methanide
C atom strongly depends on the substitution pattern
(Table 2). The resonance signal of the methanide C atom
attached to a CN group is always observed at smaller δ13C
values compared to the resonance signal of methanide C
atoms attached to NO2 and NO groups displaying a
stronger deshielded 13C nucleus in the latter cases (TCM:
δ13C = 5.1 ppm, NtCM: δ13C = 80.5 ppm, NtNCM: δ13C
= 149.6 ppm). This is in accord with the larger charge trans-
fer and a smaller negative partial charge localized at the
methanide C atom when attached to NO or NO2 groups
(see section on bonding). 14N NMR spectroscopic data can
also be utilized to distinguish between CN, NO and NO2

(NO: broad resonances δ14N = 250–330, NO2: δ14N = –25
to –10, CN: δ14N = –130 to –100 ppm; Table 2).

Nitrosomethanides are deeply colored ionic liquids
(NtNCM: dark red, DNM: dark blue), while nitromethan-
ides display a yellow/brown color (DNtM/NtCM) and pure
cyanomethanides are colorless (UV/Vis data, Table 2 and
Table S4). The UV/Vis spectra of alkali methanide salts,
[CR1R2R3]– exhibit one very strong characteristic π�π*
transition in the non-visible range below 300 nm. However,
the color arises from weak n�π* HOMO–LUMO elec-
tronic transition in the anion, where the HOMO describes

Table 2. Spectroscopic data of methanide-based ionic liquids [RMI+X–] (RMI = R organic group, M = methyl, I = imidazolium; X =
resonance-stabilized methanide).

Methanide R Raman[a] δ13C[c] δ14N[c] δ1H[c]

TCM[b] ethyl νCN 2230, 2178 C–CN, 5.1 C–CN, –122 –
C–CN, 121.0

TCM[b] n-butyl νCN 2210, 2166 C–CN, 5.1 C–CN, –122 –
C–CN, 121.0

NtCM ethyl νCH 3114, C–CN, 80.5 C–NO2, –14 H–C–NO2, 5.58
νCN 2192, C–CN, 120.6 C–CN, –117
νNO 1454, 1340

NtNCM ethyl νCN 2211, C–CN, 149.6 C–NO, 265 –
νNO 1495, 1458, C–CN, 119.5 C–NO2, –15
1346 C–CN, –107

NtNCM n-butyl νCN 2209, C–CN, 149.6 C–NO, 265 –
νNO 1490, 1458, C–CN, 119.5 C–NO2, –15
1340 C–CN, –107

DNM ethyl νCH 2995 sh, C–NO, 190.0 C–NO, 332 H–C–NO, 8.68
νNO 1402

DNtM ethyl νCH 3142, C–NO2, 121.7 C–NO2, –21 H–C–NO2, 8.17
νNO 1447, 1334

[a] Only characteristic frequencies of the methanides are listed. [b] Cf. DCM: δ1H = 3.38 (H–C); δ13C = 130.6 (C–CN), –1.9 (C–CN);
δ14N = –135 (CN). [c] Only characteristic NMR shifts of the methanides are listed.[35]
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a lone pair which lies in the anion plane. A closer inspection
of the orbital coefficients composing the HOMO in
[CR1R2(NO)]– (R1, R2 = H, NO2, CN) show the largest
coefficients for the nitroso group; hence it can be concluded
that the nitroso group is mainly responsible for the color in
the NO-substituted methanides.[11] We recall that mono-
meric, neutral nitroso compounds are usually intensely col-
ored while their nitro counterparts and nitriles are generally
colorless. It can be assumed that in the mixed-substituted
methanides the color is “dominated” by NO � NO2 � CN.
Moreover, the color of most alkali methanide salts darkens
with increasing heaviness of the alkali-metal counterion
which can be attributed to strong cation···anion interactions

Table 3. Calculated group frequencies in methanides (B3LYP/
aug-cc-pvTZ).[a]

R = CN NO NO2

H2CR– 2138 (690) 1357 (282)[b] 1313 (op, 300)
1212 (112)[b] 1012 (ip, 45)[b]

HCR2
– 2234 (ip, 87) 1421 (ip, 0) 1493 (ip, 499)

2185 (op, 955) 1315 (op, 827)[b] 1436 (op, 74)[b]

1343 (ip, 84)
1232 (op, 643)[b]

CR3
– 2292 (ip, 0) 1529 (ip, 19) 1578 (as, 377)[c]

2238 (op, 487) 1461 (op, 224) 1507 (ip, 526)[d]

1616 (op, 509) 1424 (op, 24)[d]

1408 (s, 143)[c]

C(CN)(NO)(NO2)– 2291 (95) 1421 (114) 1503 (as, 326)
1193 (s, 3)

[a] In parenthesis IR intensity in km/mol; ip = in-phase mode, op
= out-of-phase mode. [b] Combination with δ CH in-plane. [c] NO
stretch of the non-planar arranged NO2 group. [d] NO stretch of
the planar arranged NO2 groups.
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resulting in small (but visually significant) changes of the
HOMO–LUMO gap.[11]

Structure of Resonance-Stabilized Methanides

Carbanions of the type [H2CR1]–, [HCR1R2]–, and
[CR1R2R3]– (R1,2,3 = CN, NO, NO2 and all possible permu-
tations of R1,2,3) can be considered to be resonance-stabi-
lized, nonlinear pseudohalides. All experimentally known
resonance-stabilized methanides are reported to be planar
or nearly planar (Table S0). To get further inside into the

Figure 1. [CR1R2R3]– (R1,2,3 = H, CN, NO, NO2): Molecular models of found isomers A–J2 and selected optimized structural parameters
for the global minima [B3LYP/aug-cc-pvTZ, angles in ° (italics), bond lengths in Å, DA = dihedral angle, in parenthesis relative energies
of isomers in kcal/mol].
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structure and bonding of these anions DFT calculations at
the B3LYP/aug-cc-pvTZ level of theory have been carried
out (Table 3 and Figures 1 and 2).

While the parent ion, the methanide anion H3C–, adopts
a pyramidal structure [∆Eplanar–pyramidal = 2.35 kcal/mol;
d(CH) = 1.099 Å, �(HCH) = 109.7°; cf. d(CH) = 1.093 Å,
�(HCH) = 109.6°],[18] substitution of one H atom by any
of the R groups results in planar anions (Figure 1 and Fig-
ure 2) other than H2C–CN– for which the non-planar CS-
symmetric structure is favored by only 0.03 kcal/mol indi-
cating a very flat potential energy surface [cf. 0.15 kcal/mol,
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Figure 2. [CR1R2R3]– (R1,2,3 = H, CN, NO, NO2): Molecular models of found isomers K–S2 and selected optimized structural parameters
for the global minima [B3LYP/aug-cc-pvTZ, angles in ° (italics), bond lengths in Å, DA = dihedral angle, in parenthesis relative energies
of isomers in kcal/mol].

out-of-plane deformation angle α = 33.6° at MP2/6-
31+G(d)].[19] Inclusion of zero-point vibrational energy at
0 K displays a different picture with the planar structure
now being 0.25 kcal/mol [∆(Etot +zpe)] favored over the
non-planar structure. Thermal correction to 298 K slightly
increases this value to 0.58 kcal/mol (∆298H) while explicit
consideration of the entropy again favors the non-planar
structure with 0.42 kcal/mol (∆298G). Experimentally, the
H2C–CN– carbanion was found non-planar with the hydro-
gen atoms slightly bent out of the molecular plane (out-of-
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plane deformation angle 30±5°) and a very small inversion
barrier of 0.28±0.14 kcal/mol.[20]

The molecular models together with selected calculated
data and relative energies are given in Figure 1 and Figure
2. Further substitution of the second H atom again results
in planar anions, the same holds for the third substitution
in case of R = CN, leading to the D3h-symmetric TCM, the
most prominent methanide. In case of R = NO and NO2

the third substitution leads either to a propeller type (D3

symmetry) structure with only a small distortion from plan-
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arity or one NO2 group is twisted by 90°, nevertheless leav-
ing the central carbon in an almost trigonal-planar environ-
ment.[21]

It is interesting to note that both the DNM and DNtM
anions are planar (C2v-symmetric) in the experiment (Fig-
ure 3) and theory (Figures 1 and 2), whereas the dinitr-
amide, [N(NO2)2]– (isoelectronic with DNtM) adopts an
non-planar ideal C2-symmetric propeller-like structure (but
only in the gas phase). Steric repulsion between the lone
pairs on the nitrogen and oxygen atoms account for the
typically non-planar geometry of the ion [N(NO2)2]–, while
cation···anion interactions are responsible for a different
magnitude of distortions from C2 symmetry (between 3–
33°, X-ray data).[22] Consider the analog planar methanide
[HC(NO2)2]–: N is formally substituted by HC, which
means instead of a lone pair a H–C bond is introduced.
The electrostatic repulsion is decreased (by formation of
two intramolecular C···H···O hydrogen bonds) resulting in
a planar structure which allows a maximum of resonance
stabilization.

Our calculated structural data display, that obviously
only two NO or NO2 groups fit into a planar structure in

Figure 3. ORTEP Plots of the asymmetric unit in KDNtM, CsNtCM, [Me4N]NtNCM, and [EMI]NtNCM thermal ellipsoid represents
50% probability, selected bond lengths [Å] and angles [°]. Top, left: KDNtM K–O1 2.809(2), K–O2 2.893(2), C1–N1 1.359(3), C1–N2
1.362(3), N1–O1 1.243(3), N1–O2 1.265(3); N1–C1–N2 123.5(2), O1–N1–O2 120.1(2). Top, right: CsNtCM Cs–O1 3.072(3), C1–N1
1.146(6), C2–N2 1.328(5), C1–C2 1.403(3), N2–O1 1.281(4), N2–O2 1.278(4); N1–C1–C2 178.4(4), N2–C2–C1 119.4(4), O1–N2–O2
119.0(3). Bottom, left: [Me4N]NtNCM O1–N1 1.233(2), O2–N1 1.221(3), O3–N2 1.280(2), C1–N1 1.420(3), N2–C1 1.307(3), N3–C2
1.137(4), C1–C2 1.407(4); N3–C2–C1 175.2(3), O3–N2–C1 115.8(2), O2–N1–O1 123.4(2). Bottom, right: [EMI]NtNCM O1–N1 1.232(4),
O2–N1 1.238(4), O3–N2 1.262(4), C1–N1 1.408(4), N2–C1 1.332(5), N3–C2 1.142(4), C1–C2 1.415(5); N3–C2–C1 174.7(4), O3–N2–C1
116.5(3), O2–N1–O1 122.8(3).
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a methanide as long as R3 is either H or CN. However,
when a third NO or NO2 group is introduced in the meth-
anides (TNM, TNtM, DNtNM, NtDNM), the larger elec-
trostatic repulsion forces the anion into a non-planar geom-
etry. Here, the balance between resonance stabilization and
steric repulsion results in the torsion of one NO2 or NO
group out of the anion plane. Moreover, a D3 propeller-
shaped isomer is found being 0.6 kcal/mol less stable
(TNtM). In agreement with theory, experimentally for
TNtM both isomers are found in single crystal X-ray in-
vestigations with dihedral angles between the NO2 planes
varying from 60–100°.[10,23]

Moreover, fairly small O···O distances (ranging between
2.60–2.75 Å) are found for all DNtM anions [R–C(NO2)2

–,
Figures 1 and 2]. AIM analyses[24] of DNtM anions show
in addition to the expected bond path network, a (3,–1)[25]

unusual bond critical point (CP) along O(NO2
a)···O(NO2

b)
lines (Figure 4). The origin of this bond CP has been
described recently by Pinkerton et al. as a bonding
closed-shell-type interaction between the negatively
charged oxygen atoms belonging to different nitro
groups.[26]
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Figure 4. The gradient lines of the electron density in DNtM and
the projection of the molecular graph onto the anion plane. The
bond CP’s are shown as circles and the ring CP’s are shown as
rectangles.

Balance between resonance and electrostatic repulsion
seems to be the important structure factor not only to an-
swer the question of a planar vs. non-planar structure but
also to explain the energy differences between different iso-
mers (see Figure 1 and Figure 2, e.g. TNM isomers I1 and I2

or NtNCM isomers J1, and J2) besides the aforementioned
intramolecular hydrogen bonds (see Figures 1 and 2, e.g.
DNM isomers E1, E2 and E3, or R1, R2 and R3). Isomeric
anions are only found for the NO- and NO2-substituted
methanides. In NO-substituted methanides those isomers
are energetically favored which adopt an anti/anti configu-
ration with respect to a second NO or NO2 group. The rela-
tive energy difference between different isomers is given in
Figures 1 and 2.

All multiply substituted cyanomethanides (DCM, TCM,
NCM, NDCM, DNCM, NtCM, NtDCM and DNtCM)
adopt a planar structure at the theoretical level applied,
nicely in agreement with experimental data.[7c,11,27–29]

A CN group attached to a methanide C atom forms al-
ways a linear or nearly linear [�(CCN) = 175°] CCN moi-
ety. Upon further CN substitution the C–CN bond lengths
increases (CM: 1.380, DCM: 1.391, TCM: 1.406 Å) while
the CN bond lengths decreases (CM 1.179, DCM: 1.169,
TCM: 1.162 Å). Similar trends for the C–NO bonds are
found along the series NM, DNM and TNM (1.303, 1.342
and 1.380–1.388 Å) as well as for the nitromethanides
(1.335, 1.377 and 1.380–1.470 Å), while the NO bonds de-
crease. The C–Nnitroso bond length is significantly smaller
than the C–Nnitro bond length which again is smaller than
the C–CN bond length indicating a stronger π interaction
along the C–Nnitroso–O moiety [Figure 1, e.g. d([H2C–R1]–):
R1 = NO 1.303, NO2 1.335 and CN 1.380 Å] which nicely
agrees with experimental observations.[7c,11,12,29]

X-ray Elucidation – Interaction between Alkali/Ammonium
Cations and Resonance-Stabilized Methanides

In accord with the theoretically derived structural data
of resonance-stabilized methanides, the experimental data
of KDNtM, CsNtCM, [Me4N]NtNCM and [EMI]NtNCM
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reveal nearly planar anions, with bond lengths and angles
as discussed above. The asymmetric units along with se-
lected bond lengths and angles are displayed in Figure 3.
In the following discussion we would like to focus on the
interaction between cations and anions.

As shown on numerous occasions, the solid-state struc-
ture of alkali methanides consists of an infinite three-di-
mensional network with coordination numbers between 8
(e.g. KDNtM) and 13 (e.g. CsDNM;[12] see Figures S1–S3
in the Supporting Information, displaying the coordination
environment of KDNtM, CsNtCM and [Me4N]NtNCM).
Moreover, a great diversity of bonding modi is found. Usu-
ally the CN groups coordinate one or two neighboring cat-
ion centers, NO one to three cations through the oxygen
and/or the nitrogen atoms whereas a NO2 group exclusively
coordinates through the oxygen atoms up to three cation
centers in both mono and bidentate fashion. These strong
cation···anion interactions lead to an interesting three-di-
mensional network arrangement of the ions (Figure 5, a–b)
in the solid with chains of M+ and [CR1R2R3]– stacked one
upon the other. If such interactions are suppressed by using
almost non-coordinating cations such as EMI+ or Me4N+

the anions still show this type of parallel anion arrangement
in the solid state (Figure 5, c–d).

Figure 5. Packing diagram of A KDNtM: view along c axis, B
CsNtCM: view along a axis, C [Me4N]NtNCM: view along c axis,
and D [EMI]NtNCM view along a axis.

So far we were not able to crystallize any of our ionic
liquids from the melt, however, we succeeded in crystalliz-
ing EMI+NtNCM– from a saturated ethanolic solution at
–30 °C. The unit cell contains one crystallographically inde-
pendent EMI+NtNCM– species (Figure 3). Both the EMI
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cations and the NtNCM anions form two-dimensional lay-
ers which are nearly parallel to each other but two EMI+

layers are always separated by one NtNCM– layer and vice
versa (Figure 5, D). Only very small van der Waals interac-
tion can be assumed between the anion and cation layers,
as well as within the anion and cation layers, because fairly
long interaction distances are observed [shortest
d(EMI+···EMI+) = 3.1–3.5, d(NtNCM–···NtNCM–) = 3.3,
and d(EMI+···NtNCM–) = 2.3–2.8 Å] (Figure 6). The in-
terionic distances with 2.3–2.8 Å are significantly shorter
than in EMI+TCM– (3.05–3.2 Å)[13c] and can be partly at-
tributed to the interionic Coulomb attractive forces; how-
ever, for Me4N+NtNCM– there are significantly more in-
terionic interactions (of the type: C–H···O–N–O, C–H···O–
N, C–H···N–O, C–H···N–C) in the range between 2.2 and
3.0 Å compared to EMI+NtNCM– (cf. Figure 6 and Fig-
ure S1/Table S2 in Supporting Information). Hence, it can
be assumed that the total interionic interaction decreases
along EMI+TCM– � EMI+NtNCM– � Me4N+NtNCM–.
In accord with this, the lowest melting point is found for

Figure 6. Interionic contacts (in Å) between A: EMI cations and NtNCM anions, B: EMI cations, and C: NtNCM anions in
EMI+NtNCM–. Short contacts are shown by dashed (- - -) lines.
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EMI+TCM– (Tm = –11 °C),[13c] followed by EMI+NtNCM–

(Tm = 35 °C, Tdec,onset = 52 °C) and Me4N+NtNCM–

(Tm � Tdec,onset = 70 °C).

Bonding and Resonance Stabilization in Resonance-
Stabilized Methanides

Structural parameters such as the fairly short C–NO, C–
NO2 and C–CN bond lengths together with the planarity,
indicate the presence of over the whole anion delocalized π
bonds. MO and NBO[30] calculations displayed the exis-
tence of an (nπ-electron,m-center) bond unit in all methan-
ides (Scheme 4, with n = 2+4x+2y+2z and m =
1+3x+2y+2z; x = number of NO2 groups, y = number of
NO groups and z number of CN groups in the anion plane).

To gain a quantitative view of the delocalization of the
p-type lone pair (LP) localized at the central C atom, the
partial charges, occupancies of the p-type LP {occ[LP(C)-
pz]} and the charge transfer upon substitution have
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Scheme 4. Resonance stabilization of the lone pair at the central C atom by delocalization into R1, R2, and R3 (R1, R2, R3 = CN, NO,
NO2).

Table 4. NPA charges (q), occupancies (occ) and charge transfers (qCT) in e.[a]

q(C)[e] occ[LP(C)pz] qCT(π) qCT(σ) qCT(π+σ) % C[b]

CH3
– –1.45 2.00 0.00 +0.45 +0.45 99.7

C2v–CH2CN– –0.98 1.64 –0.36 –0.12 –0.48 81.9
CH2NO2

– –0.47 1.37 –0.63 –0.34 –0.97 54.9
CH2NO– –0.40 1.25 –0.75 –0.31 –1.06 55.4

CH(CN)2
– –0.73 1.51 –0.49 –0.22 –0.71 75.1

CH(NO2)2
– –0.10 1.28 –0.72 –0.63 –1.35 52.5

CH(NO)2
– –0.03 1.10 –0.90 –0.52 –1.42 50.3

C(CN)3
– –0.59 1.46 –0.54 –0.33 –0.87 72.6

C(NO2)3
– 0.15 1.33 –0.67 –0.93 –1.60 66.7

C(NO)3
– 0.14 1.15 –0.85 –0.74 –1.59 –

C(CN)(NO)(NO2)– –0.03 1.25 –0.75 –0.67 –1.43 61.9

[a] The data of the mixed species are given in the supporting information. [b] Percent of localization of the methanide lone pair on the
carbon atom according to the calculated NLMO (natural localized molecular orbital).

been carefully investigated. The overall charge transfer
[qCT(π+σ)] was divided into a π [qCT(π)] and σ contribution
[qCT(σ), Table 4]. As displayed in Table 4, the delocalization
of the p-type lone pair, qCT(π), increases along the series
CN � NO2 � NO for all substitution patterns whereas the
σ contribution increases along CN � NO � NO2. Intro-
duction of the second group R (R = NO, NO2, CN) results
once again in an increase of both the π and σ contribution,
although the magnitude strongly decreases especially for the
π contribution [e.g. CH2NO–: –0.75 and –0.15 e for the sec-
ond NO group in CH(NO)2

– resulting in an overall qCT(π)
= –0.90 e]. Upon introducing a third group R, the π contri-
bution increases very slightly for TCM but slightly de-
creases for TNM and TNtM. However, in all cases the σ
contribution increases significantly. The dramatic decrease
of the partial charge on the C atom (cf. –1.45 in CH3

– vs.
+0.15 e in TNtM) in the methanides is mainly attributed
to the delocalization of the p-LP (π contribution) and the
increase of the polarization in the σ bonds upon substitu-
tion. The σ contribution increases relatively to the π contri-
bution the larger the degree of substitution. The best delo-
calization of the p-type LP is found in DNM with qCT(π)
= –0.90 e. Molecular orbital, classical VB resonance struc-
tures and electron-charge arguments suggest that most of
the negative charge in the NO- and NO2-substituted meth-
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anides is located on the oxygen atom, which is also the more
electronegative element.

To estimate the resonance stabilization energy we have
computed the reaction energies of a series of isodesmic re-
actions[31] according to Equations (1), (2), and (3) (Table 5).
The computed resonance stabilization energies reveal a sim-
ilar picture like the charge transfer/delocalization consider-
ation for the first substitution, displaying the largest reso-
nance energy in [HC–NO]– followed by the NO2- and CN-
substituted methanides (–69.2, –62.6, and –44.8 kcal/mol).
The order changes with the second substitution (NO:
–44.16 � CN: –42.3 � NO2: –36.7 kcal/mol) and third sub-
stitution (CN: –35.7 � NO2: –13.2 � NO: –7.41 kcal/mol),
with the cyano group now delivering the largest resonance
energy. While the second and the third incremental reso-
nance energies in the CN methanides decrease only very
little, a dramatic decrease is observed for the NO and NO2

methanides. However, although the resonance energy for
the second substitution strongly decreases for NO and NO2,
the overall ∆resE [Equation (1)+Equation (2)] values are
still larger than for DCM (DNM � DNtM � DCM). Only
with the third substitution, the cyano compound dis-
plays also the largest overall ∆resE [Equation (1)+
Equation (2)+Equation (3)] with –122.8 compared to
–120.7 for TNM and –112.5 kcal/mol for TNtM, in accord
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Table 5. Resonance energies according to Equations 1–3.[a,b]

∆resE R1 = R2 = R3 = CN R1 = R2 = R3 = NO R1 = R2 = R3 = NO2

∆resE [Equation (1)] –44.83[c] –69.18 –62.56
∆resE [Equation (2)] –42.33[c] –44.16 –36.75
∆resE [Equation (3)] –35.68 –7.41 –13.20

∆resE [Equation (1)+Equation (2)] –87.14 –113.43 –99.31
∆resE [Equation (1)+Equation (2)+Equation (3)] –122.82 –120.75 –112.51

∆resE R1 = CN, R1 = CN, R1 = NO,
R2 = NO, R3 = NO2 R2 = NO2, R3 = NO R2 = NO2, R3 = CN

∆resE [Equation (3)] –27.42 –31.06 –21.76

[a] Values according to Equation (1) and (2) for the mixed species are given in the supporting information. [b] All resonance energies
refer to the best isomer of the H–C bound acid; see Equation (1)–(3). Note: For R1,2,3 = H, NO the aci form represents always the global
minimum while for R1,2,3 = H, CN and NO2 the H–C bound acid is the global minimum (values for the aci form are given in the
supporting information). [c] For planar C2v-symmetric H2C–CN–: ∆resE [Equation (1)] = –44.80 and ∆resE [Equation (2)] = –42.36 kcal/
mol.

with experimental observations. TCM salts are known and
thermally stable while TNtM salts are labile (highly explos-
ive) species, and TNM are not known yet but can be ex-
pected to be very labile.

[H3C]– +H3C–R1 � [H2CR1]– +H3C–H (1)

[H2CR1]– +H2CR1R2 � [HCR1R2]– +H3C–R1 (2)

[HCR1R2]– +HCR1R2R3 � [CR1R2R3]– +H2CR1R2 (3)

Also the NBO approach[30] can be used to study delocal-
ization effects quantitatively, especially the NLMO (natural
localized molecular orbitals) are suitable to display delocal-
ization of a localized natural bond orbital. Here, the contri-
butions of the antibonds represent the delocalization of the
bonding orbital, φAB, from an idealized, strictly localized
Lewis structure, over antibonding orbitals due to non-co-
valent, hyperconjungative interactions. Thus, the localized
MOs offer a direct description of delocalization. Again, the
inspection of the delocalization effects in the NLMO de-
scribing the methanide lone pair displays similar trends as
discussed for the charge transfer, nicely corresponding to
the resonance energies (Table 5). While the localization of
the p-type lone pair on the methanide C atom steadily de-
creases for the cyanomethanides (81.9 CM � 75.1 DCM �
72.6% TCM), only a small decrease is found for the second
substitution along the NO2- and NO-substituted methan-
ides and an increase is found for the third substitution (e.g.
54.9 NtM � 52.5 DNtM � 66.7% TNtM).

Conclusions

Different synthetic routes to six new resonance-stabilized
methanide-based ionic liquids (EMI+NtCM–,
EMI+NtNCM–, BMI+NtNCM–, EMI+DNM–,
EMI+DNtM–, BMI+TCM–) starting either from the explos-
ive silver salts (except from AgTCM) or the easily accessible
potassium salts have been described. Four of them repre-
sent room temperature ionic liquids (BMI+TCM–,
EMI+DNM–, BMI+NtNCM–, EMI+NtCM–) while
EMI+NtNCM– and EMI+DNtM– melt at 35 and 48 °C,
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respectively. These strongly colored ionic liquids (blue
EMI+DNM–, red EMI+NtNCM– and BMI+NtNCM–, yel-
low EMI+DNtM–, brown EMI+NtCM–, but colorless
BMI+TCM–) are neither heat nor shock sensitive, are ther-
mally stable up to over 52–270 °C and can be prepared in
large quantities.

The structure and bonding is discussed on the basis
of experimental and theoretical data. X-ray data
of Cs+NtCM–, K+DNtM–, EMI+NtNCM–, and
Me4N+NtNCM– reveal almost planar anions piled up par-
allel to each. In case of the alkali metal methanides strong
cation···anion interactions result in three-dimensional net-
work type structures in the solid state, while
Me4N+NtNCM– and EMI+NtNCM– display no such 3D-
network which can also be assumed for the other EMI+ or
BMI+ salts, not have been structurally characterized. X-ray
crystallography of the EMI+NtNCM– salt reveals only
weak cation/anion, cation/cation and anion/anion contacts.

Structural parameters of the methanides such as the
fairly short C–NO, C–NO2 and C–CN bond lengths to-
gether with the planarity, indicate the presence of over the
whole anion delocalized π bonds. These methanide anions
are stabilized relative to the corresponding acids due to res-
onance stabilization. Charge transfer from the methanide
central C atom to the substituent leads to a decrease in the
C–R1,2,3 bond lengths with the introduction of double bond
character and an increase in the bond lengths within the
substituent groups (R1,2,3). The charge transfer can be di-
vided into a strong π and σ contribution. The π contri-
bution displays the delocalization of the p-type lone pair at
the methanide carbon leading to at ambient temperature
stable methanide anions.

In summary, as shown by different theoretical ap-
proaches (charge transfer, resonance energies and NLMO
delocalization) resonance effects occur in all three classes of
methanides, however, the magnitude of such effects strongly
differs depending on the degree of substitution: (i) For
mono-substitution the largest resonance is found for the
NO2 and NO species (similarly strong) while a significantly
smaller resonance is found for the CN species, [H2C–CN]–.
Hence, geometry optimizations find planar [H2C–NO2]–

and [H2C–NO]– anions while [H2C–CN]– is predicted to be
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non-planar at the level of theory applied, in agreement with
experiment. (ii) For double-substitution the picture
changes. Introduction of a second CN group results in a
better resonance and the magnitude of the effect of the sec-
ond CN group only slightly decreases in contrast to the
magnitude of the resonance effect of the second NO2 or
NO group which dramatically decreases. Combining the
resonance effect of the first and the second group, the over-
all resonance effect is still larger for the NO2 and NO
anions (DNtM and DNM) compared to [HC(CN)2]–

(DCM). In agreement with these strong resonance effects
all doubly substituted methanides adopt a planar geometry.
(iii) In accord with experimental observations, for the triple-
substitution only in case of the CN species a significant
resonance effect is found and also for the overall effect (sum
over all three resonance steps) the cyano species, [C-
(CN)3]–, represents the best stabilized methanide compared
to [C(NO)3]– (TNM) and [C(NO2)3]– (TNtM). In agreement
between theory and experiment TCM salts are stable com-
pounds with a planar TCM anion, while in the highly ex-
plosive known TNtM salts non-planar TNtM anions are
observed. TNM salts are not known yet, but it can be as-
sumed that according to theory (B3LYP/aug-cc-pvTZ) the
TNM anion adopts a non-planar geometry similar to the
TNtM salts.

Experimental Section
Caution: Although alkali and silver nitro- and nitrosomethanides
are kinetically stable compounds, they are nonetheless energetic
materials and appropriate safety precautions (e.g. protection shield
when dried substances are used, preparation of small quantities
� 2 g, keep these salts wet when stored) should be taken, especially
when these compounds are prepared on a larger scale.

General Remarks: The 14N and 13C/1H NMR spectra were recorded
with a Jeol Eclipse 400 instrument, and chemical shifts were refer-
enced to TMS (13C/1H) and CH3NO2 (14N). Raman spectra were
recorded with a Perkin–Elmer Spectrum 2000R NIR FT-Raman
instrument equipped with a Nd:YAG laser (1064 nm). Elemental
analysis was performed with a VARIO-EL Analyser (ELE-
MENTAR). Melting points are uncorrected (Büchi B540). DSC
experiments: Samples (ca. 0.25 mg) were analyzed in closed Al con-
tainers with a hole (1 µm) on the top for gas release and a 0.003×
3/16-inch disk was used to optimize good thermal contact between
the sample and container with a nitrogen flow of 20 mL/min. The
reference sample was an Al container with air. Experiments were
carried out from 30–420 °C. The sample and the reference pan were
heated in a differential scanning calorimeter (Perkin–Elmer Pyris 6
DSC, calibrated by standard pure indium and zinc) at different
heating rates of 2, 5 and 10 °C/min. For the removal of moisture,
the sample was dried in vacuo for 7 d at room temp. and prepared
in a dry-box.

Materials: Nitroacetonitrile,[32] KTCM,[33] EMI+TCM–,[13c]

KDNM,[12] KNtNCM,[11] KDNtM[9] and EMI+BF4
–[34] were pre-

pared according to the procedure given in the literature. The fol-
lowing silver salts, AgX [X = C(CN)3, CH(NO2)CN and CH-
(NO)2] were synthesized by metathetic reaction of AgNO3 with the
corresponding alkali salts (KTCM, CsNtCM and KDNM) in
water under exclusion of light. All manipulations for the isolation
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of the EMI/BMI salts[35] were carried out under an inert atmo-
sphere of nitrogen gas in a dry-box with the rigid exclusion of air
and moisture (H2O, O2 � 1 ppm). Solvents (for drying and clean-
ing procudure) were dried, freshly distilled, and stored under nitro-
gen.

Computational Details: Our goal was to compare the structures and
energetics of different substituted methane derivatives and methan-
ide anions. Structural and vibrational data of all considered species
were calculated by using the hybrid density functional theory
(B3LYP) with the program package Gaussian 98.[36] Three different
types of basis sets were used: (i) a 6-31G(d,p) and (ii) an aug-cc-
pvDZ and (iii) an aug-cc-pvTZ basis. All stationary points were
characterized by a frequency analysis (Table 3) at the B3LYP level.
Selected computed geometrical parameters are displayed in Fig-
ures 1 and 2. Further details can be obtained in the Supporting
Information. If not otherwise stated, all discussed computational
data refer to the B3LYP/aug-cc-pvTZ level of theory. Comparison
of these data sets shows differences in bond lengths no larger than
0.01–0.02 Å. The bond angles in all these molecules are rather con-
stant and relatively independent of the basis sets.[37] NBO analy-
ses[30] were carried out to investigate the bonding of the methanides
at the SCF level utilizing the optimized aug-cc-pvTZ geometry. De-
tails of the NBO analyses are summarized in Table 4. It should be
emphasized that the computation was carried out for a single, iso-
lated (gas-phase) anion. There may well be significant differences
among gas-phase, solution, and solid-state data.

X-ray Analysis: X-ray quality crystals of KDNtM, CsNtCM,
[Me4N]NtNCM and [EMI]NtNCM were obtained by recrystalli-
zation from ethanol. Data for compound KDNtM were collected
with a Nonius Mach3, data for CsNtCM and [Me4N]NtNCM on
a KappaCCD, and data for [EMI]NtNCM on a Oxford Excalibur
III using Mo-Kα radiation. Crystallographic data are summarized
in Table S1 (Supporting Information). The asymmetric unit along
with selected bond lengths and angles are displayed in Figure 3.
All structures were solved by direct methods (structure solution
program: for KDNtM and [EMI]NtNCM SHELXS-97[38] and
SIR97[39] for CsNtCM and [Me4N]NtNCM) and refined by full-
matrix least-squares methods with SHELXL-97. Hydrogen atoms
were included at geometrically idealized positions and were not re-
fined; the non-hydrogen atoms were refined anisotropically.

CCDC-606717 (for CsNtCM), -606718 (for [EMI]NtNCM),
-606719 (for KDNtM), and -261892 (for [Me4N]NtNCM) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis of Cesium Nitrocyanomethanide (CsNtCM, Cs[CH(NO2)-
CN]): At 0 °C a solution of nitroacetonitrile (1.87 g, 21.7 mmol) in
diethyl ether (70 mL) was slowly dropped to a stirred solution of
cesium hydroxide monohydrate (3.60 g, 21.4 mmol) in 2-propanol
(30 mL). The resulting suspension was stirred at 0 °C for 30 min
and the brown precipitate (CsNTCM) was recrystallized from
methanol. Yield 3.92 g (84%). 1H NMR ([D6]DMSO, 400 MHz,
25 °C): δ = 5.58 (H–C) ppm. 13C{1H} NMR ([D6]DMSO,
101 MHz, 25 °C): δ = 120.6 (C–CN), 80.5 (C–CN) ppm. 14N NMR
([D6]DMSO, 28.9 MHz, 25 °C): δ = –14 (C–NO2), –117 (C–CN)
ppm. Raman (200 mW, 25 °C): ν̃[cm–1] = 3117 (1), 2187 (10), 1452
(7), 1341 (1), 1239 (0.5), 1084 (2), 1025 (0.5), 980 (4), 745 (0.5), 716
(1), 552 (3), 513 (0.5), 442 (0.5), 204 (2), 189 (3), 126 (1).
C2HN2CsO2 (217.95): calcd. C 11.02, H 0.46, N 12.85; found C
10.70, H 0.51, N 12.34.

Synthesis of Tetramethylammonium Nitro(nitroso)cyanomethanide
([Me4N]NtNCM, [Me4N][C(NO2)(NO)(CN)]): At 0 °C a solution
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of H2SO4 (1.10 g, 11.2 mmol, 100%) in 3 mL water was slowly
dropped to a stirred solution of nitroacetonitrile (1.80 g,
20.9 mmol) and sodium nitrite (1.50 g, 21.7 mmol) in water
(30 mL). The resulting solution was stirred at 0 °C for 30 min and
the cyanomethylnitrolic acid was extracted with diethyl ether
(4×25 mL). The ether solution was dried with anhydrous calcium
chloride and filtered. At 0 °C a solution of tetramethylammonium
hydroxide pentahydrate (2.60 g, 14.3 mmol) in 10 mL 2-propanol
was slowly dropped to the stirred, dried ether solution of cya-
nomethylnitrolic acid. After recrystallization of the red precipitate
from methanol 2.48 g (63%) red crystals of [Me4N]NtNCM were
obtained. M.p. decomposition, Tdec.,onset = 70 °C. 13C{1H} NMR
([D6]DMSO, 101 MHz, 25 °C): δ = 119.5 (C–CN), 149.6 (C–CN.)
ppm. 14N NMR ([D6]DMSO, 28.9 MHz, 25 °C): δ = –107 (C–
CN), –15 (C–NO2), 265 (C–NO) ppm. Raman (200 mW, 25 °C):
ν̃[cm–1] = 3035 (1), 2957 (1), 2922 (0.5), 2214 (2), 1506 (0.5), 1496
(0.5), 1474 (0.5), 1460 (0.5), 1394 (3), 1340 (10), 1229 (4), 1175
(2), 949 (1), 839 (2), 754 (1), 535 (0.5), 456 (0.5), 244 (2), 170 (2).
C6H12N4O3 (188.19): calcd. C 38.30, H 6.43, N 29.77; found C
38.34, H 6.32, N 29.94.

Synthesis of Potassium Dicyanomethanide (KDCM, K[CH(CN)2]):
At 20 °C a solution of malonodinitrile (1.76 g, 26.6 mmol) in
30 mL 2-propanol was slowly dropped to a stirred solution of
KOtBu (2.70 g, 24.1 mmol) in 30 mL 2-propanol. After adding
200 mL dichloromethane, a white precipitate (KDCM) is obtained
which was washed twice with 100 mL dichloromethane and dried
in vacuo. Yield 2.19 g (87%). 1H NMR ([D6]DMSO, 400 MHz,
25 °C): δ = 3.38 (H–C) ppm. 13C{1H} NMR ([D6]DMSO,
101 MHz, 25 °C): δ = 130.6 (s, C–CN), –1.9 (C–CN.). 14N NMR
([D6]DMSO, 28.9 MHz, 25 °C): δ = –135 (CN) ppm. Raman
(200 mW, 25 °C): ν̃[cm–1] = 3068 (3), 2175 (10), 2122 (1), 1552 (0.5),
1343 (1), 1144 (8), 635 (1), 420 (0.5), 197 (3). C3HKN2 (104.15):
calcd. C 34.60, H 0.97, N 26.90; found C 34.21, H 1.25, N 26.58.

Synthesis of n-Butyl(methyl)imidazolium Tricyanomethanide
(BMI+TCM–): A slight excess of AgTCM (0.59 g, 2.98 mmol) was
added to a water solution of ammonia (30 mL, 2 ). This reaction
mixture was treated with a solution of BMI+Br– (0.62 g,
2.83 mmol) in 20 mL distilled water. The resulting suspension was
stirred (1 h) in the dark at room temp. and filtered to remove AgBr.
The solvent was evaporated in vacuo. The drying and cleaning pro-
cedure included successive adding, filtering and removing of 25 mL
dried methanol, THF and dichloromethane. Remaining volatiles
were evaporated in high-vacuum over a period of 7 d. Yield 0.59 g
(91%) colorless liquid (transparent melt). M.p. –48 °C, Tdec.,onset =
270 °C. 13C{1H} NMR ([D6]DMSO, 101 MHz, 25 °C): δ = 121.0
(C–CN), 5.1 (C–CN) ppm. 14N NMR ([D6]DMSO, 28.9 MHz,
25 °C): δ = –122 (C–CN) ppm.[35] Raman (200 mW, 25 °C): ν̃[cm–1]
= 3167 (0.5, br.), 3110 (0.5), 2962 (3), 2942 (2), 2914 (1), 2875 (1),
2864 (0.5, sh), 2210 (10), 2166 (5), 1418 (2), 1388 (1), 1340 (1), 1112
(0.5), 1024 (2), 600 (0.5), 325 (0.5), 175 (1). C12H15N5 (229.29):
calcd. C 62.86, H 6.59, N 30.54; found C 62.70, H 6.25, N 30.73.

Synthesis of Ethyl(methyl)imidazolium Nitro(cyano)methanide
(EMI+NtCM–): A slight excess of AgNtCM (0.42 g, 2.18 mmol)
was added to a water solution of ammonia (25 mL, 2 ). This reac-
tion mixture was treated with a solution of EMI+Br– (0.40 g,
2.10 mmol) in 10 mL distilled water. The resulting suspension was
stirred (1 h) in the dark at room temp. and filtered to remove AgBr.
The solvent was evaporated in vacuo. The drying and cleaning pro-
cedure included successive adding, filtering and removing of 25 mL
dried methanol, THF and dichloromethane. Remaining volatiles
were evaporated in high-vacuum over a period of 7 d. Yield 0.32 g
(78%) brown liquid (transparent melt). M.p. 5 °C, Tdec.,onset =
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210 °C. 1H NMR ([D6]DMSO, 400 MHz, 25 °C): δ = 5.58 (H–C)
ppm. 13C{1H} NMR ([D6]DMSO, 101 MHz, 25 °C): δ = 120.6 (C–
CN), 80.5 (C–CN). 14N NMR ([D6]DMSO, 28.9 MHz, 25 °C): δ
= –13.9 (C–NO2), –117 (C–CN) ppm.[35] Raman (200 mW, 25 °C):
ν̃[cm–1] = 3160 (0.5), 3121 (0.5), 3114 (1), 3070 (0.5, br.), 2960 (1,
br.), 2955 (1, br.), 2192 (10), 1454 (7), 1422 (0.5), 1340 (1), 1085
(2), 1021 (0.5), 976 (5), 717 (1), 601 (0.5), 550 (3), 200 (3).
C8H12N4O2 (196.21): calcd. C 48.97, H 6.16, N 28.55; found C
48.26, H 6.17, N 27.97.

Synthesis of Ethyl(methyl)imidazolium Dinitrosomethanide
(EMI+DNM–): AgDNM (0.67 g, 3.72 mmol) was added to a water
solution of ammonia (35 mL, 2 ). This reaction mixture was
treated with a solution of EMI+Br– (0.71 g, 3.72 mmol) in 20 mL
distilled water. The resulting suspension was stirred (1 h) in the
dark at room temp. and filtered to remove AgBr. The solvent was
evaporated in vacuo. The drying and cleaning procedure included
successive adding, filtering and removing of 25 mL dried methanol,
THF and dichloromethane. Remaining volatiles were evaporated in
high-vacuum over a period of 7 d. Yield 0.61 g (89%) dark blue-
violet liquid (transparent melt). M.p. –6 °C, Tdec.,onset = 180 °C. 1H
NMR ([D6]DMSO, 400 MHz, 25 °C): δ = 8.68 (H–C). 13C{1H}
NMR ([D6]DMSO, 101 MHz, 25 °C): δ = 190.0 (C–NO). 14N
NMR ([D6]DMSO, 28.9 MHz, 25 °C): δ = 332 (C–NO).[35] Raman
(200 mW, 25 °C): ν̃[cm–1] = 3161 (0.5), 3119 (0.5), 3068 (0.5, br.),
2994 (0.5, sh), 2961 (1, br.), 2952 (1, br.), 1402 (3), 1420 (0.5), 1391
(1), 1340 (1), 1305 (10), 1180 (0.5), 1122 (0.5), 861 (0.5), 601 (0.5),
576 (9), 145 (2). C7H12N4O2 (184.20): calcd. C 45.65, H 6.57, N
30.42; found C 44.96, H 6.44, N 29.78.

Synthesis of n-Butyl(methyl)imidazolium Nitro(nitroso)cyanometh-
anide (BMI+NtNCM–): KNtNCM (0.47 g, 3.10 mmol) was dis-
solved in a mixture of 15 mL dried methanol and 15 mL dried etha-
nol. After adding a solution of AgNO3 (0.53 g, 3.10 mmol) dis-
solved in 15 mL dried methanol and 15 mL dried ethanol, KNO3

precipitated. After filtration the solvents were evaporated yielding
0.59 g AgNtNCM. A solution of AgNtNCM (0.59 g, 2.65 mmol)
in a mixture of 30 mL dried methanol and 30 mL dried ethanol
was added to a solution of BMI+Br– (0.58 g, 2.65 mmol) in 20 mL
dried THF. After filtration of AgBr, all solvents were evaporated.
The drying and cleaning procedure included successive adding, fil-
tering and removing of 25 mL dried methanol, THF and dichloro-
methane. Remaining volatiles were evaporated in high-vacuum over
a period of 7 d. Yield 0.53 g (68%) red liquid (transparent melt).
M.p. –4 °C, Tdec.,onset = 65 °C. 13C{1H} NMR ([D6]DMSO,
101 MHz, 25 °C): δ = 119.5 (s, C–CN), 149.6 (C–CN.). 14N NMR
([D6]DMSO, 28.9 MHz, 25 °C): δ = –107 (C–CN), –15 (C–NO2),
265 (C–NO) ppm.[35] Raman (200 mW, 25 °C): ν̃[cm–1] = 3170 (1,
br.), 3120 (0.5, br.) 2990 (1), 2964 (0.5, br.), 2880 (0.5, br.), 2209
(6), 1490 (4), 1474 (0.5, br.), 1458 (1), 1418 (3), 1381 (9), 1340 (10),
1346 (10), 1249 (2), 1231 (4), 1178 (2), 1022 (1), 960 (1), 839 (3,
br.), 772 (1), 601 (1), 535 (2), 481 (0.5), 251 (4), 176 (2).
C10H15N5O3 (253.26): calcd. C 47.43, H 5.97, N 27.65; found C
48.24, H 6.32, N 26.89.

Synthesis of Ethyl(methyl)imidazolium Nitro(nitroso)cyanomethan-
ide (EMI+NtNCM–): KNtNCM (0.75 g, 4.90 mmol) was dissolved
in 30 mL methanol and 2 mL water. After adding a solution of
EMI+BF4

– (0.97 g, 4.90 mmol) dissolved in 10 mL methanol, KBF4

precipitated. After filtration the solvents were evaporated. The dry-
ing and cleaning procedure included successive adding, filtering
and removing of 25 mL dried methanol, THF and dichlorometh-
ane. Remaining volatiles were evaporated in high-vacuum over a
period of 7 d. Yield 0.95 g (86%) red glass. M.p. 35 °C, Tdec.,onset =
52 °C. 13C{1H} NMR ([D6]DMSO, 101 MHz, 25 °C): δ = 119.5
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(C–CN), 149.6 (C–CN.) ppm. 14N NMR ([D6]DMSO, 28.9 MHz,
25 °C): δ = –107 (C–CN), –15 (C–NO2), 265 (C–NO) ppm.[35] Ra-
man (200 mW, 25 °C): ν̃[cm–1] = 3158 (1), 3112 (0.5, br.) 2987 (1),
2964 (0.5, br.), 2878 (0.5), 2211 (5), 1495 (3), 1476 (0.5), 1458 (1),
1417 (3), 1380 (9), 1346 (10), 1248 (2), 1232 (5), 1177 (2), 1021 (1),
959 (1), 838 (3, br.), 772 (1), 600 (1), 536 (2), 480 (0.5), 250 (4), 172
(2). C8H11N5O3 (225.21): calcd. C 42.67, H 4.92, N 31.10; found C
43.12, H 4.89, N 30.69.

Synthesis of Ethyl(methyl)imidazolium Dicyanomethanide
(EMI+DCM–): Adding a solution of KDCM (0.90 g, 8.64 mmol)
in 20 mL methanol and 1 mL water, to a solution of EMI+BF4

–

(1.71 g, 8.64 mmol) in 10 mL methanol results in a white precipitate
of KBF4. After filtration of KBF4, all solvents were evaporated.
The drying and cleaning procedure included successive adding, fil-
tering and removing of 25 mL dried methanol, dried THF and
dried dichloromethane. Remaining volatiles were evaporated in
high-vacuum over a period of 1 h. Yield 1.27 g (83%) yellow-brown
liquid (slowly decomposes at room temperature resulting in a black
tar). Raman (200 mW, 25 °C, decomposition in Raman): ν̃[cm–1] =
3121 (1, br.), 2959 (3, br.), 2185 (10, br.), 2157 (8, br.), 2146 (5,
br.), 1482 (3), 1420 (3), 1389 (2), 1337 (1), 1236 (0.5), 1091 (0.5),
1023 (1), 704 (0.5), 599 (1), 473 (0.5). C9H12N4 (176.22): calcd. C
61.34, H 6.86, N 31.79; found C 60.53, H 6.31, N 30.86.

Synthesis of Ethyl(methyl)imidazolium Dinitromethanide (EMI–

DNtM+): KDNtM (0.73 g, 5.10 mmol) was dissolved in a boiling
mixture of 20 mL methanol and 5 mL distilled water. After adding
a solution of 1.01 g (5.10 mmol) EMI+BF4

– in 10 mL methanol,
KBF4 precipitated. After filtration of KBF4, all solvents were evap-
orated. The drying and cleaning procedure included successive add-
ing, filtering and removing of 25 mL dried methanol, THF and
dichloromethane. Remaining volatiles were evaporated in high-vac-
uum over a period of 7 d. Yield 0.79 g (72%) yellow glass. M.p.
48 °C, Tdec.,onset = 186 °C. 1H NMR ([D6]DMSO, 400 MHz,
25 °C): δ = 8.17 (H–C). 13C{1H} NMR ([D6]DMSO, 101 MHz,
25 °C): δ = 121.7 (C–NO2) ppm. 14N NMR ([D6]DMSO,
28.9 MHz, 25 °C): δ = –21 (C–NO2) ppm.[35] Raman (200 mW,
25 °C): ν̃[cm–1] = 3142 (1, br.), 3115 (1, br.), 2963 (10, br.), 2955
(9, br.), 2899 (5, sh), 1668 (1), 1570 (3), 1447 (10, br.), 1375 (5),
1334 (9, br.), 1092 (4), 1023 (5), 999 (4), 960 (3), 794 (3), 780 (3),
750 (2), 702 (2), 431 (3, br.), 255 (4), 162 (5). C7H12N4O4 (216.20):
calcd. C 38.89, H 5.59, N 25.91; found C 39.27, H 6.08, N 25.39.

Supporting Information (see also the footnote on the first page of
this article): References, crystallographic data for KDNtM,
CsNtCM, [EMI]NtNCM, and [Me4N]NtNCM, and extensive com-
putational data.
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In this paper, we describe the synthesis of two new pyridine-
bis(imine)s {4-chloro-2,6-bis[1-(2,6-diisopropylphenylimino)-
ethyl]pyridine and 2,6-bis[1-(2,6-dimethylcyclohexylimino)-
ethyl]pyridine} and their complexation with iron and cobalt
dichloride. The solid-state structure of the iron complexes
was solved and found to be very close to catalysts already
described by Brookhart and Gibson. Their ability to polymer-
ize ethylene was investigated after activation with MAO. It
was thus shown that the substitution of the pyridine ring of

Introduction

In 1998, Brookhart and Gibson simultaneously described
the synthesis of very active pyridine-bis(imine) iron- or co-
balt-based catalysts for the oligomerization or the polymeri-
zation of ethylene.[1–3] When the substituents on the ligand
were bulky enough, they were found to be extremely ef-
ficient for the synthesis of linear polyethylenes. Many modi-
fications of these ligands have already been described, but
it was almost always the R1–R5 (Figure 1) groups that were
modified; some reviews are listed with the most recent of
these references.[4–17] So far, less work has been done on
other types of modifications (imine functions replaced by
amine functions, aryl rings replaced by amines or pyrrolyl
rings, pyridine ring replaced by thiophene or furan ring,
and so forth).[18–23] In this paper, we report new kinds of
modifications. We focus more specifically on the electronic
factors through the synthesis of two new types of pyridine-
bis(imine) ligands. With ligand 1, the presence of the chlo-
rine group in the para position of the pyridine ring in
the well-known 2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]-
pyridine ligand (R1 = R5 = isopropyl) led us to study the
effect of the electronic-withdrawing chlorine group. For
ligand 2, the replacement of the aryl groups by aliphatic
rings of another well-known ligand, 2,6-bis-
[1-(2,6-dimethylphenylimino)ethyl]pyridine (R1 = R5 =
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the ligand is unfavorable: their catalytic activity is rather low.
The replacement of the aromatic rings on the imine functions
by dimethylcyclohexyl rings resulted in a complete loss of
activity of the iron complex for oligomerization and polymeri-
zation of ethylene. With the cobalt analog, polymerization of
ethylene could be achieved under the same conditions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

methyl), was performed. The iron and cobalt complexes,
once synthesized, were activated with methylaluminoxane
(MAO) and tested for the polymerization of ethylene.

Figure 1. Pyridine-bis(imine) iron or cobalt complexes.

Results and Discussion

Synthesis and Characterization of Ligands

4-Chloro-2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyr-
idine (1) was synthesized according to already published
procedures for the synthesis of pyridine-bis(imine).[1,2] The
reaction is a condensation between 2,6-diacetyl-4-chloro-
pyridine (synthesis described by Constable[24]) and 2,6-di-
isopropylaniline (Scheme 1, i). The yellow product was iso-
lated and characterized by elemental analysis, and 1H and
13C NMR spectroscopy.

Concerning the synthesis of 2,6-bis[1-(2,6-dimethylcyclo-
hexylimino)ethyl]pyridine (2), the same procedure was fol-
lowed but the substituted aniline was replaced by the corre-
sponding cyclohexylamine to yield aliphatic-substituted im-
ines (Scheme 1, ii). Besides, substituted cycloalkanes exhibit
several stereoisomers. In the case of 2,6-dimethylcyclohex-
ylamine, three different stereoisomers can be identified: the
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Scheme 1. Synthesis of ligands 1, 2all-cis, 2all-trans and complexes 1a, 1b, 2a, 2b.

Figure 2. Most stable conformers for each stereoisomer of 2,6-dimethylcyclohexylamine.

cis–cis (all-cis), the trans–trans (all-trans), and the cis–trans
one (Figure 2). It was decided to use only the pure all-trans
and all-cis amines. After double condensation with diacetyl
pyridine, these two products will give few conformers com-
pared to the cis–trans one. Indeed, in the case of the cis–
trans amine, the final pyridine-bis(imine) would probably
be a mixture of isomers. Moreover, thanks to a thorough
conformational analysis, it was shown that each stereoiso-
mer had several conformers of different stabilization energy.
For the all-cis and all-trans amines the most stable con-
former is the one where the two methyl groups are in the
equatorial position, thus minimizing steric repulsion. For
the all-cis amine the amino group takes the axial position
and for the all-trans amine the same group is in an equato-
rial position. Thus, normally only one conformer will be
obtained for each selected amine. Condensation was carried
out under ethanol reflux, with a slight excess of amine and
some drops of acetic acid.

Both ligands based on the amine, hereafter named 2all-
cis and 2all-trans, were characterized by elemental analysis,
and 1H and 13C NMR spectroscopy. In order to better allot
the resonance peaks, a COSY spectrum was recorded. It
was thus established that the molecule is in a blocked con-
figuration at ambient temperature. Indeed, in the case of
unsubstituted cyclohexane, it is known that there is a differ-
ence of 0.5 ppm between the chemical shifts of the axial
and equatorial protons only at low temperature, when the
exchange of cycle is slow compared to the timescale of the
NMR spectroscopy. In our case, at ambient temperature,
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the conformational exchange is slow; we observe a differ-
ence of 0.3 ppm between the axial and equatorial protons,
the equatorial protons being the most strongly shielded.

The attribution of the multiplet between 1.0 and 1.9 ppm
was possible thanks to a 2D experiment (1H–13C). Three
broad multiplets that integrate respectively for 10, 2, and 4
protons can be distinguished. One of the main differences
between the two NMR spectra is the peak corresponding
to the proton of the cycle carried by the carbon linked to
the nitrogen atom of the imine function, whose chemical
shift changes from 2.9 ppm for the 2all-trans system to
3.7 ppm for the 2all-cis system. Moreover, the coupling con-
stant for the triplet goes from 9.3 Hz to 2.2 Hz. This differ-
ence may be easily explained with the Karplus and Conroy

Figure 3. An ORTEP view of the crystal structure of 2all-cis. Se-
lected bond lengths [Å] and angles [°]: C(6)–C(9) 1.500(2), C(9)–
N(2) 1.270(2), N(2)–C(16) 1.465(2), C(18)–C(28) 1.530(3), C(12)–
C(24) 1.523(3), C(9)–N(2)–C(16) 121.85(15), N(2)–C(9)–C(25)
126.92(16), C(16)–C(18)–C(28) 111.60(16), C(18)–C(16)–C(12)
110.92(14).
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equation. Indeed, 3J180° coupling constants are always
strictly higher than 3J60° ones.

The X-ray structure of the ligand 2all-cis has been deter-
mined to complete the characterization and is represented
in Figure 3. Only one conformer is observed, as expected.

Synthesis and Characterization of Complexes

Synthesis and Structure of Iron and Cobalt Complexes with
4-Chloro-2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]-
pyridine (1a and 1b)

The complexes were obtained from a stoichiometric reac-
tion between the ligand and a suspension of anhydrous
FeCl2 or CoCl2 in THF at room temperature. In order to
recover the complexes, the solution was concentrated and
hexane was added to the reaction medium. The iron com-
plex was isolated with a yield of 83% as a blue-green pow-
der. The cobalt complex was isolated with a yield of 81% as
a green powder. The isolated complexes were paramagnetic
(according to 1H NMR indicating chemical shifts from –40
to 170 ppm) and were characterized by elemental analysis,
infrared and X-ray analysis (iron complex only). The ele-
mental analysis results were in agreement with the formula
LMCl2.

Recrystallization of the iron complex redissolved in di-
ethyl ether yields crystals suitable for X-ray analysis. In the
solid state (Figure 4), the geometry of the metal center can
be considered as distorted square-pyramidal. One of the
chlorine atoms occupies the apical position, with an almost
right angle with the iron and nitrogen of the pyridine
[N(1)(2)(3)–Fe–Cl(2) ranging from 89.3° to 102.5°], whereas
the second occupies one of the bases of the formed square.
The apical bond seems to be the weaker, as the length of
the Fe–Cl bond goes from 2.305 Å for the apical position
to 2.247 Å for the longitudinal one. This is normally ex-
pected for that geometry. The iron atom is slightly above
the base of the pyramid [N(3)–Fe–N(1) = 139.2°]. Predict-
ably, the phenyl groups linked to the imine functions are
almost perpendicular to the plane formed by the nitrogen
atoms, although there is a slight deformation of the mole-
cule, one of the phenyl groups having a dihedral angle of
94.7° and the other 85.1°.

We can examine the effect of the chlorine atom in the
para position of the pyridine ring by comparing the lengths
of the various bonds with X-ray data of the equivalent
nonchlorinated iron complex.[2] The molecule is asymmetric
in the solid state, one of the Fe–Nimine bonds measuring
2.244 Å and the other 2.212 Å. This is probably due to the
presence of a molecule of Et2O in the lattice, but the average
value is 2.228(9) Å, very close to the average value
2.224(9) Å for the unsubstituted complex where the lengths
of these same bonds are almost identical (in this case half
a water molecule is present in the lattice). The decrease in
length of the Fe–Npy bond for the chlorinated ligand (2.080
instead of 2.091 Å) can be explained by the fact that the
chlorine on the pyridine group enhances the π back do-
nation of the iron to the pyridine group. Another expected
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Figure 4. An ORTEP view of the crystal structure of 1a. Selected
bond lengths [Å] and angles [°] for the subunit Fe1: Fe1–N(1)
2.213(4), Fe1–N(2) 2.080(3), Fe1–N(3) 2.243(4), Fe1–Cl(1)
2.247(1), Fe1–Cl(2) 2.305(2), Cl(1)–Fe1–N(1) 100.8(1), Cl(1)–Fe1–
N(2) 151.1(1), Cl(1)–Fe1–N(3) 97.2(1), Cl(2)–Fe1–N(1) 100.0(1),
Cl(2)–Fe1–N(2) 89.3(1), Cl(2)–Fe1–N(3) 102.5(1), Cl(1)–Fe1–Cl(2)
119.55(7), N(1)–Fe1–N(2) 73.7(1), N(1)–Fe1–N(3) 139.2(1), N(2)–
Fe1–N(3) 72.9(1).

difference is the reduction of the length of the Fe–Cl(1)
bond trans to the pyridine group (2.247 instead of 2.263 Å),
while the angle N(2)–Fe–Cl(1) where the chlorine and the
nitrogen are trans to the basal plane varies from 147.9 to
151.1° (for the chlorinated ligand). The apical iron chlorine
bond varies from 2.305 (for the chlorinated ligand) to
2.317 Å, in agreement with the expected electronic effect of
the chlorine on the para position on the pyridine, that is a
decrease of the electronic density on the iron atom. Never-
theless, the solid-state structures of the chlorinated and the
nonchlorinated complexes are very close. Besides, as we will
see in the structure of {2,6-bis[1-(2,6-dimethylcyclohex-
ylimino)ethyl]pyridine}iron dichloride (2a), the crystal
packing causes little difference in the structure.

Synthesis and Structure of Iron and Cobalt Complexes with
2,6-Bis[1-(2,6-dimethylcyclohexylimino)ethyl]pyridine (2a
and 2b)

With the ligand 2all-cis, no iron or cobalt complexes
could be isolated. Indeed, during the reaction between iron
chloride and the ligand in THF at ambient temperature,
the solution became slightly pink, but no precipitation was
observed, even after 24 h. The addition of hexane or diethyl
ether did not lead to the precipitation of the complex. Evap-
oration of solvents to dryness yielded a pink powder. IR
results prompted us to think that no complexation oc-
curred, as free FeCl2 and free ligand were detected. Similar
observations were made when the reaction was run at 50 °C.
Thus, the stoichiometric reaction between the ligand 2all-
cis and the metal chloride did not lead to the formation of
the expected complex of formula LMCl2. We first made the
assumption that a steric factor could be the cause of this
nonreactivity, but an X-ray of the free ligand shown in Fig-
ure 3 does not confirm this hypothesis.

On the contrary, the addition of 1 equiv. of the ligand
2all-trans to 1 equiv. of metal chloride in THF at room
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temperature led to the formation of the desired complex in
good yield (75% for LFeCl2 and 65% for LCoCl2). Crystals
suitable for X-ray analysis were obtained by slow crystalli-
zation in THF. The X-ray crystal structure contains two
independent sets of iron complexes, Fe1 and Fe2, with
slightly different angles and distances (Figure 5, Table 1).

Figure 5. An ORTEP view of the crystal structure of 2a all-trans.
Only one of the two distinct units is represented. The differences
in lengths and angles are shown in Table 1.

Table 1. Selected bond lengths [Å] and angles [°] of the two subunits
Fe1 and Fe2 for the complex 2a all-trans.

Bond lengths [Å]

Fe1–N(1) 2.286(4) Fe2–N(6) 2.318(4)
Fe1–N(2) 2.087(4) Fe2–N(5) 2.091(4)
Fe1–N(3) 2.295(4) Fe2–N(4) 2.308(4)
Fe1–Cl(1) 2.349(1) Fe2–Cl(3) 2.329(2)
Fe1–Cl(2) 2.279(1) Fe2–Cl(4) 2.286(1)

Bond angles [°]

Cl(1)–Fe1–N(1) 97.9(1) Cl(3)–Fe2–N(6) 95.9(1)
Cl(1)–Fe1–N(2) 91.8(1) Cl(3)–Fe2–N(5) 95.1(1)
Cl(1)–Fe1–N(3) 95.1(1) Cl(3)–Fe2–N(4) 102.0(1)
Cl(2)–Fe1–N(1) 103.2(1) Cl(4)–Fe2–N(6) 102.2(1)
Cl(2)–Fe1–N(2) 153.4(1) Cl(4)–Fe2–N(5) 155.4(1)
Cl(2)–Fe1–N(3) 101.0(1) Cl(4)–Fe2–N(6) 102.2(1)
Cl(1)–Fe1–Cl(2) 114.7(1) Cl(3)–Fe2–Cl(4) 109.4(1)
N(1)–Fe1–N(2) 73.7(2) N(5)–Fe2–N(6) 72.8(2)
N(1)–Fe1–N(3) 144.5(1) N(4)–Fe2–N(6) 142.7(2)
N(2)–Fe1–N(3) 73.0(2) N(4)–Fe2–N(5) 73.2(2)

As in the complexes with an aryl group on the imine
functions, the geometry of the metal center can be consid-
ered as distorted square-pyramidal, with one of the chlorine
atoms occupying the apical position, with an almost 90-
degree angle with the iron and the nitrogen atoms:
N(1)(2)(3)–Fe1–Cl(1) ranging from 91.8° to 97.9° and
N(4)(5)(6)–Fe2–Cl(3) ranging from 95.1° to 102.0°. The
average apical Fe–Cl bond (2.35 Å) is longer than the

Table 2. Ethylene polymerization with iron and cobalt complexes/MAO.

Catalyst[a] Yield Activity Productivity Mn
[b] Mw

[b] MMD[c] Tm
[d] χ[d]

[g] [g·mmol–1·h–1·bar–1] (gPE/gCat.) [g·mol–1] [g·mol–1] [°C]

1a 1.9 810 295 800 35000 44 97; 136 0.82
diiPr-Fe 5.5 2220 904 2200 48000 22 119; 136 0.82
1b 1.9 810 294 6400 29000 4 135 0.82
diiPr-Co 3.4 1410 556 7000 30000 4 137 0.84

[a] Catalyst: 10 µmol; [Al]/[Met] = 400; PEt. = 1 bar; T = 35 °C; t = 15 min; toluene (40 mL). [b] Average molar masses measured by
High Temperature Size Exclusion Chromatography in 1,2,4-trichlorobenzene at 150 °C with RI and viscosimetry detection. [c] Molar
mass distribution. [d] Melting temperature and crystallinity rate measured by DSC.
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average equatorial one (2.28 Å), as expected from this type
of geometry. It is noticeable that these lengths are higher
than for complexes bearing fully aromatic ligands. This
seems to indicate that the electronic density on the iron be-
comes higher. The iron atom is slightly above the base of
the pyramid: N(3)–Fe–N(1) 144.5°, which is close to the
value found for the aromatic trimethyl analog described by
Gibson et al.,[4] where the value is 145.5°. For comparison,
in complex 1a the angle is 139.2°.

The distances between the iron and both imines are al-
most identical (average 2.29 Å for Fe1 and 2.31 Å for Fe2).
These bonds are a bit longer than for the complex with the
2,4,6-trimethyl aryl substituent[4] (average 2.27 Å), revealing
the electronic effect generated by the replacement of an aryl
by a cyclohexyl group. Besides, the Fe–Npy bond length
with an average of 2.09 Å in complex 2a is shorter than for
the aryl analog, where the value is 2.11 Å. The angle N–
Fe–Cl where the nitrogen and the chlorine atom are trans
to the basal plane is somewhat greater, with an average
value of 154.4° in complex 2a compared to 131.3° in the
aryl one.[4]

Although the cyclohexyl groups are not planar and
adopt a chair conformation with the two methyl substitu-
ents and the imine in the equatorial position, they are al-
most perpendicular to the plane of the square base, like aryl
groups (dihedral angles: 117.1° and 111.8°). The average
distance between the iron atom and the methyl substituents
is about 4.3 Å, as already observed for the equivalent aro-
matic systems.

Ethylene Polymerization with Complexes 1a, 1b, 2a, and 2b
Activated with MAO

All the complexes were activated with methylalumin-
oxane and tested for the polymerization of ethylene. The
results are summarized in Table 2 together with the experi-
mental conditions.

With complexes 1a and 1b, polyethylene was produced
with the same activity for the two metals, whereas, iron
complexes generally present a higher catalytic activity than
their cobalt analogs. This result might be due to faster deac-
tivation processes of 1a versus 1b. The activities were com-
pared with those observed for the nonchlorinated pyridine
complexes (diiPrFe and diiPrCo). As indicated in Table 2,
the presence of the chlorine atom in the para position of
the pyridine decreases the catalytic activity, from 2220 to
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810 g·mmol–1·h–1·bar–1 for the iron complexes and from
1410 to 810 g·mmol–1·h–1·bar–1 for the cobalt one. It was
thought that slightly decreasing the electronic density on
the metal would render the interaction with the incoming
ethylene more favorable and then would enhance the cata-
lytic activity.

Actually, this is not what happens because lowering the
electronic density on the metal simultaneously disfavors the
π back donation of the metal to the incoming ethylene.
Bennett did not observe significant falls of activity with a
cobalt complex substituted by a trifluoromethyl group in
the para position of the pyridine ring, but experimental con-
ditions were not comparable.[25] As the decrease in the cata-
lytic activity cannot be explained by the small differences
in the structures of the chlorinated and the nonchlorinated
complex, the possible interaction of the chlorine atom pres-
ent on the pyridine with MAO, used in a large excess, was
studied. To do this we have observed by 1H NMR the
chemical shifts of chlorobenzene (to mimic the ligand, this
one would coordinate first with the nitrogen groups) in deu-
terated toluene after addition of a quantity of MAO similar
to that used in the polymerization experiment. No signifi-
cant chemical shifts have been observed, which means that
there is probably no interaction between the chlorine atom
and the TMA present in the MAO, or the MAO itself.
Eventually, the loss of activity observed for the chlorinated
complexes could be attributed to the lack of stability of the
complex. Indeed, as can be seen on the 1H NMR spectrum
of the complex (Figure 6), a great amount of decomposition
product appeared within 20 min; this quantity increases
with time. The decomposition process has not been studied
in detail.

Figure 6. 1H NMR spectrum of complex 1a. The peaks of the de-
composition product are marked with * (300 MHz, 293 K, CDCl3).

With the iron complex 2a no polymers or oligomers have
been detected. However, with the cobalt complex 2b poly-
mers are obtained (no oligomers could be detected by GC).
Bianchini obtained oligomers with dissymmetric pyridine-
bis(imine) ligands [the imine substituents being an aryl
group and a (cyclo)alkyl group].[21] The proton NMR spec-
tra of the iron complex (Figure 7, a) reveals that almost all
the peaks are in the region from –8 to 11 ppm; only the
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peaks attributed to the protons on the pyridine are strongly
shifted. Although the spectrum was obtained with a large
window, from –55 to 250 ppm, some of the protons of the
complex cannot be observed, probably because they are too
large. Indeed the integration gives 35 protons instead of the
39 expected. An NMR study at low temperature, down to
–90 °C, does not reveal new peaks. On the contrary, the
broad peak at –11 ppm broadens even further at –70 °C and
is invisible at –90 °C.

Figure 7. (a) 1H NMR spectrum of the iron complex 2a containing
THF marked with *; all the other nonmarked peaks are due to the
protons on the cyclohexyl group. (b) 1H NMR spectrum of the
cobalt complex 2b containing THF marked with * (300 MHz,
293 K, CDCl3).

All the spectra were recorded with pure crystals that con-
tained THF of crystallization; this is the reason two rela-
tively intense peaks of free THF can always be seen in the
spectra. In the case of the cobalt complex the proton NMR
shows us more important paramagnetic shift: the peaks are
in the range –40 to 166 ppm (Figure 7, b). The integration
of the peaks corresponds to what is expected.

These observations and the fact that there is a marked
difference in the reactivity between the iron and the cobalt
complexes bearing the same ligands prompted us to think
that the ligand is in some way hemilabile in the case of iron.

The complete loss of activity can then be explained by
the assumption that the addition of MAO can hinder the
return of the imine group to the iron. On the contrary, for
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the cobalt complex 2b, the spectrum of which is shown in
Figure 7 (b), polymerization of ethylene is observed in the
presence of MAO. Under 4 bar of ethylene and after 3 h,
150 mg of polyethylene was isolated. We will not go into
more detail, as the subject is currently under investigation.

The polymers obtained with 1a and 1b were analyzed by
1H NMR, DSC, and HT SEC. 1H NMR spectra of polyeth-
ylenes (C2D2Cl4, 130 °C) present a main peak at 1.3 ppm
due to CH2 groups, and a small one at 0.9 ppm due to CH3

groups coming from chain ends or branching. Nevertheless,
the intensity of the peak at 0.9 ppm is too small to allow
reliable integration.

The results of SEC measurements are presented in
Table 2. The chlorine atom seems to have no influence on
the molar masses or the molar mass distributions when co-
balt is employed. For the iron complexes, broad (even bi-
modal) molar mass distributions were obtained. It is now
well established that this is due to transfer to aluminum
(TMA present in MAO). It was nevertheless a bit surprising
to get such broad distributions, as to avoid this transfer,
the MAO we employed had most of its TMA removed by
evaporation (5 mol-% residual TMA instead of 30 mol-%
in commercial MAO). For cobalt complexes, molar mass
distributions were much lower, because these catalytic sys-
tems are less sensitive towards transfer to aluminum.

The results of DSC measurements are also presented in
Table 2. Like for SEC measurements, no huge differences
were observed for the chlorinated and nonchlorinated li-
gands. The chlorine atom seems to have almost no influence
on the melting temperatures and on the crystallinity rate.
For all polyethylenes, the crystallinity rate (�0.8) is consis-
tent with highly linear polymers. Polyethylenes obtained
with the iron complexes exhibit two melting temperatures
corresponding probably to two populations of polymers of
different molar masses observed by HT SEC. With the co-
balt complexes, only one melting temperature, very close to
the one measured for highly linear polyethylene, was ob-
served.

Conclusion

In summary, two new pyridine-bis(imine)s were synthe-
sized, by substituting the pyridine ring, or by replacing the
aryl groups linked to the imine functions by an aliphatic
ring. These ligands were complexed with iron and cobalt
dichloride and two of these four new complexes were char-
acterized by X-ray analysis. All the complexes were tested
in the presence of MAO for the polymerization of ethylene.
The introduction of a chlorine atom onto the pyridine ring
was unfavorable; indeed the catalytic activity decreases
compared to the unsubstituted ligand. For the other ligand
two different results were observed. In the case of the iron
complex, the loss of aromaticity led to a complete loss of
catalytic activity towards ethylene polymerization and
oligomerization. On the other hand, for the cobalt system,
polyethylene could be obtained.
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Experimental Section
General Considerations

Anhydrous FeCl2 and CoCl2, diacetylpyridine, chelidamic acid,
thionyl chloride, Meldrum’s acid, and 2,6-diisopropylaniline (all
purchased from Aldrich) were used as received. 2,6-Dimethylcyclo-
hexylamine was kindly provided by BASF AG. Methylaluminoxane
(MAO) was purchased from Aldrich as a 10 wt.-% solution in tolu-
ene. Toluene and most of the trimethylaluminum (TMA) were re-
moved under vacuum to yield a white powder, still containing
5 mol-% of TMA. Tetrahydrofuran, hexane, and toluene were dis-
tilled from sodium benzophenone ketyl. All complex syntheses
were performed in a Jacomex glovebox or under thoroughly puri-
fied argon using a standard Schlenk technique. 2,6-Diacetyl-4-chlo-
ropyridine was prepared according to an already published pro-
cedure.[24]

Characterization

1H and 13C NMR spectra were recorded with a Bruker Avance-
300 apparatus (300 MHz) at room temperature. IR spectra were
recorded with a Perkin–Elmer 1600 FTIR spectrometer. Molar
masses were measured by Size Exclusion Chromatography using an
Alliance GPCV 2000 Permeation Chromatograph equipped with a
differential refractive index detector and a viscosimeter in 1,2,4-
trichlorobenzene (150 °C) using two Styragel HT 6E and one HT 2
columns. DSC measurements were performed with a Perkin–Elmer
DSC4 or DSC7, with a heating rate of 10 °C·min–1.

Synthesis of Ligands

4-Chloro-2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine (1):
2,6-Diacetyl-4-chloropyridine (0.5 g, 2.5 mmol), 2,6-diisopro-
pylaniline (0.98 g, 5.5 mmol), and a small amount of p-toluenesul-
fonic acid were poured into a three-necked round-bottomed flask
containing toluene (50 mL). The solution was refluxed for 24 h
with a Dean–Stark trap. After lowering the temperature, the tolu-
ene was removed under vacuum to yield a brownish oil. The ad-
dition of hexane (20 mL) led to a yellow solution and a brown
solid. After filtration and drying, a yellow solid was recovered
(0.94 g, yield 72%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 8.48
(s, 2 H, py-Hm), 7.22–7.09 (m, 6 H, Ar-H), 2.74 (sept, 3JH,H =
6.9 Hz, 4 H, CHMe2), 2.25 (s, 6 H, N=C-Me), 1.17 (d, 3JH,H =
6.9 Hz, 12 H, CHMeMe), 1.16 (d, 3JH,H = 6.9 Hz, 12 H,
CHMeMe) ppm. 13C NMR (75 MHz, CDCl3, 293 K): δ = 166.0
(N=C), 156.5 (Py-Co), 146.0 (Ar-Cip), 145.4 (Py-C-Cl), 135.7 (Ar-
Co), 123.8 (Ar-Cp), 123.0 (Py-Cm), 122.2 (Ar-Cm), 28.3 (N=C-Me),
23.3 (CHMeMe), 22.9 (CHMeMe), 17.2 (CHMe2) ppm. IR: ν̃ =
1640, 1557, 1317, 1260, 1228, 1189, 1104, 1016, 935, 885, 828, 762,
722, 692, 535, 438 cm–1. C33H42ClN3 (516.16): calcd. C 76.79, N
8.14, H 8.20; found C 73.23, N 7.21, H 8.35.

2,6-Bis[1-(2,6-dimethylcyclohexylimino)ethyl]pyridine (2all-cis): 2,6-
Diacetylpyridine (2 g, 12.3 mmol), 2,6-dimethylcyclohexylamine
all-cis (3.2 g, 25 mmol), and a few drops of acetic acid were poured
into a three-necked round-bottomed flask containing ethanol
(50 mL). The solution was refluxed for 18 h. After lowering the
temperature, a white precipitate appeared. After filtration, washing
with pentane and drying, a white solid was recovered (3.7 g, yield
82%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 8.18 (d, 3JH,H =
7.6 Hz, 2 H, py-Hm), 7.68 (t, 3JH,H = 7.6 Hz, 1 H, py-Hp), 3.71 (t,
3JH,H = 2.2 Hz, 2 H, CHcHex-N=), 2.38 (s, 6 H, N=C-CH3), 1.88–
1.32 (br. m, 16 H, cHex-CH2-), 0.70 (d, 3JH,H = 6.6 Hz, 12 H, cHex-
CH3) ppm. 13C NMR (75 MHz, CDCl3, 293 K): δ = 164.0 (-C=N),
156.5 (py-Co), 135.9 (py-Cp), 120.8 (py-Cm), 65.2 (CHcHex-N=),
38.6 (cHex-Co), 28.9 (cHex-Cm), 27.1 (cHex-Cp), 19.3 (cHex-CH3),
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13.3 (CH3-C=N) ppm. IR: ν̃ = 1703, 1638, 1567, 1303, 1237, 1156,
1116, 1086, 995, 980, 950, 857, 838, 818, 626, 558, 530, 491, 440,
338, 277 cm–1. C25H39N3 (381.60): calcd. C 78.69, N 11.01, H
10.30; found C 78.70, N 11.11, H 10.34.

2,6-Bis[1-(2,6-dimethylcyclohexylimino)ethyl]pyridine (2all-trans):
2,6-Diacetylpyridine (2 g, 12.3 mmol), 2,6-dimethylcyclohex-
ylamine all-trans (3.2 g, 25 mmol), and a few drops of acetic acid
were poured into a three-necked round-bottomed flask containing
ethanol (50 mL). The solution was refluxed for 18 h. After lowering
the temperature, a white precipitate appeared. After filtration,
washing with pentane and drying, a white solid was recovered
(3.6 g, yield 76%). 1H NMR (300 MHz, CDCl3, 293 K): δ = 8.09
(d, 3JH,H = 7.7 Hz, 2 H, py-Hm), 7.69 (t, 3JH,H = 7.7 Hz, 1 H, py-
Hp), 2.92 (t, 3JH,H = 9.3 Hz, 2 H, CHcHex-N=), 2.39 (s, 6 H, N=C
Me), 1.82–1.10 (br. m, 16 H, cyclohexyl -CH2-), 0.74 (d, 3JH,H =
6.6 Hz, 12 H, cHex-CH3) ppm. 13C NMR (75 MHz, CDCl3,
293 K): δ = 164.8 (-C=N), 156.8 (py-Co), 136.5 (py-Cp), 121.0 (py-
Cm), 72.8 (CHhex-N=), 37.9 (cHex-Co), 33.9 (cHex-Cm), 25.8 (cHex-
Cp), 19.5 (cHex-CH3), 14.7 (CH3-C=N) ppm. IR: ν̃ = 1643, 1567,
1305, 1237, 1172, 1153, 1116, 1088, 993, 948, 858, 839, 817, 779,
624, 555, 440, 340, 274, 228 cm–1. C25H39N3 (381.60): calcd. C
78.69, N 11.01, H 10.30; found C 78.45, N 11.41, H 10.38.

Synthesis of the Complexes

{4-Chloro-2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine}iron
Dichloride (1a): FeCl2 (36 mg, 0.28 mmol) and 4-chloro-2,6-bis[1-
(2,6-diisopropylphenylimino)ethyl]pyridine (150 mg, 0.29 mmol)
were dissolved in THF (25 mL). The reaction was let run for 16 h.
After precipitation with hexane, filtration, and drying, a blue pow-
der was recovered (150 mg, yield 83 %). 1H NMR (300 MHz,
CDCl3, 293 K, δsolvent = 7.26): δ = 76.46 (s, 2 H, Hm, Py), 14.40 (s,
4 H, Hm Ar), –5.86 (br. s, 12 H, CHMeMe), –6.62 (s, 12 H,
CHMeMe), –10.87 (s, 2 H, Hp Ar), –23.70 (br. s, 4 H, CHMe),

Table 3. Crystal data and structure refinement.

1a 2a all-trans 2all-cis

Empirical formula C37H52Cl3FeN3O C112H182Cl8Fe4N12O4 C25H39N3

C33H42Cl3FeN3·C4H10O C100H156Cl8Fe4N12·3C4H8O·H2O
Formula mass 717.05 2267.8(1) 381.59
Temperature [K] 173 173 173
Z 4 4 8
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c C2/c Pbcn
a [Å] 10.3742(2) 43.5402(5) 23.0750(6)
b [Å] 20.2225(5) 12.5601(2) 14.6860(6)
c [Å] 18.6578(4) 26.2792(3) 13.7930(9)
β [°] 97.982(5) 117.157(5) 90.00
V [Å3] 3876.3(1) 12787.0(6) 4674.2(4)
Color blue violet colorless
Crystal size [mm] 0.20×0.06×0.02 0.16×0.12×0.06 0.20×0.20×0.15
Dcalcd. [g·cm–3] 1.23 1.17 1.085
F(000) 1520 4800 1680
Absorption coefficient [mm–1] 0.627 0.661 0.063
Index ranges –14 � h � 14 0 � h � 61 –29 � h � 29

–26 � k � 28 0 � k � 17 –19 � k � 19
–26 � l � 26 –36 � l � 32 –17 � l � 17

θ range [°] 2.5–30.55 2.5–30.01 1.77–27.48
Reflections collected 12118 19449 5354
Reflections observed [I � 3σ(I)] 3120 10571 2862
Number of parameters 406 632 253
R 0.046 0.076 0.0555
Rw 0.061 0.094 0.1278
Goodness-of-fit on F2 1.028 1.119 0.954
Largest difference peak, hole [e·Å–3] 0.350, –0.122 0.868, –0.873 0.183, –0.186
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–45.57 (s, 6 H, NCMe) ppm. C33H42Cl3FeN3 (642.91): calcd. C
61.65, N 6.54, H 6.58; found C 61.88, N 6.01, H 7.35. IR: ν̃ =
1689, 1574, 1500, 1320, 1282, 1237, 1115, 1015, 806, 722, 525, 365,
313 cm–1.

{4-Chloro-2,6-bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine}-
cobalt Dichloride (1b): CoCl2 (38 mg, 0.29 mmol) and 4-chloro-2,6-
bis[1-(2,6-diisopropylphenylimino)ethyl]pyridine (150 mg,
0.29 mmol) were dissolved in THF (25 mL). The reaction was let
run for 16 h. After precipitation with hexane, filtration, and drying,
a g r e e n p o w d e r w a s r e c ov e r e d ( 1 5 0 m g , y i e l d 8 1 % ) .
C33H42Cl3CoN3 (646.00): calcd. C 61.36, N 6.50, H 6.55; found C
59.52, N 5.42, H 6.70. IR: ν̃ = 1582, 1325, 1264, 1204, 1103, 1057,
1028, 938, 858, 854, 838, 798, 768, 722, 590, 487, 440, 347, 309,
280, 213 cm–1.

{2,6-Bis[1-(2,6-dimethylcyclohexylimino)ethyl]pyridine}iron Dichlo-
ride (2a): FeCl2 (132 mg, 1.04 mmol) and 2,6-bis[1-(2,6-dimethylcy-
clohexylimino)ethyl]pyridine all-trans (400 mg, 1.04 mmol) were
dissolved in THF (25 mL). The reaction was let run for 16 h. After
precipitation with hexane, filtration, and drying, a blue powder was
recovered (400 mg, yield 75 %). 1H NMR (300 MHz, CD2Cl2,
298 K, δsolvent = 5.32): δ = 78.34 (s, 2 H, py-Hm), 10.14 (v br. s, 2
H, CcHex-H), 8.84 (s, 2 H, CcHex-H), 8.58 (s, 1 H, py-Hp), 3.46 (s,
2 H, CcHex-H), 1.73 (s, 4 H, CcHex-H), 1.02 (s, 4 H, CcHex-H), –1.29
(s, 6 H, N=C-CH3) , –6.99 (br. s, 12 H, Cc He x-CH3) ppm.
C25H39Cl2FeN3 (508.35): calcd. C 59.07, N 8.27, H 7.73; found C
58.52, N 8.40, H 7.71. IR: ν̃ = 1582, 1268, 1198, 1020, 948, 842,
816, 718, 639, 568, 314, 285 cm–1.

{2,6-Bis[1-(2,6-dimethylcyclohexylimino)ethyl]pyridine}cobalt Di-
chloride (2b): CoCl2 (136 mg, 1.04 mmol) and 2,6-bis[1-(2,6-di-
methylcyclohexylimino)ethyl] all-trans (400 mg, 1.04 mmol) were
dissolved in THF (25 mL). The reaction was let run for 16 h. After
precipitation with hexane, filtration, and drying, a green powder
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was recovered (350 mg, yield 65%). 1H NMR (300 MHz, CDCl3,
293 K, δH = 7.26): δ = 164.79 (s, 2 H, CcHex-H), 103.50 (s, 2 H, py-
Hm), 27.73 (s, 1 H, py-Hp), 18.21 (s, 2 H, CcHex-H), 3.70 (s, 2 H,
CcHex-H), 0.79 (s, 2 H, CcHex-H), –4.72 (s, 4 H, CcHex-H), –11.59
(s, 6 H, N=C-CH3), –15.58 (s, 4 H, CcHex-H), –16.02 [s (v br. sh),
2 H, CcHex-H], –39.19 (s, 12 H, CcHex-CH3) ppm. C25H39Cl2CoN3

(511.44): calcd. C 58.71, N 8.20, H 7.69; found C 58.41, N 8.49, H
7.69. IR: ν̃ = 1620, 1582, 1266, 1248, 1198, 1115, 1023, 948, 864,
823, 816, 746, 716, 638, 568, 317, 287 cm–1.

Polymerization Procedure: Polymerizations were conducted in a
250-mL glass Büchi reactor equipped with a magnetic stirrer and
a temperature controller. Ethylene pressure was maintained con-
stant in the reactor during the reaction. A typical procedure was:
catalyst (10 µmol) in solution in toluene (30 mL) was added to the
reactor under nitrogen. The reactor was heated to the reaction tem-
perature and charged with ethylene. A solution of the desired
amount of MAO dissolved in toluene (10 mL) was then added to
the system. The reactor was charged with the desired differential
pressure of ethylene. The reaction was let run for a period of
15 min, after which acidified ethanol (20 mL) was added to the
miniclave to stop the polymerization. The content of the reactor
was then precipitated in ethanol. The precipitated polymer was
washed with ethanol and dried overnight in a vacuum oven at
60 °C.

X-ray Crystallography: Crystals of 1a, 2a, and 2all-cis coated with
vaseline were mounted onto the goniometer and placed on a Non-
ius Kappa CCD diffractometer with graphite-monochromated Mo-
Kα radiation (λ = 0.71073 Å). The structures were solved using the
Nonius OpenMoleN package and refined against F2 using the
SHELXL-97 software[25] with anisotropical thermal parameters for
all non-hydrogen atoms (except for one THF and the H2O in 2a)
and hydrogen atoms were introduced as fixed contribution
(SHELXL-97[26]) (except for one THF and the H2O in 2a) (see
Table 3).

CCDC-255729 (for C33H42Cl3FeN3·C4H10O, 1a), -255730 (for
C100H156Cl8Fe4N12·3OC4H8·H2O, 2a), and -613556 (for C25H39N3,
2all-cis) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Four d10 group 12 metal complexes, 6-(2-methoxyphenyl)-
2,2�-bipyridinezinc dichloride (2a), -mercury dichloride (2b),
6-[2-(dimethylamino)phenyl]-2,2�-bipyridinezinc dichloride
(2c), and -mercury dichloride (2d), were synthesized and the
structures determined by single-crystal X-ray crystallogra-
phy. Complexes 2a and 2b are four-coordinate and adopt a
distorted tetrahedral geometry, while complexes 2c and 2d

Introduction

Luminescent coordination complexes have attracted in-
creasing attention because of their potential application in
areas of optoelectronic devices and chemical sensors.[1] One
of the most important considerations in organic light-emit-
ting diodes (OLEDs) is the design and synthesis of mole-
cules capable of tuning luminescent properties through the
modification of ligands.[2,3] The organic compounds with
aromatic nitrogen heterocycles, which can be receptors for
metal ions, have been studied extensively because they are
capable of performing useful light- and/or redox-induced
tasks. For example, a large number of complexes based on
8-hydroxyquinoline, 7-azaindole, pyridyl-phenol, and
phenyl-pyridine have been investigated during the last dec-
ades.[3–5] Particularly, luminescent complexes of ReI,[6]

RuII,[7] and OsII[8] containing bipyridine type ligands have
attracted much attention because of their high luminescent
efficiency. However, the lower synthetic yields and higher
costs of these complexes are disadvantages for their use as
optoelectronic materials. The lower-cost d10 metal com-
plexes with the nitrogen-containing ligands are of interest
because of their photoluminescent and/or electrolumines-
cent properties.[9–11] To develop new complexes of this type
with improved luminescent performance, we have synthe-
sized four new complexes of zinc(II) and mercury(II) with
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are five-coordinate with a distorted trigonal bipyramidal ge-
ometry for the metal center. Luminescent properties of com-
plexes 2a–2d in both solution and the solid state were
studied.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

modified bipyridine ligands that are synthesized by intro-
ducing an aromatic group with a donor at its α position to
the 3-position of 2,2�-bipyridine. The ligands were selected
considering that larger conjugating systems can be formed
in their complexes and better luminescent properties might
be expected. We herein report on the preparation, structural
characterization, and photoluminescence of these zinc(II)
and mercury(II) complexes.

Results and Discussion

Synthesis of Compounds

Ligand 1a was prepared according to a known procedure
(Scheme 1)[12] and ligand 1b was synthesized by the reaction
of dry 2,2�-bipyridine with the aryllithium reagent, ob-
tained from the treatment of 2-bromo-N,N-dimethylaniline
with nBuLi, in moderate yield after oxidative rearomatiza-
tion. Ligand 1a is a known compound while 1b is a new
compound. The new ligand 1b was characterized by 1H
NMR spectroscopy along with elemental analysis. The 1H
NMR spectrum of 1b exhibits resonance at δ = 2.77 ppm
for the CH3 proton. Compound 1b is soluble in most or-
ganic solvents. Treatment of ZnCl2 and HgCl2 with equiva-
lent free ligands in methanol at ambient temperature af-
forded the corresponding d10 metal complexes 2a–2d in
good yields (�80%) as light yellow or white crystalline sol-
ids (Scheme 1). Complexes 2a–2d were all characterized by
elemental analyses, 1H NMR spectroscopy, and IR spec-
troscopy, and satisfactory analytic results were obtained on
all compounds. All complexes are moderately soluble in
DMSO, slightly soluble in dichloromethane, methanol,
DMF, and THF, and insoluble in saturated hydrocarbon
solvents.
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Scheme 1. Synthetic procedure of ligands 1a and 1b, and of complexes 2a–2d.

Crystal Structure
The molecular structures of complexes 2a, 2b, 2c, and 2d

were determined by X-ray crystallographic analysis. Crys-
tals of all four complexes suitable for X-ray crystal structure

Figure 1. Top: molecular structure of complex 2a; bottom: crystal
packing diagram between two adjacent molecules of 2a showing
the lack of a π–π stacking interaction in the solid state. (Thermal
ellipsoids are drawn at the 30% probability level.)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4317–43234318

Figure 2. Top: molecular structure of complex 2b; bottom: the π–
π stacking column structure of complex 2b. (Thermal ellipsoids are
drawn at the 30% probability level.)
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determination were grown from dichloromethane or
CH3CN at room temperature. The ORTEP drawings of the
molecular structures of 2a and 2b are shown in Figure 1
and Figure 2, respectively. Selected bond lengths and angles
for the two complexes are given in Table 1. The X-ray
analysis reveals that both complexes adopt a distorted tetra-
hedral geometry with the metal center chelated by the li-
gand 1a through the pyridine nitrogen atoms, and the oxy-
gen atom does not coordinate to the metal center in either
complex because of the weak donating ability of the –OMe
group. The Zn–N bond lengths in 2a are 2.071 Å (average),
which is close to the values previously reported for similar
tetrahedral zinc complexes.[13] In complex 2b, the two Hg–
N bond lengths are slightly different [2.363(3) Å for Hg(1)–
N(1) and 2.356(3) Å for Hg(1)–N(2)]. The values are consis-
tent with bond lengths found in other four-coordinate HgII

complexes.[13c,14] The average MII–N(pyridyl) bond dis-
tances (2.071 Å for Zn–N � 2.359 Å for Hg–N) are consis-
tent with ionic radii. The N–Zn–N bite angle in 2a
[80.27(10)°] is smaller than those found in other pyridyl-
containing four-coordinate ZnII complexes,[13a] but larger

Table 1. Selected bond lengths (Å) and bond angles (°) for com-
plexes 2a–2d.

Complex 2a

Zn(1)–N(1) 2.079(2) N(1)–Zn(1)–Cl(1) 123.53(8)
Zn(1)–N(2) 2.062(2) N(2)–Zn(1)–Cl(2) 115.07(8)
Zn(1)–Cl(1) 2.2042(10) N(1)–Zn(1)–Cl(2) 108.76(7)
Zn(1)–Cl(2) 2.2104(10) Cl(1)–Zn(1)–Cl(2) 117.18(4)
N(2)–C(1) 1.333(4) C(1)–N(2)–Zn(1) 125.8(2)
N(1)–C(10) 1.342(4) C(5)–N(2)–Zn(1) 113.69(19)
N(2)–Zn(1)–N(1) 80.27(10) C(10)–N(1)–Zn(1) 127.7(2)
N(2)–Zn(1)–Cl(1) 106.30(8) C(6)–N(1)–Zn(1) 113.09(19)

Complex 2b

Hg(1)–N(1) 2.363(3) N(1)–Hg(1)–Cl(1) 118.49(9)
Hg(1)–N(2) 2.356(3) N(2)–Hg(1)–Cl(2) 116.07(8)
Hg(1)–Cl(1) 2.3791(14) N(1)–Hg(1)–Cl(2) 100.44(9)
Hg(1)–Cl(2) 2.4140(12) Cl(1)–Hg(1)–Cl(2) 122.98(4)
N(1)–C(1) 1.344(5) C(6)–N(2)–Hg(1) 116.8(2)
N(2)–C(10) 1.344(5) C(10)–N(2)–Hg(1) 123.1(2)
N(2)–Hg(1)–N(1) 70.74(10) C(5)–N(1)–Hg(1) 116.9(2)
N(2)–Hg(1)–Cl(1) 115.30(8) C(1)–N(1)–Hg(1) 123.6(3)

Complex 2c

Zn(1)–N(1) 2.1413(16) N(2)–Zn(1)–N(3) 84.17(6)
Zn(1)–N(2) 2.1425(16) N(2)–Zn(1)–Cl(2) 118.54(5)
Zn(1)–N(3) 2.3076(16) N(2)–Zn(1)–Cl(1) 122.65(5)
Zn(1)–Cl(2) 2.2454(8) Cl(2)–Zn(1)–N(3) 97.37(5)
Zn(1)–Cl(1) 2.3066(7) Cl(1)–Zn(1)–N(3) 91.39(4)
N(1)–Zn(1)–N(2) 76.34(6) Cl(2)–Zn(1)–N(3) 97.37(5)
Cl(2)–Zn(1)–Cl(1) 118.74(3) Cl(1)–Zn(1)–N(3) 91.39(4)
N(1)–Zn(1)–N(3) 157.87(6) C(1)–N(1)–Zn(1) 125.53(14)

Complex 2d

Hg–N(1) 2.381(10) N(2)–Hg–N(3) 76.9(3)
Hg–N(2) 2.440(9) N(1)–Hg–Cl(2) 112.4(2)
Hg–N(3) 2.584(10) Cl(2)–Hg–N(2) 113.2(2)
Hg–Cl(1) 2.440(3) N(1)–Hg–Cl(1) 91.4(2)
Hg–Cl(2) 2.406(3) N(2)–Hg–Cl(1) 121.9(2)
N(1)–Hg–N(2) 68.8(3) Cl(2)–Hg–N(3) 99.1(2)
Cl(1)–Hg–Cl(2) 124.77(13) Cl(1)–Hg–N(3) 89.9(2)
N(1)–Hg–N(3) 140.1(3) C(1)–N(1)–Hg 121.3(9)
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than the one [70.04(10)°] in its mercury analog 2b. The dihe-
dral angles between the two pyridyl rings are 10.1° for 2a
and 2.2° for 2b, and the dihedral angles between the aro-
matic ring and the adjacent pyridyl ring are 61.0° for 2a
and 50.7° for 2b. The data of the dihedral angles in two
complexes indicate that the conjugated extent of 2b is larger
than that of 2a. In addition, there is π–π stacking between
the pyridyl rings of two neighboring molecules for complex
2a in the solid state, forming an antiparallel dimeric struc-
ture (Figure 1 bottom). The distance between two pyridyl
planes is 3.51 Å.[15] In contrast, a π–π stacking column
structure was observed in 2b (Figure 2 bottom). In the col-
umn each molecule of 2b forms antiparallel π–π stacking
with two adjacent molecules. The distances between the
stacked aromatic planes are 3.46 Å and 3.50 Å, respectively.
A similar π–π stacking column structure was also observed
in HgII complexes.[13c]

The molecular structures of complexes 2c and 2d are
given in Figure 3 and Figure 4, respectively. Important
bond lengths and angles are listed in Table 1. The crystal
structure analysis reveals that complexes 2c and 2d are five-
coordinate and adopt distorted trigonal bipyramidal geom-
etry for the metal center. The ligand 1b binds to the metal
center in tridentate form by three nitrogen atoms, and there-

Figure 3. Top: molecular structure of complex 2c; bottom: the π–
π stacking dimer structure of complex 2c. (Thermal ellipsoids are
drawn at the 30% probability level.)
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fore a five-membered metallacycle and a six-membered
metallacycle are constructed. The N(1)–Zn(1)–N(2), N(2)–
Zn(1)–N(3), and Cl(1)–Zn(1)–Cl(2) angles are 76.34(6),
84.17(6), and 118.74(3)° in 2c, respectively. The Zn–N bond
lengths, ranging from 2.1413(16) Å [Zn(1)–N(1)] to
2.3076(16) Å [Zn(1)–N(3)], are within the range of 2.098–
2.321 Å observed for similar complexes,[16] while they are
longer than those (2.079 and 2.062 Å) in the four-coordi-
nate complex 2a. The dihedral angles between the two pyr-
idyl rings, and between the pyridyl ring and the adjacent
aromatic ring are 18.0° and 47.7° for 2c and 19.1° and 56.3°
for 2d, respectively. In solid state, molecules of 2c are paired
up through intermolecular π–π stacking of the ligand, re-
sulting in the formation of a dimeric structure (Figure 3,
bottom). The distance between the planes of the π–π
stacked ligand is 3.53 Å. Similar to complex 2b, a π–π
stacking column structure was also observed in the mercury
complex 2d (Figure 4, bottom). The distances between the
stacked aromatic planes are 3.42 and 3.65 Å, respectively.
The intermolecular π–π interactions suggest that complexes
2a–2d can possess charge transport property, which is essen-
tial for electroluminescent material.[17]

Figure 4. Top: molecular structure of complex 2d; bottom: the π–
π stacking column structure of complex 2d. (Thermal ellipsoids are
drawn at the 30% probability level.)

Luminescence Properties

Table 2 summarizes the UV/Vis and fluorescent proper-
ties of compounds 1a, 1b and 2a–2d determined in both
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solution and the solid state. In solution, the free ligands
1a and 1b have emission bands at λmax = 431 and 396 nm,
respectively. In comparison with the free ligand 1a, com-
plexes 2a and 2b in solution give a broad emission band
(bandwidth at half-height = 80–95 nm) with λmax = 447 nm
and 452 nm, respectively, as shown in Figure 5. The emis-
sion maxima of the two complexes are slightly red-shifted
compared to that of the free ligand. In contrast to com-
plexes 2a and 2b, the emission maxima of 2c and 2d in solu-
tion are almost the same as that of the free ligand 1b (see
Figure 6). The luminescence of these complexes should be
attributed to the transition from π* to π of their ligands. In
solution, complex 2a shows a strongly solvent-dependent
emission band and its emission maximum shifts toward a
shorter wavelength with the increase in polarity of the sol-
vent. As shown in Figure 7, the emission maximum of 2a is
461 nm in dichloromethane, while it becomes 358 nm in the
polar solvent DMF. This is a rare case, as a red-shift of the
emission maximum would be expected for most compounds
when solvent polarity increases. The observed blue-shift
phenomenon might be attributed to the presence of a highly
polarized ground state.[18] The quantum yields of all com-
pounds have been determined in solution. It was found that
the quantum yields of the ZnII complexes 2a and 2c are
slightly higher than those of their free ligands, while the
quantum yields of the HgII complexes 2b and 2d are lower
than those of their free ligands. These results can be easily
understood considering the following factors: the ligand be-
comes more rigid after coordination with a metal atom,
which can reduce the loss of energy by vibrational motions
and therefore increase the emission efficiency. On the other
hand, the HgII cation and the chloride anions can quench
the fluorescence and result in luminescence decay. The
quantum yields of complexes 2a and 2b are similar to those
of four-coordinate zinc(II) complexes.[13b] The efficiency of
1a and its corresponding complexes is about 20 times higher
than that of 1b and its corresponding complexes, probably
because, in comparison with the –OMe group, the bulkier
–NMe2 group reduces the conjugated length and increases
vibrational motion in 1b, 2c, and 2d. The emission spectra
of compounds 1a, 1b, 2a, 2b, and 2c in the solid state are

Table 2. Photoluminescent data for ligands 1a and 1b and com-
plexes 2a–2d.

Abs. λ (nm) Ex λ (nm) Em λ Quantum Conditions
(nm) yields[a]

1a 273, 313 374 431 0.108 CHCl3, 298 K
458, 536 solid, 298 K

1b 275, 310 340 394 0.005 CHCl3, 298 K
444 solid, 298 K

2a 340, 356 374 447 0.113 CHCl3, 298 K
397 solid, 298 K

2b 339, 353 374 452 0.083 CHCl3, 298 K
410 solid, 298 K

2c 309, 343 340 395 0.006 CHCl3, 298 K
564 solid, 298 K

2d 305, 340 340 394 0.003 CHCl3, 298 K

[a] Determined using quinine sulfate in sulfuric acid (0.1 ⁾ as a
standard in DMF at ambient temperature.
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shown in Figure 8. Except for 2d, all compounds in solid
state emit bright fluorescence when irradiated by exciting
light. The emission maxima of 1a, 2a, and 2b are 536, 397,

Figure 5. Excitation and emission spectra of compounds 1a, 2a,
and 2b in chloroform (ca. 1×10–5 M).

Figure 6. Excitation and emission spectra of compounds 1b, 2c,
and 2d in chloroform (ca. 1×10–5 M).

Figure 7. Emission spectra of complex 2a in various solvents (ca.
1×10–5 M).
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and 410 nm, respectively. The emission maxima of 2a and
2b in the solid state are blue-shifted compared to emission
maximum of their ligand 1a, while the emission maximum
of complex 2c (λmax = 564 nm) in the solid state is red-
shifted compared to that (λmax = 444 nm) of its correspond-
ing ligand 1b. These properties are probably a result of their
π-stacking structures in the solid state.

Figure 8. Emission spectra of compounds 1a, 1b, 2a, 2b, and 2c in
the solid state.

Conclusions

We have described the syntheses and X-ray structures of
a number of d10 group 12 metal complexes supported by
two substituted 2,2�-bipyridine ligands. Crystal structure
analysis reveals crystal structures of these complexes are
different from each other. It was found that antiparallel di-
meric structures are formed for complexes 2a and 2c while
one-dimensional supramolecular structures are constructed
for complexes 2b and 2d by π–π stacking in the solid state.
These complexes produce fluorescence in both solution and
the solid state, and the emission color in the solid state is
dramatically affected by their packing structures.

Experimental Section
All reactions were performed using standard Schlenk techniques in
high-purity nitrogen or glovebox techniques. Toluene and diethyl
ether were dried by refluxing over sodium and benzophenone and
distilled under nitrogen prior to use. CDCl3 was dried with CaH2

for 48 h and vacuum-transferred to an air-free flask. ZnCl2, HgCl2,
and nBuLi were purchased from Aldrich and used as received.
NMR spectra were measured using a Varian Mercury-300 NMR
spectrometer. The elemental analysis was performed with a Perkin–
Elmer 2400 analyzer. UV/Vis absorption spectra were recorded
with a UV-3100 spectrophotometer. Fluorescence measurements
were carried out on an RF-5301PC.

6-[2-(Dimethylamino)phenyl]-2,2�-bipyridine (1b): A solution of
nBuLi (30.32 mL, 48.5 mmol) in hexanes was added to a solution
of 2-bromo-N,N-dimethylaniline (9.7 g, 48.5 mmol) in Et2O
(30 mL) under nitrogen at –78 °C. The mixture was allowed to
warm to room temperature and stirred overnight. The resulting
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mixture was added dropwise to an ice-cooled solution of 2,2�-bipyr-
idine (7.57 g, 48.5 mmol) in degassed Et2O (30 mL), and a wine-
red solution was obtained immediately. The resultant mixture was
refluxed for 24 h and cooled in an ice bath, then deionized water
(25 mL) was added to hydrolyze the products. The yellow organic
phase was separated and stirred with MnO2 for 24 h, then filtered
and dried with MgSO4. The solid was obtained upon concentration
of the solution, and chromatography on silica gel with dichloro-
methane as eluent afforded a light yellow solid. Yield: 6.7 g (50%).
C18H17N3 (275.35): calcd. C 78.52, H 6.22, N 15.26; found C 78.32,
H 6.41, N 15.10. 1H NMR (300 MHz, CDCl3, 293 K): δ = 2.77 (s,
6 H, CH3), 7.17 (d, 1 H), 7.32–7.40 (m, 2 H), 7.76–7.84 (m, 4 H),
7.99 (d, 1 H, J = 7.8 Hz), 8.30 (d, 1 H, J = 7.8 Hz), 8.49 (d, 1 H,
J = 5.4 Hz), 8.71 (d, 1 H, J = 4.8 Hz) ppm.

6-(2-Methoxyphenyl)-2,2�-bipyridinezinc Dichloride (2a): A meth-
anol solution (10 mL) of 1a (0.2 g, 0.76 mmol) was added to a
methanol solution (10 mL) of ZnCl2 (0.11 g, 0.77 mmol). The reac-
tion mixture was stirred for 4 h at room temperature. After filter-
ing, the light yellow precipitate was collected and washed with cold
methanol. Pure product was obtained in 81% yield (0.25 g) by
recrystallization from CH3CN/CH2Cl2. C17H14Cl2N2OZn (398.60):
calcd. C 51.22, H 3.54, N 7.03; found C 51.40, H 3.67, N 7.15. 1H
NMR (300 MHz, [D6]DMSO, 293 K): δ = 3.34 (s, 3 H, CH3), 7.13
(t, 1 H), 7.21 (d, 1 H), 7.41–7.52 (m, 2 H), 7.91–7.99 (m, 4 H), 8.30
(d, 1 H), 8.48 (d, 1 H), 8.72 (d, 1 H) ppm. IR (KBr): ν̃ = 3072 w,
3007 w, 2959 w, 2850 w, 1600 s, 1569 m, 1484 s, 1459 s, 1441 s,
1401 w, 1299 m, 1260 s, 1248 m, 1179 w, 1162 m, 1119 m, 1055 w,
1023 s, 829 w, 784 s, 755 s, 643 w, 561 w.

6-(2-Methoxyphenyl)-2,2�-bipyridinemercury Dichloride (2b): A
methanol solution (10 mL) of 1a (0.2 g, 0.76 mmol) was added to
a methanol solution (10 mL) of HgCl2 (0.21 g, 0.77 mmol). The
reaction mixture was stirred for 4 h at room temperature. After

Table 3. Crystal data and structural refinements details for 2a, 2b, 2c, and 2d.

2a 2b 2c 2d

Empirical formula C17H14Cl2N2OZn C17H14Cl2HgN2O C18H17Cl2N3Zn C18H17Cl2HgN3

Formula mass 398.57 533.79 411.62 546.84
Temp. [K] 293(2) 293(2) 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2(1)/n P2(1)/c P2(1)/n P1̄
a [Å] 8.2680(17) 7.5130(15) 10.236(2) 8.3858(17)
b [Å] 13.037(3) 16.718(3) 13.145(3) 8.6676(17)
c [Å] 15.433(3) 13.403(3) 12.916(3) 13.173(3)
α [°] 90 90 90 82.56(3)
β [°] 95.03(3) 97.02(3) 90.08(3) 89.46(3)
γ [°] 90 90 90 73.93(3)
V [Å3] 1657.1(6) 1670.8(6) 1737.9(6) 912.0(3)
Z 4 4 2 2
Dcalcd. [Mgm–3] 0.799 1.061 0.787 1.991
F(000) 404 504 420 520
Crystal size (mm) 0.23×0.17×0.16 0.34×0.15×0.12 0.20×0.17×0.11 0.28×0.19×0.13
θ range for data collection [°] 3.08–27.47 2.99–27.45 3.10–27.46 3.00–27.48
Limiting indices –10 � h � 10 –8 � h � 9 –13 � h � 11 –9 � h � 10

–16 � k � 16 –21 � k � 21 –17 � k � 17 –10 � k � 11
–20 � l � 17 –17 � l � 17 –16 � l � 16 –17 � l � 17

Data/restraints/parameters 3774/0/208 3746/0/264 3973/0/285 3979/0/217
Goodness-of-fit on F2 1.079 1.004 1.055 1.102
Final R indices [I � 2σ(I)] R1

[a] = 0.0414 R1
[a] = 0.0260 R1

[a] = 0.0280 R1
[a] = 0.0663

wR2
[b] = 0.1193 wR2

[b] = 0.0580 wR2
[b] = 0.0670 wR2

[b] = 0.1439
R indices (all data) R1

[a] = 0.0487 R1
[a] = 0.0342 R1

[a] = 0.0371 R1
[a] = 0.0823

wR2
[b] = 0.1222 wR2

[b] = 0.0614 wR2
[b] = 0.0707 wR2

[b] = 0.1517
Largest diff. peak/hole [eÅ–3] 0.665, –0.261 0.917, –1.172 0.315, –0.231 2.854, –1.997

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|. [b] wR2 = [∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]]1/2.
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filtering, the light yellow precipitate was collected and washed with
cold methanol. Pure product was obtained in 83% yield (0.34 g) by
recrystallization from CH3CN. C17H14Cl2HgN2O (533.80): calcd.
C 38.25, H 2.64, N 5.25; found C 38.44, H 2.86, N 5.03. 1H NMR
(300 MHz, [D6]DMSO, 293 K): δ = 3.35 (s, 3 H, CH3), 7.20 (t, 1
H), 7.23 (d, 1 H), 7.44–7.51 (m, 2 H), 7.91–7.98 (m, 4 H), 8.31 (d,
1 H), 8.47 (d, 1 H), 8.73 (d, 1 H) ppm. IR (KBr): ν̃ = 3075 w, 3023
w, 2980 w, 2933 w, 2828 w, 1588 s, 1571 m, 1485 s, 1440 s, 1386 m,
1283 m, 1262 s, 1238 s, 1179 m, 1159 m, 1109 m, 1055 w, 1017 s,
1000 s, 946 w, 894 w, 859 w, 824 w, 779 s, 754 s, 734 m, 633 m, 577
w, 616 w.

6-[2-(Dimethylamino)phenyl]-2,2�-bipyridinezinc Dichloride (2c): A
methanol solution (10 mL) of 1b (0.2 g, 0.73 mmol) was added to
a methanol solution (15 mL) of ZnCl2 (0.11g, 0.74 mmol). The re-
action mixture was stirred for 4 h at room temperature. After filter-
ing, the light yellow precipitate was collected and washed with cold
methanol. Pure product was obtained in 82% yield (0.25 g) by
recrystallization from CH3CN/CH2Cl2. C18H17Cl2N3Zn (411.64):
calcd. C 52.52, H 4.16, N 10.21; found C 52.71, H 4.26, N 10.03.
1H NMR (300 MHz, [D6]DMSO, 293 K): δ = 2.59 (s, 6 H, CH3),
7.13–7.20 (m, 2 H), 7.39 (t, 1 H), 7.52 (s, 1 H), 7.61 (d, 1 H), 7.95–
8.13 (m, 3 H), 8.36 (s, 1 H), 8.50 (d, 1 H), 8.71 (d, 1 H) ppm. IR
(KBr): ν̃ = 3061 w, 3015 w, 2984 w, 2928 w, 2873 w, 2833 w, 2362
m, 1601 s, 1568 s, 1446 s, 1401 m, 1298 m, 1262 m, 1246 m, 1156
m, 1130 w, 1104 w, 1053 w, 1021 m, 926 m, 833 m, 783 s, 742 m,
700 w, 655 w, 634 m, 549 w.

6-[2-(Dimethylamino)phenyl]-2,2�-bipyridinemercury Dichloride (2d):
A methanol solution (10 mL) of 1b (0.2 g, 0.73 mmol) was added
to a methanol solution (15 mL) of HgCl2 (0.21 g, 0.74 mmol). The
reaction mixture was stirred for 4 h at room temperature. After
filtering, the light yellow precipitate was collected and washed with
cold methanol. Pure product was obtained in 85% yield (0.34 g) by
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recrystallization from CH3CN/CH2Cl2. C18H17Cl2HgN3 (546.84):
calcd. C 39.53, H 3.13, N 7.68; found C 39.32, H 3.26, N 7.89. 1H
NMR (300 MHz, [D6]DMSO, 293 K): δ = 2.58 (s, 6 H, CH3), 7.15–
7.21 (m, 2 H), 7.41 (s, 1 H), 7.58 (m, 2 H), 7.98–8.09 (m, 3 H), 8.41
(s, 1 H), 8.53 (d, 1 H), 8.72 (d, 1 H) ppm. IR (KBr): ν̃ = 3064 w,
3013 w, 2964 w, 2869 w, 2835 w, 2795 w, 2364 w, 1594 s, 1568 s,
1443 s, 1288 m, 1259 w, 1233 w, 1185 m, 1159 m, 1126 w, 1110 w,
1049 w, 1008 m, 931 m, 891 w, 826 m, 777 s, 696 w, 630 m, 561 w,
543 w.

X-ray Structure Determinations of 2a, 2b, 2c, and 2d: Single crystals
of 2a, 2b, 2c, and 2d suitable for X-ray structural analysis were
obtained from dichloromethane or CH3CN. Diffraction data were
collected at 293 K on a Rigaku R-AXIS RAPID IP diffractometer
equipped with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) for 2a, 2b, 2c, and 2d. Details of the crystal data, data
collections, and structure refinements are summarized in Table 3.
The structures were solved by direct methods[19] and refined by full-
matrix least-squares on F2. All non-hydrogen atoms were refined
anisotropically and the hydrogen atoms were included in idealized
position. All calculations were performed using the SHELXTL[20]

crystallographic software packages. For 2d, the final difference
maps revealed residual electron density near the mercury atoms
(2.85 and 2.81 eÅ–3) but no regions of electron density that could
be attributed to additional atomic sites.

CCDC-602363 (for 2a), -602364 (for 2b), -602365 (for 2c), and
-602366 (for 2d) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The X-ray structure of a new dinuclear phenolato-bridged
Mn2

II complex abbreviated as [(L)MnMn(L)]2+ (1), where LH
is the [N4O] phenol containing ligand N,N-bis(2-pyr-
idylmethyl)-N�-salicylidene-ethane-1,2-diamine ligand, is re-
ported. A J value of –3.3 cm–1 (H = –JŜ1·Ŝ2) was determined
from the magnetic measurements and the 9.4 GHz EPR spec-
tra of both powder and frozen acetonitrile solution samples
were analyzed with temperature. The cyclic voltammetry of
1 displays a reversible anodic wave at E1/2 = 0.46 V vs. SCE
associated with the two-electron oxidation of 1 yielding the
dinuclear Mn2

III complex [(L)MnMn(L)]4+ (2). The easy air
oxidation of 1 gives the mono-µ-oxido Mn2

III complex [(L)-
Mn(µ-O)Mn(L)]2+ (3). A rational route to the formation of the
mixed-valence Mn2

III,IV complex [(L)Mn(µ-O)Mn(L)]3+ (4)
starting from 1 by bulk electrolysis at EP = 0.75 V vs. SCE in
the presence of one equiv. of base per manganese ion is also
briefly reported. Addition of chloride ions to 1 led to the

Introduction

Manganese ions are involved in the structure and activity
of numerous metalloenzymes.[1,2] Their nuclearities may
vary from 1 to 4 metal ions and they often carry out multi-
electron redox reactions. A mononuclear Mn core is encoun-
tered in superoxide dismutase[3–5] and in oxalate oxidase[6,7]

and oxalate decarboxylase,[6,8] while dinuclear centres are
the most common[9] and are found in catalase,[3,9,10] argin-
ase,[11,12] and ribonucleotide reductase.[13] A tetranuclear
Mn core is the heart of the oxygen-evolving complex of
photosystem II.[14,15] The fact that these manganese con-
taining enzymes perform crucial reactions in different pro-
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cleavage of the phenolato bridges to give the mononuclear
MnII complex [(L)MnCl] (5). Cyclic voltammetry of 5 displays
two reversible anodic waves at E1/2 = 0.21 and E1/2 = 1.15 V
vs. SCE, assigned to the two successive one-electron abstrac-
tions giving the MnIII and MnIV species [(L)MnCl]+ (6) and
[(L)MnCl]2+ (7), respectively. The electronic signatures from
UV/Visible and EPR spectroscopy of the electrochemically
prepared samples of 6 and 7 confirmed the respective oxi-
dation states. For instance, 7 displays a broad and intense
absorption band characteristic of a phenolato to MnIV

charge-transfer transition at 690 nm (2000 M–1 cm–1) and its
9.4 GHz EPR spectrum shows a strong transition at g = 5.2
consistent with a rhombically distorted S = 3/2 system with a
zero-field splitting dominating the Zeeman effect.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cesses for the maintenance of terrestrial life has encouraged
the chemists to pay particular attention to their functioning
mode together with their intimate structures and spectro-
scopic characterizations. Furthermore, bioinorganic chem-
ists have set the challenge to devise synthetic low molecular
weight models[16–18] to either reproduce the coordination
spheres of these Mn containing active sites or even more
challenging, to mimic the activity of the target enzyme (see
for examples ref.[19–23]).

Results on both bases have until now been encouraging
but a great effort is still needed to reach our objectives. Re-
search along this field is being pursued in our laboratory.
Recently, we have reported on the metalation of the ligand
LH, where LH is the [N4O] phenol-containing ligand N,N-
bis(2-pyridylmethyl)-N�-salicylidene-ethane-1,2-diamine,
with MnII salt giving the [(LH)MnCl2] complex where the
phenol was still in a protonated state.[24] We have shown
through various spectroscopic characterizations that upon
the first one-electron oxidation process a concerted chemi-
cal reaction took place with the concomitant expulsion of
one chloride ion from the manganese coordination sphere
together with the deprotonation of the phenol and the coor-
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dination of the phenolate group. The reversibility of this
process was also evidenced. We believe that such an electro-
chemical process is essential to delineate the highly intricate
manganese chemistry. Herein we report on the synthesis of
the dinuclear phenolato-bridged Mn2

II species [(L)Mn-
Mn(L)]2+ (1), which has been characterized by X-ray dif-
fraction studies, EPR spectroscopy, and cyclic voltammetry.
We show that complex 1 can withstand a two-electron oxi-
dation leading to complex [(L)MnMn(L)]4+ (2) keeping the
phenolate groups as bridging ligands. However, upon air
oxidation of 1, the mono-µ-oxido-bridged Mn2

III complex
[(L)Mn(µ-O)Mn(L)]2+ (3) is obtained while the correspond-
ing mixed-valence Mn2

III,IV complex [(L)Mn(µ-O)-
Mn(L)]3+ (4) is electrochemically generated. A more de-
tailed study on the reaction of complex 1 with the biolo-
gically ubiquitous chloride ions is described. After addition
of chloride ions the mononuclear MnII species [(L)MnCl]
(5) is formed. The electrochemical behaviour of 5 exhibits
two one-electron reversible-oxidation processes, changing
the initial MnII to MnIII and MnIV oxidation states, respec-
tively. Spectroscopic characterizations of the MnIII [(L)-
MnCl]+ (6) and MnIV [(L)MnCl]2+ (7) complexes in the
[N4OCl] environment are reported.

Results

Characterization of Complex [(L)MnMn(L)]2+ (1)

The reaction of ligand LH with Mn(ClO4)2·6H2O in eth-
anol, and in the presence of one equiv. of 2,6-dimethylpyri-
dine gives the complex 1(ClO4)2·2H2O. In order to attenu-
ate the extremely fast air oxidation of 1 into the mono-
µ-oxido-bridged Mn2

III complex [(L)Mn(µ-O)Mn(L)]2+ (3)
(see Exp. Sect. for details), the preparation and handling
of complex 1, except for the magnetic measurements, were
performed under an argon flux. Nevertheless, unavoidable
contamination of solution and solid samples of complex 1
by complex 3 were observed by cyclic voltammetry and by
UV/Visible spectroscopy.

X-ray Crystal Structure of 1(ClO4)2·2CH3CN

The X-ray structure of complex 1 is shown in Figure 1,
and principal bond lengths and angles are listed in Table 1.
The structure consists of a discrete cation [(L)Mn-
Mn(L)]2+ (1), two perchlorate anions, and two acetonitrile
solvent molecules. The two MnII centres are bridged by the
phenolato groups of the two L– ligands. Therefore, a [N4O2]
donor set forms the distorted octahedral coordination envi-
ronment of each Mn ion. Bond lengths and angles listed in
Table 1 show the distortion from octahedral geometry due
to constraints imposed by the ligand.
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The Mn···Mn distance of 3.383 Å is slightly longer than
those reported for phenolato-bridged Mn2

II complexes of
closely related mL–, Li–/La– ligands (see Scheme 1),[25–27]

but shorter than those obtained for phenolato-bridged
Mn2

II complexes obtained with the [N3O2Cl] metal environ-
ment.[28] As a matter of fact, the Mn2O2 diamond core
structure of 1 differs from those of complexes [(mL)Mn-
Mn(mL)]2+ and [(Li/La)MnMn(Li)]2+.[29] Values of the
average Mn–O–Mn angle and of the dihedral angle are
slightly greater than those observed in [(mL)Mn-
Mn(mL)]2+ and [(Li/La)MnMn(Li)]2+ systems: 103.7° vs.
100.0° and 101.4°, and 17.9° vs. 11.3° and 11.5°, respec-
tively.[26,27] This can be tentatively attributed to the conjuga-
tion of the bridging phenolato group to an imine function
in the present case.

The wrapping of the Mn ion by the ligand L– is identical
to that observed in the structures of related Mn[24,30] and
Fe[31] complexes, with the two pyridine functions in a trans
position to one another.

Magnetic Susceptibility Measurements

The molar magnetic susceptibility χM of a powder sam-
ple of 1(ClO4)2·2H2O was measured between 300 and 2 K.
At 300 K the χMT value is equal to 6.8 cm3 mol–1 K and
decreases slowly down to 5.0 cm3 mol–1 K at 50 K. Below
50 K the χMT value decreases more rapidly and is equal to
0.3 cm3 mol–1 K at 2 K (Figure S1, open circles). This be-
haviour is indicative of a weak antiferromagnetic interac-
tion between two high-spin MnII ions (S = 5/2). The best
simulation performed on the χM vs. T curve is obtained with
a fixed g value of 1.95[32] and J = –3.2 cm–1 (H = –JŜ1·Ŝ2)
(Figure S1, solid line).[33] The best simulation performed on
the χMT vs. T curve is obtained with g = 1.95[32] and J =
–3.4 cm–1 (Figure S1, solid line).[34] The two sets of param-
eters are in agreement and lead to a J value that is close
to –3.3(0.1) cm–1. This value is consistent with reported J
values for systems where the two MnII ions are bridged by
two phenolato groups,[35–38] and is slightly higher than the
one published for the closely related [(mL)MnMn(mL)]2+

complex.[27]

EPR Spectroscopy

The 9.4 GHz (X band) EPR spectra recorded at 5 and
30 K, and the 10 K 34 GHz (Q-band) EPR spectrum of a
powder sample of 1(ClO4)2·2H2O are shown in Fig-
ure 2(a,b). The evolution of the 9.4 GHz EPR signatures as
a function of temperature was monitored between 5 and
50 K and is given in the Supporting Information (Fig-
ure S2). All spectra exhibit features extending from 0–
800 mT at 9.4 GHz and from 400–1500 mT at 34 GHz, the
intensities of which depend on the temperature. This behav-
iour is strongly indicative of dinuclear Mn2

II species.[35,38–42]

The observed features originate from the superimposition
of signatures from the five S = 1 to S = 5 paramagnetic
spin states.[43] The 9.4 and 34 GHz EPR spectra that were
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Figure 1. Molecular view of the dication 1. Displacement ellipsoids are drawn at the 50% probability level. Molecular views of cations
3, 4, and 6 from ref.[24,30].

Table 1. Selected bond lengths [Å] and angles [°] for 1.

Mn1–O1 2.166(2) Mn2–O1 2.137(2)
Mn1–O2 2.154(2) Mn2–O2 2.144(2)
Mn1–N1 2.406(2) Mn2–N21 2.373(3)
Mn1–N2 2.222(3) Mn2–N22 2.274(3)
Mn1–N3 2.204(3) Mn2–N23 2.196(3)
Mn1–N4 2.290(3) Mn2–N24 2.241(3)
O1–Mn1–O2 73.10(8) O1–Mn2–O2 73.89(10)
Mn1–O1–Mn2 103.68(10) Mn1–O2–Mn2 103.84(10)
O1–Mn1–N1 151.69(10) O2–Mn2–N21 156.94(10)
O2–Mn1–N1 133.31(10) O1–Mn2–N21 128.61(10)
O1–Mn1–N2 94.95(10) O2–Mn2–N22 118.41(10)
O2–Mn1–N2 99.90(12) O1–Mn2–N22 84.26(10)
O1–Mn1–N3 80.95(10) O2–Mn2–N23 82.13(10)
O2–Mn1–N3 147.47(10) O1–Mn2–N23 149.03(10)
O1–Mn1–N4 126.60(10) O2–Mn2–N24 100.16(10)
O2–Mn1–N4 84.48(10) O1–Mn2–N24 101.97(10)
N1–Mn1–N2 72.90(10) N21–Mn2–N22 73.83(10)
N1–Mn1–N3 76.81(10) N21–Mn2–N23 78.15(10)
N1–Mn1–N4 73.47(10) N21–Mn2–N24 72.43(10)
N2–Mn1–N3 101.58(12) N22–Mn2–N23 90.39(12)
N2–Mn1–N4 137.04(10) N22–Mn2–N24 140.96(10)
N3–Mn1–N4 95.94(12) N23–Mn2–N24 101.29(12)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4324–43374326

Scheme 1. The LH ligand used in this work and related ligands for
comparison.
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obtained are slightly different from those previously re-
ported for the [(mL)MnMn(mL)]2+ complex.[27] More pre-
cisely, the 34 GHz EPR spectrum of the [(mL)Mn-
Mn(mL)]2+ complex shows several lines below 600 mT,
which are attributed to inter-S-spin transitions from the
competitive effect between the Zeeman and the Heisenberg
interactions (J = –1.8 cm–1).[27] Here, the 34 GHz EPR
spectrum of 1 shows only one transition below 600 mT, in
agreement with the higher J value of –3.3 cm–1.

Figure 2. (a) 9.4 GHz EPR spectra recorded on a powder sample
of 1(ClO4)2·2H2O at 5 K (solid line) and 30 K (dotted line).
(b) 34 GHz EPR spectra recorded on a powder sample of 1(ClO4)2·
2H2O at 10 K. (c) 9.4 GHz EPR spectra recorded on a millimolar
solution sample of 1 in acetonitrile containing 0.1  tetrabutylam-
monium perchlorate at 5 K (solid line) and 30 K (dotted line). Note
that the product of the absorption by the temperature T is plotted
as a function of the magnetic field. 9.4 GHz EPR recording condi-
tions: 9.38 GHz microwave frequency, 2.0 mW microwave power,
0.5 mT modulation amplitude, 100 kHz modulation frequency.
34 GHz EPR recording conditions: 34.18 GHz microwave fre-
quency, 2.3 mW microwave power, 1.0 mT modulation amplitude,
100 kHz modulation frequency.
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The 9.4 GHz EPR spectra recorded at 5 and 30 K of a
frozen acetonitrile solution sample of 1 in the presence of
0.1  tetrabutylammonium perchlorate are shown in Fig-
ure 2 (c). Evolution of the 9.4 GHz EPR signatures as a
function of temperature is given in the Supporting Infor-
mation (Figure S3). The EPR signatures as well as the
modifications in the relative intensities of the observed EPR
features as a function of temperature conform to that of a
dinuclear Mn2

II species. The evolution of the EPR features
is similar to the one observed in the powder sample of com-
plex 1. More precisely, in both powder and solution sam-
ples, the features near 200 and 400 mT increase with the
temperature. Therefore, we can rationally propose that the
dinuclear phenolato-bridged Mn2

II core structure is main-
tained upon dissolution in acetonitrile. However, no charac-
teristic 55Mn hyperfine pattern is observed. This can be at-
tributed either to the superimposition in the same magnetic
field range of several lines originating from different transi-
tions that exhibit slightly distinct Mn hyperfine structures,
or to a structural heterogeneity that would induce a distri-
bution in the EPR parameters.

UV/Visible Spectroscopy

The UV/Visible spectrum of complex 1 is shown in Fig-
ure 3 (a, dashed line) and the UV/Visible data are reported
in Table 2. As expected for MnII species no transition is
observed in the visible region. An intense band is detected
at 348 nm, which can be tentatively attributed to the phe-
nolato to MnII charge-transfer transition by comparison
with data obtained from the related [(L�)Mn]– complex,
where L�H3 is a triphenol containing ligand with a [N2O3]
donor set.[25,44] The band detected at 300 nm and indicated
by an asterisk in Figure 3 (a) is assigned to the contaminant
species 3 (see Table 2).

Cyclic Voltammetry

The cyclic voltammogram of complex 1 is shown in Fig-
ure 4 (a) and its redox data are reported in Table 3. Anodic
and cathodic processes assigned to the soil species 3 are
indicated by a star in Figure 4 (a). The cyclic voltammetry
trace of 1 exhibits a reversible anodic process at E1/2 =
0.46 V vs. SCE (∆EP = 133 mV),[45] and an irreversible an-
odic peak at EP = 1.44 V vs. SCE. The square wave voltam-
metry shows that two and one electrons are involved in the
first and the second anodic process, respectively. These data
indicate that the first anodic process is associated with the
formation of the dinuclear phenolato-bridged Mn2

III com-
plex [(L)MnMn(L)]4+ (2), while the second anodic process
is associated with the formation of a MnIV containing spe-
cies. Irreversibility of the second anodic process is probably
due to the generation of a MnIV ion, which would sponta-
neously engender the opening of the dinuclear structure.
For comparison purposes redox data of complex 1 together
with other related dinuclear phenolato-bridged Mn2

II com-
plexes are given in Table 3. The potential value of the first
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Figure 3. (a) UV/Visible spectrum of complex 1 in acetonitrile con-
taining 0.1  tetrabutylammonium perchlorate (dashed line) and of
complex 2, generated by exhaustive electrolysis of 1 at E = 0.8 V
vs. SCE (solid line); (b) UV/Visible spectrum of 1 m solution of
1 in acetonitrile containing 0.1  tetrabutylammonium perchlorate,
upon addition of chloride ions. No chloride ion added (solid line),
0.5 equiv. of chloride ion per Mn (dashed line) and 1.0 equiv. of
chloride ion per Mn ion (dotted line); (c) UV/Visible spectrum of
complex 5,[60] (dotted line); of complex 6, generated by exhaustive
electrolysis of complex 5 at E = 0.85 V vs. SCE (dashed line), and
of complex 7, generated by exhaustive electrolysis of complex 5 at
E = 1.45 V vs. SCE (solid line). (l = 1 mm, T = 20 °C). Note that
unless specified the total conversions of 1 were assumed to draw
the absorption spectrum. The asterisks * in (a) and (b) indicate the
presence of the contaminant species 3.

anodic process of 1 is lower than those of related phe-
nolato-bridged dinuclear Mn2

II complexes, and the peak-
to-peak separation ∆EP is distinctly smaller. The possible
origins of these differences will be discussed below.

An irreversible cathodic peak is detected at EP = –1.91 V
vs. SCE, while in the related [(Li/La)MnMn(Li)]2+ com-
plex[29] reduction of the imine function of the Li– ligand
(see Scheme 1) was observed at EP = –1.38 V vs. SCE.[26]

The conjugation of the imine function to a phenolato group
in the L– is anticipated to render the reduction more diffi-
cult, and therefore explain the lower potential value de-
tected here.
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Electrochemical Oxidation of Species 1 into Complex [(L)
MnMn(L)]4+ (2)

The square wave and the cyclic voltammetry experiments
recorded on complex 1 indicate that oxidation of 1 will
lead to the dinuclear phenolato-bridged Mn2

III species
[(L)MnMn(L)]4+ (2). Exhaustive electrolysis was performed
at E = 0.8 V vs. SCE. The cyclic voltammetry trace re-
corded after consumption of one electron per Mn ion dis-
plays one reversible cathodic process at E1/2 = 0.46 V vs.
SCE and one irreversible anodic peak EP = 1.44 V vs. SCE
(Figure S4). These data are consistent with the formation
of complex 2 in solution. An insignificant amount of the
dinuclear mono-µ-oxido-bridged complexes was generated
during the electrolysis.

The UV/Visible spectrum recorded after completion of
the electrolysis is shown in Figure 3 (a, solid line), and the
UV/Visible data reported in Table 2, together with those of
related phenolato MnIII complexes. Upon comparison, it is
possible to attribute the broad transition detected near
600 nm to MnIII d–d transitions and the shoulder observed
at 480 nm to the superimposition of MnIII d–d transitions
and phenolato to MnIII charge-transfer transitions. Both
the position and the intensity of the two absorption bands
detected near 405 nm agree with values reported in the lit-
erature for bridging phenolato to MnIII charge-transfer
transitions.[44,46–49] The shift of the phenolato to MnII elec-
tronic transition detected in 1 at 348 nm to a lower energy
upon oxidation of the Mn ion is reminiscent of what was
observed for the successive oxidations of the dinuclear
Mn2

II complex [Mn2(2-OHsalpn)2]2–.[25,50] The UV/Visible
signature of complex 2 is very close to that of complex 3,
except for the strong absorption band at 300 nm only de-
tected in 3.

9.4 GHz EPR spectra were recorded on the electrolyzed
solution using the perpendicular and the parallel detection
modes (data not shown). No signal was detected.

Electrochemical Conversion of Species 1 into Complex
[(L)Mn(µ-O)Mn(L)]3+ (4)

The electrochemical conversion of mono- and dinuclear
MnII complexes into mixed-valence oxido-bridged Mn2

III,IV

systems has been recently described.[27,51,52] An exhaustive
electrolysis of the MnII species is performed in acetonitrile,
where the presence of residual water together with an exter-
nal base leads to the formation of the oxido-bridged species.
This method was applied here to obtain the mixed-valence
complex [(L)Mn(µ-O)Mn(L)]3+ (4).

The cyclic voltammetry trace of species 1 upon addition
of one equiv. of base per Mn ion is shown in Figure 4 (b).
When scanning towards anodic potentials, the first oxi-
dation process of species 1 is still partially detected, but
at a slightly lower potential value. Furthermore, two new
reversible processes are seen at E1/2 = 0.55 and E1/2 = 1.0 V
vs. SCE, which correspond to the two sequential one-elec-
tron oxidations of the dinuclear Mn2

III complex [(L)Mn-
(µ-O)Mn(L)]2+ (3). Both the detection of the oxidation
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Table 2. Electronic absorption data of complexes 1 to 7 and of the related complexes [(L4)MnCl2]+, [(L4)MnCl2]2+, [(BBPEN)Mn]+, and
[(BBPEN)Mn]2+.[25]

Species λ, ε/Mn (nm, 103 –1 cm–1) Ref.

MnII

1 348, 3.9 this work
5 367, 5.0 this work

MnIII

2 370, 3.4 405, 2.7 480, 0.88 600, 0.47 this work
6 298, 7.5 392, 2.1 479, 0.98 494, 1.01 this work
[(L4)MnCl2]+ 291, 7.1 394, 1.1 500, 0.30 536, 0.36 [52]

[(BBPEN)Mn]+ 258, 29 369, 4.2 506, 2.1 [54]

3 300, 10.5 400, 2.4 500, 0.5 [30]

MnIV

7 325, 7.2 390, 4.2 523, 2.2 690, 2.0 this work
[(L4)MnCl2]2+ 314, 8.5 409, 2.2 [52]

[(BBPEN)Mn]2+ 506, 2.7 790, 3.7 [54]

4 344, 6.2 408, 3.5 570, 1.5 [30]

peak of 1 at a lower potential value and of the cyclic vol-
tammetry signature of a new species are symptomatic of an
EC (Electrochemical Chemical) mechanism. Oxidation of
species 1 leading to the corresponding dinuclear Mn2

III spe-
cies 2 is followed by the formation of complex 3 at the elec-
trode, because of the presence of residual water and of base
in the medium.[53] This EC mechanism is illustrated in
Scheme 2.

The cyclic voltammogram, the UV/Visible spectrum, and
the 100 K 9.4 GHz EPR spectrum recorded after bulk elec-
trolysis at 0.75 V vs. SCE (Figure 4(c), Figures S5, and S6,
respectively, in the Supporting Information) are identical to
those reported for the mixed-valence complex 4 obtained
by the one-electron oxidation of the chemically prepared
species 3.[30] Both the number of consumed electrons during
the electrolysis (3 e– per complex 1) and the extinction coef-
ficient values are consistent with the total conversion of
species 1 into 4. This is confirmed by quantification of the
EPR trace recorded after the electrolysis of 1 (Figure S6),
which shows the formation of 4 with a 95% (±5%) yield
(see Exp. Sect. for details).

Transformation of Complex 1 upon Addition of Chloride
Ions

Evolution of the cyclic voltammetry trace of complex 1
upon addition of 0.5 and 1.0 equiv. of chloride ion per Mn
ion is shown in Figure 4 (d dashed and solid lines, respec-
tively). The anodic process corresponding to the oxidation
of free chloride ions is not observed. Concomitantly with
the loss of the anodic processes related to complex 1, two
new reversible anodic processes were detected at E1/2 =
0.21 (∆EP = 95 mV) and E1/2 = 1.15 V vs. SCE (∆EP =
94 mV). By comparing the potential values with those of
related complexes with [N4Cl2][52] and [N4O2][54] Mn envi-
ronments (see Table 3) we propose that the coordination
sphere of the Mn ion is [N4OCl] provided by the L– ligand
and one exogenous chloride anion, leading to the neutral
MnII species [(L)MnCl] (5). In this hypothesis, the two an-
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odic processes are attributed to the successive one-electron
oxidation of species 5 into the mononuclear MnIII

[(L)MnCl]+ (6) complex and then into the mononuclear
MnIV [(L)MnCl]2+ (7) complex.

The spectral changes of the UV/Visible spectrum of com-
plex 1 upon addition of 0.5 and 1.0 equiv. of chloride ion
per Mn ion are shown in Figure 3 (b, dashed and dotted
lines, respectively). The phenolato to MnII charge transfer
transition detected at 348 nm for complex 1 is shifted to
lower energies (λmax = 367 nm) in species 5. This spectral
modification can be related to the change in the coordina-
tion mode of the phenolato arm from bridging to mono-
dendate.

By contrast to the modifications observed by cyclic vol-
tammetry and UV/Visible spectroscopy at room tempera-
ture, the EPR signature of complex 1 recorded at 100 K
is virtually unmodified upon the addition of one equiv. of
chloride ion per Mn ion (Figure 5, a,b). It totally vanishes
upon the addition of five equiv. of chloride ions per Mn ion
(Figure 5, d). The new spectral features consist of an intense
transition at 330 mT (g = 2) and three other transitions of
lower intensity at 50 mT, 130 mT, and 225 mT. This signa-
ture is consistent with a mononuclear MnII species, where
the Zeeman effect dominates the zero-field splitting interac-
tion.[55–59] The EPR study gives a first insight into the pres-
ence of an equilibrium between species 1, 5, and the chlo-
ride ions, which should be modified by the temperature. The
detection of this equilibrium at room temperature was mon-
itored by cyclic voltammetry. Upon addition of two and
five equiv. of chloride ions per Mn ion, the cyclic voltamme-
try trace shows that the potential of the anodic peak is
slightly shifted to lower values, whereas the position of the
associated cathodic peak observed on the reverse scan re-
mains virtually identical (Figure S7). This behaviour is rem-
iniscent of a CE (Chemical-Electrochemical) mechanism,
which is illustrated in Scheme 3. As a working hypothesis,
we propose that the chemical reaction, which precedes the
electrochemical oxidation of species 5 into 6, is an equilib-
rium between species 1 and 5.
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Figure 4. (a) Cyclic voltammograms of 1 m solution of 1 in aceto-
nitrile containing 0.1  tetrabutylammonium perchlorate. (b) Cy-
clic voltammograms of 1 m solution of 1 in acetonitrile in pres-
ence of one equiv. of 2,6-dimethylpyridine per Mn ion. (c) Cyclic
voltammograms of 1 m solution of 1 in acetonitrile in the pres-
ence of one equiv. of 2,6-dimethylpyridine per Mn ion, and after
bulk electrolysis at E = 0.7 V vs. SCE. (T = 20 °C, scan rate =
100 mV). (d) Cyclic voltammograms of 1 m solution of 1 in aceto-
nitrile in the presence of 0.5 equiv. of chloride ion per Mn ion
(dashed line), and in the presence of 1.0 equiv. of chloride ion per
Mn ion (solid line). The stars in (a) indicate the presence of the
contaminant species 3.

It is worth noting that upon the addition of chloride ions,
the intensity of anodic and cathodic processes correspond-
ing to the contaminant species 3 fades significantly, as well
as the UV band detected at 300 nm and assigned to species
3. The dissipation of species 3 upon addition of chloride
ions will be considered below.

Electrochemical Oxidations of Complex 5 into Species
[(L)MnCl]+ (6) and [(L)MnCl]2+ (7)

The cyclic voltammetry signature of complex 5,[60] which
is shown in Figure 4(d), suggests that complex 5 can be oxid-
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ized twice electrochemically to generate the corresponding
MnIII [(L)MnCl]+ (6) and MnIV [(L)MnCl]2+ (7) species.
Two successive bulk electrolysis of species 5 were performed
at E = 0.85 (20 °C) and E = 1.45 V vs. SCE (–30 °C), respec-
tively, and were monitored by UV/Visible and EPR spec-
troscopy.

The cyclic voltammetry trace recorded after the first con-
sumption of one electron per Mn ion displays one reversible
anodic process at E1/2 = 1.15 V vs. SCE and one reversible
cathodic process at E1/2 = 0.21 V vs. SCE (Figure S8,
dashed line). These data are consistent with the one-elec-
tron oxidation of species 5 leading to the mononuclear
MnIII complex 6.

The UV/Visible spectrum recorded after the first bulk
electrolysis is shown in Figure 3 (c, dashed line). Three new
transitions are detected in the region from 390 to 495 nm.
The UV/Visible data of complex 6 are reported in Table 2,
together with other related phenolato and chlorido MnIII

complexes. Upon comparison, it is possible to attribute the
390 nm absorption band to the superimposition of chlorido
and phenolato to MnIII charge-transfer transitions, and the
two transitions detected at 479 and 494 nm to both MnIII

d–d transitions and phenolato to MnIII charge-transfer
transitions.

No EPR signal was detected using the conventional per-
pendicular detection mode. However, the 5 K 9.4 GHz EPR
spectrum of the electrolyzed solution, recorded in the paral-
lel detection mode displays six ill-resolved hyperfine lines
centred at 79 mT (g = 8.5) and spaced by 5.4 mT (Figure 6,
a). As previously described in the literature, 9.4 GHz paral-
lel mode EPR spectra are expected for an S = 2 quasi-axial
system with a strong zero-field splitting.[61,62] More specifi-
cally, the spectroscopic signatures detected here are charac-
teristic of a high-spin MnIII species, where the Jahn–Teller
distortion is an elongation.[52,63–69]

The cyclic voltammetry trace recorded after the second
one-electron electrolysis of 5 displays two reversible cath-
odic processes at E1/2 = 1.15 and E1/2 = 0.21 V vs. SCE
(Figure S8, solid line), underlying that the one-electron oxi-
dation of species 6 into the mononuclear MnIV complex 7
was successful. However, a slightly weaker intensity is ob-
served for the two electrochemical processes, indicating a
partial evolution of the MnIV species, even at –30 °C. It is
worth noting that the possibility of a ligand-centred oxi-
dation of species 6 leading to the mononuclear MnIII-phen-
oxyl complex was given some thought. However, it was con-
sidered to be an unlikely hypothesis[70] on the basis of the
reported oxidation of the MnIII centre at a potential that
was 1 V lower than the phenolate ligand in the MnIII spe-
cies with a phenolate-containing ligand.[71]

The electronic absorption spectrum recorded after the
second bulk electrolysis is shown in Figure 3 (c, solid line).
Three new intense absorption bands appear at 390, 523, and
690 nm, respectively. The UV/Visible data of complex 7 are
reported in Table 3,[72] and compared with related phe-
nolato and chlorido MnIV complexes. The intense absorp-
tion band observed near 400 nm can be attributed to phe-
nolato and chlorido to MnIV charge-transfer transi-
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Table 3. E1/2 and EP (when the anodic process is irreversible) potential values (V vs. SCE) of complexes 1 and the related complexes
[(mL)MnMn(mL)]2+ and [(Li/La)MnMn(Li)]2+, of complex 5 and the related complexes [(L4)MnCl2] and [(BBPEN)Mn]+, and of complex
3.[25] (T = 20 °C).

Species E (V vs. SCE), [∆EP (mV)] Ref.

Mn2
II/Mn2

III Mn2
III/Mn2

III,IV

1 0.46 (133) 1.42 (irr.)[a] this work
[(mL)MnMn(mL)]2+ 0.89, 1.02[b] [27]

[(Li/La)MnMn(Li)]2+ 0.58 (260) [26]

MnII/MnIII MnIII/MnIV

5 0.21 (96) 1.15 (93) this work
[(L4)MnCl2] 0.74 (70) 1.46 (irr.)[a] [52]

[(BBPEN)Mn]+ –0.06 (90) 0.80 (90) [54]

Mn2
III/Mn2

III,IV Mn2
III,IV/Mn2

IV

3 0.55 (92) 1.0 (91) this work[30]

[a] irr. = irreversible. [b] The two potential values correspond to the sequential one-electron oxidation of the Mn2
II complex leading to

the Mn2
III complex.

Scheme 2. Proposed Electrochemical Chemical (EC) mechanism to
explain the evolution of the cyclic voltammetry trace of 1 upon
addition of base.

tions,[71,73] while the shoulder detected at 530 nm may be
assigned to MnIV d–d transitions.[74] However, both the in-
tensity and the position of the broad absorption band ob-
served near 690 nm are reminiscent of absorption features
reported for phenolato-containing MnIV com-
plexes,[27,30,54,71,75–79] and is therefore attributed to a phe-
nolato to MnIV charge-transfer transition. Therefore, the
UV/Vis signature of species 7 also strongly supports the for-
mation of a MnIV complex instead of a MnIII-phenoxyl one.
Indeed, in the latter case, the two observed bands at 400
and 690 nm are expected with stronger and much weaker
intensities, respectively.[71]

The 5 K 9.4 GHz EPR spectrum of the electrolyzed solu-
tion recorded using the perpendicular detection mode is
shown in Figure 6 (b). The EPR spectrum exhibits a
multiline signal centred at g = 2 due to the presence of
traces of uncoordinated MnII ions. Quantification of this
signal (see Exp. Sect.) indicates that uncoordinated MnII

ions account for approximately 5% of the total Mn-based
species. Three other broad transitions are detected at
130 mT (g = 5.2), 220 mT (g = 3.0), and 580 mT (g = 1.2),
showing no evidence of 55Mn hyperfine coupling (Figure 6,
b). This EPR signature is indicative of an S = 3/2 MnIV

ion, where the zero-field splitting interaction dominates the
Zeeman effect.[54,79–86] For an axial MnIV system (E/D = 0)
the low-field transition is expected at geff = 4. The diver-
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Figure 5. Evolution of the 100 K, 9.4 GHz EPR spectrum of 1 m
solution of 1 in acetonitrile containing 0.1  tetrabutylammonium
perchlorate, upon addition of chloride ions. Recording conditions:
9.38 GHz microwave frequency, 2.0 mW microwave power, 0.5 mT
modulation amplitude, 100 kHz modulation frequency.

Scheme 3. Proposed Chemical Electrochemical (CE) mechanism to
explain the evolution of the cyclic voltammetry trace of 1 upon
addition of chloride ions.
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Figure 6. 5 K 9.4 GHz EPR spectra recorded on a 2 m solution
sample of 5,[60] in acetonitrile containing 0.1  tetrabutylammo-
nium perchlorate, after bulk electrolysis at E = 0.85 V vs. SCE (a),
and after bulk electrolysis at E = 1.45 V vs. SCE (b). Recording
conditions: (a) parallel detection mode, 9.42 GHz microwave fre-
quency, 0.8 mW microwave power, 0.5 mT modulation amplitude,
100 kHz modulation frequency, 10 scans. (b) 9.38 GHz microwave
frequency, 0.12 mW microwave power, 0.5 mT modulation ampli-
tude, 100 kHz modulation frequency.

gence from this value is characteristic of the rhombicity of
the system. In the present case, according to the diagram
showing the evolution of the geff values for the Kramer dou-
blets as a function of E/D,[87] the geff = 5.2 and geff = 3.0
values lead to an E/D ratio of 0.20(±0.04).

Discussion

In the first part of this discussion, we will demonstrate
the unique physicochemical properties of the dinuclear phe-
nolato-bridged Mn2

II complex (1). As it is not our intention
here to make an exhaustive comparison among all dinuclear
phenolato-bridged Mn2

II complexes,[26,28] we will limit the
comparative study to the recently published [(mL)Mn-
Mn(mL)]2+ system where the Mn ions have almost the same
first coordination spheres as in 1.[27]

Two main structural differences are observed between
complex 1 and complex [(mL)MnMn(mL)]2+. In the pres-
ent case, the two pyridine rings are in a trans position, and
the nitrogen atoms holding the bridging phenolato groups
belong to the plane of the Mn2O2 core.

These structural peculiarities may support the distinct
behaviour found for 1 in solution. More precisely, the en-
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hanced reversibility of the anodic process detected for 1 is
assigned to both an easier and nondestructive structural re-
arrangement from the dinuclear Mn2

II to the dinuclear
Mn2

III systems. In the case of complex [(mL)Mn-
Mn(mL)]2+, it has been proposed that the two successive
one-electron oxidations of the dinuclear Mn2

II complex led
to the formation of the mononuclear MnIII species.[27] Here,
we have shown that the dinuclear structure of complex 1 is
maintained upon oxidation. Therefore, we can postulate
that the Jahn–Teller distortion axis of the Mn2

III species is
along the Py–Mn–Py axis, a direction that is not involved
in the bridging motif. Furthermore, oxidation of 1 into 2 is
detected at lower potential values than those of the related
dinuclear Mn2

II phenolato-bridged complexes (see Table 3).
The main difference in the [N4O] donor set of the ligand L–

compared to the one of ligand mL– (see Scheme 1) is the
conjugation of the phenolate group to an imine function.
This is in good agreement with the fact that the imine-phe-
nolate fragment stabilizes the high oxidation states of the
metal centres.

A two-electron oxidation process was detected for 1
whereas two successive one-electron oxidations were re-
ported for the [(mL)MnMn(mL)]2+ complex. The detection
of a two-electron oxidation process is in line with what was
observed and analyzed by Romero et al.[42] for the Mn2

II

complex [Mn2(µ-Cl)2(bpea)2Cl2] where bpea is a tetraden-
tate ligand with a [N4] donor set.[25] It was interpreted as
arising from the independency of the two Mn ions because
of a strong insulating effect of the bridging chloride ions.
Indeed the two metal centres in the [Mn2(µ-Cl)2(bpea)2Cl2]
complex must be electronically uncoupled in order not to
bring about any stabilization of the mixed-valence state. In
the present case, we favour the hypothesis of an inversion
of the potentials of the first- and second-electron transfers
during the oxidation of 1, i.e. the oxidation of the mixed-
valence Mn2

II,III complex occurs at a lower potential value
than that of complex 1. Hapiot et al. have illustrated the
inversion potential phenomenon in polyconjugated systems.
Oxidation of the polyconjugated system leads to the dicat-
ion, which is stabilized by interaction with the solvent,
whereas the radical cation, which is delocalized over the
molecular framework and thus less stabilized by interac-
tions with the solvent, is not isolated.[88] We thus propose
that in our case the easier oxidation of the mixed-valence
Mn2

II,III state than that of the Mn2
II state arises from the

better stabilization by the solvent of the Mn2
III state than

that of the mixed-valence Mn2
II,III system.

Another clear cut difference is the cyclic voltammetry re-
sponse upon addition of base to a solution of 1 or a solu-
tion of the [(mL)MnMn(mL)]2+. In the former case, the di-
nuclear oxido-bridged species 3 is formed on the time scale
of the cyclic voltammetry, whereas the intermediate mono-
nuclear MnIII [(mL)Mn(OH)]+ species was proposed in the
latter case.[27] This result clearly indicates that the formation
of species 3 is faster than that formed in the corresponding
MnIII complex [(mL)Mn(µ-O)Mn(mL)]2+.

In the second part of the discussion we will examine the
various chemical and electrochemical reactions involved be-
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Scheme 4. Scheme of the various chemical or electrochemical reactions involved between species 1 to 7. Solid arrows correspond to the
reactions evidenced in the present work. Dashed arrows correspond to electrochemical processes described in a previous paper.[30]

tween the various Mn species obtained with the ligand L–,
which are depicted in Scheme 4. The X-ray structures of
complexes 1, 3, 4, and 6 are available in the present study
and in the literature.[24,30]

The presence of the contaminant complex 3 in solution
and powder samples of complex 1 has been evidenced by
various techniques and comes from the air oxidation of 1.
Since all the experiments are not run in a glove box this
impurity is hardly avoidable. The mechanism of this air oxi-
dation is still unknown. The fast air oxidation of 1 may be
related to the fast electrochemical oxidation of 1 into 3 in
the presence of base as evidenced by the cyclic voltammetry
study. We have also shown that the phenolato-bridged dinu-
clear Mn2

III complex 2 is accessible after a two-electron oxi-
dation of 1 and that it does not evolve directly to the forma-
tion of the mono-µ-oxido complex 3 under an argon flux.
Such an intermediate will certainly provide hints for the
mechanistic pathway of the formation of the mono-µ-oxido
species.

We have also checked that the mixed-valence mono-µ-
oxido complex 4 can be generated by the exhaustive elec-
trolysis of complex 1 in the presence of residual water and
one equiv. of base per Mn ion, following a recently de-
scribed procedure.[27]

The addition of chloride ions to complex 1 leads to the
formation of the mononuclear chlorido MnII species 5. One
more intriguing result is that upon addition of chloride ions
to a solution sample of 1 containing species 3 as an impu-
rity (indicated by an asterisk in parts a,b of Figure 3 and
part a of Figure 4) leads to the fading of the absorption
transition and of the redox waves characteristic of the
mono-µ-oxido species. Furthermore, no other signal except
that of species 3 was detected. For now, we can only specu-
late that species 5 is able to reduce species 3, leading to the
breaking of the oxido bridge by a mechanism that has still
to be determined.

Eur. J. Inorg. Chem. 2006, 4324–4337 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4333

More importantly, we have shown that complex 5 can
be oxidized twice electrochemically into the corresponding
MnIII (6) and MnIV (7) complexes. To the best of our
knowledge no other (X-ray characterized) mononuclear
complexes with a [N4OCl] coordination sphere are reported
in the literature. The spectroscopic data for a MnIV ion in
an unusual coordination sphere with four nitrogen atoms,
one oxygen, and a chloride ion are reported.[70] Hence, com-
plex 5 is an interesting example of manganese mononuclear
systems where three distinct oxidation states are observed
and characterized.

Conclusion

We have shown in this paper the chemical and electro-
chemical reactivities of a dinuclear phenolato-bridged
Mn2

II complex. We have shown that the dinuclear Mn2
II

compound could be oxidized in the +III states without al-
teration of the dinuclear structure of the starting com-
pound. However, addition of chloride ions led to the forma-
tion of mononuclear species, which were oxidized and char-
acterized in the +III and the rare +IV oxidation states. Fu-
ture work will consist of the elucidation of the mechanistic
pathways involving the formation of the mono-µ-oxido
Mn2

III dinuclear complex.

Experimental Section
General Remarks: Reagents and solvents were purchased commer-
cially and used as received except for the electrochemical experi-
ments for which acetonitrile was distilled under argon over granular
CaCl2. Argon U was used in the various experiments.

Caution: Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small quantities of these compounds
should be prepared and handled behind suitable protective shields.
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Synthesis

N,N-Bis(2-pyridylmethyl)-N�-salicylidene-ethane-1,2-diamine: Sal-
icyladehyde (210 µL, 2 mmol) was added to a solution of N,N-
bis(2-pyridylmethyl)ethane-1,2-diamine[89] (484 mg, 2 mmol) in
methanol (20 mL). The solution was stirred at room temp for 3 h,
evaporated, and dried under vacuum to give a pale brown oil (98%
yield). 1H NMR (250 MHz, CDCl3): δ = 8.48 (d, 2 H, J = 5 Hz,
H–C6H3N), 8.24 (s, 1 H, Ar–CH=N), 7.60–6.80 (m, 10 H, H–Ar),
3.88 [s, 4 H, N–(CH2–Py)2], 3.70 (t, 2 H, J = 6 Hz, CH=N–CH2–
CH2), 3.46 (s, 1 H, OH), 2.90 (t, 2 H, J = 6 Hz, CH2–N–CH2–
CH2) ppm; 1H NMR details are given in the Supporting Infor-
mation. IR: ν̃ = 3360 (broad), 2944 (strong), 2832 (s), 1634 (me-
dium), 1596 (weak), 1450 (m), 1280 (w), 1028 (s), 762 (w), 660
(br) cm–1. ESI-MS: m/z (%) = 347.2 (100) [M + H]+.

[(L)MnMn(L)](ClO4)2·2(H2O): Ligand LH (173 mg, 0.5 mmol) and
2,6-dimethylpyridine (58 µL, 0.5 mmol) were mixed in air-free ab-
solute ethanol (10 mL) and placed under an argon atmosphere.
Mn(ClO4)2·6H2O (181 mg, 0.5 mmol) was dissolved in air-free ab-
solute ethanol (10 mL) and placed under an argon atmosphere.
This was then added to the previous mixture. A white precipitate
appeared rapidly. It was then filtered under an argon atmosphere,
and washed with air-free ether (15 mL). A white powder (105 mg,
yield = 42%) was then obtained and kept in a glove box until use.
Crystallization of complex 1 was performed in the glove box by
slow diffusion of diethyl ether in an acetonitrile solution of 1, and
crystals of 1(ClO4)2·2CH3CN suitable for X-ray crystallography
study were obtained. It is worth noting that solution and powder
samples of 1 are highly sensitive to air oxidation. When not han-
dled under inert atmosphere, complex 1 spontaneously converts
into a dark purple species. An X-ray diffraction study revealed that
this species is the previously studied mono-µ-oxido dinuclear
Mn2

III complex [(L)Mn(µ-O)Mn(L)]2+ (3).[30] 1(ClO4)2·2H2O (pow-
der) (C42H46Cl2Mn2N8O12): calcd. C 48.7, H 4.5, Mn 10.6, N 10.8;
found C 49.1, H 4.4, Mn 10.3, N 10.6. Note that in the case of the
elemental analysis the contamination by species 3 is unapparent.
IR: ν̃ = 3421 (s, strong), 2918 (w, weak), 1634 (s), 1602 (s), 1570
(w), 1552 (w), 1541 (w), 1471 (m, medium), 1442 (m), 1400 (w),
1342 (w), 1295 (m), 1144 (m), 1115 (m), 1089 (s), 1048 (w), 1016
(w), 907 (w), 766 (m), 637 (m), 625 (w), 594 (w) cm–1. ESI-MS: A
major peak was detected at m/z = 400 corresponding to [(L)Mn]+.

Infrared Spectroscopy: Spectra were recorded on KBr pellets in the
range 4000–400 cm–1 with a Perkin–Elmer Spectrum 1000 spectro-
photometer.

Electrospray Ionization Mass Spectrometry: Mass spectra were re-
corded with a Finnigan Mat95 in a BE configuration at low resolu-
tion on a micromolar acetonitrile solution.

Elemental Analysis: Analysis was performed by the Service de
Microanalyse of the CNRS (Gif-Sur-Yvette, France) for carbon,
nitrogen, and hydrogen and by the Service Central d’Analyse (Ver-
naison, France) for manganese.

X-ray Crystallography: Crystal data for [(L)MnMn(L)](ClO4)2·
2CH3CN [1(ClO4)2·2CH3CN] and the parameters of data collec-
tion are summarized in Table 4. Crystal data for 1(ClO4)2·2CH3CN
were collected with a Nonius Kappa-CCD area detector dif-
fractometer using graphite-monochromated Mo-Kα radiation. The
lattice parameters were determined from ten images recorded with
2 φ-scans and later refined on all data. The data were recorded at
100°K with an Enraf–Nonius FR558NH nitrogen cryostat. A 180°
φ-range was scanned with two steps with a crystal to detector dis-
tance fixed at 40 mm. Data was corrected for Lorentz polarization.
The structures were solved by the direct methods with SHELXS-
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97 and refined by full-matrix least-squares on F[2] with anisotropic
thermal parameters for all non-H atoms with SHELXL-97. H
atoms were found in a difference Fourier map and were introduced
at calculated positions as riding atoms, with C–H bond lengths of
0.93 (aromatic CH), 0.98 (aliphatic CH), 0.97 (CH2), and 0.96 Å
(CH3), and with Uiso(H) values of 1.2Ueq(C) for CH and CH2 hy-
drogen atoms, and 1.5Ueq(C) for CH3 hydrogen atoms.

Table 4. Details of structure determination, refinement, and experi-
mental parameters for 1(ClO4)2·2CH3CN.

1(ClO4)2·2CH3CN

Empirical formula C46H48Cl2Mn2N10O10

Formula mass [gmol–1] 1081.72
Temperature [K] 100 (2)
Wavelength [Å] 0.71069
Crystal system monoclinic
Space group P21/n
a [Å] 8.914(5)
b [Å] 21.075(5)
c [Å] 25.254(5)
α [°] 90.000
β [°] 92.724(5)
γ [°] 90.000
Volume [Å3] 4739(3)
Z 4
dcalcd. [g cm–3] 1.516
Absorption coefficient [mm–1] 0.715
Crystal size [mm] 0.30×0.22×0.03
Theta range for data collection [°] 2.09 to 30.64
Index ranges 0�h�12

0�k�29
–35� l�36

Reflections collected 112633
Independent reflections 13422

[R(int) = 0.056]
Data [I�2σ(I)] 10114
Parameters 655
Goodness-of-fit on F2 1.049
Final R indices [I�2σ(I)] R1 = 0.0371

wR2 = 0.0963
R indices (all data) R1 = 0.0594

wR2 = 0.1028
Largest diff. peak/hole [eÅ–3] 0.489/–0.497

CCDC-279908 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic Susceptibility Measurements: Magnetic susceptibility data
were recorded with an MPMS5 magnetometer (Quantum Design
Inc.). The calibration was made at 298 K using a palladium refer-
ence sample furnished by Quantum Design Inc. The data were col-
lected over a temperature range of 2–300 K. Above 100 K, a 1 T
magnetic field was applied, while below 100 K, the amplitude was
0.1 T. Data were further corrected for diamagnetism. The χM vs. T
and χMT vs. T curves were fitted by the van Vleck formula as-
suming the same g factor for each S-spin state. The total spin S
runs from |S1 – S2| to (S1 + S2) by unit steps. The exchange Hamil-
tonian used was H = –JŜ1·Ŝ2, where J stands for the exchange
coupling constant and Ŝ1, Ŝ2 for the spin operators associated with
the electronic spin of the MnII sites (S1 = S2 = 5/2).

EPR Spectroscopy: 9.4 and 34 GHz EPR spectra were recorded
with a Bruker ELEXSYS 500 spectrometer. For low temperature
studies, an Oxford Instrument continuous-flow liquid helium cryo-
stat and a temperature-control system were used. Solutions spectra



A New Phenolato-Bridged Complex [(L)MnIIMnII(L)]2+ FULL PAPER
were recorded in acetonitrile containing 0.1  tetrabutylammonium
perchlorate. Quantification of uncoordinated MnII was performed
by comparison of the intensities of the g = 2 signal with those
obtained using solutions of known concentrations of Mn(ClO4)2·
6H2O under the same recording conditions. Quantification of com-
plex 4 in situ generated by bulk electrolysis of complex 1 in the
presence of base was performed by a comparison of the intensities
of the signal with those obtained using solutions of known concen-
trations of 4 (electrochemically prepared from the one-electron oxi-
dation of 3, and first isolated as a powder) under the same re-
cording conditions.

UV/Visible Spectroscopy: UV/Visible spectra were recorded with a
Varian Cary 300 Bio spectrophotometer at 20 °C with 0.1-cm
quartz cuvettes.

Cyclic Voltammetry and Bulk Electrolysis: All electrochemical ex-
periments were run under an Ar atmosphere. Cyclic voltammetry
and coulometry measurements were recorded with an EGG PAR
potentiostat (M273 model). For the cyclic voltammetry, the counter
electrode was a Pt wire and the working electrode a glassy carbon
disk carefully polished before each voltammogram with diamond
paste (1 µm), sonicated in an ethanol bath and then washed care-
fully with ethanol. The reference electrode was a Ag/AgClO4 elec-
trode (0.53 V vs. NHE electrode), isolated from the rest of the solu-
tion by a fritted bridge. For bulk electrolysis, the counter electrode
was a piece of Pt, separated from the rest of the solution with a
fritted bridge. The working electrode was a grid of Pt. The solvent
used was distilled acetonitrile and tetrabutylammonium perchlorate
was added to obtain a 0.1  supporting electrolyte (20 °C) or a
0.2  supporting electrolyte (–30 °C). Low temperature regulation
was ensured by a Julabo circulation cryostat.

Supporting Information (see also the footnote on the first page of
this article): Figure S1: Magnetic susceptibility measurements re-
corded on complex 1(ClO4)2·2H2O. Figure S2: EPR spectra of
complex 1(ClO4)2·2H2O as a function of temperature. Figure S3:
EPR spectra of the acetonitrile solution of complex 1(ClO4)2·2H2O
as a function of temperature. Figure S4: Cyclic voltammograms of
the acetonitrile solution of 1 before and after bulk electrolysis at E
= 0.8 V vs. SCE. Figure S5: UV/Visible spectrum of 4, electrochem-
ically prepared. Figure S6: 9.4 GHz EPR spectrum of 4, electro-
chemically prepared. Figure S7: Evolution of the cyclic voltammog-
rams of the acetonitrile solution of 1 upon addition of chloride
ions. Figure S8: Cyclic voltammograms of a 2 m acetonitrile solu-
tion of 5, after bulk electrolysis at E = 0.85 and E = 1.45 V vs.
SCE. Details of the 1H NMR spectrum of ligand LH.
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The potential energy profile of RhI-catalysed hydrogenation
of ketones has been computed for the simple model system
[Rh{H3POCH2CH2N(H)PH3}(Cl)] using DFT calculations.
The general sequence of the catalytic cycle involves coordi-
nation of the carbonyl derivative to the neutral RhI complex
followed by oxidative addition of molecular hydrogen provid-
ing rhodium dihydride intermediates. The latter are con-
verted into alkoxy hydrides by a migratory insertion reaction.
Reductive elimination of the alcohol and substitution of the
latter by the incoming substrate completes the catalytic
cycle. Intermediates and transition states of all catalytic
steps have been located. Two isomeric derivatives bearing
the model substrate have been found for the

Introduction

The enantioselective hydrogenation of prochiral ketones,
which is one of the most exiting and powerful methods of
synthesising chiral alcohols, has been receiving increased at-
tention and has led to notable successes.[1] When ruthe-
nium-based catalysts have been applied in the enantioselec-
tive hydrogenation of prochiral ketones,[2] rhodium com-
plexes have proven to lead to very efficient processes along
with potential industrial applications.[2–4] Likewise, asym-
metric transfer hydrogenation of ketones has been well in-
vestigated over the last few decades[5], prompted by the very
important contribution of Noyori’s group.[6]

The most actively explored asymmetric hydrogenation
mechanism has been the enantioselective hydrogenation of
C=C bonds catalysed by cationic RhI-diphosphane com-
plexes. Chemical,[7–14] kinetic[9] and theoretical[15,16] studies
have been carried out. As a result, the rhodium-catalysed
hydrogenation of dehydroamino acids leading to enantio-
merically pure α-amino acids is considered to be a thor-
oughly understood reaction based on work carried out in-
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[Rh{H3POCH2CH2N(H)PH3}(Cl)(H2CO)] complex. Eight dia-
stereomeric pathways have been followed for the cis addition
of molecular hydrogen to [Rh{H3POCH2CH2N(H)PH3}(Cl)-
(H2CO)] leading to eight distinct isomeric dihydride interme-
diates. Four dihydride complexes can be considered as the
more accessible compounds. The site preference for mi-
gratory insertion and transition states discriminates the main
path of the catalytic reaction. Migratory insertion to form the
alkoxy hydride constitute the turn over limiting step of the
process. The potential energy profile has been found to be
smooth without excessive activation barriers.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the research groups of Halpern[7] and Brown[8] who re-
vealed the underlying steps of the process. It has been dem-
onstrated that the minor diastereomer resulting from the
coordination of the enamide to the cationic Rh-diphos-
phane precursor reacts more rapidly with molecular hydro-
gen providing the observed prevailing hydrogenated prod-
uct.[9–13] However, the reason for this increased reactivity is
still not clearly understood. In addition, a complete under-
standing of the stereoselection has not yet been achieved.
Finally, as highlighted recently by Rossen,[17] this classical
mechanism of Rh-catalysed hydrogenation might not defi-
nitely be valid for all bisphosphane and metal combina-
tions.

Much effort has been devoted to characterising transient
intermediates in the C=C hydrogenation reactions. Among
them, the cationic Rh-diphosphane-enamide complex[7,10,14]

and the alkyl monohydride species[8,12] have been character-
ised by various spectroscopic and X-ray-based methods.
Also, the presumed dihydride intermediate has been investi-
gated by PHIP (para-hydrogen induced polarisation) NMR
spectroscopy, which is a powerful tool for studying hydro-
genation reactions.[18] Thus, while utilising para-hydrogen
and appropriate complexes, elusive species could be de-
tected. In this way, Selke and Bargon[19] observed a rho-
dium dihydride complex while using a sugar-based bisphos-
phinite ligand (Scheme 1). More recently, Bargon and
Brown[20] reported the observation of an agostic complex
which is encountered on the path of hydride transfer to the
coordinated substrate (Scheme l).
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Scheme 1. Characterised dihydride-Rh complexes.

A second mechanism of hydrogenation that has been
studied to some extent is related to the transfer hydrogena-
tion of C=O bonds catalysed by RhI [21,22] and RuII com-
plexes.[23] However, much less is known about the mecha-
nism of the molecular hydrogen-based hydrogenation of
ketones catalysed by rhodium species. Although the cata-
lytic results are quite satisfactory in terms of efficiency, little
is known experimentally about intermediates and reaction
steps and the reaction mechanism has not been elucidated
so far. Nevertheless, mechanistic hypotheses have been
made in order to take into account the several experimental
observations. Primarily, Schrock and Osborn[24] proposed a
mechanism for the hydrogenation of ketones catalysed by
cationic rhodium complexes bearing basic monophos-
phanes. One step of the catalytic cycle is an oxidative ad-
dition of molecular hydrogen providing a rhodium-dihy-
dride complex. The reported catalytic system is promoted
by small quantities of water (ca. 1% of H2O). A study car-
ried out either in the presence of D2 or D2O gave rise to a
mechanism involving an active participation of water that
would account for the determined incorporation of deute-
rium from D2O. Actually, the key points are (1) the partici-
pation of a rhodium dihydride intermediate and (2) the pro-
motion of the second hydrogen atom transfer by the small
quantity of water as depicted in Scheme 2.

Scheme 2. Examples of reported rhodium-hydride intermediates.
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More recently, Zhang[25] proposed a mechanism to take
into account the beneficial effect provided by the use of
amines which promoted both the activity and selectivity
(∆ee up to 38%) of the hydrogenation of simple ketones.
In the catalytic cycle, an oxidative addition of molecular
hydrogen on the rhodium precursor is considered prior to
substrate coordination followed by hydride transfer to the
coordinated substrate (Scheme 2). Yet, the reaction is car-
ried out in methanol and the possibility of cationic rhodium
catalytic intermediates has not been envisioned, the pro-
posed mechanism being based only on noncharged interme-
diates.

Ojima described the efficient enantioselective hydrogena-
tion of α-keto esters catalysed by neutral Rh–BPPM com-
plexes [BPPM: (2S,4S)-N-tert-butoxycarbonyl-4-(diphenyl-
phosphanyl)-2-[(diphenylphosphanyl)methyl]pyrrolidine][26]

and proposed a mechanism based on results obtained while
varying the solvent.[27] Dry aprotic solvents bestowed the
best results both in terms of activity and enantioselectivity.
These authors propose that both hydrides (Scheme 2) re-
sulting from the oxidative addition of hydrogen onto the
Rh–substrate adduct are successively transferred to the sub-
strate. Meaningfully, it has been suggested that a retention
of chloride on rhodium might be the clue for the increased
efficiency of the catalyst.

In previous studies, we have shown that the enantioselec-
tive hydrogenation of functionalised ketones can be carried
out very efficiently in the presence of neutral rhodium pre-
cursors bearing aminophosphane phosphinite ligands
(AMPP).[28] The potential of such ligands has further been
assayed in the highly enantioselective hydrogenation of fluo-
rinated ketones including simple ketones.[29] We have also
reported on the use of a combination of molecular mechan-
ics-based methods and extended Hückel calculations in or-
der to have access to the most stable catalytic intermediates
and to their reactivity.[30]

Modern efforts have emphasised the potential of compu-
tational methods for organometallic catalysis investi-
gations.[31] We became interested in using such methods to
examine the catalytic cycle of the hydrogenation of ketones
assisted by rhodium-aminophosphanephosphinite catalysts.
To address the catalytic cycle, several computational ap-
proaches are possible. One deals with the general mecha-
nism and the associated energetic profile while considering
neutral catalytic intermediates and a second deals with the
quest of the enantiodetermining step of the cycle. Both
types of information require different levels of computation
and consequently different ranges of calculation times. The
aim of this study was to obtain an insight into the most
probable energy profile of the catalytic cycle of ketone hy-
drogenation involving neutral rhodium diphosphane cata-
lysts. Such an approach has not been undertaken to the best
of our knowledge. Here, we report on the results of DFT
computations of the catalytic reaction potential energy sur-
face for a simple achiral aminophosphane phosphinite-
based model system. In this paper, we describe the model
system used, the computational method applied, and the
overall reaction pathways explored.
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Background and Calculation Methods

Despite our many attempts, we were unable to character-
ise, by NMR, catalytic intermediates under our classical
ketone hydrogenation conditions (room temperature, 1 atm
H2, toluene). Indeed, only the starting rhodium dimeric
complexes of the type [Rh{AMPP}Cl]2 could be observed
by 31P NMR spectroscopy. However, the hydrogenation ex-
periments carried out under various catalytic conditions did
provide evidence for the participation of neutral intermedi-
ates bearing the chiral diphosphane along with a nonchiral
ancillary ligand. For example, when the hydrogenation of
benzylbenzoylformamide was run in ethanol in the presence
of a cationic precatalyst, a slow reaction (t1/2 = 4 h) with a
very low ee was achieved (5.5% ee) (Table 1, entry 1).[32]

Table 1. Enantioselective hydrogenation of benzylbenzoylform-
amide.[a]

Entry “Rh” Solvent Additive t1/2 [min][b] ee (%) (conf.)

1 [Rh(COD)2]BF4 EtOH – 240 5.5 (R)
2 [Rh(COD)Cl]2 EtOH – 28 64.8 (S)
3 [Rh(COD)Cl]2 toluene – 20 74 (S)
4 [Rh(COD)I]2[c] toluene – 25 67 (S)
5 [Rh(COD)2]BF4 toluene – n.d.[d] 3 (S)
6 [Rh(COD)2]BF4 toluene LiBr 18 69 (S)
7 [Rh(COD)2]BF4 toluene LiI 40 62.2 (S)

[a] Substrate/Rh = 200:1. [b] Time of half conversion of the sub-
strate. [c] F. Agbossou-Niedercorn, unpublished results. [d] n.d.:
not determined, substrate/Rh = 45:1, total conversion after 3 d.

Interestingly, if the hydrogenation occurs in ethanol in
the presence of a neutral precursor, an enhanced efficiency
is attained as the chiral alcohol is produced in ca. 65% ee
and with a higher rate (t1/2 = 28 min) (Table 1, entry 2). The
behaviour of diphosphane-rhodium complexes in various
solvents deserves some comment. For instance, the reaction
of neutral rhodium complexes with an amidophosphane
phosphinite results in the formation of a mixture of cationic
and neutral compounds in methanol, as shown by Prego-
sin.[33] Also, an earlier study of Bakos[34] outlined the be-
haviour of complexes of type “Rh(P2)(diolefin)Cl” in vari-
ous solvents (dichloromethane, benzene, methanol). Equi-
librium between a cationic and a neutral complex could
account for the 31P NMR features of the corresponding
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solution. Therefore, the efficiency improvement observed
while comparing the two above-mentioned hydrogenations
can be reasonably related to the active participation of neu-
tral catalytic species. As further evidence, a reaction carried
out in toluene with a neutral precatalyst provides the
alcohol with 74 and 67% ee and with higher rates for Cl
and I, respectively (Table 1, entries 3 and 4). This compares
well with hydrogenations carried out while using a cationic
precatalyst in toluene in the presence of either LiI or LiBr
(Table 1, compare entries 7 and 4). This is consistent with
retention of the halide on the catalytic intermediates
throughout the entire process. The weak dielectric constant
of aromatic solvents is in favour of retention of the halide
on the rhodium during catalysis.[35] Finally, note that the
reaction performed with a cationic precursor in toluene
proceeds with a low rate and an extremely low enantio-
selectivity (Table 1, entry 5).

Additional earlier results prove the benefit obtained
when the hydrogenations of ketopantolactone are per-
formed in the presence of neutral rhodium-halide com-
plexes in toluene, essentially on the enantioselectivity (com-
pare all entries of Table 2).[36] As a matter of fact, 98% ee
was reached for Rh-iodide-based catalysts.

Table 2. Effect of the ancillary ligand on asymmetric hydrogenation
of ketopantolactone.

Entry Precatalyst t1/2 [min] ee (%) (conf.)

8 [Rh(COD)2]BF4 240 5.5 (R)
9[a] [Rh(COD)Cl]2 28 64.8 (S)
10 [Rh(COD)Cl]2 20 74 (S)

[a] F. Agbossou-Niedercorn, unpublished results.

The reality of neutral Rh-dihydride-chloride complexes
has been shown through the use of PHIP NMR techniques.
Indeed, Eisenberg found a way to detect new mononuclear
neutral dihydride-rhodium-phosphane-olefin complexes
that appear to be intermediates in the catalytic hydrogena-
tion of olefins (Scheme 3).[37]

Scheme 3. Schematic representation of the neutral Rh-dihydride-
chloride complex.
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On the basis of these data, a plausible catalytic cycle de-

picted in Scheme 4 has been proposed for the hydrogenation
of ketones catalysed by neutral rhodium complexes in apro-
tic solvents. Hereafter, we will focus on the computation of
the various elementary steps of this catalytic cycle.

Scheme 4. Proposed reaction mechanism.

Computational Methods

The calculations were based on the density functional
theory (DFT) using Becke’s three-parameter hybrid func-
tional (B3) and the Lee, Yang and Parr (LYP) correlation
functional for the correlation energies (B3LYP). This
method[38] exhibits accuracy comparable to that of sophisti-
cated post-Hartree–Fock methods in transition-metal stud-
ies. They were performed using the Gaussian 98 program
package (version A9).[39] For the rhodium atom, we used
the relativist effective core potential of Hay and Wadt (with
4s and 4p in the valence) and the corresponding double-ζ
basis set.[40] For the carbon, oxygen, nitrogen and hydrogen
atoms of the ligand a 6–3lG* basis set was used. For the
hydrogen atoms on the rhodium and those of the reactant
(formaldehyde) and product (methanol) a p-orbital of
Gaussian type ζ = 1.1 was added. For the chlorine and the
phosphorus atoms, a 6-311G* basis set was used. All the
used basis sets were implemented in the Gaussian 98 pro-
gram.

Geometries of reactants and products were fully op-
timised without any symmetry or internal coordinate con-
strains. All transition states were characterised by determin-
ing the number of imaginary frequencies and a further
characterisation of the transition state was achieved by cal-
culation of the intrinsic reaction coordinate (IRC) leading
to the corresponding reactants and products.
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Models Used for the Calculation of the Complexes

The Ligand: The skeleton of the AMPP ligand
{(S)-Cps,Cps-oxoProNOP} is replaced by an ethanol-
amine-bridged diphosphane [H2POCH2CH2N(H)PH2]
(Scheme 5). Thus, the electronic effects of the oxygen and
nitrogen atoms are maintained. In addition, the CH2CH2

spacer provides the constraint on the carbon backbone of
the ligand which mimics the skeleton of the pyrrolidine ring
present in the most efficient ligands studied. Hydrogen
atoms replace the phosphorus substituents in order to re-
duce computational time.

Scheme 5. AMPP and the model compound.

Ketopantolactone: Calculations were performed by using
a model hydrogenation reaction of formaldehyde and when
necessary with larger carbonyl compounds.

Computational Results

Coordination of the Substrate: Structures of Catalyst–
Substrate Adducts

The d8 complex [Rh(Cl){PO�NP}] is a model for the
product expected from the cleavage of the dimeric precursor
[Rh{PO�NP}Cl]2 which leads to the formation of the
active species. It is well known that ML3 complexes can
be stable in a T-shaped trigonal structure. Nevertheless, the
contribution of solvent coordination through a C=C bond
providing a square-planar complex has been computed by
means of optimisation of Rh(Cl){PO�NP}(C6H6). The cal-
culations show that the coordination energy of a benzene
in the η2 mode is almost thermoneutral (around 2 kcal/mol
depending upon the geometry). Consequently, and taking
into consideration the results related next, the eventual in-
termediate square-planar complex bearing a solvent mole-
cule was not considered further in the catalytic cycle.

As T-shaped trigonal complexes present a C1 symmetry,
two isomeric compounds have to be considered that present
the chloride either trans to PN (1a) or trans to PO (1b) (Fig-
ure 1). The energy difference between both optimised com-
plexes is very small (0.2 kcal/mol). The activation energy on
going from one isomer to the other is only 4.5 kcal/mol.
Furthermore, both experimentally and theoretically, the
length of the Rh–PO and Rh–PN bonds present only a small
difference (0.02–0.03 Å experimentally, 0.03 Å by calcula-
tion).[41] Because of these small differences, it can be fore-
seen that the coordination of the carbonyl substrate trans
of both moieties, i.e., PO and PN, will be alike. The relative
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stabilities are consistent with a larger trans influence of the
PO group, an effect which can be observed in the Rh–Cl
bond lengths: 2.348 Å when trans to PN and 2.363 Å when
trans to PO.

Figure 1. Schematic representation of the intermediates 1 and 2.
Values indicating the relative energies compared to 1a + CH2O
(top). Geometry of the most stable complex (bottom).

Carbonyl substrates can adopt two fundamental coordi-
nation modes on a transition metal complex: end-on coor-
dination (η1) by a lone pair of the oxygen atom or side-on
coordination (η2) through the CO π system.[42] Both modes
have been taken into consideration (Figure 1). The η1 coor-
dination mode (structures 2a–b) of the substrate provides
more stable complexes than the η2 one (structures 2a�–b�).
As anticipated, the trans to PN η1-coordinated formalde-
hyde complex 2b is only slightly more stable than 2a by
0.9 kcal/mol.

The energy differences between the two coordination
modes are due to two main effects of the same importance:
the deformation energy of the organic molecule and the or-
bital interaction. The deformation energy of the organic
molecule is more important in the η2 coordination mode,
destabilising the latter. For energetic reasons, the main or-
bital interaction is between the metal orbital and the CH2O
nonbonding orbital located on the oxygen atom, which is
also in favour of the η1 coordination. Furthermore, as a
test, we considered also acetone coordination on complex 1.
Starting with the molecule coordinated in a η2 coordination
mode invariably ends with a displacement towards the η1

mode. These calculations confirm that the most stable coor-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4338–43484342

dination mode on these complexes is η1. It should be men-
tioned that coordination energies of the acetone on the T-
shape trigonal complexes are similar to those of the model
system (18.2 kcal/mol on complex 1a and 19.4 kcal/mol on
1b as compared to 19.5 and 20.6 kcal/mol for the formalde-
hyde coordination).

Addition of Molecular Hydrogen

The next elementary step of the proposed mechanism is
the hydrogen addition, leading to the formation of a dihy-
dride intermediate. As both complexes 2a and 2b bearing
the η1-coordinated substrate are of equivalent stability, the
oxidative addition of molecular hydrogen has to be consid-
ered on the two complexes. Furthermore, the oxidative ad-
dition of molecular hydrogen to a square-planar complex
may occur on either side of the plane, with the molecular
hydrogen parallel to either the Rh–PO or Rh–PN bond,
which leads to eight different dihydrides with cis configura-
tion.[15,43] Thus, the addition of molecular hydrogen along
eight diastereomeric pathways must be considered in the
modelling. These pathways are designated A, B, C, D, E, F,
G and H (Figure 2). The search for stable rhodium-dihydro-
gen intermediates and the transition states for the addition
of molecular hydrogen were performed along these path-
ways. The energy profiles of the approach of molecular hy-
drogen along the pathways located above and below the
square plane are very similar. In fact, the energy difference
between the two corresponding transition states (TS) is less
than 1.5 kcal/mol. In the TS, the main interaction occurs
between the HOMO of the complex (dz2), which is symmet-
ric with respect to the plane, and the LUMO of the molecu-
lar hydrogen (σ*) and is therefore independent from the ap-
proaching face. Molecular hydrogen complexes of rhodium
are not computed as stable intermediates in the process of
oxidative addition of molecular hydrogen to the square
planar rhodium complex. As a matter of fact, IRC calcula-
tions do not end on such complexes but rather on the disso-
ciated species or on the rhodium-dihydride compounds.
Interestingly, the activation energies which lead to the dis-
placement of either the chloride or the carbonyl from the
square plane are quite different as this motion generates
large electronic barriers due to extensive nuclear reorganis-
ation. Indeed, the out-of-plane displacement of the chloride
is ca. 5 kcal/mol more energy demanding than the out-of-
plane displacement of the carbonyl moiety. Thus, energeti-

Figure 2. Representation of the transition state between 2a and DI-
HYD-D.
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Scheme 6. Reaction and activation energy of the dihydride formation starting from complexes 2a and 2b.

cally lower transition states arise from the electronic prefer-
ence for the chloride to remain in the rhodium-diphosphane
plane (Scheme 6).

The transition states in going from 2a to DIHYD-B and
DIHYD-D and from 2b to DIHYD-E and DIHYD-G are
favoured. This result supports the final formation of only
four isomers under the normal conditions of hydrogenation
(room temperature and 1 atm of H2). The geometries of
these four transition states are similar: the H–H bond is
almost broken while the Rh–O distance is increased to ca.
2.6 Å. The displaced group (OCH2) is almost located in its
position in the final products. In the case of the formation
of DIHYD-D, the geometry of the transition state exhibit a
H–H distance of 1.10 Å with the O–Rh length of 2.65 Å
(∆d = 0.36 Å) (Figure 2). In conclusion, only four dihydride
complexes, which result from a cis addition of molecular
hydrogen, are kinetically accessible minima on the reaction

Table 3. Relative energies of the various intermediates (in kcal/mol).

Initial complex Substrate coordination Molecular hydrogen addition Alkoxide formation Reductive elimination

1a 0.0 2a +0.7 DIHYD-A +1.6
DIHYD-B +1.8 4b +0.3 5b +5.2
DIHYD-C 0.0
DIHYD-D +1.5 4d +0.8

1b +0.2 2b 0.0 DIHYD-E +0.3 4e 0.0 5e 0.0
DIHYD-F +2.0
DIHYD-G +0.1 4g +2.5
DIHYD-H +1.9

1a 2a� +5.7 DIHYD-I +19.2
1b 2b� +4.6 DIHYD-J +20.4

DIHYD-K +19.5
DIHYD-L +18.0
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potential surface and are thus viable intermediates. Forma-
tion of dihydrides from 2 and molecular hydrogen is ap-

Scheme 7. Schematic representation of the dihydride that cannot
be formed in one step, by hydrogen addition on complex 2.
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proximately thermoneutral; reaction enthalpies range from
0.6 to 3.2 kcal/mol.

The complexes possessing either trans hydrides or the
chlorine and carbonyl in apical positions gave structures
much less stable by 18.0 to 20.4 kcal/mol. The transition
states to those improbable species have not been studied
and these intermediates have not been further considered in
the calculations (Scheme 7), as their formation activation
energies will be larger than 20 kcal/mol. The relative ener-
gies of all intermediates are given in Table 3.

Transfer of the First Hydride: Conversion of the Dihydrides
into Alkoxy Hydrides via Migratory Insertion

A variety of alkoxy hydrides can be obtained by mi-
gratory insertion of the C=O bond into the Rh–H bond
of a dihydride. As mentioned above, we did not consider
structures presenting a trans arrangement of the dihydrides
nor the structures presenting the cis arrangement of the di-
hydrides in the plane defined by the Rh and the two P
atoms; not because they could not give insertion products
but because of the improbable participation of such species
in the hydrogenation process. The alkoxy formation starting
from dihydride without the Cl atom in the RhPP plane has
also not been considered as they are much more slowly
formed. In conclusion, only the four dihydride complexes
DIHYD-B, DIHYD-D, DIHYD-E and DIHYD-G have
been taken into consideration for this step (Scheme 8). They
present cis coplanar orientations of the coordinated C=O
and one Rh–H being systematically located in the plane
containing the diphosphane ligand. The activation energies
are reported in Scheme 8 and the relative energies of the
obtained intermediates in Table 3. The transition state cor-
responds to the intramolecular hydride transfer of a H atom
into the C–Rh bond that could be created in the case of a
η2 coordination mode. However, it is not the H atom, which
moves toward the C atom, but the opposite. After the H
addition, the complexes have an empty coordination site
that can be located either in a trans position to the H atom
or in a trans position to one of the phosphorus atoms. The
latter geometries are not stable and evolve without acti-

Scheme 8. Reaction and activation energies for the alkoxy formation.
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vation energies to the one possessing the emty coordination
site trans to the H atom. The geometry of one transition
state is represented in Figure 3.

Figure 3. Transition-state geometry for the conversion of DIHYD-
D into 4d.

An IRC calculation was carried out for one of the transi-
tion-state structures. The final points are, on one side, the
18-electron starting complex with the C=O in a η2 coordi-
nation mode, and on the other side, a complex with the
alkoxy species. This calculation suggests that the substrate
changes from a η1 coordination to a η2 coordination just
prior to hydride insertion. The activation energy of this iso-
merisation is only 4.8 kcal/mol, the resulting dihydride be-
ing less stable than the starting one by 3.6 kcal/mol. This
step will become improbable with larger carbonyl sub-
strates. For this reason, we have not decomposed the C–H
bond formation into two steps in the energetic diagram.
This almost elementary step is slightly exothermic (∆E:
–1.4 to –4.7 kcal/mol). The stable intermediates have
square-planar pyramidal structures with the alkoxy frag-
ment located in the square plane. The resulting stable struc-
tures all have a cis arrangement of the remaining H and
alkoxy moieties. The site in the trans position to the H li-
gand is empty.

Conversion of the Alkoxy Hydride into the Hydroxy
Complex: Reductive Elimination

The next step is the reductive elimination starting from
the four intermediates (4b, 4d, 4e, 4g) (Scheme 9). The re-
ductive elimination of the alkoxy hydride provides a square-
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planar structure in which the hydroxy species is coordinated
to the rhodium.

Scheme 9. Reaction and activation energies for the formation of
the alcohol.

This structure is closely related to the starting complexes
bearing the coordinated substrate C=O. Two structures are
obtained with the hydroxy located either trans to the PO

moiety or trans to the PN end. The energies are slightly in
favour of a trans to PN location as in the case of the com-
plexes resulting from the first step, i.e., coordination of the
substrate.

The calculation indicates that the process of reductive
elimination resulting in the reduction of RhIII to RhI

is highly exothermic (from –22.9 to –30.0 kcal/mol)
(Scheme 9). The reaction coordinate is constituted almost
exclusively by the H–Rh–O angle, which decreases from 90°
to 15°. The transition state is reached for a value of that
angle close to 50° (Figure 4). The activation energy is
smaller than 13 kcal/mol for the four reactions path we have
studied.

Figure 4. Representation of the transition state between 4b and 5b.

Because of the similar energies of the C=O-coordinated
structures and the hydroxy coordinated one, it is not unrea-
sonable to consider that the reaction could be inhibited by
an excess of hydroxy compounds which might occur in high
conversions of the hydrogenation reaction or when the con-
centration in the produced hydroxy compound becomes
higher than that of the ketonic substrate. However, as the
partial order of the reaction has not been performed, it is
rather difficult to know if such an inhibition effect is ob-
served experimentally.
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Alcohol-Carbonyl Substrate Substitution

In the catalytic cycle, the last step is a substitution of the
hydroxy compound by the carbonyl substrate. This step is
almost athermic: slightly exothermic from 5b and slightly
endothermic from 5e (Scheme 10) and can take place in one
step (concerted mechanism). In the transition state, the two
Rh–O distances are almost the same [2.60 Å for Rh–O(hyd-
roxy) and 2.54 Å for Rh–O (carbonyl)] (Figure 5). The
activation energy of that step is small (5.6 kcal/mol,
Scheme 10). An alternative mechanism would be the asso-
ciative one. However, the reaction involving the carbonyl
coordination prior to hydroxy rhodium bond cleavage is an
overall endothermic process and the energy loss is similar
to the activation energy of the direct exchange reaction, in-
dicating that the substitution should occur in one step.

Scheme 10. Reaction and activation energies for the ligand ex-
change.

Figure 5. Transition-state geometry for the CH3OH/CH2O ex-
change reaction.

Catalytic Cycle

Figure 6 and Figure 7 present the calculated energy pro-
file for the entire catalytic cycle starting from the two com-
plexes presenting the carbonyl substrate in a trans position
to 2a or 2b. All activation energies are reported on the Fig-
ures. The energy difference between the final state (2 +
methanol) and the initial state (2 + formaldehyde + H2) of
the cycle is the energy of hydrogenation of formaldehyde.
The overall energy profile is smooth. This reaction is highly
exothermic. The migratory insertion step [from 2 to the DI-
HYD-D complexes has the most important activation bar-
rier (12.5 kcal/mol)] and might be considered as the rate-
limiting step. For the two types of complexes, for steric in-
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Figure 6. Calculated reaction profile (kcal/mol) of the entire catalytic cycle for the hydrogenation of C=O starting from 2a (the two last
stationary points are common for the two reaction paths).

Figure 7. Calculated reaction profile (kcal/mol) of the entire catalytic cycle for the hydrogenation of C=O starting from 2b (the two last
stationary points are common for the two reaction paths).

teraction reasons the C–H formation is favoured when the
substrate is located on the same side of the RhPP plane as
the C2 chain. These interactions will play an important role
for prochiral substrates.

Conclusions
In this paper, we have presented the possible pathways of

the mechanism of hydrogenation of C=O bonds catalysed
by neutral rhodium complexes employing the B3LYP den-
sity functional method. This theoretical study is the first
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one carried out on neutral rhodium-based C=O bond hy-
drogenation. Our purpose was to calculate the most prob-
able pathway for the catalytic reaction. Thus, new insight
into our understanding of the reaction is provided here. We
performed geometry optimisation for all isomers of inter-
mediates and transition states. Eight diastereomeric path-
ways have been followed for the cis addition of molecular
hydrogen to [Rh{H2POCH2CH2N(H)PH2}(CI)(H2CO)]
leading to eight distinct isomeric dihydride intermediates.
The postulated intermediates are minima on the potential
surface. Four resulting dihydride complexes have been con-
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sidered as the more accessible intermediates. In addition,
we showed that even if one isomer can be considered as the
most stable within a series, several isomeric structures are
able to be involved in every step of the cycle and have to be
examined in future studies. For formaldehyde hydrogena-
tion, the rate-determining step is difficult to determine on
the basis of the energy diagram. However, the calculation
of one similar energy path for methanal and propanone
indicate that the migratory path of hydride to the carbonyl
moiety is the rate-determining step.[44] The overall energy
profile of the catalytic cycle is smooth and corresponds to
an exothermic process. On the basis of experimental data
and on calculations, the hydrogenation of ketones with the
participation of only neutral catalytic intermediates bearing
a chloride atom during the entire process and without che-
lation of the substrate is thus likely to proceed. This is
strongly supported by the efficiency of such catalysts in the
highly efficient hydrogenation of even simple ketones under
neutral conditions.[29]
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A series of CdSe submicrostructures, including rods, fringy
structures, and fasciculate tubes with high hierarchy, have
been selectively prepared by a facile one-step solution-based
strategy without using any organic surfactants, simply by
changing the feeding quantity of aqueous ammonia (25%
NH3). The growth mechanism based on kinetic control is dis-
cussed for the selective formation of the CdSe submicrostruc-
tures with special morphologies. In the present reaction sys-
tem, ammonia plays a dual role: providing an alkaline me-
dium for the formation of Se2– and acting as a coordinating

Introduction

Recently, the synthesis of higher ordered functional ma-
terials with specific orientation, complex form, and hierar-
chy has been an area of active research.[1] More and more
studies are focused on synthesizing one-dimensional (1D)
nanostructures and their hierarchical assemblies, which are
expected to play an important role in fabricating the next
generation of microelectronic devices because they can
function as both building units and interconnections.[2] The
architectural control of functional materials with well-de-
fined shapes between nanoscale and microscale is a key for
the success of “bottom-up” approaches toward future mi-
crodevice fabrication.[3] In addition, the fabrication of semi-
conducting metal chalcogenides with micro- or nanosize
has attracted intense interest because of the unusual optical
and electrical properties of these compounds and their po-
tential applications in microdevices.[4] CdSe is one of the
most studied subjects because of its extensive applications
in solar cells, luminescent materials, lasing materials, and
biomedical imaging.[5] In the past several years, most of the
studies on the synthesis of CdSe materials were focused on
various 1D nanostructures[6] and tetrapod-branched nano-
crystals.[7] Peng et al. have reported the shape control and
size distributions of colloidal CdSe nanocrystals and pro-
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agent for cadmium cations in either the solution or the solid
phase. The feeding quantity of aqueous ammonia greatly in-
fluences the rate of formation of the Se2– anion, and thus de-
termines the final morphology of CdSe crystals. Compared
with previous methods of preparing CdSe structures, this
concise and novel one-step route has special advantages,
suggesting a new path for convenient synthesis of CdSe ma-
terials with novel morphology.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

posed morphological evolution from 0D to 1D nanocrys-
tals.[8] These studies were mostly focused on the synthesis
of CdSe nanocrystals with diameters below 100 nm. Little
attention was paid to the fabrication of submicro- or mi-
crometer-sized CdSe materials with novel morphology. Re-
cently, Zhang’s group has demonstrated that the shapes of
CdSe crystals with diameters of 150–1000 nm could be ma-
nipulated sequentially from rods to particles to tetrapod
structures by a vapor-solid (VS) process at high tempera-
tures.[9] Yet, the controllable synthesis of CdSe materials in-
cluding 1D, quasi-1D, and 3D microstructures with high
hierarchy through a direct low-temperature, solution-based
route without the use of any organic additives or the aid of
other techniques has been rarely reported.

Because of its easily controlled reaction conditions and
facile manipulation, the solution-based route might provide
an attractive option for large-scale production of micro- or
nanomaterials with special morphology. In as-reported
solution-based approaches for controlled synthesis of CdSe
nanostructures, a curious feature of the systems has been
the ubiquitous use of some organic additives as complexing
agents or capping ligands.[10] For the purpose of property
studies and future applications, it is desirable to develop
convenient strategies to obtain new nanomaterials with de-
sired shapes. Moreover, to meet the needs of designed syn-
thesis of micro- or nanostructures with novel morphology,
it is vital to systematically find experimental conditions un-
der which the desired materials with controlled morphology
are synthesized in large quantities. In this work, a series of
CdSe submicrostructures, including rods, fringy structures,
and fasciculate tubes, have been selectively prepared by a
facile one-step solution-based strategy without using any
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organic surfactants, by simply changing the feeding quan-
tity of aqueous ammonia (25% NH3). Concerning the use
of ammonia in the synthetic architecture, a dual role can be
identified: providing an alkaline medium for the formation
of Se2– anions and acting as a coordinating agent for cad-
mium cations in either solution or solid phase. This syn-
thetic method provides a simple, environmentally friendly,
and reproducible route for the controllable synthesis of
CdSe materials.

Results and Discussion

Morphologies of the Products

The morphologies of the products obtained in the reac-
tion systems containing different volume ratios of aqueous
ammonia (25% NH3) and distilled water were examined by
a field-emission scanning electron microscope (FESEM).
The FESEM images are shown in Figure 1. As shown in
Figure 1 (a), the product obtained by feeding 20 mL aque-
ous ammonia (25% NH3) was mainly composed of submi-
crorods with diameters around 500 nm and lengths ranging
from 5 µm to 10 µm. When the volume of aqueous ammo-
nia fed into the system was increased to 30 mL, fringy
structures with high hierarchy assembled by nanorods was
formed with about 85% morphological yield (Figure 1, b).
A magnified SEM image in Figure 1 (c) clearly shows that
the fringy assembly is formed by many smaller nanorods
with diameters of 150 nm growing on a trunk. When aque-
ous ammonia (25%) was used as the only solvent, the ob-
tained product was a large scale of 3D radial assemblies
with an average diameter of about 5 µm, as depicted by the
panoramic image (Figure 1, d). Interestingly, these 3D ra-
dial assemblies, different from those formed by aggregated
nanorods that were reported previously,[11] are formed by
fasciculate submicrotubes with diameters of 0.5–1 µm, and
the open ends of some submicrotubes can be observed in
Figure 1 (d). Parts e and f of Figure 1 show the magnified

Figure 1. Typical FESEM images of three as-prepared CdSe samples with special morphologies by feeding different amounts of aqueous
ammonia (25% NH3): (a) submicrorods, 20 mL aqueous ammonia; (b–c) fringy structures, 30 mL aqueous ammonia; (d–f) fasciculate
submicrotubes, 40 mL aqueous ammonia.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4349–43544350

FESEM images of the assemblies with two representative
shapes in the sample. The 3D assembly in Figure 1 (e) is
composed of several thick tubes with diameters around
900 nm and wall thickness about 160 nm, which clearly
manifests the tubular structure. The other assembly in Fig-
ure 1 (f) consists of more tubes with smaller diameters of
500 nm, in which these submicrotubes have cracked ends
(arrowheads A) and rough interior walls (arrowhead B).

Phase and Composition of the Products

The structure and bulk phase of the products were deter-
mined by XRD analysis. Figure 2 shows the XRD patterns
of as-obtained samples of submicron rods, fringy structures,
and fasciculate tubes. All diffraction peaks in these XRD
patterns can be well indexed to those of the pure phase of
wurtzite CdSe (space group P63mc, JCPDS card No.2–330).
No peaks due to impurities were detected, indicating the
high purity of the product. The intense and sharp diffrac-
tion peaks suggest that the obtained products are well crys-
tallized. In addition, it is notable that the intensity of {100}
and {101} diffraction peaks is degressive and that of the

Figure 2. XRD patterns of three as-prepared CdSe samples: (a)
submicrorods, (b) fringy structures, and (c) fasciculate submicro-
tubes.
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Figure 3. XPS spectra of the as-prepared CdSe fasciculate submicrotubes: (a) survey spectrum, (b) Se 3d, (c) Cd 3d, and (d) Cd MNN.
The XPS spectra of other CdSe samples are similar.

{002} diffraction peak strengthens gradually from pattern
a to pattern c, which results from the different arrangement
of the rods in these CdSe submicrostructures. Thus, the
XRD pattern can be indicative of the anisotropic shapes of
the three CdSe samples.

In order to obtain the information about the electronic
structure of the external ions and the relative composition
of the product, three as-prepared CdSe samples with special
morphologies were characterized by the XPS technique.
Figure 3 shows the XPS spectra of CdSe fasciculate submi-
crotubes, in which the binding energies were corrected for
specimen charging by referencing C 1s to 284.60 eV. The
binding energies of Se 3d and Cd 3d were found to be 52.9
and 405.7 eV, respectively. The signals at 10.4 and 381.6 eV
can be attributed to the binding energy of Cd 4d and the
kinetic energy of Cd MNN. The Auger parameter, defined
as the sum of the binding energy of the Cd 3d 5/2 level and
the kinetic energy of Cd MNN, is approximately 786 eV,
which is consistent with that of the CdSe material.[12]

Formation Process and Possible Mechanism of CdSe
Submicrostructures

To better clarify the nucleation and anisotropic growth
of these CdSe submicrocrystals, the morphology and micro-
structure of their intermediates were further studied by
using transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). As
shown in Figure 4 (a), the 1-h reaction starting with 20 mL
aqueous ammonia engendered very short CdSe rods with
different diameters. After 5 h, well-shaped CdSe rods (Fig-
ure 4, b) had been formed. The electron diffraction (ED)

Eur. J. Inorg. Chem. 2006, 4349–4354 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4351

(Figure 4, b1) and HRTEM image (Figure 4, b2) of a single
CdSe rod in Figure 4 (b) indicate that the nanorod has a
single-crystalline structure and grows along the �0001� di-
rection. When 30 mL aqueous ammonia was fed into the
system, the 1-h reaction gave primary CdSe fringy struc-
tures with fewer branches (Figure 4, c). After 5 h, the CdSe
fringy structures (Figure 4, d) were almost achieved and re-
sembled their corresponding final products. Figure 4d1 and
Figure 4d2 show the ED pattern and HRTEM image taken
from a branch (marked with a white rectangle) of the CdSe
fringy structure in Figure 4 (d). The ED pattern can be in-
dexed as the [100] zone axis of a wurtzite CdSe crystal, and
the lattice spacings of 0.705 nm and 0.372 nm in the
HRTEM image correspond to the (0001) and (011̄0) planes
of hexagonal CdSe, respectively, indicating that the
branches of the CdSe fringy structures grow along the
�0001� direction. The ED pattern and HRTEM image of
the trunk in the CdSe fringy structure are similar to those
from the branch, indicating that the trunk of the CdSe
fringy structures also grow along the �0001� direction. In
addition, time-dependent experiments for the synthesis of
the fasciculate submicrotubes were typically carried out to
investigate the formation of the special tubular shapes.
TEM images of the intermediate products are shown in Fig-
ure 4 (e–f). The 1-h reaction resulted in CdSe aggregations
that consisted of many small whiskers (Figure 4, e). After
5 h, the whiskers grew into nanorods with diameters of
200 nm, and the aggregations became 3D radial architec-
tures assembled by nanorods (Figure 4, f). The ED pattern
(Figure 4, f1) and HRTEM image (Figure 4, f2), taken form
the nanorod marked with a white rectangle in Figure 4 (f),
indicate that the nanorods in CdSe are fasciculate crystal-
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line nanorods that grow along the �0001� direction. The
sample obtained after 12 h consists of larger 3D architec-
tures assembled by nanorods, as revealed by its SEM
images in Figure 5 (a–b). The magnified image of a typical
architecture (Figure 5, b) indicates that the nanorods have
very rough and cracked ends.

Figure 4. TEM images of the intermediate products of three CdSe
submicrostructures: (a) rods obtained after 1 h; (b) rods obtained
after 5 h, (b1,2) ED pattern and HRTEM image taken from the
rod in Figure b; (c) fringy structure obtained after 1 h; (d) fringy
structure obtained after 5 h; (d1,2) ED pattern and HRTEM image
taken from the branch of the fringy structure in Figure d; (e) aggre-
gations obtained after 1 h; (f) fasciculate rods obtained after 5 h,
(f1,2) ED pattern and HRTEM image taken from the rod marked
with a white rectangle in Figure f.

On the basis of the above experimental results, it can
be seen that the most important factor that influences the
morphology of CdSe crystals in the present approach is the
concentration of ammonia in the reaction system. On one
hand, our experimental results have indicated that the feed-
ing quantity of aqueous ammonia (25%) in the reaction
system also determined the composition of the final prod-
uct (Figure S1–S2). Moreover, the presence of residual Se
in the intermediate products (Figure S3) clarifies the forma-
tion process of the CdSe phase in the reaction, which can
be illustrated by the series of reactions in Figure 6 (a): First,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4349–43544352

Figure 5. SEM images of CdSe fasciculate rods obtained after 12 h
with using aqueous ammonia (25%) as the only solvent (40 mL).

SeO3
2–, formed by the dissolution of SeO2 in the solution,

is reduced by NaBH4 to Se. Then, under alkaline condi-
tions, Se dismutates into Se2– and SeO3

2–,[13] and the latter
reacts again as the Se source. Finally, Se2– anions combine
with Cd2+ cations to form the CdSe phase. The formation
of Se2– anions needs proper alkaline conditions, provided
by ammonia in our reaction system. On the other hand, it
is well known that shape control of the crystals can be
achieved by manipulating the growth kinetics.[14] In the
present case, the contributing growth-driving force for CdSe
crystals is primarily the Se2– concentration, which is deter-
mined by the alkalinity of the reaction solution. In our re-
action system, the alkalinity was manipulated by changing
the feeding quantity of aqueous ammonia. The mechanism
of formation of the CdSe submicrostructures with different
morphologies is schematically described in Figure 6 (b).
When the added volume of aqueous ammonia (25%) was
as small as 20 mL, the alkalescence of the reaction solution
was relatively weak, and the rate of formation of Se2–

anions was low, leading to a lower concentration in solu-
tion, which favored the anisotropic nucleation and growth
of CdSe crystals. CdSe building units are inclined to grow
along the �0001� axis because of the intrinsic structure of
CdSe {0001} planes, where Cd2+ cations are rich on the
positive facet (0001) and Se2– anions are rich on the nega-
tive facet (0001̄). Thus, one-dimensional nucleation and
growth of CdSe nanorods along the �0001� axis took
place, and the final CdSe submicrorods were obtained by
feeding 20 mL aqueous ammonia (25%) into the present
reaction system. With an increased volume of the aqueous
ammonia (30 mL), both the alkalinity and the concentra-
tion of Se2– anions in the reaction solution increased, giving
more CdSe building units. Besides the one-dimensional
growth, more nucleation sites around initial CdSe nanorods
provided the growth along the �0001� direction of the new
CdSe nanorods on the trunks. As a result, the fringy CdSe
structures were obtained. When aqueous ammonia (25%)
was used as the only solvent (40 mL), both the alkalinity
and the concentration of Se2– anions in the reaction solu-
tion increased further. The high monomer concentration led
to a fast initial nucleation of CdSe, and many newly formed
CdSe colloids aggregated together. Then, the concentration
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of the monomer became lower as the reaction proceeded.
The nuclei around the initial CdSe aggregations would grow
along the �0001� direction to form 1D nanorods as long
as the chemical environment constantly provides reactants.
3D-fasciculate submicrorods were obtained after 12 h. As
for the CdSe fasciculate submicrotubes obtained in 40 mL
aqueous ammonia (25%) after 24 h, it was deemed that
they were formed by a coordination-assisted dissolution
and recrystallization process.[15] Because Cd2+ cations are
rich on the (0001) facet of the CdSe crystal, ammonia mole-
cules tend to be adsorbed on the (0001) plane and coordi-
nate with Cd2+ cations [CdSe + 4 NH3 � Cd(NH3)4

2+ +
Se2–], leading to the dissolution of solid CdSe. The selective
adsorption of ammonia molecules on the tips [plane (0001)]
of the CdSe rods would result in selective “etching” on the
rods from the tips toward the interior along the �0001�
axis. As observed from Figure 5 (b), the tips of these fascic-
ulate rods are very rough and porous, which may be the
“etching” effect of ammonia molecules. The transformation
from the fasciculate nanorods to the fasciculate submicro-
tubes was achieved by partial dissolution of CdSe rods from
the tips toward the interior along the long axis (�0001�
axis). In addition, the diameters of the final tubes are larger
than those of the rodlike precursors, indicating that
recrystallization accompanied the “etching” process. Thus,
final fasciculate submicrotubes were obtained through such
a coordination-assisted dissolution and recrystallization
process. However, in the rods and the fringy assemblies, ob-
tained with 20 mL and 30 mL aqueous ammonia (25%),
respectively, the CdSe crystals cannot adsorb enough am-
monia molecules on their surfaces because of the low con-
centration of NH3, and no tubular structures are formed in
either system. Therefore, by adjusting the feeding quantity
of aqueous ammonia, the morphology of the CdSe submi-
crostructures can be varied sequentially from 1D rods to
3D-fasciculate tubes.

Figure 6. Schematic illustrations: (a) the formation process of CdSe
phase in present reaction system; (b) the formation mechanism of
CdSe submicrorods, fringy structures, and fasciculate tubes.
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Conclusions

In summary, various morphologies of CdSe, including
rods, fringy structures, and fasciculate tubes in submicro-
scale have been synthesized by a facile one-step, solution-
based strategy without using any organic surfactants. The
morphology of the CdSe submicrocrystals can be varied se-
quentially from rods to fringy structures and then to fascic-
ulate tubes by manipulating the volume ratio of aqueous
ammonia (25% NH3) and distilled water. In the present re-
action system, ammonia acts as a coordinating reagent as
well as providing a suitable alkaline environment for the
transformation from Se to Se2–. The feeding quantity of
aqueous ammonia greatly influenced the rate of formation
of the Se2– anion and thus its concentration in the reaction
solution, which determined the final morphology of CdSe
crystals. The rational mechanism based on kinetic control
was discussed for the selective formation of these CdSe sub-
microcrystals with different morphologies. Compared with
previous methods of preparing CdSe crystals, this concise
one-step route has special advantages, which suggests a new
path for the convenient synthesis of CdSe crystals with
novel morphology.

Experimental Section
Materials and Preparation: All chemicals were of analytical grade
and were used as received without further purification. In a typical
procedure, CdCl2·2.5H2O (ca. 4 mmol), SeO2 (ca. 4 mmol), and
NaBH4 (ca. 10 mmol) were dissolved in the solvent (40 mL) con-
taining different volume ratios of aqueous ammonia (25% NH3)
and distilled water. The mixed solution was then transferred to a
Teflon-lined autoclave with a total capacity of 50 mL. The auto-
clave was sealed and maintained at 180 °C for 24 h, and then cooled
naturally to room temperature. The precipitates were carefully col-
lected and washed with distilled water and absolute ethanol for
several times, and then dried in vacuo at 60 °C for 4 h.

Characterization: XRD patterns of the products were obtained with
a Japan Rigaku DMax-γA rotation anode X-ray diffractometer
equipped with graphite-monochromatized Cu-Kα radiation (λ =
1.54178 Å). SEM images were taken with a field-emission scanning
electron microscope (JEOL JSM-6700F, 15 kV). TEM photographs
were taken with a Hitachi Model H-800 transmission electron
microscope at an accelerating voltage of 200 kV. The HRTEM
images and the corresponding SAED patterns were taken with a
JEOL 2010 high-resolution TEM operating at 200 kV. The X-ray
photoelectron spectra (XPS) were collected with an ESCALab
MKII X-ray photoelectron spectrometer with non-monochro-
matized Mg-Kα X-ray as the excitation source.

Supporting Information (see also the footnote on the first page of
this article): XRD patterns of the products obtained under different
reaction conditions (Figure S1–S3), room-temperature photolumi-
nescence (PL) emission spectra (Figure S4), and room-temperature
Raman spectra (Figure S5).
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The incorporation of a chiral porphyrin into the mesoporous
molecular sieves SBA-15 by reactions of the surface OH
group with an amino group of the porphyrin and its chiral
recognition were studied. The resultant material was ana-
lyzed by a combination of techniques and it was confirmed
that the channels of SBA-15 have been filled with chiral por-
phyrins, leaving the mesopores unaffected. The investigation
of chiral recognition of the porphyrin and the composite SBA-

Introduction

Chiral recognition is an attractive subject in the area of
host-guest chemistry, since it is a fundamental process for
a range of chemical and biological phenomena.[1–3] Several
types of host molecules for chiral recognition studies have
been reported[4–10] because of their biological and chemical
importance. Among them, porphyrins are relatively access-
ible molecules and have been used in recognition studies for
the past two decades.[11–16] However, the use of porphyrins
for chiral recognition has been restricted due to their poor
stability in solution. A useful means to improve the stability
of porphyrins is by encapsulating them into microporous
materials such as zeolites, since molecular encapsulating is
an emerging technology with potential applications in sepa-
ration, chemical sensing, and catalysis.[17] However, for nat-
ural faujasite and synthetic zeolites X and Y the supercage
diameter and the aperture to the cages are only 0.7–1.3 nm,
which is too small for big complexes such as porphyrin sub-
strates and products to diffuse in and out.[18] The discovery
of the mesoporous material SBA-15[19,20] by Zhao and co-
workers in 1998 provided the materials needed to achieve
porphyrin incorporation since the SBA-15 has a regular
hexagonal array of uniform channels with diameters 4.6–

[a] College of Chemistry, Jilin University,
2519 Jiefang Road, Changchun 130021, China

[b] Key Laboratory of Inorganic Synthesis & Preparative Chemis-
try, Jilin University,
Changchun 130023, China

[c] Key Laboratory of Molecular Enzymology and Engineering,
Changchun 130021, China

[d] College of Chemistry and Chemical Engineering, Chongqing
University,
Chongqing 400044, China

Eur. J. Inorg. Chem. 2006, 4355–4361 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4355

15 shows that the incorporated SBA-15 has a clear CD spec-
tral signal of the chiral porphyrin and exhibits different chiral
recognition abilities for small amino acids. The D-alanine is
more tightly bound to the mesoporous composite SBA-15
than its optical antipode.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

30 nm, high internal surface area of about 700–1000 m2 g–1,
and high thermal and hydrothermal stabilities.

Incorporation of metal complexes into mesoporous SBA-
15 for catalytic purposes has been extensively investi-
gated.[21–26] However, studies on the incorporation of chiral
metal complexes into SBA-15 and their chiral recognitions
are limited[27] and there are no reports on incorporation of
chiral porphyrins and their chiral recognitions. It is, there-
fore, important to study this system and to focus on chiral
recognition of the host for small chiral molecules. It has
been proposed that the enantioselectivity of the host for
amino acids could be effectively enhanced by constructing
a specific chiral environment derived from protected amino
acids on the host porphyrin. In this research, we designed
and synthesized a porphyrin that contains an amino acid
on the porphyrin plane (Figure 1) and incorporated the
porphyrin molecule with chiral recognition into the chan-
nels of SBA-15 to give it chiral recognition functions. Meth-
ods reported to date for organic complex fixation include:
(a) impregnation,[28,29] (b) attachment to amine ligands pro-
vided by the modification of a mesoporous material surface
with an organosilane,[29–31] (c) encapsulation during hydro-
thermal synthesis,[32] (d) ion exchange between the organic
complex cation and the template surfactant species in the
non-calcined mesoporous material,[32] and (e) covalent
bonding of the amine-functionalized porphyrin to sites cre-
ated in mesoporous material by doping with Nb.[33] It is
well known that the interior surface of SBA-15 is covered
with OH groups, so reduction of the nitro group on the
porphyrin circumference led to the formation of aminogen
with amino groups linking to OH groups of the SBA-15
through hydrogen bonding. In this paper, we report the re-
sults of our studies on the incorporation of a chiral porphy-
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rin into SBA-15, and chiral recognition of the mesoporous
composite SBA-15/porphyrin using a combination of tech-
niques such as X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), UV/Vis spectroscopy, nitrogen ad-
sorption, and circular dichroism (CD) spectroscopy. At the
same time, the enantioselectivity of the chiral porphyrin for
an amino acid ester in solution was studied for comparison
with the SBA-15/porphyrin.

Figure 1. Chemical structure of the chiral porphyrin (R = Boc).

Results and Discussion

General Features of the Synthesized Material

The X-ray powder diffraction (XRD) patterns of SBA-
15 before (Figure 2, b) and after (Figure 2, a) the incorpora-
tion of the chiral porphyrin are given in Figure 2. The XRD
patterns of pure SBA-15 and SBA-15/porphyrin show
strong (100) peaks, suggesting that framework stability of
the mesoporous material is well maintained when the chiral
porphyrin is incorporated into the channels of SBA-15. It
is to be noted that the relative intensities of (110) and (200)
scattering reflections were dramatically decreased for the
composite consisting of both the porphyrin and SBA-15
when compared to the same bands for pure SBA-15. The
change is interpreted as indicating that the porphyrins are
dispersed in the mesoporous channels. TEM measurements
were used to analyze the structure of the SBA-15. From the
TEM image (Figure 3), it is seen that large ordering do-
mains with highly ordered hexagonal (Figure 3, b) and

Figure 2. XRD patterns of SBA-15 samples with (a) and without
(b) the incorporated chiral porphyrin.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4355–43614356

strutlike arrays (Figure 3, a) exist. The SBA-15 after incor-
poration of chiral porphyrin is shown in Figure 4. When
comparing this to Figure 3, it is clear that the hexagonal
structure of SBA-15 is preserved after the chiral porphyrin
incorporation. However, the TEM images of Figure 4 (part
b [110], and part a [100]) show that the hexagonal channels
of SBA-15/porphyrin become shaggier. The observed differ-
ence can probably be attributed to incorporation of the chi-
ral porphyrin into the channels of SBA-15.

Figure 3. TEM images of SBA-15 along the (a) [100] and (b) [110]
directions.

Figure 4. TEM images of SBA-15 with incorporated chiral porphy-
rin along the (a) [100] and (b) [110] directions.

UV/Vis diffuse reflectance spectrum of the chiral porphy-
rin, SBA-15/porphyrin, and pure SBA-15 are given in Fig-
ure 5. The pure SBA-15 has no characteristic absorption
bands over the entire spectral region (Figure 5, a). The chi-
ral porphyrin itself has the Soret bands (438 nm) and four
Q-bands (526, 573, 662, 729 nm) (Figure 5, c). The SBA-
15/porphyrin has absorption bands at 425 (Soret band),
518, 560, and 698 nm (Figure 5, b). Compared with the
pure complex, the Soret band of the chiral porphyrin in
SBA-15 is shifted toward shorter wavelengths. This can be
attributed to interactions of the porphyrin with the interior
surface hydroxyl groups of SBA-15. It has been shown that
oxide supports have strong perturbations on the absorption
maxima and molar absorption coefficients.[34] A compari-
son of the characteristic absorption bands of the chiral por-
phyrin incorporated SBA-15 with that of the chiral porphy-
rin confirms the incorporation of the chiral porphyrin into
the SBA-15 channels. When the chiral porphyrin was incor-
porated, interactions of the ligands of the porphyrin with
their local chemical environment changed the symmetry of
the porphyrin. Because of these interactions, the polarity of
the surroundings of the porphyrin is increased, as evidenced
by the shifts of the absorption bands toward higher energy
(shorter wavelength) in the UV/Vis spectra given above.
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Figure 5. UV/Vis absorption spectra of SBA-15 before (a) and after
(b) the incorporation of chiral porphyrin, and also the chiral por-
phyrin on its own (c).

In order to understand better the texture of the mesopo-
rous composite SBA-15/porphyrin, the nitrogen isothermal
adsorption technique was employed. Nitrogen adsorption/
desorption isotherms for SBA-15 and SBA-15/porphyrin
are shown in Figure 6. When porphyrins were incorporated
into SBA-15, the sharpness of the inflection was signifi-
cantly reduced at the P/P0 range from 0.45 to 0.9, and the
inflections were shifted slightly toward lower P/P0 ranges.
The inflection point of the relative pressure is related to a
diameter in the mesopore range, and the sharpness of these
steps indicates the uniformity of the mesopore size distribu-
tion.[35,36] Compared to pure SBA-15, the mesoporous com-
posite SBA-15/porphyrin showed a reduction of sharpness,
indicating less uniformity of the mesopore size distribution.
Table 1 summarizes the results of N2 adsorption analyses.
After incorporation of chiral porphyrin into SBA-15, the
SBET, Vt, and DBJH values for SBA-15/porphyrin were
427 m2 g–1, 0.66 cm3 g–1, and 9.0 nm, respectively, and
540 m2 g–1, 0.88 cm3 g–1, and 9.8 nm for pure SBA-15,
respectively. Therefore, all parameters of SBA-15/porphyrin
decreased compared with pure SBA-15. This is fully consis-
tent with the results of the XRD, UV/Vis, and TEM studies

Figure 6. A: Nitrogen adsorption isotherms of pure SBA-15 (a) and SBA-15/porphyrin (b). B: Pore size distribution of the samples
calculated from the adsorption branch of the isotherms using the BJH algorithm.

Eur. J. Inorg. Chem. 2006, 4355–4361 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4357

and confirms that the porphyrin was successfully incorpo-
rated into the interior surface of the channels of SBA-15.
There is a slight decrease of the average pore size (DBJH)
from 9.8 to 9.0 nm (Figure 6, B), which indicates that some
of the nanometer-shaggier void space of the host silica is
open, although a portion of the channels may be blocked by
the porphyrin molecules. The space is important for guest
molecules to diffuse into the host silica, and to contact chi-
ral porphyrin molecules for reactions to proceed.

Table 1. Physical and surface properties of selected samples.

Sample SBET
[a] [m2 g–1] Vt [cm3 g–1] DBJH [nm]

SBA-15 540 0.88 9.8
SBA-15/porphyrin 427 0.66 9.0

[a] SBET, BET specific surface area; Vt, total pore volume; DBJH,
pore diameter calculated using the BJH method.

The CD spectra of the chiral porphyrin in solution and
the SBA-15/porphyrin in the solid phase are given in Fig-
ure 7. The SBA-15 incorporating chiral porphyrin gives CD
signals while the pure SBA-15 does not have CD signals.
This also confirms the results that the porphyrin has been

Figure 7. Circular dichroism spectra of the chiral porphyrin (solid
line) (1×10–6 ) in chloroform and the SBA-15/porphyrin (dash
dot line) (solid state) at 298 K.
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successfully incorporated into the channels of SBA-15. The
great change in peak shape of the chiral porphyrin upon
incorporation also demonstrates that incorporation has in-
deed occurred. Difference in peak shape is likely attribut-
able to the influence of the channel of mesoporous material
by interactions of porphyrins with OH groups of the SBA-
15.

Chiral Recognition

To investigate comparatively the chiral recognition of the
chiral porphyrin and mesoporous composite SBA-15/por-
phyrin for chiral amino acids, visible spectroscopy and cir-
cular dichroism spectra were employed to study the
enantioselectivity of  and  amino acids.

Figure 8 shows circular dichroism spectra of porphyrin 1
before and after linking -BocAla. The porphyrin 1 has no
spectral signal, but porphyrin 3 has a strong CD spectral
signal with a split Cotton effect around its Soret band when
chiral amino acid is linked with porphyrin 1 by covalent
bonding. The interaction between the excited states of chro-
mophores in unsymmetrical environments gives circular di-
chroism curves with split Cotton effects.[37] There is strong
exciton-coupled action between the porphyrin ring and the
acylamide group. Porphyrin 3 exhibits complex curves
around its Soret band (Figure 8, b). According to the Tin-
oco law,[38] the coupling between the electric and magnetic
transition moments of the acylamide group and the electric
transition moments of porphyrin chromophores leads to
the observed Cotton effects.[13,39]

Figure 8. Circular dichroism spectra of porphyrin 1 (a) and chiral
porphyrin 3 (b) (1×10–6 ).

Absorption spectra of chiral porphyrins binding with
amino acid esters of varying concentrations are shown in
Figure 9 and Figure 10, which suggest a stepwise binding
of the chiral porphyrin with - and -alanine methyl ester
(AlaOCH3), respectively. The absorption spectral change in
the Soret region shows an increase in intensity of the ab-
sorption band at 465 nm with a decrease of the absorption
at 425 nm, displaying an isosbestic point at 440 nm, which
indicates 1:1 complexation between the host and guest
molecules. The association constant K is given by Equa-
tion (1).
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where A0 is the absorbance of the porphyrin 3 solution at
425 nm, A is the absorbance in the presence of a guest at
concentration CL, and a is a constant. The quantity 1/(A0 –
A) has a linear relation to 1/CL; the association constant,

K, can be obtained from the ratio of the intercept to the
slope. The results of the association constant of - and -
AlaOCH3, are KD = 9526 and KL = 3834, respectively,
which are much larger than that of ZnTPP.[40,41] This is be-
cause the electronic effect is more significant than the steric
repulsion between the side chain of the amino acid ester
and the branch group of the porphyrin. The association
constant of -AlaOCH3 is larger than that of its optical
antipode. The structure of the -enantiomer of the guest
molecules can be better aligned with the chiral porphyrin.
The steric repulsion between the larger groups in the por-
phyrin and the -enantiomer is unfavorable for “close bind-
ing” of the host and guest. Accordingly, the association of
the porphyrin with the -guest becomes weaker and the as-
sociation constant smaller than that with the -guest.

Figure 9. UV/Vis titration of the chiral porphyrin with -AlaOCH3

in chloroform at 298 K: [3] = 2×10–6 ; [-AlaOCH3] = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4×10–4 .

Figure 10. UV/Vis titration of chiral porphyrin with -AlaOCH3

in chloroform at 298 K: [3] = 1×10–6 ; [-AlaOCH3] = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, and 1.4×10–4 .

The chiral porphyrin has a higher enantioselectivity in
organic solutions, however, the tedious preparation, high
cost, and weak stability of the porphyrin, and also the weak
solubility of some amino acids in organic solutions obstruct
the application of porphyrins in chiral recognition for
amino acids. A good approach to circumvent this problem
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is to incorporate porphyrins into SBA-15, facilitating the
host-guest separation. To investigate the enantioselectivity
of the mesoporous material SBA-15/porphyrin for chiral
amino acids, a 10–3  solution of -alanine and -alanine
in distilled water was prepared. This solution (10 mL) of -
alanine and -alanine was mixed with SBA-15 (5.6 mg) af-
ter incorporation of chiral porphyrin 3. While the mixture
was stirred in a round-bottomed flask at room temperature,
the solution was monitored by the CD technique. The
changes in the CD spectra with time are shown in Figure 11
and Figure 12. Figure 11 gives the CD spectra of -alanine
with a positive response. As time passes, the response inten-
sity of the solution of -alanine decreases. The intensity at
30 min is half the intensity at 0 min. This indicates that -
alanine is absorbed into the channel and onto the surface
of the mesoporous material.

Figure 11. CD spectra of -alanine at different times after being
stirred with SBA-15/porphyrin. Inset shows the CD decrease
(∆CD) vs. time (min).

Figure 12. CD spectra of -alanine solution at different times after
being stirred with SBA-15/porphyrin. Inset shows the CD decrease
(∆CD) vs. time (min).

Comparing this with Figure 12, the CD spectra of -ala-
nine exhibit a negative response and a mirror image of -
alanine. The signal intensity of -alanine also decreases
with time. However, the difference is obvious compared
with -alanine in that the intensity at 30 min is very weak,
nearly one ninth of that at 0 min (Figure 12). Also for the
same 30 min, the changes of concentration of alanines in
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their liquid phase are evidently different (inset of Figure 11
and Figure 12). The linear regression parameter for -ala-
nine is 0.19, and –0.47 for -alanine. All these results indi-
cated that -alanine couples more strongly with the meso-
porous material, which is consistent with the results of the
porphyrin with the amino acid ester. When the porphyrin
was not incorporated into the SBA-15, the changes in the
CD spectra of the alanines were the same. The observed
difference is attributed to incorporation of the chiral por-
phyrin. The branch groups of the chiral porphyrin provide
a chiral cavity for the guest molecules (small amino acids).

Conclusions

A combination of techniques such as XRD, TEM, UV/
Vis, nitrogen adsorption, and CD spectroscopy was em-
ployed to confirm that we have successfully incorporated
chiral porphyrins into the interior surface of the channels
of mesoporous molecular sieves SBA-15. The SBA-15 has
a clear CD spectra signal after the incorporation and shows
different chiral recognition abilities for small amino acids
such as - and -alanine. The above experiments demon-
strate that the -alanine is more tightly bound to the host
than its optical antipode, which is consistent with the re-
sults of porphyrins in organic solutions. The investigation
provides an available model for the application of chiral re-
cognition.

Experimental Section
Materials and Physical Measurements: All reagents and solvents
were of commercial reagent grade and used without further purifi-
cation. Boc-alanine(BocAla) was purchased from Aldrich. The
SBA-15 was synthesized according to ref.[19]

The powder diffraction of the solid materials was examined by
using a Rigaku D/MAX X-ray powder diffractometer with a Cu-Kα

X-ray source (λ = 0.154 18 nm). Transmission electron microscopic
(TEM) images were performed with a JEOL JEM2011 electron
microscope operating at 200 kV. UV/Vis spectra of solutions were
collected with a Perkin–Elmer Lambda 2 spectrometer. Diffuse re-
flectance UV/Vis spectra of solids were recorded with a Perkin–
Elmer Lambda 9 spectrometer. Circular dichroism (CD) spectra
were performed with a JASCO-715 spectropolarimeter equipped
with a thermostat cell compartment. Nitrogen adsorption measure-
ments at 77 K were performed with a NOVA 2000e volumetric ad-
sorption analyzer, samples were outgassed for 6 h in the degas port
of the adsorption apparatus.

Synthesis of the Chiral Porphyrin: The synthesis procedure for the
chiral porphyrin is illustrated in Scheme 1.The synthesis was based
on the following procedures: The unsymmetrically phenyl-substi-
tuted porphyrin 1 was synthesized according to an adaptation of
the general Rothemund method for synthesis of meso-tetraphen-
ylporphyrins.[42] o-Hydroxybenzaldehyde (4.9 g, 1 equiv.) and p-ni-
trobenzaldehyde (6.1 g, 3 equiv.) were added to refluxing propionic
acid (300 mL). Once the aldehydes had completely dissolved,
freshly distilled pyrrole (6 mL, 4 equiv.) was added within 20 min
and refluxed for 1 h. The reaction mixture was then cooled and
allowed to stand overnight. After diluting with distilled water
(500 mL) and adjusting the pH to 6–7 with aqueous sodium hy-
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Scheme 1. Synthesis of the tailed chiral amino acid porphyrin chloroform at 298 K.

droxide (6 mol L–1), filtration and hot water washing was per-
formed five times. The obtained powder mixture, which was black-
purple in color, was then dried in a vacuum oven at 80 °C over-
night. The dried powder was extracted with chloroform until the
extracts became colorless. After distilling off the solvents under a
reduced pressure with a rotary evaporator, a black-purple crude
product was obtained. The crude product was separated using silica
gel column chromatography eluted first with dichloromethane fol-
lowed by elution with a chloroform solution. The second elution
was collected and the solvents evaporated to dryness, and the prod-
uct was chromatographed a second time by column chromatog-
raphy and then TLC. Porphyrin 1 was obtained at the end and
dried in a vacuum oven at 80 °C overnight.

C44H27N7O7 (765.20): calcd. C 69.02, H 3.55, N 12.80; found C
68.85, H 3.50, N 12.63. Visible spectrum (CHCl3): λ = 650, 590,
550, 515, 425 nm. IR (KBr): ν̃ = 3442 (–OH), 3317 (pyrrole N–
H) 2921 (C–H), 2850, (–CH2–), 1515, 1346 (–NO2) cm–1. MALDI-
TOF-MS: m/z = 765.5 [M + 1]+.

BocAla (30 mg) was dissolved in thionyl chloride (50 mL). This
solution was stirred at reflux for 12 h. Thionyl chloride was then
removed by distillation under reduced pressure. The crude product
was redissolved in benzene (60 mL) and triethylamine (5 mL). A
solution of porphyrin 1 (50 mg) in benzene (10 mL) was added.
The reaction was stirred for 10 h at reflux. The mixture separated
into benzene and water. The organic layer was evaporated under
reduced pressure. Flash column chromatography (silica gel, dichlo-
romethane/ethanol, 3:1) afforded 14.1 mg (23%) of pure porphyrin
2.

C52H40N8O10 (936.29): calcd. C 66.66, H 4.30, N 11.96; found C
66.57, H 4.23, N 12.01. Visible spectrum (CHCl3): λ = 650, 590,
550, 515, 425 nm. IR (KBr): ν̃ = 3375 (CON–H), 3317 (pyrrole N–
H), 2923 (–CH3), 2852 (–CH2–), 1699 (C=O) cm–1. MALDI-TOF-
MS: m/z = 937.2 [M + 1]+.

Porphyrin 2 (24 mg) was dissolved in concentrated hydrochloric
acid (36%, 20 mL) at room temperature, in a beaker, followed by
addition of excess SnCl2·2H2O (100 mg). The resulting green mix-
ture was quickly heated to 65–70 °C for 25 min, then cautiously
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neutralized with concentrated aqueous ammonia. Chloroform
(20 mL) was added to the hot suspension and the mixture was
stirred for 1 h. The chloroform layer was separated, the aqueous
layer extracted several times with chloroform, and all chloroform
extracts were combined and filtered. The chloroform solution was
reduced in volume (10 mL) on a rotary evaporator, washed first
with dilute aqueous ammonia then twice with water, dried with
anhydrous sodium sulfate, and evaporated under reduced pressure.
Flash column chromatography (silica gel, chloroform, the second
elution) afforded 21.7 mg (89%) of pure porphyrin 3.

C52H46N8O4 (846.36): calcd. C 73.74, H 5.47, N 13.23; found C
73.58, H 5.39, N 13.34. Visible spectrum (CHCl3): λ = 650, 590,
550, 515, 425 nm. IR (KBr): ν̃ = 3429 (N–H), 3359 (CON–H), 3216
(pyrrole N–H), 2921 (–CH3), 2850 (–CH2–), 1700 (C=O) cm–1.
MALDI-TOF-MS: m/z = 847.4 [M + 1]+.

Incorporation of Chiral Porphyrin into SBA-15: SBA-15 (100 mg)
was mixed with porphyrin 3 (10 mg) in a round-bottomed flask
(20 mL), and then chloroform (10 mL) was added and stirred for
48 h at room temperature. The solid was filtered and washed with
chloroform until no absorption of porphyrin in the UV/Vis spec-
trum was seen from the solution. The solid was dried at room tem-
perature. The original white powders of SBA-15 turned jade-green
after adding the chiral porphyrin, which indicated inclusion of the
porphyrins into the SBA-15 frameworks.

For quantitative determination of the porphyrin incorporated into
the SBA-15, a mesoporous composite SBA-15/porphyrin sample
(14 mg) was dissolved in aqueous sodium hydroxide solution (8 )
to destroy the framework. Thus the porphyrin in the mesoporous
composite was released. The porphyrin was extracted with chloro-
form (10 mL), and the solution was diluted to 1/5 its concentration
with chloroform. The OD value of the porphyrin at 425 nm is
0.3141. A reference solution was made with chiral porphyrin
(0.5 mg) dissolved in chloroform (100 mL) and its OD value at
425 nm was measured to be 0.5022. By comparing this with the
reference, the amount of porphyrin encapsulated in SBA-15 was
determined to be 11.2 mgg–1 using Beer’s law. Because there is no
C element in pure SBA-15, the C elemental analysis of the mesopo-



Chiral Recognition of Mesoporous SBA-15 with an Incorporated Chiral Porphyrin FULL PAPER
rous composite was employed to obtain 0.83%. The amount of
porphyrin was estimated to be 11.4 mgg–1, which agrees with that
obtained by Beer’s law.
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The reactions of low-valent cobalt complexes CoMe(PMe3)4,
CoCl(PMe3)3 and Co(PMe3)4 with salicylaldimines are de-
scribed to give tetrahedral complexes 7–12, an octahedral
complex 13 and a π-coordinated imine complex 15. The crys-

Introduction
At present, there is increasing interest in N-containing

chelate ligands forming metallacyclic compounds.[1–6] Large
numbers of complexes of transition metals with Schiff
bases, which are used as agents in organic synthesis, cata-
lysts and anticancer or antitoxin drugs, have been synthe-
sized and studied in many laboratories.[7–12] Recent progress
has been made in the study of Schiff base–Co(II) complexes
as dioxygen carriers. These reports have considerable signi-
ficance in chemical and biochemical processes.[13–15]

Chelate-assisted oxidative addition is a reaction of poten-
tial utility for the selective activation of organic functional
groups.[16–18] 2-Phosphanylacyl ligands or 2-phosphanyl-
phenol groups containing weakly acidic protons react with
metal halides to afford metal hydrides with the oxidative
addition of an O–H or C–H bond at the metal centre.[19]

According to Equation (1), acylcobalt(III) hydrides are ob-
tained by the reaction of halogenotris(trimethylphosphane)-
cobalt(I) complexes with 2-diphenylphosphanylbenzal-
dehyde.[20] There is increasing interest in this process, since
it is generally accepted that acyl hydride intermediates are
involved in certain metal-catalyzed carbonylation[21] and
decarbonylation processes.[22]

Recently, we have introduced the salicylaldimine ligands,
which are isoelectronic to 2-diphenylphosphanylbenzal-
dehyde. We now report the reactions of electron-rich, low-
valent cobalt complexes CoMe(PMe3)4, CoCl(PMe3)3 and
Co(PMe3)4 with salicylaldimines, which have afforded tetra-
hedral bis(chelate) cobalt(II) imine complexes (7–12), an oc-
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tal structures of 13 and 15 are reported. The formation and
likely mechanisms are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(1)

tahedral tris(chelate) cobalt(III) imine complex 13 as well
as a π-coordinate imine complex 15, which includes tri-
methylphosphane as a supporting ligand. The neighbouring
N-donor of the salicylaldimine ligand plays an active part
in the formation of these complexes . The molecular struc-
tures of 13 and 15 were determined by X-ray diffraction.
Possible formation routes are proposed.

Results and Discussion

1. Reactions of CoMe(PMe3)4 with Salicylaldimines

The reaction between CoMe(PMe3)4 and salicylaldimi-
nes 1–4 liberated methane and utilized both the phenolato
and N-donor functions to form the paramagnetic cobalt(II)
complexes 7–10, which include two salicylaldiminato[N:O]
chelating ligands. The reaction occurs by a disproportiona-
tion route, with the concomitant production of tetrakis(tri-
methylphosphane)cobalt(0) (Scheme 1, route a). Analogous
reactions, e.g., leading to a five-membered metallacycle
(route b), did not occur, and the corresponding imino-
acyl(hydrido)cobalt(III) species was not detected among the
products.

In the infrared spectra of complexes 7–10, the character-
istic ν(C=N) bands are found between 1600 and 1634 cm–1.
Complex 10 has pseudo-tetrahedral geometry; the crystal
structure of this complex was reported in our previous
work.[23]
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Scheme 1.

An oxidative addition of salicylaldimine iminoacyl C–H
bonds did not occur upon reaction with methyltetrakis(tri-
methylphosphane)cobalt(I) (Scheme 1, route b). It appears
that the preferred coordination of the N-donor prevents the
attack of cobalt at the C–H bond. This assumption would
also explain the scarcity of iminoacyl metal complexes aris-
ing from C–H activation.[24,25]

2. Reactions of CoCl(PMe3)3 with Salicylaldimines

Chloridotris(trimethylphosphane)cobalt(I) reacts with
salicylaldimines 3–5 to afford the cobalt(II) complexes 9–
11, which include two salicylaldiminato[N:O] ligands, to-
gether with tetrakis(trimethylphosphane)cobalt(0)
(Scheme 2). A cobalt hydride is suggested as a plausible in-
termediate. This unstable species undergoes a reductive eli-
mination reaction liberating hydrogen chloride and giving
rise to a reactive cobalt(I) complex, which disproportion-
ates to afford complexes 9–11 and tetrakis(trimethylphos-
phane)cobalt(0).

3-methoxy-N-methylsalicylaldimine [ligand 6, Equation
(2)] reacts with chloridotris(trimethylphosphane)cobalt(I)
to afford not only the cobalt(II) complex 12 containing sal-
icylaldiminato[N:O] ligands but also the cobalt(III) com-
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plex 13 containing three salicylaldiminato[N:O] ligands
[Equation (2)]. To the best of our knowledge, complex 13 is
the first cobalt(III) complex with three Schiff base anions.

(2)

The 1H NMR spectrum of complex 13 shows a resonance
at δ = 7.72 ppm clearly representing the protons of the
imino groups. Protons of the benzene rings lie in the range
6.39–6.80 ppm. The CH3O protons are found at δ =
3.75 ppm, and the CH3N protons of are located at δ =
3.55 ppm. In the 13C NMR spectrum, resonances at
164.9–166.5 ppm are assigned to the imino carbon atoms.
The CH3O and CH3N carbon atoms are situated at δ = 48.0
and 56.0 ppm, respectively. As only the NMR resonances of
a single aldimine ligand are observed, the spectra suggest
that 13 undergoes a rapid ligand exchange process in CDCl3
solution. It is insoluble in pentane and diethyl ether. Crys-
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Scheme 2.

tals of 13 were obtained from THF and were analysed by
X-ray diffraction. The structure of 13 is shown in Figure 1.

Figure 1. Molecular structure of 13; selected distances [Å] and
angles [°]: Co1–O4 1.883(3), Co1–O6 1.892(3), Co1–O2 1.900(3),
Co1–N3 1.935(4), Co1–N2 1.947(3), Co1–N1 1.948(4), N1–C7
1.277(6), N1–C8 1.457(6), N2–C16 1.260(6), N2–C17 1.469(6), N3–
C25 1.290(7); O4–Co1–O6 172.33(15), O6–Co1–N3 93.80(16), O4–
Co1–N2 92.50(14), O2–Co1–N2 174.11(15), O2–Co1–N1
91.93(15), N3–Co1–N1 176.79(15).

The cobalt atom occupies the central position in an octa-
hedral geometry. Three equivalent salicylaldimine ligands
have Co–O and Co–N bond lengths of Co1–O2 1.900(3),
Co1–O4 1.883(3), Co1–O6 1.892(3), Co1–N1 1.948(4),
Co1–N2 1.947(3), Co1–N3 1.935(4) Å, respectively. Average
Co–O and Co–N bond lengths are 1.892 and 1.943 Å,
respectively. Complex 13 is a chiral molecule with a meridi-
onal configuration. There are two pairs of enantiomers in
every crystal cell.

The formation of the cobalt(II) complex 12 is similar to
that of complexes 9–11 in Scheme 2. A proposed mecha-
nism for the generation of cobalt(III) complex 13 via a co-
balt hydride intermediate is illustrated in Scheme 3. The hy-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4362–43674364

dridocobalt(III) intermediate, initially formed by oxidative
addition of an imino C–H group, reacts with two molecules
of Schiff base to afford the cobalt(III) complex 13 with con-
comitant elimination of hydrogen and hydrogen chloride.

Scheme 3.
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The formation of complexes 12 and 13 is a competitive

process. The stability of the intermediate hydride complex
is advantageous for the formation of complex 13. In
Scheme 2, the steric hindrance of groups R1, R2 and R3 and
the electronegativities of the substituents have an effect on
the stability of the hydride intermediate and therefore on
the relative proportions of complexes 12 and 13. The details
of this dependence are not clear and should be further
studied with a greater selection of ligands.

3. Reactions of Co(PMe3)4 with Salicylaldimines

Reaction of tetrakis(trimethylphosphane)cobalt(0) with
3-tert-butyl-N,5-dimethylsalicylaldimine (ligand 4) should
afford a cobalt(II) hydride complex 14 if oxidative addition
of the phenolic hydoxy group at the cobalt centre prevails
(Scheme 4, route a). However, in the experiment two prod-
ucts were obtained, i.e., the cobalt(II) complex 10 and the
π-imine cobalt(II) complex 15.

Scheme 4.

The proposed mechanism through an intermediate co-
balt(II) hydride complex 14 is illustrated in Scheme 4. The
Co–H bond of the reactive hydrido cobalt(II) complex 14
reacts with a phenolic OH group of a further salicylald-
imine. Meanwhile, the C=N donor of salicylaldimine π-co-
ordinates to the cobalt atom affording 15 with the elimi-
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nation of H2 (Scheme 4, route b). Dissociation of trimeth-
ylphosphane from 15 affords the cobalt(II) complex 10
(Scheme 4, route c). We propose that the presence of a tri-
methylphosphane ligand in complex 15 results from π-imine
coordination at the cobalt centre, which competes with the
usual N-coordination. In the presence of trimethylphos-
phane, the interconversion of complexes 15 and 10 is a re-
versible process.

Yellow crystals of 15 were obtained from pentane at 0 °C.
A view of the molecular structure of crystal 15 is given in
Figure 2. The cobalt atom occupies the central position of
a square plane in a pseudo-square-pyramidal configuration
with P1 in the apical position. Two salicylaldimine ligands
lie in the square plane with out-of-plane distortion of the
π-coordinated C=N bond. The distance between Co1 and
C25 [1.929(5) Å] is shorter than that between Co1 and N2
[1.980(4) Å]. Few reports on π-imine compounds of co-
balt(II) have appeared.[26]

Figure 2. Molecular structure of 15; selected distances [Å] and
angles [°]: Co1–O1 1.918(3), Co1–O2 1.923(3), Co1–C25 1.929(5),
Co1–N2 1.980(4), Co1–N1 1.992(4), Co1–P1 2.1954(13); O1–Co1–
O2 174.93(13), O1–Co1–C25 89.84(16), O2–Co1–C25 85.28(16),
O1–Co1–N2 84.78(15), O2–Co1–N2 90.70(14), C25–Co1–N2
43.15(17), O1–Co1–N1 91.73(14), C25–Co1–N1 156.72(18), N2–
Co1–N1 113.91(16), O1–Co1–P1 94.88(10), O2–Co1–P1 87.76(10),
C25–Co1–P1 105.46(15), N2–Co1–P1 148.55(13), N1–Co1–P1
97.54(12).

Conclusions

Methyltetrakis(trimethylphosphane)cobalt(I) and chlor-
idotris(trimethylphosphane)cobalt(I) react with salicylald-
imines to form cobalt(II) complexes 7–12 which bond to
both the phenolato and N-donor functions of two salicyl-
aldiminato[N:O] ligands. The reaction involves the libera-
tion of methane or hydrochloric acid and subsequent dis-
proportionation to give complexes 7–12 and tetrakis(tri-
methylphosphane)cobalt(0). Steric hindrance and the elec-
tronegativities of substituents in the ligands influence the
ratio of products in the reaction between chloridotris(tri-
methylphosphane)cobalt(I) and salicylaldimines. 3-meth-
oxy-N-methylsalicylaldimine reacts with chloridotris(tri-
methylphosphane)cobalt(I) to afford not only cobalt(II)
complex 12, which includes two salicylaldiminato[N:O] li-
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gands, but also the cobalt(III) complex 13, which includes
three salicylaldiminato[N:O] ligands. Tetrakis(trimethyl-
phosphane)cobalt(0) reacts with salicylaldimine to afford
the π-imine cobalt(II) complex 15 and the cobalt(II) com-
plex 10 through a possible cobalt hydride intermediate.
However, a chelate-assisted oxidative addition of the OC–H
bond, that has been shown to proceed with 2-donor substi-
tuted benzaldehydes in complexes of low-valent cobalt,[27]

could not be observed for the NC–H group of salicylaldimi-
nes under otherwise similar conditions. Such a reaction is
probably suppressed by the greater stability of the N-coor-
dination in comparison to an O-coordination in the six-
membered cobaltacycle.

Experimental Section
General Procedures and Materials: Standard vacuum techniques
were used in manipulations of volatile and air-sensitive materials.
Microanalyses: Elemental analysis (C, H and N) was carried out at
Shandong University by using a Vario ELIII elemental analyzer.
Melting points/decomposition temperatures were determined by
using sealed capillaries, uncorrected values are reported. Literature
methods were used in the preparation of methyltetrakis(trimethyl-
phosphane)cobalt(I), tetrakis(trimethylphosphane)cobalt(0)[28] and
chloridotris(trimethylphosphane)cobalt(I).[29] Salicylaldimines
were obtained by the condensation of salicylaldehyde or substituted
salicylaldehydes with amines. Other chemicals were used as pur-
chased. All solvents were dehydrated and degassed before use. IR
samples were prepared as Nujol mulls and placed between KBr
discs; samples were analyzed with a Bruker spectrophotometer of
type VECTOR 22. 1H NMR spectra were recorded with a Bruker
AV 400 MHz spectrometer. X-ray crystallography was performed
with a Bruker Smart 1000 diffractometer.

Bis(N-methylsalicylaldiminato)cobalt(II) (7): Methyltetrakis(trime-
thylphosphane)cobalt(I) (1.82 g, 4.81 mmol) was dissolved in pen-
tane (50 mL). N-Methylsalicylaldimine (0.65 g, 4.81 mmol) in pen-
tane (10 mL) was then added to this solution. The resulting solu-
tion was stirred at ambient temperature for 17 h. During this period
the solution turned orange, indicating that a reaction had occurred.
The mixture was then filtered. The filtrate afforded red crystals of
complex 7 (0.57 g, 36.5%). M.p. 165.2–170.5 °C. C16H14CoN2O2

(325.23): calcd. C 5.91, H 4.34, N 8.61; found C 5.82, H 4.24, N
8.64. IR (Nujol): 1634 s ν(C=N) cm–1.

Bis(N-tert-butylsalicylaldiminato)cobalt(II) (8): Methyltetrakis(tri-
methylphosphane)cobalt(I) (1.0 g, 2.65 mmol) was dissolved in
pentane (50 mL). N-tert-Butylsalicylaldimine (0.47 g, 2.66 mmol)
dissolved in pentane (10 mL) was then added to this solution. After
being stirred for 18 h at 20 °C, the red-brown mixture was filtered.
The filtrate that was stored at –20 °C afforded red microcrystals
of complex 8 (0.17 g, 41%). M.p. 208.7–212.5 °C. C22H28CoN2O2

(411.40): calcd. C 64.23, H 6.86, N 6.81; found C 64.20, H 6.81, N
6.78. IR (Nujol): 1600 (s) ν(C=N) cm–1.

Bis(N-phenylsalicylaldiminato)cobalt(II) (9): Method a: Methyltet-
rakis(trimethylphosphane)cobalt(I) (0.68 g, 1.80 mmol) was dis-
solved in pentane (50 mL). N-Phenylsalicylaldimine (0.35 g,
1.80 mmol) dissolved in pentane (10 mL) was then added to this
solution. The resulting solution was stirred at ambient temperature
for 18 h. During this period the reaction solution turned coffee
brown. After filtration, the precipitate was recrystallized from di-
ethyl ether at 4 °C to afford red-brown crystals of complex 9
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(0.25 g, 31%). Method b: N-Phenylsalicylaldimine (1.17 g,
5.94 mmol) in diethyl ether (10 mL) was combined with chlorido-
tris(trimethylphosphane)cobalt(I) (1.92 g, 5.95 mmol) in diethyl
ether (50 mL) at room temperature. The mixture was stirred for
18 h, during which time a brown-yellow solution formed. The solu-
tion was filtered. The filtrate at –27 °C gave red crystals of complex
9 (0.23 g, 17.2%). M.p. 152–155.4 °C. C26H20CoN2O2 (451.38):
calcd. C 69.1, H 4.47, N 6.21; found C 69.08, H 4.52, N 6.31. IR
(Nujol): 1604 ν(C=N), 1582 ν(C=C) cm–1.

Bis(3-tert-butyl-N,5-dimethylsalicylaldiminato)cobalt(II) (10):
Method a: See ref.[23] Method b: A solution of 3-tert-butyl-N,5-di-
methylsalicylaldimine (0.67 g, 3.27 mmol) in diethyl ether (10 mL)
was added to a stirred solution of chloridotris(trimethylphos-
phane)cobalt(I) (1.05 g, 3.26 mmol) in diethyl ether (50 mL) at
–80 °C. After being warmed up, the mixture was stirred for 18 h
at 20 °C. The turbid yellow-brown solution was filtered. The solid
residue was then extracted with diethyl ether. The filtrate and ether
extracts were combined and kept at 0 °C to afford red crystals 10
(0.16 g, 21%). Method c: 3-tert-Butyl-N,5-dimethylsalicylaldimine
(0.90 g, 4.39 mmol) in pentane (10 mL) was combined with tetra-
kis(trimethylphosphane)cobalt(0) (0.80 g, 2.20 mmol) in pentane
(50 mL) at –80 °C. After being warmed up, the mixture was kept
stirring for 18 h at 20 °C, during which time a brown-yellow solu-
tion formed. The solution was filtered, and the filtrate afforded red
crystals of complex 10 (0.20 g, 39%) and yellow crystals of complex
15 (0.27 g, 45%) at 4 °C, respectively, which were separated man-
ually. Crystals of 10: dec.�159 °C. C26H36CoN2O2 (467.5): calcd.
C 56.6, H 9.44, N 3.15; found C 56.5, H 9.49, N 3.24. IR (Nujol):
1615 ν(C=N), 1538 ν(C=C) cm–1.

Bis(3-methoxy-N-phenylsalicylaldiminato)cobalt(II) (11): 3-meth-
oxy-N-phenylsalicylaldimine (1.30 g, 5.73 mmol) in diethyl ether
(10 mL) was combined with chloridotris(trimethylphosphane)co-
balt(I) (0.62 g, 1.92 mmol) in diethyl ether (50 mL) at room tem-
perature. The mixture was stirred for 18 h, during which time a
brown-yellow solution formed. The solution was filtered, and the
solid residue was recrystallized from THF at –27 °C affording red
crystals of complex 11 (0.13 g, 27%). M.p. � 250 °C (dec.).
C28H24CoN2O4 (511.43): calcd. C 65.76, H 4.73, N 5.48; found C
65.59, H 4.78, N 5.36. IR (Nujol): 1604 ν(C=N), 1582 ν(C=C)
cm–1.

Bis(3-methoxy-N-methylsalicylaldiminato)cobalt(II) (12) and Tris(3-
methoxy-N-methylsalicylaldiminato)cobalt(III) (13): A solution of
3-methoxy-N-methylsalicylaldimine (1.25 g, 7.58 mmol) in diethyl
ether (10 mL) was added to a stirred solution of chloridotris(trime-
thylphosphane)cobalt(I) (0.80 g, 2.48 mmol) in diethyl ether
(50 mL) at room temperature. After stirring for 18 h, a brown-yel-
low turbid solution was obtained. The suspension was filtered, and
the filtrate was stored at –27 °C to give red crystals of complex 12
(0.06 g, 19%). The solid residue was recrystallized from THF at
–27 °C to afford dark green crystals of 13 (0.10 g, 20%). Crystals
of 12: m.p. �250 °C. C18H20CoN2O4 (387.29): calcd. C 55.82, H
5.20, N 7.23; found C 55.66, H 5.27, N 7.20. IR (Nujol): ν̃ = 1616
ν(C=N); 1599, 1543 ν(C=C) cm–1. Crystals of 13: m.p.
dec.�140 °C. C29H34CoN3O6.5 (587.52): calcd. C 59.32, H 5.83, N
7.15; found C 59.34, H 5.79, N 7.22. IR (Nujol): ν̃ = 1633 ν(C=N);
1597, 1546 ν(C=C) cm–1. 1H NMR (300 MHz, CDCl3, 298 K): δ =
3.55 (s, 3 H, NCH3), 3.75 (s, 3 H, OCH3), 6.39, 6.64, 6.80 (3 H,
CH), 7.72 (s, 1 H, N=CH) ppm. 13C NMR (100 MHz, CDCl3,
298 K): δ = 47.715, 48.381 (s, NCH3), 56.354, 56.678 (s, OCH3),
112.7, 115.4, 116.4, 116.9, 123.3, 124.9, 125.4, 125.5 (s, CH), 153.3,
153.8, 155.5 (s, C–O), 164.9, 166.5 (s, C=N) ppm.
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[η2(N,C)-(3-tert-Butyl-N,5-dimethylsalicylaldiminato)](3-tert-butyl-
N,5-dimethylsalicylaldiminato)(trimethylphosphane)cobalt(II) (15):
3-tert-Butyl-N,5-dimethylsalicylaldimine (0.90 g, 4.39 mmol) in
pentane (10 mL) was combined with tetrakis(trimethylphosphane)
cobalt(0) (0.80 g, 2.20 mmol) in pentane (50 mL) at –80 °C. After
being warmed up, the mixture was stirred for 18 h, during which
time a turbid brown-yellow solution formed. The suspension was
filtered, and the filtrate was stored at 4 °C to give red crystals of
complex 8 (0.20 g, 38.8%) and yellow crystals of complex 15
(0.27 g, 45.0%), respectively, which were separated manually. Crys-
tals of 15: m.p. 225.7–228.5 °C (dec.). C29H45CoN2O2P (543.57):
calcd. C 64.08, H 8.34, N 5.15; found C 64.02, H 8.30, N 5.21. IR
(Nujol): 1624 (C=N), 1540 (C=C) cm–1.

X-ray Diffraction: Crystals of complexes 13 and 15 suitable for X-
ray diffraction analysis were grown from THF and pentane at 6 °C.
The molecular structures are shown in Figure 1 and Figure 2,
respectively, and related crystallographic data are included in
Table 1. The structures were solved by direct methods and refined
with full-matrix least-squares on all F2 (SHELXL-97) with non-
hydrogen atoms anisotropically.

Table 1. Crystallographic data of complexes 13 and 15.

13 15

Formula C29H34CoN3O6.5 C29H45CoN2O2P
Mr [g/mol] 587.52 543.57
Colour dark green yellow
Crystal system orthorhombic monoclinic
Space group Pna2(1) P2(1)/c
a [Å] 13.7090(16) 8.6517(10)
b [Å] 11.2224(13) 48.670(6)
c [Å] 19.773(2) 7.7008(9)
β [°] 90 107.281(2)
V [Å3] 3042.0(6) 3096.3(6)
Z 4 4
ρcalcd. [g cm–3] 1.283 1.168
µ [mm–1] 0.609 0.631
Scan range [°] 2.06 � θ � 0.84 � θ �

26.21 25.00
–17 � h � 15 –8 � h � 10
–11 � k � 13 –57 � k � 57
–24 � l � 23 –9 � l � 8

Reflections collected 16088 15559
Rint 0.0369 0.0421
Independent reflections 6025 5456
Data/restraints/parameters 6025/6/385 5456/54/335
Goodness-of-fit on F2 1.090 1.178
Final R indices [I�2σ(I)] R1 = 0.0512 R1 = 0.0668

wR2 = 0.1359 wR2 = 0.1291
R indices (all data) R1 = 0.0765 R1 = 0.0874

wR2 = 0.1544 wR2 = 0.1373

CCDC-607934 and CCDC-607935 for 13 and 15 contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The ternary imide of MgCa(NH)2 has been successfully syn-
thesized for the first time by the mechanochemical reaction
of Mg(NH2)2 and CaH2 at a molar ratio of 1:1. It was found
that ca. four H atoms were desorbed per Mg(NH2)2-CaH2 af-
ter 72 h of ball milling leaving a solid residue with the chemi-
cal composition of MgCa(NH)2. The solid residue exhibits an
imide N–H stretching vibration at 3151 cm–1 and a cubic
CaNH-like structure. In addition, X-ray Absorption Fine

Introduction

Significant progress in metal nitride research has been
made in the past few decades.[1–6] Binary nitrides of the
Group 1 and 2 elements, such as Li3N, Be3N2, Mg3N2, and
Sr3N2 have been extensively studied[2–3] and used as solar
control coatings for windows,[6] reagents for solid-state me-
tathesis reaction,[7–9] and hydrogen storage materials.[10–12]

More recently, ternary and multinary nitrides have also
been synthesized and investigated due to the unusual crystal
and coordination chemistry.[3–6] Unlike nitrides, however,
less work has been performed on metal imides. Some basic
structural and electronic properties of binary imides such
as Li2NH, Na2NH, CaNH, and BaNH are still unknown
or controversial.[13–16] As for ternary imides, limited re-
search was done on Li2Mg(NH)2 and Li2Ca(NH)2 only in
the past two years, motivated by their remarkable hydrogen
storage performances.[17–18] Theoretically, the chemical na-
ture of the –NH group enables it to bond with elements
from Groups 1–13. A variety of novel ternary or multinary
metal imides with unique physical and chemical properties
are expected if suitable synthetic routes can be established.
Our recent studies showed that a solid-state reaction be-
tween metal amides and hydrides could result in the forma-
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Structure examination at the Ca K-edge indicates that six N
atoms occupy the first coordination shell of the Ca center in
an anticipated octahedral geometry, and Ca(Mg) atoms oc-
cupy the second coordination shell. The distances of Ca–N
and Ca–Ca(Mg) in the newly formed MgCa(NH)2 structure
calculated by ESDs are 2.46 and 3.47 Å, respectively.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tion of ternary imides. For example, Li2Mg(NH)2 was syn-
thesized successfully by reacting LiNH2 with MgH2 (molar
ratio 2:1) at around 250 °C.[17] The chemical driving force of
the above-mentioned solid-state reaction lies in the strong
interaction between Hδ+ in amide and Hδ– in hydride. How-
ever, the thermal instability of the starting amides may lead
to self-decomposition at elevated temperatures, which will
inevitably result in synthesis failure especially for reactions
with slow kinetics. As thermal decomposition of the start-
ing amides is a highly endothermic process, the synthesis of
ternary imides may be favored at lower temperature if the
overall interaction is mildly endothermic or exothermic.
The mechanochemical route, which can perturb surface-
bonded species by pressure and enable uniform occurrence
of solid-state reaction with poor kinetics at relatively low
temperatures,[19–20] could be advantageously used in such
synthesis. In this paper, a novel ternary alkaline earth imide,
MgCa(NH)2, has been synthesized for the first time by a
mechanochemical reaction. FTIR, XRD, and XAFS char-
acterizations were performed to determine the structure of
this newly developed imide.

Results and Discussion

A gaseous product gradually evolved from the mixture
of Mg(NH2)2 and CaH2 (1:1) during the mechanical ball
milling treatment, and was identified to be pure hydrogen
by a mass spectrometer (Hiden, HPR20). The correspond-
ing amount of hydrogen released from the starting chemi-
cals was calculated by measuring the pressure of hydrogen
and the volume of the ball mill vessel. As shown in Fig-
ure 1, the amount of hydrogen desorbed increases with ball
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milling time. After 12 h ball milling, 11 psi of hydrogen,
which is equivalent to ca. 0.5 H atoms per mixture of
Mg(NH2)2–CaH2, was desorbed. After 72 h ball milling, ca.
3.8 H atoms were found to be detached from the mixture.
Taking into consideration the purities of the starting chemi-
cals, the number of H atoms released is close to four, being
equivalent to the hydrogen storage capacity of ca. 4.0 wt.-%,
which is higher than that of most of the traditional metal
hydrides, such as LaNi5H6 (1.4 wt.-%), FeTiH1.9 (1.8 wt.-%),
and Mg2NiH4 (3.6 wt.-%). Moreover, EDS analysis reveals
that the Mg/Ca atomic ratio in the solid product is 1.03:1,
no other metal contamination, such as Fe, was introduced
from the stainless steel ball mill jar and balls during the
mechanochemical reaction of ball milling.

Figure 1. Dependence of the amounts of hydrogen desorption on
the ball milling time.

It is well known that CaH2 hardly decomposes to hydro-
gen at temperatures lower than 600 °C.[21] Mg(NH2)2, on
the other hand, decomposes to NH3 and MgNH at tem-
peratures above 200 °C following the reaction (1).[22–23]

(1)

Therefore, hydrogen desorption during the mechanical
ball milling should come from the chemical reaction be-
tween Mg(NH2)2 and CaH2 in the present study. Since ca.
four H atoms detached from the mixture and no other ele-
ment was consumed during ball milling, the overall chemi-
cal process can be expressed by the following reaction (2).

Mg(NH2)2 + CaH2 � [MgCa(NH)2] + 2H2 (2)

The chemical composition of the solid residue indicates
that it may be a new ternary imide of Ca and Mg.
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It is known that hydrogen atoms in Mg(NH2)2 are posi-
tively charged, while in CaH2 they are negatively charged.
The abnormally high enthalpy of the following reaction (3).

H+ + H– � H2 (∆H = –17.37 eV) (3)

is probably the driving force leading reaction (2) to take
place under the mechanical ball milling condition.[17] Sim-
ilar reactions were also observed in other systems such as
LiNH2–LiH, Mg(NH2)2–2LiH, and LiNH2–CaH2 etc.
However, it is worth mentioning that it took 72 h for the
completion of the reaction under the severe ball milling
condition. So the kinetics of the reaction should be very
slow. Such slow kinetics will inevitably bring problems to
the conventional high temperature synthesis if the starting
chemical [like Mg(NH2)2] or product (the newly developed
imide) easily decomposes at elevated temperatures. There-
fore, the mechanochemical method developed in the paper
could be one of the viable routes for the synthesis of those
thermally unstable ternary or multinary imides.

Figure 2 shows the FTIR spectra of the starting chemi-
cals and the solid residues collected at different ball milling
times. It can be seen that the N–H symmetric and asymmet-
ric stretching vibrations of Mg(NH2)2 appear at 3272 and
3326 cm–1, respectively. Ca–H vibration in CaH2 is out of
the wavenumber range of 3600–2500 cm–1. After 12 h ball
milling, in addition to the two absorption peaks of
Mg(NH2)2, a broad absorbance at 3151 cm–1 was observed,
which is located in the N–H vibration range of imide.[13–16]

After 72 h ball milling, the characteristic N–H vibrations of
Mg(NH2)2 were almost undetectable. The broad imide-like
N–H vibration at 3151 cm–1 was enhanced. This result re-
veals that Mg(NH2)2 was gradually consumed and an
imide-like compound was gradually formed during the ball
milling treatment. More importantly, the N–H stretching
vibration of the newly developed product of MgCa(NH)2

differs considerably from that of MgNH and CaNH as
shown in Figure 2, indicating it is possibly a new ternary
imide of Ca and Mg rather than a mixture of MgNH and
CaNH.

Figure 2. FTIR spectra of the starting chemicals and the Mg–Ca–
N–H solid residues after ball milling.
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Consumption of CaH2 with ball milling was also mani-

fested by the XRD measurements. As shown in Figure 3,
the XRD pattern of the post-12 h milled solid residue is
mainly composed of the diffraction peaks of orthorhombic
CaH2 (refer to the PDF-2 of the JCPDS-ICDD). As
Mg(NH2)2 is easily deformed into an amorphous phase un-
der the energetic ball milling condition,[22] no distinct dif-
fraction peak can be seen. After 72 h ball milling, a new
and single phase structure with main diffraction peaks at
30.5, 35.2, and 50.7° was formed (see Figure 3). Matched
with the PDF-2 database of the JCPDS-ICDD, the above
newly developed solid product possesses a cubic CaNH-like
structure. However, compared with CaNH, the diffraction
peaks of this product shift to higher angles, revealing a re-
duction in the unit cell volume. The diffraction pattern is
also different from that of MgNH. No other structure as-
signable to Mg–N or Ca–N can be detected. Combined
with the FTIR analyses, it is deducible that this newly de-
veloped solid product should be a ternary imide of Ca and
Mg, i.e., MgCa(NH)2. Further supportive evidences were
obtained from the Temperature-Programmed-Decomposi-
tion (TPD) measurements on the MgCa(NH)2, and the
mixture of CaNH and MgNH, respectively. Distinct ther-
mal decomposition features were detected. As shown in
Figure 4, the solid product decomposes at a peak tempera-
ture of 590 °C but the decomposition of the mixture of
MgNH and CaNH (1:1) presents two peaks at 650 and
720 °C, respectively.

Figure 3. XRD patterns of the starting materials and the Mg–Ca–
N–H samples after ball milling.

As can be seen in Figure 3, however, the newly developed
imide exhibits rather broad diffraction peaks revealing poor
crystallinity in the sample, which is the consequence of the
long mechanical ball milling treatment. Because of the poor
crystallinity, local structural information could not be con-
vincingly derived from XRD data. The thermal instability
of the imide [MgCa(NH)2 decomposes to NH3 at tempera-
tures above 350 °C] defeated our attempt on sample anneal-
ing. In order to obtain more structural information on the
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Figure 4. TPD behavior of MgCa(NH)2 and the mixture of MgNH
and CaNH.

novel ternary imide, XAFS measurements were conducted.
Data of Ca K-edge of CaO, CaNH, Ca(NH2)2, and
MgCa(NH)2 were collected and analyzed.

Figure 5 shows the XANES spectra of CaO, CaNH,
Ca(NH2)2, and MgCa(NH)2 samples at Ca K-edge, respec-
tively. Obviously all samples exhibit similar spectral fea-
tures, revealing that they possess the octahedral geometry
local structure.[24] Four features can be identified and lab-
eled as A, B, C, and D in Figure 5. Peak A at 4.039 keV can
be assigned to the characteristic electron transition from 1s
to 3d.[25] This quadruple transition is usually very weak.
However, it is enhanced by the deviation from local centro-
symmetry with respect to the central atom (Ca). Compared
with CaO, peak A is more obvious in MgCa(NH)2, indicat-
ing that the Ca–N octahedrons are somehow distorted. As
Mg is more likely to partially replace Ca positions in the
second neighboring shell of Ca, the mismatch of atomic
radii may result in the distortion of the Ca–N octahedrons.
The peak B at 4.042–4.044 keV and peak C at 4.050 keV
are ascribed to the dipolar 1s�4p transition.[26] Peak B is
usually sharp for perfect octahedral sites as shown in
CaO.[27] The asymmetry of peak C could be due to the non-
equivalent px, py, and pz orbitals of Ca bonded to neigh-
boring nitrogen atoms. Peak C for MgCa(NH)2 shows a
shift towards higher energy from 4.049 to 4.050 keV, an in-
dication of a reduced distance between Ca and N compared
with that of CaNH. Peak D at 4.058–4.062 keV is related
to a middle range ordering as previously demonstrated.[27]

Comparatively the ternary MgCa(NH)2 has less middle
range ordering, which may be due to its poor crystallinity.

EXAFS looks only at the radial structures of coordina-
tion shells around the absorbing atoms. N or O atoms sit
in the first coordination shell surrounding the Ca center,
and Ca or Mg atoms occupy the second coordination shell.
Figure 6 (a) shows Fourier transformed spectra of the vari-
ous Ca-containing samples. The first peak is assigned to the
distance between Ca and the atoms in the first coordination
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Figure 5. XANES transmission spectra at Ca K-edge of the CaO,
CaNH, Ca(NH2)2, and MgCa(NH)2 samples.

shell, i.e., Ca–N or Ca–O; the second peak is attributed to
the distance between Ca and the atoms in the second coor-
dination shell, i.e., Ca–Ca and/or Ca–Mg. It should be
noted that EXFAS cannot distinguish the positions of Ca
and Mg in the second coordination shell of the Ca center.
Ca and Mg are more likely to evenly occupy the octahedral
center of N in the lattice to minimize energy. Two to three
peaks can be identified arising from higher order shells. Fig-
ure 6 (b) shows the experimental data and fitting result of
MgCa(NH)2, which shows good agreement in the range of
1 to 4 Å. Similar fitting was also performed on CaNH and
Ca(NH2)2, and the results are summarized in Table 1. It is
noted that the coordination number (N) of Ca in the first
coordination shell is close to 6 for all samples, indicating
that octahedral geometry is retained in the first coordina-
tion shell, in good agreement with the XRD results. How-
ever, the coordination numbers of the second coordination
shell are obviously lower than the actual values due to the
disorder effects at high coordination shells. Meanwhile, it
should be noted that the value of Ca(NH2)2 (4.4) is lower
than that of MgCa(NH)2 (8), which can be attributed to
the vacancies of Ca in the second coordination shell due to
the lower ratio of the metal atom and N atom (1:2) in the
Ca(NH2)2 structure compared to that in the MgCa(NH)2

structure (1:1).[13] The Ca–N and Ca–Ca distances of
CaNH are calculated to be 2.49 and 3.53 Å, respectively,
which match well with the values (Ca–N: 2.50 Å, Ca–Ca:
3.54 Å) obtained from the known crystallographic data. On
the other hand, the Ca–N and Ca–Ca(Mg) distances of
MgCa(NH)2 are calculated to be 2.46 and 3.47 Å, respec-
tively, which are the shortest among the three Ca–N-based
structures in the present study. This contraction of atomic
distances is in good agreement with the reduction of lattice
parameters detected by XRD, which is probably due to the
smaller ionic radius of Mg (0.72 Å) compared to Ca
(1.0 Å).

Eur. J. Inorg. Chem. 2006, 4368–4373 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4371

Figure 6. Fourier transformations of the EXAFS spectra of the
various Ca-containing samples. (a) Experimental data; (b) fitting
results.

Table 1. Structural parameters of CaNH, Ca(NH2)2, and
MgCa(NH)2 obtained from XAFS.[a,b]

Sample Shell Coordination R [Å] N σ2 [Å2] Residual [%]

CaNH 1 Ca–N 2.49 6.0 0.0173 9.2
2 Ca–Ca 3.53 6.4 0.0132

Ca(NH2)2 1 Ca–N 2.51 6.7 0.0130 16.0
2 Ca–Ca 3.67 4.4 0.0078

MgCa(NH)2 1 Ca–N 2.46 5.9 0.0118 10.6
2 Ca–Ca(Mg) 3.47 8.0 0.0174

[a] Error bars for R are 0.01 Å, for N and σ2, 10%. [b] Data fitting
does not include the effects of the H atoms and the oxide contami-
nation.

According to the above discussions, it can be seen that
the newly formed ternary imide of MgCa(NH)2 possesses a
CaNH-like cubic structure. The half substitution of Ca by
Mg does not substantially change the lattice configuration
of CaNH, but the lattice has shrunk considerably compared
with CaNH, because of the smaller ionic radius of Mg. Fig-
ure 7 illustrates a structural model of MgCa(NH)2, in which
Ca(Mg) occupies the 4a site (0,0,0) and N occupies the 4b
site (1/2,1/2,1/2) of space group Fm-3m, and the N atoms
sit in the octahedral holes made of Ca(Mg). However, it is
difficult to determine the position of H in the ternary imide
by means of XRD and XAFS. There are a number of in-
vestigations on the position of H in binary imides, such as
CaNH and BaNH.[16,28] As Jacobs et al. pointed out the
NH group in CaNH is dynamically disordered at room tem-
perature, and the maximum possibility for the location of
hydrogen is the eightfold split position along �111� direc-
tions in Ca-octahedra.[16,28] In other words, there are eight
possible positions for the H atoms in the structure of
CaNH, and every H atom points to the relevant face of
the octahedron of Ca. According to the XRD and XAFS
analyses, the crystal structure of the newly formed
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MgCa(NH)2 resembles that of CaNH. Therefore, it is sug-
gested that the situation of the H atoms in MgCa(NH)2 is
similar to that in CaNH as shown in Figure 7.

Figure 7. Structural model of MgCa(NH)2.

Conclusions

In this paper, a novel ternary alkaline earth imide has
been synthesized by the mechanochemical reaction of
Mg(NH2)2 and CaH2 with a molar ratio of 1:1. The newly
formed ternary imide of MgCa(NH)2 has a CaNH-like cu-
bic structure. Mg atoms partially substitute Ca atoms in the
lattice resulting in a distorted local centro-symmetry and
poor near and middle range ordering. The Ca–N and Ca–
Ca(Mg) distances of MgCa(NH)2 were calculated by ESDs
to be 2.46 and 3.47 Å, respectively.

Experimental Section
All samples were handled in a glovebox (MBRAUN) filled with
purified argon (H2O: �1 ppm, O2: �1 ppm). The starting chemi-
cals for the mechanochemical reaction were Mg(NH2)2 and CaH2.
Mg(NH2)2 was synthesized by reacting pre-milled metallic Mg
(99%, Riedel-De Haen) with NH3 (99.98%, BOC GASES) at
300 °C, and its purity was estimated by XRD analyses and mea-
sured by thermogravimetric methods, i.e., by measuring the weight
loss of a Mg(NH2)2 sample during the thermal decomposition.
Only the diffraction patterns of Mg(NH2)2 can be detected by
XRD examination; and the weight loss was 39.7% as the self-made
Mg(NH2)2 was heated from 25 to 720 °C. The theoretical weight
loss was 40.5% when Mg(NH2)2 was decomposed to Mg3N2 and
NH3. Thus, the purity of the self-made Mg(NH2)2 is about 98%.
CaH2 powder with 95% purity was purchased from Sigma–Ald-
rich. The mechanochemical reactions were performed on a Retsch
PM400 planetary ball mill. In a typical procedure, the starting
chemicals of Mg(NH2)2 (1.4 g) and CaH2 (1.05 g) (molar ratio 1:1)
were mixed and then milled at 200 rpm. The ball milling treatment
was stopped at different intervals (12–72 h) to measure the pressure
changes within the ball mill vessel. After 72 h of mechanochemical
reaction, the sample was collected and weighed. Although some of
the product adhered to the milling balls and the inner surface of
the ball mill vessel, ca. 2.2 g of gray powder was ultimately ob-
tained. The Mg/Ca atomic ratio in the solid product was examined
by EDS with a Philips XL30 Scanning Electron Microscope
(SEM).

The thermal decomposition of the solid product and the mixture
of MgNH and CaNH was carried out with the home-made Tem-
perature-Programmed-Decomposition (TPD) system with an on-
line mass spectrometer (MS) and gas chromatograph (GC) at-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4368–43734372

tached. Argon was used as the carrier gas. About 100 mg of sample
was loaded and tested each time. The temperature was raised grad-
ually from 20 to 820 °C at 2 °C/min.

N–H vibrations of all samples were detected with a Perkin Elmer
FTIR-3000 unit in DRIFT mode. The phase identification was car-
ried out by X-ray diffraction (XRD). A Bruker D8-advance X-ray
diffractometer with Cu-Kα radiation at 40 kV and 40 mA equipped
with an in-situ cell was used. X-ray absorption fine structure
(XAFS) experiments at the Ca K-edge (4.038 keV) were performed
in transmission mode at room temperature at the XDD beamline
in the Singapore Synchrotron Light Source (SSLS).[29] CaO,
CaNH, and Ca(NH2)2 were used as reference samples measured
under the same experimental conditions. CaO with 99.9% purity
was purchased from Sigma–Aldrich; Ca(NH2)2 was synthesized by
reacting metallic Ca (98.5%, Merck) with NH3 at room tempera-
ture.[30] CaNH was obtained by the thermal decomposition of
Ca(NH2)2.[13,31] Each sample was pressed into a pellet by mixing
with LiF powder (99%, Fluka) in a weight ratio of 1:10 under a
pressure of 2.5 tons; the pellets were subsequently coated with solid
wax under an inert atmosphere to protect against air contami-
nation during XAFS measurements. The thickness of the samples
was adjusted to achieve a jump of about 1 in absorption coefficient
at the absorption edge. Ca K-edge XAFS spectra were analyzed
following the standard methods using the WINXAS code.[32] The
extracted χ(k) in the range 2.2–9.2 Å–1 was weighted by k3 and
Fourier transformed into R space using the Bessel window func-
tion. Data fitting was performed in R space without considering
the effects of H atoms by filtering out the first and second coordi-
nation shells. The other possible error may be generated from the
impurities of the reference sample. For all systems, we used the
amplitude reduction factor of S0

2 = 0.73, a theoretical value ex-
tracted from the fit of CaNH by fixing the known crystallographic
data.
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Selective Phosphoramidite Cleavage as a Route to Novel Chiral and Achiral
Pentacoordinated Nickel(II) PNP Pincer Complexes
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Treatment of NiBr2(DME) (DME = 1,2-dimethoxyethane) or
anhydrous NiBr2 with 2 equiv. of PNP pincer ligands featur-
ing phosphoramidites in CH2Cl2 yields the novel neutral
pentacoordinate complexes [Ni(PNP){κ1(P)-R2P=O}Br]. Over
the course of this reaction the P–N bonds of the phosphoram-
idite units of one PNP ligand are selectively cleaved due to
hydrolysis affording an anionic κ1-(P)-coordinated phosphin-

Introduction

Tridentate PNP ligands in which the central pyridine-
based ring donor contains –CH2PR2 substituents in the two
ortho positions are widely utilized ligands in transition
metal chemistry (e.g., Fe, Ru, Rh, Ir, Pd, Pt).[1–10] We have

Scheme 1.
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ite ligand [R2P=O]–, while a second PNP ligand remains in-
tact and is coordinated in a κ3-(P,N,P) fashion. The X-ray
structure of one [Ni(PNP){κ1(P)-PR2=O}Br] complex has been
determined.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

recently designed an alternative and versatile modular ap-
proach for the high-yield synthesis of a new generation of
tridentate PNP pincer-type ligands based on 2,6-diami-
nopyridine and R2PCl. The latter may contain both bulky
and/or electron-rich dialkylphosphanes as well as various

P–O bond containing achiral and chiral phosphite units de-
rived from diols or amino alcohols (Scheme 1).[11] With this
synthetic route it is possible to modify both electronic, ste-
ric, and stereochemical parameters of the PNP ligands in a
simple and straightforward manner avoiding tedious multi-
step syntheses and expensive starting materials.
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Several of these new PNP ligands have recently been suc-

cessfully applied to the synthesis of square-planar NiII,
PdII, and PtII PNP complexes as shown in Scheme 2.[11]

While in the case of palladium and platinum there were no
limitations as to the nature of the PNP ligands, surprisingly
with nickel the synthesis of square-planar PNP complexes
was limited to the alkyl- and aryl-substituted phosphane
ligands 1a–c, which lack P–O bonds. In the particular case
of phosphite ligands hydrolysis of the P–N bond(s) took
place presumably because of the presence of small amounts
of water in the solvents leading to the formation of decom-
position products. It has to be noted that indeed in some
instances PIII–N bonds turned out to be sensitive towards
acid- or base-catalyzed hydrolysis during complexation re-
actions.[12] In this paper we utilize one such decomposition
pathway as a selective high-yield synthetic route to obtain
novel pentacoordinated Ni PNP complexes featuring chiral
and achiral PNP ligands together with κ1-(P)-coordinated
phosphinite ligands R2P=O–.

Scheme 2.

Results and Discussion

Treatment of NiBr2(DME) (DME = 1,2-dimethoxy-
ethane)[13] with 1 equiv. of the PNP ligands 1e, (S,S)-1g,
(R,R)-1h, (S,S)-1i, and (S,R)-1j (see Scheme 1) in CH2Cl2
at room temperature for 16 h afforded the novel neutral
pentacoordinate complexes [Ni(PNP){κ1(P)-PR2=O}Br]
(2e,g–j) (Scheme 3). The isolated yields were typically less
than 50%. There was no evidence for the formation of other
products such as square-planar complexes of the type
[Ni(PNP)Br]Br. The isolated yields of 2e,g–j could be signif-
icantly improved up to 89% when NiBr2(DME) was treated
with �1.5 equiv. of PNP ligand in CH2Cl2 as the solvent
for 16 h. The same reaction took place if anhydrous NiBr2

was treated with 2 equiv. of the respective PNP ligands in
CH2Cl2 in the presence of 1 equiv. of DMSO (or DMF).
The addition of these solvents resulted in immediate dissol-
ution of the otherwise insoluble nickel precursor ac-
companied by a color change of the solution from colorless
to bright orange indicating the formation of 2e,g–j. It has
to be emphasized that DMSO does not participate in the
reaction as an oxygen-transfer agent but merely increases
the solubility of the stated materials. Under these condi-
tions the reaction time could be reduced to 1 h.
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Scheme 3.

All complexes have been characterized by a combination
of elemental analysis and 1H, 13C{1H}, and 31P{1H} NMR
spectroscopy. Most diagnostic is the 31P{1H} NMR spec-
trum exhibiting an A2X pattern with a doublet in the range
of δ = 116–147 ppm, assignable to the intact PNP ligand,
and a triplet in the range of δ = 74–87 ppm, assignable to
the κ1-(P)-coordinated phosphinite ligand R2P=O–. The JPP

coupling constant ranges from 90 to 115 Hz.
In order to unequivocally establish the ligand arrange-

ment around the metal center, the structure of 2i (in the
form of 2i·MeOH) has been determined by X-ray crystal-
lography. A structural view is depicted in Figure 1 with se-
lected bond lengths and angles given in the caption. The
nickel atom exhibits a square-pyramidal coordination with
the Br atom in the apical position. The diphenylphosphinite
ligand is clearly coordinated through the lone-pair at the P
atom rather than through the oxygen lone-pairs. The PNP
ligand is coordinated in the typical meridional κ3-(P,N,P)
fashion. Nickel pentacoordination is rare in organometallic
chemistry and only about 9% of all complexes adopt this
coordination number of which about half belong to the tri-
gonal-bipyramidal and the rest to the square-pyramidal
type (Cambridge Structural Data base, CSD, version 5.27,
release 2006).[14] Only one compound was found in this
database with a square-pyramidal Ni(PNP)(P)Br coordina-
tion, however, with the Br atom in the basal and the N
atom in the apical position.[15] Another example with a co-
ordination related to 2i·MeOH is dibromo{bis[2-(diphenyl-
phosphanyl)ethyl]amine}nickel(II)[16] having a Ni(PNP)Br2

square pyramid with a basal Ni–Br bond of 2.33 Å and an
apical Ni–Br bond of 2.70 Å, whereas in 2i·MeOH the latter
measures 2.54 Å on average for the two independent com-
plexes.

Over the course of this reaction, the P–N bonds of one
PNP ligand were selectively cleaved to afford a complex
with one anionic phosphinite ligand PR2=O– and one intact
κ3-(P,N,P)-coordinated PNP ligand. Only a few examples
of mononuclear complexes with a single PR2=O– ligand are
reported in the literature including [RuCp{=C(CH2Ph)-
NHPh}(PPh2NHPh){κ1(P)-PPh2=O}],[17] [Pt(PPh3)(Ph)-
(NC-9-anthracenyl){κ1(P)-PPh2=O}],[18] and HNEt3-
[W(CO)5{κ1(P)-PPh2=O}].[19] However, in many cases phos-
phinite ligands are found in conjunction with the corre-
sponding phosphinous acids PR2OH to form R2P–O–
H···O=PR2 moieties with very strong and almost symmetric
hydrogen bonds of O···O distances as low as 2.40 Å.[20–22]
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Figure 1. Structural view of [Ni(PNP-HBz){κ1(P)-HBz-P=O}Br] (2i·CH3OH) (second independent Ni complex, C-bonded H atoms and
CH3OH omitted for clarity). Selected bond lengths [Å] and bond angles [°]: Ni(1)–N(1) 1.913(8), Ni(1)–P(1) 2.144(3), Ni(1)–P(2) 2.114(3),
Ni(1)–P(3) 2.132(6), Ni(1)–Br(1) 2.535(4); P(1)–Ni(1)–P(2) 157.6(3), N(1)–Ni(1)–P(3) 163.6(4), Br(1)–Ni(1)–N(1) 97.1(4), Br(1)–Ni(1)–
P(1) 98.7(2), Br(1)–Ni(1)–P(2) 101.8(2), Br(1)–Ni(1)–P(3) 99.2(2).

A proposed and plausible mechanism for the formation
of 2e,g–j supported by 1H and 31P{1H} NMR spectroscopic
studies is depicted in Scheme 4. NMR monitoring of the
reaction of NiBr2(DME) with varying amounts of PNP-
BIPOL (1e) ranging from 0.8 to 4 equiv. in CD2Cl2 revealed
in all cases the formation of an intermediate species that
exhibits a characteristic A2X pattern in the 31P{1H} NMR
spectrum with a doublet centered at δ = 145.7 ppm and a
triplet centered at δ = 122.4 ppm (JPP = 109.8 Hz). This
pattern is consistent with a square-pyramidal five-coordi-
nate species D where, in contrast to the final product 2e,
the phosphinite ligand is coordinated in the apical position
and the Br atom in a basal position. This intermediate
isomerizes at room temperature within 16 h to afford quan-
titatively the final product 2e exhibiting a doublet centered
at δ = 145.8 ppm and a triplet centered at δ = 95.4 ppm (JPP

= 104.2 Hz). Surprisingly, in all cases there was no evidence
for the formation of any additional phosphorus-containing
species as a result of PNP decomposition. In fact, if
NiBr2(DME) was treated with 0.8 equiv. of 1e, complex 2e
was cleanly formed after 16 h but the conversion was not
quantitative and substantial amounts of the unreacted
poorly soluble nickel precursor remained in the NMR tube.
If NiBr2(DME) was treated with 1.5 equiv. of 1e, complete
consumption of both NiBr2(DME) and 1e took place, while
with an excess of 1e (�1.5 equiv.) NiBr2(DME) was com-
pletely converted to afford 2e but unreacted PNP ligand
was still present. In the course of all these experiments a
white precipitate was formed, which was removed by fil-
tration. Upon dissolution in CD3CN this compound was
unequivocally identified as the 2,6-diaminopyridinium salt
G giving rise to signals at δ = 7.46 (t, J = 7.5 Hz, 1 H, H5)
and 5.92 (d, J = 7.5 Hz, 2 H, H3,4) ppm and broad signals
at δ = 13.4 (1 H, pyN-H) and 7.2 (4 H, NH2) ppm, which
is in agreement with an authentic sample[23] of the 2,6-di-
aminopyridinium cation [cf. the three pKa values of 2,6-di-
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aminopyridine are 2.16 and 2.90 (NH2 protonation), and
7.22 (protonation of the pyridine nitrogen atom)].[24]

In line with the observed stoichiometry (2 equiv. of nickel
salt requires 3 equiv. of PNP ligand for quantitative conver-
sion), despite the absence of other detectable intermediates,
the reaction may be initiated by the formation of the cat-
ionic square-planar [Ni(PNP)Br]+ complex A. Nucleophilic
attack of water at one of the two electrophilic phosphorus
atoms of the coordinated PNP ligand leads to P–N bond
cleavage affording B. This compound reacts readily with an-
other PNP ligand to afford D. Thereby the monophosphan-
ylated 2,6-diaminopyridine ligand C is released, which in
turn reacts with NiBr2(DME) to give complex E adopting
either a square-planar or tetrahedral geometry. The latter
reacts again with water to give F. The 2,6-diaminopyridine
ligand is readily replaced by the tridentate PNP ligand to
yield D with concomitant release of 2,6-diaminopyridine in
the form of its pyridinium cation G.

Additional evidence for intermediate B comes from the
fact that a similar square-planar palladium chloride com-
plex, viz. [Pd{κ2(P,N)-NH2-PN-BIPOL}{κ1(P)-BIPOL-
P=O}Cl] (4), was obtained during an attempt to obtain
crystals of [Pd(PNP-BIPOL)Cl]Cl (3) (Scheme 5). Small
amounts of pale-yellow crystals of 4 were repeatedly formed
by slow solvent evaporation of a DMF solution of 3 at
room temperature over a period of 10 d. The molecular
structure of this compound (in the form of 4·DMF) is
shown in Figure 2 with selected bond lengths and angles
reported in the caption. The Pd center adopts a distorted
square-planar geometry defined by two phosphorus atoms,
the central nitrogen atom of the PNP ligand, and a chlorine
atom. The PdNP2Cl coordination deviates significantly
from planarity most likely because of a short intramolecu-
lar contact between C(28)H and Cl (Figure 1). Moreover,
there is a stabilizing short intramolecular hydrogen bond
N(3)–H···Cl with N···Cl = 3.15 Å. It has to be mentioned
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Scheme 4.

that structurally related “one-armed” pincer-type platinum
complexes have been reported recently.[25]

Scheme 5.

Figure 2. Structural view of [Pd{κ2(P,N)-NH2-PN-BIPOL}{κ1(P)-
BIPOL-P=O}Cl]·DMF (4·DMF) (C-bonded H atoms omitted for
clarity). Selected bond lengths [Å] and bond angles [°]: Pd–N(1)
2.171(2), Pd–P(1) 2.1787(5), Pd–P(2) 2.2276(6), Pd–Cl 2.3505(5);
P(1)–Pd–P(2) 91.78(2), Cl–Pd–P(2) 86.76(2), N(1)–Pd–P(2)
173.51(5), Cl–Pd–P(1) 165.39(2).

Finally, it has to be noted that phosphoramidite PNP
ligands are very stable in CH2Cl2 and comparatively stable
also in neat DMSO. In the case of PNP-BIPOL (1e) about
50% decomposition is observed at room temperature after
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16 h leading to the formation of several intractable materi-
als giving rise to signals in the range of δ = 6–20 ppm in the
31P{1H} NMR spectrum [cf. BIPOL-P(OH)=O, a possible
decomposition product, gives rise to a signal at δ =
5.71 ppm].[26]

Experimental Section
General: All manipulations were performed under argon by using
Schlenk techniques. The solvents were purified according to stan-
dard procedures. The starting materials (4S,5S)-2-chloro-4,5-di-
phenyl-1,3,2-dioxaphospholane,[27] (4S,5R)-2-chloro-3,4-dimethyl-
5-phenyl-1,3,2-oxazaphospholidine,[28] PNP-BIPOL (1e), PNP-
TARMe (1g), PNP-TARPr (1h), and [Pd(PNP-BIPOL)Cl]Cl (3) were
prepared according to literature procedures.[11] The deuterated sol-
vents were purchased from Aldrich and dried with molecular sieves
(4 Å). 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded with
a Bruker AVANCE-250 spectrometer and were referenced to SiMe4

and H3PO4 (85%), respectively. 1H and 13C{1H} NMR signal as-
signments were confirmed by 1H-COSY, 135-DEPT, and
HMQC(1H-13C) experiments.

N,N�-Bis[(4S,5S)-4,5-diphenyl-1,3,2-dioxaphospholan-2-yl]-2,6-di-
aminopyridine (PNP-HBz) (1i): (4S,5S)-2-Chloro-4,5-diphenyl-
1,3,2-dioxaphospholane (500 mg, 1.8 mmol) was dissolved in tolu-
ene (5 mL) and added to a mixture of 2,6-diaminopyridine (98 mg,
0.9 mmol) and triethylamine (0.25 mL, 1.8 mmol) dissolved in tolu-
ene (15 mL). The reaction mixture was stirred at 80 °C for 16 h and
insoluble materials were removed by filtration. After removal of the
solvent under reduced pressure, 1i was obtained in an analytically
pure form as a white solid. Yield: 363 mg (68%). C33H29N3O4P2

(593.56): calcd. C 66.78, H 4.92, N 7.08; found C 66.81, H 4.89, N
7.15. 1H NMR (CDCl3, 20 °C): δ = 7.38–7.11 (m, 21 H, Ph and
py4), 6.43 (d, J = 8.0 Hz, 2 H, py3,5), 6.05 (d, J = 8.2 Hz, 2 H,
NH), 5.24–5.15 (m, 2 H, CH), 5.00–4.81 (m, 2 H, CH) ppm.
13C{1H} NMR (CDCl3, 20 °C): δ = 157.6 (py2,6), 140.2 (py4), 136.5
(Ph1), 129.0 (Ph2,6), 128.5 (Ph4), 126.7 (Ph3,5), 100.7 (py3,5), 87.2
(CH) ppm. 31P{1H} NMR (CDCl3, 20 °C): δ = 130.0 ppm.

N,N�-Bis[(4S,5R)-3,4-dimethyl-5-phenyl-1,3,2-oxazaphos-
pholidin-2-yl]-2,6-diaminopyridine (PNP-Ephe) (1j): This ligand was
prepared analogously to 1i with (4S,5R)-2-chloro-3,4-dimethyl-5-
phenyl-1,3,2-oxazaphospholidine (500 mg, 2.2 mmol), 2,6-diami-
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nopyridine (118 mg, 1.1 mmol), and triethylamine (0.30 mL,
2.2 mmol). Yield: 283 mg (52%). C25H31N5O2P2 (495.50): calcd. C
60.60, H 6.31, N 14.13; found C 60.54, H 6.42, N 14.25. 1H NMR
(CDCl3, 20 °C): δ = 7.37–7.15 (m, 13 H, Ph, py3,5 and py4), 5.86
(d, J = 7.8 Hz, 2 H, NH), 4.71–4.60 (m, 2 H, CHPh), 3.77–3.60
(m, 2 H, CHCH3), 2.84–2.63 (m, 6 H, NCH3), 0.84–0.63 (m, 6 H,
CHCH3) ppm. 13C{1H} NMR (CDCl3, 20 °C): δ = 157.0 (py2,6),
140.1 (py4), 139.6 (Ph1), 128.5 (Ph2,6), 126.8 (Ph4), 125.8 (Ph3,5),
99.7 (py3,5), 81.7 (CHPh), 60.2 (CHCH3), 29.1 (NCH3), 14.6
(CHCH3) ppm. 31P{1H} NMR (CDCl3, 20 °C): δ = 119.0 ppm.

[Ni(PNP-BIPOL){κ1(P)-BIPOL-P=O}Br] (2e): NiBr2 (150 mg,
0.46 mmol) was suspended in a solution of 1e (500 mg, 0.93 mmol)
in CH2Cl2 (5 mL). Upon addition of DMSO (33 µL, 0.46 mmol),
the solution turned deep orange. The mixture was stirred at room
temperature for 1 h and the volume of the solution was reduced
under vacuum. The orange product was precipitated with Et2O and
dried under vacuum. Yield: 371 mg (89%). C41H29BrN3NiO7P3

(907.23): calcd. C 54.28, H 3.22, N 4.63; found C 54.24, H 3.16, N
3.35. 1H NMR ([D6]DMSO, 20 °C): δ = 7.33–7.09 (m, 20 H, Ph),
6.93–6.88 (m, 4 H, Ph), 6.70 (t, J = 7.3 Hz, 1 H, py4), 6.36 (d, J =
7.3 Hz, 2 H, py3,5), 5.80 (d, J = 8.0 Hz, 2 H, NH) ppm. 13C{1H}
NMR ([D6]DMSO, 20 °C): δ = 155.1 (Ph), 154.3 (py2,6), 142.2
(py4), 132.3–124.4 (Ph), 100.8 (py3,5) ppm. 31P{1H} NMR ([D6]-
DMSO, 20 °C): δ = 147.7 (d, J = 98.6 Hz, BIPOL-PNP), 86.6 (t,
J = 98.6 Hz, BIPOL-PO) ppm.

[Ni(PNP-TARMe){κ1(P)-TARMe-P=O}Br] (2g): This complex was
prepared analogously to 2e with NiBr2 (205 mg, 0.94 mmol), 1g
(980 mg, 1.87 mmol), and DMSO (68 µL, 0.94 mmol) as the start-
ing materials. Yield: 672 mg (81%). C35H53BrN3NiO19P3 (1051.35):
calcd. C 39.99, H 5.08, N 4.00; found C 40.09, H 5.00, N 4.10. 1H
NMR ([D6]DMSO, 20 °C): δ = 7.44 (t, J = 8.0 Hz, 1 H, py4), 6.40
(d, J = 8.0 Hz, 2 H, py3,5), 5.83 (d, J = 8.3 Hz, 2 H, NH), 5.03–
4.89 (m, 4 H, CH), 4.80–4.61 (m, 2 H, CH), 1.23–1.14 (m, 18 H,
CH3) ppm. 13C{1H} NMR ([D6]DMSO, 20 °C): δ = 170.2 (CO),
166.3 (CO), 159.6 (py2,6), 142.1 (py4), 100.8 (py3,5), 95.1 (CH), 76.7
(CH), 45.9 (CH3), 45.3 (CH3) ppm. 31P{1H} NMR ([D6]DMSO,
20 °C): δ = 146.2 (d, J = 104.2 Hz, TARMe-PNP), 85.3 (t, J =
104.2 Hz, TARMe-P=O) ppm.

[Ni(PNP-TARPr){κ1(P)-TARPr-PO}Br] (2h): This complex was pre-
pared analogously to 2e with NiBr2 (290 mg, 1.33 mmol), 1h (1.6 g,
2.7 mmol), and DMSO (96 µL, 1.33 mmol) as the starting materi-
als. Yield: 979 mg (70%). C23H29BrN3NiO19P3 (883.03): calcd. C
31.28, H 3.31, N 4.76; found C 31.21, H 3.40, N 4.66. 1H NMR
([D6]DMSO, 20 °C): δ = 7.42 (t, J = 7.8 Hz, 1 H, py4), 6.41 (d, J
= 7.8 Hz, 2 H, py3,5), 5.81 (d, J = 8.2 Hz, 2 H, NH), 5.06–4.40 [m,
12 H, CH and CH(CH3)2], 1.23–1.12 (m, 36 H, [CH(CH3)2] ppm.
13C{1H} NMR ([D6]DMSO, 20 °C): δ = 170.2 (CO), 168.3 (CO),
159.8 (py2,6), 145.1 (py4), 100.8 (py3,5), 95.2 (CH), 80.0 (CH), 69.1
[CH(CH3)2], 68.8 [CH(CH3)2], 21.9 [CH(CH3)2], 21.7 [CH(CH3)2]
ppm. 31P{1H} NMR ([D6]DMSO, 20 °C): δ = 146.1 (d, J =
100.8 Hz, TARPr-PNP), 85.5 (t, J = 100.8 Hz, TARPr-P=O) ppm.

[Ni(PNP-HBz){κ1(P)-HBz-P=O}Br] (2i): This complex was pre-
pared analogously to 2e with NiBr2 (54 mg, 0.24 mmol), 1i
(300 mg, 0.49 mmol), and DMSO (18 µL, 0.24 mmol) as the start-
ing materials. Yield: 132 mg (55%). C47H41BrN3NiO7P3 (991.39):
calcd. C 56.94, H 4.17, N 4.24; found C 57.04, H 4.19, N 4.31. 1H
NMR ([D6]DMSO, 20 °C): δ = 7.29–7.00 (m, 33 H, Ph, py4 and
py3,5), 5.70 (d, J = 8.0 Hz, 2 H, NH), 5.24–4.90 (m, 6 H, CH) ppm.
13C{1H} NMR ([D6]DMSO, 20 °C): δ = 152.6 (py2,6), 144.3 (Ph),
142.5 (py4), 130.1–127.3 (Ph), 98.8 (py3,5), 95.1 (CH), 87.0 (CH)
ppm. 31P{1H} NMR ([D6]DMSO, 20 °C): δ = 143.4 (d, J =
107.2 Hz, PNP-HBz), 87.8 (t, J = 107.2 Hz, HBz-P=O) ppm.
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[Ni(PNP-Ephe){κ1(P)-Ephe-P=O}Br] (2j): This complex was pre-
pared analogously to 2e with NiBr2 (175 mg, 0.40 mmol), 1j
(400 mg, 0.80 mmol), and DMSO (29 µL, 0.40 mmol) as the start-
ing materials. Yield: 213 mg (63%). C35H44BrN6NiO4P3 (844.31):
calcd. C 49.79, H 5.25, N 9.95; found C 49.69, H 5.09, N 10.05.
1H NMR ([D6]DMSO, 20 °C): δ = 7.40–7.02 (m, 18 H, Ph, py4 and
py3,5), 5.60 (s, 2 H, NH), 4.90–4.74 (m, 3 H, CHPh), 3.64–3.47 (m,
3 H, CHCH3), 3.22–3.11 (m, 9 H, NCH3), 0.94–0.72 (m, 9 H,
CHCH3) ppm. 13C{1H} NMR ([D6]DMSO, 20 °C): δ = 155.7
(py2,6), 143.9 (py4), 141.3 (Ph), 128.6–126.1 (Ph), 99.7 (py3,5), 84.5
(CHPh), 81.6 (CHPh), 65.2 (CHCH3), 59.2 (CHCH3), 30.9
(NCH3), 28.8 (NCH3), 15.5 (CHCH3), 9.5 (CHCH3) ppm. 31P{1H}
NMR ([D6]DMSO, 20 °C): δ = 116.8 (d, J = 114.1 Hz, PNP-Ephe),
74.5 (t, J = 114.1 Hz, Ephe-P=O) ppm.

X-ray Structure Determination: Crystals of 2i were obtained as
2i·CH3OH from diethyl ether diffusion into a saturated CH3OH
solution of 2i. Crystals of 4 were obtained as 4·DMF by slow con-
centration of a DMF solution. X-ray data were collected with a
Bruker Smart APEX CCD area detector diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) and
0.3° ω-scan frames. Corrections for absorption, λ/2 effects, and
crystal decay were applied.[29] The structures were solved by direct
methods using the program SHELXS97.[30] Structure refinement
on F2 was carried out with the program SHELXL97.[27] Non-hy-
drogen atoms were refined anisotropically (for 2i·MeOH iso-
tropically for C, N, and O atoms). Hydrogen atoms were inserted
in idealized positions and were refined riding with the atoms to
which they are bonded, except for N-bound hydrogen atoms, which
were refined in x,y,z if permitted by data quality. Salient crystallo-
graphic data are: 2i·CH3OH: C48H45BrN3NiO8P3, Mr =
1023.40 gmol–1, orthorhombic, space group P212121, a =
15.043(12), b = 19.159(12), c = 33.21(3) Å, V = 9572(12) Å3, Z
= 8, µ = 1.396 mm–1, T = 173 K. 11282 independent reflections,
reflections were collected up to θmax = 23.1°; final R indices: R1 =
0.131 [5725 reflections with I�2σ(I)], wR1 = 0.365 (all data). All
available crystals were thin and bent blades (�0.03 mm), giving
broad reflection profiles and poor intensities. Therefore, aniso-
tropic displacement parameters were used only for Ni, Br, and P,
and the phenyl rings were refined as idealized rigid groups. Despite
the relatively large R values, the structure is sound and hydrogen
bonding as well as absolute structure [Flack absolute structure pa-
rameter = 0.00(3)] could safely be clarified. The asymmetric unit of
the structure contains two independent Ni complexes and methanol
molecules mutually linked through hydrogen bonds with N–H and
O–H as donors and the Br and phosphinite O atoms as acceptors.
Only one of the two independent Ni complexes is shown in Fig-
ure 1. 4·DMF: C32H29ClN4O6P2Pd, Mr = 769.38 gmol–1, mono-
clinic, space group P21/c, a = 9.4778(4), b = 13.7127(6), c =
24.2252(10) Å, β = 94.642(1)°, V = 3138.1(2) Å3, Z = 4, µ =
0.831 mm–1, T = 173 K. 9147 independent reflections, reflections
were collected up to θmax = 30.0°; final R indices: R1 = 0.0330 [7211
reflections with I�2σ(I)], wR1 = 0.0768 (all data). A view of the
molecular structure with all hydrogen bonds is shown in Figure
2. CCDC-608245 (2i·CH3OH) and -608246 (4·DMF) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The first series of planar dimethyl(selenoether)PtII com-
plexes, [PtMe2L] [L = MeSe(CH2)nSeMe (n = 2 or 3), o-
C6H4(CH2SeMe)2, [8]aneSe2 (1,5-diselenacyclooctane), or
[16]aneSe4 (1,5,9,13-tetraselenacyclohexadecane)], have
been obtained by treatment of [PtMe2(SMe2)2] with L in Et2O
solution and characterised by VT 1H, 13C{1H}, 77Se{1H} and
195Pt{1H} NMR spectroscopy, electrospray MS and microanal-
ysis. The corresponding dimethyl(telluroether)PtII complexes
do not form under similar reaction conditions. The distorted
octahedral [PtMe3I(L)] [L = o-C6H4(CH2SeMe)2, [8]aneSe2,
[16]aneSe4 or MeC(CH2SeMe)3] form as stable complexes in
good yield from reaction of PtMe3I with L in refluxing CHCl3
and have been characterised similarly. These all show biden-
tate selenoether coordination, with fast pyramidal inversion
occurring at room temperature. The distorted octahedral co-

Introduction

The chemistry of the neutral ligands derived from the
heavier group 16 elements, i.e. selenoethers and telluro-
ethers, is of interest because these are less electronegative
than their thioether or ether counterparts, and hence are
better σ-donor ligands to transition-metal ions in medium
oxidation states compared to their O- and S-donor counter-
parts.[1,2] The vast majority of transition-metal species in-
volving the selenoether or telluroether ligands are based
upon transition-metal halide systems, although we have
also shown that homoleptic hexaselenoether or hexatelluro-
ether coordination can be achieved under certain condi-
tions.[3] In contrast, examples of organometallic complexes
(involving ligands other than carbonyls) with selenoether
and telluroether coordination are rare.[4–7] Abel and Orrell
and co-workers have reported some such species based
upon PtMe3X (X = Cl, Br or I) as part of their extensive
investigation of the solution dynamics in complexes with
dichalcogenoether ligands, in order to understand the flux-
ional processes occurring and to establish the invertomer
populations.[8] However, the reaction chemistry of alkyl-
(chalcogenoether)transition-metal species has not been in-
vestigated. The only examples of dimethyl(chalcogenoether)-

[a] School of Chemistry, University of Southampton,
Southampton SO17 1BJ, UK
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ordination environment at PtIV is also confirmed from a crys-
tal structure of [PtMe3I{o-C6H4(CH2SeMe)2}]. Rare examples
of (telluroether)PtIV complexes, [PtMe3I{o-C6H4(CH2-
TeMe)2}] and the dinuclear [Me3Pt(µ2-I)2(µ2-MeTeCH2-
TeMe)PtMe3], have also been prepared and characterised
similarly (and also by 125Te{1H} NMR spectroscopy). The
[8]aneSe2 and [16]aneSe4 species are the first examples of
alkyl PtII or PtIV complexes with (macro)cyclic selenoether
coordination. Halide abstraction (TlPF6) from [PtMe3I(κ2-
[16]aneSe4)] affords [PtMe3(κ3-[16]aneSe4)]PF6; a rare exam-
ple of a cationic PtIV selenoether. The (diselenoether)PtII

complexes undergo oxidative addition of MeI to yield the
corresponding PtIV species [PtMe3I(diselenoether)].
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

PtII complexes are those involving the E(CH2CH=CH2)2

ligands (E = S, Se), in which both the chalcogen atom and
the alkene functions are coordinated to Pt at low tempera-
ture.[9] The preparation of [PtMeBr{MeSe(CH2)2SeMe}]
has also been described.[10]

Here we describe the syntheses and spectroscopic charac-
terisation of a series of methylplatinum(II) and methylplati-
num(IV) complexes involving a selected range of acyclic di-
and triseleno- and telluroether ligands and macrocyclic se-
lenoethers incorporating between two and four chalcogen
atoms and containing a range of linkages between the chal-
cogen atoms. The 1H, 13C{1H}, 77Se{1H}, 125Te{1H} and
195Pt{1H} NMR shifts and coupling constants are dis-
cussed and the crystal structure of [PtMe3I{o-
C6H4(CH2SeMe)2}] described, together with some reaction
chemistry.

Results and Discussion

Platinum(II) Complexes

Initial attempts to prepare the dimethyl(selenoether)PtII

complexes by treatment of [PtMe2(cod)] (cod = 1,5-cyclooc-
tadiene) with the ligand in refluxing CHCl3 failed. The 1H
NMR spectra of the products show that displacement of
the cod is not achieved cleanly, presumably owing to the
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Scheme 1. Synthesis of dimethylPtII complexes (note that only one of the possible stereoisomers is shown in each case).

strong σ-donor properties of the Me ligands which occupy
the coordination sites trans to the cod. However, the (seleno-
ether)PtII species [PtMe2(L-L)] (L-L = MeSe(CH2)nSeMe,
n = 2 or 3, o-C6H4(CH2SeMe)2, [8]aneSe2 or [16]aneSe4)
were successfully prepared (Scheme 1) by initially treating
[PtCl2(Me2S)2] with two mol. equivs. of MeLi in cold Et2O
solution (–78 °C), followed by hydrolysis with water to give
[PtMe2(SMe2)2] in situ. Addition of one mol. equiv. of the
selenoether to this two-phase mixture and stirring at room
temperature gave the products either as solutions in the
Et2O or as yellow solids at the interface. Treatment of [16]-
aneSe4 with two mol. equivs. of the (dimethyl)PtII source
under these conditions also yielded the 1:1 species
[PtMe2([16]aneSe4)], hence the product appears to be inde-
pendent of the ratio used (although this may be a result of
the poor solubility of the 1:1 complex which precipitates
from the solution and may prevent further complexation to
a second PtMe2 unit). The compounds were characterised
thoroughly by spectroscopic methods (IR, electrospray MS
and variable temperature multinuclear NMR spec-
troscopy – see Table 1) and microanalysis. On the basis of
the m/z values and the isotopic distributions observed, the
electrospray MS show the highest mass peaks correspond-
ing to [PtMe(L-L)]+ in each case. Attempts to isolate a pure
complex from reaction of [PtMe2(Me2S)2] with the Me-
SeCH2SeMe under similar conditions were not successful.

Eur. J. Inorg. Chem. 2006, 4380–4390 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4381

The 1H NMR spectra of [PtMe2{MeSe(CH2)nSeMe}] (n
= 2 or 3) are consistent with fast pyramidal inversion occur-
ring in chloroform solution at room temperature. Cooling
to 223 K reveals sharp resonances associated with both the
meso and  forms of the complexes being present in un-
equal amounts, resulting in two sets of PtMe, SeMe and
SeCH2 resonances. Similar behaviour is seen by both
13C{1H} and 77Se{1H} NMR spectroscopy (Table 1). When
recorded at 223 K, the 77Se NMR spectra show two distinct
Se resonances to high frequency of the uncoordinated seleno-
ether, with 195Pt couplings of ca. 420–460 Hz. The relative
intensities of the 77Se{1H} resonances for
[PtMe2{MeSe(CH2)2SeMe}] are ca. 1:2, i.e. rather disparate
quantities of the meso and  forms, whereas a ratio of ca.
1:1 occurs for [PtMe2{MeSe(CH2)3SeMe}]. The 195Pt NMR
spectra (223 K) show resonances for both stereoisomers at
approximately –4400 ppm. These resonances are signifi-
cantly to low frequency of the corresponding
[PtCl2{MeSe(CH2)nSeMe}], reflecting the better σ-donating
properties of the Me ligands.

In separate work we have established that incorporation
of the o-xylyl linkage in a range of ligand types (diphos-
phane, distibane, ditelluroether) leads to an increased ten-
dency towards cis-chelation compared to aliphatic C4-
linked analogues. Therefore, despite the seven-membered
ring chelate, these turn out to be very effective ligands for
a range of transition-metal ions. We have also reported re-
cently the first series of (alkyl)PtII and (alkyl)PtIV com-
plexes involving stibane ligands of this type.[11,12] Further-
more, complexes involving o-xylyl-linked wide-angle di-
phosphanes provide very efficient catalysts for a range of
processes such as hydroformylation and hydrocyanation.[13]

A number of macrocyclic thioether and selenoethers con-
taining o-xylyl linkages have also been reported.[2] We were
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Table 1. Selected NMR spectroscopic data.

Compound T [K][a] δ(77Se or 125Te) 1JPtSe/Te/Hz δ(195Pt)

Platinum(II) complexes

[PtMe2{MeSe(CH2)2SeMe}] 243 247.9 (major) 457 –4383 (major)
250.1 (minor) 438 –4395 (minor)

[PtMe2{MeSe(CH2)3SeMe}] 243 114.0 (major) 427 –4247 (major)
102.1 (minor) 429 –4309 (minor)

[PtMe2{o-C6H4(CH2SeMe)2}] 193 169.1 526 –4308
160.6 492 –4316
155.9 438

[PtMe2([8]aneSe2)] 298 140.8 323 –4318
[PtMe2([16]aneSe4)] [b] [b] [b] [b]

Platinum(IV) complexes

[PtMe3I{o-C6H4(CH2SeMe)2}] 213 114.0 289 –3382
98.7 280 –3468
97.8 312 minor form not obsd.
95.5 (minor) 286

[PtMe3I{o-C6H4(CH2TeMe)2}] 243 189.5 602 –3968
159.9 618 –4022
114.5 638 –4119
110.8 537

[(PtMe3I)2(MeTeCH2TeMe)] 243 173.2 (major) 713 –3430 (major)
171.1 (minor) 605 –3451 (minor)

[PtMe3I{MeC(CH2SeMe)3}] 243 53.0[c] 252 –3446
51.6[c] 160 –3543
49.3[c] 258 –3550
38.5[c] 252
37.4[c] 162
37.3[c] 256
35.1[d] –
33.0[d] –
29.0[d] –
27.3[d] –

[PtMe3I([8]aneSe2)] 298 65.3 244 –3589
[PtMe3I([16]aneSe4)] 243 116.6 (2 Se, coord.) 266 –3616

119.5 (2 Se, uncoord.) –
[PtMe3([16]aneSe4)]PF6 243 70 (3 Se, coord.) 249 –3648

138 (1 Se, uncoord.) –

[a] The temperature quoted is that required to clearly resolve the invertomers (see text). [b] Spectra not obtained due to very poor
solubility. [c] Coordinated Se. [d] Uncoordinated Se.

therefore interested to investigate the chemistry of o-xylyl-
linked ligands in this work. Using the wide-angle diseleno-
ether ligand o-C6H4(CH2SeMe)2 in the procedure described
above gives the seven-membered chelate complex [PtMe2{o-
C6H4(CH2SeMe)2}] in good yield. For square planar
[PtMe2(L–L)] (L–L = bidentate chalcogenoether) two
NMR distinguishable forms arise from the chirality at the
coordinated chalcogen atom (meso and ). The incorpora-
tion of the xylyl linker (which lies out of the square plane)
may give rise to further invertomers depending upon the
orientation of the SeMe groups with respect to the xylyl
backbone. In our recent work on xylyl distibane com-
plexes[11,12] several different conformations of the backbone
were identified crystallographically, which serve to illustrate
the effect of the backbone. The VT NMR spectroscopic
data confirm cis-chelation in [PtMe2{o-C6H4(CH2SeMe)2}],
with two invertomers clearly identifiable, one of which, the
 form, results in two δ(77Se) resonances of equal intensity
(each with 195Pt satellites) and one δ(195Pt) resonance. The
other major form is attributed to a meso-1 form [one δ(77Se)
and one δ(195Pt)].

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4380–43904382

The PtII complexes of the cyclic selenoethers were less
soluble, although [PtMe2([8]aneSe2)] dissolved in DMF, en-
abling 1H, 13C{1H}, 77Se{1H} and 195Pt{1H} NMR spectra
to be obtained. The [PtMe2([16]aneSe4)] was much less sol-
uble and hence only the 1H NMR spectroscopic data were
obtained for this compound, although the formulation was
supported by microanalysis and positive ion electrospray
MS measurements. The 1H NMR spectra of these cyclic
selenoether complexes show resonances associated with co-
ordinated selenoether as well as a singlet around 0.5 ppm
due to the Pt–Me groups. The Pt–H couplings (� 80 Hz)
are in agreement with the expected values. For [PtMe2([8]-
aneSe2)], the δ(13C) for the Me groups is a singlet at δ =
–7.6 ppm with 195Pt satellites (794 Hz). The 77Se NMR
spectrum is a singlet at 140.8 ppm, thus there is only a very
small shift from “free” [8]aneSe2 (δ = 138 ppm) upon coor-
dination, although the appearance of clear coupling to 195Pt
(1JPtSe = 323 Hz) unambiguously confirms the assignment.
This compares to δ(77Se) of 194 ppm (1JPtSe = 680 Hz) for
the corresponding dichloro species [PtCl2([8]aneSe2)],[14]

consistent with replacement of the chloro ligands with
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strong σ-donor Me groups which have a much greater trans
influence and hence substantially reduce the Pt–Se coupling
constants. The 195Pt NMR shift for [PtMe2([8]aneSe2)],
–4325 ppm, also compares with a value of –3825 ppm for
[PtCl2([8]aneSe2)], reflecting the incorporation of the much
stronger σ-donating Me ligands in the former. We note that
the cyclic structure of the [8]aneSe2 ligand eliminates the
possibility of stereoisomers, hence only one form of the
complex is evident. All of the dimethyl(selenoether)PtII

complexes are rather unstable – the solids deteriorate with
significant darkening of the powders over a period of
days to weeks even when stored under N2. Solutions in
chlorocarbons are even less stable, and substantial sample
degradation was clearly evident from the NMR spectra re-
corded after standing in solution for a few hours. Data
quoted were therefore recorded from freshly prepared sam-
ples.

Attempts to prepare analogous dimethyl(ditelluroether)-
PtII complexes by reaction of [PtCl2(SMe2)2] with MeLi
in situ, followed by hydrolysis and addition of either
MeTe(CH2)3TeMe or o-C6H4(CH2TeMe)2 gave dark
brown, poorly soluble materials which were not the desired
species. We also investigated reaction of isolated
[PtMe2(SMe2)2] with ditelluroether in anhydrous Et2O both
at room temperature and low temperature. These reactions
yielded orange/brown materials whose NMR spectra show
clear evidence for TeMe units, but no PtMe groups. The
electrospray mass spectra from these reaction show com-
mon features consistent with diplatinum compounds involv-
ing TeMe ligands, strongly indicating significant Te–C bond
fission occurs in these reactions.

Platinum(IV) Complexes

Freshly prepared solutions of the PtII complexes
[PtMe2{o-C6H4(CH2SeMe)2}] and [PtMe2{MeSe(CH2)3-
SeMe}] in CH2Cl2 were stirred overnight with excess MeI,
giving light yellow solids after work-up. The 1H and
77Se{1H} NMR spectra of solutions of these products show
that oxidative addition of MeI occurs cleanly, with com-
plete conversion of the PtII complexes to [PtMe3I{o-
C6H4(CH2SeMe)2}] and [PtMe3I{MeSe(CH2)3SeMe}]
respectively.

Six-coordinate trimethyl PtIV complexes with both seleno-
ether and telluroether ligands, [PtMe3I(L-L)] [L-L = o-
C6H4(CH2EMe)2; E = Se or Te], were obtained in good
yield as soluble yellow/orange powdered solids through re-
action of PtMe3I with one mol. equiv. of L-L in refluxing
CHCl3 (Scheme 2). Surprisingly, these PtIV compounds are
much more stable both as solids and in solution than the
PtII species described above. The formulations follow from
variable temperature 1H, 13C{1H}, 77Se{1H}, 125Te{1H}
and 195Pt NMR spectroscopic studies, electrospray MS and
microanalyses. For bidentate chalcogenoethers coordinated
to PtMe3I three NMR distinguishable diastereoisomers are
possible (meso-1, meso-2 and a pair of NMR indistinguish-
able  enantiomers – Scheme 3) depending upon the orien-
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tations of the Me substituents relative to both the iodo and
methyl ligands on Pt. The fact that the planar aromatic unit
in the o-C6H4(CH2EMe)2 complexes lies out of the ME2

plane leads to further possible stereoisomers for these par-
ticular complexes. From the NMR studies we observe that
the telluroether complex is undergoing relatively slow py-
ramidal inversion at 298 K compared to the selenoether an-
alogue. Cooling the solution of [PtMe3I{o-C6H4(CH2-
SeMe)2}] leads to the observation of two significant δ(195Pt)
NMR resonances, while four δ(77Se) NMR resonances with
195Pt satellites are evident, albeit one of these is weak, indi-
cating that one isomer (probably a rather sterically crowded
meso-2 form) has a very low percentage population. Thus,
the  form gives rise to two δ(77Se) resonances and the
meso form gives one resonance. Figure 1 shows the low tem-
perature 125Te{1H} NMR spectrum of [PtMe3I{o-
C6H4(CH2TeMe)2}], which clearly shows the presence of
three invertomers all in significant amounts.

The crystal structure of [PtMe3I{o-C6H4(CH2SeMe)2}]
(Figure 2) confirms a distorted octahedral coordination
sphere at PtIV derived from three facial Me groups, an iodo
ligand and a chelating diselenoether, d(Pt–C) = 2.080(3)–
2.114(4) Å, d(Pt–Se) = 2.5530(4), 2.5629(4) Å, d(Pt1–I) =
2.7663(3) Å. The seven-membered chelate ring gives rise to
a Se1–Pt1–Se2 angle of 98.317(12)°, and somewhat longer
Pt–Se bonds than in [PtMe3I(MeSeCH=CHSeMe)]
[2.525(4), 2.532(4) Å],[9] reflecting the considerable steric
demands of the wide-angle diselenoether. The selenoether
adopts a  configuration in which the SeMe substituents
lie on opposite sides of the PtSe2 plane, and the aromatic
ring is oriented towards the Me ligand opposite the steri-
cally large iodo ligand.

Using the ditelluromethane ligand, MeTeCH2TeMe, with
two mol. equivs. of PtMe3I gives the dinuclear [(PtMe3I)2-
(MeTeCH2TeMe)] in good yield. The spectroscopic data are
in full accord with a diiodo-bridged species in which the
telluroether also bridges between the Pt atoms, i.e.
[Me3Pt(µ2-I)2(µ2-MeTeCH2TeMe)PtMe3], which leads to
two NMR distinguishable invertomers.

In order to investigate the effect of ligand architecture
further, reactions were also conducted using the cyclic se-
lenoethers [8]aneSe2 and [16]aneSe4, as well as the tripodal
MeC(CH2SeMe)3. The distorted octahedral (trimethyl)PtIV

complexes, [PtMe3I([8]aneSe2)] and [PtMe3I([16]aneSe4)]
were obtained in good yield by treatment of [PtMe3I] with
one molar equivalent of the cyclic selenoether in refluxing
CHCl3. The products were characterised by IR and multi-
nuclear NMR spectroscopy, electrospray MS and micro-
analyses and represent the first examples of alkyl PtIV com-
plexes with (macro)cyclic selenoether coordination. The
electrospray MS show clusters of peaks with the correct m/z
and isotope patterns for [PtMe3(L)]+ (L = [8]aneSe2 or [16]-
aneSe4). For the [8]aneSe2 complex an additional cluster of
peaks corresponding to [PtMe([8]aneSe2)]+ is also clearly
evident, presumably a result of facile reductive elimination
of ethane from the parent complex in the MS experiment.
The NMR spectroscopic data for these species are also
summarised in Table 1. The presence of three mutually fac
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Scheme 2. Synthesis of (trimethyl)PtIV complexes (note that only one of the possible stereoisomers is shown in each case).

Scheme 3. Diasteroisomers for [PtMe3I(L–L)] (L–L = bidentate di-
chalcogenoether). Note that the planar phenylene unit present in
the xylyl derivatives leads to further stereoisomers depending upon
its orientation with respect to the rest of the molecule.

Me groups was confirmed by the 1H and the 13C{1H}
NMR spectra which show two Me singlets in a 1:2 ratio at
low frequency, each with 195Pt satellite couplings as ex-
pected. The Me group trans to I is to low frequency of Me

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4380–43904384

trans to Se, as observed for the small number of known
examples of (trimethyl)PtIV complexes with acyclic diseleno-
ethers, and the Pt–H and Pt–C couplings are in also in
accord.[7] For [PtMe3I([8]aneSe2)] we find that the coupling
constants are consistently smaller than for the planar
[PtMe2([8]aneSe2)] described above, as expected based upon
the different coordination environments. The absence of ax-
ial symmetry in the PtIV compounds leads to inequivalen-
cies in the macrocyclic CH2 environments, giving rise to
four distinct δ(CH2) resonances in the 13C{1H} NMR spec-
trum for the [8]aneSe2 complex. For [PtMe3I([16]aneSe4)]
seven δ(CH2) resonances are clearly evident, consistent with
bidentate coordination of the tetraselenoether ligand, giv-
ing a six-coordinate PtIV species with a vertical plane of
symmetry. The 77Se NMR shifts for the PtIV species are
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Figure 1. 125Te{1H} (CH2Cl2/CDCl3, 243 K) spectrum of
[PtMe3I{o-C6H4(CH2TeMe)2}] showing the presence of all three in-
vertomers.

Figure 2. View of the crystal structure of [PtMe3I{o-
C6H4(CH2SeMe)2}] with numbering scheme adopted. Ellipsoids
are drawn at the 50% probability level and H atoms are omitted
for clarity.

substantially to low frequency of the “free” ligand values,
and surprisingly even the resonance arising from the two
uncoordinated Se atoms of the [16]aneSe4 ring is also some
40 ppm to low frequency of [16]aneSe4 itself. This suggests
that the presence of the (trimethyl)PtIV fragment bound to
the other two Se atoms significantly influences the elec-
tronic environment at the remote, “free” Se atoms – this
may suggest that the uncoordinated Se atoms lie near to the
iodo ligand.

As with all of the compounds in this study, 195Pt NMR
spectroscopy in principle provides an excellent and conve-
nient direct probe of the electronic environment at plati-
num. Each of the PtIV compounds shows a single resonance
at ca. –3600 ppm, to high frequency of that for the planar
[PtMe2([8]aneSe2)] above. The macrocycle ring size has very
little influence on the 195Pt chemical shift. These compare
with values of –3458 and –3530 ppm for the meso-1 and 

forms of [PtMe3I{MeSe(CH2)3SeMe}].[7]

Treatment of [PtMe3I(κ2-[16]aneSe4)] with one mol.
equiv. of TlPF6 in CHCl3 results in clean abstraction of the
iodo ligand, giving [PtMe3([16]aneSe4)]PF6, as a white so-
lid. This is the first cationic (alkyl)PtIV complex with seleno-
ether coordination. Electrospray MS shows intense peaks
for the parent [PtMe3([16]aneSe4)]+ cation, with lower in-
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tensity peaks corresponding to [PtMe([16]aneSe4)]+, i.e. loss
of two Me groups (Figure 3). The generation of a PtIV cat-
ion involving a fac-octahedral Me3Se3 donor set is con-
firmed by NMR spectroscopy. Although the cation still has
Cs local symmetry at PtIV, thus giving rise to two δ(1H) and
δ(13C) resonances, this time both the chemical shift values
and the Pt–H and Pt–C couplings are similar as the Me
ligands are all trans to Se. The 13C{1H} and 77Se{1H} NMR
spectra for this cation–anion system show only very broad
resonances at room temperature. Upon cooling the sample
to 223 K, the spectra sharpen. The dynamic process proba-
bly involves “ring-whizzing”, resulting in rapid interchange
between the “free” and coordinated Se atoms. Abel and co-
workers proposed a similar mechanism for the thioether
complex [PtMe3(κ3-[12]aneS4)]+ ([12]aneS4 = 1,4,7,10-tetra-
thiacyclododecane).[15] The occurrence of a κ3-bonding
mode for [16]aneSe4 is very unusual, the only other known
examples are in the carbonyl complexes fac-[M(CO)3(κ3-
[16]aneSe4)]+ (M = Mn or Re) and fac-[M�(CO)3(κ3-[16]-
aneSe4)] (M� = Mo or W).[16] At 223 K the 77Se{1H} NMR
spectrum for [PtMe3([16]aneSe4)]PF6 reveals two Se envi-
ronments at 70 (coordinated Se) and 138 ppm (“free” Se),
once again these are both to low frequency of [16]aneSe4

itself (δ =158 ppm). Replacement of the iodo ligand with a
third Se atom leads to a small change in the 195Pt NMR
spectrum, which is now a singlet at δ = –3648 ppm. The
only other examples of PtIV complexes involving [16]aneSe4

are the trans-[PtX2([16]aneSe4)](PF6)2 (X = Cl or Br) which
we have described previously, obtained by halogen oxi-
dation of the planar [Pt([16]aneSe4)](PF6)2.[17] Spectro-
scopic studies of the yellow material obtained following
treatment of the dicationic PtII species, [Pt([16]ane-
Se4)](PF6)2 with excess MeI in either refluxing CH2Cl2 or
acetone solution showed no evidence for oxidative addition
of the MeI, contrasting with the halogen oxidation de-
scribed above.

The successful preparation of the cationic [PtMe3([16]-
aneSe4)]+ with an unusual Me3Se3 donor set prompted us
to investigate the chemistry of the tripodal MeC-
(CH2SeMe)3 with [Me3PtI]. The preparation of
[PtMe3I{MeC(CH2SeMe)3}] was achieved in good yield
and the product was characterised by electrospray MS, mi-
croanalysis, IR and VT multinuclear NMR spectroscopy.
The data are consistent with bidentate coordination of the
tripod selenoether at the distorted octahedral PtIV centre.
For [PtMe3I{κ2-MeC(CH2SeMe)3}] at room temperature
both the 1H and 77Se{1H} NMR spectra were broad and ill-
defined. Upon cooling the sample to 223 K, the 1H NMR
resonances are sharp and several Pt–Me resonances are
clearly evident, consistent with the presence of several in-
vertomers (meso-1, meso-2 and  forms, with further iso-
mers arising depending upon the orientation of the uncoor-
dinated arm either towards the iodo ligand or towards a
Me group), and the presence of both coordinated and
“free” SeMe groups. The mixture of invertomers, together
with the low symmetry of the molecule make it very diffi-
cult to assign the spectra in detail. The structurally simpler
(but spectroscopically still rather complicated)
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Figure 3. a) Positive ion electrospray MS (MeCN) of [PtMe3([16]aneSe4)]PF6 (the cluster of peaks centred at m/z = 725 corresponds to
[PtMe3([16]aneSe4)]+, while that centred at m/z = 695 corresponds to [PtMe([16]aneSe4)]+). b). Simulated isotope pattern for [PtMe3([16]-
aneSe4)]+.

[PtMe3X{MeE(CH2)nEMe}] (n = 2 or 3) systems have been
studied in detail by Abel and co-workers by VT NMR spec-
troscopy and band-shape analysis.[6–8] However, the identity
of the complex as [PtMe3I{κ2-MeC(CH2SeMe)3}] is not in
doubt.

At 223 K the 13C{1H} NMR spectrum of [PtMe3I{κ2-
MeC(CH2SeMe)3}] is extremely complicated owing to the
presence of varying amounts of the possible invertomers,
the low symmetry of the complexes and the fact that the C
atoms of the Pt–Me units occur in the same region of the
spectrum as the SeMe groups of the uncoordinated arm of
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the tripod, resulting in overlapping resonances which are
not readily assigned.

The observation of three 195Pt{1H} NMR resonances at
ca. –3500 ppm at 223 K is consistent with the presence of
three significant, NMR distinguishable invertomers. The
77Se{1H} NMR spectrum at 223 K is also very complex,
revealing three coordinated Se environments in the range
49–53 ppm, each with 195Pt satellites, three further coordi-
nated Se environments in the range 37–39 ppm with satel-
lites, and four resonances in the range 27–35 ppm which
show no 195Pt coupling and hence are attributed to the Se
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atoms of the uncoordinated arm of the tripod selenoether
[δ(77Se) for MeC(CH2SeMe)3: +24]. These data strongly
suggest that the orientation of the uncoordinated arm of
the tripod (either towards the iodide or towards the Me
group trans to I) are also distinguishable by NMR spec-
troscopy.

Attempts to promote tridentate selenoether coordination
to give [PtMe3{MeC(CH2SeMe)3}]+ through treatment of
the bidentate complex with TlPF6 either in refluxing MeCN
or CHCl3 were not successful. The NMR spectra of the
resulting solutions show that [PtMe3I{MeC-
(CH2SeMe)3}] is still the only significant species after the
reaction. This suggests that the tripodal Se3-donor ligand is
not well-suited to facial coordination on the small trimeth-
ylPtIV fragment. The different reactivities of the PtIV com-
plexes containing the tripodal Se3-donor ligand compared
to that containing the macrocyclic selenoether may be due
to the different constraints of the two ligands and the dif-
ferent ring-strain effects.

It has been shown that [PtMe3I(L–L)] (L–L = diphos-
phane or distibane)[18,12] undergo clean reductive elimi-
nation of ethane upon thermolysis. We have therefore
probed the thermolysis of the [PtMe3I{o-C6H4(CH2-
EMe)2}] complexes prepared in this work. The telluroether
complex [PtMe3I{o-C6H4(CH2TeMe)2}] does not melt on
heating, but undergoes decomposition at � 130 °C giving a
black solid. The corresponding PtIV selenoether complex
melts at ca. 150 °C and then darkens slowly as the tempera-
ture is increased, indicating the onset of decomposition. A
solid sample of this complex was heated at ca. 160 °C for
1 h and the residue investigated by 1H NMR spectroscopy,
which revealed loss of the PtMe and SeMe resonances.
Thus, it is clear that these species do not undergo clean
reductive elimination under these conditions. This may be
a consequence of the well-known susceptibility of group 16
ligands to undergo dealkylation.[1]

Conclusions

We have developed routes for the synthesis of the first
series of dimethyl(selenoether)PtII complexes, as well as a
range of trimethyl(selenoether)PtIV complexes (including
the first macrocyclic examples) and rare examples involving
ditelluroethers. The PtIV species are less reactive than the
PtII complexes, possibly due to the very strong ligand field
imparted by the Me ligands in the PtIV species, together
with the fact that these compounds are coordinatively satu-
rated, hence providing limited possibility for metal-assisted
E–C bond fission (cf. the PtII species). The donor type, li-
gand architecture and denticity clearly play major roles in
determining the invertomer populations in these com-
pounds. Using the macrocyclic [16]aneSe4 we have been able
to obtain the first cationic trialkyl(selenoether)PtIV,
[PtMe3(κ3-[16]aneSe4)]+, whereas surprisingly this was not
possible under similar conditions using the tripodal
MeC(CH2SeMe)3. This may also be a consequence of the
ligand architecture which for the tripodal Se3 ligand results
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in low stability on the small PtIV centre. The new dimethyl-
(selenoether)PtII complexes, [PtMe2(L-L)], undergo clean
and complete oxidative addition of MeI to afford the corre-
sponding PtIV species [PtMe3I(L-L)].

Experimental Section
Infrared spectra were recorded as Nujol mulls between CsI plates
with a Perkin–Elmer 983G spectrometer over the range 4000–
200 cm–1. Mass spectra were run by positive ion electrospray
(MeCN solution) with a VG Biotech platform. 1H NMR spectra
were recorded with a Bruker AV300 spectrometer or Bruker
DPX400 spectrometer. 13C{1H}, 77Se{1H}, 125Te{1H} and
195Pt{1H} NMR spectra were recorded with a Bruker DPX400
spectrometer operating at 100.6, 76.3, 126.3 or 85.7 MHz, respec-
tively, and are referenced to TMS, external neat Me2Se, external
neat Me2Te and external 1 mol·dm–3 Na2[PtCl6] in water, respec-
tively. Microanalyses were undertaken by the University of Strath-
clyde microanalytical service. Solvents were dried prior to use, and
all preparations were undertaken using standard Schlenk tech-
niques under N2. The precursors [PtCl2(Me2S)2][19] and [PtMe3I]
[20] were prepared by literature methods and the selenoethers and
telluroethers were prepared as described previously.[21–24]

Preparations

PtII Compounds

[PtMe2([8]aneSe2)]: A 1.6  solution of MeLi (0.2 mL, 0.32 mmol)
in Et2O was slowly added to an ice-cold suspension of [PtCl2-
(SMe2)2] (0.050 g, 0.128 mmol) in 20 cm3 dry Et2O. After 5 min a
further 0.1 mL MeLi (1.6  in Et2O, 0.16 mmol) were added and
the solution was warmed to room temperature. After ca. 10 min
the yellow colour disappeared and a white precipitate formed. At
this stage 10 mL of H2O and 1 equiv. of [8]aneSe2 (0.031 g,
0.128 mol) were added. The mixture was stirred for 2.5 h giving a
beige precipitate which was filtered off and washed with Et2O. The
solid was then dissolved in CH2Cl2 (10 mL), filtered and the solvent
was removed in vacuo. Yield 0.075 g, 64%. C8H18PtSe2 (467.2):
calcd. C 20.6, H 3.9; found C 21.3, H 4.2. Electrospray MS
(MeCN): found 494, 453; calcd. for [195PtMe([8]ane80Se2)-
(MeCN)]+ m/z = 495, [195PtMe([8]ane80Se2)]+ 454. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 0.5 (s, 2JPtH = 82 Hz, 6 H, PtMe),
2.2 (m, 4 H, CH2CH2CH2), 2.8 (m, 8 H, SeCH2) ppm. 13C{1H}
NMR (DMF/[D6]Me2CO, 298 K): δ = –7.6 (1JPtC = 794 Hz, 2 C,
PtMe), 24.0 (4 C, SeCH2), 27.3 (2 C, CH2CH2CH2) ppm. 77Se{1H}
NMR (DMF/[D6]Me2CO, 298 K): δ = 140.8 (1JPtSe = 323 Hz) ppm.
195Pt NMR (CH2Cl2/CDCl3, 298 K): δ = –4318 ppm.

[PtMe2([16]aneSe4)]: Method as above using [16]aneSe4. Yellow so-
lid. Yield 61%. C14H30PtSe4 (709.3): calcd. C 23.7, H 4.3; found C
23.1, H 4.2. Electrospray MS (MeCN): found m/z = 695; calcd. for
[195PtMe([16]ane80Se4)]+ m/z = 700. 1H NMR (300 MHz, [D6]-
DMSO, 298 K): δ = 0.48 (s, 2JPtH = 81 Hz, 6 H, PtMe), 1.92 (m, 8
H, CH2CH2CH2) 2.61 (t, 16 H, SeCH2) ppm.

[PtMe2{MeSe(CH2)2SeMe}]: Method as above using MeSe(CH2)2-
SeMe. Yellow solid. Yield 41%. C6H16PtSe2 (441.2): calcd. C 16.3,
H 3.7; found C 15.9, H 3.3. Electrospray MS (MeCN): found m/z
= 468, 453, 426, 411; calcd. for [195PtMe{Me80Se(CH2)2-
80SeMe}(MeCN)]+ m/z = 469, [195Pt{Me80Se(CH2)2

80SeMe}-
(MeCN)]+ 454, [195PtMe{Me80Se(CH2)2

80SeMe}]+ 428,
[195Pt{Me80Se(CH2)2

80SeMe}]+ 413. 1H NMR (400 MHz, CDCl3,
273 K): δ = 0.72 (s, 2JPtH = 84 Hz, PtMe), 0.77 (s, 2JPtH = 85 Hz,
PtMe), 2.16 (s, 3JPtH = 22 Hz, SeMe), 2.36 (s, 3JPtH = 21 Hz,
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SeMe), 2.55–3.25 (m, 4 H, SeCH2) ppm. 13C{1H} NMR (CDCl3,
223 K): δ = –12.8 (1JPtC = 760 Hz, PtMe), –12.6 (J = 735 Hz,
PtMe), 9.9, 11.1 (SeMe), 29.2, 29.5 (SeCH2) ppm. 77Se{1H} NMR
(CDCl3, 223 K): δ = 247.9 (major form, 1JPtSe = 457 Hz), 250.1
(minor form, J = 438 Hz) ppm. 195Pt NMR (CDCl3, 223 K): δ =
–4383 (major), –4395 (minor) ppm.

[PtMe2{MeSe(CH2)3SeMe}]: Method as above using MeSe(CH2)3-
SeMe. Beige solid. Yield 64%. C7H18PtSe2 (455.2): calcd. C 18.5,
H 4.0; found C 18.6, H 4.2. Electrospray MS (MeCN): found m/z
= 482, 466, 425; calcd. for [195PtMe{Me80Se(CH2)3

80SeMe}-
(MeCN)]+ m/z = 483, [195Pt{Me80Se(CH2)3

80SeMe}(MeCN)]+ 468,
[195PtMe{Me80Se(CH2)3

80SeMe}]+ 427. 1H NMR (400 MHz,
CDCl3, 248 K): δ = 0.51 (s, 2JPtH = 84 Hz, PtMe), 0.55 (s, J =
84 Hz, PtMe), 2.20 (br., 2 H, CH2CH2CH2), 2.31, 2.33 (s, 6 H,
SeMe), 2.83, 2.99 (m, 4 H, SeCH2) ppm. 13C{1H} NMR (CDCl3,
223 K): δ = –8.9 (1JPtC = 749 Hz, PtMe), –8.7 (J = 748 Hz, PtMe),
10.5, 10.9 (SeMe), 26.0, 26.7, 27.6 (CH2) ppm. 77Se{1H} NMR
(CDCl3, 223 K): δ = 114.0 (1JPtSe = 427 Hz), 102.1 (J = 429 Hz)
ppm. 195Pt NMR (CDCl3, 223 K): δ = –4247 (major), –4309
(minor) ppm.

[PtMe2{o-C6H4(CH2SeMe)2}]: Method as above using o-
C6H4(CH2SeMe)2. Yellow solid. Yield 56%. C12H20PtSe2 (517.3):
calcd. C 27.9, H 3.9; found C 28.6, H 3.7. Electrospray MS
(MeCN): found m/z = 506; calcd. for [195PtMe{o-
C6H4(CH2

80SeMe)2}]+ m/z = 504. 1H NMR (400 MHz, CDCl3,
298 K): δ = 0.34 (s, 2JPtH = 83 Hz, 6 H, PtMe), 2.3 (s, 6 H, SeMe),
4.3 (br., 4 H, SeCH2), 7.0–7.2 (br. m, 4 H, o-C6H4) ppm; (213 K):
δ = 0.23 (s, 2JPtH � 80 Hz, PtMe), 0.25 (s, J � 80 Hz, PtMe), 1.89,
2.21, 2.44 (s, SeMe), 3.8–5.0 (m, SeCH2), 6.9–7.3 (m, 4 H, o-C6H4)
ppm. 13C{1H} NMR (CDCl3, 298 K): δ = –8.6 (1JPtC = 779 Hz,
PtMe), 11.0 (SeMe), 29.8 (SeCH2), 126.0–134.5 (o-C6H4) ppm;
(193 K): δ = –8.8 (1JPtC = 760 Hz, PtMe), –8.3 (PtMe, J =
751 Hz), –7.4 (J = 763 Hz, PtMe), 10.3, 11.1, 13.2 (SeMe), 27.8,
28.6, 31.3 (SeCH2), 127.4–134.6 (o-C6H4) ppm. 77Se{1H} NMR
(CDCl3, 298 K): δ = 171.6 (1JPtSe = 520 Hz) ppm; (193 K): δ =
169.1 (J = 526 Hz), 160.6 (J = 492 Hz), 155.9 (J = 438 Hz) ppm.
195Pt NMR (CDCl3, 298 K): δ = –4275; (193 K): δ = –4308, –4316
ppm.

Platinum(IV) Compounds

[PtMe3I([8]aneSe2)]: [PtMe3I] (0.10 g, 0.27 mmol) was dissolved in
CHCl3 (10 mL). [8]aneSe2 (0.068 g, 0.28 mmol) in CHCl3 (10 mL)
was added slowly. The pale yellow solution was refluxed for 7 h,
then stirred at room temperature overnight. The solution was con-
centrated in vacuo to approximately 5 mL. Diethyl ether (10 mL)
was added, producing a cream-coloured solid, which was collected
by filtration, washed with diethyl ether and dried in vacuo. Yield
0.075 g, 45%. C9H21IPtSe2 (609.2): calcd. C 17.7, H 3.4; found C
17.8, H 3.3. Electrospray MS (MeCN): found 494, 483, 453; calcd.
for [195PtMe([8]ane80Se2)(MeCN)]+ 495, [195PtMe3([8]ane80Se2)]+

484, [195PtMe([8]ane80Se2)]+ 454. 1H NMR (300 MHz, CDCl3,
298 K): δ = 1.0 (s, 2JPtH = 71.8 Hz, 3 H, PtMe trans I), 1.6 (s, J =
65.2 Hz, 6 H, PtMe trans Se), 2.1–3.4 (m, 12 H, CH2) ppm.
13C{1H} NMR (CDCl3): δ = 3.5 (1JPtC = 612 Hz, 1 C, PtMe trans
I), 3.9 (J = 674 Hz, 2 C, PtMe trans Se), 20.8 (2 C), 21.4 (2 C,
SeCH2), 22.5 (1 C), 26.8 (1 C, CH2CH2) ppm. 77Se{1H} NMR
(CDCl3, 298 K): δ = 65 (1JPtSe = 244 Hz) ppm. 195Pt NMR
(CDCl3): δ = –3589 ppm.

[PtMe3I([16]aneSe4)]: Method as above, but using [16]aneSe4.
Cream solid. Yield 59%. C15H33IPtSe4.CHCl3 (970.6): calcd. C
19.8, H 3.5; found C 19.4, H 3.8. Electrospray MS (MeCN): found
724; calcd. for [195PtMe3([16]ane80Se4)]+ 728. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 1.15 (s, 2JPtH = 71.6 Hz, 3 H, PtMe trans I),
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1.55 (s, 6 H, PtMe trans Se, J = 66.5 Hz), 2.5–3.1 (m, 24 H, CH2)
ppm. 13C{1H} NMR (CDCl3, 243 K): δ = 3.7 (1JPtC = 619 Hz, 2
C, PtMe trans Se), 4.35 (1 C, PtMe trans I, 654 Hz), 22.1 (1 C),
22.7 (2 C, SeCH2), 23.0 (2 C), 25.7 (2 C), 26.3 (2 C), 29.3 (2 C),
29.9 (1 C, CH2) ppm. 77Se{1H} NMR (CDCl3, 243 K): δ = 116.6
(1JPtSe = 266 Hz, 1 Se), 119.5 (1 Se) ppm. 195Pt NMR (CDCl3,
243 K): δ = –3616 ppm.

[PtMe3([16]aneSe4)]PF6: TlPF6 (0.063 g, 0.18 mmol) was added to
a solution of [PtMe3I] (0.06 g, 0.163 mmol) and [16]aneSe4 (0.079 g,
0.163 mmol) in CHCl3 (8 mL). The reaction mixture was refluxed
under N2 for 2.5 h to give a fine yellow precipitate (TlI) and an
almost colourless solution which was separated via cannula. After
concentrating the solution in vacuo to ca. 2 mL, Et2O was added
to give a white solid which was collected by filtration, washed with
Et2O and dried in vacuo. Yield 0.049 g, 35%. C15H33F6PPtSe4

(869.3): calcd. C 20.7, H 3.8, found C 21.3, H 3.7. Electrospray MS
(MeCN): found 725, 695; calcd. for [195PtMe3([16]ane80Se4)]+ 728,
[195PtMe([16]ane80Se4)]+ 698. 1H NMR (300 MHz, CDCl3, 298 K):
δ = 1.06 (s, 2JPtH = 61 Hz, 3 H, PtMe), 1.13 (s, J = 66 Hz, 6 H,
PtMe), 1.8–3.3 (br. m, 24 H, CH2) ppm. 13C{1H} NMR (CH2Cl2/
CDCl3, 298 K): very broad (223 K): δ = 2.4 (1JPtC = 612 Hz, 1 C,
PtMe), 3.0 (J = 647 Hz, 2 C, PtMe), 22.3–29.1 (CH2) ppm.
77Se{1H} NMR (CDCl3, 298 K): no spectrum; (223 K): δ = 138 (1
Se), 70 (1JPtSe = 249 Hz, 3 Se) ppm. 195Pt NMR (CH2Cl2/CDCl3,
298 K): δ = –3648 ppm. IR (Nujol): ν̃ = 840 [ν(PF6

–)], 557 [δ(PF6
–)]

cm–1.

[PtMe3I{MeC(CH2SeMe)3}]: Method as for [PtMe3I([16]aneSe4)]
above, but using MeC(CH2SeMe)3. Yellow solid. Yield 63%.
C11H27IPtSe3 (718.2): calcd. C 18.4, H 3.8, found C 18.7, H 3.5.
Electrospray MS (MeCN): found m/z = 591, 561; calcd. for
[195PtMe3{MeC(CH2

80SeMe)3}]+ m/z = 594; [195PtMe-
{MeC(CH2

80SeMe)3}]+ 564. 1H NMR (400 MHz, CDCl3, 298 K):
very broad (223 K): δ = 0.9–1.6 (overlapping resonances, PtMe,
CMe), 2.0–3.7 (overlapping resonances, SeMe and SeCH2) ppm.
13C{1H} NMR (CDCl3, 223 K): δ = 0.35–1.06 (s, PtMe trans I),
5.9–6.8 (s, PtMe trans Se), 7.8–12.4 (SeMe), 25.2–25.5 (MeC), 31.5–
42.5 (SeCH2) ppm. 77Se{1H} NMR (CDCl3, 298 K): no spectrum;
(223 K): δ = 53.0 (1JPtSe = 252 Hz), 51.6 (J = 160 Hz), 49.3 (J =
258 Hz), 38.5 (J = 252 Hz), 37.4 (J = 162 Hz), 37.3 (J = 256 Hz),
35.1, 33.0, 29.0, 27.3 (uncoordinated Se) ppm. 195Pt NMR (CDCl3,
223 K): δ = –3446, –3543, –3550 ppm.

[PtMe3I{o-C6H4(CH2SeMe)2}]: Method as above, but using o-
C6H4(CH2SeMe)2. Cream solid. Yield 75%. C13H23IPtSe2·1/2Et2O
(696.3): calcd. C 25.9, H 4.0, found C 26.3, H 3.8. Electrospray MS
(MeCN): found 533; calcd. for [195PtMe3{o-C6H4(CH2

80SeMe)2}]+

534. 1H NMR (400 MHz, CDCl3, 298 K): broad (223 K): δ = 0.90
(s, 2JPtH = 79 Hz, PtMe), 1.12 (s, J = 70 Hz, PtMe), 1.20 (s, J =
70 Hz, PtMe), 1.22 (s, J = 70 Hz, PtMe), 1.36 (s, J = 68 Hz, PtMe),
2.3 (sh), 2.55, 2.6 (sh, 6 H, SeMe), 3.9–5.2 (m, 4 H, CH2), 7.05–
7.45 (m, 4 H, o-C6H4) ppm. 13C{1H} NMR (CDCl3, 298 K): broad
(213 K): δ = 1.8 (1JPtC = 628 Hz, PtMe), 2.6 (J = 622 Hz, PtMe),
5.2 (J = 616 Hz, PtMe), 5.85 (J = 624 Hz, PtMe), 6.2 (J = 660 Hz,
PtMe), 13.7, 14.5, 14.69, 14.72 (SeMe), 27.7, 28.6, 34.3 (sh), 34.6
(SeCH2), 126.8–139.9 (o-C6H4) ppm. 77Se{1H} NMR (CDCl3,
298 K): not observed; (213 K): δ = 114.0 (1JPtSe = 289 Hz) ppm;
98.7 (J = 280 Hz), 97.8 (J = 312 Hz), 95.5 (J = 286 Hz) (minor
isomer) ppm. 195Pt NMR (CDCl3, 298 K): not observed; (213 K):
δ = –3382, –3468 (the minor isomer is not observed) ppm.

[PtMe3I{o-C6H4(CH2TeMe)2}]: Method as above, but using o-
C6H4(CH2TeMe)2. Orange solid. Yield 60%. C13H23IPtTe2·1/2Et2O
(793.6): calcd. C 22.7, H 3.6, found C 23.1, H 3.5. Electrospray MS
(MeCN): found 629; calcd. for [195PtMe3{o-C6H4(CH2

130TeMe)2}]+



PtII and PtIV Complexes with Acyclic Seleno- and Telluroether Ligands FULL PAPER
634. 1H NMR (400 MHz, CDCl3, 298 K): broad (248 K): δ = 0.85–
1.6 (s, PtMe), 2.1–3.1 (s, TeMe), 3.9–5.0 (m, 4 H, CH2), 6.9–8.1 (m,
4 H, o-C6H4) ppm. 13C{1H} NMR (CDCl3, 298 K): broad (243 K):
δ = –12.45, –12.4, –6.7, –5.7 (TeMe), 1.8 (1JPtC = 638 Hz, PtMe),
2.9 (J = 635 Hz, PtMe), 3.9 (J = 687 Hz, PtMe), 4.3 (J = 607 Hz,
PtMe), 7.3 (J = 592 Hz, PtMe), 10.4, 12.4, 16.7, 16.9 (TeCH2),
126.5–135.3 (o-C6H4) ppm. 125Te{1H} NMR (CDCl3, 243 K): δ =
189.5 (1JPtTe = 602 Hz) ppm; 159.9 (J = 618 Hz), 114.5 (J =
638 Hz), 110.8 (J = 537 Hz) ppm. 195Pt NMR (CDCl3, 298 K): not
observed; (223 K): δ = –3968, –4022, –4119 ppm.

[(PtMe3I)2(MeTeCH2TeMe)]: Method as above, but using 0.5 mol.
equivs. of MeTeCH2TeMe. Orange solid. Yield 68%. 1H NMR
(400 MHz, CDCl3, 298 K): broad (248 K): δ = 1.06 (s, 2JPtH =
76 Hz, PtMe), 1.14 (s, J = 72 Hz, PtMe), 1.16 (s, J = 74 Hz, PtMe),
1.22 (s, J = 76 Hz, PtMe), 2.06 (s, J = 68 Hz, PtMe), 2.07 (s, J =
68 Hz, PtMe), 2.01, 2.18 (s, TeMe), 4.46, 4.55 (m, TeCH2) ppm.
13C{1H} NMR (CDCl3, 298 K): broad (243 K): δ = –18.7 (major
form, TeCH2) –16.1 (minor form, TeCH2), –8.5 (major form,
TeMe), –7.95 (minor form, TeMe), 6.55 (1JPtC = 670 Hz, PtMe),
7.0 (J = 678 Hz, PtMe), 7.7 (J = 600 Hz, PtMe), 7.8 (J = 660 Hz,
PtMe), 9.1 (J = 607 Hz, PtMe) ppm. 125Te{1H} NMR (CDCl3,
243 K): δ = 173.2 (1JPtTe = 713 Hz) ppm. 171.1 (J = 605 Hz) ppm.
195Pt NMR (CDCl3, 223 K): δ = –3430 (major), –3451 (minor)
ppm.

X-ray Crystallography: Selected bond lengths and angles for this
species are presented in Table 2. Details of the crystallographic data
collection and refinement parameters are given in Table 3. Yellow/
orange single crystals of [PtMe3I{o-C6H4(CH2SeMe)2}] were ob-
tained by diffusion of hexane into a solution of the complex in
CH2Cl2. Data collection used a Nonius Kappa CCD diffractometer
(T = 120 K) and with graphite-monochromated Mo-Kα X-radia-
tion (λ = 0.71073 Å). Structure solution and refinement were rou-
tine.[25,26]

CCDC-609594 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 2. Selected bond lengths [Å] and angles [°] for [PtMe3I{o-
C6H4(CH2SeMe)2}].

C1–Pt1 2.085(4)
C2–Pt1 2.080(3)
C3–Pt1 2.114(4)
Se1–Pt1 2.5530(4)
Se2–Pt1 2.5629(4)
I1–Pt1 2.7663(3)
C2–Pt1–C1 84.28(15)
C2–Pt1–C3 87.39(15)
C1–Pt1–C3 88.25(16)
C2–Pt1–Se1 172.68(11)
C1–Pt1–Se1 95.03(11)
C3–Pt1–Se1 85.30(10)
C2–Pt1–Se2 88.97(11)
C1–Pt1–Se2 89.06(11)
C3–Pt1–Se2 175.67(11)
Se1–Pt1–Se2 98.317(12)
C2–Pt1–I1 94.58(11)
C1–Pt1–I1 177.53(11)
C3–Pt1–I1 89.51(12)
Se1–Pt1–I1 85.815(11)
Se2–Pt1–I1 93.116(10)
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Table 3. Crystallographic parameters.[a]

Complex [PtMe3I{o-C6H4(CH2SeMe)2}]

Empirical formula C13H23IPtSe2

M 659.22
Crystal system monoclinic
Space group C2/c
a [Å] 13.3002(7)
b [Å] 11.6116(7)
c [Å] 22.5391(12)
α [°] 90
β [°] 102.788(2)
γ [°] 90
V [Å] 3 3394.5(3)
Z 8
µ(Mo-Kα) [mm–1] 14.356
Rint 0.0224
Total no. reflections 10840
Unique reflections 3861
No. of parameters 159
R1 [Io � 2σ(Io)] 0.0196
R1 [all data] 0.0215
wR2 [Io � 2σ(Io)] 0.0443
wR2 [all data] 0.0451

[a] R1 = Σ||Fo| – |Fc||i/Σ|Fo|; wR2 = [Σw(Fo
2 –Fc

2)2/ΣwFoi
4]1/2.
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Intensely coloured, extremely moisture sensitive complexes
[VOCl3(L)] (L = pyridine, quinoline, Ph3PO, Ph3AsO, pyridine
N-oxide), [VOCl3(L)2] (L = pyridine, Me3PO, pyridine N-ox-
ide), [VOCl3(L–L)] [L–L = 2,2�-bipyridyl, 1,10-phenan-
throline, Ph2P(O)CH2P(O)Ph2, MeOCH2CH2OMe, 15-crown-5
or Me2NCH2CH2NMe2] and [Cl3OV(µ-L–L)VOCl3] [L–L =18-
crown-6 or Ph2P(O)CH2P(O)Ph2] have been prepared from
VOCl3 and the appropriate ligands in dichloromethane solu-
tion. These constitute the first extended series of complexes
of vanadium(V) with neutral donor ligands. They have been
fully characterised by analysis, IR, UV/Visible and multinu-

Introduction
The chemistry of vanadium(V) is dominated by oxido

species including V2O5, iso- and hetero-polyvanadates and
alkoxides.[1] The only binary halide is VF5; early claims for
the existence of VCl5 having been shown to be erroneous,[2]

and there are three oxide trihalides VOX3 (X = F, Cl or
Br).[1] Adducts of VOCl3 with a variety of neutral ligands
have been explored by in situ 51V NMR studies,[3–5] but
structurally characterised examples are limited to the ni-
triles, [VOCl3(PhCN)2] (octahedral, but with Cl/O disorder)
and [VOCl3(RCN)] (R = Me, Ph, PhCH2),[6–8] the surpris-
ingly robust carbene [VOCl3{(mes)NaCH2CH2N(mes)-
Ca(Na–Ca)}],[9] and [VOCl3(adamantan-2,2�-homoada-
mantan-3-one)],[10] all of which approximate to square
pyramids with the V=O apical. In the six-coordinate
[VOCl3{(2-nitrophenyl)pyridine-2-carboxamide}] the chlo-
rines are mer and the V=O trans to the amide oxygen.[11]

The isolation of other complexes has been reported from
time to time,[12–17] but the data are very limited and fre-
quently inconsistent. The problems arise both from the ex-
treme moisture sensitivity of VOCl3 and many of its com-
plexes, and from the ease with which the vanadium is re-
duced to VIV or VIII. In passing, we note that VOBr3 is
reported to be reduced by all neutral ligands examined.[18,19]

We are currently exploring the use of molecular high-valent

[a] School of Chemistry, University of Southampton,
Southampton SO17 1BJ, UK

[b] Department of Pure and Applied Chemistry, University of
Strathclyde,
Glasgow G1 1XL, UK

Eur. J. Inorg. Chem. 2006, 4391–4398 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4391

clear (1H, 31P, 51V) NMR spectroscopy, and their solution be-
haviour probed as a function of temperature using 51V NMR
spectroscopy. Reducing ligands including phosphanes, ar-
sanes, thio- and selenoethers immediately reduce VOCl3 to
give VIV or VIII species. Oxygen atom transfer reactions of
some of the complexes with Ph3P, Ph3As, Me2Se and Bu2S,
leading to the corresponding ligand oxides are also de-
scribed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

vanadium complexes as single source CVD precursors, and
to provide comparator compounds for that work we have
investigated complexes of VOCl3 with a range of neutral
group 15 and 16 donor ligands. We have also explored the
solution chemistry using 51V NMR spectroscopy and inves-
tigated some oxygen atom transfer reactions of the resulting
complexes. The chemistry of high-valent vanadium species
is also of relevance to vanadium in biological systems such
as the vanadate-dependent haloperoxidases most of which
occur in marine organisms.[20]

Results and Discussion

VOCl3 is extremely easily hydrolysed, and all reactions
were carried out in rigorously dried glassware using freshly
dried ligands and solvents. Many of the complexes are also
photochemically unstable and typically were stored in foil-
wrapped containers in a dry-box. Even with these pre-
cautions, many of the solid samples deteriorate over a few
days, hence all measurements were made on freshly pre-
pared samples. Decomposition in solution is faster and, de-
spite many attempts, X-ray quality crystals of the complexes
have not proved to be obtainable. The two commonest
products of hydrolysis are the dark red [VOCl4]– and yellow
[VO2Cl2]– anions,[21,22] which are readily detected by 51V
NMR spectroscopy [51V:[23] 99.76%, I = 7/2, Ξ =
26.29 MHz, Q = –5.2·10–30 m2, Dc (receptivity relative to
13C) = 2150], (Table 1). The 51V chemical shift of the former
is slightly solvent-dependent and lies in the range δ = +45
to +50 ppm, which is to high frequency of the resonances of
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Table 1. Selected spectroscopic data.

Complex υ(V=O)[a] [cm–1] υ(VCl) [cm–1] δ(51V)[b] Emax
[c] [cm–1]

[VOCl3(2,2�-bipy)] 978 381, 358, 348 –103 (370) 17200 (sh),19120 (sh), 21370, 32260
[VOCl3(1,10-phen)] 973 386, 347, 319 –108 (560) 18000 (sh), 22220, 32895
[VOCl3(py)] 1020 419, 383, 344 –36 (800)[d] 16024 (sh), 20900, 33000
[VOCl3(py)2] 978 393, 372, 347 –58 (300)[d] 20240 (vb), 27940
[VOCl3(quinoline)] 1022 409, 375, 330 –39 (2500) 16600 (sh), 19250, 20800, 3200
[VOCl3(Ph3PO)] 1020 403, 372, 336 –83 (700) 15900 (sh), 19400, 21900 (sh), 32000
[VOCl3(Me3PO)2] 952 381, 367 (br) –92 (740) 17240 (sh), 19840 (sh), 21930, 28100
[VOCl3(Ph3AsO)] 1016 393, 365, 347 –141 (400) 15500 (sh), 19840, 21750, 29760
[VOCl3{Ph2P(O)CH2P(O)Ph2}] 970 395, 337, 320 –81 (2500) 17600 (sh), 22320, 29070
“[{VOCl3}2[Ph2P(O)CH2P(O)Ph2]]”[e] 1023 390, 371, 360 see text 18800 (sh), 20800, 25000
[{VOCl3}2(18-crown-6)] 993 408 (sh), 359 (vbr) –6 (2000) ca. 16000 (sh), 21000 (vbr)
[VOCl3(15-crown-5)] 983 395, 351 (br) –21 (350) 16000 (sh), 20620
[VOCl3(MeOCH2CH2OMe)] 983 359, 348 (br) –32 (150) 16050 (sh), 20830, 24750, 33800
[VOCl3(pyNO)] 1006 393, 371, 330 see text 16000 (sh), 19700, 22000, 31700
[VOCl3(pyNO)2] 976 373, 348, 325 –67 (800) 18000 (br), 27200
[VOCl3(Me2NCH2CH2NMe2)] 993 360 (sh), 343, 290 (sh) [f] 16000 (sh), 21000, 30100
[Ph4As][VOCl4] 1025 394, 373 +48 (300) 19840, 25000, 30490
[Ph4As][VO2Cl2] 967, 957 431 –362 (160) 24630, 33000

[a] Nujol mull. [b] 51V Chemical shift in CH2Cl2 solution at 298 K relative to neat VOCl3, w1/2 (Hz) in parenthesis. [c] Diffuse reflectance
UV/Vis spectra. [d] See text. [e] Not obtained analytically pure, see text. [f] Insufficiently soluble.

the neutral complexes prepared in this study. The [VO2Cl2]–

anion is relatively resistant to further hydrolysis and the 51V
chemical shift (δ � –362 ppm) is less solvent-dependent. It
seems probable that resonances at ca. δ = –360 to –370 ppm
originally ascribed to oligomeric {VOCl3L}n adducts in in
situ studies,[4] are in fact due to hydrolysis to [VO2Cl2]–.
Reduction of VOCl3 to blue-green [VOCl2Ln] species is also
common in the presence of reducing ligands, but the VO2+

species are easily identified by the presence of a strong,
broad feature at ca. 12000–15000 cm–1 in their UV/Visible
spectra.[24]

N-Donor Ligands (Scheme 1): The reaction of VOCl3
with 2,2�-bipyridyl or 1,10-phenanthroline (L–L), in anhy-
drous CH2Cl2 or toluene produced [VOCl3(L–L)] in good

Scheme 1.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4391–43984392

yield, as diamagnetic, very dark red-brown powders. These
two complexes are amongst the more stable simple adducts
of VOCl3, although even these solids decompose in a few
weeks at room temperature, hydrolyse rapidly in air, and
decompose quite rapidly in solution. The solids show strong
υ(VO) bands at 978 and 973 cm–1, respectively, and three
strong features in the region 300–400 cm–1 assigned as
υ(VCl) (Table 1). In VOCl3 complexes υ(VO) ranges from
ca. 950–1040 cm–1 and, comparing data only on structurally
characterised compounds, the value falls from the four-
coordinate VOCl3 (1035 cm–1), to five-coordinate
[VOCl3(RCN)], [VOCl4]–, [VOCl3{(mes)NaCH2CH2N(mes)-
Ca(Na–Ca)}] (1025–1016 cm–1), to six-coordinate
[VOCl3(RCN)2] (below ca. 1000 cm–1).[6–9,25,26] This is
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clearly consistent with the two diimine complexes contain-
ing six-coordinate vanadium. In solution the 1H NMR
spectra show significant high-frequency shifts of the ring
protons and the complex pattern (see Exp. Sect.) shows that
the isomer present is the unsymmetrical I (see Scheme 1),
rather than the isomer with both N atoms trans to Cl which
would have given a maximum of four resonances of equal
intensity for each complex. The 51V NMR resonances are
relatively sharp lines some 100 ppm to low frequency from
VOCl3 (Table 1). The UV/Visible spectra in anhydrous
CH2Cl2 solution consist of strong broad features at ca.
21000 cm–1 which are assigned as π(Cl)�V charge transfer,
with several strong overlapping features at higher energy.
The diffuse reflectance spectra are similar although the
bands are broader and the first bands have weak shoulders
to lower energy. Several attempts to produce crystals of the
deep red 2,2�-bipy complex reproducibly formed a few very
small orange crystals identified as the oxido-bridged di-
meric hydrolysis product. The structure (Figure 1) consists
of two six-coordinate V atoms linked through a bridging
oxido group. The V–O2 distances favour an oxido rather
than hydroxo bridge [compare the V–O(H) distance in [VO-
Cl3(OH)]– 2.033(4) Å[22]] leading to VV and on each V the
two Cl atoms are in trans position. There are two molecules
in the asymmetric unit which are very similar.[27] Several X-
ray data sets were obtained from crystals grown both in
Strathclyde and Southampton, and all showed the same
rather poor crystal quality. The origin of this is probably
related to the similarity of the triclinic cell to a monoclinic
C-lattice cell and the occurrence of twinning, which was
particularly marked for one data set.

Quinoline and VOCl3 react in dry CH2Cl2 to form dark
red [VOCl3(quinoline)] which has the υ(VO) at 1022 cm–1

and υ(VCl) at 409, 375 and 330 cm–1, the higher frequency
of υ(VO) is in agreement with five-coordination at the vana-
dium centre based on the trends described above [if signifi-

Figure 1. Structure of one of the two vanadium-containing mole-
cules in the asymmetric unit of [V2Cl4O3(2,2�-bipy)2]·1.75CH2Cl2.
Displacement ellipsoids are drawn at the 50% probability level and
H atoms omitted for clarity. Selected bond lengths [Å] and angles
[°]: V1–Cl1 2.308(4); V1–Cl2 2.330(3); V1–O1 1.578(8); V1–N1
2.164(10); V1–N2 2.258(10); V1–O2 1.783(7); V2–Cl3 2.309(4); V2–
Cl4 2.290(4); V2–O3 1.595(8); V2–N3 2.228(9); V2–N4 2.167(9);
V2–O2 1.785(8); Cl1–V1–Cl2 163.6(2); N1–V1–N2 72.1(4); N1–
V1–O2 163.0(4); N2–V1–O1 164.3(4); V1–O2–V2 145.8(5); Cl3–
V2–Cl4 163.2(2); N3–V2–N4 72.7(4); N4–V2–O2 164.1(3); N3–V2–
O3 164.8(4). The second molecule involving V3 and V4 has very
similar bond lengths and angles.

Eur. J. Inorg. Chem. 2006, 4391–4398 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4393

cant V=O···V interactions occur such that a six-coordinate
oligomer description is appropriate υ(VO) would be much
lower]. At ambient temperature the 51V NMR spectrum is
a broad (w1/2 = 2500 Hz) line at δ = –39 ppm, which sharp-
ens on cooling the solution, but with little change in the
chemical shift. In contrast, the VOCl3–pyridine system is
more complicated and initial attempts to isolate reproduc-
ible materials from the reaction of VOCl3 with pyridine in
either a 1:1 or 1:2 molar ratio in anhydrous CH2Cl2 were
unsuccessful. Using a 2:1 VOCl3/py ratio led to red-brown
[VOCl3(py)], whilst a 1:4 ratio gave [VOCl3(py)2], but with
stoichiometric ratios of the reagents only mixtures are pro-
duced. In this respect the pyridine systems seem to resemble
the nitrile complexes.[6–8] The IR spectra show υ(VO) at
1020 and 978 cm–1 for the 1:1 and 1:2 complexes, respec-
tively (Table 1), consistent with assignment as five- and six-
coordinate vanadium. The υ(VCl) modes in [VOCl3(py)2]
have a very similar pattern to those in [VOCl3(L–L)] (L–L
= 2,2�-bipy or 1,10-phenanthroline) and strongly suggest
the same isomer is present with mer chlorines and one pyri-
dine ligand trans to Cl and the second trans to O. The dif-
fuse reflectance spectra are similar, although the lowest en-
ergy feature in the 1:1 complex is at slightly lower energy
than that of the 1:2 complex. It seems that the charge-trans-
fer spectra are not suited to distinguishing reliably five- and
six-coordination in these systems. The solution spectro-
scopic data obtained from either [VOCl3(py)] or [VOCl3-
(py)2] are similar, consistent with equilibrium mixtures in
solution. In particular, the 51V NMR spectra show only sin-
gle resonances for solutions of either complex, which vary
with concentration and temperature. However, at –90 °C
CH2Cl2 solutions of [VOCl3(py)2] containing excess pyri-
dine show a relatively sharp resonance at δ = –58 ppm,
which broadens and drifts to higher frequency on warming.
This is probably due to the 1:2 complex. Similarly, at –90 °C
a CH2Cl2 solution of [VOCl3(py)] containing excess VOCl3
shows two resonances at δ = –6 and –38 ppm, which
broaden and then coalesce (–40 °C) on warming. These are
tentatively attributed to VOCl3 and [VOCl3(py)] respec-
tively, although the lines are still broad, indicating that the
low temperature limit has not been reached. However, fur-
ther cooling results in precipitation of the complex. The
reaction of VOCl3 with amines was violent and generated
considerable heat and decomposition. We were unable to
obtain pure complexes with Et3N or Et2NH, but adding a
CH2Cl2 solution of VOCl3 to a solution of
Me2NCH2CH2NMe2 in CH2Cl2 frozen in liquid nitrogen,
and slowly allowing the mixture to thaw, gave dark brown
[VOCl3(Me2NCH2CH2NMe2)]. The complex is very poorly
soluble in chlorocarbons, preventing useful solution-
phase spectroscopic data being obtained, but the IR and
UV/Visible data (Table 1) are consistent with six-coordinate
VV.

Comparison of the data above shows that adducts of
VOCl3 with nitrogen heterocycles form readily under anhy-
drous conditions. For the rigid chelates, 2,2�-bipyridyl and
1,10-phenanthroline, the complexes are six-coordinate,
whilst for the bulky monodentate quinoline, five-coordina-
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tion is preferred. The formation of both 1:1 and 1:2 com-
plexes with the smaller pyridine suggests that electronically
the stability of the five- and six-coordinate complexes are
similar. Paul et al.[16] reported dark brown [VOCl3(L)3] (L
= py, 1-, 2-, or 3-picoline, or quinoline), described as hygro-
scopic and insoluble in common solvents. We have been un-
able to reproduce these results, and the coordination of
seven monodentate ligands to the small VV centre seems
highly unlikely. The only examples of “seven-coordinate”
VV are with small-angle chelates such as [VO(NO3)3] or
[VO(S2CNR2)3], or in “side-on” peroxido complexes.[1] The
complexes described above are easily soluble in organic sol-
vents, although some insoluble decomposition or hydrolysis
products we have obtained include dark brown or some-
times green solids, which often show evidence of proton-
ation of the heterocycle in the IR spectra.

O-Donor Ligands (Scheme 2): Reaction of excess VOCl3
with 15-crown-5 and 18-crown-6 in CH2Cl2 under rigor-
ously anhydrous conditions gave dark red-brown solutions
from which removal of the solvent and excess VOCl3 in
vacuo, left very moisture sensitive, red-brown powders. The
products were identified as [VOCl3(15-crown-5)] and
[(VOCl3)2(18-crown-6)] by analysis. Repeated attempts to
obtain a pure complex with 12-crown-4 were unsuccessful.
The presence of VV was confirmed by their diamagnetism,
and by broad features in the UV/Visible spectra of both the
solids and CH2Cl2 solution at ca. 21000 cm–1 assigned as
(π)Cl�VV charge transfer, the absence of features to lower
energy ruling out lower oxidation states of vanadium.[24]

The IR spectra show broad, intense features in the regions
between ca. 1100 and ca. 800 cm–1 attributable to
(COC)asym and (COC)sym vibrations, respectively, of the
crowns. ν(VO) is assigned as the broad medium intensity

Scheme 2.
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features at 983 cm–1 (15-crown-5) or 993 cm–1 (18-crown-6)
and ν(VCl) as overlapping bands at ca. 360–430 cm–1. The
compounds are extremely moisture sensitive and labile in
solution. In rigorously dry CD2Cl2 the 1H NMR spectra
show singlet methylene resonances over the range +25 to
–95 °C, indicating reversible ligand dissociation or “ring
whizzing”. The 51V NMR spectrum of [VOCl3(15-crown-5)]
shows a single line at δ = –21 ppm and that of [(VOCl3)2-
(18-crown-6)] a broad feature at δ = –6 ppm, both of which
drift upfield on cooling the solutions, the effects reversing
on warming to ambient temperatures. This is consistent
with reversible dissociation on the vanadium NMR time-
scale, and from mixtures with added VOCl3 we were unable
to observe separate resonances for the complex and VOCl3
even at –90 °C. The data are consistent with six-coordinate
vanadium centres, with the VOCl3 coordinated to two
crown ether oxygen atoms. The behaviour of these com-
plexes is reminiscent of the [TiCl4(crown)] systems,[28] al-
though in these the exchange processes were slowed suffi-
ciently at low temperatures for the different methylene envi-
ronments to be observed in the 1H NMR spectra, consistent
with the stronger Lewis acidity of TiCl4 compared with
VOCl3. Hydrolysis of the VV complexes with traces of water
in chlorocarbon solvents produce [VO2Cl2]– δ(51V) =
–363 ppm, and the 51V resonance of a CH2Cl2 solution of
[Ph4As][VO2Cl2] is unshifted on adding 18-crown-6 showing
no interaction with the crown in solution.

The acyclic ether, 1,2-bis(methoxy)ethane (dme) gave a
dark red complex [VOCl3(dme)], which was also very labile
in solution and deliquescent in the solid state. The very sim-
ilar IR and 51V NMR spectra of this complex (Table 1) to
those of the two crown ethers is strong evidence for the κ2-
coordination of the crown proposed above.
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The reaction of VOCl3 with Ph3PO and Me3PO gave

[VOCl3(Ph3PO)] and [VOCl3(Me3PO)2] irrespective of the
V/L ratio used. The former is a dark brown solid which
exhibits υ(PO) at 1050 cm–1 and υ(VO) at 1020 cm–1, whilst
the latter is dark red-brown and has υ(PO) at 1085 cm–1

and υ(VO) at 952 cm–1, the differences in υ(VO) suggesting
these are five- and six-coordinate species, respectively. The
dry solids are relatively resistant to hydrolysis and may be
handled briefly in air, although in solution hydrolysis to
chlorido-oxidovanadates occurs readily (51V NMR evi-
dence). In solution the complexes exhibit large high-fre-
quency coordination shifts in the 31P{1H} NMR spectra,
consistent with coordination to a high-valent metal centre,
and have δ(51V) at –83 and –92 ppm, respectively. The ob-
servation of single 1H and 31P NMR resonances for
[VOCl3(Me3PO)2] even at low temperatures, suggests a sin-
gle isomer with equivalent phosphane oxides is present, and
the single υ(PO) vibration tentatively suggests the R3PO
groups are mutually trans. The corresponding reaction of
VOCl3 with Ph3AsO in CH2Cl2 produced an extremely
moisture-sensitive dark red solid [VOCl3(Ph3AsO)], which
from its spectroscopic signature [υ(VO) at 1016 cm–1,
υ(AsO) at 803 cm–1, δ(51V) = –141 ppm] appears to be anal-
ogous to the OPPh3 complex.

The diphosphane dioxide Ph2P(O)CH2P(O)Ph2, reacts
with 1 equiv. of VOCl3 to form dark brown
[VOCl3{Ph2P(O)CH2P(O)Ph2}]. In the solid state the com-
plex exhibits bands at 1164 and 1080 cm–1 assigned as
υ(PO) and 970 υ(VO), suggesting a six-coordinate vana-
dium centre. In CH2Cl2 solution the complex is labile and
exhibits a 31P NMR resonance only on cooling, and at
–70 °C the spectrum reveals doublets of equal intensity
at δ = 48.2 and 34.5 ppm (2J = 12 Hz) [“free” Ph2P(O)-
CH2P(O)Ph2 has δ(31P) = 25 ppm]. The 51V (δ = –81 ppm)
resonance is broad (w1/2 ca. 2500 Hz) at room temperature,
and sharpens on cooling, although the chemical shift
varies only slightly with temperature. The large difference
in υ(PO) in the IR spectrum and the inequivalence of the
phosphorus centres in solution strongly suggest the struc-
ture of this complex has the phosphinoyl groups trans to
VO and VCl, respectively, and hence has mer-Cl atoms.
Evaporation of a CH2Cl2 solution of [VOCl3{Ph2P(O)-
CH2P(O)Ph2}] with excess VOCl3 and pumping to dryness
in vacuo, gave a second complex which was not obtained
analytically pure, but which appears to be [(VOCl3)2{µ-
Ph2P(O)CH2P(O)Ph2}] with υ(PO) at 1094 cm–1 and υ(VO)
at 1023 cm–1, and which from NMR studies was under-
going ligand exchange in solution even down to very low
temperatures. The data show that like the pyridine systems
above, the balance between five- and six-coordination in the
phosphane oxide systems is subtle. In the case of the
Ph2P(O)CH2P(O)Ph2/VOCl3 system the relative mismatch
of the small vanadium centre and the large chelate bite in
the six-membered ring is probably responsible for the dy-
namic behaviour in solution. Attempts to isolate a complex
of VOCl3 with the diphosphane dioxide o-C6H4{P(O)Ph2}2,
which is both more rigid and sterically larger, were unsuc-
cessful.
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Pyridine N-oxide afforded two complexes, red
[VOCl3(pyNO)] and darker red-black [VOCl3(pyNO)2], de-
pending upon the experimental conditions. The υ(VO) at
976 cm–1 in the latter is within the range of other six-coordi-
nate complexes, whilst for the former the υ(VO) at
1006 cm–1 is at the lowest frequency observed for an (as-
sumed) five-coordinate vanadium centre. The complexes
also show strong υ(NO) at 1195 and 1200 cm–1, lowered
from the value of 1228 cm–1 in pyridine N-oxide.[29] The 51V
NMR spectrum of [VOCl3(pyNO)2] in anhydrous CH2Cl2
solution at ambient temperatures is a very broad resonance
at δ = –67 ppm (w1/2 = 800 Hz) which on cooling the solu-
tion sharpens and shows a small low-field shift. In the pres-
ence of added pyNO the limiting chemical shift is δ =
–72 ppm (w1/2 = 1000 Hz) at –70 °C, which probably corre-
sponds to the 1:2 complex. In contrast, a CH2Cl2 solution
of [VOCl3(pyNO)] only shows a 51V NMR resonance below
ca. –30 °C as a very broad feature at ca. δ = –25 ppm, which
does not sharpen appreciably on cooling the solution, al-
though as expected, addition of excess pyNO replicates the
behaviour observed from [VOCl3(pyNO)2]. Overall, the
data suggest that neutral O-donor ligand complexes of
VOCl3 are less stable, particularly in solution, than the N-
donor adducts, and with the exception of the phosphane
oxides, the lability precludes using solution NMR spectro-
scopic data to identify the isomer present in the six-coordi-
nate complexes. Again examples of both five- and six-coor-
dination are found, the coordination number presumably
largely driven by steric factors.

S-, Se-, P- and As-Donor Ligands: The reaction of VOCl3
with R2S (R = Me, Et or Bu) in chlorocarbons or hydro-
carbons even at low temperatures gave dark solutions,
which became blue-green in seconds. The UV/Visible spec-
trum of the latter (Emax = 13500 cm–1) showing reduction
to a vanadyl VO2+ species, as reported by Baker et al.[15]

Similar reduction occurred with Ph2S and
PhSCH2CH2SPh. The reaction of Me2Se, MeSeCH2CH2-
SeMe, Ph3P, Ph2PCH2CH2PPh2, or o-C6H4(AsMe2)2 with
VOCl3 even at –78 °C caused instant reduction to VIV or
VIII (identified by in situ UV/Visible spectroscopy).

Oxygen Atom Transfer Reactions: The results above
clearly show that the VV complexes are extremely reactive
and unstable towards reduction. Hence we have investigated
their possible utility as O-atom transfer reagents towards
R3E (E = P or As) and R2E� (E� = S or Se). Many high
valent metal oxido complexes have been shown to behave
as O-atom transfer reagents to organic molecules.[30] The
addition of 1 equiv. of Ph3P to CH2Cl2 solutions of
[VOCl3(2,2�-bipy)], [VOCl3(py)2] or [VOCl3(quinoline)] re-
sulted in instant loss of the dark red VV complexes, leaving
pale pink solutions, and in situ 31P NMR studies showed
clean conversion to Ph3PO (δ = +28 ppm). The correspond-
ing reactions with Me3As and Ph3As with [VOCl3(quino-
line)] also resulted in rapid discharge of the colour, and af-
ter hydrolysis with aqueous ammonia, a mixture of the cor-
responding R3AsO and quinoline were isolated from the
organic extracts, and identified by comparison of their IR
and 1H NMR spectra with literature data.[31] The reaction
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of [VOCl3(quinoline)] with Me2Se was also rapid, and in
this case the product was identified as Me2SeO by its 77Se
NMR [δ(CH2Cl2 solution) = +825 ppm; ref.[32] +812 ppm
(in H2O)] which, given the solvent-dependence of selenium
chemical shifts, is good agreement. In contrast, the reac-
tions of [VOCl3(quinoline)] with thioethers, including
nBu2S and Ph2S, were slow, taking several hours to dis-
charge the deep red colour (contrast the rapid reduction of
VOCl3 by these ligands described above). In these cases,
after hydrolysis with aqueous ammonia and extraction with
CH2Cl2, evaporation of the organic solvents left the corre-
sponding[33] colourless liquid sulfoxides, R2SO.

Conclusions

A range of five- and six-coordinate oxido VV complexes
incorporating neutral N- and O-donor ligands has been iso-
lated and characterised spectroscopically and analytically.
This represents the first detailed characterisation of an ex-
tended series of adducts of VOCl3. The compounds are
highly reactive and undergo moderately rapid degradation
both in solution and in the solid state even in the dark.
They are immediately decomposed by water or alcohols and
reduced by ligands containing the heavier groups 15 or 16
donors, and for selected examples we have shown that this
decomposition involves oxygen atom transfer to the group
15/16 atom. 51V NMR studies show resonances to low fre-
quency of VOCl3 for all of the complexes reported here.
Variable temperature studies have shown that most of the
complexes are labile in chlorocarbon solvents. Although for
some of the monodentate ligands both 1:1 and 1:2 ligand/
metal complexes have been isolated as solids, in solution
these are in fast equilibrium.

Experimental Section
All reactions were conducted under anhydrous conditions under
dry dinitrogen using standard vacuum line, Schlenk and glove-box
techniques. VOCl3 (Aldrich) was used as received. Solvents were
dried by distillation from CaH2 (CH2Cl2), Na/benzophenone ketyl
(hexane and diethyl ether). 2,2�-Bipyridyl, 1,10-phenanthroline,
Ph3PO, Ph3AsO and pyridine N-oxide were dried by heating in
vacuo, Me3PO was freshly sublimed in vacuo. 18-crown-6, 15-
crown-5 and 12-crown-4 were dried by refluxing with excess SOCl2,

followed by vacuum drying at 60 °C. 1,2-bis(methoxy)ethane was
dried by distillation from Na pellets. Quinoline, pyridine and
Me2NCH2CH2NMe2 were refluxed over BaO and freshly distilled.
[Ph4As][VOCl4] and [Ph4As][VO2Cl2] were made by literature meth-
ods.[20,21] 51V NMR spectra were recorded in 10-mm o.d. tubes
from dry CH2Cl2 solutions containing 5% CD2Cl2 as lock, with a
Bruker DPX400 operating at 105.2 MHz, and referenced to exter-
nal neat VOCl3 (δ = 0 ppm). Other physical measurements were
made as described.[9,28] Analytical data were obtained from the mi-
croanalytical laboratory of Strathclyde University.

[VOCl3(2,2�-bipy)]: A solution of VOCl3 (0.23 g, 1.3 mmol) in dry
CH2Cl2 (5 mL) was added to a solution of 2,2�-bipyridyl (0.2 g,
1.3 mmol) in dry CH2Cl2 (10 mL). The dark red solution was con-
centrated to ca. 5 mL in vacuo, dry hexane (5 mL) added and the
red-black solid isolated by filtration, and dried in vacuo. Yield
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0.30 g, 70%. C10H8Cl3N2OV (329.5): calcd. C 36.5, H 2.5, N 8.5;
found C 37.1, H 2.1, N 8.2. 1H NMR (300 MHz, CDCl3, 298 K):
δ = 7.6 (m, 2 H), 8.5 (m, 4 H), 9.35 (s, H), 9.70 (s, H) ppm. IR
(Nujol): ν̃ = 1314 (m), 1261 (m), 1157 (w), 1104 (w), 1026 (m), 978
(s), 802 (m), 763 (s), 658 (m), 381 (s), 358 (s), 348 (s) cm–1. UV/
Vis: Emax [cm–1] (εmol, cm–1 dm3 mol–1) = 19250 (sh), 21550 (1325),
22730 (1300), 26310 (sh), ca. 33000 (ca. 20000).

[VOCl3(1,10-phen)]: Prepared similarly from VOCl3 (0.29 g,
1.6 mmol) and 1,10-phenanthroline (0.29 g, 1.6 mmol). A dark red-
brown solid was isolated. Yield 0.32 g, 55%. C12H8Cl3N2OV
(353.2): calcd. C 40.7, H 2.3, N 7.9; found C 39.8, H 2.0, N 7.5.
1H NMR (300 MHz, CDCl3, 298 K): δ = 8.0 (m, 4 H), 8.65 (s, 2
H), 9.75 (s, H), 9.95 (s, H) ppm. IR (Nujol): ν̃ = 1308 (w), 1258
(w), 1171 (m), 1140 (s), 1023 (w), 973 (s), 839 (s), 776 (m), 431 (m),
386 (s), 347 (s), 319 (sh) cm–1. UV/Vis (CH2Cl2): Emax [cm–1] (εmol,
cm–1 dm3 mol–1) = 18200 (sh), 21505 (1680), 22730 (1730), ca.
33000 (ca. 15000).

[VOCl3(py)2]: A solution of pyridine (0.4 g, 5.0 mmol) in CH2Cl2
(5 mL) was added to VOCl3 (0.21 g, 1.2 mmol) in CH2Cl2 (5 mL)
producing an immediate precipitate. The mixture was stirred
briefly, concentrated in vacuo to small volume and hexane (5 mL)
added. The red solid was filtered off, rinsed with hexane, and dried
in vacuo. Yield 0.23 g, 51%. C10H10Cl3N2OV (331.5): Calcd. C
36.2, H 3.0, N 8.5; found C 36.3, H 3.9, N 8.3. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 7.3–7.5 (m) ppm. IR (Nujol): ν̃ = 1604 (m),
1375 (m), 1325 (w), 1263 (w), 1161 (w), 1054 (m), 978 (s), 800 (s),
750 (s), 671 (s), 426 (s), 393 (m), 372 (m), 347 (m) cm–1. UV/Vis
(CH2Cl2): Emax [cm–1] = 19800 (sh), 21740, 28730.

[VOCl3(py)]: A solution of pyridine (0.2 g, 2.5 mmol) in CH2Cl2
(5 mL) was added to VOCl3 (0.84 g, 4.8 mmol) in CH2Cl2 (25 mL)
producing an immediate precipitate. The solution was stirred for
30 min and then pumped to dryness in vacuo at room temperature.
The dark brown powder produced was rinsed with hexane (5 mL),
the solid filtered off and dried in vacuo. Yield 0.40 g, 64%.
C5H5Cl3NOV (252.4): calcd. C 23.8, H 2.0, N 5.6; found C 23.1,
H 2.1, N 5.4. 1H NMR (300 MHz, CDCl3, 298 K): δ = 7.5 (s, 2
H), 8.0 (s, H), 8.9 (s, 2 H) ppm. IR (Nujol): ν̃ = 1604 (w), 1361
(m), 1250 (w), 1236 (w), 1158 (m), 1071 (m), 1020 (s), 964 (w), 869
(m), 757 (s), 734 (s), 687 (s), 642 (m), 419 (s), 385 (s), 344 (s) cm–1.
UV/Vis (CH2Cl2): Emax [cm–1] = 21500, 29110.

[VOCl3(quinoline)]: A solution of quinoline (0.26 g, 2.0 mmol) in
CH2Cl2 (10 mL) was added to VOCl3 (0.52 g, 3.0 mmol) in CH2Cl2
(25 mL) producing an immediate red-black precipitate. The solu-
tion was stirred for 30 min and then pumped to dryness in vacuo
at room temperature. The dark brown powder produced was stirred
with hexane (5 mL) for 15 min, the solid filtered off and dried in
vacuo. Yield 0.45 g, 74%. C9H7Cl3NOV (302.5): calcd. C 35.7, H
2.3, N 4.6; found C 35.5, H 2.4, N 4.5. 1H NMR (300 MHz,
CDCl3, 298 K): δ = 7.7 (s, H), 7.9 (s, H), 8.1 (s, 2 H), 8.4 (s, H),
8.7 (s, H), 9.4 (s, H) ppm. IR (Nujol): ν̃ = 1610 (w), 1354 (m), 1298
(w), 1261 (m), 1091 (m),1022 (s), 798 (s), 771 (m), 710 (s), 634 (w),
596 (m), 496 (s), 458 (m), 409 (sh), 375 (s), 330 (sh) cm–1. UV/Vis
(CH2Cl2): Emax [cm–1] = 21600, 27700.

[VOCl3(Me2NCH2CH2NMe2)]: A solution of Me2NCH2CH2NMe2

(0.12 g, 1.0 mmol) in CH2Cl2 (20 mL) was frozen in liquid nitrogen
and a solution of VOCl3 (0.17 g, 1.0 mmol) in CH2Cl2 (10 mL) sy-
ringed in. The mixture was allowed to thaw and then warm slowly
to room temperature to produce a dark brown solution. The solu-
tion was stirred for 30 min and then concentrated to ca. 10 mL in
vacuo. The dark red-brown solid was filtered off and dried in
vacuo. Yield 0.25 g, 86%. C6H16Cl3N2O3V (281.5): calcd. C 24.9,
H 5.6, N 9.7; found C 24.3, H 6.0, N 9.5. IR (Nujol): ν̃ = 1590
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(w), 1260 (m), 1161 (w), 1080 (sh), 993 (s), 946 (m), 914 (w), 803
(s), 733 (s), 525 (w), 360 (sh), 343 (s), 290 (sh) cm–1. UV/Vis
(CH2Cl2): Emax [cm–1] = 20830, 32100.

[VOCl3(15-crown-5)]: VOCl3 (0.14 g, 0.8 mmol) in dry CH2Cl2
(5 mL) was added to 15-crown-5 (0.17 g, 0.77 mmol) in dry CH2Cl2
(10 mL) and the solution pumped to dryness under vacuum. The
solid was washed with pentane (10 mL), filtered off and dried in
vacuo. Yield 0.2 g, 64%. C10H20Cl3O6V (393.5): calcd. C 30.5, H
5.2; found C 29.4, H 5.7. IR (Nujol): ν̃ = 1304 (w), 1261 (m), 1098
(vs), 1022 (s), 983 (m), 940 (m), 802 (s), 610 (w), 428 (m), 395 (m),
351 (m) cm–1. UV/Vis (CH2Cl2): Emax [cm–1] = 22420. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 3.6 (br. s) ppm. 51V NMR (CH2Cl2,
223 K): δ = –54 (w1/2 = 1000 Hz) ppm.

[{VOCl3}2(18-crown-6)]: Excess VOCl3 (0.42 g, 2.4 mmol) in dry
CH2Cl2 (5 mL) was added to 18-crown-6 (0.2 g, 0.76 mmol) in dry
CH2Cl2 (10 mL) and worked up as described for [VOCl3(15-crown-
5)]. Red-brown solid. Yield 0.2 g, 30%. C12H24Cl6O8V2 (610.9):
calcd. C 23.6, H 4.0; found C 24.3, H 4.6. IR (Nujol): ν̃ = 1300
(w), 1260 (m), 1146 (w), 1098 (vs), 1027 (s), 993 (m), 927 (m), 803
(s), 563 (m), 408 (sh), 359 (s,br), 306 (m) cm–1. UV/Vis (CH2Cl2):
Emax [cm–1] = 22320. 1H NMR (300 MHz, CDCl3, 298 K): δ = 3.66
(s) ppm. 51V NMR (CH2Cl2, 203 K): δ = –47 (w1/2 = 2000 Hz)
ppm.

[VOCl3(Ph3PO)]: A solution of triphenylphosphane oxide (0.56 g,
2.0 mmol) in CH2Cl2 (5 mL) was added to VOCl3 (0.35 g,
2.0 mmol) in CH2Cl2 (5 mL), the dark solution stirred briefly and
then concentrated in vacuo. The solution was treated with hexane
(5 mL) and refrigerated to give a red-brown solid, which was fil-
tered off and dried in vacuo. Yield 0.53 g, 58%. C18H15Cl3PO2V
(451.6): calcd. C 47.9, H 3.3; found C 48.5, H 3.3. 1H NMR
(300 MHz, CDCl3, 298 K): δ = 7.4–7.8 (m, Ph) ppm. 51V (CH2Cl2,
200 K): δ = –102 (w1/2 = 850 Hz) ppm. 31P{1H} (CH2Cl2, 295 K):
δ = 56 ppm. IR (Nujol): ν̃ = 1312 (w), 1260 (m), 1182 (m), 1119
(s), 1050 (s, PO), 1020 (s), 992 (m), 749 (s), 688 (s), 535 (vs), 432
(m), 403 (m), 372 (m), 336 (m), 311 (m) cm–1. UV/Vis (CH2Cl2)
Emax [cm–1] (εmol, cm–1 dm3 mol–1) = 17000 (110), 23250 (500),
31000 (15000).

[VOCl3(Me3PO)2]: A solution of trimethylphosphane oxide (0.09 g,
1.0 mmol) in CH2Cl2 (5 mL) was added to VOCl3 (0.09 g,
0.5 mmol) in CH2Cl2 (5 mL), the dark brown solution which was
stirred briefly, filtered, and the solvents evaporated to dryness in
vacuo. Yield 0.16 g, 88%. C6H18Cl3O3P2V (357.5): calcd. C 20.1,
H 5.0; found C 20.6, H 5.3. 1H NMR (300 MHz, CDCl3, 298 K):
δ = 2.0 (br., CH3) ppm. 31P{1H} (CH2Cl2, 295 K): δ = 74 ppm,
essentially unchanged on cooling to 210 K. IR (Nujol): ν̃ = 1297
(s), 1260 (m), 1085 (vs, PO), 1016 (s), 952 (s), 863 (m), 801 (m),
757 (w), 608 (w), 468 (sh), 431 (m), 381 (sh), 367 (br., m) cm–1.
UV/Vis (CH2Cl2): Emax [cm–1] = 17240 sh, 18380, 23580, 33000.

[VOCl3[Ph2P(O)CH2P(O)Ph2]]: A solution of the diphosphane di-
oxide (0.27 g, 0.65 mmol) in CH2Cl2 (10 mL) was added to VOCl3
(0.11 g, 0.65 mmol) in CH2Cl2 (5 mL), and the dark solution stirred
briefly. Hexane (5 mL) was added and the dark-brown precipitate
filtered off and dried in vacuo. Yield 0.175 g, 46%.
C25H22Cl3O3P2V (589.7): calcd. C 50.9, H 3.8; found C 50.9, H 3.5.
1H NMR (300 MHz, CDCl3, 298 K): δ = 7.4–7.9 (m, Ph), 3.95 (br.
s, CH2) ppm; no change at 210 K. 51V (CH2Cl2, 200 K) δ = –85
(w1/2 = 1100 Hz) ppm. 31P{1H} (CH2Cl2, 223 K): δ = 48 (br., P),
35 (br., P) ppm; (200 K): δ = 48.2 (d, 2JP–P = 12 Hz, P), 34.5 (d,
2JP–P = 12 Hz, P) ppm. IR (Nujol): ν̃ = 1260 (m), 1164 (s, PO),
1125 (s), 1099 (m), 1080 (m, PO), 1055 (m), 1025 (m), 970 (w), 777
(s), 687 (s), 517 (s), 395 (m), 337 (s), 320 (sh) cm–1. UV/Vis
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(CH2Cl2): Emax [cm–1] (εmol, cm–1 dm3 mol–1) = 17980 (1300), 22730
(3750), 30490 (2200).

[VOCl3(Ph3AsO)]: Triphenylarsane oxide (0.32 g, 1.0 mmol) was
melted in vacuo after 20 min the melt was cooled to room tempera-
ture, dissolved in dry CH2Cl2 (10 mL) and added to VOCl3 (0.35 g,
2.0 mmol) in CH2Cl2 (5 mL). (Unless rigorously anhydrous condi-
tions are used this reaction gives the product as a black oil which
appears spectroscopically identical to the solid complex.) The dark
solution stirred briefly and then concentrated in vacuo. The solu-
tion was treated with hexane (5 mL) to give a red-black solid, which
was filtered off and dried in vacuo. Yield 0.40 g, 80%.
C18H15AsCl3O2V·CH2Cl2 (580.5): calcd. C 39.3, H 3.0; found C
39.6, H 2.7. 1H NMR (300 MHz, CDCl3, 298 K): δ = 7.4–7.8 (m,
Ph), 5.4 (s, CH2Cl2) ppm. 51V (CH2Cl2, 298 K): δ = –142 (w1/2 =
400 Hz) ppm. IR (Nujol): ν̃ = 1363 (m), 1260 (m), 1087 (s), 1016
(s), 801 (m, AsO), 735 (s), 684 (m), 530 (w), 461 (m), 393 (m), 365
(m), 347 (sh) cm–1. UV/Vis (CH2Cl2): Emax [cm–1] (εmol,
cm–1 dm3 mol–1) = 16000 (sh) (ca. 200), 21550 (3100), 30490 (2295).

[VOCl3(MeOCH2CH2OMe)]: A solution of dme (0.18 g, 2.0 mmol)
in CH2Cl2 (10 mL) was added to VOCl3 (0.19 g, 1.0 mmol) in
CH2Cl2 (25 mL) producing a very dark solution. The solution was
stirred for 30 min, and then pumped to dryness in vacuo at room
temperature. The dark red-black powder produced was stirred with
hexane (5 mL) for 15 min, the solid filtered off and dried in vacuo.
Yield 0.35 g, 66%. C4H10Cl3O3V (263.4): calcd. C 18.3, H 3.8;
found C 18.7, H 4.2. 1H NMR (300 MHz, CDCl3, 298 K): δ = 3.8
(br) ppm; (220 K): δ = 4.01 (s, 2 H, CH2), 4.05 (s, 3 H, CH3) ppm.
IR (Nujol): ν̃ = 1346 (m), 1278 (w), 1260 (m), 1240 (m), 1190 (m),
1107 (s), 1076 (s), 1026 (s), 999 (s), 983 (s), 864 (m), 820 (m), 770
(m), 421 (m), 359 (s), 348 (vbr), 282 (w) cm–1. UV/Vis (CH2Cl2):
Emax [cm–1] = 19840, 26050 (sh), 32000.

[VOCl3(pyNO)]: A solution of pyridine N-oxide (0.55 g, 5.8 mmol)
in toluene (50 mL) was treated dropwise with VOCl3 (1.0 g,
5.8 mmol). A dark red precipitate was formed immediately and the
mixture stirred for 2 h. The supernatant was removed by cannula
and the solid residue washed with hexane (15 mL). Filtration
yielded a red solid which was dried in vacuo. Yield 0.96 g, 62%.
C5H5Cl3NO2V (268.4): calcd. C 22.4, H 1.9, N 5.2; found C 22.1,
H 1.7, N 5.7. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.85 (s, 2
H), 9.20 (s, 1 H), 9.65 (s, 2 H). IR (Nujol): ν̃ = 1605 (w), 1258 (m),
1197 (s), 1172 (m), 1092 (m), 1006 (s), 979 (m), 836 (m), 768 (s),
727 (m), 690 (m), 393 (m), 371 (s), 330 (s) cm–1. UV/Vis (CH2Cl2):
Emax [cm–1] = 16000 (sh), 19700, 22000, 31700.

[VOCl3(pyNO)2]: A solution of pyridine N-oxide (0.55 g, 5.8 mmol)
in CH2Cl2 (30 mL) was treated with VOCl3 (0.5 g, 2.8 mmol). A
very dark red-black solution resulted. After stirring for 1 h. the
mixture was taken to dryness in vacuo at room temperature. The
resulting dark red solid was suspended in hexane (10 mL) and
stirred for 15 min, the solid filtered off and dried in vacuo. Yield
0.86 g, 82%. C10H10Cl3N2O3V (363.5): calcd. C 33.0, H 2.8, N 7.7;
found C 32.7, H 2.6, N 7.1 1H NMR (400 MHz, CDCl3, 298 K): δ
= 8.82 (s, 2 H), 9.15 (s, 1 H), 9.60 (s, 2 H). IR (Nujol): ν̃ = 1605
(w), 1258 (m), 1200 (s), 1175 (m), 1092 (s), 996 (s), 976 (m), 830
(m), 768 (s), 727 (m), 695 (m), 373 (m), 348 (s), 325 (s) cm–1. UV/
Vis (CH2Cl2): Emax [cm–1] = 18000 (br), 27200.

Oxidation Reactions: General method: Ph3P (0.026 g, 0.1 mmol)
was dissolved in CH2Cl2 (5 mL) and a solution of the vanadium
complex (0.1 mmol) in CH2Cl2 (5 mL) added. After 5 min the mix-
ture was pumped to dryness in vacuo, and the residue shaken up
with aqueous ammonia (5 mL of 4 mol·dm–3) and CH2Cl2 (5 mL).
The organic phase was separated and used for 31P NMR studies.
The reactions with Me3As, Ph3As, Me2Se, nBu2S and Ph2S were
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conducted similarly, the products being identified by 1H, 77Se
NMR and IR spectroscopy as appropriate.

X-ray Data: CCDC-608276 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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A series of six-coordinate chloro CrIII and VIII complexes in-
volving crown ether, crown thioether and mixed ether/thio-
ether crowns, [MCl3(crown)] (M = Cr or V; crown = 12-crown-4,
15-crown-5,18-crown-6, [12]aneS4, [15]aneS5, [9]aneS2O,
[15]aneS2O3, [18]aneS3O3) has been prepared by the reac-
tion of [MCl3(thf)3] with rigorously dried crown in anhydrous
CH2Cl2. In the presence of small amounts of water the mono-
aquo species [MCl3(H2O)(15-crown-5)] and [MCl3(H2O)(18-
crown-6)] are obtained. The products have been character-
ised by IR and UV/Visible spectroscopy, microanalyses and
for [CrCl3(H2O)(18-crown-6)], [VCl3(H2O)(15-crown-5)] and
[CrCl3([15]aneS5)], by X-ray crystallography. The unexpec-
ted affinity of specifically the 15-crown-5 and 18-crown-6
complexes to pick up H2O is rationalised in terms of the
strain within the two adjacent five-membered chelate rings
in the anhydrous (κ3-coordinated) species, and a wider sur-
vey of the structures reported for six-coordinate MIII crown

Introduction

The coordination chemistry of crown ether ligands is
dominated by the group 1 and 2 metals and the lantha-
nides.[1–3] Two main types of metal–crown ether complex
are known – primary coordination, where the crown bonds
directly to the metal by some or all of the ether oxygen
atoms, and secondary coordination, where the crown is not
directly bonded to the metal, but interacts through H bond-
ing with the metal complex. Relatively few studies of transi-
tion metal crown ether complexes have been reported. For
the early 3d metals, scandium(III) forms primary coordina-
tion complexes under anhydrous conditions, including
[ScCl2(15-crown-5)][SbCl6], [ScCl(15-crown-5)(MeCN)]-
[SbCl6]2, [ScCl2(18-crown-6)][SbCl6] and [Sc(12-crown-4)2]3+,
whilst in the presence of water secondary coordination
occurs as in [ScCl3(H2O)3]·crown (crown = 15-crown-5,
18-crown-6).[4–6] Titanium(IV) halides produce the very
moisture sensitive [TiX4(κ2-crown)] (crown = 12-crown-4,
15-crown-5, 18-crown-6; X = Cl or Br) and [TiCl3(15-
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complexes (M = Sc – Cr) with RECH2CH2ER (E = O or S)
reveals that while the S–M–S angles in five-membered che-
late rings are typically around 82°, those involving O–M–O
are very substantially more acute at around 75°. Thus, the
[MCl3(κ3-crown ether)] complexes are much less stable and
can alleviate some of this significant ring strain by switching
to κ2-crown coordination with the H2O ligand completing the
six coordination. In contrast, the crown thioether complexes
have much less tendency to do this and hence appear to be
more stable. Furthermore, using the structurally related (di-
methylene linkages) mixed thia/oxa crowns to probe the M–
O vs. M–S binding competitively, strongly indicates that the
CrIII and VIII preferentially coordinate to the thioether rather
than the ether donor atoms, contrary to normal expectation
based upon HSAB theory.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

crown-5)(MeCN)][SbCl6]; two hydrolysis products
[Ti2Cl6(µ-O)(18-crown-6)2] and [Ti4(µ-O)4Cl8(15-crown-5)4]
have also been structurally characterised.[7–9]

Titanium(III), vanadium(III) and chromium(III) are rep-
resented by some scattered structurally characterised com-
plexes, viz. [MCl3(H2O)(18-crown-6)] (M = Ti or V),[10,11]

[VCl2(15-crown-5)][VOCl4],[12] [CrCl3(H2O)(15-crown-5)],[13]

and [CrCl3(H2O)3]·(15-crown-5),[14] but the system-
atic chemistry with these trivalent metals has not been in-
vestigated. We have also been probing the chemistry of early
transition-metal centres with softer thioether ligands and
macrocycles in order to explore the effects of combining
these soft ligands with hard metals. In this context we have
described previously the preparations and properties of a
series of neutral CrIII and VIII halide complexes of the form
[MX3(L)] (X = Cl or Br; L = [9]aneS3, [10]aneS3 [1,4,7-
trithiacyclodecane] or [18]aneS6 [1,4,7,10,13,16-hexathiacy-
clooctadecane]) and the cationic [CrX2([n]aneS4)]PF6 (n =
14 or 16) ([14]aneS4 = 1,4,8,11-tetrathiacyclotetradecane,
[16]aneS4 = 1,5,9,13-tetrathiacyclohexadecane).[15] The
crystal structure of [CrCl3(κ3-[18]aneS6)] has also been de-
scribed by Grant and co-workers.[16] Chromium(III) com-
plexes with thioether-containing ligands, e.g.
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[CrCl3{RS(CH2)2NH(CH2)2SR}] (R = Me, Et, nBu, n-de-
cyl) have also been shown to be important catalyst precur-
sors which, when combined with methylaluminoxane, pro-
mote the selective trimerisation of ethene to produce 1-hex-
ene.[17] The nature of the ligand plays an important role in
determining the product distribution in these processes.

Here we report the results of our systematic studies on
the synthesis, characterisation and structures of complexes
of the three crown ethers 12-crown-4, 15-crown-5 and 18-
crown-6, the thiamacrocycles [12]aneS4 (1,4,7,10-tetrathia-
cyclododecane) and [15]aneS5 (1,4,7,10,13-pentathiacyclo-
pentadecane) and the mixed thia-oxa macrocycles
[9]aneS2O (1-oxa-4,7-dithiacyclononane), [15]aneS2O3

(1,4,7-trioxa-10,13-dithiacyclopentadecane) and [18]aneS3O3

(1,4,7-trioxa-10,13,16-trithiacyclooctadecane) with CrIII

and VIII chlorides. The macrocyclic ligands were specifically
chosen to provide a direct comparison between ether and
thioether coordination and the mixed S/O systems to probe
the ligation to S or O competitively. The crystal structures
of three complexes are reported and an analysis of the
structural parameters of these species, together with the
structurally characterised examples in the literature reveal
some quite marked trends in the angles subtended at the
metal. These are discussed in terms of donor atom type,
ring size and complex stability.

Results and Discussion

The reaction of [MCl3(thf)3] with rigorously dry (either
by prolonged heating in vacuo or by pre-treatment with
SOCl2 in refluxing CH2Cl2) 15-crown-5 in CH2Cl2 under
anhydrous conditions yields pink-purple (Cr) and pink (V)
powders [MCl3(κ3-15-crown-5)], whilst in the presence of
small amounts of water the products are [MCl3
(H2O)(κ2-15-crown-5)]. The structure of [CrCl3(H2O)(15-
crown-5)] has been reported[13] and consists of a pseudo-
octahedral chromium centre bonded to three facial chlo-
rines, a water molecule and κ2 to the crown. The anhydrous
and aqua complexes are readily distinguishable by their IR
spectra (the presence or absence of water bands), have dis-
tinguishable spectra in the fingerprint region and also differ
in the far IR ν(M–Cl) vibrations (Experimental Section).
The anhydrous [MCl3(κ3-15-crown-5)] readily convert to
[MCl3(H2O)(κ2-15-crown-5)] upon stirring in CH2Cl2 solu-
tion with small amounts of added water under N2 (larger
amounts of water completely displace the crown – see be-
low). Crystals of [VCl3(H2O)(κ2-15-crown-5)] were obtained
from CH2Cl2/hexane. The structure shows (Figure 1,
Table 1) the V coordinated to three facial Cl atoms
2.309(2)–2.335(2) Å, one H2O ligand [2.064(5) Å] and two
adjacent ether O atoms from the crown [2.070(4) and
2.122(4) Å]. The O–V–O angle within the chelate ring is
76.23(18)°. The O5···O6···O4a angle is a plausible 102.3°.
The structure of [VCl3(H2O)(κ2-18-crown-6)] reported by
Atwood and co-workers shows similar geometric param-
eters.[8] Although the H atoms bonded to the water O6 were
not convincingly identified, there are only two suitable

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4399–44064400

O···O distances for O–H···O H-bonding interactions. Thus
O6···O5 [2.784(6) Å] is an intramolecular H-bond and
O6···O4a [2.676(6) Å, a: y, x, –z] an intermolecular interac-
tion to crown O atoms.

Figure 1. View of the structure of [VCl3(H2O)(15-crown-5)] with
numbering scheme adopted. H atoms have been omitted for clarity
and the ellipsoids are drawn at the 50% probability level.

Table 1. Selected bond lengths [Å] and angles [°] for [VCl3(H2O)(15-
crown-5)]·3/4CH2Cl2.

V1–O1 2.070(4) V1–Cl1 2.319(2)
V1–O2 2.122(4) V1–Cl2 2.335(2)
V1–O6 2.064(5) V1–Cl3 2.309(2)

O6–V1–O1 82.72(19) O6–V1–O2 88.12(18)
O1–V1–O2 76.23(18) O6–V1–Cl3 89.08(14)
O1–V1–Cl3 166.19(14) O2–V1–Cl3 92.46(14)
O6–V1–Cl1 172.78(14) O1–V1–Cl1 90.07(15)
O2–V1–Cl1 89.73(14) Cl3–V1–Cl1 97.90(8)
O6–V1–Cl2 89.08(13) O1–V1–Cl2 94.00(13)
O2–V1–Cl2 170.10(14) Cl3–V1–Cl2 96.98(8)
Cl1–V1–Cl2 91.89(8)

Stirring a CH2Cl2 solution of this complex overnight
with a further added water leads to deposition of blue crys-
tals. These were shown (unit cell determination) to be the
VIV species [VOCl2(H2O)2]·(15-crown-5) whose structure
has been determined previously and shows secondary bond-
ing interactions between the H2O ligands on the vanadyl
centre and the crown ether.[18]

The corresponding reactions of [MCl3(thf)3] with 12-
crown-4 gave [MCl3(κ3-12-crown-4)]. Similarly, reaction of
[MCl3(thf)3] with 18-crown-6 affords [MCl3(κ3-18-crown-6)]
and [MCl3(H2O)(κ2-18-crown-6)] (the latter with M = Cr
was characterised by an X-ray study – below), while using
a 2:1 ratio of M/crown gives the binuclear [(MCl3)2(18-
crown-6)]. The anhydrous [MCl3(κ3-18-crown-6)] are par-
ticularly moisture sensitive, much more so than [MCl3(κ3-
12-crown-4)], which may indicate that the water is first asso-
ciated with the “free” O atoms of the crown and then trans-
ferred to the metal, which will be less easy in the smaller
ring. The structure of [CrCl3(H2O)(18-crown-6)] shows two
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independent molecules in the asymmetric unit, one of which
is shown in Figure 2, Table 2. The CrIII is in a distorted
octahedral environment, coordinated to three facial Cl
atoms, two adjacent ether O atoms from the crown and a
water molecule. For the Cr1 molecule (see Figure 2) each of
the O13 H atoms is involved in an intramolecular H bond
to a crown O atom [O13···O4 2.813(4), O13···O6
2.842(4) Å]. A similar situation applies to the Cr2 contain-
ing-molecule and O14. The Cr–O distances within the
crown are ca. 2.05 Å, while the Cr–OH2 distances are
slightly shorter in each case. The O–Cr–O angles within the
chelate rings are notable at only 79.22(11) and 76.93(12)°.
The structural features in this species parallel those in
[CrCl3(H2O)(κ2-15-crown-5)] reported by Dehnicke and co-
workers,[13] which shows intramolecular H-bonding interac-
tions between the coordinated H2O ligand and two of the
uncoordinated O atoms of the crown.

Figure 2. View of the structure of one of the two independent
[CrCl3(H2O)(18-crown-6)] molecules with numbering scheme
adopted. H atoms on C have been omitted for clarity and the ellip-
soids are drawn at the 50% probability level. The other molecule
is very similar.

As before, the anhydrous and the aqua complexes can be
distinguished by their IR spectra, and the IR spectra of
the dinuclear complexes are quite distinct in the fingerprint
region. All of the MIII complexes contain pseudo-octahe-
dral metal centres, as shown by their diffuse reflectance
spectra (Table 3) (some solution spectra were obtained but
a combination of poor solubility and extreme moisture sen-
sitivity of the dilute solutions meant they were poorly re-
producible and are not quoted).

The d3 chromium complexes typically showed two d–d
bands assigned (in Oh symmetry) as 4A2g � 4T2g and
4A2g � 4T1g(F), respectively, and a third band was usually
evident of the edge of intense features in the UV, which may
be the 4A2g � 4T1g(P) transition (Table 3).[19] Although the
actual metal-centre symmetry is lower than Oh, no clearly
resolved splitting of the bands was observed, although the
lowest energy feature was often asymmetric. The band max-
ima show small shifts consistent with the ligand field
strengths Cl � Ocrown � H2O. For the d2 vanadium com-
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Table 2. Selected bond lengths [Å] and angles [°] for
[CrCl3(H2O)(18-crown-6)].

Cr1–O1 2.060(3) Cr1–Cl1 2.3047(13)
Cr1–O2 2.047(3) Cr1–Cl2 2.2704(12)
Cr1–O13 2.034(3) Cr1–Cl3 2.2780(12)
Cr2–O7 2.072(3) Cr2–Cl4 2.3017(13)
Cr2–O8 2.069(3) Cr2–Cl5 2.2892(12)
Cr2–O14 2.016(3) Cr2–Cl6 2.2717(12)

O13–Cr1–O2 86.41(12) O13–Cr1–O1 86.05(12)
O2–Cr1–O1 79.22(11) O13–Cr1–Cl2 89.84(9)
O2–Cr1–Cl2 94.26(8) O1–Cr1–Cl2 172.49(9)
O13–Cr1–Cl3 90.94(9) O2–Cr1–Cl3 169.63(8)
O1–Cr1–Cl3 90.60(8) Cl2–Cr1–Cl3 95.75(4)
O13–Cr1–Cl1 173.43(9) O2–Cr1–Cl1 87.82(9)
O1–Cr1–Cl1 89.78(9) Cl2–Cr1–Cl1 93.73(5)
Cl3–Cr1–Cl1 94.18(5) O14–Cr2–O8 85.70(12)
O14–Cr2–O7 86.76(12) O8–Cr2–O7 76.93(12)
O14–Cr2–Cl6 88.74(9) O8–Cr2–Cl6 171.29(10)
O7–Cr2–Cl6 96.08(9) O14–Cr2–Cl5 90.23(9)
O8–Cr2–Cl5 91.43(9) O7–Cr2–Cl5 168.16(9)
Cl6–Cr2–Cl5 95.29(4) O14–Cr2–Cl4 174.83(9)
O8–Cr2–Cl4 91.73(9) O7–Cr2–Cl4 88.29(9)
Cl6–Cr2–Cl4 93.27(5) Cl5–Cr2–Cl4 94.33(5)

plexes the two transitions observed are assigned to
3T1g � 3T2g, and 3T1g � 3T1g(P), respectively, based on Oh

symmetry and trends are discussed below.
Grant and co-workers have described the reaction of

CrCl3·6H2O with the thioether macrocycles [12]aneS4 and
[15]aneS5 in refluxing MeCN; however, unsurprisingly, in
the presence of water the substitutions are not clean and
no pure products were isolated.[16] We have obtained the
thioether macrocyclic complexes [CrCl3(κ3-[12]aneS4)] and
[CrCl3(κ3-[15]aneS5)] readily and in good yield from
[CrCl3(thf)3] and the thiamacrocycle in anhydrous CH2Cl2
solution and isolated them as purple/blue solids. Despite
the softer nature of the ligand donor atoms, once isolated
these compounds show a much reduced tendency to pick
up H2O in the metal coordination sphere cf. the crown
ethers above (IR evidence). [VCl3(κ3-[12]aneS4)] was ob-
tained similarly.

A crystal structure of [CrCl3([15]aneS5)] confirms (Fig-
ure 3, Table 4) the distorted octahedral coordination at Cr
through three facial Cl atoms and three facial and mutually
adjacent S atoms of the macrocycle, d(Cr–Cl) = 2.2849(8)–
2.3028(9) Å; d(Cr–S) = 2.4161(10)–2.4942(8) Å, the bond
lengths and angles compare well with those in the crystallo-
graphically characterised neutral [CrCl3([18]aneS6)][16] and
the cationic cis-[CrX2([14]aneS4)]PF6.[15] The UV/Visible
spectra show clearly that the thioether donors present a
stronger ligand field than the O–donor ligands, giving the
overall order Cl– � Ocrown � H2O � Sthiacrown (Table 3).

The mixed thia-oxa macrocyclic complexes [MCl3(κ3-[9]-
aneS2O)], [MCl3(κ3-[15]aneS2O3)] and [MCl3(κ3-[18]-
aneS3O3)] were obtained from similar reactions as purple/
blue (Cr) or pink (V) coloured solids. These compounds
have a much lower tendency to pick up H2O compared to
the crown ether complexes.

The diffuse reflectance UV/Visible spectra for the thia
and thia-oxa macrocyclic complexes are also consistent
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Table 3. UV/Visible data [cm–1].[a]

Complex[b] 4A2g � 4T2g
4A2g � 4T1g(F) 4A2g � 4T1g(P)

[CrCl3(thf)3] 13666 (sh), 14450 19680 27320
[CrCl3(12-crown-4)] 13510 19050 –
[CrCl3(15-crown-5)] 13195 19230 27930
[CrCl3(H2O)(15-crown-5)] 13660 19650 29250 (sh)
[CrCl3(18-crown-6)] 13200 (sh), 13500 19380 28900 (sh)
[CrCl3(H2O)(18-crown-6)] 13570 19685 29270 (sh)
[(CrCl3)2(18-crown-6)] 13400, 13960 (sh) 19450 –
[CrCl3([12]aneS4)] 14050 19840 29900 (sh)
[CrCl3([15]aneS5)] 14290 19380 30490 (sh)
[CrCl3([9]aneS2O)] 14880 19970 –
[CrCl3([15]aneS2O3)] 14450 20000 30860 (sh)
[CrCl3([18]aneS3O3)] 14350 19660 30300

Complex[b] 3T1g � 3T2g
3T1g � 3T1g(P)

[VCl3(thf)3] 12820 20490
[VCl3(12-crown-4)] 11870 18900
[VCl3(15-crown-5)] 11500 (sh), 12830 19380
[VCl3(H2O)(15-crown-5)] 11300 (sh), 12690 19190
[VCl3(18-crown-6)] 12900 18950
[VCl3(H2O)(18-crown-6)] 11900 (sh), 13400 19800
[(VCl3)2(18-crown-6)] 12320 19230
[VCl3([12]aneS4)] 12690 18250
[VCl3([9]aneS2O)] 13440 18880
[VCl3([15]aneS2O3)] 12940, 13400 (sh) 19850
[VCl3([18]aneS3O3)] 12800 19690

[a] Spectra recorded by diffuse reflectance; frequencies quoted have errors estimated as +/– 100 cm–1. [b] For CrIII ν1 gives 10Dq directly;
for both CrIII and VIII semi-quantitative fitting of the spectra (in Oh symmetry) to the appropriate Tanabe–Sugano diagram gave consistent
trends, i.e. the average 10 Dq increases with incorporation of S-donor atoms and is accompanied by a small decrease in the B parameter.[19]

Figure 3. View of the structure of [CrCl3([15]aneS5)] with number-
ing scheme adopted. H atoms are omitted for clarity and the ellip-
soids are drawn at the 50% probability level.

with distorted octahedral geometries. For the [MCl3([9]-
aneS2O)] complexes, S2O coordination of the macrocycle is
imposed, giving the metal an S2OCl3 donor set overall, and
as expected, the UV/Visible spectra of [MCl3([9]aneS2O)]
(Table 3) much more closely resemble those of the thioether
crown analogues (S3Cl3 donor set) rather than the crown
ether analogues (O3Cl3 donor set). Importantly, compari-
son of the energies of the d-d transitions in the CrIII thia-
oxa species clearly shows that even the [15]aneS2O3 and
[18]aneS3O3 systems involve S-coordination (although this
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Table 4. Selected bond lengths [Å] and angles [°] for [CrCl3([15]-
aneS5)].

Cr1–Cl1 2.2849(8) Cr1–S1 2.4942(8)
Cr1–Cl2 2.2885(9) Cr1–S2 2.4166(9)
Cr1–Cl3 2.3028(9) Cr1–S3 2.4261(10)
Cl1–Cr1–Cl2 96.13(3) Cl1–Cr1–Cl3 94.45(3)
Cl2–Cr1–Cl3 99.08(3) Cl1–Cr1–S2 87.74(3)
Cl2–Cr1–S2 171.22(3) Cl3–Cr1–S2 88.43(3)
Cl1–Cr1–S3 90.21(3) Cl2–Cr1–S3 88.46(3)
Cl3–Cr1–S3 170.64(3) S2–Cr1–S3 83.64(3)
Cl1–Cr1–S1 172.12(3) Cl2–Cr1–S1 91.71(3)
Cl3–Cr1–S1 83.62(3) S2–Cr1–S1 84.58(3)
S3–Cr1–S1 90.68(2)

technique does not readily discriminate between S3 vs. S2O
vs. SO2 coordination). Unfortunately, despite repeated ef-
forts to obtain single crystals of one or more of the com-
plexes with these ligands to provide definitive proof of the
metal donor set, we have not been successful.

Analysis of Structural Data

Evidence from this work shows that the κ3-coordinated
crown ether complexes may be obtained only under strin-
gently anhydrous conditions, with traces of water leading to
partial hydrolysis and isolation of the mono-aqua com-
plexes, with the crown now only κ2-coordinated. On the
other hand, the thiamacrocycles readily yield S3-coordi-
nated species, which appear to be considerably less suscepti-
ble to hydrolysis. At first sight this seems surprising because
on the basis of Pearson’s HSAB theory, one would antici-
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pate that the crown ether ligands (O-donor) would result in
more stable complexes than the softer thioether macro-
cycles. In order to explain these results we have therefore
examined the structural parameters in these species, to-
gether with the crystallographically determined parameters
in all other reported six-coordinate (octahedral) complexes
of early transition metals (Sc, Ti, V and Cr) with ether and
thioether ligands of the form RE(CH2)2ER and RE-
(CH2)2E(CH2)2ER (E = O or S; R = alkyl) and S- or O-
donor macrocycles involving dimethylene linkages. The re-
sults obtained using the Cambridge Crystallographic Data-
base[20,21] are presented in Figure 4, which shows histo-
grams depicting the E–M–E angles within the five-mem-
bered chelate rings for E = O (a) and for E = S (b). The
average O–M–O angles in these species are 74.8°, with val-
ues ranging from 68.6–79.0°, while the average S–M–S che-
late angles are 82.2°, with values ranging from 75.7–86.8°.
The data obtained from the three crystal structures pre-
sented above are consistent with the data in Figure 4. This
surprisingly large difference is consistent with the crown
ether complexes being more strained, and may well explain
why the κ3-crown complexes are so readily hydrolysed – in-
corporating two adjacent very acute five-membered chelates
leads to a very strained species which will readily scavenge
another donor ligand such as H2O and convert to κ2-crown
to relieve the strain within the coordination sphere. In con-
trast, the S–M–S chelate angles of ca. 82° are closer to the
idealised 90° angle in a regular octahedron. In support of
this we note that the O–Cr–O angles in mer-[CrCl3(thf)3]
are 86.0(1) and 86.5(1)° – the monodentate thf ligands re-
move chelate constraints as a consideration, and hence pre-
sumably reflect the preferred relative positioning of the li-
gands.[22]

The magnitude of the chelate angle subtended at the
metal M is a consequence of both the M–E distances and
the E–C distances. The M–S distances are ca. 0.4 Å longer
than d(M–O) in these species. The reason for the large dif-
ference in E–M–E angles presumably originates from the
difference between d(O–C) (typically ca. 1.47 Å) vs. d(S–C)
(typically ca. 1.83 Å) – thus an O–C–C–O linkage is too
short to accommodate idealised octahedral angles at a co-
ordinated early transition metal without introducing signifi-
cant angle strain at the O and the C atoms.

We previously reported the preparation and properties
of the TiIV complex [TiCl4(κ2-[15]aneS2O3)], the 1H NMR
spectrum of which unexpectedly showed that coordination
to Ti is through the two thioether S atoms, not the ether O
atoms.[9] This result, together with the results of the present
studies, suggest that the substantially different ring-strain
effects introduced upon chelation of –OCH2CH2O– cf.
–SCH2CH2S– linkages plays a dominant role in determin-
ing the donor set at Ti and offsets the fact that the thio-
ethers are softer donor ligands than the ethers.

Conclusions
We describe here a series of neutral chloro CrIII and VIII

complexes with crown ether, crown thioether and mixed
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Figure 4. Histograms showing the crystallographically determined
E–M–E angles within saturated five-membered chelate rings on an
octahedral metal centre (M = Sc, Ti, V, Cr). (a) E = O, mean O–
M–O angle 74.8(2.4)°. The lowest angles are for [Sc(CH2SiMe3)3-
(12-crown-4)] which contains two adjacent five-membered chelate
rings.[28] (b) E = S, mean S–M–S angle 82.2(2.6)°. The lowest angles
are for those complexes involving the macrocycle [9]aneS3 contain-
ing three adjacent five-membered chelate rings.

thia-oxa crown ligands. The κ3-crown ether complexes show
a marked tendency to dissociate one O atom and pick up
a H2O ligand – an observation also noted for other early
transition-metal crown ether complexes both by ourselves
and by other workers. Furthermore, competitive binding
studies using mixed S/O crowns with various ring sizes, but
still maintaining the dimethylene linking groups strongly
suggest that S-coordination is preferred.

This work has shown that despite the prediction that the
hard, oxophilic early transition metals are likely to coordi-
nate more favourably with ether-based ligands than the
softer thioethers, ring strain within the resulting five-mem-
bered chelates plays a critical role and destabilises the crown
ether complexes cf. the crown thioether analogues in these
systems. This result suggests that the linkage between the
O atoms of crown ether ligands may be of fundamental
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importance in determining complex stability and that judi-
cious choice of crown design (ring size and substitution
pattern) may influence significantly the stability of transi-
tion metal–crown ether complexes and allow a much wider
range of transition metal complexes with this important
family of ligands to be prepared. Work is underway in our
laboratories currently to investigate this more fully. Finally,
we note that these considerations are not relevant to the
endo-coordinated crowns in the seven-coordinate species
such as [ScCl2(κ5-15-crown-5)]+, [ScCl(κ5-15-crown-5)-
(MeCN)]2+ [4–6] and [VCl2(κ5-15-crown-5)]+,[12] since in
these species the crown occupies five positions in a pentago-
nal plane, with idealised O–M–O angles of 72° which can be
easily accommodated by the five-membered chelate rings.

Experimental Section
Physical Measurements: Infrared spectra were recorded as Nujol
mulls between CsI discs with a Perkin–Elmer 983G spectrometer
over the range 4000–180 cm–1. UV/Visible spectra were obtained in
diffuse reflectance mode from samples diluted with BaSO4 using a
Perkin–Elmer Lambda19 spectrometer or as solutions in CH2Cl2
using quartz cells. Microanalyses were performed by the University
of Strathclyde micro-analytical service. In some cases the com-
pounds retained some CH2Cl2 which was evident from the micro-
analyses, IR and by 1H NMR spectroscopy; partial CH2Cl2 is also
evident in some of the crystal structures. [CrCl3(thf)3] was made by
the literature route.[23] [VCl3(thf)3] and the macrocycles 12-crown-4,
15-crown-5, 18-crown-6, [12]aneS4 and [15]aneS5 were obtained
from Aldrich. The mixed thia-oxa crowns, [9]aneS2O, [15]aneS2O3

and [18]aneS3O3 were prepared by the literature methods.[24] The
anhydrous crown ethers were obtained either by prolonged heating
in vacuo or by refluxing the crown with thionyl chloride in CH2Cl2.
The aqua complexes either used the crowns treated as above and
subsequent addition of small amounts of water, or using crowns
which were “dried” by pumping in vacuo at room temperature for a
few hours (under these conditions 1H NMR and IR spectra provide
evidence for retention of some water). The anhydrous crowns were
stored in Schlenk flasks and manipulated in a dry box. All com-
plexes were manipulated in a dry box (�5 ppm water).

Chromium(III) Complexes

[CrCl3(12-crown-4)]: [CrCl3(thf)3] (0.4 g, 1.1 mmol) in dry CH2Cl2
(5 mL) was combined with dry 12-crown-4 (0.2 g, 1.1 mmol) in dry
CH2Cl2 (5 mL). A precipitate was formed; this was then filtered off
and dried in vacuo. The product was a pink solid. Yield 0.10 g,
24%. C8H16Cl3CrO4·1/2CH2Cl2 (377.0): calcd. C 27.1, H 4.5; found
C 27.5, H 4.9. IR (Nujol): ν̃ = 1299 (s), 1261 (m), 1228 (m), 1145
(s), 1063 (s), 1026 (vs), 934 (m), 908 (s), 838 (s), 363 (sh), 356 (s),
340 (sh) cm–1.

[CrCl3(15-crown-5)]: [CrCl3(thf)3] (0.13 g, 0.34 mmol) in dry
CH2Cl2 (5 mL) was added to anhydrous 15-crown-5 (0.07 g,
0.34 mmol) in dry CH2Cl2 (5 mL) and the solution was stirred for
30 min. A solid was produced and then filtered off and dried in
vacuo. Pink solid. Yield 0.06 g, 38%. C10H20Cl3CrO5·CH2Cl2
(463.5): calcd. C 28.5, H 4.8; found C 27.5, H 5.8. IR (Nujol): ν̃ =
1304 (m), 1263 (m), 1231 (m), 1147 (s), 1126 (s), 1111 (s), 1081 (s),
1064 (vs), 1021 (vs), 934 (s), 928 (sh), 906 (sh), 841 (s), 798 (s), 728
(s), 380 (sh), 362 (s), 349 (s) cm–1.

[CrCl3(H2O)(15-crown-5)]: [CrCl3(thf)3] (0.10 g, 0.27 mmol) in dry
CH2Cl2 (5 mL) was added to 15-crown-5 (0.17 g, 0.28 mmol) in dry
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CH2Cl2 (5 mL) and the solution was stirred for 1 h. The precipitate
was filtered off and dried in vacuo. The product was a pink solid.
Yield 0.05 g, 37%. C10H22Cl3CrO6 (396.6): calcd. C 30.3, H 5.6;
found C 29.5, H 6.1. IR (Nujol): ν̃ = 3300 (br), 1630 (m), 1303 (m),
1249 (m), 1140 (s), 1120 (s), 1110 (s), 1073 (vs), 1035 (vs), 1006
(m), 933 (s), 919 (m), 854 (s), 828 (w), 786 (w), 365 (sh), 343 (m),
321 (m) cm–1.

[CrCl3(18-crown-6)]: [CrCl3(thf)3] (0.3 g, 0.8 mmol) in dry CH2Cl2
(5 mL) was combined with dry 18-crown-6 (0.2 g, 1.0 mmol) in dry
CH2Cl2 (5 mL). The solution was stirred for 5 min the solid pro-
duced was then filtered off and dried in vacuo. The product pro-
duced was a pink solid. Yield 0.05 g, 10%. C12H24Cl3CrO6·
1/2CH2Cl2 (465.1): calcd. C 32.3, H 5.4; found C 32.5, H 6.0. IR
(Nujol): ν̃ = 1306 (m), 1260 (w), 1120 (s), 1166 (s), 1022 (s), 937
(m), 922 (m), 822 (m), 797 (m), 377 (m), 352 (s) cm–1.

[CrCl3(H2O)(18-crown-6)]: [CrCl3(thf)3] (0.14 g, 0.37 mmol) in dry
CH2Cl2 (10 mL) was combined with 18-crown-6 (0.1 g, 0.4 mmol)
in dry CH2Cl2 (10 mL). The solution was stirred for 1 h. Addition
of dry n-hexane (5 mL) produced a precipitate, which was then fil-
tered off and dried in vacuo. The product produced was a pink
solid. Yield 0.03 g, 19%. C12H26Cl3CrO7 (440.7): calcd. C 32.7, H
6.0; found C 31.9, H 7.0. IR (Nujol): ν̃ = 3300 (br), 1617 (m), 1299
(w), 1261 (m), 1148 (m), 1093 (vs), 1046 (sh), 1019 (s), 951 (w), 865
(s), 810 (m), 356 (m), 323 (m) cm–1.

[(CrCl3)2(18-crown-6)]: [CrCl3(thf)3] (0.19 g, 0.50 mmol) was dis-
solved in anhydrous CH2Cl2 (20 mL) and a solution of dry 18-
crown-6 (0.06 g, 0.23 mmol) in anhydrous CH2Cl2 (10 mL) added
and the mixture stirred for 30 min. The solution was concentrated
in vacuo to 10 mL, and dry hexane (10 mL) added dropwise to the
vigorously stirred solution. After stirring for 10 min the purple so-
lid which had separated was filtered off and dried in vacuo. Yield
0.09 g, 67%. C12H24Cl6Cr2O6 (581.0): calcd. C 24.8, H 4.2; found
C 25.7, H 5.9. IR (Nujol): ν̃ = 1346 (w), 1306 (w), 1258 (m), 1210
(w), 1147 (sh), 1092 (s), 1064 (s), 1018 (s), 936 (m), 921 (sh), 852
(m), 821 (m), 707 (m), 587 (w), 367 (sh), 350 (s) cm–1.

[CrCl3([12]aneS4)]: [12]aneS4 (0.03 g, 0.13 mmol) was dissolved in
CH2Cl2 (5 mL) and combined with a solution of [CrCl3(thf)3]
(0.05 g, 0.13 mmol) in CH2Cl2 (5 mL). The solution turned blue
immediately and a small amount of blue precipitate formed. The
solution was concentrated further to ca. 3 mL in vacuo. The re-
sulting blue solid was then filtered off and dried in vacuo. Yield
0.04 g, 76%. C8H16Cl3CrS4 (398.8): calcd. C 24.1, H 4.0; found C
24.4, H 4.6. IR (Nujol): ν̃ = 1300 (w), 1262 (m), 1093 (m), 1017
(m), 951 (w), 923 (w), 861 (m), 802 (m), 744 (m), 366 (m), 329 (w)
cm–1.

[CrCl3([15]aneS5)]: Prepared similarly to [CrCl3([12]aneS4)] using
[15]aneS5. Purple solid. Yield 88%. C10H20Cl3CrS5 (459.0): calcd.
C 26.2, H 4.4; found 25.6, H 4.9. IR (Nujol): ν̃ = 1260 (s), 1096
(s), 1021 (s), 800 (m), 340 (m), 315 (sh) cm–1.

[CrCl3([9]aneS2O)]: Prepared similarly to [CrCl3([12]aneS4)] using
[9]aneS2O. Purple solid. Yield 58%. C6H12Cl3CrOS2·1/4thf
(340.67): calcd. C 24.7, H 4.1; found 25.0, H 4.0. IR (Nujol): ν̃ =
1297 (w), 1200 (w), 1188 (w), 1056 (m), 1012 (m), 989 (s), 934 (m),
912 (s), 836 (m), 772 (w), 686 (w), 487 (w), 358 (s), 343 (sh) cm–1.

[CrCl3([15]aneS2O3)]: Prepared similarly to [CrCl3([12]aneS4)]
using [15]aneS2O3. Purple solid. Yield 40%. C10H20Cl3CrO3S2

(410.8): calcd. C 29.2, H 4.9; found C 28.9, H 5.3. IR (Nujol): ν̃ =
1304 (m), 1260 (m), 1095 (s), 1021 (s), 917 (w), 868 (w), 802 (m),
366 (m), 345 (w) cm–1.

[CrCl3([18]aneS3O3)]: [CrCl3(thf)3] (0.18, 0.52 mmol) was dissolved
in anhydrous CH2Cl2 (15 mL) and added to a solution of
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[18]aneS3O3 (0.16 g, 0.52 mmol) in anhydrous CH2Cl2 (15 mL),
when an intensely blue solution formed immediately which rapidly
deposited a blue solid. The mixture was stirred for 30 min, dry
hexane (10 mL) was added dropwise and the mixture stirred for a
further 1 h. The deep blue solid was filtered off and dried in vacuo.
Yield 0.16 g, 82%. C12H24Cl3CrO3S3·1/2CH2Cl2 (513.3): calcd. C
29.2, H 4.9; found C 28.9, H 5.3. IR (Nujol): ν̃ = 1348 (w), 1295
(m), 1260 (m), 1130 (sh), 1101 (s), 1070 (sh), 1023 (s), 914 (w), 849
(w), 801 (s), 470 (w), 355 (sh), 345 (s) cm–1.

Vanadium(III) Complexes

[VCl3(12-crown-4)]: [VCl3(thf)3] (0.38 g, 1.0 mmol) and dry 12-
crown-4 (0.18 g, 1.0 mmol) were combined in dry CH2Cl2 (10 mL).
The pink powder that precipitated was filtered off after 2 h and
dried in vacuo. Yield 0.28 g, 33%. C8H16Cl3O4V (333.5): calcd. C
28.8, H 4.8; found C 28.8, H 5.6. IR (Nujol): ν̃ = 1298 (s), 1261
(w), 1231 (m), 1145 (s), 1066 (s), 1027 (s), 937 (m), 909 (s), 837 (s),
483 (m), 364 (m), 339 (s) cm–1.

[VCl3(15-crown-5)]: Prepared similarly to [VCl3(12-crown-4)] using
anhydrous 15-crown-5. Pink powder. Yield 0.15 g, 25%.
C10H20Cl3O5V·CH2Cl2 (462.5): calcd. C 28.5, H 5.2; found C 27.5,
H 5.3. IR (Nujol): ν̃ = 1304 (m), 1262 (w), 1228 (w), 1149 (m),
1113 (m), 1080 (sh), 1068 (vs), 1027 (s), 933 (m), 918 (m), 846 (m),
793 (m), 367 (m), 342 (s), 324 (s) cm–1.

[VCl3(H2O)(15-crown-5)]: [VCl3(thf)3] (0.17 g, 0.48 mmol) in dry
CH2Cl2 (5 mL) was added to 15-crown-5 (0.11 g, 0.48 mmol) in
dry CH2Cl2 (5 mL) and the solution was stirred for 1 h. The pink
precipitate was filtered off and dried under vacuo. Yield 0.15 g,
38%. C10H22Cl3O6V·CH2Cl2 (480.5): calcd. C 27.5, H 5.0; found
C 27.5, H 6.1. IR (Nujol): ν̃ = 3300 (br), 1630 (m), 1303 (m), 1260
(m), 1140 (s), 1120 (s), 1110 (s), 1073 (vs), 1035 (vs), 1006 (m), 933
(s), 919 (m), 854 (s), 828 (w), 786 (w), 362 (sh), 331 (m), 321 (m)
cm–1.

[VCl3(18-crown-6)]: [VCl3(thf)3] (0.37 g, 1.0 mmol) was dissolved in
anhydrous CH2Cl2 (20 mL) and added to a solution of 18-crown-6
(0.26 g, 1.0 mmol) in anhydrous CH2Cl2 (10 mL), and the purple-
pink solution stirred for 1 h. The pink solid which separated on
concentration of the solution to ca. 15 mL in vacuo, was filtered

Table 5. Crystallographic parameters.[a]

Complex [CrCl3(H2O)(18-crown-6)] [CrCl3([15]aneS5)] [VCl3(H2O)(15-crown-5)]·3/4CH2Cl2

Formula C12H26Cl3CrO7 C10H20Cl3CrS5 C10H22Cl3O6V·0.75(CH2Cl2)
Mr 440.68 458.91 459.26
Crystal system monoclinic orthorhombic trigonal
Space group P21/c (no. 14) Pna21 (no. 33) P3221 (no. 154)
a [Å] 15.663(3) 12.942(3) 12.153(2)
b [Å] 13.0981(16) 8.4682(15) 12.153(2)
c [Å] 19.216(4) 16.040(3) 22.773(3)
α [°] 90 90 90
β [°] 109.352(8) 90 90
γ [°] 90 90 120
U [Å3] 3719.5(11) 1757.8(6) 2912.9(9)
Z 8 4 6
µ(Mo-Kα) [mm–1] 1.074 1.684 1.150
Rint 0.1258 0.0393 0.1990
Total no. reflections 43927 13098 27190
Unique reflections 8505 3972 4408
No. of parameters 428 172 209
R1 [Io � 2σ(Io)] 0.0580 0.0292 0.0681
R1 (all data) 0.1402 0.0380 0.1787
wR2 [Io � 2σ(Io)] 0.1062 0.0537 0.1180
wR2 (all data) 0.1314 0.0567 0.1490

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo
2 –Fc

2)2/Σ wFo
4]1/2.
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off and dried. Yield 0.21 g, 50%. C12H24Cl3O6V·CH2Cl2 (506.5):
calcd. C 30.8, H 5.2; found C 31.2, H 6.5. IR (Nujol): ν̃ = 1350
(w), 1297 (m), 1261 (m), 1240 (w), 1100 (sh), 1057 (s), 1033 (s), 928
(s), 833 (s), 799 (s), 485 (w), 432 (w), 359 (sh), 340 (s) cm–1.

[VCl3(H2O)(18-crown-6)]: The filtrate from the [VCl3(18-crown-6)]
preparation above was treated with 0.1 mL H2O and stirred for 1 h,
concentrated in vacuo to ca. 10 mL to give a pink solid which was
filtered off and dried in vacuo. Yield 35%. C12H26Cl3O7V (439.6):
calcd. C 32.8, H 6.0; found C 32.4, H 6.3. IR (Nujol): ν̃ = 3400
(br), 1630 (m), 1290 (m), 1256 (m), 1150 (sh), 1093 (br.,s), 1000 (s),
952 (s), 920 (m), 837 (m), 808 (m), 389 (w), 333 (s), 310 (sh) cm–1.

[(VCl3)2(18-crown-6)]: Prepared similarly to [VCl3(18-crown-6)]
from anhydrous 18-crown-6 and two mol. equiv. [VCl3(thf)3]. Pink
solid. Yield 45%. C12H24Cl6O6V2 (578.9): calcd. C 24.9, H 4.2;
found C 24.4, H 4.4. IR (Nujol): ν̃ = 1298 (m), 1275 (m), 1097 (sh),
1056 (s), 1031 (s), 930 (m), 833 (m), 794 (w), 365 (sh), 341 (s) cm–1.

[VCl3([12]aneS4)]: Prepared similarly to [VCl3(18-crown-6)], using
[12]aneS4. Pink solid. Yield 30%. C8H16Cl3S4V (397.8): calcd. C
24.2, H 4.1; found C 25.1, H 5.3. IR (Nujol): ν̃ = 1345 (w), 1260
(s), 1090 (s), 1041 (m), 1015 (s), 925 (w), 841 (m), 801 (s), 677 (w),
361 (w), 346 (m) cm–1.

[VCl3([9]aneS2O)]: Prepared similarly to [VCl3(18-crown-6)] using
[9]aneS2O. Pink solid. Yield 52%. C6H12Cl3OS2V (321.6): calcd. C
22.4, H 3.8; found C 22.4, H 3.7. IR (Nujol): ν̃ = 1300 (w), 1260
(m), 1182 (w), 1096 (s), 1072 (sh), 1051 (m), 1013 (s), 998 (w), 976
(w), 935 (m), 910 (m), 797 (s), 483 (w), 356 (sh), 339 (m) cm–1.

[VCl3([15]aneS2O3)]: [VCl3(thf)3] (0.21 g, 0.55 mmol) was dissolved
in anhydrous CH2Cl2 (15 mL) and added to a solution of
[15]aneS2O3 (0.14 g, 0.55 mmol) in anhydrous CH2Cl2 (10 mL), and
the purple-pink solution stirred for 1 h. The pink solid which sepa-
rated on standing was filtered off and dried in vacuo. Yield 0.12 g,
54%. C10H20Cl3O3S2V·2CH2Cl2 (579.5): calcd. C 24.8, H 4.2;
found C 24.6, H 4.9. IR (Nujol): ν̃ = 1290 (m), 1260 (m), 1208 (w),
1190 (m), 1126 (s), 1116 (s), 1064 (s), 1015 (sh), 917 (m), 905 (m),
811 (s), 796 (sh), 485 (w), 416 (w), 360 (s), 322 (s) cm–1.

[VCl3([18]aneS3O3)]: [VCl3(thf)3] (0.11 g, 0.29 mmol) was dissolved
in anhydrous CH2Cl2 (15 mL) and added to a solution of
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[18]aneS3O3 (0.09 g, 0.29 mmol) in anhydrous CH2Cl2 (10 mL), and
the pale purple-pink solution stirred for 1 h. The solution was con-
centrated in vacuo to 10 mL, and dry hexane (10 mL) was added
dropwise to the vigorously stirred solution. After stirring for
10 min the pale pink solid which had separated was filtered off and
dried in vacuo. Yield 0.07 g, 52%. C12H24Cl3O3S3V (469.8): calcd.
C 30.7, H 5.2; found C 31.2, H 5.6. IR (Nujol): ν̃ = 1346 (w), 1300
(m), 1258 (s), 1210 (w), 1100 (s), 1072 (s), 1033 (s), 919 (m), 848
(w), 805 (s), 477 (m), 355 (sh), 343 (s) cm–1.

X-ray Crystallography: Details of the crystallographic data collec-
tion and refinement parameters are given in Table 5. Crystals of
[CrCl3(H2O)(18-crown-6)], [CrCl3([15]aneS5)] and [VCl3(H2O)(15-
crown-5)]·3/4CH2Cl2 were obtained by layering CH2Cl2 solutions
of the complexes with hexane. Data collection used a Nonius
Kappa CCD diffractometer (T = 120 K) and with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å). Structure solution
and refinement were routine.[25,26] H atoms bonded to C were intro-
duced in calculated positions (C–H 0.99 Å). H atoms on the water
molecules (O13 and O14) were located in [CrCl3(H2O)(18-
crown-6)] from later electron-density maps and introduced into the
model and refined using DFIX commands on the four O–H dis-
tances [target 0.84(2) Å]. Refinement converged leaving satisfactory
H–O–H and H–O–Cr angles. Water H atoms were not identified
on O6 in the V compound. The Uiso for H atoms was either a
common refined parameter or 1.2Ueq of the bonded C atom (in
[CrCl3([15]aneS5)] only). The absolute structures of the crystals
used for [VCl3(H2O)(15-crown-5)] and [CrCl3([15]aneS5)] were es-
tablished from the Flack parameter.[27] Selected bond lengths and
angles are given in Table 1, 2 and 4.

CCDC-607029 (for Cr/O), -607030 (for V), and -607031 (for Cr/S)
contain supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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DFT calculations of model complexes [H-M{(NHCH2CH2)3-
X}] (M = Mo, Ru, Os; X = N, P) were carried out to investigate
the catalytic potential of these complexes towards the re-
duction of N2 to NH3 using only H2 as the reducing agent.
Closed catalytic cycles were calculated for all three metal hy-
drides. The calculations showed that [H-Mo{(NHCH2CH2)3-
N}], 1-Mo, is not an appropriate catalyst due to very high
activation barriers for several steps of the reaction (∆H‡

max =
69.1 kcal/mol). Much lower activation barriers were found for
the Ru and Os catalysts [H-Ru{(NHCH2CH2)3N}], 1-Ru, and

Introduction

The reduction of dinitrogen (N2) to ammonia (NH3) has
been of significant importance to chemical research for
many years.[1] The conversion of the very inert N2 molecule
to NH3 is currently put into practice by both natural and
manmade processes, which have some important differ-
ences, such as the following: For the in vivo reaction of
N2 with the FeMoco-Cofactor of nitrogenase, protons and
reducing agents are required. This process can be consid-
ered as a homogeneously catalyzed reaction. Conversely,
the industrial reduction of N2 to NH3 (Haber–Bosch pro-
cess) is a hetereogeneously catalyzed reaction in which N2 is
directly reduced by H2. Any kind of synthetic, well-defined
transition metal complex that catalyzes either of these reac-
tions (H+/reducing agent, or H2 reduction) is of general
interest, allowing for a greater understanding of the natural
and technical processes, as they can provide important in-
formation about the individual reaction steps on the molec-
ular level. Furthermore, routes to new processes might be
identified in this way.

Especially important in this context is the seminal work
published very recently by Schrock et al., who showed
[N2–Mo{(N(HIPT)CH2CH2)3N}] (HIPT = hexaisopropyl-
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[H-Os{(NHCH2CH2)3P}], 1-Os(P). With ∆H‡
max/∆G‡

max =
29.3/35.7 kcal/mol, 1-Os(P) shows potential for future theo-
retical work. QM/MM calculations were used to investigate
some properties of the Ru system empolying the hexaisopro-
pylterphenyl ligand (HIPT). The results indicate that an HIPT
substituent at the ligand core has a benefical influence on
some reaction steps by lowering the activation barriers, while
for other steps the activation energies increase.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

terphenyl) I to be an active catalyst for the reduction of N2

to NH3.[2] In the presence of I, protons, and a reducing
agent, N2 can be reduced in a stepwise protonation/re-
duction cycle to yield NH3.

These experimental results were recently rationalized by
Tuczek and Studt using DFT calculations.[3] The reaction
mechanism as postulated by Schrock et al. was supported
by these calculations, and the energetic requirements for the
reaction were related to the energetics of the reducing agent
ATP which led to an experimentally, and theoretically, well-
rounded picture of this synthetic N2 reduction. Indepen-
dently, Reiher et al. investigated, by means of DFT calcula-
tions, the geometries and electronic structures of complexes
that participate in this type of nitrogen activation/transfor-
mation reaction and considered how the structures vary as
a function of the ligand structure. The authors were able to
prove the assumptions that were postulated by the Schrock
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group with regards to some of the individual reaction
steps.[4,5] Also, the work by Reiher et al. made it clear that
the ligand structures (that is the HIPT substituent or other
substituents at the trisamidoamine core of the ligand) can
lead to significantly different energy profiles over multiple
reaction steps. Furthermore, it was shown that the charge
of the complex is crucial in enabling the catalyst to release
NH3 at the end of the reaction cycle, and for coordination
to a new N2 molecule. Cao et al. also reported DFT calcula-
tions using model complexes derived from I.[6] On the whole
there is agreement between experimental and theoretical re-
sults that the reaction at the molybdenum center can take
place because firstly, the HIPT substituent at the amido ni-
trogen centers of the ligand core efficiently shields the metal
center and thus prevents the formation of nitrogen-bridged,
unreactive complex dimers, and secondly, it leaves enough
space to allow N2 and H+ to approach the metal center
thus enabling the reaction to take place. For the release of
NH3 at the end of the catalytic cycle Reiher et al. suggested
that a neutral or anionic pathway would be the most prob-
able way for re-establishment of the original catalyst.
Furthermore, experiments made it clear that the substituent
at the trisamidoamine ligand core exerts a significant elec-
tronic influence, as Schrock et al. showed that changing the
HIPT substituent to the HTBT substituent (HTBT = hexa-
tert-butylterphenyl) results in a significant lowering of the
catalytic activity, while the activities of catalysts with para-
BrHIPT substituents are similar to the those catalysis carry-
ing the HIPT substituent.[2e] Electronically, molybdenum
seems to be a mandatory component of the catalyst as it
was shown experimentally that the corresponding tungsten
compound [N2-W{(N(HIPT)CH2CH2)3N}] II does not cat-
alyze NH3 formation under identical reaction conditions.[7]

Stimulated by these fascinating experimental and theo-
retical results, we became interested in finding out if com-
plexes of the general formula [H-M{(NHCH2CH2)3X}] (M
= Mo, Ru, Os; X = N, P) could be suitable general catalysts
for the reduction of N2 to NH3 using only H2. If this is the
case, the gap that presently exists in catalytic N2 reduction
chemistry could be closed, and one could arrive at the ho-
mogeneously catalyzed reduction of N2 to NH3 using a N2/
H2 reactant gas mixture and well-defined transition metal
complexes as catalysts, without the presence of any other
reagents. As Schrock et al. have already reported the syn-
thesis of, and analytical data for, [H-Mo{(N(HIPT)-
CH2CH2)3N}][2d] we considered model complexes
[H-Mo{(NHCH2CH2)3N}] (1-Mo), [H-Ru{(NHCH2-
CH2)3N}] (1-Ru) and [H-Os{(NHCH2CH2)3P}] (1-Os(P))
to be potentially useful catalyst candidates for DFT investi-
gations aimed at exploring the N2 reduction reaction. Our
aim was to check if closed catalytic cycles can be found in
all cases, and if they exist, which energy profiles one would
have to expect. To the best of our knowledge calculations
of this kind have not yet been carried out.[8] We found for
all three complexes, 1-Mo, 1-Ru and 1-Os(P) that catalytic
cycles do exist, but differ from one another, in some parts
significantly so. With regards to a potential experimental
application of catalysts of this kind, we postulate in accord-
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ance with our calculations and the experimental work by
Schrock et al.[9] that 1-Mo will not be a suitable catalyst
for the generation of NH3 using N2/H2. Whether or not
complexes 1-Ru and 1-Os(P) will be suitable cannot be an-
swered conclusively at this point; however, there is a higher
probability that these compounds will be of potential use.
Furthermore, they should be interesting starting points for
theoretical and experimental investigations of modified li-
gands (vide infra). Our main aim in this first theoretical
catalyst screening is to answer the following question: can
an experimental search for potential catalysts be considered
profitable in view of the high activation barriers that must
be expected for this reaction?

DFT calculations using the B3LYP hybrid function were
carried out successfully by Tuczek and Studer,[3] and by
Reiher and co-workers,[4,5] using models of molybdenum
complexes relevant to the N2 reduction reaction, as re-
ported by Schrock et al. Yates and co-workers compared
the results of B3LYP and CCSD(T) calculations for nitro-
gen activation at model trigonal coordinated molybdenum
complexes, and found both calculation methods yielded en-
ergies being well in accord with each other.[10] Thus, calcu-
lations using the B3LYP hybrid function can be considered
a reasonable compromise between justifiable computer time
for the calculations of model complexes, and the degree of
accuracy with which the structures and energies are ob-
tained from these calculations. Moreover, calculations of
this kind are considered to predict reactivity trends cor-
rectly. A multitude of theoretical investigations of transition
metal hydrides,[11] among them ruthenium[12] and osmium
hydrides[13] also show the B3LYP hybrid function to be ap-
propriate for obtaining plausible structures and energy
trends. For this reason we used the B3LYP hybrid function
in this work.[14] In a few selected cases we used QM/MM
calculations to estimate the influence of the HIPT substitu-
ent on the calculated properties (see Computational De-
tails). In the following discussion of energies and energy
differences we refer to the reaction enthalpy, H,[15] as well
as the Gibb’s free energy, G (as well as to the activation
enthalpies H‡ and Gibb’s free activation energies G‡).

Results and Discussion

The catalytic cycle that was obtained using 1-Mo is
shown in Scheme 1 and an energy profile is depicted in Fig-
ure 1. Figures showing the structures and selected structural
parameters are included in the supporting information.
Complex 1-Mo is more stable, by –14.2 kcal/mol, in the
triplet state than in the singlet state, which is in accord with
the experimentally observed paramagnetism of 1-Mo.[2d,16]

However, all other compounds of the Mo cycle are either
significantly more stable in the singlet state, or they could
not be located in the triplet state. To start the reaction cycle,
N2 or H2 could be added to 1-Mo, resulting in the forma-
tion of 2-Mo and 3-Mo, respectively. With regard to a
closed catalytic cycle, only the addition of N2 would be suc-
cessful. A low lying transition state for the conversion of
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Scheme 1. Catalytic cycle as calculated for 1-Mo. Arrows in grey denote reactions for which a transition state could not be located.

1-Mo to 3-Mo was located, but the addition of N2 to 3-Mo
to give 5-Mo is not feasible as a transition state leading to
5-Mo could not be located. There is a transition state for
the conversion of 1-Mo to 2-Mo (∆H‡ = 17.8 kcal/mol), but
not for the oxidative addition of H2 to 2-Mo leading to
5-Mo. As a result 5-Mo cannot be formed in this way. Also
the transfer of the metal bound hydride in 2-Mo to a coor-
dinated N2 molecule does not seem to be possible. The cor-
responding product 4-Mo, which has been characterized
crystallographically,[2f] is a stable local minimum, however
no transition state for the conversion of 2-Mo to give 4-Mo
exists. However in an interesting, though energetically very
unfavorable, σ-bond metathesis process H2 can be added to
2-Mo thus generating 5a-Mo.

During this reaction the metal bound hydride is transfer-
red to one of the nitrogen atoms of the N2 molecule that is
coordinated to the metal, while one of the hydrogen atoms
of the H2 molecule is transferred to the other nitrogen
atom, and the second hydrogen atom is transferred to the
metal center. However, the activation enthalpy ∆H‡ for this
step is extremely high (69.1 kcal/mol). A local minimum in
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which the incoming H2 molecule initially coordinates in a
non-classical manner to the metal center of 2-Mo without
being cleaved, was searched for, but not located. Complex
7-Mo can be obtained from 5a-Mo by hydrogen migration
from the internal N atom of the Mo–NH=NH unit to the
external N atom. Energetically speaking this reaction is
slightly more unfavorable than the reaction of 4-Mo with
H2 that also generates 7-Mo, in both cases transition states
were located. The activation enthalpies for both reactions
are very high (52.3 and 43.4 kcal/mol, respectively). How-
ever, the reaction of H2 and 4-Mo to produce 6-Mo is not
possible. Complexes 6-Mo and 5-Mo can only be formed
from 7-Mo. With 7-Mo as the staring material, two reac-
tions can take place, either the metal bound hydrogen is
transferred to the NH2 unit generating one molecule of am-
monia and the extremely stable molybdenum nitride com-
plex 8-Mo, or the H atom is transferred to the internal N
atom of the N=NH2 unit generating 9-Mo. The latter reac-
tion is kinetically preferred with respect to the formation of
8-Mo due to its lower activation enthalpy (∆H‡ =
21.7 kcal/mol); the formation of 8-Mo and NH3 requires



M. Hölscher, W. LeitnerFULL PAPER

Figure 1. Energy profile (∆H/kcal/mol) as calculated for the only completely closed cycle obtained with 1-Mo. Relative activation energies
(∆H‡/kcal/mol) are noted at the corresponding barriers.

an activation enthalpy higher by ca. 20 kcal/mol (∆H‡ =
39.7 kcal/mol). However, thermodynamically speaking the
formation of 8-Mo and NH3 is clearly preferred. The re-
introduction of 8-Mo into the catalytic cycle by the addition
of H2 is impossible.

Complex 9-Mo can also react in two ways. The addition/
cleavage of H2 generates 11-Mo, which can be considered
as the adduct of 1-Mo and hydrazine. Hydrazine can leave
the complex while the catalytic cycle is endothermically
closed (∆H = 57.8 kcal/mol). The oxidative addition of H2

to 9-Mo does not seem to be possible, as the reaction prod-
uct 10-Mo exists on the hyper surface, but this is not case
for the corresponding transition state that leads to 10-Mo.
However, the transfer of one metal bound hydride of
10-Mo to the NH–NH2 unit to form 11-Mo is possible, and
the corresponding activation enthalpy is comparatively low
(∆H‡ = 16.2 kcal/mol).

Alternatively, 9-Mo can react with one H2 molecule to
produce 12-Mo. By cleavage of H2 one molecule of NH3 is
generated, which participates in attractive interactions with
a neighboring N atom. The NH3 molecule can be cleaved
off easily (∆H‡ = 6.9 kcal/mol) thus forming 14-Mo. The
rearrangement of 14-Mo to give 15-Mo requires only a
comparatively small amount of energy (∆H‡ =
13.1 kcal/mol), and the product 15-Mo is significantly more
stable than 14-Mo (∆H = –37.8 kcal/mol).

Complex 15-Mo cannot participate in an oxidative ad-
dition reaction with H2 to produce 16-Mo, as the corre-
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sponding transition state does not exist. Instead, the H2

molecule is cleaved directly upon reaction with 15-Mo gen-
erating 17-Mo, which is an adduct of NH3 and 1-Mo. The
activation enthalpy for this reaction that generate 17-Mo
amounts to 30.5 kcal/mol. In the last step NH3 is cleaved
off from the complex, and 1-Mo is regenerated.[17]

Due to the high activation enthalpies, which amount to
very high values at the beginning of the reaction cycles (i.e.
2-Mo � 5a-Mo, 5a-Mo � 7-Mo), it cannot be expected
that 1-Mo would be a useful catalyst for the reduction of
N2 to NH3 using only H2, this is in accordance with experi-
mental results.[9] As an alternative to molybdenum, we con-
sidered ruthenium to be interesting, as a variety of molecu-
lar ruthenium hydrides have been synthesized[18] and have
been employed as catalysts by us[19] and others.[20] Further-
more, novel heterogeneous ruthenium catalysts[21] have been
developed recently, and Haber–Bosch ruthenium-contain-
ing catalysts are also known. Additionally, by keeping the
formal oxidation state of the metal center the same, by ex-
changing molybdenum with ruthenium (and also osmium,
vide infra) one obtains a catalyst system possessing an ad-
ditional two electrons. This should enable direct infor-
mation to be generated as to whether or not, for the given
ligand core, an electron-rich metal center is most useful for
promoting the N2 reduction reaction. Interestingly, a closed
catalytic cycle for the N2 reduction reaction could also be
calculated using 1-Ru as the catalyst. However, this cycle is
different from the molybdenum cycle in some ways.
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Scheme 2. Catalytic cycle as calculated for 1-Ru. Compounds and arrows in grey denote structures and reactions which were not located,
respectively.

The catalytic cycle obtained with 1-Ru is shown in
Scheme 2 and Figure 2 contains the corresponding energy
profile (the supporting information contains graphical rep-
resentations of the calculated structures). The cycle for the
Ru catalyst was calculated with all compounds being in the
singlet spin state (this was also the case for the cycle incor-
porating Os compounds, vide infra). Both the side-on and
end-on addition of N2 to 1-Ru forming 1a-Ru and 1b-Ru,
respectively, are not possible (H2 could not be coordinated
side-on, or end-on, to 1-Ru either).

However, in contrast to 1-Mo, the hydride in 1-Ru can
flip from the axial to the equatorial position generating
2-Ru. This flipping requires a significant amount of energy
(∆H‡/∆G‡ = 43.5/43.2 kcal/mol) and product 2-Ru is signifi-
cantly richer in energy (∆H = 42.9) than the reactant. Dini-
trogen can coordinate to 2-Ru at the axial position in either
end-on (3a-Ru) or side-on (3-Ru) fashion, with end-on-ad-
dition clearly being exergonic relative to 2-Ru (∆H/∆G =
–24.1/–13.3 kcal/mol), while side-on addition yields only a
small energy gain (∆H = –5.0 kcal/mol), which is compen-
sated for by the unfavorable entropic contribution (∆G =
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4.7 kcal/mol). Transfer of the Ru bound hydride in 3-Ru to
the coordinated N2 molecule leads to 4-Ru, and the acti-
vation enthalpy for this reaction amounts to ∆H‡ =
19.4 kcal/mol (∆G‡ = 20.9 kcal/mol). This is clearly dif-
ferent to the molybdenum system in which hydride transfer
is not possible in this way. Complex 4-Ru can rearrange to
give the slightly more stable complex 5-Ru, which is also
obtainable via 3a-Ru. The transfer of the hydride of 3a-Ru
to form 3b-Ru is possible, however, energetically it is much
more unfavorable than the reaction sequence already de-
scribed, namely the transformation of 3-Ru to 5-Ru via
4-Ru. Indeed, the activation barrier for the formation of
3b-Ru from 3a-Ru is higher by ca. 20 kcal/mol (∆H‡/∆G‡ =
42.0/41.9 kcal/mol), and the barrier for the reaction of
3b-Ru to give 5-Ru is very high with ∆H‡ and ∆G‡ values
of 47.2 and 46.8 kcal/mol, respectively. The sequence 3-Ru
� 4-Ru � 5-Ru requires much less energy.

It can be envisaged that the reaction continues from
5-Ru via the equatorial conformer 5a-Ru. For the subse-
quent steps (reaction of 5b-Ru to 6b-Ru and 7-Ru) the cor-
responding minima and transition states were located, and
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Figure 2. Energy profile (∆H [squares; broken lines] and ∆G [circles; dotted lines], all in kcal/mol) as calculated for the main cycle
obtained for 1-Ru. Relative activation energies (∆H‡/∆G‡ plain/italics) are noted at the corresponding barriers.

the energies of these were low. For example, the activation
energies for the conversion of 5b-Ru to 6b-Ru are ∆H‡/∆G‡

= 9.5/10.5 kcal/mol. Complex 6b-Ru can then be trans-
formed to 7-Ru, a process that also has a low activation
barrier (∆H‡/∆G‡ = 9.4/9.5 kcal/mol). However, it was not
possible to locate compound 5a-Ru, making the reaction
sequence 5-Ru � 5a-Ru � 5b-Ru � 6b-Ru � 7-Ru ques-
tionable.

Conversely, if an H2 molecule approaches 5-Ru, the H–
H bond is cleaved and 6-Ru is formed. One hydrogen atom
is transferred to the terminal NH group, and the other hy-
drogen atom migrates to the metal. Transfer of the Ru
bound hydride of 6-Ru to the terminal NH2 group of the
NNH2 unit generates the first NH3 molecule of this cycle.
In an analogous manner to the molybdenum system, the
corresponding ruthenium nitride complex 6a-Ru is formed.
In a similar way to the molybdenum system, this reaction
step has a large activation energy (∆H‡/∆G‡ = 43.6/
43.3 kcal/mol), however, the reaction products are strongly
endothermic (∆H/∆G = 51.7/58.2 kcal/mol) relative to the
sum of the energies for 1-Ru, N2 and H2, and this is in clear
contrast to the molybdenum system. According to these re-
sults ruthenium nitride, 6a-Ru, is significantly less stable
than the analogous molybdenum nitride complex, 8-Mo.

Alternatively, the hydride in 6-Ru can be transferred from
the metal center to the internal N atom of the NNH2 unit
generating complex 7-Ru (∆H/∆G = 31.1/49.4 kcal/mol)
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that is significantly lower in energy. The Gibb’s free energy
required for the formation of 7-Ru from 6-Ru is relatively
small (∆G‡ = 12.1 kcal/mol), and clearly differs from the
Gibb’s free energies for the steps described so far. The even
less energy consuming complex 7-Ru is obtained following
the alternative route (which is not completely closed) 5b-Ru
to 6b-Ru, and then from 6b-Ru complex 7-Ru can be ob-
tained, with a Gibb’s free energy of only 9.5 kcal/mol.

By rotating the NHNH2 unit that is bound to the metal
center in 7-Ru to a side-on coordination mode, complex
7a-Ru is formed in which both N atoms of the NHNH2

unit have bonding interactions with the ruthenium center,
as can be deduced from the N–Ru distances of 2.081
(NH2–Ru) and 2.186 Å (NH–Ru). With 7a-Ru as a starting
material one can arrive at 8b-Ru (the adduct of 2-Ru and
hydrazine), and the imidoruthenium complex 8a-Ru can
also be formed, from which the second ammonia molecule
of the cycle is generated, which shows bonding interactions
with the imido unit.[22] However, the resultant product
9a-Ru could not be located, and as a result the cycle cannot
be continued in this way. Due to the formation of hydrazine
and 2-Ru the catalytic cycle ends endothermically as
expected.

If H2 is added to 7-Ru the H–H bond is cleaved, and the
axial imidoruthenium complex 8-Ru is formed. The newly
formed NH3 molecule that is incorporated in this complex
has bonding interactions with the imido group. The acti-
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vation barrier for this reaction (∆H‡/∆G‡ =
33.2/42.4 kcal/mol) is significantly higher than the barrier
for the conversion of 7a-Ru to 8a-Ru (∆H‡/∆G‡ =
28.2/28.6 kcal/mol).

Alternatively, the NH3 molecule can be cleaved from
8-Ru and the resultant imido complex 9-Ru can then react to
give the amido complex 10-Ru, which requires only a small
amount of activation energy (∆H‡/∆G‡ = 4.2/4.8 kcal/mol).
The reaction of 10-Ru with H2 cleaves the H–H bond and
generates complex 11-Ru that can be considered as an ad-
duct of 2-Ru and NH3. This reaction requires an activation
energy of ∆H‡/∆G‡ = 27.5/36.7 kcal/mol. Cleaving NH3 off
11-Ru generates a second ammonia molecule, and regener-
ates the catalyst 2-Ru.[16]

In summary, a closed catalytic cycle could be calculated
using 1-Ru with local minima and transition states that en-
able a plausible reaction scheme to be suggested. It is inter-
esting to note that the highest activation barriers of this
cycle are much lower than those for the molybdenum sys-
tem. However, some activation enthalpies and Gibb’s free
energies (i.e. reactions 5-Ru � 6-Ru and 7-Ru � 8-Ru)
have values of ca. 30 and 40 kcal/mol, respectively and thus
are probably too high to enable the reaction to occur in
practice. Also we note that the usage of the real HIPT li-
gand seems to influence the reaction trend. Some steps of
the cycle (1-Ru � 2-Ru; 3-Ru � 4-Ru; 10-Ru � 11-Ru,

Scheme 3. Catalytic cycle as calculated for 1-Os(P). Compounds and arrows in grey denote structures and reactions which were not
located, respectively.
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5b-Ru � 6b-Ru) were re-optimized, using the HIPT ligand,
by applying QM/MM-methods (see Computational Details).
Interestingly, the presence of the real ligand reduces the ac-
tivation barrier, in comparison to the model ligand, by ca.
10 kcal/mol for the reaction 1-Ru � 2-Ru (∆H‡/∆G‡ = 30.8/
31.4 kcal/mol). Conversely, the activation barriers for the
reactions 3-Ru � 4-Ru and 5b-Ru � 6b-Ru are slightly
higher relative to the model ligand. An even clearer increase
in the activation barrier was found for the 10-Ru � 11-Ru
reaction. For this reaction the activation enthalpy ∆H‡ is
raised by 3.3 kcal/mol, and the Gibb’s free activation en-
ergy, ∆G‡, rises by 4.1 kcal/mol relative to the model ligand
system. These results indicate that fine tuning of the ligand
may be crucial in future experimental work.

In the third part of this evaluation of the potential of
transition metal complexes with TREN- and TREN-type
ligands, we investigated the behavior of 1-Os(P). In this
complex the ligand core is not tris(2-aminoethyl)amine, but
tris(2-aminoethyl)phosphane. Phosphanes of this kind can
be obtained synthetically and have been structurally charac-
terized.[23] Similar phosphanes were used for the syntheses
of zirconium complexes.[24] In test calculations of a few
steps of the cycles involving 1-Os and 1-Os(P) it turned out
that the usage of the triamidophosphane ligand seems to be
slightly more favorable, with regards to activation barriers,
than the other ligands discussed thus far. Accordingly, we
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Figure 3. Energy profile (∆H [squares; broken lines] and∆G [circles; dotted lines], all kcal/mol) as calculated for the main cycle obtained
for 1-Os(P). Relative activation barriers (∆H‡/∆G‡ plain/italics) are noted at the corresponding barriers.

used this ligand for the calculation of the following cycle.
All of our investigations hint that the cycle proposed for
1-Ru would be applicable to 1-Os(P) with a few small differ-
ences.[25] Accordingly the cycle is discussed only briefly.
Scheme 3 and Figure 3 show the corresponding catalytic cy-
cle and the energy profile for 1-Os(P), respectively.

With regards to the main cycle it is striking that some
activation barriers and Gibb’s free activation energies are
lower – in some cases significantly lower – compared to the
ruthenium system. For example the Gibb’s free activation
energy, ∆G‡, for the flipping of the hydride from the axial
position in 1-Ru to the equatorial position in 2-Ru amounts
to 43.2 kcal/mol, while for the conversion of 1-Os(P) to
2-Os(P) it is only 23.0 kcal/mol. Also for the conversion of
5-Os(P) to 6-Os(P) the Gibb’s free activation barrier (∆G‡

= 35.7 kcal/mol) is lower by 6.5 kcal/mol than the barrier
for the conversion of 5-Ru to 6-Ru (∆G‡ = 42.2 kcal/mol).
Less pronounced is the reduction in the Gibb’s free acti-
vation barrier in the osmium system for the conversion of
10-Os(P) to 11-Os(P) when compared to the analogous re-
action within the ruthenium system. The barrier is ∆G‡ =
34.1 kcal/mol for the conversion of 10-Os(P) to 11-Os(P),
while for the conversion of 10-Ru to 11-Ru 36.7 kcal/mol
of energy are required. In an analogous manner to the Ru
system, complexes 1a-Os(P), 1b-Os(P) and 5a-Os(P) could
not be located. Additionally, relative to the Ru system there
is a drastic increase in the activation energy for the conver-
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sion of 3-Os(P) to 4-Os(P) (∆H‡/∆G‡ = 29.3/31.7 kcal/mol
with respect to ∆H‡/∆G‡ = 19.4/20.9 kcal/mol for the Ru
system).

In summary, for 1-Os(P) a closed catalytic cycle can be
calculated for the N2 reduction reaction. In this cycle the
highest Gibb’s free activation barriers, ∆G‡, using the model
ligand, only amounts to 35.7 kcal/mol [5-Os(P) � 6-Os(P)
and 7-Os(P) � 8-Os(P)],[26] while the activation enthalpy
∆H‡ has a maximum value of 29.3 kcal/mol [3-Os(P) �
4-Os(P)]. Compared to the molybdenum system (∆H‡

max

= 69.1 kcal/mol) the activation energies are generally much
lower for this system. These results are encouraging as it
can be expected that, as in the case of the ruthenium sys-
tem, the osmium system with the use of HIPT or other real
ligands might prove useful by actively reducing the acti-
vation barriers further.

Summary

We have showed that all three metal hydrides investigated
in the calculations reported herein yield closed catalytic cy-
cles for the reduction of N2 to NH3 by H2. The extremely
high activation barriers of the molybdenum system, in ac-
cordance with experimental work by Schrock et al., hint at
the fact that 1-Mo is not a suitable catalyst for such a N2

reduction reaction. The activation barriers are much lower
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in catalytic cycles incorporating 1-Ru and 1-Os(P), however
the Gibb’s free activation barriers, ∆G‡, have values that are
significantly higher than 30 kcal/mol for some reaction
steps. As a result, predictions as to the experimental behav-
ior of catalysts of this type cannot be made accurately at
this point, and further clarification is need, especially with
regards to the influence of real substituents at the ligand
core, and the effects of solvent. According to QM/MM cal-
culations for some of the reaction steps for the Ru system,
the presence of the HIPT ligand seems to be beneficial with
regards to lowering the activation barriers. However, for
other steps it seems to generate slightly higher activation
barriers. In general it is important to note that by varying
the metal center (Mo, Ru, Os), as well as varying the type
of ligand, it has been shown clearly that it may be possible
to create catalyst systems that lead to reactions with com-
paratively low activation barriers. We believe that these re-
sults are promising, and proved a starting point for further
theoretical work.

Table 1. Relative enthalpies ∆H [kcal/mol] and Gibb’s free enthalpies ∆G [kcal/mol] and the number of imaginary frequences i [cm–1] for
the compounds calculated in this work.[a]

Compd.[b] ∆H i Compd.[c] ∆H ∆G i Compd.[c] ∆H ∆G i

1-Mo(3Σ) 0.0 0 1-Ru 0.0 0.0 0 1-Os(P) 0.0 0.0 0
1-Mo(1Σ) 14.8 0 2-Ru 42.9 43.0 0 2-Os(P) 22.6 22.3 0
2-Mo 0.4 0 3-Ru 38.5 47.9 0 3-Os(P) 22.9 31.5 0
3-Mo 1.7 0 3a-Ru 19.4 29.9 0 3a-Os(P) 7.6 17.7 0
4-Mo 2.9 0 3b-Ru 51.0 60.6 0 3b-Os(P) 50.2 60.0 0
5-Mo 36.7 0 4-Ru 41.2 51.2 0 4-Os(P) 40.7 49.1 0
5a-Mo 29.3 0 5-Ru 39.2 48.8 0 5-Os(P) 39.5 48.7 0
6-Mo 47.3 0 5b-Ru 67.4 86.0 0 5b-Os(P) 56.8 75.4 0
7-Mo 26.5 0 6-Ru 60.3 80.0 0 6-Os(P) 51.0 69.9 0
8-Mo –17.5 0 6a-Ru 51.7 58.2 0 6a-Os(P) 49.1 56.2 0
9-Mo 13.1 0 6b-Ru 64.8 83.8 0 6b-Os(P) 55.3 74.4 0
10-Mo 35.9 0 7-Ru 31.1 49.4 0 7-Os(P) 28.5 46.8 0
11-Mo 21.8 0 7a-Ru 45.9 65.6 0 7a-Os(P) 36.8 56.6 0
12-Mo 48.7 0 8-Ru 65.5 92.4 0 8-Os(P) 54.2 81.2 0
13-Mo 23.1 0 8b-Ru 36.7 63.3 0 9-Os(P) 52.1 67.5 0
14-Mo 20.7 0 9-Ru 58.9 74.6 0 10-Os(P) –12.7 2.0 0
15-Mo –20.8 0 10-Ru –8.8 6.3 0 11-Os(P) –16.7 6.1 0
16-Mo 8.3 0 11-Ru –4.3 18.8 0 TS(1,2-Os(P)) 23.2 23.0 1(–128.3)
17-Mo –15.8 0 TS(1,2-Ru) 43.5 43.2 1(–267.2) TS(3,4-Os(P)) 52.2 63.2 1(–754.8)
TS(1,2-Mo) 17.8 1(–115.6) TS(3,4-Ru) 57.9 68.8 1(–929.5) TS(3a,3b-Os(P)) 58.2 68.3 1(–810.0)
TS(1,3-Mo) 18.9 1(–255.0) TS(3a,3b-Ru) 61.4 71.8 1(–808.3) TS(5,6-Os(P)) 64.9 84.4 1(–1300.9)
TS(2,5a-Mo) 69.5 1(–501.6) TS(3b,5-Ru) 98.2 107.4 1(–2185.0) TS(6,7-Os(P)) 66.0 85.4 1(–902.4)
TS(5,6-Mo) 53.1 1(–802.3) TS(5,6-Ru) 71.3 91.0 1(–1488.3) TS(6,6a-Os(P)) 103.2 122.8 1(–1509.6)
TS(4,7-Mo) 46.3 1(–1449.3) TS(5b,6b-Ru) 76.9 96.5 1(–1190.4) TS(7,8-Os(P)) 54.9 82.5 1(–1089.5)
TS(5a,7-Mo) 81.6 1(–2059.0) TS(6,6a-Ru) 103.9 123.3 1(–1453.5) TS(7,8b-Os(P)) 55.0 82.2 1(–512.5)
TS(6,7-Mo) 72.9 1(–1572.7) TS(6,7-Ru) 74.2 92.1 1(–951.8) TS(9,10-Os,P)) 52.7 69.1 1(–630.1)
TS(7,8-Mo) 66.2 1(–1524.2) TS(7,7a-Ru) 59.3 78.0 1(–336.0) TS(10,11-Os(P)) 12.1 36.1 1(–393.0)
TS(7,9-Mo) 48.2 1(–1054.9) TS(7,8-Ru) 64.3 91.8 1(–1109.8)
TS(9,11-Mo) 42.3 1(–1127.6) TS(7a,8a-Ru)[d] 65.3 93.2 1(–979.1)
TS(10,11-Mo) 52.1 1(–1075.0) TS(7a,8b-Ru) 61.4 88.8 1(–541.6)
TS(9,12-Mo) 49.5 1(–1124.4) TS(9,10-Ru) 63.1 79.4 1(–763.3)
TS(10,13-Mo) 58.1 1(–1326.4) TS(10,11-Ru) 18.7 43.0 1(–412.6)
TS(12,14-Mo) 55.6 1(–499.4)
TS(14,15-Mo) 33.8 1(–1327.4)
TS(15,17-Mo) 9.7 1(–1047.3)
TS(16,17-Mo) 18.8 1(–1083.8)

[a] Structures and energies for compounds located in the triplet state (Mo system only) are included in the supporting information. [b]
Calculated on B3LYP/BII. [c] Calculated on B3LYP/BIII. [d] The transition state TS(7a,8a-Ru) was unequivocally established. However,
no energy value for 8a-Ru is reported here, as no true minimum could be located for this compound. Frequency calculations showed
four imaginary frequencies related to skeletal vibrations and NH3 rotations.[22]
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Computational Details

The geometry optimizations reported herein were carried out using
the Gaussian 03 and the Turbomole 5.7 suite of programs.[27]

Table 1 lists relative energies for all compounds. Tables S1 (Mo),
S2 (Ru) and S3 (Os) in the supporting information list energies,
enthalpies and free enthalpies in atomic units obtained from the
different computational studies. Cartesian coordinates for all calcu-
lated compounds are contained in the supporting information.
Ball-and-Stick representations of the calculated structures are
shown in Figures S4 (Mo), S5 (Ru) and S6 (Os) in the supporting
information.

Mo: The structures were first optimized using Gaussian 03
(B3LYP[28] hybrid function) with the 6-31G(d) basis set[29] for ele-
ments C, N and H. For Mo, a quasirelativistic small-core ECP[30]

was used with a (441/2111/31) valence basis set. This basis set shall
be called basis set BII.[31] The relaxed structures were inputted into
frequency calculations to successfully characterize the nature of the
stationary points (i = 0 for local minima, and 1 for saddle points
of order 1; frequency calculations were carried out throughout this
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work with T = 298.15 K and p = 1 atm). Furthermore, optimized
transition state geometries were inputted into IRC calculations to
check if the transition states correspond to the correct reactants
and products. The zero-point vibrational energies (ZPE) were used
without scaling. To gain an insight into the relative energy differ-
ences for the different spin states, the optimized structures were
then geometry optimized for the triplet state (B3LYP/BII), and for
the cases were local minima or transition state structures could be
found, their energies, relative to the energy of the singlet state, are
reported in Table S1 in the supporting information. To obtain more
accurate structures and energies, the B3LYP/BII geometries were
inputted into geometry optimization calculations at the B3LYP
level of theory employing the TZVP basis set designed by
Ahlrichs[32] et al. for elements C, H and N. For Mo, the Stuttgart/
Köln relativistic effective core potential was used in combination
with a (311111/22111/411) valence basis.[33] This basis set is denoted
as basis set BIII. For the calculations of the Mo system the Tur-
bomole 5.7 program was used. In the Discussion section of the text
the enthalpies H obtained from the B3LYP/BII calculations are
quoted. Comparison of these values with the B3LYP/BIII-derived
energies showed that the deviations between these values were
small, and consequently do not to require extra discussion (see
Table S1, supporting information).

Ru and Os: Geometry optimizations were carried out using
Gaussian03 (B3LYP) with the TZVP basis set for elements C, H,
N, P.[32] For Ru and for Os the Stuttgart/Köln relativistic effective
core potential was used in combination with a (311111/22111/411)
valence basis.[33] This is denoted as basis set BIII. The stationary
points obtained from these calculations were characterized as local
minima or transition states according to frequency calculations (i
= 0 for local minima, and 1 for saddle points of order 1), and in
some cases IRC calculations were carried out. Zero point energies
were used without scaling. Relative enthalpies, H, and Gibbs free
energies, G, are listed in Table 1 and are quoted in the Discussion
section of the text. Tables S2 and S3 in the supporting information
show energies, enthalpies, and free enthalpies in atomic units.

QM/MM Calculations: For some ruthenium compounds the HIPT
ligand, as developed by Schrock et al., was used. For these large
molecules QM/MM calculations were employed using the ONIOM
method:[34] The ruthenium center, all atoms of the reacting sub-
strates, the TREN part of the ligand, and the phenyl rings attached
to the amido nitrogen centers were treated at the DFT level
(BLYP[35] function) using the 6-31G(d) basis set for elements C, H,
N. For Ru, a quasirelativistic small-core ECP[29,30] was used with a

Figure 4. Assignment of atoms to layers in QM/MM calculations
with 1-Ru(HIPT) as an example. The atoms in the high layer are
shown with a stick representation, whereas the atoms in the low
layer appear as a wireframe representation.
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(441/2111/31) valence basis set. The DFT part of the calculations
was run using the density fitting approximation[36] employing the
density fitting set developed by Godbout et al.[37] and Sosa et al.[38]

The atoms of the phenyl rings bearing the isopropyl groups, as well
as the isopropyl groups themselves, were treated at the molecular
mechanics level using the UFF force field.[39] The boundary atoms
were treated as H atoms at the highest calculation level. Figure 4
gives a graphical example of the two layers. The optimized local
minima and transition states were successfully characterized by fre-
quency calculations (i = 0 and i = 1 for minima and saddle points
of order 1, respectively).

Supporting Information: Energies and figures for most of the com-
pounds calculated in this work, as well as the Cartesian coordinates
employed.
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Pure fluoroformylchlorodifluoroacetyl disulfide, FC(O)SSC-
(O)CF2Cl, has been prepared by the reaction of FC(O)SCl
and CF2ClC(O)SH in quantitative yield. The conformational
properties of the novel molecule have been studied by vi-
brational spectroscopy (IR – gas phase, Raman – liquid
phase) and quantum chemical calculations (B3LYP and MP2
methods). The gaseous compound exhibits a conformational
equilibrium at room temperature where the most stable form
adopts a C1 symmetry and a syn-periplanar (sp) orientation
of both carbonyl groups with respect to the disulfide bond.
A second form, observed in the IR spectrum of the vapor,
corresponds to a conformer in which the carbonyl bond of
the FC(O) moiety adopts an anti-periplanar (ap) position with
respect to the S–S single bond, and gauche with respect to
the ClC–C=O moiety in the chlorodifluoroacetyl group. The
experimental free energy difference value ∆G0 = G0

(ap–sp) –

Introduction

One of the most fundamental concepts in chemistry is
that of a functional group; the idea that a linked group
of atoms can exhibit a set of characteristic geometric and
chemical properties. This concept is especially useful to
understand the chemistry of biological macromolecules
which consist of polymeric combinations of a small number
of building blocks. From this empirical cornerstone of
chemistry – atoms and functional groups possess character-
istic and additive properties that in many cases exhibit a
remarkable transferability between different molecules – a
series of methodologies have been developed, especially in
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G0
(sp–sp) = 1.4(3) kcal/mol (IR) is reproduced well by the

B3YLP/6-311+G(3df) (1.1 kcal/mol) and the MP2/6-31G*
(1.8 kcal/mol) methods. In addition, the structure of a single-
crystal, grown in situ, was determined by X-ray diffraction
analysis at low temperature. The crystalline solid [mono-
clinic, P21/n, a = 5.579(3) Å, b = 16.615(7), c = 8.455(4) Å, β =
106.876(8)°] consists exclusively of molecules with the (sp–
sp) conformation and the usual gauche orientation around
the disulfide bond [φ(CS–SC) = 84.2°]. Conformational trans-
ferability is thus demonstrated once again for species that
contain the –C(O)SSC(O)– group as part of a systematic pro-
gram designed to analyze the behavior of this class of mole-
cules.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

relation to the study of protein folding.[1–5] The transferabil-
ity principle can be used to deduce the properties of large
molecules from smaller, readily accessible molecules whose
geometric parameters are experimentally known. Knowl-
edge of the structural properties and conformational prefer-
ence of simple molecules containing distinct functional
groups is therefore of prime interest.

Geometric structures of symmetrically substituted non-
cyclic disulfides, XSSX, in the gas phase are characterized
by a gauche conformation around the S–S bond, with dihe-
dral angles φ(XS–SX) close to 90° (e.g. 90.76(6)° in
HSSH,[6] 87.7(4)° in FSSF,[7] 85.2(2) in ClSSCl,[8] 85.3(37)
in CH3SSCH3,[9] and 104.4(40)° in CF3SSCF3).[10] In this
conformation, the p-shaped lone pairs of the sulfur atoms
are perpendicular to each other and their mutual repulsion
is minimized. Furthermore, such a structure is favored by
the anomeric effect by electron donation from the sulfur
lone pairs into the empty σ* orbitals of the opposing S–X
bonds.[11,12] Disulfides with very bulky substituents, such as
tBuSStBu, have dihedral angles which are considerably
larger than 90° [φ(CS–SC) = 128.2(27)].[13] On the other
hand, the dihedral angle for FC(O)SSC(O)F has been re-
ported to be 82.2(19).[14] Structural data for nonsymmetri-
cally substituted disulfides of the type XSSY are more
sparse in both experimental and theoretical terms. FC(O)-
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SSCF3

[15] and FC(O)SSCH3
[16] have been studied in the gas

phase and display φ(CS–SC) dihedral angles of 95.0(27)°
and 83.5(15)°, respectively.

Additionally, the presence of a carbonyl group attached
to the S–S bond, as in FC(O)SSC(O)F,[17] FC(O)SSCH3,[15]

and FC(O)SSCF3,[16] may promote a conformational equi-
librium, but this depends on the relative orientation of the
C=O and S–S bonds. The syn-periplanar (sp) orientation,
with φ(SS–C=O) = 0°, is the prevailing form for these spe-
cies.

In order to gain additional experimental and theoretical
information about the structural and conformational be-
havior of acyl-substituted disulfides, we became interested
in molecules containing the –C(O)SSC(O)– fragment with
two carbonyl groups bonded to the disulfide bond. Thus,
fluoroformyltrifluoroacetyl disulfide, FC(O)SSC(O)CF3,
has been recently synthesized and its structural properties
studied in both the gas and condensed phases.[18] In the
present study, we have extended the analysis to the related
FC(O)SSC(O)CF2Cl molecule, a novel compound for
which the geometric structure and conformational proper-
ties have been determined by experimental and theoretical
methods.

Results

Synthesis, Characterization, and Physical Properties

The synthesis of FC(O)SSC(O)CF2Cl was adapted from
that recently reported for FC(O)SSC(O)CF3,[18] by the reac-
tion of chlorodifluorothioacetic acid, CF2ClC(O)SH, with
fluorocarbonylsulfenyl chloride, FC(O)SCl, according to
Equation (1).

CF2ClC(O)SH + FC(O)SCl � FC(O)SSC(O)CF2Cl + HCl (1)

The new compound is a colorless liquid with the charac-
teristic overpowering sulfenylcarbonyl odor. In the liquid
or gaseous state, the compound is stable for days at room
temperature. The vapor pressure, measured in a small sec-
tion of the vacuum line (total volume ca. 15 mL) with a
capacitance manometer over the temperature range 247–
291 K, follows the equation logp = 5.857 – 2383/T (p/bar,
T/K), and gives an extrapolated normal boiling point of
407 K (134 °C).

In the 19F NMR spectrum of the liquid, two singlets with
an intensity ratio of 1:2 were observed. The more intense
signal is located at δ = –62.6 ppm, whereas the second sig-
nal appears at δ = 42.3 ppm. The related trifluoromethyl
species shows corresponding signals at δ = –74.9 ppm
[CF3C(O)– group] and 41.4 ppm [FC(O)– group].[18]

Additional evidence for the identity of FC(O)SSC(O)-
CF2Cl comes from the IR spectrum of the vapor and the
Raman spectrum of the liquid (Figure 1 and Table SI1 in
the Supporting Information). Two intense bands in the car-
bonyl stretching region at 1847 and 1771 cm–1 are charac-
teristic of the FC=O and CF2ClC=O groups, respectively.
The strongest band in the IR spectrum of the vapor cen-

Eur. J. Inorg. Chem. 2006, 4418–4425 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4419

tered at 1060 cm–1, is assigned to the F–Csp2 stretching
mode. In addition, the characteristic disulfide stretching
mode is observed in the Raman spectrum of the liquid as a
signal of medium intensity at 535 cm–1.

Figure 1. Gas IR at 5.0 mbar (glass cell, 200 mm optical path
length, Si windows, 0.5 mm thick) and liquid Raman spectra for
FC(O)SSC(O)CF2Cl.

Quantum Chemical Calculations

In a first step, the potential function for the internal rota-
tion around the S–S bond was derived by structure optimi-
zations at fixed φ(CS–SC) dihedral angles, whereas near-sp
mutual orientations were supposed for both C=O double
bonds and the S–S bond. The potential function obtained
with the B3LYP/6-31G* method is shown in Figure 2. Min-
ima occur at dihedral angles around ±75°, whereas a rather
flat maximum in the region of a trans C–S–S–C skeleton is
observed, with imaginary frequencies, at φ(CS–SC) = 180°.

Besides the two enantiomeric forms that are related by
rotation around the disulfide bond, several conformations
are feasible, in principle, for FC(O)SSC(O)CF2Cl, but they
depend on the orientation of the C=O bonds of the FC(O)
and the CF2ClC(O) groups. Each of them can be syn-peri-
planar (sp) or anti-periplanar (ap) relative to the S–S bond.
This leads to four possible conformers: (sp–sp), (ap–sp),
(sp–ap), and (ap–ap) [the first orientation refers to the
FC(O) group and the second to the CF2ClC(O) group, see
Scheme 1].

The potential functions for the internal rotation around
both S–C bonds were calculated (B3LYP/6-31G*) by full
geometry optimization at fixed φ(SS–C=O) torsional angles
(Figure 3). As expected, both curves possess minima for sp
[φ(SS–C=O) = 0°] and ap [φ(SS–C=O) = 180°] orientations.
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Figure 2. Calculated potential function (B3LYP/6-31G*) for the in-
ternal rotation around the S–S bond in FC(O)SSC(O)CF2Cl.

Scheme 1. Representation of the conformers of FC(O)SSC(O)-
CF2Cl.

The calculated maxima for near-perpendicular orientations
[φ(SS–C=O) � 90°] have similar energy values in both cases,
which are characterized as torsional transition states (TS,
Nimag = 1). The geometries of the four minima were fully
optimized, including frequency calculations, with the
B3LYP method and with the use of the 6-31G* and 6-
311+G(3df) basis sets and the MP2/6-31G* approximation.
Calculated relative energies (corrected for zero-point en-
ergy) and vibrational frequencies of the C=O stretches with
their IR intensities are collected in Table 1. All three com-
putational methods predict that the four different conform-

Figure 3. Potential energy curves for FC(O)SSC(O)CF2Cl as a
function of the φ(SS–C=O) dihedral angles calculated with the
B3LYP/6-31G* approximation. [�: φ(SS–C1=O1), �: φ(SS–
C2=O2), for atom numbering see Figure 5].

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4418–44254420

ers correspond to stable structures and agree with respect
to the conformational preference. In the lowest-energy con-
former, both carbonyl bonds adopt an sp orientation with
respect to the S–S bond, whereas the second most stable
conformer possesses an ap orientation of the FC(O) group
with respect to the S–S single bond. Moreover, structures
with ap orientation of the CF2ClC(O) group with respect
to the S–S bond are considerably higher in energy (∆G0�
4.0 kcal/mol or even more) and are not expected to be de-
tectable in our experiments.

Table 1. Calculated relative energies (corrected by zero-point en-
ergy) and vibrational frequencies of the C=O stretching modes
[cm–1] with IR intensities [km/mol] in parentheses for FC(O)-
SSC(O)CF2Cl.

Conformer[a] Method of calculation ∆E0 ν(FC=O) ν(O=CCF2Cl)

(sp–sp) B3LYP/6-31G* 0.00[b] 1922 (231) 1851 (192)
B3LYP/6-311+G(3df) 0.00[c] 1892 (249) 1827 (214)

MP2/6-31G* 0.00[d] 1894 (177) 1784 (127)

(ap–sp) B3LYP/6-31G* 0.89 1903 (379) 1847 (190)
B3LYP/6-311+G(3df) 1.14 1866 (453) 1826 (204)

MP2/6-31G* 1.76 1881 (301) 1780 (127)

(sp–ap) B3LYP/6-31G* 4.48 1923 (245) 1827 (250)
B3LYP/6-311+G(3df) 3.74 1893 (267) 1804 (288)

MP2/6-31G* 6.05 1897 (183) 1759 (163)

(ap–ap)[e] B3LYP/6-31G* 5.29 1901 (327) 1826 (295)
MP2/6-31G* 7.93 1872 (250) 1759 (195)

[a] First orientation (sp or ap) refers to FC(O) group, second orien-
tation (sp or ap) to CF2ClC(O) group. [b] E0 = –1820.807875
hartree. [c] E0 = –1817.714699 hartree. [d] E0 = –1821.140101
hartree. [e] The (ap–ap) was not calculated at the B3LYP/6-
311+G(3df) approximation.

In regard to the chlorodifluoromethyl group, the pre-
dominant conformer possesses a gauche structure with
ClC–C=O values close to 80°; the C–F bond deviates from
the eclipsed orientation [φ(FC–C=O) = 42°]. From the po-
tential energy curve obtained by the rotation of the CF2Cl
group around the C–C single bond (Figure 4) both cis

Figure 4. Potential energy curves for FC(O)SSC(O)CF2Cl as a
function of the φ(ClC–C=O) dihedral angle calculated with the
B3LYP/6-31G* approximation.
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[φ(ClC–C=O) = 0°] and trans [φ(ClC–C=O) = 180°] forms
correspond to torsional transition states (Nimag = 1). The
calculated barrier heights (corrected for zero-point energies)
are 1.1 and 2.5 kcal/mol, respectively.

Vibrational Spectra

The IR spectrum of the vapor and the Raman spectrum
of liquid FC(O)SSC(O)CF2Cl are shown in Figure 1. Both
spectra are similar to those of FC(O)SSC(O)CF3.[18] A ten-
tative assignment of the observed bands was performed by
comparison with the calculated spectrum and the approxi-
mate description of modes is based on the calculated dis-
placement vectors for the fundamental modes of vibration,
as well as on comparisons with the spectra of related mole-
cules, especially FC(O)SSC(O)F[17] and CF2ClC(O)Cl.[19]

Experimental and calculated [B3LYP/6-311+G(3df)] fre-
quencies for the (sp–sp) and (ap–sp) conformers, together
with the tentative assignments, are given in the Supporting
Information (Table SI1).

The ab initio calculations indicate that the (sp–sp) con-
former is more stable than the (ap–sp) conformer. The vi-
brational spectra are consistent with this prediction, but the
presence of a second conformer in the vapor phase becomes
apparent. It is known that the ν(C=O) normal mode of car-
bonyl compounds is very sensitive to conformational prop-
erties.[20,21] As observed in Figure 5, two intense bands oc-
cur in the IR spectrum of FC(O)SSC(O)CF2Cl vapor at
1847 and 1771 cm–1, whereas a third band of low intensity
appears at 1827 cm–1. The first two bands are assigned to
the C=O stretching modes of the FC=O and CF2ClC=O
groups in the most abundant (sp–sp) conformer. Compari-
son with the calculated frequencies then allows the assign-
ment of the third band to the FC=O group in the (ap–sp)
form. Thus, the calculated wavenumber difference [B3LYP/
6-311+G(3df)] for the C=O stretching mode of the FC(O)
group [ν(FC=O), Table 1] between the (sp–sp) and the (ap–
sp) forms is +26 cm–1, a value that is in good agreement
with the experimentally observed value of +20 cm–1. No
significant difference is expected in the wavenumbers of the
CF2ClC=O stretching mode between the (sp–sp) and (ap–
sp) forms; the calculated difference is about 2 cm–1. Accord-
ingly, the stretching mode of the (ap–sp) conformer is as-
signed to the band at 1771 cm–1, which is masked by the
band of the corresponding stretching mode of the (sp–sp)
form. The conformational composition was derived from
the integrated intensities of the C=O vibrations for the (sp–
sp) and (ap–sp) forms, with the intensities calculated by the
B3LYP/6-311+G(3df) method taken into account (Table 1).
This analysis leads to a composition of 92(5)% of the more
stable (sp–sp) form at ambient temperature (the estimated
error limit includes uncertainties in the measured areas and
in the calculated intensities).

A conformational equilibrium was also evident in the F–
C(O) stretching region [ν(Csp2–F), Table SI1 given in the
Supporting Information] through the presence of two bands
in the IR spectrum of the vapor. The more intense band is
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Figure 5. C=O vibrational stretching region in the IR spectrum of
gaseous FC(O)SSC(O)CF2Cl at 5.0 mbar (glass cell, 200 mm op-
tical path length, Si windows, 0.5 mm thick).

located at 1060 cm–1, which can be assigned to this mode
in the main (sp–sp) conformer; the second band, at
1089 cm–1, can be assigned to the same mode of the less
stable (ap–sp) form. Quantum chemical calculations cor-
rectly reproduce this frequency shift of 19 cm–1. According
to the calculations, the other fundamental modes of the (sp–
sp) and (ap–sp) conformers either differ by less than 2 cm–1

or have too low an intensity to be observed in our experi-
ments.

Crystal Structure

Because simple covalent disulfides are liquids or gases at
ambient temperatures and because they are frequently labile
species, very little is known about their structures in the
solid state. Only with the development of special crystalli-
zation techniques has it become possible to extend detailed
structural studies to the crystalline state. By using the in
situ crystallization technique developed at Essen,[22] an ap-
propriate single-crystal of FC(O)SSC(O)CF2Cl was grown
at 193 K. The compound crystallizes in the monoclinic sys-
tem (P21/n spatial group) with the following unit cell dimen-
sions: a = 5.579(3) Å, b = 16.615(7) Å, c = 8.455(4) Å, and
α = γ = 90° and β = 106.876(8)°, Z = 4 (for the full crystal-
lographic data and treatment information, see Table SI2 in
the Supporting Information). Only the (sp–sp) conformer is
observed in the crystal, with a gauche orientation around
the S–S bond. The structure of the molecule is shown in
Figure 6, and Table 2 includes the main geometric param-
eters derived from the structure refinement, as well as those
obtained from quantum chemical calculations. The overall
crystal packing, as viewed along the ab plane, is shown in
Figure 7.

Intermolecular interactions that are dominated by F···F
contacts are common for fluorinated molecules where there
is no other choice for the stabilization of the packing. Ac-
cording to quantum chemical calculations, F···F contacts in
aromatic systems can contribute up to 14 kcal/mol of local
stabilization energy.[23] In the present case, the chlorodifluo-
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Figure 6. Molecular model with atom numbering scheme for the
single-crystal structure of FC(O)SSC(O)CF2Cl.

Table 2. Experimental and calculated geometric parameters for the
gauche (sp–sp) conformer of FC(O)SSC(O)CF2Cl.[a]

Parameter X-ray[b] B3LYP MP2/6-31G*
6-31G* 6-311+G(3df)

S1–S2 2.029 (1) 2.074 2.050 2.049
S1–C1 1.759 (4) 1.790 1.785 1.774
S2–C3 1.796 (3) 1.824 1.813 1.794
C1–C2 1.556 (4) 1.553 1.557 1.539
C1=O1 1.179 (4) 1.196 1.187 1.211
C3=O2 1.165 (4) 1.182 1.176 1.194
(C2–F)mean 1.335 (4) 1.340 1.339 1.354
C3–F4 1.342 (4) 1.342 1.347 1.358
C–Cl 1.739 (3) 1.785 1.773 1.753
S2–S1–C1 99.7 (1) 99.8 101.4 98.2
S1–S2–C3 99.1 (1) 101.4 100.4 99.4
S1–C1=O1 126.7 (2) 125.7 126.2 126.0
S2–C3=O2 131.1 (3) 129.7 130.5 129.7
S1–C1–C2 111.8 (2) 112.1 112.2 112.9
F–C2–F 107.1 (2) 108.5 108.0 108.5
S2–C3–F4 106.7 (2) 106.6 106.3 106.6
(F–C–C)mean 109.5 (3) 109.6 110.0 108.7
Cl–C–C 110.7 (2) 110.0 109.6 110.3
(Cl–C–F)mean 110.0 (3) 109.6 109.6 109.9
φ(SS–C=O1) 0.8 (4) 2.9 0.9 2.0
φ(SS–C=O2) 4.8 (3) 2.0 2.7 2.9
φ(CS–SC) 84.2 (2) 77.4 83.5 71.1
φ(ClC–C=O) 102.3 (4) 68.8 78.9 77.2

[a] See Figure 6 for atom numbering. [b] Uncertainties are σ values.

romethyl groups interact through C–F···F–C contact which
measure 2.817 Å. This value is within the range found in
comparable structural studies, in which C–F···F–C contacts
of 2.777 and 2.868 Å are identified as packing motifs.[24,25]

The sum of the van der Waals radii would suggest 2.7 Å as
a contact distance, but this does not obviously hold for car-
bon-bonded fluorine.

The investigation of short nonbonded intramolecular 1,4
S···O contacts have attracted much attention because S···O
distances in the range 2.77–3.16 Å have been observed in
crystals.[26] These values are much shorter than the sum of
the sulfur and oxygen van der Waals radii (3.3 Å).[27] The
presence of such short S···O contacts in these compounds,
each of which crystallizes in a different packing environ-
ment, indicates that the conformational feature results from
a nonbonded intramolecular interaction. Computational
results suggest that electronic conjugation gives rise to the
observed S···O close contact.[28] In molecules which contain
the –C(O)SSC(O)– moiety, there are two 1,4 S···O distances,
defined by one sulfur atom of the disulfide bond and the
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Figure 7. Stereoscopic illustration of the crystal packing of FC-
(O)SSC(O)CF2Cl at 193 K.

oxygen atom in the carbonyl group bonded to the other
sulfur atom. Following Figure 6, these 1,4 S···O distances
for FC(O)SSC(O)CF2Cl are labeled as S1···O2 and S2···O1,
with values of 3.016 Å and 3.078 Å, respectively. The φ(SS–
C=O) dihedral angles around the corresponding C–S bonds
are 4.8 and 0.8°, respectively. Following Burling et al.,[28]

these nearly planar conformations favor electronic delocal-
ization of the nonbonded π electrons of the sulfur atom,
which results in an increased attractive interaction between
the sulfur and oxygen atoms.

Discussion

According to the vibrational spectra, the title molecule
exists in the gas phase as a mixture of two conformers that
differ in the relative orientation of the FC(O) group and the
S–S single bond, with the sp conformer prevailing over the
ap form. At room temperature, the more stable conformer
accounts for 92(5)% of the vapor species. The standard
Gibbs free-energy difference [∆G0 = G0

(ap–sp) – G0
(sp–sp)] de-

rived from the IR spectrum of the vapor (1.4 kcal/mol) is
reproduced satisfactorily at the B3LYP/6-311+G(3df),
B3LYP/6-31G*, and MP2/6-31G* levels of calculation. On
the other hand, only the sp conformation is observed for
the mutual orientation of the CF2ClC=O double bond and
the S–S single bond, with a calculated mean value of ∆G0

= G0
(sp–ap) – G0

(sp–sp) of 4.7 kcal/mol. This behavior parallels
that recently reported for FC(O)SSC(O)CF3, with ∆G0 =
G0

(ap–sp) – G0
(sp–sp) = 1.14(15) kcal/mol from the IR spec-

trum of the matrix isolated vapor and sp orientation of the
S–S single bond with respect to the C=O double bond in
the –C(O)CF3 moiety.[18]

The chlorodifluoroacetyl group adopts a gauche orienta-
tion in the crystal, with a corresponding dihedral angle
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φ(ClC–C=O) of 102.3(4)° [φ(F3C3–C=O) = 136.4(3)°]. As
already commented in this paper, quantum chemical calcu-
lations predict a different behavior for a molecule with the
(sp–sp) conformation, with φ(ClC–C=O) and φ(F3C3–
C=O) dihedral angles of 78.9 and 160.7°, respectively. The
predominant conformer found experimentally for chlorodi-
fluoroacetyl chloride [CF2ClC(O)Cl] in the gas phase pos-
sesses a gauche orientation of the chlorine atoms [φ(ClC–
C=O) = 104.6(10)°],[29] whereas a second stable conformer
where the C–Cl bond eclipses the C=O bond is higher in
energy by ∆G0 = 1.1(3) kcal/mol.[29] From a study of the
Raman spectrum of the liquid at different temperatures, a
∆H0 value of 1.03(11) kcal/mol was determined, whereas
for the sample dissolved in liquid xenon, this value de-
creases to 0.71(17) kcal/mol.[19] For the free molecule of the
title compound, this last conformation corresponds to a ro-
tational transition state; the calculated barrier is only
1.1 kcal/mol. Thus, the barrier to rotation appears to be
quite low for the chlorodifluoroacetyl moiety, and the dis-
crepancy between the X-ray structure and the calculated
geometrical properties probably reflects the distortions in-
duced by the crystal packing.

Transferability is then evident in the conformational
properties of FC(O)SSC(O)CF2Cl. Extensive studies of car-
bonylsulfenyl compounds with the general formula XC(O)-
SY have established the preference for a syn-periplanar con-
formation around the C–S bond.[20,30–33] In the case of di-
sulfides (so that Y corresponds to an –SR group), the pre-
ferred mutual orientation of the C=O and S–S bonds is also
sp.[12,14–16] It has also been established experimentally that
the ap conformation appears as a second stable form that
makes appreciable contributions to the vapor at room tem-
perature when X is a fluorine atom,[14,17,34,35] whereas only
the sp conformation is adopted by species containing the
CF3C(O)S moiety.[36–38]

Breitzer et al.[39] have reported the analysis of the crystal
structures of several disulfides. A plot of the S–S bond
length versus the disulfide torsion angles reveals the greatest
density of data points in the bond length region 2.00–
2.06 Å and torsion angles between 75 and 90°. A similar
pattern has also been observed for the structures of gaseous
disulfides. In accordance with this trend, the disulfide bond
length and torsion angle in crystalline FC(O)SSC(O)CF2Cl
are 2.029(1) Å and 84.2(2)°, respectively.

The two computational methods we have used predict
dihedral angles for the molecular skeleton with values sim-
ilar to those obtained from the X-ray analysis. The methods
are less successful in the reproduction of the lengths of
some of the bonds around sulfur. Thus, even with large ba-
sis sets [6-311+G(3df)], the B3LYP method predicts the S–
X bonds to be too long (by up to 0.026 Å for the S1–C1
bond). While these bonds are better described by the MP2
method with the modest 6-31G* basis set, this method fails
to reproduce the C=O double bond lengths well, which are
also made out to be too long (0.032 Å for the C1 = O1
bond). In practice, however, the contraction of polar bonds
is to be expected upon crystallization and compensation for
this phenomenon allows both methodologies to satisfacto-
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rily reproduce the molecular dimensions of the crystalline
solid.

Experimental Section and Instrumentation
General Procedure: Volatile materials were manipulated in a glass
vacuum line equipped with two capacitance pressure gauges (221
AHS-1000 and 221 AHS-10, MKS Baratron, Burlington, MA),
three U-traps and valves with PTFE stems (Young, London, UK).
The vacuum line was connected to an IR cell (optical path length
200 mm, Si windows 0.5 mm thick) contained in the sample com-
partment of an FTIR instrument (Impact 400D, Nicolet, Madison,
WI). This allowed us to monitor the purification processes and to
follow the course of the reactions. The pure compound was stored
in flame-sealed glass ampules under liquid nitrogen in a long-term
Dewar vessel. The ampules were opened with an ampule key on
the vacuum line, an appropriate amount of the compound was
taken out for the experiments, and then the ampules were flame-
sealed again.[40]

CF2ClC(O)SH was synthesized by the reaction of either
CF2ClC(O)Cl or [CF2ClC(O)]2O (98% Aldrich) with H2S (98%
Linde, Germany) in a metal reactor.[41] This method was adapted
from the literature procedure for the synthesis of CF3C(O)SH.[42]

CF2ClC(O)Cl was synthesized by the reaction of chlorodifluoro-
acetic acid (98% Merck) with PCl5 according to the usual method.
FC(O)SCl was obtained by the reaction of commercial ClC(O)SCl
(Aldrich 95%) with SbF5 following the reported method.[43,44]

Conventional vacuum techniques were used to condense equimolar
quantities (typically 2.5 mmol) of CF2ClC(O)SH and FC(O)SCl
into a 6 mm o.d. glass ampule. The vessel was flame-sealed and
placed in a –40 °C ethanol bath. At this temperature, the reaction
proceeded rapidly, as judged by the disappearance of the yellow
color [due to FC(O)SCl] of the reaction mixture. The mixture was
then warmed to –10 °C and preserved at that temperature for about
1 h. Subsequently the products were separated by “trap-to-trap”
condensation through traps held at –30 °C, –60 °C and –196 °C.
Pure FC(O)SSC(O)CF2Cl was retained as a colorless liquid in the
–60 °C trap. The yield was nearly quantitative and, apart from the
HCl generated in the reaction, only minor quantities of OCS and
SiF4 were observed as byproducts in the U-trap at –196 °C.

X-ray Diffraction at Low Temperature: An appropriate crystal of
FC(O)SSC(O)CF2Cl ca. 0.3 mm in diameter was obtained on the
diffractometer at a temperature of 193(2) K with a miniature zone
melting procedure with the use of focused infrared laser radia-
tion.[22] The diffraction intensities were measured at low tempera-
tures with a Nicolet R3m/V four-circle diffractometer. Intensities
were collected with graphite–monochromatized Mo-Kα radiation
with the ω-scan technique. The crystallographic data, conditions
and some features of the structure are listed in Table SI2 (Support-
ing Information). The structure was solved by Patterson syntheses
and refined by full-matrix least-squares methods on F with the
SHELXTL-Plus program.[45] Absorption correction details are
given in Table SI2 (Supporting Information). All atoms were as-
signed anisotropic thermal parameters. Further details of the crys-
tal structure investigation may be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Ger-
many (Fax: +49-7247-808-666, E-mail: crysdata@fiz-karlsruhe.de)
on quoting the depository number CSD-416694.

Vibrational Spectroscopy: Gas-phase infrared spectra were recorded
with a resolution of 1 cm–1 in the range 4000–400 cm–1 with a
Bruker IFS 66v FTIR instrument and Raman spectra of liquid
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FC(O)SSC(O)CF2Cl with a Bruker RFS 100/S FT-Raman spec-
trometer. The liquid sample was contained in a 4 mm glass capil-
lary and the spectrum excited with 500 mW of 1064 nm radiation
from a Nd:YAG laser (ADLAS, DPY 301, Lübeck, Germany).

NMR Spectroscopy: For the 19F NMR measurements, neat samples
were held in flame-sealed, thin-walled 3 mm o.d. tubes placed in-
side 5 mm NMR tubes. The spectra were recorded with a Bruker
Avance DRX-300 spectrometer operating at 282.41 MHz. The
spectrum was measured with the sample at room temperature with
a mixture of CD3CN and CFCl3 as an external lock and reference,
respectively.

Theoretical Calculations: All quantum chemical calculations were
performed with the GAUSSIAN03 program package[46] under the
Linda parallel execution environment with two coupled PC’s. MP2
and B3LYP methods with standard basis sets up to 6-311+G(3df)
and gradient techniques were used for the geometry optimizations
and calculation of the vibrational properties. Transition states were
optimized by the Synchronous Transit-guided Quasi-Newton
(STQN) method, and torsional barrier heights were calculated
from the relative energies of the TS and the stable structure with
the zero-point energies of the species taken into account. All the
computed TS structures show only one imaginary frequency, which
corresponds to the torsion involved in the conformational transi-
tion.

Supporting Information (see footnote on the first page of this arti-
cle): Observed and calculated vibrational data for (sp–sp) and (ap–
sp) conformers; X-ray crystallographic data and structural refine-
ment details.
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A group of ten quinonoid-bridged diruthenium(II) complexes
[(aap)2RuII(µ-BL1

2–)RuII(aap)2](ClO4)2, [1a–1c](ClO4)2 and
[(pap)2RuII(µ-BLn

2–)RuII (pap)2](ClO4)2 [2–8](ClO4)2 [aap = 2-
arylazopyridine, NC5H4–N=N–C6H4(R) {R = H (pap)
[1a](ClO4)2, m-Me [1b](ClO4)2, m-Cl [1c](ClO4)2}; BL2– = 5,8-
dioxido-1,4-napthoquinone (BL1

2–), 2,3-dichloro-5,8-dioxido-
1,4-napthoquinone (BL2

2–), 6,11-dioxido-5,12-naphthacene-
dione (BL3

2–), 1,4-dioxido-9,10-anthraquinone (BL4
2–), 2,3-di-

methyl-1,4-dioxido-9,10-anthraquinone (BL5
2–), 6,7-dichloro-

1,4-dioxido-9,10-anthraquinone (BL6
2–), 1,4-diimino-9,10-

anthraquinone (BL7
2–), 1,5-dioxido-9,10-anthraquinone

(BL8
2–)] have been synthesized. The crystal structures of

[1a](ClO4)2·H2O and [3](ClO4)2 suggest the preferential
crystallization of the meso isomer in both cases. The two sim-
ilar C–O distances in coordinated BL1

2– [C2–O1/C4–O2
1.278(5)/1.291(4) Å] and BL3

2– [C2–O1/C4–O2 1.282(7)/
1.280(7) Å] in [1a](ClO4)2 and [3](ClO4)2, respectively, and
the corresponding intraring distances suggest a delocalized
keto-enol state of the coordinated BL2–. [1–8]2+ exhibit two
successive one-electron oxidation processes and multiple re-
ductions in both CH3CN and CH2Cl2. The first oxidation po-
tential varies substantially depending on a variety of factors
associated with BL2– and follows the order: [8]2+ �� [2]2+ �

[6]2+ � [1a]2+ � [4]2+ � [3]2+ � [5]2+ �� [7]2+. The separation
in potentials between the successive oxidation processes

Introduction
The design of newer classes of ligand-bridged polyru-

thenium systems in combination with selective ancillary li-
gands [{(AL)Ru}n(µ-BL)]n+ (AL = ancillary ligand and BL
= bridging ligand) has drawn special attention in recent
years,[1] particularly from the perspective of tuning inter-
metallic electronic coupling processes in their mixed-valence
states, which, in turn, finds partial applications in fabricat-

[a] Department of Chemistry, Indian Institute of Technology,
Powai, Mumbai 400076, India
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E-mail: lahiri@chem.iitb.ac.in
Supporting information for this article is available on the
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translates to comproportionation constant (Kc) values in the
ranges 2.5×104–2.6×105 and 1.7×103–1.3×106 in CH3CN
and CH2Cl2, respectively. The intermediate paramagnetic
species [1–8]3+ systematically exhibit closely spaced rhombic
or axial-type EPR spectra at 77 K corresponding to g values
close to the free-electron value of 2.0023, thereby suggesting
a radical complex formulation of {RuII(µ-BL·–)RuII} instead of
the usually expected alternative mixed-valence formulation
of {RuII(µ-BL2–)RuIII}. Consequently, [1–7]3+ display intense
near-infrared transitions in the range 1200–1500 nm with a
band width at half height (∆ν1/2) of 1900–3800 cm–1 which is
lower than the calculated value of 3800–4600 cm–1 obtained
using the Hush formula for a localized class II mixed-valence
system. Electrogenerated EPR-inactive second-step oxidized
species [1–8]4+ have been described as spin-coupled radical-
bridged mixed-valence ruthenium(II)(III) species, {RuII(µ-
BL·–)RuIII}. [1–8]2+ exhibit multiple ligand-based reductions
involving coordinated BL2– as well as aap. The above prefer-
ential metal- or ligand-based accessible electron-transfer
processes in the complexes have been further substantiated
by DFT calculations on the geometry-optimized structure of
[1a]2+.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing molecular electronic devices[2] as well as the theoretical
understanding of electron-transfer processes.[3] A large
number of polyruthenium derivatives have been studied and
a wide variation of coupling aspects, including moderately
coupled localized class II, strongly coupled delocalized class
III, and hybrid or borderline class II–III situations[4,5] have
emerged that primarily depend on the electronic states of
the specific set of bridging and ancillary ligands. Although
different kinds of molecular frameworks have been utilized
as bridging ligands for assembling metal fragments in place,
only a limited number of diruthenium complexes with the
following redox-active polynucleating quinonoid bridging
(BL) units along with selective ancillary ligands (AL) are
known so far: 1,10-phenanthroline-5,6-dione (AL =
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acac–[6]/bpy[7]), 1,10-phenanthroline-5,6-diimine (acac–),[6]

2,5-dioxido-1,4-benzoquininediimines (bpy/acac–),[8] 2,5-di-
oxido-1,4-benzoquinones (bpy),[9] 5,8-dioxido-1,4-naphtho-
quinone (bpy),[10] 1,4-dioxidoanthraquinone (bpy),[11] 1,5-
dioxidoanthraquinone (bpy),[11] 1,2,4,5-tetraimino-3,6-dike-
tocyclohexane (bpy),[12] 3,3�,4,4�-tetraoxybiphenyl (bpy),[13]

3,3�,4,4�-tetraiminobiphenyl (acac–[14]/bpy[15]), and p-benzo-
quinonediimine(NH3)[16] (bpy = 2,2�-bipyridine, acac– =
acetylacetonate). The remarkable mixing of ruthenium and
quinonoid frontier orbitals[17] is expected to facilitate the
bridging-ligand-mediated intermetallic coupling processes
in such systems; however, it also creates additional chal-
lenges in assigning the precise valence state combinations
of the metal ion and the bridging ligand in the native state
as well as towards the accessible electron-transfer processes.
The extent of mixing of ruthenium- and quinonoid-based
orbitals and their subsequent participation in the electron-
transfer processes are also influenced by the involvement of
the ancillary ligands (AL)[8,14,15] in the resultant molecular
orbitals, and this is essentially the reason for the present
program of developing larger quinonoid-bridged diruthe-
nium complexes encompassing strongly π-accepting 2-aryl-
azopyridine (aap) as ancillary ligands.

The present article thus describes the synthesis of a
group of ten diruthenium complexes [(aap)2RuII(µ-BLn

2–)-
RuII(aap)2](ClO4)2 [1a–1c](ClO4)2 and [2–8](ClO4)2 {BL2– =
5,8-dioxido-1,4-napthoquinone (BL1

2–), 2,3-dichloro-5,8-
dioxido-1,4-napthoquinone (BL2

2–), 6,11-dioxido-5,12-
naphthacenedione (BL3

2–), 1,4-dioxido-9,10-anthraqui-

Scheme 1.
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none(BL4
2–), 2,3-dimethyl-1,4-dioxido-9,10-anthraquinone

(BL5
2–), 6,7-dichloro-1,4-dioxido-9,10-anthraquinone

(BL6
2–), 1,4-diimino-9,10-anthraquinone (BL7

2–), and 1,5-
dioxido-9,10-anthraquinone (BL8

2–); aap = 2-aryl-
azopyridine} and the crystal structures of two selected de-
rivatives, namely [1a](ClO4)2 and [3](ClO4)2. The primary
involvement of metal-, bridging-ligand-, or ancillary-ligand-
based orbitals or a mixed situation in the accessible elec-
tron-transfer processes of the complexes has been scruti-
nized by UV/Vis/NIR spectroelectrochemistry and EPR in-
vestigations in combination with DFT/TDDFT calcula-
tions on the selected complex [1a]2+. The specific effect of
aap as an ancillary ligand in [1–8]n+ with special reference
to complexes with bpy[10,11] and BL1

2–, BL4
2–, and BL8

2– as
bridging ligands are also highlighted.

Results and Discussion

Synthesis and Characterization

The present study deals with the eight quinonoid-based
bridging ligands abbreviated as H2BL1–8. The bridging li-
gands differ in terms of their ring size (naphthaquinone- or
anthraquinone-based frameworks), the substituents on the
rings, and the positions of the donor centers in the rings.
H2BL7 is the amine (NH2) version of the hydroxy-contain-
ing H2BL4 (Scheme 1).
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The complexes [(pap)2RuII(µ-BL2–)RuII(pap)2](ClO4)2

{[1a](ClO4)2 and [2–8](ClO4)2; Scheme 1} were synthesized
by following a general procedure involving treatment of the
respective quinones (H2BL) with an ethanolic solution of
the metal precursor ctc-[RuII(pap)2(H2O)2](ClO4)2 [pap = 2-
phenylazopyridine; ctc = cis-trans-cis with respect to the
aqua, pyridine (Np), and azo (Na) nitrogen atoms of pap,
respectively} in the presence of sodium acetate as base un-
der dinitrogen, followed by chromatographic purification
on a neutral alumina column. The complexes [1b](ClO4)2

and [1c](ClO4)2 have 2-(m-tolylazo)pyridine and 2-(m-chlo-
rophenylazo)pyridine, respectively, as ancillary ligands in
combination with BL1

2– (Scheme 1).
The tc-configuration [tc = trans and cis with respect to

the pyridine (Np) and azo (Na) nitrogens, respectively] as
well as the RuII state of the precursor metal fragment
{RuII(pap)2} remain unaltered in complexes [1–8](ClO4)2

(see below).
Although the reactions ideally lead to a mixture of meso

(∆Λ) and rac (∆∆/ΛΛ) isomers,[18] the appearance of only
one band, even on the preparatory TLC plate, in each case
suggests either the presence of one particular diastereoiso-
meric form or an intimate mixture of meso and rac isomers
in solution. The crystal structures of [1a](ClO4)2 and
[3](ClO4)2 suggest the preferential crystallization of the
meso isomer in both cases (see below).

The complexes are fairly soluble in polar (CH3CN,
DMF) as well as nonpolar (CH2Cl2) solvents. The diamag-
netic (low-spin RuII, t2g

6) complexes [1–8](ClO4)2 are 1:2
conductors in CH3CN and their microanalytical data
(C,H,N) are in good agreement with the calculated values
(see Exp. Sect.). The formation of the complexes was fur-
ther confirmed by their electrospray mass spectroscopic
data in CH3CN (see Table 1 and Figure 1). The 1H NMR
spectra in CDCl3 or (CD3)2SO show partially overlapping
signals corresponding to half of the molecule due to in-
ternal symmetry (see Figure 2 and Exp. Sect.). The close-
ness of the chemical shifts of the signals of several protons
makes them appear as overlapping clusters. The ν(C=O)
stretching frequency of the free H2BL ligands (1616–
1636 cm–1) is absent in the IR spectra of the complexes,
where a sharp peak appears in the range 1520–1582 cm–1,
thus indicating a delocalized keto-enol state of the coordi-
nated bridging ligand BL2–.[19] The delocalized keto-enol

Table 1. Mass spectroscopic data (m/z) in acetonitrile for [1–
8](ClO4)2.

Compound Observed Assignment Calculated

[1a](ClO4)2 1224.18 [{1a}ClO4]+ 1223.08
[1b](ClO4)2 1279.14 [{1b}ClO4]+ 1279.14
[1c](ClO4)2 1359.78 [{1c}ClO4]+ 1358.93
[2](ClO4)2 1290.51 [{2}ClO4]+ 1291.01
[3](ClO4)2 1322.97 [{3}ClO4]+ 1323.12
[4](ClO4)2 1273.27 [{4}ClO4]+ 1273.10
[5](ClO4)2 1301.41 [{5}ClO4]+ 1301.13
[6](ClO4)2 1340.86 [{6}ClO4]+ 1341.02
[7](ClO4)2 1270.95 [{7}ClO4]+ 1271.13
[8](ClO4)2 1274.02 [{8}ClO4]+ 1273.10

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4426–44414428

state of BL2– is also clearly evidenced in the crystal struc-
tures of [1a](ClO4)2 and [3](ClO4)2 (see below). The ClO4

–

vibrations for all the complexes and the NH stretching fre-

Figure 1. Mass spectra of [1b](ClO4)2 (a), [3](ClO4)2 (b), [4](ClO4)2

(c), and [7](ClO4)2 (d) in CH3CN.

Figure 2. 1H NMR spectra of [1a](ClO4)2 (a) and [3](ClO4)2 (b) in
CDCl3.
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quency of the coordinated BL7

2– in [7](ClO4)2 appear in the
expected positions of 1100/625 and 3260 cm–1, respectively
(see Exp. Sect.).

Crystal Structures of [1a](ClO4)2·H2O and [3](ClO4)2

The crystal structures of [1a](ClO4)2·H2O and [3](ClO4)2

are shown in Figures 3 and 4, respectively. Selected crystal-
lographic parameters are given in the Exp. Sect. and bond
lengths and angles are listed in Table 2. Both structures con-
tain a crystallographic inversion center. Each Ru ion is
bonded symmetrically to the dianionic bridging ligand BL2–

through the two oxygen donor centers at each end. The Ru
centers are nearly coplanar with the bridging ligand; the
angles between the planes consisting of the chelate ring con-
taining the Ru ion to the bridging ligand and the planar
bridging ligand are 1.57(0.71)° and 3.17(0.81)° for
[1a](ClO4)2 and [3](ClO4)2, respectively. The RuO2N4 chro-
mophore is in a distorted octahedral arrangement, as can

Figure 3. Crystal structure of the cation of [1a](ClO4)2. Ellipsoids are drawn at 30% probability.

Figure 4. Crystal structure of the cation of [3](ClO4)2. Ellipsoids are drawn at 30% probability.

Eur. J. Inorg. Chem. 2006, 4426–4441 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4429

be seen from the angles around the metal ion (Table 2). The
two similar C–O distances in coordinated BL1

2– [C2–O1/
C4–O2 1.278(5)/1.291(4) Å] and BL3

2– [C2–O1/C4–O2
1.282(7)/1.280(7) Å] and the corresponding intra-ring dis-
tances (Table 2) in [1a](ClO4)2 and [3](ClO4)2, respectively,
signify the delocalized keto-enol state of the coordinated
BL2–.[19–21] The calculated (B3LYP/SDD, 6-31G* level of
theory) bond lengths/angles and atomic charges of the dian-
ionic form of free BL1

2– (Figure 5 and Table 3; coordinates
for the optimized BL1

2– are given in Table S1 in the Sup-
porting Information) also suggest its delocalized state. The
RuII–O(BL2–) distances [Ru1–O1/Ru1–O2 2.025(3)/2.038(3)
and 2.009(4)/2.016(4) Å in [1a](ClO4)2 and [3](ClO4)2,
respectively] agree well with known RuII–O (acetylace-
tonate, keto-enol delocalized form) distances.[21] The Ru–
Ru separations in [1a](ClO4)2 and [3](ClO4)2 are 8.327 and
8.338 Å, respectively.

The {Ru(pap)2} fragment is in a tc-configuration (tc =
trans and cis with respect to the pyridine and azo nitrogens
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Table 2. Experimental and calculated bond lengths [Å] and angles [°] for [1a](ClO4)2 and [3](ClO4)2.

[1a](ClO4)2 [3](ClO4)2 [1a](ClO4)2 [3](ClO4)2

Exp.[a] Comp.[b] Exp. Exp.[a] Comp.[b] Exp.

Ru(1)–N(1) 2.041(4) 2.071 2.030(6) N(3)–Ru(1)–N(6) 98.53(14) 101.8 98.1(2)
Ru(1)–N(3) 1.957(3) 2.035 2.006(6) N(3)–Ru(1)–O(1) 87.92(14) 86.3 169.1(2)
Ru(1)–N(4) 2.034(4) 2.071 2.058(6) N(6)–Ru(1)–O(1) 170.97(12) 169.5 87.20(19)
Ru(1)–N(6) 2.018(3) 2.035 1.959(5) N(3)–Ru(1)–N(4) 98.85(15) 102.7 106.5(2)
Ru(1)–O(1) 2.025(3) 2.059 2.009(4) N(6)–Ru(1)–N(4) 76.86(15) 76.8 76.6(3)
Ru(1)–O(2) 2.038(3) 2.059 2.016(4) O(1)–Ru(1)–N(4) 95.97(15) 94.9 83.9(2)
N(2)–N(3) 1.284(5) 1.286 1.298(7) N(3)–Ru(1)–O(2) 172.99(13) 169.5 89.13(19)
N(5)–N(6) 1.288(5) 1.286 1.281(8) N(6)–Ru(1)–O(2) 86.54(12) 86.3 171.8(2)
C(2)–O(1) 1.278(5) 1.289 1.282(7) O(1)–Ru(1)–O(2) 87.61(12) 86.6 86.27(17)
C(4)–O(2) 1.291(4) 1.289 1.280(7) N(4)–Ru(1)–O(2) 86.99(13) 85.7 97.8(2)
C(1)–C(2) 1.443(6) 1.450 1.457(9) N(3)–Ru(1)–N(1) 77.21(14) 76.8 76.4(2)
C(2)–C(3) 1.426(5) 1.433 1.424(8) N(6)–Ru(1)–N(1) 103.17(14) 102.7 94.8(2)
C(3)–C(4) 1.408(5) 1.433 1.412(8) O(1)–Ru(1)–N(1) 84.36(13) 85.7 93.7(2)
C(4)–C(5) 1.438(6) 1.450 1.466(8) N(4)–Ru(1)–N(1) 176.05(14) 179.2 171.2(2)
C(5)–C(6) – – 1.410(8) O(2)–Ru(1)–N(1) 96.97(13) 94.9 90.5(2)
C(6)–C(7) – – 1.369(10) O(1)–C(2)–C(3) 126.6(4) 126.9 126.3(6)
C(7)–C(8) – – 1.359(10) C(3)–C(2)–C(1) 118.6(4) 118.6 120.1(6)
C(8)–C(9) – – 1.413(9) C(4)–C(3)–C(2) 121.6(3) 120.8 120.6(5)
C(1)–C(1)#1 1.326(9) 1.351 – O(2)–C(4)–C(3) 126.8(3) 129.9 126.0(5)
C(3)–C(3)#1 1.469(7) 1.464 1.452(11) C(3)–C(4)–C(5) 118.8(3) 118.6 119.9(5)
C(5)–C(5)#1 1.327(8) 1.351 –
C(1)–C(5)#1 – – 1.383(8)
C(5)–C(1)#1 – – 1.383(8)

[a] From X-ray crystal data. [b] Calculated at the B3LYP level of theory (see Exp. Sect.).

Figure 5. The B3LYP,6-31G*-optimized geometry for the singlet
ground state of [BL1]2–.

Table 3. Selected geometrical parameters and atomic charges for
the free BL1

2– ligand optimized at the B3LYP/6-31G* level of
theory.

Bond lengths [Å] Bond and dihedral angles [°]

O1–C5 1.262 O1–C5–C9 127.5
O2–C6 1.262 O2–C6–C9 127.5
O3–C7 1.262 O3–C7–C10 127.5
O4–C8 1.262 O4–C8–C10 127.5
C5–C9 1.459 O1–C5–C6–O2 0.00
C9–C6 1.459 O3–C7–C8–O4 0.00
C9–C10 1.474 O1–C5–C8–O4 180.0
C7–C10 1.459 O2–C6–C7–O3 180.0
C10–C8 1.459

Atomic charges

O1 –0.64 C5 0.34
O2 –0.64 C6 0.34
O3 –0.64 C7 0.34
O4 –0.64 C8 0.34

of pap, respectively), as is the case in the precursor com-
plex.[22] The shortness of the Ru–N(azo) bonds [Ru1–N3
1.957(3) and 2.006(6), Ru1–N6 2.018(3) and1.959(5) Å for

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4426–44414430

[1a](ClO4)2 and [3](ClO4)2, respectively] compared to the
Ru–N(pyridine) bonds [Ru1–N1 2.041(4) and 2.030(6),
Ru1–N4 2.034(4) and2.058(6) Å in [1a](ClO4)2 and
[3](ClO4)2, respectively] reflects the π-back-bonding interac-
tion RuII(dπ)�pap(π�), where the pap(π�) level is predomi-
nantly azo in character.[23] A consequence of this is that the
azo(N=N) distances of the coordinated pap ligand [N2–N3
1.284(5) and 1.297(7), N5–N6 1.288(5) and 1.281(8) Å in
[1a](ClO4)2 and [3](ClO4)2, respectively] are significantly
longer than that calculated (B3LYP,6-31G* level of theory)
for the free pap ligand (1.259 Å, see Figure 6 and Table 4;
coordinates for the optimized pap ligand are given in
Table S2 in the Supporting Information), as is also the case
in other reported complexes of arylazopyridine ligands.[24]

Figure 6. The B3LYP,6-31G*-optimized geometry for the singlet
ground state of pap.

The optimized geometry of [1a]2+ is shown in Figure 7
and a selected list of optimized geometrical details of
[1a]2+ is provided in Table 2 (coordinates and a full list of
bond lengths and angles for the optimized [1a]2+ are pro-
vided in Tables S3 and S4, respectively, in the Supporting
Information). In general, the computed structural details of
[1a]2+ are in good agreement with the experimental param-
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Table 4. Selected geometrical parameters and atomic charges of the
free 2-(phenylazo)pyridine (pap) ligand obtained at the B3LYP/6-
31G* level of theory.

Bond lengths [Å] Bond and dihedral angles [°]

C1–N2 1.419 C1–N2–N3 114.45
N2–N3 1.259 N2–N3–C4 114.86
N3–C4 1.425 N3–C4–N5 121.76
C4–N5 1.340 C4–N5–C6 117.21
N5–C6 1.333 C1–N2–N3–C4 179.27

N2–N3–C4–N5 8.38
N3–C4–N5–C6 179.55

Atomic charges

C1 0.26 C4 0.46
N2 –0.26 N5 –0.43
N3 –0.31 C6 0.04

eters (Table 2). The calculated bond lengths of the coordi-
nated BL1

2– ligand in [1a]2+ also suggest its delocalized
keto-enol nature.

Figure 7. The B3LYP/SDD,6-31G*-optimized geometry for the sin-
glet ground state of [1a]2+.

It should be noted that to the best of our knowledge
[1a](ClO4)2 and [3](ClO4)2 are the first structurally charac-
terized diruthenium complexes bridged by BL2–, although
the crystal structures of [{Co(tripod)}2(µ-BL1

2–)]2+/
[{Co(tripod)}2(µ-BL4

2–)]2+ [tripod = MeC(CH2PPh2)3],[25]

[{Ph4Sb}2(µ-BL1
2–)],[26] [Cu2(dien)2(µ-BL1

2–)](BPh4)2 (dien
= diethylenetriamine),[27] [{Fe(salen)}2(µ-BL4

2–)] [salen =
N,N�-bis(salicylaldehyde)ethylenediimine],[28] and [{Rh-
(CO)(PPh3)}2(µ-BL7

2–)][29] have been reported.

Electrochemistry, EPR Spectroscopy,
Spectrolectrochemistry, and Density Functional Calculations

Complexes [1–8](ClO4)2 exhibit two successive one-elec-
tron oxidation processes and multiple reductions in both
CH3CN and CH2Cl2 (Figure 8 and Table 5). The first oxi-
dation potential of BL1

2–-bridged [1a]2+–[1c]2+ varies
slightly based on the electronic effect of the R group at-
tached to the framework of the ancillary ligand
(Scheme 1).[30]
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Figure 8. Cyclic voltammograms (—) and differential pulse voltam-
mograms (----) of 10–3  solutions of [1a](ClO4)2 (a), [4](ClO4)2 (b),
and [8](ClO4)2 (c) in CH3CN/0.1  Et4NClO4 at 298 K (scan rate:
50 mVs–1).

The potentials of the complexes with pap in combination
with different BL2– ligands ([1a]2+ and [2]2+–[8]2+) vary sub-
stantially due to a variety of parameters associated with
BLn

2–, such as (i) the electronic nature of the substituents
in BLn

2–, (ii) the number of fused rings involved, (iii) the
relative position of the oxygen donor centers in the anthra-
cene ring (BL4

2– and BL8
2–), and (iv) the difference in do-

nor centers in BL4
2– (oxido) and BL7

2– (iminium). The first
oxidation potential follows the order [8]2+ �� [2]2+ � [6]2+

� [1a]2+ � [4]2+ � [3]2+ � [5]2+ �� [7]2+ in both CH3CN
and CH2Cl2 (Table 5). The separation in potentials between
the successive oxidation processes (∆E) translates to the
comproportionation constant Kc [derived from RTlnKc =
nF(∆E)[31]], which has values in the range of 2.3×102–
1.2×105 in CH3CN (Table 5). The variation of the elec-
tronic nature of the substituents in the framework of the
ancillary ligands (H, Me, Cl) with the same BL1

2– bridging
unit in [1a]2+–[1c]2+ has a small effect on the coupling pro-
cesses. However, it is significantly large as in pap complexes
[1a]2+ and [2]2+–[8]2+ with different BLn

2– ligands. Complex
[8]2+ shows the smallest electrochemical coupling (Kc) due
to its larger Ru–Ru separation, which is a result of the
spreading of donor centers (O,O,O,O) over all three avail-
able rings in the anthracene backbone unlike all other com-
plexes ([1]2+–[7]2+), where only two consecutive fused rings
are involved. The ∆E value, however, increases in CH2Cl2 in
each case, leading to relatively higher Kc values of 1.7×103–
1.3×106 (Table 5). The Kc values of the complexes are
suggestive of an electrochemically moderately coupled, lo-
calized, class II mixed-valence situation.[32] The only other
related diruthenium derivatives of large quinones
(Scheme 1) with AL = bpy, namely [{(bpy)2Ru}2(µ-
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Table 5. Electrochemical data in acetonitrile (AN) and dichloromethane (DCM).

Solv. Oxidation couple ∆E [mV], Kc Reduction couple
E°298 [V] (∆Ep [mV]) E°298 [V] (∆Ep [mV])

[1a]2+ AN 1.06 (69), 1.36 (70) 300, 1.2×105 –0.30 (97),[a] –0.68 (72), –1.00 (62), –1.12 (64), –1.47 (75)
DCM 1.13 (58), 1.46 (76) 330, 3.9×105 –0.33 (160),[a] –0.86 (118), –1.10 (96), –1.24 (92), –1.55 (126)

[1b]2+ AN 1.05 (61), 1.34 (60) 290, 8.2×104 –0.40 (65),[a] –0.85 (100),[a] –0.94 (80), –1.18 (90), –1.53 (93)
DCM 1.11 (57), 1.43 (58) 320, 2.6×105 –0.22 (81), –0.61 (109), –0.78 (40), –1.18 (100), –1.68 (50)

[1c]2+ AN 1.09 (71), 1.40 (71) 310, 1.8×105 –0.26 (100),[a] –0.67 (53), –0.89 (120),[a] –1.48 (68)
DCM 1.16 (90), 1.48 (50) 320, 2.6×105 –0.27 (110), 0.56 (30), –0.75 (40), –0.90 (50), –1.04 (80), –1.42 (80)

[2]2+ AN 1.14 (76), 1.41 (80) 270, 3.8×104 –0.36 (90),[a] –0.71 (66), –1.07 (60), –1.20 (62), –1.50 (61)
DCM 1.20 (86), 1.52 (68) 320, 2.6×105 –0.29 (89),[a] –0.82 (40), –1.19 (60), –1.48 (40)

[3]2+ AN 0.99 (79), 1.25 (80) 260, 2.5×104 –0.40 (59),[a] –0.94 (66),[a] –1.43 (60), –1.76 (73)
DCM 1.10 (72), 1.38 (60) 280, 5.5×104 –0.31 (130),[a] –0.99 (62),[a] –1.42 (42), –1.76 (93)

[4]2+ AN 1.04 (79), 1.33 (79) 290, 8.2×104 –0.38 (95),[a] –0.88 (120),[a] –0.97 (68), –1.24 (79), –1.63 (78)
DCM 1.13 (168), 1.47 (162) 340, 5.7×105 –0.33 (110),[a] –0.96 (55), –1.14 (150), –1.49 (170), –1.85 (150)

[5]2+ AN 0.98 (59), 1.28 (69) 300, 1.2×105 –0.40 (81), –0.93 (120),[a] –1.37 (67), –1.76 (63)
DCM 1.05 (121), 1.41 (142) 360, 1.3×106 –0.35 (130),[a] –0.98 (120), –1.15 (140), –1.51 (180), –1.84 (170)

[6]2+ AN 1.08 (74), 1.36 (86) 280, 5.6×104 –0.37 (120),[a] –0.90 (126),[a] –1.57 (74), –1.95 (60)
DCM 1.17 (131), 1.52 (110) 350, 8.5×105 –0.30 (144),[a] –1.00 (140),[a] –1.37 (160), –1.70 (180)

[7]2+ AN 0.54 (95), 0.84 (76) 300, 1.2×105 –0.47 (96),[a] –0.80 (46), –1.04 (72),[a] –1.64 (80), –1.90 (67)
DCM 0.60 (115), 0.93 (105) 330, 4.0×105 –0.42 (180),[a] –0.95 (140), –1.13 (120), –1.68 (160)

[8]2+ AN 1.26 (34), 1.40 (74) 140, 2.3×102 –0.36 (80),[a] –0.75 (65), –1.05 (43),[a] –1.56 (57)
DCM 1.36 (77), 1.55 (54) 190, 1.7×103 –0.31 (151),[a] –0.88 (100), –1.16 (170), –1.41 (110), –1.58 (60)

[a] Two-electron transfer process.

BL1
2–)]2+,[10] [{(bpy)2Ru}2(µ-BL4

2–)]2+,[11] and [{(bpy)2-
Ru}2(µ-BL8

2–)]2+,[11] exhibit Kc values of 1.8×105, 3.7×104

and 3.4×102, respectively, in CH3CN, similar to those of
the corresponding pap complexes [1]2+, [4]2+, and [8]2+

(Table 5) in spite of the much stronger π-acceptor character-
istics of pap relative to bpy.[33]

Scheme 2.
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Both the metal ion and the bridging ligand in [1]2+–[8]2+

(Scheme 2) are able to undergo successive two-step one-
electron oxidations with formation of paramagnetic inter-
mediate species. Therefore, the preferential involvement of
metal- or ligand-based frontier orbitals in the first oxi-
dation process was ascertained from the EPR characteris-
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tics of the electrogenerated one-electron oxidized species in
each case. The intermediate paramagnetic species [1–8]3+

systematically exhibit closely spaced rhombic or axial-type
EPR spectra at 77 K (Figure 9 and Table 6). However,
analysis of the EPR spectra, especially the small g aniso-
tropy (∆g = g1 – g3 = 0.0078–0.0642) and the average g
{�g� = [(g1

2 + g2
2 + g3

2)/3]1/2 � 2.00},[34] which is close
to the free electron value of 2.0023, clearly suggest a radical
complex[35] with the formulation RuII(µ-BL·–)RuII for
[1–8]3+ instead of the mixed-valence alternative RuII(µ-
BL2–)RuIII. However, the observed small splitting of the
EPR spectra implies a minority contribution of a paramag-
netic RuIII ion in the singly occupied molecular orbital
(SOMO) as well, which leads to the alternative mixed-val-
ence formulation RuII(µ-BL2–)RuIII.[36] The appreciable ef-
fect of the electronic structure of BL2– on the first oxidation
potential of [1–8]2+ (Table 5) indeed justifies its preferential
involvement. The above assignments are in good agreement
with the computed HOMO energies of [1a]2+ at the B3LYP
level (Figure 10 and Table 7). The contribution of 68%
π(BL1

2–) along with 22% dπ(Ru) in the HOMO level essen-
tially justifies the preferential primary involvement of BL1

2–

instead of RuII in the first oxidized state, as clearly evi-
denced in the EPR spectra of [1–8]3+. The intermediate one-
electron oxidized species for the analogous bpy complexes
[{(bpy)2Ru}2(µ-BL1

2–)]3+,[10] [{(bpy)2Ru}2(µ-BL4
2–)]3+,[11]

and [{(bpy)2Ru}2(µ-BL8
2–)]3+ [11] were, however, ascribed to

a mixed-valence RuIIRuIII situation based on the EPR spec-
trum of the isolated polycrystalline [{(bpy)2Ru}2(µ-
BL1

2–)]3+ at 77 K (g1 = 2.33, g2 = 2.01, and g3 = 1.88; ∆g
= 0. 45 and �g� = 2.08) and the near-IR transition at
2083 nm in CH3CN (ε = 9120 –1 cm–1, ∆ν1/2 = 3000 cm–1).
The preferential involvement of the bridging ligand in the
first oxidation process has been described recently in the
smaller quinonoid-based diruthenium(II)-bpy complex
[{(bpy)2RuII}2(µ-H2L2–)]2+ (H2L2– = 2,5-dioxido-1,4-benzo-
quinonediimine).[7] However, the Kc value for the successive
oxidation processes in [{(bpy)2RuII}2(µ-H2L2–)]2+ is much
higher (6.5×108 in CH3CN) than that in the present cases
(ca. 102–105), as normally expected for ligand-based pro-
cesses.[14,36]

Electrochemically generated further one-electron oxid-
ized species [1–8]4+ are found to be EPR inactive even when
frozen in a glass (77 K). The diamagnetic nature of the dou-
bly oxidized species [1–8]4+ suggests their probable alterna-
tive formulation as {RuII(µ-BL°)RuII}, with involvement of
the bridging ligand in the second step oxidation process, or
{RuII(µ-BL·–)RuIII}, with involvement of the metal ion in
the second step oxidation process and subsequent antiferro-
magnetic spin pairing of the unpaired electrons associated
with BL·– and RuIII. The computed orbital compositions in
[1a]2+ at the B3LYP level suggest that the HOMO–1 and
HOMO–2 are primarily dominated by Ru (61% and 70%,
respectively), with only a minor contribution (ca. 10%)
from BL1

2–(Figure 10 and Table 7), which rules out the al-
ternative possibility of a bridging-ligand-based second oxi-
dation process. It should be noted that the stabilization of
alternative spin-coupled singlet states by the involvement of
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Figure 9. EPR spectra of [1a]3+ (a), [3]3+ (b), [4]3+ (c), [7]3+ (d), and
[8]3+ (e) in CH3CN/Et4NClO4 at 77 K.

Table 6. EPR data of electrogenerated [1–8]3+ in acetonitrile at
77 K.

Compd. g1 g2 g3 ∆g[a] �g�[b]

[1a]3+ 2.0242 2.0023 1.9659 0.0583 1.9976
[1b]3+ 2.0273 2.0023 1.9630 0.0642 1.9977
[1c]3+ 2.0273 2.0023 1.9660 0.0613 1.9987
[2]3+ 2.0254 1.9992 1.9629 0.0625 1.9960
[3]3+ 2.0085 2.0023 1.9737 0.0348 1.9949
[4]3+ 2.0147 2.0023 1.9648 0.0499 1.9940
[5]3+ 2.0146 2.0047 1.9661 0.0485 1.9952
[6]3+ 2.0211 2.0035 1.9628 0.0583 2.0064
[7]3+ 2.0057 2.0026 1.9661 0.0396 1.9915
[8]3+ 2.0054 2.0023 1.9976 0.0078 2.0018

[a] ∆g = g1 – g3. [b] �g� = [(g1
2 + g2

2 + g3
2)/3]1/2.

a mixed-valence RuIIRuIII configuration and an azo anion
radical-based bridging ligand in [(acac)2RuII(µ-L·–)RuIII-
(acac)2] {L·– = NC5H4(N=N·–)H4C5N}[18a] or partially cou-
pled semiquinone form of 1,10-phenanthroline-5,6-dione
(L1

·–) bridged [(acac)2RuII(µ-L1
·–)RuIII(acac)2] (acac = ace-

tylacetonate) has been reported recently.[6] The consider-
ation of a ruthenium-based second-step oxidation process
(RuII�RuIII) instead of further oxidation of BL·– can easily
be understood, particularly in the case of [8]4+, as the alter-
native option leads to the formation of an unstable diradi-
cal-bridged triplet species RuII(µ-BL8

··)RuII (Scheme 2). It
is interesting to note that the occupied frontier orbitals
(HOMO to HOMO–2) exhibit a fairly good mixing with
the π orbitals of pap in [1a]2+ (Figure 10 and Table 7).

The formulations of analogous two-electron-oxidized
bpy complexes [{(bpy)2Ru}2(µ-BL1)]4+[10] and [{(bpy)2-
Ru}2(µ-BL4)]4+/[{(bpy)2Ru}2(µ-BL8)]4+ [11] were, on the
other hand, proposed as {RuII(µ-BL1°)RuII} and {RuIII(µ-
BL4/8

2–)RuIII}, respectively.
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Figure 10. Orbital energy diagram for [1a]2+ computed at the B3LYP/SDD,6-31G* level of theory.

Table 7. Orbital energies and percent contributions of frontier mo-
lecular orbitals of [1a]2+ computed at the B3LYP level of theory
by employing the SDD basis set for Ru and 6-31G* for all other
atoms.

Bridging li- AncillaryRu center gand (BL1
2–) ligand (pap)

LUMO+5 (–0.197)[a] 3.6 – 96.0
LUMO+4 (–0.254) 17.0 2.3 80.0
LUMO+3 (–0.254) 17.0 1.7 80.0
LUMO+2 (–0.263) 8.2 1.2 90.8
LUMO+1 (–0.263) 8.0 0.6 92.0
LUMO (–0.265) 6.2 92.9 –
HOMO (–0.346) 2.4 68.5 9.2
HOMO–1 (–0.373) 61.4 10.3 28.4
HOMO–2 (–0.373) 70.0 9.7 20.0
HOMO–3 (–0.374) 56.6 9.8 33.6
HOMO–4 (–0.380) 48.8 10.1 37.2
HOMO–5 (–0.387) 56.8 7.0 36.0

[a] Values in parentheses are orbital energies in atomic units.

Both the ancillary (aap)[37] and bridging ligand
(BL2–)[10,11] are known to successively accept two electrons
each in their LUMOs (Scheme 3), therefore ideally a total
of ten one-electron reduction processes (eight from four aap
ligands and two from BL2–) are expected for [1–8]2+. The
complexes indeed display multiple reductions in CH3CN or
CH2Cl2 (Figure 8 and Table 5) within the accessible poten-
tial limit of –2.0 V. However, instead of ten successive one-
electron reduction processes, simultaneous two-electron
processes are also detected along with the clear one-electron
responses, as confirmed by comparing the current heights
of their respective DPVs (differential pulse voltammog-
rams) with that of the coulometrically established one-elec-
tron oxidation processes. Since the ruthenium ion in
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[1–8]2+ is in the +2 state, aap and BL2– ligands are naturally
involved in the reduction processes. Consequently, the re-
duction potentials vary systematically depending on the
electronic structures of both aap and BL2– (Table 5). The
two-electron nature of the first reduction process for most
of the complexes does not permit the radical intermediate
to be electrogenerated (Scheme 3). However, the first one-
electron reduced species for [5]+ in CH3CN displays a free
radical EPR signal at 77 K with g = 1.998 (Figure 11) with-
out any hyperfine splitting, which might suggest that the
unpaired electron resides on the oxygen center of BL5

·3–

instead of the nitrogen center of the azo group of pap.[35,38]

The B3LYP/6-31G* Kohn–Sham orbitals show that the
LUMO is primarily dominated by the π* orbital of BL1

2–

(93%) whereas LUMO+1/LUMO+2 consist of π* orbitals
of pap (�90%; Figure 10 and Table 7). The closeness in en-
ergy between the BL1

2–-based LUMO and the pap-based
higher vacant orbitals (LUMO+1/LUMO+2) justifies the
observed simultaneous two-electron first step reduction
process (Figure 8).

The spectral features of the complexes both in the native
state [1–8]2+ and also in the oxidized [1–8]3+/[1–8]4+ states
follow a general trend in CH3CN (Figure 12 and Table 8).
The spectral features of [1a–1c]n+ (n = 2, 3, 4) in CH2Cl2
also show a similar general trend and no significant solvent
effect on the spectral aspects is observed. Multiple ligand-
based π–π*/n–π* transitions appear in the UV region. In
addition, intense metal-to-ligand charge transfer (MLCT)
transitions are observed near 550 nm, which are associated
with a moderately intense shoulder(s) at the lower energy
part near 650 nm. The Gaussian analysis of the visible re-
gion part of the spectra of [1a]2+ in CH3CN and CH2Cl2
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Scheme 3.

Figure 11. EPR spectrum of [5]+ in CH3CN/Et4NClO4 at 77 K.

shows a total of four bands at λ (ε) = 742 nm
(4396 –1 cm–1), 639 (5580), 565 (11821), and 517 (22069)
(see part a in Figure 12, inset) and 748 (4800), 656 (5739),
570 (11120), and 522 (23527) (Figure 12, part b, inset),
respectively. A selected list of vertical excitation energies
computed with the TD-DFT/B3LYP formalism for the
B3LYP/SDD,6-31G* geometry of [1a]2+ in its singlet
ground state are summarized in Table 9 (complete lists are
given in Table S5 in the Supporting Information).[39] Here,
a comparison between observed and computed transitions
is performed by examining transitions of comparable inten-
sities guided by their respective oscillator strengths and ab-
sorptivity values.[40] The nature of the excited states is as-
signed based on the percent Kohn–Sham orbital contri-
butions of the orbitals involved in the electronic transitions.
Based on the oscillator strengths, the comparable predicted
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transitions appear at λ = 743.91 (HOMO�LUMO+1),
696.64 (HOMO�LUMO/HOMO�LUMO+4), 539.14
(HOMO–2�LUMO/HOMO–1�LUMO+2) and 514.30 nm
(HOMO–5�LUMO+1/HOMO–4�LUMO+2) (Table 9,
Figure 13, and Figure S1 in the Supporting Information).

Figure 12. Electronic spectra of (a) [1a]n+ (n = 2–4) in CH3CN/
Et4NClO4. The inset shows the Gaussian analysis of the visible
region of the spectrum for n = 2. (b) [1a]n+ (n = 2–4) in CH2Cl2/
Et4NClO4. The inset shows the Gaussian analysis of the visible
region of the spectrum for n = 2. (c) [5]n+ (n = 2–4) in CH3CN/
Et4NClO4. The inset shows the spectrum of [5]+. (d) [8]n+ (n = 2,
3, 4) in CH3CN/Et4NClO4.

The charge-transfer bands of [1–8]3+ are blue shifted
upon oxidation, with a reduction in intensity, and a new
low-energy, intense transition appears in the range 1200–
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Table 8. Spectroelectrochemical data for [1a]n+–[1c]n+ in dichloromethane (DCM) and [1]n+–[8]n+ in acetonitrile (AN) (n = 2–4).

Solvent λmax [nm] (ε [–1 cm–1])

[1a]2+ AN 669 (8260, sh), 554 (28300), 503 (22100, sh), 332 (35900), 286 (31200, sh)
DCM 666 (8910, sh), 561 (28800), 505 (22400, sh), 344 (38400), 288 (31900, sh)

[1a]3+ AN 1500 (9960, 3007,[a] 3924[b]), 623 (9120, sh), 526 (25870), 502 (23400, sh), 363 (37100), 313 (33300, sh), 283 (37000)
DCM 1439 (11600, 3246,[a] 4006[b]), 645 (9590, sh), 534 (29700), 496 (21900, sh), 367 (39500), 313 (33600, sh), 287 (36300)

[1a]4+ AN 550 (8540, sh), 502 (18800), 471 (12300, sh), 363 (34800), 310 (30300, sh), 282 (34500)
DCM 641 (4510, sh), 519 (23500), 485 (16100, sh), 367 (43900), 308 (39700, sh), 287 (41600)

[1b]2+ AN 668 (10300, sh), 551 (32600), 507 (27100, sh), 346 (52300), 280 (35300)
DCM 661 (7620, sh), 556 (22400), 504 (17900, sh), 356 (30900), 284 (24000)

[1b]3+ AN 1482 (8400, 3156,[a] 3948[b]), 613 (9500, sh), 520 (22000), 470 (14200, sh), 370 (35900), 355 (34100, sh), 283 (33700)
DCM 1484 (8930, 3104,[a] 3945[b]), 638 (8630, sh), 535 (22000), 497 (16500, sh), 374 (31300), 314 (24100, sh), 284 (27100)

[1b]4+ AN 548 (9460, sh), 501 (21400), 471 (15100, sh), 370 (43300), 311 (33700, sh), 280 (40800)
DCM 624 (9500, sh), 517 (23800), 490 (19800, sh), 371 (42400), 310 (45700, sh), 285 (44600)

[1c]2+ AN 666 (10400 sh), 541 (31800), 505 (27400, sh), 323 (46800), 284 (41000, sh)
DCM 689 (8930, sh), 549 (26200), 514 (23800, sh), 336 (40100), 284 (32800, sh)

[1c]3+ AN 1416 (8880, 3130,[a] 4039[b]), 629 (8670, sh), 520 (27200), 470 (17300, sh), 351 (46400), 308 (43600, sh), 284 (45200)
DCM 1405 (11000, 3387,[a] 4054[b]), 641 (10200, sh), 537 (28900), 495 (20800, sh), 356 (40700), 284 (37400)

[1c]4+ AN 545 (11100, sh), 504 (28400), 470 (18500, sh), 346 (52300), 310 (49300, sh), 280 (54400)
DCM 636 (5050, sh), 522 (23800), 493 (18900, sh), 349 (46600), 284 (44800)

[2]2+ AN 655 (9280, sh), 553 (32400), 496 (22600, sh), 329 (38600), 285 (32500, sh)
[2]3+ 1530 (10100, 3063,[a] 3885[b]), 642 (8490, sh), 527 (26000), 481 (17800, sh), 362 (35400), 309 (33600, sh), 284 (35900)
[2]4+ 524 (9680, sh), 501 (22200), 362 (41300), 472 (14800, s), 306 (35400, sh), 280 (44900)
[3]2+ AN 802 (4250, sh), 618 (12500, sh), 569 (25100), 531 (20800, sh), 480 (19600), 370 (39000, sh), 335 (42300), 275 (70700)
[3]3+ 1286 (9200, 3810,[a] 4238[b]), 623 (6510, sh), 534 (23600), 499 (21200, sh), 365 (38200), 275 (66800)
[3]4+ 556 (5630, sh), 501 (20800), 476 (15000, sh), 362 (44600), 309 (35900, sh), 280 (44400)
[4]2+ AN 807 (2920, sh), 666 (8620, sh), 558 (23000), 488 (20300, sh), 335 (36200), 283 (34800)
[4]3+ 1381 (5720, 3522,[a] 4090[b]), 612 (4450, sh), 530 (15100), 501 (13200, sh), 360 (20200), 310 (19400, sh), 283 (21800)
[4]4+ 542 (3280, sh), 501 (12200), 475 (8620, sh), 361 (24300), 307 (19300, sh), 280 (22700)
[5]+ AN 706 (6160, sh), 597 (22200), 530 (23800), 341 (45100), 293 (41900, sh), 246 (65500, sh)
[5]2+ 792 (4270, sh), 657 (10500, sh), 561 (25100), 488 (23500, sh), 336 (42900), 268 (59400)
[5]3+ 1320 (10900, 3608,[a] 4183[b]), 648 (5710, sh), 534 (28100), 503 (25100, sh), 362 (38800), 283 (42200, sh), 265 (59400)
[5]4+ 519 (14900, sh), 500 (22900), 472 (15900, sh), 358 (46100), 306 (35000, sh), 278 (43800)
[6]2+ AN 662 (8210, sh), 550 (22500), 493 (19300, sh), 329 (34000), 274 (44000)
[6]3+ 1416 (8220, 3677 ,[a] 4039[b]), 622 (6930, sh), 528 (21100), 506 (20100, sh), 363 (30500), 282 (39600)
[6]4+ 530 (5750, sh), 501 (17500), 473 (12400, sh), 361 (87100), 306 (27100, sh), 279 (35500)
[7]2+ AN 943 (4310, sh), 664 (6260, sh), 550 (20500), 491 (21500), 349 (38800), 304 (40700), 237 (60400, sh)
[7]3+ 1274 (7170, 1913,[a] 4258[b]), 911 (8870, sh), 539 (21100, sh), 504 (24800), 373 (36700), 317 (31900, sh), 228 (54400, sh)
[7]4+ 892 (21100), 499 (26100), 370 (39000), 282 (34300, sh), 234 (48500, sh)
[8]2+ AN 653 (14400, sh), 561 (31700), 487 (18800, sh), 360 (40500, sh), 319 (44700), 250 (61600, sh), 225 (85900)
[8]3+ 638 (4960, sh), 546 (20300, sh), 508 (21500), 472 (16000, sh), 356 (44800), 308 (45000), 284 (42700, sh)
[8]4+ 501 (24800), 475 (17600, sh), 363 (44800), 307 (36600, sh), 280 (45400)

[a] Experimental band width at half height (∆ν1/2). [b] Calculated band width at half height (∆ν1/2).

Table 9. Selected list of higher intensity vertical excitations computed at the TD-DFT/B3LYP//B3LYP/6-31G* level[a] for [1a]2+.

Excitation energy[a] (103 cm–1)[b] Oscillator strength ε[c] ψo�ψv
[d] Type of transition[e]

13.442 (743.91) 0.0648 4548.96 HOMO�LUMO+1 (0.67)[f] dπ(Ru), π(BL1
2–)�dπ(Ru), π*(pap)

14.354 (696.64) 0.0229 1607.58 HOMO�LUMO (0.41) dπ(Ru), π(BL1
2–)�dπ(Ru), π*(BL1

2–)
HOMO�LUMO+4 (0.46) dπ(Ru), π(BL1

2–)�dπ(Ru), π*(pap)
18.548 (539.14) 0.0990 6949.8 HOMO-2�LUMO (0.57) dπ(Ru), π(BL1

2–)�dπ(Ru), π*(BL1
2–)

HOMO-1�LUMO+2 (0.32) dπ(Ru), π(BL1
2–)�dπ(Ru), π*(pap)

19.444 (514.30) 0.0455 3194.1 HOMO-5�LUMO+1 (0.17) dπ(Ru)�dπ(Ru), π*(pap)
HOMO-4�LUMO+2 (0.34) dπ(Ru)�dπ(Ru), π*(pap)

[a] Singlet excitation energies. [b] Wavelength values in nm given in parentheses. [c] –1 cm–1. [d] Occupied and virtual orbitals. [e] BL1
2–

stands for the bridging ligand and pap represents the 2-(phenylazo)pyridine ligand. [f] Transition coefficients.

1500 nm (ε = 5000–11000 –1 cm–1) with a band width at
half height (∆ν1/2) of 1900–3800 cm–1 (Figure 12 and
Table 8). The experimentally obtained ∆ν1/2 values are
smaller than would be expected (3900–4300 cm–1) from the
Hush formula [∆ν1/2 = (2310 Eop)1/2][41] for a localized class-
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II mixed-valence system. This disagreement between experi-
mental and calculated ∆ν1/2 values and the high intensity of
the NIR band supports the notion of a ligand-based oxi-
dation to RuII(µ-BL·–)RuII instead of metal-based oxidation
to RuII(µ-BL2–)RuIII, as previously implied by the free-radi-
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Figure 13. Kohn–Sham orbital contours of the frontier MOs of [1a]2+ involved in the intense long-wavelength transitions.

cal EPR signal of [1–8]3+ (Table 6). The low-energy NIR
band is thus assigned as an intraligand transition involving
the reduced component of the bridging ligand to the oxid-
ized SOMO of its counterpart. Although the spectral fea-
tures of [8]2+/3+/4+ in the UV/Vis region are akin to those
in other complexes, the expected NIR band for the interme-
diate [8]3+ has not been detected (Figure 12, d, Table 8). On
further oxidation to the spin-coupled diamagnetic RuII(µ-
BL·–)RuIII state in [1–8]4+, the near-IR band disappears and
the charge-transfer (MLCT/LMCT) bands are blue shifted.
Unlike other complexes, the low-energy shoulder in [7]4+

appears as an intense band at 892 nm (Table 8). The re-
duction of [5]2+ to the radical species [5]·+ results in a red
shift of the MLCT band from 561 to 597 nm with compar-
able intensity [Figure 12, c (inset), Table 8].

In summary, experimental results in combination with
DFT calculations have established that the large quinonoid
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(BL2–)-bridged diruthenium complexes [(aap)2RuII(µ-
BL2–)RuII(aap)2]2+ [1–8]2+ containing strongly π-accepting
ancillary ligands (AL = arylazopyridine) undergo preferen-
tial first-step oxidation at the bridging ligand to give the
paramagnetic radical-bridged diruthenium(II) species
[(aap)2RuII(µ-BL·–)RuII(aap)2]3+ [1–8]3+. However, second-
step oxidation selectively takes place at the metal center to
give antiferromagnetically coupled singlet species, namely
the mixed-valence RuIIRuIII species [(aap)2RuII(µ-BL·–)-
RuIII(aap)2]4+ [1–8]4+, which are bridged by a radical bridg-
ing ligand (Scheme 4). Successive reductions, however, take
place at the ligand centers. The first-step reduction process
takes place either as a single electron transfer to the bridg-
ing ligand (BL·3–) or, in most cases, as a simultaneous two-
electron transfer process involving the bridging ligand (µ-
BL4–) or a mixed situation of bridging (BL·3–) and ancillary
(aap·–) ligands (Scheme 4).
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Scheme 4.

Experimental Section
Materials and Instrumentation: The precursor compounds ctc-
[Ru(aap)2(H2O)2](ClO4)2·H2O and aap ligands were prepared ac-
cording to the reported procedures.[42] The dinucleating ligand pre-
cursors 5,8-dihydroxy-1,4-napthoquinone (H2BL1), 2,3-dichloro-
5,8-dihydroxy-1,4-napthoquinone (H2BL2), 6,11-dihydroxy-5,12-
naphthacenedione (H2BL3), 1,4-dihydroxy-9,10-anthraquinone
(H2BL4), 1,4-dihydroxy-2,3-dimethyl-9,10-anthraquinone (H2BL5),
6,7-dichloro-1,4-dihydroxy-9,10-anthraquinone (H2BL6), 1,4-di-
amino-9,10-anthraquinone (H4BL7), and 1,5-dihydroxy-9,10-
anthraquinone (H2BL8) were purchased from Aldrich (USA).
HPLC-grade solvents were used for spectroscopic and electrochem-
ical studies. UV/Vis/NIR spectra in CH3CN or CH2Cl2/0.1 

Et4NClO4 at 298 K were recorded with a Perkin–Elmer 950 lambda
spectrophotometer. FT-IR spectra were recorded with a Nicolet
spectrophotometer with samples prepared as KBr pellets. Solution
electrical conductivity was checked using a Systronic 305 conduc-
tivity bridge. 1H NMR spectra were obtained with a 300 or
400 MHz Varian FT spectrometer. The EPR measurements were
made with a Varian model 109C E-line X-band spectrometer fitted
with a quartz dewar for measurements at 77 K. Cyclic voltam-
metric, differential pulse voltammetric, and coulometric measure-
ments were carried out using a PAR model 273A electrochemistry
system. Platinum wire working and auxiliary electrodes and an
aqueous saturated calomel reference electrode (SCE) were used in a
three-electrode configuration. The supporting electrolyte was 0.1 

[NEt4]ClO4 and the solute concentration was about 10–3 . The
half-wave potential E°298 was set equal to 0.5(Epa + Epc), where
Epa and Epc are the anodic and cathodic cyclic voltammetric peak
potentials, respectively. A platinum wire-gauze working electrode
was used in the coulometric experiments. The elemental analyses
were carried out with a Perkin–Elmer 240C elemental analyzer.
Electrospray mass spectra were recorded with a Micromass Q-ToF
mass spectrometer.

CAUTION! Perchlorate salts of metal complexes with organic li-
gands are potentially explosive. Heating of dried samples must be
avoided and handling of small amounts has to proceed with great
caution using protection.
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Complexes [1–8](ClO4)2 were prepared by following a general pro-
cedure. The details are given for [1a](ClO4)2.

[(pap)2RuII(µ-BL1
2–)RuII(pap)2](ClO4)2 [1](ClO4)2: The bridging li-

gand H2BL1 (0.013 g, 0.068 mmol) was added to the starting com-
plex ctc-[Ru(aap)2(OH2)2](ClO4)2·H2O (0.1 g, 0.138 mmol) in abso-
lute ethanol (20 mL) and the resulting mixture was heated to reflux
under a dinitrogen atmosphere for 12 h. The initial purple solution
gradually changed to violet. The solvent of the reaction mixture
was then evaporated to dryness under reduced pressure. The re-
sulting mixture was purified on a neutral alumina column. Initially,
a blue compound corresponding to [Ru(pap)2Cl2] was eluted with
CH2Cl2/CH3CN (15:1 v/v), followed by a violet compound with
CH2Cl2/CH3CN (5:1 v/v) corresponding to [1a](ClO4)2. Evapora-
tion of the solvent under reduced pressure yielded pure complex
[1a](ClO4)2. Yield: 0.046 g (50%). C54H40Cl2N12O12Ru2: calcd. C
49.02, H 3.05, N 12.71; found C 48.45, H 3.20, N 11.78. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 219. IR (KBr disk): ν̃ = 1089,
622 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.64 (d, J =
8.4 Hz, 1 H), 8.53 (d, J = 8.0 Hz, 1 H), 8.24 (t, J = 8.0, 7.9 Hz, 1
H), 8.13 (d, J = 5.2 Hz, 1 H), 8.08 (t, J = 7.2, 7.6 Hz, 1 H), 7.84
(d, J = 5.6 Hz, 1 H), 7.78 (t, J = 7.2, 7.6 Hz, 1 H), 7.6 (t, J = 7.2,
7.9 Hz, 1 H), 7.35 (m, 3 H), 7.18 (t, J = 7.6, 7.2 Hz, 3 H), 6.88 (d,
J = 7.2 Hz, 2 H), 6.77 (t, J = 8.7, 6.4 Hz, 4 H) ppm.

[1b](ClO4)2: Yield: 0.041 g (45%). C58H48Cl2N12O12Ru2: calcd. C
50.50, H 3.51, N 12.19; found C 50.63, H 3.07, N 11.99. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 214. IR (KBr disk): ν̃ = 1088,
623 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.65 (d, J =
8.0 Hz, 1 H), 8.55 (d, J = 8.0 Hz, 1 H), 8.25 (q, J = 7.9, 7.6, 7.6 Hz,
1 H), 8.09 (t, J = 6.4, 7.6 Hz, 2 H), 7.82 (d, J = 5.2 Hz, 1 H), 7.76
(t, J = 6.0, 6.8 Hz, 1 H), 7.61 (t, J = 6.4, 6.0 Hz, 1 H), 7.15 (m, 2
H), 7.04 (m, 2 H), 6.87 (d, J = 5.2 Hz, 2 H), 6.57 (s, 2 H), 6.48 (m,
2 H), 2.17 (s, 3 H), 2.15 (s, 3 H) ppm.

[1c](ClO4)2: Yield: 0.039 g (42%). C54H36Cl6N12O12Ru2: calcd. C
44.45, H 2.49, N 11.53; found C 44.19, H 2.83, N 11.22. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 236. IR (KBr disk): ν̃ = 1090,
621 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.69 (d, J =
7.6 Hz, 1 H), 8.27 (t, J = 7.6, 6.8 Hz, 1 H), 7.92 (d, J = 5.2 Hz, 1
H), 7.69 (t, J = 6.0, 6.0 Hz, 1 H), 7.34 (m, 1 H), 7.16 (t, J = 8.0 Hz,
1 H), 6.89 (s, 1 H), 6.72 (d, J = 8.4 Hz, 1 H), 6.65 (s, 1 H) ppm.

[2](ClO4)2: Yield: 0.030 g (31%). C54H38Cl4N12O12Ru2: calcd. C
46.62, H 2.76, N 12.09; found C 46.45, H 2.89, N 11.83. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 212. IR (KBr disk): ν̃ = 1085,
623 cm–1. 1H NMR [400 MHz, (CD3)2SO, 298 K]: δ = 8.96 (t, J =
7.2, 5.6 Hz, 2 H), 8.34 (m, 2 H), 7.97 (m, 1 H), 7.75 (t, J = 6.0,
6.8 Hz, 1 H), 7.61 (m, 1 H), 7.44 (t, J = 4.8, 4.0 Hz, 2 H), 7.30 (t,
J = 7.9, 6.0 Hz, 5 H), 6.94 (d, J = 15.9 Hz, 1 H), 6.85 (t, J = 9.5,
8.3 Hz, 2 H), 6.79 (t, J = 7.5, 7.9 Hz, 2 H) ppm.

[3](ClO4)2: Yield: 0.048 g (48%). C62H44Cl2N12O12Ru2: calcd. C
52.32, H 3.12, N 11.82; found C 52.36, H 3.22, N 11.50. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 205. IR (KBr disk): ν̃ = 1091,
623 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.68 (d, J =
8.0 Hz, 1 H), 8.59 (d, J = 7.6 Hz, 1 H), 8.25 (t, J = 6.8, 7.6 Hz, 1
H), 8.11 (t, J = 7.6 Hz, 1 H), 7.97 (m, 3 H), 7.75 (d, J = 4.8 Hz, 1
H), 7.69 (m, 4 H), 7.59 (t, J = 6.4, 6.0 Hz, 1 H), 7.49 (t, J = 5.6 Hz,
1 H), 7.41 (t, J = 7.6 Hz, 1 H), 7.24 (m, 2 H), 6.89 (t, J = 7.6,
5.2 Hz, 5 H) ppm.

[4](ClO4)2: Yield: 0.035 g (35%). C58H42Cl2N12O12Ru2: calcd. C
50.73, H 3.09, N 12.25; found C 50.64, H 3.29, N 12.01. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 223. IR (KBr disk): ν̃ = 1088,
622 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.68 (t, J =
8.6 Hz, 1 H), 8.61 (d, J = 8.1 Hz, 1 H), 8.55 (d, J = 7.8 Hz, 1 H),
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8.26 (m, 2 H), 8.11 (m, 2 H), 7.93 (m, 2 H), 7.86 (d, J = 4.8 Hz, 1
H), 7.69 (m, 2 H), 7.38 (m, 3 H), 7.20 (m, 3 H), 6.96 (d, J = 6.3 Hz,
1 H), 6.86 (t, J = 6.0, 8.9 Hz, 1 H), 6.78 (t, J = 8.9, 6.0 Hz, 1 H)
ppm.

[5](ClO4)2: Yield: 0.030 g (31%). C60H46Cl2N12O12Ru2: calcd. C
51.43, H 3.31, N 12.00; found C 50.94, H 3.38, N 11.92. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 240. IR (KBr disk): ν̃ = 1089,
623 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.67 (t, J = 8.1,
4.8 Hz, 1 H), 8.61 (d, J = 10.7 Hz, 1 H), 8.54 (d, J = 8.1 Hz, 1 H),
8.30 (t, J = 8.1, 7.8 Hz, 1 H), 8.19 (m, 1 H), 8.02 (t, J = 7.5, 8.1 Hz,
1 H), 7.93 (m, 1 H), 7.85 (d, J = 5.1 Hz, 1 H), 7.66 (m, 2 H), 7.39
(d, J = 7.5 Hz, 2 H), 7.19 (m, 4 H), 6.86 (t, J = 3.3, 5.1 Hz, 2 H),
6.76 (t, J = 6.0, 4.2 Hz, 2 H), 1.64 (s, 3 H) ppm.

[6](ClO4)2: Yield: 0.036 g (38%). C58H40Cl4N12O12Ru2: calcd. C
48.33, H 2.80, N 11.67; found C 48.65, H 2.93, N 11.43. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 243. IR (KBr disk): ν̃ = 1088,
622 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 8.66 (m, 1 H),
8.56 (t, J = 7.6, 6.4 Hz, 1 H), 8.25 (d, J = 11.1 Hz, 1 H), 8.19 (t, J
= 8.4, 5.6 Hz, 1 H), 8.12 (t, J = 7.6, 7.9 Hz, 1 H), 8.02 (d, J =
5.6 Hz, 1 H), 7.92 (s, 1 H), 7.72 (m, 1 H), 7.61 (t, J = 5.6, 7.2 Hz,
1 H), 7.54 (m, 1 H), 7.20 (m, 3 H), 6.95 (d, J = 6.4 Hz, 1 H), 6.84
(t, J = 7.2, 7.9 Hz, 3 H), 6.78 (t, J = 6.4, 6.8 Hz, 3 H) ppm.

[7](ClO4)2: Yield: 0.030 g (34%). C58H44Cl2N14O10Ru2: calcd. C
50.80, H 3.24, N 14.31; found C 50.43, H 3.36, N 14.86. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 239. IR (KBr disk): ν̃ = 3260,
1087, 625 cm–1. 1H NMR (400 MHz, CDCl3, 298 K): δ = 9.55 (s,
NH), 8.65 (d, J = 6.0 Hz, 1 H), 8.53 (d, J = 6.0 Hz, 1 H), 8.08 (m,
3 H), 7.33 (d, J = 8.9 Hz, 2 H), 7.20 (m, 8 H), 6.98 (d, J = 7.5 Hz,
3 H), 6.84 (d, J = 7.2 Hz, 3 H) ppm.

[8](ClO4)2: Yield: 0.035 g (37%). C58H42Cl2N12O12Ru2: calcd. C
50.73, H 3.09, N 12.25; found C 50.62, H 3.38, N 12.33. ΛM

(Ω–1 cm2 –1) in acetonitrile at 25 °C: 202. IR (KBr disk): ν̃ = 1088,
622 cm–1. 1H NMR [400 MHz, (CD3)2SO, 298 K]: δ = 8.94 (m, 2
H), 8.32 (m, 2 H), 7.94 (m, 2 H), 7.46 (m, 4 H), 7.30 (m, 5 H), 7.21
(d, J = 8.0 Hz, 1 H), 7.06 (m, 1 H), 6.93 (d, J = 7.6 Hz, 2 H), 6.84
(d, J = 5.6 Hz, 2 H) ppm.

X-ray Crystallography: Single crystals of [1a](ClO4)2·H2O and
[3](ClO4)2 were grown by slow evaporation of a 1:1 dichlorometh-
ane/hexane solution. Data were collected with an OXFORD XCA-
LIBUR-S CCD diffractometer (see Table 10 for further details).
The structures were solved and refined by full-matrix least-squares
techniques on F2 with SHELX-97.[43] The absorption corrections
were done by multi-scan (SHELXTL program package) and all
the data were corrected for Lorentz polarization effects. Hydrogen
atoms were included in the refinement process with a riding model.
CCDC-606432 {[1a](ClO4)2·H2O} and -606433 {[3](ClO4)2} con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: Full geometry optimization of [1a]2+ was
carried out using the density functional theory method at the
(R)B3LYP level.[44a,44b] All elements except ruthenium were as-
signed the 6-31G* basis set. The SDD basis set with effective core
potential was employed for the ruthenium atoms.[44c,44d] Calcula-
tions were performed with Gaussian98 and Gaussian03.[44e,44f] Ver-
tical electronic excitations based on B3LYP optimized geometries
were computed using the time-dependent density functional theory
(TD-DFT) formalism[44g] with the B3LYP functional using the
above combination of basis sets. Molecular orbital compositions
were analyzed using the AOMIX program.[44h–44j]
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Table 10. Crystallographic data for [1a](ClO4)2·H2O and [3](ClO4)2.

[1a](ClO4)2·H2O [3](ClO4)2

Formula C27H20ClN6O7Ru C31H22ClN6O6Ru
Mr 677.01 711.07
Crystal size [mm] 0.33×0.26×0.21 0.15×0.10×0.10
Crystal system monoclinic orthorhombic
Space group C2/c Pbca
Z 8 8
a [Å] 35.069(5) 14.5179(18)
b [Å] 9.5143(13) 19.265(2)
c [Å] 19.5817(18) 22.516(3)
α [°] 90 90
β [°] 122.597(12) 90
γ [°] 90 90
V [Å3] 5504.4(11) 6297.5(14)
ρcalcd. [gcm–3] 1.634 1.500
T [K] 293(2) 293(2)
µ [mm–1] 0.725 0.635
F(000) 2728 2872
hkl range –41 � h � 41 –17 � h � 17

–11 � k � 11 –22 � k � 22
–22 � l � 23 –26 � l � 26

θ range [°] 2.98–25.00 3.00–25.00
Reflections collected 23331 24895
Unique reflections [Rint] 4779 [0.0224] 5533 [0.0572]
Data/restraints/parameters 4779/14/388 5533/0/406
R1 [I � 2σ(I)] 0.0475 0.0621
wR2 [all data] 0.1424 0.1909
Goodness-of-fit 1.076 0.910
Residual electron density [eÅ–3] 0.872, –0.714 1.328, –0.429

Supporting Information (for details see the footnote on the first
page of this article): Kohn�Sham orbitals of [1a]2+ (Figure S1);
optimized coordinates for BL1

2� (Table S1), pap (Table S2) and
[1a]2+ (Table S3); calculated bond lengths and angles of [1a]2+

(Table S4) and TD-DFT data for [1a]2+ (Table S5).
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The heteroditopic phenanthroline derivatives 5,6-bis(2-pyr-
idylcarboxamido)-1,10-phenanthroline (H2L1) and 5,6-bis[(4-
methoxy-2-pyridyl)carboxamido]-1,10-phenanthroline (H2L2)
have been prepared and characterized, together with their
luminescent ruthenium(II) complexes [Ru(bpy)2(H2L1,2)]-
(PF6)2 and [Ru(H2L1)3](PF6)2 and the corresponding iron(II)
complex [Fe(H2L1)3](PF6)2. In these complexes, the metal ion
is coordinated by the bidentate phen site of H2L. The lumi-
nescence of the ruthenium complexes (λex = 450 nm, λem ca.
620 nm) is completely quenched by Cu2+ ions in the micro-
molar concentration range and, to a lesser extent, by other

Introduction

For many good reasons di- and oligonuclear transition-
metal complexes are attracting much interest. Cooperativity
in general and, more specifically, electron and energy trans-
fer as well as magnetic interactions have been recognized as
important and rather general features in biological sys-
tems,[1,2] and there is an increasing range of applications in
areas such as catalysis,[3,4] analytical chemistry (metal-ion-
and anion-selective sensors),[5,6] and information technol-
ogy (switches).[7] Most of these applications imply that the
two metal centers in a dinuclear complex have different
functions and, therefore, different properties. Synthetically,
the required ligand asymmetry is often a demanding task.[8]

An attractive approach is to couple a photoactive coordina-

Scheme 1.
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metal ions. At pH 5, the response of the luminescent sensors
is highly Cu2+-selective. Heterodinuclear complexes
[Ru(bpy)2(LM)](PF6)2, [Ru(LM)3](PF6)2, and [Fe(LM)3](PF6)2

have been isolated for M = Cu2+, Ni2+, Co2+, and Pd2+. It is
suggested that M is coordinated to the tetradentate N4 site
of L by two deprotonated amide N atoms and two pyridyl
groups. This coordination type is confirmed by the EPR spec-
trum of the compound [RuII(bpy)2(L1CuII)](PF6)2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tion site covalently to a ligand, which selectively coordinates
another metal ion or has a second coordination center that
selectively binds anions or activates substrates. Tris(bipyrid-
ine)ruthenium(II)-derived systems have been used fre-
quently in this area,[9,10] and metal-ion- and anion-selective
sensors,[10–16] photocatalysts,[12–14] and photoactive phar-
maceuticals[15,16] have been reported.

Generally, the synthesis of this type of system relies on a
suitable ditopic ligand with a multidentate or macrocyclic
donor set, coupled to 1,10-phenanthroline (phen) or 2,2�-
bipyridine (bpy). We report here on the synthesis of the two
heteroditopic ligands H2L1 and H2L2 (Scheme 1) based on
5,6-diamino-1,10-phenanthroline and the synthesis of
the corresponding ruthenium(II) complexes ([Ru(bpy)2-
(H2L1,2)]2+ and [Ru(H2L1)3]2+) and their hetero-oligonu-

clear transition-metal complexes ([Ru(bpy)2{(L1,2)M}]2+

and [Ru{(L1)M}3]2+, M = divalent transition-metal ion, e.g.
Cu2+). Of specific interest are the strong and selective coor-
dination of first-row transition-metal ions to the coordina-
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tion site offered by L1 and L2 and the quenching of the
fluorescence of the tris(bipyridine-type)ruthenium(II) site
by this selective coordination event.

Results and Discussion

Syntheses and Characterization

The heteroditopic ligands H2L1 and H2L2 are prepared
in respectable yields from 5,6-diamino-1,10-phenan-
throline[17–19] (obtained in high yield by the reduction of
1,10-phenanthroline-5,6-dione dioxime with sodium dithio-
nite[20] or formamidinesulfinic acid[21]) and picolinic acid or
its methoxy derivative, respectively (Scheme 1). Because of
solubility problems, air sensitivity, and poor reactivity of
the amine groups, the acylation is performed under inert
conditions in DMF, with DMAP[22] as the acylation cata-
lyst, phenylphosphonic acid dichloride[23–26] as the acti-
vation reagent for the carboxylic group, and TEA as base.
The Ru2+ complexes [Ru(bpy)2(H2L1,2)]2+ and [Ru-
(H2L1)3]2+ are obtained by the usual methods and in high
yields.[10] Low-spin Fe2+ complexes have also been obtained
but are not discussed here in detail. The red mononuclear
Ru2+ complexes have the characteristic MLCT transitions
at around 450 nm, they show resonances in the 1H NMR
spectra for the amide protons at around 10.5 ppm and have
the expected vibrations for amide bonds in the infrared
spectra at approximately 1680 and 1570 cm–1, as well as the
amide N–H transitions at approximately 3300 cm–1. Upon
coordination of metal ions to the L1 (L2) sites, the N–H
vibration disappears, the amide transitions shift to a lower
energy (ca. 30–50 cm–1), and the MLCT transitions are
shifted to a higher energy.

The EPR spectra of the mono- and tris-CuII complexes
are similar to each other and typical for tetragonal CuII

sites, with g and A values (g� = 2.213, A� = 180×10–4 cm–1)
that are typical for tetrahedrally distorted coordination
sites.[9] The similarity of the EPR spectra indicates that
there is no CuII···CuII magnetic exchange interaction and
only a very weak, i.e. negligible, dipolar coupling interac-
tion (Figure 1b). A model of the structure (Figure 1a), ob-
tained by force field calculations,[27,28] visualizes the CuII

planes that are distorted because of the repulsion of the α-
H atoms of the pyridine donors and indicates a distance of
ca. 13 Å between the CuII centers.

Fluorescence Measurements

The luminescence spectra of [Ru(bpy)2(H2L1)]2+,
[Ru(bpy)2(H2L2)]2+, and [Ru(H2L1)3]2+ are as expected for
Ru2+ polypyridine chromophores (transition at ca.
620 nm,[13] see Figure 1c); also shown in Figure 1c is the
efficient fluorescence quenching of [Ru(H2L1)3]2+ with Cu2+

([Ru2+]/[Cu2+] = 1:0, 1:1, 1:2). Similar effects are observed
with [Ru(bpy)2(H2L1)]2+ and [Ru(bpy)2(H2L2)]2+, i.e. these
complexes are, as expected, good on/off sensors for metal
ions, specifically for Cu2+ and Ni2+, which have electronic

Eur. J. Inorg. Chem. 2006, 4442–4448 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4443

Figure 1. (a) Structural model of [Ru{(L1)Cu}3]2+; (b) X-band EPR
spectrum of [Ru{µ-(L1)Cu}3](PF6)2 (ca. 10–3 , DMF-H2O-glass
(2:1), 110 K); and (c) relative fluorescence intensities (λex = 450 nm,
λem = 620 nm) in aqueous solution at pH 7 (lutidine buffer) of
[Ru(H2L1)3](PF6)2 alone (10 µ), and after addition of 1 or 2 equiv.
CuSO4.

transitions at similar energies and are known to strongly
bind to amide donors already at physiological pH.[10,29]

To fully characterize the L1- and L2-based Cu2+ sensors,
the luminescence intensities (aqueous solutions, [Ru2+] =
10–5 ) were studied as a function of pH, buffer base, anion,
and Mn+ concentration (M = Cu2+, Ni2+, Co2+, Fe2+/3+,
Zn2+, Al3+, Nd3+, Mn2+, Pb2+, alkali, and alkaline earth
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metal ions; see Table 1 for an overview of the most relevant
results.). Buffer bases such as acetate, citrate, carbonate,
phosphate, and lutidine as well as EDTA do not quench
the fluorescence. Aminoalkylsufonates (e.g., MOPS, MES)
lead to an approximately 50% reduction of the lumines-
cence intensity, i.e., these are not suited as buffer bases in
our systems. Usual inorganic anions or carboxylates do not
affect the fluorescence intensity (see Table 1 and above). In
addition, Al3+, Nd3+, Mn2+, Pb2+, and group 1 and 2 cat-
ions do not alter the luminescence spectra. Interestingly,
protonation of the pyridine donors and deprotonation of
an amide site lead to drastic changes in the luminescence
properties (Figure 2). This is in contrast to other Ru(bpy)2-
amide sensors,[10] which have pH-independent luminescence
intensities over a pH range of 2–12. This indicates that the
published and present systems probably differ with respect
to the mechanism of quenching of the excited state [electron
(PET) vs. energy transfer (EET)].[12]

Table 1. Reduction of the fluorescence intensity (in %) of [Ru-
(bpy)2(H2L1)]2+ as a function of added metal ions and pH.

Added metal ion pH % Reduction of
fluorescence intensity of

[Ru(bpy)2(H2L1)]2+

1 equiv. Cu2+ 5 99
2 equiv. Cu2+ 5 99
10 equiv. Co2+ 5 2
10 equiv. Fe2+ 5 1
1 equiv. Ni2+ 5 0
10 equiv. Ni2+ 5 5
10 equiv. Zn2+ 5 1
10 equiv. Fe2+ + 1 equiv. Cu2+ 5 98
100 equiv. Ni2+ + 1 equiv. Cu2+ 5 99
10 equiv. Zn2+ + 1 equiv. Cu2+ 5 99
1 equiv. Cu2+ 7 98
1 equiv. Co2+ 7 70
10 equiv. Co2+ 7 90
10 equiv. Fe2+ 7 80
10 equiv. Mn2+ 7 3
1 equiv. Ni2+ 7 80
10 equiv. Ni2+ 7 85
1 equiv. Zn2+ 7 40
10 equiv. Pb2+ 7 0
10 equiv. Cu2+ 7 0
10 equiv. Mg2+ 7 0
1 equiv. Cu2+ + 10 equiv. Co2+ 7 99
1 equiv. Cu2+ + 10 equiv. Fe2+ 7 99
1 equiv. Cu2+ + 10 equiv. Pb2+ 7 99

From the plot in Figure 2, it follows that for [Ru(bpy)2-
(H2L1)]2+ the luminescence intensity is virtually constant
over the pH range 4.5–8.5. For [Ru(bpy)2(H2L2)]2+ and
[Ru(H2L1,2)3]2+ the pH ranges of approximately constant
luminescence are similar (pH 4.7–9.0). At a lower pH, the
fluorescence intensity drops sharply to nearly zero at pH �
2. The sigmoidal curves suggest pKa values of �3, which is
in the expected range for substituted pyridine groups
[pKa(20–25 °C) = 2.1–2.4].[30] The decrease in the lumines-
cence intensity at high pH (luminescence intensity approxi-
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Figure 2. pH-dependence of the relative fluorescence intensity of
10 µ aqueous solutions of the complexes (λex = 450 nm, λem =
620 nm) [Ru(bpy)2(H2L1)]2+ (�), [Ru(H2L1)3]2+ (�), and [Ru-
(bpy)2(H2L2)]2+ (�).

mately zero at pH � 14, pKa � 11.5) suggests a deproton-
ation of an amide donor, and this also occurs in the ex-
pected range [pKa(25 °C) � 12].[33]

Figure 3 shows the pH-dependent luminescence of
[Ru(bpy)2(H2L1)]2+ together with that of the [Ru(bpy)2-
(H2L1)]2+/Cu2+ system (1 equiv. Cu2+). Also shown in Fig-
ure 3 is the Cu2+-concentration dependence of the fluores-
cence intensity at pH 4.9 (acetate buffer). At pH 5, no other
metal ion leads to any fluorescence quenching, i.e. at pH 5
the [Ru(bpy)2(H2L1)]2+ on/off fluorescence sensor is selec-
tive for Cu2+.

All three systems, [Ru(bpy)2(H2L1)]2+, [Ru(bpy)2-
(H2L2)]2+, and [Ru(H2L1)3]2+, show very similar behavior
with respect to the metal-ion-induced fluorescence quench-
ing, specifically in terms of the metal-ion- and pH-depend-
encies and the competition with other ligands (Table 1): (i)
at pH 5 (acetate buffer), Cu2+ is the only metal ion that
leads to significant quenching; the addition of an excess of
any other metal ion does not have any influence on the
fluorescence intensity observed with Cu2+ alone; (ii) at pH
7 (lutidine buffer), the reduction of the fluorescence inten-
sity with one equivalent of Cu2+ is �100%, those due to
Ni2+, Fe2+/3+, Co2+, and Zn2+ are significantly smaller (40–
85%), all other metal ions studied do not lead to any
quenching; the kinetics of complex formation with Ni2+ is
very slow, full equilibration (pH 7; 1 or 10 equiv. Ni2+)
needs at least 1 h (complexation of all other metal ions is
fast, i.e., equilibration within minutes); (iii) at pH 7, acetate
does not lead to any significant reduction of the quenching
efficiency of Cu2+, with citrate there is some competition,
and with EDTA fluorescence quenching is only observed
after complexation with EDTA is complete [from se-
miquantitative experiments and the known stability con-
stants logKML(Cu–acetate) = 1.75,[31] logKML(Cu–citrate)
= 4.5,[32] logKML(Cu–EDTA) = 19.2,[33] an approximate
value of logKML([Ru(bpy)2{(H2L1)Cu}]2+) = 12±2 may be
deduced].
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Figure 3. (a) pH-dependence of the luminescence of [Ru(bpy)2-
(H2L1)]2+ (10 µ aqueous solution) with or without 1 equiv. of
Cu2+, λex = 450 nm, λem = 620 nm. (b) Fluorimetric titration of
[Ru(bpy)2(H2L1)]2+ (10–5 ) with Cu2+ in acetate buffer (100 equiv.)
at pH 4.9.

Conclusions
The synthesis of a rigid ditopic ligand with a 1,10-phen-

anthroline and a bis(pyridinamide) coordination site, based
on a general strategy, which may be used to prepare a vari-
ety of 1,10-phenanthroline-derived ditopic ligands with a
range of donor sets, has led to Ru2+-polypyridine-based
fluorescence on/off sensors that are highly selective for Cu2+

in aqueous solution at low pH. The rational design of the
structure and donor set of the host, which, upon coordina-
tion of a metal ion, leads to fluorescence quenching,[34–36]

should make possible the development of systems that show
a range of specific selectivities in various pH regions.

Experimental Section
Materials and Measurements: Commercially available chemicals
were used without further purification; solvents were dried by stan-
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dard methods; solvents and chemicals for spectroscopy were of the
highest possible grade and used as purchased. 1,10-Phenanthroline-
5,6-dione dioxime was obtained by oxidation of 1,10-phenan-
throline to 1,10-phenanthroline-5,6-dione[37] and subsequent reac-
tion with hydroxylamine.[18] (4-Chloro-2-pyridyl)carboxylic acid
methyl ester and (4-methoxy-2-pyridyl)carboxylic acid methyl ester
were obtained as described from picolinic acid.[38]

UV/Vis/NIR spectra (CH3CN, ambient temperature) were recorded
with a Cary 1E or a JASCO V-570 spectrophotometer. IR spectra
(KBr pellets) were obtained with a Perkin–Elmer 16C FTIR instru-
ment. 1H NMR spectra were recorded at room temperature with a
Bruker ARX 200 or a Bruker Avance 500 spectrometer; the chemi-
cal shifts are relative to the solvent that is used as the internal
standard. Electrochemical data were obtained by cyclic voltamme-
try [100 mV/sec., complex solutions (2×10–3 ), ambient tempera-
ture, tetrabutylammonium hexafluorophosphate (0.1 ) in
CH3CN], measured with a BAS100B electrochemical analyzer
(data analysis with Digisim), by using a glassy carbon working elec-
trode, a Pt-wire auxiliary, and a Ag/AgNO3 reference electrode
(0.01  AgNO3); ferrocene was used as an external standard. EPR
spectra were recorded with a Bruker ELEXSYS E500 spectrometer
[frozen solutions (approx. 10–3 ) in DMF/H2O = 2:1] at 110 K.
Mass spectra were recorded with a Finnigan 8400 or a JEOL
JMS700 sector field instrument (EI or FAB) with a nitrobenzyl
alcohol matrix (Nibeol, NBA) for the FAB spectra; electrospray
mass spectra were recorded with a Finnigan TSQ 700 triple-quad-
rupole or a Q-Tof Ultima API mass spectrometer (Micromass/
Waters, ESI) with analyte solutions in acetonitrile or methanol in
the concentration range 10–6–10–5 . For HR-EI, HR-FAB, and
HR-ESI spectra deviations from the theoretical mass are generally
smaller than 5 mD, the internal standards used are reported with
the experimental data. Emission spectra were recorded with a Var-
ian Cary Eclipse fluorescence spectrophotometer at an excitation
wavelength of 450 nm (intensities not calibrated). Fluorimetric ti-
trations were performed in aqueous solutions (equilibrated in air,
µ = 0.1; NaCl; the concentrations of the ruthenium complexes were
10–5 ). Metal ions were added as the chloride, perchlorate, or sul-
fate salts, and there was no dependence on the type of anion within
this group. Standard HCl and NaOH solutions were used for ad-
justing the pH. Buffers at pH 4.7–5 and 7 were made by using the
acetate/acetic acid and the lutidine/lutidinium couples, respectively.

Syntheses

5,6-Diamino-1,10-phenanthroline[17–19]

Method A: A suspension of phenanthroline-5,6-dione dioxime
(2.88 g, 12 mmol) in ethanol (80 mL) was heated under N2 (70 °C).
A solution of sodium dithionite (85%, 9 g, 45 mmol) in aqueous
ammonia (3%, 80 mL) was quickly added. An additional amount
of sodium dithionite (85%, 3 g, 15 mmol) in aqueous ammonia
(3%, 40 mL) solution was added when the yellow product started
to precipitate as yellow flakes after dissolution of the dioxime. The
reaction was then kept for 45 min at 85 °C. After being cooled to
ambient temperature, the product was filtered under N2, washed 3
times with diluted ammonia and then with THF, and dried over-
night under high vacuum. Yield: 2.17 g (10.3 mmol, 86%), deep
yellow solid.

Method B: Ethanol (150 mL, 50%) and a concentrated ammonia
solution (10 mL) were added to a mixture of phenanthroline-5,6-
dione dioxime (2.4 g, 10 mmol) and thiourea S,S-dioxide (5 g,
46.3 mmol) under nitrogen whilst stirring. The mixture was placed
in a preheated (80 °C) oil bath and left to react for 45 min. The 5,6-
diamino-1,10-phenanthroline started to precipitate after �15 min.
After being cooled to room temperature, the product was isolated
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as described above. Yield: 1.79 g (8.1 mmol, 81%).
C12H10N4·1⁄6H2O (213.23): calcd. C 67.59, H 4.88, N 26.27; found
C 67.81, H 4.62, N 26.03. MS (EI+): m/z = 210 [M+].

Potassium Salts of Substituted Picolinic Acids: KOH (0.95 equiv.)
in a minimum amount of EtOH was added to a stirred solution
of the methyl ester of the corresponding substituted picolinic acid
derivative in dry ethanol (2 mL/mmol). After 6 h, Et2O (1/5 vol-
ume) was added. The product was filtered, washed with EtOH/
Et2O, and dried under high vacuum.

Potassium (4-Cloro-2-pyridyl)carboxylate: Yield: 84%. M.p. �

350 °C. C6H3ClKNO2 (195.64): calcd. C 36.83, H 1.55, N 7.16;
found C 36.98, H 1.82, N 7.22. MS (ESI-): m/z = 156 [M – H–].
1H NMR (200 MHz, D2O): δ = 7.63 (dd, 3J = 5.3 Hz, 4J = 1.9 Hz,
1 H), 7.99 (d, 4J = 1.90 Hz, 1 H), 8.55 (d, 3J 5.3 Hz, 1 H) ppm.

Potassium (4-Methoxy-2-pyridyl)carboxylate: (4-Methoxy-2-pyr-
idyl)carboxylic acid methyl ester (0.84 g, 5 mmol) and KOH
(0.27 g) were added together to give (4-methoxy-2-pyridyl)carbox-
ylic acid potassium salt (0.76 g). Yield: 80%. M.p. � 350 °C.
C7H6KNO3·¼H2O (195.73): calcd. C 42.95, H 3.35, N 7.16; found
C 43.06, H 3.21, N 7.17. MS (ESI-): m/z = 152 [M – H–]. 1H NMR
(200 MHz, D2O): δ = 3.92 (s, 3 H, OCH3), 7.07 (dd, 3J = 5.8 Hz,
4J = 2.5 Hz, 1 H), 7.46 (d, 4J = 2.5 Hz, 1 H), 8.38 (d, 3J = 5.76 Hz,
1 H) ppm.

5,6-Bis(2-pyridylcarboxamido)-1,10-phenanthroline, H2L1: Picolinic
acid (1.11 g, 9 mmol) and DMAP (0.12 g, 1 mmol, 33 mol-%) in
absolute DMF (25 mL) were added to a stirred suspension/solution
of 5,6-diamino-1,10-phenanthroline (0.63 g, 3 mmol) in a 100-mL
Schlenk flask under nitrogen at ambient temperature. TEA
(1.4 mL, 10 mmol) was then added by syringe, followed by the ad-
dition of phenylphosphonic acid dichloride (0.9 mL, 6.4 mmol) and
more TEA (2.8 mL, 20 mmol) over a period of 5 h. After an ad-
ditional 4 h, the reaction was quenched by the addition of water
(1 mL). The product was isolated by precipitation (addition of
H2O, 5 volumes), filtration, washing with H2O, and drying under
high vacuum. Yield: 0.68 g (1.62 mmol, 54%). M.p. 294–298 °C.
C24H16N6O2·12⁄3 H2O (450.45): calcd. C 63.99, H 4.33, N 18.66,
found C 64.01, H 4.10, N 18.39. MS (ESI+): m/z = 421 [M + H+].
1H NMR (500 MHz, [D7]DMF): δ = 7.70 (ddd, 3J = 7.6 Hz, 3J =
4.7 Hz, 4J = 1.2 Hz, 2 H, py-H), 7.85 (dd, 3J = 8.3 Hz, 3J = 4.2 Hz,
2 H, phen-H), 8.11 (td, 3J = 7.7 Hz, 4J = 1.5 Hz, 2 H, py-H), 8.25
(ddd,3J = 7.7 Hz, 4J = 1.2 Hz, 5J = 0.6 Hz, 2 H, py-H), 8.62 (dd,
3J = 8.3 Hz, 4J = 1.6 Hz, 2 H, phen-H), 8.75 (ddd, 3J = 4.7 Hz, 4J
= 1.5 Hz, 5J = 0.6 Hz, 2 H, py-H), 9.21 (dd, 3J = 4.2 Hz, 4J =
1.6 Hz, 2 H, phen-H), 11.10 (s, 2 H, NH) ppm. IR (KBr): 3298
(m), 3236 (m) (N–H); 3076 (w), 3050 (m) (C–H); 1676 (s), 1570 (m)
(C=Oamide); 1616 (m) (C=N); 1590 (m), 1496 (m) (C=C) cm–1.

5,6-Bis[(4-methoxy-2-pyridyl)carboxamido]-1,10-phenanthroline,
H2L2: Obtained as described above by using 5,6-diamino-1,10-
phenanthroline (0.21 g,1 mmol). Yield: 0.25 g, (0.52 mmol, 52%).
M.p. 246–249 °C. C26H20N6O4·2H2O (516.51): calcd. C 60.46, H
4.68, N 16.27, found C 60.57, H 4.76, N 15.96. MS (ESI+): m/z =
481 [M + H+]. 1H NMR (500 MHz, [D7]DMF): δ = 4.00 (s, 6 H,
OCH3), 7.26 (dd, 3J = 5.7 Hz, 4J = 2.6 Hz, 2 H, py-H), 7.73 (d, 4J
= 2.6 Hz, 2 H, py-H), 7.85 (dd, 3J = 8.4 Hz, 3J = 4.2 Hz, 2 H,
phen-H), 8.57 (d, 3J = 5.7 Hz, 2 H, py-H), 8.59 (dd, 3J = 8.4 Hz,
4J = 1.5 Hz, 2 H, phen-H), 9.20 (dd, 3J = 4.2 Hz, 4J = 1.5 Hz, 2
H, phen-H), 11.02 (s, 2 H, NH) ppm. IR (KBr): 3298 (s) (N–H);
3090 (w), 3066 (w), 3010 (w), 2934 (w) (C–H); 1684 (s), 1566 (m)
(C=Oamide); 1602 (s), 1496 (s) (C=N, C=C) cm–1.

5,6-Bis[(4-chloro-2-pyridyl)carboxamido]-1,10-phenanthroline: Ob-
tained as described above by using 5,6-diamino-1,10-phenan-
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throline (0.21 g, 1 mmol) and (4-chloro-2-pyridyl)carboxylic acid
potassium salt (0.59 g, 3 mmol). Yield: 0.37 g crude product. HR-
ESI-MS: calcd. for [M + H+] (C24H15Cl2N6O2) 489.0634; found
489.0610 (–2.4 mD, standard: H3PO4).

Tris[5,6-bis(2-pyridylcarboxamido)-1,10-phenanthroline]ruthenium
Hexaf luorophosphate , [Ru(H2 L1 )3 ] (PF 6) 2 : A mixture of
RuCl3·3H2O (0.026 g, 0.1 mmol) and 5,6-bis(2-pyridylcarbox-
amido)-1,10-phenanthroline (0.15 g, 0.35 mmol) was heated (160 °C)
in ethylene glycol (5 mL) for 30 min. After being cooled to room
temperature, the mixture was diluted with water (1/6 volume), and
the excess ligand was removed by filtration. The complex was pre-
cipitated by the addition of NH4PF6, filtered off, washed with small
amounts of H2O and Et2O, and dried under high vacuum.
Yi e l d : 0 . 1 1 g ( 0 . 0 6 m m o l , 6 6 % ) b l a c k - v i o l e t p owd e r.
C72H48F12N18O6P2Ru·6H2O (1760.25): calcd. C 49.12, H 3.44, N
14.32; found C 49.29, H 3.54, N 13.87. HR-FAB-MS: calcd. for
[M – PF6

–] (C72H48F6N18O6PRu) 1507.2689; found 1507.2656
(–3.3 mD, standard: PEG1500). 1H NMR (500 MHz, CD3CN): δ
= 7.61 (dd,3J = 7.5 Hz, 3J = 4.5, 6 H, py-H), 7.72 [m(br), 6 H,
phen-H], 8.01 (t, 3J = 7.5 Hz, 6 H, py-H), 8.19 [s(sh), 6 H, phen-
H], 8.20 (d, 3J = 7.5 Hz, 6 H, py-H), 8.65 (d, 3J = 4.5 Hz, 6 H, py-
H), 8.69 (d, 3J = 7.8 Hz, 6 H, phen-H), 10.71 (s, 6 H, NH) ppm.
IR (KBr): 3280 (s) (N–H); 3076 (m), 3054 (m) (C–H); 1680 (s),
1570 (m) (C=Oamide); 1620 (m) (C=N); 1590 (m), 1496 (s) (C=C);
844 (s) (PF6

–) cm–1. UV/Vis (CH3CN): λmax = 451 nm (ε =
2.2×104 Lmol–1 cm–1).

Bis(2,2�-bipyridine)[5,6-bis(2-pyridylcarboxamido)-1,10-phenanthro-
line]ruthenium Hexa-fluorophosphate, [Ru(bpy)2(H2L1)](PF6)2:
Ru(bpy)2Cl2·2H2O (0.15 g, 0.3 mmol) and 5,6-bis(2-pyridylcarbox-
amido)-1,10-phenanthroline (0.15 g, 0.35 mmol) were refluxed in
50% aqueous ethanol (20 mL) under nitrogen for 4 h. After being
evaporated to near dryness, the residue was treated with water
(10 mL), and the excess ligand was removed by filtration. The com-
plex was precipitated with NH4PF6, filtered off, washed with H2O
and Et2O, and dried under vacuum. Yield: 0.27 g (0.233 mmol,
78 %) orange-red powder. C44H32F12N10O2P2Ru·2H2O (1159.80):
calcd. C 45.56, H 3.13, N 12.08; found C 45.40, H 3.13, N 11.90.
HR-FAB-MS: calcd. for [M – PF6

–] (C44H32F6N10O2PRu)
979.1395; found 979.1415 (+2.0 mD, standard: PEG1000). 1H
NMR (500 MHz, CD3CN): δ = 7.29 (ddd, 3J = 7.3 Hz, 3J = 5.4 Hz,
4J = 1.0 Hz, 2 H, bpy-H), 7.46 (ddd, 3J = 7.3 Hz, 3J = 5.4 Hz, 4J
= 1.0 Hz, 2 H, bpy-H), 7.61 (ddd, 3J = 7.5 Hz, 3J = 4.8 Hz, 4J =
1.0 Hz, 2 H, py-H), 7.63 (d, 3J = 5.4 Hz, 2 H, bpy-H), 7.75 (dd, 3J
= 8.4 Hz, 3J = 5.2 Hz, 2 H, phen-H), 7.85 (d, 3J = 5.4 Hz, 2 H,
bpy-H), 8.00 (ddd, 3J = 8.2 Hz, 3J = 7.3 Hz, 4J = 1.0 Hz, 2 H, bpy-
H), 8.02 (ddd, 3J = 8.2 Hz, 3J = 7.3 Hz, 4J = 1.0 Hz, 2 H, bpy-H),
8.10 (ddd, 3J = 8.0 Hz, 3J = 7.5 Hz, 4J = 0.9 Hz, 2 H, py-H), 8.12
(dd, 3J = 5.2 Hz, 4J = 0.8 Hz, 2 H, phen-H), 8.19 (d, 3J = 8.0 Hz,
2 H, py-H), 8.51 (d, 3J = 8.2 Hz, 2 H, bpy-H), 8.54 (d, 3J = 8.2 Hz,
2 H, bpy-H), 8.65 (d, 3J = 4.8 Hz, 2 H, py-H), 8.66 (d, 3J = 8.4 Hz,
2 H, phen-H), 10.67 (s, 2 H, NH) ppm. IR (KBr): 3322 (s) (N–H);
3076 (m) (C–H); 1684 (m), 1570 (w) (C=Oamide); 1622 (m) (C=N);
1604 (m), 1496 (m) (C=C); 842 (s) (PF6

–) cm–1. UV/Vis (CH3CN):
λmax = 450 nm (ε � 1.3×104 Lmol–1 cm–1).

Bis(2,2�-bipyridine){5,6-bis[(4-methoxy-2-pyridyl)carboxamido]-
1,10-phenanthroline}ruthenium Hexafluorophosphate, [Ru(bpy)2-
(H2L2)](PF6)2: Obtained as described above by using Ru(bpy)2-
Cl2·2H2O (0.09 g, 0.173 mmol) and 5,6-bis[(4-methoxy-2-pyridyl)-
carboxamido]-1,10-phenanthroline (0.1 g, 0.2 mmol). Yield: 0.19 g
(0.152 mmol, 88 %) orange-red powder. C46H36F12N10O4P2Ru·
3.5H2O (1246.87): calcd. C 44.31, H 3.48, N 11.23; found C 44.02,
H 3 . 1 5 , N 1 1 . 0 6 . H R - FA B - M S : c a l c d . fo r [ M – P F 6

– ]
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(C46H36F6N10O4PRu) 1039.1608; found 1039.1649 (+4.1 mD, stan-
dard: PEG1000); calcd. for [M – 2 PF6

–] (C46H36N10O4PRu)
894.1966; found 894.1955 (–1.1 mD). 1H NMR (500 MHz,
CD3CN): δ = 3.92 (s, 6 H, OCH3), 7.12 (dd, 3J = 5.2 Hz, 4J =
2.8 Hz, 2 H, py-H), 7.29 [m(br), 2 H, bpy-H], 7.46 [m(br), 2 H,
bpy-H], 7.63 (d, 3J = 4.2 Hz, 2 H, bpy-H), 7.70 (d, 4J = 2.8 Hz, 2
H, py-H), 7.74 (dd, 3J = 8.2 Hz, 3J = 4.8 Hz, 2 H, phen-H), 7.85
(d, 3J = 4.2 Hz, 2 H, bpy-H), 8.02 [m(br), 2 H, bpy-H], 8.10 [m(br),
2 H, bpy-H], 8.11 (d, 3J = 4.8 Hz, 2 H, phen-H), 8.46 (d, 3J =
5.2 Hz, 2 H, py-H), 8.51 (d, 3J = 7.9 Hz, 2 H, bpy-H), 8.54 (d, 3J
= 7.9 Hz, 2 H, bpy-H), 8.63 (d, 3J = 8.2 Hz, 2 H, phen-H), 10.67
(s 2 H, NH) ppm. IR (KBr): 3318 (s) (N–H); 3074 (m), 2932 (w)
(C–H); 1684 (m), 1566 (m) (C=Oamide); 1614 (m) (C=N); 1600 (s),
1308 (s) (C=C); 840 (s) (PF6

–) cm–1. UV/Vis (CH3CN): λmax =
447 nm (ε � 1.9×104 Lmol–1 cm–1).

[Ru(bpy)2(µ-L1M)](PF6)2, M = Cu2+, Ni2+, Pd2+: [Ru(bpy)2-
(H2L1)](PF6)2·2H2O (0.034 g, 0.03 mmol) and the corresponding
metal salt (0.03 mmol) were refluxed in MeOH (15 mL) for 20 min.
After being cooled to room temperature, the dinuclear complexes
were precipitated by addition of Et2O, isolated by centrifugation or
filtration, and dried under high vacuum.

[Ru(bpy)2(µ-L1Cu)](PF6)2: Cu(AcO)2·H2O (0.006 g). Yield: 0.022 g
(0.017 mmol, 57 %) dark brown solid. C44H30CuF12N10O2P2Ru·
6H2O (1293.39): calcd. C 40.86, H 3.27, N 10.83; found C 40.63,
H 3.03, N 10.60. IR (KBr): 3074 (m) (C–H); 1654 (m) (C=Oamide);
1624 (m) (C=N); 1600 (m), 1488 (m) (C=C); 838 (PF6

–) cm–1.

[Ru(bpy)2(µ-L1Ni)](PF6)2: Ni(AcO)2·4H2O (0.0075 g). Yield:
0.027 g (0.023 mmol, 75%) bright red solid.

[Ru(bpy)2(µ-L1Pd)](PF6)2: Pd(benzonitrile)2Cl2 (0.0115 g) in
CH3CN (2 mL), followed by 0.05 mL TEA. Yield: 0.031 g
(0.024 mmol, 80 %) orange-red solid. C44H30F12N10O2P2PdRu·
2MeOH (1292.26): calcd. C 42.75, H 2.96, N 10.84; found C 42.59,
H 3.16, N 11.12. IR (KBr): 3062 (m) (C–H); 1684 (w) (C=Oamide);
1626 (m) (C=N); 1600 (m), 1494 (w) (C=C); 842 (s) (PF6

–) cm–1.

[Ru(bpy)2(µ-L2M)](PF6)2, M = Cu2+, Ni2+, Pd2+: Obtained as de-
scribed above, but with [Ru(bpy)2(H2L2)](PF6)2·3.5H2O (0.038 g,
0.03 mmol).

[Ru(bpy)2(µ-L2Cu)](PF6)2: Cu(AcO)2·H2O (0.006 g). Yield: 0.027 g
(0.02 mmol, 68 %) red-brown solid. C46H34CuF12N10O2P2Ru·
3H2O·1.5MeOH (1319.42): calcd. C 42.34, H 3.44, N 10.39; found
C 42.40, H 3.64, N 10.61. IR (KBr): 3072 (w), 2926 (w) (C–H);
1656 (m) (C=Oamide); 1634 (s) (C=N); 1604 (s), 1310 (m) (C=C);
842 (s) (PF6

–) cm–1.

[Ru(bpy)2(µ-L2Ni)](PF6)2: Ni(AcO)2·4H2O (0.0075 g). Yield:
0.029 g (0.022 mmol, 74 %) red solid. C46H34NiF12N10O2P2Ru·
3H2O (1268.02): calcd. C 42.68, H 3.11, N 10.82; found C 42.69,
H 3.16, N 10.77. IR (KBr): 3074 (m), 2934 (w) (C–H); 1640 (m)
(C=Oamide); 1612 (s) (C=N); 1584 (w), 1310 (m) (C=C); 838 (s)
(PF6

–) cm–1.

[Ru(bpy)2(µ-L2Pd)](PF6)2: Pd(benzonitrile)2Cl2 (0.0115 g) in
CH3CN (2 mL), fol lowed by 0.05 mL TEA. Yield: 0.03 g
(0.022 mmol, 74 %) orange-red solid. C46H34PdF12N10O2P2Ru·
4H2O (1333.77): calcd. C 40.62, H 3.11, N 10.30; found C 40.45,
H 3.13, N 10.22. IR (KBr): 3066 (m), 2926 (w) (C–H); 1654 (sh)
(C=Oamide); 1626 (s) (C=N); 1604 (s), 1308 (m) (C=C); 842 (s)
(PF6

–) cm–1.

[Ru(µ-L1M)3](PF6)2, M = Cu2+, Ni2+, Pd2+: The synthesis was car-
ried out as described above, but with [Ru(H2L1)3](PF6)2·6H2O
(0.035 g, 0.02 mmol), along with double the amount of the corre-
sponding metal salts and double the volume of solvent.
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[Ru(µ-L1Cu)3](PF6)2: Cu(AcO)2·H2O (0.012 g). Yield after
recrystallization from DMF/MeOH: 0.029 g (0.014 mmol, 69 %)
dark brown solid. C72H42Cu3F12N18O6P2Ru·2DMF·5H2O·MeOH
(2105.06): calcd. C 45.07, H 3.35, N 13.31; found C 45.21, H 3.46,
N 13.15. HR-ESI-MS: calcd. for [M – 2 PF6

–] (C72H42Cu3-
N18O6Ru) 1545.0466; found 1545.0432 (–3.4 mD, standard:
H3PO4). IR (KBr): 3066 (w) (C–H); 1650 (sh) (C=Oamide); 1620 (s)
(C=N); 1596 (s) (C=C); 842 (s) (PF6

–) cm–1. UV/Vis (CH3CN):
λmax = 419 nm (ε � 1.0×104 Lmol–1 cm–1), λmax = 473 nm (ε �
0.9×104 Lmol–1 cm–1).

[Ru(µ-L1Ni)3](PF6)2: Ni(AcO)2·4H2O (0.015 g). Yield: 0.031 g
(0.017 mmol, 85%) red solid. HR-ESI-MS: calcd. for [M – 2 PF6

–]
(C72H42N18Ni3O6Ru) 1530.0639; found 1530.0640 (+0.1 mD, stan-
dard: H3PO4).

[Ru(µ-L1Pd)3](PF6)2: Pd(benzonitrile)2Cl2 (0.023 g) in CH3CN
(4 mL), followed by TEA (0.1 mL). Yield: 0.037 g (0.022 mmol,
74%) red solid. ESI-MS: calcd. for [M – 2 PF6

–] (C72H42N18O6P-
d3Ru) 1673.97; found 1674.

Tris[5,6-bis(2-pyridylcarboxamido)-1,10-phenanthroline]iron Hexa-
fluorophosphate, [Ru(H2L1)3](PF6)2: A mixture of FeSO4·7H2O
(0.028 g, 0.1 mmol), 5,6-bis(2-pyridylcarboxamido)-1,10-phenan-
throline (0.15 g, 0.35 mmol), hydroxylammonium chloride (0.01 g),
and sulfuric acid (50 µL) was stirred in H2O (10 mL) for 6 h at
ambient temperature. After filtration (excess ligand), the complex
was precipitated from the dark red solution by addition of
NH4PF6, collected on a filter, washed with small amounts H2O and
Et2O, and dried under high vacuum. Yield: 0.15 g (0.09 mmol,
90%) bordeaux red powder. C72H48F12FeN18O6P2·4H2O (1679.00):
calcd. C 51.50, H 3.36, N 15.02; found C 51.67, H 3.55, N 15.13.
HR-ESI-MS: calcd. for [M – 2PF6

–] (C72H48FeN18O6) 1316.3354;
found 1316.3366 (+1.2 mD, standard: H3PO4). 1H NMR
(500 MHz, CD3CN): δ = 7.62 (dd, 3J = 7.5 Hz, 3J = 4.2 Hz, 6 H,
py-H), 7.69 [m(br), 6 H, phen-H], 7.82 (d, 3J = 3.4 Hz, 6 H, phen-
H), 8.01 (t, 3J = 7.5 Hz, 6 H, py-H), 8.21 (d, 3J = 7.5 Hz, 6 H, py-
H), 8.65 (d, 3J = 4.2 Hz, 6 H, py-H), 10.74 (s, 6 H, NH) ppm. IR
(KBr): 3274 (m) (N–H); 3074 (w), 3054 (w) (C–H); 1570 (m), 1680
(s) (C=Oamide); 1622 (m) (C=N); 1588 (m), 1500 (s) (C=C); 844 (s)
( P F 6

– ) c m – 1 . U V / V i s ( C H 3 C N ) : λ m a x = 5 1 5 n m ( ε �
0.8×104 Lmol–1 cm–1).

[Fe(µ-L1M)3](PF6)2, M = Cu2+, Ni2+, Pd2+: [Fe(LpicH2)3](PF6)2·
4H2O (0.034 g, 0.02 mmol) and the corresponding metal salt
(0.06 mmol) were refluxed in MeOH (15 mL) for 20 min. After
cooling, the tetranuclear complexes were precipitated by addition
of Et2O, isolated by centrifugation or filtration, and dried under
high vacuum.

[Fe(µ-L1Cu)3](PF6)2: Cu(AcO)2·H2O (0.012 g). Yield: 0.03 g
(0.0157 mmol, 79 %) dark red-brown solid. C72H42Cu3F12FeN18-
O6P2·6H2O (1899.62): calcd. C 45.52, H 2.87, N 13.27; found C
45.56, H 3.04, N 13.17. HR-ESI-MS: calcd. for [M – 2PF6

–]
(C72H42Cu3FeN18O6) 1499.0772; found 1499.0804 (+3.2 mD, stan-
dard: H3PO4). IR (KBr): 3068 (m) (C–H); 1654 (m) (C=Oamide);
1622 (s) (C=N); 1596 (s) (C=C); 844 (s) (PF6

–) cm–1. UV/Vis
(CH3CN): λmax = 387 nm (ε � 1.0 × 104 L mol–1 cm–1), λmax =
524 nm (ε � 0.9×104 L mol–1 cm–1).

[Fe(µ-L1Ni)3](PF6)2: Ni(AcO)2·4H2O (0.015 g). Yield: 0.025 g
(0.0132 mmol, 66 %) red solid. C7 2H42F1 2FeN18Ni3O6P2 ·
2H2O·3MeOH (1906.09): calcd. C 47.18, H 3.06, N 13.21; found C
47.22, H 2.92, N 12.96. ESI-MS: calcd. for [M – 2 PF6

–]
(C72H42FeN18Ni3O6) 1484; found 1483.9. IR (KBr): 3078 (w) (C–
H); 1660 (sh) (C=Oamide); 1636 (s) (C=N); 1604 (w), 1586 (m)
(C=C); 842 (s) (PF6

–) cm–1. UV/Vis (CH3CN): λmax = 451 nm (ε �
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1.3×104 Lmol–1 cm–1), λmax = 485 nm (ε � 1.3×104 Lmol–1 cm–1),
λmax = 527 nm (ε � 1.3×104 Lmol–1 cm–1).

[Fe(µ-L1Pd)3](PF6)2: Pd(benzonitrile)2Cl2 (0.023 g) in CH3CN
(4 mL), followed by TEA (0.1 mL). Yield: 0.032 g (0.0164 mmol,
82%) red solid. C72H42F12FeN18O6P2Pd3·9H2O (2082.29): calcd. C
41.53, H 2.90, N 12.11; found C 41.28, H 2.76, N 11.97. ESI-MS:
calcd. for [M – 2 PF6

–] (C72H42FeN18O6 Pd3) 1628; found 1628. IR
(KBr): 3064 (m) (C–H); 1650 (sh) (C=Oamide); 1626 (s) (C=N); 1598
(s) (C=C); 844 (m) (PF6

–) cm–1.
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The coordination modes of various azines (C=N–N=C) and
hydrazones (C=N–NR2) with titanium(IV) are investigated.
Five ligands were studied, two hydrazones 1H–2H and three
azines 3H2–5H2, and it was found that hydrazones form
monomers and azines form dimers in the solid state. The hy-
drogen-bonded arrays observed for the hydrazones were sig-
nificantly different for the two ligands, with one forming a

Introduction

There is continuing interest in the synthesis of new titani-
um(IV) complexes for use in catalysis and supramolecular
chemistry.[1–7] As a consequence it is pertinent to design
new ligands that may impart different steric effects at the
metal centre. Thus, we have investigated the coordination
of TiIV with a variety of hydrazone (C=N–NR2) and azine
(C=N–N=C) ligands. To the best of our knowledge, there
are only two reported titanium–azine crystal structures and
no titanium–hydrazone complexes, where R = H, have been
structurally characterised.[8,9] Azine complexes of transition
metals, for example ruthenium, iron, copper and zinc are
known to form dimers in the solid state, with either a cis or
trans configuration, Figure 1.[10–14]

Figure 1. Two possible isomers for azine complexes.

In contrast, hydrazone complexes of transition metals
(e.g. vanadium and copper) tend to form monomeric struc-
tures.[15–17] Hydrazones (where R = H) can form supramo-
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ribbon like structure and the other a chain. For the azines the
supramolecular structures are also discussed. A pronounced
twist is observed in the azine ligand upon complexation to
the metal centre, which is rationalised in terms of the favour-
able interactions observed in the solid-state.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lecular arrays in the solid state due to the presence of the
protic NH2 group available for hydrogen bonding, a feature
which is being exploited in the crystal engineering
field.[18–23] The ligands chosen for this study are shown in
Figure 2, with the expectation of conveying different steric
demands on the titanium(IV) centre and facilitating the for-
mation of different arrays in the solid state.

Figure 2. Hydrazones 1H and 2H, azines 3H2, 4H2 and 5H2.

Results and Discussion

Two equivalents of each hydrazone 1H and 2H react
readily with Ti(OiPr)4 to form the desired complexes Ti(1)2-
(OiPr)2 and Ti(2)2(OiPr)2. Each of the ligands is deproton-
ated at the phenolic moiety and chelates to the metal centre
through the resulting phenoxide and the imine nitrogen of
the hydrazone group. The amine group does not coordinate
to the metal centre. The coordination sphere of the titanium
is completed by two terminal isopropoxide ligands,
Figure 3.

Each titanium centre has a distorted octahedral geome-
try with the two aryl oxide ligands adopting a trans configu-
ration and the imine donors assuming a cis configuration,
see Table 1 for selected bond lengths and angles. The bond
lengths and angles are in agreement with literature pre-
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Figure 3. Crystal structure of complex Ti(1)2(OiPr)2. Ellipsoids are
shown at the 50% probability level, the hydrogen atoms not in-
volved in hydrogen bonding and the isopropoxide methyl groups
have been omitted for clarity. The same labelling scheme was used
for complex Ti(2)2(OiPr)2. The dashed lines represent the intramo-
lecular hydrogen bonding, between H(2)–O(2) and H(3)–O(1). The
hydrogen atoms were located in the penultimate difference Fourier
map and refined freely.

cedent.[24–30] The 1H and 13C NMR spectra of the com-
plexes suggest that the gross solid-state structures are main-
tained in solution with well-defined resonances for the iso-
propoxide region.

Table 1. Selected bond lengths [Å] and angles [°] for complexes
Ti(1)2(OiPr)2 and Ti(2)2(OiPr)2.

Ti(1)2(OiPr)2 Ti(2)2(OiPr)2

Ti(1)–O(1) 1.950(1) 1.912(2)
Ti(1)–O(2) 1.940(1) 1.913(2)
Ti(1)–O(3) 1.846(1) 1.778(2)
Ti(1)–O(4) 1.761(1) 1.852(2)
Ti(1)–N(1) 2.268(1) 2.282(2)
Ti(1)–N(3) 2.264(1) 2.271(2)
O(1)–Ti(1)–O(2) 158.89(5) 160.80(7)
O(3)–Ti(1)–O(4) 102.79(5) 101.75(8)
O(1)–Ti(1)–O(4) 97.78(5) 94.33(7)
N(1)–Ti(1)–N(3) 79.90(5) 81.86(7)

Both intra- and intermolecular hydrogen bonds are ob-
served. The intramolecular hydrogen bonds are shown in
Figure 3, where one hydrogen atom of each NH2 group in-

Table 2. Summary of the hydrogen bonding parameters for complexes Ti(1)2(OiPr)2 and Ti(2)2(OiPr)2, the hydrogen atoms were freely
refined in all cases. 1: –x+1, –y+1, –z+1; 2: x, y, z; 3: –x, –y+1, –z +1; 4: –x+1, y+1/2, –z +1/2.

Ti(1)2(OiPr)2 Ti(2)2(OiPr)2

D–H···A d(D–H) d(H···A) d(D···A) �(DHA) D–H···A d(D–H) d(H···A) d(D···A) �(DHA)

N(2)–H(1)···O(3)1 0.88(2) 2.19(3) 3.055(2) 175(2) N(2)–H(1)···O(4)4 0.87(3) 2.18(3) 3.013(3) 159(3)
N(2)–H(2)···O(2)2 0.90(2) 2.17(2) 2.845(2) 131(2) N(2)–H(2)···O(2)2 0.85(3) 2.23(3) 2.875(3) 133(3)
N(4)–H(3)···O(1)2 0.86(2) 2.27(2) 2.821(2) 122(2) N(4)–H(3)···O(1)2 0.80(3) 2.29(3) 2.876(3) 130(3)
N(4)–H(4)···N(2)3 0.86(2) 2.42(2) 3.252(2) 162(2)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4449–44544450

teracts with a phenoxide oxygen centre, see Table 2 for the
hydrogen bonding parameters, which are similar for both
complexes. The main structural distinction between Ti(1)2-
(OiPr)2 and Ti(2)2(OiPr)2 arises due to their patterns of
intermolecular hydrogen bonding. For Ti(1)2(OiPr)2 both
H(1) and H(4) are invoked in hydrogen bonding (Figure 4)
forming a ribbon-like structure in the solid state. H(1)
bonds to an isopropoxide oxygen {O(3)} of a neighbouring
molecule and H(4) binds to a hydrazone NH2 group {N(2)}
of a third molecule. For Ti(2)2(OiPr)2 only one intermo-
lecular hydrogen bond is seen in the solid state, between
H(1) and an isopropoxide O(4), and this forms a chain-like
structure. The absence of a hydrogen bond from H(4) to
N(2) of an adjacent molecule is presumably related to the
increase in steric bulk of the ligand.

One equivalent of each azine was treated with two equiv-
alents of Ti(OiPr)4 to form complexes Ti2(3)(OiPr)6,
Ti2(4)(OiPr)6 and Ti2(5)(OiPr)6. The structure of
Ti2(4)(OiPr)6 is shown in Figure 5. In all cases the azine
bridges between two titanium centres in a cis fashion. The
coordination sphere around each titanium atom being com-
pleted by coordination of two terminal and two bridging
isopropoxide moieties. The titanium centre is pseudoocta-
hedral with the bond lengths and angles in the expected
range, Table 3.[24–30] The core of each complex consists of
three rings, one Ti2O2 ring made up of the two titanium
centres and the two bridging alkoxides, and two five-mem-
bered rings made up of the two titanium centres, a bridging
alkoxide and the azine N–N bond. The 1H and 13C NMR
spectra suggests that the solid-state structure is maintained
in solution, with distinct resonances observed for the isop-
ropoxide moieties; for example for the azine complexes
three distinct OiPr methine resonances are observed in both
the 1H and 13C NMR spectra.

The ligand shows a distortion away from planarity, which
manifests itself by analysis of the torsion angle {C(8)–N(1)–
N(1A)–C(8A)} of 55.7(4)° for complex Ti2(4)(OiPr)6. The
ligand distortion suggests that there is little conjugation be-
tween the two salicylaldimine units of the azine and that
the N–N bond has little π-bonding character. For complex
Ti2(3)(OiPr)6 this torsion angle is very similar at 53.2(5)° to
Ti2(4)(OiPr)6. However, there is a significant increase in this
torsion angle for complex Ti2(5)(OiPr)6 at 66.6(4)°. A pos-
sible explanation is that the ligand distorts to form favour-
able Br···N interactions with a neighbouring molecule, Fig-
ure 6. The interaction results in an ordering of the piper-
azine amine nitrogen atom such that its lone pair is directed
towards the bromine atom of a neighbouring molecule, with
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Figure 4. Hydrogen-bonded supramolecular arrays formed in the case of Ti(1)2(OiPr)2 (top) containing R2
2(10) and R2

2(12) ring mo-
tifs[31,32] and Ti(2)2(OiPr)2 (bottom). The dashed lines represent the intermolecular hydrogen bonds.

Figure 5. A The crystal structure of complex Ti2(4)(OiPr)6. The ellipsoids are shown at the 50% probability level and the hydrogen atoms
not involved in the weak intramolecular interaction have been removed for clarity. In the case of Ti2(4)(OiPr)6 a weak interaction is
observed between H(41A) and O(1), D–H 0.86(4) Å, H···A 2.67(4) Å, D···A 3.474(4) Å, �(DHA) 155(4)°, and is shown as a dashed line,
H(41A) was identifiable in the penultimate difference Fourier map and refined freely. B View down the N(1)–N(1A) bond highlighting
the {C(8)–N(1)–N(1A)–C(8A)} torsion angle.

Table 3. Selected bond lengths [Å] and angles [°] for complexes Ti2(3)(OiPr)6, Ti2(4)(OiPr)6 and Ti2(5)(OiPr)6.

Ti2(3)(OiPr)6 Ti2(4)(OiPr)6 Ti2(5)(OiPr)6

Ti(1)–O(1) 1.921(3) Ti(1)–O(2) 1.930(2) Ti(1)–O(1) 1.934(2)
Ti(1)–O(4) 1.786(3) Ti(1)–O(3) 1.797(2) Ti(1)–O(2) 1.796(2)
Ti(1)–O(5) 1.799(3) Ti(1)–O(4) 1.798(2) Ti(1)–O(3) 2.003(2)
Ti(1)–O(6) 2.007(3) Ti(1)–O(5) 1.990(2) Ti(1)–O(4) 1.795(2)
Ti(1)–O(7) 2.060(3) Ti(1)–N(1) 2.320(2) Ti(1)–N(1) 2.315(2)
Ti(1)–N(1) 2.317(3) N(1)–Ti(1)–O(4) 165.34(7) N(1)–Ti(1)–O(4) 169.52(7)
N(1)–Ti(1)–O(5) 166.86(1) O(2)–Ti(1)–O(5) 157.79(7) O(2)–Ti(1)–O(3) 92.95(7)
O(6)–Ti(1)–O(7) 73.04(9) O(2)–Ti(1)–O(3) 93.53(8) O(4)–Ti(1)–O(3) 99.15(7)

Eur. J. Inorg. Chem. 2006, 4449–4454 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4451
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a Br–N interaction of 3.034 Å, which falls within the typical
range,[33–35] to render the formation of a supramolecular
ladder.

Figure 6. Bromine–nitrogen interactions in complex Ti2(5)(OiPr)6.

Conclusions

In conclusion X-ray structures of five novel titanium(IV)
azine and hydrazone complexes are reported. The hydraz-
one complexes form monomers which have interesting
supramolecular structures, with Ti(1)2(OiPr)2 forming a rib-
bon-like array and Ti(2)2(OiPr)2 forming a chain-like struc-
ture. By increasing the steric bulk the hydrogen bonding
motifs are significantly altered. The azine complexes form
dimers in the solid state. At the molecular level the substitu-
ents on the salicylaldimine aryl oxide groups had little effect
on the structures. However, on the supramolecular level in-
troduction of Lewis basic groups in the ortho position al-
lowed formation of a weak intramolecular C–H···O interac-
tion and intermolecular N–Br interactions, which induced
the formation of a supramolecular ladder.

Experimental Section
For the preparation and characterisation of complexes, all reactions
and manipulations were performed under argon using standard
Schlenk or glove-box techniques and all solvents were freshly dis-
tilled from suitable drying agents and degassed prior to use. Ligand
1H was purchased from Aldrich, 2H and 3H2–5H2 were synthe-
sised using literature procedures[36] and recrystallised from petro-
leum ether prior to use. Ti(OiPr)4 was purchased from Aldrich and
purified by vacuum distillation prior to use. 1H/13C NMR spectra
were recorded with a Bruker Avance 300 MHz spectrometer and
referenced to residual solvent peaks. Coupling constants are given

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4449–44544452

in Hertz. Elemental analysis was performed by Mr. A. K. Carver
at the Department of Chemistry, University of Bath. Due to the
propensity of the complexes to hydrolyse reliable elemental analysis
could not be obtained in some cases. Crystallographic data were
collected on a Nonius KappaCCD area detector diffractometer
using Mo-Kα radiation (λ = 0.71073 Å) at a temperature of
150(2) K, and all structures were solved by direct methods and re-
fined on all F2 data using the SHELXL-97 suite of programs.[37]

Hydrogen atoms not involved in hydrogen bonding were included
in idealised positions and refined using the riding model. Absorp-
tion corrections were applied on merit. See Table 4 for full crystal-
lographic parameters.

CCDC-607937 to -607941 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Ti(1)2(OiPr)2: A solution of salicylaldehyde hydrazone (0.82 g,
6 mmol), was prepared in dry toluene (10 mL) under an inert atmo-
sphere. To this Ti(OiPr)4 (0.9 mL, 3 mmol) was added to give a
bright yellow solution. This solution was vigorously stirred for 1 h.
The solvent was removed in vacuo to give a pale yellow solid prod-
uct. This product was suspended in hexane and toluene added until
dissolution occurred on warming. Standing at room temperature
yielded a crop of yellow blocks. Yield 1.12 g (85%). M.p.
140–143 °C. 1H NMR (CDCl3): δ = 1.04 [d, J = 6 Hz, 12 H,
CH(CH3)2], 4.63 [sept, J = 6 Hz, 2 H,CH(CH3)2], 5.57 (s, 4 H,
NH2), 6.69 (dd, J = 5 and 1 Hz, 2 H, Ar-H), 6.78 (d, J = 8 Hz, 2
H, Ar-H), 7.00 (d, J = 8 Hz, 2 H, Ar-H), 7.18 (m, 2 H, Ar-H), 7.62
(s, 2 H, imine CH) ppm. 13C{1H} (CDCl3): δ = 25.6 [CH(CH3)2],
79.2 [CH(CH3)2], 118.5, 118.9, 122.0, 131.3, 132.3 (Ar), 146.9
(NCH), 162.4 (Ar-O) ppm. C20H28N4O4Ti (436.3): calcd. C 55.1,
H 6.47, N 12.84; found C 54.8, H 6.40, N 12.70.

Ti(2)2(OiPr)2: An analogous procedure to that for Ti(1)2(OiPr)2

was followed. Yield 0.39 g (59%), m.p. 220–224 °C (dec.) 1H NMR
(CDCl3): δ = 0.90 [two overlaying doublets, J = 6 Hz, 12 H,
CH(CH3)2], 1.22 [s, 18 H, C(CH3)3], 1.46 [s, 18 H, C(CH3)3], 4.55
[sept, J = 6 Hz, 2 H, CH(CH3)2], 5.48 (s, 4 H, NH2), 6.87 (s, 2 H,
Ar-H), 7.29 (s, 2 H, Ar-H), 7.70 (s, 2 H, NCH) ppm. 13C{1H}
NMR (CDCl3): δ = 26.0 [CH(CH3)2], 30.2 [C(CH3)3], 31.9
[C(CH3)3], 34.5 [C(CH3)3], 35.6 [C(CH3)3], 78.6 [CH(CH3)2], 121.2,
125.9, 127.1, 137.6, 139.6 (Ar), 148.7 (NCH), 159.7 (Ar-O) ppm.
C36H60N4O4Ti (660.8): calcd. C 65.4, H 9.15, N 8.48; found C 66.2,
H 9.35, N 7.90.

Ti2(3)(OiPr)6: A solution of 2,4-di(tert-butyl)salicylaldehyde azine
(0.36 g, 1 mmol), was prepared in dry toluene (10 mL) under an
inert atmosphere. To this Ti(OiPr)4 (0.6 mL, 2 mmol) was added to
give a yellow solution. This solution was vigorously stirred for 1 h.
Reduction in volume of the toluene and standing at room tempera-
ture yielded a crop of yellow blocks. Yield 0.46 g (57%), m.p. 243–
246 °C. 1H NMR (CDCl3): δ = 0.77 [br., 12 H, CH(CH3)2], 1.02
[d, J = 6 Hz, 6 H, CH(CH3)2], 1.20 [d, J = 6 Hz, 6 H, CH(CH3)2],
1.21–1.29 [m, 30 H, 2× CH(CH3)2 and 2× C(CH3)3)], 1.46 [s, 18
H, C(CH3)3], 4.37 [sept, J = 6 Hz, 2 H, CH(CH3)2], 4.77 [sept, J =
6 Hz, 2 H, CH(CH3)2], 4.88 [sept, J = 6 Hz, 2 H, CH(CH3)2], 7.12
(s, 2 H, Ar-H), 7.37 (s, 2 H, Ar-H), 7.89 (s, 2 H, NCH) ppm.
13C{1H} NMR (CDCl3): δ = 22.0 [CH(CH3)2], 22.1 [CH(CH3)2],
23.7 [CH(CH3)2], 23.7 [CH(CH3)2], 23.8 [CH(CH3)2], 23.9
[CH(CH3)2], 27.9 [C(CH3)3], 29.5 [C(CH3)3], 32.1 [C(CH3)3], 33.3
[C(CH3)3], 72.3 [CH(CH3)2], 75.1 [CH(CH3)2], 75.9 [CH(CH3)2],
117.8, 126.2, 127.0, 135.8, 136.4 (Ar), 149.6 (NCH), 159.8 (Ar-O)
ppm. C48H84N2O8Ti2 (912.9): calcd. C 63.2, H 9.27, N 3.07; found
C 63.0, H 9.14, N 3.39.
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Table 4. Crystal data of the complexes Ti(1)2(OiPr)2, Ti(2)2(OiPr)2, Ti2(3)(OiPr)6, Ti2(4)(OiPr)6 and Ti2(5)(OiPr)6.

Complex Ti(1)2(OiPr)2 Ti(2)2(OiPr)2 Ti2(3)(OiPr)6 Ti2(4)(OiPr)6 Ti2(5)(OiPr)6

Empirical formula C20H28N4O4Ti C39H67N4O4Ti C55H92N2O8Ti2 C34H56N2O10Ti2 C44H74Br2N6O8Ti2
Formula mass 436.36 703.87 1005.11 748.61 1070.71
Crystal system triclinic monoclinic triclinic monoclinic monoclinic
Space group P1̄ P21/c P1̄ C2/c C2/c
a [Å] 9.644(2) 17.118(3) 13.433(3) 11.172(1) 30.193(4)
b [Å] 10.188(3) 13.160(2) 14.276(3) 15.376(2) 9.862(1)
c [Å] 11.142(3) 18.425(3) 17.623(4) 22.973(4) 17.667(3)
α [°] 97.437(1) 90 77.595(1) 90 90
β [°] 92.913(1) 98.237(1) 72.174(1) 95.451(1) 95.214(1)
γ [°] 94.571(1) 90 64.645(1) 90 90
V [Å3] 1080.0(5) 4107.8(1) 2893.6(1) 3928.5(9) 5238.8(1)
Z 2 4 2 4 4
Dcalcd. [g cm–3] 1.342 1.138 1.154 1.266 1.358
Reflections collected 12218 52194 37102 18362 33197
θ range [°] 3.28–27.50 3.61–27.49 3.65–25.68 3.56–26.37 3.82–27.51
Independent reflections 4922 [0.0350] 9332 [0.0793] 10966 [0.1136] 3934 [0.1257] 5985 [0.044]
[Rint]
Goodness-of-fit 1.002 1.045 1.025 1.029 1.057
R1,wR2 [I�2σ(I)][a] 0.0374, 0.0975 0.0566, 0.1449 0.0683, 0.1630 0.0494, 0.1138 0.0340, 0.0810
R1, wR2 [all data][a] 0.0486, 0.1043 0.0890, 0.1648 0.1245, 0.1935 0.0787, 0.1289 0.0407, 0.0865

[a] R1 = Σ|Fo| – |Fc|/Σ|Fo|, wR2 = [Σ(Fo
2 –Fc

2)2/Σw(Fo
2)2]1/2.

Ti2(4)(OiPr)6: An analogous procedure to that for Ti2(3)(OiPr)6

was followed. Yield 0.86 g (57%), m.p. 147–148 °C. 1H NMR
(CDCl3): δ = 0.80 [2 overlaying doublets, J = 6 Hz, 12 H, CH-
(CH3)2], 1.12 [2 overlaying doublets J = 6 Hz, 12 H, CH(CH3)2],
1.23 [d, J = 6 Hz, 6 H, CH(CH3)2], 1.32 [d, J = 6 Hz, 6 H,
CH(CH3)2], 3.84 (s, 6 H, OCH3), 4.39 [sept, J = 6 Hz, 2 H,
CH(CH3)2], 4.71 [sept, J = 6 Hz, 2 H, CH(CH3)2], 4.95 [sept, J =
6 Hz, 2 H, CH(CH3)2], 6.59 (m, 2 H, Ar-H), 6.85 (s, 2 H, Ar-H),
6.92 (s, 2 H, Ar-H), 7.87 (s, 2 H, NCH) ppm. 13C{1H}(CDCl3): δ
= 25.2 [CH(CH3)2], 26.1 [CH(CH3)2], 27.0 [CH(CH3)2], 27.2
[CH(CH3)2], 27.5 [CH(CH3)2], 27.5 [CH(CH3)2], 59.4 (OCH3), 76.3
[CH(CH3)2], 79.6 [CH(CH3)2], 80.7 [CH(CH3)2], 118.1, 120.6,
122.2, 126.1, 151.5 (Ar), 152.8 (NCH), 158.8 (Ar-O).
C34H56N2O10Ti2 (748.6): calcd. C 54.6, H 7.54, N 3.74; found C
54.5, H 7.49, N 3.69.

Ti2(5)(OiPr)6: An analogous procedure to that for Ti2(3)(OiPr)6

was followed. Yield 0.89 g (83%), m.p. 175–179 °C. 1H NMR
(CDCl3): δ = 0.80 [2 overlaying doublets, J = 6 Hz, 12 H,
CH(CH3)2], 0.99 [d, J = 6 Hz, 6 H, CH(CH3)2], 1.12 [d, J = 6 Hz,
6 H, CH(CH3)2], 1.24 [2 overlaying doublets, J = 6 Hz, 12 H,
CH(CH3)2], 2.24 [s, 6 H, NCH3], 2.41 [br. m, 16 H, piperazine
CH2], 3.47–3.68 [m, 4 H, NCH2Ph], 4.34 [sept, J = 6 Hz, 2 H,
CH(CH3)2], 4.64 [sept, J = 6 Hz, 2 H, CH(CH3)2], 4.89 [sept, J =
6 Hz, 2 H, CH(CH3)2], 7.20 [s, 2 H, Ar-H], 7.53 (s, 2 H, Ar-H),
7.74 (s, 2 H, NCH) ppm. 13C{1H} (CDCl3): δ = 22.8 [CH(CH3)2],
23.1 [CH(CH3)2], 24.6 [CH(CH3)2], 24.8 [CH(CH3)2], 24.9
[CH(CH3)2], 24.9 [CH(CH3)2], 45.2 [NCH3], 52.3, 54.3 (piperazine
CH2), 55.0 (NCH2Ar), 73.8 [CH(CH3)2], 77.0 [CH(CH3)2], 78.0
[CH(CH3)2], 106.9, 119.9, 129.5, 131.3, 135.7 (Ar), 149.0 (NCH),
161.5 (Ar-O) ppm. C44H74N6O8Ti2Br2 (1070.6): calcd. C 49.4, H
6.97, N 7.85; found C 48.1, H 6.61, N 7.52.
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Ti(�NR)Cl2(NHMe2)2 that are accessible through the
reported one-pot reaction of Ti(NMe2)4 with a primary
amine RNH2 in the presence of excess chlorotrimethyl-
silane. This procedure appears to be general to the genera-
tion of a wide range of imido groups: alkyl-, silyl-, and aryl-
imido groups, as well as functional organoimido, chiral
imido, and diimido ligands. Ti(�NR)Cl2(NHMe2)2
complexes are of particular interest as organometallic syn-
thons and for further applications in the field of homo-
geneous catalysis and materials science. The background
photo of the famous palm tree vault of the Jacobins church
(Toulouse, France, founded in the 13th�14th centuries)
symbolizes the diversity of the compounds � arranged in
arc around the palm tree vault � that can be prepared by
using our promising synthetic strategy, and provides a solid
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p. 4503ff. The authors acknowledge Christian Bergounhou
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Hemilability is the property of hybrid ligands to undergo a
reversible metal chelate opening process by rupture of the
weakest coordinative bond, yielding a coordinatively unsatu-
rated complex. While experimental evidences of the process
rely on the observation of fluxional behavior in the metal
complex or on the spectroscopic detection of the species with
different chelating bites, various effects are speculatively at-
tributed to hemilability. In this review, this property is dis-
cussed in the context of its effects on the rate and mecha-
nisms of bimolecular reactions. Examples of kinetics per-
formed on ligand substitution, oxidative addition, alkyne tau-

1. Introduction

Bidentate or polydentate ligands characterized by the
presence of different donor atoms (X) bind to metal centers
forming complexes with one or more metallacyclic rings.
Because of the different strengths of the metal–heteroatom
bonds, the metal complex may undergo a ring-opening pro-
cess by the preferential rupture of the weakest coordinative
bond. When the ligand free arm is easily recoordinated, the
process becomes reversible (Scheme 1).[1,2]

Scheme 1. Hemilability of a bifunctional ligand X1–X2.
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tomerization, and dehydrobromination reactions illustrate
that the ligand hemilability process can be detected through
simple kinetic analyses and can be quantitatively evaluated
with respect to alternative reaction pathways. Since this con-
cept affects various fields of chemistry, e.g. catalysis, supra-
molecular chemistry, molecular sensing, and materials, the
kinetic approach may assist the rational design of ligands
with the expected properties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

This feature, defined as hemilability, arises from the
mixed bonding characteristics of hybrid ligands. It should
be emphasized that while the term hybrid identifies the bi-
functional structure of the ligand, the term hemilabile refers
to the property of undergoing selective metal-donor bond
breaking in the corresponding metal complex.[3]

Hemilability has been discussed in excellent reviews writ-
ten in the last few years, which have focussed on definition
and properties, and have described either the different
classes of ligands according to the donor atoms involved
in the chelate[1] or specific ligand systems with hemilabile
character.[2] The use of potentially hemilabile ligands in ca-
talysis has also been reviewed.[4]

The expression “hemilabile ligands” was first formulated
by Jeffrey and Rauchfuss,[5] following from the early exam-
ples of transition metal complexes with bifunctional li-
gands.[6] These investigations were motivated by the expec-
tation that bifunctional, for instance phosphane-amine or
phosphane-ether, ligands would bind strongly enough to
form chelate complexes but would readily dissociate the
hard (N or O) ligand component in order to create a vacant
site for substrate binding. Since then, the transition metal
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coordination chemistry of hemilabile ligands has expanded
impressively and, while the initial motivation still remains
the essential leitmotiv, hemilability is now considered a use-
ful approach to induce molecular activation and create new
systems for homogeneous catalysis and functional materi-
als. Ligand design, synthesis of transition metal complexes
with enhanced reactivities, biomimetic modelling, enantio-
selective catalysis, supramolecular coordination chemistry,
and sensing of small molecules are some of the topics which
have been affected by this concept.[1,2]

As a striking example of the impact that may arise from
the strategic use of hemilability in catalysis, it is worth men-
tioning the case of the Hoveyda–Grubbs catalysts, which
have significantly expanded the application profile of olefin
metathesis in organic chemistry,[7] a subject now at the fore-
front of the chemical scenario.[8]

The key feature of these ruthenium complexes is the pres-
ence of the bidentate o-isopropyloxybenzylidene ligand,
which binds to ruthenium through both the carbene func-
tionality and the ethereal oxygen atom. When in action, the
molecule allows the coordination of the olefinic substrate
by substitution of the bound oxygen moiety (Scheme 2). On
the other hand, the ethereal group stabilizes the complex
when dormant in solution, thus reducing the decomposition
pathways that occur more easily in the corresponding
benzylidene phosphane complexes. In addition, this stabiliz-
ing effect allows for the recovery of the complex at the end
of the reaction by column chromatography.

Scheme 2. Activation of a Hoveyda–Grubbs metathesis catalyst by
substitution of the oxygen-bound chelate by an olefin.

The combination of a strong, substitutionally inert, and
a weak, substitutionally labile, donor atom within the li-
gand molecular frame is the rationale for obtaining hemil-
ability, which results from the relative metal–donor bond
strengths in the complex. In fact, the strong bond ensures
stability to the system when monocoordinated, while the
weak bond allows for ring opening and closing of the
metallacycle. Although it can be generically stated that the
net effect arises from a combination of steric and electronic
properties, it is nowadays difficult to predict a hemilabile
character because of the variety of factors coming into play,
for instance relative donicity toward a specific metal ion,
interplay of soft and hard donor properties, ring size of the
chelate, influence of ancillary ligands, ring substituents,
solution effects, etc. The net outcome is that the game of
hemilability is ruled by subtle and elusive energy differ-
ences, still difficult to control. It is with regard to this that
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an understanding of this property at a kinetic level may
assist a rational design of ligands and complexes with the
expected functions.

2. Properties of Hemilabile Complexes

The most significant feature exhibited by transition metal
complexes of bifunctional ligands with hemilabile character
is a fluxional behavior arising from the dissociation and
rebinding of the weakly bonding moiety by intramolecular
ligand exchange processes (Scheme 1).[9] The exchange in-
volves a transient species which is either coordinatively un-
saturated if formed from a dissociative pathway or saturated
by solvent or by a counterion molecule. The intimate mech-
anistic features of fluxional processes of hemilabile systems
have been documented in detail and are understood in
depth, with a corresponding development of appropriate
spectroscopic techniques and evaluative criteria.[1] A second
important feature that may arise from hemilability in the
complex is the facility to undergo ligand displacement reac-
tions with external molecules, in which a monodentate li-
gand, a small molecule, or an organic substrate coordinates
to the metal ion via the door opened by the substitutionally
labile group. Reversible decoordination followed by chelate
formation corresponds to hemilability (Scheme 3).[10]

Scheme 3. Substitution reaction in the complex with a hemilabile
ligand.

This property moves hemilability from a strictly intramo-
lecular process toward a bimolecular phenomenon, with the
obvious implications for molecular sensing, supramolecular
design, and enhanced catalytic activity. However, in ad-
dition to the isolation of the corresponding substituted
complexes and the qualitative observation of intriguing ef-
fects in stoichiometric or catalytic reactions, attributed to
hemilability, the reaction mechanisms of transition metal
complexes with bifunctional ligands in bimolecular reac-
tions have not been studied extensively from the point of
view of hemilability. In this regard, since the ring opening
represents an easy access to a structural isomer of the che-
late complex with altered reactivity, kinetic studies can pro-
vide an additional criterion for the identification of hemi-
lability and a quantitative evaluation of its role along the
reaction coordinate. In fact, it is within the exclusive realm
of chemical kinetics that many reactive species are detected
and evaluated, specifically when these are elusive toward
any spectroscopic detection.

3. Kinetic Studies

Although the mechanisms of metal-chelate ring-opening
processes of polydentate ligands have been studied exten-
sively from a kinetic viewpoint,[11] the first article dealing
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with the reaction of a metal complex of a bifunctional li-
gand was described by Knebel and Angelici in 1974.[12] The
purpose of the work was to study the effect of the chelate
ring structure on the rates of ring opening for reactions in
which the product contained a bidentate ligand in the mon-
ocoordinated mode. This effect was obtained using a series
of bifunctional ligands Ph2P(CH2)2NR2 (R = Me, Et, H)
and Ph2P(CH2)3NMe2 (P-N) in the reaction of the com-
plexes [M(CO)4(κ2-P,N)] (1) with carbon monoxide, by tak-
ing advantage of the different binding abilities of a relatively
inert phosphorus-donor and a labile nitrogen-donor atom.
In fact, the substitution reactions of analogous bidentate
N–N, S–S, CS–CS, As–As ligands in Cr, Mo, and W com-
plexes had always proceeded with complete displacement of
the bidentate ligand, affording no experimental evidence for
the ring-opened monodentate species.

The reactions of complexes 1 with CO to give [Mo(CO)5-
(κ1-P,N)] (2) were found to be first order in the metal com-
plex and in CO, and second order overall. Such a relatively
simple kinetic behavior is in agreement with at least two
mechanisms, implying either direct attack of CO on the
starting complex or reversible dissociation of the N-donor
group followed by CO attack on the five-coordinate inter-
mediate [Mo(CO)4(κ1-P,N)] (3), this latter case being out-
lined in Scheme 4.

With the assumption that k–2 is negligible, application
of the steady-state approximation to the open intermediate
yields the rate expression (1) (L = CO), which implies a
first-order dependence on the CO concentration in the rea-
sonable case that k–1 �� k2[CO]. This is in agreement with
the observed linear dependence of the kobs values on the
concentration of carbon monoxide.

kobs =
k1k2[L]

k–1 + k2[L]
(1)

Since the second-order behavior does not give direct evi-
dence for the existence of an intermediate along the reac-
tion pathway, discrimination between the two mechanisms
was possible from the observation that the reactivity, ex-
pressed by kobs, became independent of [CO], hence zero
order, upon performing the reaction in the presence of tri-
fluoroacetic acid. This is because of the fast protonation of
the nitrogen atom of the intermediate, which prevents any

Scheme 4. Mechanism of the substitution reaction of complexes [M(CO)4(κ2-P,N)] with carbon monoxide.

Scheme 5. Mechanism of the substitution reaction of complexes [M(CO)4(κ2-P,N)] with carbon monoxide in the presence of acid.
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possibility of ring closing, resulting in the starting complex,
and allows rapid trapping of the five-coordinate species by
CO to give the product [Mo(CO)5(κ1-P,NH+)] (4)
(Scheme 5).

Under these conditions, the rate is only limited by the
value of k1. Therefore, the kinetics in the presence of acid
allowed the rate constant of the ring-opening process to be
obtained, i.e. the Mo–N bond breaking, being kobs = k1.
The operation of a purely dissociative mechanism yielding
the “open arm” five-coordinate intermediate [Mo(CO)4(κ1-
P,NH+)] was supported from the evidence of zero-order de-
pendence on [CO] for the substitution reactions of corre-
sponding monodentate N-ligand complexes under analo-
gous conditions, with a lack of rate enhancements in the
presence of acid. The k1 values were found to increase by
an order of magnitude with the bulkiness of the N substitu-
ents (H = Me � Et) in the five-membered chelate complexes
[Mo(CO)5(κ2-P,N)-Ph2P(CH2)2NR2], while a 50-fold rate
increase was observed in the corresponding six-membered
chelate (R = Me) as the result of the larger release of ring
strain in the transition state.

Having established from kinetic data the hemilabile char-
acter of the P–N complexes, the kobs/[CO] values in the ab-
sence of acid yield k1k2/k–1, from which the ratio k2/k–1 can
be derived. This value represents the competition for the
intermediate species between ring closure and reaction with
CO. The data indicated that ring closure (k–1) is approxi-
mately one thousand times faster than the uptake of CO
(k2) and that the five-coordinate intermediate is insensitive
to the nature of the N donor group or to the size of the
incipient ring. Thermodynamic parameters in addition to
kinetic data were determined for the reactions of complexes
[M(CO)4(κ2-P,N)] with carbon monoxide, P–N being a
series of o-phosphanepyridyl ligands.[13]

These articles represented the most informative kinetic
studies on the reaction of a bifunctional system proceeding
by substitution of the weakly bound donor moiety with an
external ligand, and showing in quantitative terms the com-
petition of the monodentate intermediate between ring clo-
sure (k–1) and the bimolecular reaction (k2). In these cases,
(i) the only reactive pathway is provided by chelate-ring
opening, and (ii) the incoming ligand does not participate
in further reactions. The backward reaction can be sup-
pressed by trapping the ligand free arm into a group that is
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unsuitable for rebinding, such as by protonation. Kinetics
of the acid-promoted chelate-ring opening have often been
reported for a variety of transition metal complexes with
hybrid ligands.[14]

The case of competitive reactivity of the chelate molecule
and of the open monodentate species has emerged during
our studies on the reaction of the rhodium(I) carbonyl com-
plex [Rh(κ3-L)(CO)]PF6 (5) with methyl iodide, in which L
is the tridentate NS2 ligand 2,6-bis(benzylthiomethyl)pyri-
dine binding to rhodium in a square-planar geometry
through a trans-dithioether coordination. The complex, as
well others from the same family containing the NS2 ligand
set, exhibits a fluxional behavior at room temperature aris-
ing from configurational inversion at the stereogenic sulfur
centers and occurring by the debinding and rebinding of
the sulfur donor groups.[15] The reaction of 5 with methyl
iodide proceeds by consecutive oxidative addition–carbonyl
insertion reactions, which is typical of many monodentate
and bidentate rhodium(I) carbonyl complexes, and results
in the isolation of the final RhIII acyl complex [Rh(κ3-L)-
(COMe)I]PF6 (6) (Scheme 6).[16]

Scheme 6. Consecutive oxidative addition–migratory insertion
steps in the reaction of complex 5 with methyl iodide.

Rate studies on the oxidative addition step, giving the
intermediate RhIII methyl species [Rh(L)(CO)(Me)I]PF6

(first stage in Scheme 6), have been carried out in solvents
of different polarity. The data indicated the presence of two
parallel routes, one involving the four-coordinate complex
5, and one involving a rearranged form of this complex.
This evidence emerged from a relatively simple kinetic be-
havior expressed from the plots of kobs vs. the concentration
of MeI in acetonitrile, acetone, and dichloromethane (Fig-
ure 1), which showed a linear dependence on MeI and a
nonzero intercept on the y axis. While the linear depen-
dence identifies a reaction route characterized by the pres-
ence of both the rhodium complex and the electrophile in
the rate-determining step, overall second-order, the nonzero
intercept indicates an alternative pathway that is first order
in the rhodium complex but zero order in MeI, in which
the electrophile comes into play after the rate-limiting step.

The concept arising from the observed kinetic behavior,
represented graphically in Scheme 7, corresponds to the
case of a generic substrate S that can react as such (second-
order route) or in the form of a more reactive species S*
(first-order route) to give the same final product P.[17] The
transient molecule S* is either captured by the reagent R
with rate k2 or transformed back into the original complex
with rate k–1. Since both of these steps are faster than its
formation, this rearranged form of the starting material is
subject only to kinetic but not to spectroscopic detection.
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Figure 1. Plot of kobs values for the oxidative addition of methyl
iodide to complex [Rh(κ3-L)(CO)]PF6 (5) [L = 2,6-bis(benzylthio-
methyl)pyridine] in acetonitrile, acetone, and dichloromethane, at
31 °C.

Scheme 7. Schematic representation of parallel first- and second-
order routes in the reaction of substrate S with reagent R to give
product P.

The kinetic analysis of Scheme 7 yields Equation (2)
from the application of the steady-state approximation to
the intermediate S*.

kobs = k1 + k3[R] (2)

At this stage, the next step takes us from facts to in-
terpretation. Although various speculations can be done as
to the origin of a highly reactive species arising from the
tridentate complex, logic and indirect evidences suggest that
hemilability of the NS2 ligand plays a role in the pathway
which is zero order in MeI. In fact, the fluxional character
of this system indicates the presence of an equilibration pro-
cess specifically involving the methylene groups of the li-
gand. The dissociation of one ligand arm by rupture of the
sulfur–rhodium bond would provide a 14 electron and co-
ordinatively unsaturated complex, expected to be highly re-
active toward the electrophilic methyl iodide. The mechan-
istic version of Scheme 7 in terms of the structural features
of complex 5 is represented in Scheme 8.

The intercept on the y axis represents the rate of forma-
tion of the κ2-N,S complex (k1), which is slower than the
reaction with MeI (k2) or the rebinding of the thioether
group (k–1). Analysis of the first-order rate constants, k1,
reveals a small dependence on the nature of the solvent,
which is typical for a limiting-ligand dissociative step from
a platinum group metal.[18] This is in sharp contrast with
the values of the second-order rate constants, k3, which vary
by a factor of 20 between the polar solvent acetonitrile and
the less polar dichloromethane, implying separation of
charge in the attack of rhodium to the methyl group during
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Scheme 8. First (k1: slow; k2: fast) and second-order (k3) routes for
the reaction of complex 5 with methyl iodide.

the slowest step, clearly associated with methyl iodide bond
rupture.[19] Values of k1 and k3, along with the ratios k1/
([MeI]×k3), which represent the relative weight of the two
pathways at different concentrations of methyl iodide, are
reported in Table 1.

Table 1. Values of rate constants for the reaction of complex
[Rh(κ3-NS2)(CO)]PF6 (5) with MeI in different solvents (31 °C).

Solvent ε[a] k1 / s–1 k3 / –1 s–1 k1/k3 × [MeI][b] k1/k3 × [MeI][c]

CH2Cl2 9.1 1.1×10–5 6.4×10–6 3.4 1.7
Me2CO 20.7 6.7×10–6 5.9×10–5 0.23 0.11
MeCN 37.5 1.7×10–5 1.4×10–4 0.24 0.12

[a] Dielectric constant. [b] c = 0.5 . [c] c = 1.0 .

In addition to the fluxional character of complex 5, a
convincing indirect evidence that supports the interpret-
ation based on hemilability is that the reactions of rhodi-
um(I) complexes with MeI, as well as those of platinum
group metal complexes in general, display kinetic plots
characterized by linear dependence on the electrophilic con-
centrations and zero intercepts on the y axis, indicating the
availability of only one reactive route.[20] Moreover, signifi-
cant solvent effects are observed in these reactions, which
proceed by means of an SN2 pathway, in contrast to the
lack of any correlation with the solvent donor ability in the
clockwise route (k1) of Scheme 8. A kinetic pattern showing
a nonzero intercept was found once in the case of the rhodi-
um(I) complex [Rh(cupf)(CO)(PPh3)], containing the biden-
tate anionic ligand N-nitrosophenyloxyamine PhN(NO)-
O– (cupf).[21] In this case, the presence of mixed first- and
second-order pathways was interpreted as the result of an
intramolecular rearrangement of the complex induced by
the attack of solvent and involving a change of the coordi-
native mode of the bifunctional ligand, thus generating a
reactive species in equilibrium with the starting material.
Linear plots with a positive intercept on the y axis and de-
scribed by an equation formally identical to 2 are found for
equilibrium processes in which substrate and product re-
main spectroscopically observable at the end of the reac-
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tion. Such a case can be found in the oxidative addition of
methyl iodide to the iodocarbonyl complex [Rh(CO)-
(LMe)2I] containing the N-heterocyclic carbene 3,5-dimeth-
ylimidazoline-2-ylidene (LMe) ligand.[22] It is usually easy to
differentiate between parallel and reversible processes from
the final spectra.

An interesting kinetic pattern was observed for the reac-
tion of complex 5 in methanol, in which the kobs values as
a function of [MeI] exhibit a saturation behavior, i.e. tend
toward a limiting value with increasing concentration of the
electrophile.[15] This situation corresponds to the formation
of a reactive species in equilibrium with the substrate, often
induced by solvent, with comparable values of the forward
reaction with the reagent and of the step leading back to
the starting material.[23] The kinetic analysis on treatment
of the intermediate under steady-state conditions yields the
same Equation (1) (L = MeI) which was derived from the
case of the P–N complexes 1, the saturation effect here aris-
ing from the similarity of k–1 and k2. Although the separate
values cannot be determined, the analysis yields the ratio
k–1/k2 and the rate constant k1. In the present case, these
correspond to 1.8, and to the same rate of methyl iodide
attack and ring closure at [MeI] = 1.8 , and to
1.7×10–4 s–1, respectively. Therefore, it appears that in
methanol the preferred route is the one involving a meth-
anol solvated bidentate κ2-N,S complex, along the clock-
wise pathway of Scheme 8, with no evidence for the second-
order route. For the sake of comparison with the reaction
of the bidentate P–N complexes 1 with carbon monoxide,
the ratio of ring closure to CO attack (k–1/k2) from the five-
coordinate intermediate [Mo(CO)4(κ1-P,N)] is about one
thousand at the conditions employed ([CO] = 5×10–3 ,
69.6 °C in 1,2-dichlorobutane), while extrapolation at a
concentration of carbon monoxide of about 1  yields a
similar ratio to the one observed for the reaction of 5 in
methanol.

We have performed rate studies on the second step of the
reaction of complex 5 with MeI (Scheme 6), which is the
migratory insertion process giving the isolable product
[Rh(κ3-L)(COMe)I]PF6 (6). The reaction is characterized
by no rate dependence on the MeI concentration as ex-
pected for an intramolecular process, and we had no experi-
mental evidence for any role of hemilability. However, in
light of more information now available about the reactivity
of rhodium(I) complexes with tridentate ligands, it appears
that the presence of harder donor atoms or of less flexible
ligand structures inhibit the migratory-insertion step. In
fact, the oxidative addition of MeI stops at the methyl car-
bonyl rhodium(I) species for [N–N–N] complexes of 2,6-
bis(oxazoline)pyridine,[24] bis(imino)carbazolide,[20q] or
of [C–N–C] 2,6-bis(alkylimidazol-2-ylidene)pyridine li-
gands,[20r] while it proceeds to spontaneous migratory CO
insertion for rhodium(III) complexes of hybrid [P–N–O] or
[N–O–N] ligands.[25–26] The contribution of the association/
dissociation process of a dangling ligand arm in carbon-
ylation reactions was proposed for rhodium(I) complexes of
mixed phosphane-phosphite or phosphane-ether bidentate
ligands.[2a,c,20e,27]
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Analogous cases of parallel first- and second-order kinet-

ics were found in the study of the reactions of ruthenium
complexes coordinated by the hybrid allylphosphane li-
gand, Ph2PCH2CH=CH2, which acts in a bidentate fashion
through the coordination of both the phosphorus atom and
the allylic double bond to the metal center. Mixed alkenyl-
phosphane or alkynyl-phosphane ligands have attracted a
large interest because of the potential hemilabile character
in the corresponding transition metal complexes.[28] The
Cp* ruthenium complex [Ru(η5-C5Me5){κ1-P-Ph2PCH2-
CH=CH2}{κ3-P,C,C-Ph2PCH2CH=CH2}][PF6] (7), con-
taining two molecules of allylphosphane in different, mono-
dentate and bidentate, coordinative modes, reacts with nu-
cleophiles (L = NaNCS, CO, PhC�CH) yielding corre-
sponding neutral or cationic complexes in which both mole-
cules are monodentate. In addition, complex 7 reversibly
binds acetonitrile (Scheme 9).[29]

Scheme 9. Reversible coordination of acetonitrile to complex 7.

These reactions occur readily by substitution of the coor-
dinated alkenyl group, which forms a weaker bond to the
metal than the phosphorus donor. The specific hemilabile
character of allylphosphane was suggested by a fluxional
behavior exhibited by complex 7 at room temperature, and
confirmed by variable temperature NMR spectroscopic
studies. Substitution reactions and dynamic properties have
been interpreted as the result of a dissociative mechanism
involving binding and rebinding of the allylic moiety, typi-
cal of hemilability. In analogy, the cationic indenyl com-
plexes [Ru(η5-C9H7)(PPh3){κ3-P,C,C-Ph2PCHRCH=CH2}]-
PF6 (8, R = H; 9, R = Me) containing allylphosphane de-
rivatives undergo substitution reactions of the allylic double
bond by nitriles (MeCN, BzCN) or by sodium azide yield-
ing the corresponding monodentate cationic or neutral
complexes.[30] In contrast with the behavior of the Cp* com-
plex 7, dynamic processes were not observed in the 1H or
31P NMR spectra of complexes 8 or 9, performed between
–90 and 50 °C. Because of their rich chemistry, rate studies
were performed on the reactions of these indenyl complexes.

Scheme 10. Reaction of complex 8 with terminal alkynes.
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In particular, complex [Ru(η5-C9H7){κ3-(P,C,C)-
PPh2(CH2CH=CH2)}(PPh3)][PF6] (8) reacts with terminal
alkynes RC�CH (R = Ph, p-MeC6H4, SiMe3) yielding bicy-
clic cyclobutadienylidene compounds.[31] This reaction
stems from the action of the allylphosphane ligand, which
first decoordinates the allylic double bond allowing the in-
coming alkyne to π-coordinate to ruthenium and then un-
dergoes an unprecedented [2+2] cycloaddition with the tau-
tomerized vinylidene moiety (Scheme 10). The reaction is
highly diastereoselective yielding only one isomer of the bi-
cyclic derivative, which contains three stereogenic centers.

In the case of aryl alkynes, the intermediate vinylidene
species, observable by 31P NMR spectroscopy, were also in-
dependently prepared from the corresponding alkynyl de-
rivatives and shown to proceed under thermal activation to
the same bicyclic products. In addition to the novelty of
such a [2+2] cycloaddition occurring smoothly just above
room temperature, the process appears peculiar among
those of complexes with hybrid ligands since it involves
both a transformation of the alkyne at the metal center and
its further reaction with the dissociated arm of the bifunc-
tional molecule.

Although the first step of this process, i.e. the formation
of the vinylidene intermediates, is associated with a change
of the binding mode of the allylphosphane ligand from κ3-
P,C,C to monodentate κ1-P coordination, a case of hemi-
lability cannot be identified due to the lack of fluxional be-
haviour. Kinetic experiments were performed by 31P NMR
spectroscopy for the formation of the vinylidene species
from complex 8 and the aryl alkynes p-XC6H4C�CH (X =
H, Cl) in chloroform-d solution.[32] The reactions were
found to be first order in 8 and the values of kobs were
obtained at different concentrations of the alkynes. Figure 2
shows the corresponding plots. Analogous to the results ob-
tained for the rhodium complex 5, the graph reveals finite
intercepts on the y axis and points to the mechanistic hy-
pothesis of Scheme 7, which when adapted to the structural
features of complex 8 yields Scheme 11. In this case the pos-
itive values of the intercepts on the y axis represent the rate
of dissociation of the allylic double bond from ruthenium
(k1). These were found to be k1 = 9(±2.5)×10–5 s–1 for
phenylacetylene and 7(±1.5)×10–5 s–1 for p-chlorophen-
ylacetylene, corresponding to the rate of formation of the
vinylidene species [Ru(η5-C9H7)(=C=CHC6H4-p-X){κ1-
(P)-PPh2(CH2CH=CH2)}(PPh3)]+, existing in equilibrium
with the chelate complex. It is worth mentioning that a che-
late complex analogous to 8 coordinated by the homoal-
lylphosphane ligand PPh2(CH2CH2CH=CH2) is inert to-
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ward reactions with either nitrile or alkynes.[28] This infor-
mation indicates that enlarging the chelate by one ad-
ditional methylene group in the carbon chain imparts
greater stability to the ring and to the ruthenium–olefin
bond, which does not undergo either spontaneous or in-
duced ring opening.

Figure 2. Plot of kobs values for the substitution reaction of com-
plex [Ru(η5-C9H7){κ3-(P,C,C)-PPh2(CH2CH=CH2)}(PPh3)][PF6]
(8) with CD3CN (�), compared with the kobs values for the reac-
tions with PhC�CH (�) and p-ClC6H4C�CH (�), in [D1]chloro-
form at 38.1 °C.

Scheme 11. Direct SN2 attack of the alkyne at complex 8 (k3, slow)
or at the transient [Ru(η5-C9H7){κ1-(P)-PPh2(CH2CH=CH2)}-
(PPh3)][PF6] (k2, fast).

With regard to the mechanistic analysis presented for the
reaction of complex 5, there is an additional feature of rele-
vance in the concept of kinetic detection of hemilability. In
fact, the rate data in the case of the NS2 rhodium complex
[Rh(κ3-L)(CO)]PF6 were obtained for the reaction with the
same MeI in different solvents, while here different alkynes
have been made to react with the indenyl ruthenium com-
plex. The zero-order dependence on the alkyne implicit in
the finite y intercept and the observation of Scheme 11
points out that k1 values must be independent not only of
the concentration of the alkyne but also of its nature, since
the alkyne is supposed to interact with the ruthenium com-
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plex after the rate-determining dissociation of the allylic
double bond. In agreement with this consideration, the val-
ues of the intercept on the y axis obtained from phenyl-
acetylene and p-chlorophenylacetylene are the same within
experimental error of the measurements. In line with the
basic principle of chemical kinetics for which information
is attainable only up to the rate-limiting step along the reac-
tion coordinate, the rate of dissociation of the weakest bond
of the hybrid ligand is not affected by the evolution of the
resulting intermediate. In contrast, the values of the second-
order rate constants obtained from the slopes of the linear
plots, which are k2 = 5.5(±0.4)×10–4 for phenylacetylene
and 2.8(±0.3)×10–4 –1 s–1 for p-chlorophenylacetylene, de-
pend on the nature of the alkyne interacting with the metal
complex in the slowest step of this pathway. In particular,
the smaller value for the p-chloro derivative indicates that
an electron-withdrawing ring substituent reduces the elec-
tron density on the triple bond and its reactivity toward the
ruthenium center.

The concept that the rate of formation of a monodentate
intermediate arising from ring opening must be indepen-
dent of the concentration and nature of the reagent found
a further example in the reactions of complex 8 with nitriles
(L), proceeding quantitatively to the formation of
the substituted complexes [Ru(η5-C9H7)(PPh3){κ1(P)-
Ph2PCH2CH=CH2}(L)]PF6 (L = MeCN, BzCN),[30] dif-
ferently from that of the equilibrium observed for the bis-
allyl Cp* complex 7 (Scheme 9). The kinetics for the reac-
tion with [D3]acetonitrile exhibited mixed first- and second-
order routes, with the second-order rate constant k2 =
4.2(±0.1)×10–3 –1 s–1, in agreement with a larger nucleo-
philic character of a nitrile with respect to an arylalkyne.
In contrast, the first-order rate constant k1 =
1.5(±0.6)×10–4 s–1 was within experimental error of the val-
ues obtained from the reactions with p-XC6H4C�CH (X =
H, Cl). Therefore, because of the nature of k1 its value is
independent of the reaction in which the coordinatively un-
saturated intermediate becomes involved, i.e. of its final
destiny. This concept is represented graphically in
Scheme 12.

As previously pointed out, consistent circumstantial evi-
dence should assist the proposal of a reaction mechanism,
especially when highly reactive or spectroscopically unde-
tectable species are involved. The possibility of an interme-
diate arising from the dissociation of PPh3 instead of the
allylic double bond was excluded by the observation that
the rate of the reaction of complex 8 with phenylacetylene
was not depressed in the presence of a large excess of the
monodentate phosphane. In addition, the attribution of the
first-order pathway to a rate-limiting η5-η3 shift of the in-
denyl ring can be excluded from the fact that substitution
reactions of indenyl complexes exhibit second-order behav-
ior.[33] The substitution reaction in the indenyl complex is
first-order overall when the rate-determining dissociation of
another ligand generates a 16-electron coordinatively unsat-
urated species and the free ligand, the indenyl group re-
mains η5-bound.[34] What occurs in the case of complex 8
is exactly the intramolecular version of this phenomenon,
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Scheme 12. The reactivity of complex [Ru(η5-C9H7){κ3-(P,C,C)-PPh2(CH2CH=CH2)}(PPh3)][PF6] is dominated by the rate of dissociation
of the allylic double bond (k1).

with the allylphosphane ligand remaining bound to the ru-
thenium through the phosphorus atom. Cases of parallel
first- and second-order kinetics involving monodentate li-
gands and exhibiting the same kinetic pattern observed here
were also reported.[35]

A simple analysis of the plots in Figure 1 and Figure 2
allows the contribution of the arm-off mechanism to the
overall reactivity to be estimated. This is done graphically
from the ratio of k1 over the interpolated kobs value on the
y axis at a given concentration of the reagent. For instance,
the rhodium complex 5 reacts with MeI via the κ2-N,S in-
termediate for about 10% in acetone or in acetonitrile, and
for about 60% in dichloromethane, at [MeI] � 1 . The
contribution of hemilability increases to about 19% in the
more polar solvents and to 78% in dichloromethane at
[MeI] � 0.5 . The reaction of the indenyl ruthenium com-
plex 9 proceeds via the monodentate intermediate for about
25% in the case of phenylacetylene and 33% in the case of
the p-chloroderivative, at an alkyne concentration of 0.5 .
At the same concentration of phenylacetylene, only 5% of
the reaction with [D3]acetonitrile occurs via the open arm
intermediate of the allylphosphane complex. The effect of
hemilability is minimized under those conditions of solvent
or reagent that favor the SN2 attack to the chelate complex,
while it tends to become dominant at concentrations of the
reagent approaching zero.

Scheme 13. Equilibrium between dimeric monodentate and monomeric bidentate complexes, and the transition state structure in the 1,2-
dehydrobromination of (±)-2-exo-bromonorbornane, mediated by lithium diisopropylamide complexes.
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The substitution reactions of the homoditopic S–S li-
gands of [Pt(Ph)2{κ2-(S,S)-Ph2S(CH2)nSPh2}] (n = 2,3) by
a diphosphane were found to proceed according to Equa-
tion (2), indicating the formation of a monodentate κ1-S
transient species.[36] Parallel first- and second-order kinetics
were also observed for the acid-promoted ring opening
and displacement by chloride of the bidentate chelate
ligand from dichloro[pyridine-2-(α-methoxymethanolato)]-
gold(III).[14d]

The effect of hemilabile ligands on the rates of 1,2-dehy-
drobromination reactions mediated by lithium diisopro-
pylamide (LDA) were studied in detail by Collum and co-
workers. The process itself served as the reference reaction
for addressing key issues in organolithium chemistry, in
particular aggregation and solvation effects.[37] The reaction
in the presence of hemilabile O–N ligands instead of Bu-
OMe can be accelerated by up to four orders of magnitude
because of the intervention of monomer and dimer based
pathways. Kinetic and spectroscopic experiments carried
out using either BuOMe, bidentate ethers such as dimethoxy-
ethane, or different hybrid aminoethers have shown that
ground state structures are dimeric complexes bearing a
monodentate ligand, while transition state structures are
chelated monomeric species (Scheme 13).

The subject has been investigated with various ap-
proaches, including thermodynamic, kinetic, and computa-
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tional work, which has allowed the authors to show and
prove some fundamental mechanistic concepts. In particu-
lar, effects on relative reaction rates were dissected into the
rate retarding influence due to ground state stabilization
and the rate accelerating influence due to transition state
stabilization. The rate acceleration imparted by dimethoxy-
ethane and related aminoethers is due to selective stabiliza-
tion of the transition state structure arising from a chelate
effect of the hybrid ligands, and not to an increased sol-
vation ability with respect to a monodentate ligand. This
case, when compared with the examples described pre-
viously, shows an opposite situation among the effects,
which hybrid hemilabile ligands may exert on the reactivity
of a metal center. In fact, while complexes 1, 5, and 8 are
chelated in the ground state and change into monocoordin-
ated complexes by the arm-off mechanism to become reac-
tive toward a substrate, the lithium diisopropylamide com-
plexes are dimeric monodentate species in solution but use
bidentation at the transition state to access lower energy
pathways for the reaction. The transition state stabilization
and hence the reaction rates can be tuned by changing the
structure of the hybrid ligand in the following ways: (i) al-
tering the length of the hydrocarbon chain and so the che-
late ring size, (ii) varying the alkyl substituents on both the
oxygen and nitrogen donors, (iii) introducing ramification
on the carbon chain. A recent work addressing the last issue
has concluded that rate accelerations based on the gem-di-
methyl effect are nonexistent for lithium ion chelation.[38]

The gem-dimethyl effect applies when destabililizing effects
due to unfavorable steric interactions of alkyl substituents
in an open carbon chain are alleviated by ring closure and
can give pronounced substituent-dependent rate accelera-
tions.[39]

Although many hybrid ligands have been used success-
fully in catalysis,[2,4] the establishment of contributions from
the reversible association/dissociation of one labile function
during the catalytic cycle remains a key question, which ap-
pears more difficult to address than it is for stoichiometric
reactions.[40] Because of the interchange of various metal
species, the alternation of dangling or chelate ligand modes
may occur frequently during the cycle and affect the relative
stability/reactivity in each step. To devise kinetic experi-
ments that are as informative for catalysis as they are for
stoichiometric reactions represents an important challenge,
however, it is fundamental for understanding the role of
hemilability in cyclic multistep processes.

4. Concluding Remarks

This review describes the information attainable from
kinetic studies about the hemilability of hybrid ligands co-
ordinated to transition metal complexes. In particular, it
shows that the kinetic method allows for the detection of
the reversible association/dissociation process of the hemil-
abile ligand function, even in the absence of fluxional be-
havior, as well as a quantitative evaluation of its weight
along the coordinate of a bimolecular reaction. Cases in
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which the only available reaction pathway involves a tran-
sient species arising from dissociation of the ligand arm,
cases in which such species reacts in parallel with the che-
late complex, and opposite cases in which only the chelate
is reactive are described. The kinetic approach may serve as
a basis for the rational design of hemilabile systems and for
the development of targeted applications.
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Cadmium(II) and Zinc(II) Coordination Polymers with 1D Ladder and 2D
Basket Weave Layer Structures Constructed from a New T-Shaped Ligand
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A novel imidazo[1,2-a]pyridin-2-one ligand, 3,3-bis(carboxy-
methyl)imidazo[1,2-a]pyridin-2-one (H2L), was conveniently
synthesized and acts as a three-connecting T-shaped build-
ing block. Hydrothermal treatment of the H2L ligand with
Cd(ClO4)2·6H2O or Zn(ClO4)2·6H2O gives two new coordina-
tion polymers, [CdL(H2O)2]n (1) or [ZnL(H2O)]n (2). Com-

Introduction

In the past decades, coordination polymers have been
subjected to a vast number of studies owing to their poten-
tial applications in catalysis, molecular adsorption, magnet-
ism, nonlinear optics, luminescence, and molecular sens-
ing,[1,2] as well as their intriguing structural motifs.[3] Re-
cently, increasing investigations have been focused on the
construction of coordination polymers with the use of het-
erocyclic carboxylic acids such as pyridine-,[4] pyrazole-,[5]

and imidazolecarboxylic acids[6] as building blocks. These
building blocks contain multioxygen and nitrogen atoms
and can coordinate with metal ions in different ways, which
results in the formation of various metal–organic frame-
works with specific topologies and useful properties. It is
well-known that organic ligands play crucial roles in the
design and construction of desirable frameworks because
changes in the flexibility, length, and symmetry of the or-
ganic ligands can result in a remarkable class of coordina-
tion polymers bearing diverse architectures and functions.[7]

Our previous work had shown that the N-containing poly-
carboxylate ligands could be used to construct novel coor-
dination polymers.[8] Herein, we turn our attention to a
novel N-containing polycarboxylate ligand, 3,3-bis(car-
boxymethyl)imidazo[1,2-a]pyridin-2-one (H2L). This ligand
consists of a rigid imidazo[1,2-a]pyridin-2-one ring and
flexible diacetic acid moieties; it is possible that the combi-
nation of these specialties may lead to the formation of
interesting topologies.

[a] Hefei National Laboratory for Physical Science at Microscale
and Department of Chemistry, University of Science and Tech-
nology of China,
Hefei 230026, P. R. China
E-mail: zwang3@ustc.edu.cn
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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pound 1 consists of a rare 1D ladder-like chain and 2 is the
first example of a polymer with a 2D basket weave network.
Solid-state photoluminescent analyses of 1 and 2 show that
they display strong fluorescent emissions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

A number of infinite ladder-like coordination polymers
have been reported;[9] however, most of them were con-
structed with two-connecting ligands such as 4,4�-bipy. In
principle, it is difficult to obtain a T-shaped geometry
around the metal center, which is essential for the ladder
structure, by using two-connecting ligands.[10] One strategy
that can be used to overcome this difficulty is to use three-
connecting T-shaped ligands as building units.[11] Hitherto,
only a few ladder-like compounds containing T-shaped li-
gands have been reported.[10–12] Comparatively, less effort
has been made in the construction of 2D layers by using
three-connecting T-shaped ligands.[11b,13] According to the
definition of Wells,[14] five types of 2D architectures (brick
wall, herringbone, bilayer, basket weave, and long and short
brick) can be expected for a T-shaped geometry, but only
the first three types have already been realized so far.[3c]

During our research on the H2L ligand, we have ob-
tained two new coordination polymers, [CdL(H2O)2]n (1)
and [ZnL(H2O)]n (2). The ladder-like chain built from the
T-shaped ligand as found in 1 is rare. To the best of our
knowledge, compound 2 is the first example of a coordina-
tion polymer whose 2D basket weave network is con-
structed from the combination of metal centers with a T-
shaped geometry and ligands with T-shaped structure
simultaneously. Herein, we report the syntheses, X-ray sin-
gle-crystal analyses, and photoluminescent properties of 1
and 2.

Results and Discussion

Synthesis of 3,3-Bis(carboxymethyl)imidazo[1,2-a]pyridin-2-
one (H2L)

Imidazo[1,2-a]pyridine derivatives have been attracting
considerable interest because of their significant pharma-
ceutical importance.[15] They are also versatile intermediates
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for synthetic transformations.[16] However, less effort has
been made in the synthesis of imidazo[1,2-a]pyridin-2-one
derivatives. We exploit a novel and facile synthetic
method for these imidazo[1,2-a]pyridin-2-one derivatives
(Scheme 1). 3,3-Bis(carboxymethyl)imidazo[1,2-a]pyridin-2-
one (H2L) was obtained as a free acid from the reaction of
potassium chloroacetate and 2-aminopyridine in aqueous
alkaline solution heated at 86 °C, followed by acidification
of the mixture with aqueous HCl and concentration under
boiling conditions. After cooling of the mixture to remove
the precipitated KCl (ice bath), the desired acid was precipi-
tated and removed by filtration. The negative ion electro-
spray mass spectrum (H2O) of H2L shows the characteristic
molecular ion peak around m/z = 248.97, which provides
strong evidence for the formula C11H10N2O5. The molecu-
lar structure is also supported by microanalysis, IR, and
NMR spectroscopic results.

Scheme 1. Synthesis of 3,3-bis(carboxymethyl)imidazo[1,2-a]pyri-
din-2-one.

Syntheses of Compounds 1 and 2

Compounds 1 and 2 were readily obtained in good yields
(Scheme 2) by treating the corresponding metal perchlorate
salts and H2L in a mixture of DMF and H2O at 120 °C for
two days. Their formulations are supported by IR, micro-
analysis and thermogravimetric analysis (TGA) results. The
phase purities were revealed by powder diffraction patterns
of the bulk samples, which are consistent with the theoreti-
cal patterns generated from their single-crystal X-ray dif-
fraction data (see Supporting Information).

Scheme 2. Syntheses of compounds 1 and 2.

Description of Crystal Structure

[CdL(H2O)2]n (1)

Compound 1 has a 1D infinite ladder structure that is
assembled through metal–nitrogen and metal–oxygen coor-
dination bonds. The coordination geometry of each CdII

ion is a distorted octahedron, in which the CdII ion is coor-
dinated to two water oxygen atoms, three carboxylate oxy-
gen atoms, and one nitrogen atom from three L2– ligands
(Figure 1). The five Cd–O bond lengths range from 2.234(2)
to 2.508(2) Å, and the Cd–N bond length is 2.264(2) Å
(Table 1).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4483–44884484

Figure 1. ORTEP drawing at the 50% probability level showing the
CdII coordination environment and T-shaped ligand in 1. Hydro-
gen atoms are omitted for clarity. Symmetry code: A: –x, –y, –z.

Table 1. Selected bond lengths [Å] and angles [°] for compounds 1
and 2.

1[a] 2[b]

Cd1–O2 2.234(2) Zn1–O2#2 1.980(2)
Cd1–O3 2.508(2) Zn1–O3#3 2.075(2)
Cd1–O4 2.296(2) Zn1–O6 2.034(2)
Cd1–O6 2.423(2) Zn1–N1 2.010(2)
Cd1–O7 2.253(2)
Cd1–N1#3 2.264(2)
O2–Cd1–O3 96.59(7) O2#2–Zn1–O3#3 125.43(8)
O2–Cd1–O4 104.72(6) O2#2–Zn1–O6 99.54(10)
O2–Cd1–O6 169.89(7) O2#2–Zn1–N1 114.13(8)
O2–Cd1–O7 89.80(7) O3#3–Zn1–O6 94.20(9)
O2–Cd1–N1#3 89.11(7) O3#3–Zn1–N1 116.62(9)
O3–Cd1–O4 54.83(6) O6–Zn1–N1 95.72(10)
O3–Cd1–O6 89.50(7)
O3–Cd1–O7 152.41(6)
O3–Cd1–N1#3 93.37(7)
O4–Cd1–O6 85.39(7)
O4–Cd1–O7 97.59(6)
O4–Cd1–N1#3 146.02(7)
O6–Cd1–O7 88.49(8)
O6–Cd1–N1#3 82.45(7)
O7–Cd1–N1#3 113.61(7)

[a] Symmetry transformations used to generate equivalent atoms:
#3: –x, –y, –z. [b] Symmetry transformations used to generate
equivalent atoms: #2: –x+1/2, y+1/2, –z+1/2; #3: –x, –y, –z.

As a rail and rung simultaneously, each L2– ligand brid-
ges three Cd atoms through its two carboxylate groups and
one nitrogen atom to form a ladder extending along the a
axis, as shown in Figure 2. As a result, the L2– ligand can
be described as a three-connecting T-shaped building block.
The Cd atom can be taken as a three-connecting node with
a T-shaped geometry if two coordinated water molecules
are disregarded. The T-shaped configurations of both the
CdII center and the L2– ligand have thus accommodated
the formation of a 1D ladder. Interestingly, the two flexible
acetate groups bridge two Cd atoms in the monodentate
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and chelating fashion, respectively, to form the side rail of
the ladder, while one nitrogen atom is linked to the third
Cd atom. As a result, the rigid imidazo[1,2-a]pyridin-2-one
ring acts as the rung. Because of the distorted T-joints and
the unequal separations between the Cd1 and C10 atoms
across the adjacent carboxylate groups, the 1D ladder is
composed of two kinds of alternating rhombic rings with
step lengths of 4.78 and 5.16 Å, respectively. The structure
of 1 is a rare ladder motif consisting of two kinds of step
lengths.[17]

Figure 2. View along the b axis of the 2D hydrogen bonding net-
work (dotted lines) of 1.

As shown in Figure 2, the ladders extending along the a
axis are organized by the O7···O1 [2.700(2) Å] hydrogen
bonds that exist between two adjacent chains to form a
layer that lies in the a,c plane. There are also intra-chained
hydrogen bonding interactions [O6···O5 2.856(3) and
O6···O3 2.807(3) Å] between coordinating water molecules,
carbonyl oxygen atoms, and carboxylate oxygen atoms
(Table 2). It is interesting to note that the stack of undulat-
ing 2D hydrogen bonding layers through the O···O hydro-
gen bonding interactions [O7···O5 2.739(3) Å] gives rise to
a 3D supramolecular network with rhombic channels occu-
pied by the pendent pyridine rings of the L2– ligands (see
Supporting Information).

Table 2. Hydrogen bond geometries for compounds 1 and 2.

D–H···A d(D···A) [Å] �(D–H···A) [°]

1[a] O6–H01···O3i 2.807(3) 153(4)
O6–H02···O5i 2.856(3) 149(4)
O7–H03···O5ii 2.739(3) 173(4)

2[b] O6–H02···O1i 2.615(3) 178(4)
O6–H01···O5ii 2.688(3) 168(4)

[a] Symmetry codes for 1: i: –x, –y, –z; ii: –x, y+1/2, –z +1/2.
[b] Symmetry codes for 2: i: x–1/2, –y–1/2, z–1/2; ii: –x +1/2,
y+1/2, –z+1/2.

[ZnL(H2O)]n (2)

Compound 2 possesses a 2D basket weave network based
on the three-connecting T-shaped ligand. As shown in Fig-
ure 3, each ZnII ion adopts a distorted tetrahedral coordi-
nation environment by coordinating one water molecule,
two carboxylate oxygen atoms, and one nitrogen atom from
three L2– ligands with the Zn–O bond lengths ranging from

Eur. J. Inorg. Chem. 2006, 4483–4488 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4485

1.980(2) to 2.075(2) Å, and the Zn–N bond length of
2.010(2) Å (Table 1).

Figure 3. ORTEP drawing at the 50% probability level showing the
ZnII coordination environment and T-shaped ligand in 2. Hydrogen
atoms are omitted for clarity. Symmetry code: A: –x+1/2,
y+1/2, –z +1/2; B: –x, –y, –z.

The L2– ligand also acts as a three-connecting T-shaped
building block, bridging three Zn atoms through its two
monodentate carboxylate groups and one nitrogen atom.
The Zn atom can also be taken as a three-connecting node
with a T-shaped geometry if one coordinated water mole-
cule is disregarded (the aqua ligand does not bridge). Inter-
estingly, four arms (two acetate groups and two imid-
azo[1,2-a]pyridin-2-one rings) from two different L2– li-
gands bridge two Zn atoms to form a four-membered
metallacycle with four three-connecting nodes (two C10
atoms and two Zn1 atoms). Such metallacycles are further
extended to form not a ladder as observed in 1, but a 2D
basket weave network lying in the a,b plane, as shown in
Figure 4. In principle, the transformation from the 1D lad-
der of 1 to the 2D basket weave network of 2 only requires
the alternate breaking of opposite side rails of one ladder
and then the connection to the neighboring parallel ladders
(see Supporting Information). Thus, the present case is the
first coordination network having a 2D basket weave archi-
tecture that is constructed from the combination of metal
ions with T-shaped geometries and ligands with T-shape
structures simultaneously. There are intralayered hydrogen
bonding interactions [O6···O5 2.688(3) Å] between coordi-
nating water molecules and carbonyl oxygen atoms. It is
very interesting to notice that the 2D basket weave network
of 2 exhibits beautiful sinusoidal 2D layers extending along
the a,c plane, which further assemble into a 3D supramolec-
ular network through the interlayered hydrogen bonding in-
teractions [O6···O1 2.615(3) Å] (see Supporting Infor-
mation).

It is worthy to note that the structural differences be-
tween 1 and 2 with the same L2– ligands and the same syn-
thetic conditions may mainly be attributed to the radii of
the metal atoms with the Cd atom having a larger atomic
radius than the Zn atom, which results in different coordi-
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Figure 4. View of the 2D basket weave network lying in the a,b
plane of 2. Pyridine rings are omitted for clarity, and the black
spheres represent three-connecting nodes.

nation environments (CdII with octahedron geometry and
ZnII with tetrahedron geometry).[18]

Thermogravimetric Analyses

TG analysis of 1 reveals that its first weight loss appears
at ca. 152 °C due to the loss of two coordinating water
molecules (calcd. 9.1%; found 9.2%). The second weight
loss occurs between 252 °C and 550 °C and is characteristic
of the decomposition of the organic moiety. Coordination
polymer 2 shows the first weight loss at ca.168 °C with the
loss of one coordinating water molecule (calcd. 5.4%; found
5.1%), and the second weight loss occurs between 355 °C
and 472 °C and is characteristic of the decomposition of
the organic moiety (see Supporting Information).

Photoluminescent Properties

The emission spectra of 1 and 2 in the solid state at room
temperature are depicted in Figure 5. Compounds 1 and 2
display similar shoulder peaks, and their maximum emis-
sion peaks occur at 400 nm upon excitation at 210 nm and
250 nm, respectively. The emissions of 1 and 2 can probably
be assigned to intraligand fluorescent emission,[19] since the
free H2L ligand reveals the same maximum emission band
(400 nm) upon excitation at 313 nm (see Supporting Infor-
mation). These results imply that the coordination of the
L2– ligand with the CdII and ZnII ions, although yielding
different topological structures, has no influence on the
emission mechanism of the metal coordination polymer.[20]

Compared to that of the free H2L ligand, 1 and 2 show
significantly stronger photoluminescence, probably due to
the coordination of the H2L ligand to the metal ions, which
increases the ligand conformational rigidity;[21] the nonradi-
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ative decay of the intraligand excited state is thereby re-
duced. The metallacycles of 1 and 2 built by T-shaped L2–

ligands probably cause significant enhancement to the ri-
gidity of the ligand. The difference in the emission inten-
sities of 1 and 2 is probably due to the differences in the
metal ions and the coordination environment around
them.[22] These observations suggest that compounds 1 and
2 may be excellent candidates for potential photoactive ma-
terials,[23] since these condensed materials are thermally
stable and insoluble in water and common organic solvents.

Figure 5. Solid-state emission spectra of a) 1 and b) 2 at room
temperature.

Conclusions

A novel imidazo[1,2-a]pyridin-2-one derivative (H2L)
was conveniently synthesized and characterized. By a com-
bination of the different coordination environments of the
metal ions and the T-shaped coordination mode of the L2–

ligand, we have successfully synthesized two new coordina-
tion polymers, of which 1 has a rarely reported ladder motif
and 2 is the first example having a 2D basket weave net-
work. Toward the synthesis and design of 1D ladder chains
or 2D basket weave networks, we think that T-shaped li-
gands are very suitable and promising for the syntheses of
compounds with novel structures such as ladders, brick-
walls, herringbones, bilayers, basket weaves, and long and
short bricks.

Experimental Section
General Methods: All reagents are commercially available and used
as purchased without further purification. Elemental analysis was
carried out with an Elementar Vario EL III microanalyser. The
FTIR spectra were recorded with a Bruker Vector 22 spectropho-
tometer in the 4000–400 cm–1 region. Mass spectra were obtained
by negative ion electrospray (H2O solution) with a LCQ Advantage
Max mass spectrometer. 1H- and 13C NMR spectra were recorded
with a Bruker AV300 and AV400 spectrometer, respectively. The
emission spectra for the solid samples were recorded at room tem-
perature with a Hitachi 850 fluorescence spectrophotometer. Ther-
mogravimetric analyses were performed under air with a heating
rate of 10 °Cmin–1 with a Shimadzu TGA-50H TG analyzer. Pow-
der X-ray diffraction (PXRD) patterns were obtained with a
MXPAHF rotation anode X-ray diffractometer. Caution: Cd-
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(ClO4)2·6H2O and Zn(ClO4)2·6H2O are potentially explosive and
should be used with care!!

Synthesis of 3,3-Bis(carboxymethyl)imidazo[1,2-a]pyridin-2-one
(H2L): A solution of KOH (33.6 g, 0.6 mol) in water (75 mL) was
added dropwise to an ice-bath cooled solution of chloroacetic acid
(28.4 g, 0.3 mol) in water (75 mL). To the resulting alkaline solu-
tion, 2-aminopyridine (9.4 g, 0.1 mol) was slowly added, and the
mixture was heated under reflux at 86 °C for 30 h. HCl (6 ,

53 mL) was added to neutralize the solution, which was concen-
trated under boiling conditions and then cooled (ice-bath) to re-
move KCl. After the mother liquor (pH = 2–3) was allowed to
stand in the refrigerator for three days, the desired acid (H2L) was
separated out and collected by filtration. The solid was recrys-
tallized from hot ethanol/water (1:1), and the colorless product was
then collected by filtration and air-dried. Yield: 5.75 g (23%, based
on 2-aminopyridine). C11H10N2O5 (250.21): calcd. C 52.80, H 4.03,
N 11.20; found C 52.48, H 4.05, N 10.93. MS (ES–, H2O): m/z =
250 [M]+. 1H NMR (300 MHz, D2O, 25 °C): δ = 8.77 (d, 3JH,H =
6.8 Hz, 1 H, 5-H), 8.48 (dd, 3JH,H = 6.8, 8.4 Hz, 1 H, 6-H), 7.67
(m, 2 H, 7-H, 8-H), 3.44 (s, 4 H, CH2) ppm. 13C NMR (100 MHz,
D2O, 25 °C): δ = 175.5 (C-2), 172.0 (COOH), 153.2 (C-9), 147.9
(C-5), 136.2 (C-7), 120.4 (C-8), 111.6 (C-6), 69.8 (C-3), 42.5 (CH2)
ppm. IR (KBr pellet): ν̃ = 3434 (m), 3077(m), 2972(m), 2876(w),
2792(w), 2683(w), 1771(s), 1708(m), 1649(s), 1580(m), 1519(s),
1414(m), 1185(s), 807(m), 598(m), 440(m) cm–1.

Synthesis of [CdL(H2O)2]n (1): A mixture of Cd(ClO4)2·6H2O
(0.15 mmol) and H2L (0.15 mmol) was placed in a heavy-walled
Pyrex tube containing DMF (0.3 mL) and H2O (0.3 mL). The tube
was frozen in liquid N2, sealed under vacuum, and then heated at
120 °C for two days. The colorless crystals were collected and
washed with ethanol. Yield: 0.042 g [70%, based on Cd(ClO4)2·
6H2O]. C11H12CdN2O7 (396.63): calcd. C 33.28, H 3.02, N 7.06;
found C 33.54, H 2.69, N 7.07. IR (KBr pellet): ν̃ = 3333 (s),
3053(w), 2967(w), 1709(s), 1653(s), 1593(s), 1559(s), 1496(s),
1440(m), 1391(s), 1348(m), 1297(w), 1227(m), 1162(w), 1140(m),
1089(w), 1026(w), 934(w), 920(m), 839(m), 771(s), 701(m), 606(m),
508(m) cm–1.

Synthesis of [ZnL(H2O)]n (2): A mixture of Zn(ClO4)2·6H2O
(0.15 mmol) and H2L (0.15 mmol) was placed in a heavy-walled
Pyrex tube containing DMF (0.3 mL) and H2O (0.3 mL). The tube
was frozen in liquid N2, sealed under vacuum, and then heated at
120 °C for two days. The colorless crystals were collected and
washed with ethanol. Yield 0.027 g [54%, based on Zn(ClO4)2·
6H2O]. C11H10N2O6Zn (331.58): calcd. C 39.81, H 3.01, N 8.44;
found C 39.71, H 2.77, N 8.42. IR (KBr pellet): ν̃ = 3322 (s),
3051(w), 2971(w), 1710(s), 1630(s), 1567(w), 1497(s), 1408(s),
1346(s), 1293(m), 1238(m), 1167(m), 1143(m), 1085(w), 1024(w),
943(w), 916(m), 866(w), 769(s), 703(m), 625(m), 524(m) cm–1.

X-ray Crystallographic Study: Diffraction intensities for 1 and 2
were collected at 293 K with a Bruker P4 diffractometer by em-
ploying graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Empirical absorption correction was applied with the
use of the SADABS program.[24] The structures were solved by di-
rect methods and refined by full-matrix least-squares on F2 by
using the SHELXS-97 and SHELXL-97 programs, respectively.[25]

All non-hydrogen atoms were refined anisotropically. The C–H hy-
drogen atoms were placed in geometrically calculated positions; the
O–H hydrogen atoms were located from Fourier difference maps
and kept fixed in that position. The selected bond lengths and bond
angles for 1 and 2 are listed in Table 1, and the crystallographic
data are summarized in Table 3.
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Table 3. Crystal data and structure refinement parameters for com-
pounds 1 and 2.

1 2

Chemical formula C11H12CdN2O7 C11H10N2O6Zn
Crystal system monoclinic monoclinic
Space group P21/c P21/n
Formula weight 396.63 331.58
a [Å] 9.124(2) 11.669(2)
b [Å] 14.398(3) 8.101(2)
c [Å] 9.844(2) 12.733(3)
α [°] 90.00 90.00
β [°] 99.66(3) 94.82(3)
γ [°] 90.00 90.00
V [Å3] 1274.7(4) 1199.4(4)
Z 4 4
F(000) 784 672
Dc [gcm–3] 2.067 1.836
T [K] 293(2) 293(2)
θ range [°] 2.26–28.46 2.27–28.29
µ [mm–1] 1.751 2.077
GOF 1.065 0.887
Reflections collected 6857 6797
Independent reflections (Rint) 3001 (0.0188) 2832 (0.0305)
Observed reflections 2740 2102
R1, wR2 [I�2σ(I)] 0.0251, 0.0588 0.0382, 0.0715
R1, wR2 [all data] 0.0283, 0.0599 0.0538, 0.0763

CCDC-260674 and -260675 for 1 and 2, respectively, contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Luminescent curve of H2L. Additional figures, PXRD pat-
terns and TGA curves of 1 and 2.
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A novel chelating chiral bis(formamidine–urea) ligand was
synthesized and used to prepare the corresponding NiII and
CuII complexes. Spectroscopic and X-ray crystallographic
analysis of the former revealed that the urea moiety of the
acyclic tetradentate ligand is deprotonated and binds to the
square-planar Ni2+ ion through amide nitrogen atoms. This
complex showed quasi-reversible redox behavior in cyclic
voltammetry, with E1/2 = 640 mV vs. Cp2Fe+/Cp2Fe corre-
sponding to the NiIII/NiII couple. The Cu complex was shown

Introduction

The coordination chemistry of urea and substituted
ureas with nickel(II) is a topic of significant interest primar-
ily because these compounds serve as structural and func-
tional models of the metalloenzyme urease.[1–4] This enzyme
activates the otherwise inert urea molecule toward hydroly-
sis by coordination of the substrate to one or both NiII

ions located at the active site, ultimatedly affording carbon
dioxide and ammonia.[5–7] Considerable research has been
dedicated to investigating the interaction of nickel(II) with
urea[1–3,8–10] and urea derivatives.[11–13] X-ray crystallo-
graphic analysis of these compounds indicates that the ge-
ometry around the metal ion is typically octahedral and
coordination of urea to Ni2+ occurs predominately through
the oxygen atom, although cases in which urea nitrogen
atoms are involved in binding have been identified.[13,14] It
is possible to stabilize higher oxidation states of nickel by
coordination of deprotonated amides, as demonstrated by

[a] Department of Chemistry and The Skaggs Institute for Chemi-
cal Biology, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 92037,
USA
Fax: +1-858-784-8850
E-mail: mgfinn@scripps.edu

[b] Department of Chemistry, University of Virginia,
McCormick Rd., Charlottesville, VA 22901, USA

[c] Department of Molecular Physiology and Biological Physics,
University of Virginia,
McCormick Rd., Charlottesville, VA 22901, USA

[‡] Present address: Departamento de Química Orgánica, Uni-
versidad Autónoma de Madrid,
28049 Madrid, Spain
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 4489–4493 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4489

by EPR spectroscopy to also adopt a square-planar geometry
[g� = 2.25 (A� = 184 G), g� = 2.06 at 6 K], and reduction was
found to be irreversible, perhaps due to the rigid nature of
the tetradentate ligand. The nickel complex was found to be
a modestly active catalyst for epoxidation of electron-rich
alkenes under Mukaiyama’s conditions, likely involving a
radical mechanism.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tetra(amido) macrocyclic ligands.[15,16] Because high-valent
nickel complexes are believed to be the active catalytic spe-
cies in epoxidation reactions,[17] complexes in which urea
binds nickel(II) through a deprotonated amide nitrogen
atom may function as robust oxidation catalyst precursors.

We recently reported a practical synthesis of the for-
mamidine–ureas 1 by condensation of substituted urea de-
rivatives with isocyanides in the presence of acid chloride
(Scheme 1).[18] The imine fragment of these compounds un-
dergoes exchange with primary nitrogen nucleophiles to af-
ford the derivatives 2, at rates determined primarily by the
electron-donating ability of the formamidine–urea substitu-
ents.[19–21] Using this synthetic methodology, we report the
preparation and characterization of the chiral bis(formami-
dine–urea) ligand 4 and its mononuclear nickel(II) (5) and
copper(II) (6) complexes (Scheme 2). To the best of our
knowledge, this is the first example of a chiral multidentate
urea-based acyclic ligand that binds metal ions through the
endo nitrogen of the deprotonated urea in a square-planar

Scheme 1. Synthesis of formamidine–ureas 1 and subsequent imine
exchange with primary amines to afford formamidine–urea deriv-
atives 2.



M. G. Finn et al.SHORT COMMUNICATION

Scheme 2. Synthesis of compounds [Ni(N4L)] (5) and [Cu(N4L)] (6). (a) 3 equiv. Ni(OAc)2·4H2O, CH3CN, 45 °C, 91%. (b) 1 equiv.
Cu(OAc)2·H2O, CH3OH, 50 °C, 76%.

geometry. The ability of 5 to catalyze olefin epoxidation is
also described.

Results and Discussion

Synthesis of Ligand H2N4L (4) and Coordination
Compounds [Ni(N4L)] (5) and [Cu(N4L)] (6)

The displacement of tert-butylamine from 2 equiv. of 1-
(tert-butyliminomethyl)-1,3-dimethylurea hydrochloride (3)
and (1R,2R)-(–)-1,2-diaminocyclohexane afforded the
bis(formamidine–urea) ligand 4 in 74% yield (Scheme 2).
Although ligand 4 was very easily made, the practical syn-
thesis of bis(formamidine–ureas) cannot yet be said to be
modular, because changes in the components gave widely
different yields and sometimes severe difficulties in purifica-
tion (data not shown). Addition of excess nickel(II) acetate
to a gently heated solution of 4 in MeCN gave the red-
brown complex 5. Deprotonation of both amide nitrogen
atoms of 4 (substantiated by electrospray ionization mass
spectrometry with good agreement of the isotopically re-
solved mass peaks with the theoretical distribution, elemen-
tal analysis, and single-crystal X-ray crystallography) was
achieved without addition of external base. The analogous
reaction of 4 and copper(II) acetate afforded the purple
complex 6, in which ligand 4 was again found to be in its
doubly-deprotonated form. Attempts to obtain pure com-
plexes of other transition metals were not successful.

Structural Characterization of [Ni(N4L)] (5)

Single X-ray quality crystals of compound 5 were ob-
tained by slow vapor diffusion of Et2O into a saturated
solution of 5 in CH3CN. X-ray structure analysis revealed
the geometry of the metal center to be approximately
square planar, as shown in Figure 1. Ligation of the nickel
ion by tetradentate 4 is accomplished by the two imine and
two deprotonated urea nitrogen atoms. Due to the greater
basicity of the oxygen lone pair, it is typical for the urea
oxygen atom rather than the nitrogen atom to bind transi-
tion metals. Both coordination modes should be accessible
with ligand 4, and we suggest that binding through the ni-
trogen atom is not geometrically enforced. The preference
for N-donor coordination may be linked to the low spin
nature of NiII in 5. The average Ni–Nurea bond length is

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4489–44934490

approximately 1.89 Å, which compares favorably with Ni–
N bond lengths in complexes bearing anionic N-based li-
gands.[8,14,22,23] Deprotonation of the nitrogen atom results
in delocalization through the urea moiety as evidenced by
the short N(1)–C(1) and N(6)–C(6) distances of ca. 1.34 Å.
These bond lengths are in good agreement with those of a
related nickel(II) complex bearing both deprotonated NH
(N–C ca. 1.31 Å) and neutral NH2 urea groups (N–C ca.
1.43 Å).[8] The geometry at the deprotonated urea nitrogen
atom is approximately trigonal planar with bond angles
ranging from 111–121°. The Ni atom rests centrally in the
binding pocket (the Nurea–Ni–Nimine bond angles are both
approximately 89.5°) and the ligand is twisted to relieve po-
tential steric interactions between the two terminal urea N-
methyl groups, presumably in a manner dictated by the chi-
ral 1,2-diaminocyclohexane backbone.

Figure 1. ORTEP diagram of [Ni(N4L)] (5) showing 50% prob-
ability ellipsoids for all non-hydrogen atoms.

EPR Spectroscopy of [Cu(N4L)] (6)

Compound 6 was obtained as a crystalline solid from
MeOH/Et2O. The crystals suffered from the same crystallo-
graphic difficulties as 5 (pseudomerohedral twinning) and
satisfactory refinement of the molecule was not possible.
Examination of 6 by EPR spectroscopy, however, provided
insight into the metal ion coordination geometry. A frozen
glass of 6 (2:1 EtOH/MeOH) gave a four-line EPR spec-
trum at 6 K typical of square-planar copper(II) com-
pounds, as shown in Figure 2.[24] ESI-MS and elemental
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analysis of 6 indicate loss of two protons from the ligand,
and we speculate that the detailed structure of this com-
pound is very similar to its nickel(II) analogue 5.

Figure 2. Solid line: X-band EPR spectrum of [Cu(N4L)] (6) as a
frozen solution (5 m in 2:1 EtOH/MeOH) at 6 K. Dotted line:
simulated spectrum giving the values g� = 2.248 (A� = 185 G), g�

= 2.08, linewidth parameter = 55 G.

Electrochemical Studies

Cyclic voltammograms (CVs) of 5 in CH2Cl2 were re-
corded to investigate the ease of oxidation of the NiII center.
The CV of compound 5 reveals a quasi-reversible one-elec-
tron redox wave with an E1/2 value of 650 mV (∆Ep =
80 mV) vs. Cp2Fe+/Cp2Fe, corresponding to the NiIII/NiII

couple (see Supporting Information). The E1/2 value of 5
is 1.2 V more positive than that of a related square-planar
nickel(II) tetra(amide) macrocycle,[15] but comparable to
square-planar [Ni(cyclam)]2+ (E1/2 = 560 mV vs. Cp2Fe+/
Cp2Fe) and its derivatives.[16,25,26] The deprotonated urea
ligand of 5, therefore, does not favor the formation of a
high valent NiIII species. The CV of complex 6 shows an
irreversible reduction wave (data not shown). The enforced
square-planar geometry of the bis(formamidine–urea) li-
gand does not permit the corresponding copper(I) species
to form. This finding is not surprising, given the preference
of CuI for nonplanar coordination geometries.

Epoxidation Studies

Nickel(II) complexes of macrocyclic tetraamines such as
cyclam,[17] salen-type ligands,[27] and N,N�-disubstituted ox-
amides[28] are catalysts for epoxidation reactions using io-
dosylbenzene or dioxygen (in presence of aldehydes) as oxi-
dants. The similarity in E1/2 values between 5 and [Ni(cy-
clam)]2+ complexes prompted us to explore the catalytic ac-
tivity of 5, and trans-stilbene was chosen as the model sub-
strate for a variety of oxidation conditions. The results of
our initial experiments are outlined in Scheme 3. In the
presence of 2-methylpropanal, dioxygen and 5 at 50 °C
(Mukaiyama’s conditions[29]), trans-stilbene oxide was pro-
duced in 73% yield. The use of aqueous sodium hypochlor-
ide with 4-Å molecular sieves afforded the epoxide in 66%
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yield, but twice as much catalyst was needed, presumably
due to partial hydrolysis of 5 in the presence of water (see
below). No epoxidation was observed when PhIO was used
as terminal oxidant in CH2Cl2 in the presence of 10 mol-%
of 5, and low yields of epoxide were obtained with tBuOOH
(10 mol-% 5, 3 equiv. tBuOOH in isooctane, 2 equiv. pyri-
dine, CH2Cl2). Activated alkenes such as trans-anethole
were unreactive under Mukaiyama conditions (Table 1),
and Ni(OAc)2·5H2O as catalyst did not promote the epox-
idation of substrates for which 5 was effective, demonstrat-
ing that complexation of NiII to 4 is necessary for catalysis.

Scheme 3. Epoxidation of trans-stilbene using [Ni(N4L)] (5) as cat-
alyst under different conditions.

Table 1. Epoxidation of olefins using [Ni(N4L)] (5) as catalyst un-
der Mukaiyama’s conditions (1 equiv. alkene, 0.1 equiv. 5, 1 atm
O2, 2 equiv. isobutyraldehyde, CH2Cl2, 50 °C, 12–20 h). Yields are
of products purified by column chromatography on alumina and
giving satisfactory spectroscopic characterization. Isomer ratios
were determined by 1H NMR spectroscopy.

Entry Olefin Product Yield
[%]

1 trans-stilbene trans-epoxide 73
2 cis-stilbene cis- + trans-epoxides 4, 61
3 styrene epoxide 58
4 α-Me-styrene epoxide 51
5 trans-β-Me-styrene trans-epoxide + 62, 4

benzaldehyde
6 p-OMe-trans-β-Me- trans-epoxide + aldehyde 65, 5

styrene
7 1,2-dihydronaphthalene epoxide 26
8 cyclohexene epoxide 53
9 1-Me-cyclohexene epoxide 47
10 cyclooctene epoxide 51
11 1-octene epoxide 49
12 2-hexen-1-ol epoxide 31
13 1-bromo-4-pentene epoxide 44
14 geranyl benzoate 6,7-epoxide + diepoxide 41, 29

Table 1 summarizes the ability of 5 to epoxidize a variety
of unfunctionalized alkenes under Mukaiyama’s conditions
using 10 mol-% catalyst (the use of less catalyst gives very
poor yields of oxidized products after 24 h). Epoxides were
obtained in moderate yields from trans di- and tri-substi-
tuted alkenes (Entries 1, 5, 6, 12, 14). Geranyl benzoate,
bearing electronically dissimilar double bonds, afforded a
mixture of regioisomers (Entry 14). Both cis and trans ep-
oxides (1:15, Entry 2) were isolated from cis-stilbene,
whereas trans-stilbene gave the trans-epoxide exclusively
(Entry 1). In two cases, approximately 5% of benzaldehyde
was also formed (Entries 5, 6). Di- and tri-substituted cyclic
olefins were found to be modestly reactive (Entries 7, 8, 9,
10). Acid-sensitive epoxides could be isolated in moderate
yields (Entries 3, 4, 5, 8), and a variety of functional groups
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were tolerated (Entries 6, 12, 13, 14). However, electron-
deficient olefins such as 2-cyclohexen-1-one or methyl
methacrylate were unreactive to 5. No enantiomeric excess
was detected in products isolated from reactions catalyzed
by enantiopure 5.

The above observations are all consistent with the domi-
nance of a radical oxidation mechanism. Furthermore,
epoxidation does not occur in the presence of the one-elec-
tron acceptor 2,6-di-tert-butyl-4-methylphenol. Aside from
requiring somewhat higher concentrations, the catalytic
properties of 5 are similar to those of nickel(II) compounds
supported by tetradentate sulfonamide,[26] and di-N,N�-sub-
stituted oxamide ligands,[27] and differ from the cyclam- and
salen-based systems, which are not catalytically active under
Mukaiyama’s conditions. Compound 5, in the presence of
aldehyde and dioxygen, probably generates an acylperoxy
radical, as proposed by Valentine and co-workers,[30] which
has been shown to be a competent oxidant for olefin epox-
idation. Although the E1/2 values of 5 and [Ni(cyclam)]2+

complexes are comparable, epoxidation of alkenes by 5 and
PhIO was not observed. This is probably due to the inabil-
ity of 5 to generate the kind of high-valent oxo–nickel spe-
cies that is the active oxidant in such processes.[17]

Conclusions

Complexes of a bis(formamidine–urea) ligand have been
made here for the first time in the form of the mononuclear
species [Ni(N4L)] (5) and [Cu(N4L)] (6). X-ray crystallogra-
phy and EPR studies indicate that these coordination com-
pounds adopt a square-planar geometry. In contrast to
most nickel(II) urea complexes, the urea component of this
multidentate urea-based acyclic ligand binds the metal cen-
ter through a deprotonated amide nitrogen bond. Examina-
tion of 5 by CV indicates that access to the +3 oxidation
state is possible, as indicated by quasi-reversible redox
waves, although the redox potentials are more comparable
to nickel complexes of tetra(amine) ligands than tet-
ra(amido) derivatives. Compound 5 was found to be a mod-
erately active epoxidation catalyst for electron-rich olefins
operating by a radical mechanism, as evidenced by product
distributions and the quenching of the process upon ad-
dition of a radical scavenger. We are currently preparing
variations in the general structure, with the goal, among
others, of producing a more active and enantioselective NiII

catalyst.

Experimental Section
General Remarks: All solvents and reagents were ACS reagent
grade or better and were used as received or purified in an appro-
priate manner. Compound 3 was synthesized according to the pub-
lished procedure.[18]

A) Physical Measurements: Optical spectra were collected with a
Hewlett–Packard 8453 diode-array spectrophotometer. NMR spec-
tra were obtained with a 200 MHz Varian Mercury instrument.
Elemental analyses were performed by Microanalytical Labs (Indi-
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anapolis, IN), and high-resolution MS by the mass spectrometry
facility at The Scripps Research Institute. ESI-MS were recorded
with an Agilent 1100 LC/MS spectrometer eluting with CH3OH/
H2O (90:10). IR spectra were obtained with a MIDAC FTIR in-
strument using samples dispersed on a horizontal attenuated total
reflectance (HATR) accessory (Pike Instruments). Melting points
were measured in a Thomas Hoover capillary melting point appa-
ratus and are uncorrected. TLC analysis was facilitated by the use
of phosphomolybdic acid or anisaldehyde/EtOH stains, in addition
to UV light with fluorescent-indicating plates (silica gel on alumi-
num, Sigma). Analytical HPLC was performed with Hewlett–Pack-
ard series 1100 instrument, using a commercial chiral column (Chi-
ralcel OD; iPrOH/hexane, 0.5 mLmin–1).

B) Electrochemistry: Cyclic voltammograms were recorded with a
Bioanalytical Systems Epsilon potentiostat. The cell contained a
glassy carbon working electrode, a Pt wire pseudoreference elec-
trode, and a platinum wire auxiliary electrode, with 0.5 

Bu4N(PF6) in CH2Cl2 as the supporting electrolyte. All measure-
ments were externally referenced to ferrocene.

C) EPR Study: Frozen solution EPR spectra of 6 were recorded at
6 K with a Bruker Model E500 of the ELEXSYS series spectrome-
ter operating at 9.47 GHz (University of California, San Diego).
The spectrum was simulated using the Bruker SimFonia program
as a powder spectrum for S = 1/2, I = 3/2 (assuming 100% natural
abundance 63Cu2+), with the resulting parameters listed in the cap-
tion to Figure 2. The simulated spectrum closely matches the ob-
served one with the use of only an axial g tensor, with no need to
include a rhombic distortion.

D) X-ray Crystallographic Study: X-ray quality crystals were ob-
tained by slow vapor diffusion of Et2O into a saturated of 5 in
CH3CN. Data collection was carried out at 103 K with a Rigaku
R-AXIS RAPID single-crystal diffractometer equipped with the R-
AXIS3S area detector.[31] Intensities were corrected for absorption
with the transmission factors ranging 0.854–0.900. Successful
structure solution by direct methods and full-matrix refinement[32]

were accomplished in the monoclinic space group P21 with two
independent molecules of the complex in the unit cell. The final R
and Rw values were 0.035 and 0.084, respectively, for 10404 reflec-
tions with I�2σ(I). All H atoms were found in difference Fourier
maps and refined with isotropic thermal displacement parameters.
The final difference Fourier map was essentially featureless with
the highest peak of 0.45 e/Å3.

CCDC-615365 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

E) Typical Procedure for Epoxidation Studies: 2-Methylpropanal
(21 µL, 0.22 mmol) and 5 (10 µL of 1.0  CH2Cl2, 0.01 mmol) were
added to a solution of trans-stilbene (20 mg, 0.11 mmol) in 1,2-
dichloroethane (1.1 mL) at room temperature. The reaction mix-
ture was warmed to 50 °C and vigorously stirred for 15 h under O2

(1 atm). The solvent was evaporated under reduced pressure and
the residue was purified by column chromatography (SiO2, 2%
EtOAc/n-hexane) to give trans-stilbene oxide as a white solid
(15.7 mg, 73%).

Characterization Data

N,N�-Dimethyl-N-[(E)-({1R,2R)-2-[((E)-{methyl[(methylamino)-
carbonyl]amino}methylidene)amino]cyclohexyl}imino)methyl]urea
(H2N4L, 4): Et3N (0.75 mL, 5.31 mmol) was added to a solution
of 1-(tert-butyliminomethyl)-1,3-dimethylurea hydrochloride (3)
(1.0 g, 4.8 mmol) in dry CH2Cl2 (20 mL) and the resulting solution
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was stirred for 5 min at room temperature under nitrogen. A solu-
tion of (1R,2R)-(–)-1,2-diaminocyclohexane (188 mg, 1.61 mmol)
in dry CH2Cl2 (5 mL) was added and the mixture was refluxed for
12 h. The solvent was then removed by rotary evaporation and the
residue was triturated with THF. The precipitate was separated by
filtration and the filtrate was concentrated under reduced pressure.
The residue was purified by flash chromatography on silica gel
(MeOH/CH2Cl2, 9:1; Rf = 0.5) to afford 4 as a hygroscopic white
solid (370 mg, 74%). 1H NMR (CDCl3): δ = 1.23–1.39 (m, 6 H),
1.80 (m, 4 H), 2.78 (s, 6 H), 3.12 (s, 6 H), 7.65 (s, 2 H), 9.2 (br. s,
2 H) ppm. 13C NMR (CDCl3): δ = 24.9, 26.9, 34.1, 34.3, 70.2,
152.0, 157.0 ppm. IR (thin film): ν̃ = 3347, 3055, 2937, 2857, 1659,
1545, 1307, 1079 cm–1. ESI-MS: +m/z (rel. int.) = 333 [M +
Na]+ (45), 312 (20), 311 [M + 1H]+ (100). HRMS (+m/z): calcd for
C14H27N6O2, 311.219; found 311.2190. M.p. 136 °C.

[Ni(N4L)] (5): Solid Ni(OAc)2·4H2O (119 mg, 0.48 mmol) was
added to a stirred solution of 4 (50 mg, 0.16 mmol) in CH3CN
(2 mL). The resulting red mixture was heated to 45 °C for 1 min,
after which time TLC analysis showed complete consumption of 4.
Excess Ni(OAc)2·4H2O was removed by filtration and the solvent
was evaporated under reduced pressure to afford 5 as a red oil
(53 mg, 91%). For epoxidation studies, 5 was recrystallized from
CH3CN/Et2O to afford a red-brown crystalline solid. 1H NMR
(200 MHz, CD3OD): δ = 1.17–1.23 (m, 4 H), 1.74–1.75 (m, 2 H),
1.94 (s, 2 H), 2.09–2.11 (s, 2 H), 2.41 (s, 6 H), 3.11 (s, 6 H), 7.30
(s, 2 H) ppm. 13C NMR (50 MHz, CD3OD): δ = 25.5, 29.3, 36.7,
38.1, 68.4, 153.5, 158.2 ppm. IR ( thin film): ν̃ = 3297, 2886, 1687,
1590, 1470, 1289, 983, 858, 757 cm–1. ESI-MS: +m/z (rel. int.) =
366 (100) [M]+, 367 (19) [M + 1H]+, 368 (39) [M + 2H]+, 369 (9),
370 (5), 372 (1). For recrystallized material: C14H24N6NiO2: calcd.
C 45.81, H 6.59, N 22.89; found C 45.86, H 6.64, N 22.91. UV/Vis
(MeCN): λmax (ε, –1 cm–1) = 439 nm (23.3).

[Cu(N4L)] (6): Solid Cu(OAc)2·H2O (31.9 mg, 0.16 mmol) was
added to a solution of 4 (50 mg, 0.16 mmol) in MeOH (5 mL) in a
single portion. The purple mixture was heated to 50 °C for 5 min,
after which time TLC analysis showed complete reaction of 4.
Evaporation of the solvent under reduced pressure afforded a resi-
due that was successively washed with cold CH3CN (2 ×1 mL) and
Et2O (2×1 mL). The resulting solid was dried under high vacuum
for 48 h to afford 6 as hygroscopic blue-purple solid (45 mg, 76%
yield). Single crystals were grown by slow vapor diffusion of Et2O
into a saturated solution of 6 in MeOH. IR (thin film): ν̃ = 3238,
2860, 1661, 1598, 1481, 1293, 906, 862, 767 cm–1. ESI-MS: +m/z
(rel. int.) = 371 (100) [M]+, 372 (18) [M + 1H]+, 373 (47) [M +
2H]+, 374 (7). C14H24CuN6O2: calcd. C 45.21, H 6.50, N 22.60;
found C 45.22, H 6.49, N 22.62. UV/Vis (MeCN): λmax (ε, –1 cm–1)
= 573 nm (119).

Supporting Information (see also the footnote on the first page of
this article): Two pages with hydrolysis kinetics and cyclic voltam-
metry data.
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Bis(dithiolene) Molybdenum Complex that Promotes Combined Coupled
Electron–Proton Transfer and Oxygen Atom Transfer Reactions:
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Combined CEPT (coupled electron–proton transfer)/OAT
(oxygen atom transfer) reactions were accomplished in
(Bu4N)2[MoIVO(bdtCl2)2] (1) and (Bu4N)2[MoVIO2(bdtCl2)2]
(2) complexes in aqueous media. The reaction mechanism of
the CEPT reaction was analyzed electrochemically and the
conversion of 1 to 2 was revealed to proceed by a two-proton

One of the most challenging themes in the field of
bioinorganic chemistry is to develop active site models that
work in aqueous media. The molybdenum-containing oxo-
transferases typically utilize water as the ultimate source
or sink of oxygen in the overall catalytic reaction, and the
reaction is combined with coupled electron–proton transfer
(CEPT) and oxygen atom transfer (OAT) reactions.[1] Thus,
a model of the catalytic centers is an intriguing target.
Interestingly, in all members of the DMSO reductase fam-
ily, the molybdenum center consists of reduced (MoIV) and
oxidized (MoVI) states, and is essentially coordinated by
two dithiolene ligands.[1]

A large number of OAT reactions from the enzymatic
substrates, R3NO, R�2SO, or SeO4

2–, to the MoIV com-
plexes that have two dithiolene ligands have been used to
model some reductases.[2] Furthermore, OAT reactions
from MoVI complexes having two dithiolene ligands to sub-
strates have also been extensively explored.[3] However, the
CEPT process has yet to be accomplished with Mo com-
plexes having dithiolene ligands. Even in the large number
of mononuclear MoVI complexes reported,[4] only two com-
plexes have been reported to promote CEPT processes.
[LMoIVO(py)(SC6H5)] and [LMoIV(p-O-C6H4-OC2H5)2]-
NO3 [L = hydrotris(3,5-dimethyl-1-pyrazolyl-borato)] were
successfully converted to [LMoVIO2(SC6H5)] and
[LMoVIO(p-O-C6H4-OC2H5)2]NO3, respectively, in water-
containing solvents by two-step CEPT processes, and the
resulting MoVI complexes exhibited OAT reactions.[5]
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two-electron oxidative process. The structural and reaction
profiles provide a new model for the arsenite oxidase cata-
lytic center.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We report herein the first example of chemistry that com-
bines CEPT/OAT reactions in molybdenum complexes hav-
ing dithiolene ligands. The (Bu4N)2[MoIVO(bdtCl2)2] com-
plex (1) (bdtCl2 = 3,6-dichloro-1,2-benzenedithiolate) is
readily converted to (Bu4N)2[MoVIO2(bdtCl2)2] (2) in aque-
ous media (CH3CN/H2O, 5:7) by a CEPT process, and 2
further transfers the oxygen atom to arsenite. The structures
and conversion process of 1/2 are very similar to those of
the molybdenum center in arsenite oxidase (A.O.)
(Scheme 1).[6] The reaction mechanism of the CEPT reac-
tivity of 1 and a difference in the reactivity of 1, 3 of bdt,
and 5 of mnt are discussed (Figure 1: bdt = 1,2-benzenedi-
thiolate and mnt = maleonitrile-1,2-ethylenedithiolate).

Scheme 1. Catalytic cycle mediated by the active site in arsenite
oxidase.

Figure 1. Structures of [MoIVO(dithiolene)2]2– and [MoVIO2(di-
thiolene)2]2– complexes.
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We have newly synthesized 1 because the solubility of

previously reported (Et4N)2[MoO(bdtCl2)2][3e] in aqueous
media is very low. Five coordinate complex 1 exhibited one
reversible MoV/IV redox couple at 0.04 V (versus SCE) in
CH3CN/H2O (5:7) solution (pH = 9.0).[7] As the pH of the
solution was increased from 9.0 to 12.5, the intensity of the
current for the anodic process (Epa) increased, whereas that
of the cathodic process (Epc) decreased (Figure 2, inset).
This observation indicates that 1 is irreversibly oxidized at
high pH. The electrolysis of the solution at pH = 12.0 and
E = 0.2 V was monitored by electronic spectral changes
(Figure 2). As the electrolysis proceeded, the band centered
at 540 nm increased in intensity and the color of the solu-
tion changed from yellow to red. The final spectrum was
consistent with the electronic spectrum of 2. A coulometric
measurement during the electrolysis confirmed this reaction
to be a two-electron oxidative process.

Figure 2. Electronic spectral changes during electrolysis of 1
(3.5·10–4 ) at 0.2 V (versus SCE) in CH3CN/H2O (5:7) pH = 12.0.
Spectra were recorded every six minutes. (inset) pH-dependent cy-
clic voltammograms (pH = 9.0, 11.3, 11.8, and 12.1, scan rate =
100 mVs–1) of 1 (5.4·10–4 ) in CH3CN/H2O (5:7).

Similarly, chemical oxidation of 1 with 2 equiv. of
K3[Fe(CN)6] in the presence of 2 equiv. of tBuOK in
CH3CN/H2O (5:7) yielded (Bu4N)2[MoO2(bdtCl2)2] (2).
Isolated 2 exhibited ν(Mo=O)asym at 836 cm–1 (IR: solid)
and an ESI-MS peak cluster attributed to
{[MoVIO2(bdtCl2)2]2– + Bu4N+}– (in CH3CN). When 98%
H2

18O was used instead of H2O, (Bu4N)2[MoVI-
O18O(bdtCl2)2] (2a) was stoichiometrically formed and iso-
lated in 95% yield, which exhibited ν(Mo=O)asym at
801 cm–1 (IR: solid) and gave an ESI-MS peak cluster at-
tributed to {[MoVIO18O(bdtCl2)2]2– + Bu4N+}– (in CH3CN,
Figures 3 and S1).

In nonaqueous CH3CN, 2 was obtained from 1 in the
presence of Bu4NOH by the CEPT process.[8] The reversible
MoV/IV couple at –0.07 V[3e] became an irreversible wave
upon addition of Bu4NOH to the CH3CN solution of 1,
increasing and decreasing the current intensities of Epa and
Epc, respectively. A plot of the ∆Ipa value against
[Bu4NOH]/[1] indicated that 2 equiv. of Bu4NOH was con-
sumed in the conversion of 1 to 2 (Figure S2). The coulo-
metric and UV/Vis measurements (Figure S3) during the
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Figure 3. IR (solid) and ESI-MS (in CH3CN) spectra of 2 (upper)
with those of 2a (lower).

electrolysis at 0.2 V also supported that the conversion of 1
to 2 was a two-electron oxidative process.

The above results obtained in aqueous and CH3CN solu-
tions of 1 clearly indicate that the conversion of 1 to 2 oc-
curs by a two-proton two-electron oxidative process. Be-
cause the irreversible structural change of 1 to 2 obeys the
electrochemical EC mechanism, OH– binding with [MoVO-
(bdtCl2)2]– is involved in the rate-determining step
(Scheme 2).[9] Stoichiometries of the conversions from 1 to
2 in CH3CN/H2O (5:7) and CH3CN solutions are described
in Equations (1) and (2). The reaction mechanism from 1
to 2 is quite different from that of the pyrazolylborate sys-
tem.[5] The MoO2 core having two bdtCl2 ligands is formed
in the MoVI state and a MoV species was not detected dur-
ing the CEPT process. However, both [LMoVIO2(SC6H5)]
and [LMoVIO(p-O-C6H4-OC2H5)2]NO3 are formed by two-
step CEPT processes, in which the MoO2 and MoO cores,
respectively, are formed in the MoV states; the intermediates
[LMoVO2(SC6H5)]– and [LMoVO(p-O-C6H4-OC2H5)2] have
been characterized.[5,10] Furthermore, the coordination
number of the molybdenum center changes from five to six
when 1 is converted to 2 in our system, whereas the molyb-
denum centers maintain their six coordination structures in
both the MoIV and MoVI complexes in the pyrazolylborate
system. The electrochemical behavior of 1 is similar to that
of the molybdenum center of arsenite oxidase; in both sys-
tems, five coordinate MoIVO is converted to six coordinate
MoVIO2 by a two-proton two-electron process.[6]

[MoIVO(bdtCl2)2]2– (1)+ H2O�
[MoVIO2(bdtCl2)2]2– (2)+ 2H+ +2e– (CH3CN-H2O) (1)

[MoIVO(bdtCl2)2]2– (1)+2OH– �
[MoVIO2(bdtCl2)2]2– (2)+ H2O+2e– (CH3CN) (2)

[MoIVO(bdt)2]2– (3) and [MoIVO(mnt)2]2– (5) exhibited
markedly different reactivities in the CEPT process from
that of 1 under the same conditions ([Mo] = 0.5 m). Com-
plex 3 was converted to [MoVIO2(bdt)2]2– (4) in CH3CN by
a CEPT process in the presence of 2 equiv. of Bu4NOH;
however, 3 did not afford 4 by the CEPT process in
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Scheme 2. Proposed mechanism for the conversion of 1 to 2 by the
CEPT process in CH3CN/H2O (5:7) [Equation (1)] and CH3CN
[Equation (2)] solutions, and further oxygen atom transfer.

CH3CN/H2O (5:7). An aspect of the reversible MoV/IV wave
at –0.20 V in CH3CN/H2O (5:7) was intact up to pH = 14,
and the electrolysis of the solution at 0.1 V resulted in the
formation of [MoVO(bdt)2]–. On the other hand, 5 decom-
posed to Mo2O7

2– by oxidative electrolysis at 0.55 V (versus
SCE) both in CH3CN/H2O (5:7) and CH3CN solutions.[11]

The drastic difference in the reactivities observed among 1,
3, and 5 may be based on the electron donating properties
of the dithiolene ligands employed, which controls the sta-
bility of each MoVO center. The values of the MoV/IV cou-
ples (0.04 for 1, –0.20 V for 3,[2a] and 0.45 V for 5[3a] in
solutions of CH3CN/H2O) indicate that the electron donat-
ing properties of the dithiolene ligands increases in the or-
der bdt � bdtCl2 � mnt. The comparison of the CEPT
reactivity of 1 with those of 3 and 5 suggests that bdtCl2
offers a MoVO center with suitable acidity to bind OH– to
afford a MoVO(OH) complex which undergoes successive
CEPT processes without decomplexation (Scheme 2).[12]

The bdt ligand probably provides a weaker acidic MoVO
center. Thus, the MoVO complex is stable, less reactive, and
does not readily bind to OH– in aqueous media, in where
the activities of both the MoVO center and the OH– anion
are decreased by the buffer action of H2O. Therefore,
MoVO can bind the OH– anion of Bu4NOH in the CH3CN
solution, in where the activities of both the MoVO center
and the OH– anion are increased by solvent effects. Con-
versely the mnt ligand provides a MoVO center with high
acidity. Because the MoVO center is too unstable, it can be
concluded that MoVO(OH) decomposes by oxidative hy-
drolysis before the complex undergoes the CEPT process,
although the decomplexation process is unclear at this
stage.

It was found that 2 stoichiometrically oxidized AsO2
–

and PPh3 to AsO3
– and OPPh3, respectively, and was con-

verted to 1 in the CH3CN/H2O solution (Scheme 2).[13]

The present study has achieved, for the first time, a com-
bination of CEPT/OAT reactions in aqueous media for mo-
lybdenum complexes having dithiolene ligands (Scheme 2).
The MoIVO complex of bdtCl2, 1, was converted into the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4494–44974496

MoVIO2 complex, 2, by a one-step CEPT process and the
reaction mechanism was analyzed electrochemically. The
similarity of the reaction profile of our system with that
of the molybdenum center of the arsenite oxidase system
suggests that this model can be very helpful in understand-
ing the reaction mechanism occurring at the molybdenum
center of the arsenite oxidase as well as to develop active
site models that work in water.

Experimental Section

General: All reagents and solvents were used as received unless
otherwise noted. CH3CN was dried with CaH2 and then P2O5 and
distilled under an atmosphere of nitrogen prior to use. A dry 10%
Bu4NOH/CH3OH solution was purchased from Tokyo Chemical
Industry (TCI) and stored in the presence of molecular sieve. Each
reaction was carried out under an atmosphere of argon in either a
Schlenk tube or a Miwa DB0–1KP glove box.

Preparations: All complexes were synthesized under an atmosphere
of nitrogen. Complexes 3 and 5 were prepared as described in the
literature.[2a,3a]

(Bu4N)2[MoIVO(bdtCl2)2] (1) was prepared in the same manner
as (Et4N)2[MoIVO(bdtCl2)2][3e] with the use of (Bu4N)2[MoVI-
O2(bdtCl2)2] (2) instead of (Et4N)2[MoVIO2(bdtCl2)2].[3e]

C44H76Cl4MoN2OS4 (1015.12): calcd. C 52.06, H 7.55, N 2.76;
found C 51.99, H 7.53, N 2.76.

(Bu4N)2[MoVIO2(bdtCl2)2] (2): Method A: 1 (13.9 mg,
0.014 mmol), K3[Fe(CN)6] (9.2 mg, 0.028 mmol), and tBuOK
(3.1 mg, 0.028 mmol) were dissolved in CH3CN/H2O (5:7, 300–
420 µL). The red solution was concentrated to about 300 µL. Red
microcrystalline powder precipitated out of the solution, which was
collected by filtration. Yield: 13.7 mg (95%). C44H76Cl4MoN2O2S4

(1031.11): calcd. C 51.25, H 7.43, N 2.72; found C 50.90, H 7.41,
N 2.61. Method B: 2 was prepared in the same manner as (Et4N)2-
[MoVIO2(bdtCl2)2][3e] with the use of Bu4NOH instead of Et4NOH.

(Bu4N)2[MoVIO18O(bdtCl2)2] (2a) was prepared by method A as
per 2 with the use of 98% H2

18O instead of H2O. Yield: 13.7 mg
(95%). C44H76Cl4MoN2O18OS4 (1033.11): calcd. C 51.15, H 7.41,
N 2.71; found C 51.29, H 7.58, N 2.74.

Physical Measurement: FTIR spectra were recorded with a Perkin–
Elmer Spectrum One. UV/Vis spectra were recorded with a Un-
isoku USP-801 spectrometer with an optical fiber attachment. Mo-
lar absorption coefficients were corrected by measuring [Ru(2,2�-
bipyridyl)3](PF6)2 as an authentic sample. GC- and ESI-MS spectra
were recorded with a Shimazu GC–MS-QP5050A and a JEOL
JMS-700S, respectively. Cyclic voltammograms were recorded un-
der an atmosphere of nitrogen with the use of a Hokuto Denko
HZ-3000 potentiostat. A three-electrode configuration consisting
of a glassy-carbon working electrode, a SCE reference electrode,
and a platinum counter electrode was used.

Supporting Information (see footnote on the first page of this arti-
cle): The isotope distribution pattern of the calculated mass spec-
trum as {[MoO18O(bdtCl2)2]2– +Bu4N+}– (Figure S1), cyclic vol-
tammograms of 1 in CH3CN in the presence of 0–2 equiv.
Bu4NOH and a plot of ∆Ipa versus [Bu4NOH]/[1] (Figure S2), and
electronic spectral changes during electrolysis of 1 in the presence
of 2 equiv. Bu4NOH at 0.2 V (versus SCE) in CH3CN (Figure S3).
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Supramolecular intercluster compounds, that is, assemblies
of different, well-defined inorganic building blocks with dia-
meters of �1 nm, consisting of [Au9(PPh3)8]3+ clusters and
Keggin anions [PW12O40]3– were synthesized as single-crys-
tals by a diffusion method. Depending on the solvent combi-
nation, two modifications with different core geometries of
the gold cluster and different overall packing type can be

Introduction

Supramolecular chemistry aims to organize molecular
building blocks by means of noncovalent interactions into
complex arrangements.[1] Efforts to synthesize suitable
building blocks, to develop methods for their assembly, and
understand the underlying fundamental principles are cur-
rently driven over all magnitudes – ranging from molecules
to nano-, meso-, and macroscopic compounds.[1,2] In par-
ticular, nanoscopic self-assembly is envisioned to be the al-
ternative to lithographic techniques for future electronic or
optic devices. By the assembly of different building blocks
into superlattices, materials can be obtained that exhibit
new properties that are due to cooperative effects. One step
in this direction are binary nanoparticle superlattices.[3] Re-
cently, progress has been made in the experimental realiza-
tion of such compounds, which gives insight into the driv-
ing forces of nanoparticle crystallization.[4] Depending on
the types of interaction (van der Waals, hard sphere, or
ionic interaction) and the relative size of the ligand stabi-
lized nanoparticles, a whole variety of packing types were
observed.

Although the principles of self-assembly and the inter-
particle interactions vary over the different magnitudes, one
rule holds for all: the quality of the arrangements depends
on the uniformity of the building blocks. This prerequisite
is commonly fulfilled very well for a molecular assembly
but not for the assembly of nanoparticles (except protein
crystallization), which exhibit an intrinsic size distribution.
The resulting violations of translational symmetry on the
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obtained as a single-phase in macroscopic amounts. This ap-
proach leads toward the study of nanostructured matter with
high translational symmetry and the principles of nanoscopic
self-assembly.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

atomic scale would undermine at least some of the enthusi-
astic expectations connected to the properties of nanostruc-
tured matter. Anyhow, such defects would thwart structure
determinations with atomic resolution, which is an impor-
tant prerequisite for a detailed understanding of structure-
directing forces and the resulting physical properties. Our
approach for overcoming these limitations is based on the
generation of supramolecular intercluster compounds
(SICC), that is, assemblies of different, well defined, inor-
ganic building blocks with diameters of 1 nm or larger.

The variety of inorganic clusters that have been studied
in manifold, and clusters of several nanometers in size have
been uniformly synthesized and crystallized.[5,6] Only a few
examples of compounds consisting of different inorganic
clusters have been reported and all are constructed of dif-
ferent polyoxometalates as anionic building blocks.[7,8]

SICCs can be seen as a bridge between the molecular
self-assembly and the self-assembly of nanoparticles. While
the latter is dominated by nondirectional interactions of
spherical particles leading to more or less densely-packed
structures that can mostly be derived from simple ionic or
intermetallic compounds, the arrangements in the former
are strongly dependent on the shape of the molecules and
directional interactions, which can lead to structures with
either low symmetry or density. For SICCs, a tendency for
structures with a dense packing of the clusters can be ex-
pected. However, because of deviations from a perfect
spherical shape, local directional, or steric interactions, a
wide range of arrangements might be realized. Because of
the size of the building blocks, voids filled with solvent
molecules are likely to occur in such arrangements. Unlike
binary nanoparticle superlattices, it is possible to grow
SICCs as single-crystals with high translational order, such
that details of the supramolecular arrangements can be elu-
cidated by X-ray diffraction.
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Results and Discussion

In this communication, we report the crystallization and
structural characterization of the first supramolecular inter-
cluster compounds consisting of different types of building
units, the gold cluster [Au9(PPh3)8]3+ and the Keggin anion
α-[PW12O40]3–. It is noteworthy that the [Au9(PPh3)8]3+

cluster although being one of the first gold clusters to be
discovered,[9,10] accessible in gram-scale quantities, and
widely investigated, has never been characterized by single-
crystal X-ray diffraction because of heavy disorder. Struc-
tural characterization of Au9

3+ clusters was successful only
by the employment of para-substituted ligands.[10–12] In the
solid state, two skeletal isomers of [Au9(PR3)]3+ clusters
were found; in solution the clusters undergo fast rearrange-
ments.

The mixing of solutions of [Au9(PPh3)8](NO3)3 and
(NBu4)3[PW12O40] in acetonitrile leads to a microcrystal-
line, orange precipitate of the 1:1 compound [Au9(PPh3)8]-
[PW12O40] (1). For growing single-crystals for X-ray diffrac-
tion, an interdiffusion method was employed. The building
blocks were separately dissolved in solvents of different
density and layered carefully on top of each other. De-
pending on the types of solvents and the concentration, two
types of crystals were obtained, orange needles of com-
pound 1 and greenish-black plates or prisms of a second
compound 2. Both compounds contain [Au9(PPh3)8]3+ and
α-[PW12O40]3– in a 1:1 ratio, but exhibit different Au9 skel-
etal isomers and packing types. Although in some solvent
combinations simultaneous growth of both compounds was
observed, 1 and 2 can be obtained selectively in DMF-ace-
tonitrile and DMF-acetone, respectively.

Compound 1 crystallizes in the tetragonal space group
P4/n with two formula units in the unit cell.[13] The skeletal
geometry of the [Au9(PPh3)8]3+ cluster, which is located on
a four-fold axis, resembles the shape of a centered crown
with eight Au atoms surrounding the central Au1 atom
(Figure 1a). The radial Au–Au bond lengths are
266.2(1) pm and 266.9(1) pm and the peripheral bond
lengths are 277.7(1) pm and 280.6(1) pm. This centered
crown geometry was first observed in the related [Au9{P(p-
C6H4OMe)3}8](BF4)3.[12] The central P atom of the Keggin
anion α-[PW12O40]3– resides on a position exhibiting 4̄ sym-
metry (Wyckhoff position 2a) and the whole anion is found
to be ordered (Figure 1b). The W–O and P–O bond lengths
of this well-known anion are in agreement with those pre-
viously found in other crystal structure determinations.[14]

Figure 2 shows the overall packing of 1, which can be de-
rived from the CsCl structure type. Both the gold cluster
and the Keggin anion are coordinated by each other in the
form of distorted cubes. The distortion originates mainly
from the nonspherical shape of the Au9 cluster. Further-
more, the eight peripheral Au atoms can be divided into an
upper and lower part of the crown. Four Au atoms, respec-
tively, are bonded to PPh3 ligands pointing directly towards
the corners (4×Au2) and the edges (4×Au3) of the coordi-
nation cube (Figure 3). The distances between the central
Au1 and the central P1 of the Keggin anions are 1339 pm
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and 1444 pm. This separation leads to the slight distortion
of the Au9 skeleton from the D4d symmetry with the Au2–
Au2 distances [344.8(1) pm] being shorter than the Au3–
Au3 distances [350.2(1) pm]. The gold clusters exhibit close
contacts not only to the eight Keggin anions (H···O dis-
tances 230–250 pm) but also to six neighboring gold clus-
ters (H···H distances �270 pm), which is expected for the
CsCl packing type. The Au1–Au1 distances are 1367 pm
and 1723 pm and can be regarded as an approximation for
the short and long van der Waals diameters of the gold
cluster. The van der Waals diameters of [PW12O40]3–, which
is not perfectly spherical as well, can be estimated to range
from 1050 pm to 1350 pm. As both building blocks are ori-
ented with their short diameters parallel to the c axis, a
relatively dense packing is achieved. The estimated radii ra-
tios of 0.75–0.80 are close to the theoretical value of 0.73,
which is calculated for touching spheres with cubic coordi-
nation. Although the estimation of the radii ratios for such
building blocks with a rather irregular surface seems to be
a rough approximation, it can be concluded that the CsCl
structure-type is at least a very dense and therefore effective
packing for this intercluster compound. A search for voids
in the crystal structure (PLATON,[15] probe radius 1.2 Å)
led to a value of 11.5% of the accessible volume. The largest
voids (202 Å3) can be found in between two adjacent Keg-
gin anions that lie along [001].

Figure 1. a) Structure of the crown isomer of the [Au9(PPh3)8]3+

cluster. Hydrogen atoms are omitted for clarity. b) Structure of the
Keggin anion α-[PW12O40]3– in polyhedral representation.

Compound 2 crystallizes in the space group C2/c with
four formula units in the unit cell.[13] Different from 1, the
[Au9(PPh3)8]3+ cluster is not in the crown skeletal geometry
but in a “butterfly-shaped” geometry (Figure 4a),
which was first observed in the compound [Au9{P(p-
C6H4Me)3}8](PF6)3.[12] The cluster resides on a crystallo-
graphic site of C2 symmetry (4e). While the ligand shell ex-
hibits only this C2 symmetry, the symmetry of the Au skel-
eton is close to D2h. The radial Au···Au bond lengths range
from 266.1(1) pm to 273.8(1) pm and the corresponding pe-
ripheral bond lengths vary from 278.8(1) pm to
292.6(1) pm. Thus, the average Au···Au bond lengths and
their variations are considerably larger than those of the
crown isomer. The Keggin anion was found to be disor-
dered over two orientations with the resulting superposition
exhibiting inversion symmetry (Wyckhoff position 4d). This
kind of disorder has been encountered several times before
for Keggin anions and can be realized by 90° rotations
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Figure 2. View of the crystal structure along [001]. The Keggin
anions are located at z = 0 and the gold clusters at z = 0.42 and z
= 0.58, respectively.

Figure 3. Coordination of the gold cluster by eight anions. The
ligands of the peripheral Au atoms are pointing directly towards
(Au2, yellow spheres) or in between (Au3, orange spheres) the
anions.

along one of the 4̄ axes of the central tetrahedron.[16] In
Figure 4b, it can be seen that the outer silhouette of the two
orientations is almost equal, so that this crystallographic
disorder is likely to occur. The packing scheme of 2 can be
derived from the NaCl structure-type (Figure 5). The Keg-
gin anions are coordinated by six [Au9(PPh3)8]3+ clusters
(shortest O···H contacts �250 pm) in the form of a dis-
torted octahedra with center-to-center distances of 1300,
1304, and 1391 pm. Vice versa, the gold clusters are coordi-
nated by six Keggin anions octahedrally as well. The gold
clusters are oriented in such a way that the eight PPh3 li-
gands, which surround the Au skeleton in almost a cubic
fashion, point towards the eight faces of the coordination
octahedron.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4498–45024500

Figure 4. a) Structure of the “butterfly-shaped” isomer of the
[Au9(PPh3)8]3+ cluster. Hydrogen atoms are omitted for clarity. b)
Superposition of the two orientations of the α-[PW12O40]3– anion
in 2.

Figure 5. Similarity of the packing of 2 to the NaCl structure type:
the gold clusters are packed face-centered cubic and the Keggin
anions (dark grey spheres) occupy the octahedral voids.

The effective van der Waals diameter of the “butterfly-
shaped” [Au9(PPh3)8]3+ isomer can be estimated to be about
1650 pm to 1750 pm. The silhouette of this isomer is more
spherical than that of the crown isomer. In case of a regular
closed packing of touching hard spheres with this diameter,
the octahedral voids could occupy spheres with a diameter
not greater than about 700 pm. The diameter of the Keggin
anion (1050 pm to 1350 pm) is significantly larger than
that, which has several consequences. First, not all of the
twelve neighboring gold clusters are in close contact to the
central gold cluster. The center-to-center distances in the
distorted cuboctahedron vary from 1680 pm to 2108 pm.
Furthermore, the misfit of the Keggin anions leads to sub-
stantial voids. The solvent accessible volume was calculated
to be 19.6%. There appear to be four crystallographically
equivalent solvent pockets per unit cell (average coordinates
0, 0.185, 0.25), but single solvent molecules could not be
located during crystal structure refinement because of dis-
order. The crystals lose solvent molecules rapidly upon re-
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moval from the mother liquid. From geometric considera-
tions about six molecules (DMF or acetone) per formula
unit would fit into the voids.

Conclusions

In conclusion, we have synthesized two representatives of
SICCs in macroscopic amounts and determined their crys-
tal structures. We think that this may become a versatile
and efficient approach to new, well-defined, nanostructured
materials. Currently, we are modifying the building-blocks
in order to study the underlying principles of such supra-
molecular structures and their formation.

Experimental Section
Au9(PPh3)8(NO3)3 (“Au9”) and Au8(PPh3)8(NO3)2 (“Au8”) were
prepared by the reduction of AuPPh3NO3 with NaBH4, and its
subsequent reaction with excess triphenylphosphane according to
the procedure given in ref.[17] α-[nBu4N]3PW12O40 (“PW12”) was
prepared by precipitation of an aqueous solution of commercially
available tungstophosphoric acid with nBu4NBr and subsequent
recrystallization from acetone.[18] 1: Upon mixing acetonitrilic solu-
tions of Au9 and PW12, an orange, microcrystalline powder of 1
precipitates immediately. Larger crystals can be obtained by an
interdiffusion method, which was optimized in glass tubes with a
diameter of 8 mm at 20 °C. Single-crystals of 1 were obtained by
the careful layering of Au9 in DMF (0.3 mL, 1 µmol/mL) followed
by DMF/acetonitrile (1:1, 1.0 mL), and PW12 in acetonitrile
(0.3 mL, 1.5 µmol/mL). After several days, orange needles that tend
to dendritic intergrowth form. If the diffusion is carried out with
Au8 as starting material, the Au8 cluster rearranges back to the Au9

cluster and 1 crystallizes as the only compound, which was checked
by X-ray diffractometry. Interestingly, the obtained crystals are
larger and less intergrown than those obtained with Au9 as the
starting material. Single-crystals suitable for X-ray diffraction were
washed with acetonitrile, dried in air, and mounted on glass capil-
laries. Larger scale synthesis of 1 was carried out in glass tubes
with a diameter of 2 cm. [(nBu4N)]3PW12O40 (133 mg, 36.9 µmol)
in DMF (8 mL) was carefully layered with DMF/acetonitrile (1:1,
4 mL), followed by Au9(PPh3)8(NO3)3 (100 mg, 24.6 µmol) in ace-
tonitrile (8 mL). After 5 to 7 d, the orange needles were collected
on a fine glass frit, washed with acetonitrile, and dried under vac-
uum. Yield: 142 mg (85%). ATR-IR (neat sample), Au9(PPh3)8

3+: ν̃
= 1586(w), 1571(w), 1479(m), 1436(m), 1384(w), 1331(w), 1310(w),
1185(w), 1161(w), 1097(m), 1028(w), 987(sh), 738(m), 707(m),
686(m); PW12O40

3–: ν̃ = 1079(s), 977(s), 893(m), 808(s). The PXRD
pattern corresponds to the calculated pattern from the single-crys-
tal X-ray structure determination (see Supporting Information).
Room-temperature unit cell parameters of a = 2433.2 pm and b =
1386.5 pm were determined by the Le Bail method.

The preparation of 2 as a single phase is more difficult, as the
formation of 2 and 1 is dependent on the concentrations in the
crystallization zone. In 8 mm tubes Au9 in DMF (0.3 mL, 2.5 µmol/
mL) followed by DMF/acetone (1:1, 0.8 mL) and PW12 in acetone
(0.3 mL, 3.0 µmol/mL) are carefully layered. After several days,
greenish-black crystals appear, and the solution is still slightly yel-
low. The crystals lose solvent rapidly upon removal from the
mother liquid and, as a consequence, turn opaque and diffract po-
orly. Thus, single-crystals for X-ray diffraction were directly trans-
ferred into inert oil, picked with a loop and cooled with liquid
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nitrogen. Up-scaling of the crystallization in larger tubes was not
successful, as substantial amounts of 1 formed simultaneously. In-
stead, larger amounts of 2 were prepared by simply filling 12 to 16
of the small tubes at once. Yield: ca. 3.3 mg per tube (ca. 60%).
ATR-IR (neat sample), Au9(PPh3)8

3+: ν̃ = 1584(w), 1569(w),
1478(m), 1434(m), 1383(w), 1308(w), 1182(w), 1161(w), 1096(m),
1027(w), 986(sh), 740(m), 706(m), 687(m); PW12O40

3–: ν̃ = 1077(s),
974(s), 892(s), 806(s). The solvent loss is at least partially reversible.
If the dried crystals are put into solvent, they turn transparent
again. For powder X-ray diffraction the crystals were washed with
DMF/acetone and acetone, dried in air, ground, and filled into a
0.7 mm capillary with additional solvent. The PXRD pattern corre-
sponds to the calculated pattern from the single-crystal X-ray struc-
ture determination (see Supporting Information).

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and calculated PXRD patterns of 1 and 2.
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One-pot reactions of Ti(NMe2)4 with a wide range of primary
alkyl, aryl, and silylamines RNH2 in the presence of excess
chlorotrimethylsilane produced the corresponding imido–
titanium(IV) complexes [Ti(=NR)Cl2(NHMe2)2] (1a–j), in which
R = tBu, 1-adamantane, Ph3C, Ph3Si, Ph, 2,6-iPr2–C6H3, 2,6-
Cl2–C6H3, 2,6-Br2–4-Me–C6H2, C6F5, and 3,5-(F3C)2–C6H3.
This general synthesis, which starts from commercially avail-
able reagents, represents a simple and direct route to imido
complexes. Reaction of complexes 1 with pyridine afforded
the six-coordinate tris-pyridine adducts [Ti(=NR)Cl2(Py)3] (2).
Another advantage of this method is its tolerance to other
functional groups; complexes that contain halides, ether, di-
alkylamino, cyano, ethynyl, olefin, and nitro substituents on

Introduction

The last two decades have witnessed a strong interest in
the coordination chemistry of transition-metal complexes
that contain imido ligands [NR]2– (R = alkyl or aryl).[1]

The dianionic π-donor terminal imido functional group is
involved in many facets of chemistry that can be subdivided
into two types: (1) reactions in which the imido group acts
as a spectator ligand, the [NR]2– moiety is isolobal with
[C5H5]–[2] (e.g. in alkene metathesis[3] or olefin polymeriza-
tion[1c,4–6]), (2) reactions in which the M = NR linkage itself
is involved in stoichiometric or catalytic transformations
such as metathesis reactions (with imines,[7] nitro- and
nitrosoarenes,[8] or oxo–imido exchange[9]), C–H acti-
vation,[10] reactions with unsaturated C–C[11] or C–X
bonds,[12] alkyne hydroaminations,[13,14] carboamination
reactions,[15] and ring-opening reactions of strained hetero-
cycles.[10d,16] Moreover, some imido derivatives have also
found applications in material chemistry (OMCVD,[17]

polyoxometalate[18]) and have been implicated in the
ammoxidation of propene.[19]
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the imido moiety have been prepared. The use of enantio-
merically pure primary amines affords the first group of tita-
nium complexes that contain chiral imido groups, and the
use of diamines produces diimido complexes. Alternatively,
CH3I has been used as an alkylating agent to generate tita-
nium–imido complexes of the type [Ti(NR)I2(THF)2]2. All
compounds were fully characterized by spectroscopic meth-
ods (IR, 1H NMR, 13C NMR) and elemental analysis. Some of
the compounds were also analyzed by single-crystal X-ray
diffraction studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

As part of an ongoing study of vanadium complexes sup-
ported by various ligands,[20] we recently described the syn-
thesis and molecular structure of the new terminal aryl–
imido, and rare Cp-free, vanadium(IV)complex [V(=N–2,6-
iPr2–C6H3)Cl2(NHMe2)2].[5] We have further demonstrated
that various aryl–imido groups could be very conveniently
introduced by a one-pot synthesis from V(NMe2)4, the cor-
responding aniline, and chlorotrimethylsilane.[21] We have
also studied the coordination chemistry of these new com-
plexes with N- or P-donor neutral ligands,[21,22] and the re-
sults suggest that imido compounds of this type could lead
to a large variety of vanadium coordination compounds.
Furthermore, some of these imido–vanadium species have
been shown to possess catalytic activities in olefin polymeri-
zation[5] and in alkyne hydroamination.[13a] Terminal
imido–titanium complexes [Ti(=N–tBu)Cl2Ln] [Ln =
(NHMe2)2, Py2, Py3, TMEDA] have proven to be very use-
ful synthons for the preparation of many other imido deriv-
atives through chloride and/or ligand base exchange me-
tathesis; aryl– and silyl–imido derivatives are available by
transimination reactions with the appropriate aryl and silyl-
amine.[6a,13d,17c,23–26] Some of these imido–titanium com-
plexes present potential activity in olefin polymerization,[6]

alkyne hydroamination,[13] and have been used for the syn-
thesis of TiN thin films,[17a–17c] which further justifies the
quest for the cheapest and the most direct route for the
preparation of such useful precursors.
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Two routes are commonly employed for the preparation

of the now widely used synthon [Ti(=N–R)Cl2Ln] [Ln =
(NHMe2)2, Py3]. In the first method, [Ti(=N–tBu)Cl2Py3]
is prepared from TiCl4, tBuNH2, and pyridine.[23] Neverthe-
less, other analogues (i.e. aryl–imido) cannot be obtained
this way, and their synthesis requires a second step that con-
sists of an imido/amine exchange reaction (transimination)
of [Ti(=N–tBu)Cl2Py3] with the appropriate arylamine.[23]

Moreover, the presence of pyridine renders these com-
pounds somewhat insoluble, and pyridine ligands may be
unwanted for certain applications. During the course of our
studies, imido–titanium complexes [Ti(=N–R)Cl2-
(NHMe2)2] have been prepared by Mountford et al. with a
procedure based on the reaction of Ti(NMe2)2Cl2 with a
primary alkyl- or arylamine.[26] Although this route appears
more general than the one with TiCl4, the precursor
Ti(NMe2)2Cl2 is not commercially available and needs to be
prepared from TiCl4 and Ti(NMe2)4.[27]

In this paper, and as an extension of our imido–vana-
dium method[21] to titanium, we report on a very conve-
nient, one-pot synthesis of a series of alkyl–, aryl–, and si-
lyl–imido derivatives of titanium(IV) complexes of the gene-
ral formula [Ti(=NR)Cl2(NHMe2)2] (1), where R is an
alkyl-, an aryl-, or a silyl group. Part of this work [synthesis
of Ti(=NPh)Cl2(NHMe2)2] has been previously communi-
cated.[13a] Our method presents the advantage to afford the
imido derivative in one single step with the use of a very
simple one-pot synthesis from commercially available
Ti(NMe2)4, the corresponding primary amine RNH2, and
an excess of chlorotrimethylsilane. Another important goal
of this study was to explore the selectivity and the func-
tional group tolerance of the reaction. Amines that contain
additional functionality on their skeletons (e.g. ether, dialk-
ylamino, cyano, ethynyl, olefin, or nitro substituents) were
successfully used to generate original imido derivatives. In
consequence, our procedure appears to be applicable to a
wide range of primary amines including enantiomerically

Scheme 1. Designation of imido–titanium complexes described in this study.
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pure amines (to afford chiral imido functions) and diamines
(to afford diimido complexes). Related complexes with pyri-
dine ligands prepared by the substitution of the NHMe2

ligands in [Ti(=NR)Cl2(NHMe2)2] by pyridine (Py) donors
is also described. Finally, an alternative preparation for the
related iodo analogue complex [Ti(NAr)I2(thf)2]2 is also de-
scribed; this method is based on the use of CH3I instead of
Me3SiCl (Scheme 3).

Results and Discussion

This work constitutes a systematic investigation of the
synthetic and structural chemistry of imido–titanium(IV)
complexes of the general formula [Ti(=NR)Cl2(NHMe2)2]
that are prepared directly from a one-pot reaction of
Ti(NMe2)4, RNH2, and Me3SiCl, as well as some related
compounds. The synthesis and proposed structures of the
imido complexes of titanium(IV) are summarized in
Schemes 1–3. The structures of eleven complexes are set out
in Figures 2–7, and Figures 9, 10, 12, and 14, selected met-
ric data are collected in Tables 1 and 2.

1. General Synthesis of the Imido Complexes [Ti(=NR)-
Cl2(NHMe2)2] and [Ti(=NR)Cl2Py3]

In our previous study,[21] we described the synthesis of
paramagnetic aryl–imido–vanadium complexes [V(=NAr)-
Cl2(NHMe2)2] from the reaction of an aniline with
V(NMe2)4 in toluene followed by the addition of an excess
of chlorotrimethylsilane. Inspired by this result, we at-
tempted to use a similar one-pot synthesis for the pro-
duction of related titanium–imido analogue complexes, and
the scope of this method was first illustrated with a range
of primary amines listed in Scheme 2.
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Scheme 2. General synthesis of imido–titanium(IV) complexes 1 and 2.

When a toluene solution of Ti(NMe2)4 is reacted with
one equiv. of RNH2 [with R = tBu, 1-adamantyl, Ph3C,
Ph3Si, Ph, 2,6-iPr2–C6H3, 2,6-Cl2–C6H3, 2,6-Br2–4-Me–
C6H2, C6F5, and 3,5-(F3C)2–C6H3] and an excess of chloro-
trimethylsilane[28] (typically about 8 equiv.) at room temp.
overnight, yellow–orange compounds [Ti(=NR)Cl2-
(NHMe2)2] [R = tBu (1a), 1-adamantyl (1b), Ph3C (1c),
Ph3Si (1d), Ph (1e), 2,6-iPr2–C6H3 (1f), 2,6-Cl2–C6H3 (1g),
2,6-Br2–4-Me–C6H2 (1h), C6F5 (1i), and 3,5-(F3C)2–C6H3

(1j)] are formed exclusively (Scheme 2). These complexes
often separated by crystallization (while the reaction pro-
ceeds or upon the addition of pentane) as large, generally
yellow–orange (for alkyl–imido) or red (for aryl–imido)
needles or crystals with good yields (73–96%).

The detailed experimental protocols and full characteri-
zation are given in the Experimental Section. Compounds
1a–j have been characterized by infrared spectroscopy (with
strong νNH absorptions around 3250 cm–1), multinuclear
NMR spectroscopy, elemental analysis, and by X-ray struc-
ture determination for some (vide infra). The products are
consistent with the proposed structure of a monomeric five-
coordinate compound with 2 dimethylamine ligands that
occupy the axes of the bipyramid. This one-pot synthesis
cleanly affords a wide range of alkyl–, silyl–, and aryl–imido
complexes Ti(=NR)Cl2(NHMe2)2. It is important to note
that titanium silyl–imido complexes remain comparatively
rarer than their alkyl- or aryl analogues.[10b,12d,25,29]

When dissolved in pyridine, bis-dimethylamine adducts 1
are instantly and generally quantitatively converted into
tris-pyridine complexes [Ti(=NR)Cl2(Py)3] (2). In a few
cases, it has been reported that the substitution of NHMe2

ligands by pyridine is difficult or produces mixed NHMe2–
pyridine adducts.[21,26] Within this study, we have only expe-
rienced difficulties (vide infra) in the synthesis of one com-
pound (namely 5 from 4). We will not insist on this substi-
tution reaction that has already been described by us on
vanadium analogues,[21] and by Mountford on titanium
complexes,[26] but these tris-pyridine complexes are gen-
erally obtained as large crystals with good X-ray quality
that facilitates their structural characterization, vide infra
(although they are sometimes poorly soluble in common
organic solvents). In consequence, in this article we will re-
fer to this substitution reaction only when a related tris-
pyridine–imido compound was structurally characterized.
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Single crystals of 2d were grown from a CH2Cl2/pyridine
solution of 2d layered with pentane at room temp. and were
analyzed by X-ray crystallography. A thermal ellipsoid plot
is presented in Figure 1 along with selected bond lengths
and angles in Table 1.

Figure 1. Molecular structure of 2d with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Compound 2d adopts a pseudooctahedral geometry
around the metal center with mutually trans chloride and
pyridine ligands. The third pyridine ligand is disposed trans
to the imido group. Bond lengths and angles are unexcep-
tional and were found to be very similar to those observed
in titanium[23,25] and vanadium[21] analogues; the titanium–
nitrogen bond lengths of the imido fragment is
1.7110(13) Å, with an almost linear Ti–Nimido–Si angle
[171.12(9)°], and an average Ti–Cl ca. 2.39 Å. The trans Ti–
N(Py) of 2.4742(14) Å is significantly longer than the
average cis Ti–N(Py) bond lengths [2.224(2) Å], which re-
flects the trans-labilizing ability of the imido ligand.

2. Tolerance to Functional Groups on the Imido Moiety in
[Ti(=NR)Cl2(NHMe2)2] and [Ti(=NR)Cl2Py3] Complexes

Functionalized organoimido complexes of titanium, that is
complexes that contain additional functional groups on the
imido moiety, are extremely rare.[23,30] Since we have easy
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Table 1. Comparison of the average interatomic distances [Å] and angles [°] in Ti(=NR)Cl2(NHMe2)2 and Ti(=NR)Cl2(Py)3 complexes.

1k 1o 1p 1s* 2d 2l 2r

Ti–Nimido 1.6955(18) 1.7028(11) 1.700(2) 1.682(4) 1.7110(13) 1.726(2) 1.6988(12)
Nimido–Cipso/Si 1.390(2) 1.3889(16) 1.384(4) 1.455(6) 1.7098(14)[a] 1.357(3) 1.4448(18)
Ti–Cl 2.3567(9) 2.3393(4) 2.3261(9) 2.3602(15) 2.3752(5) 2.3756(4) 2.4353(5)

2.3553(11) 2.3509(4) 2.3301(9) 2.3393(17) 2.4037(5) 2.3999(5)
Ti–NNHMe2

2.2185(18) 2.2005(11) 2.207(3) 2.196(5) – – –
2.2186(17) 2.2119(11) 2.210(2) 2.214(5)

Ti–NPy(trans) – – – – 2.4742(14) 2.425(2) 2.4000(12)
Ti–NPy(cis) – – – – 2.2140(14) 2.2201(13) 2.2433(12)

2.2339(14) 2.2314(13)
HNHMe2

···Cl 2.516 2.391 2.708 2.563 – – –
2.530

Ti–Nimido–Cipso/Si 178.21(15) 178.86(10) 169.4(2) 168.8(4) 171.12(9) [b] 180.0 174.31(10)
Cl–Ti–Cl 132.86(3) 131.357(16) 134.01(4) 140.12(6) 162.03(2) 164.59(3) 163.780(18)
NNHMe2

–Ti–NNHMe2
167.27(6) 169.29(4) 168.35(10) 160.43(16) – – –

NNimido
–Ti–NNHMe2

96.39(8) 95.36(5) 93.64(11) 100.88(18) – – –
96.33(8) 95.31(5) 97.85(11) 98.65(19)

NPy(cis)–Ti–NPy(cis) – – – – 169.87(5) 169.32(7) 168.24(4)
Nimido–Ti–Cl 113.97(7) 115.08(4) 115.41(10) 112.79(15) 91.44(4) 97.705(15) 98.77(4)

113.17(6) 113.54(4) 110.45(10) 107.04(15) 99.15(5) 97.37(4)
Nimido–Ti–NPy(trans) – – – – 178.09(6) 169.32(7) 179.23(5)
N–H···Cl 153.63 164.94 153.17 147.90 – – –

151.20
functional group NEt–CAr C=C 1.338(2) C�C 1.183(5) – – N�C 1.144(4) C�C 1.187(2)

1.386(3)
C–C�C N�C–C C–C�C
175.5(4) 180.0 178.93(18)

[a] Nimido–Si bond length. [b] Ti–Nimido–Si angle.

access to various Ti–imido complexes from readily available
amines, it was of interest to probe the tolerance of our syn-
thetic procedure towards the presence of functional groups
on the alkyl/arylamine backbone, and also to learn the sta-
bility of the resulting functionalized imido compounds. The
added functionality of the organoimido compounds may
serve as an anchor to graft the complexes to a support, and
their reactivity could be studied as well. We have already
shown in the previous section that halides and CF3-substi-
tuted anilines can be employed, and we have screened se-
veral other anilines and amines that contain ether, dialk-
ylamine, cyano, alkyne, olefin, or nitro groups under the
same conditions used above [Ti(NMe2)4, RNH2, Me3SiCl,
toluene, room temp.]. These amines are depicted in Fig-
ure 2.

The general one-pot procedure proceeded as anticipated
with anilines substituted with p-NEt2, p-CN, o-CN, p-
HC=CH2, o-MeC=CH2, m-C�CH, and m-NO2 groups

Figure 2. Functional amines used in this study.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4503–45184506

with the formation of the expected corresponding bis-di-
methylamine adducts [Ti(=NAr)Cl2(NHMe2)2] (1k–q) [with
Ar = p-Et2N–C6H4 (1k), p-NC–C6H4 (1l), o-NC–C6H4

(1m), p-H2C=CH–C6H4 (1n), o-MeC=CH2–C6H4 (1o), m-
HC�C–C6H4 (1p), and m-O2N–o-Me–C6H3 (1q)]. Not sur-
prisingly, some of these compounds have been easily con-
verted into their tris-pyridine adducts [Ti(=NAr)Cl2(Py)3]
(2) by the addition of an excess of pyridine to the corre-
sponding dimethylamine precursor. Only [Ti(=N–p-NC–
C6H4)Cl2(Py)3] (2l) will be described later on as its molecu-
lar structure has been established (vide infra). These func-
tional organoimido species have been characterized by me-
ans of spectroscopic methods (NMR, IR), and combustion
analysis. The solution 1H- and 13C NMR spectroscopic
data present features similar to those of their nonfunctional
analogues – a single set of resonances for the coordinated
NHMe2 ligands (in 1) or two different pyridine ligands in
the ratio 2:1 (in 2), and resonances attributable to the or-
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ganoimido group. These data are consistent with the func-
tional group that does not interact with the metal center.
Indeed, according to the IR data, some of these functional
groups are clearly observed in their normal regions (νC�N

2243, 2242, and 2221 cm–1, respectively, for 1l, 1m, and 2l;
νC=C 1624 and 1629 cm–1, respectively, for 1n and 2o; νC�C

2208 cm–1 for 1p; νNO2
1517 cm–1 for 1q).

When reacted with Ti(NMe2)4 in the presence of chloro-
trimethylsilane, 1-ethynylcyclohexylamine gave the imido
complex Ti[=N(C6H10C�CH)]Cl2(NHMe2)2 (1r). Again,
spectroscopic (1H- and 13C NMR) data suggest that the
carbon–carbon triple bond does not coordinate to the tita-
nium center. The corresponding pyridine analogue [Ti[= N-
(C6H10C�CH)]Cl2(Py)3] (2r), formed upon the addition of
excess pyridine to 1r, has been characterized by X-ray struc-
ture determination (vide infra) that clearly shows the free
C�C–H fragment.

Single-crystals suitable for X-ray diffraction studies were
obtained for these functionalized organoimido compounds
from room temp. toluene (1k, 1o), cold toluene/pentane
(1p), or pyridine-toluene/pentane (2l, 2r) solutions. Thermal
ellipsoid plots are presented in Figures 3, 4, 5, 6, 7; selected
metric parameters are given in Table 1.

Figure 3. Molecular structure of 1k with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

In the solid state, the molecular structure of the three
NHMe2 adducts (1k, 1o, 1p) is best described as distorted
trigonal bipyramid with axial dimethylamine ligands [τ =
0.58 (1k), 0.63 (1o), and 0.57 (1p)],[31] with Nimido–Ti–Cl
angles in the range 110–115°, and Nimido–Ti–NNHMe2

angles
in the range 93–98°. The distances and angles associated
with the titanium center and the ligands are comparable to
those found in other [M(=NR)Cl2(NHMe2)2] complexes (M
= Ti,[26] V[21]). Adducts 1k, 1o, and 1p exhibit a short Ti–
Nimido distance of 1.6955(18) Å for 1k, 1.7028(11) Å for 1o,
and 1.700(2) Å for 1p. The imido linkage is almost linear
[Ti–Nimido–Cipso angle = 178.21(15), 178.86(10), and
169.4(2)°, respectively, in 1k, 1o, and 1p], and is consistent
with the donation of the lone pair on nitrogen to an ac-
ceptor orbital on titanium (the imido Ti–N bond can be
considered as a triple bond). The crystal structure determi-
nations also unambiguously show noninteracting func-
tional -NEt2 (1k), -C(Me)=CH2 (1o), and –C�CH (1p)
groups, with normal metric parameters that are listed in
Table 1. Both of the chlorine atoms occupy equatorial sites
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Figure 4. Molecular structure of 1o with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Figure 5. Molecular structure of 1p with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

in the trigonal bipyridine with a Cl1–Ti–Cl2 angle of
132.86(3)°, 131.357(16)°, and 134.01(4) Å for 1k, 1o, and
1p, respectively, and mean Ti–Cl bond lengths of 2.36 Å,
2.34 Å, and 2.33 Å for 1k, 1o, and 1p, respectively. The two
trans dimethylamino ligands form the axis of the bipyra-
mid, and have mean Ti–NNHMe2

bonds of ca. 2.21 Å for the
three compounds. The supramolecular structure is domi-
nated by Me2N–H···Cl hydrogen bonding (NH···Cl bond
lengths are in the range 2.391 to 2.708 Å; associated N–
H···Cl angles are 164.94 to 147.64°); features that they share
with Mountford’s related compounds.[26]

An ORTEP drawing of the molecular structure of 2l and
2r is shown in Figures 6 and 7, respectively. Crystals of 2r
contain one residual molecule of pyridine (not shown in
Figure 6). In 2l, the Ti–Nimido and C�N vectors lie on a
crystallographic two-fold rotation axis. The pendant func-
tional cyano (2l) and ethynyl (2r) group on the imido moie-
ties do not bind to the titanium center. Compounds 2l and
2r adopt a pseudooctahedral geometry around the titanium
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center similar to the one described above for 2d (with mutu-
ally trans chloride and pyridine ligands, the third pyridine
ligand is disposed trans to the imido group). Bond lengths
and angles are normal, and found to be very similar to
those observed in titanium[23] and vanadium[21] analogues,
as well as in previously described 2d (Table 1). The tita-
nium–nitrogen bond length of the imido fragments are
1.726(2) Å (2l) and 1.6988(12) Å (2r) with an angle Ti–
Nimido–Cipso of 180.0° (2l) and 174.31(10)° (2r), and Ti–Cl
bond length of 2.3756(4) Å (2l) and 2.4353(5) and
2.3999(5) Å (2r).

Figure 6. Molecular structure of 2l with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Figure 7. Molecular structure of 2r with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms and residual solvent (one
molecule of pyridine) of crystallization are omitted for clarity.

Unlike the previous functional anilines, however, amines
that contain an additional ether-function {i.e. 2-EtO–
C6H4NH2 and tetrahydrofurfurylamine [H2NCH2-
(CHO(CH2)3)]} did not generate the bis-dimethylamine ad-
duct, but rather reacted to afford the mono-dimethylamine
adduct of the general formula [Ti(NRo)Cl2(NHMe2)] [with
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Ro = 2-EtO–C6H4 (3), and CH2(CHO(CH2)3) (4)] (Fig-
ure 8), as judged by spectroscopic (NHMe2/NRo, 1:1) and
analytical data. The 1H- and 13C NMR spectra of 3 reveal
diastereotopic methyl groups for the NHMe2 ligand. Be-
cause of their poor solubility in common organic solvents,
these compounds are probably imido-bridged dimers with
the oxygen atom coordinated to the metal center.

Figure 8. Proposed structure for complexes 3–5.

Indeed, molecular structure determination (Figure 9) has
unambiguously established that 3 is the centrosymmetric di-
mer [Ti[µ2-[N]-η1[O]-N–2-EtO–C6H4]Cl2(NHMe2)]2, with
two aryl–imido ligands that bridge two (Me2HN)Cl2Ti moi-
eties. The O atom of the ether function is coordinated cis
to the N atom of its own ligand set, trans to the N atom of
the other imido group, and the chlorine atoms are mutually
cis to one another. The coordination geometry of titanium
is distorted octahedral. The Ti2N2 core is planar (torsion
angle 0°) and is characterized by a short Ti···Ti distance
common in imido dimers[32] [Ti1···Ti1� = 2.889(3) Å] with
two Ti–Nimido bond lengths of 1.830(6) Å and 2.027(6) Å.
The (Me2HN)Cl2Ti moiety is normal with the expected Ti–
Namine and Ti–Cl bond lengths and angles [Ti–Namine

2.226(6) Å, Ti–Cl avg. 2.346 Å].

Figure 9. Molecular structure of 3 with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Addition of pyridine to 4 affords the pyridine complex
[Ti(µ2-[N]-η1[O]–NRo)Cl2(Py)]2 (5) [Ro = CH2(CHO-
(CH2)3)] and its molecular structure has also been assessed
on the basis of X-ray structure determination. The ORTEP
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drawing is shown in Figure 10, and selected bond lengths
and angles are given in Table 2. Like 3, compound 5 is di-
meric in the solid state, and the overall geometry, distances,
and angles are broadly comparable to those of 3. Complex
5 is an imido-bridged dimer with two edge-sharing octahe-

Figure 10. Molecular structure of 5 with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Table 2. Comparison of the average interatomic distances [Å] and angles [°] in dimers 3, 5, 6*, and 8.

3 5 6* 8

Ti–Nimido Ti1–N1 1.830(6) Ti1–N1 2.013(3) Ti1–N1 1.821(4) Ti1–N1 1.719(4)
Ti1–N1� 2.027(6) Ti1–N1� 1.821(3) Ti2–N1 1.965(4) Ti2–N5 1.710(4)

Ti1–N2 1.840(4)
Ti2–N2 1.971(4)

Nimido–Cipso N1–C1 1.395(10) N1–C10 1.452(5) N1–C1 1.494(6) N1–C16 1.374(6)
N2–C9 1.487(6) N5–C27 1.378(6)

Ti–Cl Ti1–Cl1 2.360(2) Ti1–Cl1 2.3592(12) Ti1–Cl1 2.2542(17) Ti1–Cl1 2.4075(16)
Ti1–Cl2 2.333(2) Ti1–Cl2 2.3755(11) Ti1–Cl2 2.2482(16) Ti1–Cl2 2.4059(18)

Ti2–Cl3 2.3500(16) Ti2–Cl3 2.4185(17)
Ti2–Cl4 2.3588(16) Ti2–Cl4 2.3893(16)

Ti–NNHMe2
2.226(6) Ti1–N1 2.254(3) Ti2–N3 2.215(4) Ti1–N2 2.249(5)

or Ti–NPy Ti2–N4 2.233(4) Ti1–N3 2.386(4)
Ti1–N4 2.235(5)
Ti2–N6 2.223(4)
Ti2–N7 2.406(4)
Ti2–N8 2.236(5)

Ti–O Ti1–O1� 2.240(5) Ti1–O1 2.177(3) – –
HNHMe2

···Cl – – 2.638 –
Ti···Ti 2.889(3) 2.8502(13) 2.8239(14) 13.33
Ti–Nimido–Cipso Ti1–N1–C1 143.9(5) Ti1–N1–C10 118.1(3) C1–N1–Ti1 130.2(3) Ti1–N1–C16 174.6(4)

Ti1�–N1–C1 119.2(5) Ti1�–N1–C10 145.6(3) C1–N1–Ti2 133.0(3) Ti2–N5–C27 178.1(4)
C9–N2–Ti1 132.4(3)
C9–N2–Ti2 132.0(3)

Cl–Ti–Cl 90.34(9) 90.69(4) Cl1–Ti1–Cl2 114.10(7) Cl1–Ti1–Cl2 163.93(7)
Cl3–Ti2–Cl4 95.91(6) Cl3–Ti2–Cl4 166.35(6)

Nimido–Ti–Cl N1–Ti–Cl1 98.3(2) N1–Ti–Cl1 169.36(11) N1–Ti1–Cl1 98.51(15)
N1–Ti–Cl2 109.7(2) N1–Ti–Cl2 94.52(9) N1–Ti1–Cl2 97.32(15)

N5–Ti1–Cl3 95.76(16)
N5–Ti2–Cl4 97.89(16)

misc. N1–Ti1–O1� 157.7(2) N1–Ti1–O1 76.25(12) N–H···Cl 147.64 N1–Ti1–N3 177.00(19)
N1–Ti1�–O1 74.8(2) N1�–Ti1–O1 159.71(12) N3–Ti2–N4 163.95(16) N5–Ti2–N7 178.20(18)
Ti1–N1–Ti1� 96.9(3) Ti1–N1–Ti1� 95.92(14) Ti1–N1–Ti2 96.41(19) N2–Ti1–N4 166.03(17)
N1–Ti1–N1� 83.1(3) N1–Ti1–N1� 84.08(14) Ti1–N2–Ti2 95.57(19) N6–Ti2–N8 165.37(16)

N1–Ti1–N2 87.56(18)
N1–Ti2–N2 80.10(17)
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dral metal coordination spheres. Each distorted octahedron
is completed by two mutually cis chlorine atoms [Ti–Cl avg.
2.367(2) Å, Cl–Ti–Cl 90.69(4)°], one pyridine ligand [Ti–
NPy 2.254(3) Å] and the O atom of the furan link [Ti–O
2.177(3) Å]. The Ti2N2 core is planar (torsion angle 0°) and
is characterized by a short Ti···Ti distance [2.8502(13) Å].
The disymmetric imido bridges are characterized by two
Ti–Nimido bond lengths of 1.821(3) Å and 2.013(3) Å, that
are longer by ca. 0.1/0.3 Å than those generally observed in
terminal imido complexes. The angle formed by the bridg-
ing nitrogen atoms with the two metal centers [Ti–Nimido–
Ti� = 95.92(14)°] deviates significantly from that expected
for an sp2 nitrogen atom. The (Py)Cl2Ti moiety is normal
with the expected Ti–NPy and Ti–Cl bond lengths and
angles [Ti–NPy 2.254(3) Å, Ti–Cl avg. 2.367(2) Å].

3. Application to the Synthesis of Diimido Complexes and
Chiral Imido Complexes

In relation to the possible use of chiral imido complexes
in catalysis for stereoselective olefin polymerization[33] and
their involvement in alkyne/alkene hydroamination,[34] we
have initiated the synthesis of chiral imido groups on tita-
nium complexes from enantiomerically pure chiral amines.
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Following our one-pot procedure, the chiral amine (S)-

(–)-α-methylbenzylamine was treated with Ti(NMe2)4 in the
presence of excess Me3SiCl, and the resulting yellow com-
plex [Ti{=N-[(S)-(–)-CHMePh]}Cl2(NHMe2)2] (1s*) was
obtained in good yields (74%) (Figure 11). By the treatment
with pyridine, 1s* was transformed into the tris-pyridine
adduct [Ti{=N-[(S)-(–)-CHMePh]}Cl2(Py)3] (2s*). These
complexes represent the first examples of a chiral imido
group on titanium complexes.[35]

Figure 11. Chiral imido–titanium(IV) complexes.

Single-crystals of 1s* (yellow blocks) were obtained from
a toluene/pentane solution at room temp., and the crystal
structure was determined. Complex 1s* crystallized in the
monoclinic space group P21.[36] A thermal ellipsoid plot is
presented in Figure 12 along with selected bond lengths and
angles in Table 1. In the solid state, the molecular structure
of 1s* resembles that of other five-coordinate M(=NR)-
Cl2(NHMe2)2 complexes described in this article and by
others (M = Ti,[26] V[21]), and the metric parameters are
comparable [avg. Nimido–Ti–Cl 109.9°, avg. Nimido–Ti–
NNHMe2

99.8, Ti–Nimido distance of 1.682(4) Å, Ti–Nimido–
C1 angle = 168.8(4)°, Cl–Ti–Cl angle of 140.12(6)°, mean
Ti–Cl bond lengths of 2.350 Å, Ti–Namine bond lengths of
avg. 2.205 Å]. In this case, the geometry around the metal
center is closer to square planar (τ = 0.34).

Figure 12. Molecular structure of 1s* with selected bond lengths
[Å] and angles [°], which shows 50% probability ellipsoids and par-
tial atom-labeling schemes. Hydrogen atoms are omitted for clarity.
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Note that when less than 1 equiv. of chiral benzylic
amine is used, we have observed by 1H NMR spectroscopy
the concomitant formation of another imido species 6* as
a minor side product. The lower solubility of 6* allowed us
to selectively obtain a few crystals and to determine its so-
lid-state structure. 6s* crystallized in the tetragonal space
group P42. The molecular structure is presented in Fig-
ure 13 and selected distances and angles are summarized in
Table 2. Compound 6* is an imido-bridged dimer formu-
lated as [Cl2Ti{µ-N-[(S)-(–)-CHMePh]}2TiCl2(NHMe2)2]
that consists of one four- and one six-coordinate titanium
center.[37] Molecules of 6* possess approximately tetrahe-
dral (Ti1) and octahedral (Ti2) metals linked by bridging
aryl–imido ligands. The Ti–Cl [average Ti1–Cl 2.25 Å,
average Ti2–Cl 2.35 Å] and Ti–Nimido [Ti1–N1 1.821(4) Å,
Ti1–N2 1.840(4) Å, Ti2–N1 1.965(4) Å, Ti2–N2 1.971(4) Å]
distances for Ti2 are longer than those for Ti1 by ca. 0.1 Å
(Ti–Cl) and ca. 0.13 Å (Ti–Nimido), which is consistent with
the higher coordination number of Ti2. The torsion angle
Ti1–N1–Ti2–N2 of the Ti2N2 core is 4.5(2)°.

Figure 13. Molecular structure of 6* with selected bond lengths [Å]
and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.

Similarly, we have attempted the synthesis of the related
imido complex [Ti{=N-[(–)-cis-myrtanyl]}Cl2(NHMe2)2]
(1t*) that has a cis-myrtanyl function (Figure 11). However,
we have not been able to isolate 1t* in a pure form – the
resulting orange material probably contains a mixture of
imido compounds with a lower number of dimethylamine
coligands as judged by its poor solubility and by the low
N-content determined by combustion analysis (unfortu-
nately the 1H NMR spectrum was extremely broad and a
full assignment of the signals was not possible). Neverthe-
less, a subsequent addition of pyridine afforded the desired
pyridine complex [Ti{=N-[(–)-cis-myrtanyl]}Cl2(Py)3] (2t*)
as the unique product.[38]

Interestingly, as an extension, our procedure may be used
to generate multimetallic architectures held together by
imido functions.[39] For instance, diimido complexes have
been obtained directly from diamines. The reaction of
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3,3�,5,5�-tetramethyl[1,1�-biphenyl]-4,4�-diamine (H2N–
BP–NH2) with 2 equiv. of Ti(NMe2)4 in the presence of an
excess of Me3SiCl afforded the binuclear derivative
[(Me2HN)2Cl2Ti(=N–BP–N=)TiCl2(NHMe2)2] (7, Fig-
ure 14). Replacement of the dimethylamine ligands was
prompted by the addition of pyridine to 7 and afforded the
pyridine analogue [(Py)3Cl2Ti(=N–BP–N=)TiCl2(Py)3] (8).
An X-ray structure determination of a crystal of 8 (Fig-
ure 15 and Table 2) reveals a binuclear titanium complex
with a bridging spacer composed of the diimido unit. The
two titanium centers have an octahedral geometry with
structure, bond lengths, and angles similar to the monome-
tallic species. The titanium–nitrogen bond length of the
imido fragments are 1.719(4) Å and 1.710(4) Å, the imido
fragment were found to be almost linear [Ti–Nimido–Cipso

174.6(4)° and 178.1(4)°], and Ti–Cl bond lengths are in the
range 2.39–2.42 Å. The dihedral angle between the planes
of the two benzene rings of the biphenyl unit is 14.0(2)°.

Figure 14. Diimido-titanium(IV) complex 7.

4. Alternative Synthesis of Imido–Titanium Species

The reaction of Ti(NMe2)4 with 2,6-iPr2–C6H3NH2 in
THF with an excess of CH3I in place of chlorotrimethylsil-
ane can be used to generate an aryl–imido complex. This
reaction proceeds at room temperature (Scheme 3), with al-
kylation of the four dimethylamido groups.[40] After fil-
tration of the insoluble Me4NI salt, the imido complex for-
mulated as [Ti(NAr)I2(thf)2] (9) (Ar = 2,6-iPr2–C6H3), as
judged by 1H NMR spectroscopy and combustion analysis,
is obtained in 79% yield. This compound is most probably
a dimer with bridging iodides as in the structurally estab-
lished phenylimido analogue [Ti(=NPh)Cl(µ-Cl)(thf)2]2.[4c]

This new synthesis could be important as an alternative

Figure 15. Molecular structure of 8 with selected bond lengths [Å] and angles [°], which shows 50% probability ellipsoids and partial
atom-labeling schemes. Hydrogen atoms are omitted for clarity.
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method for the preparation of imido complexes when N-
donor coligands (NHMe2) are not wanted. The scope of
this synthesis will be developed elsewhere.

Scheme 3. Alternative synthesis of imido–titanium(IV) compounds.

Conclusions

We have reported a direct and efficient method to gener-
ate titanium(IV) complexes of the type Ti(=NR)-
Cl2(NHMe2)2 from commercially available Ti(NMe2)4 and
a wide range of primary amines under simple and mild con-
ditions. We have also demonstrated the functional group
tolerance of this reaction, and it has been applied to the
synthesis of titanium complexes that have an additional
functionality on the imido moiety. The reactivity of these
functionalized imido groups can now be ascertained and
the added functionality may also serve as an anchor to graft
this species onto a support. Also of great interest, we have
been able to prepare complexes with diimido ligands, as
well as the first Ti compounds that contain chiral imido
supporting ligands. As an alternative method, we have re-
ported some preliminary results on the synthesis of imido–
titanium complexes of the type [Ti(NAr)I2(thf)2]2 that use
CH3I as a reagent.

Experimental Section
General Methods and Instrumentation: All manipulations were car-
ried out with a standard Schlenk line or dry box techniques under
an atmosphere of argon. Solvents were refluxed and dried with
the appropriate drying agents under an atmosphere of argon, and
collected by distillation. NMR spectra were recorded with a Bruker
AM200, AM250, ARX250, DPX300, or Avance500 spectrometers,
referenced internally to residual protio-solvent (1H) resonances,
and are reported relative to tetramethylsilane (δ = 0 ppm). 19F
NMR spectra were recorded with a Bruker AM200 spectrometer
(reference CF3CO2H). 29Si NMR spectra were recorded with a
Bruker Avance500 spectrometer. Infrared spectra were prepared
under an argon atmosphere in a glove box and were recorded with
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a Perkin–Elmer Spectrum GX FT-IR spectrometer. Elemental
analyses were performed at the Laboratoire de Chimie de Coordi-
nation (Toulouse, France) (C, H, N) or by the Service Central de
Microanalyses du CNRS at Vernaison (France) (C, H, N, Cl).

The Ti(NMe2)4 used in this study was prepared by a modification
of a literature procedure,[41] or purchased from commercial sources
(Aldrich, Acros). Liquid anilines and amines were dried with KOH
or CaH2, refluxed, distilled, and stored over 4 Å molecular sieves
under an argon atmosphere before use. Trimethylchlorosilane was
distilled and stored over 4 Å molecular sieves under an argon atmo-
sphere before use. The optical purity of the enantiomerically pure
chiral amines used in this study [(S)-(–)-α-methylbenzylamine and
(–)-cis-myrtanylamine] was 98% (Aldrich).

Crystal Structure Determination: Crystals of 1k (dark-green
blocks), 1o (orange plates), 1p (orange plates), 1s* (yellow blocks),
2d (yellow blocks), 2l (orange plates), 2r (orange parallelepipeds),
3 (dark-red blocks), 5 (orange blocks), 6* (green plates), and 8
(orange blocks) were obtained. Crystal data collection and pro-
cessing parameters are given in Table 3 and Table 4. The selected
crystals, sensitive to air and moisture, were mounted on a glass
fiber with perfluoropolyether oil and cooled rapidly to 180 K in a
stream of cold N2. Data were collected at low temperature (T =
180 K) with a Stoe Imaging Plate Diffraction System (IPDS)
equipped with an Oxford Cryosystems Cryostream Cooler Device
or an Oxford Diffraction Kappa CCD Excalibur diffractometer
equipped with an Oxford Instrument cryojet, with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å). Final unit cell param-
eters were obtained by means of a least-squares refinement of a set
of 8000 well-measured reflections, and crystal decay was monitored
during data collection by the measurement of 200 reflections by
image; no significant fluctuation of intensities has been observed.
Structures have been solved by means of Direct Methods with the
program SIR92,[42] and subsequent difference Fourier maps. Mod-
els were refined by least-squares procedures on a F2 with SHELXL-

Table 3. Crystallographic data, data collection and refinement parameters for compounds 1k, 1p, 1o, 1s*, 2d, and 2l.

1k 1o 1p 1s*[a] 2d 2l

Chemical formula C14H28Cl2N4Ti C13H23Cl2N3Ti C12H19Cl2N3Ti C12H23Cl2N3Ti C33H30Cl2N4SiTi C22H19Cl2N5Ti
Formula weight 371.20 340.14 324.10 328.10 629.50 472.22
Crystal system triclinic monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P1̄ P21/c P21/a P21 P21/c C2/c
a [Å] 9.182(5) 13.9252(7) 8.9189(7) 9.0267(9) 10.8267(5) 8.2536(6)
b [Å] 9.694(5) 10.2394(5) 20.246(2) 10.5665(18) 11.2667(5) 23.3710(11)
c [Å] 12.436(5) 12.1777(6) 9.1104(8) 9.0580(12) 26.8863(14) 12.5545(6)
α [°] 107.181(5) 90.0 90.0 90.0 90.0 90.0
β [°] 109.035(5) 89.897(4) 98.747(10) 103.210(10) 107.819(4) 105.544(5)
γ [°] 94.289(5) 90.0 90.0 90.0 90.0 90.0
V( [Å]3) 981.6(8) 1736.36(15) 1626.0(2) 841.1(2) 3122.3(3) 2333.1(2)
Z 2 4 4 2 4 4
Dcalc (g cm–3) 1.256 1.301 1.324 1.296 1.339 1.344
µ (Mo-Kα) [mm–1] 0.708 0.792 0.842 0.815 0.513 0.614
F(000) 392 712 672 344 1304 968
θ range [°] 3.51–32.06 3.54–32.15 2.48–25.68 2.87–32.04 2.96–32.26 3.49–25.68
Measured reflections 10407 17009 12282 8603 26117 7813
Unique reflections/Rint 6192/0.0223 5707/0.0277 3070/0.0549 3962/0.0746 10210/0.0209 2215/0.0242
Parameters/restraints 196/0 183/3 166/1 169/1 370/0 140/0
Final R indices [I�σ2(I)] R1 = 0.0424 R1 = 0.0338 R1 = 0.0509 R1 = 0.0552 R1 = 0.0452 R1 = 00.0304

wR2 = 0.1131 wR2 = 0.0819 wR2 = 0.1082 wR2 = 0.1067 wR2 = 0.1080 wR2 = 0.0703
Final R indices all data R1 = 0.0516 R1 = 0.0497 R1 = 0.0583 R1 = 0.1065 R1 = 0.0578 R1 = 0.0346

wR2 = 0.1170 wR2 = 0.0873 wR2 = 0.1106 wR2 = 0.1383 wR2 = 0.01157 wR2 = 0.0731
Goodness of fit 1.077 1.067 1.167 0.841 1.070 1.051
∆ρmax and ∆ρmin 0.905 and –0.514 0.531 and –0.311 0.349 and –0.305 0.360 and –0.407 0.462 and –0.529 0.264 and –0.210

[a] Absolute structure parameter: 0.11(7).
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97[43] integrated in the package WINGX version 1.64;[44] empirical
absorption corrections were applied on the data.[45] All hydrogen
atoms have been located on differences Fourier maps, and intro-
duced into the refinement as fixed contributors with a riding model
with an isotropic thermal parameter fixed at 20% higher than those
of the Csp2 atoms and 50% for the Csp3 atoms to which they were
connected. The methyl groups were refined with the torsion angle
as a free variable. Some exceptions for a few specific hydrogen
atoms were made, which have been isotropically refined (like nitro-
gen bound hydrogens). For the seven structures all non-hydrogen
atoms were anisotropically refined, and in the last cycles of the
refinement weighting schemes were used, where weights are calcu-
lated from the following formula: w = 1/[σ2(Fo

2)+(aP)2 +bP] where
P = (Fo

2 +2Fc
2)/3. The poor quality of the structure determination

of 3 is due to the small size of the crystal, and was not sufficient
to give precise bond lengths and angles. For 8 it was not possible
to resolve diffuse electron-density residuals (enclosed solvent mole-
cules). Treatment with the SQUEEZE facility from PLATON,[46]

with a localized void of about 1730 Å3 and 75 recovered electrons,
resulted in a smooth refinement. Since a few low-order reflections
are missing from the data set, the electron count will be underesti-
mated. Thus, the values given for Dcalc, F(000) and the molecular
weight are only valid for the ordered part of the structure. For 1s*,
the Flack parameter[47] was refined to a value of 0.11(7). Although,
the standard deviation on this parameter is rather high, inversion
of the configuration gave a value of 0.89, and so the absolute con-
figuration could be determined and it agrees with the synthetic
pathway [in addition, the Flack parameter for complex 6*, which
is derived from 1s*, was refined to a satisfying value of 0.04(3)].
The deviation of the Flack parameter from 0 is probably due to
the weak anomalous diffusion of Ti and Cl atoms. CCDC-608174
to -608184 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 4. Crystallographic data, data collection and refinement parameters for compounds 2r, 3, 5, 6*, and 8.

2r 3 5 6*[a] 8

Chemical formula C23H26Cl2N4Ti, C20H32Cl4N4O2Ti2 C20H28Cl4N4O2Ti2 C20H32Cl4N4Ti2 C46H46Cl4N8Ti2
C5H5N

Formula weight 556.38 598.04 594.06 566.10 948.51
Crystal system monoclinic monoclinic monoclinic tetragonal monoclinic
Space group P1̄ P21/n P21/n P42 P21/n
a [Å] 9.1233(9) 9.868(2) 10.1969(15) 13.043(2) 15.7668(12)
b [Å] 10.3422(11) 7.9255(16) 11.9115(13) 13.043(2) 17.2900(12)
c [Å] 15.5338(13) 16.575(3) 11.0227(15) 15.073(3) 21.7813(19)
α [°] 76.531(8) 90.0 90.0 90.0 90.0
β [°] 80.338(8) 90.77(3) 112.931(15) 90.0 96.202(7)
γ [°] 87.611(9) 90.0 90.0 90.0 90.0
V( [Å]3) 1405.2(2) 1296.2(4) 1233.0(3) 2564.2(8) 5903.0(8)
Z 2 2 2 4 4
Dcalc (gcm–3) 1.315 1.532 1.600 1.466 1.067
µ (Mo-Kα) [mm–1] 0.520 1.053 1.107 1.055 0.484
F(000) 580 616 608 1168 1960
θ range [°] 2.73–32.05 3.30–23.25 2.64–25.68 3.12–24.69 3.02–26.37
Measured reflections 14916 7332 9348 17232 41980
Unique reflections/Rint 8919/0.0312 1854/0.1297 2332/0.1180 4373/0.1019 12047/0.1418
Parameters/restraints 325/0 148/0 145/0 277/1 545/0
Final R indices [I�σ2(I)] R1 = 0.0372 R1 = 0.0996 R1 = 0.0432 R1 = 0.0431 R1 = 0.0950

wR2 = 0.0923 wR2 = 0.2462 wR2 = 0.0951 wR2 = 0.0549 wR2 = 0.2361
Final R indices all data R1 = 0.0544 R1 = 0.1203 R1 = 0.0853 R1 = 0.0765 R1 = 0.1510

wR2 = 0.1045 wR2 = 0.2684 wR2 = 0.1051 wR2 = 0.0622 wR2 = 0.2649
Goodness of fit 0.958 1.058 0.851 0.784 0.993
∆ρmax and ∆ρmin 0.488 and –0.586 1.322 and –1.089 0.308 and –0.321 0.274 and –0.254 0.634 and –0.792

[a] Absolute structure parameter 0.04(3).

[Ti(=NR)Cl2(NHMe2)2] (1a–t). General Synthetic Procedure: To a
toluene solution (5 mL) of Ti(NMe2)4 (250 mg, 1.115 mmol),
amine RNH2 (1 equiv. 1.115 mmol) was added at room tempera-
ture. To this solution Me3SiCl (1.00 g) was slowly added at room
temperature. The resulting solution was stirred overnight at room
temp. (or at 60 °C for 1a, for the other compounds we did not
notice significant changes in yields when the reaction was per-
formed at 60 °C). Depending on the amine RNH2 used, the prod-
uct separates from the solution as a crystalline compound (without
or upon the addition of pentane), or the volatiles were removed
under reduced pressure. The yellow–orange microcrystalline solid
was then washed with pentane (2×10 mL), and dried under vac-
uum to afford the analytically and spectroscopically pure material.
Pure 1 was obtained by recrystallization from toluene/pentane.
Yields are calculated on the basis of 250-mg scale reaction of
Ti(NMe2)4. Some of these compounds have been prepared with up
to 2 g of Ti(NMe2)4 with similar yields.

[Ti(=N–tBu)Cl2(NHMe2)2] (1a): Yield 260 mg (93%) (yellow). 1H
NMR (250 MHz, CD2Cl2): δ = 3.46 (br. m, 2 H, NH), 2.71 (d, 3J
= 6.2 Hz, 12 H, NHMe2), 1.05 (s, 9 H, tBu) ppm. 13C{1H} NMR
(62.90 MHz, CD2Cl2): δ = 73.6 (CMe3), 41.1 (NHMe2), 31.5
(CMe3) ppm. IR (KBr): ν̃ = 3234 (s, NH), 2973 (s), 1517 (m), 1363
(w), 1244 (m), 1184 (m), 1090 (m), 1015 (s), 975 (s), 901 (m), 810
(w), 557 (m), 498 (w) cm–1. C8H23Cl2N3Ti (280.06): calcd. C 34.31,
H 8.28, N 15.00; found C 34.33, H 8.35, N 14.86.

[Ti(=N–1-Adamantane)Cl2(NHMe2)2] (1b): Yield 320 mg (80%)
(yellow). 1H NMR (300 MHz, CD2Cl2): δ = 3.48 (br. m, 2 H, NH),
2.71 (d, 3J = 6.0 Hz, 12 H, NHMe2), 1.89 (br. s, 3 H, CHada), 1.66
(br. s, 6 H, CH2ada), 1.48 (br. s, 6 H, CH2ada) ppm. 13C{1H} NMR
(75.47 MHz, CD2Cl2): δ = 75.4 (Cq), 45.4 (Cq), 41.2 (NHMe2), 36.5
(Cada), 30.1 (Cada) ppm. IR (KBr): ν̃ = 3233 (w, NH), 2921 (vs),
1465 (m), 1365 (m), 1237 (s), 1097 (m), 1016 (m), 894 (s), 499 (w)
cm–1. C14H29Cl2N3Ti (358.17): calcd. C 46.95, H 8.16, N 11.73;
found C 47.05, H 8.19, N 11.60.
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[Ti(=N–CPh3)Cl2(NHMe2)2] (1c): Yield 475 mg (91%) (yellow). 1H
NMR (250 MHz, CD2Cl2): δ = 7.21–7.38 (m, 15 H, C6H5), 3.27
(br. sept, 2 H, NH), 2.44 (d, 3J = 6.1 Hz, 12 H, NHMe2) ppm.
13C{1H} NMR (62.90 MHz, CD2Cl2): δ = 147.7, 129.0, 128.0,
126.9 (C6H5, one signal not observed), 40.7 (NHMe2) ppm. IR
(KBr): ν̃ = 3233 (m, NH), 2929 (m), 2780 (m), 1596 (m), 1467 (m),
1443 (m), 1209 (m), 1020 (m), 991 (w), 893 (m), 755 (m), 699 (s),
636 (m), 420 (m) cm–1. C23H29Cl2N3Ti (466.27): calcd. C 59.25, H
6.27, N 9.01; found: C 59.07, H 6.24, N 8.87.

[Ti(=N–SiPh3)Cl2(NHMe2)2] (1d): Yield 490 mg (91%) (yellow). 1H
NMR (250 MHz, CD2Cl2): δ = 7.72 (m, 6 H, C6H5), 7.38 (m, 9 H,
C6H5), 3.39 (br. sept, 2 H, NH), 2.55 (d, 3J = 6.2 Hz, 12 H,
NHMe2) ppm. 13C{1H} NMR (125.81 MHz, CD2Cl2): δ = 136.9,
135.5, 130.6, 129.7 (C6H5), 41.2 (NHMe2) ppm. 29Si NMR
(99.40 MHz, CD2Cl2): δ = –43 ppm. IR (KBr): ν̃ = 3242 (s, NH),
1465 (m), 1427 (m), 1111 (vs), 893 (w), 703 (s), 507 (s) cm–1.
C22H29Cl2N3SiTi (482.34): calcd. C 54.78, H 6.06, N 8.71; found
C 54.66, H 6.07, N 8.66.

[Ti(=N–Ph)Cl2(NHMe2)2] (1e): Yield 273 mg (81%) (red–orange).
1H NMR (250 MHz, CD2Cl2): δ = 7.07 (t, 2 H, C6H5), 6.82 (m, 3
H, C6H5), 3.56 (br. sept, 2 H, NH), 2.76 (d, 3J = 6.2 Hz, 12 H,
NHMe2) ppm. C10H19Cl2N3Ti (300.05): calcd. C 40.03, H 6.38, N
14.00; found C 39.86, H 6.41, N 13.92.

[Ti(=N–2,6-iPr2–C6H3)Cl2(NHMe2)2] (1f): Yield 410 mg (96%)
(orange). 1H NMR (300 MHz, C6D6): δ = 6.99 (d, 3J = 7.5 Hz, 2
H, C6H3), 6.85 (t, 3J = 7.6 Hz, 1 H, C6H3), 4.67 (sept, 3J = 6.7 Hz,
2 H, CHMe2), 2.91 (br. m, 2 H, NH), 2.27 (d, 3J = 6.3 Hz, 12 H,
NHMe2), 1.44 (d, 3J = 6.9 Hz, 12 H, CHMe2) ppm. 13C{1H} NMR
(75.47 MHz, C6D6): δ = 157.8, 144.7, 123.8, 122.7 (C6H3), 40.8
(NHMe2), 28.0 (CHMe2), 24.6 (CHMe2) ppm. IR (KBr): ν̃ = 3255
(w, NH), 2961 (m), 1465 (s), 1334 (s), 1288 (s), 1021 (m), 896 (m),
753 (s), 668 (vs) cm–1. C16H31Cl2N3Ti (384.21): calcd. C 50.02, H
8.13, N 10.94; found C 49.93, H 8.20, N 10.81.
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[Ti(=N–2,6-Cl2–C6H3)Cl2(NHMe2)2] (1g): Yield 300 mg (73%)
(orange). 1H NMR (250 MHz, C6D6): δ = 6.90 (d, 3J = 8.0 Hz, 2
H, C6H3), 6.13 (t, 3J = 7.9 Hz, 1 H, C6H3), 2.97 (br. m, 2 H, NH),
2.28 (d, 3J = 6.2 Hz, 12 H, NHMe2) ppm. 13C{1H} NMR
(62.90 MHz, C6D6): δ = 158.0, 130.6, 122.2 (C6H3, one signal not
observed, probably obscured under C6D6), 41.2 (NHMe2) ppm. IR
(KBr): ν̃ = 3251 (s, NH), 2977 (m), 2931 (m), 2783 (m), 1610 (w),
1468 (m), 1434 (vs), 1397 (m), 1332 (s), 1258 (w), 1192 (w), 1071
(w), 1011 (s), 983 (m), 894 (s), 788 (s), 759 (m), 718 (m), 568 (m),
458 (w), 425 (w) cm–1. C10H17Cl4N3Ti (368.94): calcd. C 32.55, H
4.64, N 11.39; found C 32.53, H 4.60, N 11.25.

[Ti(=N–2,6-Br2–4-Me–C6H2)Cl2(NHMe2)2] (1h): Yield 451 mg
(96%) (orange). 1H NMR (250 MHz, C6D6): δ = 6.97 (d, 2 H,
C6H2), 3.17 (br. m, 2 H, NH), 2.36 (d, 3J = 6.1 Hz, 12 H, NHMe2),
1.69 (s, 3 H, MeAr) ppm. 13C{1H} NMR (62.90 MHz, C6D6): δ =
152.7, 133.7, 132.4, 120.5 (C6H2), 41.4 (NHMe2), 20.2 (MeAr) ppm.
IR (KBr): ν̃ = 3248 (s, NH), 3008 (w), 2975 (w), 2937 (w), 2781
(w), 1465 (m), 1442 (s), 1332 (s), 1255 (w), 1011 (s), 896 (s), 850
(m), 741 (s), 713 (m), 581 (m), 568 (m), 459 (w), 423 (w) cm–1.
C11H19Br2Cl2N3Ti (471.87): calcd. C 28.00, H 4.06, N 8.91; found
C 28.05, H 4.08, N 8.89.

[Ti(=N–C6F5)Cl2(NHMe2)2] (1i): Yield 405 mg (93%) (orange). 1H
NMR (250 MHz, C6D6): δ = 2.70 (br. m, 2 H, NH), 2.21 (d, 3J =
6.1 Hz, 12 H, NHMe2) ppm. 19F NMR (C6D6, 188.3 MHz): δ =
–78.8 (d, 2F, o-C6F5), –89.5 (t, 2F, m-C6F5), –90.3 (t, 1F, p-C6F5)
ppm. C10H14Cl2F5N3Ti (390.00): calcd. C 30.80, H 3.62, N 10.77;
found C 30.75, H 3.57, N 10.70.

[Ti[=N–3,5-(F3C)2–C6H3]Cl2(NHMe2)2] (1j): Yield 380 mg (87%)
(red–orange). 1H NMR (250 MHz, C6D6): δ = 7.36 (br. s, 3 H,
C6H3), 2.36 (br. m, 2 H, NH), 2.11 (d, 3J = 6.0 Hz, 12 H, NHMe2)
ppm. 13C{1H} NMR (62.90 MHz, C6D6): δ = 159.1, 132.7, 124.3,
123.7 (C6H3), 115.4 (CF3), 41.0 (NHMe2) ppm. 19F NMR
(188.3 MHz, C6D6): δ = 13.31 ppm. IR (KBr): ν̃ = 3229 (m, NH),
3008 (w), 2982 (w), 1598 (w), 1466 (m), 1460 (m), 1387 (s), 1278
(vs), 1177 (s), 1132 (vs), 1040 (s), 1022 (m), 894 (m), 876 (m), 682
(m), 426 (w) cm–1. C12H17Cl2F6N3Ti (436.05): calcd. C 33.05, H
3.93, N 9.64; found C 33.03, H 3.94, N 9.51.

[Ti(=N–4-Et2N–C6H4)Cl2(NHMe2)2] (1k): Yield 345 mg (93%)
(green). 1H NMR (250 MHz, C6D6): δ = 7.11 (d, 3J = 8.9 Hz, 2 H,
C6H4), 6.40 (d, 3J = 9.0 Hz, 2 H, C6H4), 2.94 [q, 3J = 7.0 Hz, 4 H,
N(CH2CH3)2], 2.80 (br. m, 2 H, NH), 2.36 (d, 3J = 6.1 Hz, 12 H,
NHMe2), 0.86 [t, 3J = 7.0 Hz, 6 H, N(CH2CH3)2] ppm. 13C{1H}
NMR (250 MHz, C6D6): δ = 156.2, 144.2, 125.9, 112.7 (C6H4), 45.2
[N(CH2CH3)2], 41.2 (NHMe2), 13.4 [N(CH2CH3)2] ppm. IR (KBr):
ν̃ = 3249 (s, NH), 2973 (s), 1597 (m), 1499 (vs), 1465 (m), 1320 (m),
1265 (vs), 1005 (m), 896 (m), 815 (s), 458 (w) cm–1. C14H28Cl2N4Ti
(371.17): calcd. C 45.30, H 7.60, N 15.09; found C 45.12, H 7.74,
N 14.99.

[Ti(=N–4-NC–C6H4)Cl2(NHMe2)2] (1l): Yield 280 mg (77%)
(orange). 1H NMR (250 MHz, CD2Cl2): δ = 7.39 (d, 3J = 8.6 Hz,
2 H, C6H4), 6.85 (d, 3J = 8.5 Hz, 2 H, C6H4), 3.54 (br. m, 2 H,
NH), 2.75 (d, 3J = 6.3 Hz, 12 H, NHMe2) ppm. The low solubility
of 1l precluded its 13C{1H} NMR analysis. IR (KBr): ν̃ = 3214 (m,
NH), 2978 (w), 2923 (w), 2243 (s, CN), 1586 (s), 1487 (s), 1441 (s),
1168 (m), 1021 (m), 961 (w), 897 (m), 836 (m), 773 (w), 551 (w)
cm–1. C11H18Cl2N4Ti (325.06): calcd. C 40.64, H 5.58, N 17.24;
found C 40.54, H 5.52, N 17.12.

[Ti(=N–2-NC–C6H4)Cl2(NHMe2)2] (1m): Yield 350 mg (96%)
(orange). 1H NMR (250 MHz, CD2Cl2): δ = 7.31 (app. t, app. 3J
= 8.6 Hz, 2 H, C6H4), 6.85 (app. t, app. 3J = 7.3 Hz, 2 H, C6H4),
3.82 (br. m, 2 H, NH), 2.78 (d, 3J = 5.6 Hz, 12 H, NHMe2) ppm.
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13C{1H} NMR (62.90 MHz, CD2Cl2): δ = 160.5, 133.3, 131.9,
129.2, 128.3, 123.8, 122.0, 41.3 (NHMe2) ppm. IR (KBr): ν̃ = 3228
(m, NH), 2971 (w), 2934 (w), 2242 (s, CN), 1570 (s), 1462 (s), 1446
(s), 1350 (s), 1262 (m), 1018 (m), 995 (m), 973 (w), 898 (m), 765 (s)
cm–1. C11H18Cl2N4Ti (325.06): calcd. C 40.64, H 5.58, N 17.24;
found C 40.37, H 5.44, N 17.06.

[Ti(=N–4-H2C=CH–C6H4)Cl2(NHMe2)2] (1n): Yield 240 mg (74%)
(red). 1H NMR (250 MHz, C6D6): δ = 7.15 (d, 3J = 8.3 Hz, 2 H,
C6H4), 6.96 (d, 3J = 8.3 Hz, 2 H, C6H4), 5.57 (dd, J = 17.6 and
11.8 Hz, 1 H, =CH), 5.53 (d, 3J = 18.5 Hz, 1 H, =CH), 5.02 (d, 3J
= 12.0 Hz, 1 H, =CH), 2.62 (m, 2 H, NH), 2.25 (d, 3J = 6.1 Hz,
12 H, NHMe2) ppm. 13C{1H} NMR (62.90 MHz, C6D6): δ = 161.5
(C6H4), 137.2 (=CH), 132.6, 127.0, 124.5 (C6H4), 112.7 (=CH2),
41.0 (NHMe2) ppm. IR (KBr): ν̃ = 3266 (m, NH), 3237 (m, NH),
2973 (m), 2935 (m), 1624 (w, C=C), 1588 (w), 1491 (s), 1466 (s),
1400 (w), 1326 (s), 1264 (m), 1114 (m), 1018 (s), 893 (s), 842 (s),
609 (w) cm–1. C12H21Cl2N3Ti (326.09): calcd. C 44.20, H 6.49, N
12.89; found C 44.10, H 6.50, N 12.54.

[Ti(=N–2-MeC=CH2–C6H4)Cl2(NHMe2)2] (1o): Yield 250 mg
(73%) (red). 1H NMR (250 MHz, C6D6): δ = 7.31 (dd, 3J = 9.0 Hz,
1 H, C6H4), 7.07 (dd, 3J = 7.6 Hz, 1 H, C6H4), 7.00 (td, 3J = 9.6 Hz,
1 H, C6H4), 6.74 (t, 3J = 7.4 Hz, 1 H, C6H4), 5.26 (app d, app. J
= 12.9 Hz, 2 H, CH2), 2.77 (br. m, 2 H, NH), 2.52 (s, 3 H, CH3),
2.26 (d, 3J = 6.3 Hz, 12 H, NHMe2) ppm. 13C{1H} NMR
(62.90 MHz, C6D6): δ = 158.8, 147.2, 136.0 (C6H4, 1 peak obscured
under C6D6), 123.2 (C=CH2), 115.2 (C=CH2), 41.0 (NHMe2), 25.0
(CH3) ppm. IR (KBr): ν̃ = 3226 (m, NH), 2973 (w), 2934 (w), 1629
(w, C=C), 1517 (w), 1466 (s), 1430 (s), 1322 (s), 1115 (w), 1094 (w),
1020 (m), 997 (w), 973 (w), 982 (w), 894 (m), 750 (m), 573 (w), 472
(w) cm–1. C13H23Cl2N3Ti (340.11): calcd. C 45.91, H 6.82, N 12.35;
found C 45.83, H 6.98, N 11.91.

[Ti(=N–3-HC�C–C6H4)Cl2(NHMe2)2] (1p): Yield 260 mg (72%)
(red). 1H NMR (500 MHz, CD2Cl2): δ = 7.07 (t, 3J = 8.0 Hz, 1 H,
C6H4), 6.99 (s, 1 H, C6H4), 6.98 (d, 3J = 8.5 Hz, 1 H, C6H4), 6.85
(d, 3J = 8.6 Hz, 1 H, C6H4), 3.60 (br. m, 2 H, NH), 3.11 (s, 1 H,
�CH), 2.78 (d, 3J = 6.1 Hz, 12 H, NHMe2) ppm. 13C{1H} NMR
(125.81 MHz, CD2Cl2): δ = 159.6, 128.4, 126.7, 126.0, 123.8, 121.9
(C6H4), 83.3 (C�CH), 76.7 (�CH), 40.8 (NHMe2) ppm. IR (KBr):
ν̃ = 3270 (m, NH), 3255 (m, NH), 2977 (m), 2208 (w, C�C), 1577
(w), 1467 (s), 1407 (m), 1329 (s), 1261 (m), 1099 (m), 1025 (s), 993
(s), 794 (s), 676 (m) cm–1. C12H19Cl2N3Ti (324.07): calcd. C 44.47,
H 5.91, N 12.97; found C 45.94, H 6.53, N 11.91. We were unable
to obtain satisfactory elemental analysis for this compound even
on a recrystallized sample (from cold toluene/pentane solutions).
A 1H NMR spectrum is provided in the supporting information.

[Ti(=N–3-O2N–6-Me–C6H3)Cl2(NHMe2)2] (1q): Yield 270 mg
(67%) (brown). 1H NMR (250 MHz, CD2Cl2): δ = 7.70 (s, 1 H, o-
C6H3), 7.54 (d, 3J = 8.3 Hz, 1 H, p-C6H3), 7.12 (d, 3J = 8.3 Hz, 1
H, m-C6H3), 3.57 (br. m, 2 H, NH), 2.78 (d, 3J = 5.6 Hz, 12 H,
NHMe2), 2.56 (s, 3 H, C6H3Me) ppm. 13C{1H} NMR
(125.81 MHz, CD2Cl2): δ = 130.0 (C6H3), 40.9 (NHMe2), 35.4
(C6H3Me) ppm (because of poor solubility, not all C6H3 reso-
nances are observed). IR (KBr): ν̃ = 3281 (s, NH), 2976 (w), 2934
(w), 2776 (w), 1517 (vs, NO2), 1468 (s), 1400 (m), 1353 (vs), 1313
(m), 1250 (w), 1099 (w), 1020 (m), 1002 (m), 894 (s), 844 (m), 740
(m), 640 (w), 420 (w) cm–1. C12H20Cl2N4O2Ti (359.07): calcd. C
36.79, H 5.61, N 15.60; found C 36.58, H 5.48, N 15.38.

[Ti{=N(C6H10C�CH)}Cl2(NHMe2)2] (1r): Yield 220 mg (60%)
(yellow). 1H NMR (500 MHz, C6D6): δ = 2.78 (m, 2 H, NH), 2.36
(d, 3J = 6.0 Hz, 12 H, NHMe2), 2.10 (s, 1 H, �CH), 1.91 (br. m,
2 H, CH2), 1.62 (br. m, 2 H, CH2), 1.54 (br. m, 4 H, CH2), 1.41
(br. m, 1 H, CHaHb), 1.07 (br. m, 1 H, CHaHb) ppm. 13C{1H}
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NMR (125.81 MHz, C6D6): δ = 88.0 (C�CH), 73.0 (CN), 71.0
(C�CH), 41.7 (CH2), 41.5 (NHMe2), 26.1 (CH2), 23.7 (CH2) ppm.
IR (KBr): ν̃ = 3278 (s, �CH), 3263, 3248 (m, NH), 2935 (s), 1466
(m), 1342 (m), 1266 (s), 1198 (s), 1005 (s), 895 (s), 668 (m), 655
(m), 600 (w), 537 (w), 487 (w), 419 (w) cm–1. C12H25Cl2N3Ti
(330.12): calcd. C 43.66, H 7.63, N 12.73; found C 43.50, H 7.72,
N 12.34.

[Ti{=N–[(S)-(–)-CHMePh]}Cl2(NHMe2)2] (1s*): Yield 270 mg
(74%) (yellow). 1H NMR (250 MHz, CD2Cl2): δ = 7.45 (d, 3J =
8.4 Hz, 2 H, o-C6H5), 7.31 (app t, app. J = 7.8 Hz, 2 H, m-C6H5),
7.20 (t, 3J = 7.3 Hz, 1 H, p-C6H5), 4.41 (q, 3J = 6.5 Hz, 1 H,
CHMe), 3.38 (br. m, 2 H, NH), 2.61 (d, 3J = 6.3 Hz, 12 H,
NHMe2), 1.31 (d, 3J = 6.7 Hz, 3 H, CHMe) ppm. 13C{1H} NMR
(62.90 MHz, CD2Cl2): δ = 146.0, 128.5, 126.6, 126.1 (C6H5), 77.4
(CHMe), 40.8 (NHMeaMeb), 40.7 (NHMeaMeb), 25.7 (CHMe)
ppm. IR (KBr): ν̃ = 3203 (s, NH), 3013 (w), 2979 (w), 2790 (w),
1465 (m), 1452 (m), 1261 (w), 1112 (w), 1070 (w), 1051 (w), 1015
(m), 933 (m), 893 (s), 766 (m), 706 (m), 659 (m), 581 (m), 458 (m)
cm–1. C12H23Cl2N3Ti (328.10): calcd. C 43.93, H 7.07, N 12.81;
found C 43.74, H 7.12, N 12.66.

[Ti(=N–SiPh3)Cl2(Py)3] (2d): Complex 1d (180 mg) was dissolved
in dichloromethane (2 mL) and pyridine (1 mL) was added. The
resulting solution stood overnight and was then layered with tolu-
ene (ca. 1 mL) and pentane (20 mL) to afford 2d as a crystalline
sample. The crystals were collected and washed with pentane
(3×5 mL) and dried under vacuum. Yield 220 mg (93%) (yellow).
1H NMR (500 MHz, CD2Cl2): δ = 9.01 (d, 3J = 5.5 Hz, 4 H, cis-
Py), 8.61 (br. s, 2 H, trans-Py), 7.81 (t, 3J = 7.5 Hz, 2 H, cis-Py),
7.64 (d, 3J = 8.3 Hz, 6 H, C6H5), 7.38 (s, 1 H, trans-Py), 7.35 (d,
3J = 7.5 Hz, 3 H, C6H5), 7.30–7.25 (m, 12 H, cis-Py, trans-Py, C6H5)
ppm. 13C{1H} NMR (75.81 MHz, CD2Cl2): δ = 151.6 (Py), 150.3
(Py), 139.2 (Py), 136.4 (C6H5), 135.5 (C6H5), 129.5 (C6H5), 127.8
(C6H5), 127.8 (Py), 124.4 (Py), 123.8 (Py) ppm. 29Si NMR
(99.40 MHz, CD2Cl2): δ = –43 ppm. IR (KBr): ν̃ = 3050 (w), 1603
(m), 1595 (m), 1485 (m), 1442 (m), 1425 (m), 1217 (m), 1109 (vs),
1068 (m), 755 (w), 693 (s), 511 (s) cm–1. C33H30Cl2N3SiTi (629.48):
calcd. C 62.97, H 4.80, N 8.90; found C 62.90, H 4.70, N 8.81.

[Ti(=N–4-NC–C6H4)Cl2(Py)3] (2l): This compound was obtained
from 1l (100 mg) with a procedure similar to the one described for
2d. Yield 145 mg (99%) (orange). 1H NMR (500 MHz, CD2Cl2): δ
= 9.07 (br. d, 4 H, cis-Py), 8.65 (br. s, trans-Py), 7.93 (br. t, 2 H,
cis-Py), 7.73 (br. s, trans-Py), 7.46 (br. t, 4 H, cis-Py), 7.37 (d, 3J =
8.3 Hz, 2 H, C6H4), 7.32 (br. s, trans-Py), 6.84 (d, 3J = 8.5 Hz, 2
H, C6H4) ppm (integration of the trans-Py signals is not given be-
cause of the poor solubility and partial decomposition of 2l in
CD2Cl2, which makes the integration of the trans-Py obscured by
free pyridine signals). 1H NMR (250 MHz, [D5]Pyridine): δ = 7.40
(d, 2 H, C6H4), 7.14 (d, 2 H, C6H4) ppm. The low solubility and
partial decomposition of 2l in CD2Cl2 precluded its 13C NMR
analysis. IR (KBr): ν̃ = 2221 (s, CN), 1603 (s), 1587 (s), 1484 (s),
1442 (s), 1347 (s), 1212 (m), 1160 (m), 1043 (m), 966 (m), 841 (s),
759 (m), 700 (s), 680 (m), 638 (m), 549 (m). C22H19Cl2N5Ti
(472.19): calcd. C 55.96, H 4.06, N 14.83; found C 55.64, H 3.96,
N 14.63.

[Ti[=N(C6H10C�CH)]Cl2(Py)3] (2r): This compound was obtained
from 1r (100 mg) with a procedure similar to the one described for
2d. Yield 100 mg (69%) (ochre). 1H NMR (500 MHz, CD2Cl2): δ
= 9.20 (d, 3J = 5.0 Hz, 4 H, cis-Py), 8.65 (br. s, 2 H, trans-Py), 7.85
(t, 3J = 7.6 Hz, 2 H, cis-Py), 7.66 (br. s, 1 H, trans-Py), 7.40 (t, 3J
= 6.6 Hz, 4 H, cis-Py), 7.18 (br. s, 2 H, trans-Py), 2.36 (s, 1 H,
�CH), 1.64–1.48 (m, 6 H, CH2), 1.33–1.22 (br. m, 3 H, CH2,
CHaHb), 1.13 (m, 1 H, CHaHb) ppm. 13C{1H} NMR (125.81 MHz,
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CD2Cl2): δ = 152.6 (cis-Py), 152.0 (trans-Py), 138.7 (cis-Py), 136.7
(trans-Py), 123.9 (cis-Py), 123.5 (trans-Py), 87.1 (C�CH), 71.1
(CN), 69.9 (C�CH), 39.5 (CH2), 25.3 (CH2), 22.6 (CH2) ppm.
C23H26Cl2N4Ti (477.25): calcd. C 57.88, H 5.49, N 11.74; found C
57.86, H 5.44, N 11.78.

[Ti{=N–[(S)-(–)-CHMePh]}Cl2(Py)3] (2s*): This compound was
obtained from 1s* (250 mg) with a procedure similar to the one
described for 2d. Yield 160 mg (44%) (orange needles). 1H NMR
(250 MHz, CD2Cl2): δ = 9.04 (d, 3J = 4.9 Hz, 4 H, Py), 8.64 (s, 2
H, Py), 7.85 (t, 3J = 7.5 Hz, 2 H, Py), 7.69 (s, 1 H, Py), 7.38 (app.
t, app. J = 7.0 Hz, 6 H, Py, C6H5), 7.13–7.24 (m, 4 H, Py, C6H5),
4.49 (q, 3J = 6.7 Hz, 1 H, CHMe), 1.26 (d, 3J = 6.7 Hz, 3 H,
CHMe) ppm. 13C{1H} NMR (62.90 MHz, CD2Cl2): δ = 146.0,
128.5, 126.6, 126.1 (C6H5), 77.4 (CHMe), 40.8 (NHMeaMeb), 40.7
(NHMeaMeb), 25.7 (CHMe) ppm. C23H24Cl2N4Ti (475.24): calcd.
C 58.13, H 5.09, N 11.79; found C 57.96, H 4.97, N 11.56.

[Ti{=N–[(–)-cis-myrtanyl]}Cl2(Py)3] (2t*): This compound was pre-
pared from unisolated 1t* [prepared from Ti(NMe2)4 and (–)-cis-
myrtanylamine/Me3SiCl as described above for 1a] with a pro-
cedure similar to the one described for 2d. Yield 250 mg [44%
based on starting Ti(NMe2)4] (orange). 1H NMR (250 MHz,
C6D6): δ = 9.45 (br. s, 3 H, Py), 8.81 (br. s, 3 H, Py), 6.85 (br. t, 3
H, Py), 6.58 (br. d, 6 H, Py), 4.00 (s, 1 H, CH), 3.58 (dd, 3J =
7.5 Hz, 2 H, CH2N), 2.52 (m, 1 H, CH), 2.28 (br. s, 2 H, CH2),
1.95 (br. m, 1 H, CH), 1.83–1.74 (br. s, 3 H, CH, CH2), 1.35 (m, 1
H, CH), 1.11 (s, 3 H, CH3), 0.87 (s, 3 H, CH3) ppm. 13C{1H} NMR
(125.81 MHz, C6D6): δ = 152.2, 151.5, 138.3, 136.8, 124.1, 76.4,
55.1, 44.9, 42.2, 39.1, 34.1, 28.6, 27.1, 23.9, 20.1 ppm.
C25H32Cl2N4Ti (507.32): calcd. C 59.19, H 6.36, N 11.04; found C
59.04, H 6.35, N 10.91.

[Ti(N–2-EtO–C6H4)Cl2(NHMe2)1]2 (3): This compound was ob-
tained from a procedure similar to the one described for 1a–t. Pure
3 was obtained after recrystallization from a THF/toluene solution
layered with pentane. Yield 235 mg (70%) (dark red). 1H NMR
(250 MHz, CD2Cl2): δ = 7.58 (dd, 3J = 7.8 Hz, 2 H, C6H4), 7.05
(m, 4 H, C6H4), 6.91 (dd, 3J = 8.1 Hz, 2 H, C6H4), 5.37 (m, 2 H,
NH), 5.02 (qd, 3J = 7.1 Hz, 4 H, OCH2CH3), 2.48 (d, 3J = 5.8 Hz,
6 H, NHMeaMeb), 2.35 (d, 3J = 6.1 Hz, 6 H, NHMeaMeb), 1.62 (t,
3J = 7.0 Hz, 6 H, OCH2CH3) ppm. 13C{1H} NMR (125.81 MHz,
CD2Cl2): δ = 144.2, 142.3, 128.2, 126.7, 124.7, 111.4 (C6H4), 71.7
(OCH2CH3), 42.5 (NHMeaMeb), 40.0 (NHMeaMeb), 13.40
(OCH2CH3) ppm. IR (KBr): ν̃ = 3149 (w, NH), 2978 (m), 1473 (s),
1254 (s, CO), 1191 (m), 1112 (m), 1041 (m), 1002 (m), 922 (m), 896
(m), 751 (m), 652 (w), 419 (w) cm–1. C20H32Cl4N4O2Ti2 (598.04):
calcd. C 40.17, H 5.39, N 9.37; found C 40.20, H 5.41, N 9.39.

[Ti[N–CH2(CH(OCH2)3)]Cl2(NHMe2)1]2 (4): This compound was
obtained from a procedure similar to the one described for 1a–t.
Yield 260 mg (89%) (orange). The very poor solubility of 4 in
CD2Cl2 and in [D8]THF precluded its 1H and 13C NMR analysis.
In [D5]Py the HNMe2 ligands are displaced by [D5]Py ligands. 1H
NMR (250 MHz, [D5]Py): δ = 4.13 (br., 2 H), 3.90–3.25 (br., app
t), 1.96 (br., 4 H), 1.75–1.56 (br., 4 H) ppm. IR (KBr): ν̃ = 3215
(w, NH), 2983 (m), 2917 (s), 2773 (s), 1459 (m), 1257 (w, CO), 1126
(s), 1043 (s), 1029 (s), 981 (m), 893 (m), 821 (m), 699 (m), 463 (m)
cm–1. C14H32Cl4N4O2Ti2 (525.98): calcd. C 31.97, H 6.13, N 10.65;
found C 32.07, H 6.09, N 10.66.

[Ti[N–CH2(CHO(CH2)3)]Cl2(Py)1]2 (5): This compound was only
obtained as a few red crystals by the crystallization of 4 in pyridine/
toluene solutions. Attempted large scale synthesis (even in hot pyri-
dine) gave only insoluble materials (precluding NMR analysis), and
with an elemental analysis close to that of 4 which proves that
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the substitution of NHMe2 in 4 by Py is difficult (vide infra). In
consequence, 5 was only characterized by X-ray analysis.

[Ti{=N–[(S)-(–)-CHMePh]}Cl2(NHMe2)1]2 (6*): This compound
was observed in the synthesis of 1s* when only 0.8 equiv. of the
chiral amine was treated with Ti(NMe2)4 (1 equiv.) and Me3SiCl
(10 equiv.). 1H NMR (250 MHz, CD2Cl2): δ = 7.70 (d, 3J = 8.3 Hz,
4 H, C6H5), 7.40 (m, 6 H, C6H5), 5.62 (q, 3J = 6.8 Hz, 2 H, CHMe),
3.00 (br. m, 4 H, NH), 2.59 (d, 3J = 6.1 Hz, 6 H, NHMe2), 2.45
(d, 3J = 5.9 Hz, 6 H, NHMe2), 1.80 (d, 3J = 6.8 Hz, 6 H, CHMe)
ppm.

[(Me2HN)2Cl2Ti(=N–Me2C6H2–C6H2Me2–N=)TiCl2(NHMe2)2]
(7): This compound was obtained from a procedure similar to the
one described for 1a–t. Yield 280 mg (77%) (yellow). 1H NMR
(250 MHz, CD2Cl2): δ = 6.98 (s, 4 H, C6H2), 3.59 (m, 3J = 6.1 Hz,
4 H, NH), 2.75 (d, 3J = 6.2 Hz, 24 H, NHMe2), 2.56 (s, 12 H,
C6H2Me2) ppm. 13C{1H} NMR (125.81 MHz, CD2Cl2): δ = 159.4,
134.2, 133.9, 124.9 (C6H2), 41.0 (NHMe2), 19.0 (C6H2Me2) ppm.
IR (KBr): ν̃ = 3251 (s, NH), 2972 (m), 2936 (m), 1465 (m), 1459
(m), 1311 (s), 1117 (w), 1093 (w), 1020 (m), 1006 (m), 894 (m), 859
(m), 803 (w), 758 (w), 735 (w), 462 (w), 415 (w) cm–1.
C24H44Cl4N6Ti2 (654.19): calcd. C 44.06, H 6.78, N 12.85; found
C 43.93, H 6.84 N 12.62.

[(Py)3Cl2Ti(=N–Me2C6H2–C6H2Me2–N=)TiCl2(Py)3] (8): This
compound was obtained from 7 (100 mg) with a procedure similar
to the one described for 2d. Yield 137 mg (94%) (orange). 1H NMR
(250 MHz, [D5]Py): δ = 7.31 (s, 4 H, C6H2), 2.79 (s, 12 H, Me)
ppm. The very poor solubility in CD2Cl2 precluded its 13C NMR
analysis. IR (KBr): ν̃ = 1604 (s), 1444 (vs), 1299 (s), 1217, 1069,
1012 (m), 681 (w), 754 (m), 695 (vs), 637, 429 (m) cm–1.
C46H46Cl4N8Ti2 (948.46): calcd. C 58.25, H 4.89, N 11.81; found
C 57.99, H 4.71, N 11.55.

[Ti(N–2,6-iPr2–C6H3)I2(thf)2]2 (9): A THF solution (5 mL) of
Ti(NMe2)4 (250 mg, 1.115 mmol) was treated with 2,6-iPr2–
C6H3NH2 (1 equiv., 1.115 mmol) at room temperature. To this
solution, MeI (1.58 g) was slowly and carefully added. The re-
sulting solution was stirred at room temp. for 1 d. Toluene (5 mL)
were added and the white precipitate of Me4NI was filtered and
washed with toluene(2×3 mL). The volatiles were removed under
vacuum, and the resulting sticky solid was washed with pentane
(2×10 mL) and dried under vacuum to afford the product. Yield
550 mg (79%) (orange). 1H NMR (250 MHz, C6D6): δ = 6.96 (d,
3J = 7.7 Hz, 2 H, C6H3), 6.82 (t, 3J = 7.6 Hz, 1 H, C6H3), 4.89
(sept, 3J = 6.8 Hz, 2 H, CHMe2), 4.32 (br. t, 8 H, OCH2), 1.45 (d,
3J = 6.8 Hz, 12 H, CHMe2), 1.24 (br. t, 8 H, CH2) ppm. 13C{1H}
NMR (62.90 MHz, C6D6): δ = 160.0, 144.3, 125.0, 122.8 (C6H3),
77.1 (OCH2), 28.6 (CHMe2), 25.2 (CH2), 24.8 (CHMe2) ppm. IR
(KBr): ν̃ = 2954 (vs), 1459 (s), 1326 (s), 1279 (s), 1175 (w), 1037
(w), 1011 (s), 921 (m), 853 (vs), 751 (s), 686 (w), 544 (w) cm–1.
C20H33I2NO2Ti (621.16): calcd. C 38.67, H 5.35, N 2.25; found C
35.99, H 4.96, N 2.05 (the elemental analysis always gave low C
and N content).

Supporting Information (see footnote on the first page of this arti-
cle): 1H NMR spectra of complexes 1p and 9.
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Slipped triple-decker complexes with a bridging indenyl li-
gand, namely [Cb*Co(µ:η5:η6-C9H7)CoCb*]+ (2, Cb* =
C4Me4) and [Cb*Co(µ:η5:η6-C9H7)Ru(C5R5)]+ (R = H, 5a; Me,
5b), have been synthesised by electrophilic stacking of
[Cb*Co(η5-C9H7)] (1) with [Cb*Co(MeCN)3]+ or [(C5R5)Ru-
(MeCN)3]+ (R = H, Me), respectively. A similar reaction of
[(C5R5)Ru(η5-C9H7)] (R = H, 3a; Me, 3b) with [Cb*Co-
(MeCN)3]+ affords the cations [(C5R5)Ru(µ:η5:η6-C9H7)-
CoCb*]+ (R = H, 4a; Me, 4b), which are isomeric with 5a,b.
Stacking of [Ru(η5-C9H7)2] (7) with [Cb*Co(MeCN)3]+ or

Introduction

The presence of two fused π-systems in pentalene, in-
denyl and naphthalene makes them able to form slipped
triple-decker complexes with an anti coordination of the
metal atoms.[2] The first example of such compounds, [(η3-
allyl)Ni(µ:η5:η5-C8H6)Ni(η3-allyl)], was described by
Miyake and Kanai in 1971.[3] Manriquez et al. have synthe-
sised a series of fused metallocenes with the formula
[Cp*M(µ:η5:η5-C8H6)M�Cp*] (M, M� = Fe, Co, Ni, Ru)
along with other related compounds.[4] Their most interest-
ing feature is a strong electronic interaction between the
metal centres, as established by electrochemical and spectro-
scopic studies. A few µ-naphthalene triple-decker complexes
are known: [(η6-C6H6)Cr(µ:η6:η6-C10H8)Cr(η6-C6H6)],[5]

[(C5R5)M(µ:η6:η6-C10H8)M(C5R5)] (M = V, Fe[6]), and
[(cod)Ru(µ:η6:η6-C10H8)Ru(cod)].[7] µ-Indenyl derivatives
are the least studied, and the first examples, the ruthenium
complexes [(C5R5)Ru(µ:η5:η6-C9H7)Ru(C5R5)]+,[8] were
prepared by electrophilic stacking of [(C5R5)Ru(η5-C9H7)]
with [(C5R5)Ru]+ fragments.[9]
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[Cb*CoI]x/TlBF4 gives the triple-decker complex [(η5-C9H7)-
Ru(µ:η5:η6-C9H7)CoCb*]+ (8). Further reaction of 8 with
[Cp*RuCl]4/TlBF4 unexpectedly affords the slipped tetra-
decker ruthenium complex [Cp*Ru(µ:η5:η6-C9H7)Ru(µ:η5:η6-
C9H7)RuCp*]2+ (11). The structures of [4b][Co(η-7,8-
C2B9H11)2] and [Cp*Ru(η6-C9H7)] (6) have been determined
by X-ray diffraction, and the electrochemical behaviour of
the complexes prepared has been studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Recently we have developed convenient methods for the
preparation of (tetramethylcyclobutadiene)cobalt com-
plexes.[10–13] The acetonitrile complex [Cb*Co(MeCN)3]+

(Cb* = C4Me4) has been shown to be the most useful syn-
thon of the Cb*Co fragment. In particular, its reaction with
the indenide anion gives the η5-indenyl derivative
[Cb*Co(η5-C9H7)] (1).[12] Herein we describe the synthesis
and electrochemical behaviour of dicobalt and cobalt-ru-
thenium triple-decker complexes with a bridging indenyl li-
gand.[14]

Results and Discussion

Synthesis

Electrophilic stacking of 1 with [Cb*Co(MeCN)3]+ in ni-
tromethane affords the slipped dicobalt triple-decker com-
plex [Cb*Co(µ:η5:η6-C9H7)CoCb*]+ (2) in 54% yield
(Scheme 1). Similar reactions of the (η5-indenyl)ruthenium
derivatives [(C5R5)Ru(η5-C9H7)] (R = H, 3a; Me, 3b) give
the cobalt-ruthenium complexes [CpRu(µ:η5:η6-C9H7)-
CoCb*]+ (4a, 23%) and [Cp*Ru(µ:η5:η6-C9H7)CoCb*]+

(4b, 54%; Scheme 2). Both reactions are reversible, with nu-
cleophilic degradation of the products by acetonitrile being
the back reaction. The low yield of 4a suggests it degrades
easier than 4b, which is apparently connected with the po-
orer donor ability of the CpRu fragment. Nevertheless, we
were able to increase the yield up to 78% by using a fivefold
excess of 3a and removing acetonitrile from the reaction
mixture.



A. R. Kudinov et al.FULL PAPER

Scheme 1. Synthesis of the Co2 complex 2.

Scheme 2. Synthesis of the CoRu complexes 4a,b.

The cobalt atom in complexes 4a,b is coordinated at the
six-membered ring of the indenyl ligand. The isomeric cat-
ions [Cb*Co(µ:η5:η6-C9H7)Ru(C5R5)]+ (R = H, 5a; Me, 5b)
with the cobalt atom at the five-membered ring were pre-
pared by stacking of 1 with [(C5R5)Ru(MeCN)3]+ (R = H,

Scheme 3. Synthesis of the CoRu complexes 5a,b.

Scheme 4. Synthesis of 5b from the η6-indenyl complex 6.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4519–45274520

Me; Scheme 3). Alternatively, complex 5b was obtained by
treatment of the η6-indenyl derivative [Cp*Ru(η6-C9H7)] (6)
with [Cb*Co(MeCN)3]+ (Scheme 4).

It has been shown previously that stacking of bis(ind-
enyl)ruthenium [Ru(η5-C9H7)2] (7) with [(C5R5)Ru(Me-
CN)3]+ affords either triple- or tetra-decker complexes such
as [(C5R5)Ru(µ:η5:η6-C9H7)Ru(η5-C9H7)]+ and [(C5R5)-
Ru(µ:η5:η6-C9H7)Ru(µ:η5:η6-C9H7)Ru(C5R5)]2+ as a result
of addition of one or two fragments, respectively.[8a] How-
ever, a similar reaction of 7 with [Cb*Co(MeCN)3]+ gives
only the slipped triple-decker complex [(η5-C9H7)-
Ru(µ:η5:η6-C9H7)CoCb*]+ (8, 15–20%), irrespective of the
reagent ratio (Scheme 5). The yield was greatly increased
(up to 65%) by using a new method for the generation of
the [Cb*Co]+ fragment. This utilizes halide abstraction
from the iodide complex [Cb*CoI]x by treatment with
TlBF4 in thf. The advantage of this method is the absence
of strongly coordinating acetonitrile. In particular, it has
proved to be very effective for the preparation of arene
complexes [Cb*Co(arene)]+ containing acceptor ligands
(dichlorobenzene, acetophenone and anthracene).[15]

Scheme 5. Synthesis of the CoRu complex 8.

However, the reaction of 7 with two equivalents of
[Cb*CoI]x/TlBF4 does not give the expected tetra-decker
complex [Cb*Co(µ:η5:η6-C9H7)Ru(µ:η5:η6-C9H7)Co-
Cb*]2+. We propose that the insolubility of the primary
product 8·BF4 in thf precludes its further stacking reac-
tion.[16] However, the salt [8][Co(η-7,8-C2B9H11)2], which is
well soluble in thf, also proved to be unreactive towards
[Cb*CoI]x/Tl[Co(η-7,8-C2B9H11)2].

The reaction of the triple-decker cation 8 with the
[Cp*Ru]+ fragment, generated as a labile solvate from
[Cp*RuCl]4/TlBF4 in MeNO2 (Scheme 6), proved to be very
intriguing. A 1:1 molar ratio resulted in a mixture of the
slipped triple-decker complexes 8 (25%) and
[Cp*Ru(µ:η5:η6-C9H7)Ru(η5-C9H7)]+ (10, 15%) along with
the slipped tetra-decker complex [Cp*Ru(µ:η5:η6-C9H7)-
Ru(µ:η5:η6-C9H7)RuCp*]2+ (11, 60%), whereas with a 1:2
ratio only complex 11 (59%) was isolated. The unstable co-
balt-ruthenium tetra-decker cation [Cb*Co(µ:η5:η6-C9H7)-
Ru(µ:η5:η6-C9H7)RuCp*]2+ (9) is believed to be an interme-
diate. Its further degradation leads to the diruthenium cat-
ion 10 by elimination of the [Cb*Co]+ fragment. Subse-
quent reaction of 10 with a second equivalent of [Cp*Ru]+

gives the stable Ru3 tetra-decker cation 11.
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Scheme 6. Formation of the Ru3 complex 11.

Nucleophilic Degradation

Nucleophilic degradation of triple-decker complexes by
solvent molecules is the back reaction to electrophilic stack-
ing.[17] As shown above, this process complicates the prepa-
ration of µ-indenyl triple-decker complexes, stimulating us
to study degradation of the permethylated cations 2, 4b and
5b by acetone and acetonitrile.

In accordance with the 1H NMR spectroscopic data, all
the cations slowly decompose in [D6]acetone with the for-
mation of a mononuclear η5-indenyl complex (1 or 3b) and
a solvate cationic complex ([Cb*Co(Me2CO)3]+ or [Cp*Ru-
(Me2CO)3]+). After one day, the 30% conversion of 4b was
observed. Further standing for one week did not cause any
further changes. The behaviour of complexes 2 and 5b is
slightly different: the initially formed mononuclear cobalt
compound 1 decomposes within several days, apparently
owing to its oxidation by cationic solvate complexes. The
absence of secondary processes for 4b is in agreement with
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the higher oxidation potential of 3b (+0.50 V, vide supra)
compared with 1 (+0.33 V).[12]

The nucleophilic degradation rate increases in the order
5b � 2 � 4b. Cations 2 and 4b differ by the fragment coor-
dinated at the five-membered ring of the indenyl ligand.
The Cp*Ru fragment accepts electron density of this ring
to a greater extent than Cb*Co (due to the more covalent
bonding of the ruthenium atom), which results in a higher
positive charge at the η6-coordinated cobalt atom and, as a
consequence, to easier degradation of 4b. Comparing 2 and
5b, the [Cp*Ru]+ fragment is more strongly bonded with
the six-membered ring than [Cb*Co]+, which explains the
lower reactivity of 5b.

Dissolution of complexes 2, 4b and 5b in acetonitrile re-
sults in immediate decomposition. In the case of 4b, a yel-
low solution was formed. 1H NMR spectroscopy detected
the starting compounds, 3b and [Cb*Co(MeCN)3]+ re-
sulting from nucleophilic degradation. The decomposition
of 2 and 5b leads to green solutions that show only very
broad signals indicative of paramagnetic species. This be-
haviour contradicts with the preparation of triple-decker
cations from acetonitrile complexes. However, we have
shown that 5b decomposes only slowly in the presence of
two equivalents of MeCN in CD2Cl2, thus resolving the
contradiction. As in the case of degradation by acetone, the
more complex behaviour of derivatives 2 and 5b with the
cobalt atom coordinated at the five-membered ring may be
explained by the easier oxidation of 1 compared with 3b.

X-ray Diffraction Study

The structures of complexes 6 and [4b][Co(η-7,8-
C2B9H11)2][18] were investigated by X-ray diffraction (Fig-
ures 1 and 2, respectively). Selected bond lengths are given
in Tables 1 and 2, respectively.

Figure 1. Structure of complex 6. Ellipsoids are shown at the 50%
level.

The structure of 6 is the first example of a mononuclear
complex with an η6-coordinated indenyl ligand. The struc-
ture has a symmetry plane. The ruthenium atom is not quite
symmetrically coordinated with the six-membered ring, the
distances from the Ru atom to the bridgehead C3 and C3A
atoms (2.367 Å) being noticeably longer than other Ru–C
distances (2.202 and 2.228 Å). This elongation (0.139–
0.165 Å) is much greater than that for the isomeric η5-in-
denyl complex 3b (0.02–0.06 Å).[19] The six-membered ring
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Figure 2. Structure of cation 4b. Ellipsoids are shown at the 50%
level.

Table 1. Selected bond lengths [Å] for complex 6.

Ru1–C1 2.202(1) C1–C1A 1.422(3)
Ru1–C2 2.228(1) C1–C2 1.415(2)
Ru1–C3 2.367(1) C2–C3 1.427(2)
Ru1–C6 2.165(2) C3–C3A 1.473(2)
Ru1–C7 2.169(1) C3–C4 1.411(2)
Ru1–C8 2.169(1) C4–C5 1.400(3)

Table 2. Selected bond lengths [Å] for complex 4b.

Ru1–C4 2.125(4) Co1–C13 2.006(4)
Ru1–C5 2.146(4) Co1–C14 2.011(4)
Ru1–C7 2.147(5) Co1–C16 2.014(5)
Ru1–C3 2.149(5) Co1–C15 2.014(5)
Ru1–C6 2.153(4) Co1–C24 2.098(4)
Ru1–C21 2.176(4) Co1–C25 2.099(5)
Ru1–C22 2.176(5) Co1–C26 2.099(5)
Ru1–C23 2.186(4) Co1–C27 2.102(5)
Ru1–C28 2.217(4) Co1–C28 2.185(4)
Ru1–C29 2.218(4) Co1–C29 2.202(4)
C3–C7 1.394(7) C13–C14 1.447(6)
C3–C4 1.406(7) C13–C16 1.480(7)
C4–C5 1.455(6) C14–C15 1.443(6)
C5–C6 1.427(6) C15–C16 1.469(7)
C6–C7 1.412(7) C24–C25 1.409(7)
C21–C22 1.417(7) C24–C29 1.444(7)
C21–C28 1.454(7) C25–C26 1.386(8)
C22–C23 1.408(7) C26–C27 1.374(8)
C23–C29 1.414(6) C27–C28 1.421(6)
C28–C29 1.477(6)

is folded along the line C2–C2a (by 6.4°). For comparison,
the distances from the metal atom to the non-bonded car-
bon atoms of the η4-coordinated arene ligand in the ruthe-
nium compound [(η6-C6Me6)Ru(η4-C6Me6)] (av. 3.028 Å)
are 0.838–0.950 Å longer than the other Ru–C distances (av.
2.148 Å); the folding angle is 43°.[20] The much shorter
elongation for 6, along with the requirement of an 18-elec-
tron configuration, confirms the η6-bonding mode of the
indenyl ligand.

Compound 6 can be represented by three limiting struc-
tures (Scheme 7). The elongation of the Ru–C3(3A) dis-
tances and folding of the six-membered ring can be ex-
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plained by a considerable contribution of the neutral struc-
tures with an η5-coordinated indenyl ligand. Following the
same reasoning, in the case of the related η6-fluorenyl-
iron[21] and -manganese[22] complexes the six-membered ring
is also folded, with considerable elongation of the distance
from the metal atom to one of the bridgehead carbon
atoms.

Scheme 7. Limiting structures of 6.

Cation 4b has a slipped triple-decker structure with a
central η5:η6-indenyl ligand. This ligand is essentially
planar, with maximum deviations of the C(24) and C(27)
atoms by 0.060 and 0.046 Å, respectively, towards the co-
balt atom. The ligand planes are essentially coplanar, the
dihedral angles Cp*/C9H7 and Cb*/C9H7 being 3.4° and
0.6°, respectively.

A more detailed consideration of the structure revealed
a folding of the five- and six-membered rings along the axes
C(21)–C(23) (2.5°) and C(24)–C(27) (7.4°). Likewise, the
metal atoms are not quite symmetrically coordinated with
the rings. For instance, the distances from the Ru atom to
the bridgehead C(28) and C(29) atoms (2.217 and 2.218 Å,
respectively) are longer than the other Ru–C distances
(2.176, 2.176 and 2.186 Å). However, this elongation (0.03–
0.04 Å) is rather small and comparable with that for the
mononuclear complex 3b (0.02–0.06 Å),[19] thus confirming
the η5-bonding mode of the indenyl ligand.[23] The Ru···(η5-
C9H7) distance (1.835 Å) in cation 4b is slightly shorter
than that in 3b (1.840 Å),[19] which suggests stronger bond-
ing in the case of 4b. The Ru···Cp* distance (1.772 Å) in 4b
is also shorter than that in 3b (1.792 Å).[19]

The bonding of the cobalt atom with the six-membered
ring is even more asymmetrical. The Co–C(28) and Co–
C(29) distances (2.185 and 2.202 Å, respectively) are longer
than the other Co–C distances (2.098, 2.099, 2.099 and
2.102 Å) by 0.09–0.10 Å. This elongation is practically the
same as that for the M(η6-C9H7) fragment in
[CpRu(µ:η5:η6-C9H7)RuCp*]+ (12a; 0.08–0.10 Å)[8a] and
[(cod)Rh(µ:η5:η6-C9H7)Cr(CO)3] (0.09–0.12 Å),[24] slightly
longer than that in the naphthalene complex
[Cb*Co(C10H8)]+ (0.04–0.06 Å)[15] but smaller than in 6
(0.14–0.17 Å), the η6-coordination mode in which is clear.

The triple-decker cation 4b could be considered as an
arene complex in which the sandwich compound 3b acts as
a six-electron ligand towards the [Cb*Co]+ fragment. The
Co···Cb* distance in 4b (1.726 Å) is significantly longer
than that for cations [Cb*Co(C6H6)]+ (1.702 Å) and
[Cb*Co(C10H8)]+ (1.707 Å),[15] thus suggesting the greater
acceptor ability of 3b compared with benzene and naphtha-
lene.
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The C–C bonds within the five-membered ring of the

indenyl ligand in 4b are generally longer than those in 3b.
The bond between the bridgehead carbon atoms is the most
elongated (1.477 Å in 4b and 1.446 Å in 3b), in accordance
with a greater loosening of the π bond upon bifacial coordi-
nation. A similar elongation has been observed for the tri-
ple-decker complex 12a (av. 1.481 Å).[8a]

Electrochemistry

In this section we describe the redox properties of the µ-
indenyl triple-decker complexes 2, 4b and 5a,b and their
diruthenium analogues 12a–c. Let us start with the homo-
metallic Ru2 derivatives. In order to understand their elec-
tron-transfer ability, Figure 3 compares the cyclic voltam-
metric response of the building unit 3b (Figure 3, a) with
that of the dinuclear monocation 12b (Figure 3, b).

Figure 3. Cyclic voltammetric responses recorded at a platinum
electrode for CH2Cl2 solutions of: a) 3b (0.9×10–3 ) and b) 12b
(1.0×10–3 ). [NBu4]PF6 (0.2 ) as supporting electrolyte. Scan
rate: 0.5 Vs–1.

Complex 3b undergoes a coulometrically measured one-
electron oxidation that exhibits features of chemical revers-
ibility on the cyclic voltammetric timescale. In fact, analysis
of the responses with progressively increasing scan rates
from 0.2 to 1.0 Vs–1 shows that: (i) the current ratio ipc/ipa

is constantly equal to 1; (ii) the current function ipa·v–1/2

decreases by about 10% with a tenfold increase of the scan
rate; and (iii) the peak-to-peak separation increases pro-
gressively from 98 to 130 mV. These parameters are diag-
nostic of a chemically reversible, but electrochemically
quasi-reversible, one-electron process.[25] In reality, cyclic
voltammetric tests carried out on the exhaustively oxidised
solution (Ew = +0.7 V) show partial decomposition of the
electrogenerated monocation. A similar behaviour is exhib-
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ited by the parent compound 3a except for the fact that the
corresponding monocation is unstable even on the cyclic
voltammetric timescale (the ipc/ipa ratio reaches unity only
at 5.0 Vs–1).

The voltammetric pattern exhibited by the triple-decker
cation 12b is more complex. It essentially undergoes an
irreversible oxidation and a reduction displaying features of
partial chemical reversibility. The rather positive and nega-
tive potential values of the two processes prevent a reliable
determination of the number of electrons involved by con-
trolled potential coulometry. Nevertheless, the cyclic vol-
tammetric comparison with the one-electron oxidation of
N,N-dimethyl-1-[1�,2-bis(diphenylphosphanyl)ferrocenyl]-
ethylamine (E°� = +0.55 V) (an appropriate calibrant due to
its similar molecular weight of 625.5)[25] supports the two-
electron nature of the anodic step.[26] Since the cathodic
process possesses a peak height similar to the anodic one,
we assume that the reduction also involves a two-electron
process. As a matter of fact, the minor reduction following
the main cathodic step can be assigned to the by-product
arising from the primary reduction as it tends to disappear
with an increase of the scan rate.

We finally underline that the starred peak system that
appears in the back-scans after traversing the anodic peak
occurs at potential values coincident with those of 3b, thus
suggesting that the electron transfers trigger decomposition
of the triple-decker derivative 12b and regeneration of the
precursor 3b. A qualitatively similar redox picture holds for
complexes 12a and 12c. The pertinent electrode potentials
are compiled in Table 3.

Table 3. Formal electrode potentials [V vs. SCE] and peak-to-peak
separations [mV] for the redox processes of the Ru2 complexes and
their mononuclear precursors in CH2Cl2 solution.

Complex E°�Ox ∆Ep
[a] E°�Red ∆Ep

[a]

3a +0.73[b,c] 127 – –
3b +0.50[b,d] 96 – –
12a +0.92[a,e,f] – –1.74[c,e] 120
12b +0.92[a,e,f] – –1.43[c,e] 66
12c +0.89[a,e,f] – –1.73[c,e] 110
FeCp2 +0.39[b] 72

[a] Measured at 0.2 Vs–1. [b] One-electron process. [c] Complicated
by chemical reactions. [d] See refs.[19,29] [e] Two-electron process. [f]
Peak-potential value for irreversible processes.

In principle, the occurrence of single two-electron pro-
cesses in binuclear derivatives would imply the lack of any
electronic communication between metal centres.[27] We
must, however, consider that the two ruthenium centres in
cations 12a–c are in different ligand surroundings: one is
coordinated to the five-membered ring while the other is
coordinated to the six-membered ring, which results in dif-
ferent charges at the metal centres. Therefore, two simulta-
neous one-electron processes at the two metal centres can
be excluded. Most likely, the two-electron reduction occurs
at the atom coordinated to the six-membered ring as it has
a more positive charge whereas the two-electron oxidation
is centred on the ruthenium atom coordinated to the five-
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membered ring. Such an assumption is supported by a com-
parison between the redox behaviour of ruthenocene and
the benzene complex [CpRu(C6H6)]+, which can be consid-
ered as the fused parts of the parent triple-decker cation
[CpRu(µ:η5:η6-C9H7)RuCp]+ ([A]+). The arene complex is
reduced at –2.02 V but not oxidized up to +2.5 V,[28]

whereas ruthenocene is oxidized at +0.8 V,[19] but, to the
best of our knowledge, is not reduced up to –2 V.

As shown in Scheme 8, the two-electron reduction would
result in anion [A]–, in which one ruthenium atom is η4-
coordinated to the six-membered ring of the indenyl ligand.
Both metal atoms have 18 valence electrons (VE), in ac-
cordance with the strong preference of ruthenium for an
18 VE configuration. The two-electron oxidation would
give cation [A]3+ with one 16 VE metal centre, which could
be stabilized by coordination with a solvent molecule or a
counterion (a similar process for mononuclear indenyl com-
plexes is known[29]). Apparently, [A]3+ decomposes to give
cation [3a]+, thereby explaining its appearance in the back-
scans.

Scheme 8. Reduction and oxidation of [CpRu(µ:η5:η6-C9H7)RuCp]+.

Let us now move on to the CoRu complexes 4b and 5a,b.
The pertinent electrode potentials are compiled in Table 4.
Cation 4b obviously represents the simplest comparative
connection with the preceding diruthenium derivatives. In
fact, as illustrated in Figure 4, it affords a redox profile sub-
stantially similar to that of 12b. The usual comparison with
an equimolar amount of N,N-dimethyl-1-[1�,2-bis(diphenyl-
phosphanyl)ferrocenyl]ethylamine supports the two-elec-
tron nature of the anodic process (and hence of the cathodic
one). Also in this case, the chemical complication ac-
companying the oxidation process generates the monomeric
building block 3b (starred peak system).

Table 4. Formal electrode potentials [V vs. SCE] and peak-to-peak
separations [mV] for the redox processes of the Co2 complex 2 and
CoRu complexes 4 and 5 in CH2Cl2 solution.

Complex EpOx(I) EpOx(II) E°�Red ∆Ep
[a]

2 +0.72[b] � +1.6[b,c,d] –1.74[e] 74
4b � +0.93[b,e] � +0.93[b,e] –1.67[c] 102
5a +1.04[b,e] [d] –1.40[b,c] –
5b +0.70[b,e] � +1.5[b,e] –1.81[b,c] –

[a] Measured at 0.2 Vs–1. [b] Peak-potential value for irreversible
processes. [c] Two-electron process. [d] Substantially overlapped by
the solvent discharge. [e] One-electron process.
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Figure 4. Cyclic voltammetric response recorded at a platinum elec-
trode for a CH2Cl2 solution of 4b (0.8×10–3 ). [NBu4]PF6 (0.2 )
as supporting electrolyte. Scan rate: 0.5 Vs–1.

In reality, Osteryoung square-wave voltammetry shows a
slight inflection of the oxidation process, probably due to a
very slight difference between the oxidation potentials of
the RuII/III and the RuIII/IV processes. A difference of about
0.08 V can be estimated from Figure S2 in the Supporting
Information, even though the relative peak heights do not
seem to support the one-electron nature of both processes.
It cannot, however, be ruled out that this apparent discrep-
ancy might be due to the mathematical treatment.

A different redox pattern is exhibited by complexes 5a,b,
which have the cobalt atom coordinated to the five-mem-
bered ring. As illustrated in Figure 5 for 5b, they undergo
two separate oxidations (the second of which is partially
overlapped by the solvent discharge) and one reduction,
which are irreversible in character. The peak height of the
reduction is about twice that of each oxidation step. Com-
parison with the response of N,N-dimethyl-1-[1�,2-bis(di-
phenylphosphanyl)ferrocenyl]ethylamine supports the one-
electron nature of the first anodic step.

Figure 5. Cyclic voltammetric response recorded at a gold electrode
for a CH2Cl2 solution of 5b (1.0×10–3 ). [NBu4]PF6 (0.2 ) as
supporting electrolyte. Scan rate: 0.2 Vs–1.

As a final consideration, we will briefly mention the re-
dox behaviour of the Co2 complex 2. In CH2Cl2 solution, it
exhibits a cyclic voltammetric profile which is qualitatively
reminiscent of that exhibited by complexes 4b and 5, even
though, as indicated in Table 4, some differences hold in the
number of electrons involved either in the cathodic or the
most anodic processes.

In view of the preceding discussion on the nucleophilic
degradation of the present complexes in MeCN solution, it
is interesting to compare the anodic response recorded in
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CH2Cl2 solution with that recorded in MeCN solution, at
low temperature (250 K). As illustrated in Figure 6, in
MeCN solution the irreversible oxidation of the complex
apparently occurs at notably lower potential values (Ep =
–0.09 V) and is followed by a main oxidation process with
features of chemical reversibility (E°� = +0.22 V). It should
be noted that an increase of the temperature makes the two
oxidation processes disappear (the first oxidation disap-
pearing more quickly than the second one).

Figure 6. Cyclic voltammetric responses exhibited by 2 at a plati-
num electrode, under the following experimental conditions: a)
CH2Cl2 solution (0.7×10–3 ), b) MeCN solution (0.8×10–3 ).
[NBu4]PF6 (0.2 ) as supporting electrolyte. T = 250 K. Scan rate:
0.2 Vs–1.

We would like to assign the second reversible oxidation
present in MeCN solution to the decomposition product 1
even though the couple 1/[1]+ exhibits a rather congruent
potential value (E°� = +0.33 V) in CH2Cl2 solution.[12] The
starred peak at +0.13 V could be attributed to the second
decomposition product [Cb*Co(MeCN)3]+.[30] The assign-
ment of the first irreversible oxidation is, in reality, rather
less straightforward. In fact, even though it is conceivable
that the low temperature might attenuate the lability of
complex 2, thus allowing us to detect the oxidation of the
residual original product, the difference of about 0.7 V in
redox potentials on passing from CH2Cl2 to MeCN solu-
tion makes such a proposal questionable. It is more likely
that the first irreversible oxidation is due to the transient
product [Cb*Co(µ:η5:η4-C9H7)Co(MeCN)Cb*]+, which
arises from partial solvolysis of 2.

Conclusions

Electrophilic stacking reactions of indenyl sandwich
complexes with the acetonitrile derivatives [Cb*Co-
(MeCN)3]+ and [(C5R5)Ru(MeCN)3]+ have proved to be ef-
fective for the preparation of slipped triple-decker cations.
However, the acetonitrile eliminated can induce nucleo-
philic degradation of the product, thereby reducing the
yield. The new method using [Cb*CoI]x/TlBF4 lacks this
limitation and allows to obtain the target compounds in
high yield.
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Experimental Section
General: All reactions were carried out under argon in anhydrous
solvents that were purified and dried using standard procedures.
The isolation of products was conducted in air unless otherwise
stated. Starting materials were prepared as described in the litera-
ture: 1,[12] 3a,b, 6,[8a] 7,[31] [Cb*Co(CO)2I],[11,12] [Cb*Co(MeCN)3]-
PF6,[11,12] [Cp*RuCl]4,[32] [(C5R5)Ru(MeCN)3]PF6

[33,34] and
Tl[Co(η-7,8-C2B9H11)2].[35] Irradiation was conducted in a Schlenk
tube using a high-pressure mercury vapour lamp with phosphor-
coated bulb (400 W). Both the tube and the lamp were placed in a
vessel of appropriate volume covered inside with aluminium foil;
cooling was accomplished with running water. The 1H and 11B
NMR spectra were recorded with a Bruker AMX 400 spectrometer
operating at 400.13 and 128.38 MHz, respectively. Materials and
apparatus for electrochemistry have been described elsewhere.[36]

Preparation of the Benzene Complex [Cb*Co(C6H6)]I: A mixture
of [Cb*Co(CO)2I] (3.5 g, 10 mmol), anhydrous aluminium chloride
(13.3 g, 100 mmol) and benzene (70 mL) was vigorously stirred un-
der reflux for 8 h. After cooling, the reaction mixture was carefully
hydrolysed with cold water (ca. 100 mL). The aqueous phase was
separated, filtered and stirred with Me3NO·2H2O (ca. 0.2 g,
1.2 mmol) and NaI·2H2O (ca. 0.4 g, 2 mmol) for 4 h. The resulting
brown precipitate of [Cb*Co(CO)2I] was filtered off. The filtrate
was stirred with NaI·2H2O (2.8 g, 15 mmol) and extracted with
CH2Cl2 (4×50 mL). The organic phase was separated, dried under
MgSO4 and eluted through a short layer of silica gel (ca. 5 cm)
with CH2Cl2. The filtrate was evaporated in vacuo to about 50 mL
and diethyl ether (ca. 100 mL) was added. The yellow solid was
filtered off and dried in vacuo. Yield: 2.3 g (63%). 1H NMR ([D6]-
acetone): δ = 6.72 (s, 6 H, C6H6), 1.70 (s, 12 H, Cb*) ppm.
C14H18CoI (372.13): calcd. C 45.18, H 4.87; found C 45.01, H 4.93.

Preparation of Slipped Triple-Decker Complexes Starting from
[Cb*Co(MeCN)3]PF6 and [(C5R5)Ru(MeCN)3]PF6. [Cb*Co-
(µ,η5:η6-C9H7)CoCb*]PF6 (2·PF6): A mixture of [Cb*Co(MeCN)3]-
PF6 (57 mg, 0.13 mmol) and 1 (45 mg, 0.16 mmol) in MeNO2

(3 mL) was stirred overnight. The solvent was then removed in
vacuo and the residue was dissolved in CH2Cl2 (ca. 1 mL). Ad-
dition of diethyl ether (ca. 10 mL) gave a dark pink precipitate
which was twice re-precipitated from CH2Cl2 by addition of diethyl
ether. Yield: 42 mg (54%). 1H NMR (CDCl3): δ = 6.86 (m, 2 H,
4,7-H), 5.98 (m, 2 H, 5,6-H), 5.32 (t, 3J = 2.4 Hz, 1 H, 2-H), 5.29
(d, 3J = 2.4 Hz, 2 H, 1,3-H), 1.27 (s, 12 H, Cb*, η6), 1.23 (s, 12 H,
Cb*, η5) ppm.[37] C25H31Co2F6P (594.34): calcd. C 50.52, H 5.26;
found C 50.29, H 5.18.

The following compounds were prepared in a similar way.

[Cp*Ru(µ,η5:η6-C9H7)CoCb*]PF6 (4b·PF6): Yellow-orange solid.
Yield: 73 mg (79%) from 3b (56 mg, 0.16 mmol) and [Cb*Co-
(MeCN)3]PF6 (61 mg, 0.14 mmol) in MeNO2 (3 mL). 1H NMR
(CD2Cl2): δ = 6.72 (m, 2 H, 4,7-H), 5.80 (m, 2 H, 5,6-H), 5.00 (d,
3J = 2.4 Hz, 2 H, 1,3-H), 4.86 (t, 3J = 2.4 Hz, 1 H, 2-H), 1.67 (s,
15 H, Cp*), 1.30 (s, 12 H, Cb*) ppm.[37] C27H34CoF6PRu (663.52):
calcd. C 48.87, H 5.16; found C 48.77, H 5.17.

[Cb*Co(µ,η5:η6-C9H7)RuCp]PF6 (5a·PF6): All manipulations were
carried out under argon. Red solid. Yield: 38 mg (54%) from 1
(37 mg, 0.13 mmol) and [CpRu(MeCN)3]PF6 (52 mg, 0.12 mmol)
in thf (10 mL). 1H NMR (CD2Cl2): δ = 6.93 (m, 2 H, 4,7-H), 5.67
(m, 2 H, 5,6-H), 5.20 (br., 2 H, 1,3-H), 5.13 (br., 1 H, 2-H), 4.89 (s,
5 H, Cp), 1.29 (s, 12 H, Cb*) ppm.[37] C22H24CoF6PRu·0.5CH2Cl2
(635.86): calcd. C 42.50, H 3.96; found C 42.60, H 3.91.

[Cb*Co(µ,η5:η6-C9H7)RuCp*]PF6 (5b·PF6): Dark red solid. Yield:
89 mg (79%) from 1 (53 mg, 0.19 mmol) and [Cp*Ru(MeCN)3]PF6



A. R. Kudinov et al.FULL PAPER
(86 mg, 0.17 mmol) in CH2Cl2 (10 mL). Alternatively, this complex
was prepared by treatment of 6 (77 mg, 0.22 mmol) with [Cb*Co-
(MeCN)3]PF6 (83 mg, 0.19 mmol) in thf (10 mL); yield 76 mg
(60%). 1H NMR (CD2Cl2): δ = 6.27 (m, 2 H, 4,7-H), 5.37 (m, 3
H, 2,5,6-H), 5.04 (d, 3J = 2.4 Hz, 2 H, 1,3-H), 1.65 (s, 15 H, Cp*),
1.27 (s, 12 H, Cb*) ppm.[37] C27H34CoF6PRu (663.52): calcd. C
48.87, H 5.16; found C 48.93, H 5.19.

[CpRu(µ,η5:η6-C9H7)CoCb*]PF6 (4a·PF6): All manipulations were
carried out under argon. A mixture of [Cb*Co(MeCN)3]PF6

(52 mg, 0.12 mmol) and 3a (194 mg, 0.6 mmol) in MeNO2 (3 mL)
was stirred for 1 h. The solvent was then removed in vacuo, a new
portion of MeNO2 (3 mL) was added and stirring was continued
for 1 h. This solvent removal-addition cycle followed by stirring for
1 h was repeated twice more. The volume was then reduced in
vacuo to about 0.5 mL. Addition of diethyl ether (10 mL) gave a
yellow-orange precipitate, which was twice re-precipitated from
MeNO2 by addition of diethyl ether. Yield: 55 mg (78%). 1H NMR
(CDCl3): δ = 7.04 (m, 2 H, 4,7-H), 5.81 (m, 2 H, 5,6-H), 5.47 (d,
3J = 2.7 Hz, 2 H, 1,3-H), 5.02 (t, 3J = 2.6 Hz, 1 H, 2-H), 4.45 (s, 5
H, Cp), 4.29 (s, 2 H, MeNO2), 1.35 (s, 12 H, Cb*) ppm.[37]

C22H24CoF6PRu·0.75MeNO2 (639.17): calcd. C 42.75, H 4.14;
found C 42.86, H 4.26.

Preparation of Slipped Triple-Decker Complexes Starting from
[Cb*CoI]x. [(η5-C9H7)Ru(µ,η5:η6-C9H7)CoCb*]BF4 (8·BF4): All
manipulations were carried out under argon. The iodide complex
[Cb*CoI]x was prepared from [Cb*Co(C6H6)]I and used without
further purification. A solution of [Cb*Co(C6H6)]I (100 mg,
0.27 mmol) in acetonitrile (3 mL) was irradiated for 4 h, resulting
in a colour change from yellow to red. The solvent was removed
in vacuo to give [Cb*Co(MeCN)3]I as a dark-red microcrystalline
solid. This was heated in vacuo (ca. 0.01 Torr) at 50–60 °C for
15 min to afford crude [Cb*CoI]x as a dark-green solid. The latter
was dissolved in thf (5 mL) to give a clear, dark-green solution.
Complex 7 (106 mg, 0.32 mmol) and TlBF4 (79 mg, 0.27 mmol)
were then added and the mixture was stirred overnight. The yellow-
orange precipitate was filtered off, washed with diethyl ether and
dissolved in CH2Cl2 (ca. 5 mL). The orange-red solution obtained
was filtered and concentrated in vacuo to about 0.5 mL. Addition
of diethyl ether (ca. 10 mL) gave an orange solid, which was re-
precipitated from CH2Cl2 by addition of diethyl ether. Yield:
103 mg (65%). 1H NMR (CDCl3): δ = 6.87 (m, 4 H, 4–7-H, η5-
C9H7), 6.49 (m, 2 H, 4,7-H, µ-C9H7), 5.81 (m, 2 H, 5,6-H, µ-C9H7),
5.29 (s, 1 H, CH2Cl2), 5.12 (m, 4 H, 1,3-H, C9H7), 4.98 (t, 3J =
2.6 Hz, 1 H, 2-H, µ-C9H7), 4.75 (t, 3J = 2.4 Hz, 1 H, 2-H, η5-
C9H7), 1.35 (s, 12 H, Cb*) ppm.[37] C26H26BCoF4Ru·0.5CH2Cl2
(627.77): calcd. C 50.70, H 4.34; found C 50.87, H 4.41. In a similar
way, complex 8·PF6 (69%) was prepared using TlPF6 instead of
TlBF4.

[Cp*Ru(µ,η5:η6-C9H7)CoCb*][Co(η-7,8-C2B9H11)2] ([4b][Co(η-7,8-
C2B9H11)2]): The title compound was prepared similar to 8·BF4

from [Cb*Co(C6H6)]I (100 mg, 0.27 mmol), 3b (112 mg,
0.32 mmol) and Tl[Co(η-7,8-C2B9H11)2] (143 mg, 0.27 mmol).
Yield: 164 mg (72%) of a dark-red solid. 1H NMR (CD2Cl2): δ =
6.72 (m, 2 H, 4,7-H), 5.77 (m, 2 H, 5,6-H), 5.00 (d, 3J = 2.6 Hz, 2
H, 1,3-H), 4.88 (t, 3J = 2.6 Hz, 1 H, 2-H), 3.95 (br., 4 H, CH), 1.67
(s, 15 H, Cp*), 1.31 (s, 12 H, Cb*) ppm.[37] 11B NMR: δ = 5.8 (d,
JB,H = 144 Hz, 1 B), 1.4 (d, JB,H = 141 Hz, 1 B), –5.5 (d, JB,H =
107 Hz, 2 B), –6.8 (d, JB,H = 125 Hz, 2 B), –17.3 (d, JB,H = 154 Hz,
2 B), –22.7 (d, JB,H = 168 Hz, 1 B) ppm.

Formation of the Slipped Tetra-Decker Complex [Cp*Ru(µ,η5:η6-
C9H7)Ru(µ,η5:η6-C9H7)RuCp*][PF6]2 ([11][PF6]2): A mixture of
8·PF6 (39 mg, 0.06 mmol), [Cp*RuCl]4 (33 mg, 0.03 mmol) and

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4519–45274526

TlPF6 (42 mg, 0.12 mmol) in MeNO2 (3 mL) was stirred overnight.
The solvent was then removed in vacuo. The residue was extracted
with CH2Cl2/petroleum ether (10:1) and filtered. The filtrate was
concentrated in vacuo to about 0.5 mL. Addition of petroleum
ether (10 mL) gave an orange-red precipitate, which was twice re-
precipitated from CH2Cl2 by addition of petroleum ether. Yield:
28 mg (43%). 1H NMR (CDCl3): δ = 6.38 (m, 4 H, 4,7-H), 5.45
(m, 4 H, 5,6-H), 5.20 (br., 6 H, 1–3-H), 1.66 (s, 30 H, Cp*) ppm.
According to 1H NMR spectroscopy, a similar reaction with a
4:1 molar ratio of 8·PF6 and [Cp*RuCl]4 resulted in a mixture of
complexes 8 (25%), 10 (15%) and 11 (60%).

X-ray Crystallography: Crystals of [4b][Co(η-7,8-C2B9H11)2] suit-
able for X-ray diffraction were grown by slow interdiffusion of a
two-phase system containing diethyl ether and a CH2Cl2 solution
of the complex. Crystals of 6 were obtained by cooling a hexane
solution to –15 °C. X-ray diffraction experiments were carried out
with a Bruker SMART 1000 CCD at 120 K. The adsorption cor-
rection was applied semi-empirically using equivalent reflections.
Crystallographic data and structure refinement parameters are
given in Table 5. All calculations were performed on an IBM PC/
AT using the SHELXTL software.[38]

Table 5. Crystallographic data and structure refinement parameters
for [4b][Co(η-7,8-C2B9H11)2] and 6.

Compound [4b][Co(η-7,8- 6
C2B9H11)2]

Empirical formula C31H56B18Co2Ru C19H21Ru
Molecular weight 842.27 350.43
Crystal colour, habit orange, prism yellow, prism
Crystal system monoclinic orthorhombic
Space group P21/c Pnma
a [Å] 12.406(2) 11.4039(6)
b [Å] 13.040(2) 12.4270(7)
c [Å] 24.781(4) 10.6831(6)
β [°] 90.619(4) 90
V [Å3] 4008.6(12) 1513.97(14)
Z (Z) 4(1) 4(0.5)
Dcalcd. [g cm–3] 1.214 1.537
2θ max [°] 52 60
Abs. coeff., µ(Mo-Kα) [cm–3] 12.14 10.23
Tmax/Tmin 0.7121/0.7932 0.7489/0.8216
Collected reflections 34252 39865
Independent reflections (Rint) 7669 (0.0417) 2252 (0.0462)
Observed reflections [I � 2σ(I)] 6127 2129
Parameters 469 114
R1 (on F for obsd. reflections)[a] 0.0525 0.0218
wR2 (on F2 for all reflections)[b] 0.1167 0.0553
F(000) 1720 716
GOF 1.001 1.023
Largest diff. peak and hole 1.221/–0.742 0.569/–0.662
[eÅ–3]

[a] R1 = ∑||Fo| – |Fc||/∑(Fo) for observed reflections. [b] wR2 =
{∑[w(Fo

2 – Fc
2)2]/∑[w(Fo

2)2]}0.5 for all reflections.

CCDC-602655 (for [4b][Co(η-7,8-C2B9H11)2]) and -602656 (for 6)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Supporting Information (see also the footnote on the first page of
this article): Cyclic voltammetric responses of 12b after the ad-
dition of an equimolar amount of N,N-dimethyl-1-[1�,2-bis(diphen-
ylphosphanyl)ferrocenyl]ethylamine and the OSWV response of 4b.
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In the Hall–Héroult process for the industrial production of
aluminum, iron oxide impurities are known to lower the cur-
rent efficiency as well as the metal quality. Iron can be pres-
ent in the di- or trivalent form. The nature of dissolved FeIII

and FeII species and the reactions taking place in cryolitic
melts have been investigated by high-temperature NMR
spectroscopy. The evolution of 27Al, 23Na, and 19F NMR
chemical shifts are reported in the Na3AlF6–FeO and
Na3AlF6–Fe2O3 systems for different iron oxide contents.
They express the formation of oxofluoroaluminate species.
For the Na3AlF6–FeO system, the 19F signal appears only af-
ter 14 minutes at 1020 °C. The line position is shifted with

Introduction

Aluminum is produced industrially by the Hall–Héroult
electrolytic process. The impurities present during the pro-
cess represent a critical problem because they negatively in-
fluence the current efficiency and may lower the metal qual-
ity.[1,2] Iron is one of the predominant impurities in the in-
dustrial production and can be present in the di- or tri-
valent state, especially as oxides (FeO, Fe2O3). Iron is intro-
duced with the raw materials and/or by corrosion of the
different cell parts. The nature of the dissolved species and
different reactions taking place upon dissolution of Fe2O3

and FeO into cryolite (the major component of the electro-
lyte) is a crucial question. Because of the experimental diffi-
culties due to the corrosive properties of fluoride melts at
high temperature, only a few data have been reported,
mainly deduced from solubility measurements.[3–9] From
cryoscopy measurements, Diep[5] has suggested that Fe2O3

dissolves in cryolite to form nonvolatile sodium hexafluo-
roferrite (Na3FeF6), while for FeIIO the formation of
NaxFeF(2+x) complexes has been assumed by Jentofsen.[8,9]

In both systems, the formation of oxofluoroaluminate com-
plexes (Al2OF6

2– and Al2O2F4
2–) has also been proposed
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heating time. This evolution is associated with a narrowing
of the 27Al signal due to a decrease in the content of para-
magnetic compounds in the sample. This effect is probably
caused by the evaporation of an FeII compound, as already
mentioned in the literature. For the Na3AlF6–Fe2O3 system
we have never observed the 19F NMR spectra over the full
heating time (ca. 30 min). This could be due to the influence
of paramagnetic FeIII nuclei, probably in FeF6

3– species pres-
ent in the melt.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

depending on the iron oxide concentration in the melt. Up
to now, no direct detection of the ionic species formed in
both kinds of melts has been attempted. Therefore, we pro-
pose in this paper to present their in situ NMR description.
This spectroscopy is sensitive to the local environment
around a selected nucleus, therefore it allows both qualita-
tive and quantitative information about the different species
existing in the bath to be determined.[10,11] The presence of
FeII in the melts can cause some paramagnetic effects on
the NMR signal of the different nuclei, mainly broadening
and shift and shape distortion of the line. These effects can
be large enough to dramatically decrease the signal intensity
and make any observation impossible. We will try to take
advantage of this interaction and its effects on the spectra
that we can associate with the detection of FeII formation
in the melt, and its implication on the ionic species.

We report in this paper 27Al, 23Na, and 19F NMR mea-
surements at high temperature in the Na3AlF6–FeO and
Na3AlF6–Fe2O3 binary systems. The combination of the
structural information given by the NMR signal of the dif-
ferent nuclei enables us to give the first experimental evi-
dence of the formation of new species due to dissolution of
iron oxide in these high-temperature melts.

Results and Discussion
27Al NMR Spectra

The HT 27Al NMR spectra of molten Na3AlF6 with dif-
ferent amounts of FeO are shown in Figure 1.
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Figure 1. HT 27Al NMR spectra of Na3AlF6–FeO melts at 1020 °C.

Because of the dynamics existing in the melt, and the
rapid exchange between the different possible species in-
volving the nucleus under observation, all the HT NMR
spectra consist of a single Lorentzian-shaped line. In pure
cryolite, a sharp line at δ = 18.3 ppm is observed, in good
agreement with the value reported by Lacassagne et al.[11]

Upon addition of FeO the signal is shifted towards higher
chemical shifts and broadens progressively with increased
FeO content. For 1 mol-% added FeO, the line position is
moved slightly to δ = 21 ppm, and the linewidth is un-
changed. For 14 mol-% FeO, however, the peak is centered
at δ = 34 ppm with an important modification of the line-
shape (∆1/2 = 900 Hz; Table 1). We observe the same kind
of evolution for very low Fe2O3 additions (Figure 2), with
a shift of 7 ppm for 1 mol-% added Fe2O3.

Table 1. Composition, 27Al and 23Na NMR chemical shifts, and
linewidths in Na3AlF6–FeO and Na3AlF6–Fe2O3 melts at 1020 °C.

x(FeO) [mol-%] δ(27Al) [ppm] ∆1/2 [Hz] δ(23Na) [ppm] ∆1/2 [Hz]

0.0 18.8 149 –6.5 130
1 21.0 179 –6.4 179
5 27.3 398 – –
10 30.9 765 – –
14 34.3 903 – –

x(Fe2O3) [mol-%] δ(27Al) [ppm] ∆1/2 [Hz] δ(23Na) [ppm] ∆1/2 [Hz]

0.0 18.8 149 –6.5 130
0.5 22.2 256 –5.5 199
0. 75 24.2 326 –5.0 262
1 26.0 361 –4.8 296

These shifts can be caused by a) a modification in the
local environment of the aluminum nucleus and the forma-
tion of new aluminum species with higher chemical shifts
and b) the existence of unpaired electrons in the system that
affect the local magnetic field around the observed nucleus
and cause a shift and broadening of the line.

Let us discuss the first point. In the liquid phase, the
observed peak position is the average of the chemical shifts
of individual species present in the melt weighted by their
respective populations [Equation (1)] and �

i
XAl(Ai) = 1.

δAl
mes = �

i
XAl(Ai)·δAl(Ai) (1)
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Figure 2. HT 27Al NMR spectra of Na3AlF6–Fe2O3 melts at
1020 °C.

where XAl(Ai) is the atomic fraction of Al atoms in the Ai

species and δAl(Ai) its chemical shift.
The 27Al chemical shift range for aluminum in oxide and

fluoride materials is known to correlate strongly with the
nature and number of the nearest neighbors around the alu-
minum atom and thus to its coordination. For {AlO4} tet-
rahedral sites in oxides the δ values fall in the range δ = 55
to 90 ppm and in the range δ = –20 to +20 ppm for the
{AlO6} octahedral sites. {AlO5} groups have been charac-
terized in different aluminosilicate structures with δ values
of about 30 to 40 ppm. In fluorides, significantly different
chemical shift ranges have also been reported for AlF4

–,
AlF5

2–, and AlF6
3– units. They are clearly shifted towards

lower chemical shifts: δ = 4 to –15 ppm for AlF6
3–, δ = 40

to 35 ppm for AlF4
–, and around δ = 20 ppm for AlF5

2–

(Table 2).[10]

Table 2. 27Al chemical shift ranges for Al–O and Al–F coordina-
tion.[11]

Al coordination δ(27Al) [ppm]

AlO4 90–55
AlO5 40–30
AlO6 20 to –20
AlF4 35–40
AlF5 20
AlF6 4 to –15

These chemical-shift ranges will help us to better under-
stand the chemical-shift evolution measured in the melts.
An increase of the 27Al chemical shift can thus be related
to a decrease of the average coordination number of the
aluminum atoms and the formation of species with a lower
coordination number.

It is also expected that the addition of oxides (Al2O3,
FeO, Fe2O3) to molten cryolite will result in the formation
of oxygen-containing entities, the most probable being the
oxofluoroaluminate species Al2OF6

2– and Al2O2F4
2– de-

pending on the oxide content. From an NMR point of view,
the local configuration around the aluminum atom in each
of these two anions corresponds to tetrahedral environ-
ments {AlOF3} and {AlO2F2}. Lacassagne et al.[11]

have determined the 27Al chemical shifts of these
species as δAl

Al2OF6
2– = 50.0±0.5 ppm and δAl

Al2O2F4
2– =
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58.5±0.5 ppm, which lie between the chemical-shift ranges
of {AlO4} and {AlF4} tetrahedral units. The formation of
such oxofluoroaluminate species in the melt by dissolution
of iron oxides should thus contribute to an increase of the
measured 27Al chemical shifts in molten cryolite, where alu-
minum atoms are essentially involved in pure fluoride envi-
ronments.

Because of the line-shape distortion observed for high
FeO amounts it is difficult to interpret the position of the
line unambiguously. This distortion can be assigned to a
paramagnetic effect that causes a line broadening and
should certainly contribute to the shift of the line observed.

Iron in the +2 and +3 oxidation states may exist in a
low-spin or a high-spin state, depending on the ligand-field
strength. In both systems, F– and O2– ligands create a rather
soft ligand field.[12] Thus, the high-spin state will be pre-
ferred [(t2g)4 (eg)2 for FeII and (t2g)3 (eg)2 for FeIII]. This is
also supported by the increasing Boltzman distribution of
the higher states with temperature increase. The important
line broadening indicates that the distribution of local mag-
netic fields is spread over the sample. The broadening of
the resonance signal reflects the extent of interaction be-
tween the unpaired electrons and the nucleus.[13]

We can calculate the 27Al chemical shifts in the
Na3AlF6–10 mol-% FeO system, by taking into account
only the aluminum species involved in the suggested reac-
tion (A).

2Na3AlF6(l) + 2FeO(s) w 2Na2FeF4(g) + Na2Al2O2F4(l) (A)

At this FeO concentration, the Al2O2F4
2– anion is sup-

posed to be formed in the melt in addition to the fluoroalu-
minate species AlF6

3–, AlF5
2–, and AlF4

– due to a dissoci-
ation reaction of unreacted molten cryolite.[1,14–18] Thus,
starting from 90 mol of Na3AlF6 and 10 mol of FeO, we
assume the formation of 5 mol of Al2O2F4

2– by reaction
with 10 mol of Na3AlF6. After the reaction our system
would contain 5 mol of Al2O2F4

2– and 80 mol of unreacted
Na3AlF6.

From the mass-balance equation expressed for alumi-
num, we can calculate the anionic molar fractions of the

different species in the melt. xi =
Ni

NT
, where Ni is the

number of mols of the species i and NT the total number
of mols. The atomic fractions can then be easily deduced
and substituted in Equation (2) to give Equation (1).

δ27
Al(calcd.) [ppm] = 0.0588·δ27

Al(Al2O2F4
2–) +

0.9412·δ27
Al( �

6

x = 4
AlFx

(x–3)–) (2)

In this calculation, the contribution of unpaired electrons

is not taken into account. δ27
Al( �

6

x = 4
AlFx

(x–3)–) = 18.8 ppm is

the chemical shift measured in molten cryolite, and
δ27

Al(Al2O2F4
2–) = 58.5 ppm is the 27Al chemical shift value

reported by Lacassagne et al.[11] for the Al2O2F4
2– species.

This gives Equation (3).

δ27
Al(calcd.) [ppm] = 0.0588×58.5 + 0.9412×18.8 = 21.1 (3)
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This calculated value is different from the experimental
chemical shift measured in the melt of δ = 30.9 ppm. This
difference can be associated with the presence of the un-
paired electrons of iron in the oxidation state +2, as men-
tioned above.

In the (Na3AlF6–Fe2O3) system the formation of two
oxofluoroaluminate anions should be considered even at
such a low iron oxide content according to reaction B.[18,19]

4Na3AlF6 + Fe2O3 w 2Na3FeF6 + Na2Al2O2F4 +
Na2Al2OF6 + 2NaF (B)

Addition of 1 mol of Fe2O3 to cryolite results in the for-
mation of 1 mol of Al2OF6

2– and 1 mol of Al2O2F4
2– by

reaction with 4 mols of Na3AlF6. After the reaction, the
system contains 1 mol of Al2OF6

2–, 1 mol of Al2O2F4
2–,

and 95 mols of unreacted Na3AlF6 and other species that
do not contain Al atoms and thus that will not contribute
to the 27Al chemical shift. Normalization gives Equa-
tions (4) and (5).

δ27
Al(calcd.) [ppm] = 0.0103·δ27

Al(Al2O2F4
2–) +

0.9794·δ27
Al( �

6

x = 4
AlFx

(x–3)–) (4)

δ27
Al(calcd.) [ppm] = 0.0103×50 + 0.0103×58 +

0.9794×18.3 = 19.0 (5)

The difference between the calculated and the experimen-
tal chemical shift of δ = 26.0 ppm can again be attributed
to the presence of unpaired electrons of iron in the oxi-
dation state +3.

23Na NMR Spectra

No significant modifications of the 23Na chemical shift
were observed in both systems. In the Na3AlF6–FeO sys-
tem, when the amount of FeO is increased, the line is en-
larged and distorted. This indicates the proximity of a para-
magnetic element to the 23Na surroundings but no direct
bonding in a defined ionic species.

19F NMR Spectra

No 19F NMR signal was detected on melting. This can
be explained by the existence of a strong paramagnetic ef-
fect that can disturb the signal and make it disappear. For
Na3AlF6-10 mol-% FeO a small 19F signal was observed
but only after 14 minutes of heating. This means that some
reaction has started that changes the local environment
around the fluorine atoms.

In order to follow the kinetics of the dissolution of iron
oxides in both systems, NMR spectra were recorded suc-
cessively for the 27Al and 19F nuclei during 30 minutes at
1020 °C.

The evolution of the 19F NMR spectra of the Na3AlF6-
10 mol-% FeO mixture at 1020 °C is shown in Figure 3 as
a function of time. When the heating duration is increased
the position and the shape of the signal are modified. The
signal position moves towards the position measured in
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pure cryolite and at the same time the line becomes nar-
rower (Table 3). This evolution can be explained by a con-
tinuous evolution of the nucleus shielding due to a decrease
of the concentration of paramagnetic compounds in the in-
vestigated sample.

Figure 3. HT 19F NMR spectra of Na3AlF6–10 mol-% FeO at
1020 °C vs. heating time.

Table 3. Time dependence of 27Al and 19F signal position (δ) and
linewidth (∆1/2) in the Na3AlF6–10 mol-% FeO and Na3AlF6–
1 mol-% Fe2O3 systems at 1020 °C.

Na3AlF6–FeO Na3AlF6–Fe2O3

t δ(27Al) ∆1/2 t δ(19F) ∆1/2 t δ(27Al) ∆1/2

[min] [ppm] [Hz] [min] [ppm] [Hz] [min] [ppm] [Hz]

4 30.9 762 6 – – 3 24.6 336
7 31.2 1052 11 – – 11 24.6 313
12 31.5 717 14 –61.5 9618 16 25.1 323
16 27.6 394 19 –126.2 2100 24 25.5 379
20 22.8 302 20 –145.2 1859 28 26.0 366
25 22.6 488 21 –160.5 1835
30 23.2 441 22 –172.0 1494
31 23.2 475 23 –184.4 1183

24 –193.1 971
25 –194.8 829

The decreasing concentration of paramagnetic iron in the
sample is probably caused by the volatilization of FeII com-
pounds from the melt. The solidified sample was investi-
gated by X-ray diffraction and no crystalline phase contain-
ing iron was detected. This confirms the formation of vola-
tile compounds of the type NaxFeF2+x (x = 1, 2),[19,20] as
already proposed in the literature.[8,9]

The same kind of measurements were made for the sec-
ond system with Fe2O3 oxide (Na3AlF6 + 1 mol-% Fe2O3).
In this case we were not able to observe any 19F signal even
after more than 30 minutes in the melt. The non-observa-
tion of the 19F signal suggests the presence of stable, non-
volatile fluoride species in the melt involving the paramag-
netic nuclei, probably in the form of FeF6

3– ions.[5,19] The
paramagnetic effect seems to be strong enough to strongly
affect the signal detection.

In the case of 27Al in Na3AlF6 + 10 mol-% FeO, we ob-
served a particular behavior of the spectrum with time
whilst heating, with a shift of the line position and a pro-
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gressive broadening of the line up to 14 minutes of heating
(Figure 4). This evolution is then inversed and we observed
a decrease of the chemical shift and a narrowing of the
peak. This modification appears approximately at the same
time as the 19F signal is observed (Figure 3). These observa-
tions support the suggestion of a continuous decrease of
the concentration of paramagnetic iron in the sample with
FeO caused by evaporation of FeII compounds from the
system.

Figure 4. HT 27Al NMR spectra of Na3AlF6–10 mol-% FeO at
1020 °C vs. heating time.

As mentioned above, the calculated value of the 27Al
chemical shift (Na3AlF6 + 10 mol-% FeO), assuming reac-
tion B and no influence of the unpaired electrons, is δ =
20.6 ppm. This calculated value is in good agreement with
the experimental value of δ = 23.0 ppm for the sample after
30 minutes of heating.

In the case of Fe2O3 (after five minutes of heating), the
27Al chemical shift remains constant during further heating
(Figure 5). This observation confirms the presence of stable,
nonvolatile fluoride species in the melt involving the FeIII

paramagnetic iron nuclei.

Figure 5. HT 27Al NMR spectra of Na3AlF6–1 mol-% Fe2O3 at
1020 °C vs. heating time.
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Conclusions

High-temperature NMR experiments have been per-
formed in molten cryolite with addition of different
amounts of FeO or Fe2O3. The selective observation of the
27Al, 23Na, and 19F signals in the melts at 1020 °C and their
evolution with increasing iron oxide content has allowed us
to confirm the formation of oxofluoroaluminate species.
The non-observation of the 19F signal caused by the para-
magnetic influence of the FeII ion in the melt is associated
with the formation of “fluorinated iron” species. Even
though this paramagnetic effect causes a strong broadening
and distortion of the signals, we can still take advantage of
this interaction and follow the formation and/or loss of the
FeII species. In the Na3AlF6–FeO melts, the 19F signal was
finally detected after 14 minutes heating, which would coin-
cide with the evaporation of FeII species. However, it was
not observed at all in the Na3AlF6–Fe2O3 system due to the
presence of stable, nonvolatile species involving the para-
magnetic iron nuclei.

Experimental Section
Samples were prepared by mixing Na3AlF6 (natural, from Ivigtut)
and FeO or Fe2O3 (reagent grade, Aldrich). The compositions
ranged from 0 to 14 mol-% of FeO and from 0 to 1 mol-% of Fe2O3

(see Table 1).

All NMR experiments were carried out using a Bruker DSX 400
(9.4 T) NMR spectrometer operating at frequencies of 104.2 MHz
for 27Al, 105.8 MHz for 23Na, and 376.3 MHz for 19F. 27Al, 23Na,
and 19F chemical shifts are referenced to 1  aqueous solutions of
Al(NO3)3, NaCl, and CFCl3 at room temperature, respectively.
High temperature (HT) NMR experiments were performed using
the previously described laser-heated system developed at the
CRMHT (Orléans, France).[13] Every sample was placed in a high
purity boron nitride (Carborundum) crucible tightly closed by a
screwed BN cap and placed inside the RF coil, in the center of the
cryomagnet. The crucible was then heated with a CO2 laser beam
(λ = 10.6 µm, 120 W). The HT NMR spectra were obtained using
single-pulse excitation with 20-, 30-, and 18-µs pulses for 27Al,
23Na, and 19F measurements, respectively. Recycle delays of be-
tween 500 ms and 2 s (for 19F) were used, and 64 scans were mea-
sured to obtain a reliable signal-to-noise ratio. The powder mix-
tures were heated and melted up to 1020 °C. 27Al, 23Na, and 19F
NMR spectra were recorded for every composition after 4 min for
temperature stabilization. In order to follow the kinetics of the iron
oxide dissolution, 27Al, 23Na, and 19F NMR spectra were recorded
repeatedly up to 30 min at 1020 °C.

The NMR parameters (chemical shifts, line widths, quadrupolar
coupling constants) were fitted to the experimental spectra with the
Winfit program.[21]
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Complexation of Uranium(VI) with Thiodiacetic Acid in Solution at 10–85 °C
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The protonation of thiodiacetate and its complexation with
uranium(VI) in 1.05 molkg–1 NaClO4 are studied at variable
temperatures (10–85 °C). Three UVI complexes (UO2L,
UO2HL+, and UO2HL2

–, where L is thiodiacetate) are iden-
tified in this temperature range. The formation constants and
the enthalpies of complexation are determined by potent-
iometry and calorimetry. The complexation of uranium(VI)
with thiodiacetate becomes more endothermic at higher tem-
peratures. However, the complexes become stronger due to
increasingly more positive entropies of complexation at

Introduction

There has been significant interest in studies of the com-
plexation of actinides with organic materials in solution at
elevated temperatures due to the demand for scientific in-
formation to aid the safe management of nuclear wastes.
The temperature of nuclear wastes in the storage tanks and
the vicinity of the waste repository is known or estimated
to be significantly above ambient temperature. For example,
the temperature in the storage tanks is up to 90 °C and the
temperature in the nuclear waste repository could be close
to 100 °C thousands of years after the closure of the reposi-
tory. Failure of the engineering barriers of the waste form
could result in the contact of nuclear wastes with ground-
water and possible migration of actinides into the environ-
ment. Prediction of the chemical behavior of actinides in
waste processing and in the repository requires thermo-
dynamic data on the complexation of actinides at elevated
temperatures. At present, the majority of the thermo-
dynamic data on actinide complexation are obtained at or
near 25 °C.[1] The lack of data at elevated temperatures
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higher temperatures, which exceeds the increase in the unfa-
vorable enthalpy of complexation. The values of the heat ca-
pacity of complexation (∆Cp°) are 122±16, 302±26, and
242±23 JK–1 mol–1 for UO2L, UO2HL+, and UO2HL2

–, respec-
tively. The effect of temperature on the thermodynamics of
the complexation is discussed in terms of the electrostatic
model and the change in the solvent structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

therefore makes it difficult to predict the behavior of actin-
ides in waste processing and disposal, where elevated tem-
peratures are expected.

While providing data to support the safe management of
nuclear wastes, studies of the complexation of actinides at
elevated temperatures could improve the fundamental un-
derstanding of the coordination chemistry of actinides as
well. For example, the change in temperature perturbs the
structure of solvent in the bulk and in the vicinity of the
ions, alters its dielectric property, and thus affects the ener-
getics of the complexation.[2,3] Therefore, the trends in
thermodynamic parameters over a wide range of tempera-
ture could provide insight into the nature of the actinide
complex and the solvent effect.

The liquid nuclear wastes in storage tanks are complex
in composition and extremely diverse in acidity/basicity,
ranging from strongly acidic to highly basic solutions.
Many ligands could affect the behavior of actinides in li-
quid nuclear wastes by forming complexes. We have studied
a series of mono- and dicarboxylic acids at elevated tem-
peratures, including acetic,[4–7] malonic,[8] and oxydiacetic[9]

acids. Some of the ligands exist in the nuclear wastes as
degradation products of more complex organic compounds
whose complexation with actinides has a direct impact on
the behavior of actinides in waste storage and processing.
Other ligands may not exist in nuclear wastes, but they are
members of a series of structurally related ligands to allow
a systematic study to help reveal the structure–function re-
lationship. In this work, the complexation of UVI with thio-
diacetate was studied at 10 to 85 °C. This system has been
previously studied at 25 °C,[10,11] but not at elevated tem-
peratures. Furthermore, due to the unavailability of tech-
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niques to characterize the coordination modes, no struc-
tural information on the UVI-thiodiacetate complexes in
solution was obtained in the earlier studies. Therefore, the
primary objectives in this work are: (1) to extend the
thermodynamic database for the complexation of UVI with
thiodiacetate to elevated temperatures; (2) to gain insight
into the energetics of the complexation and the effect of
temperature; and (3) to establish the coordination modes in
the complexes. Thermodynamic parameters, including for-
mation constants, enthalpy, and entropy, were determined
by potentiometry and calorimetry. EXAFS was used, in
conjunction with the thermodynamic data, to establish the
coordination modes in the complexes.

Results and Discussion

Protonation of Thiodiacetate at 10–85 °C

The protonation constants of thiodiacetate at different
temperatures were calculated from the data obtained by po-
tentiometry. These constants were then used in the calcula-
tion of the enthalpies of protonation from the data ob-
tained by calorimetry at the same temperature. The results
are summarized in Table 1. The values obtained at 25 °C
are in good agreement with the values at 20 and 25 °C in
the literature.[10,12]

As is typical of many carboxylic acids,[13] the enthalpies
of protonation of thiodiacetate are small (a few kilojoules
per mol) and become more endothermic when the tempera-
ture is increased (Table 1). On the other hand, the entropy
of protonation increases from 76 JK–1 mol–1 (10 °C) to
100 JK–1 mol–1 (85 °C) for HL, and from 130 JK–1 mol–1

(10 °C) to 172 JK–1 mol–1 (85 °C) for H2L, thus favoring
the protonation at higher temperatures. The increase in the

Table 1. Protonation of thiodiacetate (I = 1.05 molkg–1 NaClO4); the error limits represent 3σ.

T logβH,M logβH,m –∆G ∆H ∆S Ref.
[°C] [kJmol–1] [kJ mol–1] [JK–1 mol–1]

H+ + L2–
w HL– 10 4.02±0.02 4.00±0.02 21.68±0.11 –(0.05±0.03) 76.4±0.4

20 4.04±0.02 [10]

25 4.01±0.02 3.99±0.02 22.77±0.11 1.73±0.06 82.2±0.4
3.99±0.01 1.82±0.11 [12]

40 4.06±0.03 4.04±0.03 24.22±0.18 3.24±0.09 87.7±0.6
55 4.08±0.01 4.06±0.01 25.50±0.06 5.05±0.15 93.1±0.5
70 4.17±0.01 4.15±0.01 27.26±0.07 6.3±0.4 97.8±1.2
85 4.20±0.01 4.18±0.01 28.66±0.07 7.0±0.3 99.6±0.9

2 H+ + L2–
w H2L 10 7.21±0.02 7.17±0.02 38.87±0.11 –(2.16±0.03) 129.6±0.4

20 7.18±0.02 [10]

25 7.21±0.02 7.17±0.02 40.92±0.11 1.13±0.10 141.0±0.5
7.13±0.01 1.36±0.15 [12]

40 7.25±0.02 7.21±0.02 43.22±0.12 3.84±0.07 150.3±0.4
55 7.28±0.01 7.24±0.01 45.48±0.06 6.96±0.27 159.8±0.8
70 7.39±0.01 7.35±0.01 48.28±0.07 9.3±0.7 167.8±2.0
85 7.40±0.01 7.36±0.01 50.46±0.07 11.0±0.3 171.6±0.9

H+ + OH–
w H2O 10 14.46±0.01 –58.75

25 13.78±0.01 –56.27
40 13.20±0.01 –52.99
55 12.88±0.06 –50.8
70 12.54±0.01 –48.6
85 12.10±0.10 –45.3
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entropy term (T∆S) is slightly larger than the increase in the
enthalpy, which results in a net increase in the protonation
constants when the temperature is increased.

Comparison between the thermodynamic functions con-
cerning the protonation reactions of TDA2– and ODA2–

may give additional information about these species in solu-
tion. Figure 1 shows the entropy and enthalpy of the first
protonation of TDA2– and ODA2– (H + L2–

w HL–) at
different temperatures. The entropies of protonation of
TDA2– and ODA2– are almost identical in the entire tem-
perature region, whereas the enthalpies of protonation of
TDA2– and ODA2– are parallel to each other, with a con-
stant difference of 1.5 kJmol–1, at any given temperature.
The fact that the T∆S terms for TDA2– and ODA2– are
identical at any temperature implies that the same degree of

Figure 1. The thermodynamic parameters for the first protonation
reaction of thiodiacetate (�) and oxydiacetate (�).[9] I =
1.05 molkg–1 NaClO4.
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disorder is generated when these two doubly charged anions
are protonated. The fact that the enthalpy of protonation
of ODA2– is higher than that of TDA2– at all temperatures
probably results from the lower basicity of ODA2– than
TDA2–, which is due to a higher inductive effect exerted by
the ether oxygen in ODA2– than the sulfur in TDA2–. Since
this inductive effect is likely to be independent of tempera-
ture, the difference in the enthalpies of protonation for
TDA2– and ODA2– remains constant (approx. 1.5 kJmol–1)
at any temperature and parallel trends in the enthalpy are
observed.

Complexation of Uranium(VI) with Thiodiacetate

Stability Constants at 10–85 °C

Two representative potentiometric titrations at 10 and
85 °C are shown in Figure 2. The best model to fit the
potentiometric data in the entire temperature range includes
the formation of three UVI/TDA complexes (ML, MHL,
and MHL2):
UO2

2+ + L2–
w UO2L(aq)

UO2
2+ + H+ + L2–

w UO2HL+

UO2
2+ + H+ + 2L2–

w UO2HL2
–

Figure 2. Potentiometric titrations of UVI/thiodiacetate complex-
ation. I = 1.05 mol kg–1 NaClO4. Top: T = 10 °C; V0 = 32.0 cm3,
CH

0 = 110.0 m, CU
0 = 19.22 m; titrant CH/CTDA =

0.485:0.481 . Bottom: T = 85 °C; V0 = 29.0 cm3, CH
0 = 51.35 m,

CU
0 = 21.19 m; titrant CH/CTDA = 0.556:0.556 . Symbols: ◊: ex-

perimental data (pCH); dashed curve: fit (pCH); solid lines: percen-
tage of UVI species (right y axis).
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The formation constants and Gibbs free energy of com-
plexation at different temperatures were calculated and are
given in Table 2. The model developed for the entire tem-
perature range (from 10 to 85 °C) from this study is iden-
tical to the model for 25 °C from a previous study,[11] and
the values at 25 °C from both studies agree well (Table 2).
The data from this work indicate that the complexation be-
tween uranium(VI) and thiodiacetate is enhanced at ele-
vated temperatures. The ML, MHL, and MHL2 complexes
at 85 °C are 6, 5, and 40 times as strong as those at 10 °C,
respectively. The enhancement of complexation at elevated
temperatures is consistent with the predictions by a simple
electrostatic model that was developed to interpret the ef-
fect of temperature on the formation of lanthanide and acti-
nide carboxylate complexes.[6–9,14]

Enthalpy and Entropy of Complexation at 10–85 °C

A representative set of four calorimetric titrations at
25 °C is shown in part a of Figure 3. Similar titrations with
solutions of different concentrations (CU and CH) were per-
formed at 10, 40, 55, 70, and 85 °C (see Table S3 in the
Supporting Information). Using the formation constants of
the complexes calculated from potentiometry, in conjunc-
tion with the constants and enthalpies of protonation
(Table 1), the enthalpies of complexation for ML, MHL,
and MHL2 were calculated from the calorimetric titration
data (see Table 2).

Using the thermodynamic values for protonation and
complexation in Tables 1 and 2, simulated calorimetric ti-
tration curves for 10, 40, and 85 °C were calculated (Fig-
ure 3, b). The excellent agreement between the curves and
experimental points confirms the mutual consistency of the
calorimetric and potentiometric data on the complexation
as well as the reliability of the data on protonation.

The data in Table 2 show that, as the temperature is in-
creased, both the enthalpy and entropy of complexation in-
crease, making opposite contributions to the temperature
effect on the Gibbs free energy (and thus on the overall
stability of the complexes). The overall stability constants
increase because the increase in the entropy term (T∆S) ex-
ceeds the increase in the enthalpy. These trends are similar
to previous observations for the UVI/acetate,[7] UVI/malon-
ate,[8] and UVI/oxydiacetate[9] systems, and are expected for
typical hard acid–hard base interactions.[3] The increase of
entropy with temperature could be the consequence of a
more disordered bulk water structure due to the pertur-
bation by more thermal motion at higher temperatures. In
the process of complexation, the solvating water molecules
are released to a more disordered bulk solvent. As a result,
the gain in the complexation entropy is larger at higher tem-
peratures. Meanwhile, the released water molecules would
form fewer and/or weaker hydrogen bonds with the bulk
water due to the thermal motion, thus resulting in less fa-
vorable enthalpy of complexation at higher temperatures.
Detailed discussions on this point are given elsewhere.[6–9,14]

Figure 4 shows that the molar enthalpies of complex-
ation for the three complexes increase monotonously as the
temperature is increased. From these data, the heat capacity
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Table 2. Complexation of UVI with thiodiacetate (I = 1.05 molkg–1 NaClO4); the error limits represent 3σ.

T logβM log βm –∆G ∆H ∆S Ref.
[°C] [kJ mol–1] [kJ mol–1] [J K–1 mol–1]

UO2
2+ + L2–

w UO2L(aq) 10 2.91±0.03 2.89±0.03 15.67±0.16 13.4±0.4 102.6±1.5
20 3.16±0.03 [10]

25 3.04±0.03 3.02±0.03 17.24±0.17 15.7±0.7 110.5±2.4
2.97±0.02 14.8±0.2 [11]

40 3.23±0.03 3.21±0.03 19.24±0.18 16.3±0.9 113.5±2.9
55 3.35±0.05 3.33±0.05 20.9±0.3 19.2±1.2 122.3±3.8
70 3.62±0.03 3.60±0.03 23.65±0.20 20.5±1.8 129±5
85 3.68±0.05 3.66±0.05 25.1±0.3 23.0±1.8 134±5

UO2
2+ + H+ + L2–

w UO2HL+ 10 5.66±0.04 5.62±0.04 30.46±0.22 7.5±0.6 134.1±2.2
25 5.76±0.06 5.72±0.06 32.6±0.3 11.9±1.2 150±4

5.43±0.10 17.8±0.4 [11]

40 5.63±0.07 5.59±0.07 33.5±0.4 27±4 193±13
55 5.98±0.07 5.94±0.07 37.3±0.4 21.4±2.1 179±6
70 6.10±0.08 6.06±0.08 39.8±0.5 25±3 189±9
85 6.34±0.08 6.30±0.08 43.2±0.6 30.3±2.7 205±8

UO2
2+ + H+ + 2L2–

w UO2HL2
– 10 8.10±0.08 8.04±0.08 43.6±0.4 24.3±0.6 239.7±2.6

20 8.42±0.06 [10]

25 8.48±0.07 8.42±0.07 48.1±0.4 30.0±1.2 262±4
8.39±0.11 25.7±0.2 [11]

40 8.70±0.07 8.64±0.07 51.8±0.4 38.6±3.6 289±12
55 9.03±0.07 8.97±0.07 56.4±0.4 38.0±1.5 288±5
70 9.36±0.07 9.30±0.07 61.1±0.5 39.0±2.5 292±7
85 9.69±0.08 9.63±0.08 66.0±0.6 38.2±2.4 291±7

Figure 3. Calorimetric titrations of the uranium(VI) thiodiacetate
system. I = 1.05 mol kg–1 NaClO4. (a) Q vs. Vtitrant at 25 °C, four
titrations with different CM and CH; (b) ∆hv vs. n̄ at 10, 40, and
85 °C; three or four titrations with different CM and CH were con-
ducted at each temperature. The number of points in the figure has
been reduced for clarity. Detailed conditions for ◊, �, �, and �
are given in Table S3 of the Supporting Information.
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of complexation, ∆Cp°, was calculated to be 122±16,
302±26, and 242±23 JK–1 mol–1 for UO2L, UO2HL+, and
UO2HL2

–, respectively.

Figure 4. Overall thermodynamic parameters for the complexation
of UVI with thiodiacetate. I = 1.05 molkg–1 NaClO4.

Coordination Modes

The results of EXAFS experiments with three UVI solu-
tions are shown in Figure 5 and Table 3. Solution I contains
100% free UO2

2+. Speciation calculations with the stability
constants in Table 2 indicate that the major species in solu-
tion II are UO2HL+ (51%) and free UO2

2+ (30%), while
the major species in solution III is UO2HL2

– (86%). The
FT magnitudes for solutions I and II are quite similar and
are fitted with two U–O scattering paths at 1.77–1.78 Å and
five U–O scattering paths at 2.40–2.41 Å. The two oxygens
at 1.77–1.78 Å are the axial oxygens in the UO2

2+ moiety
and the five oxygens at 2.40–2.41 Å are from the water and/
or the thiodiacetate ligands in the equatorial plane of
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Table 3. Fitting parameters for uranium LIII-edge EXAFS.

Samples Shell R[a] [Å] N[a] σ[b] [Å] ∆E0 [eV]

Solution I[c] U–Oax 0.77 1.8 0.0385 –13.69
(0.02  UVI/0.1  HClO4) U–Oeq 2.41 5.5 0.0871 –13.69
Solution II U–Oax 0.78 2.0 0.0531 –13.77
(0.02  UVI/0.5  TDA, pH 2.0) U–Oeq 2.40 5.4 0.1040 –13.77
Solution III U–Oax 0.79 2.0 0.0526 –16.58
(0.02  UVI/0.5  TDA, pH 3.5) U–Oeq1 2.34 1.7 0.0368 –16.58

U–Oeq2 2.49 2.7 0.0573 –16.58

[a] The 95% confidence limits for the bond lengths (R) and coordination numbers (N) for each shell are: U–Oax = 0.01 Å and ±15%;
U–Oeq = 0.02 Å and ±25%, respectively. [b] σ is the EXAFS Debye–Waller term which accounts for the effects of thermal and static
disorder through damping of the EXAFS oscillations by the factor exp(–2k2σ2). [c] Data from ref.[8]

UO2
2+. The FT magnitude for solution III shows, besides

the prominent peak for the two axial oxygens, two distinct
shells in the range of 1.7–2.3 Å (phase shift not corrected)
and is fitted with two U–O scattering paths at 2.34 Å and
three U–O scattering paths at 2.49 Å. In the following dis-
cussion, these structural data are used in conjunction with
the thermodynamic parameters of complexation to shed
light on the coordination modes in the UO2L, UO2HL+,
and UO2HL2

– complexes.

Figure 5. Fourier (FT) transform magnitude χ(k)×k3 of the ura-
nium LIII-edge EXAFS. Solid lines: experimental, dotted lines: fit-
ted. Fitting results are given in Table 3.

UO2HL2
–

Because this species is dominant (86%) in solution III, it
is possible to propose a structure for this species based on
the EXAFS data. In this complex, one TDA is fully depro-
tonated (L2–) and the other TDA ligand is partially proton-
ated (HL–). As discussed in a previous study for the com-

Eur. J. Inorg. Chem. 2006, 4533–4540 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4537

plexation of UVI with oxydiacetate (ODA),[9] the partially
protonated ligand (HL–) is likely to prefer a “terminal” di-
dentate coordination mode in the complex, leaving the pro-
tonated carboxylate group free from metal binding. A pro-
posed structure of the UO2HL2

– complex is shown in Fig-
ure 6 (a), where one TDA (L2–) is coordinated with UVI in
a “global” didentate mode while the other TDA (HL–) is in
a “terminal” didentate mode similar to that in the urani-
um(VI) acetate complex described in the literature.[7] The
U–O distance in the “global” didentate mode is shorter
(2.34 Å) than that in the “terminal” didentate mode
(2.49 Å). The oxygen from the water molecule is at a similar
distance to the two oxygens of the “terminal” didentate car-
boxylate group and is not resolved by EXAFS.

UO2HL+

Solution II contains 51% UO2HL+ and 30% free UO2
2+

(30%). Therefore, the EXAFS data reflect the average coor-
dination of UVI in these two major species. Because the par-
tially protonated TDA ligand (HL–) is likely to take a “ter-
minal” didentate coordination mode in the complex, the
structure of the UO2HL+ complex is proposed as shown in
Figure 6 (b). The two oxygens from the terminal carboxyl-
ate group and the three oxygens from water molecules are
all around 2.40 Å, resulting in a similar coordination shell
of five oxygens as in the free UO2(H2O)5

2+ (Solution I).

UO2L

This complex is not a major species in either solution I
or solution II. Therefore, the EXFAS data do not provide
information on the coordination mode of TDA in this com-
plex. However, based on the structures of UO2HL2

– (Fig-
ure 6, a) and UO2HL+ (Figure 6, b) proposed from the EX-
FAS data, it is reasonable to assume that the sulfur atom
in UO2L does not participate in bonding with UVI. More-
over, since the entropy of complexation primarily reflects
the effect of dehydration and chelate formation, comparison
of the entropy of complexation between TDA and structur-
ally related dicarboxylates (e.g., ODA) could help reveal the
coordination mode(s). A previous study has shown that, at
25 °C, one carboxylate group contributes approximately
50 JK–1 mol–1 to the overall entropy of complexation.[9] For
example, the value of ∆S298 for the didentate UVI–phenyl-
ene-1,2-dioxydiacetate complex is 103 JK–1 mol–1, while the
values of ∆S298 for the tridentate UVI–oxydiacetate and
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Figure 6. Proposed structures of uranium(VI) thiodiacetate complexes in solution: (a) UO2HL2
–, (b) UO2HL+, (c) UO2L(aq), where L2–

stands for the thiodiacetate anion.

UVI–iminodiacetate complexes are 152 and 161 JK–1 mol–1,
respectively. The oxydiacetate and iminodiacetate ligands in
these complexes are tridentate because the ether oxygen or
the nitrogen atoms participate in the complexation.[9] The
value of ∆S298 for the UVI-TDA complex (UO2L) is
110 JK–1 mol–1 from this work (Table 2), similar to that for
the didentate UVI–phenylene-1,2-dioxydiacetate complex
but much smaller than those for the tridentate UVI-ODA
and UVI-IDA complexes. Thus, the thermodynamic data
are consistent with a didentate mode in the 1:1 UVI-TDA
complex. Both carboxylate groups of TDA coordinate with
UVI while the sulfur atom does not participate in the com-
plexation. A proposed structure for UO2L is shown in Fig-
ure 6 (c).

Conclusions

In the temperature range from 10 to 85 °C, three urani-
um(VI) thiodiacetate complexes (UO2L, UO2HL+, and
UO2HL2

–) have been identified by potentiometry and calo-
rimetry. Both the enthalpy and entropy of complexation in-
crease as the temperature is increased, although they make
opposite contributions to the overall stability of the com-
plexes. The complexes become stronger at higher tempera-
tures due to a larger contribution from the entropy, which
exceeds the unfavorable effect of enthalpy. The thermo-
dynamic parameters, in conjunction with the structural in-
formation from EXAFS, suggest that TDA coordinates
with UVI through the carboxylate group(s) and that the sul-
fur atom does not participate in the complexation. In
UO2L, the fully deprotonated TDA is in a “global” diden-
tate mode through both carboxylate groups. However, in
UO2HL+ and UO2HL2

–, the partially protonated TDA is
probably in a “terminal” didentate mode, with the proton-
ated carboxylate group free from metal bonding.
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Experimental Section
Chemicals: All chemicals were reagent grade or higher. Distilled
and deionized water was used in preparations of all the solutions.
The stock solution of uranium(VI) perchlorate was prepared by
dissolving uranium trioxide (UO3) in perchloric acid. The concen-
tration of uranium(VI) in the stock solution was determined by
absorption spectrophotometry and fluorimetry.[15] Gran’s potentio-
metric method[16] was used to determine the concentration of per-
chloric acid in the stock solution. Volumetric standard sodium hy-
droxide solutions were purchased from Brinkmann Instruments,
Inc. or Sigma–Aldrich, Inc. and verified to be carbonate-free prior
to use. Solutions of sodium thiodiacetate were prepared by adding
calculated amounts of sodium hydroxide to solutions of thiodia-
cetic acid. The ionic strength of all the solutions used in potent-
iometry and calorimetry was adjusted to 1.0  at 25 °C by adding
appropriate amounts of sodium perchlorate as the background
electrolyte.

Potentiometry: The protonation constants of thiodiacetate (TDA)
and the stability constants of the uranium(VI) TDA complexes
were determined by potentiometric titrations in a temperature
range from 10 to 85 °C. A specially designed titration vessel was
used to avoid the problem of water condensation during the ti-
trations at temperatures above the ambient. Details of the titration
setup have been provided elsewhere.[6]

Electromotive force (EMF, in millivolts) was measured with a Met-
rohm pH meter (Model 713) equipped with a Ross combination
pH electrode (Orion Model 8102). Because potassium perchlorate
is much less soluble than sodium perchlorate, precipitation of the
former could result in the clogging of the electrode frit glass sep-
tum. As a result, the original electrode filling solution (3.0  potas-
sium chloride) was replaced with 1.0  sodium chloride. The elec-
trode potential (mV) in acidic solutions can be expressed as Equa-
tion (1).

E = E0 + RT/F ln [H+] + γH[H+] (1)

R is the gas constant, F is the Faraday constant, and T is the tem-
perature in Kelvin. The last term in Equation (1), γH[H+], is the
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electrode junction potential for the hydrogen ion. Prior to each
protonation or complexation titration, an acid/base titration with
standard perchloric acid and sodium hydroxide solutions was per-
formed to obtain the parameters E0 and γH. These parameters al-
lowed the calculation of hydrogen ion concentrations from the elec-
trode potential in the subsequent titration. Corrections for the elec-
trode junction potential for the hydroxide ion are not necessary
in this work because all the experiments were conducted in acidic
solutions, where the junction potential for the hydroxide ion is neg-
ligible.

Detailed conditions for the potentiometric titrations are provided
in Tables S1 and Table S2 in the Supporting Information. Multiple
titrations were conducted at each temperature with solutions of
different concentrations (CTDA, CH, and CU). 50–70 Data points
were collected in each titration. The protonation constants of TDA,
KH,M, and the formation constants of UVI-TDA complexes, βj,M,
on the molarity scale were calculated with the program Hyper-
quad.[17] To allow the comparison at different temperatures, the
constants in molarity were converted into the constants in molality
according to Equation (2).[18]

log 10Km = log10KM + Σrνr log10ϑ (2)

Km and KM are the equilibrium constants of a reaction in molality
and molarity, respectively, ϑ is the ratio of the values of molality
to molarity for the specific ionic medium. For the 1.0  NaClO4

used in this study, ϑ equals 1.05 L of solution per kilogram of
water. Σrνr is the sum of stoichiometric coefficients of the reaction
(νr is positive for products and negative for reactants.)

Calorimetry: Calorimetry was used to determine the enthalpy of
thiodiacetate protonation and complexation with UVI. The calori-
metric titrations were conducted with both an isoperibol calorime-
ter (Model ISC-4285, Calorimetry Sciences Corp.) at the Lawrence
Berkeley National Laboratory (for T from 25 to 85 °C) and an
isothermal microcalorimeter (Thermometric 2277 Thermal Ac-
tivity Monitor, nanoWatt model) at the University of Padova (for
T = 10 °C). The performance of the isoperibol calorimeter was
tested by measuring the enthalpy of protonation of 2-bis(2-
hydroxyethyl)amino-2-(hydroxymethyl)propane-1,3-diol at dif-
ferent temperatures. The results are –29.1±0.3 kJmol–1 at 45 °C
and –29.3±0.3 kJmol–1 at 70 °C, in good agreement with those in
the literature (–28.4±0.3 kJmol–1 at 45 °C and –29.3±0.2 kJmol–1

at 70 °C).[19]

Detailed conditions for the calorimetric titrations are provided in
Table S3 in the Supporting Information. Multiple titrations were
performed at each temperature to obtain the enthalpy of proton-
ation of TDA and the enthalpy of complexation between UVI and
TDA, using different concentrations of the titrant or UO2(ClO4)2

and HClO4 in the cell. For each titration run, n experimental values
of the total heat produced in the reaction vessel (Qex,j, j = 1 to n,
usually n = 50–70), were calculated as a function of the volume of
the added titrant. These values, corrected for the heat of dilution
of the titrant (Qdil,j, determined in separate runs), gave the net reac-
tion heat: Qr,j = Qexp,j – Qdil,j. A quantity, ∆hv, was then calculated
for the stepwise addition by Equation (3).

(3)

For the protonation titrations, Qp,j is the heat of water formation
and n is the number of mols of TDA in the cell. For the complex-
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ation titrations, Qp,j is the sum of the heat calculated for the water
formation and ligand protonation while n is the number of mols of
UVI in the cell. The enthalpies of reaction were calculated, with a
home modified version of the computer program Letagrop,[20] to
use ∆hv as the error-carrying variable while assigning equal weight
to all the titrations with different amounts of uranium(VI) (for the
U/TDA systems) or TDA (for the H/TDA systems).

EXAFS Spectroscopy: Three uranium(VI) solutions were prepared
for EXAFS experiments. Solution I contained 0.02  UO2(ClO4)2

in 0.1  HClO4 with no thiodiacetic acid. Solutions II and III con-
tained 0.02  UO2(ClO4)2 and 0.5  thiodiacetic acid at pH 2.0 and
3.5, respectively. Approximately 2 mL of each solution was sealed
in a polyethylene tube (5 mm i.d.) and mounted on an aluminum
sample positioner with Scotch tape for the experiments.

Uranium LIII-edge EXAFS spectra were collected at the Stanford
Synchrotron Radiation Laboratory (SSRL) on beamline 4-1 under
normal ring operating conditions (3.0 GeV, 50–100 mA). Energy
scans of the polychromatic X-ray beam were obtained using a
Si(220) double-crystal monochromator. The vertical slit width was
0.5 mm, which reduced the effects of beam instabilities and mono-
chromator glitches while providing ample photon flux. The higher
order harmonic content of the beam was reduced by detuning the
crystals in the monochromator so that the incident flux was re-
duced to 50% of its maximum at the scan ending energy. The
EXAFS data were collected in both the transmission mode using
argon-filled ionization chambers and the fluorescence mode using
a four-element Ge detector, up to kmax � 15 Å–1. Usually three or
four scans were performed for each sample. Energy calibration was
based on assigning the first inflection point of the absorption edge
for uranium dioxide to 17166 eV. The EXAFS spectra were fitted
with the R-space X-ray Absorption Package (RSXAP),[21] using
parameterized phase and amplitude functions generated by the pro-
gram FEFF7.[22] Single scattering interactions of U–Oax (axial oxy-
gen) and U–Oeq (equatorial oxygen) were included.

Supporting Information (see footnote on the first page of this arti-
cle): Tables S1 and S2: Experimental conditions of potentiometry
for proton/thiodiacetate and uranium(VI)/thiodiacetate systems,
respectively. Table S3. Experimental conditions of calorimetry for
thiodiacetate protonation and uranium(VI)/thiodiacetate complex-
ation.
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A 1D organic–inorganic hybrid polyoxometalate chain has
been used as a non-coordinating anionic template for the
construction of a novel 3D copper halide 4,4�-bipy frame-
work, namely [Cu3

ICl(4,4�-bipy)4][CuII(1,10-phen)2Mo8O26].
X-ray diffraction experiments revealed that the title com-
pound consists of chloride-bridged trinuclear CuI units
linked by neutral organic 4,4�-bipy groups into a 3D frame-

Introduction

Porous materials have attracted much attention because
of interest in the creation of nanometer-sized spaces and
their potential applications in gas storage, separation, ion
exchange, or heterogeneous catalysis.[1] A promising ap-
proach toward the synthesis of these porous materials is the
design of metal-organic frameworks built up from transi-
tion-metal ions and bridging organic ligands.[2] In this field,
copper halides bridged by organic species have been sub-
jected to a vast number of studies owing to the fact that the
architectures of copper halides can be tuned at the molecu-
lar level so as to design and control, at least partly, the
molecular structures of the final products,[3] especially since
the so-called secondary building block (SBU) concept was
proposed and extended by Yaghi and co-workers.[4] How-
ever, it is still important to synthesize robust 3D frame-
works with high porosity.[5]

Anions are capable of directing the formation of some
porous entities through either cation–anion interactions or
hydrogen-bonding interactions between an organic host
and an anionic guest.[6] Compared to simple anionic tem-
plates, POMs are bigger, have more diverse topologies, a
higher charge, and are more suitable as guest units in the
metal-organic host as they lead to larger pores, channels,
and cavities. In this field, several interesting host–guest
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work with hexagon-like channels in which 1D organic–inor-
ganic hybrid polyoxometalate chains reside. This is the first
example of a 1D organic–inorganic hybrid polyoxometalate
chain functioning as a novel anionic template for the con-
struction of a 3D framework.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

complex with various dimensional structures have been pre-
pared.[7] Zubieta and co-workers, for example, have re-
ported [Fe(tpypor)3Fe][Mo6O19]·xH2O[7a] (tpypor = tetra-
pyridylporphyrin), which possesses a 3D [Fe(tpypor)3Fe]2+

host framework with a [Mo6O19]2– molecule encapsulated,
and Zheng et al. have recently reported the novel decavan-
adate-anion-templated copper framework [Cu3(2-pzc)4-
(H2O)2(V10O28H4)]·6.5H2O (2-pzc = 2-pyrazinecarboxyl-
ate).[7b] In 2002, the Keller group first prepared the novel
compound [Cu3(4,4�-bipy)5(MeCN)2]PW12O40·2C6H5CN[7c]

constructed from a 3D Cu-4,4�-bipy coordination polymer
with a large pore as host and Keggin-type heteropo-
lyoxoanions as template. More recently, the 2D layer-like
compound Na3[4,4�-Hbipy]{Cu4(4,4�-bipy)8(H2O)8}[PW11-
CuO39(H2O)][PW10Cu2O38(H2O)2]·38H2O[7d] with Keggin-
type POMs as guests has been characterized by the Dolbecq
group. As part of our continuing efforts in the construction
of functional porous coordination polymers,[8] we have ex-
ploited the Lindquist-type POM [Mo6O19]2– to synthesize
several novel polyoxometalate-templated, supramolecular
networks based on lanthanide dimers.[9] To the best of our
knowledge, no metal-organic frameworks using an organic–
inorganic hybrid polyoxometalate chain as template has
been reported thus far.

In the hope that the combination of copper halides with
POMs not only shows value-added properties and possible
synergistic effects but also allows the creation of new net-
works with unique physical properties, we report here the
unprecedented compound [Cu3

ICl(4,4�-bipy)4][CuII(1,10-
phen)2Mo8O26] (1), which exhibits a novel 3D copper halide
4,4�-bipy framework templated by a 1D organic–inorganic
hybrid polyoxometalate chain. Additionally, we have also
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prepared another compound by changing the reaction con-
ditions, namely (H3O)[CuI(4,4�-bipy)]3[Mo8O26], which ex-
hibits a new 2D supramolecular network consisting of β-
[Mo8O26]4– clusters and copper-organonitrogen coordina-
tion polymer chains via weak long-range Cu–O interac-
tions.

Results and Discussion

Syntheses

The successful isolation of compounds 1 and 2 depends
on the use of hydrothermal techniques. Hydrothermal syn-
thesis has recently been proved to be a particularly useful
technique for the preparation of organic–inorganic hybrid
materials.[10] The exploitation of hydrothermal conditions
requires a paradigm shift from the thermodynamic to the
kinetic such that equilibrium phases are replaced by struc-
turally more complex metastable phases.[11] In the hydro-
thermal environment, the reduced viscosity of the solvent
results in enhanced rates of solvent extraction of solids and
crystal growth from solution. Furthermore, since different
solubility problems can be minimized, a variety of organic
and inorganic precursors can be introduced. However, hy-
drothermal synthesis is still a relatively complex process be-
cause many factors can influence the outcome of reaction,
such as the type of initial reactants, starting concentrations,
pH values, reaction time, and temperature.[12]

Parallel experiments showed that the pH value of the re-
action system is crucial for the crystallization of compound
1: dark-green crystals of compound 1 could only be ob-
tained in the pH range 3.9–4.5. In addition, the nature of
the divalent transition metal is crucial for the formation of
compound 1. We tried to replace CuCl2·2H2O with
NiCl2·6H2O, CoCl2·6H2O, MnCl2·4H2O, or FeCl2·4H2O in
the synthesis of compound 1, but no isostructural com-
pounds were obtained. When CuCl2·2H2O was replaced
with NiCl2·6H2O or CoCl2·6H2O [{Ni(1,10-phen)2}2(ξ-
Mo8O26)]·H2O[13] or {Co(1,10-phen)3}2[Mo6O19][Mo8O26]·
2H2O[14] could be synthesized. However, when CuCl2·2H2O
was replaced with MnCl2·4H2O or FeCl3·6H2O no crystal-
line phase was formed. [Cu(1,10-phen)]2[{Cu(1,10-phen)}2-
Mo8O26]·2H2O[15] could be synthesized without 4,4�-bipy,
and compound 2 could be synthesized without 1,10-phen.

Structure Description

The single X-ray structural analysis revealed that the
structure of 1 is constructed from a coordination complex
{[Cu3

ICl(4,4�-bipy)4]}n
2n+ scaffolding and encapsulating or-

ganic–inorganic hybrid {CuII(1,10-phen)2Mo8O26}n
2n–

polyoxometalate chains.
The metal-organic framework is composed of hexagon-

grid layers pillared by 4,4�-bipy ligands in which there are
two distinct copper centers: one resides in the corner of the
hexagon lattice in each layer and is additionally coordinated
to three nitrogen atoms of 4,4�-bipy and one chlorine atom,

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4541–45454542

while the second copper center is coordinated to two pyr-
idyl nitrogen donors and one chlorine atom, thus two Cu(3)
and one Cu(2) are connected into a trinuclear copper clus-
ter through the chlorine atom. The hexagon-grid layer lies
parallel to the ab plane (Figure 1). Each layer consists of
hexagonal lattices, in which the Cu atoms are located at the
corners, while the 4,4�-bipy ligands and Cl atoms are
located at the edges. As shown in Figure 2, there is no
interpenetration between the layers, thus this type of
arrangement leads to hexagonal channels of about
5.3×11.1×11.1 Å3, in which organic–inorganic hybrid
{CuII(1,10-phen)2Mo8O26}n

2n– polyoxometalate chains are
located. The octamolybdate [Mo8O26]4– cluster, which is
built up from eight distorted {MoO6} edge-shared octahe-
dra, is a typical β-octamolybdate. The valence sum calcula-
tions[16] show that all molybdenum atoms are in the +6 oxi-
dation state; the average value is +5.952. The oxygen atoms
can be divided into four categories: 1.694(2)–1.706(3) Å for
Mo–O(t), 1.908(2)–2.305(2) Å for Mo–O(µ2), 1.943(8)–
2.331(2) Å for Mo–O(µ3), and 2.184(2)–2.462(2) Å for Mo–
O(µ5); the mean values are 1.700(1), 1.999(7), 2.146(9), and
2.314(4) Å, respectively. All these bond lengths are within
the normal ranges and in close agreement with those de-
scribed in the literature.[17] It is noteworthy that the poly-
oxoanion acts as a ligand covalently bonded to two
[CuII(1,10-phen)2]2+ units to form a 1D chain (see Figure 3)
through terminal oxygen atoms, with Cu–O distances of
2.663(7) Å.[18] In the [CuII(1,10-phen)2]2+ unit, Cu is coordi-
nated by four N atoms of two 1,10-phen ligands and one
terminal oxygen atom of the β-octamolybdate anion to
form a distorted octahedron with Cu–N distances in the
range 1.974(3)–2.014(4) Å. Thus, the three crystallographi-
cally unique copper atoms have three different coordination
geometries: Cu(1) exhibits a octahedral geometry in the

Figure 1. View of the hexagon-grid layer in 1; all the hydrogen
atoms have been omitted for clarity.
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form of {CuN4O2}, Cu(2) displays a distorted {CuN3Cl}
tetrahedral geometry, while Cu(3) shows trigonal {CuN2Cl}
geometry. Valence sum calculations on the Cu sites give val-
ues of 1.848, 1.127, and 1.239 for Cu(1), Cu(2), and Cu(3),
respectively. Having studied the literature, we noticed that
the exploitation of discrete POMs as guests in the construc-
tion of 3D frameworks has been reported;[7a,7c] however,
there are no examples of organic–inorganic POM chain-
templated frameworks to date (see Figure 4a).

Figure 2. View of the {[Cu3
ICl(4,4�-bipy)4]}n

2n+ coordination com-
plex scaffolding composed of hexagon-grid layers pillared by 4,4�-
bipy ligands in 1; all the hydrogen atoms have been omitted for
clarity.

Figure 3. Polyhedral representation of the organic–inorganic hybrid
polyoxometalate chain in 1; all the hydrogen atoms have been omit-
ted for clarity.

The single X-ray structural analysis revealed that
the structure of 2 is composed of β-[Mo8O26]4–,
{Cu(4,4�-bipy)}n

n+ chains, and lattice water molecules. The
structure of [Mo8O26]4– is a typical β-[Mo8O26]4– anion,
similar to that of compound 1. The Mo–O bonds can be
divided into four groups, i.e. Mo–Ot, Mo–O(µ2), Mo–
O(µ3), and Mo–O(µ5) bonds, with bond lengths in the ran-
ges 1.685(2)–1.702(6), 1.746(9)–2.259(8), 2.149(8)–2.394(2),
and 2.149(8)–2.450(8) Å, respectively; the mean values are
1.696(9), 1.944(7), 2.104(3), and 2.334(6) Å. All the mean
values of the Mo–O distances are shorter than those of
compound 1. These results may be due to the influence of
the outer coordination environment in compound 1.

Eur. J. Inorg. Chem. 2006, 4541–4545 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4543

Figure 4. (a) Projection of the 3D framework of 1; all the hydrogen
atoms have been omitted for clarity. (b) View of the 2D supra-
molecular structure of 2; all the hydrogen atoms and the water
molecules have been omitted for clarity.

As shown in Figure 4b, the β-[Mo8O26]4– clusters link the
{Cu(4,4�-bipy)}n

n+ chains into a 2D supramolecular struc-
ture with a weak, long-range Cu–O interaction of
2.501(66)–2.563(27) Å.

EPR Spectroscopy

The EPR spectrum of 1 at room temperature shows a
Cu2+ signal with g[par ] = 2.2281 and g� = 2.0506 (Figure 5),
in good accordance with the valence sum calculation.
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Figure 5. The EPR spectrum of 1.

Electrochemistry

The POM-modified carbon paste electrode (CPE) was
fabricated as follows: 1.0 g of graphite powder and 40 mg
of POM 1 or 2 were mixed and ground together with an
agate mortar and pestle to achieve an even, dry mixture.
Nujol (0.66 mL) was then added to the mixture and stirred
with a glass rod. The homogenized mixture was used to
pack 3-mm inner diameter glass tubes, and the surface was
wiped with weighing paper. Electrical contact was estab-
lished with a copper rod through the back of the electrode.
Platinum gauze was used as counter electrode and an SCE
was used as reference electrode.

Figure S1 shows the voltammetric behavior of the work-
ing electrodes made from 1 and 2 in 30 mL of aqueous 1 

H2SO4 solution at a scan rate of 100 mVs–1. It can be seen
that one reversible redox peak appears in the potential
range –800 to +1000 mV. In compounds 1 and 2, the mean
peak potential E1/2 = (Epa + Epc)/2 is 11.6 and –58.5 mV,
respectively. The redox peaks might be ascribed to the
MoVI/MoV couple.[19]

FT-IR Spectroscopy

In the IR spectrum of compound 1 (Figure S2), the char-
acteristic bands at 943, 915, 842, 730, 704, and 655 cm–1

can be attributed to the Mo=O and Mo–O–Mo vibrations.
On comparing the IR spectrum of compound 1 with that
of β-[Mo8O26]4–,[20] it can be seen that the shape of the
peaks in the range 600–1000 cm–1 is nearly identical to that
of β-[Mo8O26]4– except for slight shifts of some peaks due
to the effect of coordination, which indicates that the
polyoxoanion in compound 1 still retains the basic β-
[Mo8O26]4– structure. This is in agreement with the result
of the single-crystal X-ray diffraction analysis. In addition,
bands in the 1601–1408 cm–1 region can be assigned to
characteristic peaks of the ligands 4,4�-bipy and 1,10-phen.

Conclusions
In summary, compound 1 provides an unprecedented 3D

host–guest structure with an organic–inorganic hybrid poly-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4541–45454544

oxometalate chain-like template and confirms the utility of
hydrothermal methods for the synthesis of new compounds
with novel structures. Furthermore, compound 1 demon-
strates that both the vast class of polyoxoanion clusters and
organic–inorganic polyoxometalate chains may act as tem-
plates in the design of higher organic–inorganic hybrid po-
rous materials. Given the variations in the organic–inor-
ganic polyoxometalate chains and metal-organic frame-
works, the scope for the further synthesis of POM-based
porous materials appears to be very promising.

Experimental Section
Materials: All chemicals purchased were of reagent grade and were
used without further purification.

Physical Methods: Elemental analyses (C, H, and N) were per-
formed on a Perkin–Elmer 2400 CHN elemental analyzer. Mo and
Cu were determined with a Leaman inductively coupled plasma
(ICP) spectrometer. The FTIR spectra were recorded in the range
400–4000 cm–1 on an Alpha Centaurt FT/IR spectrophotometer as
pressed KBr pellets. TG analyses were performed on a Perkin–El-
mer TGA7 instrument in flowing N2 at a heating rate of
10 °Cmin–1. The EPR spectrum was recorded with a Bruker ER
200D spectrometer at room temperature. All electrochemical mea-
surements were carried out on a CHI 660 electrochemical workst-
ation at room temperature (25–30 °C).

Synthesis of Compound 1: A mixture of (NH4)6Mo7O24·6H2O
(0.1 mmol), CuCl2·2H2O (0.3 mmol), 4,4�-bipy (0.3 mmol), 1,10-
phen (0.2 mmol), and H2O (10 mL) was stirred for half an hour in
air. The pH was then adjusted to 4.0 with 4  HCl, and the mixture
transferred to a Teflon-lined, 23-mL autoclave and kept at 165 °C
for 4 d. After slowly cooling to room temperature, dark-green crys-
tals were filtered off, washed with distilled water, and dried in a
desiccator at room temperature. Yield: 0.153 g (54.8% based on
Mo). C64H44ClCu4Mo8N12O26 (2454.2): calcd. C 31.24, H 1.96, Cu
10.34, Mo 31.22, N 6.84; found C 31.54, H 2.13, Cu 10.67, Mo
30.86, N 7.07.

Synthesis of Compound 2: A mixture of (NH4)6Mo7O24·6H2O
(0.1 mmol), CuCl2·2H2O (0.3 mmol), 4,4�-bipy (0.3 mmol), and
H2O (10 mL) was stirred for half an hour in air. The pH was then
adjusted to 4.8 with 4  HCl and the mixture transferred to a Tef-
lon-lined, 23-mL autoclave and kept at 165 °C for 4 d. After slowly
cooling to room temperature, orange crystals were filtered off,
washed with distilled water, and dried in a desiccator at room tem-
perature. Yield: 0.079 g (37.5% based on Mo). C30H27Cu3-
Mo8N6O27 (1861.7): calcd. C 19.35, H 1.46, Cu 10.24, Mo 41.23,
N 4.52; found C 19.49, H 1.53, Cu 10.09, Mo 41.08, N 4.68.

X-ray Crystallography: Crystallographic data for 1 and 2 were col-
lected at 298 K with a Rigaku R-axis Rapid IP diffractometer using
graphite-monochromated Mo-Kα radiation (λ = 0.710373 Å) and
the IP technique. The structure was solved by direct methods and
refined by full-matrix least-squares on F2 using the SHELXTL-97
crystallographic software package.[21] Anisotropic thermal param-
eters were used to refine all non-hydrogen atoms. Carbon-bound
hydrogen atoms were placed in geometrically calculated positions;
oxygen-bound hydrogen atoms were located in the difference Fou-
rier maps. Further details of the X-ray structural analysis are given
in Table 1. Selected bond lengths and angles for compounds 1 and
2 are listed in Tables S1 and S2 in the Supporting Information.
CCDC-600762 (1) and -600763 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
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of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Crystal data and structure refinement for 1 and 2.

1 2

Chemical formula C64H44ClCu4Mo8N12O26 C30H27Cu3Mo8N6O27

Formula weight 2454.24 1861.74
Crystal system monoclinic triclinic
Space group C2/c P1̄
a [Å] 19.748(4) 10.837(2)
b [Å] 17.494(4) 11.274(2)
c [Å] 22.160(4) 11.321(2)
α [°] 90 68.49(3)
β [°] 109.83(3) 83.08(3)
γ [°] 90 64.04(3)
V [Å3] 7202(2) 1155.7(4)
Z 4 1
D [mg m–3] 2.264 2.701
T [K] 293(2) 293(2)
Reflns. collected 34103 9534
Reflns. unique 8222 4270
R(int) 0.0283 0.0322
Goodness of fit on F2 0.895 0.747
R1

[a] 0.0286 0.0256
wR2

[b] 0.1038 0.0622

[a] R1 = ∑||Fo| – |Fc||/∑|Fo|. [b] wR2 = ∑[w(Fo
2 – Fc

2)2]/∑[w(Fo
2)2]1/2.

Supporting Information (see footnote on the first page of this arti-
cle): Cyclic voltammograms, IR spectra, and selected bond lengths
and angles for compounds 1 and 2.
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The effects of the oxidation state, the ligand, and the solvent
on structures and energetics of cationic iron complexes are
investigated by means of electrospray-ionization mass spec-
trometry. Insights into the potential-energy surfaces of FeX+,
FeX2

+, and XFe(OCH3)+ ions (X = F, Cl, Br, I) with a variable
number of coordinated methanol molecules are obtained by
means of collision experiments and complementary thermo-
chemical considerations. It is shown that upon change of the
halide ligand, the weakly solvated ions respond differentially

Introduction

One important factor for the success of mass spectrome-
try as a tool for investigating the elementary steps of vari-
ous catalytic reactions is its ability to design and to probe
model systems of variable complexity. Many experiments
focus exclusively on the intrinsic properties of reactive cen-
ters by studying isolated, ligand-free atomic metal ions or
their clusters, and the knowledge that has been accumulated
for these systems is rather astonishing.[1] More complex sys-
tems have also been addressed, even including consideration
of extrinsic factors such as ligands and counterions.[2–5]

While investigations of gaseous metal clusters can largely
assist in bridging the gap between gas-phase reactions and
heterogeneous catalysis, understanding the often crucial
role of the solvent is necessary in order to translate gas-
phase chemistry data to processes taking place in solution.
Different approaches have been pursued in order to include
solvent molecules in mass spectrometry.[6–9] The unique fea-
tures of electrospray ionization (ESI)[10,11] mass spectrome-
try allow the straightforward generation of a large number
of solvated ions.[3,4,12–15] Here, we report a systematic study
of the cationic complexes formed upon ESI of methanolic
solutions of FeX2 (X = F, Cl, Br, I) and FeX3 (X = F, Cl,
Br). Iron was investigated because of its growing impor-
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to the increasing need for stabilization of the partial charge
on the metal center. For example, whereas F2Fe(CH3OH)n

+

ions tend to lose mainly HF for n = 1–3, the loss of HBr is
not observed at all for Br2Fe(CH3OH)n

+. Instead, the iron-
bromide cations undergo reductive loss of atomic bromine.
Cl2Fe(CH3OH)n

+ bears an intermediate position in that both
reduction as well as elimination of HCl can occur.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tance in the field of catalysis[16] and biochemistry.[17] Ha-
lides were chosen because of their sufficient solubility in
organic solvents,[18] which is reflected in their frequent use
as catalysts and, additionally, they permit the investigation
of periodic trends regarding the role of ligands. Methanol
was used for its excellent performance as an ESI solvent
and furthermore because it allows for various types of sol-
vation mechanisms, like mere association, solvolysis, hydro-
gen bonding, etc. and, moreover, also has a potential for
bond activation processes.[15]

Results and Discussion

FeX2 (X = F, Cl, Br, I): In general, two different types of
mononuclear ions are formed upon ESI of methanolic FeX2

solutions: XFe(CH3OH)n
+ with n � 5 and Fe(OCH3)-

(CH3OH)n
+ with n � 3. In addition, iron clusters of the

formal composition (FemX2m–1)(CH3OH)n
+ are formed, in

which m can reach numbers of up to six and n up to eight.
Reduced clusters of the type (FemX2m–2)(CH3OH)n

+ are
only observed for the heavy halogens, i.e. bromine and io-
dine. Here, we focus on the mononuclear XFe(CH3OH)n

+

ions. At very low cone voltage (�0 V), which corresponds
to rather mild ionization conditions, multiply solvated com-
plexes XFe(CH3OH)n

+ with n = 3–5 are formed. With rising
cone voltage (30–50 V), the ions lose their weakly bound
solvent molecules, and XFe(CH3OH)n

+ ions with n = 0–3
dominate the spectra. Under these conditions, also
Fe(OCH3)(CH3OH)n

+ ions with n = 0–3 are observed in
substantial quantities. At very high cone voltages, the com-
plexes undergo consecutive fragmentation and are finally
reduced to bare atomic iron(I) Fe+.
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Qualitative insight into the potential-energy surfaces of

the solvated iron(II)halide cations and estimations of the
binding energies to the solvent molecules are achieved by
means of collision-induced dissociation (CID) experiments
(Table 1). The exclusive exit channel for XFe(CH3OH)n

+

cations with n = 3–5 corresponds to the loss of an intact
methanol solvent molecule. For n = 4 and 5, the methanol
ligands are that weakly bound that they are already lost at
thermal energies; accordingly, the determination of AEs is
not reasonable anymore, because it would result in negative
values. The findings for n = 1–3 reveal two trends. First, the
binding energies between the metal core and the solvent
molecule appear to decrease with increasing solvation. Ob-
viously, the partial charge on the metal center is effectively
stabilized by the first methanol molecules, so that ad-
ditional solvation accompanied by increased steric hin-
drance becomes less and less significant. Secondly, the bind-
ing energies decrease from fluorine to bromine, which can
be attributed to the fact that the more electronegative fluor-
ine induces a much higher charge on the metal center than
bromine. For n = 0–2 in the case of X = Cl, Br and n = 0,
1 in the case of X = F, the reductive loss of a halogen atom
is available as an additional fragmentation channel. Given
the qualitative nature of the AE measurements, we note in
passing that the experimental values for the unsolvated spe-
cies are in rather good agreement with values reported in
the literature (FeF+: 4.5; FeCl+: 3.5; FeBr+: 2.7; FeI+:
2.6 eV).[19–23] Further, the binding energies for the cleavage
of the Fe–X-bonds also increase with solvation, the origin
of which has been discussed previously.[15]

If solvated with only one or two methanol molecules, the
FFe(CH3OH)n

+ ions exhibit elimination of HF as yet an-
other fragmentation channel. Consequently, the mere de-
scription of the complex as a FeF+ core to which the sol-
vent molecules are coordinated seems insufficient, because
direct loss of HF from such a structure is considered less
likely compared to the loss of the coordinated methanol
ligand. Instead, a rearrangement according to Reaction (1)
must take place prior to fragmentation.

(1)

The breakdown graph (Figure 1) for the CID fragments
of mass-selected FFe(CH3OH)+ provides some further in-
sight into the potential-energy surface of this system. The
loss of HF bears the lowest appearance energy of about
0.5 eV and shows a characteristic increase in intensity,

Table 1. Phenomenological appearance energies [eV] for the losses of CH3OH as well as X upon CID of mass-selected XFe(CH3OH)n
+

ions (X = F, Cl, Br, I).

XFe(CH3OH)n
+ AE [eV] (-CH3OH) AE [eV] (-X)

n vs. X F Cl Br I F Cl Br I

0 5.2±0.9 3.7±0.4 3.2±0.6 2.3±0.6
1 1.6±0.2 1.6±0.2 1.1±0.2 1.1±0.2 7±1 5.4±0.5 5.3±0.4 4.7±0.6
2 0.9±0.2 0.8±0.2 0.5±0.2 0.6±0.2 6.5±0.9 6.6±0.8 6.5±0.5
3 0.4±0.2 0.1±0.1 0.2±0.2 0.1±0.1

Eur. J. Inorg. Chem. 2006, 4546–4552 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4547

reaching a maximum at about ECM = 2 eV, and then de-
clines at higher collision energies, whereas the loss of meth-
anol increases until about ECM = 5 eV. This kind of behav-
ior points to the operation of a kinetic hindrance, i.e. the
presence of the two isomers FFe(CH3OH)+ and (HF)-
Fe(OCH3)+ separated by a barrier that is of comparable
height as the appearance energy for the elimination of HF.
On the basis of thermochemical considerations,
FFe(CH3OH)+ is indicated to be more stable than (HF)-
Fe(OCH3)+ (see Appendix). However, the loss of HF repre-
sents the energetically lowest-lying exit channel. At low col-
lision energies, the system will accordingly rearrange and
dissociate to the Fe(OCH3)+ fragment. Once direct loss of
methanol is energetically accessible at about 1.6 eV, this
route of fragmentation is preferred, since the density of
states for the direct bond cleavage resulting in two mole-
cules is orders of magnitude higher than the density of
states for the tight transition state connecting the two tauto-
mers. For a detailed discussion, including DFT calculations,
of the related Cl2Fe(CH3OH)+/ClFe(HCl)(OCH3)+ system,
see ref.[15]

Figure 1. Breakdown graph of the CID fragments of mass-selected
FFe(CH3OH)+ as a function of collision energy in the center of
mass frame.

FeX3 (X = F, Cl, Br): Three different iron(III) species are
formed upon ESI of methanolic FeX3 solutions:
X2Fe(CH3OH)n

+, XFe(OCH3)(CH3OH)n
+, and Fe-

(OCH3)2(CH3OH)n
+, with n up to five. In addition, some

reduced ions are observed, namely, the iron(II)cations
XFe(CH3OH)n

+ and Fe(OCH3)(CH3OH)n
+ as well as the

formal iron(I) clusters Fe(CH3OH)n
+. The spectra also

show the presence of small amounts of binuclear clusters of
the formal compositions Fe2Xm(CH3OH)n

+ (m = 3–5, n =
0–4). At low cone voltages, ESI produces by and large the
same type of solvated FeX2

+ cations from all three solutions
of FeF3, FeCl3, and FeBr3 in methanol, respectively. How-
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ever, the similarities vanish once solvation decreases. Hence,
the need for stabilization of the partial charge on the metal
center is even larger than in the case of the iron(II) com-
pounds. Generally, the ions react in two different ways. The
first route corresponds to the elimination of HX resulting
in new iron(III) complexes; this pathway is mainly observed
for X = F. Alternatively, reductive loss of a halogen atom
takes place, which dominates in the case of FeBr2

+ ions.
Obviously, there exist substantial differences in the respec-
tive potential-energy surfaces regarding the rearrangement/
dissociation energy requirements between the two
tautomers X2Fe(CH3OH)n

+ and XFe(OCH3)(HX)-
(CH3OH)(n–1)

+.
All appearance energies for the elimination of methanol

from the solvated iron(III) halide cations are larger than
those of the corresponding iron(II) species (Table 2 vs.
Table 1). This finding can be attributed to the increased
partial charge of the metal center, which hence leads to a
larger ion-dipole interaction between the metal center and
the methanol molecules and thus increased binding energies
of the ligands.

Loss of HF from the complexes F2Fe(CH3OH)n
+ (n = 1–

3) is observed with rather low AEs of 0.5 eV, hence suggest-
ing that hydrogen migrations to form the tautomeric ions
FFe(OCH3)(HF)(CH3OH)(n–1)

+ are facile. Evaporations of
hydrogen chloride are observed for Cl2Fe(CH3OH)n

+ (n =
1, 2). Here, the importance of the oxidation state of the
metal becomes evident, for HCl elimination has not been
detected for any solvated iron(II) chloride cation. Just like
in the case of HF elimination, the AEs for the loss of HCl
from Cl2Fe(CH3OH)n

+ (n = 1, 2) do not change much with
the degree of solvation, which can be attributed to the oper-
ation of two opposing effects. On the one hand, the partial
charge on the metal center is lowered with increasing sol-
vation as discussed above, and accordingly the binding en-
ergy to HX, which is based mainly on ion-dipole interac-
tion, decreases. On the other hand, the hydrogen migration,
which is crucial for formation of HX, may be favored upon
increasing solvation, because the ligands are brought to
closer vicinity. The cations F2Fe(CH3OH)n

+ (n = 0, 1) and
X2Fe(CH3OH)n

+ (X = Cl, Br; n = 0–2) exhibit loss of a
halogen atom as an additional fragmentation channel,
which formally corresponds to a reduction of the oxidation
state of the metal. In fact, for all iron(III)-bromide cations
the reduction of the metal via elimination of a halogen
atom completely suppresses the formation of HX via hydro-

Table 2. Phenomenological appearance energies [eV] for the losses of CH3OH, X, and HX upon CID of mass-selected X2Fe(CH3OH)n
+

ions.

XFe(CH3OH)n
+ AE [eV] (-CH3OH) AE [eV] (-X) AE [eV] (-HX)

n vs. X F Cl Br F Cl Br F Cl

0 1.8±0.3 1.6±0.3 1.4±0.3
1 2.2±0.3 1.9±0.2 1.6±0.3 3.2±0.2 2.4±0.5 1.5±0.4 0.5±0.2 1.2±0.1
2 1.5±0.2 1.3±0.1 0.8±0.2 3.0±0.5 2.5±0.5 0.5±0.2 1.0±0.1
3 0.5±0.2 0.4±0.2 0.2±0.1 0.5±0.2
4 �0.5 0.3±0.2 �0.2
5 �0.5 �0.3 �0.2

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4546–45524548

gen rearrangement. The appearance energies for the dissoci-
ation of the XFe+–X-bond of the naked species seem to
be somewhat lower compared with existing literature values
[Do(ClFe+–Cl = 2.19; 2.53)].[21,24,25] Interestingly, the trend
of binding energy of the metal-halide bond responds dif-
ferently to a changing degree of solvation. Whereas with
coordination of the first methanol molecule the AE for the
loss of fluorine increases by as much as 1.4 eV, it changes
only by 0.8 and 0.1 eV for the ejection of chlorine and bro-
mine atoms, respectively (Table 2).

Figure 2 shows the breakdown graphs for the CID frag-
ments of mass-selected X2Fe(CH3OH)+ ions (X = F, Cl,

Figure 2. Breakdown graphs of the CID fragments of mass-selected
X2Fe(CH3OH)+ cations as a function of collision energy in the
center of mass frame.
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Br), and the influence of the halide becomes quite evident
upon comparison. For X = F, elimination of HF corre-
sponds to the dominant fragmentation channel with the
lowest AE and the largest intensity, while evaporation of
the solvent exhibits a higher AE as well as a lower intensity.
Reductive loss of the fluorine atom is negligible over the
whole energy regime studied. In the case of X = Cl, the
energy behavior reveals a kinetic hindrance of HCl elimi-
nation, which still exhibits the lowest AE and thus is the
most intense fragmentation channel at low collision ener-
gies, but becomes less pronounced than evaporation of the
solvent at collision energies above 3.3 eV and even less in-
tense than the reductive elimination of atomic chlorine at
collision energies above 5 eV. For X = Br, reductive cleavage
of the Fe–X-bond even dominates over the loss of the sol-
vent both in terms of appearance energy and intensity.

The assumption that the X2Fe(CH3OH)+ isomer is more
stable than XFe(OCH3)(HX)+ implies qualitative potential-
energy surfaces for the competing losses of CH3OH, X, and
HX as depicted in Figure 3.

On the very left, the energies of the XFe(CH3OH)+ cat-
ion and the halogen radical as well as the naked FeX2

+

cation and the free methanol molecule are shown. The
binding energy of the radical to the iron(II) species ∆E1 and
the binding energy of the solvent molecule to the iron(III)
halide cation ∆E2 are assumed to correspond to the AEs
for the reductive loss of the halogen and the elimination of
methanol, respectively. As discussed above for X = F and
Cl, the barrier separating the tautomers (∆E3) has to be
smaller or of comparable height than that of the exit chan-
nel for the loss of HX (∆E5). Finally, the stability difference
of the isomers A and B (∆E4) can be derived by estimations
based on Equation (2) and Equation (3), where the key pa-
rameters are the changes of Fe-X and H-X binding energies
(for details, see Appendix).

(2)

(3)

Using an approach analogous to that described above for
the iron(II) species (also see Appendix), some semi-

Figure 3. Possible free-energy profiles for the competing losses of methanol, HX, and X (X = F, Cl, Br) from cationic X2Fe-
(CH3OH)+ complexes A as well as the isomeric XFe(OCH3)(HX)+ complexes B with the central transition structure lower [case a)] and
higher in energy [case b)] than the lowest lying exit channels for ion dissociation. We note in passing that for X = Br the experimental
data implies ∆E1 � ∆E2.

Eur. J. Inorg. Chem. 2006, 4546–4552 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4549

quantitative estimates can be made for the energy differ-
ences ∆E1–∆E5, and the results are summarized in Table 3.

Table 3. Energy differences ∆E1 to ∆E5 [eV] (as defined in Figure 3)
for the competing losses of methanol, HX, and X from cationic
X2Fe(CH3OH)+ complexes (X = F, Cl, Br).[a]

F Clexp Cltheo Br

∆E1 3.2 2.4 1.5
∆E2 2.2 1.9 1.93 1.6
∆E3 �0.5 �1.2 1.35 �0.83
∆E4 �0.5 �1.2 0.83 �0.83
∆E5 0.5 1.2 1.40 –[b]

[a] In the estimation of the values for X = F and Clexp, thermo-
dynamic control is assumed. The values of Cltheo are taken from
theoretical data given in ref.[15]. [b] Loss of HBr is not observed
experimentally.

From the CID experiments alone it cannot be deduced,
whether the AE of HX elimination is determined by the
energy demand of the exit channel (Case a in Figure 3),
hence the fragmentation is thermodynamically controlled,
or if the height of the barrier is crucial (Case b in Figure 3)
such that the fragmentation is subject to kinetic control.[26]

For the system Cl2Fe(CH3OH)+, computational results
have demonstrated that the fragmentation is subject to
thermodynamic control.[15]

Iron(III) alkoxide ions XFe(OCH3)(CH3OH)n
+ are for-

mally accessible from X2Fe(CH3OH)n+1
+ via loss of HX ac-

cording to Equation (4).

(4)

In this respect, the maximum number of coordinated sol-
vent molecules gives a hint, whether the reaction has al-
ready taken place in solution or if it occurs only in the ESI
process after evaporation. Multiply solvated ions, already
present in solution, should appear at the mildest ionization
conditions, whereas ions formed via collisional activation in
the mass spectrometer should only be produced under more
drastic ESI conditions.

For X = F, FFe(OCH3)+ cations are observed with one
or two solvent molecules attached to it. Keeping in mind
that solvated FeF2

+ ions lose HF unless more than three
methanol molecules are coordinated, this is exactly the re-
sult expected for ion formation in the evaporation process.
The same holds true for the ClFe(OCH3)+ ions. Only
iron(III) bromide cations never lose HBr in CID experi-
ments, and yet, BrFe(OCH3)+ ions with up to four coordi-
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Figure 4. Redox tautomerization in the fragmentations of XFe(OCH3)+ (X = Cl, Br); loss of H2CO is only observed for X = Br.

nated methanol molecules are observed in the spectra, thus
suggesting that for X = Br, reaction (4) can already occur
in solution.

The fragmentation patterns of the two unsolvated ions
ClFe(OCH3)+ and BrFe(OCH3)+ reveals interesting redox
properties of these species. In both cases, loss of hydrogen
halide corresponds to the lowest-lying exit channel
[AE(-HCl) = 0.5 eV; AE(-HBr) = 0.7 eV]. This requires a
redox tautomerization in which CH3O– is oxidized to H2CO
and the electrons are formally transferred intramolecularly
to the iron center, leading to an iron(I) complex (HX)-
Fe(CH2O)+ (X = Cl, Br) (Figure 4). The ability of methoxo
ligands to transfer hydrogen atoms to the metal center via
a ß-hydrogen shift has been long known[27,28] and it seems
reasonable to assume that hydrogen is transferred to the
halide ligand in a similar manner. Such rearrangements, in
which an iron(III) species is reduced to iron(I) via a hydro-
gen transfer, have also been reported for the reaction of
bare Fe+ with dimethylperoxide.[29] Nevertheless, a direct
tautomerization via a multicentered transition structure is
also conceivable.[30]

For BrFe(OCH3)+, in line with the respective AEs, the
loss of HBr prevails over the evaporation of CH2O
[AE(-CH2O) = 1.5 eV], which indicates a stronger binding
of formaldehyde to the metal center than hydrogen bro-
mide. In the case of X = Cl, the difference in bond strength
is so distinct that the expulsion of H2CO is not observed at
all upon CID. The AEs corresponding to the respective di-
rect homolytic bond cleavages show that breaking of the
ClFe+–(OCH3) bond is easier [AE(-OCH3) = 2.4 eV] than
breaking the Cl–Fe(OCH3)+ bond [AE(-Cl) = 3.5 eV]. In
contrast, cleavage of the Br–Fe(OCH3)+ bond [AE(-Br) =
2.3 eV] is easier than breaking the BrFe+–(OCH3) bond
[AE(-OCH3) = 2.8 eV]. Once solvent molecules are attached
to these complexes, these mechanistically indicative evapo-
rations of formaldehyde are not observed anymore, such
that on the basis of the CID experiments, a further distinc-
tion of the structures of the parent ions is impossible. When
two methanol molecules surround the ion core, i.e. for
XFe(OCH3)(CH3OH)2

+, the influence of the ligand again
becomes most obvious: While the fluoride species loses
HF besides methanol, evaporation of the solvent is
the only fragmentation channel for ClFe(OCH3)-
(CH3OH)2

+; for X = Br, also reductive cleavage of the iron-
halide bond concomitant with the expulsion of atomic bro-
mine from the precursor complex is observed.

Conclusions
The effects of the formal oxidation state, the nature of

the halide, and the number of solvent molecules on the
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structures and energetics of iron-halide complexes are
studied by electrospray mass spectrometry of methanolic
FeXm solutions (X = F, Cl, Br, I; m = 2, 3). The most abun-
dant ions formed can be described as consisting of coval-
ently bound FeX+, FeX2

+, and XFe(OCH3)+ cores, respec-
tively, which are stabilized by various amounts of methanol
molecules. For some halide ligands, solvolysis becomes en-
ergetically accessible upon collisional excitation once the ef-
fects of solvation are less dominant. This effect is particu-
larly pronounced for all species containing fluorine as for-
mation of HF via an intracomplex hydrogen transfer from
a methanol molecule provides a strong thermodynamic
driving force. The presence of methoxo ligands in turn facil-
itates the occurrence of C–H bond activation reactions via
hydrogen migration leading to iron(I) compounds. In con-
trast, Br2Fe(CH3OH)n

+-ions do not at all undergo intramo-
lecular hydrogen transfer processes, and a pronounced ten-
dency to undergo reductive loss of atomic bromine prevails
instead. In comparison of the iron(II)- and iron(III) com-
pounds, in line with general expectations solvation strongly
stabilizes the iron(III) state. With decreasing solvation of
the iron(III) species, the binding energies of the methanol
accordingly enlarge and likewise the probability of the oc-
currence of redox reactions leading to either iron(II) or even
iron(I) compounds increases.

Experimental Section
The mass spectrometric experiments were carried out with a com-
mercial VG BIO-Q mass spectrometer described elsewhere.[31] In
brief, the VG BIO-Q consists of an ESI source combined with a
tandem mass spectrometer of QHQ configuration (Q: quadrupole,
H: hexapole). In the present experiments, mmolar solutions of an-
hydrous FeX2 (X = F, Cl, Br, I) and FeX3 (X = F, Cl, Br) in meth-
anol were introduced through a syringe pump (flow rate 5 µL/min)
to the fused silica capillary of the ESI source. The source tempera-
ture was kept at 80 °C. For each ion of interest, the instrument
parameters were optimized for maximal ion abundance. The most
crucial parameter is the cone voltage UC which determines the ex-
tent of collisional activation of the ions evolving from solution in
the differential pumping system of the ESI source. At low cone
voltages, multiply solvated ions are formed, which then lose the
weakly bound solvent molecules at increased UC, followed by evap-
oration of more strongly bound ligands including the cleavage of
covalent bonds, electron-transfer processes, and atomic metal cat-
ions are obtained at very high cone voltages.

Collision-induced dissociation experiments were performed with
Q1-selected ions and xenon was admitted as a collision gas to the
hexapole at various collision energies (Elab = 0–40 eV) and a pres-
sure of about 2.5·10–4 mbar, which approximately corresponds to
single collision conditions.[31] The product ions formed in the hexa-
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pole were then analyzed by scanning Q2. The collision energies
were converted into the center-of-mass frame, ECM = [m/(M + m)]·
Elab, in which M and m are the masses of the collision gas and the
ionic species, respectively. Variation of the collision energy led to
breakdown diagrams that enabled the determination of phenome-
nological appearance energies (AEs)[32] of the various fragmenta-
tion channels by linear extrapolation of the signal onsets to the
baseline. The corresponding experimental errors were estimated by
applying linear extrapolations with gradients deviating from the
best possible fits, but which are still in reasonable agreement with
the experimental data. It is to be pointed out that the AEs given
below do not directly correspond to thermochemical thresholds of
the respective ion dissociations, but nevertheless provide a frame
for the energy demands of the various fragmentations.

Appendix. Thermochemical Estimates

In order to evaluate the stability of the two tautomers
FFe(CH3OH)+ and (HF)Fe(OCH3)+, their heats of formation are
estimated using Equation (5) and (6).[33]

(5)

(6)

The exact values for the binding energies are unknown and have to
be estimated using existing data. The binding energy of methanol
to FeF+ must be within the window of the binding energies of
methanol to bare Fe+ and to the iron(II)-chloride cation. Both
these values can be found in the literature[15,34] (Table 4), and the
binding energy to FeF+ is estimated to correspond to their average
[Equation (7)]. Note the excellent agreement with the AE for the
loss of methanol from FeF+ in Table 1.

(7)

Table 4. Literature thermochemistry used.

∆fH [eV] Ref. BDE [eV] Ref.

FeF+ 8.0 ± 0.2 [33] Fe+–CH3OH 1.39 ± 0.09 [34]

FeOCH3
+ 8.76 ± 0.08 [28] FeCl2+–CH3OH 1.79 [15]

CH3OH –1.94 ± 0.02 [39] Cu+–HF 0.76 [35]

HF –2.64 ± 0.01 [39] Cu+–H2O 1.41 [35]

Cu+–NH3 1.98 [35]

Cr+–HF 0.66 [36]

Cr+–H2O 1.23 [36]

Cr+–NH3 1.67 [36]

Fe+–H2O 1.27 ± 0.05 [38]

Fe+–H2O 1.72 ± 0.09 [37]

The binding energy of HF to Fe(OCH3)+ is even more difficult to
evaluate. A first simplification is to neglect the methoxide ligand,
thus estimating the binding energy of HF to bare Fe+. Unfortu-
nately, even this value is unknown, but values for binding energies
of HF to Cu+ and Cr+ exist, as well as values for the binding ener-
gies of H2O and NH3 to Cu+, Cr+, and Fe+.[35–38] On the basis of
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this data, a rough approximation according to Equation (8), (9),
and (10) is possible.

(8)

(9)

(10)

The resulting binding energies range from 0.66 to 0.69 eV. Obvi-
ously the binding energy of HF to the iron(II) species Fe(OCH3)+

is larger than the one estimated to Fe+; however, this should be a
somewhat reasonable value. Inserting all data, including the known
values for the heats of formation of FeF+,[28] Fe(OCH3)+,[33] meth-
anol and HF,[39] the following results are obtained:

∆fH[FFe(CH3OH)+] = (4.5±0.5) eV

∆fH[(HF)Fe(OCH3)+] = (5.5±0.2) eV

As some of the approximations made in the estimation of these
quantities are quite crude, we do not claim the exactness of the
results; nevertheless these considerations can at least provide a
guideline for the understanding of the experimentally observed
trends among the different halogens. In the particular case dis-
cussed here, the energy difference of about 1 eV clearly implies the
conclusion that the iron-fluoride complex FFe(CH3OH)+ is ener-
getically more favorable than the iron-methoxo isomer (HF)-
Fe(OCH3)+.
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A series of cerium alkoxides were synthesized from the reac-
tion of Ce{N[Si(CH3)3]2}3 and the appropriate alcohol: neo-
pentyl alcohol [H–OCH2C(CH3)3 = H-ONep], tert-butyl
alcohol [H–OC(CH3)3 = H-OtBu], o-(tert-butyl)phenol {H–
OC6H4[C(CH3)3]-2 = H-oBP}, 2,6-dimethylphenol [H–
OC6H3(CH3)2-2,6 = H-DMP], 2,6-diisopropylphenol {H–
OC6H3[CH(CH3)2]2-2,6 = H-DIP}, 2,6-di-tert-butylphenol {H–
OC6H3[C(CH3)3]2-2,6 = H-DBP}, or 2,6-diphenylphenol [H–
OC6H3(C6H5)2-2,6 = H-DPP] using toluene (tol), tetra-
hydrofuran (THF) or pyridine (py). The precursors were char-
acterized as [Ce(µ-ONep)2(ONep)]4 (1), Ce4(µ3-OtBu)3(µ-
OtBu)4(OtBu)5 (2), Ce3(µ3-OtBu)3(µ-OtBu)3(OtBu)3(H-OtBu)2

(2a), Ce(oBP)3(THF)3 (3), [Ce(µ-DMP)(DMP)2(solv)2]2 [solv =

Introduction
The role of metal alkoxide [M(OR)x] precursors in ce-

ramic materials synthetic routes such as, chemical solution
(or the so-called “sol-gel”), metal organic chemical vapor
deposition (MOCVD), or emerging nanoparticle synthetic
methods have continued to expand. The growth is mainly
due to their commercial availability, low crystallization tem-
peratures, high solubility, high volatility, and other physical
properties. In addition, these compounds are easily modi-
fied through the manipulation of their ligand set which al-
lows for optimization of the final materials properties with-
out increasing the complexity of the processing conditions.
Typically, tailoring hydrolysis and condensation pathways
of the M(OR)x precursors is of interest and accomplished
by introducing a variety of ligands, including carboxylic ac-
ids (H–ORc). We have previously explored the structures
obtained for group 4 alkoxides, modified with a series of H–
ORc reagents, including: formic acid (H–O2CH = H-OFc),
acetic acid (H–O2CCH3 = H-OAc), isobutyric acid [H–
O2CCH(CH3)2 = H-OPc], trimethylacetic acid [H–
O2CC(CH3)3 = H-OBc], or tert-butylacetic acid [H–
O2CCH2C(CH3)3 = H-ONc], in an effort to understand
how structure affects the final densification of thin films.[1,2]

A number of general constructs were isolated for these sys-
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THF (4) and py (4a)], Ce(DIP)3(THF)3 (5), Ce(DPP)3(THF)2

(6). Once isolated, several of these species were further re-
acted with a series of sterically varied carboxylic acid modifi-
ers including isobutyric acid [H–O2CCH(CH3)2 = H-OPc] and
trimethylacetic acid [H–O2CC(CH3)3 = H-OBc]. The products
were isolated as [Ce(OR)(µ-ORc)(µc-ORc)(py)]2 [OR = oBP,
OBc: 7; DMP, OPc: 8; DMP, OBc: 9; DIP, OPc: 10]. These com-
pounds were identified by single-crystal X-ray diffraction
and powder XRD analyses. Several novel structure types are
added to the cerium alkoxide family of compounds.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tems but the partially hydrolyzed smaller trinuclear species
proved to be the most useful for the generation of highly
dense TiO2 films and simple dinuclear species for ZrO2 thin
films.[1,2]

Recently, we have become interested in thin films of ce-
rium oxide (CeOx) as an anticorrosion material. In ad-
dition, CeOx has demonstrated a wide variety of other ap-
plications, such as barrier layers,[3–5] counter electrodes for
electrochromic glasses,[6] catalysts,[7–11] electrolytes for solid
oxide fuel cells,[12–14] polishing agents for soft and hard op-
tical glasses,[15,16] and numerous other applications. Due to
the widespread use of CeOx, it is surprising that only a few
structurally characterized cerium alkoxides [Ce(OR)3] have
been reported in the literature,[17–29] and no systematic stud-
ies were possible from this eclectic mix of potential precur-
sors. Because it is critical to know the structure of the pre-
cursor to be able to optimize the properties of the final
CeOx materials, it was necessary to develop a family of well-
characterized, systematically structurally diverse Ce(OR)3

precursors. Understanding the structural changes available
for these precursors is critical prior to generating tailored-
property CeOx thin films.

Therefore, we undertook the synthesis and characteriza-
tion of a series of Ce(OR)3 that would fill in several gaps
in the alkyl and aryl oxide derivatives to develop a system-
atic family of structurally characterized Ce(OR)3 complexes
which could be used to explore tailored materials. An
alcohol amide metathesis reaction pathway was selected to
synthesize these compounds [Equation (1)] in toluene (tol),
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tetrahydrofuran (THF), or pyridine (py). The products were
identified as: [Ce(µ-ONep)2(ONep)]4 where ONep =
OCH2C(CH3)3 (1), Ce4(µ3-OtBu)3(µ-OtBu)4(OtBu)5 (2),
Ce3(µ3-OtBu)3(µ-OtBu)3(OtBu)3(H-OtBu)2 (2a), where
OtBu = OC(CH3)3, Ce(oBP)3(THF)3 {3, oBP = OC6H4-
[C(CH3)3]-2}, [Ce(µ-DMP)(DMP)2(solv)]2 [DMP =
OC6H3(CH3)2-2,6, solv = THF (4); solv = py (4a)], Ce-
(DIP)3(THF)3 [5, DIP = OC6H3[CH(CH3)2]2-2,6], and
Ce(DPP)3(THF)3 [6, DPP = OC6H3(C6H5)2-2,6]. Com-
pounds 1–5 were further reacted with a series of sterically
varied H–ORc modifiers and their products identified as:
[Ce(OR)(µ-ORc)(µc-ORc) (py)]2 [OR = oBP, OBc (7);
DMP, OPc (8); DMP, OBc (9); DIP, OPc (10), py = pyri-
dine; µ = bridging; µc = chelating bridge]. The synthesis,
characterization, and crystal structures of 1–10 are dis-
cussed below.

Ce(NR2)3 +3 H–OR�Ce(OR)3 +3 H–NR2 (1)

Results and Discussion

As mentioned previously, we are interested in under-
standing the structural types available from simple OR- and
ORc-modified Ce-based compounds prior to generating
tailor-made CeOx thin films. Only a limited number of
X-ray crystallographically characterized Ce(OR)3 species
have been reported: [Ce(µ-OiPr)(OiPr)3(H–OiPr)]2 [OiPr =
OCH(CH3)2],[27,28] Ce4(µ4-O)(µ3-OiPr)2(µ-OiPr)4(OiPr)8,[24,29]

Ce3(µ3-OtBu)2(µ-OtBu)3(OtBu)5(NO3),[20] [Ce(µ-OR)(OR)2]2
where OR = OtBu[23] or OCH(tBu)2,[26] Ce[OC(tBu)3]3-
(CNtBu)2,[22] [Ce{OCH(tBu)2}3(µ-DMAE)]2 [DMAE =
Me2N–C2H4–NMe–C2H4–O–],[21] and [Ce{OC(tBu)3}3]2-
(OC6H4O).[23] In contrast, significantly fewer aryl oxide de-
rivatives have been isolated, including Ce[OC6H3(tBu)2]3,[25]

Ce[OC6H3(tBu)2]3(CNtBu),[25] and Ce[OC6H3(C6H5)2]3.[17]

It is of note that other Ce-containing species are available
with fluorinated ligands, siloxide ligands,[19] or the inclusion
of other metals.[30,31]

This nonsystematic family of compounds does not lend
insight into the possible structure types available for CeOx

precursors and thus necessitated the controlled synthesis of
a series of Ce(OR)3. Initial attempts focused on the aryl
oxide ligands due to the dearth of structures available, the
ease with which steric bulk can be introduced in the ortho
positions, and our previous success using these ligands to
produce high-quality thin films. We were also interested in
several sterically demanding alkyl derivatives ONep and
OtBu due to our previous success using these ligands for
materials synthesis and their lack of availability in the lit-
erature as homoleptic precursors.[20]

Cerium Alkoxides

Several routes to these Ce(OR)3 were considered prior to
initiating this investigation. The first attempts were made
using a liquid ammonia route wherein CeCl3 was added to
Na0 dissolved in NH3(l) at –78 °C followed by addition of
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H-DIP in toluene. Crystallization of the hexanes-soluble
fraction of this reaction mixture yielded [Ce(µ-DIP)-
(DIP)2]2. Unfortunately, when altering the pendant chain to
an alkyl group, Na contamination was observed.[32] This
prevented us from using a standard route to the family of
Ce(OR)3 that we were interested in isolating. It was there-
fore necessary to adjusted our synthetic strategy, and we
switched to an amide alcohol metathesis route [Equation
(1)] based on our previous success with this route.[32] It is
critical for the synthesis of these compounds that a very
pure Ce(NR2)3 be used, which was obtained by repeated
sublimations and crystallizations.

Synthesis

For each reaction, the Ce(NR2)3 was dissolved in toluene
yielding a pale yellow solution. Upon addition of the de-
sired alcohol, the reaction mixture was warmed slightly and
turned clear with no precipitates observed for any of these
samples. Crystals were isolated by drastically reducing the
volume of the reaction and cooling the mixture to –25 °C.
FTIR data indicates for each sample that the crystals did
not possess any amide ligands and that the alcohols had
fully reacted. Solution-state NMR could not be obtained
due to the paramagnetic nature of the CeIII species isolated,
therefore, it was necessary to obtain single-crystal X-ray
structures to identify these compounds. The results of these
experiments are shown in Figure 1 to Figure 12 for 1–10,
respectively.

Figure 1. Structure plot of 1. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

Crystal Structures

For 1, the least sterically hindering ONep ligand led to
the formation of a tetranuclear species, which is identical
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to what was reported for the all of the lanthanide ONep
derivative, see Figure 1.[32–34] The central core consists of
four Ce metal centers arranged in a square, interconnected
by four bridging µ-ONep ligands and one terminal ONep
ligand per metal. Each of the Ce cations is five-coordinated
adopting a square-base-pyramidal (SBP) geometry. As re-
ported for the other [Ln(ONep)3]4 species,[32–34] there is sig-
nificant H-bonding interaction noted for this compound.

Increasing the steric demands from the ONep to the
OtBu ligand, under stoichiometric conditions, led to the
isolation of another tetranuclear species 2 (Figure 2). For 2,
the four octahedrally bound (Oh) metals are again arranged
in a square linked by µ-OtBu ligands; however, in contrast
to 1, three µ3-OtBu link the metal centers: Ce(1), Ce(2), and
Ce(3) through the use two of the µ3-OtBu while the remain-
ing µ3-OtBu bridges Ce(1), Ce(2), and Ce(4). To complete
the Oh geometry, Ce(1), Ce(2) and Ce(3) bind one terminal
OtBu ligand each and Ce(4) coordinates two ligands. This
structure is similar to what was observed for Ce4(µ4-O)[µ3-
OCH(CH3)2]2[µ-OCH(CH3)2]4[OCH(CH3)2]8,[24,29] which
uses an oxo ligand to achieve this structure; however, this
is the first structural arrangement of this type noted for
homoleptic Ln(OR)3. When excess H-OtBu is used, a cen-
trosymmetric trinuclear species 2a (Figure 3), similar to
other lanthanide alkoxides is isolated in the presence of
Lewis base solvents. For 2a, each Ce is bound by two µ3-
OtBu, two µ-OtBu and two terminal OtBu ligands adopting
a distorted trigonal bipyramidal (TBP) arrangement. By
charge balance, two of these ligands must be protonated, as
is commonly noted for metal alkoxides.[35,36] The increased
steric bulk of the bound Lewis base H-OtBu does not allow
for large clusters to form. The mixed charge NO3 derivative
Ce3[µ3-OC(CH3)3]2[µ-OC(CH3)3]3[OC(CH3)3]5(NO3),[20]

and other solvated Ln(OR)3 are known to adopt this struc-
ture as well.[37] It is interesting to note that the primary
alcohol H-ONep is often considered to be less sterically hin-
dering than the tertiary H-OtBu, but in this system, the
ONep-ligated species yields Ce metal centers with a lower
coordination number. One explanation for this phenome-
non may be the significantly greater cone angle swept out
by the ONep ligand as compared to that of the OtBu li-
gand.

Because only slight changes in the structure were noted
for the pure alkoxides isolated above, in comparison to the
literature species, further probing of the influence of sterics
on the structure of these compounds led to an investigation
of aryl oxide derivatives. For this system, it was necessary
to use Lewis base solvents to maintain solubility. Using an
asymmetrically substituted aryl oxide (oBP) wherein the ste-
ric bulk of one of the ortho sites is increased to a tert-butyl
group, the first mono-substituted alkyl phenoxide lantha-
nide alkoxide complex was isolated as 3 (Figure 4). It is of
note that several lanthanide alkali metal double alkoxides
with 4-methylphenoxides[38,39] have been isolated pre-
viously.[39,40] The tert-butyl groups of the oBP ligands all
point away from the metal center allowing the coordination
of three THF solvent molecules forming a fac Oh metal
center.
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Figure 2. Structure plot of 2. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

Figure 3. Structure plot of 2a. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

Systematically increasing the steric bulk by placing a
methyl group in each ortho position, surprisingly led to the
isolation of the dinuclear species 4, shown in Figure 5. Each
of the Ce metal centers adopts a distorted Oh geometry by
binding two µ-DMP, two terminal DMP, and two THF sol-
vent molecules in the axial position. It was thought that
the delicate balance between steric bulk and coordination
strength of the solvent allowed a monomer to form as noted
for 3 vs. the dinuclear for 4. Therefore, a stronger Lewis
base was used in the synthesis to see if 4 could be converted
to a mononuclear species. Surprisingly, switching to py, lead
to the isolation of 4a which adopts an identical dinuclear
structure as observed for 4 but the THF ligands are re-
placed by py ligands (Figure 6). This is the first py adduct
of Ce(OR)3 reported to date. Compounds 4 and 4a are
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Figure 4. Structure plot of 3. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

analogous to [Y(µ-DMP)(DMP)2(THF)]2 structure pre-
viously reported.[41]

Figure 5. Structure plot of 3a. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

For compound 5 shown in Figure 7, the further increase
in steric bulk of the ortho positions to isopropyl groups cou-
pled with the use of Lewis base solvents, led to the forma-
tion of a monomer. The Ce metal center is Oh bound by
three DIP and three THF ligands in a fac arrangement, as
noted for the oBP ligated species and numerous literature
reports of solvated lanthanide monomers.[40] In compari-
son, the larger La cation only used two solvent molecules to
complete its coordination sphere for the same ligand set;[42]

however, smaller cations have also been found to yield tri-
solvated species such as Sm(DIP)3(THF)3.[43] Therefore, the
number of solvent molecules coordinated can not be di-
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Figure 6. Structure plot of 4. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

rectly related to the size of the cations employed. A similar
mononuclear structural arrangement was observed for the
DPP (6, Figure 8) ligated compound; however, for 6 only
two THF molecules are present. The previously reported
DPP derivative was also a monomer but had π interactions
from the ortho phenyl groups,[17–29] therefore, the addition
of coordinated solvent noted for 6 is not unexpected. For
the Ln(DPP)3(THF)2 Ln = La,[42,44] Nd,[42,44] Yb[45,46] com-
plexes, the large trans effect of the OAr and the THF li-
gands was also observed for 6.

Figure 7. Structure plot of 5. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

The bond lengths and angles of this family of CeIII alk-
oxides, 1–6, are consistent with those of previously reported
Ce(OR)3.[17–29,32–34,47,48] For 1, as the second largest cation
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Figure 8. Structure plot of 6. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

in the ONep family of [Ln(µ-ONep)2(ONep)]4 it falls on the
long end of the Ln···Ln separations which systematically
decrease from 3.86 to 3.28 Å. Terminal Ln–O distances of
2.14 Å for Ce fall within the range 2.16 Å (La, average
value) to 1.89 Å (Sc) with an overall average distance of
2.06 Å. Ce is the second largest cation so obviously the Ce–
O distance falls at the longer end of the observed bond
lengths.

The OtBu derivative 2 was found to adopt a novel struc-
ture type and no acceptable models were available for struc-
tural comparisons; however, the Ce(III/IV) oxo isopropox-
ide[24,29] was the closest in terms of connectivity and com-
position. The average terminal Ce–OR distances of 2.12,
Ce(µ-OR) of 2.31, and Ce(µ3-OR) of 2.47 Å were not found
to be in agreement with 2 [2.24 (terminal), 2.44 (µ) Å]. This
is most likely a reflection of the varied oxidation state and
oxo species for the Ce(III/IV) oxo isopropoxide[24,29] com-
plex vs. the CeIII alkoxide for 2. There is also a trinuclear
Ce(III/IV) OtBu derivative structurally consistent with 2a;
however, the average Ce–OR, Ce(µ-OR), and Ce(µ3-OR)
distances of 2.08, 2.37, and 2.52 Å, respectively, are not in
agreement with 2a [2.23 (terminal) and 2.45 (µ) Å]. These
differences are not surprising due to the mixed valent
Ce(III/IV) species. Because the lanthanides systematically
vary in cation size due to the lanthanide contraction, it is
valid to use the isostructural La derivatives for metrical
comparisons. In general, the bond lengths and angles of 2a
were found to be in agreement with La3(OtBu)9(H-OtBu)
2.[49] For example, the average µ3-OR–Ln distances are
2.55 Å for 2a and 2.57 Å for La.

The dinuclear species 4 and 4a have average Ce–OR and
Ce(µ-OR) distances of 2.25 and 2.45 Å, respectively; 5 has
an average Ce–OR distance of 2.22 Å. The dinuclear
OtBu/OCtBu3,[23] OiPr,[27,28] OC(CH3)2(iPr),[48] and
OC(H)(tBu)2

[26] have average distances of 2.14 Å for
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Ce–OR and 2.36 Å for Ce(µ-OR). The monomeric species
that are solvated[17,25,48] also have a similar average Ce–OR
distance of 2.17 Å. The mononuclear solvated 6 was found
to be in agreement with the metrical data reported for the
unsolvated but π-bound DPP;[17–29] the average Ce–OR dis-
tances were 2.21 Å for 5 and 2.24 Å for 6.

Carboxylic Acid Modified Cerium Alkoxides

It was of interest to add more protective groups to the
metal center to reduce the sensitivity to hydrolysis as well as
introduce new constructs for Ce(OR)3. This was undertaken
using H-ORc. Previous studies[1,50,51] have shown that sub-
stantial changes in the rate of hydrolysis and condensation
can be wrought through the introduction of H-ORc modifi-
ers both through esterification oxolation pathways and the
steric hindrance introduced by the bidentate nature of the
ORc ligand. It is of note that the µ- and µc-ORc ligands
(also referred to as bidentate and tridentate, respectively)
have been observed in a variety of lanthanide carboxylate
systems wherein over 1500 structures have been identified
revealing a variety of binding modes available for Ln–ORc
species.[40] A further search of the literature reveals many
Ce–ORc compounds have been structurally characterized
but the majority of these are the homoleptic species.[52–62]

with no structurally characterized carboxylate-modified
alkoxide compounds available.

Synthesis

Therefore, we investigated the modification of the
Ce(OR)3 isolated above with a series of sterically varied car-
boxylic acids. In general, the compounds were dissolved in
py and then added to a stirring solution of the carboxylic
acid dissolved in py. No precipitates were observed. Because
the CeIII metal center is paramagnetic, solution identifica-
tion of these compounds by NMR methods was not pos-
sible. Further, the volatility of the bound solvent prevents
clean identification of the bulk powder by thermal elemen-
tal analyses. Therefore, while we have isolated numerous
powders from these reactions, only those that were structur-
ally characterized will be discussed below.

After numerous attempts, only the OAr–ORc modified
species were structurally characterized. This phenomenon
was mainly attributed to the ability of the steric bulk of the
aryl oxide to prevent larger less soluble precursors to form.
This is clearly illustrated by the larger oligomers observed
for both the ONep and OtBu ligated species 1–2 in com-
parison to the OAr derivatives 3–5.

X-ray Crystal Structure

Figure 9 shows the structure plot of 7, the OBc-modified
species of 3 that was isolated as the substituted dinuclear
species. The OBc ligands have replaced two of the oBP li-
gands and bridge between the metal centers in two coordi-
nation modes: bridging (µ-ORc) and bridging chelating (µc-
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ORc) modes. By binding two py and the original oBP li-
gands, this forms eight-coordinate Ce metal centers forming
a dodecahedron[63] arrangement. Independent of an in-
crease in steric bulk of the pendant ORc chain, an identical
core was observed for each of the various modified species
[DMP/OPc 8 (Figure 10); DMP/OBc 9 (Figure 11), and
DIP/OPc 10 (Figure 12)]. Interestingly, no esterification or
redox behavior was noted for any of these reactions which is
in stark contrast to the early transition metal ORc-modified
compounds, wherein, esterification products were isolated
for all but the most sterically hindering ligands.[1,2,64,65]

Figure 9. Structure plot of 7. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

Figure 10. Structure plot of 8. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

The bond lengths and angles of the alk-
oxides[17–29,32–34,47,48] and the carboxylates moieties[52–62]

are consistent with literature reports. The terminal distances
of the aryl oxides are on the order of 2.24 to 2.27 Å and as
noted above are within the expected range.[17–29,32,33,47,48]

The bite angle of the µc-ORc in the literature[52–62] have
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Figure 11. Structure plot of 9. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

Figure 12. Structure plot of 10. Thermal ellipsoids of heavy atoms
drawn at 30% level. Carbon atoms are drawn as ball and stick for
clarity.

values ranging from 116° to 128° with an average value of
120.7°. The angles noted for 7–10 (121.3°, 121.3°, 120.9°,
119.6°, respectively) fall within this range. The µ-ORc li-
gands are limited to a few species with a smaller bite angle
range (119° to 126°) with an average value of 123.4°, which
is similar to the average values noted for 7–10: 123.8°,
125.2°, 124.9°, 125.6°, respectively.

Bulk Powder Characterization

In an effort to characterize the bulk powder, several ana-
lytical methods were investigated. Typically, solution NMR
can be employed to elucidate purity; however, the paramag-
netic nature of the CeIII metal centers prevents obtaining
any meaningful data by these techniques. Solid-state NMR
spectroscopic data also proved inconclusive due to broad
and numerous peaks expected for these structures. These
phenomena were also attributed to the paramagnetic nature
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of the CeIII and packing disorders, because the ligands are
not free to rotate in the solid state numerous peaks are often
observed.

The elemental analyses of the bulk powders of 1–10, in
general, agree with the unsolvated compounds. Compound
4a is a solvated species and the slight variation in the ele-
mental analysis was attributed to either “trapped” and/or
bound solvent. These conditions are often reported to cause
variations from ideal conditions.[50,51,66,67] FTIR spectra of
1–10 revealed the presence of the appropriate stretches ex-
pected for the various alkoxide ligands and shifts of the
ORc ligands consistent with them bound to a metal center.
It is of note that there are some reports that indicate these
compounds can undergo a reaction with KBr under high
pressure, yielding spectra that may not reflect the actual
species but a metathesis products instead.[68] However, these
spectra are useful in terms of identifying the resultant prod-
ucts. Further investigations of these materials by TGA/DTA
revealed that most samples did not show consistent weight
losses or thermal behavior during processing. This is attrib-
uted to high reactivity with the ambient atmosphere as an
artefact with our current experimental setup. This led to
total weight losses that were rarely in agreement with the
crystal structure. Due to the complexity of the above data,
it is not possible to conclusively deduce the purity of the
bulk powder and alternative methods were investigated.

Therefore, microXRD spectra were obtained on the
Ce(OR)3 bulk powders sealed in glass capillary tubes and
compared to calculated patterns from the obtained single
crystal structures. In general, the resulting spectra matched
what was expected for the powder XRD patterns. Figure 13
and Figure 14 show the obtained microXRD results for 2a
and 6 and their general agreement with the theoretical spec-
trum (inset). The variations noted can be contributed to
two factors (i) the calculated patterns generated from the
crystal structure are based on a truly random powder and
the crystals have preferential orientation and (ii) the pow-
ders are not solvated as are the crystal structures. Therefore,
an exact match was not obtained; however, the powders do

Figure 13. MicroXRD spectrum of 2a. Inset is the calculated
pattern.
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appear to agree to a significant degree with the calculated
patterns.

Figure 14. MicroXRD spectrum of 6. Inset is the calculated
pattern.

Summary and Conclusion

A family of CeIII alkoxides were isolated through an
alcohol–amide exchange reaction pathway. In general, as
the steric bulk of the pendant alkoxy moiety increased and
the presence of a Lewis base, the nuclearity of the molecule
decreased. Species ranged from tetra- to mono-nuclear spe-
cies with several novel solvents as ligands and arrangements
noted for this family of compounds. The successful modifi-
cation of the aryl oxide complexes led to the first alkoxy
carboxylate structures isolated for Ce. These compounds
were identified as dinuclear species with µ-ORc and µc-ORc
ligands. The change in steric bulk of the OAr or the ORc
ligand had no effect on the final structure. Interestingly,
none of the ORc–Ce(OR)3 possessed an oxo species indicat-
ing that esterification did not occur. These compounds are
being investigated as precursors to CeOx nanoparticles and
thin films wherein the ligand set controls the structure and
reactivity, which imparts control to the final properties of
these CeOx materials.

Experimental Section
All reactions were performed under a dry, inert atmosphere using
standard Schlenk line and glovebox techniques. The following
chemicals were used as received (Aldrich): CeBr3, KN[Si(CH3)3]2
(KNR2), H-ONep, H-OtBu, H-DMP, H-DIP, H-DPP, H-oBP, H-
OPc, H-OBc, and H-ONc. H-OFc and H-OAc were dried accord-
ing to literature preparative methods.[69] All solvents were used as
received in anhydrous (Sure/Seal) bottles. Ce(NR2)3 [where R =
Si(CH3)3] was isolated from the reaction of CeBr3 and 3 equiv. of
KNR2.[35,36] FT-IR spectroscopic data were obtained with a Bruker
Vector 22 spectrometer using KBr pellets pressed under argon and
handled under flowing nitrogen. Elemental analyses were per-
formed with a Perkin–Elmer 2400 CHN-S/O elemental analyzer.
Micro powder X-ray diffraction was performed with several sam-
ples that were prepared in a glass (Quartz) capillary and mounted
vertically on an XYZ stage of a Bruker D8 Discover diffractometer
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using Cu-Kα radiation (λ = 1.5406 Å). The X-ray beam was colli-
mated to 1 mm size and scans are typically taken from 10 to 80 °
2θ at 0.04 degree steps at 2 s per step. Diffraction scan interpret-
ation was done using MDI, Inc. Jade 7 software.

General Alkoxide Synthesis: Due to the similarity of the synthesis
of compounds 1–6, a general description will be provided. The ap-
propriate alcohol was dissolved in the solvent of choice and slowly
added to a stirring solution of Ce(NR2)3 dissolved in the same
solvent. The resulting solutions were stirred for 12 h and then the
volume of the volatile material was drastically reduced by rotary
evaporation. After this, the mixture was cooled to –25 °C until crys-
tals formed.

[Ce(µ-ONep)2(ONep)]4 (1): Used Ce(NR2)3 (0.60 g, 0.97 mmol), H-
ONep (0.25 g, 2.9 mmol) in toluene (tol). Yield: 87% (0.34 g). FT-
IR (KBr): ν̃ = 2951 (w), 2864 (m), 2803 (m), 2687 (s), 1478 (m),
1460 (m), 1390 (s), 1358 (m), 1254 (s), 1215 (s), 1106 (w), 1059 (m),
1019 (m), 932 (s), 896 (s), 749 (s), 702 (s), 592 (m), 561 (s), 426 (s)
cm–1. C60H132Ce4O12 (1606.20): calcd C 44.87, H 8.28; found C
44.67, H 8.17.

Ce4(µ3-OtBu)3(µ-OtBu)4(OtBu)5 (2): Used Ce(NR2)3 (0.61 g,
0.98 mmol), H-OtBu (0.22 g, 3.0 mmol) in tol. Yield: 89% (0.32 g).
FT-IR (KBr, cm–1): ν̃ = 2960 (w), 2865 (w), 2150 (s), 2120 (s), 1936
(s), 1848 (s) 1466 (w), 1356 (w), 1187 (w), 974 (w), 929 (w), 878
(w), 829 (w), 767 (w), 740 (w), 693 (s), 677 (s), 655 (s), 595 (m).
C48H108Ce4O12 (1437.87): calcd C 40.09, H 7.57; found C 39.78, H
7.68.

Ce3(µ3-OtBu)3(µ-OtBu)3(OtBu)3(H-OtBu)2 (2a): Used Ce(NR2)3

(0.61 g, 0.98 mmol), H-OtBu (0.29 g, 3.9 mmol) in tol. Yield: 90%
(0.36 g). FT-IR (KBr, cm–1): ν̃ = 2965 (w), 2925 (w), 2865 (w), 1467
(m), 1370 (m), 1356 (w), 1020 (m), 968 (w), 927 (w), 878 (w), 768
(m), 759 (m), 740 (s), 511 (w), 488 (w). C44H101Ce3O11 (1226.65):
calcd. C 43.08, H 8.30; found C 42.78, H 8.09.

Ce(oBP)3(THF)3 (3): Used Ce(NR2)3 (1.3 g, 2.9 mmol), H-oBP
(0.91 g, 6.1 mmol) in tol. Yield: 92% (1.5 g). FT-IR (KBr, cm–1): ν̃
= 3056 (s), 2952 (m), 1587 (m), 1561 (m), 1478 (w), 1439 (w), 1301
(w), 1260 (w), 1217 (m), 1124 (s), 1088 (s), 1068 (s), 1047 (s), 1035
(s), 1003 (s), 868 (w), 823 (m), 748 (w), 703 (w), 597 (s).
C42H63CeO6 (804.09): calcd. C 62.74, H 7.90; found C 62.36, H
7.81.

[Ce(µ-DMP)(DMP)2(THF)2]2 (4): Used Ce(NR2)3 (0.22 g,
0.35 mmol), H-DMP (0.13 g, 1.10 mmol) in tetrahydrofuran
(THF). Yield: 95% (0.22 g). FT-IR (KBr, cm–1): ν̃ = 2971 (s), 1591
(m), 1465 (m), 1425 (m), 1367 (s), 1269 (w), 1233 (w), 1211 (w),
1094 (m), 1068 (s), 1027 (m), 850 (w), 761 (m), 697 (m), 678 (s),
565 (s), 524 (s), 492 (s). C64H86Ce2O10 (1295.63): calcd. C 59.33, H
6.69; found C 59.16, H 7.05.

[Ce(µ-DMP)(DMP)2(py)2]2 (4a): Ce(NR2)3 (0.97 g, 1.6 mmol), H-
DMP (0.58 g, 4.7 mmol) in tol and pyridine (py). Yield: 95%
(0.98 g). FT-IR (KBr, cm–1): ν̃ = 3068 (m), 3049 (m), 3012 (m),
2964 (m), 2909 (s), 1596 (w), 1465 (w), 1442 (w), 1424 (w), 1270
(w), 1234 (w), 1210 (w), 1150 (s), 1092 (w), 1067 (m), 1035 (m),
1003 (m), 850 (w), 837 (w), 747 (w), 621 (m), 564 (s), 526 (m).
C68H74Ce2N4O6 (1323.61): calcd. C 61.70, H 5.64, N 4.23; found
C 60.87, H 5.66, N 4.48.

Ce(DIP)3(THF)3 (5): Used Ce(NR2)3 (0.22 g, 0.36 mmol), H-DIP
(0.19 g, 1.1 mmol) in tol and THF. Yield: 96% (0.22 g). FT-IR
(KBr, cm–1): ν̃ = 3054 (s), 2958 (w), 2867 (m), 1586 (s), 1380 (s),
1357 (s), 1327 (m), 1264 (w), 1206 (m), 1095 (s), 1042 (m), 1021
(m), 885 (m), 855 (w), 796 (s), 752 (m), 687 (m), 561 (m).
C48H75CeO6 (888.25): calcd. C 64.91, H 8.51; for C36H51CeO3
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(without 3THF, 671.92): calcd. C 64.35, H 7.65; found C 63.96, H
8.04.

Ce(DPP)3(THF)2 (6): Used Ce(NR2)3 (0.24 g, 0.39 mmol), H-DPP
(g, 1.2 mmol) in THF. Yield: 99% (0.39 g). FT-IR (KBr, cm–1): ν̃
= 3054 (m), 3027 (m), 2975 (m), 2874 (m), 1596 (w), 1581 (m), 1495
(w), 1453 (w), 1405 (w), 1307 (w), 1261 (w), 1176 (m), 1156 (s),
1086 (w), 1069 (w), 1025 (w), 914 (m), 856 (w), 803 (s), 702 (w),
626 (s), 600 (w). C62H55CeO5 (1020.24): calcd. C 72.99, H 5.43;
found C 72.64, H 5.79.

General Modified Alkoxide Synthesis: Due to the similarity of the
synthesis of compounds 7–10, a general description will be pro-
vided. To a stirring solution of the appropriate Ce(OR)3 (1–5),
1 equiv. of the appropriate H-ORc was added. The reaction was
stirred for 12 h and then the volatile portion was allowed to slowly
evaporate until crystals formed.

[Ce(oBP)(µ-OBc)(µc-OBc)(py)2]2 (7): Used compound 3 (0.26 g,
0.32 mmol), H-OBc (0.066 g, 0.65 mmol) in py. Yield: 92% (0.20 g).
FT-IR (KBr, cm–1): ν̃ = 2962 (m), 1524 (w), 1483 (w), 1459 (w),
1418 (w), 1375 (w), 1224 (m), 1032 (s), 897 (s), 802 (s), 601 (s), 540
(s). C60H82Ce2N4O10 (1299.58): calcd. C 55.45, H 6.36, N 4.31;
found C 55.19, H 6.81, N 4.01.

[Ce(DMP)(µ-OPc)(µc-OPc)(py)2]2 (8): Used compound 4 (0.28 g,
0.22 mmol), H-OPc (0.038 g, 0.43 mmol) in py. Yield: 37% (0.10 g).
FT-IR (KBr, cm–1): ν̃ = 2968 (w), 2930 (m), 1581 (w), 1477 (w),
1422 (w), 1373 (m), 1359 (m), 1238 (m), 1217 (w), 1092 (w), 1035
(m), 1004 (m), 850 (w), 753 (w), 702 (w), 663 (s), 619 (m), 547 (m),
531 (m), 518 (m). C52H66Ce2N4O10 (1187.37): calcd. C 52.60, H
5.60, N 4.71; found C 52.39, H 5.52, N 4.19.

[Ce(DMP)(µ-OBc)(µc-OBc)(py)2]2 (9): Used compound 4 (0.44 g,
0.34 mmol), H-OBc (0.069 g, 0.68 mmol) in py. Yield: 53% (0.22 g).
FT-IR (KBr, cm–1): ν̃ = 3607 (s), 2961 (w), 2929 (w), 2871 (w),
1541 (w), 1483 (w), 1460 (w), 1420 (w), 1375 (w), 1361 (w), 1285
(m), 1263 (w), 1224 (w), 1090 (m), 1033 (m), 896 (w), 839 (m), 803
(m), 791 (m), 756 (m), 700 (m), 601 (w), 552 (m), 517 (s).
C56H74Ce2N4O10 (1243.48): calcd. C 54.09, H 6.00, N 4.50; found
C 54.51, H 6.39, N 4.31.

[Ce(DIP)(µ-OPc)(µc-OPc)(py)2]2 (10): Used compound 5 (0.26 g,
0.29 mmol), H-OPc (0.052 g, 0.58 mmol) in py. Yield: 60% (0.12 g).
FT-IR (KBr, cm–1): ν̃ = 3062 (s), 3036 (s), 2968 (w), 2930 (m), 2870
(m), 1581 (w), 1477 (w), 1442 (w), 1422 (w), 1373 (m), 1359 (s),
1283 (w), 1263 (m), 1238 (s), 1217 (s), 1092 (m), 1035 (m), 1004
(s), 850 (m), 753 (m), 702 (m), 619 (s), 547 (s), 531 (s), 518 (s).
C60H82Ce2N4O10 (1299.58): calcd. C 55.45, H 6.36, N 4.31; found
C 55.90, H 6.81, N 4.33.

General X-ray Crystal Structure Information:[70] Each crystal was
mounted onto a thin glass fiber from a pool of Fluorolube and
immediately placed under a liquid N2 stream, on a Bruker AXS
diffractometer. The radiation used was graphite-monochromatized
Mo-Kα radiation (λ = 0.7107 Å). The lattice parameters were opti-
mized from a least-squares calculation on carefully centered reflec-
tions. Lattice parameter determination and data collection were
carried out using SMART Version 5.054 software. Data reduction
was performed using SAINT Version 6.01 software. The structure
refinement was performed using XSHELL 3.0 software. The data
were corrected for absorption using the SADABS program within
the SAINT software package. General collection parameters for 1–
3 and 4–10 are shown in Table 1 and Table 2, respectively. Ad-
ditional information concerning the structure of these compounds
can be found by accessing the final CIF files through the Cam-
bridge Crystallographic Data Base. In general, each structure was
solved by direct methods. This procedure yielded the heavy atoms,
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Table 1. Data collection parameters for 1–3.

Compound 1(·8tol) 2 2a(·2tol) 3(·3THF)

Empirical formula C116H196Ce4O12 C48H108Ce4O12 C58H115Ce3O11 C54H87CeO9

Formula weight 2343.32 1437.82 1408.92 1020.36
Temp. [K] 168(2) 168(2) 178(2) 168(2)
Space group tetragonal monoclinic monoclinic rhombohedral

P-42(1)c P21/c P2(1) R-3
a [Å] 20.5590(18) 18.673(12) 14.1032(17) 14.663(2)
b [Å] 20.5590(18) 11.382(7) 18.952(2) 14.663(2)
c [Å] 11.908(2) 29.308(18) 14.5646(17) 14.663(2)
α [°] 68.220(3)
β [°] 91.335(15) 115.902(2) 68.220(3)
γ [°] 68.220(3)
V [Å3] 5033.1(11) 6227(7) 3501.7(7) 2617.3(6)
Z 2 4 2 2
Dcalcd [Mg/m3] 1.060 1.534 1.336 1.295
µ (Mo-Kα) [mm–1] 1.838 2.917 1.965 0.922
R1

[a] (%) (all data) 7.78 (22.60) 8.55 (16.70) 7.23 (11.87) 4.23 (9.60)
wR2

[b] (%) (all data) 12.30 (25.05) 17.00 (19.94) 11.09 (13.25) 5.90 (9.83)

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|×100. [b] wR2 = [Σw(Fo
2 –Fc

2)2/Σ(w|Fo|2)2]1/2 ×100.

Table 2. Data collection parameters for 4–10.

Compound 4(·2THF) 4a(·2tol) 5(·tol) 6(·2THF)

Empirical formula C72H100Ce2O12 C82H90Ce2N4O6 C55H83CeO6 C70H71CeO7

Formula weight 1439.78 1507.82 980.33 1164.45
Temp. [K] 168(2) 178(2) 178(2) 203(2)
Space group monoclinic monoclinic monoclinic monoclinic

P21/c P21/n P21/n P2(1)
a [Å] 12.748(2) 14.600(3) 11.1537(16) 10.220(2)
b [Å] 18.883(3) 19.504(4) 35.671(5) 21.968(5)
c [Å] 15.343(3) 14.690(3) 13.4253(19) 13.461(3)
α [°]
β [°] 112.723(3) 118.254(2) 96.293(3) 101.110(4)
γ [°]
V [Å3] 3406.6(11) 3684.7(11) 5309.2(13) 2965.4(11)
Z 2 2 4 2
Dcalcd [Mg/m3] 1.404 1.359 1.226 1.143
µ (Mo-Kα) [mm–1] 1.379 1.274 0.903 0.810
R1

[a] (%) (all data) 3.40 (8.51) 2.74 (6.75) 7.49 (14.48) 4.51 (8.54)
wR2

[b] (%) (all data) 4.07 (8.90) 3.15 (6.97) 13.89 (17.16) 5.51 (8.96)

Compound 7(·py) 8 9 10(·2py)

Empirical formula C65H87Ce2N5O10 C52H66Ce2N4O10 C56H74Ce2N4O10 C70H92Ce2N6O10

Formula weight 1391.36 1187.33 1243.43 1457.74
Temp. [K] 203(2) 168(2) 178(2) 168(2)
Space group monoclinic monoclinic triclinic monoclinic

P21/n C2/c P1̄ P21/c
a [Å] 11.660(3) 20.9692(13) 11.8503(16) 9.883(3)
b [Å] 15.714(5) 13.4977(13) 11.9179(16) 20.157(7)
c [Å] 19.113(6) 20.1132(14) 12.9071(17) 18.208(6)
α [°] 86.896(2)
β [°] 99.253(5) 107.972(2) 65.609(2) 103.471(7)
γ [°] 65.482(2)
V [Å3] 3456.5(17) 5415.0(7) 1495.3(3) 3528(2)
Z 2 4 1 2
Dcalcd [Mg/m3] 1.337 1.456 1.381 1.372
µ (Mo-Kα) [mm–1] 1.358 1.717 1.558 1.333
R1

[a] (%) (all data) 8.96 (22.76) 3.82 (10.01) 4.38 (8.37) 7.76 (12.19)
wR2

[b] (%) (all data) 9.80 (23.07) 4.34 (10.30) 5.63 (8.81) 13.50 (13.95)

[a] R1 = Σ | |Fo| – |Fc| |/Σ |Fo|×100. [b] wR2 = [Σ w (Fo
2 –Fc

2)2/Σ (w |Fo|2)2]1/2 ×100.

along with a number of the C, O, and N atoms when present. Sub-
sequent Fourier synthesis yielded the remaining atom positions.
The hydrogen atoms were fixed in positions of ideal geometry and
refined within the XSHELL software. These idealized hydrogen
atoms had their isotropic temperature factors fixed at 1.2 or 1.5
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times the equivalent isotropic U of the C atoms to which they were
bonded. The final refinement of each compound included aniso-
tropic thermal parameters on all non-hydrogen atoms. Final crystal
solutions that contain alkoxides are well known to possess ligand
positional disorder issues.
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CCDC-614454 to -614465 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Any variations from stan-
dard structural solution associated with the representative com-
pounds are discussed below. All CIF files were checked for
errors using the free on-line Checkcif service provided by the
International Union of Crystallography (available on the Web at
http://checkcif.iucr.org/).
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Solvent-Induced Pore-Size Adjustment in the Metal-Organic Framework
[Mg3(ndc)3(dmf)4] (ndc = naphthalenedicarboxylate)

Irena Senkovska[a] and Stefan Kaskel*[a]
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Two new compounds containing magnesium and the biden-
tate ligand 2,6-naphthalenedicarboxylate (ndc), namely
[Mg(dmf)2(H2O)4]·ndc (1) (dmf = N,N-dimethylformamide)
and [Mg3(ndc)3(dmf)4] (TUDMOF-2) (2), have been obtained
from Mg(NO3)2·6H2O and the pure acid using a solvothermal
route. According to single-crystal X-ray studies both com-
pounds are monoclinic. Complex 1 crystallizes in the space
group P21/c [a = 12.317(3), b = 12.582(2), c = 15.353(3) Å, β =
110.96(3)°]. The compound consists of an isolated tetraaqua-
bis-N,N-dimethylformamide cation and the deprotonated li-
gand with hydrogen bonds linking the cations and anions.
The metal-organic framework 2 crystallizes in the space

Introduction

Metal-organic frameworks (MOFs) are a new family of
porous crystalline inorganic–organic hybrid materials that
are attracting increasing interest due to their rich structural
chemistry and potential applications in gas storage, separa-
tion processes, and catalysis.[1] The modular concept allows
for a rational design of porous solids in which a multinu-
clear complex (cluster) is used as a connecting node and an
organic bi- or trifunctional linker to link the nodes into a
three-dimensional network of predefined topology. An
often observed structural motif in transition metal MOFs
is the paddle-wheel unit acting as a four-connecting node.[2]

Such copper-, zinc-, or molybdenum-containing networks
may be useful for hydrogen storage applications.[3] The most
prominent 6-connector is the Zn4O6+ cluster in MOF-5 and
the IRMOF family.[4]

Although transition-metal-containing MOFs have been
widely investigated, the coordination chemistry of alkaline
earth metals has until now remained a largely underdevel-
oped area, and reports on magnesium coordination poly-
mers are very rare.[5] Magnesium carboxylates seldom form
coordination polymers and extended three-dimensional
structures because of the high affinity of Mg2+ for oxygen
donor atoms of polar solvents. Additionally, the coordina-
tion chemistry of magnesium is less flexible than that of

[a] Department of Inorganic Chemistry, Technical University
Dresden
Mommsenstr. 6, 01069 Dresden, Germany
Fax: +49-351-4633-7287
E-mail: Stefan.Kaskel@chemie.tu-dresden.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4564–45694564

group C2/c [a = 13.451(3), b = 18.043(4), c = 20.937(5) Å, β =
99.79(3)°] with trinuclear magnesium clusters connected to
six dicarboxylate ligands that link the clusters into a three-
dimensional network. In contrast to [Mg3(ndc)3(def)4] (def =
N,N-diethylformamide; 3), the dmf molecules coordinated to
magnesium in TUDMOF-2 (2) not only cause a distortion of
the network but induce accessibility for the adsorption of
nitrogen. TUDMOF-2 has a Langmuir surface area of
520 m2 g–1 and a hydrogen adsorption capacity of 0.78 wt.-%
at 77 K and 760 Torr.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

zinc, and octahedral complexes are often found.[6] In the
case of polyfunctional ligands used for the synthesis of Mg-
based MOFs, competitive coordination by water or other
solvent ligands may result in low-dimensional network top-
ologies or isolated complexes, and thus porosity cannot be
expected. However, the first magnesium-based metal-or-
ganic framework with permanent porosity and accessibility
for very small molecules (H2, O2) was recently reported by
Dinća and Long.[7] [Mg3(ndc)3(def)4] (3) (def = N,N-diethyl-
formamide) was found to adsorb O2 and H2 preferentially,
although the pores were too small to allow the access of
N2.

Below we describe the structure of two new magnesium
carboxylates, namely [Mg(dmf)2(H2O)2]·ndc (1) and
[Mg3(ndc)3(dmf)4] (TUDMOF-2, 2). TUDMOF-2 (Techni-
cal University Dresden Metal Organic Framework no. 2)
has the same network topology as [Mg3(ndc)3(def)4] but the
smaller solvent molecule induces significant structural
changes, resulting in a larger pore diameter and permanent
porosity with pores accessible for N2 molecules.

Results and Discussion

Synthesis and Structural Characterization of 1 and 2

Solvothermal reaction of Mg(NO3)2·6H2O and ndc in
dmf at 110 °C results in the formation of yellow crystals of
2. White crystals of 1 were obtained from the same reaction
carried out in aqueous dmf (5 vol-% H2O). In spite of their
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very similar synthetic conditions, complexes 1 and 2 have
completely different architectures.

Single-crystal X-ray diffraction was used to determine
the structure of compound 1. Instead of carboxylate ligands
coordinating to Mg2+, the compound consists of isolated
[Mg(H2O)4(dmf)2]2+ cations and ndc2– anions (Figure 1).
The Mg2+ ion has a sixfold coordination and is surrounded
by four water molecules and two oxygen atoms of dmf
molecules, resulting in a somewhat distorted octahedral ge-
ometry. Figure 2 shows a packing diagram of 1. Hydrogen
bonds link the water molecules to the carboxylate O atoms
(O···O = 2.68–2.75 Å) to form a three-dimensional hydro-
gen-bonded network.

Figure 1. The asymmetric unit and labelling scheme for compound
1. Displacement ellipsoids are drawn at the 50% probability level.
H atoms have been omitted.

Figure 2. The crystal packing of 1 viewed along the crystallo-
graphic a axis.

Complex 2 crystallizes in the monoclinic space group
C2/c and is a structural analogue of [Mg3(ndc)3(def)4] (3)
reported by Dinća and Long.[7] However, the channels in 2

Eur. J. Inorg. Chem. 2006, 4564–4569 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4565

are filled with dmf instead of def, which results in a signifi-
cantly reduced lattice constant a of 13.451 Å compared to
that of 3 (a = 15.045 Å). All other lattice parameters are
very close to those reported for 3 with differences of below
0.1 Å for b and c and below 2° for the monoclinic angle.

The structure of 2 contains two independent magnesium
centers (Figure 3a). Mg1 is positioned on a twofold rotation
axis and Mg2 is located at a general position (8f). The ndc2–

anions are positioned on an inversion center located in the
middle of the central C–C bond in the naphthalene system.
Two distinct carboxylate coordination modes are observed.
The C16 and C26 carboxylate groups form didentate brid-
ges, whereas the C6 carboxylate group chelates to Mg2,
with each of the O atoms also bound to Mg1. This triden-
tate bridging mode is postulated to be an important inter-
mediate in “carboxylate-shift” chemistry[8] and is a key fac-
tor for the formation of the trinuclear metal cluster. Conse-
quently, Mg1 is connected to two adjacent Mg2 centers to
form a linear [Mg3(µ3-O)2(µ2-O)4] unit with a nonbonding
Mg–Mg distance of 3.582(6) Å (Figure 3a). These trinuclear
magnesium clusters represent a 6-connecting secondary
building unit (Figure 3b).[9] They are linked by naph-
thalenedicarboxylate bridges to form a three-dimensional
network (Figure 3c and Figure 4).

A trinuclear SBU has been reported earlier as a discrete
molecular cluster.[10] Furthermore, this structural motif has
been found in networks such as Zn3(bdc)3·6CH3OH (bdc =
benzenedicarboxylate) (MOF-3),[11] [Cd3(bdc)3(L)2(H2O)2]
(L = 1,4-bis(1,2,4-triazol-1-yl)butane),[12] [CoT(p-CO2)-
PPCo1.5(C5H5N)3(H2O)]·11C5H5N (PIZA-1),[13] and
[Co3(bpdc)3(bpy)]·4dmf·H2O (bpdc = biphenyldicarboxyl-
ate, bpy = 4,4�-bipyridine) (IRPM-1),[14] each of which con-
tains MII

3 clusters linked together to form a rigid frame-
work with accessible internal channels and/or cages and
permanent porosity.

In contrast to the compressed central MgO6 octahedron
of Mg1 in 3, the magnesium–oxygen octahedron in the tri-
nuclear cluster of 2 is elongated, with axial Mg1–O61 bond
lengths of 2.109(3) Å and equatorial bond lengths of
2.077(3)–2.084(3) Å. The three Mg2+ ions in the trinuclear
motif form an almost linear chain. The Mg2–Mg1–Mg2i

(symmetry code: i: –x, y, 1/2 – z) angle in the Mg3 units
of 2 is 174.36(7)° and is thus somewhat smaller than the
corresponding angle in 3 [176.14(1)°].

The Mg1–Mg2 distance in 2, however, is longer than in
3 [3.530(2) Å] because of the longer Mg–O bonds in the
former. Thus, the structural changes within the Mg3 cluster
are not responsible for the compressed a axis, whereas the
orientation of the linker in the 6-connecting SBU allows for
compression or elongation along the a axis, resulting in a
high flexibility and breathing of the Mg3(ndc)3 network.

The reason for the contraction along the a axis observed
in 2 as compared to 3 is the predefined orientation of sol-
vent molecules upon coordination to Mg2. The ethyl
groups of the def molecules in 3 are oriented along the a
axis and thus occupy more space in this direction. The ori-
entation is similar for dmf in 2, thus allowing for a compres-
sion along the a axis. The dmf molecules in 2 can be re-
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Figure 3. a) Trinuclear Mg-carboxylate cluster; b) representation of the inorganic 6-connecting SBU; c) the three-dimensional network in 2.

Figure 4. Extended structure of 2 viewed along: a) the crystallo-
graphic a axis; b) along [101] (dmf molecules have been omitted).

moved from the voids to give a porous network having open
magnesium sites. This open framework has channels along

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4564–45694566

the [100] and [101] directions (Figure 4). The minor differ-
ences in structure cause significant changes in the gas ad-
sorption properties of 2 and 3.

Thermal Stability

Thermogravimetric analysis (TGA) shows the desol-
vation of compound 1 in one step at a temperature above
90 °C. The weight loss of 41% for 1 from 90 to 170 °C cor-
responds to the loss of four H2O and two dmf molecules
from the structure (calcd.: 42.13%). The second step in the
range from 500 to 540 °C indicates the decomposition of
the ligand.

The framework of 2 has a high thermal stability up to
500 °C. For compound 2, a total weight loss of 29% is ob-
served between 120 and 400 °C, corresponding to four dmf
molecules per Mg3 unit. This weight loss is consistent with
the elemental analysis and the empirical formula deduced
from the single-crystal X-ray analysis. The desolvated
framework is hereafter denoted as 2a. The X-ray powder
diffraction pattern of 2 changes after removal of the guest
molecules as compared to the product obtained from the
solvothermal synthesis. The reflections of 2a show an ap-
parent shift to the lower angle region, and several of the
reflections disappear (Figure 5b), thereby indicating a slight
structural deformation of the framework upon desolvation.
After treatment of 2a with dmf, the virgin framework of 2
regenerates (Figure 5a), thus indicating a reversible trans-
formation (Scheme 1).

However, some additional peaks appear too. Treating 2a
with def molecules should afford 3 (Figure 5c) and, due to
the larger size of the def molecules, the latter is expected to
expand the lattice constant a as discussed above. This host
flexibility can improve the efficiency of the adsorption by
the aid of host structural transformation suited for the
guest molecules.[15] The XRD pattern of 2a shows diffrac-
tion peaks similar to those of desolvated 3. The evacuated
framework of 3 is hereafter indicated as 3a. However, a de-
tailed comparison of the XRD patterns reveals a significant
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Figure 5. X-ray powder diffraction patterns: a) for 2 as synthesized
(black) and 2a resolvated with dmf (grey); b) for 2a (black) and 3a
(grey); c) for 3 as synthesized (black) and 2a resolvated with def
(grey); d) for 3a (black) and 3a resolvated with dmf (grey).
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Scheme 1. The reversible structural transformation of 2 and 2a.

shift for selected peaks (Figure 5b). Treating 2a with def
affords an XRD pattern identical to that of the as-synthe-
sized 3 (Figure 5c). On the other hand, treating 3a with dmf
does not allow us to convert the framework into compound
2 (Figure 5d). Thus, 2 can be converted into 3 via 2a but
not vice versa. The porous materials 2a and 3a obtained
from the different networks show small structural differ-
ences according to the X-ray powder patterns. This re-
sembles a sort of memory effect induced by the different
solvents and causes different sorption properties for the two
compounds.

Sorption Properties

Compound 1 is essentially nonporous and has only a low
N2 adsorption capacity and a type II adsorption isotherm
(Figure 6). Compound 2 shows a type I nitrogen adsorption
isotherm at 77 K typical of a microporous material (Fig-
ure 6). The sorption isotherm was fitted to a Langmuir
equation, resulting in a specific surface area of 520 m2 g–1

for the activated framework.

Figure 6. The N2 (triangle), O2 (circle), and CH4 (diamond) ad-
sorption isotherms of [Mg3(ndc)3] (2a) and the N2 (square) adsorp-
tion isotherm of [Mg(dmf)2(H2O)2]·ndc (1) at 77 K.

Significant differences between [Mg3(ndc)3(dmf)4] (2)
and [Mg3(ndc)3(def)4] (3) are also observed in the gas ad-
sorption properties. The as-synthesized sample of 2 was ac-
tivated by drying under vacuum at 468 K for 72 h. The mass
loss of 28.8% was close to the 29.0% estimated for com-
plete removal of four dmf molecules.
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Whereas for 3 essentially no N2 adsorption was detected,

for TUDMOF-2 (2) the adsorbed amount of nitrogen
(5.0 mmolg–1 at 0.9 P/P0) is surprisingly large. TUDMOF-
2 also shows a type I isotherm for the adsorption of CH4

(kinetic diameter of 3.8 Å) (Figure 6). However, only oxy-
gen and hydrogen adsorption was observed for 3, thus indi-
cating a limited accessibility only for smaller gas molecules
due to the small pore size. The limited accessibility of nitro-
gen in 3 could indicate incomplete removal of def molecules
in the activation, which would cause pore blocking for
larger molecules such as N2. The latter is reasonable due to
the higher boiling point and more effective encapsulation
of def as a result of the larger size of def relative to dmf.
Thus, even though a compression of the a axis is detected
for 2, the more effective removal of dmf is responsible for
a larger pore size in the desolvated form and larger specific
pore volume. Another reason for the differences in porosity
are the structural differences of 3 and 2, which result in a
memory effect and cause structural differences also in the
desolvated forms of 3 and 2. An indication for the latter is
the experimentally observed difference in the XRD powder
patterns of the activated forms.

The hydrogen adsorption isotherms measured at 77 K
are shown in Figure 7. The hydrogen storage capacity is
3.9 mmolg–1 (0.78 wt.-%) at 760 Torr and is thus slightly
higher than for [Mg3(ndc)3(def)4] but lower than for other
MOFs.[3]

Figure 7. H2 adsorption isotherm of [Mg3(ndc)3] (2a) at 77 K.

In summary, we have presented two new magnesium car-
boxylates. Whereas in the presence of water molecules pre-
ferred coordination of H2O and dmf hinders the formation
of extended three-dimensional networks, a porous network
structure is obtained in the absence of water. The resulting
[Mg3(ndc)3(dmf)4] network is microporous, and the pores
are accessible for H2, O2, N2, and CH4. Small structural
changes induced by coordinating dmf molecules play a key
role in adjusting the pore size of the network and are re-
sponsible for the size exclusion of nitrogen.

Due to the low weight of magnesium, the design of Mg-
MOFs with higher specific surface areas is, in principle,
feasible, although identification of suitable structural build-
ing units allowing for a high porosity remains a challenge.

Experimental Section
General: All chemicals (Aldrich) were reagent grade and were used
as received. Microanalyses (C, H, N) were performed with a Fison’s
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EA1108 CHNS analyzer. IR spectra were recorded as KBr discs
using an Excalibur FTS 3000 spectrometer in the range 480–
4000 cm–1. Powder X-ray diffraction (PXRD) data were collected
on a Stoe STADI P powder diffractometer with Cu-Kα1 radiation.
Thermogravimetric analyses were carried out using a Netzsch STA
409 thermal analyzer. Physisorption isotherms were measured at
77 K using a Quantachrome Autosorb1C apparatus. Prior to the
measurement, the samples were evacuated at 468 K for 72 h. High
purity gases were used (nitrogen: 99.999%, hydrogen: 99.999%,
oxygen 99.999%, methane 99.995%). To prevent condensation of
O2 and CH4 at 77 K, the oxygen adsorption isotherm was recorded
below 156 Torr and the adsorption isotherm of methane was re-
corded below 9.4 Torr. The specific surface areas and porosity pa-
rameters were derived from the N2 adsorption data.

[Mg(dmf)2(H2O)4]·ndc (1): Mg(NO3)2·6H2O (0.9 g, 3.5 mmol) was
mixed with 2,6-naphthalenedicarboxylic acid (0.7 g, 3.24 mmol) in
dmf (18 mL) and deionized water (1 mL). The solution was filled
in a 40-mL Teflon liner, placed in an autoclave, heated to 373 K
for 24 h, and then cooled to room temperature. Colorless crystals
of 1 were isolated from the solution at room temperature after se-
veral days. Yield: 1.06 g (71%). C18H28MgN2O10 (456.73): calcd. C
47.34, H 6.18, N 6.13; found C 46.87, H 6.28, N 6.33. IR: νC=O =
1676 (s), 1659 (vs), 1606 (s), 1560 (s), 1495 (m), 1394 (s), 1358 (s)
cm–1.

[Mg3(ndc)3(dmf)4] (2): A mixture of Mg(NO3)2·6H2O (1.5 g,
5.85 mmol) and 2,6-naphthalenedicarboxylic acid (0.9 g,
4.16 mmol) in dmf (60 mL) was filled in a 250-mL Teflon liner,
placed in an autoclave, heated to 383 K for 24 h, and then cooled
to room temperature at a rate of 0.05 Kmin–1. The resulting pale-
yellow crystals were collected, washed with dmf, and dried under
argon to give 2. Yield: 0.9 g (64.2%). C48H46Mg3N4O16 (1007.8):
calcd. C 57.21, H 4.60, N 5.56; found C 56.77, H 4.36, N 5.81. IR:
νC=O = 1680 (s), 1655 (s), 1621 (s), 1566 (s), 1497 (m), 1406 (vs),
1359 (m) cm–1.

X-ray Crystallography: Single-crystal X-ray diffraction data for
complexes 1 and 2 were recorded with a STOE IPDS I image plate
diffractometer with Mo-Kα radiation. The structures were solved
by direct methods with the help of SHELXS-97[16] and refined by
full-matrix least-squares techniques using SHELXL-97.[17] Non-hy-
drogen atoms were refined with anisotropic temperature param-
eters, and the hydrogen atoms of the ligands and dmf molecules
were refined as rigid groups. The hydrogen atoms of the water
molecules of 1 were located from the difference Fourier maps. Fur-
ther details of the structural analysis are summarized in Table 1.

Table 1. Summary of X-ray crystallographic data for compounds 1
and 2.

Compound 1 2

Formula C18H28O10MgN2 C48H46O16Mg3N4

Molar mass 456.73 1007.82
Space group P21/c C2/c
a [Å] 12.317(3) 13.451(3)
b [Å] 12.582(2) 18.043(4)
c [Å] 15.353(3) 20.937(5)
β [°] 110.96(3) 99.79(3)
V [Å3] 2221.9(9) 5007(2)
Z, Dcalcd. [g cm–3] 4, 1.365 4, 1.334
Reflns. collected/unique 18500/3448 14280/2522
Reflns. obsd. [I�2σ(I)] 1946 1973
GOF on F2 1.038 1.009
R1, wR2 (obsd.) 0.0779, 0.1939 0.0558, 0.1489
Max., min. peaks [eÅ–3] 1.162 0.532
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CCDC-607099 (1) and -607100 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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An ab initio investigation of the relative stability of 1,3-di-
phospha-2-silaallenes (RP=Si=PR) with respect to potential
isomers shows that the allene isomer is not the global mini-
mum throughout a series of several substituents (R = H, SiH3,
CH3, Ph, F) − the siladiphosphirene isomer is significantly
more stable for all these substituents. The stability of the di-
phosphasilaallene relative to other isomers depends on the
nature of the adjacent substituents. Thus, for simple carbon

Introduction
Numerous investigations dealing with the stabilization

and bonding situation of multiply bonded phosphorus and
silicon compounds have initiated a fertile research area.
Multiple bonds between silicon and phosphorus are syn-
thetically especially challenging due to the high reactivity of
such unsaturated systems. Nevertheless, sterically protected
Si=P double bonds have been generated and structurally
characterized.[1–5] Similarly, phosphaallenes[6–15] as well as
silaallenes,[16–19] trisilaallenes,[20–22] and even a 1-phospha-
3-silaallene[23] have been synthesized and studied theoretic-
ally,[24–30] although the combination of both heteroatoms
directly bonded to each other within a single allene system
remains unknown so far. Earlier attempts to generate 1,3-
diphospha-2-silaallenes by hydrogen chloride abstraction
from suitable precursors with sterically hindered bases re-
sulted either in Si–P bond cleavage or addition of the base
to the Si–P unit.[31,32] The availability of seemingly suitable
precursors of the type (RPH)2SiCl2 combined with a lack
of information concerning the outcome of attempted syn-
thesis of 1,3-diphospha-2-silaallenes prompted us to investi-
gate their stability with respect to possible isomers theore-
tically. According to our findings, the 1,3-diphospha-2-
silaallene structure, despite being a local minimum, is not
the global minimum on the potential energy hypersurface.
For all substituents considered in our investigation the cy-
clic siladiphosphirene is by far the most stable isomer.
Which isomer is the next most stable one depends signifi-
cantly on the nature of the adjacent substituent. However,
in neither case was the silaallene the second most stable
isomer. For systems bearing carbon substituents we find
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and silyl substituents alternative ring-closed isomers are fa-
vored over the diphosphasilaallene, which, depending on the
substituent, can show silylene or phosphasilene character.
The results obtained at the DFT level are compared with
those at other levels of theory for the parent system.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

that a cyclic phosphasilene isomer is more stable than the
silaallene, while for more electropositive substituents a cy-
clic diphosphasilylene structure is lower in energy. As our
results show, the relative stability of the isomers explored
by us strongly depends on the electronic properties of the
adjacent substituents.

Results and Discussion

In order to investigate the energetic separation of 1,3-
diphospha-2-silaallene and its isomers, we performed ab ini-
tio quantum chemical calculations using the program pack-
age Gaussian 03,[33] employing a 6-311G(d) basis set[34–37]

at the Hartree–Fock and DFT(B3LYP) level.[38,39] The har-
monic vibrational frequencies and their infrared intensities
for all of the optimized structures were evaluated by the
B3LYP method. Complete reports of the vibrational fre-
quencies and infrared intensities are given in the Supporting
Information. These results were used to determine if a
structure is a genuine minimum. The final energy values
include zero-point correction and thermal correction to
298 K. The reliability of the B3LYP method for the calcula-
tion of the structures and the stability of the group of com-
pounds under investigation was tested by the higher corre-
lated MP2 method for the hydrogen-substituted parent sys-
tems of all isomers.

For our calculations we considered the diphosphasilaal-
lene structure 1, the cyclic diphosphasilylene structures with
the adjacent substituents adopting a cis and a trans position
(2 and 3), the ring-opened diphosphenyl silylene structure 4,
the cyclic phosphasilene 5, siladiphosphirene 6, and finally
phosphasilyne 7 (Scheme 1). Other isomers such as the
vinylidene silylene 8 or phosphanylidenes like 9 were not
taken into account since exploratory calculations on the
parent system at the B3LYP//6-311G(d) level showed that
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they are roughly 20 kcalmol–1 higher in energy than the le-
ast stable of the other isomers. To explore the electronic
influence of different substituents on the relative energies
of these isomers, we investigated the hydrogen-substituted
parent systems 1–7a, the silyl derivatives 1–7b, the methyl
derivatives 1–7c, the phenyl derivatives 1–7d, and the fluor-
ine-substituted derivatives 1–7e. Since we were mainly inter-
ested in exploring the effect of the electronic properties of
different substituents on the stability of the 1,3-diphospha-
2-silaallene, we focused our attention only on its mono-
meric isomers. Nevertheless, it is obvious that in the case of
insufficient steric protection dimers or oligomers of these
isomers will be even lower in energy. Although it appears
worthwhile to investigate this aspect, it exceeds the scope of
this investigation, which is mainly aimed at the possibility
of predicting the electronic influence of the substituents in
order to realize the unsaturated isomers discussed herein
synthetically.

Scheme 1. Idealized structures of isomers of 1,3-disphospha-2-
silaallenes (R = H, SiH3, CH3, Ph, F).

The relative energies obtained for the differently substi-
tuted isomers 1–7 are summarized in Table 1. As is evident
from these data, the 1,3-diphospha-2-silaallene is not the
global minimum on the energy hypersurface. Nevertheless,
the diphosphasilaallene structure is a local minimum for all
these substituents.

For all substituents considered in our investigation (R =
H, SiH3, CH3, Ph, F) the siladiphosphirene structure 6 is
the most stable isomer. The relative stability of this isomer
is most pronounced for the fluorine-substituted 6e and low-

Table 1. Relative energies [kcalmol–1] for isomers 1–7 including ZPE and thermal energy correction for 298.2 K computed at the B3LYP//
6-311g(d) level. TS = one imaginary frequency.

1 2 3 4 5 6 7

R = H (a) 24.53 16.67 16.13 36.07 24.06 0.00 25.09
R = SiH3 (b) 14.98 9.56 7.42 33.70 18.17 0.00 19.07
R = CH3 (c) 44.60 32.77 31.77 77.31 (TS) 27.54 0.00 36.63
R = Ph (d) 39.08 27.26 24.97 33.48 23.95 0.00 36.60
R = F (e) 92.28 83.65 (TS) 79.43 (TS) 46.79 49.24 0.00 75.41
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est for the silyl-substituted 6b. The geometric parameters of
this isomer show a related trend (Table 2). As expected, the
P=P bond in most examples of isomer 6 shows values typi-
cal for a double bond and the Si–P distance is typical for
the corresponding single bond. Interestingly, these bonds
show a counteracting trend for 6e and 6b. Thus, the P=P
bond in 6b (2.056 Å) is the shortest observed in this series
while the corresponding Si–P bond is the longest (2.250 Å).
The opposite is observed for the highly electronegative flu-
orine substituted 6e, which shows the longest P=P bond
in this series (2.124 Å) along with the shortest Si–P bond
(2.160 Å). In fact for the fluorine derivative, both of these
values are right in the middle between typical single and
double bonds of these elements. Concomitant with this
trend of the bond lengths, the angles associated with the
substituents also show related effects. For fluorine as sub-
stituent the R–Si–R angle (ca. 105°) is the smallest in this
series, while for silyl substituents this angle is the largest
(ca. 118°).

Table 2. Geometrical parameters for the structural isomer 6.

P–P Si–P P–P–Si R–S–P P–Si–P R–Si–R
[Å] [Å] [°] [°] [°] [°]

R = H (6a) 2.069 2.220 62.28 119.19 55.58 113.09
R = SiH3 (6b) 2.056 2.250 62.91 117.27 54.25 117.99
R = CH3 (6c) 2.079 2.220 62.14 119.70 55.71 111.82
R = Ph (6d) 2.078 2.220 62.24 119.70 55.72 113.20
R = F (6e) 2.124 2.160 60.56 122.03 58.88 104.94

These findings can be rationalized based on the consider-
ations that have been developed for phosphirenes. where the
phosphirene ring is considered as the combination of a (het-
ero)carbene and a triple bond.[40,41] Similarly, the diphos-
phirene could be considered as the combination of a silyl-
ene and P�P. The stronger the interaction of these frag-
ments, the higher should be the P–Si bond order and hence
the shorter this bond length. In contrast, the P–P bond or-
der should be reduced by increasing interaction of P2 with
the silylene fragment and the P–P bond length should there-
fore increase. Consequently, the main effect of the substitu-
ents in 6 would be to affect the electronic nature of the
silylene fragment and hence the extent of its interaction
with the P2 fragment. It is well known that fluoro-substi-
tuted silylenes possess a singlet ground state that is more
favorable to interact with a P2 unit, while the triplet ground
state is stabilized by silyl substituents. The strong interac-
tion between these fragments in 6e should also be increased
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by additional negative hyperconjugation,[42,43] where σ*(Si-
F) states act as acceptors towards bonding π(P�P) states.

Apart from the most stable siladiphosphirene 6, the na-
ture of the next stable isomer depends significantly on the
properties of the adjacent substituent. For the hydrogen-
and silyl-substituted species the cyclic diphosphasilylene
structure 3 carrying the substituents in a trans orientation
is the second most stable isomer. Structure 3 is around
8 kcalmol–1 more stable than the 1,3-disphospha-2-silaal-
lene structure 1. For all substituents the cis isomer 2a–e is
only around 1–4 kcalmol–1 less stable than the trans iso-
mers 3a–e, thus indicating only a minor repulsive interac-
tion between the substituents. On changing the substituents
to methyl or phenyl a somewhat different picture is ob-
tained. In these cases the phosphasilene structure 5, to
which some partial silyl cation character might be attrib-
uted, is the second most stable isomer rather than the di-
phosphasilylene structure 3. The energy difference between
these two isomers is not large (1–4 kcalmol–1), however.

The relative stability of isomers 3 and 5 can be rational-
ized by taking the charge distribution within the PPSi sys-
tem into account. On the grounds of Mulliken charges cal-
culated for the phosphorus and silicon atoms within iso-
mers 3 and 5 it is obvious that for hydrogen- and silyl-sub-
stituted derivatives the charge distribution differs substan-
tially from the carbon- and fluorine-substituted derivatives.
Of the isomers under question those with the more negative
(less positive) charge at the more electronegative phospho-
rus atoms represents the energetically more favored struc-
ture (Table 3). Consequently for R = CH3, Ph, and F the
phosphasilene isomer 5 is more stable, while the cyclic trans
isomer 3 is favored for R = H and SiH3.

Table 3. Sums of Mulliken charges for the P and Si atoms in iso-
mers 3 and 5.

Phosphasilene 5 trans Ring 3

R = H (a) q(Si) 0.207 q(Si) 0.238
Σq(PP) –0.271 Σq(PP) –0.348

R = SiH3 (b) q(Si) 0.126 q(Si) 0.200
Σq(PP) –0.337 Σq(PP) –0.350

R = CH3 (c) q(Si) 0.459 q(Si) 0.220
Σq(PP) –0.113 Σq(PP) 0.042

R = Ph (d) q(Si) 0.435 q(Si) 0.127
Σq(PP) –0.099 Σq(PP) 0.197

R = F (e) q(Si) 0.567 q(Si) 0.221
Σq(PP) 0.191 Σq(PP) 0.514

For fluorine as substituent the second most stable isomer
is the ring-opened structure 4. The latter is about
2 kcalmol–1 more stable than the cyclic phosphasilene 5e
and about 33 kcalmol–1 more stable than the trans oriented
cyclic structure 3e. Apart from the global minimum 6e,
structures 4e and 5e are the only isomers with direct Si–
F bonds, therefore their relative stability is likely to be a
consequence of the strength of the silicon–fluorine bond.
In contrast, structure 4 is about 10–50 kcalmol–1 higher in
energy than the second most stable isomer for most other
substituents (R = H, CH3, SiH3). In fact, structure 4a–c
is the least stable isomer for these substituents and even a
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transition state for R = CH3 which transforms into 5c and
connects the two enantiomeric forms of 5 as we found
based on IRC calculations. Interestingly, the phenyl substit-
uent has a somewhat intermediate position and 4d is only
10 kcalmol–1 less stable than 5d. This indicates that the π-
donor properties of fluorine and phenyl stabilize structure
4.

For structure 4 a delocalized bond situation can be ex-
pected. Formally, this could be described as a silylene-sub-
stituted diphosphene. However, it is obvious that other res-
onance forms have to be considered. This isomer is proba-
bly best described as a 2π-SiPP allylic system where signifi-
cant interaction of the substituents with the central unit
can be neglected (Scheme 2). However, such a description
requires a planar or nearly planar arrangement of the SiPP
unit and the adjacent substituents. According to our find-
ings (Table 4), such a situation is realized only in the meth-
yl- and fluoro-substituted derivatives 4c,e and to a lesser
extent for phenyl-substituted 4d. In contrast, the substitu-
ents adjacent to the SiPP unit in the hydrogen- and silyl-
substituted derivatives 4a,b deviate by almost 90° from the
planar geometry. Nevertheless, the geometric parameters in
4b,c show almost equally long Si–P and P–P bond lengths,
which differ by 0.08–0.09 Å. The Si–P distances in 4b,c
(2.02 and 2.11 Å, respectively) are in a range for P–Si bond
lengths that is significantly shorter than a P–Si single bond
(2.25 Å).[3,5] In contrast to the σ-acceptor, π-donor substit-
uents fluorine and phenyl, this P–Si bond length increases
substantially to 2.31 and 2.35 Å, which is in the range for
a single bond. Hydrogen-substituted 4a shows an interme-
diate situation, with an Si–P bond length of 2.22 Å. The
central Si–P–P angle follows a similar trend (86–90°) and is
markedly smaller for fluorine- and phenyl-substituted deriv-
atives 4d,e than for the other substituents (4a–c: 117–144°).

Scheme 2. Mesomeric Lewis structures of 4.

The trends observed for the structures of isomers 4a–e
(Table 4) can be interpreted as a dominant contribution of
the silylene-substituted diphosphene resonance structure.
Interaction of π-donor substituents such as phenyl and flu-
orine can stabilize the adjacent silylene center to an extent
that makes this isomer more stable than the cyclic isomer
3, as in the case of fluorine. Given a nearly planar arrange-
ment, such a stabilized silylene center (as in 4d,e) shows
only a low tendency to interact with the neighboring di-
phosphene unit. For less stabilized and therefore more elec-
trophilic silylene centers such as in 4c, interaction with the
adjacent diphosphene unit is much stronger. In nonplanar
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arrangements such as found for 4a,b, an effective Si–P–π
interaction is precluded by the geometric situation, which
tends to lead to an isolated (i.e. short) P=P bond along with
a rather long Si–P bond.

Table 4. Geometric parameters for the structural isomer 4.

Si–P–P Si–P P–P R–Si–P P–P–R RSi···PR
[°] [Å] [Å] [°] [°] [°]

R = H (4a) 116.93 2.220 2.040 91.27 94.87 84.80
R = SiH3 (4b) 143.48 2.110 2.030 91.66 97.72 88.94
R = CH3 (4c) 129.75 2.020 2.110 144.22 96.40 0.00
R = Ph (4d) 90.00 2.310 2.060 100.41 89.99 10.06
R = F (4e) 86.13 2.350 2.020 96.05 105.33 0.00

Isomer 3 can be described as a cyclic diphosphasilylene
in which the silylene center can interact with the adjacent
phosphorus atoms. The structure of this isomer is almost
invariant to the adjacent substituents with respect to the
central ring (Table 5). Only for R = F it is not a minimum
structure and ring opens to 1. Generally, the Si–P bond
length is about 2.28–2.29 Å, in the typical single bond range
for these elements. The P–P bond length varies slightly
more and is shortest in fluorine-substituted 3e (2.12 Å); it
is between 2.22 and 2.28 Å for the other substituents. The
central P–Si–P angle varies only slightly (55–60°) and is
close to experimental values in diphosphasiliranes.[44] Simi-
larly, the P–P–Si angle of the three-membered ring shows
values in a narrow range between 60–63°. In contrast to the
central ring unit, more significant differences are observed
for the angles involving the adjacent substituents, i.e. the
R–P–Si and the dihedral angle R–P–P–R. For R–P–Si the
angle increases with the π-donor character of R. In con-
trast, the dihedral angle R–P–P–R decreases in the same
direction (Table 5).

Table 5. Geometric parameters for the structural isomer 3.

P–Si–P Si–P P–P–Si R–P–Si P–P R–P–P–R
[°] [Å] [°] [°] [Å] [°]

R = H (3a) 58.85 2.290 60.57 92.79 2.259 178.26
R = SiH3 (3b) 59.81 2.280 60.09 87.88 2.283 170.54
R = CH3 (3c) 58.11 2.280 60.76 110.27 2.222 155.72
R = Ph (3d) 59.11 2.260 59.25 91.05 2.266 158.22
R = F (3e) 55.05 2.290 62.47 121.05 2.123 126.79

The structural parameters for the 1,3-disphospha-2-sila-
allenes 1a–e also show some interesting trends depending
on the nature of the adjacent substituents (Table 6). The
deviation from linearity of the central P=Si=P unit [P–Si–
P angle of 135° (1e) and 155° (1d)] is strongest for the π-
donating substituents fluorine and phenyl. Concomitant
with this bending is an increase of the P–Si bond length to
2.12 (1e) and 2.09 Å (1d). The corresponding hydrogen- and
silyl-substituted analogues (1a,b 169–171°) are closer to lin-
earity and the P–Si bond (2.06 Å) is shorter than for the
phenyl- and fluorine-substituted derivatives (1e,d).
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Table 6. Geometric parameters for the structural isomer 1.

P–Si–P Si–P R–P–Si RP···PR
[°] [Å] [°] [°]

R = H (1a) 168.87 2.060 89.83 88.69
R = SiH3 (1b) 171.36 2.060 93.50 89.14
R = CH3 (1c) 161.98 2.080 102.89 90.58
R = Ph (1d) 155.38 2.090 102.17 94.16
R = F (1e) 135.46 2.120 104.40 99.34

Among all isomers of 1,3-disphospha-2-silaallene the cy-
clic phosphasilene 5 shows the least impact of the electronic
properties of the substituents on its structural parameters
(Table 7). Thus, in 5a–e the formal double bond between
the silicon atom and phosphorus atom without any exocy-
clic substituent shows values in the range of 2.04–2.06 Å.
The formal single bond from silicon to the other phospho-
rus atom is characteristically longer, with values between
2.17 and 2.23 Å that are in agreement with a description as
a short single bond. The P–P distances (2.38–2.41 Å) are
rather long, and the angles are in a narrow range for all
substituents that we investigated. Thus, the P–Si–P angles
in 5a–e vary only from 68° to 69° and similarly the P(R)–
P–Si angles are all within the range of 58° to 59°.

Table 7. Geometric parameters for the structural isomer 5.

Si–P Si–P(R) P–P P–Si–P P(R)–P–Si R–Si–P–R
[Å] [Å] [Å] [°] [°] [°]

R = H (5a) 2.046 2.210 2.410 68.91 58.79 87.74
R = SiH3 (5b) 2.059 2.230 2.390 67.88 59.43 85.76
R = CH3 (5c) 2.051 2.200 2.390 68.38 58.86 84.57
R = Ph (5d) 2.057 2.200 2.380 67.95 58.94 77.88
R = F (5e) 2.040 2.170 2.380 69.02 58.06 78.60

The cyclic isomers of 1,3-diphospha-2-silaallene (2, 3, 5,
and 6) are generally not as structurally flexible as the ring-
opened isomers 1 and 4. One might be tempted to interpret
this rigidity as an indication of a limited or even negligible
interaction between the substituents and the cyclic P2Si
unit. However, the presence and significance of such an in-
teraction is evident from the prominent influence of dif-
ferent substituents on the relative stabilities of these iso-
mers, including the cyclic ones.

Finally, the last isomer investigated by us is the phos-
phanyl-substituted phosphasilyne 7 (Table 8). Since the sub-
stituents in this isomer are not bonded directly to a low-
valent main group atom, structural differences based on
their conjugative properties are not likely to be pronounced.
Accordingly, the formal triple bond shows a constant P–Si
distance of roughly 1.97 Å for all substituents. The adjacent
Si–P single bond (2.23 Å) is shortest for silyl-substituted 7a
and longest for fluorine-substituted 7e (2.35 Å). The angles
around the tricoordinate phosphorus atom are smallest for
the hydrogen-substituted compound and largest for its
phenyl-substituted congener, which suggests steric reasons
for this observation.
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Table 8. Geometric parameters for the structural isomer 7.

Si�P Si–PR2 P–Si–P Si–P–R R–P–R P–Si–P–R
[Å] [Å] [°] [°] [°] [°]

R = H (7a) 1.966 2.260 170.38 93.95 93.72 132.97
R = SiH3 (7b) 1.968 2.230 175.34 98.23 100.48 128.97
R = CH3 (7c) 1.971 2.270 170.55 100.23 100.57 128.28
R = Ph (7d) 1.971 2.270 168.48 100.33 105.20 110.32
R = F (7e) 1.976 2.350 154.16 98.81 98.56 129.99

In order to check the reliability of the B3LYP method
and the basis set of our choice for the structurally rather
flexible compounds investigated here we tested the structure
and energy calculations for the hydrogen-substituted parent
systems of all isomers by reoptimization using the MP2
method. Table 9 and Scheme 3 summarize the results ob-
tained for isomers 1–7a with the 6-311g(d) and 6-311g(d,p)
basis sets using the DFT and MP2 approach to include
electron correlation. As is evident from these data, the dif-
ferences with respect to correlation method and basis set
are only marginal and the same trend in the relative energies
of isomers 1–7a is observed in all cases, which indicates that
the DFT approach is well suited to exploring the energy
hypersurface of this type of compounds. A minor issue is
observed for isomer 4, which is the least stable isomer for
all methods. Interestingly, structure 4 is identified as a mini-
mum when employing the B3LYP functional while two
negative vibrations at low frequency are found at the MP2

Scheme 3. Overview of relative energies [kcalmol–1] for isomers 1–7a (R = H) at the MP2 level (B3LYP in brackets) using a 6-311g(d,p)
basis set including ZPE and thermal energy correction for 298.2 K.
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level. Bearing in mind that DFT methods are known to
sometimes incorrectly predict minima on a very flat energy
hypersurface and for spin contaminated states,[45] it might
be possible that this isomer could in fact be a transition
state in other cases as well. Actually, methyl-substituted 4c
is a TS even at the DFT level and this isomer is generally
the least stable one, except for 4d,e. Therefore, for the fluor-
ine-substituted system, where structure 4e is quite relevant
due to its high relative stability, the minimum was con-
firmed also at the MP2 level.

Table 9. Relative energies [kcalmol–1] for isomers 1–7a (R = H)
including ZPE and thermal energy correction for 298.2 K at dif-
ferent levels of theory.

1 2 3 4 5 6 7

B3LYP//6-311g(d) 24.5 16.7 16.1 36.1 24.1 0.0 25.1
B3LYP//6-311g(d,p) 22.5 15.1 14.5 35.2 23.2 0.0 23.9
MP2//6-311g(d) 32.3 26.1 25.9 59.2 28.0 0.0 26.2
MP2//6-311g(d,p) 28.4 22.8 22.4 57.5 26.6 0.0 24.5

A limitation of our study that should be relevant for the
synthetic realization of such systems is the fact that we fo-
cused strictly on the electronic properties of the adjacent
substituents and did not consider steric effects and the bulk
of the substituents. Nevertheless, it is obvious that sterically
very demanding substituents will destabilize structures in
which both substituents are connected to the same atom, as
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in 7 or the global minimum 6, whereas the other isomers
should benefit from such an influence.

In summary, our exploration of the relative stabilities of
1,3-diphospha-2-silaallenes and their isomers shows that
the goal to prepare a stable 1,3-diphospha-2-silaallene will
be a hard one to achieve as the siladiphosphirene isomer is
significantly more stable for all substituents considered in
this study. The stability of the diphosphasilaallene relative
to other isomers depends strongly on the nature of the adja-
cent substituents. Thus, for simple carbon and silyl substitu-
ents alternative ring-closed isomers are favored over the di-
phosphasilaallene, which, depending on the substituent, can
show silylene or phosphasilene character. Given sufficient
steric protection, the latter species themselves will surely be
challenging synthetic goals to pursue.

Computational Details
Quantum chemical calculations were carried out using the
Gaussian 03 suite of programs.[33] In related work studying the ef-
fect of basis sets and electron correlation on several double-bonded
silicon species using different basis sets and several correlation
methods, it was found that the geometry is not sensitive to the basis
set and good results are expected with standard density functional
theory methods.[30,46,47]

The optimized geometry was confirmed as a minimum on the po-
tential surface by second-derivative calculations. All the calculated
energy data were corrected with the zero-point energy (ZPE) and
the thermal energy correction to 298 K (E = E0 + Evib + Erot +
Etransl).

Supporting Information (see also the footnote on the first page of
this article): Complete data of harmonic vibrational frequencies,
optimized geometries, total energies (E, in hartrees), and number
of imaginary vibrational frequencies are provided for all isomers.
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Synthesis and Some Properties of Bis(ruthenocenyl)thiophene Derivatives –
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The binuclear ruthenocene derivatives bridged by thio-
phene, 3,4-ethylenedioxythiophene, 2,2�-bithiophene, thi-
eno[3,2-b]thiophene, or 3,6-dimethylthieno[3,2-b]thiophene
were prepared by the Suzuki coupling of 2-ruthenocenyl-4,5-
tetramethyl-1,3-dioxaborolane with the corresponding diiodo
compounds. In addition, thiophene- and bithiophene-
bridged binuclear pentamethylruthenocenes were prepared
by the reaction of bis(pentamethylruthenocenyl)diyne and
-tetrayne with NaSH, respectively. The cyclic voltammograms
of these complexes exhibit one-step two-electron redox
waves in the lower potential region (0–0.3 V versus FcH/
FcH+). The two-electron oxidized species of the thiophene-

Introduction
Significant interest has been focused on carbon-rich or-

ganometallics that contain rigid, π-conjugated chains or
aromatics because organometallic assemblies are important
for electron-transfer processes,[1] the formation of liquid
crystalline materials,[2] and the construction of molecular
devices.[3] In particular, numerous investigations have been
concentrated on polyynediyl complexes, [LnM–(C�C)m–
MLn] (m = 1,2, etc.),[4] because they are attractive candi-
dates for use in the preparation of molecular wires and
nanoscale electronic devices; this comes by virtue of their
possible charge delocalization along the entire conjugated
backbone.[5] Ferrocenyl derivatives also present themselves
as fascinating candidates for use in the design of such mate-
rials because of a stable one-electron redox system (i.e. sta-
bility in both the neutral and oxidized forms).[6] Enormous
effort has been expended in the synthesis of dinuclear ferro-
cene derivatives with π-conjugation.[7] In addition, much at-
tention is currently focused on materials that are based on
oligothiophenes and polythiophenes because of their re-

[a] Department of Chemistry, Faculty of Science, Saitama Univer-
sity,
Saitama, Saitama 338-8570, Japan

[b] Department of Chemistry, Faculty of Science, Yamagata Uni-
versity,
Yamagata, Yamagata 990-8560, Japan

Eur. J. Inorg. Chem. 2006, 4577–4588 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4577

bridged binuclear ruthenocene derivatives are comparatively
stable and adopt the spin-coupled and structurally iso-
merized fulvene complex-type structure. The solid structure
of the oxidized species of bis(pentamethylruthenocenyl)thio-
phene was determined by X-ray diffraction analysis. The thi-
eno[3,2-b]thiophene-bridged analog shows a temperature-
dependent 1H NMR spectrum in CD3NO2. The dicationic
species exist as a RuII–RuIV mixed-valence species in
CD3CN.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

markable electronic and optoelectronic properties.[8,9]

Therefore, the incorporation of these compounds between
two ferrocenyl sites may be expected to promote or inhibit
electron delocalization in these types of conjugated sys-
tems.[10] Only a few studies have been published with regard
to ruthenocene derivatives bridged by π-conjugated chains
probably because of the irreversible redox behavior of ru-
thenocene itself. For example, biruthenocene undergoes
one-step two-electron oxidation to afford the dicationic
complex that possesses a uniquely coordinated fulvalene as
a result of structural isomerization caused by spin-coupling.[11]

Bis(ruthenocenyl)oligoenes are oxidized reversibly by the
one-step two-electron redox process to afford stable
dicationic bis(fulvene)-type complexes.[12] The spin coupling
that leads to this structural isomerization is maintained de-
spite the length of the conjugation, at least up to the
tetraene derivatives. Bis(ruthenocenyl)ethynes also afford
the novel dicationic µ2-bis(cyclopentadienylidene)ethene di-
ruthenium complexes upon two-electron oxidation.[13] In
contrast with the case of the two-electron oxidized species
of the oligoene derivatives, the stability of the two-electron
oxidized species in the oligoyne derivatives declines with in-
creasing length of the conjugation. In cyclic voltammo-
grams, these dinuclear ruthenocene derivatives show two-
electron oxidation waves in the low-potential region, which
suggests the formation of a stable, two-electron oxidized
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species. However, the bis(ruthenocenyl) derivatives that are
bridged by benzenoid aromatics show only a small or no
two-electron oxidation wave in their cyclic voltammo-
grams.[14] The published reports on the ferrocenes and transi-
tion-metal complexes bridged by thiophene derivatives[9,10]

have stimulated us to investigate complexes that incorporate
thiophene derivatives between two ruthenocenyl sites be-
cause thiophenes have an enhanced olefinic character and
have less aromaticity compared with those of benzenoid
compounds. In this report, we describe the synthesis and
some properties of bis(ruthenocenyl)thiophene derivatives.
Recently, a bis(ruthenocenyl)thiophene derivative has been
reported to show an interesting redox behavior.[15]

Results and Discussion

Preparation of Bis(ruthenocenyl)thiophene Derivatives

It has been reported that the Suzuki coupling reaction of
2-ruthenocenyl-4,5-tetramethyl-1,3-dioxaborolane (1) with
the appropriate halide is a useful method for the prepara-
tion of binuclear ruthenocene derivatives bridged by an aro-
matic compound.[14] Complex 1 was heated with 2,5-diiodo-
thiophene in the presence of (dppf)PdCl2 and 3  aqueous
NaOH in DME in a sealed tube to afford 2,5-bis(rutheno-
cenyl)thiophene (2) in 23% yield. In a similar manner, the
reaction of 1 with 3,4-ethylenedioxy-2,5-diiodothiophene,
5,5�-diiodo-2,2�-bithiophene, 2,5-diiodothieno[3,2-b]thio-
phene, or 2,5-diiodo-3,6-dimethylthieno[3,2-b]thiophene
also proceeded successfully under the similar conditions to
afford the corresponding binuclear ruthenocene derivatives
3, 4, 5, or 6 with yields of 33%, 23%, 18%, or 25%, respec-
tively (Scheme 1). Complex 2 was also prepared by the reac-
tion of 1,4-bis(ruthenocenyl)buta-1,3-diyne with NaSH in
DMF in an 87% yield. Complexes 2, 4, and 5 were scarcely
soluble in common organic solvents. Assignment of their
structures was carried out on the basis of the corresponding
spectroscopic data. For example, the 1H NMR spectrum of
4 shows the η-C5H4-ring protons at δ = 4.63 and 4.98 ppm
as triplets (J = 1.8 Hz), the η-C5H5-ring protons at δ =
4.53 ppm as a singlet, and the ring protons of bithiophene
at δ = 6.82 and 6.86 ppm as doublets (J = 3.8 Hz). The 13C
NMR spectrum of 4 supports the structure assigned by the
1H NMR spectrum. The structure of 3 was confirmed by
single-crystal X-ray diffraction. The crystallographic data
are listed in Table 5, and selected bond lengths and angles
are listed in Table 1. The ORTEP view of 3 is shown in
Figure 1. The two η-C5H4-ring planes of the ruthenocenyl
(abbreviated as Rc hereafter) parts are tilted by 18.89(4)°
and 24.83(4)° toward the central thiophene-ring plane prob-
ably because of the steric hindrance that is due to the diox-
olane ring fused to the thiophene ring. The two η-C5H5Ru
moieties of the Rc parts are positioned on opposite sides of
the central thiophene ring. Other bond lengths and angles
are the same as those of the ruthenocene and thiophene
derivatives.
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Scheme 1.

Table 1. Selected bond lengths and bond angles for 3.

Bond lengths [Å]

C(11)–C(12) 1.380(11) C(12)–C(15) 1.400(11)
C(15)–C(16) 1.367(11) C(12)–O(1) 1.378(9)
O(1)–C(13) 1.38(2) C(13)–C(14) 1.31(2)
C(14)–O(2) 1.432(14) O(2)–C(15) 1.366(10)
S(1)–C(11) 1.742(9) S(1)–C(16) 1.735(8)
C(1)–C(11) 1.413(12) C(16)–C(17) 1.425(12)

Ru(1)–C(Cp) 2.176(av.) C(Cp)-C(Cp) 1.42(av.)

Bond angles [°]

C(11)–S(1)–C(16) 94.4(4) S(1)–C(11)–C(12) 107.1(6)
C(11)–C(12)–C(15) 115.7(7) S(1)–C(16)–C(15) 108.9(6)
C(12)–C(15)–C(16) 113.8(7)

Figure 1. ORTEP view of complex 3.
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1,4-Bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)buta-

1,3-diyne was allowed to react with NaSH in DMF heated
at 100 °C under an argon atmosphere to afford 2,5-
bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)thiophene (7)
i n 9 2 % y i e l d . T h e s i m i l a r r e a c t i o n o f 1 , 8 - b i s -
(1��,2��,3��,4��,5��-pentamethylruthenocenyl)-1,3,5,7-octa-
tetrayne afforded 5,5�-bis(1��,2��,3��,4��,5��-pentamethylru-
thenocenyl)-2,2�-bithiophene (8) in 64% yield (Scheme 2).
The structures of these compounds were assigned on the

Scheme 2.

Table 2. Selected bond lengths and bond angles for 7.

Bond lengths [Å]

Ru(1)–C(Cp) av. 2.187 C–C(Cp) av. 1.42
S(1)–C(1) 1.736(9) S(1)–C(4) 1.748(8)
C(1)–C(2) 1.352 (13) C(2)–C(3) 1.390(12)
C(3)–C(4) 1.336 (12) C(1)–C(20) 1.445(11)
C(4)–C(5) 1.443(12)

Bond angles [°]

S(1)–C(1)–C(2) 109.0(7) S(1)–C(4)–C(3) 109.0(7)
S(1)–C(4)–C(5) 120.3(6) S(1)–C(1)–C(20) 121.1(7)
C(1)–C(2)–C(3) 114.1(13) C(2)–C(3)–C(4) 115.0(8)
C(1)–S(1)–C(4) 92.5(4)

Figure 2. ORTEP view of complex 7.
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basis of the corresponding 1H- and 13C NMR spectroscopic
data. The structure of 7 was also confirmed by X-ray dif-
fraction analysis. The crystallographic data are listed in
Table 5, and selected bond lengths and angles are shown in
Table 2. The ORTEP view of 7 is shown in Figure 2. The
thiophene ring is almost coplanar with the plane of the η-
C5H4-rings of the two 1�,2�,3�,4�,5�-pentamethylrutheno-
cenyl (abbreviated as Rc* hereafter) groups; the twisted
angles are 3.60(5)° and 2.36(5)°. The two η-C5Me5Ru moie-
ties of the Rc* parts adopt the trans orientation with re-
spect to the linker ligand. Other bond lengths and angles
are the same as the corresponding parameters for the ru-
thenocene and thiophene derivatives.

Redox Behavior

The cyclic voltammograms of 2–8 were measured in a
solution of 0.1  nBu4NBF4 in CH2Cl2 with the use of a
glassy carbon electrode and a sweep rate of 0.1 Vs–1 (Fig-
ure 3). The electrochemical data are summarized in Table 3.
As seen in Figure 3, the cyclic voltammograms are much
more complex than those of bis(ruthenocenyl)ethenes that
were previously reported to contain a pair of oxidation and
reduction waves in a similar region.[12] However, the cyclic
voltammograms exhibit a definite oxidation wave near
0.3 V, along with a similar wave near 0.5 V in the Rc series
2–6. The magnitude of the former oxidation wave is almost
equal to that of the latter, probably because the electron-
rich thiophene bridge promotes the one-step two-electron
redox process. This observation differs greatly from the
finding that similar dinuclear ruthenocene derivatives bridged
by aromatics only show a small or no oxidation wave near
0.3 V.[14] In these complexes, the peak current parameter Ipa

at about 0.3 V is about 2500 µAV–1/2 s1/2 cm–2 m–1, with the
exception of 4, and the napp value in the thin-layer coulome-
try[16] is approximately 2; this suggests that the first oxidation
wave near 0.3 V can be assigned to the two-electron oxidation
process that corresponds to the RuII–RuIII couple at the two
ruthenocenyl sites. The large peak current parameter for the
first oxidation peak of 4 appears to be due to an overlap
of the first oxidation peak with part of an adjacent, second
oxidation peak. Although the redox behavior of the second
wave of each complex is relatively complex, the second wave
near 0.5 V may be assigned to RuIII–RuIV oxidation. More-
over, if the backwards scan is analyzed at the end of the first
wave near 0.3 V, the Ipa of this oxidation wave is almost iden-
tical to the Ipc of the reduction wave near 0.2 V. Surprisingly,
in 7 and 8 one oxidation wave and one reduction wave appear
near 0.0 V with equal magnitudes, although small additional
peaks are also observed. The methyl-substituted ruthenocene
ring seems to assist the one-step two-electron redox process.
In particular, the oxidation potential of 7 is in the low poten-
tial region, which is similar to those of bis(ruthenocenyl)-
ethenes (which are comparable to that of ferrocene!).[12]

These observations suggest that the redox waves observed at
�0.25 V correspond to a one-step two-electron process and
that the two-electron oxidized species of complexes 2–8 are
stable.
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Figure 3. Cyclic voltammograms of 2–8: (a) complex 2, (b) complex 7, (c) complex 8, (d) complex 3, (e) complex 4, (f) complex 5, (g)
complex 6.

It is noteworthy that the oxidation potentials observed
for the present complexes show no change or increased only
slightly with increases in conjugation of the linker: 2
(+0.281 V) � 5 (+0.265 V) � 4 (+0.276 V), and 7
(+0.028 V) � 8 (+0.069 V). A similar but clearer trend is
observed in the Rc*(C�C)nRc* series.[13a] However, this
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tendency is different from that observed for the dinuclear
ruthenocene derivatives bridged by oligoenes, the oxidation
potentials of which are shifted to a lower potential region
with an increase in the number of CH=CH units.[12a] The
lower susceptibility of the oxidation potential to the length
of conjugation in the present system seems to be related to
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Table 3. Cyclic voltammetric[a] and coulometric data for the first oxidation process of bis(ruthenocenyl)thiophene derivatives in CH2Cl2.

Complex Epa [V] Epc [V] E1/2 [V][b] ∆Ep Ipa Ipc/Ipa napp
[e]

vs. FcH/FcH+ vs. FcH/FcH+ vs. FcH/FcH+ [mV][c] [U][d]

2 0.281 0.201 0.241 80 2900 1.1 2.2(1)
3 0.174 0.111 0.143 63 2500 1.2 1.9(1)
4 0.276 0.229 0.253 47 4400 1.6 –[f]

5 0.265 0.224 0.245 41 3000 1.4 –[g]

6 0.307 0.230 0.269 77 2400 1.5 1.8(1)
7 0.028 –0.039 –0.005 67 2700 1.0 2.1(2)
8 0.069 0.007 0.038 62 2700 1.3 –[g]

[a] Sweep rate = 0.1 Vs–1. [b] E1/2 = (Epa + Epc)/2. [c] ∆E = Epa – Epc. [d] Peak current parameter: U = µAV–1/2 s1/2 cm–2 m–1. [e] The
number of electrons (napp) concerned with the first oxidation of the complexes with standard deviation given in parentheses is determined
from the results of thin-layer coulometry. [f] The second oxidation is observed at the potential close to the first oxidation. [g] Solubility
is too low to determine napp.

the fact that the aromaticity of the thiophene ring works as
cross-conjugation for the electronic interaction between two
metal sites in the bis(ruthenocenyl)thiophene derivatives.

Chemical Oxidation

A suspension of thiophene-bridged dinuclear rutheno-
cene 2 in CHCl3 was oxidized with p-BQ/BF3·OEt2 (p-BQ
= p-benzoquinone) at 0 °C to yield 9 as fine brown crystals.
The deep red–brown solution of 9 in CD3NO2 was found
to be stable at 0 °C. The 1H NMR spectrum shows one
singlet for the η-C5H5 ring protons at δ = 5.26 ppm, the
four signals for the η-C5H4 ring protons at δ = 5.75, 5.90,
6.32, and 6.40 (2 H each) ppm, and one singlet for the thio-
phene ring protons at δ = 7.46 ppm, which suggest that the
molecule has a mirror plane or a center of symmetry but
that the α- and β-protons of the η-C5H4 ring are nonequiva-
lent because of the lack of symmetry in the η-C5H4 ring.
The η-C5H5 ring (∆δ = 1.61 ppm) and the thiophene ring
protons (∆δ = 0.77 ppm) are shifted to a lower field com-
pared with the corresponding signals of 2, which indicates
the accumulation of positive charges on the Rc moiety and
the thiophene ring. This type of spectral pattern accords
with the appearance of the fulvene complex-type structure
(9B in Scheme 3), as seen for the oxidized species of bis(ru-
thenocenyl)ethene.[12] This hypothesis is supported by the
13C NMR spectrum of 9 in which signals for the α- and β-
η-C5H4 ring carbons are observed at δ = 77.42, 78.72,
90.33, and 90.66 ppm. This signal pattern is also observed
for [(η-C5H5)Ru(µ2-η6:η6-C5H4CHCHC5H4)Ru(η-C5H5)]-
(BF4)2.[12]

Oxidation of 7 with p-BQ/BF3OEt2 in CH2Cl2 at 0 °C
and subsequent dilution with benzene produced 11 as black
powdery crystals that are stable when stored in the freezer.
The 1H NMR spectrum of the red–violet solution of 11 in
CD3NO2 at –5 °C exhibits the η-C5H4 ring proton signals
at δ = 5.53 (m, 4 H) and 5.90 (m, 4 H) ppm and the thio-
phene ring proton signals at δ = 7.41 ppm. This signal
pattern is different from that observed for 9, which implies
that the α- and β-protons of the η-C5H4 ring are in a sym-
metrical environment. The signals for the η-C5H4 (∆δ =
1.30 and 1.33 ppm) and thiophene ring (∆δ = 0.75 ppm)
protons in 12 show a lower-field shift similar to those seen
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for 9. Therefore, the spectral pattern indicates the presence
of species 11A shown in Scheme 3, in which the two spins
of the molecule are coupled to each other, but they do not
lead to structural isomerization. However, the 13C NMR
spectrum of 11 in CD3NO2 shows four η-C5H4 ring carbon
signals at δ = 75.85, 77.10, 93.81, and 93.99 ppm. This sig-
nal pattern is similar to that seen for 9, which indicates the
presence of a fulvene complex-type structure (11B) for the
dicationic species. The appearance of two signals for the η-
C5H4 ring protons in the 1H NMR spectrum of 11 in
CD3NO2 may be due to an accidental superimposition be-
cause the signals are observed as a quintet and a sextet
rather than two triplets, if they are examined in detail.
Furthermore, in CD2Cl2 or (CD3)2CO three signals are ob-
served for the η-C5H4 ring protons.

The NMR spectra of 9 and 11 in CD3CN show quite
different patterns from those in CD3NO2, and two sets of
the signals for the Rc part and the thiophene ring are ob-
served. For example, the set of signals for the Rc ring pro-
tons [δ = 4.57 (s, 5 H), 5.02 (t, 2 H), and 5.36 (t, 2 H) ppm]
is similar to that of the neutral ruthenocenyl group, and the
other set of signals [δ = 5.90 (s, 5 H), 6.01 (t, 2 H), 6.27 (t,
2 H) ppm] resembles that of the ruthenocenium cation. The
protons of the thiophene ring appear at δ = 7.40 and
8.05 ppm as doublets (J = 4.5 Hz). The spectral pattern in-
dicates that 9 reacts with CD3CN, passes through interme-
diate 9C, to generate RuII–RuIV mixed-valence complex 10.
Similarly, the 1H NMR spectrum of 11 in CD3CN shows
the presence of mixed-valence complex 12. This type of
conversion has been reported for the dissolution of the two-
electron oxidized species of biruthenocene in CD3CN,[11]

but has not been observed for the oxidized species of the
dinuclear ruthenocenes bridged by oligoenes and oligoynes
in CD3CN.[12,13] This difference may be due to the level of
stability of the fulvene complex-type structure. It is consid-
ered that the two-electron oxidized species of bis(rutheno-
cenyl)oligoenes are sufficiently stabilized by the fulvene
complex-type structure, whereas the fulvene complex-type
structure in 9 or 11 is not very stable in solution because
of lower spin coupling. These results also suggest that the
replacement of the Rc group with the Rc* group exerts little
influence on the structures of the two-electron oxidized spe-
cies of the thiophene-bridged binuclear derivatives.
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Scheme 3.

The oxidation of 7 with ferricenium tetra[3,5-bis(trifluoro-
methyl)phenyl]borate in CH2Cl2 yielded stable oxidized
species 13 as dark violet fine needles. The 1H NMR spec-
trum of 13 in CD3NO2 exhibits two C5H4-ring protons at
δ = 5.52 (m, 4 H) and δ = 5.90 (m, 4 H) ppm and shows
no change when 13 is cooled to –30 °C (CH3NO2, m.p.
–29 °C). This spectral pattern is similar to that observed for
11, which suggests that the counter anion has no influence
on the degree of structural isomerization. Complex 13 was
recrystallized from CH2Cl2/diethyl ether in diffusion mode
to produce black–violet cubes, which were suitable for X-
ray diffraction analysis. The crystallographic data for 13 are
listed in Table 5, and selected bond lengths and angles are
shown in Table 4. The ORTEP view for the cationic part of
13 is shown in Figure 4. The cationic molecule of 13 is lo-
cated at an inversion center. Two molecules of diethyl ether
are involved in the crystal. As seen in Figure 4, a disorder
exists in the central thiophene ring of 13. It is clear that the
Rc* part of 13 adopts a fulvene complex-type structure.
The Ru(1)–C(16) bond length is 2.111(5) Å, which is some-
what shorter than the corresponding bond lengths observed
in [Ru(η-C5H5)(η6-C5H4CH2)]+ [2.272(4) Å],[17] [(η-C5Me5)-
Ru(η6:η6-C5H4CHCHC5H4)Ru(η-C5Me5)2+ [2.410 Å],[12]

and [(η-C5Me5)Ru(η6:η6-C5H4C=CC5H4)Ru(η-C5Me5)2+

[2.254(3) Å].[13] The C(15)–C(16) bond length is 1.381(7) Å,
which is shorter than the C(sp2)–C(sp2) bond length
(1.465 Å). Similar short bond lengths are found in the
fulvene complexes [Ru(η-C5Me5)(η6-C5Me4CH2)]+

[1.401(4) Å][18] and [Ru(η-C5H5)(η6-C5H4CH2)]+

[1.405(5) Å].[17] The C(15)–C(16) bond is folded by
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30.5° from the η-C5H4 ring plane. This tilt angle is smaller
than those of [Ru(η-C5H5)(η6-C5H4CH2)]+ (42.6°),[17]

[Ru(η-C5Me5)(η6-C5Me4CH2)]+ (40.3°),[19] [(η-C5Me5)-
Ru(η6:η6-C5H4CHCHC5H4)Ru(η-C5Me5)]2+ (40.4°)[12] and
[(η-C5Me5)Ru(η6:η6-C5H4C=CC5H4)Ru(η-C5Me5)]2+

(41.3°),[13b] but close to that of [(η-C5H5)Ru(η6:η6-
C5Me4C=CC5Me4)Ru(η-C5H5)]2+ (32.7°).[13a] In addition,
some bond alternation is observed in the η-C5H4 ring of
the Rc* moiety. The C(16)–C(17) and C(17)–C(18) bond
lengths are 1.753(13) and 1.306(14) Å, respectively, which
indicates that the former is a single bond and the latter is a
double bond, although these measurements are not precise
because of the presence of disorder in the system. This rela-
tionship is reverse to that noted for neutral thiophene deriv-

Table 4. Selected bond lengths and bond angles for 13.

Bond lengths [Å]

Ru(1)–C(Cp) av. 2.182 C–C(Cp) av. 1.397
S(1)–C(16) 1.560(8) S(1)–C(16�) 1.539(8)

C(16)–C(17) 1.735(13) C(17)–C(18) 1.306(14)
C(16�)–C(18) 1.754(13) C(15)–C(16) 1.381(7)
C(11)–C(15) 1.439(9) C(11)–C(12) 1.405(16)
C(12)–C(13) 1.346(19) C(13)–C(14) 1.357(14)
C(14)–C(15) 1.439(9) Ru(1)–C(16) 2.111(5)

Bond angles [°]

S(1)–C(16)–C(17) 105.6(5) S(1)–C(16�)-C(18) 105.7(5)
S(1)–C(16)–C(15) 141.8(7) S(1)–C(16�)-C(15�) 143.6(7)

C(16)–C(17)–C(18) 110.5(9) C(17)–C(18)–C(16�) 109.9(9)
C(15�)–C(16�)–C(18) 109.3(7) C(16)–S(1)–C(16�) 108.2(3)
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Figure 4. ORTEP view of complex 13.

ative 7. Therefore, the bridging ligand in 13 can be formu-
lated as a fully conjugated 2,5-bis(fulvalenylidene)thio-
phene.

3,4-Ethylenedioxythiophene derivative 3 and bithiophene
derivatives 4 and 8 were oxidized under similar conditions
to generate the corresponding oxidized species, which gave
no clear-cut 1H NMR spectrum of a sole product in
CD3NO2. Oxidation of thieno[3,2-b]thiophene derivative 5
under similar conditions afforded two-electron oxidized
species 14 as a black powder which is relatively stable at
room temperature in the solid form. The 1H NMR spec-
trum of 14 in CD3NO2 at 20 °C shows η-C5H4 ring protons
as triplets at δ = 5.93 and 6.30 ppm, which suggests that the
structure of 14 has a plane or center of symmetry. The sig-
nals for the η-C5H4 ring protons broaden when the tem-
perature is lowered, and the signal at δ = 5.93 ppm splits
at –30 °C and is clearly observed as two signals at –35 °C
(the limit of the measurement). This suggests the presence
of a certain dynamic process. The structures 14A–14C
shown in Scheme 4 can be attributed to the structure of the
two-electron oxidized species 14 in CD3NO2. The structure
at low temperature that produces the four signals for the η-
C5H4 ring protons (albeit two signals were still superim-
posed) seems to be fulvene complex-type structure 14B.
Thus, the structure at room temperature would be symmet-
rical structure 14A or 14C. The low-field shifts of the pro-
ton signals of η-C5H5 (∆δ = 0.74 ppm), η-C5H4 (∆δ = 1.25–
1.30 ppm), and the thieno[3,2-b]thiophene rings (∆δ =
0.52 ppm) upon oxidation of 5 are smaller than those seen
for 9. The small shifts observed for the η-C5H5 and η-C5H4

ring protons suggest a decrease in the positive charge on
the Ru atom of 14. The lower-field shift of the thieno[3,2-
b]thiophene ring protons may be explained by a counterbal-
ancing of the increase in the positive charge by the destruc-
tion of the aromaticity in the thiophene ring of 14C. Thus,
14C seems to be the preferred structure at room tempera-
ture, and the dynamic process described above may be at-
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tributed to simultaneous charge transfer between 14B and
14C. However, a dynamic process due to spin-coupling and
spin uncoupling between 14B and 14A cannot presently be
ruled out. On the other hand, the 1H NMR spectrum of 14
in CD3CN shows two sets of signals for the (η-C5H5)Ru(η-
C5H4)-moiety and two signals for the thieno[3,2-b]thio-
phene ring as observed for 10 and 12 in CD3CN, which
indicates that 15 reacts with CD3CN via 14C to generate
RuII–RuIV mixed-valence complex 15.

Scheme 4.
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Theoretical Considerations

Density function theory (DFT) calculations were per-
formed for the cationic part of two-electron oxidized species
9, 11, and 14. Because the B3LYP/3-21G level calculation
for the optimized structures of 9 and 11 did not reproduce
the structures determined by the NMR spectra and X-ray
diffraction analyses, local spin density approximation
(LSDA) was employed for all calculations described in this
paper, and in result could revive the actual structure.

The Rc* part of the two-electron oxidized species of thio-
phene-bridged complex 11 was found to adopt a fulvene
complex-type structure, as shown in Figure 5. Thus, the
Ru(1)–C(16) distance was found to be 2.50 Å, which is close
to that found experimentally for 13 [2.529(5) Å]. The C(15)–
C(16) bond length was calculated to be 1.412 Å, which is
similar to that of the coordinated ethene bond and approxi-
mates the observed length [1.381(7) Å]. The C(15)–C(16)
bond was found to be folded by 31.0° from the η-C5H4 ring
plane, which is consistent with the experimental finding that
the tilt angle in 13 is 30.5°, although this angle is smaller
than those seen for fulvene complexes [Ru(η-C5H5)(η6-
C5H4CH2)]+ (42.6°)[17] and [Ru(η-C5Me5)(η6-C5Me4CH2)]+

(40.3°).[18] The calculated C(16)–C(17) bond length
(1.431 Å) resembles a single bond and the C(17)–C(18)
bond length (1.354 Å) resembles a double bond, which co-
incides with the trend observed in 13. The Mulliken charge
distribution in two-electron oxidized species 11 was calcu-
lated, in which +0.929 of the positive charge was found to
be located on one Ru atom and +0.001 of the positive
charge was found to be located on the S atom. These results
suggest that the structure of 11B is that of the two-electron
oxidized species 11.

Figure 5. Optimized structure of the dication of 2.

The optimized structure for the two-electron oxidized
species of thieno[3,2-b]thiophene-bridged complex 14 was
calculated to be also a fulvene complex-type structure (i.e.
14B). This structure was experimentally detected at low
temperature, although it was inconsistent with the structure
at room temperature (vide supra). The calculation of the
Mulliken charge distribution of 14 assigns a positive charge
of about +0.3 on the sulfur atom, which suggests some con-
tribution from 14C. It was calculated that the conformer
that possesses the thiophene ring perpendicular to the η-
C5H4 ring, which explains the 1H NMR spectrum at room
temperature, has 125 kJmol–1 more energy than the fulvene
complex-type structure. In addition, calculations that con-
sidered both “broken-symmetry” and higher spin states
were carried out. As a result, it was confirmed that the sing-
let states are electronic ground states in all cases and that
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the positive charge is equally distributed in the two terminal
ruthenocene moieties. However, the lowest triplet states lie
only about 40 kJmol–1 higher in energy above the singlet
ground states at the DFT levels of theory employed, and
the optimized structures of the lowest triplet states have no
fulvene complex-type structure. As one possible idea, the
triplet state may be the ground state for 14 in solution, but
there is no evidence to support this assumption at present.
More systematic calculations that include solvent effects
will be necessary, but this is beyond the scope of this paper.

Summary

The binuclear ruthenocene derivatives bridged by thio-
phene derivatives were newly prepared. The cyclic voltam-
mograms for these complexes exhibited the one-step two-
electron redox waves in a lower potential region, contrary
to those for derivatives bridged by benzenoid aromatics.[11]

This finding is probably related to increases in the electron-
rich and olefinic properties of the thiophene derivatives.
The stability levels and structures of the two-electron oxid-
ized species were found to be mainly dependent on the types
of bridging thiophene derivatives. The two-electron oxid-
ized species of 3, 4, and 8 are unstable, whereas those of 2,
5, and 7 are stable. The two-electron oxidized species of 2
and 7 adopt the spin-coupled and structurally isomerized
fulvene complex-type structures 9B and 11B, respectively.
The structure of 11B was determined by X-ray diffraction
analysis. If thiophene is regarded as a sulfur-bridged buta-
diene, the behaviors exhibited upon the oxidation of 2 and
7 is very similar to those seen for bis(ruthenocenyl)butadi-
enes.[12] The two-electron oxidized species 14 derived from
5 was also found to be stable but showed a temperature-
dependent 1H NMR spectrum in CD3NO2. This species ex-
ists as a fulvene complex-type structure (14B) at low tem-
perature, but appears in a different form (14A or 14C) at
room temperature. Thus, the behavior of the electronic
spins in the two-electron oxidized species of biruthenocenes
bridged by thiophene derivatives, that is, the fate of the ful-
vene complex-type structure, seems to depend largely on the
character of the thiophene derivatives, although no product
has been detected that corresponds to the appearance of
the triplet spins in the two-electron oxidized species of
bis(ruthenocenyl)butadiynes.[13]

Experimental Section
General

All reactions were carried out under an atmosphere of N2 and/or
Ar and workups were performed without precaution to exclude
air. NMR spectra were recorded with Bruker AC300P, AM400, or
ARX400 spectrometers. Dry solvents were prepared by distillation
from the appropriate drying agent prior to use as follows: CH2Cl2
(CaH2), ClCH2CH2Cl (CaCl2), CH3CN (CaH2), benzene (Na),
THF (Na-benzophenone), and DMF (CaH2). 2-Ruthenocenyl-1,3-
dioxaborolane (1),[14] 1,4-bis(ruthenocenyl)buta-1,3-diyne,[19] 1,4-
bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)buta-1,3-diyne,[13]
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1,8-bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)octa-1,3,5,7-
tetrayne,[13] thieno[3,2-b]thiophene,[20] 3,6-dimethylthieno[3,2-b]-
thiophene,[21] 2,5-diiodo-3,4-ethylenedioxythiophene,[22] dichloro-
[1,1�-bis(diphenylphosphanyl)ferrocene]palladium, (dppf)PdCl2,[23]

and ferricenium tetra{3,5-bis(trifluoromethyl)phenyl}borate[24]

were prepared according to the literature procedures. Other rea-
gents were used as received from commercial suppliers.

Cyclic voltammetric and thin-layer coulometric measurements[16]

were carried out with an ALS 400A Electrochemical Analyzer at
20 °C. A three-electrode cell containing of a glassy carbon disk
working electrode (diameter 0.3 cm), Pt-coil counter electrode and
an Ag/AgCl (3  NaCl) reference electrode were employed. The
ferrocene/ferrecenium (FcH/FcH+) redox couple was used as an
internal standard of the potential. Tetrabutylammonium tetrafluo-
roborate (nBu)4BF4 (Nacalai Tesque Inc.) was purified by re-
crystallization to be used as a supporting electrode. All solutions
were degassed with high-purity argon prior to the electrochemical
measurements.

2,5-Diiodo-thieno[3,2-b]thiophene: To a solution of thieno[3,2-b]-
thiophene (0.11 g, 0.80 mmol) in dry benzene (10 mL) was slowly
added iodine (0.43 g, 1.70 mmol) and HgO (0.17 g, 0.80 mmol)
which were grinded together. The mixture was refluxed for 2 h and
then cooled to room temp. After filtration, the residue was washed
with CH2Cl2. The filtrate and the washings were combined, washed
with a saturated solution of Na2S2O3, and then dried with MgSO4.
After evaporation of the solvent, the residue was recrystallized
from EtOH. Colorless crystals. Yield 0.20 g, 63%. M.p. 188–
189 °C. 1H NMR (300 MHz, CDCl3): δ = 7.35 (s, 2 H, =CH) ppm.
13C NMR (100 MHz, CDCl3): δ = 75.6 (=C–I), 127.6 (=CH), 144.0
(=C) ppm. C6H2I2S2 (392.01): calcd. C 18.38, H 0.51; found C
18.56, H 0.44.

2,5-Diiodo-3,6-dimethylthieno[3,2-b]thiophene: This compound was
prepared from 3,6-dimethylthieno[3,2-b]thiophene (0.21 g,
1.25 mmol) according to the procedure described above. Colorless
crystals. Yield 0.30 g, 58%., M.p. �200 °C. 1H NMR (300 MHz,
CDCl3): δ = 2.26 (s, 6 H, Me) ppm. 13C NMR (100 MHz, CDCl3):
δ = 16.9 (Me), 99.7 (=C–I), 134.3 (=CH), 142.2 (=C) ppm.
C8H6I2S2 (420.07): calcd. C 22.87, H 1.44; found C 23.13, H 1.35.

2,5-Bis(ruthenocenyl)thiophene (2): Method A: A mixture of 1,4-
bis(ruthenocenyl)buta-1,3-diyne (0.102 g, 0.2 mmol) and NaSH
(0.23 g, 4 mmol) in DMF (10 mL) was heated at 100 °C for 24 h
under an atmosphere of Ar. After the reaction was cooled, H2O
(40 mL) was added to the solution, and the mixture was stirred for
0.5 h. The resulting crystals were collected by filtration under re-
duced pressure. The crystals were recrystallized from CHCl3/hex-
ane (2:1) to afford the title complex (97 mg, 87%) as yellow needles.
M.p. 199–199.5 °C. 1H NMR (400 MHz, CDCl3): δ = 4.52 (s, 10
H), 4.60 (t, J = 1.9 Hz, 4 H), 4.94 (t, J = 1.9 Hz, 4 H), 6.69 (s, 2
H) ppm. 13C NMR (100 MHz, CDCl3): δ = 69.91 (η-C5H4), 70.44
(η-C5H4), 71.74 (η-C5H5), 84.22 (η-C5H4-ipso), 123.11 (=CH),
146.01 (=CS) ppm. C24H20Ru2S (542.63): calcd. C 53.12, H 3.72;
found C 52.97, H 3.65.

Method B: 2,5-Diiodothiophene (0.12 g, 0.30 mmol), 1 (0.29 g,
1.6 mmol), (dppf)PdCl2 (20 mg), DME (3 mL), and NaOH (10%
aqueous solution, 3 mL) was sealed in an ample tube under an
atmosphere of Ar. The ample tube was heated at 100 °C for 12 h.
After the reaction was cooled to room temperature, the contents of
the ampule were washed out with CH2Cl2, and the mixture was
filtered. The organic layer was washed with water and then dried
with Mg2SO4. After evaporation, the residue was dissolved in ben-
zene, and the solution was then chromatographed on Al2O3 by elu-
tion with hexane/benzene to afford pale yellow crystals (42 mg,
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23%). 1H NMR (300 MHz, CDCl3): δ = 4.52 (s, 10 H), 4.60 (t, J
= 2 Hz, 4 H), 4.94 (t, J = 2 Hz, 4 H), 6.69 (s, 2 H) ppm. 13C NMR
(100 MHz, CDCl3): δ = 69.91, 70.44, 71.74, 84.22, 123.11, 146.01
ppm.

2,5-Bis(ruthenocenyl)-3,4-ethylenedioxythiophene (3): This com-
pound was prepared from 2,5-diiodo-3,4-ethylenedioxythiophene
according to Method B described above. Yellow crystals. Yield
38%. M.p. 253–254 °C. 1H NMR (400 MHz, CDCl3): δ = 4.19 (s,
4 H, CH2), 4.53 (s, 10 H, η-C5H5), 4.59 (t, J = 1.6 Hz, 4 H, η-
C5H4), 5.00 (t, J = 1.6 Hz, 4 H, η-C5H4) ppm. 13C NMR
(100 MHz, CDCl3): δ = 64.59 (CH2), 69.95 (η-C5H4), 70.12 (η-
C5H4), 71.44 (η-C5H5), 81.81 (ipso- η-C5H4), 111.52 (=C–S),
137.08 (=C–O) ppm. C26H22O2Ru2S (660.66): calcd. C 51.99, H
3.69; found C 52.34, H 3.52.

5,5�-Bis(ruthenocenyl)-2,2�-bithiophene (4): This compound was
prepared from 5,5�-diiodo-2,2�-bithiophene according to the pro-
cedure described above. Yellow crystals. Yield 23%. M.p. 253–
254 °C. 1H NMR (400 MHz, CDCl3): δ = 4.53 (s, 10 H, η-C5H5),
4.63 (t, J = 1.8 Hz, 4 H, η-C5H4), 4.98 (t, J = 1.8 Hz, 4 H, η-C5H4),
6.82 (d, J = 3.8 Hz, 2 H, =CH), 6.86 (d, J = 3.8 Hz, 2 H, =CH)
ppm. 13C NMR (100 MHz, CDCl3): δ = 69.86 (η-C5H4), 70.63 (η-
C5H4), 71.88 (η-C5H5), 83.57 (ipso-η-C5H4), 122.94 (=CH), 123.79
(=CH), 135.08 (=C–S), 141.24 (=C–S) ppm. C28H22Ru2S2·
1/4CHCl3 (654.60): calcd. C 51.61, H 3.44; found C 51.50, H 3.35.

2,5-Bis(ruthenocenyl)thieno[3,2-b]thiophene (5): This compound was
prepared from 2,5-diiodothieno[3,2-b]thiophene according to the
procedure described above (reaction time: 2 h). Yellow crystals.
Yield 18%. M.p. �250 °C. 1H NMR (400 MHz, CDCl3): δ = 4.53
(s, 10 H, η-C5H5), 4.64 (t, J = 1.8 Hz, 4 H, η-C5H4), 5.00 (t, J =
1.8 Hz, 4 H, η-C5H4), 7.00 (s, 2 H, =CH) ppm. 13C NMR
(100 MHz, CDCl3): δ = 69.99 (η-C5H4), 70.62 (η-C5H4), 71.90 (η-
C5H5), 115.27 (=CH) ppm. No quaternary carbon was observed
because of its insolubility. C26H20Ru2S2 (598.71): calcd. C 52.16, H
3.37; found C 52.16, H 3.36.

2,5-Bis(ruthenocenyl)-3,6-dimethylthieno[3,2-b]thiophene (6): This
compound was prepared from 2,5-diiodo-3,6-dimethylthieno[3,2-b]-
thiophene according to the procedure described above (reaction
time: 5 h). Yellow crystals. Yield 25%. M.p. �250 °C. 1H NMR
(400 MHz, CDCl3): δ = 2.28 (s, 6 H, Me), 4.58 (s, 10 H, η-C5H5),
4.64 (t, J = 1.7 Hz, 4 H, η-C5H4), 4.93 (t, J = 1.7 Hz, 4 H, η-C5H4)
ppm. 13C NMR (100 MHz, CDCl3): δ = 70.43 (η-C5H4), 71.73 (η-
C5H5), 71.78 (η-C5H4), 84.66 (ipso-η-C5H4), 126.03 (=C–C), 135.44
(=C–S), 137.50 (=C–S) ppm. C28H24Ru2S2 (626.76): calcd. C 53.66,
H 3.86; found C 53.48, H 3.56.

2,5-Bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)thiophene (7): A
mixture of 1,4-bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)buta-
1,3-diyne (97 mg, 0.15 mmol) and NaSH (84 mg, 1.5 mmol) in
DMF (20 mL) was stirred and heated at 100 °C for 24 h under an
atmosphere of Ar. After the reaction was cooled, the mixture was
diluted with benzene (50 mL). The solution was washed twice with
saturated aqueous LiCl and subsequently with H2O and then dried
with MgSO4. After evaporation, the residue was chromatographed
on Al2O3 (deactivated with 5% H2O) and eluted with hexane/ben-
zene (10:1) to afford the title complex (94 mg, 92%) as yellow solid.
M.p. 243 °C. 1H NMR (400 MHz, C6D6): δ = 1.81 (s, 15 H, Me),
4.23 (t, J = 1.7 Hz, 4 H, η-C5H4), 4.57 (t, J = 1.7 Hz, 4 H, η-C5H4)
6.66 (s, 2 H, =CH) ppm. 13C NMR (100 MHz, C6D6): δ = 11.58
(Me), 70.86 (η-C5H4), 73.20 (η-C5H4), 84.36 (ipso -η-C5H4), 85.39
(η-C5Me5), 121.48 (=CH), 137.56 (=C–S) ppm. C34H40Ru2S
(682.90): calcd. C 59.80, H 5.90; found C 59.69, H 5.86.

5,5�-Bis(1��,2��,3��,4��,5��-pentamethylruthenocenyl)-2,2�-bithiophene
(8): This compound was prepared from 1,8-bis(1��,2��,3��,4��,5��-
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pentamethylruthenocenyl)octa-1,3,5,7-tetrayne according to the
procedure described above (reaction temperature: 110 °C). Red–
orange solid. Yield 64%. M.p. 230 °C (dec.). 1H NMR (400 MHz,
CDCl3): δ = 1.79 (s, 30 H, Me), 4.29 (t, J = 1.6 Hz, 4 H, η-C5H4),
4.53 (t, J = 1.6 Hz, 4 H, η-C5H4), 6.69 (d, J = 3.8 Hz, 2 H, =CH),
6.90 (d, J = 3.8 Hz, 2 H, =CH) ppm. 13C NMR (100 MHz, CDCl3):
δ = 11.33 (Me), 70.64 (η-C5H4), 73.24 (η-C5H4), 82.96 (ipso-η-
C5H4), 85.52 (η-C5Me5), 121.12 (=CH), 122.81 (=CH), 133.63
(=C–S), 140.07 (=C–S) ppm. C38H42Ru2S2 (765.02): calcd. C 59.66,
H 5.53; found C 59.47, H 5.42.

Chemical Oxidation of Complex 2: To a solution of 2 (16.3 mg,
0.03 mmol) and p-BQ (6.3 mg, 0.06 mmol) in CHCl3 (3 mL) chilled
at 0 °C by an ice bath was added BF3·OEt2 (2 drops from a capil-
lary) under an atmosphere of nitrogen. After the resulting dark
brown solution had been stirred for 5 min at 0 °C, dry benzene
(3 mL) was added to the solution and then kept for 30 min at the
same temperature. The mixture was filtered under reduced pressure
and washed with pentane to afford a black powder (16 mg) (The
product contained hydroquinone). 1H NMR (400 MHz, CD3NO2,
0 °C): δ = 5.26 (s, 10 H), 5.75 (br. s, 2 H), 5.90 (br. s, 2 H), 6.32
(br. s, 2 H), 6.40 (br. s, 2 H), 7.46 (s, 2 H) ppm. 1H NMR
(400 MHz, CD3CN, –5 °C): δ = 4.57 (s, 5 H, η-C5H5), 5.02 (t, J =
1.8 Hz, 2 H, η-C5H4), 5.36 (t, J = 1.8 Hz, 2 H, η-C5H4), 5.88 (s, 5
H, η-C5H5), 6.01 (t, J = 2.6 Hz, 2 H, η-C5H4), 6.27 (t, J = 2.6 Hz,
2 H, η-C5H4), 7.40 (d, J = 4.5 Hz, 1 H, =CH), 8.05 (d, J = 4.5 Hz,
1 H, =CH) ppm. 13C NMR (100 MHz, CD3NO2, –5 °C): δ = 77.42
(η-C5H4), 78.72 (η-C5H4), 86.24 (η-C5H5), 90.33 (η-C5H4), 90.66
(η-C5H4), 92.90 (ipso-η-C5H4), 129.96 (=C–S), 137.01 (=CH) ppm.

Chemical Oxidation of Complex 7: Method A: To a solution of 7
(20.5 mg, 0.03 mmol) and p-BQ (6.3 mg, 0.06 mmol) in dry CH2Cl2
(3 mL) chilled at 0 °C by an ice bath was added BF3·OEt2 (1 drop
from a capillary) under an atmosphere of nitrogen. After the re-
sulting red–violet solution had been stirred for 3 min at 0 °C, dry
benzene (6 mL) was added to the solution, and the stirring was
then stopped. After the solution had been kept for 30 min at 0 °C,
dry benzene (9 mL) was added to the solution, and the solution
was then kept for 1 h at the same temperature. The mixture was
filtered under reduced pressure and washed with pentane to afford
black powdery crystals (16 mg) (The product contained hydroqui-
none). The crystals were comparably stable when stored in the
freezer. The solution of the product in CD3NO2 or CD3CN imme-
diately after its preparation produced a clear 1H NMR spectrum.
1H NMR (400 MHz, CD3NO2, –5 °C): δ = 1.79 (s, 30 H), 5.53 (t,
J = 2.0 Hz, 4 H), 5.90 (m, 4 H), 7.41 (s, 2 H) ppm. 1H NMR
(400 MHz, CD3CN, 0 °C): δ = 1.66 (s, 15 H), 1.92 (s, 15 H), 4.78
(t, J = 1.8 Hz, 2 H), 4.94 (br. s, 2 H), 5.57 (t, J = 2.3 Hz, 2 H),
5.69 (m, 2 H), 7.11 (d, J = 4.6 Hz, 1 H), 7.99 (d, J = 4.6 Hz, 1 H)
ppm. 13C NMR (100 MHz, CD3NO2, –5 °C): δ = 7.39 (Me), 75.85
(η-C5H4), 77.10 (η-C5H4), 93.81 (η-C5H4), 93.99 (η-C5H4), 95.34
(ipso-η-C5H4), 98.49 (η-C5Me5), 132.93 (=C–S), 136.58 (=CH)
ppm.

Method B: To a solution of 7 (13.7 mg, 0.02 mmol) in dry CH2Cl2
(3 mL) was added ferricenium tetra{3,5-bis(trifluoromethyl)-
phenyl}borate (42 mg, 0.04 mmol) at 0 °C under an atmosphere of
nitrogen. After the resulting red–violet solution had been stirred
for 15 min at 0 °C, dry benzene (6 mL) was added to the solution
and the stirring was then stopped. After the solution had been kept
for 30 min at 0 °C, dry benzene (9 mL) was added to the solution,
and the solution was then kept for 1.5 h at the same temperature.
The resulting fine crystals were collected by filtration under re-
duced pressure. Dark red–violet fine crystals (37 mg). 1H NMR
(400 MHz, CD2Cl2, 0 °C): δ = 1.70 (s, 30 H, Me), 5.19 (m, 2 H, η-
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C5H4), 5.24 (m, 2 H, η-C5H4), 5.65 (t, J = 2.1 Hz, 4 H, η-C5H4),
7.02 (s, 2 H, =CH), 7.56 (br. s, 8 H, C6H3), 7.72 (br. s, 16 H, C6H3)
ppm. 1H NMR (400 MHz, [D6]acetone, 0 °C): δ = 1.83 (s, 30 H,
Me), 5.81 (br. s, 2 H, η-C5H4), 5.89 (br. s, 2 H, η-C5H4), 6.17 (br.
s, 4 H, η-C5H4), 7.68 (br. s, 8 H, C6H3), 7.77 (br. s, 16 H, C6H3),
7.83 (s, 2 H, =CH) ppm. 1H NMR (400 MHz, CD3NO2, 0 °C): δ
= 1.80 (s, 30 H, Me), 5.52 (m, 4 H, η-C5H4), 5.90 (m, 4 H, η-
C5H4), 7.41 (s, 2 H, =CH), 7.67 (br. s, 8 H, C6H3), 7.84 (br. s, 16
H, C6H3) ppm. 1H NMR (400 MHz, CD3CN, –10 °C): δ = 1.65 (s,
15 H, Me), 1.91 (s, 15 H, Me), 4.78 (t, J = 1.8 Hz, 2 H, η-C5H4),
4.93 (m, 2 H, η-C5H4), 5.56 (t, J = 2.4 Hz, 4 H, η-C5H4), 5.67 (m,
2 H, η-C5H4), 7.10 (d, J = 4.6 Hz, 1 H, =CH), 7.35 (br. s, 8 H,
C6H3), 7.67 (br. s, 16 H, C6H3), 7.98 (d, J = 4.6 Hz, 1 H, =CH)
ppm. C98H64B2F48Ru2S (2409.35): calcd. C 48.85, H 2.68; found C
48.42, H 2.61.

Chemical Oxidation of Complex 5: To a solution of 5 (8.0 mg,
0.015 mmol) and p-BQ (3.2 mg, 0.03 mmol) in CHCl3 (3 mL)
chilled at 0 °C by an ice bath was added BF3·OEt2 (2 drops from
a capillary) under an atmosphere of nitrogen. After the resulting
dark brown solution had been stirred for 1 h at 0 °C, dry Et2O
(6 mL) was added to the solution and the stirring was then stopped.
The solution was kept for 1 h at the same temperature. The reaction
was filtered under reduced pressure and washed with pentane to
afford black crystals (6.5 mg) that were stable when stored in the
freezer. The solution of the product in CD3NO2 (deep blue–violet)
or CD3CN (deep blue) produced a clear 1H NMR spectrum. 1H
NMR (400 MHz, CD3NO2, 20 °C): δ = 5.27 (s, 10 H), 5.93 (t, J =
1.9 Hz, 4 H), 6.30 (t, J = 1.9 Hz, 4 H), 7.53 (s, 2 H) ppm. 13C
NMR (100 MHz, CD3NO2, 20 °C): δ = 76.50 (η-C5H4), 84.18 (η-
C5H5), 88.79 (η-C5H4), 95.77 (ipso- η-C5H4), 125.88 (=CH) ppm.
1H NMR (400 MHz, CD3NO2, –35 °C): δ = 5.24 (s, 10 H), 5.88
(br. s, 2 H), 5.98 (br. s, 2 H), 6.27 (br. s, 4 H), 7.51 (s, 2 H) ppm.
1H NMR (400 MHz, CD3CN, 0 °C): δ = 4.55 (s, 5 H), 4.93 (br. s,
2 H), 5.29 (br. s, 2 H), 5.90 (s, 5 H), 6.12 (br. s, 5 H), 6.34 (br. s, 2
H), 7.45 (s, 1 H), 8.32 (s, 1 H) ppm.

Electronic Structure Calculation

DFT calculations were performed with the Gaussian 03 package
program.[25] The calculation at the B3LYP hybrid density-func-
tional levels[26,27] with the 3-21G basis set did not reproduce the
optimized structure of the two-electron oxidized species in the pres-
ent series determined by the NMR spectra and X-ray analysis. In
order to understand this source, extensive DFT calculations for
ruthenocene (C10H10Ru with D5h symmetry) have also been per-
formed with various combinations of exchange and correlation
functionals. As a result, we have chosen to use the local spin density
approximation (LSDA) with the Vosko–Wilk–Nusair exchange-
correlation potential[28] for the calculation of our systems, because
the previous theoretical study[29,30] at this level for ruthenocene
showed relatively good agreement with the experimental data and
give the order of 3e�2 � 5a�1 � 4e��1 [(3e�2)4(5a�1)2(4e��1)0]. Notice
that the HOMO of ruthenocene is an a1g orbital and this gives a
significant result in the ionization state of ruthenocene and the
structure of the dications of binuclear ruthenocene derivatives.
Thus, it may be suggested that the extraction of an electron from
the a1g orbital of the ruthenocene moiety of 2 and 7 is likely to
cause the deformation of the bridging ligand in 10 and 12, respec-
tively.

A Stuttgart–Dresden–Bonn quasirelativistic ECP28 MWB (SDD)
effective core potential[31] have been employed for ruthenium
atoms. The standard 6-311G basis sets were used for C and H
atoms, whereas the 6-311G(d) basis set was used to describe the
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Table 5. Crystallographic data for 3, 7, and 13.

3 7 13

Empirical formula C26H22O2Ru2S C34H40Ru2S C106H84B2F48O2Ru2S
Formula mass 600.664 682.898 2557.55
Crystal system Monoclinic Triclinic Triclinic
Space group P21/c P1̄ P1̄
a [Å] 11.8770(10) 7.8370(8) 14.0768(7)
b [Å] 14.3180(10) 13.5590(13) 14.4758(7)
c [Å] 12.7840(10) 15.458(2) 15.5151(8)
α [°] 90 105.672(6) 88.9260(10)
β [°] 92.372(7) 102.038(5) 76.1620(10)
γ [°] 90 99.768(10) 63.8540(10)
V [Å3] 2172.1(3) 1501.5(3) 2742.0(2)
Z 4 2 1
Dcalcd. [Mgm–3] 1.837 1.510 1.549
Crystal size [mm] 0.20×0.15×0.08 0.18×0.06×0.02 0.28×0.14×0.12
Radiation (λ [Å]) Mo-Kα (0.71073) Mo-Kα (0.71073) Mo-Kα (0.71073)
Reflection (hkl) limits –15�h�15 –9�h�9 –18�h�17

0�k�18 –15�k�15 –19�k�15
0� l�15 0� l�19 –17� l�20

Total reflections measured 4466 5203 20164
Unique reflections 4314 5198 12980
Linear abs. coeff. [mm–1] 1.508 1.10 0.424
Reflections used in L.S. 4314 5198 12980
R 0.0688 0.0681 0.0789
Rw 0.1886 0.1881 0.2131
S 1.087 1.035 0.997
Max peak in final Fourier map [eÅ–3] 0.792 0.861 1.092
Min peak in final Fourier map [eÅ–3] –1.432 –0.922 –0.788

hypervalency of the sulfur atom. In order to further examine the
effect of polarization, larger basis sets of 6-311G(d) have also been
employed for C and H and 6-311G(2d) for S.

Structure Determination

The crystallographic data are listed in Table 5 for 3, 7, and 13.
Data collection of crystal data for 3 and 7 was performed at room
temperature with a Mac Science DIP3000 image processor. The
structures of 3 and 7 were solved with the Dirdif-Patty method in
MAXUS (software package for structure determination) and re-
fined finally by full-matrix least-squares procedure with SHELEX.
Crystal data for 13 were collected at –196 °C (liquid N2) with a
Bruker Apex diffractometer with graphite monochromated Mo-Kα

radiation and an 18-kW rotating anode generator. The structure of
13 was solved and refined by SHELEX. Absorption correction for
3 and 7 was carried out by the Sortav method and anisotropic
refinement for non-hydrogen atom was carried out. The hydrogen
atoms, located from difference Fourier maps or calculation, were
isotropically refined.

CCDC-298964 (3), -298965 (7), and -298966 (13) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif..
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Monophosphanes and Diphosphanes with the Hypersilyl Substituent
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The synthesis of (SiMe3)3SiPH2 (1) (further on denoted as hy-
persilylphosphane, HypPH2) was achieved by two methods:
by the reaction of (SiMe3)3Si(OSO2CF3) with PH3, and alter-
natively, by the reaction of NaPH2 with (SiMe3)3SiCl (hyper-
silylchloride). The latter reaction also afforded bis(hyper-
silyl)phosphane Hyp2PH (2). By the reaction of 1 and known
hypersilylbis(trimethylsilyl)phosphane (3) with tBuOK, the
novel hypersilylphosphanides HypPHK (4) and Hyp(SiMe3)-
PK (5) were prepared. Compound 1 also reacted with nBuLi
to form HypPHLi (6) and HypPLi2 (7). Furthermore, 3 reacted
with hexachloroethane and 1,2-dibromotetrachloroethane to
give HypPCl(SiMe3) (8) and HypPBr(SiMe3) (9) as well as
HypPCl2 (10) and HypPBr2 (11). Compounds 4 and 5 reacted
smoothly with 1,2-dibromoethane to give diphosphane
HypHPPHHyp (12) as a mixture of the meso- and rac-D,L-

diastereomers and Hyp(SiMe3)PP(SiMe3)Hyp (13) as the D,L-
modification only. By reducing the known compound
tBuHypPCl with potassium, the D,L-modification of

Introduction

The bulky tris(trimethylsilyl)silyl group, often denoted as
the hypersilyl group [a term coined by Nils Wiberg[1] to dis-
tinguish it from the tri(tert-butyl)silyl group which he
named supersilyl], has been used extensively in the past to
stabilize and protect uncommon bonding states of main
group elements and transition elements. Despite the bulki-
ness of the group, a number of geminal dihypersilyl deriva-
tives were also synthesized successfully, essentially with
heavier main group elements. We will not give a full account
of all the compounds that have been prepared so far, as this
can be found in refs.[2–4] and the literature cited therein. K.
Klinkhammer even succeeded to synthesize NaSnHyp3, the
only known compound with three hypersilyl groups on one
central atom.[5]

Despite this widespread use of the hypersilyl group, the
number of known hypersilyl compounds of the elements of
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tBuHypPPHyptBu (14) was obtained. All compounds were
characterized by 29Si- and 31P NMR spectroscopy and ele-
mental analyses with the exception of the phosphanides
which were characterized spectroscopically only. The crystal
structures of 3 and 4 and of diphosphanes 10, 11 and 13 are
reported. From temperature-dependent 31P NMR experi-
ments, the coalescence temperature for the meso↔D,L in-
terconversion of 12 was determined at 110 °C and gave an
inversion barrier of roughly 69.4 kJmol–1, which is corrobo-
rated by results of ab initio calculations at the B3LYP/6-
31G(d) level. Two diastereomeric inversion transition struc-
tures for diphosphanes R–PH–PH–R with either a syn or an
anti arrangement of the P–H bond and the phosphorus lone
pair of electrons could be located; bulky substituents seem
to prefer the anti arrangement.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

group V (N, P, As, Sb, and Bi) is surprisingly small. With
nitrogen, HypNH2, HypNHLi, HypNH(SiMe3) and
HypNLi(SiMe3) have been described,[6] and some deriva-
tives such as tris(trimethylsilyl)silylamides of zinc,[7] tin and
mercury have also been reported.[8]

The first hypersilyl phosphorus compound, HypPtBuCl,
was described by Cowley.[9] It is a thermally stable silylhalo-
phosphane that undergoes a silicon–halogen exchange reac-
tion at about 100 °C. Hypersilyldiphenylphosphane was
prepared for mass spectroscopic purposes in 1993.[10] Regitz
et al. introduced the hypersilyl group into 1H-phosphirenes,
which undergo isomerization to furnish trimethylsilyl-sub-
stituted phosphasiletanes upon irradiation.[11] Klingebiel re-
ported the preparation of stable hypersilylfluorophosphanes
that have an amino group as the third substituent on the P
atom, for instance (SiMe3)2N.[12] The synthesis of
HypPMe(NRP=NR) with R = 2,4,6-(Me3C)3C6H2 was re-
ported in 1991.[13] Recently, C. Marschner reported the syn-
thesis of a bis(hypersilyl)phosphane, Hyp2PNR.[14]

In our group, bis(trimethylsilyl)hypersilylphosphane
was prepared some years ago by the reaction of bis(tri-
methylsilyl)lithiumphosphanide with hypersilylchloride
(Scheme 1).[15]
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Scheme 1.

Recently, we also reported the synthesis of air-stable
tri(hypersilyl)heptaphosphane,[16] which undergoes an inter-
esting reaction with tBuOK even at temperatures as low
as –60 °C. In the first step of the reaction, a silicon–silicon
bond is cleaved with concomitant formation of tBuOSiMe3.
The resulting potassium silanide rearranges into a hepta-
phosphanide anion and bis(trimethylsilyl)silylene that in-
serts into a P–P bond of the three-membered ring at the
base of the P7-cage.[17]

At present, no compounds with the hypersilyl group at-
tached to arsenic, antimony or bismuth are known.

The desire to have at our disposal some hypersilyl–phos-
phorus synthons which can be used widely, for instance for
the preparation of hypersilyldiphosphanes and hypersi-
lyloligophosphanes, motivated us to investigate various pos-
sibilities for the preparation of HypP(SiMe3)X and
HypPX2, (X = halogen), HypPHK and HypP(SiMe3)K.
Here we report on the successful synthesis of these phos-
phanes and phosphanides as well as on some reactions they
can undergo.

Results and Discussion

Syntheses

Synthesis of HypPH2 (1) and (Hyp)2PH (2)

Reactions of silyltriflates with PH3 that form Si–P bonds
were first described by W. Uhlig.[18] We transferred this
methodology to the synthesis of (SiMe3)3Si(OSO2CF3)
(prepared from (SiMe3)3SiPh[19] and HOSO2CF3), which
reacts cleanly with PH3 in the presence of triethylamine to
give HypPH2 in almost quantitative yield. No disubstitu-
tion with the hypersilyl group at the phosphorus atom
could be observed in this reaction. An alternative route
starts from NaPH2, which can be prepared from PH3 and
sodium in liquefied ammonia.[20] If the reaction is heated at
reflux in toluene, (SiMe3)3SiCl and NaPH2 slowly react
over a period of a week to give a 1:1 mixture of hypersilyl-
and dihypersilylphosphane (Scheme 2).

As minor byproducts of the reaction that are easily iden-
tified with 31P NMR spectroscopy, HypPHHPHyp and
P7Hyp3 are also formed, probably through the decomposi-
tion of NaPH2 at 110 °C:

As HypPH2 and (Hyp)2PH can easily be separated and
purified by fractional sublimation in vacuo, this procedure
simultaneously affords both phosphanes on a preparative
scale.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4589–45994590

Scheme 2.

Synthesis of HypPHK (4), HypP(SiMe3)K (5), and
HypPHLi (6)

It is well known from the work of G. Fritz[21] that P–Si
bonds can be cleaved by alkyllithium reagents to form si-
lylated Li-phosphanides. However, these phosphanides are
not very stable at room temperature. For instance,
(SiMe3)2PP(SiMe3)Li decomposes quickly to form a pleth-
ora of compounds such as P(SiMe3)3, LiP(SiMe3)2 and
Li3P.

To obtain some understanding of the thermal stability
of hypersilyllithiumphosphanides, we treated HypPH2 with
nBuLi in THF at –60 °C. As expected, the only initial prod-
uct that was formed was HypPHLi, which decomposed
slowly to form HypP(SiMe3)Li and HypPLi2 as well as
(SiMe3)2PLi besides some other unidentified products. The
intensity of the signal in the 31P NMR spectrum of
HypPHLi gradually diminished with time.

We therefore chose to investigate the reaction of HypPH2

with tBuOK. Though tBuOK is known to cleave P–Si
bonds of P(SiMe3)3

[22] to give (SiMe3)2PK and tBuOSiMe3,
it was our expectation that the hypersilyl group might not
be attacked due to its bulkiness and that PH would be
transformed into PK.

As could easily be followed by 31P NMR spectroscopy,
the reaction cleanly gave HypPHK in about 90% yield in
THF. A minor byproduct of the reaction was HypPK2, be-
sides some HypPH2 (Scheme 3). Most importantly,
HypPHK turned out to be stable for more than a week at
room temperature. It can be crystallized from hexane in the
presence of 18-crown-6 for further purification.

Scheme 3.

Because of the bulkiness of the hypersilyl group, tBuOK
reacts with HypP(SiMe3)2 by the cleavage of only one tri-
methylsilyl group to form HypPK(SiMe3) in excellent yields
(�90%). As a minor byproduct, HypPHK was always pres-
ent in the reaction mixtures. HypPK2 can also be obtained
from HypP(SiMe3)2 by adjusting the stoichiometry, albeit
in moderate yields.
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Synthesis of HypP(SiMe3)H

Over a period of three weeks, 3 (Scheme 4) reacts slowly
with tBuOH at room temperature to form HypP(SiMe3)H
and Me3SiOtBu as a byproduct. No cleavage of the hyper-
silyl–phosphorus bond occurs, and no HypPH2 can be de-
tected in the reaction mixture. HypP(SiMe3)H is easily sep-
arated from unreacted 3 by vacuum sublimation.

Scheme 4.

Synthesis of HypPX(SiMe3) and HypPX2, X = Cl, Br (8,
9, 10, 11)

By the reaction of tBuP(SiMe3)2 with C2Cl6, Appel[23] et
al. were able to prepare tBuP(SiMe3)Cl, the first moderately
stable P-chloro–P-silylphosphane with t1/2 � 13 min at am-
bient temperature. We were curious to know if the substitu-
tion of the tBu group with hypersilyl would also give stable
chlorosilylphosphanes, which it did. The synthesis was
achieved by the reaction of HypP(SiMe3)2 with one or two
equiv. of C2Cl6 (Scheme 5). All attempts to crystallize the
samples failed despite the fact that the compounds were
formed in excellent yields.

Scheme 5.

The chlorodisilylphosphane turned out to be astonish-
ingly stable and survived several days heated at 70 °C as
a solution in toluene. When heated at reflux in toluene, it
decomposed quickly to give a plethora of unidentified
products. From the observed shifts in the 31P NMR spectra
it can be concluded that some of these products contain
P–P bonds, which supports the evidence that ClSiMe3 is
eliminated with concomitant formation of hypersilylphos-
phanylidene which then undergoes all sorts of insertion re-
actions. It is of some note that no change in colour occurred
upon the thermal elimination of ClSiMe3. The thermal sta-
bility of the compound is noticeably decreased in THF,
where decomposition occurs at a temperature as low as
40 °C.

HypP(SiMe3)2 reacts cleanly and quantitatively with
BrCl2CCCl2Br to form HypPBr(SiMe3) (9) and HypPBr2

(11), which are both fairly stable at room temperature
(Scheme 6). We were unable to obtain crystals of these two
silylhalophosphanes that were suitable for X-ray diffraction
experiments. When HypPCl(SiMe3) reacts with
BrCl2CCCl2Br, a mixture of HypPBr2 and HypPClBr
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(� 90:10) forms, which can be observed by analysis of the
31P NMR spectrum.

Scheme 6.

As reported elsewhere, HypP(SiMe3)Cl is an excellent
precursor to hypersilylphosphanylidene.[24] When it is
added dropwise to a solution of tBuOK in THF, the colour
changes immediately to brown and then to a deep violet
and the triphosphaallyl anion [Hyp2P3]– forms. By reversing
the procedure, bis(hypersilyl)diphosphane is formed when a
solution of tBuOK is added to a solution of HypP(SiMe3)-
Cl by dimerization of hypersilylphosphanylidene which is
generated under these reaction conditions (Scheme 7).

Scheme 7.

The reaction of HypP(SiMe3)K (5) with C2Cl6 does not
give HypPClK through Si–P bond cleavage, followed by
KCl elimination and formation of the phosphanylidene
HypP. Instead, chlorophosphane 8 is formed quantitatively
(Scheme 8). A diphosphane is also not formed by the reac-
tion of unreacted 5 with 8.

Scheme 8.

Attempts to prepare a disilylfluorophosphane,
HypP(SiMe3)F, by the reaction of 5 with FCl2CCCl2F were
unsuccessful.

Synthesis of (Hypersilyl)diphosphanes

HypPHK and HypPK(SiMe3) cleanly react with 1,2-di-
bromoethane to give the bulky diphosphanes
HypPHHPHyp (12) and Hyp(SiMe3)PP(SiMe3)Hyp (13)
Scheme 9. As follows from the 31P NMR spectra, 1,2-dihy-
persilyldiphosphane forms as a mixture of meso- and rac-
,-diastereomers which differ in their 31P–31P coupling
constants (see section NMR spectroscopy). 1,2-Bis(hypersi-
lyl)-1,2-bis(trimethylsilyl)diphosphane shows a single reso-
nance in the 31P NMR spectrum that originates from the
,-diastereomers. This interpretation is corroborated by
the X-ray structure.

We also investigated the reaction of HypPH2 with
tBu2Hg in an attempt to prepare a cyclotetraphosphane
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Scheme 9.

which is known to form when (SiMe3)PH2 is used.[25] Be-
cause of the bulkiness of the hypersilyl group, the reaction
stops with the formation of bis(hypersilyl)diphosphane even
when an excess of tBu2Hg is used. Here again, a mixture of
the meso- and rac-,-diastereomers is formed.

By reducing the known compound tBu(Hyp)PCl[9] with
potassium, we were able to prepare the even bulkier diphos-
phane tBu(Hyp)PP(Hyp)tBu (14), which again possesses a
single resonance in the 31P NMR spectrum (Scheme 10). X-
ray diffraction experiments again show that it is the ,-

racemic modification that is formed.

Scheme 10.

We will report on our attempts to prepare tetra(hypersi-
lyl)diphosphane in a forthcoming paper.

Table 1. Chemical shifts {[ppm], δ(29Si) against TMS, δ(31P) against H3PO4}, and coupling constants [Hz] for hypersilylmonophosphanes
and hypersilyldiphosphanes.

Compound No. Solvent Hypersilyl group SiMe3 group

δ(31P) δ(29Si*) δ(29Si) 1J(PSi*) 2J(PSi) 2J(Si*H) δ(29Si) 1J(PSi) 1J(P,H) 2J(P,H) 1J(P,P)

HypP(SiMe3)2 3 toluene –268.8 –100.2 –10.5 90.5 8.8 – +3.6 32.4 – – –
HypPH(SiMe3) toluene –257.3 –101.5 –10.6 65.5 10.1 – +3.9 32.2 – – –
HypPH2 1 toluene –265.4 –102.4 –11.8 46.7 9.0 0.6 – – 178.7 – –
Hyp2PH 2 toluene –272.0 –93.9 –10.0 88.7 11.4 16.4 – – 195.1 – –
HypPHK 4 THF –352.9 –91.4 –14.5 98.5 11.9 1.1 – – 144.3 – –
HypPHLi 6 THF –358.2 –94.6 –14.1 85.9 10.6 1.1 – – 144.3 – –
HypPK(SiMe3) 5 toluene –352.7 –94.6 –14.1 121.9 11.2 – +0.7 9.1 – – –
HypPK2 toluene –367.4 –76.7 –17.1 107.9 13.9 – – – – – –
HypPLi2 7 THF –371.4 – – – – – – – – – –
meso-[HypPH]2 12 toluene –202.0 –93.7 –9.6 29.0[a] 8.0[a] – – – 170.6 15.9 –80.9
,-[HypPH]2 12 toluene –212.0 –94.4 –9.5 26.5[a] 7.0[a] – – – 171.9 12.0 –254.1
,-[HypP(SiMe3)]2 13 toluene –201.2 –82.3 –9.4 35.9[a] 10.5[a] – +4.5 28.7 – – –
,-[HypPtBu]2 14 toluene –41.8 –83.0 –9.8 46.0[a] 12.3[a] – – – – – –
HypP(SiMe3)Cl 8 toluene +38.1 –83.5 –8.6 102.3 12.2 – +9.3 51.3 – – –
HypP(SiMe3)Br 9 toluene +7.5 –84.3 –8.5 103.2 12.0 – +7.3 54.4 – – –
HypPCl2 10 toluene +236.2 –62.8 –8.8 103.8 14.6 – – – – – –
HypPBr2 11 toluene +206.5 –62.0 –7.1 108.6 15.3 – – – – – –
HypPBrCl toluene +222.9 – – – – – – – – – –

[a] Pseudotriplet, given is the observed line spacing.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4589–45994592

29Si and 31P NMR Spectroscopy

Shift Data and Coupling Constants

All compounds were characterized by 29Si- and 31P
NMR spectroscopy. The relevant shift data and the coup-
ling constants are summarized in Table 1, which includes
data for compounds that were not isolated in their pure
form such as HypPClBr.

31P NMR Spectrum and Inversion Barrier of
Bis(hypersilyl)diphosphane (12)

Figure 1 presents the experimental proton-coupled 31P-
and 1H NMR spectra of 12 which both display two AA�
(or XX�) subspectra of two AA�XX� spin systems (A = P,
X = H) originating from the meso- and rac-,-12 and the
racemic modification. The coupling with the hypersilyl pro-
tons is negligibly small, which causes a broadening of the
lines only. Because of the size of the hypersilyl group, all
diastereomers are expected to adopt the anti conformation
only at room temperature to minimize the steric repulsion
between the two hypersilyl groups (see section X-ray Crys-
tallography).

As Figure 2 shows, with the help of Newman projections,
the two phosphorus lone pairs of electrons will be trans (ω
� 180°) to each other for the meso form and gauche (ω �
60°) to each other for the ,-diastereomer. As is known
from numerous studies, the absolute value of the one bond
P–P coupling constant |1JP,P| is large for a gauche arrange-
ment of the lone pairs of electrons and comparatively small
for the trans arrangement.[26] For instance, ab initio calcula-
tions at the B3LYP/6-31+G*//B3LYP/IGLO-III level of
theory for 180° and 60° electron lone pair dihedral angles
of P2H4 predict 1JP,P values of +2.5 and –187.9 Hz, respec-
tively.[27] For meso-1,2-di(tert-butyl)diphosphane, –162.7 Hz
is reported in the literature and –206.6 Hz is reported for
the ,-diastereomer.[28]
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Figure 1. Calculated (positive intensities) and observed 31P- (top)
and 1H NMR spectra of meso- (–202.0, 2.0 ppm, respectively) and
,-bis(hypersilyl)diphosphane (–212.0, 2.9 ppm).

Figure 2. Newman projections for the anti conformers [ω(Si–P–P–
Si) � 180°] of meso- and ,-HypPHHPHyp.

Figure 3. Proton-decoupled 31P NMR spectrum of a solution of 12
in toluene at three different temperatures. The frequency separation
δν at 25 °C is 1214.2 Hz.

From the simulated spectra, 1JP,P values of –80.9 Hz are
obtained for the meso-diastereomer, and –254.1 Hz for the
,-diastereomer. The difference is much larger than that of
1,2-di(tert-butyl)diphosphane, but it is close to the differ-
ence calculated for P2H4.

Figure 3 presents the proton-decoupled 31P NMR spec-
trum of a solution of 12 in toluene at three different tem-
peratures. Coalescence due to rapid interconversion of
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meso↔, occurs at Tc = 110 °C. ∆G� can be approximated
by ∆G� = 19.13 Tc(9.97 + logTc/δν)[29], the barrier for phos-
phorus inversion can be estimated to be 69.4 kJmol–1.

Ab initio Calculation of the Phosphorus Inversion Barrier of
12

Dynamic NMR experiments have been used for the de-
termination of the inversion barriers (∆Einv) of silylphos-
phanes as early as 1970. For C6H5P(iPr)SiMe3 and
C6H5P(SiMe2H)2 values of 78 and 51 kJmol–1 were re-
ported, respectively.[30,31] These are smaller that those ob-
tained for organophosphanes. The observed lowering of
∆Einv upon silyl substitution has been related to three ef-
fects, which include a destabilization of the pyramidal struc-
ture and a stabilization of the transition structure by either
π-acceptor or σ-donor properties.[32] Earlier ab initio calcu-
lations by one of the authors (A. Dransfeld[33]) predicted
that replacement of a hydrogen atom of PH3 with PH2 (PH3

� H2PPH2) is accompanied by a lowering of ∆Einv from
147.9 to 114.1 kJmol–1. Thus, disilyldiphosphanes,
RHPPHR, are predicted to possess even smaller barriers
than those of organophosphanes, which is fully confirmed
by the NMR results of 12.

To gain some deeper understanding of the nature of the
inversion barrier of disilyldiphosphanes, ab initio calcula-
tions for a small series of representative species, RHPPHR
with R = H, Me, CMe3, SiH3, Si(SiH3)3 and Si(SiMe3)3,
have been performed at the B3LYP/6-31G* level of theory.
Optimized transition structures were evaluated on the basis
of the analysis of vibration modes at the same level of
theory.

An interesting feature of the inversion of these diphos-
phanes is the occurrence of two alternative, diastereomeric
transition structures which we term anti and syn as they
differ by the dihedral angle between the lone pair of elec-
trons at the pyramidal P atom and the P–H bond of the
planar (inverting) P atom. Schematic drawings of these
structures are presented in Figure 4, and relative energies
as well as Mulliken charges of the phosphorus atoms are
summarized in Table 2. The reader may note that the anti
TS of diphosphane PiRH–PpRH with the (R) configuration
at Pp is enantiomeric to the anti TS of the corresponding
diphosphane with the (S) configuration at Pp. Therefore,
the energy of the anti TS and the syn TS in Table 2 are
independent of the chirality at Pp.

For small substituents R = Me and SiH3, the syn transi-
tion structure is preferred, as seen from Table 2. With in-
creasing bulkiness of the substituent [R = CMe3, Si(SiH3)3

and Si(SiMe3)3], the anti transition structure with an ap-
proximate 180° dihedral angle between the lone pair of elec-
trons at the pyramidal phosphorus and the P–H bond at
the inverting P atom becomes lower in energy. Although
the preference for the anti structure for large R groups is
sufficiently explained by steric arguments, the preference for
the syn geometry in the case of R = methyl is due to conju-
gation of the lone pair of electrons at the pyramidal P atom
with the antibonding σ(PiH) orbital.
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Figure 4. Schematic representation of the anti and syn transition
structures of diphosphanes RHP–PHR. Pi denotes the planar P
atom that undergoes inversion, Pp the pyramidal phosphorus atom.

Table 2. Relative energies [kJmol–1] and Mulliken charges Q of the
P atoms for the anti and syn transition states of diphosphanes
RHP–PHR and of monophosphanes H2P–R. Pi denotes the in-
verting P atom.

R RHP–PHR H2P–R

Erel Type of Q(Pi) Q(Pp) Erel Type of Q(P)
TS TS

H 116.4 anti = syn 0.03 –0.25 148.8 –0.27
CH3 113.3 anti 0.16 –0.11 149.7 eclipsed –0.14
CH3 112.1 syn 0.16 –0.12
CMe3 99.3 anti 0.14 –0.12 147.6 eclipsed –0.16
CMe3 100.9 syn 0.15 –0.13
SiH3 80.1 anti –0.07 –0.32 104.8 eclipsed –0.33
SiH3 79.4 syn –0.06 –0.33
SiMe3 72.2 anti –0.12 –0.35 96.6 eclipsed –0.38
SiMe3 75.5 syn –0.10 –0.37
Si(SiH3)3 76.9 anti –0.02 –0.27 103.6 gauche –0.29
Si(SiH3)3 80.6 syn –0.02 –0.28
Si(SiMe3)3 74.8 anti –0.08 –0.33 98.9 gauche –0.36
Si(SiMe3)3 97.2 syn –0.08

With a value of 74.8 kJmol–1, the calculated inversion
barrier of 12 is in excellent agreement with the experimental
value and also fits nicely into trends observed for various R
substituents. As reported previously,[33] methyl substituents
reduce the inversion barrier more than PH3 does, which is
due to electronic effects (σ-acceptor), and tBu decreases the
barrier because it destabilizes the steric effects in the pyram-
idal minimum structure. A distinct lowering of ∆Einv occurs
for a silyl group because of its σ-donor character. Ad-
ditional steric effects in the minimum structure further re-
duce ∆Einv in H2P–SiMe3. Noteworthy, further increase of
the bulkiness of R in H2PR does not lower the barrier more
than H2P–SiMe3. In general, donation from the substituent
is reflected in the phosphorus charge in the transition state
of all of the H2P–SiX3 molecules. The more negatively
charged the P atom is in the TS, the lower the ∆Einv. To
quantify these trends, results of the calculations for the
monophosphanes H2PR (R = CX3 or SiX3) have been in-
cluded in Table 2. Here again, transition structures for dif-
ferent R groups are observed which differ in the dihedral
angle ω between a P–H and a C–X or Si–X bond, which
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we term syn (ω � 0°) and gauche (ω � 60°) as shown in
Figure 5. For large R groups, the gauche TS is adopted.

Figure 5. Gauche and eclipsed transition structures for monophos-
phanes H2PCX3 and H2PSiX3.

Diphosphanes can be considered as phosphanyl substi-
tuted monophosphanes. Because of the small electronega-
tivity difference between H and P, H2PPHR and H2PR
molecules should have similar inversion barriers, and 1,2-
disilylated diphosphanes should have smaller inversion bar-
riers, than those of H2PPH2 and the alkylated derivatives
RHPPHR. To some extent, the results summarized in
Table 2 confirm these expectations. Silyl substituents do
lower ∆Einv, and the PH2 substituent lowers it less than the
silyl group SiH3. Both effects (PH2: –32 kJmol–1; SiH3:
–44 kJmol–1) are roughly additive, as can be seen for SiH3–
PH–PH–SiH3. The calculated barrier is � 80 kJmol–1, the
predicted value is � 73 kJmol–1.

X-ray Crystallography

Compounds 3, 4, 12, 13 and 14 were subjected to single-
crystal X-ray analysis; details of the data collection and
crystal data have been summarized in the Experimental Sec-
tion. Selected bond lengths, bond angles and torsion angles
are presented in Table 3.

The molecular structure of the 18-crown-6 salt of potas-
sium phosphanide 4 and the arrangement of the molecules
in the crystal is presented in Figure 6. Structural reports for
potassium phosphanides are available for a small number
of compounds only. Examples are K(thf)P(SiMe3)2, which
displays a ladder-type structure,[22] KHPSitBu3,[34] poly-
meric KHPMes* (Mes* = 2,4,6-tBu3C6H12)[35] and dimeric
[K(thf)2P(2,4,6-Me3C6H2)SiFtBu2]2.[36] Because of the large
size of the hypersilyl group and the presence of 18-crown-6,
each phosphorus atom in 4 is coordinated to one potas-
sium atom only, which is different from the above-men-
tioned examples where coordination numbers two or three
are observed. The potassium phosphorus distance (see
Table 3) is 326 pm, which compares well with values be-
tween 320–360 pm which are reported in the literature.
Each potassium atom, in addition to being coordinated to
the P atom and the crown ether, has a contact [dP–C =
335pm] with a methyl group from the hypersilyl group of a
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Table 3. Selected bond lengths [pm], bond angles [°] and dihedral angles [°] with estimated standard deviations in parentheses for 3, 4,
12, 13 and 14.

3 4 12 13 14

P–P – – 220.2(3) 219.61(18) 215.90(40)
P–K – 326.19(13) – – –
P–Si(Hyp) 231.56(8) 221.36(13) 226.86(18) 229.31(20) 230.10(40)
P–Si(Me) 228.7(11) – – 225.80(20) –
Si–Si 240.19(9) 233.19(13) 234.31(17) 237.35(20) 237.80(40)

241.60(10) 233.36(15) 234.63(17) 237.85(20) 233.00(40)
242.61(11) 234.35(12) 235.16(16) 238.95(20) 239.00(40)

P–C – – – – 188.9(10)
P–P–Si(Hyp) – – 102.49(9) 109.11(8) 109.47(15)
P–P–Si(Me) – – – 115.98(8) –
P–Si–Si 108.04(3) 107.30(5) 108.19(7) 109.29(8) 104.65(16)

121.64(3) 110.17(6) 101.42(7) 123.29(8) 130.40(16)
103.52(4) 112.39(5) 112.26(7) 106.47(9) 104.65(16)

Si(Me) –P–Si(Hyp) 108.55(3) – – 109.14(8) –
113.77(4) – – – –

C–P–Si(Hyp) – – – – 110.20(40)
P–P–C – – – – 115.55(40)
Si(Hyp)–P–P–Si(Hyp) – – 180.0 139.27(7) 162.48(14)
Si(Me)–P–P–Si(Me) – – – 26.66(11) –
C–P–P–C – – – – 52.50(50)

Figure 6. Molecular structure of the 18-crown-6 salt of 4 and arrangement in the crystal.

neighbouring molecule. The structure thus displays a zig-
zag chain [PKC(H3)SiSi]n as shown in Figure 6. Note-
worthy, the P–Si–Si angles within the hypersilyl group differ
by not more than 5° from each other, which is due to the
absence of steric strain. Moreover, the three Si–Si distances
in the hypersilyl group are almost equal (233–234 pm), and
they are the shortest compared those found for 3, 12, 13
and 14.

The molecular structures of compounds 3, 12, 13 and
14 are presented together in Figure 7. The presence of two
trimethylsilyl groups in 3 certainly increases the steric
strain, which leads to quite long Si–P (231.6 and 228.7 pm)
and Si–Si bonds (240.2–242.6 pm). The hypersilyl group is
quite severely distorted from local C3 symmetry, with P–Si–
Si angles of 108.0°, 121.6° and 103.5°, respectively.
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The strain in bis(hypersilyl)diphosphane 12 is consider-
ably smaller than that in 3, which results in shorter Si–P
and Si–Si bonds and smaller variations in the P–Si–Si bond
angles (Table 3). The two hydrogen atoms which are at-
tached to the phosphorus atoms are located well inside the
molecule and have no noticeable effect on the Si–P–P–Si
dihedral angles that the diastereomers possess in the crystal
form. Both the meso- and the ,-diastereomers are present,
which we corroborated by dissolving a single crystal in tolu-
ene and recording a 31P NMR spectrum.

Despite the bulkiness of the substituents that diphospha-
nes 13 and 14 bear, the P–P bond lengths (220 and 216 pm,
respectively) are in a range considered as normal. However,
P–Si and Si–Si bonds are longer than those found for 4 and
12. The X-ray structures together with the 31P NMR spec-
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Figure 7. ORTEP plots (30% probabilities) of the molecular structures of 3, 12, 13 and 14.

tra prove that it is the ,-modifications which are formed
exclusively. We were unable to detect even traces of the
meso-diastereomers. Similar observations were made during
the synthesis of (SiMe3)PhPPPh(SiMe3), (SiMe3)tBuPPtBu-
(SiMe3) and tBuPhPPPhtBu. All three diphosphanes dis-
play a single resonance in the 31PNMR spectrum, but it is
not clear in all three cases whether it originates from the
meso- or the ,-diastereomers.[37]

Experimental Section
NMR Spectroscopy: NMR spectra were recorded with a BRUKER
MSL 300 or a VARIAN Unity Inova 300 spectrometer. The 29Si
NMR and 31P NMR spectra of the samples were measured as solu-
tions in THF or toluene in 10 mm tubes with capillaries of D2O to
serve as an external lock.

X-ray Structure Analysis: The crystals were mounted onto the tip
of a glass fibre, and the data collection was performed with a
BRUKER-AXS SMART APEX CCD diffractometer. Graphite-
monochromated Mo-Kα radiation (71.073 pm) was used for the
measurements. The data were reduced to F2

o and corrected for ab-
sorption effects with SAINT and SADABS, respectively. The struc-
tures were solved by direct methods and refined by full-matrix le-
ast-squares method (SHELXL97). All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydrogen
atoms were located in calculated positions to correspond to stan-
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dard bond lengths and angles. Relevant data are presented in
Table 4. Because of the formation of thin plates, the quality of the
structure data for 13 and 14 is poor. All attempts to obtain better
crystals failed.

CCDC-605545 (for 3), -605546 (for 4), -605542 (for 12), -605543
(for 13) and -605544 (for 14) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Ab Initio Calculations: For geometry optimization, the B3LYP/6-
31G(d) method has been applied as implemented in the
GAUSSIAN package programs.[38] In the population analysis, the
Mulliken method was conducted for both phosphorus atoms.[39]

Unless otherwise stated, the optimized structures are minima on
the potential energy hypersurfaces (only positive harmonic fre-
quencies at the B3LYP/6-31G(d)//B3LYP/6-31G(d) level). The con-
sidered transition structures, TS, were characterized by a single vi-
bration mode of inversion character at phosphorus.

General Remarks for the Syntheses: All syntheses and manipula-
tions were carried out under an inert atmosphere of either N2 or
Ar with the use of standard Schlenk techniques. Solvents were dis-
tilled from sodium, potassium, sodium–potassium alloy or LiAlH4

prior to use. Amines such as NEt3 were dried with molecular sieves.
Elemental analyses were performed with a HERAEUS Vario Ele-
mentar.

Synthesis of HypPH2 (1) and Hyp2PH (2) from NaPH2 and
(SiMe3)3SiCl: HypCl (13.6 g, 48.1 mmol) was dissolved in a mix-
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Table 4. Crystal data and structure refinement for compounds 3, 4, 12, 13 and 14.

3 4 12 13 14

Formula C15H45PSi6 C21H52KO6PSi4 C18H56P2Si8 C24H72P2Si10 C26H72P2Si8
Formula weight 425.02 583.06 559.19 703.66 671.495
T [K] 213(1) 293(2) 200(2) 100(2) 100(2)
Wavelength [Å] 0.71073 0.71069 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic triclinic triclinic triclinic
Space group C2/c P1̄ P1̄ P1̄ P1̄
a [Å] 15.707(3) 9.7417(19) 9.5970(19) 10.191(2) 9.6834(19)
b [Å] 11.599(2) 11.839(2) 13.266(3) 13.097(3) 14.090(3)
c [Å] 33.006(7) 15.711(3) 15.805(3) 17.971(4) 16.090(3)
α [°] 90.0 94.59(3) 81.28(3) 98.62(3) 79.58(3)
β [°] 100.91(3) 94.19(3) 84.79(3) 97.98(3) 89.44(3)
γ [°] 90.0 101.88(3) 69.44(3) 103.98(3) 74.00(3)
V [Å3] 5904(2) 1759.9(6) 1860.7(6) 2262.7(8) 2073.6(7)
Z 8 2 2 2 2
ρcalcd. [g cm–3] 0.956 1.100 0.998 1.033 1.075
Absorption coefficient [mm–1] 0.335 0.360 0.381 0.375 0.351
F(000) 1872 632 612 772 740
θ range [°] 1.26 � θ � 23.25 1.77 � θ � 23.26 1.97 � θ � 24.71 1.17 � θ � 25.00 1.29 � θ � 22.00
h, k, l Indices range –17 � h � 17 –10 � h � 10 –11 � h � 11 –12 � h � 12 –10 � h � 10

–12 � k � 12 –13 � k � 12 –15 � k � 15 –15 � k � 15 –14 � k � 14
–36 � l � 38 –17 � l � 17 –18 � l � 18 –21 � l� 21 –16 � l� 16

Reflections collected / unique 17157 / 4228 10812 / 5020 13046 / 6278 15965 / 7821 11017 / 5005
Completeness to θ [°]/[%] 23.25/99.7 23.26/99.3 24.71/98.7 25.00/98.2 22.00/98.4
Absorption correction SADABS SADABS SADABS SADABS SADABS
Refinement method Full-matrix least- Full-matrix least- Full-matrix least- Full-matrix least- Full-matrix least-

squares on F2 squares on F2 squares on F2 squares on F2 squares on F2

Data/restraints/parameters 4228/0/214 5020/0/322 6278/0/279 7821/0/349 5005/0/349
Goodness-of-fit on F2 1.064 1.032 1.017 1.1312 1.143
Final R indices [I�2σ(I)] R1 = 0.0370 R1 = 0.0492 R1 = 0.0622 R1 = 0.0881 R1 = 0.1235

wR2 = 0.0995 wR2 = 0.1285 wR2 = 0.1208 wR2 = 0.2038 wR2 = 0.3025
R indices (all data) R1 = 0.0422 R1 = 0.0575 R1 = 0.0936 R1 = 0.0939 R1 = 0.1406

wR2 = 0.1024 wR2 = 0.1352 wR2 = 0.1343 wR2 = 0.2078 wR2 = 0.3145
Largest diff. peak/hole [e Å–3] 0.238/–0.152 0.328/–0.160 0.440/–0.275 1.315/–1.041 1.301/–0.678

ture of toluene (30 mL) and Et2O (30 mL). NaPH2 (5.4 g,
96.2 mmol) was then added, and the suspension was heated at re-
flux for 2 d. 29Si NMR spectroscopy was used to monitor the con-
sumption of HypCl. Upon completion, the liquid phase which con-
tained 1 and 2 and traces of Hyp3P7 was separated from the salts
(NaCl) by decantation. The solvent was then removed by evapora-
tion in vacuo. From the oily residue, 1 was separated by fractional
distillation, b.p. 65–68 °C (0.03 mbar). It solidified at room tem-
perature to a colourless sticky wax. From the residue, 2 (1.4 g, 11%)
can be obtained by sublimation in vacuo at a temperature of 120–
125 °C. Compound 2 can also be prepared from HypPHK and
HypCl in excellent yield (see later on). Yield of 1 7.4 g (55%).
C9H29PSi4 (280.66): calcd. C 38.51, H 10.41; found C 38.70, H
9.70.

Synthesis of HypPH2 (1) from PH3, HOSO2CF3, and (SiMe3)3-
SiPh: (SiMe3)3SiPh (10 g, 28.1 mmol) was dissolved in toluene
(50 mL). The solution was cooled to –30 °C, and CF3SO3H (4.21 g,
28.1 mmol) was added dropwise over a period of one hour. The
reaction mixture was warmed up to room temperature and was
stirred for another 2 h. Triethylamine (2.84 g, 28.1 mmol) was then
added, and a moderate stream of PH3 was passed through the solu-
tion. Immediately, a colourless oil of [CF3SO3]–[NHEt3]+ formed.
After completion, the solution of HypPH2 was separated from the
oil by decantation. The solvent then was removed by evaporation
in vacuo, and 1 was purified by sublimation as described previously.
Yield 75%.

Synthesis of HypPHK (4): Compound 1 (0.5 g, 1.80 mmol) was dis-
solved in toluene (10 mL) and cooled to –50 °C. With vigorous
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stirring, KOtBu (0.22 g, 2.0 mmol) and 18-crown-6 (0.52 g,
2.0 mmol) was added with a spatula. The solution turned yellow/
orange slowly. After 2 h, the reaction was complete. Product 4 crys-
tallized from toluene at –80 °C in the form of yellow crystals that
were suitable for X-ray analysis. Yield 0.38 g (� 60%).

Synthesis of Hyp2PH (2) from 4 and HypCl: Compound 4
(2.0 mmol; prepared from 0.6 g of 1 as described above) was dis-
solved in toluene (10 mL). The solution was vigorously stirred and
a solution of HypCl (0.56 g, 2.0 mmol) in toluene (10 mL) was
added slowly at a temperature of –40 °C. After one hour, the mix-
ture was warmed up to room temperature. The liquid phase was
separated from the salts by decantation. Sublimation in vacuo
(0.03 mbar, 120–125 °C) afforded 2 (2.46 g, 80%) as a colourless
waxy solid. M.p. 160 °C. C18H55PSi8 (527.33): calcd. C 41.00, H
10.51; found C 39.79, H 9.94.

Synthesis of HypPHLi (6): HypPH2 (1.67 g, 5.95 mmol) was dis-
solved in THF (20 mL) and cooled with ice to 0 °C. With constant
stirring, nBuLi (5.95 mmol, hexane solution) was added with a sy-
ringe. The solution turned red slowly. Compound 6 (� 95%) was
afforded, and traces of (Me3Si)2PLi, Li3P7 and HypPLi2 (7) could
be detected in the solution by 31P NMR spectroscopy.

Synthesis of HypP(SiMe3)K (5): HypP(SiMe3)2 (1.28 g, 3.01 mmol)
was dissolved in toluene (60 mL). The solution was cooled to
–50 °C and KOtBu (0.34 g, 3.03 mmol) and 18-crown-6 (0.80 g,
3.03 mmol) was added as a solid. The solution turned orange
slowly. After two hours the reaction was complete. From analysis
of the 31P NMR spectrum, a yield of � 95% could be deduced.
Minor byproducts were HypPK2 and HypPHK.
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Synthesis of HypP(SiMe3)H: HypP(SiMe3)2 (0.33 g, 0.78 mmol)
was dissolved in toluene (60 mL). Dry tBuOH (0.06 g) was then
added, and the reaction mixture was stirred for three weeks at room
temperature. Analysis of the 31P NMR spectrum revealed a 1:1
mixture of HypP(SiMe3)H and the starting material. If the reaction
was heated at 100 °C under a vacuum of 0.03 mbar, HypP-
(SiMe3)H was obtained as a waxy, colourless solid. C12H37PSi5
(352.86): calcd. C 40.85, H 10.57; found C 39.70, H 10.33.

Synthesis of HypPHHPHyp (12): HypPH2 (1) (12.1 g, 43.1 mmol)
was dissolved in toluene (100 mL). With vigorous stirring,
(tBu)2Hg (8.0 g, 26.0 mmol) was added at room temperature. The
solution was then heated at 60 °C. After 2 h, a small quantity of
mercury had formed and the colour of the solution had turned to
a yellowish–green. At –80 °C, crystals of HypPHHPHyp precipi-
tated as yellow needles. Yield 10.8 g (90%).

Alternatively, 1 (1.0 g, 4.0 mmol) was dissolved in toluene (15 mL)
and solid KOtBu (0.5 g, 4.5 mmol) and solid 18-crown-6 (1.2 g,
4.5 mmol) was added at –50 °C. The solution turned yellow slowly.
After 3 h at –50 °C, BrCH2CH2Br (0.43 g, 2.25 mmol) was added.
The colour changed immediately to a yellowish–green. The solu-
tion was decanted from the salts and stored in a freezer at –80 °C
where 12 (1.00 g, 90%) crystallized. C18H56P2Si8 (559.33): calcd. C
38.65, H 10.09; found C 37.60, H 9.41.

Synthesis of Hyp(SiMe3)PP(SiMe3)Hyp (13): HypP(SiMe3)2 (3)
(1.00 g, 2.35 mmol) was dissolved in toluene (30 mL). With vigor-
ous stirring, solid KOtBu (0.30 g, 2.67 mmol) and solid 18-crown-
6 (0.70 g, 2.65 mmol) was added at –50 °C. The solution turned
yellow immediately. After three hours the reaction mixture was
warmed up to room temperature. The solution of Hyp(SiMe3)PK
then was again cooled to –50 °C and BrCH2CH2Br (0.25 g,
1.33 mmol) was added. The colour of the solution slowly turned
green. After one hour, the salts were separated by decantation and
the solution was stored in a freezer at –80 °C. Product 13 (0.62 g,
65%) crystallized as yellowish thin plates. C24H72P2Si10 (703.70):
calcd. C 40.96, H 10.31; found C 41.40, H 10.26.

Synthesis of Hyp(tBu)PP(tBu)Hyp (14): tBuPClHyp (1.00 g,
2.70 mmol) was dissolved in toluene (20 mL). With vigorous stir-
ring, K/Na alloy (5:1; 0.20 g, excess) was added with a syringe at
room temperature. The solution was then heated at 80 °C for three
hours. The liquid phase was the separated from the salts by decan-
tation and stored at –80 °C in a freezer. Product 14 (0.73 g, 80%)
was obtained as yellowish thin plates. C26H72P2Si8 (671.55): calcd.
C 46.50, H 10.72; found C 45.48, H 10.11.

Synthesis of HypPCl(SiMe3) (8): HypP(SiMe3)2 (3) (1.54 g,
3.62 mmol) was dissolved in toluene (20 mL). With vigorous stir-
ring solid C2Cl6 (0.86 g, 3.63 mmol) was added. at room tempera-
ture. The reaction proceeds slowly and is complete after 24 h at
room temperature. After removal of all volatile products by evapo-
ration in vacuo, a nearly pure 8 (1.27 g, 92%) is obtained as a
viscous yellowish oil. Further purification by sublimation turned
out to be impossible as the compound decomposed quickly when
warmed. Attempts to obtain crystals were unsuccessful.
C12H36ClPSi5 (387.30): calcd. C 37.21, H 9.37; found C 36.59, H
8.86.

Synthesis of HypPCl2 (10): HypP(SiMe3)2 (3) (0.27 g, 0.64 mmol)
was dissolved in toluene (20 mL) and solid C2Cl6 (0.35 g,
1.45 mmol) was added with a spatula. After 24 h at room tempera-
ture and under vigorous stirring, the reaction was complete. Analy-
sis of the 31P NMR spectrum revealed that besides HypPCl2
(� 70%), cyclotriphosphane P3Hyp2Cl (� 15%) and bis(hypersilyl)-
bicyclotetraphosphane P4Hyp2 (� 15%) were also present in the
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reaction mixture. Attempts to isolate or purify 10 by fractional
crystallization were not successful.

Synthesis of HypP(SiMe3)Br (9): HypP(SiMe3)2 (3) (1.00 g,
2.35 mmol) was dissolved in toluene (30 mL) and solid
BrCl2CCCl2Br (0.76 g, 2.35 mmol) was added with a spatula. After
two hours at room temperature and vigorous stirring, the reaction
was complete. All volatile products were then removed by evapora-
tion in vacuo. Pure 9 (1.0 g, � 100%) was obtained as a yellowish
waxy solid. Further purification by sublimation was impossible due
to decomposition. Attempts to obtain crystals were also unsuccess-
ful. C12H36BrPSi5 (431.75): calcd. C 33.38, H 8.40; found C 32.49,
H 8.33.

Synthesis of HypPBr2 (11): HypP(SiMe3)2 (3) (0.23 g, 0.54 mmol)
was dissolved in toluene (10 mL) and solid BrCl2CCCl2Br (0.35 g,
1.08 mmol) was added with a spatula. The colour of the solution
turned a yellowish brown. After two hours at room temperature,
the reaction was complete. All volatile products were removed by
evaporation in vacuo to afford 11 (0.22 g, 95%) of as a yellow,
viscous oil. Noticeable amounts of byproducts could not be de-
tected in the analysis of the 31P NMR spectrum. C9H27Br2PSi4
(438.47): calcd. C 24.65, H 6.21; found C 22.87, H 5.26.
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Diastereopure Cationic NCN-Pincer Palladium Complexes with Square Planar
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Neutral NCN-pincer palladium bromide complex 2 contain-
ing the monoanionic, enantiopure pincer ligand 2,6-bis{[(S)-
2-hydroxymethyl-1-pyrrolidinyl]methyl}phenyl bromide (1)
with bis-ortho-(S)-prolinol substituents was synthesized and
isolated as a mixture of three stereoisomers [(SN,SN,SC,SC),
(RN,SN,SC,SC), and (RN,RN,SC,SC)] in a 1:1:1 ratio. Upon ab-
straction of the bromide ion from the unresolved mixture of
2, single diastereoisomers of the cationic complexes [3]BF4

and [3]PF6, respectively, were formed with a unique
η4-N,C,N,O coordination mode of ligand 1. X-ray crystal
structure determination established the intramolecular
η4-N,C,N,O coordination of 1 to palladium where the typical

Introduction

Organometallic pincer complexes containing the terdent-
ate, monoanionic ECE ligand, (ECE = [2,6-(ECH2)2-
C6H3]–, where E is a neutral two-electron donor such as
NR2, PR2, AsR2, OR, or SR; Figure 1), have attracted
widespread interest in catalysis and materials science.[1] The
M–C σ bond in these complexes is complemented and sta-
bilized by coordination of the E-donors through a double
ortho-metalation and results in relatively robust organome-
tallic complexes. Coordination of the two donor E-substitu-
ents furthermore controls the accessibility and the elec-
tronic fine tuning of the metal. Another important feature
of the pincer ligand system is the possibility to introduce
stereochemical information at various positions of the
pincer skeleton, for example, at the benzylic carbons of the
pincer backbone,[2,3] on the donor unit E,[4–7] or a combina-
tion of both.[8] Especially in the case of NCN-pincer sys-
tems, the presence of stereogenic centers in the N-donor
substituents offers facile synthetic access to chiral metal
complexes.
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mer-η3-N,C,N pincer coordination is accompanied by coordi-
nation of one of the hydroxy groups of the (S)-prolinol moie-
ties. The water molecule that was cocrystallized in the crystal
structure of [3]PF6 does not coordinate to palladium, but in-
stead is involved in a hydrogen bonding network. The cata-
lytic potential of both cationic complexes, [3]BF4 and [3]PF6,
was tested in an aldol reaction of aldehydes with methyl iso-
cyanoacetate to yield the oxazoline products as racemic mix-
tures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. ECE pincer ligands.

Previously, we reported the synthesis and structural
analysis of neutral and cationic palladium(II) complexes of
monoanionic NCN-pincer ligands in which ester prolinate
auxiliaries were used as the N-donor (Figure 1).[9] De-
pending on both the bulkiness of the prolinate ester substit-
uents and the actual η3-N,C,N or η4-N,C,N,O coordination
mode of the ligand, the palladium complexes were formed
either as mixtures of three diastereoisomers or as single dia-
stereoisomers both in the solid state and solution. These
studies led us to develop a new class of enantiopure NCN-
pyrrolidine ligands where the ester groupings were replaced
by CR2OH groups (R = H, Ph; Figure 1). Here we present
the synthesis of the ligand PhBr(ProOH)2 (1), with R = H,
and the studies of its coordination toward Pd. In order to
probe the stereogenity at Pd in the resulting complexes, we
have used these complexes as catalysts in the aldol reaction
between benzaldehyde and methyl isocyanoacetate.
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Results and Discussion

Synthesis

The ligand precursor PhBr(ProOH)2 (1) was synthesized
in a one-step procedure with the use of 2.5 equiv. of (S)-
prolinol with respect to 1-bromo-2,6-bis(bromomethyl)ben-
zene in a biphasic CH2Cl2/H2O system with 10% of
nBu4NCl as a phase-transfer catalyst and K2CO3 as the
base (Scheme 1).

According to this procedure, ligand precursor 1 was ob-
tained in 58% yield after purification by column
chromatography. Phase transfer catalytic conditions were
used in order to obtain the desired product in higher yield,
since under basic conditions (Et3N) in CH2Cl2 the yield of
1 was only 24%. Arylpalladium complex 2 was synthesized
under an inert atmosphere by the oxidative addition reac-
tion of aryl bromide 1 with [Pd2(dba)3]·CHCl3 in degassed
benzene at 50 °C. The product was isolated in 63% yield
after purification by column chromatography (Scheme 1).
1H and 13C{1H} NMR spectra of the isolated product
showed a complicated peak pattern, which was interpreted
to result from a mixture of three diastereoisomers in a 1:1:1
molar ratio. Reaction of this mixture of diastereoisomers of
2 with either AgBF4 in acetone/water (10:1, v/v) or with
aqueous NH4PF6 in methanol yielded the cationic com-
plexes [3]BF4 and [3]PF6 in moderate to good yields (76 and
46%, respectively). Analysis of the NMR spectrum showed
the formation of these complexes as single diastereoisomers
(vide infra).

All compounds were characterized by 1H and 13C{1H}
NMR, IR spectroscopy, ESI-MS, and elemental analysis.
The structures of complexes [3]BF4 and [3]PF6 were con-
firmed by X-ray crystal structure determination.

Description of Crystal Structures of [3]BF4 and [3]PF6

Single-crystals suitable for X-ray diffraction were ob-
tained by vapor diffusion of Et2O into a saturated solution
of either [3]BF4 in acetone or [3]PF6 in CH2Cl2. Regret-

Scheme 1. Synthesis of compounds 1–3. Conditions: (i) K2CO3, nBu4NCl, CH2Cl2/H2O, reflux, 16 h; (ii) [Pd2(dba)3]·CHCl3, C6H6, 50 °C,
3 h; (iii) AgBF4, acetone/H2O, room temp.; (iv) NH4PF6/H2O, CH3OH, room temp.
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tably, all attempts to crystallize 2 failed. In the crystal struc-
tures, two independent molecules of both [3]BF4 and [3]PF6

are present which differ only in the conformation of the
noncoordinated hydroxymethylene group of the ligand. One
of the independent molecules of [3]BF4 is shown in Fig-
ure 2, and Quaternion overlay plots of both cations of
[3]BF4 (left) and [3]PF6 (right) are shown in Figure 3. Rel-
evant bond lengths and angles are displayed in Table 1 and
crystallographic details are listed in the Experimental Sec-
tion. Both structures crystallize in chiral space groups and
their absolute structure could be determined from the Flack
parameter.[10] Besides the two cations of 3 and two PF6

anions, one molecule of water also crystallizes in the asym-
metric unit of [3]PF6.

Figure 2. Displacement ellipsoid plot (50% probability) of cation
[3]BF4; hydrogen atoms of the hydroxy groups and of the ste-
reogenic C-atoms are depicted; the remaining hydrogen atoms and
noncoordinated BF4 anions are omitted for clarity. Only one of
two independent molecules is shown.

In all four molecules of [3]BF4 and [3]PF6, the coordi-
nated nitrogen atoms have an (RN) configuration, while the
C-stereogenic centers have the expected (SC) configuration.
The two independent molecules of [3]BF4 and [3]PF6 have
an essentially identical, four-coordinate η4-N,C,N,O-ligand
coordination around the palladium center that comprises
C1, both N atoms, as well as the oxygen atom of one of the
hydroxy groups. However, the noncoordinated hydroxy-
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Figure 3. Quaternion fit[13] of the two independent molecules of
cation 3 in the crystal structure of [3]BF4 (left) and [3]PF6 (right).
Molecule 1 is drawn in black; molecule 2 is drawn in grey. The only
significant difference is in the conformation of the noncoordinated
hydroxymethylene group. Hydrogen atoms, noncoordinated water
molecules, and noncoordinated BF4 and PF6 anions are omitted
for clarity.

Table 1. Relevant bond lengths [Å] and angles [°] of complexes
[3]BF4 and [3]PF6.

[3]BF4 [3]PF6

Molecule Molecule Molecule Molecule
1 2 1 2

Pd–C1 1.901(3) 1.894(3) 1.900(3) 1.906(3)
Pd–N1 2.049(3) 2.049(2) 2.047(2) 2.048(2)
Pd–N2 2.118(3) 2.124(2) 2.116(2) 2.117(2)
Pd–O1 2.205(3) 2.247(2) 2.227(2) 2.201(2)
C1–Pd–O1 160.95(11) 156.45(11) 163.60(10) 165.05(10)
N1–Pd–N2 164.88(11) 164.95(9) 163.42(9) 163.48(10)
C1–Pd–N1 82.87(12) 83.14(11) 82.61(11) 82.57(11)
C1–Pd–N2 82.19(12) 81.98(11) 80.80(11) 80.92(11)
O1–Pd–N1 80.74(10) 79.32(8) 81.43(9) 82.88(9)
O1–Pd–N2 114.38(10) 115.62(9) 115.13(9) 113.64(9)
N2–C17–C18–O2 73.9(4) –68.7(3) 172.0(2) 178.0(2)
C1–C2–C7–N1 –23.6(4) –23.8(3) –28.0(4) –30.0(4)
C1–C6–C13–N2 –22.5(4) –21.1(4) –20.0(3) –22.6(4)

methylene groups in [3]BF4 and [3]PF6 have different orien-
tations. In the structure of [3]BF4, both of these groups
point towards the palladium center with Pd···O2 distances
of 3.966(3) and 2.862(3) Å, whereas in [3]PF6, both groups
point away from the palladium center and have Pd···O2 dis-
tances of 4.680(2) and 4.639(2) Å. These differences result
from the different hydrogen bond network that is present in
both complexes. The Pd-coordination environment in these
complexes, including bond lengths and angles, is very sim-
ilar to that observed for structurally related cationic NCN-
pincer palladium complexes containing methyl or benzyl
prolinate substituents, where one carbonyl group of the
ester moieties is coordinated to palladium (Figure 1).[9]

In cationic NCN-pincer complexes which do not contain
additional donor atoms in the ligand, the mer-η3-N,C,N co-
ordination of the pincer ligand is complemented by an
η1-O water molecule.[11,12] Apparently, the intramolecular
η1-O-coordination of the hydroxy group of the ligand in
[3]BF4 and [3]PF6 is preferred over water coordination. A
water molecule is actually found in the crystal structure of
[3]PF6; it is however not coordinated to Pd, but instead is
involved in a hydrogen bonding network. As a result of the
extra η1-O coordination of the hydroxy group of the ligand,
the complexes [3]BF4 and [3]PF6 lack any element of
symmetry, in contrast to the pincer [Pd(NCN)(OH2)]BF4

complexes which usually have an overall C2 symmetry.[12]

Importantly, both complexes [3]BF4 and [3]PF6 exist as
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single diastereoisomers with an (RN,RN,SC,SC) configura-
tion.

Because of the presence of cocrystallized, noncoordi-
nated water molecules in [3]PF6, the hydrogen bond net-
works and hence the three dimensional structures are very
different in the crystal structures of [3]BF4 and [3]PF6. The
relevant distance and angles of the hydrogen bonds for
[3]BF4 and [3]PF6 are shown in Table 2. In the structure
of [3]BF4, both coordinated and noncoordinated hydroxy
groups donate hydrogen bonds, and thus, this results in four
independent donor groups. Three fluoride atoms of the first
BF4 anion act as acceptors, whereas only one fluoride of
the second BF4 is a hydrogen-bond acceptor. This hydrogen
bonding arrangement results in discrete aggregates con-
sisting of four cations and four anions (Figure 4).

Table 2. Selected hydrogen bond lengths [Å] and angles [°] of com-
plexes [3]BF4 and [3]PF6.[a]

Complex Donor–H···Acceptor D–H H···A D···A D–H···A

[3]BF4 O11–H11···F1i 0.71(4) 2.01(4) 2.717(4) 170(4)
O12–H12···F8 0.76(4) 1.95(4) 2.693(3) 166(4)
O21–H21···F4ii 0.97(4) 1.84(6) 2.777(4) 161(5)
O22–H22···F2 0.79(4) 2.15(4) 2.934(3) 174(4)

[3]PF6 O21–H21O···F7iii 0.71 2.53 3.043(4) 131
O22–H22O···O3iv 0.82 1.91 2.712(3) 165
O11–H110···O21v 0.73 1.95 2.671(3) 174
O12–H120···O22iv 0.74 1.92 2.651(3) 170

O3–H130···F12 0.97 1.94 2.905(3) 170
O3–H230···F6A 0.88 2.09 2.796(6) 136

[a] Symmetry operations: i: x–0.5, y+0.5, z; ii: 1.5–x, y+0.5, 1 –
z; iii: 1 –x, y+0.5, –z; iv: 1 –x, y–0.5, 1 –z; v: 1 –x, y–0.5, –z.

Figure 4. Hydrogen-bonded aggregate of four cations and four
anions in [3]BF4. Dashed lines indicate hydrogen bonds between
the hydroxy groups as donors and the BF4 anions as acceptors. C–
H hydrogen atoms are omitted for clarity.

In the crystal structure of [3]PF6, both coordinated hy-
droxy groups of the two independent molecules form inter-
molecular hydrogen bonds with the noncoordinated hy-
droxy groups as acceptors, which results in the formation
of a hydrogen bonded dimer of two cations of [3]PF6. The
noncoordinated hydroxy group of the first molecule do-
nates a hydrogen bond with a PF6 fluoride as acceptor,
while the noncoordinated hydroxy group of the second
molecule forms a hydrogen bond with the water molecule
as acceptor. The water molecule forms two hydrogen bonds
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with PF6 anions as acceptors. By means of these hydrogen
bonds, an infinite two-dimensional network is formed in the
crystallographic b,c-plane (Figure 5).

Figure 5. Infinite, two-dimensional hydrogen bond network in
[3]PF6 in the crystallographic b,c-plane. View along the b axis.
Dashed lines indicate hydrogen bonds between the hydroxy groups
and water molecules as donors and the PF6 anions as acceptors.
Note that the two cations of [3] form a hydrogen bonded dimer.
C–H hydrogen atoms are omitted for clarity. Only one orientation
of the disordered PF6 anion is shown.

IR Spectra

The different bonding nature of the hydroxy groups in
1–3 is reflected in their IR spectra in the region of the
ν(OH) valence vibration. The broader ν(OH) band, which
in the spectrum of ligand 1 is present at 3410 cm–1, is
slightly shifted to lower wavenumbers in palladium bromide
complex 2 [ν(OH) 3383 cm–1]. In the spectrum of [3]BF4,
two sharp vibrations at higher wavenumbers are observed
(Figure 6a). The ν(OH) at 3427 cm–1 is assigned to the vi-
bration of a Pd-coordinated hydroxy group, whereas the
second, split band [ν(OH) at 3549 and 3573 cm–1] is as-
signed to the two different orientations of the noncoordi-
nated hydroxy group as shown in the X-ray crystal struc-
ture.

In the spectrum of [3]PF6, one broad vibration at
3170 cm–1 and three sharp vibrations at higher wave-
numbers appear (Figure 6b). The presence of water in the
structure of [3]PF6 is represented by the broad vibration at
3170 cm–1. The other three ν(OH) bands were tentatively
assigned to the hydroxy group of the ligands that are coor-
dinated (at 3539 cm–1) and noncoordinated (at 3565 and
3633 cm–1) to Pd. The dissimilar wavenumbers and shape
of the bands of the hydroxy groups that are observed in the
IR spectra of [3]PF6 compared with the ν(OH) in the spec-
trum of [3]BF4 is a consequence of the different hydrogen
bonding patterns that are found in the crystal structures of
these two compounds. The dominant bands in the spectra
of cationic complexes 3 are the typical vibrations belonging
to the anions [i.e. BF4 (986 cm–1) and PF6 (834 cm–1),
respectively].

NMR Studies of Complexes 2–3

The 1H and 13C{1H} NMR spectra of neutral complex
2 showed various resonance patterns pointing to the pres-
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Figure 6. The ν(OH) valence vibration region of IR spectra of a)
[3]BF4 and b) [3]PF6.

ence of a mixture of species. This observation is in line with
those for neutral Pd-halide complexes derived from prolin-
ate ester NCN-pincers.[9] In that case, a mixture of three
diastereoisomers [(SN,SN,SC,SC), (RN,SN,SC,SC), and
(RN,RN,SC,SC)] is present in the temperature range of
–80 °C to +95 °C. The 1H and 13C{1H} NMR spectra were
analyzed for these ester derivatives by applying a number
of different one- and two-dimensional NMR techniques
[1H-1H COSY, 1H-13C HETCOR, 1H NOESY, EXSY, and
DEPT (angle) experiments]. On the basis of the structural
similarity with these prolinate ester complexes, the 1H
NMR spectroscopic data of 2 were interpreted to result
from a 1:1:1 mixture of three diastereoisomers (Figure 7).
The ratio of the diastereoisomers of 2 was determined
based on the resonances of the aromatic hydrogens (Cmeta

to Cipso), which are the only doublet resonances that are
well-enough resolved (Figure 8). A full assignment of the
1H and 13C{1H} NMR of 2 was not attempted because the
aliphatic methylene groups of the pyrrolidine and hydroxy-
methylene moieties gave very complicated patterns and very
similar shifts of the 13C atoms.[14] The 1H NMR spectrum
of 2 measured in [D6]benzene showed the best-resolved res-
onances, whereas in [D6]acetone, broader resonances were
observed.

Figure 7. The three diastereoisomers of 2; hydrogen atoms and the
hydroxymethylene groups on the stereogenic carbon atom are de-
picted; the remaining hydrogen atoms are omitted for clarity.
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Figure 8. The 1H NMR spectra of a) 2 in [D6]benzene and b) [3]BF4 in [D6]acetone with the assignment of the hydrogen atoms of the
ligand for the cationic complex (asterisk denotes residual solvent peaks).

The formation of three isomers of neutral complex 2 is
a consequence of the interconversion between the different
diastereoisomers that is caused by dissociation of the Pd–
N bond followed by pyramidal inversion at nitrogen, rota-
tion, and recoordination. The 1H NMR spectrum of 2
(measured in [D6]acetone) was temperature independent in
the range between –80 °C to +50 °C, which indicates the
presence of all three diastereoisomers in the 1:1:1 ratio in
this temperature range. Apparently, the hydroxymethylene
groups are too small to prevent the diastereoisomer in-
terconversion even at lower temperatures, and sterically
more hindered substituents seemingly have to be part of the
pyrrolidine moieties in order to stabilize a single dia-
stereoisomer of the neutral NCN-Pd-Br complex. Indeed,
substitution of the hydrogen atoms of the hydroxymethyl-
ene group in 2 for phenyl groups resulted in the formation
of a single diastereoisomer with the (RN,RN,SC,SC) configu-
ration.[15]

The 1H and 13C{1H} NMR spectra obtained for the cat-
ionic complexes [3]BF4 and [3]PF6 showed one, almost
identical resonance pattern. The presence of only one spe-
cies in the NMR spectrum (1H NMR spectrum of [3]BF4

is depicted in Figure 8; aliphatic hydrogen atoms were as-
signed with 1H-1H COSY) and the information obtained
from X-ray crystallography leads to the conclusion that a
single stereoisomer with the (RN,RN,SC,SC) configuration is
present, regardless of the ratio of stereoisomers in starting
material 2. Only in this (RN,RN,SC,SC) conformer, both hy-
droxymethylene groups point towards the palladium center
and are within suitable distance for coordination to the
metal (Figures 2 and 3). In the stereoisomers with the
(RN,SN,SC,SC) and (SN,SN,SC,SC) configurations either one
or both hydroxymethylene moieties point away from palla-
dium; thus, they lack the dual intramolecular coordination
ability and these stereoisomers are apparently less favored.
In solution, fast exchange of the hydroxy group that is coor-
dinated to the palladium center is anticipated in [3]BF4 and
[3]PF6, and therefore, a resonance pattern in the 1H and
13C{1H} NMR spectra that is consistent with an overall C2

symmetry was observed for both complexes. No spectral
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changes were observed in their 1H NMR spectra in the
range between –80 °C to +50 °C. Coordination of one of
the hydroxy group to the metal seems crucial for the ulti-
mate stereochemistry of the resulting cationic palladium
complexes.

Catalysis

In the course of this study, the catalytic potential of cat-
ionic complexes [3]BF4 and [3]PF6 was tested in the aldol
condensation between aromatic aldehydes and methyl α-iso-
cyanoacetate (MIC) in the presence of 10 mol-% of iPr2EtN
at ambient temperature (Table 3). Both complexes were

Table 3. Aldol reaction of methyl α-isocyanoacetate with aldehydes
catalyzed by [3]PF6 and [3]BF4.[a]

[a] Reaction conditions: aldehyde (1.6 mmol), CNCH2CO2Me
(1.6 mmol), catalyst (0.016 mmol, 1 mol-%), iPr2EtN (0.16 mmol),
CH2Cl2 (5 mL), 20 °C, 24 h. [b] Determined by 1H NMR analysis.
[c] Determined by chiral HPLC (Daicel CHIRALCEL OD, hexane/
iPrOH = 95:5) and configuration was determined by 1H NMR
analysis with the use of Eu(dcm)3 as a chiral shift reagent.[17]
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tested in the reaction with benzaldehyde (Entries 1 and 2).
As [3]PF6 gave the product in slightly higher yield, subse-
quent reactions with substituted aromatic aldehydes were
performed with [3]PF6 only (Table 3, Entries 2–5) as the
catalyst. The highest trans/cis ratio and enantioselectivity
for the trans-oxazoline product was obtained with naph-
thaldehyde as the substrate (Table 3, entry 5). In all cases,
the trans-oxazoline derivative was obtained as the major
product in good yields, albeit without significant enantio-
selectivity.

The preference for the trans-oxazoline product is com-
monly observed for achiral and chiral pincer complex-
es.[2b,3a,3c,5c,5k,5j,6a,16] Apparently, the pyrrolidine moieties
with the hydroxymethylene groups are too small to generate
a deep cavity around the palladium and the intermediate
Pd-enolate complex and it is this cavity that would normally
favor the formation of either one of the two enantiomers of
the trans- or cis-oxazoline product.

Experimental Section
General: (S)-Prolinol,[18] 2,6-bis(bromomethyl)-1-bromobenzene,[19]

and [Pd2(dba)3·CHCl3][20] were prepared according to previously
published procedures. 1H and 13C{1H} NMR spectra were re-
corded with a Varian Inova 300 spectrometer. Optical rotations
were measured with a Perkin polarimeter 241. Elemental micro-
analyses were carried out by Microanalytisches Laboratorium
Dornis und Kolbe, Mülheim a.d. Ruhr, Germany. The solid state
infrared spectra were recorded with a Perkin–Elmer Spectrum One
FTIR instrument. Mass spectrometry was carried out in a Voyager,
Biosystems, MALDI-TOF. HPLC analyses were performed with a
Perkin–Elmer Series 200 machine, equipped with a Diode Array
II detector and LC pump with the use of a Daicel Chiracel OD
column.

2,6-Bis{[(S)-2-(hydroxymethyl)-1-pyrrolidinyl]methyl}phenyl Bromide
(1): (S)-prolinol (2.5 equiv., 30 mmol, 3 g) and bis(bromomethyl)-
phenyl bromide (12 mmol, 4.1 g) were dissolved in CH2Cl2
(45 mL). Subsequently, to the reaction mixture was added K2CO3

(3 equiv., 36 mmol, 5 g) dissolved in water (45 mL) followed by the
addition of nBu4NCl (10 mol-%, 1.2 mmol, 0.33 g), and the mix-
ture was vigorously stirred at reflux for 16 h. The organic layer was
separated and the water layer was extracted with CH2Cl2
(2×30 mL). The solvent was evaporated in vacuo and the crude oil
was purified by column chromatography [SiO2, ethyl acetate/hex-
ane = 5:1]. The product was obtained as a pale yellow solid in 58%
yield (3 g). C18H27BrN2O2 (383.32): calcd. C 56.40, H 7.10, N 7.31;
found C 56.29, H 6.93, N 7.24. MALDI-TOF: m/z = 383.33 [M +
H]+. [α]D21 = –65.36 (c = 1.07, CHCl3). IR: ν̃ = 3410 (br), 2948 (s),
2872 (s), 2798 (m), 2758 (m), 1459 (m), 1446 (m), 1424 (m), 1403
(m), 1372 (m), 1351 (m), 1313 (w), 1264 (w), 1244 (w), 1194 (w),
1144 (w), 1113 (w), 1078 (m), 1048 (s), 1024 (s), 971 (w), 920 (w),
901 (w), 854 (w), 805 (w), 792 (w), 763 (w), 732 (m) cm–1. 1H NMR
(300.1 MHz, CDCl3, 25 °C): δ = 1.70–1.77 (m, 4 H, C*CH2CH2

ring), 1.82–1.99 (m, 4 H, C*CH2 ring), 2.30–2.39 (m, 2 H, NCHH
ring), 2.77–2.83 (m, 2 H, C*H), 2.96–3.02 (m, 2 H, NCHH ring),
3.41 (dd, AB, 2JH,H = 11.1 Hz, 3JH,H = 2.1 Hz, 3JH,H = 3.6 Hz, 2
H, CH2OH), 3.70 (dd, AB, 2JH,H = 11.1 Hz, 3JH,H = 2.1 Hz, 3JH,H

= 3.6 Hz, 2 H, CH2OH), 3.55 (d, AB, 2JH,H = 13.5 Hz, 2 H, 2JH,H

= 13.5 Hz, 2 H, ArCH2N), 4.08 (d, AB, 2JH,H = 13.5 Hz, 2 H,
ArCH2N), 7.22–7.33 (m, 3 H) ppm. 13C{1H} NMR (75.5 MHz,
CDCl3, 25 °C): δ = 23.85 (C*CH2CH2 ring), 27.82 (C*CH2 ring),
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54.93 (NCH2 ring), 59.35 (ArCH2N), 62.11 (CH2OH), 65.04 (C*),
126.66 (CBr), 127.04 (Cpara to CBr), 129.93 (Cmeta to CBr), 139.18
(ArCCH2N) ppm.

2,6-Bis{[(S)-2-(hydroxymethyl)-1-pyrrolidinyl]methyl}phenylpalla-
dium(II) Bromide (2): Solid [Pd2(dba)3]·CHCl3 (1.3 mmol, 1.39 g)
was added to a solution of 1 (2.6 mmol, 1 g) in degassed benzene
(60 mL). The resulting mixture was stirred at 50 °C for 3 h, filtered
through Celite, and the solvent was evaporated in vacuo. Purifica-
tion of the crude product by column chromatography [SiO2, dba
was eluted with hexanes/ethyl acetate = 1:1, the product with ethyl
acetate/methanol = 5:1] yielded a yellowish solid in 63 % yield
(0.8 g). C18H27BrN2O2Pd (489.74): C 44.14, H 5.56, N 5.72; found
C 43.99, H 5.52, N 5.64. MALDI-TOF: m/z = 490.13 [M + H]+,
410.22 [M – Br]+. [α]D21 = –10 (c = 0.6, acetone). IR: ν̃ = 3383 (br),
2928 (s), 2877 (s), 1573 (w), 1459 (m), 1439 (m), 1429 (m), 1388
(w), 1352 (w), 1263 (w), 1094 (w), 1037 (s), 971 (m), 880 (w), 835
(w), 763 (m), 703 (w) cm–1.

2,6-Bis{[(S)-2-(hydroxymethyl)-1-pyrrolidinyl]methyl}phenylpalla-
dium(II) Tetrafluoroborate ([3]BF4): Solid AgBF4 (0.4 mmol,
80 mg) was added to a solution of 2 (0.4 mmol, 200 mg) in an ace-
tone/water mixture (10:1, 20 mL). The reaction mixture was stirred
for 30 min. The resulting suspension was filtered through Celite to
yield a colorless filtrate. The solvent was removed in vacuo to leave
the title compound as a white solid in 76% yield (153 mg). Crystals
suitable for X-ray diffraction were obtained by slow diffusion of
Et2O into an acetone solution of [3]BF4. C18H27BF4N2O2Pd
(496.74): C 43.53, H 5.48, N 5.64; found C 43.28, H 5.40, N 5.52.
MALDI-TOF: m/z = 410.14 [M – BF4]+. [α]D21 = +83.4 (c = 1.05,
acetone). IR: ν̃ = 3573 (m), 3549 (m), 4327 (m), 2973 (m), 2956
(m), 2929 (m), 2886 (m), 1585 (w), 1571 (w), 1461 (m), 1442 (m),
1430 (m), 1363 (w), 1340 (m), 1290 (w), 1270 (w), 1253 (w), 1228
(w), 1216 (w), 1077 (s), 1041 (s), 1010 (s), 986 (s), 955 (m), 899
(m), 861 (w), 842 (w), 823 (w), 761 (m), 701 (w) cm–1. 1H NMR
(300.1 MHz, [D6]acetone, 25 °C): δ = 1.64–1.68 (m, 6 H,
C*CH2CHH ring, C*CH2 ring), 2.04–2.09 (m, 2 H, C*CH2CHH
ring), 3.08–3.16 (m, 2 H, NCHH ring), 3.43–3.46 (m, 2 H, C*H),
3.88 (quintet, 3JH,H = 5.1 Hz, 2 H, NCHH ring), 3.94 (d, AB, 2JH,H

= 11.7 Hz, 1 H, CHHOH), 4.23 (d, AB, 2JH,H = 11.7 Hz, 1 H,
CHHOH), 3.98 (d, AB, 2JH,H = 11.4 Hz, 1 H, CHHOH), 4.24 (d,
AB, 2JH,H = 11.4 Hz, 1 H, CHHOH), 3.92 (d, AX, 2JH,H = 14.7 Hz,
4 H, ArCH2N), 4.69 (d, AX, 2JH,H = 14.7 Hz, 4 H, ArCH2N), 5.67
(br. s, 1 H, OH), 6.84 (d, 3JH,H = 7.5 Hz, 2 H), 7.01 (t, 3JH,H =
8.1 Hz, 1 H) ppm. 13C{1H} NMR (75.5 MHz, [D6]acetone, 25 °C):
δ = 21.24 (C*CH2CH2), 24.16 (C*CH2 ring), 60.47 (NCH2), 66.32
(ArCH2N), 68.52 (C*), 69.87 (CH2OH), 120.60 (Cmeta to Cipso),
125.11 (Cpara to Cipso), 146.89 (ArCCH2N), 151.00 (Cipso) ppm.

2,6-Bis{[(S)-2-(hydroxymethyl)-1-pyrrolidinyl]methyl}phenylpalla-
dium(II) Hexafluorophosphate ([3]PF6): An excess of NH4PF6

(1.5 g) in water (15 mL) was added to a solution of 2 (0.43 mmol,
213 mg) in methanol (15 mL), and the reaction mixture was stirred
for 16 h at ambient temperature. Subsequently, water (15 mL) was
added to the reaction mixture which resulted in the precipitation
of the product. After filtration of the reaction mixture, the crude
product was redissolved in acetone and precipitated with Et2O to
afford the product as a light yellow solid in 46% yield (110 mg).
Crystals suitable for X-ray diffraction were obtained by slow dif-
fusion of Et2O into a dichloromethane solution of [3]PF6.
C18H27F6N2O2PPd (554.8): C 38.97, H 4.91, N 5.05; found C 39.10,
H 4.98, N 4.94. MALDI-TOF: m/z = 410.27 [M – PF6]+. [α]D21 =
+77.4 (c = 0.5, acetone). IR: ν̃ = 3633 (m), 3565 (w), 3539 (m),
3170 (br), 2987 (m), 2959 (m), 2881 (m), 1624 (w), 1568 (w), 1463
(m), 1446 (m), 1426 (m), 1386 (w), 1360 (w), 1264 (w), 1231 (w),



R. J. M. Klein Gebbink et al.FULL PAPER
1181 (w), 1097 (w), 1084 (w), 1048 (m), 1034 (m), 1018 (m), 1004
(m), 990 (m), 948 (w), 834 (s), 770 (m), 742 (m), 666 (w) cm–1. 1H
NMR (300.1 MHz, [D6]acetone, 25 °C): δ = 1.64–1.68 (m, 6 H,
C*CH2CHH ring, C*CH2 ring), 2.04–2.09 (m, 2 H, C*CH2CHH
ring), 3.05–3.12 (m, 2 H, NCHH ring), 3.28–3.42 (m, 2 H, C*H),
3.83 (quintet, 3JH,H = 5.1 Hz, 2 H, NCHH ring), 3.91 (d, AB, 2JH,H

= 11.7 Hz, 1 H, CHHOH), 4.20 (d, AB, 2JH,H = 11.7 Hz, 1 H,
CHHOH), 3.96 (d, AB, 2JH,H = 11.4 Hz, 1 H, CHHOH), 4.16 (d,
AB, 2JH,H = 11.4 Hz, 1 H, CHHOH), 3.92 (d, AX, 2JH,H = 14.7 Hz,
2 H, ArCH2N), 4.69 (d, AX, 2JH,H = 14.7 Hz, 2 H, ArCH2N), 5.79
(br. s, 1 H, OH), 6.84 (d, 3JH,H = 7.5 Hz, 2 H), 7.01 (t, 3JH,H =
8.1 Hz, 1 H) ppm. 13C{1H} NMR (75.5 MHz, [D6]acetone, 25 °C):
δ = 21.22 (C*CH2CH2), 24.17 (C*CH2 ring), 60.48 (NCH2), 66.37
(ArCH2N), 68.55 (C*), 69.95 (CH2OH), 120.71 (Cmeta to Cipso),
125.23 (Cpara to Cipso), 146.83 (ArCCH2N) 150.92 (Cipso) ppm.

General Procedure for Aldol Condensation of Methyl α-Isocy-
anoacetate with Aldehydes: To a solution of the palladium complex
(0.016 mmol, 1 mol-%) in CH2Cl2 (5 mL) was sequentially added
methyl α-isocyanoacetate (145 µL, 1.6 mmol), aldehyde (1.6 mmol),
and diisopropylethylamine (28 µL, 0.16 mmol). The reaction mix-
ture was stirred at ambient temperature for 24 h. Subsequently, the
solvent was evaporated in vacuo, and 1H NMR samples and HPLC
samples were prepared. The yield and ratio of cis- and trans-iso-
mers was determined by 1H NMR and the enantiomeric excess
by HPLC. The configurations of the trans- and cis-product were
determined after separation of the trans/cis mixture (column
chromatography, SiO2, ethyl acetate/hexane = 1:2) by 1H NMR
analysis of the spectrum with the use of Eu(dcm)3 as the chiral
shift reagent.[23]

X-ray Crystal Structure Determinations: X-ray intensities were mea-
sured with a Nonius Kappa CCD diffractometer with a rotating
anode (graphite monochromator, λ = 0.71073 Å) up to a resolution
of (sin θ/λ)max = 0.65 Å–1 at a temperature of 150 K. The structures
were solved with automated Patterson methods[21] ([3]BF4) or Di-
rect Methods[22] ([3]PF6) and refined with SHELXL-97[23] against
F2 of all reflections. Geometry calculations and checks for higher
symmetry were performed with the PLATON[13] program. CCDC-
605998 (for [3]BF4) and -605999 (for [3]PF6) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

X-ray Crystal Structure Determination of [3]BF4:
C18H27N2O2Pd·BF4, FW = 496.63, yellowish hexagonal plate,
0.30×0.30×0.06 mm3, monoclinic, C2 (no. 5), a = 18.5640(1), b =
10.7289(1), c = 20.6534(2) Å, β = 108.8572(3)°, V = 3892.78(6) Å3,
Z = 8, Dx = 1.695 g/cm3. Number of reflections measured: 37429.
An absorption correction based on multiple measured reflections
was applied (µ = 1.01 mm–1, 0.72–0.94 correction range). Unique
reflections: 8777 (Rint = 0.052). Non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms
were located in the difference Fourier map. OH hydrogen atoms
were refined freely with isotropic displacement parameters; CH hy-
drogen atoms were refined with a riding model. Number of param-
eters refined with one restraint: 521. R1/wR2 [I�2σ(I)]: 0.0277/
0.0620. R1/wR2 (all refl.): 0.0301/0.0647. S = 1.033. Flack param-
eter[10] x = –0.043(16). Residual electron density between –0.57 and
0.58 e/Å3.

X-ray Crystal Structure Determination of [3]PF6:
C18H27N2O2Pd·PF6·0.5H2O, FW = 563.79, colorless block,
0.30×0.24×0.12 mm3, monoclinic, P21 (no. 4), a = 10.9459(10), b
= 9.2189(3), c = 21.5229(9) Å, β = 94.430(7)°, V = 2165.4(2) Å3, Z
= 4, Dx = 1.729 g/cm3. Number of reflections measured: 59398. An
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absorption correction based on multiple measured reflections was
applied (µ = 1.00 mm–1, 0.77–0.89 correction range). Unique reflec-
tions; 9936 (Rint = 0.025). Non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were lo-
cated in the difference Fourier map. OH hydrogen atoms were kept
fixed on their located positions, CH hydrogen atoms were refined
with a riding model. One PF6 anion was orientationally disordered.
Number of parameters refined with 415 restraints: 605. R1/wR2
[I�2σ(I)]: 0.0203/0.0449. R1/wR2 (all refl.): 0.0246/0.0463. S =
1.040. Flack parameter[10] x = –0.031(15). Residual electron density
between –0.34 and 0.44 e/Å3.
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A MgAl hydrotalcite-like material intercalated with hexa-
niobate has been prepared by the anion exchange method
from the corresponding nitrate precursor; the sample and the
oxides obtained upon its calcination were characterized by
element chemical analysis, powder X-ray diffraction, thermal
analyses (thermogravimetric and differential), nitrogen ad-
sorption-desorption isotherms at –196 °C, transmission elec-
tron microscopy, and FT-IR and UV/Vis spectroscopy. The re-
sults show the formation of a microporous hydrotalcite-type
solid with a gallery height of 7.2 Å where the H3Nb6O19

5–

anions are oriented with their C3 axes perpendicular to the
layers. This material preserves its layered structure upon cal-

Introduction

Layered Double Hydroxides (LDHs), also known as
hydrotalcite-like compounds or anionic clays, are lamellar
materials generally described by the empirical formula
M2+

1–xM3+
x(OH)2(Am–)x/m·nH2O, where Am– is the anion

balancing the net positive charge of the brucite-like lay-
ers[1–3] developed by a partial M2+/M3+ substitution. A
large number of compounds with this structure have been
synthesized in the last decades varying the nature and the
molar ratio of the cations in the layers and the nature of
the interlayer anions. These compounds have shown their
suitability in different fields, acting as anion scavengers in
wastewater, biomolecule reservoirs or as polymer additives
to improve its properties.[4–6] Nevertheless, there is no doubt
that it is in the field of catalysis where they find the widest
number of applications, as catalysts, catalyst precursors or
supports.[7] These last applications are mainly due to the
fact that calcination of the mentioned materials gives rise
to systems constituted by different phases (mixed metal ox-
ides) which usually show higher stability, larger surface de-
velopment and longer life-time than others prepared by
conventional methods.

Polyoxometalates (POMs) are anionic compounds with a
cluster structure formed by linked oxygen octahedra coordi-
nating transition metals (V, Mo, W, isopolyoxometalates),
although in many cases a heteroatom (P, Si) in a tetrahe-
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anca,
37008 Salamanca, Spain
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cination up to 400 °C; calcination above this temperature
causes decomposition of the hexaniobate and the layered
structure collapses, giving rise to amorphous mesoporous sol-
ids (Nb-Mg-Al-O) with a large specific surface area
(157 m2 g–1). At 800 °C crystallization of Mg4Nb2O9 takes
place. FT-IR studies on the acid-basic properties carried out
by pyridine and 2-propanol adsorption, showed that all solids
obtained through hydrotalcite calcination present Lewis-type
acid and Brönsted-type basic sites.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

drally coordinated unit is included in the structure (hetero-
polyoxometalates).[8] These compounds have also deserved
much attention because of the multiple applications they
find in many different fields, such as medicine, materials
science and catalysis.[9–11] POMs containing niobium have
been scarcely studied and, contrary to those containing V,
Mo or W, are synthesized under basic pH conditions.[12]

The best-known niobium POM is hexaniobate (Nb6O19
8–),

which has the Lindqvist structure, and is obtained through
alkaline fusion of Nb2O5. Niobium compounds are exten-
sively used in many heterogeneous catalytic processes where
they can act as catalyst supports or as the active phase.[13]

In order to modify the textural properties and to develop
acid and electron acceptor centres in the hydrotalcite basic
structure and thereby improve its catalytic properties, many
authors have reported the intercalation of different oxo- or
polyoxometalates between the LDH layers,[14,15] giving rise
to very selective catalysts in some oxidation reactions such
as dehydrogenation or alkene epoxidation.[16–18] In a pre-
vious work Evans et al. reported the intercalation of some
hexametalates with the Lindqvist structure [V2W4O19

4– and
NbxW6–xO19

(x+2)– where x = 2, 3, 4] within the interlayers
of hydrotalcite,[19] but a study of the intercalation of hexa-
niobate is lacking in the literature, and so herein we report
the synthesis of a new MgAl LDH intercalated with hexa-
niobate (H3Nb6O19

5–) prepared by anion exchange, starting
from a nitrate LDH (MgAl-NO3) precursor. Its characteri-
zation, as well as of the oxides obtained upon its calci-
nation, by element chemical analyses, Powder X-ray Dif-
fraction (PXRD), Thermogravimetric (TG) and Differential
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Table 1. Elemental chemical analyses of the prepared samples and their corresponding formulae.

Sample Mg[a] Al[a] N[a] Nb[a] K[a] C[a] Formula

MgAl-NO3 18.5 10.1 5.2 – – – [Mg0.67Al0.33(OH)2](NO3)0.33·0.44H2O
K8Nb6O19 – – – 40.0 22.5 – K8Nb6O19·13H2O
MgAlNb 12.9 6.7 – 25.9 – 0.1 [Mg0.68Al0.32(OH)2](H3Nb6O19)0.06(CO3)0.01·0.70H2O

[a] Weight percentage.

Thermal Analyses (DTA), nitrogen adsorption-desorption
at –196 °C, Scanning and Transmission Electron Micro-
scopy (SEM and TEM), and Fourier Transform Infrared
(FT-IR) and Vis-UV spectroscopy are also reported. Crys-
talline potassium hexaniobate, which was synthesized for
preparation of MgAl-hexaniobate LDH, has also been
characterized and used as a reference. The acid-base prop-
erties of the solids obtained by calcination of the MgAl-
hexaniobate LDH were tested by FT-IR spectroscopy after
pyridine or 2-propanol adsorption.

Results and Discussion

Element chemical analysis carried out for potassium
hexaniobate as well as for both layered samples lead to the
following formulae: K8Nb6O19·13H2O, [Mg0.67Al0.33-
(OH)2](NO3)0.33·0.44H2O and [Mg0.68Al0.32(OH)2]-
(H3Nb6O19)0.06(CO3)0.01·0.70H2O, respectively (values have
been rounded to two figures after the decimal point)
(Table 1). This last formula has been calculated considering
H3Nb6O19

5– as the interlayer anion since this is the pre-
dominant species at the pH conditions (12.5) at which the
exchange process was performed.[13] The amount of inter-
layer water (0.70 molecules per LDH mol) has been deter-
mined from the TG curve (see below). The slight increase
of the Mg/Al molar ratio from 2 (MgAl-NO3) to 2.1
(MgAlNb) after the exchange process is probably due to a
partial dissolution of the aluminum cations as aluminate as
a consequence of its amphoteric character and the ex-
tremely high pH used during the exchange process to stabi-
lize the niobium POM, although this small difference could
also be ascribed to the experimental error of the technique.

It should be mentioned that different intercalation
attempts, such as direct synthesis from metal nitrate salts
or exchange using meixnerite (a MgAl LDH containing hy-
droxyl as the interlayer anion) as a precursor were tested
and none of them produced the hexaniobate intercalation,
the unique layered phase detected using these synthesis
routes being hydrotalcite, MgAl-CO3. Addition of the
LDH-NO3 as a slurry, as recommended by other authors
to facilitate anion exchange,[20] was also unsuccessful, prob-
ably due to changes in pH leading to Nb2O5 precipitation.

Although the procedure followed to synthesize potas-
sium hexaniobate is described in the literature to produce
the single-protonated form, element chemical analyses and
the PXRD pattern in Figure 1, from comparison with the
JCPDS file 14-0288, confirm that the niobium polyoxomet-
alate formed in this case was octo-potassium hexaniobate
(K8Nb6O19·13H2O). To study its thermal stability the
PXRD patterns of the products obtained upon its calci-
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nation at different temperatures were recorded and are also
shown in this Figure. As can be observed, potassium hexa-
niobate completely decomposes below 300 °C and two dif-
ferent crystallographic forms of potassium niobate,
KNbO3, have been identified, one at 300 °C and the other
at 600 °C, matching with the 32-0821 and 32-0822 JCPDS
files, respectively.

Figure 1. PXRD patterns of K8Nb6O19 (a) uncalcined, and cal-
cined at (b) 300 °C and (c) 600 °C.

The powder XRD patterns of sample MgAlNb, both
original and calcined at increasing temperatures, are shown
in Figure 2. The first one is characteristic of materials with
the hydrotalcite-like structure in which the intercalation of
hexaniobate has led to an increase in the basal spacing from
8.8 Å (corresponding to a phase with intercalated nitrate
anions in an upwards configuration) to 12.0 Å, which me-
ans a gallery height of 7.2 Å, once the brucite-like layers
width (4.8 Å)[21] is subtracted. This value is in agreement
with the height of a hexaniobate anion, (Nb6O19

8–)[22,23]

with its C3 axis perpendicular to the layers (Figure 3). The
basal spacing, usually measured from the d003 diffraction
peak (assuming aR3̄m layers stacking) was calculated in this
sample from the positions of the peaks due to other basal
planes, (006) and (009), recorded at 6.0 and 4.0 Å, respec-
tively, because the peak due to (003) planes is partially hid-
den by a broad peak centred at 11 Å. The pattern is similar
to that reported by different authors for other POM-LDHs
systems.[20,21,24–31] Regarding the broad reflection between
10–12 Å some authors have claimed that it is produced by
a poorly crystallized phase of a M2+/M3+-POM salt in low
quantities,[20,26] while other authors have proposed different
alternatives.[27–30] The unexpected low intensity of the peak
due to diffraction by the (003) planes (weaker than the
other two basal reflections recorded) is due to the presence
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of species (POMs) with high scattering factors in the inter-
layers.[29]

Figure 2. PXRD patterns of samples MgAlNb: (a) uncalcined and
calcined at (b) 150 °C, (c) 300 °C, (d) 450 °C and (e) 800 °C. (*)
MgAl-CO3; (o) MgO. Miller indexes are labelled for the layered
phase.

Figure 3. Scheme of MgAl LDH pillared with hexaniobate.

Additionally, and in agreement with the chemical analy-
ses, a small amount of another layered crystalline phase,
ascribed to hydrotalcite (MgAl-CO3), is also present, even
though extreme care was taken to avoid CO2. This phase
could have been formed during the exchange process due to
the high affinity that these materials have towards carbon-
ate under the strongly basic conditions (pH = 12.5) at which
the reaction was carried out, or it could have been incorpo-
rated during post-synthesis treatments while the solid was
still wet (during washing or drying processes).

The PXRD pattern recorded for the sample calcined at
150 °C (Figure 2, b) is rather similar to that recorded for
the uncalcined one, but a decrease in the intensity of the
broad peak centred at 11 Å allows the weak (003) reflection
to be distinguished at the position expected (12 Å) taking
into account the positions of the peaks due to diffraction
by planes (006) and (009). The diffractograms are quite sim-
ilar for samples calcined below 300 °C, although some dif-
ferences are observed in the PXRD pattern of the sample
calcined at 300 °C, Figure 2 (c); the reflections due to the
MgAl-CO3 phase have vanished, and a decrease in the in-
tensities of all the peaks is also observed. The characteristic
reflections due to planes (003), (006), (009) and (110) of a
hydrotalcite-like material are still observed at 400 °C, which
means that the POM ions hosted in the interlayers are
thermally more stable than when they are isolated as
a potassium salt (decomposition is observed at 300 °C).
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The PXRD pattern for the sample calcined at 450 °C, Fig-
ure 2 (d), is typical of an amorphous material, indicating
that the layered structure has collapsed, giving rise to
amorphous oxides for which the PXRD diagram shows
only weak peaks at 2.1 and 1.5 Å ascribed to the MgO peri-
clase phase (JCPDS file: 4-0829). Similar patterns are ob-
served for samples calcined up to 700 °C, but at 800 °C the
PXRD pattern (MgAlNb800, Figure 2, e) shows sharp
diffraction maxima characteristic of a crystalline phase
ascribed to magnesium niobate, Mg4Nb2O9 (JCPDS file:
36-1381). No crystalline phase containing aluminum has
been identified at any calcination temperature, suggesting
that it must be well dispersed or forming amorphous
phases. At these calcination temperatures, the niobium in
excess which has not reacted with magnesium (Mg/Nb =
1.8) to form magnesium niobate must be, as well as alumi-
num, forming an amorphous phase, since no peaks corre-
sponding to crystalline Nb2O5 were detected by PXRD.

The FT-IR spectra of potassium hexaniobate and of
LDH-niobate (MgAlNb sample) are shown in Figure 4.
Apart from the bands due to the LDH matrix, the spectra
are very similar, suggesting that the hexaniobate structure
is maintained after the exchange. Bands at 3462 cm–1

(broad) and at 1640 cm–1 for the potassium salt are due to
the hydroxyl groups stretching mode and the bending mode
of water molecules, respectively. The bands due to Nb=O
and Nb–O–Nb stretching vibrations are recorded in the
900–400 cm–1 range (844, 697, 528, and 415 cm–1), in agree-
ment with those previously reported elsewhere for this com-
pound.[32] After intercalation into the LDH structure,
bands ascribed to Nb–O stretching modes in hexaniobate
units (844, 770, and 542 cm–1) are still recorded, together
with other bands at 664, 447, and 402 cm–1 due to υ(Mg–
O) and Mg/Al–OH translational modes of the layers.[33] An-
other band due to the ν3 mode of carbonate anions associ-
ated to the LDH-carbonate phase identified by XRD is
clearly recorded at 1369 cm–1.

Figure 4. FT-IR spectra of MgAlNb (a) and calcined at (c) 250 °C,
(d) 450 °C and (e) 800 °C; (b) FT-IR spectrum of potassium hexa-
niobate.

The small shift observed for some of the bands ascribed
to the hexaniobate unit, when compared with their posi-
tions for the potassium salt, is presumably a consequence
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of the interaction between the anion and the brucite-like
layers.

The FT-IR spectra recorded for calcined MgAlNb sam-
ples are also included in Figure 4. Similar spectra to that
recorded for the uncalcined sample are observed when the
calcination is carried out up to 400 °C, and only an appreci-
able decrease in the intensity of the bands, especially the
one due to carbonate, is observed, in agreement with the
PXRD results.

Calcination at 450 °C gives rise to decomposition of
hexaniobate and collapse of the layered structure, the spec-
trum showing a broad band in the 900–400 cm–1 range, typ-
ical of amorphous oxide species. The spectrum is similar for
samples calcined up to 700 °C, but when the solid is cal-
cined at 800 °C, new bands at 758, 638, 490 and 432 cm–1

characteristic of the Mg4Nb2O9 phase, already identified in
this solid by PXRD, develop.

The TG and DTA curves recorded for potassium hexa-
niobate and the MgAlNb sample are shown in Figure 5.
Three thermal effects can be distinguished in the DTA
curve of the potassium salt (dashed line in panel A); the
first two (at 115 and 290 °C) are endothermic effects and
correspond to removal of structural water, the second also
coincides with potassium hexaniobate decomposition (ob-
served from the PXRD at 300 °C) to potassium niobate.
The exothermic effect recorded at 592 °C can be ascribed
to transformation of KNbO3 into another crystalline phase,
also observed by PXRD. The TG curve (solid line in panel
A) reveals that the structural water, which is the only vola-
tile species in the sample, is lost in different steps. The
weight losses represent ca. 16% of the total weight which
means 13 water molecules per mol potassium hexaniobate.

Two well-resolved weight losses are recorded in the TG
curve for sample MgAlNb (Figure 5B), although the DTA
curve shows three endothermic effects; the first one, at
126 °C, can be ascribed to removal of surface adsorbed
water. The second effect, at 265 °C is due to removal of
interlayer water and the third, recorded at 443 °C, is a con-
sequence of dehydroxylation of the brucite-like layers,

Figure 5. TG (solid lines) and DTA (dotted lines) of (A) potassium hexaniobate and (B) sample MgAlNb, recorded under oxygen.

Eur. J. Inorg. Chem. 2006, 4608–4615 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4611

matching with the hexaniobate decomposition into
amorphous Mg-Al-Nb-O and water, as detected by FT-IR
and PXRD between 400 and 450 °C.

Carbonate decomposition to CO2 around 300 °C, as con-
cluded by PXRD and FT-IR spectroscopy, can be partially
included in the peak recorded at 265 °C, although its contri-
bution to the weight loss is almost undetectable due to the
low amount of CO3

2– present in the sample. Moreover, the
peak at 126 °C could be partially due to the evaporation
of some intercalated water, because water adsorbed on the
external surface of the crystallites generally is totally
evolved at 110 °C. This overlap does not allow ascribing
accurately the weight loss to the different processes de-
tected. Consequently, the amount of intercalated water
given in the formula of the MgAlNb sample (0.70 molecules
per mol of LDH) has been determined in an approximate
way from the weight loss recorded between 110 and 270 °C.

The UV/Vis spectra (not shown) recorded for all samples
show only an absorption band in the UV range, corre-
sponding to a Nb5+�O2– charge-transfer process. A shift
from 260 (potassium hexaniobate) to 245 nm (MgAlNb) is
observed upon intercalation of hexaniobate in the LDH
structure (Table 2). This small hypsochromic shift is proba-
bly due to the POM confinement within the layered host.
No appreciable change is observed in the spectra of the cal-
cined samples, where only a sharper absorption peak at
253 nm is recorded in the spectrum of the sample calcined
at 800 °C (Table 2).

The nitrogen adsorption-desorption isotherm recorded
for the MgAlNb sample, Figure 6, previously degassed at
120 °C for 2 h, is in between types I and II of the IUPAC
classification,[34] characteristic of microporous solids. The
specific surface area determined by the BET method is
24 m2 g–1 (Table 2), 40% of which corresponds to adsorp-
tion on micropores (as calculated from the t-plot)[35] and
the external surface area corresponds to 14 m2 g–1. Layered
double hydroxides intercalated with small anions are not
microporous, as the width of the interlayer (ca. 3 Å) is not
large enough to host nitrogen molecules. Interlayer micro-
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Table 2. Specific surface areas (SBET: BET method; Sm microporous
equivalent surface area, Sext external surface area and Vt total pore
volume) and position of the maximum in the UV/Vis spectra for
potassium niobate and several layered samples (* determined from
the t-plot).

Sample SBET
[a] Sm

[a]* Sext
[a]* Vt

[b] λ[c]

MgAl-NO3 26 – 27 0.08 –
MgAlNb 24 10 14 0.06 245
MgAlNb500 157 – 160 0.20 239
MgAlNb800 45 6 39 0.12 253
K8Nb6O19 1 – – – 260

[a] m2 g–1. [b] mL g–1 (determined at p/p = 0.95). [c] nm.

porosity only develops when the interlayers are swelled after
intercalation of large anions with a large formal charge, ren-
dering large spaces between them.

Figure 6. Nitrogen adsorption–desorption isotherms (filled sym-
bols and open symbols, respectively) at –196 °C for the original
sample MgAlNb (circles) and calcined at 500 °C (triangles) or
800 °C (squares). The inset shows the pore size distribution for
sample MgAlNb500.

The isotherms recorded for the samples calcined between
450 and 600 °C are similar to each other and very different
to that recorded for the MgAlNb sample. The isotherm for
sample MgAlNb500 (Figure 6) can be classified as type IV,
characteristic of mesoporous solids, since it shows a signifi-
cant increase of the adsorbed amount at an intermediate
relative pressure range, produced by a multilayer filling
mechanism. The BET surface area for this sample shows an
appreciable increase (157 m2 g–1) in comparison to that for
the uncalcined one (Table 2). No adsorption on micropores
was detected (the zero intercept of the t-plot approached
zero) and the corresponding external surface area was cal-
culated as 160 m2 g–1. The pore size distribution plot (Fig-
ure 6), shows a very intense and slightly asymmetric curve,
which indicates that most of the pores have diameters rang-
ing between 1.8 and 4 nm. A considerable increase in the
pore volume (0.20 cm3 g–1) is also observed upon calci-
nation. These textural properties change with calcination
above 700 °C. Thus, the MgAlNb800 sample (Figure 6)
shows an isotherm similar to that recorded for the pristine
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layered material. The BET surface area decreases to
45 m2 g–1, probably due to crystallization of magnesium
niobate, Mg4Nb2O9, (detected by PXRD), although it re-
mains larger than that measured for crystalline potassium
hexaniobate and its calcination products (between 1 and
2 m2 g–1), suggesting that other phases corresponding to
aluminum-containing amorphous species also exist. For
this sample a small fraction of micropores is also found.

Representative scanning and transmission electron
micrographs (SEM and TEM) for calcined and uncalcined
samples are shown in Figure 7 and Figure 8. At first sight,
when potassium hexaniobate crystallizes from solution, en-
larged prismatic-shaped crystals are formed. From the SEM
micrographs it can be observed that these crystals have a
hexagonal section (see parts a and b in Figure 7), and a
closer view reveals small, smooth crystalline particles with
sizes between 2 and 5 µm (Figure 7, c).

Figure 7. SEM pictures of potassium hexaniobate with different
magnification.

Figure 8. TEM pictures of the original sample MgAlNb (a), inset
closer view and calcined at 500 °C (b, c) and 800 °C (d).

The typical hydrotalcite morphology, hexagonal platelet
particles, is clearly observed by TEM for the as-synthesized
MgAlNb sample (Figure 8, a). The size of the hexagonal
crystals is ca. 100±50 nm and their thickness 20±10 nm.
Calcination between 450 and 600 °C produces a smoothing
of the particle edges (Figure 8, parts b and c), which are
now more rounded than those observed for the uncalcined
ones. A quite homogeneous pore distribution is simulta-
neously developed, in agreement with the results obtained
by the nitrogen adsorption study. The particles are sur-
rounded by an amorphous wall with a thickness of 10 nm
(indicated by arrows in Figure 8, c).
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For the sample calcined at 800 °C (Figure 8, d) the mor-

phology completely changes; aggregates of very small ir-
regular-shaped particles (between 20 and 50 nm) are ob-
served, indicating that the magnesium hexaniobate
(Mg4Nb2O9) phase (detected by PXRD and FT-IR), is well
mixed or embedded in an amorphous phase (formed by Al-
Nb oxides).

The textural and morphological properties observed for
sample MgAlNb calcined between 450 and 600 °C have not
been previously reported for LDH-POM calcined sys-
tems.[30,36,37] In these last cases, as well as for LDHs interca-
lated with permanent (nonvolatile) anions, a decrease in the
surface areas is usually observed upon calcination. On the
other hand, calcination of hydrotalcites intercalated with
volatile anions (CO3

2–, NO3
–, etc.)[36,38] results in the devel-

opment of porosity and, as a consequence, an enhancement
of their surface areas. Different factors influence this pro-
cess, such as the preparation method, nature of the metal
ions in the layers, the sort of anion, etc., and it is ascribed
to the evolved gases (NO2, CO2, O2, etc.) produced upon
anion decomposition, escaping through the crystal basal
faces. However, in previous reports where TEM pictures of
calcined hydrotalcites are shown,[36] no particles as well de-
fined as in our case have been observed.

Because of the high basicity of the hexaniobate anion in
comparison with other polyoxometalates (heptamolybdate
or polyoxotungstates), a delay of the reaction between hexa-
niobate and the magnesium existing in the layers may be
produced, enhancing its thermal stability, so POM decom-
position and layer dehydroxylation take place in a narrow
temperature range. This may be the reason why an amorph-
ous solid (Mg-Al-Nb-O) with these special textural proper-
ties is formed.

Acid-Base Properties
To gain insight into the surface properties of solid

MgAlNb500 we have tested its acid-base properties by the
adsorption of pyridine and 2-propanol monitored by FT-
IR spectroscopy.

Pyridine Adsorption
The FT-IR spectrum of the MgAlNb500 sample after

pyridine adsorption at room temperature and outgassing at
the same temperature is shown in part A of Figure 9; only
bands at 1608, 1586, 1575, 1487 and 1443 cm–1 are re-
corded, ascribed to modes 8a, 8b, 19a and 19b, respectively,
of pyridine bonded to surface Lewis acid sites. The splitting
observed for the band originated by mode 8a (1608,
1586 cm–1) clearly shows the presence of two different types
of surface Lewis acid sites on the surface of this solid. The
positions of the bands are similar to those previously re-
corded upon adsorption of py on alumina, and so the
bands here recorded should be ascribed to pyridine ad-
sorbed on tetrahedrally (1608 cm–1) or octahedrally coordi-
nated (1586 cm–1) Al3+ cations,[39] although the first one
could also be ascribed to py bonded to coordinatively un-
saturated (cus) Nb5+ ions, since its position coincides with
that of the band recorded after adsorption of pyridine on
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Nb2O5.[40] When the outgassing temperature is increased up
to 300 °C, Figure 9 (A), the intensity of the bands are mark-
edly reduced, but they are still observed, indicating that the
Lewis-type acid centres are strong.

Figure 9. (A) FT-IR spectra of pyridine adsorbed at room tempera-
ture on MgAlNb500 and outgassing at the temperatures given (in
°C); (B) FT-IR spectra of 2-propanol adsorbed at room temp. on
MgAlNb500 (a) and heated at (b) 200 °C and (c) 300 °C.

The FT-IR spectrum of pyridine adsorbed on sample
MgAlNb800 (not shown) is similar to that recorded upon
adsorption on the sample calcined at 500 °C, where only
Lewis acid sites are detected, but they are weaker than for
the sample calcined at 500 °C, as they were removed after
outgassing merely at 200 °C.

Some authors have reported the existence of Brönsted
acid sites in niobium-containing samples when they are ex-
posed to water,[41] but they were not observed in our sam-
ples; the FT-IR spectra recorded after adsorption of py on
samples previously exposed in situ to water vapour are sim-
ilar to that recorded for the unwetted samples.

Isopropanol Adsorption
The FT-IR spectrum of 2-propanol (ISP) adsorbed on

sample MgAlNb500 at room temperature is displayed in
part B of Figure 9. It shows a broad band at ca. 3255 cm–1

(not shown) which corresponds to new surface hydroxyl
groups developed on the surface of the solid by a dissoci-
ative adsorption mechanism. Sharp bands at 2970, 2936,
2878, and 2728 cm–1 correspond to stretching modes of the
methyl group and the bands in the low wavenumbers re-
gion, at 1468, 1382, 1308, 1164, and 1135 cm–1 [ascribed to
δ(CH3), ν(CO), and ν(CC)], are characteristic of alcoholate
species formed via dissociative adsorption of the ISP mole-
cule. When the solid is heated in situ at increasing tempera-
tures, Figure 9 (B), the intensities of the bands originated
by the isopropoxide species decrease; new bands develop
above 200 °C at 1709 and 1230 cm–1, which correspond to
ν(C=O) and νas(C–C–C) modes of acetone weakly coordi-
nated through the oxygen atom of the carbonyl group to
surface Lewis acid sites. The latter bands disappear upon
outgassing at low temperature (100 °C). Adsorption of ISP
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on sample MgAlNb calcined at 800 °C (not shown) gives
rise to similar spectra, although the bands assigned to ace-
tone are less intense.

ISP decomposition to acetone or propene is considered
as a test reaction in the study of the acid-base and redox
properties of metal oxide heterogeneous catalysts[42,43] since
Brönsted acid sites are needed for propene formation via
dehydration, while Lewis-type acid and basic, and redox
centres are required for acetone formation via oxidative de-
hydrogenation, but only acid and basic sites if the acetone
is produced via simple dehydrogenation. In our case, forma-
tion of acetone (detected by FT-IR) has to be produced
through this last process, since temperature programmed re-
duction (TPR) studies carried out on our samples did not
show any hydrogen consumption due to Nb5+ reduction.
The reaction may proceed through the following steps:
(1) ISP is first dissociatively adsorbed on Lewis-type acid
sites as an isopropoxide species and the proton is adsorbed
on basic centres−surface exposed oxide anions−and (2) the
abstraction of a second hydrogen atom from the alcohol
takes place. On desorption, acetone and H2 are the reaction
products.

In summary, Lewis-type acid and Brönsted-type basic
centres are present in the calcined samples.

Conclusions

All the results reported here support the successful inter-
calation for the first time of hexaniobate between the MgAl
brucite-like layers, rendering a new microporous layered
material which retains its structure during calcination in air
up to 400 °C, i.e., an enhancement in POM thermal stability
is achieved upon its intercalation. Calcination at 450 °C
produces dehydroxylation of the layered structure and
POM decomposition, giving rise to amorphous mesoporous
solids, with a large specific surface area (157 m2 g–1); further
calcination at 800 °C leads to magnesium niobate crystalli-
zation which is embedded in an amorphous Nb-Al-contain-
ing phase. All calcined solids show surface Lewis-type acid
and Brönsted-type basic sites, which are responsible for ace-
tone formation by simple dehydrogenation of 2-propanol.

In addition to succeeding in preparing a novel, thermally
stable MgAl-hexaniobate LDH, an amorphous mesoporous
solid, Mg-Al-Nb-O, which seems suitable to be used as a
catalyst support or adsorbent, was formed through its calci-
nation between 450–600 °C.

Experimental Section
All reagents were purchased from Aldrich and used without any
further purification.

Potassium hexaniobate (K8Nb6O19·13H2O) was synthesized follow-
ing a preparation method similar to that described elsewhere;[44]

Nb2O5 (13.3 g, 50 mmol) was slowly added to a KOH (26 g,
394 mmol) melt in a nickel crucible; once the addition was com-
pleted the mixture was further heated for 30 min and then it was
poured into decarbonated water (100 mL). After filtering the solu-
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tion the volume was reduced to 50 mL and the solution was cooled
overnight at 0 °C. The crystals that formed were filtered off and
washed with a 1:1 (v/v) ethanol/water mixture and dried under vac-
uum in a desiccator.

The MgAl-NO3 hydrotalcite−Mg2Al(OH)6(NO3)·1.33H2O−was
prepared by coprecipitation from the corresponding metal nitrate
salts, following a method previously described:[45] a solution
formed by dissolving Mg(NO3)2·6H2O (12.8 g, 50 mmol) and
Al(NO3)3·9H2O (9.4 g, 25 mmol) in water (150 mL) was added
dropwise under nitrogen to CO2-free water (150 mL). The pH was
maintained close to 10 by simultaneous addition of a 2- NaOH
solution, and the mixture was stirred for 24 h at room temperature
and then it was treated for five days at 70 °C under hydrothermal
conditions in a Teflon-lined steel autoclave at autogenous pressure.
The suspension was finally washed with decarbonated water, centri-
fuged and dried under vacuum.

The MgAl-hexaniobate LDH was prepared by anion exchange, by
adding dry Mg2Al(OH)6(NO3)·1.33H2O (1.0 g, 3.8 mmol) to a
solution of K8Nb6O19·13H2O (1.5 g, 1.1 mmol) in CO2-free water
(70 mL). The pH finally achieved was 12.5. The mixture was kept
under nitrogen and refluxed at 90 °C for 6 h; the resulting solid was
centrifuged and washed with boiling water and finally dried under
vacuum in a desiccator. The sample obtained in this way is desig-
nated as MgAlNb, and the samples obtained upon calcination are
labelled as MgAlNbT (where T is the calcination temperature in
°C).

Instrumentation: Element chemical analyses were carried out in Ser-
vicio General de Análisis Químico Aplicado (University of Salam-
anca, Spain); Mg, Al and Nb were determined by atomic absorp-
tion in a Mark-2 EEL 240 apparatus, while carbon and nitrogen
contents were determined with a CHNS 932 Leco analyzer.

The powder X-ray diffraction (PXRD) patterns were obtained with
a Siemens D-500 diffractometer, using Cu-Kα1 radiation (λ =
1.54050 Å).

Differential thermal analysis (DTA) and thermogravimetric (TG)
analysis curves were recorded in DTA-7 and TG-7 instruments,
respectively, from Perkin–Elmer. The analyses were carried out in
flowing (30 mLmin–1) oxygen from L’Air Liquide (Spain) at a heat-
ing rate of 10 °Cmin–1.

The nitrogen adsorption-desorption isotherms for specific surface
area measurements were recorded at –196 °C in a Gemini instru-
ment from Micromeritics. The samples were previously outgassed
at 120 °C for 2 h. The pore size distribution plotted for
MgAlNb500 was obtained from the Cranston and Inkley
method.[46]

The UV/Vis spectra were recorded in the 200–1100 nm range with
a Perkin–Elmer Lambda 35 apparatus equipped with a Labsphere
RSA-PE-20 accessory by the diffuse reflectance technique; MgO
was used as a reference.

Fourier Transform infrared spectra (FT-IR) were collected with a
Perkin–Elmer FT-1730 instrument using the KBr pellet technique.

The FT-IR technique was also used to assess the surface acidity/
basicity properties using pyridine or 2-propanol as probe mole-
cules. These spectra were recorded with a Perkin–Elmer 16 PC
spectrometer using self-supported discs; the sample was degassed
in situ in a special cell[47] with CaF2 windows at 400 °C for 2 h at
10–4 Nm–2, prior to the adsorption experiments. After degassing,
the probe molecule vapour was adsorbed at room temperature and,
in the case of pyridine (py), the spectra were recorded after outgas-
sing at increase temperatures (from room temp. to 400 °C), while
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2-propanol (ISP) was adsorbed at room temp. and, without remov-
ing the gas phase, the solid was heated at increasing temperatures
(100–400 °C).

Scanning electron micrographs (SEM) were obtained with a model
940 Digital Scanning-Microscope from Zeiss.

Transmission electron micrographs (TEM) were obtained with a
Zeiss-902 apparatus equipped with a digital camera, the samples
were prepared on a copper grid after evaporating a drop of sample
dispersed in water.
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Lithium (trimethylsilyl)chalcogenolates have been generated
and used to prepare a series of alk-2-ynyl trimethylsilyl chal-
cogenoethers from the corresponding propargyl bromides in
good yield. The thermal decomposition of the telluroethers
has also been studied.

Introduction

Trimethylsilyl chalcogenoethers of the general formula
RESiMe3 (R = alkyl or aryl, E = S, Se, Te) are a powerful
class of reagents due to their demonstrated ability to react
smoothly with metal salts (M–X) to form metal chalcogen-
olate cluster and nanocluster complexes (M–ER)x, through
the thermodynamically favorable elimination of
XSiMe3.[1–9] This includes their use in nanoparticle chemis-
try, where silylated reagents have been utilized to passivate
the surface of metal chalcogenide cores.[10,11]

Despite their wide ranging utility, only a relatively lim-
ited number of RESiMe3 reagents of the heavier congeners
Se and Te have been reported, and this can likely be attrib-
uted to the difficulty of introducing the Me3Si moiety onto

Scheme 1. Route to asymmetric chalcogenoethers as reported by Segi et al.[34]

Scheme 2.
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RE–. For the elements Se and Te, this typically involves si-
lylation reactions of salts RE-M[12–29] (M = Li, Na) or
REMgX (X = Cl, Br) with ClSiMe3.[30–33]

Segi and co-workers have reported a general route to
asymmetric thio- and selenoethers by the in situ generation
of Me3SiE– nucleophiles from the silylated chalcogenides
E(SiMe3)2 and alkyllithium reagents (Scheme 1).[34] Utiliz-
ing this methodology, we set out to combine the reactive
lithium (trimethylsilyl)chalcogenolates with a series of pro-
pargyl bromides (Scheme 2). The coordination chemistry of
both the chalcogen group(s) and the propargyl functionality
could provide for a wide variety of structural types when
complexed to metal centers.[35] In this paper, we report the
preparation and spectral characterization of the series of

Li[ESiMe3] and its utility for the synthesis of propargyl
chalcogenoethers. The chalcogenoethers have been charac-
terized by nuclear magnetic resonance spectroscopy and
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mass spectrometry, along with decomposition studies of the
highly unstable tellurium congeners.

Results and Discussion

The reagents LiESiMe3 1a–c, provide ready access to re-
active trimethylsilyl chalcogenolate fragments. Reported by
Segi as reactive intermediates as part of a catalytic cycle,[39]

the use of nBuLi and bis(trimethylsilyl) chalcogenide as the
starting materials yields the desired product [Me3SiE]Li
through reductive cleavage of the E–Si bond, without any
complications due to formation of Li2E.[40] The NMR
chemical shifts of 1a–c are reported in Table 1. In com-
pounds 1a–c, the chalcogen centers produce a downfield
trend in the 1H and 13C chemical shifts and an upfield trend
in the 29Si NMR going from S�Se�Te. The 77Se and 125Te
chemical shifts values of 1b and 1c are similar to those re-
ported for related alkylsilylchalcogenolates[41] and are also
close to the values reported for phosphane-stabilized cop-
per trimethylsilylchalcogenolates.[42,43]

Table 1. NMR spectroscopic data for 1a–c in C6D6. Chemical shifts
are reported in ppm.

–Si(CH3)3
1H 13C 29Si 77Se/125Te

1a 0.58 7.32 7.22 –
1b 0.70 7.87 4.10 –518.1
1c 0.88 9.71 –19.43 –1294.3[a]

[a] Recorded in [H8]thf.

Chalcogen-substituted propargyl complexes can be pre-
pared from propargyl bromides and metal chalcogenol-
ates,[44–52] although demonstrated radical routes have re-
cently been documented for the preparation of propargyl
selenols from diselenides.[53] The demonstrated clean con-
version of E(SiMe3)2 to [Me3SiE]Li using n-butyllithium
has allowed for the successful preparation of a range of
chalcogenoethers from alkyl bromides, including 1-bromo-
2-propyne (propargyl bromide).[34] Our attempts to isolate
pure HC�CCH2ESiMe3 under a variety of reaction condi-
tions with either 1a or 1b were unsuccessful. On occasion,
the desired product was isolated but in extremely low yield,
due to either the acidity of the alkynyl proton or the general
instability of any HC�CCH2ESiMe3 formed.[50] Indeed,
with all propargyl bromides RC�CCH2Br used as the start-
ing materials in this study, the Me3SiE– anion proved to be
too reactive under the conditions previously reported (thf,
0 °C) for the generation of selenoethers.[34] As nucleophilic
displacements of this type are well known to proceed
through the expected SN2 reaction mechanism,[50] lower po-
larity solvents and low reaction temperatures were used to
control the reaction. Propargyl–allenyl isomerization via a
1,3-hydride shift is quite common in chalcogen substituted
propargyl complexes and in tellurium systems, the allenyl
form is generally favored.[50] No evidence for isomerization
was observed in this study. The lithium chalcogenolates 1a–c
are all soluble in hydrocarbon solvents, presumably due
to the presence of the trimethylsilyl groups and the tightly
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bound thf molecules. Qualitatively, the reactivity of the lith-
ium chalcogenolates increases on going from S�Se�Te
and the reactivity of the propargyl bromides RC�CCH2Br
increases on going from R = Ph�Me�BrCH2. Slight ex-
cesses of the lithium chalcogenolates were used in the prep-
aration of 3a,b and 4a,b to ensure complete consumption
of the starting propargyl bromides. The synthesis of 3a and
4a required refluxing temperatures of 65 °C and 35 °C,
respectively, while the tellurium analogs 2c and 3c were not
stable for extended periods of time at any accessible tem-
perature, although dilute solutions maintained at –80 °C
could be kept for 2 or 3 d before significant decomposition
(as evidenced by the precipitation of tellurium metal) oc-
curred. All of the compounds are highly water-, oxygen-
and photosensitive. The sulfur and selenium derivatives are
highly malodorous oils while the tellurium derivatives are
obtained as yellow solids.

Selected NMR spectroscopic data are provided in
Table 2. The 1H chemical shifts of the methylene groups
attached to the chalcogen centers show an upfield trend
upon substitution by a heavier, less electronegative chal-
cogen while the trimethylsilyl resonances shift downfield.
The chemical shifts of 3.05–3.25 ppm for the methylene
group in the sulfur derivatives are upfield of those reported
for S-aryl-substituted derivatives.[49,54] The 13C chemical
shifts of the methylene groups remain virtually constant
upon varying R but are highly dependent on the chalcogen.
The upfield shifts for the methylene carbons attached to
selenium and tellurium are consistent with those observed
previously[51,55] but were assigned conclusively by hetero-
nuclear single-bond quantum correlation (HSQC) NMR
spectroscopy techniques.

Table 2. Selected NMR spectroscopic data for 2–4 in C6D6. Chemi-
cal shifts are reported in ppm.

1H 13C 77Se/125Te
CH2 Si(CH3)3 R–C�C– �C–CH2 CH2 Si(CH3)3

2a 3.10 0.25 77.97 78.42 14.44 0.79 –
2b 2.97 0.32 78.41 78.53 2.53 1.49 2.1
2c[a] 2.80 0.42 77.11 79.88 3.61 2.31 –80.9
3a 3.25 0.25 88.71 83.03 14.73 0.89 –
3b 3.14 0.34 89.39 83.18 2.55 1.51 12.4
3c[b] 2.89 0.42 91.27 81.67 5.00 2.21 –56.7
4a 3.05 0.24 81.13 14.29 0.83 –
4b 2.96 0.32 81.87 2.68 1.87 4.0

[a] Recorded at –50 °C in C7D8. [b] Recorded at –80 °C in C7D8.

Thermal Decomposition of 2c and 3c

Initial attempts at extending this chemistry to tellurium
met with poor results as the reaction solutions rapidly de-
composed to tellurium metal and colored tars. Maintaining
the entire reaction at low temperatures resulted in beige-
yellow solutions, which would decompose even at –25 °C.
Although unstable, RC�CCH2TeSiMe3 (2c, R = Me; 3c,
R = Ph) can be isolated provided reaction conditions are
maintained below –40 °C. (Scheme 3) Although solid sam-
ples of 3c decomposed significantly at –80 °C after 3 d, the
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Scheme 3. Decomposition pathway of 2c and 3c.

slightly higher stability vs. 2c allowed for its decomposition
pathway to be studied. An aliquot of a reaction mixture of
3c was isolated and dried (below –40 °C) and then, over a
period of 5 d, the reaction flask was maintained at –25 °C
and aliquots were taken and isolated at this temperature to
monitor the reaction. 125Te NMR spectra showed clearly
that 3c (δ = –56.7 ppm) was converting cleanly to a new
compound 6 (δ = +679.7 ppm) and observation of the flask
indicated the presence of Te0. Due to the wide range of
125Te chemical shifts for telluroethers (e.g. Me2Te δ =
0 ppm, tBu2Te δ = 999 ppm)[56] and ditellurides (Me2Te2 δ
= 69 ppm, MeTe2tBu δ = 617 ppm)[57] a chemical shift value
of +679.7 ppm is not diagnostic. The identity of the species
as the telluroether (PhC�CCH2)2Te 6 could be inferred via
the 125Te-1H spectrum which displayed a quintet at
+679.7 ppm (2JTe–H = 29 Hz) in addition to a multiplet at
δ = –56.7 ppm assigned to 3c. A 2JTeH value of 29 Hz ob-
served for the peak centered at +679.7 ppm is consistent
with this structural assignment.[58] Mass spectra of partially
decomposed solutions of 2c and 3c were obtained and par-
ent ions for the telluroethers 5 and 6, respectively, were ob-
served. If samples of 5 and 6 are exposed to the air, further
deposition of Te0 is observed and GC-MS analysis of the
supernatant displays predominantly the corresponding pro-
pargyl alcohol RC�CCH2OH. Attempts to synthesize an
authentic sample of 6 via the reaction of two equivalents of
1-bromo-3-phenyl-2-propyne with Na2Te or Li2Te[59] were
unsuccessful in our hands due to the formation of the cou-
pled product, 1,6-diphenylhexa-1,5-diyne. The ability of
Te2– to couple allyl halides has been reported by Clive and
co-workers[60] and is thought to proceed via homolytic fis-
sion of the telluroether initially formed. In their study, high
reaction temperatures were required to force the elimination
of the Te0 but they found that the stability of the organic
radical thus generated was the primary thermodynamic bar-
rier. In the case of 6, both radicals would be extremely delo-
calized and thus the dissociation may proceed easily. Sim-
ilar, but more complex reaction mixtures were observed for
the attempted synthesis of 5 from M2Te.

Experimental Section
All syntheses were carried out using standard inert atmosphere
Schlenk and glovebox techniques. Bis(trimethylsilyl) sulfide,[36] bis-
(trimethylsilyl) selenide and bis(trimethylsilyl) telluride were syn-
thesized according to the literature procedure reported for bis(tri-
methylsilyl) sulfide. 1-Bromo-3-phenyl-2-propyne, 1-bromo-2-bu-
tyne and 1,4-dibromo-2-butyne were synthesized from the corre-
sponding propargyl alcohols using phosphorus tribromide.[37]

nBuLi (1.6  in hexanes) was used as received from Aldrich Chemi-
cal Co. Reaction solvents were dried by passing through packed
columns of alumina using commercially available (MBraun) solvent
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drying towers. C6D6 was dried with Na/K alloy. Celite was dried
under vacuum by heating at 100 °C for several days. NMR spectra
were obtained with a Varian INOVA 400 MHz spectrometer. 1H
and 13C spectra were referenced to internal solvent peaks relative to
tetramethylsilane (TMS) at 0 ppm. 77Se{1H} and 125Te{1H} spectra
were indirectly referenced to external PhESiMe3 (+85.6, E = Se;
+11.6, E = Te) relative to Me2E at 0 ppm.[26,38] 29Si spectra were
obtained indirectly via a 1H{29Si} heteronuclear multiple bond cor-
relation (HMBC) pulse sequence with a magnetization transfer
time of 83 ms (coupling constant of 6 Hz) and were referenced to
internal silicone grease at –21.5 ppm relative to TMS at 0 ppm.
Chemical Analyses were performed by Chemisar Laboratories Inc.
(Guelph Ontario). Due to their sensitivity, elemental analyses were
not possible for the Se/Te derivatives 2b–c, 3c and 4b–c. Mass spec-
tra and precise mass determinations were performed with a Finni-
gan MAT 8200 instrument. Gas Chromatography-Mass Spectrom-
etry measurements were performed on a Varian CP-3800 Gas
Chromatograph with a Varian Saturn 2000 GC-MS analyzer.

Synthesis of LiESiMe3 (1a–c): In a modification of the published
procedure,[34] bis(trimethylsilyl) sulfide (0.20 mL, 0.953 mmol) was
diluted in tetrahydrofuran (THF, 20 mL) and cooled to 0 °C. n-
Butyllithium (1.6  in hexanes, 0.60 mL, 0.953 mmol) was added
dropwise causing a slight yellow color to develop which faded as
the addition was completed. The cooling bath was removed after
30 min and the reaction was stirred for a further 30 min. Removal
of the solvent in vacuo afforded an oily white solid, 1a.

The syntheses of 1b and 1c were performed by the same method,
although the preparation of 1c required cooling the reaction solu-
tion to –40 °C. While 1a and 1b were relatively stable under an
inert atmosphere at ambient temperatures, 1c began to decompose
within an hour after drying and so was used immediately in further
reactions.

1a·0.84thf: 1H NMR (C6D6): δ = 3.90 (thf), 1.50 (thf), 0.58
(–SiMe3) ppm. 13C{1H} NMR: δ = 68.81 (thf), 25.45 (thf), 7.32
(–SiMe3) ppm. 29Si NMR: δ = 7.2 ppm.

1b·0.88thf: 1H NMR (C6D6): δ = 3.93 (thf), 1.50 (thf), 0.70
(–SiMe3) ppm. 13C{1H} NMR: δ = 68.99 (thf), 25.44 (thf), 7.87
(–SiMe3) ppm. 29Si NMR: δ = 4.10 ppm. 77Se NMR: δ =
–518.1 ppm.

1c·3.4thf: 1H NMR (C6D6): δ = 3.76 (thf), 1.48 (thf), 0.88 (–SiMe3)
ppm. 13C{1H} NMR: δ = 68.69 (thf), 25.53 (thf), 9.71 (–SiMe3)
ppm. 29Si NMR: δ = –19.43 ppm. 1H NMR ([H8]thf): δ = 0.33
(–SiMe3) ppm. 13C{1H} NMR: δ = 9.25 (–SiMe3) ppm. 125Te{1H}
NMR: δ = –1294.3 ppm.

Synthesis of 1-Trimethylsilylthio-2-butyne (2a): A freshly prepared
sample of LiSSiMe3 (2.38 mmol) was dissolved in pentane (50 mL).
The flask was covered with aluminum foil and cooled to –78 °C. A
cold (–78 °C) solution of 1-bromo-2-butyne (0.32 g, 2.38 mmol) in
hexane (10 mL) was added dropwise and the solution was stirred
at low temperature for 2 h and then the bath was warmed. After
stirring at room temperature for 5 h, a ubiquitous white suspension
had formed. Reaction completion was confirmed by monitoring
via GC-MS and the reaction solution was filtered twice over celite
to ensure removal of LiBr. The solvent was removed in vacuo from
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the colorless filtrate to afford analytically pure 2a as a colorless oil
in 60% yield (0.23 g). 1H NMR (C6D6): δ = 3.10 (q, 5J = 2.6 Hz,
2 H, –CH2–), 1.47 ( t, 5J = 2.6 Hz, 3 H, –CH3,), 0.25 (s, 9 H,
–SiMe3) ppm. 13C{1H} NMR: δ = 78.42 (C�C), 77.97 (C�C),
14.44 (CH2), 3.35 (CH3), 0.79 (–SiMe3) ppm. 29Si NMR: δ =
16.25 ppm. C7H14SSi (158.3): calcd. C 53.10, H 8.91; found C
52.86, H 9.11. Exact mass: calculated 158.058549, found
158.058489.

Synthesis of 1-Trimethylsilylseleno-2-butyne (2b): A freshly pre-
pared sample of LiSeSiMe3 (2.31 mmol) was dissolved in pentane
(50 mL). The flask was covered with aluminum foil and cooled to
–78 °C. A cold (–78 °C) solution of 1-bromo-2-butyne (0.31 g,
2.31 mmol) in hexane (10 mL) was added dropwise and the solu-
tion was stirred at low temperature for 2 h. The bath was warmed
and after stirring at room temperature for 2 h, a ubiquitous white
suspension had formed. Reaction completion was confirmed by
monitoring via GC-MS and the reaction solution and the reaction
solution was filtered twice over celite to ensure removal of LiBr.
The solvent was removed in vacuo from the filtrate to afford 2b as
a pale yellow oil in 94% yield (0.45 g).1H NMR (C6D6): δ = 2.97
(q, 5J = 2.6 Hz, 2 H, –CH2–), 1.49 (t, 5J = 2.6 Hz, 3 H, –CH3),
0.32 (s, 9 H, –SiMe3) ppm. 13C{1H} NMR: δ = 78.53 (C�C), 78.41
(C�C), 3.55 (CH3), 2.53 (CH2), 1.49 (–SiMe3) ppm. 29Si NMR: δ
= 14.3 ppm. 77Se{1H} NMR: δ = 2.1 ppm. Exact mass: calculated
206.002999, found 206.003044.

Synthesis of 1-Trimethylsilyltelluro-2-butyne (2c): A freshly pre-
pared sample of LiTeSiMe3 (2.34 mmol) was dissolved in pentane
(50 mL) to give a beige solution due to slight decomposition of the
LiTeSiMe3. The flask was covered with aluminum foil and cooled
to –78 °C. A cold (–78 °C) solution of 1-bromo-2-butyne (0.31 g,
2.34 mmol) in hexane (10 mL) was added dropwise and the solu-
tion was stirred at low temperature for 2 h to ensure reaction com-
pletion although a white solid was evident after 10 min. Attempts
to confirm reaction completion by GC-MS failed as only a small
amount of bis(trimethylsilyl) telluride was observed along with se-
veral unidentified organic compounds. The beige-yellow suspension
was filtered at –78 °C through a cold bath jacketed filter and the
receiver flask was also kept at low temperature. Removal of the
solvent in vacuo at or below –40 °C afforded a 2c as a yellow solid
which decomposed significantly over a period of three days even
when kept at –80 °C. 1H NMR (C7D8, –50 °C): δ = 2.80 (q, 5J =
2.7 Hz, 2 H, –CH2–), 1.45 (t, 5J = 2.7 Hz, 3 H, –CH3), 0.42 (s, 9
H, –SiMe3) ppm. 13C{1H} NMR: δ = 79.88 (C�C), 77.11 (C�C),
5.19 (CH3), 3.61 (CH2), 2.31 (–SiMe3) ppm. 29Si NMR: δ = –2.44
ppm. 125Te{1H} NMR: δ = –80.9 ppm.

Synthesis of 3-Phenyl-1-trimethylsilylthio-2-propyne (3a): A freshly
prepared sample of LiSSiMe3 (2.38 mmol) was dissolved in hexane
(50 mL). The flask was covered with aluminum foil and cooled to
0 °C. A cold (0 °C) solution of 1-bromo-3-phenyl-2-propyne
(0.44 g, 2.26 mmol) in hexane (10 mL) was added dropwise and the
solution was stirred at low temperature for 1 h and then the bath
was warmed. After stirring at room temperature for 1 h, the reac-
tion was heated to reflux for 5 h by which time a ubiquitous white
suspension had formed. Reaction completion was confirmed by
monitoring via GC-MS and the reaction solution and the reaction
solution was filtered twice over celite to ensure removal of LiBr.
The solvent was removed in vacuo from the colorless filtrate to
afford 3a as a pale yellow oil in 75% yield (0.37 g). 1H NMR
(C6D6): δ = 7.39 (m, 2 H, Hortho), 6.97 (m, 3 H, Hmeta/para), 3.25 (s,
2 H, –CH2–), 0.25 (s, 9 H, –SiMe3) ppm. 13C{1H}: 131.81 (Cortho),
128.55 (Cpara), 128.20 (Cmeta), 123.89 (Cipso), 88.71 (C�C), 83.03
(C�C), 14.73 (CH2), 0.89 (–SiMe3) ppm. 29Si NMR: δ =
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17.72 ppm. C12H16SSi (220.4): calcd. C 65.39, H 7.32; found C
65.19, H 7.76. Exact mass: calculated 220.074199, found
220.074223

Synthesis of 3-Phenyl-1-trimethylsilylseleno-2-propyne (3b): A
freshly prepared sample of LiSeSiMe3 (2.31 mmol) was dissolved
in pentane (50 mL). The flask was covered with aluminum foil and
cooled to –78 °C. A cold (–78 °C) solution of 1-bromo-3-phenyl-2-
propyne (0.43 g, 2.19 mmol) in hexane (20 mL) was added drop-
wise and the solution was stirred at low temperature for 2 h and
then the bath was warmed. After stirring at room temperature for
3 h, a yellow solution with a ubiquitous white solid had formed.
Reaction completion was confirmed by monitoring via GC-MS
and the reaction solution and the reaction solution was filtered
twice over celite to ensure removal of LiBr. The solvent was re-
moved in vacuo from the yellow filtrate to afford 3b as a yellow oil
in 80% yield (0.47 g). 1H NMR (C6D6): δ = 7.41 (m, 2 H, Hortho),
6.96 (m, 3 H, Hmeta/para), 3.14 (s, 2 H, –CH2–), 0.34 (s, 9 H, –SiMe3)
ppm. 13C{1H} NMR: δ = 131.78 (Cortho), 128.54 (Cpara), 128.11
(Cmeta), 124.06 (Cipso), 89.39 (C�C), 83.18 (C�C), 2.55 (CH2), 1.51
(–SiMe3) ppm. 29Si NMR: δ = 13.84 ppm. 77Se{1H} NMR: δ =
12.4 ppm. C12H16SeSi (267.3): calcd. C 53.92, H 6.03; found C
53.83, H 5.85. Exact mass: calculated 268.018649, found
268.018393

Synthesis of 3-Phenyl-1-trimethylsilyltelluro-2-propyne (3c): A
freshly prepared sample of LiTeSiMe3 (2.34 mmol) was dissolved
in pentane (50 mL) to give a beige solution due to slight decompo-
sition of the LiTeSiMe3. The flask was covered with aluminum foil
and cooled to –78 °C. A cold (–78 °C) solution of 1-bromo-3-
phenyl-2-butyne (0.46 g, 2.34 mmol) in hexane (20 mL) was added
dropwise and the solution was stirred at low temperature for 2 h to
ensure reaction completion although a white solid was evident after
10 min. Attempts to confirm reaction completion by GC-MS failed
as only a small amount of bis(trimethylsilyl) telluride, along with
several unidentified organic compounds, was observed. The beige-
yellow suspension was filtered at –78 °C through a cold bath jack-
eted filter and the receiver flask was also kept at low temperature.
Removal of the solvent in vacuo at or below –40 °C afforded a 3c
as a yellow solid. Solutions of 3c decomposed slowly at –25 °C but
were more stable at lower temperatures. 1H NMR (–80 °C, C7D8):
δ = 7.39 (m, 2 H, Hortho), 6.87 (m, 3 H, Hmeta/para), 2.89 (s, 2 H,
–CH2–), 0.42 (s, 9 H, –SiMe3) ppm. 13C{1H} NMR: δ = 131.49
(Cortho), 127.86 (Cpara), 125.01 (Cmeta), 123.88 (Cipso), 91.27 (C�C),
81.67 (C�C), 5.00 (CH2), 2.21 (–SiMe3) ppm. 29Si NMR: δ =
–0.68 ppm. 125Te{1H} NMR: δ = –56.7 ppm.

Synthesis of 1,4-Bis(trimethylsilylthio)-2-butyne (4a): A freshly pre-
pared sample of LiSSiMe3 (2.38 mmol) was dissolved in pentane
(50 mL). The flask was covered with aluminum foil and cooled to
0 °C. A solution of 1,4-dibromo-2-butyne (0.24 g, 1.13 mmol) in
hexane (2 mL) was added dropwise and the solution was stirred at
low temperature for 1 h. The bath was removed and after stirring
at room temperature for 1 h, the reaction was heated to reflux for
3 h by which time a ubiquitous white suspension had formed. Reac-
tion completion was confirmed by monitoring with GC-MS and
the reaction solution and the reaction solution was filtered twice
over celite to ensure removal of LiBr. The solvent was removed in
vacuo from the colorless filtrate to afford 4a as a light colored oil
in 74% yield (0.22 g). 1H NMR (C6D6): δ = 3.05 (s, 2 H, –CH2–),
0.24 (s, 9 H, –SiMe3) ppm. 13C{1H}: 81.13 (C�C), 14.29 (CH2),
0.83 (–SiMe3); 29Si: 15.85 ppm. C10H22S2Si2 (262.6): calcd. C 45.74,
H 8.44; found C 46.20. H 8.29. Exact mass: calculated 262.070150,
found 262.070121.

Synthesis of 1,4-Bis(trimethylsilylseleno)-2-butyne (4b): A freshly
prepared sample of LiSeSiMe3 (2.31 mmol) was dissolved in pen-
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tane (50 mL). The flask was covered with aluminum foil and cooled
to –78 °C. A cold (–78 °C) solution of 1,4-dibromo-2-butyne
(0.23 g, 1.09 mmol) in hexane (20 mL) was added dropwise and the
solution was stirred at low temperature for 2 h. The bath was
warmed and after stirring at room temperature for 2 h, a pale yel-
low solution with a ubiquitous white solid had formed. Reaction
completion was confirmed by GC-MS and the reaction was filtered
to remove the LiBr. The solvent was removed in vacuo from the
colorless filtrate to afford 4b as a pale yellow oil in 80% yield
(0.31 g).

N.B. Extreme care to reduce exposure of this compound to ambient
light is required as otherwise decomposition to an insoluble white
solid occurs. 1H NMR (C6D6): δ = 2.96 (s, 2 H, –CH2–), 0.32 (s, 9
H, –SiMe3) ppm. 13C{1H}: 81.87 (C�C), 2.68 (CH2), 1.87 (–SiMe3)
ppm. 29Si NMR: δ = 13.69 ppm. 77Se{1H} NMR: δ = 4.0 ppm.
Exact mass: calculated 357.959049, found 357.958961.
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6-[4-(2-Methoxyethoxy)phenyl]fulvene (3a) and 6-{4-[2-(di-
methylamino)ethoxy]phenyl}fulvene (3b) were prepared as
the starting materials for the synthesis of three different
classes of titanocenes, which are ansa-titanocenes, di-
arylmethyl-substituted titanocenes and benzyl-substituted ti-
tanocenes. Because the synthetic possibilities seem to be lim-
ited, only ansa-titanocene {1,2-bis(cyclopentadienyl)-1,2-
bis[4-(2-methoxyethoxy)phenyl]ethanediyl}titanium dichlo-
ride (4a) and benzyl-substituted titanocene bis-{[4-(2-meth-
oxyethoxy)benzyl]cyclopentadienyl}titanium(IV) dichloride
(6a) were obtained and characterised. The change in the sub-
stitution pattern of the phenyl moiety from an oxygen atom
to a nitrogen atom had such a big influence on the reaction

Introduction

The introduction of cis-platin into clinics in 1978 started
a broad search for other cytotoxic metal complexes. Despite
the resounding success of cis-platin and closely related plati-
num antitumor agents, the movement of other transition-
metal anticancer drugs towards the clinic has been excep-
tionally slow.[1–3] In general, metallocene dichlorides
(Cp2MCl2) with M = Ti, V, Nb and Mo show remarkable
antitumor activity,[4,5] and titanocene dichloride, Cp2TiCl2,
has especially become a very promising candidate as an an-
ticancer drug. Cp2TiCl2 shows medium–high cytotoxicity in
vitro and a high efficacy in the animal models. Unfortu-
nately, the efficacy in Phase II clinical trials in patients with
metastatic renal-cell carcinoma[6] or metastatic breast can-
cer[7] was too low to be pursued.

In order to increase the cytotoxicity of Cp2TiCl2, dif-
ferent highly substituted analogues were synthesised.
Within this paper we introduce three different types of
substituted titanocenes: ansa-titanocenes, diarylmethyl-
substituted titanocenes, and benzyl-substituted titanocenes.

ansa-Titanocenes, which contain a carbon–carbon
bridge, can be synthesised by reacting titanium dichloride

[a] UCD School of Chemistry and Chemical Biology, Conway In-
stitute of Biomolecular and Biomedical Research, Centre for
Synthesis and Chemical Biology (CSCB), University College
Dublin,
Belfield, Dublin 4, Ireland
E-mail: matthias.tacke@ucd.ie
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that not one compound of the three titanocene classes could
be synthesised, and it was also not possible to obtain di-
arylmethyl-substituted titanocenes with the use of either of
the fulvenes. When benzyl-substituted titanocene 6a was
tested against pig kidney cells (LLC-PK), an antiproliferative
effect that results in an IC50 value of 43 µM, was observed.
This IC50 value is in the lower range of the cytotoxicities
evaluated for titanocenes up to now. ansa-Titanocene 4a sur-
prisingly showed, when tested on the same cell line, a prolif-
erative effect together with a fast rate of hydrolysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

with fulvenes.[8–19] By using this method we have synthe-
sised {1,2-bis(cyclopentadienyl)-1,2-bis[4-(dimethylamino)-
phenyl]ethanediyl}titanium dichloride (titanocene X),
which showed an IC50 value of 2.7×10–4  when tested for
cytotoxic effects on the LLC-PK cell line.[16]

The diarylmethyl-substituted titanocene analogues were
synthesized and they showed a significant increase in their
cytotoxicity. These titanocenes can be obtained by a carbo-
lithiation reaction of 6-arylfulvene with the corresponding
aryllithium species followed by transmetallation with tita-
nium tetrachloride.[20] With this new method, bis{bis[4-(di-
methylamino)phenyl]methylcyclopentadienyl}titanium(IV)
dichloride has been synthesised, which shows an IC50 value
of 3.8×10–5  when tested for cytotoxic effects on the LLC-
PK cell line.[20]

A third method that is used for the preparation of ben-
zyl-substituted titanocenes allowed for the synthesis of tit-
anocene Y, which is so far our best titanocene in terms of
cytotoxicity.[21] Bis-[(4-methoxybenzyl)cyclopentadienyl]-
titanium(IV) dichloride (titanocene Y), which has an IC50

value of 2.1×10–5  when tested on the LLC-PK cell line,
was synthesised from fulvene and super hydride (LiBEt3H)
followed by transmetallation with titanium tetrachloride.
The structures of the three mentioned titanocene classes are
shown in Figure 1.

The first in vitro and ex vivo tests with titanocenes X
and Y showed that prostate, cervix and renal cell cancer are
prime targets for these types of titanocenes. Both titano-
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Figure 1. Molecular structures of the titanocenes.

cenes have been studied in a 36 human carcinoma cell panel
for their antiproliferative activity.[22] Furthermore, titano-
cene X has been tested on four freshly explanted human
tumors.[23] First mechanistic studies showed that both titan-
ocenes induce apoptosis, especially in prostate cancer
cells.[24] Furthermore, very successful animal studies with
the use of titanocene Y on Caki-1 tumor-bearing mice and
xenograft Ehrlich’s ascites tumor in mice were per-
formed.[25,26]

The main idea behind the research presented in this pa-
per was to convert the methoxy group of titanocene Y, our
most cytotoxic titanocene, into a glycol methyl ether or
glycol amine side chain in order to improve the cytotoxicity
and availability in the cell. Within this paper, we present
the synthetic possibilities and limits of introducing a glycol
methyl ether or a glycol amine group in all three mentioned
classes of titanocenes and comparing the antiproliferative
effects of the new synthesised titanocenes.

Results and Discussion

Synthesis

6-Arylfulvenes are the starting materials for all three
classes of titanocenes and their main function is to intro-
duce the substitution pattern at the cyclopentadienide rings.

Scheme 2. Synthesis of ansa-titanocene 4a.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4621–46284622

These fulvenes can be synthesised according to the pub-
lished procedure[18] by reacting the corresponding benzalde-
hyde with cyclopentadiene in the presence of pyrrolidine as
a base. Benzaldehydes 2a and 2b were not commercially
available, and therefore, they were synthesised from 4-hy-
droxybenzaldehyde (1) and the corresponding alkyl chlo-
ride.[27] Afterwards, 6-[4-(2-methoxyethoxy)phenyl]fulvene
(3a) and 4-[2-(dimethylamino)ethoxy]benzaldehyde (3b)
were obtained in the described condensation reaction as
orange solids in yields of 78% and 51%, respectively
(Scheme 1).

Scheme 1. Synthesis of fulvenes 3a and 3b.
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ansa-Titanocenes can be obtained by the reductive di-

merisation of the corresponding fulvene with titanium di-
chloride (Scheme 2), which is synthesised by the reduction
of TiCl4 with nBuLi as described in refs.[12,13]

With the use of this method, fulvenes 3a and 3b were
tested for the synthesis of the corresponding ansa-
titanocenes. ansa-Titanocene 4a was obtained from fulvene
3a as a black solid in a yield of 22%, and the determined
cis–trans ratio at the carbon–carbon bridge was 44:56. Sur-
prisingly, with the use of fulvene 3b and the above-described
procedure, no ansa-titanocene was formed and merely a
black polymer was obtained.

A second synthetic pathway starting with 6-arylfulvenes
leads to the corresponding benzyl-substituted titanocenes.
This method includes a hydride transfer to the exocyclic
double bond of the fulvene with the use of LiBEt3H (super
hydride) and results in the formation of the appropriate
substituted lithium cyclopentadienyl intermediate. Two
moles of this lithium intermediate undergo a transmetalla-
tion reaction with TiCl4 to give the corresponding un-
bridged substituted titanocenes (Scheme 3).[21]

These benzyl-substituted titanocenes do not have ste-
reocentres; therefore, unlike their ansa analogues, stereoiso-
mers of this compound do not exist, which, in terms of in
vivo and in vitro cell testing, is advantageous. Our most
cytotoxic titanocene, titanocene Y, has been synthesised by
this reaction.

Again, both fulvenes 3a and 3b were tested for their abil-
ity to form the corresponding benzyl-substituted titanoc-
enes. With the use of this method, unbridged titanocene 6a
was obtained as a brown solid in a yield of 67% from 3a.
Again, the use of fulvene 3b did not lead to any success;
therefore, the unbridged titanocene substituted with a
glycol amine group could not be formed. The reactivity of
lithium intermediate 5b was so high that it immediately de-
composed after its formation and substituted lithium cyclo-

Scheme 4. Synthesis of diarylmethyl-substituted titanocene.

Eur. J. Inorg. Chem. 2006, 4621–4628 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4623

Scheme 3. Synthesis of benzyl-substituted titanocene 6a.

pentadienide 5b could not be isolated and consequently re-
acted with TiCl4.

A third synthetic route that leads to the formation of
achiral diarylmethyl-substituted titanocenes was evaluated
again for both fulvenes 3a and 3b.[20] The first step was
a bromine–lithium exchange reaction and resulted in the
formation of lithiated intermediates 9a and 9b. Bromine
compounds 8a and 8b were synthesised beforehand by re-
fluxing 4-hydroxyphenylbromide (7) with the appropriate
alkyl chloride.[28] Afterwards, lithium intermediates 9a and
9b were intended to undergo a carbolithiation reaction that
would result in the formation of corresponding substituted
lithium cyclopentadienide 5a and 5b, which could then be
transmetallated with TiCl4 (Scheme 4). However, neither
the use of fulvene 3a nor the use of fulvene 3b led to the
formation of the expected diarylmethyl-substituted titano-
cene.
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Closer investigations of the lithium–bromine exchange

reaction showed that the para-substituted lithium interme-
diate was not the only product formed. The formation of a
mixture of lithium compounds might be due to the ortho-
directing property of the glycol methyl ether or glycol amine
side chain. To carry out these investigations the bromine
compound was treated with tert-butyllithium in THF and
afterwards reacted with chlorotrimethylsilane.

Structural Discussion

Suitable single-crystals of titanocene 4a for X-ray diffrac-
tion experiments were obtained by the slow diffusion of
pentane into a saturated solution of dichloromethane. The
collection and refinement data for 4a are shown in Table 2.

Because of the presence of stereoisomers, ansa-
titanocenes seem to be a difficult class of compounds in
terms of crystallisation experiments. Therefore, there are
very few examples of molecular structures of titanocenes in
the crystal form and their crystallisation behaviour strongly
depends on the substitution pattern. In the crystal structure
of titanocene 4a, only the trans isomer is found, and in ac-
cordance with the centrosymmetric space group P1̄, the
(R,R)- and (S,S) isomers are present in equal amounts. The
molecule itself has a pseudo-C2 symmetry in the solid state.
The cyclopentadienyl bond lengths are of the expected val-
ues for titanocenes and range from 138 pm to 142 pm, as
well as the ring centroid distances to the metal centre (205
and 206 pm). The Ti–Cl bond lengths, both of them being
236 pm, and the Cl–Ti–Cl angle, being 95.0°, are also typi-
cal of titanocenes (Table 1). The carbon–carbon ansa-
bridge has a length of 152 pm and is therefore in the ex-
pected range for a carbon–carbon single bond. Despite the
ansa-bridge, the angle centroid–metal–centroid is 128°,
which is nearly the same as that in unbridged titanocene Y
(131°)[21] and suggests that there is no strain on the ethylene
bridge.

One of the glycol methyl ether side chains shows an ori-
entational disorder with O4 and is distributed over two po-
sitions. In the final refinement, the position of the two adja-
cent carbon atoms, C29 and C30, has been treated as unaf-
fected and leads to some unusual bond lengths and angles
(Table 1). These unusual bond lengths and angles show that
C29 is, in fact, disordered as well and that the two positions
are very close to each other (�20 pm). Therefore, the data-
set with a resolution of 87 pm does not allow a separate
refinement of the two C29 sites.

The unit cell of the determined structure of 4a shows an
absence of any solvent molecules; the assumed free space
between the titanocenes is filled by the glycol methyl ether
group. This is in contrast to the molecular structure of an
analogue of ansa-titanocene that is substituted with a
pentamethyl phenyl group at the cyclopentadienyl rings. In
this analogue, the aromatic substituents form a channel in
which the solvent molecules are situated.[18] In terms of bio-
logical applications, the absence of solvent molecules in the
obtained crystals is advantageous as the compounds are

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4621–46284624

Table 1. Selected bond lengths and angles for 4a.

Bond lengths [Å]

Cl1–Ti 2.3553(11) C2–C3 1.375(5)
Cl2–Ti 2.3559(11) C3–C4 1.399(5)
Ti–C1 2.352(3) C4–C5 1.387(5)
Ti–C2 2.397(3) C5–C6 1.522(5)
Ti–C3 2.391(3) C16–C17 1.397(5)
Ti–C4 2.360(3) C16–C20 1.408(5)
Ti–C5 2.367(3) C17–C18 1.377(6)
Ti–Cent1 2.054(3) C18–C19 1.399(5)
Ti–C16 2.359(4) C19–C20 1.394(5)
Ti–C17 2.401(4) C20–C21 1.508(5)
Ti–C18 2.394(4) C6–C21 1.521(5)
Ti–C19 2.341(3) C29–O4A 1.564(10)
Ti–C20 2.383(3) C29–O4B 1.467(7)
Ti–Cent2 2.058(2) O4A–C30 1.252(9)
C1–C2 1.406(5) O4B–C30 1.374(7)
C1–C5 1.418(5)

Bond angles [°]

Cl1–Ti–Cl2 95.04(4)
Cent1–Ti–Cent2 128.15(3)
C28–C29–O4A 86.8(5)
C28–C29–O4B 119.8(5)
C29–O4A–C30 109.9(7)
C29–O4B–C30 109.1(4)

known to be of high purity and the cytotoxic effects that
are observed can not be due to the presence of chlorinated
solvents.

Cell Tests

The in vitro cytotoxicity of compounds 4a and 6a was
determined by MTT-based assays[29] that involves a 48 hour
drug exposure period, followed by 24 hours of recovery
time. Compounds were tested for their activity on pig kid-
ney cells (LLC-PK) and the results are shown in Figures 2
and 3.

Figure 2. Molecular structure of a crystal of 4a, thermal ellipsoids
are drawn at the 50% probability level and disorder has been ne-
glected.

In our workgroup, ansa-titanocenes have been synthe-
sised which show cytotoxic effects with IC50 values in the
range of 930 to 210 µ when tested on the LLC-PK cell
line, depending on the substitution pattern of the phenyl
ring. Most of the ansa-titanocenes show poor water solubil-
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Figure 3. Cytotoxicity curve from typical MTT assays that show the effect of compound 4a on the viability of pig kidney (LLC-PK)
cells.

ity, and therefore, the introduction of the glycol methyl
ether group was supposed to improve the water solubility
and the availability of the titanocene in the cell.

The water solubility of ansa-titanocene 4a was signifi-
cantly improved, but unfortunately a few seconds after the
titanocene dissolved in the medium, a white solid precipi-
tated despite the fact that the titanocene is completely solu-
ble in 0.7% DMSO. Cell tests with this solution showed
very surprising results. ansa-Titanocene 4a, which was dis-
solved in the medium with 0.7% DMSO, showed nearly no
cytotoxic effect under physiological conditions. Quite the
opposite result, a proliferative effect, was observed and the
cell growth was significantly increased when tested on the
LLC-PK cell line. Only at very low concentrations in the
range of 10–5 to 10–8  can a small cytotoxic effect be no-
ticed (Figure 3). The proliferative result can be explained by
a very fast hydrolysis rate of the ansa-titanocene, which re-
sults from the substitution pattern of the phenyl rings.

A similar unexpected proliferate effect was observed by
G. Jaouen and coworkers when a titanocene derivative of
the anticancer drug tamoxifen was tested on the human
hormone-dependent breast cancer cell line MCF-7. This
compound contains an analogous glycol amine group and
further explanations concerning the hydrolysis process can
be found within the literature[30] and the studies of P.
Sadler.[31]

Cytotoxic studies with the use of analogous benzyl-sub-
stituted titanocene 6a were undertaken in order to deter-
mine whether the hydrolysis rate is dependant only on the
side chain of the phenyl moiety or whether there is an ad-
ditional correlation with the structure of the titanocene.

Titanocene 6a was tested in the typical MTT-based assay
with the use of the LLC-PK cell line and it showed an IC50

value of 43 µ (Figure 4). However, this value, when com-
pared with that of benzyl-substituted titanocene Y, is twice
as large. In comparison to cis-platin, this represents an ap-
proximate thirteen-fold increase. Nevertheless, this value
shows an approximate fifty-fold decrease in magnitude
when compared with that of titanocene dichloride; its IC50

value is 2.0×10–3  when tested on the same cell line.[16]

Samples prepared for the cell tests showed a significantly
slower rate of hydrolysis compared with that of ansa-
titanocene 4a. This resulted in the formation of a lesser
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amount of the white precipitate. Nevertheless, there might
still be a rapid rate of hydrolysis, which has a counter-
productive impact on the cytotoxic effect.

Figure 4. Cytotoxicity curve from typical MTT assays that show
the effect of compound 6a on the viability of pig kidney (LLC-PK)
cells.

Furthermore, benzyl-substituted titanocene 6a does not
have stereocentres, and therefore, stereoisomers do not ex-
ist, unlike their ansa analogue 4a. In terms of in vivo and
in vitro cell testing, this is advantageous. Previously, the
presence of unseparated stereoisomers meant that the issue
of whether the compounds’ cytotoxicities were related to
specific isomers was not addressed. This is not of concern
for achiral compound 6a.

Conclusions and Outlook

6-Arylfulvenes can be very useful starting materials for
the synthesis of different types of titanocenes. Fulvenes 3a
and 3b, which have a glycol methyl ether or a glycol amine
side chain at the phenyl moiety, were obtained in good
yields as orange solids. Their application towards the syn-
thesis of titanocenes was very limited. Only the glycol
methyl ether analogues of ansa-titanocene and of benzyl-
substituted titanocene were obtained, whereas it was not
possible to synthesise any of the three types of titanocenes
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bearing a glycol amine side chain. Both fulvenes could not
be used for the successful synthesis of a diarylmethyl-substi-
tuted titanocene. This study shows how limited the various
methods are and that not every 6-arylfulvene can be used
for the synthesis of the corresponding titanocenes.

When tested for cytotoxicity on the LLC-PK cell line, the
IC50 value of 6a was in the lower 10–5  range and showed
a clear dose dependent antiproliferative effect. This repre-
sents an increase in cytotoxicity when compared to that of
unsubstituted titanocene dichloride; however, 6a is two
times less cytotoxic than the most cytotoxic of the titanoc-
enes so far, titanocene Y, which has a methoxybenzyl func-
tionality. Compound 6a is also approximately fifteen times
less cytotoxic than cis-platin when tested on the LLC-PK
cell line.

Surprisingly, ansa-titanocene 4a showed a proliferative
effect when tested on the same cell line. This might be due
to the fast rate of hydrolysis, which was observed during
the preparation of the sample for the cell tests. Nevertheless,
this was the first time that a proliferative effect with this
class of titanocenes was observed. We could show that a
glycol methyl ether side chain at the phenyl moiety helps to
improve the water solubility, but unfortunately it increases
the hydrolysis rate as well. Furthermore, we were able to see
that the hydrolysis rate is strongly dependent on the class of
titanocenes.

Future work will focus on the exchange of the chlorines
in order to decrease the hydrolysis rate. If this can be
achieved, both titanocenes might be very interesting com-
pounds for further studies in terms of their availability in
the cell.

Experimental Section
General Conditions: Titanium tetrachloride, n-butyllithium (2.0 

in cyclohexane), tert-butyllithium (1.7  in pentane), 4-hydroxy-
benzaldehyde, 4-bromophenol, K2CO3, NaI, DMF, (2-chloroethyl)-
methyl ether, 2-(dimethylamino)ethyl chloride and super hydride
(LiBEt3H, 1.0  solution in THF) were obtained commercially
from Aldrich Chemical Co. THF, toluene, pentane and diethyl
ether were dried with Na and benzophenone. Solvents were freshly
distilled and collected under an atmosphere of argon prior to use.
Cyclopentadiene was collected under an atmosphere of nitrogen
from freshly cracked dicyclopentadiene and pyrrolidine was dis-
tilled under an atmosphere of argon prior to use. Manipulations of
air- and moisture-sensitive compounds were done with the use of
standard Schlenk techniques, under an argon atmosphere. NMR
spectra were measured with either a Varian 300 or a Varian 400
spectrometer. Chemical shifts are referenced to TMS. IR spectra
were recorded with a Perkin–Elmer Paragon 1000 FT-IR Spectrom-
eter. UV/Vis spectra were recorded with a Unicam UV2 Spectrome-
ter. Electron spray mass spectrometry of 4a and 6a were performed
with a quadrupole tandem mass spectrometer (Quattro Micro,
Micromass/Water’s Corp., USA) with the use of solutions that were
made up in 50% dichloromethane and 50% methanol.

Single-crystals of 4a suitable for X-ray diffraction experiments were
grown by the diffusion of pentane into a saturated solution of
dichloromethane at room temperature. X-ray diffraction data for
the compound was collected with a BRUKER Smart Apex dif-
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fractometer. A semi-empirical absorption correction on the raw
data was performed with the program SADABS.[32] The crystal
structure was then solved by direct methods (SHELXS-NT 97)[33]

and refined by full-matrix least-squares methods against F2. Fur-
ther details about the data collection are listed in Table 2, as well
as reliability factors. CCDC-610549 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Table 2. Crystal data and structure refinements for 4a.

Empirical formula C30H32O4Cl2Ti
Formula weight 575.36
Temperature [K] 100(2)
Wavelength [Å] 0.71073
Crystal system triclinic
Space group P1̄(#2)
Unit cell dimensions [Å], [°] a = 7.7841(11), α = 102.085(2)

b = 13.0191(18), β = 100.794(3)
c = 14.358(2), γ = 102.998(3)

Volume [Å3] 1343.7(3)
Z 2
Densitycalcd. [Mg/m3] 1.422
Absorption coefficient [mm–1] 0.552
F(000) 600
Crystal size [mm3] 0.20 × 0.10 × 0.02
θ range for data collection [°] 1.66 to 24.00
Index ranges –8 � h � 8, –14 � k � 14, –16

� l � 16
Reflections collected 14440
Independent reflections 4207 [R(int) = 0.0460]
Completeness to θ = 24.00° [%] 99.8
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9890 and 0.8143
Refinement method Full-matrix least–squares on F2

Data/restraints/parameters 4207/0/345
Goodness-of-fit on F2 1.052
Final R indices [I � 2σ(I)] R1 = 0.0468, wR2 = 0.1177
R indices (all data) R1 = 0.0680, wR2 = 0.1312
Largest diff. peak and hole [e/Å–3] 0.717 and –0.328

In vitro cell tests were performed on LLC-PK cells obtained from
the ATCC (American Tissue Cell Culture Collection) and main-
tained in Dulbecco’s Modified Eagle Medium containing FCS (foe-
tal calf serum) [10% (v/v)], penicillin streptomycin [1% (v/v)] and
-glutamine [1% (v/v)]. Cells were seeded in 96-well plates contain-
ing 200-µL-microtitre wells at a density of 5,000 cells/200 µL of
medium and were incubated at 37 °C for 24 h to allow for ex-
ponential growth. The compounds used for the testing were then
dissolved in a medium solution containing DMSO (0.7%) to obtain
stock solutions of 5×10–4  in concentration. The cells were then
treated with varying concentrations of the compounds and incu-
bated for 48 h at 37 °C. The solutions were then removed from the
wells and the cells were washed with PBS (phosphate buffer solu-
tion) and fresh medium was added to the wells. After a recovery
period of 24 h incubation at 37 °C, individual wells were treated
with a solution of MTT (200 µL) [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] in medium. The solution consisted
of MTT (30 mg) in the medium (30 mL). The cells were incubated
for 3 h at 37 °C. The medium was then removed and the purple
formazan crystals were dissolved in DMSO (200 µL per well). Ab-
sorbance was then measured at 540 nm by a Wallac Victor
(Multilabel HTS Counter) Plate Reader. Cell viability was ex-
pressed as a percentage of the absorbance recorded for control
wells. The mean values used for the dose response curves represent
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the values obtained from four consistent MTT-based assays for
each compound tested.

4-(2-Methoxyethoxy)benzaldehyde (2a): This compound was syn-
thesised according to the published procedure and obtained as a
nearly colourless oil in a yield of 72%.[27] The spectroscopic data
were in correspondence to the published data.

4-[2-(Dimethylamino)ethoxy]benzaldehyde (2b): 4-Hydroxybenzal-
dehyde (1.00 g, 8.19 mmol) was heated at 80 °C together with 2-
(dimethylamino)ethyl chloride (1.2 equiv., 1.41 g, 9.83 mmol) and
K2CO3 (4 equiv., 4.52 g, 32.76 mmol) in abs. DMF (50 mL) for 3 d
under an atmosphere of argon. H2O (30 mL) was added, and the
reaction mixture was extracted with diethyl ether (4×20 mL). The
combined organic layers were dried with Na2SO4 and the solvent
was removed in vacuo. A red oil was obtained in a yield of 76%.
1H NMR (CDCl3, 300 MHz): δ = 2.33 [s, 3 H, N(CH3)2], 2.75 [t,
3J = 5.7 Hz, 2 H, (CH3)2NCH2CH2], 4.14 [t, 3J = 5.7 Hz, 2 H,
(CH3)2NCH2CH2O], 7.02 (d, JA,B = 8.4 Hz, 2 H, OCCHCH), 7.81
(d, JA,B = 8.7 Hz, 2 H, CHC), 9.86 (s, 1 H, CHO) ppm.

6-[4-(2-Methoxyethoxy)phenyl]fulvene (3a): Pyrrolidine (2.58 mL,
2.20 g, 30.94 mmol) was added to a solution of 4-(2-methoxy-
ethoxy)benzaldehyde (5.20 g, 30.94 mmol) and cyclopentadiene
(5.11 mL, 77.34 mmol) in methanol (60 mL). After this addition,
the solution turned from colourless to deep red and a solid was
formed. After 12 h, acetic acid (1.86 g, 1.77 mL, 30.94 mmol) was
added. H2O (30 mL) was added, and the mixture was extracted
with CH2Cl2 (4×20 mL). The combined organic layers were dried
with Na2SO4, and the solvent was removed in vacuo to afford a
dark red oil. The crude product was purified on a silica column
(15–5 cm) with CH2Cl2 as the solvent. After removal of the solvent
under vacuum, the product was obtained as an orange solid in yield
of 78% (5.49 g, 24.07 mmol). 1H NMR (CDCl3, 300 MHz): δ =
2.43 (s, 3 H, OCH3), 2.74 (t, 3J = 5.7 Hz, 2 H, CH3OCH2CH2),
4.11 (t, 3J = 5.7 Hz, 2 H, CH3OCH2CH2), 6.30–6.31, 6.47–6.49,
6.64–6.67, 6.71–6.73 (m, 4 H, C5H4), 6.95 (d, JA,B = 8.7 Hz, 2 H,
OCCHCHC), 7.15 (s, 1 H, C6H4CHC5H4), 7.56 (d, JA,B = 8.7 Hz,
2 H, OCCHCHC) ppm. 13C NMR (CDCl3, 75 MHz): δ = 45.9
(OCH3), 58.2, 66.1 (2 C) (CH3OCH2CH2O), 114.9 (2 C) (C-2,6
OC6H4), 119.9 (C5H4CHC6H4), 127.4, 129.6, 134.9, 138.3 (4 C) (C-
2,3,4,5 C5H4), 132.4 (2 C) (C-3,5 OC6H4), 143.3 (C-1 C5H4), 159.9
(C-1 OC6H4) ppm. C15H16O2 (228.12): calcd. C 78.98, H 7.07;
found C, 78.68, H, 7.05.

6-{4-[2-(Dimethylamino)ethoxy]phenyl}fulvene (3b): Pyrrolidine
(4.97 mL, 4.24 g, 59.55 mmol) was added to a solution of 4-[2-(di-
methylamino)ethoxy]benzaldehyde (11.50 g, 59.55 mmol) and cy-
clopentadiene (9.84 g, 148.88 mmol) in methanol (100 mL). After
this addition, the solution turned from colourless to deep red. After
12 h, acetic acid (3.58 g, 3.41 mL, 59.55 mmol) was added. H2O
(40 mL) were added, and the mixture was extracted with CH2Cl2
(4×40 mL). The combined organic layers were dried with Na2SO4,
and the solvent was removed by vacuum to afford a dark red oil.
The crude product was purified on an aluminium oxide column
(15–5 cm) with CH2Cl2 as the solvent. After removal of the solvent
under vacuum, the product was obtained as an orange solid in yield
of 51% (7.34 g, 30.44 mmol). 1H NMR (CDCl3, 400 MHz): δ =
2.35 [s, 6 H, N(CH3)2], 2.75 [t, 3J = 5.7 Hz, 2 H, (CH3)2NCH2CH2],
4.11 [t, 3J = 5.7 Hz, 2 H, (CH3)2NCH2CH2O], 6.30–6.35, 6.45–
6.50, 6.65–6.67, 6.70–6.75 (m, 4 H, C5H4), 6.96 (d, JA,B = 8.6 Hz,
2 H, C-2,6 OC6H4), 7.15 (s, 1 H, C5H4CHC6H4), 7.56 (d, JA,B =
8.6 Hz, 2 H, C-3,5 OC6H4) ppm. 13C NMR (CDCl3, 100 MHz):
δ = 46.2 (2 C) [N(CH3)2], 58.4 [(CH3)2NCH2CH2], 66.2
[(CH3)2NCH2CH2O], 115.1 (2 C) (C-2,6 OC6H4), 120.1
(C6H4CHC5H4), 127.6 (C5H4), 129.8 (C-4 OC6H4), 130.0 (C5H4),
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132.7 (2 C) (C-3,5 OC6H4), 135.1, 138.5 (C5H4), 143.5 (C-1 C5H4),
160.1 (C-1 OC6H4) ppm. C16H19NO (241.15): calcd. C 79.63, H
7.94, N 5.80; found C 79.85, H 7.92, N 5.79.

{1,2-Dicyclopentadienyl-1,2-bis[4-(2-methoxyethoxy)phenyl]ethane-
diyl}titanium Dichloride, [1,2-{4-(2-MeO-C2H4O)-C6H2}2C2H2{η5-
C5H4}2]TiCl2 (4a): TiCl4 (0.46 mL, 0.79 g, 4.18 mmol) was added
to dry toluene (50 mL) and dry THF (5 mL). The solution turned
immediately from colourless to pale yellow. The solution was
stirred and cooled down to –78 °C and then was treated dropwise
with nBuLi (4.18 mL, 8.36 mmol). The solution turned from yellow
to brown during the addition. After this addition, the mixture was
warmed up slowly to room temp., and the solution finally turned
black. After 20 h of stirring, a solution of 6-[4-(2-methoxyethoxy)
phenyl]fulvene (1.91 g, 8.36 mmol) in dry toluene was added to the
solution of TiCl2·2THF at room temp. under an atmosphere of
argon. The mixture was then stirred under reflux for another 16 h.
The solvent was removed under vacuum. The resulting black solid
was extracted with CH3Cl (3×20 mL) and filtered through celite
and twice through a Whatman No. 1 filter paper. The solvent was
removed under vacuum, and the residue was triturated with pen-
tane (40 mL) to give 0.53 g (22% yield) of a black solid. The ratio
of trans and cis isomers was 44% to 56%. 1H NMR (CDCl3,
400 MHz): δ = 3.42–3.48 (m, 2 H, CH3), 3.69–3.79 (m, 4 H,
CH3OCH2CH2), 4.01–4.10 (m, 4 H, CH3OCH2CH2O), 4.68, 5.40
(s, 2 H, cis- and trans-PhCHCp), 6.12–6.33, 6.76–7.17 (m, 16 H,
C6H4, C5H4) ppm. 13C NMR (CDCl3, 100 MHz): δ = 49.0, 51.8 (2
C) (cis- and trans-PhCHCp), 57.2 (2 C) (OCH3), 65.1, 68.8 (4 C)
(OCH2CH2O), 107.1, 111.3, 111.6, 111.9, 114.1, 114.2, 123.4,
125.3, 125.6, 126.8, 127.1, 127.6, 129.6, 130.7, 134.4, 135.6, 153.9,
154.5 (22 C) (cis- and trans-C6H4 and C5H4) ppm. IR (KBr): ν̃ =
3104 (m), 2924 (m), 1612 (s), 1514 (s), 1453 (s), 1440 (s), 1254 (w),
1180 (s), 1059 (s), 1037 (s), 860 (m), 771 (m) cm–1. UV/Vis
(CH2Cl2): λ (ε, Lmol–1 cm–1) = 227 (23600), 271 (19666), 378
(1666), 387 (1767), 524 (233) nm. MS (ESI–): m/z = 610.99 [M +
Cl]+. C30H32Cl2O4Ti (574.12): calcd. C 62.63, H 5.61; found C
65.65, H 6.14.

Bis{[4-(2-methoxyethoxy)benzyl]cyclopentadienyl}titanium(IV) Di-
chloride, [{η5-C5H4-CH2-C6H4–O(CH2)2OCH3}2Ti]Cl2 (6a): LiB-
Et3H (12.44 mL) was concentrated by removal of the solvent by
heating it to 90 °C under a vacuum of 10–2 mbar for 2 h. The con-
centrated reagent was dissolved in diethyl ether (30 mL) and trans-
ferred to a solution of 6-[4-(2-methoxyethoxy)phenyl]fulvene
(2.25 g, 9.86 mmol) in diethyl ether (10 mL). The solution was
stirred for 20 min and then pentane (40 mL) was added, after which
point lithium cyclopentadienide intermediate 5a precipitated from
the solution. The precipitate was immediately filtered, and 5a was
then collected on a frit and washed with pentane (25 mL), dried
briefly in vacuo and transferred to a Schlenk flask under an atmo-
sphere of argon. White lithium cyclopentadienide intermediate 5a
(1.88 g, 7.96 mmol, 81% yield) was dissolved in THF (20 mL) and
was added dropwise to a solution of TiCl4 (0.44 mL, 3.98 mmol)
in THF (80 mL) at 0 °C. The resultant dark red solution was heated
under reflux for 16 h. The solution was then cooled, and the solvent
was removed under reduced pressure. The remaining residue was
extracted with CH2Cl2 (75 mL) and filtered through celite to re-
move the LiCl. The dark red filtrate was filtered twice more by
gravity filtration. The solvent was removed under reduced pressure
to yield a brown solid, which was dried in vacuo (1.54 g,
2.67 mmol, 67% yield). 1H NMR (CDCl3, 300 MHz): δ = 3.44 (s,
6 H, OCH3), 3.74 (t, 3J = 4.6 Hz, 4 H, CH3OCH2CH2), 4.02 (s, 4
H, C6H4CH2C5H4), 4.09 (t, 3J = 4.6 Hz, 4 H, CH3OCH2CH2O),
6.29 (s, 8 H, C5H4), 6.86, 7.11 (d, JA,B = 8.4 Hz, 8 H, C6H4) ppm.
13C NMR (CDCl3, 75 MHz): δ = 36.0 (2 C) (C6H4CH2C5H4), 59.2
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(2 C) (OCH3), 67.3, 71.1 (4 C) (CH3OCH2CH2OC6H4), 114.7,
130.0 (4 C) (C-2,3,5,6 C6H4), 116.2, 122.2 (8 C) (C-2,3,4,5 C5H4),
131.7, 137.7 (4 C) (C-1 C5H4; C-6 C6H4), 157.5 (2 C) (C-1, OC6H4)
ppm. IR (KBr): ν̃ = 3104 (m), 2924 (m), 1612 (s), 1514 (s), 1453
(s), 1440 (s), 1254 (w), 1180 (s), 1059 (s), 1037 (s), 860 (m), 771
(m) cm–1. MS (ESI–): 611.05 [M + Cl]+. UV/Vis (CH2Cl2): λ (ε,
Lmol–1 cm–1) = 227 (26600), 262 (24600), 316 (8600), 396 (3500),
524(400) nm. C30H34Cl2O4Ti (576.13): calcd. C 62.41, H 5.99, Cl
12.28; found C 62.84, H 6.08, Cl 12.12.

1-Bromo-4-(2-methoxyethoxy)benzene (8a): This compound was
synthesised according to the known procedure and obtained as an
orange oil in a yield of 75%.[28] 1H NMR (CDCl3, 400 MHz): δ =
3.39 (s, 3 H, OCH3), 3.65–3.70 (m, 2 H, CH3OCH2CH2), 4.00–4.05
(m, 2 H, CH3CH2CH2O), 6.75 (d, JA,B = 9.1 Hz, 2 H, OCCHCH),
7.31 (d, JA,B = 8.9 Hz, 2 H, OCHCHC) ppm. 13C NMR (CDCl3,
100 MHz): δ = 59.4 (OCH3), 67.7, 71.1 (2 C) (OCH2CH2OCH3),
116.6 (2 C) (C-3,5 BrC6H4), 117.6 (C-1 BrC6H4), 132.4 (2 C) (C-
2,6 BrC6H4), 158.1 (C-4 BrC6H4). C9H11BrO2 (229.99): calcd. C
46.78, H 4.80; found C 46.80, H 4.81.

1-Bromo-4-[2-(dimethylamino)ethoxy]benzene (8b): A mixture of 4-
bromophenol (3.75 g, 21.81 mmol), NaI (3.25 g, 21.68 mmol),
K2CO3 (4 equiv. 12.03 g, 87.24 mmol) and 2-(dimethylamino)ethyl
chloride (3.74 g, 26.17 mmol) in DMF (100 mL) was stirred at
80 °C for 4 d. H2O (50 mL) was added, and the reaction mixture
was extracted with diethyl ether (5×50 mL). The combined organic
layers were additionally washed with aq. KOH (3×20 mL). After-
wards, the aqueous layers were extracted with diethyl ether
(5×15 mL). The combined organic layers were dried with Na2SO4

and concentrated in vacuo to give a dark red oil. The oil was dis-
tilled at 96 °C (4×10–1 mbar) to afford a light yellow oil in a yield
of 52% (2.76 g, 11.34 mmol). 1H NMR (CDCl3, 400 MHz): δ =
2.31 [s, 6 H, N(CH3)2], 2.69 [t, 3J = 5.7 Hz, 2 H, (CH3)2NCH2CH2],
3.99 [t, 3J = 5.7 Hz, 2 H, (CH3)2NCH2CH2O], 6.78 (d, JA,B =
9.1 Hz, 2 H, OCHCH), 7.34 (d, JA,B = 9.1 Hz, 2 H, OCHCHC)
ppm. 13C NMR (CDCl3, 100 MHz): δ = 46.1 (2 C) [N(CH3)2], 58.4
[(CH3)2NCH2CH2], 66.4 [(CH3)2NCH2CH2O], 113.0 (C-1
BrC6H4), 116.6 (2 C) (C-3,5 BrC6H4), 132.4 (2 C) (C-2,6 BrC6H4),
158.2 (C-4 BrC6H4) ppm. C10H14BrNO: calcd. C 49.20, H 5.78, N
5.74; found C 48.90, H 5.68, N 5.65.
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The doubly stabilized P-ylide ligands Ph3P=C(CO2Me)-
C(=S)N(H)Ph (L1), Ph3P=C(CN)C(=S)N(H)Ph (L2), and
Ph3P=C(CN)–[(E)-C(CO2Me)=CH(CO2Me)] (L3) have been
prepared and fully characterized. The X-ray structures of L1
and L2 are reported. The reactivity of L1, L2, and L3 towards
cationic PdII and PtII precursors with two vacant coordination
sites has been studied. Adducts of general formula [M(C∧X)-

Introduction

We have recently shown that the α-stabilized P-ylides
Ph3P=C(H)R [R = CN, C(O)R�; R� = Me, Ph, OMe,
NMe2] behave as versatile ligands towards PdII and PtII pre-
cursors, and several coordination modes of these ylides have
been characterized. Thus, the ylide can coordinate to the
metal center through the Cα atom, the carbonyl oxygen, or
the N atom of the cyano group. We have even characterized
situations in which the same ylide shows a combination of
bonding modes.[1] An interesting fact is that, in spite of the
presence of several potential donor atoms on the same
ylide, they always behave as ambidentate ligands,[1] that is,
using only one donor atom each time. Further replacement
of the ylidic H atom by other functional groups increases
the functionality of the ylides and should expand their
bonding capabilities. In this context, we have now focused
our attention on doubly stabilized P-ylides. The introduc-
tion of an additional stabilizing functional group can be
achieved through several simple synthetic procedures: acyl-
ation,[2] reactivity towards alkynes or other unsaturated
compounds,[3] reactivity of iminophosphoranes with al-
kynes,[4] retro-Wittig reactions,[5] and other less common
processes.[6]

While the chemistry of P-ylide compounds with two sta-
bilizing groups, and their organic applications, has been the
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(Ln)]ClO4, [M(C∧X)(Ln)2]ClO4, and [M(µ-Ln)(C∧X)]2(ClO4)2

(C∧X = ancillary ligands) were obtained. The ylides Ln coor-
dinate to the metal center through their heteroatoms (O, N,
S), while the C bonding of Ln has not been observed in any
of the cases studied.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

subject of intensive research, their coordination chemistry
and bonding properties towards transition metals are
scarcely represented.[7] Representative examples are the re-
action of HgII halides HgX2 (X = Cl, Br, I) or different
UVI salts with Ph3P=C[C(O)Me][C(O)Ph] (ABPPY), which
results in the formation of mono- and dinuclear complexes
with the O(acetyl)-bonded ABPPY ylide.[7a,7d] It is remark-
able that the reactivity of the same HgX2 precursors
towards Ph3P=C(H)C(O)Ph (BPPY) results in C-bonded
mono- and polynuclear complexes.[8] On the other hand,
the reaction of [PtCl2(NCC6F5)2] with Ph3P=C(H)CO2Me
gives the imine-ylide complex [PtCl2{NH=C(C6F5)-
C(=PPh3)C(O)Me}2],[7b] in which the generated doubly sta-
bilized ylide remains bonded to the Pt center through the
imine N atom. As can be observed, all complexes with dou-
bly stabilized ylides share a common feature, namely their
bonding to the metal through the heteroatoms. Aiming to
expand the knowledge on the bonding properties of doubly
stabilized P-ylides, we have studied the reactivity of
Ph3P=C(CO2Me)C(=S)N(H)Ph] (L1),[3a] Ph3P=C(CN)C-
(=S)N(H)Ph (L2),[3a] and Ph3P=C(CN)–[(E)-C(CO2-
Me)=CH(CO2Me)] (L3)[3b] towards orthometalated bis-sol-
vato derivatives of PdII and PtII. We have found different
stoichiometries and different bonding modes for each ylide
(monodentate, didentate, chelating, bridging), and we have
also found that in none of the cases studied does the ylide
bond to the metal center through the ylidic Cα atom.

Results and Discussion

Synthesis and Reactivity of L1

The ylide Ph3P=C(CO2Me)C(=S)N(H)Ph (L1) was pre-
pared following reported methods[3a] by treatment of
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Ph3P=C(H)CO2Me[9b] with phenyl isothiocyanate
(PhNCS). Since in the original work this compound was
poorly characterized, and also for comparative purposes,
a complete characterization of L1 was performed. The IR
spectrum of L1 shows an intense absorption at 1629 cm–1,
attributed to the C=O stretch, and two very intense absorp-
tions at 1526 and 1107 cm–1, assigned to the stretch of the
C=N and C=S bonds of the thioamide group, respec-
tively.[10] The N–H stretch was not observed in the IR spec-
trum. The 1H NMR spectrum of L1 shows a very broad
singlet at δ = 12.25 ppm due to the NH proton. This
strongly deshielded position can be easily explained by tak-
ing into account the formation of an intramolecular hydro-
gen bond between the NH group and the carbonyl oxygen,
as depicted in Figure 1. The formation of this hydrogen
bond could also account for the lack of observation of the
νNH band in the IR spectrum, which is shifted to lower
energies with respect to its expected position (about
3400 cm–1)[10] and is probably hidden under the polyethyl-
ene absorptions (2800–3000 cm–1). A similar intramolecular
H bond has been found in the related N-ylide
H5C5NC[C(O)Ph]C(S)N(H)Ph.[11] The 31P{1H} NMR
spectrum of L1 shows the presence of a single signal at δ =
11.33 ppm, and the 13C{1H} NMR spectrum also shows a
good agreement with the proposed structure. Key features
are the signal due to the P=C carbon at δ = 71.48 ppm (d,
1JP,C = 143.1 Hz), and that due to the C=S carbon at δ =
189.01 ppm (d, J = 16.6 Hz).[12] These observations agree
with the structures depicted in Figure 1 for L1. The X-ray
structure of L1 has also been determined.

A molecular drawing of L1 is shown in Figure 2, the
most relevant parameters concerning data collection and
structure solution and refinement are given in the Experi-
mental Section, and selected bond lengths and angles are
collected in Table 1. The molecular skeleton of L1 is very
similar to that reported previously for the closely related
ylide H5C5NC[C(O)Ph]C(S)N(H)Ph.[11] Key features are
the cisoid arrangement of the P=C and C=S bonds, also
observed in other thiocarbonyl stabilized ylides,[13] and the

Figure 1. Resonance forms for ligand L1.
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transoid arrangement of the P=C and C=O bonds, as usu-
ally observed in ester-stabilized ylides.[2f,14] The atoms P(1),
C(19), C(20), O(1), C(22), S(1), and N(1) are nearly copla-
nar, since the maximum deviation of the best least-squares
plane is 0.13 Å (C20). The P=Cα bond length is elongated
[P(1)–C(19) 1.751(2) Å] and both Cα–C bond lengths are
identical [C(19)–C(22) 1.436(3), C(19)–C(20) 1.437(3) Å].
These values are shorter than the standard value for a
C(sp2)–C(sp2) single bond (1.478 Å),[15] but are longer than
those found in free[2f,16] or O-bonded[9a,17] ylides [range:
1.366–1.394 Å] containing a single functional group. The
C(22)–S(1) bond length [1.690(2) Å] is identical to that
found in related ylides [1.693(2) Å],[11] and is slightly longer
than usual values for C=S double bonds [1.671 Å].[15] All
these facts also show an extensive delocalization of the yl-
idic charge density through the chain of atoms O(1)–C(20)–
C(19)–C(22)–S(1), probably due to the simultaneous pres-
ence of two delocalizing groups. In good agreement with
the NMR spectroscopic data, an intramolecular hydrogen
bond between the NH proton and the carbonyl oxygen can
be established and characterized with the following param-

Figure 2. Thermal ellipsoid plot of L1. Non-hydrogen atoms are
drawn at the 50% probability level.
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eters: H(1A)···O(1) 1.939(3) and N(1)···O(1) 2.642(3) Å;
N(1)–H(1A)···O(1) 138.14(15)°. The intramolecular P(1)–
S(1) distance is 3.034 Å, which is shorter than those found
in other ylides[13] and is much shorter than the sum of the
van der Waals radii (3.60 Å).[18] The P(1)–C(19)–C(22)–S(1)
torsion angle is –8.9° and the P(1)–C(19)–C(22) bond angle
is 115.19(15)°, a value smaller than expected for an sp2-
hybridised carbon.

Table 1. Selected bond lengths [Å] and angles [°] for L1.

P(1)–C(19) 1.751(2) P(1)–C(13) 1.801(2)
P(1)–C(1) 1.805(2) P(1)–C(7) 1.817(2)
C(19)–C(22) 1.436(3) C(19)–C(20) 1.437(3)
C(20)–O(1) 1.216(3) C(20)–O(2) 1.334(3)
O(2)–C(21) 1.438(3) C(22)–N(1) 1.340(3)
C(22)–S(1) 1.690(2) N(1)–C(23) 1.420(3)
O(1)–C(20)–O(2) 120.4(2) O(1)–C(20)–C(19) 126.2(2)
O(2)–C(20)–C(19) 113.3(2) C(20)–O(2)–C(21) 118.6(2)
N(1)–C(22)–C(19) 117.89(19) N(1)–C(22)–S(1) 122.22(17)
C(19)–C(22)–S(1) 119.85(17) C(22)–N(1)–C(23) 127.9(2)

The resonance forms shown in Figure 1 suggest that
there are at least four potential donor atoms for L1 (two O
atoms, one S, and the Cα). We thus explored the reactivity
of L1 towards the bis-solvate complexes [Pd(C∧X)(thf)2]-
ClO4 (see Scheme 1), prepared as usual by reaction of the
corresponding dinuclear chlorido-bridged derivatives with
AgClO4 (1:2 molar ratio) in thf. Treatment of freshly pre-
pared solutions of [M(C∧X)(thf)2]ClO4 with L1 (1:1 molar
ratio) in thf at 25 °C resulted in the formation of the cat-
ionic derivatives [Pd(C∧X)(L1)]ClO4 (1–5), which show ele-
mental analyses and mass spectra (FAB+) in good agree-
ment with the proposed stoichiometry. The IR spectra of
1–5 show several remarkable features: (i) a notable decrease
in the position of the νCO absorption with respect to free
L1; (ii) a shift of the νCN absorption to high energies with
respect to free L1, while the νCS band is found shifted to
lower energies; and (iii) a weak band due to the NH group.
All these facts suggest strongly that ligand L1 is bonded to

Scheme 1.
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the Pd atom through the S atom of the thioamide unit and
through the carbonyl oxygen of the resonance-stabilized
CO2Me group, and that the ylidic Cα atom is not involved
in bonding with the metal atom. This bonding mode also
implies that the NH···O hydrogen bond is broken, and
hence explains the increase in the NH stretch, since the
ylide must rotate around the Cα–C(S) bond to adopt the
final bonding mode.

The NMR spectra of 1–5 give additional structural infor-
mation. The 1H NMR spectra show that the molecular
plane behaves as a symmetry plane, excluding the C coordi-
nation of L1, and also show a broad signal (δ = 7.20–
7.50 ppm) due to the NH proton. This shift can be ex-
plained by the cleavage of the H bond after coordination of
L1. The 13C{1H} NMR spectra of 1–5 show a doublet at δ
= 72 ppm (1JP,C = 104 Hz) due to the ylidic C atom, and
the 31P{1H} NMR spectra show the presence of a peak at
δ = 19–20 ppm. All these data confirm the absence of an
interaction between the Cα atom and the Pd center,[9a] and
therefore the S,O bonding mode of L1. This should, in prin-
ciple, give two geometric isomers but, according to the
NMR spectroscopic data, only one of them is obtained. A
tentative structure, depicted in Scheme 1, can be proposed
taking into account the hard/soft nature of the donor atoms
bonded directly to the Pd atom and the antisymbiotic ef-
fect[19] shown by the Pd center. This reasoning has been
successfully applied in the coordination chemistry of α-sta-
bilized ylides.[1a] In agreement with this, it is sensible to sup-
pose that trans to the aryl C atom (soft donor) the oxygen
atom of L1 (hard donor) would be more stabilized than the
S atom (soft donor).[20]

The S,O-chelating bonding mode can be transformed
into an S-monodentate mode by simple addition of L li-
gands. Thus, complex 4 reacts with PPh3 (1:1 molar ratio)
in CDCl3 to give 6 (see Scheme 2). The NMR spectroscopic
data of 6 show that the intramolecular H bond has been
restored, since the signal attributed to the NH proton ap-
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Scheme 2.

pears at δ = 11.61 ppm, a position close to that found in
free L1 (δ = 12.25 ppm). A plausible structure for 6 is
shown in Scheme 2, taking into account the known reluc-
tance of PPh3 ligands to coordinate trans to metalated Caryl

atoms.

Synthesis and Reactivity of L2

The exchange of the CO2Me group for the CN group
promotes notable differences of reactivity. The ylide
Ph3P=C(CN)C(=S)N(H)Ph (L2) was prepared following re-
ported methods[3a] by reaction of Ph3P=C(H)CN[3d] with
PhNCS. The IR spectrum of L2 shows intense absorptions
at 3262 (NH), 2159 (CN), and 1524 and 1108 cm–1 (thio-
amide).[21] The shifts of the CN[22] and thioamide bands
suggest an extensive delocalization of the charge density,
and this fact agrees with the presence of the resonance
forms shown in Figure 3. The 1H NMR spectrum of L2
shows a singlet at δ = 8.49 ppm due to the NH proton. This
signal is shifted upfield when compared with L1 meaning,
probably, that a similar hydrogen bond is not present in
solution. The ylidic Cα atom appears in the 13C{1H} NMR
spectrum as a doublet at δ = 49.62 ppm (1JP,C = 162 Hz),
while the CS atom (δ = 189.68 ppm) appears at higher field

Figure 3. Resonance forms for ligand L2.
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than expected (usually about δ = 205 ppm).[12,21] The X-ray
structure of L2 has also been determined.

The molecular skeleton of L2 (Figure 4 and Table 2) is
very similar to that reported for L1, and the geometrical
parameters of the P–Cα–C(S)–N–C unit are nearly the same
as those found in L1. For instance, the P–Cα [1.7401(17) Å],
Cα–Cβ(S) [1.432(2) Å], and Cβ–S [1.6831(17) Å] bond
lengths are identical, within experimental error, to the cor-
responding values found in L1 [1.751(2), 1.436(3), and
1.690(2) Å, respectively], and similar conclusions can be de-
rived from a comparison of the bond angles. Thus, ligand
L2 also shows an extensive delocalization of the charge den-
sity, as can be deduced from the spectroscopic data. The
C(1)–N(1) bond length [1.152(2) Å] is slightly longer than
those reported for typical C�N bonds (1.136 Å),[15] but is
similar to those found in other cyano-stabilized ylides
which contain additional stabilizing groups.[22] This elong-
ation can be related to the presence of an intermolecular
hydrogen bond between the N(2)–H(2) dipole of one mole-
cule and the N(1)–C(1) group of another molecule. As a
result of this, L2 forms dimers in the crystal. This H bond
is characterized by the following parameters: N(1)···N(2)
3.009(3), N(1)···H(2) 2.251(3) Å; N(1)···H(2)–N(2)
152.23(2)°. The intramolecular P(1)–S(1) distance is
3.090 Å, slightly longer than that found in L1, but is shorter
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than the sum of the van der Waals radii (3.60 Å),[18] while
the torsion angle P(1)–C(2)–C(3)–S(1) is –10.29°.

Figure 4. Thermal ellipsoid plot of L2. Non-hydrogen atoms are
drawn at the 50% probability level.

Table 2. Selected bond lengths [Å] and angles [°] for L2.

P(1)–C(2) 1.7401(17) P(1)–C(10) 1.7945(18)
P(1)–C(16) 1.8036(17) P(1)–C(22) 1.8047(17)
C(1)–N(1) 1.152(2) C(1)–C(2) 1.409(2)
C(2)–C(3) 1.432(2) S(1)–C(3) 1.6831(17)
C(3)–N(2) 1.356(2) N(2)–C(4) 1.421(2)
N(1)–C(1)–C(2) 176.82(18) C(1)–C(2)–C(3) 121.22(15)
C(1)–C(2)–P(1) 119.83(12) C(3)–C(2)–P(1) 118.16(12)
N(2)–C(3)–C(2) 117.30(15) N(2)–C(3)–S(1) 123.35(13)
C(2)–C(3)–S(1) 119.34(13) C(3)–N(2)–C(4) 126.39(15)
C(3)–N(2)–H(2) 117.3(14) C(4)–N(2)–H(2) 114.1(14)

The reaction of [M(C∧X)(thf)2]ClO4 with L2 (1:1 molar
ratio, thf, room temp.) gives complexes of stoichiometry
[M(C∧X)(L2)](ClO4) (7–12, Scheme 3). Their mass spectra
(FAB+) show intense peaks due to a mononuclear stoichi-
ometry, and those of 10 and 12 show additional peaks at
1968 and 1480 amu, respectively, with the correct isotopic
distribution for an [M2(C∧X)2(L2)2(ClO4)]+ stoichiometry,
and suggesting that 7–12 are dinuclear in nature. The IR

Scheme 3.
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spectra of 7–12 show the νCN stretch in the 2195–2206 cm–1

region, and the νCS stretch in the 1027–1064 cm–1 range.
With these data, two structures can be envisaged: a mono-
nuclear one with L2 as a Cα,S-chelate,[23] and a binuclear
compound with the ylide acting as an N,S- or Cα,S-bridging
ligand. In this case, chelation through the N-cyano and S
atoms is discarded because of the constraint imposed by the
nitrile group. The measurement of ΛM in solution could be
a convenient tool to determine the nuclearity of complexes
7–12, through the determination of the slope of the Onsager
equation.[24] However, 7–12 are extremely insoluble in the
usual noncoordinating solvents and they only show a mod-
erate solubility in strongly coordinating solvents such as
dmso or acetonitrile. This means that in solution the sol-
vent could be incorporated into the coordination sphere of
the metal, with concomitant changes of nuclearity or bond-
ing modes of the ylide. The IR spectrum of 11 in MeCN
shows the absorption of the νCS stretch at 1102 cm–1, vir-
tually at the same position as in free L2 (1108 cm–1), while
the νCN stretch appears at 2181 cm–1 and two new bands at
2293 and 2248 cm–1 are also seen. These facts suggest that
MeCN is bonded to the Pd atom replacing the S atom,
which is no longer bonded, and that the environment of the
C(H)–CN group is the same in solution and in the solid
state.

The NMR spectra of 7–12 provide additional valuable
information. Key features of the NMR spectra are: (i) the
behavior of the molecular plane as a symmetry plane; (ii)
the low-field shift of δ(P) in the 31P{1H} NMR spectrum
with respect to L2; (iii) the similarity of δ(Cα) and 1JP,C

values in 7–12 and in free L2.[23] According to our previous
experience,[23] all these observations exclude the C coordi-
nation of the ylide and strongly suggest the N-cyano bond-
ing of L2 to the Pd atom. In conclusion, we propose a dinu-
clear structure with an N,S-bridging ylide ligand for com-
plexes 7–12, as depicted in Scheme 3. Finally, and as ex-
plained for L1, the absence of symmetry in L2 should also
result in two geometric isomers after coordination. For sim-
ilar reasons to those reported for complexes 1–5, and also
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due to the previously described coordinating behavior of
cyano ylides,[23] we propose the bonding of the N atom of
the ylide trans to the orthometalated C atom.

Synthesis and Reactivity of L3

The ylide Ph3P=C(CN)C(CO2Me)=C(H)CO2Me (L3)
was prepared following the procedure reported by Trippett
et al.[3b] by reaction of Ph3P=C(H)CN[3d] with DMAD (di-
methylacetylenedicarboxylate) in refluxing MeOH, as a yel-
low solid stable to the air and to moisture. The yield for
L3 has been improved with respect to methods reported
previously (65% of analytic and spectroscopically pure
product vs. 43%). In addition, L3 has been fully charac-
terized spectroscopically because very few details were given
in the original report.[3b] The IR spectrum of L3 shows ab-
sorptions of all expected functional groups, at 2169 (νCN),
1744, 1689 (νCOO), and 1531 (νCC) cm–1. The NMR param-
eters of L3 follow a close relationship with those reported
for L1 and L2. For instance, the 13C{1H} NMR spectrum
shows the signal due to Cα at δ = 32.27 ppm as a doublet
(1JP,C = 130 Hz) that is strongly downfield shifted with re-
spect to the starting ylide. The 1H NMR spectrum shows
the expected signals, although the (E)- or (Z)-configuration
of the C=C double bond is not defined. A 1D-NOESY ex-
periment performed for L3 shows a small, but detectable,
NOE in the signals of the OMe groups when the signal due
to the =CH proton (δ = 4.81 ppm) is irradiated, which
clearly agrees with an (E) configuration.

The ligand L3 is multidentate, as is evident from the reso-
nance forms shown in Figure 5. Plausible donor atoms are
the Cα atom, the cyano N atom, the carbonyl oxygens, and
even the C=C double bond. The reactivity of L3 towards
bis-solvate derivatives of PdII and PtII has been studied. The
reaction of [M(C∧X)(thf)2]ClO4 with L3 (1:1 molar ratio,
thf, room temp.) gives solids of stoichiometry
[M(C∧X)(L3)](ClO4) (13–18), as derived from their elemen-
tal analyses (Scheme 4). The mass spectra (FAB+) of 13–18

Scheme 4.
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show the presence of peaks due to the stoichiometry
[M(C∧X)(L3)]+, with the correct isotopic distribution. We
have not observed peaks due to species of higher nuclearity,
as observed for L2. The use of the ESI-MS as an identifica-
tion tool of the nuclearity of the species in solution is a
well established fact.[25] In the case of complexes 13–18, the
analysis of their NCMe solutions only showed, once again,
peaks due to the [M(C∧X)(L3)]+ stoichiometry. This fact
suggests that these complexes are mononuclear in nature.
Additional proof can be derived from molar conductivity
measurements[24] and from NMR diffusion experiments.[26]

Figure 5. Resonance forms for ligand L3.

Since these complexes are adequately soluble in the usual
organic solvents, the value of the molar conductivity can be
determined. For complex 13, the values determined for ΛM

are 114.0 (acetone, c = 2×10–4 ) and 81.7 Ω–1 cm2 mol–1

(MeNO2, c = 1×10–3 ). These values are typical of 1:1
electrolytes[3b] and mean that 13–18 could be mononuclear
with L3 acting as a chelating ligand. The IR spectra of 13–
18 show two relevant features: (i) an increase of the νCN

stretch; and (ii) a slight decrease of one of the νCO stretches,
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both with respect to L3. As we have seen, the increase of
the νCN stretch could be due either to the C(ylide) or the
N(cyano) bonding to the metal, while the decrease of the
νCO indicates the coordination of the oxygen of one car-
bonyl group. Interestingly, the IR spectra of 13–18 in solu-
tion are virtually the same as in the solid state, thereby sug-
gesting that the bonding mode of the ylide remains the
same in solution. The NMR spectra of 13–18, measured in
nonbonding solvents (CDCl3) and compared with L3, show
similar features to those described for L1 and L2. The small
variations of δ(P), δ(Cα), and 1JP,C mean that the P=C moi-
ety in coordinated L3 is not involved in bonding with the
Pd atom. According to the IR and NMR spectroscopic
data, the ylide L3 coordinates to the metal center in 13–18
through the N atom of the cyano group and through one
oxygen atom of one carbonyl group. The mass spectra and
the conductivity measurements suggest, in addition, that
the complexes are mononuclear and that L3 acts as a che-
lating ligand. The pulsed gradient spin-echo (PGSE) NMR
diffusion methods (DOSY) have proved to be a valuable
tool for the determination of relative molecular sizes in
solution.[26] We have compared the diffusion coefficients of
one representative of 13–18 with those obtained for other
mononuclear complexes with the same ligands. We have
shown that complexes 1–5 behave as mononuclear in solu-
tion. The determination of the value of D for 3 [8-mq as
ancillary ligand, see Equation (1)] gives a value of
5.93×10–10 m2 s–1 (2 m, CDCl3, 300 K, δ = 1.7 ms, ∆ =
100 ms). This value fits very well with that determined
for complex 16 (8-mq as ancillary ligand, D =
5.92×10–10 m2 s–1) under the same experimental conditions
(2 m, CDCl3, 300 K, δ = 1.8 ms, ∆ = 100 ms). Thus, it is
sensible to suppose that 13–18 are also mononuclear
(Scheme 4), even taking into account the geometric con-
straint imposed by the cyano group. Two factors could con-
tribute to the stabilization of the chelating mode of L3. The
first one could be the formation of a highly flexible eight-
membered ring, and the second one is the possible bent
coordination of the CN group, as has been shown pre-
viously.[27]

The behavior of the cyclometalated complex [Pt{o-
CH2C6H4P(o-tol)2}(S)2]ClO4 (S = solvent) towards L3 is

Scheme 5.
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slightly different. In this case, when the reaction is carried
out in a 1:1 molar ratio, a low yield of 19 is obtained to-
gether with some decomposition to Pt0. The yield of 19
improves up to 80% when the reaction is performed with a
1:2 (Pt/L3) molar ratio (see Scheme 5). Even when a sub-
stoichiometrict amount of L3 is employed, complex 19 is
the only species isolated. The characterization of 19 is
straightforward. The 1H NMR spectrum shows the incor-
poration of two L3 ligands per cyclometalated unit since
only one peak is observed for the Me of the tolyl groups
while the peaks due to the ligand appear duplicated. The
31P{1H} NMR spectrum shows the presence of three sing-
lets with relative intensities 1:1:1 at δ = 19.97 (L3), 19.69
(L3), and 18.09 ppm.

The reluctance of Cα to bond to the metal center is a
recurrent fact throughout the bonding modes of L1–L3. A
plausible explanation for this lack of reactivity could be
centered on the fact that the charge density of Cα is delocal-
ized throughout the molecular skeleton, including the two
stabilizing groups. This should lead to a decrease of the
formal charge of Cα, which becomes a poor donor and
which cannot compete against the heteroatoms present in
the same molecule (N, S, O, ...).

Conclusions

The ylides L1, L2, and L3, all of which contain two stabi-
lizing groups at the ylidic Cα atom, have been prepared and
characterized. The X-ray crystal structures of L1 and L2
have been determined; they show extensive delocalization
of the ylidic charge density. Ligands L1–L3 coordinate to
PdII and PtII solvates in a variety of forms. Ligand L1
bonds as a chelate through the S atom and the resonance-
stabilized C=O group; ligand L2 coordinates as a bridging
ligand through the S atom and the cyano N atom; and li-
gand L3 can coordinate as a chelate, through the cyano N
atom and one oxygen of a C=O group, or as a monodentate
ligand through the cyano N atom. In spite of the presumed
nucleophilic properties of Cα, this atom does not coordinate
to the metal center in any of the cases studied due to delo-
calization of its charge density.
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Experimental Section
CAUTION: Perchlorate salts of metal complexes with organic li-
gands are potentially explosive. Only small amounts of these mate-
rials should be prepared and they should be handled with great
caution. See J. Chem. Educ. 1973, 50, A335–A337.

General Methods: Solvents were dried and distilled under argon
using standard procedures before use. Elemental analyses were car-
ried out with a Perkin–Elmer 2400-B microanalyser. IR spectra
(4000–400 cm–1) were recorded with a Perkin–Elmer Spectrum One
IR spectrophotometer from nujol mulls between polyethylene
sheets. 1H (300.13, 400.13 MHz), 13C{1H} (75.47, 100.61 MHz),
and 31P{1H} (121.49, 161.97 MHz) NMR spectra were recorded in
CDCl3, CD2Cl2, or [D6]DMSO solutions at 25 °C (other tempera-
tures are specified) with Bruker ARX300 and Avance400 spectro-
meters (δ in ppm, J in Hz). The 1H and 13C{1H} NMR spectra were
referenced using the solvent signal as internal standard whereas
31P{1H} NMR spectra were externally referenced to H3PO4 (85%).
The 1H SELNO-1D and SELRO-1D NMR experiments were per-
formed with optimized mixing times (D8, P15) depending on the
irradiated signal. ESI/APCI mass spectra were recorded using an
Esquire 3000 ion-trap mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany) equipped with a standard ESI/APCI source.
Samples were introduced by direct infusion with a syringe pump.
Nitrogen served both as the nebulizer gas and the dry gas. Helium
served as cooling gas for the ion trap and collision gas for MSn

experiments. Other mass spectra (positive ion FAB) were recorded
from CH2Cl2 solutions on a V. G. Autospec spectrometer. The
starting materials Ph3P=C(H)CO2Me,[9b] Ph3P=C(H)CN,[3d] [Pd(µ-
Cl)(C6H4CH2NMe2-C2,N)]2,[28] [Pd(µ-Cl){SC6H4C(H)MeNMe2-
C2,N}]2,[28] [Pd(µ-Cl)(NC13H8-C10,N)]2,[29] [Pd(µ-Cl)(CH2NC9H6-
C8,N)]2,[30] [Pd(µ-Cl)(C6H4-2-NC5H4-C2,N)],[31] [M(µ-Cl)(o-
CH2C6H4)P(o-tol)2]2 (M = Pd,[32] Pt[33]), and [Pd(µ-Br)(η3-
C3H5)]2,[34] were prepared following reported methods. Other rea-
gents such as DMAD (MeO2C-C�C-CO2Me) or PhN=C=S were
purchased from commercial sources (Aldrich) and used without
further purification.

Ph3P=C(CO2Me)C(=S)N(H)Ph (L1): The ylide L1 was prepared
following the method described in the literature by Bestmann and
Pfohl[3a] by reaction of Ph3P=C(H)CO2Me with PhNCS in toluene
(66% yield). The characterization of L1 is reported here since no
data were given in the original paper. C28H24NO2PS (469.54):
calcd. C 71.62, H 5.15, N 2.98, S 6.83; found C 71.45, H 5.11, N
2.84, S 6.77. MS (FAB+): m/z (%) 469 (18) [M+]. IR: ν̃ = 1107
(νCS), 1526 (νCN), 1584 (Ph), 1629 (νCO) cm–1. 1H NMR (CDCl3):
δ = 3.00 (s, 3 H, OMe), 7.03 (tt, 3JH,H = 7.2, 4JH,H = 0.9, 1 H, Hp,
NPh), 7.24 (t, 3JH,H = 7.2, 2 H, Hm, NPh), 7.32–7.51 (m, 9 H,
PPh3), 7.69 (dd, 2 H, Ho, NPh), 7.73–7.82 (m, 6 H, Ho, PPh3),
12.25 (s, 1 H, NH) ppm. 13C{1H} NMR (CDCl3): δ = 49.67 (OMe),
71.47 (d, 1JP,C = 143.1, P=C), 123.71 (Cmeta, NPh), 124.31 (Cpara,
NPh), 128.20 (Cortho, NPh), 128.36 (d, 3JP,C = 12.7, Cmeta, PPh3),
128.50 (d, 1JP,C = 97, Cipso, PPh3), 131.12 (d, 4JP,C = 2.6, Cpara,
PPh3), 132.94 (d, 2JP,C = 9.3, Cortho, PPh3), 140.38 (Cipso, NPh),
168.93 (d, 2JP,C = 16.4, C=O), 189.01 (d, 2JP,C = 16.6, C=S) ppm.
31P{1H} NMR (CDCl3): δ = 11.33 ppm.

Synthesis of 1: AgClO4 (0.045 g, 0.217 mmol) was added to a
suspension of [Pd(µ-Cl)(C6H4CH2NMe2-C2,N)]2 (0.060 g,
0.108 mmol) in dry thf (20 mL) under an Ar atmosphere. The re-
sulting suspension was stirred for 20 min at room temperature with
exclusion of light, and then filtered through a Celite pad in order
to remove the AgCl. The ylide L1 (0.102 g, 0.217 mmol) was added
to this freshly prepared solution of the solvate derivative. The re-
sulting solution was stirred for 30 min and then the solvent evapo-
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rated to dryness. Treatment of the residue with Et2O (25 mL) and
vigorous stirring gave 1 as a yellow solid, which was filtered,
washed with additional Et2O (10 mL), and air dried. Yield: 0.060 g
(34.1%). Complex 1 was recrystallized from CH2Cl2/Et2O to give
yellow crystals of 1·0.5CH2Cl2, which were used for analytic and
spectroscopic purposes. The amount of CH2Cl2 was determined by
integration of the signal in the 1H NMR spectrum.
C37H36ClN2O6PPdS·0.5CH2Cl2 (852.06): calcd. C 52.86, H 4.38, N
3.29, S 3.76; found C 52.93, H 4.31, N 3.12, S 3.83. MS (FAB+):
m/z (%) 709 (15) [M – ClO4]+. IR: ν̃ = 1066 (νCS), 1575 (νCN), 1596
(νCO), 3260 (νNH) cm–1. 1H NMR (CDCl3): δ = 2.81 (s, 6 H,
NMe2), 3.08 (s, 3 H, OMe), 4.03 (s, 2 H, CH2N), 6.58–6.61 (m, 2
H, Ho, NPh), 6.77–6.82 (m, 2 H, C6H4), 6.98–7.00 (m, 2 H, C6H4),
7.21 (m, 3 H, Hm, Hp, NPh), 7.27 (br. s, 1 H, NH), 7.67–7.96 (m,
15 H, PPh3) ppm. 13C{1H} NMR (CD2Cl2): δ = 51.16 (NMe2),
52.80 (OMe), 71.53 (d, 1JP,C = 103.6, P=C), 71.81 (CH2N), 122.42
(d, 1JP,C = 91.3, Cipso, PPh3), 123.17, 125.33, 126.00, 133.49, 137.83,
142.57 (C6H4), 126.06 (Cmeta), 128.20 (Cpara), 129.40 (Cortho), 148.65
(Cipso) (NPh), 130.69 (d, 2JP,C = 12.5, Cortho), 133.67 (d, 3JP,C = 9.9,
Cmeta), 134.71 (Cpara) (PPh3), 172.49 (d, 2JP,C = 10.2, C=O), 186.70
(d, 2JP,C = 4.1, CS) ppm. 31P{1H} NMR (CDCl3): δ = 19.29 ppm.

Synthesis of 2: Complex 2 was obtained following the same syn-
thetic procedure as reported for 1. [Pd(µ-Cl){(S)-C6H4CH(Me)
NMe2-C2,N}]2 (0.060 g, 0.103 mmol) was treated with AgClO4

(0.043 g, 0.207 mmol) and L1 (0.097 g, 0.207 mmol) in thf to give
2 as an orange solid. Yield: 0.113 g (66.3%). Complex 2 was recrys-
tallized from CH2Cl2/Et2O to give orange crystals of 2·0.5CH2Cl2,
which were used for analytic and spectroscopic purposes. The
amount of CH2Cl2 was determined by integration of the signal in
the 1H NMR spectrum. C38H38ClN2O6PPdS·0.5CH2Cl2 (866.09):
calcd. C 53.39, H 4.54, N 3.23, S 3.70; found C 53.28, H 4.34, N
3.39, S 3.88. MS (FAB+): m/z (%) 723 (30) [M – ClO4

+]. IR: ν̃ =
1080 (νCS), 1575 (νCN), 1600 (νCO), 3220 (νNH) cm–1. 1H NMR
(CDCl3): δ = 1.63 (d, 3JH,H = 6.3, 3 H, Me), 2.63 (s, 3 H, NMe2),
2.87 (s, 3 H, NMe2), 3.08 (s, 3 H, OMe), 4.03 (q, 1 H, CH), 6.59
(m, 2 H, Ho, NPh), 6.83 (m, 2 H, C6H4), 6.92–7.03 (m, 2 H, C6H4),
7.22 (m, 3 H, Hm, Hp, NPh), 7.25 (br. s, 1 H, NH), 7.65–7.96 (m,
15 H, PPh3) ppm. 31P{1H} NMR (CDCl3): δ = 19.25 ppm.

Synthesis of 3: Complex 3 was obtained following the same syn-
thetic procedure as reported for 1. [Pd(µ-Cl)(CH2NC9H6-C8,N)]2
(0.061 g, 0.107 mmol) was treated with AgClO4 (0.044 g,
0.212 mmol) and L1 (0.101 g, 0.215 mmol) in thf to give 3 as a
yellow solid. Yield: 0.122 g (69.5%). C38H32ClN2O6PPdS (817.57):
calcd. C 55.83, H 3.94, N 3.42, S 3.92; found C 56.26, H 3.74, N
3.14, S 4.10. MS (FAB+): m/z (%) 717 (27) [M – ClO4]+. IR: ν̃ =
1065 (νCS), 1564 (νCN), 1599 (νCO), 3216 (νNH) cm–1. 1H NMR
(CD2Cl2): δ = 3.21 (s, 3 H, OMe), 3.36 (s, 2 H, CH2Pd), 6.57 (br.,
2 H, Ho, NPh), 7.21 (br. s, 3 H, NH, NC9H6), 7.51–7.60 [m, 4 H,
Hm, Hp (NPh), NC9H6], 7.66–7.80 [m, 10 H, Hm, Hp (PPh3) +
NC9H6], 7.90–7.97 (m, 6 H, Ho, PPh3), 8.41 (d, 3JH,H = 8.1, 1 H,
NC9H6), 8.66 (br. s, 1 H, NC9H6) ppm. 13C{1H} NMR (CD2Cl2):
δ = 21.60 (PdCH2), 52.69 (OMe), 70.63 (d, 1JP,C = 106.1, P=C),
125.08 (d, 1JP,C = 93, Cipso, PPh3), 121.98, 124.56, 126.87, 128.25,
137.92, 138.88, 147.42, 149.08, 152.21 (NC9H6), 126.21 (Cmeta),
128.93 (Cpara), 129.42 (Cortho), 148.99 (Cipso) (NPh), 130.65 (d, 2JP,C

= 11.1, Cortho), 133.60 (d, 3JP,C = 9.5, Cmeta), 134.59 (Cpara) (PPh3)
ppm; the CO and CS signals were not observed. 31P{1H} NMR
(CD2Cl2): δ = 19.69 ppm.

Synthesis of 4: Complex 4 was obtained following the same syn-
thetic procedure as reported for 1. [Pd(µ-Cl)(C6H4-2-NC5H4-
C2,N)]2 (0.062 g, 0.105 mmol) was treated with AgClO4 (0.044 g,
0.212 mmol) and L1 (0.101 g, 0.215 mmol) to give 4 as a yellow
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solid. Yield: 0.088 g (50.3%). C39H32ClN2O6PPdS (829.58): calcd.
C 56.47, H 3.89, N 3.38, S 3.86; found C 56.46, H 3.76, N 3.33, S
4.21. MS (FAB+): m/z (%) 729 (30) [M – ClO4]+. IR: ν̃ = 1080
(νCS), 1578 (νCN), 1600 (νCO), 3259 (νNH) cm–1. 1H NMR (CD2Cl2):
δ = 3.21 (s, 3 H, OMe), 6.64 (dd, 3JH,H = 5.7, 4JH,H = 1.6, 2 H,
Ho, NPh), 7.02 (td, 3JH,H = 7.5, 4JH,H = 1.2, 1 H, Phpy), 7.04 (s, 1
H, NH), 7.14 (td, 3JH,H = 6.6, 4JH,H = 1.8, 1 H, Phpy), 7.24–7.27
[m, 4 H, Hm+Hp (NPh) + Phpy], 7.32 (td, 3JH,H = 6.6, 4JH,H = 0.9,
1 H, Phpy), 7.55 (d, 3JH,H = 7.5, 1 H, Phpy), 7.68–7.99 (m, 17 H,
PPh3 + Phpy), 8.45 (d, 3JH,H = 5.0, 1 H, Phpy) ppm. 13C{1H}
NMR (CD2Cl2): δ = 53.09 (OMe), 71.67 (d, 1JP,C = 102.8, P=C),
119.59, 123.32, 124.74, 125.77, 130.06, 134.20, 137.82, 140.10,
146.47, 147.07, 164.27 (Phpy), 122.18 (d, 1JP,C = 91, Cipso, PPh3),
126.16 (Cmeta), 128.44 (Cpara), 129.50 (Cortho), 149.73 (Cipso) (NPh),
130.77 (d, 2JP,C = 12.4, Cortho), 133.68 (d, 3JP,C = 9.7, Cmeta), 134.78
(Cpara) (PPh3), 186.47 (d, 2JP,C = 4.4, C=S) ppm; the CO signal was
not observed. 31P{1H} NMR (CD2Cl2): δ = 19.27 ppm.

Reaction of 4 with PPh3: PPh3 was added in small portions to a
suspension of 4 in CD2Cl2 (0.6 mL) in an NMR tube. NMR spec-
tra were measured each time, until complete transformation of 4.
At this point, complete dissolution had occurred. The amount of
PPh3 required matched a 1:1 molar ratio (4:PPh3), and gave com-
plex 6 as a single isomer in 100% spectroscopic yield. Selected
NMR spectroscopic data of 6: 1H NMR (CD2Cl2): δ = 3.00 (s, 3
H, OMe), 6.31 (t, 3JH,H = 6.9, 1 H, Phpy), 6.46–6.59 (m, 6 H, NPh
+ Phpy), 6.91 (t, 3JH,H = 7.2, 1 H, Phpy), 7.24–7.74 (m, 33 H, PPh3

+ Phpy), 7.89 (br. s, 1 H, Phpy), 7.96 (td, 3JH,H = 7.5, 4JH,H = 1.5,
1 H, Phpy), 11.61 (s, 1 H, NH) ppm. 31P{1H} NMR (CD2Cl2): δ
= 17.65 (P=C), 38.09 ppm (Pd–PPh3).

Synthesis of 5: Complex 5 was obtained following the same syn-
thetic procedure as reported for 1. [Pd(µ-Cl)(bhq-C,N)]2 (bhq =
NC13H8; 0.066 g, 0.102 mmol) was treated with AgClO4 (0.042 g,
0.205 mmol) and L1 (0.096 g, 0.205 mmol) to give 5 as a yellow
solid. Yield: 0.115 g (65.7%). Complex 5 was recrystallized from
CH2Cl2/Et2O to give crystals of 5·0.5CH2Cl2 (determined by
NMR), which were used for analytic and spectroscopic purposes.
C41H32ClN2O6PPdS·0.5CH2Cl2 (896.07): calcd. C 55.62, H 3.71, N
3.13, S 3.58; found C 55.36, H 3.88, N 2.87, S 3.74. MS (FAB+):
m/z (%) 753 (10) [M – ClO4]+. IR: ν̃ = 1060 (νCS), 1586 (br., νCN

+ νCO), 3225 (νNH) cm–1. 1H NMR (CD2Cl2): δ = 3.28 (s, 3 H,
OMe), 6.68 (dd, 3JH,H = 5.7, 4JH,H = 1.8, 2 H, Ho, NPh), 7.19 (d,
3JH,H = 7.2, 1 H, NC13H8), 7.28 (m, 3 H, Hm+Hp, NPh), 7.34 (t,
3JH,H = 7.5, 1 H, NC13H8), 7.38 (s, 1 H, NH), 7.63 (m, 2 H,
NC13H8), 7.67–7.73 [m, 7 H, Hm (PPh3) + NC13H8], 7.76–7.82 [m,
4 H, Hp (PPh3) + NC13H8], 7.90–7.98 (m, 6 H, Ho, PPh3), 8.42 (dd,
3JH,H = 8.1, 4JH,H = 1.2, 1 H, H4, NC13H8), 8.66 (dd, 3JH,H = 5.1,
1 H, H2, NC13H8) ppm. 13C{1H} NMR (CD2Cl2): δ = 53.12
(OMe), 72.07 (d, 1JP,C = 103.0, P=C), 122.31 (d, 1JP,C = 91.2, Cipso,
PPh3), 122.40, 122.46, 124.01, 124.06, 127.49, 128.96, 131.22,
134.44, 137.89, 138.31, 141.93, 146.27, 153.71 (NC13H8), 126.09
(Cmeta), 128.30 (Cpara), 129.45 (Cortho), 147.33 (Cipso) (NPh), 130.71
(d, 2JP,C = 12.5, Cortho), 133.74 (d, 3JP,C = 9.4, Cmeta), 134.69 (Cpara)
(PPh3), 172.82 (d, 2JP,C = 10.0, C=O), 186.38 (d, 2JP,C = 4.7, C=S)
ppm. 31P{1H} NMR (CD2Cl2): δ = 19.62 ppm.

Ph3P=C(CN)C(S)N(H)Ph (L2): PhN=C=S (0.543 mL, 0.614 g,
4.55 mmol) was added to a suspension of Ph3P=C(H)CN (1.370 g,
4.55 mmol) in freshly distilled toluene (50 mL). The resulting mix-
ture was refluxed for 1 h and then stirred for 72 h at 25 °C to give
a yellow suspension. This suspension was evaporated to dryness
and the residue treated with Et2O (50 mL) to give L2 as a white
solid. Yield: 1.122 g (56.5%). C27H21N2PS (436.52): calcd. C 74.29,
H 4.85, N 6.41, S 7.34; found C 74.78, H 4.84, N 7.11, S 7.63. MS
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(FAB+): m/z (%) 437 (100) [M + H]+. IR: ν̃ = 1108 (νCS), 1524
(νC=N), 2159 (νCN), 3262 (νNH) cm–1. 1H NMR (CDCl3): δ = 7.09
(t, 1 H, Hpara, Ph), 7.28 (t, 3JHmHp = 3JHmHo = 7.5, 2 H, Hmeta, Ph),
7.41–7.52 [m, 8 H, Hmeta(PPh3) + Hortho(Ph)], 7.56–7.60 (m, 3 H,
Hpara, PPh3), 7.71–7.80 (m, 6 H, Hortho, PPh3), 8.49 (br. s, 1 H, NH)
ppm. 13C{1H} NMR (CD2Cl2): δ = 49.62 (d, 1JP,C = 162, P=C),
120.99 (d, 1JP,C = 20.7, Cipso, PPh3), 124.02 (Cmeta, Ph), 125.16
(Cpara, Ph), 125.29 (CN), 128.47 (Cortho, Ph), 128.96 (d, 3JP,C = 13,
Cmeta, PPh3), 132.65 (d, 4JP,C = 2.8, Cpara, PPh3), 133.75 (d, 2JP,C =
9.8, Cortho, PPh3), 139.47 (d, 4JP,C = 1.5, Cipso, Ph), 189.68 (d, 2JP,C

= 15.4, C=S) ppm. 31P{1H} NMR (CDCl3): δ = 14.80 (s, C=PPh3)
ppm.

Synthesis of 7: AgClO4 (0.053 g, 0.257 mmol) was added to a
suspension of [Pd(µ-Cl)(C6H4CH2NMe2-C2,N)]2 (0.071 g,
0.128 mmol) in 20 mL of freshly distilled thf under argon. The re-
sulting mixture was stirred at room temperature with exclusion of
light for 30 min, then filtered through a Celite pad. This freshly
prepared solution was treated with a stoichiometric amount of L2
(0.112 g, 0.257 mmol) giving, after a few seconds, a deep yellow
precipitate of 7. This suspension was stirred at room temperature
for an additional 20 min, then the yellow solid was filtered, washed
with thf (5 mL) and Et2O (20 mL), dried by suction, and sub-
sequently identified as 7. Yield: 0.141 g (70.5%).
C36H33ClN3O4PPdS (776.57): calcd. C 55.68, H 4.28, N 5.41, S
4.13; found C 55.81, H 4.50, N 5.11, S 4.03. MS (FAB+): m/z (%)
676 (100) [M/2 – ClO4]+. IR: ν̃ = 1060 (νCS), 1558 (νC=N), 2196
(νCN), 3203 (νNH) cm–1. 1H NMR ([D6]DMSO): δ = 2.24 (s, 6 H,
NMe2), 3.53 (s, 2 H, CH2N), 6.26 (d, 3JH,H = 7.5, 1 H, C6H4), 6.64
(m, 1 H, C6H4), 6.76 (d, 3JH,H = 6.6, 1 H, C6H4), 6.84 (t, 3JH,H =
6.9, 1 H, C6H4), 7.13–7.19 (m, 3 H, Ho+Hp, Ph), 7.28 (t, 3JH,H =
7.2, 2 H, Hm, Ph), 7.73–7.93 (m, 15 H, PPh3), 10.33 (s, 1 H, NH)
ppm. 31P{1H} NMR ([D6]DMSO): δ = 20.22 (s, C=PPh3) ppm.

Synthesis of 8: Complex 8 was prepared following a synthetic pro-
cedure similar to that reported for 7. Thus, [Pd(µ-Cl)(bhq-C,N)]2
(bhq = C13H8N, 0.078 g, 0.122 mmol) was treated with AgClO4

(0.050 g, 0.244 mmol) and L2 (0.110 g, 0.244 mmol), in thf
(20 mL), to give 8 as a yellow solid. Yield: 0.110 g (55%).
C40H29ClN3O4PPdS (820.58): calcd. C 58.55, H 3.56, N 5.12, S
3.91; found C 58.85, H 3.41, N 4.76, S 3.82. MS (FAB+): m/z (%)
720 (27) [M/2 – ClO4]+. IR: ν̃ = 1056 (νCS), 1568 (νC=N), 2195
(νCN), 3188 (νNH) cm–1. 1H NMR ([D6]DMSO): δ = 6.66 (d, 3JH,H

= 9, 1 H, bhq), 6.79 (t, 3JH,H = 9, 1 H, bhq), 7.00–7.24 (m, 5 H,
Ph), 7.57 (d, 3JH,H = 6, 1 H, bhq), 7.65–7.69 (m, 2 H, bhq), 7.76–
8.01 (m, 16 H, PPh3 + 1 H bhq), 8.54 (br. d, 3JH,H = 9, 2 H, bhq),
10.58 (br. s, 1 H, NH) ppm. 31P{1H} NMR ([D6]DMSO), δ = 21.08
(s, C=PPh3) ppm.

Synthesis of 9: Complex 9 was prepared following a synthetic pro-
cedure similar to that reported for 7. Thus, [Pd(µ-Cl)(NC5H5-2-
C6H4-C,N)]2 (0.080 g, 0.134 mmol) was treated with AgClO4

(0.056 g, 0.269 mmol) and L2 (0.117 g, 0.269 mmol), in thf
(20 mL), to give 9 as a yellow solid. Yield: 0.140 g (70%).
C38H29ClN3O4PPdS (796.56): calcd. C 57.30, H 3.67, N 5.27, S
4.02; found C 57.09, H 3.20, N 5.08, S 3.65. MS (FAB+): m/z (%)
696 (100) [M/2 – ClO4]+. IR: ν̃ = 1059 (νCS), 1538 (νC=N), 2197
(νCN), 3196 (νNH) cm–1. 1H NMR ([D6]DMSO): δ = 6.48 (d, 3JH,H

= 6, 1 H, Phpy), 6.84 (t, 3JH,H = 6, 1 H, Phpy), 6.88 (t, 3JH,H = 6,
1 H, Phpy), 7.00 (t, 3JH,H = 9, 1 H, Phpy), 7.15 (m, 4 H, Ho+Hm,
Ph), 7.33 (t, 3JH,H = 6, 1 H, Hp, Ph), 7.50 (d, 3JH,H = 9, 1 H, Phpy),
8.08–7.56 (m, 17 H, PPh3 + Phpy), 8.19 (s, 1 H, Phpy), 10.53 (s, 1
H, NH) ppm. 13C{1H} NMR ([D6]DMSO): δ = 50.80 (d, 1JP,C =
137.7, P=C), 117.65 (d, 2JP,C = 14.7, CN), 119.03 (NPh, Cmeta),
121.60 (d, 1JP,C = 93.9, Cipso, PPh3), 122.75, 124.14, 124.48, 125.65,
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133.36, 136.46, 140.05, 145.39, 147.35, 149.56, 163.04 (Phpy),
125.37 (NPh, Cortho), 128.37 (Cpara, PPh3), 129.23 (NPh, Cpara),
129.69 (d, 3JP,C = 12.7, Cmeta, PPh3), 134.05 (d, 2JP,C = 10.0, Cortho,
PPh3), 139.23 (Cipso, NPh), 183.27 (d, 2JP,C = 14.5, C=S) ppm.
31P{1H} NMR ([D6]DMSO): δ = 20.92 (C=PPh3) ppm.

Synthesis of 10: Complex 10 was prepared following a synthetic
procedure similar to that reported for 7. Thus, [Pt(µ-Cl)[o-
CH2C6H4P(o-MeC6H4)2]]2 (0.103 g, 0.096 mmol) was treated with
AgClO4 (0.040 g, 0.193 mmol) and L2 (0.084 g, 0.193 mmol), in thf
(20 mL), to give 10 as a yellow solid. Yield: 0.0461 g (23%).
C48H41ClN2O4P2PtS (1034.42): calcd. C 55.73, H 4.00, N 2.71, S
3.10; found C 55.47, H 3.71, N 2.94, S 2.61. MS (FAB+): m/z (%)
934 (37) [M/2 – ClO4]+. IR: ν̃ = 1027 (νCS), 1530 (νC=N), 2199
(νCN), 3180 (νNH) cm–1. 1H NMR ([D6]DMSO): δ = 2.11 (s, 6 H,
Me), 2.78 (s, 2 H, PtCH2), 7.95–6.87 (m, 32 H, PPh3 + C6H4),
10.90 (br. s, 1 H, NH) ppm. 31P{1H} NMR ([D6]DMSO): δ = 20.25
(C=PPh3), 32.09 (1JPtP = 3843, C∧P–Pt) ppm.

Synthesis of 11: Complex 11 was prepared following a synthetic
procedure similar to that reported for 7. Thus, [Pd(µ-Br)(η3-
C3H5)]2 (0.0664 g, 0.146 mmol) was treated with AgClO4 (0.061 g,
0.292 mmol) and L2 (0.127 g, 0.292 mmol), in thf (20 mL), to give
11 as a green-yellow solid. Yield: 0.159 g (79.4%).
C30H26ClN2O4PPdS (683.44): calcd. C 52.72, H 3.83, N 4.10, S
4.69; found C 51.95, H 4.15, N 3.72, S 4.53. MS (FAB+): m/z (%)
583 (47) [M/2 – ClO4]+. IR: ν̃ = 1027 (νCS), 1530 (νC=N), 2181
(νCN), 3240 (νNH) cm–1. 1H NMR ([D6]DMSO): δ = 2.98 (br. s, 2
H, CH2), 4.17 (br. s, 2 H, CH2), 5.37 (m, 1 H, CH), 6.91 (m, 2 H,
Ph), 7.12–7.18 (m, 3 H, Ph), 7.39–7.87 (m, 15 H, PPh3), 10.70 (br.
s, 1 H, NH) ppm. 31P{1H} NMR ([D6]DMSO): δ = 20.13 (s,
C=PPh3) ppm.

Synthesis of 12: Complex 12 was prepared following a synthetic
procedure similar to that reported for 7. Thus, [Pd(µ-Cl)-
{(S)-C6H4CH(Me)NMe2-C2,N}]2 (0.0731 g, 0.126 mmol) was
treated with AgClO4 (0.052 g, 0.252 mmol) and L2 (0.110 g,
0.252 mmol), in thf (20 mL), to give 12 as a yellow solid. Yield:
0.120 g (60%). C37H35ClN3O4PPdS (790.59): calcd. C 56.21, H
4.46, N 5.31, S 4.05; found C 56.28, H 4.15, N 4.86, S 4.81. MS
(FAB+): m/z (%) 690 (40) [M/2 – ClO4]+. IR: ν̃ = 1064 (νCS), 1542
(νC=N), 2206 (νCN), 3232 (νNH) cm–1. 1H NMR ([D6]DMSO): δ =
1.18 (d, 3JH,H = 6, 3 H, Me), 2.09 (s, 3 H, NMe2), 2.34 (s, 3 H,
NMe2), 3.72 (d, 3JH,H = 6, 1 H, CH), 6.30 (d, 3JH,H = 6.9, 1 H,
C6H4), 6.66 (m, 2 H, C6H4), 6.85 (t, 3JH,H = 7.5, 1 H, C6H4), 7.13–
7.36 (m, 5 H, Ph), 7.73–7.92 (m, 15 H, PPh3), 10.23 (br. s, 1 H,
NH) ppm. 13C{1H} NMR ([D6]DMSO): δ = 15.13 (Me), 43.91
(NMe2), 48.63 (NMe2), 51.29 (d, 1JP,C = 134.7, P=C), 71.92 (CH),
118.05 (d, 2JP,C = 15.9, CN), 121.55 (d, 1JP,C = 24.5, Cipso, PPh3),
122.50 (s, Cpara, NPh), 124.02, 125.46, 128.98, 135.06, 142.98,
152.54 (C6H4), 124.95 (Cmeta, NPh), 128.48 (Cortho, NPh), 129.68
(d, 3JP,C = 12.7, Cmeta, PPh3), 133.97 (d, 2JP,C = 10.2, Cortho, PPh3),
133.98 (Cpara, PPh3) 139.44 (Cipso, NPh), 183.71 (d, 2JP,C = 13.7,
C–S) ppm. 31P{1H} NMR ([D6]DMSO): δ = 20.40 (s, C=PPh3)
ppm.

Ph3P=C(CN)-[(E)-C(CO2Me)=CH(CO2Me)] (L3): A suspension
of Ph3P=C(H)CN (1.000 g, 3.32 mmol) and DMAD (MeO2C–
C�C–CO2Me) (0.41 mL, 0.472 g, 3.32 mmol) in MeOH (20 mL)
was refluxed for 20 min under argon. Once cooled, the reaction
mixture was further stirred at room temperature for 18 h to give a
yellow suspension. The precipitated solid of L3 was filtered, washed
with MeOH (10 mL) and Et2O (20 mL), and dried by suction.
Yield: 0.951 g (64.6%). IR: ν̃ = 1531 (νCC), 1689 (νCOO), 1744
(νCOO), 2169 (νCN) cm–1. 1H NMR (CDCl3): δ = 3.46 (s, 3 H,
OMe), 3.54 (br. s, 3 H, OMe), 4.81 (s, 1 H, =CH), 7.51–7.70 (m,
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15 H, PPh3) ppm. 13C{1H} NMR (CDCl3): δ = 32.27 (d, 1JP,C =
129.9, P=C), 49.36 (OMe), 51.01 (OMe), 97.74 (d, 3JP,C = 6.6,
=CH), 120.26 (d, 1JP,C = 91.8, Cipso, PPh3), 120.44 (d, 2JP,C = 15.4,
CN), 128.04 (d, 3JP,C = 12.8, Cmeta, PPh3), 132.37 (d, 4JP,C = 2.8,
Cpara, PPh3), 132.58 (d, 2JP,C = 10.3, Cortho, PPh3), 150.90 (d, 2JP,C

= 8.8, =C), 165.15 (COO), 167.35 (COO) ppm. 31P{1H} NMR
(CDCl3): δ = 19.95 ppm.

Synthesis of 13: AgClO4 (0.0935 g, 0.451 mmol) was added to a
suspension of [Pd(µ-Cl)(C6H4CH2NMe2-C2,N)]2 (0.124 g,
0.225 mmol) in thf (20 mL) under Ar. The resultant mixture was
stirred at room temperature for 20 min with exclusion of light, then
filtered through a Celite pad. The freshly prepared solution of the
bis(solvate) was treated with L3 (0.200 g, 0.451 mmol) to give a
yellow solution, which was stirred for an additional 30 min. The
yellow solution was then evaporated to dryness and the yellow resi-
due was treated with Et2O (30 mL) and stirred continuously to give
13 as a yellow solid. Yield: 0.316 g (89.5%). C35H34ClN2O8PPd
(783.49): calcd. C 53.65, H 4.37, N 3.57; found C 53.50, H 4.59, N
3.24. MS (FAB+): m/z (%) 683 (100) [M – ClO4]+. IR: ν̃ = 1557
(νCC), 1698 (νCOO), 1732 (νCOO), 2192 (νCN) cm–1. 1H NMR
(CDCl3, 213 K): δ = 2.26 (s, 3 H, NMe2), 2.70 (s, 3 H, NMe2), 3.60
(br., 2 H, CH2N), 3.63 (s, 3 H, OMe), 3.76 (br. s, 3 H, OMe), 4.81
(s, 1 H, =CH), 6.38 (d, 3JH,H = 7.2, 1 H, C6H4), 6.68 (t, 3JH,H =
7.8, 1 H, C6H4), 6.80 (d, 3JH,H = 7.2, 1 H, C6H4), 6.91 (t, 3JH,H =
7.2, 1 H, C6H4), 7.59–7.77 (m, 15 H, PPh3) ppm. 13C{1H} NMR
(CDCl3): δ = 33.66 (d, 1JP,C = 127.8, P=C), 51.13 (OMe), 52.88
(OMe), 52.20 (NMe2), 72.93 (CH2N), 102.62 (d, 3JP,C = 5.1, =CH),
120.54 (d, 1JP,C = 92, Cipso, PPh3), 121.88, 125.19, 130.17, 134.62,
150.12 (C6H4, one of the quaternary C atoms was not observed),
125.79 (d, 2JP,C = 15.37, CN), 129.96 (d, 3JP,C = 12.7, Cmeta, PPh3),
133.96 (d, 2JP,C = 10.4, Coho, PPh3), 134.44 (s, Cpara, PPh3), 149.86
(d, 2JP,C = 7.4, =C), 165.90 (COO), 168.20 (d, 3JP,C = 11.1, COO)
ppm. 31P{1H} NMR (CDCl3): δ = 20.18 (C=PPh3) ppm.

Synthesis of 14: Complex 14 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pd(µ-Cl)(bhq-
C,N)]2 (bhq = C13H8N, 0.144 g, 0.225 mmol) was treated with
AgClO4 (0.0932 g, 0.45 mmol) and L3 (0.200 g, 0.45 mmol), in thf
(20 mL), to give 14 as a yellow solid. Yield: 0.167 g (45%).
C39H30ClN2O8PPd (827.50): calcd. C 56.61, H 3.65, N 3.38; found
C 56.26, H 3.98, N 2.96. MS (ESI, positive ions): m/z = 726.9 [M –
ClO4]+. IR: ν̃ = 1557 (νCC), 1698 (νCOO), 1733 (νCOO), 2212 (νCN)
cm–1. 1H NMR (CDCl3): δ = 3.51 (s, 3 H, OMe), 3.71 (br. s, 3 H,
OMe), 4.85 (s, 1 H, =CH), 6.94 (d, 3JH,H = 6.3, 1 H, bhq), 7.25 (t,
3JH,H = 7.8, 1 H, bhq), 7.47 (m, 1 H, bhq), 7.53 (d, 3JH,H = 8.1, 1
H, bhq), 7.57–7.82 [m, 17 H, PPh3 + 2 H(bhq)], 8.23 (d, 3JH,H =
7.8, 1 H, bhq), 8.74 (br. s, 1 H, bhq) ppm. 13C{1H} NMR (CDCl3):
δ = 34.84 (d, 1JP,C = 127.7, P=C), 51.20 (OMe), 53.22 (OMe),
102.81 (d, 3JP,C = 4.6, =CH), 120.37 (d, 1JP,C = 91.8, Cipso, PPh3),
121.93, 123.48, 126.69, 128.35, 128.63, 129.54, 131.85, 133.43,
137.69, 140.29, 143.19, 148.97, 153.55 (bhq), 126.49 (d, 2JP,C =
15.37, CN), 130.08 (d, 3JP,C = 13.0, Cmeta, PPh3), 134.05 (d, 2JP,C

= 10.4, Cortho, PPh3), 134.47 (s, Cpara, PPh3), 149.86 (d, 2JP,C = 7.4,
=C), 165.68 (COO), 168.68 (COO) ppm. 31P{1H} NMR (CDCl3):
δ = 20.28 (C=PPh3) ppm.

Synthesis of 15: Complex 15 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pd(µ-Cl)(NC5H5-
2-C6H4-C,N)]2 (0.074 g, 0.124 mmol) was treated with AgClO4

(0.052 g, 0.25 mmol) and L3 (0.110 g, 0.25 mmol), in thf (20 mL),
to give 15 as a pale-yellow solid. Yield: 0.190 g (95%).
C37H30ClN2O8PPd (803.48): calcd. C 55.31, H 3.76, N 3.49; found
C 55.26, H 3.98, N 3.17. MS (ESI, positive ions): m/z 702.9 [M –
ClO4]+. IR: ν̃ = 1558 (νCC), 1698 (νCOO), 1732 (νCOO), 2192 (νCN)
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cm–1. 1H NMR (CDCl3): δ = 3.49 (s, 3 H, OMe), 3.63 (s, 3 H,
OMe), 4.84 (s, 1 H, =CH), 6.63 (d, 3JH,H = 7.8, 1 H, Phpy), 6.87
(t, 3JH,H = 7.2, 1 H, Phpy), 7.05 (t, 3JH,H = 7.2, 1 H, Phpy), 7.13
(t, 3JH,H = 6.6, 1 H, Phpy), 7.29 (d, 3JH,H = 7.5, 1 H, Phpy), 7.56 –
7.78 [m, 17 H, PPh3 + 2 H (Phpy)], 7.85 (m, 1 H, Phpy) ppm.
13C{1H} NMR (CDCl3): δ = 34.79 (d, 1JP,C = 126.8, P=C), 51.18
(OMe), 52.85 (OMe), 102.77 (d, 3JP,C = 4.9, =CH), 118.97, 123.10,
123.71, 125.68, 129.48, 133.63, 140.04, 149.93, 145.12, 149.77,
150.06 (Phpy), 120.33 (d, 1JP,C = 92, Cipso, PPh3), 126.25 (d, 2JP,C

= 15.8, CN), 130.07 (d, 3JP,C = 13.0, Cmeta, PPh3), 133.92 (d, 2JP,C

= 10.3, Cortho, PPh3), 134.72 (s, Cpara, PPh3), 149.72 (d, 2JP,C = 7.4,
=C), 165.89 (d, 2JP,C = 5.1, COO), 168.38 (d, 3JP,C = 11.6, COO)
ppm. 31P{1H} NMR (CDCl3): δ = 20.24 (C=PPh3) ppm.

Synthesis of 16: Complex 16 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pd(µ-
Cl)(NC9H6CH2-C,N)]2 (0.0718 g, 0.126 mmol) was treated with
AgClO4 (0.0524 g, 0.253 mmol) and L3 (0.112 g, 0.253 mmol), in
thf (20 mL), to give 16 as a yellow solid. Yield: 0.189 g (94%).
C36H30ClN2O8PPd (791.47): calcd. C 54.63, H 3.82, N 3.53; found
C 54.37, H 3.92, N 3.18. MS (ESI, positive ions): m/z = 690.9 [M –
ClO4]+. IR: ν̃ = 1557 (νCC), 1698 (νCOO), 1731 (νCOO), 2200 (νCN)
cm–1. 1H NMR (CDCl3): δ = 3.46 (br. s, 2 H, CH2Pd), 3.49 (s, 3
H, OMe), 3.69 (br. s, 3 H, OMe), 4.81 (s, 1 H, =CH), 7.40 (m, 2
H, 8-mq), 7.66 (m, 17 H, PPh3 + 8-mq), 8.22 (br. s, 2 H, 8-mq)
ppm. 13C{1H} NMR (CDCl3): δ = 25.58 (PdCH2), 34.50 (d, 1JP,C

= 127.5, P=C), 51.16 (OMe), 52.97 (OMe), 102.41 (d, 3JP,C = 2.9,
=CH), 120.41 (d, 1JP,C = 91.9, Cipso, PPh3), 121.87, 124.30, 126.60,
128.20, 128.47, 129.31, 138.50, 150.51, 150.27 (8-mq), 130.05 (d,
3JP,C = 12.9, Cmeta, PPh3), 133.97 (d, 2JP,C = 10.3, Cortho, PPh3),
134.89 (Cpara, PPh3), 145.99 (d, 2JP,C = 4.8, =C), 166.01 (COO),
168.60 (d, 3JP,C = 10.4, COO) ppm. 31P{1H} NMR (CDCl3): δ =
20.12 (C=PPh3) ppm.

Synthesis of 17: Complex 17 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pd(µ-Br)(η3-
C3H5)]2 (0.066 g, 0.145 mmol) was treated with AgClO4 (0.060 g,
0.290 mmol) and L3 (0.120 g, 0.29 mmol), in thf (20 mL), to give
17 as an orange solid. Yield: 0.154 g (77%). C29H27ClNO8PPd
(690.36): calcd. C 50.45, H 3.94, N 2.03; found C 50.23, H 3.91, N
1.98. MS (FAB+): m/z (%) 590 (47) [M – ClO4]+. IR: ν̃ = 1557
(νCC), 1695 (νCOO), 1732 (νCOO), 2192 (νCN) cm–1. 1H NMR
(CDCl3): δ = 2.22 (br., 2 H, CH2, allyl), 2.73 (d, 3JH,H = 10.5, 2 H,
CH2, allyl), 3.48 (s, 3 H, OMe), 3.71 (br. s, 3 H, OMe), 4.76 (s, 1
H, =CH), 5.33 (q, 1 H, CH, allyl), 7.50 (m, 15 H, PPh3) ppm.
13C{1H} NMR (CDCl3): δ = 33.99 (d, 1JP,C = 127.2, P=C), 51.14
(OMe), 52.74 (OMe), 62.89 (CH2 allyl), 102.33 (d, 3JP,C = 4.6,
=CH), 115.67 (CH allyl), 120.40 (d, 1JP,C = 92, Cipso, PPh3), 127.63
(d, 2JP,C = 12.4, CN), 130.20 (d, 3JP,C = 12.9, Cmeta, PPh3), 133.90
(d, 2JP,C = 10.4, Cortho, PPh3), 134.35 (d, 4JP,C = 5.5, Cpara, PPh3),
150.00 (d, 2JP,C = 7.6, =C), 165.92 (COO), 168.21 (d, 3JP,C = 11.3,
COO) ppm. 31P{1H} NMR (CDCl3): δ = 20.27 (C=PPh3) ppm.

Synthesis of 18: Complex 18 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pd(µ-Cl){(S)-
C6H4CH(Me)NMe2-C2,N}]2 (0.0725 g, 0.125 mmol) was treated
with AgClO4 (0.052 g, 0.250 mmol) and L3 (0.111 g, 0.25 mmol),
in thf (20 mL), to give 18 as a yellow solid. Yield: 0.1964 g (98.2%).
C36H36ClN2O8PPd (797.52): calcd. C 54.22, H 4.55, N 3.51; found
C 54.20, H 4.47, N 3.30. MS (ESI, positive ions): m/z = 696.9 [M –
ClO4]+. IR: ν̃ = 1558 (νCC), 1698 (νCOO), 1732 (νCOO), 2199 (νCN)
cm–1. 1H NMR (CDCl3): δ = 1.45 (d, 3JH,H = 6.0, 3 H, CMe), 2.52
(s, 3 H, NMe2), 2.70 (s, 3 H, NMe2), 3.48 (s, 3 H, OMe), 3.67–3.74
(br. s, 4 H, OMe+CH), 4.81 (s, 1 H, =CH), 6.37 (d, 3JH,H = 7.8, 1
H, C6H4), 6.67–6.73 (m, 2 H, C6H4), 6.92 (t, 3JH,H = 7.8, 1 H,
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C6H4), 7.24–7.75 (m, 15 H, PPh3) ppm. 13C{1H} NMR (CDCl3):
δ = 18.91 (Me), 34.45 (d, 1JP,C = 127.3, P=C), 46.15 (NMe2), 51.16
(OMe), 51.49 (NMe2), 53.16 (OMe), 74.85 (CHN), 102.70 (d, 4JP,C

= 4.9, =CH), 119.85 (d, 1JP,C = 91.9, Cipso, PPh3), 122.15, 122.92,
125.10, 125.34, 152.21 (C6H4; C2 was not observed), 125.95 (d, 2JP,C

= 16.2, CN), 130.03 (d, 3JP,C = 12.9, Cmeta, PPh3), 133.99 (d,
2JP,C

= 10.4, Cortho, PPh3), 134.42 (d, 4JP,C = 2.3, Cpara, PPh3), 149.78 (d,
2JP,C = 7.6, =C), 165.82 (CO2), 168.04 (d, 3JP,C = 10.8, CO2) ppm.
31P{1H} NMR (CDCl3): δ = 20.17 (s, C=PPh3) ppm.

Synthesis of 19: Complex 19 was prepared following a synthetic
procedure similar to that reported for 13. Thus, [Pt(µ-Cl){o-
CH2C6H4P(o-MeC6H4)2}]2 (0.103 g, 0.096 mmol) was treated with
AgClO4 (0.040 g, 0.192 mmol) and L3 (0.170 g, 0.384 mmol), in thf
(20 mL), to give 19 as a yellow solid. Yield: 0.161 g (80.2%).
C71H64ClN2O12P3Pt (1460.76): calcd. C 58.38, H 4.42, N 1.92;
found C 59.05, H 4.29, N 1.65. MS (FAB+): m/z (%) 941 (100)
[M – ylide – ClO4]+. IR: ν̃ = 1564 (νCC), 1699 (νCOO), 1733 (νCOO),
2198 (νCN) cm–1. 1H NMR (CDCl3): δ = 2.26 (s, 6 H, Me), 3.19 (s,
3 H, OMe), 3.48 (s, 2 H, PtCH2), 3.50 (s, 6 H, 2 OMe), 3.69 (s, 3
H, OMe), 4.80 (s, 1 H, =CH), 4.85 (s, 1 H, =CH), 6.85–7.76 (m,
42 H, PPh3 + C6H4) ppm. 13C{1H} NMR (CDCl3): δ = 12.19
(PtCH2), 23.08 (d, 3JP,C = 7.0, Me), 33.94 (d, 1JP,C = 127.7, P=C),
34.31 (d, 1JP,C = 128.3, P=C), 51.10 (OMe), 51.20 (OMe), 52.21
(OMe), 52.78 (OMe), 102.44 (d, 4JP,C = 6.5, =CH), 103.25 (d, 4JP,C

= 5.2, =CH), 120.29 (d, 1JP,C = 92.1, Cipso, PPh3), 120.62 (d, 1JP,C

= 92.1, Cipso, PPh3), 124.04 (d, 2JP,C = 15.9, CN), 125.07 (d, 2JP,C

= 16.2, CN), 126.04 (d, JP,C = 10.8, C6H4), 129.77 (d, 3JP,C = 12.9,
Cmeta, PPh3), 130.13 (d, 3JP,C = 12.9, Cmeta, PPh3), 131.30 (d, JP,C

= 8.9, C6H4), 131.71 (d, JP,C = 11.6, C6H4), 133.33 (d, JP,C = 5.0,
C6H4), 133.34 (d, JP,C = 25.5, C6H4), 133.88 (d, 2JP,C = 10.4, Cortho,
PPh3), 134.40 (d, 4JP,C = 2.6, Cpara, PPh3), 134.74 (d, 4JP,C = 1.9,
Cpara, PPh3), 141.59 (d, JP,C = 10.7, C6H4), 149.18 (d, 2JP,C = 30.9,
=C), 149.29 (d, 2JP,C = 30.3, =C), 157.26 (d, 1JP,C = 27.0, C6H4),
165.83 (COO), 165.99 (COO), 167.68 (d, 3JP,C = 13.9, COO),
167.82 (d, 3JP,C = 15.9, COO) ppm. 31P{1H} NMR (CDCl3): δ =
18.09 (1JPt,P = 4605, C∧P–Pt), 19.69 (C=PPh3), 19.97 (C=PPh3)
ppm.

Crystallography. Data Collection: X-ray quality crystals were grown
by slow vapor diffusion of Et2O into a CH2Cl2 solution of the
corresponding crude compound. A single crystal of dimensions
0.25×0.18×0.16 mm3 (L1) or 0.30×0.24×0.06 mm3 (L2) was
mounted at the end of a quartz fiber in a random orientation and
covered with epoxy. Data collection was performed on a Bruker
Smart CCD diffractometer using graphite-monochromated Mo-Kα

radiation (λ = 0.71073 Å). A hemisphere of data was collected in
each case based on three ω-scan runs (starting ω = –30°) at values
φ = 0°, 90° and 180° with the detector at 2θ = 30°. For each of
these runs, frames (606, 435, and 230, respectively) were collected
at 0.3° intervals and 10 s per frame. The diffraction frames were
integrated using the program SAINT[35] and the integrated inten-
sities were corrected for absorption with SADABS.[36]

Structure Solution and Refinement: The structures were solved and
developed by Patterson and Fourier methods.[37] All non-hydrogen
atoms were refined with anisotropic displacement parameters. The
hydrogen atoms were placed at idealized positions and treated as
riding atoms. Each hydrogen atom was assigned an isotropic dis-
placement parameter equal to 1.2-times the equivalent isotropic
displacement parameter of its parent atom. The structures were
refined to Fo

2, and all reflections were used in the least-squares
calculations.[38]

Crystallographic Data for L1: C28H24NO2PS, M = 469.51, T =
291(2) K, monoclinic C2/c, a = 26.710(3), b = 9.5585(1), c =
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20.620(2) Å, β = 114.396(2)°, V = 4794.4(9) Å3, Z = 8, Dcalcd. =
1.301 Mgm–3, µ = 0.228 mm–1, a total of 15869 reflections were
collected, of which 5764 [Rint = 0.0366] independent reflections
were used in the refinement of 299 parameters and 0 restraints. The
final R factors were R1 = 0.0516, wR2 = 0.1129 for I � 2σ(I) and
R1 = 0.0940, wR2 = 0.1303 for all reflections, Goof = 1.022.

Crystallographic Data for L2: C27H21N2PS, M = 436.49, T =
100(1) K, monoclinic P21/c, a = 11.1040(2), b = 12.2318(2), c =
16.2397(2) Å, β = 94.980(1)°, V = 2197.38(6) Å3, Z = 4, Dcalcd. =
1.319 Mgm–3, µ = 0.238 mm–1, a total of 37050 reflections were
collected, of which 5033 [Rint = 0.0546] independent reflections
were used in the refinement of 284 parameters and 0 restraints. The
final R factors were R1 = 0.0433, wR2 = 0.1048 for I � 2σ(I) and
R1 = 0.0548, wR2 = 0.1095 for all reflections, Goof = 1.061.

CCDC-612165 (for L1) and -612166 (for L2) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The preparations of novel tridentate C,N,S-donor ligand pre-
cursors, PhN=C(CMe2)(NPh)C=N(CH2)2SR [R = CMe3 (2); R
= Ph (3)] are described. Treatment of 2 and 3 with 1 equiv. of
Pd(OAc)2 affords the orthometallated palladium(II) com-
plexes [PhN=C(CMe2)(N-η1-Ph)C=N(CH2)2SR]Pd(OAc) [R =
CMe3 (4); R = Ph (5)]. Reaction of 4 and 5 with an excess
of LiCl in methanol affords the orthometallated palladium(II)

Introduction

Due to the powerful application of, and versatile meth-
ods for, the formation of carbon-carbon bonds, palladium-
catalyzed coupling reactions have been an attractive area of
research.[1–19] Among these studies, the search for appropri-
ate ancillary ligands that can serve as catalyst precursors is
of current interest. Palladacycles bearing a metallated car-
bon atom and dative group(s) are the most active catalyst
precursors for the promotion of such reactions.[2–8,11–17,19]

These complexes are usually formed as dinuclear species
with bridged ligands, or as mononuclear species in the pres-
ence of ligands with neutral dative groups. In order to im-
prove the stability and efficiency of catalytic palladium
complexes, various families of palladium based catalyst pre-
cursors have been developed. Recently, some sulfur contain-
ing palladacycles that function as excellent catalyst precur-
sors for coupling reactions have been reported. [20–30] Their
success in catalyzing cross-coupling reactions encouraged
us to study the catalytic performance exhibited by pallada-
cycles with pendant thioether functionalities. Following our
previous work on four-membered ring diimino pallada-
cycles,[31] we report here the synthesis and characterization
of novel mononuclear palladacycles incorporating unsym-
metrical C,N,S-donor ligands. Their catalytic activities to-
ward the Suzuki and Heck reactions were investigated.
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complexes [PhN=C(CMe2)(N-η1-Ph)C=N(CH2)2SR]PdCl [R =
CMe3 (6); R = Ph (7)]. Crystal structures are reported for com-
pounds 3 and 4. The application of these novel palladacyclic
complexes as catalyses for the Suzuki and Heck reactions
with aryl halide substrates was examined.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Syntheses and Characterization of Ligand Precursors and
Palladacycles

Pre-ligand compound 1 was prepared by the reaction
of 2,2-dimethyl-N,N�-diphenylpropanediimidoyl dichloride
with 3.0 equiv. of 2-chloroethylamine hydrochloride in the
presence of 4.0 equiv. of NEt3 using a similar procedure to
that reported in the literature.[31] The new ligand precursors
2 and 3 were synthesized from 1 via a nucleophilic substitu-
tion reaction with the corresponding thiol [R = C(CH3)3

for 2; R = Ph for 3].[20] Compounds 1, 2, and 3 were charac-
terized by NMR spectroscopy and elemental analysis,
which indicated that they are four-membered ring diimine
compounds with the different functionalities. A summary
of the synthetic route and the proposed structures is shown
in Scheme 1. The X-ray structure of 3 features a four-mem-
bered diimine ring bearing a pendant thioether functional
group. The molecular structure is shown in Figure 1, and
selected bond lengths and angles are listed in Table 1. The
C(1)–N(1) [1.253(2) Å] and C(3)–N(3) [1.257(2) Å] bond
lengths are consistent with these bonds possessing signifi-
cant double bond character, and the bond angles around
the imino C and N atoms are indicative of sp2 hybridized
centers.

Treatment of 2 and 3 with 1 equiv. of Pd(OAc)2 at room
temperature yields complexes 4 and 5, respectively, as pale
brown solids. Similar to the results reported previously,[31]

an additional tertiary carbon was found in the phenyl ring
region of the 13C{1H} NMR spectrum that indicates the
presence of a metallated carbon atom, which was created
during the reactions. Crystals of 4 suitable for structural
determination were obtained from a CH2Cl2/hexane solu-
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Scheme 1.

Figure 1. Molecular structure of compound 3. Hydrogen atoms
bound to carbon atoms have been omitted for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for 3.

S–C(14) 1.751(2) S–C(13) 1.789(2)
N(1)–C(7) 1.252(2) N(1)–C(1) 1.427(2)
N(2)–C(7) 1.403(2) N(2)–C(11) 1.411(2)
N(2)–C(20) 1.413(2) N(3)–C(11) 1.251(2)
N(3)–C(12) 1.467(3)
C(14)–S–C(13) 104.20(10) C(7)–N(1)–C(1) 119.15(15)
C(7)–N(2)–C(11) 93.61(13) C(7)–N(2)–C(20) 133.05(15)
C(11)–N(2)–C(20) 133.33(16) C(11)–N(3)–C(12) 118.34(17)
N(1)–C(7)–N(2) 128.08(16) N(1)–C(7)–C(8) 140.33(17)
N(2)–C(7)–C(8) 91.58(14) C(7)–C(8)–C(11) 83.57(13)
N(3)–C(11)–N(2) 127.21(17) N(3)–C(11)–C(8) 141.54(17)
N(2)–C(11)–C(8) 91.22(14)

tion. The molecular structure is shown in Figure 2, and se-
lected bond lengths and angles are listed in Table 2. The
bond angles [in the range of 84.62(8) to 93.47(12)°] around
the palladium metal center indicate that the complex has
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a slightly distorted square planar geometry, in which the
palladium metal center is coordinated to one imine nitrogen
atom, one thioether sulfur atom, one carbon atom, and one
OAc oxygen atom. The N–Pd–Cmetallated bite angle
[93.47(12)°] involving the imino nitrogen and metallated
carbon atoms is similar to those [93.20(104)°, 93.77(8)°, and
94.51(10)°] found in our previous work.[31] The N–Pd–S
bite angle [84.62(8)°] involving the imino nitrogen atom and
the pendant group is in the range [84.46(10)–85.1(1)°] found
for C,N,S-donor complexes with two carbon spacer atoms

Figure 2. Molecular structure of complex 4. Hydrogen atoms
bound to carbon atoms have been omitted for clarity. Dichloro-
methane and water molecules are omitted for clarity.

Table 2. Selected bond lengths [Å] and angles [°] for 4.

Pd–N(3) 2.011(3) Pd–C(23) 2.022(4)
Pd–O(1) 2.036(2) Pd–S 2.4093(9)
N(3)–Pd–C(23) 93.47(12) N(3)–Pd–O(1) 174.95(11)
C(23)–Pd–O(1) 91.47(13) N(3)–Pd–S 84.62(8)
C(23)–Pd–S 176.85(11) O(1)–Pd–S 90.40(8)
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between the nitrogen and sulfur atoms.[32–34] The Pd–S
bond length [2.4093(9) Å] is in the range [2.240(1)–
2.422(1) Å] found for palladium complexes containing thio-
ether functionalities.[23,25,30,32–37] The Pd–Cmetallated bond
length [2.022(4) Å] is in the range [1.964(3)–2.034(2) Å]
found for palladacycles with metallated carbon.[23,31–34,38]

The Pd–NC=N bond length [2.011(3) Å] is within the range
[1.985(3)–2.098(2) Å] found for palladacycles.[31–34,38] The
Pd–OOAc bond length [2.036(2) Å] is comparable to those
[2.0027(9)–2.105(2) Å] found in the literature.[31,39–41] The
reaction of 4 and 5 with an excess of lithium chloride, in
methanol at room temperature, yielded complexes 6 and 7,
respectively, as yellow solids.[42] Compounds 6 and 7
were characterized by NMR spectroscopy and elemental
analysis. Basically, 6 and 7 are quite similar to 4 and 5, but
with Cl coordinated to the metal centre instead of an OAc
group.

Catalytic Studies

Due to the success of some sulfur containing pallada-
cycles in catalyzing cross-coupling reactions,[20–30] the palla-
dacycles discussed above are expected to catalyze carbon-
carbon coupling reactions. For the purpose of comparing
the reactivity of complexes 4–7 with other palladacycles, the
Suzuki reaction was chosen to demonstrate the catalytic ac-
tivities of these sulfur containing complexes, as shown in
Scheme 2. The potential catalyst precursor candidates 4–7
were investigated in the coupling of 4-bromoacetophenone
with phenylboronic acid at 50 °C, over a period of 1 h on

Table 3. Suzuki coupling reactions catalysed by the new palladium complexes.[a]

Entry Catalyst Aryl halide Base Solvent [Pd] (mol-%) T [°C] t [h] Conversion (%)[b] Yield (%)[c]

1 4 4-bromoacetophenone K3PO4 toluene 1 50 1 96 90
2 4 4-bromoacetophenone Cs2CO3 DMF 1 50 1 98 92
3 4 4-bromoacetophenone Cs2CO3 DMA 1 50 1 94 83
4 5 4-bromoacetophenone K3PO4 DMF 1 50 1 92 85
5 6 4-bromoacetophenone Cs2CO3 THF 1 50 1 87 82
6 6 4-bromoacetophenone Cs2CO3 toluene 1 50 1 90 88
7 6 4-bromoacetophenone Cs2CO3 DMA 1 50 1 88 85
8 7 4-bromoacetophenone Cs2CO3 THF 1 50 1 87 76
9 4 4-bromobenzaldehyde K3PO4 toluene 1 50 1 99 92
10 4 methyl 4-bromobenzoate K3PO4 toluene 1 50 1 99 95
11 4 4-bromobenzaldehyde Cs2CO3 DMF 1 50 1 96 90
12 4 methyl 4-bromobenzoate Cs2CO3 DMF 1 50 1 99 94
13 4 4-bromotoluene K3PO4 toluene 1 110 0.75 99 90
14 4 4-tert-butylbromobenzene K3PO4 toluene 1 70 3.5 92 86
15 4 4-bromoanisole K3PO4 toluene 1 70 4 97 90
16 4 4-bromotoluene Cs2CO3 DMF 1 135 0.75 99 89
17 4 4-tert-butyl-bromobenzene Cs2CO3 DMF 1 70 3.5 83 75
18 4 4-bromoanisole Cs2CO3 DMF 1 70 4 83 76
19 4 4-bromoacetophenone K3PO4 toluene 0.01 80 2.5 87 81
20 4 4-bromoacetophenone K3PO4 toluene 0.002 80 5 99 96
21 4 4-chloroacetophenone K3PO4 toluene 1 80 4 9 –
22 4 4-chloroacetophenone Cs2CO3 DMF 1 80 4 85 80
23 4 methyl 4-chlorobenzoate Cs2CO3 DMF 1 80 4 72 70
24 4 4-chloroanisole Cs2CO3 DMF 1 80 7 82 75
25 4 4-chloroacetophenone Cs2CO3 DMF 1 135 4 92 90

[a] Reaction conditions: 1.0 mmol aryl halide, 1.5 mmol phenylboronic acid, 2.0 mmol base, 2 mL solvent. [b] Determined by 1H NMR
spectroscopy. [c] Isolated yield (average of two experiments).
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a 1 mol-% scale. Selected results are listed in Table 3. The
optimum conditions for the reaction were found to be
K3PO4/toluene, Cs2CO3/DMA, and Cs2CO3/DMF for 4
(entries 1–3); K3PO4/DMF for 5 (entry 4); Cs2CO3/THF,
Cs2CO3/toluene, and Cs2CO3/DMA for 6 (entries 5–7);
Cs2CO3/THF for 7 (entry 8). Higher reactivity was ob-
served, under optimum conditions, for palladacycles con-
taining a pendant tBuS moiety. Moreover, compounds con-
taining an acetate group demonstrated slightly higher cata-
lytic activities than those containing a Cl group.

Scheme 2. Application of the palladacycles in the Suzuki reaction.

Although both sets of optimized conditions, K3PO4/tolu-
ene and Cs2CO3/DMF, for 4 exhibited similar conversion
levels with electronically activated aryl bromide (entries 1–
2 and 9–12), poor conversion levels were observed for reac-
tions with electronically deactivated compounds using
Cs2CO3/DMF (entries 14–15 and 17–18). Therefore the op-
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timized conditions, K3PO4/toluene, were chosen for use in
further studies to examine the limitations of the catalytic
capability of compound 4. Due to the high reactivity of 4,
lower catalyst concentrations were required, catalyst/sub-
strate ratios from 10–4 to 2×10–5 were employed, leading to
turnover numbers of up to 48000 within a 5 h period (en-
tries 19–20). Similar conditions were applied during the re-
action of the electronically activated aryl chloride with
1 mol-% catalyst loading; however, poor conversion levels
were observed after 4 h (entry 21). Surprisingly, the percen-
tage conversion increased to 85% after 4 h (entry 22) using
Cs2CO3/DMF. These conditions were employed in a reac-
tion using methyl 4-chlorobenzoate and resulted in percen-
tage conversion levels of up to 72% within 4 h (entry 23).
A similar conversion level was observed using electronically
deactivated aryl chloride and 4-chloroanisole as substrates;
however, the reaction took up to 7 h (entry 24). In order to
compare the catalytic activities with the sulfur containing
palladacycles,[22] the optimized conditions at 110 °C and
135 °C were employed in the reaction with 4-bromotoluene
as the substrate, this gave conversion levels of up to 99%
within 0.75 h (entries 13 and 16). A similar conversion level
was observed using electronically activated aryl chloride
and 4-chloroacetophenone as the substrates; however, the
reaction took up to 4 h at 135 °C (entry 25).

In order to determine the influence of the pendant func-
tionality on the catalytic activity,[21] compounds 4–7 were
investigated as catalysts in the Heck coupling reaction of 4-
bromoacetophenone with styrene at 135 °C over a period
of 1.5 h on a 1 mol-% scale, as shown in Scheme 3. Selected
results are listed in Table 4. The optimum conditions were
found to be Cs2CO3/DMF for 4 (entry 1); KF/DMA for 5
(entry 2); K3PO4/DMA for 6 (entry 3); KF/DMA for 7 (en-
try 4). High reactivity was observed for 4 under optimized
conditions. A similar conversion level was observed using
methyl 4-bromobenzoate as the substrate (entry 5). Similar
conditions were applied to the reactions employing the elec-
tronically deactivated aryl bromide compounds; however,
the reactions took up to 6 h (4-bromotoluene) and 12 h (4-
bromoanisole) at 135 °C (entries 6 and 7). Lower catalyst
concentrations, catalyst/substrate ratios of 10–3 to 10–5, led
to percentage conversion levels of 81% after 6 h and 21%

Table 4. Heck coupling reactions catalysed by the new palladium complexes.[a]

Entry Catalyst Aryl halide Base Solvent [Pd] (mol-%) T [°C] t [h] Conversion (%)[b] Yield (%)[c]

1 4 4-bromoacetophenone Cs2CO3 DMF 1 135 1.5 92 86
2 5 4-bromoacetophenone KF DMA 1 135 1.5 84 –
3 6 4-bromoacetophenone K3PO4 DMA 1 135 1.5 80 –
4 7 4-bromoacetophenone KF DMA 1 135 1.5 89 –
5 4 methyl 4-bromobenzoate Cs2CO3 DMF 1 135 1.5 95 90
6 4 4-bromotoluene Cs2CO3 DMF 1 135 6 99 87
7 4 4-bromoanisole Cs2CO3 DMF 1 135 12 96 91
8 4 4-bromoacetophenone Cs2CO3 DMF 0.1 135 6 81 75
9 4 4-bromoacetophenone Cs2CO3 DMF 0.001 135 24 21 –
10 4 4-chloroacetophenone Cs2CO3 DMF 3 135 48 57 –
11 4 4-chloroanisole Cs2CO3 DMF 5 135 48 56 –

[a] Reaction conditions: 1.0 mmol aryl halide, 1.3 mmol styrene, 1.5 mmol base, 2 mL solvent. [b] Determined by 1H NMR spectroscopy.
[c] Isolated yield (average of two experiments).
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after 24 h (entries 8 and 9). Compound 4 also showed cata-
lytic activity for reactions involving both electronically acti-
vated and deactivated aryl chlorides; however, higher cata-
lyst loadings were necessary (entries 10 and 11).

Scheme 3. Application of the palladacycles in the Heck reaction.

Summary

Mononuclear phosphane-free palladacycles have been
prepared using tridentate ligands containing carbon, nitro-
gen, and sulfur. Under optimized conditions, palladacycle
4 exhibits catalytic activity comparable to existing sulfur
containing palladacyclic systems employed in the Suzuki
coupling reaction. Complex 4 exhibits higher catalytic ac-
tivity in some cases than in others. The catalyst productivity
for the coupling of an electronically activated aryl bromide
with phenylboronic acid was observed with a turnover of up
to 48000 during a 5 h period. Complex 4 also demonstrates
catalytic activity with less reactive aryl chlorides containing
both electron withdrawing and electron donating groups. In
the case of the four-membered diimine palladacyclic sys-
tem, the thioether containing palladacycle exhibits better
catalytic activity for the Heck coupling reaction than the
nitrogen containing palladacycles reported in our previous
work. Studies relating to the fine-tuning of the ligands, and
investigations into further catalytic applications for metal
complexes are currently underway.
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Experimental Section
General Procedure: All manipulations were carried out under nitro-
gen using standard Schlenk-line or drybox techniques. Solvents
(THF, toluene, CH2Cl2 and hexane) were refluxed over an appro-
priate drying agent and distilled prior to use. Methanol (Merck,
99.9%), DMA (TEDIA, 99%) and DMF (TEDIA, 95%) were used
as supplied. Deuterated solvents were dried over molecular sieves.
1H and 13C{1H} NMR spectra were recorded on Varian Gemini-
200 (200 MHz), Varian Mercury-400 (400 MHz) and Varian Inova-
600 (600 MHz) spectrometers. Spectra were recorded in chloro-
form-d at ambient temperature unless otherwise stated, and refer-
enced internally to the residual solvent peak, and reported as parts
per million relative to tetramethylsilane. Elemental analyses were
performed with an Elementar Vario ELIV instrument.

Chemicals were used as supplied unless otherwise stated. NEt3 was
dried with CaH2 and distilled before use. 2,2-Dimethyl-N,N�-di-
phenyl-malonamide and 2,2-dimethyl-N,N�-diphenylpropanediimi-
doyl dichloride were prepared by a method reported in the litera-
ture.[31]

PhN=CA(CBMe2)(NBPh)CC=N(CH2)2Cl(CA–NB)(CB–CC) (1): To a
flask containing 2,2-dimethyl-N,N�-diphenylpropanediimidoyl di-
chloride (2.5 g, 8.0 mmol) and NEt3 (4.5 mL, 32 mmol), 40 mL
CH2Cl2, 2-chloroethylamine hydrochloride (2.8 g, 24 mmol) was
added at 0 °C. The reaction mixture was warmed to room tempera-
ture and left to react overnight. After 14 h of stirring, the volatiles
were removed in vacuo, and the residue was extracted with 30 mL
toluene. After removal of solvent, the residue was washed with
5 mL hexane to afford a white solid. Yield, 1.84 g, 70.5%. 1H NMR
(600 MHz, CDCl3): δ = 1.46 [s, 6 H, C(CH3)2], 3.74 [m, 4 H,
(CH2)2], 6.94 (d, 3J = 7.2 Hz, 2 H, o-Ph), 7.08 (t, 3J = 7.8 Hz, 1 H,
p-Ph), 7.16 (t, 3J = 7.2 Hz, 1 H, p-Ph), 7.30 (t, 3J = 7.8 Hz, 2 H,
m-Ph), 7.39 (t, 3J = 7.8 Hz, 2 H, m-Ph), 8.27 ppm (d, 3J = 7.8 Hz,
2 H, o-Ph). 13C{1H} NMR (150 MHz, CDCl3): δ = 21.7 [s,
C(CH3)2], 45.0 [s, (CH2)2], 50.4 [s, (CH2)2], 58.0 [s, tert-C(CH3)2],
119.4, 121.4, 123.4, 124.6, 128.7 (overlap) (o, m, p-C6H5), 137.1,
146.7, 157.8, 159.6 ppm (two Cipso-C6H5 and two C=N groups).
C19H20N3Cl (325.84): calcd. C 70.04, H 6.19, N 12.90; found C
69.88, H 6.28, N 12.74.

PhN=CA(CBMe2)(NBPh)CC=N(CH2)2S(CMe3)(CA–NB)(CB–CC)
(2): To a flask containing 1 (0.49 g, 1.5 mmol) and K2CO3 (0.62 g,
4.5 mmol), 40 mL DMF, 2-methyl-2-propanethiol (0.34 mL,
3.0 mmol) was added. The reaction mixture was heated to 70 °C
and left to react overnight. After 16 h of stirring, the resulting sus-
pension was cooled to room temperature. Water (ca. 30 mL) was
added into the suspension, which was then put into the fridge, and
subsequently afforded a white solid. Yield, 0.49 g, 85.4%. 1H NMR
(600 MHz, CDCl3): δ = 1.35 [s, 9 H, C(CH3)3], 1.45 [s, 6 H,
C(CH3)2], 2.80 (t, 3J = 7.2 Hz, 2 H, CH2), 3.57 (t, 3J = 7.8 Hz, 2
H, CH2), 6.93 (d, 3J = 7.2 Hz, 2 H, o-Ph), 7.07 (t, 3J = 7.2 Hz, 1
H, p-Ph), 7.14 (t, 3J = 7.2 Hz, 1 H, p-Ph), 7.28 (t, 3J = 7.8 Hz, 2
H, m-Ph), 7.38 (t, 3J = 7.8 Hz, 2 H, m-Ph), 8.27 ppm (d, 3J =
7.8 Hz, 2 H, o-Ph). 13C{1H} NMR (150 MHz, CDCl3): δ = 21.7 [s,
C(CH3)2], 30.2 (s, CH2), 31.0 [s, C(CH3)3], 42.2 [s, C(CH3)3], 49.1
(s, CH2), 58.0 [s, C(CH3)2], 119.4, 121.5, 123.3, 124.4, 128.6 (over-
lap) (CH-C6H5), 137.2, 146.8, 158.0, 158.4 ppm (two Cipso-C6H5,
and two C=N groups). C23H29N3S (379.56): calcd. C 72.78, H 7.70,
N 11.07; found C 72.35, H 7.30, N 11.01.

PhN=CA(CBMe2)(NBPh)CC=N(CH2)2SPh(CA–NB)(CB–CC) (3):
The procedure for the preparation of 3 was similar to that used
for 2. A white solid was obtained. Yield, 0.46 g, 91.0%. 1H NMR
(600 MHz, CDCl3): δ = 1.34 [s, 6 H, C(CH3)2], 3.19 (t, 3J = 7.2 Hz,
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2 H, CH2), 3.63 (t, 3J = 7.2 Hz, 2 H, CH2), 6.91 (d, 3J = 7.2 Hz, 2
H, o-Ph), 7.06 (t, 3J = 7.2 Hz, 1 H, p-Ph), 7.14 (t, 3J = 7.2 Hz, 1
H, p-Ph), 7.16 (t, 3J = 7.2 Hz, 1 H, p-Ph), 7.26 (m, overlap, 4 H,
Ph), 7.37 (m, overlap, 4 H, Ph), 8.24 ppm (d, 3J = 7.8 Hz, 2 H, o-
Ph). 13C{1H} NMR (150 MHz, CDCl3): δ = 21.5 [s, C(CH3)2], 35.2
(s, CH2), 48.3 (s, CH2), 58.0 [s, C(CH3)2], 119.4, 121.4, 123.3, 124.5,
126.1, 128.6 (overlap), 128.9, 129.3 (CH-C6H5), 136.1, 137.1, 146.7,
157.9, 168.8 ppm (three Cipso-C6H5, and two C=N groups).
C25H25N3S (399.55): calcd. C 75.15, H 6.31, N 10.52; found C
75.31, H 6.09, N 10.55.

[PhN=CA(CBMe2)(NB-η1-C6H4)CC=N(CH2)2S(CMe3)(CA–NB)-
(CB–CC)]Pd(OAc) (4): To a flask containing Pd(OAc)2 (0.11 g,
0.50 mmol) and 2 (0.19 g, 0.50 mmol), 30 mL THF was added at
room temperature. After 12 h of stirring, the yellow suspension was
filtered and the filtrate was dried in vacuo to afford a pale brown
solid. Yield, 0.22 g, 79.2%. 1H NMR (600 MHz, CDCl3): δ = 1.47
[s, 6 H, C(CH3)2], 1.58 [s, 9 H, C(CH3)3], 2.16 [s, 3 H, O-C(=O)-
CH3], 2.71 (t, 3J = 6.0 Hz, 2 H, CH2), 3.76 (t, 3J = 6.0 Hz, 2 H,
CH2), 6.94 (d, 3J = 7.2 Hz, 2 H, o-Ph), 7.06 (t, 3J = 7.2 Hz, 1 H,
CH-Ph), 7.13 (t, 3J = 7.2 Hz, 1 H, CH-Ph), 7.17 (t, 3J = 7.2 Hz, 1
H, CH-Ph), 7.33 (t, 3J = 7.8 Hz, 2 H, m-Ph), 7.59 (d, 3J = 8.4 Hz,
1 H, CH-Ph), 8.09 ppm (d, 3J = 7.8 Hz, 1 H, CH-Ph). 13C{1H}
NMR (150 MHz, CDCl3): δ = 21.0 [s, C(CH3)2], 24.6 [s, O-C(=O)-
CH3], 30.0 [s, C(CH3)3], 30.7 (s, CH2), 48.6 [s, C(CH3)3], 52.6 (s,
CH2), 57.0 [s, C(CH3)2], 116.6, 120.8, 124.1, 124.8, 125.5, 129.0,
134.1 (CH-C6H5), 129.6, 129.9, 145.5, 153.2, 158.7 (one η1-Ph, two
Cipso-C6H5 and two C=N groups), 177.6 ppm [s, O-C(=O)-CH3].
C25H31N3O2PdS (544.02): calcd. C 55.19, H 5.74, N 7.72; found C
54.72, H 5.99, N 7.34.

[PhN=CA(CBMe2)(NB-η1-C6H4)CC=N(CH2)2SPh(CA–NB)(CB–
CC)]Pd(OAc) (5): The procedure for the preparation of 5 was sim-
ilar to that used for 4; however, compound 3 was used instead of
2. A pale brown solid was obtained. Yield, 0.18 g, 61.9%. 1H NMR
(600 MHz, CDCl3): δ = 1.44 [s, 6 H, C(CH3)2], 2.08 [s, 3 H, OC(O)
CH3], 2.98 (t, 3J = 6.0 Hz, 2 H, CH2), 3.65 (t, 3J = 6.0 Hz, 2 H,
CH2), 6.93 (m, 2 H, CH-Ph), 7.11 (m, 1 H, CH-Ph), 7.13 (m, 1 H,
CH-Ph), 7.21 (m, 1 H, CH-Ph), 7.33 (m, 2 H, CH-Ph), 7.43 (m, 3
H, CH-Ph), 7.78 (m, 1 H, CH-Ph), 8.13 ppm (m, 3 H, CH-Ph).
13C{1H} NMR (150 MHz, CDCl3): δ = 21.0 [s, C(CH3)2], 24.0 [s,
O-C(=O)-CH3], 39.2 (s, CH2), 52.1 (s, CH2), 57.1 [s, C(CH3)2],
116.7, 120.8, 124.2, 124.9, 125.8, 129.0, 129.6, 129.7, 133.5, 134.4
(CH-C6H5), 129.76, 129.82, 129.87, 145.5, 153.2, 158.8 (one η1-Ph,
three Cipso-C6H5 and two C=N groups), 177.3 ppm [s, O-C(=O)-
CH3]. C27H27O2N3PdS (564.01): calcd. C 57.50, H 4.83, N 7.45;
found C 57.26, H 5.08, N 7.36.

[PhN=CA(CBMe2)(NB-η1-C6H4)CC=N(CH2)2S(CMe3)(CA–NB)-
(CB–CC)]PdCl (6): To a flask containing 4 (0.14 g, 0.25 mmol) and
LiCl (0.04 g, 1.0 mmol) 30 mL methanol was added at room tem-
perature. After 0.5 h of stirring, the yellow suspension was filtered
and the precipitate was washed with 20 mL deionized water fol-
lowed by 20 mL hexane to afford a yellow solid. Yield, 0.068 g,
52.4%. 1H NMR (600 MHz, CDCl3): δ = 1.50 [s, 6 H, C(CH3)2],
1.66 [s, 9 H, C(CH3)3], 2.71 (t, 3J = 6.6 Hz, 2 H, CH2), 3.79 (t, 3J
= 6.6 Hz, 2 H, CH2), 6.95 (m, 2 H, CH-Ph), 7.07 (t, 3J = 6.6 Hz,
1 H, CH-Ph), 7.14 (t, 3J = 7.2 Hz, 1 H, CH-Ph), 7.16 (t, 3J =
7.2 Hz, 1 H, CH-Ph), 7.34 (t, 3J = 7.8 Hz, 1 H, CH-Ph), 8.10 (d,
3J = 7.8 Hz, 1 H, CH-Ph), 8.41 ppm (d, 3J = 7.8 Hz, 1 H, CH-Ph).
13C{1H} NMR (150 MHz, CDCl3): δ = 21.1 [s, C(CH3)2], 30.6 [s,
C(CH3)3], 31.3 (s, CH2), 49.9 [s, C(CH3)3], 53.1 (s, CH2), 57.0 [s,
C(CH3)2], 116.8, 120.8, 124.2, 125.1, 125.5, 129.0, 138.9 (CH-
C6H5), 130.1, 130.2, 145.5, 153.1, 158.7 ppm (one η1-Ph, two Cipso-
C6H5, and two C=N groups). C23H28ClN3PdS (520.43): calcd. C
53.08, H 5.42, N 8.07; found C 53.29, H 5.36, N 8.40.
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[PhN=CA(CBMe2)(NB-η1-C6H4)CC=N(CH2)2SPh(CA–NB)(CB–
CC)]PdCl (7): The procedure for the preparation of 7 was similar
to that used for 6; however, compound 5 was used instead of 4.A
yellow solid was obtained. Yield, 0.274 g, 87.0 %. 1H NMR
(600 MHz, CD2Cl2): δ = 1.46 [s, 6 H, C(CH3)2], 2.99 (t, 3J = 6.0 Hz,
2 H, CH2), 3.76 (br., 2 H, CH2), 6.97 (d, 3J = 7.2 Hz, 2 H, o-Ph),
7.04 (m, 1 H, CH-Ph), 7.14 (t, 3J = 7.2 Hz, 1 H, CH-Ph), 7.19 (t,
3J = 7.2 Hz, 1 H, CH-Ph), 7.35 (t, 3J = 7.8 Hz, 2 H, m-Ph), 7.47
(m, 3 H, CH-Ph), 8.11 (m, 2 H, CH-Ph), 8.17 (d, 3J = 8.4 Hz, 1
H, CH-Ph), 8.40 ppm (m, 1 H, CH-Ph). 13C{1H} NMR (150 MHz,
CD2Cl2): δ = 21.0 [s, C(CH3)2], 39.2 (s, CH2), 53.3 (s, CH2), 57.4
[s, C(CH3)2], 117.1, 120.9, 124.3, 124.7, 125.7, 129.2, 129.8, 130.0,
133.4, 138.9 (CH-C6H5), 129.6, 130.3, 130.7, 145.8, 153.7,
159.0 ppm (one η1-Ph, three Cipso-C6H5, and two C=N groups).
C25H24ClN3PdS (540.42): calcd. C 55.56, H 4.48, N 7.78; found C
55.47, H 4.070, N 7.80.

General Procedure for the Suzuki-Type Coupling Reaction: Pre-
scribed amounts of catalyst, base (2.0 equiv.), boronic acid
(1.5 equiv.), and aryl halide (1.0 equiv.) were placed under nitrogen
in a Schlenk tube. Solvent (2 mL) was added by syringe, and the
reaction mixture was heated at the prescribed temperature for the
prescribed amount of time.

General Procedure for the Heck Reaction: Prescribed amount of
catalysts, base (1.5 equiv.) and aryl halide (1 equiv.) were placed
under nitrogen in a Schlenk tube. Solvent (2 mL) and styrene
(1.3 equiv.) were added by syringe, and the reaction mixture was
heated at the prescribed temperature for the prescribed amount of
time.

Crystal Structure Data: Crystals were grown from CHCl3 solution
(3) or a CH2Cl2/hexane solution (4), and then isolated by filtration.
Suitable crystals of 3 or 4 were sealed in thin walled glass capillaries
under nitrogen and mounted on a Bruker AXS SMART 1000 dif-
fractometer. Absorption corrections were based on symmetry
equivalent reflections and applied using the SADABS program.
Space group determinations were based on the Laue symmetries
and systematic absences exhibited by the diffraction patterns, and
were confirmed by the structure solutions. The structures were
solved by direct methods using the SHELXTL package. All non-

Table 5. Summary of crystal data for compounds 3 and 4.

3 4

Formula C25H25N3S C26H35Cl2N3O3PdS
Fw 399.54 646.93
T [K] 293(2) 293(2)
Crystal system triclinic monoclinic
Space group P1̄ C2/c
a [Å] 7.9986(8) 22.7849(14)
b [Å] 11.6307(11) 13.2886(8)
c [Å] 12.1069(11) 20.8977(13)
α [°] 90.187(2) 90
β [°] 98.050(2) 112.7370(10)
γ [°] 100.699(2) 90
V [Å3] 1095.32(18) 5835.7(6)
Z 2 8
ρcalc [Mg/m3] 1.211 1.473
µ(Mo-Kα) [mm–1] 0.163 0.922
Reflections collected 6263 16054
No. of parameters 262 335
R1[a] 0.0491 0.0422
wR2[a] 0.1452 0.1332
GoF[b] 1.065 1.14

[a] R1 = [Σ(|Fo| – |Fc|)/Σ |Fo|]; wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2,

w = 0.10. [b] GoF = [Σw(Fo
2 – Fc

2)2/(Nrflns – Nparams)]1/2.
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hydrogen atoms were located from successive difference Fourier
maps, and hydrogen atoms were refined using a riding model. An-
isotropic thermal parameters were used for all non-hydrogen atoms,
and fixed isotropic parameters were used for the hydrogen atoms.
The asymmetric unit of 4 contains a severely disordered molecule
of dichloromethane, and a molecule of water. Crystallographic data
collection and refinement details are given in Table 5.

CCDC-269677 and -269678 for compounds 3 and 4 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The ligands L1H4, L2H2, and L3H4 have been synthesized,
featuring two, one, and two ferrocene-functionalized di-
amino-diamido compartments, respectively. The coordina-
tion chemistry of the ligands towards Cu2+ has been fully
characterized by means of potentiometric and spectrophoto-
metric titrations, which allowed us to determine the proton-
ation constants of the ligands, the formation constants of their
complexes, and their coordination geometry. L1H4 and L2H2

feature additional diaminopyridine and bis(aminoquinoline)
binding sites, respectively, and are capable of the pH-driven
translocation of two and one Cu2+ cations, respectively. Elec-

Introduction

The controlled translocation of metal cations is a recent
development of coordination chemistry in solution based
on the concepts elaborated by supramolecular chemistry,[1]

and is at the edge of one of the hot topics of nanotechnol-
ogy, i.e. molecular machines and controlled motions at the
molecular level.[2]

However, few papers have been published so far in this
field. As a first example, the chemically promoted redox-
driven translocation of one iron cation inside a polytopic
ligand was reported by the group of Shanzer in 1995,[3a]

and the same author reported the redox-controlled translo-
cation of one copper cation in 2002.[3b]

Using a different approach, we are involved in a long-
term research effort concerning the translocation of transi-
tion metal cations in aqueous solutions driven by the varia-
tion of a classical bulk property, i.e. pH.[4,5] This approach
has also been exploited by a few other groups.[6] Recent
results obtained by our group include the simultaneous pH-
driven translocation of two Cu2+ cations inside large
macrocyclic ligands containing two dioxo232 and two di-
aminopyridine binding sites, and functionalized either with
a benzyl[7] or a propargyl[8] unit on the central carbon of
the malonic amide groups. For the latter examples, the pH-
driven double translocation process can be summarized as

[a] Dipartimento di Chimica Generale, Università di Pavia,
viale Taramelli 12, 27100 Pavia, Italy
E-mail: psp@unipv.it

[b] Dipartimento di Chimica n. 4, Università La Sapienza,
piazzale Aldo Moro 5, 00185 Roma, Italy
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trochemical experiments (CV) coupled with pH-metric ti-
trations demonstrate that while the coordination of Cu2+ to
the compartments more distant from ferrocene (Fc), i.e. di-
aminopyridine in L1H4 and bis(aminoquinoline) in L2H2

leaves the oxidation potential of Fc unchanged, the trans-
location of the Cu2+ cation(s) inside the diamino-diamido
compartment(s) is signaled by a peculiar lowering of the Fc
oxidation potential.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

follows: at slightly acidic or neutral pH values, the two Cu2+

cations reside in the diaminopyridine compartments
(Scheme 1: [BZH4Cu2]4+ blue, λmax = 660 nm, and
[PGH4Cu2]4+ blue, λmax = 660 nm) but when the pH is
raised enough, the two dioxo232 compartments lose their
amido protons and the Cu2+ cations move inside the very
effective diamino-diimido binding units to form a neutral
complex ([BZCu2] and [PGCu2] in Scheme 1). The overall
molecular shape and Cu2+ coordination number and geom-
etry in the neutral complexes depend on the bulkiness of
the substituent: the slim propargyl allows folding and apical
coordination of one pyridine to each Cu2+ cation (square-
pyramidal geometry, purple, λmax = 575 nm), while the
bulky benzyl prevents folding, resulting in square-planar
Cu2+ cations (pink, λmax = 515 nm). Visual and instrumen-
tal recognition of the double movement is based on the
color change.

In this paper we report a double pH-driven Cu2+ translo-
cation inside the ligand L1H4, whose backbone is identical
to that of BZH4 and PGH4 but features two ferrocene (Fc)
groups instead of benzyl and propargyl moieties. For sake
of comparison the Fc-containing L2H2 and L3H4 ligands,
which are capable of single Cu2+ translocation and in-
clusion of two Cu2+ cations with no translocation, respec-
tively, on changing pH, have also been studied. As Fc is
reversibly oxidizable and its potential is significantly influ-
enced by nearby charges or dipoles, the study of the Fc
redox potential as a function of the absence/presence and
position of Cu2+ cation(s) in these new systems has two
goals: i) obtaining an electrochemical signal, as an alterna-
tive to color[4,7,8] or fluorescence changes,[4,5] that can be
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Scheme 1. Pictorial representation of pH-driven double Cu2+ translocation (upper equilibrium, ref.[6]) and pH-driven double Cu2+ translo-
cation plus folding (lower equilibrium, ref.[7]) in ligands BZH4 and PGH4.

used to monitor the position(s) of the cation(s) inside the
ligands; and ii) evaluating how a change in the overall
charge and in the charge distribution upon Cu2+ translo-
cation can electrostatically influence the space region occu-
pied by ferrocenes. These are linked to a long-term research
project of ours concerning the grafting of ligands on Si sur-
faces,[9] which may be achieved by surface reactions of the
propargyl groups[10] and is thus accessible for ligands like
PGH4.

Accordingly, we report here the full characterization in
aqueous solution of ligands L1H4, L2H2, and L3H4 and of
their copper complexes, by means of the determination of

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4649–46574650

the protonation and complexation constants of the forms
present in the pH range 2–12. The pH values between which
double and single Cu2+ translocation takes place in L1H4

and L2H2, respectively, are determined. The nature and the
coordination geometry of the pertinent copper complexes
are investigated by UV/Vis spectroscopy. Finally, electro-
chemical (CV) investigations on the Fc redox potential have
been carried out in aqueous solution as a function of pH,
in the presence and in the absence of Cu2+, to determine
the effect of the metal cations and of their positions on the
Fc oxidation potential.

Results and Discussion

Copper Complexes in Aqueous Solution and pH-Driven
Translocation

The protonation and complexation constants of the fer-
rocene-containing ligands L1H4, L2H2, and L3H4 were de-
termined by means of potentiometric titrations in a water/
dioxane (1:4, v/v) mixture due to the hydrophobic nature of
the ferrocene molecule, which does not allow solubilization
of the three ligands in pure water. Titrations were carried
out automatically by addition of base to solutions contain-
ing first ligand only plus excess acid (for the determination
of the protonation constants) and then to solutions con-
taining ligand, the pertinent quantity of Cu(CF3SO3)2 (2,
1, and 2 equiv. in the case of L1H4, L2H2, and L3H4,
respectively), and excess acid. The logK (protonation and
complexation) values were obtained by elaboration of the
emf vs. volume of added base data obtained by means of
the Hyperquad program suite.[11] Experimental conditions
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and details are described in the Experimental Section. The
calculated logarithmic protonation constants data are col-
lected in Table 1.

Table 1. Logarithmic step protonation constants for ligands. Un-
certainties are indicated in parentheses.[a]

logK1 logK2 logK3 logK4

L1H4 8.78(0.01) 7.77(0.01) 6.91(0.01) 6.15(0.02)
L2H2 7.98(0.01) 6.78(0.01) 3.35(0.02)
L3H4 7.89(0.01) 7.80(0.01) 6.87(0.02) 6.04(0.02)

[a] Data obtained in dioxane/water (8:2, v/v), 0.05  NaNO3, T =
25 °C.

The number and logK values of the found protonation
steps are in agreement with those already described for sim-
ilar ligands in the same solvent mixture.[4,5] The formation
constants of the copper complexes of the three ligands and
the relative equilibria are reported, as logarithmic values, in
Tables 2 (L1H4 and L3H4) and 3 (L2H2) The distribution
diagrams in Figure 1 (parts A–C), in which the percentage
of each species (with respect to total ligand) is expressed as
a function of pH, can be drawn from the data in all these
tables.

From Figure 1 (A) it can be seen that the system contain-
ing ligand L1H4 and Cu2+ in a 1:2 molar ratio allows the
efficient translocation of the two Cu2+ cations.

The species [L1H4Cu2]4+ (see Scheme 2) contains the
neutral ligand and two copper cations, each of which is che-
lated to the tridentate diaminopyridine units. The large for-
mation constant of this species (24.12 log units) reflects the
chelating nature of the two donor sets and the coordination
of two Cu2+ cations, and is in good agreement with the
values already found for the analogous species [BZH4-
Cu2]4+ and [PGH4Cu2]4+ (Scheme 1, logK = 25.31[7] and
25.30,[8] respectively). This species is the prevalent one in a
large pH range (i.e. between pH 3 and 7), and accounts for
over 95% at 3.7 � pH � 5.9. Its formulation was confirmed
by mass spectrometry (ESI) with solutions containing li-
gand and Cu(CF3SO3)2 in a 1:2 stoichiometry and with the
pH set at between 4 and 5. Peaks were observed for
[L1H4Cu2 – H]3+, [L1H4Cu2 + CF3SO3]3+, and [L1H4Cu2

+ 2CF3SO3]2+ (m/z 368, 369; 418, 419; and 701, 703 respec-
tively). In the analogous complexes [BZH4Cu2]4+ and
[PGH4Cu2]4+, each Cu2+ cation was found to be five-coor-
dinate (diaminopyridine chelate + two water molecules)
with a trigonal-bipyramidal geometry on the basis of the
visible absorption spectra. A d–d absorption band centered
at 670 nm (ε = 190 –1 cm–1) can also be observed for
[L1H4Cu2]4+ when spectra are taken at 3.7 � pH � 5.9,

Table 2. Formation constants of the Cu2+-containing species for the ligands featuring two dioxo232 compartments. Column 1 reports the
relative equilibrium for each value relative to a generic tetra-amido ligand LH4. Uncertainties are indicated in parentheses.[a]

L1H4 L3H4

LH4 + 2Cu2+
w [LH4Cu2]4+ 24.12(0.01) 10.63(0.01)

LH4 + 2Cu2+ + H2O w [LH4Cu2(OH)]3+ + H+ 16.93(0.02) –1.23(0.02)
LH4 + 2Cu2+ + 2H2O w [LH4Cu2(OH)2]2+ + 2H+ 8.25(0.02)
LH4 + 2Cu2+

w [LCu2] + 4H+ –13.17(0.02) –14.89(0.03)

[a] Data obtained in dioxane/water (8:2, v/v), 0.05  NaNO3, T = 25 °C.
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Table 3. Formation constants of the Cu2+-containing species for
the ligand featuring one dioxo232 compartment. Column 1 reports
the relative equilibrium for each value relative to a generic diamido
ligand LH2. Uncertainties are indicated in parentheses.[a]

L2H2

LH2 + Cu2+
w [LH2Cu]2+ 10.90(0.01)

[LH3]+ + Cu2+
w [LH3Cu]3+ 14.86(0.01)

LH2 + Cu2+ + H2O w [LH2Cu(OH)]+ + H+ 5.04(0.01)
LH2 + Cu2+

w [LCu] + 2H+ –2.56(0.02)

[a] Data obtained in dioxane/water (8:2, v/v), 0.05  NaNO3, T =
25 °C.

despite the absorption band of ferrocene in the visible range
(λmax = 440 nm, ε = 186 –1 cm–1). Figure 2 shows a spec-
trum taken for this species at pH 5.1. The solution has a
green color due to the combination of blue (band at
670 nm) and yellow-orange (ferrocene band at 440 nm).

On increasing the pH above 6, the two hydroxide species
[L1H4Cu2(OH)]3+ and [L1H4Cu2(OH)2]2+ are formed by
deprotonation of the coordinated water molecules. A pKa

of 7.19 and 8.68 may be calculated for the first and second
deprotonation steps. These values are too large to suggest
bridging of OH– between the two Cu2+ cations.[12] The d–
d absorption band of coordinated copper does not change
significantly on passing from [L1H4Cu2]4+ to
[L1H4Cu2(OH)]3+ and [L1H4Cu2(OH)2]2+ (a shift of λmax

to 675 nm and a lowering of ε to 160 are observed), simi-
larly to the analogous complexes of BZH4 and PGH4.[7,8]

When the pH is raised to above 9.8 the solution takes a
brown-purple color due to the neutral species [L1Cu2],
which is the prevalent one at pH � 10.8 (� 95% at pH �
11.3). In this species the two Cu2+ cations have translocated
inside the diamino-diimido compartments (see Scheme 2).
Mass spectra measured at pH � 11.3 display the peak for
[L1Cu2 + H]+ (m/z 1101, 1103). The interpretation of the
UV/Vis spectrum of this species is complicated by the pres-
ence of the ferrocene band. While the band at 670 nm dis-
appears when [L1Cu2] is formed (see part A of Figure 1,
black triangles, for an Abs670 vs. pH plot), the band for
this species falls under the Fc absorption, as can be seen in
Figure 2 for a spectrum taken at pH 11.5. The effect of the
formation of [L1Cu2] is to shift the apparent absorption
maximum of Fc to longer wavelengths and to increase the
intensity of the band. Subtracting the spectrum at pH 5.1
from that at pH 11.5 gives the profile shown in the inset
of Figure 2, which gives an indication that the absorption
maximum of [L1Cu2] is closer to 515 nm (absorption of
[BZCu2][7]) than to 575 nm (absorption of [PGCu2][8]). This
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Figure 1. Distribution diagrams for the three systems, expressed as
percentage of species (with respect to total ligand) vs. pH. Each
diagram has been calculated for a 10–3  ligand concentration. The
species relative to each curve are reported on the diagram. A: L1H4

+ 2Cu2+; black triangles indicate the absorbance at 670 nm (i.e. at
λmax for [L1H4Cu2]4+) vs. pH. B: L3H4 + 2Cu2+; grey squares indi-
cate the absorbance at 515 nm (i.e. at the expected maximum of
absorption for the Cu2+-centered d–d transition) vs. pH. C: L2H2

+ Cu2+; grey circles indicate the absorbance at 580 nm (i.e. at λmax

for [L2Cu]) vs. pH.

fits well with a structure in which each Cu2+ is square
planar, as shown in Scheme 2, which is indeed what would
be expected if we consider the bulkiness of the ferrocene
group, which should prevent the folding of the ligand struc-
ture and thus not allow apical coordination of Cu2+ by the
pyridine moiety.[8]

According to these findings, translocation of the Cu2+

cations from the diaminopyridine compartments to the di-
amino-diimido ones (and vice versa) can occur as shown in
Scheme 2, i.e. by changing the pH between two values cho-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4649–46574652

sen in the range 3.7–5.9 and �11.3. The movement is re-
versible and can be performed repeatedly, as confirmed by
adding first excess base to a solution at pH 4.0 and then
the same quantity of acid 10 times: the recorded spectra for
[L1H4Cu2]4+ and [L1Cu2] are superimposable, apart from a
negligible lowering of the intensity due to dilution. Kinetic
characterization of the translocation process is beyond the
scope of this paper. However, it can be noticed that the
process is relatively fast: an instantaneous (i.e. not progress-
ive) color change was observed visually upon addition of
acid or base, and even though only a few seconds were
needed to add the acid or base and transfer a sample of the
bulk solution to a cuvette, the sequence of constant absorp-
tion spectra obtained subsequently indicated that the trans-
location process was already complete. In this connection,
the question may be raised whether the cation translocation
is an intra- or an intermolecular process. Careful kinetic
measurements would be needed to give a reliable answer to
this question, and again these are outside the scope of this
paper. However, the hypothesis that the movement is intra-
molecular can be put forward. First of all it should be
stressed that the probability of the translocation process is
much higher between two compartments belonging to the
same ligand molecule than between two compartments of
different ligand molecules (binding of Cu2+ to the starting
compartment means that the receiving compartment be-
longing to the same molecule would feel an enormously in-
creased local concentration of Cu2+). Moreover, kinetic
studies carried out on closely related systems always show
the intramolecular nature of the cation translocation pro-
cesses.[4a,5]

It is interesting to compare these findings with those
found for the non-translocating system containing the
macrocyclic bis-dioxo232 ligand L3H4 and Cu2+ in a
1:2 molar ratio. In this case, the structure of the ligand does
not allow chelation and formation of stable Cu2+ com-
plexes, apart from the square-planar, neutral bis-Cu2+ spe-
cies [L3Cu2], which is obtained by the release of the four
amido protons. Accordingly, the distribution diagram (Fig-
ure 1, B) is dominated by the tetraprotonated, non-
metalated species [L3H8]4+ and by [L3Cu2], which is pre-
valent at pH � 6.2 and accounts for more than 95% at
pH 6.8. Indeed, a species in which two Cu2+ cations interact
with the free ligand, i.e. [L3H4Cu2]4+, is observed with a
very low formation constant (10.63 logunits), and may be
representative of the coordination of each Cu2+ to a single
amine nitrogen. This species forms in low quantities and in
a limited pH range (it goes over 5% only between pH 5.6
and 6.5, reaching a maximum of around 50%) and is not
competitive with respect to [L3Cu2]. As a consequence, no
translocation is possible in this system and formation of the
neutral, square-planar species [L3Cu2] is anticipated, on the
pH axis, with respect to what is found for [L1Cu2]. In par-
ticular, [L3Cu2] goes over 95% at pH � 6.8, while [L1Cu2]
goes over 95% at pH � 11.3, with a dramatic shift of 4.5
pH units. As regards the UV/Vis spectra, at acidic pH val-
ues this system displays only the ferrocene absorption (λmax

= 440 nm, ε = 210 –1 cm–1, orange color) in the visible
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Scheme 2. Pictorial representation of pH-driven double Cu2+ translocation and pH-driven single Cu2+ translocation plus folding in ligands
L1H4 and L2H2. The change in the Fc oxidation potential, which depends on the position(s) of the Cu2+ cation(s), is also evidenced.

range, as can be seen in part B of Figure 2 (spectrum mea-
sured at pH 4.0). At the pH values in which the formation
of [L3Cu2] begins, the Fc band shifts to longer wavelengths,
increases in intensity, and gains a shoulder due to the intrin-
sic absorption of Cu2+ inside the diamino-diimido compart-
ments (the solution takes a brown-purple color). Above
pH 7 a series of superimposable spectra are obtained. Fig-
ure 2 (part B) also shows a spectrum recorded at pH 8.5.
The inset B of Figure 2 displays the profile obtained by sub-
tracting the spectrum recorded at pH 4.0 from that re-
corded at pH 8.5: noticeably, a curve similar to the inset A
of Figure 2 is obtained, which can be considered a further
indication of the square-planar nature of Cu2+ in [L1Cu2].
Moreover, plotting the absorbance at 515 nm vs. pH gives
a profile (Figure 1 B, grey triangles) that perfectly superim-
poses the profile of the percentage of [L3Cu2] vs. pH.

Finally, the behavior of the system containing L2H2 and
one equivalent of Cu2+ was examined. In this case, the
structure of the ligand allows only single Cu2+ translo-
cation. Indeed, the ligand resembles two very similar ones
that we have already studied, in which a benzyl group[4b] or
a propargyl group[8] are present instead of FcCH2 in the
same position. In both cases, a single pH-driven Cu2+ trans-
location is possible from the bis(aminoquinoline) compart-
ment to the diamino-diimido one, and vice versa. However,
translocation is accompanied by an overall folding of the
system as the Cu2+ cation coordinated in the diamino-di-
imido compartment is also apically coordinated by quino-
line. We have recently demonstrated that this kind of trans-
location + folding process always takes place when Cu2+

moves in open (i.e. non-cyclic) ligands of this kind, indepen-
dently of the nature of the substituent on the central carbon
of the malonic amide group.[8] Accordingly, we would ex-
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pect a behavior like that sketched in Scheme 2 for L2H2/
Cu2+, and this is confirmed by the experimental results.
Calculation of the potentiometric titrations and formation
constants allows us to draw the distribution diagram for
this system (Figure 2, C). [L2H2Cu]2+ is the species in
which the Cu2+ cation is coordinated by the two bis(amino-
quinoline) chelating units (plus one water molecule), as has
already been found for the systems based on similar benzyl-
and propargyl-containing ligands.[4b,8] It forms at pH values
above 3 and is prevalent between 4.0 and 5.8, reaching a
maximum of 80% at pH 5.1. In the UV/Vis spectra (Fig-
ure 2 C, spectrum taken at pH 5.2), beside the ferrocene ab-
sorption (somewhat masked by the strong quinoline ab-
sorption band, which has a shoulder in the visible range),
a d–d transition is observed at 660 nm (ε = 90 –1 cm–1),
typical of trigonal-bipyramidal Cu2+ in these kind of com-
plexes.[4b,8] At a pH between 4 and 6 the solution has a
green color due to a combination of the ferrocene absorp-
tion and the Cu2+ d–d transition. Mass spectra (ESI) reveal
the expected peaks at m/z 730, 732 for [L2H2Cu-H]+ and at
m/z 880, 882 for [L2H2Cu + CF3SO3]+. On raising the pH
the monohydroxide species [L2H2Cu(OH)]+ forms, with
Cu2+ remaining in the bis(aminoquinoline) compartment,
thanks to the deprotonation of coordinated water. The ab-
sorption spectrum of this species is similar to that of
[L2H2Cu]2+. What is observed is a moderate shift of the
absorption maximum towards shorter wavelengths and no
perceivable change in the color of the solution. The solution
color changes when the pH is raised over 7 and [L2Cu]
forms in significant amounts. This species is that in which
Cu2+ has translocated into the diamino-diimido compart-
ment. It becomes prevalent above pH 7.9 and accounts for
over 95% at a pH above 9.5. At this pH or higher, the
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Figure 2. A: absorption spectra for the system L1H4 + 2Cu2+ at
1.1×10–3  ligand concentration; the spectrum recorded at pH 5.1
belongs to [L1H4Cu2]4+, the spectrum recorded at pH 11.5 belongs
to [L1Cu2]. Subtraction of the spectrum at pH 5.1 from the spec-
trum at pH 11.5 is shown in the inset. B: Absorption spectra for
the system L3H4 + 2Cu2+ at 1.0×10–3  ligand concentration; the
spectrum recorded at pH 4.0 belongs to [L3H8]4+ and the very
weak and large band (between 600 and 900 nm) is due to free Cu2+

(not complexed at this pH value, see also Figure 1, B), i.e. it is the
d–d transition of the solvated cation; the spectrum recorded at
pH 8.5 belongs to [L3Cu2]; the subtraction of spectrum at pH 4.0
from spectrum at pH 8.5 is shown in the inset. C: Absorption spec-
tra for the system L2H4 + Cu2+ at 1.0×10–3  ligand concentra-
tion; the spectrum recorded at pH 5.2 belongs to [L2H2Cu]2+, the
spectrum recorded at pH 10.8 belongs to [L2Cu].

solution display a green/brown color and the UV/Vis spec-
tra show that the Cu2+ d–d band has shifted to 580 nm (ε
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= 110 –1 cm–1). This is the typical value for a pentacoordi-
nate, square-pyramidal Cu2+ cation inside a diamino-di-
imido compartment and apically coordinated by quino-
line.[4b,8] (Figure 2 C, spectrum taken at pH 10.8). By means
of a coupled pH-metric/spectrophotometric titration it is
possible to obtain a plot of the absorbance at 580 nm vs.
pH (part C of Figure 1, grey circles), which shows superim-
position with the relevant percentage of species vs. pH
curves. The observed step profile of Abs580 vs. pH is due to
the fact that both [L2H2Cu]2+ and [L2H2Cu(OH)]+ also
have a significant absorbance at 580 nm. The ESI mass
spectra show a peak at m/z 730, 732 for [L2Cu + H]+. Ac-
cordingly, single Cu2+ translocation plus folding can take
place, as illustrated in Scheme 2. The reversibility of the
backwards and forwards movements was checked by pre-
paring a solution of [L2H2Cu]2+ at pH 5.2 and adding first
excess strong base and then the same quantity of strong
acid for ten cycles, always obtaining superimposable spectra
for [L2H2Cu]2+ and [L2Cu], with a negligible effect due to
dilution.

The Effect of the Translocation Process on the Ferrocene
Oxidation Potential

A huge number of multicomponent molecular systems
that contain Fc and one or more binding units are capable
of electrochemically signaling the coordination of metal cat-
ions to the binding units or the protonation of the donor
atoms of the latter. The proximity of Mn+ (or, for example,
of NH2

+) makes the oxidation potential of Fc increase due
to obvious electrostatic repulsion effects between the posi-
tive charge and ferricinium.[13]

We first examined the effect of protonation of the amine
groups on the Fc oxidation potential in our ligands in the
absence of metal cations. Each ligand was dissolved in the
same solvent used for complexation studies (dioxane/water,
4:1 v/v) to a 10–3  concentration, with 0.1  NaNO3 as the
background electrolyte, and a series of CV experiments
were carried out spanning the 2–12 pH interval by means
of addition of excess standard HNO3 and microadditions
of standard NaOH. Quite interestingly, the oxidation po-
tential of Fc does not change significantly with proton-
ation, even at the lower limit of the examined interval, i.e.
pH 2. At the more acidic pH values the found E1/2 values
are –175, –178, and –170 mV for the species [L1H8]4+,
[L2H5]3+, and [L3H8]4+ respectively (potential values refer-
enced to Ag/Ag+ electrode; see Exp. Sect. for details), while
at more basic values the measured values are –182, –184,
and –180 mV for L1H4, L2H2, and L3H4, respectively (re-
versible waves are found in all cases, with a peak separation
of around 120 mV at a scan rate of 400 mVs–1). These val-
ues are close to the average for a mono-alkyl-substituted
ferrocene, and the absence of significant changes on proton-
ation is indeed not unexpected as it has already been dem-
onstrated that a distance of more than three carbon atoms
between ferrocene and the group changing its charge makes
any electrostatic effects almost negligible.[14] However it is
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worth stressing that even in +4 charged systems as
[L1H8]4+ and [L3H8]4+ the peripheral ferrocene moieties do
not experience any significant change (�10 mV) in the po-
tential of their oxidation process.

After obtaining these data we examined the effect on the
Fc oxidation potential of the presence/absence of Cu2+ cat-
ions, and of their translocation, in the three ligands by me-
ans of coupled pH-metric titrations and electrochemical
measurements. We coupled pH-metric titrations and CV
measurements by adding base to acidic solutions containing
ligand + 2Cu2+ (L1H4 and L3H4) or ligand + Cu2+ (L2H2).
In the case of the double translocating system L1H4/2Cu2+

at the pH values at which [L1H4Cu2]4+, [L1H4Cu2(OH)]3+,
and [L1H4Cu2(OH)2]3+ exist, the E1/2 for Fc+/Fc oxidation
remains constant at –180 mV vs. Ag+/Ag (reversible, peak
separation = 120 mV at a scan rate of 400 mVs–1), i.e.
roughly the same value observed both for the free and the
protonated ligand. This clearly indicates that when the Cu2+

cations are located in the diamino-pyridine compartments
they are too far from Fc to exert any significant effect on
it. On the other hand, when the pH is raised enough (�9.8)
to translocate the two Cu2+ cations inside the deprotonated
dioxo232 compartments and form [L1Cu2], a significant
shift in the Fc redox potential is observed, with E1/2

decreasing to a final value of –230 mV vs. Ag+/Ag (revers-
ible, peak separation = 120 mV at a scan rate of
400 mVs–1), obtained at pH values above 11.2, i.e. where
[L1Cu2] accounts for more than 95% of the species present
in solution. A nice superimposition of the E1/2 vs. pH pro-
file is observed with the formation curve of [L1Cu2], as
shown in Figure 3. It should be noted that the lowering of
the oxidation potential of ferrocene due to the presence of
a nearby metal cation is unusual but not new, as has already
been reported in a ligand containing ferrocene and a simple
dioxo232 ligand.[15] The overall charge in the complex is
zero, but in each Cu2+/diamino-diimido compartment a di-
pole is formed by Cu2+ and the two negative charges (delo-
calized between the oxygen atoms and the conjugated imido
nitrogens) that points its negative end towards the region of
space in which the ferrocene moiety is located.

The same kind of result is found for the single Cu2+

translocating system L2H2/Cu2+. At the pH values in which
Cu2+ is in the bis(aminoquinoline) compartment (up to
pH 6) the observed E1/2 for Fc oxidation is –184 mV (i.e.
roughly the same as for the free or protonated ligand), while
a negative shift is observed when the pH is raised and
[L2Cu] begins to form. A final value of –232 mV vs. Ag+/
Ag is observed at pH 9.5 or higher ([L2Cu] � 95%).

Accordingly, this behavior allows electrochemical signal-
ing of the pH-driven translocation of the Cu2+ cations.
Moreover, this result gives a clear indication that the two
different positions in which the Cu2+ cations can be located
should have sharply different effects (e.g. as regards electri-
cal capacity) on a surface to which L1H4 and L2H2 ligands
are grafted by reaction of a HC�C–CH2– group bound to
the same carbon bearing the FcCH2 substituent. Finally, it
should be mentioned that, obviously, the same negative
shift effect is observed for the L3H4/2Cu2+ system. How-
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Figure 3. Distribution diagram for the system L1H4/2Cu2+ at
10–3  ligand concentration, with superimposed (grey triangles)
E1/2 values for the Fc+/Fc couple as a function of pH, showing the
negative shift that occurs on changing the position of the copper
cations from the diaminopyridine to the diamino-diimido units.

ever, as in this case no species exists to any significant de-
gree in which the Cu2+ cations are located on the ligand,
except [L3Cu2], a shift in the ferrocene E1/2 is observed on
going from the protonated ligand (–180 mV) to the [L3Cu2]
complex (–224 mV), i.e. it is not due to a translocation pro-
cess.

Conclusions

Two new ligands have been studied in which double and
single pH-driven Cu2+ translocation has been demonstrated
to take place. Due to the bulkiness of the ferrocene group,
in the macrocyclic and double translocating system (L1H4/
2Cu2+), translocation to the diamino-diimido compart-
ments produces an authentic square planar Cu2+ complex.
On the other hand, in the open ligand and single translocat-
ing system (L2H2/Cu2+) translocation to the diamino-di-
imido compartment results in a five-coordinate Cu2+ center,
with one quinoline folding to coordinate copper in one of
its apical positions. From an electrochemical point of view,
positioning of the Cu2+ cations in the compartments that
are more distant from the Fc unit does not influence its
redox potential at all. However, translocation inside the di-
amino-diimido compartments influences the oxidation of
the ferrocene groups, which becomes easier by around
50 mV, thus allowing electrochemical signaling of the pH-
driven translocation process. The unusual negative shift of
the Fc oxidation potential on complexation of Cu2+ in the
diamino-diimido compartment reflects the formation of a
dipole that has its negative end pointing towards the region
of space in which the ferrocene is located. Beside adding
an electrochemical tool for signaling cation translocation
processes, this work also gives an indication that, if mole-
cules with the same structure as those studied here could
be grafted on a conducting surface through the covalent
binding of groups located in the same position as ferrocene,
the surface could change its properties (e.g. impedance)
upon translocation of the Cu2+ cation(s).
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Experimental Section
Synthesis: The syntheses of the three ligands use N1,N3-bis(2-
aminoethyl)-2-(ferrocenylmethyl)malonamide (Ferrocene-methyldi-
oxo232) as the starting material, which was prepared according to
a literature procedure.[15] 2-Quinolinecarboxaldehyde and 2,6-pyri-
dinedicarboxaldehyde were purchased from Aldrich and used with-
out further purification.

L1H4: 2,6-Pyridinedicarboxaldehyde (134 mg, 1 mmol) was dis-
solved in 60 mL of CH3CN. Ferrocene-methyldioxo232 (386 mg,
1 mmol) dissolved in 40 mL of CH3CN was then added dropwise
over a 2 h period under nitrogen and the mixture was kept under
magnetic stirring overnight. An orange brown product (the tetra-
imino macrocycle) was collected by suction filtration, dissolved in
methanol, and reduced with excess NaBH4 (600 mg for each mol
of C=N, considering 100% yield from the previous step), which
was added in small portions, at room temperature, to avoid foam-
ing. After the addition, the mixture was heated at reflux for 2 h,
then cooled to room temperature and the solvent evaporated on a
rotary evaporator. Water (100 mL) was added to the crude semi-
solid mixture, and the hydrolyzed suspension was extracted with
three 30-mL portions of CH2Cl2. The organic portions were gath-
ered, dried with MgSO4, filtered, and the solvent removed on a
rotary evaporator to give a yellow solid (237.5 mg, 0.243 mmol,
47.1% yield). ESI-MS: m/z 979 [L1H4 + H]+. 1H NMR (DMSO):
δ = 7.94 (t, 4 H, CO-NH-CH2), 7.68 (t, 2 H, py-H), 7.24 (d, 4 H,
py-H), 4.11 (s, 10 H, H of ferrocene), 4.02 (s, 4 H, H of ferrocene),
4.00 (s, 4 H, H of ferrocene), 3.4–3.0 [m, 14 H, amine protons +
CO-CH(R)-CO + CO-NH-CH2], 2.74 (d, 4 H, Fc-CH2-CH), 2.50
(m, CH2-NH-CH2 + DMSO) ppm. C50H62Fe2N10O4·CH2Cl2
(1063.7): calcd. C 57.63, H 6.07, N 13.18; found C 57.58, H 6.05,
N 13.15.

L2H2: Quinoline-2-carboxaldehyde (628.7 mg, 4 mmol) was dis-
solved in 20 mL of ethanol. Ferrocenemethyl-dioxo232 (772 mg,
2 mmol) was dissolved in 30 mL of ethanol and added dropwise at
room temperature, with magnetic stirring, under nitrogen. After
18 h the solution (containing the diimine) was treated in situ with
excess NaBH4 (600 mg for each mol of C=N). The subsequent
workup was identical to that of L1H4. A brown oily product was
obtained, which was transformed into a yellow solid after repeated
washing with diethyl ether (1.21 g, 90% yield). ESI-MS: m/z 669
[L2H2 + H]+. 1H NMR (DMSO): δ = 8.5–7.5 (m, 14 H, quinoline
protons and CO-NH-CH2), 4.2–3.8 (m, 13 H, H of ferrocene and
NH-CH2-quinoline), 3.2 (m, 5 H, CO-CHR-CO and CO-NH-
CH2), 2.8 (d, 2 H, Fc-CH2-CH), 2.6 (t, 4 H, CH2-NH-CH2) ppm.
C38H40FeN6O2·H2O (686.6): calcd. C 66.47, H 6.16, N 12.24; found
C 66.44, H 6.18, N 12.21.

L3H4: The synthesis of this ligand followed the same procedure
described for L1H4, but with isophthalaldehyde instead of 2,6-pyri-
dinedicarboxaldehyde. The product was obtained as a yellow solid
in 60.6% yield. ESI-MS: m/z 977 [L3H4 + H]+. 1H NMR (DMSO):
δ = 7.86 (s, 4 H, CO-NH-CH2), 7.15–7.25 (m, 8 H, H of the phenyl
rings), 4.10 (s, 10 H, H of ferrocene), 4.02 (s, 4 H, H of ferrocene),
3.99 (s, 4 H, H of ferrocene), 3.61 (s, 8 H, NH-CH2-arene), 3.35
(broad, 4 H, amine protons), 3.2–3.0 [m, 10 H, CO-CH(R)-CO +
CO-NH-CH2], 2.74 (d, 4 H, Fc-CH2-CH), 2.50 (m, CH2-NH-CH2

+ DMSO) ppm. C52H64Fe2N8O4·0.5CH2Cl2 (1019.3): calcd. C
61.86, H 6.43, N 10.99; found C 61.89, H 6.45, N 11.02.

Potentiometric Titrations: Protonation equilibria for ligands L1H4,
L2H2, and L3H4 were studied in dioxane/water (8:2, v/v) made up
to 0.05  in NaNO3, thermostatted at 25 °C, with a Radiometer
automatic system (Titralab TIM900) under nitrogen. In a typical
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experiment, a volume of 20 mL of a 10–3  ligand solution was
treated with 1.0  standard HNO3 in a quantity corresponding to
the mols of ligand multiplied by the number of basic groups
(amines + quinolines or pyridines) and augmented by two. Ti-
trations were run by adding 20-µL portions of standard 0.1 

NaOH and collecting 80–100 points for each titration. Complex-
ation equilibria were studied by means of titrations run under the
same conditions, except that the starting solutions also contained
Cu(CF3SO3)2 in a 1:1 (L2H2) or 2:1 (L1H4 and L3H4) molar ratio
with respect to the ligand. Prior to each potentiometric titration, a
titration according to the Gran method[16] was run to determine
the E° of the glass electrode in the chosen conditions. Protonation
data (emf vs. volume of added base) were processed with the Hy-
perquad package[11] to determine protonation constants.

Spectrophotometric Titrations: Coupled spectrophotometric–pH-
metric titrations were run with a procedure and under conditions
similar to that described for potentiometric titrations. However, in
this case, standard base was added manually by means of a 10- or
20-µL Rainin Pipet-Lite pipette. After each addition, a portion of
the solution was transferred into a quartz cuvette and its absorp-
tion spectrum recorded. After recording the spectrum, the solution
was transferred back to the bulk solution. The spectra recorded
after each addition were associated with a pH value measured in
the bulk solution by means of a glass electrode.

Electrochemistry: Cyclic voltammetric measurements were carried
out in a three electrode cell, using a platinum electrode as the work-
ing electrode, a silver/silver ion electrode as the reference [clean
silver wire into an electrolyte containing silver ion. The electrode
filling solution was dioxane/water (8:2, v/v) made up to 7×10–3 

in AgNO3, with 0.1  NaNO3 as the background electrolyte]. Diox-
ane/water (8:2, v/v) was used as solvent, made up to 0.1  in
NaNO3. Ligand + metal solutions were at concentrations �

5×10–4 . pH was regulated by means of microadditions of stan-
dard acid or base, and checked with a glass electrode dipped in the
electrochemical solution before measurements. Scan rates were in
the 200–400 mVs–1 range.

Instrumentation: Mass spectra were recorded with a Finnigan MAT
TSQ 700 instrument, and NMR spectra with a Bruker AMX 400.
Spectrophotometric measurements were performed with a diode
array HP 8452A spectrophotometer or a Varian CARY 1000
SCAN spectrophotometer. The pH-metric titrations were made
with a Radiometer TitraLab 90 titration system. Electrochemistry
was obtained with a BAS100B/W instrument.
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In this paper we describe the size-controlled synthesis of
a silver nanocomplex based on the reduction of silver
nitrate (AgNO3) by UV-irradiated tungstosilicate acid
[H4(SiW12O40), TSA] solution. This method allows the synthe-
sis of ellipsoidal particles with an average size that is tunable
between 2.4 and 84 nm by varying the molar ratio of silver
nitrate to TSA, the pH of the reaction solution, and the reac-
tion temperature. Silver nanorods can be formed from the

Introduction
Metal nanoparticles are being investigated in consider-

able detail due to their exciting potential applications in ca-
talysis,[1] biological and chemical sensing,[2,3] and optoelec-
tronics.[4] One of the most important current challenges is
to develop experimental recipes that would enable nanopar-
ticle shape-control in addition to size and polydispersity. A
number of nanoparticle morphologies such as wires,[5]

rods,[6] cubes,[7] and nanotriangles/prisms[8] can now be rou-
tinely synthesized by different chemical methods.

Silver nanoparticles, in particular, are of great interest
because of their ability to efficiently interact with light by
virtue of plasmon resonances, which are the collective oscil-
lations of the conduction electrons in the metal. Silver
nanoparticles certainly have the potential to be the building
blocks of future photonic and plasmonic devices as the field
of nanotechnology matures.

A requirement for this progress is the development of a
method that can reliably produce large quantities of silver
nanoparticles with a controlled size distribution as different
applications will require particles with various dimensions
and the ability to tailor surface chemistry. The ideal method
of synthesis should yield essentially naked particles so that
different surface functionalities can be readily introduced
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ellipsoidal nanoparticles by controlling the aging time. The
formation mechanism of these nanorods is also discussed.
The nanoparticles are characterized by UV/Vis spectroscopy,
FTIR spectroscopy, XRD analysis, XPS, electron diffraction
(ED), TEM, and with a Zetasizer instrument.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

for template-assisted or self-assembly based fabrication
methods for nanoscale devices.

The use of tungstosilicate acid [H4(SiW12O40), TSA] to
synthesize silver nanoparticles is an important synthetic
method. TSA ions form a subset of polyoxometalates of the
Keggin structure. These polyoxometalates have the general
formula (XM12O40)(8–n)–, where M is W or Mo and X is a
heteroatom such as P, Si, or Ge, with n being the valency
of X.[9] The TSA ions, accompanying cations, and other
components such as water are arranged in a well-defined
secondary three-dimensional structure, the stability of
which depends on the nature of the counterions, the
amount of water, etc.[10] It is well known that Keggin ions
undergo stepwise multielectron redox processes without a
structural change[11] and can be reduced electrolytically,
photochemically, and chemically (with suitable reducing
agents). They are a large category of metal oxygen cluster
anions with well-defined structures and properties and have
diverse applications in the fields of analytical chemistry,
biochemistry, and solid state devices, and have been used as
antiviral and antitumor reagents. Their redox chemistry is
characterized by their ability to accept and release a certain
number of electrons, in distinct steps, without decomposi-
tion.[12] Recently, Papaconstantinou and co-workers have
shown that photochemically reduced polyoxometalates of
the Keggin structure phosphotungstic acid (PW12O40)3–[13]

lead to the formation of the corresponding metal nanopar-
ticles. Sastry and co-workers have used (PW12O40)3– ions
for making phase-pure core–shell nanoparticles.[14] They
have also used (PW12O40)3– ions as a template for the in-
situ growth of metal nanoparticles,[15,16] star-shaped cal-
cium carbonate crystals,[17] and CdS nanoparticles.[18]
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(PW12O40)3– is stable at a pH of around 1, whereas TSA

is stable up to a pH of about 5.[5] It should be noted that
these two Keggin ions have a similar photochemical behav-
ior except that the reaction rates with (PW12O40)3– appear
to be about two to three times faster than those with
TSA.[19] This faster reaction rate often leads to difficulty in
controlling the morphologies of the particles, therefore TSA
is preferable. In this paper, a general synthetic method that
produces silver nanoparticles in water is proposed. The
method offers the advantages of being easily scalable and
able to produce particles that exhibit long-term stability.
The sizes of the synthesized particles can be varied from
several to eighty nanometers simply by varying the reaction
conditions such as the molar ratio of silver nitrate to TSA,
the pH value of the reaction solution, or the reaction tem-
perature. At the same time, silver nanorods can be obtained
by varying the aging time. The role of the TSA in directing
the morphology of the Ag-TSA colloidal particles for the
growth of nanoparticles of a range of chemical composi-
tions is an exciting aspect of the work with important future
implications in nanoparticle design. Another area where ap-
plications of such composites could arise is in the area of
catalysis. Combining the Keggin-ion scaffold with catalyti-
cally active metal nanoparticles, such as Rh or Pd, could
lead to novel catalysts wherein the Keggin ion and metal
components catalyze different reactions simultaneously.[16]

To the best of our knowledge, this is the first time to study
the size-controlled and shape-controlled synthesis of silver
nanoparticles by the templates of TSA colloidal particles.
The TSA template may be removed by simple dissolution in
an alkaline medium leaving behind reasonably intact silver
nanoparticle superstructures. Presented below are details of
this investigation.

Results and Discussion
A representative Keggin structure (SiW12O40)4– was cho-

sen to study the reaction between (SiW12O40)5– and Ag+

ions. The (SiW12O40]5– ion was obtained by photolysis (λ �
280 nm) of a deaerated 2-propanol/(SiW12O40)4– aqueous
solution, in the presence of, for instance, 2-propanol as a
sacrificial reagent[20] [Equation (1)].

2(SiW12O40)4– + (CH3)2CHOH �
2(SiW12O40)5– + (CH3)2C=O + 2H+ (1)

After UV irradiation, the above solution gradually
turned from colorless to grey (Ag) [Equation (2)]. This
should be due to two reasons: one is the ability of the re-
duced (SiW12O40)5– to transfer the electrons efficiently to
silver ions;[21] the other is the lower potential of the one-
equivalent-reduced tungstate couple (SiW12O40)4–/
(SiW12O40)5– (0.057 V vs. NHE;) relative to Ag+/Ag0

(0.799 V vs. NHE).

(SiW12O40)5– + Ag+ � (SiW12O40)4– + Ag (2)

Furthermore, TSA ions can be utilized cyclically as oxid-
izing agent or reducing agent according to Equations (1)
and (2).
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Figure 1 shows the UV/Vis spectra recorded for a mix-
ture of 1 m AgNO3 and 1 m TSA at different stages of
treatment. Prior to UV irradiation, it can be seen that there
is no absorption in the visible region (0 h, Figure 1A),
whereas after UV irradiation absorption bands are ob-
served in the region 460–478 nm with the reaction time
ranging from 20 to 300 min. These absorption bands are
characteristic of silver nanoparticles and are caused by exci-
tation of surface-plasmon vibrations.[22] Figure 1B shows
the changes of wavelength and absorbance with different
reaction time. From Figure 1, we can see that the absorp-
tion band becomes sharper and the resonance intensity in-
creases, both of which are due to the increase of the number
of silver nanoparticles during the whole process. A gradual
shift of surface plasmon band (from 460 to 478 nm) is com-
mensurate with the increasing (SiW12O40)5– mol fraction. It
can be seen that all the peaks are located at positions be-
tween those for pure (SiW12O40)5– and Ag nanoparticle
plasmon bands (730 and 413 nm, respectively, as reported

Figure 1. (A) UV/Vis spectra (330–850 nm) recorded for an aque-
ous mixture of 1 m AgNO3 and 1 m TSA at different times of
treatment. 0 h: before UV irradiation; 20–300 min: after UV irradi-
ation. (B) Changes of wavelength and absorbance with reaction
time. The inset shows one of the spectra of Figure 1A in the region
from 210 to 330 nm.
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earlier).[13,23,24] The presence of only one plasmon reso-
nance, which shifts gradually from nanosilver to
(SiW12O40)5– ion particle plasmon bands clearly suggests
the formation of TSA-silver nanocomposites rather than a
segregated structure, as two bands would be observed in the
latter case.[14] Thus, the UV-irradiated TSA ions reduce the
Ag+ ions, presumably on the surface of the TSA colloidal
particles. It is notable that, in all experiments, the tungsto-
silicate acid structure remains intact in the process, as deter-
mined by the stability of the absorbance peak at 263 nm
(shown in the inset of Figure 1B), which is characteristic of
the oxidized form of TSA.[13]

In order to study the interaction between AgNO3 and
TSA during UV irradiation, the dynamic process of Ag-
TSA colloid formation was analyzed by monitoring the
conductance of a mixture consisting of equal volumes of
1 m TSA and 1 m AgNO3 solutions (the conductance
value of 1 m aqueous TSA is 1.060 mS while that of 1 m

AgNO3 is 0.532 mS). Figure 2 shows the conductance of
the Ag-TSA reaction mixture measured as a function of the
reaction time. After AgNO3 is added to the TSA solution,
it can be seen that the conductivity increases slowly. The
reason for this is that the silver cations react with TSA
anions to form a strong electrostatic complexation in solu-
tion. During complexation of silver ions with TSA anions,
it is expected that the mobility of ions in solution would
decrease, although the concentration of the ions increases
swiftly. As UV irradiation progresses, the silver ions are re-
duced. At the end of the reaction the silver ions have been
reduced completely, complexation of the silver cations and
TSA anions in solution disappears, and plenty of TSA
anions are generated. This means that the solution conduc-
tivity increases steadily and saturates after about 5 h of re-
action, which is therefore an estimate of the optimum reac-
tion time for the formation of this colloidal Ag nanocom-
plex.

Figure 2. Conductivity measured as a function of time after mixing
equal-volume aqueous solutions of 1 m TSA and 1 m AgNO3

and irradiating for 5 h.

The XRD pattern recorded from a drop-coated film of
the UV-irradiated sample on a glass substrate is shown in
Figure 3. The (111), (200), (220), and (311) Bragg reflec-
tions of face-centered cubic (fcc) silver are clearly observed.
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Some of the Bragg reflections corresponding to the TSA
structure (indicated by an asterisk) indicate that the forma-
tion of silver nanoparticles on the Ag+-TSA colloidal par-
ticle template does not disrupt the basic structure of TSA.
The XRD pattern recorded from a drop-coated film of the
Ag-TSA nanocomplex solution after alkali dissolution of
the TSA scaffold is shown as curve b in Figure 3. It is clear
that the Bragg reflections of the TSA scaffold have disap-
peared, leaving behind just the Bragg reflections of the Ag
nanoparticle assembly.

Figure 3. XRD patterns recorded from drop-coated films on glass
substrates of silver nanoparticles synthesized by reaction of UV-
irradiated TSA solution with aqueous AgNO3 before (curve a) and
after base treatment (curve b). The Bragg reflections marked *
correspond to TSA.

Figure 4 shows the XPS W4f and Ag3d core-level spectra
recorded from drop-coated films of the Ag-TSA solution
on a Si (111) substrate. Figure 4A shows the W4f spectrum
recorded from the Ag-TSA film. This spectrum can be re-
solved into spin-orbit pairs (splitting � 2.15 eV) with a
4f7/2 binding energy (BE) of 35.19 eV (curve 1 in Fig-
ure 4A). Figure 4B shows the Ag3d core-level spectrum. The
Ag3d spectrum resolves into two spin-orbit components.
The Ag 3d5/2 and 3d3/2 peaks occur at a BE of 367.8 and
373.8 eV, respectively, and correspond to metallic silver.[25]

The result demonstrates that only one form of Ag is present
in solution, in the form of Ag0. There is no evidence for
additional components in the Ag3d spectrum, which indi-
cates the complete reduction of the Ag+ ions in the UV-
irradiated TSA solution.

Figure 5A–D show representative TEM images recorded
from a drop-coated film of the Ag-TSA solution after aging
for 1, 6, 24, and 48 h, respectively. Figure 5A clearly show
that there are only densely populated ellipsoidal or irregular
structures. The crystalline nature of the silver nanoparticles
forming the ellipsoidal or irregular crystal is revealed by the
typical electron diffraction pattern shown in the inset of
Figure 5A. The four fringe patterns observed, with spacings
of 2.360, 2.021, 1.408, and 1.230 Å, are consistent with the
fcc polycrystalline silver (111), (200), (220), and (311) spac-
ings of 2.359, 2.044, 1.445, and 1.231 Å. Figure 5D shows
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Figure 4. XPS recorded from drop-coated films of the Ag-TSA
solution on a Si(111) substrate. (A) W 4f core-level spectrum to-
gether with two spin-orbit pairs (1, 2 and 3, 4). (B) Ag 3d core-
level spectrum.

a representative TEM image recorded from a drop-coated
film of the silver-nanocomplex solution after aging for 48 h.
The surface of the rods is smooth and their structure is
well-defined, with an average length and diameter of 1250
and 80 nm, respectively (a particle-size-distribution mea-
surement was made from 140 nanorods). The aspect ratio
(AR) of the silver nanorods in Figure 5D is estimated to be
13.2±5.0. From the TEM image, it can be seen that the
nanorods are smooth. In addition to the rod-shaped silver
crystals, a lot of irregular crystals are also observed at the
bottom left-hand corner of the image (Figure 5D), which
implies that the nanorods possibly develop from the origi-
nal irregular crystals.

The crystallinity of the nanorods was further studied by
electron diffraction. As can be seen in the inset of Fig-
ure 5D, the ED patterns demonstrate the highly crystalline
nature of the particles. From the electron diffraction analy-
sis, the reflection assignments agree well with the results of
nanowires reported previously,[26–28] thus demonstrating
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Figure 5. Representative TEM images of Ag nanocrystals obtained
at different aging times after reaction (A–D). The insets in A and
D are the electron diffraction patterns.

that the rod is formed by a cyclic penta-tetrahedral twin
crystal in which five {111} twin boundaries are arranged
radially to the [110] direction of the elongation axis. The
rod has a pentagonal cross-section and is bound by five
{100} side faces and five {111} faces at each end. In accord-
ance with this structure feature, the rod should grow
through the decahedral twinned particles with a diameter
similar to the transverse length of the rods. The longitudinal
and transverse lengths of the rods normally increase in the
cases of smaller amounts of seeds. The rod formation poss-
ibly occurs in the early aggregation step of the initial par-
ticles.

It has been noticed that this kind of reaction takes place
within a few seconds.[16] A lot of silver is generated in the
first few seconds, so silver “seeds” can be formed, although
no silver nanorods are generated at this stage. However, this
in itself is not enough to form silver nanorods from silver
seeds. Nanorod nucleation is thought to require twinned
seed particles, so seed aggregation as a source of twinning
may be an important step of nanorod synthesis.[29] On the
other hand, the distance between two silver seeds is short,
therefore some silver monomers can easily move and adsorb
onto the deposited seeds and these aggregated seeds can
form nanorods by subsequent recrystallization. So, we
think that the growth mode for nanorods in our work is a
type of seed-mediated growth mechanism.[29–31]

To understand the formation of large silver nanorod as-
semblies better, the kinetics of crystallization were moni-
tored as a function of aging time. After aging for 1 h, ellip-
soidal or irregular-shaped particles were obtained (Fig-
ure 5A). After aging for 6 h the long, irregular crystals be-
gin to take shape and the number of ellipsoidal crystals de-
creases (Figure 5B). This is the initial stage of silver nano-
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rod formation from ellipsoidal silver particle seeds. After
aging for 24 h (Figure 5C) the Ag nanorods have almost
formed, and when the aging time is prolonged to 48 h the
silver nanorods grow into a well-organized shape (Fig-
ure 5D). The silver cubes are stable when they are separated
from solvents. We found that the dry silver cubes do not
change at all after being kept in air for several months.

To discount the possibility of UV-irradiated 2-propanol
being the reducing agent for silver ions and thus for nano-
particle formation, a control experiment was performed in
which 2 mL of 2-propanol was added to 20 mL of a 1 m

aqueous, deaerated solution of AgNO3 and irradiated for
5 h. There was no change in color of the AgNO3 solution
after UV irradiation, which indicates that the product of
UV-irradiated 2-propanol is not responsible for the re-
duction of AgNO3. In the UV/Vis spectrum, the character-
istic silver absorption band cannot be observed (see UV/Vis
spectrum in Figure S1 in the Supporting Information).

Figure 6 shows the dependence of the particle diameter
on the different molar ratios of Ag+ ion to TSA. Parts A–
D of Figure 6 show four samples of Ag-TSA nanoparticles
corresponding to 1:10, 1:4, 1:2, and 2:1 molar ratios, respec-
tively. These samples have mean diameters of 2.4, 22, 38,
and 75.3 nm, respectively. As demonstrated in Figure 6, the
size of these Ag-TSA nanoparticles can be conveniently
controlled simply by varying the molar ratio, which changes
from 0.1 to 2. The diameter increases monotonically from
about 2.4 to about 75.3 nm. However, the growth rate de-
creases gradually, and when the molar ratio is above 2 there
is only a small increase in the diameter of the silver nano-
particles. We also noticed that the color reflects the nano-
particle size in our experiments. By following the evolution
of the color changes, we observed that a black color repre-
sents a colloidal size of about 70 nm and that the suspen-
sion of 10-nm-diameter Ag-TSA nanoparticles has, in fact,
a grayish appearance, although it appears at lower concen-
trations. These changes may be directly related to the ab-
sorption features of the particles in the visible region of the
spectra. It is not unusual that the size of the particles in-
creases as a result of decreasing the relative concentrations
of the reducing agent. This behavior is similar to that found
in many chemical reduction approaches to nanosystems be-
cause the nucleation and growth sequences are both affec-
ted by the relative concentrations of the reducing agent and
the precursor.[32] In our case, we think that the nucleation
process is overwhelmingly faster than particle growth at the
higher relative concentrations of the reducing agent, which
results in smaller sized particles.

Figure 7 shows the dependence of the Ag-TSA nanopar-
ticles’ diameter on the pH of the solution. Parts A–D of
Figure 8 show four samples of Ag-TSA nanoparticles corre-
sponding to pH 1, 2, 3, and 4, respectively. The mean dia-
meters of these four samples are 82, 22.8, 5.7, and 2.8 nm,
respectively. Figure 7 clearly shows that the diameter de-
creases continuously with an increase in pH from 1 to 4.
However, the rate of decrease diminishes gradually, and
when the pH is near 4 there is only a small decrease in the
diameter of the nanoparticles. The variation of pH does not
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Figure 6. Dependence of the Ag-TSA nanoparticle diameter on the
different molar ratio of Ag+ ion to TSA. A–D show four samples
of Ag-TSA nanoparticles corresponding to 1:10, 1:4, 1:2, and 2:1
molar ratios (T = 20 °C; [Ag+] = 1 m; reaction time: 5 h; aging
time: 1 h).

alter the rate of metal ions’ recovery during the reaction.[33]

In other words, varying the pH does not alter the redox
power of TSA, so the influence of pH on the particle dia-
meter has nothing to do with this. We suppose that an elec-
trostatic interaction leads to the dependence of the particle
diameter on pH. Thus, with a decrease in pH the electro-
static interaction between the silver cations and TSA anions
in solution becomes weaker, which allows the size of the
particles to increase.

Figure 7. Dependence of the Ag-TSA nanoparticle diameters on
pH. A–D show four samples of Ag-TSA nanoparticles with dif-
ferent diameters obtained at pH 1, 2, 3, and 4, respectively (T =
20 °C; [TSA] = 1 m; [Ag+] = 1 m; reaction time: 5 h; aging time:
1 h).

The dependence of the diameter of the Ag-TSA nano-
particles on temperature was also studied, as shown in Fig-
ure 8. Parts A–D of Figure 8 show four samples of Ag-TSA
nanoparticles with different diameters obtained at 20, 40,
60, and 80 °C, respectively. The mean diameters of these
four samples are 38, 7.6, 3.4, and 2.7 nm. As demonstrated
in Figure 8, the size of these colloids can be conveniently
controlled by simply varying the temperature. That is, the
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Figure 8. Dependence of the Ag-TSA nanoparticle diameters on
reaction temperature. A–D show four samples of Ag-TSA nano-
particles with different diameters obtained at 20, 40, 60,and 80 °C,
respectively.

diameter undergoes a continuous decrease with increasing
temperature. However, the decrease rate diminishes grad-
ually, and at 80 °C only a small decrease of the diameter of
the particles is observed. With increasing temperature the
silver ions have higher energies, which are larger than the
affinity between TSA ions and silver ions, therefore these
silver ions can move anywhere in the solution. That is to
say, with an increase of temperature the rate of nucleation
of silver nanoparticles accelerates, therefore the nucleation
process is faster than the particle growth under these condi-
tions and the size of the particles decreases.

To sum up, since the size of these Ag-TSA nanoparticle
colloids can be conveniently controlled by simply varying
the molar ratio of silver nitrate to TSA, the pH of the reac-
tion solution, or the reaction temperature, the procedure
described here should provide an effective route to ellip-
soidal nanoparticles of Ag with controllable size. In prin-
ciple, this procedure can be extended to several other noble
metals that have been prepared as nanoparticles by re-
duction with TSA.

Conclusions
In conclusion, a facile method has been proposed to syn-

thesize size-controlled silver nanocomplexes. The size of the
nanoparticles can be controlled by varying the reaction
conditions, and nanorods of silver can be formed by pro-
longing the aging time. The rods are found to generate
through aggregation to form decahedral seeds followed by
elongation along the [110] direction. The possibility of
using the TSA framework as a UV-switchable reducing ma-
trix is exciting and may be extended to the creation of other
highly organized hybrid inorganic structures with possible
applications in nanomaterials.

Experimental Section
Materials: H4(SiW12O40) (TSA), AgNO3, and 2-propanol were all
obtained as A.R. grade from Shanghai Reagent Co. All other rea-
gents were used as received.
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Synthesis of the Silver Nanocomplex: In a typical experiment, 2-
propanol (2 mL) and an aqueous deaerated solution of AgNO3

(20 mL, 1 m) were added to an aqueous deaerated solution of
TSA (20 mL) under continuous stirring for 10 min and then al-
lowed to age for 30 min. This mixture was irradiated with UV light
(Pyrex filter, �280 nm, 450 W Hanovia medium pressure lamp) for
5 h. The solution changed to gray gradually, thus indicating the
formation of silver nanoparticles. The corresponding control ex-
periments under different reaction conditions, such as molar ratio
of silver nitrate to TSA, pH of the reaction solution, and reaction
temperature are similar to the above experiments.

To discount the possibility of UV-irradiated 2-propanol being the
reducing agent for silver ions, and thus for nanoparticle formation,
a control experiment was performed in which 2 mL of 2-propanol
was added to 20 mL of a 1 m aqueous deaerated solution of
AgNO3 and irradiated for 5 h.

Sample Characterization: UV/Vis spectroscopy measurements of
the Ag-TSA solution at different stages of treatment were carried
out with a TU-1901 model UV/Vis double beam spectrophotome-
ter (Beijing Purkinje General Instrument Co., Ltd, China) op-
erating at a resolution of 2 nm. XPS measurements of the silver
nanoparticles synthesized by reduction of Ag+ ions in a UV-irradi-
ated TSA solution were carried out with a VG ESCALAB MKII
instrument at a pressure greater than 10–6 Pa. The general scan
and Ag 3d and W 4f core-level spectra were recorded with non-
monochromated Mg-Kα radiation (photon energy = 1253.6 eV).
The core-level binding energies (BEs) were aligned with respect to
the C 1s binding energy (BE) of 285 eV. Samples for TEM analysis
were prepared by drop-coating films of the Ag-TSA solution at
different stages of reaction on carbon-coated copper TEM grids,
allowing the grid to stand for 2 min, and then removing the excess
solution with blotting paper. TEM measurements were performed
with a JEM model 100SX electron microscope instrument (Japan
Electron Co.) at an accelerating voltage of 80 kV. Selected-area
electron diffraction measurements of the Ag nanoparticles were
also carried out. XRD analysis of drop-coated films of the Ag-TSA
solution on glass substrates was carried out with a MAP18AHF
instrument (Japan MAC Science Co.). Conductance measurements
were carried out to characterize the interaction between Ag+ ions
and TSA. The conductance of a mixture consisting of equal vol-
umes of 1 m TSA and 1 m silver nitrate solutions was investi-
gated. The conductivity of this solution as a function of reaction
time was measured with a DDSJ-308A model conductivity meter
(Shanghai Precision & Scientific Instrument Co., Ltd). The size
distributions of nanoparticles were measured by PCS on a Zeta-
sizer 3000HSA instrument (Malvern Instruments Limited) at dif-
ferent molar ratios of silver nitrate to TSA, pH of the reaction
solution, and reaction temperature.

Supporting Information (see footnote on the first page of this arti-
cle): UV/Vis spectrum of a mixture of 2 mL 2-propanol and 20 mL
of a 1 m aqueous, deaerated solution of AgNO3 after irradiation
for 5 h.
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Mixed amido/imido/guanidinato tantalum complexes
[Ta(NR1R2){C(NR1R2)(NR3)2}2(NR4)] [R1,R2 = methyl, ethyl; R3

= cyclohexyl (cy), isopropyl; R4 = tert-butyl, n-propyl] have
been synthesized by the insertion of carbodiimides into tan-
talum–amide bonds. All compounds have been characterized
by means of NMR spectroscopy, mass spectrometry, and
CHN analysis. Additionally, single crystal structures of five
compounds (4: R1 = Me, R2 = Et, R3 = iPr, R4 = tBu; 5: R1, R2

= Et, R3 = iPr, R4 = tBu; 6: R1, R2 = Me, R3 = cy, R4 = tBu; 8:
R1, R2 = Et, R3 = cy, R4 = tBu; 9: R1, R2 = Et, R3 = iPr, R4 =
nPr) have been determined and relevant structural issues are

Introduction

Thin films of tantalum nitride (TaN) play an important
role in the ongoing process of device optimization in micro-
electronics. Conducting TaN films serve as gate electrode
materials in metal oxide semiconductor field-effect transis-
tors as well as diffusion barriers for the inhibition of copper
or silver diffusion into the silicon substrates.[1] A rough lit-
erature survey shows that 492 patents on the production,
processing, and use of TaN films were filed in 2005 alone.
TaN thin films can be deposited by various methods, in-
cluding sputtering processes and gas-phase deposition tech-
niques such as MOCVD (metal organic chemical vapor de-
position), plasma-enhanced CVD (PECVD), or atomic
layer deposition (ALD). These gas-phase-based techniques
make use of binary metal halides, although more recently
metal-organic tantalum coordination complexes have also
been used. Key parameters for precursors in MOCVD or
ALD processes include volatility, thermal decomposition
behavior, chemical reactivity, accessibility, and safety issues.
Several tantalum–ligand systems have been tested for the
deposition of TaN films, amongst which mixed amido/

[a] Lehrstuhl für Anorganische Chemie II – Organometallics and
Materials Chemistry, Ruhr-University Bochum
44870 Bochum, Germany
Fax: +49-234-321-4174
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discussed. The thermal properties of all complexes have
been investigated by TGA/DTA measurements. Thus, com-
plexes originating from diisopropylcarbodiimide (iPr-cdi) are
significantly more volatile than complexes derived from dicy-
clohexylcarbodiimide (cy-cdi). In contrast, variations of R1,
R2, and R4 have only a small impact on the thermal behavior
of the complexes. Finally, selected compounds have been py-
rolyzed at 600 °C, and the decomposition products studied
by GC-MS and 1H NMR spectroscopy.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

imido tantalum complexes are the most prominent.[2] While
most compounds in this class are liquid and have a suffi-
ciently high vapor pressure, they tend to be chemically and
thermally rather fragile and show problems in terms of
long-term stability at vaporization temperatures as well as
a high sensitivity towards moisture or reactive gases. Thus,
the use of didentate ligands such as hydrazines has been
suggested.[3] In this paper we wish to report on an extension
of this approach by introducing guanidinates as suitable
chelating ligands for mixed amido/imido tantalum com-
plexes. The use of guanidinates has already shown promis-
ing results for the deposition of Ti(C)N or HfO2 thin films
in CVD processes.[4,5] Moreover, we recently published a
communication on the synthesis and characterization of
mixed amido/imido/guanidinato complexes 3–5 and showed
the successful deposition of conductive, almost carbon-free
TaN (C content � 1%) thin films using compound 4 as a
single source precursor.[6] This is a rather surprising result
considering the fact that less complex amido/imido com-
pounds of tantalum with a considerably lower relative car-
bon content produce films with much higher carbon con-
tents of around 10%.[7] These results encouraged us to carry
out a more detailed examination of the tantalum guanidin-
ato/amido/imido complex system and the impact of substit-
uent variations at different ligand sites on the chemical and
thermal properties of the resulting complexes. Table 1 gives
a summary of all complexes synthesized and characterized
in this paper.
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Table 1. Overview of compounds 3–10 in this publication.

Compound R1 R2 R3 R4 M.p. [°C]

3[a] Me Me iPr tBu 232
4[b] Me Et iPr tBu 217
5[b] Et Et iPr tBu 210
6 Me Me cy tBu 210
7 Me Et cy tBu 218
8 Et Et cy tBu 204
9 Et Et iPr nPr 195
10 Et Et cy nPr 205

[a] Included for reasons of comparison. [b] Crystal structure has
not been published so far.

Results and Discussion

Two basic pathways are known in the literature for the
synthesis of metal guanidinate complexes: (i) salt metathesis
reactions in which sodium or lithium guanidinates are
treated with the metal halides[4,8] and (ii) the insertion of
carbodiimides into metal–amido bonds, which is a more
convenient pathway that does not involve the formation of
LiX or NaX byproducts.[6,9] In the case of tantalum guanid-
inates, previous work from Tin et al. includes the synthesis
of [Ta(NMe2)4{C(NMe2)(NR�)2}] (R� = cy, iPr) as well as
the preparation of tantalum complexes of the neutral,
protonated guanidine ligand.[10] The large variety of com-
pounds published before 2001 have been summarized in a
recent review.[11]

The synthesis of the starting compounds [Ta(NR1R2)3-
(NR4)] followed published procedures.[12] At first the inter-
mediate compound [TaCl3(N-nPr)(py)2] (1) was formed by
reaction of TaCl5 with n-propylamine, chlorotrimethylsil-
ane, and pyridine. It should be noted that on scaling up the
literature procedure it is possible to keep the amount of
solvent almost constant by increasing the amount of pyri-
dine, which significantly increases the solubility of 1 in tolu-
ene and thus allows the separation of the product from the
precipitated ammonium salts (see Experimental Section). In
a second step, this pyridine-stabilized salt was treated with
LiNEt2 in order to form [Ta(NEt2)3(N-nPr)] (2). Higher
yields of 2 can be obtained when stoichiometric amounts
of lithium amide are added to 1 at –60 °C instead of an
excess at room temperature. The mixed amido/imido tanta-
lum complexes were then treated with the respective car-
bodiimides in hexane to give the guanidinato/amido/imido
complexes 3–10 (Scheme 1).

Scheme 1. Synthesis of compounds 3–10.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4665–46724666

The synthesis of 3–5 has already been described in a pre-
vious communication.[6a] It is noteworthy that no insertion
products could be isolated when sterically encumbering car-
bodiimides such as (tBu)2C2N or (SiMe3)2C2N were used,
even after refluxing the reaction mixtures for 24 h in the
presence of a large excess of the carbodiimides. On the
other hand, reaction with the unsubstituted carbodiimide
(which exists as its tautomer H2NC�N) did not lead to
isolable products but instead gave an orange solid which is
insoluble in organic solvents. It is likely that transamination
reactions lead to the formation of insoluble, oligomeric tan-
talum amides.

Compounds 3–10 can be prepared in high yields (�80%)
and are white solids with rather high melting points of 195–
230 °C. All compounds are highly soluble in hexane, ben-
zene, or toluene and their elemental analyses are in good
agreement with their suggested molecular formulae. The
mass spectra of 3–10 show differences between the bis(cy-
clohexyl)carbodiimide (cy-cdi) containing compounds and
their (iPr-cdi) based congeners. Thus, the intensities of the
[M+] peaks of 6, 7, 8, and 10 (cy-cdi) are below 1% of the
base peak (if visible at all), while they are above 10% for 3,
4, 5, and 9 (iPr-cdi). As will be shown below, this is consis-
tent with the thermal properties of these compounds, since
cy-cdi based compounds generally show significant decom-
position during evaporation. The most intense peaks for 6,
7, 8, and 10 are observed at m/z 41, 43 and 55 and are due
to the cyclohexyl fragments C3H5

+, C3H7
+, and C4H7

+.

NMR Analysis

All NMR assignments are based on two-dimensional
NMR spectra of the previously published compounds 3–
5.[6a] The 1H NMR spectra of 3–10 show rather large differ-
ences in the exact chemical shifts of the diastereotopic alkyl
substituents of the Ta-amido groups, which also show a hin-
dered rotation due to the partial π character of the Ta–N
bond. In the case of the dimethyl-substituted amido group
(6), the two singlets are separated by 0.5 ppm and in the
case of the diethyl-substituted amido group (8, 9, and 10),
the four doublets of quartets (ABX3 spin system) are found
in a range of 1.5 ppm. Of these four multiplets, three are
close to each other while the other is strongly high-field
shifted, probably because of the anisotropic magnetic field
of the guanidinate π systems. The 1H and 13C NMR spectra
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of 7 (MeEtN substitution) could not be fully assigned due
to the formation of rotational isomers, which leads to a
mixture of several interconvertible isomers and thus highly
complex solution spectra. The 1H NMR spectra of the cy-
cdi based complexes 6, 7, 8, and 10 show broad signals for
the cyclohexyl groups, with only the Cα proton being
slightly low-field shifted. The assignment of all 13C NMR
spectra, with the exception of 7, was straightforward and is
therefore not discussed here in detail.

X-ray Analysis

Single crystals of 4, 5, 6, 8, and 9 were obtained by
recrystallization of the compounds from toluene at –30 °C.
Several attempts to obtain crystals of 7 or 10 suitable for
single-crystal X-ray analysis failed. Compounds 4 and 5
crystallize in an orthorhombic crystal system while the crys-
tal systems of 6, 8, and 9 are of lower symmetry, i.e. mono-
clinic for 6 and 8 and triclinic for 9. The molecular struc-
tures of 6 and 9 are displayed in Figure 1 as representatives
of all solid-state structures.[13] Table 2 contains bond
lengths, angles, and dihedral angles for all the above com-
plexes.

The molecular structures of all compounds are very sim-
ilar to each other and to that of compound 3, which has
already been discussed in an earlier publication.[6a] Thus,
only the solid-state structure of 6 will be discussed here in
more detail. The tantalum(V) center in 6 is sixfold coordi-
nated by two didentate guanidinato ligands, one amido, and
one imido group, resulting in a highly distorted octahedron.
The Ta–N(6)–C(18) unit of the imido ligand is almost linear
[170.6(4)°] and the Ta–N(6) bond is relatively short
(1.79 Å), which indicates an almost sp-hybridized imido li-
gand. Due to the strong π-donating effect of this imido li-
gand,[14] the Ta(1)–N(3) bond of the guanidinato ligand op-
posite to the imido group is lengthened [2.437(5) Å], while
the second Ta–N bond in the same guanidinato ligand
[Ta(1)–N(4) = 2.123(5) Å] is considerably shorter. Obvi-
ously, the π-donating effect of the imido group results in an

Figure 1. Povray/Ortep drawings of the molecular structures of 6 and 9 in the solid state. All hydrogen atoms have been omitted for
clarity.
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unsymmetrical charge distribution within the delocalized π
system of the guanidinato ligand, which is also well re-
flected in a rather large difference in the N–C bond lengths
[N(3)–C(2) = 1.308(9), N(4)–C(2) = 1.363(9) Å]. Scheme 2
illustrates the mesomeric structures for the metal–guanidin-
ato interactions, with structure a describing best the ob-
served bond lengths in the solid-state structure.

Scheme 2. Mesomeric structures for metal–guanidinato interac-
tions.

The second guanidinato ligand [N(1)–C(1)–N(2)] is more
symmetric – the two Ta–N bond lengths are 2.168(6) Å [Ta–
N(1)] and 2.279(5) Å [Ta(1)–N(2)]. Again, the longer Ta–N
bond is found trans to the more basic ligand, i.e. the amido
group. The noncoordinated NR2 groups of the guanidinato
ligands are almost planar, with angular sums around the
nitrogen atoms of 355.1° and 359°, respectively. A rather
weak π-donating effect of the NR2 groups to the guanidin-
ato π-systems is suggested by a relatively large tilt angle of
the C–N–C planes of 45.3° and 40.6°, respectively, which
is obviously an effect of the steric repulsions of the alkyl
substituents. However, an even weaker interaction is found
in [Ta(NMe2)4{C(NMe2)(N-cy)2}],[10a] which shows a tilt
angle of the two CNC planes of more than 80°. Indeed, the
C–N bond length of the exocyclic nitrogen ligand to the
guanidinato core is elongated by 0.03 Å compared to 6.

Analysis of Thermal Properties

The thermal properties of compounds 6–10 were ana-
lyzed by classic melting point determinations, standard TG/
DTA measurements, isothermal analyses, and sublimation
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Table 2. Selected bond lengths [Å] and bond and torsion angles [°] for 3,[a] 4, 5, 6, 8, and 9.

3 4 5·Et 6 8·Et 9·Et

Ta(1)–N(1) 2.174(4) 2.185(7) 2.198(8) 2.168(6) 2.198(4) 2.192(4)
Ta(1)–N(2) (opp. amido) 2.254(4) 2.251(7) 2.275(8) 2.279(5) 2.269(4) 2.250(4)
Ta(1)–N(3) (opp. imido) 2.396(5) 2.409(7) 2.408(8) 2.437(5) 2.408(4) 2.433(4)
Ta(1)–N(4) 2.129(4) 2.127(7) 2.126(8) 2.123(5) 2.136(4) 2.122(4)
Ta(1)–N(5) (Ta-amido) 2.014(5) 2.002(8) 2.023(8) 2.005(5) 2.008(4) 2.013(4)
Ta(1)–N(6) (Ta-imido) 1.785(5) 1.791(8) 1.790(10) 1.786(6) 1.797(4) 1.780(4)
N(1)–C(1) 1.345(7) 1.352(11) 1.327(13) 1.389(8) 1.342(6) 1.329(6)
N(2)–C(1) 1.309(7) 1.318(11) 1.327(14) 1.318(9) 1.319(6) 1.325(6)
N(3)–C(2) 1.320(7) 1.319(11) 1.323(13) 1.308(9) 1.320(6) 1.308(6)
N(4)–C(2) 1.361(7) 1.356(11) 1.359(13) 1.363(9) 1.363(6) 1.359(6)
N(5)–C(16) 1.456(7) 1.453(12) 1.464(13) 1.451(8) 1.457(7) 1.471(6)
N(5)–C(17) 1.463(7) 1.468(13) 1.465(12) 1.453(8) 1.464(6) 1.454(7)
N(6)–C(18) 1.444(7) 1.453(12) 1.449(14) 1.457(9) 1.440(7) 1.439(7)
N(7)–C(2) 1.390(7) 1.382(11) 1.400(13) 1.388(9) 1.400(6) 1.388(6)
N(7)–C(11) 1.442(7) 1.454(12) 1.464(14) 1.465(9) 1.456(7) 1.467(6)
N(7)–C(12) 1.440(8) 1.447(12) 1.467(16) 1.443(9) 1.446(7) 1.457(6)
N(8)–C(1) 1.393(7) 1.391(11) 1.393(13) 1.397(8) 1.393(7) 1.393(6)
N(8)–C(3) 1.444(8) 1.437(13) 1.444(14) 1.455(8) 1.456(8) 1.451(7)
N(8)–C(4) 1.450(7) 1.447(12) 1.461(14) 1.459(9) 1.483(10) 1.463(7)
N(1)–Ta(1)–N(2) 59.56(18) 59.4(3) 58.8(3) 60.3(2) 59.14(15) 59.38(14)
N(2)–Ta(1)–N(5) 155.36(19) 154.8(3) 158.7(3) 153.7(2) 156.64(17) 155.50(16)
N(3)–Ta(1)–N(4) 58.92(16) 58.1(3) 58.5(3) 58.0(2) 58.62(14) 58.05(14)
N(3)–Ta(1)–N(6) 162.19(19) 161.1(3) 160.6(4) 161.4(2) 161.69(16) 156.78(16)
N(1)–C(1)–N(2) 112.0(5) 111.0(7) 111.6(9) 111.3(6) 111.9(4) 112.1(4)
N(3)–C(2)–N(4) 113.2(5) 112.0(8) 112.5(8) 113.0(6) 112.9(4) 113.2(4)
C(1)–N(8)–C(3) 122.7(5) 120.6(8) 120.6(9) 121.0(6) 120.3(5) 120.0(4)
C(1)–N(8)–C(4) 121.9(5) 121.4(8) 120.1(8) 119.0(5) 118.4(5) 121.8(4)
C(3)–N(8)–C(4) 115.3(5) 117.2(8) 118.5(9) 115.1(5) 120.9(5) 116.9(4)
C(2)–N(7)–C(11) 120.7(5) 122.9(8) 121.4(8) 123.0(6) 121.1(4) 120.6(4)
C(2)–N(7)–C(12) 122.8(5) 120.7(8) 121.4(8) 120.9(6) 121.1(4) 119.1(4)
C(11)–N(7)–C(12) 116.5(5) 116.1(8) 117.2(8) 115.1(6) 116.0(4) 118.2(4)
Ta(1)–N(6)–C(18) 170.6(4) 175.7(7) 174.9(8) 175.7(5) 172.3(4) 176.2(4)
Ta(1)–N(5)–C(16)–C(17) 178.5(7) 179.4(12) 178.4(14) 175.7(10) 180.0(7) 178.0(5)
C(2)–N(7)–C(11)–C(12) 179.8(9) 174.6(11) 179.0(14) 169.0(10) 166.2(6) 163.6(4)
C(1)–N(8)–C(3)–C(4) 176.3(9) 169.9 (12) 169.9(14) 155.5(10) 172.4(5) 166.8(5)
C(3)–N(8)–C(4) plane vs. N(1)–C(1)–N(2)–plane 45.5(13) 50.4(18) 53.7(14) 45.3(10) 58.6(6) 48.7(8)
C(11)–N(7)–C(12) plane vs. N(3)–C(2)–N(4)–plane 44.2(13) 45.0(18) 42.2(14) 40.6(10) 46.2(7) 45.9(6)

[a] The data of 3 have already been published and are only given here for comparison.

experiments under vacuum conditions. The melting points
of all compounds are relatively high (195–232 °C, see
Table 1) and cannot be rationalized by the type of ligand
substitution (R1–R4). It can be concluded from the DTA
spectra that the melting process is accompanied by the initi-
ation of decomposition reactions. The compounds do not
melt fully at the documented temperatures but undergo
some sort of waxy transition phase over a temperature
range of approximately 5 °C (vide infra).

The nature of the carbodiimide substituents (cy vs. iPr)
has a big influence on the volatility of the compounds.
Thus, 3, 4, 5, and 9 (iPr-cdi) can be sublimed without any
residues at 120 °C in vacuo (10–4 mbar) whereas 6, 7, 8, and
10 (cy-cdi) do not sublime at all under these conditions.
Isothermal studies at 120 °C underline these results. After
240 min at ambient pressure the weight loss of 3, 4, 5, and
9 is approximately 10% in all cases, while compounds 6 and
7, for example, show a weight loss of only 2.5% (Figure 2).
The mass transport of these complexes is highest for 9
(4.9 µgmin–1) and significantly lower for 6 and 7 (0.93 and
0.59 µgmin–1, respectively). The simplest explanation for
this observation is the higher molecular masses of the cy-
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cdi based compounds. However, by changing R1 and R2

from methyl to ethyl (e.g. 3 to 5) no significant effect on the
volatility is observed. Obviously, the variation of R3 has a
significant effect on the interactions between the molecules
in the solid state, for example by a different packing of the
moieties.

Figure 2. Isothermal analysis of 6, 7, and 9. The spectra were re-
corded at a temperature of 120 °C, 300 sccm nitrogen flow for 4 h.
Heating from 25 °C to 120 °C at a rate of 10 °Cmin–1.
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The residual masses after TG/DTA measurements from

cy-cdi based complexes are higher than the theoretical
masses (residual masses for 6–8, 10: 29–35%, theoretical
content of TaN: 22–24%). This indicates the incorporation
of significant amounts of carbon during the decomposition.
In contrast, the iPr-cdi based complexes 4, 5, and 9 show
considerably lower residual masses and thus cleaner decom-
position processes (residual masses: 10–12%, theoretical
content of TaN: 27–28%).

With the exception of 7, all compounds show one or two
endothermic peaks at temperatures below their melting/de-
composition points (Figure 3). Due to the fact that no
weight loss can be observed in any case, a phase change of
the solids is possibly responsible for this behavior. This
phase change is not reversible, which means that running a
program in which the sample is heated, cooled down, and
heated again shows endothermic peaks only in the first
period of heating. The position of the peaks is strongly de-
pendent on the nature of the alkyl substituents R1, R2, and
R3. Going from methyl to ethyl for the amido substituents
R1 and R2 results in a shift of these peaks to higher
temperatures (3�4�5: 52 °C�70 °C�110 °C; 6�8:
112 °C�139 °C). The same is true for the variation of R3

from iPr to cy (3�6: 52 °C�112 °C; 5�8: 110 °C�139 °C;
9�10: 82 °C�140 °C). It can be concluded, that the onset
of the temperature for phase changes depends on the mo-
bility of the molecules in the solid state, which supposedly
increases with higher chain lengths and/or size of the sub-
stituents.

Figure 3. TG/DTA spectrum of 9 and TG curves of 2 and 10. Heat-
ing rate: 5 °Cmin–1.

Decomposition Experiments of 3–5

The nature of the thermal decomposition of potential
MOCVD precursors into the desired materials is crucial.
Thus, compounds 3–5 were evaporated at 120 °C in vacuo,
with a constant flow of argon providing a continuous trans-
port of the precursor through a decomposition tube at
600 °C (Figure 4). The decomposition products were sub-
sequently trapped at –196 °C (liquid nitrogen) in a slightly
modified cooling trap. After full evaporation of the precur-
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sor (300 mg), deuterated benzene was injected into the cool-
ing trap, and the resulting C6D6 solutions analyzed by 1H
NMR spectroscopy and GC-MS measurements. The 1H
NMR spectra revealed the formation of the corresponding
free amines for 3–5 (HNMe2, HNMeEt and HNEt2), small
amounts of tBuNH2 (resulting from the former imido li-
gand), as well as free carbodiimide. At these very high tem-
peratures (600 °C) carbodiimide could be released from the
guanidinato ligand by deinsertion analogous to the behav-
ior of amidinate complexes.[15] It should be noted that al-
though these compounds represent the major part of de-
composition products, smaller peaks were also present
which could not be unequivocally assigned. GC-MS mea-
surements confirm these 1H NMR results and additionally
show the presence of small amounts of isopropylamine as
well as several unidentified species containing the carbodi-
imide group. Although the relatively large variety of decom-
position products suggests rather complex decomposition
mechanisms, preliminary MOCVD experiments of com-
pound 4 as a single-source precursor showed the possibility
of carbon-free (atomic concentration � 1%)[6] TaN deposi-
tion, which requires clean thermal decomposition processes.

Figure 4. Setup for the decomposition experiments of 3–5.

Conclusions
We have presented the synthesis and characterization of

several new guanidinato/amido/imido complexes of the type
[Ta(NR1R2){C(NR1R2)(NR3)2}2(NR4)] {R1,R2 = methyl,
ethyl; R3 = cyclohexyl (cy), isopropyl; R4 = tert-butyl, n-
propyl}. All complexes are structurally very similar, the
bond lengths and angles of the solid-state structures show-
ing only minor variations. TG/DTA measurements and iso-
thermal studies reveal the low volatility of the cy-cdi based
complexes. This is rather unexpected considering the fact
that the structural and chemical behaviors of compounds
3–10 are very similar. Thus, cy-cdi based complexes are, in
general, not suitable for MOCVD purposes due to a sup-
posedly weak precursor transport. However, application of
the compounds derived from cy-cdi in liquid injection
MOCVD is feasible. The choice of substituents of the
amido or imido groups does not seem to have a significant
impact on the thermal behavior of the resulting complexes.
Finally, thermal decomposition experiments of 3–5 clearly
show that highly complex pyrolysis reactions are taking
place, although they lead to a clean decomposition of the
selected precursors in all cases.

Experimental Section
All manipulations of air- and moisture-sensitive compounds were
performed on a conventional vacuum/argon line using standard
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Schlenk techniques. Preparations of samples for further analysis
were carried out in argon-filled glove boxes. All solvents were puri-
fied by an MBraun solvent purification system (SPS) and stored
over activated molecular sieves (4 Å). C6D6 was degassed and dried
with activated molecular sieves. Elemental analysis was performed
by the analytical service of our Chemistry Department (CHNSO
Vario EL 1998). 1H and 13C NMR spectra were recorded on a
Bruker Advance DPX-250 spectrometer. EI mass spectra were re-
corded with a Varian MAT spectrometer. Simultaneous TG/DTA
analysis was carried out using a Seiko TG/DTA 6300S11 at ambi-
ent pressure (sample weight � 10 mg). GC-MS measurements were
carried out on a Shimadzu QP2010 instrument at a column tem-
perature of 290 °C. The tantalum-containing starting compounds,
namely [Ta(NMe2)3(N-tBu)], [Ta(NMeEt)3(N-tBu)], [Ta(NEt2)3(N-
tBu)], and [Ta(NEt2)3(N-nPr)] were synthesized in batches of 15–
40 g following modified literature procedures.[12] Reagents were
purchased from the following companies and used without further
purification: butyllithium (1.6  solution in hexane, Merck), dieth-
ylamine (�99% purity, Merck), methylethylamine (� 97% purity,
Fluka), pyridine (Normapur grade, VWR), chlorotrimethylsilane
(98%, Acros), lithium dimethylamide (95%, Aldrich), diisopro-
pylcarbodiimide (99%, careful: very toxic, Acros), and dicyclohex-
ylcarbodiimide (99%, Aldrich). The synthesis and characterization
of 3–5 was described in a previous publication.[6a] For a brief sum-
mary of the crystallographic data see Table 3. CCDC-611058 to
-611062 (4–6, 8, and 9, respectively) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Table 3. Crystallographic data and structure refinement details for 4, 5, 6, 8, and 9.

4 (CVD82) 5 (CVD72) 6 (CVD101) 8 (CVD76) 9 (CVD99)

Empirical formula C27H61N8Ta C30H67N8Ta C36H71N8Ta C42H83N8Ta C29H65N8Ta
Formula mass 678.79 720.87 796.96 881.11 706.84
T [K] 108(2) 105(2) 113(2) 108(2) 111(2)
Crystal system orthorhombic orthorhombic triclinic monoclinic monoclinic
Space group Pbca Pbca P1̄ P21/c P21/n
a [Å] 10.7124(7) 11.4691(11) 10.1139(9) 14.4945(9) 11.0993(12)
b [Å] 18.2835(10) 18.1889(18) 16.8089(14) 17.4746(8) 19–395(4)
c [Å] 34.0026(18) 34.854(3) 23.796(2) 21.6152(14) 15.960(2)
α [°] 90 90 80.815(7) 90 90
β [°] 90 90 88.860(7) 98.182(5) 91.702(9)
γ [°] 90 90 78.771(7) 90 90
V [Å3] 6659.8(7) 7270.8(12) 3916.8(6) 5045.2(5) 3434.2(9)
Z 8 8 4 4 4
Density (calcd.) [gcm–3] 1.354 1.317 1.351 1.160 1.367
µ(Mo-Kα) [mm–1] 3.328 3.053 2.841 2.211 3.230
Tmax./Tmin. 0.967/0.787 0.643/0.589 0.833/0.465 0.733/0.556 0.529/0.298
F(000) 2816 3008 1664 1856 1472
Crystal size [mm] 0.21×0.06×0.01 0.16×0.10×0.07 0.18×0.08×0.03 0.16×0.11×0.07 0.25×0.17×0.11
θ range [°] 2.99–25.00 2.92–25.00 2.60–25.00 3.01–27.56 2.76–25.00
Completeness to θ [%] 99.8 98.2 99.7 99.9 99.8
Index ranges –12 � h � 12 –13 � h � 13 –12 � h � 12 –17 � h � 15 –13 � h � 13

–21 � k � 19 –21 � k � 21 –19 � k � 19 –22 � k � 19 –23 � k � 23
–40 � l � 40 –39 � l � 40 –28 � l � 27 –28 � l � 28 –18 � l � 18

Reflections collected 48057 48479 53636 50240 42514
Independent reflections 5852 6292 13711 11646 6019
Data/restraints/parameters 5852/0/325 6292/0/369 13711/6/811 11646/0/460 6019/0/358
Goodness-of-fit on F2 1.393 1.058 1.229 1.113 1.097
R indices [I�2σ(I)] R1 0.0869 0.0707 0.0662 0.0562 0.0406
wR2 0.1086 0.1447 0.0960 0.1119 0.0977
R indices (all data) R1 0.1041 0.1197 0.0861 0.0797 0.0440
wR2 0.1138 0.1663 0.1016 0.1221 0.1000
Largest diff. peak/hole [eÅ–3] 2.699/–1.589 4.998/–1.103 1.771/–0.725 3.882/–1.493 2.954/–1.558
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[TaCl3(N-nPr)(py)2] (1): N-Propylamine (20.2 mL, 14.52 g,
246 mmol) and chlorotrimethylsilane (15 mL, 118 mmol) were
added to a cooled suspension of TaCl5 (20 g, 55.8 mmol) in toluene
(150 mL). The color of the suspension changed to slight yellow-
greenish. After stirring the reaction mixture at room temperature
for 25 min, pyridine was added (25 mL, 24.5 g, 310 mmol). After
24 h, the clear, yellow-green solution was filtered, and the solvents
removed in vacuo. The crude product was recrystallized from hot
toluene (100 °C, ca. 120 mL). Yield: 22.2 g (44.2 mmol, 79% based
on TaCl5). C13H17Cl3N3Ta (502.63): calcd. C 31.13, H 3.39, N 8.38;
found C 31.14, H 3.67, N 8.67. All other analyses (NMR, MS)
were in accordance with the previously published results.

[Ta(NEt2)3(N-nPr)] (2): A suspension of lithium diethylamide
(62 mmol) was prepared in situ by adding 40 mL of a 1.6  BuLi
solution (hexane) to diethylamine (7.5 mL, 62 mmol) at –60 °C. Af-
ter stirring the reaction mixture for 24 h at room temperature, the
resulting suspension was added to a suspension of 1 (10 g,
20.8 mmol) in hexane at –60 °C. The reaction mixture slowly
turned yellow/orange and was filtered after stirring for an ad-
ditional 24 h. The yellow/orange filtrate was concentrated in order
to obtain the dark orange product 2. Yield: 8.38 g (18.4 mmol, 92%
based on 1). C15H37N4Ta (454.43): calcd. C 39.65, H 8.20, N 12.33;
found C 39.87, H 7.80, N 12.49. All other analyses (NMR, MS)
were in accordance with the previously published results.

[Ta(NMe2){(N-cy)2C(NMe2)}2(N-tBu)] (6): A solution of dicyclohex-
ylcarbodiimide (1.52 g, 7.83 mmol) in hexane (20 mL) was added
to a solution of [Ta(NMe2)3(N-tBu)] (1.55 g, 4.03 mmol) in hexane
(40 mL). The temperature of the solution increased to about 45 °C
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during addition; no color change was observed. After stirring the
mixture for 24 h, the solvent was removed in vacuo. Small, white
crystallites suitable for X-ray analysis were obtained by recrystalliz-
ing the crude product from toluene. M.p. 210 °C (uncorrected).
Yield: 2.73 g (3.43 mmol, 85% based on [Ta(NMe2)3(N-tBu)]).
C36H71N8Ta (796.96): calcd. C 45.27, H 8.71, N 17.60; found C
45.22, H 9.00, N 17.83. 1H NMR (25 °C, 250 MHz, C6D6): δ =
1.30–2.10 (m, cyclohexyl), 1.58 [s, 9 H, Ta{NC(CH3)3}], 2.58, 2.62
[2×s, 2×6 H, Ta{(N-cy)2C[N(CH3)2]}], 3.2–3.7 (m, 4 H, cyclo-
hexyl, N–C–H) 3.59 [s, 3 H, Ta–N(CH3)2], 4.20 [s, 3 H, Ta–N-
(CH3)2] ppm. 13C NMR (25 °C, 62.5 MHz, C6D6): δ = 26.2, 26.5,
26.6 (2×), 26.7 (3×), 27.1 (2×), 27.2, 27.4 (2×) (cyclohexyl, 3,4-
position), 35.2 [Ta{NC(CH3)3}], 34.3, 34.5, 35.2, 36.3, 36.6, 37.0,
37.1, 37.5 (cyclohexyl, 2-position), 40.3 [Ta{(N-cy)2C[N(CH3)2]}],
49.1, 59.3 [Ta{N(CH3)2}], 55.1, 56.0, 57.3, 57.5 (cyclohexyl, N-C),
63.6 [Ta{NC(CH3)3}], 164.8, 169.3 [Ta{(N-cy)2C(NMe2)}] ppm.
EI-MS (70eV): m/z (%) = 796 (0.5) [M+], 590 (15) [M+ – cy-cdi],
206 (25) [cy-cdi+], 124 (45) [cy-N=C=N–H+], 83 (80) [cy+], 55 (100)
[C4H7

+], 43 (70) [C3H7
+], 41 (75) [C3H5

+].

[Ta(NEtMe){(N-cy)2C(NEtMe)}2(N-tBu)] (7): The synthesis of 7
followed the same procedure as for 6 but with [Ta(NEtMe)3(N-
tBu)] (1.72 g, 4.03 mmol) and dicyclohexylcarbodiimide (1.52 g,
7.83 mmol). M.p. 218 °C (uncorrected). Yield: 2.77 g (3.30 mmol,
82% based on [Ta(NEtMe)3(N-tBu)]). C39H77N8Ta (839.03): calcd.
C 53.98, H 9.25, N 13.36; found C 53.62, H 9.34, N 13.48. 1H
NMR (25 °C, 250 MHz, C6D6): δ = 0.9–1.1 [3×q, 3×3 H,
2×Ta{(N-cy)2C[N(CH2CH3)Me]} and Ta{N(CH2CH3)Me}], 1.10–
2.10 (m, cyclohexyl), 1.57 [s, 9 H, Ta{NC(CH3)3}], 2.62, 2.63, 2.64
[no assignment possible, most probably Ta{(N-cy)2C[N(CH3)Et]}],
2.9–3.7 [m, cyclohexyl, N–C–H, Ta{(N-cy)2C[N(CH2CH3)Me]}
and Ta{N[CH2CH3]Me}], 4.25 [s, 3 H, Ta{NEt(CH3)}] ppm. 13C
NMR (25 °C, 62.5 MHz, C6D6): δ = 14.0 [Ta{(N-cy)2C-
[N(CH2CH3)Me]}], 15.2 [Ta{[N(CH2CH3)Me]}], 35.4 [Ta{N-
[C(CH3)3]}], 54.5, 54.6 [Ta{N(CH2CH3)Me} and Ta{NEt(CH3)}],
63.8 [Ta{NC(CH3)3}], 166.1 [Ta{(N-cy)2C(NMeEt)}] ppm; peaks
that cannot be clearly assigned: δ = 26.0, 26.7, 27.1, 27.3 27.5, 24.4,
35.1, 36.6, 37.0, 56.5, 57.4 ppm. EI-MS (70eV): m/z (%) = 576 (3)
[M+ – guanidinate], 265 (10) [guanidinate+], 206 (10) [cy-cdi+], 163
(37) [cy-cdi+ – C3H7], 124 (35) [cy-N=C=N–H+], 83 (67) [cy+], 55
(97) [C4H7

+], 43 (100) [C3H7
+], 41 (97) [C3H5

+].

[Ta(NEt2){(N-cy)2C(NEt2)}2(N-tBu)] (8): The synthesis of 8 fol-
lowed the same procedure as for 6 but with [Ta(NEt2)3(N-tBu)]
(1.89 g, 4.03 mmol) and dicyclohexylcarbodiimide (1.52 g,
7.83 mmol). M.p. 204 °C (uncorrected). Yield: 3.09 g (3.50 mmol,
87% based on [Ta(NEt2)3(N-tBu)]). C42H83N8Ta (881.11): calcd. C
57.25, H 9.49, N 12.72; found C 57.41, H 10.18, N 11.96. 1H NMR
(25 °C, 250 MHz, C6D6): δ = 0.9–1.1 [m, 12 H, 4 of 6 CH3 groups
of Ta{(N-cy)2C[N(CH2CH3)2]} and Ta{N[CH2CH3]2}], 1.40, 1.46
[m, 2 of 6 CH3 groups of Ta{(N-cy)2C[N(CH2CH3)2]}
and Ta{N[CH2CH3]2}], 1.20–2.20 (m, cyclohexyl), 1.58 [s, 9 H,
Ta{NC(CH3)3}], 2.9–3.2 [m, 8 H, Ta{(N-iPr)2C[N(CH2CH3)2]}],
3.30–3.70 [m, 4 H, cyclohexyl, N-C-H, and 1 H, Ta–N(CH2CH3)],
4.44, 4.66, 5.00 [3×d of q, 1J = 6.5, 6.2, 6.3 Hz, 3×1 H, Ta–
N(CH2CH3)] ppm. 13C NMR (25 °C, 62.5 MHz, C6D6): δ = 13.5,
14.3, 15.7, 15.9 [Ta{(N-cy)2C[N(CH2CH3)2]} and TaN(CH2CH3)]
26.0, 26.5, 26.6 (2×), 26.7, 26.8 (2×), 26.9, 27.2, 27.3, 27.5, 27.6
(cyclohexyl, 3,4-position), 34.0, 34.5, 34.6, 35.9, 36.4, 37.1, 37.6,
38.7 (cyclohexyl, 2-position), 35.2 [Ta{NC(CH3)3}], 41.5, 43.0,
43.1 (br), 44.6 (br) [Ta{(N-cy)2C[N(CH2CH3)2]}], 47.5, 58.1
[TaN(CH2CH3)], 55.6, 56.2, 57.5, 58.8 (cyclohexyl, N-C), 64.1
[Ta{NC(CH3)3}], 166.2, 170.2 [Ta{(N-cy)2C(NEt2)}] ppm. EI-MS
(70eV): m/z (%) = 810 (3) [M+ – NEt2], 604 (calcd. 605) (3) [M+ –
cy-cdi], 206 (27) [cy-cdi+], 163 (48) [cy-cdi+ – C3H7], 124 (44) [cy-
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N=C=N–H+], 83 (81) [cy+], 55 (100) [C4H7
+], 43 (70) [C3H7

+], 41
(71) [C3H5

+].

[Ta(NEt2){(N-iPr)2C(NEt2)}2(N-nPr)] (9): The synthesis of 9 fol-
lowed, in general, the same procedure as for 6 but with [Ta-
(NEt2)3(N-nPr)] (1.83 g, 4.03 mmol) and diisopropylcarbodiimide
(1.01 g, 8.06 mmol). The diimide was used without dissolving it in
hexane. M.p. 195 °C (uncorrected). Yield: 2.39 g (3.38 mmol, 84%
based on [Ta(NEt2)3(N-nPr)]). C29H65N8Ta (706.84): calcd. C
49.28, H 9.27, N 15.85; found C 49.28, H 9.17, N 16.10. 1H NMR
(25 °C, 250 MHz, C6D6): δ = 0.89 [t, 1J = 6.9 Hz, 3 H,
Ta(NCH2CH2CH3)], 0.91, 2×0.96, 1.06, 1.07, 1.47 [6×t, 1J = 6.7,
2×7.0, 7.4, 6.8, 7.0 Hz, 6×3 H, 4×Ta{(N-iPr)2C[N(CH2CH3)2]}
and 2 ×TaN[CH2CH3]2], 1.16, 1.23, 1.35, 1.38, 2×1.40, 1.47, 1.58
[8×d, 1J = 6.4, 6.4, 6.5, 6.0, 2×6.0, 6.4, 6.5 Hz, 24 H,
Ta{[N[CH(CH3)2]]2C(NEt2)}], 1.72 [sextet, 1J = 7.3 Hz, 2 H,
Ta(NCH2CH2CH3)], 2.80–3.15 {m, 8 H, Ta{(N-iPr)2C[N-
(CH2CH3)2]}}, 3.41, 4.25, 4.59, 4.73 [4×d of q, 1J = 6.3, 6.0, 6.0,
5.9 Hz, 4 H, TaN(CH2CH3)], 3.76, 3.87, 3.94, 4.10 [4×septet, 1J =
6.5, 6.4, 6.4, 6.5 Hz, 4 H, Ta{{N[CH(CH3)2]}2C(NEt2)}], 4.31, 4.37
[2×d of t, 1J = 6.8, 6.7 Hz, 2 H, Ta(NCH2CH2CH3)] ppm. 13C
NMR (25 °C, 62.5 MHz, C6D6): δ = 12.40 [Ta(NCH2CH2CH3)],
13.6, 14.0, 14.8, 15.7, 17.0 [Ta{(N-iPr)2C[N(CH2CH3)2]} and
TaN(CH2CH3)] 23.5, 24.5, 25.0, 25.2, 25.9, 26.1, 26.5, 28.0
[Ta{[N{CH(CH3)2}]2C(NEt2)}], 28.5 [Ta(NCH2CH2CH3)], 41.4,
42.3, 43.7 (br) [Ta{(N-iPr)2C[N(CH2CH3)2]}], 46.8, 56.7
[TaN(CH2CH3)], 47.2, 47.5, 48.4, 48.8 [Ta{[N{CH(CH3)2}]2C-
(NEt2)}], 61.9 [Ta(NCH2CH2CH3)], 166.5, 170.3 [Ta{N(iPr)2C-
(NEt2)}] ppm. EI-MS (70eV): m/z (%) = 706 (12) [M+], 635 (79)
[M+ – NEt2], 509 (100) [M+ – guanidinate], 466 (29) [M+ – guanid-
inate – iPr], 407 (calcd. 409) (10) [M+ – iPr – N-Pr (i or n)], [M+ –
guanidinate], 198 (4) [guanidinate+], 141 (15) [N(iPr)2C(NH)+], 126
(5) [iPr-N=C=N-iPr+], 69 (34) [iPr-N–C+], 58 (10) [HN-Pr+], 43
(10) [iPr].

[Ta(NEt2){(N-cy)2C(NEt2)}2(N-nPr)] (10): The synthesis of 10 fol-
lowed the same procedure as for 6 but with [Ta(NEt2)3(N-nPr)]
(1.83 g, 4.03 mmol) and dicyclohexylcarbodiimide (1.52 g,
7.83 mmol). M.p. 205 °C (uncorrected). Yield: 2.27 g (2.62 mmol,
65% based on [Ta(NEt2)3(N-nPr)]). C41H81N8Ta (866.61): calcd. C
56.80, H 9.41, N 12.92; found C 56.13, H 10.04, N 13.20. 1H NMR
(25 °C, 250 MHz, C6D6): δ = 0.97, 0.98, 2×1.02, 1.08, 1.09 [6×t,
coupling constants could not be determined, 18 H,
Ta(NCH2CH2CH3), 3×Ta{(N-cy)2C[N(CH2CH3)2]} and
2×Ta{N[CH2CH3]2}], 1.49 [t, 1J = 7.1 Hz, 3 H, Ta{(N-cy)2C-
[N(CH2CH3)2]}], 1.73 [m, Ta (NCH2CH2CH3)], 1.2–2.3 (m, cyclo-
hexyl), 2.90–3.20 [m, 8 H, Ta{(N-cy)2C[N(CH2CH3)2]}], 3.30–3.80
[m, 5 H, 4 ×cyclohexyl (N–C–H) and 1 ×Ta{N(CH2CH3)2}], 4.25–
4.50 [m, 3 H, 2×Ta(NCH2CH2CH3) + 1 ×Ta[N(CH2CH3)2]], 4.62,
4.76 [2×sextet, 1J = 5.8, 6.0 Hz, 2 H, Ta{N(CH2CH3)2}] ppm. 13C
NMR (25 °C, 62.5 MHz, C6D6): δ = 12.56 [Ta(NCH2CH2CH3)],
13.6, 13.9, 14.90 (br), 15.9, 16.8 [Ta{(N-cy)2C[N(CH2CH3)2]}
and TaN(CH2CH3)], 26.5, 2×26.6, 26.7, 26.8, 26.9, 2×27.0,
2×27.1, 27.5, 27.6, 28.5 [12×cyclohexyl (3,4-position),
1×Ta{(NCH2CH2CH3)}], 33.5, 34.8, 35.7, 35.8, 36.6, 2×36.7 (cy-
clohexyl, 2-position), 39.1, 41.5, 42.5, 44.0 (br) [Ta{(N-cy)2-
C[N(CH2CH3)2]}], 47.5 [1×TaN(CH2CH3)2], 55.7 55.9, 56.2, 56.9,
58.0, 58.3 [1×TaN(CH2CH3)2, 4×cyclohexyl (N–C)], 62.0
[Ta(NCH2CH2CH3)], 166.6, 170.3 [Ta{N(cy)2C(NEt2)}] ppm.
Small amounts of free cy-cdi were detected in the 13C NMR spec-
trum of this compound. EI-MS (70eV): m/z (%) = 795 (calcd. 794)
(0.5) [M+ – NEt2], 589 (calcd. 588) (0.5) [M+ – guanidinate], 206
(20) [cy-N=C=N-cy+], 82 (61) [cy+], 56 (100), 55 (C4H7

+), 43 (60)
[C3H7

+], 41 (67) [C3H5
+].
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Supporting Information (see footnote on the first page of this arti-
cle): Ortep/Povray drawings of the molecular structures of 4, 5,
and 8 in the solid state.
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Synthetic and structural aspects of a few binuclear nickel(II)
complexes, having two bridging carboxylate groups and
aqua groups are reported. Intramolecular O–H···O hydrogen
bonding interactions between the bridging aqua group and
the monodentate benzoate groups stabilises the bridging
structures. Aqua-bridged nickel(II) benzoate complex is

Introduction

The crystal structures of the active sites of binuclear
nickel(II) metallo-enzymes have shown that the metal
centres are bridged by carboxylates as well as water or hy-
droxide ions.[1] The binuclear metal active site of the urease
isolated from Klebseilla aerogenes, has aqua-bridged binu-
clear nickel(II) centres with pseudo-octahedral and square-
pyramid geometry around the nickel ions.[2] So the design
of binuclear aqua-bridged nickel(II) complexes is important
in biological modelling.[3] Study of the structure and prop-
erties of binuclear transition-metal complexes containing
bridging groups such as aqua groups[3] are expected to in-
crease our understanding of the crucial factors that deter-
mine the catalytic activity of metalloenzymes.[4] We recently
described the synthesis and catalytic activity of a binuclear
nickel(II) benzoate complex that contains an aqua group in
the bridging position.[5] We also communicated that the so-
lid state and solution synthetic route results in a variation
of the structure of nickel carboxylate complexes.[5] In the
biological environment the reactions of substrates takes
place in confined media, so, it is necessary to understand
how different types of motifs can be developed from the
complexes that have close structural resemblance to bio-
logical active sites. It is also necessary to understand the
stability of such complexes in the presence of various neu-
tral molecules in the lattice. With these objectives in mind
we investigated multiple component solid-state synthesis of
binuclear nickel(II) carboxylate complexes and the struc-
tural aspects of aqua-bridged nickel complexes in the pres-
ence of different neutral molecules in the lattice.

[a] Department of Chemistry, Indian Institute of Technology,
Guwahati, 781039, India
E-mail: juba@iitg.ernet.in

Eur. J. Inorg. Chem. 2006, 4673–4678 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4673

stable irrespective of solvent system and also can include sol-
vent molecules such as toluene and benzene. A mixed
chloro, aqua and 4-chloro-benzoato-bridged NiII binuclear
complex was synthesised and structurally characterised.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

We have observed that the reaction of nickel(II) chloride
hexahydrate, and sodium benzoate in 1:2 stoichiometry
(Scheme 1) in the solid-state followed by addition of pyri-
dine gave the nickel(II) benzoate complex, 2a. The synthetic
procedure is important because the analogous reaction in
solution results in the formation of a mononuclear spe-
cies.[6] The complex is soluble in chloroform, benzene or
toluene and could subsequently be crystallised from ben-
zene in P21/c space group as light blue blocks. The crystal
structure of 2a shows that each of the nickel centres have
octahedral geometry involving two bridging benzoate
groups (Figure 1), two coordinated pyridine molecules and
a monodentate benzoate apart from a bridging aqua group;

Scheme 1.
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Figure 1. Crystal structure of 2a with included benzene molecules (thermal ellipsoids drawn to 30% probability).

the Ni(1)···Ni(2) distance in this complex is 3.506(3) Å. The
monodentate benzoate groups are intramolecularly
hydrogen-bonded to the bridging aqua group through
O(9)–H···O(2) [2.565(3) Å, 166(3)°] and O(9)–H···O(8)
[2.572(3) Å, 170(3)°] interactions. The Ni(1)–O(9) and
Ni(2)–O(9) bond lengths in this complex are 2.093(2) and
2.094(2) Å while the corresponding Ni(1)–O(9)–Ni(2) bond
angle is 113.7(8)°.

There is a distorted octahedral geometry around each of
the nickel centres. The compound has an absorption maxi-
mum at 645 nm due to a 3A2 to 3T1 transition arising from
d8-electronic configuration in a weak field. The assembly
is stabilised by weak aromatic C–H···π interactions (dC···π

3.87 Å) involving the C60–H of the benzene molecule as the
donor and the aromatic ring of the benzoate groups of the
molecule as the acceptor. In this case, the self-assembly of
the binuclear nickel(II) benzoate complex leads to the in-
clusion of two benzene molecules in the crystal lattice that
are stabilised by weak intermolecular C–H···π interactions.

The complex [Ni2(H2O)(O2CPh)4(Py)4] when crystallised
from toluene results in the formation of a polymorph that
contains included benzoic acid and toluene molecules and
we have reported this structure in the past.[5] When this
complex was dissolved in ethanol and layered over water
the complex [Ni2(H2O)(O2CPh)4(Py)4]H2O (2b) was crystal-
lised; the crystals were found to have crystallised in the or-
thorhombic Pbcn space group. The structure of this com-
plex is shown in Figure 2. Intra-molecular O(4)–H···O(2)
[2.573(17) Å, 166(3)°] hydrogen bonding interactions are
also observed between the bridging aqua group and the
monodentate benzoate group as shown in Figure 2. It is
observed that the Ni(1)–O(4) bond length in 2b is

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4673–46784674

2.104(9) Å, which is slightly longer than that in 2a, while
the Ni(1)–O(4)–Ni(1�) bond angle is 115.25(8)°. This com-
plex, 2b, is a polymorph of 2a and is characterised by a
similar binuclear nickel(II) core except for the presence of
a lattice water molecule that is intermolecularly hydrogen-
bonded to the monodentate benzoate group through O(6)–
H···O(2) [2.910(2) Å, 164(3)°] interactions. Solid-state FT-
IR spectroscopy of this complex shows broad signals at
3537 and 3478 cm–1 arising from intramolecular and inter-
molecularly hydrogen bonded O–H stretching vibrations. In
methanol, the UV/Visible spectrum of 2b shows an absorp-
tion band at 648 nm that may be assigned to the 3A2 to 3T1

transition.
Addition of pyridine to a mixture of nickel(II) chloride

hexahydrate, 1-naphthoic acid and potassium hydroxide in
toluene/methanol (1:1 v/v) gave a blue solution, from which
the corresponding aqua-bridged binuclear complex, [Ni2-
(H2O)(O2CNp)4(Py)4] (2c), was obtained (where Np is
naphthyl). The crystal structure of the complex is shown in
Figure 3 (a), which shows that the bridging aqua group is
hydrogen bonded to the monodentate naphthoate group
through O(9)–H···O(8) [2.566(4) Å, 169(5)°] and O(9)–
H···O(2) [2.533(4) Å, 162(6)°] interactions. The structure of
the complex shows that the two nickel(II) centres are
bridged by a water molecule and two naphthoate groups
such that the Ni(1)–O(9)–Ni(2) bond angle is 117.78(9)°,
with a Ni(1)···Ni(2) distance of 3.593(7) Å.

In a similar manner to the one discussed above, a corre-
sponding binuclear nickel(II) complex of 2-nitrobenzoic
acid was also prepared and could be crystallised from tolu-
ene as blue-green plates in the C2/c space group. Crystal
structure analysis shows that the corresponding aqua bridge
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Figure 2. The structure of 2b containing a hydrogen-bonded water molecule; symmetry for equivalent atoms [ –x, y, –z + 1/2] (thermal
ellipsoids drawn to 30% probability).

in the binuclear nickel(II) complex with 2-nitrobenzoic acid
2d is structurally similar to that of 2c (Figure 3, b). It is
observed that solvent molecules are not included in the
crystal lattice of this complex apparently due to the steric
crowding caused by the nitro substituent on the aromatic
carboxylic acid molecules. As described earlier, each
nickel(II) centre in complex 2d is coordinated to the mono-
dentate benzoate groups and two pyridine molecules, apart
from the two bridging benzoate and bridging aqua group,
which gives a six-coordinate octahedral geometry. The aqua
molecule in this complex is intramolecularly hydrogen
bonded to the monodentate benzoate through O(9)–H···
O(2) [2.571(16) Å, 167(2)°] interactions; in this case the

Figure 3. Crystal structures of (a) 2c and (b) 2d showing the intramolecular hydrogen bonding interactions between the bridging aqua
molecule and the monodentate carboxylate groups (thermal ellipsoids drawn to 30% probability).
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Ni(1)–O(9) bond length is 2.089(9) Å with the Ni(1)–O(9)–
Ni(2) bond angle being 117.05(8)°.

So far in the above reactions we have obtained systemati-
cally aqua-bridged complexes, starting from nickel(II) chlo-
ride as the inorganic salt. However, in the reaction of 4-
chlorobenzoic acid under analogous conditions a chloro-
bridged complex [Ni2(H2O)(Cl)(O2CAr)3(Py)4] (2e) was
formed. The crystal structure of this complex revealed the
presence of an aqua bridge (Figure 4) and a benzoate
bridge unlike complexes 2a–2d, along with a chloride bridg-
ing group between the two nickel centres. In this case the
presence of three monodentate 4-chlorobenzoate groups led
to the binuclear tribridged [Ni2(H2O)(Cl)(O2CAr)3(Py)4]
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Figure 4. Crystal structure of 2e (thermal ellipsoids drawn to 30% probability).

complex, (2e) as shown in Figure 4. The complex also has
distorted octahedral geometry around the nickel centres
and has an electronic absorption at 633 nm due to the 3A2

to 3T1 transition.
It is observed that in complex 2e, the bridging aqua

molecule is intramolecularly hydrogen bonded to the car-
boxylate units of the monodentate 4-chlorobenzoate groups
via O(7)–H···O(2) [2.593(3) Å, 165(3)°] and O(7)–H···O(6)
[2.561(3) Å, 165(4)°] interactions. The corresponding Ni(1)–
O(7) and Ni(2)–O(7) bond lengths are 2.126(2) and
2.121(2) Å respectively while the Ni(1)–O(7)–Ni(2) bond
angle is found to be 101.18(9)°. Although the Ni(1)···Ni(2)
distance is 3.281(2) Å it is substantially shorter than 2a or
2c (Table 1). The reported values for Ni···Ni distance of sep-
aration in aqua-bridged complexes ranges from 3.497–
3.676 Å.[7] However, the effect of the substituent on the aro-
matic ring as well as solvation on the Ni–Oaqua–Ni angle
becomes prominent in the complexes 2c and 2d, which are
close to the reported bond angles.[7] When the Ni–Oaqua–Ni
angles among 2a and 2b are compared it is found that 2a
� 2b. This happens because the hydrogen bonding interac-
tion of the bridging water molecules in each case is dif-
ferent. In the case of complex 2b, the hydrogen bonding
interaction involving the interstitial water molecules draws

Table 1. Bond lengths (in Å) and angles (in °).

2a 2b 2c 2d 2e

Ni(1)–Oaqua 2.094(2) 2.139(2) 2.088(2) 2.089(9) 2.126(2)
Ni(2)–Oaqua 2.094(2)[a] 2.143(2) 2.108(2) 2.089(9)[a] 2.121(2)
Ni(1)–Oaqua–Ni(2) 113.7(8) 111.87(11) 117.78(9) 117.05(8) 101.18(9)
Ni(1)···Ni(2) 3.506(5) 3.554(3) 3.593(7) 3.563(6) 3.281(2)

[a] Symmetry equivalence Ni(1) and Ni(2) in 2a and 2d.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4673–46784676

the carbonyl closer, making the Ni–Oaqua–Ni bond angle
smaller than in 2a. In the case of complex 2e the bond angle
is the smallest in comparison to 2a–2d because both the
chloro and aqua groups bridge it.

Conclusion

In summary, we have described the synthetic and struc-
tural aspects of a few binuclear nickel(II) complexes, having
two bridging carboxylate groups and aqua groups. Intra-
molecular O–H···O hydrogen bonding interactions between
the bridging aqua group and the monodentate benzoate
groups are observed in these complexes which add to the
stability of the bridging structure. From this structural
study on aqua-bridged structures we could show the struc-
tural implications of solvent molecules in different types of
co-crystals. Aqua-bridged nickel(II) benzoate complexes are
stable irrespective of solvent system and also can include
solvent molecules such as toluene and benzene. A mixed
chloro, aqua and 4-chloro-benzoato-bridged NiII binuclear
complex is formed from the reaction of 4-chlorobenzoate
with nickel(II) chloride in the presence of pyridine. This
suggests that a substituent on the aromatic ring has a role
in deciding the mechanochemical process during the solid-
state synthesis.

Experimental Section
The reagents used were procured from commercial sources (Sigma–
Aldrich or Fluka) and used as received unless otherwise stated.
Solvents such as benzene, toluene, methanol and acetonitrile were
distilled and used.



Aqua-Bridged Binuclear Nickel(II) Benzoate Complexes FULL PAPER
Table 2. Crystal data and refinement parameters for 2a–e.

2a 2b 2c 2d 2e

Formula C57H51N4Ni2O9 C48H44N4Ni2O10 C64H50N4Ni2O9 C48H38N8Ni2O17 C41H34Cl4N4Ni2O7

Mol. weight 1053.40 954.29 1136.50 1116.28 953.94
Crystal system monoclinic orthorhombic monoclinic monoclinic monoclinic
Space group P21/c Pbcn P21/c C2/c P21/c
Temperature [K] 296 296 296 296 296
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073 0.71073
a [Å] 10.7917(2) 14.2706(6) 10.490(4) 15.9027(5) 12.9935(5)
b [Å] 38.3193(7) 21.2846(8) 20.917(9) 13.5204(5) 14.3654(5)
c [Å] 12.5877(2) 15.2229(6) 25.180(11) 23.6140(10) 22.6612(8)
α [°] 90 90 90 90 90
β [°] 91.3750(1) 90 96.16(3) 99.906(2) 97.762(3)
γ [°] 90 90 90 90 90
V [Å3] 5203.90(16) 4623.9(3) 5493.0(4) 5001.6(3) 4191.1(3)
Z 4 4 4 4 4
Density [Mg m–3] 1.345 1.371 1.374 1.482 1.512
Abs. coeff. [mm–1] 0.784 0.876 0.748 0.834 1.207
Abs. correction none none none none none
F(000) 2196 1984 2360 2296 1952
Total no. of reflections 50748 34247 39758 21611 41439
Reflections, I�2σ(I) 12870 5768 12863 6153 10403
Max. 2θ [°] 28.33 28.32 28.28 28.33 28.32
Ranges (h, k, l) –11 � h � 14 –13 � h � 19 –13 � h � 13 –16 � h � 21 –16 � h � 17

–51 � k � 45 –28 � k � 28 –27 � k � 27 –17 � k � 16 –19 � k � 19
–16 � l � 16 –16 � l � 20 –27 � l � 33 –31 � l � 31 –30 � l � 30

Complete to 2θ (%) 99.1 99.9 94.4 98.9 99.7
Refinement method full-matrix least full-matrix least full-matrix least full-matrix least full-matrix least

squares on F2 squares on F2 squares on F2 squares on F2 squares on F2

Data/restraints/parameters 12870/0/657 5768/0/298 12863/0/720 6153/0/343 10403/0/531
Goof (F2) 1.016 1.021 0.948 0.993 0.974
R indices [I � 2σ(I)] 0.0417 0.0332 0.0472 0.0319 0.0451
R indices (all data) 0.0761 0.0556 0.1025 0.0452 0.1146

The X-ray data were collected at 296 K with Mo-Kα radiation (λ
= 0.71073 Å) with a Bruker Nonius SMART CCD diffractometer
equipped with a graphite monochromator (Table 2). The SMART
software was used for data collection and also for indexing the
reflections and determining the unit cell parameters; the collected
data were integrated using SAINT software. The structures were
solved by direct methods and refined by full-matrix least-squares
calculations using the SHELXTL software.[8] All the non-H atoms
were refined in the anisotropic approximation against F2 of all re-
flections. The H-atoms, except those attached to N, O and F were
placed at their calculated positions and refined in the isotropic
approximation; those attached to heteroatoms (N, O and F) were
located in the difference Fourier maps, and refined with isotropic
displacement coefficients.

CCDC numbers 614270–614274 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Preparation of 2a: Nickel(II) chloride hexahydrate (0.238 g,
1 mmol) and sodium benzoate (0.28 g, 2 mmol) were finely ground
in a mortar and heated at 100 °C for 15 min. The solid mixture was
cooled to room temperature and transferred into a round-bottomed
flask and benzene (20 mL) was added and the heterogeneous mix-
ture was stirred at room temp. for 5 min followed by the addition
of pyridine (0.158 g, 2 mmol). The blue supernatant liquid was fil-
tered off and was left undisturbed. Blue crystals were collected after
3 d and dried in air. Yield: 0.371 g, 34% (based on Ni). FT-IR
(KBr): ν̃ = 3412 (b), 3065 (w), 3032 (w), 1630 (s), 1602 (m), 1572
(m), 1530 (w), 1481 (w), 1445 (m), 1394 (s), 1215 (m), 1067 (m),
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1037 (m), 814 (m), 757 (m), 716 (s), 696 (s), 676 (s) cm–1. λmax(me-
thanol) = 645 nm, ε = 18.91 –1 cm–1, 383 nm, ε = 65.6 –1 cm–1

Preparation of 2b: Benzoic acid (0.24 g, 2 mmol), potassium hy-
droxide (0.116 g, 2 mmol) and nickel(II) chloride hexahydrate
(0.238 g, 1 mmol) were finely ground in the mortar and heated at
100 °C for 15 min. The solid mixture was cooled to room tempera-
ture and transferred into a round-bottomed flask. Toluene (20 mL)
was added to the solid mass and the heterogeneous mixture was
stirred at room temperature for 5 min. To this mixture pyridine
(0.158 g, 2 mmol) was added. The residue was filtered off and the
blue filtrate was left undisturbed. From this solution blue crystals
were obtained after 3 d and dried in air. The blue crystals were
further dissolved in ethanol and water (1:1) mixture (5 mL) to ob-
tain crystals of 2b. Yield: 0.553 g, 58% (based on Ni). FT-IR (KBr):
ν̃ = 3537 (w), 3478 (w), 3060 (w), 2065 (w), 1630 (s), 1602 (m),
1572 (s), 1528 (m), 1484 (m), 1447 (s), 1397 (s), 1215 (m), 1152 (w),
1070 (m), 1039 (m), 825 (s), 760 (m), 720 (s), 697 (s), 674 (s) cm–1.
λmax(methanol) = 648 nm, ε = 16.55 –1 cm–1; 389 nm, ε =
36.63 –1 cm–1.

The complexes 2c–2e were prepared from the corresponding acid
in an analogous manner to that for 2b. However, for the crystallisa-
tions different solvents were used.

2c: Crystallised from a toluene and methanol mixture (1:1). Yield:
0.296 g, 26%. IR (KBr): ν̃ = 3423 (w), 3043 (m), 2071 (w), 1626
(s), 1614 (s), 1588 (w), 1525 (w), 1484 (w), 1445 (m), 1410 (s), 1374
(s), 1256 (w), 1215 (m), 1152 (w), 1070 (w), 1039 (w), 891 (w), 861
(m), 787 (s), 697 (s), 655 (m), 628 (w) cm–1. λmax(methanol) 649 nm,
ε = 19.53 –1 cm–1; 388 nm, ε = 55.45 –1 cm–1.
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2d: Crystallised from toluene. Yield: 0.235 g, 21%. IR (KBr): ν̃ =
3445 (m), 3071 (m), 2071 (w), 1637 (s), 1604 (m), 1555 (w), 1520
(s), 1486 (m), 1448 (s), 1396 (s), 1363 (s), 1303 (w), 1218 (w), 1155
(w), 1071 (w), 858 (w), 824 (m), 781 (m), 736 (s), 701 (s) cm–1.
λmax(acetonitrile) = 638 nm, ε = 12.09 –1 cm–1.

2e: Crystallised from an ethanol and acetonitrile mixture (2:1).
Yield: 0.134 g, 14%. IR (KBr): ν̃ = 3420 (w), 3065 (w), 1703 (w),
1614 (s), 1566 (w), 1533 (w), 1484 (w), 1445 (m), 1400 (s), 1218
(m), 1166 (m), 1091 (m), 1039 (w), 1012 (w), 850 (w), 820 (m), 772
(m), 697 (m), 631 (w), 532 (s) cm–1. λmax (methanol) 633 nm, ε =
24.42 –1 cm–1; 389 nm, ε = 40.92 –1 cm–1.
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An aromatic isocyanide-substituted diiron complex 5 has
been synthesized as a mimic for the active site of Fe-only
hydrogenases. Its structure has been fully characterized by
X-ray crystallography. The 4-iodophenylisocyanide ligands
in 5 are in the basal positions and are nearly parallel to each
other, with π–π stacking interactions. Four isomeric geome-
tries of complex 5 have been optimized by DFT calculations,
and the electrochemical properties of 5 have been investi-

Introduction

Proton reduction to hydrogen in proteins, according to
the reaction 2H+ + 2e– i H2, is catalyzed in a highly ef-
ficient manner by Fe-only hydrogenases ([Fe]H2ases), with
rates in the range of 6000–9000 per second.[1–3] Because of
this significant efficiency, [Fe]H2ases have drawn consider-
able attention from chemists in the past few years.

As revealed by a combination of X-ray crystallogra-
phy[4,5] and IR spectroscopy,[6,7] the active site of [Fe]H2ases
is comprised of a 2Fe2S subunit linked to a 4Fe4S cluster
by a cysteinyl-S bridge. The 4Fe4S unit is probably respon-
sible for electron transfer while the 2Fe2S subsite is utilized
as a catalytic center for hydrogen formation and activation.
The two iron atoms in the 2Fe2S subunit are bridged by the
sulfur atoms of a propanedithiolato (PDT) ligand and bear
the biologically unusual ligands CO and CN–. Theoretical
studies support the assignment of the bridging ligand as
having the structure –SCH2NCH2S– (ADT),[8,9] and the ni-
trogen heteroatom likely plays an important role in H2 pro-
duction in the natural system.

The unique structure of the active site has inspired bio-
inorganic chemists to synthesize structural and functional
models.[10–15] Numerous biomimetic models of the PDT-[16]
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gated by cyclic voltammetry in the absence and presence of
p-toluenesulfonic acid (HOTs). Analysis of the cyclic voltam-
metric curve indicates that the reduction event at about
–1.43 V is electrocatalytically active to proton reduction. This
potential is more positive than that of any functionalized pro-
panedithiolatodiiron complex.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

or ADT-bridged[17,18] all-carbonyl diiron complexes, as well
as of their isocyanide,[19,20] thioether,[21–23] and phosphane/
cyano-substituted[24,25] analogues have been prepared. Re-
cently, Pickett and co-workers have reported their assembly
by linking of an [Fe4S4] cluster to a diiron unit, which offers
the prospect of understanding the catalytic mechanisms of
[Fe]H2ases.[26] Rauchfuss et al. have developed syntheses of
mixed-ligand diferrous dithiolate complexes by the oxidat-
ive decarbonylation of diiron dithiolates,[27,28] and Dar-
ensbourg and co-workers have described the electrocatalytic
production of H2 by PDT-bridged diiron derivatives [(µ-
PDT)Fe2(CO)4(PR3)2] in the presence of the weak acid
HOAc.[29,30] Rauchfuss et al. have demonstrated that the
mixed-ligand substituted diiron system [(µ-PDT)Fe2(CO)4-
PMe3(CN)]– is an electrocatalyst for H2 production with the
strong acid p-toluenesulfonic acid (HOTs).[31,32] However,
relatively more negative potentials are required to drive the
reduction of protons to H2 with these synthetic systems.
Sun and co-workers have reported that the introduction of
nitrogen in the ADT bridge shifts the reduction potential
to a more positive value.[33] Thus, the synthesis of function-
alized azadithiolatodiirons may be an alternative in the se-
arch for synthetic catalysts with [Fe]H2ase-like capability.
Although ADT-bridged diiron complexes have been exten-
sively studied,[34–39] to the best of our knowledge there is
no report on the electrocatalytic reduction of protons cata-
lyzed by functionally substituted azadithiolatodiiron deriva-
tives in the literature to date. With this in mind, we present
here a binuclear isocyanide azadithiolatoiron complex 5 in
which the isocyanide ligand was chosen because it can be
used as a surrogate for the relevant CN– without complicat-
ing the reactivity of the cyanide nitrogen in catalytic reac-
tions.[19,20] We describe the preparation, structural charac-
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terization, and DFT calculations of the possible isomers of
5, as well as the electrochemical properties of 5 in the ab-
sence and presence of the moderately strong acid HOTs.

Results and Discussion

Synthesis and Spectroscopic Characterization of Complexes
3 and 5

The complex [{(µ-SCH2)2N(4-CH3C6H4)}Fe2(CO)6] (3)
was prepared by a similar procedure to that reported by
Rauchfuss (Scheme 1).[34] The lithium salt of hexacarbonyl-
disulfidodiiron (1),[40] freshly derived from [(µ-S)2Fe2-
(CO)6], was treated with N,N-bis(chloromethyl)-4-methyl-
aniline (2) to give complex 3 in moderate yield. The synthe-
sis of [{(µ-SCH2)2N(4-CH3C6H4)}Fe2(CO)4(4-IC6H4NC)2]
(5) from complex 3 and 4-iodophenylisocyanide (4) turned
out to be a challenge. Treatment of 3 with two equivalents
of 4 in CH2Cl2 or CH3CN solution afforded complex 5 in
very low yield, and attempts to afford disubstituted isocya-
nide derivative 5 in refluxing MeCN solution by Rauchfuss’
protocol[19] were unsuccessful because 4 is thermally un-
stable. However, reaction of complex 3 with 4 in CH3CN/
CH2Cl2 (2:1, v/v) solution in the presence of the decarbon-
ylating agent Me3NO·2H2O at room temperature gave the
desired product 5 in reasonable yield after purification by
column chromatography on silica gel. Complexes 3 and 5
are stable to air in the solid state but moderately sensitive
in solution.

Complexes 3 and 5 were characterized by IR and 1H and
13C NMR spectroscopy and mass spectrometry. The IR
spectrum of complex 3 in CH2Cl2 shows three major bands
in the CO region at 2071, 2030, and 2000 cm–1, in agree-
ment with those of other azadithiolatodiiron deriva-
tives.[34–36] The IR spectrum of complex 5 in CH2Cl2 exhib-
its NC bands at 2122 and 2094 cm–1 and CO bands at 1996,
1980, and 1950 cm–1. Compared with the signals of 3, the
stretching frequencies of CO are shifted to lower wave-
numbers by about 50 cm–1 on average, consistent with the
better electron-donating ability of 4-iodophenylisocyanide
with respect to the CO ligand. This indicates that the intro-
duction of aromatic isocyanide ligands to the diiron center
increases the electron density of the Fe–Fe bond.

Scheme 1. a) (ClCH2)2N(4-CH3C6H4) (2), thf, –78 °C, 2 h; b) 4-iodophenyl isocyanide (4), Me3NO·2H2O, CH3CN/CH2Cl2 (1:1, v/v),
room temp., 48 h.
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Structures of Complexes 3 and 5

The solid-state structures of 3 and 5 were determined by
X-ray diffraction. The structure of 3 is shown in Figure 1
and selected bond lengths and bond angles are listed in
Table 1. The 2Fe2S unit has a pseudo-square-pyramidal ge-
ometry, similar to those of previously reported azadithiola-
todiiron derivatives.[34–36] The 4-methylphenyl ring slants
towards the Fe(2)(CO)3 unit, and the axis containing N(1),
C(9), C(12), and C(15) atoms is nearly parallel to the apical
C(6)O(6) ligand on the Fe(2) atom. It is noteworthy that
the C(6)–Fe(2)–Fe(1) angle is about 7° larger than the C(2)–
Fe(1)–Fe(2) angle, thus indicating an interaction between
the arene group and Fe(2)(CO)3 unit. The Fe–Fe distance
of 2.5090(10) Å agrees well with those found in other (µ-
ADT)Fe2(CO)6 structures.

Figure 1. ORTEP view of 3 (ellipsoids at 30% probability level).

The molecular structure of 5 in the solid state is dis-
played in Figure 2 and selected lengths and angles are listed
in Table 2. Like the “parent” 3, the central 2Fe2S unit of 5
adopts a face-shared bi-octahedral structure. The Fe–Fe
bond length of 2.5121(11) Å is somewhat longer than that
observed in 3 and is similar to that found in an isocyanide-
substituted PDT-bridged diiron complex.[20] This indicates
that the metal–metal distance in diiron(I) compounds is
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Table 1. Selected bond lengths [Å] and angles [°] for 3.

Fe(1)–Fe(2) 2.5090(10) Fe(1)–S(1)–Fe(2) 67.44(4)
Fe(1)–S(1) 2.2614(14) Fe(1)–S(2)–Fe(2) 67.28(4)
Fe(1)–S(2) 2.2626(15) S(1)–Fe(1)–S(2) 85.05(5)
Fe(2)–S(1) 2.2585(14) S(1)–Fe(2)–S(2) 85.02(5)
Fe(2)–S(2) 2.2666(15) C(7)–S(1)–Fe(1) 110.7(2)
Fe(1)–C(1) 1.797(6) C(8)–S(2)–Fe(1) 107.59(19)
Fe(1)–C(2) 1.783(6) C(1)–Fe(1)–C(3) 99.3(3)
Fe(1)–C(3) 1.797(6) C(3)–Fe(1)–C(2) 90.2(3)
N(1)–C(7) 1.420(8) C(2)–Fe(1)–C(1) 99.3(3)
N(1)–C(8) 1.411(8) C(1)–Fe(1)–S(1) 101.99(19)
N(1)–C(9) 1.413(7) C(1)–Fe(1)–S(2) 99.4(2)

C(9)–N(1)–C(8) 121.3(5)
C(9)–N(1)–C(7) 122.3(5)
C(7)–N(1)–C(8) 113.8(5)

slightly affected by the nature of terminal ligands with a
better electron-donating ability. The p-π conjugation be-
tween the 4-methylphenyl ring and the bridging N p orbital
is somewhat weakened, therefore the bridging N atom is
not in the plane defined by the atoms C(12), C(10), and
C(19). The sum of the C–N–C angles around N(3) is 354°.
The 4-methylphenyl ring in an axial position is approxi-
mately parallel to the apical carbonyl ligand C(22)O(3) on
the Fe(2) site, as found in 3. The C(20)–Fe(2)–Fe(1) angle
in 5 [156.5(2)°] is enlarged by about 3.6° compared to the
corresponding angle [C(6)–Fe(2)–Fe(1)] in 3 [152.83(19)°],
thus suggesting the effect of the phenylisocyanide ligands
on the diiron unit. The C(7)–N(1)–C(4) angle [177.3(7)°] on
the Fe(1) unit is relatively linear, whereas the C(21)–N(2)–
C(23) angle [168.1(7)°] on the Fe(2) unit is slightly bent.
The bending at the N(2) atom is probably due to a steric
influence of the bulky isocyanide ligands. The average Fe–
C(N) distance of 1.846(6) Å is slightly larger than that of
Fe–C(O) [av. 1.7805(7) Å]. It is interesting to note that the
two phenylisocyanide ligands in the basal positions on each
iron unit are nearly parallel to each other, thus indicating a

Figure 2. ORTEP view of 5 (ellipsoids at 30% probability level).
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crystal stacking interaction between them. Figure 3 displays
the packing view along the b axis. It shows π–π stacking
interactions of the 4-iodophenylisocyanide ligands within
the column. Complex 5 is unusual compared to related di-
iron isocyanide complexes where the two isocyanide ligands
are in apical positions in the solid state and are not parallel
to each other.[20]

Table 2. Selected bond lengths [Å] and angles [°] for 5.

Fe(1)–Fe(2) 2.5121(11) Fe(1)–S(1)–Fe(2) 67.29(5)
Fe(1)–S(1) 2.2642(16) Fe(1)–S(2)–Fe(2) 67.25(5)
Fe(1)–S(2) 2.2698(17) S(1)–Fe(1)–S(2) 84.93(6)
Fe(2)–S(1) 2.2698(17) S(1)–Fe(2)–S(2) 84.87(6)
Fe(2)–S(2) 2.2668(17) C(10)–S(1)–Fe(1) 107.6(2)
Fe(1)–C(7) 1.846(6) C(19)–S(2)–Fe(1) 109.3(2)
Fe(1)–C(8) 1.758(8) C(9)–Fe(1)–C(8) 101.1(3)
Fe(1)–C(9) 1.806(7) C(8)–Fe(1)–C(7) 90.1(3)
N(1)–C(7) 1.158(8) C(7)–Fe(1)–C(9) 100.1(3)
N(1)–C(4) 1.409(8) C(9)–Fe(1)–S(1) 99.8(2)
N(2)–C(21) 1.165(8) C(9)–Fe(1)–S(2) 101.5(2)
N(2)–C(23) 1.397(8) C(12)–N(3)–C(19) 121.0(5)
N(3)–C(12) 1.396(7) C(12)–N(3)–C(10) 121.7(5)
N(3)–C(10) 1.398(8) C(10)–N(3)–C(19) 111.5(5)
N(3)–C(19) 1.434(8) C(7)–Fe(1)–S(1) 159.8(2)
I(1)–C(1) 2.092(7) C(7)–Fe(1)–S(2) 87.6(2)

N(1)–C(7)–Fe(1) 178.9(7)
N(2)–C(21)–Fe(2) 177.7(6)
C(4)–N(1)–C(7) 177.3(7)
C(23)–N(2)–C(21) 168.1(7)

Figure 3. Crystal packing diagram for 5 viewed along the b axis.
Thermal ellipsoids are drawn at the 50% possibility level.

In contrast to the solid structure, complex 5 exists as iso-
mers, with two different CN stretching frequencies at 2122
and 2094 cm–1, respectively, in solution. This phenomenon
is analogous to that described for the related isocyanide
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derivative [(µ-S2C3H6)Fe2(CO)4(tBu4NC)2].[20] In general,
complexes of this type can share several isomeric geometries
in solution on the basis of ligands in apical or axial posi-
tions.

DFT Structure Calculations for 5

To gain insight into the possible isomeric structures
based on the different positions of the two isocyanide li-
gands, the possible geometries of 5 were optimized by using
DFT methods. Theoretically, there are four possible isomers
for doubly substituted diiron complexes, that is ap/ap, ba/
ap, ba/ba, and ap/ba configuration modes. Four optimized
structures of the relevant isomers of 5 are shown in Fig-
ure 4. Selected geometrical parameters are summarized in
the Supporting Information. A comparison of these struc-

Figure 4. DFT-optimized structures of the four isomers of complex 5. Selected bond lengths [Å] are given.
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tures reveals that the Fe–Fe distance is affected by the ar-
rangement of the CO and 4-IC6H4NC groups. This effect
can be partly attributed to the competition between π-ac-
ceptors for the π electrons. The crystallographically charac-
terized isomer 5 is analogous to the computed complex 5.4.
Notably, the bond lengths and angles are in good agreement
with the X-ray data and the two phenylisocyanide groups
in the basal positions are close to parallel.

From the relative energies of the four isomers shown in
Table S1, it can be seen that in the monomer case the stabi-
lization sequence of the four conformations for 5 in the gas
phase is 5.2 � 5.3 � 5.4 � 5.1. When considering the sol-
vent effect, we found that the stabilization sequence changes
and isomer 5.4 becomes the most stable one in CCl4 solu-
tion at 298 K. The stabilization sequence in CCl4 solution
is 5.4 � 5.1 � 5.3 � 5.2. Theoretical calculations show an
important role for the solvent effect on structure selection
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during the crystallization of complex 5. The energy differ-
ence between isomers is less than 15 kJmol–1, which means
that isomers of complex 5 can interchange easily.

Electrochemistry of Complexes 3 and 5

The ADT-bridged diiron hexacarbonyl compounds [(µ-
ADT)Fe2(CO)6][33,35] and their phosphane-substituted de-
rivatives[36] have been reported to undergo an electrochemi-
cally quasi-reversible/irreversible reduction at moderately
negative potentials depending on the electron-donating abil-
ities of the ligands on the diiron core. The cyclic voltammo-
grams of complexes 3 and 5 shown in Figure 5 were re-
corded in CH3CN solution (with 0.1  nBu4NPF6 as elec-
trolyte) and proceed, as indicated, in the cathodic direction.
Complexes 3 and 5 display a quasi-reversible reduction
peak and an irreversible oxidation wave, respectively. By
comparison with electrochemical data for PDT-bridged di-
iron complexes[29,30] and ADT-bridged diiron ana-
logues,[33,35,36] the reduction peaks at –1.55 V for 3 and
–1.70 V for 5 vs. Fc+/Fc can be assigned to the one-electron
reduction process of FeIFeI to FeIFe0. The oxidation peaks
at 0.55 V for 3 and at 0.13 V for 5 can be attributed to a
net one-electron process, but further work is needed to es-
tablish this aspect of the electrochemistry. In comparison to
that of the parent complex 3, the reduction potential of 5
shifts by about 0.15 V to a more negative value, and the
oxidation peak shifts by about 0.42 V to a less positive
value. These shifts of potential indicate that the introduc-
tion of 4-iodophenylisocyanide ligands in 5 makes the re-
duction of the iron core more difficult and the oxidation
easier, which is consistent with the better donor capacity of
4-iodophenylisocyanide relative to CO. A similar trend in
the diiron analogue [{(µ-SCH2)2N(4-BrC6H4)}Fe2(CO)5-
PPh3] has been reported by Sun and co-workers.[36]

Figure 5. Cyclic voltammograms of 3 and 5 (1 m) in 0.1 
nBu4NPF6/CH3CN solution at a potential scan rate of 100 mVs–1.

Electrocatalytic Proton Reduction in CH3CN Solution

The electrocatalytic proton reduction by 5 was investi-
gated by cyclic voltammetry in the presence of the moder-
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ately strong acid HOTs. The cyclic voltammogram recorded
in CH3CN solution at different acid concentrations
(0–4 m) is shown in Figure 6. Upon addition of 1 m of
HOTs, two new reduction peaks were observed at around
–1.20 and –1.43 V. As can be seen in Figure 6, the current
height of the reduction peak around –1.20 V displays a
slight increase with an increase of acid concentration, while
the reduction wave at around –1.43 V shows a significant
electrocatalytic response. The current intensity of this re-
duction peak gradually increases and the potential is shifted
to a relatively more negative value with increasing acid con-
centration. The current intensity (Ipc) of this reduction dis-
plays a linear increase with an increase of the concentration
of HOTs, as shown in Figure 7. The steeper slope is indica-
tive of the sensitivity of the reduction to acid concentration.
These features are typical of a catalytic proton reduction
process.[41] At [H+]/[5] � 5, the reduction peak at around
–1.70 V disappears and the height of the reduction event
around –1.43 V also increases and its potential shifts to a
more negative value (Figure S1). We conclude that the re-
duction peak around –1.43 V displays an electrocatalytic re-
sponse to proton reduction. The reduction peak around
–1.20 V may be the reduction process of a protonated prod-
uct, and further work is needed to define it properly. To
further confirm the catalytic activity of 5 around –1.43 V,
bulk electrolysis of solutions of 2 m 5 with 50 m HOTs
was performed at –1.50 V. After passage of 20 C of charge
through the cell, a sample of gas was collected and ana-
lyzed. Analysis by gas chromatography showed the gas
evolved during electrolysis to be H2.

Figure 6. Cyclic voltammograms of 5 (1 m) with 0–4 m HOTs
in 0.1  nBu4NPF6/CH3CN solution at a potential scan rate of
100 mVs–1.

Electrocatalytic H2 production by the cyano/phosphane-
substituted diiron derivative [(µ-PDT){Fe(CO)2PMe3}-
{Fe(CO)2CN}]– has been reported by Rauchfuss and co-
workers under similar acid conditions (HOTs).[31,32] The
potential for the reduction of protons was found to be Ep

red

= –1.2 V vs. Ag/AgCl (corresponding to –1.69 V vs. Fc+/
Fc),[42] which means that the potential of complex 5 is
shifted by about 260 mV to a more positive value. Com-
pared with all other functionalized PDT-bridged substi-
tuted diiron compounds,[29,30] complex 5 also has a con-
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Figure 7. Dependence of current intensity of the reduction events
of 5 (1 m) around –1.43 V on concentration of HOTs.

siderably more positive potential of proton reduction. A
reasonable interpretation for this is that the utilization of
the basicity of the ADT heteronitrogen atom[43] and the in-
troduction of isocyanide ligands shift the potential to a
more positive value and therefore makes the reduction of
protons remarkably easier.

Upon addition of acid, an irreversible event is observed
at around –0.6 V on the reverse scan. This presumably re-
sults from a reduction-derived decomposition product.[29,44]

Conclusions

The binuclear aromatic isocyanide substitute [{(µ-SCH2)2-
N(4-CH3C6H4)}Fe2(CO)4(4-IC6H4NC)2] (5) has been pre-
pared as an active site model of iron-only hydrogenases.
Both 5 and its parent complex 3 have been fully charac-
terized by X-ray diffraction. The structure of 5 is highly
unusual in that the two phenylisocyanide ligands are in
basal positions and are nearly parallel to each other. This
suggests that steric or crystal packing forces control the ste-
reochemistry of CO and the aromatic isocyanide ligands.
The introduction of the isocyanide ligands in 5 makes the
CO stretching frequencies shift to lower values. These lower
values of ν(CO) indicate that the diiron core is more electron-
rich, which is also consistent with the shift of the reduction
potential of 5 to a more negative value.

The results of DFT calculations show that the binuclear
active site of 5 has four possible isomers. One of these was
isolated and characterized crystallographically because of
the potential for isomeric complexity. It is likely that the π–
π stacking interaction between molecules of complex 5
makes the isomer 5.4 stable enough to crystallize from solu-
tion.

On the basis of electrochemical analyses of 5, the re-
duction peak around –1.43 V is electrocatalytically active in
the presence of HOTs. The iodo functionality in 5 could be
used for further elaboration by incorporating a redox spe-
cies. This offers a possibility of linking a ruthenium photo-
sensitizer to the azadithiolatodiiron system 5 in an attempt
to produce H2 by action of light.[15] Further experimental
efforts in these directions are underway.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4679–46864684

Experimental Section
Reagents and Instrumentation: All reactions and operations were
carried out under N2 using standard Schlenk techniques. All sol-
vents were dried and distilled prior to use according to standard
methods. Tetrahydrofuran was purified by distillation under N2

from sodium/benzophenone. Acetonitrile was distilled once from
CaH2 and once from P2O5 and freshly distilled from CaH2 prior
to use. Dichloromethane was distilled from P2O5 under N2. The
following materials were commercially available reagents and used
without further purification: paraformaldehyde, 4-methylaniline,
and 4-iodoaniline. LiEt3BH was purchased from Aldrich and used
as received. N,N-Bis(chloromethyl)-4-methylaniline (2), [(µ-S)2-
Fe2(CO)6], [(µ-LiS)2Fe2(CO)6] (1), and 4-iodophenylisocyanide (4)
were synthesized according to the literature procedures.[34,40,45,46]

Infrared spectra were recorded with a FT-IR spectrophotometer.
1H and 13C NMR spectra were recorded on a Varian INOVA 400
NMR spectrometer. Mass spectra were recorded with a HP 100
MSD. HR mass spectra were recorded on a Q-TOF mass spectrom-
eter or a GC-TOF instrument (Micromass).

Synthesis of [{(µ-SCH2)2N(4-CH3C6H4)}Fe2(CO)6] (3): LiEt3BH
solution (1  solution in thf, 2.9 mL, 2.9 mmol) was added to a
solution of [(µ-S)2Fe2(CO)6] (500 mg, 1.45 mmol) in thf (30 mL) by
syringe at –78 °C over 30 min. A solution of N,N-bis(chloro-
methyl)-4-methylaniline (2) in thf (20 mL) was added to the re-
sulting green solution, causing an immediate change of color to
dark red. After stirring for 2 h at –78 °C and for 1 h at room tem-
perature, the solvent was removed in vacuo and the resulting dark-
red solid was purified by column chromatography on silica gel
using CH2Cl2/hexane (1:10) as eluent to afford a dark-red solid.
Yield: 57% (recrystallized from CH2Cl2/hexane). 1H NMR
(400 MHz, CDCl3): δ = 7.12 (s, 2 H), 6.66 (s, 2 H), 4.31 (s, 4 H),
2.28 (s, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 209.0, 207.2,
142.8, 130.6, 130.2, 116.3, 53.6, 50.2, 19.5 ppm. IR (CH2Cl2): ν(CO)

= 2071, 2030, 1999 cm–1. MS (API-ES): (m/z): 478 [M + H]+. HR-
MS (ESI) calcd. for [M + H]+: 477.8805; found 477.8793.

Synthesis of [{(µ-SCH2)2N(4-CH3C6H4)}Fe2(CO)4(4-IC6H4NC)2]
(5). Method A: A solution of complex 3 (1 g, 2.09 mmol) in CH3CN
(30 mL) was treated with a solution of 4-IC6H4NC (0.96 g,
4.19 mmol) in CH2Cl2 (30 mL) at room temperature, followed by
the addition of Me3NO·H2O (0.465 g, 4.19 mmol) in CH3CN
(20 mL). The solution immediately turned dark purple, and after
5 h the color had changed again to dark red. The mixture was
stirred at room temperature for 48 h and TLC showed the reaction
was complete. The solvent was removed in vacuo and the dark-red
residue was purified by column chromatography on silica gel elut-
ing with hexane/dichloromethane (5:1). Two main bands were ob-
served: the first red band, containing [{(µ-SCH2)2N(4-CH3C6H4)}-
Fe2(CO)5(4-IC6H4NC)] [IR (CH2Cl2): νCN = 2124 cm–1, νCO =
2040, 2000, 1975 cm–1], was collected with around 600 mL of elu-
ent, and the second red band (5), with a further 1000 mL of eluent,
was collected to give the red product 5. Yield: 640 mg (34%)
(recrystallized from CH2Cl2/hexane). 1H NMR (400 MHz, [D6]ace-
tone): δ = 7.77 (d, J = 8.4 Hz, 2 H), 7.11 (d, J = 8.4 Hz, 2 H), 7.03
(d, J = 8.0 Hz, 2 H), 6.77 (d, J = 8.0 Hz, 2 H), 4.38 (s, 4 H), 2.14
(s, 3 H) ppm. 13C NMR (100 MHz, CDCl3): δ = 211.5 (CN), 205.5,
202.5 (CO), 147.0, 143.5, 138.6, 130.2, 128.7, 127.5, 115.8, 93.3,
49.8, 20.5 ppm. IR (CH2Cl2): ν(CN) = 2122, 2094 cm–1; ν(CO) =
1996, 1980, 1950 cm–1. HR-MS (EI) calcd. for [M+]: 878.7605;
found 878.7601.

Methods B: A 100-mL Schlenk flask was charged with [{(µ-SCH2)2-
N(4-CH3C6H4)}Fe2(CO)6] (3; 500 mg, 1.04 mmol) and 4-IC6H4NC
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(479 mg, 2.09 mmol), 50 mL of CH2Cl2 was added to this flask,
and the solution was stirred 48 h at room temperature. The solvent
was removed in vacuo and the residue was purified by column
chromatography on silica gel, eluting with hexane/dichloromethane
(5:1). The first band, containing a large quantity of the monoisocy-
anide-substituted product, was collected with about 800 mL of elu-
ent, and the second red band containing 5 with a further 200 mL.
Yield of 5: 92 mg (10%; recrystallized from CH2Cl2/hexane).

X-ray Structure Determinations: The single-crystal X-ray data were
collected with a Siemens SMART CCD diffractometer for 3, while
the measurement for 5 was performed on a Siemens P4 four-circle
diffractometer. In all cases, the data were collected at 293 K using
graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) in the
ω–2θ scan mode. Data processing was accomplished with the
SAINT processing program.[47] Intensity data were corrected for
absorption with empirical methods. The structures of complexes 3
and 5 were solved by direct methods and refined on Fo

2 against
full-matrix least-squares with the SHELXTL 97 program pack-
age.[48] All non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were located by geometrical calculation, but their
positions and thermal parameters were fixed during the structure
refinement. A summary of the crystallographic data and structural
determinations for 3 and 5 is provided in Table 3.

Table 3. X-ray crystallographic data for 3 and 5.

3 5

Formula C15H11Fe2NO6S2 C27H23Fe2I2N3O6S2

Mr [g mol–1] 475.05 915.12
λ [Å] 0.71073 0.71073
Crystal system triclinic monoclinic
Space group P1 P21/c
a [Å] 7.8394(3) 13.3600(8)
b [Å] 9.6753(3) 21.6360(14)
c [Å] 12.4508(3) 12.4395(8)
α [°] 99.2350(10) 90.00
β [°] 101.954(2) 107.7380(10)
γ [°] 90.124(2) 90.00
V [Å3] 911.31(5) 3424.8(4)
Z 2 4
T [K] 293 293
ρcalcd. [g cm–3] 1.731 1.771
µ [mm–1] 1.850 2.812
F [000] 478 1772
Total reflections 3177 7895
Reflections observed 2789 5453
Parameters 236 379
Goodness-of-fit on F2 1.091 1.035
R1[a] [I � 2σ(I)] 0.0694 0.0697
wR[b] [I � 2σ(I)] 0.2061 0.2265
Max. peak/hole [eÅ–3] 1.583/– 0.937 2.844/–1.054

[a] R1 = (∑||Fo| – |Fc||)/(∑|Fo|). [b] wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]1/2.

CCDC-293055 (for 3) and -289306 (for 5) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

Computational Methods: The density functional theory (DFT)
method was used to optimize the isomeric geometries of complex
5. Calculations were performed with the B3LYP functional[49] in-
cluded in the Gaussian 03 program package.[50] The D95 basis
set[51] was used for all atoms except Fe and I, for which the
LANL2DZ basis set[52] was used with the effective core potential
(ECP) of LANL2DZ. The effect of solvent on the stability of the
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isomers was considered by optimizing all the geometries in CCl4
solution using the PCM method[53] included in Gaussian 03.

Electrochemistry: Acetonitrile used for electrochemical measure-
ments was distilled once from CaH2 and once from P2O5 and
freshly distilled from CaH2 under N2. Measurements were made
with a BAS 100B electrochemical workstation. All cyclic voltam-
mograms were obtained in a conventional three-electrode cell under
argon and at ambient temperature. The working electrode was a
glassy carbon electrode (diameter 3 mm) that was successively pol-
ished with 3-µm and 1-µm alumina pastes and sonicated in ion-
free water for 15 min prior to use. The supporting electrolyte was
0.1  nBu4NPF6 (Fluka, electrochemical grade). The experimental
reference electrode was a nonaqueous Ag/Ag+ electrode (0.01 

AgNO3/0.1  nBu4NPF6 in CH3CN). Ferrocene was used as an
internal standard. All potentials reported in this paper are relative
to the Fc+/Fc couple. The counter electrode was platinum wire.
During the electrocatalytic experiments under argon, increments of
acid were added by microsyringe. Bulk electrolysis experiments
were performed under argon with a BAS 100 B/W electrochemical
analyzer, which was carried out on a glassy carbon rod (A =
3.14 cm2) in a gas-tight H-type electrolysis cell containing about
14 mL of CH3CN solution. Gas chromatography was performed
with a GC 920 instrument equipped with a thermal conductivity
detector (TCD) under isothermal conditions with argon as carrier
gas.

Supporting Information (see also the footnote on the first page of
this article): Energetic properties of isomers of complex 5 calcu-
lated both in the gas phase and CCl4 solution using PCM method.
Geometrical bond lengths and angles calculated for the isomers
5.1–5.4.
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Three new copper(II) complexes derived from the tridentate
N3 ligands 4-methyl-1-(pyrid-2-ylmethyl)-1,4-diazacyclohep-
tane (L1), 1-(quinol-2-ylmethyl)-1,4-diazacycloheptane (L2),
and 4-methyl-1-(quinol-2-ylmethyl)-1,4-diazacycloheptane
(L3) have been prepared and examined as copper catalysts
for olefin aziridination. In the X-ray crystal structures of the
complexes [Cu(L2)Cl2] (2) and [Cu(L3)Cl2] (3) copper(II)
adopts a trigonal-bipyramidal distorted square-based pyram-
idal geometry (TBDSBP) as seen from the values of the trigo-
nality index τ (0.08 for 2 and 0.48 for 3). The enhanced trigo-
nal distortion in 3 is due to the presence of an N-Me group,
the lone pair orbital of which is not oriented exactly along
the dx2–y2 orbital of copper(II). While [Cu(L1)(H2O)](ClO4)2 (1)
assumes a tetragonal geometry in solution, complexes 2 and
3 adopt a distorted tetragonal geometry, as revealed by UV/
Vis and EPR spectral studies. The complexes undergo quasi-

Introduction

Similar to epoxides, aziridine rings enjoy special atten-
tion in organic synthesis, particularly as intermediates[1,2] in
the synthesis of amines and amino alcohols. Furthermore,
naturally occurring azinomycin and mitomycin, which con-
tain aziridines in their core, exhibit cytotoxic properties.[3]

The development of new catalysts for the preparation of
aziridines has therefore been an active area of investigation.
Of the two different catalytic processes that lead to the for-
mation of aziridines,[4–6] that involving addition of an “NR”
nitrene unit to a C=C double bond (alkene; Scheme 1) has
been more extensively studied than the other, which in-
volves the addition of a “CR” carbene unit to a C=N (im-
ine) bond. This reaction is often catalyzed by transition
metals through coordination of the nitrene[4] or by Lewis
acids through substrate activation.[5] In transition-metal-
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reversible CuII/CuI redox behavior in methanol solution. The
ability of the complexes to mediate nitrene transfer from
PhINTs to olefins to form N-tosylaziridines has been studied.
The complexes are found to be efficient catalysts (in 5 mol-%
amounts) for the aziridination of the reactive olefin sty-
rene, with yields varying from 80 to 90% (with respect to
PhINTs). They exhibit significant catalytic nitrene transfer re-
activity (yields of 30 to 60%) also towards the less reactive
olefins cyclohexene and cyclooctene. A remarkable observa-
tion is the significantly accelerated rate of aziridination by 3,
which is ascribed to the steric crowding around copper(II)
imposed by the bulky quinolyl and N-Me groups of the tri-
dentate ligand L3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

catalyzed olefin aziridination reactions, the most widely em-
ployed reaction (Scheme 1) has been nitrene transfer from
(tosylimino)phenyliodinane (PhINTs).[7–9]

Scheme 1.

Many copper-based catalysts have been reported for ni-
trene-transfer reactions from PhINTs to alkenes, although
they have rarely been structurally characterized.[4,10–14]

Halfen et al. have systematically investigated[10] the struc-
tural and electronic factors that regulate the catalytic ac-
tivity of copper complexes in such nitrene-transfer reac-
tions. They used the complex [Cu(iPr3TACN)(O2CCF3)2] to
effect the near-quantitative aziridination of styrene deriva-
tives. They also reported aziridination of olefins catalyzed
by a series of square-based copper(II) complexes in which
tetradentate pyridyl-appended diazacycloalkane ligands are
meridionally coordinated.[13] In these complexes the axial
coordination site(s) are either vacant or occupied by a read-
ily displaced solvent or counterion, which facilitates the azi-
ridination with the nitrene source PhINTs. The reactivity
of the copper(II) complexes is significantly enhanced for
aziridination of styrene when the ligand denticity is lowered
from tetradentate to tridentate.[15] Very recently Vadernikov
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et al. have reported that coordinative unsaturation at cop-
per is responsible for the very high catalytic activity of cer-
tain four-coordinate copper(II) chloride complexes of pyri-
dine-based ligands.[16]

We decided to prepare copper(II) complexes of tridentate
N3 ligands and study them systematically to identify the
key ligand structural and electronic properties for optimum
copper catalyst performance. As the highly oxidized copper-
nitrene species are suggested[10] to be stabilized by electron-
rich and sterically hindered ligands, sterically hindering N–
Me and quinolyl moieties were incorporated into the triden-
tate N3 ligands (Scheme 2) chosen for the present study. The
ring system of the ligand would provide resistance[13]

towards oxidative degradation of the catalyst by the
strongly oxidizing nitrene transfer agent PhINTs. The coor-
dinative unsaturation as well as steric crowding around cop-
per(II) in the present complexes is expected to lead to im-
proved selectivity, reaction rates, and broad substrate toler-
ance. The X-ray crystal structures of two of the complexes
were determined to establish the degree of coordinative un-
saturation and distortion in the complexes. The solution
structures of the complexes have been probed by employing
spectroscopic and electrochemical methods to understand
the effect of the ligand architecture on the copper(II) coor-
dination geometry. All the complexes examined were found
to be fast and efficient catalysts for the aziridination of sty-
rene, cyclohexene, and cyclooctene when a high amount (5–
10 equiv.) of olefin was treated with PhINTs (1 equiv.).

Scheme 2. Ligands employed for the present study.

Results and Discussion

Synthesis of Ligands and Complexes

The tridentate ligands L1–L3 were prepared as oils in
good yields (50–70%) by stirring the appropriate diazacy-
cloheptane (homopiperazine or N-methylhomopiperazine)
with one equivalent of 2-picolyl chloride or 2-quinolyl chlo-
ride and two equivalents of triethylamine in ethanol at
room temperature for three days. The copper(II) complexes
of the ligands were prepared by the addition of either
CuCl2·H2O or Cu(ClO4)2·6H2O in methanol to a meth-
anolic solution of the ligands; they were characterized by
analytical and spectroscopic methods and studied as cata-
lysts for aziridination reactions. The ligands occupy three
coordination positions in the X-ray crystal structures of
both 2 and 3, with a chloride ion in the equatorial position.
Conductivity studies revealed that complex 1 behaves as a
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2:1 electrolyte (190 Ω–1 cm2 –1) while 2 and 3 behave as 1:1
electrolytes (2, 98 and 3, 86 Ω–1 cm2 –1) in methanol solu-
tion, corresponding to dissociation of the axial chloride to
give [Cu(L)Cl]+ ions. The longer equatorial chloride can
dissociate in solution in the presence of the substrates and
facilitate aziridination reaction.

Description of the Crystal Structures

An ORTEP view of the structures of complexes
2·CH3CN and 3, along with the atom numbering schemes,
are shown in Figures 1 and 2 respectively. Selected bond
lengths and bond angles relevant to the copper coordina-
tion spheres are given in Table 1. In the complex 2·CH3CN
copper(II) is bound to two chloride ions and two nitrogen
atoms (N2 and N3) of the homopiperazine moiety and the
nitrogen atom (N1) of the quinoline moiety of the triden-
tate ligand L2. The value of the structural index[17] τ (0.08)
suggests that the pentacoordinate complex is very slightly
distorted square pyramidal and the coordination geometry
around copper(II) may be best described as trigonal-bipy-
ramidal distorted square-based pyramidal (TBDSBP)[18] in
which the square plane is constituted by the three nitrogen
atoms (N1, N2, N3) of L2 and one chloride ion (Cl1) and
the apical position occupied by the other chloride ion (Cl2).
Two crystallographically independent complex molecules
with the same chemical formula are present in the asymmet-
ric unit cell of complex 3. In both these molecules cop-
per(II) is coordinated by three nitrogen atoms, two (N2 and
N3) from the homopiperazine moiety and one (N1) from
the quinoline moiety of ligand L3, and two chloride ions
(Cl1 and Cl2), as in 2·CH3CN. The value of the structural
index[17] τ (0.48) reveals that the coordination geometry
around copper(II) in 3 is best described as TBDSBP in
which the corners of the square plane are occupied by the
three nitrogen atoms of L3 and one chloride ion (Cl1), and
the apical position by the other chloride ion (Cl2). In fact,
the coordination geometry lies exactly midway between tri-
gonal-bipyramidal and square-pyramidal geometries. The
value of the trigonality index τ for 3 is much higher than

Figure 1. ORTEP drawing of [Cu(L2)Cl2] (2) showing the atom
numbering scheme and the thermal motion ellipsoids (50% prob-
ability level).
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that for 2·CH3CN, thus revealing that incorporation of the
sterically hindering N–Me group in 3 leads to a greater geo-
metrical constraint at copper(II). The Cu–Namine distances
in both 2·CH3CN and 3 are in the range expected[15] and,
interestingly, they are longer in 3 (2.052, 2.068 Å) than
those (2.036, 2.0392 Å) in 2·CH3CN, thus revealing that the
lone pair orbitals of the N-Me group in 3 are not oriented
exactly along the dx2–y2 orbital of copper(II).[19] Further, the
axial chloride ions in both 2·CH3CN and 3 are located fur-
ther away from the metal (2.456 Å in 2 and 2.462 Å in 3)

Figure 2. ORTEP drawing of [Cu(L3)Cl2] (3) showing the atom
numbering scheme and the thermal motion ellipsoids (50% prob-
ability level).

Table 1. Selected bond lengths [Å] and angles [°] for 2 and 3.

2 3

Cu(1)–N(1) 2.135(2) Cu(1)–N(1) 2.039(2)
Cu(1)–N(2) 2.0392(17) Cu(1)–N(3) 2.052(2)
Cu(1)–N(3) 2.036(2) Cu(1)–N(2) 2.068(2)
Cu(1)–Cl(1) 2.2722(9) Cu(1)–Cl(1) 2.3043(8)
Cu(1)–Cl(2) 2.4556(9) Cu(1)–Cl(2) 2.4620(8)

Cu(2)–N(21) 2.045(2)
Cu(2)–N(22) 2.056(2)
Cu(2)–N(23) 2.068(2)
Cu(2)–Cl(21) 2.3183(8)
Cu(2)–Cl(22) 2.4299(8)

N(1)–Cu(1)–N(2) 81.19(6) N(1)–Cu(1)–N(3) 161.28(10)
N(1)–Cu(1)–N(3) 154.90(7) N(1)–Cu(1)–N(2) 83.05(9)
N(2)–Cu(1)–N(3) 76.59(7) N(3)–Cu(1)–N(2) 78.23(10)
Cl(1)–Cu(1)–N(1) 103.67(5) N(1)–Cu(1)–Cl(1) 100.72(7)
Cl(1)–Cu(1)–N(2) 149.96(5) N(3)–Cu(1)–Cl(1) 92.69(7)
Cl(1)–Cu(1)–N(3) 90.23(5) N(2)–Cu(1)–Cl(1) 133.78(8)
Cl(2)–Cu(1)–N(1) 93.78(4) N(1)–Cu(1)–Cl(2) 91.92(7)
Cl(2)–Cu(1)–N(2) 101.96(5) N(3)–Cu(1)–Cl(2) 94.24(7)
Cl(2)–Cu(1)–N(3) 102.04(5) N(2)–Cu(1)–Cl(2) 111.03(8)
Cl(1)–Cu(1)–Cl(2) 107.19(2) Cl(1)–Cu(1)–Cl(2) 114.82(3)

N(21)–Cu(2)–N(22) 83.36(9)
N(21)–Cu(2)–N(23) 161.08(10)
N(22)–Cu(2)–N(23) 78.23(10)
N(21)–Cu(2)–Cl(21) 102.24(7)
N(22)–Cu(2)–Cl(21) 131.95(8)
N(23)–Cu(2)–Cl(21) 93.37(7)
N(21)–Cu(2)–Cl(22) 92.38(7)
N(22)–Cu(2)–Cl(22) 117.75(7)
N(23)–Cu(2)–Cl(22) 92.33(8)
Cl(21)–Cu(2)–Cl(22) 109.72(3)
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than the equatorial chloride ions (2.272 Å in 2 and 2.304 Å
in 3). This is obviously because of the presence of two elec-
trons in the dz2 orbital of copper(II) in the square-based
environments of both complexes. It is interesting to note
that both 2·CH3CN and 3 are monomeric, which is in con-
trast to the dimeric structure of the complex [(L4)Cu(µ-Cl)2-
Cu(L4)], where L4 is 5-methyl-1-(2-pyridylmethyl)-1,5-di-
azacyclooctane, the pyridine analogue of ligands L2 and
L3. The incorporation of the sterically hindering quinolyl
moiety in place of the pyridyl moiety in L4 and that of the
ethylene linker instead of propylene one in the homopipera-
zine backbone of L4 prevent the dimerization of both 2
and 3. We have previously shown[20] that incorporation of
a sterically hindering NMe2 group in the place of a pyridine
donor enhances the Fe–O–C bond angle in iron(III) com-
plexes of certain tetradentate monophenolate ligands from
128.5° to 136.1°. The equatorial chloride ion in 2·CH3CN
and 3 can be replaced by PhINTs, which leads to catalysis
of aziridination reactions, as observed for copper(II) com-
plexes of didentate ligands.[16]

Spectral Properties

The solid-state reflectance spectra of all the complexes
show a broad ligand-field feature (540–850 nm) in the vis-
ible region, which appears to contain more than one band;
this is typical of CuII located in a square-based environ-
ment, as evidenced from the X-ray crystal structures of
complexes 2 and 3 (Table 2). On dissolution in methanol,
only one ligand-field feature is observed (640–760 nm, Fig-
ure 3) for all the complexes, which suggests changes in their
coordination geometries such as dissociation of the axial
chloride ion in solution. The ligand-field energies of com-
plexes 2 and 3 are much lower, with higher molar absorp-
tivities, than those of 1, thereby indicating that the replace-
ment of the pyridyl moiety in 1 by the bulky quinolyl moi-
ety in 2 and 3 leads to an enhancement of the distortion in
the square-pyramidal geometry towards trigonal bipyrami-
dal. Further, the ligand-field energy of 3 is lower, and the
molar absorptivity higher, than those of 2, as expected from
the weaker σ-coordination of N(3), as explained above, and
due to the steric hindrance imposed by the N-Me group
leading to a more distorted coordination geometry, as evi-
dent from the X-ray structures of the complexes. A similar
decrease in ligand-field energy has been observed upon re-
placing an NHMe group by an NMe2 group in the coordi-
nation sphere of copper(II) complexes of tridentate pyri-
dine-based ligands.[19]

The polycrystalline EPR spectra of complexes 1 and 2
are axial while that of 3 is rhombic, which is consistent with
the distorted square-based geometry found in the X-ray
crystal structure of 3. The frozen solution spectra (Figure 4)
of all the complexes are axial [g� � g� � 2.0, G = (g� –
2)/(g� – 2) = 3.0–4.3],[21] which is usual for mononuclear
tetragonal copper(II) complexes with a dx2–y2 ground
state.[22] Copper(II) complexes with a square-based CuN4

coordination sphere exhibit g� and A� values of around
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Table 2. Electronic and EPR spectroscopic data for the copper(II) complexes.

Complexes Electronic spectra[a] EPR spectra[b]

λmax [nm] (εmax [–1 cm–1])
Solid Solution (in methanol) Solid Frozen[c] solution

[Cu(L1)(H2O)](ClO4)2 (1) 545–645 642 (150) g� 2.223 g� 2.227
268 (34310)[d] g� 2.109 A� 186

g� 2.066
g�/A� 119
G 3.43

[Cu(L2)Cl2] (2) 650–750 730 (195) g� 2.198 g� 2.225
270 (33280)[d] g� 2.147 A� 146
235 (35845)[d] g� 2.052
203 (34710)[d] g�/A� 152

G 4.32

[Cu(L3)Cl2] (3) 700–850 758 (270) g3 2.162 g� 2.231
275 (27430)[d] g2 2.136 A� 130
238 (36005)[d] g1 2.078 g� 2.077

g�/A� 171
G 3.00

[a] Concentration: 2×10–3  for ligand-field and 2×10–5  for ligand-based transitions. [b] A� in 10–4 cm–1. [c] Methanol/acetone (4:1,
v/v) glass at 77 K. [d] π–π* transitions within the ligand.

Figure 3. Electronic absorption spectra of complexes 1–3 in meth-
anol solution. Concentration of the complexes: 5 ×10–3 .

2.200 and 200×10–4 cm–1, respectively. Replacement of a
coordinated nitrogen in this chromophore by oxygen (sol-
vent methanol) is expected to enhance the g� value and de-
crease the A� value. Thus, the g� (2.225–2.231) and A� (180–
130×10–4 cm–1) values of 1–3 are suggestive of the presence
of a square-based [Cu(N3)Cl]+ chromophore.[19] Interest-
ingly, the A� values of 2 and 3 are much lower than that of
1, which suggests that the coordination geometries in them
are strongly distorted from planarity. In fact, the values of
their g�/A� quotient (152 cm for 2 and 171 cm for 3) is
higher than that for 1 (117 cm). This suggests a large devia-
tion from a perfectly square-planar geometry (g�/A� = 105–
135 cm)[23] because of the incorporation of sterically de-
manding quinolyl moiety in 2 and 3 in place of the pyridyl
moiety in 1. Further, the g� and A� values of 2 are lower and
higher, respectively, than those for 3, and the g�/A� value for
2 is lower than that for 3. This reveals that the distortion
from a square-based geometry in 3 is higher than that in 2
because of the sterically hindering N-Me substitution,
which is consistent with the above X-ray structures and
electronic spectral results.
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Figure 4. X-band EPR spectra of complexes 1–3 at 77 K in meth-
anol/acetone (4:1 v/v) glass.

Electrochemical Properties

The electrochemical data obtained for the present com-
plexes in methanol solution using TBAP as supporting elec-
trolyte are collected in Table 3. The cyclic (CV) and
differential pulse voltammograms (DPV) were recorded
using Pt as working electrode and Ag/AgCl as reference
electrode. For all the complexes the CuII to CuI reduction
(Epc, –0.325 to –0.475 V) is associated with a reoxidation
peak (Epa, –0.244 to –0.318 V) in the reverse scan. The
value of the limiting peak-to-peak separation (∆Ep = 158–
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Table 3. Electrochemical data[a] for copper(II) complexes at 25±0.2 °C in methanol solution.

Complexes Epc [V] Epa [V] E1/2 [V] ∆Ep [mV] ipa/ipc D [10–6 cm2 s–1]
CV DPV[b]

[Cu(L1)(H2O)](ClO4)2 (1) –0.476 –0.318 –0.397 –0.378 158 0.6 3.4
[Cu(L2)Cl2] (2) –0.454 –0.244 –0.349 –0.336 210 0.9 4.2
[Cu(L3)Cl2] (3) –0.326 – –0.164[c] –0.252 – – 5.8

[a] Potential measured vs. non-aqueous Ag/AgNO3 reference electrode; add 0.544 V to convert to standard hydrogen electrode (SHE);
Fc/Fc+ couple: E1/2 = 0.038 V (CV), ∆Ep = 88 mV; scan rate: 50 mVs–1; supporting electrolyte: tetrabutylammonium perchlorate (0.1 );
complex concentration: 1×10–3 . [b] Differential pulse voltammetry (DPV); scan rate: 1 mVs–1; pulse height: 50 mV. [c] Potential at
half-height Ep1/2.

210 mV) is higher than that for the Fc/Fc+ couple (∆Ep =
88 mV) under identical conditions. This suggests that the
heterogeneous electron-transfer process in the present com-
plexes is far from reversible and that considerable stereo-
chemical reorganization of the coordination sphere occurs
on electron transfer. The CuII/CuI redox potentials follow
the trend 3 � 2 � 1 (Figure 5). This reveals the importance
of the sterically hindering quinolyl moiety in destabilizing
the CuII form of 2, thereby facilitating the electron transfer.
Similarly, the incorporation of the sterically hindering and
weakly σ-bonding N-Me group in 2 to obtain 3 further de-
stabilizes the CuII oxidation state, which is consistent with
the X-ray structures of the complexes. Similar results have
been observed by incorporating an NMe2 group in the cop-
per(II) complexes of certain pyridine-based linear N3 li-
gands.[19]

Figure 5. Differential pulse voltammograms of complexes 1–3 in
methanol solution at 25 °C at a scan rate of 0.05 Vs–1. Complex
concentration: 0.001 .

Application to Catalytic Olefin Aziridination Reactions

The newly synthesized copper(II) complexes 1–3 were ex-
amined for their ability to catalyze the aziridination of ole-
fins, especially styrene, cyclohexene, and cyclooctene, using
PhINTs as the nitrene source; the results are collected in
Table 4. When a 10:1 olefin:PhINTs ratio was employed
with a catalyst loading of 5 mol-%, all the complexes gave
high yields (85–90%) for the aziridination of the most reac-
tive olefin styrene. However, when the olefin:PhINTs ratio
was decreased to 5:1, slightly lower yields (75–80%) were
obtained. When this ratio was decreased from 5:1 to 1:1 as
for 3, the yield decreased further. A remarkable observation
is the significantly accelerated rate of aziridination of sty-
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rene (within an hour) for complex 3. The presence of labile
ligands and the coordinative unsaturation around cop-
per(II) promotes faster coordination of PhINTs to cop-
per(II) (otherwise slow) and is responsible for the high yield
and reduced reaction times. In fact, on treatment of 3 with
excess PhINTs in acetonitrile solution, the ligand-field band
is shifted from 799 to 794 nm with enhanced absorptivity,
thus suggesting the coordination of PhINTs to copper(II).
Further, the persistence of the blue or green color of the
reaction mixtures after dissolution of PhINTs reveals that
the resting state of the catalyst is always CuII. According to
the very recently proposed mechanism for copper-catalyzed
aziridination,[16] the coordination of =NTs to copper(II) is
required for intramolecular electron transfer. This leads to
the formation of PhI and a highly reactive copper-nitrene
radical-like intermediate [(L3)CuII=NTs], which is then in-
volved in consecutive nitrene transfer to olefin. Obviously,
the steric crowding around copper(II) imposed by the bulky
quinolyl moiety and the N-Me group (see above) of the tri-
dentate ligand would stabilize this intermediate and facili-
tate the aziridination. Also, it would prevent any side reac-
tions like recoordination of chloride. In fact, when aziridin-
ation was performed for complex 3 after the removal of two
chloride ions by treatment with AgNO3, the reaction time
decreased further, as expected, but with no change in yield.
It is interesting to note that the incorporation of a sterically
hindering NMe2 group in the place of a pyridine donor
enhances the dioxygenase activity of iron(III) complexes of
certain tetradentate monophenolate ligands.[20] No change
in yield was observed with a decrease in the olefin:PhINTs
ratio; however, the reaction becomes faster (completed
within 30 min).

Aziridination of the less reactive cyclohexene was per-
formed with 5 mol-% catalyst loading. When the ole-
fin:PhINTs ratio was 5:1, all the complexes showed a good
yield of more than 60%. It is remarkable that the yield of
aziridine observed for cyclohexene is higher than those for
other complexes available in the literature (except [Cu-
(MeCN)4]ClO4, 77%).[4] Also, and interestingly, no allylic
sulfonamide insertion product was obtained. The com-
plexes also catalyze the aziridination of the other less reac-
tive olefin cis-cyclooctene, although the yield is very low
(30–45%). When the olefin:PhINTs ratio was decreased
from 10:1 to 5:1, the yield was also reduced. Again, com-
plex 3 catalyzes the aziridination (within an hour) faster
than the other two complexes.
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Table 4. Results of catalytic aziridination studies using copper(II)
complexes 1–3.

[a] 5 mol-% vs. PhINTs. [b] Isolated yields of N-tosylaziridine after
purification with respect to 0.3 m of PhI=NTs used.

Conclusions
Copper(II) complexes of three new tridentate N3 ligands

have been isolated. Two of them have been structurally
characterized to contain the meridionally coordinated li-
gand, and the incorporation of a sterically hindering quino-
lyl moiety and N-Me donor group in the ligand leads to
a strong trigonal distortion of the copper(II) coordination
geometries. All the complexes exhibit significant catalytic
nitrene transfer reactivity with PhINTs towards three ole-
fins. While good yields (above 80%) were obtained for the
reactive olefin styrene, yields exceeding 60% were obtained
for less reactive cyclohexene; however, lower yields (30–
45%) were obtained for cyclooctene. The present findings
confirm that both the degree of coordinative unsaturation
and the steric congestion in copper-based systems are im-
portant factors that determine their catalytic activity. It is
fascinating to note that the use of low-coordinate copper(II)
species with distorted geometries as catalysts dramatically
accelerates the aziridination (reaction times 0.5–1 h) for re-
active as well as less reactive olefinic substrates. This finding
could be expected to pave the way for the rational design of
new and more active catalysts for aziridination and related
group-transfer reactions.
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Experimental Section
Materials and Methods: CuCl2·2H2O, cyclohexene, triethylamine,
(Merck, India), p-toluenesulfonamide, iodosobenzene diacetate
(Merck, Germany), tetra-butylammonium bromide (G. F. Smith),
N-methylhomopiperazine, homopiperazine, 2-picolylchloride hy-
drochloride, 2-quinolylchloride hydrochloride, Cu(ClO4)2·6H2O,
and cis-cyclooctene (Aldrich) were used as received. Styrene was
distilled from KOH pellets at 25 °C under vacuum (0.3 Torr) and
was stored at –20 °C. Anhydrous acetonitrile was used in catalytic
aziridinations and was handled and stored under N2. The iodinane
PhINTs was prepared by a modified literature procedure and was
stored in the dark.[7] tetra-Butylammonium perchlorate (TBAP)
was prepared by the addition of sodium perchlorate to a hot etha-
nol solution of tetra-butylammonium bromide. The product was
recrystallized from aqueous ethanol and was tested for the absence
of bromide. 1H NMR spectra were obtained using a Bruker
200 MHz spectrometer at room temperature. 1H NMR chemical
shifts are reported relative to TMS and are referenced to residual
solvent peaks. Electronic absorption spectra were acquired using a
Varian 300 spectrophotometer (200–900 nm). FTIR spectra (4000–
400 cm–1 range, KBr pellets) were recorded with a Jasco FT-IR
spectrometer. EPR spectra were recorded with a JEOL JES-TE 100
X-band spectrometer, the field being calibrated with diphenylpic-
rylhydrazyl (dpph). The g0 and A0 values were estimated at ambient
temperature and g� and A� at 77 K. The values of g� and A� were
computed as 1/2(3g0 – g�) and 1/2(3A0 – A�) respectively. Electro-
chemical experiments were conducted using a EG & G PAR 273
potentiostat/galvanostat with EG & G M270 software, using a
platinum sphere working electrode, an Ag/AgNO3 reference elec-
trode, and a platinum plate auxiliary electrode. Cyclic voltammo-
grams were obtained in methanol using 0.1  TBAP as supporting
electrolyte. Elemental analyses were performed at Bharathiar Uni-
versity, Coimbatore. Conductivity measurements on methanolic
solution of the complexes were made using an Elico conductivity
bridge.

Caution! Perchlorate salts of transition metal complexes containing
organic ligands are potentially explosive and should be prepared in
small quantities and handled with appropriate precautions. While
no difficulties were encountered with the complexes reported
herein, due caution should be exercised.

4-Methyl-1-(pyrid-2-ylmethyl)-1,4-diazacycloheptane (L1): An
aqueous solution (5 mL) of NaOH (0.40 g, 10 mmol) was added
dropwise to an aqueous solution (10 mL) of 2-picolyl chloride hy-
drochloride (0.82 g, 5 mmol) at 0 °C. An aqueous solution (10 mL)
of N-methylhomopiperazine (0.57 g, 5 mmol) was then added to
this mixture over 15 min. The mixture was stirred in a loosely se-
aled flask at room temperature for three days. The reaction mixture
was then extracted with CHCl3 (3×50 mL). The organic layer was
washed with saturated sodium hydrogen carbonate solution, evapo-
rated, and then dried (Na2SO4). The organic solvent was removed
on a rotary evaporator to yield the crude product as a pale-yellow
oil. The pure product was obtained by extracting the oil once again
with ethyl acetate. The product obtained was used as such for the
complex preparation. Yield: 0.58 g (56%). C12H19N3 (205.16):
calcd. C 70.20, H 9.33, N 20.47; found C 70.15, H 9.48, N 20.37.
1H NMR (200 MHz, CDCl3): δ = 8.64–7.29 (m, 4 H), 3.95 (s, 2
H), 2.48 (m, 4 H), 2.36 (m, 4 H), 1.49 (quint, 2 H), 2.27 (br. s, 3
H) ppm. IR: ν̃ = 3023 (m), 2983 (s), 2888 (w), 1467 (m), 1407 (s),
1240 (m), 941 (s), 779 (s) cm–1.

1-(Quinol-2-ylmethyl)-1,4-diazacycloheptane (L2): The ligand L2
was synthesized by a slightly modified procedure that was reported
for the preparation of the monosubstituted diazocyclooctane li-
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gands.[24] Triethylamine (1.01 g, 10 mmol) was added to 2-quinolyl
chloride hydrochloride (1.07 g, 5 mmol) in ethanol (25 mL) at 0 °C,
and a solution of homopiperazine (2.00 g, 20 mmol) in ethanol
(10 mL) was added slowly to this mixture with stirring. The whole
mixture was refluxed for 2 h. The solution was stirred for 2 d at
room temperature and the ethanolic solution was removed on a
rotary evaporator to dryness. Water was added to the residue and
the pH of the solution was adjusted to 10 with sodium carbonate.
The solution was extracted with chloroform and the extracts were
dried with sodium sulfate. The ligand was isolated as a yellow oil
after rotary evaporation of the chloroform extracts. Yield: 0.75 g
(61%). C15H19N3 (241.16): calcd. C 74.65, H 7.94, N 17.41; found
C 74.55, H 8.13, N, 17.32. 1H NMR (200 MHz, CDCl3): δ = 8.02–
7.36 (br. m, 6 H), 3.93 (s, 2 H), 2.65 (m, 2 H), 2.55 (m, 2 H), 2.45
(m, 2 H), 2.33 (m, 2 H), 1.51 (quint, 2 H), 2.91 (br. s, NH) ppm.
IR: ν̃ = 3432 (br), 3010 (s), 2884 (s), 1432 (s), 1230 (w), 760 (s),
629 (s) cm–1.

4-Methyl-1-(quinol-2-ylmethyl)-1,4-diazacycloheptane (L3): A
slightly different procedure was followed for the synthesis of L3.
Triethylamine (1.01 g, 10 mmol) was added to 2-quinolyl chloride
hydrochloride (1.07 g, 5 mmol) in ethanol (25 mL) at 0 °C. A solu-
tion of N-methylhomopiperazine (0.57 g, 5 mmol) in ethanol
(10 mL) was added to this mixture slowly with stirring. The whole
mixture was refluxed for 2 h and then stirred for 2 d at room tem-
perature. The ethanolic solution was removed on a rotary evapora-
tor to dryness, water was added to the residue, and the pH of the
solution was adjusted to 10 with sodium carbonate. The solution
was extracted with chloroform and the extracts were dried with
sodium sulfate. The ligand was isolated as dark yellow oil after
rotary evaporation of the chloroform extracts. Yield: 0.98 g (77%).
C16H21N3 (255.17): calcd. C 75.26, H 8.29, N 16.46; found C 75.33,
H 8.15, N 16. 52. 1H NMR (200 MHz, CDCl3): δ = 8.27–7.32 (br.
m, 6 H), 3.98 (s, 2 H), 2.46 (m, 4 H), 2.36 (m, 4 H), 1.49 (quint, 2
H), 2.27 (br. s, 3 H) ppm. IR: ν̃ = 3054 (s), 2981 (s), 2865 (s), 1459
(s), 1215 (w), 766 (s), 628 (s) cm–1.

[Cu(L1)(H2O)](ClO4)2 (1): A solution of L1 (0.21 g, 1 mmol) in
methanol (15 mL) was treated with Cu(ClO4)2·6H2O (0.37 g,
1 mmol) to obtain a deep-blue color. After 15 min of stirring, di-
ethyl ether was allowed to diffuse into the solution. After a period
of several days blue crystals of the product were deposited. Yield:
0.32 g (56%). C12H21Cl2CuN3O9 (484.01): calcd. C 28.07, H 3.85,
N 8.93; found C 28.11, H 3.78, N 8.98. IR: ν̃ = 3451 (br), 2923 (w),
2869 (w), 1610 (s), 1089 (br, ClO4

–), 890 (s), 626 (s, ClO4
–) cm–1.

[Cu(L2)Cl2] (2): A procedure analogous to that used to prepare 1
was followed, using CuCl2·2H2O (0.17 g, 1 mmol) and L2 (0.24 g,
1 mmol) instead of L1. The pure product was isolated as blue crys-
tals. Yield: 0.19 g (47%). C15H19Cl2CuN3 (374.04): calcd. C 47.94,
H 5.10, N 11.18; found C 47.78, H 5.23, N 11.21. IR: ν̃ = 3442
(br), 3235 (s), 2927 (s), 2884 (s), 1481 (w), 786 (s), 634 (s) cm–1. X-
ray diffraction quality crystals of 2·CH3CN were obtained by the
vapor diffusion of diethyl ether into a solution of the complex in
acetonitrile.

[Cu(L3)Cl2] (3): This complex was prepared by the addition of L3
(0.26 g, 1 mmol) in methanol (15 mL) to a methanolic solution of
CuCl2·2H2O (0.17 g, 1 mmol) with stirring. After 15 min of stir-
ring, the solution was layered with diethyl ether. Green crystals
were deposited after two days. Yield: 0.26 g (65%). C16H21Cl2CuN3

(388.05): calcd. C 49.30, H 5.43, N 10.78; found C 49.42, H 5.38,
N 10.71. IR: ν̃ = 3442 (br), 3079 (w), 2981 (m), 2869 (m), 1610 (s),
782 (s), 634 (s) cm–1. Suitable single crystals of 3 for X-ray diffrac-
tion were obtained by slow evaporation of the methanolic solution
of the complex.
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Catalytic Aziridinations. Styrene: Aziridinations were performed by
stirring mixtures of PhINTs (0.3–0.4 mmol), styrene (10 to 1 equiv.
vs. PhINTs), and the copper catalyst (5 mol% vs. PhINTs) in 2 mL
of anhydrous CH3CN under a dry N2 atmosphere as reported pre-
viously.[10] At the completion of the reactions, the clear, pale-green
solutions were passed through a short column of neutral alumina
to remove copper species, eluted with ethyl acetate, and the eluates
were evaporated to yield oily residues. These crude product mix-
tures (of iodobenzene, 2-phenyl-1-tosylaziridine, and p-toluenesul-
fonamide) were treated with hexane to produce the crude aziridine
products, which were recrystallized from hexane/diethyl ether mix-
tures at –20 °C. The 2-phenyl-1-tosylaziridine obtained was charac-
terized by 1H NMR spectroscopy and the data were identical with
those reported in the literature.[13]

Cyclooctene: Aziridinations were performed as described above by
stirring mixtures of PhINTs (0.3–0.4 mmol), the olefin (10 to
5 equiv. vs. PhINTs), and the copper catalyst (5 mol-% vs. PhINTs)
in 2 mL of anhydrous CH3CN. At the completion of the reactions,
the clear, pale-green solutions were passed through a short column
of neutral alumina to remove copper species, eluted with ethyl ace-
tate, and the eluates were evaporated to yield semi-solid residues.
These crude product mixtures were treated with hexane, and the
resultant mixtures were filtered to remove p-toluenesulfonamide.
The filtrates were evaporated and dried overnight under vacuum
to yield the pure aziridine products. 1H NMR spectroscopic data
confirmed the formation of the aziridine.

Cyclohexene: Aziridinations were performed as described above by
stirring mixtures of PhINTs (0.3–0.4 mmol), the olefin (5 equiv. vs.
PhINTs), and the copper catalyst (5 mol-% vs. PhINTs) in 2 mL
of anhydrous CH3CN. At the end of the reaction, flash column
chromatography (3×18 cm silica, 4:1 hexane/ethyl acetate) yielded
the aziridine as a white crystalline solid. The N-(p-tolylsulfonyl)-7-
azabicyclo-[4.1.0]heptane obtained was characterized by 1H NMR
spectroscopy and the data were identical with those reported in the
literature.[4e]

X-ray Crystallography: The single-crystal diffraction experiments
for 2·CH3CN were carried out on a Bruker SMART APEX CCD
diffractometer at room temperature. The SMART[25] program was
used for collecting frames of data, indexing reflections, and de-
termining the lattice parameters; SAINT[25] was used for integra-
tion of the intensity of reflections and scaling; SADABS[25] was
used for absorption correction, and the SHELXTL[25] program for
space group and structure determination and least-squares refine-
ments on F2. The structure was solved by the heavy-atom method.
Other non-hydrogen atoms were located in successive difference
Fourier syntheses. The final refinement was performed by full-ma-
trix least-squares. Most of the hydrogen atoms were located from
the difference Fourier map and refined isotropically, except for the
hydrogen atoms of the lattice acetonitrile molecule, which was
placed at a geometrical position. For 3, the intensity data were
collected at 173 K on a Stoe Image Plate Diffraction System.[26]

Image plate distance: 70 mm; φ oscillation scans: 0–200°; step: ∆φ
= 1.0°; exposure time: 3 min; 2θ range: 3.27–52.1°; dmin.–dmax. =
12.45–0.81 Å. The structure was solved by direct methods using the
programme SHELXS-97.[27] The refinement and all further calcula-
tions were carried out using SHELXL-97.[28] The H atoms were
included in calculated positions and treated as riding atoms using
the SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-squares on F2.
There are two independent molecules per asymmetric unit (Z = 8,
Z� = 2). A multi-scan absorption correction was applied using the
MULscanABS routine in PLATON;[29] transmission factors:
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Table 5. Crystal data and structure refinement details for [Cu(L2)Cl2] (2) and [Cu(L3)Cl2] (3).

2·CH3CN 3

Empirical formula C15H19Cl2CuN3·C2H3N C16H21Cl2CuN3

Formula weight 416.84 389.80
Crystal system monoclinic monoclinic
Crystal size [mm] 0.10×0.16×0.24 0.27×0.23×0.23
Space group P21/C (no. 14) P21/n
a [Å] 13.641(4) 16.6495(11)
b [Å] 11.138(3) 10.7723(6)
c [Å] 12.613(3) 18.9392(14)
α [°] 90.000 90.000
β [°] 107.966(4) 105.767(8)
γ [°] 90 90
V [Å]3 1822.9(8) 3269.0(4)
Z 4 8
λ [Å] (Mo-Kα) 0.71073 0.71073
Dcalc [g cm–3] 1.519 1.584
Goodness-of-fit on F2 1.032 1.040
Number of reflections measured 10552 25289
Number of reflections used 4231 6382
Number of L.S. restraints 0 0
Number of refined parameters 294 399
Final R indices [I�2σ(I)]
R1

[a] 0.0334 0.0332
wR2

[b] 0.0931 0.0837

[a] R1 = [Σ(||Fo| – |Fc||)/Σ|Fo|]. [b] wR2 = {[Σ[w(Fo
2 – Fc

2)2]/Σ(wFo
4)]1/2}.

Tmin./Tmax. = 0.6675/0.7138. Relevant crystallographic information
for 2 and 3 are summarized in Table 5.

CCDC-609006 (for 2) and -609007 (for 3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.
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Figure 6. Schematic representation of a series of complexes of gene-
ral formula RuH3(SiR3)L2L�.
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Table 1. Selected NMR and IR data[a] for various silane and silyl ruthenium complexes.

Formula δ = 1H JSiH δ = 29Si νRu–H–Si νRu–H Ref.
[ppm] [Hz] [ppm] [cm–1] [cm–1]

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 –7.74 (t) 65 4.8 1778 1969 [18,19]

–12.03 (m) 1985
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 –8.21 (t) 70 12.2 1773 1981 [18]

–12.65 (m) 2012
3b RuH2[(η2-HSiMe2)2(CH2)2](PCy3)(PPh3) –7.68 (t) 64 14.7 1768 [18]

–11.10 (dd) 1989
–11.47 (dd) 2008

3c RuH2[(η2-HSiMe2)2(CH2)2](PPh3)2 –7.60 (t) 64 16.4 1797 1961 [18]

–10.92 (m) 1978
4 RuH2[(η2-HSiMe2)2(CH2)3](PCy3)2 –8.49 (t) 75 –11.1 1803 1961 [18]

–12.17 (m) 1994
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 –9.14 (t) 82 4.9 1798 1955 [18]

11.20 (m) 2045
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 –8.36 (br.) – – 1712 [20]

–8.62 (br.) 1972
–9.93 (br.) 2040
–10.76 (br.)

7 RuH2[(η2-HSiMe2)2O](PCy3)2 –8.1 (br.) 22 (av.)[b] –5.61 1699 [18,19]

–8.5 (br.) 1969
–9.4 (br.) 2045
–10.2 (br.)

8a RuH2[(η2-HSiPh2)2O](PCy3)2 (sym) –7.67 (br.) 41 (av.)[b] 4.80 1670 1976 [14,18]

–9.70 (t) 2019
8b RuH2[(η2-HSiPh2)2O](PCy3)2 (non sym) –7.08 (br.)

–8.11 (br.)
–8.99 (br. t)
–9.81 (br. t)

9a RuH2[(η2-HSiPh2)–O–(SiHPh2)](PPh3)3 –8.97 (dt, 1 H) 35 (av.)[b] 11.7 – – [14]

–9.40 (br. t, 2 H) –21.4 (free)
9b RuH2[(η2-HSiPh2)–O–(Si(OH)Ph2)](PPh3)3 –9.15 (m, 3 H) – – – – [14]

10 RuH3(SiCl2Me)(PPh3)3 –9.76 (m) 39.7 (av.)[b] 36.4 – 1961.5 [21]

11 RuH3(SiPyr3)(PPh3)3 –9.80 (m) 47.4 (av.)[b] 8.6 – 1960 [23]

1969
12a RuH3(SiMe3)(PMe3)3 –10.18 (br. m) – –10.8 – 1887 (av.) [27]

12b RuH3(SiEt3)(PMe3)3 –10.53 (br. m) – 12.7 – 1897 (av.) [27]

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 –10.15 (br. m) 25 –9.2 – 1898 (av.) [22]

–0.9 (free)
13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 –8.3 (br. s) 18 (av.)[b] 5.7 – – [28]

14 RuH2(η2-HSiMe2Cl)(η2-H2)(PCy3)2 –8.51 (br. s) – 38 – – [29]

15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 –8.77 (br.) 105 –11.3 – 1945 [32]

–9.46 (dt) 2021
–12.46 (dt)

16 RuCl(H)(–CH2SiMe2)(PMe3)3 (fac) –7.7 (dt) 75.0 –19.4 1615 – [33]

RuCl(H)(–CH2SiMe2)(PMe3)3 (mer) –6.0 (dt) 77.5 –19.8 – – [33]

17 RuH(η2-HSiEt3){(η3-C6H8)PCy2}(PCy3) –9.54 (br. t) 36.7 – – – [38]

–12.63 (dd) 24.7
18 RuH(η2-HSiMe2Et){(η3-C6H8)PCy2}(PCy3) –9.45 (ps t) 40.1 5.0 – – [37]

–12.46 (dd) 24.1
19 RuH(η2-HSiMe2Cl){(η3-C6H8)PCy2}(PCy3) –9.06 (ps t) 37.3 46.2 – – [29]

–11.98 (dd) 24.1
20 Cp*RuCl(η2-HSiClMe2)(PiPr3) –9.65 (t) 33.5 – 1916 – [35]

21 [CpRuH(SiCl3)(PMe3)2][B(3,5-(CF3)2C6H3)4] –9.87 (t) 48 30.6 – – [39]

22 Ru2H4(µ-η2:η2:η2:η2-SiH4)(PCy3)4 –6.0 (br.) 36 (av.)[b] 290.2 1667 1911 [40,41]

–8.6 (br.)
23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 –9.94 (br.) 22 (av.)[b] 85.7 1703 1899 [41]

2022
24 [Cp*RuH]2(η2:η2-H2SitBu2) –6.15 (s) 75 75.5 1790 – [42]

–16.63 (s)
25a [Cp*Ru(CO)]2(η2:η2-H2SitBu2) –13.60 (s) 22.4 186.2 – – [42]

25b [Cp*Ru(CO)]2(η2:η2-HSitBu2)H –11.79 (s) 31.6 168.2 – – [42]

–14.40 (s)
26a [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiPhH)(µ-H)H –11.64 (s) 26 – 1813 2054 [42]

–12.84 (s) 1613
–14.00 (s) 49
–16.46 (s)

26b [Cp*Ru]2(µ-η2-HSitBu2)(µ-η2-HSiEtH)(µ-H)H –12.32 (s) – – 1835 2062 [42]

–13.26 (s) 1659
–14.29 (s)
–16.67 (s)

[a] NMR/IR data were obtained under the following conditions: 2–5,12,17,23, C6D6, room temp./Nujol mull; 6,8,9a,22, C7D8, 193 K/
Nujol mull; 7, C7D8, 178 K/Nujol mull; 9b,11,13–15,18–19, C7D8, room temp./Nujol mull; 10, CD2Cl2, room temp./KBr; 16, C7D8, 301 K/
Fluorolube; 20, C7D8, 233 K/Nujol mull; 21, CD2Cl2, 298 K; 24–26, C7D8, 298 K/KBr. [b] JSiH values were determined at room tempera-
ture. Average values involving all the hydrides and dihydrogen ligand in the case of 13.
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σ-Silane Ruthenium Complexes: The Crucial Role of Secondary Interactions CORRECTION
Table 2. Selected interatomic distances [Å] for various silane and silyl ruthenium complexes.

Ru–Si Si–H Si···HFormula Ref.
X-Ray DFT[a] X-Ray DFT[a] X-Ray DFT[a]

2 RuH2[(η2-HSiMe2)2(C6H4)](PCy3)2 2.425(1) 2.425 1.84(2) 1.848 2.22(2) 2.253 [18,19]

2.18(2) 2.253
2.429(2) 2.425 1.84(2) 1.848 2.12(2) 2.253

2.21(2) 2.253
3a RuH2[(η2-HSiMe2)2(CH2)2](PCy3)2 2.428(1) 2.441 1.73(3) 1.853 2.27(3) 2.22 [18]

2.13(3) 2.329
2.411(1) 2.441 1.78(3) 1.853 2.12(3) 2.329

2.31(3) 2.22
5 RuH2[(η2-HSiMe2)2(OSiMe2O)](PCy3)2 2.484(1) 2.451 1.77(4) 1.826 2.25(3) 2.170 [18]

2.43(3) 2.484
2.434(1) 2.447 1.81(3) 1.839 2.32(3) 2.426

2.04(3) 2.168
6 RuH2[(η2-HSiMe2)2NH](PCy3)2 2.395(2) 2.416 1.93(5) 1.922 2.35(6) 2.510 [20]

2.25(6) 2.191
2.434(2) 2.490 1.91(5) 1.775 2.39(5) 2.500

2.09(6) 2.367
9b RuH2[(η2-HSiPh2)–O–(Si(OH) 2.356(2) – 1.97(5) – 2.03(5) – [14]

Ph2)](PPh3)3

2.07(5)
10 RuH3(SiCl2Me)(PPh3)3 2.2760(4) – – – 1.86(2) – [21]

1.94(2)
1.94(3)

12a RuH3(SiMe3)(PMe3)3 2.376(1) – – – 2.13(5) – [27]

2.18(5)
2.23(5)

12c RuH3(SiMe2CH2SiMe3)(PMe3)3 2.3774(8) – – – 2.00(4) – [22]

2.09(4)
2.05(5)

12d RuH2(SiMe2CH2CH2SiMe2)(PMe3)3 2.4682(9) – 1.81(4) – – – [22]

2.4514(9)
13 RuH2(η2-HSiPh3)(η2-H2)(PCy3)2 2.385(2) 2.394 1.72(3) 1.946 1.83(3) 2.071 [25]

2.40(4) 2.116
15 RuH2{η4-HSiMe2(CH=CHMe)}(PCy3)2 2.498(2) 2.499 1.59(8) 1.658 – – [32]

16 RuCl(H)(–CH2SiMe2)(PMe3)3 (fac) 2.526(2) – 1.664 – – – [27]

16 RuCl(H)(–CH2SiMe2)(PMe3)3 (mer) 2.468(2) – 1.557 – – – [27]

18 RuH(η2-HSiMe2Et){(η3-C6H8) 2.418 (1) 2.468 – 1.847 – 2.164 [37]

PCy2}(PCy3)
19[b] RuH(η2-HSiMe2Cl){(η3-C6H8) 2.353 (2) 2.398 1.91 (2) 1.891 1.99(2) 2.076 [29]

PCy2}(PCy3)
20 Cp*RuCl(η2-HSiClMe2)(PiPr3) 2.398(1) 2.427 2.05 2.072 – – [35]

21 [CpRuH(SiCl3)(PMe3)2]+ 2.329(1) – 1.77(5) – – – [39]

22 Ru2H4(µ-η2:η2:η2:η2-SiH4)(PiPr3)4 2.1875(4) 2.229 1.69(3) 1.685 – – [41]

1.73(3) 1.685
23 Ru2H2[µ-η2:η2-H2Si(OMe)2]3(PCy3)2 2.456(3) 2.486 – in the range – – [41]

2.364(3) 2.398 1.654–1.760
2.408(3) 2.551
2.419(3) 2.551
2.355(3) 2.400
2.408(3) 2.487

[a] All the calculations were carried out at the B3LYP level of theory, except for compounds 2, 6 (B3PW91) and 20 (BP86), by using the
following model compounds: 2 RuH2[(η2-HSiH2)2(C6H4)](PH3)2, 3a RuH2[(η2-HSiH2)2(CH2)2](PH3)2, 5 RuH2[(η2-HSiH2)2(OSiH2O)]-
(PH3)2, 6 RuH2[(η2-HSiMe2)2NH](PCy3)2, 13 RuH2(η2-HSiH3)(η2-H2)(PH3)2, 15 RuH2{η4-HSiH2(CH=CHMe)}(PH3)2, 18 RuH(η2-
HSiMe3){(η3-C6H8)PH2}(PH3), 19 RuH(η2-HSiMe2Cl){(η3-C6H8)PH2}(PH3), 20 Cp*RuCl(η2-HSiClMe2)(PiPr3), 22 Ru2H4(µ-SiH4)(PH3)4,
23 Ru2H2[µ-H2Si(OMe)2]3(PH3)2. [b] Data for one isomer.
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The synthesis of transition metal spin-clusters has become an
important sub-discipline of coordination chemistry, espe-
cially since the discovery of single-molecule magnets
(SMMs) in the early nineties. In this context, complexes with
high spin-numbers and large anisotropy are particularly de-
sired. The use of the azide ligand to act as a bridge and mag-
netic coupler within cages of paramagnetic ions has become
increasingly common in this field, especially during the last
five years, mainly because of the coordination versatility of
this ligand, which is capable of bridging several metals in a
variety of coordination modes, and its ability to induce ferro-

Introduction
The synthesis of coordination polynuclear complexes has

been stimulated to a large extent by the field of molecular
magnetism.[1,2] Most of these species contain paramagnetic
3d ions and are thus susceptible to exhibiting large spin-
numbers as a result of intramolecular magnetic exchange.
Such high-spin molecules have been perceived as potential
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magnetic interactions. Several high-spin 3d metal aggre-
gates have been prepared in this manner, a significant
number of which behave as SMMs. This review covers the
rapid progress made with this relatively recent synthetic ap-
proach by describing the structures and summarising the
magnetic properties of the systems prepared in this manner.
Some of the trends identified could serve as a privileged
starting point for the further development of this promising
area.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

building blocks in the construction of molecule-based mag-
nets. In this context, magnetic studies on the cluster
[Mn12O12(OAc)16(H2O)4], hereafter referred to as
[Mn12OAc] (1),[3] led to the discovery of single-molecule
magnet (SMM) behaviour.[4,5] SMMs are molecular species
capable of maintaining the orientation of their magnetis-
ation fixed below a certain blocking temperature, Tb. This
molecular property is caused by an energy barrier to the
equilibration of the various spin angular momentum orien-
tations, which is calculated as ST

2|D| (integer spin) or (ST
2 –

1/4)|D| (half-integer spin),[6] where ST is the total spin of
the molecule at the ground state and D is the zero-field
splitting parameter gauging the axial anisotropy, which has



A. Escuer, G. AromíMICROREVIEW
to be of the Ising type (D � 0). The search for new exam-
ples of SMMs has undoubtedly intensified efforts aimed at
the preparation of more and different cluster coordination
complexes,[7] possibly with high spin numbers and enhanced
magnetoanisotropy.

The vast majority of these compounds have been pre-
pared by the so-called method of “serendipitous self-as-
sembly“.[2] In this methodology, transition metal ions react
with small bridging ligands (e.g. O2–, OH–, OMe–, Cl–, N3

–)
to form stable polynuclear arrays. Growth into infinite net-
works is blocked by terminal ligands that can either be
monodentate (e.g. pyridine, alcohols, MeCN, carboxylic
acids) or polydentate (e.g. bipyridine, 1,3-diketonates, pico-
linic acid). Additional bridging ligands are commonly in-
cluded in the reaction system, and these, because of their
versatility and varied coordination modes, have led to the
formation of very diverse and large families of clusters.
Among these categories of compounds are those containing
carboxylates,[1] pyridones,[8] polyalcohols,[9] amino
alcohols,[10] dipyridyl ketones,[11] etc. Of this important
number of compounds, a relatively low percentage display

Scheme 1. Ligands discussed in this review.
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spin ground-states larger than 5/2 (the maximum spin that
can be achieved with a mononuclear d metal complex). This
is, in part, true because antiferromagnetic interactions are
more common than ferromagnetic ones.

Azide ligands have been widely employed in coordination
chemistry, most of the time as part of 1-, 2- or 3D extended
arrays or dinuclear complexes.[12] This research has allowed
the discovery of magnetostructural correlations,[13,14] which
have established, for example, that end-on N3

– ligands usu-
ally mediate ferromagnetic interactions, except in some rec-
ognized situations.[15] Moreover, this ligand has been shown
to exhibit a wide variety of coordination modes (see below).
For these reasons, the azide ligand constitutes a suitable
entry into novel high-spin clusters, although this has been
recognized only recently. Indeed, many members of the
growing family of azide-bridged discrete polynuclear com-
plexes display ferromagnetic interactions and large spin-
numbers, of which an exceptionally large portion behave as
SMMs. Interestingly, more than 80% of examples (contain-
ing four or more metal centres) have been reported during
the last five years. It is thus clear that this category of com-
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pounds constitutes a large and promising field of open in-
vestigation in the search for magnetic clusters and SMMs.
The area, however, is developing quite rapidly, and thus
constitutes an excellent topic for a microreview, where the
achievements made up to now are summarised while pos-
sible trends for future developments may be suggested. All
the azide-bridged clusters containing four or more metal
centres reported to date are gathered together in this ac-
count and organized, where possible, by structural types.
The structures of the co-ligands of all the compounds re-
viewed are shown in Scheme 1. Structural descriptions are
presented along with summaries and short discussions of
their magnetic properties, where possible. A few compounds
that are yet to be published have also been included in this
compendium with the permission of the authors of their
discovery.

Structural Overview

A survey of the literature reveals that the metals most
frequently observed as part of azide-bridged clusters are Ni
and Cu, followed at a distance by Mn, Co and Fe. All nu-
clearities from four to ten have been observed, and there is
then a large gap until the next observed metal count of
nineteen. This number is then followed by twenty five and
the highest nuclearity of thirty two. Of these topologies, the
tetranuclear arrangement clearly dominates, making up
about 70% of examples. Thus, most examples in the latter
category can be analysed according to certain structural
patterns, namely cyclic types (metallacrowns), linear arrays,
cubanes and defective cubanes. Among all the complexes
structurally characterised, about 10% behave as SMMs. Of
the compounds reviewed, Cu derivatives are the most nu-
merous, although most of their azide bridges are of the ax-
ial–equatorial type and consequently the intramolecular
magnetic exchange is severely diminished. These com-
pounds have, nevertheless, been included in this review for
completeness. The clusters discussed in this review are listed
in Table 1.

Cyclic M4 Clusters

The seven documented tetranuclear compounds with a
cyclic topology (Figures 1 and 2) are [Ni4(atp)2(pydz)2(N3)2]-

Figure 2. Several representative cores for cyclic M4 azido clusters. Left: the µ1,3-azido-bridged dimer-of-dimers core of [Ni4(pzha1)2-
(N3)4](BPh4)2 (2), which is very similar to 3, 4 and 5. Centre: µ1,1-azido-bridged dimer-of-dimers core of [Mn2(Hmacy1)(N3)2]2(ClO4)2

(6). Right: true cyclic core of [Ni4(N3)4(opn)2(Hopn)2](ClO4)2 (8) showing one of the H-bonds that helps to stabilize the structure (dashed
bonds).
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(BPh4)2 (1),[16] [Ni4(pzha1)2(N3)4](BPh4)2 (2),[17,18]

[Ni4(pzha2)2(N3)4](X)2 (3; X = ClO4
–, BF4

–),[18] [Cu4-
(pap)2(N3)8(MeOH)2] (4),[19,20] [Cu4(papMe)2(N3)4(H2O)2-
(NO3)2](NO3)2 (5),[19] [Mn2(Hmacy1)(N3)2]2(ClO4)2 (6),[21]

[Cu4(macy2)(N3)4] (7)[22] and [Ni4(N3)4(opn)2(Hopn)2]-
(ClO4)2 (8).[23] Of these, complexes 1–6 can be described as
dimers of dinuclear units linked to each other by azide li-
gands where the co-ligand is playing the role of a dinucleat-
ing scaffold. The N3

– bridges linking the dimers are all of
the end-to-end (EE) type (see Scheme 2), with the exception
of 6, where the end-on (EO) mode is observed. Presumably,
EE coordination only occurs when the steric encumbrance
prevents the EO mode from occurring, and this can be ar-
gued for complexes 1–6. Complexes 7 and 8 are closer to
true cycles rather than dimers-of-dimers.

Figure 1. The core of [Ni4(atp)2(pydz)2(N3)2](BPh4)2 (1) and the
grey scale and size code of atoms used throughout the whole paper.

Scheme 2. Coordination modes observed for the azide ligand.
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Table 1. List of all the clusters discussed in this review, including, in this order, formula, reference, ground spin state S (where known)
and compound number used in the text.

Complex Lit. S

[Ni4(atp)2(pydz)2(N3)2](BPh4)2
[16] 4 1

[Ni4(pzha1)2(N3)4](BPh4)2
[17,18] 0 2

[Ni4(pzha2)2(N3)4](ClO4)2
[18] 4 3a

[Ni4(pzha2)2(N3)4](BF4)2
[18] 0 3b

[Cu4(pap)2(N3)8(MeOH)2] [19,20] 0 4
[Cu4(papMe)2(N3)4(H2O)2(NO3)2](NO3)2

[19] 0 5
[Mn2(Hmacy1)(N3)2]2(ClO4)2

[21] 0 6
[Cu4(macy2)(N3)4] [22] 0 7
[Ni4(N3)4(opn)2(Hopn)2](ClO4)2

[23] 4 8
[Fe4(N3)6(pypentO)2] [27] 0 9
[Fe4(N3)4(acpypentO)2] [28] 0 10
[Ni4(pzha2)2(N3)6] [17] 0 11
[Cu4(msalen)2(N3)2(H2O)(MeOH)] [33] – 12
[Cu4(salen)2(N3)4] [29] 0 13
[Cu4(salpren)2(N3)4(DMSO)2] [34] – 14
[Cu4(bmdp)2(OAc)2(N3)](ClO4)3

[35] 0 15
[Cu4(O2cyclam1)2(tmen)2(N3)](ClO4)3

[36] – 16
[Cu4(acac)2(phen)4(N3)4(ClO4)2] [37] 2 17
[Ni4(N3)4(dbm)4(EtOH)4] [38,39] 4 18
[Mn4O3(N3)(OAc)3(dbm)3] [40] 9/2 19
[Ni4(LOMe)4(N3)4] [43] – 20
[Co4(LOMe)4(N3)4] [43] – 21
[Cu4(bsi)2(N3)2] [44] 0 22
[Ni4(dpkOH)2(dpkOCH3)2(N3)2(H2O)2](ClO4)4

[45] 4 23
[Ni4(dpkOH)4(N3)4] [46] 4 24
[Ni4(N3)8(enbzpy)2] [47] 4 25
[Co4(dpkOH)4(N3)2(OBz)2] [48] “2“[a] 26
[Co4(dpkOH)4(N3)2(AcO)2] [49] “2“[a] 27
[Co4(dpkOH)2(dpkOCH3)2(N3)2(H2O)2](BF4)2

[50] “2“[a] 28
[Co4(dpkOH)2(dpkOMe)2(N3)4] [51] “2“[a] 29
[Mn4(dpkOH)2(dpkOMe)2(N3)4] [51] 0 30
[Cu4(macy3)2(OEt)2(N3)4] [52] 0 31
[Cu4(pta)2(N3)6](ClO4)4

[53] 0 32
[Ni4(pzate1)2(N3)3(O2CMe)](ClO4)2

[54] 0 33
[Ni4(pzate1)2(N3)3(O2CPh)](ClO4)2

[55] 0 34
[Ni4(pzate2)2(N3)3(O2CPh)](ClO4)2

[55] 0 35
[Ni4(pzate1)2(N3)3(O2CMe)2](ClO4) [54] 0 36
[Ni4(pzate2)2(N3)3(O2CPh)2](ClO4) [57] 0 37
[Ni4(pzate2)2(N3)3(O2CAda)2](ClO4) [57] 0 38
[Ni4(pzate3)2(N3)(O2CAda)4](ClO4) [57] 0 39
[Cu4(tpimim)2(N3)]Cl [58] 0 40
[Mn4O(N3)(O2Bz)3(phpyCNO)4] [59] 6 41
[Ni4(SO4)2(N3)2(SH)2(pyMeCNOH)4] [60] – 42
[Cu4(4tacn)(N3)4](PF6) [61] – 43
[Ni5(N3)4(phpyCNO)4(O2CH)2(MeOH)4] [62] 5 44a
[Ni5(N3)4(phpyCNO)4(O2CCH3)2(MeOH)4] [62] 5 44b
[Ni5(N3)4(phpyCNO)4(phpyCNOH)4](ClO4)2

[63] – 45
[Cu5(terpy)2(N3)10] [64] 3 + 2�1/2[b] 46
[KNi6(CO3)(N3)6(OAc)3(dpkMeCN)3]2[K2(H2O)2] [65] 6 47
Na2[Ni4Cu2(dpa)4(pbo)2(H2O)2](ClO4)4

[68] 0 48
[Cu6(tmen)6(N3)2(C2O4)3(H2O)2](ClO4)4

[68] 0 49
[Ni7(AcO)6(py2CNO)6(N3)2(H2O)2] [70] 3 50
[Ni8Na2(N3)12(OBz)2(mpo)4(Hmpo)6(EtOAc)6] [71] 8 51
[{Mn4O(sae)4(N3)(MeOH)}2(N3)](N3) [72] 0 52
[Ni9(N3)2(AcO)8(dpkO)4] [73] 9 53
[Co9(N3)2(AcO)8(dpkO)4] [74] “9/2“[a] 54
[Fe9(N3)2(AcO)8(dpkO)4] [75] 14 55
[Ni10(tmp)2(N3)8(acac)6(MeOH)6] [76] 10 56
[Mn10O4(N3)4(hmp)12](N3)2

[77] 22 57
[Mn10O4(N3)4(hmp)12](ClO4)2

[77] 22 58
[Mn19O8(N3)8(Hbhmep)12(MeCN)6]Cl2 [78] 83/2 59
[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2

[79] 51/2�1[c] 60
[Mn(bpy)3]1.5[Mn32(thme)16(bpy)24(N3)12(OAc)12](ClO4)11

[80] 9 61
[Cu4(O2cyclam2)4Mn2(N3)4] [86] 0 62
[(γ-SiW10O36)2Mn4(OH)4(N3)2(H2O)]10– [89] 0 63
[(γ-SiW10O36)2Cu4(N3)4]12– [89] 2 64
[(γ-SiW10O36)2Cu4(H2O)2(N3)4]12– [88] 1 + 1[b] 65
[(SiW8O31)3Cu9(OH)3(H2O)6(N3)4]10– [88] 0 66

[a] Resulting from considering a effective spin of S = 1/2 for CoII. [b] Resulting from uncoupled spins within the molecule. [c] Value
subject to uncertainty of �1.
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[Ni4(atp)2(pydz)2(N3)2](BPh4)2 (1)

The core of complex 1 is shown in Figure 1.[16] It is a
rectangular array resulting from the bridging by two µ1,3-
N3

– ligands of two dinuclear [NiII
2] units, held together by

a hexadentate aminothiophenolate ligand (atp), with the
additional support of a pyridazine (pydz) group. This mole-
cule forms from independent [Ni2(atp)2]+ dinuclear com-
plexes as a precursor of the higher nuclearity species upon
reaction with N3

–. It displays an S = 4 spin ground-state,
which can be modelled as the result of ferromagnetic inter-
actions through both type of bridges — the thiophenolato-
pyridazine and the EE-azido. In the first case, it can be
argued that the ferromagnetic coupling occurs because the
Ni–S–Ni angle is close to 90°, whereas for the N3

– bridge,
the observed Ni–N–N–N–Ni torsion angle of 76.4° (i.e.
larger than 55°) is the cause of the ferromagnetism.[24–26]

[Ni4(pzha1)2(N3)4](BPh4)2 (2) and [Ni4(pzha2)2(N3)4]-
(X)2 (X = ClO4

–, 3a; BF4
–, 3b)

Complexes 2 and 3 are similar to 1, with each [NiII
2]

moiety now supported by one polyaminopyrazolyl group
(pzha, Scheme 1) and one µ1,1-N3

– ligand. Both dinuclear
entities are connected by EE azide groups to complete the
cyclic structure (Figure 2, left).[17,18] The spin ground-state,
however, was found to be either S = 0 or S = 4. Fits of
bulk magnetisation data were conducted by considering
constants for the intra- and interdimer couplings. The first
one was always found to be ferromagnetic, as expected from
the influence of the EO azide bridge. The interactions
through the EE azides, however, were found to be of either
sign, depending on the value of the Ni–N3–Ni torsion an-
gle. Thus, torsion angles sufficiently close to 180° (as com-
monly encountered) facilitate antiferromagnetic coupling
(as observed for 2 and 3b, S = 0), whereas values close to
90° lead to ferromagnetic interactions (as seen for 3a, S =
4).[24–26]

[Cu4(pap)2(N3)8(MeOH)2] (4) and [Cu4(papMe)2-
(N3)4(H2O)2(NO3)2](NO3)2 (5)

Complexes 4 and 5 are related[19,20] and their structure is
analogous to those of 1, 2 and 3. The dinucleating ligand
of both is a phthalazine aminopyridyl ligand (pap or
papMe) with the Cu pairs also linked by EO N3

– ligands.
The [CuII

2] dimers in 4 and 5 are linked to each other by
EE N3

– groups and the difference between both complexes
lies in the terminal ligands, which affect the charge of the
complex, and the fact that 4 possesses two additional µ-
MeOH molecules. The coupling in both complexes is anti-
ferromagnetic, presumably because of the dominant influ-
ence of the phthalazine ligand. However, the magnetic data
do not fit the Bleaney–Bowers equation satisfactorily and
give unrealistic Weiss terms θ. This was ascribed to the pres-
ence of a temperature-dependent J value as a result of the
possible variation of the Cu–N–Cu angle with temperature
within the [CuII

2] groups. Possible exchange through the EE
N3

– groups was not considered.
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[Mn2(Hmacy1)(N3)2]2(ClO4)2 (6)

Complex 6 is an [MnII
2]2 species with each pair of metals

assembled by one octadentate macrocycle (Scheme 1) con-
taining amino, pyridyl and alcohol groups.[21] An EO N3

–

bridge serves as an additional support of the intradimer
connection (Figure 2, centre). Interestingly, both dimers are
bridged here by N3

– ligands in the end-on form, instead of
end-to-end. All MnII ions in 6 are seven-coordinate, with a
pentagonal bipyramidal geometry. Magnetic measurements
show the overall coupling within 6 to be antiferromagnetic,
thus indicating an S = 0 ground state. Although these re-
sults were not discussed in terms of the bridging ligands,
it is conceivable that the alkoxide bridges cause a strong
antiferromagnetic interaction within the dimers, which
masks any possible (weaker) ferromagnetic pathway medi-
ated by the µ1,1-N3

– links.

[Cu4(macy2)(N3)4] (7)

The large macrocyclic ligand in complex 7 (Scheme 1)
keeps the tetranuclear cycle together by means of four alk-
oxide bridges, whereas two EE N3

– bridges support the link
between two pairs of CuII ions.[22] The coupling is antiferro-
magnetic due to the alkoxide bridges of the macrocycle.

[Ni4(N3)4(opn)2(Hopn)2](ClO4)2 (8)

Of the series of tetranuclear compounds with a cyclic ar-
rangement, complex 8 is the only one that is square rather
than rectangular (Figure 2, right).[23] All NiII ions in this
complex are equivalent and bridged by one EO azide group
and the O atom of 1,3-diaminopropan-2-ol (Hopn). In fact,
four diamino alcohol molecules share two of the hydroxy
protons, which connect the four oxygen atoms pairwise
through hydrogen bonds above and below the plane of the
molecule. The χMT vs. T curve of 8 (χM is the molar para-
magnetic susceptibility) clearly indicates that the Ni···Ni in-
teractions here are ferromagnetic and suggests an S = 4
ground state. When first published, complex 8 was the first
azide-bridged, ferromagnetically coupled tetranuclear NiII

cluster ever synthesised. More than ten years after its dis-
covery, ultra-low-temperature studies are underway to de-
termine whether this complex behaves as an SMM.

Linear M4 Clusters

Of the nine reported clusters of this type, all but one can
be described as two [MII

2] dimers linked together by N3
–

ligands in either an EO or an EE fashion. In all these cases,
the dimers are kept together by polydentate ligands and the
azide ligands complete the coordination and/or act as brid-
ges between them.

[Fe4(N3)6(pypentO)2] (9) and [Fe4(N3)4(acpypentO)2]
(10)

Complexes 9[27] and 10[28] are analogous. Both consist of
two [FeII

2] units mutually linked by two µ1,1-N3
– ligands.

Each dimeric unit is held together by one pentadentate hy-
droxy/amine (9) or imine (10)/pyridyl ligand, supplemented
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by another EO azide (Figure 3). Their magnetic behaviour
is also very similar; in both cases the intradimer coupling is
antiferromagnetic and the interdimer interaction ferromag-
netic.

Figure 3. Plot of [Fe4(N3)6(pypentO)2] (9). For clarity, only one of
the pypentO ligands is represented.

[Ni4(pzha2)2(N3)6] (11)

Compound 11 is very similar to complexes 2 and 3,
where the pyrazolyl [NiII

2] units are now shifted so that the
azide groups linking the dimers are in the very rare µ1,1,3

coordination mode.[17] As for 2 and 3, the intradimer inter-
actions are ferromagnetic due to the presence of EO azide
ligands, whereas in this case the EE N3

– groups mediate
antiferromagnetic coupling.

[Cu4(msalen)2(N3)2(H2O)(MeOH)] (12), [Cu4(salen)2-
(N3)4] (13) and [Cu4(salpren)2(N3)4(DMSO)2] (14)

These three complexes are related. They all consist of
two dimers of CuII formed by polydentate Schiff-base li-
gands (see Scheme 1) that are connected linearly through a
pair of µ1,1-N3

– groups. Fitting of the magnetic suscep-
tibility data from 13 yielded antiferromagnetic coupling
constants for both Cu···Cu bridges.[29] This compound was
claimed to be the first to exhibit antiferromagnetic coupling
for the Cu–(µ1,1-N3)2–Cu bridging mode. It needs to be
pointed out, however, that such an interaction has been
found several times before for this moiety, where some of
the Cu–N bonds do not lie in equatorial positions.[30,31] In
such cases the interaction is always very weak since the
asymmetric bridge causes very little overlap between the
magnetic orbitals of CuII (dx2–y2), contrary to the case where
the bridge takes place through all basal positions.[32] The
antiferromagnetic coupling in this complex was modelled
theoretically on an experimental structure by means of den-
sity functional calculations,[15] although no explanation for
this behaviour was offered. The magnetic analysis of com-
plexes 12[33] and 14[34] was not provided.

[Cu4(bmdp)2(OAc)2(N3)](ClO4)3 (15) and
[Cu4(O2cyclam1)2(tmen)2(N3)](ClO4)3 (16)

Complexes 15 and 16 are formed by two dimers of asym-
metric dinucleating ligands, each featuring a coordinatively
unsaturated CuII that reacts selectively with one azido li-
gand to form µ1,3-N3

–-linked tetranuclear complexes. In
15,[35] the large ligand is based on 1,3-diaminopropan-2-ol
and three N-methylbenzimidazole groups and this system
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shows weak ferromagnetic coupling, which could not be un-
ambiguously assigned as either intra- or interdimeric coup-
ling. In complex 16 (tmen = N,N,N�N�-tetramethylethyl-
enediamine), the dinucleating ligand is a cyclic oxamide li-
gand. No magnetic properties were reported.[36]

[Cu4(acac)2(phen)4(N3)4(ClO4)2] (17)

This complex is a genuine linear tetranuclear array exclu-
sively bridged by (single or double) µ-N3

– ligands, with the
remaining coordination sites saturated by chelating ligands
[acetylacetonate (acac) and phenanthroline (phen)] or per-
chlorate.[37] Despite occurring through bridges of the axial–
equatorial type, the coupling within this molecule is ferro-
magnetic and the ground state S = 2.

M4 Cubanes

The cubic arrangement is one of the most common struc-
tural motifs of tetranuclear coordination clusters {236 hits
in the CCDC (version 5.27, August 2006) for the cubic
[M4O4] feature; M = first row transition metal}. Some of
these have been found to act as SMMs (M = Ni, Mn, Fe,
Co).[7] In most cases the cube is formed by four symmetri-
cally equivalent metals and four monoatomic donors in a
µ3-bridging mode, which are usually alkoxides, hydroxides
or oxides. Because of its coordination versatility
(Scheme 2), the N3

– group has also been found to act as a
core ligand within cubane structures on a few occasions.

[Ni4(N3)4(dbm)4(EtOH)4] (18)

Complex 18 features four metals that are equivalent by
idealised symmetry (Figure 4, top).[38,39] This compound
was the first reported paramagnetic cluster containing N3

–

ligands in the triply bridging mode, although many more
examples have been reported since then (see below). These
ligands are responsible for the weak ferromagnetic coupling
that yields a spin ground state of S = 4. The peripheral
ligation around the cubic core is completed by one chelating
dibenzoylmethine (dbm–) and one monodentate ethanol li-
gand on each NiII ion.

[Mn4O3(N3)(OAc)3(dbm)3] (19)

Complex 19[40] belongs to a group of cubane clusters
with general formula [Mn4O3X(OAc)3(dbm)3] that contain
a distorted [MnIII

3MnIVXO3] cubane core with a variable
ligand X (X = OH–, OMe–, F–, Cl–, Br–, N3

–, NCO–, AcO–,
NO3

–, etc.)[40–42] along with a bridging AcO– that links each
MnIII to a MnIV ion and chelating ligands (dbm–, on each
MnIII; Figure 4, bottom). Several features of these com-
pounds make them good models of the [Mn4] complex of
Photosystem II. Ferromagnetic coupling between the MnIII

centres, together with the antiferromagnetic interaction
within the MnIV···MnIII pairs, invariably confer the S =
9/2 spin ground state to all these clusters, which make up
the second most important family of structurally related
SMMs (after the [Mn12] complexes); complex 19 is the
member of this family in which X = N3

–. In this series of
compounds, the X ligand consistently mediates ferromag-
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Figure 4. Top: core of [Ni4(N3)4(dbm)4(EtOH)4] (18), representative
of the cubane systems with exclusively end-on azido bridges in the
corners. One of the four dbm ligands is also shown. Bottom: core
of [Mn4O3(N3)(OAc)3(dbm)3] (19), an unusual asymmetric cubane
with only one azido bridge in one of the corners.

netic coupling between the metals it bridges, therefore re-
placement of any µ3-X ligand by azide does not imply the
change to ferromagnetism observed for other families of
complexes (see below).

[Ni4(LOMe)4(N3)4] (20) and [Co4(LOMe)4(N3)4] (21)

Complexes 20 and 21 were obtained while studying the
reactivity of the Kläui tripodal ligand LOMe (Scheme 1)
with 3d transition metals[43] in an attempt to isolate adducts
different from full-sandwich compounds [M(LOMe)2]. Both
clusters were obtained in the same manner, namely from
the reaction of the labile mononuclear precursor
[M(LOMe)(NO3)(acetone)] with NaN3. The molecular struc-
ture of both complexes consists of a cubane with four MII

metals and four µ3-N3
– ligands in the core, the hexacoordi-

nation around each metal being completed by a tripodal
LOMe ligand. The magnetic properties of these compounds
were not studied.

[Cu4(bsi)2(N3)2] (22)

This complex displays a very unconventional cubane
structure with a [Cu4N2O2] core[44] where the N atoms be-
long to azide groups and the O donors are from alkoxides
provided by a pentadentate Schiff-base ligand, which also
serves to complete the peripheral ligation around CuII. The
particularity of 22 within the category of cubanes is that it
has two missing edges since these would be too long to con-
sider them as bonds, which means that the cubane is open
and the bridging N and O core atoms are µ and µ3, respec-
tively. Magnetic measurements revealed that the coupling
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within the cubane core is dominated by antiferromagnetic
interactions, which leads to a spin ground state of S = 0.
This was modelled by considering three coupling constants
describing single alkoxido, bis-alkoxido, and alkoxido/az-
ide-bridged Cu···Cu pairs. The first two were found to be
negative, as expected, whereas the mixed bridge was de-
scribed as mediating ferromagnetic exchange, consistent
with most instances involving EO azide.

Defective Dicubane M4 Arrangements

This topology has been described for ten complexes;
three of NiII, four of CoII, one of MnII and two of CuII.
Their formulae are [Ni4(dpkOH)2(dpkOCH3)2(N3)2-
(H2O)2](ClO4)4 (23),[45] [Ni4(dpkOH)4(N3)4] (24),[46]

[Ni4(N3)8(enbzpy)2] (25),[47] [Co4(dpkOH)4(N3)2(OBz)2]
(26),[48] [Co4(dpkOH)4(N3)2(AcO)2] (27),[49] [Co4(dpkOH)2-
(dpkOCH3)2(N3)2(H2O)2](BF4)2 (28),[50] [Co4(dpkOH)2-
(dpkOMe)2(N3)4] (29),[51] [Mn4(dpkOH)2(dpkOMe)2(N3)4]
(30),[51] [Cu4(macy3)2(OEt)2(N3)4] (31)[52] and [Cu4(pta)2-
(N3)6](ClO4)4 (32).[53] The two latter complexes are best de-
scribed as two dimers linked through very long axial bonds.
In these, the magnetic behaviour is dominated by the coup-
ling within the dimers, as imposed by the phenolate-based
dinucleating ligands (very strongly antiferromagnetic).
Seven of the remaining clusters (23, 24 and 26–30) have
been prepared using dipyridyl ketone (dpk) as reagent and
exhibit a common skeleton in which the four metallic atoms
are bridged by two end-on µ-azide groups, two µ-oxido and
two µ3-oxido centres (Figure 5, top). The remaining coordi-
nation sites are occupied by four dpkOH or dpkOMe li-
gands and two monodentate terminal groups such as aquo,
azido, acetato or benzoato. In contrast, although with the
same metal topology, the skeleton of 25 contains only N3

–

bridges (Figure 5, bottom) and is one of the rare examples
of clusters with a mainly azide based core. Of the non-cop-
per clusters, only 30 (MnII) shows an overall antiferromag-

Figure 5. Top: core of compound [Co4(dpkOH)4(N3)2(OBz)2] (26).
This core is common to compounds 23, 24 and 26–30, which differ
in the counteranion or in the monodentate ligand. Bottom: end-on
azido core of compound [Ni4(N3)8(enbzpy)2] (25).
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netic coupling with S = 0. The NiII clusters all display ferro-
magnetic interactions due the EO-N3

– bridges and/or Ni–
O–Ni angles close to 90°, which leads to an S = 4 ground
state. This situation is analogous to the case of the CoII

compounds. In these clusters, however, the analysis of the
magnetic behaviour is complicated by the effect of spin-or-
bit coupling within the metals. Since at low temperature the
CoII ions are better described as local Si = 1/2 centres, the
ground state of the [Co4] clusters can be considered as dis-
playing a total S = 2 spin ground state with fairly large geff.

Genuine µ1,1,3-N3
– Coordination in an M4 Cluster

The group of complexes with general formula
[Ni4(pzaten)2(N3)3(O2CR)](ClO4)2 (R = Me, pzate1 33; R =
Ph, pzate1 34; R = Ph, pzate2; 35) were the first examples
with azide in the µ1,1,3-bridging mode (Scheme 2).[54,55]

They are described as two [Ni2] dimers of a pyrazole/amine-
based ligand that are bridged asymmetrically by azide (seen
in three different coordination modes) and carboxylate
(Figure 6). Dominant antiferromagnetic interactions were
observed for the three complexes, resulting in a diamagnetic
ground state. Modelling of the bulk magnetisation data un-
veiled the presence of a combination of antiferromagnetic
and ferromagnetic coupling (two J constants of each type).
The Ni···Ni pair bridged by two µ1,1-N3

– groups was as-
signed a moderate ferromagnetic constant in the three com-
plexes, whereas weak ferromagnetic coupling was attributed
to the pathway formed by a single µ1,3-N3

– ligand. The
strongest antiferromagnetic coupling was ascribed to the
link built by one µ1,1,3-azide and one pyrazolate, whereas
the remaining single µ1,1,3-azide bridge was associated with
the weakly antiferromagnetic constant. The last three as-
signments were made on the basis of the Ni–NNN–Ni tor-
sion angles and the Ni–N–N angles. Indeed, observation of
ferromagnetism within NiII pairs as mediated by only one
EE azide is very uncommon and requires these two angles
to be close to 90° and larger than 155°, respectively.[16,56]

Figure 6. Core of compound [Ni4(pzate1)2(N3)3(AcO)](ClO4)2 (33),
common to compounds 33–35.
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Rare µ1,1,3,3-N3
– Coordination in an M4 Cluster

The µ1,1,3,3 coordination mode (Scheme 2) was first ob-
served in a group of compounds with formulae [Ni4-
(pzaten)2(N3)3(O2CR)2](ClO4) (pzate1: R = Me 36, R = Ph
37; pzate2: R = adamantyl 38) and [Ni4(pzate3)2-
(N3)(O2CR)4](ClO4) (R = adamantyl 39). These complexes
are [NiII

4] rectangles with a central µ4-N3
– ligand, a pair of

opposite sides occupied by bridging “pzate“ ligands
(Scheme 1) and the other pair of edges formed by either
one µ-N3

– and one µ-O2CR– (36, 37 and 38; Figure 7), or
by two bridging carboxylates (39).[54,57] Interestingly, the
structural differences imposed by the bridging of these
edges determine the disposition of the central azide ligand.
Thus, in complexes of the former type the central azide caps
the Ni4 plane on one of its faces to form a sort of roof with
C2v symmetry, whereas in complex 39 the metals form a
flattened tetrahedron with the µ4-N3

– azide ligand inserted
inside; this fragment displays D2 symmetry. The magnetic
properties of both types of complexes are marked by the
coupling through the central azide, which is strongly anti-
ferromagnetic along the edge spanned by the pyrazolate
bridge (because of the EE azide) and ferromagnetic along
the other edge (because of the EO mode of the µ4-N3

– li-
gand and reinforced by an additional EO azide in com-
plexes 36, 37 and 38). The diagonal exchange is weakly fer-
romagnetic because of the large Ni–NNN–Ni torsion angle
involved. The overall result is an S = 0 ground state for all
complexes.

Figure 7. Core of compound [Ni4(pzate3)2(N3)3(AcO)2](ClO4) (36),
common to compounds 36–38. Compound 39 shows a very similar
core with coordination of a second carboxylate instead of the end-
on azido ligands.

[Cu4(tpimim)2(N3)]Cl (40)

Complex 40 is the only CuII species that contains azide
in the µ1,1,3,3 mode.[58] As in complexes 36–39, the central
µ4-N3

– in 40 bridges a rectangle of four metals that now
exhibits C2h symmetry. The metals spanned by two of the
opposite edges are not supported by any additional ligand,
while the other two sides are also spanned by two heptad-
entate tpimim ligands. Contrary to the Ni compounds with
a central µ4-N3

– ligand, complex 40 exhibits very weak
magnetic coupling. The likely reason for this is that the li-
gand is bound to CuII at the apical positions and is thus
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far from the magnetic orbitals. The interaction between the
ions bridged by the tpimim ligand is weakly ferromagnetic,
most probably because of the imidazolidine bridge, rather
than the azide. The coupling mediated by EE azide path-
ways is, as usual, antiferromagnetic.

A Tetrahedral and a Rectangular M4 Cluster

The cluster [Mn4O(N3)(O2Bz)3(phpyCNO)4] (41)[59]

shows a tetrahedral [MnIVMnII
3O]8+ core (Figure 8) and is

a rare example of a mixed-valent tetranuclear manganese
complex exhibiting a 2e– difference between oxidation
states. There are four types of bridging ligands, including
one N3

– group, which contributes to the ferromagnetic in-
teraction between MnII centres. The MnIV ion is, in turn,
coupled antiferromagnetically to the other three metals and
this leads to a total spin ground state of S = 6, as shown
by bulk magnetic measurements as well as EPR spec-
troscopy. The cluster [Ni4(SO4)2(N3)2(SH)2(pyMeCNOH)4]
(42)[60] is a rectangle with two edges spanned by EO µ-N3

–

and the other two by µ-SH– groups. The latter presumably
originate from reduction of sulfate ligands. Two such li-
gands cap each face of the rectangle in an η2:µ4-SO4

2– coor-
dination mode and four pyridyl oxime ligands chelate the
four metals to complete their octahedral coordination envi-
ronment. No magnetic data are yet available for this com-
pound.

Figure 8. Core of compound [Mn4O(N3)(O2Bz)3(phpyCNO)4] (41).

An Mn4 Dimer of Separate Dimers

The compound [Cu4(4tacn)(N3)4](PF6) (43)[61] is formed
by a large ligand containing four tacn macrocycles
(Scheme 1) that bind four CuII ions, which are linked as two
separate pairs through double µ-N3

– bridges. As expected,
ferromagnetic coupling operates within these pairs, whereas
the presence of zero-field splitting and/or inter-pair interac-
tions was modelled with a Curie–Weiss constant.

Three Azido Bowties in M5 Clusters

Azido-bridged clusters of five metals are much less com-
mon than tetranuclear complexes. Three Ni derivatives ex-
hibit this nuclearity, namely [Ni5(N3)4(phpyCNO)4-
(O2CR)2(MeOH)4] (R = H 44a, Me 44b)[62] and [Ni5(N3)4-
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(phpyCNO)4(phpyCNOH)4](ClO4)2 (45).[63] These three
compounds can be described as two NiII triangles with a
common vertex (a bowtie) linked by means of oximato and
azido bridges in two different arrangements (Figure 9): 44a
and 44b contain oximato bridges between the central and
the peripheral NiII atoms with µ1,1-azido and carboxylate
bridges between the external cations and µ1,1,1 bridges at
the centre of each triangle, whereas 45 has four µ1,1 bridges
between the central and external NiII atoms and the centres
of the triangles are occupied by oximate µ3-(NO) bridges.
The main difference in the preparation of these compounds
is the presence in the reaction mixture of either a coordinat-
ing anion (carboxylate) or a non-coordinating one (perchlo-
rate). Preliminary magnetic measurements indicate an S =
5 ground state for 44b and 44b. Moreover, the frequency
dependence of the magnetisation has been observed for 44a,
which constitutes initial evidence that this compound be-
haves as an SMM. No magnetic data have been collected
yet for complex 45.

Figure 9. Core of compounds [Ni5(N3)4(phpyCNO)4(O2CH)2-
(MeOH)4] (44) (top) and [Ni5(N3)4(phpyCNO)4(phpyCNO)4]-
(ClO4)2 (45; bottom). It is noticeable that N3

– and oximate ex-
change their roles from one compound to the other.

A Linear CuII
5 Arrangement

The compound [Cu5(terpy)2(N3)10] (46; terpy = terpyrid-
ine) comprises a linear central trinuclear unit held together
by two double µ-N3

– bridges, with each external copper ion
of this unit linked by a single EO azido ligand to a [Cu(ter-
py)(N3)]+ moiety.[64] Bulk magnetisation studies reveal that
the peripheral CuII centres essentially do not interact with
the central unit, and the latter exhibits weak ferromagnetic
coupling.
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M6: The Largest Cycle

The only example of an azide-bridged cyclic cluster with
six metals (Figure 10) is the complex [KNi6(CO3)(N3)6-
(OAc)3(dpkMeCN)3]2[K2(H2O)2] (47).[65] It crystallises in
the form of dimers of hexanuclear wheels that are con-
nected through weak interactions to K+ ions. Complex 47
is the only known metallacycle that is symmetrically
bridged by N3

–, besides complex 8 (see above). In addition
to azide, the bridges within the cycle are completed by three
syn,syn-OAc groups, which alternate with the µ-O atoms
from three dpkMeCN– ligands, and by a central µ6-CO3

2–

group. This compound exhibits intramolecular ferromag-
netic coupling, as expected, which confers it the spin
ground state S = 6. Fitting of the experimental data yielded
the values J1 = 2.9 and J2 = 25.4 cm–1, respectively, for the
two types of bridge present (using the convention H =
Σ–JijSiSj for the exchange coupling). In both cases, the µ-
N3

– bridge determines the ferromagnetic nature of the
coupling. The strongest coupling is ascribed to the counter-
complementarity effect[66] caused by the simultaneous pres-
ence of a µ-OAc– ligand. The other path involves an alk-
oxide bridge, which does not have the symmetry to cause
this effect. D was found to be positive (10.3 cm–1) in this
complex, which explains the lack of SMM behaviour.

Figure 10. Core of one of the hexanuclear subunits of
[KNi6(CO3)(N3)6(OAc)3(dpkMeCN)3]2[K2(H2O)2] (47) showing
the unusual µ6-carbonato anion in the centre of the complex.

M6: A Dimer of Trinuclear Units and a Trimer of
Dinuclear Motifs

The complex Na2[Ni4Cu2(dpa)4(pbo)2(H2O)2](ClO4)4

(48; dpa = 3,3�-diaminodipropylamine) consists of a hexa-
nuclear cyclic structure in which the azido ligands bind two
[NiCuNi] subunits (Figure 11, top). In spite of the hetero-
metallic nature of the cycle, the azido bridges only link
nickel atoms. Inside each trinuclear unit there is strong anti-
ferromagnetic coupling via the oxamato ligands (J1 =
–101 cm–1). The large Ni–N3–Ni torsion angle justifies the
low value for the interaction provided by the azido bridge
(J2 = –3.2 cm–1 in the H = Σ–JijSiSj convention), which
results in an S = 0 ground state.[67]
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Figure 11. Top: plot of the dimer of trimers Na2[Ni4Cu2(dpa)4-
(pbo)2(H2O)2](ClO4)4 (48). The copper atoms show a square-planar
coordination whereas the Ni atoms in the corners exhibit an octa-
hedral environment. For clarity, only one complete coordination
sphere of the Ni atoms is shown. Bottom: plot of the trimer of
dimers [Cu6(tmen)6(N3)2(C2O4)3(H2O)2](ClO4)4 (49).

The hexanuclear complex [Cu6(tmen)6(N3)2(C2O4)3-
(H2O)2](ClO4)4 (49; tmen = N,N,N�,N�-tetramethylethylene-
diamine)[68] is a rare combination of [Cu2(tmen)2(C2O4)]2–

units connected by two EE N3
– groups, with both external

metallic ions capped by H2O molecules (Figure 11, bot-
tom). The magnetic behaviour of this linear cluster is gov-
erned by the strong antiferromagnetic coupling within the
oxalate-bridged pairs, with the coupling through azide re-
maining negligible. Another hexanuclear cluster results
from dimerisation of [Cu3] units bound to a trinucleating
ligand, each of which features one pair of CuII ions sup-
ported by µ-N3

–.[69]

M7: An Unusual Nuclearity

There is only one compound with a nuclearity of seven
containing azido bridges and it has the formula [Ni7-
(AcO)6(py2CNO)6(N3)2(H2O)2] (50).[70] The compound
consists of two pairs of NiII triangular arrays fused through
one edge and sharing the central cation (Figure 12). The
four triangles are supported by four µ3-(NO) oximate brid-
ges, and additional bridging is provided by two deproton-
ated oximate groups, six syn,syn acetate ligands and two EO
azides, whereas peripheral coordination is completed by

Figure 12. Core of [Ni7(AcO)6(py2CNO)6(N3)2(H2O)2] (50).
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two water molecules. Preliminary susceptibility measure-
ments indicate an S = 3 ground state, which is greater than
the expected value (S = 1) for a purely antiferromagnetic
cluster and suggests the presence of ferromagnetic interac-
tions between the nickel atoms bridged by the azido bridge;
the remaining interactions remain antiferromagnetic.

M8: A Nickel-Based SMM

The SMM [Ni8Na2(N3)12(OBz)2(mpo)4(Hmpo)6-
(EtOAc)6] (51; Figure 13)[71] was prepared in light of the
benefits of using N3

– to dramatically increase the spin of
metal clusters in a family of [M9] complexes (see below).
Complex 51 features an [Ni8(N3)12]4+ core in the form of
four “defective cubanes“ bound to two additional periph-
eral NiII ions. In addition, the complex contains two Na+

ions. The bridging within this cluster is completed by two
µ-OBz– groups and four pyrazolinolate ligands (mpo–); ter-
minal ligands saturate the remaining positions of the metals
(six Hmpo and six EtOAc molecules). The presence of EO
N3

– groups connecting all NiII centres confers ferromag-
netic character on this cluster and leads to an S = 8 spin
ground state. Many high-spin clusters do not behave as
SMMs because they do not possess magnetic anisotropy (D
≈ 0) or because they are not of the Ising type (D � 0). In
this case, however, D = –0.07 cm–1, and the cluster exhibits
slow relaxation of the magnetisation, as manifested by the
presence of hysteresis loops at very low temperatures.

Figure 13. Plot of [Ni8Na2(N3)12(OBz)2(mpo)4(Hmpo)6(EtOAc)6]
(51). For clarity, only the bridging ligands are shown. Compound
51 is one of the few complexes in which the inner core contains
exclusively end-on azido bridges.

[{Mn4O(sae)4(N3)(MeOH)}2(N3)](N3) (52)

Complex 52 is the other only example of an azide-
bridged cluster with a nuclearity of eight. The structure
consists of two tetranuclear units linked to one other by a
single µ1,3-N3

– ligand and held together by Schiff-base li-
gands (sae) and one EO azide.[72] The overall coupling
within the cluster was found to be antiferromagnetic and
no further discussion was offered.
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M9: Activation of High Spin Numbers by Azide

The nuclearity of nine has been found for three analo-
gous azide-containing complexes obtained with three dif-
ferent metals. These are [Ni9(N3)2(AcO)8(dpkO)4] (53),[73]

[Co9(N3)2(AcO)8(dpkO)4] (54)[74] and [Fe9(N3)2(AcO)8-
(dpkO)4] (55).[75] The core of these compounds can be de-
scribed as two square pyramids of metals with a common
apex, the latter exhibiting (Figure 14) an unusual eight co-
ordination environment (MO8). Each doubly deprotonated
dpkO2– ligand links up to five cations. The basal edges of
each pyramid are spanned by a crown of four syn,syn ace-
tate ligands and its square face is capped by one µ4-N3

–

ligand. Azido ligands acting as a bridge between four cat-
ions are very unusual and these three compounds are cur-
rently the only examples of the monoatomic µ1,1,1,1 coordi-
nation mode for this ligand. The nickel and cobalt com-
pounds are highly symmetric due to the presence of a crys-
tallographic C4 axis, whereas for the iron compound (55)
the structure is the same but the symmetry is only idealised.
In the three compounds, introduction of EO N3

– signifies
the establishment of ferromagnetic interactions within both
groups of four basal metals, thereby dramatically increasing

Figure 14. Core of compound [Ni9(N3)2(AcO)8(dpkO)4] (53). With
minor differences besides the metals, this core is the same for 54
and 55.

Figure 15. Plots of χMT vs. T for complexes [Ni9(L)2(AcO)8-
(dpkO)4] [L = N3

– (53) and the related compound with L = OH–].
These compounds provide a good example of how end-on azido
coordination can drastically modify the magnetic properties of
clusters with the same skeleton.
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the spin ground states (S = 9 for 53, S = 14 for 55 and
undetermined for 54 because of the spin-orbit coupling).
These values are in sharp contrast to those observed for
analogous clusters containing OH– bridges instead of N3

–,
where the coupling is systematically antiferromagnetic and
the ground state is the equivalent to that of only the central
metal (Figure 15). When studied under an ac magnetic field,
complex 55 showed an SMM response, with frequency-de-
pendent χM�� signals (out-of-phase magnetic susceptibility)
peaking between 2.34 and 2.00 K for frequencies varying
between 1000 and 50 Hz. The energy barrier, ∆E, calculated
from these signals is 29 cm–1.

High-Spin Decanuclear Clusters

[Ni10(tmp)2(N3)8(acac)6(MeOH)6] (56)

This complex is an elegant example of one of the main
messages of this review, which is that incorporation of azide
within reaction schemes leading to coordination clusters is
not only beneficial from a structural point of view but is
potentially very convenient for changing the magnetic prop-
erties. Compound 56 originates from the reaction between
Ni(acac)2, the tripodal ligand H3tmp and NaN3 in meth-
anol.[76] The structure (Figure 16, top) comprises a planar
[Ni10O10(N3)8] core where the oxygens originate from two
µ6-tmp3– ligands and acac– groups. The latter appear in two
coordination modes (terminal and bridging), whereas the
N3

– ligands are all bridging (µ or µ3). Magnetic measure-
ments show this compound to possess an S = 10 spin
ground state and large, Ising-type magnetoanisotropy,
which converts it into the slowest relaxing Ni SMM known

Figure 16. Top: core of [Ni10(tmp)2(N3)8(acac)6(MeOH)6] (56). In
a similar way to 51, the core is formed by defective cubanes linked
by end-on azido bridges. Bottom: core of [Mn10O4(N3)4(hmp)12]-
(X)2 (57, 58) in which the peripheral end-on azido bridges link the
sub-sheets of Mn atoms.
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to date. This property is corroborated by the presence of
temperature-dependent hysteresis loops of the magnetis-
ation (Figure 17).

Figure 17. Single crystal magnetisation (M) vs. field (H) hysteresis
loops for complex 56 at a field sweep rate of 0.002 Ts–1 and tem-
peratures of 0.7, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.04 K (the loops become
wider with increasing temperature); the magnetisation is normal-
ised to its saturation value.

[Mn10O4(N3)4(hmp)12](X)2 (X = N3
– 57, ClO4

– 58)

The very recently reported complexes 57 and 58[77] dis-
play high symmetry (crystallographically imposed T) and
each is formed by a central [MnIII] octahedron bridged by
four µ3-N3

– ligands and four µ4-O2– atoms that also bind
to four external MnII ions (Figure 16, bottom). There are
twelve hmp– ligands that ensure the bridging between the
MnIII and MnII centres as well as the peripheral ligation.
The spin ground state in both clusters is S = 22, the maxi-
mum possible, thanks to the ferromagnetic interaction in-
duced by the azide ligands and by the MnIII–O–MnII con-
nections with very acute angles. Given the high symmetry
of the cluster, the total D value is practically zero and there-
fore these compounds do not show SMM behaviour despite
displaying one of the highest spin values ever observed for
a molecular system.

M19: The Highest Ground Spin State (S = 83/2)

The use of azide in combination with an oxide source
and the polyalcohol H3bhmep (Scheme 1) in a reaction with
MnCl2 led to the formation of the nonadecanuclear cluster
[Mn19O8(N3)8(Hbhmep)12(MeCN)6]Cl2 (59, Figure 18).[78]

The presence of azide leads again to the maximum possible
spin multiplicity for the cluster, leading to the highest mo-
lecular spin ground state ever observed (S = 83/2). The
small overall magnetic anisotropy, however, is the reason
why hysteresis of the magnetisation is only observed below
0.5 K. Whether this behaviour at low temperature is as-
cribed to the SMM nature of 59 or is due to other reasons
remains an open question.
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Figure 18. Core of [Mn19O8(N3)8(Hbhmep)12(MeCN)6]Cl2 (59).

The M25 Cluster [Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2

(60)

Complex 60 is the second highest nuclearity cluster con-
structed to date with the help of azide ligands (Fig-
ure 19).[79] The composition of the metal ions is 6MnII,
18MnIII and MnIV. Of the twelve N3

– ligands, six are ter-
minal and six bridge two metals each. The structure is held
together by µ4-O2–, µ3-O2– and µ3-OH– ions, with the help
of Hpdm or pdm– ligands. The total spin of the cluster is
postulated to be 51/2�1, presumably as a result of a com-
bination of ferro- and antiferromagnetic interactions. The
SMM behaviour of 60 was proven through micro-squid
measurements, which revealed the presence of low-tempera-
ture hysteresis loops of the magnetisation.

Figure 19. Core of [Mn25O18(OH)2(N3)12(pdm)6(pdmH)6](Cl)2 (60).

Mn32: A Truncated Cube

The largest manganese cluster containing bridging
azides is [Mn(bpy)3]1.5[Mn32(thme)16(bpy)24(N3)12(OAc)12]-
(ClO4)11 (61).[80] This spectacular cluster is made up of
eight tetranuclear moieties, each cemented by the oxygen
atoms of six tripodal thme3– ligands (Figure 20). These
[Mn4] “stars“ are located at the vertices of a cube and con-
nected to each other through acetate and EO azide bridges.
Chelating bpy helps to complete the coordination. A com-
bination of weak ferro- and antiferromagnetic interactions
leads to a spin ground state of close to 9 (or 10) with many
low lying excited states, which precludes an accurate deter-
mination and characterisation of the spin ground state.
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Figure 20. Core of [Mn(bpy)3]1.5[Mn32(thme)16(bpy)24(N3)12-
(OAc)12](ClO4)11 (61).

Clusters with Heterometallic Azide Bridges

Compared with the plethora of homometallic azido sys-
tems reported to date, compounds in which the azido ligand
acts as a bridge between two different paramagnetic centres
(excluding different oxidation states of the same metallic
atom) are extremely rare. The first such compound reported
was an [Ni2Mn] triangular system containing µ1,1-azido
bridges.[81] A few more examples of low nuclearity systems
of this type have been reported recently, such as one [CuNi]
dinuclear complex with µ1,1-azido bridges,[82] two trinuclear
clusters, [FeCuFe] and [FeNiFe], linked by means of µ1,3-
azido bridges[83,84] and two µ1,3 chain-like [NiMn] or
[CoMn] alternating compounds.[85]

To the best of our knowledge, there is only one system
with a nuclearity higher than four that contains hetero-
metallic azido bridges, namely [Cu4(O2cyclam2)4Mn2(N3)4]
(62).[86] The asymmetric unit of this compound consists of
a [CuMnCu] trinuclear unit in which the manganese atom is
bridged to both copper atoms by means of oxamide bridges
(Figure 21). Each CuII ion is embedded within a macrocycle
that is part of the oxamide moiety. The remaining coordina-
tion sites of the octahedral coordination sphere around
manganese are occupied by two azido ligands. One of them
acts as a terminal ligand whereas the second azido binds to
the axial position of the square-pyramidal copper atom of

Figure 21. Plot of the structure of compound [Cu4(O2cyclam2)4-
Mn2(N3)4] (62). Mn atoms exhibit hexacoordination whereas Cu
atoms are coordinated only to the macrocyclic ligand.
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a second trinuclear unit. The role of the azido bridges in
the magnetism of 62 is marginal since these are coordinated
to the axial sites of the copper atoms.

Azido Clusters of Transition Metals and Polyoxometallates

A relatively new class of molecular magnetic materials is
that whose members are prepared by using lacunary poly-
oxometallates (POMs) in combination with paramagnetic
transition metal ions.[87] Recently, very interesting examples
have been reported where the azide ligand has been em-
ployed as both bridge and magnetic coupler. Thus, the new
cluster anions [(γ-SiW10O36)2Mn4(OH)4(N3)2(H2O)]10– (63),
[(γ-SiW10O36)2Cu4(N3)4]12– (64), [(γ-SiW10O36)2Cu4(H2O)2-
(N3)4]12– (65) and [(SiW8O31)3Cu9(OH)3(H2O)6(N3)4]10–

(66) have been prepared,[88,89] and their magnetic properties
analysed. The latter is especially remarkable because it fea-
tures an unprecedented coordination mode for azide,
namely µ1,1,1,3,3,3 (Scheme 2).[88]

General Remarks about the Coordination by Azide

The above sections of this review have shown that the
azido ligand is able to act as a bridge within high nuclearity
clusters and can do so in a large variety of coordination
modes. These are summarised in Scheme 2, and can be di-
vided into two main groups: (i) modes in which the two
ends of the ligand act as donors (µ1,3, µ1,1,3, µ1,1,3,3 or
µ1,1,1,3,3,3), which need at least two metallic ions placed at
more than 5 Å, and (ii) modes where the azido ligand acts
as a monoatomic bridge (µ1,1, µ1,1,1 or µ1,1,1,1 modes) link-
ing two or more metallic centres separated by about 3 Å.

EE N3
– bridges typically lie within the core of the cluster

and are usually surrounded by other organic ligands, as can
be seen in Figure 22, left. In contrast, EO azido bridges are
attached to the metallic centres and point outwards approx-
imately perpendicular to the surface of the cluster (Fig-
ure 22, right). In the latter case, the space requirement is
minimal.

Figure 23. Several of the bridges encountered within the clusters of this review, involving the end-on azido ligand and at least a second
bridge. Among the latter, the most common are oxido, hydroxido or carboxylato, but other bridges such as pyrazolato, pyrazolinolato
or oximato are also not rare.
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Figure 22. Left: space-filling diagram of complex 37, emphasising
the insertion of the EE N3

– ligand within the cluster. Right: space-
filling diagram of complex 56, showing the efficiency of EO N3

– in
bridging metals with minimal space requirements.

EE is the most common coordination mode in extended
systems such as chains, planes or 3D azido derivatives,
whereas alternating µ1,3/µ1,1 compounds are not rare. How-
ever, coordination polymers with exclusively EO azido brid-
ges are very scarce. In contrast, cluster azido chemistry is
clearly dominated by EO coordination modes. Because of
the similar stability of both coordination modes, the steric
hindrance becomes one of the most determining factors fav-
ouring monoatomic coordination over EE modes.

Analysis of the structures reviewed above allows other
trends regarding coordination by azide to be identified. It
has been observed that single EO azido bridges are ex-
tremely rare, something that was known already from ex-
tended azido-based systems. Therefore, additional bridges
always support the presence of µ-N3

– groups. These are
often the usual bridges found in cluster coordination chem-
istry, such as oxido, hydroxido, alkoxido, oximato or car-
boxylate groups (in addition to N3

– itself), which accommo-
date pairs of metals at M···M distances in the neighbour-
hood of 3 Å (Figure 23). Therefore, the core of most azido
clusters reported to date is made up of such combinations
of ligands. It must be pointed out, however, that a few
prominent examples exist where the metallic core is held
together almost exclusively by N3

– ligands, such as com-
plexes 18 (cubane), 25 (double defective cubane), 46 (linear
pentanuclear) and 51 (Ni8).
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Conclusions and Perspectives
The azide ligand has characteristics that render it very

attractive for the synthesis of magnetic clusters. From a
structural point of view it can participate in multiple brid-
ges, very often in combination with other conventional li-
gands of cluster coordination chemistry (such as oxides or
carboxylates). Magnetically, it usually induces ferromag-
netic interactions that have yielded clusters with ground
states ranging between S = 4 and 83/2. The unusually high
number of compounds in this family that show SMM re-
sponses is also notable.

If we consider that the vast majority of these compounds
have been synthesised in the last five years, we can suppose
that the exploitation of this ligand for the synthesis of novel
clusters with new and interesting properties relevant to
SMM research is only in its infancy and that a very eventful
and promising future lies ahead. We hope that this review
will constitute an adequate reference for scientists eager to
know about the state of this sub-discipline of magnetic clus-
ter synthesis in its early stages. Given the speed at which
this sub-area is developing, we are acutely aware that this
account will soon become outdated.
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Diruthenium compounds containing an ω-alkene-α-carboxyl-
ate ligand, Ru2Cl[D(3,5-Cl2Ph) F]3[O2C(CH2)nCH=CH2] [n =
1 (1a) and 2 (1b)], were prepared from the reactions between
Ru2Cl[D(3,5-Cl2Ph)F]3(O2CCH3) [D(3,5-Cl2Ph)F = N,N�-bis-
(3,5-dicholorophenyl)formamidinate] and ω-alkene-α-car-
boxylic acids. Both compounds 1a and 1b undergo olefin
cross-metathesis reactions catalyzed by (Cy3P)2Cl2Ru-
(=CHPh) to afford the dimerized compounds [Ru2Cl{D(3,5-

Introduction

Catalytic olefin metathesis, arguably one of the most im-
portant organic reactions discovered in the 20th century,[1]

has found broad applications in organic and materials syn-
theses.[2,3] In comparison, there are only a limited number
of applications of catalytic olefin metathesis in the synthesis
of coordination and organometallic compounds.[4] Earlier
studies by Rudler demonstrated that the W compounds of
carbene ligands bearing alkene tails underwent ring-closing
metathesis (RCM) with WOCl4/Ph2SiH2 as the catalyst.[5]

The RCM method was subsequently applied to the high-
yield synthesis of Cu-templated [2]catenanes.[6] More re-
cently, both the cross metathesis (CM) and RCM reactions
have been utilized to prepare bridged metallocenes and
pincer compounds.[7] The most noteworthy are the creative
efforts from the laboratory of Gladysz in applying RCM to
a variety of metal compounds with phosphane ligands bear-
ing terminal alkene, which resulted in novel compounds in-
cluding sterically shielded linear Pt–polyyne molecules and
gyroscope-like molecules.[4,8]

Our laboratory has been developing methodologies to
covalently modify diruthenium compounds at the ligand
periphery, and Sonogashira and Suzuki cross couplings
were successfully executed on N,N�-bridging ligands con-
taining aryl iodo substituents.[9,10] Reported in this contri-
bution is the synthesis of diruthenium compounds contain-
ing ω-alkenyl-α-carboxylate ligand, which subsequently un-

[a] Departments of Chemistry, Purdue University,
West Lafayette, Indiana 47907, USA
Fax: +1-765-494-0239
E-mail: tren@purdue.edu

[b] Departments of Chemistry, Case Western Reserve University,
Cleveland, Ohio 44106, USA
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2006, 4737–4740 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4737

Cl2Ph)F}3]2[µ-O2C(CH2)nCH=CH(CH2)nCO2] [n = 1 (2a) and
2 (2b)]. Molecular structures of compounds 1a/1b and 2a/2b
were established by X-ray diffraction studies, which revealed
the formation of trans product only in the case of shorter
tether (2a) and a mixture of cis-/trans isomers in the case of
longer tether (2b).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

dergoes cross metathesis reactions to afford a unique set of
dimeric diruthenium compounds.

Results and Discussion

Our approach began with the preparation of diruthe-
nium compounds containing ω-alkene-α-carboxylate.
Ru2[D(3,5-Cl2Ph)F]3(OAc)Cl [D(3,5-Cl2Ph)F = N,N�-
bis(3,5-dicholorophenyl)formamidinate][9,10] readily reacted
with excess HO2C(CH2)nCH=CH2 (n = 1, vinylacetic acid;
n = 2, 4-pentenoic acid) under reflux in THF/MeOH to
afford the new compounds Ru2[D(3,5-Cl2Ph)F]3[µ-
O2C(CH2)nCH=CH2]Cl (n = 1, 1a; 2, 1b) as purple crystal-
line materials, which were purified on silica column to en-
sure the complete removal of the unidentified by-products
that might poison the metathesis catalyst. Although the
paramagnetic nature of the compounds 1a/b (S = 3/2) pre-
vents the recording of NMR spectra, both 1a and 1b were
analyzed satisfactorily and characterized by single-crystal
X-ray diffraction. Structural plots of molecules 1a and 1b
are shown in Figure 1 and Figure 2, respectively, and the
similarity in Ru2 coordination spheres among 1a, 1b and
Ru2[D(3,5-Cl2Ph)F]3(OAc)Cl[9,10] is clear from the compari-
son of both the structural plots and key geometric param-
eters including the averaged Ru–N and Ru–O bond lengths.
Interestingly, the lengths of terminal olefin, 1.29(2) Å for
C3–C4 in 1a and 1.356(9) Å for C4–C5 in 1b, differ signifi-
cantly, which may be attributed to the positional disorder
caused by structural flexibility of terminal olefins. Also
noteworthy is the averaged Ru–O distance for 1a/b (ca.
2.05 Å), which is significantly longer than those of Ru2-
(O2CR)4Cl (2.02–2.03 Å)[11] due to the trans influence of
D(3,5-Cl2Ph)F ligand. Obviously, it is a concern whether
such structural destabilization may translate into the lability
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of ω-alkene-α-carboxylate during the metathesis reaction
(Scheme 1).

Figure 1. ORTEP plot of molecule 1a at 40% probability level. All
3,5-Cl2phenyl groups except for the ipso-carbon centers (shown as
isotropic spheres) were removed for clarity. Selected bond lengths
[Å] and angles [°]: Ru1–Ru2 2.321(2), Ru1–Cl1 2.382(3), Ru–N(av.)
2.060(11), Ru–O(av.) 2.051(9), C3–C4 1.29(2), C2–C3–C4 128(2).

Figure 2. ORTEP plot of molecule 1b at 40% probability level. All
3,5-Cl2phenyl groups except for the ipso-carbon centers (shown as
isotropic spheres) were removed for clarity. Selected bond lengths
[Å] and angles [°]: Ru1–Ru2 2.3131(4), Ru1–Cl1 2.3828(8), Ru–
N(av.) 2.064(4), Ru–O(av.) 2.056(4), C4–C5 1.356(9), C3–C4–C5
120.3(6).

Having incorporated ω-alkene-α-carboxylate into the co-
ordination sphere of Ru2 core, we were in position to inves-
tigate the feasibility of metathesis reactions. Compound 1a
was refluxed in CH2Cl2 in the presence of (Cy3P)2-
Cl2Ru(=CHPh) and a gradual build-up of a new compound
2a was noted over a period of 5 d. The dimeric nature of
2a was confirmed by both the observation of [2a-Cl2]+ in
MALDI-TOF-MS (2544) and a preliminary X-ray study,
the latter of which revealed the trans configuration of the
olefin bridge.[12] However, the conversion of 1a to 2a was
only about 40% despite several additions of fresh catalyst
during the course of reaction. In contrast, refluxing of com-
pound 1b under the same conditions resulted in a complete
conversion of 1b in 2 d to two new compounds that were
similar in polarity (Rf = 0.55 and 0.45 in THF/hexanes, 1:5,
v/v) and yielded the same [2b-Cl]+ peak in ESI-MS (2606).
The new compounds are obviously the cis/trans isomers,
and the structural determination of the compound of Rf =
0.45 (Figure 3) revealed a trans configuration of the olefin
bond derived from the CM reaction. It is interesting to note
that the cross metathesis of the coordinated vinyl acetate in
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Scheme 1. (i) 10 equiv. HOOC(CH2)nCH=CH2, THF/MeOH (1:1),
reflux; ii) 5 mol-% (Cy3P)2Cl2Ru(=CHPh), CH2Cl2, reflux 2–5 d.
Ar = 3,5-Cl2C6H3.

1a was slow and gave the trans product only, while the reac-
tion of the coordinated 4-pentenoate proceeded much faster
and yielded a mixture of cis/trans products. Apparently, ex-
tension of the tether by a single methylene unit significantly
reduces the steric strain imposed by the bulky diruthenium
units between the during the CM reaction. Also critical is
the use of chromatographically purified starting materials,
as compounds 1 purified by recrystallization showed little
or no reactivity under the same CM conditions. In compari-
son, the homo-dimerization reaction of acrylic acid was
also classified as “slow” (15 h at 40 °C) with (Cy3P)(NHC)-
Cl2Ru(=CHPh) as the catalyst.[13]

Figure 3. ORTEP plot of molecule trans-2b at 40% probability
level. All 3,5-Cl2phenyl groups except for the ipso-carbon centers
(shown as isotropic spheres) were removed for clarity. Selected
bond lengths [Å] and angles [°]: Ru1–Ru2 2.329(1), Ru1–Cl1
2.382(2), Ru–N(av.) 2.059(7), Ru–O(av.) 2.050(6), C4–C4� 1.30(2),
C3–C4–C4� 111(1).

In the structure of trans-2b, there is a crystallographic
inversion center that bisects the C4–C4� bond and relates
one half of the molecule to the other half. The structural
features of the diruthenium unit in 2b bear close resem-
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blance to those of 1a/b. Also obvious from Figure 3 is the
formation of 1,8-dicarboxy-4-octene from the cross metath-
esis of 1b.

When two identical metallic centers are tethered coval-
ently, an obvious question is whether two centers are corpo-
rative (electronically coupled) or modular (electronically in-
dependent). To investigate the effect of dicarboxylate brid-
ges, the redox properties of compounds 1a/b and 2a/b were
examined with cyclic voltammetric (CV) measurements,
and the CVs. of 1a and 2a are shown in Figure 4. Similar
to the parent compound Ru2[D(3,5-Cl2Ph)F]3(OAc)Cl,
compound 1a underwent a reversible oxidation (A) and a
quasireversible reduction (B) in the potential window
shown. The dimeric derivative 2a displayed a nearly iden-
tical CV, except that the peak currents were roughly
doubled. Similar comparison can be made between com-
pounds 1b and 2b. Clearly, two diruthenium units remain
modular in compounds 2. Further corroborating the modu-
lar feature, both compounds 1 and 2 absorb intensely at
520 nm, and the molar extinction coefficients of the latter
are about twice of that of the former (see supporting infor-
mation).

Figure 4. Cyclic voltammograms of 1a and 2a recorded in 0.20 
THF solution of Bu4NPF6 at a scan rate of 0.10 V/s.

Conclusions

Formation of compounds 2a/b from 1a/b are the first ex-
amples of cross metathesis of coordinated ω-alkene-α-car-
boxylate to the best of our knowledge,[2] and represents a
novel approach in applying olefin metathesis to inorganic
chemistry. Supramolecules consisting of a pair of Mo2 units
linked by a dicarboxylate linker have been extensively
studied by the laboratory of Cotton,[14] and supramolecules
of Ru2 units linked with both di-/tricarboxylates and other
ditopic ligands have also been reported.[15] In most cases,
the assemblies occur via the coordination to M2 centers by
pre-formed di-/tricarboxylate linkers. Clearly, the metathesis
method developed here may be utilized as a novel alterna-
tive for the preparation of the M2 supramolecules. In ad-
dition to the simple dimerization, we also envision the pos-
sibilities of macrocyclization through intra- and intermo-
lecular metathesis and ring-opening polymerization based
on Ru2-containing scaffolds, which are being explored in
our laboratory.
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Experimental Section

General: Vinylacetic acid and pentenoic acid were purchased from
ACROS, silica gel was purchased from Merck, and (Cy3P)2-
Cl2Ru(=CHPh) was purchased from Aldrich. Ru2[D(3,5-Cl2Ph)-
F]3(OAc)Cl was prepared as reported earlier.[9] Magnetic suscep-
tibility was measured at 294 K with a Johnson Matthey Mark-I
Magnetic Susceptibility Balance. Elemental analysis was performed
by Atlantic Microlab, Norcross, GA. Visible absorption spectra
were recorded with a Cary300 UV/Vis spectrophotometer. Cyclic
voltammograms were recorded in 0.2  (nBu)4NPF6 solution
(THF, N2-degassed) with a CHI620A voltammetric analyzer with
a glassy carbon working electrode (diameter 2 mm), a Pt-wire aux-
iliary electrode and a Ag/AgCl reference electrode. The concentra-
tion of diruthenium species was always 1.0 m. The ferrocenium/
ferrocene couple was observed at 0.582 V (vs. Ag/AgCl) under the
experimental conditions.

Preparation of Ru2[D(3,5-Cl2Ph)F]3(µ-O2CCH2CH=CH2)Cl (1a):
A mixture of Ru2[D(3,5-Cl2Ph)F]3(OAc)Cl (200 mg, 0.15 mmol),
vinylacetic acid (10 equiv.), THF (20 mL) and methanol (20 mL)
was refluxed in air overnight. The solvent was removed and the
residue was washed repeatedly with H2O and hexanes. Further pu-
rification was carried out on a silica column (THF/hexanes, 1:5) to
yield a purple crystalline material (170 mg, 81%). UV-Vis: λmax (ε,
–1 cm–1) = 520 (11,200) nm. C43H26Cl13N6O2Ru2·THF (1393.84):
calcd. C 40.50, H 2.46, N 6.03; found C 40.36, H 2.48, N 6.13. χmol

(corrected) = 6.40·10–3 emu, µeff = 3.90 BM. Cyclic voltammogram
(E1/2 [V], ∆Ep [V], ibackward/iforward): A, 1.092, 0.066, 0.676, B,
–0.208, 0.044, 0.704.

Preparation of Ru2[D(3,5-Cl2Ph)F]3(µ-O2CCH2CH2CH=CH2)Cl
(1b): Synthesis of 1b was similar to that of 1a with vinylacetic acid
being replaced by pentenoic acid. Yield 87%. UV-Vis: λmax (ε,
–1 cm–1) = 520 (10,400) nm. C44H28Cl13N6O2Ru2 (1335.76): calcd.
C 39,56, H 2.11, N 6.29; found C 39.96; H 2.19, N 6.39. χmol (cor-
rected) = 6.55·10–3 emu, µeff = 3.95 BM. Cyclic voltammogram
(E1/2 [V], ∆Ep [V], ibackward/iforward): A, 1.105, 0.065, 0.585; B,
–0.215, 0.039, 0.742.

Preparation of [Ru2[D(3,5-Cl2Ph)F]3]2(µ-O2CCH2CH=
CH2CH2CO2)Cl2 (2a): (Cy3P)2Cl2Ru(=CHPh) (5 mol-%, 9 mg)
was added to 1a (300 mg) in 80 mL of dry CH2Cl2 . The resulting
solution was refluxed under N2 for 5 d. The reaction progress was
monitored by TLC (THF/hexanes, 1:5, same below) and the prod-
uct 2a was detected; Rf = 0.45 . The purification of 2a was per-
formed by a silica column chromatography (THF/hexanes, 1:7 to
1:5). Yield: 120 mg, 40%. MALDI-TOF-MS: m/z = 2544,
[2a-Cl2]+. UV-Vis: λmax (ε, –1 cm–1) = 520 (22,800) nm.
C84H56Cl26N12O4Ru4·THF (2687.51): calcd. C 39.33, H 2.10, N
6.25; found C 39.25, H 1.95, N 6.51. Cyclic voltammogram (E1/2

[V], ∆Ep [V], ibackward/iforward): A, 1.075, 0.061, 0.699; B, –0.212,
0.043, 0.715.

Preparation of [Ru2[D(3,5-Cl2Ph)F]3]2(µ-O2CCH2CH2CH=
CH2CH2CH2CO2)Cl2 (cis-2b and trans-2b): (Cy3P)2Cl2Ru(=CHPh)
(5 mol-%, 10 mg) was added to 1b (320 mg) in 80 mL of dry
CH2Cl2. The resultant solution was refluxed under N2 for 2 d. The
metathesis products cis-2b/trans-2b with Rf of 0.55 and 0.45,
respectively, were detected. The compounds cis-2b/trans-2b were
partially separated by a chromatography (THF/hexanes, 1:7 to 1:5).
Combined yield: 191 mg, 60%.

Data for cis-2b: ESI-MS: m/z = 2606, [2b-Cl]+. UV-Vis: λmax (ε,
–1 cm–1) = 520 (23,100) nm. C86H52Cl26N12O4Ru4·THF (2715.57):
calcd. C 39.81, H 2.23, N 6.19; found C 39.89, H 2.11, N 6.39.
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Cyclic voltammogram (E1/2 [V], ∆Ep [V], ibackward/iforward): A, 1.073,
0.082, 0.536; B, –0.223, 0.074, 0.695.

Data for trans-2b: ESI-MS: m/z = 2606, [2b-Cl]+. Vis/NIR: λmax (ε,
–1 cm–1) = 520 (22,400) nm. C86H52Cl26N12O4Ru4·THF (2715.57):
calcd. C 39.81, H 2.23, N 6.19; found C 40.16, H 2.26, N 6.52.
Cyclic voltammogram (E1/2 [V], ∆Ep [V], ibackward/iforward): A, 1.070,
0.071, 0.500; B, –0.220, 0.061, 0.726.

X-ray Structural Studies: Crystal data for 1a·C6H14:
C49H40Cl13N6O2Ru2, M = 1407.86, triclinic, space group P1̄, a =
16.297(1) Å, b = 16.413(1) Å, c = 23.067(2) Å, α = 78.848(2)°, β =
70.724(2)°, γ = 74.988(3)°, V = 5585.6(7) Å3, Z = 4, Dc =
1.674 gcm–3, R1 = 0.0557 [I�2σ(I)], wR2 = 0.2139 (all data), T =
100(2) [K]. Crystal Data for 1b: C44H28Cl13N6O2Ru2, M = 1335.78,
triclinic, space group P1̄, a = 11.5633(5) Å, b = 14.8987(6) Å, c =
15.7020(7) Å, α = 104.820(2)°, β = 99.830(2)°, γ = 94.748(2)°, V =
2553.94(19) Å3, Z = 2, Dc = 1.753 gcm–3, R1 = 0.034 [I�2σ(I)],
wR2 = 0.080 (all data), T = 150(1) K, Data were collected to a
maximum 2θ of 55.0°. Crystal Data for trans-2b:
C86H60Cl26N12O4Ru4, M = 2651.44, triclinic, space group P1̄, a =
11.8156(3) Å, b = 17.4357(5) Å, c = 24.9434(7) Å, α = 101.488(2)°,
β = 92.864(2)°, γ = 92.053(2)°, V = 5023.9(2) Å3, Z = 2, Dc =
1.753 gcm–3, R1 = 0.0794 [I�2σ(I)], wR2 = 0.1938 (all data), T =
100(2) K.

CCDC-616302 (for 1a), -616285 (for 1b) and -616303 (for
trans-2b) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): ORTEP plots of 1a, 1b, trans-2b, skeletal plot of trans-
2a, Vis/NIR absorption spectra of compounds 1a and 2a, and CVs
of compounds 1b and 2b.
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Two germanium–hedp4– solids with heteroaromatic amines
8-hydroxyquinoline (hqn) and 1,10-phenanthroline (phen),
(HL)6[Ge6(OH)6(hedp)6]·2(L)·nH2O (L = hqn or phen), in I
and II respectively, have been prepared and characterised
by single-crystal XRD, thermogravimetry, FTIR and UV/Vis
spectroscopy. The complex hydrogen-bond networks, par-
ticularly in compound I, have been studied by advanced
high-resolution solid-state NMR spectroscopy that combines
homonuclear recoupling techniques (two-dimensional 1H-1H
DQF and 1H-1H RFDR MAS NMR) and combined rotation
and multiple-pulse spectroscopy (two-dimensional 1H-1H FS-
LG, 1H-31P FS-LG). The fine details of the crystal structure of
I have been elucidated, mainly those involving the π–π stack-

Introduction
Crystalline inorganic–organic hybrid materials have been

the subject of much interest because of their structural di-
versity, interesting properties and potential applications in
areas such as catalysis, magnetism, optics, medicine, elec-
tronics, photochemistry, gas storage, and coating films.[1–12]

The organic components of these hybrid materials, until re-
cently based mainly on carboxylic acid functional groups,
are at present being replaced by phosphonic acid moieties
because of their higher chelating versatility and ability to
direct interesting structural topologies.[9,13,14] Examples of
these organic chelating molecules include N-(phospho-
nomethyl)iminodiacetic acid (H4pmida)[15] and 1-hydroxy-
ethane-1,1-diphosphonic acid (H4HEDP).[16–18]

[‡] hedp, hqn and phen stand for 1-hydroxyethylidenediphosphonic
acid, 8-hydroxyquinoline and 1,10-phenanthroline, respectively.
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ing of 8-hydroxyquinoline and the relative orientation of ad-
jacent such molecules. Compound II exhibits an emission
from the lowest triplet-state energy (π–π* 0-phonon transi-
tion) of the aromatic rings at 320 nm (31250 cm–1) from 14 K
to room temperature. In contrast, the triplet emission of I at
530 nm (18868 cm–1) is only detected at low temperature,
because of thermally activated non-radiative mechanisms.
The emission spectra of I and II display a lower-energy com-
ponent with a larger life time, which results from the forma-
tion of an excimer state that originated from the π–π phenan-
throline and hydroxyquinoline interactions, respectively.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In general, the 1H NMR spectra of solids suffer from
homogeneous line broadening as a result of strong proton
homonuclear dipolar couplings and the large concentration
of protons in the materials. To circumvent this problem and
to record high-resolution spectra, fast 1H MAS NMR tech-
niques and Combined Rotation and Multiple-Pulse Se-
quences (CRAMPS) have been used. In organic materi-
als,[19–22] hydrogen-bond networks have been much studied
by solid-state 1H NMR spectroscopy, for example, by
double-quantum filtered (DQF) NMR techniques.[21,23–26]

However, advanced 1H NMR techniques have been much
less applied to the study of complex inorganic-hybrid mate-
rials.[27–29]

Here, we wish to report the synthesis, single-crystal struc-
ture and photoluminescence properties of two germanium–
hedp4– solids with heteroaromatic amines 8-hydroxyquino-
line and 1,10-phenanthroline, (HL)6[Ge6(OH)6(hedp)6]·2(L)·
nH2O (L = hqn or phen), in I and II, respectively, which
are involved in columnar π–π stacking interactions and ex-
hibit complex hydrogen-bond networks. The materials have
been further characterised by elemental analysis, thermo-
gravimetry and FTIR, Raman and UV/Vis spectroscopy.
High-resolution solid-state NMR spectroscopy has been
used to study the complex hydrogen-bond networks, par-
ticularly in compound I. The combination of homonuclear
recoupling techniques (2D 1H-1H DQF,[30,31] 2D 1H-1H
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RFDR MAS NMR[32,33]) and CRAMPS[34] (2D 1H-1H FS-
LG, 1H-31P FS-LG) provided a powerful means of charac-
terising these organic–inorganic hybrid materials.

Results and Discussion

X-ray Crystallography

The hydrothermal reaction between germanium(IV) ox-
ide, etidronic acid (or 1-hydroxyethylidenediphosphonic
acid, H4hedp, C2H8O7P2) and 8-hydroxyquinoline (hqn,
C9H7NO) or 1,10-phenanthroline (phen, C12H8N2), fol-
lowed by slow evaporation at ambient temperature (Experi-
mental Section), afforded highly crystalline materials, which
were formulated as (Hhqn)6[Ge6(OH)6(hedp)6]·2(hqn)·
33H2O (I) and (Hphen)6[Ge6(OH)6(hedp)6]·2(phen)·20H2O
(II) on the basis of single-crystal X-ray diffraction (Table 1)
in combination with thermogravimetry and solid-state
NMR studies.

The main structural feature, common to both com-
pounds, is the presence of the centrosymmetric hexameric
anionic [Ge6(µ2-OH)6(C2H4O7P2)6]6– moiety (Figure 1),
which bears some similarity with the fragment present in
materials reported recently.[35] This anionic moiety is com-
posed of three crystallographically unique Ge4+ centres
[Ge(1), Ge(2) and Ge(3), Figure S2 in Supporting Infor-
mation], each coordinated to two hedp4– residues (through
the phosphonate moieties) and to two µ2-bridging hydroxy

Table 1. Crystal data and structure refinement information for compounds I and II.

I I (after SQUEEZE) II II (after SQUEEZE)

Formula C84H158Ge6N8O89P12 – C108H140Ge6N16O68P12 –
Formula weight 3511.36 – 3557.54 –
Crystal system Triclinic – Monoclinic –
Space group P1̄ – P21/n –
a [Å] 16.201(3) – 15.432(3) –
b [Å] 16.997(3) – 27.222(5) –
c [Å] 17.321(4) – 17.193(3) –
α [°] 61.09(3) – – –
β [°] 66.08(3) – 102.94(3) –
γ [°] 74.78(3) – – –
Volume [Å3] 3803.4(13) – 7039(2) –
Z 1 – 2 –
Dc [g cm–3] 1.533 – 1.678 –
µ(Mo-Kα) [mm–1] 1.402 – 1.507 –
F(000) 1802 – 3632 –
Crystal size [mm] 0.35 � 0.07 � 0.05 – 0.21 � 0.10 � 0.07 –
Crystal type yellow blocks – yellow needles –
θ range [°] 3.62 to 24.11 3.62 to 27.50 3.52 to 25.35 3.52 to 25.67
Data completeness 99.1 % 98.1 % 87.4 % 87.0 %
Index ranges –18 � h � 18 –20 � h � 21 –18 � h � 18 –18 � h � 18

–19 � k � 19 –20 � k � 22 –30 � k � 32 –30 � k � 33
–19 � l � 19 –22 � l � 22 –15 � l � 20 –15 � l � 20

Reflections collected 30980 37902 24076 24554
Independent reflections 11985 (Rint = 0.0594) 17149 (Rint = 0.0606) 11271 (Rint = 0.0535) 11612 (Rint = 0.0495)
Final R indices [I � 2σ(I)] R1 = 0.0836 R1 = 0.0639 R1 = 0.0930 R1 = 0.0952

wR2 = 0.2269 wR2 = 0.1602 wR2 = 0.2192 wR2 = 0.2320
Final R indices (all data) R1 = 0.1314 R1 = 0.1192 R1 = 0.1724 R1 = 0.1554

wR2 = 0.2672 wR2 = 0.1774 wR2 = 0.2661 wR2 = 0.2564
Largest diff. peak and hole 1.133 and –1.086 e Å–3 – 0.579 and –0.396 e Å–3 –
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groups, and exhibits {GeO6} in a slightly distorted octahe-
dral coordination geometry: for both compounds, all the
Ge–O bonds are in the range 1.79 to 1.91 Å (Table S3 in
Supporting Information); however, the cis and trans octahe-
dral angles range from 85.2° to 95.3° and 174.2° to 179.3°,
respectively (Table S4 in Supporting Information). The cen-
trosymmetric hexameric anionic unit described here is dif-
ferent in a fundamental way from that previously reported
by Seifullina and collaborators.[35] Indeed, while in com-
pounds I and II, the centre of gravity of this anionic unit is
located at an inversion centre (Table 1), which necessarily
requires the presence of three crystallographically unique
Ge4+ centres, for the compounds reported by Seifullina et
al., inversion arises as a combination of other symmetry
elements, namely a twofold axis and a mirror plane (space
group C2/m), and therefore only requires two single Ge4+

centres.[35] Consequently, the [Ge6(µ2-OH)6(C2H4O7P2)6]6–

moiety present in compounds I and II is more distorted
than its C2/m counterpart. A possible reason for this de-
crease in symmetry is the significant number of strong hy-
drogen bonds present in I and II that involve the phos-
phonate groups.

In both compounds, the hedp4– organic residues are che-
lating bridging ligands, linking neighbouring Ge4+ centres
through the two phosphonate groups, which coordinate the
Ge4+ centres in cis positions (Figure 1a). The Ge···Ge in-
ternuclear distances range from ca. 3.32 to 3.50 Å (Fig-
ure 1), which is in good accord with the values reported by
Seifullina and collaborators[35] (ca. 3.39–3.50 Å). Because
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Figure 1. (a) and (b) Polyhedral representation of the hexameric anionic [Ge6(µ2-OH)6(C2H4O7P2)6]6– moiety viewed from the top and
from a lateral perspective. (c) and (d) Ball-and-stick representation of the internal {Ge6(OH)6} hexagonal ring of the anionic [Ge6-
(OH)6(C2H4O7P2)6]6– moieties. Hydrogen bonds with neighbouring O(1W) water molecules are represented as dashed lines. Selected bond
lengths and angles are given in Tables S3 and S4 and the hydrogen bonding geometry in Tables S5 and S6 (Supporting Information).
Symmetry codes used to generate equivalent atoms, I: (i) 1–x, 2–y, 2–z; (ii) x, y, 1+z; (iii) 1–x, 2–y, 1–z.; II: (i) 1–x, 1–y, 2–z; (ii)
x, –1+y, z; (iii) 1–x, 1–y, 2–z.

of steric hindrance, the six hedp4– ligands forming the an-
ionic [Ge6(µ2-OH)6(C2H4O7P2)6]6– moiety are distributed
above and below the plane formed by the six Ge4+ centres
(Figure 1a and Figure 1b). An identical distribution also
occurs for the six µ2-bridging hydroxy groups located and
pointing towards the inner space of the hexameric moiety
(Figure 1c and Figure 1d). Each one of the three µ2-OH
groups from one side of the {Ge6(OH)6} hexagonal ring
interacts with a neighbouring water molecule of crystallisa-
tion (Figure 1d) through strong and highly directional O–
H···O hydrogen bonds [average O···O internuclear distance
and �(O–H···O) angle of 2.70 Å and 163°, respectively, for
both compounds, Tables S5 and S6 in Supporting Infor-
mation]. Within the dihydrated anionic [Ge6(µ2-OH)6-
(C2H4O7P2)6]6– moiety, the O(1W)···O(1W) distances are
ca. 3.18 and 3.31 Å for I and II, respectively. Interestingly,
such an arrangement was reported by Seifullina et al. only
for the material containing [Mg(H2O)6]2+ cations, with a
reported corresponding distance of ca. 3.17 Å.[35] The
charge of the hexameric anionic [Ge6(µ2-OH)6(C2H4O7-
P2)6]6– moieties is compensated by the presence of proton-
ated 8-hydroxyquinoline (Hhqn+, for I) or 1,10-phenan-
throline (Hphen+, for II) organic residues, which appear to
be π–π stacked, thus leading to the formation of cationic
columnar arrangements (Figures S3 and S4 in Supporting
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Information): while for I, the organic residues alternate in
a hqn/Hhqn+/Hhqn+ fashion, for II, the rod-like columns
are only formed by protonated phen residues. The location
of these charge-balancing H+ could only be unequivocally
confirmed in the crystal structures by solid-state NMR
spectroscopy (see below). This π–π stacking arrangement of
organic molecules in both compounds seems to arise mainly
as a result of the presence of the relatively large hexameric
anionic unit. For example, the crystal structure of pure
1,10-phenanthroline does not contain any π–π interactions,
and the stacking of adjacent molecules is instead driven by
numerous weak C–H···π interactions.[36] For I, this particu-
lar feature led to significant and interesting photolumines-
cence properties, as will be discussed later.

Connections between neighbouring cationic columnar
arrangements are mainly assured by weak C–H···π interac-
tions with pairs of π–π-stacked organic molecules. While
for compound I, this distribution generates organic layers
(Figure S3 in Supporting Information), for II, the packing
is much more efficient, which leads to a three-dimensional
supramolecular arrangement of phen/Hphen+ residues
(Figure S4 in Supporting Information). Therefore, even
though compound II has a significantly more available vol-
ume per unit cell, the volume accessible to solvent mole-
cules (calculated by using Cerius2 routines[42]) is approxi-
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mately half of that for I (Figure S5 and Table S2 in Sup-
porting Information). These supramolecular arrangements
of organic residues closely interact with the hexameric an-
ionic [Ge6(µ2-OH)6(C2H4O7P2)6]6– moieties and water
molecules of crystallisation through a series of strong hy-

Figure 2. Contouring of difference Fourier SQUEEZE maps (grey) of compound I viewed parallel to the (left) yz and (right) xy planes.

Figure 3. Contouring of difference Fourier SQUEEZE maps (grey) of compound II viewed parallel to the (left) yz and (right) xy planes.

Figure 4. Solvent-accessible volumes of I. (a) Surface surrounding the large cavity centred at (–0.032 0.082 0.439). (b) The corresponding
Ohashi volume representation showing all the points at 1.2 Å from the nearest van der Waals surface.[41] (c) Potential solvent-accessible
volume inside the unit cell.
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drogen bonds (Tables S5 and S6 in Supporting Infor-
mation), which will be discussed in more detail in the solid-
state NMR section.

As suggested by thermogravimetry and previous studies
on multi-dimensional coordination frameworks exhibiting
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large channels,[37] it was clear that both compounds would
contain a large number of highly disordered water mole-
cules of crystallisation located within the voids, thus re-
sulting in a significant spread-out electron density visible in
the XRD data. Peak search routines of SHELXL are not
designed to locate maxima in density ridges, which thus
lead to additional difficulties during refinement and mask
important structural features. SQUEEZE[38] subroutines in-
cluded with the software package PLATON[39,40] were
therefore employed to eliminate the contribution to the elec-
tron density of the water molecules of crystallisation pres-
ent in the solvent-accessible area [except for the hydrogen-
bonded O(1W) molecule, Figure 1c and Figure 1d]. Fig-
ure 2 and Figure 3 show the SQUEEZE contour maps for
I and II, respectively, and emphasise the diffuse electron
density present in some of the regions with solvent-access-
ible voids. For I, PLATON estimated that the unit cell has
ca. 1363 Å3 that is potentially accessible to the solvent (ca.
35.8% of the total volume) in a large cavity centred at
(–0.032 0.082 0.439), with ca. 263 electrons per unit cell
(Figure 4 and S5 in Supporting Information). For II, the

Figure 5. Perspective views along the (a) [100] and (b) [010] direc-
tions of the 2�2 unit cell packing of II, enhancing the shape of the
two identical cavities centred at (0 0 0) and (1/2 1/2 1/2). Images
created by generating Connolly surfaces (1.4 Å probe radius and
12.0 dot density) with the software package Cerius2.[42]

Eur. J. Inorg. Chem. 2006, 4741–4751 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4745

unit cell only has ca. 1144 Å3 that is potentially accessible
to the solvent (ca. 16.3% of the total volume), which is
distributed along two identical cavities centred at the special
positions (0 0 0) and (1/2 1/2 1/2), with ca. 547 electrons
per unit cell (Figure 5, S5 and S6 in Supporting Infor-
mation). In all calculations, O(1W) was assumed to belong
to the hybrid hydrogen-bonded frameworks.

Solid-State NMR Spectroscopy

13C CP MAS NMR Spectra

The spectra of I and II exhibit similar features (Fig-
ure S1). The hexameric [Ge6(µ2-OH)6(C2H4O7P2)6]6– moi-
ety gives the following resonances for I and II, respectively:
quaternary carbon atoms (C1, C3, C5) 70.9 and 71.3 ppm;
methyl (C2, C4, C6) carbon atoms 18.6 and 19.9 ppm. This
moiety has three crystallographically inequivalent quater-
nary and methyl carbon atoms, but three resonances are
only clearly observed (as shoulders) in the quaternary car-
bon region of I. Above 100 ppm, resonances are assigned
to the aromatic carbon atoms involved in the extensive co-
lumnar π–π stacking.

1H Spectra: Hydrogen-Bonding Assignment

The F1 projection of the 1H-1H FS-LG and the 1H fast
(30 kHz) MAS spectra (Figure 6) have similar resolution,
and show up to 8 resolved peaks. However, a judicious
choice of 2D F2 slices proves the presence of some 10 reso-
nances (consider Figure 6c). The resonances (Ha-Hc) in the
range 16.6–13.1 ppm are assigned to strong hydrogen
bonds, because of their relatively high-frequency shifts
(Table 2). Hydrogen-bonded systems involving carboxylic
(C=O) and phosphonic (P=O) acids as electron donors (i.e.
proton acceptors) were reported to resonate in the ranges
12–20 ppm and 11–17 ppm, respectively.[43] In I, the P=O
groups are within the hydrogen-bonding distance of the OH
groups of the 8-hydroxyquinoline (ArO–H) moieties (rO···O

= 2.61 Å). P=O groups involved in hydrogen bonds with
OH residues have been reported to resonate at 11–
12 ppm.[20,43] Resonance Hc is tentatively attributed to
ArO–H···O=P environments. Such hydrogen bonds (ArO–
H···O=P) are likely to be stronger than other CO–H···O=P
bonds[20] because the conjugated base (ArO–) of the hydro-
gen donor (ArO–H) is weak, owing to aromatic ring stabili-
sation. When the acidity of a hydrogen-bonded OH group
increases, its chemical shift also increases, and the reso-
nance Hc therefore appears at a chemical shift larger than
12 ppm.

The crystallographic N···O distance range (2.72–2.78 Å)
suggests that the protonated nitrogen atom of 8-hydroxy-
quinoline is hydrogen-bonded to water molecules (N+–
H···OH2). The presence of N+–H groups involved in this
type of interaction is likely because the charge of the an-
ionic hexameric unit must be compensated by H+. Proton-
ation and hydrogen bonding result in a significant increase
in the 1H chemical shift. Thus, the Ha and Hb resonances
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Figure 6. (a) 1H MAS and (b) 2D 1H-1H FS-LG spectra of I. (c) F2 cross-sections of the 1H-1H FS-LG spectrum of I taken at 3.4, 10.5
and 13.3 ppm. Asterisks depict spinning sidebands.

at δ = 16.6 and 14.9 ppm are tentatively assigned to N+–
H···OH2 environments (and confirmed below by 1H-1H
DQF spectroscopy).

The 1H resonances Hi and Hj at ca. 5.9 and 2.8 ppm,
respectively, are assigned to lattice water and CH3 groups.
The remaining 1H peaks between ca. 6 and 11 ppm cannot
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be assigned without information from other 2D techniques
(see below).

The 1H-1H FS-LG spectrum of II (Figure S8) displays
fewer resonances than that of I. In particular, a peak is
observed at ca. 15.1 ppm, which shows the presence of
strong hydrogen bonds between the protonated nitrogen
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Table 2. 1H chemical shift assignment of I.

1H[a] SQ δH [ppm] DQ δH [ppm] DQ coherences[b]

ArN+–H (Ha) 16.6 26.4 Ha···He

ArN+–H (Hb) 14.9 24.7 Hb···He

22.5 Hb···Hg

ArO–H (Hc) 13.1 20.7 Hc···Hg

CO–H (Hd) 10.8 19.5 Hd···Hf

17.6 Hd···Hh

13.6 Hd···Hj

Ar–H (He)[c] 9.8 26.4 He···Ha

24.7 He···Hb

Ar–H (Hf) 8.7 16.3 Hf···Hg

11.5 Hf···Hj

19.5 Hf···Hd

Ar–H (Hg)[c] 7.6 16.3 Hg···Hf

20.7 Hg···Hc

22.5 Hg···Hb

HO–H (Hh, Hi)[d] 6.8, 5.9 8.7 Hi···Hj

17.6 Hh···Hd

CH3 (Hj) 2.8 13.6 Hj···Hd

11.5 Hj···Hf

[a] Resonances observed in the 1H-1H FS-LG and 1H-1H DQF
spectra are considered. [b] DQ coherences are not considered for
the self-correlation peaks (diagonal peaks). [c] There is evidence of
He···Hj and Hg···Hj correlations, but their observation is difficult
(Figure 7b). [d] These 1H resonances refer to the two resolved peaks
(Hh and Hi) observed in Figure 6, which are tentatively assigned to
H2O protons.

[N(21)] of 1,10-phenanthroline and the P=O(6) groups of
the anionic unit (rN(21)···O(14) = 2.68 Å, Table S6). This sup-
ports the assignment of resonances Ha and Hb proposed
above for compound I.

The presence of signals in the 1H-1H DQF spectrum
(Figure 7b) reveals dipolar couplings between nuclei and
allows the identification of mobile water molecules by com-
parison with the 30 kHz MAS 1H NMR spectrum (Fig-
ure 7a). The latter is dominated by mobile water molecules
located in the channels, which resonate at ca. 5.9 and
6.8 ppm for I and II, respectively (Figure 7a and S9a). This
peak is suppressed in DQF experiments, simplifying the
spectra (Figure 7b and S9b). In the following discussion,
SQ coherences (Table 2) identified from 1H-1H FS-LG are
taken into consideration in the study of the SQ-DQ corre-
lations.

The Ar-H protons (He, Hf and Hg, Scheme 1) are classed
into three main groups on the basis of the chemical shifts
of their resonances, which are expected in the order δ(He)
� δ(Hf) � δ(Hg). In solution, pure 8-hydroxyquinoline reso-
nates in the range 7.3–9.0 ppm, while for I, the chemical
shifts range from 7.6 and 9.8 ppm. The identification of the
Ar-H resonances was made possible by analysing the DQ
frequency of the off-diagonal peaks (Figure 7b) that involve
the hydrogen-bonded 1H resonances (Ha, Hb and Hc),
which are well resolved.

In the 2D 1H-1H DQF spectrum, He resonances exhibit
strong off-diagonal correlations with those of Ha and Hb as
these protons are in ortho positions (adjacent) and are thus
relatively close (2.16–2.28 Å). DQ chemical shifts of ca. 26.4
(16.6+9.8) and 24.7 (14.9+9.8) ppm for Ha and Hb, respec-
tively, are observed. This evidence allows the assignment of

Eur. J. Inorg. Chem. 2006, 4741–4751 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4747

Figure 7. (a) 1H MAS and (b) 1H-1H DQF MAS NMR spectra of
I.

Scheme 1. Hydrogen bonds formed by 8-hydroxyquinoline in com-
pound I. Dashed arrows show the interactions revealed by XRD
(Table S5).

Ha and Hb to N+–H···OH2 bonds determined by XRD. In
a similar way, the resonance at ca. 13.1 ppm (Hc) has a DQ
frequency of ca. 20.7 ppm, which allows for the assignment
of the peak at ca. 7.6 ppm to Hg, as this proton is also in
an ortho position to Hc. Besides, Hc is not correlated with
He because no DQ frequency appears at ca. 22.9 (13.1+9.8)
ppm. Therefore, Hc is not assigned to N+–H protons in-
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volved in hydrogen bonds with water; these latter protons
(Ha and Hb) have always shown to be correlated with He

(Scheme 1).
Because the peaks are hidden by neighbouring reso-

nances, the correlations involving Hf are harder to ascer-
tain. The remaining peak in the aromatic region at 8.7 ppm
is assigned to Hf. This is supported by the DQ self-corre-
lation Hf···Hf peak at ca. 17.4 ppm in the DQ dimension.
The assignment of DQ coherences involving Hf···Hg and
Hf···He was not possible because of the lack of resolution.

We now consider the tentative assignment of the reso-
nances of I at ca. 10.8 (Hd) and 6.8 ppm (Hh). The 2D 1H-
1H DQF spectrum suggests that these protons are close in
space and lead to a DQ frequency of ca. 17.6 ppm
(Hd···Hh). In accord, XRD data reveals the presence of hy-
drogen bonds involving the Hd protons of tertiary alcohol
groups of HEDP4– and the Hh protons of water molecules.
Additionally, the Hd protons (δ =10.8 ppm) exhibit another
DQ frequency at 13.6 (10.8+2.8) ppm, showing the close
proximity (�0.35 nm) between the CO–H and CH3 groups.
The spectrum also provides evidence for the proximity be-
tween the CH3 protons (Hj) and 8-hydroxyquinoline be-
cause correlations with all the Ar-H (He, Hf and Hg) reso-
nances (Table 2 and Figure 3b) are observed.

As far as compound II is concerned, the main conclusion
is that the high-frequency resonance (at δ = 15.1 ppm) may
be assigned to N+–H···O=P hydrogen bonds (Figure S9b).
Indeed, II possesses only a single type of very short (1.86 Å)
hydrogen bond.

The 1H-1H exchange RFDR (Figure 8) and 1H-1H DQF
experiments provide complementary information — the for-
mer maps correlations involving both mobile and rigid spe-
cies, while the latter maps only those involving the rigid
species.

In I, the lattice water resonances (Hi) are correlated with
all peaks even at low mixing times, revealing the presence
of water molecules dispersed throughout the structure. On
the other hand, at a mixing time of 0.53 ms (Figure 8a), the
CH3 (Hj) protons are not correlated with Ha, Hb and Hc,
thus supporting the DQF results and confirming that the
He protons are only near Ha and Hb (hydrogen bonds in-
volving N–H+–OH2). Moreover, a clear correlation between
Hc and Hg is observed. This pair of resonances (Hc···Hg) is
strongly correlated at low mixing times (Figure 8a), sup-
porting the information given by 1H-1H DQF spectroscopy
(Figure 7b). The 1H-1H RFDR spectrum of structure II is
far less informative and will not be further discussed (Fig-
ure S10).

The 1H-1H DQF spectrum of I also reveals important
information on the spatial arrangement of the organic resi-
dues. Excellent reviews are available on the study of three-
dimensional crystal packing based on ring-current effects
arising from the aromatic π orbitals.[21,44,45] Moreover, the
influence of ring currents on neighbouring molecules shifts
the chemical shifts over a range of 2–5 ppm.[46] The Ar-H
resonances (He, Hf and Hg) of I are shifted to high fre-
quency relative to the resonances of 8-hydroxyquinoline in
solution, which may be due to either amine protonation or
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Figure 8. 2D 1H-1H exchange RFDR spectra recorded with mixing
times of (a) 0.53 ms and (b) 3.2 ms.

small ring-current effects caused by adjacent molecules. The
relative orientation of adjacent 8-hydroxyquinoline mole-
cules may be studied on the basis of the 1H-1H DQF spec-
trum. The Hb resonance shows an additional off-diagonal
correlation at a DQ frequency of 22.5 ppm, clear evidence
of spatial proximity between protons Hb and Hg. Because
the intra- and intermolecular distances between these pro-
tons are 5.3 and 3.2 Å, respectively, the SQ-DQ correlation
is ascribed to the latter proton resonances. Moreover, the
absence of diagonal peaks involving the resolved hydrogen
bonds indicates that Ha, Hb and Hc are protons belonging
to separate molecules (Figure 7b).

The 1H projection of the 1H-31P FS-LG spectra of I (Fig-
ure S11) is better resolved than the F1 projection of the 1H-
1H FS-LG spectra (Figure 6b). Alternatively, the 1H-31P
FS-LG spectra are useful to probe the hydrogen bonds be-
tween the HEDP4– phosphonate group and the 8-hydroxy-
quinoline aromatic residues. At short contact times
(0.2 ms), the 1H-31P FS-LG Hc resonances are slightly more
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intense than those for Ha and Hb, which indicates that the
Hc protons are hydrogen bonded to P=O groups, as men-
tioned above (Scheme 1).

Photoluminescence Spectroscopy

Figure 9 shows the excitation spectrum of I recorded at
14 K. The spectrum consists of a broad band between 270
and 440 nm, assigned to aromatic ring π–π* transitions.[47]

The excitation of I within such states leads to the observa-
tion of both a main band in the range 440 to 650 nm, peak-
ing at 530 nm, and an emission component at higher wave-
lengths (Figure 9a). According to the crystal structures, the
aromatic moieties have two distinct packing environments:
columnar π···π stacking and adjacent molecules connected
to the columns through weak C–H···π interactions. Hence,
the former band may be assigned to the π–π* 0-phonon
transition of the hydroquinoline adjacent rings,[47] which
corresponds to a triplet-state energy of 18900 cm–1, while
the band at higher wavelengths is attributed to excimer for-
mation through π···π hydroquinoline interactions. At room-
temperature, no efficient emission could be detected, which
indicates the presence of thermally activated non-radiative
channels in I.

Figure 9. Excitation (solid line) and emission (dashed line) spectra
of the complexes of (a) I and (b) II recorded at 14 K and room
temperature, respectively. The excitation and emission spectra of I
were monitored at 535 nm and excited at 408 nm, whereas for II,
the monitoring wavelength was 490 nm and the excitation wave-
lengths were 330 nm (1) and 365 nm (2). The inset shows the time-
resolved emission spectrum (14 K) of II, acquired with a starting
delay of 0.05 ms and an acquisition window of 10.00 ms.

Figure 9b shows the room-temperature excitation spectra
of II monitored at 490 nm. The spectrum displays a large
broad band between 270 and 400 nm, peaking at 367 nm,
ascribed to aromatic ring π–π* transitions.[48] The room-
temperature reflectance spectrum (not shown) resembles the
excitation spectra, displaying an absorption edge at 370 nm.
This value is shifted to the red when compared with the
singlet energy of the neutral 1,10-phenanthroline ligand
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(320 nm, 31250 cm–1).[49] This energy difference is induced
by the different local environment of 1,10-phenanthroline,
in particular, the metal coordination and the packing of the
complex in II.

Under UV excitation (Figure 9b), the emission of II con-
sists of a large asymmetrical band between 380 and 550 nm.
For excitation wavelengths in the range 270–370 nm, the
emission energy peaks at 430 nm and does not depend on
the excitation wavelength. For higher excitation wave-
lengths, a broadening and red-shift of the emission spectra
are observed. The dependence on the excitation wavelength
and the asymmetric shape of the emission suggest the ap-
pearance of a new emitting species, preferentially excited at
higher wavelengths. As suggested for I, the presence of two
distinct emission components may be due to the presence
of two different packing environments for the 1,10-phenan-
throline rings. The spectra acquired for excitation wave-
lengths between 270–370 nm may correspond to the prefer-
ential emission arising from the adjacent 1,10-phenan-
throline rings. Like the excitation spectrum (Figure 9a),
their emission energy is shifted with respect to that of the
free 1,10-phenanthroline chromophore, whose lowest trip-
let-state energy (π–π* 0-phonon transition) peaks at 366 nm
(27322 cm–1);[50,51] however, the emission energy is very sim-
ilar to that observed for Gd(phen)2Cl3·2H2O[50], with a low-
est triplet-state energy of 453 nm (22075 cm–1).[52] The emis-
sion component at lower energy may be ascribed to the for-
mation of an excimer through π···π phenanthroline interac-
tions, as observed in 1,10-phenanthroline compounds with
the same crystal packing of II.[50,51]

The presence of two distinct emissions in II was further
established and investigated by time-resolved emission and
lifetime measurements. These studies were performed at
14 K, since the room-temperature time-scale for the photo-
luminescence mechanisms is smaller than the detection li-
mit of our equipment (10–5 s). For lower excitation wave-
lengths, the spectrum consists of a structured broad band
(inset in Figure 9b). Increasing the excitation wavelength re-
sults in a decrease in the relative intensity of the lower-
wavelength-side of the spectra, which further indicates the
presence of two distinct emitting species. Such an intensity
decrease suggests that the time scale for the emission
mechanisms of the emission component at lower wave-
lengths is smaller than that of the lower-wavelength emis-
sion. The short-lived emission is consistent with a monomer
component, whereas the longer-lived and lower-energy
emission is compatible with the formation of an exci-
mer.[50,51,53] The excimer emission decay curve was moni-
tored at 568 nm under 330 nm excitation wavelength (not
shown). The decay curve is well reproduced by a single ex-
ponential function, which yields a lifetime of 4.33�0.11 ms.

Conclusions

Two germanium-hedp4– solids with heteroaromatic
amines, 8-hydroxyquinoline (in I) and 1,10-phenanthroline
(in II), have been prepared and characterised by single-crys-
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tal XRD, thermogravimetry and FTIR and UV/Vis spec-
troscopy. High-resolution solid-state NMR spectroscopy
has been used to study the complex hydrogen-bonded net-
works, particularly in compound I. Certain details of the
crystal structure of I have been elucidated, mainly those in-
volving the occurrence of π–π stacking of 8-hydroxyquino-
line and the relative orientation of adjacent such molecules.
It has been shown that the combination of homonuclear
recoupling techniques (2D 1H-1H DQF, 2D 1H-1H RFDR
MAS NMR) and CRAMPS techniques (2D 1H-1H FS-LG,
1H-31P FS-LG) provides a powerful toolbox for the charac-
terisation of organic–inorganic hybrid materials.

Compound II displays an emission from the lowest trip-
let-state energy (π–π* 0-phonon transition) of the aromatic
rings, which peaks at ca. 320 nm (31250 cm–1) in the range
14 K to room temperature, whereas the triplet emission of
complex I at ca. 530 nm (18868 cm–1) is detected at low
temperature. A long-lived and low-energy emission compo-
nent, resulting from the formation of an excimer state and
originating from π···π stacking of 1,10-phenanthroline and
hydroxyquinoline residues, was observed for I and II,
respectively.

Experimental Section
General: Chemicals were readily available from commercial sources
and were used as received without further purification. Elemental
analyses for carbon, hydrogen and nitrogen were performed on a
CHNS-932 Elemental Analyser instrument at the University of Av-
eiro. FTIR spectra were measured by using KBr disks (Aldrich,
99%, FTIR grade) on a Matson 7000 FTIR spectrometer. FT-Ra-
man spectra were measured on a Bruker RFS 100 with a Nd:YAG
coherent laser (λ = 1064 nm). Thermogravimetric analyses (TGA)
were carried out by using a Shimadzu TGA-50 instrument and
Differential Scanning Calorimetry (DSC) analyses on a Shimadzu
DSC-50 instrument with a heating rate of 5 °C/min under a nitro-
gen atmosphere with flow rate of 20 cm3/min. PL and time-resolved
spectra were recorded between 14 K and room temperature with a
TRIAX 320 emission monochromator (Fluorolog-3, Jobin Yvon-
Spex) coupled to an R928 Hamamatsu photomultiplier, using the
front face acquisition mode.

Synthesis of (Hhqn)6[Ge6(OH)6(hedp)6]·2(hqn)·33H2O (I): A sus-
pension of 1-hydroxyethylidenediphosphonic acid (0.200 g,
H4hedp, C2H8O7P2, �97%, Fluka), germanium(IV) oxide amorph-
ous (0.100 g, GeO2, 99.99%, Aldrich), and 8-hydroxyquinoline
(0.140 g, hqn, C9H7NO, 99%, Merck) in distilled water (ca. 12 g)
was stirred thoroughly for 30 min at ambient temperature. The re-
active mixture was transferred to a PTFE-lined stainless steel reac-
tion vessel (ca. 40 cm3), which was then placed inside an oven. The
temperature was gradually increased to 120 °C and kept constant
for 3 d, after which the vessel was cooled slowly to ambient tem-
perature before opening. The resulting light-yellow phase was
washed with distilled water, filtered and air dried at ambient tem-
perature. The single-crystalline phase decomposes into a microcrys-
talline powder during this drying stage. Hence, (Hhqn)6[Ge6-
(OH)6(hedp)6]·2(hqn)·33H2O samples suitable for single-crystal X-
ray diffraction measurements were isolated while still wet directly
from the autoclave mother liquor by slow evaporation at ambient
temperature for 2 d. Elemental composition (based on single-crys-
tal data for C84H158Ge6N8O89P12, MW 3511.36): calcd. C 28.73, N
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3.20, H 4.54%; found C 28.87, N 3.08, H 4.51%. TGA data (mass
losses): 20–86 °C: 14.2%; 86–155 °C: 3.3%; 155–210 °C: 2.3%;
210–400 °C: 5.5%. DSC peaks (endothermic processes): 76, 103,
184, 258 and 336 °C. Selected IR (KBr pellet) and Raman (in italics
inside the parenthesis, cm–1) data: ν(HO–H/GeO–H/CO–H, with
evidence of H-bonding) = 3430 vs/br., 3254 vs/br., 3093 vs/br. (3116
w); ν(aromatic NH+) = 2790 m/br.; ν(C–H, aromatic) = 3093 br.
(3069 m); νas(C–H in –CH3) = 2969 br. (2979 w, 2937 w); νs(C–H
in –CH3) = (2875 w); δs(CO–H) and δas(CH3) = 1421 m, 1404 m;
δs(CH3) = 1384 m (1385 s); ν(N+–H) = 2580 br.; δ(–NH+) = 1559
m; ν(P=O) and ν(C–O) = 1187 s and 1169 s (1314); ν(C–C, skeletal
vibrations) = 1603 m (1606 m); δ(O–H, lattice water) = 1635 m
(1634 w); ν(C–N, heteroaromatic amines) and δ(O–H, aromatic) =
1312 m (1308 w, 1279 w); ν(P–O) = 1010 vs (1064 m, 1038 w); γ(C–
C) = 488 w (542 w, 490 m, 474 m, 410 m), various modes; γ(O–H,
under H-bonding) = 976 br./vs; γ(C–H, aromatic) = 824 m (716
vs); ω(O–H, under H-bonding) = 583 br./m (578) cm–1.

Synthesis of (Hphen)6[Ge6(OH)6(hedp)6]·2(phen)·20H2O (II): A sus-
pension of 1-hydroxyethylidenediphosphonic acid (0.200 g,
H4hedp, C2H8O7P2, �97%, Fluka), amorphous germanium(IV)
oxide (0.240 g, GeO2, 99.99%, Aldrich) and 1,10-phenanthroline
monohydrate (0.190 g, phen, C12H8N2·H2O, �99.0%, Fluka) in
distilled water (ca. 16 g) was stirred thoroughly for 30 min at ambi-
ent temperature. The reactive mixture was transferred to a PTFE-
lined stainless steel reaction vessel (ca. 40 cm3), which was then
placed inside an oven. The temperature was gradually increased to
120 °C and kept constant for 3 d, after which the vessel was cooled
slowly to ambient temperature before opening. The isolated micro-
crystalline light-brown phase was washed with distilled water, fil-
tered and air-dried at ambient temperature. Single crystals of
(Hphen)6[Ge6(OH)6(hedp)6]·2(phen)·20H2O suitable for X-ray dif-
fraction measurements were harvested from the autoclave mother
liquor by slow evaporation at ambient temperature over 1 d. Ele-
mental composition (based on single-crystal data for
C108H140Ge6N16O68P12, MW 3557.54): calcd. C 36.46, N 6.33, H
3.97%; found C 35.47, N 5.46, H 4.20. TGA data (mass losses):
20–125 °C: 10.3%; 125–364 °C: 10.0%. Selected IR (KBr pellet)
and Raman (in italics inside the parenthesis, cm–1) data: ν(HO–H/
GeO–H/CO–H, with evidence of H-bonding) = 3389 vs/br., 3237
vs/br.; ν(aromatic NH+) = 2532 s/br.; ν(C–H, aromatic) = 3062 m
(3066 m); νas(C–H in –CH3) = 2932 m (2990 w, 2933 w); νs(C–H
in –CH3) = 2807 s, 2879 s (2872 w); δas(CH3) = 1452 m, 1469 m
(1452 s, 1415 vs); δs(CH3) = 1373 w (1373 m); ν(C–N, heteroarom-
atic amines) = 1316 m (1316 w); δ(CO–H) = 1289 w (1286 w);
ν(N+–H) = 2532 br.; δ(–NH+) = 1542 s; δ(O–H, lattice water) =
1632 s/br. (1629 w); ν(C–C, skeletal vibrations) = 1617 s, 1596 s
(1615 m, 1596 m); ν(P=O) and ν(C–O) = 1185 vs/br. (1189 w); ν(P–
O) = 1053 s (1045 m); γ(C–C) = 487 s, 461 s (550 w, 508 w, 461 w),
various modes; γ(O–H, under H-bonding) = 971 vs/br., various
modes; γ(C–H, aromatic) = 847 vs, 816 s (848 w); ω(O–H, under
H-bonding) = 620 vs, 592 vs, 568 vs, various modes (598 w) cm–1.

CCDC-614629 and CCDC-614630 for I and II contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Thermoanalytical and infrared results and detailed discussion
are included. Technical and experimental details on the single-crys-
tal X-ray diffraction, solid-state NMR spectroscopy and photolu-
minescence studies are also included. Additional structural draw-
ings emphasizing the [Ge6(µ2-OH)6(C2H4O7P2)6]6– moiety (and
tables containing crystallographic bond lengths and angles), the or-
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ganic frameworks and the solvent-accessible cavities are given. Re-
sults of a Cambridge Structural Database Survey for typical Ge–
O–Ge bonds are presented. Tables summarising hydrogen-bonding
geometries for the two compounds and additional NMR spectra
[13C{1H} RAMP-CP, 1H-1H FS-LG, 1H MAS (for II), 2D 1H-1H
RFDR (for II), 1H-31P FS-LG] are also included.
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Pentacoordination at Germanium by Transannular Bonding of Sulfur or
Oxygen in an Eight-Membered Ring: An Experimental and Theoretical Study
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Treatment of LnGeCl4–n with D(C6H4SH)2 in the presence of
nBuLi leads to the formation of the stable compounds
D(C6H4S)2GeL1L2 (for D = S, L1 = Cl, L2 = Ph, 1 and L1 = L2

= Ph, 3; for D = O, L1 = Cl, L2 = Et, 4 and L1 = L2 = Ph, 5).
The S(C6H4S)2Ge(Ph)Br compound (2) has been synthesised
by halogen exchange from 1 and potassium bromide. X-ray
structure determinations of complexes 1–5 reveal that the
germanium atom acts as an acceptor atom displaying an in-
tramolecular transannular interaction with the chalcogen D
atom. The geometry of the pentacoordinate Ge atom in the

Introduction

In order to gain a deeper insight into the nature of the
secondary bonding[1] and its relation with the hypercoordi-
nation phenomena of group 14 and 15 elements, a large
variety of metallocanes of type I D(CH2CH2E)2A (D =
NR�, O, S; E = O, S, CH2; A = Ge, Sn, Pb, As, Sb or Bi)
have been prepared and structurally characterised
(Scheme 1).[2–8] In the solid state metallocanes usually exhi-
bit a strong 1,5-transannular interaction between a Lewis
acidic acceptor A and a basic donor D atom (D�A), where
the coordination mode of the ligand D(CH2CH2E)2

2– is for-
mally tridentate, leading to an increase in the coordination
number of A. In these compounds the richness of the con-
formational diversity in the solid state and solution is sup-
ported by a wide variety of molecular structural features,
for example bond lengths, bond angles, torsion angles and
the central eight-membered ring conformation, as well as
intermolecular interactions in the crystal.[2]

Crystallographic X-ray studies of the more constrained
tricyclic systems of type II, known as dibenzometallocines
D(C6H4E)2A (Scheme 1), have also shown a 1,5-transannu-
lar interaction. These compounds have been long studied in
particular where D = S, E = O and A is a d block or light p
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title compounds is described as distorted trigonal bipyrami-
dal with a 64–31% distortion displacement. The D�Ge (D =
S, O) hypercoordinate interaction was studied by DFT meth-
ods using correlation consistent basis sets and relativistic
ECP for Ge. NBO analysis showed that this interaction can
be explained in terms of the interplay of covalent and Cou-
lombic interactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1.

block element (mainly phosphorus and silicon), meanwhile,
with a softer donor atom such as D = E = S the chemistry
is fully dominated by the d block metals.[9] In these transi-
tion metal complexes the transannular distance between the
acidic metal centre and the thioether-like sulfur is usually
quite short, suggesting the large capabilities of the
S(C6H4S)2

2– as a tridentate ligand.
We have studied some monohalogenated dibenzometall-

ocines D(C6H4S)2AHal (for A = Sb[5], D = S, Hal = Cl, Br,
I; D = O, Hal = Cl; for A = As[10], D = S, Hal = Cl, Br, I)
and have shown by means of X-ray crystallographic studies
(and also DFT studies in the case of antimony) the acidic
behaviour of the central atom, where the A acceptor experi-
ences a structural change from pyramidal tricoordinate to
ψ-trigonal-bipyramidal tetracoordinate. These results
prompted us to extend the chemistry of the ligand
S(C6H4S)2

2– to other p block heavier elements such as ger-
manium(IV), where structural studies with similar ligands
are scarce[11–14] and have mainly focused on metall-
ocanes.[2–4]

Here we report an experimental and theoretical study of
type II complexes with germanium as the acceptor atom.
These compounds are good models for further understand-
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ing the nature of the D�Ge interaction. After the descrip-
tion of the synthesis of dibenzogermocines and the NMR
spectroscopic and X-ray crystallographic data a theoretical
study is presented and discussed.

Results and Discussion

Synthesis

The ligands S(C6H4SH)2 and O(C6H4SH)2 were prepared
following the reported method.[9,15] The reaction of the cor-
responding organylgermanium(IV) in THF at 0 °C with the
dilithium salt of the ligand, generated in situ from the di-
thiol and 2 equiv. of nBuLi, yielded the corresponding GeIV

complex (see Exp. Sect. for details). Treatment of
S(C6H4SLi)2 with PhGeCl3 and Ph2GeCl2 yielded S(C6H4S)2-
GePhCl (1) and S(C6H4S)2GePh2 (3), respectively.
S(C6H4S)2GePhBr (2) was synthesised from 1 by the treat-
ment of excess KBr in a refluxing HBr/benzene mixture,
giving 2 as colourless crystals. Treatment of O(C6H4SLi)2

with EtGeCl3 and Ph2GeCl2 yielded O(C6H4S)2GeEtCl (4)
and O(C6H4S)2GePh2 (5), respectively (see Scheme 2).

Scheme 2.

All complexes are air-stable, soluble in benzene, toluene,
dichloromethane and chloroform, and insoluble in pentane,
hexane and 2-propanol.

Table 1. 1H NMR chemical shifts (δ values [ppm]) for 1–5 in CDCl3 at 25 °C.

Compound D L1 1-H 2-H 3-H 4-H 5-H 6-H 7-H

1 S Cl 7.65 7.27 7.16 7.44 7.81 7.40 7.40
2 S Br 7.65 7.28 7.16 7.44 7.78 7.39 7.39
3 S Ph 7.66 7.13 7.18 7.44 7.63 7.34 7.34
4 O Cl 7.53 7.23 7.15 7.13 1.80 1.18 –
5 O Ph 7.56 7.09 7.04 6.85 7.65 7.32 7.32

Table 2. 13C NMR chemical shifts (δ values [ppm]) for 1–5 in CDCl3 at 25 °C.

Compound D L1 C-1 C-2 C-3 C-4 C-1a C-4a C-5 C-5a C-6 C-7

1 S Cl 131.2 129.9 127.5 134.2 132.3 140.7 131.2 141.4 128.9 130.9
2 S Br 131.2 129.9 127.5 134.3 132.3 140.7 131.1 141.9 128.9 132.1
3 S Ph 134.3 127.4 128.3 134.9 137.4 139.8 133.2 138.2 128.5 130.0
4 O Cl 132.6 127.7 125.8 120.2 126.2 152.7 23.1 – 8.3 –
5 O Ph 133.7 127.5 124.6 120.6 126.6 154.8 133.6 136.4 128.4 130.1

Eur. J. Inorg. Chem. 2006, 4752–4760 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4753

Mass Spectra

FAB mass spectra for 1, 2, 3 and 5 and electron impact
mass spectra for 4 exhibit a low intensity ion with the ap-
propriate isotopic ratio representing the molecular ion
(M·+); in all cases a basis peak corresponding to the frag-
ment M–L [L = Cl (1), Br (2), Ph (3 and 5), Et (4)] is ob-
served and assigned to the D(C6H4S)2GeL [L = Ph (1, 2, 3
and 5), and Cl (4)] tricyclic moiety, confirming the binding
of germanium to the sulfur thiolate-like atoms. There are
peaks corresponding to the D(C6H4)2S moiety [D = S (1,
2, 3); O (4, 5)] in all the spectra. In the case of the diphenyl
germanium complexes 3 and 5 the cluster peak at 229 m/z
is assigned to the protonated GePh2 fragment. No more
peaks could be assigned.

NMR Spectroscopy

NMR spectra of complexes 1–5 were recorded in a
CDCl3 solution at room temperature. Chemical shifts are
relative to TMS. The assignments of these complexes were
carried out by heteronuclear and homonuclear correlation
two-dimensional experiments (HETCOR, COLOC and
COSY).

1H NMR spectra for complexes 1–5 each show four sig-
nals for the DC6H4SGe moiety in an ABCD pattern,
Table 1. In solution the two DC6H4SGe halves are equiva-
lent (see Scheme 3). In all complexes, the ortho proton 1-H
is shifted towards high frequencies with respect to the free

Scheme 3.
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neutral ligands.[9,15] In 4 and 5 the ortho proton, 4-H, is also
observed at higher frequencies.

Proton decoupled 13C spectra of complexes 1–3 and 5
display ten signals in the aromatic region, Table 2. In 4 the
ethyl group is observed at low frequencies (23.1 and
8.3 ppm). In complexes 1–5 the values obtained for the vari-
ation of the chemical shift (∆δ) with respect to the starting
materials (free ligands and organogermanium chlorides)
show the ipso carbon C-4a and the carbon C-4 at high fre-
quencies; in these compounds the 1–3 complexes present
large values of ∆δ. The ∆δ value for the C-4a and C-4 in 1
are 8.2 and 4.0 ppm; in 2 they are 8.2 and 4.1 ppm; in 3
they are 7.3 and 4.7 ppm; in 4 they are 0.6 and 1.6 and
in 5 they are 2.7 and 2.0 ppm, respectively. In the double

Figure 1. ORTEP diagrams of S(C6H4S)2GePhCl (1), S(C6H4S)2GePhBr (2), S(C6H4S)2GePh2 (3), O(C6H4S)2GeEtCl (4) and O(C6H4S)2-
GePh2 (5) (50% probability ellipsoids).
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phenylated 3 and 5 complexes the ∆δ for the ipso carbon
C5a presented the smallest values when compared to the
diphenylgermanium dichloride (δ =3.7 ppm in 3 and
1.9 ppm in 5). The data obtained suggest that the D�Ge
transannular interaction in the complexes 3 and 5 is either
very weak or completely lacking in solution.

X-ray Structures of Compounds 1–5

The molecular structures in the crystalline solid state of
1–5 were determined by single-crystal X-ray diffraction
analyses. The ORTEP drawings are depicted in Figure 1
and selected bond lengths, angles and torsion angles are
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given in Table 3. In all compounds, there were no intermo-
lecular interactions between non-hydrogen atoms that were
separated by a distance shorter than the sum of their van
der Waals radii. This essentially resulted in monomeric
molecules.

Table 3. Selected bond lengths [Å] and bond angles [°] of
D(C6H4S)2L1GeL2.

Compound 1 2 3 4 5

D S S S O O
L1 Cl1 Br1 C19 Cl1 C19
L2 C13 C13 C13 C13 C13
D�Ge1 2.834(1) 2.782(2) 3.280(1) 2.656(3) 2.872(3)
Ge1–S1 2.236(1) 2.228(2) 2.235(1) 2.231(1) 2.229(1)
Ge1–S2 2.228(1) 2.216(2) 2.255(1) 2.221(1) 2.239(1)
Ge1–L1 2.233(1) 2.401(1) 1.959(3) 2.187(1) 1.938(4)
Ge1–L2 1.941(3) 1.943(5) 1.942(4) 1.943(4) 1.954(4)
D�Ge1–L1 169.57(4) 175.99(4) 168.3(1) 166.97(6) 169.5(1)
S1–Ge1–S2 115.35(4) 114.42(7) 110.58(4) 115.47(5) 111.65(5)
S1–Ge1–L2 120.5(1) 120.89(2) 112.3(1) 115.0(1) 113.8(1)
S2–Ge1–L2 119.0(1) 120.2(2) 113.7(1) 116.7(1) 111.6(1)
L1–Ge1–L2 101.6(1) 98.6(2) 113.6(1) 108.8(2) 113.4(2)
S1–Ge1–L1 98.47(4) 97.03(5) 100.6(1) 98.6(1) 100.8(1)
S2–Ge1–L1 92.46(4) 95.59(5) 105.1(1) 98.86(5) 104.8(1)
C7–D–C6–C1 127.6(3) 125.3(4) 61.0(3) 142.9(3) 87.9(4)
C6–D–C7–C12 –74.4(3) –77.5(5) –122.9(3) –87.4(4) –137.2(4)
S2–Ge1–S1–C1 –31.1(1) –40.3(2) –97.7(1) –33.0(1) –94.0(1)
S1–Ge1–S2–C12 99.1(1) 100.7(2) 11.7(1) 98.6(1) 31.9(2)

In all complexes, the Ge–S(thiolate) distances are in good
agreement with those reported for eight-membered hetero-
cycles and several other compounds containing germa-
nium–sulfur bonds: 2.191(3) Å in S(CH2CH2S)2GeCl2,[16]

2.154(4)–2.217(4) Å in O(CH2CH2S)2GeCl2,[17] 2.216(1)–
2.222(1) and 2.210(3)–2.236(3) Å in the spirocycles
{O(CH2CH2S)2}2Ge and {S(CH2CH2S)2}2Ge,[18] respec-
tively, 2.111(1)–2.221(1) Å in the homoleptic Ge(S-4-
MeC6H4)4 compound,[19] but significantly shorter than the
reported value in the spirocycle {PhP(C6H4S)2}2Ge with a
germanium atom in an octahedral local geometry
[2.3429(12)–2.4000(10) Å].[11] The Ge–Cl distances in 1 and
4 are 6 and 4% longer, respectively, than that accepted as
the common distance for Ge–Cl (2.10 Å in GeCl4)[20] and
similar to those found for D(CH2CH2S)2GeCl2 (D = O[17],
S[16]); which are longer than that found in the 9,9-dichloro-
9-germafluorene [2.1660(9) Å].[21] The Ge–Br distance is
4% longer than that observed for GeBr4 (2.30 Å)[20] and

Table 4. Comparison of D�Ge–L1 geometrical bond parameters in complexes 1–5; bond lengths [Å], bond angles [o],% TBP and Pauling
bond order.

Compound D L1 L2 D�Ge D�Ge–L1 % TBP ∆d[a] BO[b] D�Ge

1 S Cl Ph 2.834(1) 169.57(4) 60.7 0.594 0.1453
2 S Br Ph 2.782(2) 175.99(4) 64.1 0.542 0.1721
3 S Ph Ph 3.280(1) 168.3(1) 31.1 1.038 0.0343
4 O Cl Et 2.656(3) 166.97(6) 51.2 0.778 0.0799
5 O Ph Ph 2.872(3) 169.5(1) 37.6 0.992 0.0399

[a] Bond widening, ∆d = (dexp – Σrcov), according to standard bond lengths d(Ge S) 2.24, d(Ge O) 1.88.[1,2,14,25] [b] Mode of calculation
BO = 10–(1.41·∆d).[29,30]
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intermediate between those found in MeN(CH2CH2O)2-
GeBr2 [2.4148(8) and 2.3215(9) Å].[4] The Ge–C distances
are in good agreement with other compounds that contain
germanium–carbon bonds.[12,22–24]

In addition to the expected bonding of the two sulfur
atoms (thiolate-like) and the two exocyclic L1 and L2 li-
gands to germanium, a relatively short distance involving
the transannular D and Ge atoms is observed (D = S in 1,
2 and 3; D = O in 4 and 5). The S�Ge bond lengths in 1,
2 and 3 are 2.834(1), 2.782(2) and 3.280(1) Å, respectively,
which are 27, 24 and 46% longer than the covalent radii
sum of Ge and S (2.24 Å)[25] but significantly shorter than
the van der Waals radii sum (3.75 Å).[1,14] The magnitude
of these distances is consistent with the existence of a sec-
ondary bonding.[1] These S�Ge distances in 1, 2 and 3 are
similar for the spirocycles S(CH2CH2S)2GeSO(C2H4)
[2.842(1) Å],[2] [S(CH2CH2S)2]2Ge [3.237(3) and
3.453(3) Å],[18] and S(CH2CH2S)2GeCl2 [3.01(3) Å],[16] and
significantly longer than that reported for the spirocycle
[S(C6H4O)2]2Ge [2.447(1) Å].[14]

The O�Ge distances in 4 [2.656(3) Å] and 5 [2.872(3) Å]
are significantly shorter than the van der Waals radii sum
of Ge and O (3.47 Å)[1] and 41% and 53% longer than the
covalent radii sum (1.88 Å),[2,25] respectively. The observed
O�Ge bond lengths in 4 and 5 are significantly longer than
those reported for O(CH2CH2S)2GeCl2 [2.36(1) and
2.39(1) Å],[17] for the spirocycles containing pentacoordi-
nate germanium O(CH2CH2S)2GeSO(C2H4) [2.492(3) Å]
and O(CH2CH2S)2GeS2(C2H4) [2.616(1) Å], and shorter
than those reported for the spiro compound containing
hexacoordinate germanium [O(CH2CH2S)2]2Ge displaying
two crystallographic independent molecules in the solid
state [2.914(3), 3.040(3), 2.955(3) and 2.946(3) Å][18]. If the
transannular interaction (D�Ge) is taken into account, the
geometry of the coordination sphere of the germanium
atom can be described as trigonal bipyramidal (TBP),
where the halogen (for 1, 2 and 4), carbon (for 3 and 5) and
D donor atoms (S for 1, 2, 3, O for 4, 5) are in the axial
positions, meanwhile the two thiolate-like sulfur and carbon
atoms occupy equatorial positions.

Following the Holmes procedure based on the donor-
acceptor atom bond length,[26–28] the degree of displace-
ment at the Ge atom from tetrahedral to trigonal-bipyrami-
dal geometry (TBP) was determined. Additionally and in
order to evaluate the magnitude of the interaction based
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on the distances, the Pauling-type bond order, BO, for the
transannular interactions (D�Ge) in all compounds was
also calculated.[29,30]These results are reported in Table 4.

The TBP% for halogen compounds are larger than those
for other compounds in the series, indicating the impor-
tance of attaching an electronegative ligand to germanium
in order to expand its coordination number.

In all compounds the eight-membered ring conformation
can be described as a twist boat (C1 symmetry) according
to the torsion angle data, where the double phenylated 3
and 5 compounds are most distorted when the TBP and
BO order are smaller.

Theoretical Study

In order to study the intramolecular interactions
(D�Ge) we carried out theoretical calculations. Hence,
each one of the compounds 1–5 was modelled with a
GaussView visualizer,[31] followed by a geometry optimis-
ation with the PM3 semi-empirical method[32]. A further
geometry optimisation was carried out with density func-
tional theory (DFT) using the hybrid B3LYP functional[33].
For our DFT computations we employed the relativistic
Stuttgart-Dresden Effective Core Potential for Ge[34] along
with its Triple-Zeta correlation consistent basis set[35]. For
all the other atoms in compounds 1 to 5, Dunning’s
Double-Zeta correlation consistent all electron basis set[36]

was used. The basis sets we employed include polarisation
and diffusion functions. Hereafter these calculations will be
referred to as B3LYP ccSDDTZ. The computed bond or-
ders, interatomic overlaps and charges reported herein were
computed within the NBO approach.[37] All our calcula-
tions were carried out with the suite of programmes in
Gaussian 03.[38]

Table 5. Selected bond lengths [Å] and angles [°] for compounds 1–5. a columns are data from X-ray characterisation. b columns are
data obtained from B3LYP ccSDDTZ computations.

Compound 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b

D S S S S S S O O O O
L1 Cl1 Cl1 Br1 Br1 C19 C19 Cl1 Cl1 C19 C19
L2 C13 C13 C13 C13 C13 C13 C13 C13 C13 C13
D�Ge1 2.834(1) 3.157 2.782(2) 3.181 3.280(1) 3.328 2.656(3) 2.781 2.872(3) 2.944
Ge1–S1 2.236(1) 2.278 2.228(2) 2.280 2.235(1) 2.281 2.231(1) 2.272 2.229(1) 2.286
Ge1–S2 2.228(1) 2.273 2.216(2) 2.273 2.255(1) 2.297 2.221(1) 2.278 2.239(1) 2.288
Ge1–L1 2.233(1) 2.215 2.401(1) 2.377 1.959(3) 1.970 2.187(1) 2.210 1.938(4) 1.966
Ge1–L2 1.941(3) 1.953 1.943(5) 1.955 1.942(4) 1.960 1.943(4) 1.969 1.954(4) 1.960
D�Ge1–L1 169.57(4) 169.79 175.99(4) 169.69 168.3(1) 170.32 166.97(6) 169.89 169.5(1) 168.40
D�Ge1–S1 77.60(3) 72.68 80.64(5) 72.14 73.36(3) 73.71 74.35(6) 72.75 71.94(6) 70.80
D�Ge1–S2 80.76(3) 76.42 82.45(5) 76.01 68.78(3) 69.61 75.17(6) 73.40 71.98(6) 69.56
D�Ge1–L2 88.7(1) 84.90 85.3(2) 84.40 78.2(1) 78.66 84.2(1) 84.16 76.8(1) 79.05
S1–Ge1–L1 98.47(4) 102.75 97.03(5) 103.09 100.6(1) 102.79 98.57(5) 102.08 100.8(1) 104.43
S2–Ge1–L1 92.46(4) 97.84 95.59(5) 98.27 105.1(1) 104.07 98.86(5) 101.84 104.8(1) 103.83
S1–Ge1–S2 115.35(4) 114.14 114.42(7) 113.96 110.58(4) 111.01 115.47(5) 114.93 111.65(5) 112.52
S1–Ge1–L2 120.5(1) 115.14 120.9(2) 114.68 112.4(1) 113.63 115.0(1) 113.92 113.8(1) 110.83
S2–Ge1–L2 119.0(1) 118.13 120.2(2) 117.81 113.7(1) 113.49 116.7(1) 115.79 111.6(1) 112.28
L1–Ge1– L2 101.6(1) 105.30 98.6(2) 105.91 113. 6(1) 110.90 108.8(2) 105.94 113.4(2) 112.52
C6–D–C7 101.7(2) 103.58 101.7(3) 103.56 103.0(2) 103.57 116.6(3) 118.33 116.3(3) 118.28
S2–Ge1–S1–C1 –31.1(1) –19.40 –40.3(2) –18.33 –97.7(1) –95.25 –33.0(1) –29.68 –94.0(1) –91.76
S1–Ge1–S2–C12 99.1(1) 97.02 100.7(2) 96.56 11.7(1) 15.49 98.6(1) 95.50 31.9(2) 23.31
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Theoretical Results and Discussion

All optimised molecular conformations for 1–5 are in
good agreement when compared with those observed by X-
ray crystallographic data. A selected set of bond lengths
and bond and torsion angles is listed in Table 5. It is rel-
evant to mention that we explored the two possible geomet-
rical isomers for complexes 1, 2 and 4, i.e. those with the
halogen ligand in an axial or in an equatorial position,
where isomers that resemble the conformation determined
by X-ray diffraction experiments were the most stable.
These correspond to the lowest energy conformation of
those obtained with the procedure previously outlined. A
comparison between the X-ray and the computed D–Ge
bond lengths shows a remarkable difference for compounds
1, 2 and 3. The largest difference is for compound 2
(�0.39 Å), followed by that of compounds 1 and 3,
�0.32 Å and �0.05 Å respectively, whereas for compounds
4 and 5 we noticed that the distances O�Ge are ca. 0.13 Å
and 0.07 Å larger than those obtained by X-ray spec-
troscopy at 298 K. The DFT calculations at the level em-
ployed reproduce well the experimental overall geometries;
the observed differences in the geometrical parameters are
not unusual[3] and may be due to the temperature of the
diffraction experiments as well as the packing forces in the
crystal.

NBO Analysis

In Table 6 the computed Wiberg bond index values for a
selected number of atoms in compounds 1–5 are reported.
It is worth noting that this index has approximately the
same value for all germanium–sulfur thiolate bonds. How-
ever, in 1–3 this bond index is bigger for the S(thiolate-
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like)�Ge than for the S(thioether-like)�Ge interaction. A
similar trend is exhibited by the O�Ge interaction in com-
pounds 4 and 5.

Table 6. NBO values of Wiberg bond index for a selected number
of atoms in compounds 1–5. Data from B3LYP ccSDDTZ compu-
tations.

Compound 1 2 3 4 5

D S S S O1 O1
L1 Cl1 Br1 C19 Cl1 C19
L2 C13 C13 C13 C13 C13
D�Ge1 0.1080 0.1027 0.0594 0.0579 0.0357
Ge1–S1 0.8308 0.8303 0.8561 0.8438 0.8478
Ge1–S2 0.8506 0.8543 0.8185 0.8349 0.8350
Ge1–L1 0.7757 0.8356 0.7233 0.7880 0.7326
Ge1–L2 0.7154 0.7149 0.7260 0.7538 0.7292
D–C6 1.0088 1.0091 1.0258 0.9120 0.9089
D–C7 1.0201 1.0207 1.0121 0.9012 0.9245
S1–C1 1.0557 1.0551 1.0628 1.0587 1.0587
S2–C12 1.0634 1.0611 1.0558 1.0587 1.0565

To study the nature of this short Wiberg bond index, the
computed overlap-weighted natural atomic orbital values
are reported in Table 7. From this table it is possible to
observe that compounds 1–3, which contain the S�Ge in-
teraction, have larger overlap values than compounds 4 and
5, which contain the O�Ge interaction. It is important to
observe that 3 and 5 exhibit the smallest overlap value in
these two groups of molecules.

Table 7. NBO computed overlap-weighted natural atomic orbital
values for compounds 1–5. Data from computations with B3LYP
cc-SDDTZ basis sets.

Compound 1 2 3 4 5

D S3 S3 S3 O1 O1
L1 Cl1 Br1 C19 Cl1 C19
L2 C13 C13 C13 C13 C13
D�Ge1 0.1484 0.1429 0.0906 0.0877 0.0559
Ge1–S1 0.7770 0.7728 0.7757 0.7880 0.7685
Ge1–S2 0.7899 0.7885 0.7516 0.7810 0.7632
Ge1–L1 0.7314 0.7899 0.7318 0.7389 0.7410
Ge1–L2 0.7403 0.7336 0.7406 0.7614 0.7438

As a final element for our theoretical analysis we report,
in Table 8, the charges obtained within the NBO procedure.
It may be observed that the sulfur donor atoms in com-
pounds 1–3 exhibit approximately the same positive charge,
whereas the thiolate-like sulfur atoms roughly have the
same negative charge. This may be a consequence of the
different environments of the sulfur atoms in the dibenzotri-
thiagermocines: atoms S1 and S2 are dicoordinate and co-
valently bonded to a rather electropositive germanium atom
while the S3 atom is bonded to a more electronegative car-
bon atom and also shares its electron density with the acidic
germanium(IV) atom. The O1 atom in 4 and 5 has the same
negative charge, according to the electronegativity of oxy-
gen.
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Table 8. Selected atom charges obtained within the NBO procedure
for compounds 1–5. Computations with B3LYP cc-SDDTZ basis
sets.

Compound 1 2 3 4 5

D S3 S3 S3 O1 O1
D 0.30 0.30 0.30 –0.56 –0.56
S1 –0.13 –0.13 –0.13 –0.12 –0.13
S2 –0.11 –0.11 –0.16 –0.11 –0.15
Ge3 1.28 1.19 1.40 1.29 1.40
Cl1 –0.41 – – –0.41 –
Br1 – –0.32 – – –
C13 –0.51 –0.51 –0.50 –0.89 –0.50
C19 – – –0.50 – –0.50

Discussion

The calculated Wiberg bond index values in Table 6 show
the existence of a bond interaction between the D�Ge
(where D = S or O) in compounds 1 to 5. The reported
numerical values in Table 7 for the NAO overlap-weighted
analysis confirm this bond possibility and give it a covalent
like character. However, the reported atomic charges in
Table 8 suggest the possibility of interatomic interactions
with a Coulombic character.

We may conclude that the interaction S3�Ge in 1 and 2
has two components: one covalent and a second one with
a Coulombic character. In these two compounds the inter-
action is dominated by a covalent interaction, which screens
the positive–positive S3–Ge Coulomb interaction. This be-
haviour is enhanced by the halogen atom coordinated to
Ge and its role in the Coulomb field within the molecule.
Similar arguments may be given to the O1�Ge interaction
in 4. However, in this case, the negative charge on the oxy-
gen donor atom increases the intensity of the Coulomb field
making this the dominant part of this interaction.

In compounds 3 and 5 we have the opportunity to ap-
preciate how this covalent-Coulombic dual character works.
In this case we do not have halogen atoms to enhance the
interchange. Hence S3�Ge in 3 has a more covalent than
Coulombic character, whereas O1�Ge is dominated by a
strong Coulomb interaction, which makes their intramolec-
ular distances shorter supporting the results of the struc-
tural analyses in terms of our TBP and BO analyses for
these complexes.

Conclusions

In order to study the phenomena of hypercoordination
in germanium heterocyclic compounds we have synthesised
and fully structurally characterised five new dibenzogermo-
cines 1–5 by employing tridentate [D(C6H4S)2]2– ligands.
All compounds exhibit a bipyramidal-trigonal local geome-
try of the germanium(IV) atom with intramolecular interac-
tions D�Ge. Geometry optimisations at the DFT level of
theory, using the hybrid functional B3LYP renders molecu-
lar conformations in good agreement to those determined
by X-ray diffraction studies. An NBO analysis was carried
out on this electron structure. The TBP and BO analysis
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for the crystalline molecular structure and our NBO analy-
sis show similar behaviour for the D�Ge interaction, which
is enhanced by the presence of the halogen ligands.

Experimental Section
General Procedures: All manipulations were performed under a dry,
oxygen-free argon atmosphere using standard Schlenk techniques.
Solvents were dried by standard methods and distilled prior to use.
Melting points were determined with a Melt-Temp II instrument
and are uncorrected. Spectra were recorded with the following in-
struments. Mass spectra: FAB-mass spectra were recorded with a
JEOL JMS-AX505HA by using a Xe beam at 6 keV, with nitroben-
zyl alcohol (NBA) as matrix. For EI, a Hewlett Packard 5989A
mass spectrometer was used. Elemental analyses: Perkin–Elmer
Series II CHNS/O Analyser. The IR spectra were record in the
4000-400 cm–1 range with a Perkin–Elmer System 2000 FT-IR
spectrometer, as KBr pellets. NMR: Jeol Eclipse 400 spectrometer;
with the residual protio-solvent signal used as referenced for 1H
NMR spectra. 13C{1H} NMR spectra were referred through the
solvent peaks. Chemical shifts are quoted on the δ scale (downfield
shifts are positive) relative to tetramethylsilane (1H, 13C{1H} NMR
spectra). Spectra were recorded at 25 °C. 1H NMR spectra;
399.78 MHz, 13C{1H} NMR spectra; 100.53 MHz. S(C6H4SH)2

[15]

and O(C6H4SH)2
[9] were synthesised according to literature meth-

ods. PhGeCl3, Ph2GeCl2, EtGeCl3, nBuLi (1.6 , in hexanes), KBr
and HBr were purchased from Aldrich and Fluka and were used
as supplied.

S(C6H4S)2GePhCl (1): nBuLi in hexanes (1.6 , 5.5 mL, 8.8 mmol)
was added to a solution containing S(C6H4SH)2 (1.0 g, 4.0 mmol)
in THF (40 mL) at 0 °C. After the solution was stirred for 30 min,
a red solution resulted, PhGeCl3 (0.66 mL, 4.0 mmol) was added
via a syringe. The solution was kept overnight at room temperature.
The colourless solution was refluxed for 4 h, and then the resultant
heterogeneous reaction mixture was cooled to room temperature.
The precipitate of LiCl was removed by filtration. Volatiles were
removed under an argon flow to provide colourless crystals of 1,
which were washed with hexanes (40 mL) and filtered by suction.
Yield: 1.50 g (86%). Mass spectrum (FAB+) m/z (rel int) = 434 (5)
[M+], 399 (50) [M+ – Cl], 216 (45) [M+ – Cl–PhSGe]. M.p. 201–
203 °C. S(C6H5S)2GePhCl: calcd. C 49.56, H 3.22; found C 49.76,
H 3.20. 1H NMR (CDCl3): δ = 7.16 (ddd, 3J3-H,2-H = 3J3-H,4-H =
7.74, 4J3-H,1-H = 1.44 Hz, 2 H, 3-H), 7.27 (ddd, 3J2-H,1-H =
3J2-H,3-H = 7.74, 4J2-H,4-H = 1.44 Hz, 2 H, 2-H), 7.40 (m, 3 H, 6-H
and 7-H), 7.44 (dd, 3J4-H,3-H = 7.74, 4J4-H,2-H = 1.44 Hz, 2 H, 4-
H), 7.65 (dd, 3J1-H,2-H = 7.74, 4J1-H,3-H = 1.44 Hz, 2 H, 1-H), 7.81
(m, 2 H, 5-H) ppm. 13C{1H} NMR (CDCl3): δ = 127.5, 128.9,
129.9, 130.9, 131.1, 131.2, 132.2, 134.2, 140.7, 141.5 ppm. IR (KBr
pellet): ν̃ = 3045, 1568, 1480, 1445, 1430, 1247, 1078, 1040, 1032,
851, 754, 733, 714, 689, 657 cm–1.

S(C6H4S)2GePhBr (2): S(C6H4S)2GePhCl (1, 0.26 g, 0.60 mmol),
KBr (0.18 g, 1.5 mmol) and HBr 48% (2 mL) were suspended in
benzene (25 mL) and refluxed for 16 h. The water was removed
from the resulting colourless solution by means of a Dean–Stark
trap. The solution obtained was dried by means of a column of
Celite and Na2SO4. The solution was left under an argon flow to
provide colourless crystals of 2, which were washed with hexanes
(40 mL) and filtered by suction. Yield: 180 mg (63%). Mass spec-
trum (FAB+) m/z (rel int) = 478 (3) [M+], 399 (50) [M+ – Cl], 216
(20) [M+ – Cl – PhSGe]. M.p. 197–199 °C. S(C6H5S)2GePhBr:
calcd. C 45.23, H 2.74; found C 45.96, H 2.74. 1H NMR (CDCl3):
δ = 7.16 (ddd, 3J3-H,2-H = 3J3-H,4-H = 7.68, 4J3-H,1-H = 1.48 Hz, 2
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H, 3-H), 7.27 (ddd, 3J2-H,1-H = 3J2-H,3-H = 7.68, 4J2-H,4-H = 1.48 Hz,
2 H, 2-H), 7.39 (m, 3 H, 6-H and 7-H), 7.44 (dd, 3J4-H,3-H = 7.68,
4J4-H,2-H = 1.48 Hz, 2 H, 4-H), 7.65 (dd, 3J1-H,2-H = 7.68, 4J1-H,3-H

= 1.48 Hz, 2 H, 1-H), 7.78 (m, 2 H, 5-H) ppm. 13C{1H} NMR
(CDCl3): δ = 127.5, 128.9, 129.9, 130.9, 131.0, 132.1, 132.3, 134.3,
140.7,141.9 ppm. IR (KBr pellet): ν̃ = 3050, 1568, 1445, 1442, 1249,
1081, 1039, 862, 735, 730, 710, 692 cm–1.

S(C6H5S)2GePh2 (3): This compound was prepared in a similar
fashion to compound 1, with S(C6H4SH)2 (0.42 g, 1.68 mmol),
nBuLi in hexanes (1.6 , 2.3 mL, 3.7 mmol) and Ph2GeCl2
(0.35 mL, 1.68 mmol). Colourless crystals were obtained. Yield:
0.50 g (63%). Mass spectrum (FAB+) m/z (rel int) = 476 (18) [M+],
399 (base peak) [M+ – Ph], 216 (65) [M+ – Ph – Ph – SGe]. M.p.
126–128 °C. S(C6H5S)2Ph2Ge: calcd. C 60.66, H 3.82; found C
60.83, H 3.98. 1H NMR (CDCl3): δ = 7.13 (ddd, 3J2-H,1-H =
3J2-H,3-H = 7.72, 4J2-H,4-H = 1.44 Hz, 2 H, 2-H), 7.18 (ddd,
3J3-H,2-H = 3J3-H,4-H = 7.72, 4J3-H,1-H = 1.44 Hz, 2 H, 3-H), 7.34 (m,
6 H, 6-H and 7-H), 7.44 (dd, 3J4-H,3-H = 7.72, 4J4-H,2-H = 1.44 Hz,
2 H, 4-H), 7.63 (m, 4 H, 5-H), 7.66 (dd, 3J1-H,2-H = 7.72, 4J1-H,3-H

= 1.44 Hz, 2 H, 1-H) ppm. 13C{1H} NMR (CDCl3): δ = 127.4,
128.4, 128.5, 130.0, 133.2, 134.3, 134.9, 137.4, 138.2, 139.8 ppm.
IR (KBr pellet): 3066, 3047, 1568, 1480, 1444, 1431, 1248, 1085,
1040, 859, 752, 734, 716, 693 cm–1.

O(C6H4S)2GeEtCl (4): This compound was prepared in a similar
fashion to compound 1, with O(C6H4SH)2 (0.92 g, 3.9 mmol),
nBuLi in hexanes (1.6 , 5.0 mL, 8.0 mmol) and EtGeCl3 (0.5 mL,
3.9 mmol). The solid was filtered and recrystallised from i-PrOH.
Colourless crystals were obtained. Yield: 0.20 g (28%). Mass spec-
trum (EI-MS, CHCl3, 30 eV) m/z (rel int) = 370 (10) [M+], 341 (20)
[M+ – Et], 305 (10) [M+ – Et – Cl], 200 (base peak) [M+ – Et–Cl–
GeS]. M.p. 96–98 °C. O(C6H4S)2EtGeCl: calcd. C 45.51, H 3.55;
found C 45.80, H 3.55. 1H NMR (CDCl3): δ = 1.18 (t, 3J6-H,5-H =
7.70 Hz, 3 H, 6-H), 1.80 (q, 3J5-H,6-H = 7.70 Hz, 2 H, 5-H), 7.13
(dd, 3J4-H,3-H = 7.70, 4J4-H,2-H = 1.48 Hz, 2 H, 4-H), 7.15 (ddd,
3J2-H,1-H = 3J2-H,3-H = 7.70, 4J2-H,4-H = 1.48 Hz, 2 H, 2-H), 7.23
(ddd, 3J3-H,2-H = 3J3-H,4-H = 7.70, 4J3-H,1-H = 1.48 Hz, 2 H, 3-H),
7.53 (dd, 3J1-H,2-H = 7.70, 4J1-H,3-H = 1.48 Hz, 2 H, 1-H) ppm.
13C{1H} NMR (CDCl3): δ = 8.3, 23.0, 120.2, 125.8, 126.2, 132.6,
152.7 ppm. IR (KBr pellet): 3061, 2958, 2923, 2868, 1564, 1462,
1440, 1210, 1061, 869, 799, 757, 732, 700 cm–1.

O(C6H5S)2GePh2 (5): This compound was prepared in a similar
fashion to compound 1, with O(C6H4SH)2 (0.39 g, 1.66 mmol),
nBuLi in hexanes (1.6 , 2.3 mL, 3.7 mmol) and Ph2GeCl2
(0.35 mL, 1.68 mmol). Colourless crystals were obtained. Yield:
0.20 g (26%). Mass spectrum (FAB+) m/z (rel int) = 460 (35) [M+],
383 (base peak) [M+ – Ph], 200 (95) [M+ – Ph – PhGeS]. M.p. 105–
107 °C. O(C6H5S)2Ph2Ge: calcd. C 62.78, H 3.95; found C 63.04,
H 3.97. 1H NMR (CDCl3): δ = 6.85 (dd, 3J4-H,3-H = 7.36, 4J4-H,2-H

= 1.80 Hz, 2 H, 4-H), 7.04 (ddd 3J3-H,2-H = 3J3-H,4-H = 7.36,
4J3-H,1-H = 1.80 Hz, 2 H, 3-H), 7.09 (ddd, 3J2-H,1-H = 3J2-H,3-H =
7.36, 4J2-H,4-H = 1.80 Hz, 2 H, 2-H), 7.32 (m, 6 H, 6-H and 7-H),
7.56 (dd, 3J1-H,2-H = 7.36, 4J1-H,3-H = 1.80 Hz, 2 H, 1-H), 7.65 (m,
4 H, 5-H5) ppm. 13C{1H} NMR (CDCl3): δ = 120.6, 124.7, 126.6,
127.5, 128.4, 130.1, 133.6, 133.7, 136.4, 154.8 ppm. IR (KBr pellet):
3047, 3011, 1565, 1462, 1430, 1249, 1214, 1089, 1063, 870, 800,
763, 755, 733, 696, 669 cm–1.

X-ray Crystallography: Suitable single crystals of the complexes 1,
2, 3 and 5 were grown by slow evaporation from a chloroform
solution. Compound 4 was crystallised from i-PrOH. X-ray diffrac-
tion data on 1–5 were collected at room temperature on a CCD
Smart 6000 diffractometer through the use of Mo-Kα radiation (λ
= 0.71073 Å, graphite monochromator). Data were integrated,
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Table 9. Selected crystallographic data for compounds 1–5.

Compound 1 2 3 4 5

Empirical formula C18H13ClGeS3 C18H13BrGeS3 C24H18GeS3 C14H13ClGeOS2 C24H18GeOS2

Mr [g·mol–1] 433.50 477.96 475.15 369.40 459.09
Crystal size [mm] 0.6×0.2×0.1 0.6×0.13×0.08 0.5×0.3×0.13 0.12×0.26×0.60 0.17×0.23×0.48
Crystal system monoclinic triclinic monoclinic monoclinic triclinic
Space group P21/c P1̄ P21/n P21/n P1̄
ρcalc [Mg·m–3] 1.592 1.712 1.440 1.593 1.441
Z 4 2 4 4 2
a [Å] 9.7904(6) 8.9753(9) 10.8082(9) 10.0723(9) 9.3682(8)
b [Å] 10.2618(7) 9.836(1) 14.626(1) 11.301(1) 9.3892(8)
c [Å] 18.296(1) 12.083(1) 13.961(1) 13.850(1) 12.376(1)
α [°] 90 79.655(2) 90 90 85.188(2)
β [°] 100.305(2) 72.417(3) 96.755(2) 102.297(2) 83.538(2)
γ [°] 90 66.041(2) 90 90 78.649(2)
V [Å3] 1808.5(2) 927.3(2) 2191.6(3) 1540.3(2) 1058.4(2)
µ [mm–1] 2.183 4.139 1.691 2.421 1.656
F(000) 872 472 968 744 468
GoF 0.909 0.963 0.811 0.837 0.930
Abs. correction SADABS SADABS SADABS SADABS SADABS
Reflections collected 11696 6117 14261 10798 7098
Unique reflections Rint 3540; 0.0467 3624; 0.0304 4296; 0.0568 3362; 0.0480 4167; 0.0289
R1, wR2 [I�2σ(I)] 0.0357, 0.0794 0.0440, 0.1144 0.0399, 0.0771 0.0426, 0.0892 0.0450, 0.0960
R1, wR2 (all data) 0.0566, 0.0851 0.0785, 0.1249 0.0800, 0.0859 0.0842, 0.0991 0.0770, 0.1168
Large residuals [e·Å–3] 0.715/–0.427 0.592/–0.790 0.496/–0.268 0.646/–0.322 0.524/–0.260

scaled, sorted and averaged using the SMART software package.
The structures were solved by direct methods, using SHELXTL
NT Version 5.10 and refined by full-matrix least-squares against
F2.[39] An empirical absorption correction based on the multiple
measurement of equivalent reflections was applied by using the
programme SADABS.[40] The displacement parameters of non-hy-
drogen atoms were refined anisotropically. The positions of the hy-
drogen atoms were kept fixed with a common isotropic displace-
ment parameter. Selected crystallographic data are given in
Table 9.[41]
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Cobalt compounds of the general formula [CoX2(α-diimine)],
where X = Cl or I and the α-diimines are 1,4-diaryl-2,3-di-
methyl-1,4-diaza-1,3-butadiene (Ar-DAB) and bis(aryl)-
acenaphthenequinonediimine (Ar-BIAN) were synthesized
by the direct reaction of the anhydrous cobalt salts CoCl2 or
CoI2 and the corresponding α-diimine ligand in dried
CH2Cl2. The synthesized compounds are [Co(Ph-DAB)Cl2]
(1a), [Co(o,o�,p-Me3C6H2-DAB)Cl2] (1b), and [Co(o,o�-
iPr2C6H3-DAB)Cl2] (1c) with the ligands Ar-DAB, and also
[Co(o,o�,p-Me3C6H2-BIAN)I2] (2�b) with the ligand Ar-BIAN.
The crystal structures of all the compounds were solved by

Introduction

Cobalt is a 3d transition metal element that has been
extensively studied over the last decades. Interest in cobalt
compounds arises from their participation in many different
processes, from industrial and technological applications as
catalysts to the essential role in several biological systems
of central importance in nature.[1–5]

A large number of late transition metal complexes bear-
ing α-diimine[6] ligands have been extensively studied in the
commercial production of polyolefin from ethene and pro-
pene.[7,8] However, reports on cobalt complexes containing
this type of ligands are still scarce.[9] Recently, some results
from the insertion polymerization of ethylene have been re-
ported using tetrahedral CoII complexes with related li-
gands.[10] α-Diimine ligands have also been the subject of
different studies regarding the relative binding strengths,[11]

as well as their reactivity with main group metals.[12]
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single-crystal X-ray diffraction. In all cases the cobalt atom
is in a distorted tetrahedron, which is built up of two halide
atoms and two nitrogen atoms of the α-diimine ligand. X-
band EPR measurements of polycrystalline samples per-
formed on compounds 1b, 1c, and 2�b indicate a high-spin
CoII ion (S = 3/2) in an axially distorted environment. Single-
crystal EPR experiments on compounds 1b and 1c allowed
us to evaluate the orientation of the g tensor in the molecular
frame.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Less information exists about the magnetic properties of
these types of compounds. The CoII ions can be present in
two different spin configurations (high, S = 3/2 or low, S =
1/2), but in general they adopt the high-spin configuration
when they are in distorted coordination environments. A
large amount of work has focused on the study of the mag-
netic properties of CoII compounds in different coordina-
tion environments, some of them analyzing CoII in metall-
oproteins and compounds of biological interest.[13–19] Most
of them have involved EPR spectroscopic studies on pow-
der or frozen solutions and the evaluation of thermo-
dynamic properties such as magnetic susceptibility and
magnetization. In contrast, only a small amount of work
related to high-spin CoII compounds having a low sym-
metry has been devoted to the study of the correlation
between the principal values and directions of the g ten-
sor.[20–24] This type of information, which can be only ob-
tained from oriented single-crystal EPR spectroscopic ex-
periments, is essential to understand the electronic and
magnetic properties of the systems containing CoII ion
complexes.

We report herein the synthesis and characterization of a
series of CoII complexes of general formula [CoX2(α-di-
imine)], where X = Cl or I and the α-diimines are 1,4-diaryl-
2,3-dimethyl-1,4-diaza-1,3-butadiene (Ar-DAB) or bis-
(aryl)acenaphthenequinonediimine (Ar-BIAN), namely,
[Co(Ph-DAB)Cl2] (1a), [Co(o,o�,p-Me3C6H2-DAB)Cl2] (1b),
[Co(o,o�-iPr2C6H3-DAB)Cl2] (1c), and [Co(o,o�,p-
Me3C6H2-BIAN)I2] (2�b). Their crystal structures were
solved by single-crystal X-ray diffraction. Powder samples
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of compounds 1b, 1c, and 2�b were studied by EPR spec-
troscopy. Compounds 1b and 1c were also studied by single-
crystal EPR spectroscopy. The EPR spectroscopic results
obtained from both powder and single-crystal samples were
correlated with the structures of the compounds.

Results and Discussion

General Characterization of the Compounds

The reaction of equimolar quantities of CoX2, where X
= Cl or I, and α-diimine ligands in dried CH2Cl2 at room
temperature yields crystalline solids of compounds of the
general formula [Co(α-diimine)X2] in c.a. 75 to 85% yield
(Scheme 1).

Elemental analyses, mass spectrometry, IR, X-ray, and
EPR spectroscopy were used to characterize all of the syn-
thesized compounds. The analytical data of the synthesized
compounds are shown in Table 1.

The IR spectra of the cobalt complexes recorded as Nu-
jol mulls display medium absorption bands in the region ν̃
= 1643–1621 cm–1, this is the absorption region for ν(C=N).
Bands assigned to C=N stretching vibrations of the free

Scheme 1. Synthesized complexes.

Table 1. Analytical data.

Molecular mass [gmol–1]; Microanalysis (calcd.) [%] Color
Molecular formula MS(FAB) m/z[a] C H N

1a 366.15; [L1 + H+] 237 (77%); green
C16H16CoCl2N2 [L1CoL1]2+ 265.5 (100%); 52.09 4.34 7.63

[CoL1Cl]+ 330 (36%); (52.48) (4.40) (7.65)
[L1CoL1Cl]+ 566 (71%)

1b 450.31; [L2CoCl]+ 414.2 (97%) 58.46 6.42 6.34 green
C22H28CoCl2N2 (58.68) (6.27) (6.22)

1c 576.94; 60.63 7.30 5.16 green
C28H40CoCl2N2·1/2CH2Cl2 [CoL3Cl]+ 498.3 (96%) (59.33) (7.16) (4.86)

2�b 729.30; [L4 + H+] 417.3 (16%); 49.26 4.16 3.65 brown
C30H28CoI2N2 [L4Co I]+ 602.1 (30%) (49.41) (3.87) (3.84)

[a] Ligand 1,4-diaryl-2,3-dimethyl-1,4-diaza-1,3-butadiene (Ar-DAB); L1: Ar = Ph; L2: Ar = o,o�,p-Me3C6H2; L3: Ar = o,o�-iPr2C6H3;
Ligand bis(aryl)acenaphthenequinonediimine (Ar-BIAN); L4: Ar = o,o�,p-Me3C6H2N.
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ligand were observed in the region ν̃ = 1674–1633 cm–1. The
bands in the complexes are shifted to lower wavenumbers,
which is a criterion for the coordination of both diimine
nitrogen atoms of the α-diimine ligands to the cobalt(II)
ion. Selected IR absorption bands are displayed in Table 2.

Table 2. Selected IR data in Nujol mulls (values of ν̃ given in cm–1).

Ar-DAB[a] 1 Ar-BIAN[a] 2�

a 1633 1643
b 1637 1635 1674, 1650 1621
c 1639 1641

[a] Free ligands.

Crystal Structure Descriptions

Complex 1a

The complex 1a crystallizes in an orthorhombic space
group P212121. An ATOMS[25] view of the asymmetric unit
of the crystal structure is shown in Figure 1. The cobalt
atom is in a deformed tetrahedron, which is built up of two
chloride atoms and two nitrogen atoms of the ligand [Co–
Cl1: 2.214(1) Å; Co–Cl2: 2.210(1) Å; Co–N1: 2.043(4) Å;
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Co–N2: 2.034(4) Å; Cl1–Co–Cl2: 119(1)°; N1–Co–N2:
80(1)°]. The [Co–N1–C1–C3–N2] plane is strictly planar
[maximum deviation from least-squares plane is 0.007(5) Å]
and makes an angle of 56(1)° with both phenyl groups
([C5–C10] and [C11–C16]). No hydrogen bonds have been
found in this crystal structure.

Figure 1. Molecular structure of complex 1a (ATOMS view) with
partial labeling scheme. The hydrogen atoms are omitted for clarity.
The thermal ellipsoids enclose 50% of the electronic density.

Complex 1b

The complex 1b crystallizes in a monoclinic space group
P21/c. An ATOMS view of the asymmetric unit of the crys-
tal structure is shown in Figure 2. In this case again, the
cobalt atom is in a deformed tetrahedron [Co–Cl1:
2.224(1) Å; Co–Cl2: 2.212(1) Å; Co–N1: 2.050(3) Å; Co–
N2: 2.051(3) Å; Cl1–Co–Cl2: 113(1)°; N1–Co–N2: 80(1)°].
Two nonclassical intermolecular hydrogen bonds have been
detected (PLATON software[26]) between C3 and Cl2
[H3B–CL2: 2.75(1) Å; C3–Cl2: 3.68(1) Å; C3–H3B–Cl2:
160(1)°] and C3 and Cl1 [H3C–CL1: 2.81(1) Å; C3–Cl1:
3.78(1) Å; C3–H3C–Cl1: 169(1)°]. The angle between both
phenyl groups is 14(1)° and these groups are perpendicular
to the central plane [Co–N1–C1–C2–N2] [maximum devia-
tion from least-squares plane is 0.035(2) Å] with angles of
88(1)° and 90(1)°, respectively.

Complex 1c

The complex 1c crystallizes in an orthorhombic space
group Pnma. An ATOMS view of the asymmetric unit of
the crystal structure is shown in Figure 3. The deformed

Figure 2. Molecular structure of complex 1b (ATOMS view) with partial labeling scheme. The hydrogen atoms and the solvent molecules
(CH2Cl2) are omitted for clarity. The thermal ellipsoids enclose 50% of the electronic density.
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tetrahedral site around the Co atom is characterized by the
following distances and angles: Co–Cl1: 2.197(2) Å; Co–
Cl2: 2.201(1) Å; Co–N: 2.050(3) Å Cl1–Co–Cl2: 113(1)°;
N1–Co–N2: 80(1)°. Compared to that observed in both the
previous structures, the plane containing the Co atom is not
well fitted by the least-squares planes calculation
(SHELXL-97)[27] with a maximum deviation from the plane
of 0.112(3) Å for both nitrogen atoms. This pseudo plane
makes an angle of 87(1)° with both phenyl groups (identical
by symmetry), the latter are tilted with an angle of 15(1)°,
one compared to the other. At least two nonclassical intra-
molecular hydrogen bonds have been detected (PLATON
software) between C9 and N [H9–N: 2.43(1) Å; C9–N:
2.94(1) Å; C9–H9–N: 111(1)°] and C12 and N [H12–N:
2.38(1) Å; C12–N: 2.88(1) Å; C12–H12–N: 110(1)°].

Figure 3. Molecular structure of complex 1c (ATOMS view) with
partial labeling scheme. The hydrogen atoms are omitted for clarity.
The thermal ellipsoids enclose 50% of the electronic density. Oper-
ators for generating equivalent atoms: x, y, –z +3/2.

Complex 2�b

The complex 2�b crystallizes in an orthorhombic space
group Pcca. An ATOMS view of the asymmetric unit of
the crystal structure is shown in Figure 4. The deformed
tetrahedral site around the Co atom is characterized by the
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following distances and angles: Co–I: 2.509(1) Å; Co–N:
2.05(1) Å; I–Co–I�: 111(1)°; N–Co–N�: 82(1)°. The angle
between both phenyl groups is 14(1)° and these groups
make an angle of 85(1)° with the central plane [Co–N–C1–
C1�-N�] [maximum deviation from least-squares plane is
0.001(4) Å]. It is important to note that the molecule of
complex 2�b is placed on a crystallographic mirror i.e. the
following atoms are on the mirror (see Figure 4): Co, N,
C8, C1, C2, C4, C5, C6, C7 and the corresponding equiva-
lent atoms by the following symmetry operator: –x, y, –z +
1/2. No H bond has been detected in the case of this crystal
structure. No H bond has been detected in the case of this
molecular structure.

Figure 4. Molecular structure of complex 2�b (ATOMS view) with
partial labeling scheme. The hydrogen atoms and the solvent mole-
cules (CH2Cl2) are omitted for clarity. The thermal ellipsoids en-
close 50% of the electronic density. Operators for generating equiv-
alent atoms: –x, y, –z+1/2.

EPR Measurements

The X-band EPR spectra of polycrystalline samples of
compounds 1b, 1c, and 2�b and their simulations are shown
in Figure 5. The peaks broaden at higher T and disappear
at ca. 50 K. The hyperfine structure expected for the 100%
abundant 59Co isotope (59I = 7/2) is not observed in any of
the spectra of the powder samples. The values of the g fac-
tors g1, g2, and g3 are given in Table 3 and are typical for
CoII ions with a high spin S = 3/2 configuration.[17] The
EPR spectrum obtained for compound 1a (data not shown)
is also compatible with a CoII ion in a high-spin configura-
tion, however, a broad signal detected in the range 500–
8000 Gauss and overlapping the CoII ion transitions pre-
cluded the interpretation.

In a purely tetrahedral environment, CoII has the orbital
singlet A2 at lowest energy,[13,14] and since S = 3/2, there is
a fourfold spin degeneracy. As for compounds 1b, 1c, and
2�b the sites are distorted, the fourfold spin degeneracy is
lifted into two Kramers doublets. If the distortion is high
enough (��kT) to neatly separate both doublets and the
experiments are performed at low temperatures, then the
observed spectra can be assigned to transitions between the
states of the lowest S� = 1/2 spin doublet, which is expected
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Figure 5. EPR spectra of powdered samples of compounds 1b, 1c,
and 2�b together with simulations. The EPR parameters obtained
from simulation are given in Table 3. For compound 1c, the peak
at �3300 Gauss corresponds to CuII impurities whereas the peak
at �500 Gauss corresponds to a cavity background.

Table 3. EPR parameters obtained from powder and single-crystal
samples for 1b, 1c, and 2�b. Linewidths (∆B) are in Gauss. The
components of the crystal g tensors are expressed in the abc* (c*
= a×b) and abc coordinates system for compounds 1b and 1c,
respectively. They were obtained by least-squares analyses of the
single-crystal data.

Compound 1b 1c 2�b

Powder sample

g1 4.83(5) 4.85(5) 4.87(5)
g2 4.37(5) 4.35(5) 4.71(5)
g3 2.58(9) 3.12(9) 3.08(9)
∆B1 580(20) 280(20) 580(20)
∆B2 680(20) 280(20) 480(20)
∆B3 900(20) 600(20) 800(20)

Single crystal

gaa 2.66(2) 4.47(1) –
gbb 4.83(1) 3.12(2) –
gcc 4.32(1) 4.71(1) –
gac 1.51(4) 0 –
gab 0 0 –
gcb 0 0 –

g� 2.58(2) 3.12(2) 3.08(9)
g� 2.30(1) 2.30(1) 2.40(5)
E/D 0.03 0.04 0.01

to be substantially populated.[28] The high anisotropy ob-
served is also expected for CoII compounds with a distorted
tetrahedral coordination.[29,30] Since the structural data do
not show relevant chemical paths connecting the metal sites
that could efficiently transmit exchange interactions, the
principal g values obtained from the powder spectra
(Table 3) can be considered as corresponding to isolated
CoII ions, in which the resonance lines may be broadened
by dipolar interactions. The crystal lattice of all compounds
consists of a 3D network of cobalt(II) ions, with closest
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metal center distances in the range 6.4–8.4 Å. This could be
the cause of the unobserved hyperfine structure in the EPR
powder spectra.

Single-crystal EPR spectroscopic measurements were
only performed on compounds 1b and 1c as the size of the
crystals of compounds 1a and 2�b was not appropriate for
the EPR spectroscopic experiments. In order to understand
the single-crystal EPR spectroscopic experiment, it is im-
portant to first analyze the orientation of the Co sites as
well as the symmetry operations relating them within the
unit cell. The unit cell of compound 1b contains four iden-
tical Co molecules, which are related by the symmetry oper-
ations of the space group P21/c (Figure 6a). Co1 at the ge-
neral position (x,y,z) is related to Co2 by a C2b rotation, as
well as Co3 to Co4. Co1 and Co2 are related to Co3 and
Co4, respectively, by an inversion. From the magnetic point
of view, this compound can be assumed as having two mag-
netically nonequivalent molecules per unit cell, because the
Co sites related by an inversion are indistinguishable for
EPR spectroscopy.

Figure 6. (a) Projection along a of the four CoII ions and their li-
gands in the unit cell for compound 1b. (b) Projection along b of
the four CoII ions and their ligands in the unit cell for compound
1c.

Compound 1c also has four identical Co molecules in
the unit cell, related by the symmetry operations of the
space group Pnma (Figure 6b). Co1 at the special position
(x,1/4,z) is related to Co2, Co3, and Co4 by C2b, C2a, and
C2c rotations, respectively. These operations determine that
there are two CoII ion pairs magnetically equivalent per
crystal plane, and also that the four Co sites are magneti-
cally equivalent along the crystal a,b,c axes. The Co mole-
cule has a mirror plane defined by the CoII ion and the two
Cl ligands, which is parallel to the ca plane. This particular
local symmetry together with the space orientation of the
Co molecules in the unit cell determines that the nonequiva-
lent pairs of CoII ions are equivalent in the planes ab and
cb.

Single-crystal EPR spectra were recorded with the mag-
netic field in three orthogonal crystal planes as explained
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in the experimental section. In all the planes and for the
two compounds we observed one resonance line for all
magnetic field orientations, except around the b axis in the
orthorhombic compound 1c. In the planes ab and cb the
signals become very broad around 90°, presumably because
of a nonresolved hyperfine structure and therefore the posi-
tion of the resonances in this zone could not be precisely
evaluated. The position of the resonance line was obtained
by least-squares fitting to a single Lorentzian line shape.
Figure 7 shows the angular variation of the g factor as a
function of the magnetic field orientation for both com-
pounds. The data in Figure 7 were least-squares fitted to a
second rank tensor g2(θ,φ) = h.g.g.h, in which h = sinθcosφ,
sinθsinφ, cosθ, is the magnetic field orientation, and g is the
crystal g tensor defined as the average of the molecular g
tensors of the nonequivalent CoII ions in the crystal lattice.
The results are given in Table 3 and were used to obtain the
solid lines in Figure 7. The overall symmetry of the evalu-
ated g tensors follows the symmetry determined by the
space group of each compound.

Figure 7. Angular variation of the g factor obtained from oriented
single-crystal EPR spectroscopic measurements of compounds 1b
and 1c at 9.65 GHz and T = 4.6 K. The solid lines in both plots
were calculated with the components of the g2 tensor given in
Table 3.

As discussed above, the angular variation of the g factor
in the orthorhombic compound 1c can be associated with
a single CoII ion in the planes ab and cb. By contrast, in
the ca plane we would expect two resonance lines corre-
sponding to the pairs Co1–Co2 and Co3–Co4. However,
only one signal with a nearly isotropic angular variation
was registered in this plane, which corresponds to the mir-
ror Cl–Co–Cl plane. This fact can be due to either collapse
by exchange interactions or resonance lines with similar g
factors. Taking into account that from the structural data
we can discard the first possibility, the observed behavior
can only be explained assuming two resonance lines with
similar g factors, which cannot be resolved by the EPR
spectroscopic experiment at the X-band.
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The orientation of the molecular g tensor for compound

1c in the molecular frame can be evaluated from both the
analysis of the geometry of coordination of the metal site
and the EPR spectroscopic results. One eigenvector must
correspond to the b crystal axis (0, 1, 0) because, as ex-
plained above, the planes ab and cb are associated with a
single CoII ion and the angular variation of the g factor is
symmetric around the b crystal axis (g3 = 3.12). Thus, the
two remaining eigenvectors must be in the Cl–Co–Cl plane.
The Co molecule can be considered as having a local
pseudo-C2 symmetry axis (–0.760, 0, 0.650) determined by
the intersection of the Cl–Co–Cl plane (parallel to the ca
crystal plane) and the N–Co–N plane. This C2 symmetry
axis must correspond to another eigenvector. The direction
of the third eigenvector is straightforward (0.650, 0, 0.760).
The orientation of the g tensor is shown in Figure 8. This
experiment allowed us to identify the eigenvalue along the
b crystal axis, but not the remaining two eigenvalues be-
cause the single EPR line observed in the ca plane corre-
sponds to two overlapping resonance lines associated with
the pairs Co1–Co2 or Co3–Co4. However, they should
correspond to the highest g values (4.35–4.85) of the g ten-
sor obtained from the EPR powder spectra. Because of the
above discussed nonequivalence of the cobalt ions in the ca
plane both eigenvalues can be assigned to any of the g1 and
g2 eigenvectors. The g-tensor orientation of compound 1c
is similar to that determined in the pseudo-tetrahedral
dichlorobis(triphenylphosphaneoxide)cobalt(II) com-
pound.[21] This compound shows rhombic EPR spectra (g1

= 5.67, g2 = 3.69, g3 = 2.16) with the two lowest g values
approximately included in the Cl–Co–Cl plane. Compound
1c presents a nearly axial signal, with the lowest g value (g3)
lying along the normal to the Cl–Co–Cl plane. The main
structural difference between both compounds is that 1c
contains the stronger N ligands instead of O ligands. On
the other hand, EPR spectroscopic studies performed on a
square-pyramidal CoII complex showed that small devia-
tions of the ideal C4 site symmetry lead to important
changes in the EPR spectroscopic properties of high-spin
CoII ions.[22] Clearly, additional experimental work on a
larger number of high spin CoII compounds with different
structural characteristics is necessary to clarify how the dif-
ferent EPR spectroscopic properties can be correlated with
differences in the coordination environment of the metal
ion.

Figure 8. Orientation of the principal axes of the g tensor for the
CoII site in compound 1c. The direction cosines referring to the
crystal axes are: (–0.760, 0, 0.650), (0.650, 0, 0.760), and (0, 1, 0)
for g1, g2, and g3 = 3.12, respectively. g1 and g2 can take either the
values 4.35 and 4.85, respectively, or vice versa.
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Structural data for compound 1b show Co sites with co-
ordination environments and space orientations similar to
that of 1c, but the local symmetry is lower (the local mirror
plane cannot be defined in this case) and the Cl–Co–Cl
plane is twisted by nearly 10° from the cb crystal plane (Fig-
ure 6a and b). The structural similarities are reflected in
Figure 7: a nearly isotropic g factor was obtained in the
plane c*b, and the lowest g value corresponds to a direction
close to the normal of the Cl–Co–Cl plane. However, hav-
ing nonresolved lines in the ab and cb planes precludes de-
termining the g tensor associated with single CoII ions. De-
spite its lower symmetry, the coordination around CoII ions
in both compounds shows no significant differences and we
expect a g tensor orientation similar to that shown in Fig-
ure 8 for 1b. Although we were not able to perform single-
crystal EPR experiments on compounds 2�b, the EPR spec-
troscopic data from powdered samples are similar for the
three compounds. Consequently, we also expect similar g
tensor orientation for the compounds in which I substitutes
for Cl, but single-crystal experiments are necessary to con-
firm this hypothesis.

After this phenomenological assignment has been made,
one wonders whether it might be possible to relate the
highly anisotropic g factors corresponding to the effective
S� = 1/2 of the lowest Kramers doublet with the distortions
affecting the overall state of S = 3/2. The appropriate spin
Hamiltonian within the S = 3/2 can be written as [Equation
(1)]

where D and E are the axial and rhombic zero-field split-
ting parameters, respectively. The quantization axis z is as-
sumed to be along the axial distortion. In principle, it is not
required to assume that g will have its principal axes along
any of these directions.

An effective Hamiltonian within the lowest S� = 1/2 (cor-
responding to either the originals |3/2, ±3/2� or the |3/2,
±1/2� states) Kramers doublet can be obtained under the
form[31–34]

Heff = µBBg�S�
If the ground state is that derived from to the original

|3/2, ±1/2� doublet and if one assumes now that the princi-
pal axes of g coincide with that of the axial distortion such
that gz = g� and gx = gy = g�, one gets g�z = g� while g�x =

2g�(1 –
3

2
·
E

D
) and g�y = 2g�(1 +

3

2
·
E

D
). Note that g�x, g�y,

and g�z correspond to g2, g1, and g3, respectively, given in
Table 3. The experimental data are not consistent with as-
signing the ground state to that derived from the original
|3/2, ±3/2� doublet, in which g�z = 3g� while g�x � 0 and
g�y � 0, which indicates a positive sign for the zero-field
splitting parameter D. EPR data obtained from Cs3CoCl5
and Cs3CoBr5 complexes have been analyzed assuming a
negative value for the D parameter,[35] and EPR spectro-
scopic results obtained from bis[dihydrobis(1-pyrazolyl)-
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borato]CoII have been interpreted assuming transitions
|3/2, ±3/2�.[36] In contrast, our EPR spectroscopic data
indicate a |3/2, ±1/2� ground state, in line with both theo-
retical and experimental results obtained from other pseu-
dotetrahedral CoII compounds.[20,21]

According to the previous discussion, adopting a coordi-
nate system in which the z axis lies along the g3 direction (in
compound 1c this coincides with the crystal b axis), leads to
g�z = g�. One can also estimate g� by using the other two
eigenvalues obtained from the powder spectra, e.g. g� �
(g�x + g�y)/4. On the other hand, under the same assump-
tions, one gets

Table 3 shows these parameters obtained for the three
compounds using this model. The results indicate a weak
rhombic distortion for all the compounds.

Conclusions

A series of cobalt(II) complexes of general formula
[Co(α-diimine)X2], 1a, 1b, 1c, and 2�b, have been synthe-
sized by the direct reaction of equimolar quantities of the
corresponding cobalt dihalide and the α-diimine ligand in
dried CH2Cl2 in c.a. 75 to 85% yield. Single-crystal X-ray
structural data for all compounds show in all cases that the
cobalt atom is in a distorted tetrahedral coordination,
which is built by two halide atoms and two nitrogen atoms
of the α-diimine ligand. X-band EPR measurements in
polycrystalline samples performed on 1b, 1c, and 2�b indi-
cate high-spin CoII (S = 3/2) in an axially distorted environ-
ment. The single-crystal EPR spectroscopic experiment al-
lowed us to determine the g-tensor orientation for a low
symmetry CoII compound. Structural and EPR spectro-
scopic results suggest similar g-tensor orientations for all
the compounds and the electronic properties of the CoII

ions seem to be independent of the type of halide coordi-
nated to the metal site.

Experimental Section
General Procedures and Materials

All reactions and manipulations of solutions were performed under
an argon atmosphere using Schlenk techniques. Solvents were rea-
gent grade and were dried according to literature methods. CoCl2
and CoI2 were purchased from Aldrich and the α-diimine ligands
were synthesized as described elsewhere.[37]

Physical Methods

Infrared spectra were recorded as Nujol mulls on NaCl plates using
a Mattson Satellite FTIR spectrometer. Elemental analyses were
performed at the Analytical Services of the Laboratory of
REQUIMTE. Mass spectra were recorded using an HP298S GC/
MS system by the Mass Spectra Service of the Universitat Autò-
noma de Barcelona, Spain.

X-band CW EPR spectra of polycrystalline samples and single-
crystal samples were taken at 4.6 K with a Bruker EMX spectrome-
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ter using a rectangular cavity with 100 kHz field modulation, and
equipped with an Oxford continuous flow cryostat. The EPR pa-
rameters of powdered samples were obtained from spectral simula-
tions using the program Simfonia (v. 1.25, Bruker Instruments
Inc.). Powder samples for EPR spectroscopy were obtained by
grinding single crystals.

The samples for the single-crystal EPR spectroscopic measure-
ments were oriented by gluing the cb and ca faces of 1b and 1c,
respectively, to a cleaved KCl cubic holder, which defines a set of
orthogonal laboratory axes. The habit of the crystals was deter-
mined by measuring the angles between crystal faces using a gonio-
metric microscope. The sample holder was introduced into a 4 mm
OD quartz tube, and positioned in the center of the microwave
cavity (see ref.[38] for details). The tubes were attached to a gonio-
meter and the sample was rotated in steps of 10° with the magnetic
field in three crystal planes.

Synthesis of Complexes

Synthesis of [Co(o,o�,p-Me3C6H2-DAB)Cl2] (1b): A suspension of
CoCl2 (0.26 g, 2 mmol) in CH2Cl2 (20 mL) was treated with a yel-
low solution of o,o�,p-Me3C6H2-DAB, (0.64 g, 2 mmol) in CH2Cl2
(30 mL), a color change was observed almost immediately from the
blue of the initial suspension to green. The mixture was left stirring
at room temperature for about 2 h until everything was dissolved.
The solution was filtered, and concentrated by vacuum removal of
the solvent. A green crystalline solid precipitated, which was sepa-
rated by filtration, washed with diethyl ether (2×10 mL) and petro-
leum ether (2×10 mL), and then recrystallized from hot CH2Cl2.
1b (0.76 g) was obtained in 85% yield.

Compounds 1a and 1c were obtained by this method. Yields ob-
tained were between 75 and 85%. Compounds 1a, 1b, and 1c are
moisture sensitive.

Synthesis of [Co(o,o�,p-Me3C6H2-BIAN)I2] (2�b): A green suspen-
sion of CoI2 (0.16 g, 0.5 mmol) in CH2Cl2 (20 mL) was treated with
a red solution of o,o�,p-Me3C6H2-BIAN (0.21 g, 0.5 mmol) in
CH2Cl2 (30 mL). The mixture quickly turned to a red-wine color,
and it was stirred overnight until everything was dissolved. After
filtration of the solution the solvent was partially removed leaving
a dark-red solid, which was separated by filtration, washed with
petroleum ether (2×10 mL), and then recrystallised from CH2Cl2/
petroleum ether. 2�b (0.29 g) was obtained in 78% yield.

Crystallography: Single crystals of complexes 1a, 1b, 1c, and 2�b
were mounted on a Nonius Kappa-CCD area detector dif-
fractometer (Mo-Kα λ = 0.71073 Å). The complete conditions of
data collection (DENZO software) and structure refinements are
given below. The cell parameters were determined from reflections
taken from one set of 10 frames (1.0° steps in phi angle), each at
20 s exposure. The structures were solved by direct methods
(SHELXS97) and refined against F2 using the SHELXL97 soft-
ware.[27] The absorption was not corrected. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were generated
according to stereochemistry and refined using a riding model in
SHELXL97. Some disorders have been fixed for solvent molecules
in the case of 1b and 2�b complexes (for details, see the correspond-
ing cif files). The fully-labeled ORTEP views have been deposited
as supplementary materials. CCDC-297433–297436 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

1a: Green single crystal, dimension: 0.10×0.10×0.10 mm.
C16H16Cl2CoN2, M = 366.14 gmol–1; orthorhombic; space group
P212121; a = 10.5880(4) Å; b = 8.2160(3) Å; c = 19.1880(9) Å; Z =
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4; Dcalcd. = 1.457 gcm–3; µ(Mo-Kα) = 1.342 mm–1; a total of 14084
reflections; 2.20° � θ � 30.00°, 4806 independent reflections with
3211 having I�2σ(I); 191 parameters; final results: R1 = 0.1149;
wR2 = 0.1256, Gof = 1.179, Flack x; 0.00(7), maximum residual
electronic density = 0.614 eÅ–3.

1b: Green single crystal, dimension: 0.10×0.08×0.03 mm.
C22H28Cl2CoN2, CH2CL2, M = 535.22 gmol–1; monoclinic; space
group P21/c; a = 12.686(5) Å; b = 14.514(5) Å; c = 14.180(5) Å;
β = 90.76(5)°; Z = 4; Dcalcd. = 1.362 gcm–3; µ(Mo-Kα) =
1.079 mm–1; a total of 9800 reflections; 2.13° � θ � 29.98°, 7555
independent reflections with 4498 having I�2σ(I); 268 parameters;
final results: R1 = 0.0733; wR2 = 0.2063, Gof = 1.037; maximum
residual electronic density = 1.177 eÅ–3.

1c: Green single crystal, dimension: 0.13×0.10×0.08 mm.
C28H40Cl2 CoN2, M = 534.45 gmol–1; orthorhombic; space group
Pnma; a = 10.4110(10) Å; b = 12.707(2) Å; c = 21.311(4) Å; Z = 4;
Dcalcd. = 1.259 gcm–3; µ(Mo-Kα) = 0.816 mm–1; a total of 33608
reflections; 1.91° � θ � 29.83°, 3965 independent reflections with
2385 having I�2σ(I); 154 parameters; final results: R1 = 0.0614;
wR2 = 0.2027, Gof = 0.825, maximum residual electronic density
= 0.324 eÅ–3.

2�b: Brown single crystal, dimension: 0.08×0.07×0.06 mm.
C30H28CoI2N2, 0.2(C4H10O), M = 744.10 gmol–1; orthorhombic;
space group Pcca; a = 16.769(3) Å; b = 11.676(2) Å; c =
18.313(3) Å; Z = 4; Dcalcd. = 1.378 gcm–3; µ(Mo-Kα) = 2.219 mm–1;
a total of 9862 reflections; 1.74° � θ � 30.04°, 5230 independent
reflections with 3769 having I�2σ(I); 168 parameters; Final re-
sults: R1 = 0.0710; wR2 = 0.2249, Gof = 1.049, maximum residual
electronic density = 1.424 eÅ–3.
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The compound [BiP(SiPh2tBu)2]2 (1), featuring a Bi–Bi double
bond and two Bi–P single bonds, has been obtained from the
reaction of BiCl3 with the lithium phosphanide LiP(SitBuPh2)2.
As a byproduct of this transmetallation/redox reaction the di-
phosphane P2(SitBuPh2)4 (2) has been isolated. This com-
pound shows a remarkably short P–P bond due to π interac-
tions of the phosphorus atoms. The reaction of the dilithium

Introduction

Organobismuth compounds containing Bi–Bi bonds are
of considerable interest because of their chemical and physi-
cal properties.[1] In contrast to the extensive investigation of
dibismuthanes,[2] very few dibismuthenes are known as yet.
The first evidence for a Bi–Bi double bond was observed in
the compound (Tbt)Bi=Bi(Tbt),[3] where Tbt = 2,4,6-[(Me3-

Si)2CH]3C6H2. The compounds [BiC6H3-2,6-Mes2]2 and
[BiC6H3-2,6-Trip2]2 (Mes = 2,4,6-Me3C6H2, Trip = 2,4,6-
iPr3C6H2), also featuring Bi–Bi double bonds, were ob-
tained by Power et al.’s group.[4] On the other hand, the use
of less bulky substituents expands the knowledge in the
field of the homonuclear cyclic and polycyclic compounds
of bismuth. A remarkable development in the last years is

Scheme 1. Synthesis of compounds 1–3.
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phosphandiide Li2PSitBuPh2 with BiCl3 yielded the bicyclic
compound [Bi2(PSiPh2tBu)4] (3), exhibiting a Bi–Bi single
bond. NMR studies of 3 show the availability of four different
P atoms, as observed in the crystal structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the synthesis of the first cyclo-R4Bi4 [R = (Me3Si)2CH][5]

compound in equilibrium with the cyclo-R3Bi3 species. Par-
allel work described the isolation of [(Me3Si)3Si]4Bi4 and
the bicycle [(Me3Si)3Sn]6Bi8.[6] Molecular compounds con-
taining Bi–P bonds are still rare, and for that reason we
investigate whether sterically demanding phosphanyl
groups can be used for the synthesis of new polynuclear
bismuth compounds. We report here on the synthesis and
crystal structures of the new binuclear bismuth compounds
[BiP(SiPh2tBu)2]2 (1) and [Bi2(PSiPh2tBu)4] (3) as well as
the diphosphane P2(SitBuPh2)4 (2) (Scheme 1).

Results and Discussion

By reaction of (tBuPh2Si)2PLi with BiCl3 in molar ratio
3:1 the dibismuthene [BiP(SiPh2tBu)2]2 (1) and the diphos-
phane P2(SiPh2tBu)4 (2) were obtained. Compound 1 forms
red crystals and crystallises in the triclinic space group P1̄
with the centre of inversion located in the middle of the
molecule (Figure 1). The X-ray investigation revealed that
1 exists as a binuclear complex. There are no significant
intermolecular Bi···Bi contacts between the Bi atoms of ad-
jacent molecules because of the large steric requirement of
the (tBuPh2Si)2P substituents. The molecule shows a trans
conformation, a structural feature represented by the ma-
jority of the previously known organobismuth compounds
with a Bi–Bi double bond.[3,4,7] In particular, cis forms of
dibismuthenes have been described in tungsten pentacar-
bonyl complexes.[8] The bismuth atoms and the phosphorus
atoms show a planar alignment. The Bi–Bi bond length is
282.1 pm, which is in the usual range for double bonds be-
tween bismuth atoms. Similar Bi–Bi bond lengths of 282.1
and 283.3 pm, for example, can be observed in (TbtBi)2

[3]

and (2,6-Mes2C6H3Bi)2,[4] whereas in [RBi=BiR{W-
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(CO)5}2][8] (R = Me3CCH2, Me3SiCH2) these bonds are
slightly longer (287.7–300.2 pm). The Bi–P bonds are
264.8 pm long. In the BiIII phosphide complex [Bi-
(P3tBu3)2]–, described by Wright and co-workers, the Bi–P
bonds are between 263.0 and 291.1 pm long.[9] The Bi–Bi–
P angle of 89.38° provides evidence for the very low ten-
dency of bismuth to take part in hybridisation; the double
bond is mostly composed from the orthogonally placed p
orbitals.[10] Relatively wider Bi–Bi–C angles of 92.5° and
100.5° are observed in the structurally analogous dibis-
muthenes, mentioned above. One reason for the very low
value of the Bi–Bi–P angle in 1 could be attractive interac-
tions between Bi(1) and P(1�) [and Bi(1�) and P(1)]. The
distances between these atoms are, at 386.5 pm, consider-
ably shorter than the sum of the van der Waals radii
(430 pm).

Figure 1. Molecular structure of 1 (ORTEP, thermal ellipsoids set
at the 30% probability level). Hydrogen atoms are omitted for clar-
ity. Selected bond lengths [pm] and angles [°]: Bi(1)–Bi(1�)
282.06(9), Bi(1)–P(1) 264.82(17), P(1)–Si(1) 227.3(3), P(1)–Si(2)
228.9(2); Bi(1�)–Bi(1)–P(1) 89.38(4), Bi(1)–P(1)–Si(1) 103.91(8),
Bi(1)–P(1)–Si(2) 95.12(7), Si(1)–P(1)–Si(2) 110.78(9).

The 31P{1H} NMR spectrum of 1 in [D8]THF displays
one singlet at δ = –202.0 ppm. Compound 1 is stable in the
solid but decomposes in THF solution within a few days,
with formation of 2, (tBuPh2Si)2PH, elemental bismuth as
well as different oligophosphanes.

The second product of the transmetallation/redox reac-
tion of BiCl3 and (tBuPh2Si)2PLi is the diphosphane 2. It
crystallises in the space group P1̄ and is composed of two
diorganophosphorus moieties, linked through a P–P single
bond (Figure 2). Because of the steric effects of the bulky
silyl groups, the geometry at each phosphorus atom is es-
sentially planar (sum of bond angles: 353.8°) and the P(Si-
tBuPh2)2 fragments show a twisted arrangement. An inter-
esting aspect of the structure is the relatively short P–P
bond length of 217.3 pm in comparison with the corre-
sponding values in organophosphanes such as P2Ph4

(221.7 pm) and tBu4P6 (219.2–220.8 pm).[11,12] It seems that
the twist structure and the almost planar environment of
the phosphorus atoms is favourable for bond shortening

Eur. J. Inorg. Chem. 2006, 4770–4773 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4771

due to some π bonding.[13] A similar explanation has re-
cently been given for the short P–P bond in Hittorf’s phos-
phorus.[14]

Figure 2. Molecular structure of 2 (ORTEP, thermal ellipsoids set
at the 30% probability level). Hydrogen atoms are omitted for clar-
ity. Selected bond lengths [pm] and angles [°]: P(1)–P(2) 217.31(13),
P(1)–Si(1) 230.33(13), P(1)–Si(2) 231.16(15), P(2)–Si(3) 230.30(13),
P(2)–Si(4) 231.12(14); P(1)–P(2)–Si(3) 108.62(5), P(1)–P(2)–Si(4)
125.36(5), P(2)–P(1)–Si(1) 108.55(6), P(2)–P(1)–Si(2) 124.81(6),
Si(1)–P(1)–Si(2) 119.93(5), Si(3)–P(2)–Si(4) 119.36(5).

The reaction of tBuPh2SiPLi2 with BiCl3 in molar ratio
3:2 affords the bicycle [Bi2(PSiPh2tBu)4] (3), which can be
isolated in the form of red crystals. The compound crystal-
lises in the triclinic space group P1̄. It is constructed of five-
membered P3Bi2 and three-membered PBi2 rings sharing a
common bridgehead (Figure 3). Of particular interest is the
appearance of P–P and Bi–Bi single bonds in the molecule,
obviously due to a reduction of the Bi atoms and corre-
sponding oxidation of the P atoms. The central Bi2P4 unit
features a nonplanar array; the plane through Bi(1), Bi(2),
P(4) is virtually perpendicular to the Bi2P3 ring. Examina-
tion of the bond lengths and angles found in the bicyclic
core of 3 indicates that there is a considerable amount of
strain in this arrangement. The fold angles P(1)–Bi(1)–P(4)
and P(3)–Bi(2)–P(4) are 82.65° and 103.36°, respectively.
The comparatively large difference between these angles re-
sults from the manner of orientation of the sterically de-
manding silyl groups coordinated to P(1) and P(3). The
tBuPh2Si substituent of P(1) is in trans position to the
Bi(1)–P(4) bond, whereas the silyl group bonded to P(3) is
in cis position to the Bi(2)–P(4) bond. The torsion angles
Si(3)–P(3)–Bi(2)–P(4) and Si(1)–P(1)–Bi(1)–P(4) are 49.1°
and 134.0° respectively. A similar structural pattern has
been observed for the analogous antimony species
[Sb2(PSiPh2tBu)4] in the course of our investigations.[15] The
homonuclear bicyclic compound tBu4P6 reported by
Baudler and co-workers however shows an all-trans ar-
rangement of the tBu groups.[12] The Bi–Bi bond is
294.1 pm and therefore shorter than the corresponding
bond lengths in the structures of already known dibis-
muthanes, such as Ph4Bi2 (299.0 pm)[2a] and (Me3Si)4Bi2
(303.5 pm).[2b] The bond shortening is possibly a conse-
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quence of the fact that the Bi2 moiety is bridged by the
P(4) atom. The P–P and Bi–P bonds in 3 are 221.5 pm and
268.6 pm on average.

Figure 3. Molecular structure of 3 (ORTEP, thermal ellipsoids set
at the 30% probability level). Hydrogen atoms are omitted for clar-
ity. Selected bond lengths [pm] and angles [°]: Bi(1)–Bi(2) 294.2(2),
Bi(1)–P(1) 266.3(6), Bi(1)–P(4) 269.2(6), Bi(2)–P(3) 269.3(6), Bi(2)–
P(4) 269.5(6), P(1)–P(2) 221.9(8), P(2)–P(3) 221.2(7), P(1)–Si(1)
229.8(7), P(2)–Si(2) 232.0(8), P(3)–Si(3) 227.2(8), P(4)–Si(4)
227.7(9); Bi(1)–Bi(2)–P(4) 56.86(2), Bi(2)–Bi(1)–P(1) 90.26(2),
Bi(2)–Bi(1)–P(4) 56.95(2), Bi(1)–P(4)–Bi(2) 66.19(4), Bi(1)–P(1)–
P(2) 111.2(3), Bi(1)–P(3)–P(2) 113.1(2), P(1)–P(2)–P(3) 101.2(3),
P(1)–Bi(1)–P(4) 82.65(8), P(3)–Bi(2)–P(4) 103.36(8).

The structure of 3 can be deduced from the 31P{1H}
NMR spectrum, which shows, at room temperature, two
triplet signals at δ = –77 ppm and δ = –265.5 ppm for the
P(2) and P(4) atoms, respectively. An additional broad sig-
nal appears at δ = –115 ppm. At +70 °C two triplet signals
and one doublet of doublets can be observed, which is con-

Table 1. Crystallographic data of 1–3.[16]

1 2 3

Empirical formula C64H76Bi2P2Si4 C64H76P2Si4·2Et2O C64H76Bi2P4Si4
Space group P1̄ P1̄ P1̄
Formula units 1 2 2
Temperature [K] 200 200 200
a [pm] 961.72(2) 1403.6(3) 1400.3(3)
b [pm] 1114.6(2) 1644.3(3) 1424.9(3)
c [pm] 1651.9(3) 1748.4(4) 2157.2(4)
α [°] 71.52(3) 66.97(3) 106.36(3)
β [°] 87.71(3) 69.99(3) 92.13(3)
γ [°] 68.79(3) 71.44(3) 118.87(3)
Volume [Å3] 1560.0(5) 3409.1(12) 3539.0(12)
Density [gcm–3] 1.530 1.138 1.407
2θ range [°] 3–49 3–48 2–45
Reflections measured 9429 14639 17447
Independent reflections 5044 (Rint = 0.0371) 9570 (Rint = 0.0254) 8825 (Rint = 0.0797)
Independent reflections with Fo � 4σ(Fo) 4593 7717 5634
Parameters 325 671 667
µ(Mo-Kα) [mm–1] 5.798 0.177 5.158
R1 0.0474 0.0609 0.0739
wR2 (all data) 0.1263 0.1738 0.1531
Residual electron density [e Å–3] –1.957/1.063 –0.862/1.29 –2.91/1.92
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sistent with chemically identical P(1) and P(3) atoms
(AM2X spin system, 1JP,P = 400, 2JP,P = 87 Hz). At –50 °C
the 31P{1H} NMR spectrum of 3 shows four multiplets,
corresponding to four different P atoms, as observed in the
crystal structure (Table 1).

As can be shown by the synthesis of compound 1, steri-
cally demanding disilylphosphanid ligands can be used for
the kinetic stabilisation of unusual bonding situations.
Hence they are an alternative to the frequently used bulky
silyl or aryl groups such as Si(SiMe3)3 or 2,6-Mes2C6H3.
R3SiP fragments, however, can be used to build up binary
polycycles, as can be seen from the synthesis of compound
3.

Experimental Section
All manipulations were carried out under rigorous exclusion of
oxygen and moisture, using a Schlenk line and nitrogen atmo-
sphere. Solvents were dried and freshly distilled before use. The
starting material tBuPh2SiPH2 was prepared by LiCl-elimination
reaction of tBuPh2SiCl with [(dme)LiPH2] in THF, in the manner
described by us previously.[15] BiCl3 was obtained from Aldrich and
used as received. The 31P NMR spectra were recorded with Bruker
AC 250 and a Bruker Avance 300 spectrometers.

(tBuPh2Si)2PH: This compound was isolated as a byproduct from
the synthesis of tBuPh2SiPH2 and could be obtained as colourless
crystals by recrystallisation of the distillation residue from n-pen-
tane.[15] C32H39PSi2 (510.81): calcd. C 75.24, H 7.70; found C 75.23,
H 7.83. 1H NMR (C6D6): δ = 1.21 [s, C(CH3)3, 18 H], 1.82 (d, PH,
1JP,H = 200.1 Hz, 1 H), 7.04 (m, o-Ph, 8 H), 7.10 (m, p-Ph, 4 H),
7.60 (m, m-Ph, 8 H) ppm. 13C{1H} NMR (C6D6): δ = 20.8 [d,
C(CH3)3, 2JP,C = 12.4 Hz], 28.3 [d, C(CH3)3, 3JP,C = 2.6 Hz], 127.7
(s, Ph), 129.3 (s, Ph), 134.7 (d, JP,C = 5.7 Hz, Ph), 136.8 (d, JP,C =
3.3 Hz, Ph) ppm. 29Si{1H} NMR (C6D6): δ = 4.9 (d, 1JP,Si =
36.6 Hz) ppm. 31P NMR (C6D6): δ = –267 (d, 1JP,H = 200.1 Hz)
ppm. IR (KBr): ν̃ = 3071 (m), 3043 (m), 2964 (s), 2930 (s), 2892
(m), 2856 (s), 2295 (m), 1959 (w), 1896 (w), 1820 (w), 1776 (w),
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1588 (w), 1567 (w), 1486 (w), 1470 (m), 1426 (s), 1389 (m), 1359
(m), 1309 (w), 1262 (w), 1188 (m), 1157 (w), 1102 (vs), 1028 (w),
1007 (m), 934 (m), 846 (w), 816 (s), 740 (s), 698 (vs), 620 (w), 597
(s), 561 (w), 518 (vs), 483 (s), 454 (s), 402 (m) cm–1.

1 and 2: Butyllithium solution (0.37 mL, 1.6 ) was added to a
solution of (tBuPh2Si)2PH (0.3 g, 0.59 mmol) in Et2O (10 mL) at
0 °C. After warming to room temperature, the solution of
(tBuPh2Si)2PLi was added to a suspension of 0.06 g (0.2 mmol)
BiCl3 in 10 mL Et2O at –60 °C. Subsequently the red mixture was
slowly warmed to room temperature while stirring and then agi-
tated overnight. The solution was reduced to 5 mL in vacuo. After
filtration and cooling to 0 °C red crystals of 1 were obtained within
a few hours. Subsequent reduction of the volume to 3 mL in vacuo
and cooling of the solution for two days yielded a second crystal
fraction consisting of 1 and colourless crystals of 2.

1: Yield: 0.12 g (41.7%). C64H76Bi2P2Si4 (1437.56): calcd. C 53.47,
H 5.33; found C 53.84, H 5.32. 1H NMR ([D8]THF): δ = 1.21 (s,
CCH3, 36 H), 7.28 (m), 7.50 (m), 7.54 (m): SiPh (40 H) ppm.
29Si{1H} NMR ([D8]THF): δ = 13.9 (m) ppm. 31P{1H} NMR
([D8]THF): δ = –202.0 (s) ppm. IR (KBr): ν̃ =3132 (w), 3049 (m),
2961 (s), 2928 (s), 2889 (m), 2855 (s), 1958 (w), 1895 (w), 1822 (w),
1587 (w), 1567 (w), 1468 (m), 1426 (s), 1388 (w), 1360 (w) 1309
(w), 1262 (m), 1188 (w), 1155 (vw), 1099 (vs), 1006 (m), 935 (w),
884 (w) 814 (s), 737 (s), 701 (vs), 593 (s), 523 (vs), 485 (m), 408 (w)
cm–1. UV/Vis: λ (ε in Lmol–1 cm–1) = 820 (shoulder, 100), 564
(2944), 466 nm (shoulder, 1180).

2: Yield: about 0.02 g after sorting by hand. No satisfying elemen-
tal analysis can be obtained because of co-crystallisation of com-
pound 1. 1H NMR ([D8]toluene): δ = 1.20 (s, CCH3, 36 H), 7.06
(m), 7.19 (m), 7.57 (m): SiPh (40 H) ppm. 29Si{1H} NMR ([D8]-
toluene): δ = 8.1 (pseudo-t, JPSi = 18.2 Hz) ppm. 31P{1H} NMR
([D8]toluene): δ = –199.8 (s) ppm. MS (EI = 70 eV, 180 °C): m/z
(%) = 1019 (22) [M+], 961 (3.4) [M+ – tBu], 904 (4.4) [M+ – 2 tBu],
779 (21) [M+ – SitBuPh2], 722 (36) [M+ – SitBuPh2 – tBu], 665 (37)
[M+ – SitBuPh2 – 2 tBu], 453 (100) [M+/2 – C4H8], 397 (100) [M+/
2 – 2 C4H8].

3: Butyllithium solution (1.1 mL, 1.6 ) was added to a solution of
tBuPh2SiPH2 (0.24 g, 0.88 mmol) in Et2O 5 mL) at 0 °C. After stir-
ring for 10 min, this solution was added to a suspension of BiCl3
(0.19 g, 0.59 mmol) in Heptan (20 mL) at –70 °C. The reaction mix-
ture was warmed up to room temperature and then stirred for an
additional 16 h. Some of the solvent (20 mL) was removed in
vacuo. The resulting black-green solution was filtered to remove
the precipitated LiCl and elemental bismuth and cooled to –35 °C.
Red crystals of 3 were obtained over a period of some days. Yield:
0.1 g (22.6%). C64H76Bi2P4Si4 (1499.5): calcd. C 51.26, H 5.11;
found C 51.63, H 5.30. 1H NMR (C6D6): δ = 1.36 (s, SitBu, 9 H),
1.39 (s, SitBu, 9 H), 1.52 (s, SitBu, 18 H), 6.86 (m), 7.15 (m), 7.36
(m), 7.58 (m), 7.80 (m), 8.06 (m): SiPh (40 H) ppm. 31P{1H} NMR
([D8]toluol, 70 °C): δ = –256.6 (t, 2JPP = 87 Hz),
–113 (dd, 1JPP = 400 Hz, 2JPP = 87 Hz), –73.7 (t, 1JPP = 400 Hz)
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ppm. 31P{1H} NMR ([D8]toluol, –50 °C): –82.3 (m), –102.0 (m),
–145.1 (m), –279.5 (m) ppm. IR (KBr): ν̃ 3132 (w), 3068 (m), 3046
(m), 3013 (w), 2959 (s), 2925 (s), 2889 (m), 2854 (s), 1955 (w), 1890
(w), 1822 (w), 1719 (w), 1586 (w), 1565 (w), 1484 (w), 1468 (m),
1426 (s), 1389 (m), 1361 (m) 1303 (w), 1262 (m), 1192 (w), 1156
(vw), 1100 (vs), 1008 (m), 936 (w), 853 (w) 814 (s), 737 (s), 699 (vs),
620 (w), 595 (m), 516 (vs), 484 (s), 405 (m) cm–1.

CCDC-606897 to -606899 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Cu/Zn/Al Xerogels and Aerogels Prepared by a Sol–Gel Reaction as Catalysts
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ZnO/Al2O3, CuO/Al2O3, and CuO/ZnO/Al2O3 xerogels and
aerogels have been prepared by a sol–gel route using propyl-
ene oxide as gelation initiator. For aerogel preparation, the
solvent was extracted with supercritical CO2. Calcination of
these xerogels and aerogels was followed by thermogravime-
try (TG), and the microstructure of these calcined xerogels
and aerogels was investigated by TEM, powder XRD, EX-
AFS, and nitrogen physisorption (BET, BJH). The oxide mix-
tures CuO/Al2O3 and CuO/ZnO/Al2O3 were also studied by
temperature-programmed reduction (TPR), and their cata-

Introduction
Cu/ZnO/Al2O3 catalysts are widely used for the indus-

trial synthesis of methanol, for methanol reforming, and for
the water-gas shift reaction, and have therefore been inten-
sively investigated in the last few decades.[1–3] Various meth-
ods have been developed for the preparation of Cu/ZnO/
Al2O3 catalysts. The differences in preparation methods,
synthesis conditions, and pre-treatment have a considerable
influence on the structure of the catalysts, which finally
leads to disparities in the catalytic performance. It is gen-
erally accepted that a large specific Cu surface area leads
to an active methanol synthesis catalyst.[1,4] In addition, the
metal–support interaction plays a key role in this catalytic
reaction.[1,2,5,6]

Catalyst preparation usually involves complex processes
and the performance of the final product is very sensitive
to rather subtle changes in the synthetic procedures.[7–11]

Copper/zinc oxide nanocomposites are usually prepared by
co-precipitation from aqueous solutions. Typically, a mixed
solution of copper and zinc salts (frequently nitrates or ace-
tates) is prepared and the precipitation of both carbonates
is induced by the addition of sodium or ammonium carbon-
ate whilst stirring, followed by drying and calcination.[8,9,12]
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lytic activity in the formation of methanol from CO/CO2/H2

synthesis gas was measured. The aerogels have a higher spe-
cific surface area and a higher Cu surface area than the cor-
responding xerogels, which results in a higher catalytic ac-
tivity for methanol synthesis. The presence of ZnO signifi-
cantly increases the catalytic activities of both the xerogel
and the aerogel.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

The particle size and crystallinity of the products can be
adjusted by varying the pH, the reactant concentrations, the
stirring rate, the duration of precipitation and aging, and
the calcination conditions.[13] Günter et al. have investigated
binary Cu/ZnO catalysts with varying Cu/Zn molar ratios
(90:10 to 10:90) and found that the precursor phase compo-
sition directly influences the resulting Cu microstructure
and, in turn, the performance of the Cu/ZnO catalyst.[8]

The effect of pH on the composition of the precursors and
the activity of the Cu/ZnO/Al2O3 catalysts for methanol
synthesis has been studied by Fang et al.,[14] and Deng et
al. have prepared ultra-fine Cu/ZnO/Al2O3 catalysts by an
oxalate gel co-precipitation.[15] The obtained catalysts show
a high activity in methanol synthesis. A non-aqueous orga-
nometallic route has been developed by Fischer et al. and
uniform copper/zinc nanoparticles (“nanobrass“) were ob-
tained with [Cu{OCH(Me)CH2NMe2}2] and Et2Zn as pre-
cursors.[16] Schüth et al. have reported that colloidal copper
nanoparticles prepared by reduction of copper acetylace-
tonate with trialkylaluminum are highly active for quasi-
homogeneous methanol synthesis.[17] We have reported the
preparation of copper/zinc nanocomposites by the thermol-
ysis of dimetallic copper/zinc cyanide coordination com-
pounds under mild conditions.[18–21] For instance, the cop-
per/zinc cyanide compound [Zn{Cu(CN)3}] was precipi-
tated by both a batch-wise and a continuous synthesis
method. Depending on the ligands in the complex and the
thermolysis conditions, the activity towards methanol syn-
thesis could be controlled.[21]

The sol–gel route can be considered as a very interesting
way of preparing catalysts because of the possibility to con-
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trol many variables involved in the synthesis.[22] Tradition-
ally, the sol–gel method has involved the use of metal alk-
oxide precursors that readily undergo catalyzed hydrolysis
and condensation to form a sol of metal oxide particles
with nanoscale dimensions (1–100 nm).[22] This route has
proven to be an efficient, easy, and successful approach for
the preparation of SiO2-, Al2O3-, and ZrO2-based porous
materials.[23] A novel sol–gel technique was recently devel-
oped for the preparation of transition and main-group
metal oxide aerogels, xerogels, and nanocomposites.[24] This
method involves the use of epoxides as gelation initiators in
the preparation of porous metal oxides such as Fe2O3,
Al2O3, and Cr2O3.[25,26] Here we report the sol–gel prepara-
tion and catalytic performance of Cu-, Zn-, and Al-based
di- and trimetallic nanocomposites by this method.

Results and Discussion

Synthesis

Metal oxide aerogels and xerogels can be prepared di-
rectly from metal salts using epoxides as gelation initia-
tors.[27,28] These initiators, which act as irreversible proton
scavengers, induce the hydrolysis and condensation of hy-
drated metal cations. The initiators consume the protons
from the hydrated metal species and enhance the sol–gel
condensation reaction. The protonated epoxide is ulti-
mately consumed during gelation by a ring-opening reac-
tion with a suitable nucleophile. In this work, propylene
oxide was used as gelation initiator and the gel formed
within 30–60 min in ethanol solution. No shrinkage was
observed either during the gelation process or in the drying
process with supercritical carbon dioxide. However, shrink-
age was observed after drying in air to a xerogel. As a re-
sult, the obtained oxide xerogels and aerogels exhibit very
low densities, especially the latter. Different combinations
of metals were realized.

Thermolysis of the Zn/Al and Cu/Zn/Al Xerogels and
Aerogels

The thermal decomposition of the air-dried xerogels and
the aerogels to the corresponding oxides was studied by
thermogravimetry (TG).[29] The decomposition behavior
showed only a small dependence on the composition of the
gel, i.e. the ratio of Cu/Zn/Al or the drying procedure (air-
drying or extraction with supercritical CO2). Figure 1 shows
the TG and DTA curves of a Cu/Zn/Al air-dried xero-
gel (1:1:1) under dynamic oxygen atmosphere. The first
peak is a broad endothermal one with a maximum at about
92 °C, which is probably due to the loss of residual volatile
solvent (ethanol or water). The subsequent exothermal
peaks at 160, 245, and 260 °C can be attributed to the oxi-
dation of residual organic compounds, which is in good
agreement with the literature.[28] The total weight loss is
about 60%. A similar behavior has been observed for the
other samples, although with slight temperature variations
of the exothermal peaks.
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Figure 1. TG and DTA analysis of the Cu/Zn/Al dried xerogel
(1:1:1) under dynamic oxygen atmosphere (5 Kmin–1), leading to
an intimate mixture of CuO, ZnO, and Al2O3.

ZnO/Al2O3 Xerogels

TEM images of the calcined ZnO/Al2O3 xerogel with dif-
ferent Zn/Al ratios are shown in Figure 2. The particles in
Figure 2a have a typical particle diameter of 10 nm. When
the Zn/Al ratio was increased to 2:1, the homogeneity de-
creased, with particle sizes up to 30 nm (Figure 2b).

Figure 2. TEM images of ZnO/Al2O3 calcined xerogels (400 °C)
with different Zn/Al molar ratios: a) Zn/Al = 1:2; b) Zn/Al = 2:1.

The structure of the sol–gel products depends on the type
and concentration of the polyoxometalates present during
the formation of the condensed gel.[26] The nature of these
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transient species is determined by a number of synthesis
parameters, such as the reaction pH, solvent, temperature,
ionic strength of the solution, as well as the compositions
in the case of mixed species. XRD studies showed that the
crystallinity of the Zn/Al oxides is strongly affected by the
Zn/Al ratio (Figure 3). ZnO/Al2O3 is X-ray amorphous for
a Zn/Al ratio of 1:2, thus indicating the absence of long-
range order. However, for a 2:1 ratio the crystallinity in-
creases significantly, as indicated by peaks originating from
ZnO nanocrystals corresponding to the presence of larger
particles in the TEM image. The Al2O3 phase is always X-
ray amorphous.

Figure 3. XRD patterns of ZnO/Al2O3 calcined xerogels
(400 °C) with different Zn/Al molar ratio. All peaks in the upper
diffractogram correspond to ZnO.

A closer look at the structure of the ZnO/Al2O3 calcined
xerogel (400 °C) was obtained by EXAFS (Figure 4 and
Table 1). In the Zn K-edge Fourier transform magnitudes,
the first shell of Zn–O in ZnO is clearly present in both
samples. The Zn–Zn shells at about 3 Å, however, are dif-
ferent for different Zn/Al ratios. For the sample with a Zn/
Al ratio of 1:2 the Zn–Zn peak is almost invisible. The ab-
sence of Zn neighbors around Zn suggests a high structural
disorder or a dispersion of ZnO in Al2O3 on the atomic
scale. This dispersion can be beneficial when these ZnO/
Al2O3 oxide mixtures are used as a support for metallic Cu
catalysts in methanol synthesis. The Zn–Zn peak is much
stronger for the 2:1 sample, thereby indicating the presence
of ZnO nanocrystals; this is in good agreement with the
XRD and the TEM results. In both cases, the coordination
number of the Zn–Zn shell is much less than 12, which is
the crystallographic coordination number of crystalline
ZnO. We conclude that an appropriate concentration of
Al2O3 can effectively disperse ZnO and inhibit the forma-
tion of crystalline ZnO.

Table 1. Results of EXAFS fits of ZnO/Al2O3 calcined xerogels (Zn K-edge; 9659 eV).

Zn/Al molar ratio R(Zn–O) N(Zn–O) σ2(Zn–O) R(Zn–Zn) N(Zn–Zn) σ2(Zn–Zn)
[Å] [Å2 �103] [Å] [Å2 �103]

1:2 1.95 3.5 7.7 3.52 0.6 1.97
2:1 1.96 3.7 6.1 3.21 7.3 13.2

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4774–47814776

Figure 4. Zn K-edge EXAFS raw data (a) and Fourier transform
magnitudes (b) of ZnO/Al2O3 calcined xerogels (400 °C) with dif-
ferent Zn/Al molar ratio. Solid line: experimental data; dotted line:
fit data.

Nitrogen physisorption isotherms and the corresponding
pore-size distributions of porous ZnO/Al2O3 samples are
shown in Figure 5. The isotherms of both samples have
significant hysteresis loops that are associated with the fill-
ing and emptying of mesopores by the condensate. ZnO/
Al2O3 with a Zn/Al ratio of 1:2 has the smallest pore size
and the narrowest distribution (Figure 5b). The pore sizes
are in the range of 5–10 nm. With increasing Zn concentra-
tion, the pore size increases and the distribution is broad-
ened considerably. When the Zn/Al ratio is 2:1 the pore
sizes are in the range of 5–25 nm.
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Figure 5. Nitrogen physisorption isotherms (a) and pore-size distri-
bution (b) of ZnO/Al2O3 calcined xerogels (400 °C) with different
Zn/Al ratios.

The BET surface area and the pore volume derived from
nitrogen physisorption are listed in Table 2. An increase of
the Zn concentration leads to a decrease of the BET surface
area. A maximum surface area of 144 m2 g–1 was obtained
for ZnO/Al2O3 with a Zn/Al ratio of 1:2, and this material
also exhibits a smaller pore size and a narrower size distri-
bution. The pore volume was found to be 0.42 cm3 g–1 for
the sample with a Zn/Al ratio of 2:1. Baumann et al. have
prepared Al2O3 aerogels by the same method and obtained
a specific surface area of 289 m2 g–1, an average pore dia-
meter of 32 nm, and pore volume of 2.6 cm3 g–1.[26] We con-
clude that the presence of Zn leads to smaller pores and a
smaller specific surface area than with Al2O3 alone.

Table 2. BET surface area and pore volume of ZnO/Al2O3 calcined
xerogels (400 °C).

Zn/Al molar ratio BET surface area Pore volume
[m2 g–1] [cm3 g–1]

1:2 144 0.36
2:1 116 0.42

Copper-Containing Xerogels and Aerogels (Cu/Al and
Cu/Zn/Al Systems)

The industrial catalyst in methanol synthesis contains
metallic copper, zinc oxide, and aluminum oxide, therefore
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the synthesis was extended to copper as the third compo-
nent. Xerogels were obtained by simple drying in air. Aero-
gels were also prepared with these systems to obtain sam-
ples with a high specific surface area. Supercritical point
drying of the wet gels with CO2 gave highly porous, fluffy
materials with an effective density of about 0.9 gcm–3. The
aerogels are blue and then turn black after calcination at
400 °C. The Al2O3 phase is X-ray amorphous in both the
calcined xerogels and the aerogels. The XRD patterns of
both the CuO/Al2O3 and the CuO/ZnO/Al2O3 calcined
xerogels show strong CuO peaks, as shown in Figure 6a,
with ZnO as a crystalline phase in the latter case. The ZnO
peaks are weak, thereby indicating a good dispersion and a
small crystallite size. The decrease of the CuO peak inten-
sities can be attributed to an improved dispersion due to
the presence of ZnO. Compared to the calcined xerogels,
the calcined aerogels exhibit weaker CuO and ZnO contri-
butions characterized by broad peaks (Figure 6b). We con-
clude that the dispersions of both Cu and Zn are improved
by the drying process with supercritical CO2.

Figure 6. XRD patterns of CuO/Al2O3 and CuO/ZnO/Al2O3 cal-
cined xerogels (a) and calcined aerogels (b). The marked peaks
correspond to CuO (*) and ZnO (o), respectively.

Nitrogen physisorption of the CuO/Al2O3 and the CuO/
ZnO/Al2O3 aerogels gave their pore-size distributions,
which are broad in both cases (Figure 7). A narrow distri-
bution in the range of 5–10 nm was obtained for the Zn/
Al xerogel (see above). However, the Cu/Al aerogel gave a
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distribution from 2 nm up to more than 30 nm. The pres-
ence of Zn narrows the pore-size distribution slightly and
reduces the average pore size, as indicated by the shift of
the peak maximum to smaller pore diameters.

Figure 7. Pore-size distribution of CuO/Al2O3 and CuO/ZnO/
Al2O3 calcined aerogels derived from nitrogen physisorption iso-
therms.

The CuO particle size and size distribution have a con-
siderable influence on the reduction behavior.[30] For large
CuO particles, the reduction of near-surface CuII species
can occur at lower temperature.[31] The reduction of the
bulk then appears at higher temperature. For small par-
ticles, the reduction may be very fast so that separate peaks
or shoulders cannot be observed. In addition, the reduction
behavior becomes even more complex due to the presence
of CuZnOx

[32] and CuAl2O4.[33]

The TPR spectra of the calcined CuO/Al2O3 xerogels
and aerogels are shown in Figure 8. In both samples the
reduction of CuO occurs in three steps, presumably due to
intermediate phases like Cu2O[34] and the broad particle-
size distribution. The first reduction step of the xerogel is
characterized by a broad shoulder. The reduction starts at
about 140 °C for both aerogel and xerogel. The peak maxi-
mum of the aerogel appears at 176 °C, a lower temperature
than that of the xerogel, for which it appears at 220 °C. The
shift of the peak to higher temperature can be attributed to
an increased particle size of CuO. The reduction of the
CuO/ZnO/Al2O3 xerogel occurs in two steps, as indicated
by a peak and a shoulder on the left-hand side (Figure 8c),
although the aerogel gave only one peak (Figure 8d). The
peak maxima appear at 166 °C and 197 °C for the aerogel
and xerogel, respectively. The reduction temperature is
lower than those of the corresponding CuO/Al2O3 aerogel
(176 °C) and xerogel (220 °C), which can be attributed to
an increased dispersion of CuO. Obviously, ZnO plays a
key role in the dispersion of CuO by increasing the metal–
support interaction. The intermediate phases during the re-
duction are clearly different with or without ZnO, as re-
flected by the different reduction behaviors. The CuO con-
tents of the samples were derived from the TPR spectra.
The results were found to be in good agreement with the
results obtained by AAS elemental analysis (Table 3). This
confirms that the reduction of CuO during TPR is com-
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Figure 8. TPR patterns of CuO/Al2O3 (1:1) and CuO/ZnO/Al2O3

(1:1:1) calcined xerogels and aerogels at a heating rate of 1 Kmin–1

in H2/He: a) CuO/ZnO (1:1) xerogel; b) CuO/ZnO (1:1) aerogel; c)
CuO/ZnO/Al2O3 (1:1:1) xerogel; d) CuO/ZnO/Al2O3 (1:1:1) aero-
gel.
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Table 3. CuO contents in the CuO/Al2O3 and CuO/ZnO/Al2O3 samples.

Samples CuO/Al2O3 CuO/Al2O3 CuO/ZnO/Al2O3 CuO/ZnO/Al2O3

calcined xerogel calcined aerogel calcined xerogel calcined aerogel

CuO [gcat
–1] Cu/Al = 1:1 Cu/Al = 1:1 Cu/Zn/Al = 1:1:1 Cu/Zn/Al = 1:1:1

by TPR 50.9 wt-% 52.7 wt-% 39.3 wt-% 34.2 wt-%
by AAS 50.4 wt-% 50.5 wt-% 38.6 wt-% 34.2 wt-%

Table 4. BET surface area, Cu surface area and catalytic activity for methanol synthesis of Cu/Zn/Al calcined xerogels and aerogels.

Sample BET surface area Pore volume Specific Cu surface area Catalytic activity in methanol synthesis[a]

[m2 g–1] [cm3 g–1] [m2 g–1]

CuO/Al2O3 xerogel 34 – 3.7 2.0%
(Cu/Al = 1:1) aerogel 222 1.03 5.2 4.0%

CuO/ZnO/Al2O3 xerogel 57 – 2.6 4.9%
(Cu/Zn/Al = 1:1:1) aerogel 175 0.85 6.0 22%

[a] The activity of the industrial standard catalyst (ICI) was used as reference and set to 100%.

plete, and that the consumption of H2 by other phases can
be excluded.

Catalytic Activities of Cu-Containing Xerogels and
Aerogels

The specific surface area of the samples was determined
by nitrogen physisorption. Different drying methods (air or
supercritical CO2) have a significant influence on the sur-
face area (Table 4). The porous microstructure of the wet
gel is better preserved by supercritical drying, resulting in a
higher specific surface area. High specific pore volumes (as
much as 1 cm3 g–1) were found, compared to about
0.4 cm3 g–1 for the ZnO/Al2O3 calcined xerogel (Table 2).
The specific Cu surface area,[4] as determined by N2O reac-
tive frontal chromatography, is given in Table 4. The higher
Cu surface area of the Cu/Al or Cu/Zn/Al calcined xerogels
leads to a higher catalytic activity, and both aerogels show
a much higher activity in methanol synthesis than the corre-
sponding xerogels. The presence of ZnO also improves the
catalytic activities. In the 1:1 Cu/Al xerogels, the catalytic
activity increases from 2.0% to 4.9% despite a smaller spe-
cific Cu surface area. The higher activity of the ternary aero-
gel can be attributed to a strong metal–support interaction,
as supported by the XRD and TPR investigations. We note
that the presence of Zn2+ or Cu2+ leads to a smaller specific
surface area and a lower pore volume, but also to a smaller
average pore size.

Conclusions

A sol–gel route has been employed to prepare Cu/Zn/
Al xerogels and aerogels with propylene oxide as gelation
initiator. ZnO can be atomically dispersed in Al2O3 in xero-
gels in a wide range of Zn concentrations. A higher Cu dis-
persion is found in the aerogels than in the xerogels, which
leads to a higher specific surface area, a higher Cu surface
area, and a higher catalytic activity in methanol synthesis.
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The presence of ZnO increases the catalytic activities in
both the xerogel and aerogel, which we attribute to a strong
metal–support interaction. The sol–gel method is easy to
apply and well suited to the preparation of binary or ter-
nary catalysts for methanol synthesis.

Experimental Section

Preparation of ZnO/Al2O3, CuO/Al2O3, and CuO/ZnO/Al2O3

Xerogels and Aerogels: Cu(NO3)2·3H2O (Merck, 98%), Zn(NO3)2·
6H2O (Merck, 98%), and Al(NO3)3·9H2O (Merck, 98%) were used
as metal precursors, and propylene oxide (Acros, 99%) was used as
gelation initiator.[20–22] Metal nitrates of different compositions
were dissolved in absolute ethanol (typically 10–20 mL) to give a
clear solution with a total metal ion concentration of 1 . Propyl-
ene oxide was then added to the solution. The molar ratio of pro-
pylene oxide to the molar sum of the metal ions was 10:1. After
stirring at room temperature for 10 min, the reaction mixture was
transferred into a closed vessel. A wet gel formed within 30–60 min.
This wet gel was allowed to age at room temperature for 24 h in
the closed vessel and then soaked in a bath of absolute ethanol for
24 h to exchange the water from the pores of the gel. Note that the
water is the water of crystallization of the starting salts. The ex-
change of water with ethanol was performed twice. The air-dried
xerogel was then obtained by drying of the gel under air at room
temperature for 5–6 d. For the preparation of an aerogel, the ob-
tained wet gel was soaked in a bath of acetone for 24 h to exchange
the ethanol and water from the pores. The exchange was repeated
twice. A CO2 critical point dryer (BAL-TEC, CPD 030) was then
used to dry the wet gel. The acetone in the pores was extracted
with liquid CO2 6–8 times at 10 °C and 5.0 MPa. After that, the
temperature was increased to 40 °C and the pressure to 7.5 MPa
to give supercritical CO2. The autoclave was then depressurized
over about 1 h to give the aerogel. For calcination, the air-dried
xerogel or aerogel was heated to 400 °C at a rate of 3 Kmin–1 under
a dynamic air atmosphere in a tubular reactor to give an intimate
mixture of CuO, ZnO, and Al2O3. The reactor was held at that
temperature for 3 h, and then cooled to room temperature. After
calcination, all copper-containing samples were black due to CuO
formation and the other ones were white. Table 5 lists all prepared
samples.
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Table 5. Prepared samples of different compositions and molar ra-
tios.

Xerogel ZnO/Al2O3 ZnO/Al2O3 CuO/Al2O3 CuO/ZnO/Al2O3

Zn/Al = 2:1 Zn/Al = 1:2 Cu/Al = 1:1 Cu/Zn/Al = 1:1:1
Aerogel CuO/Al2O3 CuO/ZnO/Al2O3

Cu/Al = 1:1 Cu/Zn/Al = 1:1:1

Characterization: Thermogravimetry was carried out with a
Netzsch STA 409 TG-DTA/DSC instrument. Samples were heated
from room temperature to 1000 °C at a rate of 5 Kmin–1 under
dynamic O2 atmosphere at a flow rate of 50 mLmin–1. The struc-
ture of the resulting products was studied by TEM with a Philips
CM 200 FEG instrument. Powder XRD was carried out at room
temperature in transmission mode at the B2 beamline at HASY-
LAB with monochromatic radiation or with a Siemens D5000 in-
strument with Cu-Kα radiation. EXAFS was carried out at the E4
beamline at HASYLAB/DESY in transmission mode at 77 K. The
programs SPLINE and XFIT[35] were used for quantitative data
evaluation. Theoretical standards were computed with the program
FEFF 6.01a.[36] The amplitude reduction factor, So

2, was fixed to
1. Variation parameters were the bond lengths, the coordination
numbers, the Debye–Waller factors (σ2), and the zero-energy cor-
rection (Eo). The specific surface area was determined by nitrogen
physisorption at 77 K (BET method). The pore-size distribution
was obtained using the BJH method from the desorption branch
of the isotherms. Temperature-programmed reduction (TPR) was
carried out for the calcined xerogels and aerogels. About 0.1 g of
the sample was placed in a quartz reactor. The reduction was per-
formed under flowing diluted H2 (4.2 vol-% H2 in He) by increasing
the temperature to 240 °C at 1 Kmin–1 and maintaining that tem-
perature for 1 h. The active surface area of Cu was determined by
N2O reactive frontal chromatography at 300 K.[37] Atomic absorp-
tion spectroscopy (AAS) was performed with a Thermo Electron
Corporation instrument (M series) to determine the copper content
of the samples.

Catalytic Activity Measurements: Catalytic measurements were per-
formed in a high-throughput 49-parallel channel reactor.[38] The
catalyst (100 mg diluted with 200 mg of quartz per well) was placed
in a sample holder consisting of a stainless-steel cartridge closed at
the bottom by a stainless-steel sinter metal frit. Prior to the cata-
lytic measurements, the catalysts were reduced with H2 at 245 °C
according to the procedure for the commercial benchmark catalyst
ICI Katalco 51-8. Before measuring the catalytic activity, all sam-
ples were equilibrated for 3 h (reaction pressure: 4.5 MPa; reaction
temperature: 245 °C; analytic flow: 20 mLmin–1). The reaction gas
consisted of 70 vol-% H2, 24 vol-% CO, and 6 vol-% CO2. A double
GC system (HP GC 6890) equipped with a methanizer FID was
used for online gas analysis. Oxo product separation (H3COH,
HCOOCH3, H3CCOOCH3, H3CCH2OH) was carried out on a
SuppelcoWAX 0.53 mm column and CO, CO2, and CH4 were sepa-
rated on a Carboxen 1006 column. Methanol productivities for all
measured samples were compared to the productivity of the indus-
trial benchmark catalyst ICI Katalco 51-8.
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The system consisting of copper/zinc L-tartrate mixed crys-
tals has been systematically explored in the whole range
from pure copper tartrate to pure zinc tartrate. Mixed crystal
L-tartrates were prepared and their thermochemical behav-
iour under oxygen was investigated. Oxidic precatalysts
(CuO/ZnO) for catalytic tests in methanol synthesis were pre-
pared by mild thermolysis of the mixed tartrates in air at
300 °C. Catalytic tests were performed with a multi-channel

Introduction

Methanol is the most important chemical base material
due to its use as a solvent or as a parent compound for
the industrial synthesis of higher organic compounds.[1] The
industrial synthesis of methanol is typically carried out with
synthesis gas containing H2, CO and CO2 with Cu/ZnO/
Al2O3 as catalyst, which is prepared by reduction of a CuO/
ZnO/Al2O3 precatalyst.[2–8] These oxide composites are usu-
ally prepared by thermolysis of co-precipitated hydroxycar-
bonate precatalysts in which all three metals are present.[9]

Despite numerous experimental and theoretical studies, the
catalytic processes on the surface of the bulk catalysts are
not yet fully understood.[9–15] The activities of the obtained
catalysts depend on many factors. To reduce the number of
factors that influence the performance of the catalyst, the
catalytic system is often limited to the system Cu/ZnO.
Even then, the thermolysis temperature and pressure, the
reduction temperature and the composition remain impor-
tant external factors.[3–5,7,9,11,12,16] In the case of dinuclear
complexes that contain both copper and zinc, the thermoly-
sis is always complex due to the decomposition of the corre-
sponding anions.[17,18] It was our goal to find a precursor
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parallel reactor. The catalytic activity shows a maximum at
about equal amounts of copper and zinc whereas the specific
surface area (BET surface) increases strongly when going
from CuO to ZnO. This system offers a convenient, inexpen-
sive route to CuO/ZnO precatalysts with adjustable composi-
tions that avoids all other metals during preparation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

that contains both metals in one solid phase (to achieve
a good interaction in the final catalyst) and which can be
decomposed at moderate temperature (to avoid sintering to
larger crystals). Mixed copper/zinc -tartrates turned out to
be well suited for this purpose because their synthesis is
straightforward and also because inorganic counterions like
alkali metals or carbonate can be avoided.

Results and Discussion

Preparation

Metal -tartrates (MTTs) with different ratios of Cu/Zn
were prepared in aqueous solution by precipitation from
copper acetate and zinc acetate with -tartaric acid (H2TT)
[Equation (1)].

xCu(OAc)2 + yZn(OAc)2 + H2TT �
CuxZnyTT·nH2O + 2HOAc; x + y = 1 and n � 3 (1)

Note that the only counterion is acetate, which remains
quantitatively in solution. At a final tartrate concentration
of 0.05  large single crystals were obtained after slow crys-
tallisation. Unfortunately, these were always twinned and
not suitable for single-crystal X-ray structure analysis. At a
higher final tartrate concentration of 0.2  a fast precipi-
tation occurred and the product was obtained as a micro-
crystalline powder. These microcrystalline samples were
used for all experiments described below. In all cases we
obtained hydrates of the mixed tartrates in which the water
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Table 1. Elemental analysis results of the anhydrous copper/zinc tartrates after removal of water of crystallisation at 130 °C. The molar
fractions of Cu and Zn can be derived from the formulae in the last column. They correspond well to the expected molar fraction (first
three columns).

Sample Expected Found Calcd. Calculated formulae from elemental
[mol-%] [wt.-%] [wt.-%] analysis (normalised to C4)
Cu Zn Cu Zn C H O C4H4O6CuxZny

CuTT 100 0 29.25 0.00 22.28 2.22 46.26 C4H4.75O6.24Cu1Zn0

Cu0.9Zn0.1TT 90 10 26.86 2.62 22.06 2.20 46.28 C4H4.75O6.30Cu0.92Zn0.09

Cu0.8Zn0.2TT 80 20 24.29 4.95 22.33 2.21 46.23 C4H4.71O6.22Cu0.82Zn0.18

Cu0.7Zn0.3TT 70 30 22.11 7.47 22.46 2.16 45.81 C4H4.59O6.12Cu0.75Zn0.25

Cu0.6Zn0.4TT 60 40 18.88 10.79 22.51 2.03 45.80 C4H4.30O6.11Cu0.64Zn0.35

Cu0.5Zn0.5TT 50 50 15.21 14.96 22.28 2.00 45.55 C4H4.28O6.14Cu0.51Zn0.49

Cu0.4Zn0.6TT 40 60 11.22 19.24 22.29 2.03 45.23 C4H4.33O6.10Cu0.38Zn0.63

Cu0.3Zn0.7TT 30 70 8.42 22.18 22.20 2.00 45.21 C4H4.30O6.12Cu0.29Zn0.73

Cu0.2Zn0.8TT 20 80 5.71 25.44 22.29 1.98 44.59 C4H4.28O6.01Cu0.19Zn0.84

Cu0.1Zn0.9TT 10 90 2.95 28.47 22.30 2.01 44.28 C4H4.30O5.97Cu0.10Zn0.94

ZnTT 0 100 0.00 31.10 22.21 2.03 44.67 C4H4.36O6.04Cu0Zn1

loss starts at room temperature. In order to obtain anhy-
drous samples with a defined stoichiometry the products
were fully dehydrated at 130 °C in air. Elemental analysis
(Table 1) showed that the compositions of the samples were
in good accordance with the intended composition, i.e. that
all metal ions present in solution were also present in the
same ratio in the precipitate. The Cu/Zn ratio was thereby
easily controlled by variation of the ratio of copper/zinc in
solution. Unfortunately, it was not possible to synthesise a
ternary precursor that also contains aluminium by precipi-
tation or crystallisation due to the high solubility of
Al2TT3.

Crystal Structures, Powder Diffraction Patterns and
Precursor Morphology

The structures of the hydrates ZnTT·2.5H2O[19] and
CuTT·3H2O[20] are both known. These compounds are not
isostructural. No structural data are available in the litera-
ture for Cu/Zn tartrate mixed crystals. The crystal struc-
tures of anhydrous copper -tartrate and zinc -tartrate are
also unknown. However, after the removal of water of crys-
tallisation all precursor samples were still crystalline ac-
cording to X-ray diffractometry. The diffraction patterns of
copper and zinc -tartrate are similar, but still distinguisha-
ble (Figure 1). The change between the two structures oc-
curs around an equimolar ratio of copper/zinc. Because the
single-crystal structures are not known, it is not possible to
draw safe conclusions about the phases that are present.
However, the powder diffractograms clearly indicate that
two structurally different phases of dimetallic tartrate pre-
cursors are present, both of which contain copper and zinc
in the same phase.

The morphology of the Cu/Zn dimetallic tartrates was
studied by SEM (Figure 2). The particle shape depended
on the ratio of the two metals, but all samples were micro-
crystalline, as also supported by the narrow X-ray diffrac-
tion peaks in Figure 1.
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Figure 1. Powder diffraction patterns of the mixed Cu/Zn tartrates.
Top: overview; bottom: magnification of selected samples.

Thermogravimetric Analysis

Three MTT samples were heated to 500 °C under pure
oxygen (50 mLmin–1) at 5 Kmin–1. The thermolysis occurs
in one step and is accompanied by sharp exothermic DTA
peaks (Figure 3). Incidentally, the exothermic nature of the
thermolysis (combustion) was clear from the observation
that the sample glowed red in the furnace, even at 300 °C
(autocatalytic oxidation by oxygen). The onset temperature
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Figure 2. Scanning electron micrographs of the tartrates CuTT (A),
Cu0.7Zn0.3TT (B), Cu0.3Zn0.7TT (C) and ZnTT (D).

of thermolysis increases with increasing zinc content. The
mass increase above 250 °C for CuTT can be ascribed to
an oxidation of the initially formed Cu2O to CuO. Interest-

Figure 3. Top: Thermogravimetric measurements of CuTT,
Cu0.5Zn0.5TT and ZnTT under a dynamic oxygen atmosphere. Bot-
tom: The mass loss is accompanied by sharp exothermic DTA
peaks in all three cases, indicating local combustion processes.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4782–47864784

ingly, such a mass increase was not observed for
Cu0.5Zn0.5TT, which means that this sample is directly con-
verted into CuO/ZnO during the combustion step. The ob-
tained final masses at 500 °C (CuTT: 36.7 wt.-%;
Cu0.5Zn0.5TT: 38.4 wt.-%; ZnTT: 37.3 wt.-%) correspond
well to the calculated masses (CuO from CuTT: 37.5 wt.-
%; CuO/ZnO from Cu0.5Zn0.5TT: 37.8 wt.-%: ZnO from
ZnTT: 38.1 wt.-%). The final products contained neither
carbon nor hydrogen (by elemental analysis). The external
morphology of the tartrate crystals is preserved in the as-
sembly of the product crystals (Figure 4). Note that Schmid
and Felsche have reported that the thermolysis of copper
tartrate under inert gas (argon) leads to copper metal.[21]

Figure 4. Scanning electron micrographs of the oxide samples ob-
tained after thermogravimetry of CuTT (A), Cu0.5Zn0.5TT (B) and
ZnTT (C) under oxygen (500 °C). Note the preservation of the
morphology of the original large crystals.

Thermolysis in Air and Morphologic Studies

Larger amounts of the oxide samples for catalytic studies
were prepared by thermolysis in air at 300 °C for 24 h,
followed by slight mechanical grinding. Note that a ther-
molysis at 250 °C for 48 h gave very similar results. The
lowermost temperature necessary for complete thermolysis
was chosen in order to avoid sintering of the reaction prod-
ucts to larger crystals. Note that a small crystallite size is
important for the catalytic performance.[22] A high specific
copper surface area is also important for a good catalytic
performance.[2,23] The diffraction pattern of the product
from CuTT shows the presence of Cu2O and CuO. In con-
trast, all mixed oxide samples that contain copper contain
only CuO and ZnO. ZnTT leads to ZnO after thermolysis
(Figure 5). Under these conditions, the precursor mor-
phology is better conserved and the surface of the former
tartrate crystals is smoother (Figure 6).
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Figure 5. Powder diffraction patterns of oxide mixtures obtained
by thermolysis in air at 300 °C (24 h) and containing CuO (x;
tenorite; JCPDS no. 481548) and ZnO (o; wurtzite; JCDPS no.
361451).

Figure 6. Scanning electron micrographs of the oxide samples ob-
tained by thermolysis of CuTT (A), Cu0.7Zn0.3TT (B),
Cu0.3Zn0.7TT (C) and ZnTT (D) in air at 300 °C (24 h).

Catalytic Activity

The oxide samples were tested regarding their ability to
catalyze the formation of methanol from synthesis gas (CO,
CO2 and H2). The CuO/ZnO mixture was reduced directly
in the catalytic reactor to Cu/ZnO with H2. The Cu/Zn ratio
had a remarkable influence on the catalytic activity, show-
ing a clear maximum for an approximately equimolar ratio
of Cu and Zn (Figure 7). Although the thermolysis was per-
formed at moderate temperatures, the catalytic activities are
low in comparison to an industrial benchmark catalyst (set
to 100%). However, the maximum activity (17%) was of the
order of a Cu/ZnO catalyst prepared from co-precipitated
hydroxycarbonate (about 25%).[18] The specific surface area
of the oxide precatalysts shows an almost linear increase,
starting from almost zero (0.46 m2 g–1) for pure CuO up to
30–40 m2 g–1 for samples with high zinc content. The sam-
ple Cu0.5Zn0.5TT was also subjected to temperature-pro-
grammed reduction (TPR) and to reactive frontal
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chromatography (RFC). The content of 50 mol-% Cu was
confirmed by TPR. However, the specific copper surface
area (by RFC) was only 0.34 m2 g–1 (note that the accuracy
of values below 1 m2 g–1 is limited), which is surprisingly
small given the considerable catalytic activity of this sample.
For comparison, the specific copper surface area is
17.0 m2 g–1 for the aforementioned hydroxycarbonate-based
catalyst and 23.4 m2 g–1 for the industrial reference cata-
lyst.[18]

Figure 7. Catalytic activity of CuO/ZnO samples after thermolysis
of mixed tartrates (300 °C; air; 24 h) after reduction to Cu/ZnO in
situ in a multireactor with H2, measured at 245 °C and 4.5 MPa
(�; left scale). The activity of a technical methanol catalyst was set
to 100%. The BET surface area of the oxide precatalysts (i.e. before
reduction) is shown on the right (+).

A possible explanation for the lower activity compared
to hydroxycarbonate-derived catalysts could be the fact that
the thermolysis of the tartrates is associated with an exo-
thermic effect, in contrast to the endothermic decomposi-
tion of hydroxycarbonates. This exothermic effect may lead
to microscopic self-heating and thereby to a growth of oxide
crystals. This is supported by the X-ray diffraction data
(Figure 5), which show narrow peaks for the oxides, i.e. no
nanocrystalline particles that would give rise to diffraction
peak broadening. These CuO particles form the active
centres of the final reduced catalyst (Cu on ZnO), and it is
known that larger copper crystals are catalytically less
active than smaller copper crystals.[2,22,23] This is corrobo-
rated by the small observed specific copper surface area for
the 50:50 sample.

Conclusions

Metal -tartrates that contain both copper and zinc as a
mixed crystal are well-suited precursors to prepare CuO/
ZnO precatalysts that can then be reduced to Cu/ZnO, i.e.
an active methanol catalyst. The maximum activity is found
at about equimolar amounts of copper and zinc, although
the specific surface area increases strongly with increasing
zinc content. The presence of this activity maximum reflects
the interplay between metal (Cu) and support (ZnO) and
the necessity for a sufficiently high specific surface area.
The preparation by precipitation easily allows control of the
ratio of Cu/Zn in the precursor, and thereby of the catalytic
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activity. Except for carbonate, other ions are avoided during
the synthesis. This synthetic method presents an alternative
to classical hydroxycarbonate precursors.

Experimental Section
General: Deionised water was used for all preparations.

Preparation of the Precursor Samples: A solution of 50 mmol of
copper acetate and/or zinc acetate in the appropriate ratio in
200 mL of water (55 °C) and a solution of 50 mmol of -tartaric
acid in 50 mL of water (room temperature) were prepared. The
solution of the acid was rapidly poured into the solution of the
metal acetates with vigorous stirring. Approximately 30 s after the
addition, the precursor began to precipitate. The mixture was
stirred at about 50 °C for another 15 min. After sedimentation of
the precipitate, the precipitate was filtered and washed three times
with water and then once with ethanol. The tartrates were first
dried at 70 °C for 2 h and then at 130 °C for 12 h. With the excep-
tion of ZnTT, all products were obtained as fine powders. CuTT
was slightly blue, ZnTT was white, and the mixed crystals showed
a continuous row of intermediate colours.

Catalytic Measurements: Measurements were performed in a high-
throughput 49-parallel channel reactor.[5] The samples (100 mg di-
luted with 200 mg of quartz per well) were placed in a sample
holder consisting of a stainless-steel cartridge closed at the bottom
by a stainless-steel sinter metal frit. Prior to the catalytic measure-
ments, the catalysts were reduced with H2 at 245 °C according to
the procedure for the commercial benchmark catalyst ICI Katalco
51-8. Before measuring the catalytic activity, all samples were equil-
ibrated for 3 h (reaction pressure: 4.5 MPa; reaction temperature:
245 °C; analytic flow: 20 mLmin–1). The reaction gas consisted of
70 vol% H2, 24 vol% CO and 6 vol% CO2. A double GC system
(HP GC 6890) equipped with a methanizer FID was used for on-
line gas analysis. Oxo product separation (H3COH, HCOOCH3,
H3CCOOCH3, H3CCH2OH) was carried out on a SuppelcoWAX
0.53 mm column and CO, CO2 and CH4 were separated on a Car-
boxen 1006 column. Methanol productivities for all measured sam-
ples were compared to the productivity of the industrial benchmark
catalyst ICI Katalco 51-8 [PICI = 40 mol MeOH(kgcat h)–1 at
245 °C and 4.5 MPa].

Analytical Techniques: Combined thermogravimetry-IR spectroscopy
(TG-IR) was carried out with a Netzsch STA 209 TG-DTA/DSC
instrument. Samples were heated from 30 to 500 °C at a rate of
5 Kmin–1 under dynamic O2 atmosphere (50 mLmin–1). Scanning
electron microscopy images were recorded with an ESEM Quanta
400 instrument (FEI) on Au/Pd-sputtered samples. X-ray powder dif-
fractometry was carried out in Bragg–Brentano mode with a Bruker
AXS D8 Advance instrument with Cu-Kα radiation. Atomic absorp-
tion spectroscopy (AAS) was performed with a Thermo Electron
Corporation instrument (M series) to determine the contents of cop-
per and zinc in the samples. The contents of carbon and hydrogen
were determined by standard combustion analysis with an EA 1110
(CE Instruments) instrument. The specific surface area was deter-
mined by nitrogen physisorption at 77 K (BET method) on the oxide
precatalysts (i.e. CuO/ZnO). Temperature-programmed reduction
(TPR) was carried out on the oxide product from the sample
Cu0.5Zn0.5TT. About 0.1 g of this sample was placed in a quartz reac-
tor. The reduction was performed under flowing diluted H2 (4.2 vol%
H2 in He) by increasing the temperature to 240 °C at a rate of
1 Kmin–1 and maintaining that temperature for 1 h. The active sur-
face area of Cu was determined by N2O reactive frontal chromatog-
raphy at 300 K on the same sample of Cu0.5Zn0.5TT.[24]
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A Facile Hydrothermal Route to Flower-Like Cobalt Hydroxide and Oxide
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Flower-like cobalt hydroxide [β-Co(OH)2] consisting of nano-
sheet networks has been synthesized by a hydrothermal
method from Co(CH3COO)2·4H2O in mixtures of water and
glycerol/ethylene glycol at 200 °C. The morphology and
phase of the cobalt hydroxide can be controlled by adjusting
the experimental parameters that include cobalt acetate con-
centration and the volume ratio of water to glycerol/ethylene
glycol. The possible formation mechanism of flower-like co-

Introduction

Research into nanomaterials has increased recently due
to their unique electrical, optical, magnetic, and catalytic
characteristics in comparison with the bulk materials. Cur-
rently, inorganic architectures with a hierarchical structure
based on nano units and their specific properties for appli-
cations are attracting much interest in materials chemis-
try.[1–5] For example, the mediator-template assembly of
gold nanoparticles into size-controllable nanostructures has
been reported.[1] The interesting morphological and optical
properties of these nanoparticle assemblies could poten-
tially be exploited for optical sensing applications.[1] CoPt
nanopolypods derived from the assembly of nanorods have
been synthesized by a simple and large-scale-applicable
thermolytic reaction,[2] and high-order superstructures of
zeolite doughnuts with nanoscale building blocks (sheet-like
discs) have been synthesized by a synergic dual-template
method in a one-pot reaction.[3] The controlled construc-
tion of primary building blocks into curved structures pro-
vides another challenge for materials synthesis because of
their potential use in new technological applications.

Cobalt hydroxide [Co(OH)2] has recently received in-
creasing attention due to its important technological appli-
cations. For example, cobalt hydroxide is usually added to
nickel hydroxide electrodes to enhance the electrode con-
ductivity and chargeability,[6,7] and composite materials of
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balt hydroxide is discussed on the basis of experimental re-
sults. Cobalt oxide (Co3O4) flowers have also been obtained
by thermal decomposition of cobalt hydroxide flowers in air
at 400 °C. The products were characterized by powder XRD,
TEM, selected-area electron diffraction (SAED), high resolu-
tion TEM (HRTEM), and field-emission SEM (FESEM).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

cobalt hydroxide and ultra-stable Y zeolite molecular sieves
have shown potential applications in electrochemical capac-
itors.[8] Cobalt hydroxide films show catalytic and reversible
electrochromic properties.[9,10] In particular, Kurmoo has
reported the incorporation of different anions into the
interlayers of cobalt hydroxide to form organic magnetic
materials.[11] The preparation of single-crystalline β-
Co(OH)2 nanosheets is easily achieved because of their in-
trinsic lamellar structures.[12–14] However, there are few re-
ports on the formation of 3D β-Co(OH)2 architectures as-
sembled from nanostructures, except the butterfly-like
nanocrystals of β-Co(OH)2 prepared by an ethylenedi-
amine-mediated route.[15] At present, the synthesis of β-
Co(OH)2 hierarchical nanostructures is still a big challenge
for researchers.

Spinel cobalt oxide (Co3O4), which is an important p-
type semiconductor, has potential applications in sensors,
lithium-ion batteries, and catalysis.[16–19] Furthermore,
Co3O4 nanoparticles show interesting magnetic and field-
emission properties.[20,21] There have been some reports on
the synthesis of cobalt oxide nanocubes, nanorods, nanotu-
bes, hollow spheres, and nanoboxes.[22–27] However, to the
best of our knowledge, there has been no report on the
synthesis of Co3O4 flowers consisting of nanosheet building
blocks.

Here we report a simple hydrothermal approach to the
synthesis of two kinds of β-Co(OH)2 flowers consisting of
nanosheet building blocks by the hydrolysis of cobalt ace-
tate in solvent mixtures containing a polyalcohol and deion-
ized water. Co3O4 flowers are readily obtained by thermal
decomposition of Co(OH)2 flowers in air. These β-Co-
(OH)2 and Co3O4 flowers are expected to have potential
applications in sensors, batteries, and catalysis.
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Results and Discussion

The phase of the as-prepared sample was examined by
XRD. Figure 1(a) shows the XRD pattern of sample 1 pre-
pared in a mixture of water and glycerol. All diffraction
peaks in this pattern can be indexed as a single phase of
the hexagonal brucite-like β-Co(OH)2, which is consistent
with the values in the literature (JCPDS no. 74-1057). The
typical FESEM micrographs shown in Figure 1b–d reveal
that sample 1 consists of relatively uniform flower-like
structures. Each flower-like structure is composed of a net-
work of nanosheet building blocks. The sizes of these flow-
ers are in the range 6–9 µm, and the thickness of the nano-
sheets is less than 100 nm. The above results demonstrate
that β-Co(OH)2 with a flower-like morphology can be pro-
duced using the present synthetic scheme.

It is believed that the physical and chemical properties
of the solvent can influence the solubility, reactivity, and
diffusion behavior of the reagents and the intermediate.[28]

In our reaction system, the properties of the mixed solvents
can be easily adjusted by varying the volume ratio of glyc-
erol to water. The volume ratio of glycerol to water (Vg/Vw)
has a great influence on the formation of the product. As
discussed above, a single phase of hexagonal β-Co(OH)2

was obtained when Vg/Vw was 1:3 (sample 1). When Vg/Vw

was adjusted to 1:6.5, however, a mixture of Co3O4 and
β-Co(OH)2 was obtained at 200 °C after 10.5 h [sample 2,
Figure 2(a)]. When the reaction time was prolonged to
24.5 h (sample 3), a single phase of β-Co(OH)2 was ob-
tained (Figure 2b), thus indicating that glycerol can act as
a reducing agent to reduce Co3+ to Co2+, which results in
the transformation of Co3O4 to Co(OH)2. Compared with
the reaction with Vg/Vw = 1:3, it takes a relatively longer

Figure 1. (a) XRD pattern of the obtained β-Co(OH)2 (sample 1); (b–d) FESEM micrographs of β-Co(OH)2 flowers (sample 1) at different
magnifications.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4787–47924788

time to form a single phase of β-Co(OH)2 when using less
glycerol. We also studied the effect of cobalt acetate concen-
tration on the product, with a constant Vg/Vw ratio of 1:3.
When the amount of cobalt acetate was decreased to
0.100 g, a single phase of β-Co(OH)2 with a pink color was
still obtained (sample 4). However, if more cobalt acetate
was used (1.000 g, sample 5), the product was blue, similar
to that of α-Co(OH)2, although the XRD pattern (Fig-
ure 2c) cannot be indexed to that of α-Co(OH)2.

Figure 2. XRD patterns of different samples prepared by hydro-
thermal treatment at 200 °C: (a) sample 2; (b) sample 3; (c) sam-
ple 5.

In order to understand the formation process of β-
Co(OH)2 flowers, the morphologies of samples 3 and 4 were
also examined by FESEM. When using less cobalt acetate
(sample 4, Figure 3a), imperfect flowers assembled from
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Figure 3. (a) FESEM micrograph of sample 4; (b) FESEM micrograph of sample 3; (c) and (d) FESEM micrographs of single flowers in
sample 3; (e) a magnified FESEM micrograph of a flower in sample 3.

nanosheets were observed with dimensions below 7.5 µm,
along with a few single nanosheets. The number of petals
in these flowers is less than those in sample 1, as shown in
Figure 3a. Upon decreasing the volume of glycerol, sam-
ple 3 shows a mixed morphology of nanosheets and flowers.
Two kinds of flowers are observed, as shown in Figures 3c
and 3d, which show that one kind of flower consists of flat
nanosheets and the other of curved nanosheets. The mor-
phology in Figure 3c was not observed in sample 1, so we
suggest that it is due to the lower volume of glycerol used.
The thickness of the nanosheets in the flowers was esti-
mated to be below 50 nm (Figure 3e).

Ethylene glycol (EG) was also used as a co-solvent to
substitute glycerol in order to understand the formation
mechanism of the β-Co(OH)2 flowers. The same experimen-
tal conditions as for the formation of sample 1 were
adopted except for the use of EG instead of glycerol, and a
mixture of β-Co(OH)2 and Co3O4 was obtained, thereby
illustrating that EG cannot completely reduce Co3+ to Co2+

at 200 °C after 10.5 h. A single phase of β-Co(OH)2 was
obtained upon increasing the volume ratio of EG to water
and prolonging the reaction time to 20.5 h (sample 6, Fig-

Figure 4. (a) XRD pattern of sample 6; (b) and (c) FESEM micrographs of sample 6 at different magnifications.
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ure 4a). Surprisingly, a different kind of flower was ob-
served, as shown in the FESEM micrographs of sample 6
(Figure 4). The β-Co(OH)2 flowers look like carnations
consisting of curved nanosheet building blocks. These car-
nations have sizes in the range 5–15 µm.

On the basis of the above results, we can propose a for-
mation mechanism for the β-Co(OH)2 flowers. First, the
hydrolysis of cobalt acetate results in the formation of OH–

ions (CH3COO– + H2O � CH3COOH + OH–), which pro-
vide a basic environment for the formation of cobalt hy-
droxide. Sheet-like Co(OH)2 forms as a general morphology
due to its layered structure. In addition, glycerol/EG can
act as a reducing agent. In the absence of glycerol or EG,
only Co3O4 nanocubes are obtained. Co3O4 is formed by
the oxidation of β-Co(OH)2 by oxygen in the autoclave and
is then reduced by glycerol/EG to form a single phase of β-
Co(OH)2. Besides acting as a reducing agent, glycerol/EG
could coordinate to the cobalt ions to form complexes in
solution,[29,30] which decreases the free Co2+ concentration
in solution and results in the slow generation of β-Co-
(OH)2. This coordination between cobalt ions and glycerol/
EG may be favorable for the formation of the flower nuclei,
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resulting in the formation of flower-like β-Co(OH)2.
Furthermore, glycerol helps to generate a highly viscous
and stable mixture solution, which favors the stable growth
of nanosheets and the formation of β-Co(OH)2 flowers with
nanosheets as building blocks. As discussed above, a higher
Vg/Vw ratio favors the formation of flowers consisting of
curved nanosheets instead of those with flat nanosheets
(samples 1 and 3), thus indicating that the higher viscosity
caused by glycerol can prohibit the aggregation of nano-
sheets and promotes the formation of flowers with curved
nanosheets. Qian et al.[31] have reported the synthesis of
copper nanowires by a complex-surfactant-assisted hydro-
thermal reduction process in a mixture of water and glyc-
erol. The high viscosity shows a good effect on prohibiting
the aggregation of copper particles and results in a rela-
tively stable suspension. One of the keys to the formation
of these flower structures is the use of cobalt acetate as the
cobalt source without the addition of any base. The slower
hydrolysis of acetate and the complexation of cobalt ions
with glycerol/EG are favorable for the formation of these
superstructures. In the presence of glycerol, when NaOH is
added to the solution (sample 7), only irregular nanosheets
are formed (Figure 5). Although glycerol provides a viscous

Figure 5. (a, b) TEM micrographs of the obtained β-Co(OH)2

nanosheets of sample 7; the inset of (b) is the corresponding SAED
pattern.

Figure 6. (a) TEM micrograph of an individual β-Co(OH)2 nanosheet of sample 4; (b–d) the corresponding SAED patterns taken at
different irradiation times; (e) HRTEM image taken of the individual nanosheet corresponding to the SAED pattern of (d).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4787–47924790

environment, the introduction of a strong base (NaOH)
could accelerate the reaction and prevent the formation of
flowers. However, in the presence of EG, the viscosity is not
as high as with glycerol, therefore the nanosheets tend to
self-assemble to reduce the surface energy in the mixture of
EG and water, and follows a layer-by-layer growth style so
that hierarchical carnation structures are formed.

TEM was used to study the crystal structure of β-
Co(OH)2. Figure 6a shows a single nanosheet of sample 4.
The SAED pattern (Figure 6b) of this nanosheet exhibits a
hexagonal symmetry, thus indicating that the surface of the
nanosheet is the (001̄) plane of β-Co(OH)2, and the direc-
tion along the thickness of the obtained β-Co(OH)2 is [001̄;
the c axis of hexagonal β-Co(OH)2]. The SAED pattern
changes rapidly under electron irradiation to give another
set of diffraction patterns that are close to the original one
that show elongated diffraction spots rather than bright
dots, thereby indicating the coexistence of two different spe-
cies (Figure 6c). The inner set of hexagonal diffraction spots
is still due to β-Co(OH)2, and the outer set of diffraction
spots corresponds to CoOOH. The electron beam is also
along the [001̄] direction of hexagonal CoOOH (JCPDS no.
26-1107). A similar SAED pattern has been reported for a
mixture of β-Co(OH)2 and CoOOH.[32] The diffraction
pattern of β-Co(OH)2 vanishes after prolonged irradiation
by the electron beam and another set of SAED patterns
(Figure 6d) is obtained, which shows the coexistence of Co-
OOH and Co3O4. The diffraction dots indicated by the
white arrows show a hexagonal symmetry and can be inde-
xed to the SAED pattern of a cubic Co3O4 phase (JCPDS
no. 80-1541) with the incident electron beam along the [111]
direction. This phenomenon implies that the thin β-
Co(OH)2 nanosheets synthesized using the current method
are not stable under electron beam irradiation and that pro-
longed exposure of the sample to the electron beam during
the TEM observation will destroy the structure of β-
Co(OH)2, resulting in the formation of Co3O4 nanopar-
ticles with sizes of 1–4 nm, as shown in the high-resolution
TEM (HRTEM) image of Figure 6e. The interplanar dis-
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tance of the crystal fringes with an angle of 60° is 2.84 nm,
which is consistent with the (2̄02) and (02̄2) planes of a
cubic Co3O4 phase.

Co3O4 is obtained by thermal conversion of the β-
Co(OH)2 flower precursor at 400 °C after 3 h. Figure 7
shows the XRD pattern of the product. All the diffraction
peaks can be indexed to a single phase of a cubic Co3O4,
which matches well with the reported data (JCPDS no. 80-
1541). No peaks from the β-Co(OH)2 precursor are ob-
served in the XRD pattern, thus indicating the complete
transformation of β-Co(OH)2 to Co3O4.

Figure 7. XRD pattern of Co3O4 (sample C1).

After the thermal conversion from β-Co(OH)2 to Co3O4,
the two kinds of flower-like morphology of β-Co(OH)2

were almost sustained and Co3O4 flowers were obtained. In
addition, a few single nanosheets were also observed, as
shown in Figure 8a,b. A single nanosheet is shown in Fig-
ure 8c, from which one can see that the surface of this
nanosheet is not smooth. The SAED pattern of this nano-

Figure 8. (a) FESEM micrograph of Co3O4 (sample C1); (b) FESEM micrograph of Co3O4 (sample C6); (c) TEM micrograph of an
individual nanosheet (sample C1) and (d) the corresponding SAED pattern; (e) HRTEM image of this individual Co3O4 nanosheet.
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sheet, which was taken by focusing the incident electron
beam along the [111] zone axis, reveals a single crystal
structure that can be indexed to cubic Co3O4, consistent
with the XRD results. The HRTEM image of the nanosheet
shows that the spacing between clear lattice fringes with an
angle of 60° is 0.284 nm, which is consistent with the (2̄02)
and (02̄2) planes of a cubic Co3O4.

Conclusions

We have demonstrated a facile strategy to synthesize two
kinds of β-Co(OH)2 flowers consisting of nanosheets as the
building unit. Glycerol or ethylene glycol serves as a co-
solvent and also a reducing agent in this reaction system.
Both the volume ratio of glycerol/EG to water and the con-
centration of cobalt acetate affect the phase and mor-
phology of the product. Co3O4 flowers can be obtained by
a simple thermal conversion of the β-Co(OH)2 flower pre-
cursor in air; the flower-like morphology can be preserved
during the thermal conversion process. β-Co(OH)2 nano-
sheets are not stable under electron beam irradiation and
are transformed into CoOOH and Co3O4. This simple syn-
thetic method, which does not use any surfactant or tem-
plate, may be extended to the synthesis of other materials
with novel morphologies.

Experimental Section
All reagents were of analytical grade and were purchased and used
as received without further purification. In a typical procedure, co-
balt acetate [Co(CH3COO)2·4H2O] (0.25 g) was dissolved in a mix-
ture of deionized water and glycerol (30 mL) with a volume ratio
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Table 1. Detailed experimental parameters for the synthesis of some typical samples (at 200 °C for all samples).

Sample Reaction system Time [h] Phase Morphology

1 0.25 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 β-Co(OH)2 flowers
2 0.25 g Co(CH3COO)2·4H2O + 4 mL glycerol + 26 mL H2O 10.5 β-Co(OH)2 + Co3O4 –
3 0.25 g Co(CH3COO)2·4H2O + 4 mL glycerol + 26 mL H2O 24.5 β-Co(OH)2 flowers and nanosheets
4 0.10 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 β-Co(OH)2 imperfect flowers
5 1.00 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 22.5 mL H2O 10.5 unknown –
6 0.25 g Co(CH3COO)2·4H2O + 20 mL ethylene glycol + 10 mL H2O 20.5 β-Co(OH)2 carnations
7 0.25 g Co(CH3COO)2·4H2O + 7.5 mL glycerol + 17.5 mL H2O + 5 mL NaOH (1 ) 10.5 β-Co(OH)2 nanosheets

of 3:1 at room temperature, and the solution was then transferred
into a Teflon-lined, 40-mL autoclave and maintained at 200 °C for
10.5 h. It was then cooled to room temperature. This sample was
denoted as sample 1. The product was then collected by centrifuga-
tion and washed with deionized water and absolute ethanol repeat-
edly, then dried in air at 60 °C. The detailed experimental param-
eters for the synthesis of some typical samples are listed in Table 1.
Co3O4 samples were obtained by thermal decomposition of β-
Co(OH)2 flowers (samples 1 and 6) in a tubular oven at 400 °C
after 3 h in air. The obtained Co3O4 samples are denoted as sam-
ples C1 and C6, respectively.

Powder XRD data were collected on a Rigaku D/max 2550 V X-
ray diffractometer with high-intensity Cu-Kα radiation (λ =
1.54178 Å) and a graphite monochromator. The morphology was
studied with a JEOL JSM-6700F field emission scanning electron
microscope (FESEM). TEM, SAED, and HRTEM images were
obtained using a JEOL JEM-2100F field emission transmission
electron microscope.
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The first transition-metal complexes bearing the natural
product dihydroasparagusic acid, (HSCH2)2CHCO2H, as a li-
gand are reported. Various coordination modes and nucleari-
ties are demonstrated for the chelating ligand by a series of
iron and nickel complexes. Fe2[(SCH2)2CHCO2H](CO)6 re-
tains carbonyl substitution reactivity typical of Fe2(SR)2(CO)6

complexes, yet carboxy coordination to FeI was unobserved.
Coupling of the carboxylic acid with amines yields the corre-
sponding amides Fe2[(SCH2)2CHC(O)NHR](CO)6 (R = Et,

Introduction

The coordination properties of the natural product dihy-
droasparagusic acid,[1] (HSCH2)2CHCO2H, has received lit-
tle attention.[2] This compound has long been known, is
prepared easily, and offers the possibility of serving as a
functionalized bridging dithiolate ligand.[3,4] Our interest in
exploring its coordination properties was motivated by the
occurrence of propanedithiolate or the isosteric 2-azapro-
pane-1,3-dithiolate as a cofactor in the iron hydro-
genases.[5–7]

Scheme 1. General coordination modes for (HSCH2)2CHCO2H.

[a] Department of Chemistry, University of Illinois,
601 S. Goodwin Ave., Urbana, IL 61801, USA

Eur. J. Inorg. Chem. 2006, 4793–4799 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4793

gly–O–tBu). Fe2[(SCH2)2CHCO2H](CO)4(PMe3)2 catalyzes
H2 production, but no better than unfunctionalized alkyl di-
thiolate analogs. Reactions of the ligand with NiCl2(dppe) af-
forded mono-, di-, and trinuclear complexes. Noteworthy is
Ni3[(SCH2)2CHCO2]2(dppe)2, which features an octahedrally
coordinated NiII center linked to a pair of square-planar NiII

centers.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In considering the coordinating properties of asparagusic
acid, one can anticipate several motifs: S,S-bidentate;
S,S,O-tridentate; and dinuclear derivatives of each of these
(Scheme 1). Examples of such coordination modes are pre-
sented here using iron and nickel platforms. We were par-
ticularly interested in the possibility that the carboxylic acid
functionality in Fe2[(SCH2)2CHCO2H](CO)6–xLx would
permit attachment of functionality, affect electrocatalytic
H2 production,[8,9] or lead to more robust linkages between
metal atoms.

Results and Discussion

I. Complexes with Iron

Fe2[(SCH2)2CHCOOH](CO)6

The air-stable parent complex, hereafter Fe2(aspH)-
(CO)6, was synthesized in 43% yield by the reaction of
Fe3(CO)12 and dihydroasparagusic acid, (HSCH2)2-
CHCOOH (aspH3). The preparation was more conve-
niently conducted in the presence of NEtiPr2, followed by
acidification to produce Fe2(aspH)(CO)6. Crystallographic
characterization of Fe2(aspH)(CO)6 verified the anticipated
Fe2(SR)2(CO)6 core and demonstrated hydrogen-bonding
interactions between pairs of carboxyl groups (Figure 1,
Table 1). The carboxylic acid occupies an equatorial posi-
tion on the cyclohexane-like FeS2C3 ring, projecting or-
thogonally with respect to the Fe–Fe vector.

Fe2(aspH)(CO)6 undergoes the transformations expected
for a carboxylic acid (Scheme 2). Amide-bond formation
with EtNH2 was effected using a phosphonium-based coup-
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Figure 1. Left: structure of Fe2(aspH)(CO)6 with thermal ellipsoids set at the 50% probability level. Right: structure of the hydrogen-
bonded dimer of Fe2(aspH)(CO)6. Selected distances [Å] and angles [°]: Fe(1)–Fe(2) 2.5130(8), Fe(1)–C(1) 1.813(2), Fe(1)–C(2) 1.803(2),
Fe(1)–C(3) 1.811(2), Fe(1)–S(1) 2.2485(8), Fe(1)–S(2) 2.2535(7), Fe(2)–C(4) 1.794(2), Fe(2)–C(5) 1.797(2), Fe(2)–C(6) 1.808(2), Fe(2)–S(2)
2.2529(7), Fe(2)–S(1) 2.2554(7), O(7)–C(10) 1.216(2), O(8)–C(10) 1.314(2); S(1)–Fe(1)–S(2) 85.21(3), S(2)–Fe(2)–S(1) 85.06(3).

Table 1. Selected crystallographic data for iron-containing asparagusic complexes.

Fe2(aspH)(CO)6 Fe2[(SCH2)2CHCONHEt](CO)6 Fe2[(SCH2)2CHCONHCH2CO2tBu](CO)6

Empirical formula C10H6Fe2O8S2 C12H11Fe2NO7S2 C16H17Fe2NO9S2

Formula mass 429.97 457.04 543.13
T [K] 193(2) 193(2) 193(2)
λ [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P21/c P21/c
a [Å] 23.521(8) 14.267(3) 11.623(2)
b [Å] 9.672(3) 13.792(3) 16.309(3)
c [Å] 14.383(5) 9.307(2) 24.543(4)
α [°] 90 90 90
β [°] 113.389(5) 106.954(4) 95.558(3)
γ [°] 90 90 90
V [Å3] 3003.3(17) 1751.8(7) 4630.2(14)
Z 8 4 8
ρ (calcd.) [g/cm3] 1.902 1.733 1.558
µ (Mo-Kα) [mm–1] 2.244 1.926 1.477
F(000) 1712 920 2208
Crystal size [mm] 0.44�0.40�0.16 0.44�0.09�0.05 0.34�0.26�0.20
θ range [°] 1.89–28.27 2.10–28.31 1.76–25.38
Reflections collected 14606 17196 36784
Independent reflections 3668 [R(int) = 0.0357] 4292 [R(int) = 0.0671] 8492 [R(int) = 0.0573]
Absorption correction integration integration integration
Max./min. transmission 0.7170/0.4373 0.9099/0.4495 0.7641/0.6190
Goodness-of-fit on F2 1.03 0.875 0.918
Final R indices [I�2σ(I)] R1 = 0.0274 R1 = 0.0368 R1 = 0.0330

wR2 = 0.0665 wR2 = 0.0646 wR2 = 0.0643
R indices (all data) R1 = 0.0389 R1 = 0.0844 R1 = 0.0651

wR2 = 0.0709 wR2 = 0.0727 wR2 = 0.0716
Largest diff. peak/hole [e·Å–3] 0.308/–0.365 0.533/–0.322 0.321/–0.240

ling agent. The crystallographic characterization of
Fe2[(SCH2)2CHCONHEt](CO)6 confirms the structure
(Figure 2, Table 1). The amide substituent is again equato-
rial with respect to the cyclohexane-like FeS2C3 ring and
the nitrogen is planar. The occurrence of two identical split-
ting patterns in the 1H NMR spectrum is attributed to
cisoid and transoid rotamers of the amide, consistent with

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4793–47994794

restricted rotation about the C(O)–N bond. Coupling of
Fe2(aspH)(CO)6 with glycine tert-butyl ester afforded the
corresponding amido ester Fe2[(SCH2)2CHCONHCH2-
CO2tBu](CO)6, which exhibited crystallographic features
akin to those in the ethyl derivative (Figure 3, Table 1).
Again, two rotamers were observed in the 1H NMR spec-
trum.
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Scheme 2. Synthetic route for amide-bond derivatization of
Fe2(aspH)(CO)6.

Figure 2. Structure of Fe2[(SCH2)2CHCONHEt](CO)6 with ther-
mal ellipsoids set at the 50% probability level. Selected distances
[Å] and angles [°]: Fe(1)–Fe(2) 2.5167(8), Fe(1)–C(1) 1.800(3),
Fe(1)–C(2) 1.797(3), Fe(1)–C(3) 1.801(3), Fe(1)–S(1) 2.2542(9),
Fe(1)–S(2) 2.2574(8), Fe(2)–C(4) 1.795(3), Fe(2)–C(5) 1.799(3),
Fe(2)–C(6) 1.807(3), Fe(2)–S(1) 2.2497(9), Fe(2)–S(2) 2.2522(9);
S(1)–Fe(1)–S(2) 85.07(3), S(1)–Fe(2)–S(2) 85.30(3).

Figure 3. Structure of Fe2[(SCH2)2CHCONHCH2CO2tBu](CO)6

with thermal ellipsoids set at the 50% probability level. Selected
distances [Å] and angles [°]: Fe(1)–Fe(2) 2.5141(7), C(1)–Fe(2)
1.791(3), C(2)–Fe(2) 1.795(3), C(3)–Fe(2) 1.806(4), C(4)–Fe(1)
1.801(3), C(5)–Fe(1) 1.798(3), C(6)–Fe(1) 1.797(3), S(1)–Fe(1)
2.2567(8), S(1)–Fe(2) 2.2574(9), S(2)–Fe(1) 2.2532(8), S(2)–Fe(2)
2.2676(8); S(2)–Fe(1)–S(1) 85.32(3), S(1)–Fe(2)–S(2) 84.96(3).
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Acid-Base Properties

Although only poorly soluble in MeOH, Fe2(aspH)(CO)6

was found to dissolve upon addition of Et3N, indicative of
the formation of Et3NH[Fe2(asp)(CO)6]. The νCO region in
the solution IR spectrum of this deprotonated compound
exhibited negligible shifts relative to Fe2(aspH)(CO)6, indi-
cating minor electronic influence of the pendant carboxy/
carboxylate group on the diiron unit. The easy deproton-
ation of Fe2(aspH)(CO)6 interfered with experiments aimed
at its decarbonylation using Me3NO.[10] Rather than the us-
ual red-to-purple color change observed upon decarbon-
ylation of Fe2(SR)2(CO)6,[9] solutions deposited a brown
precipitate, presumably of Me3NOH[Fe2(asp)(CO)6].

Substitution Reactions of Fe2(aspH)(CO)6

Upon heating in the presence of excess PMe3, HNEtiPr2-
[Fe2(asp)(CO)6] converted readily into HNEtiPr2[Fe2-
(asp)(CO)4(PMe3)2]. The 31P NMR spectrum of the prod-
uct showed two equally intense singlets, indicating the non-
equivalency imposed by the pendant carboxylate group. IR
measurements in the νCO region indicate that this salt is
very similar electronically to related derivatives, e.g.
Fe2(S2C3H6)(CO)4(PMe3)2.[11]

Substitution of the CO ligands in Fe2(aspH)(CO)6 by cy-
anide was also explored. IR spectroscopic measurements in
the νCO region established that the first equivalent of CN–

deprotonated the carboxylic acid. The prevalence of mono-
substituted product, [Fe2(asp)(CN)(CO)5]2– (νCN,CO = 2091,
2028, 1974, 1952, 1914), shows that the pendant carboxyl-
ate group inhibits a second cyanide ion from attacking the
unsubstituted iron center. When the carboxylic acid was
first deprotonated with an amine base, followed by treat-
ment with 1 equiv. of CN–, we again obtained the mono-
substituted product. Upon heating in the presence of an
additional equivalent of CN–, [Fe2(asp)(CN)(CO)5]2– con-
verted into the dicyanide derivative, [Fe2(asp)(CN)2-
(CO)4]3–, as established by IR spectroscopy (νCN,CO = 2074,
1960, 1919, 1880).

Electrochemical Studies

Cyclic voltammetry studies showed that MeCN solutions
of Fe2(aspH)(CO)6 reduce at –1.20 and –1.96 V vs. Ag/
AgCl, corresponding to FeIFeI/Fe0FeI and Fe0FeI/Fe0Fe0

couples, respectively.[12] Addition of 1–4 equiv. of HOAc
caused an increase in the cathodic current at ca. –1.8 V,
characteristic of catalytic H2 production.[12] The electrocat-
alytic properties do not, however, differ significantly from
analogous Fe2(S2C3H6)(CO)6. In a confirmatory experi-
ment, a 1:1 mixture of Fe2(aspH)(CO)6 and
Fe2(S2C3H6)(CO)6 in acetonitrile was analyzed electro-
chemically. The mixture displayed reduction events at –1.20
and –1.96 V, indicating that the two compounds had over-
lapping reduction events. Similarly, electrochemical analy-
ses of Fe2(aspH)(CO)4(PMe3)2 and HOAc or HOTs showed
catalytic H2 production at –1.86 or –1.21 V, respectively,
typical of Fe2(S2CxH2x)(CO)4(PMe3)2 species.[12,13]
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II. Complexes with Nickel

Ni(aspH)(dppe)

Treatment of NiCl2(dppe) with a solution of aspH3

and base yielded orange mononuclear Ni(aspH)(dppe)
(Scheme 3).[14,15] The crystallographic characterization of
Ni(aspH)(dppe) confirmed the expected square-planar co-
ordination and intermolecular hydrogen bonding (Figure 4,
Table 2). The six-membered chelate ring adopts a twist-boat
conformation, which projects the carboxylic acid away from
the metal center. Ni(aspH)(dppe) was only slightly soluble
in MeOH; however, the salt resulting from treatment of
Ni(aspH)(dppe) with NEt3 was found to dissolve in both
MeOH and CH2Cl2.

Scheme 3. Synthetic route to Ni(aspH)(dppe) and [Ni2(aspH)(dppe)2]2+.

Figure 4. Top left: structure of Ni(aspH)(dppe) with thermal ellipsoids set at the 50% probability level. Top right: orthogonal view of
Ni(aspH)(dppe). Bottom: structure of the hydrogen-bonded dimer of Ni(aspH)(dppe). Phenyl ellipsoids and phenyl hydrogen atoms are
omitted for clarity. Selected distances [Å] and angles [°]: S(1)–Ni(1) 2.149(5), S(2)–Ni(1) 2.197(4), P(1)–Ni(1) 2.1772(6), P(3)–Ni(1)
2.1743(6); S(1)–Ni(1)–P(3) 87.76(10), S(1)–Ni(1)–P(1) 168.17(14), P(3)–Ni(1)–P(1) 86.51(2), S(1)–Ni(1)–S(2) 101.30(11), P(3)–Ni(1)–S(2)
165.84(11), P(1)–Ni(1)–S(2) 86.40(9).
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[Ni2(aspH)(dppe)2]2+ and Ni3(asp)2(dppe)2

These di- and trinuclear species[16] were initially obtained
as byproducts of the synthesis of Ni(aspH)(dppe). [Ni2-
(aspH)(dppe)2]Cl2 (Scheme 3) was identified by ESI-MS,
and its 31P NMR spectrum displays two doublets. Isolation
of the dinuclear dication was attempted by forming its
BPh4

– salt. Surprisingly, the 31P NMR spectrum displays
only one, albeit broad, resonance for the inequivalent phos-
phane ligands. The dinuclear product was identified again
by ESI-MS and a preliminary X-ray crystallographic analy-
sis as its BPh4

– salt. The salt was unstable as a solid under
N2.

Upon standing, solutions of Ni(aspH)(dppe) and [Ni2-
(aspH)(dppe)2](Cl)2 deposited crystals of the trinuclear spe-
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Table 2. Selected crystallographic data for nickel-containing aspar-
agusic complexes.

Ni(aspH)(dppe) Ni3(asp)2(dppe)2

Empirical formula C30H30NiO2P2S2 C62H61NNi3O4P4S4

Formula mass 607.31 1312.37
T [K] 193(2) 193(2)
λ [Å] 0.71073 0.71073
Crystal system monoclinic triclinic
Space group P21/n P1̄
a [Å] 11.242(2) 10.6763(5)
b [Å] 14.418(3) 11.3329(6)
c [Å] 17.256(3) 12.3295(7)
α [°] 90 76.447(3)
β [°] 92.569(3) 85.874(2)
γ [°] 90 79.774(2)
V [Å3] 2794.2(9) 1426.49(13)
Z 4 1
ρ (calcd.) [g/cm3] 1.444 1.528
µ (Mo-Kα) [mm–1] 0.985 1.288
F(000) 1264 680
Crystal size [mm] 0.38 � 0.33 � 0.22 0.22 � 0.14 � 0.09
θ range [°] 1.84–25.34 1.70–30.00
Reflections collected 20742 44467
Independent reflections 5113 8302

[R(int) = 0.0275] [R(int) = 0.0239]
Absorption correction integration integration
Max./min. transmission 0.8425/0.6397 0.8983/0.7746
Goodness-of-fit on F2 1.044 1.039
Final R indices [I � 2σ(I)] R1 = 0.0289 R1 = 0.0255

wR2 = 0.0685 wR2 = 0.0649
R indices (all data) R1 = 0.0366 R1 = 0.0324

wR2 = 0.0715 wR2 = 0.0689
Largest diff. peak/hole [e·Å–3] 0.277/–0.236 0.402/–0.307

cies analyzing as Ni3(asp)2(dppe)2 (Scheme 4). The conver-
sion was accelerated by exposure to air, and FD-MS of the
resulting supernatant revealed formation of dppeO2. Crys-
tallographic analysis (Figure 5, Table 2) confirmed a trime-
tallic complex featuring an unusual Ni(µ-SR)2Ni(µ-SR)2Ni
motif.[17–20] Unlike the well-precedented L2Ni(µ-SR)2Ni(µ-
SR)2NiL2 motif, the central nickel atom in Ni3(asp)2-
(dppe)2 is octahedral, being bound also to the two carbox-
ylate ligands with Ni–O distances of 2.0 Å (Figure 5). The
terminal nickel centers are square-planar and low-spin. The
terminal NiII centers are more tightly bonded to the sulfur
atoms (2.22–2.23 Å), whereas the interior nickel center exhi-
bits longer bonds to the sulfur atoms (2.44–2.45 Å), re-
flecting its higher coordination number. Insolubility of the
crystals precluded further analysis of, and reactivity experi-
ments on, the trinuclear species.

Scheme 4. Synthetic route to Ni3(asp)2(dppe)2.
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Figure 5. Structure of Ni3(asp)2(dppe)2 with thermal ellipsoids set
at the 50% probability level. The solvent molecules, phenyl ellip-
soids, and phenyl hydrogen atoms are omitted for clarity. Selected
distances [Å] and angles [°]: Ni(1)–O(2) 2.0172(15), Ni(1)–O(2A)
2.0172(15), Ni(1)–S(2A) 2.4424(5), Ni(1)–S(2) 2.4424(5), Ni(1)–
S(1A) 2.4528(5), Ni(1)–S(1) 2.4528(5), Ni(1)–Ni(2A) 2.8423(3),
Ni(2)–P(1) 2.1529(6), Ni(2)–P(2) 2.1670(6), Ni(2)–S(2) 2.2280(5),
Ni(2)–S(1) 2.2350(6); O(2)–Ni(1)–O(2A) 180.0, O(2)–Ni(1)–S(2A)
89.43(5), O(2A)–Ni(1)–S(2A) 90.57(5), O(2)–Ni(1)–S(2) 90.57(5),
O(2A)–Ni(1)–S(2) 89.43(5), S(2A)–Ni(1)–S(2) 180.000(19), O(2)–
Ni(1)–S(1A) 87.98(4), O(2A)–Ni(1)–S(1A) 92.02(4), S(2A)–Ni(1)–
S(1A) 81.724(17), S(2)–Ni(1)–S(1A) 98.276(17), O(2)–Ni(1)–S(1)
92.02(4), O(2A)–Ni(1)–S(1) 87.98(4), S(2A)–Ni(1)–S(1) 98.276(17),
S(2)–Ni(1)–S(1) 81.724(17), S(1A)–Ni(1)–S(1) 180.0, O(2)–Ni(1)–
Ni(2A) 58.05(4), O(2A)–Ni(1)–Ni(2A) 121.95(4), S(2A)–Ni(1)–
Ni(2A) 49.158(13), S(2)–Ni(1)–Ni(2A) 130.842(13), S(1A)–Ni(1)–
Ni(2A) 49.260(13), S(1)–Ni(1)–Ni(2A) 130.740(13), P(1)–Ni(2)–
P(2) 87.32(2), P(1)–Ni(2)–S(2) 177.96(2), P(2)–Ni(2)–S(2) 90.71(2),
P(1)–Ni(2)–S(1) 90.23(2), P(2)–Ni(2)–S(1) 175.79(2), S(2)–Ni(2)–
S(1) 91.71(2), Ni(2)–S(1)–Ni(1) 74.514(11), Ni(2)–S(2)–Ni(1)
74.831(11).

Summary
The first transition-metal complexes bearing the chelat-

ing ligand asparagusic acid are reported. Electronically, the
pendant carboxyl group does not perturb the S,S coordina-
tion to metal centers, as evidenced by IR and CV studies.
The ligand enables straightforward derivatization to be per-
formed on the pendant carboxyl group. Substitution chem-
istry at the metal centers is also retained, but in the case of
Fe2(aspH)(CO)6 the reactions are slower than the related
propanedithiolate complex. In general, the bulk of the di-
thiolate backbone strongly influences the rates of substitu-
tion at the underlying Fe(CO)3 units. The dithiolate–car-
boxylate can serve as a bridging tridentate chelate by bind-
ing a pair of metal centers through S,S,O ligation.

Pickett, Darensbourg, and our group have demonstrated
the utility of pendant coordinating groups in modeling the
active site of the Fe H2-ases.[21–23] Such pendant ligands,
however, were always soft, being phosphanes, thioethers, or
alkenes. In the case of Fe2(aspH)(CO)6 or its amides, we
observed no evidence of coordination of the hard oxygen
ligands to FeI. Furthermore, we observed no indication that
the carboxylic acid or its anion usefully influence the cata-
lytic chemistry of the related Fe2(aspH)(CO)4(PMe3)2 com-
plexes. This lack of an effect is consistent with a mechanism
whereby catalysis is localized on the region between the two
iron centers.
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Experimental Section
General: Nylon syringe filters (0.2 µm) were acquired from
Nalgene. (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium
hexafluorophosphate (BOP) was acquired from ChemImpex Intl.
All other chemicals were acquired from Aldrich and used without
further purification. Solvents were dried by distillation or were dis-
pensed through two 1-m columns of activated alumina. Solvents
were further purified by degassing with a nitrogen purge. Reactions
were performed under purified nitrogen using either standard
Schlenk techniques or a glove box.

Dihydroasparagusic Acid [3-Mercapto-2-(mercaptomethyl)propanoic
Acid]: The free ligand was prepared based on the method of Singh
and Whitesides.[4] After concentrating the EtOAc extract, the di-
thiol was extracted into hexane and subsequent slow evaporation
of solvent yielded white crystals in 54% yield based on 2-(bro-
momethyl)propenoic acid.

Fe2(aspH)(CO)6: NEtiPr2 (921 µL, 5.29 mmol) was added to a
THF solution (20 mL) of 3-mercapto-2-(mercaptomethyl)propa-
noic acid (805 mg, 5.29 mmol). An additional 45 mL of THF was
added followed by Fe3(CO)12 (2.421 g, 4.81 mmol). Gas evolution
commenced immediately, and the color of the solution changed
from green-black to yellow-red, concomitant with the formation of
a yellow precipitate. The mixture was refluxed for 2.25 h. The re-
sulting dark red solution was filtered in air through a pad of Celite;
removal of the solvent gave a red oil. The product was extracted
into MeOH, and this extract was filtered again through Celite and
concentrated in vacuo. The residue was taken up in 15 mL of
CH2Cl2, treated with trifluoroacetic acid (600 µL, 8.08 mmol), and
chromatographed on silica gel, eluting with MeCN/CH2Cl2 (1:7,
v:v). The second red band was collected and concentrated in vacuo
to give a red crystalline product. Yield: 888 mg (43%).
C10H6Fe2O8S2 (429.98): calcd. C 27.93, H 1.41; found C 27.79, H
1.13. 1H NMR (500 MHz, CD3OD): δ = 2.92 (dd, 2 H, SCHH),
2.16 (br., 1 H, CHCOO), 1.81 (dd, 2 H, SCHH) ppm. The solid
product decomposed at 118 °C. IR (MeOH): νCO = 2076 (vs), 2037
(vs), 1997 (vs), 1730 (m, monomer), 1710 (m, dimer) cm–1. FD-
MS: m/z = 429.8 [M+], 373.8 [M+ – 2 CO].

Alternative Synthesis of Fe2(aspH)(CO)6: A mixture of Fe3(CO)12

(5.00 g, 9.92 mmol) and 3-mercapto-2-(mercaptomethyl)propanoic
acid (1.51 g, 9.92 mmol) in toluene (100 mL) was heated at 80 °C
for 30 min, resulting in a red solution and a fine orange precipitate.
The cooled reaction mixture was filtered through a pad of Celite,
and the filtrate was concentrated to dryness. The product was ex-
tracted with MeCN and was filtered through a nylon membrane
(0.2 µm). The solvent was removed to afford a red powder. Single
crystals were grown by cooling a concentrated CH2Cl2 solution to
–20 °C. Yield: 1.55 g (36%).

Fe2[(SCH2)2CHC(O)NHEt](CO)6: (Benzotriazol-1-yloxy)tris(di-
methylamino)phosphonium hexafluorophosphate (103 mg,
0.233 mmol) was added to a solution of Fe2(aspH)(CO)6 (100 mg,
0.233 mmol) in CHCl3 (5 mL) followed by H2Net (17 µL,
0.2114 mmol). After stirring for 2 min, the coupling reaction was
initiated upon addition of NEtiPr2 (55 µL, 0.317 mmol). The reac-
tion was monitored by TLC. After 21 h, the reaction solution was
concentrated in vacuo before being chromatographed on silica gel,
eluting with MeOH/CH2Cl2 (5:95, v:v). The first red band was
collected, and solvent removal by rotary evaporation yielded an
orange powder. Single crystals were grown from a MeOH solution
that was cooled to –20 °C. Yield: 30 mg (31%). C12H11Fe2NO7S2

(457.05): calcd. C 31.54, H 2.43, N 3.06; found C 32.76, H 2.51, N
3.37. 1H NMR (400 MHz, CDCl3): δ = 3.21 (dq, 2 H, NCH2), 2.66
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(dd, 2 H, SCHa), 1.85 [m, 3 H, SCHb and (SCH2)2CH], 1.11 (t, 3
H, NCH2CH3) ppm. IR (MeOH): νCO = 2076 (vs), 2037 (vs), 1997
(vs), 1660 [m, C(O)N], 1563 (w, C–N stretch coupled to N–H defor-
mation), 1310 (w, C–N) cm–1. FD-MS: m/z = 456.9 (100) [M+],
428.9 (23) [M+ – CO], 400.8 (80%, M+ – 2 CO).

Fe2[(SCH2)2CHCONHCH2CO2tBu](CO)6: [BOP]PF6 (123 mg,
0.279 mmol) was added to a solution of Fe2(aspH)(CO)6 (120 mg,
0.279 mmol) in CH2Cl2 (5 mL) followed by the addition of Gly–
OtBu·HCl (42 mg, 0.211 mmol). Addition of NEtiPr2 (110 µL,
0.63 mmol) and stirring for 2 h produced a clear, dark red solution.
A concentrated CH2Cl2 solution was chromatographed on silica
gel, eluting with MeOH/CH2Cl2 (5:95, v:v). Evaporation of solvent
from the first red-orange band yielded a red-orange solid. Single
crystals were grown by layering a CH2Cl2 solution of the com-
pound with hexane followed by cooling to –20 °C. Yield: 38 mg
(28%). C16H17Fe2NO9S2 (543.14): calcd. C 35.38, H 3.15, N 2.58;
found C 35.31, H 3.18, N 2.89. 1H NMR (500 MHz, CDCl3): δ =
5.81 (t, 1 H, NH), 3.84 (d, 2 H, NCH2), 2.71 (dd, 2 H, SCHH),
1.91 (m, 3 H, SCHH and CHCO), 1.46 [s, 9 H, C(CH3)3] ppm. IR
(MeOH): νCO = 2075 (m), 2036 (vs), 1997 (s), 1748 [w, C(O)-
OCMe3], 1668 [w, NC(O), amide I]; 1558 (w, C–N and N–H, amide
II) cm–1. FD-MS: m/z = 542.9 [M+], 487 [M+ – 2 CO].

Ni(aspH)(dppe): NaOMe (2 equiv.) in MeOH (40 mL) was added to
a mixture of NiCl2(dppe) (835 mg, 1.58 mmol) and aspH3 (240 mg,
1.58 mmol) in MeOH (40 mL). The immediately resulting dark red
solution yielded a bright orange precipitate after 1 h. After 4 h,
volatiles were removed in vacuo. The residue was washed with
3�5 mL of MeOH to remove [Ni2(µ,µ�-aspH)(dppe)2]2+ and other
impurities, leaving a bright orange powder. Yield: 577 mg (60%).
Single crystals were grown by layering a CH2Cl2 solution of the
compound with Et2O. C30H30NiO2P2S2 (607.34): calcd. C 59.33, H
4.98; found C 59.06, H 4.93. 1H NMR (500 MHz, CDCl3): δ =
10.30 (br. s, 1 H, COOH), 7.83–7.79 and 7.55–7.46 (m, 20 H,
PC6H5), 3.10 [quint, 1 H, (SCH2)2CH], 2.79–2.64 (m, 4 H, SCH2),
2.18 (d, 4 H, PCH2) ppm. 31P NMR (202 MHz, CDCl3): δ = 57.92
(s). FD-MS: m/z = 606.1 [M+ – H], 398 [dppe].

[Ni2(aspH)(dppe)2](X)2 (X = Cl–, BPh4
–): NaOMe (2 equiv.) in

MeOH (5 mL) was added to a mixture of NiCl2(dppe) (200 mg,
0.379 mmol) and aspH3 (58 mg, 0.379 mmol) in MeOH (5 mL).
The solvent was removed in vacuo from the resulting clear, dark
red solution after 5.5 h. 31P NMR (202 MHz, CD3CN): δ = 59.889
[s, 1 P, NiCl2(dppe)], 57.738 [s, 1 P, Ni(aspH)(dppe)], 53.149 and
53.028 (d, 9 P, [Ni2(aspH)(dppe)2]2+), 50.470 and 50.349 (d, 9 P,
[Ni2(aspH)(dppe)2]2+) ppm. ESI-MS: m/z (%) = 1099.4 (100)
[{[Ni2(aspH)(dppe)2]Cl}+], 1063.1 (2) [Ni2(asp)(dppe)2]+, 532.3 (12)
[Ni2(aspH)(dppe)2]2+. The product was extracted into 5 mL of
MeOH, filtered through a pad of Celite, and treated with a solution
of NaBPh4 (140 mg, 0.40791 mmol) in MeOH (3 mL). The re-
sulting yellow-orange precipitate was washed with 15 mL MeOH
and dried in vacuo. Yield: 173 mg (27%). Single crystals were
grown from an acetone solution layered with methanol. 31P NMR
(202 MHz, CD3CN): δ = 57.46 (br. s) ppm. ESI-MS: m/z (%) =
1063.3 (10) [Ni2(asp)(dppe)2]+, 532.0 (100) [Ni2(aspH)(dppe)2]2+.

Ni3(asp)2(dppe)2: A mixture of NiCl2(dppe) (100 mg,
0.18939 mmol) and aspH3 (28.8 mg, 0.18939 mmol) in MeCN
(15 mL) in air was treated with NEt3 (79.2 µL, 0.56817 mmol).
Upon standing for 3 h, a crystalline black precipitate began form-
ing. After 1 d, the supernatant was decanted. The extremely dark
maroon crystalline solid was collected and dried in air. Yield: 59 mg
(74%). C60H58Ni3P4O4S4 (1271.35): calcd. C 56.68, H 4.60; found
C 56.41, H 4.48.
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Crystallography: Data were collected at –80 °C with a Siemens Plat-
form/CCD automated diffractometer. Data processing was per-
formed with SAINT PLUS version 6.22. Structures were solved by
direct methods and refined using full-matrix least squares on F2

using Bruker SHELXTL version 6.10. Methyl, carboxyl, and amide
H atom thermal parameters were assigned as 1.5� those of the
adjacent atom. Remaining hydrogen atoms were fixed in idealized
positions with thermal parameters 1.2� those of the attached
carbon atoms. CCDC-613254 [Fe2(aspH)(CO)6], -613255
{Fe2[(SCH2)2CHCONHEt](CO)6}, -613256 {Fe2[(SCH2)2-
CHCONHCH2CO2tBu](CO)6}, -613252 [Ni(aspH)(dppe)], and
-613253 [Ni3(asp)2(dppe)2] contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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The reactivity of the two nickel complexes [Ni(xbsms)] and
[Ni(bsms)2] [H2xbsms = α,α�-bis(4-mercapto-3,3-dimethyl-2-
thiabutyl)-o-xylene; Hbsms = 4-mercapto-3,3-dimethyl-1-
phenyl-2-thiabutane] towards copper iodide and zinc bro-
mide has been investigated. The reactions yield novel aggre-
gates of higher nuclearity with topologies that are different
from previous reports; the nickel complexes in all cases can
be considered as didentate S ligands. The X-ray structure
of the novel octanuclear cluster [{Ni(bsms)2}3(CuI)5] shows a
unique arrangement in which the cis-NiS2S�2 units act as di-
dentate ligands to a trigonal-bipyramidal array of five CuI

ions. The tetranuclear structure of [{Ni(xbsms)CuI}2] shows
unprecedented asymmetric bridging of the thiolate sulfur
atoms, with one of the thiolate groups binding to one copper

Introduction

It is now generally accepted that the A-cluster of acetyl-
coenzyme-A-synthase/CO-dehydrogenase (ACS/CODH) in
its active state contains a dinuclear nickel site bound to an
iron–sulfur cluster.[1] However, due to the earlier reports of
Cu- or Zn-containing structures,[2,3] attempts to synthesise
structural models of the A-cluster have resulted in reports
of several new heteronuclear clusters.[4–11] In most of these
investigations, discrete mononuclear nickel complexes of
tetradentate N2S2 ligands have been used as building
blocks, and their reactivity towards transition metals such
as Fe, Ni, Cu, Zn, Ag, Pd and Hg have been studied. The
nickel complexes can be considered to react as didentate S
ligands. A wealth of structures has become available, and a
range of possible bridging modes for the thiolate sulfur
atoms have been reported.[7] The two cis-thiolate sulfur
atoms in the parent nickel complex may form single bridges
to two different metal ions in, for example, Ni3Cu2, Ni3Ag2

or Ni3Zn2 clusters[4,10,12,13] or Ni4Pd2 paddle wheels;[10,14]

they can act as a chelating ligand to one metal ion to form
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ion and the other one µ3-bridging to two copper ions. The
complex is located on a crystallographic twofold axis and the
complex in a single crystal is enantiomerically pure. The tri-
nuclear complex [Ni2(bsms)3ZnBr3] is formed as a result of
dissociation of the didentate bsms ligand from part of the mo-
nonuclear complex and reassembly to form a dinuclear core
to which the ZnBr3

– unit is coordinated to a single thiolate
sulfur atom. A complex of stoichiometry [Ni3(xbsms)2-
(ZnBr3)2] has also been isolated and a structure proposal
based on spectroscopic properties is given. All complexes
have been characterised by analytical and spectroscopic
methods.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

discrete NiCu or NiNi dinuclear complexes[4,5,8,11] or linear
trinuclear Ni3 or Ni2Cu complexes;[8,15] or they may bind
to four different metal ions through µ3-S bridges in larger
Ni2Cu4 aggregates.[16] The nuclearity of the cluster and type
of aggregate that is formed is largely dependent on the stoi-
chiometry of the reactants and the presence or absence of
coordinating anions. In all of these clusters the nickel ion
in the parent complex remains divalent and low-spin in a
square-planar geometry. However, when using flexible li-
gands that allow for different geometries, in a reaction with
low-valent metal centres the nickel ion may be reduced and
expelled from the ligand[17,18] or it may result in clusters in
which the nickel centre is coordinated by the ligand in a
tetrahedral geometry and in which additional metal–metal
bonds are formed.[19,20]

Numerous CuI thiolate clusters have been reported.
Homoleptic CuI clusters with monodentate thiolate ligands
have been reported as [Cu4(SR)4] in a square-planar or cub-
ane arrangement, as [Cu4(SR)6] in a tetrahedral or ada-
mantane arrangement, or as clusters of varying stoichiome-
try such as [Cu5(SR)6], [Cu5(SR)7], [Cu6(SR)6], [Cu8(SR)8],
[Cu8(SR)12] and [Cu12(SR)12].[21] In addition, some CuI

clusters containing dithiolate ligands have been reported.[22]

The central cores in these homoleptic clusters are remarka-
bly similar to the heteronuclear clusters that can be ob-
tained with the nickel complexes, in which the [NiN2S2]
group acts as a didentate sulfur ligand.
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Earlier we have synthesised nickel complexes as models

for hydrogenases by making use of various ligands contain-
ing oxygen, nitrogen and sulfur donor atoms.[23–25] The re-
activity of these nickel complexes with various iron sources
has resulted in novel compounds, in some cases of surpris-
ing composition.[17–19] Recently, we have reported the mo-
nonuclear complexes [Ni(bsms)2] and [Ni(xbsms)] in which
the nickel ion is in an S4 coordination environment
[H2xbsms = α,α�-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)-
o-xylene; Hbsms = 4-mercapto-3,3-dimethyl-1-phenyl-2-
thiabutane].[26] The reactivity of these mononuclear com-
plexes towards nickel and iron has been studied and the
trinuclear nickel complexes [Ni3(bsms)4](BF4)2 and [Ni3-
(xbsms)2](BF4)2 have been reported.[15,27]

The reactivity of these complexes towards copper(I) and
zinc(II) salts has now been investigated, resulting in a
number of novel aggregates with unprecedented structures
that are described below.

Results

Reactivity Studies

The reactivity of the mononuclear NiS4 complex
[Ni(xbsms)] towards FeCl2, [Fe2(CO)9] and [Fe(CO)2(NO)2]
appeared to be very similar to that reported for NiN2S2

complexes,[28] with the nickel complex acting as a mono-
dentate or didentate chelating ligand to iron. Despite the
trans orientation of the two didentate ligands in [Ni-
(bsms)2] a similar reactivity towards FeCl2 has been ob-
served;[15] in aggregation reactions with nickel or iron the
two ligands tend to rearrange to form a nickel complex with
the cis-dithiolate conformation required for further binding.
The reactivity of the mononuclear complexes [Ni(xbsms)]
and [Ni(bsms)2] has now been investigated in reactions with
ZnBr2, ZnCl2 and CuI, with acetonitrile as the solvent and
in 1:1 molar ratios; interesting new products of unexpected

Scheme 1. Synthesis of the novel clusters.

Eur. J. Inorg. Chem. 2006, 4800–4808 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4801

stoichiometries have been obtained (Scheme 1). The reactiv-
ity of the complexes towards ZnBr2 and ZnCl2 appeared to
be similar as analogous products were obtained; only the
results of the reactions with ZnBr2 are reported.

Reactions of the related trinuclear nickel complexes
[Ni3(xbsms)2](BF4)2 and [Ni3(bsms)4](BF4)2 with either CuI
or ZnBr2 did not generate any new compounds of different
stoichiometries. The trinuclear complexes appeared to be
relatively inert, and the starting materials could be reco-
vered from most of the reactions.

Structures of the Complexes

Structure of [{Ni(bsms)2}3(CuI)5] (1)

The asymmetric unit contains two independent mole-
cules of [{Ni(bsms)2}3(CuI)5] together with four acetone
molecules and two diethyl ether molecules. The differences
between the two independent molecules are very small,
therefore the detailed geometry of only one of them is dis-
cussed. An ORTEP projection of the structure of
[{Ni(bsms)2}3(CuI)5] is shown in Figure 1. Another projec-
tion showing the coordination environment of the nickel
and copper centres is given in Figure 2. Crystal data are
given in the Experimental Section and selected bond
lengths and angles are summarised in Table 1. Three
square-planar nickel(II) centres, three trigonal-planar cop-
per(I) ions and two tetrahedrally coordinated copper(I) ions
constitute the octanuclear cluster. The nickel ions have an
S2S�2 coordination, with the coordination environment con-
sisting of two didentate bsms ligands that bind through the
thiolate groups in the cis positions. The trigonal-planar
copper ions have an S2I coordination environment and the
tetrahedral copper ions are in an S3I coordination environ-
ment.
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Figure 1. Displacement ellipsoid plot of one of the independent
molecules of [{Ni(bsms)2}3(CuI)5] (1), drawn at the 50% prob-
ability level. Hydrogen atoms and the solvent molecules have been
omitted and copper surroundings are indicated by dashed bonds
for clarity.

Figure 2. Projection of the central core and the coordination envi-
ronment of the copper and nickel centres in 1. View approximately
along the pseudo-threefold axis of the trigonal bipyramid; the tri-
gonal plane is indicated by solid lines.

The five copper ions are clustered in a trigonal-bipyrami-
dal array, with the three trigonal-planar copper ions in the
equatorial plane and the tetrahedral copper ions at the api-
ces. The NiS2S�2 units are each capping two edges of the
trigonal bipyramid with two µ3-bridging thiolate groups
that each connect two copper ions with one nickel ion; each
nickel complex thus binds to four different copper ions.
Each nickel dithiolate complex bridges two equatorial cop-
per ions to form a giant twelve-membered Ni3Cu3S6 ring.
The tetrahedral copper ions are coordinated to three thio-
late groups, each from a different NiS2S�2 unit, thus capping
the 12-membered crown on both sides, and as a result creat-
ing a cage. All thiolate sulfur atoms use three lone pairs in
a distorted tetrahedral geometry in binding to one nickel

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4800–48084802

Table 1. Selected bond lengths [Å] and angles [°] in [{Ni(bsms)2}3-
(CuI)5] (1).

Cu(4)···Cu(5) 4.2012(12) Cu(1)···Cu(4) 3.5855(12)
Cu(1)···Ni(1) 3.1381(13) Ni(1)···Ni(2) 6.1880(15)
Ni(1)–S(11) 2.1868(17) Ni(1)–S(12) 2.2010(19)
Ni(1)–S(13) 2.1970(18) Ni(1)–S(14) 2.1966(18)
Cu(1)–S(13) 2.2481(18) Cu(4)–S(11) 2.3252(18)
Cu(1)–S(21) 2.2775(18) Cu(4)–S(21) 2.3548(18)
Cu(1)–I(1) 2.4903(10) Cu(4)–S(31) 2.3354(18)

Cu(4)–I(4) 2.5801(9)
S(13)–Cu(1)–S(21) 110.34(7) S(11)–Ni(1)–S(12) 91.64(7)
S(13)–Cu(1)–I(1) 130.85(5) S(11)–Ni(1)–S(13) 91.15(6)
S(21)–Cu(1)–I(1) 118.73(5) S(11)–Ni(1)–S(14) 169.77(8)
S(11)–Cu(4)–S(21) 106.79(6) S(12)–Ni(1)–S(13) 169.19(8)
S(11)–Cu(4)–S(31) 115.73(7) S(12)–Ni(1)–S(14) 87.84(7)
S(11)–Cu(4)–I(4) 105.31(5) S(13)–Ni(1)–S(14) 91.25(7)
S(21)–Cu(4)–S(31) 104.64(7) Cu(1)–S(13)–Cu(5) 112.11(7)
S(21)–Cu(4)–I(4) 113.42(5) Cu(1)–S(13)–Ni(1) 89.81(6)
S(31)–Cu(4)–I(4) 111.11(5) Cu(5)–S(13)–Ni(1) 129.75(8)

ion and two copper ions. Finally, the coordination environ-
ment of each copper ion is completed by one iodide ion.

The molecule lacks crystallographic symmetry elements
and therefore every nickel centre and every copper centre is
unique. However, the molecule contains an approximate,
non-crystallographic threefold rotation axis running
through the apical copper ions that makes the differences
between the three nickel ions, the three equatorial copper
ions Cueq and the two tetrahedrally coordinated copper
ions Cuap very small. The nickel–thiolate distances vary
from 2.082(17) to 2.1861(18) Å, and are comparable to the
distances found in the starting complex [Ni(bsms)2], and
the nickel–thioether distances are 2.1966(18)–2.2108(19) Å,
slightly longer than those in [Ni(bsms)2].[26] The Cueq–thio-
late distances vary from 2.2328(19) to 2.2775(18) Å,
whereas the Cuap–thiolate distances are slightly longer and
vary from 2.3204(18) to 2.3548(18) Å. The Cueq–iodide dis-
tances are 2.4860(10)–2.4903(10) Å and the Cuap–iodide
distances are 2.5775(9)–2.5801(9) Å. Because of the rigid
conformation of the complex the nickel centres have a tetra-
hedral distortion with a dihedral angle varying from
12.09(10) to 18.44(10)° between the planes S(n1)–Ni(n)–
S(n2) and S(n3)–Ni(n)–S(n4). The geometry around the
Cueq ions deviates only slightly from planarity and the
angles around the tetrahedral Cuap ions are in the range
104.64(7)–115.73(7)°.

The intramolecular Cu···Cu contacts vary from
3.4668(13) to 5.3666(14) Å, with the shortest distances be-
tween the apical and equatorial copper ions. The distances
between the nickel centres range from 6.0776(15) to
6.3023(14) Å.

Although the nickel(II) ions in the solid structure have a
significant tetrahedral distortion, in solution the NiII ions
are in a low-spin state, as shown by NMR experiments. In
the 1H NMR spectrum of the complex in [D6]DMSO only
one set of relatively sharp signals is observed for the ligand,
thus confirming its rather symmetrical structure in solution.

Structure of [{Ni(xbsms)CuI}2] (2)
A projection of the structure of [{Ni(xbsms)CuI}2] is

shown in Figure 3. Crystal data are given in the Experimen-
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tal Section and selected bond lengths and angles are given
in Table 2. The compound crystallises in the trigonal space
group P3221. The disordered solvent contained in this crys-
tal structure was modelled as diffuse electron density (see
Experimental Section). One tetranuclear complex contains
two nickel(II) centres in square-planar surroundings and
two copper(I) ions in a tetrahedral geometry. The complex
is located on an exact, crystallographic twofold rotation
axis and the complex in a single crystal is enantiomerically
pure, with clockwise rotation along the positive c-axis. Be-
cause of the symmetry the compound can be considered as
being a dimer of a heterodinuclear nickel-copper complex.
The nickel centres have an S2S�2 coordination sphere con-
sisting of two thiolate sulfur atoms in enforced cis positions
and two thioether sulfur atoms. These nickel ions are in a
square-planar geometry with a small tetrahedral distortion
defined by a dihedral angle of 5.44(7)° between the planes
Ni(1)–S(6)–S(9) and Ni(1)–S(16)–S(19). The bonds of the
thioether sulfur atoms and the thiolate sulfur atoms to Ni
are slightly longer than in the parent nickel complex
[Ni(xbsms)][26] but are still unexceptional. Both thiolate sul-
fur atoms of the NiS4 unit are bound as a chelating ligand
to a single copper ion with one short Cu(2)–S(6) distance
of 2.3010(12) Å and one long Cu(2)–S(16) distance of
2.6229(9) Å. The latter thiolate S(16) is the one that binds
to the symmetry-related copper ion Cu(2a), with a short
copper–thiolate distance of 2.2929(9) Å, and is therefore µ3-
bridging between both copper ions and one nickel ion. The
copper centres additionally have one coordinated iodide ion
and are therefore in a tetrahedral S3I coordination environ-
ment. The tetranuclear molecules are arranged in a helical
motif around a 32 screw axis in the crystallographic c direc-
tion by π–π stacking of the xbsms ligands (Figure 4). The
geometric centres of the stacking phenyl rings are
3.636(3) Å apart and the phenyl rings have a dihedral angle
of 2.0(3)°. Large, solvent-accessible channels are located
along this 32 screw axis (see Experimental Section).

Figure 3. Displacement ellipsoid plot of [{Ni(xbsms)CuI}2] (2),
drawn at the 50% probability level. Hydrogen atoms and solvent
molecules have been omitted for clarity.

The NMR spectra of 2 were obtained in CDCl3 at room
temperature and at 238 K. Due to the presence of the two-
fold rotation axis, only one set of ligand signals is expected
for the tetranuclear complex. The 1H NMR spectrum re-
corded at room temperature displays signals that are broad-
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Table 2. Selected bond lengths [Å] and angles [°] in [Ni(xbsms)-
CuI]2 (2).

Ni(1)···Cu(2) 2.7496(6) Cu(2)···Cu(2)[a] 2.5671(9)
Ni(1)–S(6) 2.1956(11) Cu(2)–S(6) 2.3010(12)
Ni(1)–S(9) 2.1936(10) Cu(2)–S(16) 2.6229(9)
Ni(1)–S(16) 2.1983(10) Cu(2)–I(3) 2.5301(5)
Ni(1)–S(19) 2.2024(10) Cu(2)–S(16)[a] 2.2929(9)
S(6)–Ni(1)–S(9) 89.94(4) S(6)–Cu(2)–S(16) 76.12(4)
S(6)–Ni(1)–S(16) 87.77(4) S(6)–Cu(2)–I(3) 122.38(4)
S(6)–Ni(1)–S(19) 174.57(4) S(6)–Cu(2)–S(16)[a] 114.86(4)
S(9)–Ni(1)–S(16) 176.73(4) S(16)–Cu(2)–I(3) 111.18(3)
S(9)–Ni(1)–S(19) 92.35(4) S(16)–Cu(2)–S(16)[a] 117.23(3)
S(16)–Ni(1)–S(19) 89.73(4) I(3)–Cu(2)–S(16)[a] 111.00(3)

[a] Symmetry position: x – y, –y, 1/3 – z.

Figure 4. Stacking plot of [{Ni(xbsms)CuI}2] (2), including the
ARU numbers. View along the 32 screw axis.

ened and only two CH2 resonances can be discerned: one
for the ethylene bridges and one for the xylyl-CH2 groups.
Furthermore, only one resonance is observed for all four
methyl groups. This indicates that both sides of one ligand
and both protons on a CH2 group are chemically equivalent
in solution on the NMR timescale at room temperature.
After cooling the sample to 238 K, the spectrum is sharp-
ened and four doublets are observed for the eight CH2 pro-
tons and two singlets are observed for the four methyl
groups. In addition, the protons within a CH2 group show
COSY and NOESY cross-peaks. This indicates that even at
low temperature both sides of one ligand are still chemically
equivalent: C7 and C17, C10 and C20, and C8 and C18 are
mutually equivalent. So, in solution the asymmetry of the
crystal structure is apparently released. Full assignment of
the resonance signals could be made from the COSY and
NOESY NMR spectra at 238 K. The signal of one of the
benzylic protons has shifted 1.8 ppm downfield to δ =
5.6 ppm as compared to that in the parent nickel complex.
This rather large shift is comparable to the shift of the sig-
nal of one benzylic proton in [Ni(xbsms)Fe(CO)4].[28] From
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the crystal structure, however, no apparent interactions can
be discerned that may be responsible for this downfield
shift; the shortest Ni···benzylic-H distance is 3.27 Å, and an
iodine–H interaction of 3.1 Å is present.

Structure of [Ni2(bsms)3ZnBr3] (3)

A projection of the structure of [Ni2(bsms)3ZnBr3] is
shown in Figure 5. Crystal data are given in the Experimen-
tal Section and selected bond lengths and angles in Table 3.
The asymmetric unit contains the trinuclear complex
[Ni2(bsms)3ZnBr3] and two molecules of acetone. The trinu-
clear complex is built up from two nickel(II) centres with
square-planar surroundings and a tetrahedral zinc(II) ion.
Ni(1) has an S2S�2 coordination environment originating
from two bsms ligands, with the two thiolate sulfur atoms
in cis positions. The square-planar coordination of this
nickel ion has a small tetrahedral distortion, with an in-
terplanar angle of 4.7(3)°. Both thiolate sulfur atoms are
bridging to the second nickel ion, Ni(2), which is in an S3S�
coordination environment consisting of the already men-
tioned bridging thiolate sulfur atoms and an additional di-
dentate bsms ligand. The Ni(2) ion is also in a rather perfect
square-planar geometry with a small tetrahedral distortion

Figure 5. Displacement ellipsoid plot of [Ni2(bsms)3ZnBr3] (3),
drawn at the 50% probability level. Hydrogen atoms and solvent
molecules are omitted for clarity.

Table 3. Selected bond lengths [Å] and angles [°] in [Ni2(bsms)3-
ZnBr3] (3).

Ni(1)···Ni(2) 2.864(3) Ni(2)···Zn(3) 3.616(3)
Ni(1)–S(6) 2.162(4) Zn(3)–S(46) 2.414(4)
Ni(1)–S(9) 2.211(5) Zn(3)–Br(61) 2.379(2)
Ni(1)–S(26) 2.147(4) Zn(3)–Br(62) 2.406(2)
Ni(1)–S(29) 2.192(4) Zn(3)–Br(63) 2.402(2)
Ni(2)–S(6) 2.211(4) Ni(2)–S(46) 2.175(4)
Ni(2)–S(26) 2.212(4) Ni(2)–S(49) 2.192(4)
S(6)–Ni(1)–S(9) 87.27(17) S(26)–Ni(2)–S(46) 170.85(16)
S(6)–Ni(1)–S(26) 80.93(15) S(26)–Ni(2)–S(49) 97.36(16)
S(6)–Ni(1)–S(29) 170.60(17) S(46)–Ni(2)–S(49) 91.77(15)
S(9)–Ni(1)–S(26) 168.03(18) S(46)–Zn(3)–Br(61) 111.74(11)
S(9)–Ni(1)–S(29) 101.04(17) S(46)–Zn(3)–Br(62) 100.99(11)
S(26)–Ni(1)–S(29) 90.88(15) S(46)–Zn(3)–Br(63) 106.19(12)
S(6)–Ni(2)–S(26) 78.45(15) Br(61)–Zn(3)–Br(62) 112.93(9)
S(6)–Ni(2)–S(46) 92.46(16) Br(61)–Zn(3)–Br(63) 109.66(9)
S(6)–Ni(2)–S(49) 175.01(15) Br(62)–Zn(3)–Br(63) 114.86(8)
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and a dihedral angle of only 2.9(2)°. The thiolate sulfur
atom of this third bsms ligand is bridging between Ni(2)
and the zinc(II) ion, which has an SBr3 coordination envi-
ronment. The bond lengths to nickel are similar to those in
the parent nickel complex [Ni(bsms)2] and are unexcep-
tional.[26]

The NMR spectroscopic results confirm the diamagnetic
properties of the complex, with two square-planar low-spin
nickel(II) centres and a zinc(II) ion, which is retained in
solution. Quite unexpectedly, only a single set of resonances
is discernible for the three ligands, which makes the spec-
trum quite similar to the 1H NMR spectrum of [Ni(bsms)2].

Structure of [Ni3(xbsms)2(ZnBr3)2] (4)

A structure proposal based on elemental analysis and IR,
NMR and ligand-field spectroscopy is shown in Figure 6.
The structure proposal is based on the known type of trinu-
clear complexes of the form [Ni3(xbsms)2]2+, which are
composed of a zig-zag chain of three square planes similar
to that reported for [Ni3(bsms)4]2+.[15] This arrangement
leaves space for two ZnBr3 units to coordinate above and
below the trinuclear complex, similar to the binding ob-
served in [Ni2(bsms)3ZnBr3]. The 1H NMR spectrum of this
compound again shows only one set of sharp signals, in
agreement with a symmetrical structure and square-planar
surrounding for the nickel(II) ions. The coordination of the
ZnBr3 groups apparently has a stabilizing effect on the flux-
ionality of the nickel ions as no sharp NMR spectrum
could be obtained for the parent trinuclear complex, even
at low temperature.[27]

Figure 6. Proposed structure of [Ni3(xbsms)2(ZnBr3)2] (4).

UV/Vis/NIR Spectroscopy of the Complexes

The square-planar surrounding of the nickel(II) ions in
all of the mixed-metal complexes discussed above is re-
flected in their ligand-field spectra. The UV/Vis/NIR data
are presented in Table 4. The nickel–copper complexes are
black solids that yield brown solutions both in chloroform
and in acetonitrile. These complexes show a very broad ab-
sorption band in the solid state with the diffuse reflectance
technique. The nickel–zinc complexes are brown solids that
also yield brown solutions in both chloroform and acetoni-
trile. [Ni3(xbsms)2(ZnBr3)2] (4) dissolves very poorly in
chloroform and therefore the ligand-field data of this com-
plex are only given for acetonitrile. For [Ni2(bsms)3ZnBr3]
(3), the differences in the ligand-field spectra of a solution
in chloroform and a solution in acetonitrile are very small,
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Table 4. Electronic absorption maxima for the NiCu and NiZn complexes.

ν̃ [103 cm–1] (ε [–1 cm–1])
Solid state[a] Chloroform Acetonitrile

[{Ni(bsms)2}3(CuI)5] (1) 21.2 22.6 (14×103)
28.0 (14×103) 26.2 (sh)

34.4 (sh)
38.1 (62×103) 40.3 (107×103)

47.6 (255×103)
[{Ni(xbsms)CuI}2] (2) 14.5 (sh) 14.5 (300)

21.0 20.6 (2400) 21.8 (630)
26.2 (3100) 30.0 (sh)
35.6 (14×103) 35.1 (13×103)

40.3 (20×103)
[Ni2(bsms)3ZnBr3] (3) 15.1 13.6 (120)

20.2 19.3 (sh) 20.4 (sh)
24.1 25.0 (2200) 25.8 (4500)

34.4 (sh) 34.4 (sh)
36.7 (12×103) 37.2 (21×103)

[Ni3(xbsms)2(ZnBr3)2] (4) 19.5 19.7 (6600)
23.2 23.4 (19×103)
30.2
37.5 36.2 (54×103)

[a] Diffuse reflectance.

thus indicating that solvent coordination does not take
place in this case. Coordination of acetonitrile cannot be
excluded for the nickel–copper complexes [{Ni(xbsms)-
CuI}2] and [{Ni(bsms)2}3(CuI)5]. The d–d transitions of the
nickel centres in all complexes are at slightly lower energy
and the ligand-to-metal charge-transfer transitions are at
higher energy compared with the starting complexes
[Ni(bsms)2] and [Ni(xbsms)] (see Table 4).[26] These changes
are just the opposite to the shifts in energy in ligand field
for the [{NiLFeX2}2] complexes [{Ni(xbsms)FeCl2}2],
[{Ni(xbsms)FeBr2}2] and [{Ni(xbsms)FeI2}2].[28] Appar-
ently, the somewhat softer CuI and ZnBr3 units accept more
electron density from the thiolate sulfur atoms.

Discussion

The ability of [NiN2S2] complexes to act as a ligand to
other metal ions has long been recognized, but intense ef-
forts to study the binding of mononuclear [NiN2S2] to tran-
sition metal ions were triggered by the publication of the
X-ray structure of ACS. Many examples of the versatile
binding of nickel dithiolate complexes − as compared with
“normal” didentate sulfur ligands − have now been re-
ported. As the reactivity of the mononuclear NiS4 com-
plexes [Ni(xbsms)] and [Ni(bsms)2] towards iron sources is
rather similar to that of NiN2S2 complexes, the unique
products formed with copper and zinc salts were quite un-
expected. Regarding the NiS4 complexes as dithiolate li-
gands makes the novel octanuclear compound [{Ni-
(bsms)2}3(CuI)5] a [Cu5(“S2”)3] cluster. Numerous CuI thio-
late clusters have been reported; however, only two clusters
have been reported with a related Cu5(SR)6 arrangement.[29]

The copper centres in these complexes are also in a trigo-
nal-bipyramidal array, each axial–equatorial edge of which
is bridged by a thiolate sulfur atom. However, the copper
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ions do not have additional halogen ions coordinated and
the Cu···Cu distances are much smaller and are more likely
to indicate a metal–metal interaction.

The rearrangement of the didentate ligands in
[{Ni(bsms)2}3(CuI)5] to form cis-planar nickel complexes
would imply that a similar structure could possibly be ob-
tained from [Ni(xbsms)]. However, the resulting complex
[{Ni(xbsms)CuI}2] is obviously different and, as similar re-
action conditions were applied in the two syntheses, the re-
sulting dissimilar structures must be a consequence of pack-
ing effects. The reported[6,16] complex [{Ni(N2S2)}3(CuBr)2]
may be regarded as being derived from the present Ni3Cu5

complex by removal of the three equatorial CuI units.
Structures have been reported of [{Ni(N2S2)}2Cu2]2+, which
have the same nickel/copper ratio as [{Ni(xbsms)CuI}2] but
which do not contain coordinated halides and in which the
sulfur binding is different.[5,7]

The reaction of NiN2S2 complexes with copper and zinc
halides has been shown to result in similar structures in
some cases,[12] although different topologies have also been
reported.[7] Our new nickel–zinc complexes [Ni2(bsms)3-
ZnBr3] and [Ni3(xbsms)2(ZnBr3)2] are noticeably different
from these earlier reported structures, and are also quite
different from each other, as a result of dissociation of the
didentate bsms ligand from part of the mononuclear com-
plex and re-assembly to form a dinuclear core similar to
that of the nickel ethanedithiolate compound [Ni2(edt)3].[30]

The binding of the ZnBr3
– group to one thiolate sulfur

atom is similar to the binding observed in the dinuclear
complex [Ni(N2S2)ZnCl2(dmf)].[7] The proposed structure
of the pentanuclear complex of general formula
[Ni3(xbsms)2(ZnBr3)2] is based on the assumption of a sim-
ilar binding of the ZnBr3

– groups; binding at two sides of
the trinuclear core is proposed for reasons of steric bulk
and the existence of a symmetrical structure as indicated by
NMR spectroscopy.
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The structures of the products of the reactions of the

mononuclear complexes [Ni(xbsms)] and [Ni(bsms)2] with
copper and zinc salts are remarkably different from those
that have been reported earlier, and the reactivity of these
products as well as that of the trinuclear nickel complexes
also differ from the analogous NiN2S2 compounds. A
study[6] of the reactivity of the complexes [{Ni(N2S2)}3-
(ZnCl)2]2+, [{Ni(N2S2)}3(CuBr)2] and [{Ni(N2S2)}2Ni]2+

towards nickel, copper and zinc salts resulted in a qualita-
tive ranking of metal ion affinity by the nickel dithiolate
ligand, i.e. Zn2+ � Ni2+ � Cu+. With this in mind the
nickel–zinc complexes [Ni2(bsms)3ZnBr3] and [Ni3(xbsms)2-
(ZnBr3)2] have been tested for their reactivity towards
Ni(BF4)2 and CuI. Both complexes show no reactivity
towards Ni(BF4)2 and only the starting complexes were re-
covered after 24 h. The complex [Ni2(bsms)2ZnBr3], how-
ever, does show reactivity towards CuI; this reaction again
gives the stable octanuclear cluster [{Ni(bsms)2}3-
(CuI)5]. The complex [Ni3(xbsms)2(ZnBr3)2] does not show
reactivity towards CuI, which may be related to the low
solubility of this complex. The trinuclear nickel complexes
appear to be comparatively inert, and from most of the re-
actions only the starting materials could be recovered.

Conclusions
Four new heteronuclear aggregates of various composi-

tion have been synthesised and characterised by using the
NiS4 compounds [Ni(xbsms)] and [Ni(bsms)2] as a ligand
for copper and zinc salts. Despite the similar reactivity of
these two complexes towards iron salts, the products of the
reactions with CuI and ZnBr2 are diverse. The novel octan-
uclear structure of [{Ni(bsms)2}3(CuI)5] shows a unique ar-
rangement of copper and nickel centres, with a central tri-
gonal-bipyramidal array of copper ions to which the three
NiS2S�2 units act as capping ligands. This remarkable com-
plex represents another important example of the structural
versatility possible for the reaction products of nickel di-
thiolate complexes as ligands to other transition metal ions.
The tetranuclear structure [{Ni(xbsms)CuI}2] shows un-
precedented asymmetric bridging of the thiolate sulfur atoms,
with one of the thiolate groups binding to one copper ion
and the other one µ3-bridging to two copper ions. The tri-
nuclear complex [Ni2(bsms)3ZnBr3] is formed as a result of
dissociation of the didentate bsms ligand from part of the
mononuclear complex and reassembly to form the dinuclear
core. The trans binding of the didentate ligand in the start-
ing complex [Ni(bsms)2] appears not to limit its ability to
bind to other transition metal ions as a chelating ligand; it
does, however, result in the formation of new, unexpected
aggregates. The formation of these cluster compounds as
opposed to the desired dinuclear complexes emphasises the
importance of the site isolation in metalloenzymes and the
difficulty of controlling the product formation in vitro.

Experimental Section
Chemicals: All preparations were carried out in reagent-grade sol-
vents. All chemicals used in the syntheses were obtained from
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Acros or Aldrich and were used without further purification. The
complexes were synthesised under argon using standard Schlenk
techniques. Solvents were deoxygenated and dried with molecular
sieves. The synthesis of [Ni(bsms)2] and [Ni(xbsms)] has been re-
ported earlier.[26]

Physical Measurements: IR spectra were recorded with a Perkin–
Elmer FT-IR Paragon 1000 spectrophotometer equipped with a
golden-gate ATR device, using the reflectance technique (4000–
300 cm–1; resolution 4 cm–1). Elemental analyses were carried out
with a Perkin–Elmer series II CHNS/O analyzer 2400. Metal analy-
ses were performed with a Perkin–Elmer 3100 atomic absorption
(AAS) and flame emission spectrometer using a linear calibration
method. Due to the presence of variable amounts of solvent encap-
sulated in the complexes, some of the analytical data may be con-
sidered not satisfactory. Ligand-field spectra were obtained with a
Perkin–Elmer Lambda 900 spectrophotometer. The diffuse reflec-
tance technique, with MgO as a reference, was used for the solid
compounds. Ligand-field spectra of the solutions were obtained
with the solvent in the reference beam. NMR spectra were recorded
with a Bruker WM 300 MHz spectrometer or a Jeol FX-200
Teqmac. 1H and 13C chemical shifts are quoted in ppm relative to
tetramethylsilane (TMS).

[{Ni(bsms)2}3(CuI)5] (1): A solution of CuI (0.072 g, 0.38 mmol) in
80 mL of CH3CN was added to a solution of [Ni(bsms)2] (0.18 g,
0.37 mmol) in 170 mL of CH3CN, and the solution was stirred for
20 h. The solvent was then evaporated and the crude product was
recrystallised from acetone/diethyl ether. Dark-red crystals suitable
for X-ray diffraction were formed in a yield of 0.146 g (75%). IR:
ν̃max = 2960 m, 2907 m, 1495 m, 1454 m, 1386 m, 1368 m, 1256 w,
1228 w, 1199 w, 1139 m, 1083 m, 1071 m, 1028 w, 955 w, 925 w,
889 w, 772 m, 696 vs, 668 m, 476 m cm–1. 1H NMR (300.13 MHz,
[D6]dmso, 298 K): δ = 7.31 (m, 30 H, Ph), 3.68 (s, 12 H, Ph-CH2-
S), 2.26 [s, 12 H, C(CH3)2-CH2-S], 1.21 (s, 36 H, CH3) ppm.
C66H90Cu5I5Ni3S12 (2396.5): calcd. C 33.08, H 3.79, Cu 13.26, Ni
7.35, S 16.05; found C 33.25, H 4.17, Cu 13.05, Ni 7.71, S 15.44.

[{Ni(xbsms)CuI}2] (2): CuI (0.19 g, 1.0 mmol) in 80 mL of CH3CN
was slowly added to a solution of [Ni(xbsms)] (0.4 g, 1.0 mmol) in
100 mL of CH3CN, and the solution was stirred for 23 h. After
evaporation of the solvent, the product was recrystallised from dmf/
diethyl ether in a yield of 0.46 g (78%). Dark-red crystals suitable
for X-ray diffraction were obtained. IR: ν̃max = 2963 m, 2926 m,
1676 m, 1660 vs, 1497 m, 1454 m, 1437 m, 1382 m,1362 m, 1253 m,
1227 m, 1190 w, 1134 m, 1079 s, 956 m, 890 m, 768 s, 759 m, 743 w,
691 s, 668 s, 660 m, 606 m, 579 w, 488 m, 462 m cm–1. 1H NMR
(300.13 MHz, CDCl3, 238 K): δ = 7.28 (m, 4 H, C23-H, C26-H),
7.18 (m, 4 H, C24-H, C25-H), 5.65 (d, 2J = 12.4 Hz, 4 H, C10/20HH),
3.55 (d, 2J = 12.4 Hz, 4 H, C10/20HH), 2.84 (d, 2J = 12.9 Hz, 4 H,
C7/17HH), 2.45 (d, 2J = 12.9 Hz, 4 H, C7/17HH), 1.74 (s, 12 H,
CH3), 1.48 (s, 12 H, CH�3) ppm; see Figure 3 for numbering
scheme. C32H48Cu2I2Ni2S8 (1187.5): calcd. C 32.37, H 4.07, Cu
10.70, Ni 9.89, S 21.60; found C 33.24, H 4.45, Cu 10.55, Ni 9.86,
S 18.94.

[Ni2(bsms)3ZnBr3] (3): ZnBr2 (0.23 g, 1.0 mmol) in 50 mL of
CH3CN was added to a solution of [Ni(bsms)2] (0.50 g, 1.04 mmol)
in 200 mL of CH3CN. The solution changed colour from light
brown to dark brown and was stirred for 19 h. The solvent was
evaporated and the obtained product was recrystallised from ace-
tone/hexane. A yield of 0.48 g of red crystals suitable for X-ray
diffraction was obtained (80%). IR: ν̃max = 2957 w, 2920 w, 1601 w,
1495 m, 1463 m, 1455 m, 1417 m, 1385 w, 1362 m, 1264 m, 1240 m,
1221 m, 1195 m, 1141 m, 1082 m, 1070 m, 1030 w, 953 m, 879 w,
806 m, 767 s, 736 w, 699 vs, 668 w, 620 w, 585 w, 528 m, 487 s,
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Table 5. Crystal and structure-refinement data for [{Ni(bsms)2}3(CuI)5] (1), [{Ni(xbsms)CuI}2] (2) and [Ni2(bsms)3ZnBr3] (3).

Complex 1 2 3

C66H90Cu5I5Ni3S12 (C3H6O)2 C32H48Cu2I2Ni2S8 + disordered sol- C33H45Br3Ni2S6ZnEmpirical formula (C4H10O)0.9 vent (C3H6O)2

Formula mass 2579.41 1187.48a 1172.73
Crystal colour dark red dark red red
Crystal dimensions [mm] 0.42×0.27×0.09 0.15×0.15×0.42 0.03×0.42×0.48
Crystal system triclinic trigonal triclinic
Space group P1̄ (no. 2) P3221 (no. 154) P1̄ (no. 2)
a [Å] 14.5217(19) 13.0141(1) 10.249(3)
b [Å] 14.5596(6) 13.0141(1) 11.549(3)
c [Å] 46.735(4) 26.9539(2) 21.388(7)
α [°] 98.451(7) 90 104.28(3)
β [°] 97.003(9) 90 96.52(2)
γ [°] 93.656(6) 120 97.44(2)
V [Å3] 9667.3(16) 3953.49(5) 2404.9(12)
Z 4 3 2
Dcalcd. [Mgm–3] 1.772 1.496[a] 1.620
µ [mm–1] 3.545 3.006[a] 4.054
Absorption correction analytical multi-scan analytical
Absorption correction range 0.36–0.81 0.45–0.63 0.11–0.83
(sinθ/λ)max [Å–1] 0.61 0.61 0.48
No. of measured reflns 100932 62695 19594
No. of independent reflns 34944 5001 4453
R1

[b]/wR2
[c] [I � 2σ(I)] 0.0465/0.0965 0.0253/0.0609 0.0726/0.1814

R1
[b]/wR2

[c] (all refl.) 0.0691/0.1050 0.0284/0.0619 0.0831/0.1904
S[d] 1.162 1.104 1.110
No. of refined parameters 1873 212 489
No. of restraints 195 0 300
Flack x parameter – 0.008(14) –

[a] Derived parameters do not contain the contribution of the disordered solvent. [b] R = Σ(||Fo| – |Fc||)/Σ|Fo|. [c] wR2 = {Σ[w(Fo
2 –

Fc
2)2]/Σ[w(Fo

2)2]}1/2. [d] S = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1/2.

411 w, 328 m cm–1. 1H NMR (300.13 MHz, [D6]dmso, 298 K): δ =
7.49 (m, 6 H, Ph-ortho-H), 7.34 (m, 6 H, Ph-meta-H), 7.28 (m, 3
H, Ph-para-H), 4.04 (s, 6 H, Ph-CH2-S), 2.25 [s, 6 H, C(CH3)2-CH2-
S], 1.42 (s,18 H, CH3) ppm. C33H45Br3Ni2S6Zn (1056.6): calcd. C
37.51, H 4.29, Ni 11.11, S 18.21, Zn 6.19; found: calcd. C 37.92,
H 4.41, Ni 11.61, S 17.13, Zn 6.67.

[Ni3(xbsms)2(ZnBr3)2] (4): ZnBr2 (0.23 g, 1.0 mmol) in 50 mL of
CH3CN was slowly added to a solution of [Ni(xbsms)] (0.4 g,
1.0 mmol) in 100 mL of CH3CN. The colour changed from dark
green to dark brown and the solution was stirred for 20 h. A pale-
brown product (0.415 g) was collected by filtration and recrystal-
lised from dmf/diethyl ether. After 2 d, a brown precipitate was
collected by filtration in a yield of 0.11 g (22%). IR: ν̃max = 2960 m,
2925 m, 1647 vs, 1490 w, 1456 m, 1436 m, 1383 s, 1371 s, 1252 m,
1137 m, 1115 m, 1088 m, 957 w, 865 w, 774 s, 688 m, 658 m, 606 w,
492 w, 467 w cm–1. 1H NMR (300.13 MHz, [D6]dmso, 298 K): δ =
7.34 (m, 8 H, Ph), 4.10 (s, 8 H, Ph-CH2-S), 2.00 [s, 8 H, C(CH3)2-
CH2-S], 1.65 (s, 24 H, CH3) ppm. C32H48Br6Ni3S8Zn2 (1475.6) +
DMF: calcd. C 27.15, H 3.58, N 0.90, Ni 11.37, S 16.56, Zn 8.44;
found C 28.19, H 3.66, N 1.10, Ni 11.82, S 16.81, Zn 8.40.

Crystal Structure Determinations: X-ray intensities were measured
with a Nonius KappaCCD diffractometer with rotating anode and
graphite monochromator (λ = 0.71073 Å) at a temperature of
150(2) K. Numerical data and details of the data collection and
refinement are presented in Table 5. The structures were solved by
direct methods (SHELXS-97[31] for compounds 1 and 3; SIR-97[32]

for compound 2) and refined with SHELXL97 against F2 of all
reflections.[31] Non-hydrogen atoms were refined freely with aniso-
tropic displacement parameters; hydrogen atoms were refined as
rigid groups. Molecular illustrations, structure checking and calcu-
lations were performed with the PLATON package.[33] CCDC-
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612515 (1), -612516 (2), and -612517 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. 1: The diethyl ether sol-
vent molecule was refined with an occupancy of 0.9. 2: The crystal
structure contains large, solvent-accessible channels along the 32

screw axis (1078.9 Å3 per unit cell) filled with disordered solvent
molecules. Their contribution to the structure factors was secured
by back Fourier transformation using the SQUEEZE routine of
the program PLATON,[33] amounting to 267 electrons in the unit
cell. 3: The crystal appeared to be non-merohedrally twinned with
a 180° rotation about uvw = [100] as the twin operation. Addition-
ally, there was a large anisotropic mosaicity about hkl = (100) pres-
ent. The intensity data were evaluated with EvalCCD.[34] The twin
refinement[35] resulted in a twin fraction of 0.331(3).
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A series of new mixed-ligand lanthanide complexes [Ln-
(hfa)3(4-cpyNO)]2 (Ln = SmIII–HoIII and TmIII; hfa– = hexafluo-
roacetylacetonate; 4-cpyNO = 4-cyanopyridine N-oxide)
have been synthesised by treating the corresponding lantha-
nide hexafluoroacetylacetonates with 4-cpyNO (molar ratio
1:1) in chloroform. Single-crystal X-ray analysis revealed that
[Tb(hfa)3(4-cpyNO)]2 and [Ho(hfa)3(4-cpyNO)]2 are iso-
structural and are comprised of two types of symmetrically
independent dimetallic molecules. Within a dimer, the eight-
fold-coordinated metal atoms are bridged by two 4-cpyNO
ligands through the oxygen atoms of the N-oxide groups.
The magnetic susceptibility data for the GdIII and TbIII com-
plexes indicate the presence of weak antiferromagnetic in-
teractions within the dimetallic Ln2O2 units. The thermal sta-
bility of the [Ln(hfa)3(4-cpyNO)]2 adducts was studied by
thermogravimetric analysis and their volatility estimated
from sublimation experiments under reduced pressure. The

Introduction

Luminescent lanthanide complexes with organic ligands
are of great interest since they can be used, for instance,
as light-converting optical materials, light-emitting layers in
electroluminescent (EL) devices,[1] contrast agents for mag-
netic resonance imaging[2] and luminescent probes in bio-
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photoluminescent properties were measured for solid sam-
ples upon excitation at 330–360 nm. The mixed-ligand com-
plexes of SmIII, EuIII, TbIII, DyIII and TmIII exhibit metal-
centred luminescence in the entire visible spectral range
with characteristic pink, red, green, yellow and blue emis-
sion, respectively. The introduction of ancillary 4-cpyNO
molecules into the coordination sphere of the lanthanide(III)
ions was found to significantly affect their luminescence
quantum yields. [Eu(hfa)3(4-cpyNO)]2 thin films on quartz
substrates were obtained by the vacuum evaporation tech-
nique and their photoluminescent properties were found to
be enhanced when compared with those of the bulk samples.
This suggests that these dimers could be good candidates for
the fabrication of emitting layers for light-emitting diodes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

logy.[3] Such coordination compounds are chemically stable
and provide a versatile tool for tuning their spectroscopic
properties both by choosing the appropriate lanthanide ions
as well as by changing the characteristics of the organic
ligands, such as by introducing suitable substituents/atoms
or conjugated π-electron fragments.[4,5]

The aim of this work is to develop and test highly lumi-
nescent lanthanide(III) complexes that can be utilized for
fabricating light-emitting thin films. Lanthanide tris(β-dike-
tonate) chelates are among the most investigated LnIII coor-
dination compounds as they exhibit sharp emission bands
in the visible and near-infrared spectral ranges. These com-
pounds usually crystallise with solvent molecules, which are
detrimental to their photophysical properties. To overcome
the solvent-quenching problem, an additional β-diketonate
ligand can be introduced to give anionic lanthanide(III)
complexes, or, alternatively, neutral chromophoric ligands
may be used as ancillary ligands to saturate the inner coor-
dination sphere of the metal ion. In the latter case, the sen-
sitisation of lanthanide luminescence can be additionally
improved when the ancillary ligand possesses suitable en-
ergy levels to provide an effective intramolecular energy
transfer from the ligand to the lanthanide ion.[5] For further
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potential application of luminescent complexes as emitting
layers, for example in organic light-emitting diodes, it is
interesting and useful to investigate their photoluminescent
properties in thin films. It is well known that the lumines-
cence of lanthanide(III) ions, especially EuIII, is very sensi-
tive to the local micro-environment of the ion.[6] As a conse-
quence, the packing of the molecules in the crystal struc-
ture, the sample form (solid/powder, thin film or solution)
and even the deposition method of thin films (vacuum
evaporation, spin-coating, etc.) may have a significant influ-
ence on the luminescence lifetimes and quantum yields.
However, only a few studies have been devoted to this ques-
tion.[7]

In this paper, we report the synthesis, structural study
and thermal analysis of the new mixed-ligand lantha-
nide(III) complexes [Ln(hfa)3(4-cpyNO)]2 (Ln = SmIII–
HoIII, TmIII) with 4-cyanopyridine N-oxide as a bridging
ligand to link the metal atoms into dimetallic molecular
species. The luminescent and magnetic properties of these
compounds were studied and the effect of introducing the
ancillary 4-cpyNO ligands on their luminescence character-
istics is discussed. Furthermore, in order to assess the po-
tential of the dimeric complexes for light-emitting layers in
electroluminescent devices, thin films of [Eu(hfa)3(4-

Figure 1. Molecular structures of the centrosymmetric LnL-1 and LnL-2 species in the crystal structure of [Tb(hfa)3(4-cpyNO)]2 with
coordination polyhedra around the metal atoms outlined (30% probability level ellipsoids). Hydrogen atoms omitted for clarity.
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cpyNO)]2 were obtained by the vacuum evaporation tech-
nique and their photoluminescent properties compared
with those of the bulk samples.

Results and Discussion

Synthesis and Characterisation

The reaction of 4-cyanopyridine N-oxide with an equi-
molar amount of [Ln(hfa)3(H2O)2] in chloroform yields air-
stable complexes [Ln(hfa)3(4-cpyNO)]2 (Ln = SmIII–HoIII,
and TmIII), which were isolated as colourless (GdIII, TbIII),
pale yellow (SmIII, EuIII, HoIII and DyIII) or pale aquama-
rine (TmIII) polycrystalline precipitates by removing part of
the solvent at low pressure. The formation of the mixed-
ligand lanthanide adducts was confirmed by elemental
analysis and IR spectroscopy. The IR spectra of all the
complexes obtained are similar, exhibiting C=O and C=C
absorption bands in the region 1700–1500 cm–1 that are
typical of lanthanide chelate complexes containing fluori-
nated β-diketonate ligands.[8] The characteristic bands due
to the terminal C�N group and pyridine N-oxide C–H vi-
brations of the 4-cpyNO ligand appear in the ranges 2300–
2200 cm–1 and 3200–3000/900–600 cm–1, respectively. The



Dimeric Complexes of Lanthanide(III) Hexafluoroacetylacetonates FULL PAPER
assignment of the bands at 1300–1100 cm–1 is difficult due
to overlap of the ν(N–O) and ν(C–F) vibrations. The ab-
sence of absorption between 3600 and 3200 cm–1 implies
that these compounds contain no water molecules.

Crystal and Molecular Structures

Single crystals of [Tb(hfa)3(4-cpyNO)]2 and [Ho(hfa)3(4-
cpyNO)]2 were obtained from chloroform, and their struc-
tures were determined by X-ray crystallography (see Experi-
mental Section for further details). Both compounds are
isostructural, crystallising in the monoclinic space group
P21/c with Z = 4. The crystal structure consists of two types
of symmetrically independent centrosymmetric dimetallic
[Ln(hfa)3(4-cpyNO)]2 molecules, hereafter referred to as
LnL-1 and LnL-2, which differ from each other mainly in
the coordination geometry of the lanthanide atoms (vide
infra). Perspective views of the molecules, with the LnO8

polyhedra outlined, are given in Figure 1 for the TbIII deriv-
ative. Selected bond lengths and angles are summarised in
Table 1. Within a dimer, the metal ions are eight-coordi-
nated by oxygen atoms from two bridging µ-4-cpyNO li-
gands and from three hfa– anions, which act as didentate
chelating ligands. The bridging LnOOLn(a) core is com-
pletely planar due to the presence of an inversion centre.
Intramolecular Ln···Ln separations across the Ln–O–Ln(a)
vary in the range 3.99–4.13 Å (Table 1). A detailed analysis
of the molecular geometry[9,10] reveals that the metal atoms
in LnL-1 have a distorted bicapped trigonal-prismatic
(BCTP) coordination environment, whereas those in LnL-2
have square-antiprismatic (SAP) coordination (cf. Table 2).
In the BCTP polyhedron, the trigonal faces are formed by
atoms O1, O5, O7 and O2, O3, O7a, respectively, while the
O4 and O6 atoms cap two quadrilateral faces of the trigonal
prism. The dihedral angle between the trigonal planes is
18.4°. In the SAP polyhedron, the square faces are de-
limited by atoms O10, O11, O12, O13 and O8, O9, O14,
O14a, respectively, with the dihedral angle between the cor-
responding planes being 2.8°. The different coordination
patterns observed are likely due to steric effects. The planar
4-cpyNO units in LnL-1 are arranged nearly perpendicular
relative to the bridging Ln2O2 plane (φ = 86.4°), thus mini-
mizing the steric hindrance of the β-diketonate ligands.
These units become more twisted toward the hfa– ligands
(φ = 80.7°) in the LnL-2 molecules, leading to distortion of
the oxygen atoms along a pathway from SAP to BCTP. It
is interesting to note a structural difference between
[Tb(hfa)3(4-cpyNO)]2 and a related adduct of EuIII hexa-
fluoroacetylacetonate with pyridine N-oxide, namely
[Eu2(hfa)6(pyNO)3]:[11] the crystal structure of the latter
also contains dimetallic species, although the metal atoms
are nine-coordinate and are bridged by three µ-pyNO li-
gands.

A regular deviation in the mean values of the Ln–O(β-
diketonate) bond lengths and O–Ln–O angles is found
when comparing the TbIII and HoIII structures (2.38–2.33 Å
and 72.4–73.0°, respectively), consistent with a decreasing
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Table 1. Selected bond lengths [Å] and angles [°] in the crystal
structures[a] of [Tb(hfa)3(4-cpyNO)]2 and [Ho(hfa)3(4-cpyNO)]2.

[Tb(hfa)3(4-cpyNO)]2 [Ho(hfa)3(4-cpyNO)]2
TbL-1 TbL-2 HoL-1 HoL-2

Ln···Ln 4.065(3) 4.129(3) 3.991(5) 4.050(5)
Ln–O1(O8) 2.354(3) 2.347(3) 2.312(5) 2.304(5)
Ln–O2(O9) 2.348(3) 2.365(3) 2.306(5) 2.325(5)
Ln–O3(O10) 2.306(4) 2.332(3) 2.267(5) 2.294(5)
Ln–O4(O11) 2.352(4) 2.367(4) 2.323(6) 2.329(5)
Ln–O5(O12) 2.343(4) 2.340(4) 2.298(5) 2.301(5)
Ln–O6(O13) 2.442(3) 2.399(3) 2.418(5) 2.353(5)
Ln–O7(O14) 2.435(3) 2.433(3) 2.378(5) 2.382(5)
Ln–O7a(O14a) 2.416(3) 2.429(3) 2.372(5) 2.393(5)
N1–O7 (N3–O14) 1.357(5) 1.365(4) 1.348(7) 1.348(7)
H17···N4[b] [CH···N] 2.462(1) 2.430(1)
C39···N2 3.248(1) 3.149(1)

Ln–O7–Ln1a 113.9(1) 116.3(1) 114.3(2) 116.0(2)
(Ln–O14–Ln1a)
O1–Ln–O2 73.6(1) 72.2(1) 74.5(2) 72.9(2)
(O8–Ln–O9)
O3–Ln–O4 73.2(1) 72.6(1) 74.0(2) 73.2(2)
(O10–Ln–O11)
O5–Ln–O6 70.9(1) 72.0(1) 71.3(2) 72.1(2)
(O12–Ln–O13)
O7–Ln–O7a 66.1(1) 63.7(1) 65.7(2) 64.0(2)
(O14–Ln–O14a)
N1–O7–Ln 122.0(2) 122.9(2) 122.4(4) 123.7(4)
(N3–O14–Ln)
C17–H17···N4 138.7(2) 133.7(2)
C21–N2···C39 178.1(1) 178.8(2)

[a] Atom labels referring to the LnL-2 molecules are displayed in
round prentheses. [b] Code of symmetry operations: 1 – x, 1 – y, –z.

Table 2. Observed and ideal dihedral angles for eight-coordinate
complexes.

Polyhedral complexes Angles [°]

Ideal dodecahedron 29.5, 29.5, 29.5, 29.5
Ideal square antiprism 0, 0, 52.4, 52.4
Ideal bicapped trigonal prism 0, 21.8, 48.2, 48.2
[Tb(hfa)3(4-cpyNO)]2
TbL-1 2.4, 16.0, 43.3, 47.2
TbL-2 1.2, 6.0, 46.9, 50.6
[Ho(hfa)3(4-cpyNO)]2
HoL-1 3.1, 16.4, 42.3, 47.2
HoL-2 1.4, 4.7, 47.4, 51.0

size of the metal atom. The Ln–O distances for the neutral
4-cpyNO ligands are longer than those for the anionic hfa–

ligands, ranging from 2.416 to 2.435 Å (TbIII) and from
2.372 to 2.393 Å (HoIII).

The symmetrically independent LnL-1 and LnL-2 mole-
cules in the crystal structure of [Ln(hfa)3(4-cpyNO)]2 are
interconnected by weak intermolecular CH···N hydrogen
bonds (Table 1) and lone-pair–π interactions between the 4-
cpyNO species to form two-dimensional molecular as-
semblies in the ac plane (Figure 2). In the TbIII complex,
the substituted pyridine N-oxide fragments of LnL-1 and
LnL-2 are aligned almost orthogonally to each other, with
the nitrile N atoms being either involved in hydrogen bond-
ing with the CH groups of neighbouring 4-cpyNO species
[C(H)···N = 3.22 Å] or directed towards the pyridine ring
of the neighbours with a distance to its centre of 3.54 Å.
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The latter suggests interactions between nitrogen lone pairs
and the π-electrons of the pyridine system. The CN groups
are located substantially off the ring’s centre axis so that
the angle, α, between the line pointing towards the centre
of the pyridine ring and its face amounts to about 66° (see
Figure 2). According to ab initio studies on the interaction
of water with hexafluorobenzene,[12] a similar off-axis ge-
ometry is also favourable for this system and is likely to
result from optimisation of the electrostatic interactions.

Figure 2. Packing of 4-cpyNO entities in the crystal structure of
[Tb(hfa)3(4-cpyNO)]2.

Magnetic Properties

The short metal–metal distances (3.99–4.13 Å) within the
[Ln(hfa)3(4-cpyNO)]2 complexes make these compounds
interesting for a study of the magnetic exchange interac-
tions between the paramagnetic centres. We have recently
reported the magnetic properties of a related dimeric man-
ganese(II) complex, [Mn(hfa)2(4-cpyNO)]2, which exhibits
weak ferromagnetic coupling at low temperatures.[13] Here,
temperature-dependent studies of the magnetic suscep-
tibility (χm) are presented for the gadolinium(III) and ter-
bium(III) complexes. The former compound was found to
be isostructural with the TbIII derivative, as evidenced by
X-ray powder diffraction experiments.

The temperature dependence of the χmT product for
[Gd(hfa)3(4-cpyNO)]2 combined with a plot of χm

–1 vs. T is
shown in Figure 3. At room temperature, the χmT value is
about 15.7 cm3 mol–1 K, close to that expected for two non-
interacting GdIII ions (15.75 cm3 mol–1 K). Upon cooling, it
remains almost constant until 70 K. At lower temperatures,
χmT passes through a small maximum at 40 K before
decreasing to a value of 14.96 cm3 mol–1 K at 2 K. This
characteristic drop in χmT is indicative of weak antiferro-
magnetic GdIII–GdIII interactions within the dimeric mole-
cules. A quantitative analysis of the magnetic data has been
carried out using Equation (1) derived from the isotropic

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4809–48204812

spin Hamiltonian H = –JSGd1·SGd2, where J is the exchange
coupling parameter and SGd1 and SGd2 are the spin opera-
tors associated with the interacting spin centres (SGd1 =
SGd2 = 7/2).

Figure 3. Temperature dependence of χmT (open squares) and χm
–1

(filled circles) for [Gd(hfa)3(4-cpyNO)]2; the solid line represents
the best-fit calculated values.

Least-squares fitting of the experimental data with
Equation (1) leads to the following parameters: J =
–0.010(1) cm–1 and g = 1.99. The good agreement between
the observed and calculated values is reflected by a small
value of the R factor (R = 2.7×10–5), defined as
Σ[(χmT)calc – (χmT)obs]2/Σ[(χmT)obs]2. The weak antiferro-
magnetic coupling between the GdIII ions in [Gd(hfa)3(4-
cpyNO)]2 is further evidenced by the χm

–1(T) data, which
obey a Curie–Weiss law in the whole temperature range
studied (Figure 3), thereby yielding an effective magnetic
moment, µeff, of 15.80(1) µB (per formula unit) and a nega-
tive Curie–Weiss temperature, θ, of –0.3(1) K.

For [Tb(hfa)3(4-cpyNO)]2, the room-temperature χmT
value of 23.3 cm3 mol–1 K remains almost unchanged in the
70–300 K region, and compares very well with the expected
value for two magnetically isolated TbIII ions
(23.6 cm3 mol–1 K). Upon decreasing the temperature below
about 70 K, the χmT vs. T curve begins to decrease abruptly,
and exhibits a change in slope at 40 K. The dramatic drop
of χmT from 23.3 to 11.54 cm3 mol–1 K at 2 K is mainly due
to the crystal-field splitting of the TbIII ground state be-
cause of strong spin-orbit coupling, and could be indicative
of a weak intramolecular antiferromagnetic coupling be-
tween the metal ions at low temperatures. The high-tem-
perature data (T � 100 K) can be fitted to the Curie–Weiss
law to yield an effective magnetic moment and a negative
Curie–Weiss parameter of 19.3 µB per formula unit and
–2(1) K, respectively.
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Thermal Analyses and Vacuum Sublimation

The thermogravimetric analysis of [Ln(hfa)3(4-cpyNO)]2
revealed a similar thermal behaviour for all the compounds
studied. Figure 4 illustrates the weight loss for the GdIII de-
rivative. A single-step weight loss occurs in the range 190–
280 °C, indicating that the lanthanide hexafluoroacetylace-
tonate adducts with 4-cyanopyridine N-oxide are thermally
stable up to 190 °C. The total weight loss (ca. 92%) is much
higher than that calculated for thermal decomposition of
the complex into non-volatile gadolinium(III) oxyfluoride
(ca. 79%) or Gd2O3 (ca. 80%), thus indicating partial subli-
mation of the sample under atmospheric pressure.

Figure 4. Thermogravimetric analysis under nitrogen for [Gd-
(hfa)3(4-cpyNO)]2.

The vacuum sublimation experiments conducted at low
pressure (10–2 Torr) showed that all samples are quantita-
tively sublimed intact at 200–220 °C according to the ele-
mental analysis and mass spectrometric studies.[14] This al-
lowed us to obtain good-quality thin films of the [Eu-
(hfa)3(4-cpyNO)]2 dimer (thickness 414±1 nm) by vacuum
evaporation at a pressure of 10–6 Torr.

Photophysical Properties

The luminescence of lanthanide complexes upon exci-
tation into the ligand absorption band arises from f–f tran-
sitions from the radiative level of LnIII to their lower-lying
states. It should be emphasised that transitions between the
f-states are formally parity-forbidden (Laporte’s rule),
which, in turn, results in long radiative lifetimes (up to the
millisecond timescale) and line-like emission bands.[15,16]

The excited levels of LnIII ions are usually populated as a
result of energy transfer from the triplet level of the organic
ligand, which is formed by rapid intersystem crossing. The
excited level of the lanthanide(III) ion is further deactivated
either radiatively with emission of light or non-radiatively
by energy degradation to the vibrations of surrounding mo-
lecular groups. So, the intensity of lanthanide luminescence
is determined by the ratio of the rates of radiative and non-
radiative processes at all stages of the energy transfer.[17]
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While the emission colour and the shape of luminescence
spectrum mainly depend on the electronic nature of the lan-
thanide ion, the energy of the triplet states of coordinated
ligands plays an important role in the efficiency of the en-
ergy transfer: they should lie close to the resonant levels of
the lanthanide ion but sufficiently high to prevent back en-
ergy-transfer.[18] Quenching mechanisms induced by the
presence of solvent molecules in the first coordination
sphere or by ligand-to-metal charge transfer (LMCT) states
can also strongly influence the lanthanide lumines-
cence.[17,19] Thus, in order to investigate the energy match-
ing between the triplet state of the ligand and the lumines-
cent level of the corresponding lanthanide ion, we recorded
the phosphorescence spectra of solid samples of [Gd-
(NO3)3(4-cpyNO)], [Gd(hfa)3(H2O)2] and the mixed-ligand
complex [Gd(hfa)3(4-cpyNO)]2 at 77 K. The phosphores-
cence spectra of [Gd(hfa)3(H2O)2] and [Gd(NO3)3(4-
cpyNO)] present broad bands with maxima at around 468
(21370) and 525 nm (19048 cm–1), respectively (Figure 5). A
small feature at 480 nm (20830 cm–1) is also observed for
the latter compound. The energies of zero-phonon transi-
tion of the triplet 3ππ* states of the hexafluoroacetylace-
tonate and 4-cyanopyridine N-oxide ligands were thus esti-
mated to be at around 21930 (456) and 20830 cm–1

(480 nm), respectively. The phosphorescence spectrum of
[Gd(hfa)3(4-cpyNO)]2 exhibits a broad band characterised
by two maxima of almost equal intensity at about 460
(21740) and 485 nm (20620 cm–1), with a shoulder at about
515 nm (19420 cm–1), i.e., it resembles the superposition of
the phosphorescence spectra of the organic ligands (Fig-
ure 5). Therefore, in the mixed-ligand dimetallic complexes
[Ln(hfa)3(4-cpyNO)]2, the energy transfer originates from
both hfa– and 4-cpyNO ligands. Figure 6 displays the en-
ergy diagram of the ligand triplet states and selected elec-
tronic levels of the lanthanide ions; the corresponding cal-
culated energy gaps are listed in Table 3. According to em-
pirical rules proposed for an optimal ligand-to-metal energy
transfer − 2500 � ∆E(3ππ* – 5D0) � 3500 cm–1 for EuIII

Figure 5. Phosphorescence spectra of [Gd(NO3)3(4-cpyNO)],
[Gd(hfa)3(H2O)2] and [Gd(hfa)3(4-cpyNO)]2 under excitation at
337 nm; T = 77 K.
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Table 3. Energy gaps [cm–1] between the triplet states of hexafluoroacetylacetonate (3ππ*hfa) or 4-cyanopyridine N-oxide (3ππ*4-cpyNO)
and the 4G5/2(Sm), 5D0(Eu), 5D4(Tb), 4F9/2(Dy), 1G4(Tm) luminescent levels of lanthanide(III) ions.

Triplet state ∆E(3ππ*–4G5/2) ∆E(3ππ*–5D0) ∆E(3ππ*–5D4) ∆E(3ππ*–4F9/2) ∆E(3ππ*–1G4)
3ππ*hfa 4030 4630 1430 930 530
3ππ*4-cpyNO 2930 3530 330 –170 –570

ions and 2500 � ∆E(3ππ* – 5D4) � 4000 cm–1 for TbIII

ions[20] − both the hfa– and 4-cpyNO ligands are best suited
for the sensitisation of europium(III) and possibly samari-
um(III) luminescence. For the other Ln ions under investi-
gation, the triplet states of the organic ligands are very close
in energy to the lanthanide luminescent levels or even be-
low, thus increasing the probability of back energy-transfer
processes.

Figure 6. Energy diagram of the triplet states of the organic ligands
and some energy levels of the lanthanide ions. The main lumines-
cent and fundamental levels of the Ln ions are labelled.

To determine the influence of the substitution of water
molecules by 4-cyanopyridine N-oxide on the photophysical
properties, we compared the characteristics of solid samples
of the parent [Ln(hfa)3(H2O)2] complexes with those of the
mixed-ligand adducts [Ln(hfa)3(4-cpyNO)]2.

The excitation spectra of [Tb(hfa)3(H2O)2] and [Tb-
(hfa)3(4-cpyNO)]2 are very similar in shape (Figure 7) and
exhibit broad bands up to 460 nm (21740 cm–1), with two
maxima at around 270 (37040) and 350 nm (28570 cm–1)
and two shoulders at 400 (25000) and 435 nm (22989 cm–1),
respectively. The excitation spectra of the europium(III)
complexes are quite different from those of the terbium(III)
derivatives and from each other (Figure 7). The excitation
spectrum of [Eu(hfa)3(H2O)2] features a broad band rang-
ing up to 400 nm (25000 cm–1) with a maximum at around
300 nm (33333 cm–1) and two weak shoulders at 330
(30303) and 360 nm (27778 cm–1). In the excitation spec-
trum of [Eu(hfa)3(4-cpyNO)]2, the intensity of the shoulders
at 330 and 360 nm is larger, and they merge into a broad
band extending up to 440 nm (22727 cm–1) with a maxi-
mum at 275 nm (36363 cm–1). Moreover, all of the exci-
tation spectra display the characteristic bands of the metal-
centred transitions at 377 and 486 nm for TbIII, assigned to
5D3�7F6 and 5D4�7F6 transitions, and at 464 and 534 nm
for EuIII, corresponding to 5D2�7F0 and 5D1�7F0 transi-
tions, respectively. However, the intensities of the f–f transi-
tions are much weaker than the excitation bands of the or-
ganic ligands, thus indicating a good sensitisation of the
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metal-centred luminescence in these complexes through the
ligand levels. As a result, under ligand excitation the TbIII

and EuIII complexes [Ln(hfa)3(H2O)2] and [Ln(hfa)3(4-
cpyNO)]2 show bright green and red luminescence due to
the 5D4�7FJ (J = 6–0) and 5D0�7FJ (J = 0–4) transitions,

Figure 7. Excitation spectra of [Ln(hfa)3(H2O)2] and mixed-ligand
[Ln(hfa)3(4-cpyNO)]2 complexes (Ln = EuIII, TbIII) at 295 K.
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respectively (Figure 8). No broad-band emission is ob-
served from the triplet states of the organic ligands, thus
reflecting an efficient ligand-to-metal energy transfer. The
integral intensities of the 5D0�7FJ (J = 0–4, EuIII) and
5D4�7FJ (J = 6–0, TbIII) transitions are compared in
Table 4. The emission spectra and relative integral inten-
sities of the TbIII complexes are essentially identical, in
agreement with the fact that the terbium(III) emission
bands are less sensitive to changes in the first coordination
sphere of the metal centre than those of europium(III). For
the EuIII derivatives, the intensity of the hypersensitive
5D0�7F2,4 transitions is larger for [Eu(hfa)3(4-cpyNO)]2
than for [Eu(hfa)3(H2O)2] (Figure 8), and this is also true

Figure 8. Emission spectra of [Ln(hfa)3(H2O)2] and mixed-ligand
[Ln(hfa)3(4-cpyNO)]2 complexes (Ln = EuIII, TbIII) under ligand
excitation at 295 K.
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for the other transitions, thus implying that the introduc-
tion of the ancillary ligand increases the nephelauxetic ef-
fect. Further, the emission spectra of both complexes show
only one peak for the 5D0�7F0 transition, which points to
approximately the same chemical environment around the
europium(III) ions. The substitution of water molecules by
4-cyanopyridine N-oxide leads to an approximately three-
fold increase in the lifetime of the Eu (5D0) level (Table 5).
This can be explained by elimination of the non-radiative
deactivation pathway through O–H vibrations, as reported
previously for many hydrated lanthanide(III) β-diketon-
ates.[5] The improvement in the luminescent properties upon
introduction of 4-cpyNO is further substantiated by the de-
termination of the absolute quantum yields (QL

Ln) for solid
samples of the EuIII and TbIII complexes (cf. Table 5). The
greatest effect is observed for EuIII compounds, with an ap-
proximately tenfold enhancement in QL

Ln, while the quan-
tum yield of the corresponding TbIII dimer increases only
by a factor of 2. This result is in agreement with the evalu-
ated energy gaps between the luminescent levels of EuIII

and TbIII ions and the triplet state of 4-cpyNO (vide supra,
Table 3).

Table 4. Integral intensities of the 5D0�7FJ and 5D4�7FJ transi-
tions for the EuIII and TbIII complexes at 295 K relative to the
5D0�7F1 and 5D4�7F5 transitions, respectively.

�0–0 �0–1 �0–2 �0–3 �0–4

[Eu(hfa)3(H2O)2] 0.17 1.00 14.30 0.38 1.72
[Eu(hfa)3(4-cpyNO)]2 0.24 1.00 17.00 0.54 2.16
[Eu(hfa)3(4-cpyNO)]2, thin 0.23 1.00 17.95 0.42 2.42film

�4–6 �4–5 �4–4 �4–3 �4–2,1,0

[Tb(hfa)3(H2O)2] 0.22 1.00 0.11 0.08 0.04
[Tb(hfa)3(4-cpyNO)]2 0.23 1.00 0.11 0.08 0.04

For lanthanide(III) complexes, the efficiency of the over-
all ligand-to-metal energy transfer (ηsens) can be estimated
from Equation (2),[21] where QL

Ln is the overall quantum
yield upon ligand excitation, ηet is the efficiency of the
3ππ*–Ln energy transfer, ηisc is the efficiency of the intersys-
tem crossing, QLn

Ln is the intrinsic quantum yield upon direct
excitation of the lanthanide(III) ion, τobs is the observed
lifetime and τrad is the radiative lifetime (i.e. the lifetime in
the absence of any non-radiative process).

As the intensity of the purely magnetic dipole transition
(5D0�7F1) for europium(III) is independent of the chemical
environment around the metal ion, the intrinsic quantum
yield may be estimated from Equation (3),[21] where AMD,0

= 14.65 s–1 is the spontaneous emission probability of the
magnetic dipole 5D0�7F1 transition, n is the refractive in-
dex, Itot is the integrated emission of the 5D0�7FJ (J =
0–4) transitions and IMD is the integrated emission of the
5D0�7F1 transition.

From the data obtained (Table 5), it can be concluded
that the substitution of water molecules by 4-cpyNO leads
to a 3.4-fold increase in the intrinsic quantum yield (from
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Table 5. Observed and radiative luminescence lifetimes, intrinsic and absolute (±10%) quantum yields, and sensitisation efficiency of
[Ln(hfa)3(H2O)2] and [Ln(hfa)3(4-cpyNO)]2 (Ln = EuIII, TbIII) at 295 K.[a]

Compound ν̃/λem τobs τrad QEu
Eu QL

Ln ηsens

[cm–1/nm] [ms] [ms] [%] [%] [%]

[Eu(hfa)3(H2O)2] 16375/610.7 0.22±0.01 1.13 19 2.6 13±2
[Eu(hfa)3(4-cpyNO)]2 16359/611.3 0.61±0.01 0.95 65 25.7 40±6
[Eu(hfa)3(4-cpyNO)]2, thin 16359/611.3 0.74±0.03 0.90 82 [b] 31±5[c]
film
[Tb(hfa)3(H2O)2] 18349/544.0 0.53±0.04[d] [b] [b] 26.7 [b]

[Tb(hfa)3(4-cpyNO)]2 18349/544.0 0.44±0.05[d] [b] [b] 49.3 [b]

[a] τrad, QEu
Eu and ηsens were calculated under the assumption that refractive indices are the same for thin film and solid samples, and equal

to 1.5109 for [Eu(hfa)3(4-cpyNO)]2 and 1.51 for [Eu(hfa)3(H2O)2]. [b] Not determined. [c] Calculated under the assumption that the
overall quantum yield is the same as for the solid sample. [d] τobs is almost the same upon excitation of either ligand or terbium(III)
levels.

19 to 65%) and to a 3.1-fold enhancement (from 13 to 40%)
of ηsens, respectively. Thus, the ancillary ligand significantly
contributes to the overall sensitisation process of the EuIII

complexes and, additionally, removes part of the quenching
processes. In the case of the TbIII compounds, the lifetimes
measured upon excitation of either the ligand or the TbIII

ion are almost the same, within experimental errors, the life-
time of the mixed-ligand [Tb(hfa)3(4-cpyNO)]2 dimer being
only slightly shorter than that of the parent [Tb(hfa)3-
(H2O)2] (Table 5). This can be traced back to a larger en-
ergy gap displayed by this ion, which means that the contri-
bution of the water molecules to the non-radiative de-exci-
tation processes is smaller than for europium(III).[20,22] Ad-
ditionally, a lower energy of the triplet state in the mixed-
ligand complex relative to the luminescent TbIII levels
(Table 3) allows a more efficient back-transfer process,
which means that the improvement found in the quantum
yield upon binding the ancillary ligand for this ion is en-
tirely due to better sensitisation efficiency.

In the excitation spectrum of a thin film of [Eu(hfa)3(4-
cpyNO)]2, the shoulder feature at 360 nm (27778 cm–1) dis-
appears when compared with the bulk sample (cf. Figure 6),
thereby displaying a better correspondence with the reflec-
tance/absorption spectra. This can be explained by the very
strong absorption up to 330 nm in the bulk [Eu(hfa)3(4-
cpyNO)]2, which leads to absorption of the incident light
only by the near-surface region of the sample while exci-
tation higher than 330 nm will be absorbed throughout the
bulk sample. The photoluminescence spectra of the thin
film are very similar to those of the bulk sample (cf. Fig-
ure 8). On the other hand, the integral intensity of the hy-
persensitive 5D0�7F2,4 transitions (cf. Table 4) is larger for
the thin film than for the bulk sample and this is also the
case for the observed luminescence lifetimes and evaluated
intrinsic quantum yields (cf. Table 5). These results can be
attributed to the higher order of packing of the [Eu(hfa)3(4-
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cpyNO)]2 dimers in the thin film than in the bulk solid sam-
ple, which, in turn, results in a decrease in the energy trans-
fer rate constants and in a longer luminescence lifetime.

The effect of the mixed-ligand complex formation with
4-cyanopyridine N-oxide on the luminescent properties has
also been studied for the SmIII, DyIII and TmIII hexafluo-
roacetylacetonates. The excitation of both [Ln(hfa)3(H2O)2]
and [Ln(hfa)3(4-cpyNO)]2 (Ln = SmIII, DyIII, TmIII) into
the ligand-centred band (337 nm) results in characteristic
line-like emissions of the corresponding lanthanide ion
(Figure 9 and Figures S2 and S3 in the Supporting Infor-
mation). The luminescence spectra of [Ln(hfa)3(H2O)2] and
[Ln(hfa)3(4-cpyNO)]2 for a given lanthanide ion display the
same features. It should be noted that no emission from the
lowest triplet state of the ligands has been observed, which
reflects the existence of a 3ππ*–Ln energy transfer. The sa-
marium(III) and dysprosium(III) complexes exhibit pink
and yellow emission due to 4G5/2�6HJ (J = 5/2, 7/2, 9/2,
11/2) and 4F9/2�6HJ (J = 13/2, 11/2, 9/2) transitions, with
the most intense bands centred at 647 (4G5/2�6H9/2) and
573 nm (4F9/2�6H11/2), respectively. The excitation spectra
of [Ln(hfa)3(H2O)2] and [Ln(hfa)3(4-cpyNO)]2 (Ln = SmIII

and DyIII) are very similar in shape (Figure S1 in the Sup-
porting Information) and present two broad bands around
270 (37000) and 350 nm (28500 cm–1), respectively, which
match the corresponding features in the reflectance spectra
(see Figure S4 in the Supporting Information). This con-
firms that the energy transfer takes place from the organic
ligands to the lanthanide ions. The excitation spectra also
display features corresponding to the metal-centred transi-
tions at around 363 (4D3/2�6H5/2), 377 (6P7/2�6H5/2), 405
(6P3/2�6H5/2) and 420 nm (6P5/2, 4P5/2�6H5/2) for SmIII,
and around 365 (4M9/2�6H15/2), 389 (4F7/2�6H15/2), 434
(4G11/2�6H15/2), 454 (4I15/2�6H15/2) and 474 nm
(4F9/2�6H15/2) for the DyIII derivative. The [Tm(hfa)3-
(H2O)2] and [Tm(hfa)3(4-cpyNO)]2 samples were found to
be luminescent only at 77 K. Excitation in the ligand ab-
sorption band (337 nm) results in blue luminescence with a
maximum at 480 nm, which can be assigned to the
1G4�3H6 transition. The substitution of water molecules in
[Ln(hfa)3(H2O)2] (Ln = SmIII, DyIII, TmIII) by 4-cyanopyri-
dine N-oxide leads to a decrease of both the luminescence
intensity and quantum yields. When compared with the
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parent hydrated compounds, the relative quantum yields,
Qrel

Ln,L, of the mixed-ligand SmIII and DyIII complexes are
0.55±0.06 and 0.50±0.05, respectively. The most drastic
decrease occurs for the TmIII adduct, leading to a Qrel

Ln,L

value of 0.19±0.02. This is probably due to multi-phonon
deactivation of the excited states for the respective lantha-
nide ions by the N–O vibrations of 4-cyanopyridine N-ox-
ide. The efficacy of this quenching process is inversely pro-
portional to the energy gap between the emitting state and
the ground state manifold: the larger the energy gap, the
lower the non-radiative rate constant will be as the number
of phonons necessary to bridge the gap increases in this
case.[22] So, this quenching is more significant for SmIII,
DyIII and TmIII than for EuIII or TbIII because the energy
gaps between the luminescent state and ground-state mani-
fold are not large for the former (7400 for SmIII, 7850 for
DyIII and 5800 cm–1 for TmIII) when compared with the
values for EuIII or TbIII (12300 and 14800 cm–1, respec-
tively). Although the main vibrations of the N–O bonds
in 4-cpyNO are not too energetic (around 1280 cm–1), they
contribute substantially to the quenching process: approxi-
mately 6, 6, and 4–5 phonons are required to bridge the
energy gap of SmIII, DyIII and TmIII, respectively. More-
over, in the mixed-ligand DyIII and TmIII complexes, poor
luminescence sensitisation may be caused by poorly
matched energy gaps between the triplet state of the ancil-
lary ligand and the luminescent levels of these ions
(Table 3).

Figure 9. Emission spectra of mixed-ligand dimeric complexes
[Ln(hfa)3(4-cpyNO)]2 (Ln = TmIII, TbIII, DyIII, EuIII, SmIII) under
ligand excitation (see also Figure S3).

Conclusions

The reaction of lanthanide hexafluoroacetylacetonates
[Ln(hfa)3(H2O)2] (Ln = SmIII–HoIII, and TmIII) with 4-cya-
nopyridine N-oxide in a 1:1 ratio results in the formation
of [Ln(hfa)3(4-cpyNO)]2 dimers in which the two metal ions
are separated by about 3.99–4.13 Å. The magnetic studies
reveal weak antiferromagnetic exchange interactions be-
tween neighbouring metal centres within the dimeric
[Gd(hfa)3(4-cpyNO)]2 units. The substitution of water
molecules in the parent hydrated complexes [Ln(hfa)3-
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(H2O)2] by 4-cpyNO has a large effect on the luminescence
properties. Such a combination of organic ligands is able to
sensitize the metal-centred luminescence of SmIII, EuIII,
TbIII, DyIII and TmIII ions that emit pink, red, green, yellow
and blue light, respectively, i.e. within the entire spectral
visible range. The introduction of the ancillary ligand leads
to substantial and varying changes in the luminescence
quantum yields. The greatest effect occurs for [Eu(hfa)3(4-
cpyNO)]2, with a tenfold increase in the absolute quantum
yield (from 2.6 to 25.7%) with respect to the hydrated com-
plex. On the other hand, a decrease in the quantum yield is
observed for SmIII, DyIII and TmIII dimers with respect to
the hydrated chelates. The [Ln(hfa)3(4-cpyNO)]2 dimers are
thermally stable up to 190 °C and can be quantitatively sub-
limed at 200 °C under reduced pressure (10–2 Torr), thus
opening the way to the production of luminescent thin
films, as demonstrated here with EuIII. Both the lumines-
cence lifetime and intrinsic quantum yield of EuIII are
higher in thin films than in the solid sample, while the sensi-
tisation efficacy remains approximately the same. In conclu-
sion, high volatility, good thermal stability and efficient lu-
minescent properties make the mixed-ligand [Ln(hfa)3(4-
cpyNO)]2 complexes, especially the EuIII and TbIII deriva-
tives, good candidates for emitting layers in light-emitting
diodes.

Experimental Section
Reagents and Physical Methods: The commercially available start-
ing reagents Hhfa (Merck) and 4-cyanopyridine N-oxide (Aldrich)
were of analytical grade and used as received. Lanthanide nitrate
hydrates Ln(NO3)3·xH2O were obtained by treating the respective
lanthanide oxides Ln2O3 (99.998%) with concentrated nitric acid,
followed by evaporation of the excess acid. For the synthesis of
[Ln(hfa)3(H2O)2] (Ln = SmIII–HoIII, and TmIII) the procedure de-
scribed in ref.[23] was used. Elemental analysis (C, H, N) was per-
formed by the Microanalytical Service of the Centre for Drug
Chemistry (Moscow, Russia). The lanthanide content was deter-
mined by titrimetric analysis.[24] IR spectra were recorded in Nujol
mull or hexachlorobutadiene between KBr plates in the range
4000–400 cm–1 using a Perkin–Elmer 1600 FT-IR spectrometer.
Thermogravimetric analyses were performed with a Q-1500 ther-
mal analyzer under nitrogen, at a heating rate of 10 °Cmin–1. Iso-
thermal dynamic sublimation experiments were run with samples
(ca. 100 mg) placed into glass test tubes at 20–220 °C and a pres-
sure of 10–2 Torr for periods of about 30 min. Weight loss was es-
sentially 100%. The homogeneous sublimate was collected in the
cold part of the tube and analysed.

Syntheses: All lanthanide(III) hexafluoroacetylacetonate adducts
[Ln(hfa)3(4-cpyNO)]2 (Ln = SmIII–HoIII, TmIII) were synthesised
in a similar way. A typical preparation procedure is as follows: 4-
Cyanopyridine N-oxide (60 mg, 0.5 mmol) was added to a solution
of [Ln(hfa)3(H2O)2] (0.5 mmol) in chloroform (20 mL). The re-
sulting mixture was then stirred at room temperature for 1 h. Fur-
ther evaporation of the solvent under low pressure yielded a colour-
less (GdIII, TbIII), pale yellow (SmIII, EuIII, HoIII and DyIII) or pale
aquamarine (TmIII) polycrystalline precipitate, which was filtered
off and dried in air. Yield: 80–90%.

C42H14F36N4O14Sm2 (1783.3): calcd. C 28.25, H 0.78, N 3.14, Sm
16.8; found C 28.0, H 0.8, N 3.2, Sm 16.7. IR: ν̃ = 3140 m, 3106 m,
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3076 m, 2262 w, 1650 vs, 1612 m, 1560 s, 1534 s, 1490 s, 1394 w,
1350 m, 1324 m, 1258 br. s, 1210 br. s, 1144 br. s, 1098 s, 950 w,
852 s, 802 s, 772 w, 740 s, 724 s, 660 s, 586 s, 558 m, 528 w, 488 w,
456 br. w cm–1.

C42H14Eu2F36N4O14 (1786.5): calcd. C 28.19, H 0.78, Eu 17.0, N
3.13; found C 28.43, H 0.89, Eu 16.9, N 3.38. IR: ν̃ = 3132 m,
3102 m, 3078 m, 2258 w, 1660 vs, 1650 s, 1612 m, 1562 s, 1538 s,
1498 s, 1464 s, 1448 m, 1440 m, 1394 w, 1350 m, 1324 m, 1254 br. s,
1218 br. s, 1148 br. s, 1108 s, 1100 s, 950 w, 860 m, 850 s, 806 s,
770 w, 742 m, 734 m, 660 s, 588 s, 560 w, 554 w, 528 w, 486 w, 474 w,
456 w cm–1.

C42H14F36Gd2N4O14 (1797.0): calcd. C 28.03, H 0.78, Gd 17.5, N
3.11; found C 27.89, H 0.79, Gd 17.3, N 3.07. IR: ν̃ = 3132 m,
3102 m, 3080 m, 2260 w, 1660 vs, 1650 s, 1612 m, 1562 s, 1538 s,
1500 s, 1446 s, 1446 m, 1394 w, 1350 m, 1324 m, 1268 s, 1254 br. s,
1146 br. s, 1216 br. s, 1108 s, 1100 s, 952 w, 862 m, 850 s, 804 s,
770 w, 742 m, 734 m, 662 s, 588 s, 560 w, 554 w, 528 w, 488 w, 476 w,
456 w cm–1.

C42H14F36N4O14Tb2 (1800.4): calcd. C 27.97, H 0.78, N 3.11, Tb
17.6; found C 27.71, H 0.74, N 3.05, Tb 17.5. IR: ν̃ = 3134 m,
3102 m, 3080 m, 2262 w, 1658 vs, 1650 s, 1612 m, 1562 s, 1358 s,
1502 s, 1464 s, 1442 m, 1396 w, 1352 m, 1268 s, 1254 br. s, 1216 br.
s, 1146 br. s, 1100 s, 974 w, 952 w, 862 m, 850 s, 804 s, 770 w, 742 m,
734 m, 662 s, 588 s, 562 w, 528 w, 490 w, 476 w, 456 w cm–1.

C42H14Dy2F36N4O14 (1807.5): calcd. C 27.86, H 0.77, Dy 18.0, N
3.09; found C 28.50, H 0.81, Dy 17.9, N 3.17. IR: ν̃ = 3142 m,
3106 m, 3080 m, 2256 w, 1652 br. s, 1616 m, 1564 s, 1540 s, 1506 s,
1492 s, 1466 s, 1442 m, 1394 w, 1354 m, 1256 br. s, 1212 br. s,
1146 br. s, 1100 s, 1038 m, 980 w, 952 w, 852 s, 806 s, 772 w, 734 m,
722 m, 660 s, 588 s, 564 w, 528 w, 494 w, 480 w, 458 w cm–1.

C42H14F36Ho2N4O14 (1812.4): calcd. C 27.78, H 0.77, Ho 18.2, N
3.09; found C 27.95, H 0.82, Ho 18.2, N 3.12. IR: ν̃ = 3140 m,
3104 m, 3080 m, 2260 w, 1664 s, 1652 s, 1612 m, 1564 s, 1538 s,
1506 s, 1490 s, 1482 s, 1448 m, 1354 m, 1338 m, 1265 s, 1250 br. s,
1216 br. s, 1146 br. s, 1102 s, 952 w, 864 m, 850 s, 804 s, 773 w,
742 m, 734 m, 662 s, 588 s, 560 w, 527 w, 496 w, 480 w, 454 w cm–1.

C42H14F36N4O14Tm2 (1820.4): calcd. C 27.66, H 0.77, Tm 18.6, N
3.07; found C 27.68, H 0.79, Tm 18.6, N 3.12. IR: ν̃ = 3138 m,

Table 6. Crystallographic data and some details of data collection and structure refinement for [Ln(hfa)3(4-cpyNO)]2 complexes (Ln =
TbIII, HoIII).

[Tb(hfa)3(4-cpyNO)]2 [Ho(hfa)3(4-cpyNO)]2

Empirical formula C42H14F36N4O14Tb2 C42H14F36N4O14Ho2

Formula mass 1800.42 1812.44
Crystal system monoclinic monoclinic
Space group P21/c (no. 14) P21/c (no. 14)
a [Å] 18.918(4) 18.636(5)
b [Å] 18.552(4) 18.110(5)
c [Å] 17.420(3) 17.099(5)
β [°] 92.90(3) 93.95(3)
V [Å3] 6106(2) 5757(3)
Z 4 4
ρcalcd. [g cm–3] 1.959 2.091
T [K] 293(2) 160(2)
Crystal size [mm] 0.25×0.20×0.16 0.60×0.40×0.25
Absorption coefficient µ [cm–1] 24.68 29.10
Reflections collected 41843 9740
Data/parameters 12937/883 9740/883
R1 [I � 2σ(I)] 0.0356 0.0474
ωR2 (all data) 0.0881 0.1004
Goodness-of-fit on F2 0.842 1.087
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3104 m, 3082 m, 2262 w, 1664 s, 1652 s, 1612 m, 1564 s, 1538 s,
1506 s, 1490 s, 1482 s, 1466 s, 1448 m, 1354 m, 1338 m, 1270 s,
1254 br. s, 1216 br. s, 1146 br. s, 1102 s, 952 w, 864 m, 852 s, 804 s,
770 w, 742 m, 734 m, 662 s, 588 s, 560 w, 528 w, 496 w, 482 w, 454 w
cm–1.

The monomeric complex [Gd(NO3)3(4-cpyNO)] was prepared in
ethanol by a similar procedure as described above for [Ln(hfa)3(4-
cpyNO)]2. Yield: 90%. C6H4GdN5O10 (463.38): calcd. Gd 33.9;
found Gd 33.9. IR: ν̃ = 3116 m, 3084 m, 3062 m, 3032 m, 2246 m,
1648 m, 1620 m, 1488 m, 1456 m, 1438 m, 1378 m, 1324 s, 1238 s,
1222 m, 1180 m, 1110 w, 1044 w, 1032 m, 974 w, 864 m, 858 m,
818 w, 734 m, 634 br. w, 584 w, 560 m, 478 w, 462 w, 436 w cm–1.

Data Collection and Structural Refinement: Single crystals suitable
for X-ray analysis were obtained by recrystallisation of the crude
products from chloroform. Diffraction data were collected with an
image-plate diffractometer (Stoe IPDS) for the TbIII complex and
with a four-circle CCD diffractometer (Stoe STADI4) for the HoIII

derivative, using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). The structures were solved by direct methods
(SHELXS-97)[25] and refined anisotropically for all non-hydrogen
atoms by employing full-matrix least squares on F2 (SHELXL-
97).[26] The hydrogen atoms were included in the calculated posi-
tions and refined in a riding mode. Crystallographic data and some
details of data collection and structure refinement are listed in
Table 6. CCDC-612981 and -612982 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Diffuse Reflectivity Spectra: UV/Vis reflectance spectra for solid
samples of SmIII, DyIII and TmIII complexes (Figure S4 in the Sup-
porting Information) were recorded with a Lambda 35 spectropho-
tometer (Perkin–Elmer). The absorption spectra (absorption coeffi-
cient α over scattering coefficient σ as a function of wavelength)
were extracted from the diffuse reflectance spectra of the “infinitely
thick” powder samples (R�), using the Kubelka–Munk function,
α

σ
=

(1 – R�)2

2R�

. Plots of the corresponding Kubelka–Munk functions

are shown in Figure S5.
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Luminescence Measurements: Solid samples were ground into fine
powders prior to the luminescence measurements. Excitation and
photoluminescence spectra of SmIII and DyIII adducts were re-
corded at 295 K with a Perkin–Elmer LS-55 luminescence spec-
trometer (λex = 337 nm, xenon lamp). Luminescence spectra of
GdIII and TmIII complexes were measured at 77 K with a multi-
channel spectrometer S2000 (Ocean Optics) utilizing a nitrogen la-
ser LGI-21 (λex = 337 nm) as an excitation source. The lumines-
cence data (excitation spectra, lifetimes and absolute quantum
yields) of EuIII and TbIII derivatives were recorded at 295 K with
a Fluorolog FL3-22 spectrofluorimeter from Horiba–Jobin–Yvon–
Spex; to prevent saturation of the signal in photon-counting mode,
the emission bandpass was set to 1 nm. Excitation spectra were
measured by monitoring the characteristic 4G5/2�6H9/2, 5D0�7F2,
5D4�7F5 and 4F9/2�6H11/2 transitions for SmIII, EuIII, TbIII and
DyIII, respectively. Luminescence lifetimes (τobs) of the EuIII com-
pounds were determined by excitation of the 5D2 level (466 nm,
21459 cm–1) and monitoring the 5D0�7F2 transition, while those
of the TbIII complexes were measured by excitation of either the
TbIII ion or the ligand and monitoring the 5D4�7F5 transition.
Lifetimes are the averages of at least three independent measure-
ments. All luminescence decays proved to be perfect single ex-
ponential functions. All excitation and luminescence spectra were
corrected by the instrumental functions. Electronic transitions were
assigned by comparing the measured spectra with those reported
by Elyashevich[27] and in other previous studies.[28] Luminescence
quantum yields of [Ln(hfa)3(H2O)2] and [Ln(hfa)3(4-cpyNO)]2 (Ln
= EuIII, TbIII) were determined for solid samples by excitation into
the ligand absorption band, according to the absolute method of
Wrighton.[29] Each sample was measured several times under
slightly different experimental conditions. Relative quantum yields,
Qrel

Ln,L, of SmIII, DyIII and TmIII chelates [Ln(hfa)3(4-cpyNO)]2 were
calculated relative to the respective [Ln(hfa)3(H2O)2] complexes (at
the same excitation wavelength and experimental geometry), using
Equation (4), where Q is the quantum yield, R is the amount of
reflected excitation radiation, φ is the integrated area of the cor-
rected luminescence spectra and the indexes x and r correspond to
[Ln(hfa)3(4-cpyNO)]2 and [Ln(hfa)3(H2O)2], respectively. For com-
parison reasons, Qr was set to 1. The estimated error for the lumi-
nescence quantum yields is ±10%.

Refractive Index and Thickness of Thin Films: Thin films of [Eu-
(hfa)3(4-cpyNO)]2 were deposited on quartz substrates by the ther-
mal evaporation method in a vacuum chamber (P � 10–6 Torr, Le-
ybold Heraeus). The refractive index (n) and layer thickness (d)
were measured with a Filmetric F20 Thin Film Analyzer. The re-
sults are averages of at least three measurements. [Eu(hfa)3(4-
cpyNO)]2 (thin film): n = 1.511±0.002, d = 414±1 nm.

Magnetic Measurements: Magnetic susceptibility data (2–300 K)
for polycrystalline samples of [Ln(hfa)3(4-cpyNO)]2 (Ln = GdIII,
TbIII) were collected with a SQUID magnetometer using a Quan-
tum Design MPMS instrument with applied DC magnetic fields of
200 and 1000 Oe, respectively. The experimental data were cor-
rected for the sample holder contribution and for diamagnetism of
the constituent atoms estimated from Pascal’s increments.[30]

Supporting Information (see footnote on the first page of this arti-
cle): Reflection, excitation and photoluminescence spectra.
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HA-aspartic acid (HA-ASP) and HA-glutamic acid (HA-GLU)
composite nanocrystals were synthesized in aqueous me-
dium. The relative amino acid content, determined through
HPLC analysis, increases with the amino acid concentration
in solution up to a maximum of about 7.8wt.-% for HA-ASP
and 4.3wt.-% for HA-GLU composites. The dimensions of
the composite nanocrystals decrease on increasing the amino
acid content. The line profile analysis of the X-ray diffraction
reflections was performed using: (i) the Scherrer method, (ii)
the Warren–Averbach approach, and (iii) the Rietveld refine-

Introduction

The idea of mimicking designs from nature and adopting
the same strategies as those utilized by living organisms to
produce functional structures has entered into many areas
of applied science, most notably the synthesis of new mate-
rials.[1] The biomimetic strategy is based on the principle
that nucleation and growth of inorganic crystals in bio-
logical environments occurs in the presence of biological
macromolecules, which may be linked to structural organic
matrices or secreted as soluble polyelectrolytes in the min-
eralization environment.[2,3] Control occurs through specific
or nonspecific interactions of biological macromolecules
with the charged surfaces of the growing inorganic crys-
tals.[3–5] This has prompted a number of studies on the
preparation of hydroxyapatite nanocrystals in the presence
of biomolecules.[6–8] Proteins and macromolecules, which
are most active in the mediation of biologically directed
mineral growth, contain amino acid residues, specifically re-
gions rich in carboxylates, that interact with mineral sur-
faces.[9–11] In bone, nucleation and growth of apatite crystals
involve proteins containing high amounts of aspartic and
glutamic acid residues.[12] Both glutamic and aspartic acids
have been reported to induce osteoblast differentiation and
to increase extracellular mineralization.[13–15]
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ment. The results indicate that the broadening of the diffrac-
tion peaks is partly due to the decrease of crystallite size on
increasing amino acid content, and even more to the simulta-
neous increase of microstrain. The different extent of struc-
tural disorder induced by the two amino acids, in agreement
with their different incorporation, suggests a greater affinity
of aspartic acid for hydroxyapatite structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We have recently demonstrated the possibility of synthe-
sizing hydroxyapatite, Ca10(PO4)6(OH)2 (HA), containing
aspartic acid (HA-ASP) and HA containing glutamic acid
(HA-GLU), and we have verified that the presence of the
acidic amino acids in the composite nanocrystals favours
osteoblast proliferation and promotes their metabolism and
differentiation.[16] Understanding how these amino acids in-
teract with HA structure, and clarifying their role in the
control of the properties of the HA crystals is of interest
both for the development of biomaterials suitable to repair
the skeletal system, as well as for a better understanding of
the natural processes. To this aim, we have carried out a
structural, morphological and chemical investigation of hy-
droxyapatite nanocrystals synthesized in the presence of in-
creasing amounts of aspartic acid and of glutamic acid.

Results and Discussion

Sample Characterization

The powder X-ray diffraction patterns of the products
synthesized in the presence of -aspartic acid or -glutamic
acid indicate that they are constituted of hydroxyapatite as
a unique crystalline phase. However, glutamic acid, and
even more so aspartic acid, provokes a broadening of the
diffraction peaks, which increases on increasing the amino
acid concentration in solution, as is appreciable in the pat-
terns shown in Figure 1. The reduction of the degree of
crystallinity is confirmed by the results of the FT-IR ab-
sorption analysis. In fact, the FT-IR spectra of the products
obtained in the presence of increasing concentration of
amino acid show a decrease of the relative intensity of the
absorption bands at 3572 and 630 cm–1, caused by OH–
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stretching and libration mode, respectively (Figure 2).
Moreover, the spectra of HA samples prepared in the pres-
ence of an amino acid display, other than the bands charac-
teristic of the hydroxide and phosphate groups, several ab-
sorption bands in the range 1700–1400 cm–1, which are in-
dicative of the presence of the amino acids, as can be ob-
served for sample HA-GLU 0.20 in part b of Figure 2. This
region of the spectra is quite different from that present
in the previously reported spectra of mechanical mixtures
containing HA and ASP or GLU, which display a number
of bands due to the two discrete components of the mix-
ture.[16] In particular, the broad absorption band centred at
1568 cm–1 (1591 cm–1 in the HA-ASP spectra) can be attrib-
uted to glutamic acid (aspartic acid). The small shift with
respect to the position characteristic of the carboxylic
stretching band in the free amino acids is in agreement with
an increase of the C–O bond length due to interaction with
the apatitic phase.[17] Table 1 reports the relative amount of
amino acid determined through HPLC and expressed as
wt.-% of the solid product. The relative quantity of amino
acid in the crystals increases with the amino acid concentra-
tion in solution up to a maximum of about 7.8 wt.-% for
HA-ASP and 4.3 wt.-% for HA-GLU composites. Aspartic
acid incorporation into HA nanocrystals is always greater
than that of glutamic acid, suggesting a greater affinity of
aspartic acid for hydroxyapatite structure. Amino acid in-
corporation does not significantly affect the stoichiometry
of hydroxyapatite as it can be deduced also from the Ca/P
molar ratio of the composites which assumes a mean value
of 1.68±0.03, very close to the stoichiometric value of 1.67,

Figure 1. Powder X-ray diffraction patterns of hydroxyapatite syn-
thesized in the absence of amino acid (a); in the presence of aspartic
acid 0.10  (b) and 0.20  (c) and in the presence of glutamic acid
0.10  (d) and 0.20  (e).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4821–48264822

independently from the amino acid content. On the con-
trary, the dimensions of the crystals are strongly affected by
the presence of both aspartic and glutamic acid. In Fig-
ure 3, a TEM micrograph of HA crystals is compared with
that of HA-amino acid composite crystals. Hydroxyapatite
is constituted of platelet-shaped crystals with mean dimen-
sions up to about 200 × 40 nm, elongated along a direction
parallel to the crystallographic c-axis (Figure 3, a), whereas
composite nanocrystals display definitely smaller dimen-
sions (Figure 3, b–d). The dimensions decrease on increas-
ing the amino acid content, in agreement with the reduction
of the degree of crystallinity. Furthermore, the crystals with
higher amino acid content, which display mean dimensions
of about 50 × 10 nm, should be also extremely thin as they
appear very transparent to the electron beam. In a previous
study on the interaction of poly--aspartate with HA, we
verified a remarkable increase of the length/width ratio of
the composite crystallites, in agreement with a preferential
adsorption of the polyamino acid on the crystal faces paral-
lel to the c-axis.[18] At variance, the significant reduction of
the dimensions along all the three directions induced by
ASP and GLU suggests a nonspecific interaction with the
HA crystal faces, and it might be interpreted as indicating

Figure 2. FT-IR adsorption spectra of the HA samples prepared in
the absence of amino acid (a) and in the presence of glutamic acid
0.20  (b). The absorption bands in the zoomed range 1700–
1400 cm–1 can be attributed to glutamic acid.

Table 1. Amount of amino acid associated to the inorganic phase
evaluated through HPLC and expressed as wt.-% of the solid prod-
uct.

Amino acid Aspartic acid content Glutamic acid content
concentration
in solution [] [wt.-%] [wt.-%]

0 – –
0.05 3.14 1.17
0.10 4.28 2.50
0.15 5.35 3.30
0.20 7.80 4.30
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Figure 3. TEM micrographs of HA crystals synthesized in the absence of amino acid (a); in the presence of aspartic acid 0.10  (b) and
0.20  (c) and in the presence of glutamic acid 0.20  (d). Scale-bar = 200 nm.

that the presence of the amino acids provokes an increase
of the nucleation rate that, as a consequence, leads to a
growth reduction.[15] Aspartic and glutamic acid seem to
exert a similar control on crystal dimensions, as can be de-
duced from the comparison of Figure 3 (parts b and d).

In agreement with the crystal dimensions, the values of
the specific surface area, determined applying the Bru-
nauer–Emmett–Teller (BET) theory and reported in Table 2
increases as a function of amino acid content, up to
114 m2 g–1, which represents a very high value for synthetic
platelet-like hydroxyapatite crystals.

Table 2. Surface areas of hydroxyapatite samples synthesized in the
presence of different amino acid concentrations in solution.

Sample Surface area [m2 g–1]

HA 60
HA-ASP 0.10 84
HA-ASP 0.20 114
HA-GLU 0.10 78
HA-GLU 0.20 86

Crystallographic Investigation

Line profile analysis has been applied in order to investi-
gate the line broadening increase observed in the XRD pat-
terns of the samples synthesized in the presence of increas-
ing amounts of amino acid (Figure 1).

A qualitative estimation of the size of coherently scat-
tering domains (i.e., the crystallite size) as derived from the
Scherrer equation, on the hypothesis of negligible micro-
strain, is reported in Table 3. τ002 is related to the mean
crystallite size along the c-axis whereas τ310 refers to the
mean crystal size along a direction perpendicular to it.

Eur. J. Inorg. Chem. 2006, 4821–4826 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4823

Table 3. Coherent lengths (τhkl) of the perfect crystalline domains
in the direction normal to 002 and to 310 planes calculated using
the Scherrer method.

Sample τ002 τ310

[nm] [nm]

HA 44.3(9) 22.4(6)
HA-ASP 0.05 38.9(7) 17.0(3)
HA-ASP 0.10 35.8(3) 15.5(2)
HA-ASP 0.15 35.2(3) 14.8(3)
HA-ASP 0.20 29.8(4) 11.3(3)
HA-GLU 0.05 43.8(9) 19.9(3)
HA-GLU 0.10 35.8(6) 15.2(2)
HA-GLU 0.15 34.6(3) 14.7(3)
HA-GLU 0.20 33.7(3) 12.0(3)

The crystal sizes decrease as the aspartic or glutamic acid
content increases. The contraction appears to be greater
along the direction orthogonal to the c-axis, similarly to
what was previously found for poly--aspartate.[18] The
comparison with the data reported in Table 1 indicates that
GLU incorporation provokes a greater contraction of crys-
tal size.

In general, the nature of imperfections responsible for
the broadening of the diffraction peaks could be due to (i)
a reduction of the crystallite domains, (ii) the occurrence of
still large domains but with lattice spacings that differ one
from another, and (iii) the presence of elastic deformations
and stacking faults inside the domains. In order to evaluate
the relative contribution of crystallite size and microstrain
to the diffraction peak broadening, some selected samples
were submitted to the Warren–Averbach analysis. The
analysis was performed on two pairs of reflections (002/004
and 111/222). The results are reported in Table 4. Since only
two pairs of peaks were analysed, the results are rather
semi-quantitative. However, the data clearly show that both
amino acids provoke a reduction of the mean crystallite
size, without significant differences along the two investi-
gated directions.
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Table 4. Microstructural parameters calculated using Warren–Averbach analysis.

Furthermore, all the composites show an increase of the
microstrain parameters indicating that the incorporation of
both amino acids provokes a significant decrease of crystal
perfection, which is more evident for HA-GLU composites.
The parameters obtained for the 111/222 planes are larger
than those for the 002/004 planes suggesting a smaller
amount of stacking faults along the c-axis. These data can
be used to interpret the different results obtained with the
Scherrer analysis. The Scherrer formula gives proper values
of the mean crystallite size along the investigated direction
only for strain-free samples. In spite of the different reflec-
tions analyzed by the Warren–Averbach method, the results
clearly indicate that the microstrain contribution is smaller
along the 00l direction than along the direction orthogonal
to it. As a consequence, τ310 appeared more affected than
τ002 simply because of the neglected microstrain contri-
bution.

In order to verify the possible structural modifications, a
full profile fitting was performed on XRD patterns of the
two composites at the highest amino acid content (samples
HA-ASP 0.20 and HA-GLU 0.20). The main steps of the
procedure are reported in the experimental section and a
comparison between the experimental and calculated
pattern, as obtained at the end of the process, is reported
in Figure 4 for the HA-aspartic acid sample. The final dis-
crepancy factors Rp = 0.044, Rwp = 0.058 and Rp = 0.049,
Rwp = 0.064 were achieved for HA-ASP 0.20 and HA-GLU
0.20, respectively. The results indicate that the cell param-
eters of the HA-amino acid composites are still the same as
a stoichiometric HA [HA a = 0.9424(1) nm, c =
0.6880(1) nm; HA-ASP 0.20 a = 0.9427(7) nm, c =
0.6877(8) nm; HA-GLU 0.20 a = 0.9425(4) nm, c =
0.6884(4) nm]. The presence of an appreciable amorphous
fraction in the samples has to be excluded, because leaving
variable the integrated intensity of a bell-shaped curve su-
perimposed on the background did not allow a better con-
vergence. The Debvin program takes into account the an-
isotropy of the crystallite dimensions that can be used as
variable parameters.[19] A good agreement index is reached
when the mean value of the crystallite dimensions along the
c-axis is almost double respect to the values along a and b,
in agreement with the results of the Scherrer and Warren–
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Averbach analysis. No significant variation of the atomic
positions and occupancy factors was detected, whereas an
increase of about 20% in the thermal parameters seems to
indicate an increased general disorder in the structure of
the composites.

Figure 4. Comparison between the observed (a) and the calculated
(b) powder diffraction patterns of HA-ASP 0.20. The dotted line
is the background, while the line at the bottom (c) is the difference
curve.

Conclusions

Composite HA-ASP and HA-GLU nanocrystals have
been synthesized at different amino acid content. The pres-
ence of the amino acids in the reaction solution does not
inhibit nucleation of HA, but reduces the growth of the
composite nanocrystals in agreement with the increase of
the surface area on increasing amino acid content. TEM
images confirm the reduction of dimensions, which does
not modify the morphology of the composite nanocrystals.
Accordingly, the results of the structural analyses showed a
major contribution from microstrain to the broadening of
the diffraction peaks for both HA-ASP and HA-GLU.
However, glutamic acid induces a greater disorder in the
HA structure, most likely because of its bigger size, which
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could justify the greater affinity of aspartic acid for HA
suggested by its greater incorporation into the composite
nanocrystals.

Experimental Section

The synthesis of hydroxyapatite was carried out under N2 using a
Ca(NO3)2·4H2O (50 mL, 1.08 ) solution at pH adjusted to 10 with
NH4OH. The solution was heated at 90 °C and a (NH4)2HPO4

solution (50 mL, 0.65 ), pH 10 adjusted with NH4OH, was added
dropwise whilst stirring. The precipitate was maintained in contact
with the reaction solution for 5 h at 90 °C whilst stirring, then cen-
trifuged at 10000 rpm for 10 min and repeatedly washed with CO2-
free distilled water. The product was dried at 37 °C overnight.

Hydroxyapatites at different amino acid contents were obtained by
adding -aspartic acid or -glutamic acid (SIGMA) to the phos-
phate solution, before adjusting the pH to 10 with NH4OH. The
tested concentrations were 0.05, 0.10, 0.15 and 0.20 .

X-ray diffraction analysis was carried out by means of a PANalyt-
ical X’Pert PRO powder diffractometer. Cu-Kα radiation was used
(40 mA, 40 kV). The 2θ range was from 10 to 60° at a scanning
speed of 0.75°min–1. In order to evaluate the coherence lengths of
the crystals and to perform the line profile analysis, further X-ray
powder data were collected in step scanning mode with a fixed
counting time of 10 s for each 0.030°/step.

For FT-IR adsorption analysis, the powdered samples (1 mg) were
carefully mixed with KBr (250 mg, infrared grade) and pelletized
under a pressure of 10 tons for 2 min. The pellets were analyzed
with a Nicolet FT 205 IR spectrophotometer to collect 32 scans in
the range 4000–400 cm–1 at a resolution of 4 cm–1.

Amino acid contents were determined by means of HPLC, follow-
ing a procedure reported elsewhere.[20] Briefly, to the starting solu-
tion containing the amino acid in HCl (10–2 ) was added an equal
volume of borate buffer (0.2 , pH 8) and then 9-fluorenylmethyl
chloroformate (FMOC-Cl) solution (in CH3CN). At the end of the
time allowed for derivatization (typically 1 min), excess 1-amino-
amantadine (ADAM) was added to prevent hydrolysis of excess
FMOC-Cl to FMOC-OH. Before injection sample solutions were
filtered through Teflon filters (0.2-µm porosity). Compounds were
separated on a 250 × 4 mm i.d. 5-µm Purospher column from
Merck. The HPLC pump was a Varian 9012 and the injection valve
a Rheodyne 7525 equipped with a 13.2 µL calibrated loop. Com-
pounds were detected with a Hewlett–Packard 1040 diode array
detector. Data were acquired and processed with an HP 9000
Chemstation.

Calcium and phosphorus contents were determined by means of a
Dionex DX100 chromatography system equipped with a Dionex
CD20 conductivity detector. Powders were previously dissolved in
HCl (0.1 ). The chromatographic data were collected and pro-
cessed with the Dionex Peaknet 5.1 program.

For TEM investigations, a small amount of powder was dispersed
in ethanol and submitted to ultrasonication. A drop of the calcium
phosphate suspension was transferred onto holey carbon foils sup-
ported on conventional copper microgrids. A Philips CM 100
transmission electron microscope operating at 80 kV was used.

The surface area was measured using a Carlo Erba Sorpty 1750
BET analyser using constant volume N2 absorption with desorp-
tion at 100 °C.
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Line Profile Analysis

Scherrer Analysis: The line broadening of the 002 and 310 reflec-
tions was used to evaluate the length of the coherent domains (τhkl)
along the c-axis and along a direction perpendicular to it. τhkl

values were calculated from the widths at half maximum intensity
(β1/2) using the Scherrer equation (1)[21]

τhkl =
k λ

β1/2cosθ
(1)

where λ is the wavelength, θ the diffraction angle and K a constant
depending on crystal habit (chosen as 0.9). The silicon standard
peak 111 was used to evaluate the instrumental broadening.

Warren–Averbach Analysis: The Warren–Averbach approach[21] was
applied with the aim to separate the line broadening due to size
effect from the strain contribution. The analysis was performed on
two couples of reflections (002/004 and 111/222) by using the Win-
Fit program.[22] A strain free LaB6 NIST sample was used to take
into account the instrumental broadening.

Rietveld Refinement Analysis: The DEBVIN program,[23] essentially
implemented on the Rietveld routine,[24] was used to refine the
structures of HA and HA-amino acid composites. The same space
group (P63/m, n. 176), cell parameters, atomic positions and ther-
mal parameters as those of the initial structural model of HA were
introduced.[25] The background was treated as an empirical seg-
mented line where the heights of the seven nodes are free variables.
The peaks were fitted by using a Pearson VII function. Half width
of the diffraction peaks as a function of 2θ was evaluated by the
formulation of the Caglioti model.[26] Rietveld refinement was per-
formed in several stages, the parameters obtained in each step being
deferred in the following one. In the first cycles the scale factor and
the background were refined. Refinement of the other parameters
is in the following order: zero shift, profile parameters, asymmetry
parameter and cell parameters. Refinements of the occupancy fac-
tors and of the coordinates were tested at the latest stages of the
procedure, starting with those of the two metal sites. In the last
refinement cycles the overall thermal parameter was released to-
gether with the other 14 variables.
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Synthesis and Structural Characterization of Sandwich-Type Keggin-γ-
Lacunary Silicotungstates with an Open Wells–Dawson-Like Structure
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Three novel [γ-SiW10O36]8– dimers, [{K(H2O)}2{(µ3-H2O)M-
(H2O)}(γ-Si2W20O70)]8– (M = Mn2+, 1; Co2+, 2; Ni2+, 3), are
isolated from an aqueous acidic medium without isomeriza-
tion, which is different from most reactions of [γ-SiW10O36]8–

with first-row transition metals. They are isomorphous and
crystallize in the orthorhombic system, space group Pnma.

Introduction

Polyoxometalates (POMs), a well-known, large, and
unique class of inorganic polynuclear compounds, are the
focus of numerous interdisciplinary projects in recent years
owing to their special redox properties and tunable struc-
ture variety. This research area, as summarized in a vivid
meeting review by Kögerler and Cronin, has undergone “an
important transition from classical inorganic chemistry
towards the chemistry of “smart”, “functional materi-
als””.[1] Among thousands of POM compounds, the meta-
stable lacunary polyoxotungstates, such as Keggin-type 9-
series [AW9O34]n– (A = P, Si,···), 10-series [γ-AW10O36]8–,
11-series [AW11O39]8–, and Wells–Dawson-type [P2W15O56]12–,
[P2W17O61]10–, and so on, bearing an analogy with porphy-
rin, have drawn increasing attention as structural fragments
or building blocks due to their versatility to generate unex-
pected species with surprising structures and multiple prop-
erties, which include catalytic, medicinal, magnetic, elec-
tronic, and optical properties.[2] Especially, mono- and tri-
vacant α- and β-Keggin polyoxoanions have been studied
for many years and are in general understood.[3] On the
contrary, investigation of the divacant γ-Keggin poly-
oxoanion [γ-SiW10O36]8– (γ-SiW10), first reported by Hervé
et al.,[4] is less perhaps due to its poor stability in aqueous
solution. However, extensive studies on γ-SiW10 are
prompted by very interesting results that have been reported
in recent years,[5–20] from which three kinds of derivatives,
I, II, and III symbolized in Scheme 1, can be summarized.

[a] Key Laboratory of Polyoxometalate Science of Ministry of
Education, Faculty of Chemistry, Northeast Normal Univer-
sity,
Changchun 130024, P. R. China
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Eur. J. Inorg. Chem. 2006, 4827–4833 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4827

These species are the first examples of imidazole–potassium
mixed salts of Keggin-γ-type dimers having an analogous
open structure related to the Wells–Dawson anionic cluster.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Derivative I represents the derivatives in which the γ-SiW10

anion accommodates the two vacant positions to two tran-
sition-metal atoms or other groups to generate the complete
or modified γ- or β- Keggin anions; derivative II represents
the sandwich-type derivatives in which two γ-SiW10 sub-
units associate together by additional bridges; derivative III
represents oligomeric derivatives in which the γ-SiW10

anions are isomerized and polymerized by transition metal
ions.

Scheme 1. Three kinds of derivatives synthesized from the precur-
sor [γ-SiW10O36]8– anion.

Kortz and co-workers carried out a systematical study
on the reaction of γ-SiW10 anions with first-row transition
metals from which they isolated a series of isomerized
oligomers ranging in size from dimers to tetramers. They
found that the dilacunary precursor isomerized easily in an
aqueous acidic medium upon heating and in the presence
of first-row transition metal ions, unlike the 9-series and
2:18-series whose structures could be preserved in the sand-
wich-type products. Accordingly, sandwich-type γ-SiW10 di-
mers are still a challenge to obtain for POM chemists. Up
to now, only Pope’s group has reported a sandwich-type γ-
SiW10 dimer that was isolated as a cesium salt.[13] In our
efforts to modify POM clusters,[21] we obtained three novel
compounds with the [γ-SiW10O36]8– fragment preserved.
Herein we report the syntheses and structural characteriza-
tion of them. They possess an open Wells–Dawson-like
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structure in which two γ-SiW10 subunits are directly associ-
ated to each other in an eclipsed fashion. To the best of our
knowledge, this type of structure that is constructed from
γ-SiW10 has not yet been reported until now. From a struc-
ture point of view, only [α-Si2W18O66][22] was an analog.

Results and Discussion

Synthesis

The title compounds were isolated from an acidic solu-
tion containing γ-SiW10, transition-metal cations, and imid-
azole under gentle conditions, illustrated by the reaction:

2 [γ-SiW10O36]8– +4 H+ +2 K+ +M2+ +2 H2O�
[{K(H2O)}2(µ3-H2O)M(H2O)(γ-Si2W20O70)]8–

It deserves to be mentioned that the γ-silicodecatungstate
is a metastable species and easily isomerizes to α- or β-spe-
cies, such as α-dodecasilicotungstates and β-undecasilico-
tungstates.[18] Therefore, a key problem is to inhibit its de-
composition and isomerization during the reaction process
in order to keep the anionic skeleton intact. Slight changes
in the reaction conditions, such as temperature or pH, may
influence the final products. The synthetic conditions of the
compounds reported from precursor K8[γ-SiW10O36] are
collected in Table 3. From Table 3 it can be found that lower
or higher pH values (3 � pH � 5), elevated temperatures
(�50 °C), and long reaction times (�30 min) are favorable
for the decomposition and reassembly or isomerization of
γ-SiW10, whereas the presence of an organic solvent or big-
ger cations such as K+, Rb+, and Cs+ would increase the
stability of the γ-SiW10 skeleton.[25–27] In the preparation
process we controlled the reaction temperature to a maxi-
mum of 45 °C and the pH wave to not more than ±0.3. It
is worthy to mention that imidazole–potassium mixed salts
are obtained but only two K+ ions are included in the crys-
tal structures of the compounds even though excessive
amounts of K+ ions are present in the reaction solution.

The role of the K+ ion in the reaction is conjectured as
illustrated in Scheme 2: two K+ ions occupy the pseudo-
symmetrical position in front of the aperture of the struc-
ture.[4] Because of the strong coordinative tendency of K+

to bind to the open facial oxygen atoms,[22] two γ-SiW10

subunits combine through them. The insertion of transition
metal ions and the interjunction of two γ-SiW10 subunits
would enhance the coordination of K+ to the surrounding
oxo ligands, which would lead to stability of the open
Wells–Dawson-like structure.

Scheme 2. Illustration of possible role of K+ ions in the formation of the open Wells–Dawson-like structure.
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Additionally, the simulative and experimental powder X-
ray diffraction patterns of 1 and 2 are coincident as well,
which confirms that the as-prepared compounds are pure
(see Figure S3).

Structure Description

Compounds 1, 2, and 3 are isomorphic and are isolated
as imidazole salts of the γ-SiW10 derivative. The anion is a
dimer of [γ-SiW10O36]8– subunits that are jointed together
by two adjacent terminal oxygen atoms Od� (Od�, initially
marked by Hervé[4]) corner-shared with two pairs of edge-
shared WO6 octahedra from two parent [γ-SiW10O36]8–

anions (see Figure 1 and Figure S1).

Figure 1. Structure of anion in 1: the ORTEP view showing the
atom-labeling scheme with 50% thermal ellipsoids (left); combined
polyhedral/ball and stick representation (right), tungsten–oxygen
octahedra, Si (big ball), oxygen (small ball), potassium (labeled),
manganese (labeled). All hydrogen atoms are omitted for clarity.

In 1, eight open facial bridging Ob atoms (four in each
γ-SiW10 subunit), two oxygen atoms of the W–Od�–W junc-
tions (shared between two γ-SiW10 subunits) and the re-
maining four Od� atoms (two in each γ-SiW10 subunit), to-
taling fourteen oxygen atoms, delimit the open “mouth”.
The four Od� atoms of the edge-shared WO6 octahedral
dimer in the hatch of the [γ-Si2W20O70] cluster are strongly
basic to form active sites, either for protonation or for coor-
dination,[23] which is a characteristic reminiscent of porphy-
rin. One MnII ion is coordinated by the four Od� atoms like
sharp incisors biting a MnII ion. Perpendicular to the plane
of the MnOd�4, two H2O molecules coordinate to the MnII

center to complete an octahedral coordination environment
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of MnII, one towards the outside (O2W) and the other
towards the inside (O1W). Interestingly, the “internal”
H2O, acting as a tri-bridge H2O (µ3-H2O), links two K+

ions in the middle point of the K+-to-K+ line; thus, a T-
type connection composed of K+, µ3-H2O and MnII is
formed (see Figure 2a). In fact, two K+ ions are located
separately on the two parotids of the “mouth”, each bond-
ing to seven oxygen atoms; thus, a nine-coordination sphere
of the K+ ion is accomplished by the coordination of the
inside µ3-H2O and the outside H2O molecules (see Fig-
ure 2b). The K–OW bond lengths are in the range 2.80(6)–
2.84(2) Å, and seven K–O bond lengths [2.96(1)–3.13(1) Å]
correspond to the range (2.76–3.22 Å) reported by Hervé.22

The W1–O4–W10 angle of the junctions is 135.1° and the
bond lengths are1.85(1) Å and 2.02(1) Å, respectively,
which is in the normal range for corner W–O–W bridges in
each subunit (See Figure S2 for the coordination spheres of
2 and 3).

Figure 2. Coordination spheres of K+ and Mn2+ in compound 1:
(a) viewed along the normal direction of the � K–M–K plane, (b)
viewed along the line of K–OWint–K, tungsten (big ball), oxygen
(small ball), potassium (labeled), manganese (labeled).

It is interesting to make a comparison with the filling
manners of the “mouths” for the [γ-Si2W20O70] and [α-
Si2W18O66] clusters. The “mouth” of [α-Si2W18O66] seems

Table 1. Selected bond length ranges [Å] for 1, 2, and 3.

Bond length [{K(H2O)}2{(µ3-H2O)M(H2O)}(γ-Si2W20O70)]8– [γ-SiW10O36]8–[4]

1 (M = MnII) 2 (M = CoII) 3 (M = NiII)

W–Oa 2.22(1)–2.36(1) 2.21(10)–2.36(1) 2.21(1)–2.35(1) 2.21(5)–2.34(4)
W–Ob/Oc 1.76(1)–2.16(1) 1.78(1)–2.14(1) 1.78(1)–2.14(1) 1.73(5)–2.25(5)
W–Od 1.71(1)–1.88(2) 1.71(1)–1.88(1) 1.70(1)–1.84(1) 1.67(5)–1.77(4)
W–Od� 1.76(1)–2.02(1) 1.78(1)–1.98(1) 1.78(1)–1.96(1) 1.70(5)–1.79(4)
Si–Oa (W2 diad) 1.62(1)–1.63(1) 1.59(1)–1.62(1) 1.60(1)–1.64(1) 1.54(5)–1.59(5)
Si–Oa (W3 triad) 1.65(1)–1.65(1) 1.64(1)–1.65(1) 1.64(1)–1.64(1) 1.68(4)–1.68(4)

Table 2. Comparison of the corresponding bond length [Å] and bond angle [°] of metal polyhedrons.

Bond length/angle [γ-Si2W20O70] in 1–3 [α-Si2W18O66][22]

1 (M = MnII) 2 (M = CoII) 3 (M = NiII) 1Co–K

K–O 2.97(1)–3.13(1) 2.94(1)–3.09(1) 2.93(1)–3.08(1) 2.76–3.22
K–OW(inside) 2.80(6) 2.75(9) 2.77(1)
K–OW(outside) 2.84(2) 2.59(5)–2.67(4) 2.58(6)–2.61(7) 2.669–3.162 (for K9 and K11)
M–OW(inside) 2.43(1) 2.22(1) 2.192(1)
M–OW(outside) 2.29(2) 2.09(2) 2.04(1)
M–Od� 2.12(1)–2.12(1) 2.04(1)–2.05(1) 2.02(1)–2.03(1)
W–O–W junction 135.1(6) 136.4(6) 136.6(7) 147.7–148.2

Eur. J. Inorg. Chem. 2006, 4827–4833 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4829

to be more open than that of [γ-Si2W20O70]. In the former,
there exist several filling manners of the “mouth” or
“pocket”, such as K3, KCo, and KCo2, whereas in the latter
the filling manners seem to be more regular, as only K2M
(M = MnII, CoII, or NiII) is found.

Selected bond lengths and angles of compounds 1, 2,
and 3 are listed in Table 1 along with those of the [γ-
SiW10O36]8– precursor for comparison. From Table 1 we
can see that the bond lengths of Si–Oa (W2 diad) (the oxy-
gen atom belongs to a ditungstic group) are longer in com-
pounds 1, 2, and 3 than those of the [γ-SiW10O36]8– precur-
sor, whereas those of Si–Oa (W3 triad) (the oxygen atom
belongs to a tritungstic group) are shorter, that is, the Si–
Oa bond lengths go to an average value that is close to
1.63 Å for [α-SiW12O40]4–.[1] This would enhance the sta-
bility of 1. Other W–O bond lengths are within their nor-
mal values, except for the longer W10–Od (O31) and W10/
W1–Od� (O4) bonds which are the junctions of the two
SiW10 subunits (see Table S1). The corresponding bond
lengths and bond angles of the transition metal in the
hatches of [γ-Si2W20O70] for 1, 2, and 3 are listed in Table 2
along with those of [α-Si2W18O66] for comparison. The
average bond lengths of M–Od� are 2.12 Å for 1, 2.05 Å for
2, and 2.03 Å for 3, and the W–O–W bond angles of the
junctions are smaller than that of [α-Si2W18O66].

The anion packing diagram in the unit cell of 1 viewed
down the b axis is given in Figure 3a. There are four anions
labeled as A, A*, B, and B*. The two adjacent anions A
and A* or B and B* are, respectively, related by an inver-
sion center and associated with each other in a “mouth-to-
mouth” manner by imidazole molecules with the Mn···Mn
distance of 8.37 Å. Anions A* and B arrange in a “head-
to-head” manner on the same plane, and B* and A run in
this manner on another plane (Figure 3b). Thus
A*···B···A*···B and B*···A···B*···A form zigzag chains
along the a axis, respectively, and further extend into a 2D
structure along the c axis by hydrogen bonding with Im
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Table 3. Comparison of the synthetic conditions from precursor K8[γ-SiW10O36].

Compound[a] pH T [°C] t Ref.

I a) [(C4H9)4N]4[(SiO4)W10MnIII
2O36H6] 3.8–4.5 – 5 min [5]

I b) Cs5[γ-SiO4W10O32(OH)Cr2(OOCCH3)2(OH2)2] 4.8 80 30 min [6]

I c) [(n-C4H9)4N]3.5H2.5[γ-SiW10{Fe(OH2)}2O38] 3.9 – 5 min [7]

I d) Cs4H2-γ(1,2)-[SiV2W10O40] – – few min
I d) Cs6-β(8,12)-[SiV2W10O40] 6.5–6.8 – 4 h [8]

I d) Cs6-β(3,8)-[SiV2W10O40] 8.0–8.3 – 10 min
I e) (Bu4N)3H[γ-SiW10O36(RSi)2O] CH3CN/HCl – 6 h [9]

I f) (NEt4)6[γ-SiW10Mo2S2O38] DMF 50 30 min [10]

I g) (NBu4)3K[γ-SiW10O36(HPO)2] CH3CN/HCl – overnight [11]

I h) [(CH3)2NH2]5[β-SiFe2W10O36(OH)2(H2O)Cl] 1.7 – 5 min [12]

II a) Cs9H[(PhSnOH2)2(γ-SiW10O36)2] – – rapid [13a]

II b) KxNa12–x[{SiM2W9O34(H2O)}2]12–(M = Mn2+,Cu2+,Zn2+) 4.8 90 40 min [14]

III a) K12[{β-SiNi2W10O36(OH)2(H2O)}2] 4.8 50 45 min [15]

III b) K24[{β-Ti2SiW10O39}4] 2 80 1 h [16]

III c) Na5[Co6(H2O)30{Co9Cl2(OH)3(H2O)9(β-SiW8O31)3}] 5.5 50 30 min [17]

III d) Cs4K11[(β2-SiW11MnO38OH)3] 3.9 – 15 min [18]

III e)K10Na12[{Co3(B-β-SiW9O33(OH))[B-β-SiW8O29(OH)2]}2] 4.8 50 30 min [19]

III f) Rb6H3[Si2W23O77(OH)] HClO4 – 1 h [20]

[a] I: complete γ- or β-Keggin-type II: sandwich-type III: oligomer.

molecules. There are significant contacts between oxo
groups of the anions and imidazole molecules along the b
axis, which leads to a linear chain of the anions with a
straight linkage of K···K···K (see Figure 4). Imidazole and
water molecules fill in the space among the anions.

Figure 3. Schematic representation of the relative locations of the
polyanions. (a) Packing diagram in 1 viewed along the b axis. (b)
3D supramolecular network based on the topology of anion–anion
position.
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Figure 4. View of the connection between the polyanions and Im
molecules through hydrogen bonding. All water molecules are
omitted for clarity.

Because compounds 2 and 3 are isomorphs of 1, struc-
tural descriptions for them are omitted. The difference be-
tween them is that the outer H2O molecule that is coordi-
nated to the K+ ion is disordered with an occupancy factor
of 50% for both 2 and 3. Additionally, there exists other
disordered water and imidazole molecules in the crystal
structures of these three complexes.

The assignment of the oxidation state of Mn is based on
bond valence sum (BVS) calculations,[24] which gives a
value of 2.064 and indicates the +2 oxidation state. The
inside O atom and the outside O atom of the Mn–O bonds
have much lower BVS values, 0.180 and 0.252, which sug-
gests that they are water ligands (O1W and O2W). The BVS
values of the bridge and terminal oxygen atoms show that
they are not protonated. While in the acidic condition, the
N atom of imidazole is easily protonated and leads to the
formation of the stable salts. Thus, including K+ and MII,
the anionic structure can be written as [{K(H2O)}2{(µ3-
H2O)M(H2O)}(Si2W20O70)]8– (M = Mn2+, Co2+ or Ni2+).
Overall, the anions have an ideal symmetry of C2v.
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IR Spectra

The infrared spectra of 1, 2, and 3, measured in the range
400–1000 cm–1, show characteristic absorptive peaks for the
γ-anion at ca. 993 cm–1 for νas(W–Od), 940 cm–1 for νas(Si–
Oa), 895 and 861 cm–1 for νas(W–Ob–W), 780 and 741 cm–1

for νas(W–Oc–W), which indicates the retention of the γ-
tungstosilicate framework (see Figure S4).[6] In comparison
with the νas(W–O–W) in γ-SiW10, the splitting of the corre-
sponding bands in the range 700–850 cm–1 is weakened in
the title compounds and is due to the coordination of the
transition metal ion, as in the case of the monosubstituted
tungstosilicate. Additionally, the vibration bands in the
range 1000–1200 cm–1 are assigned to those of imidazole
and around 620 cm–1 to those of the M–O bonds.

Thermogravimetric(TG) Analysis

The TG curve for 1 is divided into three stages. The first
weight loss of 3.05% in the temperature range 45–180 °C
corresponds to the release of crystal water and is in good
agreement with the calculated value of 3.1%. The successive
weight loss of the second step (5.68%) from 200 °C to
350 °C and the third step (7.93%) from 520 °C to 750 °C is
ascribed to the release of imidazole and structural water,
respectively, which is around the combined calculated value
of 13.16%. No weight loss occurs above 750 °C. TG for 2
(see Figure S5) is similar to that of 1.

Cyclic Voltammetry (CV)

The CV behaviors of 1, 2, and 3 are similar (see Fig-
ure 5). Each CV curve shows two pairs of redox peaks with
E1 = –582 mV and E2 = –685 mV for 1, E1 = –581 mV and
E2 = –688 mV for 2, and E1 = –570 mV and E2 = –675 mV
for 3, where E = (Epa+Epc)/2, in 0.5  KAc/HAc buffer
(pH 3.9). The anodic-to-cathodic peak potential difference

Figure 5. The cyclic voltammogram (glassy-carbon working elec-
trode, scan-rate 50 mVs–1, 0.5  KAc–HAc, pH = 3.9) of com-
pounds 1, 2, and 3 and precursor γ-SiW10.
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for each pair of redox waves is ca.30 mV and the peak-to-
peak distance between E1 and E2 is ca. 100 mV for each
compound, which shows a similar electrochemical behavior
to that of the parent γ-SiW10, except that the half-wave po-
tentials shift positively. These can be reasonably explained
by the global charges of the polyanions. Both of the anions,
[{K(H2O)}2(µ3-H2O)M(H2O)(γ-Si2W20O70)]8– and [γ-
SiW10O36]8–, are in the –8 charge state, while the anion vol-
ume of the former is double that of the latter, which leads
to less electronic density on the anion global.

Conclusions

In summary, three novel compounds based on γ-SiW10

subunits have been isolated in acidic solutions. They are
successful examples of the γ-SiW10 derivative possessing an
open Wells–Dawson-like sandwich structure with K+ and
MII ions symmetrically enchased in the hatch of the (γ-
SiW10)2 dimer, giving the compound structural aesthetics.
To check if the solid structure is stable in solution without
the dissociation of the potassium cations, electrophoresis of
compound 1 was carried out. The analytical result of the
anodic area indicates that the potassium cations are at-
tached to the polyoxo dimers and move towards the anode
direction. This fact supports the polyanion structure formu-
lated by [{K(H2O)}2{(µ3-H2O)M(H2O)}(γ-Si2W20O70)]8–

and that the solid structure of the dimeric anions is main-
tained in the solution without the dissociation of the potas-
sium cations, under the tested pH of 3.6.

This new crystal structure suggests that the skeleton of
the unstable species γ-SiW10 could also be maintained by
carefully controlling the reaction conditions. The functions
of potassium and transition-metal ions in the reactions of
γ-SiW10 are not clearly understood yet and attempts to clar-
ify them still represent a challenge. Kortz and co-workers
have emphasized the crucial role of potassium ions in the
synthesis medium, especially in the order of addition of the
solid KCl.[13] The title compounds were isolated under sim-
ilar reaction conditions to those reported by Kortz and co-
workers. However, they obtained full potassium salts and
we obtained imidazole–potassium mixed salts of Keggin-γ-
type dimers. Besides the presence of imidazole, the differ-
ence in the order of addition of the solid KCl perhaps is
the reason why mixed salts were crystallized in our case.
Kortz’s and our synthetic investigations both lead to the
conclusion that the formation of the dimers is highly sensi-
tive to pH and temperature variations.

The filling style in the “mouth” of the [γ-Si2W20O70] is
perhaps less random than those of the [α-Si2W18O66] be-
cause of the feature of the opening. The external H2O li-
gand that is coordinated to MII is likely to improve the cata-
lytic activity and would be a further derivative of the poly-
tungstates. We will attempt to modify the framework so as
to obtain more unexpected species with interesting struc-
ture and properties.
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Experimental Section

Materials and Methods: The precursor K8[γ-SiW10O36]·12H2O was
prepared according to the literature[28] and its purity was confirmed
by infrared spectroscopy and cyclic voltammetry. All other reagents
were used as purchased without further purification. Elemental
analyses were carried out with a Plasma-Spec(I) ICP emission spec-
trometer for W, Si, and transition metal elements and with a PE-
3030 atomic absorption spectrophotometer for K. To carry out the
elemental analysis measurements, the samples were dissolved in
water by assistance of H2O2 as these imidazole salts have poor solu-
bility in water. Infrared spectra were recorded with an Alpha Cen-
taurt FTIR spectrometer in the 4000–400 cm–1 region. X-ray pow-
der diffraction (XRPD) patterns were recorded with a Siemens
D5005 diffractometer with Cu-Kα(λ = 1.5418 Å) radiation. Ther-
mogravimetry was carried out with a Perkin–Elmer TGA-7 instru-
ment in flowing N2 with a heating rate of 10 °Cmin–1 up to 800 °C.
Electrochemical data were obtained with a CHI 660 Electrochemi-
cal Workstation connected to a Digital-586 personal computer un-
der N2 gas, with the use of a conventional three-electrode system.

Synthesis of (HIm)8[{K(H2O)}2{(µ3-H2O)Mn(H2O)}(Si2W20O70)]·
10H2O(Im = imidazole) (1): Solid MnSO4·2H2O (0.076 g,
0.41 mmol) was added with stirring to a solution of imidazole
(0.55 g, 2.3 mmol) dissolved in water (20 mL). Glacial acetic acid
was then added dropwise until pH 3.6 was reached. To the resulting
solution, K8[γ-SiW10O36]·12H2O (0.226 g, 0.075 mmol) dissolved in
water (2 mL) was immediately added, followed by the addition of
solid KCl (2–3 g, ca. 30 mmol). Finally, the yellow solution was
cooled to room temperature and filtered through a fine frit. Prism-
like yellow crystals were obtained after 3 d from the filtrate. Yield:
0.142 g (65% based on γ-SiW10). IR (KBr pellet): 1093, 1049, 993,
950, 894, 861, 781, 741, 621, 555 cm–1. C24H35.76K2MnN16O84-

Si2W20 (5758.57): calcd. W 63.22, Si 0.96, Mn 0.94, K, 1.34; found
W 63.09, Si 0.92, Mn 0.96, K 1.30.

Synthesis of (HIm)8[{K(H2O)}2{(µ3-H2O)Co(H2O)}(Si2W20O70)]·
9H2O (2): The synthesis of 2 followed a similar procedure to that
of compound 1, except Co(NO3)2·6H2O (0.058 g, 0.20 mmol) was
used instead of MnSO4·2H2O. The reaction solution was heated to
45 °C with stirring for 15 min and filtered for lustration. Prism-
like rosy crystals were obtained after ca.6 d from the filtrate. Yield:
0.113 g (52% based on γ-SiW10). IR (KBr pellet): 1098, 1051, 998,
952, 897, 863, 778, 743, 622, 549 cm–1. C24H31.5K2CoN16O83Si2W20

Table 4. Crystal data and structure refinement for 1, 2, and 3.

1 2 3

Empirical formula C48H71.52K4Mn2N32O168Si4W40 C48H63Co2K4N32O166Si4W40 C48H52K4N32Ni2O166Si4W40

Formula mass 11517.13 11484.52 11444.93
Space group Pnma Pnma Pnma
a [Å] 33.1566(14) 32.9856(15) 32.947(2)
b [Å] 13.6167(6) 13.5564(6) 13.5430(10)
c [Å] 22.9345(10) 22.9521(11) 22.9577(16)
V [Å3] 10354.5(8) 10263.4(8) 10243.8(12)
Z 2 2 2
Dcalcd. [g cm–3] 3.694 3.716 3.711
T [K] 193(2) 193(2) 193(2)
λ [Å] 0.71073 0.71073 0.71073
µ [mm–1] 22.447 22.684 22.748
GOF 1.058 1.059 1.026
Final R1

[a] [I�2σ(I)] 0.0529 0.0483 0.0564
Final wR2

[b] [I�2σ(I)] 0.1478 0.1350 0.1689

[a] R1 = Σ||Fo| – |Fc||/|Fo|. [b] wR2 = {Σ[w(Fo
2 –Fc

2)2]/Σ[w(Fo
2)2]}0.5.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4827–48334832

(5742.26): calcd. W 63.92, Si 0.97, Co 1.02, K 1.36; found W 63.73,
Si 0.94, Co 1.09, K 1.32.

Synthesis of (HIm)8[{K(H2O)}2{(µ3-H2O)Ni(H2O)}(Si2W20O70)]·
9H2O (3): The synthesis of 3 followed a similar procedure to that
of compound 2, except NiSO4·6H2O (0.105 g, 0.40 mmol) was used
instead of Co(NO3)2·6H2O. Prism-like slight green crystals were
obtained after six months. Yield: 0.022 g (10% based on γ-SiW10).
IR (KBr pellet): 1091, 1049, 995, 951, 895, 861, 781, 739, 626,
554 cm–1. C24H26K2NiN16O83Si2W20 (5736.70): calcd. W 64.3, Si
0.97, Ni 1.03, K 1.36; found W 64.05, Si 0.92, Ni 0.98, K 1.29.

X-ray Crystallography: Single-crystals of 1 (0.37×0.11×0.10 mm),
2 (0.24×0.07×0.05 mm), and 3 (0.35×0.12×0.05 mm) were taken
directly from the mother liquor and immediately cooled to 193(2)
K on a Bruker SMART CCD diffractometer with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71703 Å). Semi-empirical ab-
sorption correction based on symmetry equivalent reflections was
applied. A total of 53450 reflections for 1 were collected, of which
9634 were unique (R(int) = 0.0531), a total of 52611 reflections for
2 were collected, of which 9454 reflections were unique (R(int) =
0.0516), and a total of 58285 reflections for 3 were collected, of
which 10568 reflections were unique (R(int) = 0.1003) (1.52 � θ �

25.01°). The structures were solved by direct methods and differ-
ence Fourier techniques and refined by the full-matrix least-squares
method on the basis of F2. Structure solution, refinement, and gen-
eration of publication materials were performed with the use of the
SHELXTL crystallographic software package.[29] Some C and N
atoms and some water molecules were not anisotropically refined
to solve disorder. The hydrogen atoms of imidazole and water were
geometrically placed and refined with the use of a riding model.
However, some hydrogen atoms have not been included in the final
refinement because of the presence of some disordered imidazole
and water. Crystallographic data are summarized in Table 4.
Atomic coordinates and isotropic displacement parameters for the
anions of 1, 2, and 3 are listed in Tables S2, S3, and S4. CCDC-
294280 for 1, -294279 for 2, and -604702 for 3 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Tables of atomic coordinates and isotropic displacement pa-
rameters, figures showing coordination spheres of K+ and M2+ for
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compounds 2 and 3, XRD, IR, TG, and X-ray crystallographic
data of compounds 1, 2 and 3.
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The syntheses and crystal structures of a series of organosilyl
polyoxotungstate derivatives with the Dawson monovacant
phosphotungstate [α2-P2W17O61]10– are described. The poly-
oxometalates (Me2NH2)5H[α2-P2W17O61{O[Si(CH2)3SH]2}]·
6H2O (Me2NH2-1), (Me2NH2)6[α2-P2W17O61{O[Si(CH2)3-
SCN]2}]·3H2O (Me2NH2-2), and (Me2NH2)6[α2-P2W17O61-
{O(SiPh)2}]·4H2O (Me2NH2-3) were obtained as analytically
pure, homogeneous yellow crystals by the reaction of mono-
lacunary Dawson polyoxotungstate with HS(CH2)3Si(OMe)3,
NCS(CH2)3Si(OEt)3, and PhSiCl3, respectively, in an HCl/
water/acetonitrile mixed solution or a water/acetonitrile
mixed solution, followed by crystallization from water in the
dark. Single-crystal X-ray structure analyses revealed that
the four-coordinate –Si–O–Si– bonding of the organosilyl
groups {O[Si(CH2)3SH]2}, {O[Si(CH2)3SCN]2}, and {O(SiPh)2}

Introduction

Polyoxometalates (POMs) have attracted considerable at-
tention because of their extreme versatility and unique
range of properties, including catalytic and biological activi-
ties and/or photo- and electrochromism.[1] The introduction
of organic groups into POMs is an efficient technology to
significantly increase the number of organic–inorganic hy-
brid compounds and thus to improve their properties.
For example, organostannyl derivatives such as
[TW11O39(SnCH2CH2X)]n– [T (isomer) = Si (α), Ge (α), Ga
(a mixture of α and β); X = COOH, COOCH3, CONH2,
CN; n = 5,6],[2] [α-XW11O39(SnR)]n– [X = P, As, Si; R =
Me, nBu, Ph, CH2C6H5, (CH2)3Br, (CH2)4Cl, (CH2)11CH3,
(CH2)6Br, C27H45, CN; n = 5,6],[3] [α2-X2W17O61(SnR)]7– [X
= P, As; R = Me, nBu, Ph, (CH2)11CH3],[3] [α2-
P2W17O61(SnCH2R)]7– (R = CH2COOH, CH2COOEt,
CH=CH2, CH2CHO),[4] [α1-P2W17O61(SnCH2R)]7– (R =
CH2COOH, CH2COOEt, CH2COOMenthyl),[4] [(β-A-
PW9O34)2(RSnOH)3]12– (R = Ph, Bu),[5] [α-P2W15O59-
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is attained through four oxygen atoms in the mono-lacunary
site of the polyanion, resulting in an overall C1 symmetry for
Me2NH2-1 and Me2NH2-2 and Cs symmetry for Me2NH2-3.
In the molecular structures of Me2NH2-1 and Me2NH2-2, a
unique configuration of the organosilyl groups is observed in
the solid state, i.e. the equatorial and axial bonding of each
of the two HS(CH2)Si moieties in the {O[Si(CH2)3SH]2} group
for Me2NH2-1 and the two NCS(CH2)3Si moieties oriented in
a syn fashion in the {O[Si(CH2)3SCN]2} group for Me2NH2-2.
The characterization of Me2NH2-(1–3) was accomplished by
elemental analysis, TG/DTA, and FT-IR, solution (1H, 13C,
and 31P) NMR, and solid-state 13C NMR spectroscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(RSn)3]9– (R = Ph, Bu),[5] [SiW9O37(RSn)3]7– (R, isomer:
Ph, α; nBu, α; Ph, β; nBu, β),[6] and [(SiW9O34)2(RSnOH)3]14–

(R, isomer: Ph, α; nBu, α; Ph, β; nBu, β),[6] and [(γ-Si-
W10O36)2(PhSnOH)2]10–;[7] organophosphonyl derivatives
such as [α-A-PW9O34(RPO)2]5– (R = Et, nBu, tBu, allyl,
Ph),[8] [α-Tn+W11O39(PhPO)2](8–n)– (T = P5+, Si4+),[9] [α-
PW11O39(PhPO)][PhPO(OH)]4–,[9] [γ-SiW10O36(RPO)2]4–

[R = H, Et, nBu, tBu, C2H4COOH, Ph],[10] and [γ-
H2{(SiW10O36)[O=PCH2(C6H4)nCH2P=O]}2]6–;[11] organo-
germanyl derivatives such as [TW11O39{GeCH2CH2X}]n–

[T (isomer) = Si (α), Ge (α), Ga (a mixture of α and β); X
= COOH, COOCH3, CONH2, CN; n = 5, 6];[2] and or-
ganosilyl derivatives such as [α-SiW11O40(SiR)2]4– [R =
C2H5, CH=CH2, C10H21, Ph, NC(CH2)3, C3H5],[12] [α2-
P2W17O61{O(SiR)2}]6– {R = C6H5, 4-[(C2H5O)2P(=O)-
CH2]-C6H4, C3H6SH},[13,14] [γ-PW10O36(tBuSiOH)2]3–,[15]

[γ-PW10O36(tBuSiO)2(SiMe2)]3–,[15] [γ-SiW10O36(RSiO)4]4–

[R = Ph, CH2=C(CH3)CO2(CH2)3],[16] [α-A-PW9O34(tBu-
SiO)3(SiR)]3– [R = H, CH3, Et, CH=CH2, CH2-CH=CH2,
(CH2)4CH=CH2, CH2CH2CH2Cl],[17,18] [α-A-TW9O34-
(R2Si)3]n– (T = Si, P; R = Me, Ph; n = 3,4),[18] [α-A-
PW9O34(tBuSiOH)3]3–,[18] [α-B-AsW9O33(tBuSiOH)3]3–,[18]

[α-B-AsW9O33(tBuSiO)3(RSi)]3–,[18] [α-A-TW9O34(RSiO)3-
(RSi)]n– (T = Si, P; R = H, Me, C2H3, Et, nBu; n =
3,4),[19,20] and [γ-SiW10O36{O(SiC3H6SH)2}]4– [21] have been
reported. In particular, [α2-P2W17O61{O(SiC3H6SH)2}]6–
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and [γ-SiW10O36{O(SiC3H6SH)2}]4– are intriguing exam-
ples of the use of organic moieties having an –SH group
grafted to the lacunary sites of [α2-P2W17O61]10– and [γ-
SiW10O36]8– to derive new nanoscale hybrid systems in
which covalent linkages between the polyoxometalate spe-
cies and chlorobenzyl-functionalized polymer nanoparticles
or gold nanoparticles are formed through the thiol groups.
Although various types of complexes with organic groups
have been prepared, the molecular structures of only a few
complexes have been determined by X-ray crystallography.
These include [(β-A-PW9O34)2(PhSnOH)3]12–,[5] [α-
P2W15O59(PhSn)3]9–,[5] [β-SiW9O37(PhSn)3]7–,[6] [(α-Si-
W9O34)2(BuSnOH)3]14–,[6] [α-PW11O39(PhPO)2]3–,[9] [γ-
PW10O36(tBuSiOH)2]3–,[15] [α-A-PW9O34(tBuSiO)3(SiCH2-
CH=CH2)]3–,[17] and [α-A-PW9O34(RSiO)3(RSi)]3– (R =
C2H3, CH3, C2H5).[18,20] In particular, X-ray crystal struc-
ture analyses of Dawson POM-based organic–inorganic hy-
brid compounds are crucial for polyoxoanion crystallogra-
phy because of the difficulty in crystallizing them.

In this study, we report a series of Dawson-type POM-
based organosilyl complexes containing {O[Si(CH2)3SH]2},
{O[Si(CH2)3SCN]2}, and {O(SiPh)2} groups, and the
X-ray crystal structure analyses of (Me2NH2)5H[α2-
P2W17O61{O[Si(CH2)3SH]2}]·6H2O (Me2NH2-1), (Me2-
NH2)6[α2-P2W17O61{O[Si(CH2)3SCN]2}]·3H2O (Me2NH2-
2), and (Me2NH2)6[α2-P2W17O61{O(SiPh)2}]·4H2O
(Me2NH2-3). We describe their syntheses, characterization,
and the molecular structures of compounds Me2NH2-(1–3)
in complete detail.

Results and Discussion

Syntheses, Characterization, and Molecular Structures of a
Series of the Dawson-Type POM-Based Organosilyl
Compounds Me2NH2-(1–3)

The three compounds Me2NH2-(1–3) containing or-
ganosilyl groups were formed by direct reaction of the or-
ganosilyl precursors [RSiX3; R = HS(CH2)3, NCS(CH2)3,
and Ph; X = OMe, OEt, or Cl] with the mono-lacunary
Dawson POM [α2-P2W17O61]10– in an HCl/water/acetoni-
trile mixed solution or a water/acetonitrile mixed solution
at room temperature in air, followed by crystallization from
water in the dark. The formation of Me2NH2-(1–3) is given
by the ionic balance shown in Equations (1), (2), and (3) in
which the hydrolysis of Si–X bonds occurs upon addition
of acid; the electrophilic organosilyl moieties then attack
the lacunary surface sites of polyoxometalates.[13]

RSi(X)3 + 3 H2O � RSi(OH)3 + 3 XH
[R = HS(CH2)3, NCS(CH2)3; X = OMe, OEt] (1)

[α2-P2W17O61]10– + 2 RSi(OH)3 + 4 H+ �
[α2-P2W17O61{O(SiR)2}]6– + 5 H2O (2)

[α2-P2W17O61]10– + 2 PhSiCl3 + H2O �
[α2-P2W17O61{O(SiPh)2}]6– + 2 H+ + 6 Cl– (3)

The crystal structures of Me2NH2-1 (Figure 1),
Me2NH2-2 (Figure 2), and Me2NH2-3 (Figure 3) are com-
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posed of the mono-lacunary Dawson POM unit “α2-
P2W17O61” and the {O[Si(CH2)3SH]2}, {O[Si(CH2)3-
SCN]2}, and {O(SiPh)2} groups, respectively. Each silyl
group is linked to two tungsten atoms located in two dif-
ferent positions of the mono-lacunary site through the
bonding of four oxygen atoms O(2), O(3), O(6), and O(7)
for Me2NH2-1 and Me2NH2-2, which have C1 symmetry
for the polyanions 1 and 2, and O(2), O(3), O(2A), and
O(3A) for Me2NH2-3, which has Cs symmetry for poly-
anion 3. Me2NH2-1 and Me2NH2-2 were found as a set of
enantiomeric pairs in the unit cell, as shown in Figures 1
and 2, respectively. The lengths of the Si–O bonds coordi-

Figure 1. (a) The solid-state packing of Me2NH2-1 (Z = 4) and (b)
the molecular structure of Me2NH2-1 with 50% probability ellip-
soids. In (a), units (A, A�) and (B, B�) represent different sets of
enantiomeric pairs. The molecular structure of unit A is depicted
in (b).
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nated to the four oxygen atoms in the lacunary site are in
the range 1.611(12)–1.650(13) Å (average 1.64 Å) for
Me2NH2-1, 1.608(12)–1.647(13) Å (1.63 Å) for Me2NH2-2,
and 1.613(8)–1.651(8) Å (1.63 Å) for Me2NH2-3 (see
Tables 1, 2, and 3, respectively, and Tables S1–S3 in the
Supporting Information). These values are similar to those
of [γ-PW10O36(tBuSiOH)2]3– (1.62–1.70 Å)[15] and [α-A-
PW9O34(tBuSiO)3(SiCH2-CH=CH2)]3– (1.59–1.65 Å),[17]

which have a similar tetrahedral environment of the silicon
atom. On the other hand, the W–O lengths in the vacant
site are in the range 1.873–1.919 Å [W(1)–O(3), W(2)–O(7),
W(3)–O(2), and W(8)–O(6)] for Me2NH2-1, 1.889–1.912 Å

Figure 2. (a) The solid-state packing of Me2NH2-2 (Z = 2) and (b)
the molecular structure of Me2NH2-2 with 50% probability ellip-
soids. In (a), (A, B) represents an enantiomeric pair. The molecular
structure of unit A is depicted in (b).
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[W(1)–O(3), W(2)–O(7), W(3)–O(2), and W(8)–O(6)] for
Me2NH2-2, and 1.898–1.914 Å [W(1)–O(3) and W(2)–O(2)]
for Me2NH2-3; these bonds are longer than those to the
terminal oxygen in [α2-P2W17O61]10– (ca. 1.7 Å).[22] Thus,
the W–O lengths of the terminal oxygen in the vacant site
of [α2-P2W17O61]10– are stretched by the binding of the or-
ganosilyl groups. In contrast, the W–O lengths in the W3

cap and the two W6 belts, i.e. W–Ot (Ot: terminal oxygen),
W–Oe (Oe: edge-sharing oxygen), W–Oc (W belt) (Oc: cor-
ner-sharing oxygen), and W–Oa (Oa: oxygen coordinated to
the P atom) are in the normal range.[1b,22] The Si–O–Si
bond angles for Me2NH2-(1–3) are 126.3(9)°, 124.7(8)°, and
127.4(7)°, respectively, which means they are much smaller
than that of [α-A-PW9O34(tBuSiO)3(SiCH2–CH=CH2)]3–

(173.7°).[17]

Figure 3. Molecular structure of Me2NH2-3 with 50% probability
ellipsoids.

With regard to the {O[Si(CH2)3SH]2} group of Me2NH2-
1, it was noted that one of the two HS(CH2)3Si moieties in
this group is oriented in the equatorial direction while the
other is oriented in the axial bonding direction. This unique
configuration was found three times by X-ray crystallogra-
phy. The Si–C bond lengths are in the range 1.86–1.87 Å
and are slightly shorter than those of [γ-PW10O36(tBu-
SiOH)2]3– (1.94–1.97 Å).[15] The bond angles of the left
HS(CH2)3Si moiety [Si(1)–C(1)–C(2), C(1)–C(2)–C(3), and
C(2)–C(3)–S(1)] are larger than those of the right moiety
[Si(2)–C(4)–C(5), C(4)–C(5)–C(6), C(5)–C(6)–S(2)], as
shown in Table 1. In the case of the {O[Si(CH2)3SCN]2}
group of Me2NH2-2, the two NCS(CH2)3Si moieties are
oriented in a syn fashion. This configuration was also found
twice by X-ray crystallography. The Si–C bond lengths are
in the range 1.84–1.89 Å and are similar to those of
Me2NH2-1. The S(1)–C(4) distance [1.97(6) Å] is somewhat
longer than that of S(2)–C(8) [1.71(4) Å]. The bond angles
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Table 1. Selected bond lengths [Å] and angles [°] for Me2NH2-1
around the {O[Si(CH2)3SH]2} group.

Bond lengths

Si(1)–O(1) 1.637(15) C(2)–C(3) 1.48(3)
Si(1)–O(2) 1.632(12) C(3)–S(1) 1.81(3)
Si(1)–O(3) 1.649(14) C(4)–C(5) 1.58(3)
Si(1)–C(1) 1.86(2) C(5)–C(6) 1.52(3)
Si(2)–O(1) 1.631(14) C(6)–S(2) 1.85(2)
Si(2)–O(6) 1.611(12) W(1)–O(3) 1.919(13)
Si(2)–O(7) 1.650(13) W(2)–O(7) 1.908(12)
Si(2)–C(4) 1.869(19) W(3)–O(2) 1.873(11)
C(1)–C(2) 1.55(3) W(8)–O(6) 1.887(11)

Bond angles

O(1)–Si(1)–O(2) 106.8(7) Si(1)–O(1)–Si(2) 126.3(9)
O(2)–Si(1)–O(3) 109.8(7) Si(1)–O(2)–W(3) 168.2(8)
O(3)–Si(1)–O(1) 106.8(7) Si(1)–O(3)–W(1) 142.6(7)
O(1)–Si(1)–C(1) 109.9(8) Si(2)–O(6)–W(8) 168.1(8)
O(2)–Si(1)–C(1) 110.2(8) Si(2)–O(7)–W(2) 143.2(7)
O(3)–Si(1)–C(1) 113.0(9) Si(1)–C(1)–C(2) 114.2(14)
O(1)–Si(2)–O(6) 107.4(7) C(1)–C(2)–C(3) 118.2(19)
O(6)–Si(2)–O(7) 110.7(7) C(2)–C(3)–S(1) 114.9(18)
O(7)–Si(2)–O(1) 106.6(7) Si(2)–C(4)–C(5) 105.9(13)
O(1)–Si(2)–C(4) 113.5(8) C(4)–C(5)–C(6) 107.9(17)
O(6)–Si(2)–C(4) 108.2(8) C(5)–C(6)–S(2) 107.0(15)
O(7)–Si(2)–C(4) 110.4(8)

Table 2. Selected bond lengths [Å] and angles [°] for Me2NH2-2
around the {O[Si(CH2)3SCN]2} group.

Bond lengths

Si(1)–O(1) 1.632(13) S(1)–C(4) 1.97(6)
Si(1)–O(2) 1.627(12) N(1)–C(4) 1.15(6)
Si(1)–O(3) 1.608(12) C(5)–C(6) 1.48(3)
Si(1)–C(1) 1.84(2) C(6)–C(7) 1.45(3)
Si(2)–O(1) 1.647(13) C(7)–S(2) 1.77(3)
Si(2)–O(6) 1.630(11) S(2)–C(8) 1.71(4)
Si(2)–O(7) 1.629(12) C(8)–N(2) 1.10(5)
Si(2)–C(5) 1.890(18) W(1)–O(3) 1.905(11)
C(1)–C(2) 1.56(3) W(2)–O(7) 1.889(10)
C(2)–C(3) 1.50(3) W(3)–O(2) 1.912(11)
C(3)–S(1) 1.77(3) W(8)–O(6) 1.893(11)

Bond angles

O(1)–Si(1)–O(2) 106.2(7) Si(1)–O(3)–W(1) 145.3(7)
O(2)–Si(1)–O(3) 111.2(6) Si(2)–O(6)–W(8) 169.0(7)
O(3)–Si(1)–O(1) 108.8(7) Si(2)–O(7)–W(2) 143.9(7)
O(1)–Si(1)–C(1) 110.3(8) Si(1)–C(1)–C(2) 113.7(13)
O(2)–Si(1)–C(1) 115.1(8) C(1)–C(2)–C(3) 111.1(17)
O(3)–Si(1)–C(1) 105.1(8) C(2)–C(3)–S(1) 114.2(16)
O(1)–Si(2)–O(6) 107.9(6) C(3)–S(1)–C(4) 107(2)
O(6)–Si(2)–O(7) 108.1(6) S(1)–C(4)–N(1) 150(6)
O(7)–Si(2)–O(1) 108.1(7) Si(2)–C(5)–C(6) 113.9(13)
O(1)–Si(2)–C(5) 112.4(7) C(5)–C(6)–C(7) 112.1(18)
O(6)–Si(2)–C(5) 110.0(7) C(6)–C(7)–S(2) 119.1(18)
O(7)–Si(2)–C(5) 110.3(7) C(7)–S(2)–C(8) 101.6(16)
Si(1)–O(1)–Si(2) 124.7(8) S(2)–C(8)–N(2) 166(4)
Si(1)–O(2)–W(3) 172.9(8)

of the left NCS(CH2)3Si moiety [Si(1)–C(1)–C(2) and C(1)–
C(2)–C(3)] are similar to those of the right moiety [Si(2)–
C(5)–C(6) and C(5)–C(6)–C(7)]; however, the C(2)–C(3)–
S(1), C(3)–S(1)–C(4), and particularly, S(1)–C(4)–N(1)
bond angles are quite different from those of C(6)–C(7)–
S(2), C(7)–S(2)–C(8), and S(2)–C(8)–N(2), respectively, as
shown in Table 2. For the {O(SiPh)2} group of Me2NH2-3,
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Table 3. Selected bond lengths [Å] and angles [°] for Me2NH2-3
around the {O(SiPh)2} group.

Bond lengths

Si(1)–O(1) 1.634(6) C(3)–C(4) 1.40(2)
Si(1)–O(2) 1.613(8) C(4)–C(5) 1.37(2)
Si(1)–O(3) 1.651(8) C(5)–C(6) 1.38(2)
Si(1)–C(1) 1.847(11) C(6)–C(1) 1.395(19)
Si(1A)–O(1) 1.634(6) W(1)–O(3) 1.914(7)
C(1)–C(2) 1.394(18) W(2)–O(2) 1.898(8)
C(2)–C(3) 1.42(2)

Bond angles

O(1)–Si(1)–O(2) 108.2(5) C(1)–C(2)–C(3) 119.9(14)
O(2)–Si(1)–O(3) 111.5(4) C(2)–C(3)–C(4) 119.4(14)
O(3)–Si(1)–O(1) 106.2(5) C(3)–C(4)–C(5) 119.7(13)
O(1)–Si(1)–C(1) 108.4(5) C(4)–C(5)–C(6) 120.7(16)
O(2)–Si(1)–C(1) 111.8(5) C(5)–C(6)–C(1) 121.5(15)
O(3)–Si(1)–C(1) 110.5(5) Si(1)–O(1)–Si(1A) 127.4(7)
C(2)–C(1)–C(6) 118.5(12) Si(1)–O(2)–W(2) 170.7(5)
C(2)–C(1)–Si(1) 118.0(10) Si(1)–O(3)–W(1) 139.9(5)
C(6)–C(1)–Si(1) 123.5(10)

the Si–C bond length is 1.85 Å, which is similar to those of
Me2NH2-1 and Me2NH2-2, as shown in Table 3.

The bond valence sums (BVS) for Me2NH2-(1–3),[23] cal-
culated on the basis of the observed bond lengths, are in the
range 5.950–6.232 (average 6.12), 6.017–6.359 (6.18), and
6.105–6.289 (6.16) for the 17 W atoms, respectively, those
of the two P atoms are in the range 4.833–4.877 (average
4.86), 4.908–5.127 (5.02), and 4.901–4.933 (4.92), respec-
tively, and those of the 62 O atoms are in the range 1.618–
2.166 (average 1.90), 1.635–2.172 (1.96), and 1.717–2.174
(1.95), respectively. These values correspond reasonably
well to the formal valences W6+, P5+, and O2–, respectively
(see Tables S4–S6 in the Supporting Information).

The crystal structures of Me2NH2-(1–3) are consistent
with the elemental analyses, TG/DTA data, and FTIR,
solution NMR (1H, 13C, and 31P), and solid-state 13C NMR
spectra. The elemental analyses had to be performed for
compounds Me2NH2-(1–3) after drying them at room tem-
perature at 10–3–10–4 Torr overnight before the results were
consistent with the compositions (Me2NH2)5H[α2-
P2W17O61{O[Si(CH2)3SH]2}], (Me2NH2)6[α2-P2W17O61-
{O[Si(CH2)3SCN]2}], and (Me2NH2)6[α2-P2W17O61-
{O(SiPh)2}], respectively. The TG/DTA measurements per-
formed under atmospheric conditions showed a weight loss
of 2.38%, 1.27%, and 1.62%, with an endothermic point at
67, 37, and 86 °C, respectively; these values correspond to
the presence of 6, 3, and 4 water molecules, respectively,
due to both the intrinsic water of hydration and the water
adsorbed from the atmosphere. Thus, the number of hy-
drated water molecules in compounds Me2NH2-(1–3) is 6,
3, and 4, respectively.

The FTIR spectra of compounds Me2NH2-(1–3) mea-
sured as a KBr disk are shown in Figure 4. The spectral
patterns of these compounds are similar to those of [α2-
P2W17O61]10– (1086, 1054, 1016, 940, 885, 811, 741, 601,
527, and 467 cm–1) rather than those of [α-P2W18O62]6–

(1088, 1040, 956, 925, and 713 cm–1). The additional bands
observed at 2566 and 2154 cm–1 in the case of compounds
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Me2NH2-1 and Me2NH2-2 were assigned to the SH and
SCN moieties, respectively.[24]

Figure 4. FTIR spectra, measured as KBr disks, in the poly-
oxoanion region (1800–400 cm–1) of (a) Me2NH2-1, (b) Me2NH2-
2, and (c) Me2NH2-3.

The 31P NMR spectra of compounds Me2NH2-(1–3) in
D2O at about 25 °C show a clear two-line spectrum at δ =
–10.52 and –13.50 ppm, δ = –10.33 and –13.28 ppm, and δ
= –10.21 and –13.29 ppm, respectively, thereby confirming
their purity and homogeneity (see Figure 5). The downfield
resonance was assigned to the phosphorus closest to the
organosilyl sites and the upfield resonance to the phospho-
rus closer to the W3 cap.

The 1H NMR spectra of Me2NH2-1 and Me2NH2-2 in
D2O at about 25 °C show signals at δ = 0.93–1.03, 1.95–
1.96, and 2.72–2.77 ppm and δ = 1.04–1.10, 2.18–2.21, and
3.28–3.31 ppm, respectively, arising from the two –(CH2)3–
groups in the {O[Si(CH2)3SH]2} and {O[Si(CH2)3SCN]2}
groups, respectively (Table 4). For Me2NH2-3, 1H signals
assigned to the two phenyl groups in the {O(SiPh)2} moiety
are observed at δ = 7.53–7.94 ppm. The 13C NMR spectra
of Me2NH2-1 and Me2NH2-2 in D2O at about 25 °C show
signals at δ = 13.2, 29.1, and 29.9 ppm and δ = 12.8, 26.1,
and 38.4 ppm, respectively, which can also be assigned to
the two –(CH2)3– groups in the {O[Si(CH2)3SH]2} and
{O[Si(CH2)3SCN]2} groups, respectively (Table 4). The 13C
NMR spectrum of Me2NH2-2 also shows a signal at δ =
117.9 ppm due to the SCN group. For Me2NH2-3, 13C sig-
nals due to the two phenyl groups are observed at δ =
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Figure 5. 31P NMR spectra in D2O of (a) Me2NH2-1, (b) Me2NH2-
2, and (c) Me2NH2-3.

131.1–137.3 ppm. In aqueous solution, the two HS(CH2)3-
Si moieties in the {O[Si(CH2)3SH]2} group and the two
NCS(CH2)3Si moieties in the {O[Si(CH2)3SCN]2} group
cannot be distinguished by 1H and 13C NMR spectroscopy.

Table 4. Solution 1H and 13C NMR spectroscopic data for com-
pounds Me2NH2-(1–3).

1H [δ, ppm] 13C [δ, ppm]

Me2NH2-1 0.93–1.03 (H1) 13.2 (C1)
1.95–1.96 (H2) 29.1 (C3)
2.72–2.77 (H3) 29.9 (C2)
2.80 (Me2NH2) 37.6 (Me2NH2)

Me2NH2-2 1.04–1.10 (H1) 12.8 (C1)
2.18–2.21(H2) 26.1 (C2)
3.28–3.31 (H3) 38.4 (C3)
2.81 (Me2NH2) 37.4 (Me2NH2)

117.9 (SCN)
Me2NH2-3 7.53–7.94 (Ph) 131.1–137.3 (Ph)

2.76 (Me2NH2) 37.6 (Me2NH2)

In order to determine the configuration of the two
HS(CH2)3Si moieties in the {O[Si(CH2)3SH]2} group and
the two NCS(CH2)3Si moieties in the {O[Si(CH2)3SCN]2}
group in the bulk samples, we measured the solid-state 13C
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NMR spectra for Me2NH2-1 and Me2NH2-2 (see Figure 6).
In the spectrum of Me2NH2-1, C1 appears as two signals at
δ = 12.7 ppm and 14.3 ppm; this is because of the different
configuration, i.e. the equatorial and axial bonding of each
of the two HS(CH2)3Si moieties in the {O[Si(CH2)3SH]2}
group. The C2 and C3 signals could not be identified owing
to broadening of the signals. For Me2NH2-2, a broadening
of the C1 signal is observed because of the somewhat dif-
ferent configurations of the two NCS(CH2)3Si moieties,
which are in a syn fashion in the {O[Si(CH2)3SCN]2} group
(Scheme 1). The C3 signal could not be distinguished be-
cause of overlap with the Me2NH2 signal. These results are
consistent with the X-ray structures and suggest that the
configuration of the organosilyl groups of Me2NH2-1 and
Me2NH2-2 observed by X-ray crystallography represents
the solid structure of the bulk samples; these structures are
not maintained in aqueous solution because of the mobility
and/or flexibility of organosilyl groups that have straight-
chain carbon structures.

Figure 6. Solid-state 13C NMR spectra of (a) Me2NH2-1 and (b)
Me2NH2-2.

Scheme 1. Drawings of the {O[Si(CH2)3SH]2} and {O[Si(CH2)3-
SCN]2} groups.

Eur. J. Inorg. Chem. 2006, 4834–4842 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4839

Conclusions

A series of organosilyl complexes with the Dawson
mono-lacunary phosphotungstate [α2-P2W17O61]10– is pre-
sented. We have successfully obtained single crystals of the
water-soluble dimethylammonium salts (Me2NH2)5H-
[α2-P2W17O61{O[Si(CH2)3SH]2}]·6H2O, (Me2NH2)6[α2-
P2W17O61{O[Si(CH2)3SCN]2}]·3H2O, and (Me2NH2)6[α2-
P2W17O61{O(SiPh)2}]·4H2O by treating the organosilyl pre-
cursors HS(CH2)3Si(OMe)3, NCS(CH2)3Si(OEt)3, and
PhSiCl3, respectively, with the mono-lacunary poly-
oxoanion. The characterization of compounds Me2NH2-(1–
3) has been accomplished by X-ray structure analyses, ele-
mental analysis, TG/DTA, and FTIR and solution (1H, 13C,
and 31P) and solid-state 13C NMR spectroscopy. The crystal
structures of Me2NH2-(1–3) reveal that each silyl group is
linked to two tungsten atoms that are located in two dif-
ferent positions of the mono-lacunary site by the bonding
of four oxygen atoms for Me2NH2-1 and Me2NH2-2 with
C1 symmetry and Me2NH2-3 with the Cs symmetry. The
organosilyl groups with straight-chain carbon structures
bound to the vacant site of [α2-P2W17O61]10– have unique
configurations, i.e. equatorial and axial bonding for each of
the two HS(CH2)3Si moieties in the {O[Si(CH2)3SH]2}
group of Me2NH2-1 and the two NCS(CH2)3Si moieties
oriented in a syn fashion in the {O[Si(CH2)3SCN]2} group
of Me2NH2-2. Although these unique configurations are
not maintained in aqueous solution, the crystal structures
of these compounds represent the solid structures of the
bulk samples. To the best of our knowledge, the X-ray crys-
tal structures of compounds Me2NH2-(1–3) are the first ex-
amples of the molecular structures of Dawson-type poly-
oxometalate-based organosilyl complexes. Preliminary ex-
periments show that it is possible to graft these polyoxomet-
alates onto polymers.

Experimental Section
Materials: K10[α2-P2W17O61]·19H2O was prepared as described in
the literature.[25] The number of solvated water molecules was de-
termined by TG/DTA analysis. All reagents and solvents (acetoni-
trile, ethanol, methanol, and diethyl ether) were obtained from
commercial sources and used as received. HS(CH2)3Si(OMe)3,
NCS(CH2)3Si(OEt)3, and PhSiCl3 were obtained from Azmax.

Instrumentation/Analytical Procedures: Elemental analyses were
carried out with a Perkin–Elmer 2400 CHNS Elemental Analyzer
II (Kanagawa University) and Mikroanalytisches Labor Pascher
(Remagen, Germany). The samples were dried at room temperature
at 10–3–10–4 Torr overnight before analysis. IR spectra were re-
corded with a Jasco 4100 FT-IR spectrometer in KBr disks at room
temperature. Thermogravimetric (TG) and differential thermal
analyses (DTA) data were acquired using a Rigaku Thermo Plus 2
series TG/DTA TG 8120 instrument. TG/DTA measurements were
performed in air with a temperature ramp of 4 °C per minute
between 20 and 500 °C. The 1H (399.65 MHz), 13C{1H}
(100.40 MHz), and 31P{1H} NMR (161.70 MHz) spectra in solu-
tion were recorded in 5-mm outer diameter tubes with a JEOL
JNM-EX 400 FT-NMR spectrometer equipped with a JEOL EX-
400 data-processing system. 1H and 13C{1H} NMR spectra of the



K. Nomiya et al.FULL PAPER
complexes were measured in D2O solution with reference to in-
ternal DSS or TSP [sodium 2,2,3,3-[D4]3-(trimethylsilyl)propi-
onate]. Chemical shifts are reported as positive for resonances
downfield of DSS or TSP (δ = 0 ppm). The 31P{1H} NMR spectra
were referenced to an external standard of 25% H3PO4 in H2O in
a sealed capillary. Chemical shifts are reported as negative on the
δ scale with resonances upfield of H3PO4 (δ = 0 ppm). Solid-state
13C NMR spectra were recorded at 300 MHz with a JEOL JNM-
ECP 300 FT-NMR spectrometer equipped with a JEOL ECP-300
data-processing system. The chemical shifts are referenced to
C6(CH3)6 and are reported to be positive on the δ scale with reso-
nances upfield of the methyl group of C6(CH3)6 (δ = 17.4 ppm).

Synthesis and Crystallization of (Me2NH2)5H[α2-P2W17O61-
{O[Si(CH2)3SH]2}]·6H2O (Me2NH2-1): K10[α2-P2W17O61]·19H2O
(5.00 g, 1.00 mmol) was added to a colorless clear solution of
HS(CH2)3Si(OMe)3 (380 µL, 2.00 mmol [d = 1.056]) dissolved in a
mixture of water (50 mL) and CH3CN (150 mL), and the pH was
adjusted to 1.8 with 1  aqueous HCl. After stirring for 30 min, the
solution was evaporated to a volume of about 30 mL on a rotary
evaporator at 30 °C. Me2NH2Cl (5.5 g, 67.5 mmol) was then added
to the resulting pale-yellow clear solution. Hereafter, the experi-
ments were performed in the dark because the precipitate is sensi-
tive to light. A yellow-white precipitate was formed, which was col-
lected on a membrane filter (JG, 0.2 µm), and washed with meth-
anol (3 ×30 mL) and diethyl ether (3×30 mL). At this stage, the
crude dimethylammonium salt was obtained in 4.15 g yield. A por-
tion of this crude product (0.5 g) was dissolved in aqueous HCl
(4 mL of 6  solution) in a water bath at about 60 °C. The clear
yellow solution was then slowly evaporated at room temperature in
the dark. After 2 d, clear yellow granular crystals were formed.
The crystals were obtained in 14.8% (0.070 g scale) yield based on
(Me2NH2)5H[α2-P2W17O61{O[Si(CH2)3SH]2}]·6H2O. Me2NH2-1 is
very soluble in acetonitrile and dimethyl sulfoxide, soluble in water,
and insoluble in methanol, ethanol, acetone, ethyl acetate, dichloro-
methane, and diethyl ether. The solid sample gradually changes to
blue upon exposure to light and is slightly hygroscopic. (Me2-
NH2)5H[α2-P2W17O61{O[Si(CH2)3SH]2}]·xH2O (x = 0),
C16H55N5O62P2W17S2Si2 (4617.1): calcd. C 4.16, H 1.20, N 1.52, P
1.34, S 1.39, Si 1.22, W 67.69; found C 3.52 (3.97) [3.88], H 1.14
(1.24), N 1.35 (1.39), P 1.30, S 1.29, Si 1.32, W 67.6. The values in
round and square brackets are the 2nd and 3rd data, respectively,
which were measured at Kanagawa University. A weight loss of
2.21% was observed during the course of overnight drying at room
temperature at 10–3–10–4 Torr before the analyses, which suggests
the presence of between five and six weakly solvated or adsorbed
water molecules. TG/DTA under atmospheric conditions: a weight
loss of 2.38% with an endothermic point at 67 °C was observed
below 137 °C; calcd. 2.29% for x = 6 in (Me2NH2)5H[α2-
P2W17O61{O[Si(CH2)3SH]2}]·xH2O. IR (KBr disk): ν̃ = 2571 (m)
[SH], 1623 (s), 1507 (w), 1465 (s), 1437 (w), 1412 (w), 1399 (w),
1374 (w), 1362 (w), 1339 (w), 1308 (w), 1254 (w), 1173 (w), 1088
(vs), 1069 (w), 1038 (s), 953 (s), 920 (m), 783 (vs, br.), 714 (w), 596
(w), 565 (w), 526 (m), 486 (w), 476 (w), 431 (w), 419 (w) cm–1. 1H
NMR (22.6 °C, D2O): δ = 0.93–1.03 (H1), 1.95–1.96 (H2), 2.72–
2.77 (H3), 2.80 (Me2NH2) ppm. 13C NMR (25.4 °C, D2O): δ = 13.2
(C1), 29.1 (C3), 29.9 (C2), 37.6 (Me2NH2) ppm. 31P NMR (23.3 °C,
D2O): δ = –10.52, –13.50 ppm. The 183W NMR measurement in
D2O was unsuccessful because the concentration of Me2NH2-1 in
aqueous solution was insufficient. Solid-state 13C NMR: δ = 12.7
(C1), 14.3 (C1), 28.8 (C2, C3), 37.8 (Me2NH2) ppm.

Synthesis and Crystallization of (Me2NH2)6[α2-P2W17O61-
{O[Si(CH2)3SCN]2}]·3H2O (Me2NH2-2): K10[α2-P2W17O61]·19H2O
(5.00 g, 1.00 mmol) was added to a colorless clear solution of
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NCS(CH2)3Si(OEt)3 (767 µL, 3.00 mmol [d = 1.03]) dissolved in a
mixture of water (50 mL) and CH3CN (150 mL), and the pH was
adjusted to 1.8 with 1  aqueous HCl. After stirring for 30 min, the
solution was evaporated to a volume of about 30 mL on a rotary
evaporator at 30 °C. Me2NH2Cl (5.0 g, 61.3 mmol) was then added
to this pale-yellow clear solution. Hereafter, the experiments were
performed in the dark because the precipitate is sensitive to light.
A yellow-white precipitate was formed, which was collected on a
membrane filter (JG, 0.2 µm) and washed with ethanol (3×30 mL)
and diethyl ether (3×30 mL). At this stage the crude dimethylam-
monium salt was obtained in 4.31 g yield. A portion of this crude
product (0.5 g) was dissolved in water (9.5 mL) in a water bath at
about 80 °C and then cooled to about 25 °C. After 1 d, the crude
crystalline precipitate was removed by filtering through a folded
filter paper (Watman #2). The resulting clear pale-yellow solution
was slowly evaporated at room temperature in the dark. After 6 d,
pale-yellow plate crystals were formed. The crystals were obtained
in 17.8% (0.085 g scale) yield based on (Me2NH2)6[α2-
P2W17O61{O[Si(CH2)3SCN]2}]·3H2O. Me2NH2-2 is soluble in
water, dimethyl sulfoxide, and acetonitrile, while it is insoluble in
methanol, ethanol, ethyl acetate, and diethyl ether. The solid sam-
ple gradually became blue upon exposure to light and is slightly
hygroscopic. (Me2NH2)6[α2-P2W17O61{O[Si(CH2)3SCN]2}]·xH2O
(x = 0), C20H60N8O62P2W17Si2S2 (4712.2): calcd. C 5.10, H 1.28,
N 2.38, P 1.31, S 1.36, Si 1.19, W 66.32; found C 5.03, H 1.27, N
2.40, P 1.29, S 1.27, Si 1.33, W 66.2. A weight loss of 1.55% was
observed during the course of overnight drying at room tempera-
ture and 10–3–10–4 Torr before the analyses, which suggests the
presence of between four and five weakly solvated or adsorbed
water molecules. TG/DTA under atmospheric conditions: a weight
loss of 1.27% with an endothermic point at 37 °C was observed
below 140 °C; calcd. 1.13% for x = 3 in (Me2NH2)6[α2-
P2W17O61{O(SiC3H6SCN)2}]·xH2O. The number of solvated or ad-
sorbed water molecules determined by TG/DTA was slightly dif-
ferent from that measured by Pascher (Germany) because the TG/
DTA data are dependent on the conditions before analysis. Here,
we used three water molecules for the X-ray crystal analysis. IR
(KBr disk): ν̃ = 2154 (m) [SCN], 1616 (m), 1465 (m), 1437 (w),
1418 (w), 1305 (w), 1257 (w), 1182 (w), 1089 (vs), 1069 (w), 1038
(m), 955 (vs), 922 (w), 794 (vs, br.), 710 (w), 669 (w), 597 (w), 584
(w), 566 (w), 526 (m), 484 (w), 472 (w) cm–1. 1H NMR (24.5 °C,
D2O): δ = 1.04–1.10 (H1), 2.18–2.21 (H2), 3.28–3.31 (H3), 2.81
(Me2NH2) ppm. 13C NMR (25.5 °C, D2O): δ = 12.8 (C1), 26.1(C2),
38.4 (C3), 37.4 (Me2NH2), 117.9 (SCN) ppm. 31P NMR (23.6 °C,
D2O): δ = –10.33, –13.28 ppm. The 183W NMR measurement in
D2O was unsuccessful because the concentration of Me2NH2-2 in
aqueous solution was insufficient. Solid-state 13C NMR: δ = 12.31
(sh) (C1), 26.41 (C2), 38.16 (Me2NH2, C3) ppm.

Synthesis and Crystallization of (Me2NH2)6[α2-P2W17O61{O-
(SiPh)2}]·4H2O (Me2NH2-3): Me2NH2-3 was synthesized by a
modification of the reported method.[13] K10[α2-P2W17O61]·19H2O
(5.00 g, 1.00 mmol) was added to a colorless clear solution of
C6H5SiCl3 (325 µL, 2.00 mmol [d = 1.28]) dissolved in a mixture
of water (50 mL) and CH3CN (250 mL) and stirred for 1 h. The
solution was evaporated to about 40 mL on a rotary evaporator at
30 °C. The pale-yellow suspension was filtered through a mem-
brane filter (JG, 0.2 µm), and the resulting pale-yellow clear filtrate
was re-evaporated to about 35 mL in a water bath at about 80 °C.
After filtration through a membrane filter (JG, 0.2 µm), Me2NH2Cl
(5.5 g, 67.5 mmol) was added to the pale-yellow filtrate. Hereafter,
the experiments were performed in the dark because the powder
formed is sensitive to light. A white precipitate and yellow oil were
formed. After stirring in the dark for 10 min in a water bath at
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about 80 °C, the solution was cooled to room temperature. A yel-
low-white precipitate was formed, which was collected on a mem-
brane filter (JG, 0.2 µm), and washed with ethanol (3×10 mL) and
diethyl ether (3×30 mL). At this stage the crude dimethylammo-
nium salt was obtained in 3.62 g yield. A portion of this crude
product (2.00 g) was dissolved in water (50 mL) in a water bath at
80 °C and filtered through a folded filter paper while the solution
was hot. The pale-yellow clear filtrate was slowly evaporated at
room temperature in the dark. After 3 d, yellow granular crystals
were formed. The crystals were obtained in 37.0% (0.74 g scale)
yield based on (Me2NH2)6[α2-P2W17O61{O(SiPh)2}]·4H2O.
Me2NH2-3 is very soluble in acetonitrile and dimethyl sulfoxide,
soluble in water, acetone, and methanol, slightly soluble in ethanol,
and insoluble in diethyl ether. The solid sample gradually became
blue upon exposure to light and is slightly hygroscopic. (Me2NH2)6-
[α2-P2W17O61{O(SiPh)2}]·xH2O (x = 0), C24H58N6O62Si2P2W17

(4666.1): calcd. C 6.18, H 1.25, N 1.80, P 1.33, Si 1.20, W 66.98;
found C 6.15, H 1.23, N 1.81, P 1.29, Si 1.31, W 66.5. A weight
loss of 1.91% was observed during the course of overnight drying
at room temperature and 10–3–10–4 Torr before the analyses, which
suggests the presence of between five and six weakly solvated or
adsorbed water molecules. TG/DTA under atmospheric conditions:
a weight loss of 1.62% with an endothermic point at 83 °C was
observed below 201 °C; calcd. 1.52% for x = 4 in (Me2NH2)6[α2-
P2W17O61{O(SiPh)2}]·xH2O. The number of solvated or adsorbed
water molecules determined by TG/DTA was slightly different from
that measured by Pascher (Germany) because the TG/DTA data
are dependent on the conditions before analysis. Here, we used four
water molecules for the X-ray crystal analysis. IR (KBr disk): ν̃ =
1617 (s), 1507 (w), 1466 (s), 1430 (w) [PhSi], 1133 (m) [PhSi], 1091
(vs), 1040 (s), 1026 (m), 1017 (m), 960 (s), 952 (s), 925 (m), 904
(w), 795 (vs, br.), 710 (w), 622 (w), 603 (m), 566 (w), 549 (m), 526
(m), 484 (m), 474 (w), 445 (w), 441 (w), 436 (w), 418 (w) cm–1. 1H
NMR (23.0 °C, D2O): δ = 2.76 (Me2NH2), 7.53–7.94 (Ph) ppm.
13C NMR (25.7 °C, D2O): δ = 37.6 (Me2NH2) 131.1–137.3 ppm
(Ph). 31P NMR (22.2 °C, D2O): δ = –10.21, –13.29 ppm.

X-ray Crystallography: Crystals of compounds Me2NH2-(1–3) were
covered with liquid paraffin to prevent their degradation. The crys-
tal sizes were 0.11×0.11×0.07 mm, 0.10×0.09×0.03 mm, and
0.20×0.11×0.03 mm, respectively. Data collection was carried out
with a Bruker SMART APEX CCD diffractometer at 90 K. The
intensity data were automatically corrected for Lorentz and polar-
ization effects during integration. The structure was obtained by
direct methods (SHELXS-97),[26] followed by a subsequent differ-
ence Fourier calculation, and refined by the full-matrix least-
squares procedure (SHELXL-97).[27] Absorption correction was
performed with SADABS (empirical absorption correction).[28]

Crystal Data for Me2NH2-1: C10H42N2O68P2S2Si2W17, M =
4586.15, monoclinic, space group P21/n, a = 15.100(4), b =
21.373(5), c = 24.498(6) Å, α = 90°, β = 92.511(4)°, γ = 90°, V =
7898(3) Å3, Z = 4, Dc = 3.857 Mgm–3, µ(Mo-Kα) = 24.871 mm–1.
R1 = 0.0727, wR2 = 0.1554 (for all data). Rint = 0.0579, R1 = 0.0562,
wR2 = 0.1447, GOF = 1.071 [92569 total reflections, 19693 unique
reflections with I � 2σ(I)]. The maximum and minimum residual
densities (12.244 and –2.629 eÅ–3) were located at 1.34 Å from O1
and 0.58 Å from W9, respectively.

Crystal Data for Me2NH2-2: C20H66N8O65P2S2Si2W17, M =
4766.50, triclinic, space group P1̄, a = 13.2879(12), b = 13.3218(12),
c = 26.190(2) Å, α = 80.868(2)°, β = 80.562(2)°, γ = 66.9000(10)°,
V = 4183.8(7) Å3, Z = 2, Dc = 3.784 Mgm–3, µ(Mo-Kα) =
23.483 mm–1. R1 = 0.0796, wR2 = 0.1803 (for all data). Rint =
0.1890, R1 = 0.0612, wR2 = 0.1637, GOF = 0.983 [59851 total re-
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flections, 20747 unique reflections where I � 2σ(I)]. The maximum
and minimum residual densities (10.686 and –4.776 eÅ–3) were lo-
cated at 1.34 Å from O1 and 0.97 Å from W13, respectively.

Crystal Data for Me2NH2-3: C22H58N5O66P2Si2W17, M = 4692.30,
orthorhombic, space group Pnma, a = 20.894(4), b = 20.413(4), c
= 18.939(3) Å, α = 90°, β = 90°, γ = 90°, V = 8077(3) Å3, Z = 4,
Dc = 3.859 Mgm–3, µ(Mo-Kα) = 24.274 mm–1. R1 = 0.0534, wR2 =
0.1168 (for all data). Rint = 0.0736, R1 = 0.0386, wR2 = 0.1026,
GOF = 1.080 [108211 total reflections, 10317 unique reflections
where I�2σ(I)]. The maximum and minimum residual densities
(6.824 and –1.646 eÅ–3) were located at 1.34 Å from O1 and 1.57 Å
from O26, respectively.

For compound Me2NH2-1, 17 tungsten atoms, two phosphorus
atoms, two silicon atoms, six carbon atoms, and two sulfur atoms
were clearly identified. For compound Me2NH2-2, 17 tungsten
atoms, two phosphorus atoms, two silicon atoms, eight carbon
atoms, two nitrogen atoms, and two sulfur atoms were clearly iden-
tified. For compound Me2NH2-3, 17 tungsten atoms, two phospho-
rus atoms, two silicon atoms, and twelve carbon atoms were clearly
identified. However, the resolution obtained for the structure of the
salt was limited by the poor quality of the available crystals and by
the considerable disorder of the countercations and the solvent of
crystallization. These features are common in POM crystallogra-
phy.[29]

CCDC-604936, -604937, and -604938 [Me2NH2-(1–3), respectively]
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see the footnote on the first page of this
article): The bond lengths, bond angles, and bond valence sums for
compounds Me2NH2-(1–3) (Tables S1–S6).
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Hydrothermal reactions of Cd(NO3)2 and NaH2SIP (5-sulfo-
isophthalic acid monosodium salt) at pH = 2 and 7 produce
[Cd2(µ2-OH2)2(HSIP)2(H2O)6] (1) and [Cd5(µ2-OH)2(µ3-
OH)2(SIP)2(H2O)5]n (2), respectively. A similar hydrothermal
reaction in the presence of dpp [1,3-bis(4-pyridyl)propane]
yields {[Cd3(SIP)2(dpp)6]·4(H2O)}n (3). Single-crystal X-ray
diffraction reveals that compound 1 has a discrete dinuclear
structure with the [Cd2(µ2-OH2)2] unit. Polymer 2 features an
inorganic layer, which has centrosymmetric 12- and 24-mem-
bered rings composed of chair-shaped [Cd4(µ3-OH)2] units
and Cd(µ2-OH)2(CO2) units, and is interconnected by SIP into

Introduction

The design and construction of metal–organic frame-
works (MOFs) has been one of the most active areas of
materials research in recent years. The intense interest in
these materials is driven by their potential applications as
functional materials (catalysis, magnetism, electric conduc-
tivity and nonlinear optics) and intriguing structural diver-
sities.[1–4] Assembly of these metal–organic coordination
polymers allows for a wide choice of various parameters

Scheme 1. Coordination modes of 5-sulfoisophthalic acid observed in compounds 1–3.
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a 3D framework. Complex 3 contains a 1D ladder-like
[Cd4(SIP)4]n unit with four cadmium atoms co-planar, which
is interconnected by dpp into a 2D nanosized layered struc-
ture. In the solid state, compounds 1 and 3 exhibit blue-violet
photoluminescence with maxima at 436 and 409 nm upon ex-
citation at 342 and 350 nm, respectively. However, compound
2 shows photoluminescence with the maximum at 306 nm
upon excitation at 270 nm.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

including diverse electronic properties and coordination
geometries of the metal ions as well as versatile functions
of organic ligands.[5–7] Consequently, a wide variety of coor-
dination architectures with interesting structures and de-
sired properties have been prepared through judicious
choice of organic ligands and metal ions.[8–11] Recently, 5-
sulfoisophthalic acid (H3SIP) has been successfully used to
investigate the lanthanide contraction effect[12] and the co-
ordination polymer chemistry of a main group metal

(Pb2+),[13] because of its multiple coordinating modes and
the sensitivity of the sulfonate group to the surrounding
chemical environment. In this contribution, SIP will serve
as a probe to examine the coordination polymer chemistry
of the late transition metal Cd2+. Three novel (SIP)Cd com-
pounds, [Cd2(µ2-OH2)2(HSIP)2(H2O)6] (1), [Cd5(µ2-OH)2-
(µ3-OH)2(SIP)2(H2O)5]n (2) and {[Cd3(SIP)2(dpp)6]·
4(H2O)}n (3), will be described with regard to syntheses,
crystal structures, and IR spectroscopic and photolumines-
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cent properties. Two unprecedented bridging coordination
modes of SIP (Scheme 1, b and c) are observed in polymer
2.

Results and Discussion

Preparation of the Compounds

Hydrothermal synthesis is widely employed to produce
new materials with diverse structural architectures, but is
still a kind of black box. This method can minimise the
problems associated with ligand solubility and enhance the
reactivity of reactants in favour of efficient molecular build-
ing during the crystallisation process. There are a variety of
hydrothermal parameters such as reaction time, tempera-
ture, pH value, templates and molar ratio of reactants, and
small changes in one or more of these parameters can have
a profound influence on the final reaction outcome. Com-
pounds 1 and 2, with very different structures, were ob-
tained from similar reactions but at different pH values, in-
dicating that the hydrothermal reaction outcome of the Cd/
H3SIP system is pH-dependent. We also notice that N-con-
taining auxiliary ligands such as dpp [1,3-bis(4-pyridyl)-
propane] are also able to tune the framework structures. At
a ratio of Cd/SIP/dpp = 3:2:6, the 2D polymer 3 is
formed. Reducing the corresponding ratio to 3:2:2 results
in the 1D compound {[Cd(SIP)(dpp)(H2O)3]·0.5Cd(H2O)6·
5H2O}n,[14] indicating that the reaction products are ratio-
dependent. The preparative reactions were carried out at
different temperatures (140 °C, 160 °C and 180 °C) to ex-
amine the temperature dependence of their solid structures.
X-ray diffraction analyses of these reaction products indi-
cate that the same results were obtained under these reac-
tion temperatures although the purity and yields were
slightly different, indicative of the thermodynamic nature of
the hydrothermal reactions.[15]

Crystal Structure of [Cd2(µ2-OH2)2(HSIP)2(H2O)6] (1)

The dinuclear structure of 1 is shown in Figure 1; it has
a crystallographically imposed C2h symmetry, which has the

Figure 1. ORTEP drawing of 1 with 40% probability displacement ellipsoids. Hydrogen atoms are shown as small spheres of arbitrary
radii.
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C2 axis passing through O7 and O7A (for symmetry code
see Table 1). The two CdII atoms are linked by two bridging
water molecules to form the rhomboidal [Cd2(µ2-OH2)2]
core with a Cd–O distance of 2.412(1) Å and O(7)–Cd(1)–
O(7A) bond angle of 75.48(8)°. Each cadmium ion is
bonded to two bridging water molecules, three terminal
water molecules and one HSIP2– dianion through the che-
lating carboxylate group. The Cd–O distances range from
2.412(1) to 2.567(3) Å, which is consistent with those found
in comparable structures.[16–19] The uncoordinated carbox-
ylate group is protonated for charge balance, as suggested
by the strong absorption at 1710 cm–1.[20] As shown in Fig-
ure 2a, a 3D supramolecular framework is formed through
three types of hydrogen bonds between (a) coordinated
water molecules and sulfonate oxygen atoms [O(7)···O(5B)
2.732(2) Å, O(8)···O(6C) 2.832(2) Å and O(9)···O(6D)
2.808(2) Å]; (b) coordinated water molecules and carboxyl-
ate oxygen atoms [O(9)···O(4B) 2.867(3) Å]; and (c) a car-
boxylate group and a carboxylate oxygen atom [O(3)···
O(2E) 2.581(3) Å]. Of particular interest is the infinite
tape formed by hydrogen bonds between the [Cd2(µ2-OH2)2-
(H2O)2] units and the sulfonate groups along the crystallo-
graphic b axis (Figure 2b). The hydrogen-bonded tape fea-
tures an eight-membered ring [the bridging H2O(7), O(5)
and their equivalents], which is nearly perpendicular to the
[Cd2(µ2-OH2)2] plane (95.7°). The tape is strengthened by
the O(8)···O(6C) hydrogen bonds, as shown in Figure 2b.
The 3D supramolecular structures are further stabilised by
π–π interactions between the parallel aromatic rings in an
off-set fashion with a face-to-face distance of 3.44(2) Å and
a centre-to-centre distance of 3.66(3) Å. This indicates that
noncovalent interactions can play a crucial role in con-
structing the whole packing.

Crystal Structure of [Cd5(µ2-OH)2(µ3-OH)2(SIP)2(H2O)5]n
(2)

Compound 2 contains five unique CdII ions, four of
which are six-coordinate and one [Cd(3)] five-coordinate.



Novel Cadmium(II) Compounds Constructed from 5-Sulfoisophthalic Acid FULL PAPER
As shown in Figure 3, Cd(1) has a distorted octahedral co-
ordination geometry with the equatorial positions taken up
by one chelating carboxylate group [O(10A) and O(11A)],

Table 1. Selected bond lengths [Å] and bond angles [°] of 1–3.[a]

Compound 1

Cd(1)–O(1) 2.265(2) Cd(1)–O(2) 2.567(3)
Cd(1)–O(7) 2.4121(13) Cd(1)–O(8) 2.284(2)
Cd(1)–O(9) 2.2683(18)
O(1)–Cd(1)–O(2) 52.45(8) O(1)–Cd(1)–O(7) 83.93(5)
O(1)–Cd(1)–O(8) 163.71(9) O(1)–Cd(1)–O(9) 107.82(6)
O(7)–Cd(1)–O(7A) 75.48(8) O(9)–Cd(1)–O(7) 85.73(7)
O(9)–Cd(1)–O(8) 81.13(6) O(7)–Cd(1)–O(8) 83.21(5)
O(9)–Cd(1)–O(2) 78.00(6) O(2)–Cd(1)–O(8) 143.84(8)
O(7)–Cd(1)–O(2) 123.84(4) O(9)–Cd(1)–O(9A) 108.51(11)
Cd(1)–O(7)–Cd(1A) 104.52(8)

Compound 2

Cd(1)–O(1) 2.258(3) Cd(1)–O(15) 2.327(3)
Cd(1)–O(16) 2.198(2) Cd(1)–O(10A) 2.405(3)
Cd(1)–O(11A) 2.317(3) Cd(1)–O(5B) 2.445(2)
Cd(2)–O(2) 2.315(3) Cd(2)–O(16) 2.276(2)
Cd(2)–O(16C) 2.260(2) Cd(2)–O(17) 2.398(4)
Cd(2)–O(18) 2.200(3) Cd(2)–O(6B) 2.412(2)
Cd(3)–O(3) 2.260(2) Cd(3)–O(12) 2.432(2)
Cd(3)–O(18) 2.201(3) Cd(3)–O(19) 2.287(3)
Cd(3)–O(20) 2.182(3) Cd(4)–O(13) 2.416(2)
Cd(4)–O(20) 2.237(2) Cd(4)–O(21) 2.276(3)
Cd(4)–O(22) 2.286(2) Cd(4)–O(9E) 2.345(2)
Cd(4)–O(22D) 2.235(2) Cd(5)–O(14) 2.517(2)
Cd(5)–O(22) 2.193(2) Cd(5)–O(23) 2.279(3)
Cd(5)–O(8E) 2.270(2) Cd(5)–O(3F) 2.507(2)
Cd(5)–O(4F) 2.309(3)
O(1)–Cd(1)–O(16) 118.75(9) O(1)–Cd(1)–O(11A) 82.70(9)
O(10A)–Cd(1)–O(11A) 54.97(9) O(16)–Cd(1)–O(10A) 101.87(9)
O(15)–Cd(1)–O(16) 97.29(10) O(15)–Cd(1)–O(1) 99.84(12)
O(15)–Cd(1)–O(10A) 85.45(13) O(15)–Cd(1)–O(11A) 93.96(11)
O(5B)–Cd(1)–O(1) 90.71(9) O(5B)–Cd(1)–O(16) 79.69(8)
O(5B)–Cd(1)–O(10A) 84.97(11) O(5B)–Cd(1)–O(11A) 84.72(10)
O(16C)–Cd(2)–O(16) 81.20(8) O(6B)–Cd(2)–O(16) 174.23(9)
O(18)–Cd(2)–O(6B) 90.15(11) O(16C)–Cd(2)–O(18) 93.27(11)
O(2)–Cd(2)–O(16) 78.61(9) O(2)–Cd(2)–O(16C) 92.43(9)
O(2)–Cd(2)–O(18) 108.43(11) O(2)–Cd(2)–O(6B) 82.08(9)
O(17)–Cd(2)–O(16) 90.06(15) O(17)–Cd(2)–O(16C) 100.81(16)
O(17)–Cd(2)–O(18) 84.41(15) O(17)–Cd(2)–O(6B) 84.14(15)
O(3)–Cd(3)–O(12) 103.64(8) O(3)–Cd(3)–O(18) 129.41(11)
O(12)–Cd(3)–O(18) 121.49(11) O(19)–Cd(3)–O(3) 78.58(9)
O(19)–Cd(3)–O(12) 73.32(9) O(19)–Cd(3)–O(18) 92.68(11)
O(20)–Cd(2)–O(3) 92.98(9) O(20)–Cd(3)–O(12) 98.00(9)
O(20)–Cd(3)–O(18) 101.49(11) O(13)–Cd(4)–O(21) 82.07(10)
O(13)–Cd(4)–O(22) 100.35(8) O(22D)–Cd(4)–O(21) 92.43(9)
O(22D)–Cd(4)–O(22) 83.20(8) O(22)–Cd(4)–O(20) 100.88(9)
O(13)–Cd(4)–O(20) 82.62(9) O(22D)–Cd(4)–O(20) 110.23(9)
O(21)–Cd(4)–O(20) 88.06(10) O(22)–Cd(4)–O(9E) 79.23(8)
O(13)–Cd(4)–O(9E) 77.61(9) O(22D)–Cd(4)–O(9E) 89.83(9)
O(21)–Cd(4)–O(9E) 92.88(10) O(3F)–Cd(5)–O(4F) 54.08(8)
O(4B)–Cd(5)–O(8E) 83.71(9) O(3F)–Cd(5)–O(22) 97.64(8)
O(8E)–Cd(5)–O(22) 120.34(9) O(14)–Cd(5)–O(3F) 79.74(8)
O(14)–Cd(5)–O(4F) 85.51(9) O(14)–Cd(5)–O(22) 78.12(8)
O(14)–Cd(5)–O(8E) 87.58(9) O(23)–Cd(5)–O(3F) 94.46(11)
O(23)–Cd(5)–O(4F) 97.71(11) O(23)–Cd(5)–O(22) 94.77(10)
O(23)–Cd(5)–O(8E) 102.12(11) Cd(1)–O(16)–Cd(2) 105.56(9)
Cd(1)–O(16)–Cd(2C) 124.45(11) Cd(2)–O(16)–Cd(2C) 98.80(8)
Cd(2)–O(18)–Cd(3) 142.54(16) Cd(3)–O(20)–Cd(4) 111.16(11)
Cd(4)–O(22)–Cd(5) 105.06(9) Cd(4)–O(22)–Cd(4D) 96.80(8)
Cd(5)–O(22)–Cd(4D) 121.22(10) Cd(3)–O(3)–Cd(5F) 121.56(10)
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Table 1. (continued).

Compound 3

Cd(1)–O(5) 2.317(2) Cd(1)–N(1) 2.372(3)
Cd(1)–N(3) 2.338(3) Cd(2)–O(1) 2.302(2)
Cd(2)–O(3B) 2.539(2) Cd(2)–O(4B) 2.346(2)
Cd(2)–N(5) 2.300(3) Cd(2)–N(4C) 2.351(3)
Cd(2)–N(6D) 2.356(3)
N(1)–Cd(1)–N(3) 82.75(10) N(1)–Cd(1)–N(3A) 97.25(10)
N(1)–Cd(1)–O(5) 90.22(9) N(3)–Cd(1)–O(5) 95.57(9)
N(1A)–Cd(1)–O(5) 89.78(9) N(3A)–Cd(1)–O(5) 84.43(9)
O(1)–Cd(2)–N(5) 129.70(9) O(1)–Cd(2)–O(4B) 84.90(8)
O(3B)–Cd(2)–O(4B) 53.47(7) N(5)–Cd(2)–O(3B) 91.42(8)
N(6D)–Cd(2)–O(1) 86.42(10) N(6D)–Cd(2)–O(3B) 83.31(9)
N(6D)–Cd(2)–O(4B) 83.89(9) N(6D)–Cd(1)–N(5) 91.61(10)
N(4C)–Cd(2)–O(1) 84.90(8) N(4C)–Cd(2)–O(3B) 85.97(9)
N(4C)–Cd(2)–O(4B) 84.37(9) N(4C)–Cd(1)–N(5) 95.33(10)
N(4C)–Cd(2)–O(6D) 167.37(10)

[a] Symmetry transformation for equivalent atoms: Compound 1:
A: –x, –y + 1, –z + 2. Compound 2: A: x + 1, y, z – 1; B: –x, –y
+ 2, –z + 1; C: –x – 1, –y + 3, –z + 1; D: –x, –y + 2, –z + 2; E:
–x – 1, –y + 3, –z + 2; F: –x – 1, –y + 2, –z + 2. Compound 3:
A: –x – 1, –y + 1, –z + 1; B: x – 1, y, z; C: –x – 1, –y, –z + 1; D:
x, y + 1, z.

one monodentate carboxylate oxygen atom [O(1)] and one
µ3-hydroxy oxygen atom [O(16)]. The axial positions are oc-
cupied by one water molecule [O(15)] and one sulfonate
oxygen atom [O(5B)] from the third SIP ligand. The angles
formed by the equatorial atoms range from 54.97(9)°
[O(10A)–Cd(1)–O(11A)] to 118.75(9)° [O(1)–Cd(1)–O(16)],
indicative of a serious distortion of the [CdO6] octahedron.
Cd(5) has a similar coordination environment to that of
Cd(1). Cd(2) also has a distorted [CdO6] octahedral coordi-
nation geometry in which a pair of symmetrically related
µ3-hydroxy oxygen atoms [O(16) and O(16C)], a µ2-hydroxy
oxygen atom [O(18)] and a sulfonate oxygen atom [O(6B)]
form the equatorial plane. The water molecule [O(17)] and
the carboxylate oxygen atom [O(2)] occupy the apical posi-
tions. The coordination environment of Cd(4) is similar to
that of Cd(2) but the terminal water molecule [O(21)] is
located at the equatorial plane and the µ2-hydroxy oxygen
atom [O(20)] occupies the apical position. The Cd(3) atom
is coordinated by one µ2-hydroxy oxygen atom [O(18)], a
sulfonate oxygen atom [O(12)] and one carboxylate oxygen
atom [O(3)] in an equatorial plane, and the other µ2-hy-
droxy oxygen atom [O(20)] and the water molecule [O(19)]
in the apical positions to complete its trigonal-bipyramidal
coordination environment. The Cd–O distances range from
2.182(3) to 2.517(2) Å, as listed in Table 1. Two crystallo-
graphically unique SIP ligands exhibit two different coordi-
nation modes (Scheme 1, b and c). One SIP (b) acts as a
hexadentate ligand with the bidentate sulfonate and carbox-
ylate groups, and one µ2-η2:η1 carboxylate group (one oxy-
gen atom bridges two metal atoms, the other connects one
metal atom and the carboxylate group coordinates to two
metal atoms). The other SIP ligand also adopts a hexaden-
tate bridging coordination mode through its one bidentate
carboxylate group, one chelate carboxylate group and the
tridentate sulfonate group. To the best of our knowledge,
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Figure 2. (a) 3D porous supramolecular open framework of 1 viewed along the c axis. (b) [Cd2(µ2-OH2)2] cores bridged by sulfonate
groups through hydrogen bonds to form a 1D tape.

Figure 3. ORTEP drawing of 2 with 40% probability displacement ellipsoids.

neither type of coordination mode of the SIP ligands is ob-
served in the reported SIP complexes.

The 3D framework structure shown in Figure 4a is con-
structed by inorganic oxide layers pillared by the SIP li-
gands, reminiscent of reported metal biphosphonate com-
pounds.[21,22] The inorganic oxide layer contains two types
of chair-like [Cd4(µ3-OH)2] cluster units formed by Cd(1)/
Cd(2) and Cd(4)/Cd(5), respectively, and features two types
of centrosymmetric rings: 12-membered (A) and 24-mem-
bered (B). As shown in Figure 4b, each µ3-hydroxy group
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(O16) as a metal linker bridges the neighbouring three Cd
atoms to generate a chair-shaped tetranuclear [Cd4(µ3-
OH)2] cluster with Cd(2), O(16) and their equivalents re-
lated by an inversion centre defining a plane and with the
two Cd(1) atoms above and below the [Cd2(µ3-OH)2] plane.
The Cd(1)–O(16), Cd(2)–O(16) and Cd(2C)–O(16) dis-
tances are 2.198(2), 2.276(2) and 2.260(2) Å, respectively,
with surrounding angles of 105.56(9)°, 124.45(11)° and
98.80(8)° for Cd(1)–O(16)–Cd(2), Cd(1)–O(16)–Cd(2C) and
Cd(2)–O(16)–Cd(2C), respectively. The chair-shaped
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Figure 4. (a) 3D structure of 2 (the polyhedral presentation indicates the coordination environments for the Cd centre). (b) Perspective
view of the 2D metal–oxide inorganic layer featuring the chair-shaped [Cd4(µ3-OH)2] clusters and two types of large rings.

[Cd4(µ3-OH)2] cluster formed by Cd(4)/Cd(5) has a similar
geometry to that of the [Cd4(µ3-OH)2] cluster formed by
Cd(1)/Cd(2), with Cd(5)–O(22), Cd(4)–O(20) and Cd(4)–
O(22) bond lengths of 2.193(2), 2.286(2) and 2.237(2) Å,
respectively, and surrounding angles of 105.06(9)°,
121.22(10)° and 96.80(8)° for Cd(4)–O(22)–Cd(5), Cd(5)–
O(22)–Cd(4D) and Cd(4)–O(22)–Cd(4D), respectively.
There are several compounds containing a chair-shaped tet-
ranuclear cadmium cluster,[23–25] but those with two cap-
ping µ3-OH groups are rare. It is even more interesting that
the [Cd4(µ3-OH)2] cluster units are interconnected by the
Cd(3)(µ2-OH)2(CO2) unit into an unusual inorganic oxide
layer. Although cadmium cluster units have been known to
be present in coordination polymers,[6,26–28] such cluster-
based inorganic layers as subunits of a coordination poly-
mer are still scarce. The layer has a 12-membered ring (A)

Eur. J. Inorg. Chem. 2006, 4843–4851 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4847

with approximate dimensions of 3.8�4.9 Å2, which is com-
posed of Cd(3), Cd(4) and Cd(5) atoms and their equiva-
lents linked by two µ3-OH, two µ2-OH and two carboxylate
groups. It also contains a large 24-membered ring (B) with
approximate dimensions of 4.7 � 14.3 Å2. The inorganic
oxide layer is linked by the carboxylate and sulfonate
groups of the SIP ligands to form a 3D pillared framework.

Crystal Structure of {[Cd3(SIP)2(dpp)6]·4(H2O)}n (3)

As shown in Figure 5, 3 contains two crystallographically
independent cadmium ions; Cd(1) lies on the crystallo-
graphic inversion centre. Both Cd2+ ions are octahedrally
coordinated but their coordination environments are dif-
ferent. Cd(1) is coordinated to four equatorial pyridine ni-
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trogen atoms [Cd–N = 2.372(3) and 2.338(3) Å] in a square-
planar arrangement and two apical sulfonate oxygen atoms
from two trans-SIP ligands [Cd–O = 2.317(2) Å]. Cd(2) is
coordinated by one chelating and one monodentate carbox-
ylate group from two different SIP ligands, and one pyri-
dine nitrogen atom in equatorial positions with Cd–O dis-
tances of 2.346(2), 2.539(2) and 2.302(2) Å, respectively,
and a Cd–N distance of 2.300(3) Å. The axial positions are
taken up by two other pyridine nitrogen atoms, with Cd–
N distances of 2.351(3) and 2.356(3) Å. As illustrated in
Figure 6, the SIP ligands interconnect the Cd2+ ions in co-
ordination mode d (Scheme 1) into an infinite ladder struc-
ture along the a axis, which features the cyclic [Cd4(SIP)4]
unit with dimensions of 7.5�12.8 Å2. It is interesting that
the four Cd ions [Cd(1), Cd(2), Cd(1A) and Cd(2A)] are

Figure 5. ORTEP drawing of 3 with 35% probability displacement ellipsoids.

Figure 6. 1D ladder structure in compound 3 featuring the cyclic [Cd4(SIP)4] unit.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4843–48514848

co-planar. The 1D ladder can also conveniently be regarded
as resulting from two antiparallel [Cd(SIP)]n single chains
bridged by Cd(1) (Figure 6).

Compound 3 contains one monodentate [N(1)···N(2)]
and two bridging dpp ligands [N(3)···N(4) and N(5)···N(6)].
The flexible dpp ligand can adopt several conformations
based on the orientations of the CH2 groups, such as TT,
TG, GG and GG� (T = trans; G =gauche ), with quite dif-
ferent N···N separations (6.7–10.1 Å).[29,30] In the present
case, the monodentate dpp has a conformation of TG with
an N···N distance of 8.9 Å and the bridging ones adopt TT
conformation with an N···N separation of 9.5 Å. The 1D
ladders are connected by the bridging dpp ligands to form
a 2D nanolayer with a thickness of about 1.5 nm, as shown
in Figure 7; the cavity is filled in by the monodentate dpp.
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Figure 7. Perspective view of the 2D structure of 3. Lattice water
molecules and monodentate dpp molecules omitted for clarity.

FTIR Spectra

The FTIR spectra of 1 and 3 exhibit broad absorptions
centred at 3498 and 3399 cm–1 for 1 and 3, respectively, be-
cause of the existence of water molecules in the structures.
The O–H stretching vibrations of the water molecules and
hydroxy group in 2 appear at 3435 and 3159 cm–1. The IR
spectra of 1–3 display the typical stretching bands of car-
boxylate groups between 1400 and 1622 cm–1. The charac-
teristic band at 1710 cm–1 in 1 is attributable to the proton-
ated carboxylate group of H3SIP ligand. The absorptions
in the region 1000–1230 cm–1 in 1–3 are typical for the sul-
fonate groups. The strong absorptions at about 620 cm–1 in
1–3 can be assigned to the S–O stretching vibrations.

Photoluminescent Properties

Metal–organic frameworks (MOFs) are promising pho-
toluminescent materials because of their high thermal sta-
bility, and structure- and metal-dependent emission. The
combination of organic linkers and metal centres in coordi-
nation polymers provides an efficient route to a new type
of photoluminescent materials with potential applications
as light-emitting diodes (LEDs). The d10 metal compounds
have been shown to exhibit interesting photoluminescent
properties.[31–33] In the present work, we have examined the
photoluminescent properties of 1–3 and the free H3SIP li-
gand in the solid state at room temperature. Free NaH2SIP
displays a photoluminescent emission at 320 nm upon exci-
tation at 286 nm.[17] Compound 1 exhibits a broad photolu-
minescent emission centred at 436 nm upon excitation at
342 nm and 3 displays an emission at 409 nm upon exci-
tation at 350 nm (Figure 8). The emissions of 1 (436 nm)
and 3 (409 nm) occur at much longer wavelengths than that
of the free ligand (320 nm). Such a large bathochromic shift
indicates that the aromatic rings of the ligand effectively
interact with the metal ion and/or with each other through
π-stacking interactions, as described above. In other words,
the π-electrons of the aromatic rings are delocalised over
the Cd2+ ion and/or the neighbouring ligand. With the
above concerns in mind, the fluorescence emission of 1 may
tentatively be assigned to the formation of the [Cd2(µ2-
OH2)2] cluster, which compares to our recently reported
(SIP)lead compound.[13] The emission peak of 3 at 409 nm,
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which is similar to that of the analogue {[Cd(SIP)(H2O)3]·
0.5(H2en)(H2O)}n

[17] (412 nm), can be assigned to ligand-
to-metal charge transfer (LMCT). This is consistent with
the fact that the CdII or ZnII coordination complexes with
aromatic carboxylate ligands may possess an LMCT photo-
luminescent property.[34–36] In the case of 2, the emission at
306 nm upon excitation at 270 nm is similar to that of the
free H3SIP ligand. This indicates that the emission band of
2 is an intraligand transition. The further lifetime measure-
ments at room temperature of each emission maximum give
results of 0.61, 18 and 0.56 ns for compounds 1, 2 and 3,
respectively. The lifetime of 2 is significantly longer than
those of 1 and 3. This is consistent with the fact that metal
hydroxide (or oxide) clusters usually have longer emission
lifetimes[35] because the µ2/µ3-OH ligands can tighten the
whole framework and thus result in weaker vibrations.
These observations clearly reveal the structure-dependent
photoluminescent properties of coordination polymers.

Figure 8. Solid-state emission photoluminescent spectra of 1–3 at
room temperature.

Conclusions

In conclusion, hydrothermal reactions of the Cd/H3SIP
system are pH-dependent. Incomplete deprotonation of the
H3SIP ligand occurs under acidic conditions, leading to
lowered connectivity of the SIP ligand and the formation
of the discrete dinuclear compound 1. The ligand is fully
deprotonated under neutral or basic conditions, ac-
companied by the formation of the hydroxy-bridged cad-
mium clusters 2. In 2, the chair-like [Cd4(µ3-OH)2] cluster
units are interconnected by the [Cd(µ2-OH)2(CO2)] unit
into an unprecedented inorganic oxide layer, which is pil-
lared by the SIP3– ligand into a 3D framework structure.
Two unprecedented coordination modes are observed in
compound 2. The addition of the auxiliary ligand dpp leads
to the 2D structure of 3 containing a cyclic [Cd4(SIP)4] unit
with the Cd atoms co-planar. Compounds 1–3 display dif-
ferent photoluminescent emissions at room temperature, in-
dicating structure-dependent photoluminescent properties
of the Cd/SIP coordination polymers and thus potential ap-
plication in LED technology.
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Experimental Section
General Remarks: All chemicals were purchased commercially and
used without further purication, including 5-sulfoisophthalic acid
monosodium salt (Alfa) and 1,3-bis(4-pyridyl)propane (Acros). El-
emental analyses were carried out with an Elementar Vario EL III
analyser and IR spectra (KBr pellets) were recorded with a Perkin–
Elmer Spectrum One. Fluorescent spectra were measured at room
temperature with an Edinburgh FL-FS90 TCSPC system. All com-
plexes were synthesised by a hydrothermal method under autoge-
nous pressure.

Synthesis of [Cd2(µ-OH2)2(HSIP)2(H2O)6] (1): A mixture of CdII

nitrate tetrahydrate (0.0616 g, 0.2 mmol), 5-sulfoisophthalic acid
monosodium salt (0.0536 g, 0.2 mmol), triethylamine (0.01 mL)
and water (15 mL) (pH = 2) was heated at 160 °C for 4 d. Colour-
less plate-like crystals of 1 were obtained when cooling to room
temperature at 5 °C/h. The crystals were recovered by filtration,
washed with distilled water and dried in air (yield: 0.05 g, 63%
based on Cd). C16H24Cd2O22S2 (857.27): calcd. C 22.33, H 2.81;
found C 22.31, H 2.76. IR (KBr pellet): ν̃ = 3498 s, 1710 s, 1622 s,
1580 w, 1552 s, 1436 w, 1371 s, 1231 s, 1187 s, 1118 s, 1047 s, 999
w, 857 w, 768 m, 731 w, 673 m, 624 m, 580 w cm–1.

Synthesis of [Cd5(µ2-OH)2(µ3-OH)2(SIP)2(H2O)5]n (2): A mixture
of CdII nitrate tetrahydrate (0.0616 g, 0.2 mmol), 5-sulfoisophthalic
acid monosodium salt (0.0536 g, 0.2 mmol), triethylamine
(0.05 mL) and water (15 mL) (pH = 7) was heated at 160 °C for
4 d. Colourless prism-like crystals of 2 were obtained when cooling
to room temperature at 5 °C/h. The crystals were recovered by fil-
tration, washed with distilled water and dried in air (yield: 0.013 g,
11% based on Cd). C16H20Cd5O23S2 (1206.44): calcd. C 15.82, H
1.66; found C 15.76, H 1.63. IR (KBr pellet): ν̃ = 3435 s, 3159 s,

Table 2. Crystallographic data for compounds 1–3.

1 2 3

Empirical formula C16H24Cd2O22S2 C16H20Cd5O23S2 C94H98Cd3N12O18S2

Formula mass 857.27 1206.44 2085.16
Temperature [K] 293(2) 293(2) 293(2)
Crystal size [mm] 0.40�0.28�0.05 0.38�0.30�0.20 0.45�0.25�0.10
Crystal system monoclinic triclinic triclinic
Space group C2/m P1̄ P1̄
Z 2 2 1
a [Å] 23.104(6) 8.16570(10) 10.2233(15)
b [Å] 6.8756(11) 12.0452(2) 12.842(2)
c [Å] 8.7315(18) 15.2366(3) 19.073(3)
α [°] 90 78.749(5) 101.562(4)
β [°] 107.007(14) 85.824(6) 99.637(5)
γ [°] 90 72.229(5) 104.124(6)
V [Å3] 1326.4(5) 1399.56(4) 2316.5(6)
Dcalcd. [g/cm3] 2.146 2.863 1.495
µ [mm–1] 1.860 3.988 0.801
Measured reflections 5133 10722 18047
Independent reflections 1645 6286 10479
Observed reflections [I � 2σ(I)] 1581 5828 9017
Parameters 136 464 584
F(000) 848 1144 1066
Completeness [%] 99.7 97.8 98.5
2θ range [°] 3.10–27.49 3.19–27.48 3.06–27.48
h/k/l ranges –29/29 –10/10 –13/12

–8/8 –9/15 –13/16
–6/11 –18/19 –24/24

Rint 0.0258 0.0164 0.0225
R1 (obsd. refl.) 0.0208 0.0267 0.0439
wR2 (all refl.) 0.0550 0.0705 0.0980
Largest diff. peak/hole [e/Å3] 0.390/–0.728 1.798/–1.372 1.246/–0.598
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1615 s, 1569 w, 1553 m, 1400 s, 1216 w, 1182 s, 1106 m, 1044 s, 858
w, 833 w, 707 w, 673 m, 620 m, 447 w cm–1.

Synthesis of {[Cd3(SIP)2(dpp)6]·4(H2O)}n (3): A mixture of CdII ni-
trate tetrahydrate (0.0231 g, 0.075 mmol), 5-sulfoisophthalic acid
monosodium salt (0.0134 g, 0.05 mmol), 1,3-bis(4-pyridyl)propane
(0.0297 g, 0.15 mmol), triethylamine (0.01 mL) and water (15 mL)
was heated at 160 °C for 4 d. Colourless rod-like crystals of 3 were
obtained when cooling to room temperature at 5 °C/h. The crystals
were recovered by filtration, washed with distilled water and dried
in air (yield: 0.023 g, 46% based on Cd). C94H98Cd3N12O18S2

(2085.16): calcd. C 54.02, H 4.73, N 8.05; found C 54.03, H 4.71,
N 8.02. IR (KBr pellet): ν̃ = 3399 s, 2943 s, 1612 s, 1560 w, 1502
w, 1428 s, 1364 s, 1224 m, 1199 m, 1103 m, 1068 w, 1042 m, 1015
m, 925 w, 846 w, 811 m, 781 w, 728 m, 624 m, 576 w, 515 w, 448
w cm–1.

X-ray Crystallographic Study: X-ray diffraction data of compounds
1–3 were collected with a Rigaku Mercury CCD diffractometer
equipped with graphite-monochromated Mo-Ka radiation (λ =
0.71073 Å). CrystalClear software was used for data reduction and
empirical absorption correction.[37] The structures were solved by
the direct methods and successive Fourier difference syntheses, and
refined by the full-matrix least-squares method on F2 (SHELXTL
Version 5.1[38]). The H atoms bonded to C atoms and N atoms
were assigned to calculated positions and refined using a riding
model [C–H = 0.93 Å, Uiso(H) = 1.2Uiso(C); N–H = 0.89 Å, Uiso(H)
= 1.2Uiso(N)]; H atoms bonded to O atoms were located from dif-
ference maps except for one lattice water oxygen atom of com-
pound 3, which could not be located. The R1 values are defined as
R1 = Σ||Fo| – |Fc||/Σ|Fo| and wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2.
Details of the crystal parameters, data collection and refinement
are summarised in Table 2, and selected bond lengths and bond
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angles are listed in Table 1. CCDC-609221 to -609223 (for 1–3)
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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The two new metal-organic coordination frameworks [Ni2-
(pydc)2(4,4�-bpy)(H2O)4]n·0.5n(4,4�-bpy)2H2O (1) and [Ni2-
(pydc)2(2,2�-bpy)2(H2O)2]n·2nH2O (2) (H2pydc = pyridine-
3,4-dicarboxylic acid; bpy = bipyridine) have been synthe-
sised under hydrothermal conditions and characterised by
single-crystal X-ray diffraction analysis. The structure of 1
contains parallel rectangular channels that accommodate
large 4,4�-bpy guests while that of 2 contains vertical chan-

Introduction
Recently, there has been much effort devoted to de-

veloping coordination frameworks with special and access-
ible cavities for use in catalysis, separations, sensors and
electronics.[1,2] The assembly of pre-selected building blocks
represents a new approach to the formation of novel frame-
works, and multidentate carboxylate ligands are widely
adopted for the construction of coordination frameworks
owing to their rich coordination modes.[3–5] Another com-
mon ligand is bipyridyl, which not only acts as a space filler
but also provides potential π–π stacking interactions that
increase the stability of the framework. It is interesting that
mixed ligands can be combined to construct a great variety
of frameworks, such as two-dimensional (2D) layers and
three-dimensional (3D) networks, including channel-like,
interpenetrating and host–guest structures. To the best of
our knowledge, 2D layers with parallel channels filled with
guests have seldom been reported. In addition, the effect of
co-ligands on the final structures is less common. Pyridine-
3,4-dicarboxylate (pydc) ligands containing different donor
atoms in the 1-, 3- and 4-positions are expected to form
more diverse coordination frameworks.[6,7] To investigate
the cooperation between pydc and co-ligands, we have ex-
plored their assembly with transitional metal ions. Here we
report the syntheses, crystal structures and magnetic and
photophysical properties of two polymeric complexes with
interesting frameworks, namely [Ni2(pydc)2(4,4�-bpy)-
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nels coordinated to 2,2�-bpy ligands. Their magnetic analy-
ses show that they exhibit different magnetic interactions.
The red shifts of the peak in their emission spectra relative
to those of the the free ligands could be attributable to the
metal–ligand coordination.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

(H2O)4]n·0.5n(4,4�-bpy)2H2O (1) and [Ni2(pydc)2(2,2�-bpy)2-
(H2O)2]n·2nH2O (2) (bpy = bipyridine).

Results and Discussion

The hydrothermal reaction of NiCl2·6H2O, H2pydc and
4,4�-bpy or 2,2�-bpy in a molar ratio of about 1:1:1 yielded
green crystals of 1 or 2, respectively. X-ray single-crystal
analysis revealed that the structure of 1 consists of 2D lay-
ers with parallel channels, which are stacked by hydrogen
bonding. Each NiII ion is six-coordinate with two N atoms
from 4,4�-bpy and pydc ligands [Ni–N = 2.087(6)–
2.105(7) Å] and four O atoms from two terminal water
molecules and two pydc monodentate carboxylate groups
[Ni–O = 2.046(5)–2.130(5) Å], which provide a distorted oc-
tahedral coordination geometry (Figure 1). Four pairs of
NiII ions are linked by 4,4�-bpy ligands that act as four
edges, which are further linked by four three-connecting
pydc ligands in a syn-syn bis-monodentate mode to form a
cubane-like building block (Figure 2). These building
blocks are extended through the Ni–O bonds to form a 2D
double-layered framework. Consequently, this gives rise to
novel parallel rectangular channels (11.99×7.92 Å2) along
the a axis (Figure 3). It is interesting that 4,4�-bpy acts not
only as a bridging linker but also as a guest that is accom-
modated within each channel in a stacked arrangement.
There are π–π stacking interactions between the pyridyl
rings of adjacent 4,4�-bpy guests, with a face-to-face dis-
tance of 3.263 Å; this distance consolidates the stacking.
The dihedral angle between the mean plane of the pyridyl
rings and the transect plane of the channel is 59.0°. The 2D
layers are stacked by hydrogen bonding between the oxygen
atoms of the lattice water, coordinated water and carboxyl-
ate groups. However, van der Waals interactions are not
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observed between the 4,4�-bpy guests and the channels –
the closest distance is 5.66 Å.

Figure 1. Coordination environments of NiII atoms in compound
1.

Figure 2. Cubane-like building block in 1 showing the Ni coordina-
tion octahedra and 4,4�-bpy guests.

Figure 3. Packing structure of compound 1 along the a axis.

In compound 2, two independent NiII ions are both in
distorted octahedral coordination geometries. Each of them
is coordinated by three N atoms from 2,2�-bpy and pydc
ligands [Ni–N = 2.058(5)–2.128(5) Å] and by three O atoms
from a coordinated water molecule and two pydc carboxyl-
ate groups [Ni–O = 2.069(5)–2.094(5) Å] (Figure 4). The
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two independent NiII ions are both bridged by two pydc
ligands by anti-syn bis-monodentate carboxylate groups,
which results in two types of binuclear units (Ni1···Ni1i =
5.330 Å and Ni2···Ni2ii = 5.581 Å; symmetry codes: i: 1 –
x, 1 – y,1 – z; ii: 2 – x, –y, –z). Furthermore, every four
binuclear units are connected through their pydc spacers
alternately to form a large rectangular grid (7.3×10.3 Å2),
as shown in Figure 5. Each NiII ion is attached by a chelat-
ing bpy ligand within the rectangular grid. There are π–π
stacking interactions between the 2,2�-bpy pyridyl rings and
the pydc aromatic rings, with face-to-face distances of 3.03–
3.40 Å. The rectangular grids stretch to a 2D layer parallel
to the bc plane in a tiled manner. The interlayer free water
molecules are hydrogen bonded to the O atoms of the pydc
carboxylate groups or coordinated water molecules in the
adjacent layers (Figure 6). These 2D layers are stacked
along the c axis into a 3D supramolecular architecture
through hydrogen bonding.

Figure 4. Coordination environments of the NiII atoms in com-
pound 2.

Figure 5. View of the 2D layer in compound 2.

To investigate their thermal stabilities, thermogravimetric
analyses (TGA) of 1 and 2 were carried out at a heating
rate of 10 °Cmin–1 under N2. Compound 1 shows a two-
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Figure 6. Packing structure of compound 2.

step weight loss between 150 and 400 °C. The first weight
loss between 150 and 230 °C cannot be distinguished clearly
from the second one as the coordinated water molecules
are involved in the dehydration process (observed: 14.36%;
expected: 13.68%), thus implying that the big guest mole-
cules (4,4�-bpy) cannot depart freely without the collapse
of the coordination channels. The second step between 230
and 400 °C is assigned to the decomposition of organic li-
gands in a continuous fashion. The thermal behaviour of
compound 2 shows a two-step weight loss between 145 and
430 °C. The first weight loss between 145 and 200 °C
corresponds to the dehydration process (observed: 8.4%;
expected: 8.6%). The second step between 290 and 430 °C
is also assigned to the decomposition of organic ligands.

Temperature-dependent magnetic susceptibilities of com-
pounds 1 and 2 were measured between 5 and 300 K (Fig-
ure 7). At room temperature, χmT is 2.03 cm3 mol–1 K for 1
and 2.14 for 2, which is slightly higher than the expected
value of 2.00 cm3 mol–1 K for two uncoupled spin-only NiII

ions (S = 1/2, g = 2). For 1, χmT is almost constant from
300 K to 36 K, then increases as the temperature is lowered
and reaches a maximum value of 2.14 cm3 mol–1 K at 12 K.
Finally, it decreases to 1.75 cm3 mol–1 K at 5 K, which
shows that there may be both weak ferromagnetic interac-
tions and single-ion zero-field-splitting (D) of isolated NiII

ions. For 2, the observed χmT value decreases slightly to
1.95 cm3 mol–1 K from 300 K to 40 K, and then quickly de-
creases to 1.11 cm3 mol–1 K at 5 K, which suggests that the
global features of 2 are characteristic either of weak antifer-
romagnetic intramolecular interactions and/or of the pres-
ence of single-ion zero-field-splitting of isolated NiII ions.
In view of the complicated 2D structures of 1 and 2, it is
very difficult, even impossible, to estimate the magnitude of
the magnetic coupling in this system. Therefore, two dif-
ferent simple treatments were carried out by using the
Fisher model [Equation (1)] or by using the D parameter
[Equation (2)] considering only a simple NiII ion.[8,9]
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Figure 7. Plots of χm (�) and χmT (�) vs. T for 1 (a) and 2 (b)
(dotted lines are the best fit with parameter D and solid lines the
best fit with coupling parameter J).

(1)

(2)

where the molecular field approximation (zJ�) for interchain
interactions and a Weiss-like temperature correction (θ�) are
applied to account for intermolecular exchange effects be-
tween NiII ions.

The best fit of the experimental data to Equations (1)
and (2) yields g = 2.09, J = –0.17 cm–1, zJ� = –0.07 cm–1

and R = 6.3×10–4 (R = Σ[(χmT)obsd – (χmT)calcd]2/
Σ[(χmT)obsd]2), or g = 2.01, D = 11.58, θ = 3.22 and R =
1.6×10–4 for 1; and g = 2.05, J = –1.76 cm–1, zJ� =
–0.03 cm–1 and R = 2.0×10–3, or g = 2.01, D = 20.26, θ
= –8.57 and R = 1.9×10–3 for 2. As expected, the fit is
not very good, although we can conclude that compound 1
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exhibits a weak ferromagnetic interaction and 2 exhibits a
weak antiferromagnetic interaction between NiII ions.

The fluorescence spectra of compounds 1 and 2 in the
solid state were measured at room temperature. The emis-
sion spectra of the two compounds are almost the same, as
shown in Figure 8. Upon excitation at λ = 427 nm they pro-
duce intense orange fluorescence peaks at 600 nm and
602 nm, respectively, which are assigned to the metal-to-
ligand charge transfer (MLCT) states.[10] As free H2pydc
exhibits a weak luminescence at around 490 nm in the solid
state at room temperature, and free 2,2�-bpy and 4,4�-bpy
display a weak luminescence at around 530 and
486 nm,[11,12] respectively, the red shifts and the luminescent
enhancement for both 1 and 2 may be attributed to the
coordination between the ligands and NiII.[11]

Figure 8. Fluorescent emission (λex = 427 nm) spectra of com-
pounds 1 and 2 at room temperature.

Conclusions

In summary, the assembly of NiCl2, pydc and bipyridyl
ligands results in two 2D layered coordination frameworks
with different directional cavities. It is interesting that one
structure contains parallel rectangular channels that accom-
modate large 4,4�-bpy guests whereas the other contains
vertical channels with coordinated 2,2�-bpy ligands. The
magnetic analyses show the presence of magnetic interac-
tions. Excitation of compounds 1 and 2 produces an intense
orange fluorescence.

Experimental Section
General: All commercially available chemicals were of reagent
grade and were used as received. Elemental analyses were deter-
mined with an Elemental Vario ELIII elemental analyzer. IR spec-
tra were measured as KBr pellets with a Perkin–Elmer Spectrum
One FTIR spectrometer in the range 200–4000 cm–1. Thermogravi-
metric analyses were carried out with a Netzsch STA 449C unit
from 30 to 900 °C at a heating rate of 10 °Cmin–1 under nitrogen.
Variable-temperature (5.0–300.0 K) magnetic susceptibility mea-
surements were carried out in an external field of 10.0 kG with a
Quantum Design PPMS model 6000 magnetometer. Fluorescent
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analyses were performed with a Perkin–Elmer LS55 luminescence
spectrometer.

Synthesis of 1: A mixture of NiCl2·6H2O (71 mg, 0.30 mmol),
H2pydc (50 mg, 0.30 mmol) and 4,4�-bpy (47 mg, 0.30 mmol) in
H2O (10 mL) was heated to 170 °C for 4 d. After cooling to room
temperature, green crystals of 1 were collected by filtration, washed
with distilled water and dried to afford a yield of 41% (41.56 mg)
based on Ni. C24H22N4Ni2O12 (675.84): calcd. C 42.65, H 3.28, N
8.29; found C 42.28, H 3.72, N 8.43. IR (KBr pellet): ν̃ = 3286 (m),
1626 (s), 1574 (s), 1552 (s), 1489 (m), 1404 (s), 1223 (m), 1174 (m),
987 (m), 683 (m), 606 cm–1 (m).

Synthesis of 2: A mixture of Ni(OAc)2·4H2O (0.25 mmol), H2pydc
(0.25 mmol) and bpy (0.25 mmol) in H2O (10.0 mL) was heated to
170 °C for 4 d and then cooled at a rate of 5 °Ch–1 to room tem-
perature. Green plate-like crystals of 2 were isolated in 45% yield
(46.80 mg) based on Ni. C34H30N6Ni2O12 (832.06): calcd. C 49.08,
H 3.63, N 10.10; found C 49.01, H 3.48, N 10.02. IR (KBr pellet):
ν̃ = 3444 (m), 3124 (m), 1614 (s), 1568 (s), 1477 (m), 1444 (m),
1390 (s), 1194 (w), 1026 (w), 827 (m), 768 (m), 683 (m), 656 cm–1

(w).

X-ray Crystallography: Intensity data for compounds 1 and 2 were
measured on a Siemens Smart CCD diffractometer with graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) at 173 K. Em-
pirical absorption corrections were applied by using the SADABS
program for the Siemens area detector. The structures were solved
by direct methods and all calculations were performed with the
SHELXL-97 program. The metal atoms were found in the electron
density map, and subsequent difference Fourier syntheses gave all
the coordinates of the non-hydrogen atoms, which were refined an-
isotropically. All hydrogen atoms were added in the riding model
and refined isotropically with C–H = 0.96 Å.

Crystal Data for Compound 1: Triclinic, space group P1̄, a =
7.0457(3) Å, b = 7.9225(4) Å, c = 16.3125(1) Å, α = 78.445(2)°, β
= 77.782(3)°, γ = 75.833(3)°, V = 852.20(6) Å3, Z = 2, T =
293(2) K, Dc = 1.539 gcm–3, µ(Mo-Kα) = 1.179 mm–1, F(000) =
407, 2969 independent reflections (Rint = 0.0476) with 2θ � 50.18°.
Refinement of 247 parameters converged at final R1 [for selected
data with I � 2σ(I)] = 0.0694, wR2 = 0.2095 and S = 1.107.

Crystal Data for Compound 2: Triclinic, space group P1̄, a =
11.5331(8) Å, b = 12.0447(8) Å, c = 14.4712(9) Å, α = 71.811(2)°,
β = 69.716(2)°, γ = 68.285(2)°, V = 1712.3(2) Å3, Z = 2, T =
293(2) K, Dc = 1.614 gcm–3, µ(Mo-Kα) = 1.175 mm–1, F(000) =
856, 5946 independent reflections (Rint = 0.0491) with 2θ � 50°.
Refinement of 511 parameters converged at final R1 [for selected
data with I � 2σ(I)] = 0.0640, wR2 = 0.1679 and S = 0.987.

CCDC-232641 (1) and -290754 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): TGA curves for compounds 1 and 2.
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The “pincer”-type carbene complexes Rh(C–N–C)Cl and
Rh(C–N–N)Cl [C–N–C = 3,3�-diaryl-1,1�-pyridine-2,6-diylbis-
(imidazol-2-ylidene), C–N–N = 1-aryl-3-(2,2�-bipyridin-6-yl)-
imidazol-2-ylidene] have been prepared and characterised
by spectroscopic and diffraction methods. They bind CO to
give cationic complexes but are inert to H2. Both oxidatively

Introduction

Since the development of the first route to free N-hetero-
cyclic carbenes (NHCs),[1] ligands based around the stabi-
lised-carbene core have become a major focus of research
activity. Interest in N-heterocyclic carbene (NHC) metal
complexes is now expanding to the study of new versatile
ligand topologies with “classical” functional groups, which
have shown promising spectator characteristics.[2] One of
these is the “pincer” architecture, which provides a preor-
ganised backbone capable of blocking meridional or
pseudo-meridional coordination sites of the metal atom,
leaving the remaining available for catalysis.[3] “Pincer”
phosphane, amine, amide, imine, thioether and oxazoline
complexes have been extensively studied and show very use-
ful properties,[4] for example, unusually high thermal and
air stability, stabilisation of uncommon oxidation states,

Scheme 1. Synthesis of rhodium complexes 2 and 3 (alkene = C2H4, C8H14; Ar = 2,6-iPr2C6H3).
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add CH2Cl2 to give octahedral RhIII complexes. Theoretical
calculations provide insight into the bonding of the Rh(C–N–
C)Cl and Rh(C–N–N)Cl complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

stabilisation of unstable fragments on the metal atom, heli-
cal chirality and catalytic activity.

As part of our ongoing studies involving the use of the
versatile “pincer” ligand 3,3�-diaryl-1,1�-pyridine-2,6-diyl-
bis(imidazol-2-ylidene) (C–N–C),[5] we now report the
formation and reactivity of rhodium(I) and rhodium(III)
species based on this ligand system. We also detail the syn-
thesis of a novel bipyridylcarbene ligand (C–N–N) and the
formation of the derived rhodium complexes.

Results and Discussion

(C–N–C)RhI and -RhIII Complexes

Interaction of the free carbene 1 with [Rh(alkene)2Cl]2
(alkene = ethene, cyclooctene) in THF at either room tem-

perature or –78 °C gave a rapid colour change from orange
to deep purple (Scheme 1).

Following removal of the solvent, a deep purple micro-
crystalline solid was obtained, which was sparingly soluble
in benzene but readily re-dissolved in THF. The planar
symmetry of the complex was supported by NMR spec-
troscopy. The proton spectrum in [D8]THF showed two
doublets at δ = 1.15 and 1.44 ppm (12 H each), along with
a single septet at δ = 3.06 ppm (4 H), supporting the pres-
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ence of equivalent isopropyl groups on the bulky DiPP [2,6-
(diisopropyl)phenyl] groups. The 13C{1H} NMR spectrum
also is in agreement with a symmetric structure; however,
the CNHC signal was not observed. Crystals of 2 suitable
for X-ray diffraction were grown by slow diffusion of petro-
leum ether into a THF solution of the complex (Figure 1).

Figure 1. ORTEP representation of the structure of 2 showing 50%
probability ellipsoids with hydrogen atoms omitted for clarity. Se-
lected bond lengths [Å] and angles [°] with estimated standard devi-
ations: Rh(1)–Cl(1) 2.331(3), Rh(1)–N(3) 1.955(8), Rh(1)–C(9)
2.001(10), Rh(1)–C(10) 1.979(9); N(3)–Rh(1)–Cl(1) 178.4(3), N(3)–
Rh(1)–C(9) 78.5(4), N(3)–Rh(1)–C(10) 79.4(4), C(9)–Rh(1)–Cl(1)
101.2(3), C(10)–Rh(1)–Cl(1) 100.8(3).

The coordination sphere around the metal atom is essen-
tially square-planar. The rhodium centre lies 0.027(4) Å out
of the mean plane defined by the coordinating atoms. The
Rh–CNHC bond lengths [2.001(10) and 1.979(9) Å] are typi-
cal for rhodium(I)–CNHC bond lengths. Complex 2 consti-
tutes the first structurally characterised dicarbene complex
of RhI in which the coordination sphere is comprised of
non-π-acidic ligands. The synthesis of the analogous [(C–
N–C)Rh(CO)](PF6), where C–N–C = 3,3�-dialkyl-1,1�-prid-
ine-2,6-diylbis(imidazol-2-ylidene) (alkyl = methyl, ethyl,
benzyl) has been recently reported, together with reactivity
studies towards the oxidative addition of methyl iodide.[6]

In addition, (C–N–C)RhBr3 has been prepared by reaction
of the corresponding imidazolium salt with [Rh(COD)Cl]2
and triethylamine in acetonitrile.[7]

Dissolution of complex 2 in CD2Cl2 initially gave a pur-
ple solution, which became yellow within a few minutes.
The NMR spectra of this solution showed a lowering of the
molecular symmetry of the new complex compared to 2. It
comprised two signals for the methine groups (integrating
for 2 H each), along with four signals for the methyl groups
of the iPr groups (each integrating for 6 H). However, the
signals assigned to the pyridine and imidazol-2-ylidene
backbones retained the same appearance as in the starting
material. These changes are in line with oxidative addition
to the metal centre and consistent with the structure pro-
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posed for 3 in Scheme 1. On standing, crystals of 3 formed
from the CD2Cl2 solution, and these were suitable for a
single-crystal diffraction study (Figure 2).

Figure 2. ORTEP representation of the structure of 3 showing 50%
probability ellipsoids with hydrogen atoms and one molecule of
CD2Cl2 omitted for clarity. Selected bond lengths [Å] and angles
[°] with estimated standard deviations: Rh(1)–Cl(1) 2.3656(15),
Rh(1)–Cl(2) 2.5164(16), Rh(1)–C(36) 2.075(6), Rh(1)–N(1)
1.978(4), Rh(1)–C(21) 2.034(6), Rh(1)–C(2) 2.040(6); N(1)–Rh(1)–
Cl(1) 177.68(15), N(1)–Rh(1)–C(21) 79.1(2), N(1)–Rh(1)–C(2)
79.2(2), C(36)–Rh(1)–Cl(2) 177.22(19).

Complex 3 adopts an unsymmetrical distorted octahe-
dral geometry, with the tridentate “pincer” occupying me-
ridional sites with the remaining sites being occupied by
two cis-chlorine atoms and the CH2Cl group. The Rh–
CNHC bond lengths in complexes 2 and 3 are the same
within the observed esds [averages of 1.990(13) and
2.037(8) Å, respectively]. However, the rhodium–chloride
distances for the chloride ion bound trans to Npyridine are
significantly different: the Rh–Npyridine bond in 3
[2.3656(15) Å] is longer than that in 2 [2.331(3) Å]. This is
presumably due to the more crowded environment around
the metal atom in the octahedral complex 3. The two Rh–
Cl distances in 3 are also significantly different from each
other: the Cl ion trans to the CD2Cl group is approximately
0.15 Å further from the Rh atom than that trans to the
Npyridine atom.

Complex 2 showed oxidative reactivity with a range of
alkyl halides and pseudohalides. For example, addition of
methyl iodide, 1,1,1-trichloroethane, benzyl chloride or
methyl triflate to 2 in THF led to colour changes from pur-
ple to light yellow. The time taken for these reactions varied
from seconds (CH3I) to overnight (1,1,1-trichloroethane),
presumably due to the differing reactivity of the C–halide
bond. The NMR spectra of all products demonstrated the
same lowering of symmetry as seen in 3, although ad-
ditional changes were also seen which could not be readily
assigned. Addition of phosgene to 2 also gave a rapid and
clean oxidative addition, leading to a stable unsymmetrical
product. Complex 2 also reacted very fast with oxygen both
in solution and in the solid state; the organometallic prod-
uct from the oxidation has not been characterised.
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In contrast to the rapid reactions observed with alkyl

halides and oxygen, complex 2 was unreactive towards
other potential reagents for oxidative addition. No reaction
was observed with triethylsilane, phenyldiazomethane or
PhS=CHPh.[4e] In all cases, 1H NMR spectra indicated that
the starting material was unchanged. Similarly, no reactivity
was seen with benzene (heating solutions of the complex in
C6D6 in a sealed system to over 150 °C or exposure of the
solution to UV light). Attempts to derivatise 2 by substitu-
tion of the chloride ion with organolithium compounds and
Grignard reagents under various conditions were likewise
unsuccessful.

Reactivity with CO

Hydroformylation is a major industrial process, and
(phosphane)rhodium complexes are widely used for the for-
mation of short-chain (C2 to C5) aldehydes under these con-
ditions.[8] However, some phosphane complexes are unsuit-
able for use with other substrates due to thermal degrada-
tion. The development of novel rhodium-based hydrofor-
mylation catalysts for heavier alkenes (C8 and higher) re-
mains a challenge. As a probe for potential hydrofor-
mylation activity, the reactivity of 2 towards synthesis gas
and carbon monoxide was studied (Scheme 2).

Scheme 2. Reaction of complex 2 with CO (Ar = 2,6-iPr2C6H3).

Bubbling a mixture of H2/CO (1:1) through a C6D6 solu-
tion of 3 resulted in a fast irreversible colour change from
purple to pink. Evaporation of the solvent from the mixture
gave a light pink, air-stable complex 4 which is noticeably
more soluble in C6D6 than the parent complex. 1H NMR
spectra indicate that the products obtained with CO and
CO/H2 are identical; as a confirmation of this, no reaction
was observed with hydrogen gas alone. The 1H or 13C{1H}
NMR spectra of 4 show the same symmetry to 2. However,
in the 1H NMR spectrum, a significant change occurs in
the shift of one of the imidazole backbone signals (from δ
= 8.15 ppm to δ = 10.42 ppm on coordination of CO). The
electrospray mass spectrum of 4 shows a single signal at m/z
= 662.5, consistent with an adduct of the (pincer)rhodium
core and CO. Complex 4 also shows only a single IR stretch
at 1968 cm–1. This compares with 1982 cm–1 reported for
[Rh(C–N–C)(CO)](PF6) and 1980 cm–1 for [Rh(P–N–
P)(CO)]Cl {P–N–P = 2,6-bis[(diphenylphosphanyl)methyl]-
pyridine}.[6,9] Attempts to grow single crystals of 4 were
unsuccessful, and anion exchange also failed to give useful
products.

Whilst the reactivity of 4 with carbon monoxide was ra-
pid, the high stability of the product indicated possible
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problems in hydroformylation. NMR-scale addition of eth-
ene to 2 showed no reaction. The hydroformylation activity
was investigated using synthesis gas and styrene. No reac-
tion was observed under a range of conditions, and a pink-
coloured solution was recovered. Thus, it seems likely that
under hydroformylation conditions an irreversible coordi-
nation of CO occurs to give 4, whilst 2 will not bind alkenes
or hydrogen.

Bipyridyl NHC Ligands

Even though the C–N–C ligand 1 is considered a strong
σ-donor, its limitations became apparent from the inactivity
of 2 in hydroformylation which could be ascribed to the low
lability of the Rh–CNHC bond hindering the formation of
coordinatively unsaturated catalytic sites. In addition, due
to the strong σ-donating ability of the NHC donors, 1 may
be better suited for the stabilisation of RhIII rather than
the promotion of RhI–RhIII catalytic cycles. Therefore, we
decided to explore the chemistry of alternative “pincer” li-
gand designs by replacing one of the NHC donors of the
C–N–C system with another classical donor. Whilst there
is clearly a large range of potential ligands which could be
constructed around this motif, we have concentrated on an
NHC–bipyridyl system 7 (Scheme 4). Recently, Milstein has
reported nonsymmetrical pincer-type ligands bearing phos-
phane and amine wingtips.[10]

The necessary bromide 4 is available in three steps from
commercially available 2,2�-bipyridine.[11,12] Quaternisation
of 4 with the imidazole 5 (Scheme 3) proceeds smoothly in
the melt at 160 °C, giving moderate yields of the desired
imidazolium bromide after purification and azeotropic dry-
ing. In contrast to the pincer imidazolium salts of the C–
N–C type, deprotonation of 6 could not be readily achieved
under the standard conditions[5a] which involved the reac-
tion with KN(SiMe3)2 in THF at –30 °C, followed by ad-
dition of toluene (to precipitate the KBr formed in the reac-
tion). This method gave only low yields of 7 (less than 5%).
As an alternative to deprotonation, we explored the re-
ductive deprotonation of the imidazolium salt with potas-
sium metal, which has recently been used for the prepara-
tion of IMes from (IMesH)+Cl–.[13] This methodology,
when applied to the preparation of 7, resulted in improved
isolated yields (ca. 30%) allowing the study of the coordina-
tion chemistry of 7. The structure of 7 was also determined
crystallographically (Figure 3).

In common with other free-carbene solid-state struc-
tures,[14] the free-carbene and pyridine rings adopt a trans
arrangement. The three donor-atom-containing rings are
virtually coplanar, with interplane angles of 3.3(2)° (car-
bene–pyridine) and 2.7(2)° (pyridine–pyridine). The single
“wingtip” aromatic ring is nearly perpendicular to the rest
of the ligand, with an interplane angle of 84.64(11)° be-
tween this and the imidazol-2-ylidene ring.

The imidazolium salt 6 has also been successfully used
for the synthesis of the (carbene)silver complex 8 in good
yields, by the reaction with Ag2O in dichloromethane in
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Scheme 3. Formation of the “bipy” salt 6 and attempt to deprotonate (Ar = 2,6-iPr2C6H3).

Figure 3. ORTEP representation of the structure of 7 showing 50% probability ellipsoids with hydrogen atoms omitted for clarity. Selected
bond lengths [Å] and angles [°] with estimated standard deviations: C(11)–N(4) 1.361(3), C(11)–N(3) 1.375(3), C(5)–C(6) 1.486(4),C(10)–
N(3) 1.427(3); N(4)–C(11)–N(3) 101.3(2).

the presence of molecular sieves (4 Å). The (carbene)silver
complex was characterised by spectroscopic (NMR and
MS) and analytical methods.

The Rh(C–N–N)X [X = Cl (9b), Br (9a)] complexes have
been synthesised by two different routes on the basis of
either the reaction of 6 with [(COD)Rh(OMe)]2 (9b) or the
reaction of 7 with [(COE)2RhCl]2 (9a) (Scheme 4).

The green, very air-sensitive complex was characterised
by analytical and spectroscopic methods. Even though it is
sparingly soluble in non-chlorinated solvents, meaningful

Scheme 4. Generation of free carbene 7 and complexes 9a and 9b (Ar = 2,6-iPr2C6H3; 9a: X = Br; 9b: X = Cl).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4857–48654860

1H NMR spectra of 9a were recorded in [D8]THF. The ap-
pearance of peaks assignable to the iPr groups of the DiPP
group supports the presence of a plane of symmetry in the
molecule. However, the poor solubility of 9a prevented the
collection of strong 13C{1H} NMR spectroscopic data even
after prolonged acquisition times. It is interesting to note
that silver transmetallation reactions, which have been com-
monly used for the synthesis of NHC–Rh complexes were
not successful here due to the reactivity of the initially
formed RhI product with dichloromethane which is the
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commonly used solvent in reactions of this type (vide infra).
The structure of the complex was unequivocally established
crystallographically (Figure 4).

Figure 4. ORTEP representation of the structure of 9a showing
50% probability ellipsoids with hydrogen atoms omitted for clarity.
Selected bond lengths [Å] and angles [°] with estimated standard
deviations: C(1)–Rh(1) 1.957(6), N(3)–Rh(1) 1.941(5), N(4)–Rh(1)
2.116(5), Br(1)–Rh(1) 2.4904(8); N(3)–Rh(1)–Br(1) 172.26(14),
C(1)–Rh(1)–Br(1) 104.30(17), N(4)–Rh(1)–Br(1) 97.27(13).

The rhodium centre adopts a distorted square-planar ge-
ometry, with the rhodium atom being 0.034(2) Å out of the
plane of the donor atoms. The terminal pyridine nitrogen
atom N(4) is approx. 0.15 Å further from the metal centre
than N(3). The Rh–CNHC bonds [1.957(6) Å] are slightly
shorter than those reported for 2. In comparison to the re-
cently reported blue Rh(terpy)Cl,[15] the corresponding Rh–
Npyridine bonds in 9a are longer.

Reactivity of 9a

The replacement in complex 2 of one NHC by the poorer
σ-donating pyridine group to give 9 is expected to reduce
the electron density on the metal atom. However, it should
be more electron-rich than the metal atom in Rh(terpy)-
Cl.[15] In the latter, RhI has been classified as electron-rich
on the basis of the oxidation potential of the complex, as
measured by CV and DFT calculations. Complex 9a reacts
easily with dichloromethane at room temperature giving
rise to the oxidative addition adduct 10 (Scheme 4), which
was characterised by NMR spectroscopy in a way analo-
gous to 3. It also reacts fast with CO (1 bar, room tempera-
ture). The NMR spectra of the product suggest the forma-
tion of the CO adduct 11 (Scheme 4). The 1H NMR spec-
trum of 11 shows a number of changes in the aromatic re-
gion, but significantly retains the single pair of doublets in
the iPr region: as before, this indicates retention of the
plane of symmetry in the product. The CO adduct appears
to be stable, and in contrast to 9a it can be exposed to air
and chlorinated solvents without degradation.

Attempts to carry out hydroformylation using 9 were not
successful. Addition of CO/H2 to a solution of the complex
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(0.2 mol-%) and styrene in toluene gave a rapid colour
change to light orange. After 3 h at 70 °C under 9 bar of
CO/H2, analysis of the reaction mixture by GC-MS showed
no hydroformylation products.

Theoretical Studies of Complexes 2 and 9b

In order to obtain a further insight into the bonding in
the new (pincer)RhI complexes we performed DFT studies
on 2 and 9b. No symmetry restriction was imposed on the
molecules. The Rh(C–N–C) and Rh(C–N–N) substructures
in the calculated optimised geometries of 2-dft and 9b-dft
are in very good agreement with those observed in the crys-
tal structures (see Supporting Information). Only the bulky
DiPP substituent is slightly dislocated, presumably due to
crystal-packing effects.

The HOMO orbital of both complexes has dz2 character.
As expected, the LUMO of both 2-dft and 9b-dft reside on
the π* system of the pyridine ligand, with some contri-
bution of the metal atom. The HOMO–LUMO gap for 2-
dft of 2.92 eV is marginally larger than the gap for 9b-dft
(2.49 eV). For comparison, these values are much larger
than the values reported for Rh(terpy)Cl (1.04 eV).[15] It is
therefore plausible that this difference may lead to different
reactivity of 2 and 9b compared with Rh(terpy)Cl. This
point is being investigated further in our laboratory.

For complex 2-dft, the HOMO-1 has predominantly
Cl(pπ)/Rh(dzx) character, with some contribution of the
pyridine ligand (see Supporting Information for plots of the
orbitals). HOMO-2 is of similar character with some con-
tribution from the NHC ligand to the Rh(dxy) atom.
HOMO-3 is predominantly on the metal atom [Rh(dyz)]
and HOMO-4 is predominantly on the DiPP ligands and
the chloride ion.

For complex 9b-dft, similar observations can be made:
HOMO-1 is predominately of Cl(pπ)/Rh(dzx) character,
with some contribution of the pyridine ligand trans to the
chloride ion. HOMO-2 is of similar character as HOMO-2
of 2-dft; however, the pyridine ligand trans to the NHC is
less involved in the molecular orbital. HOMO-3 is again
similar to HOMO-3 of 2-dft; again the pyridine ligand trans
to the NHC is not involved in the molecular orbital.
HOMO-4 is predominately on the DiPP ligand.

The electronic environment in the complexes was further
investigated by Natural Bonding Orbital (NBO) analysis. In
2-dft, the lone pair of the pyridine nitrogen atom is donat-
ing into an empty orbital of the Rh atom. One of the NHC
ligands is donating into an empty orbital of the Rh atom
and into the antibonding orbital of the other Rh–CNHC

bond. However, unexpectedly, backdonation occurs from a
filled dyz orbital of the metal atom to antibonding orbitals
of both the NHC and the pyridine ligand. For complex 9b-
dft, similar observations have been made. The lone pairs of
the pyridine nitrogen atoms are donating into an empty d-
orbital of the metal atom. The nitrogen atom trans to the
NHC is donating into the carbene–metal antibonding or-
bital. A smaller contribution to this bonding is made by the
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nitrogen atom on the other pyridine ligand. As with 2-dft,
a filled d-orbital of the metal atom is donating into an C–
N antibonding orbital of the NHC. Backdonation from a
different filled d-orbital of the metal atom to the pyridine
ligand trans to the chloride ion is also observed. Orbital
representation of the NBO analysis for both complexes are
detailed in the Supporting Information.

As expected, the LUMO of both 2-dft and 9b-dft reside
on the π* system of the pyridine ligand, with some contri-
bution of the metal atom. The higher-lying virtual orbitals
of 2-dft and 9b-dft are almost exclusively localised on the
ligands. Exceptions are the LUMO+6 of 2-dft and
LUMO+5 of 9b-dft, which are metal-based. Metal-based
high-lying LUMOs have been observed before, notably for
the complex Rh(terpy)Cl (LUMO+5).[15]

Conclusions

Highly reactive electron-rich RhI complexes with the pyr-
idine-based dicarbene and bipyridyl-based monocarbene ri-
gid tridentate pincers and without any π-acidic co-ligands
have been prepared and characterised by spectroscopic and
diffraction methods. The complexes easily undergo oxidat-
ive addition reactions of C–halide bonds, but are resistant
to oxidative addition of other less polar bonds (H–H, Si–
H, C–H, etc.). The RhIII products obtained are extremely
stable. The complexes also form stable adducts with the π-
acidic CO, which are resistant to further reactions by al-
kenes, H2, O2, etc. The use of the new complexes as hydro-
formylation catalysts is hampered by rigid structures and
stabilisation of the higher oxidation states by the strongly
σ-donating ligand system. However, these “σ-loaded” rigid
pincers may prove useful co-ligands in the stabilisation of
higher oxidation states.

Experimental Section
General Methods: Solvents were dried by standard methods[16] and
either used directly or stored in ampoules with molecular sieves
(4 Å). All air- or moisture-sensitive reactions were carried out un-
der dry nitrogen using standard Schlenk techniques or in an M.
Braun glove box. NMR spectroscopic data were recorded with
Bruker AMX-300 and DPX-400 spectrometers, operating at 300
and 400 MHz (1H), respectively. The spectra were referenced in-
ternally using the signal from the residual protio solvent (1H) or
the signals of the solvent (13C). Mass spectra (electrospray ionis-
ation) were obtained from acetonitrile solutions with a VG Biotec
platform. The calculated isotopic envelopes agree well with the ex-
perimentally observed patterns. Commercial chemicals were from
Acros, Aldrich, Lancaster and Avocado; the light petroleum ether
had boiling range of 40–60 °C. The following starting materials
were prepared as described in the literature: 3,3�-Bis(2,6-diisopro-
pylphenyl)-1,1�-pyridine-2,6-diylbis(imidazol-3-ium) dibromide,[5b]

6-bromo-2,2�-bipyridine,[11,12] 3-(2,6-diisopropylphenyl)-1H-imid-
azole,[17] bis[µ-chlorobis(η2-cyclooctene)rhodium(I)],[18] bis[µ-
chlorobis(η2-ethene)rhodium(I)][19] and bis[µ-methoxybis(η2-cyclo-
octene)rhodium(I)].[20]

3,3�-Bis(2,6-diisopropylphenyl)-1,1�-pyridine-2,6-diylbis(imidazol-2-
ylidene) (1): The synthesis was carried out by an improved version
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of the previously published procedure.[5b] Thus, the corresponding
bis(imidazolium) salt (CH–N–CH)Br2 (Ar = 2,6-iPr2C6H3) (6.89 g,
9.93 mmol) was suspended in THF (100 mL) in a large Schlenk
tube, and cooled to –78 °C. A solution of potassium bis(trimethyl-
silyl)amide (4.32 g, 21.6 mmol) in THF (100 mL) was cooled to
–78 °C and added to the salt suspension. The reaction mixture was
warmed to room temperature overnight, the solvent evaporated
and the residue dissolved in toluene (100 mL). The dark-brown
solution was filtered through a pad of Celite®, and the volume
reduced to ca. 20 mL. Dilution with petroleum ether (40 mL) led
to the precipitation of the product, which was filtered off, washed
with petroleum ether and dried under vacuum to yield a cream-
colored solid (4.09 g, 77%). 1H NMR (300 MHz, C6D6, 25 °C): δ
= 1.20 (d, J = 6.9 Hz, 12 H, Me), 1.29 (d, J = 6.8 Hz, 6 H, Me),
3.01 [sept, J = 6.9 Hz, 4 H, CH(CH3)2], 6.73 (d, J = 1.7 Hz, 1 H,
imidazole backbone), 7.16 (t, J = 8.0 Hz, 1 H, central CH of pyri-
dine), 7.25 (d, J = 7.5 Hz, 4 H, aromatic CH), 7.35 (d, J = 6.9 Hz,
1 H, aromatic CH), 7.38 (d, J = 6.9 Hz, 1 H, aromatic CH), 8.17
(d, J = 1.7 Hz, 2 H, imidazole backbone), 8.54 (d, J = 8.0 Hz, 2 H,
outer 2 × CH of pyridine) ppm. 13C NMR (75.45 MHz, C6D6,
25 °C): δ = 24.0 (Me), 24.4 (Me), 28.6 [CH(CH3)2], 111.7 (aromatic
CH), 116.3 (aromatic CH), 122.8 (aromatic CH), 123.8 (aromatic
CH), 129.3 (aromatic CH), 138.7 (aromatic C), 140.7 (aromatic C),
146.2 (aromatic CH), 152.6 (aromatic C), 220.4 (carbene) ppm.

3,3�-Dimesityl-1,1�-pyridine-2,6-diylbis(imidazol-2-ylidene) (1b):
This was prepared according to a similar route to 1 from the salt
(CH–N–CH)Br2 (Ar = mesityl) (2.78 g, 4.00 mmol) and potassium
bis(trimethylsilyl)amide (1.68 g, 8.42 mmol). After the reaction, the
crude solid was dissolved in benzene (60 mL) and worked up as for
1. This gave the product as a cream-colored solid (1.07 g, 60%). 1H
NMR (300 MHz, C6D6, 25 °C): δ = 2.12 (s, 12 H, Me), 2.14 (s,
6 H, Me), 6.44 (d, J = 1.4 Hz, 2 H, imidazole backbone), 6.79 (s,
4 H, aromatic CH), 7.09 (t, J = 7.6 Hz, 1 H, central CH of pyri-
dine), 8.11 (d, J = 1.4 Hz, 2 H, imidazole backbone), 8.54 (d, J =
7.6 Hz, 2 H, outer 2 × CH of pyridine) ppm. 13C (75.45 MHz,
C6D6, 25 °C): δ = 18.1 (Me), 21.0 (Me), 111.5 (aromatic CH), 116.5
(aromatic CH), 119.7 (aromatic CH), 129.0 (aromatic C), 129.2
(aromatic C), 130.4 (aromatic CH), 135.3 (aromatic C), 138.9 (aro-
matic C), 140.7 (aromatic CH), 152.69 (carbene) ppm.

[3,3�-Bis(2,6-diisopropylphenyl)-1,1�-pyridine-2,6-diylbis(imidazol-2-
ylidene)]chlororhodium(I) (2): A solution of carbene 1 (162 mg,
0.305 mmol) in THF (10 mL) was added to a suspension of bis[µ-
chlorobis(η2-ethene)rhodium(I)] (60 mg, 0.154 mg) in THF (5 mL),
leading to an immediate colour change to dark purple. The solution
was stirred under an oil bubbler for 90 min, before evaporation of
the solvent. The residue was washed with petroleum ether
(2×5 mL) to leave a dark purple solid (124 mg, 61%). Layering of
a THF solution of this residue with an equal volume of petroleum
ether led to the formation of X-ray quality crystals. 1H NMR
(300 MHz, C6D6, 25 °C): δ = 1.14 (d, J = 7.0 Hz, 12 H, Me), 1.44
(d, J = 6.8 Hz, 12 H, Me), 3.06 [sept, J = 6.9 Hz, 4 H, CH(CH3)2],
6.08 (d, J = 8.1 Hz, 2 H, pyridyl CH), 6.42 (d, J = 2.0 Hz, 2 H,
imidazole backbone), 6.83 (d, J = 2.0 Hz, 2 H, imidazole back-
bone), 7.19 (d, J = 7.3 Hz, 4 H, aromatic CH), 7.33 (t, J = 7.3 Hz,
2 H, aromatic CH), 7.45 (t, J = 8.1 Hz, 1 H, pyridyl CH) ppm. 13C
NMR (75.45 MHz, [D8]THF, 25 °C): δ = 24.3 (Me), 24.5 (Me),
29.3 (Me), 104.8 (aromatic CH), 114.3 (aromatic CH), 123.7 (aro-
matic CH), 125.6 (aromatic CH), 126.8 (aromatic CH), 129.4 (aro-
matic CH), 137.3 (aromatic C), 146.3 (aromatic C), 152.7 (aromatic
C) ppm; carbene signal not observed. C35H41ClN5Rh (670.10):
calcd. C 62.73, H 6.17, N 10.45; found C 62.65, H 6.05, N 10.25.

3,3�-Bis(2,6-diisopropylphenyl)-1,1�-pyridine-2,6-diylbis(imidazol-2-
ylidene)dichloro(chloromethyl)rhodium(III) (3): Dissolution of the
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rhodium(I) complex 2 (ca. 15 mg) in CD2Cl2 (0.75 mL) led to a
rapid colour change from purple to light yellow. Upon standing,
light yellow crystals suitable for X-ray diffraction formed in quanti-
tative yield. 1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 0.96 (d, J =
7.0 Hz, 6 H, Me), 1.11 (d, J = 6.8 Hz, 6 H, Me), 1.15 (d, J = 6.8 Hz,
6 H, Me), 1.21 (d, J = 6.5 Hz, 6 H, Me), 2.55 [sept, J = 6.7 Hz,
2 H, CH(CH3)2], 3.36 [sept, J = 6.7 Hz, 2 H, CH(CH3)2], 7.07 (d,
J = 2.4 Hz, 2 H, imidazole backbone), 7.15 (d, J = 7.6 Hz, 2 H,
aromatic CH), 7.19 (d, J = 8.1 Hz, 2 H, aromatic CH), 7.35 (t, J =
7.6 Hz, 2 H, aromatic CH), 7.49 (dm, J = 8.1 Hz, 2 H, pyridyl CH),
7.85 (d, J = 2.4 Hz, 2 H, imidazole backbone), 8.12 (t, J = 8.1 Hz,
1 H, pyridyl CH) ppm. 13C (75.45 MHz, CD2Cl2, 25 °C): δ = 22.9
(Me), 23.0 (Me), 26.0 (Me), 26.3 (Me), 28.4 [CH(CH3)2], 28.5
[CH(CH3)2], 68.1 (CD2Cl) 106.1 (aromatic CH), 116.2 (aromatic
CH), 123.3 (aromatic CH), 124.2 (aromatic CH), 126.3 (aromatic
CH), 130.1 (aromatic CH), 134.4 (aromatic C), 141.3 (aromatic C),
145.2 (aromatic CH), 147.8 (aromatic C), 162.8 (aromatic C) ppm,
carbene not observed.

1-(2,2�-Bipyridin-6-yl)-3-(2,6-diisopropylphenyl)-3H-imidazol-1-ium
Bromide (6): 6-Bromo-2,2�-bipyridine (1.40 g, 5.95 mmol) and 1-
(2,6-diisopropylphenyl)imidazole (1.46 g, 6.38 mmol) were placed
in a glass ampoule which was sealed under vacuum. This was com-
pletely immersed in an oil bath at 150 °C for 6 d. After cooling to
room temperature, the ampoule was opened and the brown residue
was dissolved in dichloromethane. After evaporation of the solvent,
the product was stirred with diethyl ether at 0 °C for several hours,
the solvent removed by filtration and the solid dried in vacuo. This
gave the product as a brown solid (2.27 g, 82 %). C25H27BrN4

(463.42): calcd. C 64.79, H 5.87, N 12.09; found C 64.31, H 5.98,
N 11.92. 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.19 (d, J =
6.6 Hz, 6 H, Me), 1.32 (d, J = 6.6 Hz, 6 H, Me), 2.46 [sept, J =
6.6 Hz, 2 H, CH(CH3)2], 7.37 (d, J = 7.5 Hz, 2 H, aromatic CH),
7.42 (br. s, 1 H, pyridyl CH), 7.59 (t, J = 7.9 Hz, 1 H, aromatic
CH), 7.68 (br. s, 1 H, pyridyl CH), 8.25 (t, J = 7.9 Hz, 2 H, pyridyl
CH), 8.62–8.75 (m, 3 H, pyridyl CH), 9.33 (d, J = 7.9 Hz, 1 H,
pyridyl CH), 9.37 (br. s, 1 H, imidazole backbone), 11.30 (s, 1 H,
imidazolium salt) ppm. 13C NMR (74.45 MHz, CDCl3, 25 °C): δ
= 24.0 (Me), 24.1 (Me), 28.6 [CH(CH3)2], 116.9 (aromatic CH),
121.2 (aromatic CH), 123.5 (aromatic CH), 124.5 (aromatic CH),
125.5 (aromatic CH), 125.6 (aromatic CH), 129.8 (aromatic C),
131.9 (aromatic CH), 136.2 (aromatic CH), 142.2 (aromatic CH),
144.8 (aromatic C), 145.6 (aromatic C) ppm. MS (ESI+): m/z =
155.0, 367.3, 170.0, 182.1, 196.1, 213.1, 352.2, 383.3 [M+].

1-(2,2�-Bipyridin-6-yl)-3-(2,6-diisopropylphenyl)imidazol-2-ylidene
(7): The salt 6 (1.02 g, 2.21 mmol) and potassium bis(trimethylsil-
yl)amide (0.56 g, 2.81 mmol) were stirred under nitrogen and co-
oled to –78 °C. Pre-cooled THF (35 mL) was added, and the solu-
tion stirred at low temperature for 1 h. It was warmed to –30 °C,
then left to stand overnight. After evaporation of the solvent, the
product was filtered through Celite® as a solution in toluene
(20 mL). Reduction to a volume of 2 mL was followed by addition
of petroleum ether (10 mL); cooling to –30 °C gave the product as
a brown solid (36 mg, 4%). Better yields are obtained as follows:
Potassium metal (348 mg, 8.9 mmol) was added to 6 (3.00 g,
5.25 mmol) in THF (120 mL) and the mixture heated to reflux
overnight. After cooling to room temperature, the solution was fil-
tered through Celite® and the solvent removed in vacuo. The solid
residue was dissolved in toluene (70 mL), the solution filtered and
the volume reduced to ca. 15 mL. After addition of petroleum ether
(50 mL), the product was crystallised at –30 °C. Filtration and
washing with petroleum ether (20 mL) gave the carbene as a brown
solid (586 mg, 29%). 1H NMR (300 MHz, C6D6, 25 °C): δ = 1.13
(d, J = 6.9 Hz, 6 H, Me), 1.22 (d, J = 6.8 Hz, 6 H, Me), 2.94 [sept,
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J = 6.9 Hz, 2 H, CH(CH3)2], 6.66 (d, J = 1.6 Hz, 1 H, imidazole
backbone CH), 6.74 (ddd, J = 1.1, 4.7, 7.4 Hz, 1 H, aromatic CH),
7.19–7.32 (m, 5 H, aromatic CH), 8.28 (d, J = 1.7 Hz, 1 H, imid-
azole backbone CH), 8.48–8.56 (m, 3 H, aromatic CH), 8.66 (d, J
= 8.2 Hz, 1 H, aromatic CH) ppm. 13C NMR (75.45 MHz, C6D6,
25 °C): δ = 22.82 (Me), 23.17 (Me), 27.36 [CH(CH3)2], 113.80 (aro-
matic CH), 115.13 (aromatic CH), 117.63 (aromatic CH), 119.61
(aromatic CH), 121.56 (aromatic CH), 122.55 (aromatic CH),
127.07 (aromatic CH), 127.98 (aromatic CH), 135.19 (aromatic
CH), 138.07 (aromatic CH), 145.01 (aromatic C), 148.27 (aromatic
CH), 152.34 (aromatic C), 153.46 (aromatic C), 154.98 (aromatic
C) ppm; carbene carbon signal not observed. X-ray quality colour-
less crystals were obtained by cooling solutions of 7 in toluene/
petroleum ether (50:50) at –30 °C.

[1-(2,2�-Bipyridin-6-yl)-3-(2,6-diisopropylphenyl)imidazol-2-ylidene]-
silver(I) Bromide (8): The imidazolium salt 6 (1.00 g, 2.16 mmol),
molecular sieves (4 Å) (ca. 5 g) and Ag2O were suspended in the
dark in CH2Cl2 (30 mL) and the mixture refluxed overnight. After
cooling to room temperature, the solution was filtered through Ce-
lite® and the solvent removed in vacuo. The product was obtained
as a pale brown solid (881 mg, 71%). C25H26AgBrN4 (570.3): calcd.
C 52.65, H 4.59, N 9.82; found C 52.15, H 4.44, N 9.68. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 1.21 (d, J = 6.6 Hz, 6 H, Me), 1.34
(d, J = 6.6 Hz, 6 H, Me), 2.57 [sept, J = 6.6 Hz, 2 H, CH(CH3)2],
7.24 (br. s, 1 H, imidazole backbone CH), 7.36 (d, J = 8.0 Hz, 2 H,
aromatic CH), 7.43 (m, 1 H, aromatic CH), 7.54 (t, J = 8.0 Hz,
1 H, central aromatic CH), 8.12 (t, J = 7.4 Hz, 1 H, aromatic CH),
8.26 (br. s, 1 H, imidazole backbone CH), 8.30 (d, J = 8.1 Hz, 2 H,
aromatic CH), 8.61 (m, 2 H, aromatic CH), 8.78 (br. s, 1 H, aro-
matic CH) ppm. 13C NMR (75.45 MHz, CDCl3, 25 °C): δ = 24.40
(Me), 24.50 (Me), 28.40 [CH(CH3)2], 115.07 (aromatic CH), 119.94
(aromatic CH), 121.18 (aromatic CH), 124.38 (aromatic CH),
124.50 (aromatic CH), 128.18 (aromatic C), 128.90 (aromatic C),
130.75 (aromatic CH), 140.36 (aromatic CH), 145.52 (aromatic C),
149.36 (aromatic CH), 172.20 (s, carbene) ppm. MS (ES+): m/z =
871.5 [carbene2Ag+].

[1-(2,2�-Bipyridin-6-yl)-3-(2,6-diisopropylphenyl)imidazol-2-ylidene]-
rhodium(I) Halide [Halide = Br (9a), Cl (9b)]: The salt 6 (93 mg,
0.20 mmol) was suspended in THF (5 mL) and cooled to –78 °C,
and a solution of bis[µ-methoxybis(η2-cyclooctene)rhodium(I)]
(49 mg, 0.10 mmol) in THF (5 mL) at –78 °C was added. The solu-
tion was warmed to room temperature and became red, then brown
and finally dark green. A small amount of solid was filtered off,
and the solution diluted with petroleum ether (15 mL). The re-
sulting precipitate was filtered off, dissolved in THF (5 mL) and
layered with petroleum ether (5 mL). Cooling to –30 °C gave green
crystals of the title compound suitable for X-ray diffraction.
C25H26BrN4Rh (565.32): calcd. C 53.12, H 4.64, N 9.91; found C
52.78, H 4.42, N 9.73. 1H NMR ([D8]THF): δ = 1.13 (d, J = 6.9 Hz,
6 H, Me), 1.21 (d, J = 6.8 Hz, 6 H, Me), 3.00 [sept, J = 6.9 Hz,
2 H, CH(CH3)2], 7.20 (m, 3 H, aromatic CH), 7.35 (t, J = 8.2 Hz,
1 H, aromatic CH), 7.44 (d, J = 8.0 Hz, 1 H, aromatic CH), 7.71
(d, J = 8.0 Hz, 1 H, aromatic CH), 7.76 (“t”, J = 6.0 Hz, 1 H,
aromatic CH), 8.10 (m, 2 H, aromatic CH), 8.21 (d, J = 8.0 Hz,
1 H, aromatic CH), 8.26 (t, J = 8.0 Hz, 1 H, aromatic CH), 9.47
(d, 1 H, imidazole backbone CH) ppm. The chloride analogue 9b
can be obtained as green powder by the reaction of 7 generated in
situ with [Rh(COE)2Cl]2 in THF at room temperature for 2 h. It
exhibits identical NMR spectroscopic data to 9a. C25H26ClN4Rh
(520.9): calcd. C 57.65, H 5.03, N 10.76; found C 57.12, H 4.87, N
10.61.

Oxidative Addition Adduct 10 of 9a with CD2Cl2: Addition of
CD2Cl2 to a solid sample of 9a initially gave a dark green solution,
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but this rapidly became brown (ca. 5 min.). The product of this
reaction was the oxidative addition complex 10. Yield quantitative.
1H NMR (300 MHz, CD2Cl2, 25 °C): δ = 1.05 (d, J = 6.9 Hz, 3 H,
Me), 1.17 (d, J = 6.8 Hz, 3 H, Me), 1.30 (d, J = 6.8 Hz, 3 H, Me),
1.35 (d, J = 6.8 Hz, 3 H, Me), 2.66 [sept, J = 6.8 Hz, 1 H, CH-
(CH3)2], 3.47 [sept, J = 6.6 Hz, 1 H, CH(CH3)2], 7.08 (d, J =
2.2 Hz, 1 H, imidazole backbone CH), 7.33 (ddd, J = 1.1, 7.7,
14.3 Hz, 2 H, 2 aromatic CH), 7.52 (t, J = 7.8 Hz, 1 H, aromatic
CH), 7.64 (m, 1 H, aromatic CH), 7.63 (t, J = 6.5 Hz, 1 H, aromatic
CH), 7.76 (d, J = 8.1 Hz, 1 H, aromatic CH), 8.00 (m, 2 H, aro-
matic CH), 8.05 (dd, J = 1.3, 7.8 Hz, 1 H, aromatic CH), 8.11 (t,
J = 8.1 Hz, 1 H, aromatic CH), 8.19 (d, J = 7.9 Hz, 1 H, aromatic
CH), 9.14 (d, J = 4.8 Hz, 1 H, aromatic CH) ppm. 13C NMR
(75.45 MHz, CD2Cl2, 25 °C): δ = 23.28 (Me), 23.59 (Me), 26.28
(Me), 26.80 (Me), 28.92 [CH(CH3)2], 28.99 [CH(CH3)2], 112.05
(aromatic CH), 117.37 (aromatic CH), 119.17 (aromatic CH),
123.92 (aromatic CH), 124.12 (aromatic CH), 124.85 (aromatic
CH), 126.71 (aromatic CH), 128.31 (aromatic CH), 131.01 (aro-
matic CH), 134.94 (aromatic C), 139.47 (aromatic CH), 140.60
(aromatic CH), 146.01 (aromatic C), 148.25 (aromatic C), 150.90
(aromatic C), 152.04 (aromatic C), 155.90 (aromatic C) ppm; car-
bene and CD2Cl signals not observed. MS (ESI+): m/z = 570.9
[M+ – HCl], 611.9 [M+ – HCl + MeCN].

Reaction of 9a with CO: To a green solution of 9a in THF was
bubbled CO for 1 min. The colour changed to dark red-orange
within 5 min and a pink precipitate appeared after sometime which
was isolated by filtration and dried. Yield: 45%. 1H NMR
(300 MHz, CD2Cl2, 25 °C): δ = 1.05 (d, J = 6.9 Hz, 3 H, Me), 1.17
(d, J = 6.8 Hz, 3 H, Me), 1.30 (d, J = 6.8 Hz, 3 H, Me), 1.35 (d, J
= 6.8 Hz, 3 H, Me) 2.66 [sept, J = 6.8 Hz, 1 H, CH(CH3)2], 3.47
[sept, J = 6.8 Hz, 1 H, CH(CH3)2], 7.33 (ddd, J = 1.1, 7.7, 14.3 Hz,
2 H, aromatic), 7.52 (t, J = 7.8 Hz, 1 H, aromatic), 7.63 (t, J =
6.5 Hz, 1 H, aromatic), 7.76 (d, J = 8.1 Hz, 1 H, aromatic), 8.00
(m, 2 H, aromatic), 8.05 (dd, J = 1.3, 7.8 Hz, 1 H, aromatic), 8.11
(t, J = 8.1 Hz, 1 H, aromatic), 8.19 (d, J = 7.9 Hz, 1 H, aromatic)
9.14 (d, J = 4.8 Hz, 1 H, aromatic) ppm. 13C NMR (75.45 MHz,
CD2Cl2, 25 °C): δ = 23.80 (Me), 24.45 (Me), 28.47 [CH(CH3)2],
114.46 (aromatic CH), 118.79 (aromatic CH), 120.58 (aromatic

Table 1. Summary of crystallographic data for 2, 3, 7, and 9a.

2 3 7 9a

Empirical formula C35H41ClN5Rh C36H43Cl3N5Rh·CH2Cl2 C25H26N4 C25H26BrN4Rh
Formula mass 670.09 839.94 382.50 565.32
Crystal description purple block light yellow prism orange prism dark green plate
Crystal dimensions [mm] 0.10×0.17×0.20 0.06×0.06×0.20 0.12×0.12×0.18 0.02×0.06×0.10
Crystal system tetragonal monoclinic monoclinic triclinic
Space group P4̄21c P21/c P21/n P1̄
a [Å] 20.1073(9) 11.2296(2) 8.5183(11) 7.9185(12)
b [Å] 20.1073(9) 18.5984(5) 10.7315(11) 8.5368(12)
c [Å] 16.5070(12) 18.2031(5) 23.237(3) 17.452(3)
α [°] 90 90 90 86.492(5)
β [°] 90 95.905(2) 92.215(5) 79.947(4)
γ [°] 90 90 90 72.753(4)
V [Å3] 6673.8(6) 3781.59(16) 2122.6(4) 1109.3(3)
Z 8 4 4 2
T [K] 120(2) 120(2) 120(2) 120(2)
µ [mm–1] 0.623 0.839 0.072 2.591
No. of data collected 19201 24805 13277 15065
No. of unique data 6775 3812 4754 4870
Rint 0.0901 0.0883 0.0914 0.1160
R1 [I�2σ(I)] 0.0935 0.0399 0.0856 0.0618
wR2 (all data) 0.1979 0.0979 0.1730 0.1470
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CH), 124.08 (aromatic CH), 124.35 (aromatic CH), 124.41 (aro-
matic CH), 128.01 (aromatic CH), 130.99 (aromatic CH), 134.18
(aromatic C), 140.53 (aromatic CH), 144.77 (aromatic CH), 145.66
(aromatic C), 152.24 (aromatic C), 154.29 (aromatic CH), 154.97
(aromatic C), 156.09 (aromatic C) ppm.

X-ray Crystallography: A summary of the crystal data, data collec-
tion and refinement for compounds 2, 3, 7, and 9a are given in
Table 1. All data sets were collected with an Enraf–Nonius Kappa
CCD area detector diffractometer, fitted with an FR591 rotating
anode (Mo-Kα radiation) and an Oxford Cryosystems low-tem-
perature device, operating in ω-scanning mode with ψ- and ω-scans
to fill the Ewald sphere. Data collection and reduction were carried
out using the software packages Collect, Scalepack, and Denzo.[21]

The crystals were mounted on a glass fibre with silicon grease from
Fomblin vacuo oil. In all cases refinement was carried out by full-
matrix least-squares methods using SHELXL-97[22] within the
WinGX program suite.[23] All non-hydrogen atoms were refined
using anisotropic thermal parameters, and hydrogen atoms were
added using a riding model. CCDC-607971 (2), -607972 (3),
-607973 (7) and -607974 (9a) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details: DFT calculations were carried out using
the GAUSSIAN03[24] program package, running on a Mandriva
Linux Dual-Opteron. Geometries have been fully optimised with-
out symmetry constraints, involving the functional combinations
according to Becke[25] (hybrid) and Lee, Yang, Parr[26] (denoted
B3LYP), with the corresponding valence basis set for Rh (Stutt-
gart-Dresden, keyword SDD in Gaussian) and standard 6-31G*
basis set for C, H, N and Cl (denoted as ECP1).[27] The stationary
points were characterised as minima by analytical harmonic fre-
quency (zero imaginary frequency), which were used without scal-
ing for zero-point and thermal corrections. MOLDEN[28] was used
for the chemical representation of the calculated compounds, and
NBO-View[29] for the representation of the orbitals. Tables of Car-
tesian coordinates of all calculated structures are available as Sup-
porting Information in x, y, z format.
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Supporting Information (see footnote on the first page of this arti-
cle): Tables of cartesian coordinates (x, y, z format) of all calculated
structures, HOMO/LUMO and selected NBO graphical respresen-
tations.

Acknowledgments

We thank ICI Plc (Quest International) for generous support and
Professor M. B. Hursthouse for the provision of X-ray facilities.

[1] A. Arduengo, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991,
113, 361–363.

[2] a) W. A. Herrmann, Angew. Chem. Int. Ed. 2002, 41, 1290–
1309; b) D. S. Clyne, J. Jin, E. Genest, J. C. Gallucci, T. V. Ra-
janBabu, Org. Lett. 2000, 2, 1125–1128 (binaphthyl-substituted
NHCs); c) B. Bildstein, M. Malaun, G. Opromolla, P. Zanello,
Organometallics 1999, 18, 4325–4336 (ferrocenyl-substituted
NHCs); d) J. C. Garrison, R. S. Simons, J. M. Talley, C. Wesde-
miotis, C. A. Tessier, W. J. Youngs, Organometallics 2001, 20,
1276–1278; e) M. V. Baker, B. W. Skelton, A. White, C. C. Wil-
liams, J. Chem. Soc., Dalton Trans. 2001, 111–120 (cyclophane-
substituted NHCs).

[3] M. Albrecht, G. van Koten, Angew. Chem. Int. Ed. 2001, 40,
3750–3781, and references therein.

[4] For recent selected references, see: a) M. Gerisch, J. R.
Krumper, R. G. Bergman, T. D. Tilley, J. Am. Chem. Soc. 2001,
123, 5818–5819; b) F. Guerin, D. H. McConville, J. J. Vittal,
Organometallics 1996, 15, 5586–5590; c) B. L. Small, M.
Brookhart, A. M. Bennett, J. Am. Chem. Soc. 1998, 120, 404–
4050; d) G. J. P. Britovsek, V. C. Gibson, B. S. Kimberley, P. J.
Maddox, S. J. McTavish, G. A. Solan, A. J. P. White, D. J. Wil-
liams, Chem. Commun. 1998, 849–850; e) M. Gandelman, B.
Rybtchinski, N. Ashkenazi, R. M. Gauvin, D. Milstein, J. Am.
Chem. Soc. 2001, 123, 5372–5373.

[5] a) A. A. Danopoulos, S. Winston, W. B. Motherwell, Chem.
Commun. 2002, 1376–1377; b) A. A. Danopoulos, A. A. D.
Tulloch, S. Winston, G. Eastham, M. B. Hursthouse, Dalton
Trans. 2003, 1009–1015; c) A. A. Danopoulos, N. Tsoureas,
J. A. Wright, M. E. Light, Organometallics 2004, 23, 166–168;
d) A. A. Danopoulos, J. A. Wright, W. B. Motherwell, S. Ell-
wood, Organometallics 2004, 23, 4807–4810; e) A. A. Dano-
poulos, J. A. Wright, W. B. Motherwell, Chem. Commun. 2005,
784–786.

[6] J. M. Wilson, G. J. Sunley, H. Adams, A. Haynes, J. Or-
ganomet. Chem. 2005, 690, 6089–6095.

[7] M. Poyatos, E. Mas-Marzá, J. A. Mata, M. Sanaú, E. Peris,
Eur. J. Inorg. Chem. 2003, 1215–1221.

[8] a) P. N. W. M. van Leeuwen, C. Claver, Rhodium Catalysed Hy-
droformylation, Kluwer, Dordrecht, 2000; b) C. D. Frohling,
C. W. Kohlpaintner, in Applied Homogeneous Catalysis with
Organometallic Compounds (Eds.: B. Cornils, W. A. Herrm-
ann), VCH, Weinheim, 1996, vol. 1, pp. 27–104.

[9] G. Vassapolo, P. Giannocarro, C. F. Nobile, A. Sacco, Inorg.
Chim. Acta 1981, 48, 125–128.

Eur. J. Inorg. Chem. 2006, 4857–4865 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4865

[10] E. Poverenov, G. Leitus, J. W. Shimon, D. Milstein, Organome-
tallics 2005, 24, 5937–5944.

[11] T. Norrby, A. Börje, L. Zhang, B. Åkermark, Acta Chem.
Scand. 1998, 52, 77–85.

[12] J. S. Field, R. J. Haines, C. J. Perry, S. H. Sookraj, S. Afr. J.
Chem. 1993, 46, 70–74.

[13] B. Gorodetsky, T. Ramnial, N. R. Branda, J. A. C. Clyburne,
Chem. Commun. 2004, 1972–1973.

[14] A. A. Danopoulos, S. Winston, W. B. Motherwell, Chem. Com-
mun. 2002, 1376–1377.

[15] B. C. de Pater, H.-W. Frühauf, K. Vrieze, R. de Gelder, E. J.
Baerends, D. McCormack, M. Lutz, A. L. Spek, F. Hartl, Eur.
J. Inorg. Chem. 2004, 1675–1686.

[16] W. L. F. Armarego, D. D. Perrin, Purification of Laboratory
Chemicals, 4th ed., Butterworth-Heinemann, Oxford, 1996.

[17] A. L. Johnson, US Patent 1972, 3637731.
[18] A. van der Ent, A. L. Onderdelinden, Inorg. Synth. 1990, 28,

90–92.
[19] R. Cramer, Inorg. Synth. 1990, 28, 86–88.
[20] R. Uson, L. A. Oro, J. A. Cabeza, Inorg. Synth. 1985, 23, 126–

130.
[21] a) R. W. W. Hooft, COLLECT data collection software, Non-

ius B. V., 1998; b) SCALEPACK, DENZO: Z. Otwinoski, W.
Minor, Methods Enzymol. 1997, 276, 307–326.

[22] G. M. Sheldrick, Programs for Crystal Structure Analysis, Uni-
versity of Göttingen, Germany, 1997.

[23] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837–838.
[24] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,

M. A. Robb, J. R. Cheeseman, J. A. Montgomery Jr, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tom-
asi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratch-
ian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gom-
perts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A.
Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dap-
prich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q.
Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayak-
kara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian03, Gaussian,
Inc., Pittsburgh, PA, 2004.

[25] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[26] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785–789.
[27] W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56,

2257–2261.
[28] G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Des.

2000, 14, 123–134.
[29] E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpen-

ter, J. A. Bohmann, C. M. Morales, F. Weinhold, NBO 5.G.,
Theoretical Chemistry Institute, University of Wisconsin,
Madison, USA, 2001.

Received: June 16, 2006
Published Online: October 5, 2006



FULL PAPER

DOI: 10.1002/ejic.200600565

Synthesis, Characterization, and Crystal Structure of Two Manganese
Metallacrowns: 30-Metallacrown-10 and 18-Metallacrown-6 with Ligands

Derived from 3-Hydroxy-2-naphthalenecarbohydrazide

Jianmin Dou,*[a] Mingli Liu,[a] Dacheng Li,[a] and Daqi Wang[a]

Keywords: Metallacrowns / Manganese / Crystal structure / Supramolecular chemistry / Crown compounds

Two manganese metallacrowns [Mn10(pnhz)10(DMF)4-
(H2O)6]·10.5H2O·MeOH·DMF (1) and [Mn6(anhz)6(DMF)2-
(H2O)4]·6DMF (2), (H3pnhz = 3-hydroxy-N-phenyl-2-naph-
thalenecarbohydrazide, H3anhz = N-acyl-3-hydroxy-2-naph-
thalenecarbohydrazide) have been prepared by the reactions
of two pentadentate ligands, H3anhz and H3pnhz, with the
corresponding manganese(II) salt, respectively, and charac-
terized by elemental analysis, IR spectra, and X-ray single-
crystal diffraction analysis. Complex 1 has an [Mn–N–N]10

skeleton with two kinds of MnIII centers in an ···AABAB···

Introduction

Since the first metallacrown (MC) [9-MC-3] was synthe-
sized and confirmed by Pecoraro and coworkers[1] in 1989,
this kind of metallic macrocyclic complex has received con-
siderable attention in supramolecular chemistry, self-as-
sembly, host–guest chemistry, and molecular recognition.
Interest in the metallacrowns stems not only from their high
symmetry and aesthetic molecular frameworks, but also
from their magnetic properties and selective recognitions to
cations and anions, along with the potential applications in
chemically modified electrodes and liquid-crystal precur-
sors.[2–10] At present, the groups of metallacrowns mainly
include: (1) metallacrowns with a [M–N–O]n repeating link-
age. This type of metallacrown can be synthesized by multi-
dentate ligands such as hydroxamic,[11] ketonoxime,[11a,12]

and aminohydroxamic acids[13] and their cyclic size has
been enlarged from 9-MC-3 to 24-MC-8,[1,14–18] including
several inverse metallacrowns.[2,19–21] (2) Metallacrowns
with the [M–N–N]n repeating linkage, for example, azamet-
allacrown, which can be synthesized by multidentate li-
gands such as N-substituted salicylhydrazide, salicylhydra-
zone, or 2-pyridinecarbaldehyde hydrazone. Their cyclic
size has been developed from 18-MC-6 to 36-MC-12.[22–24]

During the studies of the design of azametallacrowns, N-
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E-mail: jmdou@lctu.edu.cn
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alignment, and the metallic centers exhibit a ···∆Λ∆Λ··· chiral
configuration alignment. Adjacent molecules are linked by
four intermolecular H bonds to form a 1D infinite chain struc-
ture. This is the first 1D supramolecular sample of a metalla-
crown formed by weak interactions. Complex 2 shows an
[Mn–N–N]6 skeleton with two kinds of MnIII centers in a
···BAA··· alignment. The successive manganese centers pos-
sess a ···∆Λ∆Λ··· chiral configuration alignment.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

acyl-substituted salicylhydrazide ligands have often been
used. In the last two years, the factors that control the ring
size and nuclearity of azametallacrowns[25–26] have been in-
vestigated; the result shows that the nature of the N-acyl
substituent group can influence the size and nuclearity of
the macrocycle complex. Two- and three-dimensional net-
works can be constructed[27] if an exo-bidentate ligand is
employed in the synthesis of azametallacrowns. To the best
of our knowledge, only one azametallacrown prepared from
a hydrazide that was derived from 3-hydroxy-2-naphthoic
acid has been reported.[28] In this current work, we have
synthesized two kinds of ligands that contain the 3-hy-
droxy-2-naphthyl, the N-acetyl-3-hydroxy-2-naphthalene-
carbohydrazide, and the 3-hydroxy-N-phenyl-2-naphtha-
lenecarbohydrazide groups and two azametallacrowns
[Mn10(pnhz)10(DMF)4(H2O)6]·10.5H2O·MeOH·DMF (1)
and [Mn6(anhz)6(DMF)2(H2O)4]·6DMF (2) with the use of
these two ligands, respectively.

Results and Discussion

Complex 1

Complex 1 was obtained by the reaction of manganese
acetate tetrahydrate in methanol with H3pnhz in DMF in a
1:1 molar ratio.[29] The crystallographic data is summarized
in Table 1. The structure of complex 1 is illustrated in Fig-
ure 1. X-ray structural analysis shows that complex 1 has a
planar decanuclear thirty-membered ring core. In the man-
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Table 1. Crystallographic data for the structure of complexes 1 and 2.

Empirical formula C195H178Mn10N25O50.50 C102H118Mn6N20O30

Formula weight 4229.03 2433.88
T [K] 298(2) 298(2)
Wavelength [Å] 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1̄ P1̄
a [Å] 15.616(11) 12.755(16)
b [Å] 20.340(14) 15.278(19)
c [Å] 21.510(15) 17.50(2)
α [°] 99.599(12) 69.12(2)
β [°] 106.661(12) 71.75(2)
γ [°] 101.254(13) 76.55(3)
Volume [Å3] 6237(7) 2998(6)
Z 1 1
Dcalcd. [g/cm3] 1.126 1.348
µ(Mo-Kα) [mm–1] 3.892 2.058
F(000) 15246 1260
Crystal size [mm] 0.38×0.31×0.12 0.33×0.30×0.26
θ range for data collection [°] 1.85 to 25.01 1.92 to 25.01
Limiting indices –17� h � 18, –24� k � 18, –25� l � 25 –10� h � 15, –18� k � 17, –20� l � 18
Reflections collected/unique 32431/21451 [R(int) = 0.0847] 14763/10167 [R(int) = 0.1876]
Completeness to θ = 25.0 [%] 97.5 96.2
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents
Max. and min. transmission 0.6523 and 0.3194 0.6167 and 0.5499
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 21451/487/1330 10167/360/770
Goodness-of-fit on F2 0.943 0.873
R1, wR2 [I�2σ(I)] 0.1066, 0.2550 0.1193, 0.2242
R1, wR2 (all data) 0.2614, 0.3757 0.3573, 0.3354
Largest diff. peak and hole [e·Å–3] 1.012 and –0.594 0.790 and –0.541

ganese complex, a crystallographic centrosymmetric [-Mn–
N–N-]10 unit is exhibited with 5.001 Å, 4.934 Å, 4.886 Å,
4.937 Å, and 4.907 Å for the neighboring Mn···Mn dis-
tances which are consistent with 4.906(1)–4.986(2) Å for the
corresponding distances in [Mn(C14H9N2O3)(CH3OH)]10·
5CH2Cl2·16CH3OH·H2O.[6] The average angle of the suc-
cessive manganese ions is 136.91° and it is comparable to
the interior angle of 144° in an n-decagon. The size or di-
mension and even the depth of the cavity of the 30-MC-10
in this communication exceeds those of the previous 30-
MC-10 in ref.[6] The size of the cavity in the metallacrown
is measured between the opposite carbon atoms: 13.206 Å
for C5···C5#1, 8.987 Å for C77···C77#1, 12.335 Å for
C23···C23#1, 9.830 Å for C41···C41#1, and 12.014 Å for
C59···C59#1. The approximate dimensions of the oval-
shaped cavity are about 7.948 Å in diameter at the entrance,
approximately 16.4 Å at its largest diameter at the center of
the cavity, and around 7.3703 Å in depth, which is large
enough to capture some neutral molecules. So the solvent
hydrate molecule (O25) is drawn in the cavity at a depth of
0.9061 Å during the self-assembly.

All manganese centers have a N2O4 geometry but in two
different environments. The trivalent anionic nphz3– acts as
a pentadentate ligand chelate for two adjacent manganese
atoms in a back-to-back mode by five atoms. One phenolate
oxygen atom, one carbonyl oxygen atom (phenyl end), and
one hydrazide nitrogen atom bind to one manganese ion;
the residual carbonyl oxygen atom (naphthyl end) and the
hydrazide nitrogen atom coordinate to the neighboring
metal ions as illustrated in Scheme 1. Therefore, the ligands
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around the MnIII ion are forced into a propeller configura-
tion owing to the meridional coordination of the adjacent
ligand to this metal ion. The other vertex position of each
octahedral geometry is occupied by either a H2O molecule
or a DMF molecule, which forms two kinds of Mn centers
and the geometric environments of them are named A and
B, respectively. In each octahedral geometry around MnIII,
the mean axial distance of Mn–O/N is approximately
0.38 Å longer than the mean value of the basal distances.
The typical Jahn–Teller elongation along the z axis of MnIII

ions that possess the high-spin d4 orbit was also found in
several MnIII complexes.[7,26] Finally, the successive MnIII

centers show an environment with the ···AABAB··· align-
ment and with an alternating ···∆Λ∆Λ··· chiral configura-
tion.[32]

Scheme 1.

Metallocrown 30-MC-10 forms a 1D chain structure
through hydrogen bond interactions that are formed by a
noncovalent force. Each coordinated O8 interacts with two
DMF molecules through H bonds, and the O atoms in the
DMF molecules further interact with O8#1 in an adjacent
molecule also through H bonds. Therefore, the adjacent
metallacrown molecules are linked together by two DMF
molecules by four such H bonds to form a 1D chain struc-
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Figure 1. Molecular structure of complex 1. All the solvent mole-
cules have been omitted for clarity. Selected bond lengths [Å]:
Mn1–O3 1.819(8) Mn1–O1 1.888(7), Mn1–N1 1.947(8), Mn1–
O18#1 1.975(6), Mn1–O4 2.174(9), Mn1–N10#1 2.338(9), Mn2–
O7 1.854(7), Mn2–O5 1.887(7), Mn2–O2 1.922(7), Mn2–N3
1.922(8), Mn2–O8 2.242(8), Mn2–N2 2.400(8), Mn3–O11 1.830(7),
Mn3–O9 1.902(7), Mn3–N5 1.935(8), Mn3–O6 1.988(7), Mn3–O12
2.233(10), Mn3–N4 2.327(9), Mn4–O15 1.808(8), Mn4–O13
1.888(7), Mn4–N7 1.917(8), Mn4–O10 1.960(7), Mn4–O16
2.250(9), Mn4–N6 2.300(9), Mn5–O19 1.846(8), Mn5–O17
1.886(8), Mn5–N9 1.915(9), Mn5–O14 1.934(7), Mn5–O20
2.241(10), Mn5–N8 2.377(8). Selected bond angles [°]: O4–Mn1–
N10#1 155.4(3), N1–Mn1–O18#1 170.6(3), O3–Mn1–O1 169.1(3),
O7–Mn2–O5 170.5(3), O2–Mn2–N3 170.5(3), O8–Mn2–N2
155.1(3), O12–Mn3–N4 154.8(4), N5–Mn3–O6 173.5(3), O11–
Mn3–O9 170.7(3), N7–Mn4–O10 172.0(3), O16–Mn4–N6 155.9(3),
O15–Mn4–O13 171.5(3), O19–Mn5–O17 170.8(3), O20–Mn5–N8
156.1(3), N9–Mn5–O14 171.6(3).

Figure 2. The 1D chain that is formed by intermolecular H bonds with the use of 30-MC-10 as a building block. H bond data [Å]:
O8···O21#1 2.785(18), O8–H8A···O21#1 121.4; O8···O21#2 3.026(18), O8–H8B···O21#2 139.1. #1: x, y+1, z; #2: 2 –x, 1 –y, 1 –z.
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ture as illustrated in Figure 2. The H bond lengths are
2.785(18) Å and 3.026(18) Å for O8···O21#2 and
O8···O21#3, respectively. Among all of the azametallac-
rowns reported, no supramolecule has been formed by H
bonds.

Complex 2

The reaction of manganese 2,4-pentanedionate in meth-
anol with H3anhz in DMF gives rise to the single-crystal of
complex 2; its crystallographic data is listed in Table 1. The
X-ray structural analysis shown in Figure 3 reveals that
complex 2 is a hexanuclear manganese azametallacrown
with a [Mn–N–N]6 unit. Different from previous analogues
which either possess pseudo C3i

[23] or crystallographic C3i

symmetry,[22] this 18-MC-6 is a crystallographic C2i sym-
metric molecule.

The two kinds of MnIII centers both reside in the octahe-
dral geometries of the complex that is composed of N2O4:
five atoms from two dianionic anhz3– and one O atom oc-
cupy one axial site from either H2O (A-environment for the
MnIII center) or DMF (B-environment for the MnIII cen-
ter). The mean axial distances [mean value 2.183 Å for
Mn(A)–O and 2.221 Å for Mn(A)–N; 2.177(10) Å for
Mn(B)–O and 2.247(12) Å for Mn(B)–N] are all about
0.30 Å longer than the average basal bond lengths for each
MnIII center, which indicates that the elongation of the oc-
tahedrons takes place in the axial direction due to the Jahn–
Teller distortion of the high-spin d4 MnIII ion. The penta-
dentate ligands anhz3– not only bridge the adjacent manga-
nese ions by -N–N-, but also forces the stereochemistry of
the metal ions into a propeller configuration because of the
meridional coordination of the neighboring ligands. As a
result, the complex exhibits a combination of the ···BAA···
environment with the ···∆Λ∆Λ··· chiral configuration. The
Mn···Mn distances fall in the range of 4.843–4.856 Å and
Mn···Mn···Mn angles of 113.4–115.81°. Metallacrown 2
measures about 1.95 nm in diameter and 1.3 nm in thick-
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Figure 3. The molecular structure of complex 2; all of the noncoor-
dinated solvent molecules are removed for clarity. Selected bond
lengths [Å]: Mn1–O6 1.818(10), Mn1–O5 1.919(11), Mn1–N4
1.934(12), Mn1–O1 1.953(10), Mn1–O10 2.177(10), Mn1–N1
2.247(12), Mn2–O8 1.838(11), Mn2–O9 1.887(10), Mn2–N5
1.933(12), Mn2–O4 1.941(10), Mn2–O11 2.157(12), Mn2–N3
2.249(14), Mn3–O2#1 1.821(11), Mn3–O3#1 1.910(10), Mn3–
N2#1 1.91 6(11), Mn3–O7 1.960(9), Mn3–N6 2.194(13), Mn3–O12
2.209(12). Selected bond angles [°]: O6–Mn1–O5 170.3(5), N4–
Mn1–O1 173.0(5), O10–Mn1–N1 160.0(5), N5–Mn2–O4 172.1(5),
O11–Mn2–N3 164.0(5), O8–Mn2–O9 171.0(4), N6–Mn3–O12
155.1(5), N2#1–Mn3–O7 172.3(5), O2#1–Mn3–O3#1 170.6(5).

ness. Complex 2 possesses an empty cavity in the center of
the metallacrown. Although the geometry and the chirality
of the metallic center is similar to some reported 18-MC-
6.[22] However, complex 2 possesses a larger cavity due to
the heavier head of the 3-hydroxy-2-naphthyl groups and
the paddle configuration. The size of the cavity, measured
between the opposite carbon atoms, is 6.982 Å

Figure 4. Crystal packing structure of complex 2.
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(C13···C13#1), 6.399 Å (C26···C26#1), and 6.370 Å
(C39···C39#1). For the oval-shaped cavity, the minimum
diameter is approximately 4.66 Å at the entrance and the
maximum diameter is about 9.612 Å at the center of the
cavity.

The crystal packing structure of complex 2 shows that
the hexanuclear cluster is aligned approximately along the
crystallographic c axis. The cavities of the clusters in the
crystal structure are also aligned and one-dimensional
channels are formed which is shown in Figure 4.

Magnetism Properties

Temperature-dependent magnetic susceptibility measure-
ments on polycrystalline samples of the title complex indi-
cate that the complex exhibits significant antiferromagnetic
coupling between manganese centers. At 300 K, the molar
effective magnetic moment (µeff) is equal to 4.26 µB, which
is slightly smaller than the expected value for one isolated
high-spin MnIII center with S = 2 (µeff = 4.90 µB). If the
sample is cooled, the value decreases gradually until the
temperature is about 50 K, and then the value of µeff falls
rapidly. The antiferromagnetic coupling is further con-
firmed by a negative Weiss constant –14.85 K, which is cal-
culated with the use of the data within T � 50 K and with
the use of the Curie–Weiss law χm

–1(T) = C/(T – θ). Only
the coupling of the neighboring (J1) and near-neighboring
centers (J2) are considered and interactions between the
paramagnetic centers in other positions are omitted because
of the long distances (Figure 5).

Figure 5. Plots of the effective magnetic moment (µeff) and the in-
verse susceptibility χm

–1 versus temperature for complex 1. The
square and round points represent µeff and χm

–1 data and the line
through the round points represents the fitting curve according to
the Curie–Weiss law.

Conclusions

Two azametallacrowns, 18-MC-6 and 30-MC-10, that
contain the naphthalene group have been synthesized by
introducing H3anhz and H3anhz as the supporting ligands.
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Both crown compounds are found to possess larger cavities
than those found in the corresponding metallacrowns re-
ported previously, which indicates the higher probability
that complex 1 can be used as a host to accept some ions
or neutral molecules. This probability is realized by 30-MC-
10 in which one cavity was able to capture a hydrate mole-
cule. Because of the existence of free DMF in the system, a
1D chain of 30-MC-10 was assembled successfully, which is
the first example of an azametallacrown supramolecule that
is formed by noncovalent force.

Experimental Section

Materials and General Methods: The ligands H3pnhz and H3anhz
were prepared as described in ref.[29] All other chemicals were com-
mercially purchased and used without further purification. Elemen-
tal analyses (C, H, and N) were performed with a Perkin–Elmer
2400II analyzer. FTIR spectra of the complex were measured with
a Nicolet-460 FTIR spectrometer in the range of 4000–400 cm–1.

Synthesis of Complex 1: A solution of H3pnhz (0.15 mmol, 0.046 g)
in DMF (20 mL) was added to a solution of manganese acetate
tetrahydrate (0.15 mmol, 0.030 g) in methanol (20 mL) at room
temperature. The reaction mixture was then stirred for 3 h. The
resultant dark red solution was left open to air to generate a dark
red block crystal after about twenty days. Yield 0.12 g, 18.9%. M.p.
�300 °C (dec.). C195H178Mn10N25O50.50 (4229.03): calcd. C 55.60,
H 4.18; found C 55.81, H 4.20. FTIR (KBr): 2929(w), 1654(vs),
1626(s), 1592(s), 1515(s), 1454(m), 1360(m), 1341(w), 1262(w),
1145(w), 1103(w), 918(w), 874(m), 801(m), 705(m) cm–1.

Synthesis of Complex 2: A solution of H3anhz (0.25 mmol, 0.062 g)
in DMF (15 mL) was added to a solution of diacetylacetone man-
ganese (0.25 mmol, 0.064 g) in a mixture of MeOH/CHCl3 (1:1;
20 mL), and the reaction mixture was then stirred for two hours.
The red–brown clear solution obtained after filtration was left open
to air to afford a kind of dark red column crystal after one day.
Yield 0.08 g. M.p. �300 °C (dec.) C102H118Mn6N20O30 (2433.88):
calcd. C 50.29, H 4.85; found C 50.11, H 5.07. FTIR (KBr):
2924(w), 1652(vs), 1627(vs), 1594(s), 1518(vs), 1454(m), 1381(vs),
1337(s), 1264(m), 1229(m), 800(m), 751(m), 659(m) cm–1.

X-ray Crystallography: Data was collected with a Bruker SMART
1000 CCD diffractometer with the use of Mo-Kα radiation. Empiri-
cal absorption corrections were applied following the procedure of
Sadabs.[30] The structures were solved by direct method and ex-
panded with the use of difference Fourier techniques with the
SHELXL-97 program[31] and refined anisotropically for all non-
hydrogen atoms by full-matrix least-squares calculations on F2 with
the use of the SHELXTL program package. Hydrogen atoms were
placed geometrically and with Uiso constrained to be 1.2 (1.5
for methyl groups and hydroxy) times Ueq of the carrier atom.
CCDC-279967 and -282855 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Oxalato-Bridged Dinuclear Copper(II) Complexes of N-Alkylated Derivatives
of 1,4,7-Triazacyclononane: Synthesis, X-ray Crystal Structures and Magnetic

Properties
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The synthesis, X-ray crystal structure and magnetic proper-
ties of two oxalato-bridged dinuclear CuII complexes, [L-
Cu(µ-ox)Cu-L](ClO4)2, where ox = oxalate and L = 1,4,7-tri-
methyl-1,4,7-triazacyclononane (Me3tacn) or 1-benzyl-4,7-
dimethyl-1,4,7-triazacyclononane (BzMe2tacn) are reported,
as well as the X-ray crystal structure of the mononuclear
complex, [Cu(Me3tacn)(OH2)2](ClO4)2, which features an ex-
tended H-bonding network between the ligand and the per-
chlorate counterions. The crystal structures of the dinuclear
complexes both feature a centrosymmetric complex cation in
which the two copper centres exist in a distorted square-
pyramidal geometry, with each end capped by a facially co-

Introduction

The magnetic properties of copper(II) complexes have
been an attractive area of research. This is due to the fact
that copper(II) (d9) has a single unpaired electron and
therefore can be used as a model system for probing the
nature of magnetic exchange interactions between single
unpaired electrons on two or more metal centres, and, in
particular, how this interaction is mediated by the ligands
that bridge the metal centres.[1–3] Hydroxo-bridged metal
complexes, in which the metal atoms are linked by single-
atom bridges, have been most widely studied. The data that
have been obtained have been used to develop empirical
correlations of the strength of magnetic coupling with
key structural descriptors of the Cu–OH–Cu bridging
unit(s).[4–6] Further, theoretical analyses have been under-
taken in an effort to develop a molecular orbital view of
coupling in these complexes.[7,8]

Oxalato-bridged complexes have also been of inter-
est[9–15] since, in this case, the CuII centres are linked by
multi-atom bridges, yet they can exhibit quite strong anti-
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ordinated “tacn” unit, and are bridged by an oxalate anion.
Variable-temperature magnetic susceptibility measurements
revealed strong antiferromagnetic interactions between the
CuII centres, with 2J values of ca. –300 cm–1, even though the
Cu···Cu separation is very long, viz. 5.18 Å (BzMe2tacn) and
5.47 Å (Me3tacn). The separation for the Me3tacn complex is
the longest separation reported for this type of CuII complex.
No pattern could be detected between the J values and struc-
tural features for 21 oxalato-bridged complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ferromagnetic interactions even when the CuII centres are
separated by more than 5 Å.[2] Whilst most of these com-
plexes exhibit antiferromagnetic coupling, the strength of
this interaction can vary from very weak [2J value (ex-
change constant) close to 0 cm–1] to very strong (2J value
up to –400 cm–1). The strength of the antiferromagnetic in-
teraction has been proposed to be related to the “square of
the overlap between the magnetic orbitals located on each
copper(II)”.[1] In the case of the oxalato-bridged copper(II)
complexes it is the overlap of the dx2–y2 and the σ-bonding
orbitals on the oxygen atoms of the oxalato bridge that de-
termines the strength of the interaction.

The ligand 1,4,7-triazacyclonone (tacn) is a particularly
well-studied aza-macrocycle that uses three N-donor atoms
to bind to the copper atom, forming highly stable com-
plexes. Copper(II)–tacn complexes exhibit well-defined co-
ordination polyhedra, consistently adopting either distorted
octahedral or square-pyramidal geometries. The proposal
by Kahn et al. that the extent of spin coupling in dinuclear
complexes could be “tuned” by changing the CuII coordina-
tion sphere that supports the oxalato bridge[1] led us to in-
vestigate the effect of geometric constraints introduced by
the tacn macrocycle on the extent of magnetic interaction
between the metal centres in oxalato-bridged dinuclear cop-
per(II) complexes. Herein we report the synthesis, X-ray
crystal structure and magnetic properties of two new oxal-
ato-bridged copper(II) complexes of N-alkylated tacn
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macrocycles (Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane and BzMe2tacn = 1-benzyl-4,7-dimethyl-1,4,7-tri-
azacyclononane) and, for comparison, the X-ray crystal
structure of [Cu(Me3tacn)(OH2)2](ClO4)2 (C1).

Results and Discussion

[Cu2(Me3tacn)(µ-ox)](ClO4)2 (C2) was prepared by treat-
ing the diaqua mononuclear precursor, [Cu(Me3tacn)-
(OH2)2](ClO4)2 (C1),[16] with 1 equiv. of sodium oxalate (see
Scheme 1). Careful concentration of the solution to dryness
and recrystallisation from a mixture of methanol/ethanol
(1:1) produced analytically pure blue crystals. The IR spec-
trum of C2 reveals the characteristic stretching modes of
the oxalato ligand at 1648 cm–1 (υasym) and 1467 cm–1 (υsym),
which are typical for bridging oxalato ligands.[17] The solu-
tion UV/Vis spectrum shows the electronic d�d transitions
expected for square-pyramidal copper(II) complexes at
1100 nm (εmax = 68 –1 cm–1) and 636 nm (εmax =
118 –1 cm–1).[18] Band maxima are also observed at 333 nm
(εmax = 4160 –1 cm–1), 282 nm (εmax = 11100 –1 cm–1) and
195 nm (εmax = 11400 –1 cm–1), which could result from
either charge transfer or ligand π�π* transitions.

The synthesis of [Cu2(BzMe2tacn)(µ-ox)](ClO4)2 (C3) in-
volved first the formation of the precursor mononuclear
copper(II) complex in an aqueous methanolic solution,
which was then treated with sodium oxalate to yield the
desired dinuclear complex as analytically pure blue crystals
(see Scheme 1). The IR spectrum of C3 again shows the
expected stretching modes from the oxalato ligand at
1654 cm–1 (υasym) and 1466 cm–1 (υsym). The electronic spec-
trum exhibits two d�d transitions at 1090 nm (εmax =
67 –1 cm–1) and 644 nm (εmax = 110 –1 cm–1), which again
suggests that the copper(II) centre exists in a square-pyram-
idal geometry in solution.[18] A strong band at 284 nm (εmax

= 9100 –1 cm–1) could be an MLCT or a π�π* transition
within the ligand.

Scheme 1. Synthesis of oxalato-bridged copper(II) complexes.
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X-ray Crystal Structure Determinations

The X-ray crystal structure of C1 reveals a mononuclear
complex, in which the distorted octahedral copper(II) coor-
dination sphere is occupied by three nitrogen donors from
the Me3tacn ligand, two oxygen atoms from ligated water
and a distant oxygen atom from a perchlorate counteranion
(see Figure 1). There is significant elongation in the axial
direction of the coordination polyhedron, viz. the Cu(1)–
N(1) bond is 0.19 Å longer than the Cu–N distances in the
basal plane and for the weakly interacting perchlorate
anion the Cu(1)–O(1) distance is 2.519(3) Å. All other bond
lengths and angles are in the expected range for (tacn)CuII

complexes (see Table 1).

Figure 1. Thermal ellipsoid plot of C1 (drawn at 50% probability).
Dashed line indicates a weak interaction; some hydrogen atoms
and a perchlorate anion have been omitted for clarity.

The hydrogen-bonding network formed by the hydrogen
atoms from the coordinated water molecules and the per-
chlorate anions is particularly interesting. Each coordinated
water molecule hydrogen-bonds to different perchlorate
anions, which in turn hydrogen-bond to water molecules
coordinated to different complexes (Table 2). This forms in-
finite two-dimensional layered sheets (see Figure 2).
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Table 1. Selected bond lengths [Å] and angles [°] for C1 (esd in
parentheses).

Cu(1)–O(1W) 2.004(2) O(1W)–Cu(1)–N(2) 176.56(8)
Cu(1)–N(2) 2.031(2) O(1W)–Cu(1)–O(2W) 85.98(8)
Cu(1)–O(2W) 2.044(2) N(2)–Cu(1)–O(2W) 92.24(9)
Cu(1)–N(3) 2.063(2) O(1W)–Cu(1)–N(3) 95.42(8)
Cu(1)–N(1) 2.218(2) N(2)–Cu(1)–N(3) 86.02(8)
Cu(1)–O(1) 2.519(3) O(2W)–Cu(1)–N(3) 173.53(8)

O(1W)–Cu(1)–N(1) 98.24(8)
N(2)–Cu(1)–N(1) 84.98(8)
O(2W)–Cu(1)–N(1) 101.06(8)
N(3)–Cu(1)–N(1) 85.01(8)

Table 2. Hydrogen bonds for C1 [Å and °] (esd in parentheses).

D–H···A d(D–H) d(H···A) d(D···A) �(DHA)

O(2W)–H(3W)···O(6)[a] 0.93(1) 1.84(1) 2.760(3) 167(3)
O(1W)–H(1W)···O(7)[b] 0.94(1) 1.85(2) 2.749(3) 159(3)
O(2W)–H(4W)···O(2)[c] 0.93(1) 2.12(2) 2.919(3) 144(3)
O(2W)–H(4W)···O(4) 0.93(1) 2.50(3) 3.108(3) 123(3)
O(1W)–H(2W)···O(3)[d] 0.93(1) 1.97(3) 2.729(3) 137(4)
O(1W)–H(2W)···O(4) 0.94(1) 2.62(4) 3.219(3) 122(3)

Symmetry transformations used to generate equivalent atoms:
[a] –x, –y + 1, –z + 1. [b] –x + 1, –y + 1, –z + 1. [c] –x, –y + 1,
–z + 2. [d] –x + 1, –y + 1, –z + 2.

The structure of C2, shown in Figure 3, reveals a dinu-
clear copper(II) complex featuring two capping Me3tacn li-
gands and a bridging oxalato ligand that binds through all
four of its oxygen atom. The complex is centrosymmetric,
half existing in the asymmetric unit (ASU), with the other
half generated by crystallographic symmetry. The metal
centres at each end of the complex exist in a highly dis-
torted geometry because of the geometric constraints intro-
duced by the tacn macrocycle and the bridging oxalato li-
gand (see Table 3). The degree of distortion is highlighted
by the three quite different Cu–N distances, which, in a five-
coordinate complex, would be indicative of distortion away
from square-pyramidal towards trigonal-bipyramidal ge-
ometry. An oxygen atom from a perchlorate anion is ori-
ented in the direction of the vacant axial position of the
copper(II) coordination polyhedron [Cu–O distance of
2.808(5) Å]. This distance is much longer than that in C1,

Figure 2. Infinite two-dimensional sheets formed by hydrogen-bonding interactions (dotted lines) in C1.
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probably because of the distortion of the coordination poly-
hedron beyond the usual tetragonal elongation. Whether
the solid-state CuII geometry is best described as distorted
octahedral (6-coordinate) or distorted square-pyramidal (5-
coordinate) is therefore debatable. With respect to the oxal-
ato bridge, the two apical tacn nitrogen atoms in each dinu-
clear complex adopt a trans configuration. The two copper

Figure 3. Thermal ellipsoid plot of C2 (drawn at 50% probability).
Dashed lines indicate a weak coordination bond.

Table 3. Selected bond lengths [Å] and angles [°] for C2 (esd in
parentheses).

Cu(1)···Cu(1)[a] 5.467(3) O(1)–Cu(1)–N(1) 175.7(1)
Cu(1)–O(1) 2.026(2) O(1)–Cu(1)–O(2) 81.3(1)
Cu(1)–O(2) 2.091(2) N(1)–Cu(1)–O(2) 95.4(1)
Cu(1)–N(1) 2.052(3) O(1)–Cu(1)–N(3) 99.5(1)
Cu(1)–N(3) 2.141(3) N(1)–Cu(1)–N(3) 83.4(1)
Cu(1)–N(2) 2.248(3) O(2)–Cu(1)–N(3) 173.6(1)
Cu(1)–O(4) 2.808(5) O(1)–Cu(1)–N(2) 96.9(1)
O(1)–C(10) 1.316(4) N(1)–Cu(1)–N(2) 86.3(1)
O(2)–C(10)[a] 1.289(4) O(2)–Cu(1)–N(2) 97.5(1)
C(10)–O(2)[a] 1.289(4) N(3)–Cu(1)–N(2) 88.7(1)
C(10)–C(10)[a] 1.554(6)

Symmetry transformations used to generate equivalent atoms:
[a] –x + 1/2, –y + 1/2, –z.
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atoms are separated by 5.467(3) Å, and the Cu–O(ox) dis-
tances of 2.026(2) and 2.091(2) Å indicate that the two pairs
of stronger and weaker binding oxygen atoms adopt a trans
configuration.

A least-squares analysis of the plane of the oxalato li-
gand and the O(1)–Cu(1)–O(2) plane reveals that the
CuN2O2 basal unit does not lie in the same plane as the
oxalato ligand (see Figure 7). The dihedral angle created by
the intersection of these two planes [φ = 4.8(3)°] means that
there is a “step” between the two coordination spheres, per-
haps reducing the overlap of the dx2–y2 and the σ-bonding
orbitals on the oxalato ligand (vide infra).

This structure is broadly similar to that found for [Cu2-
(tacn)2(µ-ox)](ClO4)2 by Zhang et al.,[19] but there are sig-
nificant differences in that the Cu–O distances in C2 are
slightly longer and give rise to a Cu···Cu separation that is
0.291 Å longer in C2 than in the tacn counterpart. One
reason for this could be that extensive H-bonding involving
the secondary nitrogen atoms was found in the tacn com-
plex, which cannot be formed by the alkylated ligand in C2.

The overall structure of C3 is similar to that of C2, the
main difference being that BzMe2tacn ligands cap the ends
of the complex instead of Me3tacn (see Figure 4). The terti-
ary nitrogen atom with the benzyl pendant arm occupies an
apical position and, as in C2, this Cu–N distance is longer
(by 0.24 Å) than the two in the basal plane (see Table 4),
and the two apical positions are oriented trans with respect
to the oxalato bridge. The φ angle (see Figure 7) in C3 is
much larger [12.2(1)°] and the two copper(II) centres are
closer to each other [Cu–Cu distance 5.178(11) Å]. A fur-
ther significant difference is that the oxalato ligand in C3
binds much more strongly and the bridging unit is more
symmetric, viz. all the Cu–O distances [1.9908(11) and
1.9982(11) Å] are identical, while in C2, these distances are

Figure 4. Thermal ellipsoid plot of C3 (drawn at 50% probability,
dashed lines indicate a weak interaction, hydrogen atoms omitted
for clarity).

Eur. J. Inorg. Chem. 2006, 4872–4878 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4875

quite different [2.026(2) and 2.091(2) Å]. In contrast to C2,
the two Cu–N(tacn) distances in the equatorial plane are
identical (av. 2.205 Å), while those in C2 differ by 0.09 Å
(Table 3). It may have been anticipated that the BzMe2tacn
ligand in C3 would have been more likely to induce struc-
tural asymmetry. The more symmetric CuII coordination
sphere allows for a closer approach of the weakly inter-
acting perchlorate counterion [Cu(1)–O(3) distance of
2.648(13) Å is a little shorter than the corresponding bond
in C2].

Table 4. Selected bond lengths [Å] and angles [°] for C3 (esd in
parentheses).

Cu(1)···Cu(1)[a] 5.178(1) O(1)–Cu(1)–O(2) 83.98(4)
Cu(1)–O(1) 1.991(1) O(1)–Cu(1)–N(2) 173.65(5)
Cu(1)–O(2) 1.998(1) O(2)–Cu(1)–N(2) 93.43(5)
Cu(1)–N(2) 2.022(1) O(1)–Cu(1)–N(3) 95.75(5)
Cu(1)–N(3) 2.028(1) O(2)–Cu(1)–N(3) 172.35(5)
Cu(1)–N(1) 2.265(1) N(2)–Cu(1)–N(3) 86.05(5)
Cu(1)–O(3) 2.648(1) O(1)–Cu(1)–N(1) 102.12(5)
O(2)–C(16) 1.257(2) O(2)–Cu(1)–N(1) 102.38(5)
O(1)–C(16)[a] 1.254(2) N(2)–Cu(1)–N(1) 84.09(5)
C(16)–O(1)[a] 1.254(2) N(3)–Cu(1)–N(1) 85.17(5)
C(16)–C(16)[a] 1.538(3)

Symmetry transformations used to generate equivalent atoms:
[a] –x + 2, –y, –z + 1.

Magnetic Properties

Variable-temperature magnetic susceptibility studies were
carried out on powdered samples of C2 and C3 to deter-
mine the nature and strength of the magnetic exchange in-
teractions between the copper(II) centres in these oxalato-
bridged dinuclear complexes. The measurements were per-
formed in the 4.2–300 K temperature range with an applied
field of 1 T. Plots of the magnetic moment vs. temperature
for C2 and C3 are given in Figures 5 and 6, respectively.

Figure 5. Plot of µeff (per Cu) vs. temperature for C2. The solid line
is the best fit using the parameters: g = 2.17, Nα =
60×10–6 cm3 mol–1, J = –159 cm–1, monomer = 0.3%.

Figure 5 shows that the magnetic moment of C2 de-
creases substantially from 1.43 µB (per Cu) at 300K to
0.08 µB at 4.2 K. This is indicative of a strong antiferromag-
netic interaction between the CuII centres. The data were
modelled using a –2JS̄1·S̄2 Bleaney–Bowers approach,[20] by
fitting to the susceptibility Equation (1), where all the sym-
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Figure 6. Plot of µeff (per Cu) vs. temperature for C3. The solid line
is the best-fit using the parameters: g = 2.03, Nα =
60×10–6 cm3 mol–1, J = –147 cm–1, monomer = 1.8%.

bols have their usual meaning. The best fit parameters for
C2 are g = 2.17, Nα (temperature independent paramage-
tism) = 60×10–6 cm3 mol–1, J = –159 cm–1, with a monomer
impurity of 0.3%.

For C3, the magnetic moment drops from 1.39 µB (per
Cu) at 300 K to 0.21 µB at 4.2 K (Figure 6). This also indi-
cates strong antiferromagnetic coupling. The data were fit-
ted using the same approach as for C2 to yield the best-fit
parameters of g = 2.03, Nα = 60×10–6 cm3 mol–1, J =
–147 cm–1, monomer impurity of 1.8%.

Magnetostructural Correlations

There has been much work aimed at determining how
molecular structure influences the extent of magnetic inter-
action between metal centres with all types of bridging mo-
tifs.[1–5,9,10,12,13,15,19,21–25] Until recently, predictions of the
extent of magnetic interactions in dinuclear copper(II) com-
plexes have been largely based upon observations of how
certain geometrical features influence magnetism. For ex-
ample, Hoffmann et al.[26] determined that the coupling
constant, J, for a d9 metal complex is given by Equation (2),
where |εS – εA|2 is the splitting energy between the singly
occupied molecular orbitals and Kab, Jaa and Jab are the
two-electron integrals involving the localised orthogonal or-
bitals involved in the magnetic interaction.

Computational studies by Ruiz et al.[8,27] have led to the
more general conclusion that the strength of antiferromag-
netic coupling in oxalato-bridged dinuclear complexes is de-
termined predominantly by two main geometrical factors:
the out-of-plane displacement of the copper ion (hCu), and
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the dihedral angle between the plane of the oxalato ligand
and the basal coordination plane (φ) (see Figure 7).

Figure 7. Representation of the core geometry of the complex cat-
ion structural motif showing the angle (φ) between the plane of the
oxalato ligand and the O–Cu–O plane.

A compilation of structural and magnetic properties of
related oxalato-bridged copper(II) complexes can be found
in Table 5. Curiously, [Cu2(tacn)2(µ-ox)](ClO4)2, which has

Table 5. Selected magneto-structural parameters for oxalato-
bridged CuII complexes of the type [(L)Cu(µ-ox)Cu(L)]X2.[a]

L X φ [°][b] hCu [Å][c] dCu–Cu [Å] 2J [cm–1] Ref.

Me3tacn ClO4 4.8(3) 0.08 5.467(3) –318 this
work

BzMe2tacn ClO4 12.2(1) 0.12 5.178(11) –294 this
work

tacn ClO4 1.2/3.1 0.043/0.049 5.176 –41 [19]

phen NO3 16.9 0.27 5.158(1) –330 [28]

bdpm ClO4 2.2 0.3293 5.194 –102 [19]

bipy NO3 3.2 0.16 5.154(1) –386 [1]

bipy ClO4 12.0 0.18 5.150(1) –376 [12]

bipy BF4 10.4 0.16 5.144(1) –378 [12]

dpa NO3 7.2 0.08 5.22 –305 [24]

tmen ClO4 8.4 0.18 5.147/5.167 –385.4 [1]

deen ClO4 3.9 n/r n/r –300 [29]

mpz PF6 13.9 0.24 n/r –402 [30]

mpz NO3 2.1 0.06 n/r –312 [30]

mpz NO3 n/r 0.12 5.217 –284 [31]

dpp NO3 7.3 0.16 5.171(1) –312 [9]

bpz Cl 4.9 0.10/0.09 5.134(2) –345 [9]

Pz2CPh2 Cl 20.3 0.39 5.212 –364 [14]

Pz2CPh2 NO3 18.7 0.35 5.161 –344 [14]

Pz2CPh2 ClO4 2.6 0.26 n/r –424 [14]

Pz3m
2CPh2 NO3 23.6 0.34 5.178 –378 [14]

[a] Abbreviations: Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane; BzMe2tacn = 1-benzyl-4,7-dimethyl-1,4,7-triazacy-
clononae, tacn = 1,4,7-triazacyclononane; phen = 1,10-phenan-
throline; bdpm = bis(3,5-dimethylpyrazol-1-yl)methane; bipy =
2,2�-bipyridine; dpa = 2,2�-dipyridylamine; tmen = N,N,N�,N�-tet-
ramethylethylenediamine; deen = N,N-diethylethane-1,2-diamine;
mpz = 4-methoxy-2-(5-methoxy-3-methylpyrazol-1-yl)-6-methyl-
pyrimidine; dpp = 2,3-bis(2-pyridyl)pyrazine; bpz = 2,2�-bipyr-
azine; Pz2CPh2 = diphenyldipyrazolylmethane; Pz3m

2CPh2 = di-
phenylbis(3-methylpyrazolyl)methane; n/r = not reported. [b] Dihe-
dral angle between the mean oxalato plane and the basal coordina-
tion plane. [c] Distance of the copper atom from the basal plane.
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a very similar bridging motif to both C2 and C3, exhibits
relatively weak antiferromagnetic coupling.[19] Both C2 and
C3, which have similar J values, have larger φ and hCu val-
ues than the parent tacn complex but this difference does
not account for the large difference in the J value. In [Cu2-
(tacn)2(µ-ox)](ClO4)2, quite strong hydrogen bonding exists
between the secondary amine group of the tacn ligand and
oxalato oxygen atoms [N–H···O = 2.138(3) Å] on adjacent
dinuclear complex units. This could withdraw electron den-
sity from the σ-bonding orbitals of the oxalato bridge,
hence weakening the strength of orbital overlap with the
magnetic orbitals on the copper(II) centre.

The data in Table 5 also indicate that the strength of anti-
ferromagnetic coupling in C2 and C3 is similar to that
found in many of the other complexes. The strength of the
antiferromagnetic coupling in C2 is of interest as this com-
plex features the longest Cu···Cu distance (by ca. 0.2 Å) re-
ported so far for these types of complexes. However, as can
be seen from the collected structural and coupling data,
there seems to be no correlation between the extent of
coupling and any particular set of geometric parameters.
This is clearly highlighted by the fact that C2 and C3 have
a similar 2J value, but have a 7° diffence in the φ angle, and
0.04 Å difference in hCu.

Conclusions

This work has shown that N-alkylation of the tacn
macrocycle significantly increases the strength of antiferro-
magnetic coupling in oxalato-bridged dinuclear copper(II)
complexes to the extent that in [Cu2(Me3tacn)2(µ-ox)]-
(ClO4)2 strong coupling has been observed over a Cu···Cu
distance (5.46 Å) that is 0.2 Å longer than in any other re-
lated oxalato-bridged CuII complex.

Table 6. Crystallographic data.

C1 C2 C3

Empirical formula C9H25Cl2CuN3O10 C20H42Cl2Cu2N6O12 C32H50Cl2Cu2N6O12

M [gmol–1] 469.76 756.58 908.78
Crystal system monoclinic monoclinic monclinic
Space group P21/n C2/c P21/n
a [Å] 8.5463(17) 25.593(5) 7.7961(4)
b [Å] 13.713(3) 7.7096(15) 19.0662(9)
c [Å] 14.741(3) 16.222(3) 13.0878(7)
β [°] 91.08(3) 93.13(3) 99.742(3)
V [Å3] 1727.2(6) 3196.1(11) 1917.31(17)
Z 4 4 2
T [K] 123(2) 123(2) 123(2)
λ [Å] 0.71073 0.71073 0.71073
Dc [gcm–3] 1.806 1.572 1.574
µ (Mo-Kα) [mm–1] 1.630 1.562 1.317
No. data measured 20597 18296 29838
Unique data (Rint) 4109 (0.0792) 3583 (0.0507) 6884 (0.0264)
Observed data [I � 2(σ)I] 3034 2899 5669
Final R1, wR2 (obsd. data) 0.0383,[a] 0.0739[b] 0.0462,[a] 0.1075[b] 0.0351,[a] 0.0889[b]

Final R1, wR2 (all data) 0.0682, 0.0809 0.0628, 0.1158 0.0470, 0.0960
ρmin, ρmax [eÅ–3] –0.604, 0.481 –0.441, 1.111 –0.869, 0.989

[a] R = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] R� = [Σw(|Fo| – |Fc|)2/ΣFo
2]1/2, where w = [σ2(Fo)]–1.
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Experimental Section
Materials and Reagents: All solvents and reagents used were of rea-
gent or analytical grade and used as purchased. Distilled H2O was
used throughout. [Cu(Me3tacn)(OH2)2](ClO4)2 (C1) was prepared
according to Fry et al.[16] 1-Benzyl-4,7-dimethyl-1,4,7-triazacyclo-
nonane was prepared according to a previously reported method.[6]

Instrumentation: UV/Vis spectra were recorded in acetonitrile using
a Varian Cary 5G spectrophotometer. IR spectra were recorded
using a Perkin–Elmer FTIR 1600 series spectrometer at 4.0 cm–1

resolution, using KBr discs. CHN microanalyses were carried out
by the Campbell Microanalytical Laboratory, University of Otago,
New Zealand. Magnetic susceptibilities were measured on samples
of ca. 20 mg in mass using a Quantum Design MPMS 5 Squid
instrument. Diamagnetic corrections were made for the gelatine
capsule sample holder and for ligands using Pascal’s constants.

Caution: Although no problems were encountered in this work,
transition metal perchlorates are potentially explosive and should
be prepared in small quantities and handled with care.

Synthesis of [Cu2(Me3tacn)(µ-ox)](ClO4)2 (C2): A solution of
Na2C2O4 (0.096 g, 0.70 mmol) in H2O (5 mL) was added to a solu-
tion of [Cu(Me3tacn)(OH2)2](ClO4)2 (0.30 g, 0.64 mmol) in H2O
(10 mL). The resulting solution was heated at reflux for 1 h. The
solution was then concentrated to dryness and residues were dis-
solved in a hot solution of MeOH/EtOH (1:1). The resulting blue
solution was then filtered while hot and the filtrate slowly cooled to
yield deep-blue crystals that were suitable for X-ray crystallography.
Yield: 0.21 g (86%). C20H42Cl2Cu2N6O12 (756.58): calcd. C 31.8,
H 5.6, N 11.1; found C 32.0, H 5.6, N 11.1. IR (selected bands;
KBr disk): ν̃ = 2996 (w), 2965 (m), 2924 (s), 1648 (s), 1467 (s), 1352
(m), 1300 (m), 1145 (s), 1078 (br. s), 1015 (s), 1006 (s), 894 (m),
786 (m), 746 (w) cm–1. UV/Vis (MeCN): λmax (εmax) = 1100 (68),
636 (118), 333 (4160), 282 (11100), 195 (11400 –1 cm–1) nm.

Synthesis of [Cu2(BzMe2tacn)(µ-ox)](ClO4)2 (C3): 1-Benzyl-4,7-di-
methyl-1,4,7-triazacyclononane (0.21 g, 0.85 mmol) was dissolved
in MeOH/H2O (1:1) (10 mL) and a solution of Cu(ClO4)2·6H2O
(0.32 g, 0.87 mmol) in H2O (5 mL) was slowly added to this solu-



M. J. Belousoff, B. Graham, B. Moubaraki, K. S. Murray, L. SpicciaFULL PAPER
tion. The resulting mixture was then stirred at room temperature
for 1 h and filtered. A solution of Na2C2O4 (0.11 g, 0.84 mmol) in
H2O (5 mL) was added to the filtrate. The mixture was allowed to
stand at room temperature and crystals suitable for X-ray diffrac-
tion crystallography grew directly from the solution. Yield 0.21 g
(54%). C32H50Cl2Cu2N6O12 (908.78): calcd. C 42.3, H 5.6, N 9.3;
found C 42.6, H 5.6, N 9.4. IR (selected bands; KBr disk): ν̃ =
2936 (m), 2851 (m), 1654 (s), 1466 (m), 1355 (w), 1315 (w), 1087
(s), 997 (m), 898 (w), 782 (m), 727 (m), 701 (m), 637 (m), 623 (m),
490 (w) cm–1. UV/Vis (MeCN): λmax (εmax) = 1090 (67), 644 (110),
284 (9100 –1 cm–1) nm.

X-ray Crystallography: Intensity data for blue crystals of C1
(0.15×0.15×0.11 mm), C2 (0.3×0.1×0.1 mm) and C3
(0.30×0.10×0.09 mm) were measured at 123 K with a Nonius
Kappa CCD (Bruker Kappa Apex II for C3) fitted with graphite-
monochromated Mo-Kα radiation (0. 71073 Å). The data were col-
lected to a maximum 2θ value of 55° (60° for C3) and processed
using the Bruker–Nonius software. Crystal parameters and details
of the data are summarised in Table 6. The structures were solved
by direct methods and expanded using standard Fourier routines
in the SHELX-97 software package.[32,33] All hydrogen atoms were
placed in idealised positions and all non-hydrogen atoms were re-
fined anisotropically. The water hydrogen atoms in C1 were located
on the Fourier difference map but restraints were placed upon them
during refinement. The perchlorate anion in C3 is disordered over
two distinct positions, and the chlorine atoms as well as two of the
perchlorate oxygen atoms had their site occupancy refined against
each other. CCDC-605826 (for C1), -605827 (for C2) and -605828
(for C3) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Two square-planar ternary nickel(II) complexes [Ni(bhac)-
(phim)] (1) and [Ni(ahac)(phim)] (2) with O,N,O-donor Schiff
bases [acetylacetone benzoylhydrazone (H2bhac) and acetyl-
acetone acetylhydrazone (H2ahac)] and sp2 N-donor 2-phen-
ylimidazole (phim) as the ancillary ligand have been synthe-
sised and characterised by analytical, spectroscopic, mag-
netic and electrochemical methods. The solid-state structures
of both complexes have been determined by X-ray crystal-
lography. The asymmetric unit of 1 contains a single complex
molecule while that of 2 contains four complex molecules
with different conformations. The molecular structures of
both complexes reveal that one of the two ortho C–H groups
of the pendant phenyl ring of the phim ligand is very close
to the metal centre at the apical site indicating the presence
of an intramolecular C–H···Ni interaction. In the structures of
1 and 2, the shape of the C–H···Ni interaction is determined
by the twisting of the phim ligand and the extent of orthogo-

Introduction
The long standing interest in the interaction of transition

metal ions with proximate C–H fragments is primarily due
to the C–H activation processes involved in many catalytic
reactions. Such interactions have been scrutinised inten-
sively for a better understanding of their structural and
bonding features.[1–12] The C–H···M interaction in coordi-
natively unsaturated and electron-deficient (16-electron)
species is called an agostic interaction or agostic bond
where the filled C–H σ orbital interacts with an empty
metal orbital. In these agostic interactions, generally the C–
H fragment is side-on to the metal ion. This T-shape of the
agostic C–H···M interaction facilitates the involvement of
the filled metal dπ orbital and the empty C–H σ* orbital in
back bonding. However, the nature of the apical C–H···M
interactions in square-planar 16-electron complexes of d8

metal ions is not very clear.[9–12] In such species, these inter-
actions can be agostic bond (three-centre two-electron) as
well as non-classical hydrogen bond (three-centre four-elec-
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nality between the planes containing the chelate rings
formed by the tridentate ligand and the imidazole ring. A
survey of the reported X-ray structures of similar d8 metal
ion complexes containing intramolecular C–H···M interac-
tions has been performed for comparison with the structural
features of 1 and 2. The optimised molecular structures of 1
and 2 generated by calculations based on the density func-
tional method are compared with the experimental struc-
tures. Calculations also reveal that the four molecules pres-
ent in the asymmetric unit of 2 are very close in energy.
Theoretical studies and the down-field shift of the proton res-
onance on cooling in the NMR spectra suggest three-centre
four-electron hydrogen-bond character of the observed api-
cal C–H···Ni interaction in 1 and 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tron) in character because of the availability of the empty
orbital as well as the lone pair of electrons on the metal
ion. Such apical C–H···M interactions in square-planar d8

systems have been described as weakly agostic bonds, non-
classical hydrogen bonds and also as repulsive because of
the filled metal dz2 and C–H σ-orbitals.[2,12–14] Compared
with the agostic interaction the nonclassical hydrogen bond
is not common in metal complexes. For a metal centre to
participate as the proton acceptor in a hydrogen bond, it is
essential for it to be electron rich. Examples of such com-
plexes occur mostly with d8 and d10 metal centres. It has
been demonstrated that such hydrogen bonds can facilitate
the oxidative addition of H–X to a metal centre.[15]

Herein we report two square-planar nickel(II) complexes
with the tridentate Schiff bases H2bhac and H2ahac and the
monodentate 2-phenylimidazole as the ancillary ligand. The
deprotonated Schiff bases (bhac2– and ahac2–) satisfy the
+2 charge on the metal ion and three coordination sites.
The sp2 N atom of the neutral 2-phenylimidazole (phim)
occupies the fourth coordination site and completes the
N2O2 square plane around the metal ion. The ancillary li-
gand 2-phenylimidazole has been specifically chosen so that
one of the two ortho C–H groups of the phenyl ring can be
in close proximity with the metal ion at the apical site. The
complexes, [Ni(bhac)(phim)] (1) and [Ni(ahac)(phim)] (2),
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have been characterised by analytical, magnetic, spectro-
scopic and electrochemical measurements. The X-ray struc-
tures of 1 and 2 indeed reveal the presence of an apical
C–H···M interaction in both complex molecules. We have
examined the reported structures of the square-planar d8

systems with similar intramolecular C–H···M interactions
available in the Cambridge Structural Database for a com-
parison with the structural features of 1 and 2. Calculations
based on density functional methods have been performed
to understand the molecular conformations and the nature
of the C–H···Ni interaction observed in the X-ray structures
of 1 and 2. Variable temperature NMR spectroscopic mea-
surements have been carried out to probe the nature of this
interaction in solution.

Results and Discussion

Synthesis and Some Properties

The reactions of 1 equiv. each of Ni(O2CCH3)2·4H2O,
the Schiff bases (H2bhac and H2ahac) and 2-phenylimid-
azole in boiling methanol afford the dark brown complexes
in moderate to good yields. Elemental analysis data are con-
sistent with the molecular formula [Ni(bhac)(phim)] (1) and
[Ni(ahac)(phim)] (2). Both 1 and 2 are electrically noncon-
ducting in methanol solutions. The complexes are diamag-
netic and NMR spectroscopically active. Thus in each com-
plex, the nickel ion is in the +2 oxidation state and the
coordination geometry around the metal centre is square
planar.

The infrared spectra of 1 and 2 do not display any band
assignable to the amide or secondary amine N–H stretch.[16]

Several sharp weak bands observed in the range 2900–
3150 cm–1 are likely to be due to the C–H stretches. The
absence of any band for the N–H group of the ancillary
ligand phim is consistent with its involvement in strong
intermolecular hydrogen bonding (vide infra). Free H2bhac
and H2ahac display the amide C=O stretch[17] near
�1675 cm–1. The absence of any such band in the spectra
of 1 and 2 indicates complete deprotonation of the Schiff
bases in the complexes. Thus in both complexes, the dian-
ionic tridentate ligands (bhac2– and ahac2–) act as the enol-
ate-O, the imine-N and the deprotonated amide-O donor.
A strong band observed near 1590 cm–1 might involve the
C=N stretches.[18,19]

The electronic spectra were collected using methanol
solutions of the complexes. Both complexes display several
absorptions. For 1 the absorption bands are in the range
565–234 nm and those for 2 are within 425–235 nm. The
density functional calculations show that in both 1 and 2

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4879–48874880

the lowest unoccupied molecular orbital (LUMO) is pri-
marily localised on the ancillary ligand phim and the high-
est occupied molecular orbital (HOMO) is composed of d
and p orbitals of the metal and coordinated O atoms,
respectively. The spectra of the free Schiff bases and 2-phen-
ylimidazole in methanol solutions display a single absorp-
tion in the range 250–215 nm. Thus the absorptions ob-
served for 1 and 2 are possibly due to the metal-to-ligand
and inter- or intra-ligand charge-transfer transitions.

Electron transfer properties of 1 and 2 have been investi-
gated by cyclic voltammetry using acetonitrile solutions of
the complexes. Both 1 and 2 display an irreversible oxi-
dation response at 0.69 and 0.71 V, respectively. The current
height of this response is comparable with known one-elec-
tron redox processes under identical conditions.[19,20] No
such response is observed for the deprotonated Schiff bases
and 2-phenylimidazole under the same conditions. The
iron(III) and copper(II) complexes with bhac2– show metal-
centred oxidation responses in the potential range 0.4–
0.8 V.[21–23] Therefore, the oxidation responses observed for
1 and 2 are assigned to a NiII � NiIII process. The nature
of the HOMO in both complexes also supports this assign-
ment. The irreversible nature of the response suggests that
in each case the corresponding oxidised species is unstable
on the cyclic voltammetry time scale.

Description of X-ray Structures and C–H···Ni Interactions

The molecular structures of 1 and 2 are depicted in Fig-
ure 1. Bond parameters associated with the metal ions are
listed in Table 1. The asymmetric unit of 1 contains one
complex molecule while that of 2 contains four complex
molecules. In each molecule, the enolate-O, the imine-N
and the deprotonated amide-O donor tridentate ligand and
the imine-N donor monodentate phim form a N2O2 square
plane around the metal centre. There is no deviation of the
metal centre from the N2O2 square plane. The Ni–O(enol-
ate), Ni–N(imine), Ni–O(amide) and Ni–N(imidazole)
bond lengths are comparable with those observed in nickel-

Figure 1. Molecular structures of (a) [Ni(bhac)(phim)] (1) and
(b) [Ni(ahac)(phim)] (2) with the atom labelling scheme. All non-
hydrogen atoms are represented by their 40% probability thermal
ellipsoids.
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(II) complexes having the same coordinating atoms.[24–26]

The average N–C and C–O bond lengths in the –N=C(O–)–
fragments[21–26] and the C–C and C–O bond lengths in the
–C=C(O–)– fragments[21–24] are consistent with the enolate
form of both amide and acetylacetone moieties of the tri-
dentate ligands.

Table 1. Selected bond lengths [Å] and bond angles [°] for 1 and 2.

[Ni(bhac)(phim)] (1)

Ni(1)–O(1) 1.8195(17) Ni(1)–O(2) 1.8443(16)
Ni(1)–N(1) 1.8269(18) Ni(1)–N(3) 1.9136(18)
O(1)–Ni(1)–O(2) 175.76(7) O(1)–Ni(1)–N(1) 96.15(7)
O(1)–Ni(1)–N(3) 89.07(7) O(2)–Ni(1)–N(1) 84.13(7)
O(2)–Ni(1)–N(3) 91.08(7) N(1)–Ni(1)–N(3) 172.37(8)

[Ni(ahac)(phim)] (2)

Molecule 1
Ni(1)–O(1) 1.829(5) Ni(1)–O(2) 1.851(5)
Ni(1)–N(1) 1.826(6) Ni(1)–N(3) 1.923(6)
O(1)–Ni(1)–O(2) 178.3(2) O(1)–Ni(1)–N(1) 95.6(3)
O(1)–Ni(1)–N(3) 91.4(2) O(2)–Ni(1)–N(1) 84.0(2)
O(2)–Ni(1)–N(3) 89.0(2) N(1)–Ni(1)–N(3) 173.0(3)
Molecule 2
Ni(2)–O(3) 1.818(5) Ni(2)–O(4) 1.852(5)
Ni(2)–N(5) 1.821(7) Ni(2)–N(7) 1.909(6)
O(3)–Ni(2)–O(4) 177.8(2) O(3)–Ni(2)–N(5) 96.0(3)
O(3)–Ni(2)–N(7) 90.3(3) O(4)–Ni(2)–N(5) 83.8(3)
O(4)–Ni(2)–N(7) 89.8(3) N(5)–Ni(2)–N(7) 173.6(3)
Molecule 3
Ni(3)–O(5) 1.820(5) Ni(3)–O(6) 1.855(5)
Ni(3)–N(9) 1.820(6) Ni(3)–N(11) 1.918(6)
O(5)–Ni(3)–O(6) 178.3(3) O(5)–Ni(3)–N(9) 95.6(3)
O(5)–Ni(3)–N(11) 89.4(3) O(6)–Ni(3)–N(9) 84.3(3)
O(6)–Ni(3)–N(11) 90.5(3) N(9)–Ni(3)–N(11) 174.2(3)
Molecule 4
Ni(4)–O(7) 1.832(6) Ni(4)–O(8) 1.853(5)
Ni(4)–N(13) 1.838(6) Ni(4)–N(15) 1.928(7)
O(7)–Ni(4)–O(8) 179.6(3) O(7)–Ni(4)–N(13) 96.0(3)
O(7)–Ni(4)–N(15) 89.4(3) O(8)–Ni(4)–N(13) 83.7(3)
O(8)–Ni(4)–N(15) 91.0(3) N(13)–Ni(4)–N(15) 173.5(3)

In 1, the tridentate ligand bhac2– is not planar because
of the twisting of the phenyl ring plane along the C6–C16
bond (Figure 1). The dihedral angle between the phenyl
ring plane and the plane constituted by the rest of the
atoms in bhac2– is 25.56(8)°. It is also interesting to note
that one of the two ortho C–H groups of the phenyl ring of
bhac2– is involved in a C–H···π interaction with the phenyl
ring of the ancillary ligand phim (Figure 1). The H···Cg dis-
tance and the C–H···Cg angle are 2.962 Å and 153°, respec-
tively. Possibly this C–H···π interaction is primarily respon-
sible for the twisting of the phenyl ring plane of bhac2–

Table 2. Structural parameters related to C–H···Ni interactions and molecular conformations of 1 and 2.

Parameters [Ni(bhac)(phim)] (1) [Ni(ahac)(phim)] (2)
Experimental Calculated Experimental Calculated

Molecule 1 Molecule 2 Molecule 3 Molecule 4

Ni···H distance [Å] 2.79(2) 2.48 2.54 2.42 2.47 2.69 2.51
Ni···C distance [Å] 3.321(3) 3.26 3.288(9) 3.207(9) 3.236(12) 3.364(11) 3.23
C–H···Ni angle [°] 116.8(2) 125 137.7 142.2 139.3 130.1 127
ψ[a] [°] 35.8 28 12.9 1.6 11.3 21.6 27
θ[b] [°] 48.9 56 73.1 91.6 76.4 72.9 58

[a] Average of N3–C9–C10–C15 and N4–C9–C10–C11 torsion angles. [b] O1–Ni–N3–C9 torsion angle.
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along the C6–C16 bond. The O1–Ni1–N3–C9 torsion angle
(θ) is 48.9° (Table 2). Thus the chelate forming fragment
(O1,O2,N1,N2,C1–C6) of bhac2– and the metal coordi-
nated imidazole ring plane are not orthogonal (Figure 1).
The phim moiety is not planar because of the twisting of
the imidazole ring plane and the phenyl ring plane along
the C9–C10 bond (Figure 1). The extent of twisting (ψ) is
measured by taking the average of the N3–C9–C10–C15
and N4–C9–C10–C11 torsion angles. The value of ψ is cal-
culated as 35.8°. As a result an ortho C–H group of the
phim phenyl ring is close to the metal centre at the apical
site (Figure 1). The Ni···H and Ni···C distances and the
Ni···H–C angle are 2.79(2), 3.321(3) Å and 116.8(2)°,
respectively (Table 2).

The bond lengths and bond angles of the four molecules
present in the asymmetric unit of 2 are very similar
(Table 1). However, the orthogonality (θ) between the che-
late forming fragment of ahac2– and the metal coordinated
imidazole ring plane and the twisting of phim (ψ) differ
significantly. The θ and ψ values are in the ranges 72.9–
91.6° and 1.6–21.6°, respectively (Table 2). Most import-
antly in two molecules the orientation of the phim phenyl
ring with respect to the {Ni(ahac)} plane is on one side and
in the other two molecules it is on the other side (Figure 2).
As in 1, one of the two ortho C–H groups of the phim
phenyl ring is close to the metal centre at the apical site in
each of the four molecules. The Ni···H and Ni···C distances
and the C–H···Ni angles are within 2.42–2.69 Å, 3.20–
3.36 Å, and 130.1–142.2°, respectively (Table 2).

Figure 2. Overlay diagrams of (a) the four molecules present in the
asymmetric unit of [Ni(ahac)(phim)] (2), and (b) the molecule of
[Ni(bhac)(phim)] (1) and the four molecules of [Ni(ahac)(phim)]
(2).
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The following trends are very clear from the above obser-

vations on the molecular structures of 1 and 2. In 1, only
one complex molecule is present in the asymmetric unit and
both the phenyl ring and the imidazole ring planes of phim
are tilted toward the phenyl ring of the benzoyl fragment
of bhac2– (Figure 1). In spite of being weak in nature we
believe that the intramolecular C–H···π interaction plays a
major role in restricting the phim moiety from taking ran-
dom orientations and a single conformation of it is stabi-
lized in 1. Because of the replacement of the phenyl group
of bhac2– by a methyl group in ahac2– the C–H···π interac-
tion of the type observed in 1 is not possible in 2. Complex
2 crystallises with four molecules in the asymmetric unit
and the phim moieties are randomly oriented on both sides
of the plane containing the {Ni(ahac)} moiety. Thus the lack
of the C–H···π interaction facilitates free rotation of phim
about the Ni–N(imidazole) bond. In addition, the imid-
azole plane in 2 is closer to the orthogonal arrangement
with the plane containing the two chelate rings (θ = 72.9–
91.6°) compared with that in 1 (θ = 48.9°). This difference
is also likely to be because of the C–H···π interaction in 1.
The internal twisting of phim in 1 (ψ = 35.8°) is signifi-
cantly larger than that in 2 (ψ = 1.6–21.6°). Possibly this
difference is also partly due to the intramolecular C–H···π
interaction in 1. Despite the differences in the θ and ψ val-
ues one of the two ortho C–H groups of the phim phenyl
ring is near to the apical position of the metal ion in all the
structures. In this context, it may be noted that the crystal
structure of the protonated 2-phenylimidazole (Hphim+) is
known.[27] Here the ψ value is 22.32°. Thus in all prob-
ability significantly different twisting of phim in 1 and 2
compared with that in Hphim+ is due to the intramolecular
C–H···π and C–H···Ni interactions observed in the present
complex molecules.

A close scrutiny of the structural parameters (Table 2)
related to the C–H···Ni interactions and the molecular con-
formations of 1 and 2 reveals the following. The longer the
Ni···H distance the shorter the C–H···Ni angle. There is a
satisfactory linear correlation between the Ni···H distance
and the C–H···Ni angle (Figure S1, Supporting Infor-
mation). The values of the Ni···H distances and the corre-
sponding C–H···Ni angles strongly depend on the molecu-
lar conformations. In general, the Ni···H distance increases
and the C–H···Ni angle decreases with the increase of the
twisting (ψ) of phim and the decrease of the orthogonality
(θ) between the imidazole ring plane and the plane contain-
ing the two chelate forming fragments of the tridentate li-
gands (Table 2). The Ni···H distance is linearly related to
the ψ values as well as θ values with opposite slopes (Fig-
ure S1). Thus a large twist of the phim ligand forces a T-
shape of the C–H···Ni interaction with an increase in the
Ni···H distance, while a small twist of the phim ligand
makes the C–H···Ni interaction more linear with a decrease
in the Ni···H distance. It is clear from the above facts that
the geometrical arrangement of the C–H···Ni interaction
largely depends on the twist of the phim ligand in 1 and 2.
A detailed theoretical study reported previously has sup-
ported the idea that the axial M···H interactions in d8 metal
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ion complexes are mainly repulsive in nature.[10] But a
minor attractive contribution to the C–H···M interaction
can not be ruled out in the present complexes. The Ni···H
distances in both complexes and shorter Ni···H distances in
2 compared with that in 1, unaided and unhindered by any
geometrical constraint in the former, substantiate this idea.

Intermolecular Hydrogen Bonds and Self-Assembly of 1
and 2

Both complex molecules contain the imidazole N–H
group and metal coordinated O atoms, which are conven-
tional hydrogen-bond donors and acceptors, respectively. In
the crystal lattice, the molecules of each of the two com-
plexes are involved in intermolecular N–H···O hydrogen
bonding interactions involving the imidazole N–H groups
and the metal coordinated amide O atoms of the tridentate
ligands. In the case of 1, the N···O distance and the N–
H···O angle are 2.856(3) Å and 160(2)°, respectively. There
are some variations in the geometrical parameters related
to the N–H···O interactions for the four molecules present
in the asymmetric unit of 2. The N···O distances are in the
range 2.788(8)–2.846(9) Å and the N–H···O angles are
within 148–163°. In each case, self-assembly of the complex
molecules through these intermolecular N–H···O hydrogen
bonds leads to a one-dimensional supramolecular structure
in the crystal lattice (Figure 3).

Figure 3. One-dimensional ordering of (a) [Ni(bhac)(phim)] (1) and
(b) [Ni(ahac)(phim)] (2) through intermolecular N–H···O hydrogen
bonds.

Survey of the d8 Metal Ion Complexes with Intramolecular
C–H···M Interactions

The molecular structures of 1 and 2 show that the Ni···H
distance, the C–H···Ni angle and hence the shape (T or lin-
ear) of the C–H···Ni interaction largely depend on the twist-
ing (ψ) of 2-phenylimidazole (vide supra). The Ni···H dis-
tance is linearly related with ψ and the C–H···Ni angle (Fig-
ure S1). To verify whether the trends observed for 1 and 2
are general or not we have performed a Cambridge Struc-
tural Database (version 5.26) search for d8 metal ion com-
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plexes having intramolecular C–H···M interactions. The se-
arch was based on the following criteria: (i) the metal ion is
always coordinated to a N atom that is bonded to the atom
X (elements of groups 14–16), (ii) X is connected to an un-
substituted/substituted phenyl ring by a single bond,
(iii) the phenyl ring ortho C–H at the δ position is involved
in the C–H···M interaction, (iv) the M···H separation is in
the range 2.0–3.0 Å, (v) the Nα–Xβ–Cγ angle is within 110–
140°, (vi) the Nα–Xβ–Cγ–Cδ torsion angle (ψ) is in the range
0–180° and (vii) structures with R factors � 10 are ex-

Table 3. Structural data for the intramolecular C–H···M interaction
in d8 metal ion complexes.

Refcode MII M···H dist. [Å] C–H···M angle [°] ψ [°]

COPGET NiII 2.668 125.102 33.573
DAWGUD NiII 2.885 102.297 85.365
ERURAK NiII 2.885 94.712 87.400
ERUREO NiII 2.733 109.016 77.854
FAKVIW NiII 2.894 93.133 85.339
GIGVEX10 NiII 2.859 107.358 88.293
IFAFIE NiII 2.476 136.801 12.763
KIYQUE NiII 2.792 129.004 36.500
KOHHAQ NiII 2.810 128.477 55.681
LOKZOA NiII 2.919 101.781 88.010
LUQJOW NiII 2.833 90.816 86.319
MIYQEQ NiII 2.607, 123.717, 31.403,

2.972 99.198 31.403
NOKVOY NiII 2.663 105.555 77.495
QOZROM NiII 2.353 140.411 14.618
RORHUB NiII 2.869 90.055 86.797
SENHIC NiII 2.874 114.987 75.856
SOSVAX NiII 2.786 90.748 37.947
SOSVAX10 NiII 2.786 90.750 37.948
TISPEQ NiII 2.844 111.106 77.368
TISPIU NiII 2.967 108.425 82.605
VETPEP NiII 2.979 97.906 90.369
BABDIS PdII 2.703 119.125 73.137
BECGEV PdII 2.949 117.971 70.944
CAPVOE PdII 2.585, 125.092, 15.776,

2.732 115.835 1.934
DAGGUN PdII 2.946 112.824 15.596
DUHYUA PdII 2.783 102.092 43.831
DUNWAK PdII 2.944 99.833 45.921
EFODEI PdII 2.884 107.519 31.598
HAPNIV PdII 2.926 115.268 16.080
HOZNUF PdII 2.880, 100.278, 85.396,

2.836 96.338 84.995
JEDDIF PdII 2.865 102.679 79.360
KIMXOT PdII 2.871 132.141 54.848
LANBIL PdII 2.968 108.260 79.553
LIJHUH PdII 2.946 106.715 88.674
NINMAY PdII 2.933, 119.920, 69.726,

2.744 128.876 62.872
NOKGUP PdII 2.823 108.391 57.224
SUGWEW PdII 2.596 133.835 54.013
TURKIA PdII 2.679 122.982 68.115
UGIKOK PdII 2.983, 110.515, 14.014,

2.953, 114.306, 10.811,
2.843 122.513 3.029

XODPEL PdII 2.815 107.154 48.564
YIYHIX PdII 2.833 117.149 72.866
ZODQOY PdII 2.868 101.858 86.739
HAPZPT10 PtII 2.966 90.958 68.292
HIXJUT PtII 2.854, 125.650, 12.480,

2.976 131.625 33.951
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cluded. The number of hits obtained was 44. Selected struc-
tural parameters of these 44 X-ray structures are listed in
Table 3.

In the structures collected in Table 3, the mean M···H
distance increases in the order NiII � PdII � PtII. These
values are 2.795, 2.841 and 2.932 Å for NiII, PdII and PtII,
respectively. This order is expected as the van der Waals
radius increases in the order NiII � PdII � PtII.[10] In con-
trast to the structures of 1 and 2, there is no readily appar-
ent relationship between the M···H distance and the Nα–
Xβ–Cγ–Cδ torsion angle (ψ). However, the scattergram of ψ
against the M···H distance (Figure 4a) shows the prevailing
trend of long M···H distances for large ψ values. On the
other hand, the M···H distance generally increases with the
decrease of the C–H···M angle (Figure 4b) as observed for
1 and 2. In other words, the C–H···M interaction becomes
more T-shaped with the increase of the M···H distance.

Figure 4. Scattergrams of (a) ψ (see text for definition) vs. M···H
distance and (b) C–H···M angle vs. M···H distance. The straight
line in (b) represents the least-squares fit.

Computational Results

Calculations based on density functional methods have
been performed for structural optimisations of 1 and 2.
Each of the two complex molecules was computed as a
complete system to consider all steric and electronic factors
of the tridentate ligand (bhac2– or ahac2–) and of the mono-
dentate ancillary ligand 2-phenylimidazole (phim). In both
cases, the atomic coordinates of the molecules obtained in
the crystal structures were used as the starting points and
references for geometry optimisation. The calculated struc-
tural parameters related to the C–H···Ni interaction and the
molecular conformations are listed in Table 2.
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In the case of 1, the overall conformation of the molecule

in the optimised structure is comparable with that found in
the solid-state X-ray structure. With regard to the molecu-
lar conformation the only major difference between the op-
timised and the experimental structures is in the dihedral
angle between the phenyl ring plane and the plane contain-
ing the rest of the atoms of the bhac2– ligand. In the op-
timised structure the whole tridentate ligand is essentially
planar. It may be noted that the X-ray structure of 1 shows
an intramolecular C–H···π interaction between the phenyl
ring of bhac2– and that of phim (vide supra). It is very likely
that this interaction is responsible for the nonplanarity of
bhac2– in the experimental structure. For the present level
of calculation we could not reproduce the C–H···π interac-
tion in the optimised geometry. The calculated geometrical
parameters indicate a more linear C–H···Ni interaction
compared with that in the experimental structure (Table 2).

The same optimised molecular structure is obtained from
the X-ray structural coordinates of the four molecules pres-
ent in the asymmetric unit of 2. The optimised molecule of
2 is very similar to that of 1 with regard to the Ni···H dis-
tance, C–H···Ni angle and ψ and θ values (Table 2). How-
ever, this optimised structure is rather different when com-
pared with the structures of the four molecules obtained in
the X-ray structure of 2. In general, the twisting of phim
(ψ) is much less, the imidazole ring plane and the plane
containing the two chelate rings are more orthogonal (θ)
and the Ni···H–C interaction is more linear in the experi-
mental structures than those in the optimised structure
(Table 2).

The dependence of the conformational energies of 1 and
2 on the twisting (ψ) of phim has been analysed by per-
forming single point energy calculations by varying ψ from
0 to 90°. The experimental structures of 1 and molecule 1
of 2 are used for these calculations. The relative energies
(∆E) with respect to the lowest energy (at ψ � 35° for 1
and ψ � 15° for 2) are plotted against the ψ values (Fig-
ure 5). For 1 it is a symmetric well-like plot. On the other
hand, for 2 below 20° the change in energy is very low com-
pared with that above 20°. The energy increases by only
0.20 kcalmol–1 due to the gradual decrease of ψ from 20 to
0°. The small increase of energy indicates the absence of any
significant steric or electronic constraint for the twisting of
the phim in this range of ψ. For this reason, it is very likely
that four molecules with ψ values in the range 1.6–21.6°
have been found in the asymmetric unit of 2.

The nature of the C–H···Ni interaction in 1 and 2 has
been examined by several computational methods. In a
three-centre four-electron C–H···M interaction, the inter-
acting hydrogen atom should have a more positive charge
compared with the other hydrogen atoms that are away
from the metal centre. The natural population analysis[28]

shows that the charge on the ortho-hydrogen atom of the
phim phenyl ring, which is at the apical site of the metal
centre, is more positive (by +0.009e and +0.010e for 1 and
2, respectively) compared with the charge on the other or-
tho-hydrogen atom of the same phenyl ring. The nickel(II)
centre has an empty d orbital as well as a lone pair. Thus
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Figure 5. Relative energies of [Ni(bhac)(phim)] (1) (–) and
[Ni(ahac)(phim)] (2) (----) as a function of twist angles (ψ) of 2-
phenylimidazole (phim).

it can also accept electrons from the filled C–H σ orbital.
The delocalisation energies for the C–H σ donation to the
metal calculated through natural bond orbital analysis[28]

are 0.58 and 0.63 kcalmol–1 for 1 and 2, respectively. These
delocalisation energies are insignificant compared with
those obtained for strong agostic interactions and are com-
parable with C–H···M hydrogen-bonding interactions.[29,30]

The "atoms in molecules" theory[31] has also been used for
further probing of the topological properties of the C–
H···Ni interaction in 1 and 2. The values obtained for the
electron densities (ρb = 0.011 and 0.012 a.u. for 1 and 2,
respectively) and the Laplacians (�2ρb = 0.039 and
0.041 a.u. for 1 and 2, respectively) at the bond critical
points are well within the range reported for C–H···M inter-
actions that are hydrogen bonds in character.[30,32–35]

Proton NMR Spectroscopic Studies

NMR spectroscopy is a useful tool for the diagnosis of
the agostic or hydrogen-bond character of C–H···M interac-
tions in square-planar d8 metal ion complexes. The proton
resonance shifts to an up-field position for agostic interac-
tions while it shifts down-field for hydrogen-bond interac-
tions compared with that of the free C–H group.[9,11,36] The
room temperature proton NMR spectra were recorded
using (CD3)2CO solutions of 1 and 2. The protons of the
two methyl groups of the acetylacetone fragment in 1 ap-
pear as two singlets at δ = 1.47 and 2.20 ppm. The singlet
observed at δ = 5.07 ppm is assigned to the –CH= group
proton. The imidazole N-H proton resonates as a doublet
at δ = 8.87 ppm (J = 8 Hz). The multiplet observed in the
range δ = 7.2–7.6 ppm is likely to be due to the imidazole
ring C-H and aromatic protons. The absence of any cross-
coupled peak in the 2D NMR spectrum of 1 indicates that
the C–H···π interaction is probably absent in the solution
state. In addition to all the above signals a broad singlet is
observed at δ = 12.07 ppm. This down-field signal is attrib-
uted to the ortho-C-H proton of the phim phenyl ring,
which is proximal to the metal centre. It may be noted that
the free phim or the Schiff bases do not show any resonance
in this region. The protons of the three methyl groups of
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ahac2– in 2 are observed as three singlets at δ = 2.01, 2.11
and 2.27 ppm. The proton of the –CH= group resonates as
a singlet at δ = 5.51 ppm. A broad singlet at δ = 8.89 ppm
is assigned to the imidazole N-H proton. As observed for 1
the signal from the phim phenyl ring ortho C-H proton,
close to the apical site of the metal centre, appears down-
field (δ = 11.63 ppm) as a broad singlet. The multiplet in the
range δ = 7.1–7.8 ppm corresponds to the imidazole ring C-
H and the rest of the aromatic protons in the molecule.

We have recorded the NMR spectra of both complexes
in the temperature range 20 to –80 °C and monitored the
broad singlet observed at δ = 12.07 and 11.63 ppm for 1
and 2, respectively. In each case, the signal becomes sharper
and is shifted further down-field on cooling (Figure 6). The
shifts are 0.75 and 0.90 ppm for 1 and 2, respectively. The
observation of the down-field signal and its behaviour on
lowering the temperature suggest that the C–H···Ni interac-
tion present in the solid-state structures of both 1 and 2 is
also present in solution and it is essentially hydrogen bond
in character.

Figure 6. Temperature dependence of the down-field signal in the
proton NMR spectrum of [Ni(bhac)(phim)] (1).

Conclusions

The tridentate O,N,O-donor benzoyl- and acetylhydra-
zone of acetylacetone (H2bhac and H2ahac) and mono-
dentate N-donor 2-phenylimidazole (phim) yielded square-
planar nickel(II) complexes [Ni(bhac)(phim)] (1) and [Ni-
(ahac)(phim)] (2). X-ray crystal structures reveal that the
asymmetric unit of 1 contains a single molecule while that
of 2 contains four molecules with different conformations.
The conformation of 1 is significantly different compared
with that of any of the four molecules of 2. Perhaps the
intramolecular C–H···π interaction present in 1 is one of
the factors for this difference. In each of 1 and 2, one of
the two ortho hydrogen atoms of the phim phenyl ring is
very close to the metal centre at the apical site suggesting
an intramolecular C–H···Ni interaction. The shape of the
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C–H···Ni interaction depends on the twisting (ψ) of the
phim and the extent of the orthogonality (θ) between the
plane containing the chelate rings and the imidazole plane.
The observed trends are compared with the structures of
similar species reported in the literature. Theoretically op-
timised structures of both 1 and 2 are very similar. Energy
calculations were performed by varying ψ from 0 to 90° for
both 1 and 2. The conformer of 1 having a ψ value of �35°
(experimental ψ = 35.8°) is at the lowest energy and the
plot of the relative energies (∆E) of various conformers
against ψ provides a reasonably symmetric well-type curve.
For 2 the lowest energy conformer has a ψ value of �20°.
However, the energy change is very little below ψ = 20°.
This observation explains the presence of four molecules
having ψ in the range 1.6–21.6° in the asymmetric unit of
2. Theoretical investigations suggest that a hydrogen-bond
description of the C–H···Ni interaction in both 1 and 2 is
more appropriate. In the NMR spectra of 1 and 2, the ap-
pearance of this interacting proton at down-field and fur-
ther down-field shifts, because of the lowering of the tem-
perature, substantiates the hydrogen-bond character of this
interaction.

Experimental Section
Materials: The Schiff bases H2bhac and H2ahac were prepared by
condensation reactions of acetylacetone with benzoylhydrazine and
acetylhydrazine, respectively.[21] All other chemicals and solvents
used in this work were of analytical grade, available commercially
and were used without further purification.

Physical Measurements: Microanalytical (C, H, N) data were ob-
tained with a Thermo Finnigon Flash EA1112 series elemental
analyser. Infrared spectra were collected by using KBr pellets with
a Jasco-5300 FT-IR spectrophotometer. A Shimadzu 3101-PC UV/
Vis/NIR spectrophotometer was used to record the electronic spec-
tra. The proton NMR spectra were recorded with a Bruker
400 MHz spectrometer. Solution electrical conductivities were mea-
sured with a Digisun DI-909 conductivity meter. A Sherwood Sci-
entific balance was used for magnetic susceptibility measurements.
A CH-Instruments model 620A electrochemical analyser was used
for cyclic voltammetric experiments with acetonitrile solutions of
the complexes containing tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte. The three electrode measure-
ments were carried out at 298 K under a dinitrogen atmosphere
with a platinum disc working electrode, a platinum wire auxiliary
electrode and an Ag/AgCl reference electrode.

Synthesis of the Complexes

[Ni(bhac)(phim)] (1): A dry methanol solution (15 cm3) of Ni-
(O2CCH3)2·4H2O (125 mg, 0.5 mmol) was added to a dry methanol
solution (10 cm3) of H2bhac (110 mg, 0.5 mmol) and 2-phenylimid-
azole (72 mg, 0.5 mmol). The resulting deep brown mixture was
kept under reflux for 2 h and then evaporated on a steam bath to
approximately half of the original volume. The brown needles that
separated after cooling to room temperature were collected by fil-
tration, washed with a little ice-cold methanol and finally dried in
air. The yield obtained was 160 mg (76%). A single crystal suitable
for X-ray structure determination was selected from this material.
NiC21H20N4O2 (419.12): calcd. C 60.18, H 4.81, N 13.37; found C
59.95, H 4.78, N 13.24. Electronic spectroscopic data in CH3OH:
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λmax (ε) = 565 sh (94), 380 (14200), 366 sh (12700), 267 (19800),
234 sh (21100) nm.

[Ni(ahac)(phim)] (2): A dry methanol solution (15 cm3) of Ni-
(O2CCH3)2·4H2O (125 mg, 0.5 mmol) was added to a dry methanol
solution (10 cm3) of H2ahac (70 mg, 0.5 mmol) and 2-phenylimid-
azole (72 mg, 0.5 mmol), and the mixture was kept under reflux for
2 h. A brown crystalline material was deposited on the wall of the
round-bottomed flask along the surface of the solvent and formed
a ring. The reaction mixture was cooled to room temperature and
the almost colourless and clear mother liquor was removed care-
fully by using a dropper. The crystalline material was collected after
drying in air. The yield obtained was 110 mg (62%). A single crys-
tal suitable for X-ray structure determination was selected from this
material. NiC16H18N4O2 (357.05): C 53.82, H 5.08, N 15.69; found
C 53.54, H 4.86, N 15.47. Electronic spectroscopic data in CH3OH:
λmax (ε) = 425 sh (370), 358 sh (3500), 344 (4700), 330 sh (4400),
267 (18400), 235 sh (18600) nm.

X-ray Crystallography: Complexes 1 and 2 crystallise in the space
groups C2/c and P21/c, respectively. Unit cell parameters and the
intensity data were obtained with a Bruker-Nonius SMART APEX
CCD single-crystal diffractometer, equipped with a graphite mono-
chromator and a Mo-Kα fine-focus sealed tube (λ = 0.71073 Å)
operated at 2.0 kW. The detector was placed at a distance of 6.0 cm
from the crystal. Data were collected at 298 K with a scan width
of 0.3° in ω and an exposure time of 30 sec/frame. The SMART
software was used for data acquisition and the SAINT-Plus soft-
ware was used for data extraction.[37] In each case, an absorption
correction was performed with the help of the SADABS pro-
gramme.[38] The structures were solved by direct methods and re-
fined on F2 by full-matrix least-squares procedures. In both struc-
tures, all non-hydrogen atoms were refined with anisotropic ther-
mal parameters. Hydrogen atoms were added at idealised positions
by using a riding model. For 1 the hydrogen atoms were refined
isotropically while for 2 they were not refined. The SHELX-97 pro-
grammes[39] of the WinGX package[40] were used for structure solu-
tion and refinement. The ORTEX6a[41] and Platon[42] packages
were used for molecular graphics. Significant crystallographic data
for 1 and 2 are summarised in Table 4.

Table 4. Selected crystallographic data for 1 and 2.

Complex [Ni(bhac)(phim)] (1) [Ni(ahac)(phim)] (2)

Empirical formula C21H20N4O2Ni C16H18N4O2Ni
Formula mass [gmol–1] 419.12 357.05
Crystal system monoclinic monoclinic
Space group C2/c P21/c
a [Å] 43.532(3) 24.450(2)
b [Å] 11.8872(9) 8.5337(7)
c [Å] 7.6363(6) 33.518(3)
β [°] 99.3510(10) 108.985(2)
V [Å–3] 3899.1(5) 6613.2(9)
Z 8 16
µ [mm–1] 1.019 1.188
Reflections collected 19894 49271
Reflections unique 3853 8643
Reflections [I�2σ(I)] 3013 4844
Parameters 333 841
R1, wR2 [I�2σ(I)] 0.0361, 0.0889 0.0713, 0.1155
R1, wR2 (all data) 0.0488, 0.0970 0.1408, 0.1375
GOF on F2 0.913 1.025
Largest peak, hole [eÅ–3] 0.388, –0.201 0.400, –0.332

CCDC-294281 and CCDC-294282 contain the supplementary
crystallographic data for 1 and 2, respectively. These data can be
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obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Methods: DFT calculations for 1 and 2 were per-
formed at the B3LYP/6-311G(d,p) level.[43–45] The starting points
of the geometry optimisations were the X-ray structural coordi-
nates of the single molecule of 1 and of the four independent mole-
cules of 2 found in the corresponding asymmetric units. The
Gaussian 03[46] suite of programmes was used for all calculations.

Supporting Information (see footnote on the first page of this arti-
cle): Plots of C–H···Ni angles, ψ and θ (see text for definitions)
against the Ni···H distances for 1 and 2 (Figure S1).
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Reaction of CuX2 (X = Cl, Br) with pyridine alcohol ligands
[2-(hydroxymethyl)pyridine = Hhmp, 2-(hydroxyethyl)pyri-
dine = Hhep and 2-(hydroxypropyl)pyridine = Hhpp] affords
a series of new CuII alkoxide complexes with a similar Cu2O2

structural motif: a dinuclear complex, [Cu2(hpp)2Br2] (1), two
tetranuclear compounds, [Cu4(hpp)4Br4] (2) and [Cu4(hpp)4-
Cl4] (3), and polynuclear chains, [Cu2(hep)2Cl2]n (4) and
[Cu2(Hhmp)2Cl4]n (5). The dinuclear complex 1 represents
the basic building unit of the four other materials. In this fam-
ily of compounds, the pyridine alcohol type ligands (Hhmp,
Hhep, or Hhpp) provide the two alkoxido functions that

Introduction

The aggregation of small well-defined coordination
building blocks to form larger architectures is one of the
major trends of research in coordination chemistry.[1–4] CuII

complexes are particularly popular since the metal ion is
paramagnetic and affords easy formation of polynuclear
clusters. Dinuclear CuII complexes have often been used as
models to study the magnetic-exchange interactions and as
building blocks for the construction of polynuclear com-
pounds with interesting magnetic properties.[5] Among
them, CuII carboxylates with a paddle-wheel structure and
doubly bridged dinuclear complexes containing hydroxido
alkoxido or halide bridging ligands have drawn considerable
interest.[6] Our quest has been the preparation of new com-
plexes based on the dinuclear [Cu2(OR)2X2] core. This mo-
tif consists of two copper atoms bridged by two alkoxido
oxygen atoms from alkoxypyridine-type ligands. Moreover,
each of the CuII metal ions displays a pseudo-square-planar
coordination geometry completed by two halogen anions in
trans positions (Scheme 1, I) and by the pyridine function
of the chosen ligand. The tendency of copper ions to accept
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bridge the CuII centers. The tetranuclear analogues exhibit
an unusual structure of the defect dicubane-like type with
two missing vertices. The one-dimensional polymers 4 and 5
are composed of Cu2O2 dinuclear units interlinked through
bridging chlorido ligands to form infinite chains. The analysis
of the magnetic susceptibility measurements indicates the
presence of strong antiferromagnetic coupling between the
S = 1/2 CuII metal ions through the bis(alkoxido) bridge.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. The [Cu2(OR)2X2] structural core (I) and the tetra-
nuclear species of cubane type (II), stepped-cubane type (IIIa) and
“defect dicubane type” (IIIb).
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a fifth ligand at the axial coordination site and the ability
of alkoxido ligands to participate in bridging allow for the
possibility of associating these dinuclear units into discrete
oligonuclear and polynuclear compounds. The assembly of
two dinuclear units leads to two types of tetranuclear aggre-
gates: the cubane type (Scheme 1, II) and the so-called
stepped-cubane type (Scheme 1, IIIa). Both types are
known in CuII alkoxide chemistry. While abundant struc-
tural data on cubane-type complexes is available in the lit-
erature,[7] the stepped cubanes appear much less fre-
quently,[8] particularly, compounds that contain a halide li-
gand as one of the equatorial ligands of the copper centers
in the dinuclear core. Upon association of the type I dinu-
clear units (Scheme 1), one of the two terminal halogenide
ligands of each dimeric unit bridges neighboring Cu2(OR)2

building blocks to give rise to an unusual structural type
(Scheme 1, IIIb). The resulting complex may be envisioned
as an arrangement of two fused cubes, each missing one
apex. It is worth noting that as far as we know, only one
structurally characterized [Cu4(OR)4X4] species of this type
has been reported in the literature.[9]

Although a considerable amount of research is currently
focused on the rational design of premeditated architectures
and complexes, it is often difficult, if not impossible, to an-
swer the question why one complex is obtained rather than
another. Progress in understanding self-assembly processes
is likely to be developed by studying the aggregation of
relatively simple and small building units. Herein we
report on the preparation and structural characterization
of copper(II) complexes that have the Cu2(OR)2X2 core
with three simple chelating pyridine-based alkoxido
ligands (Scheme 2): 2-(hydroxymethyl)pyridine (Hhmp),
2-(hydroxyethyl)pyridine (Hhep), and 2-(hydroxypropyl)-
pyridine (Hhpp). Five new compounds are presented,
spanning diverse architectures from dinuclear [Cu2(hpp)2-
Br2] to two tetranuclear complexes with a dicubane-type
structure, ([Cu4(hpp)4Br4] and [Cu4(hpp)4Cl4]), and two
polymeric chain compounds with the composition
[Cu2(hep)2Cl2]n and [Cu2(Hhmp)2Cl4]n. In addition to the
synthesis and the structural characterization, the magnetic
properties of the Cu2(OR)2X2 core will be discussed.

Scheme 2. Pyridine alcohol ligands discussed in this work.

Results and Discussion

Simple pyridine-based alcohols such as 2-(hydroxymeth-
yl)- (Hhmp), 2-(hydroxyethyl)- (Hhep) and 2-(hydroxypro-
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pyl)pyridine (Hhpp) have the ability to act as chelating and/
or bridging ligands in their neutral and ionic forms, where
the OH groups are deprotonated. Surprisingly, these simple
commercially available substances have not been employed
widely as ligands in coordination chemistry. Only in recent
years, the simplest one from the above homologue series,
Hhmp, has been used in manganese chemistry to obtain
new single-molecule magnets (SMMs) or extended net-
works of SMMs.[10] Among the structurally characterized
CuII complexes based on the ligands listed above, the com-
pounds with (hydroxymethyl)pyridine (Hhmp) prevail. The
search through the Cambridge Structural Database (CSD)
revealed six structures containing Hhmp and CuII metal
ions.[11] All of these examples are mononuclear species with
six-coordinate CuII centers to which Hhmp binds as a che-
lating ligand. In addition, it is worth noting that there is
only one report on a structure with the anionic hmp ligand
that adopts a chelating-bridging mode, which results in a
tetranuclear complex [Cu4(hmp)4(CH3COO)4] of a cubane
type.[12] Structures with Hhep/hep and Hhpp/hpp appear
even less frequently. Two CuII mononuclear complexes with
Hhep have been found in the CSD, while no example seems
to exist with the ligand in its deprotonated form.[13] Only
one mononuclear compound with Hhpp and one dinuclear
example with the ligand in its deprotonated form (hpp) have
been reported so far on the basis of a CSD search.[14]

We have carried out the syntheses by using simple bro-
mide and chloride copper(II) salts (CuX2 with X = Br, Cl)
with Hhmp, Hhep, and Hhpp in methanol, ethanol, or a
mixture of both alcohols. While the reactions with Hhep
and Hhpp lead to the deprotonation of the ligand and thus
alkoxido-bridged complexes (1–4), the Hhmp ligands stay
protonated in 5. The origin of this difference and the
mechanism that assists the deprotonation of the coordi-
nated alcohol in the case of the Hhep and Hhpp ligands is
not clear. We have no explanation for the formation of al-
koxido-bridged rather than hydroxido-bridged complexes,
since the metal salts were not dried and water was not ex-
cluded from the reaction mixture. Analogically, the depro-
tonation of Hhmp under similar reaction conditions was
expected even if the chelating mode of Hhmp coordination
is apparently favored over the bridging mode. Indeed, this
tendency to form five-membered chelating rings for the
Hhmp ligand is also reflected in the CSD and in the occur-
rence of structures containing Hhmp.

Structural Descriptions

Dinuclear Complex [Cu2(hpp)2Br2] (1)

Compound 1 represents the smallest complex in terms of
nuclearity in this study (Figure 1). It consists of two copper
atoms doubly bridged by chelating µ-hpp ligands. The re-
maining sites of the distorted square-planar environment
around the copper centers are occupied by two bromido
ligands that are arranged in a trans fashion. The two copper
atoms are symmetry related by an inversion center and are
separated by 3.0642(5) Å. The µ-O bridge is asymmetrical
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with Cu–O distances of 1.9179(13) and 1.9489(13) Å and
a Cu–O–Cu angle of 104.8°. Basic geometric parameters,
relevant to the Cu coordination sphere, are summarized in
Table 1. There are no covalent interactions between the di-
meric units.

Figure 1. View of a centrosymmetric dinuclear unit in 1 (30% prob-
ability thermal ellipsoids). Only the atoms of the asymmetric unit
are labeled.

Table 1. Selected bond lengths [Å] and angles [°] for 1.[a]

Cu1–O1 1.9489(13)
Cu1–N11 2.0011(16)
Cu1–Br1 2.3753(3)
Cu1–O1i 1.9179(13)
Cu1–Cu1i 3.0642(5)
Cu1–O1–Cu1i 104.82(6)

[a] Symmetry code: (i) –x+2, –y+1, –z+1.

Tetramers [Cu4(hpp)4Br4] (2) and [Cu4(hpp)4Cl4] (3)

The basic molecular motif of these two materials is sim-
ilar and is composed of four copper centers arranged to
form a planar “rhombic” geometry (Scheme 1, IIIb). These
tetranuclear complexes can be described as two [Cu2-
(hpp)2X2] (with X: Br or Cl) dinuclear units, one lying on
top of the other and slipped with respect to each other. One
of the two bridging hpp oxygen atoms of each dinuclear
unit is triply bridging and connects the two [Cu2(hpp)2X2]
moieties to form a stepped-cubane-type geometry. The tet-
ranuclear aggregate is further stabilized by two halogen
bridges inducing the “defect dicubane type” geometry: a
pair of uncompleted cubes connected by a common Cu2O2

face. The bromido complex 2 crystallizes in a noncentro-
symmetric space group P21 with the whole tetranuclear
molecule as the asymmetric unit (Figure 2). The geometry
of the two dinuclear moieties is essentially the same as can
be seen from bond lengths and angles given in Table 2. The
copper centers, which are doubly bridged by alkoxido oxy-
gen atoms, are separated by 3.0421(9) and 3.0464(9) Å,
while the distances between the copper atoms belonging to
different dinuclear units are longer. Those involving µ3-O-
and µ-Br-bridged Cu atoms are 3.6003(9) and 3.6113(9) Å
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for the Cu1–Cu3 and Cu4–Cu2 pairs, respectively. The (µ3-
O)2-bridged pair of copper atoms (Cu1 and Cu2) is sepa-
rated by 3.3555(8) Å. The chloride analogue 3 crystallizes
in the space group P21/n with an inversion center located
in the center of the Cu2(µ3-O)2 plane (Figure 3). Thus, the
asymmetric unit here is composed only of a dimeric half of
the tetranuclear complex [Cu2(hpp)2X2]. The geometry of
this dinuclear unit (Table 2) is similar to that of the bromido
analogue. Again, the bridging alkoxido group from one
[Cu2(hpp)2X2] motif coordinates to the copper ions of the
other moiety, thereby becoming a µ3 ligand. Additionally,
two chlorido bridges consolidate the tetranuclear core to
form a centrosymmetric complex with a IIIb topology
(Scheme 1), as presented in Figure 3. In these aggregates,
two types of CuII ions with a square-pyramidal coordina-
tion sphere can be distinguished: (i) Cu1 and Cu2 in 2 or
Cu2 in 3 possess a CuXNO3 environment with a basal
plane occupied by a triply bridging hmp oxygen atom, a
halogen ion, a pyridine-type nitrogen atom, and µ-O atom
from a chelating hmp. The apical site is occupied by a µ3-
O atom from the neighboring dinuclear unit. The remaining

Figure 2. Structural representation of 2 (30% probability thermal
ellipsoids).

Table 2. Selected bond lengths [Å] and angles [°] for the tetranu-
clear compounds 2 and 3.[a]

2 3

Cu2–Cu3 3.0421(9) Cu1–Cu4 3.0464(9) Cu1–Cu2 3.0438(3)

Cu2–O2 1.934(4) Cu1–O1 1.941(4) Cu1–O1b 1.9071(12)

Cu2–O3 1.979(4) Cu1–O4 1.972(4) Cu1–O1a 1.9791(12)

Cu2–Br2 2.4023(10) Cu1–Br1 2.4105(9) Cu1–Cl1 2.2474(5)

Cu2–N21 2.022(5) Cu1–N11 2.021(5) Cu1–N11 2.0093(15)

Cu3–O2 1.896(4) Cu4–O1 1.907(4) Cu2–O1a 1.9293(12)

Cu3–O3 2.003(4) Cu4–O4 1.984(4) Cu2–O1b 1.9891(12)

Cu3–Br3 2.4087(9) Cu4–Br4 2.4105(9) Cu2–Cl2 2.2553(5)

Cu3–N31 2.002(5) Cu4–N41 2.004(5) Cu2–N21 2.0227(15)

Cu2–O4 2.536(4) Cu1–O3 2.512(4) Cu1–Cl2i 3.0035(6)

Cu3–Br1 3.1102(10) Cu4–Br2 3.1667(10)

Cu3–O2–Cu2 105.2(2) Cu1–O1–Cu4 104.7(2) Cu1–O1a–Cu2 100.18(5)

Cu3–O3–Cu2 99.63(17) Cu1–O4–Cu4 100.72(18) Cu1–O1b–Cu2 105.01(6)

[a] Symmetry code: (i) –x, –y, –z.
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two copper centers, Cu3 and Cu4 in 2 or Cu1 in 3, possess
a CuX2NO2 geometry. The equatorial plane is formed by a
µ-O atom from a bridging hmp ligand, a halogen ion, a
pyridine-type nitrogen atom, and a µ3-O atom from a che-
lating hmp. The axial site is occupied by a halogen ion from
the adjacent dinuclear unit. It is worth noting that the as-
sembly of two alkoxido-bridged dicopper units usually re-
sults in a compact cube-like complex, particularly when the
dinuclear unit contains halide ligands. To the best of our
knowledge, there is only one structure known, [Cu4(M3)2-
(µ3-OMe)2(µ-Cl)2Cl2], that contains the [Cu4(µ-OR)2(µ3-
OR)2(µ-X)2X2] tetranuclear defect dicubane core.[9] How-
ever, the arrangement of the bridging and terminal halo-
genide ligands in the present tetranuclear complexes differ
from that observed in the reported structure. In 2 and 3,
the basic dinuclear moiety contains halogen ions located in
a trans fashion, whereas in the aforementioned complex, the
Cl ions are coordinated to the CuII centers in cis positions.
The [Cu4(M3)2(µ3-OMe)2(µ-Cl)2Cl2] complex contains two
different alkoxido ligands: µ3-bridging methoxy groups and
a tridentate macrocyclic ligand (M3) that offers a µ-bridg-
ing phenoxo group and occupies, by its two nitrogen atoms,
the two (cis) equatorial positions of each of the copper
metal ions. This peculiar macrocyclic ligand geometry thus
prevents the chlorido ligands from adopting trans positions.

Figure 3. Structural representation of a centrosymmetric tetranu-
clear core of 3 (30% probability thermal ellipsoids).

Polymer [Cu2(hep)2Cl2]n (4)

In 4, the centrosymmetric dimeric units (Figure 4,
Table 3) assemble through weak interactions arising from
two bridging chlorido ligands to form a linear chain shown
in Figure 5. The distance between the copper centers within
the alkoxido dimer is 3.0833(4) Å, whereas the distance be-
tween the copper centers that are doubly bridged by µ-Cl is
longer: 3.8080(5) Å. The consecutive bridging planes
(Cu2O2 and Cu2Cl2) are twisted with respect to each other
and the dihedral angle is 77.93(5)°. The overall structure
may be compared to the one observed in the complex
[Cu(nhep)Cl]2 containing 1-(2-hydroxyethyl)pyrazole (nhep)
as the alkoxido bridging ligand.[15] In this compound, the

Eur. J. Inorg. Chem. 2006, 4888–4894 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4891

basic dinuclear unit has no center of symmetry but connects
through weak inter-dimer interactions arising from two
bridging chlorido ligands to form polynuclear chains with
di-µ-O and di-µ-Cl bridges, as described here.

Figure 4. Structural representation of a centrosymmetric dinuclear
core in 4 (30% probability thermal ellipsoids).

Table 3. Selected bond lengths [Å] and angles [°] for polynuclear
compounds 4 and 5.[a]

4 5

Cu1–O1a 1.9349(14) Cu1–Cl2 2.2418(5)
Cu1–O1ai 1.9434(14) Cu1–Cl2iii 2.9415(6)
Cu1–N11 2.0211(18) Cu1–N11 1.9957(17)
Cu1–Cl1 2.2597(6) Cu1–O1 1.9959(16)
Cu1–Cl1ii 2.9413(7) Cu1–Cl1 2.2607(6)

Cu1–O1iv 2.9073(16)
Cu1–Cu1i 3.0833(4) Cu1–Cu1iii 3.8641(5)
Cu1–Cu1ii 3.8080(5) Cu1–Cu1iv 3.9191(5)
Cu1–O1a–Cu1i 105.31(7)

[a] Symmetry codes: (i) –x +1, –y, –z +1, (ii) –x+2, –y, –z+1,
(iii) –x, –y. –z +2, (iv) –x+1, –y, –z +2.

Figure 5. The one-dimensional chain structure of 4.

Polymer [Cu2(Hhmp)2Cl4]n·2nCH3OH (5)

Complex 5 contains 2-(hydroxymethyl)pyridine (Hhmp)
in its protonated form. The polymeric chain is built up from
centrosymmetric dinuclear [Cu2Hhmp2Cl4] units presented
in Figure 6. The two Cu atoms, separated by 3.8641(5) Å,
are doubly bridged by two chlorido ligands. The bridge is
far from symmetrical with Cu1–Cl2 and Cu1–Cl2* (with
*: –x, –y –z+2) distances of 2.2418(5) and 2.9415(6) Å,
respectively, and a Cu1–Cl2–Cu1* bridging angle of 95.45°.
The Hhmp ligand binds to a single Cu metal ion within the
dimer in a chelating manner [Cu1–N11: 1.9957(17) Å and
Cu1–O1: 1.9959(16) Å]. The fifth coordination site is occu-
pied by a terminal chlorido ligand at a distance of
2.2607(6) Å. Additionally, copper ions show rather weak in-
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teractions with the Hhmp oxygen atom from a neighboring
dimer with a distance between Cu1 and O1* (with *:
–x+1, –y –z+2) of 2.9073(16) Å. As a result of this weak
interaction, infinite chains are formed in which
[Cu2Hhmp2Cl4] dimers are further doubly bridged by
Hhmp oxygen atoms as illustrated by Figure 7. The inter-
dimer Cu–Cu separation is 3.9191(5) Å. The consecutive
bridging planes Cu2Cl2 and Cu2O2 are almost perpendicu-
lar to each other [dihedral angle of 88.34(5)°]. Topologi-
cally, the chain structure of compound 5 is related to that of
4. Its formation may as well be described as [Cu2Hhmp2Cl2]
dimers connected into chains through µ-Cl ligands. Because
Hhmp exists in 5 in the neutral form, such a chain would
bear a positive charge. Thus, an additional terminal
chlorido ligand is bound to each copper atom to compen-
sate for the charge and complete the six-coordinate geome-
try of the Cu centers. The compound crystallizes as meth-
anol solvate with two solvate molecules per dimeric unit.
Both alcohols, Hhmp and methanol, are involved in hydro-
gen-bond interactions [O1–O2* with *: –x+1, –y, –z+2 =
2.583(2) Å; O2–Cl1* with *: x+1, y, z = 3.090(2) Å].

Figure 6. Structural representation of the centrosymmetric dinu-
clear unit in 5 (30% probability thermal ellipsoids).

Figure 7. The one-dimensional chain structure of 5.

Magnetic Behavior

The variable temperature magnetic susceptibility mea-
surements for compound 1 are shown in Figure 8 as an χT
vs. T plot. By lowering the temperature, the χT product that
reaches 0.06 cm3 Kmol–1 at room temperature continuously
decreases down to 130 K. Below 130 K, the compound dis-
plays a diamagnetic ground state. This magnetic behavior is
typically observed for dinuclear CuII complexes that possess
a strong intracomplex antiferromagnetic interaction. A sim-
ple dinuclear Heisenberg S = 1/2 model[16] has been used to
fit the magnetic susceptibility (Figure 8) by considering the
following spin Hamiltonian: H = –2J {SCu1·SCu2} (where
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SCu1 and SCu2 are the spin operators with SCu1 = SCu2 =
1/2). The best set of parameters obtained for 1 by using the
above model is: J/kB = –580(20) K, g = 2.1(1) and ρ = 0.002
[this ρ parameter has been added to the model in order to
take into account a residual paramagnetic Curie component
as χ = (1 – ρ) χdimer +ρCS=1/2/T]. From a magnetic point of
view, all the other compounds, 2, 3, and 4, can be described
as CuO2Cu dinuclear complexes by considering only the
magnetic interactions through the bis(alkoxido) bridge. The
assembly of these dinuclear units takes place through the
axial sites of each copper ion and thus the bis(chlorido)
bridge is likely to be much weaker. Therefore, the magnetic
susceptibility of compounds 2, 3, and 4 can be modeled by
using the above-described magnetic Heisenberg approach
(Figure 8). The best set of parameters obtained by using
this model is: J/kB = –586(20) K, g = 2.3(1), ρ = 0.026 for
2, J/kB = –641(25) K, g = 2.2(1), ρ = 0.021 for 3, and J/kb

= –850(30) K, g = 2.1(1), ρ = 0.02 for 4. It is worth noting
that similar magnetic behavior and antiferromagnetic inter-
actions have been found for bis(alkoxido) dinuclear cop-
per(II) complexes.[9,15] The present compounds thus possess
a diamagnetic ground state that is the only thermally popu-
lated state above 130 K.

Figure 8. χT vs. T data (where χ = M/H) for compound 1, 2, 3,
and 4 measured at 1000 Oe. The solid lines are the best fits ob-
tained with the Heisenberg model described in the text.

Concluding Remarks

The reactions of copper(II) halides with three pyridine
alcohol ligands afforded a series of new complexes based
on a dinuclear Cu2(OR)2X2 core. Among them, two tetra-
nuclear compounds (2, 3) exhibit a defect dicubane struc-
ture with two missing vertices, which is rarely observed in
CuII alkoxide chemistry. As shown by the magnetic proper-
ties of 1, this dinuclear Cu2(OR)2X2 building block pos-
sesses a singlet ground state and thus induces all the re-
sulting complexes based on this unit to also exhibit a dia-
magnetic ground state. The paramagnetic triplet state is
thermally populated above 130 K for all the reported mate-
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rials. The existence of neutral and deprotonated forms of
the coordinated ligands warrants further investigation on
the reaction conditions necessary for ligand deprotonation.

Experimental Section
General Procedures and Materials: All manipulations were carried
out under ambient conditions by using commercial grade solvents.
Chemicals were used as received (Aldrich) without further purifica-
tion.

Synthesis

[Cu2(hpp)2Br2] (1): CuBr2 (0.11 g) was dissolved in a mixture of
methanol (10.0 mL) and ethanol (10.0 mL). On adding the disod-
ium salt of succinic acid (0.05 g), a blue product precipitated. After
the addition of 2-(hydroxypropyl)pyridine (0.13 mL), the mixture
was heated to boiling and then cooled to ambient temperature. The
remaining blue product was filtered off. Slow cooling of the green
filtrate to 5 °C gave bluish-green plate-like crystals of 1. Yield:
0.023 g (16%). C16H20Br2Cu2N2O2 (559.24): calcd. C 34.36, H
3.60, N 5.01; found C 34.55, H 3.76, N 4.95.

[Cu4(hpp)4Br4] (2): CuBr2 (0.11 g) was dissolved in methanol
(9.0 mL) and 2-(hydroxypropyl)pyridine (0.13 mL) was added.
Slow cooling of the resulting olive-green solution to 5 °C gave
grass-green rod-like crystals. Yield: 0.067 g (48%).
C32H40Br4Cu4N4O4 (1118.48): calcd. C 34.36, H 3.60, N 5.01;
found C 34.57, H 3.72, N 4.90.

[Cu4(hpp)4Cl4] (3): CuCl2·2H2O (0.11 g) was dissolved in methanol
(10 mL). 2-(Hydroxypropyl)pyridine (0.13 mL) was then added
whilst stirring. Upon ligand addition, the color of the solution
changed from light blue to olive green. Green crystals precipitated
on standing overnight at ambient conditions. Yield: 0.073 g (62%).
C32H40Cl4Cu4N4O4 (940.68): calcd. C 40.85, H 4.29, N 5.96; found
C 40.89 H, 4.39, N 5.81.

[Cu2(hep)2Cl2]n (4): CuCl2·2H2O (0.11 g) was dissolved in methanol
(15 mL). 2-(Hydroxyethyl)pyridine (0.13 mL) was then added
whilst stirring. Upon ligand addition, the color of the solution
changed from light blue to grass green. Green crystals precipitated
on standing overnight at room temperature. Yield: 0.078 g (27%).
C14H16Cl2Cu2N2O2 (442.28): calcd. C 38.02, H 3.65, N 6.33; found
C 38.16, H 3.74, N 6.21.

Table 4. Crystallographic data for compounds 1–5.

1 2 3 4 5

Empirical formula C16H20Br2Cu2N2O2 C32H40Br4Cu4N4O4 C32H40Cl4Cu4N4O4 C14H16Cl2Cu2N2O2 C14H18Cl4Cu2NO4

Formula mass [gmol–1] 559.24 1118.48 940.68 442.28 551.24
Space group P21/a P21 P21/n P1̄ P21/n
Z 2 2 2 1 2
T [K] 150 293 150 293 150
a [Å] 9.9878(2) 9.5570(10) 9.25380(10) 6.19550(10) 6.87280(10)
b [Å] 8.83220(10) 17.2949(2) 16.8305(2) 8.0167(2) 14.9500(2)
c [Å] 10.1894(2) 11.89280(10) 11.61430(10) 8.5418(2) 10.4520(2)
α [°] 89.7300(10)
β [°] 95.2740(10) 104.658(2) 104.899(10) 79.2820(10) 104.7518(7)
γ [°] 70.0321(10)
V [Å3] 895.05(3) 1841.80(4) 1748.07(9) 390.994(15) 1038.53(3)
µ (Mo-Kα) [mm–1] 6.851 6.659 2.750 3.067 2.584
dcalcd. [g cm–3] 2.075 2.017 1.787 1.878 1.763
R1, wR2 [I�2σ(I)] 0.0200, 0.0486 0.0377, 0.0938 0.0231, 0.0587 0.0240, 0.0572 0.0263, 0.0596
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[Cu2(Hhmp)2Cl4]n·2nCH3OH (5): CuCl2·2H2O (0.11 g) was dis-
solved in methanol (10 mL). 2-(Hydroxymethyl)pyridine (0.20 mL)
was then added whilst stirring. Upon ligand addition, the color of
the solution changed from light blue to grass green. On standing
at room temperature, a green microcrystalline product precipitated,
which was then filtered off. The mother liquor was cooled slowly
to 5 °C, which resulted in the precipitation of grass-green elongated
blocks, unstable in air.

Physical Measurements: Elemental analyses were measured at the
Faculty of Chemistry and Chemical Technology, University of
Ljubljana with a Perkin–Elmer 240 C, H, N analyzer. IR spectra
were recorded with a Perkin–Elmer 2000 spectrometer. Spectra can
be obtained from authors upon request. Magnetic susceptibility
measurements were obtained with the use of a Quantum Design
SQUID MPMS-XL magnetometer. Measurements were performed
on finely ground crystalline samples: 25.13 mg (1), 13.48 mg (2),
32.14 mg (3), and 25.73 mg (4) over the temperature range 1.8–
300 K. The magnetic data were corrected for the sample holder,
and the diamagnetic contribution calculated from Pascal’s con-
stants.[17] The presence of ferromagnetic impurities has been sys-
tematically checked by measuring the magnetization as a function
of the field at 100 K. No presence of ferromagnetic impurities was
seen in 1, 3, and 4. For 2, the susceptibility obtained at 100 K from
the M vs. H data has been used to correct the extrinsic ferromag-
netic contribution. Physical characterizations of 5 have not been
possible because of its high instability in air.

Crystallography: X-ray single-crystal data were collected with a
Nonius Kappa CCD diffractometer with graphite monochromated
Mo-Kα radiation (λ = 0.71073 Å) at 150 K for compounds 1, 3, and
5 and at 293 K for compounds 2 and 4. The data were processed by
using DENZO and SCALEPACK.[18] The structures were solved
by direct methods implemented in the SHELX-97 package[19] and
refined by a full-matrix least-squares method on F2 against all re-
flections by using the same program. Hydrogen atoms were placed
in geometrically calculated positions and were refined using a ri-
ding model, except those of the alcohol groups in compound 5,
which were found from a Fourier difference map and freely refined.
Compound 2 crystallizes in the noncentrosymmetric space group
P21. The value of the Flack parameter 0.495(12) indicates possible
racemic twinning. Crystallographic data are listed in Table 4.
CCDC-602082, -602083, -602084, -611672, and -611673 contain
the supplementary crystallographic data for this paper. These data
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can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Synthesis, Characterisation and Catalytic Ethylene Oligomerisation Behaviour
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Treatment of 1-(2�-azidophenyl)-3,5-dimethylpyrazole (1)
with Ph2PR (R = Ph, Me) and (Ph2P)2CH2, respectively, af-
fords the pyrazolyliminophosphoranes 2, 3 and 4. Reaction of
2 or 3 with [NiCl2(dme)] or NiBr2 yields the N,N-chelate
nickel complexes 5–8, and with CoCl2 complexes 9 and 10.
Reaction of 4 with [NiCl2(dme)], NiBr2 and CoCl2, respec-
tively, affords the N,N,P-chelate complexes 11–13. Com-
pounds 2–4 were characterised by 1H, 13C, 31P NMR and IR
spectroscopy and elemental analysis, while complexes 5–13
were characterised by IR spectroscopy and elemental analy-
sis. The structures of complexes 5, 9 and 12 were further

Introduction

Ethylene oligomerisation to form linear α-olefins has be-
come a topic of considerable interest in both academia and
industry as these oligomers are used as co-monomers with
ethylene and for the preparation of a variety of important
compounds such as detergents, synthetic lubricants, addi-
tives for high-density polyethylene production and surfac-
tants.[1] Late transition metal complexes have demonstrated
potential as catalysts for ethylene oligomerisation. A repre-
sentative example is the nickel catalysts in the Shell higher
olefin process (SHOP).[2] Other late transition metal com-
plexes have also proved to be active. These complexes are
supported by extensive didentate and tridentate ligands, in-
cluding N,N,[3] N,P,[1,4] N,O,[5] P,O,[6] P,P,[7] N,N,P,[8]

N,N,N,[1b,3b,9] N,P,N[10] and P,N,P[11] ligands. Recently, che-
lating nitrogen ligands featuring iminophosphorane moie-
ties have attracted considerable attention. Examples include
I–V (Scheme 1).[3a–3d,12] Some of the late transition metal
complexes with these ligands exhibit ethylene polymerisa-
tion or oligomerisation activities in the presence of appro-
priate co-catalysts. Pyrazole-based ligands have also re-
ceived extensive attention in recent years for the preparation
of olefin polymerisation catalysts, including poly(pyrazol-
yl)borates, didentate bis-pyrazolyl ligands and mixed donor
ligands.[1b,4f,9b,13] Our aim was to examine a set of new li-
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ogy of China,
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[b] Key Laboratory of Engineering Plastics, Institute of Chemistry,
The Chinese Academy of Sciences,
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characterised by single-crystal X-ray diffraction techniques.
Complexes 5–13 are active catalysts for ethylene oligomeri-
sation upon activation with alkylaluminium derivatives
(Et2AlCl, MAO or MMAO). These complexes exhibit good to
high catalytic activities (up to 3.54×106 gmol–1 hatm for the
nickel complexes and 5.48×105 gmol–1 hatm for the cobalt
complexes). The effects of varying ethylene pressure, tem-
perature and aluminium co-catalyst/Ni or Co ratios with
complexes 5, 9, 11 and 12 are reported.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

gands that combine pyrazolyl and iminophosphorane units
for late transition metals relevant for catalysis of ethylene
polymerisation or oligomerisation. Herein we report the
synthesis, characterisation and catalytic performance for
ethylene oligomerisation of cobalt and nickel complexes
bearing pyrazolyliminophosphorane ligands.

Scheme 1.

Results and Discussion

Synthesis and Characterisation of Compounds 2–13

Compound 1 was prepared according to a literature
method.[4f,14] Syntheses of ligands 2–4 and cobalt and
nickel complexes 5–13 are summarised in Scheme 2. Treat-
ment of 1 with one equivalent of phosphane Ph2PR (R =
Ph or Me) or Ph2PCH2PPh2 yielded iminophosphoranes 2–
4 in high yields. Reaction of 2 or 3 with MX2 (M = Ni, X
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= Br; M = Co, X = Cl) or [NiCl2(dme)] afforded complexes
5–10 in good to excellent yields. A similar reaction between
4 and the metal halides gave complexes 11–13. Compounds
2–4 are yellow (2 and 4) or orange (3) solids and were fully
characterised by 1H, 13C and 31P NMR spectroscopy and
elemental analyses. Complexes 5–13 are blue (5–10 and 13),
purple (11) or yellow (12) crystals or powder. Complexes 5
and 7–13 are air stable and complex 6 forms an H2O adduct
after being exposed to air for a long period. These com-
plexes are paramagnetic and were characterised by IR spec-
troscopy and elemental analyses, as well as by single-crystal
X-ray diffraction techniques (for 5, 9 and 12).

Scheme 2. Synthesis of compounds 2–13. Reagents and conditions:
i) Ph2PR (R = Ph, Me), CH2Cl2, room temperature, 12 h; ii)
Ph2PCH2PPh2, CH2Cl2, room temperature, 12 h; iii) MX2 (M =
Ni, X = Br; M = Co, X = Cl) or [NiCl2(dme)], thf, room tempera-
ture, 15 h.

The structure of 5 is presented in Figure 1. Crystalline 5
is monomeric. Its Ni atom is four coordinate and has a
distorted tetrahedral geometry. The N1–C19–C24–N2
atoms lie in the same plane. The N1–Ni1–N3–N2 atoms are
also approximately co-planar, with a torsion angle of 4°.
The six-membered metallacycle shows a boat conformation.
The Ni1–N1 distance of 2.002(6) Å is longer than those
found in [{2-[Ph2P=N(C6H3Me2-2�,6�)]-6-(SiMe3)-
C5H3N}NiBr2] [1.996(8) Å] and [{2-(Ph3P=NCH2)-6-
MeC5H3N}NiBr2] [1.983(3) Å].[3c] The Ni1–N3 distance of
2.007(6) Å is close to that in [{1-(2�-Ph2PC6H4)-3,5-
Me2C3HN2}NiCl2] [2.003(4) Å],[4f] but slightly shorter than
those found in [{NH(1-CH2CH2-3,5-Me2-C3HN2)2}NiCl2]
[2.069(2) and 2.0334(19) Å, respectively].[1b] The two Ni–Br
bond lengths are very similar and are typical for this class

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4895–49024896

of compounds.[3c,15] The P–N distance of 1.624(6) Å is nor-
mal for metal-coordinated iminophosphoranes.[3b,16]

Figure 1. ORTEP drawing of complex 5 (thermal ellipsoids at 30%
probability). Selected bond lengths [Å] and angles [°]: Ni(1)–N(1)
2.002(6), Ni(1)–N(3) 2.007(6), Ni(1)–Br(1) 2.3614(13), Ni(1)–Br(2)
2.3743(13), P(1)–N(1) 1.624(6), N(1)–C(19) 1.421(9), N(2)–N(3)
1.388(8), N(2)–C(24) 1.434(9), C(19)–C(24) 1.412(10); N(1)–Ni(1)–
N(3) 92.2(2), N(1)–Ni(1)–Br(1) 104.75(17), N(3)–Ni(1)–Br(1)
108.5(2), N(1)–Ni(1)–Br(2) 113.81(16), N(3)–Ni(1)–Br(2)
106.71(18), Br(1)–Ni(1)–Br(2) 125.71(6), C(19)–N(1)–Ni(1)
113.3(4), P(1)–N(1)–Ni(1) 124.4(3), C(27)–N(3)–Ni(1) 127.4(5),
N(2)–N(3)–Ni(1) 118.3(4), C(19)–N(1)–P(1) 121.5(5), N(3)–N(2)–
C(24) 119.1(6).

The structure of 9 is shown in Figure 2. Crystalline 9 is
monomeric and the Co centre is in a distorted tetrahedral
environment. Like complex 5, the six-membered metallacy-
cle also exists in a boat conformation in the solid state. The
Co–N distance (av. 2.045 Å) is close to that in
[{CH2(Ph2P=NPh)2}CoCl2] (av. 2.032 Å).[3b] The Co–Cl

Figure 2. ORTEP drawing of complex 9 (thermal ellipsoids at 30%
probability). Selected bond lengths [Å] and angles [°]: Co(1)–N(2)
2.052(2), Co(1)–N(3) 2.038(2), Co(1)–Cl(1) 2.2376(10), Co(1)–Cl(2)
2.2476(10), P(1)–N(3) 1.610(2), N(1)–N(2) 1.385(3), N(1)–C(6)
1.435(4), C(1)–C(6) 1.401(4), N(3)–C(1) 1.427(3); N(3)–Co(1)–N(2)
91.54(9), N(3)–Co(1)–Cl(1) 108.60(7), N(2)–Co(1)–Cl(1) 113.27(8),
N(3)–Co(1)–Cl(2) 115.95(7), N(2)–Co(1)–Cl(2) 107.75(8), Cl(1)–
Co(1)–Cl(2) 117.01(4), N(1)–N(2)–Co(1) 117.84(18), C(1)–N(3)–
Co(1) 111.62(17), N(2)–N(1)–C(6) 119.4(2), C(1)–N(3)–P(1)
122.10(18), C(1)–N(3)–Co(1) 111.62(17), P(1)–N(3)–Co(1)
125.55(13).
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distances [2.2376(10) and 2.2476(10) Å, respectively] are
within the normal range for four-coordinate Co complex-
es.[3b,3c,17]

Single crystals of complex 12 suitable for X-ray crystal-
lography were grown from toluene. The molecular structure
of complex 12 is presented in Figure 3. Complex 12 is mo-
nomeric and co-crystallises with one toluene molecule. The
coordination geometry around the nickel atom is distorted
trigonal bipyramidal in which the P1–Ni1–N3 angle is
167.57(9)° as a result of the strain imposed by the five- and
six-membered chelate rings. The N1–Ni1–Cl1–Cl2 atoms
are nearly co-planar. The N1–C26–P2–Ni1 atoms are also
approximately in the same plane, the sum of the angles
around N1 being 359.92°. The Ni–N distance (av. 2.063 Å)

Figure 3. ORTEP drawing of complex 12 (thermal ellipsoids at
30% probability). Selected bond lengths [Å] and angles [°]: Ni(1)–
N(1) 2.066(3), Ni(1)–N(3) 2.060(3), Ni(1)–Cl(2) 2.3012(11), Ni(1)–
Cl(1) 2.3187(11), Ni(1)–P(1) 2.4001(11), P(2)–N(1) 1.603(3), P(1)–
C(13) 1.842(3), P(2)–C(13) 1.806(3), N(2)–N(3) 1.377(4), N(2)–
C(31) 1.424(5), N(1)–C(26) 1.405(4), C(26)–C(31) 1.412(5); N(1)–
Ni(1)–N(3) 87.00(11), N(1)–Ni(1)–Cl(2) 129.22(9), N(3)–Ni(1)–
Cl(2) 92.76(9), N(1)–Ni(1)–Cl(1) 102.94(9), N(3)–Ni(1)–Cl(1)
94.35(9), Cl(2)–Ni(1)–Cl(1) 127.65(5), N(1)–Ni(1)–P(1) 80.64(8),
N(3)–Ni(1)–P(1) 167.57(9), Cl(2)–Ni(1)–P(1) 96,05(4), Cl(1)–Ni(1)–
P(1) 87.20(4), P(2)–N(1)–Ni(1) 118.82(15), C(26)–N(1)–Ni(1)
114.9(2), C(26)–N(1)–P(2) 126.2(2), N(2)–N(3)–Ni(1) 122.8(2),
C(13)–P(1)–Ni(1) 99.02(12), N(1)–P(2)–C(13) 106.93(15).

Table 1. Ethylene oligomerisation with 5–8.[a]

Entry Complex Al/Ni P [atm] Time [h] T [°C] Activity[b] C4 [%][c] C6 [%][c]

1 5 50 1 0.5 20 2.24 67.3 32.7
2 5 200 1 0.5 20 7.99 82.1 17.9
3 5 300 1 0.5 20 13.4 78.8 21.2
4 5 400 1 0.5 20 7.30 73.4 26.6
5 5 600 1 0.5 20 7.09 54.1 45.9
6 5 300 1 0.5 0 5.50 74.0 26.0
7 5 300 1 0.5 40 5.64 13.3 86.7
8 5 300 1 0.5 55 2.86 5.4 94.6
9 5 300 1 1 20 14.3 76.9 23.1
10 5 300 10 0.5 20 71.3 79.2 20.8
11 6 300 1 0.5 20 7.67 64.7 35.3
12 7 300 1 0.5 20 2.09 77.8 22.2
13 8 300 1 0.5 20 18.6 72.1 27.9

[a] Conditions: 5 µmol of pre-catalyst, Et2AlCl as co-catalyst, 30 mL of toluene (120 mL of toluene with 10 atm of ethylene). [b]
105 gmol–1 h. [c] Weight percent determined by GC analysis.
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is slightly longer than that in complex 5 and comparable to
those in [{NH(1-CH2CH2-3,5-Me2C3HN2)2}NiCl2]
[2.069(2) and 2.0334(19) Å, respectively].[1b] Both P1 and P2
exhibit distorted tetrahedral geometries. The Ni1–P1 dis-
tance of 2.4001(11) Å is longer than that in [{1-(2�-
Ph2PC6H4)-3,5-Me2C3HN2}NiCl2] [2.281(2) Å],[4f] but still
within the normal range.[8]

Catalytic Properties of Complexes 5–13 for Ethylene
Oligomerisation

We initially examined the catalytic activities of complexes
5–10 using Et2AlCl as activator; the results are displayed in
Table 1. At an Al/metal molar ratio of 300 and 20 °C under
1 atm of ethylene the cobalt complexes 9 and 10 are inac-
tive, whereas complexes 5–8 catalyse the dimerisation and
trimerisation of ethylene with high activity (2.09×105 to
1.86×106 gmol–1 h; entries 3 and 11–13 in Table 1). The in-
fluence of the Al/Ni ratio, the reaction temperature and eth-
ylene pressure was investigated for complex 5. At 20 °C un-
der 1 atm of ethylene, when the ratio of Al to Ni was 300
complex 5 showed the highest catalytic activity
(1.34×106 gmol–1 hatm). Variation of the reaction tem-
perature also influences the catalytic activity and product
distribution. Thus, with a rise of the temperature from
20 °C to 40 °C and finally to 55 °C the catalytic activity of
5 gradually decreased and the proportion of C6 component
increased (entries 3, 7 and 8 in Table 1). At 0 °C the cata-
lytic activity of 5 was close to that at 40 °C. However, the
proportion of C6 component at 0 °C was far lower than
that at 40 °C (entry 3 in Table 1). This decrease of catalytic
activity with a rise of temperature may be attributable to
the lower solubility of ethylene and the decomposition of
the active sites at higher temperature. The catalytic activities
of complexes 6 and 7 at 20 °C under 1 atm of ethylene and
with a 300:1 Al/Ni molar ratio (7.67×105 and
2.09×105 gmol–1 hatm, respectively) are lower than that of
complex 5. Complex 8 exhibits the highest catalytic activity
(1.86×106 gmol–1 hatm). Enhancement of the ethylene
pressure does not increase the catalytic activity of 5 in unit
pressure (entry 10 in Table 1). Comparison of the catalytic
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Table 2. Ethylene oligomerisation with complexes 11 and 12.[a]

Entry Complex Al/Ni P [atm] Time [h] t [°C] Activity[b] C4 [%][c] C6 [%][c]

1 11 50 1 0.5 20 1.80 76.6 23.4
2 11 200 1 0.5 20 2.12 78.8 21.2
3 11 300 1 0.5 20 2.97 61.0 39.0
4 11 500 1 0.5 20 2.63 57.4 42.6
5 11 700 1 0.5 20 2.23 61.8 38.2
6 11 300 1 0.5 0 2.38 80.5 19.5
7 11 300 1 0.5 40 3.54 72.2 27.8
8 11 300 1 0.5 60 1.07 68.0 32.0
9 11 300 1 1 20 1.41 50.4 49.6
10 11 300 10 0.5 40 8.52 76.2 23.8
11 12 300 1 0.5 20 2.85 70.5 29.5
12 12 300 1 0.5 40 2.53 62.0 38.0
13 12 300 1 0.5 0 2.42 68.9 31.1
14 12 300 1 0.5 60 1.88 66.0 34.0

[a] Conditions: 5 µmol of pre-catalyst, Et2AlCl as co-catalyst, 30 mL of toluene (120 mL of toluene when determined at 10 atm). [b]
106 g mol–1 h. [c] Weight percent determined by GC analysis.

activities of complexes 5–8 showed that under the same
conditions the activity order is 8 � 5 � 6 � 7. Unfortu-
nately, it is difficult to establish a relationship between the
catalytic activities and the electronic and steric effects of the
groups attached to the phosphorus and nickel atoms from
these results.

It has been reported that the nickel complexes of N,N,P-
tridentate ligands VI show high catalytic activity for ethyl-
ene oligomerisation in the presence of EtAlCl2.[8] We there-
fore added a Ph2P group to the P-methyl of ligand 3 to
construct the new N,N,P tridentate ligand 4. The nickel
complexes of the ligand (11 and 12) show high catalytic
activity for ethylene oligomerisation in the presence of Et2-

AlCl (Table 2). In each case the reaction produced a mix-
ture of C4 and C6 species. The quantity of aluminium co-
catalyst affected the outcome of the reaction. For complex
11, enhancement of the Al/Ni molar ratio from 50:1 to
300:1 gave an increase in catalytic activity. With further
augmentation of the Al/Ni ratio the catalytic activity grad-
ually decreased (entries 1–5 in Table 2). The effect of reac-

Table 3. Ethylene oligomerisation with complexes 9, 10 and 13.[a]

Entry Complex Co-catalyst Al/Co Activity[b] C4 [%][c] C6 [%][c]

1 9 MAO 300 very low
2 9 MAO 500 2.56 82.7 17.3
3 9 MAO 800 3.18 20.7 79.3
4 9 MAO 1000 3.85 27.9 72.1
5 9 MAO 1500 4.51 16.9 83.1
6 9 MAO 1800 5.62 19.1 80.9
7 9 MAO 2400 8.60 21.0 79.0
8 10 MAO 2400 7.01 16.9 83.1
9 13 MAO 2400 7.12 22.6 77.4
10 9 MMAO 300 15.5 97.6 2.4
11 9 MMAO 500 24.2 �99
12 9 MMAO 800 26.0 �99
13 9 MMAO 1000 27.3 �99
14 9 MMAO 1500 52.3 �99
15 9 MMAO 2000 53.3 �99
16 10 MMAO 2000 54.8 �99
17 13 MMAO 2000 33.6 �99

[a] Conditions: 5 µmol of pre-catalyst, 20 °C, 30 mL of toluene, 1 atm of ethylene, 0.5 h. [b] 104 gmol–1 h. [c] Weight percent determined
by GC analysis.
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tion temperature was also studied. The reaction was carried
out at 0, 20, 40 and 60 °C, and the results showed that the
highest catalytic activity was achieved at 40 °C. It seems
that in this example the lowering of ethylene solubility at
higher temperature is not the main factor affecting the cata-
lytic activity of 11. It was also noted that prolonging the
reaction time led to a decrease of catalytic activity and an
increase of the C6 fraction in the products. This increase of
the proportion of C6 component may be due to co-oligo-
merisation of C4 accumulated in the reaction vessel. The
influence of pressure was similar to that with complex 5.
Thus, an increase of ethylene pressure did not obviously
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enhance the catalytic activity of 11 in unit pressure (en-
try 10 in Table 2). For complex 12, the highest activity was
observed at 20 °C and 1 atm of ethylene in the presence of
300 equiv. of Et2AlCl.

In addition, compared with the nickel complexes with
didentate ligands 5–8, complexes 11 and 12 exhibit higher
catalytic activity under similar reaction conditions.

The nature of the aluminium co-catalyst affects the cata-
lytic properties of the pre-catalysts greatly. As we mentioned
above, the cobalt complexes are inactive for ethylene oligo-
merisation with Et2AlCl as co-catalyst. However, they
showed good catalytic activities for ethylene oligomeris-
ation with MAO or MMAO as activator (Table 3). Com-
plexes 9, 10 and 13 showed similar catalytic activities when
MAO was used as co-catalyst (Al/Co = 2400) at 20 °C un-
der 1 atm of ethylene. The catalytic reaction yielded a mix-
ture of C4 and C6 species.

When MMAO was used as co-catalyst, 13 revealed lower
activity than 9 and 10. However, each of complexes 9, 10
and 13 exhibits higher activities than that with MAO as
activator under similar reaction conditions. We also tested
the effect of the Al/Co ratio for complex 9. Increase of the
MAO/Co or MMAO/Co ratio resulted in an enhancement
of catalytic activities (entries 1–7 and 10–15 in Table 3). An
important feature of the cobalt complex/MMAO systems
was the selectivity: in each case the reaction gave almost
single C4 species.

Conclusions

We have synthesised and characterised a set of novel N,N
and N,N,P chelating ligands and their nickel and cobalt
complexes. Upon activation with Et2AlCl, the nickel com-
plexes reveal high catalytic activity for the dimerisation and
trimerisation of ethylene under the optimal conditions,
whereas the cobalt complexes are inactive. When activated
with MAO or MMAO the cobalt complexes exhibit high
catalytic activities. It was also observed that the catalytic
activity of complex 9 increases with an increase of the Al/
Co ratio. When activated with MMAO, the cobalt com-
plexes show high selectivity, forming almost single C4 spe-
cies. Investigation of the action of the ligands revealed that
the nickel complexes with the tridentate ligand have a
higher catalytic activity than those with didentate ligands
when activated with Et2AlCl. However, the cobalt com-
plexes with tridentate ligands exhibit lower activity than
those with didentate ligands when activated with MMAO.
When MAO was used as activator, the cobalt complexes
with either tridentate or didentate ligands show similar
catalytic activity.

Experimental Section
General Procedure: All air- or moisture-sensitive manipulations
were performed under dry N2 using standard Schlenk and vacuum-
line techniques. Solvents were distilled under N2 over sodium/
benzophenone (toluene, n-hexane, thf and Et2O) or CaH2 (CH2Cl2)
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and degassed prior to use. NMR spectra were recorded with a
Bruker av300 spectrometer at ambient temperature (300 MHz for
1H, 75.5 MHz for 13C and 121.5 MHz for 31P). The chemical shifts
of 1H and 13C NMR spectra are referenced to internal solvent reso-
nances; the 31P NMR spectra are referenced to external 85%
H3PO4. IR spectra were recorded with a Bruker VECTOR-22 spec-
trometer. Elemental analyses were performed by the Analytical
Centre of the University of Science and Technology of China. GC
analyses were performed with a Carlo Erba Strumentazione gas
chromatograph equipped with a flame ionisation detector and a
30 m (0.25 mm i.d., 0.25 µm film thickness) DM-1 silica capillary
column. High purity ethylene was purchased from Beijing Yanshan
Petrochemical Co. and used as received. Methylaluminoxane
(MAO, 1.46  in toluene) and modified methylaluminoxane
(MMAO, 1.93  in heptane) were purchased from Akzo Nobel
Corp. Et2AlCl was purchased from Fluka as a 1.90  solution in
hexane. 3,5-Dimethyl-1-(2�-azidophenyl)pyrazole and [NiCl2(dme)]
were prepared according to literature methods.[4f,14,18]

Preparations

1-{o-(Ph3PN)C6H4}-3,5-Me2C3HN2 (2): A solution of 1 (2.09 g,
9.8 mmol) in CH2Cl2 (20 mL) was added to a stirred solution of
PPh3 (2.57 g, 9.8 mmol) in CH2Cl2 (10 mL) at room temperature
and the mixture was stirred overnight. Volatiles were removed in
vacuo and the residue was dissolved in diethyl ether. Filtration of
the solution and concentration of the filtrate afforded 2 as a yellow
powder (3.95 g, 90.2%), m.p. 126–127 °C. 1H NMR (CDCl3): δ =
2.02 (s, 3 H, CH3), 2.25 (s, 3 H, CH3), 5.89 (s, 1 H, CH), 6.42 (d,
J = 7.8 Hz, 1 H, C6H4), 6.58 (t, J = 7.5 Hz, 1 H, C6H4), 6.81 (dt,
J = 7.5, 8.1 Hz, 1 H, C6H4), 7.14–7.20 (m, 1 H, C6H4), 7.25–7.31
(m, 6 H, Ph), 7.35–7.39 (m, 3 H, Ph), 7.47–7.54 (m, 6 H, Ph) ppm.
13C NMR (CDCl3): δ = 11.8, 13.9, 104.0, 117.1, 122.1 (d, J =
9.4 Hz), 128.5 (d, J = 12.1 Hz), 128.7, 130.5, 131.6 (d, J = 2.7 Hz),
131.8, 132.6 (d, J = 9.8 Hz), 134.5, 134.8, 141.7, 147.5 ppm. 31P
NMR (CDCl3): δ = –3.56 ppm. IR: ν̃ = 3049 cm–1 w, 3017 vw,
2960 vw, 2925 w, 1591 m, 1548 m, 1496 vs, 1472 s, 1460 s, 1438 s,
1378 m, 1366 m, 1343 vs, 1314 m, 1288 m, 1164 w, 1137 w, 1109 vs,
1054 m, 1033 m, 1020 m, 997 m, 930 w, 780 m, 768 m, 764 s, 718 vs,
694 s, 657 w, 648 w. C29H26N3P (447.511): calcd. C 77.83, H 5.85,
N 9.39; found C 77.50, H 5.87, N 9.49.

1-{o-(Ph2MePN)C6H4}-3,5-Me2C3HN2 (3): This compound was
prepared using a similar method to that for 2. Reaction of Ph2PMe
(1.67 g, 8.4 mmol) with 1 (1.78 g, 8.4 mmol) in CH2Cl2 (30 mL)
gave orange crystals of 3 (2.74 g, 84.5%), m.p. 86–87 °C. 1H NMR
(CDCl3): δ = 1.96 (d, J = 12.6 Hz, 3 H, CH3), 2.21 (s, 3 H, CH3),
2.32 (s, 3 H, CH3), 5.93 (s, 1 H, CH), 6.54 (d, J = 8.1 Hz, 1 H,
C6H4), 6.71 (t, J = 7.2 Hz, 1 H, C6H4), 6.95–7.01 (m, 1 H, C6H4),
7.24–7.27 (m, 1 H, C6H4), 7.32–7.49 (m, 6 H, Ph), 7.57–7.63 (m, 4
H, Ph) ppm. 13C NMR (CDCl3): δ = 11.9, 13.8, 14.0 (d, J =
62.4 Hz), 104.2, 117.4, 123.0 (d, J = 10.9 Hz), 128.6 (d, J = 12 Hz),
128.8 (d, J = 3.8 Hz), 131.2 (d, J = 9.8 Hz), 131.5 (d, J = 2.9 Hz),
134.7, 135.0, 141.7, 147.6, 147.9 ppm. 31P NMR (CDCl3): δ =
–2.14 ppm. IR: ν̃ = 3051 cm–1 m, 3039 m, 2951 w, 2915 m, 1591 s,
1549 m, 1499 vs, 1427 s, 1436 s, 1417 m, 1358 vs, 1316 m, 1289 m,
1276 m, 1160 w, 1116 s, 1055 m, 1033 m, 1022 m, 998 w, 927 vw,
879 m, 869 m, 768 m, 753 s, 741 s, 732 s, 711 m, 692 s, 648 m.
C24H24N3P (385.441): calcd. C 74.79, H 6.27, N 10.90; found C
74.69, H 6.29, N 11.16.

1-[o-{Ph2PCH2P(Ph)2N}C6H4]-3,5-Me2C3HN2 (4): A solution of 1
(3.33 g, 15.6 mmol) in CH2Cl2 (20 mL) was added to a stirred solu-
tion of Ph2PCH2PPh2 (6.01 g, 15.6 mmol) in CH2Cl2 (10 mL) at
0 °C and the mixture was stirred overnight at room temperature.
Volatiles were removed in vacuo and the residue was dissolved in
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diethyl ether (20 mL). Filtration of the solution and concentration
of the filtrate produced 4 as a yellow powder (7.36 g, 82.7%), m.p.
130–131 °C. 1H NMR (CDCl3): δ = 2.13 (s, 3 H, CH3), 2.25 (s, 3
H, CH3), 3.07 (d, J = 12.5 Hz, 2 H, CH2), 5.81 (s, 1 H, CH), 6.38
(d, J = 8.0 Hz, 1 H, C6H4), 6.64 (t, J = 7.6 Hz, 1 H, C6H4), 6.80–
6.85 (m, 1 H, C6H4), 7.11–7.24 (m, 15 H, Ph, C6H4), 7.32 (d, J =
7.1 Hz, 2 H, Ph), 7.47–7.53 (m, 4 H, Ph) ppm. 13C NMR (CDCl3):
δ = 12.0, 13.9, 29.6 (dd, J = 61.8, 70.8 Hz), 104.2, 117.4, 123.3 (d,
J = 10.3 Hz), 128.4, 128.49, 128.54, 128.65, 128.75, 131.5, 131. 9
(d, J = 9.1 Hz), 132.7, 133.0, 134.6, 134.9, 142.0, 147.5 ppm. 31P
NMR (CDCl3): δ = –1.98 (d, J = 51.9 Hz), –31.42 (d, J = 52.6 Hz)
ppm. IR: ν̃ = 3054 cm–1 m, 2923 m, 1595 m, 1547 m, 1498 vs,
1468 s, 1433 s, 1365 vs, 1357, 1309 w, 1289 w, 1182 vw, 1155 vw,
1118 m, 1060 w, 1022 m, 998 w, 930 vw, 798 w, 778 m, 765 w,
735 vs, 694 s, 643 w. C36H33N3P2 (569.615): calcd. C 75.91, H 5.84,
N 7.38; found C 75.79, H 5.91, N 7.68.

[{1-[o-(Ph3PN)C6H4]-3,5-Me2C3HN2}NiBr2] (5): A solution of 2
(0.552 g, 1.23 mmol) in thf (10 mL) was added to a suspension of
NiBr2 (0.270 g, 1.23 mmol) in thf (10 mL) and the mixture was
stirred overnight at room temperature. The solvent was then re-
moved under vacuum and the residue was dissolved in CH2Cl2.
The solution was filtered and the filtrate was concentrated to about
3 mL. Toluene was added to the solution to give 5 as a blue powder
(0.693 g, 93.6%), m.p. 311–312 °C. IR (KBr): ν̃ = 3055 cm–1 w,
3047 w, 2958 vw, 2922 w, 1590 w, 1549 m, 1497 m, 1483 m, 1438 vs,
1366 m, 1279 m, 1263 vs, 1232 m, 1187 w, 1125 m, 1107 vs, 1058 w,
1047 m, 1005 m, 993 s, 811 s, 783 m, 753 s, 741 m, 721 s, 694 s,
667 w, 622 w. C29H26Br2N3NiP (666.01): calcd. C 52.29, H 3.93, N
6.31; found C 52.34, H 3.88, N 6.48.

[{1-[o-(Ph3PN)C6H4]-3,5-Me2C3HN2}NiCl2] (6): A solution of 2
(0.407 g, 0.91 mmol) in thf (10 mL) was added to a stirred suspen-
sion of [NiCl2(dme)] (0.200 g, 0.91 mmol) in thf (10 mL) at room
temperature and the mixture was stirred overnight at room tem-
perature. The volatiles were removed under vacuum and the residue
was dissolved in CH2Cl2 (10 mL). The solution was filtered and the
filtrate was concentrated to about 2 mL. Hexane was added to the
solution to give 6 as a blue powder (0.477 g, 90.8%), m.p. 275–
276 °C. IR (KBr): ν̃ = 3065 cm–1 w, 2970 vw, 2926 vw, 1591 m,
1549 m, 1497 s, 1487 s, 1437 vs, 1389 w, 1368 m, 1283 m, 1263 s,
1233 m, 1188 w, 1140 w, 1110 s, 1048 m, 1029 w, 994 m, 812 s,
783 m, 756 s, 744 m, 723 s, 695 s, 678 w, 612 w. C29H26Cl2N3NiP
(577.11): calcd. C 60.35, H 4.75, N 7.28; found C 60.39, H 4.64, N
7.29.

[{1-[o-(Ph2MePN)C6H4]-3,5-Me2C3HN2}NiBr2] (7): A solution of 3
(0.278 g, 0.72 mmol) in thf (10 mL) was added to a stirred suspen-
sion of NiBr2 (0.158 g, 0.72 mmol) in thf (10 mL) at room tempera-
ture and the mixture was allowed to stir overnight. The solvent
was then removed under vacuum and the residue was dissolved in
CH2Cl2. The solution was filtered and the filtrate was concentrated
to about 2 mL. Toluene was added to yield blue crystals of
7·CH2Cl2 (0.427 g, 86.1%), m.p. 239–240 °C. IR (KBr): ν̃ =
3056 cm–1 w, 2987 w, 2916 w, 1593 m, 1550 m, 1499 s, 1453 m,
1437 s, 1419 m, 1389 w, 1373 w, 1298 m, 1272 s, 1236 m, 1160 w,
1117 vs, 1061 w, 1047 w, 1010 s, 996 s, 894 s, 799 w, 781 m, 743 vs,
716 w, 693 s, 667 s, 615 w. C24H24Br2N3NiP·CH2Cl2 (688.88): calcd.
C 43.59, H 3.80, N 6.10; found C 43.72, H 3.82, N 6.17.

[{1-[o-(Ph2MePN)C6H4]-3,5-Me2C3HN2}NiCl2] (8): A solution of 3
(0.321 g, 0.83 mmol) in thf (10 mL) was added to a stirred suspen-
sion of [NiCl2(dme)] (0.183 g, 0.83 mmol) in thf (10 mL) at room
temperature and the mixture was allowed to stir overnight. The
volatiles were then removed under vacuum and the residue was
dissolved in CH2Cl2. The solution was filtered and the filtrate was
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concentrated to about 2 mL. Toluene was added to give
8·CH2Cl2·0.3THF as a blue powder (0.414 g, 80.2%), m.p. 117–
118 °C. IR (KBr): ν̃ = 3052 cm–1 w, 2986 w, 2915 w, 1594 m,
1556 m, 1499 s, 1487 m, 1450 m, 1437 s, 1390 m, 1374 m, 1302 m,
1274 s, 1238 m, 1150 w, 1114 vs, 1067 m, 1010 s, 998 s, 897 s, 866 w,
801 m, 786 m, 780 m, 749 vs, 729 s, 695 s, 668 w, 616 w.
C24H24Cl2N3NiP·CH2Cl2·0.3THF (621.60): calcd. C 50.62, H 4.61,
N 6.76, found C 50.82, H 4.51, N 7.10.

[{1-[o-(Ph3PN)C6H4]-3,5-Me2C3HN2}CoCl2] (9): A solution of li-
gand 2 (0.432 g, 0.96 mmol) in thf (10 mL) was added to a stirred
suspension of CoCl2 (0.125 g, 0.96 mmol) in thf (10 mL) at room
temperature and the mixture was allowed to stir overnight. The
solvent was then removed under vacuum and the residue was dis-
solved in CH2Cl2. The solution was filtered and the filtrate was
concentrated to about 2 mL. Hexane was added to give 9 as a blue
powder (0.535 g, 96.4%), m.p. 268–269 °C. IR (KBr): ν̃ =
3057 cm–1 w, 2958 vw, 2922 w, 2853 vw, 1590 m, 1549 m, 1496 s,
1484 s, 1438 vs, 1389 w, 1366 m, 1313 w, 1278 m, 1260 vs, 1232 s,
1188 w, 1158 vw, 1138 w, 1125 s, 1108 vs, 1048 m, 1027 w, 1006 m,
992 s, 807 s, 781 s, 753 s, 742 m, 721 s, 694 s, 666 m, 645 w, 621 m.
C29H26Cl2CoN3P (577.35): calcd. C 60.33, H 4.54, N 7.28; found
C 60.34, H 4.53, N 7.55.

[{1-[o-(Ph2MePN)C6H4]-3,5-Me2C3HN2}CoCl2] (10): A solution of
3 (0.326 g, 0.85 mmol) in thf (10 mL) was added to a stirred suspen-
sion of CoCl2 (0.110 g, 0.85 mmol) in thf (10 mL) at room tempera-
ture and the mixture was allowed to stir overnight. The solvent
was then removed under vacuum and the residue was dissolved in
CH2Cl2. The solution was filtered and the filtrate was concentrated
to about 2 mL. Toluene was added to produce blue crystals of
10·1.5C7H8 (0.404 g, 72.7%), m.p. 125–126 °C. IR (KBr): ν̃ =
3053 cm–1 w, 2985 w, 2914 w, 1592 m, 1552 m, 1498 s, 1484 m,
1437 s, 1423 m, 1388 w, 1371 m, 1302 m, 1272 s, 1236 m, 1161 w,
1144 w, 1113 s, 1064 m, 998 s, 949 w, 898 s, 798 w, 777 m, 749 s,
728 m, 695 m, 666 w, 614 w. C24H24Cl2CoN3P·1.5C7H8 (653.49):
calcd. C 63.41, H 5.55, N 6.43; found C 63.24, H 5.47, N 6.52.

[{1-[o-(Ph2PCH2PPh2N)C6H4]-3,5-Me2C3HN2}NiBr2] (11): A solu-
tion of 4 (0.524 g, 0.92 mmol) in thf (10 mL) was added to a sus-
pension of NiBr2 (0.201 g, 0.92 mmol) in thf (5 mL) at room tem-
perature with stirring and the mixture was allowed to stir for 4 h.
The solvent was then removed under vacuum and the residue was
dissolved in CH2Cl2 (10 mL). The solution was filtered and the
filtrate was concentrated to about 4 mL. Hexane (10 mL) was
added to produce purple microcrystals of 11 (0.693 g, 95.6%), m.p.
225–226 °C. An analytically pure sample was obtained by
recrystallisation from a mixture of dmf and benzene. IR (KBr): ν̃
= 3052 cm–1 m, 3016 w, 2987 w, 2960 vw, 2816 w, 1590 m, 1553 m,
1499 vs, 1484 s, 1454 s, 1436 vs, 1389 m, 1366 m, 1298 s, 1241 m,
1190 w, 1160 m, 1114 vs, 1047 m, 997 s, 804 s, 782 vs, 741 vs, 725 s,
691 vs, 642 w, 615 w. C36H33Br2N3NiP2·THF·C6H6 (938.33): calcd.
C 57.54, H 4.93, N 5.96; found C 57.24, H 4.82, N 5.83.

[{1-[o-(Ph2PCH2PPh2N)C6H4]-3,5-Me2C3HN2}NiCl2] (12): A solu-
tion of 4 (0.337 g, 0.59 mmol) in thf (10 mL) was added to a stirred
suspension of [NiCl2(dme)] (0.130 g, 0.59 mmol) in thf (10 mL) and
the mixture was stirred overnight at room temperature. The vola-
tiles were then removed under vacuum and the residue was dis-
solved in CH2Cl2. The solution was filtered and the filtrate was
concentrated to about 2 mL. Toluene was added to produce yellow
crystals of 12·THF (0.379 g, 83.3%), m.p. 180–181 °C. IR (KBr): ν̃
= 3055 cm–1 w, 3028 w, 2963 w, 2904 w, 1590 m, 1556 m, 1496 s,
1486 s, 1447 m, 1435 vs, 1371 m, 1291 s, 1241 m, 1142 m, 1112 s,
1058 m, 1028 w, 996 s, 802 m, 782 s, 770 s, 739 s, 720 s, 693 s, 616 w.
C36H33Cl2N3NiP2·THF (771.32): calcd. C 62.29, H 5.36, N 5.45;
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Table 4. Details of the X-ray structure determinations of complexes 5, 9 and 12.

5 9 12·C7H8

Empirical formula C29H26Br2N3NiP C29H26Cl2CoN3P C43H41Cl2N3NiP2

Formula mass 666.03 577.33 791.34
Crystal system orthorhombic orthorhombic monoclinic
Space group Pbca Pbca P21/c
a [Å] 18.168(4) 16.597(2) 14.793(2)
b [Å] 16.691(4) 18.007(2) 13.929(2)
c [Å] 18.302(4) 18.198(2) 20.250(3)
α [°] 90 90 90
β [°] 90 90 109.793(3)
γ [°] 90 90 90
V [Å3] 5550(2) 5438.5(12) 3926.2(11)
Z 8 8 4
Dcalcd. [g cm–3] 1.594 1.410 1.339
F(000) 2672 2376 1648
µ [mm–1] 3.660 0.910 0.746
θ range for data collection [°] 2.00 to 26.40 2.01 to 27.19 1.46 to 25.95
No. of reflns. collected 29235 29912 20646
No. of independent reflns. (Rint) 5662 (Rint = 0.0652) 5876 (Rint = 0.0681) 7598 (Rint = 0.0569)
No. of data / restraints / parameters 5662 / 0 / 327 5876 / 0 / 327 7598 / 0 / 463
Goodness of fit on F2 1.125 1.050 1.013
Final R indices[a] [I � 2σ(I)] R1 = 0.0615 R1 = 0.0415 R1 = 0.0484,

wR2 = 0.1973 wR2 = 0.0806 wR2 = 0.1092
R indices (all data) R1 = 0.0964 R1 = 0.0899 R1 = 0.0960,

wR2 = 0.2185 wR2 = 0.0997 wR2 = 0.1353
Largest diff. peak and hole [eÅ–3] 1.082 and –0.803 0.364 and –0.384 0.778 and –0.431

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
4)]1/2.

found C 62.60, H 5.16, N 5.35. Single crystals suitable for X-ray
diffraction analysis were obtained by recrystallisation of 12 from
toluene (thf was removed from 12·THF under vacuum prior to
recrystallisation).

[{1-[o-(Ph2PCH2PPh2N)C6H4]-3,5-Me2C3HN2}CoCl2] (13): A solu-
tion of 4 (0.482 g, 0.85 mmol) in thf (10 mL) was added to a sus-
pension of CoCl2 (0.110 g, 0.85 mmol) in thf (10 mL) at room tem-
perature with stirring. The volatiles were then removed under vac-
uum and the residue was dissolved in CH2Cl2. The solution was
filtered and the filtrate was concentrated to about 2 mL. Toluene
was added to produce blue crystals of 13·0.75C7H8 (0.567 g,
86.8%), m.p. 129–130 °C. IR (KBr): ν̃ = 3052 cm–1 m, 3021 m,
2950 m, 2924 m, 2902 m, 1590 s, 1572 w, 1556 s, 1495 s, 1481 s,
1467 s, 1435 vs, 1372 s, 1361 s, 1301 s, 1267 vs, 1239 s, 1189 w,
1158 w, 1139 s, 1111 vs, 1057 s, 1044 s, 1028 m, 991 vs, 938 w, 922 w,
825 w, 800 s, 782 vs, 769 vs, 739 vs, 717 vs, 694 vs, 662 s, 638 m,
616 m. C36H33Cl2CoN3P2·0.75C7H8 (768.56): calcd. C 64.46, H
5.11, N 5.46; found C 64.24, H 5.16, N 5.41.

X-ray Crystallography: Crystals were mounted in Lindemann capil-
laries under N2. Diffraction data were collected on a Siemens CCD
area detector at 294(2) K with graphite-monochromated Mo-Kα ra-
diation (λ = 0.71073 Å). A semi-empirical absorption correction
was applied to the data. The structures were solved by direct meth-
ods using SHELXS-97[19] and refined against F2 by full-matrix le-
ast-squares using SHELXL-97.[20] Crystal data and experimental
details of the structure determinations are listed in Table 4.
CCDC-606680 (for 5), -606681 (for 9) and -617850 (for 12) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

General Procedure for Ethylene Oligomerisation: The oligomeris-
ation with 1 atm of ethylene was carried out in a Schlenk tube.
Thus, the pre-catalyst (5 µmol) was added to a dried Schlenk tube
and then the tube was back-filled three times with N2 and twice
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with ethylene. Toluene (30 mL) was added to the tube and then
the appropriate co-catalyst solution was added with a syringe. The
reaction mixture was vigorously stirred at the given temperature
under 1 atm of ethylene. After the desired period of time (30 or
60 min), the reaction was terminated by adding 10% HCl solution
(30 mL). About 1 mL of the organic layer was dried with anhy-
drous Na2SO4 for GC analysis. Ethanol (100 mL) was added to the
remaining solution; no polymer was observed.

The oligomerisation with 10 atm of ethylene was carried out in a
stainless-steel autoclave (250 mL capacity) equipped with a gas bal-
last through a solenoid valve for continuous feeding of ethylene at
constant pressure. Toluene (120 mL) containing the pre-catalyst
was transferred into the fully dried reactor under N2 atmosphere.
The required amount of co-catalyst was injected into the reactor
with a syringe. Once the desired temperature had been reached the
reactor was pressurised to 10 atm. After stirring for 30 min, the
reaction was quenched and worked-up using the same procedure
as described above for the reaction at 1 atm.

Acknowledgments

This work was supported by the National Natural Science Founda-
tion of China (grant no. 20272056). Z. X. W. thanks Professors H.-
B. Song and H.-G. Wang for the single-crystal X-ray structure de-
terminations.

[1] a) F. Speiser, P. Braunstein, L. Saussine, Acc. Chem. Res. 2005,
38, 784–793; b) N. Ajellal, M. C. A. Kuhn, A. D. G. Boff, M.
Hörner, C. M. Thomas, J.-F. Carpentier, O. L. Casagrande, Jr.,
Organometallics 2006, 25, 1213–1216.

[2] W. Keim, F. H. Kowalt, R. Goddard, C. Krüger, Angew. Chem.
Int. Ed. Engl. 1978, 17, 466–472.

[3] a) M. Sauthier, F. Leca, R. F. de Souza, K. Bernardo-Gusmão,
L. F. T. Queiroz, L. Toupet, R. Réau, New J. Chem. 2002, 26,



C. Zhang, W.-H. Sun, Z.-X. WangFULL PAPER
630–635; b) S. Al-Benna, M. J. Sarsfield, M. Thornton-Pett,
D. L. Ormsby, P. J. Maddox, P. Brès, M. Bochmann, J. Chem.
Soc., Dalton Trans. 2000, 4247–4257; c) L. P. Spencer, R.
Altwer, P. Wei, L. Gelmini, J. Gauld, D. W. Stephan, Organo-
metallics 2003, 22, 3841–3854; d) K. V. Axenov, M. Leskelä, T.
Repo, J. Catal. 2006, 238, 196–205; e) G. J. P. Britovsek, V. C.
Gibson, D. F. Wass, Angew. Chem. Int. Ed. 1999, 38, 428–447;
f) V. C. Gibson, S. K. Spitzmesser, Chem. Rev. 2003, 103, 283–
316; g) S. Plentz-Meneghetti, P. J. Lutz, J. Kress, Organometal-
lics 1999, 18, 2734–2737; h) W.-H. Sun, D. Zhang, S. Zhang,
S. Jie, J. Hou, Kinet. Catal. 2006, 47, 278–283.

[4] a) M. E. Bluhm, C. Folli, O. Walter, M. Döring, J. Mol. Catal.
A 2005, 229, 177–181; b) F. Speiser, P. Braunstein, L. Saussine,
Organometallics 2004, 23, 2633–2640; c) F. Speiser, P.
Braunstein, L. Saussine, Organometallics 2004, 23, 2625–2632;
d) D. Sirbu, G. Consiglio, S. Gischig, J. Organomet. Chem.
2006, 691, 1143–1150; e) S. I. Pascu, K. S. Coleman, A. R.
Cowley, M. L. H. Green, N. H. Rees, New J. Chem. 2005, 29,
385–397; f) A. Mukherjee, U. Subramanyam, V. G. Puranik,
T. P. Mohandas, A. Sarkar, Eur. J. Inorg. Chem. 2005, 1254–
1263; g) Z. Weng, S. Teo, L. L. Koh, T. S. A. Hor, Angew.
Chem. Int. Ed. 2005, 44, 7560–7564; h) W.-H. Sun, Z. Li, H.
Hu, B. Wu, H. Yang, N. Zhu, X. Leng, H. Wang, New J. Chem.
2002, 26, 1474–1478.

[5] a) J. Hou, W.-H. Sun, D. Zhang, L. Chen, W. Li, D. Zhao, H.
Song, J. Mol. Catal. A 2005, 231, 221–233; b) Y. Chen, G. Wu,
G. C. Bazan, Angew. Chem. Int. Ed. 2005, 44, 1108–1112; c) F.
Speiser, P. Braunstein, L. Saussine, Inorg. Chem. 2004, 43,
4234–4240; d) S. Wu, S. Lu, Appl. Catal.A 2003, 246, 295–301.

[6] a) J. Heinicke, M. Z. He, A. Dal, H. F. Klein, O. Hetche, W.
Keim, U. Florke, H. J. Haupt, Eur. J. Inorg. Chem. 2000, 431–
440; b) Z. J. A. Komon, X. Bu, G. C. Bazan, J. Am. Chem. Soc.
2000, 122, 12379–12380; c) J. M. Malinoski, M. Brookhart, Or-
ganometallics 2003, 22, 5324–5335; d) P. Kuhn, D. Sémeril, C.
Jeunesse, D. Matt, M. Neuburger, A. Mota, Chem. Eur. J. 2006,
12, 5210–5219.

[7] a) J. N. L. Dennett, A. L. Gillon, K. Heslop, D. J. Hyett, J. S.
Fleming, C. E. Lloyd-Jones, A. G. Orpen, P. G. Pringle, D. F.
Wass, Organometallics 2004, 23, 6077–6079; b) C. Bianchini, L.
Gonsalvi, W. Oberhauser, D. Sémeril, P. Brüggeller, R. Gut-
mann, Dalton Trans. 2003, 3869–3875; c) M. Lejeune, D.
Sémeril, C. Jeunesse, D. Matt, F. Peruch, P. J. Lutz, L. Ricard,
Chem. Eur. J. 2004, 10, 5354–5360.

[8] J. Hou, W.-H. Sun, S. Zhang, H. Ma, Y. Deng, X. Lu, Organo-
metallics 2006, 25, 236–244.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4895–49024902

[9] a) W.-H. Sun, S. Jie, S. Zhang, W. Zhang, Y. Song, H. Ma, J.
Chen, K. Wedeking, R. Fröhlich, Organometallics 2006, 25,
666–677; b) A. R. Karam, E. L. Catarí, F. López-Linares, G.
Agrifoglio, C. L. Albano, A. Díaz-Barrios, T. E. Lehmann,
S. V. Pekerar, L. A. Albornoz, R. Atencio, T. González, H. B.
Ortega, P. Joskowics, Appl. Catal. A 2005, 280, 165–173; c)
M. J. Overett, R. Meijboom, J. R. Moss, Dalton Trans. 2005,
551–555; d) K. P. Tellmann, V. C. Gibson, A. J. P. White, D. J.
Williams, Organometallics 2005, 24, 280–286; e) R. Schmidt,
M. B. Welch, R. D. Knudsen, S. Gottfried, H. G. Alt, J. Mol.
Catal. A 2004, 222, 17–25; f) B. L. Small, M. J. Carney, D. M.
Holman, C. E. O’Rourke, J. A. Halfen, Macromolecules 2004,
37, 4375–4386.

[10] F. Speiser, P. Braunstein, L. Saussine, Dalton Trans. 2004,
1539–1545.

[11] a) M. Bluhm, O. Walter, M. Döring, J. Organomet. Chem.
2005, 690, 713–721; b) D. S. McGuinness, P. Wasserscheid, W.
Keim, C. Hu, U. Englert, J. T. Dixon, C. Grove, Chem. Com-
mun. 2003, 334–335; c) D. S. McGuinness, P. Wasserscheid,
D. H. Morgan, J. T. Dixon, Organometallics 2005, 24, 552–556;
d) M. Wang, X. Yu, Z. Shi, M. Qian, K. Jin, J. Chen, R. He,
J. Organomet. Chem. 2002, 645, 127–133.

[12] a) L. LePichon, D. W. Stephan, X. Gao, Q. Wang, Organome-
tallics 2002, 21, 1362–1366; b) J. D. Masuda, P. Wei, D. W. Ste-
phan, Dalton Trans. 2003, 3500–3505; c) H.-R. Wu, Y.-H. Liu,
S.-M. Peng, S.-T. Liu, Eur. J. Inorg. Chem. 2003, 3152–3159.

[13] S. D. Ittel, L. K. Johnson, Chem. Rev. 2000, 100, 1169–1204.
[14] a) D. S. C. Black, G. B. Deacon, G. L. Edwards, Aust. J. Chem.

1991, 44, 1771–1781; b) J. M. Lindley, I. M. McRobbie, O.
Meth-Cohn, H. Suschitzky, J. Chem. Soc., Perkin Trans. 1
1980, 982–994.

[15] X. Tang, D. Zhang, S. Jie, W.-H. Sun, J. Chen, J. Organomet.
Chem. 2005, 690, 3918–3928.

[16] a) M. T. Reetz, E. Bohres, R. Goddard, Chem. Commun. 1998,
935–936; b) M. Sauthier, J. Forniés-Cámer, L. Toupet, R. Réau,
Organometallics 2000, 19, 553–562.

[17] L. Wang, W.-H. Sun, L. Han, Z. Li, Y. Hu, C. He, C. Yan, J.
Organomet. Chem. 2002, 650, 59–64.

[18] F. A. Cotton, Inorg. Synth. 1971, 13, 160–162.
[19] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467–473.
[20] G. M. Sheldrick, SHELXL97, Programs for structure refine-

ment; University of Göttingen, Germany, 1997.
Received: July 12, 2006

Published Online: October 18, 2006



FULL PAPER

DOI: 10.1002/ejic.200600658

Bulky-Hindrance-Controlled Ligand Transformation from Linked
Bis(amidinate) to Linked Imido-Amidinate Promoted by a

Mono(cyclopentadienyl)titanium Group
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A novel class of silyl-linked bis(amidinate) ligands [SiMe2-
{NC(Ph)N(2,6-R2Ph)Li}2] [L1 (R = H), L2 (R = Me), and L3 (R
= iPr)] reacted with TiCl3(C5H5) to produce the half-sandwich
titanium complexes 1, 2, and 3. The molecular structures of
1–3 were confirmed successfully by X-ray crystallography.
An unprecedented intramolecular ligand transformation

Introduction

Both cyclopentadienyl and amidinate ligands have been
extensively studied for decades because of their high adapt-
ability to a wide variety of metals in coordination chemistry.
The corresponding metal complexes have shown remark-
able utility as homogeneous catalysts for olefin polymeriza-
tion.[1,2] As a further step, systematic investigations on the
metal compounds with a mixed-ligand environment con-
taining these two types of ancillary ligands have been car-
ried out in the past few years, involving the new generation
of Ziegler–Natta catalysts, carbon mono- or dioxide reac-
tants, and Kharasch reaction catalysts.[3–9] These merits
have made the chemistry of half-sandwich compounds an
attractive research field. On the other hand, much attention
has recently been paid to metal compounds incorporated
with the linked bis(amidinate) ligands, as these unique dian-
ionic ligands have the advantage of affording dinuclear
complexes or mononuclear complexes analogous to “ansa-
metallocenes”, leading to valuable geometric structures and
properties. Nevertheless, there have been few reports on
linked bis(amidinate) half-sandwich compounds.[4a,9]

A novel class of linked bis(amidinate) ligands (L1, L2,
and L3) were developed in our laboratory. They displayed
close contact between the two amidinate moieties; that is in
contrast to other common examples reported in the litera-
ture.[10] We next attempted the preparation of the half-sand-
wich derivatives from the reactions of ligands with
TiCl3(C5H5). It was found, to our surprise, that in the cases
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from the linked bis(amidinate) configuration to the linked
imido-amidinate configuration took place in the cases of L1

and L2. It was found that the rearrangement process was re-
lated to the steric hindrance of the terminal substituents.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of the substituents attached to the terminal nitrogen atoms,
which were less bulky, the N–C–N–Si–N–C–N backbone of
these dianionic ligands could be transformed to a new class
of linked imido-amidinate ligands. We believe that the metal
center of mono(cyclopentadienyl)titanium complexes pro-
moted the rearrangement reaction.

Result and Discussion

Synthesis and Structural Characterization

The analogous silyl-linked bis(amidinate) ligands L1, L2,
and L3 were prepared in our previous work. They demon-
strated a trend of increasing steric hindrance by variation of
the 2,6-substituents of the corresponding phenyl analogue.
Treatment of L1 with 1 equiv. of TiCl3(C5H5) in thf gave,
after extraction with CH2Cl2 and crystallization, compound
1 as red crystals in 82% yield. Complexes 2 and 3 were
prepared under similar synthetic procedures in yields of
48% and 65%, respectively (Scheme 1). These half-sand-
wich titanium compounds were characterized by NMR
spectroscopy, elemental analysis, and single-crystal X-ray
diffraction analysis.

The molecular structure of 1 is shown in Figure 1 and
the key bonding parameters are listed in Table 1. The ligand
coordinating to the titanium center does not keep the con-
figuration in L1. The original linked bis(amidinate) ligand
was expected to coordinate to the metal center in a tetra-
dentate mode. However, the ligand is tridentate in com-
pound 1. On both sides of the silyl bridge, the two amidin-
ate moieties exhibit different coordination styles to the Ti
ion. One is chelating and the other is monodentate. More-
over, the latter one adopts the opposite direction involving
a phenyl migration from N4 to N3. It gives a new imido
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Scheme 1.

Figure 1. ORTEP drawing (30% probability level) of the molecular structure of compound 1. Hydrogen atoms are omitted for clarity.

Table 1. Selected bond lengths [Å] and bond angles [°] for compounds 1, 2, and 3.

1 2 3

Ti(1)–N(1) 2.220(3) Ti(1)–N(1) 2.352(3) Ti(1)–N(2) 1.900(3)
Ti(1)–N(2) 2.111(3) Ti(1)–N(2) 2.061(3) Ti(1)–N(3) 1.911(3)
Ti(1)–N(4) 1.847(3) Ti(1)–N(4) 1.840(3) Ti(1)–Cl(1) 2.2921(14)
Ti(1)–Cl(1) 2.362(3) Ti(1)–Cl(1) 2.3392(11) Ti(1)–Cp(centroid) 2.027
Ti(1)–Cp(centroid) 2.050 Ti(1)–Cp(centroid) 2.043 N(1)–C(13) 1.284(5)
N(1)–C(7) 1.313(4) N(1)–C(9) 1.297(4) N(2)–C(13) 1.397(4)
N(2)–C(7) 1.349(4) N(2)–C(9) 1.344(4) Si(1)–N(2) 1.790(3)
Si(1)–N(2) 1.709(3) Si(1)–N(2) 1.709(3) Si(1)–N(3) 1.791(3)
Si(1)–N(3) 1.799(3) Si(1)–N(3) 1.794(3) N(3)–C(22) 1.388(4)
N(3)–C(22) 1.385(4) N(3)–C(26) 1.381(4) N(4)–C(22) 1.278(5)
N(4)–C(22) 1.288(4) N(4)–C(26) 1.282(4) N(2)–Ti(1)–N(3) 83.26(13)
N(2)–Ti(1)–N(1) 60.91(12) N(2)–Ti(1)–N(1) 59.54(10) Cl(1)–Ti(1)–Cp(centroid) 116.4
N(4)–Ti(1)–N(2) 84.70(13) N(4)–Ti(1)–N(2) 84.46(12) C(21)–Si(1)–C(20) 116.9(2)
Cl(1)–Ti(1)–Cp(centroid) 116.6 Cl(1)–Ti(1)–Cp(centroid) 116.9 N(1)–C(13)–N(2) 116.8(3)
N(1)–C(7)–N(2) 111.2(3) N(1)–C(9)–N(2) 113.3(3) N(2)–Si(1)–N(3) 90.01(14)
N(2)–Si(1)–N(3) 105.97(15) N(2)–Si(1)–N(3) 105.76(13) N(4)–C(22)–N(3) 118.1(3)
N(4)–C(22)–N(3) 122.5(3) N(4)–C(26)–N(3) 121.5(3)
C(22)–N(4)–Ti(1) 137.0(2) C(26)–N(4)–Ti(1) 143.7(3)

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4903–49074904

group [demonstrated by N3–C22 being 1.385(4) Å and N4–
C22 being 1.288(4) Å]. On the other hand, the five-mem-
bered skeleton of N4–C22–N3–Si1–N2 displays analogous
structural features, with an N2–Ti1–N4 angle of 84.70(13)°,
as in some reported titanium β-diketiminates, such
as [(Ar)NC(CH3)CHC(CH3)N(Ar)]Ti=NAr(OTf).[11] The
Ti–Nimido bond [1.847(3) Å] is much shorter than the
Ti–Namidinate bonds [2.220(3) and 2.111(3) Å]. The “unsym-
metrical” distribution of the two N–C–N moieties leads to
a difference of 0.09 Å between the silyl bridge and the
neighboring nitrogen atoms on either side.

Compound 2 was derived from L2, which was more
bulky than L1, by introducing 2,6-dimethyl groups onto the
terminal phenyl rings. Complex 2 is almost isostructural to
1 except for the presence of additional methyl groups. Struc-
tural analysis indicates that the increased steric bulk as-
cribed to the methyl groups plays no role in differentiating



Ligand Transformation from Linked Bis(amidinate) to Linked Imido-Amidinate FULL PAPER

Figure 2. ORTEP drawing (30% probability level) of the molecular structure of compound 3. Hydrogen atoms are omitted for clarity.

the configuration of 2 from that of 1. However, the steri-
cally more demanding isopropyl groups do make com-
pound 3 saliently different from 1 and 2. The ligand frame-
work of 3 (Figure 2) is identical to that of ligand L3. It
should be pointed out that the ligand of 3 adopts the di-
amido configuration rather than the linked bis(amidinate)
configuration. The Ti–Namido bonds in 3 are much shorter
than the Ti–Namidinato bonds in 1 and 2. The two terminal
nitrogen atoms have no bonding contacts with the metal
center and they are converted into imino groups. The re-
sulting diamido ligand bites the titanium ion at a right an-
gle and it exhibits a planar Ti–N–Si–N tetragonal core. The
tetragonal square is perpendicular to another coincident
plane composed of C20–Si1–C21 and Cl1–Ti1–Cp(cen-
troid) (with a dihedral angle of 89.8°).

Intramolecular Rearrangement Reaction

The tetradentate bonding mode between the ligands and
the Ti center is not preferred because the common electron
count of the titanium ion is 12 or 14. Apparently, the steric
bulk of the terminal group plays an important role in the
determination of the resulting configuration of compounds
1, 2, and 3. In the absence of sterically demanding substitu-
ents, such as in L1 and L2, one amidinate moiety of the
ligand tends to take the end-contact mode rather than the
general chelating mode in order to obtain 14 outer electrons
for the Ti ion. The initial terminal nitrogen atom is linked
to a phenyl group, which decreases the electronegativity of
that N atom and the bond strength of the corresponding
N–Ti edge. Comparatively, N4 in 1 or 2 becomes an imido
nitrogen atom after rearrangement and the new N–Ti bond
is greatly reinforced. These factors in combination drive the
ligand transformation process in 1 and 2.

Eur. J. Inorg. Chem. 2006, 4903–4907 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4905

The proposed mechanism for the formation of 1 and 2 is
outlined in Scheme 2. Combination of the linked bis(amid-
inate) ligands and titanium salt gives the expected com-
pounds with the tetradentate coordination environment (a).
Induced by the electronically deficient metal center, one am-
idinate moiety is polarized, and its C–N double bond is
located at the outer position because of the electronic with-
drawal from the aromatic group. The electronically rich
imino nitrogen atom then attacks the silicon atom (b). It
forms an N–C–N–Si four-membered ring and a notable
five-coordinate silicon transition state. The original N–Si
bond is then weakened (c). Rearrangement is completed af-
ter electron transfer to form an imido group (d). It should
be pointed out that the N–C–N–Si–N–C–N fragment in

Scheme 2.
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these ligands is quite flexible. The intramolecular N–Si
coupling could be fulfilled without shielding from sterically
demanding substituents. This is the crucial step for the
transformation. On the contrary, the isopropyl groups in L3

are bulky enough to stop that terminal N atom from being
bonded to the Ti center or approaching the silyl bridge.
This gives compound 3 with the ligand remaining intact
and the Ti center with 12 outer electrons.

Conclusions

A novel intramolecular rearrangement of linked bis-
(amidinate) ligands was demonstrated. It was promoted by
the active titanium ion but could be tuned by the bulky
hindrance of terminal substituents. We are currently
exploring the reactions between the ligands and other metal
salts so as to investigate the generalization of this type of
chemical transformation.

Experimental Section
General Procedures: All reactions were carried out under nitrogen
in flame-dried Schlenk-type glassware on a dual-manifold Schlenk
line. Solvents were dried prior to use. The ligand transfer reagents
L1, L2, and L3 were prepared according to the reported methods.[10]

TiCl3(C5H5) was prepared according to literature procedures.[12] 1H
and 13C NMR spectra were recorded with a Bruker DRX-300 spec-
trometer. Elemental analyses were performed with a Vario EL-III
instrument. Melting points were taken with a Sanyo Gallenkamp
Variable Heater.

Preparation of 1: A solution of L1 (1.88 mmol) in thf (20 mL) was
added to a solution of TiCl3(C5H5) (0.41 g, 1.88 mmol) in thf
(10 mL) at 0 °C. The red solution was stirred at room temperature
for 12 h and then concentrated under vacuum. The residue was
extracted with CH2Cl2 (20 mL) and the solution filtered. The fil-
trate was concentrated to give compound 1 as red crystals. Yield:
1.05 g (82%); m.p. 171–172 °C. 1H NMR (300 MHz, CDCl3): δ =

Table 2. Crystal data and refinement results for compounds 1, 2, and 3.

1 2 3

Empirical formula C34H33Cl3N4SiTi C37H39ClN4SiTi C45H55ClN4SiTi
Formula mass 679.98 651.16 763.37
Crystal system monoclinic monoclinic monoclinic
Space group P21/c (no. 14) P21/n (no. 14) P21/n (no. 14)
a [Å] 11.000(9) 11.4269(19) 18.187(6)
b [Å] 15.650(19) 24.534(4) 9.818(3)
c [Å] 19.278(17) 12.329(2) 24.152(8)
β [°] 102.70(6) 103.438(2) 96.464(6)
V [Å3] 3237(5) 3361.9(10) 4285(3)
Z 4 4 4
F(000) 1408 1368 1624
Dcalcd. [g cm–3] 1.395 1.286 1.183
µ(Mo-Kα) [mm–1] 0.580 0.402 0.325
Reflections collected 13119 13786 20142
Unique reflections 5696 5864 7544
Observed reflections 3774 4109 4490
Gof (for F2) 0.951 1.030 1.029
R1, wR2 [I � 2σ(I)] 0.0580, 0.1090 0.0605, 0.1184 0.0645, 0.1415
R1, wR2 (all data) 0.0927, 0.1203 0.0913, 0.1296 0.1182, 0.1670
Largest diff. peak/hole [eÅ–3] 0.492/–0.344 0.465/–0.286 0.445/–0.281

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4903–49074906

7.61–6.99 (m, 20 H, phenyl), 6.67, 6.50, 6.13 (t, 5 H, Cp), 0.57,
–0.47 (d, 6 H, SiMe2) ppm. 13C NMR (75 MHz, CDCl3): δ = 174.7,
163.4 (N-C-N), 148.9–125.9 (phenyl), 120.5, 118.9, 116.7 (Cp), 4.7,
2.9 (SiMe2) ppm. C33H31ClN4SiTi·CH2Cl2 (679.98): calcd. C 60.06,
H 4.89, N 8.24; found C 59.82, H 4.90, N 8.18.

Preparation of 2: A solution of L2 (2.51 mmol) in thf (20 mL) was
added to a solution of TiCl3(C5H5) (0.55 g, 2.51 mmol) in thf
(10 mL) at 0 °C. The red solution was stirred at room temperature
for 12 h and then concentrated under vacuum. The residue was
extracted with CH2Cl2 (20 mL) and the solution filtered. The fil-
trate was concentrated to give compound 2 as red crystals. Yield:
0.79 g (48%); m.p. 179–180 °C. 1H NMR (300 MHz, CDCl3): δ =
7.60–6.68 (m, 16 H, phenyl), 6.55, 6.48 (d, 5 H, Cp), 2.74–2.04 (m,
12 H, methyl), 0.70, –0.24, –0.95 (t, 6 H, SiMe2) ppm. 13C NMR
(75 MHz, CDCl3): δ = 179.3, 17.6, 168.5 (N-C-N), 149.8–124.2
(phenyl), 120.6, 117.1 (Cp), 27.1–24.9 (methyl), 9.5, 4.5 (SiMe2)
ppm. C37H39ClN4SiTi·(CH2Cl2)0.25 (672.37): calcd. C 66.54, H
5.92, N 8.33; found C 66.89, H 5.97, N 8.31.

Preparation of 3: A solution of L3 (1.55 mmol) in thf (20 mL) was
added to a solution of TiCl3(C5H5) (0.34 g, 1.55 mmol) in thf
(10 mL) at 0 °C. The red solution was stirred at room temperature
for 12 h and then concentrated under vacuum. The residue was
extracted with CH2Cl2 (20 mL) and the solution filtered. The fil-
trate was concentrated to give compound 3 as red crystals. Yield:
0.77 g (65%); m.p. 186–187 °C. 1H NMR (300 MHz, CDCl3): δ =
7.50–6.87 (m, 16 H, phenyl), 6.44, 5.83 (d, 5 H, Cp), 3.49, 2.78 (d,
4 H, CH of iPr), 1.36–0.86 (m, 24 H, methyl of iPr), 0.56, 0.18, (d,
6 H, SiMe2) ppm. 13C NMR (75 MHz, CDCl3): δ = 166.7 (N-C-
N), 143.8–123.6 (phenyl), 117.5 (Cp), 28.6, 27.8, 25.1, 22.8 (iPr on
phenyl), 2.3, –0.6 (SiMe2) ppm. C45H55ClN4SiTi (763.37): calcd. C
70.80, H 7.26, N 7.34; found C 70.41, H 7.25, N 7.27.

X-ray Crystallography: Single crystals of 1, 2, and 3 suitable for X-
ray diffraction studies were obtained by crystallization from
CH2Cl2. X-ray diffraction data were collected using graphite-mo-
nochromated Mo-Kα radiation (λ = 0.71073 Å) with a Bruker
Smart Apex CCD diffractometer, equipped with an Oxford Cryosy-
stems CRYOSTREAM device. The collected frames were processed
with the proprietary software SAINT and an absorption correction
was applied (SADABS) to the collected reflections.[13,14] The struc-
tures of these molecules were solved by direct methods and ex-
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panded by standard difference Fourier syntheses using the software
SHELXTL.[15] Structure refinements were made on F2 using the
full-matrix least-squares technique. All non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms
were placed in their idealized positions and allowed to ride on the
respective parent atoms. Pertinent crystallographic data and other
experimental details are summarized in Table 2. CCDC-295090 (for
1), -295091 (for 2), and -295092 (for 3) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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Subsolidus phase relations have been determined for the Bi–
Co–Nb–O system in air (750–925 °C). Ternary compound for-
mation was limited to pyrochlore (A2B2O6O�), which formed
a substantial solid solution region at Bi-deficient stoichiomet-
ries (relative to Bi2Co2/3Nb4/3O7) suggesting that about 8 to
25% of the A sites are occupied by Co. X-ray powder diffrac-
tion data confirmed that all Bi–Co–Nb–O pyrochlores exhibit
displacive behavior. A structural refinement of the pyro-
chlore Bi1.56Co0.96Nb1.48O7 using single-crystal X-ray diffrac-
tion data is reported with the A and O� atoms displaced
(0.34 Å and 0.45 Å, respectively) from ideal positions to
96g sites and 32e sites, respectively [Fd3̄m (#227), a =
10.551(1) Å]. The displacive structural behavior is similar to
that found in analogous Bi–M–Nb–O pyrochlores (M = Zn,

Introduction

Multiferroic ceramics which exhibit magnetoelectric ef-
fects display coupling between cooperative phenomena such
as ferroelectricity and ferromagnetism, and have attracted
considerable attention owing to their scientific and practical
interest.[1] The possibility of manipulating the magnetic or
dielectric properties of a single material by an applied elec-
tric or magnetic field, respectively, opens up entirely new
device applications in microelectronics and data storage.[2–4]

Only a few compounds are known to exhibit these proper-
ties,[3,5,6] including several Fe-[3,7] and Mn-containing[8–12]

complex oxides. Currently, however, single-phase materials
with magnetoelectric responses sufficiently robust for prac-
tical exploitation are not known. The present study of the
Bi2O3–2CoO1+x–Nb2O5 system was undertaken to charac-
terize the formation and properties of ternary compounds
that form from strongly polarizable (Bi2O3, Nb2O5) and
magnetic (CoO1+x) components.
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Fe, Mn). Bi–Co–Nb–O pyrochlores exhibited overall para-
magnetic behavior with negative Curie–Weiss temperature
intercepts indicating weak antiferromagnetic interactions. At
250 K and 1 MHz the relative dielectric permittivity of the
pyrochlore 0.4400:0.2100:0.3500 Bi2O3:2CoO1+x:Nb2O5 was
ca. 115 with tan δ = 0.06; however, at lower frequencies the
sample was conductive. Low-temperature dielectric relax-
ation such as that observed for Bi1.5Zn0.92Nb1.5O6.92 and other
bismuth-based pyrochlores was not observed. Consideration
of bond lengths, effective magnetic moments, and dielectric
properties suggests that the average oxidation state of Co in
the pyrochlore phases is close to but slightly higher than 2.0.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Phase Formation

The results of the phase-equilibrium study are presented
in Figure 1. In the Co–Nb–O subsystem the Co2+ com-
pounds CoNb2O6 and Co4Nb2O9 were observed.[13] The
CoO:Nb2O5 intergrowth phases reported to form at molar
ratios of 1:7, 1:18, and 1:34, respectively,[13,14] were difficult
to equilibrate and exhibited highly complex X-ray powder
diffraction patterns related to that of Nb2O5 (as expected);
this region of the phase diagram is depicted to obey the
phase rule but was not investigated in detail. Phase-equilib-
ria information for the Bi2O3–CoO1+x system has not, to
the best of our knowledge, been reported. In the present
study only a single phase of the sillenite-type was observed
to form at Bi25CoO40–δ.[15,16] Specimens equilibrated at
0.500:0.500 and 0.333:0.667 Bi2O3:2CoO1+x (800 °C) were
mixtures of the sillenite phase and Co3O4 – the former com-
position formed considerable liquid at 850 °C, the latter at
900 °C. Giant electric polarization has been predicted for
BiCoO3 using first-principles methods;[17] however, the syn-
thesis of this phase has not, to the best of our knowledge,
been reported. The binary Bi–Nb–O phases observed were
in general agreement with the comprehensive study re-
ported by Roth[18] except for the high-Bi2O3 (�0.75 mol
fraction) region, represented in Figure 1 as a “fluorite” so-
lid solution extending from 75:25 Bi2O3:Nb2O5 (Bi3Nb2O7)
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Figure 1. Subsolidus phase equilibrium diagram in air for the Bi2O3:2CoO1+x:Nb2O5 system. Black dots denote the compositions of
specimens prepared in the study; concentrations are on a molar fraction basis. Ternary phase formation is limited to pyrochlore, which
forms an appreciable solid solution near the center of the diagram (enlarged in the inset). The “pyrochlore-like” composition
Bi2Co2/3Nb4/3O7 (open circle) is not included in the solid solution region, but rather forms a three-phase mixture of Bi3NbO7, pyrochlore,
and Bi5Nb3O15. The limiting compositions of the pyrochlore field suggested by the present data are (inset: clockwise beginning with
the cusp marked with an asterisk) Bi2O3:2CoO1+x:Nb2O5 = 0.446:0.220:0.334 [Bi1.79Co0.88Nb1.34O7, a = 10.580(1) Å], 0.448:0.205:0.347
[Bi1.78Co0.81Nb1.38O7, a = 10.589(1) Å], 0.422:0.205:0.373 [Bi1.65Co0.80Nb1.46O7, a = 10.571(1) Å], 0.395:0.215:0.390 [Bi1.53Co0.83Nb1.51O7,
a = 10.556(1) Å], and 0.380:0.253:0.367 [Bi1.51Co1.00Nb1.46O7, a = 10.544(1) Å] (all formulas assume Co2.2+). The temperature-dependent
joins between CoNb2O6 and the binary Bi–Nb–O phases are consistent with established Bi2O3–Nb2O5 phase relations. The compound
BiCoO3 was not observed under the conditions of this study.

to 93:7 Bi2O3:Nb2O5. This region has received considerable
attention as it forms a series of structurally complex, modu-
lated superstructures[19–23] with variable and potentially
useful dielectric properties.[24,25] Reported differences in the
detailed phase relations in this region likely arise from kin-
etic effects, variations in synthesis (especially cooling meth-
ods), and/or differences in characterization methods (e.g. X-
ray or electron diffraction). For example, the present study,
in agreement with early studies,[18] did not find a sillenite-
type compound at the composition Bi12Nb0.29O20–x.[20] This
specimen was a mixture of monoclinic Bi2O3 and the fluo-
rite-type solid solution after repeated heatings at 700 °C for
a total of 414 h; however, a different heat treatment may
have resulted in the metastable body-centered cubic form of
Bi2O3 (sillenite-type)[26] instead of the monoclinic poly-
morph.

Ternary phase formation in the Bi2O3:2CoO1+x:Nb2O5

system was found to be limited to pyrochlore, which forms
an appreciable solid solution region (Figure 1). During syn-
thesis, the pyrochlore phase formed early in partially re-
acted samples and was readily purified within the single-
phase region, suggesting high thermodynamic stability. Nu-
merous descriptions can be found for the pyrochlore crystal
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structure, VIIIA2
VIB2O7, which is unusual in that it can be

considered as two relatively independent interpenetrating
networks of [BO6] octahedra sharing all vertices and [O�A4]
tetrahedra in an anti-cristobalite-type arrangement.[27–30]

The formula is often written as (A2O�)(B2O6) or A2B2O6O�
to emphasize this interesting structural character and dis-
tinguish the two networks. The larger A-cations are eight-
fold (= 6+2) coordinated by six oxygen atoms in puckered
rings formed by the B2O6 network plus two O� oxygen
atoms above and below in the A2O� network. The structure
inherently facilitates non-stoichiometry as the A2O� net-
work can be partially occupied, or in some cases completely
absent; furthermore, numerous non-oxide and halide pyro-
chlores are known. In addition to extensive compositional
ranges, pyrochlores exhibit a remarkable variety of exploit-
able physical properties, hence the considerable technical
importance of this class of solids.[29]

Bi–Co–Nb–O pyrochlores have been previously reported
to form at the stoichiometries Bi2Co2/3Nb4/3O7,[31]

Bi2Co3Nb2O12+y, Bi2Co4Nb2O13+y, and Bi2CoNb2O9+y;[32]

however, under the conditions of the present study none of
these compositions are included in the pyrochlore single-
phase field: Composition Bi2Co2/3Nb4/3O7 formed a three-
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phase mixture as described in Figure 1; Bi2Co3Nb2O12+y

and Bi2Co4Nb2O13+y both occur in three-phase fields con-
sisting of pyrochlore, CoO/Co3O4, and a small amount of
CoNb2O6;[33] and the stoichiometry Bi2CoNb2O9+y resulted
in a three-phase mixture of pyrochlore, BiNbO4, and a
small amount of CoNb2O6. As shown on the diagram (Fig-
ure 1), Bi–Co–Nb–O pyrochlores form thermodynamically
stable mixtures with the Bi3NbO7 solid solution,
Bi5Nb3O15, BiNbO4, CoNb2O6, Co4Nb2O9, and CoO/
Co3O4. Compositions, nominal formulas, and refined unit
cell parameters for single-phase Bi–Co–Nb–O pyrochlores
(all dull dark greenish gray in color) prepared in the present
study are given in Table 1.[34] The trends in unit cell param-
eters show a strong dependence on Bi concentration.

Table 1. Compositions, nominal formulas, and unit cell parameters
(a, space group Fd3̄m, #227) for single-phase pyrochlore specimens
prepared in this study. These compositions correspond to the
points within the five-sided pyrochlore region shown in Figure 1.[34]

Bi2O3:2CoO1+x:Nb2O5 Nominal formula (Co2.2+) a [Å]

0.4400:0.2100:0.3500 Bi1.744Co0.8324Nb1.387O7 10.580(1)
0.4200:0.2300:0.3500 Bi1.672Co0.9158Nb1.394O7 10.566(1)
0.4000:0.2200:0.3800 Bi1.562Co0.8594Nb1.484O7 10.556(1)

Observed, indexed X-ray powder diffraction data for
the pyrochlore with composition 0.4400:0.2100:0.3500
Bi2O3:2CoO1+x:Nb2O5 are given in Table 2. As noted pre-
viously,[29] the 442 reflection, forbidden for an ideal pyro-
chlore structure, was easily observed in this pattern and in
all patterns of pyrochlore and pyrochlore-containing speci-
mens prepared in this study. The 442 reflection was also
observed in precession photos of single crystals. Similar to
the Bi–Zn–Nb–O pyrochlores,[29,35] the observation of this
diagnostic reflection indicates the presence of displacements
from ideal crystallographic sites. The consistent observation
of this reflection indicates that all Bi–Co–Nb–O pyro-
chlores exhibit positional displacements. Furthermore, the

Table 2. Observed X-ray powder diffraction data for the pyrochlore
with composition Bi2O3:2CoO1+x:Nb2O5 = 0.4400:0.2100:0.3500
[space group Fd3̄m, #227, a = 10.580(1) Å]. The nominal pyro-
chlore formula is Bi1.744Co0.8324Nb1.387O7; however, the actual O�
occupancy factor and precise Co oxidation state are uncertain.

h k l 2θobsd. Iobsd. 2θcalcd. ∆2θ dobsd.

1 1 1 14.482 7 14.490 0.007 6.1112
2 2 0 23.757 �1 23.769 0.012 3.7423
3 1 1 27.945 8 27.948 0.003 3.1902
2 2 2 29.217 100 29.218 0.001 3.0541
4 0 0 33.863 35 33.865 0.002 2.6450
3 3 1 37.007 11 37.008 0.001 2.4272
3 3 3 44.460 4 44.461 0.001 2.0361
4 4 0 48.644 50 48.646 0.002 1.8703
5 3 1 51.037 4 51.030 –0.007 1.7881
4 4 2 51.810 1 51.808 –0.003 1.7632
6 2 0 54.854 2 54.838 –0.016 1.6723
5 3 3 57.056 �1 57.038 –0.018 1.6129
6 2 2 57.763 46 57.759 –0.004 1.5948
4 4 4 60.583 13 60.589 0.006 1.5271
7 1 1 62.666 1 62.660 –0.006 1.4813
6 4 2 66.036 �1 66.030 –0.005 1.4136
5 5 3 67.999 �1 68.010 0.011 1.3775
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stoichiometric location of the pyrochlore phase field, as
also found for the analogous Bi–M–Nb–O systems (M =
Zn,[29] Fe,[36] Mn[37]), occurs at substantially lower Bi con-
centrations than conventional formulations placing only Bi
on the A sites and the smaller M/Nb cations on the B sites.
The pyrochlore field includes compositions with “excess” B
cations that require mixing of some Co on the A sites with
Bi3+, as found for Zn in all Bi–Zn–Nb–O pyrochlores.[29]

The limiting compositions observed for the pyrochlore field
(Figure 1) suggest that the Co concentration on the A sites
can range from ca. 8 to 25%,[38] which is comparable to the
analogous ranges observed for other Bi–M–Nb–O pyro-
chlores with Co replaced by Zn (� 16 to 26%),[29] Fe (ca.
4 to 15%),[36] and Mn (ca. 14 to 30%).[37]

Structural Refinement of the Pyrochlore Phase

The highly symmetrical ideal pyrochlore structure
A2B2O6O� crystallizes in space group Fd3̄m with A and B
cations on two special positions (16d, 16c) and oxygen
atoms on two sites, 48f (O) and 8b (O�), resulting in a single
positional variable (x for the 48f-site oxygen atoms in the
B2O6 octahedral network). As expected, this model resulted
in anomalously large thermal parameters for the A-site cat-
ions and the O� oxygen atoms in an initial refinement using
single-crystal X-ray diffraction data [Rf(obsd.) = 0.325,
Rw(obsd.) = 0.237]. The disordered structure was therefore
modeled assuming static displacements of the A and O�
atoms, similar to the analogous Bi–M–Nb–O pyrochlores
(M = Zn,[35] Fe,[36] Mn[37]) whose structures were refined
using neutron powder diffraction data. The Bi:Co:Nb ratio
of the single crystal was fixed at a stoichiometry inferred
from the refined unit cell parameter of ground crystals [a =
10.551(1) Å] taken from the same batch. This value, com-
pared to that for the single-phase pyrochlore powder from
which the crystals were grown [a = 10.580(1) Å] indicates
reduced Bi concentrations in the crystals. When compared
to the unit cell parameters obtained for other single-phase
pyrochlores (Table 1) and for the limiting compositions of
the phase field (cusps, Figure 1), the metal stoichiometry
extrapolated for the single crystal was 39.0:24.0:37.0
Bi:Co:Nb. The oxygen content of the crystal was calculated
by assuming an average Co oxidation state of 2+, for sim-
plicity, and the O� sites were assumed to be filled, resulting
in an overall formula of Bi1.56Co0.96Nb1.48O7 for the crys-
tals, with fully occupied metal positions.

The refinement of the positional parameters for the dis-
ordered metal sites was carried out assuming displacements
of the A2O� network, as found for a number of other pyro-
chlores.[29,35–37,39–42] Refinement with only Bi displaced gave
residuals for observed reflections of Rf = 0.116 and Rw =
0.072 – improved results were obtained when O� was also
displaced. The A site Bi/Co metals were displaced to six
partially filled 96g sites; however, the corresponding 96g po-
sition for O� was not stable, and difference Fourier maps
consistently showed peaks at and around the ideal 8b site
(5/8, 1/8, 1/8). Refinement of the O� isotropic thermal pa-
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Table 3. Refined positional parameters x, y, z and Biso for pyrochlore-type Bi1.56Co0.44(Co0.52Nb1.48)O7 at ambient temperature using
single-crystal X-ray diffraction data [space group Fd3̄m, #227, a = 10.551(1) Å]; Rf(obsd.) = 0.109, Rw(obsd.) = 0.0704.[a]

Atom Position x y z Biso [Å2] Occ.

Bi/Co 96g 0.5082(15) 0.5082 0.4701(18) 2.66(21) 0.1300/0.0367
Nb/Co 16c 0 0 0 1.46(3) 0.74/0.26
O 48f 1/8 1/8 0.3218(14) 1.8(4) 1.00
O� 32e 0.150(7) 0.150 0.650 4.9(24) 0.25

[a] E.S.D. values. refer to the last digit printed.

rameter diverged, so a displaced position using the 32e site
was chosen. Other combinations were not stable. The O�
oxygen position was refined assuming a total contribution
of 8 oxygen atoms, hence the occupancy factor of 0.25. The
final refinement results are given in Table 3 and illustrated
in Figure 2. In the present study, the scattering was domi-
nated by the much heavier Bi and Nb atoms, resulting in
limited definition of the displaced oxygen O� positions. In
addition, the disorder on the A and B metal sites hampered
a proper refinement of the scale factor due to strong corre-
lations with occupancy parameters. Furthermore, the oxi-
dation state of Co (and therefore oxygen content) and the
level of vacancies (if any) on the A and O� sites were uncer-
tain.[43]

Figure 2. Crystal structure of the pyrochlore Bi1.56Co0.96Nb1.48O7

illustrating the displacive disorder of the A2O� network (Table 3).
The vertex-linked polyhedra represent the octahedral B2O6 =
(Co,Nb)2O6 network. The puckered rings of black spheres repre-
sent the six equivalent, partially filled 96g sites for the A-site Bi/
Co cations; the tetrahedral clusters of larger white spheres denote
the four possible positions for O� oxygens displaced to the 32e sites.
The results indicate that the A-site cations are displaced 0.34 Å
from the ideal 16d position, while O� oxygen atoms on 32e sites
are displaced 0.45 Å from the high-symmetry 8b position.

The [(Co,Nb)O6] octahedra in the B2O6 network are ne-
arly regular, with metal–oxygen distances of 2.01(1) Å (×6),
and O–B–O angles deviating about 3.7° from 90°. The ob-
served bond valence sums calculated about this site[44] using
the Ro parameters for Nb5+ and Co2+ are 4.55 v.u. and
2.52 v.u., respectively. The bonds are therefore longer than
expected for Nb–O, suggesting that Co is predominantly
present in the 2+ oxidation state, which has a larger sixfold
ionic radius (0.745 Å, HS) than Nb5+ (0.64 Å) (whereas
Co3+ is smaller at 0.61 Å, HS).[45] The observed and theo-
retical bond valence sums for the Nb/Co site using the occu-

Eur. J. Inorg. Chem. 2006, 4908–4914 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4911

pancy factors in Table 3 and assuming the presence of
Nb5+/Co2+ are 4.03 v.u. and 4.22 v.u., respectively, which
are in reasonable agreement given the uncertainties in com-
position. The A-site Bi/Co metal positions and associated
O� positions are displacively disordered, therefore the A-
site coordination sphere is variable. Observed Bi/Co–O dis-
tances range from 2.05(5) Å up to 2.96(1) Å. Of these, the
distances to the octahedral framework O atoms tend to be
longer, ranging from 2.34(1) Å to 2.96(1) Å (with an
average of 2.66 Å). The distances between Bi/Co and the
displaced O�(32e) atoms are shorter (with an average
2.34 Å) and include the shortest values of 2.05(5) Å,
2.15(5) Å (2x), and 2.25(7) Å (2×), which could reasonably
accommodate the smaller Co cations. The equivalent iso-
tropic displacement parameter obtained for the Bi/Co site
corresponds to a mean-square displacement of 0.2 Å, as
compared with the displacement of 0.34 Å from the ideal
site. Similarly, the large displacement parameter for O� cor-
responds to a mean-square displacement of 0.25 Å whereas
the displacement from the ideal site is 0.45 Å. These values
suggest that the large thermal parameters reflect disorder
on these sites rather than thermal motion.

The displacive model in Table 3 for the Bi–Co–Nb–O py-
rochlore is similar to that reported for a Bi–Fe–Nb–O pyro-
chlore[36] wherein the A-site cations were displaced 0.43 Å
to 96g sites with O� displaced 0.29 Å to 32e sites. The con-
siderably larger O� displacement in the Co system (0.45 Å)
may reflect the higher concentration of smaller B-type ions
on the A sites (� 22% compared to �10% in the Fe sys-
tem). Displacive models for analogous Bi–Zn–Nb–O[35] and
Bi–Mn–Nb–O[37] pyrochlores also displaced A sites to 96g
sites (0.39 Å and 0.36 Å, respectively), but O� was displaced
differently, to 96g sites (0.46 Å for Zn, 0.33 Å for Mn). Dif-
ferences in the details of the structural displacements are
not unexpected, since the local crystal chemistry and any
short-range correlations should be affected by different con-
centrations of small B-type ions on the A sites as well as
variations in the concentrations of vacancies on both the A
sites and the O� sites.

Magnetic Properties of Pyrochlore Phases

Magnetic data obtained for three different single-phase
Bi–Co–Nb–O pyrochlore samples indicated qualitatively
similar properties. The field dependence of the magnetiza-
tion confirmed that all samples were overall paramagnetic
in nature. The temperature dependence of the magnetic
susceptibility, and its inverse, for the pyrochlore with com-
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position 0.4000:0.2200:0.3800 Bi2O3:2CoO1+x:Nb2O5 are
shown in Figure 3. Above 100 K the inverse magnetic
susceptibility was linear and that range was fit to the Curie
Weiss law; the results are given in Table 4. For all three
compounds, the extrapolation of the linear fits indicated
small negative temperature intercepts, suggesting the pres-
ence of weak antiferromagnetic cooperative interactions.
All of the observed effective magnetic moments calculated
from the slopes of the Curie–Weiss fits are higher than the
high-spin, spin-only values expected for Co2+ (3d7, S =
3/2, 3.87 µβ) and Co3+ (3d6, S = 2, 4.90 µβ), suggesting con-
siderable unquenched orbital contributions, as observed for
other Co-containing pyrochlores.[46] Given the range of val-
ues previously reported for high-spin Co2+ (4.6–5.2 µβ/Co)
and high-spin Co3+ (5.1–5.7 µβ/Co)[47] compounds, the ob-
served effective moments for the pyrochlore phases are con-
sistent with the presence of divalent, or mixed divalent-tri-
valent Co. Slight curvature is observed in the magnetization
vs. field data at 10 K (Figure 3, inset). The complex mag-
netic behavior exhibited by the Bi–Co–Nb–O pyrochlores is

Figure 3. Temperature dependence of the zero-field-cooled (circles)
and field-cooled (squares) mass susceptibility and inverse mass
susceptibility for the single-phase pyrochlore 0.4000:0.2200:0.3800
Bi2O3:2CoO1+x:Nb2O5 at an applied field of 50 kG. The inset
shows the field dependence of the magnetization measured at 10 K
(triangles) and 298 K (squares). (Lines are present to guide the eye.)
Slight curvature is observed in the low-temperature data. (Units:
To convert susceptibility values in emu/g to SI units m3/kg, multiply
by 4π/103. To convert field values in Oe (or G) to SI units A/m,
multiply by 103/4π. Magnetization values in emu/g units are numer-
ically equal to SI units of Am2/kg.[48]).

Table 4. Magnetic data for single-phase Bi–Co–Nb–O pyrochlore
specimens listed in Table 1. The observed effective moments (µeff/
mol Co) and temperature-axis intercepts (θ, K) were obtained from
linear fits of the inverse susceptibility data in the temperature range
100–300 K.

Composition µeff/mol Co [µβ] θ [K]
Bi2O3:2CoO1+x:Nb2O5

0.4400:0.2100:0.3500 5.1 –35
0.4000:0.2200:0.3800 5.1 –26
0.4200:0.2300:0.3500 5.0 –35
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not unexpected given the triangular symmetry of the metal
lattices which results in geometric magnetic frustra-
tion.[49–50] Pyrochlore compounds are known to exhibit a
wide range of cooperative magnetic properties and, for ex-
ample, are of significant interest as “spin-ice” systems.[51–53]

Dielectric Properties of the Pyrochlore Phase

The relative permittivity (corrected for 10% porosity)
and dielectric loss as a function of temperature and fre-
quency for the single-phase pyrochlore with composition
0.4400:0.2100:0.3500 Bi2O3:2CoO1+x:Nb2O5 are shown in
Figure 4. The upturns in the data above 250 K indicate that
the sample becomes predominantly conductive, and the on-
set of conductivity is frequency dependent. For example, at
250 K and 1 MHz the sample is still insulating and exhibits
a relative permittivity of ca. 115 and tan δ = 0.06, yet at
10 kHz tan δ is greater than 0.2, indicating conductivity.
This behavior is in sharp contrast with previously reported
bismuth based pyrochlores for which dielectric relaxation is
observed.[36,54] The temperature- and frequency-dependent
behavior observed is consistent with interfacial polarization
mediated by the presence of multivalent Co ions – similar
properties were observed for pyrochlores in the Bi–Mn–
Nb–O system.[37]

Figure 4. Relative dielectric permittivity (corrected for porosity)
and dielectric loss for the single-phase pyrochlore with composition
0.4400:0.2100:0.3500 Bi2O3:2CoO1+x:Nb2O5 at frequencies of
10 kHz, 100 kHz and 1 MHz. The sample is predominantly con-
ductive at temperatures above 250 K and the onset of conductivity
is frequency dependent; these effects likely reflect the presence of
mixed-valent Co2+/3+.

Conclusions

Subsolidus phase relations have been determined for the
Bi–Co–Nb–O system in air using specimens equilibrated at
750–925 °C. Ternary phase formation was limited to pyro-
chlore, which forms a considerable solid solution region at
stoichiometries that are “Bi-deficient” compared to conven-
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tional A2B2O7-type formulations with Bi on the A sites and
Co/Nb on the B sites. The location of the pyrochlore field
suggests that approximately 8 to 25% of the A sites can be
occupied by Co. All Bi–Co–Nb–O pyrochlores form with
positional displacements off ideal crystallographic posi-
tions, as also found for analogous Bi–M–Nb–O pyrochlores
with M = Zn, Fe, and Mn. A structural refinement of the
pyrochlore Bi1.56Co0.96Nb1.48O7 using single–crystal X-ray
diffraction data is reported with displacements in the A2O�
network. Bi–Co–Nb–O pyrochlores exhibited overall para-
magnetic behavior with weak antiferromagnetic interac-
tions; observed effective moments were consistent with the
presence of Co2+ or Co2+/3+ mixtures; however, the ob-
served bond lengths suggest that Co is present predomi-
nantly as the larger 2+ ion. Measurements of relative dielec-
tric permittivity and dielectric loss between 110 and 450 K
indicated conductive, frequency-dependent properties con-
sistent with the presence of mixed-valent Co. In contrast to
Bi1.5Zn0.92Nb1.5O6.92, no low-temperature dielectric relax-
ation was observed. The Bi–Co–Nb–O pyrochlores form
thermodynamically stable mixtures with the Bi3NbO7 solid
solution, Bi5Nb3O15, BiNbO4, CoNb2O6, Co4Nb2O9, and
CoO/Co3O4.

Experimental Section
Forty-seven polycrystalline specimens (3–4 g each) were prepared
in air by solid-state reactions using Bi2O3 (99.999%), Co3O4

(99.9985%, pre-analyzed by X-ray powder diffraction), and Nb2O5

(99.999%). Prior to each heating, each sample was mixed by grind-
ing with an agate mortar and pestle for 15 min, pelletized, and
placed on a bed of sacrificial powder of the same composition sup-
ported on alumina ceramic. After an initial calcinations overnight
at 800 °C (below the m.p. of Bi2O3, 825 °C) multiple 1–3 d heatings
(with intermediate grinding and re-pelletizing) were carried out at
875–925 °C.[55] Samples were furnace-cooled to ca. 700 °C and then
air-quenched on the bench-top. Metastable melting in non-equili-
brated ternary specimens (an initial problem owing to large differ-
ences in the melting points of Bi2O3, CoOx, and Nb2O5) was avo-
ided by soaking samples at 875 °C for 1–3 d for the second heating,
followed by a third heating at 925 °C for 2–3 d. Equilibrium was
presumed when no further changes could be detected in the weak-
est peaks observed in the X-ray powder diffraction patterns. A eu-
tectic in the ternary system may occur near 42:40:18
Bi2O3:2CoO1+x:Nb2O5, which formed liquid at 900 °C. Bi2O3 vola-
tilization was observed above the solidus by thermogravimetric
analysis, but was not detectable in the subsolidus study. Pyrochlore-
type crystals were easily obtained by heating a single-phase
polycrystalline specimen (composition 0.4400:0.2100:0.3500
Bi2O3:2CoO1+x:Nb2O5) in a Pt capsule (sealed by welding) to
1300 °C, followed by slow cooling (4 °C/h) to below the freezing
point (�1160 °C). The crystals exhibited conchoidal fracture and
were obtained as brown-black shards.

Phase assemblages were ascertained using the disappearing phase
method[56,57] and X-ray powder diffraction data obtained with a
Philips[58] diffractometer equipped with incident Soller slits, a
theta-compensating slit and graphite monochromator, and a scintil-
lation detector. Samples were mounted in welled glass slides. Pat-
terns were collected at ambient temperatures using Cu-Kα radiation
over the range 3–70° 2θ with a 0.02° 2θ step size and a 2 s count
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time. Intensity data measured as relative peak heights above back-
ground were obtained using the DATASCAN software package,
and processed using JADE. For unit cell refinements, observed 2θ
line positions were first corrected using SRM 660, LaB6,[59] as an
external calibrant. Lattice parameters were refined using JADE (2θ
values, Cu-Kα1 = 1.540593 Å).

Preliminary characterization of pyrochlore-type single crystals was
carried out using the precession camera method (Zr-filtered Mo-
Kα radiation) to assess quality, cell parameter, and space group.
Data for structural refinement were collected with an Oxford Dif-
fraction Xcalibur 2 CCD diffractometer with graphite-monochro-
mated Mo-Kα radiation. Due to the strong absorption coefficient
of 50.2 mm–1, several small crystals with approximate dimensions
0.03 mm×0.04 mm×0.04 mm were chosen, and measurements in-
cluded 2θ angles up to 100°. However, large absorption corrections
were still required and limited the range of observable reflections.
Further details of the crystal-structure investigation may be ob-
tained from the Fachinformationzentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany, on quoting the depository
number CSD-416601.

Magnetic properties were characterized with a Quantum Design
SQUID magnetometer and single-phase polycrystalline samples.
Magnetization was measured as a function of temperature between
2 K and 300 K after cooling in the absence of an applied field
(zero-field cooled, ZFC) and while cooling in a magnetic field
(field-cooled, FC) of 50 kG between 2 K and 300 K. In addition,
measurements at 10 K and at 298 K were carried out to determine
the field dependence of the magnetization in applied fields between
0 and 50 kG.

Dielectric properties were evaluated using pellets prepared from
single-phase powders mixed with 2 wt.-% PVA (polyvinyl alcohol)
to assist forming. Mixtures were ground using a mortar and pestle,
sieved (300 µm mesh), and then dried at 120 °C for 5 min. Approxi-
mately 0.6 g of the mixture was uniaxially pressed into a disk (ca.
1 mm thick, ca. 10 mm diameter) using a pressure of ca. 180 MPa.
The green pellets were then sintered in air at 975 °C for 4 h. The
density of the sintered samples was measured in water using Archi-
medes’s principle and compared to the theoretical density of the
material. Gold/palladium electrodes (ca. 75 nm thick) were sput-
tered onto the top and bottom surfaces to form parallel plate ca-
pacitors. The complex dielectric permittivity was measured between
1 kHz and 1 MHz using an Agilent 4284 LCR meter. The sample
temperature was controlled with a programmable 9023 Delta De-
sign for measurements between 110 and 450 K.
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The newly prepared carbene precursor 1,3-dimesitylace-
naphtho[1,2-d]imidazolinium chloride, (NHC–H)Cl, 3, could
be readily converted into the NHC-silver(I) complex, 4,
which is an efficient carbene transfer agent and has been
used to synthesise thione 5, trans-[PdCl2(NHC)2], 6 and
[RhCl(NHC)(COD)], 7. All compounds synthesised were
characterised by elemental analysis, NMR spectroscopy and
the molecular structures of the thione 5 and complex 7 were
determined by X-ray crystallography. Complex 7 was con-

Introduction

Owing to their bonding versatility and the relative ease
with which their electronic and steric properties can be
modified, increasing attention has been focused on using
imidazole-based N-heterocyclic carbene (NHC) compounds
as ancillary ligands for a number of transition metal medi-
ated catalytic reactions.[1–4] Their donating properties are
superior to those of the most basic phosphanes. The ability
of NHCs to coordinate to metal centres makes them excel-
lent candidates for the design of well-defined catalysts. In a
recent study, we observed that the variation of p-substitu-
ents on the phenyl ring of 1,3-diarylimidazolin-2-ylidene-
palladium(II) complexes has a significant influence on the
catalytic behaviour of the Suzuki coupling of NHC-Pd
complexes.[5] Increasing knowledge of the chemical proper-
ties of ligands and complexes derived from them has led to
a growing demand for systems with more and more com-
plex structures. Anullated NHCs have attracted increasing
attention in recent years since the introduction of carbo-
and heterocyclic groups may give an opportunity for better
control of the stability of the active species and improve
catalytic activity. In this context, benzo-, pyrido-, naphtha-
and quinoxalino-anullated imidazol-2-ylidenes have been
reported.[6] These studies have demonstrated that the elec-
tron density at C2 varies with the π donor/acceptor proper-
ties of the anullated rings. The 4,5-positions of the imid-
azolidine ring seem to be ideally suited for substitution
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verted into cis-[RhCl(NHC)(CO)2] and the electron donating
properties and trans influence of the NHC ligand were com-
pared with nonanullated counterparts. The catalytic activity
in the Heck reaction of 6 and the in situ formed palladium
complex was evaluated. The activity of the in situ formed
complexes for the Heck coupling of alkenes was high.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

since they are quite far from the catalytically active metal
site. Therefore, we focused on the design of an acenaphthy-
lene-anullated NHC ligand to modify the environment of
the metal centre. Model studies showed that the tetracyclic
ring system is highly strained. Our main aim was to deter-
mine how these properties are reflected in the electron do-
nating properties of its complexes.

Results and Discussion

Preparation of Ligand Precursor 3, Thione 5 and NHC
Complexes 6–8

The general route to the targeted NHC ligand precursor
and metal complexes is shown in Scheme 1. The amine 2
was readily synthesised in good yield as a red, crystalline
solid by means of the reduction of the corresponding imine
1 which served as a chelating ligand for several transition
metal complexes.[7] Cyclisation of 2 with CH(OEt)3 in the
presence of one equiv. of NH4Cl gave the diazolinium salt
3. For the sake of comparison, the 4,5-dimethyl-1,3-dimes-
ityl imidazolinium salt and related compounds (4�–8�) were
also prepared (Scheme 2).

Treatment of 3 with NaOtBu or NaH/NaOtBu resulted
in the deprotonation of the imidazolinium salt. However,
attempted isolation of the free carbene failed. These precur-
sor salts were subsequently deprotonated using basic silver
oxide. Silver(I) NHC complexes are easy to make and can
be used as air- and moisture-stable carbene transfer
agents.[8] Such silver(I) NHC complexes with coordinating
halides are well known to oligomerise by means of silver-
silver interactions, bridging halides or carbenes[9] and they
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Scheme 1. i) NaCNBH3, MeOH; ii) NH4Cl, HC(OEt)3; iii) Ag2O, CH2Cl2; iv) S8, CH2Cl2; v) PdCl2(CNCH3)2, CH2Cl2; vi) [RhCl-
(COD)]2, PhCH3; vii) CO, CH2Cl2.

Scheme 2. iii) Ag2O, CH2Cl2; vi) [RhCl(COD)]2, PhCH3; vii) CO,
CH2Cl2.

have been characterised by 1H and 13C NMR spectroscopy.
The clearest spectroscopic evidence identifying 4 as a sil-

ver NHC complex is the appearance of a highly deshielded
13C NMR signal for Ccarb at δ = 205.5 ppm [dd, 1J109Ag,C =
221.9, 1J107Ag,C = 255.4 Hz]. The chemical shift and splitting
pattern is consistent with the monomeric structure of 4.[10]

By comparison, the dimers consisting of (NHC)2Ag+ cat-
ions and AgX2

– anions or (NHC–Ag–µ–X)2 structures dis-
play Ccarb singlets due to partial dissociation and monomer/
dimer equilibrium in solution. Ionic (NHC)2Ag+ complexes
exhibit smaller J107,109Ag,C coupling constants (180–190 and
200–215 Hz).[9] The chemical shift is also indicative of the
donating nature of the carbene in the carbene–Ag interac-
tion (Scheme 1).

Despite its large coupling constant, complex 4 is a good
carbene transfer agent. Interaction of 4 with elemental sul-
fur readily afforded the thione 5. This thione is a stable
crystalline substance, the structure of which was elucidated
by NMR spectroscopy and X-ray analysis. The most impor-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4915–49214916

tant peak in the 13C NMR spectrum is the peak corre-
sponding to C=S at δ = 179.6 ppm. X-ray diffraction analy-
sis of 5 allowed us to draw some conclusions about the
structure of 5. The structure and the atom numbering
scheme are shown in Figure 1. Very few cyclic thiones with
bulky substituents at the N atoms of the NHC ligand have
been reported[8] and this appears to be the first such com-
pound with an anullated group.

Figure 1. Molecular structure of 5. Selected bond lengths [Å] and
bond angles [°]: C32–S2 1.661(6), C32–N3 1.357(7), C32–N4
1.344(6), C33–N3 1.357(7), C54–N4 1.442(5), C42–C52 1.553(5);
N3–C32–N4 108.6(5), N3–C32–S2 124.9(4), N4–C32–S2 126.5(4).

Crystallographic data for the structural analysis of 5 are
given in Table 3. An ORTEP representation of the structure
is shown in Figure 1 and selected bond lengths and angles
are listed in the caption. The C(1)–S(1) bond length of
1.661 Å in 5 compares well with known C(32)–S(2) bond
lengths in derivatives of imidazolidin-2-thiones.[8,11]

The reaction of the Ag complex 4 with palladium species
bearing weakly coordinated CH3CN ligands yielded the di-
substituted carbene complexes 6. The trans configuration of
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the carbene ligands was confirmed by 13C NMR spec-
troscopy in which the C2 signal occurs at δ = 198.9 ppm, a
value typical for trans carbene complexes.[12] At room tem-
perature, the 1H NMR spectrum of 6 shows that the NHC
ligands are nonequivalent. Four signals can be observed at
1.22, 1.27, 2.25 and 2.33 ppm for each CH3 group in the
2,6-positions of the aryl ring. This indicates that there is
hindered rotation around the Pd–Ccarb bond arising from
the bulky phenyl substituent on the NHC ligand. The PdII

carbene complex 6 and the in situ formed complexes be-
tween 3 and Pd(OAc)2 were tested as catalysts in C–C coup-
ling reactions.

In a similar fashion to that described for 6, the reaction
between 4 and the dimer [RhCl(COD)]2 in boiling toluene
generates the monocarbene complex 7. The 1H NMR spec-
trum shows singlets at δ = 1.46, 1.86, 2.53 and 2.82 ppm for
the o-Me groups and 6.90, 6.99, 7.01 and 7.11 ppm for the
m-protons of the mesityl groups, respectively, presumably
because of the restricted rotation around the Rh–Ccarb

bond.[13] The detection of a doublet at δ = 213.7 ppm in the
13C NMR spectrum together with a characteristic J103Rh,13C

coupling of 48.8 Hz indicated the formation of the pro-
posed complex. Further information was obtained from the
crystal structure of [RhCl(NHC)(COD)], 7, presented in
Figure 2.

The single-crystal X-ray diffraction study of complex 7
confirmed the square-planar coordination geometry of the
rhodium atom. The structure is represented in Figure 2 and
selected bond lengths and angles are listed in the caption.
The structural parameters of 7 are similar to those in other
rhodium carbene complexes. The rhodium-carbene distance
Rh(1)–C(1) [2.047(3) Å] is slightly longer than that ob-
served in saturated analogues (2.003 Å), which may reflect
the steric hindrance. However, the distance Rh(1)–Cl(1)
[2.3768(9) Å] lies within the expected range.[14] The N(1)–
C(1)–N(2) angle of 107.6° is close to that of thione 5 but
slightly larger than that reported for [RhCl(SIMes)-
(COD)].[15] The difference in the trans influences of the car-
bene and the chloride ligands leads to different C=C bond

Table 1. Selected NMR and IR spectroscopic data for 4/4�–8/8�.

Complex δ [ppm] Appearance of sig- JM,C ν̃(CO) sym ν̃ (CO) asym Ref.
nal

(IMes)AgCl 185.0 dd 270/234 – – [7b]

(SIMes)AgCl 207.5 dd 256/222 – – [7b]

4 205.5 dd 256/222 – – this work
4� 206.0 dd 255/223 – – this work
(IMes)2PdCl2 171.2 s – – – [17]

(SIMes)2PdCl2 199.2 s – – – [5]

6 198.9 s – – – this work
6� 196.7 s – – – [5]

(IMes)RhCl(COD) 183.7 d 52 – – [19]

(SIMes)RhCl(COD) 211.9 d 47 – – [15]

7 213.7 d 49 – – this work
7� 212.5 d 48 – – this work
(IMes)RhCl(CO)2 – – – 2076 2006 [15]

(SIMes)RhCl(CO)2 205.7 d 41 2081 1996 [15]

8 206.5 d 42 2074 1988 this work
8� 206.8 d 42 2078 1994 this work

Eur. J. Inorg. Chem. 2006, 4915–4921 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4917

Figure 2. Structure of one molecule of 7 in the crystal. Selected
bond lengths [Å] and bond angles [°]: C1–Rh1 2.047(3), C1–N1
1.357(4), C1–N2 1.341(4), C2–N1 1.427(4), C11–N1 1.476(4), C11–
C22 1.538(5), C22–N2 1.488(4), C23–N2 1.435(4), C32–Rh1 2.219
(3), C32–C33 1.355(6), C33–Rh1 2.181(4), C36–Rh1 2.114(3), C36–
C37 1.385(6), C37–Rh1 2.106(3), Cl1–Rh1 2.376(9); N1–C1–N2
107.6(3), N1–C1–Rh1 128.9(2), N2–C1–Rh1 122.7(2), N1–C11–
C12 116.4(3), N1–C11–C22 102.3(2), N2–C22–C11 102.1(2), N2–
C22–C20 114.9(3), C1–Rh1–Cl1 96.63(8).

lengths in the coordinated COD ligand: C32–C33
1.355(6) Å and C36–C37 1.385(6) Å.

The C–O stretching frequencies of cis-[RhCl(CO)2-
(NHC)] are considered as an excellent measure for the σ
donor/π acceptor properties of the NHC ligands.[15] There-
fore, we synthesised complexes of the type 8/8� by replacing
the COD ligand with excess CO. The IR spectra of 8/8�
revealed two bands corresponding to symmetric and asym-
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metric vibrations. A comparison of IR data compiled for
cis-[RhCl(CO)2(NHC)] complexes of NHCs in Table 1
shows that acenaphthylene-anullated NHCs are stronger
donors than corresponding nonanullated analogues bearing
the imidazole skeleton.

Catalytic Arylation of Alkenes

We were interested in exploring the influence of substitu-
ents located at the 4,5-positions of the imidazolidine ring.
Consequently, we tested in situ formed complexes [by use
of 3 mol-% Pd(OAc)2 and 3 mol-% 3] and preformed 6 for
activity in the Heck reaction[16] using a set of standard sub-
strates, under standard reaction conditions in terms of sol-
vent, temperature and base (Table 2).

Table 2. The Heck reaction catalysed by in situ formed [3 +
Pd(OAc)2] or preformed complex 6.[a]

Entry Cat R R� X Yield (%)

1 3 Me COOnBu Br 80
2 6 Me COOnBu Br 30
3 3 Me Ph Br 86
4 6 Me Ph Br 33
5 3 Me(O)C Ph Br 89
6 6 Me(O)C Ph Br 35
7 3 Me(O)C Ph Cl 38
8 6 Me(O)C Ph Cl 10
9 3� Me(O)C COOnBu Br 67
10 3 Me(O)C COOnBu Br 80
11 SIMesHCl Me(O)C COOnBu Br 62

[a] Reactions conditions: 1.0 mmol of the aryl halide, 1.5 mmol of
olefin, 1.5 mmol Cs2CO3, 3 mL DMA, 100 °C, 5 h. GC yields (di-
ethylene glycol dibutyl ether used as internal standard, average of
two runs).

The coupling of 4-bromoacetophenone or 4-bromotolu-
ene with alkenes was found to proceed in good yield in the
presence of 3% of in situ formed catalyst (entries 1, 3 and
5). In the presence of preformed catalyst 6, deactivated aryl
bromides and activated 4-chloroacetophenone were less re-
active under the same reaction conditions (entries 2, 4 and
6). The electron-donating capability of the substituents lo-
cated at the 4,5-positions of the imidazolidine ring appear
to play a role in the complex’s catalytic activity. Thus, yields
of 80%, 67% and 62% were achieved with complexes
formed in situ between Pd(OAc)2 and the salts 3, 3� and
SIMesHCl, respectively, under identical conditions (entries
9–11). Clearly, acenapthene anullation has an unexpected
effect of increasing the complex reactivity. This is somewhat

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4915–49214918

surprising, since there is no conjugation between the imid-
azoline and naphthalene rings.

Conclusions

In order to further extend the possibilities of ligand tun-
ing and the scope of NHC based catalysts, anullation of the
imidazole ring by acenaphthylene was studied. Thione 5
and the transition metal complexes 6–8 of the anullated
NHC ligand were easily obtainable from the silver-NHC
complex 4 which was prepared from the salt 3 and Ag2O.
Silver is readily replaced by other metals to give, for exam-
ple, PdII and RhI complexes in high yield. A comparison
of NMR and IR spectroscopic data indicates that the new
carbene seems to range between saturated and unsaturated
imidazol-2-ylidene in terms of its electronic properties. A
preliminary study has indicated that the in situ formed pal-
ladium complex is an active catalyst for arylation of al-
kenes.

The greater rigidity of the NHC complexes afforded by
the tetracyclic imidazole framework exemplified by 6–8 can
be anticipated to provide selective transformations. Investi-
gations along these lines are in progress.

Experimental Section
General: All manipulations were carried out in vacuo using Schlenk
techniques. Anhydrous solvents were either distilled from appropri-
ate drying agents or purchased from Merck and were degassed
prior to use by purging with dry argon. The solvents were then
kept over molecular sieves. All other reagents were commercially
available and were used as received.

NMR spectra were recorded at 297 K on a Varian Mercury AS
400 instrument at 400 MHz (1H) or 100.56 MHz (13C). Elemental
analyses were carried out by the analytical service of TUBITAK
with a Carlo–Erba Strumentazione Model 1106 instrument. FTIR
Spectra were recorded on a Perkin–Elmer Spectrum 100 series in-
strument. Compound 1 was prepared according to the literature.[18]

The structural characterisations of 1�, 2�, 3� and 6� are given else-
where.[5]

Starting Materials

1,2-Bis(mesitylamino)acenaphthylene (2): A suspension of 1
(2250 mg, 5.4 mmol) in MeOH (50 mL) was treated at room tem-
perature under argon with NaCNBH3 (2050 mg, 32.6 mmol) in
portions of 1 g over a period of 20 min. To the resultant mixture
was added bromocresol green and then 0.1 N HCl was added until
the colour changed from green to yellow. The solution was stirred
for 20 h and heated subsequently for 4 h under reflux. The mixture
was then cooled to room temperature and 0.1 N KOH (10 mL),
H2O (100 mL) and CH2Cl2 (50 mL) were added. The aqueous
phase was washed with CH2Cl2 several times. After this step, the
CH2Cl2 washings were combined and dried with MgSO4. The sol-
vent was concentrated and then methanol was added. The precipi-
tate was separated and washed with methanol. Drying under vac-
uum provided NMR spectroscopically pure off-white crystals of 2.
Yield: 1.82 g, 81%. M.p. 156–157 °C. C30H32N2 (420.59): calcd. C
85.67, H 7.67, N 6.66; found C 86.10, H 7.82, N 6.93. 1H NMR
(400 MHz, CDCl3, 297 K): δ = 2.18 (s, 12 H, H12,13), 2.31 (s, 6 H,
H14), 3.84 (s, 2 H, NH), 5.31 (s, 2 H, H4,5), 6.86 (s, 2 H, H8,10),
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6.96 (d, J = 1.6 Hz, 2 H, H16), 7.39 (t, J = 1.9 Hz, 2 H, H17), 7.68
(d, J = 2 Hz, 2 H, H18) ppm. 13C NMR (100 MHz, CDCl3, 297 K):
δ = 19.1 (C12,13), 20.9 (C14), 62.4 (C4,5), 120.5 (C16), 124.3 (C18),
128.2 (C17), 129.3 (C8,10), 129.9 (C7–11), 130.9 (C19), 131.6 (C9),
135.8 (C20), 142.4 (C6), 144.4 (C15) ppm.

1,3-Dimesitylacenaphtho[1,2-d]imidazolinium Chloride (3): A mix-
ture of 2 (1170 mg, 2.78 mmol), triethyl orthoformate (10 mL) and
ammonium chloride (150 mg, 2.84 mmol) was heated in a distil-
lation apparatus until the ethanol distillation ceased. The tempera-
ture of the reaction mixture reached 130 °C. After cooling to room
temp., ether (30 mL) was added. A colourless solid precipitated
which was collected by filtration. Purification was achieved by re-
peated recrystallisations from ethanol/ether. Yield: 1.20 g, 93%.
M.p. 393–395 °C. C31H31N2Cl (467.05): calcd. C 79.72, H 6.69, N
6.00; found C 79.10, H 7.02, N 6.13. 1H NMR (400 MHz, CDCl3,
297 K): δ = 1.56, 2.34 (s, 12 H, H12,13), 2.68 (s, 6 H, H14), 6.61 (s,
2 H, H4,5), 6.86 (d, J = 1.8 Hz, 2 H, H16), 6.88 (s, 2 H, H8,10), 7.08
(s, 2 H, H8,10), 7.48 (t, J = 1.9 Hz, 2 H, H17), 7.89 (d, J = 2.2 Hz,
2 H, H18), 10.21 (s, 1 H, H2) ppm. 13C NMR (100 MHz, CDCl3,
297 K): δ = 18.5, 19.1 (C12,13), 21.4 (C14), 70.6 (C4,5), 122.3 (C16),
126.9 (C18), 128.7 (C17), 129.1 (C8), 130.4 (C10), 130.7 (C19), 131.9
(C9), 135.4 (C20), 136.3 (C7), 136.4 (C11), 137.5 (C6), 140.8 (C15),
159.3 (C2) ppm.

Chloro(1,3-dimesitylacenaphtho[1,2-d]imidazolin-2-ylidene)silver(I)
(4): A suspension of 3 (470 mg, 1 mmol) and an equivalent amount
of Ag2O in dichloromethane (50 mL) was stirred at room tempera-
ture for 24 h with exclusion of light. The colour of the suspension
gradually changed from black to colorless. The suspension was
then filtered, washed with dichloromethane and dried under vac-
uum to give a white solid. 0.52 g, 90 %. M.p. 363–365 °C.
C31H30AgClN2 (573.90): calcd. C 64.88, H 5.27, N 4.88; found C
65.02, H 5.33, N 4.99. 1H NMR (400 MHz, CDCl3, 297 K): δ =
1.50, 2.35 (s, 12 H, H12,13), 2.49 (s, 6 H, H14), 6.09 (s, 2 H, H4,5),
6.83 (d, J = 1.8 Hz, 2 H, H16), 6.88, 7.08 (s, 4 H, H8,10), 7.44 (q, 2
H, H17), 7.82 (d, J = 2.0 Hz, 2 H, H18) ppm. 13C NMR (100 MHz,
CDCl3, 297 K): δ = 18.4, 18.7 (C12,13), 21.3 (C14), 71.1, 71.3 (C4,5),
121.8 (C16), 126.0 (C18), 128.5 (C17), 130.3 (C8), 130.4 (C10), 131.8
(C19), 134.0 (C9), 135.2 (C20), 136.9 (C7), 137.2 (C11), 138.7 (C6),
139.1 (C15), 205.5 (2d, 1J13C,107,109Ag = 221.9, 255.4 Hz, C2) ppm.

Chloro(1,3-dimesityl-4,5-dimethylimidazolidin-2-ylidene)silver(I)
(4�): Yield: 0.39 mg, 82%. M.p. 368–370 °C (dec.). C23H30AgClN2

(477.82): calcd. C 57.81, H 6.33, N 5.86; found C 64.86, H 5.38, N
5.00. 1H NMR (400 MHz, CDCl3, 297 K): δ = 1.17–1.13 [s, 6 H,
NCH(CH3)CH(CH3)N], 1.96 (s, 6 H, p-CH3), 2.03, 2.01 (s, 12 H,
o-CH3), 4.01–3.98 [m, 2 H, NCH(CH3)CH(CH3)N], 7.13, 7.10 (s,
4 H, Mes) ppm. 13C NMR (100 MHz, CDCl3, 297 K): δ = 18.0,
17.8, [NCH(CH3)CH(CH3)N], 20.1, 19.9 (o-CH3), 19.7 (p-CH3),
52.3, 52.1 [NCH(CH3)CH(CH3)N], 127.8, 131.0, 131.3, 137.4,
138.1, 138.2, (Mes), 206.0 (2d, 1J13C,107,109Ag = 223.0, 255.0 Hz,
C2) ppm.
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1,3-Dimesitylacenaphtho[1,2-d]imidazole-2-thione (5): A mixture of
the silver complex 4 (570 mg, 1 mmol) and sulfur (32 mg, 1 mmol)
was suspended in dichloromethane (50 mL) and stirred for 24 h at
room temperature. After removal of silver chloride by filtration,
the solution was concentrated in vacuo and hexane was added to
afford white crystals of 5. Yield: 0.40 g, 87%. M.p. 323–325 °C.
C31H30N2S (462.64): calcd. C 80.48, H 6.54, N 6.06; found C 79.12,
H 6.83, N 5.98. 1H NMR (400 MHz, CDCl3, 297 K): δ = 1.40, 2.26
(s, 12 H, H12,13), 2.42 (s, 6 H, H14), 6.23 (s, 2 H, H4,5), 6.71 (d, J
= 1.8 Hz, 2 H, H16), 6.91 (s, 2 H, H8,10), 7.11 (s, 2 H, H8,10), 7.42
(t, J = 1.9 Hz 2 H, H17), 7.85 (d, J = 2.1 Hz, 2 H, H18) ppm. 13C
NMR (100 MHz, CDCl3, 297 K): δ = 18.4, 18.5 (C12,13), 21.5 (C14),
67.2 (C4,5), 122.0 (C16), 125.7 (C18), 128.3 (C17), 129.9 130.0 (C10),
132.1 (C19), 133.5 (C9), 135.9 (C11), 137.6 (C7), 138.5 (C6), 138.8
(C15), 179.6 (C2) ppm.

Dichloro(1,3-dimesitylacenaphtho[1,2-d]imidazolin-2-ylidene)-
palladium(II) (6): PdCl2(MeCN)2 (260 mg, 1 mmol) and 4
(1140 mg, 2 mmol) were stirred in dichloromethane (50 mL) at
60 °C for 24 h in a sealed ampoule. The resultant mixture was fil-
tered and the solvent was removed to yield a cream-colored solid.
The solid was purified by crystallisation from CH2Cl2 layered with
ethanol. 0.87 g, 84%. M.p. 390–392 °C. C62H60Cl2N4Pd (1038.49):
calcd. C 71.71, H 5.82, N 5.40; found C 71.79, H 5.88, N 4.96. 1H
NMR (400 MHz, CDCl3, 297 K): δ = 1.22, 1.27, 2.25, 2.33 (s, 24
H, H12,13), 2.49 (s, 12 H, H14), 5.68 (d, J = 1.3 Hz 4 H, H4,5), 6.67
(t, J = 1.7 Hz, 4 H, H16), 6.73, 6.79, 6.86, 6.94 (s, 8 H, H8,10), 7.28
(q, 4 H, H17), 7.65 (q, 4 H, H18) ppm. 13C NMR (100 MHz, CDCl3,
297 K): δ = 19.7, 19.8, 20.3, 20.4 (C12,13), 21.5 (C14), 71.0 (C4,5),
122.0 (C16), 125.3 (C18), 128.0 (C17), 129.9, 129.6 (C8,10), 131.5
(C19), 134.6,134.8 (C9), 136.5, 136.6, 136.7 (C7,11), 137.4, 137.5
(C20), 138.9, 139.0 (C6), 139.4, 139.5 (C15), 198.9 (C2) ppm.

Chloro(η4-1,5-cylooctadiene)(1,3-dimesitylacenaphtho[1,2-d]-
imidazolin-2-ylidene)rhodium(I) (7): A suspension of [RhCl-
(COD)]2 (250 mg, 0.5 mmol) and silver complex 4 (570 mg,
1 mmol) in toluene (10 mL) was stirred for 4 h at 100 °C. The re-
sultant yellowish suspension was cooled to room temperature, fil-
tered through celite and the yellow filtrate was concentrated. Ad-
dition of hexane (10 mL) precipitated a yellow powder, which was
collected and dried in vacuo. Crystals of 7 suitable for X-ray analy-
sis were obtained by crystallisation from CH2Cl2/C2H5OH. 0.59 g,
87%. M.p. 363–365 °C. C39H42ClN2Rh (677.12): calcd. C 69.18, H
6.25, N 4.14; found C 69.12, H 6.33, N 4.08. 1H NMR (400 MHz,
CDCl3, 297 K): δ = 1.35–1.73 (m, 8 H, COD-CH2), 1.46, 1.86, 2.53,
2.82 (s, 12 H, H12,13), 2.23 (s, 6 H, H14), 3.40 (d, J = 0.7 Hz, 2 H,
COD-CH), 4.40 (t, J = 1 Hz, 2 H, COD-CH), 5.92, 6.00 (s, 2 H,
H4,5), 6.78 (d, J = 1.8 Hz, 1 H, H16), 6.84 (d, J = 1.8 Hz, 1 H, H16),
6.90, 6.99, 7.01, 7.11 (s, 4 H, H8,10), 7.38 (m, 2 H, H17), 7.74 (t, J
= 2.2 Hz, 2 H, H18) ppm. 13C NMR (100 MHz, CDCl3, 297 K): δ
= 19.3, 19.5, 20.6, 21.3 (C12,13), 21.4, 21.5 (C14), 28.3, 28.4, 32.7,
32.8 (COD-CH2), 67.3 (d, J = 14.5 Hz, COD-CH), 68.0 (d, J =
13.7 Hz, COD-CH), 71.1, 71.4 (C4,5), 96.2 (d, J = 6.9 Hz, COD-
CH), 97.5 96.2 (d, J = 6.9 Hz, COD-CH), 121.9, 122.2 (C16), 125.6,
125.7 (C18), 128.1, 128.2 (C17), 128.7, 128.9, 130.4 130.6 (C8–10),
131.6, 131.8 (C19), 134.5, 135.0 (C9), 135.3, 137.3 (C11), 137.6, 138.0
(C7), 138.1, 138.3 (C6), 139.7, 139.8 (C15), 213.7 (d, 1J = 48.8 Hz,
Rh-C2) ppm.

(Chloro)(η4-1.5-cylooctadiene)(1,3-dimesityl-4,5-dimethylimid-
azolidin-2-ylidene)rhodium(I) (7�): Yield: 0.20 g, 70 %. M.p. 210–
212 °C (dec.). C31H42ClN2Rh (581.07): calcd. C 64.08, H 7.29, N
4.82; found C 63.89, H 7.08, N 4.96. 1H NMR (400 MHz, CDCl3,
297 K): δ = 1.17, 1.18, 1.19, 1.20 [s, 6 H, NCH(CH3)CH(CH3)N],
1.31–1.35 (m, 1 H, COD-CH2), 1.58–1.56 (m, 3 H, COD-CH2),
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1.64–1.66 (m, 3 H, COD-CH2), 1.93–2.71, (m, 19 H, COD-CH2,
p-CH3, o-CH3), 3.13–3.17 (m, 1 H, COD-CH), 3.36–3.37 (m, 1 H,
COD-CH), 3.76–3.81, 3.86–3.91 [m, 2 H, NCH(CH3)CH(CH3)N],
4.36–4.38 (m, 1 H, COD-CH), 4.51–4.42 (m, 1 H, COD-CH), 7.06,
7.01, 6.95, 6.89 (s, 4 H, Mes) ppm. 13C NMR (100 MHz, CDCl3,
297 K): δ = 18.8, 18.9, [NCH(CH3)CH(CH3)N], 19.0, 20.3 (p-CH3),
21.0, 21.2, 21.3, 21.4, (o-CH3), 27.0, 29.6, 32.4 (COD-CH2), 65.4
(d, J = 14.5 Hz, COD-CH=CH), 66.0, 66.7 [NCH(CH3)CH(CH3)-
N], 70.2 (d, J = 14.5 Hz, COD-CH=CH), 96.6, 98.1, (d, J = 6.9 Hz,
COD-CH=CH), 128.6, 128.9, 130.3, 130.4, 135.0, 135.2, 135.7,
136.8, 137.7, 137.8, 138.9, 139.5 (Mes), 212.5 (d, J = 48.0 Hz, Rh-
C2) ppm.

(Chloro)(dicarbonyl)(1,3-dimesitylacenaphtho[1,2-d]imidazolin-2-
ylidene)rhodium(I) (8): Compound 7 (50 mg, 73 µmol) was dis-
solved in CH2Cl2 in a Schlenk flask and carbon monoxide was
bubbled through the solution for 50 min. The reaction mixture was
stirred at room temperature for 1.5 h and then concentrated to dry-
ness giving a cream powder. Yield 40 mg, 86%. C33H32ClN2O2Rh
(624.96): calcd. C 63.42, H 4.84, N 4.48; found C 63.54, H 5.00, N
4.52. 1H NMR (400 MHz, CDCl3, 297 K): δ = 1.50, 2.30 (s, 12 H,
H12,13), 2.62 (s, 6 H, H14), 6.03 (s, 2 H, H4,5), 6.78 (d, J = 1.8 Hz,
2 H, H16), 6.84, 7.00 (s, 4 H, H8,10), 7.36 (t, J = 1.8 Hz 2 H, H17),
7.74 (d, J = 2.1 Hz, 2 H, H18) ppm. 13C NMR (100 MHz, CDCl3,
297 K): δ = 19.3, 19.6 (C12,13), 21.4 (C14), 71.4 (C4,5), 122.1 (C16),
125.9 (C18), 128.4 (C17), 129.7 (C10), 130.4 (C19), 131.8 (C9), 133.8
(C11), 136.6 (C7), 138.7 (C6), 138.9 (C15), 183.6 [d, CO, 1J103Rh,13C

= 76 Hz], 185.3 [d, CO, 1J103Rh,13C = 52.4 Hz], 206.5 [d, 1J103Rh,13C =
42 Hz, Rh-C2] ppm. IR (KBr): ν̃ = 2074, 1988 (CO) cm–1.

Chloro(dicarbonyl)(1,3-dimesityl-4,5-dimethylimidazolidin-2-ylid-
ene)rhodium(I) (8�): Yield: 41.9 mg, 92%. M.p. 149–151 °C (dec.).
C25H30ClN2O2Rh (528.87): calcd. C 56.77, H 5.72, N 5.30; found:
C 56.86, H 5.65, N 5.33. 1H NMR (400 MHz, CDCl3, 297 K): δ =
1.13 –1.27 [s, 6 H, NCH(CH3)CH(CH3)N], 1.99 (s, 6 H, p-CH3),
2.05, 2.13 (s, 12 H, o-CH3), 3.98–4.01 [m, 2 H, NCH(CH3)-
CH(CH3)N], 7.11, 7.20 (s, 4 H, Mes) ppm. 13C NMR (100 MHz,
CDCl3, 297 K): δ = 18.0, 18.2, [NCH(CH3)CH(CH3)N],19.9 (p-
CH3), 20.9, 21.4 (o-CH3), 53.1, 53.3 [NCH(CH3)CH(CH3)N],
128.9, 130.3, 130.4, 137.8, 138.9, 139.5 (Mes), 182.8 [d, CO,
1J103Rh,13C = 73.3 Hz], 185.0 [d, CO, 1J103Rh,13C = 52.5 Hz], 206.7
[d, 1J103Rh,13C = 41.4 Hz, Rh-C2] ppm. IR (KBr): ν̃ = 2078, 1994
(CO) cm–1.

General Procedure for Heck Coupling Reactions: A two-necked
25 mL flask fitted with a reflux condenser was charged with aryl
halide (1.0 mmol), olefin (1.5 mmol), Cs2CO3 (1.5 mmol), diethyl-
ene glycol dibutyl ether (internal standard), DMA (3 mL) and
3 mol-% of in situ formed catalyst or preformed complex 6. The
mixture, under an atmosphere of argon, was placed in a preheated
oil bath (100 °C) and stirred for 5 h. The conversion was monitored
by gas chromatography.

X-ray Structural Analyses of 5 and 7: Crystals of thione 5 suitable
for X-ray analysis were obtained from a dichloromethane solution
layered with hexane. Similarly, we obtained crystals of 7, suitable
for X-ray analysis, from CH2Cl2 layered with EtOH.

A colourless single-crystal of 5 and a yellow crystal of 7 suitable
for data collection were mounted on glass fibres and data collection
was performed on a STOE IPDS II diffractometer with graphite
monochromated Mo-Kα radiation at 296 K. The structures were
solved by direct-methods using SHELXS-97[20] and refined by full-
matrix least-squares methods on F2 using SHELXL-97[21] from
within the WINGX[22,23] suite of software. All non-hydrogen atoms
were refined with anisotropic parameters. Hydrogen atoms bonded
to carbon were placed in calculated positions (C–H = 0.93–0.98 Å)
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and treated using a riding model with U = 1.2 times the U value
of the parent atom for CH, CH2 and CH3. Molecular diagrams
were created using ORTEP-III.[24] Geometric calculations were per-
formed with Platon.[25] Atomic coordinates and equivalent iso-
tropic displacement parameters are listed in Table 3.

Table 3. Crystal data and structural refinements for 5 and 7.

C31H30N2S C39H40ClN2Rh

Formula weight 462.63 675.09
Temperature [K] 296 296
Wavelength [Å] 0.71073 0.71073
Crystal system orthorhombic monoclinic
Space group Pna21 P21/c
Unit cell dimensions
a [Å] 19.5086(7) 9.0872(6)
b [Å] 7.1186(3) 17.0953(7)
c [Å] 37.5917(15) 21.0906(11)
α [°] 90 90
β [°] 90 93.293 (5)
γ [°] 90 90
Volume [Å3] 5220.5(4) 3271.0(3)
Z 8 4
Calculated density 1.177 1.371[Mgm–3]
Absorption coefficient 0.145 0.634[mm–1]
F(000) 1968 1399.8
Crystal size [mm] 0.34×0.42×0.50 0.33×0.21×0.12
θ range for data collec- 1.50 to 24.07 1.53 to 27.19tion [°]
Independent reflection 8204 6422
Collected reflection 35086 29998
Absorption correction integration integration
Tmin 0.9389 0.8788
Tmax 0.9685 0.9294
Rint 0.1013 0.047
θmax [°] 24.11 26
h –22 to 22 –11 to 11
k –8 to 8 –21 to 24
l –42 to 42 –25 to 26
Refinement method full-matrix least-squares on F2

wR(F2) 0.1161 0.0912
Goodness-of-fit on F2 0.920 0.939
Final R indices [I�2σ(I)] R1 = 0.047 R1 = 0.0359
R indices (all data) R1 = 0.076 R1 = 0.0598
(∆/σ)max 0.292 0.000
∆ρmax [eÅ–3] 0.132 0.404
∆ρmin [eÅ–3] –0.196 –0.325

CCDC-610151 and -610150 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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4-Thiolatobenzoato-Bridged Rhodium/Zirconium Complexes: 32-Membered
Metallamacrocycles and Their Linear Dinuclear Counterparts
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The heterometallic dinuclear complex [Cp*2Zr(Me){(µ-
OOCC6H4S)Rh(PEt3)3}] (3) is readily obtained by methane
elimination in the reaction of [Rh(SC6H4COOH)(PEt3)3] with
[Cp*2ZrMe2] in a 1:1 ratio. Complex 3 reacts with 1 equiv. of
water to give [Cp*2Zr(OH){(µ-OOCC6H4S)Rh(PEt3)3}] (4), a
rare example of a terminal hydroxo complex of a zir-
conocene. Complexes 3 and 4 are isotypic. The influence of
the zirconocene group on the properties of the rhodium com-
plex was evaluated with 31P NMR spectroscopy, cyclic vol-
tammetry and DFT calculations. [Cp*2ZrMe2] reacts with
[{Rh(µ-SC6H4COOH)(PPh3)2}2] (even in a 1:1 ratio at room
temperature) or with [Rh(SC6H4COOH)(PEt3)3] (in a 1:2 ratio

Introduction
Interest in early/late heterobimetallics (ELHBs) has

strongly increased in the last few decades.[1] The reasons for
this are mainly the elucidation of mechanisms of enzymes
whose active centres include more than one metal centre,[2]

the explanation of the strong metal–support interaction
phenomenon in heterogeneous catalysis[3] and the applica-
bility of cooperative effects between different metal centres
for catalysts[4] and magnetic materials.[5] Of special interest
for these applications is the investigation of metal–metal in-
teractions. These can be achieved either by direct contact
of the metal centres within the compounds[6] or with the
help of bridging ligands which allow electronic interactions
through π-conjugated bridges.[7]

To elucidate the influence of the second metal centre, it
is useful to compare the properties of the heterometallic
complexes with those of their mononuclear precursors.
Therefore, the preferred synthesis of ELHBs starts with the
preparation of a monometallic complex, which is then em-
ployed as a so-called metalloligand to coordinate the sec-
ond metal centre. To selectively coordinate the first metal
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at elevated temperature) to give 32-membered metalla-
macrocycles containing four rhodium and two zirconium
atoms, in which each zirconocene group bridges two
{Rh(SC6H4COO)(PR3)2}2 units [R = Ph (5), Et (6)]. The only
significant structural difference in 5 and 6 is the presence of
two different isomers, in which the bridging thiolato ligands
occupy either the exo or the endo position of the Rh2S2 ring.
However, this small difference has a significant influence on
the size of the macrocyclic cavity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

centre to one coordination site of a di- or multifunctional,
potentially bridging ligand, different concepts are known
from the literature, for example exploitation of the chelate
effect[8] or the use of donor atoms with different coordina-
tion behaviour[9] according to the hard and soft acids and
bases concept of Pearson.[10]

We have previously employed S,O ligands, such as mer-
captocarboxylic acids, which show high bonding selectivity
in the synthesis of heterometallic complexes[11] if they can-
not bind in a chelating fashion.[12] By changing the bridging
ligand from saturated mercaptocarboxylic acids to unsatu-
rated ones, we have now extended our studies to the 4-thiol-
atobenzoate dianion and have already prepared several rho-
dium(I) complexes of 4-thiolatobenzoic acid.[13] The special
feature of these complexes is the free carboxyl group, which
allows further coordination to a second metal ion. For this,
we chose zirconocene derivatives, which are known to form
stable carboxylato complexes.[14]

Results and Discussion

The reaction of the metalloligands [{Rh(SC6H4COOH)-
(PPh3)2}2] (1)[13] and [Rh(SC6H4COOH)(PEt3)3] (2)[13] with
[Cp*2ZrMe2] (Cp* = C5Me5) yielded the mono- and bis-
(carboxylato) complexes of the zirconocenes, depending on
the stoichiometry and the reactivity of the starting materi-
als. At room temperature, 2 gives only the monosubstitution
product (Scheme 1), while disubstitution is achieved at ele-
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Scheme 1.

Scheme 2.

vated temperatures. In contrast, 1 readily reacts with the
zirconocene derivative even at room temperature with elimi-
nation of 2 equiv. of methane (Scheme 2). Purification of
the highly air- and moisture-sensitive complexes was facili-
tated by the fact that only methane was produced as bypro-
duct.

Scheme 3. R = Me (3) or OH (4).
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Mono(carboxylato)zirconocene Complexes

As shown previously, 2 dimerises in solution with phos-
phane dissociation (Scheme 3). To stabilise the monomeric
form, an excess of triethylphosphane must be used. Com-
plex 2 reacts with 1 equiv. of [Cp*2ZrMe2] in the presence
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of an excess of PEt3 to yield [Cp*2Zr(Me){(µ-O2CC6H4S)-
Rh(PEt3)3}] (3) exclusively. Complex 3 could be isolated as
orange crystals; the molecular structure in the solid state is
shown in Figure 1.

Figure 1. View of the molecular structure of [Cp*2Zr(Me){(µ-
O2CC6H4S)Rh(PEt3)3}] (3) (R = Me) and [Cp*2Zr(OH){(µ-
O2CC6H4S)Rh(PEt3)3}] (4) (R = OH). Hydrogen atoms are omit-
ted for clarity. Thermal ellipsoid level 50%. The atoms not shown
as ellipsoids are the carbon atoms of the coligands. Selected bond
lengths [pm] and bond angles [°] for 3: Zr1–O1 230.3(4), Zr1–O2
227.1(4), Zr1–C46 226.9(8), O1–C25 126.3(8), O2–C25 126.9(7),
Rh1–S1 241.4(2), Rh1–P1 230.5(2), Rh1–P2 224.7(2), Rh1–P3
232.7(2); O1–Zr1–O2 56.6(2), O1–Zr1–C46 73.8(3), O1–C25–O2
117.9(6), S1–Rh1–P1 82.93(6), S1–Rh1–P2 166.98(7), S1–Rh1–P3
83.94(6), P1–Rh1–P2 96.76(6), P2–Rh1–P3 101.05(6), P1–Rh1–P3
153.70(7), Rh1–S1–C19 104.8(2). Selected bond lengths [pm] and
bond angles [°] for 4: Zr1–O1 229.5(5), Zr1–O2 228.6(5), Zr1–O3
207.8(6), O1–C25 128(1), O2–C25 124.8(9), Rh1–S1 241.4(2), Rh1–
P1 231.0(2), Rh1–P2 225.0(3), Rh1–P3 232.6(3); O1–Zr1–O2
56.4(2), O1–Zr1–O3 76.8(2), O1–C25–O2 117.6(8), S1–Rh1–P1
83.06(9), S1–Rh1–P2 167.39(9), S1–Rh1–P3 84.25(9), P1–Rh1–P2
96.39(9), P2–Rh1–P3 100.64(9), P3–Rh1–P1 154.79(9), Rh1–S1–
C19 106.2(3).

Complex 3 crystallises in the monoclinic space group
P21/c with four molecules per unit cell. The rhodium atom
is coordinated by three triethylphosphane and one thiolato
ligand in a tetrahedrally distorted square-planar fashion
[S1–Rh1–P2 166.98(7)°, P1–Rh1–P3 153.70(7)°]. The car-
boxylato group coordinates in a bidentate mode, resulting
in the zirconium atom being an 18-valence-electron species.
The two oxygen atoms, the carbon atom of the methyl
group and the zirconium atom are coplanar. The plane de-
fined by Zr1, O1 and O2 forms an angle of 9.12° with the
plane of the aromatic ring. The bond lengths C25–O1
[126.3(8) pm] and C25–O2 [126.9(7) pm] as well as Zr1–O1
[230.3(4) pm] and Zr1–O2 [227.1(4) pm] are similar, and
this indicates delocalisation of the lone pair of electrons.
This is supported by the IR spectrum (KBr), which shows
symmetric and asymmetric COO vibrations at 1561 and at
1420 cm–1 instead of discrete C=O and C–O vibrations.

By treating a solution of 3 with 1 equiv. of water, the
methyl group can be exchanged selectively with an OH
group to form [Cp*2Zr(OH){(µ-OOCC6H4S)Rh(PEt3)3}]
(4), a rare example of a terminal hydroxo complex of a zir-
conocene. Stabilisation by the sterically bulky Cp* ligands
prevents dimerisation with formation of oxo bridges, which
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usually occurs with elimination of water,[15] as first de-
scribed by Hillhouse et al.[16] and Bortolin et al.[17] Complex
4 is the first heteroleptic carboxylato hydroxo complex
structurally characterised by X-ray crystallography. Pellny
et al. reported the NMR spectroscopic observation of the
compounds [Cp*2Zr(OH){OOC–C(SiMe3)=CHPh}] and
[Cp*2Zr(OH){OOC–CPh=CH(SiMe3)}], but could not iso-
late them.[18] Yellow needle-like crystals of 4 were structur-
ally characterised by X-ray crystallography. Complex 4
crystallises isotypic to 3 (Figure 1).

The short Zr–O bond length of 207.8 pm corresponds to
those in other structurally characterised compounds of this
kind.[17,19] The O3···O1 distance of 272.1 pm seems to indi-
cate the presence of a hydrogen bond between them. As the
C46···O1 distance in 3 is also only 274.6 pm, it appears that
the two atoms are forced into close proximity due to the
high steric demand of the Cp* rings. The steric crowding is
also apparent from the deviation of the methyl groups from
the C5 ring plane where the two rings are in close proximity.

The OH stretching vibration (3658 cm–1) has very low
intensity but could be observed in the IR spectra of a KBr
pellet and of a single crystal. The intensities of OH vi-
brations reported in the literature also differ.[19a,19b]

In the 1H NMR spectrum, the signals of the protons of
the aromatic ring of the 4-thiolatobenzoate ligand (AA�BB�
spin system) are broader than the other signals. This indi-
cates hindered rotation of the SC6H4COOZr(R)Cp*2 group
(R = Me, OH) and prevents simulation of the spectra to
determine the coupling constants. As can be observed with
the help of 31P NMR spectroscopy, 3 and 4 dimerise in
solution with dissociation of 1 equiv. of PEt3 per rhodium
atom, as already described for 2 (Scheme 3). The equilib-
rium can be shifted towards the monomer by adding an
excess of triethylphosphane.

Bis(carboxylato)zirconocene Complexes

Treatment of 1 with [Cp*2ZrMe2] in a 1:1 ratio as well
as of 2 with [Cp*2ZrMe2] in a 2:1 ratio results in the forma-
tion of compounds of the type [(Cp*2Zr{(µ-O2CC6H4S)-
Rh(PR3)2}2)2] [R = Ph (5), R = Et (6)]. In the solid state
both compounds reveal a nearly identical molecular struc-
ture, that is, a 32-membered macrocycle containing two di-
meric Rh2(SR)2 units, as observed in metalloligand 1, which
are deprotonated and bridged by two zirconocene groups
(Scheme 2).

Both compounds crystallise in the triclinic space group
P1̄, and one molecule in the unit cell is located on a crystal-
lographic centre of inversion (Figures 2 and 3). Co-crystalli-
sation of 12 molecules of thf (two of them disordered) for
5 and one molecule of diethyl ether for 6 is observed per
unit cell.

The typical bonding mode for zirconocene bis(carboxyl-
ato) complexes[20,24–26] is also observed in 5 and 6: one car-
boxylato ligand coordinates in a bidentate fashion and the
other in a monodentate one. All coordinating oxygen atoms
are coplanar with the zirconium atom. In contrast to 3 and
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Figure 2. View of the molecular structure of [(Cp*2Zr{(µ-O2CC6H4S)Rh(PPh3)2}2)2] (5). Thermal ellipsoid level 50%. Hydrogen atoms
and the carbon atoms of the coligands and thf molecules are omitted for clarity. Selected bond lengths [pm] and bond angles [°]: Zr1–
O1 207.1(2), Zr1–O3 232.2(2), Zr1–O4 223.9(2), Rh1–S1 244.12(9), Rh1–S2 237.73(9), Rh1–P1 228.0(1), Rh1–P2 224.3(1), Rh2–S1
236.72(9), Rh2–S2 239.41(9), Rh2–P3 224.8(1), Rh2–P4 226.6(1), C79–O1 129.9(4), C79–O2 122.4(4), C86–O3 126.9(4), C86–O4 127.5(4);
O3–Zr1–O4 56.94(8), S1–Rh1–S2 78.76(3), P1–Rh1–S1 96.64(3), P1–Rh1–P2 94.36(4), S1–Rh2–S2 79.91(3), P3–Rh2–S1 99.75(3), P3–
Rh2–P4 98.13(4), (S1–Rh1–S2)/(S1–Rh2–S2) 146.46(5).

Figure 3. View of the molecular structure of [(Cp*2Zr{(µ-O2CC6H4S)Rh(PEt3)2}2)2] (6). Thermal ellipsoid level 50%. Diethyl ether,
hydrogen atoms and the carbon atoms of the coligands are omitted for clarity. Selected bond lengths [pm] and bond angles [°]: Zr1–O1
206.9(3), Zr1–O3 236.1(3), Zr1–O4 222.2(3), Rh1–S1 239.8(1), Rh1–S2 241.3(1), Rh1–P1 224.3(1), Rh1–P2 226.5(1), Rh2–S1 240.6(1),
Rh2–S2 242.2(1), Rh2–P3 224.5(1), Rh2–P4 224.5(1), C31–O1 131.2(5), C31–O2 121.9(5), C38–O3 126.3(5), C38–O4 127.6(5); O3–Zr1–
O4 56.6(2), S1–Rh1–S2 81.47(4), P1–Rh1–S1 85.33(4), P1–Rh1–P2 102.08(5), S1–Rh2–S2 81.47(4), P3–Rh2–S1 93.40(4), P3–Rh2–P4
97.69(5), (S1–Rh1–S2)/(S1–Rh2–S2) 145.50(5).

4, the Zr–O bond lengths of the bidentate ligand differ by
8 pm (5) and 14 pm (6) and are thus indicative of the strain
imposed by the macrocycle. This is also supported by the
IR spectrum (KBr), in which the COO vibration is observed
at 1633 cm–1 (5) and 1635 cm–1 (6), which are in between
the values for a C=O bond [1678 cm–1 for HSC6H4(C=O)-
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OH] and a symmetric vibration of the COO group as ex-
pected for unstrained molecules {e.g. 1561 cm–1 for
[Cp*2Zr(Me){(µ-O2CC6H4S)Rh(PEt3)3}] (3) and [Cp*2Zr-
(OH){(µ-O2CC6H4S)Rh(PEt3)3}] (4)}. The position of the
asymmetric COO vibration could not be identified because
of overlap with other bands.
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In both compounds, the Rh2S2 ring is puckered and

shows an anti conformation. The angle between the S–Rh–
S planes is 147° for 5 and 146° for 6. The only considerable
difference is that in 5 the thiolato ligands occupy the exo
position of the Rh2S2 ring, and the endo position in 6. This
has a crucial influence on the size and shape of the macro-
cyclic cavity (Figure 4). For 5 the cavity is rhombohedral
with internal edges of 470 and 331 pm, while in 6, because

Figure 4. Space-filling model of the macrocycles 5 (left) and 6 (right). The carbon atoms of the coligands and those hydrogen atoms that
do not influence the size of the cavities are omitted for clarity. The metal atoms are black, the heteroatoms (oxygen, sulfur and phospho-
rus) grey, the carbon atoms light grey and the hydrogen atoms white.

Figure 5. View of the molecular structure of [(Cp*2Zr{(µ-O2CC6H4S)Rh(PEt3)2}2)2] (6). Thermal ellipsoid level 50%. Hydrogen atoms
and Et2O have been omitted for clarity. The atoms not shown as ellipsoids are the carbon atoms of the coligands. Top: View along the
axis through the Rh2S2 rings. Bottom: View along the axis through the zirconocene groups.
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of the different conformation of the Rh2S2 ring and the
different orientation of the arylene bridges, the cavity is di-
vided into two smaller cavities with dimensions of
87×380 pm.

The cavity is shielded by coligands, as shown exemplarily
for 6 in Figure 5. Thus, the solvent molecules are not lo-
cated inside the cavity. Figure 5 also shows that the 32-
membered rings are almost planar, with the exception of
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the aromatic rings of two of the bridging thiolatobenzoato
ligands.

The solubility of 5 and 6 in common organic solvents (n-
hexane, toluene, thf, Et2O, CH3CN, dmf and dmso) is very
low. A sufficient concentration for 31P{1H} NMR studies
was achieved solely for 5 in thf. At room temperature, a
very broad signal is observed at δ = 38 ppm, which splits
into two broad doublets (δ =37.7 ppm, 1JP-Rh = 153 Hz,
PPh3 of isomer 1, and 38.4 ppm, 1JP-Rh = 149 Hz, PPh3 of
isomer 2) on cooling the sample to –100 °C. Considering
that fluxional behaviour of zirconocene bis(carboxylato)
complexes in solution is known from the literature[12b] (one
of the ligands coordinates alternatingly in a mono- or bi-
dentate fashion) and that dynamic behaviour, that is ex-
change between different conformers of the Rh2S2 ring,
could be observed for 1,[13] one could consider different iso-
mers in solution. However, because of solvent restrictions,
the sample could not be cooled down sufficiently to achieve
fine splitting and to gain deeper insights into the species
present in solution.

Comparison of the Spectroscopic and Electrochemical
Properties of 2 and 3

Information about the change in electron density at the
rhodium atom after introduction of the second metal centre
can be obtained by comparing the spectroscopic and elec-
trochemical properties of the monometallic complex
[Rh(SC6H4COOH)(PEt3)3] (2)[13] and the corresponding
heterometallic complex [Cp*2Zr(Me){(µ-O2CC6H4S)-
Rh(PEt3)3}] (3). For this purpose, the 31P NMR chemical
shifts of the phosphorus nuclei of the phosphane ligands,
the oxidation potentials (Table 1) and the wavelengths of
the S–Rh charge-transfer bands of 2 and 3 (Figure 6) were
compared.

Table 1. Anodic peak potentials vs. SCE, 31P NMR shifts of the
phosphorus nucleus trans (δtrans) and cis (δcis) to the thiolato ligand
and the lowest energy UV/Vis absorption bands.

Compound Epa [V] δtrans [ppm] δcis [ppm] λmax [nm]

2 1.28 26.7 12.1 337
3 1.32 28.4 13.5 358

After introduction of the zirconium atom as the second
metal centre, the 31P chemical shifts of the phosphorus nu-
clei cis and trans to the thiolato ligand are shifted to lower
field by 1.4 and 1.7 ppm, respectively. This indicates a weak
electron-withdrawing character of the Lewis-acidic zirco-
nium atom. This is also shown by a 40-mV shift of the
oxidation potential of 3 compared to 2. The oxidation is
irreversible, as known for other rhodium(I) complexes.[21]

The observation of a small cathodic peak at –0.72 V in both
cases proposes a following chemical reaction and the re-
duction of its reaction product.

The DFT calculations were carried out for the model
compounds [Rh(SC6H4COOH)(PMe3)3] (for 2) and

Eur. J. Inorg. Chem. 2006, 4922–4930 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4927

Figure 6. Comparison of the observed UV/Vis spectra of 2 (top)
and 3 (bottom) in thf with the calculated transitions (line spectra).

[Cp2ZrCH3{(µ-OOCC6H4S)Rh(PMe3)3}] (for 3; Cp =
C5H5). According to these calculations for both model
compounds, the highest occupied molecular orbitals
(HOMO) have both sulfur lone pair and rhodium d charac-
ter. The HOMO itself is mainly sulfur-centred with some
rhodium contribution. The lowest unoccupied molecular
orbitals (LUMO) correspond to the σ* orbitals of the al-
most square-planar coordination sphere of the rhodium(I)
centre.

The UV/Vis spectra of 2 and 3 are dominated by one
broad band at 337 nm for 2 and 358 nm for 3. TD-DFT
studies show that for both model compounds this band can
be assigned to several HOMO-to-LUMO excitations (Fig-
ure 6). Cp�Zr charge transfer processes, usually reported
for the UV/Vis spectra of zirconocene complexes,[22] seem
to play no role for 3. They are calculated to be of too high
energy and too low oscillator strength to be observable in
the spectrum.
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Conclusions

While [Cp*2ZrMe2] reacts with [Rh(SC6H4COOH)-
(PEt3)3] to give selectively either the 1:1 or the 2:4 product,
[Cp*2Zr(Me){(µ-OOCC6H4S)Rh(PEt3)3}] (3) or [(Cp*2Zr-
{(µ-O2CC6H4S)Rh(PEt3)2}2)2] (6), the reaction with
[{Rh(µ-SC6H4COO)(PPh3)2}2] (more labile phosphane
ligands) gives exclusively the 2:4 product, [(Cp*2Zr{(µ-
O2CC6H4S)Rh(PPh3)2}2)2] (5).

Complex 3 reacts with 1 equiv. of water to yield
[Cp*2Zr(OH){(µ-OOCC6H4S)Rh(PEt3)3}] (4), a rare exam-
ple of a terminal hydroxo complex of a zirconocene. Com-
plexes 3 and 4 are isotypic in the solid state. The introduc-
tion of the Lewis-acidic zirconium atom in 3 has a weak
electron-withdrawing effect on the rhodium centre.

The hexanuclear complexes 5 and 6 consist of 32-mem-
bered metallacycles in which two zirconocene groups bridge
two {Rh(SC6H4COO)(PR3)2}2 units [R = Ph (5), Et (6)].
The main structural difference in 5 and 6 is the presence of
two different isomers, in which the bridging thiolato ligands
occupy either the exo or the endo position of the Rh2S2

ring, which has, however, a significant influence on the size
of the macrocyclic cavity.

Experimental Section
General Remarks: All reactions were performed under nitrogen
using standard Schlenk techniques. Solvents were dried with the
appropriate drying agents and distilled under nitrogen. K(Hmba)
(H2mba = 4-mercaptobenzoic acid),[13] [RhCl(PPh3)3],[23]

[RhCl(PEt3)3][24] and [Cp*2ZrMe2][25] were prepared according to
literature procedures. Complexes 1 and 2 were prepared in situ;
their synthesis and spectroscopic data are given in ref.[13] NMR
spectra were recorded with a Bruker AVANCE DRX 400 (1H
NMR 400.13 MHz, 13C NMR 100.3 MHz, 31P NMR
161.97 MHz); Si(CH3)4 was used as internal standard in the 1H
NMR spectra. All heteronuclei spectra were referenced to Si-
(CH3)4 with the Ξ scale.[26] NMR spectra of 3 and 4 were measured
in the presence of excess PEt3. IR spectra were recorded with an
FTIR spectrometer Perkin–Elmer Spektrum 2000 (KBr) in the
range of 350–4000 cm–1; a single crystal of 4 was measured with a
Perkin–Elmer AutoImage microscope system with a diamond cell.
The elemental composition was determined with a Hereaus CHN-
O-S Analyzer. The melting points were determined in sealed capil-
laries (under nitrogen) using a Gallenkamp apparatus and are un-
corrected. Cyclovoltammetry experiments were performed in an
airtight three-electrode cell attached to a Schlenk line. The working
electrode was a platinum disc electrode (diameter 2 mm), the
counter electrode a platinum sheet and a silver wire was used as
pseudoreference electrode. The working electrode was polished on
alumina according to standard procedures. The measurements were
performed in 5 ×10–3  solutions of the substances in thf contain-
ing 0.1 mol of [nBu4N]BF4 per L. The potentials were referenced to
the ferrocene/ferrocenium redox couple (E1/2 = 0.54 V vs. saturated
calomel electrode). UV/Vis spectra were recorded with a Perkin–
Elmer UV/Vis/NIR spectrometer Lambda 900.

(Methyl-1κC)bis(pentamethylcyclopentadienyl-1κ5C)(µ-4-thiolato-
benzoato-1κ2O:2κS)tris(triethylphosphane-2κP)zirconiumrhodium
(3): Complex 2 was prepared in situ by adding a solution of
[RhCl(PEt3)3] (243 mg, 0.5 mmol) and PEt3 (1 mL) in thf (15 mL)
to a suspension of K(Hmba) (100 mg, 0.5 mmol) in thf (10 mL) at
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0 °C. The suspension was warmed to room temperature over 1 h
and was then stirred for 16 h. The red solution was filtered and
added to a solution of [Cp*2ZrMe2] (194 mg, 0.5 mmol) in thf
(5 mL). After stirring at room temperature overnight, the solvent
was removed in vacuo and the resulting red solid was washed with
cold diethyl ether (2 mL) and cold n-hexane (2 mL). Recrystalli-
sation from n-hexane/PEt3 gave 380 mg (77%) of orange needles.
M.p. 175–180 °C (dec.). C46H82O2P3RhSZr (986.26): calcd. C
56.02, H 8.38; found C 55.75, H 8.45. 1H NMR ([D8]thf): δ =
–0.26 (s, 3 H, ZrCH3), 1.20, 1.38, 1.94 [each m, 45 H, P(C2H5)3],
1.94 [s, 30 H, C5(CH3)5], 7.59 [m, 2 H, A part of the AA�BB� spin
system, H1 in O2CC6H4S (for numbering, see Scheme 1)], 8.04 (m,
2 H, B part of the AA�BB� spin system, H2 in O2CC6H4S) ppm.
13C{1H} NMR ([D8]thf): δ = 1.7 (ZrCH3), 9.5 [2×P(CH2CH3)3]†,
10.0 [P(CH2CH3)3], 11.6 [C5(CH3)5], 18.8 [2×P(CH2CH3)3]†, 22.7
[d, 1JC,P = 34.6 Hz, P(CH2CH3)3], 118.1 [C5(CH3)5], 123.8 (SC),
127.9 (C1 in O2CC6H4S), 132.7 (C2 in O2CC6H4S), 164.6 (CCO2),
181.6 (CCO2) ppm (†coupling constants JA-X, JA�-X and JM-X of
the AA�MX spin system could not be simulated because of low
resolution). 31P{1H} NMR ([D8]thf): δ = 13.5 [dd, 1JP-Rh =
137.4 Hz, 2JP-P = 38.6 Hz, 2 P, P(C2H5)3], 28.4 [dt, 1JP-Rh = 160.4,
2JP-P = 38.6 Hz, 1 P, P(C2H5)3] ppm. IR (KBr): ν̃ = 2960 s, 2908 s,
2890 m, 1583 s, 1561 w, 1494 m, 1420 s (sh), 1377 m, 1290 w, 1262
w (sh), 1168 w, 1078 m (sh), 1030 s (sh), 869 m, 847 w, 806 w (br),
775 m, 763 m, 732 w, 703 m, 677 w, 617 w, 552 m, 481 w cm–1.

(Hydroxo-1κO)bis(pentamethylcyclopentadienyl-1κ5C)-(µ-4-thio-
latobenzoato-1κ2O:2κS)tris(triethylphosphane-2κP)zirconium-
rhodium (4): Complex 3 was prepared as described above from
[RhCl(PEt3)3] (162 mg, 0.33 mmol), PEt3 (1 mL), K(Hmba)
(67 mg, 0.35 mmol) and [Cp*2ZrMe2] (129 mg, 0.33 mmol). The re-
sulting red solid was dissolved in n-hexane (5 mL) which contained
H2O (6 µL, 0.33 mmol) and PEt3 (1 mL). The solution was refluxed
for 15 min and the solvent evaporated in vacuo until the solution
became slightly cloudy. Light orange crystals (209 mg, 64 %)
were o bta ine d at roo m tem pe ratu re from th is mixture.
C45H80O3P3RhSZr (988.19): calcd. C 54.69, H 8.16; found C 54.39,
H 8.32. 1H NMR (C6D6): δ = 1.20, 1.39, 1.88 [each m, 45 H,
P(C2H5)3], 1.91 [s, 30 H, C5(CH3)5], 3.47 [s (br), 1 H, ZrOH], 7.45
(m, 2 H, A part of the AA�BB� spin system, H1 in O2CC6H4S),
8.10 (m, 2 H, B part of the AA�BB� spin system, H2 in O2CC6H4S)
ppm. 13C{1H} NMR (C6D6): δ = 9.0 [2 × P(CH2CH3)3]†, 10.8
[P(CH2CH3)3], 11.9 [C5(CH3)5], 17.6 [2 × P(CH2CH3)3]†, 21.4 [d,
1JC-P = 34.5 Hz, P(CH2CH3)3], 118.7 [C5(CH3)5], 123.8 (SC, over-
lapped by solvent signal), 124.5 (C1 in O2CC6H4S), 131.8 (C2 in
O2CC6H4S), 163.3 (CCO2), 180.5 (CCO2) ppm (†coupling con-
stants JA-X, JA�-X and JM-X of the AA�MX spin system could not
be simulated because of low resolution). 31P{1H} NMR (C6D6): δ
= 14.2 [dd, 1JP-Rh = 136.6 Hz, 2JP-P = 38.6 Hz, 2 P, P(C2H5)3], 28.4
[dt, 1JP-Rh = 162.5 Hz, 2JP-P = 38.4 Hz, 1 P, P(C2H5)3] ppm. IR
(KBr): ν̃ = 3658 w, 2960 m, 2924 m, 2908 m, 2874 m, 1583 m, 1561
m, 1494 m, 1420 s (sh), 1377 w, 1306 w (br), 1260 w (br), 1169 w,
1078 m (sh), 1030 m (sh), 869 m, 848 w, 805 w (br), 775 m, 763 m,
733 w, 702 w, 616 w, 552 w (sh) cm–1.

Bis[bis(pentamethylcyclopentadienyl-1κ5C)(µ-4-thiolatobenzoato-
1κ2O:2κS)bis(triphenylphosphane-2κP)zirconiumdirhodium] (5): A
solution of [RhCl(PPh3)3] (167 mg, 0.18 mmol) in thf (50 mL) was
added to a suspension of K(Hmba) (27 mg, 0.18 mmol) in thf
(50 mL). The mixture was heated to 50 °C for 4 h. The resulting
orange solution was f i l tered and added to a solution of
[Cp*2ZrMe2] (35.2 mg, 0.09 mmol) in thf (5 mL). After standing at
room temperature for 3 d (stirring resulted in the precipitation of
impure product), the solvent was removed in vacuo and the brown
residue was washed with cold thf (0.5 mL) and n-hexane (2 mL).
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Table 2. Crystallographic data for 3, 4, 5·12thf and 6·Et2O.

3 4 5·12thf 6·Et2O

Empirical formula C46H82O2P3RhSZr C45H80O3P3RhSZr C260H292O20P8Rh4S4Zr2 C120H206O9P8Rh4S4Zr2

Mr 986.22 988.19 4707.02 2762.93
T [K] 213(2) 213(2) 243(2) 213(2)
λ [pm] 71.073 71.073 71.073 71.073
Crystal system monoclinic monoclinic triclinic triclinic
Space group P21/c P21/c P1̄ P1̄
a [pm] 931.91(8) 932.52(6) 1732.7(1) 1418.35(9)
b [pm] 3155.1(3) 3160.6(2) 1854.2(1) 1564.7(1)
c [pm] 1706.3(1) 1695.1(2) 2044.1(1) 1822.6(1)
α [°] 90 90 86.354(1) 66.950(1)
β [°] 90.833(1) 90.083(9) 76.425(1) 86.797(1)
γ [°] 90 90 67.987(1) 67.515(1)
V [nm3] 5.0163(7) 4.9961(7) 5.9161(7) 3.4180(4)
Z 4 4 1 1
ρcalcd. [g cm–3] 1.306 1.314 1.321 1.342
µ [mm–1] 0.707 0.712 0.509 0.822
F(000) 2080 2080 2456 1442
Crystal size [mm] 0.60×0.10×0.08 0.20×0.10×0.05 0.60×0.30×0.30 0.30×0.30×0.05
θ range [°] 1.76–26.39 1.76–24.10 1.83–28.40 1.54–28.32
h, k, l collected –11 � h � 11 –10 � h � 9 –21 � h � 22 –18 � h � 18

–38 � k � 39 –36 � k � 36 –24 � k � 16 –20 � k � 20
–21 � l � 21 –16 � l � 19 –26 � l � 24 –22 � l � 24

Measured reflections 36561 19408 37232 24670
Unique reflections 10148 7733 27376 12941
Restraints/parameters 0/518 0/507 352/1347 7/682
Gof (all data) 1.582 0.597 0.935 1.093
Final R indices R1 = 0.0931 R1 = 0.0470 R1 = 0.0479 R1 = 0.0499
[I � 2σ(I)] wR2 = 0.1391 wR2 = 0.1004 wR2 = 0.1065 wR2 = 0.0978
R indices R1 = 0.1010 R1 = 0.1237 R1 = 0.1011 R1 = 0.0716
(all data) wR2 = 0.1410 wR2 = 0.1126 wR2 = 0.1248 wR2 = 0.1046
∆ρ(max/min) [eÅ–3] 0.795/–1.229 1.044/–0.576 1.184/–0.664 0.853/–0.379

Recrystallisation from thf gave 146 mg (42%) of red crystals. M.p.
198–202 °C (dec.). C212H196O8P8Rh4S4Zr2 (3842.04): calcd. C
66.27, H 5.14; found C 65.85, H 5.32. 1H NMR ([D8]thf, T =
300 K): δ = 1.73–1.78 (br., 60 H, C5Me5), 7.00–8.00 [br., 136 H,
P(C6H5)3 + O2CC6H4S] ppm. 31P{1H} NMR ([D8]thf): T = 300 K:
δ � 38 (br. d, PPh3); T = 173 K: 37.7 (br. d, 1JP-Rh = 153 Hz, PPh3

of isomer 1), 38.4 (br. d, 1JP-Rh = 149 Hz, PPh3 of isomer 2) ppm.
IR (KBr): ν̃ = 3050 m, 3000 w, 1633 m, 1585 m, 1495 m, 1481 m,
1432 s, 1380 w, 1306 s, 1262 m, 1170 w, 1135 w, 1091 m (sh), 1027
m, 1016 m, 872 w, 848 w, 805 w, 775 w, 740 m, 694 s, 619 w, 534
m, 522 s, 492 w, 458 w, 437 w cm–1.

Bis[bis(pentamethylcyclopentadienyl-1κ5C)(µ-4-thiolatobenzoato-
1κ2O:2κS)bis(triethylphosphane-2κP)zirconiumdirhodium] (6):
[RhCl(PEt3)3] (162 mg, 0.33 mmol) was dissolved in thf (7 mL) and
added to a suspension of K(Hmba) (67 mg, 0.35 mmol) in thf
(7 mL) at 0 °C. The suspension was warmed to room temperature
over 1 h and then stirred for 16 h. The red solution was filtered,
treated with a solution of [Cp*2ZrMe2] (65 mg, 0.17 mmol) in thf
(5 mL) and heated to reflux for 3 h. After cooling, the solvent was
reduced to half its volume. Vapour diffusion with diethyl ether
yielded dark red crystals (170 mg, 37 %), which were washed
with n-hexane and dried in vacuo. M.p. 239–242 °C (dec.).
C116H196O8P8Rh4S4Zr2 (2688.97): calcd. C 51.81, H 7.35; found C
51.28, H 7.69. IR (KBr): ν̃ = 2958, 2908, 2873, 1635, 1585, 1494,
1429, 1392, 1379, 1301, 1261, 1169, 1136, 1094, 1032, 873, 848,
807, 766, 730, 702, 658, 622, 549, 515, 480, 413 cm–1.

X-ray Crystallography: X-ray data were collected with a Siemens
CCD Smart diffractometer for 3, 5 and 6, and with a Stoe IPDS1
for 4 using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å). Absorption correction was performed with the pro-
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gram SADABS[27] for 3, 5 and 6, and numerically for 4. Structure
solution and refinement were performed with WinGX,[28]

SHELXS-97 and SHELXL-97.[29] All non-hydrogen atoms were re-
fined anisotropically; most hydrogen atoms were refined in calcu-
lated positions. Visualisation was carried out with the program
DIAMOND. The crystallographic data are summarised in
Table 2. CCDC-609917 (for 3), -609918 (for 4), -609915 (for 5)
and -609916 (for 6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

DFT Calculations: The calculations were carried out with the
Gaussian03 program package[30] using B3LYP[31] hybrid function-
als. For the metal atoms, effective core potentials were used;[32] the
outer core electrons were considered explicitly. For the coordinating
atoms, the standard 6-31g(d) basis set was used.[33] The calculations
of the ultraviolet spectra were performed with time-dependent den-
sity functional theory based on the optimised ground-state struc-
ture for 2 and on the experimental structure for 3.
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Two new coordination polymers, namely [{Mn3(tda)2-
(H2O)6}·6H2O]n (1) and [{Gd(H2O)4(Htda)}·(H2tda)·H2O]n (2)
(H3tda = 1H-1,2,3-triazole-4,5-dicarboxylic acid), have been
prepared and characterized by IR spectroscopy, elemental
analysis, and single-crystal X-ray diffraction. Polymer 1 is a
novel 2D stair-like coordination polymer, while 2 is a 1D

Introduction

The design and construction of architectures with ap-
pealing topologies have been attracting considerable atten-
tion in supramolecular chemistry and crystal engineering in
recent years.[1] Among them, the use of metal ions as nodes
and bridging ligands as spacers has had a large impact on
the building of coordination polymers with novel structures
and is expected to lead to the development of exploitable
properties such as magnetism, molecular sensors, lumines-
cent materials, absorption materials, and so on.[2] Although
many intriguing complexes have been well documented as
1D chains[3] and ladders,[4] 2D grids,[5] 3D frameworks, and
helical staircase networks[6] in previous studies, the rational
design of specific complexes with the above-mentioned
properties is still a challenge for chemists.

The selection of polydentate organic compounds as li-
gands is a key point in the design and assembly of the ex-
pected complexes. In our previous studies, pyridine-2,6-di-
carboxylic acid, pyridine-2,5-dicarboxylic acid, pyridine-
2,4,6-tricarboxylic acid, and related derivatives have been
employed for the construction of novel structures with di-
mensionalities from discrete to 3D, and with useful proper-
ties such as luminescence.[7] This type of ligand is based on
the six-membered aromatic ring of pyridine with carboxylic
groups in different sites as substituents. As a continuation
of this work, we focus our attention here on the ligand
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chain. Temperature-dependent magnetic measurements
indicate the existence of antiferromagnetic interactions in
both 1 and 2.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

based on the five-membered heterocycle dicarboxylic deriv-
ative H3tda (H3tda = 1H-1,2,3-triazole-4,5-dicarboxylic
acid). The molecular structure of this ligand is shown in
Scheme 1. Most studies of H3tda with metal ions are in the
solution state,[8] and only two examples of rhodium(II) and
copper(II) complexes with crystal structures of this ligand
have been reported as far as we know.[9]

Scheme 1.

In this contribution, two coordination polymers, namely
[{Mn3(tda)2(H2O)6}·6H2O]n (1) and [{Gd(H2O)4(Htda)}·
(H2tda)·H2O]n (2), are reported. The metal ions manga-
nese(II) and gadolinium(III) were used for magnetic studies
for two reasons: (a) they possess the highest spin ground
state in transition metal ions and lanthanide metal ions
(6A1g for MnII and 8S7/2 for GdIII), and always show impor-
tant magnetic behaviors; (b) the first-order orbital moment
of these two metal ions is completely quenched by the li-
gand field so that the magnetic behavior can be effectively
analyzed with the expression derived from the pure spin
Hamiltonian. Both of the complexes were characterized by
IR spectroscopy, elemental analysis, and single-crystal X-
ray diffraction. Polymer 1 is a novel stair-like 2D network
based on trinuclear isosceles triangular Mn3 secondary
building units, while 2 is a 1D coordination polymer. Tem-
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perature-dependent magnetic measurements show that
there are antiferromagnetic interactions in both 1 and 2.

Results and Discussion

Description of the Structure

[{Mn3(tda)2(H2O)6}·6H2O]n (1)

Polymer 1 crystallizes in the orthorhombic space group
Pmna with two crystallographically independent MnII ions
in the crystal lattice, as shown in Figure 1. Mn1 lies in a

Figure 1. The molecular unit of 1. Hydrogen bonds and lattice
water molecules have been omitted for clarity.

Figure 2. (a) The ladder like structure of 1 viewed along the a axis. (b) The 2D stair-like structure of 1. Water molecules coordinated to
the MnII ions have been omitted for clarity.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4931–49374932

distorted octahedral environment. The equatorial plane
contains O1 and O1A [Mn1–O1(O1A) 2.219(2) Å] from the
carboxylate groups and O3 and O3A [Mn1–O3(O3A)
2.139(3) Å] from coordinated water molecules. N1 and N1A
[Mn1–N1 2.240(3) Å] from the tda3– ligand occupy the ax-
ial direction with an N1–Mn1–N1A angle of 162.22(14)°.
Mn2 lies in a centrosymmetrical octahedral environment,
which is completed by O2, O2A, O2B, and O2C [Mn2–O2
2.158(2) Å] from the carboxylate groups in the equatorial
plane and O4 and O4A [Mn2–O4 2.190(4) Å] from the co-
ordinated water molecules in the axial positions. O2, O2A,
O2B, and O2C are perfectly coplanar, and O4, Mn2, and
O4A are completely co-linear. The tda3– ligand exhibits an
unusual hexadentate binding mode, chelating three MnII

ions. It should be noted that all the atoms of every tda3–

ligand are essentially coplanar. The maximum deviation
from the plane containing N1, N2, and N1A is 0.07 Å, with
an average value of 0.00 Å. This suggests that a conjugated
π11

14 bond delocalized over both the triazole ring and the
carboxylate groups may exist in the structure. The
Mn1···Mn1A and Mn1···Mn2 distances are 6.579(6) and
6.190(5) Å, respectively. As shown in Figure 2 (a), every
tda3– ligand further bridges two crystallographically iden-
tical Mn1 ions to form a 1D chain in the a direction.
Furthermore, these chains are linked through the Mn2 ions
coordinated to the carboxylate groups of tda3– in the c di-
rection to form a 1D ladder-like structure comprising Mn6
coordination rings. Importantly, the molecular planes of the
tda3– anions in the 1D chain are perpendicular to each
other, and the 1D ladders are further assembled into a novel
2D stair-like network in which the plane of every ladder is
also perpendicular (Figure 2, b). This particular supramo-
lecular structure is rather rare among known molecular
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frameworks.[10] In the crystal, the 2D networks are con-
nected by hydrogen bonds to form a 3D supramolecular
architecture containing 1D channels along the b direction,
as shown in Figure 3.

Figure 3. The 3D supramolecular architecture of 1 viewed down
the b axis. Lattice water molecules in the channel have been omitted
for clarity.

[{Gd(H2O)4(Htda)}·(H2tda)·H2O]n (2)

Polymer 2 crystallizes in the monoclinic space group
C2/c. There is only one crystallographically independent

Figure 4. Diagram showing the coordination environment of the
GdIII ion in 2. Hydrogen atoms have been omitted for clarity.

Figure 5. Diagram showing the 1D zigzag chain of 2. Hydrogen atoms have been omitted for clarity.
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GdIII ion in the crystal lattice. As shown in Figure 4 this
GdIII ion is eight-coordinate, with three oxygen atoms and
one nitrogen atom from the Htda2– ligand and four water
molecules, which together form a square-antiprismatic co-
ordination environment. The Gd–N bond length is
2.582(5) Å, and that of Gd–O is in the range 2.318(4)–
2.437(4) Å, with an average value of 2.379(4) Å. Every
Htda2– ligand links two GdIII ions to form a 1D zigzag
chain in the b direction, as shown in Figure 5. Moreover,
the 1D zigzag chains are linked by intermolecular hydrogen
bonds between the nitrogen atoms in the triazole ring and
the oxygen atoms of the carboxylate groups to form 2D
layers. These layers are further linked through the counteri-
ons of H2tda– and lattice water molecules into a 3D supra-
molecular network, as shown in Figure 6.

Figure 6. The 3D supramolecular architecture of 2 linked through
the counterions of Htda–. Dotted lines represent hydrogen bonding
interactions.

The coordination modes of 1 and 2 are shown in
Scheme 2. The proton in the 1-position in the triazole ring
plays an important role in the formation of the two different
coordination modes. For charge neutralization, it is sug-
gested that the ligand is completely deprotonated, existing
as tda3– in 1. The nitrogen atoms in the 1- and 3-positions
in the triazole ring become identical from a chemical view-
point and the tda3– ligand therefore has C2 symmetry. In 2,
the ligand is only doubly deprotonated (at the carboxylate
groups) therefore it exists as Htda2– and only has C1 sym-
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metry. The different symmetries of the ligands result in dif-
ferent coordination modes.

Scheme 2.

Infrared Spectra

The main features in the IR spectra of both 1 and 2
mainly concern the carboxylate groups and the triazole
rings. In 1, a very strong band appears at around 1595 cm–1

due to the antisymmetric stretching (νas) of the carboxylate
group; the symmetrical stretching (νs) band of this group
appears at 1470 and 1445 cm–1, respectively. The difference
between νas and νs is lower than 200 cm–1, which indicates
the µ1,3-bridging mode of the carboxylate group to the
metal ion, in agreement with the X-ray crystal analysis.[11]

In 2, the νas and νs absorptions appear at 1631 and
1380 cm–1, respectively. The bands at 1499, 1464, 1016, and
781 cm–1 may be attributed to the ν(C–N) stretching of the
triazole ring.

Magnetic Properties

In order to understand the magnetic interactions be-
tween the paramagnetic ions via the H3tda ligand in such
1D and 2D structures, the magnetic susceptibilities (χM) of
both compounds were measured on a Quantum Design
MPMS-5S SQUID magnetometer in a field of 1000 Oe. The
plots of χM and µeff vs. T are shown in Figures 7 and 8 for
1 and 2, respectively. For 1, the magnetic susceptibilities
were measured in the temperature range from 2 to 300 K.
The room-temperature value of 10.23 µB for µeff is close to
the value of 10.25 µB, which is the spin-only value expected
for three free MnII ions with isotropic g = 2.00. As the
temperature decreases, the value of µeff decreases smoothly,
and below 50 K it decreases abruptly to a minimum of
3.52 µB at 2 K. This curve is in agreement with an antiferro-
magnetic coupling between the MnII ions. An analytical ex-
pression of magnetic susceptibilities for this kind of 2D
MnII complex is not available and only an approximate ap-
proach based on both the structural and magnetic data can
be performed.[12] Here, we first use the Curie–Weiss law to
analyze the experimental data. The best fit gives a Curie
constant, C, of 4.57 emuKmol–1 and a Weiss constant, θ,
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of –15.47 K, which is consistent with the µeff vs. T curve for
the antiferromagnetic interactions in 1. Secondly, based on
the crystal data, there are two main pathways (Mn–O–C–
O–Mn and Mn–N–N–N–Mn) to transfer the magnetic in-
teractions. By considering that the isosceles triangular Mn3
unit is the basic building block, the expression derived from
the Hamiltonian H = –2J1S2(S1 + S3) – 2J2S1S3 (where J1

is the coupling constant between Mn1 and Mn2, and J2 is
the coupling constant between Mn1 and Mn1A; see Fig-
ure 1 and Scheme 3) was used to fit the data.[13] Because
the trinuclear units further assemble into a 2D structure, a θ
parameter was considered to correct the possible secondary
effects such as the interactions between the Mn3 units and/
or the zero-field splitting of the MnII ion.[13] The least-
squares fit gives J1 = –17.99 cm–1, J2 = –9.3 cm–1, θ =
–3.9 K, and g = 2.00, with an agreement factor, R, of
9.54�10–4 (R = ∑(χobsd – χcalcd)2/∑(χ2

obsd). The J1 value of
1 is obviously larger than other single carboxylato-bridged
MnII complexes, such as [{Mn(bipy)2(H2O)}2{(CH3)3-
NCH2CO2}](ClO4)4·2H2O (g = 1.97, J = –0.193 cm–1) and
[Mn(MCPA)2(H2O)2]n (MCPA = 2-methyl-4-chlorophen-
oxyacetic acid; g = 1.90, J = –0.30 cm–1).[14] The reason for
this may be that the delocalized electrons not only appear
around the carboxylate groups but also reside on the tda3–

Figure 7. Plots of χM (�) and µeff (�) vs. the temperature for 1; the
solid line represents the best fit. Inset: the Curie–Weiss fit.

Figure 8. Plots of χM (�) and µeff (�) vs. the temperature for 2; the
solid line represents the best fit.
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anion, which enhances the capability for magnetic ex-
change. By comparing the J1 and J2 values, the ability of
triazole for magnetic exchange is seen to be smaller than
that of the carboxylate group. These results indicate that
the tda3– anion is a favorable bridging ligand for magnetic
exchange of paramagnetic metal ions.

Scheme 3.

Since the GdIII ion in 2 lies in the 8S7/2 singlet ground
state and does not possess a first-order orbital moment, its
magnetic properties are amenable to a rather simple analy-
sis based on a spin-only Hamiltonian. The µeff value of 2
at room temperature is 7.97 µB, which compares well with
the theoretical value of 7.94 µB for one isolated GdIII ion
with an isotropic g value of 2.00. The µeff value remains
almost constant with a decrease of temperature to 2 K,
which indicates that the interactions transferred through the
H3tda ligand are very weak. The Curie–Weiss fit for the
experimental data gives a Curie constant of
7.89 emuKmol–1 and a Weiss constant of –0.85 K. The
theoretical χm is given by the following expression, which
is based on the spin Hamiltonian H = –J∑SiSi+1 with the
quantum numbers SGd = 7/2:[15]

Least-squares fitting of the experimental data leads to J
= –0.10 cm–1, g = 2.00, and an agreement factor, R, of
6.9�10–4. These results indicate a very weak antiferromag-
netic interaction between the GdIII ions. The magnitude of
J is small but is of the same order as other GdIII com-
plexes.[16] The reason for this may be that the 4f electrons
lie closer to the metal center than the 5d and 6s electrons
and are less influenced by the surrounding environment.

A qualitative interpretation of the magnetic interactions
in such metal ions with half-filled orbitals can be made by
the well-known Kahn model. The exchange integral (J) can
be decomposed into two terms, one involving ferromagnetic
(JF) and the other antiferromagnetic contributions (JAF).[17]

The value of JAF is proportional to the square of the inte-
gral overlap and is always much larger in magnitude than
JF. Since the orbitals of MnII and GdIII ions are both half-
filled such that the electron cloud is completely symmetri-
cal, the nonzero overlap integral of the magnetic orbitals of
GdIII or MnII would result in an antiferromagnetic interac-
tion.
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EPR Spectra

The manganese(II) ion has an S = 5/2 electronic spin,
and 55Mn has a high natural abundance of 100% and an I
= 5/2 nuclear spin. The X-band EPR spectra of 1 in both
the solid state and dmso solution were recorded at room
temperature. Only broad bands centered at g ≈ 2.00 were
observed, and no hyperfine pattern could be resolved. This
may be due to the strong antiferromagnetic between man-
ganese(II) ions and/or the resonance from the zero-field
splitting.[13]

Theoretical Investigation of tda3–

As mentioned in the crystal structure discussion, a conju-
gated π11

14 bond may exist in the tda3– anion as all its atoms
are almost coplanar. A charge density distribution calcula-
tion was performed on tda3– at the DFT/B3LYP/6-311G*
level using the Gaussian 98 program.[18] The atomic coordi-
nates for input were taken from the crystal data. The calcu-
lation result shows that the three negative charges are al-
most averagely delocalized over the whole tda3– anion,
which indicates the existence of a conjugated π11

14 bond.

Conclusions

We have synthesized two new coordination polymers
with 1H-1,2,3-triazole-4,5-dicarboxylic acid. The results
show that 1 is a novel 2D stair-like coordination polymer
based on trinuclear isosceles triangular Mn3 secondary
building units, while 2 exists as a 1D chain. Although tem-
perature-dependent magnetic measurements indicate only
antiferromagnetic interactions in both 1 and 2, the interest-
ing structures with variable coordination modes of H3tda
indicate that further studies of this ligand should be made,
especially for the construction of 3d–4f complexes.

Experimental Section
General Remarks: All reagents and solvents employed were com-
mercially available and used as received without further purifica-
tion. H3tda was synthesized according to the literature method.[19]

Synthesis of [{Mn3(tda)2(H2O)6}·6H2O]n (1): A mixture of
Mn(ClO4)2·6H2O (0.145 g, 0.40 mmol), H3tda (0.156 g, 1.0 mmol),
and H2O (8 mL) was put in a 20-mL acid digestion bomb and
heated at 150 °C for three days. The colorless crystals obtained
were collected after washing with water (2�5 mL) in a yield of
52% (92 mg). C8H24Mn3N6O20 (689.15): calcd. C 13.94, H 3.51, N
12.19; found C 14.31, H 3.77, N 12.55.

Synthesis of [{Gd(H2O)4(Htda)}·(H2tda)·H2O]n (2): A mixture of
Mn(ClO4)2·6H2O (0.091 g, 0.25 mmol), H3tda (0.039 g,
0.25 mmol), Gd(ClO4)3·6H2O (0.282 g, 0.25 mmol), and H2O
(15 mL) was refluxed in a 100-mL round-bottomed flask for 2 h.
The precipitate was filtered off and the filtrate was left to stand at
room temperature. Slow concentration of the resulting solution un-
der ambient conditions led to the formation of colorless single crys-
tals of 2 as the only solid with a yield of 86% (68 mg). Without
the admixture of Mn(ClO4)2·6H2O under the same conditions only
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Table 1. Crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C8H24N6O20Mn3 C8H13N6O13Gd
Mr 689.15 558.49
Temperature [K] 293(2) 294(2)
Crystal system orthorhombic monoclinic
Space group Pmna C2/c
a [Å] 13.158(4) 35.000(10)
b [Å] 7.446(2) 6.860(2)
c [Å] 12.255(4) 14.179(4)
α [°] 90 90
β [°] 90 98.183(5)
γ [°] 90 90
V [Å3] 1200.6(6) 3369.4(17)
Z 2 8
Dcalcd. [mgm–3] 1.906 2.202
µ [mm–1] 1.655 4.022
θ [°] 2.27–25.00 1.18–26.57
Index ranges –15 � h � 15 –33 � h � 44

–8 � k � 8 –8 � k � 8
–14 � l � 9 –17 � l � 17

Reflections collected 5795 8853
Independent reflections 1112, R(int) = 0.0445 3497, [R(int) = 0.0470]
Max, min transmission 1.000000 and 0.749560 1.000000 and 0.525940
Data/restraints/parameters 1112/9/97 3497/5/262
Goodness-of-fit on F2 1.076 1.052
R1, wR2 [I � 2σ (I)] 0.0354, 0.0850 0.0420, 0.1052
R1, wR2 (all data) 0.0501, 0.0920 0.0549, 0.1116
Largest diff. peak and hole [eÅ–3] 0.413 and –0.485 2.209 and –2.211

a powder sample of 2 was obtained, as confirmed by IR spec-
troscopy, elemental analyses, and PXRD. C8H13GdN6O13 (545.48):
calcd. C 17.21, H 2.35, N 15.05; found C 16.85, H 2.42, N 15.19.

Physical Techniques: C, H, and N analyses were obtained at the
Institute of Elemental Organic Chemistry, Nankai University. The
FT-IR spectra were measured with a Bruker Tensor 27 Spectrome-

Table 2. Selected bond lengths [Å] and angles [°] for 1 and 2.

1[a]

Mn1–O3 2.139(3) Mn1–N1 2.240(3)
Mn1–O1 2.219(2) Mn2–O2 2.158(2)
Mn2–O4 2.190(4)
O3A–Mn1–O3 88.57(17) O2A–Mn2–O2 91.35(12)
O3A–Mn1–O1 91.87(11) O1–Mn1–O1A 90.87(14)
O3–Mn1–O1 166.39(10) O3–Mn1–N1A 98.49(11)
O1–Mn1–N1 72.26(9) O1–Mn1–N1A 95.04(9)
O1A–Mn1–N1 95.04(9) O3A–Mn1–N1 98.49(11)
N1A–Mn1–N1 162.22(14) O2–Mn2–O4A 92.96(9)
O2C–Mn2–O2B 88.65(12)

2[b]

Gd1–O3A 2.318(4) Gd1–O8 2.394(4)
Gd1–O7 2.347(5) Gd1–O5 2.420(4)
Gd1–O2A 2.365(4) Gd1–O1 2.437(4)
Gd1–O6 2.372(5) Gd1–N1 2.582(5)
O7–Gd1–O6 74.75(18) O8–Gd1–O1 106.43(16)
O7–Gd1–O8 82.06(18) O5–Gd1–O1 73.33(16)
O6–Gd1–O8 81.82(18) O7–Gd1–N1 80.27(18)
O7–Gd1–O5 146.87(17) O6–Gd1–N1 146.51(16)
O6–Gd1–O5 78.22(18) O8–Gd1–N1 72.86(16)
O8–Gd1–O5 75.42(17) O5–Gd1–N1 114.82(17)
O7–Gd1–O1 137.39(16) O1–Gd1–N1 63.73(14)
O6–Gd1–O1 146.95(15)

[a] A: –x + 1/2, y, –z + 1/2; B: x, –y + 1, –z; C: –x + 1, –y + 1,
–z. [b] A: –x + 1/2, y + 1/2, –z + 1/2.
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ter on KBr disks. Variable-temperature magnetic susceptibilities
were measured on a Quantum Design MPMS-5S SQUID magne-
tometer. Diamagnetic corrections were made with Pascal‘s con-
stants for all the constituent atoms.

X-ray Crystallographic Studies: The structural determinations of 1
and 2 were performed by single-crystal XRD analyses. Determi-
nations of the unit cell and data collection were performed with
Mo-Kα radiation (λ = 0.71073 Å) on a Bruker Smart 1000 dif-
fractometer equipped with a CCD camera. The ω–φ scan technique
was employed. Crystal parameters and structure refinements for 1
and 2 are summarized in Table 1. Selected bond lengths and angles
are listed in Table 2.
The structures were solved primarily by direct methods and Fourier
difference techniques and refined by the full-matrix least-squares
method. The computations were performed with the SHELXL-97
program.[20] All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were set in calculated positions and refined as
riding atoms with a common fixed isotropic thermal parameter.

CCDC-290628 (for 1) and -287164 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Salts of dipicrylamine anion and alkaline earth metal ions are
highly soluble in water, unlike the salts formed with K+, Rb+,
and Cs+. We report here that when DPA– is added to a solu-
tion containing Mg2+, Ca2+, Sr2+, and Ba2+, Ba2+ can be pre-
cipitated out with high yield and selectivity by optimizing the
concentrations. When [DPA–] = 0.17 M and the molar ratio of
each metal ion to DPA– is 1:1, Sr2+ and Ba2+ are precipitated
out in about 90% overall yield (with respect to DPA–) and
85% selectivity of Ba2+. Salts of Mg2+ and Ca2+ are virtually
absent. Single-crystal XRD of the pure Sr2+ and Ba2+ com-
pounds has been performed. Layered structures are observed
with clear evidence that the salts exist in the form of com-
plexes with the composition [M(DPA)2(H2O)4]. This is dif-
ferent to the case of alkali metal ions, where the complexes

Introduction

Dipicrylamine (2,2�,4,4�,6,6�-hexanitrodiphenylamine,
DPA) possesses some interesting structural features (Fig-
ure 1), namely six nitro groups that are flexible and can
interact and adjust in the space and partial delocalization
of the resultant charge mediated by the aromatic rings that
facilitates coordination of the oxygen atoms with suitable
metal ions. Recently, crystal structures of DPA and a com-
putational study on the intermolecular interactions ob-
served in the crystal structure have been reported.[1] The
crystal structures of some of its organic salts have also been
reported.[2] DPA– has been used for quantitative estimation
of potassium by Winkel and Mass.[3] It has also been used
for the recovery of K+ from seawater,[4] and recovery of Cs+

from radioactive waste.[5,6] Studies have also been con-
ducted with a mixture of cations (e.g. K+, Rb+, and Cs+)
and DPA– to assess the relative selectivity of the metal
ion.[7] In spite of the voluminous reports on the utility of
DPA–, little is known about the factors that control its
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have no coordinated water molecules. The Ba2+ complex has
a more compact layered structure than the Sr2+ complex, with
reduced exposure of the polar entities. As a result it would
be expected to have relatively lower solubility in water,
which would account for its selective precipitation over the
Sr2+ complex. That it is legitimate to rationalize the precipi-
tation behavior from the structure deduced by single crystal
XRD is verified due to the close similarity between the exper-
imental powder XRD data of the precipitate and the simu-
lated powder XRD pattern obtained from the single-crystal
data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

selectivity towards different alkali and alkaline earth metal
ions. We recently undertook a systematic study with Na+,
K+, Rb+, and Cs+ to understand the factors that control
the selective precipitation behavior.[8] By applying this reac-
tion to the complex sea bittern system, highly pure and con-
centrated aqueous KCl could be extracted and the same
KCl solution could be utilized in a novel process for the
preparation of potassium sulfate.[9]

Figure 1. Structure of dipicrylamine (DPA).

Alkaline earth metal ions are dicationic (Mg2+, Ca2+,
Sr2+, and Ba2+) and their hydration enthalpies (–459.1,
–376.9, –344.9, and –311.9 kcalmol–1, respectively) are sig-
nificantly higher than those of the alkali metal ions (Na+:
–97, K+: –77, Rb+: –70, and Cs+: –63 kcalmol–1). Because
of this difference in ionic charge and hydration enthalpy,
their structural network and selective precipitation proper-
ties are expected to be significantly different from that of
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the alkali metal ions. Herein, we report our study on the
selective precipitation of Ba2+ in high yield from a solution
containing the DPA– anion and an equimolar mixture of
Mg2+, Ca2+, Sr2+, and Ba2+. This precipitation is induced
at high concentrations (ca. 0.15–0.50 ) of DPA–. We have
also isolated single crystals of the Sr2+ and Ba2+ salts of
DPA– to deduce their structures and to unravel the causes
underlining this selective precipitation.

Results and Discussion

Ion Selectivity

Ion selectivity was determined by analyzing the concen-
trations of metal ions in the precipitate formed upon ad-
dition of 1 mL of an aqueous solution containing Mg2+,
Sr2+, and Ba2+ (0.5  each) to 2 mL of an aqueous solution
containing 0.25  Ca(DPA)2 to yield the overall composi-
tion: 0.333  DPA– and 0.166  each of the four metal ions
prior to precipitation. The relative proportions of metal
ions in the precipitate were assayed by ion chromatography

Figure 2. Ion chromatograms of (a) a standard solution containing
MgCl2, CaCl2, SrCl2, and BaCl2 (20 ppm each); 1 (Mg2+): 9.037, 2
(Ca2+): 11.067, 3 (Sr2+): 12.740, 4 (Ba2+): 18.090 min; and (b) the
precipitate separated from the mixture containing 0.17  of each
metal ion; 1 (Mg2+): 9.247, 2 (Ca2+): 11.333, 3 (Sr2+): 12.777, 4
(Ba2+): 17.070 min. The tiny peaks of Mg2+ and Ca2+ found in (b)
are probably due to trace amounts of these ions trapped in the
precipitate as it was not washed with water to avoid dissolution of
the complexes.

Eur. J. Inorg. Chem. 2006, 4938–4944 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4939

using a reference standard for the purpose of comparison
(Figure 2). The tiny peaks corresponding to Mg2+ and Ca2+

in the ion chromatogram of the precipitate are possibly due
to entrapped impurities in the solid (such impurities can
remain since washing was avoided to prevent re-dissolution
of the precipitate). The molar percentages of Sr2+ and Ba2+

in the precipitate were 24.1 and 75.9, respectively, while the
total molar yield, i.e. sum of the molar yields of Sr(DPA)2

and Ba(DPA)2, was 91% with respect to DPA– taken up.
When all of the concentrations in the solution were halved,
the molar percentages of Sr2+and Ba2+ in the precipitate
were 15.0 and 84.9, respectively, while the total molar yield
remained virtually constant at 90%. In other words, there
was higher recovery of Ba2+ (76% in the latter case relative
to 69% in the former case) with enhanced selectivity (84.9%
in the latter case relative to 75.9% in the former case). This
encouraging trend suggests that further increases in recov-
ery and selectivity of Ba2+ are possible, although such opti-
mization studies were not carried out. It has been shown
previously that understanding of the structures of the solid-
state complexes obtained with alkali metal ions can provide
valuable insight into their solubility characteristics and pre-
cipitation behavior. To extend this understanding to the
present system, Sr2+and Ba2+ complexes of DPA– were syn-
thesized and structurally characterized.

Synthesis of Complexes

Sr2+and Ba2+ complexes of DPA– were synthesized by
adding an aqueous solution of 0.2  Ca(DPA)2 to a 0.2 

aqueous solution of the respective chloride salt (SrCl2 and
BaCl2), as described in the Experimental Section. The Sr2+

complex was partially precipitated during the reaction, and
a second crop of the precipitate was obtained when the vol-
ume of the filtrate was reduced; even so, the yield was only
72%. In the case of the Ba2+ complex, precipitation was
nearly instantaneous and almost quantitative (92%), even
without recourse to evaporation, which is clearly indicative
of its lower solubility than the Sr2+ complex. C, H, and N
analyses corresponded to the compositions [Sr(DPA)2-
(H2O)4] (1) and [Ba(DPA)2(H2O)4] (2). X-ray quality single
crystals of 1 and 2 were grown by slow evaporation of dilute
aqueous solutions of the complexes at room temperature,
and the molecular structures were established by single-
crystal X-ray diffraction (see below). To verify whether the
bulk precipitates are structurally similar to the single crys-
tals, powder XRD patterns of the bulk precipitates were
recorded and compared to those obtained from the single-
crystal X-ray data by simulation. The close similarity be-
tween the experimental and simulated diffractograms of
both 1 and 2 (Figure 3) led us to conclude that the former
are indeed structurally similar to the latter and, therefore,
understanding of the crystal structures may provide vital
information about the solubility/selectivity trend.
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Figure 3. Experimental powder XRD data of bulk precipitates of
Sr2+ and Ba2+ salts of DPA– vs. XRD patterns simulated from the
single-crystal X-ray data of the corresponding crystalline salts
grown from the bulk precipitates.

Crystal Structures

[Sr(DPA)2(H2O)4] (1)

This molecule crystallizes in the acentric space group
P3221 – the Sr2+ atom possesses a twofold symmetry. The
Sr2+ ion, which occupies a special position, is coordinated
to ten oxygen atoms, six oxygen atoms from the nitro
groups of four symmetry-related DPA– moieties and four
oxygen atoms from water molecules. An ORTEP view of the
binding of DPA– to the metal ion is available as Supporting
Information (Figure S1). Interactions between the DPA–

anion and the metal ions generate a layered, one-dimen-
sional network, as depicted in Figure 4. The Sr···Sr distance
is 9.401 Å, and the angle subtended by the metal ions
within the layer is 113.89°. The Sr···O distances are in the
range 2.785(2)–2.852(2) Å, and the average Sr···O distance
is 2.810(2) Å (Table 1). The oxygen atoms of the coordi-
nated water molecules interact even more strongly with the
metal ion [Sr···O13 = 2.534(2) and Sr···O14 = 2.595(2) Å].
The Sr···O distances observed from the structural data
(Table 1) are in close agreement with the reported values.[10]

The phenyl rings of DPA– in the complex are almost or-
thogonal to each other, and the mean plane distortion be-
tween them is 75.55°. The coordinated o-nitro groups N1–
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O1/O2 and N5–O7/O8 are rotated by 11.98° and 30.66°,
respectively, with respect to the phenyl rings to which they
are attached. The uncoordinated o-nitro groups N3–O5/O6
and N7–O11/O12 also show significant rotation (88.56° and
19.55°, respectively) from the respective phenyl rings (C1–
C6 and C7–C12) to which they are attached. The p-nitro
groups N2–O3/O4 and N6–O9/O10 are almost in the same
plane with respect to the phenyl rings C1–C6 and C7–C12
(deviation 0.82° and 0.54°). It appears that these rotations
are self-optimized in order to make effective coordination
with the metal ion to propagate the doubly bridged Sr2+-
DPA– corrugated network.

Figure 4. Mercury diagram depicting the adjacent corrugated lay-
ered network created by linking of Sr(H2O)4 units and DPA–.

Table 1. Metal–oxygen distances [Å] for 1 and 2.

Compound 1[a]

Sr(1)–O(14)#1 2.5340(19) Sr(1)–O(7)#3 2.785(2)
Sr(1)–O(14) 2.534(2) Sr(1)–O(2)#1 2.792(2)
Sr(1)–O(13)#1 2.5945(19) Sr(1)–O(2) 2.792(2)
Sr(1)–O(13) 2.5945(18) Sr(1)–O(1)#1 2.8523(16)
Sr(1)–O(7)#2 2.785(2) Sr(1)–O(1) 2.8523(17)

Compound 2[b]

Ba–O(14)#1 2.791(2) Ba–O(3)#2 2.991(2)
Ba–O(14) 2.791(2) Ba–O(3)#3 2.991(2)
Ba–O(13)#1 2.845(2) Ba–O(1)#4 2.993(2)
Ba–O(13) 2.845(2) Ba–O(1)#5 2.993(2)
Ba–O(7)#1 3.051(2) Ba–O(2)#4 3.120(2)
Ba–O(7) 3.051(2) Ba–O(2)#5 3.120(2)

[a] #1: x – y, –y, –z + 7/3; #2: –x + y, –x, z + 1/3, #3: y, x, –z + 2,
#4 –y, x – y, z – 1/3. [b] #1: x + 1, –y + 1, –z + 2; #2: x + 2, –y,
–z + 2; #3: x – 1, y + 1, z; #4: x – 1, y, z; #5: –x + 2, –y + 1,
–z + 2.

The molecular packing shows strong intermolecular O–
H···O interactions. The hydrogen atoms of the symmetri-
cally disposed coordinated water molecules (H131 and
H132 attached to O13, and H141 and H142 attached to
O14) on either side act as donors and participate in H-
bonding with the nitro oxygen atoms O5, O9, O3, and O12
to bridge the adjacent corrugated layers into a two-dimen-
sional H-bonded network. The nitro oxygen atom O10 is
also involved in an intermolecular C–H···O interaction with
the phenyl hydrogen H4. Details of the hydrogen-bonding
parameters are given in Table 2.
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Table 2. Hydrogen-bonding parameters for 1 and 2.

D–H···A d(D···A) [Å] �D–H···A [°]
Compound 1[a]

O(13)–H(131)···O(5)#1 O(13)···O(5) = 2.089(4) O(13)–H(131)···O(5) = 152
O(13)–H(132)···O(9)#2 O(13)···O(9) = 2.944(4) O(13)–H(131)···O(5) = 145
O(14)–H(141)···O(3)#3 O(14)···O(3) = 2.920(4) O(14)–H(141)···O(3) = 151
O(14)–H(142)···O(12)#4 O(14)···O(12) = 3.085(4) O(14)–H(142)···O(12) = 174
C(4)–H(4)···O(10)#5 C(4)···O(10) = 3.221(4) C(4)–H(4)···O(10) = 134

Compound 2[b]

O(13)–H(131)···O(8)#1 O(13)···O(8) = 3.145(3) O(13)-(131)···O(8) = 150(4)
O(13)–H(132)···O(9)#2 O(13)···O(9) = 2.901(4) O(13)-(131)···O(9) = 170(5)
O(14)–H(141)···O(11)#3 O(14)···O(11) = 3.024(4) O(14)–H(141)···O(11) = 138(6)
O(14)–H(141)···O(4)#4 O(14)···O(4) = 3.109(3) O(14)–H(141)···O(4) = 140(6)
O(14)–H(142)···O(10)#5 O(14)···O(10) = 3.060(3) O(14)–H(142)···O(10) = 159(5)

[a] #1: y, –1 + x, 2 – z; #2: 1 + y, x, 2 – z; #3: –1 + x, –1 + y, z; #4: y, –1 + x, 2 – z; #5: 1 + x, 1 + y, z. [b] #1: x, y, z; #2: x, –1 + y,
z; #3: –1 + x, y, 1 + z; #4: 2 – x, –y, 2 – z; #5: 1 – x, 2 – y, 2 – z.

[Ba(DPA)2(H2O)4] (2)

The metal ion in compound 2 sits on a center of sym-
metry and can accommodate twelve coordinating atoms
(eight nitro oxygen atoms from six surrounding DPA– moie-
ties and four oxygen atoms from coordinated water mole-
cules). An ORTEP view of the binding of DPA– to the
metal ion is available as Supporting Information (Fig-
ure S2). The Ba···O distances involving the nitro oxygen
atoms are in the range 2.991–3.120 Å (Table 1; average
Ba···O = 3.0386 Å). The Ba···O distances involving O13 and
O14 of the water molecules are 2.845 and 2.791 Å, respec-
tively, which are in close agreement with the reported val-
ues.[11] The Ba···O interaction involving the nitro oxygen
atoms O1, O2, and O3 creates a layered doubly bridged
architecture in the ab plane. However, an additional short
contact formed by the nitro oxygen O7 from either side
bridges the neighboring layers and extends the layered mo-
tif into a two-dimensional sheet-like arrangement, as de-
picted in Figure 5. The Ba···Ba distance within the coordi-
nation network is 9.189 and 6.635 Å along the a and b axes,
respectively. The mean plane distortion between the phenyl
rings of DPA– is 71.78°, which is 3.77° less than that in
complex 1. The coordinated o-nitro groups N1–O1/O2 and
N5–O7/O8 are rotated with respect to the phenyl rings to
which they are attached by 15.49° and 10.06°, respectively,
whereas the coordinated p-nitro group N2–O3/O4 shows a
comparatively smaller rotation (4.68°) with respect to the
phenyl ring C1–C6. The uncoordinated o-nitro groups N3–
O5/O6 and N7–O11/O12 and the p-nitro group N6–O9/10
make angles of 29.17°, 5.39°, and 4.35° with respect to the
phenyl rings to which they are attached.

Analysis of the molecular packing reveals that both the
hydrogen atoms from all the coordinated symmetry-related
water molecules act as donors and are involved in intra-
and intermolecular O–H···O interactions with the nitro
oxygen atoms. Details of the hydrogen-bonding parameters
are given in Table 2. These intermolecular H-bonding inter-
actions not only connect the adjacent two-dimensional
sheets but also stabilize the network in the crystal lattice.
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Figure 5. Packing diagram (Mercury) viewed down the c axis show-
ing the two-dimensional coordination networks in complex 2.

Structure–Selectivity Correlation

Competitive precipitation of a metal ion from a mixture
of cations determines selectivity. Sr2+ and Ba2+ complexes
with DPA– have identical compositions, therefore selective
precipitation of a particular complex should be related to
the structural arrangement in the solid state, which can pro-
foundly influence the solubility in water. As can be seen
from the single-crystal structures of 1 and 2, these struc-
tures are held in place by M···O and C–H···O interactions
that form an extended network. From the packing diagrams
it is clear that the metal ions are encapsulated in the cavities
at regular intervals in the structural network. This self-as-
sembled system reduces the solubility of the complex, and
consequently precipitation occurs. Space-filling models of
the respective cavities comprising the metal ion and metal-
bound oxygen atoms have been generated from the packing
diagrams of 1 and 2 (Figure 6 and Figure 7, respectively).
The ten oxygen atoms around Sr2+ and the twelve oxygen
atoms around Ba2+ form near-spherical cavities, the approx-
imate diameter of which can be determined from the
average distance between the trans oxygen atoms having O–
M–O angles � 150°. The approximate diameters of the
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cavities thus obtained are 5.43 and 6.08 Å for Sr2+ and
Ba2+, respectively. These diameters qualitatively follow the
order of the ionic sizes of these cations (2.26 and 2.68 Å for
Sr2+ and Ba2+, respectively).[12] Mg2+and Ca2+, with ionic
sizes of 1.30 and 1.98 Å, respectively, may be too small to
fit in this cavity and make the significant M···O interactions
needed to form a stable assembly, provided a similar struc-
ture were to apply in their case also. Alternative structures
with smaller cavity sizes are, of course, possible with a lower
number of ligands around the metal ion with reduced steric
hindrance. However, due to the lack of a sufficient number
of M···O and intermolecular C–H···O interactions for such
an arrangement, it may not be possible to form the stable
assembly essential for precipitation. In the case of alkali
metal ions, Na+, which has a smaller ionic size (1.94 Å),
does not precipitate out in the presence of DPA– either due
to the lack of formation of a supramolecular network.
However, K+, Rb+, and Cs+, which have ionic sizes of 2.66,
2.94, and 3.34 Å, respectively, precipitate out spontaneously
in the presence of DPA–.[8] Therefore, the size of the cation
is an important factor for the formation of the network
structure and thus precipitation.

Figure 6. Space-filling model (Mercury diagram) of the cavity com-
prising the Sr2+ ion and metal-bound oxygen atoms.

Figure 7. Space-filling model (Mercury diagram) of the cavity com-
prising the Ba2+ ion and metal-bound oxygen atoms.

There can be variations in solubility even for complexes
exhibiting a network structure. Reduced exposure of the
metal ion and the polar groups of the ligand to water (by
tying these up internally in the structure) would lead to re-
duced solubility and, consequently, more favorable precipi-
tation. In the Ba2+ complex, the metal ion is twelve coordi-
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nate, unlike in the case of the Sr2+ complex in which the
coordination number is 10. Moreover, analysis of the pack-
ing diagram shows that H-bonding interactions connect the
adjacent two-dimensional sheets, which makes the structure
more compact than that of the Sr2+ complex and reduces
the possibility of contact between the polar groups of the
ligand and/or coordinated water molecules with the solvent
(water). The higher expected stability of the network (Fig-
ure 5), coupled with the expectation of reduced solubility
due to the reasons above, leads to its higher selectivity over
Sr2+. Even so, the above solid complexes are much more
“exposed” to the solvent than the earlier complexes re-
ported for alkali metal ions (K+, Rb+, Cs+), both in terms
of their networked structure and also in terms of their mi-
croenvironment, which contains four coordinated water
molecules.

Hydration enthalpy is another factor to consider. The
hydration enthalpies of Mg2+, Ca2+, Sr2+, and Ba2+ are
–459.1, –376.9, –344.9, and –311.9 kcalmol–1, respec-
tively.[13] Therefore, the displacement of water from the hy-
drated ions is least facile for Mg2+ and most facile for Ba2+.
This would promote complex formation with DPA– in the
case of Ba2+, which, in turn, would allow formation of the
network structure required for precipitation. A similar
trend was also observed for the alkali metal ions Na+, K+,
Rb+, and Cs+. However, that the other factors alluded to
above are also critically important is evident from the fact
that Na+, despite a much lower hydration enthalpy
(–97 kcalmol–1) than Sr2+ and Ba2+, does not form a com-
plex whereas the latter ions do. Moreover, the charge of the
cation is also expected to play an important role in com-
plexation. The doubly positive charge on the alkaline earth
metal ions obviously attracts Oδ–

of the ligand more
strongly than monovalent cations. This stronger interaction
partially compensates the opposite force due to the high
hydration enthalpy of the cations in the complexation pro-
cess.

Conclusion

We conclude from the present study that precipitation of
alkaline earth metal ions with DPA– requires the formation
of stable assemblies. Simple salts such as Ca(DPA)2, which
are unable to form network structures, are highly soluble in
water. Formation of such an assembly primarily depends on
the ionic size, hydration enthalpy, and ionic charge. Ionic
size should be such that the metal ion can fit into the cavity
and provide the strong M···O interactions needed to form
a stable complex. A smaller ionic size, typically �2.0 Å −
the ionic sizes of Mg2+, Ca2+, and Na+ are 1.30, 1.98, and
1.94 Å, respectively − is unfavorable for formation of this
assembly. The possibility of complex formation decreases
for cations having the same charge with increasing hy-
dration enthalpy. With a mixture of cations, the selectivity
depends on the ease of complex formation and the conse-
quent structures of the assemblies: the lower the exposure
of the metal ion and polar groups of the ligand to the sol-
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vent (water), the higher the selectivity to precipitation. Tak-
ing both the alkali and alkaline earth metal ions jointly, the
selectivity towards precipitation in the presence of DPA–

follows the overall trend: Cs+ � Rb+ � K+ � Ba2+ � Sr2+

�� Na+, Ca2+, Mg2+.

Experimental Section

Materials: Dipicrylamine was purchased from National Chemical
Co., India, and was used as received. AR grade MgCl2, SrCl2,
BaCl2, and CaO were obtained from S. D. Fine Chemicals. Doubly
distilled water was used for the preparation of all complexes.

Instrumentation: Elemental analyses (C, H, N) were performed on
a model 2400 Perkin–Elmer elemental analyzer. Cation concentra-
tion was measured with a Dionex 500 ion chromatograph. X-ray
powder diffraction data were collected with a Philips X’ Pert MPD
system with Cu-Kα radiation. Single-crystal structures were deter-
mined with a Bruker SMART APEX (CCD) diffractometer.

Competitive Precipitation Study with DPA–: Ca(DPA)2 was ob-
tained by stoichiometric reaction of CaO and DPA in an aqueous
medium; this compound is highly soluble in water. The Sr2+ com-
plex was found to be less soluble in water and the Ba2+ complex is
the least soluble among these salts. For the competitive precipi-
tation study an aqueous solution of Ca(DPA)2 was added to a solu-
tion containing equimolar amounts of Mg2+, Sr2+, and Ba2+. In a
typical experiment, an aqueous solution (2 mL) of Ca(DPA)2

(0.25 ), obtained by the reaction of CaO (0.5 mmol) and DPA
(1.0 mmol), was added to a solution (1 mL) containing a mixture
of MgCl2, SrCl2, and BaCl2 (0.5  with respect to each metal ion).
The reaction mixture was then stirred for 30 min at room tempera-
ture, and the orange precipitate thus obtained was isolated by fil-
tration on a frit and dried in vacuo overnight to yield 488 mg (91%)
of a solid with a similar powder XRD pattern to that of
[M(DPA)2(H2O)4] (M = Ba, Sr). The precipitate was not washed
with water to avoid possible dissolution of some of it. The concen-
trations of metal ions in the precipitate were assessed by ion
chromatography. The solubility of the Sr2+ complex in water is sig-
nificant, therefore, the amount of this complex in the precipitate
obtained from the mixture of cations should decrease upon
decreasing the concentration of the metal ion in the reaction mix-
ture. Therefore, another set of experiments was conducted under
similar experimental conditions, with the exception of the concen-
tration of the metal ions – in this case 4 mL of a solution contain-
ing 0.5 mmol of each metal ion (0.125 ) was used. Yield: 485 mg
(90%) with respect to DPA–.

To estimate the relative concentrations of metal ions in the precipi-
tate, a standard solution containing chloride salts of Mg2+, Ca2+,
Sr2+, and Ba2+ (20 ppm each) was analyzed by ion chromatography
on an Ion Pac CS12 (2 mm) analytical column with 20 m methyl-
sulfonic acid as eluent (flow rate: 0.25 mLmin–1). Subsequently,
7.4 mg of the precipitate obtained above was dissolved in 10 mL of
Milli-Q (Millipore Corporation) water and filtered through 0.2-µm
filter paper. Peaks were obtained at the same retention times as
above suggesting that the [M(DPA)2(H2O)4] complexes dissociate
under dilute conditions to yield the fully hydrated ions as in the
case of solutions made from the simple chloride salts. Analytical
results (in mol-%) obtained for the first experiment (0.333  of each
metal ion): Ba2+: 75.9; Sr2+: 24.0; Mg2+ and Ca2+: traces; for the
second experiment (0.17  of each metal ion): Ba2+: 84.9; Sr2+:
15.0; Mg2+ and Ca2+: traces.
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Synthesis of Metal Salts of DPA–

[Sr(DPA)2(H2O)4] (1): Solid CaO (1.1 mmol, 61.7 mg) was added
to DPA (2 mmol, 878 mg) suspended in water (5 mL). After 10 min
of stirring at room temperature, the dark-red solution was filtered,
and the filtrate containing Ca(DPA)2 was added dropwise to an
aqueous solution (5 mL) of SrCl2·6H2O (1 mmol, 266.6 mg). The
reaction mixture was stirred for 1 h, during which some of the Sr2+

complex precipitated. The compound was separated by filtration,
and the filtrate was allowed to evaporate to dryness at room tem-
perature. After 2 d another crop of microcrystalline complex was
obtained. Combined yield: 0.72 g (70%). X-ray quality crystals
were obtained by slow evaporation (ca. two weeks) of an aqueous
solution of the complex. C24H16N14O28Sr (1036.1): calcd. C 27.82,
H 1.56, N 18.93; found C 28.10, H 1.45, N 18.62.

[Ba(DPA)2(H2O)4] (2): This compound was synthesized following
the same procedure as that described for complex 1, except
BaCl2·4H2O was used in place of SrCl2·6H2O. In this case almost
the entire amount of compound was precipitated during stirring,
and the filtrate was not processed further to obtain another crop.
Yield: 1.0 g (92%). X-ray quality crystals were obtained following
the same method as that described for compound 1.
C24H16BaN14O28 (1085.8): calcd. C 26.54, H 1.49, N 18.06; found
C 26.29, H 1.36, N 17.91.

X-ray Crystallography: Crystal data collection and refinement pa-
rameters for complexes 1 and 2 are given in Table 3. Data sets were
obtained on a Bruker Smart Apex diffractometer with a CCD area
detector using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at 100 K. Data frames were processed using the Bruker
SAINT program.[14] Intensities were corrected for Lorentz, polar-
ization, and decay effects, and an absorption correction was applied
using SADABS.[15] The structure was solved by direct methods
using SHELXS-97[16] and refined on F2 using SHELXL-97.[17] The
non-hydrogen atoms were located directly by successive difference
Fourier calculations, and anisotropic full-matrix refinement of all
atoms was carried out using SHELXL-97 until convergence was
reached, which showed no significant peaks in the difference Fou-
rier map. H-atoms attached to the phenyl rings of the DPA moiety
in both the complexes were calculated on the basis of geometric
criteria and were treated with a riding model in subsequent refine-

Table 3. Summary of crystallographic data for 1 and 2.

Compound 1 2

Formula C12H8N7O14Sr0.5 C12H8Ba0.50N7O14

Formula weight 518.06 542.92
a [Å] 12.1812(6) 9.1889(15)
b [Å] 12.1812(6) 9.6352(16)
c [Å] 21.8380(16) 11.697(2)
α [°] 90.00 76.106(3)
β [°] 90.00 72.734(3)
γ [°] 120.000 68.376(3)
Z 6 2
V [Å3] 2806.2(3) 909.3(3)
Crystal system trigonal triclinic
Space group P3221 P1̄
λ [Å] 0.71073 0.71073
ρcalcd. [gcm–3] 1.839 1.983
Abs coefficient, µ [cm–1] 15.68 12.23
F(000) 1560 538
Temperature [K] 100(2) 100(2)
Reflns collected/unique/R(int) 16369/4417/0.0291 5510/3990/0.0103
GOF on F2 0.683 1.041
R1/wR2 [I � 2σ(I)] 0.0302/0.0762 0.0264/0.0710
R1/wR2 (all data) 0.0364/0.0790 0.0264/0.0710
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ments using the SHELXL default parameters. Hydrogen atoms at-
tached to the water oxygen atoms in both the complexes were lo-
cated from the difference Fourier map. In the case of 1, water hy-
drogen atoms were kept fixed and included only in the structure
factor calculation whereas in 2 they were refined isotropically. Mo-
lecular graphics of the crystal structures were generated using OR-
TEP, PLATON, and Mercury.[18–20]

CCDC-610046 and -610047 (for 1 and 2, respectively) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Powder X-ray Data Collection: Powder X-ray data of the bulk pre-
cipitates of 1 and 2 were collected at room temperature in con-
tinuous scan mode in the 2θ range 5–60° with a step size of 0.02°
2θ and a count time of 4 s per step. Powder XRD patterns of 1 and
2 were also obtained by simulation from the single-crystal X-ray
data using the Mercury program.[20]

Supporting Information (see footnote on the first page of this arti-
cle): ORTEP views of complexes 1 (Figure S1) and 2 (Figure S2).
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This microreview is devoted to the synthesis and properties
of nickel and cobalt polycarboxylates, which are classified in
terms of the geometries of the organic moieties. It is divided
into three main sections — dicarboxylates, tricarboxylates
and tetra- and hexacarboxylates — and discusses the ex-
treme diversity of these architectures. Numerous topologies
can be obtained, ranging from coordination polymers to 3D
inorganic skeletons. This microreview begins with the widely
studied cobalt succinate system, for which, to date, seven
compounds have been reported. Then, examples from ma-
lonate to pimelate illustrate the influence of the length of the
organic ligand, whereas examples from fumarate to diphen-

Introduction

The wide utility of zeolites in the domains of catalysis,
gas separation and ion-exchange has provoked widespread
interest in new families of nanoporous materials.[1] More-
over, the opportunity to combine the exciting functionality
of transition metal compounds, such as magnetic, electronic
conductivity and optical properties, with the porosity of ze-
olites has become very attractive.[2] The first examples of
3D open frameworks incorporating transition metals were
alumino- and gallophosphates substituted by metal ions in
the skeleton; those based on cobalt were found to be some
of the most promising catalysts.[3] Pure 3D metal phos-
phates were then synthesised and our first investigations
with nickel showed that it could generate microporous ma-
terials with novel 3D M–O–M connectivities with face-,
edge- and/or corner-sharing polyhedra that present interest-
ing catalytic properties and good thermal stability.[4] The
use of phosphate usually reduces electronic interactions and
the preparation technique is, most of the time, a limiting
factor for obtaining large pores. Indeed, metal phosphates
are usually obtained by a templating method, therefore the
removal of organic cationic templates generally leads to the
collapse of the network. New synthetic approaches avoiding
templating agents were therefore developed, with the use of
donor ligands that can be part of the framework.[2] In this

[a] Institut Lavoisier, UMR CNRS 8180, Université de Versailles
St-Quentin-en-Yvelines,
45 Avenue des Etats-Unis, 78035 Versailles, France
E-mail: nathalie.guillou@uvsq.fr
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ate illustrate the effects of rigidity and complexity. In the
same way, examples from trimesate to mellitate show the ef-
fects of “multiconnecting” organic partners. These latter
seem to disadvantage metal oxide condensation, since the
two 3D inorganic frameworks contain linear dicarboxylate
ions. On the other hand, 3D nickel oxide skeletons seem to
be easier to synthesise than cobalt ones. Moreover, under
similar hydrothermal conditions, using cobalt and nickel
generally leads to different architectures.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

respect, the ability of carboxylates to strongly connect co-
balt and nickel is very fruitful for building new architectures
and often leads to a readily accessible porosity as well as
physical properties that are usually encountered in dense
solids.

The aim of this microreview is to focus on the structural
variety and properties of nickel and cobalt polycarboxyl-
ates. The diversity of these organic partners offers a great
potential to modulate structural architectures and the use
of hydrothermal conditions considerably enlarges the range
of possible arrangements arising from a metal and an or-
ganic molecule. Moreover, the electronic properties of co-
balt and nickel significantly extend the potential applica-
tions of this type of compounds, especially in the field of
porous magnetic materials. Although their ionic radii are
similar, nickel and cobalt generally form different architec-
tures. For Ni2+ (d7) the ligand-field stabilisation energies
strongly favour octahedral coordination, whereas for Co2+

(d8) the tetrahedral environment is less disadvantaged.
The field of porous hybrid solids is very topical and is,

of course, much wider. The use of oxalate, monocarboxyl-
ates or other organic linkers containing N-donor ligands
(solely or in addition to carboxylates) will not be tackled
here. For an overall overview of porous hybrid materials,
we refer the reader to the reviews of Rao et al.,[5] which is
devoted to metal carboxylates with open architectures, and
of Kitagawa et al.,[6] which deals with functional porous
coordination polymers.

The carboxylates presented in this review are classified
in terms of the geometries of the organic partners. The first
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section is devoted to dicarboxylates and begins with the
widely explored succinates. The influence of length, rigidity
and complexity of the organic moieties is then presented.
The second and the third parts are devoted to tricarboxyl-
ates and tetra- and hexacarboxylates, respectively.

Dicarboxylates

The Case of Succinate

The best characterised system of transition metal poly-
carboxylates is the cobalt succinate family. Altogether,
seven phases containing cobalt, succinate, water and hy-
droxide have been discovered, mainly by varying the reac-
tion temperature. The first of the series, [Co(H2O)4-
(C4H4O4)] (1), which is obtained at room temperature, was
first identified in the Sixties[7] and is constructed from
chains of cobalt octahedra bridged by succinate ions.[8]

Upon increasing the temperature, inorganic condensation
occurs to form edge-sharing octahedral trimers linked by
carboxylates into the one-dimensional polymer [Co(H2O)2-
(C4H4O4)] (2).[9] A higher degree of condensation occurs
under hydrothermal conditions, leading to the formation of
open networks with extended M–O–M connectivity.
[Co5(OH)2(C4H4O4)4] (MIL-9, 3), synthesised by Livage et
al.,[10] is a nice example of a 2D metal oxide framework
pillared by an organic moiety in a 3D coordination poly-
mer. It is constructed from zig-zag layers of edge-sharing
cobalt octahedra that generate 12-membered ring cavities
with a lozenge shape (Figure 1, a). Half of the succinates
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are localised within the windows and the other half act as
bridges between the sheets. In a more dilute medium,
[Co4(OH)2(H2O)2(C4H4O4)3·2H2O] (MIL-16, 4) is
formed.[11] It contains a 2D oxide network with 14-mem-
bered ring windows (Figure 1, b) and can easily be de-
scribed as parallel “helicoidal” chains (light grey) connected
by tetrameric units of co-planar octahedra (dark grey). Oc-
cluded and coordinated water can be removed from this
compound in a reversible process. [Co6(OH)2(C4H4O4)5·
H2O] (5), synthesised by Long et al., is three-dimen-
sional.[12] It presents layers similar to those of MIL-16 with
the same helicoidal chains (light grey) but with the tetra-
mers being replaced by dimers of edge-sharing square pyra-
mids (dark grey, Figure 1, c). Four deprotonated succinates
are located around the layers, although only one acts as a
pillar. The originality of this compound lies in the presence
of penta- and hexacoordinate metal centres, which are
rather rare in the family of cobalt carboxylates. Forster et
al. have recently demonstrated that these five compounds,
and also 8, which was previously obtained with nickel and
is described below, can be obtained from the same starting
mixture simply by varying the temperature.[9,13] The overall
dimensionality of the materials, as well as the degree of M–
O–M condensation, increases with temperature. The com-
pounds present chains up to 125 °C, then the inorganic
skeleton is two-dimensional, and above 190 °C a 3D overall
dimensionality is observed (see Figure 2).[13]

Changing the solvent to a methanol/water mixture, at
room temperature, leads to [Co3(OH)2(H2O)4(C4H4O4)2·
6H2O] (6).[14] This hybrid presents an interesting architec
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Figure 1. (a) Polyhedral representation of the 12-membered ring
cavities lined by organic moieties in MIL-9 (3); (b) polyhedral view
of MIL-16 (4) showing the connectivity between cobalt octahedra
within the tetrameric unit (dark grey) and the helicoidal chain
(light grey); (c) polyhedral view of 5 showing the connectivity be-
tween dimers of square pyramids (dark grey) and the helicoidal
chain (light grey).

Figure 2. Crystallisation diagram in the succinate system (repro-
duced with permission from A. K. Cheetham[13]). The phases are
indicated by their number code. The phase labelled X is still un-
known.
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ture that is often encountered with rigid linkers. Its struc-
ture can be described as metal oxide chains linked by the
organic moiety into a 3D architecture with lozenge-shaped
tunnels (see Figure 7). This topology bears a striking resem-
blance to a vanadium terephthalate isolated by Barthelet et
al.[15]

As shown by these few examples, metal organic frame-
works obtained with cobalt often exhibit interesting open
architectures, although metal oxide condensation is most of
the time “classical” with edge- or corner-sharing polyhedra.
The architectures obtained hydrothermally with nickel,
even though its radius and electronegativity are nearly iden-
tical to those of cobalt, are often different and the inorganic
condensation more diverse. To date, two nickel succinate
compounds have been described. Forster and Cheetham ob-
tained the first metal carboxylate to present a three-dimen-
sional oxide network, namely [Ni7(OH)2(C4H4O4)6(H2O)2·
2H2O] (7).[16] Its structure can be described as layers of
edge-sharing octahedra constructed from circular 12-rings
surrounded by six truncated triangular 15-rings (Figure 3,
a). The three-dimensionality is ensured by “isolated” cor-
ner-sharing octahedra (dark grey in the inset of Figure 3,
a). This arrangement leads to a remarkable honeycomb
framework with 1D pores lined by succinate anions.
[Ni7(OH)6(C4H4O4)4(H2O)3·7H2O] (MIL-73, 8), which is
obtained under similar synthetic conditions, presents hybrid
layers constructed from corrugated chains of nickel oxide
connected by succinate ions (Figure 3, b).[17] The inorganic
chains are made from hexanuclear metallic octahedral units
(light grey) connected by a seventh octahedron (dark grey).

Figure 3. (a) View of a single nickel oxide layer in 7; connection of
the layers through isolated corner-sharing octahedra (dark grey) is
shown in the inset; (b) view of one hybrid layer of 8, where hexa-
nickel units (light grey) are connected to bridging Ni octahedra
(dark grey). Decorating succinate ions are represented in dark grey
and bridging ones in light grey.
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This hexameric unit is unusual and is built up from a dimer
of face-sharing octahedra grafted onto a tetramer formed
by two edge-sharing dimers connected by their corners. A
pseudo-3D framework is formed due to the presence of
strong hydrogen bonds between adjacent layers. This ar-
rangement presents hydrated channels, where water mole-
cules can be easily removed and reabsorbed. An iso-
structural phase has recently been obtained with cobalt
using high-throughput synthesis.[18] Its structure, as deter-
mined by X-ray single crystal diffraction, confirmed the ac-
curacy of the ab initio structural investigation of the nickel
analogue, in spite of its high complexity due to the large
number of independent atoms.

Changing the Length of the Aliphatic Chain

The reaction of malonic acid with transition metal ions
has been reported, but most of the time in the presence of
an additional co-ligand such as 2,2�-bipyrimidine.[19] One
2D cobalt malonate, 9, which is isostructural with a nickel
compound, has been obtained by Delgado et al.[20] Its
structure consists of “isolated” metal octahedra connected
through bridging carboxylate groups to four other metal
centres (see Figure 4) to form layers with a pseudo square
geometry.

Figure 4. View of a layer of 9 showing the interconnection of metal
octahedra through malonate ions.

Two compounds have been reported with glutaric acid:
one with cobalt and the other with nickel. [Co(C5H6O4)]
(10), reported by Lee et al.,[21] is a 3D coordination polymer
constructed from cobalt tetrahedra linked by glutarate
anions. Its topology will be described below (Figure 6, b)
with that of its pimelic acid analogue MIL-36.[26] Cubic
[Ni20(H2O)8(C5H6O4)20·40H2O] (MIL-77, 11), reported by
us, presents an amazing chiral three-dimensional metal ox-
ide network.[22] Its skeleton can be described as helices of
edge-sharing octahedra connected to four parallel neigh-
bouring ones through a nickel octahedron (dark grey in
Figure 5, a). This induces the formation of perpendicular
helices and generates corrugated 20-membered rings (Fig-
ure 5, b), which intersect to construct very large crossing
tunnels in the [111] direction (Figure 5, c). The oxide frame-
work is walled by two independent glutarate anions: the
first one (light grey) is located on the twofold axis and the
second one (dark grey) on the threefold one, with a statisti-
cal occupancy of 2/3. The nickel environments present
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bridging water molecules, and the tunnels contain disor-
dered water molecules which can easily be removed by heat-
ing, leading to a porous compound (346 m2 g–1). MIL-77 is
also a pure ferromagnet at low temperature. More recently,
the adaptability of this 3D inorganic skeleton has been
proved by obtaining the same topology with 3-methylglut-
aric acid.[23] The main difference between MIL-77 and this
compound is the position of the second organic molecule.
Unfortunately, this has drastic consequences for the poros-
ity — its surface area is about half that of MIL-77.

Figure 5. Views of the structure of MIL-77 (11): (a) view of six
helices connected by nickel octahedra (dark grey); (b) polyhedral
view of a corrugated 20- membered ring with the two independent
glutarate ions; (c) view of the nickel oxide tunnels down [111].

Two compounds are obtained at room temperature upon
increasing the aliphatic chain length by one carbon:
[Ni(H2O)4(C6H8O4)] (12),[24] which presents a 1D metal-or-
ganic chain and layered [Co2(H2O)6(C6H8O4)2·4H2O]
(13).[25] The latter is constructed from corner-sharing octa-
hedral chains where Co(H2O)6 shares its trans-H2O mole-
cules with two neighbouring [CoO4(H2O)2] polyhedra (Fig-
ure 6, a). These chains are connected by adipates to gener-
ate the 2D open network.

Figure 6. (a) View of a layer of 13 showing inorganic chains bound
by adipate ions; (b) view of the 3D coordination polymer MIL-36
(14).
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With pimelic acid, only [Co(C7H10O4)] (MIL-36, 14) has

been reported in the literature.[26] It is a 3D coordination
polymer built up from cobalt tetrahedra where Co–CO2–
Co linkages give rise to infinite two-dimensional networks
linked by the aliphatic chains. Therefore, hydrophobic car-
bon chains form the “walls” of two types of channels and
act as spacers to generate an open structure (Figure 6, b).
This type of arrangement has also been observed with
adipate linkers.[27]

Using Unsaturated Chains

The use of fumaric acid leads to the formation of
[M3(OH)2(H2O)4(C4H2O4)2·2H2O] (15) with both cobalt
and nickel, but with totally different synthetic procedures:
the nickel compound was obtained under hydrothermal
conditions[28] whereas its cobalt analogue was synthesised
at 50 °C.[29] Their structure consists of chains of metal octa-
hedra connected by fumarate ions to form a 3D framework
(Figure 7). A remarkable feature is the presence of perpen-
dicular intersecting tunnels. These have a large lozenge
shape down the a axis and are delineated by four walls of
fumarate-linked nickel oxide chains (Figure 7, a). The tun-
nels down the b axis are delimited by the space between
two fumarate pillars (Figure 7, b). The repeating structural
motif in the metal oxide chain is a trimer consisting of two
edge-sharing octahedra linked by a µ3-OH to a vertex of a
third one (Figure 7, c). The carboxylic functions are biden-
tate and bridge successive metal atoms of the chains. It is
interesting to note that the same topology can also be ob-

Figure 7. (a) View of the structure of 15 along a showing the loz-
enge-shaped tunnel topology; (b) view of the tunnels of 15 along
the b axis; (c) the inorganic chain encountered in 6 and 15.
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tained with succinic acid.[14] The main difference concerns
the aperture of the lozenge tunnels, which is more open in
the case of the succinate. The cavity located at the intersec-
tion of the two perpendicular tunnels contains one water
molecule for the fumarate and three for the succinate. Two
other 1D compounds have been synthesised by Konar et al.
simultaneously in the same batch: cis-[Co(H2O)4(C4H2O4)·
2H2O] (16) and trans-[Co(H2O)4(C4H2O4)] (17).[30] Both
structures are built up from isolated cobalt octahedra linked
by carboxylate in a bis-monodendate fashion. With ace-
tylenedicarboxylic acid, only [M(H2O)4(C4O4)·2H2O] (18)
(M = Co, Ni) has been described.[31] Heating it to 100 °C
leads to [M(H2O)2(C4O4)] (19). This latter solid presents a
metal organic framework where octahedra are connected by
dicarboxylate ligands into a compact 3D network.

Using Carboxylates Containing One Cycle

Two 3D compounds, namely [Co2(OH)2(1,4-BDC)]
(20)[32,33] and [Co(H2O)2(1,4-BDC)] (21)[33] have been iso-
lated with 1,4-benzenedicarboxylic acid (1,4-H2BDC; also
known as terephthalic acid). Compound 20 is built up from
inorganic layers where two types of parallel tilted chains of
edge-sharing octahedra are linked by OH bridges (Figure 8,
a). The cobalt atoms of the light-grey chain are surrounded
in the equatorial plane by four terephthalate oxygen atoms
and in the apical positions by two OH groups, whereas
those of the dark-grey chain are coordinated to four OH
groups in the equatorial plane and two carboxylate oxygens.
The layers are then connected together through
terephthalate into a 3D architecture. The second coordina-
tion polymer, 21, was obtained hydrothermally. Its structure

Figure 8. (a) Polyhedral view of the structure of 20 constructed
from cobalt hydroxide layers (shown as inset) pillared by
terephthalate ions; (b) polyhedral representation of the coordina-
tion polymer 21 with layers of a pseudo square symmetry shown
as the inset.
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presents isolated cobalt octahedra bridged by carboxylates
into layers with a pseudo square symmetry (Figure 8, b).
As for 20, these layers are connected through terephthalate
into a 3D network.

With 1,3-benzenedicarboxylic acid (1,3-H2BDC; iso-
phthalic acid) only one compound, namely [Na3{Co6O-
(OH)(1,3-BDC)6}·H2O] (MIL-104, 22), has been re-
ported.[34] Its structure is constructed from an unprece-
dented hexanuclear octahedral “cluster”. The hexameric co-
balt unit may be viewed as the association of two trimers
connected through six µ2-O vertices, each trimer being com-
posed of octahedra sharing a central µ3-O atom (Figure 9,
a). The octahedra are highly distorted due to the chelating
mode of one of the carboxylate groups. Indeed, the “bite”
of the rigid acid group is too short for a cobalt octahedral
coordination, therefore the angle is very narrow and Co–O
distances are longer than usual. The architecture is a classi-
cal metal organic framework (MOF), with each hexamer
joined by isophthalate ions to six neighbouring ones and
serving as an octahedral node of a cuboid net (Figure 9,
b). The small cavities left free by the hexamer packing are
occupied by sodium cations. Each hexanuclear cluster is
connected to six sodium ions to form a larger “super octa-
hedron”. In terms of “scale chemistry”,[35] the topology is
the same as that found for ReO3, with {Na6Co6O26} units
as giant octahedra.

Figure 9. (a) Schematic representation of the hexameric unit of
MIL-104 (22) showing its octahedral geometry; (b) projection of
the structure showing the connection of one unit to six neighbour-
ing ones that lie at the corners of an octahedron.

[Co3(OH)2(C8H4O4)2] (23) has been obtained hydrother-
mally with phthalic acid.[36] Its 2D structure consists of in-
organic layers of edge-sharing octahedra which generate
eight-membered ring cavities (Figure 10). Phthalate ions are
grafted onto the layers within the window and organic part
is localised up and down the inorganic layer.

One cobalt compound [Co(C8H8O4)], (24) has been re-
ported with 4-cyclohexene-1,2-dicarboxylic acid.[37] The
originality of its structure lies in the tetrahedral coordina-
tion of the metal, which is less common than octahedral
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Figure 10. Polyhedral representation of 23 showing the eight-mem-
bered ring cavities lined by organic moieties.

under hydrothermal conditions. It is interesting to note that
the starting material was the cis form of the dicarboxylic
acid whereas the resulting compound presents the trans one.
Such changes are not unusual under hydrothermal condi-
tions.[38] The structure is formed from isolated distorted tet-
rahedra linked by carboxylates into layers (see Figure 11).
Two facing tetrahedra are first doubly bridged by carboxyl-
ates to form dimers, which are then bridged by the second
carboxylate function to construct ribbons. These chains are
connected through the organic moiety into a 2D network.
As for the phthalate compound, the organic moiety is local-
ised on the surface of the layer. As shown by these two last
examples, the presence of a hydrophobic region opposite
the carboxylate groups favours lamellar systems.

Figure 11. View of a layer of 24 showing the connection of cobalt
tetrahedra by organic moieties.

The compound [Co5(OH)8(CHDC)·4H2O] (25) has been
synthesised hydrothermally from 1,4-cyclohexanedicarbox-
ylic acid (H2CHDC).[39] Although the starting material was
a mixture of cis and trans H2CHDC, this compound is
formed only with the trans conformation. Its structure is
based on metal–hydroxide octahedral–tetrahedral layers pil-
lared by dicarboxylate ions. These layers are closely related
to the brucite type but with one out of every four octahedra
removed and replaced by two tetrahedra above and below
the layer (Figure 12). Each tetrahedron shares three corners
with octahedra and the cobalt coordination is completed
by unidentate carboxylate groups of CHDC pillars. A 3D
framework is thus formed that contains channels filled with
water. The dehydration–rehydration process is reversible,
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thereby conferring to this hybrid some porous properties.
Removal of the water molecules leads to a shift of the layers
combined with a tilt and a rotation of the organic moieties
and a shortening of the interlayer space of about 1 Å (Fig-
ure 12). Moreover, this material presents a spontaneous fer-
rimagnetic magnetisation around 60 K, a temperature that
is among the highest observed for this kind of compounds.

Figure 12. Polyhedral representation of [Co5(OH)8(CHDC)], the
anhydrous form of 25; tetrahedra are represented in light grey and
octahedra in dark grey.

Use of More Complex Aromatic Carboxylates

The coordination polymer [Co(H2O)2(C10H6O4)] (26)
has been obtained hydrothermally with 4-carboxycinnamic
acid.[40] Its structure presents the same topology as that de-
scribed for its analogue obtained with terephthalic acid
(21).[33] With 1,4-naphthalenedicarboxylic acid, one 3D hy-
brid compound, namely [Co(C12H6O4)] (27), has been ob-
tained by Maji et al. (Figure 13, a).[41] Its structure is similar
to that of the fumarates (15),[28,29] with chains of metal oc-
tahedra connected by an organic moiety into a 3D frame-
work. The main difference between this structure and those
previously described is the topology of the chain, which
here is zig-zag and is only constructed from edge-sharing
cobalt octahedra (Figure 13, c).

With 2,6-naphthalenedicarboxylic acid, only a 1D com-
pound, namely [M(H2O)4(C12H6O4)] (28), has been re-
ported with both cobalt and nickel. It is constructed from
chains of isolated metal octahedra bridged by organic
ions.[42]

Two compounds have been isolated under hydrothermal
conditions using 1,1�-biphenyl-2,2�-dicarboxylic acid.[43]

[M(H2O)4(C14H8O4)] (29) presents chains of isolated cobalt
or nickel octahedra bridged by dicarboxylate ions. Never-
theless, a peculiar geometry of the organic moiety allows
the formation of a chain with an interesting helical geome-
try (Figure 14, a). [Co6(OH)2(H2O)4(C14H8O4)5] (30) is also
1D but with an infinite M–O–M connectivity. Its metal ox-
ide chain is constituted of pentameric units of edge-sharing
octahedra connected to its neighbour by a corner-sharing
tetrahedron (Figure 14, b). The pentameric unit has a cross
shape made of two linear trimers sharing a central octahe-
dron.
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Figure 13. (a) View of the structure of 27 showing the lozenge-
shaped tunnel topology; (b) view of the structure of 39 derived
from the lozenge-shaped tunnel topology; (c) inorganic chain of 27
constructed from edge-sharing cobalt octahedra; (d) view of the
chain of 39 with dimers of edge-sharing octahedra connected
through a third octahedron by µ2-OH2; (e) view of the chain of 42
with linear trimers bridged through corner-sharing octahedra.

Figure 14. (a) View of a hybrid chain of 29 showing an interesting
helical geometry; (b) representation of the oxide chain of 30 con-
structed from pentameric units of edge-sharing octahedra con-
nected by a corner-sharing tetrahedron.

Tricarboxylates
Rigid, triangular 1,3,5-benzenetricarboxylic acid

(H3BTC), commonly named trimesic acid, has been exten-
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sively used to construct hybrid porous materials.[44] With
cobalt and nickel, Yaghi et al. have reported the 1D poly-
mer [M3(H2O)12(BTC)2] (31) under hydrothermal condi-
tions.[45] This compound, constructed from zig-zag chains
of isolated octahedra connected through trimesate ions, can
reversibly liberate eleven aqua ligands. The metal atoms at
the centre of the sinusoid are surrounded by four water
molecules in an equatorial plane, and the coordination envi-
ronment is completed by two unidentate carboxylate ions
(Figure 15, a). One side of the sinusoid is occupied by dan-
gling carboxylate ions and the other one is taken up by
metal octahedra. Compound 31 can also been obtained by
thermal treatment of [M3(H2O)14(BTC)2·4H2O],[46,47] the
structure of which can be described as the juxtaposition of
molecular motifs composed of three isolated octahedra lin-
early connected by two unidentate carboxylate ions. [Na-
Co3(OH)(H2O)11(BTC)2·1.5H2O] (32) is another example
of a 1D compound which has been synthesised at room
temperature from trimesic acid.[47] Its structure consists of
trinuclear units of cis edge-sharing metal octahedra,
{Co3O6(µ3-OH)(µ2-OH2)2(H2O)5}, surrounded by three
bridging carboxylate functions and connected by trimesate
ions to construct the chains (Figure 15, b).

Figure 15. (a) View of a hybrid chain of 31 with isolated octahedra;
(b) view of a hybrid chain of 32 showing trimers of edge-sharing
octahedra.

[Ni3(H2O)8(BTC)2] (33), a 2D compound obtained by us
under hydrothermal conditions, is also constructed from
{Ni3O8(µ2-OH2)2(H2O)6} trimers.[48] These trimers are lin-
ear, with corner-sharing octahedra connected by µ2-H2O
molecules, the stability of which is reinforced by the close-
ness of an unprotonated carboxylate and strong hydrogen
bonds. Each trimer is surrounded by six carboxylate ions,
two of which bridge the central nickel octahedron to its
neighbour while the other four are unidentate (Figure 16,
a). Six bridging trimesates connect each trimer to six neigh-
bouring ones to construct an infinite 2D pseudo-hexagonal
network. The planes are interpenetrated and positioned to
favour π–π interactions (Figure 16, b). These planes can
also be described as “double layers” of parallel organic
rings connected through trimers.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4963–49784970

Figure 16. (a) Projection of the structure of 33 showing one nickel
cluster connected to six equivalent ones; (b) view of the stacking
of the layers of 33 dominated by π–π interactions; (c) view of the
structure of 34 showing one nickel cluster connected to six equiva-
lent ones.

[Ni2F(H2O)4(BTC)·2H2O] (34) has been obtained by in-
corporating hydrofluoric acid into the starting hydrother-
mal mixture,[49] which is rather common for the synthesis
of weakly soluble main group cations.[2] Its structure is very
similar to that of 33 previously described and presents
“double layers” of parallel organic rings, although here they
are connected through tetrameric {Ni4O10(µ3-F)2(H2O)8}
clusters, where the four nickel octahedra are connected by
two µ3-F atoms. Each tetramer is also connected to six
neighbours through bridging trimesate ions (Figure 16, c).
Four bridging carboxylates are in a planar arrangement in
the tetramer, whereas the two additional monodentate ones
are localised above and below this plane, which is here ne-
arly parallel to the benzene rings.

[Co3(H2O)6(BTC)(HBTC)(H2BTC)·2H2O] (35) is also
layered and its construction is dominated by π–π interac-
tions with a mean interlayer distance of 3.4 Å.[50] The co-
balt atoms have distorted octahedral environments, with
carboxylate oxygen atoms in the four equatorial positions
and water molecules in the apical ones. Distortion of the
octahedra is due to the chelating connecting mode of one
carboxylate. Due to this important distortion, only one car-
boxylate at a time can bind the metal in a chelating way
and the metal environment is completed by monodentate
ligands. The organic moiety acts as a triangular connector
for the cobalt octahedra and presents the three states of
protonation, which indicates that protonation depends not
only on the pH of the medium but mostly upon condensa-
tion. This connection leads to the formation of a nearly
planar infinite net with a pseudo-threefold symmetry that
presents triangular cavities made from three cobalt octahe-
dra and three trimesate ions (Figure 17, a), half of which
are occupied by water molecules. The solid is formed by the
stacking of six types of layers that are chemically identical
but shifted (Figure 17, b). The only compound synthesised
with trimesic acid that presents a 3D open structure is
[K{Co3(BTC)(HBTC)2}·5H2O], (36).[50] Its structure is
based on sinusoidal chains of cobalt octahedra whose
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period is strongly correlated to the geometry of the organic
molecule (Figure 17, c). The chains are connected to four
other parallel sinusoids through two types of perpendicular
carboxylates, leading to a 3D structure with rectangular
tunnels. The oxide chains are constructed from dimeric
units of edge-sharing octahedra that are connected by a ver-
tex-sharing octahedron. The cobalt atoms of the dimer are
surrounded by the organic moiety in a strongly distorted
environment due to the chelating mode of one carboxylate.
The protonated carboxylate group of HBTC points toward
the centre of the channels delineated by four sinusoidal
metal oxide chains connected by trimesate ions. Water
molecules and potassium (in half occupancy) are located
inside these rectangular tunnels (Figure 17, d).

Figure 17. (a) Projection of one layer showing the triangular cavi-
ties in 35; (b) projection of six equivalent layers in 35; (c) projection
of the structure of 36 showing the sinusoidal chains of cobalt octa-
hedra; (d) view of two rectangular channels delineated by four co-
balt and trimesate ions with a disordered potassium cation in 36.

By changing the position of the carboxylate groups and
using 1,2,3-benzenetricarboxylic acid (1,2,3-H3BTC), two
compounds have been obtained by Gutschke et al.[51] Both
compounds, [Co2(OH)(H2O)(1,2,3-BTC)·H2O] (37) and
[Co2(OH)(H2O)(1,2,3-BTC)] (38), are constructed from in-
organic chains presenting a ∆ topology. In 37, the chains
are constructed from corner-sharing polyhedra, with a
backbone where cobalt octahedra and tetrahedra alternate
and on which pendant trigonal-bipyramids are grafted (Fig-
ure 18, a). These metal oxide strips run perpendicularly but
never intersect. The connection of a chain to the orthogonal
ones by carboxylate forms an amazing 3D network (Fig-
ure 18, b). In 38, trans corner-sharing octahedra build the
backbone of the chain, on which tetrahedra are attached by
sharing edges with octahedra (Figure 18, c). Parallel chains
are connected through the organic moiety to construct a
2D framework.

With cis,cis-cyclohexane-1,3,5-tricarboxylic acid
(H3CTC), one 3D hybrid compound with both cobalt and
nickel, namely [M3(H2O)4(CTC)2·5H2O] (39), has been syn-
thesised hydrothermally by Kumagai et al.[52] It presents a
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Figure 18. (a) View of the inorganic chain presenting a ∆ topology
in 37 with a backbone constructed from cobalt octahedra (light
grey) and tetrahedra (medium grey), on which pendant trigonal
bipyramids (dark grey) are grafted; (b) view of the structure of 37
showing the linking of the polyhedra by the organic moieties; (c)
view of the inorganic chain presenting a ∆ topology in 38 with a
backbone constructed from cobalt octahedra (light grey), on which
tetrahedra (medium grey) are grafted.

structure derived from the lozenge-shaped tunnel topology
with inorganic chains connected by the organic moiety. The
four oxide chains in this compound are all connected
through two central tricarboxylates (Figure 13, b) in one
lozenge, and are slightly different to those reported pre-
viously. Dimers of edge-sharing octahedra are connected
through a third octahedron which shares its trans vertices
with two neighbouring dimers through a µ2-OH2 (Fig-
ure 13, d).

Tetra- and Hexacarboxylates

The three compounds synthesised hydrothermally with
1,2,4,5-benzenetetracarboxylic (pyromellitic) acid (H4PM)
have 3D architectures. [Co2(H2O)4(PM)·2H2O] (40) and
[Co2(PM)] (41) have been reported by Kumagai et al.[53]

Compound 40 is a coordination polymer built up from co-
balt octahedra bridged by carboxylates to construct layers
with a pseudo square geometry similar to that observed in
20. These layers are connected through organic moieties
into a 3D network which presents cavities filled with water
molecules. Compound 41 is formed from edge-sharing co-
balt octahedra chains connected by pyromellitates.

[Co5(OH)2(H2O)4(PM)2] (42) has been synthesised by
Gutschke et al. simply by increasing the reaction tempera-
ture.[54] Its 3D structure is very similar to that of the
fumarates (Figure 7) and presents, once again,
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lozenge-shaped tunnels with chains of cobalt octahedra
connected by the organic moiety. Nevertheless, the topology
of the oxide chain is really original, with parallel linear tri-
mers of edge-sharing octahedra bridged by two corner-
sharing octahedra (Figure 13, e).

With benzenehexacarboxylic (mellitic) acid (H6MLT),
only one 2D compound has been reported, namely
[Ni4(OH)2(H2O)6(MLT)] (43).[55] Its structure consists of in-
organic chains generated by dimers of edge-sharing octahe-
dra connected through a µ3-OH group. These chains are
further bridged by mellitates to construct corrugated layers.

Concluding Remarks

Although it is difficult to predict structures on the basis
of the ligand and metal chosen, the results presented here
allow us to draw some conclusions. This review reveals the
extreme diversity of the cobalt and nickel oxide architec-
tures obtained by the use of carboxylate ligands: “from co-
ordination polymers to 3D inorganic skeletons”. One of the
reasons for the richness of these systems relates first to the
electronic structure of Co2+ (d7) and Ni2+ (d8). Moreover,
at variance with what is observed in templated metallophos-
phates[56] and metal organic frameworks based on Cu2+ and
Zn2+,[57] in which the number of secondary building units
(SBUs) is rather limited, the systems based on Co2+ and
Ni2+ are, in terms of SBUs, extremely rich and diverse, and
almost all structures present their own polyhedral building
blocks. In the inorganic framework, one indeed observes
monomeric moieties, in tetrahedral (Co) and octahedral
(Ni, Co) coordination, along with dimers, trimers, tetra-
mers, pentamers and hexamers with polyhedra sharing
either vertices, edges or faces, as well as their connections
into chains, layers and 3D networks (Figure 19). This diver-

Figure 19. View of a few of the oligomers encountered in nickel and cobalt carboxylates: isolated trimers in 32 (a) or 33 (b) and the
trimer of the inorganic chain of 39 (c); tetramers of the 2D oxide framework of MIL-16 (4, d), of the coordination polymer 34 (e), of
the chain of 37 (f); pentamers of the inorganic layer of MIL-9 (3, g), of the oxide chains of 30 (h) and 42 (i); hexamers of the inorganic
chains of MIL-73 (8, j) and those encountered in the coordination polymers MIL-104 (22, k) and [Ni6(OH)6(C8H10O4)3(H2O)6·2H2O] (l)
reported recently.[58]
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sity implies much more numerous possibilities of connec-
tion with the organic moieties, which are also numerous as
shown in this review. Therefore, the exploration of the rich-
ness of these systems is still in its infancy, although careful
attention must be paid to the experimental conditions as,
besides the already shown effect of temperature and its in-
fluence on the condensation of the oligomers, the pH of the
reaction mixture is also very important for the reactivity of
these cations.

In terms of topologies, some of them are represented by
one member, such as the remarkable honeycomb oxide
framework with 1D pores of [Ni7(OH)2(C4H4O4)6(H2O)2·
2H2O], whereas others appear regularly, with rigid or flexi-
ble organic molecules and with di- or tetracarboxylates.
This is the case for the lozenge-shaped tunnel topology with
inorganic chains connected by organic bridges. This archi-
tectural type is observed with both cobalt and nickel and
has been obtained with dicarboxylates ions as diverse as
small fumarate and cumbersome naphthalene-1,4-dicarbox-
ylate and 1,2,4,5-benzenetetracarboxylate. These few exam-
ples demonstrate how much the oxide backbone can adopt
diverse M–O–M connectivities to adapt to the organic moi-
ety. More recently, this family has been enlarged with a new
member obtained with 1,4-cyclohexanedicarboxylate, which
presents the same chains as those observed with fumarate
or succinate.[58,59] It is obvious that metal oxide condensa-
tion in solution is favoured by an increase of temperature.
Nevertheless, it is interesting to note the counter-example of
1,4-cyclohexanedicarboxylate, which demonstrates the high
complexity of these systems.[58] Indeed, simply by increasing
the temperature from 140 to 170 °C, the lozenge-shaped
tunnel topology is replaced by a layered compound con-
structed from remarkable hexanuclear prismatic nickel clus-
ters (Figure 19l) connected through the organic moiety.
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The topology of the extended inorganic network depends

strongly on the geometry and connectivity of the organic
partner. Inorganic condensation is favoured with small flex-
ible organic molecules such as succinate but disfavoured
with large and/or rigid ones. Glutarate is at the interface,
since it allows the formation of an amazing 3D inorganic
skeleton[22] as well as the construction of a metal organic
framework with isolated tetrahedra.[21] With longer linear
carboxylates, the final organisation is driven by weak inter-
actions (hydrophobic) between alkyl chains.

In water, the use of rigid organic partners with benzene
rings disfavours the formation of an extended oxide net-
work and, most of the time, 3D coordination polymers or
layered compounds dominated by π–π interactions are ob-
tained. The example of the trimesate system illustrates the
competition between covalent linkages and π–π interac-
tions, which seems to be the decisive factor in the final
architecture, well. It is difficult to draw rules from just two
examples, but “multiconnecting” organics also seem to dis-
advantage oxide condensation. Indeed, the two 3D oxide
frameworks have been synthesised with linear dicarboxylate
ions. In both cases, the organic partner lines the oxide skel-
eton and is flexible enough to act as a chelate ligand for
one metal via the oxygen atoms of neighbouring carboxyl-
ate groups. All modes of coordination of the organic moie-
ties observed in the compounds described here are repre-
sented below. Only three coordination modes are present in
the two 3D inorganic skeletons (modes c, i and f in
Scheme 1). Mode a is mostly observed for 1D compounds
with metal–organic chains, whereas mode d is present in
several metal–organic frameworks (MOF). Others, such as
modes b, e, g, h and j have been observed only once to date
and seem to be rather scarce.

For tricarboxylates (see Scheme 2), the number of con-
necting modes is higher than the number of compounds
and only one mode (j) has been observed in two com-
pounds.

The connecting modes of tetra- and hexacarboxylates
(Scheme 3) are also diverse and their number corresponds
to that of described compounds. The ratio (number of metal
atoms)/(number of organic moieties) (M/org) is given in
Table 1 and varies from 1/2 for 1D compounds with metal–
organic chains to 5 for 25, which is constructed from hy-
droxide layers linked by organic pillars.[39] In the two 3D
oxide frameworks, M/org is equal, or very close (7/6), to
one.

Under hydrothermal conditions, the reactivity of cobalt
and nickel is very different and similar synthetic conditions
most of the time lead to totally different structural types.
Isostructural compounds can sometimes be isolated but
often under very distinct experimental procedures, as illus-
trated by the example of MIL-73, which is obtained hydro-
thermally with nickel and under reflux with cobalt. Under
“basic” hydrothermal conditions it seems to be easier to
isolate 3D inorganic skeletons with nickel than with cobalt.
On the other hand, 2D oxide frameworks are very common
with cobalt, whereas none have been isolated with nickel
and polycarboxylates yet. Whereas only structures contain-
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Scheme 1. Modes of coordination of the dicarboxylate ions ob-
served in compounds 1–30.

ing octahedra are reported for nickel carboxylates, the co-
balt environment is more diverse, with the presence of tetra-
hedra and pentacoordinate metal. This is easily understand-
able in light of the coordinational flexibility of cobalt,
which is higher than that of nickel due to its field anisot-
ropy. On the other hand, the growth of nickel crystallites is
most of the time limited compared to cobalt, therefore
nickel compounds generally need structural determinations
from powder diffraction data.

It is also interesting to comment here on the success of
Neeraj et al. in the synthesis of sodalite networks based on
cobalt and squarate,[60a] an organic moiety which is not so
far from carboxylates. The six four-membered Al2Si2 rings
of the sodalite cage are replaced here by the four-membered
squarate (C4) rings, and are now linked by 12 cobalt octa-
hedra instead of oxygen atoms. This organisation has al-
ready been encountered for a few other metal ions,[60b–60d]

particularly nickel,[60b] and is therefore certainly a thermo-
dynamically stable topology.
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Scheme 2. Modes of coordination of the tricarboxylate ions observed in compounds 31–39.

Scheme 3. Modes of coordination of the tetra- and hexacarboxylate
ions observed in compounds 40–43.

Magnetic measurements have been undertaken for most
of the listed compounds and show diverse and usually ex-
tremely complicated behaviours, with competition between
antiferromagnetic (AF) and ferromagnetic (F) interactions.
This can be explained by the diversity of the inorganic net-
works and, of course, by their complexity. It is usual to have
several independent metal centres, in a single architecture,
showing various bond lengths and angles and sometimes,
with cobalt, different geometries.

It is well known that connections with large M–O–M
angles favour antiferromagnetic superexchange whereas
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connections with angles close to 90° favour ferromagnetic
interactions,[61] although the M–O–C–O–M pathway
should also be taken into account as well as the weak coup-
ling between metal assemblies via organic bridges. The
complexity of the M–O–M connectivity, as illustrated by
MIL-73, in which octahedra are linked by faces, edges and
corners, means that compounds often present interactions
with different signs and strengths and are often frustrated.
The only porous 3D oxide network described as a pure
ferromagnet, MIL-77, is cubic with two independent octa-
hedrally nickel atoms connected by sharing edges.

The two compounds with a lozenge-shaped topology and
the same inorganic backbone, namely 15 and [Ni3(OH)2-
(trans-C8H10O4)2(H2O)4·4H2O], both present a ferrimag-
netic behaviour, with a lower critical temperature for the
second compound, which may be due to the difference of
the organic moieties.[59] [Ni3(OH)2(cis-C8H10O4)2(H2O)4·
2H2O] has also been synthesised recently by Kurmoo et al.
and can be described as being formed from the same oxide
chains but connected by a cis-1,4-cyclohexanedicarboxylate
instead of a trans one.[59] It also exhibits a ferrimagnetic
ordering that reversibly transforms into a ferromagnetic one
upon partial dehydration, thus showing once again the
complexity of the interaction pathways.

It is also not unusual that isostructural compounds ob-
tained with cobalt and nickel display different dominant
magnetic interactions[20,52] — antiferromagnetic for cobalt
compounds and ferromagnetic for their nickel analogues.

Finally, the numerous nickel and cobalt carboxylates pre-
sented above illustrate the variety of structural architec-
tures. Taking into account their great diversity, carboxylates
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Table 1. Cobalt and nickel polycarboxylates.

Organic acid Compound M/org[a] Dim.[b] Synthesis Mode[c] Metal oxide Magnetic Ref.
connectivity interactions

Succinic acid Co(H2O)4(C4H4O4) (1) 1/1 0–1 room temp. 1–a isolated octahedra not given [8]
Co(H2O)2(C4H4O4) (2) 1/1 0–1 100 °C 1–cd trimers of edge- not given [9]

sharing octahedra
Co5(OH)2(C4H4O4)4 (3) MIL-9 5/4 2–3 hydrothermal 180 °C 1–hj edge-sharing ferrimagnetic [10]

octahedra T � 10 K
Co4(OH)2(H2O)2(C4H4O4)3· 4/3 2–2 hydrothermal 180 °C 1–ef edge-sharing ferrimagnetic [11]
2H2O (4) MIL-16 octahedra T � 10 K
Co6(OH)2(C4H4O4)5·H2O (5) 6/5 2–3 hydrothermal 180 °C 1–di CoO5 and CoO6 antiferromagnetic [12]

polyhedra T � 26 K
Co3(OH)2(H2O)4(C4H4O4)2· 3/2 1–3 room temp. 1–d edge-/corner-shar- not given [14]
6H2O (6) ing octahedra
Ni7(OH)2(C4H4O4)6(H2O)2· 7/6 3–3 hydrothermal 150 °C 1–fi edge-/corner -shar- paramagnetic [16]
2H2O (7) ing octahedra
M7(OH)6(C4H4O4)4(H2O)3· 7/4 1–2 hydrothermal 180 °C 1–di edge-/face-sharing ferrimagnetic [17]
7H2O (8) M = Ni, Co MIL-73 (Ni) octahedra T � 20 K

under reflux (Co)

Malonic acid M2(H2O)4(C3H2O4)2 (9) 1/1 0–2 60 °C 1–b isolated octahedra weak antiferro- [20]
magnetic

M = Ni, Co T � 15 K (Co),
very weak
ferromagnetic
T � 7.5 K (Ni)

Glutaric acid Co(C5H6O4) (10) 1/1 0–3 hydrothermal 180 °C 1–d isolated antiferromagnetic [21]
tetrahedra T � 14 K

Ni20(H2O)8(C5H6O4)20·40H2O 1/1 3–3 solvothermal 180 °C 1–ci edge-sharing octa- pure ferromagnet [22]
(11) MIL-77 (water/ethanol) hedra Tc ≈ 4 K

Adipic acid Ni(H2O)4(C6H8O4) (12) 1/1 0–1 room temp. 1–a isolated octahedra paramagnetic [24]
Co2(H2O)6(C6H8O4)2·4H2O (13) 1/1 1–2 room temp. 1–a corner-sharing not given [25]

octahedra

Pimelic acid Co(C7H10O4) (14) MIL-36 1/1 0–3 hydrothermal 180 °C 1–d isolated tetrahedra antiferromagnetic [26]
T � 20 K

Fumaric acid M3(OH)2(H2O)4(C4H2O4)2· 3/2 1–3 hydrothermal 170 °C 1–d edge-/corner-shar- ferrimagnetic [28][29]
2H2O (15) (Ni) ing octahedra T � 20 K (Ni)
M = Ni, Co 50 °C (Co) paramagnetic

(Co)
cis-Co(H2O)4(C4H2O4)·2H2O 1/1 0–1 room temp. 1–a isolated octahedra not given [30]
(16)
trans-Co(H2O)4(C4H2O4) (17) 1/1 0–1 room temp. 1–a isolated octahedra paramagnetic [29][30]

Acetylene-dicar- M(H2O)4(C4O4)·2H2O (18) M 1/1 0–1 room temp. 1–a isolated octahedra not given [31]
boxylic acid = Ni, Co

M(H2O)2(C4O4) (19) M = Ni, 1/1 0–3 by heating 18 at 100 1–d isolated octahedra antiferromagnetic [31]
Co °C T � 50 K (Co

and Ni)

Terephthalic acid Co2(OH)2(C8H4O4) (20) 2/1 2–3 80 °C 1–k edge-/corner-shar- antiferromagnetic [32][33]
ing octahedra T � 48 K

Co(H2O)2(C8H4O4) (21) 1/1 0–3 hydrothermal 120 °C 1–d isolated octahedra paramagnetic [33]
with AF coupling

Isophthalic acid Na3Co6O(OH)(C8H4O4)6·H2O 1/1 0–3 solvothermal 180 °C 1–g hexamers of antiferromagnetic [34]
(22) MIL-104 (water/ethanol) corner-sharing T � 50 K

octahedra

Phthalic acid Co3(OH)2(C8H4O4)2 (23) 3/2 2–2 hydrothermal 200 °C 1–k edge-sharing octa- not given [36]
hedra

4-Cyclohexene- Co(C8H8O4) (24) 1/1 0–2 hydrothermal 180 °C 1–d isolated tetrahedra not given [37]
1,2-dicarboxylic
acid

1,4-Cyclohexane- Co5(OH)8(C8H10O4)·4H2O (25) 5/1 2–3 hydrothermal 170 °C 1–a edge-sharing octa- ferrimagnetic [39]
dicarboxylic acid hedra and corner- T � 60.5 K

sharing tetrahedra

4-Carboxycin- Co(H2O)2(C10H6O4) (26) 1/1 0–3 hydrothermal 120 °C 1–d isolated octahedra paramagnetic [40]
namic acid
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Table 1. (continued)

Organic acid Compound M/org[a] Dim.[b] Synthesis Mode[c] Metal oxide Magnetic Ref.
connectivity interactions

1,4-Naphthalene- Co(C12H6O4) (27) 1/1 1–3 hydrothermal 170 °C 1–k edge-sharing octa- intrachain: ferro- [41]
dicarboxylic acid hedra magnetic

interchain: antifer-
romagnetic Tc =
5.5 K

2,6-Naphthalene- M(H2O)4(C12H6O4) (28) M = 1/1 0–1 room temp. 1–a isolated octahedra not given [42]
dicarboxylic acid Ni, Co

Diphenic acid M(H2O)4(C14H8O4) (29) M = 1/1 0–1 hydrothermal 170 °C 1–a isolated octahedra (Co) paramag- [43a]
Ni, Co netic (Ni) para-

magnetic
with F (intra-
chain) and AF
(interchain)
couplings

Co6(OH)2(H2O)4(C14H8O4)5 6/5 1–1 hydrothermal 170 °C 1–dei edge-sharing octa- paramagnetic [43b]
(30) hedra and corner- with AF coupling

sharing tetrahedra

Trimesic acid M3(H2O)12(BTC)2 (31) M = Ni, 3/2 0–1 hydrothermal 140 °C 2–ac isolated octahedra not given [45]
(H3BTC) Co

NaCo3(OH)(H2O)11(BTC)2· 3/2 0–1 room temp. 2–bf trimers of edge- not given [47]
1.5H2O (32) sharing octahedra
Ni3(H2O)8(BTC)2 (33) 3/2 0–2 solvothermal 180 °C 2–g trimers of corner- paramagnetic [48]

sharing octahedra with F coupling
Ni2F(H2O)4(BTC)·2H2O (34) 2/1 0–2 hydrothermal 150 °C 2–h tetramers of edge not given [49]

and corner-shar-
ing octahedra

Co3(H2O)6(BTC)(HBTC)- 1/1 0–2 hydrothermal 180 °C 2–de isolated octahedra paramagnetic [50]
(H2BTC)·2H2O (35) with AF coupling
K[Co3(BTC)(HBTC)2]·5H2O 1/1 1–3 hydrothermal 180 °C 2–ij edge-/corner-shar- paramagnetic [50]
(36) ing octahedra

1,2,3-Benzenetri- Co2(OH)(H2O)(1,2,3-BTC)· 2/1 1–3 hydrothermal 200-220 2–j corner-sharing paramagnetic [51]
carboxylic acid H2O (37) °C octahedra, trigo- with AF coup-
(1,2,3-H3BTC) nal bipyramids, ling – spin frus-

and tetrahedra tration
Co2(OH)(1,2,3-BTC) (38) 2/1 1–2 hydrothermal 200-220 2–l tetrahedra sharing ferrimagnetic [51]

°C edge with octahe- T � 40 K
dra and corner-
sharing octahedra

cis,cis-Cyclohex- M3(H2O)4(CTC)2·5H2O (39) M 3/2 1–3 hydrothermal 170 °C 2–k edge-/corner-shar- (Co) dominant [52]
ane-1,3,5-tricar- = Ni, Co ing octahedra antiferromagnetic
boxylic acid tending towards
(H3CTC) ferrimagnetic at

low temp. (Ni)
mostly ferro-
magnetic

1,2,4,5-Ben- Co2(H2O)4(PM)·2H2O (40) 2/1 0–3 hydrothermal 110 °C 3–b isolated octahedra paramagnetic [53]
zenetetra-carbox-
ylic or pyromel-
litic acid (H4PM)

Co2(PM) (41) 2/1 1–3 hydrothermal 170 °C 3–a edge-sharing octa- antiferromagnetic [53]
hedra TN = 16 K ferro-

magnetic T � 13
K

Co5(OH)2(H2O)4(PM)2 (42) 5/2 1–3 hydrothermal 190 °C 3–c edge-/corner-shar- not given [54]
ing octahedra

Benzenehexa- Ni4(OH)2(H2O)6(MLT) (43) 4/1 1–2 hydrothermal 170 °C 3–d edge-/corner-shar- paramagnetic [55]
carboxylic ing octahedra with AF coupling
or mellitic acid
(H6MLT)

[a] The “M/org” column refers to the ratio number of metal ions/number of organic moieties. [b] The first number in the “Dim.” column
refers to the M–O–M dimensionality and the second refers to the total dimensionality. [c] The “mode” column refers to the mode of
coordination of the polycarboxylate ions (see Schemes 1–3).
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are the partners of choice for constructing novel materials
with interesting properties such as porosity, chirality or
magnetism. Thus, much still remains to be understood in
this field, although it is clear that very simple organic part-
ners can lead to the most remarkable frameworks.
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A new type of iridium(III) complex [trans-Ir(ppy)2(PPh3)2]+ (1)
has been prepared by a novel synthetic method and its struc-
tural and photoluminescent characteristics have been com-
pared with those of the cis analogue, [cis-Ir(ppy)2(PPh3)-

Introduction

Studies on iridium(III) complexes of 2-phenylpyridinato
(ppy) and related ligands have been extensively carried out
as their characteristic luminescent properties seem to be uti-
lizable in the display industry.[1] There are three different
types of compounds reported thus far: tris-ppy complexes,
fac- and mer-Ir(ppy)3;[1c,2] bis-ppy complexes, cis-
Ir(ppy)2(L)(L�);[3] and mono-ppy complexes, trans,cis-
Ir(ppy)(PR3)2(L)(L�) [trans-(PR3)2, cis-(L)(L�)].[1a] Emission
characteristics such as λmax, ΦPL, and τ are somewhat suc-
cessfully controlled by modifying the ppy ligand and by in-
troducing diverse ancillary ligands (L and L�).[1–4]

There has been no report of trans-Ir(ppy)2(L)(L�) con-
taining two ppy ligands trans to each other probably be-
cause of the lack of the established synthetic procedures,
although these trans bis-ppy complexes are expected to
show emission properties that are comparable with those of
cis-Ir(ppy)2(L)(L�); the properties may also be tunable by
modifying the ppy ligand and by varying ancillary ligands.
The trans-M(ppy)2 moiety is only observed in four-coordi-
nate Pt(ppy)2

[5,6] and Pd(ppy)2,[6] which also emit strongly
in the visible region.

We now report the synthesis of new complexes [trans-
Ir(ppy)2(PPh3)2]+ (1) with the two nitrogen atoms cis to
each other and [cis-Ir(ppy)2(PPh3){P(OPh)3}]+ (2) and their
emission characteristics.
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(P(OPh)3)]+ (2) which has also been newly prepared in this
study.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Results and Discussion

Synthesis

Complex 1, [trans-Ir(ppy)2(PPh3)2]+(OTf), is synthesized
in high yield following the procedure depicted in Equation
(1) where the ppy ligands are added to the metal one by
one. Complex 3 was chosen as the starting material because
of its unique reactivity that results from the four equatorial
ligands (H)2(MeCN)2. These equatorial ligands can be
readily replaced by two anionic hydrocarbyls and two other
neutral ligands.[7] The mono-ppy complex [Ir(ppy)-
(H)(NCMe)(PPh3)2]+ (4) has to be isolated in good purity
for the next step (4�5) to obtain 1 in high purity and yield.
An analogous mono-ppy complex [Ir(ppy)(H)(OC-
Me2)(PPh3)2]+ was previously prepared.[8] The two ligands
(H)(MeCN) of 3 are readily replaced with one ppy ligand
to give complex 4 by facile dissociation of the MeCN ligand
along with H2 evolution. Complex 4, however, does not re-
act further with ppyH in refluxing toluene. The reaction
mixture of 4 and ppyH in C3H7OC2H4OH (b.p. 150 °C)
heated at reflux affords 1 with unknown materials, whereas
the reaction in refluxing C2H5OC2H4OH (b.p. 133 °C) gives
a stable complex [trans-Ir(ppy)(ppyH)(H)(PPh3)2]+ (6)
[Equation (2)] which does not undergo further reaction. Re-
placement of the labile MeCN ligand by ppyH was also
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observed in the reaction of [IrI(NCMe)(CO)(PPh3)2]+ at
25 °C to give [IrI(CO)(ppyH)(PPh3)2]+ which undergoes
oxidative addition of ppyH to produce [Ir(ppy)(H)-
(CO)(PPh3)2]+ at the elevated temperature.[9] Insertion of a
bulky alkyne into the Ir–H bond of 4 makes abstraction of
the bulky alkenyl ligand, –CH=CH–p-C6H4CH3, of 5 facile
to give 1. Alkyne insertion into the Ir–H bond of 6 has
not been observed yet. Formation of stable hydrocarbon
CH2=CH–p-C6H4CH3 may facilitate the production of 1
from 5. Attempts to replace one PPh3 of 1 with P(OPh)3 to
prepare [trans-Ir(ppy)2(PPh3){P(OPh)3}]+ have been unsuc-
cessful thus far.

Complex 2, [cis-Ir(ppy)2(PPh3){P(OPh)3}]+(OTf), has
been synthesized [Equation (3)] in order to compare its
properties with those of 1. Attempts to prepare [cis-
Ir(ppy)2(PPh3)2]+ have been unsuccessful, probably because
PPh3 is too large for the cis-Ir(ppy)2 moiety to have two
PPh3 in the cis position[10] (see below for the crystal struc-
ture of 2). Although monophosphorus ligand complexes
such as cis-Ir(ppy)2(PR3)(X) (X = Cl, CN; R = Ph, nBu,
OPh)[3c] have been previously prepared, no report of a bis-
(phosphorus base ligand) complex such as [cis-Ir(ppy)2-
(PR3){P(OPh)3}]+ (2) has been made.

Complexes 1F2, 1F2Me, 2F2, and 2F2Me have also been
prepared by the same procedures shown in Equations (1)
and (3) to investigate the effects that modification of the
ppy ligand would have on the emission characteristics of
complexes 1 and 2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4979–49824980

Newly prepared complexes 1, 1F2, 1F2Me, 2, 2F2,
2F2Me, 4, 5, and 6 have been unambiguously characterized
by detailed spectral (1H-, 13C-, 31P NMR, IR, TOF mass)
and elemental analysis data and also crystal X-ray diffrac-
tion data analysis for 1 and 2. Assignment of the spectral
signals is mostly straightforward (see Supporting Infor-
mation for spectra and detailed assignments).

Crystal Structures

Figures 1 and 2 show the two nitrogen atoms that are cis
to each other in trans-isomer 1 but trans to each other in
cis-isomer 2. Figure 2 shows the two ppy groups being
pushed away from the two phosphorus ligands, which re-
sults in a notable difference between the two Ir–N distances
(2.089 and 2.042 Å) and the N–Ir–N bond angle (164°),
which is far smaller than 180°. It seems less likely for cis-
bis(ppy) complex 2 to maintain two bulky PPh3 groups in
the cis position without severe steric hindrance. Density
function theory calculations suggest that the HOMO of
Ir(ppy)3,[1c,11] Ir(ppy)2L2,[1f,11] and Pt(ppy)L2

[12] involve dπ-
orbitals of the metal and whose energy level is closely re-
lated to the bond lengths between the metal and the ligands.
Both Ir–N and Ir–C distances for 1 are very close to those
of fac-Ir(ppy)3 and fac-Ir(tpy)3 (see Table 1) where all N
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atoms are trans to the C atoms. The Ir–N distances are
longer in trans complex 1 than those in cis complexes 2 and

Figure 1. ORTEP drawing of [trans-Ir(ppy)2(PPh3)2]+ (1) with ther-
mal ellipsoids drawn at the 50% probability level. Selected bond
lengths [Å]: Ir1–C42 = 2.050(5); Ir1–C30 = 2.052(5); Ir1–N31 =
2.160(4); Ir1–N19 = 2.168(4); Ir1–P2 = 2.3802(12); Ir1–P1 =
2.3891(12). Selected bond angles [°]: C30–Ir–N31 = 178.99(16);
C42–Ir–N19 = 178.81(17); P1–Ir–P2 = 179.19(4).

Figure 2. ORTEP drawing of [cis-Ir(ppy)2(PPh3){P(OPh)3}]+ (2)
with thermal ellipsoids drawn at the 50% probability level. Selected
bond lengths [Å]: Ir–N1 = 2.089(11); Ir–N13 = 2.042(11); Ir–C12
= 2.072(13); Ir–C24 = 2.071(12); Ir–P25 = 2.307(3); Ir–P47 =
2.433(3). Selected bond angle [°]: N1–Ir–N13 = 164.3(4); C12–Ir–
P25 = 169.3(4); C24–Ir–P47 = 177.0(4).

Table 1. Structural and Photoemission data for [trans-Ir(ppy)2(PPh3)2]+ (1), [cis-Ir(ppy)2(PPh3){P(OPh)3}]+ (2) and related complexes.

Complex Ir–C [Å] Ir–N [Å] Ir–P [Å] λmax [nm]

[trans-(ppy)2Ir(PPh3)2]+ (1) 2.050, 2.052 2,160, 2.168 2.380, 2.389 470, 497
[cis-(ppy)2Ir(PPh3){P(OPh)3}]+ (2) 2.072, 2.071 2.089, 2.042 2.307, 2.433 458, 488
fac-Ir(ppy)3

[1d] 2.035 2.167 545
fac-Ir(tpy)3

[a],[1c] 2.024 2.132 510
mer-Ir(tpy)3

[a],[1c] 2.076, 2.086, 2.020[c] 2.151,[d] 2.044, 2.065 512
cis-(tpy)2Ir(P–P)[a,b],[1f] 2.047, 2.057 2.082, 2.083 2.420, 2.431 468

[a] tpy = 2-(p-tolyl)pyridinato. [b] P–P = (PPh2CH2)2BPh2. [c] trans to N. [d] trans to C.
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cis-Ir(tpy)2(P–P) (Table 1). The Ir–P [phosphite, P(OPh)3]
distances are shorter than those in Ir–P [phosphane, PPh3,
(PPh2CH2)2BPh2] (see Table 1).

Emission Spectral Data

Both trans- and cis- complexes (1 and 2, respectively) dis-
play relatively strong emission in the green–blue color re-
gion (see λmax in Table 2). trans-Bis(PPh3) complex 1 shows
the λmax emission at a somewhat longer wavelength than
that of cis-(PPh3)[P(OPh)3] complex 2. This small difference
in λmax may be due to the P(OPh)3 in 2 since cis-Ir(ppy)2-
X(PPh3) complexes show their emission at longer wave-
lengths than do cis-Ir(ppy)2X[P(OPh)3] complexes.[3c]

Table 2. Photoluminescence spectroscopic data in degassed MeCN
at 25 °C for [trans-Ir(ppy)2(PPh3)2]+ (1), [trans-Ir(F2ppy)2-
(PPh3)2]+ (1F2), [trans-Ir(F2Meppy)2(PPh3)2]+ (1F2Me), [cis-Ir-
(ppy)2(PPh3){P(OPh)3}]+ (2), [cis-Ir(F2ppy)2(PPh3)2]+ (2F2) and
[cis-Ir(F2Meppy)2 (PPh3)2]+ (2F2Me). [Ir] = 1·10–5 .

Complex λmax [nm] ΦPL τ [µs]

1 470, 497 0.24 4.4
1F2 452, 479 0.36 4.8
1F2Me 450, 475 0.37 3.5
2 458, 488 0.18 0.31
2F2 444, 473 0.91 2.8
2F2Me 442, 470 0.72 2.9

It is well-established that λmax emission bands for cis-
Ir(ppy)2(L)(L�) are shifted to shorter wavelengths when the
ppy ligand is F-substituted on the phenyl ring and Me-sub-
stituted on the pyridyl ring.[1c,g,3b,4] It is noticed that the
blueshifts, which result from the exchange of a ppy ligand
to either a F2ppy or F2Meppy ligand, are greater for the
trans complexes (1, 1F2, 1F2Me) than they are for the cis
complexes (2, 2F2, 2F2Me) (see Table 2). It is also noticed
that quantum yields are significantly larger for F2ppy (1F2)
and F2Meppy (1F2Me) complexes than for ppy (1) com-
plexes. A striking increase in ΦPL is observed when the ppy
ligand of 2 is replaced with either a F2ppy or F2Meppy
ligand (Table 2).

In conclusion, a new type of iridium(III) complex [trans-
Ir(ppy)2(PPh3)2]+ (1) has been prepared by a novel synthetic
method and its structural and photoluminescent character-
istics have been compared with those of the cis analogue,
[cis-Ir(ppy)2(PPh3){P(OPh)3}]+ (2), which has also been
newly prepared in this study. No significant differences have
been found for their photoluminescent properties because
of the geometric differences between trans-1 and cis-2. Sky
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blue color emission can be obtained by replacing the ppy
ligands of 1 or 2, which produce greenish–blue light, with
either F2ppy or F2Meppy ligands. New synthetic methods
are currently under investigation to replace the PPh3 axial
ligand of 1 with a variety of ligands to prepare [trans-
Ir(ppy)2(L)(L�)]+,0 (L, L� = neutral or anionic C, N, P, O-
base) which would show diverse luminescent characteristics.
Finally, we wish this study to open a new research field that
deals with light emitting iridium complexes containing two
ppy ligands and related cyclometalated ligands trans to each
other.

Supporting Information (see footnote on the first page of this arti-
cle): 1H-, 13C-, 31P NMR spectra for 1–6. Experimental details with
1H-, 13C-, 31P NMR, FTIR, TOF-Mass spectral and EA data. PL
decay diagrams. CCDC-617305 (1) and -617304 (2) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Uniform nanocrystalline mesoporous mixed cobalt–nickel
spinel phases displaying unimodal pores in the 7–12 nm
range and relatively high specific surface areas up to 83 m2/
g were prepared by a novel low temperature synthesis ap-
proach in which the desired metal oxide stoichiometries were
introduced on a molecular level by reacting heterometallic
alkoxide precursors in the presence of supramolecular liquid

Introduction
Since the discovery of periodic mesoporous silicas[1] there

has been a great interest in developing new materials with
diverse compositions, properties and functionalities.[2] In
particular, cobalt and nickel oxides are important materials
for current technologies. These materials find applications
as heterogeneous catalysts, sensors, electrochromic, electri-
cal and optoelectronic devices.[3] Cobalt-based catalysts are
of great interest in the field of heterogeneous catalysis. In
the oxidized state they are active catalysts for the total com-
bustion of organic molecules.[4] In combination with Mo or
W dispersed on an alumina support, they are precursors
of sulfided catalysts for hydrosulfurization;[5] and after pre-
reduction, they are highly efficient Fischer–Tropsch synthe-
sis catalysts.[6] The Co–Fe–O system has been used as a cat-
alyst for low-temperature oxidation of phenol into non-
toxic compounds,[7] while NiO was investigated as a catalyst
for the oxidation of CO.[8] It is well documented that spinels
containing transition-metal ions function as efficient cata-
lysts in a number of heterogeneous processes, such as CO
oxidation,[9] catalytic combustion of hydrocarbons[10] and
selective oxidation and reduction of organic molecules.[11]
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crystalline phases. The resultant phases, composed mainly of
ca. 8–11 nm uniform cobalt–nickel spinel nanoparticles, were
highly promising as low-temperature hydrocarbon combus-
tion catalysts investigated in a model reaction of propane oxi-
dation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

In particular, Co- and Ni-based mixed oxides including spi-
nels are frequently used as highly efficient hydrocarbon
combustion and partial oxidation catalysts.[12]

In the past, cobalt–nickel oxide spinels have been pre-
pared by diverse synthetic routes, such as co-precipi-
tation,[13a,13b] sol-gel[13c,13d] carbonate decomposition,[13c]

cryochemical,[13b] spray-pyrolysis.[13b,13e] However, these
synthesis approaches have shown poor control over compo-
sition and crystal-size homogeneity. Chi et al.[13a] prepared
hexagonal NiCo2O4 spinels (ca. 200 nm) by a co-precipi-
tation method. Although the particle sizes became uniform
at calcination temperatures above 400 °C, NiO was present
as secondary phase. Lapham and Tseung[13b] reported the
synthesis of NiCo2O4 spinels by several synthesis methods,
including co-precipitation, salts decomposition, cryochemi-
cal and spray-pyrolysis. Although spinel crystal sizes in the
order of 5–16 nm were obtained, these phases were com-
posed of non-homogeneous particles with poorly crystalline
structures. Furthermore, the presence of undesirable phases
such as NiO, Co3O4 and NiCoO2 confirmed metal oxide
segregation. Attempts to synthesize NiCo2O4 spinels em-
ploying sol-gel chemistry have led to poorly crystalline
phases with the presence of undesirable NiO, Co3O4.[13c,13d]

Herein, we present the novel soft chemical synthesis of
mesoporous nanocrystalline cobalt–nickel spinel by the self-
assembly of heterometallic alkoxides in the presence of
supramolecular liquid crystalline phases. The use of hetero-
metallic alkoxide precursors allows one to incorporate the
desired metal oxide stoichiometries. This novel soft-chemis-
try approach affords desired bulk compositions in nano-
crystalline mixed metal oxides under mild conditions, which
prevents metal oxide segregation and eliminates the need
for high synthesis temperatures commonly required for so-



M. A. Carreon, V. V. Guliants et al.SHORT COMMUNICATION
lid-state reactions. The resultant mesophases were investi-
gated in the model reaction of propane oxidation.

Results and Discussion
Several promising synthesis strategies to overcome the

limited thermal stability of mesostructured mixed transi-
tion-metal oxides have been recently reviewed.[14] One of
these strategies was adopted in this work, i.e. the elimi-
nation of strong electrostatic interactions at the inorganic–
organic interface by directing the synthesis by weak hydro-
gen-bonding interactions, and consequently improving the
thermal stability of the final mesostructure.[14a] This was
accomplished by using the non-ionic oligomeric surfactant
Brij-35 as a structure-directing agent. As inorganic source,
an heterometallic single-source precursor (Ni0.33Co0.67)-
(OMe)(acac)(MeOH) was used for the synthesis of mesopo-
rous nanocrystalline cobalt–nickel oxide spinels. 1-Butanol
was chosen as a solvent due to its relatively hydrophobic
nature, which promotes an enhanced phase separation be-
tween the template and the inorganic phase leading to a
better defined mesostructure with robust inorganic walls.[15]

The mesoscopic order of the as-synthesized mixed oxide
mesophase was confirmed by SAXS. The SAXS pattern of

Figure 1. SAXS pattern of the as-synthesized mesoporous Co–Ni
oxide phase.

Figure 2. Nitrogen adsorption-desorption isotherms and pore size distribution of mesoporous nanocrystalline cobalt–nickel oxides cal-
cined at (a) 350 °C, (b) 400 °C and (c) 450 °C.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 4983–49884984

the as-synthesized mesoporous Co–Ni oxide phases (Fig-
ure 1) showed a single broad peak at a d spacing of ca.
13.5 nm suggesting the formation of a wormhole meso-
structure. Upon calcination at 350, 400 and 450 °C, the low
2Θ angle peak disappeared and the amorphous walls of the
as-synthesized mesophase began to crystallize. In spite of
the low 2Θ angle peak disappearance for the calcined sam-
ples, highly porous mesostructures were observed as con-
firmed by porosimetry studies. The nitrogen adsorption–de-
sorption isotherms and BJH pore-size distributions on the
basis of the adsorption branches of the N2 isotherms for
mesoporous Co–Ni oxide phases calcined at different tem-
peratures are shown in Figure 2. The sample calcined at
350 °C showed a type IV isotherm representative of meso-
porous solids with an H2 hysteresis loop, suggesting the
presence of ink-bottle-shaped or cage-type pores.[16] It had
a specific surface area of ca. 83 m2/g with average unimodal
pore diameter of 7 nm. The sample calcined at 400 °C also
showed a type IV isotherm with an H2 hysteresis loop. It
possessed a specific surface area of ca. 35 m2/g with average
unimodal pore diameter of 11.5 nm. Higher calcination
temperature led to the collapse of the mesoporous structure
as shown in part c of Figure 2. This sample calcined at
450 °C shows only a specific surface area of ca. 12 m2/g
with disordered random pore-size distribution, indicating
the formation of a nonmesoporous structure. The moderate
alkaline conditions employed in our synthesis near the iso-
electric point of both hydroxo systems, i.e. pH ca. 8 for
Co3+ and pH ca. 8–10 for Ni2+,[17] enhanced the condensa-
tion of the Co and Ni ions at the micellar interface.
Furthermore, the synthesis conditions near the isoelectric
point were favorable for the mesostructural organization of
the Co–Ni–O species enabling the formation of hetero-
metallic sol particles. The enhancement in cross-linking of
the inorganic framework may be in part responsible for the
thermal stability of these mesophases. Furthermore, the
TEM image of the thermally stable mesoporous Co–Ni ox-
ide phase shown in Figure 3 confirmed the presence of
highly porous nanostructured aggregates. An average pore
diameter of ca. 7–8 nm can be observed in agreement with
the nitrogen porosimetry data.
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Figure 3. TEM image of mesoporous nanocrystalline cobalt–nickel
oxide spinel calcined at 350 °C.

These uniform mesoporous nanostructures were com-
posed of NiCo2O4 and NiO nanocrystals. Despite the
crystallization of amorphous walls upon calcination, the
composition of the spinel phase remained essentially the
same as that of the original heterometallic alkoxide precur-
sor. Table 1 summarizes the textural properties and spinel
average crystal size of the mesoporous cobalt–nickel oxide
phases at different calcination temperatures. Figure 4 shows
the PXRD patterns of the cobalt–nickel oxide phases as a
function of calcination temperature, whereas Table 2 sum-
marizes their compositional and structural properties. The
structural properties of the uniform nanocrystalline meso-
porous phases were determined using Topas profile fitting
software.[18] These findings indicated that the spinel content
remained practically unchanged at 81–84% for samples cal-

Table 2. Compositional and structural parameters of mesoporous nanocrystalline cobalt–nickel oxides as a function of calcination tem-
perature.

T [°C] Phase Phase content [wt.-%] Lattice parameter [Å] Volume [Å3] Mean domain size [nm] Lattice disorder, e0
[a]

350 NiCo2O4 81.1 8.14 539 8.4 0.22
Fd3 m
NiO 17.1 4.19 73.1 9.7 0.70
Fm3m
Ni,Co 0.80 3.54 44.3 19.4 0.01
Fm3m

400 NiCo2O4 83.8 8.13 538 11.1 0.12
Fd3m
NiO 15.8 4.19 71.0 14.2 0.95
Fm3m
Ni,Co 0.40 3.54 44.4 19.5 0.00
Fm3m

450 NiCo2O4 73.2 8.13 537 20.6 0.19
Fd3m
NiO 25.8 4.21 74.4 18.8 0.43
Fm3m
Ni,Co 1.0 3.54 44.4 20.5 0.00
Fm3m

[a] The lattice disorder (measured as an average strain, e0) is directly related to the atomic disorder of the metals in the lattice.
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cined at 350 °C and 400 °C, whereas the nanoparticle size
increased from 8.4 nm to 11.1 nm, respectively, due to pro-
gressive crystal growth. A remarkable change in composi-
tional and structural properties is evident for the sample
calcined at 450 °C. This particular sample contained only
73% of 20.6 nm spinel nanocrystals. The excessive crystal
growth at higher calcination temperatures was responsible

Table 1. Selected textural properties and spinel average crystal size
of mesoporous nanocrystalline cobalt–nickel oxides as a function
of calcination temperature.

Sample Average pore Specific surface NiCo2O4 particle
size [nm] area [m2/g] size [nm]

mesoporous/350 °C 7.0 83.8 8.4
mesoporous/400 °C 11.5 35.0 11.1
mesoporous/450 °C – 12.1 20.6

Figure 4. PXRD patterns of mesoporous nanocrystalline cobalt–
nickel oxides calcined at (a) 350 °C, (b) 400 °C and (c) 450 °C. s =
NiCo2O4, o = NiO, * = Ni, ∧ = Co.
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Table 3. Catalytic properties of dense Co–Ni–O spinel and mesoporous Co–Ni–O oxides in propane combustion at 280 °C. Feed: 6.3
vol.-% propane, 9.4 vol.-% O2 and balance He.

C3 conversion S(CO)[a] S(CO2) C3 combustion rate
Catalyst mol-% mol-% mol-% nanomol/m2 s

dense spinel 11 79 21 1.76
mesoporous/350 °C 59 37 63 1.40
mesoporous/400 °C 64 31 69 3.59
mesoporous/450 °C 9 29 71 1.42

[a] S = selectivity.

for the mesostructure collapse. Traces of Ni and Co metals
were also detected in all three mesoporous samples.

The morphological changes of the uniform mesoporous
mixed Co–Ni oxide phases as a function of calcination tem-
perature are shown in Figure 5. The sample calcined at
350 °C was very uniform containing spheroidal ca. 8.4-nm
spinel nanoparticles. The sample calcined at 400 °C con-
tained spheroidal ca. 11.1-nm spinel nanoparticles as well
as rhombohedral crystals of some minority phase, probably
NiO. Excessive growth of spinel nanocrystals within the
channel walls of the inorganic framework led to the forma-
tion of well-defined hexagonal and rhombohedral 20-nm
spinel nanocrystals which disrupted the mesoporous struc-
ture.

The CH analysis (Robertson Microlit Laboratories) indi-
cated that only 0.42, 0.66 and 0.30% C remained in the 350,
400 and 450 °C calcined mesoporous Co–Ni oxide phases,
respectively.

Table 3 shows representative catalytic properties of the
uniform mesoporous Co–Ni oxides and a dense Co–Ni ox-
ide spinel in propane combustion. The mesoporous cata-
lysts calcined at 350 and 400 °C were much more active in
propane combustion than the dense spinel and mesoporous
catalyst calcined at 450 °C. These catalysts showed a high
degree of propane conversion to CO and CO2 at the same
gas space velocity indicating that these mesoporous Co–Ni
oxides contained a higher number of active surface sites,
whereas the catalytic behavior of the mesoporous Co–Ni
oxide calcined at 450 °C was similar to that of the dense
spinel, confirming that the former phase was no longer
mesoporous. The catalytic data were further analyzed in
terms of propane combustion rate normalized by the sur-
face areas of these model catalysts. Some variation of the
propane combustion rate was observed (Table 3) suggesting
that the nature of the active surface sites was largely unaf-
fected by the self-assembly process. Moreover, the mesopo-
rous catalysts calcined at 350 and 400 °C were significantly
more selective to CO2 than CO as compared to the dense
spinel phase, which is highly desirable for catalytic combus-
tion applications. We believe that the mesoporous samples
showed superior catalytic behavior not only due to their
greater surface areas and mesoporous structure, but also
because of the relatively small size of the spinel crystallites.
In particular, the higher combustion rate observed for the
mesoporous sample calcined at 400 °C suggests the exis-
tence of optimal crystallite size in the nanoscale regime.
Furthermore, the presence of mesoporous channels en-
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Figure 5. High resolution SEM images of mesoporous nanocrys-
talline cobalt–nickel oxides calcined at (a) 350 °C, (b) 400 °C and
(c) 450 °C.

hanced the diffusion of reactant and product molecules and
improved the mass-transfer characteristics of Co–Ni–O spi-
nels.

Conclusions

Uniform nanocrystalline mesoporous cobalt–nickel ox-
ide spinels were prepared by employing a heterometallic



Cobalt–Nickel Oxide Spinels for Propane Oxidation SHORT COMMUNICATION
alkoxide precursor and oligomeric alkyl-ethylene oxide sur-
factant as a structure-directing agent. These resultant meso-
porous phases displayed unimodal pores in the 7–12 nm
range and relatively high specific surface areas up to 83 m2/
g. The mesoporous phases were composed mainly of ca. 8–
11 nm Co–Ni–O spinel nanocrystals. These nanocrystalline
uniform cobalt–nickel oxides were studied as catalysts in
the combustion of propane, showing higher propane con-
version to CO and CO2 as compared to a conventional
dense spinel. This improved catalytic behavior may be re-
lated to their morphological and structural advantages such
as larger surface area and mesoporous structure, and to the
relatively small size of the spinel crystallites. Furthermore,
this soft chemistry method is highly promising for the gene-
ral synthesis of nanocrystalline and mesoporous mixed
metal oxides with desired bulk stoichiometries from hetero-
metallic alkoxide precursors in the presence of supramolec-
ular liquid crystalline phases.

Experimental Section
Synthesis of the Heterometallic Single-Source Alkoxide Precursor:
The heterometallic single-source precursor (Ni0.33Co0.67)(OMe)-
(acac)(MeOH) was obtained as follows. Na (2.517 g, 109 mmol)
was refluxed in a solution of anhydrous toluene (50 mL), 2-meth-
oxyethanol (12.5 mL, 164 mmol) and acetylacetone (5.5 mL). A
mixture anhydrous CoCl2 (4.934 g, 36.5 mmol) and Ni(NH3)6Cl2
(4.209 g, 18.2 mol) was added to the above solution under vigorous
stirring. The resultant heterogeneous mixture was refluxed for 2 h,
diluted with additional 20 mL of toluene and refluxed again for
another 2 h. The voluminous sediment of NaCl was precipitated
overnight and the purple solution transferred into a separate flask
and the solvents evaporated to dryness leaving a viscous purple
liquid. It was dissolved then in 50 mL of anhydrous MeOH. The
formation of purple red prismatic crystals started almost immedi-
ately. The mixture was left overnight in a freezer at –30 °C and the
solid product was then separated by decantation, washed with
5 mL of cold MeOH and dried in vacuo. The purity of the resultant
heterometallic Co–Ni alkoxide was confirmed by elemental analysis
and IR. Yield: 9.124 g (76%). (Ni0.33Co0.67)(OMe)(acac)(MeOH)
(221.04): calcd. C 38.0, H 6.4; found C 37.6, H 6.3. IR: ν̃ = 3221
(s br), 1603 (vs br), 1515 (s), 1397 (s), 1255 (m), 1193 (w), 1124
(w), 1045 (s), 1033 (sh), 1014 (m), 922 (m), 765 (m), 636 (w), 571
(m), 554 (m), 435 (s), 416 (s) cm–1. This heterometallic Co–Ni alk-
oxide was used as inorganic precursor.

Synthesis of Mesoporous Nanocrystalline Cobalt–Nickel Oxide Spi-
nels: The mesoporous nanocrystalline cobalt–nickel oxide spinels
were prepared as follows. The synthesized heterometallic single-
source alkoxide precursor (see above) was dissolved in 1-butanol
(Aldrich, 99.9%) and heated at 70 °C. Separately, the oligomeric
alkyl-ethylene oxide surfactant Brij-35 [C12H25(OCH2CH2)23OH,
Aldrich] was dissolved in butanol and then added to the inorganic
precursor solution. This solution was stirred at room temperature
for 3 h, and then precipitated with NH4OH 1  (Fisher Chemicals)
at pH = 8.0–9.0. The resultant grayish slurry was aged in an open
Petri dish at 50 °C for 2 d, and then dried at 90 °C for 1 d to yield
brownish powders upon evaporation. The as-synthesized powders
were calcined at 350 °C, 400 °C and 450 °C to remove the template
and increase crosslinking of the inorganic framework. Typical syn-
thesis compositions on weight basis were 1-butanol:surfactant =
21–26; precursor:surfactant = 0.55–0.60; precursor:solvent =
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0.023–0.026. The surfactant volume fraction expressed as Vtemplate/
(Vtemplate+ Vinorganic) was kept constant at Ø = 0.20–0.25. A refer-
ence sample of dense Co–Ni oxide spinel was also prepared as de-
scribed above, but without the addition of the structure directing
agent. This dense phase was calcined at 450 °C.

Characterization: The nitrogen adsorption–desorption isotherms
were measured with a TRI-STAR 3000 porosimeter. The pore-size
distributions were calculated from the adsorption branch of the
isotherm using the BJH method. The PXRD was measured with a
Siemens D5000 diffractometer using high power Ni-filtered Cu-Kα

radiation with λ = 1.54178 Å source operating at 50 kV/35 mA.
High-resolution SEM analysis was performed with Hitachi S-5200
(30 kV, 10 mA). The samples for SEM were deposited onto carbon
film-supported 200 mesh copper grids. The SAXS pattern was col-
lected in a Hi-Star area two-dimensional multiwire proportional
counter detector (BRUKER AXS GADDS system, λ = 1.5418 Å).
The TEM image was captured with a GATAN multi-scan digital
camera mounted on a JEOL 2010F. The TEM sample was pre-
pared by depositing a small amount of powder on a lacey carbon
200 mesh copper TEM grid. Propane oxidation was conducted at
350–450 °C using a feed of 6.3 vol.-% propane, 9.4 vol.-% oxygen
and balance He and ca. 0.1 g of catalyst packed in a 3/8”-quartz
tubular microreactor in a programmable oven. The flow rate was
4.2 cm3/min in all cases. An HP 5890II gas chromatograph
equipped with an FID and TCD was employed for the reaction
product analysis. The carbon balances agreed within 5 mol%.
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Introduction of an allyl or a hydroxymethyl group to bis(3,5-
dimethylpyrazol-1-yl)acetic acid (1) at the bridging carbon
atom leads to the new tripodal N,N,O ligands 2,2-bis(3,5-di-
methylpyrazol-1-yl)pent-4-enoic acid (Hbdmpzpen) (2) and
2,2-bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionic acid
(Hbdmpzhp) (3). These ligands exhibit similar chemical be-
haviour to that of 1, but they have the additional possibility
to be immobilised to a solid phase. Esterification of the hy-
droxymethyl linker of 3 yields 2,2-bis(3,5-dimethylpyrazol-1-
yl)-3-acetatopropionic acid (Hbdmpzap) (4). The molecular
structures of 2, 3 and 4 all exhibit intramolecular hydrogen
bridges. Introduction of a hydroxymethyl group to methyl
bis(3,5-dimethylpyrazol-1-yl)acetate (5) yields methyl
2,2-bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionate
(Mebdmpzhp) (6), which can be immobilised on Merrifield
polymer to yield modified resin P-6. To investigate the reac-
tivity of these new ligands, manganese and rhenium com-

Introduction

Bis(pyrazol-1-yl)acetic acids have proved to be a versatile
class of N,N,O ligands, structurally related to the well-
known hydrotris(pyrazol-1-yl)borate (Tp). Different syn-
thetic routes for achiral, chiral and enantiopure bis(pyrazol-
1-yl)acetic acids have been developed since their introduc-
tion to coordination chemistry in 1999 by A. Otero.[1,2] A
broad spectrum of transition metal complexes bearing these
ligands revealed their behaviour as weak electron-donating
ligands in inorganic chemistry,[2a,2c] which often behave al-
most identically to Tp ligands. Typical examples are the
manganese and rhenium tricarbonyl complexes
[Mn(bdmpza)(CO)3] and [Re(bdmpza)(CO)3] [bdmpza:
bis(3,5-dimethylpyrazol-1-yl)acetate].[2a] Furthermore,
model complexes with iron(II) and zinc(II) show their po-
tential to mimic the active site of metalloenzymes with a 2-
His-1-carboxylate motif.[2b,2e–2g]

Fixation of these ligands on a solid phase is of particular
interest, especially with regard to the potential use as cata-
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plexes of 2, 3 and 4 have been studied. The molecular struc-
tures of the two manganese complexes [Mn(bdmpzpen)-
(CO)3] (7) and [Mn(bdmpzap)(CO)3] (8) have been confirmed
by single-crystal X-ray structure determination. Saponifica-
tion of polymer resin P-6 and subsequent reaction with
[ReBr(CO)5] yields rhenium tricarbonyl complexes anchored
on Merrifield polymer (P-Re). Solid phase immobilisation of
the [Mn(bdmpzpen)(CO)3] (7) and [Re(bdmpzpen)(CO)3] (9)
complexes on 3-mercaptopropyl functionalised silica is ini-
tialised by AIBN. The tripodal coordination of manganese
and rhenium in these functionalised Merrifield resins (P-Re)
and silica (S-Mn, S-Re) is proven by a single A1 and two E
signals in the IR spectra that are typical for unsymmetrical
“piano stool” type carbonyl complexes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

lysts with easy work up or to achieve dedicated structural
environments with sterically less hindered ligands. Most
methods used for immobilisation of ligands or transition
metal complexes introduce a linker group to the ligand
which connects the ligand through stable covalent bonds to
the solid material.[3] Isolated double bonds as in allyl or
acryl groups open up a broad field of methods available to
immobilise the ligand.[4,5] Common examples are copoly-
merisation, metathesis reactions and especially radical-
induced carbon–sulfur bond formations.[5] Recent investi-
gations on structurally related bis(oxazoline) ligands have
shown the feasibility of immobilising such ligands while
maintaining catalytic activity of the resulting immobilised
complexes.[5b] Alternatively, a hydroxymethyl linker would
allow solid phase fixation by esterification or ether synthe-
sis.

Results and Discussion

We found bis(3,5-dimethylpyrazol-1-yl)acetic acid
(Hbdmpza) (1) to be a convenient starting material for
linker modified ligands, which is accessible from dibromo-
or dichloroacetic acid in a one-step synthesis.[2a,2b] Depro-
tonation of the remaining hydrogen at the bridging carbon
atom in 1 with excess LDA in THF at –80 °C and subse-
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quent alkylation with allyl bromide leads to 2,2-bis(3,5-di-
methylpyrazol-1-yl)pent-4-enoic acid (Hbdmpzpen) (2)
(Scheme 1). Similar modifications of tris(pyrazolyl)methane
ligands with various bases such as nBuLi or LiN[Si-
(CH3)3]2 have been reported recently by D. L. Reger et al.[6]

Scheme 1.

Despite heating under reflux, no reaction of the depro-
tonated carboxylate group with allyl bromide is observed,
although this is a well-known reaction, for example in the
case of fluoroacetic acid.[7] Thus, the asymmetric carboxyl-
ate IR band (THF) is found at 1729 cm–1. The molecular
structure of 2 (Figure 1) was determined by X-ray crystal-
lography, which revealed an intramolecular hydrogen bridge
[d(O1–N11) = 2.504(2) Å] between the carboxylate and the
pyrazolyl group. The 1H and 13C NMR spectroscopic data
of resulting ligand 2 are almost identical to those of 1, ex-
cept for the lack of a 1H NMR resonance of the bridging
CH group and the additional allyl resonances. This is con-
sistent with a Cs symmetry in solution.

A quite similar reaction with paraformaldehyde instead
of allyl bromide yields 2,2-bis(3,5-dimethylpyrazol-1-yl)-3-
hydroxypropionic acid (Hbdmpzhp) (3) (Scheme 1).

Again, the result of an X-ray structure determination of
3 exhibits an intramolecular hydrogen bond [d(O3–N21) =
2.715(3) Å], in this case between the hydroxy and the pyr-
azolyl group (Figure 2).

According to the NMR spectroscopic data, the molecu-
lar structure exhibits Cs symmetry in solution as well. The
IR band (KBr) at 1752 cm–1 is assigned to the carboxylate
signal. In solution, two IR bands occur for the carboxylate
group (THF, 1750 and 1716 cm–1), which indicates that
there is hydrogen bonding between the carboxylate group
and the OH-linker.
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Figure 1. Molecular structure of 2,2-bis(3,5-dimethylpyrazol-1-yl)-
pent-4-enoic acid (2); thermal ellipsoids are drawn at the 50%
probability level. Selected bond lengths [Å] and angles [°]: d(C1–
O1) = 1.3194(18), d(C1–O2) = 1.2058(17), d(O1–N11) = 2.504(2),
�(N12,C2,N22)=108.09(11).

Figure 2. Molecular structure of 2,2-bis(3,5-dimethylpyrazol-1-yl)-
3-hydroxypropionic acid (3); thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths [Å] and angles [°]:
d(C1–O1) = 1.320(3), d(C1–O2) = 1.201(3), d(C3–O3) = 1.414(3),
d(O3–N21) = 2.715(3), �(N12,C2,N22) = 109.6(2).

Because the linker groups are introduced at the bridging
carbon atom, this concept may be extended to homochiral
bis(pyrazol-1-yl)acetic acids, which we reported on re-
cently,[2h,2i] without breaking the chirality or chiral induc-
tion.

Besides direct solid phase fixation, the functional OH-
group of 3 may be used for further modifications. Possible
applications would be linking biomolecules by esterification
or the addition of new linking groups. Esterification with
acetyl chloride at the OH-linker (Scheme 1) leads to 4 and
provides a heteroscorpionate ligand with the protected OH-
linker.

The intramolecular hydrogen group is found in the X-
ray structure, too, [d(O1–N21) = 2.478(3) Å] between the
carboxylic acid and the pyrazole nitrogen (Figure 3).

On the other hand, ligand 3 may be modified at the car-
boxylate donor instead of the OH-linker. This is necessary
depending on the applied procedure of solid phase fixation
(see below) to prevent the carboxylate donor from acting as
a linking group. Although the most obvious protecting
group is methyl ester 6 (Scheme 1), direct esterification of 5
results in 2,2-bis(3,5-dimethylpyrazol-1-yl)-1-ethanol
caused by decarboxylation. Therefore, methyl ester 6 is syn-
thesised by esterification of 1 in a first step and subsequent
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Figure 3. Molecular structure of 2,2-bis(3,5-dimethylpyrazol-1-yl)-
3-acetatopropionic acid (4); thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths [Å] and angles [°]:
d(C1–O1) = 1.306(3), d(C1–O2) = 1.203(3), d(O1–N21) =
2.478(3), �(N12,C2,N22)=108.72(18).

reaction of 5 with LDA and paraformaldehyde to 6
(Scheme 1).

To study the potential of these new ligands, 2, 3, 4 and
6, in coordination chemistry and to examine their chemical
behaviour, tricarbonyl complexes with manganese and rhe-
nium were synthesised. The general synthesis of such tricar-
bonyl metal complexes starts from [MnBr(CO)5] and
[ReBr(CO)5], respectively, and leads after reaction with po-
tassium bis(pyrazol-1-yl)carboxylates to the corresponding
tricarbonyl complexes.[2a]

To verify tripodal binding of the solid-bound ligand,
manganese and rhenium complexes of ligand 4, which bears
the acetyl protected OH-linker, were synthesised accord-
ingly (Scheme 2). The protected OH linker in 4 acts as
model for the solid phase bound ligand.

Scheme 2.

In contrast to 3, ligand 4 reacts with the metal carbonyls
as it is well known for the heteroscorpionate ligand
Hbdmpza.[2a] This is also observed with allyl-functionalised
ligand 2 (Scheme 2).

The formation of tricarbonyl complexes 7 to 10 can be
monitored by IR spectroscopy during the reaction. The
presence of the tricarbonyl complexes is indicated by a sin-
gle A1 and two E signals typical for unsymmetrical “piano
stool” type carbonyl complexes[2a] [7: ν̃(CO) = 2033, 1939
and 1911 cm–1; 9: ν̃(CO) = 2023, 1915 and 1892 cm–1; 8:
ν̃(CO) = 2034, 1940 and 1913 cm–1; 10: ν̃(CO) = 2024, 1918
and 1894 cm–1]. These IR absorptions are in good agree-
ment with those of the complexes [M(bdmpza)(CO)3] (M =
Mn, Re) we reported on earlier and prove the desired κ3-

Eur. J. Inorg. Chem. 2006, 4989–4997 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4991

N,N,O coordination of the ligands.[2a] The IR bands at 1687
(7), 1697 (9), 1692 (8) and 1702 (10) cm–1 are assigned to
the asymmetric carboxylate vibration ν̃asym(CO2

–). Com-
plexes 8 and 10 show an additional IR signal at 1761 and
1762 cm–1, respectively, which was assigned to the asymmet-
ric carboxylate vibration in the acetyl residue. The com-
plexes are also confirmed by the [M + H]+ peaks in the
FAB and FD mass spectra. In the case of 7, in accordance
with [Mn(bdmpza)(CO)3], the 1H NMR spectra consists of
broad signals without clear couplings. Nevertheless, the sig-
nals can be assigned unambiguously. Also the 1H and 13C
NMR spectra of 9 show a clear set of signals for the coordi-
nated bdmpzpen ligand. The carboxylate group shows a 13C
NMR resonance at δ = 164.5 ppm. Two 13C NMR reso-
nances are observed for the carbonyl ligands of complexes 7
and 9 (7: 220.6 ppm, 222.4 ppm, 9: 195.7 ppm, 196.0 ppm).

Finally, X-ray structure analyses of 7 (Figure 4) and 8
(Figure 5) doubtless reveal the κ3-N,N,O coordination of
tripodal N,N,O ligands 2 and 4. Complex 8 crystallised in
a chiral conformation with the acetyl protected linker group
positioned between one pyrazole donor and the carboxylate
donor (Figure 5 and Scheme 3). Both possible enantiomers
are found in the cell because of the space group P-1.

Figure 4. Molecular structure of [Mn(bdmpzpen)(CO)3] (7); ther-
mal ellipsoids are drawn at the 50% probability level. Selected bond
lengths [Å] and angles [°]: d(C1–O1) = 1.266(5), d(C1–O2) =
1.233(4), d(Mn1–N11) = 2.049(3), d(Mn1–N21) = 2.090(3),
d(Mn1–O1) = 1.993(3), d(Mn1–C6) = 1.813(4), d(Mn1–C7) =
1.805(4), d(Mn1–C8) = 1.817(4), d(C6–O6) = 1.153(5), d(C7–O7)
= 1.149(5), d(C8–O8) = 1.149(5), �(N11,Mn1,C8) = 175.15(16),
�(N21,Mn1,C6) = 176.41(15), �(O1,Mn1,C7) = 175.61(14),
�(N11,Mn1,O1) = 83.72(12), �(N21,Mn1,O1) = 85.02(12),
�(N21,Mn1,C7) = 91.77(15), �(N11,Mn1,C7) = 93.09(16),
�(N11,Mn1,N21) = 86.22(12).

Thus, the coordination of the new ligands is not hindered
by the additional linker groups at the bridging carbon
atom. Coordination of the linker to the metal centre instead
of the carboxylate donor does not take place in the case of
2. The position of the allyl group in 7 (Figure 3), as well as
of the acetyl group in 8, indicate its ability to act as a link-
ing group to solid phase. The agreement of the bond lengths
and angles of 7 and 8 with those of the previously reported
[Mn(bdmpza)(CO)3][2a] implies similar ligand properties of
2, 3 and 4 in comparison to those of 1.

Both complexes [Mn(bdmpzap)(CO)3] (8) and
[Re(bdmpzap)(CO)3] (10) exhibit an AB system in the 1H
NMR spectrum for the -CH2O- protons because of the chi-
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Figure 5. Molecular structure of [Mn(bdmpzap)(CO)3] (8); thermal
ellipsoids are drawn at the 50% probability level. Selected bond
lengths [Å] and angles [°]: d(C1–O1) = 1.263(4), d(C1–O2) =
1.226(4), d(Mn1–N11) = 2.037(3), d(Mn1–N21) = 2.060(3),
d(Mn1–O1) = 1.999(3), d(Mn1–C6) = 1.809(4), d(Mn1–C7) =
1.786(4), d(Mn1–C8) = 1.808(5), d(C6–O6) = 1.150(4), d(C7–O7)
= 1.157(5), d(C8–O8) = 1.152(5), �(N11,Mn1,C8) = 173.26(16),
�(N21,Mn1,C6) = 176.70(17), �(O1,Mn1,C7) = 177.21(15),
�(N11,Mn1,O1) = 84.22(11), �(N21,Mn1,O1) = 86.51(11),
�(N21,Mn1,C7) = 92.22(15) �(N11,Mn1,C7) = 93.19(16),
�(N11,Mn1,N21) = 84.39(12).

Scheme 3. Dynamic interconversion of the two enantiomers of
complexes 8 and 10. The Newman projection shows the view along
the C3–C2 axis. The numbering was carried out according to Fig-
ure 5.

rality described above. These AB systems, as well as the
signals of the two methyl groups, are rather broad due to a
dynamic interconversion of the two possible enantiomers
(Scheme 3). This dynamic interconversion might also ex-
plain why rather weak 13C NMR spectroscopic data were
obtained for manganese and rhenium complexes 8 and 10.

In the case of OH-functionalised ligand 3, the IR spectra
of the manganese and the rhenium compounds indicate the
formation of at least two species because several bands for
the CO signals appear. This is backed by NMR spectra,
which shows more than one set of signals for the methyl
groups of the pyrazole donors. Furthermore, the NMR sig-
nals are broadened and especially the carboxylate group is
not clearly visible in the IR spectra. Although we could not
solve this problem in detail, this might indicate a dynamic
equilibrium in which either the carboxylate donor or the
hydroxo linker coordinates towards the metal centre. A re-
lated dynamic behaviour was reported recently by W. Kläui
and coworkers.[8] After binding the hydroxymethyl linker to
solid phase, this part of the molecule will presumably act
no longer as a donor towards the metal centre as shown in
complex 8. Thus, this behaviour will not interfere with the
future use of ligands 3 or 6 as a solid-bound N,N,O ligand.

Solid Phase Binding
The purpose of our efforts, as mentioned above, is to

bind monoanionic N,N,O ligands to various solid phases.
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This solid phase fixation of the ligands and their complexes
should strongly affect their chemical properties. For in-
stance, the formation of bisligand complexes [ML2] as well
as the autoxidation or dimerisation of complexes should be
prevented.

Chloromethylated resin, so called Merrifield polymer, is
one of the most popular solid phase supports. Thus, we
used this resin in our first attempt to bind linker modified
bis(pyrazol-1-yl)acetic acids to a solid phase. Primarily,
Merrifield polymer was designed to bind carboxylic acids.
Thus, we had to use the ester methyl 2,2-bis(3,5-dimethylpy-
razol-1-yl)-3-hydroxypropionate (6) instead of the 2,2-
bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionic acid (3).
Fixation on the resin is achieved by nucleophilic substitu-
tion of the benzylic chlorine for the deprotonated OH-
linker of 6 (Scheme 4). The best result was obtained by
using a mixture of KOtBu, 18-crown-6 and CsBr in this
reaction. To verify the functionalisation of the polymer, ele-
mental analyses of solid phase samples were accomplished.
Determination of the nitrogen content does not only prove
the binding of ligand 6 to the solid phase, but also enables
the calculation of the degree of functionalisation (Table 1).
Usually, an occupancy of more than 20% of the theoretical
sites was achieved. Subsequent saponification of function-
alised Merrifield resin P-6 with H2O/NaOH/THF leads to
the targeted monoanionic N,N,O functionalised solid phase.
Further reaction with [ReBr(CO)5] afforded polymer
mounted tricarbonyl rhenium complex P-Re (Scheme 4). A
similar reaction with [MnBr(CO)5] has not been successful
so far.

Scheme 4.

The IR spectra of P-Re exhibits a single A1 and two E
signals [ν̃(CO) = 2022, 1915 and 1890 cm–1] (Figure 6c).
The location of these signals is almost identical to those of
the complex [Re(bdmpzap)(CO)3] (10) (Figure 6a) which we
described above. An additional signal at 1964 cm–1 is
caused by the Merrifield polymer (Figure 6b and Fig-
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Table 1. Occupancy of the functionalised solid phases P-6, S-2, S-Mn and S-Re.

Solid phase Linker Functionalised Nitrogen Ligand/ Occupancy
[mmolg–1] solid phase content [%] complex [mmolg–1] of sites [%]

Merrifield polymer 1.1 P-6 1.26 0.23 21
Mercaptopropyl silica 0.98 S-2 0.97 0.17 18
Mercaptopropyl silica[a] 0.98 S-Mn 0.20 0.036 4
Mercaptopropyl silica[b] 0.98 S-Mn-II 0.35 0.063 6
Mercaptopropyl silica[a] 0.98 S-Re 0.23 0.041 4
Mercaptopropyl silica[b] 0.98 S-Re-II 0.44 0.078 8

[a] After 8 h. [b] After 48 h.

ure 6c). A control experiment with unfunctionalised methyl
bis(3,5-dimethylpyrazol-1-yl)acetate (5) showed no occu-
pancy of the polymer sites and subsequently no A1 and E
signals but a typical IR spectrum of Merrifield polymer
(Figure 6b). Therefore, the results of our experiments prove
a solid phase fixation of the ligand and the resulting tricar-
bonyl complex as well as a facial coordination of rheni-
um(I) by the monoanionic N,N,O tripod ligand.

Figure 6. IR spectra of (a) [Re(bdmpzap)(CO)3] (10) (THF), (b)
Merrifield polymer (THF) and (c) P-Re – the rhenium tricarbonyl
complex anchored on Merrifield polymer (THF).

Unfortunately, the solvents compatible to reactions with
Merrifield polymer are quite limited. Especially, reactions
in water are almost impossible. To overcome this limitation
for future applications, the fixation on silica solid phase can
be achieved by mercaptopropyl functionalised silica. Immo-
bilisation of chelating N,N ligands bearing allyl linker
groups on such functionalised silica has been reported re-
cently by Mayoral et al.[5b] Following a similar procedure,
2,2-bis(3,5-dimethylpyrazol-1-yl)pent-4-enoic acid (2) was
immobilised by a radical induced reaction with mercap-
topropyl silica in the presence of azobisisobutyronitrile
(AIBN). An analysis of the nitrogen content of resulting
silica S-2 showed an occupancy of more than 17% of the
mercaptopropyl sites (Table 1). Unfortunately, the mercap-
topropyl functionalised silica itself as well as the modified
silica S-2 can undergo complexation with [MnBr(CO)5] and
[ReBr(CO)5]. After reaction with [ReBr(CO)5], both silica
exhibit various rather broad IR signals, which could be as-
signed to signals of various carbonyl species.

In an attempt to overcome this problem we tried to
immobilise the [Mn(bdmpzpen)(CO)3] (7) and
[Re(bdmpzpen)(CO)3] (9) complexes themselves. On follow-
ing this approach, complexes 7 and 9 were grafted onto
mercaptopropyl silica in the presence of AIBN (Scheme 5).
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Scheme 5.

Elemental analyses of resulting silica samples S-Mn and
S-Re were accomplished to determine the nitrogen content.
The deduced occupancy of mercaptopropyl sites by the
tricarbonyl complexes add up to 3.6% (S-Mn) and 4.2%
(S-Re) (Table 1). IR spectra of silica phases S-Mn and S-Re
show signals that can be assigned to the A1 and E signals of
the grafted manganese and rhenium tricarbonyl complexes
[S-Mn: ν̃(CO) = 2039, 1948 and 1923 cm–1 (Figure 7d); S-
Re: ν̃(CO) = 2027, 1920 and 1905 cm–1 (Figure 7f)]. A
longer reaction time (48 h) results in higher occupancies

Figure 7. IR spectra of (a) [Mn(bdmpzpen)(CO)3] (7) (THF), (b)
mercaptopropyl silica (Nujol), (c) control experiment with
[Mn(bdmpza)(CO)3], (d) manganese tricarbonyl complex 7 im-
mobilised on silica (S-Mn) (Nujol), (e) [Re(bdmpzpen)(CO)3] (9)
(THF) and (f) rhenium tricarbonyl complex 9 immobilised on silica
(S-Re) (Nujol).
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[6.4% (S-Mn-II) and 8.0% (S-Re-II)], but caused also ob-
scure IR spectra probably due to degradation of the car-
bonyl complexes or a further reaction with surrounding non
innocent free SH-groups.

Neither the IR spectra of the mercaptopropyl function-
alised silica (Figure 7b) nor that of a control experiment
with the unfunctionalised complex [Mn(bdmpza)(CO)3]
(Figure 7c) show any signals in this region. Thus, these re-
sults prove an immobilisation of manganese and rhenium
tricarbonyl complexes on silica through a N,N,O tripod li-
gand with an allyl linker.

Conclusions

In conclusion, modifications to the in coordination
chemistry well-established ligand Hbdmpza (1) led to the
new functionalised ligands 2,2-bis(3,5-dimethylpyrazol-1-
yl)pent-4-enoic acid (2) and 2,2-bis(3,5-dimethylpyrazol-1-
yl)-3-hydroxypropionic acid (3) bearing an allyl or an hy-
droxymethyl linker for solid phase fixation. These ligands,
or their protected analogues, provide similar coordination
properties as 1, proven by the synthesis of various transition
metal carbonyl complexes. By way of well-known solid
phase coupling reactions, 2 and 3 have been grafted on sil-
ica and on Merrifield polymer. The degree of functionalis-
ation of the solid phase can be determined by elemental
analysis. Furthermore, we were able to prove the typical
tripodal monoanionic N,N,O binding behaviour by the
characteristic IR spectra of immobilised tricarbonyl com-
plexes.

Experimental Section
General Remarks: All operations were carried out under an inert
gas atmosphere by using conventional Schlenk techniques. Solvents
were freshly distilled and degassed prior to use from appropriate
drying agents. The yields refer to analytically pure substances and
were not optimised. IR spectra were recorded with a Biorad FTS
60 spectrometer or a Varian Excalibur FTS-3500 FTIR spectrome-
ter in CaF2 cuvettes (0.2 mm) or in Nujol. 1H and 13C NMR spec-
tra were measured with Bruker AC 250 MHz, Varian Inova
400 MHz or Bruker DPX300 instruments. δ values are measured
relative to TMS or the deuterated solvent. Mass spectra were re-
corded with a modified Finnigan MAT 312 instrument by using
either EI or FAB technique with 3-nitrobenzyl alcohol as matrix
for complexes 7 and 9 and glycerine/NaI as matrix for ligands 2
and 3 or were recorded on a Jeol JMS-700 instrument using FD
technique. Elemental analyses were measured with a Heraeus
CHN-O-Rapid, Euro EA 3000 (Euro Vector) and EA 1108 (Carlo
Erba) (σ�1% of the measured content). A modified Siemens P4
diffractometer and a STOE IPDS II diffractometer were used for
X-ray structure determination. Chemicals were used as purchased
without further purification. Chloromethylated resin, “Merrifield
polymer” [polystyrene-divinylbenzene, 1% cross linking,
1.1 mmol Cl g–1, 200–400 mesh (Fluka)] and 3-mercaptopropyl
functionalised silica [0.98 mmolSg–1 (Aldrich)] were used as pur-
chased. Both solid phases were evacuated for 2 h (10–2 mbar) and
flushed with dry nitrogen prior to use. Bis(3,5-dimethylpyrazol-1-
yl)acetic acid (1) was synthesised as described earlier but starting
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from dichloroacetic acid instead of dibromoacetic acid and with a
reaction time of 72 h.[2b] [ReBr(CO)5], [MnBr(CO)5] and
[Mn(bdmpza)(CO)3] were synthesised according to the litera-
ture.[2a,9a,9b] Solid phase fixation on mercaptopropyl silica was
achieved according to the literature.[5b]

Synthesis of 2,2-Bis(3,5-dimethylpyrazol-1-yl)pent-4-enoic Acid (2):
A solution of Hbdmpza (1) (3.30 g, 13.3 mmol) in dry THF
(200 mL) was treated with LDA (≈ 1.8  in heptane/THF/ethylben-
zene, 23.0 mL, 41.4 mmol) at –80 °C. The solution was warmed up
to –40 °C over a period of 2 h and was stirred for 1 h at –40 °C.
Allyl bromide (9.00 mL, 12.6 g, 104 mmol) was added, and the mix-
ture was warmed up to ambient temperature. The solution was
heated under reflux for 30 min and then stirred overnight. The sol-
vent was removed in vacuo, and the residue was dissolved in water.
The aqueous solution was acidified with dilute HCl to pH 7–8 and
extracted with pentane (1�100 mL) to remove impurities. The
aqueous solution was further acidified to pH 4 and 2 precipitated
immediately. The crude mixture was extracted with pentane
(4�200 mL) and the combined organic layers were dried with
Na2SO4 and concentrated in vacuo. Product 2 was recrystallised
from pentane in colourless blocks suitable for X-ray structure de-
termination. Yield: 1.68 g (5.82 mmol, 44%). M.p. 84–86 °C. 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 1.71 [d, JH,H = 0.4 Hz
(through space), 6 H, C5-CH3], 2.27 (s, 6 H, C3-CH3), 3.57 (dd,
3JH,H = 7.5 Hz, 4JH,H = 1.0 Hz, 2 H, CH2), 5.09 (ddt, 3JH,H =
16.9 Hz, 2JH,H = 1.6 Hz, 4JH,H = 1.2 Hz, 1 H, =CH2,allyl), 5.10 (ddt,
3JH,H = 10.2 Hz, 2JH,H = 1.6 Hz, 4JH,H = 0.8 Hz, 1 H, =CH2,allyl),
5.59 [ddtd, 3JH,H = 16.3 Hz, 3JH,H = 10.8 Hz, 3JH,H = 7.4 Hz, JH,H

= 1.1 Hz (through space), 1 H, =CHallyl], 5.87 (s, 2 H, Hpz) ppm.
13C NMR (100.5 MHz, CDCl3, 25 °C): δ = 10.7 (C5-CH3), 13.2
(C3-CH3), 44.0 (CH2), 80.9 (Cbridge), 108.7 (Cpz-H), 121.2
(=CH2,allyl), 129.3 (CHallyl), 141.5 (C5

pz), 146.3 (C3
pz), 168.7

(CO2H) ppm. IR (THF): ν̃ = 1729 (CO2H), 1563 (C=N) cm–1.
FAB-MS: m/z (%) = 311 (18) [M + Na]+, 289 (28) [M + H]+, 193
(28) [M – pz]+, 149 (100) [M – pz – CO2H]+, 95 (62) [pz]+.
C15H20N4O2 (288.35): calcd. C 62.48, H 6.99, N 19.43; found C
62.46, H 6.81, N 18.91.

Synthesis of 2,2-Bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypropionic
Acid (3): A solution of Hbdmpza (1) (3.30 g, 13.3 mmol) in dry
THF (200 mL) was treated with LDA (≈ 1.8  in heptane/THF/
ethylbenzene, 23.0 mL, 41.4 mmol) at –80 °C and warmed up to
–40 °C over a period of 2 h. After 1 h at –40 °C, paraformaldehyde
(4.00 g, 132 mmol) was added. The mixture was warmed up to am-
bient temperature and finally heated under reflux for 60 min and
stirred overnight. The solvent was removed in vacuo, the residue
was dissolved in water and washed with pentane (200 mL). The
aqueous phase was acidified with dilute HCl (pH 2) and extracted
with diethyl ether (4�200 mL). The combined diethyl ether layers
were dried (Na2SO4) and concentrated under reduced pressure.
Product 3 was recrystallised from diethyl ether. Yield: 2.12 g
(7.62 mmol, 57%). M.p. 119–121 °C. 1H NMR (400 MHz, CDCl3,
25 °C): δ = 1.72 (s, 6 H, C5-CH3), 2.29 (s, 6 H, C3-CH3), 4.43 (s, 2
H, HOCH2) 5.96 (s, 2 H, Hpz) ppm. 13C NMR (100.5 MHz,
CDCl3, 25 °C): δ = 10.6 (C5-CH3), 13.2 (C3-CH3), 68.8 (CH2-OH),
81.5 (Cbridge), 108.5 (Cpz-H), 143.1 (C5

pz), 148.0 (C3
pz), 168.9

(CO2H) ppm. IR (KBr): ν̃ = 1752 (CO2H), 1561 (C=N) cm–1. FAB-
MS: m/z (%) = 300 (18) [M + Na]+, 217 (100) [M – CO2H –
OH]+, 203 (100) [M – CO2H – CH2OH]+. C13H18N4O3 (278.31):
calcd. C 56.10, H 6.52, N 20.13; found C 56.62, H 6.75, N 19.91.

Synthesis of 2,2-Bis(3,5-dimethylpyrazol-1-yl)-3-acetatopropionic
Acid (4): To a solution of Hbdmpzhp (3) (1.00 g, 3.60 mmol) in
dichloromethane (100 mL), excess NEt3 (4.00 mL, 2.92 g,
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28.9 mmol) was added. Acetyl chloride (0.64 mL, 0.71 g,
9.00 mmol) was then added dropwise under continuous stirring.
The mixture was stirred for 1 d. Water (20 mL) was added slowly
and the two-phased mixture was vigourously stirred for 3 h. The
solvents were removed in vacuo. The slurry residue was dissolved
in water, acidified with dilute HCl (pH 2) and extracted with diethyl
ether (4�200 mL). The combined organic layers were dried
(Na2SO4) and concentrated under reduced pressure to the oily resi-
due of 4. Product 4 was recrystallised from acetone in colourless
blocks suitable for X-ray structure determination. Yield: 612 mg
(2.65 mmol, 53%). M.p. 107–109 °C. 1H NMR (CDCl3, 300 MHz,
25 °C): δ = 1.74 (s, 6 H, C5-CH3), 1.97 (s, 3 H, CH3CO), 2.27 (s, 6
H, C3-CH3), 5.32 (s, 2 H, OCO-CH2-), 5.93 (s, 2 H, Hpz) ppm. 13C
NMR (CDCl3, 75.5 MHz, 25 °C): δ = 10.6 (C5-CH3), 13.2 (C3-
CH3), 20.4 (CH3-CO), 66.6 (CH2-O), 78.3 (Cbridge), 108.8 (Cpz-H),
142.0 (C5

pz), 147.2 (C3
pz), 167.9 (COOH), 169.4 (CH3CO) ppm. IR

(THF): ν̃ = 1759 (CO2H), 1718 (CH3CO), 1565 (C=N) cm–1. FD-
MS: m/z (%) = 322 (100) [M + H]+, 276 (60) [M + H – CO2H]+,
234 (28) [M + H – CO2H – CH3CO]+. C15H20N4O4 (320.35): calcd.
C 56.24, H 6.29, N 17.49; found C 56.59, H 6.47, N 17.89.

Synthesis of Methyl 2,2-Bis(3,5-dimethylpyrazol-1-yl)acetate (5): To
a solution of Hbdmpza (1) (1.00 g, 4.03 mmol) in excess methanol
(100 mL), conc. H2SO4 (0.15 mL, 0.28 g, 2.86 mmol) was added
and stirred at ambient temperature for 3 d. The solvent was re-
moved in vacuo and diethyl ether (200 mL) was added to the resi-
due. The organic phase was extracted with a saturated aqueous
solution of NaHCO3 and dried with Na2SO4. The organic layer
was concentrated in vacuo to a yellow crystalline powder of 5.
Recrystallisation from petroleum ether/ethyl acetate (3:1) yielded
colourless blocks suitable for X-ray structure determination. Yield:
887 mg (3.38 mmol, 84%). M.p. 117–119 °C. 1H NMR (CDCl3,
300 MHz, 25 °C): δ = 2.11 (s, 6 H, C5-CH3), 2.19 (s, 6 H, C3-CH3),
3.89 (s, 3 H, OCH3), 5.85 (s, 2 H, Hpz), 6.95 (s, 1 H, Hbridge) ppm.
13C NMR (CDCl3, 75.5 MHz, 25 °C): δ = 11.0 (C5-CH3), 13.5 (C3-
CH3), 53.4 (OCH3), 73.0 (Cbridge), 107.6 (Cpz-H), 141.3 (C5

pz),
148.5 (C3

pz), 165.3 (COOH) ppm. IR (THF): ν̃ = 1771 (CO2H),
1561 (C=N) cm–1. FD-MS: m/z (%) = 263 (100) [M + H]+.
C13H18N4O2 (262.31): calcd. C 59.51, H 6.92, N 21.37; found C
59.88, H 7.20, N 21.11.

Synthesis of Methyl 2,2-Bis(3,5-dimethylpyrazol-1-yl)-3-hydroxypro-
pionate (6): A solution of Mebdmpza (5) (0.75 g, 2.86 mmol) in dry
THF (100 mL) was treated with LDA (≈ 1.8  in heptane/THF/
ethylbenzene, 1.8 mL, 3.24 mmol) at –80 °C and warmed up to
–40 °C over a period of 2 h. After 1 h at –40 °C, paraformaldehyde
(0.90 g, 27.0 mmol) was added. The mixture was warmed up to
ambient temperature and finally heated under reflux for 60 min
and stirred overnight. The solvent was removed in vacuo, the resi-
due was dissolved in water and extracted with diethyl ether
(3�150 mL). The combined diethyl ether layers were dried
(Na2SO4) and concentrated under reduced pressure. Recrystalli-
sation from hexane/acetone (1:1) yielded 6 as colourless blocks.
Yield: 0.63 g (2.16 mmol, 76%). M.p. 116–118 °C. 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 1.69 (s, 6 H, C5-CH3), 2.20 (s, 6 H,
C3-CH3), 3.98 (s, 3 H, OCH3), 4.65 (d, 3JH,H = 7.5 Hz, 2 H, OCH2),
5.34 (t, 3JH,H = 7.5 Hz, 1 H, OH), 5.86 (s, 2 H, Hpz) ppm. 13C
NMR (75.5 MHz, CDCl3, 25 °C): δ = 11.2 (C5-CH3), 13.9 (C3-
CH3), 53.9 (OCH3), 66.7 (CH2-OH), 84.3 (Cbridge), 108.8 (Cpz-H),
142.5 (C5

pz), 148.3 (C3
pz), 166.3 (CO2R) ppm. IR (THF): ν̃ = 1762

(CO2Me), 1562 (C=N) cm–1. FD-MS: m/z (%) = 292 (100) [M]+,
234 (12) [M + H –CO2Me]+. C14H20N4O3 (292.34): calcd. C 57.52,
H 6.90, N 19.17; found C 57.85, H 7.05, N 19.59.

Synthesis of [Mn(bdmpzpen)(CO)3] (7): To Hbdmpzpen (2)
(176 mg, 0.610 mmol) in dry THF (30 mL), KOtBu (68.0 mg,
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0.610 mmol) was added, and the reaction mixture stirred at ambi-
ent temperature for 30 min. [MnBr(CO)5] (167 mg, 0.610 mmol)
was added, and the reaction mixture was heated under reflux and
controlled by IR on a regular basis. After 12 h, the reaction was
complete, and the solution was filtered. The filtrate was concen-
trated in vacuo, washed with water (2�1 mL) and dried in vacuo.
Recrystallisation from CHCl3 yielded yellow crystals suitable for
X-ray structure determination. Yield: 119 mg (0.28 mmol, 46%).
M.p. 194–198 °C. 1H NMR (250 MHz, CDCl3, 25 °C): δ = 2.53
(br., 12 H, CH3), 3.83 (br., 2 H, CH2), 5.04 (br., 1 H, =CH2,allyl),
5.25 (br., 1 H, =CH2,allyl), ≈ 5.75 (br., partly covered, 1 H,
=CHallyl), 5.98 (br., 2 H, Hpz) ppm. 13C NMR (62.9 MHz, CDCl3,
25 °C): δ = 15.3 (CH3), 16.2 (CH3), 35.6 (CH2), 111.8 (Cpz-H),
117.7 (=CH2,allyl), 128.0 (CHallyl), 143.3 (Cpz), 153.8 (Cpz), 220.6
(CO), 222.4 (CO) ppm. IR (THF): ν̃ = 2033 (s, C=O), 1939 (s,
C=O), 1911 (s, C=O), 1687 (m, CO2

–) cm–1. FAB-MS: m/z (%) =
427 (70) [M + H]+, 343 (36) [M – 3 CO]+, 299 (100) [M – 3 CO –
CH2CH=CH2]+. C18H19N4O5Mn (426.31): calcd. C 50.71, H 4.49,
N 13.14; found C 50.77, H 4.60, N 13.08.

Synthesis of [Re(bdmpzpen)(CO)3] (9): To Hbdmpzpen (2) (176 mg,
0.610 mmol) in dry THF (30 mL), KOtBu (68.0 mg, 0.610 mmol)
was added, and the reaction mixture was stirred at ambient tem-
perature for 30 min. [ReBr(CO)5] (250 mg, 0.610 mmol) was added,
and the reaction mixture was heated under reflux and controlled
by IR on a regular basis. After 24 h, the reaction was complete,
and the solution was filtered. The filtrate was concentrated in
vacuo, washed with water (2�1 mL) and dried in vacuo.
Recrystallisation from acetone yielded colourless crystals suitable
for X-ray structure determination. Yield: 139 mg (0.25 mmol,
41%). M.p. 228–230 °C. 1H NMR (250 MHz, CDCl3, 25 °C): δ =
2.53 (s, 6 H, CH3), 2.57 (s, 6 H, CH3), 3.97 (br., 2 H, CH2), 5.27
(dtd, 3JH,H = 16.5 Hz, 4JH,H = 1.8 Hz, 2JH,H = 0.6 Hz, 1 H,
=CH2,allyl), 5.28 (dtd, 3JH,H = 12.0 Hz, 4JH,H = 1.8 Hz, 2JH,H =
0.6 Hz, 1 H, =CH2,allyl), 5.71 (ddt, 3JH,H = 17.7 Hz, 3JH,H =
10.4 Hz, 3JH,H = 4.6 Hz, 1 H, =CHallyl), 6.03 (s, 2 H, Hpz) ppm.
13C NMR (62.9 MHz, CDCl3, 25 °C): δ = 16.3 (CH3), 16.4 (CH3),
36.2 (CH2), 84.8 (Cbridge), 111.7 (Cpz-H), 118.3 (=CH2,allyl), 132.5
(CHallyl), 143.7 (Cpz), 154.4 (Cpz), 164.5 (CO2

–), 195.7 (CO), 196.0
(CO) ppm. IR (THF): ν̃ = 2023 (s, C=O), 1915 (s, C=O), 1892 (s,
C=O), 1697 (m, CO2

–) cm–1. FAB-MS: m/z (%) = 559 (100) [M +
H]+, 531 (47) [M – CO]+, 473 (97) [M – 3 CO]+, 435 (38) [M – 3
CO – CH2CH=CH2]+. C18H19N4O5Re (557.57): calcd. C 38.77, H
3.43, N 10.05; found C 38.41, H 3.19, N 9.81.

Synthesis of [Mn(bdmpzap)(CO)3] (8): To Hbdmpzap (4) (320 mg,
1.00 mmol) in dry THF (50 mL), KOtBu (112 mg, 1.00 mmol) was
added, and the reaction mixture was stirred at ambient temperature
for 30 min. [MnBr(CO)5] (275 mg, 1.00 mmol) was added, and the
reaction mixture was heated under reflux and controlled by IR on
a regular basis. After 12 h the reaction was complete, and the solu-
tion was filtered. The filtrate was concentrated in vacuo, washed
with water (2�2 mL) and dried in vacuo. Recrystallisation from
CH2Cl2 yielded yellow crystals suitable for X-ray structure determi-
nation. Yield: 340 mg (0.74 mmol, 74%). M.p. 174–176 °C. 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 2.05 (s, 3 H, CH3CO), 2.42
(s, 6 H, CH3), 2.51 (br., 6 H, CH3), 5.04, 5.67 (AB system, br.
coupling not resolved, 2 H, CH2O), 5.95 (br., 2 H, Hpz) ppm. 13C
NMR (100.5 MHz, CDCl3, 25 °C): δ = 15.0 (CH3), 15.3 (CH3),
20.7 (CH3), 61.0 (CH2O), 81.4 (Cbridge), 111.9 (Cpz-H), 143.2 (Cpz),
154.0 (Cpz), 165.2 (CO2), 169.6 (O2CCH3), 220.0 (2�CO), 222.3
(CO) ppm. IR (THF): ν̃ = 2034 (s, C=O), 1940 (s, C=O), 1913 (s,
C=O), 1761 (m, CH3CO), 1692 (m, CO2

–) cm–1. FD-MS: m/z (%)
= 458 (100) [M]+, 416 (18) [M + H – CH3CO]+. C18H19N4O7Mn
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(458.31): calcd. C 47.16, H 4.18, N 12.23; no suitable elemental
analysis was obtained.

Synthesis of [Re(bdmpzap)(CO)3] (10): To Hbdmpzap (4) (247 mg,
0.77 mmol) in dry THF (50 mL), KOtBu (86 mg, 0.77 mmol) was
added, and the reaction mixture was stirred at ambient temperature
for 30 min. [ReBr(CO)5] (313 mg, 0.77 mmol) was added, and the
reaction mixture was heated under reflux and controlled by IR on
a regular basis. After 20 h, the reaction was complete, and the solu-
tion was filtered. The filtrate was concentrated in vacuo, washed
with water (2�2 mL) and diethyl ether (2�2 mL) and dried in
vacuo. Yield: 305 mg (0.52 mmol, 52%). M.p. 233–236 °C. 1H
NMR (400 MHz, CDCl3, 25 °C): δ = 2.05 (s, 3 H, CH3CO), 2.46
(s, 12 H, CH3), 5.11, 5.73 (AB system, JAB = 9.6 Hz, 2 H, CH2O),
5.98 (br., 1 H, Hpz), 6.03 (br., 1 H, Hpz) ppm. 13C NMR
(100.5 MHz, CDCl3, 25 °C): δ = 15.3 (CH3), 16.4 (CH3), 20.8
(CH3), 61.6 (CH2O), 82.9 (Cbridge), 111.8 (Cpz-H), 143.2 (Cpz),
154.5 (Cpz), 163.5 (CO2), 169.5 (O2CCH3), 195.5 (2�CO), 195.5
(CO) ppm. IR (THF): ν̃ = 2024 (s, C=O), 1918 (s, C=O), 1894 (s,
C=O), 1762 (m, O2CCH3), 1702 (m, CO2

–) cm–1. FD-MS: m/z (%)
= 591 (100) [M + H]+. C18H19N4O7Re (589.58): calcd. C 36.67, H
3.25, N 9.50; found C 37.12, H 3.34, N 9.14.

Solid Phase Fixation of Methyl 2,2-Bis(3,5-dimethylpyrazol-1-yl)-3-
hydroxypropionate (P-6): A suspension of a chloromethylated resin
[0.45 g, loading 1.1 mmolg–1, 0.50 equiv.], Mebdmpzhp (6)
(439 mg, 1.5 mmol), KOtBu (112 mg, 1.0 mmol), 18-crown-6
(264 mg, 1.0 mmol) and CsBr (212 mg, 1.0 mmol) in dry THF was
heated under reflux for 48 h under a nitrogen atmosphere. The sus-
pension was filtered through a sintered glass filter with suction and
washed thoroughly with THF, methanol and water and the remain-

Table 2. Details of the structure determination for 2, 3, 4, 7 and 8.

2 3 4 7 8

Empirical formula C15H20N4O2 C13H18N4O3 C15H20 N4O4 C18H19MnN4O5 C18H19MnN4O7

Formula mass 288.35 278.31 320.35 426.31 458.31
Crystal colour/habit colourless block colourless block colourless block yellow block yellow block
Crystal system triclinic monoclinic orthorhombic orthorhombic triclinic
Space group P1̄ P21/c P212121 Pbca P1̄
a [Å] 8.369(5) 12.167(5) 8.6376(17) 12.924(7) 6.8735(12)
b [Å] 9.351(6) 8.099(3) 10.996(2) 14.337(5) 11.4738(18)
c [Å] 10.774(6) 15.854(7) 16.882(3) 20.167(8) 13.423(2)
α [°] 86.45(6) 90.00 90.00 90.00 104.165(12)
β [°] 88.14(4) 108.41(4) 90.00 90.00 103.862(13)
γ [°] 67.44(4) 90.00 90.00 90.00 100.881(13)
V [Å3] 777.1(8) 1482.2(10) 1603.4(6) 3737(3) 961.5(3)
θ [°] 2.64–27.00 2.71–26.99 3.37–29.29 2.02–26.99 3.45–25.56
H –3 to 10 –15 to 0 –11 to 11 –16 to 16 –8 to 8
K –9 to 11 –10 to 0 –15 to 15 –18 to 0 –13 to 13
L –13 to 13 –19 to 19 –23 to 23 –13 to 25 –16 to 16
F(000) 308 592 680 1760 472
Z 2 4 4 8 2
µ (Mo-Kα) [mm–1] 0.085 0.091 0.098 0.745 0.737
Crystal size [mm] 0.5�0.5�0.5 0.5�0.4�0.3 0.2�0.15�0.1 0.5�0.4�0.3 0.4�0.23�0.1
Dcalcd. [g cm–3], T [K] 1.232, 188(2) 1.247, 188(2) 1.327, 100(2) 1.516, 188(2) 1.583, 100(2)
Reflections collected 3539 3380 30272 4382 11953
Indep. reflections 3342 3219 2467 4077 3585
Obsd. refl. (�2σI) 2878 1930 2146 2488 2554
Parameter 194 187 211 253 271
Weight parameter a 0.0583 0.0768 0.0434 0.0417 0.0354
Weight parameter b 0.2387 0.3199 0.6164 2.1574 0.0096
R1 (obsd.) 0.0425 0.0632 0.0486 0.0570 0.0590
R1 (overall) 0.0494 0.1172 0.0612 0.1161 0.0990
wR2 (obsd.) 0.1112 0.1404 0.0975 0.1045 0.0908
wR2 (overall) 0.1174 0.1674 0.1016 0.1253 0.0996
Diff. peak/hole [e/Å3] 0.309/–0.225 0.285/–0.328 0.235/–0.265 0.371/–0.454 0.377/–0.406
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ing polymer was dried in vacuo. The content of ligand on the poly-
mer is determined by elemental analysis to 0.23 mmolg–1.

Ester Hydrolysis of Methyl 2,2-Bis(3,5-dimethylpyrazol-1-yl)-3-hy-
droxypropionate on Solid Phase – Polymer P-3: To a suspension of
P-6 (0.45 g) and NaOH (40 mg, 1.0 mmol) in THF (50 mL), excess
water (1 mL, 1 g, 55.5 mmol) was added, and the suspension was
heated under reflux for 12 h. The suspension was filtered through
a sintered glass filter with suction and washed thoroughly with
THF, water and again THF and the remaining polymer P-3 with
the deprotonated and solid phase bound ligand 3 was dried in
vacuo.

Polymer Bound Rhenium Tricarbonyl Complexes: A suspension of
polymer P-3 (90 mg) in THF and [Re(CO)5Br] (0.25 mmol, 102 mg)
was heated under reflux for 48 h, filtered through a sintered glass
filter with suction and washed thoroughly with THF, water, meth-
anol and dichloromethane. IR (THF): ν̃ = 2022 (CO), 1915 (CO),
1890 (CO) cm–1.

Solid Phase Fixation of 2,2-Bis(3,5-dimethylpyrazol-1-yl)pent-4-en-
oic Acid (S-2): A suspension of mercaptopropyl silica [0.5 g, load-
ing 0.98 mmolg–1, 0.49 equiv.], Hbdmpzpen (2) (141 mg,
0.49 mmol) and azobisisobutyronitrile (10 mg, 0.06 mmol) in dry
chloroform was heated at reflux for 48 h under a nitrogen atmo-
sphere. The suspension was filtered through a sintered glass filter
with suction and washed thoroughly with dichloromethane, toluene
and methanol and the remaining silica was dried in vacuo. The
procedure was repeated once. The content of ligand on the silica is
determined by elemental analysis to 0.17 mmolg–1.

Silica Bound Manganese Tricarbonyl Complexes: A suspension of
mercaptopropyl silica [0.20 g, loading 0.98 mmolg–1, 0.20 equiv.],
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[Mn(bdmpzpen)(CO)3] (2) (85 mg, 0.20 mmol) and azobisisobu-
tyronitrile (10 mg, 0.06 mmol) in dry chloroform was heated at re-
flux for 8 h under a nitrogen atmosphere. The suspension was fil-
tered through a sintered glass filter with suction and washed thor-
oughly with dichloromethane, THF, toluene and methanol and the
remaining yellow silica was dried in vacuo. The content of ligand
on the silica is determined by elemental analysis to 0.036 mmolg–1.
A longer reaction time of 48 h leads to a content of 0.063 mmolg–1.
IR (nujol): ν̃ = 2039 (CO), 1948 (CO), 1923 (CO) cm–1.

Silica Bound Rhenium Tricarbonyl Complexes: A suspension of
mercaptopropyl silica [0.20 g, loading 0.98 mmolg–1, 0.20 equiv.],
[Re(bdmpzpen)(CO)3] (9) (112 mg, 0.20 mmol) and azobisisobu-
tyronitrile (10 mg, 0.06 mmol) in dry chloroform was heated under
reflux for 8 h under a nitrogen atmosphere. The suspension was
filtered through a sintered glass filter with suction and washed
thoroughly with dichloromethane, THF, toluene and methanol and
the remaining silica was dried in vacuo. The content of ligand on
the silica is determined by elemental analysis to 0.041 mmolg–1. A
longer reaction time of 48 h leads to a content of 0.078 mmolg–1.
IR (nujol): ν̃ = 2027 (CO), 1920 (CO), 1905 (CO) cm–1.

X-ray Structure Determinations: Single crystals of 2, 3, 4, 7 and 8
were mounted with Paratone-N or glue on a glass fibre. A modified
Siemens P4-Diffractometer and a STOE IPDS II diffractometer
were used for data collection (graphite monochromator, Mo-Kα ra-
diation, λ = 0.71073 Å). The structures were solved by using direct
methods and refined with full-matrix least-squares against F2

{Siemens SHELX-97}.[10] A weighting scheme was applied in the
last steps of the refinement with w = 1/[σ2(Fo

2)+(aP)2 +bP] and P
= [2Fc

2 +max(Fo
2,0)]/3. Most hydrogen atoms were included in

their calculated positions and refined in a riding model. The pro-
tons of carboxylic acids (2–4) were found and their coordinates
were refined freely. All details and parameters of the measurements
are summarised in Table 2. The structure pictures were prepared
with the program Diamond 2.1e.[11] CCDC-232648 (for 2), CCDC-
289443 (for 3), CCDC-619381 (for 4), CCDC-289442 (for 7) and
CCDC-619380 (for 8) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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In contrast to tBu2SiN(Li)SiXtBu2 (X = Cl, tBu), the silyl
amide Me2SiClN(Li)SitBu3 is unstable towards LiCl elimi-
nation, which means that the silanimine donor adduct
Me2Si=NSitBu3·NMe2Et can be synthesized in high yield
from the reaction of Me2SiClN(H)SitBu3 with nBuLi in
the presence of NMe2Et. The silanimine adduct
tBu2Si=NSiCltBu2·NMe2Et, with bulky tBu substituents at
the unsaturated Si center, is accessible by treating the donor-
free silanimine tBu2Si=NSiCltBu2 with NMe2Et. X-ray
quality crystals of the silanimine amine adduct
Me2Si=NSitBu3·NMe2Et (monoclinic, P21/n) were grown
from pentane at –25 °C. During thermolysis of the adducts

Introduction

Ab initio calculations have shown that the silanimine
H2Si=NSiH3 possesses an almost linear Si–N–Si skeleton
with a short Si=N double bond and a short Si–N single
bond.[1] Moreover, these calculations reveal a negative
charge of 1.71 on the N center of H2Si=NSiH3. It is inter-
esting to note that in the solid state the stable, substituted
silanimine tBu2Si=N-SitBu3, which contains bulky tBu
groups,[2] features nearly the same Si=NSi skeleton as that
calculated for H2Si=NSiH3. Obviously only electronic ef-
fects, namely the difference in electronegativity between Si
and N, determine the molecular structure of this type of
silanimine (Scheme 1).

Silanimines are highly reactive compounds therefore
their syntheses should be carried out under mild conditions.
We have found that at low temperature in the weakly polar
solvent Bu2O the reaction of the silyl azide tBu2SiClN3 with
the silanides tBu3SiNa and tBu2PhSiNa, respectively, in a
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Me2Si=NSitBu3·NMe2Et and tBu2Si=NSiCltBu2·NMe2Et in
NMe2Et as solvent a Stevens rearrangement takes place to
produce EtN(Me)CH2SiMe2N(H)SitBu3 and EtN(Me)CH-
[Me2SiN(H)SitBu3]2, and EtN(Me)CH2SitBu2N(H)SiCltBu2,
respectively. In contrast, the thermolysis of Me2Si=NSitBu3·
NMe2Et in vacuo gives the silanimine dimer (Me2SiNSitBu3)2

(monoclinic, P21/n) in 80% yield. The benzophenone imine
Ph2C=NSitBu3 (triclinic, P1̄) was obtained from the Wittig-
like reaction of Me2Si=N-SitBu3 with Ph2CO.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Scheme 1. (i) –N2, –NaCl, Bu2O (R = tBu, Ph); (ii) –N2, thf (R =
tBu).

1:1 stoichiometry, leads cleanly to the silanimines tBu2Si=
NSitBu3 [1a(tBu)] and tBu2Si=NSiPhtBu2 [1a(Ph)].[2,3] In
contrast, when tBu2ClSiN3 is treated with tBu3SiNa in the
polar solvent tetrahydrofuran, the sodium amide tBu2Si-
ClN(Na)SitBu3 is formed rather than the silanimine
1a(tBu).[4] As reported earlier, LiCl elimination of silyl
amides can also be carried out at higher temperatures in
vacuo to give silanimines.[5] As we noted previously, the sil-
animine tBu2Si=NSiCltBu2 [1a(Cl)] can be synthesized by
a [3+2] cycloreversion reaction.[6] Surprisingly, in the ther-
molysis of the silatetrazoline 2(Cl) the silanimine 1a(Cl) and
the silyl azide tBu3SiN3 are produced, as shown in
Scheme 2.[6,7]
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Scheme 2.

In this paper, the syntheses and thermolysis reactions of
the silanamine aminates Me2Si=NSitBu3·NMe2Et and
tBu2Si=NSiCltBu2·NMe2Et are described. We also report
the crystal structures of the silanimine aminate
Me2Si=NSitBu3·NMe2Et, the silanimine dimer (Me2SiN-
SitBu3)2, the benzophenone imine Ph2C=NSitBu3, and the
silylamine tBu2SiClN(H)SitBu3.

Results and Discussion

Syntheses

The silyl amides tBu2SiClN(Li)SiXtBu2 (X = Cl, tBu)
can be cleanly prepared from the precursor silylamines
tBu2SiClN(H)SiXtBu2 (X = Cl, tBu) [3(Cl), 3(tBu)] and
alkyllithium reagents like MeLi or nBuLi. The NMR spec-
tra of tBu2SiClN(Li)SiXtBu2 (X = Cl, tBu) reveal that eli-
mination of LiCl does not take place in the presence of thf
or Et2O at ambient or lower temperatures, whereas the silyl
amide Me2SiClN(Li)SitBu3 eliminates LiCl at low tempera-
ture in Et2O. An important factor influencing LiCl elimi-
nation of these silyl amides appears to be the degree of ste-
ric crowding around the unsaturated silicon center. In ear-
lier reports we described the synthesis of several donor ad-
ducts of the silanimines 1a(tBu) and Me2Si=NSitBu3

(1b),[8,9] and we found that donor adducts of the silanimines
1a(tBu) and 1b can be generated by reaction of the silyl
amides tBu2SiClN(Li)SitBu3 and Me2SiClN(Li)SitBu3,
respectively, with CF3SO3SiMe3.[8,9] In this paper we de-
scribe a synthesis that does not require CF3SO3SiMe3 by
which the silanimine aminate 1b·NMe2Et can be produced
in large amounts. The silanimine amine adduct 1b·NMe2Et
was synthesized from the reaction of Me2SiClN(H)SitBu3

with nBuLi in the presence of NMe2Et at –78 °C in Et2O.
X-ray quality crystals of 1b·NMe2Et (monoclinic, P21/n)
were grown from a pentane solution at –25 °C (Scheme 3).
The adduct of silanimine 1a(Cl) with NMe2Et, which pos-
sesses a bulky tBu substituent at the unsaturated Si center,
is accessible by treating the donor-free silanimine 1a(Cl)
with NMe2Et.
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Scheme 3. (i) +RLi, –RH; (ii) +NMe2Et, –LiCl (R = Me, X = tBu);
(iii) +CF3SO3SiMe3, +D (D = thf, Et2O, NEt3), –Me3SiCl,
–CF3SO3Li (R = Me, tBu; X = tBu).

Reactivity of Me2Si=NSitBu3·NMe2Et and
tBu2Si=NSiCltBu2·NMe2Et

Thermolysis of the donor-free silanimines 1a(Cl),
1a(tBu), and 1a(Ph) in [D6]benzene at ambient temperature
gave the compounds 4(Cl), 4(tBu), and 4(Ph), respectively,
as isolable products (Scheme 4).[6,10] The formation of these
products can be explained by an ene reaction of isobutene
with two molecules of the silanimine. Obviously, the tBu-
substituted silanimines 1a(Cl), 1a(tBu), and 1a(Ph) are the
source of isobutene at ambient temperature. Thus, these sil-
animines undergo a β-elimination reaction to form isobut-
ene, which reacts twice with the undegraded silanimines to
give the corresponding ene reaction products.

Scheme 4. (i) +CH2=C(CH3)2 (X = Cl, tBu, Ph).

In contrast to the degradation reaction of donor-free sil-
animines 1a(Cl), 1a(tBu), and 1a(Ph), during thermolysis of
the silanimine amine adducts 1a(Cl)·NMe2Et and
1b·NMe2Et in dimethylethylamine as solvent a Stevens re-
arrangement takes place to produce EtN(Me)CH2Si-
Me2N(H)SitBu3 [5(Me,tBu)] and EtN(Me)CH[Me2SiN(H)-
SitBu3]2 [6(Me,tBu)], and EtN(Me)CH2SitBu2N(H)-
SiCltBu2 [5(tBu,Cl)], respectively. A similar reaction was
observed in the thermolysis of the pyridine adduct of
1a(Ph).[11] It is interesting to note that the thermolysis reac-
tion of 1b·NMe2Et leads to two products [80% 5(Me,tBu)
and 20% 6(Me,tBu) in NMe2Et; 10% 5(Me,tBu) and 90%
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6(Me,tBu) in [D6]benzene; Scheme 5]. The thermolysis of
1b·NMe2Et in vacuo gives the silanimine dimer (Me2SiN-
SitBu3)2 (1b2) in 80% yield. The silylamines 5(Me,tBu) and
6(Me,tBu) were produced as side products in this reaction,
as shown in Scheme 5. The silanimine dimer 1b2 was char-
acterized by X-ray crystallography (see below).

Scheme 5. (i) in vacuo (R = Me, X = tBu); (ii) R = Me, X = tBu;
R = tBu, X = Cl; (iii) +Me2SiNSitBu3 (R = Me, X = tBu).

Generally, the reactivity of the silanimine–NMe2Et ad-
ducts of 1a(Cl) and 1b resemble those of the corresponding
donor-free silanimines. In earlier reports we discussed the
reactivity of the silanimines 1a(Cl) and 1b in detail.[6,8] In
contrast to the reaction of 1a(tBu) with benzophenone, in
which a stable silanimine adduct is formed due to steric
hindrance,[12] the silanimine 1b·NMe2Et reacts with benzo-
phenone to produce benzophenone imine 8, via the oxaaza-
silacyclobutane 7, by a Wittig-like reaction, as depicted in
Scheme 6. The benzophenone imine 8 was obtained in 53%
yield. X-ray quality crystals of this compound were ob-
tained by sublimation at 105 °C/0.001 mbar.

Scheme 6.

NMR Spectra

When considering the 29Si NMR spectra of the silan-
imines of the type R2Si(1)=NSi(2)R3 and their donor ad-
ducts, certain general trends can be observed. As is to be
expected for the unsaturated Si centers of silanimines, the
29Si signals of these nuclei are shifted extremely downfield
whereas the silanimine donor adducts show signals for the
unsaturated Si center that are shifted upfield, as listed in
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Table 1. Due to anisotropy effects the signals of both Si
atoms of R2Si(1)=NSi(2)R3 are shifted upfield. The linear-
ity of the silanimine R2Si(1)=NSi(2)R3 skeleton [Si(1)–N–
Si(2) angle] is therefore recognizable by the 29Si NMR shift
of the Si(2) center. If a strong donor is coordinated to the
silanimine the skeleton deviates more from linearity than if
a weak one is bonded. In this case, the signal of the Si(2)
center will be shifted further downfield than the Si(2) signal
of a weak adduct. Therefore, the strength of a silanimine
donor can be measured by the 29Si NMR shift of Si(2) of
these adducts. In contrast to 1b, the silanimines 1a(Cl) and
1a(tBu) form weaker adducts with NMe2Et than with
thf.[6,9] As shown in Table 1, this trend can also be seen in
their 29Si NMR spectra.

Table 1. 29Si NMR shifts (in C6D6 if not indicated otherwise) of
silanimines R2Si(1)=NSi(2)R3.

δ29Si(1) δ29Si(2) Ref.

tBu2Si(1)=NSi(2)tBu3 78.4 –7.7 [2]

tBu2Si(1)=NSi(2)PhtBu2 81.8 –13.1 [3]

tBu2Si(1)=NSi(2)CltBu2 3.0 3.0 [6]

Me2Si(1)=NSi(2)tBu3·NMe2Et –8.9 –10.3 –
tBu2Si(1)=NSi(2)CltBu2·NMe2Et –3.4 –6.4 –
Me2Si(1)=NSi(2)tBu3·THF –4.4 –11.1 [2]

tBu2Si(1)=NSi(2)tBu3·THF 1.1 –14.7 [2]

tBu2Si(1)=NSi(2)CltBu2·THF 2.9 –5.2 [6]

Me2Si(1)=NSi(2)tBu3·Et2O –1.5[a] –11.1[a] [8]

tBu2Si(1)=NSi(2)CltBu2·Et2O –0.2[a] –6.5[a] [6]

[a] Recorded in Et2O.

It is interesting to note that in contrast to the NMR spec-
tra of the donor-free silanimine 1a(Cl),[6] which reveal only
one signal set for both silyl groups, the NMR spectra of its
NMe2Et complex show signals that can be assigned to two
different silyl groups.

Structure of Me2Si=NSitBu3·NMe2Et

Figure 1 shows the molecular structure of the silanimine
amine adduct 1b·NMe2Et (monoclinic, P21/n); selected
bond lengths and angles are listed in the figure caption.

As shown in Table 2, the silanimine amine adduct
1b·NMe2Et has an Si–N–Si angle smaller than 180° and
smaller than those in the donor-free silanimines 1a(tBu),
and 1a(Ph) and in the corresponding thf adduct 1b·thf
[1a(tBu): Si–N–Si 177.8(2)°; 1a(Ph): Si–N–Si 168.34(16)°
and 172.95(18)°; 1b·thf: Si–N–Si 161.0(6)° and 161.5(6)°;
1b·NMe2Et: Si–N–Si 156.44(10)°]. The Si=N double bond
in 1b·NMe2Et [1.6036(13) Å] is somewhat longer than those
of the donor-free silanimines 1a(tBu) and 1a(Ph) and the
corresponding thf adduct 1b·thf [1a(tBu): Si=N 1.568(3) Å;
1a(Ph): Si=N 1.573(3) Å; 1b·thf: Si=N 1.574(10) and
1.588(9) Å]. As depicted in Table 2, the N–Si single bonds
in the silanimines 1a(tBu), 1a(Ph), and in the silanimines
adducts 1b·NMe2Et and 1b·thf, however, are remarkably
shorter than those found in related supersilylated nitrogen
compounds [e.g. 1b2, 3(tBu), and 8; Table 3]. Due to the
higher Lewis acidity of silanimines in comparison to that
of silenes, the distance between the unsaturated Si center



NMe2Et Adducts of Me2Si=NSitBu3 and tBu2Si=NSiCltBu2 FULL PAPER

Figure 1. Thermal ellipsoid plot of Me2Si=NSitBu3·NMe2Et
(1b·NMe2Et) showing the atomic numbering scheme. The displace-
ment ellipsoids are drawn at the 50% probability level. Selected
bond lengths [Å] and angles [°]: Si(1)–N(1) 1.6600(13), Si(1)–C(1)
1.951(2), Si(1)–C(5) 1.954(2), Si(1)–C(9) 1.956(2), N(1)–Si(2)
1.6036(13), Si(2)–C(14) 1.868(2), Si(2)–C(13) 1.868(2), Si(2)–N(2)
1.9694(14); N(1)–Si(1)–C(1) 110.06(7), N(1)–Si(1)–C(5) 107.52 (7),
C(1)–Si(1)–C(5) 110.15 (8), N(1)–Si(1)–C(9) 110.05(7), C(1)–Si(1)–
C(9) 109.55(8), C(5)–Si(1)–C(9) 109.49(7), Si(2)–N(1)–Si(1)
156.44(10), N(1)–Si(2)–C(14) 119.27(10), N(1)–Si(2)–C(13) 119.38
(9), N(1)–Si(2)–N(2) 105.13 (6), C(14)–Si(2)–N(2) 101.73(8), C(13)–
Si(2)–N(2) 102.11(10), C(16)–N(2)–Si(2) 107.97(12), C(15)–N(2)–
Si(2) 107.4(2), C(17)–N(2)–Si(2) 112.98(11), N(2)–C(17)–C (18)
117.3 (2).

and the amine N atom in 1b·NMe2Et (1.969 Å) is shorter
than that in the adduct Me2Si=C(SiMe2Ph)2·NMe2Et
(1.988 Å).[13]

Structure of the Silanimine Dimer (Me2SiNSitBu3)2

X-ray quality crystals of the silanimine dimer (Me2SiN-
SitBu3)2 (1b2) were grown from a benzene solution at ambi-

Table 2. Bond lengths [Å] and angles [°] of silanimines.

1b·NMe2Et 1b·thf[2] 1a(Ph)[11] 1a(tBu)[2] H2Si=NSiH3
[1]

Si=N 1.6036(13) 1.588(9)/1.574(10) 1.573(2)/1.573(3) 1.568(3) 1.549[a]

Si–N 1.6600(13) 1.654(9)/1.667(10) 1.695(2)/1.690(3) 1.695(3) 1.688[a]

Si–N–Si 156.44(10) 161.5(5)/161.0(6) 168.34(16)/172.95(18) 177.8(2) 175.6[a]

[a] Calculated.

Table 3. Bond lengths [Å] and angles [°] of supersilylated nitrogen compounds (av. = average value).

N–SitBu3 N–SiR2 Si–N–E (E = Si, C, N, M) Si–CtBu (av.)

(tBu3SiNSiMe2)2 (1b2) 1.775(2) av. 1.769(2) av. 135.67(12) av. 1.955(3)
tBu3SiN(H)ClSitBu2 [3(tBu)] 1.729(6) av. 1.694(7) av. 160.5(5) av. 1.931(8)
tBu3SiN=CPh2 (8) 1.721(4) av. – 154.3(3) av. 1.922(4)
tBu2Si=NSitBu3·tBuMe2SiN3

[7] 1.815(2) av. 1.789(2) av. 153.0(3) av. 1.940(3)
O(tBu2SiHNSitBu3)2

[14] 1.750(1) 1.772(1) 157.13(6) 1.947(3)
tBu3SiN(H)SiMesCH2C6H2Me2

[15] 1.770(8) 1.729(8) 145.5(5) 1.866(12)
tBu3SiNCtBu+ [16] 1.822 – 179.0 1.902
tBu3SiN(H)N(H)SitBu3

[17] 1.760(3) – 120.6(2) 1.932(3)
tBu3SiN(H)N=NSitBu3

[18] 1.790(8) av. – 124.9(7) av. 1.95(1)
tBu3SiN(SnMe3)N=NSitBu3

[18] 1.82(2) av. – 119.1(15) av. 1.922(4)
tBu3SiNHM[19] (M = Ti, V, Zr, Ta, W) 1.723(9)–1.758(4) – 160.9(3)–166.6(5) 1.92(1)–1.94(1)
tBu3SiNM2

[19] (M = Ti, V, Zr, Ta, W) 1.719(14)–1.778(3) – 164.1(2)–176.3(2) 1.93(3)–1.95(1)
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Figure 2. Thermal ellipsoid plot of the silanimine dimer (Me2SiN-
SitBu3)2 (1b2) showing the atom numbering scheme. The displace-
ment ellipsoids are drawn at the 50% probability level. Selected
bond lengths [Å] and angles [°]: N(1)–Si(2) 1.764(2), N(1)–Si(3)
1.774(2), N(1)–Si(1) 1.778(2), N(2)–Si(2) 1.761(2), N(2)–Si(1)
1.774(2), N(2)–Si(4) 1.775(2), Si(1)–C(8) 1.866(3), Si(1)–C(7)
1.873(3), Si(1)–Si(2) 2.4690(9), Si(2)–C(10) 1.867(3), Si(2)–C(9)
1.868(3), Si(3)–C(3) 1.950(3), Si(3)–C(2) 1.959(3), Si(3)–C(1)
1.961(3), Si(4)–C(4) 1.950(3), Si(4)–C(5) 1.955(3), Si(4)–C(6)
1.956(3); Si(2)–N(1)–Si(3) 133.53(12), Si(2)–N(1)–Si(1) 88.38(9),
Si(3)–N(1)–Si(1) 137.98(12), Si(2)–N(2)–Si(1) 88.60(9), Si(2)–N(2)–
Si(4) 132.76(12), Si(1)–N(2)–Si(4) 138.42(12), N(2)–Si(1)–N(1)
91.07(9), N(2)–Si(1)–C(8) 115.47(11), N(1)–Si(1)–C(8) 116.19(11),
N(2)–Si(1)–C(7) 115.82(11), N(1)–Si(1)–C(7) 116.13(11), C(8)–
Si(1)–C(7) 102.84(13), C(8)–Si(1)–Si(2) 128.81(9), C(7)–Si(1)–Si(2)
128.35(10), N(2)–Si(2)–N(1) 91.95(10), N(2)–Si(2)–C(10)
113.80(11), N(1)–Si(2)–C(10) 110.43(11), N(2)–Si(2)–C(9)
111.06(11), N(1)–Si(2)–C(9) 113.78(11), C(10)–Si(2)–C(9)
113.95(13), C(10)–Si(2)–Si(1) 122.43(9), C(9)–Si(2)–Si(1)
123.62(10), N(1)–Si(3)–C(3) 106.58(11), N(1)–Si(3)–C(2)
112.06(10), C(3)–Si(3)–C(2) 108.62(11), N(1)–Si(3)–C(1)
110.50(10), C(3)–Si(3)–C(1) 110.47(11), C(2)–Si(3)–C(1)
108.59(11), N(2)–Si(4)–C(4) 107.12(10), N(2)–Si(4)–C(5)
110.42(10), C(4)–Si(4)–C(5) 110.06(11), N(2)–Si(4)–C(6)
111.54(11), C(4)–Si(4)–C(6) 108.80(11), C(5)–Si(4)–C(6)
108.88(11).
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ent temperature. It crystallizes in the monoclinic space
group P21/n. As depicted in Figure 2, the central core of 1b2

is a planar four-membered ring. The corners of this four-
membered ring are alternately occupied by two Si and two
N atoms [Si–N–Si (av) 88.49(9)°; N–Si–N 91.51(10)°]. The
Si–N bond lengths of 1b2 are longer than those of the silan-
imines 1a(tBu), 1a(Ph), 1b·thf, and 1b·NMe2Et, and those
of the silylamine 3(tBu) (see Tables 2 and 3).

Structure of the Benzophenone Imine Ph2C=NSitBu3

X-ray quality crystals of the benzophenone imine 8 were
obtained by sublimation at 105 °C/0.001 mbar. It crys-
tallizes in the triclinic space group P1̄. It is interesting to
note that the solid-state structure features three indepen-
dent molecules in the asymmetric unit. As depicted in Fig-
ure 3, the C=N–Si skeleton deviates much more from lin-
earity [C–N–Si 154.6(3)°, 154.9(3)°, and 153.5(3)°] than the
Si=N–Si skeleton of 1a(tBu). The structure of 8 contains a
C=N double bond [1.253(4), 1.263(5), and 1.261(5) Å] and,
in comparison with the silanimine 1a(tBu), a longer Si–N
single bond, as shown in Tables 2 and 3 [1a(tBu): N–SitBu3

1.695(3) Å; 8: N–SitBu3 1.722(3), 1.720(3), and 1.721(4) Å;
Figure 3].

Figure 3. Thermal ellipsoid plot of one of three independent mole-
cules in the asymmetric unit of Ph2C=NSitBu3 (8) showing the
atom numbering scheme. The displacement ellipsoids are drawn at
the 50% probability level. Selected bond lengths [Å] and angles
[°]: Si(1)–N(1) 1.722(3), Si(1)–C(11) 1.919(4), Si(1)–C(13) 1.922(4),
Si(1)–C(12) 1.929(4), N(1)–C(1) 1.253(4), C(1)–C(101) 1.510(5),
C(1)–C(111) 1.512(5); N(1)–Si(1)–C(11) 102.30(18), N(1)–Si(1)–
C(13) 116.02(18), C(11)–Si(1)–C(13) 112.1(2), N(1)–Si(1)–C(12)
101.14(18), C(11)–Si(1)–C(12) 113.6(2), C(13)–Si(1)–C(12)
111.1(2), C(1)–N(1)–Si(1) 154.6(3), N(1)–C(1)–C(101) 119.8(4),
N(1)–C(1)–C(111) 123.9(4), C(101)–C(1)–C(111) 116.2(4).
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Structure of the Silylamine tBu2SiClN(H)SitBu3

The solid-state structure of the silylamine tBu2SiClN(H)-
SitBu3 [3(tBu)] (triclinic, P1̄) shows two symmetrically inde-
pendent molecules in the unit cell. As shown in Table 3,
3(tBu) possesses Si–N–Si angles of 164.2(5)° and 158.5(5)°,
respectively, which can be compared to the values for
1a(tBu) [177.8(2)°], 1a(Ph) [172.95(18)°], 1b·thf [161.0(6)°
and 161.5(6)°], and 1b·NMe2Et [156.44(10)°]. The Si(Cl)–N
bond [av. 1.694(7) Å] in 3(tBu) lies in the range of the N–
SitBu3 bond lengths for the supersilyl-substituted silanim-
ines 1a(tBu), 1a(Ph), 1b·thf, and 1b·NMe2Et but is shorter
than the Si–N single bonds of the silanimine dimer 1b2 and
the benzophenone imine 8 (Table 3). On the other hand, the
length of the N–SitBu3 bond in 3(tBu) is similar to those
found in the silanimine dimer 1b2 and the benzophenone
imine 8. Both molecules of 3(tBu) show large thermal dis-
placements, resulting in distorted structural parameters and
a large difference density. The molecular structure of 3(tBu)
shows that the N–H groups are extremely shielded by the
tBu groups and are not involved in hydrogen bonding (Fig-
ure 4 and Table 4).

Figure 4. Thermal ellipsoid plot of one of the two independent
molecules in the asymmetric unit of the silylamine tBu2SiClN(H)
SitBu3 [3(tBu)]. The displacement ellipsoids are drawn at the 30%
probability level. Selected bond lengths [Å] and angles [°]: Si(4)–
N(2) 1.733(6), Si(4)–C(29) 1.918(7), Si(4)–C(33) 1.925(7), Si(4)–
C(37) 1.935(8), Cl(2)–Si(3) 2.293(3) Si(3)–N(2) 1.679(7), Si(3)–
C(25) 1.851(9), Si(3)–C(21) 1.908(9); Si(3)–N(2)–Si(4) 164.2(5),
N(2)–Si(4)–C(29) 109.5(3), N(2)–Si(4)–C(33) 111.2(3), C(29)–Si(4)–
C(33) 110.8(3), N(2)–Si(4)–C(37) 102.8(4), C(29)–Si(4)–C(37)
110.5(3), C(33)–Si(4)–C(37) 111.9(3), N(2)–Si(3)–C(25) 114.6(4),
N(2)–Si(3)–C(21) 112.3(4), C(25)–Si(3)–C(21) 114.3(5), N(2)–Si(3)–
Cl(2) 101.9(3), C(25)–Si(3)–Cl(2) 105.1(4), C(21)–Si(3)–Cl(2)
107.3(5).

Conclusions

In summary, we have shown that in contrast to tBu2SiN-
(Li)SiXtBu2 (X = Cl, tBu), the silyl amide Me2SiClN(Li)-
SitBu3 is unstable towards LiCl elimination, which means
that the silanimine aminate 1b·NMe2Et can be synthesized
in high yield from the reaction of Me2SiClN(H)SitBu3 with
nBuLi in the presence of NMe2Et. The silanimine adduct
1a(Cl)·NMe2Et, which possesses the bulky tBu substituent
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Table 4. Crystallographic data and further details of the structure determination of 1b·NMe2Et, 1b2, 3(tBu), and 8.

1b·NMe2Et 1b2 3(tBu) 8

Empirical formula C18H44N2Si2 C28H66N2Si4 C20H46ClNSi2 C25H37NSi
Color colorless colorless colorless yellow
Formula weight 344.73 543.19 392.21 379.65
Crystal system monoclinic monoclinic triclinic triclinic
Space group P21/n P21/n P1̄ P1̄
a [Å] 10.431(2) 8.8953(4) 8.7999(18) 8.4950(10)
b [Å] 17.361(2) 25.2188(9) 15.954(7) 16.830(2)
c [Å] 12.664(2) 14.8096(7) 18.366(6) 26.592(3)
α [°] 90 90 94.16(3) 105.598(4)
β [°] 97.80(2) 90.632(4) 100.41(3) 97.122(4)
γ [°] 90 90 98.26(4) 101.089(4)
V [Å3], Z 2272.1(6), 4 3322.0(2), 4 2496.8(14), 4 3530.9(7), 6
Dcalcd. [Mgm–3] 1.008 1.086 1.043 1.071
µ(Mo-Kα) [mm–1] 0.157 0.198 0.253 0.109
F(000) 776 1216 872 1248
Crystal size [mm3] 0.4�0.4�0.8 0.49�0.29�0.27 0.50�0.19�0.10 0.31�0.14�0.12
Diffractometer Stoe-IPDS-II Stoe-IPDS-II Siemens Smart CCD Siemens Smart CCD
θ-range [°] 2.00–28.00 1.59–25.35 1.13–30.73 0.81–25.03
Index ranges –13 � h � 10 –10 � h � 10 –12 � h � 12 –10 � h � 10

0 � k � 21 –30 � k � 30 –22 � k � 22 –20 � k � 20
–15 � l � 16 –17 � l � 17 –27 � l � 28 –31 � l � 31

No. of reflections collected 6319 82992 31799 34387
No. of independent reflections 4619 6085 13016 12390
R(int) 0.0203 0.1395 0.0787 0.1345
Absorption correction empirical empirical empirical empirical
No. of data/restraints/parameter 4619/0/375 6085/0/307 13016/0/433 12390/0/730
Goodness of fit on F2 1.063 1.104 1.772 0.958
Final R indices [I � 2σ(I)], R1, wR2 0.0351, 0.0940 0.0565, 0.1431 0.1502, 0.3527 0.0763, 0.1171
Largest diff. peak/hole [eÅ–3] 0.276/–0.203 0.474/–0.371 2.045/–0.700 0.241/–0.271

on the unsaturated Si center, is accessible by treating the
donor-free silanimine 1a(Cl) with NMe2Et.

In contrast to the degradation reaction of the donor-free
silanimines 1a(Cl), 1a(tBu), and 1a(Ph), a Stevens re-
arrangement takes place in the thermolysis of the silanimine
amine adducts 1a(Cl)·NMe2Et and 1b·NMe2Et in dimethyl-
ethylamine to produce EtN(Me)CH2SiMe2N(H)SitBu3 and
EtN(Me)CH[Me2SiN(H)SitBu3]2, and EtN(Me)CH2Si-
tBu2N(H)SiCltBu2, respectively. The thermolysis of
1b·NMe2Et in vacuo gives the silanimine dimer 1b2 in 80%
yield. In contrast to the reaction of 1a(tBu) with benzophe-
none, in which a stable silanimine adduct is formed, the
silanimine amine complex 1b·NMe2Et reacts with benzo-
phenone to produce benzophenone imine 8, via oxaazasila-
cyclobutane 7, by a Wittig-like reaction. Due to the anisot-
ropy effect the 29Si NMR spectra of silanimines of the type
R2Si(1)=NSi(2)R3 reveal upfield-shifted signals for both Si
nuclei, therefore the linearity of the silanimine skeleton can
be determined from the 29Si shift of the Si(2) center.

Experimental Section
General Remarks: All experiments were carried out under dry nitro-
gen or argon with strict exclusion of air and moisture using stan-
dard Schlenk techniques. tBu2Si=NSiCltBu2,[6] tBu2SiFH,[20] tBu2-
SiClH,[20] and Me2SiClN(H)SitBu3

[8] were prepared according to
literature procedures. All other starting materials were purchased
from commercial sources and used without further purification.
The solvents were distilled from sodium/benzophenone (benzene,
toluene, tetrahydrofuran, diethyl ether) or Na/Pb alloy (pentane,
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hexane, heptane) prior to use. C6D6 was dried with molecular sieves
and stored under dry nitrogen. The NMR spectra were recorded
with a Jeol FX 90, a Jeol GSX 270, a Bruker AM 250, a Bruker
DPX 250, or a Bruker Avance 400 spectrometer. The 29Si NMR
spectra were recorded using the INEPT pulse sequence with empir-
ically optimized parameters for polarization transfer from the tBu
substituents.

Synthesis of tBu2SiClN(H)SitBu3 [3(tBu)]: This compound was pre-
pared according to a literature procedure.[4] X-ray quality crystals
of 3(tBu) were grown from benzene at ambient temperature. Se-
lected data: thermal decomposition of 3(tBu) occurs at 113 °C. 1H
NMR (C6D6, internal TMS): δ = 1.19 (s, 18 H, tBu2SiCl), 1.21 (s,
27 H, tBu3Si) ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 23.6
(3 C, CMe3), 24.5 (2 C, CMe3), 29.3 (6 C, CMe3), 31.3 (9 C, CMe3)
ppm. 29Si{1H} NMR (C6D6, external TMS): δ = 8.4 (SitBu3), 16.0
(SiCltBu3) ppm. C20H46ClNSi (392.22): calcd. C 61.25, H 11.82, N
3.57; found C 62.02, H 12.05, N 3.18. EI MS: m/z (%) 334 (100)
[M – tBu]+.

Synthesis of tBu2Si(H)NH2: tBu2SiClH (10.05 g, 56.2 mmol) was
added to 10 mL of liquid NH3 at –60 °C and stirred for 6 h. After
heating to room temperature the reaction product was distilled at
93 °C/100 Torr: Yield: 5.72 g (68%). 1H NMR (C6D6, internal
TMS): δ = 0.97 (s, 18 H, tBu2Si), 4.03 (br., HSi) ppm. 13C{1H}
NMR (C6D6, internal TMS): δ = 18.9 (CMe3), 27.7 (CMe3) ppm.
29Si{1H} NMR (C6D6, external TMS): δ = 7.1 ppm (SitBu2).
C8H21NSi (159.35): calcd. C 60.30, H 13.28, N 8.78; found C 59.13,
H 13.14, N 8.02. EI MS: m/z (%) 159 (13) [M]+, 102 (100) [M –
tBu]+.

Synthesis of tBu2Si(H)N(H)SiHtBu2: A mixture of LiNH2 (4.60 g,
200 mmol) and tBu2SiFH (16.20 g, 100 mmol) in tetrahydrofuran
(100 mL) was refluxed for 24 h. After addition of methanol
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(40 mL), all volatile compounds were removed in vacuo and the
residue was extracted into 150 mL of pentane. After filtration, the
solvent was removed in vacuo to give tBu2Si(H)N(H)SiHtBu2 as a
colorless oil: Yield: 10.93 g (72%). B.p. 58 °C/0.01 mbar. 1H NMR
(C6D6, internal TMS): δ = 1.07 (s, 36 H, tBu2Si), 4.23 (d, HSi)
ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 20.6 (CMe3), 28.5
(CMe3) ppm. 29Si{1H} NMR (C6D6, external TMS): δ = 7.0 ppm
(SitBu2). C16H39NSi2 (301.67): calcd. C 63.70, H 13.03, N 4.64;
found C 63.04, H 12.95, N 4.72. EI MS: m/z (%) 301 (5) [M]+, 244
(100) [M – tBu]+.

Note: tBu2Si(H)N(H)SiHtBu2 can also be synthesized from tBu2-
Si(H)NHLi and tBu2SiFH in tetrahydrofuran by heating.

Synthesis of tBu2SiClN(H)SiCltBu2 [3(Cl)]: A mixture of N-chloro-
succinimide (23.79 g, 178.1 mmol) and tBu2Si(H)N(H)SiHtBu2

(9.775 g, 32.4 mmol) in CCl4 (75 mL) was refluxed for 48 h. After
filtration, the solvent was removed in vacuo and the obtained solid
reaction product was sublimed at 60 °C/10–4 Torr: Yield: 9.36 g
(80%). 1H NMR (C6D6, internal TMS): δ = 1.12 (s, 36 H, tBu2Si)
ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 23.4 (CMe3), 28.1
(CMe3) ppm. 29Si{1H} NMR (C6D6, external TMS): δ = 17.9 ppm
(SitBu2). C16H37Cl2NSi2 (370.56): calcd. C 51.86, H 10.06, N 3.78;
found C 50.74, H 9.89, N 3.42. EI MS: m/z (%) 369 (1) [M]+, 312
(100) [M – tBu]+.

Synthesis of the Silanimine Adduct tBu2Si=NSiCltBu2·NMe2Et
[1a(Cl)·NMe2Et]: NMe2Et (2 mL) was added to a solution of tBu2-
Si=NSiCltBu2 (0.8 mmol) in 5 mL of benzene. After removing all
volatile compounds in vacuo 1a(Cl)·NMe2Et was obtained as a col-
orless solid. 1H NMR (C6D6, internal TMS): δ = 1.18 (s, 18 H,
tBu2SiCl), 1.46 (s, 18 H, tBu2Si), 0.63 (t, 3J = 7.2 Hz, 3 H, CH3),
2.89 (q, 3J = 7.2 Hz, 2 H, NCH2), 2.11 (s, 6 H, NMe2) ppm.
13C{1H} NMR (C6D6, internal TMS): δ = 9.7 (CH3), 25.3 (CMe3),
25.7 (CMe3), 30.3 (CMe3), 31.8 (CMe3), 44.8 (NCH2), 52.9
(NMe2) ppm. 29Si{1H} NMR (C6D6, external TMS): δ = –6.4
(SiCltBu2), –3.4 (SitBu2) ppm.

Synthesis of the Silanimine Adduct Me2Si=NSitBu3·NMe2Et
(1b·NMe2Et): nBuLi (7.89 mmol) in hexane (5.1 mL) was added to
a solution of Me2SiClN(H)SitBu3 (2.43 g, 7.89 mmol) and 10 mL
of NMe2Et in 50 mL of Et2O at –78 °C and stirred for 4 h. After
heating to room temperature the volatile compounds were removed
in vacuo and the solid reaction product was extracted into 30 mL
of pentane. After filtration, single crystals of 1b·NMe2Et were ob-
tained from the pentane filtrate at –25 °C. Yield: 1.47 g (54%). 1H
NMR (C6D6, internal TMS): δ = 0.12 (s, 6 H Me2Si), 0.32 (t, 3 H,
CH3), 1.45 (s, 27 H, tBu3Si), 1.77 (s, 6 H, NMe2), 2.50 (q, 2 H,
NCH2) ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 1.9
(Me2Si), 6.5 (CH3), 24.5 (CMe3), 32.1 (CMe3), 41.5 (NCH2), 51.0
(NMe2) ppm. 29Si{1H} NMR (C6D6, external TMS): δ = –8.9
(Me2Si), –10.3 (SitBu3) ppm.

Synthesis of the Silanimine Dimer (Me2SiNSitBu3)2 (1b2): Com-
pound 1b·NMe2Et (0.608 g, 1.76 mmol) was heated at 120 °C in
vacuo (0.01 mbar) for 4 h, then the obtained solid was extracted
into 10 mL of benzene. 1b2 was crystallized from this solution at
ambient temperature. Yield: 0.382 g (80%). The NMR spectra of
the mother liquid show the signals of 1b2 and small signals which
can be assigned to 5(Me,tBu) and 6(Me,tBu). Selected data for 1b2:
m.p. 268 °C. 1H NMR (C6D6, internal TMS): δ = 0.79 (s, 12 H
Me2Si), 1.23 (s, 54 H, tBu3Si) ppm. 13C{1H} NMR (C6D6, internal
TMS): δ = 12.1 (Me2Si), 23.8 (CMe3), 32.6 (CMe3) ppm. 29Si{1H}
NMR (C6D6, external TMS): δ = 7.4 (Me2Si), 4.6 (SitBu3) ppm.
C28H66N2Si4 (543.18): calcd. C 61.91, H 12.95, N 5.16; found C
61.28, H 12.62, N 5.09.
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Thermolysis of the Silanimine Adduct Me2SiNSitBu3·NMe2Et
(1b·NMe2Et): A solution of 1b·NMe2Et (0.168 g, 0.487 mmol) in
0.8 mL of NMe2Et was heated at 135 °C for 30 h. The NMR (1H,
13C, 29Si) spectra showed the signals of 5(Me,tBu) (80%) and
6(Me,tBu) (20%). After removing all volatile compounds at room
temp. and 0.001 mbar, colorless 5(Me,tBu) was distilled at 70 °C/
0.001 mbar from the obtained mixture. Analytically pure 6(Me,tBu)
remained as the distillation residue.

5(Me,tBu): 1H NMR (C6D6, internal TMS): δ = 0.26 (s, 6 H
Me2Si), 0.96 (t, 1J = 7.1 Hz, 3 H, CH3), 1.20 (s, 27 H, tBu3Si), 1.74
(s, 2 H, SiCH2N), 2.15 (s, 3 H, NCH3), 2.30 (q, 1J = 7.1 Hz, 2 H,
NCH2) ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 3.64
(Me2Si), 13.3 (CH3), 23.0 (CMe3), 30.7 (CMe3), 45.4 (NCH3), 50.2
(NCH2Si), 55.7 (NCH2) ppm. 29Si{1H} NMR (C6D6, external
TMS): δ = –3.7 (Me2Si), 6.4 (SitBu3) ppm. C18H44N2Si2 (344.74):
calcd. C 62.71, H 12.87, N 8.13; found C 63.01, H 12.14, N 8.52.
EI MS: m/z (%) 344 (7) [M]+, 287 (100) [M – tBu]+.

6(Me,tBu): M.p. 116 °C. 1H NMR (C6D6, internal TMS): δ = 0.41
(s, 6 H MeSi), 0.44 (s, 6 H MeSi), 1.06 (t, 1J = 7.1 Hz, 3 H, CH3),
1.20 (s, 54 H, tBu3Si), 1.76 (s, 1 H, Si2CHN), 2.49 (s, 3 H, NCH3),
2.81 (q, 1J = 7.1 Hz, 2 H, NCH2) ppm. 13C{1H} NMR (C6D6, in-
ternal TMS): δ = 6.1 (MeSi), 6.2 (MeSi), 14.7 (CH3), 23.0 (CMe3),
30.9 (CMe3), 44.0 (NCH3), 53.6 (NCHSi2), 54.0 (NCH2) ppm.
29Si{1H} NMR (C6D6, external TMS): δ = –1.6 (Me2Si), 6.7
(SitBu3) ppm. C32H77N3Si4 (616.33): calcd. C 62.36, H 12.60, N
6.80; found C 62.00, H 12.83, N 6.65. EI MS: m/z (%) 615 (3)
[M]+, 558 (100) [M – tBu]+.

Remark: A solution of 1b·NMe2Et (0.025 g, 0.073 mmol), 0.1 mL
of NMe2Et and 1 mL of C6D6 was heated at 120 °C for 24 h. The
NMR (1H, 13C, 29Si) spectra showed the signals of 5(Me,tBu)
(10%) and 6(Me,tBu) (90%).

Thermolysis of the Silanimine Adduct tBu2Si=NSiCltBu2·NMe2Et
[1a(Cl)·NMe2Et]: A solution of 1a(Cl)·NMe2Et (0.5 mmol) in 2 mL
of NMe2Et was stored for 2 weeks at ambient temperature. The
NMR (1H, 13C, 29Si) spectra showed only the signals of 5(tBu,Cl).
1H NMR (C6D6, internal TMS): δ = 0.96 (t, 1J = 7.33 Hz, 3 H,
CH3), 1.14 (s, 18 H, tBu2Si), 1.23 (s, 18 H, tBu2Si), 2.06 (s, 3 H,
NCH3), 2.15 (q, 1J = 7.33 Hz, 2 H, NCH2), 2.35 (s, 2 H, SiCH2N)
ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 13.1 (CH3), 23.3
(CMe3), 23.6 (CMe3), 28.7 (CMe3), 29.5 (CMe3), 39.2 (NCH2Si),
45.1 (NCH3), 53.7 (NCH2) ppm. 29Si{1H} NMR (C6D6, external
TMS): δ = 17.5 (tBu2SiCl), 0.6 (SitBu2) ppm. EI MS: m/z (%) 334
(43) [M – tBu]+, 166 (100) [Me2SiNHSiClMe2]+.

Note: A solution of 1a(Cl)·NMe2Et (0.134 g, 0.329 mmol) in
0.6 mL of C6D6 was stored at ambient temperature for a week. The
NMR (1H, 13C, 29Si) spectra showed the signals of 5(tBu,Cl).

Reaction of the Silanimine Adduct Me2Si=NSitBu3·NMe2Et
(1b·NMe2Et) with Ph2CO: A solution of Ph2C=O (0.275 g,
1.50 mmol) in 10 mL of Et2O was added to a solution of
1b·NMe2Et (0.520 g, 1.51 mmol) in 10 mL of Et2O at –78 °C. The
NMR (1H, 13C, 29Si) spectra showed the signals of Ph2C=NSitBu3

(8) and other compounds containing Me2SiO groups.[8] After re-
moving all volatile compounds in vacuo (0.001 mbar), single crys-
tals of 8 were obtained by sublimation at 105 °C/0.001 mbar. Yield:
0.301 g (53%). M.p. 98 °C. 1H NMR (C6D6, internal TMS): δ =
1.18 (s, 27 H, tBu3Si), 7.08 (m, 6 H, o/p-Ph), 7.387 (m, 4 H, m-Ph)
ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 23.7 (CMe3), 30.9
(CMe3), 128.26 (m/o-Ph), 128.29 (m/o-Ph), 129.3 (p-Ph), 143.3 (i-
Ph), 170.3 (C=N) ppm. 29Si{1H} NMR (C6D6, external TMS): δ
= –4.9 ppm (SitBu3). C16H39NSi2 (379.66): calcd. C 79.01, H 9.81,
N 3.69; found C 78.54, H 9.65, N 3.72. EI MS: m/z (%) 322 (100)
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[M – tBu]+. IR: νC=N = 1692 cm–1. UV/Vis: λmax = 401 nm (ε401 =
7.48 –1 cm–1).

Lithiation of tBu2SiClN(H)SiXtBu2 (X = Cl, tBu) [3(Cl), 3(tBu)]: A
solution of RLi [X = Cl(thf): RLi = 3.16 mmol of nBuLi in 2 mL
of hexane and 10 mL of thf; X = Cl(thf): RLi = 1.93 mmol of MeLi
in 3 mL of Et2O; X = Cl(Et2O): RLi = 1.05 mmol of nBuLi in
0.7 mL of hexane and 10 mL of Et2O] was added to a solution of
tBu2SiClN(H)SiXtBu2 (in 10 mL of thf, X = Cl, 1.162 g,
3.14 mmol; in 6 mL of thf, X = tBu, 0.756 g, 1.93 mmol; in 10 mL
Et2O, X = Cl, 0.385 g, 1.05 mmol) at –78 °C. After removing the
solvent, the silylated amides tBu2SiClN(Li)SiXtBu2 (X = Cl, tBu)
were obtained as colorless solids. The NMR spectra of the reaction
solution showed only the signals of the silylated amides tBu2Si-
ClN(Li)SiXtBu2 (X = Cl, tBu).

tBu2SiClNLi(thf)SiCltBu2: 1H NMR (C6D6, internal TMS): δ =
1.32 (m, 4 H, CH2), 1.36 (s, 36 H, tBu2Si), 3.47 (m, 4 H OCH2).
13C{1H} NMR (C6D6, internal TMS): δ = 24.8 (CMe3), 25.2
(CH2), 28.9 (CMe3), 68.7 (OCH2) ppm. 29Si{1H} NMR (C6D6, ex-
ternal TMS): δ = 4.8 ppm (SitBu2).

tBu2SiClNLi(thf)SitBu3: 1H NMR (C6D6, internal TMS): δ = 1.17
(m, 4 H, CH2), 1.32 (s, 27 H, tBu3Si), 1.44 (s, 18 H, tBu2Si), 3.35
(s, 8 H OCH2) ppm.

tBu2SiCl-NLi(Et2O)SiCltBu2: 1H NMR (C6D6, internal TMS): δ =
0.904 (t, 6 H, CH3), 1.315 (s, 36 H, tBu2Si), 3.181 (q, 4 H OCH2)
ppm. 13C{1H} NMR (C6D6, internal TMS): δ = 14.8 (CH3), 24.8
(CMe3), 29.0 (CMe3), 65.8 (OCH2) ppm. 29Si{1H} NMR (C6D6,
external TMS): δ = 5.5 ppm (SitBu2).

Note: Treatment of one equivalent of tBu2SiClN(Li)SiXtBu2 (X =
Cl, tBu) with one equivalent of MeOH leads quantitatively to the
formation of 3(Cl) and 3(tBu).

X-ray Crystallographic Study: Data collection was performed with
either a Stoe-IPDS-II diffractometer or a Siemens CCD three-circle
diffractometer. Empirical absorption correction was performed
with MULABS[21] and SADABS,[22] structure solution by direct
methods,[23] and structure refinement by full-matrix least-squares
on F2 with SHELXL-97.[24] Hydrogen atoms were placed at ideal
positions and refined with fixed isotropic displacement parameters
using a riding model.

CCDC-602102 (for 1b·NMe2Et), -602101 (for 1b2), -609530 [for
3(tBu)], and -609686 (for 8) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of

Eur. J. Inorg. Chem. 2006, 4998–5005 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5005

charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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π-Conjugated polyene complexes of the general formula
(RuClCp*)n(polyene) [2: n = 1, polyene = 1,4-diphenylbuta-
1,3-diene; 3: n = 1, polyene = 1,6-diphenylhexa-1,3,5-triene;
4: n = 2, polyene = 1,8-diphenylocta-1,3,5,7-tetraene; 5: n =
2, polyene = 1,10-diphenyldeca-1,3,5,7,9-pentaene; 6: n = 3,
polyene = 1,12-diphenyldodeca-1,3,5,7,9,11-hexaene], in
which each ruthenium(II) atom has Cp* (Cp* = η5-C5Me5)

Introduction

One-dimensional π-conjugated polyenes are excellent
supporting ligands to which plural transition metals can co-
ordinate, and their metal complexes are expected to show
unique properties on the basis of an extended pπ–dπ conju-
gated organometallic system.[1] Their physical properties are
thus controlled by not only the number of transition metals
bound to the polyene ligand but also their coordination fea-
tures such as nuclearity (mono-,[2,3] di-,[4] or polynuclear[5]),
stereochemistry (syn and anti for polynuclear complexes),
and fluxionality[6,7] (metal migration on a polyene). More-
over, ancillary ligands on a metal center also play an impor-
tant role in controlling the structure and properties of π-
conjugated polyene complexes. We have recently reported
the systematic preparation of α,ω-diphenylpolyene com-
plexes bearing Ru(acac)2 (acac = acetylacetonato) frag-
ments, which coordinate to all diene units of the polyene in
an η4-s-trans fashion,[8a] resulting in the full metalation of
all diene units of the polyenes. In contrast, ruthenium frag-
ments with Cp* (Cp* = C5Me5) and chlorido ligands prefer
to coordinate to a diene moiety of diene and tetraene in
an η4-s-cis fashion revealed by our previous work.[8b] The
selectivity of coordination mode originating from the differ-
ence of ancillary ligands on a ruthenium center has at-
tracted interest. Furthermore, “RuClCp*” fragments as
well as “Ru(acac)2”[8a] and “Fe(CO)3”[7] fragments are also
expected to move on a π-conjugated polyene with an odd
number of olefinic parts such as triene and pentaene. As an
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and chlorido ligands, were prepared by treating [Ru(µ3-Cl)-
Cp*]4 (1) with the corresponding α,ω-diphenylpolyenes. All
diene units of the complexes were fully metalated by the co-
ordination of “RuClCp*” fragments in an η4-s-cis conforma-
tion.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

extension of our continuing interest in this area, we have
investigated the complexation of the “RuClCp*” fragment
with longer polyenes. Here, we report the synthesis of a
series of α,ω-diphenylpolyene complexes (polyene = di-, tri-,
tetra-, penta-, and hexaene) bearing RuClCp* fragments
and their structural features.

Results and Discussion

The reaction of α,ω-diphenylpolyenes with [Ru(µ3-Cl)-
Cp*]4 (1)[2g] in THF or dichloromethane at room tempera-
ture gave the corresponding chlorido(η5-pentamethylcyclo-
pentadienyl)ruthenium(II) complexes of the general for-
mula (RuClCp*)n(polyene) [2: n = 1, polyene = 1,4-di-
phenylbuta-1,3-diene; 3: n = 1, polyene = 1,6-diphenylhexa-
1,3,5-triene; 4: n = 2, polyene = 1,8-diphenylocta-1,3,5,7-
tetraene; 5: n = 2, polyene = 1,10-diphenyldeca-1,3,5,7,9-
pentaene; 6: n = 3, polyene = 1,12-diphenyldodeca-
1,3,5,7,9,11-hexaene] in modest yields [Equation (1)].
Among them, the diene and tetraene complexes 2 and 4
had previously been prepared and characterized.[8b] Both
complexes are stable to air and moisture in the solid state,
but are not stable in solution. Complexes 3, 5, and 6 are
soluble in dichloromethane and chloroform, and are
slightly soluble in THF. The treatment of 1 with longer
polyenes such as 1,14-diphenyltetradeca-1,3,5,7,9,11,13-
heptaene and 1,16-diphenylhexadeca-1,3,5,7,9,11,13,15-oc-
taene did not yield any products because of the low solubil-
ity of heptaene and octaene ligands in any common organic
solvent.

In the obtained complexes, RuClCp* fragments coordi-
nated in an η4-s-cis fashion to all diene units of the poly-
enes. The 1H NMR spectra of all complexes (except 2)
showed signals of the outer protons of coordinated diene
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(1)

units in the range of δ = 2.5–4.0 ppm. Siganls of the inner
protons of the s-cis diene moieties are observed at δ ≈
5 ppm, with a smaller coupling constant (3J = 5.9 Hz),[2] in
sharp contrast to those (3J = 7–8 Hz) observed for η4-s-
trans-diene[3] complexes of Ru(acac)2 fragments.

The conformation of a diene moiety around a ruthenium
center can be explained by the electron influence of
ancillary ligands.[1b] Some (diene)ruthenium complexes,
Ru(acac)2(η4-1,3-diene),[3f] TpRuCl(η4-1,3-diene),[3h] and
[Ru(NH3)4(η4-1,3-diene)]2+,[3i] prefer the s-trans mode, pre-
sumably because the electronic deficiency around the ruthe-
nium center of each fragment, as compared with the
“RuClCp*” fragment, is compensated for by electron do-
nation from the s-trans-diene ligand. In addition, the overall
stereochemistry at a ruthenium center may influence the
conformation mode. The above s-trans-diene complexes
have a hexacoordinate octahedral structure when the s-
trans-diene moiety is regarded as a bidentate chelating li-
gand. In the case of RuClCp*(η4-1,3-diene), the regular oc-
tahedral structure of the RuII complex is deviated by a
bulky tridentate Cp* ligand. Thus, the diene moiety of the
polyene complexes prefers the s-cis coordination.

UV/Vis spectroscopic data of 2–6 together with those of
η4-s-trans-polyene complexes with Ru(acac)2 fragments[8a]

are summarized in Table 1. The absorption maxima of 2–6
shift to a longer wavelength as the number of diene units
of the polyene ligand increases, indicating that the π-conju-
gated system along the polyene chain is kept even after the
dπ orbital of the RuClCp* fragment is incorporated in the
pπ orbital of the polyene, consistent with the results of the
X-ray analysis of 4.[8b] In contrast, we observed that η4-s-
trans-polyene complexes containing Ru(acac)2 fragments

Scheme 1.
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have almost the same absorption maxima because their π-
conjugation systems are separated into individual diene
units due to the structural deformation of ruthenium-coor-
dinated diene units. These UV/Vis data also suggest that
ancillary ligands (Cp* or acac) on a ruthenium center can
control not only their structural shape, such as the metal
coordination mode (s-cis or s-trans for diene complexation),
but also the planarity of the polyene backbone.

Table 1. UV/Vis spectroscopic data of (polyene)ruthenium com-
plexes, [Ru](α,ω-diphenylpolyene) in CH2Cl2.

λmax/nm (ε/cm–1)Diphenylpolyene
[Ru] = RuClCp* [Ru] = Ru(acac)2

Butadiene 481 (5900) (2) 325 (1300)[a]

Hexatriene 492 (6800) (3) 340 (21000)[b]

Octatetraene 518 (11400) (4) 340 (2600)[a]

Decapentaene 525 (16500) (5) 343 (35000)[b]

Dodecahexaene 525 (–) (6)[c] 340 (43000)[b]

[a] Ref.[8b] [b] Ref.[8a] [c] Because of the low solubility of 6, we could
not estimate the ε value.

The 1H NMR spectra of 2, 4, and 6 displayed no peaks
assignable to the uncoordinated olefinic protons in the
range of δ = 6–7 ppm, indicating that polyenes with an even
number of olefinic parts are fully metalated.[8] For 4, we
attempted to carry out the reaction of a tetraene ligand
with 1 equiv. of 1 to obtain a mononuclear complex; how-
ever, no partly metalated olefinic parts with one ruthenium
fragment was observed, and a mixture of 4 and a free
tetraene was detected by NMR analysis. Likewise, the reac-
tion of 1 with a hexaene gave 6, without any complexes,
having one or two ruthenium fragments. For the multinu-
clear complexes 4 and 6, there are several possible syn and
anti isomers owing to the relative face selection of sequen-
tial metal coordination across the polyene ligand. For the
tetraene complex 4, an anti structure of two RuClCp* frag-
ments coordinated to a tetraene has been revealed by X-ray
analysis.[8b] The 1H NMR spectrum of the trinuclear hexa-
ene complex 6 in CDCl3 showed only one set of six olefinic
protons together with two methyl protons (1:2 ratio) of Cp*
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ligands, suggesting that 6 may have a C2 axis or a mirror
plane passing through the central ruthenium atom and the
center of the hexaene ligand. For 6, four isomers are pos-
sible, which are categorized into three types: syn/syn-,
anti/anti-, and anti/syn- (= syn/anti-) -6, as depicted in
Scheme 1. On the basis of the 1H NMR spectrum of 6, the
structurally unsymmetrical isomer anti/syn-6 is excluded.
Furthermore, syn/syn-6 is also ruled out because of steric
repulsion among the three bulky RuClCp* fragments. Thus,
it is reasonably conceivable that 6 has an anti/anti structure.

In contrast to those of 4 and 6, the 1H NMR spectrum
of the triene complex 3 exhibited six signals of magnetically
nonequivalent nuclei: four peaks in the range of δ = 3.3–
5.4 ppm were from olefinic protons of the diene part bound
to a ruthenium atom and the other two signals observed
at δ ≈ 6.5 ppm were assignable to noncoordinating olefin
protons. The RuClCp* fragment coordinated in an s-cis
fashion to a diene part of the triene, as judged from a typi-
cal coupling constant (3J = 5.9 Hz) between the inner pro-
tons H2 and H3 (signals observed at δ = 5.28 and 4.90
ppm).[2] The coupling constants J4,5 (10.3 Hz) and J5,6

(15.6 Hz) further indicated that the C(3)–C(4)–C(5)–C(6)
sequence is s-trans.

Figure 1. The 2D COSY spectrum of 5 in CDCl3 at 30 °C. Peaks marked with * are due to solvent impurities.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5006–50115008

The dinuclear pentaene complex 5 was isolated as a mix-
ture of two isomers: 5a (major, 90%) and 5b (minor, 10%).
In the 2D COSY and NOESY spectra of 5 (Figures 1 and
2), 10 signals of magnetically nonequivalent nuclei assign-
able to the major isomer 5a revealed that two ruthenium
fragments coordinated to two neighboring diene moieties
(1,2,3,4-η4 and 5,6,7,8-η4 coordination); five peaks due to
the minor isomer 5b indicated that two ruthenium frag-
ments coordinated at separated positions (1,2,3,4-η4 and
7,8,9,10-η4 coordination).

There are four (= 22) possible structures of complex 5:
two syn and two anti isomers are schematically depicted in
Scheme 2. When the pentaene ligand reacted with 1, it is
assumed that there were two partly metalated intermediates
(1,2,3,4-η4-7 and 3,4,5,6-η4-7). For the latter intermediate,
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Figure 2. The 2D NOESY spectrum of 5 in CDCl3 at 30 °C. Peaks marked with * are due to solvent impurities.

Scheme 2.
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one diene part [C(7)–C(8)–C(9)–C(10)] remained intact and
was applicable to the coordination of another RuClCp*
fragment, giving anti-5a and syn-5a. On the other hand, the
former one has a triene part, to which the coordination of
another ruthenium fragment affords four possible isomers
(anti-5a, syn-5a, anti-5b, and syn-5b). Among these isomers,
syn-5a was ruled out because of steric repulsion between
the two Cp* rings. Thus, the structure of the major isomer
5a was concluded to be anti-5a. In contrast, from the 1H
NMR spectrum of 5b, the stereochemistry of the minor
product 5b could not be determined because two possible
isomers (anti-5b and syn-5b) displayed the same signals
(magnetically equivalent nuclei) due to the inversion at the
center of C(5)–C(6) in the pentaene ligand for anti-5b, and
the C2 axis passing through the center of the pentaene
backbone for syn-5b.[8a]

The minor product 5b remained even at elevated tem-
peratures; the percentage of 5b did not change on heating
the chloroform solution of 5, indicating that either syn-5b
or anti-5b is thermodynamically stable. As shown in
Scheme 2, the major isomer anti-5a was also produced by
the migration of an RuClCp* fragment of anti-5b via the
η2-intermediate anti-8, based on the assumption that a ru-
thenium fragment suprafacially moved over the pentaene
ligand. On the other hand, the suprafacial migration of a
ruthenium fragment on syn-5b did not proceed via syn-8,
because of the steric congestion between two RuClCp*
fragments of syn-5a. Thus, syn-5b was observed as the
minor product and its percentage did not change. Scheme 3
depicts an example of metal migration on a polyene ligand
for a trienal complex of the iron compound Fe(CO)3(7-
phenyl-2,4,6-heptatrienal). An isomer with an iron frag-
ment at neighboring positions of a phenyl group has been
isomerized to another isomer with an iron fragment at
neighboring positions of an electron-withdrawing formyl
group through the migration of a tricarbonyliron fragment
over a trienal ligand.[7b] Accordingly, it is concluded that
the treatment of 1 with a pentaene ligand finally gives anti-
5a and syn-5b as major and minor products, respectively.

Scheme 3.

Conclusions

We demonstrated that the ruthenium fragment RuClCp*
coordinates in an s-cis fashion to α,ω-diphenylpolyenes to
afford the corresponding polyene complexes 2–6, in sharp
contrast to the case of η4-s-trans-polyene complexes with
Ru(acac)2 fragments. All diene units were fully metalated
with RuClCp* fragments. We also found that the coordina-
tion of RuClCp* fragments maintains a long π-conjugation
system along the polyene chain in comparison with η4-s-
trans-polyene complexes with Ru(acac)2 fragments, as re-

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5006–50115010

vealed by UV/Vis spectroscopy. We also discussed the struc-
tures of pentaene and hexaene complexes on the basis of
the bulkiness of RuClCp* moieties: the hexaene complex 6
was assumed to have anti/anti geometry. The pentaene com-
plex 5 was isolated as a mixture of two isomers: 5a (major)
and 5b (minor). The RuClCp* fragment of one minor iso-
mer, anti-5b, suprafacially moved over the pentaene back-
bone to afford the major isomer anti-5a, and the other iso-
mer, syn-5b, remained as the minor product. This supports
our previous conclusion that ancillary ligands (Cp* or acac)
on a ruthenium center play an important role in controlling
their structural shape, such as the metal coordination mode
(s-cis or s-trans for diene complexation) and planarity of
the polyene backbone.

Experimental Section
General Procedure: All manipulations involving air- and moisture-
sensitive organometallic compounds were carried out using stan-
dard Schlenk techniques under argon. THF, hexane, toluene, and
diethyl ether were dried and deoxygenated by distillation from so-
dium/benzophenone ketyl under argon. Dichloromethane was puri-
fied by distillation after drying with CaH2. 1,6-Diphenyl-1,3,5-
hexatriene was purchased from Aldrich Chemical Co., Inc.; [Ru(µ3-
Cl)Cp*]4,[2g] 1,10-diphenyl-1,3,5,7,9-decapentaene,[9] and 1,12-di-
phenyl-1,3,5,7,9,11-dodecahexaene[9] were prepared according to
literature procedures. The preparation of 2 and 4 has already been
reported.[8b] NMR [1H (400 MHz)] spectra were measured using a
JEOL JNM-GSK400 spectrometer. The assignments of the 1H
NMR peaks of some complexes were aided by 2D COSY and
NOESY spectra. Other spectra were recorded using the following
instruments: IR: Jasco FTIR-120 and Hitachi 295; low- and high-
resolution MS: JEOL SX-102. UV/Vis: Jasco Ubest-30 and Shim-
adzu UV-265FS. Elemental analyses were performed with a Per-
kin–Elmer 2400 instrument at the Faculty of Engineering Science,
Osaka University. All melting points were measured in sealed tubes
and are not corrected.

Synthetic Procedures

Complex 3: 1,6-Diphenyl-1,3,5-hexatriene (0.092 g, 0.40 mmol) was
added to a solution of [Ru(µ3-Cl)Cp*]4 (1) (0.120 g, 0.11 mmol) in
THF (50 mL) at 25 °C. The color of the reaction mixture turned
bright red, and then red solids precipitated. After the reaction mix-
ture was stirred for 3 h, the red precipitates were collected and
washed with hexane (5 mL). Recrystallization from dichlorometh-
ane afforded 3 (0.12 g, 60% yield) as red microcrystals, m.p. 220–
230 °C (dec.). 1H NMR (CDCl3, 30 °C): δ = 7.17–7.52 (m, 10 H,
C6H5), 6.82 (d, J5,6 = 15.6 Hz, 1 H, H6), 6.44 (dd, J4,5 = 10.3 Hz,
1 H, H5), 5.28 (dd, J1,2 = 10.7 and J2,3 = 5.9 Hz, 1 H, H2), 4.90
(dd, J3,4 = 10.7 Hz, 1 H, H3), 3.68 (d, 1 H, H1), 3.40 (dd, 1 H, H4),
1.36 (s, 15 H, C5Me5) ppm. UV/Vis (CH2Cl2): λmax (ε) = 492 nm
(6800 Lmol–1 cm–1). MS (FAB): m/z = 504 [M+]. C28H31ClRu
(504.07): calcd. C 66.72, H 6.20; found C 66.43, H 6.30.

Complex 5: 1,10-Diphenyl-1,3,5,7,9-decapentaene (0.170 g,
0.60 mmol) was added to a dichloromethane (50 mL) solution of 1
(0.350 g, 0.32 mmol), and the reaction mixture was stirred at room
temperature for 3 h. After removing insoluble impurities by centri-
fugation, the resulting red solution was concentrated to approxi-
mately 5 mL and kept at –20 °C, affording 5 (0.26 g, 52% yield) as
red microcrystals, m.p. 190–200 °C (dec.). Major isomer (anti-5a):
1H NMR (CDCl3, 30 °C): δ = 7.10–7.50 (m, 10 H, C6H5), 6.74 (d,
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J9,10 = 15.6 Hz, 1 H, H10), 6.38 (dd, J8,9 = 10.3 Hz, 1 H, H9), 5.15
(dd, J1,2 = 10.3 and J2,3 = 5.9 Hz, 1 H, H2), 5.14 (dd, J3,4 = 9.3 Hz,
1 H, H3), 5.10 (dd, J6,7 = 5.9 and J5,6 = 9.3 Hz, 1 H, H6), 4.75 (dd,
J7,8 = 10.3 Hz, 1 H, H7), 3.52 (d, 1 H, H1), 3.15 (t, 1 H, H8), 2.85
(dd, J4,5 = 10.3 Hz, 1 H, H4), 2.81 (dd, 1 H, H5), 1.53 (s, 15 H,
C5Me5), 1.31 (s, 15 H, C5Me5) ppm. Minor isomer (syn-5b): 1H
NMR (CDCl3, 30 °C): δ = 7.10–7.50 (m, 10 H, C6H5), 6.12 (m, 2
H, H5 and H6), 5.21 (dd, J2,3 and J8,9 = 5.9, J1,2 and J9,10 = 10.7 Hz,
2 H, H2 and H9), 4.89 (dd, J3,4 and J7,8 = 10.3 Hz, 2 H, H3 and
H8), 3.62 (d, 2 H, H1 and H10), 3.15 (m, 2 H, H4 and H7), 1.32 (s,
30 H, C5Me5) ppm. UV/Vis (CH2Cl2): λmax (ε) = 525 nm
(16000 Lmol–1 cm–1). MS (FAB): m/z = 556 [M+ – RuCp*Cl].
C42H50Cl2Ru2 (827.89): calcd. C 60.92, H 6.09; found: C 60.44, H
5.90.

Complex 6: A reaction mixture of 1 (0.0820 g, 0.075 mmol) and
1,12-diphenyl-1,3,5,7,9,11-dodecahexaene (0.0310 g, 0.10 mmol) in
CH2Cl2 (30 mL) was stirred at 25 °C for 3 h to give a red precipi-
tate. The precipitate was filtered and then washed with hexane
(5 mL). Recrystallization from dichloromethane afforded 6
(0.043 g, 38% yield) as red microcrystals, m.p. 195–200 °C (dec.).
1H NMR (CDCl3, 30 °C): δ = 7.12–7.46 (m, 10 H, C6H5), 5.15 (dd,
2 H, H2 and H11), 5.09 (dd, J2,3 and J10,11 = 5.9 Hz, 2 H, H3 and
H10), 5.01 (dd, J6,7 = 4.4 and J5,6 and J7,8 = 9.3 Hz, 2 H, H6 and
H7), 3.53 (d, J1,2 and J11,12 = 10.7 Hz, 2 H, H1 and H12), 2.91 (dd,
J3,4 and J9,10 = 10.3 and J4,5 and J8,9 = 9.8 Hz, 2 H, H4 and H9),
2.69 (dd, 2 H, H5 and H8), 1.52 (s, 15 H, C5Me5), 1.32 (s, 30 H,
C5Me5) ppm. UV/Vis (CH2Cl2): λmax = 525 nm. MS (FAB): m/z =
547 [M+ – 2 Cp*RuCl – Cl]. The low solubilities of both the com-
plex and 1,12-diphenyl-1,3,5,7,9,11-dodecahexaene prevented the
separation of the polyene by repeated crystallizations, and an ele-
mental analysis of the complexes could not be performed.
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Neutral, radical [CpNi(dithiolene)] complexes fused with
seven-membered rings, formulated as [CpNi{S2C2S2(CH2)2-
X}] (X = CH2, CF2, C=CH2, S), have been synthesized in 30–
60% yields from the reactions of nickelocene with the corre-
sponding neutral, square-planar, (dithiolene)nickel com-
plexes [Ni{S2C2S2(CH2)2X}2]. [CpNi{S2C2S2(CH2)2X}] (X =
C=O) was prepared from nickelocene and [1,3]dithiolo[4,5-
b][1,4]dithiepine-2,6-dione under thermal or photochemical
conditions. All complexes exhibit reversible oxidation and re-
duction waves to the cation and anion form, respectively. The
terminal groups (X) in the seven-membered ring shift their
redox potentials to anodic potentials in the following order:
CF2 � C=O � S � C=CH2 � CH2. The singlet EPR responses

Introduction
(Dithiolene)nickel complexes are currently being exten-

sively investigated from the viewpoint of optical,[1] mag-
netic,[2] and conductivity studies.[3] Most of these studies
involve square-planar bis(dithiolene) complexes,[4] although
several mono(dithiolene)nickel complexes formulated as
[Ni(dithiolene)L2] have been described where L is an imine
or a phosphane.[5] Heteroleptic complexes involving dithi-
olene and η5-cyclopentadienido (Cp) ligands are also
known with various Cp/dithiolene ratios and different metal
centers.[6] Among them, different series of paramagnetic
complexes such as the d1 cation [Cp2Mo(dithiolene)]+ have
shown a wide variety of magnetic behaviors, ranging from
uniform spin chains to spin ladders or antiferromagnetic
ground states.[7] In this respect, the half-metallocene (dithi-
olene)nickel complexes formulated as [CpNi(dithiolene)] are
particularly attractive since they are neutral radical (S =
1/2) species. We have recently investigated the synthesis and
electronic properties of a variety of such [CpNi(dithiolene)]
complexes, which are characterized by very attractive fea-
tures such as a strong NIR absorption or a highly delocal-
ized spin density.[8] Among them, [CpNi(S2C2R2)] com-
plexes bearing simple substituents (R = CN, COOMe, CF3,
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of [CpNi{S2C2S2(CH2)2(X)}] appear at g ≈ 2.0514–2.0529 in
dichloromethane solution at room temperature. An NIR ab-
sorption is observed at λmax ≈ 798–848 nm (ε ≈ 1700–2400 M–1

cm–1) in dichloromethane solution. The X-ray structures of
the five complexes show two-legged piano-stool geometries
around the central nickel atom (formally NiIII) and strong dis-
tortions from planarity of the seven-membered C2S2(CH2)2X
rings. In the solid state, those radical (S = 1/2) species adopt
either one-dimensional alternating chain-like motifs (X =
CH2, C=CH2, S) or dimeric entities characterized by a sing-
let–triplet magnetic behavior (X = CF2, C=O).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Ph, and Me) have been synthesized by several dithiolene
transfer reactions from the square-planar nickel complex
[Ni(S2C2R2)2] to [Cp2Ni].[8b] Complexes involving 1,2-
dithiolato ligands fused with five-membered rings, such as
[CpNi(dmit)],[9] [CpNi(dmid)], and [CpNi(dsit)] (dmit =
1,3-dithiol-2-thione-4,5-dithiolato; dmid = 1,3-dithiol-2-
one-4,5-dithiolato; dsit = 1,3-dithiol-2-thione-4,5-diselenol-
ato) exhibit a set of three-dimensional intermolecular inter-
actions in the solid state that stabilize an ordered 3D anti-
ferromagnetic ground state.[8a]

We also recently reported the CpNi(dithiolene) and -(di-
selenolene) complexes fused with a six-membered ring such
as benzene, 5,6-dihydro-1,4-dithiine, or 5,6-dihydro-1,4-
diselenine rings, as in [CpNi(dddt)], [CpNi(dsdt)],
[CpNi(ddds)], [CpNi(bdt)], and [CpNi(bds)] (dddt = 5,6-di-
hydro-1,4-dithiine-2,3-dithiolato; ddds = 5,6-dihydro-1,4-di-
thiine-2,3-diselenolato; dsdt = 5,6-dihydro-1,4-diselenine-
2,3-dithiolato; bdt = 1,2-benzenedithiolato; bds = 1,2-
benzenediselenolato).[8c] Efficient synthetic methods were
developed, and structural and magnetic investigation re-
vealed, besides the recurrent dithiolene/dithiolene interac-
tions, an original antiferromagnetic interaction mediated by



Neutral, Radical [CpNi(dithiolene)] Complexes FULL PAPER
Cp···Cp overlap. We wanted to further develop these at-
tractive series by also investigating nonplanar dithiolate li-
gands as the added flexibility in the dithiolene ligand could
provide novel association patterns in the solid state for such
neutral radical complexes. We report here the synthesis and
electronic, structural, and magnetic properties of five para-
magnetic complexes formulated as [CpNi{S2C2S2(CH2)2X}]
(X = CH2, CF2, C=CH2, S, and C=O).

Square-planar bis(dithiolene)nickel complexes have been
described with such dithiolato ligands fused with a
C2S2(CH2)2X seven-membered motif, all of which exhibit
strong distortions from planarity, as reported for X =
CH2,[10] CF2,[11] C=CH2,[12] and S.[13] We wanted to investi-
gate how those distortions might modify the electronic ab-
sorptions, crystal structures, and solid-state properties of
the radical [CpNi(dithiolene)] complexes. Within this series,
the dithiolato ligands where X = CF2 and S can be consid-
ered as isosteric, as are those where X = C=CH2 and C=O.
It is therefore interesting to compare their solid-state struc-
tures to evaluate the precise role played by every X moiety
in the definition of the pertinent intermolecular interactions
that control their organization in the solid state. We report
here the syntheses, structures, and properties of these novel
complexes, which will be referred to as follows according
to the nature of X: [CpNi(CH2)], [CpNi(CF2)],
[CpNi(C=CH2)], [CpNi(S)] and [CpNi(C=O)].

Results and Discussion

Syntheses and Molecular Properties

Faulmann et al. have reported the serendipitous forma-
tion of [CpNi(dmit)] from the reaction of [Cp2Ni](BF4)
with Na[Ni(dmit)2].[9] We have found that this complex can
also be obtained in good yields from the reaction of neutral
[Cp2Ni] with the neutral square-planar nickel complexes
[Ni(dithiolene)2]0.[8] Accordingly, the reaction of [Cp2Ni]
with [Ni(CH2)2]0, [Ni(CF2)2]0, [Ni(C=CH2)2]0, and
[Ni(S)2]0 at 80 °C affords the corresponding [CpNi(dithiol-

Table 1. Syntheses of CpNi(dithiolene) complexes.

Entry Dithiolene source CpNi source Molar ratio Solvent Temperature Time [h] Product Yield [%][a]

1 [Ni(CH2)2] [Cp2Ni] 1:1 toluene 80 °C 2 [CpNi(CH2)] 54
2 [Ni(CF2)2] [Cp2Ni] 1:1 toluene 80 °C 2 [CpNi(CF2)] 41
3 [Ni(C=CH2)2] [Cp2Ni] 1:1 toluene 80 °C 2 [CpNi(C=CH2)] 30
4 [Ni(S)2] [Cp2Ni] 1:1 toluene 80 °C 2 [CpNi(S)] 61
5 [Ni(C=O)2]–[b] [Cp2Ni](BF4) 1:1 MeOH reflux 2 –[c] 0
6 1 [Cp2Ni] 1:1 toluene reflux 24 [CpNi(C=O)] 9
7 1 [Cp2Ni] 1:1 toluene hν 24 [CpNi(C=O)] 9
8 1 [CpNi(CO)]2 2:1 toluene reflux 6 [CpNi(C=O)] 15

[a] Yield of isolated product. [b] As Bu4N+ salt. [c] No reaction.
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ene)] complexes in good to fair yields: [CpNi(CH2)] (54%),
[CpNi(CF2)] (41%), [CpNi(C=CH2)] (30%), and [CpNi(S)]
(61%) (see Scheme 1 and Entries 1–4 in Table 1).

Scheme 1.

The corresponding square-planar dithiolene complex
[Ni(C=O)2]0 could not be prepared in a similar manner be-
cause of the complete insolubility of the anionic precursor
(Bu4N)[Ni(C=O)2], which also does not react directly with
[Cp2Ni](BF4) (Faulmann method) for the same reason
(Entry 5). We therefore envisioned alternative routes involv-
ing thermal or photochemical reactions starting from the
corresponding 1,3-dithiol-2-one derivative [1,3]dithiolo-
[4,5-b][1,4]dithiepine-2,6-dione (1) (Scheme 2). Its reaction
with [Cp2Ni] at 110 °C or whilst being irradiated for 24 h
indeed afforded [CpNi(C=O)], but only in 9% yield. King
has also reported the synthesis of [CpNi(tfd)] [tfd = bis-
(trifluoromethyl)-1,2-ethenedithiolate] from the reaction
of [CpNi(CO)]2 with bis(trifluoromethyl)-1,2-dithiete
[S2C2(CF3)2].[14] Accordingly, we performed the reaction of
the 1,3-dithiol-2-one 1 with 0.5 equiv. of [CpNi(CO)]2 at
110 °C for 6 h to obtain [CpNi(C=O)] in a slightly im-
proved yield of 15%. Note that 1,2-dithioketones have been
postulated as plausible intermediates in these thermal and
photochemical reactions of 1,3-dithiol-2-ones.[15] All five
complexes are air-stable compounds that are soluble in typi-
cal organic solvents (dichloromethane, toluene, acetone,
and thf). Their solubility decreases upon addition of n-hex-
ane.

Scheme 2.
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In the reaction shown in Scheme 1, some mono(dithi-

olene)nickel oligomers, formulated as [Ni{S2C2S2(CH2)2-
(X)}]n (X = CH2, CF2), were obtained as by-products (4–
5% yields). The by-products were identified as hexamers (n
= 6) by TOF mass spectrometry.[16] The other oligomers (X
= C=CH2, S) could not be isolated by column chromatog-
raphy as their solubility is too low. We consider that this
dithiolene transfer reaction using [Ni(dithiolene)2] is dif-
ferent from that using (R4N)2[Zn(dithiolene)2].[17] Although
the Zn complex can provide both dithiolene ligands, the Ni
complex can release only one of two dithiolene ligands and
the remaining [Ni(dithiolene)] moiety then oligomerizes.

Characteristic cyclic voltammograms (CVs) of the
[CpNi(dithiolene)] complexes [CpNi{S2C2S2(CH2)2X}] are
shown in Figure 1, and the redox potentials of the five com-
plexes (vs. Fc/Fc+), together with their ∆E and ∆Ep values,
are collected in Table 2. The CVs show reversible, well-de-
fined oxidation and reduction waves.

Figure 1. Cyclic voltammograms of (a) [CpNi(CH2)] and (b)
[CpNi(CF2)] (v = 100 mVs–1, working electrode 1.6 mm in dia-
meter, Pt disk) in dichloromethane solution containing Bu4NPF6

(0.1 ).

The nature of the terminal X group in the seven-mem-
bered ring shifts their redox potentials to anodic potentials
in the following order: CF2 � C=O � S � C=CH2 � CH2.
A similar tendency is also found for the redox potentials

Table 2. Redox potentials (vs. Fc/Fc+) of CpNi(dithiolene) complexes.

E1/2 (red) [V][a] ∆E [mV] ∆Ep [mV] E1/2 (ox) [V] ∆E [mV] ∆Ep [mV] Ref.

[CpNi(dddt)] –1.06 72 106 –0.02 74 106 [8c]

[CpNi(CH2)] –1.08 70 100 +0.07 68 92 this work
[CpNi(C=CH2)] –1.05 72 100 +0.12 72 100 this work

[CpNi(S)] –1.02 70 98 +0.19 72 98 this work
[CpNi(C=O)] –0.98 68 104 +0.22 68 98 this work
[CpNi(CF2)] –0.98 72 102 +0.25 72 98 this work
[CpNi(bdt)] –1.00 68 92 +0.30 72 88 [8c]

[CpNi(dmit)] –0.72 –[b] 100 +0.28 –[b] 100 [8c]

[CpNi(mnt)] –0.64 –[b] –[b] +0.79[c] –[b] –[b] [8b]

[a] E1/2 = (Ep + Ep/2)/2, ∆E = |Ep – Ep/2|, ∆Ep = |Epa – Epc|. [b] Not available. [c] Irreversible.
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[E1/2(–2/–1) and E1/2(–1/0)] of the corresponding square-
planar nickel complexes [Ni{S2C2S2(CH2)2(X)}2]n (n = –2,
–1, 0).

The EPR spectra of the five complexes were measured
in dichloromethane solution at room temperature. Singlet
signals were found for [CpNi(CH2)] (g = 2.0514),
[CpNi(CF2)] (g = 2.0529), [CpNi(C=CH2)] (g = 2.0518),
[CpNi(S)] (g = 2.0524), and [CpNi(C=O)] (g = 2.0525).
These g values are almost identical to those of the other
CpNi(dithiolene) complexes (g = 2.041–2.054),[8] and are
smaller then those of the CpNi(diselenolene) complexes (g
= 2.088–2.095).[8c] Note also that the g values of the isoelec-
tronic (17-electron) cobalt complexes [CpCo(tfd)]– (g =
2.454)[18] and [CpCo(mnt)]– (g ≈ 2.5)[19] are larger, thus
demonstrating that the 17-electron Co(dithiolene) com-
plexes have a large spin contribution on the metal center
(formal CoII), while the spin density of the nickel complex
is largely delocalized on the ligands.[8]

The UV/Vis/NIR absorption spectra (Figure 2) exhibit a
characteristic NIR absorption centered at ca. 800–850 nm.
Their maximum absorption wavelengths (λmax) and molar
absorption coefficients (ε) are summarized in Table 3. Inter-
estingly, the λmax evolution with the nature of X follows
the electrochemical series identified above, with the lowest
energy absorption observed with the most electron-rich di-
thiolato ligands.

Figure 2. UV/Vis/NIR spectra of [CpNi(CH2)] (black line) and
[CpNi(CF2)] (grey line) in dichloromethane solution (c =
5�10–5 ).
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Table 3. UV/Vis/NIR data of CpNi(dithiolene) complexes and ref-
erence compounds.

λmax [nm] ε [–1 cm–1] Ref.

[CpNi(dddt)] 1012 4700 [8c]

[CpNi(dmit)] 967 6000 [8c]

[CpNi(dsit)] 948 3200 [8c]

[CpNi(S2C2Ph2)] 846 2900 [8b]

[CpNi(S2C2Me2)] 835 2600 [8b]

[CpNi(CH2)] 848 2100 this work
[CpNi(C=CH2)] 840 2400 this work

[CpNi(S)] 823 1800 this work
[CpNi(C=O)] 806 1700 this work
[CpNi(CF2)] 798 2000 this work
[CpNi(bdt)] 722 2600 [8c]

[CpNi(mnt)] 698 2000 [8b]

[CpNi{S2C2(CO2Me)2}] 695 1500 [8b]

Solid-State Structural and Magnetic Properties

X-ray structure determinations were performed for the
five new CpNi(dithiolene) complexes, which are not iso-
structural despite their closely related molecular structures:
[CpNi(CH2)] (triclinic, P1̄), [CpNi(CF2)] (orthorhombic,

Figure 3. Left: ORTEP drawing of [CpNi(CH2)], thermal ellipsoids are drawn at 50% probability level. Right: a side view showing the
definition of the three folding angles reported in Table 6; θ1 is the dihedral angle [°] between the Cp and NiS2 mean planes, θ2 represents
the small folding of the metallacycle along the S···S hinge, and θ3 the large folding of the seven-membered ring along the S···S hinge.

Figure 4. ORTEP drawings of [CpNi(CF2)] (top left), [CpNi(C=CH2)] (top right), [CpNi(S)] (bottom left) and [CpNi(C=O)] (bottom
right). Thermal ellipsoids are drawn at the 50% probability level.
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Pbca), [CpNi(C=CH2)] (monoclinic, P21), [CpNi(S)] (mo-
noclinic, P21/c), and [CpNi(C=O)] (monoclinic, P21/n). The
ORTEP drawings are shown in Figures 3 and 4.

Selected bond lengths and bond angles are summarized
in Tables 4 and 5, respectively. The Ni–S bond lengths are
ca. 2.12 Å and are therefore similar to those of the other
CpNi(dithiolene) complexes (Table 4) but slightly shorter
than in monoanionic square-planar bis(dithiolene)
complexes such as [Ni(CH2)2]–,[10a] [Ni(CF2)2]–,[11a]

[Ni(C=CH2)2]–,[12a] and [Ni(S)2]–[13] (ca. 2.14 Å). Similarly,
we observe that the C–S and C=C distances are slightly
shorter and slightly longer, respectively, in the [CpNi-
(dithiolene)] complexes than in the anionic Ni(dithiolene)2

–

complexes. Since both types of complexes are formally NiIII

d7 species, the evolution of the bond lengths within the di-
thiolato ligand gives an indication of its contribution to the
SOMO (singly occupied molecular orbital) of the com-
plexes. Indeed, the two-electron oxidation of the dithiolato
ligand leads to the corresponding dithioketone species, thus
implying that partial oxidation of this ligand results in a
shortening of the C–S bonds and associated lengthening of
the C=C bond of the metallacycle. The fact that these
trends are more marked in the [CpNi(dithiolene)] com-
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Table 4. Selected bond lengths [Å] of CpNi(dithiolene) and square-planar Ni(dithiolene)2 complexes.

Ni1–S1 Ni1–S2 S1–C1 S2–C2 C1–C2 Ref.

[CpNi(CH2)] 2.1242(10) 2.1242(10) 1.725(3) 1.726(3) 1.358(5) this work
(NEt4)[Ni(CH2)2] 2.141(1) 2.145(1) 1.728(2) 1.729(2) 1.351(3) [10a]

[CpNi(CF2)] 2.1195(9) 2.1314(9) 1.724(3) 1.725(3) 1.349(4) this work
(NBu4)[Ni(CF2)2] 2.1450(10) 2.1494(11) 1.734(4) 1.741(4) 1.338(5) [11a]

[CpNi(C=CH2)] 2.128(4) 2.129(4) 1.807(11) 1.636(10) 1.387(6) this work
(NBu4)[Ni(C=CH2)2] 2.143(2) 2.130(2) 1.726(7) 1.729(7) 1.356(8) [12a]

[CpNi(S)] 2.1209(7) 2.1337(8) 1.729(3) 1.733(3) 1.356(4) this work
(NBu4)[Ni(S)2] 2.141 2.139 1.716 1.712 1.377 [13]

[CpNi(C=O)] 2.1244(9) 2.1258(9) 1.729(3) 1.732(3) 1.357(4) this work
[CpNi(dddt)] 2.125(2) 2.127(2) 1.711(10) 1.744(9) 1.336(13) [8c]

[CpNi(bdt)] 2.1205(13) 2.1280(13) 1.731(5) 1.740(4) 1.410(6) [8c]

[CpNi(dmit)] 2.138(2) 2.133(2) 1.706(8) 1.716(7) 1.36(1) [9]

[CpNi(mnt)] 2.1255(8) 2.1282(8) 1.715(3) 1.725(3) 1.354(4) [8b]

Table 5. Selected bond angles and dihedral angles [°] of CpNi(dithiolene) complexes.

S1–Ni1–S2 Ni–S1–C1 Ni1–S2–C2 θ1 θ2 θ3 Ref.

[CpNi(CH2)] 92.42(4) 103.97(11) 103.85(11) 89.3 7.7 61.32 this work
[CpNi(CF2)] 92.58(3) 103.78(10) 103.45(10) 89.8 5.0 66.77 this work

[CpNi(C=CH2)] 92.51(4) 104.4(4) 103.4(3) 89.8 7.5 63.65 this work
[CpNi(S)] 92.74(3) 103.77(10) 103.67(10) 87.3 5.1 63.09 this work

[CpNi(C=O)] 93.03(3) 103.42(10) 103.64(11) 86.2 2.4 64.48 this work
[CpNi(dddt)] 92.42(9) 103.4(3) 103.7(3) 86.9 1.0, 4.3 – [8c]

[CpNi(bdt)] 93.93(5) 103.71(15) 103.61(15) 84.9 2.7, 5.0 – [8c]

[CpNi(dmit)] 94.97(8) 100.8(3) 100.9(3) 86.5 4.0 – [9]

[CpNi(mnt)] 94.61(3) 101.7(1) 101.7(1) 89.9 1.4 – [8b]

plexes than in the corresponding square-planar bis(dithi-
olene) ones clearly indicates a stronger participation of the
dithiolato ligand in the SOMO.

These complexes adopt typical two-legged piano-stool
geometries. The dihedral angle θ1 between the Cp and NiS2

mean planes (see Figure 3) is close to 90°, a geometry com-
parable to that of 16-electron CpCoIII,[20] CpRhIII,[21]

CpIrIII,[22] and (η6-arene)RuII[23] dithiolene complexes. The
NiS2C2 metallacycle is not perfectly planar but is slightly
folded along the S···S hinge with θ2 values of between 2 and
8°, as is also observed with the complexes with dithiolato
ligands fused with rigid five- (dmit, dmid) or six-membered
(dddt, bdt) rings.[8] Furthermore, the dihedral angles (θ3 in
Figure 3) between the C1–C2–S3–S4 and S3–S4–C3–C5
mean planes are found in the range 61–67° (Table 5).

The solid-state organization of the complexes differs
strongly from one to the other. Considering that these mole-
cules are radicals (S = 1/2), with the spin density largely
delocalized on the nickel atom, the dithiolene ligand, and
the cyclopentadienido ring,[8c] their crystal structure can be
analyzed in the light of possible paths for direct exchange
magnetic interactions based on short contacts between the
sulfur atoms of the dithiolene ligands and eventually be-
tween the Cp rings. Applying this procedure to the parent
[CpNi(CH2)] complex first reveals (Figure 5) that the only
short intermolecular contact involves the sulfur atoms of
the metallacycles, affording chains running along the c-axis
with two similar S···S intermolecular distances of 3.80 and
3.83 Å.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5012–50215016

Figure 5. Projection view of the unit cell of [CpNi(CH2)] along the
a-axis showing the chain motif.

As shown in Figure 6, a similar chain motif is also iden-
tified in [CpNi(C=CH2)], which gives rise, for symmetry
reasons, to a uniform chain structure with equivalent S···S
distances of a slightly shorter 3.75 Å.

On the other hand, a projection view of [CpNi(S)] along
the b-axis of the structure (Figure 7) does not reveal any
short intermolecular contacts; the metallacycles are almost
perpendicular to each other and the shortest S···S intermo-
lecular distance of 4.0 Å involves the sulfur atom of the
thioether moiety. All other S···S contacts exceed 4.5 Å.

However, looking at the stacking of the radical com-
plexes in the perpendicular direction (along the monoclinic
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Figure 6. Projection of the unit cell of [CpNi(C=CH2)] along the
a-axis showing the uniform chain motif running along the b-axis.

Figure 7. Projection view of [CpNi(S)] along the b-axis.

b-axis, Figure 8), the complexes form uniform chains that
are characterized by a set on S···S intermolecular distances
of between 3.69 and 4.06 Å that involve not only the sulfur
atoms of the metallacycle, as already observed above in
[CpNi(CH2)] and [CpNi(C=CH2)], but also the outer sulfur
atoms of the seven-membered metallacycle.

Figure 8. View of the chain-like structure of [CpNi(S)].

It is therefore expected from this structural analysis that
[CpNi(S)] most probably experiences weaker antiferromag-
netic interactions than the other two derivatives, as indeed
observed from the temperature dependence of their mag-

Eur. J. Inorg. Chem. 2006, 5012–5021 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5017

netic susceptibility. As shown in Figure 9, all three exhibit
a smooth maximum at low temperatures, characteristic of
a Bonner–Fischer-type behavior of a Heisenberg uniform
chain.[24] The molar susceptibility can be properly fitted in
the whole temperature range (2–300 K) to the expression χ
= χ0 + (1 – ρ)·0.375/T + ρ·χBF, where χ0 is a temperature-
independent value, (1 – ρ)·0.375/T (χC) represents a contri-
bution of paramagnetic defaults (Curie tail), and ρ·χBF is
the contribution of the uniform chain; this also takes into
account the g value of the different complexes determined
from the solution EPR measurements (see above). J/k
values of –39.2(3), –21.4(1), and –6.3(1) K, that is 27.2,
14.8, and 4.4 cm–1, were found for [CpNi(CH2)],
[CpNi(C=CH2)], and [CpNi(S)], respectively, with Curie tail
contributions not exceeding 0.4% of S = 1/2 species. Note
that for [CpNi(CH2)] the chain is not really uniform from
a structural point of view (Figure 5). However, attempts to
use an alternating chain model to fit the data, even with a
weak alternation, were unsuccessful.

Figure 9. Temperature dependence of the magnetic susceptibility in
[CpNi(CH2)], [CpNi(C=CH2)], and [CpNi(S)]. Solid lines are fits
to the uniform spin-chain model (see text).

The situation is completely different in the two other
complexes, thereby illustrating the flexibility and adaptabil-
ity of these series. As shown in Figure 10, [CpNi(CF2)]
molecules are organized into layers perpendicular to the c-
axis.

Within these layers, inversion-centered dyadic motifs are
identified, which are most probably stabilized by two, al-
most linear, C–H···F hydrogen bonds (Figure 11). Similar
C–H···F hydrogen bonds, although weak, have been shown
to play a crucial role in halogenated molecules in the solid
state.[25] Their geometrical characteristics [H···F = 2.508 Å,
C(–H)···F = 3.430(6) Å, C–H···F = 171.5°] compare favor-
ably with those described, for example, in p-difluoroben-
zene, whose H···F distances have been reported to be
2.49 Å,[26] as well as in several tetrathiafulvalene derivatives
incorporating the very same seven-membered motif.[27]

This dyadic motif, with the CH2CF2CH2 moiety bent
away from the neighboring molecule, allows for an almost
perfect eclipsed overlap between the planar C2S4 moieties
of both complexes, although with large S···S distances of
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Figure 10. Projection view of the unit cell of [CpNi(CF2)] along the
a-axis.

Figure 11. View of the solid-state organization of [CpNi(CF2)]
showing the C–H···F hydrogen bonds and the shortest S···S inter-
molecular interactions.

between 4.06 and 4.10 Å. A notably shorter S···S contact
[3.911(1) Å], which furthermore involves the sulfur atoms
of the metallacycles, connects these dyads together and of-
fers a more efficient path for direct magnetic exchange in-
teractions. The temperature dependence of the magnetic
susceptibility of [CpNi(CF2)] (Figure 12) confirms this
analysis and the associated singlet–triplet behavior. Indeed,
the susceptibility goes through a maximum upon cooling
and decreases abruptly, as expected for a singlet ground
state. It can be properly fitted to the expression χ = χ0 +
(1 – ρ)·0.375/T + ρ·χST, where χ0 is a temperature-indepen-
dent value, (1 – ρ)·0.375/T the contribution of a small frac-
tion of Curie-type magnetic defaults, and ρ·χST the contri-
bution of the dyads with:

χST = [(Ng2β2)/k]·{1/[3 + exp(–J/kT)]}

This affords a JCF2
/k value of –11.9(1) K (8.3 cm–1) with

a Curie tail contribution of 3% of S = 1/2 magnetic de-
faults, thus demonstrating that at S···S distances of ca. 4 Å
the overlap interaction is indeed very weak, as already
noted above in the chain behavior of [CpNi(S)].
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Figure 12. Temperature dependence of the magnetic susceptibility
in [CpNi(C=O)] and [CpNi(CF2)]. Solid lines are fits to the singlet–
triplet model (see text).

In [CpNi(C=O)], a similar singlet–triplet behavior is ob-
served, although with much stronger interactions since the
fit of the magnetic data, performed as described above for
[CpNi(CF2)], affords a JCO/k value of –50.6(4) K
(35.2 cm–1), together with a Curie tail contribution of 2.3%
of S = 1/2 species.

A projection view of the unit cell of [CpNi(C=O)] is
shown in Figure 13. A close observation of the solid-state
organization in the structure of [CpNi(C=O)] also shows
the presence of inversion-centered dyadic motifs (Fig-
ure 14), with a complex set of S···S short distances between
3.69 and 4.02 Å within columns of dyads running along the
b-axis. Such a magnetic system is related to spin ladder sys-
tems with a singlet state as ground state, as also observed
experimentally from the temperature dependence of the
susceptibility. However, no analytical model is available to
fit the behavior of such a complex interaction network.
Therefore, the singlet–triplet fit described above can only be
considered as an estimation of the strongest interaction.

Figure 13. Projection view of the unit cell of [CpNi(C=O)].



Neutral, Radical [CpNi(dithiolene)] Complexes FULL PAPER

Figure 14. Shortest S···S intermolecular contacts (dotted lines) in
[CpNi(C=O)].

Conclusions

The regular evolution of the electrochemical and absorp-
tion properties experimentally observed here in solution
with the order CF2 � C=O � S � C=CH2 � CH2 offers
an attractive series, particularly when it comes to evaluating
the origin of the NIR absorption band in these complexes.
Theoretical calculations are under way to determine the na-
ture of the transitions involved in this absorption band. The
diversity of structural and magnetic behaviors encountered
in this isosteric series of radical complexes demonstrates
that the nature of the terminal group has a strong influence
on the solid-state organization, which complements earlier
observations. Indeed, while the S/Se substitution in the
metallacycle was found to afford isostructural compounds
as in the dithiolene/diselenolene pairs [CpNi(dmit)] vs.
[CpNi(dsit)],[8a] [CpNi(dddt)] vs. [CpNi(ddds)],[8c] and
[CpNi(bdt)] vs. [CpNi(bds)],[8c] a limited modification of the
dithiolate ligand affecting the side heterocycle strongly
modifies their crystal structure, as already observed in the
following pairs, which are not isostructural: [CpNi(dmit)]
vs. [CpNi(dmid)][8a] or [CpNi(dddt)] vs. [CpNi(dsdt)].[8c]

More generally, the strong folding of the dithiolato ligand
in the five complexes hinders the face-to-face overlap on the
ligand, thus favoring one-dimensional spin chains through
side-by-side interactions between sulfur atoms of the
metallacycles.

Experimental Section
General Remarks: All reactions were carried out under argon by
means of standard Schlenk techniques. All solvents for chemical
reactions were dried and distilled from Na/benzophenone (for tolu-
ene) or CaH2 (for methanol) before use. The square-planar (di-
thiolene)nickel complexes [Ni(pddt)2],[10] [Ni(F2pddt)2],[11]

[Ni(dpdt)2],[12] and [Ni(dtdt)2][13] were synthesized according to lit-
erature methods. [1,3]Dithiolo[4,5-b][1,4]dithiepine-2,6-dione[28]

and [Cp2Ni](BF4)[29] were also prepared according to literature
methods. [Cp2Ni] and [CpNi(CO)]2 were obtained from Strem
Chemicals and Aldrich Chemicals, respectively. Silica gel (Silica gel
60) was obtained from Merck, Ltd. TOF mass spectra were re-
corded with a Bruker Daltonics MALDI-TOF BIFLEX III mass
spectrometer. UV/Vis and NIR spectra were recorded with a Hita-
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chi Model UV-2500PC and a Perkin Elmer Model Lambda 19 UV/
Vis/NIR spectrometer, respectively. Elemental analyses were per-
formed by the “Service d’Analyse du CNRS” at Gif/Yvette, France.
UV irradiation for the photoreaction was performed with a high-
pressure Hg lamp (Applied Photophysics, Ltd).

General Procedure for the Synthesis of [CpNi(CH2)], [CpNi(CF2)],
[CpNi(C=CH2)], and [CpNi(S)]: A toluene solution of [Cp2Ni]
(38 mg, 0.2 mmol) and the square-planar dithiolene complex [Ni-
(dithiolene)2] (0.2 mmol) was heated at 80 °C for 2 h. After removal
of the solvent under reduced pressure, the residue was extracted
and separated by column chromatography (silica gel; dichlorometh-
ane/n-hexane, 1:1 v/v). The product was further purified by
recrystallization (n-hexane/dichloromethane) to afford the corre-
sponding CpNi(dithiolene) complexes: [CpNi(CH2)] (black needles,
34.4 mg, 54% yield); [CpNi(CF2)] (black plates, 29 mg, 41% yield);
[CpNi(C=CH2)] (black needles, 19.8 mg, 30% yield); [CpNi(S)]
(dark-green blocks, 41 mg, 61% yield). Details are summarized in
Table 2. In the reactions of [Ni(CH2)2] and [Ni(CF2)2] with [Cp2Ni],
the mono(dithiolene)nickel oligomers [Ni(CH2)]n and [Ni(CF2)]n
were also obtained by column chromatography (silica gel; dichloro-
methane). These brown products (a few mg) were identified as
hexamers (n = 6).

[CpNi(CH2)]: TOF-MS (EI+, 1.3 kV): m/z = 317 [M+], 275 [M+ –
(CH2)3]. UV/Vis/NIR (CH2Cl2): λmax (ε) = 848 nm (2100 –1 cm–1),
417 (5400), 329 (13000), 271 (12000). C10H11NiS4 (318.15): calcd.
C 37.75, H 3.48, S 40.32; found C 37.80, H 3.27, S 40.15.

[CpNi(CF2)]: TOF-MS (EI+, 1.3 kV): m/z = 353 [M+]. UV/Vis/NIR
(CH2Cl2): λmax (ε) = 798 nm (2000 –1 cm–1), 411 (6400), 330
(15000), 264 (13000). C10H9F2NiS4 (354.13): calcd. C 33.92, H
2.56, S 36.22; found C 34.02, H 2.83, S 36.14.

[CpNi(C=CH2)]: TOF-MS (EI+, 1.3 kV): m/z = 329 [M+], 301
[M+ – (CH2)2], 275 [M+ – (CH2)2C=CH2]. UV/Vis/NIR (CH2Cl2):
λmax (ε) = 840 nm (2400 –1 cm–1), 419 (6500), 327 (15000), 266
(12000). C11H11NiS4 (330.16): calcd. C 40.02, H 3.36, S 38.85;
found C 40.22, H 3.65, S 38.56.

[CpNi(S)]: TOF-MS (EI+, 1.3 kV): m/z = 335 [M+]. UV/Vis/NIR
(CH2Cl2): λmax (ε) = 823 nm (1800 –1 cm–1), 418 (5900), 321
(14000). C9H9NiS5 (336.19): calcd. C 32.15, H 2.70, S 47.69; found
C 32.24, H 2.55, S 47.79.

Synthesis of [CpNi(C=O)]. (a) Thermal Conditions: A solution of
[Cp2Ni] (94 mg, 0.5 mmol) and [1,3]dithiolo[4,5-b][1,4]dithiepine-
2,6-dione (118 mg, 0.5 mmol) was heated in refluxing toluene for
24 h. Silica gel was then added to the solution to oxidize remaining
[Cp2Ni] in the reaction mixture. The solvent was removed under
reduced pressure, and the residue was separated by column
chromatography (silica gel; dichloromethane/n-hexane, 1:1 v/v) to
afford [CpNi(C=O)] as a black solid (15 mg, 9% yield). The same
reaction performed with 2 equiv. of [1,3]dithiolo[4,5-b][1,4]dithiep-
ine-2,6-dione and a shorter reaction time (6 h) afforded 25 mg of
[CpNi(C=O)] in a slightly improved 15% yield. (b) Photochemical
Conditions: A toluene solution (300 mL) of [Cp2Ni] (57 mg,
0.3 mmol, c = 1.0�10–3 ) and [1,3]dithiolo[4,5-b][1,4]dithiepine-
2,6-dione (71 mg, 0.3 mmol, c = 1.0�10–3 ) was irradiated with
a high-pressure Hg lamp (400 W) for 24 h. A black precipitate was
filtered off, and the solvent removed under reduced pressure. The
reaction mixture was separated by column chromatography (silica
gel; dichloromethane/n-hexane, 1:1 v/v) to afford [CpNi(C=O)] as
a black solid (15 mg, 9% yield).

[CpNi(C=O)]: TOF-MS (EI+, 1.3 kV): m/z = 331 [M+], 275 [M+ –
(CH2)2C=O]. UV/Vis/NIR (CH2Cl2): λmax (ε) = 806 nm
(1700 –1 cm–1), 416 (5600), 325 (13000), 264 (11000). C10H9NiOS4
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Table 6. Crystallographic data of CpNi(dithiolene) complexes.[a]

[CpNi(CH2)] [CpNi(CF2)] [CpNi(C=CH2)] [CpNi(S)] [CpNi(C=O)]

Empirical formula C10H11NiS4 C10H9F2NiS4 C11H11NiS4 C9H9NiS5 C10H9NiOS4

Formula mass [gmol–1] 318.14 354.12 330.15 336.17 332.12
Crystal system triclinic orthorhomic monoclinic monoclinic monoclinic
Space group P1̄ (no. 2) Pbca (no. 61) P21 (no. 4) P21/c (no. 14) P21/n (no. 14)
a [Å] 5.5452(8) 9.3407(9) 5.6953(11) 10.9076(10) 12.8566(15)
b [Å] 9.9075(15) 14.8645(12) 11.1493(16) 6.1650(4) 6.1488(5)
c [Å] 11.4352(16) 19.2204(15) 10.484(2) 18.5748(16) 15.4174(17)
α [°] 89.756(18) – – – –
β [°] 85.714(17) – 99.54(2) 97.731(11) 97.012(14)
γ [°] 86.397(18) – – – –
V [Å3] 625.24(16) 2668.7(4) 656.5(2) 1237.72(18) 1209.7(2)
T [K] 293(2) 293(2) 293(2) 293(2) 293(2)
Z 2 8 2 4 4
Dcalcd. [g cm–3] 1.690 1.763 1.670 1.804 1.824
µ [mm–1] 2.182 2.075 2.081 2.372 2.270
Total reflections 6053 22010 6450 9122 8817
Absorption correction multi-scan gaussian multi-scan multi-scan gaussian
Independent reflections (Rint) 2239 (0.0395) 2581 (0.0772) 2526 (0.0475) 2351 (0.0313) 2260 (0.0471)
Reflections [I � 2σ(I)] 1872 1690 1646 1794 1503
R1, wR2 [I � 2σ(I)] 0.0343, 0.0918 0.0306, 0.0540 0.0277, 0.0445 0.0275, 0.0694 0.0270, 0.0455
R1, wR2 (all data) 0.0442, 0.0969 0.0631, 0.0608 0.0594, 0.0498 0.0396, 0.0756 0.0568, 0.0501
Goodness-of-fit 1.055 0.882 0.845 0.737 0.849

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo
2 – Fc

2)2/ΣwFo
4]1/2.

(332.13): calcd. C 36.16, H 2.73, S 38.62; found C 35.98, H 2.65, S
38.43.

CV Measurements: All electrochemical measurements were per-
formed under argon. Solvents for electrochemical measurements
were dried over molecular sieves (4 Å) before use. A platinum wire
served as a counter electrode, and the reference electrode (Ag/
AgCl) was corrected for junction potentials by being referenced
internally to the ferrocene/ferrocenium (Fc/Fc+) couple. A station-
ary platinum disk (1.6 mm in diameter) was used as working elec-
trode. A Model CV-50W instrument from BAS Co. was used for
cyclic voltammetry (CV) measurements. CVs were measured in
1 m dichloromethane solutions of complexes containing 0.1  tet-
rabutylammonium hexafluorophosphate (Bu4NPF6) at 25 °C.

EPR Measurements: EPR spectra were recorded with a Bruker ESP
300 spectrometer (X-band) equipped with a variable-temperature
attachment from 1 m dichloromethane solutions of complexes.
Optimizations and simulations of the frozen solution spectra were
carried out with a program, based on the Levenberg–Marquardt
least-squares fit, which compares the position of the experimental
resonance lines with those calculated by second-order perturbation
theory.

X-ray Diffraction Studies: Single crystals of [CpNi(dithiolene)]
complexes were obtained by recrystallization from dichlorometh-
ane solution and then vapor diffusion of n-hexane into these solu-
tions. A crystal was mounted on the top of a thin glass fiber. Data
were collected with a Stoe Imaging Plate Diffraction System
(IPDS) with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at room temperature. Structures were solved by direct
methods (SHELXS-97) and refined (SHELXL-97)[30] by full-ma-
trix least-squares methods, as implemented in the WinGX software
package.[31] Absorption corrections were applied. Hydrogen atoms
were introduced at calculated positions (riding model), included in
structure factor calculations, and not refined. Crystallographic data
of complexes are summarized in Table 6. CCDC-614018
{[CpNi(C=CH2)]}, -614019 {[CpNi(CF2)}, -614020 {[CpNi(CH2)]},
-614021 {[CpNi(C=O)]} and -614022 {[CpNi(S)]} contain the sup-
plementary crystallographic data for this paper. These data can be
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obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reaction of (2-phenylethynyl)trimethylsilane (Me3-
SiC�CPh) with [{η5-MeOC(O)C5H4}Co(PPh3)2] generated in
situ results in the exclusive formation of two isomers of
methyl metallocenecarboxylates, namely [{trans-η4-Ph2-
(Me3Si)2C4}Co{η5-MeOC(O)C5H4}] (1) and [{cis-η4-Ph2-
(Me3Si)2C4}Co{η5-MeOC(O)C5H4}] (2). The reaction of [{η5-
MeOC(O)C5H4}Co(PPh3)(Me3SiC�CPh)] with PhC�CPh
yields the methyl metallocenecarboxylate [{η4-Ph3(Me3Si)-
C4}Co{η5-MeOC(O)C5H4}] (3) along with [{η4-Ph4C4}Co{η5-
MeOC(O)C5H4}] (4). The reactions of 1, 2 and 3 with Bu4NF
in dmso results in the desilylated complexes [(trans-η4-
Ph2H2C4)Co{η5-MeOC(O)C5H4}] (5), [(cis-η4-Ph2H2C4)Co{η5-
MeOC(O)C5H4}] (6) and [(η4-Ph3HC4)Co{η5-MeOC(O)C5H4}]
(7), respectively. Compounds 5, 6 and 7 yield the carboxylic

Introduction

Stable metallocenecarboxylic acids and their alcohol de-
rivatives are excellent precursors for a host of organometal-
lic molecules with a wide range of potential applications.
The most well-known among these is ferrocenecarboxylic
acid, which, for example, is widely used in the design and
development of electrochemical biosensors for monitoring
of glucose and lactate,[1] in electrochemical DNA sensors,[2]

in the design of stable electroactive multi(ferrocenyl)stan-
noxane clusters,[3] and as a reagent for the synthesis of pro-
chiral ferrocene catalysts bearing oxazoline substituents.[4]

Unlike ferrocenecarboxylic acid, whose rich chemistry has
been well documented, the chemistry of other metallo-
cenecarboxylic acids is still being developed. Among these,
(η5-carboxycyclopentadienyl)(η4-tetraphenylcyclobutadi-
ene)cobalt, a highly stable cyclobutadienylcobaltocenecar-
boxylic acid, has shown great promise in terms of stability
and reactivity.[5,6] Cobalt(I) oxazoline palladacycles (COP)
such as COP-OAc and COP-Cl, which are commercially
available and are prepared from this carboxylic acid, effec-
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acids [(trans-η4-Ph2H2C4)Co{η5-HOC(O)C5H4}] (8), [(cis-η4-
Ph2H2C4)Co{η5-HOC(O)C5H4}] (9) and [(η4-Ph3HC4)Co{η5-
HOC(O)C5H4}] (10) upon treatment with KOtBu in dmso. Re-
duction of 5 and 7 with LiAlH4 in thf gives the alcohol com-
plexes [(trans-η4-Ph2H2C4)Co(η5-HOCH2C5H4)] (11) and
[(η4-Ph3HC4)Co(η5-HOCH2C5H4)] (12) in good yields. Com-
pounds 1–7 and 11 were characterized structurally. These
structural studies show interesting variations in the orienta-
tions of the cyclobutadiene-bound phenyl groups when the
silyl groups are systematically removed from the cyclobutadi-
ene moiety.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

tively promote the asymmetric rearrangement of allylic
trichloroacetimidates and N-(4-methoxyphenyl)trifluoro-
acetimidates, which provides easy access to allylic amines
and allylic alcohols of high enantiomeric purity.[7,8] Pioneer-
ing work by Richards and co-worker has simplified the
preparation of this carboxylic acid by the generation of
[{MeOC(O)C5H4}Co(PPh3)2] in situ instead of the older
and more expensive method involving [CpCo(CO)2].[9,10]

However, it has been observed that the steric bulkiness of
the tetraphenylcyclobutadiene moiety of [(η4-Ph4C4)Co(η5-
C5H4COOH)] significantly influences the nature of the
products formed from its reactions, often reducing its reac-
tivity in comparison to ferrocenecarboxylic acid.[11] We
were interested in reducing the steric bulkiness of the tet-
raphenylcyclobutadiene part of this complex by systemati-
cally replacing the phenyl substituents with hydrogen atoms
so as to fine-tune its reactivity while maintaining its high
stability and accessibility. The method adopted was to ini-
tially make metallocenes containing a varying number of
phenyl and trimethylsilyl groups on the cyclobutadiene moi-
ety and then removing the silyl groups.

An added interest in this study stems from the difference
in reactivity of the cobalt-bound cyclopentadienyl and cy-
clobutadienyl groups. Rosenblum and co-workers have
shown that for the parent complex, (η5-cyclopentadien-
yl)(η4-cyclobutadiene)cobalt, the hydrogen atoms of the
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cyclobutadiene ring are more reactive towards electrophilic
substitution reactions than those of the cyclopentadiene
ring.[12] In this paper we describe our efforts to prepare ex-
amples of sterically less hindered (η5-cyclopentadienyl)(η4-
phenylcyclobutadiene)cobalt-based carboxylic esters, car-
boxylic acids and their alcohols derivatives with varying
numbers of hydrogen atoms and phenyl groups bound to
the cyclobutadiene unit. Structural studies on the silylated
and desilylated metallocenes indicate interesting orienta-
tional changes of the phenyl groups around the cyclobuta-
diene moiety upon removal of the trimethylsilyl groups.

Results and Discussion

The generation of [η5-MeOC(O)C5H4]Co(PPh3)2 in situ
was carried out by the preparation of [(methoxycarbonyl)-
cyclopentadienyl]sodium from cyclopentadienylsodium and
dimethyl carbonate followed by the reaction with chlorido-
tris(triphenylphosphane)cobalt. The alkyne, (2-phenylethy-
nyl)trimethylsilane, was then added to this solution of [{η5-
MeOC(O)C5H4}Co(PPh3)2] in the required molar ratio.

It has been observed that the reaction of the half-sand-
wich complex [CpCo(CO)2] with disubstituted acetylenes
differs significantly from that of the phosphane complex
[CpCo(PPh3)2].[13] Thus, while the former results in the for-
mation of cobaltocenes having η5-cyclopentadienide and
η4-cyclobutadiene groups often along with another metallo-
cene having a carbonyl-inserted η4-cyclopentenone moiety,
the latter has often been found to form PPh3-stabilized co-
baltocyclopentadiene metallacycles along with (η5-cyclo-
pentadienyl)(η4-cyclobutadiene)cobaltocenes. It is of inter-
est to note that in all the reactions that were carried out in
the present study using (2-phenylethynyl)trimethylsilane, no
PPh3-stabilized cobaltocyclopentadiene metallacycles were
found to form. The reaction of equimolar amounts of

Scheme 1.
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[CoCl(PPh3)3] with [(methoxycarbonyl)cyclopentadienyl]-
sodium in a mixture of thf and toluene followed by the
reaction with 2 equiv. of (2-phenylethynyl)trimethylsilane
under reflux conditions resulted in the formation of the cis
and trans isomers of [η5-(methoxycarbonyl)cyclo-
pentadienyl](η4-diphenylbis(trimethylsilyl)cyclobutadiene)-
cobalt, [{trans-η4-Ph2(Me3Si)2C4}Co{η5-MeOC(O)-
C5H4}] (1) and [{cis-η4-Ph2(Me3Si)2C4}Co{η5-MeOC(O)-
C5H4}] (2) (Scheme 1).

Compounds 1 and 2 were formed in a ca. 3:1 ratio and
were purified by column chromatography. While the trans
isomer crystallized readily from the mixture, purification
and crystallization of the cis isomer proved time-consum-
ing. Pure crystals of 2 (15%) were isolated by repeated frac-
tional crystallization after removal of 1 (41%) from the
mixture. Spectral studies and a crystal-structure analysis of
1 and 2 confirmed their identity.

With a view to preparing complexes having one or three
phenyl groups on the cyclobutadiene ring, a different strat-
egy was adopted. The stoichiometry of the reagents and the
reaction parameters were controlled so as to synthesize a
cobalt complex having only one Me3SiC�CPh moiety co-
ordinated to it in situ. It was expected that this complex
would react with another equivalent of PhC�CPh or Me3-

SiC�CSiMe3 to yield the expected complexes. However, the
equimolar reaction of [CoCl(PPh3)3] with [(methoxycar-
bonyl)cyclopentadienyl]sodium and (2-phenylethynyl)tri-
methylsilane followed by the reaction with 1 equiv. of di-
phenylacetylene did not result in the monosilylated product
3, but gave 1 along with the tetraphenylcyclobutadienyl de-
rivative 4. From independent studies it was observed that
the intermediate complex having one acetylene moiety is
formed in only around 50% yield. Changing the stoichiom-
etry of the reactants by halving the amounts of (2-phenyl-
ethynyl)trimethylsilane followed by the reaction with di-
phenylacetylene gave the triphenyl(trimethylsilyl)cyclobuta-
dienyl-substituted complex 3 along with the tetraphenylcy-
clobutadienyl derivative 4 (Scheme 2). Similar attempts to
prepare metallocenes containing three trimethylsilyl groups
bound to the cyclobutadiene ring by the
reaction of [CpCo(PPh3)(PhC�CSiMe3)] with Me3-
SiC�CSiMe3 were found not to proceed, even under reflux
conditions in toluene.

Compounds 1–3 were found to readily undergo desi-
lylation when treated with Bu4NF in dmso at 70 °C for
24 h, resulting in cis and trans isomers of diphenyl- (5, 6)
and triphenyl-substituted (7) cyclobutadienyl complexes
(Scheme 3). The yields of the products varied from 87 to
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Scheme 2.

93%. The silylated and desilylated methyl esters have 13C
NMR chemical shifts in the range δ = 166.12–167.25 ppm
for the ester group.

Scheme 3.

We observed that high yields of desilylated products were
obtained by using tetrabutylammonium fluoride as the desi-
lylating reagent. Compounds 5–7 are quite stable to hydrol-
ysis and were purified by column chromatography on silica
gel. The 1H NMR spectra of these complexes clearly show
the presence of the cyclobutadienyl protons. For complexes
5 and 7, for example, the cyclobutadienyl proton signals are
observed at δ = 4.96 and 5.02 ppm, while for the cis isomer
6 they are observed at δ = 4.47 ppm. It is of interest to note
that the signal for the cyclobutadiene protons is observed
at δ = 3.66 ppm for the parent unsubstituted complex,[12]

and at δ = 4.04 ppm for tricarbonyl(cyclobutadiene)iron.[14]

The deshielding of the cyclobutadiene protons in 5 and 7 is
possibly due to the anisotropy effect of the phenyl groups
on both sides of the cyclobutadiene-bound hydrogen atoms.
The cyclopentadienyl hydrogen atoms appear as a set of two
peaks, one in the range δ = 4.60–4.88 ppm and the other in
the range δ = 5.24–5.33 ppm. The molecular ion peaks in
the FAB mass spectra of complexes 5–7 also confirm their
identity.

Esters 5–7 were converted into the corresponding car-
boxylic acids 8–10 by treatment with potassium tert-butox-
ide in dmso at room temperature (Scheme 4). The yields of
the carboxylic acids varied from 78 to 85%. The IR spectra
of the carboxylic acids 8–10 show the acid carbonyl stretch-
ing bands at 1658, 1671 and 1674 cm–1, respectively, while
those for the corresponding esters are observed at 1708,
1706 and 1714 cm–1, respectively. The 1H NMR spectra also
show similar variations in the cyclopentadienyl peaks (δ =
4.60–4.88 and 5.24–5.33 ppm for the esters and δ = 4.71–
4.75 and 5.18–5.40 ppm for the carboxylic acids). The 13C
NMR spectra of the complex (η5-carboxycyclopentadien-
yl)(η4-tetraphenylcyclobutadiene)cobalt show a chemical
shift of δ = 191.1 ppm for the carboxylic acid carbon

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5022–50325024

atom,[9] and the carboxylic acid carbon atoms of the acid
complexes 8, 9 and 10 show 13C chemical shifts in the range
δ = 192.26–193.45 ppm. Mass spectral analysis also further
confirms the identity of the carboxylic acids. Due to the
difficulty in growing suitable crystals, structural analysis of
these complexes could not be performed.

Scheme 4.

The carboxylates 5 and 7 were reduced to the corre-
sponding alcohols 11 and 12 by treatment with lithium alu-
minium hydride in diethyl ether at room temperature
(Scheme 5). The stable alcohols were obtained in 69 and
86% yield, respectively, as crystalline solids and were puri-
fied by column chromatography. The identity of the trans-
diphenyl-substituted alcohol 11 was further confirmed by
single-crystal X-ray structural analysis. Reduction of the
carboxylate 6 could not be carried out as the quantity
needed for the reaction was not available due to the poor
yield of its precursor complex 2.

Scheme 5.

Electrochemical Studies of Complexes 1–12

Cyclic voltammetric studies on complexes 1–12 were car-
ried out using a 0.005  solution of each complex in 0.1 

tetrabutylammonium perchlorate as supporting electrolyte
in dichloromethane solution. Compounds 1–3 and 5–12
show a quasi-reversible redox couple in the potential range
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0.0–1.5 V at a scan rate of 0.1 Vs–1 in the positive direction.
Interestingly, under identical measurement conditions the
voltammogram of the tetraphenylcyclobutadienyl ester [(η4-
Ph4C4)Co{η5-MeOC(O)C5H4}] shows an almost reversible
redox couple while that of the tetraphenyl acid [(η4-Ph4C4)
Co{η5-HOC(O)C5H4}] shows a fully reversible redox cou-
ple. The E1/2 values given in Table 1 were calculated by aver-
aging the anodic and cathodic potential of the respective
redox couple with respect to the ferrocene/ferrocenium re-
dox couple. On increasing the number of cycles, the height
of both the anodic and cathodic peaks decreases, although
this reduction is minimal after the second cycle; this indi-
cates partial decomposition of the complex at the electrode
surface. It is interesting to note that on going from the si-
lylated complexes 1, 2 and 3 to the desilylated complexes 5,
6 and 7 there is a negative shift in E1/2 values. From the
desilylated complexes 5, 6 and 7 to the carboxylic acids (8,
9 and 10) and alcohols (11 and 12) a further negative shift
in E1/2 values is observed. This indicates that the system is
more electroactive towards oxidation on going from si-
lylated complexes through desilylated complexes to carbox-
ylic acids and their alcohol derivatives. The E1/2 value for
complex 4, which bears four phenyl rings on the cyclobuta-
diene ring, is 0.570 V. On removing the phenyl rings one by
one, the E1/2 values decrease and oxidation becomes easier.

Table 1. Cyclic voltammetric data of complexes 1–12.

Entry Complex E1/2 vs. Fc/Fc+ [V]

1 1 0.587
2 2 0.589
3 3 0.637
4 4 0.570
5 5 0.433
6 6 0.494
7 7 0.539
8 8 0.368
9 9 0.382
10 10 0.415
11 11 0.287
12 12 0.416

Structural Studies on Complexes 1–7 and 11

Detailed structural analysis were carried out on the si-
lylated and desilylated carboxylates 1–7 and the alcohol 11
as there is only a preliminary communication available in
the literature on the structures of the cis- and trans-metallo-
cenes [CpCo{(Me3Si)2Ph2C4}], which contain unsubstituted
cyclopentadienyl rings.[15] The crystal structures of com-
plexes 1–7 and 11 are given in Figures 1, 2, 3, 4, 5, 6, 7 and
8, respectively. Selected bond lengths and angles are given
in Tables 2 and 3 and details of data collection, solution
and crystal parameters are given in the Experimental Sec-
tion. The structural studies on complexes 1–7 indicate no
significant variation in the structure and orientation of the
ester-substituted cyclopentadienyl group. However, on com-
paring structures of complexes 1–3 with those of 5–7, the
structural changes associated with the cyclobutadiene ring

Eur. J. Inorg. Chem. 2006, 5022–5032 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5025

and its substituents were found to be quite significant. As
such, the four phenyl rings of the tetraphenylcyclobutadiene
ring of 4 are displaced at angles of 37.39°, 48.44°, 29.25°
and 60.49° with respect to the cyclobutadiene ring. A com-
parison of 4 with the corresponding carboxylic acid also
shows that the relative orientation of the phenyl rings with

Figure 1. Thermal ellipsoid view of complex 1 with 30% prob-
ability ellipsoids (H atoms omitted for clarity).

Figure 2. Thermal ellipsoid view of complex 2 with 30% prob-
ability ellipsoids (H atoms omitted for clarity).

Figure 3. Thermal ellipsoid view of complex 3 with 30% prob-
ability ellipsoids (H atoms omitted for clarity).
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Figure 4. Thermal ellipsoid view of complex 4 with 30% prob-
ability ellipsoids (H atoms omitted for clarity).

Figure 5. Thermal ellipsoid view of complex 5 with 30% prob-
ability ellipsoids (all H atoms, except those of the cyclobutadiene
moiety, omitted for clarity).

Figure 6. Thermal ellipsoid view of complex 6 with 30% prob-
ability ellipsoids (all H atoms, except those of the cyclobutadiene
moiety, omitted for clarity).

Figure 7. Thermal ellipsoid view of complex 7 with 30% prob-
ability ellipsoids (all H atoms, except those of the cyclobutadiene
moiety, omitted for clarity).

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5022–50325026

respect to the cyclobutadiene ring varies significantly from
7.05° to 89.20°.[11] It was therefore of interest to see whether
desilylation, which results in lower crowding around the cy-
clobutadiene ring, will affect the orientation of the phenyl
groups in complexes 5–7. In addition, complex 4 is a pro-
peller-type molecule, and such complexes show promise in
the design of molecular devices. This study therefore pro-
vides information on structural changes at the molecular
level accompanying the removal of substituents that are
akin to the blades of such propeller-type molecules.

Figure 8. Thermal ellipsoid view of complex 11 with 30% prob-
ability ellipsoids (all H atoms, except those of the cyclobutadiene
moiety, omitted for clarity).

On comparing the structures of complexes 1–3 with their
desilylated analogues 5–7 it can be seen that, basically, two
noticeable structural changes occur. The phenyl groups,
which are pushed away from the plane of the cyclobutadi-
enyl ring in complexes 1–3, tend to come close to the plane
of the cyclobutadiene ring in complexes 5–7. More interest-
ingly, however, the phenyl groups rotate and take up orien-
tations which tend to align with the planarity of the cyclo-
butadiene ring. Both these structural changes indicate a ten-
dency to gain better π-delocalization of the phenyl groups
with the metal-coordinated cyclobutadiene ring (Scheme 6).

The angle (θ) between the mean plane of the cyclobutadi-
ene ring and the mean plane of a substituted phenyl ring
represents the extent of deviation of the phenyl rings from
the plane of the cyclobutadiene ring. For complex 1, which
has a trans orientation of two phenyl substituents, the val-
ues of θ are 32.68° and 43.97°. The corresponding desi-
lylated complex 5 has θ reduced to 5.34° and 3.09° (5.45°
and 2.15° for the other crystallographically independent
structure in the unit cell). For the cis-oriented complex 2,
the values of θ are 63.14° and 43.98°, which are reduced to
24.75° and 12.45° for the desilylated complex 6. Similarly
for the triphenyl(trimethylsilyl)cyclobutadiene complex 3,
the θ values are 34. 26°, 31.47° and 64.19°, which are re-
duced in complex 7 to 14.14°, 12.26° and 54.13° respectively
(13.97°, 12.26° and 53.98° for the other crystallographically
independent structure in the unit cell). These results clearly
indicate that removing the steric crowding around the cyclo-
butadiene unit tends to make the phenyl groups become
more aligned to the cyclobutadiene ring.

The other interesting difference observed on comparing
complexes 1–3 with complexes 5–7 is the distortion from
planarity observed for the exocyclic cyclobutadiene–phenyl
bonds. Although the bond connecting the phenyl ring to
the cyclobutadiene ring should ideally lie in the same plane
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Table 2. Selected bond lengths [Å] and angles [°] for complexes 1–
4.

Compound 1

Co(1)–C(9) 1.972(5) Co(1)–C(8) 2.005(5)
Co(1)–C(3) 2.069(5) Si(1)–C(8) 1.866(6)
Si(1)–C(20) 1.868(8) O(1)–C(1) 1.446(10)
O(1)–C(2) 1.336(7) O(2)–C(2) 1.195(9)
C(2)–C(3) 1.47(1) C(3)–C(7) 1.418(9)
C(9)–C(12) 1.458(9) C(12)–C(13) 1.379(10)
C(11)–C(12) 1.467(9)
C(17)–C(12)–C(13) 117.5(7) C(13)–C(12)–C(9) 120.9(6)
C(12)–C(9)–C(8) 133.3(5) C(8)–Si(1)–C(18) 109.4(4)
C(9)–C(8)–C(11) 88.2(5) C(10)–Co(1)–C(6) 117.9(3)
C(6)–C(7)–C(3) 107.9(6) C(7)–C(3)–C(2) 123.0(6)
O(2)–C(2)–O(1) 123.1(7) C(2)–O(1)–C(1) 115.2(6)

Compound 2

Co(1)–C(9) 1.999(4) Co(1)–C(11) 1.982(3)
Co(1)–C(3) 2.069(6) Si(1)–C(11) 1.864(5)
Si(1)–C(27) 1.863(4) C(1)–O(2) 1.447(4)
C(2)–O(1) 1.199(3) C(2)–O(2) 1.331(4)
C(2)–C(3) 1.467(4) C(3)–C(4) 1.426(4)
C(11)–C(10) 1.487(4) C(9)–C(18) 1.473(4)
C(8)–C(12) 1.481(3)
C(25)–Si(2)–C(26) 108.92(11) C(26)–Si(2)–C(10) 110.23(8)
Si(2)–C(10)–C(9) 131.81(12) C(10)–C(9)–C(18) 135.28(14)
C(9)–C(18)–C(23) 120.57(15) C(11)–C(10)–C(9) 89.36(12)
C(11)–Co(1)–C(7) 118.31(7) C(7)–C(3)–C(2) 127.75(16)
C(7)–C(3)–C(4) 108.29(16) O(2)–C(2)–O(1) 123.40(17)

Compound 3

Co(1)–C(8) 2.000(3) Co(1)–C(3) 2.073(4)
Si(1)–C(18) 1.866(2) Si(2)–C(9) 1.868(4)
C(9)–C(10) 1.475(3) C(10)–C(21) 1.468(3)
C(3)–C(7) 1.421(3) C(3)–C(2) 1.464(4)
O(2)–C(2) 1.337(4) O(2)–C(1) 1.448(4)
C(2)–O(1) 1.208(4) C(21)–C(22) 1.395(3)
C(8)–C(12) 1.465(3) C(11)–C(27) 1.501(3)
C(1)–O(2)–C(2) 116.77(18) O(2)–C(2)–O(1) 124.57(21)
O(2)–C(2)–C(3) 111.31(18) C(2)–C(3)–C(7) 127.12(18)
C(7)–C(3)–C(4) 107.60(16) C(7)–C(3)–C(4) 107.60(16)
C(7)–Co(1)–C(9) 112.25(7) C(10)–C(9)–C(8) 88.32(12)
C(10)–C(9)–Si(1) 135.06(12) C(9)–C(10)–C(21) 135.46(14)

Compound 4

Co(1)–C(8) 1.994(3) Co(1)–C(3) 2.074(3)
O(1)–C(1) 1.446(6) O(1)–C(2) 1.343(4)
O(2)–C(20) 1.194(4) C(2)–C(3) 1.450(4)
C(3)–C(4) 1.420(4) C(10)–C(11) 1.462(3)
C(11)–C(30) 1.472(3) C(31)–C(32) 1.375(5)
C(8)–C(12) 1.458(3) C(10)–C(24) 1.375(5)
C(9)–C(18) 1.473(3) 1.458(3)
C(1)–O(1)–C(2) 115.81(31) O(1)–C(2)–O(2) 123.13(29)
O(1)–C(2)–C(3) 111.12(25) C(2)–C(3)–C(7) 128.05(24)
C(7)–C(3)–C(4) 107.23(22) C(7)–Co(1)–C(8) 122.97(10)
C(11)–C(8)–C(9) 90.07(18) C(30)–C(11)–C(10) 134.06(21)

as that of the cyclobutadiene ring, what is observed is that
all the exocyclic bonds from the cyclobutadiene ring to the
phenyl groups are displaced at an angle (φ) to the plane of
the cyclobutadiene ring with the displacement directed away
from the cyclopentadienylcobalt moiety. The value of φ var-
ies from 167.50° to 177.11° for the phenyl substituents. A
comparison of the silylated metallocenes 1–3 and desi-
lylated metallocenes 5–7 indicates that this distortion de-
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Table 3. Selected bond lengths [Å] and angles [°] for complexes 5–
7 and 11.

Compound 5

Co(1)–C(11) 1.969(8) Co(1)–C(10) 1.978(6)
Co(1)–C(3) 2.062(5) O(2)–C(1) 1.452(8)
C(2)–O(2) 1.326(8) C(2)–O(1) 1.201(8)
C(2)–C(3) 1.471(7) C(11)–C(8) 1.434(8)
C(8)–C(12) 1.478(7) C(4)–C(5) 1.430(8)
C(10)–C(18) 1.446(6) C(10)–C(11) 1.446(9)
C(1)–O(2)–C(2) 115.67(5) O(2)–C(2)–O(1) 123.5(5)
O(1)–C(2)–C(3) 125.1(5) C(7)–C(3)–C(4) 108.6(5)
C(3)–Co(1)–C(8) 115.0(2) C(9)–C(8)–C(11) 90.2(4)
C(13)–C(12)–C(8) 120.3(5) C(17)–C(12)–C(13) 119.0(5)

Compound 6

Co(1)–C(9) 1.968(3) Co(1)–C(8) 1.981(2)
Co(1)–C(3) 2.045(3) O(1)–C(1) 1.445(4)
O(1)–C(2) 1.335(4) O(2)–C(2) 1.196(4)
C(2)–C(3) 1.464(4) C(3)–C(7) 1.422(4)
C(9)–C(10) 1.430(4) C(11)–C(18) 1.471(4)
C(8)–C(9) 1.458(4) C(8)–C(12) 1.453(3)
C(1)–O(1)–C(2) 115.77(23) O(1)–C(2)–O(2) 123.12(26)
O(2)–C(2)–C(3) 124.58(28) C(2)–C(3)–C(7) 124.16(27)
C(7)–C(3)–C(4) 107.33(25) C(7)–Co(1)–C(11) 112.59(12)
C(10)–C(11)–C(8) 88.97(22) C(18)–C(11)–C(10) 131.98(25)

Compound 7

C(1)–O(1) 1.474(6) O(1)–C(2) 1.294(5)
O(2)–C(2) 1.187(5) C(3)–C(2) 1.497(5)
C(3)–C(4) 1.406(4) Co(1)–C(3) 2.050(3)
Co(1)–C(8) 1.992(3) C(11)–C(8) 1.463(3)
C(9)–C(8) 1.444(4) C(10)–C(18) 1.452(3)
C(11)–C(24) 1.473(3)
C(1)–O(1)–C(2) 111.69(34) O(1)–C(2)–O(2) 126.69(41)
O(2)–C(2)–C(3) 123.43(35) C(2)–C(3)–C(7) 130.33(30)
C(4)–C(3)–C(7) 108.19(29) C(10)–C(11)–C(8) 89.42(19)
C(10)–C(9)–C(8) 91.03(20) C(9)–C(8)–C(12) 134.00(26)
C(9)–C(10)–C(18) 132.96(22) C(10)C(18)C(19) 120.56(21)

Compound 11

O(1)–C(14) 1.231(34) C(14)–C(5) 1.548(24)
C(11)–C(5) 1.441(22) Co(1)–C(5) 2.066(14)
Co(1)–C(4) 1.966(12) C(1)–C(4) 1.486(14)
C(4)–C(8) 1.467(16) C(2)–C(7) 1.470(15)
O(1)–C(14)–C(5) 105.4(17) C(14)–C(5)–C(11) 136.2(14)
C(6)–C(5)–C(11) 106.3(10) C(5)–Co(1)–C(2) 113.37(44)
C(4)–C(1)–C(2) 89.4(8) C(3)–C(4)–C(1) 89.2(8)
C(2)–C(7)–C(13) 121.0(10)

Scheme 6.

creases upon desilylation, with the angles coming closer to
180°. The values of φ for complex 1 are 172.54° and 175.48°
which become 176.14° and 177.11° in 5 upon desilylation.
For 2, the values of φ are 174.36° and 167.50°, which in-
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creases to 174.56° and 173.44° for complex 6. A similar,
while minor, increase is seen when φ is compared for com-
plexes 3 and 7.

Both these structural variations clearly indicate that, in
the absence of steric repulsion, the phenyl groups would
prefer to lie aligned with the plane of the cyclobutadiene
ring, which possibly helps to extend the aromatic conjuga-
tion between the phenyl rings and the cobalt-bound cyclo-
butadienyl ring. We have also observed that these variations
in structural parameters are not affected by the orientation
of the ester groups on this ring. This study provides a good
comparison to the structure of biphenyl.[16] In the case of
biphenyl, the two phenyl groups do not lie in the same plane
due to the ortho effect of the hydrogen atoms. Such an effect
does not exist in the case of complexes such as 5. It has
also been reported that the C–C bond connecting the two
phenyl rings in biphenyl is 1.507 Å. In the case of complexes
1–4, the bond length between the cyclobutadiene and
phenyl groups varies from 1.458(3) to 1.501(3) Å, while for
complexes 5–7 and 11 the same distance varies from
1.444(7) to 1.486(8) Å, which is between those of a carbon–
carbon single and double bond.

The crystal structure of the alcohol complex 11 is quite
similar to that of complex 5, with the values of θ being
1.19° and 6.01°. This indicates that both the phenyl groups
and the cyclobutadiene ring are almost in the same plane,
further increasing their aromatic conjugation. The hydroxy
group of the complex is disordered and the oxygen atom
has two independent crystallographic positions (occupancy
factors of 0.8 and 0.2).

Conclusions

In conclusion, we have described a method to prepare
examples of sterically less hindered and stable carboxylic
acid analogues of [(η5-Cp)Co(η4-C4Ph4)] and their alcohol
derivatives by desilyation, de-esterification and reduction of
the trimethylsilyl-derived metallocenecarboxylates. The car-
boxylic acids are potential reagents for preparing catalysts
such as cobalt(I) oxazoline palladacycles and a host of
other similar catalysts and reagents with less steric bulki-
ness than [(η5-Cp)Co(η4-C4Ph4)] on the cyclobutadiene
ring. The silylated and desilylated carboxylates have been
structurally characterized and this study provides an oppor-
tunity to compare structural changes around the cyclobuta-
diene moiety accompanying the desilylation reactions. It
has been observed that two major structural changes occur
upon desilylation of the silylated esters: the phenyl groups
rotate around their bonds to the cyclobutadiene ring and
also bend towards the plane of the cyclobutadiene ring,
tending to become more aligned and parallel to its plane.
This possibly helps to extend the delocalization of electron
density of the phenyl groups to that of the cobalt-bound
cyclobutadiene ring. Further work exploring the chemistry
of these new metallocenecarboxylic acids and their alcohol
derivatives is in progress.
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Experimental Section
General Remarks: All manipulations of the complexes were carried
out using standard Schlenk techniques under nitrogen. Toluene and
thf were freshly distilled from sodium benzophenone ketyl under
nitrogen before use. The sodium salt of (methoxycarbonyl)cyclo-
pentadiene,[9] chloridotris(triphenylphosphane)cobalt[17] and (2-
phenylethynyl)trimethylsilane[18] were prepared according to litera-
ture procedures. Diphenylacetylene, dimethyl carbonate and tri-
phenylphosphane (Aldrich) were used as received. 1H and 13C{1H}
NMR spectra were recorded with a Bruker Spectrospin DPX-300
NMR spectrometer at 300 and 75.47 MHz, respectively. IR spectra
in the range 4000–250 cm–1 were recorded with a Nicolet Protége
460 FT-IR spectrometer as KBr pellets. Elemental analyses were
carried out with a Carlo Erba CHNSO 1108 elemental analyzer.
Mass spectra were recorded in the FAB mode using a JEOL SX
102/DA-6000 mass spectrometer and in the electrospray mode with
a Micromass Quattro II triple quadrupole mass spectrometer.

Electrochemical Studies: All electrochemical measurements were
performed with a basic electrochemistry system CHI 604A, using
a three-electrode configuration of a Pt working electrode (0.1 mm
diameter), a commercially available Ag/AgCl electrode as the refer-
ence electrode and a Pt mesh electrode as the counter electrode.
Half-wave potentials were measured as the average of the cathodic
and anodic peak potentials. The voltammograms were recorded in
CH2Cl2 containing 0.1  tetrabutylammonium perchlorate as the
supporting electrolyte, and the potential was scanned from 0 to
+1.5 V at various scan rates. Ferrocene gave a reversible single re-
dox couple with E1/2 at 652 mV under the same experimental condi-
tions.

Preparation of [{trans-η4-Ph2(Me3Si)2C4}Co{η5-MeOC(O)C5H4}]
(1) and [{cis-η4-Ph2(Me3Si)2C4}Co{η5-MeOC(O)C5H4}] (2): A
solution of chloridotris(triphenylphosphane)cobalt(I) (5.06 g,
5.73 mmol) in toluene (30 mL) was added to a solution of [(meth-
oxycarbonyl)cyclopentadienyl]sodium (0.84 g, 5.73 mmol) in thf
(10 mL). The resulting red solution was stirred for 0.5 h and then
added to (2-phenylethynyl)trimethylsilane (2.00 g, 11.5 mmol). The
solution turned dark brown on stirring at room temperature for
0.5 h. The resulting mixture was heated at reflux for 8 h and then
cooled to room temperature. The solvent was removed in vacuo
and the residue dissolved in hexane and filtered to give a yellow
filtrate. This was concentrated and cooled to partially remove tri-
phenylphosphane by fractional crystallization. The residue was
chromatographed on silica gel using a mixture of hexane and ethyl
acetate as eluent to give a mixture of 1 and 2. Compound 1 (1.20 g,
41%) crystallized readily upon cooling the solution and complex 2
(0.42 g 15%) was isolated by repeated fractional crystallization of
the remaining solution.

[{trans-η4-Ph2(Me3Si)2C4}Co{η5-MeOC(O)C5H4}] (1): M.p. 95 °C.
1H NMR (300 MHz, CDCl3): δ = 3.18 (s, 3 H, CH3), 4.77 (s, 2 H,
CpH), 5.41 (s, 2 H, CpH), 7.07 (m, 6 H, PhH), 7.16 (m, 4 H, PhH),
0.02 (s, 18 H, SiMe3) ppm. 13C NMR (75 MHz, CDCl3): δ = 0.8
(SiMe3), 60.0 (COMe), 69.8, 82.0 (C4 ring), 82.7, 86.6, 90.9 (CpC),
126.3, 127.5, 128.9, 137.3 (Ph-C), 166.1 (C=O) ppm. IR (KBr): ν̃
= 3396 m, 3095 w, 2951 s, 2896 m, 1706 vs, 1596 w, 1495 vs, 1467 s,
1362 s, 1288 vs, 1245 vs, 1194 s, 1140 vs, 1068 m, 1026 m, 969 m,
843 vs, 761 vs, 694 vs, 602 w, 560 w, 509 w, 443 w cm–1. MS (FAB):
m/z = 530 [M+], 531 [M + 1], 499 [M+ – OCH3], 407 [M+ –
CpCo2Me] 515 [M+ – CH3], 356 [M+ – PhCCSiMe3].
C29H35CoO2Si2 (530.15): calcd. C 65.63, H 6.65; found C 65.59, H
6.52.

[cis-η4-Ph2(Me3Si)2C4]Co{η5-MeOC(O)C5H4}] (2): M.p. 80 °C. 1H
NMR (300 MHz, CDCl3): δ = 3.10 (s, 3 H, CH3), 4.81 (s, 2 H,
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CpH), 5.14 (s, 2 H, CpH), 6.97 (m, 6 H, PhH), 7.03 (m, 4 H, PhH),
0.01 (SiMe3) ppm. 13C NMR (75 MHz, CDCl3): δ = 0.8 (SiMe3C),
51.0 (COOMeC), 67.9, 82.0 (C4 ring), 82.7, 87.1, 90.4 (CpC), 126.4,
127.5, 129.0, 135.7 (PhC), 166.2 (C=O) ppm. IR, (KBr): ν̃ =
3054 m, 3021 w, 2954 s, 2896 m, 1710 vs, 1599 w, 1467 vs, 1439 s,
1369 s, 1287 vs, 1248 vs, 1192 s, 1147 vs, 1064 m, 1028 m, 970 m,
839 vs, 772 vs, 695 vs, 633 w, 616 w, 509 w cm–1. MS (FAB): m/z =
530 [M+], 531 [M+ + 1], 529 [M+ – 1], 498 [M+ – OCH3], 514
[M+ – CH3], 457 [M+ – SiMe3], 356 [M+ – PhCCSiMe3], 407 [M+ –
CpCO2Me]. C29H35CoO2Si2 (530.15): calcd. C 65.63, H 6.65; found
C 65.57, H 6.60.

Preparation of [{η4-Ph3(Me3Si)C4}Co{η5-MeOC(O)C5H4}] (3) and
[(η4-Ph4C4)Co{η5-MeOC(O)C5H4}] (4): A solution of chloridotris-
(triphenylphosphane)cobalt(I) (5.16 g, 5.84 mmol) in toluene
(30 mL) was added to a solution of [(methoxycarbonyl)cyclopen-
tadienyl]sodium (0.86 g, 5.85 mmol) in thf (5 mL). The resulting
red solution was stirred at room temperature for 0.5 h and then a
solution of (2-phenylethynyl)trimethylsilane (0.61 g, 3.50 mmol) in
toluene was added and stirred at room temperature for 1 h to give
a brown solution. A solution of diphenylacetylene (1.04 g,
5.85 mmol) in toluene was added and the resulting mixture was
stirred at room temperature for 10 min and thereafter refluxed for
8 h and cooled to room temperature. The solvent was removed in
vacuo and the residue suspended in 20% ethyl acetate in hexane
and filtered. The filtrate was concentrated and chromatographed
on silica gel, eluting with a hexane/ethyl acetate mixture (2% ethyl
acetate) to give a yellow solution, which upon slow cooling gave
crystals of 3 (0.52 g, 29%). On increasing the polarity of the eluent
(10% ethyl acetate) a dark yellow solution was obtained, which on
cooling gave crystals of 4 (0.76 g, 24%). The physical and spectral
properties of 4 were found to agree well with those reported in the
literature.[9]

[{η4-Ph3(Me3Si)C4}Co{η5-MeOC(O)C5H4}] (3): M.p. 75 °C. 1H
NMR (300 MHz, CDCl3): δ = 0.27 (s, 9 H, SiMe3), 3.33 (s, 3 H,
CH3), 4.94 (s, 2 H, CpH), 5.37 (s, 2 H, CpH), 7.28–7.34 (m, 9 H,
PhH), 7.47–7.48 (m, 6 H, PhH) ppm. 13C NMR (75 MHz, CDCl3):
δ = 1.1 (SiMe3), 51.1 (CO2Me), 63.1, 82.5 (C4 ring), 83.6, 84.3, 86.9
(CpC), 135.9, 135.1, 129.6, 129.0, 128.0, 127.7, 126.7, 126.5 (PhC),
167.2 (C=O) ppm. IR (KBr): ν̃ = 3051 m, 3020 w, 2950 m, 1717 vs,
1596 m, 1495 m, 1469 m, 1444 m, 1364 m, 1280 vs, 1250 s, 1229 m,
1145 s, 1066 w, 826 s, 768 s, 694 s, 585 s cm–1. MS (FAB): m/z = 534
[M+], 335 [M+ + 1], 356 [M+ – PhCCPh], 411 [M+ – CpCO2Me],
360 [M+ – PhCCSiMe3], 503 [M+ – OCH3]. C32H31CoO2Si
(534.14): calcd. C 71.89, H 5.84; found C 71.80, H 5.90.

General Procedure for the Desilylation of Compounds 1–3: The sil-
ylated cobalt complex (1.0 mmol) and a slight excess of tetrabu-
tylammonium fluoride (1  solution in thf) were dissolved in dmso
(10 mL) and the mixture was stirred at 70 °C under nitrogen for
24 h. The product was extracted with ethyl acetate, and the solution
was washed repeatedly with water to remove any trace of dmso.
The ethyl acetate solution was dried with anhydrous MgSO4 and
concentrated to give a dark yellow powder, which was chromato-
graphed on silica gel with an appropriate eluent.

[{trans-η4-Ph2H2C4}Co{η5-MeOC(O)C5H4}] (5): Chromato-
graphed on silica gel with hexane as eluent to give 0.36 g (93%) of
5. M.p. 122 °C. 1H NMR (300 MHz, CDCl3): δ = 3.20 (s, 3 H,
CH3), 4.96 (s, 2 H, C4 ring), 4.60 (s, 2 H, CpH), 5.39 (s, 2 H, CpH),
7.19 (m, 6 H, PhH), 7.17 (m, 4 H, PhH) ppm. 13C NMR (75 MHz,
CDCl3): δ = 51.1 (OMeC), 54.8, 76.1 (C4 ring), 81.7, 84.1, 86.1
(CpC), 124.5, 126.1, 128.4, 136.3 (PhC), 166.7 (C=O) ppm. IR
(KBr): ν̃ = 3086 w, 3055 m, 2952 m, 1708 vs, 1594 s, 1501 s, 1468 vs,
1393 m 1358 m, 1282 vs, 1197 s, 1143 vs, 1067 m, 1022 s, 967 s,
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902 s, 817 s, 764 vs, 691 vs. 663 m, 538 m, 480 s cm–1. MS (FAB):
m/z = 386 [M+], 387[M+ + 1], 355 [M+ – OCH3], 263 [M+ –
CpCO2Me]. C23H19CoO2 (386.07): calcd. C 71.51, H 4.96; found
C 71.63, H 4.92.

[{cis-η4-Ph2H2C4}Co{η5-MeOC(O)C5H4}] (6): Chromatographed
on silica gel with hexane as eluent to give 0.35 g (92%) of 6. M.p.
70 °C. 1H NMR (300 MHz, CDCl3): δ = 3.36 (s, 3 H, CH3), 4.88
(s, 2 H, CpH), 5.24 (s, 2 H, CpH), 4.46 (s, 2 H, C4 ring), 7.24–7.26
(m, 6 H, PhH), 7.38 (m, 4 H, PhH) ppm. 13C NMR (75 MHz,
CDCl3): δ = 51.22 (CH3), 58.2, 77.4 (C4 ring), 82.6 (CpC), 83.1,
86.2 (CpC), 124.6, 126.6, 128.3, 136.7 (PhC), 167.2 (C=O) ppm. IR
(KBr): 3059 m, 29469 m, 1706 vs, 1597 w, 1567 w, 1499 w, 1458 s,
1359 m, 1278 vs, 1187 m, 1135 vs, 1024 w, 961 m, 893 m, 827 m,
766 vs, 694 vs, 576 vs, 523 m cm–1. MS (FAB): m/z = 386 [M+], 387
[M+ + 1], 355 [M+ – OCH3], 263 [M+ – CpCO2Me]. C23H19CoO2

(386.07): calcd. C 71.51, H 4.96; found C 71.58, H 4.85.

[(η4-Ph3HC4)Co{η5-MeOC(O)C5H4}] (7): Chromatographed on
silica gel with hexane as eluent to give 0.33 g (87%) of 7. M.p.
180 °C. 1H NMR (300 MHz, CDCl3): δ = 3.21 (s, 3 H, CH3), 4.67
(s, 2 H, CpH), 5.02 (s, 1 H, C4 ring), 5.33 (s, 2 H, CpH), 7.7 (m, 2
H, PhH), 7.34 (m, 3 H, PhH), 7.24–7.18 (m, 10 H, PhH) ppm. 13C
NMR (75 MHz, CDCl3): δ = 51.1 (CH3C), 54.6, 76.1, 77.9 (C4

ring), 85.7, 84.9, 82.9 (CpC), 125.9, 126.3, 127.0, 128.1, 128.3,
130.1, 135.4, 136.2 (PhC), 166.2 (C=O) ppm. IR (KBr): 3080 w,
2948 w, 2362 w, 1714 vs, 1595 m, 1500 s, 1467 s, 1363 m, 1281 vs,
1187 s, 1139 vs, 1067 w, 1026 w, 967 w, 825 w, 764 vs, 692 vs, 608 w,
582 w cm–1. MS (FAB): m/z = 462 [M+], 463 [M+ + 1], 339 [M+ –
CpCO2Me]. C29H23CoO2 (462.40): calcd. C 75.32, H 5.01; found
C 75.24, H 5.15.

General Procedure for the De-esterification of Compounds 5–7: A
mixture of 1.0 mmol of the ester and potassium tert-butoxide
(1.68 g, 15 mmol) in 10 mL of dmso was stirred at room tempera-
ture for 15 h and then quenched with 2  HCl (20 mL). After ex-
traction with ethyl acetate, the organic phase was separated and
dried with MgSO4. The solvent was removed in vacuo and the resi-
due was column-chromatographed on silica gel with an appropriate
eluent to give the carboxylic acid complex.

[trans-(η4-Ph2H2C4)Co(η5-C5H4COOH)] (8): Chromatographed on
silica gel with 20% EtOAc/chloroform as eluent to give 0.31 g
(84%) of 8 as an orange crystalline solid. M.p. 165 °C. 1H NMR
(300 MHz, CDCl3): δ = 4.75 (br. s, 2 H, CpH), 5.06 (s, 2 H, C4

ring), 5.40 (br. s, 2 H, CpH), 7.10–7.20 (m, 10 H, PhH) ppm. 13C
NMR (75 MHz, CDCl3): δ = 54.2, 76.1 (C4 ring), 85.3, 86.8, 92.5
(CpC), 124.8, 126.2, 128.6, 135.9 (PhC), 193.1 (COOH) ppm. IR
(KBr): ν̃ = 3053 m, 3023 m, 2912 m, 1659 vs, 1596 m, 1495 m,
1448 s, 1365 m, 1296 m, 1184 w, 1118 w, 1034 vs, 966 s, 758 vs,
695 vs, 541 s cm–1. MS (FAB): m/z = 371 [M+ – 1], 370 [M+ – 2],
369 [M+ – 3], 263 [M+ – CpCO2Me]. C22H17CoO2 (372.05): calcd.
C 70.97, H 4.60; found C 71.05, H 4.65.

[cis-(η4-Ph2H2C4)Co(η5-C5H4COOH)] (9): Chromatographed on
silica gel with 20% EtOAc/chloroform as eluent to give 0.29 g
(78%) of 9 as an orange crystalline solid. M.p. 188 °C. 1H NMR
(300 MHz, CDCl3): δ = 4.48 (s, 2 H, C4 ring), 4.75 (s, 2 H, CpH),
5.18 (s, 2 H, CpH), 7.21–7.33 (s, 10 H, PhH) ppm. 13C NMR
(75 MHz, CDCl3): δ = 58.3, 77.4 (C4 ring), 86.4, 87.1, 92.2 (CpC),
126.2, 128.1, 128.6, 136.2 (PhC), 192.2 (COOH) ppm. IR (KBr): ν̃
= 2927 w, 2625 w, 1674 vs, 1599 m,1480 w, 1421 m, 1354 w, 1295 vs,
1165 w, 1122 w, 1021 w, 947 m, 761 s, 694 s cm–1. MS (ESI): m/z =
371 [M+ – 1], 325 [M+ – COOH]. C22H17CoO2 (372.30): calcd. C
70.97, H 4.60; found C 71.07, H 4.69.

[(η4-Ph3HC4)Co(η5-C5H4COOH)] (10): Chromatographed on sil-
ica gel with 20% EtOAc/chloroform as eluent to give 0.38 g (85%)
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of 10 as an orange crystalline solid. M.p. 180 °C. 1H NMR
(300 MHz, CDCl3): δ = 4.71 (br. s, 2 H, CpH), 5.02 (s, 1 H, C4

ring), 5.27 (br. s, 2 H, CpH), 7.10–7.71 (m, 15 H, PhH) ppm. 13C
NMR (75 MHz, CDCl3): δ = 54.7, 76.0, 78.0 (C4 ring), 86.4, 86.8,
92.2 (CpC), 125.0, 126.1, 127.2, 128.1, 128.5, 130.1, 135.2, 136.3
(PhC), 193.4 (C=O) ppm. IR (KBr): 3053 m, 2634 m, 2561 m,
2360 m, 1671 vs, 1598 m, 1480 vs, 1404 w, 1358 m, 1301 vs, 1166 s,
1023 w, 916 w, 823 w, 753 vs, 690 vs, 572 m cm–1. MS (FAB): m/z =
448 [M+], 449 [M+ + 1], 431 [M+ – OH], 339 [M+ – CpCO2Me].
C28H21CoO2 (448.08): calcd. C 75.00, H 4.72; found C 75.09, H
4.65.

General Procedure for the Reduction: A 50-mL, two necked, round-
bottomed flask was charged with LiAlH4 (0.19 g, 5.0 mmol) and
30 mL of dry diethyl ether under nitrogen. The ester complex
(1.0 mmol) was then added and the resulting mixture was stirred
at room temperature for 24 h. The reaction was quenched by add-
ing 25 mL of ethyl acetate and stirring for 0.5 h. After that solution
was filtered through Whatman 40 filter paper, the solvent was evap-
orated and the residue was chromatographed on silica gel with a
suitable eluent.

[trans-(η4-Ph2H2C4)Co(η5-C5H4CH2OH)] (11): Chromatographed
on silica gel with chloroform as eluent to give 0.27 g (69%) of com-
plex 11. M.p. 95 °C. 1H NMR (300 MHz, CDCl3): δ = 1.48 (s, 1
H, OH), 3.87 (s, 2 H, OCH2), 4.39 (s, 2 H, C4 ring H), 4.72 (s, 2
H, CpH), 4.86 (s, 2 H, CpH), 7.13 (s, 10 H, PhH) ppm. IR (KBr):
ν̃ = 3558 vs, 3056 m, 2921 s, 2856 s, 1592 s, 1499 s, 1447 s, 1394 m,
13639 w, 1262 w,1180 w, 1103 w, 1049 vs,1017 vs, 810 vs, 764 vs,
691 vs cm–1. MS (FAB): m/z = 358 [M+], 359 [M+ + 1], 341 [M+ –
OH], 263 [M+ – CpCH2OH]. C22H19CoO (358.07): calcd. C 73.74,
H 5.34; found C 73.69, H 5.45.

Table 4. X-ray crystallographic data for complexes 1–4.

1 2 3 4

Empirical formula C29H35CoO2Si2 C29H35CoO2Si2 C32H31CoO2Si C35H27CoO2

Formula mass 530.68 530.6 534.62 538.50
Crystal system orthorhombic triclinic triclinic monoclinic
Space group Pbca P1̄ P1̄ P21/n
T [K] 298(2) 298(2) 298(2) 298(2)
a (Å 10.6624(11) 9.256(2) 9.1247(19) 10.8340(15)
b [Å] 20.098(2) 9.381(2) 11.255(2) 16.982(2)
c [Å] 26.255(3) 16.219(5) 13.342(3) 14.279(2)
α [°] 90 96.700(5) 91.538(3) 90
β [°] 90 98.844(4) 101.728(3) 92.587(2)
γ [°] 90 91.188(3) 92.523(3) 90
V [Å3] 5626.3(10) 1381.0(6) 1339.4(5) 2624.4(6)
Z 8 2 2 4
Dcalcd. [g cm–3] 1.253 1.276 1.326 1.363
µ [mm–1] 0.718 0.731 0.709 0.685
Tmax/Tmin 0.927/0.826 0.939/0.907 0.941/0.849 0.929/0.859
θ range [°] 2.17–23.25 2.23–28.26 2.22–24.55 2.23–25.38
Index ranges –11 � h � 11 –11 � h � 11 –11 � h � 11 –13 � h � 13

–21 � k � 21 –11 � k � 11 –13 � k � 13 –20 � k � 20
–28 � l � 28 –19 � l � 19 –16 � l � 16 –17 � l � 17

Refl. collected 40499 13657 13369 25438
Refl. unique 3690 5115 4985 25438
Refl. observed 3572 4829 4602 4435
Restraint/parameters 0/314 0/314 0/329 0/344
Goodness of fit on F2 1.446 1.076 1.065 1.199
R1[I � 2σ (I)][a] 0.0868 0.0309 0.0318 0.0479
wR2 (all data)[b] 0.2027 0.0870 0.0882 0.1226
(∆ρ)max/(∆ρ)min 0.555/–0.662 0.239/–0.381 0.299/–0.201 0.312/–0.392
λ [Å] 0.71073 0.71073 0.71073 0.71073

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = Σw(Fo
2 – Fc

2)2/Σ[(Fo
2)2]1/2.
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[(η4-Ph3HC4)Co(η5-C5H4CH2OH)] (12): Chromatographed on sil-
ica gel with chloroform as eluent to give 0.37 g (86%) of complex
12. 1H NMR (300 MHz, CDCl3): δ = 1.55 (s, 1 H, OH), 3.9 (s, 2
H, OCH2), 4.97 (s, 2 H, CbH), 4.54 (s, 2 H, CpH), 4.78 (s, 2 H,
CpH), 7.1–7.72 (m, 15 H, PhH). IR (KBr): ν̃ = 3530 s, 3054 m,
2922 m, 1595 s, 1499 s, 1444 m, 1322 w, 1231 m, 1178 w,
1066 w,1000 vs, 818 s, 760 vs, 693 vs, 582 w cm–1. MS (FAB): m/z =
435[M+ + 1], 417[M+ – OH]. C28H23CoO (434.10): calcd. C 77.41,
H 5.34; found C 77.55, H 5.24.

X-ray Crystallographic Study: Suitable crystals of complexes 1–7
and 11 were obtained by slow concentration of their saturated solu-
tions in ethyl acetate/hexane solvent mixtures. Details of data col-
lection and solution and crystal parameters are given in Tables 4
and 5. Single-crystal diffraction studies were carried out with a
Bruker SMART APEX CCD diffractometer with an Mo-Kα (λ =
0.71073 Å) sealed-tube radiation source. All crystal structures were
solved by direct methods. The program SAINT (version 6.22) was
used for integration of the intensity of reflections and scaling. The
program SADABS was used for absorption correction.[19] The crys-
tal structures were solved and refined using the SHELXTL (version
6.12) package.[20] All hydrogen atoms were included in idealized
positions, and a riding model was used. Non-hydrogen atoms were
refined with anisotropic displacement parameters. Because of the
poor crystal quality of complex 1, higher 2θ reflections were omit-
ted to bring the value of the residual factor down. The oxygen
atom of the alcohol group present in the cyclopentadienyl ring of
complex 11 shows disorder and occupies two crystallographically
independent positions which could be located from the additional
residual electron density observed in the difference map. The site
occupancy factors were refined with the help of the free variable
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Table 5. X-ray crystallographic data for complexes 5–7 and 11.

5 6 7 11

Empirical formula C23H19CoO2 C23H19CoO2 C29H23CoO2 C22H19CoO
Formula mass 386.31 386.31 462.40 358.30
Crystal system monoclinic orthorhombic orthorhombic monoclinic
Space group P21 P2 Pcca P21

T [K] 273(2) 273(2) 273(2) 273(2)
a [Å] 5.818(3) 8.5776(12) 41.122(5) 10.463(5)
b [Å] 27.822(12) 10.7107(15) 10.7107(15) 7.535(4)
c [Å] 10.967(5) 19.950(3) 10.0060(13) 11.911(6)
α [°] 90 90 90 90
β [°] 91.226(8) 90 90 113.528(7)
γ [°] 90 90 90 90
V [Å3] 1774.8(14) 1832.8(5) 4480.9(10) 856.0(7)
Z 4 4 8 2
Dcalcd. [g cm–3] 1.446 1.400 1.371 1.390
µ [mm–1] 0.975 0.950 0.790 1.006
Tmax/Tmin 0.927/0.888 0.872/0.816 0.500/0.391 0.913/0.863
θ range [°] 2.37–25.50 2.16–24.49 2.81–25.0 2.20–25.00
Index ranges –7 � h � 7 –10 � h � 10 –48 � h � 48 –12 � h � 12

–33 � k � 33 –12 � k � 12 –12 � k � 12 –8 � k � 8
–13 � l � 13 –24 � l � 24 –11 � l � 11 –14 � l � 14

Refl. collected 17235 18108 39929 7793
Refl. unique 3362 3402 3936 1637
Refl. observed 3024 3208 3267 1571
Restraint/parameters 1/471 0/236 0/290 1/217
Goodness of fit on F2 1.017 1.140 1.064 1.137
R1[I � 2σ (I)][a] 0.0517 0.0339 0.0442 0.0974
wR2 (all data)[b] 0.1194 0.0859 0.1120 0.2344
(∆ρ)max/(∆ρ)min 0.653/–0.671 0.472/–0.328 0.517/–0.241 2.135/–1.089
λ [Å] 0.71073 0.71073 0.71073 0.71073

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = Σw(Fo
2 – Fc

2)2/Σ[(Fo
2)2]1/2.

PART instruction.[20] CCDC-614825, -614826, -614827, -614828,
-614829, -614830, -614831 and -614832 (1–7 and 11, respectively)
contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Redox Chemistry of a Dimanganese(II,III) Complex with an Unsymmetric
Ligand: Water Binding, Deprotonation and Accumulative Light-Induced

Oxidation

Magnus F. Anderlund,[a] Joakim Högblom,[b] Wei Shi,[a] Ping Huang,[a] Lars Eriksson,[c]

Högni Weihe,[d] Stenbjörn Styring,[a] Björn Åkermark,[e] Reiner Lomoth,*[a] and
Ann Magnuson*[a]
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A dinuclear manganese complex {[Mn2
II,IIIL(µ-OAc)2]-

ClO4} has been synthesised, where L is the dianion of 2-{[bis-
(pyrid-2-ylmethyl)amino]methyl}-6-{[(3,5-di-tert-butyl-2-
hydroxybenzyl)(pyrid-2-ylmethyl)amino]methyl}-4-methyl-
phenol, an unsymmetric binucleating ligand with two coordi-
nating phenol groups. The two manganese ions, with a Mn–
Mn distance of 3.498 Å, are bridged by the two bidentate
acetate ligands and the 4-methylphenolate group of the li-
gand, resulting in a N3O3 and N2O4 donor set of MnII and
MnIII, respectively. Electrochemically [Mn2

II,IIIL(µ-OAc)2]+ is
reduced to [Mn2

II,IIL(µ-OAc)2] at E1/2(1) = –0.53 V versus
Fc+/0 and oxidised to [Mn2

III,IIIL(µ-OAc)2]2+ at E1/2(2) = 0.38 V
versus Fc+/0. All three redox states have been characterised
by EPR, IR and UV/Vis spectroscopy. Subsequent oxidation
of [Mn2

II,IIIL(µ-OAc)2]2+ [E1/2(3) = 0.75 V vs. Fc+/0] in dry ace-
tonitrile results in an unstable primary product with a lifetime

Introduction

The utilisation of solar energy for fuel production,
through a molecular system for artificial photosynthesis, is
an attractive solution to the need for renewable energy.[1]

In natural photosynthesis, solar energy is used to extract
electrons from water.[2] Photo-induced charge separation in
the Photosystem II (PSII) reaction centre leads to oxidation
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of about 100 ms. At high scan rates quasireversible voltam-
metric behaviour is found for all three electrode processes,
with particularly slow electron transfer for the II,III/II,II [k°(1)
= 0.002 cms–1] and III,III/II,III [k°(2) = 0.005 cms–1] couples,
which can be rationalised in terms of major distortions of the
MnIII centres. In aqueous media the bridging acetates are re-
placed by water-derived ligands. Deprotonation of these sta-
bilises higher valence states, and photo-induced oxidation
of the manganese complex results in a Mn2

III,IVL
complex with oxo or hydroxo bridging ligands, which is
further oxidised to an EPR-silent product. These results dem-
onstrate that a larger number of metal-centred oxidations can
be compressed in a narrow potential range if build up of
charge is avoided by charge-compensating reactions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of the water-oxidising complex (WOC), a catalyst consisting
of a protein-bound cluster with four manganese ions and
one calcium ion.[3,4] After four consecutive one-electron
transfer events, the WOC retrieves four electrons from water
and releases molecular oxygen.[3,5] During catalysis, the
WOC cycles through five redox states.[6,7] The manganese
ions are mostly in the MnIII oxidation state or higher, and
several of the intermediates involve manganese-centred oxi-
dation.[7–9]

Synthetic manganese complexes have been extensively
studied as model systems for the WOC but functional mim-
ics that are able to evolve molecular oxygen from water are
very few in number.[10,11] They require electrochemical oxi-
dation at highly anodic potentials or strong chemical oxi-
dants. In the latter case the formation of the important Mn-
oxo intermediate often relies on oxygen atom transfer from
the oxidant rather than from water.[11]

In our work towards artificial photosynthesis, we pursue
supramolecular complexes in which the Mn portion un-
dergoes accumulative oxidation by light-induced charge sep-
aration.[12–14] With the ultimate goal of photochemical
water splitting, this requires Mn complexes that can un-
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dergo four oxidation steps within the thermodynamic limit
of the photo-oxidant. On the other hand, all stored oxi-
dation equivalents need to be sufficiently oxidising, with an
average potential of 0.8 V (at pH7), to be capable of driving
the catalytic oxidation of water.[15] In the WOC all four sin-
gle-electron oxidations of the Ca(Mn)4 cluster occur within
an interval of only 0.25–0.3 V at potentials close to the limit
(ca. 1 V vs. NHE[15]) given by the oxidising TyrZ radical.
This compression of oxidation potentials is a result of
charge-compensating deprotonation reactions and it is evi-
dent that a suitable mechanism for charge compensation is
a central feature in the design of synthetic mimics.

In previous studies we could show that oxidation of the
manganese dimer [Mn2(bpmp)(µ-OAc)2]+[16] in the presence
of water involves exchange of the bridging acetates for
water-derived ligands that are increasingly deprotonated in
higher oxidation states.[17,18] The resulting charge compen-
sation stabilises higher valence states and thereby allows for
three metal-centred oxidations, from the Mn2

II,II dimer to
a Mn2

III,IV species, to be driven by photo-generated RuII-

I(bpy)3.[13,17,19,20] The binding of water, deprotonation of
bridging ligands and accumulative, light-induced oxidation
of [Mn2(bpmp)(µ-OAc)2]+ mimic important aspects of the
catalytic complex in PSII and we therefore set out to investi-
gate modifications of the structural motif. With consider-
ation to the prevalence of high-valent manganese species
and the high O/N ratio in the ligand sphere of the Ca(Mn)
4 complex in PSII, we synthesised analogous dinuclear man-
ganese complexes, with an increased number of phenolic
ligand functions. In [Mn2(bhpp)(µ-OAc)2]+[19,21] two ad-
ditional phenol groups of the bhpp ligand result in an oxy-
gen-to-nitrogen ratio of 4:2. Compared to [Mn2(bpmp)(µ-
OAc)2]+ with O/N = 3:3, the potentials for the manganese
redox couples are lowered substantially and the oxidation
equivalents stored on [Mn2(bhpp)(µ-OAc)2]+ are on average
not sufficiently oxidising with respect to water oxidation.

In the present study we report a new di-µ-acetato-
bridged dinuclear manganese complex, 5 ([Mn2L(µ-
OAc)2]+), with an unsymmetric ligand molecule, L = 2-
{[bis(pyrid-2-ylmethyl)amino]methyl}-6-{[(3,5-di-tert-butyl-
2-hydroxybenzyl)(pyrid-2-ylmethyl)amino]methyl}-4-meth-
ylphenol. With a N3O3/N2O4 coordination sphere, the new
complex is an intermediate between the [Mn2(bpmp)(µ-
OAc)2]+ and [Mn2(bhpp)(µ-OAc)2]+ complexes. We chose
to synthesise an unsymmetric ligand, as we anticipated that
a compromise between the need for high valent Mn states
and sufficiently high redox potentials could be ac-
complished with the intermediate O/N ratio. Here we pres-
ent the synthesis and characterisation of the new manga-
nese complex and its redox properties in anhydrous and
partially aqueous solutions, including photo-oxidation
studies.

Unsymmetric ligands have previously been used to a lim-
ited extent for coordinating manganese, mainly for mimick-
ing the active site of manganese catalases,[22–25] or to sup-
port the formation of heterobinuclear metal com-
plexes.[22,26] As a novelty in the present study, photo-oxi-
dation of complex 5 generates products beyond the
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Mn2
III,IV level, which is not the case with [Mn2(bpmp)(µ-

OAc)2], while the potentials are above those of
[Mn2(bhpp)(µ-OAc)2]+. The favourable behaviour of the
novel complex can be attributed to the combination of the
flexible bridging motif that is inherent to this type of com-
plex and the intermediate O/N ratio of the chelating ligand.
These findings point to the intricate balance of donor prop-
erties in the set of permanent and flexible ligands that will
be needed for functional mimics of the WOC suitable for
photo-induced water oxidation.

Results and Discussion

Synthesis and Characterisation

Synthesis

The synthesis route for the preparation of compound 5 is
described in Scheme 1. The synthesis of the unsymmetrical
ligand H2L (4) is based on the unsymmetrical phenol 1.[27]

Compound 2 was obtained by letting phenol 1 react with
1 equiv. of (3,5-di-tert-butyl-2-hydroxybenzyl)(2-pyridyl-
methyl)amine[21] and 2 equiv. of Et3N in CH2Cl2 under re-
flux. Compound 3 was then obtained by reduction of 2 with
NaBH4 in methanol and thereafter chlorinated with SOCl2
in dry CH2Cl2.

The unsymmetrical ligand H2L (4) is produced by amin-
ation by nucleophilic attack on the benzylic chloride in 3
with bis-picolylamine[28] and Et3N in CH2Cl2 under reflux.
The yield was excellent in the first two steps (95.1 and
97.5%) but only moderate in the last step (67.4%), possibly
because of steric hindrance of the two tert-butyl groups on
the phenol.

The complexation of H2L with MnOAc3·2H2O in etha-
nol under argon affords the stable dimanganese(II,III) com-
plex 5 after addition of NaClO4·H2O in 52% yield. We have
not been able to isolate any Mn2

III,III complex under these
conditions. The reduction of MnIII to MnII was possibly
done by the solvent or by disproportionation of MnIII to
MnO2 and MnII in the presence of water. Though we have
not detected any MnO2, we cannot rule out that colloidal
MnO2 was present in the solution after the complexation.
However, the slow and well-behaved crystal growth, as well
as the purity of the crystals established by elemental analy-
sis, indicates that any impurities in the mother liquor were
successfully removed prior to characterisation of 5.

X-ray Structure Determination

The crystal structure of 5 (Figure 1) is of a monovalent
cation, counterbalanced with a perchlorate ion (not shown).
The displacement parameters of the perchlorate are heavily
anisotropic, in agreement with a weakly coordinated per-
chlorate ion, and there are no ordered solvent molecules
present in the structure. The manganese ions are bridged
by the oxygen in the central 4-methylphenolate and the two
bidentate acetates. The slightly distorted octahedral coordi-
nation of Mn(1) is completed by the two pyridyl nitrogen
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Scheme 1. Reaction conditions are as follows: (a) (3,5-di-tert-butylbenzyl-2-hydroxy)(2-pyridylmethyl)amine, CH2Cl2, reflux; (b) NaBH4,
MeOH, room temperature; (c) 1. SOCl2, CH2Cl2, 2. DPA, Et3N, CH2Cl2, reflux; (d) MnOAc3·2H2O, EtOH, 60 °C, NaClO4·H2O.

Figure 1. ORTEP view (30% probability ellipsoids) of 5 with atomic numbering for all non-hydrogen atoms. The hydrogen atoms were
geometrically placed and shown as small circles of arbitrary radii. Figure drawn by Diamond.

atoms and one amine nitrogen atom of one branch of the
ligand, resulting in a N3O3 ligand sphere. The oxygen atom
from the tert-butyl-substituted phenolate coordinates
Mn(2) in a trans position to the bridging phenolate group.
The N2O4 coordination sphere of Mn(2) is completed by
the pyridyl and amine nitrogens.
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Selected bond lengths and angles are found in Table 1.
Bond valence calculations gave 2.1 for Mn(1) and 3.2 for
Mn(2) in agreement with the different donor sets and coor-
dination symmetries of the two manganese ions.[29]

Mn(2) has a more distorted octahedral geometry, consis-
tent with its assignment as MnIII. For Mn(2), the shortest
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Table 1. Selected bond lengths [Å] and angles [°] for 5. The dis-
tances and angles given describe the coordination polyhedron
around each Mn and the orientation of the two polyhedrons with
respect to each other.

Mn1···Mn2 3.4985(15) Mn1–O31–Mn2 116.95(18)
Mn1–O2b 2.089(5) Mn2–O51 1.820(4)
Mn1–O2a 2.127(4) Mn2–O31 1.922(4)
Mn1–O31 2.179(4) Mn2–O1a 1.972(4)
Mn1–N11 2.255(5) Mn2–N3 2.114(4)
Mn1–N21 2.280(5) Mn2–O1b 2.154(5)
Mn1–N2 2.317(5) Mn2–N41 2.266(6)
O2B–Mn1–O2A 99.6(2) O51–Mn2–O31 177.1(2)
O2B–Mn1–O31 100.98(19) O51–Mn2–O1A 86.47(18)
O2A–Mn1–O31 88.28(15) O31–Mn2–O1A 92.05(16)
O2B–Mn1–N11 102.2(2) O51–Mn2–N 89.93(18)
O2A–Mn1–N11 86.06(17) O31–Mn2–N3 91.96(17)
O31–Mn1–N11 156.78(19) O1A–Mn2–N3 169.45(18)
O2B–Mn1–N21 91.0(2) O51–Mn2–O1B 89.5(2)
O2A–Mn1–N21 169.2(2) O31–Mn2–O1B 88.16(19)
O31–Mn1–N21 87.68(15) O1A–Mn2–O1B 97.3(2)
N11–Mn1–N21 93.77(18) N3–Mn2–O1B 92.57(19)
O2B–Mn1–N2 164.6(2) O51–Mn2–N41 96.5(2)
O2A–Mn1–N2 94.82(18) O31–Mn2–N41 86.05(18)
O31–Mn1–N2 84.88(16) O1A–Mn2–N41 92.22(19)
N11–Mn1–N2 73.20(19) N3–Mn2–N41 78.33(19)
N21–Mn1–N2 74.9(2) O1B–Mn2–N41 169.02(19)

Mn–O bond length is that of the tert-butyl-substituted
phenoxyl (O51), and the bridging phenoxyl provides the
second shortest Mn–O bond length. Thus, in contrast to
the coordination sphere of Mn(1), the two bridging acetate
ligands provide the longest Mn–O bonds. A similar, al-
though less enhanced, effect was also observed for the MnIII

ion in the [Mn2
II,III(bpmp)(µ-OAc)2]2+ structure.[16] The li-

gand sphere of Mn(2) is therefore very compressed along
the O–Mn–O axis, which is 0.21 Å shorter than the corre-
sponding molecular axis of the MnIII ion in [Mn2

II,III-
(bpmp)(µ-OAc)2]2+. The O–Mn–N axis formed by the pyr-
idyl nitrogen and the carboxyl oxygen trans to it is quite
long, making the Mn(2) coordination even more distorted,
consistent with the Jahn–Teller effects that are common for
MnIII complexes. The Mn–Mn distance is 3.498 Å, and the
MnII–O–MnIII angle is 116.95°, which is in the range of
other Mn2

II,III complexes.[16,25,30]

In conclusion, the crystal structure shows that the ter-
minal phenoxyl in one branch of the ligand favours coordi-
nation of MnIII over MnII, and that its axial position intro-
duces an unusually large distortion away from octahedral
symmetry.

Magnetic Susceptibility

The experimentally determined magnetic susceptibilities
in the temperature range 4.45–301 K are shown in Figure 2.
At room temperature, the effective magnetic moment is
7.20, which is slightly lower than the value 7.68 expected
for a MnIIMnIII dimer in which the metals are weakly anti-
ferromagnetically interacting. The magnetic moment de-
creased smoothly from 298 K to 50 K, and then more
abruptly down to 3 K. This behaviour is expected for an
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antiferromagnetically coupled Mn2
II,III complex with mod-

erate exchange coupling.[16,30] At the lowest temperatures
the magnetic moment was 1.79, which compares well with
the value 1.73 expected for an S = 1/2 ground state.

Figure 2. The magnetic susceptibility (+) and a fitted curve based
on Equation (1) (solid line) in CGS units, as well as the effective
magnetic moment as a function of temperature.

For known Mn2
II,III complexes the exchange coupling

between the two manganese ions is rather weak, compared
to that in Mn2

III,IV complexes, and typically ranges between
about 0 and 10 cm–1.[25,30,31] When analysing the suscep-
tibility data for 5, it proved impossible to satisfactorily in-
terpret the magnetic susceptibilities in terms of an isotropic
spin Hamiltonian (Model 1 in Table 2). As the zero-field
splitting parameter D of MnIII is often of the same order
of magnitude as the exchange coupling J, the Hamiltonian
was augmented with a term accounting for the magnetic
anisotropy of the MnIII ion,

H = J Ŝ2·Ŝ3 + µBB·g·(Ŝ2 + Ŝ3) + D3[Ŝ2
3z –

1

3
S(S + 1)] (1)

Table 2. Results from fitting magnetic susceptibility data. Models
1 and 2 refer to Equation (1) without and with the third term,
respectively.

Model 1 Model 2

J [cm–1] 11.0�0.05 10.9�0.3
D3 [cm–1] – 3.35�0.4
TIP (�10–12) –5.05�1.19 –3.95�4.97
Curie (�10–11) 4.04�1.90 25�4.5

χ2 131.9 100
f-test – 0.07
No. of fit parameters 3 4
Degrees of freedom 137 136
No. of points 140 140

In Equation (1) the subscripts refer to the oxidation num-
bers of the metal ions. By inclusion of the last term in
Equation (1), the following parameters were obtained: J =
10.9�0.3 cm–1 and D3 = 3.35 cm–1 (Model 2 in Table 2).
The relatively large and positive zero-field parameter D3 re-
flects to some degree the coordination geometry of the
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MnIII ion. Six-coordinated MnIII complexes with distorted
octahedral coordination typically display D values of –3
to –4 cm–1. However, deviations occur, for example, when
the ligand field has low symmetry in the equatorial plane,
as in 5, and the increased rhombicity of the ZFS parameters
can lead to a change in sign to positive values of D.[32]

IR Spectroscopy

The IR spectrum of 5 in a KBr pellet was recorded be-
tween 4000 and 400 cm–1 (Supporting information). Based
on characteristic frequencies the following assignments are
suggested in agreement with the composition of the com-
plex: 3062 (w, νC–H, aryl); 2952, 2867 (m, νC–H, alkyl);
1590 (s, νaC–O, carboxylate); 1441 (s, νsC–O, carboxylate);
1477, 1435 (s, νC–C, aryl); 1094 (s, νaCl–O, perchlorate);
623 (m, δaCl–O, perchlorate) cm–1.

The IR spectrum of 5 in [D3]acetonitrile solution (Sup-
porting Information) is identical to the solid state spectrum,
which provides strong evidence that the di-µ-acetato bridg-
ing structure established for crystalline 5 is maintained in
anhydrous acetonitrile solution.

EPR Spectroscopy

The EPR spectrum of 5 in anhydrous acetonitrile is
shown in Figure 3, spectrum a. The spectrum recorded at
4 K shows the Mn2

II,III S = 1/2 ground-state EPR signal,
centred at g = 2 and displaying 16–20 hyperfine-lines, with
a peak split of 110–140 gauss. The mixed-valence forms
of dinuclear manganese complexes, Mn2

II,III and Mn2
III,IV,

are known to display similar ground-state EPR signals in
the g = 2 region at cryogenic temperatures.[33] The acetato-
bridged Mn2

II,III complexes normally show a weaker ex-
change coupling than µ-oxo-bridged Mn2

III,IV complexes,
because of less orbital overlap between the Mn ions. The
excited S = 3/2 and S = 5/2 states in the Mn2

II,III complexes
will then give rise to transitions at low field, at relatively
low temperatures (5–20 K). Thus, when the temperature
was raised from 4 K to 5–11 K, the first excited state (S =
3/2) gave rise to a signal at g = 5.4 (Figure 3, inset).

The spectrum from complex 5 (Figure 3, a) could be sim-
ulated assuming an effective spin of S = 1/2, and using the
spin Hamiltonian

Ĥ = β Ŝ·g·B + Î1·A1·Ŝ + Î2·A2·Ŝ (2)

(A full account of the EPR simulation parameters at
both X- and Q-bands, as well as simulated spectra, was
published by Huang et al.[34]) The obtained hyperfine ten-
sors showed considerable anisotropy,[35] which could be ex-
plained by a significant Jahn–Teller distortion of MnIII,
taking into account the unexpected positive sign of the
zero-field parameter D. These spectroscopic properties are
a direct result of the rhombic distortion of the MnIII coor-
dination sphere.
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Figure 3. EPR spectra recorded by exposing 5 to controlled poten-
tials. (a) After applying –0.08 V to the sample solution. The spec-
trum arises from the S = 1/2 ground spin state of the Mn2

II,III

complex. No current was recorded at this potential. (b) After re-
duction at –0.93 V a spectrum typical of a weakly coupled Mn2

II,II

complex is observed. (c) Recovery of the Mn2
II,III complex after

reoxidation at –0.08 V of the sample giving spectrum b. (d) After
oxidation at 0.57 V. The spectrum can be identified as a remaining
fraction (5%) of Mn2

II,III complexes, still present after bulk elec-
trolysis. In the centre of the spectrum, a six-line signal from mono-
meric MnII can be distinguished, corresponding to less than 2% of
the manganese. Spectrometer settings: microwave frequency,
9.6 GHz; modulation amplitude, 10 G; microwave power spectrum
a and c, 20 mW; in spectrum b, 2 mW; temperature in spectra a, c
and d, 4 K; in spectrum b, 12 K. Insert: the signal at g = 5 arising
from the excited S = 3/2 spin state of 5, observed at T � 5 K.

Redox Properties in Anhydrous Media

Electrochemistry

The redox behaviour of 5 in acetonitrile was studied by
cyclic voltammetry (CV), differential pulse voltammetry
(DPV) and controlled potential electrolysis. The products
of the oxidation and reduction processes were characterised
by EPR spectroscopy and UV/Vis and IR spectroelectroch-
emisty. The electrochemical data are compiled in Table 3.
All potentials are referenced versus ferrocene as redox stan-
dard and about 0.4 V should be added to these values in
order to compare them with potentials in aqueous solution
versus NHE.[36]

Voltammograms of 5 in acetonitrile solution (Figure 4)
showed reversible to quasireversible CV waves for reduction
at E1/2 = –0.53 V (1) and oxidation at E1/2 = 0.38 V versus
Fc+/Fc0 (2) while further oxidation was irreversible on the
normal CV time scale (v = 0.100 Vs–1). At higher scan rates
on a microelectrode, the second oxidation gave rise to a
quasireversible CV wave with the half-wave potential E1/2 =
0.75 V (3) in good agreement with the DPV peak potential.
Chemical reversibility was obtained for scan rates of v �
10 Vs–1 and a lower limit of the lifetime of the product of
the second oxidation of about 100 ms (at room tempera-
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Table 3. Electrochemical data for [Mn2L(µ-OAc)2]+ in acetonitrile.

Redox process (1) (2) (3)

Mn ox. states II,III/II,II III,III/II,III –[a]

E1/2
[b] [V] –0.535 0.380 0.755

∆Ep(0.1)[c,d] [mV] 70 100 –[e]

∆Ep(100)[c,f] [mV] 580 495 190
k°[f,g] [10–3 cms–1] 2 5 100

[a] Not assigned. [b] Half-wave potential�0.02 V vs. ferrocene/
ferrocenium. [c] Peak split (scan rate in volts per second). [d] Glassy
carbon electrode. [e] Irreversible at 0.1 Vs–1. [f] Pt microdisk elec-
trode. [g] Apparent standard rate constant from digital simulation
of cyclic voltammograms taking α = 0.5 and D = 1�10–5 cm2 s–1.

ture) could be estimated. The reduction and the first oxi-
dation of 5 are one-electron processes as evidenced by coul-
ometry during controlled potential electrolysis at –0.93 and
0.57 V, respectively. We could not obtain reliable coulomet-

Figure 4. Voltammograms of 5 (1 m) in acetonitrile with
(n-C4H9)4N·ClO4 (0.1 ) as supporting electrolyte. (a) Differential
pulse voltammogram (step potential 5 mV, modulation amplitude
25 mV, modulation time 50 ms, interval time 100 ms, glassy carbon
disk, 3 mm). (b) Cyclic voltammograms (v = 0.100 Vs–1, glassy car-
bon disk, 3 mm). (c) Cyclic voltammogram (v = 100 Vs–1, Pt micro-
disk, 25 µm) and digital simulation (– · –) with the parameters from
Table 1.
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ric data for the second oxidation because of the instability
of the product, but the voltammetric peak heights suggested
the assignment to a one-electron process.[37]

The electrode processes (1) and (2) exhibited much larger
CV peak splits at high scan rates than process (3) (Fig-
ure 4). This strongly non-Nernstian behaviour is indicative
of slow heterogeneous electron transfer. We could obtain
the standard rate constants k° to a close approximation by
digital simulations (Figure 4, c) using a model of three qua-
sireversible waves and the parameters given in Table 3. Ne-
glecting work terms, the standard rate constant for a hetero-
geneous electron transfer reaction is given by

(3)

where Zhet is the collision factor and λ is the reorganisation
energy.[38] For 5 we obtain

Zhet = (RT/2πM)1/2 = 2.2�103 cms–1 (4)

(M = 883 gmol–1) and can estimate approximate reorganis-
ation energies of 1.4, 1.3 and 1.0 eV for the electrode pro-
cesses (1), (2) and (3), respectively. The contribution of the
solvent reorganisation can be estimated as λsolv � 0.3 eV.[39]

This would indicate that the electrode reactions, in particu-
lar (1) and (2), are associated with large inner reorganis-
ation energies of λi ≈ 1 eV. A similar estimate of λi based
on crystallographic data for the II,III/II,II couple of
[Mn2(bpmp)(µ-OAc)2]2+/+ has been presented and can ex-
plain the unusually slow electron transfer observed in elec-
tron transfer dyads and triads that involve manganese com-
plexes as donor units.[14,40] For the MnII/MnIII couples this
can be attributed to the Jahn–Teller distortion associated
with the high-spin d4 configuration of the MnIII centre. The
significantly smaller reorganisation energy for the second
oxidation implies that the coordination geometry changes
are less pronounced between MnIII and MnIV or that this
process is a ligand-based rather than a metal-centred oxi-
dation.

Spectroscopic Characterisation of the Oxidation and
Reduction Products

The one-electron reduction product was prepared by
bulk electrolysis at –0.93 V. Its EPR spectrum (Figure 3b) is
typical for a weakly antiferromagnetically coupled Mn2

II,II

complex and the reduction of 5 can be attributed to the
metal-centred process (5).

[Mn2
II,IIIL(µ-OAc)2]+ + e– � [Mn2

II,IIL(µ-OAc)2] (5)

Mn2
II,II is an integral spin system, where the diamagnetic

(S = 0) ground state dominates at liquid He temperatures
and accordingly we did not detect any EPR signals at 4 K.
Weakly coupled Mn2

II,II complexes are, on the other hand,
known to display EPR-active excited states at temperatures
above about 7 K, similar to that in Figure 3, spectrum b.[41]

We therefore conclude that the spectrum in Figure 3 (b),
which was recorded at 12 K, originates from a superposi-
tion of one or more excited spin states from Mn2

II,II with S
= 1, 2, .... When [MnII

2L(µ-OAc)2] was reoxidised by elec-
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trolysis at –0.08 V, the Mn2

II,III spectrum of 5 was quantita-
tively recovered (Figure 3, c), confirming the stability of
[MnII

2L(µ-OAc)2].
The one-electron oxidation product was produced by

bulk electrolysis at 0.57 V. The product is EPR-silent and
the spectrum only showed a residual (5%) of the original
Mn2

II,III signal (Figure 3, d). Mn2
III,III, which is an integral

spin system, might produce EPR-active states at higher
temperatures, but so far no EPR signals from this valence
state in either parallel or perpendicular mode EPR at X-
band frequencies have been found by us or other research-
ers. Therefore, the EPR-silent product of the first oxidation
can be assigned to[Mn2

III,IIIL(µ-OAc)2]2+ according to
equation (6).

[Mn2
II,IIIL(µ-OAc)2]+ � [Mn2

III,IIIL(µ-OAc)2]2+ + e– (6)

After reduction of [Mn2
III,IIIL(µ-OAc)2]2+at –0.08 V

about 95% of the original Mn2
II,III signal was recovered

(not shown). A slow degradation reaction of [Mn2
III,III-

L(µ-OAc)2]2+ resulted in the release of minor amounts of
monomeric MnII that could be observed in the spectra of
the oxidised and re-reduced material (2% and 5% of the
total Mn respectively), where it gave rise to the weak EPR
signal around g = 2 with six hyperfine lines at a separation
of about 100 gauss (Figure 4, d).

The short-lived primary product of the second oxidation
could not be prepared by bulk electrolysis. After electrolysis
at 0.82 V a significant amount of monomeric MnII was ob-
served by EPR, obscuring any other paramagnetic species
that might be present in the solution (not shown). The in-
stability of the oxidised complex on longer timescales can
be attributed to oxidative degradation of the ligand, as evi-
denced by the release of monomeric MnII ions. This reac-
tion might be triggered either by a transiently formed high-
valent metal centre (7a) or by direct ligand oxidation (7b).

[Mn2
III,IIIL(µ-OAc)2]2+ � [Mn2

III,IVL(µ-OAc)2]3+ + e– (7a)

[Mn2
III,IIIL(µ-OAc)2]2+ � [Mn2

III,IIIL·(µ-OAc)2]3+ + e– (7b)

UV/Vis Spectroelectrochemistry

The electronic absorption spectra of [Mn2L(µ-OAc)2]n+

(n = 0, 1, 2) in the UV and visible range are shown in Fig-
ure 5 and Table 4. The spectra after one-electron reduction
and one-electron oxidisation of 5 were obtained by spectro-
electrochemistry. The spectral changes induced by reduction
and the first oxidation were fully reversible and isosbestic
points (221, 242, 260, 306, 332 nm) were maintained in the
course of the reduction (Figure 5, left panel). In the Mn2

II,II

state the complex displayed basically no visible absorption
as metal-to-ligand charge transfer (MLCT) bands of MnII

complexes are usually of low intensity. The visible absorp-
tion bands of the Mn2

II,III and Mn2
III,III states (Figure 5,

right panel) can be attributed to ligand-to-metal charge
transfer (LMCT) transitions from multiple donor functions
to the MnIII centres. No additional band of the mixed-val-
ence complex could be detected including the near infrared
spectrum (� 2700 nm). With a free energy change of ∆G°
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≈ 0.5 eV for the metal-to-metal charge transfer (8) and λ
� 1 eV per metal centre, the intervalence charge transfer
transitions might be superimposed on the LMCT bands in
the UV/Vis range.

Figure 5. Electronic spectra of [Mn2L(µ-OAc)2] (–), [Mn2L(µ-
OAc)2]+ (– –) and [Mn2L(µ-OAc)2]2+ (· · ·) in acetonitrile with (n-
C4H9)4N·ClO4 (0.1 ).

Table 4. UV/Vis absorption data of [Mn2L(µ-OAc)2]n+ in acetoni-
trile.

n Mn oxidation state λmax [nm] (ε [–1 cm–1])

0 II,II 202 (61200), 253 (20100), 315 (7350)
1 II,III 260 (18300), 393 (3200), 795 (420)
2 III,III 262 (22000), 417 (3900), 830 (650)

[(N)3MnII(µ-O-φ)(µ-OAc)2MnIII(N)2(O)] �
[(N)3MnIII(µ-O-φ)(µ-OAc)2MnII(N)2(O)] (8)

Upon the second oxidation the optical absorption above
377 nm and below 310 nm was bleached and an increasing
absorption was initially observed between these wave-
lengths. The isosbestic points were, however, not main-
tained and a pure spectrum of the initial product could not
be obtained.

Scheme 2 compares the redox properties of 5 to those of
the symmetric analogues [Mn2(bpmp)(µ-OAc)2]+ and
[Mn2(bhpp)(µ-OAc)2]+ with (N3O3)2 and (N2O4)2 donor
sets, respectively.[17,21] It illustrates the stabilisation of high-
valent metal centres by the increasing number of oxygen
donors. For the unsymmetric complex the mixed (N3O3)/
(N2O4) donor set results in localisation of and an extended
stability to the mixed-valence Mn2

II,III state, with a free en-
ergy of comproportionation of ∆Gc = –88 kJmol–1 [Kc =
exp(∆E1/2F/RT) = 5.49�1015 at 293 K] as compared to
–54.0 and –34.7 kJmol–1 in the (N3O3)2 and (N2O4)2 ana-

Scheme 2.
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logues, respectively. For 5, as for the symmetric analogues,
no metal oxidation state higher than Mn2

III,III could be ob-
tained by bulk electrolysis in nonaqueous solvents, and the
second oxidation of 5 resulted in a short-lived product that
could not be characterised. This demonstrates the general
problem that several accumulative oxidations without
charge compensation will be spread over a large potential
range, placing the potentials for generating the higher metal
oxidation states so high that oxidative degradation of the
complexes is inevitable.

IR Spectroelectrochemistry

IR spectra of the isovalent complexes [Mn2
II,IIL(µ-

OAc)2] and [Mn2
III,IIIL(µ-OAc)2]2+ (see Supporting Infor-

mation) were obtained by spectroelectrochemistry that gave
fully reversible absorption changes for reduction and oxi-
dation of 5. For the νas mode of the acetate ligands only a
minor shift to higher frequency is observed upon reduction,
while oxidation results in a broader, less symmetric νas

band. The absorption between 1440 and 1440 cm–1 can be
assigned to the νs mode of the acetate ligands superimposed
on absorptions of the binucleating ligand. The spectral
changes induced by reduction and oxidation suggest a shift
towards higher frequency in the II,II state and to lower fre-
quency in the III,III state. The same trend has been found
for the Mn2(bpmp)(µ-OAc)2 complex[18] and the values of
∆ν̃ = ν̃as – ν̃s of about 120, 170 and 220 cm–1 would be in
agreement with bridging coordination of the acetate in all
three oxidation states.

Redox Properties in Partially Aqueous Media

In previous studies of [Mn2(bpmp)(µ-OAc)2]+ and
[Mn2(bhpp)(µ-OAc)2]+, we have shown that complexes in
higher oxidation states can be generated in partially aque-
ous solutions.[17–19] For [Mn2(bpmp)(µ-OAc)2]+ we could
show that the exchange of acetate bridges for water-derived
ligands (H2O, OH–, O2–) accounts for the changes in redox
behaviour in the presence of water. We were able to identify
the products of the ligand exchange reactions and could
demonstrate that increasing deprotonation of water-derived
ligands provides the charge compensation needed for the
stabilisation of high metal oxidation states.[18] In this way a
di-µ-oxo-bridged dimer [Mn2

III,IV(bpmp)(µ-O)2]2+ can
be obtained by three-electron oxidation of [Mn2

II,II-
(bpmp)(µ-OAc)2]+ that cannot be oxidised beyond the
Mn2

III,III state, in its original di-µ-acetato form.
It could be anticipated that similar ligand exchange pro-

cesses might take place in 5. We therefore wanted to investi-
gate the extent of these processes in 5, and if complexes
with oxidation states higher than Mn2

III,III could be formed
from 5 as a result of ligand exchange in aqueous media.

IR Spectroscopy

The exchange of acetate ligands for water-derived ligands
was monitored by IR spectroscopy in CD3CN/D2O mix-
tures (Figure 6, a). With increasing water concentration the
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sharp absorption peak arising from the acetate ligands (νas,
1590 cm–1, ε = 4170 –1 cm–1) is depleted and replaced by
the broader and weaker νas band of free acetate ions that
can be observed at lower frequency (1574 cm–1, ε =
840 –1 cm–1).[18] The ratio of free versus bound acetate ap-
proaches unity, indicating that on average only one acetate
per molecule of 5 is lost, even for the highest water concen-
tration (inset in Figure 6, a). Assuming that the absorption
changes represent a uniform reaction, this indicates that
either all complexes have lost one acetate or half of them
have lost both ligands. The dependence of the acetate con-
centration on the water content (Figure 6, b) is in good
agreement with (9), with an equilibrium constant K9 =
7.6�10–5 –1 (Figure 6, c), while other obvious possibilities
(10, 11) are not in agreement with the IR data.

Figure 6. (a) IR spectra of 5 (3.5 m) in [D3]acetonitrile and [D3]-
acetonitrile/water (D2O) mixtures. Arrows indicate direction of ab-
sorbance changes for increasing D2O concentration. Dashed line is
the spectrum of ionic acetate (3.5 m as NaOAc). Inset: ratio R =
[OAc–]/[M-OAc] of ionic vs. coordinated acetate as a function of
water concentration. (b) Absolute concentration of ionic acetate
and (c) plot according to Reaction (9) with a slope of K9 =
7.6�10–5 –1. [Lines in (a) inset and (b) are computed with this
value of K9.]

[Mn2L(µ-OAc)2]+ + 2 H2O p [Mn2L(µ-OAc)(H2O)2]2+ + OAc– (9)

[Mn2L(µ-OAc)2]+ + H2O p [Mn2L(µ-OAc)(µ-H2O)]2+ + OAc–

(10)

[Mn2L(µ-OAc)2]+ + 2 H2O p [Mn2L(µ-H2O)2]3+ + 2 OAc– (11)

In summary, the IR data suggest that one of the acetate
bridges is lost more readily and is replaced by two terminal
aquo ligands while the second acetate remains coordinated
to the Mn centres even at the highest water concentrations.
In this respect 5 behaves differently from the bpmp ana-
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logues where the Mn2

II,II complex, which has the same
charge as 5, as well as the Mn2

II,III complex, in the same
valence state as 5, release both acetate ligands under com-
parable conditions.[18] Another difference between 5 and
[Mn2(bpmp)(µ-OAc)2]2+ is the protonation state of the
water-derived ligands. For the bpmp complex it was ob-
served that the reaction of the Mn2

II,III state with water
results in free acetate as well as acetic acid, which can be
rationalised in terms of deprotonation of the water-derived
ligands, resulting in the formation of oxo- and hydroxo
bridges. In the case of 5 the absence of acetic acid hence
implies that the aquo ligands are less acidic and remain
protonated when bound to the Mn2

II,III complex. It is there-
fore likely that the water-derived ligands are terminal and
not bridging in this valence state, although the formation
of bridging aqueous ligands cannot be ruled out.

Electrochemistry

The effect of the ligand exchange reactions on the redox
behaviour of 5 was studied by cyclic voltammetry in dif-
ferent acetonitrile/water mixtures (Figure 7). With lower
water concentration (1% v:v, 0.55 ) the ligand exchange
equilibrium is largely on the left hand side and the magni-
tude of the first oxidation wave (2) is identical to dry aceto-
nitrile solution (Figure 7, a and b). Also the reversibility of
this wave (2) as well as the magnitude and reversibility of
the reduction wave (1) (not shown) are unaffected. This in-
dicates that under these conditions 5 does not react with
water to a sizeable extent neither in the initial Mn2

II,III nor
in the Mn2

III,III or Mn2
II,II forms.

Figure 7. Cyclic voltammograms (v = 0.100 Vs–1, first scans) of 5
(1 m) with (n-C4H9)4N·ClO4 (0.1 ) as supporting electrolyte. (a)
Anhydrous acetonitrile. (b) Acetonitrile with 1% water (v:v). (c)
Acetonitrile with 10% water (v:v). The dashed and dotted line
shows the solvent background with 10% water.
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With higher water concentration (10% v:v, 5.5 ) the
first oxidation wave (2) is already depleted and fully
irreversible while the second oxidation wave (3) of the origi-
nal complex is absent (Figure 7, c). This shows that with
the increased water content more than half of the com-
plexes react with water already in the initial Mn2

II,III state,
and the more reactive Mn2

III,III state is converted com-
pletely by the ligand exchange reactions. The additional an-
odic peaks around 0.6 and 0.9 V can be attributed to the
oxidation of the products from the ligand exchange reac-
tions. The first attempts to investigate the ligand exchanged
oxidation products by EPR spectroscopy after bulk electrol-
ysis of 5 in partially aqueous solutions were unsuccessful
however. We therefore sought information on the oxidation
products from IR spectroscopy, which benefits from more
rapid electrochemical conversion in the thin-layer cell em-
ployed for IR spectroelectrochemistry.

IR Spectroelectrochemistry

Figure 8 shows the IR absorption changes induced by
oxidation of 5 in acetonitrile solution with 10% water. Elec-
trolysis at the potential of the first oxidation (0.47 V vs.
Fc+/0) generates acetic acid (1725, 1380 and 1300 cm–1) as
well as free acetate ions with their absorption band
(1575 cm–1) partly cancelled by the bleach of the acetate
ligand band (1590 cm–1). This is in line with the notion that
higher oxidation states are more reactive towards water (see
Electrochemistry) and demonstrates that the water-derived
ligands are at least partly deprotonated upon oxidation of
the Mn centres. Subsequent oxidation at 0.72 V versus
Fc+/0 transforms the remaining acetate ligands as well as
the acetate released in the previous oxidation step into ace-
tic acid. This shows that the product(s) generated in the
second oxidation wave peaking at 0.6 V do not carry any
acetate ligands and that the water-derived ligands are fur-
ther deprotonated.

Therefore, it can be concluded that the most oxidised
products are oxo- ore hydroxo-bridged complexes. For
[Mn2

II,II(bpmp)(µ-OAc)2]+ we showed that [Mn2
III,IV-

(bpmp)(µ-O)2]2+ was formed close to the potential of the
III,III/II,III couple of the parent complex. The product
was identified by rapid on-line transfer of the electrolysis
products to a mass spectrometer.[18] The same product com-
plex was also detected by EPR spectroscopy after light-
induced oxidation of [Mn2

II,II(bpmp)(µ-OAc)2]+ via
[RuIII(bpy)3]3+ and rapid freezing of the products.[17,19]

With the increased O/N ratio of complex 5 we anticipated
that product complexes at least at the Mn2

III,IV level or even
higher might be formed with the RuIII oxidant (E1/2 =
0.90 V vs. Fc+/0) and be detected by a combination of
photo-oxidation and EPR spectroscopy.

EPR Spectroscopy of Photo-Oxidised Samples

The oxidant [RuIII(bpy)3]3+ was generated by oxidative
quenching of photoexcited [RuII(bpy)3]2+. The sacrificial
electron acceptor [CoIII(NH3)5Cl]2+ avoids electron recom-
bination, and thereby allows for accumulative oxidation of
the manganese complex. To dissolve a sufficient amount of
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Figure 8. IR spectroelectrochemistry of 5 (3.5 m) in [D3]acetoni-
trile with 5.5  water (D2O). Absorbance changes upon oxidation
at 0.47 V vs. Fc+/0 (a) and subsequent oxidation at 0.72 V vs.
Fc+/0 (b). Spectra before oxidation (c) and after exhaustive oxi-
dation at 0.47 V (d) and 0.72 V (e).

the acceptor, a high water content (1:1 water/acetonitrile)
was needed for these measurements. The results from the
IR spectra demonstrate that under these conditions each
complex loses one of the acetate ligands already in the ini-
tial Mn2

II,III state. When 5 was dissolved in the reaction
mixture, the 17 hyperfine lines in the Mn2

II,III EPR spec-
trum were broadened, and a signal with less-resolved hyper-
fine structure dominated the spectrum of the starting mate-
rial (Figure 9, spectrum a). However, the integrated area of
the spectrum was almost the same as for the well-resolved
Mn2

II,III spectrum in acetonitrile (the magnitude of the
EPR signal corresponds to about 80% of the nominal con-
centration), which indicates that essentially the entire sam-
ple remained in the original valence state. This demon-
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strates that even at this very high water content the major
part of the material prevails as coupled Mn2

II,III dimers,
and the broadened hyperfine structure can be attributed to
strain effects due to accessibility to the bulk solution.

Figure 9. EPR spectra of 5 (0.5 m) exposed to a variable number
of laser flashes at 20 °C in the presence of [RuII(bpy)3]2+ (4 m)
and [CoIII(NH3)5Cl]2+ (8 m) in acetonitrile/aqueous solution (1:1
v/v). The spectra were recorded from the same sample, exposed to
0 (a), 20 (b), 100 (c), 180 (d) and 380 (e) laser flashes. In spectra d
and e the magnified parts on the low-field side show the remaining
presence of the EPR signal from Mn2

III,IV. Spectrometer settings as
in Figure 4.

Upon illumination with an increasing number of laser
flashes, the initial EPR signal from Mn2

II,III decreased suc-
cessively (Figure 10). To ensure accurate quantification of
Mn2

II,III, all measurements were made at 4 K, where all
complexes are in the S = 1/2 ground state.[36] The simulta-
neously increasing EPR signal from the reduced electron
acceptor [CoII(NH3)x(H2O)y]2+ (g = 5, not shown but cf.
Huang et al.[17]) showed that the depletion of the Mn2

II,III

signal is due to oxidation with the photogenerated [RuIII-
(bpy)3]3+.

After 40 flashes a new signal at g = 2 appeared (Figure 9,
spectrum c). It bears the typical signatures of a S = 1/2
ground state of a strongly coupled Mn2

III,IV complex, being
about 2300 gauss wide and displaying 16 hyperfine lines
with a spacing of 75–80 gauss.[34,42] The hyperfine splitting
arises because of strong antiferromagnetic coupling typical
of di-µ-oxo- or di-µ-hydroxo-bridged Mn2

III,IV dimers. For
[Mn2(bpmp)(µ-OAc)2]+ we could demonstrate that the
aquo and hydroxo complexes formed by ligand exchange in
the lower oxidation states were ultimately transformed into
the di-µ-oxo complex upon oxidation to the Mn2

III,IV

level.[18] With the additional phenolate donor ligand in 5, a
µ-oxo-µ-hydroxo complex is the most probable structure for
this oxidation state.
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Figure 10. Flash-dependent concentrations of Mn2
II,III (–�–) and

Mn2
III,IV (–�–). The data are obtained after quantification of

Mn2
II,III and Mn2

III,IV from EPR spectra similar to those in Fig-
ure 7. All Mn2

II,III is quantitatively oxidised after 50 flashes, and
the maximum observed amount of Mn2

III,IV appears after 100
flashes. The intermediate, Mn2

III,III, cannot be observed by EPR.
The inset shows a magnification of the data obtained between
flashes 0 and 50, to highlight the lag phase in formation of
Mn2

III,IV.

Oxidation of the Mn2
II,III complexes to the Mn2

III,IV

product with the one-electron photo-oxidant RuIII(bpy)3

should proceed via intermediates at the Mn2
III,III level.

These are expected to be EPR-silent and not observable by
EPR, which explains the lag phase between complete disap-
pearance of the Mn2

II,III EPR spectrum and the maximum
intensity of the Mn2

III,IV EPR signal (Figure 10). After 40
flashes, approximately equal concentrations of the Mn2

II,III

and Mn2
III,IV species coexist in the reaction solution mix-

ture, demonstrating that the high oxidation state in the
Mn2

III,IV species possesses the desired stability. If we as-
sume that the potential of the III,III/II,III couple of the
species we observe under the experimental conditions of
flash photolysis is similar to that of the di-µ-acetato com-
plex (0.38 V vs. Fc+/0), we can assume a similar potential
for the III,IV/III,III couple of the Mn2

III,IV species. We
made an analogous estimation of potentials for
[Mn2(bpmp)(µ-OAc)2]+, where the mass spectrometry data
indicated formation of [Mn2

III,IV(bpmp)(µ-O)2]2+ at poten-
tials close to the III,III/II,III couple of the parent com-
plex.[18] This compression of multiple redox reactions in a
narrow potential range, which is a consequence of the li-
gand exchange reactions, indicates that disproportionation
of III,III intermediates might contribute to the formation
of the Mn2

III,IV species.
The Mn2

III,IV species reached a maximum concentration
of about 10% relative to the initial Mn2

II,III signal before it
started to decrease after about 100 flashes (Figure 10). The
Mn2

III,IV spectrum was not immediately replaced by any
other EPR-active species, suggesting that the Mn2

III,IV com-
plex was further oxidised to an EPR-silent product. This
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could be either a Mn2
IV,IV complex or a Mn2

III,IVL· form
with a ligand-based radical strongly coupled to the metal.
Subsequent oxidation could also account for the relatively
low yield of Mn2

III,IV species. When the Mn2
III,IV signal was

almost fully depleted, a weak radical signal could be ob-
served (Figure 9, in the centre of spectrum d) that was
about 70 G wide (peak-to-trough) and had enhanced relax-
ation properties, as a consequence of being close to a para-
magnetic metal centre. It is similar to the radical spectrum
observed upon oxidation of the analogous [Mn2(bhpp)-
(OAc)2] complex[21] and most likely arises from the oxidised
tert-butyl-substituted phenol group. If it is the case that fur-
ther oxidation of the Mn2

III,IV species results in formation
of Mn2

III,IVL·, the detected radical signal might arise from
a minor fraction of the product where the oxidised phenol
ligand has been detached from the manganese, while the
major fraction with the radical coordinated to the metal
centre is EPR-silent. The disappearance of the Mn2

III,IV

EPR species cannot be explained by disintegration of the
complexes, as that usually results in the release of mono-
meric MnII. In contrast, only a small quantity of MnII

(about 2% of the total Mn concentration) was released ac-
cording to its EPR signal consisting of six lines at g = 2
(Figure 9, spectrum e).[43]

In summary, the results of photo-oxidation show that
oxidation of 5 in partly aqueous solution generates a
Mn2

III,IV complex, most likely with a di-µ-oxo or di-µ-oxo/
hydroxo bridging motif replacing the acetate ligands. In ad-
dition, our data indicate that further photoinduced oxi-
dation of this complex might result in a Mn2

IV,IV or
Mn2

III,IV-L· product.

Conclusions

The unsymmetric ligand in the mixed-valent manganese
complex 5 ([Mn2

II,IIIL(µ-OAc)2]ClO4) provides, together
with the bridging acetates, a N3O3 and a N2O4 donor set
to the MnII and MnIII centres respectively. Compared to
the symmetric ligand analogues bpmp[16] and bhpp,[21] the
unsymmetric ligand provides an intermediate O/N ratio and
substantially stabilises the mixed-valence state, where the
higher-valent metal ion is localised in the N3O3 environ-
ment. The pseudo-octahedral coordination geometry is
largely distorted and conversion to the isovalent states is
associated with large inner reorganisation energies resulting
in slow electron transfer reactions.

Complex 5 displays two oxidation processes in nonaque-
ous solvents, where charge accumulation precludes the for-
mation of stable oxidation states beyond the Mn2

III,III state.
This situation changes in aqueous media where the acetate
bridges of 5 are replaced by water-derived ligands. These
provide charge compensation by deprotonation upon oxi-
dation of the metal centres.[18,44] As a result, the potential
interval for accumulative oxidations becomes more com-
pressed, so that three metal-centred oxidation processes can
be driven by [RuIII(bpy)3]3+ (E1/2 = 1.27 V vs. NHE). More-
over, the ability to acquire water-derived ligands is an essen-
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tial characteristic of any functional model for the water-
oxidising complex in PSII.

The product of the photoinduced oxidation is a Mn2
III,IV

complex, which can be further oxidised to, most likely, a
Mn2

IV,IV complex. The high-valent complexes are oxo- or
hydroxo-bridged, which is supported by the EPR spectrum
observed for the Mn2

III,IV complex, which is consistent with
a strongly antiferromagnetically coupled complex.

These results demonstrate that four, possibly five, manga-
nese valence states can be sustained in the same binucleat-
ing ligand, as the build-up of charge can be balanced be-
cause of the flexibility of the bridging motif. Water oxi-
dation in PSII is believed to involve at least MnIV or even
MnV to provide sufficiently electrophilic oxo ligands that
can engage in O–O bond formation.[5,7,45] Compared to the
related [Mn2(bpmp)(OAc)2]+ we note that the increased O/
N ratio of 5 stabilises higher valence states, which results
in oxidation of the ligand exchange products beyond the
Mn2

III,IV level. This is a significant improvement in view of
prospective biomimetic water oxidation catalysts. It is how-
ever important to note that there is an unavoidable trade-
off between stabilising higher oxidation states and main-
taining sufficient oxidising potential. For the Mn2

III,IV com-
plex derived from 5 the estimated oxidation potential of the
III,IV/III,III couple is probably comparable to the III,III/
II,III couple of the parent complex (≈0.4 V vs. Fc+/0, ≈0.8 V
vs. NHE). This suggests that all oxidation products derived
from 5 are within a desirable potential range with respect
to the average potential of 0.81 V versus NHE (at pH 7)
required for water oxidation. Thus, the O/N ratio in 5 seems
to create close to an optimal balance between oxidising po-
tential and valence state stabilisation.

Experimental Section
Materials: 2-(Chloromethyl)-6-formyl-4-methylphenol,[27] dipicol-
ylamine[28] and (3,5-di-tert-butyl-2-hydroxybenzyl)(2-pyridyl-
methyl)amine[21] were prepared according to the literature pro-
cedures. Dichloromethane and triethylamine were distilled under
argon over sodium/benzophenone and calcium hydride, respec-
tively. Column chromatography was performed using silica gel (60–
80 mesh). All other reagents were of reagent grade quality and used
as received. 1H NMR spectra were recorded with a Varian 400-
MHz spectrometer.

2-{[(3,5-Di-tert-butyl-2-hydroxybenzyl)(pyrid-2-ylmethyl)amino]-
methyl}-6-formyl-4-methylphenol (2): (3,5-Di-tert-butyl-2-hydroxy-
benzyl)(pyrid-2-ylmethyl)amine (1.64 g, 5.0 mmol) and triethyl-
amine (0.62 g, 6.1 mmol) in CH2Cl2 (15 mL) under argon were
added to a solution of 2-(chloromethyl)-6-formyl-4-methylphenol
(1) (1.03 g, 5.6 mmol) in CH2Cl2 (15 mL). The reaction mixture
was refluxed overnight under argon. The reaction was poured into
water and extracted with CH2Cl2. The combined organic phases
were dried with anhydrous sodium sulfate, filtered and evaporated
under reduce pressure. The residue was purified by column
chromatography, eluting with CH2Cl2/MeOH, 97:3. Yield 1.84 g
(95%). 1H NMR (CDCl3): δ = 1.26 (s, 9 H), 1.42 (s, 9 H), 2.28 (s,
3 H), 3.77 (s, 2 H), 3.79 (s, 2 H), 3.84 (s, 2 H), 6.86 (d, 1 H), 7.16–
7.20 (m, 2 H), 7.28–7.34 (m, 3 H), 7.65 (dt, 1 H), 8.56 (dd, 1 H),
9.95 (s, 1 H), 10.9 (s broad, 2 H) ppm.
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2-{[(3,5-Di-tert-butyl-2-hydroxybenzyl)(pyrid-2-ylmethyl)amino]-
methyl}-6-(hydroxymethyl)-4-methylphenol (3): Complex 2 (0.94 g,
2.0 mmol) was dissolved in methanol (20 mL) and treated with so-
dium borohydride (0.17 g, 4.4 mmol). The reaction was stirred at
room temperature overnight. The solution was evaporated under
reduced pressure and the residue was dissolved in water, acidified
to pH 2–3 and stirred for 1 h. The pH was adjusted to 7–8 with
sodium hydrogen carbonate and then extracted with dichlorometh-
ane. The combined organic phases were washed with brine, dried
with anhydrous sodium sulfate and filtered. Evaporation under re-
duced pressure of the solvent afforded 0.92 g of 3 (97%). 1H NMR
(CDCl3): δ = 1.27 (s, 9 H), 1.41 (s, 9 H), 2.24 (s, 3 H), 3.77 (s, 2
H), 3.78 (s, 2 H), 3.85 (s, 2 H), 4.68 (s, 2 H), 6.84 (d, 1 H), 8.90 (d,
1 H), 6.96 (d, 1 H), 7.17 (d, 1 H), 7.22 (d, 1 H), 7.32 (dt, 1 H), 7.74
(dt, 1 H), 8.86 (dd, 1 H), 10.80 (s broad, 2 H) ppm.

2-{[Bis(pyrid-2-ylmethyl)amino]methyl}-6-{[(3,5-di-tert-butyl-2-hy-
droxybenzyl)(pyrid-2-ylmethyl)amino]methyl}-4-methylphenol, H2L
(4): Complex 3 (2.27 g, 4.8 mmol) was dissolved in freshly distilled
thionyl chloride (5 mL) and CH2Cl2 (30 mL). The solution was
stirred at room temperature for 2.5 h and then distilled under re-
duced pressure. The residue was dissolved in CH2Cl2 and washed
with a cooled sodium hydrogen carbonate solution. The organic
phase was dried with anhydrous sodium sulfate, filtered and evapo-
rated under reduced pressure. The residue was dissolved in CH2Cl2
and added to a solution of bis-picolylamine (0.95 g, 4.8 mmol) and
triethylamine (1.03 g, 10 mmol) and refluxed overnight under ar-
gon. The solution was washed with brine and dried with anhydrous
sodium sulfate. After filtration and evaporation under reduced
pressure the crude product was purified by column chromatog-
raphy on silica gel, eluting with CH2Cl2/MeOH, 95:5. Yield 2.10 g
(67%). 1H NMR (CDCl3): δ = 1.25 (s, 9 H), 1.38 (s, 9 H), 2.19 (s,
3 H), 3.73 (s, 2 H), 3.79 (s, 2 H), 3.82 (s, 2 H), 3.83 (s, 2 H), 3.86
(s, 4 H), 6.79 (d, 1 H), 6.84 (d, 1 H), 6.96 (d, 1 H), 7.06–7.15 (m,
4 H), 7.34 (d, 2 H), 7.42 (d, 2 H), 7.51–7.59 (m, 3 H), 8.49 (d, 1
H), 8.58 (d, 1 H), 10.90 (s broad, 2 H) ppm.

Mn2L(OAc)2·ClO4 (5): Mn(OAc)3·(H2O)2 (1.04 g, 3.9 mmol) was
added to an ethanol solution (9 mL) of 4 (1.05 g, 1.6 mmol) in one
portion. The dark red-brown solution was heated to 60 °C under
argon for 20 min. A solution of NaClO4·H2O (0.58 g, 4.1 mol) in
ethanol/water (3:1, 4 mL) was added dropwise and the reaction
solution was slowly cooled to room temperature and then stored
in a freezer (–18 °C) for 48 h. The dark red-brown microcrystalline
solid was filtered and washed with cooled ethanol and diethyl ether.
The solid was recrystallised from ethanol/hexane to give 0.79 g
dark red-brown rod-like crystals (yield 52%) suitable for X-ray dif-
fraction. ESI-MS: (m/z) (%) = 883.3354 [M – ClO4]+.
C46H55N5O6Mn2

+ (883.2913): found C 56.03, H 5.71, N 7.08, Cl
3.48, Mn 11.05. C46H55Mn2N5O6·ClO4: calcd. C 56.19, H 5.64, N
7.12, Cl 3.61, Mn 11.17.

X-ray Crystallography: Single crystal X-ray diffraction patterns
were recorded with a Stoe IPDS diffractometer on a rotating anode
Mo-radiation source (λ = 0.71073 Å) with &phis; scans of 1° width.
The total rotation range was 200°. The sample-detector distance
was 70 mm and with the diameter of the image plate being 180 mm
this gave max 2θ ≈ 52°. Measuring further out in 2θ proved to give
very little significant extra data. Suitable single crystals were chosen
from the crystallisation (see “Synthesis” above) and were mounted
and measured inside sealed glass capillaries with mother liquor sur-
rounding the crystals. Crystals that were simply glued to a glass
pin ceased to diffract after a few minutes. Indexing, cell refinements
and integration of reflection intensities were performed with STOE
IPDS software (Stoe & Cie GmbH, Darmstadt). Numerical ab-
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sorption correction was performed with the program X-RED
(Stoe & Cie GmbH, Darmstadt) and the crystal shape was verified
with the program X-SHAPE (Stoe & Cie GmbH, Darmstadt) using
multiple measurements of symmetry equivalent reflections. The
structure was solved by direct methods using SHELXS97 giving
electron density maps where most non-hydrogen atoms could be
resolved.[46] The rest of the non-hydrogen atoms were located from
difference electron density maps and the structure model was re-
fined with full-matrix least-squares calculations on F2 using the
program SHELXL97-2.[47] All non-hydrogen atoms were refined
with anisotropic displacement parameters and the hydrogens,
which were placed at geometrically calculated positions and let to
ride on the atoms they were bonded to, were given isotropic dis-
placement parameters calculated as ξ·Ueq. for the non-hydrogen
atoms with ξ = 1.5 for methyl H atoms (–CH3) and ξ = 1.2 for
methylenic (–CH2–) and aromatic H atoms.

Only 39.2% of the reflections fulfilled the significance criterion I
� 2σ(I), thus the residual values calculated from all reflection are
larger than those calculated from the significant reflections.

CCDC-256953 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Magnetic Susceptibility: The magnetic susceptibility in the tem-
perature range 4–300 K was measured on a powder sample of 5 at
a magnetic field of 1.35 T using a Faraday balance. Correction for
diamagnetism was made using Pascal’s constants.

Electrochemistry: All solutions were prepared from dry acetonitrile
(Merck, spectroscopy grade, dried with MS 3 Å) with 0.1  tetrabu-
tylammonium perchlorate that had been dried in a vacuum at
353 K (Fluka, electrochemical grade) as the supporting electrolyte.
Before all measurements, oxygen was removed by bubbling the
stirred solutions with solvent-saturated argon and the samples were
kept under argon during measurements. Cyclic voltammetry,
differential pulse voltammetry and controlled potential electrolysis
were carried out using an Autolab PGSTAT 100 potentiostat with
a GPES 4.9 electrochemical interface (Eco Chemie). The working
electrode was a glassy carbon disc (diameter 3 mm, freshly pol-
ished) for voltammetry, a Pt disk microelectrode (CH Instruments,
diameter 25 µm, freshly polished with alumina 0.3 µm) for fast vol-
tammetry or a platinum grid for bulk electrolysis. A platinum spiral
in a compartment separated from the bulk solution by a fritted
disk was used as the counter electrode. The reference electrode was
a nonaqueous Ag/Ag+ electrode (CH Instruments, 0.01  AgNO3

in acetonitrile) with a potential of –0.08 V versus the ferrocenium/
ferrocene (Fc+/Fc) couple in acetonitrile as an external standard.
All potentials reported here are versus the Fc+/Fc couple, which is
obtained by adding –0.08 V to the potentials measured versus the
Ag/Ag+ electrode. No compensation for iR drop has been made.
With a specific conductivity of κ � 0.01 Scm–1 of the electrolyte
the resistance for the microelectrode (r = 12.5 µm) is R = 1/(4κr)
� 20 kΩ. With voltammetric peak currents i � 100 nA, the iR drop
is negligible (�2 mV) in the microelectrode measurements. Digital
simulations of the cyclic voltammograms have been performed with
GPES 4.9 software (Eco Chemie). The simulated voltammograms
have been composed from the faradic current of a quasireversible
and a two-component quasireversible model superimposed on a
linear nonfaradic background. The heterogeneous electron transfer
rate constants are reported as apparent standard rate constants
without corrections for double-layer effects.

UV/Vis Spectroscopy: The electronic absorption spectrum was re-
corded with a UV/Vis-NIR spectrophotometer (Varian CARY
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2400) between 200 and 2700 nm. Spectroelectrochemical measure-
ments were made in a OTTLE-type quartz cell with an optical path
length of 1 mm. A platinum grid with a size of 10�30 mm2 and
400 meshes per cm2 was used as the working electrode. The counter
and reference electrodes were of the same type as described in the
electrochemistry paragraph. Samples were bubbled for 20 min with
solvent-saturated argon and transferred to the argon-flushed cell
with the argon stream. The spectra were recorded with a UV/Vis
diode array spectrophotometer (Hewlett Packard 8435) with the
background collected on electrolyte solution in the potential free
OTTLE cell.

IR Spectroscopy: IR absorption spectra were recorded at a resolu-
tion of 1 cm–1 with a Bruker FTIR spectrometer (IFS 66v/S) with
the sample as a KBr pellet or as solution in a liquid-sample cell
(Bruker A140) between CaF2 windows and with a path length of
125 µm. The solutions were prepared in CD3CN (Aldrich,
99.8 atom-% D) or mixtures of CD3CN with D2O (Aldrich,
99 atom-% D).

The ratio of free versus coordinated acetate (R = [OAc–]/[M-OAc])
was determined from the absorbance at 1590 cm–1 {Abs1590 =
d(εOAc

– [OAc–] + εM-OAc [M-OAc]) = dε[OAc]} as

R = (εM-OAc – ε)/(ε – εOAc–)

where ε is a formal extinction coefficient and [OAc] = 2� [5] is the
total acetate concentration. The concentration of free acetate is
then given by

[OAc–] = {1 – 1/(R + 1)}[OAc]

For Reaction (9) the equilibrium constant is defined as

K9 = {[Mn2L(OAc)(H2O)2] [OAc–])/([Mn2L(OAc)2] [H2O]2} =
[OAc–]2/{([5] – [OAc–]) [H2O]2}

and was determined from a plot of [OAc–]2/([5] – [OAc–]) over
[H2O]2.

IR spectroelectrochemical measurements were performed on solu-
tions of 5 in CD3CN or CD3CN/D2O with KPF6 (0.1 ). The spec-
tra were recorded in a thin-layer cell equipped with CaF2 windows
and an optical path length of 90 µm. The working electrode was a
carbon fibre mesh (49% open area) and the counter electrode was
a Pt cylinder concentric with the working electrode. The reference
electrode was of the same type as described for electrochemistry
and connected to the cell by a salt bridge (0.5  KPF6 in CD3CN).
CD3CN, D2O and KPF6 were purchased from Sigma Aldrich.
CD3CN was dried with molecular sieves (3 Å) prior to use and
KPF6 was dried overnight at 353 K in vacuo.

EPR Spectroscopy: The electrochemical preparation of EPR sam-
ples was performed by bulk electrolysis of 1-m solutions at con-
trolled potentials. After electrolysis, 250-µL samples were taken
with an argon-filled syringe via a septum from the electrolysis ves-
sel and transferred to argon-flushed EPR tubes. The samples were
immediately frozen and kept in liquid nitrogen. X-band EPR mea-
surements were performed at cryogenic temperatures with a Bruker
E500 ELEXSYS spectrometer equipped with a TE102 resonator, an
Oxford Instruments ESR 900 flow cryostat and an ITC 503 tem-
perature controller.

For flash photolysis, a 1-m solution of 5 in dry acetonitrile was
mixed at a 1:1 ratio with an aqueous solution containing tris(2,2�-
bipyridyl)dichloro-ruthenium(II) hexahydrate ([RuII(bpy)3]2+)
(8 m), and penta-aminechlorocobalt(III) chloride ([CoIII(NH3)5-
Cl]2+) (16 m), as described previously.[32] The solution was trans-
ferred to EPR tubes and the samples were immediately frozen in
an ethanol/dry ice bath (T = 198 K) and then frozen at 77 K. All
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sample mixing and handling took place under dim red light and
inert atmosphere, and care was taken to minimise the interval be-
tween mixing and freezing of the samples (mix–freeze time �

1 min). Laser flashes from a frequency doubled Spectra Physics
DCR 3G Nd:YAG laser at 5 Hz and 532 nm (6 ns pulse width,
about 250 mJflash–1) were given at room temperature to the pre-
thawed EPR samples. The incident laser light was adjusted with
lenses to cover the entire EPR sample volume. After the designated
number of flashes, the sample was frozen in an ethanol/dry ice bath
within 2 s and then quickly transferred to liquid N2 until further
use. X-band EPR spectra were recorded before and after flash illu-
mination of the EPR samples. Evaluation of the change in Mn2

II,III

concentration was done by double integration of the ground-state
EPR signal at 4 K, and comparison with a reference Mn2

II,III spec-
trum from a known concentration of 5 in acetonitrile. To quantify
the formation of Mn2(III,IV) we used Mn2

III,IV(bpy)4(µ-O)2

as spectroscopic reference.[48] The concentration of Mn2
III,IV-

(bpy)4(µ-O)2 in acetonitrile was determined by UV/Vis spectropho-
tometry, using the extinction coefficient ε = 900 –1 cm–1 at λ =
687 nm. Simulations of EPR spectra were made using the Xsophe-
Sophe-Xepr-View® software suite from Bruker GmbH.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 shows IR spectroelectrochemistry of 5. IR spectra
of 5 in KBr, and of the isovalent products [Mn2

II,IIL(µ-OAc)2] and
[Mn2

III,IIIL(µ-OAc)2]2+ in [D3]acetonitrile solution. Selected crys-
tallographic data not shown in Table 1.
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Contribution to the Reactivity of N,N�-Diaryl-1,4-diazabutadienes Aryl–
N=CH–CH=N–Aryl (Aryl = 2,6-Dimethylphenyl; 2,4,6-Trimethylphenyl)

Towards Boron Trichloride
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The reaction of Aryl–N=CH–CH=N–Aryl (3a: Aryl = 2,6-
Me2C6H3; 3b: Aryl = 2,4,6-Me3C6H2) with 2 equiv. BCl3 in a
toluene/hexane mixture at –50 °C led to an inseparable mix-
ture of borolium salts [Aryl–Na=CH–CH=N(Aryl)BCl2(Na–
B)]+BCl4– (4a: Aryl = 2,6-Me2C6H3; 9a: Aryl = 2,4,6-Me3C6H2)
and [Aryl–Na=CH–C(Cl)=N(Aryl)BCl2(Na–B)]+BCl4– (4b: Aryl
= 2,6-Me2C6H3; 9b: Aryl = 2,4,6-Me3C6H2) and the bicyclic
species [HCa=N(Aryl)BCl2N(Aryl)–Cb=(Ca–Cb)]2 (5: Aryl =
2,6-Me2C6H3; 10: Aryl = 2,4,6-Me3C6H2). Sodium amalgam
reduction of borolium salts 4a,b and 9a,b afforded insepa-
rable mixtures of the diazaboroles 2,6-Me2C6H3NaCH=CR–
Nb(2,6-Me2C6H3)BCl(Na–B) (1: R = H; 6: R = Cl) and 2,4,6-
Me3C6H2NaCH=CR–Nb(2,4,6-Me3C6H2)BCl(Na–B) (2: R = H;
11: R = Cl). In order to obtain pure 1 and 2, diazabutadienes

Introduction

The synthesis and reactivity of 1,3-dialkyl-2-halo-2,3-di-
hydro-1H-1,3,2-diazaboroles I as well as their molecular
structures have been thoroughly investigated and documen-
ted in the literature.[1–12] More recently, the electrochemical
and optophysical properties of such compounds have at-
tracted our interest. The electrochemical oxidation of 1,3-
di-tert-butyl-2,3-dihydro-1H-1,3,2-diazaboroles by cyclic
voltammetry displays clean but irreversible waves, and the
oxidation potentials Eox,1/2 vary strongly with the substitu-
tion pattern at the boron atom.[13] Diazaboroles that are
functionalized at the boron center by thienyl-, dithienyl- or
biphenyl groups are highly luminescent, emitting bright
blue light upon UV irradiation.[14,15] With respect to this,
we planned to extend the scope of our diazaboroles to rep-
resentatives with aryl groups at both ring nitrogen atoms.

In an early paper, we described the preparation of hetero-
cycle II by treatment of diacetyldianil with methylboron di-
bromide and subsequent reduction of the obtained borol-
ium salt with an excess of sodium amalgam.[3]
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3a and 3b were slowly combined with 2 equiv. BCl3 in the
same solvents at –78 °C. The acyclic adducts Cl3BN(Aryl)=
CH–CH=N(Aryl)BCl3 (7a: Aryl = 2,6-Me2C6H3; 7b: Aryl =
2,4,6-Me3C6H2) were reduced with sodium amalgam to fur-
nish the aminoboranes Cl2BN(Aryl)CH=CH–N(Aryl)BCl2 (8:
Aryl = 2,6-Me2C6H3; 12: Aryl = 2,4,6-Me3C6H2). Stirring solu-
tions of 8 and 12 in the presence of CaH2 cleanly gave the
diazaboroles 1 and 2, respectively. The novel compounds
were characterized by elemental analyses and 1H-, 11B-, 13C
NMR and mass spectra. The molecular structures of 1, 4a, 5
and 8 were elucidated by single X-ray diffraction analyses.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Later this route was followed to synthesize the 2-chloro-
1,3-dixylyl-2,3-dihydro-1H-1,3,2-diazaborole (1).[10] An al-
ternative route to 1 and to the corresponding 2-bromo de-
rivative was based on the reduction of the corresponding
diazabutadiene with lithium metal and the cyclocondensa-
tion of the dilithiated species with BX3 (X = Cl, Br).[10] In
this contribution we report on the reaction of N,N�-diaryl-
1,4-diazabutadienes with BCl3. It was found that the reac-
tivity of the N,N�-diaryl-1,4-diazabutadienes towards BCl3
is far less straightforward than that of N,N�-di-tert-butyl-
1,4-diazabutadiene.

Results and Discussion

For the synthesis of 1, it was obvious to follow the pro-
cedure that we previously elaborated.[10] In only one in-
stance did the combination of diazabutadiene 3a with two
molar equivalents of boron trichloride in a mixture of tolu-
ene and hexane at –50 °C and subsequent stirring for 15 h
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at 20 °C lead to the precipitation of the burgundy-red borol-
ium salt 4a in about 70% yield. In all the other cases, how-
ever, a black solid precipitated, which was identified as an
inseparable mixture of 4a and its analogue 4b with a chlo-
rine substituent at a ring carbon atom (about 30% yield).
After filtration, the mother liquor was placed for 14 d at
+4 °C, and compound 5 separated as deep red crystals in
18% yield. When the supernatant solution was decanted
and concentrated to one-third of its volume, impure diaza-
borole 6 was isolated after storing this solution for 2 d at
–4 °C. Recrystallization from pentane led to a few crystals
of pure compound 6, which is chlorinated at the C=C
double bond.

The usual reduction of the mixture of 4a and 4b with
sodium amalgam in hexane afforded an inseparable mixture
of the diazaboroles 1 and 6. A 1/6 ratio of 10:1 was deter-
mined by 1H NMR spectroscopy. Although the reaction of

Scheme 1.

Scheme 2.
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pure salt 4a gave a sample of pure 1 in one case, this syn-
thetic pathway was discarded because of its poor reprodu-
cibility (Scheme 1).

Slow combination (4–5 h) of a toluene solution of 3a
with a cold (–78 °C) solution of BCl3 in pentane in a molar
ratio of 1:2 gave a precipitate of the red-brown adduct 7a
(60% yield). A slurry of this material in n-pentane was
treated with sodium amalgam at 20 °C. From the superna-
tant solution, the acyclic doubly borylated (E)-N,N�-diami-
noethene 8 was isolated as colorless crystals in about 70%
yield. Stirring a solution of 8 in pentane in the presence of
CaH2 led to cyclization and the formation of diazaborole 1
(46% yield) (Scheme 2).

The reaction of diazabutadiene 3b with 2 equiv. BCl3 at
–50 °C in a toluene/hexane mixture was performed analo-
gously. A 1:1 mixture of the borolium salts 9a (R = H) and
9b (R = Cl) precipitated as a black solid (about 20% yield).
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The mother liquor was concentrated and stored at +4 °C
for 14 d, after which product 10 separated as deep green
crystals in 14% yield (Scheme 3).

In the 11B NMR spectrum of the mother liquor, a small
singlet at δ = 21.8 ppm indicates small amounts of a 1,3,2-
diazaborole. Its isolation, however, failed. The reduction of
9a,b with sodium amalgam led to an inseparable mixture of
the diazaboroles 2 and 11. The generation of pure 2 first
required the preparation of the violet adduct 7b from the
reaction of 3b and 2 equiv. BCl3 at –78 °C for 4–5 h (70%
yield). The sodium amalgam reduction of 7b afforded the
acyclic aminoborane 12, which upon treatment with CaH2

cyclized to 2 in 54% yield (Scheme 4).
In order to suppress undesired side reactions at the car-

bon atom of the heterocycle, diacetyl[bis(2,6-dimethylphen-
ylimine)] 13 was subjected to reaction with 2 equiv. BCl3 in
n-hexane. The green borolium salt 14 (yield 63%) was re-

Scheme 3.

Scheme 4.
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duced with sodium amalgam to furnish, near quantitatively,
the expected diazaborole 15 (Scheme 5).

Because of the pronounced thermolability of the 2-
chloro-1,3,2-diazaborole 15, this compound was converted
immediately into the more stable 2-cyano-1,3,2-diazaborole
16 by reaction with silver cyanide in acetonitrile (Scheme 5).

The 11B NMR spectra of the borolium salts show singlets
(δ = 7.7 ppm) in the typical region for tetracoordinate bo-
ron atoms. For the tetracoordinate boron atoms in the binu-
clear compounds 5 and 10, singlets are observed at δ = 8.6
and 8.5 ppm, respectively. The 2-chloroboroles 1, 2, 6 and
11 give rise to 11B NMR signals at δ = 21.1–21.8 ppm. An
influence of the Cl substituent at the C=C bond is not vis-
ible. In the 11B NMR spectra of 2-cyanoborole 16, the 11B
resonance appears as a singlet at δ = 13.5 ppm. The 11B
NMR resonances of the acyclic aminodichloroboranes 8
and 12 are at δ = 32.5 ppm. The signals for the ring protons
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Scheme 5.

in the diazaboroles 1, 2, 6 and 11 are observed in the range
from 5.51 to 5.93 ppm. The protons at the 1,6-diazahexatri-
ene backbone of 5 and 10 are assigned as singlets at δ =
6.85 ppm. In the (E)-configured diaminoethenes 7 and 12,
the protons at the double bond give rise to singlets at δ =
6.40 ppm.

In the 13C{1H} NMR spectra of diazaboroles 1 and 2,
singlets at δ = 117.7 and 117.8 ppm, respectively, are as-
signed to the identical carbon atoms of the C=C group of
the rings. The corresponding carbon atoms in the chlori-
nated derivative 6 give rise to two singlets at δ(13C) = 113.7
and 126.8 ppm. The carbon atoms of the N2C4 backbone
of 5 and 10 are attributed to singlets at δ = 161.3 and
170.3 ppm, respectively.

X-ray Structural Analysis of 1

Single crystals of 1 were grown from the crude reaction
mixture at +4 °C. The molecular structure of 1 (Figure 1,
Table 1) features a planar 1,3,2-diazaborole ring with two
almost orthogonally oriented ortho-xylyl substituents at the

Table 1. Crystal data and collection parameters.

1 4a 5 8

Empirical formula C18H20BClN2 C18H20B2Cl6·0.5C7H8 C36H38B2Cl4N4 C18H20B2Cl4N2

Mr [mg mol–1] 310.62 544.75 690.12 427.78
Crystal dimensions [mm] 0.30�0.12�0.06 0.24�0.17�0.04 0.15�0.15�0.14 0.30�0.30�0.24
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group C2/c C2/c P21/n P21/n
a [Å] 14.5730(4) 26.9130(6) 10.3100(3) 7.54300(10)
b [Å] 7.4850(2) 10.7970(2) 14.8210(3) 14.4950(2)
c [Å] 16.6840(4) 17.6110(3) 11.4650(4) 10.1860(2)
β [°] 114.9510(16) 90.8770(12) 93.6320(14) 109.3190(10)
V [Å3] 1650.02(7) 5116.80(17) 1748.39(9) 1050.98(3)
Z 4 8 2 2
ρcalcd [mgm–3] 1.250 1.414 1.311 1.352
µ [mm–1] 0.229 0.685 0.371 0.568
F(000) 656 2232 720 440
Θ [°] 3–30 3–27.5 3–27.5 3–30
Collected reflections 22930 49724 21040 28834
Unique reflections 2417 5848 4002 3061
R(int) 0.043 0.052 0.040 0.030
Refined parameters 141 293 262 120
Gof 1.035 1.020 1.017 1.045
RF [I � 2σ(I)] 0.0402 0.0311 0.0354 0.0261
wRF

2 [all data] 0.1125 0.0788 0.0923 0.0708
∆ρmax/min [eÅ–3] 0.281/–0.352 0.279/–0.248 0.274/–0.265 0.327/–0.310
Remarks – disorder of toluene on an disorder of hydrogens at C(17) –

inversion centre and C(18)
CCDC number 616595 616596 616597 616598
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nitrogen atoms (interplanar angle between the heterocycle
and arene ring φ = 82.2°). A C2 axis bisects the molecule
along the B(1)–Cl(1) vector. The bond length B(1)–Cl(1)
[1.768(2) Å] is close to the sum of the covalent radii of bo-

Figure 1. Molecular structure of 1 in the crystal; H atoms have
been omitted for clarity. Selected bond lengths [Å] and angles [°]:
B(1)–Cl(1) 1.768(2), B(1)–N(1) 1.419(1), N(1)–C(1) 1.401(2),
C(1)=C(1A) 1.349(2), N(1)–C(2) 1.433(2); N(1)–B(1)–N(1A)
106.9(1), N(1)–B(1)–Cl(1) 126.6(1), B(1)–N(1)–C(1) 107.2(1), B(1)–
N(1)–C(2) 130.3(1), C(1)–N(1)–C(2) 122.5(1), N(1)–C(1)–C(1A)
109.4(1).
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ron (0.81 Å) and chlorine (0.99 Å)[16] and compares well
with the corresponding value in solid B2Cl4 (1.75 Å).[17]

Atomic distances and valence angles within the diazaborole
ring are in good agreement with the corresponding data for
XylNa–CH=CH–Nb(Xyl)BI(Na–B)[10] and need no particu-
lar discussion at this point.

X-ray Structural Analysis of 4a

Red plates of 4a suitable for an X-ray diffraction study
(Table 1) were grown from the toluene/hexane mother
liquor after removal of solid 4a. The analysis features a
planar diazaborolium cation [sum of bond angles
539.3°(1)], in addition to a tetrachloroborate anion (Fig-
ure 2).

Figure 2. Molecular structure of 4a in the crystal; H atoms have
been omitted for clarity. Selected bond lengths [Å] and angles [°]:
B(1)–Cl(1) 1.813(2), B(1)–Cl(2) 1.791(2), B(2)–Cl(3) 1.872(2), B(2)–
Cl(4) 1.830(2), B(2)–Cl(5) 1.844(2), B(2)–Cl(6) 1.866(2), B(1)–N(1)
1.615(2), B(1)–N(2) 1.594(2), N(1)=C(1) 1.276(2), N(1)–C(3)
1.462(2), N(2)=C(2) 1.279(2), N(2)–C(11) 1.464(2), C(1)–C(2)
1.477(2); N(1)–B(1)–N(2) 95.8(1), B(1)–N(1)–C(1) 110.7(1), B(1)–
N(1)–C(3) 127.4(1), B(1)–N(2)–C(2) 111.5(1), B(1)–N(2)–C(11)
125.9(1), C(1)–N(1)–C(3) 121.2(1), C(2)–N(2)–C(11) 121.7(1),
N(1)–C(1)–C(2) 110.7(1), N(2)–C(2)–C(1) 110.6(1), Cl(1)–B(1)–
Cl(2) 113.3(1), B(2)–Cl(3–6) 107.4(1)–111.2(1).

There are no bonding contacts between the cation and
the anion. The bond lengths B(1)–Cl(1) [1.813(2) Å] and
B(1)–Cl(2) [1.791(2) Å] are slightly shorter than the B–Cl
bonds in BCl4–, which range from 1.830(2) to 1.872(2) Å.
The boron–nitrogen bond lengths [B(1)–N(1) 1.615(2) Å,
B(1)–N(2) 1.594(2) Å] slightly exceed the average value for
the B–N single bond (1.59 Å) found in aminoboranes[18]

and compare well with the corresponding bond lengths in
cation III [1.607(3) and 1.611(3) Å].[19]

In 1,3,2-diazaboroles B–N bond lengths range from 1.40
to 1.45 Å. The endocyclic C–N bond lengths [C(1)–N(1)
1.276(2) Å, C(2)–N(2) 1.279(2) Å] are characteristic for
double bonds and compare well with those in the cyclic
ketiminoborane IV [1.273(3)–1.277(2) Å].[20]
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The carbon–carbon bond length in the cation
[1.477(2) Å] indicates a bond order of unity, whereas in di-
azaboroles, double bonds [1.362(8) Å in 1] are typical. In
comparison with 1 [106.9(4)°], the angle at the boron atom
is compressed to 95.8(1)°, whereas the endocyclic angles
B(1)–N(1)–C(1) [110.7(1)°], B(1)–N(1)–C(2) [111.5(1)°],
N(1)–C(1)–C(2) [110.7(1)°] and N(2)–C(2)–C(1) [110.6(1)°]
are slightly more obtuse than that in 1 [107.2(1), 109.4(1)°].

X-ray Structural Analysis of 5

The X-ray analysis (Figure 3, Table 1) discloses a mole-
cule in which two planar BN2C2 rings (sum of angles
539.7°) are fused by an elongated C(1)–C(1A) multiple
bond [1.398(3) Å] (C=Ccalcd. = 1.33 Å) with an inversion
center in the middle of the bond. The bond C(1)–N(1)
[1.387(2) Å] is between the double bond N(2)=C(2)
[1.300(2) Å] on the one hand and the single bonds N(1)–
C(3) [1.440(2) Å] and N(2)–C(11) [1.447(2) Å] on the other
hand. The distance C(1)–C(2) [1.437(2) Å] corresponds to a
single bond.

Figure 3. Molecular structure of 5 in the crystal. Selected bond
lengths [Å] and angles [°]: B(1)–Cl(1) 1.840(2), B(1)–Cl(2) 1.878(2),
B(1)–N(1) 1.518(2), B(1)–N(2) 1.576(2), N(1)–C(1) 1.387(2), N(1)–
C(3) 1.440(2), N(2)=C(2) 1.300(2), N(2)–C(11) 1.447(2), C(1)–C(2)
1.437(2), C(1)=C(1A) 1.398(3); Cl(1)–B(1)–Cl(2) 106.6(1), N(1)–
B(1)–N(2) 98.5(1), B(1)–N(1)–C(1) 111.4(1), B(1)–N(2)–C(2)
110.2(1), B(1)–N(1)–C(3) 125.4(1), B(1)–N(2)–C(11) 129.1(1),
N(1)–C(1)–C(2) 107.0(1), N(1)–C(1)–C(1A) 128.7(2), N(2)–C(2)–
C(1) 112.6(1), C(2)–N(2)–C(11) 120.3(1).

The boron–nitrogen bond B(1)–N(1) [1.518(2) Å] reflects
a single bond between a tetracoordinate boron atom and
an sp2-hybridized nitrogen atom. It is markedly shorter
than the coordinative bond B(1)–N(2) [1.576(2) Å]. The B–
Cl bond lengths [1.840(2) and 1.878(2) Å] are longer than
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those in ring 4 [1.791(2) and 1.813(2) Å] and compare with
the B–Cl bond lengths in the BCl4– ion.

The shortening of bond N(1)–C(1) and the elongation of
bond C(1)=C(1A) are consistent with an extensive delocal-
ization of charge as indicated by the two limiting formulae
(Scheme 6).

Scheme 6.

The xylyl rings are oriented in a near perpendicular fash-
ion to the plane defined by the two heterocycles, with in-
terplanar angles of φ = 99.3° at N(1) and φ = 88.1° at N(2).
The angle B(1)–N(1)–N(2) [98.5(1)°] is markedly more
acute than those in 1,3,2-diazaboroles [cf. 106.9(1) in 1].
The angles B(1)–N(1)–C(1) [111.4(1)°] and B(1)–N(2)–C(2)
[110.2(1)°] compare with those in the chloroborolium cation
of 4a [110.7(1) and 111.5(1)°] and are slightly more obtuse
than that in diazaborole 1 [107.2(1)°]

X-ray Structural Analysis of 8

Single crystals of 8, suitable for an X-ray structural study,
were grown from a toluene/hexane mixture at 4 °C. The
analysis shows the features of a planar 2,5-diaza-1,6-di-
bora-hexa-1,3,5-triene with an inversion center in the mid-
dle of the C=C bond (Figure 4, Table 1). The planes of the
two xylyl substituents at the nitrogen atoms are perpendicu-
larly oriented to the plane of the chain (φ = 85.8°). The
chlorine atoms at the boron are located in the plane of the
molecule and feature single bonds with lengths of 1.766(1)
and 1.767(1) Å. The B–N bond length of 1.395(1) Å is con-
sistent with a double bond, as is the central bond length
C(1)–C(1A) of 1.333(2) Å. The distances N(1)–C(1)
[1.422(1) Å] and N(1)–C(2) [1.451(1) Å] reflect single bonds.

Scheme 7.
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Figure 4. Molecular structure of 8 in the crystal; H atoms have
been omitted for clarity. Selected bond lengths [Å] and angles [°]:
B(1)–Cl(1) 1.766(1), B(1)–Cl(2) 1.767(1), B(1)–N(1) 1.395(1), N(1)–
C(1) 1.422(1), N(1)–C(2) 1.451(1), C(1)=C(1A) 1.333(2); Cl(1)–
B(1)–Cl(2) 118.1(1), Cl(1)–B(1)–N(1) 120.2(8), Cl(2)–B(1)–N(1)
121.7(1), B(1)–N(1)–C(1) 123.2(1), B(1)–N(1)–C(2) 121.1(1), C(1)–
N(1)–C(2) 115.7(1), N(1)–C(1)–C(1A) 123.2(1).

In going from diazaboroles with various alkyl substitu-
ents at the ring atoms to xylyl and mesityl units, the genera-
tion of diazaboroles with one chlorine atom at the C=C
bond was unexpected. In the case of compound 15 in which
the double bond is substituted by two methyl groups, such
a behavior could not be observed. Here, a recent paper on
the reactivity of BCl3 towards glyoxal[bis(2,6-diisopro-
pylphenylimine)] by Mair et al. seems relevant.[21] He pos-
tulated the initial formation of a borolium salt V, the cation
of which undergoes a twofold nucleophilic attack by chlo-
ride ions to eventually yield the trichlorinated diazaborolid-
ine VII (Scheme 7). If, in our case, transient diazaborolid-
ines are dehydrochlorinated by a base, diazaboroles such as
6 and 11 would be the products. It is conceivable that the
carbon chlorination of diaryldiazabutadienes is favored by
bulky arene groups.

The initial step in the formation of 5 and 10 is most likely
the electrophilic attack of one immonium carbon atom of
4a or 9a at the C=C bond of 6 or 11 to give intermediate
VIII. Elimination of HCl leads to cation IX, which finally
adds a chloride ion at the tricoordinate boron atom to yield
products 5 or 10 (Scheme 8).
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Scheme 8.

Conclusions

The extension of methodologies for the synthesis of 1,3-
dialkyl-2,3-dihydro-1H-1,3,2-diazaboroles to the construc-
tion of 1,3-diaryl-2,3-dihydro-1H-1,3,2-diazaboroles is not
straightforward. The direct combination of N,N�-diaryl-1,4-
diazabutadienes with 2 equiv. boron trichloride and the re-
duction of the obtained borolium salts by sodium amalgam
invariably afforded mixtures of singly and doubly chlori-
nated products. Thus, a detour to pure 2-chloro-1,3-diaryl-
2,3-dihydro-1H-1,3,2-diazaboroles was developed. Reaction
of the components at –78 °C gave a 1:2 adduct, the re-
duction of which furnished aminoboranes Cl2BN(Aryl)-
CH=CHN(Aryl)BCl2. Cyclization of these molecules to 2-
chloro-1,3,2-diazaboroles was effected by solid calcium hy-
dride.

Experimental Section
General: All experiments were performed under dry, oxygen-free
dinitrogen by using standard Schlenk techniques. Solvents were
dried with appropriate drying agents and freshly distilled under N2

before use. The following compounds were prepared according to
literature procedures: 2,6-Me2C6H3N=CHCH=NC6H3Me2-2,6
(3a)[22], 2,4,6-Me3C6H2N=CHCH=NC6H2Me3-2,4,6 (3b)[23] and
2,6-Me2C6H3N=C(Me)C(Me)=NC6H3Me2-2,6 (13).[24,25] 1H, 11B
and 13C NMR spectra were recorded at ambient temperature in
C6D6 except for 5 and 10, which were investigated in CD2Cl2 with
a Bruker AM Avance DRX 500 instrument (1H: 500.13 MHz; 11B:
160.46 MHz; 13C: 125.75 MHz). The spectra were referenced versus
SiMe4 (1H, 13C) and BF3·OEt2 (11B) standards. Boron trichloride,
glyoxal, 2,6-dimethylaniline and 2,4,6-trimethylaniline were pur-
chased commercially.

Reaction of Glyoxal-bis(2,6-dimethylphenylimine) (3a) with Boron
Trichloride: A solution of 3a (18.2 g, 69.0 mmol) in a mixture of
toluene (300 mL) and hexane (100 mL) was added over 4.5 h to a
chilled solution (–50 °C) of boron trichloride (16.4 g, 140.0 mmol)
in hexane (250 mL). After stirring at –50 °C for another hour, it

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5048–50565054

was warmed up to ambient temperature and stirring was continued
for 15 h. A microcrystalline solid was filtered off, washed with hex-
ane and dried in vacuo to give 11.0 g of a mixture of borolium salts
4a and 4b. The filtrate was stored for 14 d at +4 °C, and dark red
crystals of 5 (4.2 g, 18%) separated. In the supernatant liquid, the
presence of a 1,3,2-diazaborole was evidenced by 11B NMR spec-
troscopy (δ = 21.6 ppm). The filtrate was concentrated to 30% of
its volume and stored for 2 d at –4 °C, from which crystals of im-
pure 6 were formed. Recrystallization from pentane yielded a few
crystals of pure 6.

In only one case did the reaction of 3a and BCl3 cleanly afford the
burgundy red borolium salt 4a in about 70% yield. A slurry of the
borolium salts 4a and 4b (11.0 g) in a mixture of toluene (150 mL)
and hexane (300 mL) was treated with sodium amalgam (300 g of
a 1% alloy) and vigorously stirred for 20 h. The solution was de-
canted, filtered, and the solvents evaporated to dryness to give 4.8 g
of an inseparable mixture of 1 and 6. If the solution, after having
been separated from mercury, was kept for 14 d at +4 °C, a few
crystals of pure 1[10] could be separated.

1: 1H NMR: δ = 2.17 (s, 12 H, CH3), 5.85 (s, 2 H, HC=N), 6.99
(m, 6 H, aryl-H) ppm. 13C{1H} NMR: δ = 18.1 (s, CH3), 117.7 (s,
HC=N), 127.3 (s, p-aryl-C), 135.8 (s, o-aryl-C), 139.9 (s, i-aryl-C)
ppm. 11B{1H}NMR: δ = 21.1 (s) ppm. EI-MS: m/z (%) = 310 (100)
[M+].

6: 1H NMR: δ = 2.11 (s, 6 H, CH3), 2.16 (s, 6 H, CH3), 5.75 (s, 1
H, HC=N), 6.98 (m, 6 H, aryl-H) ppm. 13C{1H} NMR: δ = 18.02
(s, CH3), 18.05 (s, CH3), 113.7 (s, HC=N), 126.6 (s, ClC=N), 127.2
(s, p-aryl-C), 127.7 (s, p-aryl-C), 127.9 (s, m-aryl-C), 129.1 (s, m-
aryl-C), 135.5 (s, o-aryl-C), 136.7 (s, o-aryl-C), 138.9 (s, i-aryl-C),
138.5 (s, i-aryl-C) ppm. 11B{1H} NMR: δ = 21.6 (s) ppm. EI-MS:
m/z (%) = 344.1 (100) [M+], 309.1 (79) [M+ – Cl]. C18H19BCl2N2

(345.06): calcd. C 62.65, H 5.55, N 8.12; found C 62.67, H 5.44, N
8.15.

5: 1H NMR: δ = 2.24 (s, 12 H, CH3), 2.45 (s, 12 H, CH3), 6.85 (s,
2 H, HC=N), 7.15 (m, 12 H, aryl-H) ppm. 13C{1H} NMR: δ =
19.1 (s, CH3), 19.7 (s, CH3), 128.9 (s, p-aryl-C), 129.2 (s, p-aryl-C),
130.9 (s, m-aryl-C), 133.7 (s, o-aryl-C), 136.8 (s, o-aryl-C), 137.7 (s,
i-aryl-C), 139.1 (s, i-aryl-C), 161.3 (s, HC=N) ppm. 11B{1H} NMR:
δ = 8.6 (s) ppm. EI-MS: m/z (%) = 688.2 (2) [M+], 652.2 (100)
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[M+ – Cl], 618.2 (82) [M+ – 2 Cl]. C36H38B2Cl4N4 (690.12): calcd.
C 62.65, H 5.55, N 8.12; found C 62.71, H 5.38, N 8.09. Because
of the poor solubility, no reliable NMR spectra of the borolium
salts 4a,b were obtained.

(E)-Cl2B(o-Xyl)N–CH=CH–N(o-Xyl)BCl2 (8): A solution of 3a
(5.29 g, 20.0 mmol) in toluene (100 mL) was added dropwise over
4–5 h to a chilled solution (–78 °C) of BCl3 (4.67 g, 40 mmol) in
pentane (75 mL). Immediately after the addition, the red-brown
precipitate of the adduct 7a was collected by filtration and dried at
10–3 bar. Reduction of the adduct was effected by treatment with
sodium amalgam (100 g of a 1% alloy) in pentane (150 mL) over
24 h. The supernatant liquid was separated and concentrated to
about 100 mL. Storage overnight at +4 °C afforded colorless crys-
tals of 8 (5.13 g, 60%). 1H NMR: δ = 1.99 (s, 12 H, CH3), 6.40 (s,
2 H, NCH=), 6.92 (m, 6 H, aryl-H) ppm. 13C{1H} NMR: δ = 17.3
(s, CH3), 120.5 (s, NCH=), 128.3 (s, p-aryl-C), 129.3 (s, m-aryl-C),
134.6 (s, o-aryl-C), 139.3 (s, i-aryl-C) ppm. 11B{1H} NMR: δ = 32.6
(s) ppm. EI-MS: m/z (%) = 428.0 (100) [M+], 395.2 (6) [M+ – Cl],
310.1 (73) [M+ – BCl3]. C18H20B2Cl4N2 (427.79): calcd. C 50.54, H
4.71, N 6.55; found C 50.26, H 4.82, N 6.43. Because of the low
solubility of 7a, no useful NMR spectra were obtained.

Cyclization of 8 to 1: A sample of 8 (0.50 g, 1.2 mmol) was dis-
solved in hexane (50 mL). CaH2 (0.05 g) was added, and the slurry
was stirred at ambient temperature for 48 h. It was filtered, and
the filtrate concentrated to 10 mL and stored at –4 °C, after which
crystalline 1 (0.175 g, 46%) separated.

Reaction of Glyoxal-bis(2,4,6-trimethylphenylimine) (3b) with Boron
Trichloride: Analogously to the reaction of 3a with BCl3, a solution
of 3b (14.55 g, 50.0 mmol) in a mixture of toluene (200 mL) and
hexane (50 mL) was combined with a chilled solution (–50 °C) of
BCl3 (11.8 g, 100.0 mmol) in hexane (250 mL) over a period of
4.5 h. Stirring was continued for 1 h at –50 °C and then for 15 h at
20 °C. The microcrystalline black precipitate was filtered off and
dried (5.6 g of a mixture of salts 9a and 9b). Storage of the mother
liquor for 2 weeks at +4 °C afforded dark green crystals of 10
(2.7 g, 14%). Sodium amalgam (200 g of a 1% alloy) was added to
a slurry of the borolium salts (5.6 g) in a mixture of toluene
(100 mL) and hexane (200 mL). The mixture was vigorously stirred
for 20 h. The organic phase was decanted, and the solvents were
removed in vacuo. An inseparable 4:1 mixture (2.4 g) of 2 and 11
as a white powder was obtained.

10: 1H NMR: δ = 2.17 (s, 18 H, CH3), 2.29 (s, 6 H, CH3), 2.36 (s,
12 H, CH3), 6.85 (s, 2 H, =CHN), 6.93 (s, 4 H, aryl-H), 6.98 (s, 4
H, aryl-H) ppm. 13C{1H} NMR: δ = 18.6 (s, CH3), 20.5 (s, CH3),
20.6 (s, CH3), 129.4, 130.1, 131.2, 133.0, 134.2, 135.1, 136.0, 136.3,
138.6, 139.0 (10 s, aryl-C), 161.2 (s, =CHN) ppm. 11B{1H} NMR:
δ = 8.5 (s) ppm. EI-MS: m/z (%) = 744.2 (2) [M+], 710.3 (100)
[M+ – Cl], 674.4 (66) [M+ – 2 Cl]. C40H46B2Cl4N4 (746.27): calcd.
C 64.32, H 6.21, N 7.51; found C 64.30, H 6.11, N 7.52.

2 and 11: 11B{1H} NMR: δ = 21.8 (s) ppm. This mixture was not
analyzed further. Because of the poor solubility, no reliable NMR
spectra of the borolium salts 9a,b were obtained.

(E)-Cl2B(Mes)N–CH=CH–N(Mes)BCl2 (12): By analogy to the
preparation of 8, compounds 3b (5.84 g, 20.0 mmol) and BCl3
(4.67 g, 40 mmol) were combined in a toluene/pentane mixture at
–78 °C over 4–5 h. A violet precipitate was filtered off and dried at
10–3 mbar. Sodium amalgam reduction of this solid (150 g, 1% Na/
Hg) was effected in pentane (150 mL) for 24 h. Concentration of
the organic phase to about 100 mL and storage of the liquid over-
night at +4 °C afforded colorless crystals of 12 (5.93 g, 65%). 1H
NMR: δ = 2.03 (s, 12 H, o-CH3), 2.04 (s, 6 H, p-CH3), 6.50 [s, 2
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H, NC(H)=C], 6.75 (s, 4 H, aryl-H) ppm. 13C{1H} NMR: δ = 17.3
(s, o-CH3), 20.9 (s, p-CH3), 120.9 (s, CH=CH), 130.1 (s, m-aryl-
C), 134.2 (s, o-aryl-C), 136.9 (s, p-aryl-C), 137.8 (s, i-aryl-C) ppm.
11B{1H} NMR: δ = 32.6(s) ppm. EI-MS: m/z (%) = 338 (100) [M+ –
BCl3]. C20H24B2Cl4N2 (455.85): calcd. C 52.69, H 5.33, N 6.14;
found C 52.63, H 5.35, N 6.13.

Cyclization of 12 to 2: A mixture of 12 (0.50 g, 1.1 mmol), CaH2

(0.05 g) and hexane (50 mL) was stirred at 25 °C for 48 h and then
filtered, and the filtrate was concentrated to 10 mL. Crystallization
at –4 °C afforded pure 2 (0.20 g, 54%). 1H NMR: δ = 2.13 (s, 6 H,
p-aryl-CH3), 2.19 (s, 12 H, o-aryl-CH3), 5.92 [s, 2 H, NC(H)=C],
6.79 (m, 4 H, aryl-H) ppm. 13C{1H} NMR: δ = 18.0 (s, o-aryl-
CH3), 20.9 (s, p-aryl-CH3), 117.8 (s, N–CH), 129.2 (s, m-aryl-C),
135.3 (s, o-aryl-C), 136.4 (s, p-aryl-C), 137.4 (s, i-aryl-C) ppm.
11B{1H} NMR: δ = 21.9 (s) ppm. EI-MS: m/z (%) = 338.2 (100)
[M+]. C20H24BClN2 (338.68): calcd. C 70.93, H 7.14, N 8.27; found
C 70.68, H 7.20, N 8.16.

Xyl–NaC(CH3)=C(CH3)–Nb(Xyl)BCN(Na–B) (16): A solution of
13 (6.80 g, 23.0 mmol) in hexane (250 mL) was added dropwise
over 4.5 h to a chilled solution (–50 °C) of BCl3 (5.39 g, 46.0 mmol)
in hexane (250 mL). Stirring was continued for 1 h at –50 °C and
15 h at ambient temperature. Green borolium salt 14 (7.6 g, 63%)
was filtered off and dried at 10–1 bar. The slurry of the salt in hex-
ane (350 mL) was reduced with sodium amalgam (150 g of a 1%
alloy, 20 h). Decanting of the organic phase was followed by evapo-
ration to dryness to afford crude 15 (4.5 g, 98.6%) as a light grey
powder. A sample of solid AgCN (3.2 g, 24.0 mmol) was added to
a solution of 15 in acetonitrile (350 mL), and the mixture was
stirred for 20 h at 20 °C. It was filtered, and the filtrate was concen-
trated, after which 16 (3.10 g, 41.0%) was obtained. 1H NMR: δ =
1.44 [s, 6 H, =C(CH3)N], 2.03 (s, 12 H, aryl-CH3), 6.99 (m, 6 H,
aryl-H) ppm. 13C{1H} NMR: δ = 9.8 [s, =C(CH3)N], 17.9 (s, aryl-
CH3), 121.2 [s, C(CH3)=C(CH3)], 127.6 (s, p-aryl-C), 128.2 (s,
BCN), 128.5 (s, m-aryl-C), 135.6 (s, o-aryl-C), 138.1 (s, i-aryl-C)
ppm. 11B{1H} NMR: δ = 13.5 (s) ppm. EI-MS: m/z (%) = 329.2
(100) [M+], 314.2 (12) [M+ – CH3]. C21H24BN3 (329.24): calcd. C
76.61, H 7.35, N 12.76; found C 76.59, H 7.42, N 12.65.

15: 1H NMR: δ = 1.57 [s, 6 H, =C(CH3)N], 2.15 (s, 12 H, aryl-
CH3), 7.02 (s, 6 H, aryl-H) ppm. 13C{1H} NMR: δ = 10.2 [s,
=C(CH3)N], 18.2 (s, aryl-CH3), 118.9 [s, =C(CH3)N], 127.2 (s, p-
aryl-C), 128.3 (s, m-aryl-C), 136.6 (s, o-aryl-C), 138.6 (s, i-aryl-C)
ppm. 11B{1H} = 21.3 (s) ppm. EI-MS: m/z = 338.2 [M+].

X-ray Structural Analyses: Crystal data were measured on a Nonius
Kappa CCD-diffractometer and are given in Table 1. CCDC-
616595 (1), -616596 (4a), -616597 (5) and -616598 (8) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Mono- and dimetallic cobalt- and iron oxide nanoparticles
deposited on the surface of a silica substrate have been pre-
pared by an impregnation technique. Both the bulk and sur-
face structures of these particles have been characterised by
different physical and chemical techniques. The results pro-
vided by X-ray diffraction, Mössbauer and X-ray photoelec-
tron spectroscopy show the formation of separate Co3O4 and
Fe2O3 nanoparticles in oxide samples, but in no case were
cobalt–iron mixed oxides detected. Quantitative data also
showed that the dispersion degree of cobalt- and iron oxides
is rather low. It was also observed that pretreatment of the
supported metal oxide nanoparticles under a hydrogen atmo-
sphere does not promote the formation of a metal–support

Introduction

Nowadays, composite materials give rise to numerous
studies with a view to improving their mechanical, thermal,
optical and other properties, which hold promise for novel
technological applications. Transition metal oxides are be-
ing widely used, and Fe-Co materials are of particular inter-
est in catalytic reactions such as the Fischer–Tropsch syn-
thesis (FTS),[1–6] methanol decomposition,[7–9] NH3 synthe-
sis,[10] carbon nanotube synthesis.[11–13] Furthermore, their
interesting magnetic properties[14] suggest that they will
have many applications in magneto-optical recording me-
dia, displays and devices such as wave-guides, insulators,
modulators and switches.[15–17]

This fact has provoked several reports in which these
mixtures are prepared by different synthetic methods such
as sol–gel,[18,19] co-precipitation,[20] plasma coating,[21] sin-
tering[22] and thermal decomposition.[23] Co- and/or Fe-
supported systems prepared by wetness- or incipient wet-
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interaction, although a cobalt–iron interaction is observed in
the dimetallic systems. The diffraction patterns and photo-
electron and Mössbauer spectra of these dimetallic samples
provide conclusive proof for the formation of both metallic
Co0 and iron-cobalt (Co7Fe3) alloy phases in the hydrogen-
reduced samples. It was also found that the crystallite size
of the alloyed Co7Fe3 phase increases with increasing iron
content, i.e. 11 and 23 nm for samples containing 1% and
5% Fe added to the base Co sample, respectively, while that
of Co0 was constant (10 nm).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ness impregnation methods from nitrate precursors have
also been reported.[6,14] Dimetallic catalysts prepared by the
incipient wetness method show reactivities different from
that of equivalent Fe- or Co single-metal catalysts, thus in-
dicating that the intimate interaction between Fe and Co
is important.[24,25] A synthesis of iron-cobalt nanoparticles
dispersed in a silica matrix has also been reported, and the
authors noted the formation of magnetic cobalt ferrite nan-
ocomposites, Co3O4 and ferrihydrite or Co-Fe alloys, de-
pending on the Fe and Co precursors.[19] Fe/Co catalyst
mixtures have been prepared on several supports, including
alumina,[24] carbon,[26,27] zirconia[28] and titania.[14,25,29,30]

A viable methodology that has been developed for con-
trolling the property of a metal is that of alloying.[31–35]

Three structures have been found for the metal in the iron-
cobalt alloy, depending on the synthesis temperature and
the subsequent thermal treatment: a bcc structure, an α-
Mn-like structure and a fcc structure that appears after
thermal treatment.[36,37] The bcc and fcc structures are clas-
sical structures for iron- and cobalt-based alloys. These al-
loys exhibit outstanding properties, particularly the cobalt-
enriched composites. Indeed, these latter are active in the
FTS and favour the formation of olefins without producing
high amounts of CO2

[4,38] and alcohol production.[6]

A large body of work has been developed over the past
decades on the performance of supported cobalt catalysts,
especially with regard to the effect of promoters,[39–43] sup-
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ports[44–46] and preparation[47–52] methods. Cobalt catalysts
produce high yields of long-chain alkenes in the FTS. They
are also characterised by a low ability to yield oxygenates.
In addition, cobalt catalysts exhibit considerable stability in
the metallic state.

Iron is the other active phase that is most often used in
the hydrogenation reactions of carbon oxides. It is know
that several forms of iron (iron, iron carbides, iron oxide)
exist in iron-based catalysts when subjected to FTS, and
there are many studies dealing with the role of iron phases
in the FTS.[53–55] Iron catalysts used in CO hydrogenation
are usually promoted to obtain a high stability and catalytic
activity. These systems produce higher yields of oxygenated
products and can perform the water gas-shift reaction. The
incorporation of cobalt and iron phases onto a support
substrate results in substantial changes in both activity and
product distribution as, when used together, they do not
simply give the additive properties (activity, selectivity) ex-
pected from knowledge of the properties of the individual
metals. These dimetallic CoFe catalysts proved to be much
more attractive in terms of alcohol formation and give
rise to the production of ethanol and propanol, depending
on the iron content.[6] Taking this into account, the
possible interaction of cobalt and iron, in the form of cobalt
ferrite or alloys, when used together as active phases for
catalytic reactions such as FTS or as a possible magnetic
composite should be studied by different characterisation
techniques.

In light of the above, the present work was undertaken
with the aim of analysing the effect of the incorporation of
both cobalt and iron species supported on a silica matrix
on the structural, textural and morphological characteris-
tics relative to the properties shown by the monometallic
systems. In particular, emphasis is placed on the formation
of CoFe intermetallic compounds after catalyst activation.
Some clues to the nature of the bulk and surface structures
generated on the silica-supported cobalt-iron catalysts were
obtained by XRD, X-ray photoelectron spectroscopy
(XPS), Mössbauer spectroscopy and temperature-pro-
grammed reduction (TPR). The synergism between cobalt
and iron, two FT active metals, will be explored in a subse-
quent work that will consider whether the above metals,
when used together, give the additive properties (activity
and selectivity) expected of the individual metals or not.

Table 1. Elemental analysis and textural characteristics of the CoFe/SiO2 system.

Elemental analysis N2 adsorption
Metal loading Metal loading

(% Co) (% Fe)
Catalyst nominal ICP nominal ICP SBET [m2 g–1] Vads [cm3 g–1]

SiO2 – – – – 289 1.19
SiO2-c – – – – 300 1.18
Co10-c 10 10.2 – – 219 0.80
Fe10-c – – 10 10.2 216 0.93

CoFe10/5c 10 9.3 5 5.1 221 0.96
CoFe10/1c 10 9.4 1 0.9 210 0.88
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Results and Discussion

Chemical Composition and Textural Properties

The chemical composition of the oxide samples was de-
termined by ICP-AES; results are compiled in Table 1.
These results indicate that cobalt- and/or iron loadings are
close to the nominal values. The BET specific areas and
pore volumes of the fresh metal oxide loaded samples and
the bare SiO2 support, also summarised in Table 1, indicate
that incorporation of cobalt and/or iron onto the SiO2 sub-
strate leads to a drop in both specific area and pore volume.
A decrease in the BET area of around 20–30% is found
upon incorporation of iron and cobalt, and a similar drop
is found for the other two dimetallic (CoFe10/1-c and
CoFe10/5-c) samples. The pore-size distributions of the
metal-oxide-loaded samples and SiO2 reference are dis-
played in Figure 1. The pore-size distributions of the sam-
ples do not change upon incorporation of cobalt- and/or
iron oxides during the preparation step. The simultaneous
drop in BET area and pore volume and the almost un-
changed pore distribution of the metal-oxide-loaded sam-

Figure 1. Pore distribution for the (1) support, (2) CoFe10/5-c and
(3) Co10-c.
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ples point to a preferential location of big cobalt- and/or
iron oxide particles in the interparticle voids between silica
particles. Thus, the decrease in the pore volume as a result
of pore locking does not change the pore-size distribution
and is in accordance with the greater decrease in pore vol-
ume, which is higher than the weight fraction of deposited
metal phases. However, deposition of very small metal ox-
ide particles within the smallest pores of silica, and more
specifically for the Co10-c sample, cannot be ruled out.

Crystalline Structure

Calcined Samples

The crystal structures of the supported cobalt and iron
phases of oxide samples were determined by X-ray diffrac-
tion (Figure 2A). The monometallic Co10-c sample displays
sharp and narrow diffraction lines that fit very well with
that of Co3O4 spinel (JCPDS card 78-1970).[56] The ob-
tained lattice parameter for this phase is a = 8.088 Å, which
is similar to that obtained for the cobalt oxide spinel phase.
A broad band centred at about 22° 2θ belongs to the
amorphous structure of silica. A detailed examination of
the spectrum was done to ensure that no other crystalline
Co-containing phases, such as Co2SiO4, had developed. As
Co3O4 and CoSiO4 species have similar interplanar dis-
tances, differentiation between both compounds is not easy
unless they are very well crystallised. It should be empha-
sised that formation of a crystalline Co2SiO4 phase is only
possible upon calcination of the impregnate at temperatures
substantially higher than that (773 K) employed in this
work.[57] Note that the formation of a cobalt-oxide–silica
interacting layer cannot be ruled out from this XRD
pattern.

Figure 2. X-ray diffraction pattern of Co/Fe(SiO2): (A) calcined, (B) after H2 reduction at 773 K.
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The diffraction pattern of the calcined Fe10-c sample
shows all the lines of crystalline Fe2O3

[58,59] (JCPDS card
85-0599), together with the broad feature of silica at about
22° 2θ (see above). No peaks of any other iron-containing
compound are observed.

The XRD patterns of calcined CoFe10/5-c and CoFe10/
1-c samples are also included in Figure 2A. Both samples
show diffraction lines that correspond to the Fe2O3 phase;
these lines, as expected, are more intense in the sample with
a higher Fe loading (CoFe10/5-c). Some of the Fe2O3 lines
are overlapped by those of the Co3O4 spinel,[58,60] and the
rather low intensity of the lines corresponding to Fe2O3 in-
dicates the low crystallinity of the Fe2O3 particles. A weak
interaction between Fe2O3 and Co3O4 phases is possible
and could affect the crystallinity of the iron oxide particles
without producing any modification in the structure of the
oxides. These results indicate that the two oxides remain as
separate phases at the scale of the XRD technique, which
is above 3–4 nm. The lattice parameters found for the di-
metallic systems CoFe10/5-c and CoFe10/1-c are a = 8.090
and 8.089 Å, respectively, and are very similar to that of
Co3O4, which indicates that a CoFe mixed composite has
not been formed. The presence of a mixed cobalt–iron ox-
ide phase would give a higher value of the lattice parameter.

The mean particle size of the supported cobalt- and/or
iron oxides was calculated from the Scherrer equation by
selecting the most intense diffraction line for each oxide —
the crystal planes (311) for Co3O4 and (220) for Fe2O3 —
and by assuming a spherical geometry for the oxide par-
ticles. The results compiled in Table 2 reveal that the larger
size corresponds to Co3O4 particles in the monometallic
catalyst (21 nm), while it is slightly reduced (17 nm) for the
parent Fe10-c sample. It can also be seen that the size of
the Co3O4 particles decreases upon adding iron, and this
drop is even more marked for sample CoFe10/5-c. Finally,
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no attempt was made to calculate the size of the iron oxide
particles in the CoFe10/1-c sample because of the extreme
broadening of the Fe2O3 diffraction lines. This fact indi-
cates that the particle size should be below 5 nm, which is
the limit for applying the Scherrer equation.

Table 2. Crystallite size of supported nanoparticles for the calcined
and reduced systems.

Sample XRD phases 2θ [°] Crystal size [nm]

Co10-c Co3O4 44.38 21
Fe10-c Fe2O3 44.75 18

CoFe10/5-c Co3O4 44.22 14
Fe2O3 45.03 14

CoFe10/1-c Co3O4 44.33 17
Fe2O3 42.49 –

Co10-c (H2) Co0 44.38 17
Fe10-c (H2) Fe0 44.75 22

CoFe10/5-c (H2) Co0 44.22 10
Fe3Co7 45.03 23

CoFe10/1-c (H2) Co0 44.33 10
Fe3Co7 42.49 11

Reduced Samples

The pattern of the Co10-c sample reduced in H2 at 773 K
shows diffraction lines belonging to the (111), (220) and
(311) planes of the fcc Co0 crystallites (JCPDS card 1-
1255). The lattice parameter found for cubic Co0 is a =
3.541 Å. No hexagonal structure is observed because the
reduction temperature is too high to achieve this type of
crystal structure. The diffraction lines of CoO are still ob-
served, which indicates than the cobalt phase has not been
reduced completely, although their intensity is lower than
that of the oxide sample. A broad feature at about 22° 2θ
arising from the amorphous silica substrate is also found.

The reduction profile of the Fe10-c sample is shown in
Figure 2B. Diffraction lines of metallic α-Fe (JCPDS card
6-696) and FeO (JCPDS card 75-1150) are observed, al-
though the intensity of the peaks of the latter phase is weak.
The absence of hematite (Fe2O3) or magnetite (Fe3O4)
phases indicates that the reduction is in the final stage. The
lattice parameter found for this species is a = 2.863 Å.

The diffraction profiles of the dimetallic CoFe10/5-c and
CoFe10/1-c samples are also displayed in Figure 2B. Besides
the species found in the monometallic samples, new diffrac-
tion lines belonging to a FeCo phase are observed. These
new peaks — the most intense one in both diffraction pat-
terns occurrs at 2θ ≈ 45° — correspond to the (110) plane of
the Co7Fe3 alloy (JCPDS card 48-1818) with a bcc crystal
structure. This indicates that most of the cobalt and iron
phases are involved in this alloy. Some additional peaks ob-
served in both reduced samples can be indexed to metallic
Co and cobalt oxide, although apparently no lines for a
metallic iron phase are present. This fact could be due to
an overlapping of these lines with those assigned to cobalt
and to the Co7Fe3 alloy, since the ionic radii are very sim-
ilar. The intensity of the main diffraction line characteristic
of the alloy in the reduced CoFe10/1-c sample is lower than
that of metallic Co0, which contrasts with the proportion
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obtained for the reduced CoFe10/5-c sample and is in ac-
cordance with the relative proportions of Co and Fe in this
sample. Both metallic species found in the dimetallic sys-
tems present very similar lattice parameters. The following
lattice parameters are found for both systems: a = 2.842 Å,
which corresponds to Co0, and a = 3.541 Å, which corre-
sponds to the CoFe alloy.

The mean particle size was determined by X-ray line
broadening according to the Scherrer equation (Table 2).
For this calculation, the (111) plane of metallic Co, the
(110) plane for metallic Fe and the (110) plane for the Co-
Fe alloy phases were selected. A comparison of the crystal-
lite sizes for both reduced and calcined samples shows an
increase in crystallite phase during the reduction because of
sintering of the metal phase. In addition, the extent of sin-
tering is higher in Fe10-c than in Co10-c. For the dimetallic
catalysts, an increase in alloy particle size is observed in
CoFe10/5-c. Finally, the crystallite size of Co0 in both di-
metallic samples is similar but lower than for Co10-c, which
suggests that alloy formation inhibits the sintering of Co0

particles.

Morphology and Phase Distribution

Calcined Samples

The morphology of the samples was studied by electron
microscopy and line profile analysis (LPA). The LPA tech-
nique allows the determination of the catalyst surface top-
ology as well as the active-phase disposition, the metallic
particle size and the surface state of the support. Fig-
ures 3A and 3C show SEM micrographs of cobalt, while
Figures 3B and 3D display micrographs of monometallic
silica-supported samples taken at two different magnifica-
tions. No differences were found for these two types of sam-
ples. The surface is made up of particles of irregular shape
and size ranging from 2 to 25 µm. The particles are de-
limited by well-defined faces formed by laminar exfoliation
(A and B). Higher magnification images (C and D) indicate

Figure 3. SEM images of calcined Co10-c (A and C) and Fe10-c
(B and D).
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the presence of uniformly developed spherical particles,
about 0.2 µm in size, with compact packing. The SEM
micrographs of the dimetallic samples do not show any dif-
ferences with respect to those of the monometallic samples.

The LPA analysis indicates a very irregular profile for
silicon, with holes and protuberances of different sizes,
depths and heights. However, the profile belonging to co-
balt is more homogeneous and is consistent with a well-
dispersed phase. Similarly, LPA analysis of the monometal-
lic Fe10-c sample shows a silicon profile resembling that of
the cobalt counterpart (Co10-c), although the iron profile
reflects a wider size distribution of the iron oxide particles.
In addition, the LPA profiles for the dimetallic CoFe10/5-c
and CoFe10/1-c samples indicate that both cobalt and iron
profiles are more homogeneous than in the monometallic
ones, thereby suggesting a better distribution of the Co3O4

and Fe2O3 phases across the surface.
The cobalt and iron mono- and dimetallic systems were

also analysed by TEM with the aim of determining the
form, shape and distribution of the particles on the silica

Figure 4. TEM images of (A) Co10-c and (B) Fe10-c; (C) TEM images of CoFe10/5-c reduced in H2 at 773 K, with a high resolution
image on the right. Inset: the electron diffraction pattern.
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support. The TEM images of Co10-c show spherical par-
ticles with non-uniform sizes within each SiO2 particle. The
same is true for other SiO2 particles. The size of the cobalt
oxide particles falls between 0.1 and 1 µm (Figure 4A). Riva
et al.[61] have performed a TEM analysis of silica-supported
cobalt oxides and found that metal oxide particles form
spherical aggregates both inside and on the surface of silica
particles, with non-uniform sizes and a mean diameter of
between 0.3 and 0.5 µm. On the contrary, the micrograph
of Fe10-c shows that iron oxide particles are not spherical
as in the case of Co10-c (Figure 4B). In addition, non-uni-
form aggregates, with sizes ranging from 0.1 to 1 µm, are
formed on each silica particle. Elemental analysis was also
performed on individual particles, and the results indicated
that they are mainly made up of iron and oxygen. XRD,
XPS and Mössbauer spectroscopy revealed Fe2O3 to be the
only phase present. Finally, the TEM images of CoFe10/5-
c and CoFe10/1-c revealed that the particle size diminishes
with respect to the monometallic samples, which is in good
agreement with the Mössbauer data.
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Reduced Samples

Co10-c, Fe10-c and dimetallic samples reduced in hydro-
gen at 773 K were analysed by TEM with the aim of com-
paring the size, shape and distribution of the metal particles
with respect to the fresh counterparts. The TEM images of
Co10-c show that the size and shape of some particles re-
main unchanged upon reduction. In addition, a certain
fraction of particles lose their spherical form and form
other non-uniform aggregates. The reduced Fe10-c sample
behaves similarly. The TEM image of reduced CoFe10/5-c
displayed in Figure 4B reveals that the particles present an
irregular shape and appear better dispersed on the silica
substrate. Electron nanodiffraction taken on a large particle
(Figure 4B) confirms the formation of an iron-cobalt alloy.
This phase was also confirmed by XRD, XPS and Möss-
bauer spectroscopy.

Bulk Structures of Iron-Containing Catalysts (Mössbauer
Spectroscopy)

Oxide Samples

The bulk structure of iron-containing catalysts was re-
vealed by Mössbauer spectroscopy, and both the chemical
state and relative abundance of iron and cobalt at the cata-

Figure 5. Mössbauer spectra of calcined (A) Fe10-c and (B) CoFe10/5-c; Mössbauer spectra of (C) Fe10-c and (D) CoFe10/5-c reduced
in H2 at 773 K.
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lyst surface was determined by photoelectron spectroscopy.
The iron-containing samples were characterised by Möss-
bauer spectroscopy with the aim of determining the local
environment of the iron species and their concentration.
Only the two calcined Fe10-c and CoFe10/5-c samples were
analysed by this technique. The other dimetallic sample
(CoFe10/1-c), which contains a much lower amount of iron
(1 wt.-%), was not studied since its signal is too weak to
get reliable information. Figure 5A displays the Mössbauer
spectrum of sample Fe10-c. It includes two components: a
paramagnetic doublet assigned to highly dispersed Fe3+ and
a magnetic sextet related to iron(III) oxide particles with a
particle size larger than that responsible for the doublet.
The hyperfine field corresponding to the sextet (50.4 T) is
lower than that of bulk α-Fe2O3 (51.5 T).[62,63] This fact
points to the presence of small α-Fe2O3 particles with a dia-
meter of between 7 and 12 nm.[64] α-Fe2O3 species are the
only species detected by Mössbauer analysis of the calcined
Fe10-c sample, in agreement with the XRD pattern analysis
presented above. The isomer shift (δ), quadrupolar shift
(QS), quadrupolar magnetic field (Hhf) and weight concen-
tration of each species were measured and are reported in
Table 3. It can be seen that α-Fe2O3 crystallites form the
major phase (71%), while the proportion of Fe3+ nanopar-
ticles is substantially lower (29%). In addition, these results
indicate that the dispersion degree of the major phase (α-
Fe2O3) is rather low.
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Table 3. Mössbauer parameters for the systems Fe10-c and
CoFe10/5-c calcined and reduced with H2 at 773 K.

Sample Components δ QS Hhf %
[mm s–1] [mm s–1] [T]

Fe10-c α-Fe2O3 0.37 0.21 50.4 71
α-Fe2O3 (nano-size) 0.33 0.71 – 29

CoFe10/5-c α-Fe2O3 0.37 0.21 50.7 69
α-Fe2O3 (nano-size) 0.32 0.71 – 31

Fe10-c (H2) α-Fe 0.00 0.01 33.2 39
α-Fe2O3 (nano-size) 0.33 0.92 – 20

Fe1–xO 0.79 0.87 – 38
Fe2+ (Fe2SiO4) 1.12 2.07 – 3

CoFe10/5-c (H2) Co-Fe 0.01 0.01 33.9 76
α-Fe2O3 (nano-size) 0.32 0.71 – 24

The Mössbauer spectrum of the calcined CoFe10/5-c
sample (Figure 5B) is quite similar to that of the monome-
tallic Fe10-c sample. The appearance of a sextet suggests
the presence of ferromagnetic particles that correspond to
iron(III) oxide, while the doublet (δ = 0.32 mms–1, QS =
0.71 mms–1) is characteristic of highly dispersed Fe3+ ions,
thus revealing the existence of nanometre-sized particles (5–
10 nm). From the data collected in Table 3, it can be in-
ferred that the proportion of α-Fe2O3 and nano-sized FeIII

oxide particles in the calcined CoFe10/5-c sample is similar
to that found in monometallic Fe10-c.

Reduced Samples

The local environment of the iron atoms in H2-reduced
iron-containing samples was revealed by Mössbauer spec-
troscopy. The Mössbauer spectrum of Fe10-c after re-
duction with hydrogen at 773 K for 2 h is displayed in Fig-
ure 5C. This spectrum can be fitted by four components: (i)
a magnetic sextet that corresponds to α-Fe, (ii) a paramag-
netic doublet due to small iron oxide particles (α-Fe2O3)
similar to the one found in the calcined sample, and (iii)
two paramagnetic doublets corresponding to Fe2+ species.
It should be emphasised that one of these latter doublets
has a low isomer shift, which suggests that the Fe2+ ions
have a low coordination number (tetrahedral coordination),
while the other doublet has an isomer shift characteristic
of octahedral coordination.[65,66] No magnetic component
belonging to Fe3O4 was found after hydrogen reduction.
This observation agrees with previous studies by Yuen et
al.[67] and Weilers et al.[68] Thus, for hydrogen-reduced sil-
ica-supported iron samples, Yuen et al.[54] observed the
presence of two doublets corresponding to Fe2+ species
with different coordination environments: an inner doublet
attributed to low-coordinate cations strongly interacting
with the substrate and an external doublet assigned to high-
coordinate Fe2+ cations present in highly dispersed iron ox-
ide particles. A somewhat different interpretation of these
two doublets was proposed by Bjerne et al.[69] These au-
thors suggested that both components correspond to super-
ficial iron silicates with different symmetry (tetrahedral and
octahedral environment). The Mössbauer parameters found
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in the H2-reduced Fe10-c sample are collected in Table 3
and are similar to the ones reported by these authors. The
assignment of the parameters was done on the basis of
studies by Cagnoli et al.[70] and Hobson et al.,[66] in which
the doublet with δ = 0.76 mms–1 and ∆QS = 0.98 mms–1

was assigned to small FeO crystallites supported on the
SiO2 substrate. For the second doublet, the large differences
between the obtained quadrupole shift and the one re-
ported in the literature for Fe1–xO species suggests the exis-
tence of Fe2+ particles interacting strongly with the support.
The quadrupole shift of this second doublet is similar to
that reported in the literature for different Fe2SiO4 spe-
cies.[71,72] Indeed, the reduction of these iron silicate species
to iron metal [Equation (1)] is extremely difficult and hence
requires high temperatures.

Fe2SiO4 + H2 � 2Fe + SiO2 + H2O (1)

Figure 5D depicts the Mössbauer spectrum of the
CoFe10/5-c sample reduced under hydrogen at 773 K for
2 h. The Mössbauer spectrum of this sample arises from
the convolution of a magnetic sextet and a paramagnetic
doublet. The values of the hyperfine field (H) obtained for
the sextet points to the appearance of the CoFe alloy. John-
son et al.[73] have collected a sequence of values for different
CoFe alloys between 34.6 and 35.6 T. The value of the hy-
perfine field (33.9 T) found for the H2-reduced CoFe10/5-c
sample is similar to that reported by other authors.[74,75]

The paramagnetic doublet can be assigned to small Fe2O3

particles highly dispersed on the silica surface. In favour of
this assignment is the work of Huang et al.,[76] who pro-
posed that this paramagnetic doublet arises from iron(III)
particles exchanged with the silica, which are, indeed, very
difficult to reduce.

Surface Structures

Oxide Samples

The chemical state and relative abundance of cobalt-
and/or iron oxides at the silica surface were determined by
photoelectron spectroscopy. Figure 6A shows the energy re-
gion corresponding to the Co 2p3/2 core levels in calcined
Co10-c. This peak can be resolved, after curve-fitting pro-
cedures, into two components belonging to the Co2+ and
Co3+ ions present in the two samples. From this compari-
son, it is evident that the Co3O4 spinel phase is present in
the sample Co10-c. The first peak at 780.0 eV can be as-
cribed to Co3+ in an octahedral environment, while that
at 782.5 eV can be assigned to Co2+ ions in a tetrahedral
environment.[57] Similarly, the XP spectrum of the Fe
2p3/2 core level of calcined Fe10-c is displayed in Figure 6B.
This suggests that hematite (Fe2O3) is the only species pres-
ent in the calcined Fe10-c sample.

Figures 6C and 6D show the energy regions correspond-
ing to the Co 2p3/2 and Fe 2p3/2 core-levels of the calcined
CoFe10/5-c sample. The similarity between the peak posi-
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Figure 6. XPS profiles of (A) Co10-c, (B) Fe10-c and (C and D)
CoFe10/5-c calcined and reduced with H2 at 773 K.

tions and line profiles in the Co 2p3/2 and Fe 2p3/2 regions
for the calcined CoFe10/5-c sample and those of the respec-
tive Co10-c and Fe10-c monometallic samples is an indica-
tion that the cobalt- and iron oxide phases are the same as
in the monometallic systems, that is, Co3O4 and Fe2O3 are
the only phases detected. As is the case with Co10-c, a shift
in the binding energy of the Co 2p3/2 peak of CoFe10/5 is
observed relative to bulk Co3O4 because of the presence of
metal–substrate interactions. As the binding energies of the
Co 2p3/2 and Fe 2p3/2 levels for CoFe10/5-c are practically
the same as those found for the monometallic samples, it
can be inferred that the Co–Fe interaction in the calcined
sample, if any, is very weak. Finally, it should be empha-
sised that both CoFe10/5-c and CoFe10/1-c were analysed
but the signal-to-noise ratio in the Fe 2p3/2 region for the
latter sample was too low to be measured accurately and
hence no further attention was paid to this level.
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Reduced Samples

The chemical state of the elements and their relative
abundances on the catalyst surface after reduction were re-
vealed by photoelectron spectroscopy. Figure 6A depicts
the Co 2p3/2 peaks of Co10-c after reduction. The calcined
Co10-c sample shows two components: one associated with
Co3+ in an octahedral position and the other assigned to
Co2+ in the tetrahedral position of the Co3O4 spinel.[77,78]

Upon reduction with H2, three components are observed:
octahedral Co3+ ions present in an unreduced Co3O4

phase,[57,77] octahedral Co2+ ions in CoO[79–81] and
Co0.[81–83] Figure 6B shows the Fe 2p3/2 core-level spectrum
of Fe10-c after reduction. The fresh sample exhibits one
component assigned to Fe3+ (Fe2O3), whereas the reduced
sample displays three components, one due to Fe3+ in a
non-reduced Fe2O3

[84] phase, the second due to Fe2+

(FeO),[85,86] and the third due to metallic iron.[84,87]

Figure 6C shows the Co 2p3/2 and Fe 2p3/2 regions of
CoFe10/5-c. Some differences are observed for the reduced
samples. Although the profiles of the dimetallic and mono-
metallic samples are similar, the binding energies of the Co0

and Fe0 species are different, which suggests that a Co-Fe
alloy is formed in the dimetallic samples. It is apparent from
the binding energies that the reduction of iron oxide is facil-
itated in the presence of cobalt,[88] while the reduction of
cobalt oxide in close interaction with iron oxide is partly
inhibited. This observation agrees with the results reported
in the literature[89] and is consistent with the TPR data.
Table 4 shows the metal/support surface ratios. An increase
in the amount of surface metallic phase is observed for the
dimetallic catalyst after reduction.

Table 4. Surface metal/Si ratios obtained by XPS.

Sample Oxide H2 reduced (773 K)
Co/Si Fe/Si Co/Si Fe/Si

Co10-c 0.01 – 0.01 –
Fe10-c – 0.01 – 0.01

CoFe10/5-c 0.01 0.01 0.02 0.02

Redox Properties

An insight into the structure of the supported metal ox-
ide phase can be derived from programmed reduction ex-
periments. The reduction profile of Co10-c and a bulk
Co3O4 reference are shown in Figure 7A. The reduction
profile of Co10-c shows two peaks that are similar to those
observed in the bulk Co3O4 oxide. These profiles point to
a two-step reduction process: the first one involving low H2

consumption starts at about 475 K and overlaps with the
more intense second one whose maximum is placed at
about 630 K. Thus, the reduction of Co3O4 can be de-
scribed by the reduction of Co3+ ions present in the spinel
structure to Co2+ [Equation (2)], with the subsequent struc-
tural change to CoO, followed by the reduction of CoO to
metallic cobalt [Equation (3)].[90–92]
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Figure 7. A comparison of the TPR profiles: (A) Co3O4 (dashed line) vs. Co10-c (solid line); (B) Fe2O3 (dashed line) vs. Fe10-c (solid
line); (C) CoFe101/5-c (dashed line) and CoFe10/1-c (solid line).

Co3O4 + H2 � 3CoO + H2O (2)

3 CoO + 3H2 � 3Co + 3H2O (3)

The reduction profile of Co10-c shows a very intense
peak, which includes contributions at 558 and 587 K, asso-
ciated to the two reduction steps found in bulk Co3O4, al-
though shifted to lower temperatures as a consequence of
lower crystallite sizes of supported phase. Deconvolution of
the reduction peak into two components reveals that the
ratio between the hydrogen consumption for the first peak
and the second peak is 1:3, which is consistent with the
two-step reduction depicted in Equations (2) and (3) and
agrees with literature findings.[93–98] H2 consumption still
continues in the range 770–1000 K, and then tends to in-
crease again at higher temperature. The broad H2 consump-
tion peak in the range 770–1000 K could reasonably be at-
tributed to the reduction of cobalt species placed in the in-

Eur. J. Inorg. Chem. 2006, 5057–5068 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5065

ternal cavities of the support, where the reduction process
should be limited by H2O diffusion through the pores.[90,93]

This interpretation is supported by the XPS results, which
point to a low surface concentration of Co2+. The hydrogen
consumption between 950 and 1000 K could be due to the
reduction of a cobalt silicate phase, which could not be de-
tected by other techniques. Therefore, the similarity of the
reduction profiles for Co10-c and bulk Co3O4 up to 770 K
can be taken as an indication that most of the cobalt oxide
species in Co10-c interact weakly with the silica substrate.

Figure 7B shows the reduction profiles of calcined Fe10-
c and bulk Fe2O3 as reference. The reduction of bulk hema-
tite (α-Fe2O3) occurs via magnetite (Fe3O4) and wustite
(FeO) to zero-valent metallic iron.[99,100] FeO formation is
not observed as wustite is a metastable phase below
843 K[99,100] and disproportionates into Fe3O4 and Fe0. Two
well-defined peaks are observed in the Fe2O3 reduction pro-
file: the first is narrow, with a maximum at 654 K, and the
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second is wider and asymmetric, with a maximum at 886 K.
Thus, the two-stage reduction of Fe2O3 can be described by
Equations (4) and (5).

3Fe2O3 + H2 � 3Fe3O4 (4)

Fe3O4 + 4H2 � 3Fe + 4H2O (5)

FeO formation is not detected under the reduction condi-
tions employed in this work. However, the reduction profile
of Fe10-c exhibits three peaks arising from the reduction of
iron species through the consecutive steps Fe2O3 � Fe3O4

� FeO � Fe0 according to Equations (6), (7) and (8).[99]

3Fe2O3 + H2 � 3Fe3O4 (6)

Fe3O4 + H2 � 2FeO (7)

FeO + H2 � 2Fe + H2O (8)

The similarity in reduction temperatures for both bulk
Fe2O3 and Fe10-c suggests a weak metal–support interac-
tion in the first reduction stage, as for Co10-c. The only
major difference between them is the absence of the re-
duction stage of magnetite to wustite.

The reduction profiles of mono- and dimetallic cobalt
samples were also recorded and are compared in Figure 7C.
Quantitative analysis of these reduction profiles is difficult
because the iron oxide reduction steps are overshadowed by
the cobalt oxide ones. Nevertheless an interaction between
both oxides can be inferred from the changes in the re-
duction of both iron- and cobalt oxides. It appears that the
cobalt oxide reduction is inhibited by iron oxide — this is
more evident for CoFe10/5-c — while the iron oxide re-
duction is favoured by the presence of cobalt oxide. As can
be seen by Mössbauer spectroscopy, a CoFe alloy is formed
in this sample upon reduction. Thus, it is likely that this
interaction between both metal oxides is responsible for al-
loy formation.

An important observation for all reduction profiles is
that H2 consumption continues above 1100 K. As men-
tioned above, the species that are reduced at high tempera-
ture could be metallic silicates, i.e. Co2SiO4 and Fe2SiO4, or
ionic species placed inside the support cavities.

Conclusions

A detailed analysis of the data derived from mono- and
dimetallic silica-supported cobalt-iron systems has allowed
us to draw the following conclusions: (i) the textural proper-
ties of the supported oxide phases are not influenced by the
calcination of the oxide precursors; (ii) the results obtained
by XRD, XPS and Mössbauer spectroscopy do not show
the development of a cobalt–iron interaction in the calcined
oxides — the dimetallic systems only show separate Co3O4

and Fe2O3 phases and in no case are cobalt–iron mixed
oxides detected. The quantitative data also show that the
dispersion degree of the cobalt- and iron oxides is very low;
(iii) pre-treatment of the supported cobalt oxide nanopar-
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ticles under a hydrogen atmosphere does not promote the
formation of a metal–support interaction; (iv) a cobalt–iron
interaction is observed in dimetallic systems after reduction,
and as a result of this interaction, the reducibility of cobalt
oxide is partly inhibited while that of iron oxide follows an
opposite trend. The XRD patterns and photoelectron and
Mössbauer spectra are conclusive for the formation of an
iron-cobalt alloy in the hydrogen-reduced samples.

Experimental Section
Catalyst Preparation: Silica-supported cobalt- and/or iron oxides
were prepared by the wetness impregnation method on a silica car-
rier (Grace Davison; specific surface area of 310 m2 g–1, pore vol-
ume of 1.22 m2 g–1) with aqueous solutions of cobalt nitrate
[Co(NO3)2·6H2O, Merck reagent grade] and iron nitrate [Fe-
(NO3)3·9H2O, Merck reagent grade]. Monometallic cobalt and iron
catalysts were prepared by the appropriate concentration of the
above salts to achieve a final metal amount of 10 wt.-%. These
samples are labelled Co10-c and Fe10-c, respectively. Two dimet-
allic FeCo-supported catalysts containing a fixed amount of cobalt
(10 wt.-%) and different amounts of Fe (1 and 5 wt.-%, labelled
CoFe10/1-c and CoFe10–5c, respectively) were prepared by simul-
taneous impregnation with a solution containing both cobalt and
iron salts. All impregnates were dried at 393 K overnight and cal-
cined at 773 K under flowing air for 2 h.

Catalyst Characterisation: The cobalt content of the catalyst was
determined by the ICP technique using a Perkin–Elmer Optima
3300 DV apparatus. Specific areas were calculated using the BET
method from the nitrogen adsorption isotherms, recorded at the
temperature of liquid nitrogen using a Micromeritics apparatus
(model ASAP-2000) with a value of 0.162 nm2 for the cross-sec-
tional area of the N2 molecule adsorbed at 77 K. Samples were
degassed at 423 K prior to adsorption measurements.

The powder XRD patterns of the precursor and calcined samples
were recorded with a Seifert 3000 P diffractometer using nickel-
filtered Cu-Kα1 (λ = 0.15406 nm) radiation. A scanning step of
0.02° was taken between 5 and 80° Bragg angles.

Temperature-programmed reduction (TPR) experiments were car-
ried out with a Micromeritics TPD/TPR 2900 apparatus equipped
with a thermal conductivity detector. Reduction profiles were ob-
tained by passing a 10% H2/Ar flow at a rate of 50 mL (STP) per
minute through the sample (weight about 30 mg). The temperature
was increased from 300 to 1273 K at a rate of 10 Kmin–1, and the
amount of hydrogen consumed was determined as a function of
temperature. Under these conditions, the line profile and peak posi-
tion can be measured accurately. The effluent gas was passed
through a cold trap placed before the TCD in order to remove
water from the exit stream of the reactor.

SEM images were recorded with an ISI DS-130 microscope cou-
pled to a solid-state Si/Li Kevex detector and a SUN SparcStation
5 for acquiring and processing energy-dispersive X-ray (EDX) spec-
tra. Powder samples were converted into flat pellets and coated
with a thin graphite layer to prevent the accumulation of static
charge derived from the electron beam. Transmission electron
micrographs were recorded with a Fei Tecnai G30 microscope. The
acceleration voltage was set at 200 kV. The powdered sample was
first suspended in acetone, after which a drop of the suspension
was deposited on a copper grid covered with a fine carbon film
evaporated under vacuum.
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Surface analysis was carried out with a VG Escalab 200R electron
spectrometer equipped with an Mg-Kα X-ray source and a hemi-
spherical electron analyser. The powder samples were pressed in 8-
mm-diameter copper troughs and then mounted on a sample rod
placed in a pre-treatment chamber and heated under vacuum at
373 K for 1 h prior to being moved into the analysis chamber. The
base pressure in the analysis chamber was maintained below
4�10–9 mbar during data acquisition. The area under analysis was
about 2.4 mm2, and the pass energy of the analyser was set at 50 eV,
for which the resolution as measured by the full width at half maxi-
mum (FWHM) of the Au 4f7/2 core level was 1.7 eV. The binding
energies were referenced to the C 1s peak at 284.9 eV due to adven-
titious carbon. Data processing was performed with the XPS peak
program, the spectra were decomposed with the least-squares fit-
ting routine provided with the software with Gaussian/Lorentzian
(90/10) product function and after subtracting a Shirley back-
ground. Atomic fractions were calculated using peak areas normal-
ised on the basis of sensitivity factors.[101]

Mössbauer spectra were recorded in a sinusoidal mode using a
transmission spectrometer with a 57Co/Rh source. Spectral analyses
were performed by non-linear fit using the NORMOS[102] program,
and energy calibrations were accomplished with an α-Fe (6 µm)
foil.
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A number of organometallic and related iron-containing
compounds have been examined by transmission 57Fe Möss-
bauer spectroscopy in modest (0–2.4 T) magnetic fields in or-
der to determine the sign of the quadrupole-splitting hyper-
fine parameter (QS) as well as the internal magnetic field in
derived paramagnetic solids. A computer program has been
developed to extract these parameters from the spectroscopic

Introduction

Diamagnetic and paramagnetic iron compounds may
display 57Fe Mössbauer spectra composed of a pure quad-
rupole doublet. The quadrupole splitting (QS) of this doub-
let is given by:

QS = ½ e2qQ(1 + 1/3η2)½

where e2qQ is the quadrupole interaction and η is the value
of the electric field gradient anisotropy [η = (Vxx – Vyy)/
Vzz]. It is well known that magnetic fields acting on the
Mössbauer absorber nuclei will change the spectra in such
a way that the sign of the quadrupole interaction can be
obtained. However, perturbations that will yield definite
and readily observable results require magnetic fields above
2 T. Such measurements have been carried out in the past
and the underlying theory has been worked out to various
degrees of approximation.[1]

Here we present a theoretical treatment for the case of
an applied magnetic field perpendicular to the γ-ray. The
theory contains the diagonalization of the full Hamiltonian
for any orientation of the local electric field gradient (EFG)
main axis to the magnetic field. For powder samples an
averaging over all possible random orientations is per-
formed, taking into account the anisotropy of the Möss-
bauer recoil-free fraction. A computer program has been
developed that uses this theory to least-square fit the simu-
lated spectra to the experimental spectra, yielding the sign
of the quadrupole interaction even for the low applied mag-
netic fields available in most laboratories. In addition to the
value of the quadrupole interaction and η, the spectra yield

[a] Racah Institute of Physics, The Hebrew University,
Jerusalem 91904, Israel
E-mail: nowik@vms.huji.ac.il

Eur. J. Inorg. Chem. 2006, 5069–5075 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5069

data. The sign of the QS is found to be positive in the neutral
ferrocenoid solids and negative in the derived cationic com-
plexes. The internal hyperfine field makes a positive contri-
bution in the cationic ferrocenoids and a negative contri-
bution in FeF2 and Fe(phen)2(SCN)2.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

the effective magnetic field acting on the nucleus. In para-
magnetic compounds this is not necessarily equal to the ap-
plied magnetic field, and yields the value and sign of the
induced magnetic internal hyperfine field. For axial cases (η
= 0) the analysis also yields the mean square vibrational
anisotropy parameter N = k2(‹x2

par› – ‹x2
per›).[2] If the sam-

ples studied contain texture effects, the theory will take this
into account and determine the fraction aligned in the
plane of the absorber. The method is applied to the study of
powders of diamagnetic and paramagnetic iron-containing
organometallics.

Theory

We have chosen the laboratory coordinate system (x, y,
z) in which the γ-ray is along the “x” axis, and the magnetic
field is in the plane of the absorber, along the “z” axis. The
orientation of the randomly distributed axial EFG is along
(sin θ cos φ, sin θ sin φ, cos θ), defined as the local coordi-
nate system z� axis (see Figure 1). For calculating the Möss-
bauer nuclear level energies and transition probabilities the
quantization axis is chosen to be that of the magnetic field,
the laboratory “z” axis. This simplifies the considerations
of the absorption line intensities’ dependence on the direc-
tion of the γ-ray.

Thus the Hamiltonian H for the 57Fe excited level (I =
3/2) has the general, non-axial quadrupole form (1):

H = gexcHeffIz + (e2qQ/12)[3 Iz�
2 – I(I + 1) + η(Ix�

2 – Iy�
2)] (1)

Here the magnetic term is defined in the laboratory sys-
tem, whereas the quadrupole interaction is in the local co-
ordinate system. In the case of axial symmetry, when η = 0,
the calculation of the matrix elements of the quadrupole
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Figure 1. The experimental layout in the laboratory coordinate sys-
tem. The γ-ray is in the z = 0 plane; its direction is chosen to be
the x axis so that the absorber is in the x = 0 plane.

interaction term in the laboratory coordinate system be-
comes very simple. The formulas for the matrix elements
have all been calculated.[3] The Hamiltonian matrix is real
symmetric, and its eigenvalues and eigenvectors do not de-
pend on the angle φ, as is also obvious from the symmetry
of the experimental situation shown in Figure 1. Thus the
diagonalization of this Hamiltonian and that of the ground
state (in the particular choice of quantization axis chosen
here, no diagonalization is required for the ground state, I
= ½) yields the energies Eexc(i) (i = 1, 4) and Egr(j) (j = 1,
2) and the corresponding wave functions |ψexc,i› and |ψgr,j›,
where all depend on Heff, eqQ, and θ. These wave functions
are mixtures of pure |I,m› nuclear wave functions. The nu-
clear transition probabilities for the nuclear magnetic dipole
transition operator Tq, where q = ∆m = –1,0,1 correspond-
ing to the ∆m = 0 and ∆m = �1 pure nuclear transitions,
is given by: |‹ψexc,i|Tq|ψgr,j›|2. The matrix elements
‹mex|Tq|mgr› are proportional to the Clebsch–Gordan coeffi-
cients yielding the 3:2:1 line intensities for a normal mag-
netic powder Mössbauer spectrum. As our quantization z
axis is at an angle π/2 relative to the γ-ray, the γ-ray is along
an arbitrary chosen “x” axis, and the electric field gradient
z� axis is at angle β [cos(β) = sin(θ) cos(φ)] relative to the γ-
ray, the total Tij intensity, considering angular dependence
of the various nuclear transitions, will be given by the equa-
tions in ref.[4] or ref.[5], which leads to (2):

Tij(θ, φ) = Σq = –1,0,1 |‹ψexc, i|Tq|ψgr, j›|2 Pq exp(–Ncos2β) (2)

Here the constants Pq are: P0 = 1 and P�1 = ½. The
exponent exp(–Ncos2β) reflects the anisotropy in the recoil-
free fraction defined earlier.[2] The Mössbauer spectrum for
a perfect powder sample is now given by the double integral
over all orientations of the EFG, namely (3):

SP(ω) = (1/4π)�0�π sin θ dθ Σi,j L[ω, Γ, Eij(θ)] �0�2π Tij(θ, φ) dφ
(3)

where L(ω, Γ, E) is the Lorentzian Mössbauer absorption
line shape, and ω and Γ are the γ-ray energy and the natural
absorption line width, respectively. In the case of non-axial
symmetry (η � 0), the full Hamiltonian of Equation (1) has
to be diagonalized and then the energies and wave functions
depend on all three Euler angles of the transformation be-
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tween the local and the laboratory coordinate system, which
makes the situation more complicated and will be discussed
below.

The Texture Effect

If intentionally (or unintentionally) the crystallites in the
absorber holder are aligned in the plane, namely their local
z� axis (Figure 1) is randomly distributed in the x = 0 ab-
sorber plane, the calculation of the expected Mössbauer
spectrum is simplified. In the present case the angle φ is
fixed to the value ½π, which means that in Equation (2) we
have to replace φ by ½π (cos φ = 0), and the formula for
the final spectrum (3) takes the form (4):

STex(ω) = (1/π) �0�π Σi,j L[ω, Γ, Eij(θ)] Tij(θ) dθ (4)

If the texture effect is partial, then the observed experi-
mental spectrum is a superposition of Equations (3) and
(4), namely (5):

STotal(ω) = a SP(ω) + (1 – a) STex(ω) (5)

Thus if a texture effect is present it adds only one extra
parameter (a) to the least-square fitting procedure.

Non-Axial Quadrupole Interactions

In the general case where η � 0 in Equation (1) one has
to transform the electric field gradient second-order tensor
expressed as a diagonal matrix (Vx�x�, Vy�y�, Vz�z�) in the
local (x�, y�, z�) coordinate system into the (x, y, z) labora-
tory coordinate system by three Eulerian angles (φ, θ, ψ),[6]

and one obtains a nondiagonal, though symmetric, matrix
(Vij). Then it is necessary to calculate all the matrix ele-
ments of the Hamiltonian in Equation (1), which is now a
complex, Hermitian matrix. The quadrupole Hamiltonian
has now its more general form (6):

HQ = ½ Σij Vij Qij (6)

where the nuclear operators are:[7] Qij = ½ (Ii Ij + Ij Ii) –
1�3 δij I(I + 1)

If we identify V�z�z� with e2qQ/12 and V as the rotational
second-order tensor matrix transform of V�, then the matrix
elements of HQ are as shown in (7):

‹m |HQ| m› = Vzz (3m2 – I(I + 1))
‹m + 1 |HQ| m› = (Vxz – iVyz) (2m + 1) (I(I + 1) – m(m + 1))½

‹m + 2 |HQ| m› = ½ (Vxx – Vyy – 2iVxy) ((I(I + 1) –
m(m + 1)) ((I(I + 1) – (m + 1)(m + 2)))½ (7)

After diagonalization of the total Hamiltonian it is pos-
sible to calculate the associated spectra and average out
over all possible orientations of the electric field gradient
(z� axis in Figure 1). Here an additional averaging over the
angle ψ has to be performed. The angle between the quanti-
zation axis and γ-ray is still π/2. The anisotropy in the re-
coil-free fraction is now non-axial and the parameter N is
not enough to represent the real situation. However we in-
clude this term in the program, as it is better than to ignore
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it completely. The angle β between the local z� axis and the
γ-ray is still cos(β) = sin(θ) cos(φ), as is obvious from Fig-
ure 1. This procedure was converted to two computer pro-
grams. One program is very simple, used only for η = 0, and
works very fast (five least-square fit iterations with eight
free parameters and 400 points on the unit sphere), within
less than a second on an HP AlphaServer DS20E computer.
The other program, used for η � 0, also works well, though
it consumes much more (several minutes) computing time
than the former. In order to test the programs, simulated
spectra for various η values (keeping a positive quadrupole
interaction QS = 2.5 mms–1 and Hext = 2.4 T) have been
calculated and are shown in Figure 2. One observes that for
η = 1 the spectrum is symmetric and for η = 3 the spectrum
is identical to the η = 0 case but with a negative quadrupole
interaction. These observations are in agreement with those
expected theoretically, and thus show that the program
yields correct results.

Figure 2. Mössbauer spectra simulations, for various η values, em-
ploying the program described in the text.

Paramagnetic Compounds

In the case of paramagnetic compounds, the effective
magnetic field (Heff) acting on the nucleus is not equal to
the external magnetic field (Hext). Hext can be accurately
measured by a diamagnetic compound situated with iden-
tical geometry in the field. The unpaired electrons, which
produce a fluctuating magnetic field averaged to zero in the
absence of an external field, contribute in the presence of
an external field at a temperature T the additional term Hp

given by (8):

Hp = Hhf BS(gµBSHext/kT) (8)

where gµBS is the total magnetic moment of the ground
state of the magnetic ion (µB is the Bohr magneton and g
is the gyromagnetic factor), BS is the spin S Brillouin func-
tion, and Hhf is the hyperfine magnetic field produced by
this electronic state. For µBHext/kT �� 1, one can write the
simple approximate relation (9):
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Hp = [gµB(S + 1)Hhf/3kT]Hext (9)

Namely, the effective field acting on the nucleus is given
now by (10):

Heff = {1 + [gµB(S + 1)Hhf/3kT]}Hext (10)

In the cases where the magnetic ion has a ground-state
Kramers doublet with an effective spin S = ½, common in
the magnetic organometallics, formula (10) obtains the
form (11):

Heff = [1 + (geffµBSHhfa/kT)]Hext (11)

where in powders geff = 1�3 g� + 2/3 g� and Hhfa is a similar
average of Hhf. Thus a measurement of a paramagnetic
compound in an external magnetic field may yield the
average value of Hhf with its sign (12):

Hhfa = (kT/geffµBSHext)(Heff – Hext) (12)

In strongly covalent systems, such as diamagnetic orga-
nometallics, Hhf can be very large and positive. Indeed we
observe, for example, in paramagnetic octamethylferrocen-
ium tetrafluoroborate (OMFc+BF4

–) and decamethylferro-
cenium hexafluorophosphate (DMFc+PF6

–), that Heff is
much larger than Hext, as will be discussed below.

Results and Discussion

As a test case for the procedure, a sample of FeF2, con-
taining an impurity (probably FeF3·3H2O ≈ 10%), whose
hyperfine interaction parameters are known,[8,9] has been
studied. The spectra in zero external magnetic field and in
an external field of 2.13 T are displayed in Figure 3. Using
the known starting parameters (isomer shift, quadrupole in-
teraction, and saturation magnetic hyperfine field) of both

Figure 3. Mössbauer spectra of (predominantly) FeF2 in Hext = 0
(upper trace) and Hext = 2.36 T (lower trace). The solid curve repre-
sents the program least-square fit, yielding the parameters given in
Table 1.
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Table 1. The hyperfine interaction parameters obtained from the Mössbauer spectra in zero external magnetic field (1) and in a field of
2.13 or 2.35 T (2).

Compound IS1 QS1 Γ1 IS2 QS2 η Γ2 Heff Hhf sign
(mms–1) (mms–1) (mms–1) (mms–1) (mms–1) (mms–1) (T) (T)

OMFc 0.413(3) 2.512(3) 0.299(2) 0.411(3) 2.505(3) 0.284(4) 2.13(5) 0
OMFc+BF4

– 0.40(2) –0.21(2) 0.32(5) 0.40(2) –0.21 0.32 2.32(9) 38 P
DMFc 0.420(5) 2.478(5) 0.339(2) 0.412(9) 2.473(9) 0.302(2) 2.36(4) 0
DMFc+PF6

– 0.411(6) –0.272(6) 0.485(6) 0.416(6) –0.240(6) 0.420(10) 2.59(14) 46 P
Fe(phen)2(SCN)2 0.951(2) 2.669(2) 0.30(1) 0.976(3) –2.587(3) 0.2(1) 0.33(1) 2.07(2) –28 N
FeF2

[a] 1.35 2.826 0.29 1.35 2.81 0.6(1) 0.29 2.14 –20 N
Na2Fe[(CN)5NO]·2H2O –0.273(10) 1.711(1) 0.337(4) –0.275(5) 1.713(5) 0.5(1) 0.302(4) 2.332

[a] Contains 10% impurity, probably FeF3·3H2O.

FeF2 and FeF3·3H2O (averaged over the two phases[9]), we
obtain, from the computer least-square fit, the solid curve
shown in the lower trace of Figure 3. The fit to the experi-
mental spectrum is quite satisfactory, and the numerical
data, including the hyperfine parameters η, Heff, and Hhf,
are summarized in Table 1. It is noted that η of FeF2 is
determined to relatively good precision. As both com-
pounds have significant ionic character in the iron–ligand
bonding, the magnetic hyperfine fields are negative, and the
effective field acting on the metal atom nuclei is smaller
than the external field.

Turning next to the application of this methodology to
the study of primarily covalent iron organometallics, a typi-
cal application of transverse magnetic field measurements
to decamethylferrocene is summarized graphically in Fig-
ure 4. The upper ME spectrum is in zero applied field and
yields the parameters IS = 0.420�0.003 mms–1 and QS =
+2.478�0.004 mms–1 in good agreement with the pre-
viously published values.[10] The line width (Γ, FWHM) =
0.339�0.002 mms–1 is slightly broadened from its theoreti-
cal value because of the effect of the long (38 cm) source
drive rod. The lower spectrum is that recorded with the
same sample in a transverse applied field. The hyperfine

Figure 4. Mössbauer spectra of decamethylferrocene, in Hext = 0
(upper trace) and Hext = 2.36 T (lower trace). The solid curve repre-
sents the program least-square fit, yielding the parameters given in
Table 1.
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parameters obtained from the least-square fit to the
above outlined theoretical calculations are: IS =
0.412�0.009 mms–1, Γ = 0.302�0.002 mms–1, QS =
+2.473�0.009 mms–1, Hext = 2.36�0.04 T, η � 0.02, and
N � 0.05. It is immediately obvious from the lower trace
that the peak at negative velocities consists of three lines,
while the peak at positive velocities is composed of an
asymmetric doublet. Comparing these results with those of
Collins and Travis[1] (for ferrocene), it is clear (even visually)
that the QS is positive in DMFc, as it is in ferrocene itself.

In order to test the sensitivity of the computer program
in determining the sign of the quadrupole interaction, we
repeated the measurement in external fields of 0.81, 1.34,
1.86, and 2.34 T. In the case of the lowest field, one notices
in Figure 5 that the sign cannot be determined visually, or
by measuring the line width of the two components. How-
ever the computer program least-square fit yields quite a
large difference in χ2 values between assumed positive and
negative quadrupole interactions, with QS consistently pos-
itive. An obvious extension of these results is to the para-
magnetic decamethyl ferricinium tetrafluoroborate
(DMFc+BF4

–). In zero field, the resonance spectrum con-
sists of a broadened absorption line, which can be fitted to
a spin relaxation model calculation and corresponds to IS =
0.401�0.006 mms–1 and QS = –0.272�0.006 mms–1. This
spectrum is shown in the upper trace of Figure 6. When

Figure 5. Mössbauer spectra of decamethylferrocene in a series of
external magnetic field values. The ordinate offsets were arbitrarily
fixed at 5% but all spectra were accumulated under identical condi-
tions.
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this sample is examined in a transverse magnetic field the
resonance line is broadened to give an asymmetric doublet,
as shown in the lower trace of Figure 6. The internal field
is Heff = 2.58�0.03 T. The value of the QS was frozen to
its zero-field value of –0.272 mms–1. The negative sign of
the quadrupole interaction is derived not only from the
zero-field spectrum (Figure 6), but also from the fact that
the χ2 value of the computer fit is consistently smaller for
a negative value of this parameter than for a positive value
also in the in-field spectrum. It should be noted that Heff

for the cationic complex, under identical conditions, is
larger than that observed for the neutral complex by
≈0.19 T, which, according to Equation (12), leads to a posi-
tive value for the internal magnetic hyperfine field, Hhf ≈
+38 T.

Figure 6. Mössbauer spectra of decamethylferrocenium tetrafluo-
roborate (DMFc+BF4

–), in Hext = 0 (upper trace) and Hext = 2.36 T
(lower trace). The solid curve represents the program least-square
fit, yielding the parameters given in Table 1.

A comparable set of experiments has been carried out
with 57Fe OMFc and 57Fe OMFc+BF4

–, and the parameters
extracted from the corresponding Mössbauer spectra are in-
cluded in Table 1. As in the case of the DMFc complexes,
the QS parameter is clearly positive in the neutral com-
pound and negative in the cationic homologue.

We observe in paramagnetic OMFc+BF4
– that Heff is sig-

nificantly larger than Hext, and yields a magnetic hyperfine
field Hhf (assuming that geffµBS is about 1 µB) of about
+40 T. Such large positive hyperfine fields have been pre-
viously observed and interpreted as due to orbital contri-
butions to the hyperfine field.[11,12] Once Hhf is estimated,
one can use this value for the analysis of the zero external
field Mössbauer spectra from which spin relaxation rates
can be derived, using a simple spin ½ up down formula.[13]
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The reduced hyperfine interaction parameters from the le-
ast-square fitting of the various Mössbauer spectra are all
summarized in Table 1.

The above experiments were carried out on 57Fe-enriched
ferrocenoid complexes in which the shape of the electric
field around the metal atom is expected to be oblate, be-
cause of the C5v symmetry of the ring ligands.

These measurements have been further extended to an
iron complex in which the shape of the electric field around
the metal atom is expected to be prolate, of which Fe-
(phen)2(SCN)2 (phen = 1,10 phenanthroline) is a represen-
tative example. This compound has been extensively studied
by Mössbauer effect spectroscopy[14,20] in view of its inter-
esting high spin–low spin transition at ca. 175 K. At room
temperature the iron is in a high-spin state and has an effec-
tive moment of ca. 5 µB, indicating the presence of four un-
paired electrons (S = 2). The two SCN ligands occupy cis
positions, and hence the asymmetry parameter η � 0. These
experiments were carried out with natural abundance iron,
so that relatively long data acquisition times (up to 72 h)
were required to record statistically significant data. The
brass sample cavity in this case was 0.4�0.4�1 cm3, and
typically holds 0.7–1.0 mmol of solid. As before, the pole
piece gap was 0.6 cm. A typical data set is summarized
graphically in Figure 7, where again the zero-field reso-
nance spectrum is shown in the upper trace, and the in-field
absorbance in the lower. Although the magnetic splitting is
smaller than that observed in the ferrocenoid complexes, it
is clear that in an applied field of 2.36�0.04 T the ab-
sorbance at negative velocities is due to an asymmetric
doublet, while that at positive velocities arises from a trip-
let, in agreement with the existence of a negative QS. The
least-square fit analysis yields the hyperfine interaction pa-
rameters given in Table 1. The striking result is that in the
present case, Heff is smaller (!) than the external field,

Figure 7. Mössbauer spectra of bis(phenanthroline)bis(thiocyan-
ato)iron(II), in Hext = 0 (upper trace) and Hext = 2.36 T (lower
trace). The solid curve represents the program least-square fit,
yielding the parameters given in Table 1.
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namely the induced internal hyperfine field is negative and
leads according to Equation (10) to the value of Hhf ≈
–28 T.

An example of a compound in which η is expected to be
equal or close to zero is provided by Na2Fe[(CN)5NO]·
2H2O, SNP, which has again been thoroughly investigated
by Mössbauer techniques,[15,21] in part because of its inter-
esting optical properties and ease of preparation of high-
purity single crystals. An early high-precision study of very
thin samples has been published by Grant et al.[16] Single-
crystal X-ray diffraction studies[17] have shown that the lo-
cal site symmetry is C4v and the space group is Pnnm and η
� 0.04. A magnetic field experiment carried out on a finely
crushed powder sample is summarized graphically in Fig-
ure 8 and the derived hyperfine parameters are included in
Table 1. From Figure 8 it is evident that the quadrupole
splitting (1.713�0.005 mms–1 at room temperature) is posi-
tive, in consonance with the results reported by Grant.[18]

The η value obtained from the data processed by the η � 0
program is 0.5, although the χ2 value is not very much
smaller than for η = 0.

Figure 8. Mössbauer spectra of sodium nitroprusside dihydrate
[FeII in Hext = 0 (upper trace) and Hext = 2.36 T (lower trace)].
The solid curve represents the program least-square fit, yielding the
parameters given in Table 1.

Conclusions

Using a standard laboratory electromagnet having 3-cm
pole pieces and operating at about 7 A, in conjunction with
transmission Mössbauer spectroscopy it has been possible
to determine the sign of the quadrupole splitting in a series
of organometallic iron compounds at room temperature. In
addition, the application of a complete diagonalization pro-
gram of the full Hamiltonian for powder samples averaging
over all possible random orientations makes it possible to
extract the internal hyperfine field in both diamagnetic and
paramagnetic complexes. While the use of enriched (57Fe)
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samples reduces the required data acquisition time, even
natural abundance samples employing in the order of
1 mmol of iron complex permits the acquisition of statistic-
ally reliable parameter information in reasonable data-ac-
quisition times. The quadrupole splitting is positive in dia-
magnetic complexes such as OMFc, DMFc, and Fe-
(phen)2(SCN)2 (as it is in ferrocene itself), and negative in
the associated one-electron oxidation products. In addition,
corresponding data are presented for FeF2.

Experimental Section
A sample of natural abundance FeF2, produced by microwave irra-
diation of Fe(NO3)3·9H2O in the presence of BMIBF4,[8,19] was
generously made available to us by Prof. A. Gedanken of Bar Ilan
University and used as received. Samples of 57Fe-enriched decame-
thylferrocene (DMFc), decamethylferrocenium hexafluorophos-
phate (DMFc+PF6

–), octamethylferrocene (OMFc), and octame-
thylferrocinium tetrafluoroborate (OMFc+BF4

–) were generously
made available by Prof. H. S. Schottenberger of the University of
Innsbruck. Bis(phenanthroline)bis(thiocyanato)iron(II) [Fe(phen)2-
(SCN)2] was prepared by literature methods[9] and its purity was
checked by FTIR measurements. Sodium nitroprusside
[Na2Fe(CN)5NO·2H2O][10] was taken from high-purity single-crys-
tal material. All solids were ground with Pyrex powder and mixed
with BN to assure the absence of texture-induced asymmetry in the
spectra. The powdered enriched Fe57 samples were transferred to a
rectangular brass holder of 6 mm width and 2 mm thickness (unless
otherwise noted), having a sample cavity of 0.08 cm3, which will
hold (typically) about 0.4–0.6 mmol of an organometallic solid.
The sample space was windowed with 5  Al foil and the holder
assembly clamped between the pole pieces of an electromagnet. The
DC electromagnet used in this study was a Newport Instruments
model 369 having gap-adjustable shaped pole faces, which allowed
variable field intensities to be investigated. The standard pole piece
gap was 0.6 cm. Normal operating conditions were 55 V and 6–7 A
at room temperature. The Mössbauer effect measurements were
carried out in transmission geometry, with the 100 mCi 57Co (Rh)
source mounted on a 38 cm long stainless steel tube driven by a
standard triangular wave velocity drive. As was noted above, this
arrangement leads to only a small (less than 0.05 mms–1) broaden-
ing of the resonance lines. Spectrometer calibration was effected in
magnet geometry (H = 0) by standard α-Fe absorption, and all IS
are reported with respect to the centroid of this spectrum.

Data analysis was effected in the usual manner, by the above-de-
scribed programs. These computer programs are available upon re-
quest from the corresponding author.
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A Facile Synthesis of Carbamoylsilanes, -boranes and -phosphane Oxides –
Isolation of the First Uncomplexed Carbamoylborane
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C-(Trimethylsilyloxy)-, C-(triisopropylsilyloxy)-, C-(diphenyl-
boryloxy), C-[bis(diisopropylamino)boryloxy]- and C-(di-tert-
butylphosphoryloxy)-N,N-diisopropylaldiminium salts are
readily prepared in good to excellent yields from either di-
isopropylformamide or (chloromethylene)diisopropylammo-
nium chloride. Deprotonation of these aldiminium salts leads

Although first described over 30 years ago,[1] the carbam-
oylsilanes A remain difficult to prepare. Most of the known
synthetic routes[2] have a rather limited scope of application
and/or proceed in low to medium yields. The most powerful
preparative methods are the low-temperature metalation/si-
lylation of the corresponding N,N-dialkylformamide,[3] and
the trans-silylation of carbamoylsilanes with the desired si-
lyl chloride.[4] These synthetic routes, however, are inef-
ficient when bulky substrates are involved. Despite the diffi-
culties associated with their synthesis, carbamoylsilanes
have found various synthetic applications.[4,5] In the boron
series, the B-complexed carbamoylboranes B[6] have been
known for a long time, and have even been described as
potent cytotoxic agents in different cancer cells,[7] but so far
no examples of free carbamoylboranes C have been re-
ported. Even with bulky aryl groups at the boron atom,
Cunico et al. have shown that carbamoylboranes spontane-
ously dimerize to give the six-membered heterocycles D[8]

(Scheme 1).

Scheme 1.
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to transient (amino)(oxy)carbenes, which cleanly rearrange
to carbamoyl derivatives. This synthetic methodology gives
access to sterically hindered carbamoylsilanes, -boranes and
phosphane oxides that are hardly accessible by other routes.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Here we describe a general route for the high-yield syn-
thesis of carbamoyl derivatives, which include sterically rel-
atively hindered carbamoylsilanes, as well as the first exam-
ple of a noncomplexed carbamoylborane. The latter has
been characterized by a single-crystal X-ray diffraction
study. To further demonstrate the broad scope of applica-
tion of our synthetic methodology, the preparation of a car-
bamoylphosphane oxide[9] is also described.

Moss et al.[10] have shown that the (phenylcarbonyloxy)-
carbenes E quickly rearrange to 1,2-diketones, due to the
carbanion-like attack of the carbene lone pair at the electro-
philic carbonyl group (Scheme 2). Accordingly, any nucleo-

Scheme 2.

philic carbenes,[11] featuring an electrophilic center in β-po-
sition should rearrange as well. In contrast with most carb-
enes,[12] highly nucleophilic transient and even stable ami-
nocarbenes[13] are readily accessible, and therefore our syn-
thetic strategy towards carbamoyl derivatives is based on
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the rearrangement of the appropriately substituted amino-
carbenes.

The classical precursors for aminocarbenes are the corre-
sponding aldiminium salts. The desired silyloxy derivative
1a was readily obtained in 89% yield by treatment of di-
isopropylformamide with 1 equiv. of trimethylsilyl trifluoro-
methanesulfonate at –78 °C. Subsequent deprotonation of
1a with lithium bis(trimethylsilyl)amide (LiHMDS) in THF
quickly occurred at –78 °C, and after work up the carbamo-
ylsilane 2a was isolated in 93% yield (Scheme 3). The over-
all yield for this two-step process (83%) is comparable to
that obtained using the metalation/silylation route
(81%).[3b] To demonstrate the potential synthetic utility of
this new route, we extended our approach to the triisopro-
pylsilyl analogue 2b, which was reported to be not access-
ible by the other routes due to steric hindrance.[4] Using
triisopropylsilyl trifluoromethanesulfonate, the aldiminium
salt 1b was obtained in 67% yield, and after subsequent
deprotonation with LiHMDS, 2b was isolated in 96% yield.
All attempts to spectroscopically characterize the initially
formed aminocarbene (iPr2N–C–OSiiPr3) failed; unsurpris-
ingly the rearrangement to the carbamoyl isomer is not sen-
sitive to the steric bulk.

We then turned our attention to the group 13 carbamoyl
derivatives. Treatment of diisopropylformamide with
1 equiv. of chlorodiphenylborane in diethyl ether at room
temperature led, after workup, to the iminium salt 1c in
95% yield. Deprotonation of 1c with the lithium salt of
2,2,6,6-tetramethylpiperidine occurred at –78 °C in THF.
After purification by chromatography on silica gel and
recrystallization in hexane at –20 °C, the derivative 3c was
isolated as white crystals (70% yield, m.p. 261–263 °C).
Compound 3c displayed a broad signal at δ = 1.8 ppm in
the 11B NMR spectrum, consistent with a tetracoordinate
boron atom possessing anionic character. Despite the poor

Scheme 3.
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quality of the crystals, a single-crystal X-ray diffraction
study showed that 3c has a structure similar to the pre-
viously reported compound D.[8] Taking advantage of the
possibility of using sterically hindered substrates, we investi-
gated the possibility of preparing an isolable uncomplexed
carbamoylborane. We chose diisopropylamino substituents
at the boron atom, their π-donating properties also im-
parting electronic protection to the molecule. The iminium
salt 1d was prepared in 96% yield by the reaction of di-
isopropylformamide with 1 equiv. of chlorobis(diisopropyl-
amino)borane in the presence of a stoichiometric amount
of silver trifluoromethanesulfonate. As expected, deproton-
ation of 1d with LiHMDS in THF afforded the carbamo-
ylborane 2d, which after recrystallization was obtained as
thermally highly stable colorless crystals in 75% yield (m.p.
228–230 °C). The 11B NMR spectrum of 2d exhibits a sig-
nal at δ = 29.2 ppm, which is in agreement with a tricoord-
inate boron atom possessing two amino groups. The 13C
NMR spectrum shows the presence of a signal at rather low
field (δ =190.0 ppm) consistent with an amide-type carbon
atom substituted by an electron-withdrawing group. The
single-crystal X-ray diffraction study confirms the mono-
meric nature of the carbamoyl borane 2d (Figure 1). As ex-
pected, N1, C1, B1, N2 and N3 are in a perfectly planar
environment, which demonstrates the interaction of N1
with the carbonyl group, and N2 and N3 with the boron
center. It is noteworthy that all attempts to characterize the
putative carbene intermediate here also failed, even when
the deprotonation reaction was monitored by NMR spec-
troscopy at –78 °C.

In order to broaden the scope of this synthetic methodol-
ogy, we also prepared the phosphane oxide substituted im-
inium salt 1e (84% yield) by treatment of (chloromethyl-
ene)diisopropylammonium chloride with 1 equiv. of
tBu2P(O)OSiMe3. Deprotonation of 1e with LiHMDS in
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Figure 1. Molecular view of the crystal structure of 2d (H atoms
omitted). Selected bond lengths [Å] and angles [°]: B1–N2
1.4394(17), B1–N3 1.4223(17), B1–C1 1.6185(18), C1–O1
1.2449(14), C1–N1 1.3644(15); N3–B1–N2 124.35(11), N3–B1–C1
116.22(11), N2–B1–C1 119.31(11), O1–C1–N1 121.04(11), O1–C1–
B1 118.54(10), N1–C1–B1 120.43(10), C1–N1–C5 120.89(10), C1–
N1–C2 121.91(10), C5–N1–C2 117.07(10), B1–N2–C11 122.20(10),
B1–N2–C8 122.68(10), C11–N2–C8 114.98(10), B1–N3–C17
120.08(10), B1–N3–C14 118.84(10), C17–N3–C14 120.33(10).

THF afforded the carbamoylphosphane oxide 2e, which
was isolated in 67% yield (Scheme 3).

This work is a new demonstration of the usefulness of
the readily available aminocarbenes in organic synthesis.
Moreover, the ready availability of these carbamoyl deriva-
tives should favour their use for various synthetic applica-
tions.

Experimental Section
General: All manipulations were performed under argon using
standard Schlenk techniques. Dry, oxygen-free solvents were em-
ployed. 1H, 13C, 31P and 11B NMR spectra were recorded with
Varian Inova 300, 500 and Bruker Avance 300 spectrometers. The
high purity of all isolated products have been confirmed by multi-
nuclear NMR spectroscopy.

N,N-Diisopropyl-C-(trimethylsilyloxy)aldiminium Salt 1a: Me3Si-
OTf (0.69 mL, 3.9 mmol) was added dropwise to a solution of di-
isopropylformamide (0.56 mL, 3.9 mmol) in CH2Cl2 (10 mL) at
–78 °C. The suspension was warmed to room temperature and
stirred for 30 min. After evaporation of the solvent, the solid resi-
due was washed with Et2O (15 mL) to afford aldiminium salt 1a as
a white solid (1.21 g, 89%). 1H NMR (CD3CN, 25 °C): δ = 0.47 [s,
9 H, Si(CH3)3], 1.37 (d, 3J = 6.9 Hz, 12 H, CHCH3), 4.14 (m, 2 H,
CHCH3), 8.11 (s, 1 H, CH) ppm. 13C NMR (CD3CN, 25 °C): δ =
–0.3 [Si(CH3)3], 20.0 (CHCH3), 21.2 (CHCH3), 51.5 (CHCH3), 56.9
(CHCH3), 120.9 (q, 1J = 319.5 Hz, CF3SO3), 164.6 (CH) ppm.

(Diisopropylcarbamoyl)trimethylsilane (2a): A 1:1 mixture of
LiHMDS/aldiminium salt 1a (7.4 mmol) was cooled to –78 °C and
THF (20 mL) was added. The suspension was warmed to room
temperature and stirred for 30 min. After evaporation of the sol-
vent, the solid residue was washed with hexane (30 mL). Extraction
with CH2Cl2 (15 mL) gave, after concentration, a white solid
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(1.39 g, 93%). The physical and spectroscopic data are identical to
those reported previously.[3b]

N,N-Diisopropyl-C-(triisopropylsilyloxy)aldiminium Salt 1b: iPr3Si-
OTf (2.0 mL, 7.7 mmol) was added dropwise at –78 °C to a solu-
tion of diisopropylformamide (1.12 mL, 7.7 mmol) in CH2Cl2
(20 mL). The suspension was warmed to room temperature and
stirred for 2 h. After evaporation of the solvent, the solid residue
was washed with Et2O (20 mL) to afford aldiminium salt 1b as a
white solid (2.25 g, 67%). 1H NMR (CDCl3, 25 °C): δ = 1.11 [d,
3J = 7.2 Hz, 18 H, Si(CHCH3)3], 1.39 (d, 3J = 7.2 Hz, 6 H,
CHCH3), 1.42 (d, 3J = 7.2 Hz, 6 H, CHCH3), 1.48 [sept, 3J =
7.2 Hz, 3 H, Si(CHCH3)3], 4.09 (sept, 3J = 7.2 Hz, 1 H, CHCH3),
4.52 (m, 1 H, CHCH3), 8.70 (s, 1 H, CH) ppm. 13C NMR (CDCl3,
25 °C): δ = 11.6 [Si(CHCH3)3], 17.2 [Si(CHCH3)3], 19.7 (CHCH3),
20.9 (CHCH3), 50.0 (CHCH3), 56.4 (CHCH3), 120.9 (q, 1JCF =
319.0 Hz, CF3SO3), 163.5 (CH) ppm.

(Diisopropylcarbamoyl)triisopropylsilane (2b): A 1:1 mixture of
LiHMDS/aldiminium salt 1b (1.1 mmol) was cooled to –78 °C and
THF (10 mL) was added. The suspension was warmed to room
temperature and stirred for 30 min. After evaporation of the sol-
vent and extraction with CH2Cl2 (10 mL), a white solid was iso-
lated (0.31 g, 96%). 1H NMR ([D8]THF, 25 °C): δ = 1.11 [d, 3J =
6.8 Hz, 18 H, Si(CHCH3)3], 1.19 (d, 3J = 6.6 Hz, 6 H, CHCH3),
1.25 [m, 3 H, Si(CHCH3)3], 1.40 (d, 3J = 6.8 Hz, 6 H, CHCH3),
3.35 (sept, 3J = 6.8 Hz, 1 H, CHCH3), 3.92 (sept, 3J = 6.6 Hz, 1
H, CHCH3) ppm. 13C NMR ([D8]THF, 25 °C): δ = 13.9
[Si(CHCH3)3], 19.7 [Si(CHCH3)3], 21.3 (CHCH3), 22.1 (CHCH3),
46.9 (CHCH3), 49.5 (CHCH3), 186.0 (C) ppm.

C-(Diphenylboryloxy)-N,N-diisopropylaldiminium Salt 1c: A Et2O
solution (10 mL) of diisopropylformamide (0.58 mL, 4.0 mmol)
was added at –78 °C to a Et2O solution (10 mL) of chlorodiphenyl-
borane (0.70 mL, 4.0 mmol), and the suspension was stirred at
room temperature for 12 h. After filtration, the solid residue was
washed with Et2O (20 mL) to afford aldiminium salt 1c as a white
solid (1.25 g, 95%). 1H NMR (CDCl3, 25 °C): δ = 1.46 (d, 3J =
6.9 Hz, 6 H, CHCH3), 1.57 (d, 3J = 6.6 Hz, 6 H, CHCH3), 3.93
(sept, 3J = 6.6 Hz, 1 H, CHCH3), 4.41 (sept, 3J = 6.9 Hz, 1 H,
CHCH3), 7.30–7.42 and 7.63–7.67 (m, 10 H, Har), 8.48 (s, 1 H,
CH) ppm. 13C NMR (CDCl3, 25 °C): δ = 20.1 (CHCH3), 22.7
(CHCH3), 48.6 (CHCH3), 52.7 (CHCH3), 126.5 (Car), 127.5 (Car),
128.5 (Car), 132.3 (Car), 165.6 (CH) ppm. 11B NMR (CDCl3,
25 °C): δ = 11.6 ppm.

Carbamoylborane Dimer 3c: A 1:1 mixture of TMPLi/aldiminium
salt 1c (1.0 mmol) was cooled to –78 °C and THF (10 mL) was
added. The suspension was warmed to room temperature and
stirred for 30 min. After evaporation of the solvent under vacuum,
purification by chromatography on silica gel (hexane/ethyl acetate)
gave a solid residue, which was recrystallized at –20 °C from hexane
(0.20 g, 70%, m.p. 261–263 °C). 1H NMR (CDCl3, 25 °C): δ = 0.45
(d, 3J = 6.3 Hz, 12 H, CHCH3), 1.16 (d, 3J = 6.3 Hz, 12 H,
CHCH3), 3.20 (sept, 3J = 6.6 Hz, 2 H, CHCH3), 4.05 (sept, 3J =
6.9 Hz, 2 H, CHCH3), 7.15–7.27 and 7.41–7.45 (m, 20 H, Har)
ppm. 13C NMR (CDCl3, 25 °C): δ = 19.3 (CHCH3), 21.1
(CHCH3), 48.3 (CHCH3), 53.4 (CHCH3), 126.7 (Car), 127.2 (Car),
127.3 (Car), 127.9 (Car), 132.2 (Car), 134.3 (Car), 144.9 (Car), 147.4
(Car), 198.8 (C) ppm. 11B NMR (CDCl3, 25 °C): δ = 1.8 ppm.

C-[Bis(diisopropylamino)boryloxy]-N,N-diisopropylaldiminium Salt
1d: A CH2Cl2 solution (10 mL) of AgOTf (2.03 g, 7.9 mmol) was
added at –78 °C to a CH2Cl2 solution (10 mL) of diisopropylfor-
mamide (1.15 mL, 7.9 mmol) and chlorobis(diisopropylamino)bo-
rane (2.03 mL, 7.9 mmol). The suspension was then stirred at room
temperature for 12 h. After filtration and evaporation of the sol-
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vent, the solid residue was washed with Et2O (30 mL) to afford 1d
as a white solid (3.70 g, 96%). 1H NMR (CDCl3, 25 °C): δ = 1.16
(d, 3J = 6.5 Hz, 24 H, CHCH3), 1.48 (d, 3J = 7.0 Hz, 6 H, CHCH3),
1.53 (d, 3J = 7.0 Hz, 6 H, CHCH3), 3.44 (sept, 3J = 6.5 Hz, 4 H,
CHCH3), 4.33 (sept, 3J = 7.0 Hz, 1 H, CHCH3), 4.63 (sept, 3J =
7.0 Hz, 1 H, CHCH3), 8.70 (s, 1 H, CH) ppm. 13C NMR (CDCl3,
25 °C): δ = 19.6 (CHCH3), 22.9 (CHCH3), 23.8 (CHCH3), 46.4
(CHCH3), 50.9 (CHCH3), 53.0 (CHCH3), 120.9 (q, 1J = 319.5 Hz,
CF3SO3

–), 164.6 (CH) ppm. 11B NMR (CDCl3, 25 °C): δ =
27.7 ppm.

Bis(diisopropylamino)(diisopropylcarbamoyl)borane (2d): A 1:1 mix-
ture of LiHMDS/aldiminium salt 1d (5.0 mmol) was cooled to
–78 °C and THF (20 mL) was added. The suspension was then
warmed to room temperature and stirred for 30 min. After evapo-
ration of the solvent and extraction with Et2O (40 mL), a solid
residue was obtained. After washing with hexane (10 mL) and ex-
traction with CH2Cl2 (30 mL), evaporation of the solvent gave a
white solid that was recrystallized from Et2O at –20 °C to give 2d
as colorless crystals (1.27 g, 75%, m.p. 228–230 °C). 1H NMR
(CDCl3, 25 °C): δ = 1.20 (d, 3J = 6.9 Hz, 18 H, CHCH3), 1.23 (d,
3J = 7.2 Hz, 12 H, CHCH3), 1.45 (d, 3J = 6.9 Hz, 6 H, CHCH3),
3.28 (sept, 3J = 6.9 Hz, 1 H, CHCH3), 3.53 (sept, 3J = 7.2 Hz, 4
H, CHCH3), 3.86 (sept, 3J = 6.9 Hz, 1 H, CHCH3) ppm. 13C NMR
(CDCl3, 25 °C): δ = 20.3 (CHCH3), 21.1 (CHCH3), 24.6 (CHCH3),
25.0 (CHCH3), 45.0 (CHCH3), 48.2 (CHCH3), 49.7 (CHCH3),
190.0 (C) ppm. 11B NMR (CDCl3, 25 °C): δ = 29.2 ppm.

C-(Di-tert-butylphosphoryloxy)-N,N-diisopropylaldiminium Salt 1e:
A CH3CN solution (10 mL) of di-tert-butyl(trimethylsilyloxy)phos-
phane oxide (0.50 g, 2.0 mmol) was added at –78 °C to a CH3CN
solution (10 mL) of (chloromethylene)diisopropylammonium chlo-
ride (0.37 g, 2.0 mmol). The suspension was stirred at room tem-
perature for 3 h. After evaporation of the solvent, the solid residue
was washed with Et2O (15 mL) to afford 1e as a white solid (0.55 g,
84%). 31P NMR (CDCl3, 25 °C): δ = +87.8 ppm. 1H NMR
(CDCl3, 25 °C): δ = 1.35 [d, 3J = 15.9 Hz, 18 H, C(CH3)3], 1.47 (d,
3J = 6.6 Hz, 6 H, CHCH3), 1.54 (d, 3J = 6.3 Hz, 6 H, CHCH3),
4.30 (sept, 3J = 6.6 Hz, 1 H, CHCH3), 5.18 (sept, 3J = 6.3 Hz, 1
H, CHCH3), 9.38 (d, 3J = 6.6 Hz, 1 H, CH) ppm. 13C NMR
(CDCl3, 25 °C): δ = 20.4 (CHCH3), 20.6 (CHCH3), 26.1 [C(CH3)],
37.5 [d, 1J = 67.9 Hz, C(CH3)], 51.4 (CHCH3), 59.0 (CHCH3),
162.0 (CH) ppm.

Di-tert-butyl(diisopropylcarbamoyl)phosphane Oxide (2e): A 1:1
mixture of LiHMDS/salt 1e (1.0 mmol) was cooled to –78 °C and
THF (10 mL) was added. The suspension was warmed to room
temperature and stirred for 20 min. After evaporation of the sol-
vent and extraction with hexane (10 mL), a solid residue was ob-
tained (0.19 g, 67%). 31P NMR (CDCl3, 25 °C): δ = +52.3 ppm.
1H NMR (CDCl3, 25 °C): δ = 1.17 (d, 3J = 6.3 Hz, 6 H, CHCH3),
1.32 [d, 3J = 14.1 Hz, 18 H, C(CH3)3], 1.41 (d, 3J = 6.3 Hz, 6 H,
CHCH3), 3.43 (sept, 3J = 6.3 Hz, 1 H, CHCH3), 5.80 (m, 1 H,
CHCH3) ppm. 13C NMR (CDCl3, 25 °C): δ = 19.9 (CHCH3), 20.8
(CHCH3), 26.9 [C(CH3)], 36.5 [d, 1J = 57.6 Hz, C(CH3)], 46.6
(CHCH3), 47.6 (CHCH3), 169.2 (d, 1J = 97.0 Hz, C) ppm.

Crystal Structure Determination of Carbamoylborane 2d: A Bruker
X8-APEX X-ray diffraction instrument with Mo radiation was
used for data collection. All data frames were collected at low tem-
peratures (T = 100 K) using an ω/φ-scan mode (–0.5° ω-scan width,
hemisphere of reflections) and integrated using a Bruker
SAINTPLUS software package. The intensity data were corrected
for Lorentzian polarization. Absorption corrections were per-
formed using the SADABS program. A Sir92 software package was
used for direct methods of phase determination and structure re-
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finement. Atomic coordinates, isotropic and anisotropic displace-
ment parameters of all the non-hydrogen atoms were refined by
means of a full-matrix least-squares procedure on F2. All hydrogen
atoms were included in the refinement in calculated positions riding
on the atoms to which they were attached. Drawings of molecules
were performed using ORTEP 3. Crystal and structure parameters
of 2d: size 0.38�0.20�0.09 mm, triclinic, space group P1̄, a =
9.7141(6) Å, b = 12.2962(7) Å, c = 18.7798(12) Å, α = 92.122(4)°,
β = 101.343(4)°, γ = 93.291(4)°, V = 2193.1(2) Å3, ρcalcd. = 1.028 g/
cm3, 2θmax = 55.76°, Mo radiation (λ = 0.71073 Å), temperature =
100(2)° K, reflections collected = 33410, independent reflections =
10433, Rint = 0.0301, absorption coefficient µ = 0.062 mm–1; max/
min transmission = 0.9945/0.9769, 457 parameters were refined and
converged at R1 = 0.0457, wR2 = 0.1132, with intensity I�2σ(I),
the final difference map was 0.986–0.337 e·Å–3. CCDC-618399 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Reaction of trans-Mo(dmpe)2(Cl)(NO) (1) [dmpe = bis(di-
methylphosphanyl)ethane] with lithium triethylborohydride
and lithium bis(trimethylsilyl)amide affords the adducts
[Mo(dmpe)2(Cl)(NO)(LiHBEt3)]n (2) and {Mo(dmpe)2(Cl)-
(NO)[LiN(SiMe3)2]2}n (3), respectively, and the reaction of 1
with n-butyllithium and iodomethane generates the complex
[Mo(dmpe)2(Cl)(NO)]3(LiI)2 (4). Complexes 2–4 have been
characterized by elemental analysis, IR spectroscopy, NMR
spectroscopy, and single-crystal X-ray diffraction analysis.
The structure of 2 shows an infinite one-dimensional “zig-
zag” chain constructed from an alternating arrangement of
Mo(dmpe)2(Cl)(NO) and LiHBEt3 moieties, whereas the

Transition metal nitrosyl complexes have received con-
siderable attention for many years due to their potential
applications as catalysts in organic synthesis and small
molecule activation.[1,2] Our interest in this field lies mainly
in the chemistry of nitrosyl hydrido transition metal com-
plexes. In this context a series of compounds of manga-
nese,[3] rhenium,[4] chromium,[5] tungsten,[6] and molybde-
num[7] have been synthesized and explored in particular
with regard to hydride-transfer chemistry. It has been found
that the nitrosyl group exhibits versatile functions in such
compounds. It can stabilize the different oxidation states of
the metal center,[1,8] and it can induce quite strong hydridic
polarization by the “nitrosyl effect”; thus the nitrosyl group
promotes the activation of the metal–hydrogen bond.[9] Ad-
ditionally, the nitrosyl group can show a certain amount of
Lewis base behavior by interacting with Lewis acids at the
oxygen atom site.[8,10]

The nitrosyl ligand/Lewis acid interactions have been
found to sometimes play a key role in organic (organome-
tallic) syntheses and reactions. For example, the catalytic
oxidation of alcohols by a cobalt nitro/nitrosyl couple with
the use of molecular oxygen as an oxidant was found to be
facilitated by Lewis acids such as BF3·Et2O or LiPF6.[11]

The effects of the Lewis acids in the reaction were attrib-
uted to their interactions with nitro and nitrosyl ligands. In
dinitrosyl complexes Re(H)(NO)2(PR3)2 (R = iPr, Cy), one
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structure of 3 exhibits an infinite linear chain generated by
the alternating arrangement of the Mo(dmpe)2(Cl)(NO) moi-
ety and the dimeric [LiN(SiMe3)2]2 unit. In both compounds,
the Mo(dmpe)2(Cl)(NO) moieties act as bridging ligands by
coordination of the nitrosyl oxygen atom and the chlorine
atom to the lithium ions. Complex 4 displays a discrete struc-
ture formed by two separate monomeric LiI units that are
bridged by the nitrosyl oxygen atoms of three Mo(dmpe)2-
(Cl)(NO) moieties. The chlorine atoms of 4 are not involved
in coordination.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

nitrosyl group was found to be capable of coordinating to
one or two BF3 molecules, and the interaction of a second
BF3 molecule caused the bending of the nitrosyl group;
thus, a new coordination site in the metal sphere is pro-
vided.[12] The coordination of the nitrosyl group to the lith-
ium ions in the compounds [Cp*Mo(NO)(CH2SiMe3)-
(=CHSiMe3)]2[Li2(THF)3], [(η5,η1-C5Me4CH2)Mo(NO)-
(CH2Si- Me3)2][Li(THF)3], and {[Cp*Mo(NO)(CH2SiMe3)2]-
[Li(THF)]}2 was thought to further stabilize the corre-
sponding anionic complexes thus facilitating the isolations
of these species.[13] Despite the apparent significance of co-
ordinated nitrosyl ligand/Lewis acid interactions, studies on
such interactions are relatively rare[14] in contrast to the rich
chemistry of the Lewis basicity of coordinated carbonyl li-
gands.[15] We describe here the isolation and structural char-
acterization of the compounds formed by trans-Mo-
(dmpe)2(Cl)(NO) (1) [dmpe = bis(dimethylphosphanyl)-
ethane] with lithium reagents. To the best of our knowledge,
fully structurally characterized adducts formed by neutral
nitrosyl complexes with metal ions by the coordination of
bound nitrosyl have not yet been reported.

Results

Preparation and Characterization of 2, 3, and 4

Complex 2

Treatment of 1 with 1 equiv. of lithium triethylborohyd-
ride in diethyl ether did not provide the product of a H/Cl
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metathetical reaction, but the polymeric 1/LiHBEt3 adduct
of [Mo(dmpe)2(Cl)(NO)LiHBEt3]n (2), [Equation (1)] which
was isolated as yellow crystals in 88% yield after slow evap-
oration of the solvent at room temperature. Complex 2 is
apparently stable enough to resist hydride formation and no
further conversion was observed even under forced reaction
conditions, for example, the application of up to 5 equiv. of
lithium triethylborohydride and heating to 50 °C for two
days. Complex 2 has been characterized by IR spectroscopy,
NMR spectroscopy, elemental analysis, and a single-crystal
X-ray diffraction study. The IR spectrum of 2 in a Nujol
mull shows a nitrosyl stretching band at 1486 cm–1, which
is 52 cm–1 lower in energy than the corresponding nitrosyl
band of 1 (νNO = 1538 cm–1 in Nujol). The lowering of the
nitrosyl stretching frequency typically indicates the coordi-
nation of the ONO atom to the lithium ion. The 1H- and
13C{1H} NMR spectra of 2 in C6D6 display all of the reso-
nances that correspond to the Mo(dmpe)2(Cl)(NO) and
LiHB(C2H5)3 moieties. The chemical shifts of the 1H-,
13C-, and 31P NMR resonances for the Mo(dmpe)2-
(Cl)(NO) moiety in 2 are similar to those exhibited by 1.
The fact that the 7Li NMR spectrum shows a singlet at
2.1 ppm and that the 11B NMR spectrum displays a broad
singlet at δ = –2.76 ppm further confirms the presence of
the LiHB(C2H5)3 moiety in the molecule. The elemental
analysis is in good agreement with the composition of a 1:1
adduct of Mo(dmpe)2(Cl)(NO) and LiHBEt3.

(1)

Complex 3

The reaction of 1 with lithium bis(trimethylsilyl)amide in
diethyl ether produced {Mo(dmpe)2(Cl)(NO)[LiN-
(SiMe3)2]2}n (3) with a 1:2 ratio of 1 and LiN(SiMe3)2

[Equation (1)]. It is found that this ratio is independent on
the initially employed amounts of lithium bis(trimethyl-
silyl)amide. Treatment of 1 with an equimolar amount or
with 2 equiv. of LiN(SiMe3)2 always resulted in 3. In a typi-
cal reaction, 3 was isolated as yellow crystals in a yield of
84%. Once it has been isolated 3 is difficult to redissolve in
diethyl ether, but is readily soluble in THF. Dissolution of
the complex in chlorinated solvents such as CH2Cl2 and
HCCl3 resulted in immediate decomposition. In the IR
spectrum of 3 (in Nujol) the nitrosyl stretching band ap-
pears at 1489 cm–1. This value is 49 cm–1 lower than that of
precursor 1 (νNO = 1538 cm–1). The decrease in the nitrosyl
stretching frequency is again indicative of the coordination
of the ONO atom. The 1H NMR spectrum of 3 in [D8]THF
displays two multiplets at δ = 1.68 and 1.55 ppm and two
singlets at 1.48 and 1.43 ppm, which correspond to the reso-
nances of the methylene and methyl groups of the dmpe
ligands, respectively. The signal for the SiMe3 moieties is
observed as a singlet at δ = –0.16 ppm. The 13C- and 31P
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NMR spectra for the Mo(dmpe)2(Cl)(NO) moiety are sim-
ilar to those exhibited by 1. The 13C NMR resonance for
the SiMe3 group appears as a singlet at 6.2 ppm. In the 7Li
NMR spectrum, a singlet is found at δ = 4.26 ppm, which,
together with its resemblance to the 1H- and 13C NMR
spectra of 1, may imply dissociation of 3 in THF.

Complex 4

To extend the scope of these investigations, the capability
of 1 to form adducts with inorganic lithium salts has also
been probed. According to literature reports, lithium ha-
lides form an extremely variable and structurally diverse
family of complexes with simple nitrogen- or oxygen-con-
taining ligands.[16] However, compounds of lithium halides
with complexes as ligands have been reported only in rare
instances.[17] An in situ generation of the lithium halide has
been proven to be superior for the syntheses of its ad-
ducts.[16] Thus, the reactions of a 1/nBuLi mixture with
nBuCl, SiMe3Cl, and nBuBr were investigated. They failed
to produce any 1/LiCl or 1/LiBr adduct. However, a unique
1/LiI adduct could be prepared from the reaction of
1/nBuLi with MeI. In a typical batch, complex 1
(0.061 mmol) in toluene (2 mL) was mixed with equimolar
amounts of nBuLi and iodomethane in that order. The final
mixture was left undisturbed at room temperature. Over-
night, well-defined crystals of a 1/LiI adduct [Mo(dmpe)2-
(Cl)(NO)]3(LiI)2 (4) precipitated from the solution [Equa-
tion (1)], which was isolated in 70% yield. Complex 4 has
been characterized by elemental analysis, IR and NMR
spectroscopy. The elemental analysis is consistent with the
composition of a 3:2 1/LiI adduct stoichiometry. The IR
spectrum of 4 in Nujol mull displays a nitrosyl band at
1449 cm–1, which is 89 cm–1 lower than that of precursor 1.
It is worth noting that the decrease in the νNO vibration of
4 appears at significantly higher wavenumbers than those
observed for 2 and 3, which is presumably caused by the
bridging mode of the nitrosyl oxygen (vide infra). The 1H
NMR spectrum of 4 in CD2Cl2 exhibits resonances for the
methylene and methyl groups of the dmpe ligands as a mul-
tiplet at δ = 1.51 ppm and as a singlet at δ = 1.42 ppm. The
13C NMR spectrum is similar to that exhibited by precursor
1. The signals for the methylene and the methyl carbon
atoms appear at δ = 29.8 ppm (quintet) and 15.3 and
14.6 ppm (two quintets), respectively. The 31P NMR spec-
trum displays a singlet at δ = 34.6 ppm and in the 7Li NMR
spectrum a singlet is observed at δ = 3.28 ppm.

Structures of 2, 3, and 4

Structure of 2

The molecular structure of 2 has been established by X-
ray diffraction analysis. Suitable crystals were obtained by
the slow evaporation of a diethyl ether solution. An ORTEP
representation of the molecule is shown in Figure 1 and re-
veals the NO group and chlorine atom disorder. Selected
bond lengths and bond angles are listed in Table 1. The
striking feature of the structure of 2 is its infinite one-di-
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Figure 1. ORTEP plot of the structure of 2. Displacement ellipsoids are drawn with 50% probability. The chloride and NO group display
positional disorder.

mensional “zigzag” chain. The Mo(dmpe)2(Cl)(NO) moiety
acts as a bridging “complex ligand”, and two adjacent
LiHB(C2H5)3 moieties are ONO and Cl connected to the Li
atoms by the Mo(dmpe)2(Cl)(NO) moieties. The two
LiHB(C2H5)3 moieties on the two sides of a Mo(dmpe)2-
(Cl)(NO) molecule create an inversion at the Mo atom cen-
ter. Infinite repetition of these motifs build a polymeric
chain of alternating Mo(dmpe)2(Cl)(NO) and LiHB-
(C2H5)3 units. The lithium ion of 2 is tricoordinated by oxy-
gen and furthermore by one chlorine and a hydrogen atom.
The coordination geometry at the Li center can be de-
scribed as pseudopyramidal where the three bond angles at
the Li center are O1–Li1–H1, Cl2–Li1–H1, and O1–Li1–
Cl2 with the values 120.2(9)°, 125.5(9)°, and 103.9(3)°,
respectively. The Li1–H1 distance of 1.76(3) Å is compar-
able to that in the (LiH)� lattice (av. 1.78 Å)[18], but shorter
than those found for the complexes containing Li(µ2-H)2B
or Li(µ2-H)3B bridges (ca. 1.90–2.20 Å).[19] The B1–Li1 dis-
tance of 2.420(5) Å is similar to that in LiBH4·3(py)
[2.401(7) Å].[20] The O1–Li1 distance of 1.944(6) Å and the
Cl2–Li1 distance of 2.329(4) Å are in the normal ranges of
O–Li and Cl–Li bond lengths in organolithium com-
pounds.[17] The coordination geometry around Mo is close
to that of parent complex 1, which becomes particularly
evident from a comparison of the Mo–P bond lengths and
P–Mo–P angles. The Mo1–N1 bond length of 1.832(5) Å
and the Mo2–N2 bond length of 1.826(5) Å are shorter
than that found in 1 (1.851(4) Å[7b]), whereas the N1–O1
and N2–O2 bond lengths of 1.229(6) and 1.230(5) Å are
longer than the N–O distance of 1.187(4) Å in 1. The short-
ening of the Mo–N bond and the lengthening of the N–O
bond can be explained by the lithium induced enhancement
of the Mo�NO back-bonding. The average Mo–Cl bond
length is close to that of 1. The N1–O1–Li1 and Mo2–Cl2–
Li1 linkages show a certain extent of bending [145.1(6)° and
156.76(13)°, respectively], which is presumably due to the
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steric interaction between neighboring Mo(dmpe)2(Cl)(NO)
and B(C2H5)3 moieties.

Table 1. Selected bond lengths [Å] and bond angles [°] of 2.

Bond lengths Bond angles

Mo1–N1 1.832(5) N1–Mo1–P1 87.44(13)
Mo1–Cl1 2.5088(19) N1–Mo1–P2 92.47(16)
Mo1–P1 2.4598(5) Cl1–Mo1–P1 91.37(4)
Mo1–P2 2.4601(5) Cl1–Mo1–P2 86.92(5)
N1–O1 1.229(6) Mo1–N1–O1 178.4(7)
O1-Li1 1.944(6) N1–O1–Li1 145.1(6)
Li1–H1 1.76(3) O1–Li1–H1 120.2(9)
Li1–B1 2.420(5) O1–Li1–Cl2 103.9(3)
B1–H1 1.23(2) Cl2–Li1–H1 125.5(9)
Mo2–N2 1.826(5) P1–Mo1–P2 80.223(18)
Mo2–Cl2 2.4759(18) N2–Mo2–P3 90.77(15)
Mo2–P3 2.4573(5) N2–Mo2–P4 85.32(15)
Mo2–P4 2.4550(5) P3–Mo2–P4 80.90(2)
N2–O2 1.230(5) Cl2–Mo2–P3 88.37(5)
Cl1–Li1 2.443(4) Cl2–Mo2–P4 93.48(5)
Cl2–Li1 2.329(4) Mo2–Cl2–Li1 156.76(13)
B1–C1 1.624(4) Mo2–N2–O2 174.1(5)
B1–C3 1.659(3) C1–B1–C3 110.3(2)
B1–C5 1.735(8)[a] C1–B1–C5 98.1(3)
B1–C7 1.618(5)[a] C3–B1–C5 105.9(3)

[a] C(5) and C(7) represent split positions of a disordered ethyl
group.

Structure of 3

The molecular structure of 3, established by single-crys-
tal X-ray crystallographic analysis, is arranged as an infinite
linear chain as shown in Figure 2. The molecular chain can
be viewed as being composed of alternating Mo(dmpe)2-
(Cl)(NO) moieties and dimeric [LiN(SiMe3)2]2 units. Two
neighboring units of the dimeric [LiN(SiMe3)2]2 part are
thus linked by the “complex ligand” of Mo(dmpe)2-
(Cl)(NO) acting as a bridging unit. The complex LiN-
(SiMe3)2 has previously been reported to be trimeric.[21] The
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Figure 2. One-dimensional chain structure of 3. The hydrogen atoms have been omitted for clarity.

solvated species [Li(Et2O)N(SiMe3)2]2[22] and [Li(THF)N-
(SiMe3)2]2[23] were found to be dimeric. Figure 3 displays
the asymmetric unit of the structure of 3. In the dimeric
[LiN(SiMe3)2]2 unit, each lithium ion possesses a triangu-
lar-coordination geometry built up from two nitrogen
atoms of the amides and one ONO or a chlorine atom of
the Mo(dmpe)2(Cl)(NO) moiety. The average Li–N dis-
tances are 2.034(4) Å for Li1 and 2.053(4) Å for Li2
(Table 2). They are comparable to those distances found in
some symmetric dimeric lithium amides such as
[Li{HN(iPr)2}N-1-c-C6H9Ph]2 (Li–N = 2.05 Å),[24]

[Li(THF)HMCTS]2 (Li–N = 2.04 Å),[25] [Li(THF)NSi-
Me3HMCTS]2 (Li–N = 2.04 Å)[26] etc. and are in the same
range as for [Li(THF)N(SiMe3)2]2[23] [2.025(9) Å] and for
[Li(Et2O)N(SiMe3)2]2[22] [2.055(5) Å]. However, both bond
lengths are longer than those observed in trimeric [LiN-
(SiMe3)2]3 [Li–N = 2.00(2) Å],[21] which is presumably due
to the higher coordination number of the Li ion and the
bridging mode of the [N(SiMe3)2]– ligand in 3. The average
Li–N–Li angle of 75.76(16)° and N–Li–N angle of
104.24(17)° are similar to related bond angles observed in
[Li(Et2O)N(SiMe3)2]2[22] and [Li(THF)N(SiMe3)2]2.[23] Be-
cause of enhanced Mo�NO back-bonding in the
Mo(dmpe)2(Cl)(NO) moiety of 3, the average Mo–N bond
length of 1.753(6) Å is 0.098 Å shorter and the average N–
O bond length of 1.253(7) Å is 0.066 Å longer than the cor-
responding ones in 1. The coordination of the chloride li-
gand to the lithium center does not induce a significant
change in the Mo–Cl bond length [2.4937(15) Å in 3 versus
2.4881(14) Å in 1], which may indicate only a weak interac-
tion of the chlorine atom with the lithium center. In con-
trast to 2, the N–O–Li and Mo–Cl–Li linkages are almost

Figure 3. The asymmetrical unit of 3. Displacement ellipsoids are
drawn with 50% probability. The chloride ion and nitrosyl group
show disorder.
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straight with average bond angles of 171.8(4)° and
172.94(12)°, which provokes the chain structure of 3, com-
posed of an MoCl–Li–Li–O–N–Mo backbone, to be linear
overall as shown in Figure 2.

Table 2. Selected bond lengths [Å] and bond angles [°] of 3.

Bond lengths Bond angles

Mo1–N1 1.747(5) N1–Mo1–P1 86.89(17)
Mo1–N2 1.758(6) N1–Mo1–P2 91.30(17)
Mo1–Cl1 2.4966(14) N1–Mo1–P3 88.23(17)
Mo1–Cl2 2.4907(16) N1–Mo1–P4 91.34(17)
Mo1–P1 2.4749(6) Cl2–Mo1–P1 93.75(3)
Mo1–P2 2.4628(6) Cl2–Mo1–P2 89.06(3)
Mo1–P3 2.4572(7) Cl2–Mo1–P3 91.41(4)
Mo1–P4 2.4707(7) Cl2–Mo1–P4 88.03(3)
N1–O1 1.204(7) Mo1–N1–O1 176.0(5)
N2–O2 1.301(7) Mo1–N2–O2 175.8(4)
O1–Li1 1.975(6) P1–Mo1–P2 80.56(2)
O2–Li2 1.866(6) P3–Mo1–P4 80.74(2)
Cl1–Li1 2.426(4) N1–O1–Li1 170.0(4)
Cl2–Li1 2.435(4) N2–O2–Li2 173.5(4)
Li1–N3 2.040(4) Mo1–Cl1–Li1 171.43(11)
Li1–N4 2.027(4) Mo1–Cl2–Li2 174.45(12)
Li2–N3 2.051(4) O1–Li1–N3 121.2(2)
Li2–N4 2.054(4) O1–Li1–N4 133.8(2)
Li1–Li2 2.509(5) N3–Li1–N4 104.92(17)
N3–Si1 1.702(2) Cl2–Li2–N3 130.9(2)
N3–Si2 1.700(2) Cl2–Li2–N4 125.53(19)
N4–Si3 1.702(2) N3–Li2–N4 103.56(17)
N4–Si4 1.701(2) Li1–N3–Li2 75.65(16)

Li1–N4–Li2 75.87(16)

Structure of 4

An ORTEP plot of 4 is shown in Figure 4. Selected bond
lengths and bond angles are listed in Table 3. As shown in
Figure 4, complex 4 can be formulated as {[Mo(dmpe)2-
(Cl)(NO)]3(LiI)2} with a 2:3 Li/Mo stoichiometry. Its struc-
ture can be described as two unique LiI units that are
bridged by the nitrosyl oxygen atoms of three “Mo-
(dmpe)2(Cl)(NO) ligands”. For LiI-containing adducts 1:1
(Li:ligand), 1:2, and 1:3 monomers,[27] 1:1 and 1:2 di-
mers,[28] a 1:1 tetramer,[29] and ion-pair coordinated spe-
cies[30] have been reported. A 2:3 adduct of LiI with 2,4,6-
trimethylpyridine (tmpy) was found in fact to be a tetramer
with the formulation [(LiI)4(tmpy)6].[31] In dimers and
higher agglomerates the iodine anion usually acts as a
bridging ligand. The observation of the 2:3 stoichiometry
and the structural feature of the donor-connected LiI
monomers in 4 is quite unusual. To the best of our knowl-
edge, only the case of a [(LiBr)2(HMPA)3(toluene)0.5] mole-
cule (HMPA = hexamethylphosphoramide)[32] provides fur-
ther analogy.
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Figure 4. ORTEP plot of the structure of 4. Displacement ellipsoids
are drawn with 50% probability. Labeling of symmetry-related
atoms is not shown (symmetry operations: i1 = x, y; –z+1/2, i2 =
–y+1, x–y, z; i3 = –x+y+1, –x+1, z).

Table 3. Selected bond lengths [Å] and bond angles [°] of 4.[a]

Bond lengths Bond angles

Mo1–N1 1.780(7) N1–Mo1–P1 93.85(14)
Mo1–P1 2.4466(17) N1–Mo1–P2 96.98(13)
Mo1–P2 2.4551(17) P1–Mo1–P2 80.06(6)
Mo1–Cl1 2.574(3) Cl1–Mo1–P1 86.36(6)
N1–O1 1.234(8) Cl1–Mo1–P2 82.80(6)
O1–Li1 2.040(10) N1–O1–Li1 137.7(4)
I1–Li1 2.622(16) Li1–O1–Li(i1) 71.4(8)
Li1-Li(i1) 2.38(3) O1–Li1–O(i2) 89.4(5)

O1–Li1–I1 125.7(4)

[a] Symmetry transformations used to generate equivalent atoms:
i1 = x, y, –z+1/2; i2 = –y+1, x–y, z; i3 = –x+y+1, –x+1, z).

Unlike the three-coordinate Li ion in 2 and 3, the lithium
cation of 4 is tetra-coordinated in a pseudotetrahedral ge-
ometry and has one iodine atom and three oxygen atoms
of the three “Mo(dmpe)2(Cl)(NO) ligands” attached. In
agreement with the higher coordination number of the Li
ion in 4, the O–Li distance of 2.040(10) Å is significantly
longer than those observed in 2 and 3 [1.944(6) Å and
1.921(6) Å, respectively]. The I–Li bond length of
2.622(16) Å is particularly short compared with other tetra-
coordinated LiI complexes (usually in the range of 2.70 to
2.95 Å[27–31]). The transannular Li–Li “contact” is
2.38(3) Å, which is also particularly short [the shortest Li–
Li distance reported in LiI complexes is 3.575(6) Å[29] and
in 3 it is 2.509(5) Å]. The observation of unusually short
Li–halide and Li–Li distances in 4 is similar to that of
the structurally analogous complex [(LiBr)2(HMPA)3-
(toluene)0.5].[32] In this context, it is noteworthy that the Li–
Li distances in both complexes are very close [2.36(3) Å in
the LiBr complex]. The Mo–P bond lengths of 4 do not
differ significantly from the bond of precursor 1. However,
related Cl–Mo–P bond angles are smaller than those exhib-
ited by 1, which indicating further bending of the dmpe
ligands towards the chlorine side. This bending is appar-
ently due to the mutual repulsion of the three “Mo-
(dmpe)2(Cl)(NO) ligands”. As a consequence of this bend-
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ing, the Mo–Cl bond lengths increase distinctly from
2.4881(14) Å in 1 to 2.574(3) Å in 4.

Discussion

The reactions of halide-containing transition metal com-
plexes with organic lithium reagents normally afford meta-
thetical products.[7] However, the reaction of 1 with the rea-
gents LiHBEt3, LiN(SiMe3)2, and nBuLi led to lithium rea-
gent/1 adduct formation. This result can be attributed to a
relatively strong donicity of the ONO atom in 1 induced by
strongly σ-donating dmpe ligands, which cause charge ac-
cumulation on the molybdenum center and concomitantly
strong electron transfer to the NO group.

Compounds 2, 3, and 4 show different 1/Li ratios and
various structural features. Compound 2 exhibits an infinite
one-dimensional “zigzag” chain with a 1:1 ratio of 1/LiH-
BEt3, whereas compound 3 displays an infinite linear chain
with a 1:2 ratio of 1 and LiN(SiMe3)2. The strong bridging
ability of the N(SiMe3)2

– anion eases formation of a poly-
meric structure for the LiN(SiMe3)2 part. In addition, this
is the main reason for 3 to adopt a higher 1/Li ratio as
compared to 1. In 2 and 3, complex 1 acts as a bridging
ligand by coordinating the ONO and Cl atoms. The capa-
bility of the Cl atom to participate in the coordination can
be ascribed to the strong Lewis acidic property and high
reactivity of the Li+ ion in LiHBEt3 and LiN(SiMe3)2. In
contrast to 2 and 3, complex 4 forms a structure of distinct
molecules with a 3:2 1/Li ratio. The chlorine atom of 4 is
not involved in coordination. The fact that 4 prefers a small
unit structure may be ascribed to the relatively small size of
the iodine counterion in comparison with the bulky organic
anions of 2 and 3 and the competition between the oxygen
and iodine bridges. As a result, the ONO atom of 4 adopts
a µ2-bridging coordination mode rather than a terminal
mode as in 2 and 3, which allows for the formation of dis-
tinct molecular units in 4.

The adducts formed from LiHBEt3 and donor ligands
have rarely been reported, and although the compounds
formed from LiN(SiMe3)2 and LiI with ligands containing
O- or N-donor atoms have been well documented, those
with a metal complex as a ligand are not. The three com-
pounds described here represent the first examples of lith-
ium adducts with a complex as a ligand. The work docu-
ments not only excellent Lewis basicity of the NO ligand,
but also shows the great structural diversity that such µ-NO
complexation may lead to.

Conclusions

In summary, the reactions of the chloride complex
Mo(dmpe)2(Cl)(NO) (1) with the lithium reagents
LiHB(C2H5)3, LiN(SiMe3)2, and the mixture of nBuLi/MeI
did not provide the usual products of a H/Cl metathetical
reaction, but rather afforded the adducts of 1 with lithium
salts because of the coordination of the nitrosyl group to
the lithium ion. A relatively strong donicity of the bound
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nitrosyl group in 1 is indicated, which may be attributed,
for the most part, to the effect of the strongly σ-donating
dmpe ligands. The two dmpe ligands cause charge accumu-
lation on the molybdenum center and thus enhance the elec-
tron density on the nitrosyl oxygen atom. The resulting pro-
pensity to act as a σ donor for the nitrosyl oxygen atom
may also have implications on the reactivity of 1, as for
instance in the conversion of 1 to the corresponding
borohydride Mo(dmpe)2(HBH3)(NO), where the isolation
of the borohydride proved to be troublesome presumably
because of the adduct formation with the alkaline element
borohydride starting material.[7b]

Experimental Section
All reactions and manipulations were carried out under an atmo-
sphere of dry nitrogen with the use of conventional Schlenk tech-
niques or a glove box. Solvents were dried by standard methods
and freshly distilled under an atmosphere of nitrogen before use.
trans-Mo(dmpe)2(Cl)(NO) (1) was prepared as described previous-
ly.[7b] Other reagents were purchased from Fluka or Aldrich. NMR
spectra were recorded with the following spectrometers: Varian
Gemini-300 instrument for 1H-, 13C-, 31P-, and 11B NMR; Bruker
DRX-500 instrument for 7Li NMR. δ(1H) and δ(13C) are relative
to SiMe4, δ(31P) is relative to 85% H3PO4, δ(11B) is relative to
BF3·OEt2, and δ(7Li) is relative to LiClO4 in H2O. IR spectra were
recorded with a Biorad FTS-45 instrument. Elemental analyses
were performed with a Leco CHN(S)-932 instrument.

[Mo(dmpe)2(Cl)(NO)LiHB(C2H5)3]n (2): A lithium triethylborohyd-
ride solution (0.13 mL, 1.0  solution in THF) was added to a
solution of 1 (0.055 g, 0.12 mmol) in diethyl ether (15 mL). The

Table 4. Crystallographic data and structure refinement parameters for 2, 3, and 4.

2 3 4

Formula C18H48BClLiMoNOP4 C24H68ClLi2MoN3OP4Si4 C36H96Cl3I2Li2Mo3N3O3P12

Fw 567.59 796.32 1652.65
Color yellow yellow orange
Crystal dimensions [mm] 0.37�0.28�0.16 0.35�0.22�0.18 0.32�0.25�0.22
Temperature [K] 173(2) 123(2) 183(2)
Crystal system monoclinic monoclinic hexagonal
Space group (No.) P21/n (14) P21/n (14) P63/m (176)
a [Å] 9.0226(4) 12.3360(7) 14.8449(8)
b [Å] 21.0532(13) 18.9211(10) 14.8449(8)
c [Å] 15.9680(7) 19.4073(10) 18.3676(9)
α [°] 90 90 90
β [°] 105.029(5) 106.848(6) 90
γ [°] 90 90 120
V [Å3] 2929.4(3) 4335.4(4) 3505.4(3)
Z 4 4 2
Dcalcd. [g cm–3] 1.287 1.220 1.566
Abs. coeff. [mm–1] 0.767 0.643 1.829
F(000) 1192 1688 1652
2θ Scan range [°] 5.62 � 2θ � 60.58 5.08 � 2θ � 60.58 5.46 � 2θ � 55.98
No. of unique data 8134 12831 2899
No. of data obsd [I�2σ(I)] 4922 9053 1418
Abs. corr. numerical numerical numerical
Solution method Patterson Patterson Patterson
No. of parameters refined 292 375 107
R, wR2 [%] all data 5.74, 4.52 6.00, 8.65 9.51, 11.22
R1, wR2 (obsd.) [%][a] 2.85, 4.35 3.78, 8.32 5.13, 10.63
Goodness of fit 1.028 1.019 1.028

[a] R1 = Σ(Fo – Fc) / ΣFo; I�2σ(I); wR2 = {Σw(Fo
2 – Fc

2)2 / Σw(Fo
2)2}1/2.
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mixture was stirred for 3 h and then left undisturbed at room tem-
perature to allow the solvent to evaporate. Slow evaporation of the
diethyl ether for 3 d provided 2 as yellow crystals that were suitable
for an X-ray diffraction study. Yield: 0.060 g (88%). IR (Nujol): ν̃
= 1486 (NO) cm–1. 1H NMR (300.1 MHz, C6D6): δ = 1.43 (m, 4
H, PCH2), 1.24 (m, 4 H, PCH2�), 1.32 (s, 12 H, PMe), 1.28 (s, 12
H, PMe�), 1.21 [t, 3JH,H = 7.2 Hz, 9 H, Me of B(C2H5)3], 0.85 [m,
6 H, CH2 of B(C2H5)3] ppm. 13C{1H} NMR (75.4 MHz, C6D6): δ
= 29.5 (quint, 1JC,P = 9.7 Hz, PCH2), 15.0 (quint, 1JC,P = 5.0 Hz,
PMe), 14.5 (quint, 1JC,P = 5.0 Hz, PMe�), 15.5 [br., CH2 of B(C2H5)
3], 11.2 [br., Me of B(C2H5)3] ppm. 31P{1H} NMR (121.5 MHz,
C6D6): δ = 34.6 (s) ppm. 11B NMR (96.2 MHz, C6D6): δ = –2.76
(s, br) ppm. 7Li NMR (194.4 MHz, C6D6): δ = 2.10 (s) ppm.
C18H48BClLiMoNOP4 (567.63): calcd. C 38.08, H 8.54, N 2.47;
found C 38.33, H 8.17, N 2.44.

{Mo(dmpe)2(Cl)(NO)[LiN(SiMe3)2]2}n (3): A mixture of 1 (0.022 g,
0.048 mmol) and lithium bis(trimethylsilyl)amide (0.017 g,
0.102 mmol) was dissolved in diethyl ether (15 mL) and the re-
sulting solution was stirred for 3 h. The solvent was then evapo-
rated slowly at room temperature for 4 d to afford 3 as yellow crys-
tals. Yield: 0.032 g (84%). IR (Nujol): ν̃ = 1489 (NO) cm–1. 1H
NMR (300.1 MHz, [D8]THF): δ = 1.68 (m, 4 H, PCH2), 1.55 (m,
4 H, PCH2�), 1.48 (s, 12 H, PMe), 1.43 (s, 12 H, PMe�), –0.16 (s,
36 H, SiMe3) ppm. 13C{1H} NMR (75.4 MHz, [D8]THF): δ = 30.6
(quint, 1JC,P = 10 Hz, PCH2), 15.0 (quint, 1JC,P = 5.0 Hz, PMe),
14.8 (quint, 1JC,P = 5.0 Hz, PMe�), 6.2 (s, SiMe3) ppm. 31P{1H}
NMR (121.5 MHz, [D8]THF): δ = 36.3 (s) ppm. 7Li NMR
(194.4 MHz, [D8]THF): δ = 4.26 (s) ppm. C24H68ClLi2MoN3-
OP4Si4 (796.34): calcd. C 36.19, H 8.62, N 5.28; found C 36.52, H
8.40, N 5.31.

[Mo(dmpe)2(Cl)(NO)]3(LiI)2 (4): A butyllithium solution
(0.038 mL, 0.061 mmol, 1.6  solution in hexane) and iodomethane
(3.8 µL, 0.061 mmol) were added to a solution of 1 (0.028 g
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(0.061 mmol) in toluene (ca. 2 mL). The mixture was stirred to ob-
tain a homogeneous solution and then stood undisturbed at room
temperature overnight. Large orange crystals of 4 were obtained.
Yield: 0.023 g (70%). IR (Nujol): ν̃ = 1449 (NO) cm–1. 1H NMR
(300.1 MHz, CD2Cl2): δ = 1.51 (m, 8 H, PCH2), 1.42 (s, 24 H,
PMe) ppm. 13C{1H} NMR (75.4 MHz, CD2Cl2): δ = 29.8 (quint,
1JC,P = 9.6 Hz, PCH2), 15.3 (quint, 1JC,P = 4.7 Hz, PMe), 14.6
(quint, 1JC,P = 4.7 Hz, PMe�) ppm. 31P{1H} NMR (121.5 MHz,
CD2Cl2): δ = 34.6 (s) ppm. 7Li NMR (194.4 MHz, CD2Cl2): δ =
3.28 (s) ppm. C36H96Cl3I2Li2Mo3N3O3P12 (1652.73): calcd. C
26.16, H 5.87, N 2.54; found C 26.29, H 6.11, N 2.71.

X-ray Crystal Structure Analyses: The X-ray diffraction data were
collected at 173(2) K (2), 123(2) K (3), and 183(2) K (4) with the
use of an imaging plate detector system (Stoe IPDS) with graphite
monochromated Mo-Kα radiation. A total of 180, 167, and 167
images were exposed at constant times of 4.00, 3.00, and 2.80 min/
image for compounds 2, 3, and 4, respectively. The crystal-to-image
distances were set to 50, 50, and 60 mm, respectively. The corre-
sponding θmax values were 30.29°, 30.29°, and 27.99°, respectively.
φ-oscillation (2, 3) or rotation scan modes (4) were selected for the
φ increments of 1.0°,1.2°, and 1.2° per exposure in each case. Total
exposure times for the three compounds were 25, 20, and 19 hours,
respectively. After integrations and corrections for Lorentz and po-
larization effects, a total of 8000 reflections were selected out of the
whole limiting sphere for the cell-parameter refinements. A total of
30218, 49957, and 33867 reflections were collected, of which 8134,
12831, and 2899 reflections were unique (Rint = 4.74%, 4.93%, and
4.90%); data reduction and numerical absorption corrections used
15, 18, and 17 indexed crystal faces.[33] The structures were solved
by the Patterson method with the use of the program SHELXS-
97,[34] and they were refined with SHELXL-97.[35] The X-ray data
collections and the processing parameters are given in Table 4.

CCDC-606806 -606808 (for 2, 3, and 4) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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The [2+2] cyclocondensation of bis(o-formylphenyl)chalco-
genides (9, 10) with trans-1,2-diaminocyclohexane affords
novel macrocyclic ligands 11 and 12 in very good yields.
Crystals of 11 are triclinic, space group P1̄ with a =
11.4037(11), b = 11.8184(12), c = 14.6835(14) Å, Z = 4 and
those of 12 are triclinic, space group P1̄ with a = 11.2692(9),
b = 12.8612(11), c = 15.2439(12) Å and Z = 2. Reduction of 11
with sodium borohydride affords macrocycle 13. The coordi-
nation chemistry of 11 has been studied with the “hard”
metal ions NiII and CoII. Reaction of NiCl2·6H2O with one
molar equivalent of 11 in refluxing methanol followed by ad-
dition of NH4PF6 affords NiII complex 14. The assignment of
an octahedral geometry to 14 follows from its paramagnetism
(µeff = 2.50 µB) and UV/Vis spectrum and was further con-

Introduction
Over the last decade mixed-donor chalcogen (N, O, S, Se,

Te) macrocycles have attracted considerable attention.[1–7]

Among them, the chalcogenoaza macrocycles containing
heavier chalcogens (Se, Te) have been less studied. Our
group has been involved in the synthesis and complexation
studies of Schiff base selenaaza and telluraaza macrocycles
1–5.[6,7] Interestingly, Schiff base macrocycle 2 shows a ten-
dency to undergo transmetalation with PtII and HgII cat-
ions,[6a] and 1 hydrolyzed with PdII cation leads to cleavage
of the macrocycle.[6b] Macrocycles 5 and 6 exhibit contrast-
ing ligating behavior with PdII and PtII. Thus, macrocycle
5 forms a 23-membered metallamacrocycle on ligation with
PtII where oxidative addition of the C–Se bond to the PtII

center occurs to form a hexacoordinate PtIV complex.[7c]

The synthesis and structure of complexes of Hg2
2+ and PbII

with 28-membered selenaaza macrocycle 4 have also been
reported.[7d] There are limited examples of NiII complexes
of mixed-donor selenaaza macrocycles,[7b,7e] and there are
no reports on the structures of CoII complexes of selenae-
thers or selenaaza macrocycles in the literature. However,
two examples of structurally characterized CoIII complexes
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firmed by single-crystal X-ray diffraction studies. The crystal
structure of 14 consists of a distorted octahedral nickel center
coordinated by two selenium and four nitrogen atoms. Com-
plex 14: hexagonal, space group P61, a = 17.0747(16), b =
17.0747(16), c = 29.958(4) Å, Z = 6. CoII complexes 15 and 16
of selenaaza macrocycles were prepared by the reaction of
Co(ClO4)2·6H2O with 11 and 3, respectively. Complex 16:
monoclinic, space group C2, a = 17.160(2), b = 10.9660(14), c
= 9.4941(12) Å, Z = 2. The cyclic voltammograms of 15 and
16 in MeCN solution show well-behaved quasi-reversible
couples.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

of selenamacrocycles have been reported. The CoIII com-
plex of sarcophagine theme, with an N3Se3 donor (7), has
been obtained from the reaction of CoCl3 with
{MeC[CH2Se(CH2)2–NH2]3} in HCHO and MeNO2.[5] The
complex [CoX2([16]aneSe4)]PF6 (X = Br) (8) has been pre-
pared by the reaction of CoX2 (X = Cl, Br, I) with
[16aneSe4] and NH4PF6, where the original CoII has been
oxidized to CoIII.[8] Here we report the synthesis and char-
acterization of some new 22-membered selenaaza and tellu-
raaza macrocycles derived from trans-1,2-diaminocyclohex-
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ane, which imposes some rigidity on the macrocycle ring,
and the coordination properties of the selenaaza macro-
cycles towards CoII and NiII. Although we have earlier re-
ported the synthesis of a CoII complex with 1, our attempts
to characterize the complex by single crystal structure de-
termination were unsuccessful.[7b] Now we report the first
X-ray structural characterization of a CoII complex with a
selenaaza macrocycle and its detailed magnetic properties.
The coordination behavior of the telluraaza macrocycles
with PdII is also studied.

Results and Discussion

Compounds 3,[7b] 9,[7a] and 10[6a] were synthesized by the
reported procedures. Ligands 11 and 12 were obtained in
good yield by the stoichiometric reaction of bis(o-for-
mylphenyl) chalcogenides 9 and 10 with trans-1,2-diami-
nocyclohexane as white and yellow solids, respectively
(Scheme 1). Reduction of Schiff-base ligand 11 with an ex-
cess amount of sodium borohydride in ethanol afforded tet-
raamino derivative 13 as a white solid in good yield
(Scheme 1). All these ligands were characterized by elemen-
tal analysis, IR-, 1H-, 13C-, and 77Se/125Te NMR spec-
troscopy, and ESI mass spectrometry. Both of the Schiff-
base ligands (11, 12) were also characterized by single-crys-
tal X-ray crystallography.

For ligand 11, broadening of the 1H- and 13C NMR sig-
nals was observed at room temperature; hence the spectra
were recorded at –50 °C. There were no significant changes
in the 1H NMR spectrum even at –50 °C. However, the 13C
NMR spectrum shows two sets of well-resolved peaks at
low temperature, which may be due to the fluxional behav-
ior of 11.

The observation of single signals in the 77Se NMR spec-
tra of the macrocycles 11 and 13 confirmed the equivalence
of the selenium atoms. The 77Se NMR signals are observed
at δ = 404 and 340 ppm for 11 and 13, respectively. These
values are comparable to the corresponding values for 22-
membered selenaaza Schiff base 1 and reduced derivative
5.[7b] Ligand 12 exhibits the 125Te NMR signal at δ =
581 ppm.

Scheme 1. Reagents: (i) trans-1,2-diaminocyclohexylamine, CH3CN; (ii) NaBH4, EtOH, reflux.
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Crystal Structures of 11 and 12

An ORTEP view of 11 is shown in Figure 1 and selected
bond lengths and angles are listed in Table 1. The com-
pound crystallizes in the triclinic crystal system with the
space group P1̄. N1A and N2A are intramolecularly coor-
dinated to Se1 and Se2, respectively, making the geometry
around selenium T-shaped. The Se1···N1A and Se2···N2A
bond lengths (2.816 and 2.782 Å, respectively) are only
slightly longer than the Se···N distance observed for 22-
membered selenaaza macrocycles 1 and 5[7b,7e] (2.723 and
2.729 Å, respectively). The Se1···N1B and Se2···N2B the
distances (4.409 and 4.322 Å, respectively) are longer than
the sum of the van der Waals radii (3.5 Å) and indicate no
intramolecular interaction. Surprisingly, the transannular
Se···Se distance (5.881 Å) is longer than that in 1
(3.808 Å).[7b] The bond angles C1A–Se1–C1B and C20A–
Se2–C20B are 97.79(13)° and 97.10(13)°, respectively, and
are smaller than those of macrocycle 1 [100.2(3)°].

Figure 1. ORTEP diagram of 11.

An ORTEP view of compound 12 is represented in Fig-
ure 2 and selected bond lengths and angles are listed in
Table 2. Similar to macrocycle 11, only one of the nitrogen
atoms is coordinated to each tellurium in 12. The
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Table 1. Significant bond lengths [Å] and angles [°] for 11.

Se1–C1A 1.917(3) Se1–C1B 1.927(3)
Se2–C20A 1.921(3) Se2–C20B 1.932(3)
N1A–C7A 1.259(4) N2A–C14A 1.263(4)
C1A–Se1–C1B 97.79(13) C20A–Se2–C20B 97.10(13)

Te2···N2B#2 and Te2#2···N2B bond lengths are 2.662 and
2.667 Å, respectively, and are similar to the Te···N bond
length of 2.701 Å in 2.[6a] The Te2#2···N1B#2 (4.707 Å)
and Te2···N1B (4.708 Å) distances indicate no intramolecu-
lar interaction. The transannular Te···Te distance (4.904 Å)
is comparable to that observed for the 22-membered tellur-
aza macrocycle 2 (4.979 Å)[6a] and longer than the sum of

Figure 2. ORTEP diagram of 12.

Table 2. Significant bond lengths [Å] and angles [°] for 12.[a]

Te1–C1A 2.117(3) Te2–C1B 2.166(3)
Te1–C20A#1 2.156(3) Te2–C20B#2 2.109(2)
Te2–N1B 4.708 Te2#2–N2B 2.667
Te2–N2B#2 2.667 Te2#2–N1B#2 4.707
C1A–Te1–C20A#1 94.73(10) C20B#2–Te2–C1B 94.49(9)

[a] Symmetry transformations: #1: –x + 1, –y + 1, –z; #2: –x +
1, –y + 1, –z + 1.

Scheme 2. Reagents: (i) NiCl2·6H2O, NH4PF6, MeOH; (ii) Co(ClO4)2·6H2O, CH3CN.
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the van der Waals radii (4 Å). The C1B–Te2–C20B#2 bond
angle is 94.49°, which is comparable to that observed for
telluraaza macrocycle 2. The packing diagram shows hydro-
gen bonding between the macrocyclic N atom and the H of
solvent dichloromethane.

Complexation

With the objective of synthesizing metal complexes,
macrocycles 11, 3, and 12 were treated with the transition
metal ions NiII, CoII, and PdII in a 1:1 molar ratio to afford
complexes 14, 15, 16, and 17.

Complex 14

Refluxing equimolar amounts of ligand 11 and
NiCl2·6H2O in a 1:1 ratio and subsequent addition of am-
monium hexafluorophosphate gave reddish-brown, air-
stable complex 14 (Scheme 2). The IR spectrum of 14 shows
the presence of the PF6

– anion [ν(P–F) = 848, δ(F–P–F) =
565 cm–1] and also displays the characteristic ν(C=N)
stretching frequency at 1627 cm–1, which is shifted slightly
compared with the ν(C=N) of free ligand 11 (1642 cm–1).
The electronic spectrum (UV/Vis) of complex 14 was re-
corded at room temperature in CH3CN. It shows four
bands at 218 (12752), 348 (613), 450 (123) and 850 nm
(50 –1 cm–1), which can be assigned to the intraligand π–
π* and 3A2g�3T1g(P), 3A2g�3T2g, and 3A2g�3T1g(F) transi-
tions, respectively.[9] The assignment of an octahedral geom-
etry to complex 14 [Ni(11)](PF6)2 follows from its paramag-
netism (µeff = 2.50 µB), which indicates an n = 2, S = 1 high-
spin complex with two unpaired electrons. This was further
confirmed by single-crystal X-ray studies (vide infra). As
expected for octahedral NiII complexes, complex 14 is ESR
silent.[10,11]

The structure of 14 (Figure 3) shows that NiII occupies
the macrocycle cavity and is bonded to all four nitrogen and
two selenium donors to complete the distorted octahedral
geometry [Ni–N2A = 2.052(5), Ni–N1B = 2.086(5), Ni–
N1A = 2.059(5), Ni–N2B = 2.095(5), Ni–Se2 = 2.508(10),
and Ni–Se1 = 2.510(10) Å; Table 3]. The average Ni–Se dis-
tance (2.509 Å) is comparable to the average Ni–Se distance
(2.52 Å) observed for [Ni(1)](PF6)2 but smaller than the
average Ni–Se distances in [Ni(3)](PF6)2

[7b] (2.568 Å) and
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[Ni(5)](PF6)2 (2.618 Å).[7e] The C1A–Se1–C1B angle
[98.3(3)°] differs slightly from that of the ligand (97.79°).
The angles around the central metal atom lie in the range
77.8(2)–101.54(19)° for those involving mutually cis donor
atoms and 165.22(14)–179.12(17)° for the mutually trans
donor atoms, thereby deviating only slightly from those ex-
pected for a regular octahedral geometry.

Figure 3. ORTEP diagram of 14 (PF6 anion and H atoms have
been omitted for clarity).

Table 3. Significant bond lengths [Å] and angles [°] for 14.

Ni–N2A 2.052(5) Ni–N1B 2.086(5)
Ni–N1A 2.059(5) Ni–N2B 2.095(5)
Ni–Se2 2.5089(10) Ni–Se1 2.5105(10)
Se1–C1B 1.909(7) Se1–C1A 1.944(7)
Se2–C20B 1.923(7) Se2–C20A 1.933(6)
N1A–C7A 1.275(8) N2A–C14B 1.267(8)
C1B–Se1–C1A 98.3(3) C20B–Se2–C20A 98.0(3)

Complex 15

The reaction of ligand 11 and Co(ClO4)2·6H2O in a 1:1
ratio afforded brown complex 15. Complex 15 is soluble in
CH3CN and acetone but decomposes in DMSO. The IR
spectrum shows the ν(C=N) band shifted from 1642 to
1617 cm–1, thus implying the coordination of all the imine
nitrogens to the metal. The molecular ion peak is not ob-
served in the ESI mass spectrum of the complex, although
the peaks at m/z = 894 and 795 correspond to [M – ClO4]+

and [M – 2ClO4]+, respectively, and confirm the formation
of complex 15. The bands at 222 (15162) and 356 nm (1487)
in the UV/Vis spectrum can be assigned to intraligand
π–π* transitions and the band at around 546 nm (218) is
due to the 4T1g(F)�

4T1g(P) transitions. The cyclic voltam-
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mogram in acetonitrile solution reveals a quasireversible
wave at E1/2 = 0.236 V versus saturated calomel electrode
(SCE) with a ∆E value of 0.070 V.

Complex 16

CoII complex 16 was synthesized similarly with a 1:1 ra-
tio of ligand 3 and Co(ClO4)2·6H2O in acetonitrile. This
complex is also soluble in acetone and acetonitrile but de-
composes in DMSO. The elemental analysis data of com-
plex 16 suggest the formation of a 1:1 product. The IR spec-
troscopic measurements show that the ν(C=N) absorption
of 16 has shifted from 1642 to 1627 cm–1. In the ESI mass
spectrum the highest recorded peak for complex 16 is found
at m/z = 814 and can be assigned to [16 –ClO4]+,which con-
firms the formation of the complex. The cyclic voltam-
metric study shows a well-behaved, quasireversible redox
wave with E1/2 = 0.249 V versus saturated calomel electrode
(SCE) and a ∆E value of 0.062 V. The UV/Vis spectrum of
16 consists of three bands at 224 (18141), 354 (1734),
546 nm (285) due to π–π* and d–d transitions. The struc-
ture was confirmed by X-ray crystallographic studies.

Selected bond lengths and angles are given in Table 4 and
the ORTEP diagram is shown in Figure 4. The complex
crystallizes in the triclinic system with space group C2. The
CoII ion is bound to the hexadentate macrocycle 3 by two
selenium donors and four nitrogen donors. The notable fea-
ture of this structure is the CoII–Se intermolecular interac-
tion: the CoII–Se distances [Co–Se1 = 2.593(6), Co–Sea =
2.593(6) Å] are longer then the CoIII–Se distance (2.340 Å)
observed in the structure of macrobicyclic cage [CoL]3+ (L
= 8-methyl-1-nitro-6,10,19-triselena-3,13,16-triazabicyclo-
[6.6.6]icosane) (7).[5] The angles around the central metal
atom lie in the range 84.22(9)–98.89(18)° for those involving
mutually cis donor atoms and 171.12(9)–174.6(2)° for those
mutually trans donor atoms. Thus, they do not deviate
greatly from the values of 90° and 180° expected for a regu-
lar octahedron. The Co–N bond lengths are Co–N1 =
2.128(3), Co–N1#1 = 2.129(3), Co–N2#1 = 2.157(3), and
Co–N2 = 2.157(3) Å. The Se–C distances [Se–C17#1 =
1.927(4), Se–C1 = 1.928(3), C17–Se#1 = 1.927(4) Å] are
comparable to the parent ligand and are close to the sum
of the Pauling covalent radii for selenium (1.17 Å) and an
sp2-hybridized carbon (0.74 Å). The C–Se–C angle [C17#1–
Se–C1 = 96.56(15)°, C17#1–Se–C = 97.44(11)°] deviate
slightly from the C–Se–C angle (97.44°) in the ligand.

Table 4. Significant bond lengths [Å] and angles [°] for 16.

Co–N1 2.128(3) Co–N1#1 2.129(3)
Co–N1#1 2.129(3) Co–N2#1 2.157(3)
Co–N2 2.157(3) C17–Se#1 1.927(4)
Co–Se 2.5931(6) Co–Se#1 2.5931(6)
Se–C17#1 1.927(4) Se–C1 1.928(3)
N1–C7 1.290(5) N2–C11 1.262(6)
C17#1–Se–C1 96.56(15)
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Figure 4. ORTEP diagram of 16 (ClO4 has been omitted for clarity).

Complex 17

The reaction of 12 with [PdCl2(C6H5CN)2] followed by
the addition of an excess amount of ammonium hexafluo-
rophosphate afforded yellow complex 17 (Scheme 3). The
elemental analysis data suggest the formation of a 1:1 li-
gand/metal complex. The 1H NMR spectrum exhibits two
sets of signals for each kind of proton. Two singlets at δ =
8.5 and 9.0 ppm are observed for the imine protons, with
one singlet being shifted downfield from δ = 8.5 ppm (for
the parent imine proton) to δ = 9.0 ppm. The N-CH-CH2

protons also appear as two singlets, with one of these sing-
lets being shifted downfield relative to the parent com-
pound. The 13C NMR spectrum also shows two sets of sig-
nal. The 125Te NMR signal of complex 17 at δ = 751 ppm
is shifted downfield relative to the parent compound (δ =
581 ppm), which indicates that tellurium is coordinated to
the palladium. All NMR spectroscopic data confirm the
coordination of the two imine nitrogens and two telluriums
to palladium to form a square-planar geometry around
it,[6c] which explains the two sets of signals, one for the co-
ordinated part and another for the uncoordinated part. In
the ESI mass spectrum the peaks at m/z = 934 and 1085
correspond to [M – 2PF6]+ and [M – PF6]+ and confirm
the formation of complex 17.

Scheme 3. Reagents: (i) [PdCl2(C6H5CN)2], CHCl3/CH2Cl2.
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Magnetic Properties and ESR Data of 15 and 16

The thermal dependence of the molar magnetic suscep-
tibility (χM) vs. T plot and the µeff vs. T plot are shown in
the Figure 5. The molar magnetic susceptibility (χM) in-
creases with a decrease in temperature, as expected for nor-
mal paramagnetic samples. The magnetic moment measure-
ment in the temperature range 4 K (µeff = 1.3 µB) to 300 K
(µeff = 2.3 µB) implies that compound 15 is a low-spin CoII

complex (t2g
6 eg

1) with one unpaired electron.

Figure 5. Magnetic properties of 15: χM vs. T plot and µeff vs. T
plot.

The distinct axial-type EPR spectrum of complex 15 is
shown in Figure 6 (g1 = g2 = 2.19, g3 = 2.03). The complex
does not show a clear EPR signal at 298 K, which may be
due to spin-lattice relaxation of the CoII ion in an octahe-
dral field at room temperature.[12] However, the signal starts
developing from 268 K downwards (shown in Figure 6).
The hyperfine splitting due to 57Co (I = 5/2) is not seen
even at 77 K.
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Figure 6. ESR spectra of 15 at variable temperature.

The variable-temperature magnetic susceptibility mea-
surements for 16 were performed on powdered samples
between 4 and 300 K. The χM vs. T and µeff = 2.84
(χMT)1/2 vs. T plots are shown in Figure 7. The molar mag-
netic susceptibility (χM) of 16 increases with a decrease in
temperature, as expected for normal paramagnetic samples.
The magnetic moment of 16 shows an µeff value ranging
from 4.0 to 4.9 µB, which is higher than that expected for
high-spin CoII (t2g

4 eg
2) with three unpaired electrons (µs =

3.8 µB) and indicates the presence of an orbital contri-
bution. However, these values are in good agreement with

Figure 7. Magnetic properties of 16: χM vs. T plot and µeff vs. T
plot.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5089–50975094

those observed for CoII ions in a distorted octahedral ar-
rangement.

The complex does not show any EPR signal at 298 K,
which may be due to spin lattice relaxation.[12] However, it
starts growing from 218 K and the intensity increases ap-
preciably with a further lowering in temperature (Figure 8).
At 77 K it shows a clear axial-type EPR spectrum, with g1

= g2 = 2.19, and g3 = 2.03. The expected signal at around
g = 5 could not be resolved, even at 77 K.

Figure 8. ESR spectra of 16 at variable temperature.

Conclusions
The crystal structures of macrocycles 11 and 12 confirm

the formation of 22-membered selenaaza and telluraaza
macrocycles incorporating a 1,2-cyclohexane bridge. The
replacement of an ethylene bridge with a cyclohexane
bridge leads to a significant change in the cavity size. The
Se···Se transannular distance for 11 is 5.881 Å, compared
with 3.808 Å for 1, whereas comparison of 2 with 12 indi-
cates a stronger Te···N interaction in 12. Ligands 3 and 11
both stabilize CoII ion and, as expected, 16 has a longer
CoII–Se distance than the CoIII–Se bond length. Surpris-
ingly, CoII complex 15 is low-spin whereas 16 is high-spin;
both show ESR signals at low temperatures.
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Experimental Section

General: Bis(o-formylphenyl)selenide,[7a] bis(o-formylphenyl)tellu-
ride,[6a] ligand 3, [7b] and [PdCl2(C6H5CN)2][13] were prepared by
reported procedures. Air-sensitive reactions were carried out under
an inert atmosphere. Solvents were purified by standard techniques
and were freshly distilled prior to use. trans-1,2-Diaminocyclohex-
ane was obtained from Aldrich and used as such; 1,3-diaminopro-
pane was reagent grade and was dried and distilled prior to use.
Melting points were recorded in capillary tubes and are uncor-
rected. IR spectra were recorded as KBr pellets on a Perkin–Elmer
precisely FTIR spectrometer. Electronic absorption spectra were
obtained in CHCl3/CH3CN at 25 °C in a 1-cm quartz cuvette with
a JASCO V-570 spectrophotometer. 1H-, 13C-, 77Se-, and 125Te
NMR spectra were recorded with a Varian VXR 300S or Varian
400 MHz spectrometer. Chemical shifts cited were referenced to
TMS (1H, 13C) as internal or SeMe2 (77Se) or TeMe2 (125Te) as
external standard. Elemental analyses were performed with a
Carlo–Erba model 1106 elemental analyzer. ESI mass spectra were
recorded at room temperature with a Q-Tof micro (YA-105) mass
spectrometer. Variable-temperature magnetic susceptibility data in
the temperature range 4–300 K for a polycrystalline sample of 15
and 16 were measured with a Quantum design MPMS squid mag-
netometer equipped with a closed-cycle cryostat (Air products).
Hg[Co(NCS)4] was used as a standard. Experimental susceptibility
data were corrected for diamagnetic contributions. The magnetic
moments at various temperatures were calculated by using the ex-
pression 2.84(χMT)1/2. The magnetic susceptibility of 14 was deter-
mined at room temperature on a Faraday balance and standardized
with mercury tetracyanocobaltate(II) [χ = 16.44�10–6 cm3 mol–1].
The molar susceptibilities were corrected for diamagnetism with
the use of Pascal’s constants. The effective magnetic moments were
calculated by using the expression µeff = 2.84(χMT)1/2. The ESR
measurements for 14, 15, and 16 (powder sample) were performed
with a Varian model 109CE-line X-band spectrometer fitted with
a quartz Dewar for measurements at 77 K and at variable tempera-
ture. Cyclic voltammetry experiments were performed with a Scan-
ning Potentiostat EG and G PARC Model 362 instrument, which
consists of a one-compartment cell with platinum working and
counter electrodes and a standard calomel as reference electrode.
Tetrabutylammonium tetrafluoroborate (Aldrich) was used as the
supporting electrolyte. All solutions were purged with nitrogen be-
fore the CV data were recorded. Measurements were conducted in
0.1  NBu4BF4 in acetonitrile with a sample concentration
0.05 m. Ferrocene was taken as standard.

Synthesis of Schiff-Base Macrocycle 11: A solution of bis(o-for-
mylphenyl)selenide (9; 0.313 g, 1 mmol) in acetonitrile (100 mL)
was added dropwise to a stirred solution of trans-1,2-diaminocyclo-
hexane (0.114 g, 1 mmol) in acetonitrile (200 mL) over a period of
five to six hours. The mixture was stirred overnight and the precipi-
tated white powder was filtered off. The solvent was evaporated
under reduced pressure and the compound obtained was washed
with acetonitrile two or three times. Crystals were grown from a
chloroform/hexane mixture. Yield: 0.30 g (76%). M.p. 197–99 °C.
1H NMR (299.9 MHz, CDCl3, –50 °C): δ = 1.41–2.0 (m,
NCHCH2CH2, 16 H), 3.50 (s, 4 H, NCHCH2), 8.49 (s, 4 H,
CH=N), 6.9–7.8 (m, 16 H, Ar-H) ppm. 13C NMR (100.5 MHz,
CDCl3, room temp.): δ = 23.6, 31.8, 73.7, 126.9, 130.1, 130.1, 135.2,
136.9, 161.1 ppm; all peaks are broad). 13C NMR (75.4 MHz,
CDCl3, –50 °C): δ = 20.5, 24.1, 26.3, 32.5, 71.8, 75.2, 124.6, 127.9,
129.6 (t), 130.4, 131.7, 133.4, 135.1, 136.5, 136.8, 138.8, 160.1,
161.6 ppm. 77Se NMR (57.2 MHz, CDCl3): δ = 404 ppm. IR
(KBr): ν̃ = 1641 cm–1 ν(C=N). UV/Vis (CH2Cl2): λmax (ε, –1 cm–1)
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= 240 (12938), 332 nm (1869). ESI-MS (CHCl3): m/z (%) = 737
(100) [M]+. C40H40N4Se2: calcd. C 65.40, H 5.48, N 7.62; found C
65.20, H 5.51, N 7.51.

Synthesis of Schiff-Base Macrocycle 12: A solution of bis(o-for-
mylphenyl)telluride (10; 0.398 g, 1 mmol) in acetonitrile was added
dropwise to a stirred solution of trans-1,2-diaminocyclohexane
(0.114 g, 1 mmol) in acetonitrile (200 mL) over a period of five to
six hours. The mixture was stirred overnight and the precipitated
white powder was filtered off. The solvent was evaporated under
reduced pressure and the compound obtained was washed with
acetonitrile two or three times. Yield: 0.28 g (57%). M.p. 200–
202 °C. 1H NMR (399.99 MHz, CDCl3): δ = 1.45–1.90 (m, 16 H,
NCHCH2CH2), 3.63 (s, 4 H, NCHCH2), 7.09–8.01 (m, Ar-H, 16
H), 8.53 (s, 4 H, N=CH) ppm. 13C NMR (100.5 MHz, CDCl3): δ
= 58.1, 126.3, 130.1, 132.9, 138.5, 144.5, 166.7, 167.3 ppm. 125Te
NMR (94.78 MHz, CDCl3): δ = 581 ppm. IR (KBr): ν̃ = 1637 cm–1

ν(C=N). UV/Vis (CH2Cl2): λmax (ε, –1 cm–1) = 368 (16676),
332 nm (2541). ESI-MS (CHCl3): m/z (%) = 832 (100) [M]+.
C40H40N4Te2: calcd. C 57.74, H 4.84, N 6.73; found C 57.88, H
5.20, N 7.18.

Synthesis of Reduced Macrocycle 13: An excess of NaBH4 was
added, in small portions, to a suspension of 11 (0.734 g, 1 mmol)
in ethanol, and the reaction mixture was stirred for 4 h at room
temperature, after which time it was heated at reflux for 3–4 h. The
excess of ethanol was removed under reduced pressure. Water was
added to the residue and the product was extracted with chloro-
form and kept over sodium sulfate. It was filtered and the solvents
evaporated to dryness. The residue was used for characterization.
Colour: white. Yield: 0.49 g (66%). M.p. 240–242 °C. 1H NMR
(399.99 MHz, CDCl3): δ = 1.0 (br. s, 4 H, CH2NH), 1.2 (m, 8 H,
CHCH2CH2), 1.7 (m, 8 H, CHCH2CH2), 2.3 (m, 4 H, NCH), 3.9
(dd, J = 13.4 Hz, 8 H, NCH2), 6.95–7.25 (m, 16 H) ppm. 13C NMR
(75.43 MHz, CDCl3): δ = 30.1, 50.4, 24.4, 58.2, 126.2, 127.6, 129.1,
129.9, 130.9, 140.8 ppm. 77Se NMR (57.2 MHz, CDCl3): δ =
340 ppm. IR (KBr): ν̃ = 3300, 3277, 3165, 3053, 1460 (N-H bend-
ing). ESI-MS: m/z = 743 [M]+. C40H48N4Se2: calcd. C 64.69, H
6.51, N 7.54; found C 64.52, H 6.93, N 7.29.

Synthesis of Complex 14: Schiff-base ligand 11 (0.245 g, 0.33 mmol)
was added to a two-necked, round-bottomed flask along with
methanol (20 mL). After stirring for some time, NiCl2·6H2O
(0.08 g, 0.33 mmol) was added and the mixture refluxed for one
hour, the color of the reaction mixture changing to a clear reddish-
brown. An excess of ammonium hexafluorophosphate was then
added. The reddish-brown precipitate formed was filtered off and
washed with methanol. Complex 14 was recrystallized as reddish-
brown needles by slow diffusion of diethyl ether into a MeCN solu-
tion. Yield: 0.30 g (84%). M.p. 250–252 °C (dec.). IR (KBr): ν̃ =
2935, 1627, 1291, 848, 766, 586 cm–1. UV/Vis (MeCN): λmax (ε,
–1 cm–1) = 218 (12752), 348 (613), 450 (123), 850 nm (50). µeff =
2.5 µB. ESI-MS: m/z (%) = 793 (100) [M – 2PF6]+, 939 (50) [M –
PF6]+. C40H40F12N4NiP2Se2: calcd. C 44.35, H 3.72, N 5.17; found
C 44.59, H 3.48, N 5.25.

Synthesis of Complex 15: Co(ClO4)2·6H2O (0.12 g, 0.33 mmol) was
added to a suspension of ligand 11 (0.25 g, 0.33 mmol) in acetoni-
trile. The color of the reaction mixture changed from light brown
to dark brown, and after stirring for 4–5 h a clear brown solution
had formed. The reaction mixture was stirred overnight and was
then filtered and evaporated to 15 mL. It was kept as such for
crystallization, which produced a black, crystalline compound.
Yield: 0.23 g (68%). IR (KBr): ν̃ = 1617 cm–1 ν(C=N), 1591, 1092,
624. UV/Vis (CH3CN): λmax (ε, –1 cm–1) = 222 (15162), 356 (1487),
546 nm (218). ESI-MS: m/z (%) = 795 (50) [M – 2ClO4]+, 894 (20)
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[M – ClO4]+. C40H40Cl2CoN4O8Se2: calcd. C 48.41, H 4.06, N 5.64;
found C 48.29, H 4.14, N 5.94.

Synthesis of Complex 16: Co(ClO4)2·6H2O (0.10 g, 0.33 mmol) was
added to a suspension of ligand 3 (0.22 g, 0.33 mmol) in acetoni-
trile (60 mL) and stirred for overnight. The solution was then fil-
tered and evaporated to 20 mL. Diethyl ether was added to this
solution to induce crystallization. The brown, crystalline product
that separated was used for characterization. Yield: 0.20 g (65%).
UV/Vis (CH3CN): λmax (ε, –1 cm–1) = 224 (18141), 354 (1734),
546 nm (285). ESI-MS: m/z (%) = 814 (50) [M – 2ClO4]+.
C34H32Cl2CoN4O8Se2: calcd. C 44.76, H 3.53, N 6.14; found C
44.58, H 3.12, N 6.24.

Synthesis of Complex 17: [PdCl2(C6H5CN)2] (0.13 g, 0.33 mmol) in
dichloromethane (10 mL) was added dropwise to a chloroform
(10 mL) solution of 12 (0.33 mmol, 0.28 g). On stirring for 2 h, a
yellow solution formed. After stirring for a further 2 h the yellow
solution was evaporated and the residue was dissolved in methanol
(5 mL), to which an excess of NH4PF6 was added. The yellow prod-
uct formed was washed with diethyl ether and recrystallized from
acetonitrile. Yield: 0.24 g (58%). M.p. 260–62 °C (dec.). 1H NMR
(399.99 MHz, CD3CN): δ = 1.4–2.5 (m, 16 H, NCHCH2CH2), 3.6
(d, J = 8.9 Hz, 2 H, NCHCH2), 4.0 (d, J = 3.9 Hz, 2 H, NCHCH2),
7.0 (d, J = 7.8 Hz, 2 H), 7.32 (t, J = 7.8 Hz, 2 H), 7.4 (m, 4 H),
7.55 (m, 4 H), 7.92 (d, J = 7.4 Hz, 2 H), 8.2 (d, J = 7.4 Hz, 2 H), 8.5
(s, 2 H, CH=N), 9.0 (s, 2 H, CH=N) ppm. 13C NMR (100.5 MHz,
CD3CN): δ = 25.4, 25.6, 31.9, 33.6, 68.5, 75.3, 119.4, 122.2, 132.1,
132.8, 134.1, 135.2, 135.3, 135.8, 137.2, 138.9, 139.2, 140.6, 162.4,
168.9 ppm. 125Te NMR (94.87 MHz, CD3CN): δ = 751 ppm. UV/
Vis (CH3CN): λmax (ε, –1 cm–1) = 218 (17794), 304 (5044), 394 nm
(1583). ESI-MS (CH3CN): m/z (%) = 939 (20) [M – 2PF6]+, 957
(70) [M – 2PF6 + H2O]+, 1085 (50) [M – PF6]+.

X-ray Crystallographic Studies: The diffraction measurements for
the ligands as well as the complexes were performed at room tem-
perature with a “Bruker P4” diffractometer with graphite-mono-
chromated Mo-Kα radiation (λ = 0.71073 Å). The data were cor-
rected for Lorentz, polarization, and absorption effects The struc-
tures were determined by routine heavy-atom and Fourier methods
by using SHELXS 97[14] and refined by full-matrix least-squares

Table 5. Crystallographic data for compound 11 and 12.

11 12

Empirical formula C20H20N2Se C41H42Cl2N4Te2

Fw 367.34 916.89
Crystal system triclinic triclinic
Space group P1̄ P1̄
a [Å] 11.4037(11) 11.2692(9)
b [Å] 11.8184(12) 12.8612(11)
c [Å] 14.6835(14) 15.2439(12)
α [°] 73.693(2) 66.6600(10)
β [°] 87.145(3) 75.1630(10)
γ [°] 64.196(2) 73.4570(10)
V [Å3] 1703.9(3) 1918.7(3)
Z 4 2
Dcalcd. [mgm–3] 1.432 1.587
Temp [K] 103(2) 103(2)
θ range [°] 2.10–27.84 1.86–28.33
Abs. coeff. [mm–1] 2.205 1.694
Final R(F) [I � 2σ(I)][a] 0.0448 0.0278
wR(F2) indices [I � 2σ(I)] 0.1177 0.0629
Data/restraints/parameters 7181/0/416 8969/0/443
Goodness of fit on F2 1.086 1.046

[a] Definitions: R(Fo) = ∑||Fo| – |Fc||/∑|Fo| and wR(Fo
2) =

{∑[w(Fo
2 – Fc

2)2]/∑[w(Fc
2)2]}1/2.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5089–50975096

with the non-hydrogen atoms anisotropic and hydrogen with fixed
isotropic thermal parameters of 0.07 Å by means of the SHELXL
97[15] program. The hydrogens were partially located from differ-
ence electron-density maps and the rest were fixed at predetermined
positions. Scattering factors were from common sources.[16] Some
details of data collection and refinement are given in Tables 5 and
6.

Table 6. Crystallographic data for Compound 14 and 16.

14 16

Empirical formula C40H42F12N4NiP2Se2 C34H32Cl2CoN4O8Se2

Fw 1085.35 912.39
Crystal system hexagonal monoclinic
Space group P61 C2

a [Å] 17.0747(16) 17.160(2)
b [Å] 17.0747(16) 10.9660(14)
c [Å] 29.958(4) 9.4941(12)
α [°] 90 90
β [°] 90 104.351(2)
γ [°] 120 90
V [Å3] 7564.0(14) 1730.8(4)
Z 6 2
Dcalcd. [mg m–3] 1.430 1.751
Temp [K] 293(2) 293(2)
λ [Å] 0.71073 0.71073
θ range [°] 1.54–28.93 2.21–28.32
Abs. coeff. [mm–1] 1.967 2.812
Obsd. reflections [I � 2σ(I)] 57207 6330
Final R(F) [I � 2σ(I)][a] 0.0545 R1 = 0.0321
wR(F2) indices [I � 2σ(I)] 0.1486 wR2 = 0.0778
Data/restraints/parameters 12299/1/550 3873/1/232
Goodness of fit on F2 1.030 1.066

[a] Definitions: R(Fo) = ∑||Fo| – |Fc||/∑|Fo| and wR(Fo
2) =

{∑[w(Fo
2 – Fc

2)2]/∑[w(Fc
2)2]}1/2.

CCDC-604888 (11), -604889 (12), -604890 (14) and -604891
(16) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Thiocyanate anation of the macrocyclic complexes cis-
[Cr(cycb)(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+ (cycb and
cyca are rac- and meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane, respectively), and mercury(II)-in-
duced aquation of the product thiocyanato-N complexes, has
been studied in acidic solution. The rate retardation with an
increase of the acid concentration for both types of reactions

Introduction

Recent advances in the elucidation of the mechanisms of
ligand-substitution reactions in solution have been reviewed
in a series of articles.[1] The chemistry of transition metal
complexes of macrocyclic ligands is an area that has at-
tracted considerable interest in recent years.[2–6] These com-
plexes exhibit a range of characteristic properties that are
frequently so markedly different from those of their acyclic
analogues that the special, but not very informative, label
“macrocyclic effects” has been introduced to describe the
differences.

Cyclic tetraaza ligands are among the more readily avail-
able macrocyclic ligands, and these ligands have been coor-
dinated to most metal ions of the periodic table. Macro-
cyclic ligands are usually robustly bound, even to metal ions
otherwise characterized as “labile”, but knowledge of their
ability to modify reactivities at the coordination positions
not occupied by the macrocyclic ligand is very sparse for
most metal ions.

Base hydrolysis of cis-[Cr(cycb)(OH)X]+- and trans-
[Cr(cyca)(OH)X]+-type species (X– = Cl–, NCS–, or N3

–),
leading to liberation of the X ligand and formation of the
dihydroxo complexes, has been studied previously.[7] These
processes occur without any stereochemical changes or
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follows the rate expression kobs = (k1 + k2Ka/[H+
(aq)])/(1 + Ka/

[H+
(aq)]), corresponding to parallel reaction paths through

aqua and hydroxo complexes. Some general trends in the
differences in reactivity between the two geometrical iso-
mers have been observed and are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

aquation of the macrocyclic amine ligand, even at higher
temperatures and in strongly basic solution. However, they
are markedly influenced by the composition of the ionic
medium, and this has been rationalized by a competitive
ion-pair formation between hydroxide ions and the anion
of the supporting electrolyte.

The aim of the present work is to gain further insight
into the mechanism of ligand substitution in this type of
complexes in acidic media by comparison of the reactivity
of the two geometrical isomers in two types of reactions,
namely anation of the diaqua complexes cis-[Cr(cycb)-
(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+ by thiocyanate and
mercury(II)-induced aquation of the thiocyanato ligand by
formation of the heterodinuclear ions cis-[(cycb)(H2O)Cr-
NCS-Hg]4+ and trans-[(cyca)(H2O)Cr-NCS-Hg]4+.

Results and Discussion

Characteristics of the Systems Studied

Direct structural investigations on chromium(III) com-
plexes of the ligands cyca[8] and cycb[9] (Scheme 1), as well
as other types of evidence, point towards structures of the
diaqua complexes with two equivalent water ligands. Con-
sequently, substitution of a water ligand with another
monodentate ligand will give only one product. For the
thiocyanato ligand, this has previously been demonstrated
by isolation of solutions of aquathiocyanato-type com-
plexes formed by thiocyanate anation of cis-[Cr(cycb)-
(OH2)2]3+ and trans-[Cr(cyca)(OH2)2]3+, in which only one
isomer was present.[7]
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Scheme 1.

The thiocyanato ligand in these complexes is sufficiently
robustly coordinated for complexation of mercury(II) to the
uncoordinated sulfur atom of the thiocyanato ligand to be
studied free from complications due to aquation of this li-
gand. Preliminary results demonstrated that anation of the
diaqua complexes by thiocyanate and mercury(II)-assisted
aquation of the monothiocyanato-N derivatives proceed,
for both the macrocyclic ligands studied, according to
Equations (1) and (2):

[Cr(cyc)(OH2)2]3+ + NCS– � [Cr(cyc)(OH2)(NCS)]2+ + H2O (1)

[Cr(cyc)(OH2)(NCS)]2+ + HgII + H2O �
[Cr(cyc)(OH2)2]3+ + Hg(SCN)+

aq (2)

Complete retention of configuration is observed in these
reaction sequences and the possible aquation of the macro-
cyclic ligand does not interfere with the reactions under the
conditions applied in the present work. This conclusion is
based on the results of chromatographic separations and
electronic spectra of the eluted chromium(III) species.

The value of the formation constant, at 298 K, for mer-
cury(II) complexation to cationic complexes is usually be-
tween 103 and 104 –1, and for complexation to anionic
complexes usually somewhat higher[10,11] (frequently over
105 –1). The values found for the present cationic macro-
cyclic complexes (Table 1) are similar, 3.9�103 –1 for the
trans and 8.5�103 –1 for the cis isomer. The complexation
reactions are both significantly exothermic (with small

Table 1. Equilibrium constants (KHg at 298 K) and reaction enthalpies (∆rH°) for mercury(II) complexation to aquathiocyanato complexes
of two macrocyclic chromium(III) complexes in 2.0  (Na/H)ClO4. Standard deviations are given in parentheses.

Chromium(III) complex KHg (298 K) [–1] ∆rH° [kJmol–1] ∆rS° [JK–1 mol–1]

trans-[Cr(cyca)(OH2)(NCS)]2+ 3.90(10)�103 –28.5(10) –27(3)
cis-[Cr(cycb)(OH2)(NCS)]2+ 8.5(2)�103 –25.0(10) –9(3)

Table 2. Acidity constants, Ka1, for monoaqua complexes at 298 K and 313 K, Ka1 and Ka2 for diaqua complexes at 298 K, and reaction
enthalpies, ∆rH°, determined by acid/base titrations in 1.0  NaBr. Standard deviations are given in parentheses.

Complex –log(Ka/) (298 K) –log(Ka/) (313 K) ∆rH° [kJ mol–1]

trans-[Cr(cyca)(OH2)2]3+ 2.44(3) 29(8)
6.929(12) 38(2)

trans-[Cr(cyca)(OH2)(NCS)]2+ 3.817(8) 3.70(4)[a] 24(3)
cis-[Cr(cycb)(OH2)2]3+ 3.490(8) 29.4(10)

7.112(6) 41.7(13)
cis-[Cr(cycb)(OH2)(NCS)]2+ 5.298(5) 4.91(2)[a] 30(7)

[a] Noticeable decomposition during titration. The ∆rH° values given are those from Table 4.
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negative entropies of reaction), as expected for the interac-
tion between a “soft” metal center and a “soft” ligand.

The macrocyclic chromium(III) complexes were further
characterized by their acid/base properties; the acidity con-
stants determined for the aquathiocyanato and the diaqua
complexes are presented in Table 2. It can be seen that the
acidity constants for the monothiocyanato 2+ complexes
are over one order of magnitude lower than those of the
diaqua 3+ complexes, which is as expected from the overall
charge variation of the complexes. A direct titrimetric deter-
mination of the acidity constants for the dinuclear Cr–
NCS–Hg4+ species was not possible because of the need for
a large excess of mercury(II), which exhibits similar acid/
base properties to the investigated complexes.[12] In the hy-
drogen concentration range selected for kinetic measure-
ments, deprotonation of the aqua complexes is stoichiomet-
rically unimportant.

Kinetics of the Mercury(II)-Induced Aquation Reaction

Mercury(II) aquaion is known to efficiently induce
aquation of both halide and pseudo-halide ligands in robust
classical complexes[13] as well as in organometallic spe-
cies.[14] A rate enhancement of up to four orders of magni-
tude[10,11] has been observed for thiocyanato ligand aqu-
ation due to coordination of mercury(II) to the uncoordi-
nated sulfur atom of this ligand. Examples are known, how-
ever, of mercury(II) causing rate retardation by coordina-
tion at another available position and not at the ligand
which is the leaving group.[15]

The mercury(II)-induced aquation reactions of the pres-
ent macrocyclic complexes have been studied in the pres-
ence of an excess of mercury(II) sufficient to transform the
aquathiocyanatochromium(III) reagents into [CrIII–NCS–
HgII]-type complexes with a degree of conversion exceeding
95%. This guarantees independence of the observed rate
constant on the mercury(II) concentration. The two macro-
cyclic thiocyanatochromium(III) complexes aquate, with a
rate that decreases with an increase in acid concentration,
as shown in Figure 1.
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Figure 1. Pseudo-first-order rate constants for aquation of trans-
[(cyca)(H2O)Cr-NCS-Hg]4+ (a) and cis-[(cycb)(H2O)Cr-NCS-Hg]4+

(b) complexes as a function of the hydrogen ion concentration in
2.0  (H/Na)ClO4; [HgII] = 25 m.

The observed pseudo-first-order rate constant, kobs, vs.
[H+

(aq)] data can be reproduced by Equation (3) which is
derived by assuming a fast protolytic equilibrium step fol-
lowed by the parallel substitution of the thiocyanato-S–
mercury(II) ion from the aqua and the hydroxo forms of
the reagents, as shown in Scheme 2.

Table 3. Rate constants (k1 and k2 at 298 K and 323 K), acidity constants (Ka at 298 K and 323 K), activation energies (Ea) and reaction
enthalpies (∆rH°) for mercury(II)-induced aquation of two macrocyclic chromium(III) complexes in 2.0  (Na/H)ClO4 [see Scheme 2 and
Equation (3)]. Standard deviations are given in parentheses.[a]

trans-[Cr(cyca)(OH2)(NCS)]2+ 298 K 323 K Ea or ∆rH° [kJmol–1]

k1 [s–1] 6(2)�10–7 2.0(2)�10–5 113(11)
k2Ka [–1 s–1] 1.19(2)�10–6 8.5(2)�10–5 137(2)
k2 [s–1] 6(2)�10–4 9.9(12)�10–3 89(8)
–log(Ka/) 2.72(18) 2.06(6) 48(9)

cis-[Cr(cycb)(OH2)(NCS)]2+ 298 K 323 K Ea or ∆rH° [kJmol–1]

k1 [s–1] 9.8(6)�10–6 4.66(12)�10–4 124(2)
k2Ka [–1 s–1] 3.42(6)�10–5 1.831(13)�10–3 127.5(7)
k2 [s–1] 1.3(2)�10–2 4.4(3)�10–1 114(7)
–log(Ka/) 2.57(9) 2.38(3) 14(8)

[a] It should be noted that the functional form of the mathematical equation used to interpret the data does not allow a particularly
well-defined separation of the k2 and the Ka parameters for the present set of data. Consequently, the significantly better defined parameter
product k2Ka is also given in the table.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5098–51055100

kobs = (k1 + k2·Ka/[H+
(aq)])/(1 + Ka/[H+

(aq)]) (3)

Scheme 2.

Non-linear regression analysis was used to give the pa-
rameters in Table 3. The data in this table show that the
values of the rate constants and the acid dissociation con-
stants are obtained with significant errors despite the good
fit of the data to the theoretical equation. This is mainly
caused by the relatively narrow range of hydrogen ion con-
centrations that had to be used.

The values of the acidity constants, Ka, for both isomers
of [Cr(cyc)(H2O–NCS–Hg)]4+-type (see Table 3) seem to be
reasonable and are remarkably higher than those for the
[Cr(cyc)(H2O)(NCS)]2+-type isomers (Table 2), as can be
expected due to the higher charge of the cationic complexes.
However, the acidity constants for the trans- and cis-thiocy-
anato ions differ significantly (about 30 times), whereas the
values for the mercury(II) derivatives are very similar.

The reactivity comparison of the cis and the trans iso-
mers in the aqua (k1) and hydroxo (k2) forms is based on
the two parameters in Equation (3). The k1 and k2 values
at 298 K for the cis isomer are about 20 times higher than
for the trans one in spite of the higher value of the acti-
vation energy. The k2/k1 quotient is a measure of the labiliz-
ing effect of OH– trans and cis to the leaving ligand. These
values are similar for both isomers — about 1330 for the
cis and about 1000 for the trans species. The rate constant
increase due to deprotonation of the coordinated water
molecule is larger for the studied macrocyclic complexes
than for many other chromium(III) complexes; [Cr(H2O)
5(OH)]2+, for example, exchanges its water molecule only 75
times faster than [Cr(H2O)6]3+.[1] The significant uncer-
tainties in the activation parameters make mechanistic con-
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siderations difficult, although the rate enhancement is ac-
companied by a lowering of the activation energy (Table 3)
rather than the increase observed if the mechanism changes
from Ia to Id as the result of the deprotonation. Remarka-
bly, the k1 rate constants for the studied macrocyclic com-
plexes are three to four orders of magnitude lower than
those for other CrIII–NCS–Hg type species that are thought
to be very inert.[10,11] Thus, the “kinetic macrocyclic effect”
manifests itself first of all in the extreme inertness of both
geometrical isomers and in a strong reactivity difference be-
tween the aqua and the hydroxo forms of the complexes.

Kinetics of the Anation Reaction

Both cis-[Cr(cycb)(OH2)2]3+ and trans-[Cr(cyca)-
(OH2)2]3+ isomers undergo slow anation by thiocyanate in
acidic media to give the corresponding monothiocyanato
complexes. At lower temperatures — 298–318 K for the cis
and 308–328 K for the trans complex — the reaction is so
slow that it can be conveniently studied by applying an ini-
tial rate analysis. The pseudo-zero-order rate constants, k(0),
were found to be proportional to the chromium(III) con-
centration, and were converted to pseudo-first-order rate
constants, k(1), with [Equation (4)].

k(1) = k(0)/[CrIII] (4)

These constants depend on the thiocyanate and hydrogen
ion concentrations, as demonstrated in Figures 2 and 3. For
thiocyanate concentrations below 0.1 , the pseudo-first-
order rate constant is proportional to the thiocyanate con-
centration, whereas at higher thiocyanate concentrations a
non-linear behaviour is seen. In the simple anation model
two parameters — the encounter complex formation con-
stant Q and the rate constant k — describe the reaction of

Figure 2. Pseudo-first-order rate constants for anation of cis-
[Cr(cycb)(H2O)2]3+ as a function of the thiocyanate concentration
in 1.0  (H/Na)(Br/NCS); T = 298 K.
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a particular reagent. However, the non-linear kinetics of the
reaction observed at higher NCS– concentration (Figure 3)
does not allow for the separation of these parameters and
are ignored in the following discussion.

Figure 3. Pseudo-first-order rate constants for anation of trans-
[Cr(cyca)(H2O)2]3+ (a) and cis-[Cr(cycb)(H2O)2]3+ (b) as a function
of the thiocyanate concentration in 1.0  (H/Na)(Br/NCS);
[H+

(aq)] = 0.2 .

At higher temperatures — 318–338 K for the cis and
328–348 K for the trans complex — reactions were moni-
tored under pseudo-first-order conditions with thiocyanate
in substantial excess over the chromium(III) reagent. Under
such conditions the reactions are of first order, and the
pseudo-first-order rate constant is proportional to the thio-
cyanate concentration, in agreement with the results at
lower temperatures. Ignoring the data demonstrating devia-
tions from linearity at thiocyanate concentrations higher
than 0.1 , the reactions are found to be of second order,
first order in complex and first order in thiocyanate, corre-
sponding to the second-order anation rate constant, kan,
given by Equation (5) where kan can be interpreted, in terms
of a simple anation model, as the product of the encounter
complex formation constant Q and the rate constant k
[Equation (6)] if the pre-equilibrium step is shifted to the
left.
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kan = k(1)/[NCS–] (5)

(6)

The hydrogen ion concentration dependence of the sec-
ond-order rate constant is shown in Figure 4. The signifi-
cant rate retardation at high acidities can be rationalized in
terms of the reaction given in Scheme 3, which shows paral-
lel reaction paths by water ligand substitution in the diaqua
and the aquahydroxo complexes and gives the expression in
Equation (7) for the second-order anation rate constant.

kan = (k1 + k2·Ka/[H+
(aq)])/(1 + Ka/[H+

(aq)]) (7)

Scheme 3.

The parameters obtained by combining the rate data for
all the kinetic experiments are given in Table 4. The validity
of the proposed reaction scheme can be verified by com-
parison of the kinetically determined acidity constants, Ka,
with those determined independently by titration experi-
ments (see Table 2). A very good agreement of these two
sets of parameters supports the correctness of the pos-
tulated reaction model.

The data in Table 4 show that, as in the case of the
aquation, the values of the rate constants and the acid
dissociation constants have been determined with signifi-
cant errors.

The results obtained for the anation demonstrate, as for
the aquation, a higher reactivity of the cis isomer; the ratio
of k1 for the cis and trans isomers is about 7 whereas the
same ratio for k2 is even higher at about 380. Deprotonation
of the coordinated water molecule increases the reactivity,
as in the case of the aquation, although the extent of this
effect is different for the isomers: the k2/k1 quotient is about

Table 4. Rate constants (k1 and k2 at 298 K and 323 K), acidity constants (Ka at 298 K and 323 K), activation energies (Ea) and reaction
enthalpies (∆rH°) for thiocyanate anation of two macrocyclic chromium(III) complexes in 1.0  (Na/H)(Br/NCS) [see Scheme 3 and
Equation (7)]. Standard deviations are given in parentheses.[a]

trans-[Cr(cyca)(OH2)2]3+ 298 K 323 K Ea or ∆rH° [kJ mol–1]

k1 [s–1] 6.5(9)�10–6 2.61(18)�10–4 119(6)
k2Ka [–1 s–1] 4.92(14)�10–6 2.42(4)�10–4 124.9(8)
k2 [s–1] 1.25(6)�10–3 2.95(8)�10–2 101.3(12)
–log(Ka/) 2.40(3) 2.084(16) 23.6(15)

cis-[Cr(cycb)(OH2)2]3+ 298 K 323 K Ea or ∆rH° [kJ mol–1]

k1 [s–1] 4.2(3)�10–5 9.4(11)�10–4 100(5)
k2Ka [–1 s–1] 1.73(5)�10–5 9.38(13)�10–3 128.0(8)
k2 [s–1] 4.8(11)�10–2 1.03(8) 98(7)
–log(Ka/) 3.44(11) 3.04(4) 30(8)

[a] It should be noted that the functional form of the mathematical equation used to interpret the data does not allow a particularly
well-defined separation of the k2 and the Ka parameters for the set of data for the cis isomer. Consequently, the significantly better
defined parameter product k2Ka is also given in the table.
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1100 for the cis but only around 20 for the trans isomer.
However, it should be noted that the k1 and k2 parameters
are composite quantities, interpreted in terms of a simple

Figure 4. Pseudo-second-order rate constants for the anation of
trans-[Cr(cyca)(H2O)2]3+ (a) and cis-[Cr(cycb)(H2O)2]3+ (b) com-
plexes by NCS– as a function of [H+

(aq)]; I = 1.0  (H/Na)(Br/
NCS).
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anation model, as the product of the encounter complex
formation constant Q and the rate constant k [see Equa-
tion (6)].

The significant uncertainties in the apparent activation
parameters for the anation make them almost unusable for
mechanistic considerations.

Summary and Conclusions

Data for the presently investigated reactions, sup-
plemented with base hydrolysis data for complexes of the
same macrocyclic ligands,[7] are shown in the form of a lin-
ear free energy relationship at 298 K in Figure 5. The same
trend in the relative rates is observed for the cis and the
trans series of complexes, with the trans complexes reacting
between 6.5 and 38 times slower than the cis complexes.
The linearized correlation in Figure 5 corresponds to the
rate constant relationship kcis ≈ 20ktrans, or to a difference
in the free energy of activation of about 8 kJmol–1. Regret-
tably, the activation parameters are not accurate enough to
separate the free energy into well-defined enthalpy and en-
tropy contributions.

Figure 5. Correlation between free energies of activation for reac-
tions of cis-Cr(cycb) and trans-Cr(cyca) complexes at 298 K. The
data are from this work and from ref.[7] Rate constants are given
in units of s–1 or –1 s–1 according to the type of reaction. The line
drawn corresponds to kcis ≈ 20ktrans.

Some other general trends are worth pointing out ex-
plicitly. For example, the exceptional inertness and stereori-
gidity is a characteristic feature of the studied macrocyclic
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complexes. An increased acidity of the water ligands coordi-
nated to the macrocyclic complexes with a highly hydro-
phobic coordination sphere is also seen. For the present
complexes, this manifests itself in dominating reactivity
contributions from deprotonated complexes, even in
strongly acidic solution. The strong increase in reactivity
caused by the coordinated water molecule deprotonation
may be correlated with a lowering of the energy of acti-
vation. Regrettably, however, the present data are not accu-
rate enough to determine whether this is the only effect op-
erating. This effect is practically non-directional for the
aquation but, unexpectedly, is much stronger in the cis posi-
tion for the anation. The general reactivity pattern of the
present reactions follows that normally seen for complexes
of chromium(III) involving slow substitution processes of
and by thiocyanate ligands.

Experimental Section

Materials: cis-[Cr(cycb)(OH2)2]Br3·2H2O was prepared according
to a literature method;[16] trans-[Cr(cyca)(OH2)2]Br3·3H2O was pre-
pared analogously;[16] cis-[Cr(cycb)(OH2)(NCS)]2+ and trans-
[Cr(cyca)(OH2)(NCS)]2+ complexes were prepared and character-
ised in solution as described previously.[7] Sephadex SP C-25
(Na+,H+) was used for chromatographic separations. Other chemi-
cals were the best available commercial grades. For all solutions
doubly distilled water was used.

Determination of the Formation Constant for the CrIII–NCS–HgII

Complexes: Equilibrium constants, KHg, for reactions of the type
shown in Equation (8) were determined spectrophotometrically at
λ = 312 nm for the cis isomer and at λ = 309 nm for the trans
isomer, using a Perkin–Elmer Lambda-20 spectrophotometer.

[Cr(cyc)(OH2)(NCS)]2+
(aq) + Hg2+

(aq) h

[Cr(cyc)(OH2)(NCS-Hg)]4+
(aq) (8)

Spectra were taken immediately after mixing of the reactants, and
effects of subsequent aquation reactions were not observed during
the time of the experiments. A decrease of the thiocyanatochromiu-
m(III) charge-transfer bands with an increase of the mercury(II)
concentration was observed for both isomers. An example is shown
in Figure S1 (see Supporting Information). The equilibria in Equa-
tion (8) were examined at three temperatures (293.7–330.1 K) at a
hydrogen ion concentration of 0.5  and an ionic strength of 2.0 

maintained by the addition of NaClO4. The concentration of the
chromium(III) species was about 0.4 m and the mercury(II) con-
centration was varied between 0.1 and 2.5 m. The equilibrium
constants, KHg, were calculated from Equation (9) which is derived
from the relevant mass-action expressions in Equation (10) where
[C] = [S] + [P], P = [Cr(cyc)(OH2)(NCS–Hg)]4+

(aq), S = [Cr(cyc)-
(OH2)(NCS)]2+

(aq), [P] = (Ai – As)/∆ε, ∆ε = εp – εs, assuming εp =
0. The results are given in Table 1.
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Identification of Reaction Products: Stoichiometric studies of the
aquation of the CrIII–NCS–HgII complexes were carried out to
95% conversion and anation of the diaqua isomers by thiocyanate
to 5% conversion. The reaction mixtures were chromatographed
and the chromium(III) species were eluted with 0.1–0.5  HClO4.
The complexes were identified by their UV/Vis spectra. Chromium
concentrations were determined by atomic absorption spectrometry
using a Varian ABQ-20 instrument.

Mercury(II)-Assisted Aquation Kinetics: These reactions were moni-
tored spectrophotometrically using a Shimadzu UV-1601 PC spec-
trophotometer equipped with a Shimadzu CPS-240A digital tem-
perature controller. Absorbance/time data were collected at λ =
270 nm for the cis isomer and at λ = 265 nm for the trans isomer;
the decrease of absorbance was up to 0.4. The kinetic experiments
covered the temperature range 298–329 K for the cis and 298–
340 K for the trans isomer and the hydrogen ion concentration
range 0.02–1.8 , giving half-lives of the reactions of between 6 and
18000 s. The chromium(III) concentration was kept at 0.25 m in
most of the experiments but was varied in the range 0.2–0.5 m.
The concentration of mercury(II) necessary for greater than 95%
transformation of the starting complexes into the dinuclear com-
pounds was kept at 25 m in most experiments but was varied in
the concentration range 0.02–0.1 . The ionic strength was main-
tained constant at 2.0  by the addition of NaClO4. Reactions were
initiated by injecting a portion of the stock complex solution
(0.2 mL) into a thermostatted solution (1.8 mL) containing all
other components. Kinetic runs were repeated three times, five
times at the lowest H+

(aq) concentration. The pseudo-first-order
rate constants, kobs, were calculated by standard non-linear re-
gression analysis from the absorbance, Aobs, vs. time, t, data using
the formula Aobs ≈ Acalc = A0 + A1·e–kobs·t. Data up to four half-
lives were used for the rate-constant calculations. The obtained rate
constants were practically independent of the chromium(III) con-
centration and independent of mercury(II) concentrations at levels
above 0.02 . The average reproduction in the final calculations to
give the rate constants and activation parameters of Table 3 was
about 1.0 % for the cis reagent and 3.6% for the trans reagent.

Thiocyanate Anation Kinetics: The thiocyanate anation reactions
were monitored spectrophotometrically at λ = 310 nm using Per-
kin–Elmer Lambda 18 and Lambda 20 spectrophotometers, with
cell holders thermostatted with a Perkin–Elmer or a Julabo F-25
thermostat. The ionic strength was kept constant at 1.0  with H+,
Na+, Br– and NCS–. Kinetic measurements at the lower tempera-
tures were done by applying an initial rate method, under pseudo-
zero-order conditions, where the increase of absorbance was re-
corded up to less than 5% of the conversion degree. Absorbance
changes for the trans isomer are shown in Figure S2 in the Support-
ing Information. The absorbance changes for the cis complex are
analogous to those seen for the trans complex, as could be ex-
pected. The experiments covered the temperature range 298–318 K
for the cis and 308–328 K for the trans complex and the concentra-
tion ranges [CrIII] = 5–15 m, [NCS–] = 0.01–0.8  and [H+

(aq)] =
0.01–0.5 . The reactions were initiated by injection of a stock
NaNCS solution (0.1 mL) into a thermostatted solution (1.9 mL)
containing all other components. All kinetic runs were repeated
three times. The pseudo-zero-order rate constants, kobs

(0), were cal-
culated by linear regression analysis from the absorbance, A, vs.
time, t, data using the expression Aobs ≈ Acalc = A0 + kobs

(0)·ε310·t,
where ε310 is the molar absorption coefficient for the complexes.
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The pseudo-first-order rate constants k(1), calculated as kobs
(0)/

[CrIII] = k(1), are directly proportional to the thiocyanate concentra-
tion at [NCS–] �� 0.1 . The kinetic parameters obtained in this
way are, of course, strongly dependent on the accuracy of the deter-
mination of the reactant concentrations and accurate determi-
nation of the molar absorption coefficients for the examined com-
plexes. However, a good agreement between the values found by
this method at lower temperatures and by the experimental ap-
proach described below for the higher temperatures was obtained.
Kinetic measurements at these latter conditions were performed
under conventional pseudo-first-order conditions with [CrIII]
(0.1 m) �� [NCS–] (0.035–0.1 ). These experiments covered the
temperature range 318–338 K for the cis and 328–348 K for the
trans complex and the hydrogen ion concentration range 0.002–
0.1 . The reactions were initiated by injection of a stock solution
of the complex (0.1 mL) into a thermostatted solution (3.0 mL)
containing all other components. The pseudo-first-order rate con-
stants, kobs

(1), were calculated by non-linear regression from the
absorbance, Aobs, vs. time, t, data using the formula Aobs ≈ Acalc =
A0 + A1·e–kobs

(I)·t. At higher thiocyanate concentrations a deviation
from the linear behaviour is seen. The pseudo-first-order rate con-
stants at the lower thiocyanate concentrations were converted into
second-order rate constants, and these data are the basis for the
average rate constants and activation parameters listed in Table 4.
The reproduction of the individual rate constants in this final cal-
culation was about 4.7% for the cis reagent and 3.6% for the trans
reagent.

Determination of Acidity Constants: Acidity constants were deter-
mined by potentiometric titrations at 298 and 313 K. The ionic
strength was kept constant at 1.0  by the addition of NaBr. The
results are given in Table 2.

Supporting Information (see footnote on the first page of this arti-
cle): Spectral changes accompanying the addition of mercury(II) to
cis-[Cr(cycb)(H2O)(NCS)]2+ and anation of trans-[Cr(cyca)-
(OH2)2]3+ by thiocyanate.
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New Bis(silyl)cyclopentadienidoniobium and -tantalum Complexes:
X-ray Crystal Structures of [NbCp∧Cl4] and [NbCp∧Cl4(CNAr)]

[Cp∧ = η5-C5H3(SiClMe2)(SiMe3); Ar = 2,6-Me2C6H3]

Manuel Gómez,*[a] Pilar Gómez-Sal,[a] and José Manuel Hernández[a]

Keywords: Niobium / Tantalum / Cyclopentadienyl complexes

The [bis(silyl)cyclopentadienido]tetrachloroniobium and
-tantalum complexes [MCp∧Cl4] [Cp∧ = η5-C5H3(SiClMe2)-
(SiMe3); M = Nb 3, Ta 4] were synthesized by reaction of the
pentachlorides MCl5 with C5H3(SiClMe2)(SiMe3)2 (1). Al-
though the Lewis acidity of tetrachloro complexes 3 and 4
is lower than that of the pentahalides, two adducts [M{η5-
C5H3(SiClMe2)(SiMe3)}Cl4(CNAr)] (Ar = 2,6-Me2C6H3; M =
Nb 5, Ta 6) have been isolated by reaction with ArNC. Com-
plexes 3 and 4 react with tert-butylamine or lithium amides
to afford the dichloroimido and amidochloroimido complexes
[M{η5-C5H3(SiClMe2)(SiMe3)}Cl2(NR)] (R = tBu, M = Nb 7,
Ta 8; R = Me, M = Nb 9) and [Ta{η5-C5H3(SiClMe2)(SiMe3)}-
Cl(NHtBu)(NtBu)] (10), respectively. In addition, 7 and 8 can
be prepared by treatment of the pentachlorides with

Introduction

Mono- and bis(cyclopentadienido) complexes of early
transition metals with silyl-substituted cyclopentadienido
rings have been extensively used as reagents in organic syn-
thesis and also as precursors to prepare soluble Ziegler–
Natta-type olefin polymerization catalysts.[1] The presence
of different substituents in the cyclopentadienido moiety
modifies the steric and electronic requirements of the cen-
tral metal atom, particularly when such substituents con-
tain reactive functional groups. Thus, when chlorine is pres-
ent in these silyl groups the complex offers a new reactivity
center that allows their fixation on silica supports and the
cyclopentadienido ring loses its exclusive role as an ancil-
lary ligand. In the last few years various studies have been
published regarding the comparative reactivity between the
Si–Cl and M–Cl bonds of different chlorosilylcyclopen-
tadienido complexes[2] that have been used as versatile start-
ing compounds in significant synthetic strategies for con-
strained-geometry catalysts[2d,3] with bidentate η5-silylcy-
clopentadienido-η1-amido ligands.

The imido group is a strong π-donor ligand that is useful
for stabilizing high-valent metal complexes.[4] It is isolobal
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de Henares, Campus Universitario,
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Fax: +34-91-885-46-83
E-mail: manuel.gomez@uah.es
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[C5H3(SiMe2NHtBu)(SiMe3)2] (2) by elimination of 1. The tet-
rachloro compound 3 reacts with four equivalents of tBuNH2

to give the constrained-geometry derivative [Nb{η5-C5H3(Si-
Me2NtBu-κN)(SiMe3)}Cl(NtBu)] (11), whereas the treatment
of toluene solutions of 3 and 4 with H2NCH2CH2NH2 in the
presence of triethylamine leads to the trichloro complexes
[M{η5-C5H3(SiMe2NCH2CH2NH2-κ2N,N)(SiMe3)}Cl3] (M =
Nb 12, Ta 13). All the reported complexes were studied by
IR and NMR spectroscopy and the molecular structures of
complexes 3 and 5 were determined by X-ray diffraction
methods.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

with the cyclopentadienido moiety[5] and therefore provides
group 5 metal complexes that are isoelectronic with the
group 4 metallocenes that are extensively used as Ziegler–
Natta catalysts. Furthermore, the easy modification of the
steric and electronic properties of the imido ligand by vary-
ing its alkyl moiety make this type of compound very versa-
tile. For these reasons a rich chemistry of imido group 5
metal complexes has been reported in the last few years.[6]

As part our interest in the structure–reactivity relation-
ship analysis in group 5 metal monocyclopentadienido
compounds, we report here the synthesis of new bis(silyl)-
cyclopentadienidoniobium and -tantalum complexes and
the results obtained in the study of the simultaneous ami-
nolysis of Si–Cl and M–Cl bonds. In addition, the molecu-
lar structures of complexes 3 and 5, as determined by X-
ray diffraction methods, are reported.

Results and Discussion

The synthesis of C5H3(SiClMe2)(SiMe3)2 (1) was effected
by treatment of a tetrahydrofuran suspension of the lithium
salt [Li{C5H3(SiMe3)2}][7] with dichlorodimethylsilane at
–78 °C (Scheme 1). After work-up, 1 was obtained as a yel-
low oil which can be stored in the dark under an inert atmo-
sphere for several weeks (yield 85%) and was identified by
1H NMR spectroscopy (see Experimental Section) as an
equilibrium mixture of isomers in which 1-(chlorodimethyl-
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Scheme 1.

silyl)-1,3-bis(trimethylsilyl)cyclopentadiene (I) and 1,1-bis-
(trimethylsilyl)-3-(chlorodimethylsilyl)cyclopentadiene (II)
are the major components in a 3:2 ratio, as usually occurs
in all cyclopentadienes of the type C5H3X2Y.[8]

The precursor C5H3(SiMe2NHtBu)(SiMe3)2 (2) was pre-
pared in good yields (90%) as an orange oil by treatment
of 1 with two equivalents of tert-butylamine in hexane at
room temperature. Compound 2 was characterized by
NMR spectroscopy as essentially the only product of the
reaction.

Compound 1 reacts with one equivalent of the penta-
chlorides MCl5 (M = Nb, Ta) in toluene (M = Nb) or
dichloromethane (M = Ta) at 0 °C (M = Nb) or room tem-
perature (M = Ta) to give the corresponding monocyclo-
pentadienido complexes [M{η5-C5H3(SiClMe2)(SiMe3)}-

Figure 1. ORTEP drawing of compound 3 with thermal ellipsoids at the 50% probability level.

Eur. J. Inorg. Chem. 2006, 5106–5114 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5107

Cl4] (M = Nb 3, Ta, 4) with elimination of SiClMe3. The
red (M = Nb) and green (M = Ta) compounds were isolated
in 90 and 70% yield, respectively, upon cooling their solu-
tions to –20 °C. Both tetrachloro complexes 3 and 4 show
a Lewis acidic character and adducts [M{η5-C5H3(SiMe3)-
(SiClMe2)}Cl4(CNAr)] (Ar = 2,6-Me2C6H3; M = Nb 5, Ta,
6) can be isolated by addition of one equivalent of 2,6-
Me2C6H3NC to their toluene solutions.

The molecular structure and atom-labeling scheme of 3
are shown in Figure 1, while the most relevant geometrical
parameters are summarized in Table 1. In the solid state,
this complex presents a dimeric structure with the two half
moieties related by a symmetric center and the niobium
atoms bonded through two asymmetrically bridging chlo-
rine atoms. The coordination sphere of the niobium atom
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Table 1. Selected bond lengths [Å] and angles [°] for compound 3.[a]

Nb(1)–Cl(1) 2.380(2) Nb(1)–Cl(2) 2.3765(19)
Nb(1)–Cl(3) 2.401(2) Nb(1)–Cl(4) 2.4808(18)
Nb(1)–Cl(4)#1 2.764(2) Cl(4)–Nb(1)#1 2.764(2)
Nb(1)–C(1) 2.443(7) Nb(1)–C(2) 2.422(8)
Nb(1)–C(3) 2.480(8) Nb(1)–C(4) 2.457(8)
Nb(1)–C(5) 2.426(8) Nb(1)–Cp(1) 1.235
Si(2)–C(3) 1.894(8) Si(1)–C(1) 1.885(8)
Si(2)–C(8) 1.869(8) Cl(5)–Si(1) 2.072(3)
Si(2)–C(9) 1.922(7) Si(1)–C(6) 1.832(9)
Si(2)–C(10) 1.848(9) Si(1)–C(7) 1.847(9)
Cp(1)–Nb(1)–Cl(1) 102.99 Cp(1)–Nb(1)–Cl(2) 108.17
Cp(1)–Nb(1)–Cl(3) 103.39 Cp(1)–Nb(1)–Cl(4) 103.17
Cl(2)–Nb(1)–Cl(1) 87.23(8) Cl(2)–Nb(1)–Cl(3) 86.43(8)
Cl(1)–Nb(1)–Cl(3) 153.54(7) Cl(1)–Nb(1)–Cl(4) 86.65(7)
Cl(2)–Nb(1)–Cl(4) 148.61(7) Cl(3)–Nb(1)–Cl(4) 85.50(7)
Cl(4)–Nb(1)–Cl(4)#1 71.90(6) Nb(1)–Cl(4)–Nb(1)#1 108.10(6)
C(6)–Si(1)–Cl(5) 108.6(4) C(1)–Si(1)–Cl(5) 99.7(3)
Cp(1)–Nb(1)–Cl(4)#1 175.03

[a] Cp(1) is the centroid of C(1)–C(5); symmetry operation #1: –x + 2, –y + 1, –z.

can be described as elongated octahedral, with the cyclo-
pentadienido ring and a chlorine atom in the apical posi-
tions and with four chlorine atoms in the equatorial plane.
The niobium atom is located 0.6 Å above the equatorial
plane.[6d,6f,9,10] The Nb–Clequatorial bond lengths range from
2.375(2) to 2.482(2) Å, with the largest distance corre-
sponding to the chlorine atom implicated in the bridging
system that is also bonded at the apical position of the sym-
metry-related niobium atom, although in this case with a
larger distance of 2.763(2) Å. The Cp–Nb–Cl(4)apical angle
and the Nb–Cp distance are 175.03° and 1.235 Å, respec-
tively, both of which are in the normal range. A similar
asymmetric bridge has been described for the complexes
[{(NbCl2)2(µ-O)(µ-Cl)2}{(η5-C5H4)2(Me2SiOSiMe2)}][6c]

and [{Nb(η5-C5H4SiMe3)Cl2}2(µ-O)(µ-Cl)2],[11] although in
these cases a bridging oxygen atom is also present.

The two silicon atoms of the substituents in the cyclopen-
tadienido ring [Si(1) and Si(2)] are located above the Cp
plane by 0.37 and 0.39 Å, respectively, and the chlorine
atom is perpendicular to this plane. This position for the
chlorine atom has been described in other complexes con-
taining a C5H4(SiClMe2) ring.[12] It is relevant to note that
no other similar structures with a disubstituted Cp ring
have been described.

A view of the molecular structure of complex 5 is shown
in Figure 2 together with the atom-numbering scheme. Se-
lected bond lengths and angles are given in Table 2. The
Cp∧ ring is bound to the niobium atom in a nearly symmet-
ric η5-fashion with the distance between the metal and the
centroid of the ring being 2.137 Å and with the two silicon
atoms of the substituents Si(6) and Si(7) located 0.31 Å
above the ring plane. The isocyanide ligand is linearly
bound to the niobium atom, the values of the Nb–C(6)
bond length and of the Nb–C(6)–N(1) and C(6)–N(1)–C(7)
angles being 2.215(13) Å and 176.3(11)° and 175.2(13)°,
respectively; the length of the N(1)–C(6) bond [1.192(15) Å]
is in agreement with a triple bond.[6,13] The coordination
around the niobium atom is completed by four chlorine
atoms with Nb–Cl bond lengths ranging from 2.412(3) to

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5106–51145108

2.442(3) Å. Complex 5 is pseudo-octahedral if the centroid
of the Cp∧ ring is considered as occupying a coordination
site, although the niobium atom is displaced by 0.60 Å from
the mean equatorial plane passing through the four chlorine
atoms toward the cyclopentadienido ring.

Figure 2. ORTEP drawing of compound 5 with thermal ellipsoids
at the 50% probability level.

The comparative reactivity of the two different types of
Si–Cl and M–Cl bonds present in the starting tetrachloro
complexes 3 and 4 was studied in reactions with amines and
amides. Related studies with chlorocyclopentadienidotitani-
um[3g,3h,14] and -niobium[2d] derivatives led to the formation
of constrained monomeric cyclic species containing the
pendant amido group of the cyclopentadienido ligand coor-
dinated to the metal center. The dichloroimido complexes
[MCp∧Cl2(NR)] [Cp∧ = η5-C5H3(SiClMe2)(SiMe3); R =
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Table 2. Selected bond lengths [Å] and angles [°] for compound 5.[a]

Nb(1)–Cl(1) 2.412(3) Nb(1)–Cl(2) 2.418(3)
Nb(1)–Cl(3) 2.442(3) Nb(1)–Cl(4) 2.430(3)
Nb(1)–C(6) 2.215(13) Nb(1)–C(1) 2.458(10)
Nb(1)–C(2) 2.431(11) Nb(1)–C(3) 2.485(11)
Nb(1)–C(4) 2.475(11) Nb(1)–C(5) 2.444(12)
Si(6)–C(3) 1.894(12) Si(7)–C(1) 1.897(11)
Si(6)–C(17) 1.861(13) Si(7)–Cl(5) 2.064(6)
Si(6)–C(18) 1.852(13) Si(7)–C(15) 1.809(13)
Si(6)–C(19) 1.955(10) Si(7)–C(16) 1.897(11)
Cp(1)–Nb(1) 2.137 C(6)–N(1) 1.192(15)
C(6)–Nb(1)–Cl(1) 76.2(3) C(6)–Nb(1)–Cl(2) 74.5(4)
C(6)–Nb(1)–Cl(3) 75.2(3) C(6)–Nb(1)–Cl(4) 76.2(4)
Cl(1)–Nb(1)–Cl(2) 87.31(12) Cl(1)–Nb(1)–Cl(4) 86.93(12)
Cl(1)–Nb(1)–Cl(3) 151.39(12) Cl(2)–Nb(1)–Cl(4) 150.68(11)
Cl(2)–Nb(1)–Cl(3) 84.74(11) Cl(4)–Nb(1)–Cl(3) 86.74(11)
Cp(1)–Nb(1)–N(1) 178.56 Cp(1)–Nb(1)–Cl(1) 104.44
Cp(1)–Nb(1)–Cl(2) 104.33 Cp(1)–Nb(1)–Cl(3) 104.11
Cp(1)–Nb(1)–Cl(14) 105.03 Nb(1)–C(1)–N(1) 176.3(11)
C(6)–N(1)–C(7) 175.2(13)

[a] Cp is the centroid of C(1)–C(5).

tBu, M = Nb 7, Ta, 8; R = Me, M = Nb 9] were isolated
in good yields upon treatment of 3 and 4 with one equiva-
lent of the appropriate lithium amide (see Scheme 2). Com-
plex 7 also can be prepared with two equivalents of tert-
butylamine, whereas the treatment of 4 with 1.5 equivalents
of LiNHtBu leads to the amidochloroimido complex
[Ta{η5-C5H3(SiMe3)(SiClMe2)}Cl(NHtBu)(NtBu)] (10).
The formation of the imido complexes 7–10 takes place
with elimination of LiCl and HCl but the Si–Cl bond of
the cyclopentadienido ring remaining unaltered.

Scheme 2.
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Alternatively, the reaction of 2 with niobium and tanta-
lum pentachlorides in a 1:1 ratio leads to the dichloroimido
compounds 7 and 8, respectively, by elimination of HCl,
cyclopentadiene 1, and a mixture of other, unidentified
products.

Partial substitution of the chloride moieties occurs upon
treatment of a hexane solution of 3 with four equivalents of
tBuNH2 (Scheme 3) and leads to the constrained-geometry
complex [Nb{η5-C5H3(SiMe3)(SiMe2NtBu-κN)}Cl(NtBu)]
(11) with evolution of HCl. Furthermore, the addition of
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Scheme 3.

one equivalent of ethylenediamine and two equivalents of
NEt3 to toluene solutions of the tetrachloro complexes 3
and 4 gives, after separation of the ammonium salt formed,
the pseudo-octahedral trichloro species [M{η5-C5H3-
(SiMe3)[SiMe2N(CH2)2NH2-κ2N,N]}Cl3] (M = Nb 12, Ta
13). However, a mixture of complexes 7 and 11 was ob-
tained upon treatment of 3 with two equivalents of
LiNHtBu.

Complexes 3–13 are soluble in most organic solvents, in-
cluding saturated hydrocarbons. They are extremely air-
and moisture-sensitive, so rigorously dried solvents and
handling under dry inert atmosphere were found to be im-
perative for successful preparations. Their spectroscopic
data (see Experimental Section) are in agreement with the
proposed structures. The IR spectra show the characteristic
absorptions for a cyclopentadienido ring (νC–H ≈
839 cm–1)[15] and the trimethylsilyl substituent [δs(CH3) ≈
1254 cm–1].[6f,15] Complexes 5 and 6 show νC�N

[6a,13] at
around 2221 cm–1, whereas the imido complexes show the
νM=N

[6,15,16] IR absorption at about 1348 cm–1. The M–C,
M–N, and N–H stretching vibrations are observed at ν̃ ≈
469,[6a,17] 594,[6d] and 3248 cm–1,[6a,18] respectively.

The 1H NMR spectra of complexes 3 and 4 show the
expected resonances for the methyl groups bonded to sili-
con. Three broad multiplets corresponding to an ABC spin
system are observed for the cyclopentadienido ring protons.
These assignments were confirmed by the 13C{1H} NMR
spectra. The NMR spectroscopic data of adducts 5 and 6
are in agreement with the expected behavior for pseudo-
octahedral compounds[6a,13] with the cyclopentadienido
ring and the isocyanide ligand mutually trans. The o-meth-
ylphenyl isocyanide groups are equivalent and, in addition,
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three and five resonances for the C5H3(SiClMe2)(SiMe3)
ring protons and carbons are observed, respectively.

Although the structures of complexes 7–10 in the solid
state have not been determined, we assume them to be
monomers that are pseudo-tetrahedral and isostructural
with other half-sandwich imido group 5 metal deriva-
tives.[6b,6d,6e] Their formulation as dichloroimido complexes
is supported by analytical and spectroscopic data (see Ex-
perimental Section) according to the behavior expected for
three-legged piano-stool species.

Complex 11 is a disymmetric molecule due to the
enantiotopic faces of the cyclopentadienido ring and the
niobium atom. Its 1H NMR spectrum shows a singlet for
the equivalent methyl protons of the SiMe3 substituent, two
singlets for the inequivalent methyl groups bonded to the
silicon in the SiClMe2 moiety, and three low-field multiplets
for the ring protons due to the presence of the chiral ni-
obium center. In addition, three methylsilyl resonances, two
NtBu signals, and five ring carbon resonances appear in the
13C{1H} NMR spectrum.

The trichloro complexes 12 and 13 show a similar NMR
behavior to that discussed above for 11, and all these ansa
compounds exhibit a characteristic 13C signal due to the
ring carbon C1–SiClMe2 [δ = 110 (11), 106 (12), 105.2 ppm
(13)], which is shifted upfield with respect to the other ring
carbon resonances.[3h,19]

Conclusions

The tetrachlorobis(silyl)cyclopentadienidoniobium and
-tantalum complexes [M{η5-C5H3(SiClMe2)(SiMe3)}Cl4]
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(M = Nb 3, Ta 4) have been prepared by a conventional
reaction between MCl5 and C5H3(SiClMe2)(SiMe3)2 (1). Its
Lewis acid character has been established by reaction with
isocyanides to give [M{η5-C5H3(SiClMe2)(SiMe3)}Cl4L]
(M = Nb 5, Ta 6; L = 2,6-Me2C6H3NC), while in the pres-
ence of stoichiometric amounts of amines or lithium amides
the dichloroimido and amidochloroimido complexes
[M{η5-C5H3(SiClMe2)(SiMe3)}Cl2(NR)] (R = tBu, M =
Nb 7, Ta 8; R = Me, M = Nb 9) and [Ta{η5-C5H3-
(SiClMe2)(SiMe3)}Cl(NHtBu)(NtBu)] (10), respectively, are
isolated. In addition, the constrained-geometry niobium de-
rivative [Nb{η5-C5H3(SiMe2NtBu-κN)(SiMe3)}Cl(NtBu)]
(11) can be prepared by treatment of the tetrachloro com-
pound with four equivlents of tBuNH2, whereas with ethyl-
enediamine the pseudo-octahedral trichloro complexes
[M{η5-C5H3(SiMe2NCH2CH2NH2-κ2N,N)(SiMe3)}Cl3] (M
= Nb 12, Ta 13) were obtained.

Experimental Section
General: All reactions and manipulations were carried out under
argon using standard Schlenk-tube and globe-box techniques. Sol-
vents were refluxed in the presence of an appropriate drying agent
and distilled and degassed prior use: [D6]benzene and hexane (Na/
K alloy), [D]chloroform (NaH), tetrahydrofuran (Na/benzophe-
none), dichloromethane (P2O5), and toluene (Na). Bis(trimethylsi-
lyl)cyclopentadienide[7d] was synthesized as described previously,
while LiNHtBu was prepared by treatment of tBuNH2 with LinBu.
Reagent-grade chemicals were purchased from commercial sources
and used without further purification: SiClMe3, SiCl2Me2,
tBuNH2, TaCl5, LinBu (1.6  in hexanes), LiNMe2, NEt3, and
H2N–(CH2)2–NH2 from Aldrich, and NbCl5 from Fluka. Infrared
spectra were recorded with a Perkin–Elmer Spectrum 2000 spectro-
photometer (4000–400 cm–1) with samples as KBr pellets. 1H and
13C{1H} NMR spectra were recorded with a “Unity 300” or a
“Mercury VX 300” (Varian NMR Systems) spectrometer; chemical
shifts are referenced to the 1H (δ = 7.15 and 7.24 ppm) and 13C (δ
= 128 and 77 ppm) residual resonances of [D6]benzene and [D1]-
chloroform, respectively. Microanalyses (C,H,N) were performed
with a LECO CHNS 932 microanalyzer.

[C5H3(SiClMe2)(SiMe3)2] (1): A 1.6  hexane solution of LinBu
(62.5 mL, 100 mmol) was added dropwise at 0 °C to a solution of
freshly distilled C5H4(SiMe3)2 (21.02 g, 100 mmol) in hexane
(400 mL). The reaction mixture was slowly warmed to room tem-
perature and stirred for 20 h to afford a white precipitate, which,
after filtration, was washed with hexane (2�100 mL), dried under
vacuum, and identified as LiC5H3(SiMe3)2 (19.45 g, 90.00 mmol,
90%).

A suspension of LiC5H3(SiMe3)2 (19.45 g, 90.00 mmol) in tetra-
hydrofuran (300 mL) was treated with SiCl2Me2 (10.92 mL,
90.00 mmol) at –78 °C. The reaction mixture was then warmed to
room temperature and stirred for 20 h. After filtration, the solvent
was removed by evaporation under vacuum and the residue ex-
tracted with hexane (2�100 mL). The solvent was again removed
to give a yellow oil, which was characterized as compound 1
(23.18 g, 80.00 mmol, 85%). 1H NMR ([D6]benzene, 25 °C): I
(major): δ = 6.85 (m, 1 H, C5H3), 6.81 (m, 1 H, C5H3), 6.49 (m, 1
H, C5H3), 0.24 (s, 9 H, SiMe3), 0.19 (s, 3 H, SiClMe2), 0.16 (s, 3
H, SiClMe2), 0.07 ppm (s, 9 H, SiMe3); II (minor): δ = 6.95 (m, 1
H, C5H3), 6.90 (m, 1 H, C5H3), 6.46 (m, 1 H, C5H3), 0.54 (s, 6 H,
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SiClMe2), –0.04 ppm (s, 18 H, SiMe3). 13C{1H} NMR ([D6]ben-
zene, 25 °C): I (major): δ = 147.3 (C3), 143.2, 136.7, 135.2, 71.5 (br.,
C1 of C5 ring), 1.8, 1.4 (SiClMe2), –0.77 (SiMe3), –0.83 ppm
(SiMe3); II (minor): δ = 147.1 (C3), 137.5, 135.3, 133.6, 71.5 (br.,
C1 of C5 ring), 2.7 (SiClMe2), –0.7 ppm (SiMe3). 29Si NMR ([D6]-
benzene, 25 °C): I (major): δ = 19.7 (SiClMe2), –1.0 (SiMe3),
–10.4 ppm (SiMe3); II (minor): δ = 14.4 (SiClMe2), –1.9 ppm
(SiMe3).

[C5H3(SiMe2NHtBu)(SiMe3)2] (2): A solution of 1 (10.00 g,
33.00 mmol) in hexane (150 mL) was treated with tert-butylamine
(4.83 g, 66.00 mmol) at room temperature. The reaction mixture
was stirred for 20 h and then the resulting suspension was filtered.
The solvent was evaporated to dryness to give an orange oil, which
was identified as compound 2. Yield: 7.95 g (90%). 1H NMR ([D6]-
benzene, 25 °C): δ = 7.00 (m, 1 H, C5H3), 6.85 (m, 1 H, C5H3),
6.51 (m, 1 H, C5H3), 1.17 (s, 9 H, tBu), 0.36 (s, 6 H, Si-
Me2NHtBu), –0.02 ppm (s, 18 H, SiMe3); NH signal not detected.
13C{1H} NMR ([D6]benzene, 25 °C): δ = 146.7 (C3), 145.3, 136.2,
135.3, 60 (C1 of C5 ring), 49.6 (CMe3), 33.9 (CMe3), 2.0 (SiMe2),
–0.5 ppm (SiMe3).

[Nb{η5-C5H3(SiClMe2)(SiMe3)}Cl4] (3): Compound 1 (2.24 g,
7.40 mmol) was added to a suspension of NbCl5 (2.00 g,
7.40 mmol) in toluene (150 mL) at 0 °C. The reaction was slowly
warmed at room temperature and stirred for 20 h. After filtration,
the resulting solution was concentrated to about 25 mL and cooled
to –20 °C to give a dark red microcrystalline solid which was char-
acterized as 3. Yield: 3.10 g (90%). IR (KBr): ν̃ = 3091 cm–1 w,
1397 m, 1262 vs, 1089 m, 839 vs, 488 vs, 455 s. 1H NMR ([D1]chlo-
roform, 25 °C): δ = 7.49 (br., 1 H, C5H3), 7.41 (br., 1 H, C5H3),
7.20 (br., 1 H, C5H3), 0.92 (s, 6 H, SiClMe2), 0.43 ppm (s, 9 H,
SiMe3). 13C{1H} NMR ([D1]chloroform, 25 °C): δ = 146.6 (C1),
139.7 (C3), 134, 133.6, 133.2 (C5H3), 1.9 (SiClMe2), –0.6 ppm
(SiMe3). C10H18Cl5NbSi2 (464.60): calcd. C 25.85, H 3.90; found
C 25.78, H 3.63.

[Ta{η5-C5H3(SiClMe2)(SiMe3)}Cl4] (4): A mixture of equimolar
amounts of 1 (2.53 g, 8.36 mmol) and freshly sublimed TaCl5
(3.00 g, 8.36 mmol) in dichloromethane (200 mL) was stirred at
room temperature for 36 h in a sealed ampoule. After the ampoule
was opened, the suspension was filtered and the resulting green
solution was concentrated to about 25 mL and cooled to –20 °C to
give 4 as a green microcrystalline solid. Yield: 3.23 g (70%). IR
(KBr): ν̃ = 3093 cm–1 w, 1393 m, 1252 vs, 1093 s, 831 vs, 497 vs, 455
s. 1H NMR ([D1]chloroform, 25 °C): δ = 7.32 (m, 1 H, C5H3), 7.23
(m, 1 H, C5H3), 7.00 (m, 1 H, C5H3), 0.91 (s, 6 H, SiClMe2),
0.42 ppm (s, 9 H, SiMe3). 13C{1H} NMR ([D1]chloroform, 25 °C):
δ = 142.5 (C1), 131.6 (C3), 131.1, 130.9, 130.8 (C5H3), 2.0
(SiClMe2), –0.5 ppm (SiMe3). C10H18Cl5Si2Ta (552.64): calcd. C
21.73, H 3.28; found C 21.65, H 3.13.

[M{η5-C5H3(SiClMe2)(SiMe3)}Cl4(CNAr)] [Ar = 2,6-Me2C6H3; M
= Nb (5), Ta (6)]: 2,6-Me2C6H3NC (0.17 g, 1.30 mmol) was added
to a toluene (70 mL) solution of 3 (0.60 g, 1.30 mmol) or 4 (0.72 g,
1.30 mmol) under rigorously anhydrous conditions. The mixture
was stirred for 4 h and then filtered. Concentration and cooling of
the filtrate gave 5 and 6 as rose (5) and green (6) microcrystalline
solids.

5: Yield: 0.70 g (90%). IR (KBr): ν̃ = 3100 cm–1 w, 2957 m, 2218 s,
1625 m, 1473 m, 1401 m, 1255 vs, 1089 s, 842 vs, 484 vs, 455 vs. 1H
NMR ([D1]chloroform, 25 °C): δ = 7.52 (t, 3JH,H = 2.1 Hz, 1 H,
C5H3), 7.41 (t, 3JH,H = 2.1 Hz, 1 H, C5H3), 7.21 (t, 3JH,H = 2.1 Hz,
1 H, C5H3), 7.25 (t, 3JH,H = 7.8 Hz, 1 H, p-C6H3), 7.11 (d, 3JH,H

= 7.8 Hz, 2 H, m-C6H3), 2.54 (s, 6 H, C6H3Me2NC), 0.95 (s, 3 H,
SiClMe2), 0.88 (s, 3 H, SiClMe2), 0.41 ppm (s, 9 H, SiMe3).
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13C{1H} NMR ([D1]chloroform, 25 °C ): δ = 195 (CN), 142.4,
139.2, 139, 138.4, 136.8 (C5H3), 130.5 (C2,6), 129 (C1), 128.1 (C3,5),
125.3 (C4, C6H3Me2NC), 18.4 (C6H3Me2NC), 3.02, 2.97
(SiClMe2), 0.03 ppm (SiMe3). C19H27Cl5NNbSi2 (595.775): calcd.
C 38.30, H 4.57, N 2.35; found C 38.49, H 4.65, N 2.30.

6: Yield: 0.62 g (70%). IR (KBr): ν̃ = 3098 cm–1 w, 2954 m, 2223 s,
1629 s, 1474 m, 1403 m, 1252 vs, 1091 s, 840 vs, 490 vs, 457 s. 1H
NMR ([D1]chloroform, 25 °C): δ = 7.23 (t, 1 H), 7.20 (t, 1 H), 6.88
(t, 3JH,H = 2.1 Hz, 1 H, C5H3), 7.10 (m, 3 H, C6H3Me2NC), 2.52 (s,
6 H, C6H3Me2NC), 0.99 (s, 3 H, SiClMe2), 0.88 (s, 3 H, SiClMe2),
0.41 ppm (s, 9 H, SiMe3). C19H27Cl5NSi2Ta (683.817): calcd. C
33.37, H 3.98, N 2.05; found C 33.17, H 3.83, N 2.00.

[Nb{η5-C5H3(SiClMe2)(SiMe3)}Cl2(NtBu)] (7): Complex 7 can be
prepared by two synthetic methods.

Method A: tBuNH2 (0.07 g, 0.96 mmol) was added under rigor-
ously anhydrous conditions to a solution of 3 (0.22 g, 0.48 mmol)
in hexane (50 mL) and the reaction mixture was stirred for 15 h.
The solution was filtered and the solvent reduced to dryness to give
an orange oil which was identified as 7.

Method B: A solution of LiNHtBu (0.04 g, 0.48 mmol) in hexane
(15 mL) was added to a solution of 3 (0.22 g, 0.48 mmol) in hexane
(50 mL) at room temperature. The reaction mixture was stirred for
15 h. Filtration of the supernatant solution from the solid, followed
by concentration to dryness, produced 7 as an orange oil. Yield:
0.16 g (70%). IR (KBr): ν̃ = 3190 cm–1 w, 2973 m, 1404 m, 1359 m,
1254 vs, 1084 vs, 840 vs, 503 vs, 459 m. 1H NMR ([D6]benzene,
25 °C): δ = 7.04 (m, 1 H, C5H3), 6.49 (m, 1 H, C5H3), 6.45 (m, 1
H, C5H3), 1.13(s, 9 H, NtBu), 0.59 (s, 6 H, SiClMe2), 0.21 ppm (s,
9 H, SiMe3). 13C{1H} NMR ([D6]benzene, 25 °C ): δ = 130 (C1),
129.3 (C3), 124.4, 122.1, 121.6 (C5H3), 70.2 [N(CMe3)], 30.5
[N(CMe3)], 3.6, 3.1 (SiClMe2), 0.02 ppm (SiMe3).
C14H27Cl3NNbSi2 (464.814): calcd. C 36.18, H 5.85, N 3.01; found
C 35.93, H 5.96, N 2.90.

[Ta{η5-C5H3(SiClMe2)(SiMe3)}Cl2(NtBu)] (8): LiNHtBu (0.003 g,
0.040 mmol) was added to a solution of 4 (0.20 g, 0.40 mmol) in
[D6]benzene (0.7 mL) in a valved NMR tube under rigorously an-
hydrous conditions. The reaction was monitored by 1H NMR spec-
troscopy until no further changes were observed. The final spec-
trum was indicative of complete transformation of the starting
material and confirmed the formation of 8 in quantitative yield.
Evaporation of the solvent gave 8 as a yellow oil. Yield: 0.17 g
(75%). 1H NMR ([D6]benzene, 25 °C): δ = 7.03 (m, 1 H, C5H3),
6.42 (m, 2 H, C5H3), 1.20 (s, 9 H, NtBu), 0.58 (s, 3 H, SiClMe2),
0.56 (s, 3 H, SiClMe2), 0.2 ppm (s, 9 H, SiMe3). 13C{1H} NMR
([D6]benzene, 25 °C): δ = 127 (C1), 127.3, 122.3, 121.6, 121.2
(C5H3), 66.6 [N(CMe3)], 32.1 [N(CMe3)], 3.4, 3.0 (SiClMe2),
–0.1 ppm (SiMe3). C14H27Cl3NNbSi2 (552.86): calcd. C 30.42, H
4.92, N 2.53; found C 30.44, H 4.71, N 2.37.

Reaction of C5H3(SiMe2NHtBu)(SiMe2) (2) with MCl5 (M = Nb,
Ta): C5H3(SiMe2NHtBu)(SiMe2) (0.63 g, 1.85 mmol) was added to
a suspension of NbCl5 (0.50 g, 1.85 mmol) in dichloromethane
(80 mL) and the reaction mixture stirred for 15 h. After filtration,
the volatiles were removed under vacuum to give a yellow oil, which
was identified as a mixture of 1 and 7 by 1H NMR spectroscopy.
With TaCl5 a mixture of 1 and 8 was identified by 1H NMR spec-
troscopy.

[Nb{η5-C5H3(SiClMe2)(SiMe3)}Cl2(NMe)] (9): A mixture of 3
(0.30 g, 0.64 mmol) and LiNMe2 (0.03 g, 0.64 mmol) was dissolved
in hexane (50 mL) under rigorously anhydrous conditions. The re-
action mixture was stirred for 20 h at room temperature and then
filtered. The filtrate was evaporated to dryness and the residue ex-
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tracted with hexane (2�10 mL). Concentration and cooling of the
filtrate produced 9 as a brown solid. Yield: 0.10 g (37%). 1H NMR
([D6]benzene, 25 °C): δ = 6.85 (m, 1 H, C5H3), 6.34 (m, 1 H, C5H3),
6.27 (m, 1 H, C5H3), 3.31(s, 3 H, NMe), 0.55 (s, 3 H, SiClMe2),
0.53 (s, 3 H, SiClMe2), 0.17 ppm (s, 9 H, SiMe3). 13C{1H} NMR
([D6]benzene, 25 °C): δ = 129.5, 122.7, 122.5, 122.1, 121.6
(C5H3), 54.3 (NMe), 3.2, 2.7 (SiClMe2), –0.3 ppm (SiMe3).
C11H21Cl3NSi2Ta (422.733): calcd. C 31.25, H 5.01, N 3.31; found
C 31.12, H 4.94, N 3.25.

[Ta{η5-C5H3(SiClMe2)(SiMe3)}Cl(NHtBu)(NtBu)] (10): A toluene
(15 mL) solution of LiNHtBu (0.06 g, 0.81 mmol) was slowly
added to a solution of 4 (0.30 g, 0.54 mmol) in toluene (60 mL)
and the reaction mixture was stirred overnight. The resulting sus-
pension was filtered and the solvent evaporated to dryness. The
residue was extracted with hexane (2�10 mL) and the solution was
concentrated and cooled to –20 °C to give an oily yellow product
which was characterized as 10. Yield: 0.09 g (30%). IR (KBr): ν̃ =
3083 cm–1 w, 1403 m, 1358 s, 1261 vs, 1085 vs, 840 vs, 633 m, 504 s,
548 m. 1H NMR ([D1]chloroform, 25 °C): δ = 8.09 (br., 1 H,
NHtBu), 7.05 (m, 1 H, C5H3), 6.79 (m, 2 H, C5H3), 1.24 (s, 18 H,
NHtBu + NtBu), 0.74 (s, 3 H, SiClMe2), 0.72 (s, 3 H, SiClMe2),
0.31 ppm (s, 9 H, SiMe3). 13C{1H} NMR ([D1]chloroform, 25 °C):
δ = 134.8, 127.8, 127.3, 121.6, 121.2 (C5H3), 66.6 (NCMe3), 53.2
(NHCMe3), 32.1 (NHCMe3 + NCMe3), 3.4 (SiClMe2), 2.9
(SiClMe2), –0.1 ppm (SiMe3). C18H37Cl2N2Si2Ta (589.53): calcd. C
36.67, H 6.33, N 4.75; found C 36.47, H 6.43, N 4.57.

[Nb{η5-C5H3(SiMe2NtBu-κN)(SiMe3)}Cl(NtBu)] (11): A solution
of 3 (0.22 g, 0.48 mmol) in hexane (50 mL) was treated with
tBuNH2 (0.14 g, 1.92 mmol). The mixture was stirred at room tem-
perature for 15 h and then filtered. Solvent was removed from the
resulting solution to give 11 as a yellow oil. Yield: 0.14 g (60%).
IR (KBr): ν̃ = 3196 cm–1 w, 1448 m, 1359 s, 1250 vs, 1081 vs, 841 vs,
633 m, 499 m. 1H NMR ([D6]benzene, 25 °C): δ = 7.09 (m, 1 H,
C5H3), 6.64 (m, 1 H, C5H3), 6.50 (m, 1 H, C5H3), 1.19 (s, 9 H,
tBu), 1.03 (s, 9 H, tBu), 0.48 (s, 3 H, SiMe2), 0.42 (s, 3 H, SiMe2),
0.27 ppm (s, 9 H, SiMe3). 13C{1H} NMR ([D6]benzene, 25 °C): δ
= 137.3 (C1), 123.1, 122.2, 122.1, 110 (C3, C5H3), 49.9, 48.5
(NCMe3), 33.8, 30.6 (NCMe3), 2.9, 2.7 (SiMe2), 0.15 ppm (SiMe3).
C18H36ClN2NbSi2 (465.03): calcd. C 46.49, H 7.80, N 6.02; found
C 46.38, H 7.69, N 5.92.

Reaction of [Nb{η5-C5H3(SiClMe2)(SiMe3)}Cl4] (3) with LiNHtBu:
LiNHtBu (0.07 g, 0.86 mmol) was added to a solution of 3 (0.20 g,
0.43 mmol) in hexane (30 mL). The reaction mixture was stirred
for 20 h and the solvent was then completely removed under vac-
uum. The resulting oily brown product was characterized as a mix-
ture of complexes 7 and 11 by 1H NMR spectroscopy.

[Nb{η5-C5H3(SiMe2NCH2CH2NH2-κ2N,N)(SiMe3)}Cl3] (12): A
solution of 3 (1.40 g, 3.00 mmol) in toluene (150 mL) was treated
at room temperature with a solution of ethylenediamine (0.18 g,
3.00 mmol) and triethylamine (0.61 g, 6.00 mmol) in toluene
(20 mL). The reaction mixture was stirred for 48 h and the solvent
was evaporated to dryness. The resulting yellow residue was washed
with cool hexane (2�5 mL) and the solid was dried in vacuo and
identified as 12. The result was similar when 3 was treated with
2 equiv. of ethylenediamine. Yield: 1.00 g (75%). IR (KBr): ν̃ =
3249 cm–1 m, 3072 w, 1448 w, 1259 vs, 1248 vs, 1089 s, 836 vs, 553 s,
493 m. 1H NMR ([D6]benzene, 25 °C): δ = 6.94 (m, 1 H, C5H3),
6.86 (m, 2 H, C5H3), 4.60 (br, 2 H, CH2CH2NH2), 3.27 (m, 2 H,
NCH2CH2), 2.68 (m, 2 H, NCH2CH2), 0.51 (s, 9 H, SiMe3), 0.08
(s, 3 H, SiMe2), 0.05 ppm (s, 3 H, SiMe2). 13C{1H} NMR ([D6]-
benzene, 25 °C): δ = 140.8 (C1), 133.4, 130.1, 130, 106 [C3, C5H3(Si-
Me2NCH2CH2NH2)(SiMe3)], 59.7 (NCH2CH2), 45.4 (NCH2CH2),
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Table 3. Crystal data and structure refinement for 3 and 5.[a]

3 5

Formula C10H18Cl5NbSi2 C19H27Cl5NNbSi2
Fw 464.58 595.76
T [K] 170(2) 200(2)
λ (Mo-Kα) [Å] 0.71073 0.71073
Crystal system, space group monoclinic, P21/n monoclinic, P21/a
a [Å] 7.0559(8) 12.936(2)
b [Å] 12.0123(13) 10.1328(8)
c [Å] 20.8380(15) 20.959(3)
β [°] 92.751(6) 106.01(1)
V [Å3] 1764.1(3) 2640.8(6)
Z 4 4
ρcalcd [gcm–3] 1.749 1.498
µ [mm–1] 1.557 1.060
F(000) 928 1208
Crystal size [mm] 0.4�0.4�0.3 0.43�0.23�0.2
θ range [deg] 5.05 to 27.50 3.03 to 26.02
Index ranges –9 � h � 9 –15 � h � 15

–15 � k � 15 –11 � k � 12
25 � l � 27 –25 � l � 25

No. of data collected 21029 14858
No. of unique data [I � 2σ(I)] 3914 [R(int) = 0.2754] 5147 [R(int) = 0.2309]
Absorption correction none semiempirical from equivalents
Max. and min. transmission 1.446 and 0.774
Parameters refined 158 248
Goodness-of-fit on F2 1.133 1.086
Final R indices [I � 2σ(I)] R1 = 0.0827 R1 = 0.0924

wR2 = 0.1986 wR2 = 0.1997
R indices (all data) R1 = 0.0990 R1 = 0.2300

wR2 = 0.2072 wR2 = 0.2798
Largest diff. peak and hole [eÅ–3] 1.602 and –2.254 1.544 and –1.364

[a] R1 = Σ||Fo| – |Fc||/[Σ|Fo|]; wR2 = {[Σw(Fo
2 – Fc)2]/[Σw(Fo

2)2]}1/2.

0.05 (SiMe3), –3.9 (SiMe2), –5.4 ppm (SiMe2). 29Si NMR ([D6]-
benzene, 25 °C): δ = –3.9 (SiMe3), –12.3 ppm (SiMe2).
C12H24Cl3N2NbSi2 (451.78): calcd. C 31.90, H 5.35, N 6.20; found
C 32.00, H 5.32, N 5.73.

[Ta{η5-C5H3(SiMe2NCH2CH2NH2-κ2N,N)(SiMe3)}Cl3] (13): A
solution of ethylenediamine (0.039 g, 0.65 mmol) and triethylamine
(0.13 g, 1.30 mmol) in toluene (10 mL) was slowly added to a solu-
tion of 4 (0.36 g, 0.65 mmol) in toluene (50 mL) at –78 °C. The
reaction mixture was warmed to room temperature and stirred for
16 h. The volatiles were removed in vacuo and the residue was ex-
tracted with hexane (2�10 mL). The resulting solution was concen-
trated and cooled to –20 °C to afford 11 as a pale-yellow crystalline
solid. Yield: 0.15 g (40%). IR (KBr): ν̃ = 3247 cm–1 br. s, 3073 w,
1443 w, 1248 vs, 1089 s, 847 vs, 556 s, 492 m. 1H NMR ([D6]ben-
zene, 25 °C): δ = 6.79 (d, 3JH,H = 2.1 Hz, 1 H, C5H3), 6.67 (d, 3JH,H

= 2.1 Hz, 2 H, C5H3), 4.28 (br, 2 H, CH2CH2NH2), 3.54 (m, 2 H,
CH2CH2NH2), 2.63 (m, 2 H, CH2CH2NH2), 0.51 (s, 9 H, SiMe3),
0.12 (s, 3 H, SiMe2), 0.09 ppm (s, 3 H, SiMe2). 13C{1H} NMR
([D6]benzene, 25 °C): δ = 131.3 (C1), 129.3, 126.4, 125.6, 105.2 (C3,
C5H3), 55.4, 45.3 (CH2CH2NH2), 1.4 (SiMe3), 0.4 (SiMe2), 0.2 ppm
(SiMe2). 29Si NMR ([D6]benzene, 25 °C): δ = –4.5 (SiMe3),
–13.2 ppm (SiMe2). C12H24Cl3N2Si2Ta (539.82): calcd. C 26.70, H
4.48, N 5.19; found C 26.55, H 4.33, N 5.25.

X-ray Structure Determination of 3 and 5: Crystallographic and ex-
perimental details of the crystal structure determinations are given
in Table 3. Suitable crystals of complexes 3 and 5 were covered with
mineral oil and mounted in the N2 stream of a Bruker-Nonius
Kappa CCD diffractometer; data were collected using graphite mo-
nochromated Mo-Kα radiation (λ = 0.71073 Å). Data collections
were performed at low temperature (see Table 3), in the case of
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compound 3 with an exposure time of 8 s per frame (5 sets; 391
frames) and for compound 5 with an exposure time of 36 s per
frame (5 sets; 240 frames). Raw data were corrected for Lorenz and
polarization effects.
Both structures were solved by direct methods, completed by the
subsequent difference Fourier techniques, and refined by full-ma-
trix least-squares on F2 with SHELXL-97.[20] Anisotropic thermal
parameters were used in the last cycles of refinement for the non
hydrogen atoms. The hydrogen atoms were included from geometri-
cal calculations and refined using a riding model. All the calcula-
tions were made using the WINGX system.[21]

CCDC-613239 (for 3) and -613240 (for 5) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Coordinative Versatility of Guanazole [3,5-Diamino-1,2,4-triazole]: Synthesis,
Crystal Structure, EPR, and Magnetic Properties of a Dinuclear and a Linear

Trinuclear Copper(II) Complex Containing Small Bridges and Triazole
Ligands
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New complexes with guanazole (3,5-diamino-1,2,4-triazole =
Hdatrz), [Cu2(Hdatrz)2(µ-OH2)(H2O)4(SO4)](SO4)·3.5H2O (1)
and [Cu3(Hdatrz)4(µ-Cl)2(H2O)4(SO4)2]·11.4H2O (2), have
been prepared and structurally characterized. Complex 1 is
a noncentrosymmetric dinuclear compound in which the cop-
per(II) ions are bridged by two triazole ligands and one µ-
OH2 molecule, with a Cu(1)···Cu(2) distance of 3.4945(8) Å.
The chromophores are Cu(1)N2O2O� (square pyramidal), and
Cu(2)N2O2O�O�� (octahedral). Complex 2 has a linear trinu-
clear copper(II) structure, with two crystallographically inde-
pendent copper(II) atoms. Neighboring copper(II) ions are
linked by two triazole ligands and one slightly asymmetric
chlorido bridge. The intratrimeric Cu(1)···Cu(2) distance is
3.5602 (4) Å. Cu(2), the central copper, is coordinated to
N4Cl2 (octahedral) while Cu(1), the terminal copper, is coor-
dinated to N2O2ClO� (also octahedral). Magnetic suscep-

Introduction

A variety of coordination compounds with 3,5-disubsti-
tuted 1,2,4-triazoles as ligands coordinating to transition-
metal ions have been reported.[1–3] The interesting magnetic
properties of the coordination compounds of iron(II) and
copper(II) with 1,2,4-triazole ligands have been investigated
extensively; among these, polynuclear (1,2,4-triazole)-
iron(II) compounds have been found to show spin-crossover
behavior.[4–7] These ligands allow for two general bridging
modes, one involving only triazole bridges and another also
containing either small bridging anions, such as Cl–, F–,
NCS–, N3

– or OH–, or small bridging molecules such as
H2O.[1]
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tibility measurements (2–300 K) are in accordance with the
dinuclear (1) and trinuclear (2) nature of these compounds.
The best-fit parameters, obtained with the Hamiltonian H =
–JΣi�jSiSj, are as follows: g = 2.10(1) and J = –94.3(2) cm–1 for
1; and gcentral = 2.12(1), gperipheral = 2.07(1), and J =
–89.9(3) cm–1 for 2. Compound 1, which has an unprece-
dented folded bridging {Cu(N–N)2Cu} system, exhibits a
magnetic exchange comparable to that of related planar
compounds. Comparison of the magneto-structural proper-
ties of 2 with those of analogous linear trinuclear compounds
has made a first approach to the relative magnitude of the
J value possible. The Q-band powder spectra, which were
recorded in a range from 4 K to room temperature, are in
agreement with the magnetic susceptibility measurements.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Even though guanazole (3,5-diamino-1,2,4-triazole =
Hdatrz) (Figure 1) is a simple molecule and an inexpensive
chemical, only nine X-ray structures of complexes of this
triazole have been documented to date and, to the best of
our knowledge, none with CuII have been reported thus far.
There is a similar lack of publications concerning the re-
lated unsubstituted 1,2,4-triazole ligand. In the latter case,
the scarcity of structures has been attributed in part to the
fact that the ligand often immediately produces a micro-
crystalline, insoluble precipitate with transition-metal
ions.[1] The structures described for guanazole include one
mononuclear compound with PtII;[8] two two-dimensional
polymers: one with CdII[9] and one with MnII;[10] two cyclic
trinuclear compounds of PdII;[11,12] and four linear trinu-
clear compounds with [M3{(H)datrz}6L6] (L = H2O or

Figure 1. Tautomers of guanazole [Hdatrz].
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NCS–) units: one with Co(II,III)[13] and three with
NiII.[14–16] No dinuclear structures have been reported. It
has been suggested that, because the substituents in posi-
tion 3 and 5 are apparently capable of forming hydrogen
bonds, the linking of metal ions by triple bridges is pre-
ferred.[1,17]

In the aforementioned structures, guanazole is known to
coordinate in three different ways, either unidentate
through N1, or bridging-bidentate through N1,N2 or
N2,N4. Moreover, Hdatrz can occur in three different
chemical forms, namely neutral (in most cases), anionic
(with deprotonation at N4),[13] or cationic (with protonation
at N2).[8] Especially interesting is the compound [Co3-
(datrz)2(Hdatrz)4(H2O)6]Cl3·9H2O, which includes mixed
valences of cobalt ions and triazole/triazolate mixed ligand
bridges.[13] Thus, in spite of its apparent simplicity, guan-
azole is quite a versatile ligand. As a result, we have found
that the reaction solution often affords a mixture of com-
pounds.

In this paper, we report on the isolation of two CuII com-
pounds of Hdatrz with different nuclearity, one dinuclear
(1) and the other linear trinuclear (2). Both compounds
present double-triazole bridges and an additional small
bridge, which is water in the case of 1 or chlorido in the
case of 2. Both compounds also contain the neutral N1,N2-
bidentate ligand guanazole. We describe here the structural
and spectroscopic characterization of these compounds, as
well as the study of their magnetic properties in the context
of related compounds.

Results and Discussion

Crystal Structure of [Cu2(Hdatrz)2(µ-OH2)(H2O)4(SO4)]-
(SO4)·3.5H2O (1)

The structure of complex 1 is made up of dinuclear cat-
ions, one sulfate anion per cation, and non-coordinated

Figure 2. ORTEP drawing of 1 showing the atomic labeling system (a) and the noncoplanarity of the {Cu(N–N)2Cu} framework (b).
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water molecules, one of which is located on a symmetry site.
There is one O(7) lattice water molecule per four CuII ions.
An ORTEP view of the structure, together with its number-
ing scheme, is depicted in Figure 2. Selected bond lengths
and angles are presented in Table 1.

Table 1. Selected bond lengths [Å] and bond angles [°] for 1.

Cu(2)–N(1b) 2.005(4) Cu(1)···Cu(2) 3.4945(8)
Cu(2)–N(2a) 1.986(5) Cu(1)–N(2b) 1.988(3)
Cu(2)–O(1) 1.976(5) Cu(1)–N(1a) 1.988(5)
Cu(2)–O(2) 2.000(4) Cu(1)–O(3) 1.968(5)
Cu(2)–O(11) 2.425(4) Cu(1)–O(4) 1.995(5)
Cu(2)–O(5) 2.382(5) Cu(1)–O(5) 2.474(4)

O(5)–Cu(2)–N(1b) 81.8(2) O(5)–Cu(1)–N(2b) 82.5(2)
O(5)–Cu(2)–N(2a) 90.0(2) O(5)–Cu(1)–N(1a) 90.6(2)
O(5)–Cu(2)–O(11) 169.3(2) O(5)–Cu(1)–O(3) 96.2(2)
O(5)–Cu(2)–O(1) 98.7(2) O(5)–Cu(1)–O(4) 89.7(2)
O(5)–Cu(2)–O(2) 94.4(2) N(1b)–Cu(2)–N(2a) 93.3(2)
Cu(1)–O(5)–Cu(2) 92.0(2) N(2a)–Cu(2)–O(2) 87.2(2)
Cu(1)–N(1a)–N(2a) 119.9(3) N(1b)–Cu(2)–O(1) 93.8(2)
Cu(1)–N(2b)–N(1b) 121.0(3) O(11)–Cu(2)–O(1) 84.8(2)
Cu(2)–N(2a)–N(1a) 123.3(3) O(11)–Cu(2)–O(2) 95.9(2)
Cu(2)–N(1b)–N(2b) 121.7(3) O(11)–Cu(2)–N(2a) 87.7(2)
N(2b)–Cu(1)–N(1a) 91.4(2) O(11)–Cu(2)–N(1b) 87.9(2)
N(2b)–Cu(1)–O(4) 89.1(2) O(1)–Cu(2)–O(2) 86.3(2)
N(1a)–Cu(1)–O(3) 88.0(2)
O(3)–Cu(1)–O(4) 91.4(2)

In the dinuclear unit, the two copper centers, which are
crystallographically independent, are bridged by two neu-
tral guanazole ligands and one water molecule. The coordi-
nation environment around Cu(1) is distorted square py-
ramidal, with two triazole N atoms and two water O atoms
in equatorial positions and the bridging water O atom in
the axial position [Cu(1)–O(5) = 2.474(4) Å]. The second
CuII has a similar environment, but it is octahedrally coor-
dinated; the second axial coordination position is achieved
by one sulfate O atom [Cu(2)–O(5) = 2.382(5), Cu(2)–O(11)
= 2.425(4) Å]. The observed Cu–N distances, ranging from
1.986(5) to 2.005(4) Å, are common for dinuclear N1,N2-
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triazole-bridged CuII compounds[1,18,19] and comparable to
the Cu–O water distances, which range from 1.968(5) to
2.000(4) Å. Cu(1) and Cu(2) are displaced from their corre-
sponding equatorial planes by 0.0104(7) Å and 0.0416(9) Å,
respectively. The two equatorial planes are almost perpen-
dicular; the dihedral angle between them measures 80.3(2)°.

The two Cu–O(5) distances differ slightly. The angle
Cu(1)–O(5)–Cu(2) is 92.0(2)°. The combination of both
bridges gives rise to a Cu···Cu� distance of 3.4945(8)°. This
distance is significantly shorter than that found in double-
triazole-bridged CuII compounds without a third bridge.
For example, the Cu···Cu� distances compiled by Slangen
et al.[18] and Ferrer et al.[19] for dimeric compounds oscillate
between 4.085(1) and 3.854(6) Å, which indicates that the
µ-OH2 causes the bridging system to fold. It must be taken
into account, however, that since the referred compounds
all contain N,N-bridging ligands with N/O-chelating sub-
stituents that form five/six-membered chelate rings, the situ-
ation is not strictly comparable with that of our structure.
In the triazole bridge, the Cu–N–N angles of 1, which range
from 119.9(3) to 123.3(3)°, also differ clearly from those of
the aforementioned dimeric CuII structures, all of which
have at least one Cu–N–N angle larger than 128°; besides,
those with five-membered chelating rings all have at least
two Cu–N–N angles close to 135°.[18,19]

On the other hand, as will be discussed in the next sec-
tion, the Cu···Cu� distance of 1 is shorter than the equiva-
lent distance in the analogous linear trinuclear structure of
2 [3.5602(4) Å], which also has an additional small bridge,
but a different donor atom size (OH2O in 1; Cl– in 2).

Another difference between 1 and the dinuclear CuII

complexes mentioned in the literature is that in the latter
the {Cu–(N–N)2–Cu} framework is nearly planar,[17]

whereas in 1 this group of atoms deviates significantly from
planarity (the N atoms deviate from the least-squares plane
by 0.8–0.9 Å). In fact, in the double-triazole bridging sys-
tem of 1, the dihedral angle between the planes defined by
[Cu(1),N(1a),N(2a),Cu(2)] and [Cu(1),N(2b),N(1b),Cu(2)]
is 64.3(1)° (Figure 2b).

Figure 3. ORTEP drawing of 2 showing the atomic labeling system. H atoms have been omitted for clarity.
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Complex 1 is, to the best of our knowledge, the second
example of a binuclear compound with two bridging tri-
azoles and one bridging oxygen atom. The first example
reported, the Cd compound [Cd2(deatrz)2(H2O)Br4] (deatrz
= 3,5-diethyl-4-amino-1,2,4-triazole), forms a 1D chain
through hydrogen-bonding contacts.[20] This complex has a
Cd···Cd� distance of 3.819 Å.[21]

Finally, complex 1 presents strong intermolecular hydro-
gen bonds between the bridging water molecule and the sul-
fate anions: O(5)–H(w5a)···O(23) (from the non-coordi-
nated sulfate) [2.874(9) Å, 148(5)°] and O(5)–H(w5b)···
O(14#) [from the coordinated sulfate of a different asym-
metric unit; O(14#) is generated by the symmetry operation:
x – 1/2, –y+1/2+1,+z – 1/2] [2.723(4) Å, 161(5)°]. Such
contacts should play an important role in the stabilization
of the structure.

Crystal Structure of [Cu3(Hdatrz)4(µ-Cl)2(H2O)4(SO4)2]·
11.4H2O (2)

The structure of complex 2 consists of discrete trinuclear
entities and randomly placed water of crystallization. The
fractional number of water molecules arises from the fact
that 2 out of the 7 crystallographically different crystalli-
zation water molecules found in the structure do not have
a 100% occupancy factor; actually, that of O(5) is 40%,
while that of O(9) is only 30%. An ORTEP projection of
the structure and the atom-labeling scheme are given in Fig-
ure 3. Selected bond lengths and angles are listed in Table 2.

In the linear trinuclear units the metal ions are bridged
by two neutral guanazole ligands and one chloride anion.
The central copper atom, located at the inversion center,
exhibits a tetragonally distorted coordination afforded by
four nitrogen atoms from the bridging N1,N2-triazole li-
gands and the two bridging chloride anions. Because the
copper is situated at the inversion center, the nitrogen atoms
are in a nearly regular square, with Cu(2)–N distances of
2.024(3) and 2.003(3) Å. Again, these distances are within
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Table 2. Selected bond lengths [Å] and bond angles [°] for 2.[a]

Cu(1)···Cu(2) 3.5602(4) Cu(1)–N(2b) 1.987(3)
Cu(1)···Cu(1�) 7.120(8) Cu(1)–N(1a) 1.955(3)

Cu(1)–O(1w) 2.003(3)
Cu(2)–N(1b) 2.024(3) Cu(1)–O(2w) 1.977(3)
Cu(2)–N(2a) 2.003(3) Cu(1)–O(11) 2.511(3)
Cu(2)–Cl(1) 2.785(2) Cu(1)–Cl(1) 2.624(2)

Cl(1)–Cu(2)–N(1b) 87.91(9) Cl(1)–Cu(1)–N(2b) 89.25(9)
Cl(1)–Cu(2)–N(2a) 88.03(9) Cl(1)–Cu(1)–N(1a) 92.22(9)
Cl(1)–Cu(2)–Cl(1�) 180.00(0) Cl(1)–Cu(1)–O(11) 176.19(8)
Cl(1)–Cu(2)–N(1b�) 92.09(9) Cl(1)–Cu(1)–O(1w) 92.30(9)
Cl(1)–Cu(2)–N(2a�) 91.97(9) Cl(1)–Cu(1)–O(2w) 90.26(10)
Cu(1)–Cl(1)–Cu(2) 82.28(3) N(2b)–Cu(1)–O(1w) 89.1(2)
Cu(1)–N(1a)–N(2a) 122.0(3) N(1a)–Cu(1)–O(2w) 91.0(2)
Cu(1)–N(2b)–N(1b) 122.3(2) N(2b)–Cu(1)–N(1a) 91.7(2)
Cu(2)–N(2a)–N(1a) 123.1(2) O(1w)–Cu(1)–O(2w) 88.2(2)
Cu(2)–N(1b)–N(2b) 122.0(2) N(1a)–Cu(1)–O(1w) 175.4(2)
N(1b)–Cu(2)–N(2a) 89.4(2) N(2b)–Cu(1)–O(2w) 177.2(2)
N(1b)–Cu(2)–Cl(1) 87.91(9) N(2b)–Cu(1)–O(11) 90.00(2)
N(2a)–Cu(2)–Cl(1) 88.03(9) N(1a)–Cu(1)–O(11) 91.55(2)
N(2a)–Cu(2)–N(1b�) 90.6(2) O(1w)–Cu(1)–O(11) 83.96(2)

O(2w)–Cu(1)–O(11) 90.30(2)

[a] Primed atoms are generated by –x, –y, –z.

the normal range for N1,N2-bridging 1,2,4-triazole li-
gands.[1,18,19,22] The two chloride anions act as axial ligands
at semi-coordinating distances [Cu(2)–Cl(1) = 2.785(2) Å];
the distance from the bridging chloride to the terminal
metal ion is comparable [Cu(1)–Cl(1) = 2.624(2) Å]. Thus,
the chlorido bridge, with a Cu(1)–Cl(1)–Cu(2) angle of
82.28(3)°, is rather symmetrical.

The chlorido bridging system of 2 is different from that
found in the analogous compound reported by van Kon-
ingsbruggen et al., [Cu3(H2ahmt)6Cl4]Cl2 [H2ahmt = 4-
amino-3,5-bis(hydroxymethyl)-1,2,4-triazole] (compound 6,
Table 3), in which not only are the µ-Cl– located at equato-
rial instead of axial positions in the environment of the cen-
tral CuII, but also the bridging distances are very asymmet-
ric [Cu(1)–Cl(1) = 2.296(1), Cu(2)–Cl(1) = 2.688(1) Å].[22]

This situation is probably related to the steric hindrance
produced by bulkier substituents on the ring of the H2ahmt
ligand. In contrast, 2 is more comparable with the com-
pound described by Keij and co-workers, [Cu3(tmtz)8F2]-
(BF4)4·2H2O [tmtz = 3,4,5-trimethyl-1,2,4-triazole] (7), al-

Table 3. Magnetic and structural parameters in linear trinuclear double-(µ-N1,N2-triazole)-bridged CuII complexes with a small additional
bridge.

Complex[a] Cu(2)···Cu(1) Cu(2)–A[b]–Cu(1) Cu(1)–N(1a) Cu(1)–N(2b) Cu(2)–N(1b) Cu(2)–N(2a) J Ref.
Cu(1�)–N(1a�) Cu(1�)–N(2b�) Cu(2)–N(1b�) Cu(2)–N(2a�)

[Å] [°] [Å] [Å] [Å] [Å] [cm–1]

[Cu3(Hdatrz)4Cl2(H2O)4(SO4)2]· 3.5602(4) 82.28(3) 1.995(3) 1.987(3) 2.024(3) 2.00(3) –89.9 this work
11.4H2O (2)
[Cu3(attn)2Cl2(H2O)2]Cl4· 3.5426(1) 84.013(9) 2.023(1) 2.003(1) 2.040(1) 1.985(1) –75.1 [24]

4H2O (3)
[Cu3(attn)2Cl2(ZnCl4)2] (4) 3.620(3) 80.6(1) 1.98(1) 1.99(1) 2.04(1) 1.98(1) –70.9 [24]

[Cu(atrz)2(N3)](NO3) (5) 3.5034(6) 104.05(12) 2.402(3) 2.008(3) 2.011(3) 2.029(3) –35.4 [25]

[Cu3(H2ahmt)6Cl4]Cl2 (6) 3.5682(5) 91.09(4) 1.966(3) 2.079(4) 2.023(3) 2.554(3) –33.8 [22]

[Cu3(tmtz)8F2](BF4)4·2H2O (7) 3.362(3) – 2.24(2) 2.01(1) 2.05(1) 2.04(1) – [23]

[a] Hdatrz = 3,5-diamino-1,2,4-triazole; attn = 1,9-bis(3-aminotriazol-5-yl)3,7-dithianonane; atrz = 4-amino-1,2,4-triazole; H2ahmt = 4-
amino-3,5-bis(hydroxymethyl)-1,2,4-triazole; tmtz = 3,4,5-trimethyl-1,2,4-triazole. [b] A = Cl–, N(N3

–), F–.
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though the latter has one F– instead of one Cl– bridge
[Cu(1)–F(1) = 2.20(1), Cu(2)–F(1) = 1.91(1) Å].[23]

The terminal copper ions of 2 are hexacoordinated by
two nitrogen atoms from bridging triazole ligands and two
oxygen atoms from two water molecules, all in equatorial
positions, and by the bridging chloride anion and an oxygen
atom from a sulfate anion in apical positions [Cu(1)–O(1)
= 2.511(3) Å]. The Cu(1)(terminal)–N distances [1.995(3),
1.987(3) Å] are slightly shorter that the Cu(2)(central)–N
distances [2.003(3), 2.024(3) Å], but it can be considered
that the H2datrz ligands also bridge the copper(II) ions in
an almost symmetrical way, as evidenced by the close values
of the Cu–N–N angles, which range from 122.0(3) to
123.1(2)°, and those of the N–Cu–N angles, with values of
89.4(2) and 91.7(2)°. The Cu–N–N–Cu torsion angles
[–4.2(4) and –9.4(4) Å], indicate that the triazole ligands
tend to twist out of the equatorial plane formed by the two
CuII ions involved.

The equatorial coordination planes around Cu(1) and
Cu(2) form a dihedral angle of 79.0(1)°. Thus, they are al-
most perpendicular, as was also observed in the dimeric
structure of 1. The dihedral angle between the least-squares
planes through the triazole rings linking Cu(1) and Cu(2)
measures 55.7(2) Å (Figure 3).

The Cu(1)–Cu(2) distance is 3.5602(4) Å, which is similar
to that found in related linear trinuclear double-µ-N1,N2-
triazole-bridged CuII complexes with an additional small
bridging anion such as Cl– [3.5426(1), 3.620(3), and
3.5682(5) Å, for complexes 3, 4, and 6, respectively][22,24]

or N3
– [3.5034(6) Å for 5],[25] but longer than that of the

analogous complex with an F– bridge [3.362(3) Å for 7].[23]

This is probably due to the small size of the F– ion
(Table 3). It should be noted that the Cu···Cu� separation
in 2 is shorter than that in triple-µ-N1,N2-triazole-bridged
copper(II) compounds, such as [Cu3(metrz)6(H2O)4]-
(CF3SO3)6·4H2O (metrz = 3-methyl-4-ethyl-1,2,4-triazole)
[3.719(7) Å][26] or [Cu(hyetrz)3](ClO4)2·3H2O [hyetrz = 4-(2-
hydroxyethyl)-1,2,4-triazole] [3.853(2) and 3.829(2) Å].[27]

This indicates that, when the third triazole is replaced by
monatomic bridges, the Cu···Cu� distance tends to shorten,
as previously reported[25,27] and, indeed, as expected due to
the larger size of the third bridge.
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We have carried out a review of the literature in order to

compare more systematically some structural parameters of
2 with those of analogous compounds. Several linear trinu-
clear coordination compounds of this type, i.e. containing
two 1,2,4-triazole ligands bridging through N1,N2 atoms
and either a halogen anion or a second small bridging
anion, have been previously reported: (a) three CoII com-
pounds with F–[28,29] or N-bridging NCS– ligands,[30] (b)
three NiII–N(NCS–) compounds,[30–32] (c) one Mn(II,III,II)
complex with hydroxido bridges,[33] (d) two CdII com-
pounds containing Cl–[20] or N,N-isothiocyanato bridges,[20]

and (e) a few CuII compounds (Table 3). The first structur-
ally characterized (triazole)copper(II) compound to include
µ-chloride ions was [{Cu(Htrz)Cl2}�], but it consists of an
infinite chain with two Cl– and a single triazole ligand per
pair of copper atoms instead of one Cl– and two triazole
ligands.[34] To the best of our knowledge, only five CuII

compounds strictly comparable to 2 as regards bridging sys-
tems have been published to date (all have been mentioned
above): one containing µ-fluoride anions (7),[23] three with
chlorido bridges (3, 4, and 6; of which 3 and 4 have an
unusual chelating tetradentate triazole ligand), and one in
which the small bridging anion is the azido N3

– group
(5).[25] Table 3 lists several structural parameters, including
coordination distances, which will be considered in the
magnetism section.

Magnetic Properties

Magnetic Properties of 1

Figure 4 displays the magnetic behavior of 1 in the form
of a χMT and χM vs. T plot, where χM is the magnetic
susceptibility per two CuII ions. Upon cooling, the χMT val-
ues decrease continuously from room temperature
(0.73 cm3·mol–1·K) until they vanish at 20 K. The χM curve
shows a maximum at 90 K. This behavior is characteristic
of an antiferromagnetic interaction between CuII ions with
a singlet spin ground state.

Figure 4. Thermal dependence of χMT (�) and χM (∆) for 1 (solid
lines represent theoretical curves, see text).
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The magnetic data have been interpreted in accordance
with the actual dinuclear nature of the complex by using
the spin Hamiltonian H = –JS1S2, from which the following
susceptibility equation can be derived [Equation (1)]:

(1)

Assuming that the g factors for both CuII atoms are iden-
tical, the fit of the magnetic data with this expression results
in g = 2.10(1) and J = –94.3(2) cm–1.

From the molecular structure, it could be concluded that
the magnetic exchange occurs via the dx2–y2 orbitals on the
CuII ions that overlap with the σ orbitals of the nitrogen
atoms of the triazole bridges, which are placed at equatorial
positions. Exchange interaction through the pathway pro-
vided by the large axial bonding (through the µ-OH2) can
be expected to have little relevance (see Figure 2b) because
of the low unpaired electron density along de dz2 orbital in
the octahedral coordination around the copper atoms. In
principle, then, at least from a magnetic point of view, com-
pound 1 could be compared to related bis(µ-triazole)-
bridged CuII complexes.

Although the literature contains many examples of cop-
per(II) complexes with bridging triazole or triazolate func-
tionalities, only 15 acyclic complexes with metal centers
bridged by two triazole-triazolate units have been structur-
ally characterized to date,[18,19,36–42] and for only 10 of these
has a magnetic study been performed; Table 4 offers a com-
pilation of these studies.[18,19,35–39,41] As a first attempt at
establishing magneto-structural correlations, Haasnoot and
co-workers,[18] working with a set of compounds, concluded
that Cu–Ntrz–Ntrz angles of 134–135° in symmetrically dou-
bly bridged systems lead to the largest possible coupling,
with |J| ≈ 240 cm–1. Table 4, however, shows that, taken
separately, neither the symmetry nor the Cu–Ntrz–Ntrz

angles allow for a prediction of the magnitude of the ex-
change coupling. The last two compounds in Table 4, both
of which exhibit fairly symmetrical {Cu–N–N}2 frame-
works, present the lowest |J| values. Moreover, in spite of
its smaller Cu–Ntrz–Ntrz angles, compound 1 displays an
absolute value for J that is larger than that for [Cu(daat)-
(NO3)(H2O)]2. In this context, and with the aim of de-
termining the factors that dominate the magnetic interac-
tion, we carried out several DFT calculations. Trials with
models including fixed Cu–N distances and variable bridg-
ing angles turned out to be unsuccessful in that they could
not reproduce the trend of the experimental J values. In
fact, the only conclusion was that the bridging angles are
related with, but do not determine, the J value, as we had
already deduced from Table 4. On the other hand, it should
be noticed that, as mentioned above, in all the previously
reported complexes, the [Cu2L2] unit is planar; compound
1 is the only described instance of a folded dicopper(II)
complex with acyclic triazole ligands.[43] In a series of
closely related dicobalt(II) complexes, a decrease in mag-
netic exchange interactions was observed for folded dico-



S. Ferrer et al.FULL PAPER
Table 4. Magnetic and structural parameters in the {Cu–N–N}2 ring for dinuclear double-(µ-N1,N2-triazole)-bridged copper(II) com-
pounds.[18,19].

Compound[a] N(1a)–Cu(1)–N(2b) Cu(2)–N(2a)–N(1a) Cu(1)–N(1a)–N(2a) Cu···Cu� –J[c] Ref.
[°][b] [°][b] [°][b] [Å] [cm–1]

[Cu(bpt)(CF3SO3)(H2O)]2 90.2(1) 134.7(2) 135.0(2) 4.085(1) 236 [35]

[Cu(aamt)Br(H2O)]2Br2·2H2O·CH3OH 92.1(1) 134.2(2) 133.7(2) 4.0694(7) 220 [36]

Cu2(ibdpt)2(ClO4)4(MeCN) 92.7(2) 133.8(3) 133.5(3) 4.070(1) 210[d] [41]

[Cu(aamt)(H2O)2]2(SO4)2·4H2O 91.9(4) 135.1(8) 132.9(8) 4.088(3) 194 [37]

[CuII(maamt)(CuICl3)]2 – 133.0(4) 133.9(3) 4.048(1) 156 [39]

[Cu2(pt)2(4,4�-bpy)(NO3)2(H2O)2]·4H2O 95.5(1) 139.4(2) 125.2(2) 4.0198(7) 102 [38]

[Cu2(pt)2(SO4)(H2O)3]·3H2O 94.7(2) 139.8(3) 124.9(3) 4.0265(8) 98 [18]

[Cu2(pt)2(Hpz)2(NO3)2(H2O)2] 96.5(2) 139.6(3) 123.9(3) 3.974(1) 98 [38]

[Cu2(pt)2(Meim)2(NO3)2(H2O)2]·4H2O 95.4(1) 138.7(2) 125.8(2) 4.022(1) 96 [38]

[Cu2(Hdatrz)2(µ-OH2)(H2O)4(SO4)](SO4)·3.5H2O (1) 92.4(2) 122.2(3) 120.8(3) 3.495(8) 94 this work
[Cu(daat)(NO3)(H2O)]2 102.8(5) 128.0(8) 129.2(8) 3.832(1) 72 [19]

[a] bpt = 3,5-bis(pyridin-2-yl)-1,2,4-triazolate; aamt = 4-amino-3,5-bis(aminomethyl)-1,2,4-triazole; ibdpt = 4-isobutyl-3,5-bis(2-pyridyl)-
4H-1,2,4-triazole; maamt = 4-amino-3,5-bis[(N-methylamino)methyl]-1,2,4-triazole; pt = 3-pyridin-2-yl-1,2,4-triazolate; 4,4�-bpy = bipyri-
dine; Hpz = pyrazole; Meim = N-methylimidazole; daat = 3,5-bis(acetylamino)-1,2,4-triazolate. [b] Averaged values. [c] Values from
literature adapted according to definition used in this work [see Equation (1)]. [d] Measurements performed on partially desolvated sample
(and in the presence of some monomeric impurities).

balt(II) complexes as compared to their planar ana-
logues.[43,44] This behavior is reasonable since the distortion
leads to less overlap between the magnetic orbitals of the
metal centers and the σ orbital of the ligand. In contrast,
compound 1 exhibits larger coupling than the planar
[Cu(daat)(NO3)(H2O)]2 compound, thereby excluding co-
planarity as a main factor in the magnitude of the interac-
tion. In summary, several parameters seem to influence the
magnetic exchange in the double-triazole-bridged dinuclear
compounds; more examples are needed to derive a clear
magneto-structural relationship.

Magnetic Properties of 2

The magnetic behavior of 2 is depicted in Figure 5 in
the form of a χMT vs. T plot, where χM is the magnetic
susceptibility per three CuII ions. At room temperature, the
χMT value is 1.00 cm3·mol–1·K. Upon cooling, the χMT val-
ues decrease, reaching a plateau with a value of
0.43 cm3·mol–1·K at approximately 25 K. This behavior is
characteristic for compounds with an overall antiferromag-

Figure 5. Thermal dependence of χMT for 2 (the solid line repre-
sents the theoretical curve, see text). The inset displays the magne-
tization curve at 2 K for 2 (the solid line is drawn to guide the eye).
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netic interaction between the CuII ions, which induces a
spin doublet ground state.

In order to obtain the relevant magnetic parameters, the
experimental data have been fitted by using Equation (2),
derived from the spin Hamiltonian H = –J(S1S2 +S2S3),
where S1 and S3 correspond to the peripheral CuII ions (g1

= g3 = gp) and S2 to the central one (g2 = gc).

where:

The exchange constant between the terminal copper ions
is assumed to be negligible. This assumption is justified
from the study of the triple triazole-bridged FeII–FeII–
FeII[45] and CoII–CoIII–CoII[13] trinuclear clusters, in which
the central metal ion is diamagnetic, and no magnetic inter-
actions are detected between the paramagnetic terminal
ions. Moreover, these interactions only affect the relative
position of the excited spin doublet with respect to the
ground spin doublet and the excited spin quartet. The effect
of these interactions on magnetic properties, if any, is insig-
nificant.[46,47]

The best-fit parameters obtained were: J = –89.9(3) cm–1,
gcentral = 2.12(1), and gperipheral = 2.07(1). The J value of 2
is thus very similar to that observed for the dinuclear com-
pound 1, as could be expected from the identical nature of
the main bridge and the similar distortion of the cores (the
dihedral angles between the equatorial CuII planes are 80°
in 1 and 79° in 2).
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Selected magneto-structural data for the known linear

trinuclear CuII compounds with double µ-triazole bridges
and an additional small bridge are listed in Table 3. Two
groups of compounds can be established from the magni-
tude of the exchange: (a) those with J values around
–75 cm–1 (compounds 2–4), and (b) those with J values
close to –34 cm–1 (compounds 5 and 6). This trend in the
J values can be understood on the basis of simple orbital
symmetry considerations (see Figure 6) and also by taking
into account that the magnitude of the antiferromagnetic
coupling, JAF, is proportional to the overlap integral be-
tween the magnetic orbitals.[48]

Figure 6. Orbital models for the triazole bridging system.

For compounds 2–4 (Figure 6a), in which both triazole
bridges are located at equatorial positions as deduced from
the coordination distances (see Table 3), the unpaired elec-
tron on each CuII ion is in a dx2–y2 type magnetic orbital,
where the x and y axes are roughly described by the copper–
Ntriazole bonds. Both magnetic orbitals exhibit good sigma
overlap on each side of the bridge. As for compounds 5 and
6 (Figure 6b), only one triazole bridge is at an equatorial
position (see coordination distances in Table 3). As a conse-
quence, one of the magnetic orbitals (that corresponding to
the axial site) is reversed and thus perpendicular to the tri-
azole ring, whereas the other magnetic orbital remains co-
planar. Because of the relative orientation of these magnetic
orbitals, the interaction only occurs through one side of the
bridge. The experimental J values for both groups of com-
pounds, that is, around –75 cm–1 for 2–4 and around
–34 cm–1 for 5 and 6, are in agreement with this simple or-
bital model.

Spectroscopic Properties

IR Spectra

The IR spectrum of guanazole has already been studied
in detail by Desseyn et al.[9] and Kumar et al.[49] The assign-
ment of the main peaks of the ligand and complexes 1 and
2 is indicated in the experimental section. Especially note-
worthy is the fact that the IR spectra of both compounds
are almost indistinguishable; this is related to the similarity
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in the coordination of the ligand and to the presence of
similar IR-active groups such as uncoordinated and/or
monocoordinated sulfate and coordinated and uncoordi-
nated water molecules in both 1 and 2. A minor difference
is observed in the first band of the spectrum (at around
3400 cm–1), which appears at a higher frequency in 1 than
in 2. This could be attributed to the vibrations of the µ-
OH2 bridge. Characteristic absorbances in agreement with
both coordinated (C3ν symmetry) and uncoordinated sul-
fate can be appreciated in the spectra of both complexes.[50]

Electronic Spectra

The UV/Vis spectra of both compounds, recorded by
using solid samples (diffuse-reflectance technique), show
asymmetric bands centered at around 700 nm (1) and
710 nm (2). This feature is in agreement with the presence
of two different chromophores in each complex and with
the distorted tetragonal (square-pyramidal or octahedral)
geometry of the copper(II) ions present in the two struc-
tures.[51] Furthermore, a clearly distinguishable maximum is
observed at ca. 400 nm (1) and ca. 415 nm (2), which could
be attributed either to a charge-transfer band or, in the case
of 1, to the high-energy absorption for copper(II) dimers
frequently present in this region of the spectra.[19,35,52,53]

EPR Spectra

Powder EPR spectra of the complexes have been re-
corded at room temperature at the X-band frequencies (0–
5000 G), and from room temperature to 4 K at the Q-band
frequencies (0–15000 G). To exclude the presence of impuri-
ties, different measurements were performed with samples
obtained by powdering single crystals from different prepa-
rations. Figure 7 (for 1) and Figure 8 (for 2) exhibit selected
Q-band spectra.

The room-temperature X-band EPR spectrum of 1 exhi-
bits a very weak half-field (∆Ms =�2) signal, centered at
1550 G, typical of a spin-coupled binuclear copper(II) sys-
tem with significant population at the triplet state. An iso-
tropic ∆Ms =�1 transition is also observed at g = 2.16. As
for the Q-band frequencies, the room-temperature spectrum
of 1 can be described either as inverted axial or as slightly
rhombic (Figure 7a). No signal corresponding to the for-
bidden transition (around 4000 G) could be detected. At
lower temperatures, the spectrum becomes progressively
more resolved. At 30 K (Figure 7b), the spectrum shows an
anisotropic signal at 10910 G and a signal at 11960 G,
which can be assigned to one of the perpendicular and par-
allel transitions, respectively, of the excited triplet state (S
= 1).[51] Finally, as expected, the spectrum vanishes below
30 K because of the antiferromagnetic interaction in the di-
mer, which leads to a diamagnetic S = 0 state.

The exchange interaction parameter J can be determined
from the temperature variation of the EPR absorption lines.
The relative intensity of the absorption is expressed by
Equation (3):[54]

R � (1/T) [(e–J/kT)/(1+3 e–J/kT)] (3)
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Figure 7. EPR for 1 at (a) 282 K and (b) 30 K.

This approach was applied to compound 1. A value of
–J = 89 cm–1 was obtained, which is very close to the value
calculated from the magnetic measurements [J =
–94.3(2) cm–1].

For 2, the X-band EPR spectrum recorded at room tem-
perature is isotropic, with a signal centered at g = 2.13. The
room temperature Q-band spectrum is axial (Figure 8a). At
lower temperatures, the signals become better defined and
the spectra are rhombic. Figure 8b displays the spectrum at
4 K; it is clearly rhombic, with signals at g3 = 2.39, g2 =
2.07, and g1 = 2.00, which is in agreement with both the
stereochemistry of the copper(II) ions[51] and the spin doub-
let ground state.[55]

Concluding Remarks

Control of appropriate conditions for synthesis has per-
mitted the isolation of two CuII compounds of guanazole,
1 and 2, with different nuclearity. To the best of our knowl-
edge, these compounds represent the first structurally char-
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Figure 8. EPR for 2 at (a) 280 K and (b) 4 K.

acterized CuII compounds of this ligand. In both cases, the
guanazole acts in its neutral form through its N1,N2-biden-
tate bridging mode. While compound 1 is dimeric, 2 is a
linear trinuclear complex. The two copper atoms in 1, and
the two nearest copper atoms in 2, are linked by double
triazole bridges and by a third, small H2O (in 1) or Cl– (in
2) bridge. Compound 1 is the second reported case of a
compound that uses triazole ligands together with µ-OH2

as bridges.[21]

For both compounds, a significant antiferromagnetic in-
teraction of similar magnitude [J = –94.3(2) cm–1 (1), J =
–89.9(3) cm–1 (2)] has been observed. This is in agreement
with the similarity of the bridging triazole systems, which
comprise the main exchange pathways. Compound 1 has
presented us with the opportunity of testing the influence
of a nonplanar {Cu(N–N)2Cu} framework on the magni-
tude of the AF exchange. For its part, compound 2 exhibits
one of the largest magnetic exchange constants found in
linear trinuclear double/triple-triazole bridged CuII com-
plexes to date; this has likewise been rationalized for the
first time in terms of simple orbital symmetry models.



Coordinative Versatility of Guanazole FULL PAPER

Experimental Section

Instrumentation: Elemental analyses were performed with a CE EA
1110 CHNS instrument. Infrared spectra were recorded with a
Mattson Satellite FT-IR spectrophotometer from 4000 to 400 cm–1

by using KBr disks. Ligand field spectra were obtained from 800
to 200 nm with a Shimadzu 2101-PC UV/Vis instrument, by using
the diffuse-reflectance technique, with Nujol mulls. EPR spectra of
powdered samples were collected on a Bruker ELEXSYS spectrom-
eter at variable temperature operating at Q-band frequencies, and
at room temperature operating at X-band frequencies. Magnetic
susceptibility measurements of polycrystalline samples were mea-
sured over the temperature range 2–300 K with a Quantum Design
SQUID magnetometer by using an applied magnetic field of
1000 G. Diamagnetic corrections of the constituent atoms were es-
timated from Pascal’s constants. Experimental susceptibilities were
also corrected for the temperature-independent paramagnetism
[–60�10–6 cm3·mol–1 per copper(II)] and for the magnetization of
the sample holder.

Chemicals: The guanazole ligand (Hdatrz) was obtained from
Janssen Chimica. The 3,5-diacetylamino-1,2,4-triazole ligand
(Hdaatrz) was prepared as indicated by van den Bos[56] and recrys-
tallized from boiling water. Copper salts and solvents of high purity
were commercially available and used as such.

Synthesis of [Cu2(Hdatrz)2(µ-OH2)(H2O)4(SO4)](SO4)·3.5H2O (1):
(a) Copper(II) sulfate (6 mmol, 1.52 g) and Hdaatrz (1 mmol,
0.14 g) were mixed in water (40 mL) with continuous stirring. The
resulting green solution was allowed to stand at room temperature.
In about one month, a precipitate appeared which was filtered off,
and the resulting solution was kept in the freezer. After about six
months, large, green, hexagonal prism-shaped crystals of 1 (ca.
0.23 g, 70%) were observed together with a few smaller, lighter
green crystals. Crystals of 1 were manually isolated on filter paper.
One of those crystals was selected for X-ray measurements. The X-
ray analysis revealed that Hdaatrz, in the presence of a high pro-
portion of aqueous copper(II) [CuII:Hdaatrz is 6:1], had undergone
hydrolysis to form a (guanazole)copper(II) compound. (b) Single
crystals of 1 could also be obtained directly from guanazole as
follows: Copper(II) sulfate (1 mmol, 0.25 g) was added to a hot
aqueous solution of guanazole (1 mmol, 0.10 g, in 30 mL) with
continuous stirring (so that the ratio CuII: guanazole is 1:1). A
precipitate was immediately formed, which was separated by fil-
tration. The resulting green solution was allowed to stand at room
temperature. After ca. one month, single crystals of 1 (ca. 0.10 g,
30%) appeared together with other brownish green, needle-shaped
crystals. Crystals of 1 were manually isolated on filter paper. The
synthesis from guanazole (b) gave a lower yield than that from
Hdaatrz (a).

Synthesis of [Cu3(Hdatrz)4(µ-Cl)2(H2O)4(SO4)2]·11.4H2O (2): Cop-
per(II) sulfate (0.5 mmol, 0.13 g) was mixed with a hot aqueous
solution of guanazole (1 mmol, 0.10 g, in 30 mL) with continuous
stirring. A precipitate was formed immediately. Then, copper(II)
chloride (3 mmol, 0.51 g) was added to the suspension, and the
precipitate was redissolved (so that the ratio CuII:Hdatrz was
3.5:1). The resulting brownish green solution was allowed to stand
in the freezer. After less than one week, large, dark green, prism-
shaped crystals of 2 (ca. 0.10 g, 70%) were observed and isolated
on filter paper. These crystals, however, are unstable at room tem-
perature and turn to powder after ca. one hour after being taken
out of the freezer, due to water loss (as indicated by the correspond-
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ing elemental analysis). So, all analyses and measurements had to
be performed directly after isolation of the crystals.

Analysis: For 1: C4H27Cu2N10O16.5S2 (670.56): calcd. C 7.16, H
4.06, N 20.89, S 9.56; found C 7.37, H 4.20, N 21.02, S 10.01 (on
the sample synthesized by method b). Crystals of 1 from synthesis
(a) were only analyzed by X-ray diffraction (Table 5). For 2:
C4H25.4Cl1Cu1.5N10O11.7S1 (563.76): calcd. C 8.52, H 4.54, N 24.85,
S 5.69; found C 8.27, H 4.85, N 24.46, S 5.70.

Spectroscopy

ν̃max for Hdatrz: [υ(N–H)NH,NH2
] 3398 (m), 3368 (sh), 3312 (m),

3237 (w); [υ(C=N)/ring stretching vibrations + δ(N–H)NH,NH2
]

1628 (vs), 1582–1563 (split,s), 1489 (s), 1417 (s); other peaks: 1346
(m), 1152 (w), 1126 (w), 1064 (m), 1015 (w), 808 (m), 727 (w), 647–
616 (broad,m), 539 (w) cm–1.

λmax (solid sample, diffuse-reflectance technique) for 1: ca. 400, ca.
700 nm; ν̃max for 1: [υ(O–H)H2O + υ(N–H)NH,NH2

] 3426 (m);
[υ(C=N)/ring stretching vibrations + δ(N–H)NH,NH2

] 1705 (sh),
1663–1644(split,s); [υ3(SO4)] 1187 (sh), 1115 (vs); [υ4(SO4)] 620 (m)
cm–1.

λmax (solid sample, diffuse-reflectance technique) for 2: 415, ca. 710
nm; ν̃max for 2: [υ(O–H)H2O + υ(N–H)NH,NH2

] 3407–3315(br,m);
[υ(C=N)/ring stretching vibrations + δ(N–H)NH,NH2

] 1647 (vs);
[υ3(SO4)] 1195 (w), 1115 (s), 1061 (sh); [υ4(SO4)] 624 (m) cm–1.

Crystal Structure Determination: Crystallographic data for 1 and 2
are summarized in Table 5. One light green (1) and one dark green
(2) prism-shaped crystal were selected. That of 2 was mounted with
Vaseline on a capillary. Throughout the experiment Cu-Kα (1) or
Mo-Kα (2) was used with a graphite crystal monochromator on a
Nonius Kappa-CCD [λ = 1.54184 Å (1); λ = 0.71073 Å (2)] single-
crystal diffractometer. Unit cell dimensions were determined from
the angular settings of 4343 (1) and 3966 (2) reflections with θ
between 0.883° to 70.076° (1) and 0.998° to 27.485° (2), and refined
with the programs HKL Denzo and Scalepack.[57] Space groups
were determined to be monoclinic C2/c (1) or triclinic P1̄ (2), from
systematic absences (1) or from structure determination (2). Crys-
tal-detector distance was fixed at 30 mm, and a total of 1732 (1)/
183 (2) images were collected by using the oscillation method, with
scan angle per frame 2° oscillation and 5 s exposure time per image.
The data collection strategy was calculated with the program Col-
lect.[58] Structure 1 was solved by using DIRDIF;[59] structure 2 by
using SIR97;[60] isotropic least-squares refinements on F2 were
made by using SHELX97;[61] during the final stages of refinements
on F2 the positional parameters and the anisotropic thermal pa-
rameters of the non-H atoms were refined. Some hydrogen atoms
were located by Fourier difference synthesis and the rest were geo-
metrically placed. H atoms on triazole N atoms were found in a
Fourier map for 1 and geometrically placed in 2. The final differ-
ence Fourier map for 1 showed the highest peaks of 2.055eA–3 at
1.41 Å from O(24) and of 1.89eA–3 at 1.25 Å from O(21); the rest
of them were lower than 0.67eA–3, the deepest hole being
–1.109eA–3 at 0.62 Å from Cu(1). The same map for 2 showed the
highest peak of 1.044eA–3 at 0.7 Å from O(5w) and the deepest
hole of –0.723eA–3 at 0.14 Å from H(6a). Figure 1 and Figure 2,
made with ORTEP,[62] show the atomic numbering schemes.
Atomic scattering factors were taken from ref.[63]. Geometrical cal-
culations were made with PARST.[64] CCDC-293618 (1) and
CCDC-293619 (2) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Table 5. Crystallographic data and structure refinement for compounds 1 and 2.[a]

Compound 1 2

Empirical formula C4H27Cu2N10O16.5S2 C4H25.4Cu1.5N10O11.7S1Cl1
Formula weight 670.56 563.76
Temperature [K] 293(2) 293(2)
Wavelength [Å] 1.54184 0.71073
Crystal system, space group monoclinic, C2/c triclinic, P1̄
a [Å] 19.0944(4) 10.2780(2)
b [Å] 21.3853(4) 10.5110(2)
c [Å] 14.4018(3) 11.4020(2)
α [°] 77.6520(12)
β [°] 129.8510(10) 63.3760(10)
γ [°] 81.7600(10)
Volume [Å3] 4514.78(16) 1074.11(3)
Z, calculated density [Mg/m3] 8, 1.973 2, 1.743
Absorption coefficient [mm–1] 4.962 1.791
F(000) 2744 579
Crystal size [mm] 0.20�0.15�0.08 0.32�0.25�0.20
θ range for data collection [°] 3.66 to 69.54 2.03 to 27.48
Index ranges 0�h�23, 0�k�25, –13�h�13, –13�k�12,

–17� l�13 –14� l�11
Reflections collected/unique 4251/4251 7843/4879
Refinement method full-matrix least squares on F2 full-matrix least squares on F2

Data/restraints/parameters 4251/25/416 4879/2/296
Goodness-of-fit on F2 1.048 1.068
Final R indices [I�2σ(I)] (R1, wR2) 0.0597, 0.1612 0.0451, 0.1225
R indices (all data) (R1, wR2) 0.0643, 0.1676 0.0620, 0.1358
Largest diff. peak and hole [e·Å–3] 2.055 and –1.109 1.044 and –0.723

[a] GOOF = {Σ[w(Fo
2 – Fc

2)2]/(n – p)}1�2, R1 = Σ||Fo| – |Fc||/Σ|Fo|, wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1�2, w = 1/[σ2(Fo

2)+ (aP)2 +bP],
where P = [max(Fo

2,0)+2Fc
2]/3; a = 0.1163, b = 18.2879 for 1 and a = 0.0678, b = 2.2442 for 2.

Acknowledgments

Authors E. A., S. F., J. B., and M. L.-G. are grateful to MCyT
(grant CTQ2004–03735/BQU), and authors H. R.-P. and S. G.-G.
to MCyT (grant BQU2003–05093) and FICYT (grant PR-01-GE-
4) for financial support.

[1] J. G. Haasnoot, Coord. Chem. Rev. 2000, 200–202, 131.
[2] a) M. H. Klingele, S. Brooker, Coord. Chem. Rev. 2003, 241,

119; b) U. Beckmann, S. Brooker, Coord. Chem. Rev. 2003, 245,
17.

[3] J. P. Zhang, Y.-Y. Lin, X.-C. Huang, X.-M. Chen, J. Am. Chem.
Soc. 2005, 127, 5495.

[4] P. Gütlich, A. Hauser, H. Spiering, Angew. Chem. Int. Ed. Engl.
1994, 33, 2024.

[5] L. G. Lavrenova, S. V. Larionov, Koord. Khim. 1998, 24, 403.
[6] P. J. van Koningsbruggen, Top. Curr. Chem. 2004, 233, 123.
[7] M. Klingele, B. Moubaraki, J. D. Cashion, K. S. Murray, S.

Brooker, Chem. Commun. 2005, 987.
[8] A. C. Fabretti, J. Crystallogr. Spectrosc. Res. 1992, 22, 523.
[9] H. O. Desseyn, A. C. Fabretti, W. Malavasi, J. Crystallogr.

Spectrosc. Res. 1990, 20, 355.
[10] A. C. Fabretti, A. Giusti, R. Sessoli, Inorg. Chim. Acta 1993,

205, 53.
[11] S. R. Grap, L. G. Kuz�mina, O. Y. Burtseva, M. A. Porai-Kosh-

its, A. P. Kurbakova, I. A. Efimenko, Zh. Neorg. Khim. 1991,
36, 1427.

[12] S. R. Grap, L. G. Kuz�mina, M. A. Porai-Koshits, A. P. Kur-
bakova, I. A. Efimenko, Koord. Khim. 1993, 19, 566.

[13] L. Antolini, A. C. Fabretti, D. Gatesschi, A. Giusti, R. Sessoli,
Inorg. Chem. 1991, 30, 4858.

[14] L. Antolini, A. C. Fabretti, D. Gatesschi, A. Giusti, R. Sessoli,
Inorg. Chem. 1990, 29, 143.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5115–51255124

[15] T. B. Brill, A. L. Rheingold, M. B. Allen, Private Communica-
tion, CCD. 1996, NADHAB.

[16] Y. B. Brill, A. L. Rheingold, A. M. Allen, Private Communica-
tion, CCD. 1996, NADPAJ.

[17] Recently, during the process of the revision of this manuscript,
a 3D CuI–guanazole compound, synthesized under solvother-
mal conditions, has been structurally characterized: [(H3O)2-
(H2O)4][{Cu6(datrz)6}{(Cu4I4)2O}]; see Q. G. Zhai, C.-Z. Lou,
S.-M. Chen, X.-J. Xu, W.-B. Yang, Inorg. Chem. Commun.
2006, 9, 819.

[18] P. M. Slangen, P. J. van Koningsbruggen, K. Goubitz, J. G.
Haasnoot, J. Reedijk, Inorg. Chem. 1994, 33, 1121.

[19] S. Ferrer, P. J. van Koningsbruggen, J. G. Haasnoot, J. Reedijk,
H. Kooijman, A. L. Spek, L. Lezama, A. M. Arif, J. S. Miller,
J. Chem. Soc., Dalton Trans. 1999, 4269.

[20] L. Yi, B. Zhao, P. Cheng, D.-Z. Liao, S.-P. Yan, Z.-H. Jiang,
Inorg. Chem. 2004, 43, 33.

[21] After submission of this manuscript, the authors were in-
formed of three new dinuclear structures of NiII with one water
and two triazole bridges: a) J.-H. Zhou, R.-M. Cheng, Y. Song,
Y.-Z. Li, Z. Yu, X.-T. Chen, X.-Z. You, Polyhedron 2006, 25,
2426; b) P. Ren, B. Ding, W. Shi, Y. Wang, T. Lu, P. Cheng,
Inorg. Chim. Acta 2006, 359, 3824.

[22] P. J. van Koningsbruggen, J. W. van Hal, R. A. G. de Graaff,
J. G. Haasnoot, J. Reedijk, J. Chem. Soc., Dalton Trans. 1993,
2163.

[23] S. F. Keij, Ph. D. Thesis, Leiden University, The Netherlands,
1990.

[24] R. Prins, M. Biagini-Cingi, M. Drillon, R. A. G. de Graff, J.
Haasnoot, A.-M. Manotti-Lanfredi, P. Rabu, J. Reedijk, F.
Ugozzoli, Inorg. Chim. Acta 1996, 248, 35.

[25] J.-C. Liu, D.-G. Fu, J.-Z. Zhuang, C.-Y. Duan, X.-Z. You, J.
Chem. Soc., Dalton Trans. 1999, 2337.

[26] a) W. Vreugdenhil, J. G. Haasnoot, J. Reedijk, J. S. Wood, In-
org. Chim. Acta 1990, 167, 109; b) W. Vreugdenhil, Ph. D. The-
sis, Leiden University, The Netherlands, 1987.



Coordinative Versatility of Guanazole FULL PAPER
[27] Y. Garcia, P. J. van Koningsbruggen, G. Bravic, P. Guionneau,

D. Chasseau, G. L. Cascarano, J. Moscovici, K. Lambert, A.
Michalowicz, O. Kahn, Inorg. Chem. 1997, 36, 6357.

[28] F. J. Rietmeijer, G. A. van Albada, R. A. G. de Graaff, J. G.
Haasnoot, J. Reedijk, Inorg. Chem. 1985, 24, 3597.

[29] F. J. Rietmeijer, J. G. Haasnoot, A. J. Den Hartog, J. Reedijk,
Inorg. Chim. Acta 1986, 113, 147.

[30] Q. Zhao, H. Li, A. Chen, R. Fang, Inorg. Chim. Acta 2002,
336, 142.

[31] G. A. van Albada, R. A. G. de Graaff, J. Haasnoot, J. Reedijk,
Inorg. Chem. 1984, 23, 1404.

[32] J.-C. Liu, Y. Song, J.-Z. Zhuang, X.-Z. You, X.-Y. Huang, Z.-
X, Jiegou Huaxue 2000, 19, 81.

[33] J.-C. Liu, Y. Xu, C.-Y. Duan, S.-L. Wang, F.-L. Liao, J.-Z. Zhu-
ang, X.-Z. You, Inorg. Chim. Acta 1999, 295, 229.

[34] J. A. J. Jarvis, Acta Crystallogr. 1962, 15, 964.
[35] R. Prins, P. J. Birker, J. G. Haasnoot, G. C. Verschoor, J. Reed-

ijk, Inorg. Chem. 1985, 24, 4128.
[36] W. M. E. Koomen-van-Oudenniel, R. A. G. de Graaff, J. G.

Haasnoot, R. Prins, J. Reedijk, Inorg. Chem. 1989, 28, 1128.
[37] P. J. van Koningsbruggen, J. G. Haasnoot, R. A. G. de Graaff,

J. Reedijk, S. Slingerland, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun. 1992, 48, 1923.

[38] P. M. Slangen, P. J. van Koningsbruggen, J. G. Haasnoot, J.
Jansen, S. Gorter, J. Reedijk, H. Kooijman, W. J. J. Smeets,
A. L. Spek, Inorg. Chim. Acta 1993, 212, 289.

[39] P. J. van Koningsbruggen, J. G. Haasnoot, H. Kooijman, J. Re-
edijk, A. L. Spek, Inorg. Chem. 1997, 36, 2487.

[40] O. Castillo, U. García-Couceiro, A. Luque, Juan P. García-
Terán, P. Román, Acta Crystallogr. Sect. E: Struct. Rep. Online
2004, 60, m9-m11, DOI: 10.1107/S1600536803027119.

[41] M. H. Klingele, P. D. Boyd, B. Moubaraki, K. S. Murray, S.
Brooker, Eur. J. Inorg. Chem. 2005, 910.

[42] M. H. Klingele, P. D. Boyd, B. Moubaraki, K. S. Murray, S.
Brooker, Eur. J. Inorg. Chem. 2006, 573.

[43] For the first example of a structurally characterized triazolate-
containing macrocyclic copper compound, see: C. V. Depree, U.
Beckmann, K. Heslop, S. Brooker, Dalton Trans. 2003, 3071.

[44] U. Beckmann, S. Brooker, C. V. Depree, J. D. Ewing, B. Moub-
araki, K. S. Murray, Dalton Trans. 2003, 1308.

[45] G. Vos, R. A. G. de Graaff, J. Haasnoot, A. M. van der Kraan,
P. de Vaal, J. Reedjik, Inorg. Chem. 1984, 23, 2905.

[46] Y. Journaux, J. Sletten, O. Kahn, Inorg. Chem. 1986, 25, 439.
[47] R. Veit, J.-J. Girerd, O. Kahn, F. Robert, Y. Jeannin, Inorg.

Chem. 1986, 25, 4175.

Eur. J. Inorg. Chem. 2006, 5115–5125 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5125

[48] O. Kahn, in Magneto-Structural Correlations in Exchange Cou-
pled Systems (Eds.: D. Gatteschi, O. Kahn, R. D. Willet),
NATO Advanced Study Institute Series, Reidel, Dordrecht,
1984, vol. C140.

[49] V. K. Kumar, G. Keresztury, T. Sundius, R. J. Xavier, Spectro-
chim. Acta, Part A 2005, 61, 261.

[50] K. Nakamoto in Infrared and Raman Spectra of Inorganic and
Coordination Compounds: Part B: Applications in Coordination,
Organometallic and Bioinorganic Chemistry, 5th ed., John Wiley
and Sons, New York, 1997.

[51] B. J. Hathaway, D. E. Billing, Coord. Chem. Rev. 1970, 5, 143.
[52] J. Reedijk, D. Knetsch, B. Nieuwenhuisje, Inorg. Chim. Acta

1971, 5, 568.
[53] K. Nonoyama, H. Ojima, M. Nonoyama, Inorg. Chim. Acta

1984, 84, 13.
[54] J. R. Wasson, C.-I. Shyr, C. Trapp, Inorg. Chem. 1968, 7, 469.
[55] L. Banci, A. Bencini, D. Gatteschi, Inorg. Chem. 1983, 22,

2681.
[56] B. G. van den Bos, Recl. Trav. Chim. Pays-Bas 1960, 79, 836.
[57] Z. Otwinowski, W. Minor, DENZO-SCALEPACK–Processing

of X-ray Diffraction Data Collected in Oscillation Mode, Meth-
ods in Enzymology, Volume 276: Macromolecular Crystallogra-
phy, Part A (Eds.: C. W. Carter Jr., R. M. Sweet), Academic
Press, New York, 1997, pp. 307–326.

[58] COLLECT, Nonius BV, Delft, The Netherlands, 2000.
[59] P. T. Beurskens, G. Beurskens, R. de Gelder, S. García-Granda,

R. O. Gould, R. Israel, J. M. M. Smits, The DIRDIF-99 Pro-
gram System – Technical Report of the Crystallography Labora-
tory, University of Nijmegen, The Netherlands, 1999.

[60] SIR97: A. Altomare, M. C. Burla, M. Camalli, G. L. Cas-
carano, C. Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G.
Polidori, R. Spagna, J. Appl. Crystallogr. 1999, 32, 115.

[61] G. M. Sheldrick, SHELX97–Programs for Crystal Structure
Analysis (Release 97–2), University of Göttingen, Germany,
1997.

[62] ORTEP3 for Windows:L. J. Farrugia, J. Appl. Crystallogr. 1997,
30, 565.

[63] International Tables for X-ray Crystallography (Ed.: T. Hahn),
Kluwer Academic Publishers, Dordrecht, The Netherlands,
1995, vol. A.

[64] a) M. Nardelli, Comput. Chem. 1983, 7, 95; b) M. Nardelli,
Comput. Chem. 1995, 28, 659.

Received: July 31, 2006
Published Online: November 3, 2006



FULL PAPER

DOI: 10.1002/ejic.200600720

A DFT Study on the Electronic and Redox Properties of [PW11O39(ReN)]n–

(n = 3, 4, 5) and [PW11O39(OsN)]2–

Li-Kai Yan,[a] Zhuo Dou,[a] Wei Guan,[a] Shao-Qing Shi,[a] and Zhong-Min Su*[a]

Keywords: Electronic properties / DFT / Nitrido-functionalized / Polyoxometalates / Redox properties

DFT calculations were carried out to investigate the elec-
tronic and redox properties of nitrido-functionalized polyoxo-
metalate species, [PW11O39(ReN)]n– (n = 3, 4, 5) and
[PW11O39(OsN)]2–. The rhenium- and osmium-nitrido effec-
tively modify the electronic properties. The LUMOs in fully
oxidized [PW11O39(ReN)]3– and [PW11O39(OsN)]2– are mainly
concentrated on the Re and Os centers. The high-valent tran-
sition metals Re and Os modify the components and energies

Introduction

Polyoxometalates (POMs) are anionic clusters of discrete
structure commonly based on molybdenum or tungsten ox-
ides.[1–3] Most POMs possess an extensive and reversible re-
dox chemistry and some contain multiple unpaired d-elec-
trons that make them useful in several fields including catal-
ysis, material science, and magnetochemistry.

One of the important applications of POMs is based on
their potential to act as an electron acceptor, which leads
to the possibility of the formation of charge-transfer or
electron donor-acceptor materials with interesting elec-
tronic and magnetic properties.[4,5] Over the past few years,
research on POMs has greatly expanded to investigate func-
tionalized POMs by the incorporation or coordination of
organic or organometallic moieties to produce novel sys-
tems.[6–9] The modification and functionalization of POMs
have provided the means to more fully exploit these desir-
able attributes. Rhenium is known to incorporate into Keg-
gin structures by virtue of its appropriate radius and ability
to form short terminal M=O bonds.[10] Three nitrido-func-
tionalized polyoxometalate species, (nBu4N)4[PW11O39-
(OsN)], (nBu4N)4[PW11O39(ReN)], and (nBu4N)3[PW11O39-
(ReN)], which feature the incorporation of [OsVI�N]3+,
[ReVI�N]3+, and [ReVII�N]4+ fragments into the frame-
work of a Keggin-type heteropolyanion were reported by
Maatta.[11] It is the first time that rhenium- and osmium-
nitrido were inserted into the polyoxometalate. Several
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of the LUMO. The LUMO energies of [PW11O39(ReN)]3– and
[PW11O39(OsN)]2– are lower than that of related Keggin
[PW12O40]3–. In addition, Re centers will prefer to accept the
electrons in the first and second reduced process of fully oxi-
dized [PW11O39(ReN)]3–.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

questions drew our attention. First, how does the rhenium-
or osmium-nitrido modify the structural and electronic
properties? Second, how are the redox properties of POMs
modified by the rhenium-nitrido segment? Third, does the
rhenium atom prefer to accept an electron when the
[PW11O39(ReN)]3– is reduced? Following our investigations
of the electronic properties, bonding nature, stabilities, and
nonlinear optical properties of POMs,[12–16] density func-
tional theory (DFT), which has been proven to be a signifi-
cant tool for understanding and rationalizing the electronic
and magnetic properties of polyanions,[17–26] was employed
to pursue the questions mentioned above. Our main objec-
tive was to investigate the effect of high-valent metal nitrido
on the electronic and redox properties of POMs.

Methodology

All calculations reported in this work were carried out
with the ADF2005.01 program.[27] The local density
approximation (LDA) characterized by the Vosko–Wilk–
Nusair (VWN)[28] parameterization for correlation was
used. Becke[29]and Perdew[30] gradient corrections were used
for the exchange and correlation energy, respectively. Triple-
ζ plus polarization Slater basis sets were used to describe
the electrons of main group elements (O, C, H) and the
valence electrons of all transitional-metal atoms (Re, Os,
W). The internal or core electrons (1s–4d for Re, Os, W)
were frozen and described by single Slater functions. The
relativistic effects were taken into account by means of the
zero-order regular approximation (ZORA).[31] The integra-
tion parameter in the molecular calculations, which deter-
mines the precision of the numerical integral, was set to 5.0.
The default optimization convergence criteria in the ADF
were used.
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For purposes of comparison, calculations were also car-

ried out on [PW12O40]3–. A short-hand notation is used for
the polyanions, without oxygen atoms and anion charge,
and it specifies the number of blue electrons as well as the
substituted transition metal oxidation states (e.g.
[PW12O40]3– = PW12, [PW11O39(ReN)]3– = PW11ReN, and
[PW11O39(ReN)]4– = PW11ReN1e, where e specifies the elec-
trons which the polyanion accepted).

Results and Discussion

The Effect of the Rhenium- or Osmium-Nitrido Segment on
Geometrical Structure

The Keggin anion is made of an assembly of 12 MO6

octahedrons sharing their corners or edges with a central
XO4 tetrahedron. The metal–oxygen bonds in the Keggin
framework can be divided into three sets according to
whether their oxygen atoms are tetrahedral (Oa), bridging
(Ob), or terminal (Ot). From the point-of-view of structure,
the transition metals Re and Os are inserted into a lacunary
position of PW12. At the same time, Re and Os link to the
nitrogen atom instead of the terminal oxygen atom (Ot).
Figure 1 shows the optimized structure of PW11ReN, and
other structures in this article are all similar to it.

Figure 1. The calculation model PW11ReN.

Some selected bond lengths are listed in Table 1. Com-
pared with PW12, the bonds in PW11ReN are lengthened,
while the bonds in PW11OsN are shortened. The calculated
atomic radii[32] of tungsten, rhenium, and osmium are 1.93,
1.88, and 1.85 Å, respectively. The PW11OsN is contracted
when the osmium-nitrido segment substitutes the W=O
unit because the radius of OsVIII is smaller than that of
WVI. Although the radius of ReVII is slightly smaller than
that of WVI, the cluster size of PW11ReN is enlarged. This
may be due to the slightly weak interaction between Re and
its adjacent atoms compared with related bonds in PW12.
As Poblet demonstrated that the reduction of a fully oxid-
ized anion is accompanied by an expansion of the geome-
try,[33] the bonds in single- and double-electron reduced po-
lyanions of PW11ReN are elongated. So, the reduced poly-
anions are loosened by adding reduced electrons. The
lengthening of the bond would lead to a weakening of the
bond strength, and then the electronic properties would be
changed.

Eur. J. Inorg. Chem. 2006, 5126–5129 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5127

Table 1. Selected bond lengths [Å] of systems.

PW12 PW11ReN PW11ReN1e PW11ReN2e PW11OsN

W1–Ob1 1.938 1.941 1.958 1.969 1.922
W1–Ob2 1.938 1.943 1.979 1.975 1.909
W3–Ob3 1.932 1.932 1.936 1.936 1.936
W1–Ot1 1.725 1.726 1.735 1.746 1.720
W2–Ot2 1.725 1.726 1.734 1.744 1.719
P–Oa1 1.555 1.554 1.553 1.553 1.562
P–Oa2 1.555 1.556 1.558 1.560 1.555
P–Oa3 1.555 1.558 1.561 1.563 1.555
W(Re, Os)–P 3.608 3.619 3.654 3.655 3.573
Re(Os)–N 1.678 1.680 1.686 1.676
Re(Os)–Ob4 1.930 1.982 1.985 1.900

Electronic Properties of Fully Oxidized PW11ReN and
PW11OsN

For fully oxidized polyanions, one of the remarkable
properties concerns redox behavior. The molecular orbital
distribution will give reasonable information about the re-
dox properties of PW11Re and PW11Os. In order to investi-
gate the effect of the rhenium- or osmium-nitrido segment
on the electronic properties of polyanions, the frontier mo-
lecular orbitals (FMO) of PW12, PW11ReN, and PW11OsN
are compared. For Keggin anion PW12, the ground-state
configuration is typical of a fully oxidized polyanion for
which the highest molecular orbital (HOMO) delocalizes
over oxo-ligands, and the lowest molecular orbital (LUMO)
delocalizes over the d-shells of tungsten atoms with some
antibonding participation of oxygen orbitals (Figure 2).[24]

The LUMO is a doubly degenerate orbital of symmetry e,
and the LUMO+1 is a triply degenerate orbital of sym-
metry t1.

Figure 2. The molecular orbitals of PW12.

The doubly degenerate HOMO and LUMO in PW12 split
into two orbitals of symmetry a� and a�� in PW11ReN and
PW11OsN. The HOMO in PW11ReN is mainly delocalized
over the bridge oxygen atoms, but the nitrogen atom has a
contribution (6.58%; Figure 3). The LUMO is quite dif-
ferent from that of PW12 and is mainly localized on the Re
atom (39.76%), although there is some contribution from
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the tungsten atoms (16.46%). The LUMO+1 in PW11ReN
concentrates on the tungsten and bridge oxygen atoms,
which is similar to the LUMO in PW12. It can be proposed
that the rhenium-nitrido segment mainly modifies the unoc-
cupied orbitals and the redox properties would be modified
as the redox property of a polyanion depends on the energy
and compositions of the LUMO. The LUMO energy and
the HOMO–LUMO energy gap are lower than that of
PW12 (Figure 4), so the electron transition between HOMO
and LUMO is much easier.

Figure 3. The molecular orbitals of PW11ReN.

Figure 4. The energy level of PW12, PW11Re, and PW11Os.

Let us now consider the osmium–nitrido substituted de-
rivative PW11OsN. The FMOs are presented in Figure 5.
Here, the situation is somewhat different. The HOMO and
HOMO-1 for PW11OsN are similar to PW12, whereas the
lowest metal orbitals are mainly localized on osmium
(38.48%), and the contribution of tungsten atoms is only
1.15%. The d-osmium orbitals are lower in energy than the
tungsten orbitals and strong competition between the os-
mium and tungsten orbitals would occur; PW11OsN tends
to have a lower HOMO–LUMO energy gap and LUMO
energy as presented in Figure 4.

The question we are now concerned with is whether
tungsten or high-valent transition-metal Re or Os accept
the extra electrons when the cluster is reduced. Taking
PW11Re as an example, we investigated the reduction pro-
cess in detail. It is known that the redox properties depend
on the energy and composition of the LUMO, as the

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5126–51295128

Figure 5. The molecular orbitals of PW11OsN.

LUMO formally delocalizes over the metal atoms, which
determine the redox properties of POMs.[21]

The LUMO of PW11Re is composed of 39.76% Re and
16.46%W contributions. It is more likely that Re will prefer
to accept extra electrons when the cluster is reduced. In
order to investigate the reduced center, the reduced species
PW11Re1e and PW11Re2e were calculated. Table 2 shows
the spin density for two reduced species of PW11Re, which
indicates that the extra electron in the monoreduced
PW11Re1e localizes on the Re center with a 0.67 spin alpha
electron. This suggests that PW11ReVII is reduced to
PW11ReVI when the cluster accepts one electron.

Table 2. Spin density (α-β) for PW11Re1e and PW11Re2e.

PW11ReN1e PW11ReN2e

Re 0.6700 0.6533
W 0.0008~0.0456 0.0081~0.1618

The LUMO in monoreduced PW11Re1e has a participa-
tion of Re orbitals (35.23%), and the contribution of tung-
sten increases to 27.36% (Figure 6). The spin density analy-
sis indicates that 65% of the spin density is localized over
the Re center and the rest of the spin density is delocalized
over the polar tungsten atoms. The HOMO is entirely local-
ized over the oxygen atoms. The additional electron mainly
goes to the sphere of Re and PW11ReVIN would be reduced
to PW11ReVN. In addition, the LUMO in PW11Re2e has a
little participation of the Re orbitals (1.91%). So, this sug-
gests that the first and second reduced process of PW11ReN
is ReVII�ReVI�ReV, which is in agreement with the experi-
mental investigation.[11]

Conclusions

The effect of rhenium or osmium-nitrido on the elec-
tronic and redox properties of POMs was investigated by
means of density functional calculations. The above results
can be summarized in three principal conclusions: (1) Re
and Os mainly modified the unoccupied orbitals of
[PW11O39(ReN)]3– and [PW11O39(OsN)]2–, especially the
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Figure 6. The molecular orbitals of PW11ReN1e.

LUMO. The LUMO of fully oxidized [PW11O39(ReN)]3– is
quite different from that of [PW12O40]3– and is localized on
the Re atom, and the tungsten atoms also contribute to
some extent. The LUMO of [PW11O39(OsN)]2– is mainly
localized on osmium, and the contribution from the tung-
sten atoms is quite small. (2) Compared to Keggin
[PW12O40]3–, the LUMO energy in [PW11O39(ReN)]3– and
[PW11O39(OsN)]2– is lower than that of [PW12O40]3–, and
the electron transition between HOMO and LUMO
of nitrido-functionalized polyoxometalate species
[PW11O39(OsN)]2– and [PW11O39(ReN)]3– is much easier
compared with that of Keggin [PW12O40]3–. (3) The Re cen-
ter prefers to accept the extra electrons in the first and sec-
ond reduced process of PW11ReN, so the reduced process is
[PW11O39(ReVIIN)]3–�[PW11O39(ReVIN)]4–�[PW11O39-
(ReVN)]5–.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates for the BP/TZP optimized
[PW11O39(ReN)]3–, [PW11O39(ReN)]4–, [PW11O39(ReN)]5–,
[PW11O39(OsN)]2–, and [PW12O40]3– structures.
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Synthesis, Structure and Surface Photovoltage of a Series of NiII Coordination
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Three novel NiII coordination polymers [Ni2(HCOO)4-
(H2O)4]n (1), [Na2Ni(btec)(H2O)8]n (2; H4btec = 1,2,4,5-ben-
zenetetracarboxylic acid) and [{Ni(pdc)(H2O)2}·H2O]n (3;
H2pdc = pyridine-2,5-dicarboxylic acid) have been hydro-
thermally synthesized and their structures determined by
single-crystal X-ray diffraction. The formate groups in com-
plex 1 bridge the NiII ions to form a infinite 3D structure.
Complex 2 also possesses a infinite 3D structure and the co-
ordination environment of the NiII ion is a perfect octahe-
dron. Complex 3 is a 2D infinite coordination polymer. The

Introduction

Metal–organic coordination polymers are receiving ever
increasing attention owing to their potential applications in
functional materials for use in fields such as magnetism,
catalysis, electrical conductivity, optical materials, host–
guest chemistry, and biomimetic chemistry.[1–5] The design
and synthesis of the coordination polymers have therefore
undergone rapid development in the areas of coordination
and supramolecular chemistry.[6–9] Carboxylate groups
often play an important role in the construction of polynu-
clear complexes as they can adapt many types of bridging
pattern, e.g. syn-syn, anti-anti, syn-anti and mono-mono-
dentate and mono-didentate etc.,[10–12] which result in a
variety of structural frameworks. They can also act as both
donors and acceptors of hydrogen bonds depending on
whether the carboxylic O atoms are deprotonated or not.[13]

The existence of a variety of hydrogen bonds therefore en-
riches the function of a coordination supramolecule.

The energy gaps of some transition metal coordination
polymers with unique structures are sometimes in the re-
gion of those of semiconductors, which means that they can
show semiconductor characteristics and can therefore be re-
garded as a kind of inorganic–organic hybrid semiconduc-
tor. The detection of the surface charge behavior and
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surface photovoltage spectra of complexes 1–3 indicate that
they all show three positive surface photovoltage (SPV) re-
sponses in the range of 300–800 nm and all show p-type
semiconductor characteristics. Although the intensities of the
SPV responses are obviously different, this can mainly be at-
tributed to the difference of their structures. The field-in-
duced surface photovoltage spectra (FISPS) of complexes 1–
3 confirm their p-type semiconductor characteristics.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

photoelectric properties of the coordination polymers
would therefore allow further research on the function of
these coordination polymers. To date, reports on this aspect
have focused mainly on coordination complexes with
phthalocyanines or porphyrins as ligands;[14–17] there are
few reports on the coordination polymers.[18] Surface pho-
tovoltage spectroscopy (SPS) is a highly sensitive tool that
can be used to investigate the photophysics of photo-
generated species or excited states without any sample con-
tamination or destruction.[19,20] This technique has been
used to investigate photoelectric processes such as charge
transfer and photocatalysis.[21] On the basis of the principle
of SPS, Wang et al. have developed a field-induced surface
photovoltage spectroscopy (FISPS) technique,[22,23] which
they have used to investigate the photoelectric properties of
semiconductors under the effect of an external electric field.
We have also attempted to detect the surface charge behav-
ior of coordination polymers with semiconductor charac-
teristics using these techniques. In this paper we report the
synthesis, structure, and surface photovoltage properties of
three NiII coordination polymers. The three complexes all
contain carboxylic groups as the basic building unit. Their
similarities and differences in the structures are beneficial
when it comes to exploring the relationship between the
structural and photoelectric properties.

Result and Discussion

Synthesis and General Discussion

The synthesis of complex 1 is intriguing. The ligand in
complex 1 is a formate, which was not added as one of the
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starting materials. The starting materials o-phthalic acid
and 2,2�-bipyridyl do not take part in the coordination. The
synthetic procedure involves dmf and H2O as solvents, and
we think the formate group comes from dmf. This phenom-
enon has been reported previously,[24] and it has long been
known that dmf can be hydrolyzed to formate and dma and
that the rate of this process increases under basic condi-
tions. We repeated the synthesis of complex 1 in the absence
of dmf and obtained the complex [Ni(o-phthalate)(2,2�-bi-
pyridyl)(H2O)]·H2O, which further confirms the involve-
ment of dmf in the synthesis of complex 1.

The synthesis of complex 2 is also interesting. The origi-
nal purpose of adding NaOH was to deprotonate and to
adjust the pH. However, the Na+ ions not only balance the
charge but also participate in coordination.

Structure Descriptions

The crystal data and structure refinement of complexes
1–3 are summarized in the Experimental Section; selected
bond lengths and angles are listed in Table 1.

Table 1. Selected bond lengths [Å] and angles [°] for complexes 1–3.[a]

1

Ni(1)–O(2)i 2.039(2) Ni(1)–O(3) 2.104(2) Ni(2)–O(6)ii 2.067(2)
Ni(1)–O(2) 2.039(2) Ni(1)–O(3)i 2.104(2) Ni(2)–O(6) 2.067(2)
Ni(1)–O(1) 2.058(2) Ni(2)–O(5) 2.026(2) Ni(2)–O(4) 2.099(2)
Ni(1)–O(1)i 2.058(2) Ni(2)–O(5)ii 2.026(2) Ni(2)–O(4)ii 2.099(2)
O(2)i–Ni(1)–O(2) 180.00(8) O(2)i–Ni(1)–O(3)i 87.28(8) O(6)ii–Ni(2)–O(6) 180.0
O(2)i–Ni(1)–O(1) 90.52(8) O(2)–Ni(1)–O(3)i 92.72(8) O(5)–Ni(2)–O(4) 89.57(11)
O(2)–Ni(1)–O(1) 89.48(8) O(1)–Ni(1)–O(3)i 87.02(8) O(5)ii–Ni(2)–O(4) 90.43(11)
O(2)i–Ni(1)–O(1)i 89.48(8) O(1)i–Ni(1)–O(3)i 92.98(8) O(6)ii–Ni(2)–O(4) 90.71(7)
O(2)–Ni(1)–O(1)i 90.52(8) O(3)–Ni(1)–O(3)i 180.0 O(6)–Ni(2)–O(4) 89.29(7)
O(1)–Ni(1)–O(1)i 180.00(5) O(5)–Ni(2)–O(5)ii 180.0 O(5)–Ni(2)–O(4)ii 90.43(11)
O(2)i–Ni(1)–O(3) 92.72(8) O(5)–Ni(2)–O(6)ii 89.34(9) O(5)ii–Ni(2)–O(4)ii 89.57(11)
O(2)–Ni(1)–O(3) 87.28(8) O(5)ii–Ni(2)–O(6)ii 90.66(9) O(6)ii–Ni(2)–O(4)ii 89.29(7)
O(1)–Ni(1)–O(3) 92.98(8) O(5)–Ni(2)–O(6) 90.66(9) O(6)–Ni(2)–O(4)ii 90.71(7)
O(1)i–Ni(1)–O(3) 87.02(8) O(5)ii–Ni(2)–O(6) 89.34(9) O(4)–Ni(2)–O(4)ii 180.0

2

Ni(1)–O(2) 2.075(2) Ni(1)–O(1)iii 2.0767(15) Ni(1)–O(1)v 2.0767(15)
Ni(1)–O(2)iii 2.075(2) Ni(1)–O(1) 2.0767(15) Ni(1)–O(1)iv 2.0767(15)
Na(1)–O(3) 2.332(2) Na(1)–O(3)vi 2.332(2) Na(1)–O(4)vi 2.402(2)
Na(1)–O(5)vi 2.5705(19)
O(2)–Ni(1)–O(2)iii 180.0 O(1)iii–Ni(1)–O(1) 180.0 O(2)–Ni(1)–O(1)v 85.95(5)
O(2)–Ni(1)–O(1)iii 94.05(5) O(2)–Ni(1)–O(1)iv 94.05(5) O(2)iii–Ni(1)–O(1)v 94.05(5)
O(2)iii–Ni(1)–O(1)iii 85.95(5) O(2)iii–Ni(1)–O(1)iv 85.95(5) O(1)iii–Ni(1)–O(1)v 86.86(9)
O(2)–Ni(1)–O(1) 85.95(5) O(1)iii–Ni(1)–O(1)iv 93.14(9) O(1)–Ni(1)–O(1)v 93.14(9)
O(2)iii–Ni(1)–O(1) 94.05(5) O(1)–Ni(1)–O(1)iv 86.86(9) O(1)iv–Ni(1)–O(1)v 180.0
O(3)–Na(1)–O(3)vi 180.00(9) O(3)vi–Na(1)–O(4)vi 83.10(8) O(3)vi–Na(1)–O(5)vi 79.06(9)
O(3)–Na(1)–O(4)vi 96.90(8) O(3)–Na(1)–O(5)vi 100.94(9) O(4)vi–Na(1)–O(5)vi 92.17(9)

3

Ni(1)–O(1) 2.0340(15) Ni(1)–O(3) 2.0350(15) Ni(1)–O(2) 2.1064(15)
Ni(1)–O(7) 2.0344(16) Ni(1)–N(1) 2.0843(17) Ni(1)–O(4) 2.1110(14)
O(1)–Ni(1)–O(7) 97.48(7) O(3)–Ni(1)–N(1) 79.63(6) O(1)–Ni(1)–O(4) 86.71(6)
O(1)–Ni(1)–O(3) 173.04(6) O(1)–Ni(1)–O(2) 86.74(7) O(7)–Ni(1)–O(4) 92.28(6)
O(7)–Ni(1)–O(3) 88.08(7) O(7)–Ni(1)–O(2) 89.46(6) O(3)–Ni(1)–O(4) 97.28(6)
O(1)–Ni(1)–N(1) 94.47(7) O(3)–Ni(1)–O(2) 89.14(6) N(1)–Ni(1)–O(4) 93.74(6)
O(7)–Ni(1)–N(1) 166.90(6) N(1)–Ni(1)–O(2) 85.88(7) O(2)–Ni(1)–O(4) 173.39(6)

[a] Symmetry transformations used to generate equivalent atoms: i: –x + 1, –y, –z + 1; ii: –x + 2, –y + 1, –z + 1; iii: –x, –y, –z – 2; iv:
–x, y, –z – 2; v: x, –y, z; vi: –x + 1/2, –y + 1/2, –z – 1.
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[Ni2(HCOO)4(H2O)4]n (1)

The single-crystal X-ray diffraction analysis revealed that
complex 1 exhibits a infinite 3D framework structure whose
building unit is [Ni2(HCOO)4(H2O)4] (Figure 1). There are
two kinds of crystallographically independent NiII ions. Ni1
is coordinated by six O atoms from six different formate O
atoms, with O1, O1d, O3, and O3d atoms comprising the
equatorial plane. The Ni1–O1 and Ni1–O3 bond lengths
are 2.058(2) and 2.104(2) Å, respectively. The O1–Ni1–O1d
and O3–Ni1–O3d bond angles are both 180°, and the O1–
Ni1–O3 and O1d–Ni1–O3 bond angles are 92.98(8)° and
87.02(8)°, respectively. O2 and O2e occupy the apical posi-
tions. The Ni1–O2 bond length of 2.039(2) Å and the O2–
Ni1–O2e bond angle of 180° mean that the coordination
environment of Ni1 is a perfect octahedron. The other crys-
tallographically independent Ni2 ion is also six coordinate,
with two O atoms from two bridging formate O atoms and
the other four O atoms from four coordinated water mole-
cules. The formate groups in the crystal adopt an anti-anti
coordination mode that links the Ni1 ions into a 1D infinite
chain. The Ni1 ions of adjacent chains are further con-
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Figure 1. The ORTEP structure of complex 1 (30% probability thermal ellipsoids) showing the asymmetric unit.

nected to another 1D infinite chain along the perpendicular
direction with the same mode, which means that the Ni1
ions are linked into a 2D layer in the bc plane (Figure 2).
The coplanarity of this 2D layer is very good, and the Ni2
ions array regularly between the 2D layers. The formate
groups, which lie between the Ni1 and Ni2 ions, connect
these ions in a syn-anti mode to form a 1D infinite chain.
This 1D infinite chain is perpendicular to the 2D layer, and
the 2D layers are further connected into a infinite 3D struc-
ture (Figure 3). When projected along the a axis, it can
clearly be seen that every four Ni1 ions form a rhombic
hole. The sides of each rhombus are 5.808 Å and they ex-
tend infinitely along the a axis. The Ni2 ions lie between
the holes (Figure 4).

Figure 2. The 2D layer structure of Ni1 ions in complex 1.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5130–51375132

Figure 3. The 3D structure of complex 1.

Figure 4. A projection of complex 1 along the a axis showing the
Ni2 ions lying between the Ni1 holes.

[Na2Ni(btec)(H2O)8]n (2)

Complex 2 possesses a infinite 3D structure and its build-
ing unit is [Na2Ni(btec)(H2O)8] (Figure 5). Each NiII ion is
coordinated by six O atoms and its coordination environ-
ment is a perfect octahedron. Four O atoms (O1, O1A,
O1B, O1C) are from four different btec groups, and these
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Figure 5. The building unit of complex 2.

comprise the equatorial plane. The Ni–O1 bond length is
2.0767(15) Å and the O1A–Ni1–O1 and O1B–Ni1–O1C
bond angles are all 180°. The O1–Ni1–O1B and O1–Ni1–
O1C bond angles are 86.86(9)° and 93.14(9)°, respectively.
The other two O atoms (O2, O2A) are from two coordi-
nated water molecules and they occupy the apical positions
of the octahedron. The Ni–O2 bond length is 2.075(2) Å
and the O2–Ni–O2A bond angle is 180°.

The NaI ion is coordinated by six O atoms. Two O atoms
are from two btec groups and four O atoms from four coor-
dinated water molecules, all of which comprise the distorted
octahedral coordination environment of NaI. In the crystal,
each btec group coordinates to four different NiII ions
through the four deprotonated carboxylic O atoms in a
monodentate manner. Thus, the NiII ions are connected to
two perpendicular 1D chains in the bc plane. The coplanar-
ity of the bc layer is very good. The o- and m-carboxylate
moieties of each btec group separately link the different NiII

ions and form two kinds of multi-membered rings. The
Ni1G–Ni1H (along the c axis) and Ni1H–Ni1B (along the
b axis) distances are 6.086 and 9.488 Å, respectively (Fig-
ure 6). The NaI ions array along the bc plane and link two
NiII ions in the adjacent layer through the carboxylate

Figure 6. The 2D infinite layered structure of NiII ions in complex
2.
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group, which means that the 2D layers are further con-
nected to form an infinite 3D structure (Figure 7). In ad-
dition, there are a lot of hydrogen bonds in the crystal.
There are interactions between the coordinated water mole-
cules and coordinated water molecules [O2–H···O5
2.808(3), O4–H···O4 3.145(6) Å] as well as coordinated
carboxylate O atoms [O4–H···O3 3.098(3), O2–H···O3
2.608(2), O4–H···O1 3.098(3) Å]. These hydrogen bonds in-
crease the stability of the structure.

Figure 7. The 3D structure of complex 2.

[{Ni(pdc)(H2O)2}·H2O]n (3)

The structure of complex 3 has been reported previously
by Min, Dongwon et al.,[25] therefore here we place more
emphasis on its SPS and FISPS properties. Complex 3 is a
2D infinite coordination polymer and its asymmetric unit
is [{Ni(pdc)(H2O)2}·H2O]. Each NiII ion is coordinated by
five O atoms and one N atom. One O atom and one N
atom are from the same pdc group; the other four O atoms
are from two different pdc groups and two coordinated
water molecules (Figure 8). The coordination geometry
around the NiII ion is a distorted octahedron. The equato-
rial plane is defined by O2, O7, O4, and N1 and the apical
position is occupied by O3 and O1. The O3–Ni–O1 bond
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angle is 173.04(6)°. In the crystal, the pdc group plays a
bridging role: the α-carboxylate O atom together with the
pyridine N atom coordinate to one NiII ion and the other
carboxylate O atom coordinates to another NiII ion in a
monodentate mode. The NiII ions are linked into a 1D infi-
nite chain along the a axis. Each β-carboxylate O atom of
the pdc group binds to one NiII ion in a monodentate mode
to form a zigzag chain along the b axis, so complex 3 is
further connected into a 2D waved structure (Figure 9).
There are five kinds of O–H···O hydrogen bonds in the crys-
tal. These are the interactions between the coordinated
water molecules and coordinated carboxylic O atoms [O7–
H···O4 2.687(12), O1–H···O3 2.696(2) Å] as well as the un-
coordinated carboxylic O atom [O1–H···O5 2.726(2) Å].
The other three types of hydrogen bond are between the
lattice water molecule and the coordinated water molecule
[O7–H···O6 2.625(3) Å], the coordinated carboxylic O atom
[O6–H···O2 2.904(3) Å], and the uncoordinated carboxylic
O atom [O6–H···O5 3.051(3) Å]. Complex 3 is further con-
nected into a 3D web by hydrogen bonds (Figure 10).

Figure 8. The asymmetric unit of complex 3.

Figure 9. The 2D infinite structure of complex 3.
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Figure 10. The 3D structure of complex 3. Dotted lines indicate
hydrogen bonds.

Surface Photovoltage Spectra of Complexes

Surface photovoltage spectra were measured with a solid
junction photovoltaic cell (ITO/sample/ITO) in the range
300–800 nm. A signal detected by SPS is equivalent to the
change in the surface potential barrier on illumination
(δVs), which is given by the equation

δVs = Vs� – Vs°

where Vs° and Vs� are the surface potential barriers before
and after illumination, respectively. As far as band-to-band
transitions are concerned, a positive response of SPV (δVs

� 0) means that the sample is characterized as a p-type
semiconductor, whereas a negative response means that the
sample is an n-type semiconductor. The magnitude of the
surface potential barrier depends on the number of surface
net charges. Figures 11 and 12 show the SPS spectra of
complexes 1 and 3, respectively. The SPS spectrum of com-
plex 2 is similar to that of complex 1. The SPV responses
at 300–500 nm show some overlap, but they can be sepa-
rated by treating them with the program Origin 7.0[26].
Complexes 1–3 all show three positive SPV responses in the
range 300–800 nm, which indicates that they all have p-type
semiconductor characteristics. The response bands at λmax

= 342 nm can be attributed to an LMCT (ligand to metal
charge transfer) transition. In contrast with a previous re-
port,[18] the LMCT bands are blue-shifted. The complexes
reported here are mainly coordinated by O atoms, in con-
trast to the other complexes, which are mainly coordinated
by N atoms,[18] therefore, as the electronegativity of oxygen
is larger than that of nitrogen, more energy is needed to
produce the LMCT, which means that the LMCT band is
blue-shifted. The responses at λmax = 392 (1), 387 (2), and
396 nm (3) can be assigned to the d�d* transition of NiII

[3A2g�3T1g (3P)], and the response bands between 600 and
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800 nm can be attributed to the d�d* transition of NiII

[3A2g�3T1g (3F); Table 2]. The surface photovoltage spectra
of complexes 1–3 match their absorption spectra.

Figure 11. The surface photovoltage spectrum of complex 1. The
dotted lines are the peaks obtained after treatment with Origin 7.0.

Figure 12. The surface photovoltage spectrum of complex 3. The
dotted lines are the peaks obtained after treatment with Origin 7.0.

Table 2. Assignment of the surface photovoltage spectra.

λmax [nm] λmax [nm] λmax [nm]

1 342 392 690
2 342 387 700
3 342 396 689
Assignment LMCT 3A2g�3T1g(3P) 3A2g�3T1g(3F)

Comparing the SPV responses of complexes 1–3 (Fig-
ure 13), it can be seen that without the external electric field
the values of the three complexes’ response bands are the
same, although their intensities are obviously different;
complex 1 is the strongest and complex 3 is the weakest.
This intensity difference is mainly due to the differences in
their structures. Complex 1 is an infinite 3D coordination
polymer where the coordination environment of Ni1 is a
perfect octahedron. The 2D layer which is formed by two
perpendicularly 1D infinite chains is beneficial to the con-
duction of electrons or holes. Furthermore, another Ni 1D
chain which is perpendicular to this 2D layer also provides
a transmission passage for the electrons or holes, which me-
ans that more electrons diffuse to the surface, resulting in
an increase of the SPV response intensities. Complex 2 pos-
sesses a infinite 3D structure and the coordination environ-
ment of NiII ion is a perfect octahedron. The planarity of
the 2D layer in complex 2 is very good therefore this 2D
planar structure is also beneficial to transfer the electrons
or holes. Another 1D infinite chain plumbing to the 2D
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layer intermingles NaI ions, which may also have certain
effects on the transfer of electrons and holes. The intensity
of the SPV in complex 2 is lower than that in complex 1.
In complex 3, the irregularly spaced structure affects the
transport of electrons or holes therefore the SPV response’s
intensity is the weakest. In addition, the types of bonds in
the crystal have different effects when it comes to transfer-
ring electrons or holes. Complexes 1–3 all possess infinite
3D structures. Among them, the 3D structures of com-
plexes 1 and 2 are formed by coordination bonds, whereas
in complex 3 the 2D structure is formed by coordination
bonds and the 2D layer is further connected into a 3D
structure by hydrogen bonds. As hydrogen bonds are weak,
their ability to transfer electrons or holes is much lower
than that of coordination bonds, therefore the intensity of
the SPV of complex 3 is lower than that of complexes 1 and
2. Moreover, in the range 600–800 nm, it can be seen that
the SPV response band of complexes 1 and 2 is a sine wave,
whereas the response band of complex 3 shows obvious
splitting. These phenomena are mainly attributed to the dif-
ferent symmetries of the NiII coordination environments:
the coordination environment of NiII in complexes 1 and 2
is a perfect octahedron, whereas in complex 3 it is a dis-
torted octahedron.

Figure 13. A comparative SPS diagram of complexes 1–3.

FISPS of Complexes

FISPS can determine the direction of the built-in field
and the mobile direction of photogeneration carriers. If we
apply a positive electric field (the illuminated surface is pos-
itive) vertically to the p-type semiconductor surface, whose
direction is the same as the direction of the built-in field,
the separation efficiency of the photogeneration carriers is
increased and the intensity of SPV response increases in the
original direction. If a negative electric field, whose direc-
tion is opposite to that of the built-in field, is applied, the
separation efficiency of the photogenerated carriers reduces
and the intensity of the SPV response is weakened, even in
the reverse direction. In contrast to p-type semiconductors,
the SPV response intensity of n-type semiconductors in-
creases as a negative field is applied and reduces as a posi-
tive electric field is applied. The FISP spectrum of complex
1 is given in Figure 14; those of complexes 2 and 3 are anal-
ogous with complex 1. The responses in the range 300–
500 nm in all three complexes increase linearly with a posi-
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tive electric field, which shows that the direction of this ex-
ternal electric field is consistent with the built-in field. This
enhances the separation efficiency of the photoexcited elec-
tron–hole pairs and results in an increase of the surface
potential, thus confirming that complexes 1–3 have p-type
semiconductor characteristics.

Figure 14. The FISP spectrum of complex 1. The intensities of the
SPV response increase linearly with the external positive electric
field.

Conclusion

Three NiII coordination polymers have been synthesized
by hydrothermal methods. Complexes 1 and 2 are both infi-
nite 3D coordination polymers and complex 3 possesses a
2D infinite structure. The surface photovoltage spectra of
complexes 1–3 show that they all have three positive re-
sponses in the range 300–800 nm and all take on p-type
semiconductor characteristics. However, the intensities of
the SPV response bands are obviously different, mainly due
to their different structures. The coordination environment
of the NiII ion affects the shape of the SPV responses, and
the FISP spectra confirm the p-type semiconductor charac-
teristics of complexes 1–3.

Table 3. Crystallographic data for complexes 1–3.

1 2 3

Empirical formula C4H12Ni2O12 C10H18Na2NiO16 C7H9NNiO7

Formula weight 369.56 498.93 277.86
Temperature 293(2) 293(2) 293(2)
Wavelength [Å] 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic orthorhombic
Space group P21/c C2/m P212121

Unit cell dimensions
a [Å] 8.600(5) 15.698(10) 7.300(3)
b [Å] 7.068(6) 9.488(7) 9.289(4)
c [Å] 9.219(6) 6.086(3) 14.075(6)
α [°] 90 90 90
β [°] 97.44(3) 93.21(3) 90
γ [°] 90 90 90
Volume [Å3] 555.6(7) 905.1(10) 954.4(7)
Z 2 2 4
Dc [gcm–3] 2.209 1.831 1.934
F(000) 376 512 568
Goodness-of-fit on F2 1.105 1.066 1.044
Final R indices [I � 2σ(I)] R1 = 0.0323, wR2 = 0.0941 R1 = 0.0291, wR2 = 0.0816 R1 = 0.0195, wR2 = 0.0505
R indices (all data) R1 = 0.0349, wR2 = 0.0957 R1 = 0.0298, wR2 = 0.0822 R1 = 0.0202, wR2 = 0.0507
Data/restraints/parameters 1270/0/85 1093/2/81 2317/0/169
Absolute structure parameter – – 0.013(11)
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Experimental Section

Materials and Methods: All reagents were of A.R. grade. IR spectra
were recorded in the range 220–4000 cm–1 with a JASCO FT-IR/
480 spectrophotometer with KBr pellets. The elemental composi-
tion of the complexes was determined with a PE-240C analyzer
and a TLASMA-II ICP instrument. SPS and FISPS measurements
were conducted with the sample in a sandwich cell (ITO/sample/
ITO) with the light source-monochromator-lock-in detection tech-
nique. All the measurements were performed under atmospheric
pressure and at ambient temperature.

[Ni2(HCOO)4(H2O)4]n (1): A solution of NiSO4·6H2O (0.26 g,
1 mmol) in water (10 mL) was added to a solution of o-phthalic
acid (0.17 g, 1 mmol) in water (10 mL), and 2,2�-bipyridyl (0.08 g,
0.5 mmol) and 5 mL of dmf were added to the above solution. The
solution was then transferred into a Parr Teflon®-lined stainless
steel vessel, which was sealed and heated to 100 °C for 5 d. After
cooling to room temperature, the solution was filtered. Green crys-
tals of complex 1 were obtained by leaving the solution to evapo-
rate at room temperature for about one month. C4H12Ni2O12

(369.56): calcd. C 13.00, H 3.27, Ni 31.77; found C 13.25, H 3.31,
Ni 31.53. IR (KBr): ν̃ = 3360 cm–1, 3277, 3206 (νOH); 1574
(νasCOO); 1378 (νsCOO); 889, 850, 771 (δC–H); 566, 357, 311
(νNi–O).

[Na2Ni(btec)(H2O)8]n (2): A solution of NiSO4·6H2O (0.26 g,
1 mmol) in water (10 mL) was added to a solution of H4btec
(0.13 g, 0.5 mmol) and NaOH (0.08 g, 2 mmol) in water (10 mL),
and NaSCN (0.08 g, 1 mmol) and 5 mL of dmf were added to the
above solution. The mixture was then transferred into a Parr Tef-
lon®-lined stainless steel vessel, which was sealed and heated to
100 °C for 5 d. After cooling to room temperature, green crystals
of complex 2 were collected. C10H18Na2NiO16 (498.93): calcd. C
24.07, H 3.64, Na 9.22, Ni 11.77; found C 24.23, H 3.73, Na 9.03,
Ni 11.59. IR (KBr): ν̃ = 3595 cm–1, 3415 (νOH); 3029 (νArC–H); 1592
(νasCOO); 1392 (νsCOO); 1633, 1500, 1439 (νArC···C); 1332 (δO–H);
1145, 974, 912 (νC–C,C–O); 854, 811, 765, 705 (δC–H); 537 (νNa–O),
475 (νNi–O).
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[{Ni(pdc)(H2O)2}·H2O]n (3): A solution of NiSO4·6H2O (0.26 g,
1 mmol) in water (10 mL) was added to a solution of H2pdc (0.16 g,
1 mmol) and NaOH (0.08 g, 2 mmol) in water (10 mL). The mix-
ture was then transferred into a Parr Teflon®-lined stainless steel
vessel, which was sealed and heated to 160 °C for 5 d. After cooling
to room temperature, green crystals of complex 3 were collected.
C7H9NNiO7 (277.86): calcd. C 30.26, H 3.26, N 5.04, Ni 21.13;
found C 30.53, H 3.40, N 5.25, Ni 20.95. IR (KBr): ν̃ = 3587 cm–1,
3447, 3264, 3187 (νOH); 3071 (νArC–H); 1581, 1549 (νasCOO); 1394,
1363 (νsCOO); 1661, 1602, 1479 (νArC···C); 1289 (νC–N); 1182, 1145,
1039 (νC–C,C–O); 829, 772, 695 (δC–H); 544, 527 (νNi–N); 446, 368,
314 (νNi–O).

X-ray Crystallographic Study: Crystallographic data for complexes
1 and 2 were collected on a Rigaku R-AXIS-RAPID dif-
fractometer using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at 293 K. Crystal data for complex 3 was collected on
a Smart APEX II CCD diffractometer using graphite-monochro-
mated Mo-Kα radiation (λ = 0.71073 Å) at 293 K. Further details
are given in Table 3. All data were corrected for Lorentz polariza-
tion factors and empirical absorption. The structures were solved
by direct methods and refined by full-matrix least-squares calcula-
tions on F2 using the SHELXTL 97 program. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were found by
mixed methods. Selected bond lengths and angles for complexes 1–
3 are listed in Table 1.

CCDC-615921 (for 1), -615922 (for 2) and -615923 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): In the Supporting Information, there include three
correlated structure figures of complexes 1 and 2, the IR and UV/
Vis spectra of complexes 1–3, the SPS spectrum of complex 2 and
the FISPS spectra of complexes 2 and 3.
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Chalcogenation of the phosphanylborohydrides K(PPh2BH3)
and K(PtBu2BH3) with N2O, S8, Se�, and Te� leads to the cor-
responding species K(EPR2BH3) in excellent yield (E = O–Te;
R = Ph, tBu). The parent systems as well as all the chalcogen
derivatives have been structurally characterised as their 18-
crown-6 adducts by X-ray crystallography. In the case of
[K(18-c-6)][EPPh2BH3] the anionic ligand binds to the K+ ion
through both its E atom and its BH3 substituent. Significantly
larger K–B distances together with shorter K–E contacts are
observed in the sterically more congested tert-butyl deriva-
tives [K(18-c-6)][EPtBu2BH3]. Based on a comparison of char-
acteristic NMR parameters (e.g. 1JP,B, 1JP,C) of K(EPPh2BH3)

Introduction

Organophosphanes are among the most abundant li-
gands in coordination chemistry,[1] therefore much effort is
still devoted to the design of improved phosphane ligand
systems with customised steric and electronic properties. Of
particular importance is a targeted tuning of the Lewis ba-
sicity of the phosphorus atom in triorganophosphanes
(PR3) by careful variation of the R substituents. For exam-
ple, aryl substituents result in phosphanes of medium donor
strength (cf. PPh3), while more electron-releasing alkyl sub-
stituents lead to an increased σ-donor ability (cf. PEt3).[2]

Given this background, it is interesting to explore whether
replacement of an alkyl side-chain by the even less electro-
negative BH3 fragment further promotes the capability of
the phosphorus centre to deliver charge density to a coordi-
nated acceptor atom. So far, the chemistry of such phos-
phanylborohydrides [PR2BH3]– has not been systematically
developed, although a number of publications already exist
that clearly prove the potential of phosphanylborohydrides
in areas as diverse as the synthesis of polymeric materials
containing group 13 and group 15 elements,[3] the prepara-
tion of chiral organophosphanes,[4–7] general coordination
chemistry,[8–10] and homogeneous catalysis.[11] Our group

[a] Institut für Anorganische Chemie, Johann Wolfgang Goethe-
Universität Frankfurt am Main,
Max-von-Laue-Strasse 7, 60438 Frankfurt, Germany
Fax: +49-69-798-29260
E-mail: Matthias.Wagner@chemie.uni-frankfurt.de
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and EPPh2CH3, we come to the conclusion that the formal
replacement of CH3

+ by BH3 leads to a significant increase
in the p character of the E–P bond, which therefore indicates
that [PPh2BH3]– is better suited to direct electron density
towards an acceptor atom than its triorganophosphane con-
gener PPh2CH3. In line with this interpretation, displacement
experiments between K(PPh2BH3) and EPPh2CH3 (E = S–Te)
resulted in the quantitative formation of K(EPPh2BH3) and
PPh2CH3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

has recently reported an assessment of the relative Lewis
basicities of [PPh2BH3]–, PPh2CH3 and PPh2H towards the
Lewis acids H+, [CH3]+ and BH3.[12] In the corresponding
adducts the ligands were treated as σ-donors and effects of
π-backbonding, which, if present, are only relevant in the
BH3 adducts,[13] were neglected. The situation changes
when triorganophosphane chalcogenides (EPR3) and chal-
cogenated phosphanylborohydrides [EPR2BH3]– are in-
cluded in the discussion. Especially in the case of phos-
phane oxides, the great stability of the OP group is most
likely derived from multiple bonding. A nowadays widely
accepted description of the multiple bond in the phosphoryl
fragment suggests a donor–acceptor interaction between
the electron lone-pair on phosphorus and the oxygen atom
(σ-bond) superimposed by a transfer of electron density
from two filled 2p orbitals on oxygen to a set of antibond-
ing orbitals of e symmetry on the PR3 fragment (π-bonds;
negative hyperconjugation[14]).[15] Other theories, however,
explain the short, strong and highly polar O–PR3 bond by
means of σ donation from P to O, which leads to a pro-
nounced charge separation of the form –O-+PR3 and, in
turn, strengthens and shortens the O–P bond due to electro-
static attraction.[16,17]

The purpose of this paper is to compare the structural
and NMR spectroscopic properties of compounds
[EPR2BH3]– with those of related triorganylphosphane
chalcogenides. Electronegative groups on phosphorus are
known[18] to increase the degree of multiple bonding in
OPR3 compounds and it is therefore interesting to unveil
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the influence of the electropositive BH3 substituent on the
electron distribution within the [EPR2BH3]– framework.
Since it is well-known that a delicate interplay exists be-
tween steric and electronic effects in phosphane ligands,[2]

we have chosen methylbis(phenyl)phosphane (PPh2CH3)
and bis(phenyl)phosphanylborohydride [PPh2BH3]– for our
comparative studies since these two compounds are largely
isostructural. To elucidate the consequences of steric bulk
on the ligand properties of phosphanylborohydrides the
tert-butyl derivative [PtBu2BH3]– was also included in our
investigation.

Results and Discussion

Syntheses

The phosphanylborohydrides K(PR2BH3) [R = Ph (1),
tBu (6); Scheme 1] are readily accessible by deprotonation
of the corresponding phosphane–borane adducts
HPR2BH3 with potassium hydride in thf. Stirring of thf
solutions of K(PR2BH3) under an atmosphere of dry ni-
trous oxide leads to the clean formation of K(OPR2BH3)
(2, 7). Complexes of the heavier chalcogens (3–5 and 8–10)
were obtained upon treatment of K(PR2BH3) with elemen-
tal sulfur, grey selenium or tellurium in thf (Scheme 1). In
all cases, the yields were high. The molecules contain a P–
B bond and there is no migration of BH3 from the phos-
phorus to the chalcogen atom. Similar to this, secondary
phosphane oxides also prefer R2(O)PH structures over the
tautomeric forms R2POH.[18] R2(O)PH compounds are
weak acids and the proton on phosphorus can be removed
with appropriate bases. In most transformations the re-
sulting [R2(O)P:]– intermediates react with electrophiles at
the phosphorus site, thus preserving the phosphoryl group
in the product. Consequently, our derivatives K(OPR2BH3)
(2, 7) may be viewed as Lewis acid–base adducts between
BH3 and K[R2(O)P:]. The O, S and Se derivatives 2–4 and
7–9 are reasonably stable towards air and moisture. Expo-
sure of the Te derivatives 5 and 10 to water, however, instan-
taneously leads to the liberation of elemental tellurium to-
gether with the formation of HPR2BH3. The compounds
also lose tellurium upon contact with silicone grease. It is
interesting to note that 5, even though it is not a very stable
compound, can be synthesised, isolated and structurally
characterised. This stands in marked contrast to the related
triorganophosphane telluride TePPh2CH3, which forms
only as minor component in a dynamic equilibrium when
the phosphane PPh2CH3 is treated with tellurium in thf
solution. Since this result already indicates phosphanyl-
borohydrides [PR2BH3]– to be stronger Lewis bases than
their triorganylphosphane counterparts, it prompted us to
investigate whether a displacement reaction occurs between
K(PPh2BH3) (1) and the chalcogenides EPPh2CH3 (E = O,
S, Se; 12–14). Indeed, in situ 31P NMR spectroscopy re-
vealed quantitative transfer of the E atom from 13 and 14
to the phosphanylborohydride 1 in thf solution. In the case
of 1/14, the exchange of the selenium atom proceeds instan-
taneously at room temp., whereas sulfur transfer from 13 to

Eur. J. Inorg. Chem. 2006, 5138–5147 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5139

1 requires heating of the reaction mixture to 65 °C for 18 h.
Under the same conditions an equimolar mixture of 1 and
12 remains unchanged. We believe that the reaction be-
tween 1 and 12, even though thermodynamically favour-
able, is prevented by a high activation barrier.

Scheme 1. Synthesis of the potassium phosphanylborohydrides 1
and 6 and their chalcogenation to 2–5 and 7–10, along with the
numbering scheme of the related methylbis(phenyl)phosphane 11
and its chalcogenides 12–15.

The IR stretching frequency of the EP bond is a useful
characteristic of compounds K(EPR2BH3) (R = Ph, tBu).
Unfortunately, it was not possible to unambiguously assign
the band of the EP stretch in the fingerprint region of the
IR spectrum of any of the molecules under investigation
here.

X-ray Crystallography

X-ray quality crystals of the 18-crown-6 adducts 1c–5c

were obtained by gas-phase diffusion of diethyl ether onto
solutions containing 1–5 and equimolar amounts of 18-
crown-6. Single-crystals of the adducts 6c–10c were grown
by cooling their concentrated solutions in diethyl ether to
–30 °C. Neutral methylbis(phenyl)phosphane oxide (12)
was crystallised by allowing its hot, saturated, hexane solu-
tion to cool to room temp. Crystallographic data for com-
pounds 1c–10c and 12 are given in the Experimental Sec-
tion; selected bond lengths and angles are compiled in
Table 1.

Each K+ ion in 1c–10c is bonded to the six oxygen atoms
of one 18-crown-6 ligand and to one chalcogenophosphor-
ylic anion. In most cases, short K···B distances indicate K+

coordination of the BH3 substituent in addition to K–E ad-
duct formation (Table 1; E = O, S, Se, Te). According to
Edelstein’s correlation[19] of metal···boron distances as a
measure of the denticity of borohydride groups, values of
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Table 1. Key structural parameters of compounds 1c–10c and 12. In cases where the EPB fragment is disordered over two positions (E =
O, S, Se, Te), the structural parameters of the molecule at the position with higher occupancy are given.

P–E [Å] P–B [Å] P–C[a] [Å] C–P–C� [°] K–P/E [Å] K···B [Å] K–E–P [°]

1c [K(18-c-6)][PPh2BH3] – 1.960(6) 1.843(6) 101.2(2) 3.320(2) 3.162 –
2c [K(18-c-6)][OPPh2BH3] 1.514(1) 1.908(2) 1.832(1) 100.4(1) 2.742(1) 3.583 104.2(1)
3c [K(18-c-6)][SPPh2BH3] 1.987(4) 1.972(5) 1.822(9) 101.9(4) 3.365(4) 3.273 89.7(1)
4c [K(18-c-6)][SePPh2BH3] 2.182(1) 1.907(6) 1.828(2) 102.3(1) 3.491(1) 3.266 87.6(1)
5c [K(18-c-6)][TePPh2BH3] 2.398(1) 1.921(6) 1.830(2) 102.5(1) 3.680(1) 3.408 85.2(1)
6c [K(18-c-6)][PtBu2BH3] – 1.956(12)[b] 1.882(12)[b] 109.7(5)[b] 4.92/4.94 3.029/3.133 –
7c [K(18-c-6)][OPtBu2BH3] 1.525(2) 1.932(4) 1.879(2) 110.8(1) 2.524(2) 4.683 149.5(1)
8c [K(18-c-6)][SPtBu2BH3] 2.011(1) 1.948(2) 1.880(2) 111.0(1) 3.297(1) 3.751 96.2(1)
9c [K(18-c-6)][SePtBu2BH3] 2.161(1) 1.982(3) 1.882(3) 111.0(2) 3.413(1) 4.114 97.3(1)
10c [K(18-c-6)][TePtBu2BH3] 2.412(1) 2.141(2) 1.889(2) 111.1(1) 3.796(1) 3.698 83.2(1)
12 OPPh2CH3 1.494(2) – 1.808(3)[c] 105.1(1)[d] – – –

[a] Mean value. [b] Mean value of the two crystallographically independent molecules. [c] P–C(phenyl). [d] C(phenyl)–P–C�(phenyl).

1.6�0.1 and 1.36�0.06 Å are estimated for the ionic radii
of didentate and tridentate borohydride ligands, respec-
tively. Deduction of an effective ionic radius of a unidentate
BH4

– group is less straightforward, however, mainly be-
cause of the greater flexibility of the M–H–B linkage (cf.
r(BH4

–) = 2.23 Å in [Fe(η1-BH4)H(dmpe)2];[20] r(BH4
–) =

1.92 Å in [Cu(η1-BH4)(PPh2Me)3][20,21]). However, it has
been suggested that if subtraction of the metal ionic radius
from the M···B distance in a tetrahydroborate complex
gives a value of 1.8 Å or greater, it is likely that the BH4

–

ligand is unidentate.[20] These data lead to the conclusion
that K···B distances of about 3.5, 3.25 and 3.01 Å are to be
expected for mono-, di and tridentate coordination modes,
respectively (ionic radius of octacoordinate K+ =
1.65 Å[22]).

We start our discussion of the molecular structures with
a comparison of the two parent phosphanylborohydrides
[K(18-c-6)][PPh2BH3] (1c; Figure 1) and [K(18-c-6)]-

Figure 1. Molecular structure and numbering scheme of compound
1c; thermal ellipsoids shown at the 50% probability level.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5138–51475140

[PtBu2BH3] (6c; Figure 2) which differ substantially in the
steric demand of their organyl substituents. The K–P con-
tact in compound 1c amounts to 3.320(2) Å and is thus sig-
nificantly shorter than the sum (3.55 Å) of the van der
Waals radius of phosphorus (1.9 Å[23]) and the ionic radius
of K+ [angle K–P–B = 68.1(2)°]. The corresponding K···B
distance (3.162 Å) suggests an additional η2-coordination
of the BH3 fragment. In contrast to 1c, the K–P distances of
4.92 and 4.94 Å in 6c (two crystallographically independent
molecules in the asymmetric unit) and K–B–P angles of
149° and 166° clearly exclude any bonding interaction be-
tween K+ and the electron lone-pair at phosphorus. Similar
to 1c, 6c features short K···B contacts in the solid state
(3.133 and 3.029 Å). In one of the two molecules, K–B co-
ordination is therefore somewhere between η2 and η3,
whereas the second ion-pair is linked by an η3-coordinated
BH3 fragment. The differences between the solid-state

Figure 2. Molecular structure and numbering scheme of compound
6c; thermal ellipsoids shown at the 50% probability level. Only one
of the two crystallographically independent [K(18-c-6)][PtBu2BH3]
units is shown.
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structures of 1c and 6c clearly originate from the fact that
the bulky tert-butyl substituents in the latter compound
force the phosphorus centre away from the [K(18-c-6)]+

plane.
The [EPPh2BH3]– anions of 2c–5c all coordinate to the

K+ ion through both their chalcogen atom and their BH3

groups (η2 in the case of the sulfur and selenium derivatives
3c and 4c, η1 mode in the case of the oxygen and tellurium
derivatives 2c and 5c; cf. K···B distances in Table 1). Re-
placement of phenyl by tert-butyl substituents (7c–10c) leads
to longer K···B distances but shorter K–E bonds (the only
exception is the K–Te bond of 10c, which is somewhat
longer than the K–Te bond in 5c). Provided that the steric
requirements are met, as in the case of 2c–5c, it is thus ap-
parent that BH3 coordination to the K+ ion can successfully
compete with chalcogen binding. Even though the steric de-
mand of two tert-butyl substituents in 7c–10c precludes the
close approach between K+ and B required for the forma-
tion of 3c–2e KHB bonds, we nevertheless assume a signifi-
cant electrostatic attraction between the negative partial
charge residing on the BH3 unit and the K+ cation in the
tert-butyl derivatives as well. As representative examples the
molecular structures of [K(18-c-6)][OPPh2BH3] (2c), [K(18-
c-6)][OPtBu2BH3] (7c), [K(18-c-6)][TePPh2BH3] (5c) and
[K(18-c-6)][TePtBu2BH3] (10c) are shown in Figures 3, 4, 5
and 6, respectively.

Figure 3. Molecular structure and numbering scheme of compound
2c; thermal ellipsoids shown at the 50% probability level; hydrogen
atoms omitted for clarity.

The vast majority of M–E–P angles in metal complexes
of chalcogenophosphorylic ligands either fall in the range
between 180° and 140° (LnM-OPR3) or 115° and 98° (LnM-
EPR3; E = S, Se).[24] A similar trend is observed for our
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Figure 4. Molecular structure and numbering scheme of compound
7c; thermal ellipsoids shown at the 50% probability level; hydrogen
atoms omitted for clarity.

Figure 5. Molecular structure and numbering scheme of compound
5c; thermal ellipsoids shown at the 50% probability level; hydrogen
atoms omitted for clarity.

[K(18-c-6)][EPR2BH3] derivatives in that the largest K–E–
P angle within each of the two series is established by the
oxo species. However, the absolute values of the K–E–P
angles in [K(18-c-6)][EPR2BH3] are generally much smaller



F. Dornhaus, M. Bolte, H.-W. Lerner, M. WagnerFULL PAPER

Figure 6. Molecular structure and numbering scheme of compound
10c; thermal ellipsoids shown at the 50% probability level; hydro-
gen atoms omitted for clarity.

than those of the corresponding M–E–P angles in LnM-
EPR3, which is most likely the result of the auxiliary K–
H3B interaction discussed above.

Looking at the series of compounds 2c–5c and 7c–10c as
well as at related triorganylphosphane chalcogenides, it is
our goal to find out whether differences in the electron den-
sity distribution at phosphorus can be correlated to system-
atic trends in key structural parameters such as the E–P and
P–C bond lengths or the C–P–C� bond angles. For example,
it is generally accepted[25] that a tetracoordinate atom A
directs hybrids of greater p character toward more electro-
negative substituents S and S�, which, in turn, leads to
smaller S–A–S� bond angles.

A comparison of E–P bond lengths in 2c–5c with those
of related molecules 7c–10c reveals larger E–P distances in
the tert-butyl derivatives 7c, 8c and 10c (Table 1). However,
the differences are very small, and in the case of the Se
compounds the order is even reversed (9c � 4c). Our nega-
tively charged molecules [EPPh2BH3]– possess slightly
longer E–P bonds than comparable neutral triorganophos-
phane chalcogenides (Table 2). This effect may either result
from K+ coordination[26] or from the presence of the elec-
tron-releasing BH3 fragment in 2c–5c. Irrespective of
whether E�P backbonding via negative hyperconjugation or
electrostatic attraction in a highly polar –E-+PR3 adduct is
the more adequate description of the E–P bond, both fac-
tors are likely less pronounced in compounds K(EPR2BH3)
than in EPR2CH3 as a consequence of the more negative
formal charge on phosphorus in the BH3-containing mole-
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cules. Correlations between the length of a polar bond de-
termined in the solid state and the bond strength or bond
order must, however, not be overemphasised because crystal
packing effects also have to be taken into consideration. An
interesting trend is evident for the C(phenyl)–P–C�(phenyl)
angles, which are significantly more acute in the ionic spe-
cies 2c, 3c and 4c than in the neutral triorganophosphane
chalcogenides (Table 2). Replacement of one organyl sub-
stituent by the BH3 group thus results in an increased p
character of the two remaining P–C(phenyl) bonds, which is
in agreement with the isovalent hybridisation hypothesis.[25]

This conclusion is further supported by the fact that the P–
C(phenyl) bond is considerably longer in 2c [1.832(1) Å]
than in OPPh2CH3 [12; 1.808(3) Å]. In the case of the heav-
ier homologues 3c/SPPh3 and 4c/SePPh3, however, this bond
length difference is levelled out to such an extent that it is
no longer of diagnostic significance (Table 2).

Table 2. Comparison of the ionic species 2c, 3c, 4c, and 5c with their
triorganyl analogues.

P–E [Å] P–C[a] [Å] C–P–C� [°]

2c [K(18-c-6)][OPPh2BH3] 1.514(1) 1.832(1) 100.4(1)
12 OPPh2CH3 1.494(2) 1.808(3) 105.1(1)
3c [K(18-c-6)][SPPh2BH3] 1.987(4) 1.822(9) 101.9(4)

SPPh3
[b] 1.950(3) 1.817(8) 105.7(6)[a]

4c [K(18-c-6)][SePPh2BH3] 2.182(1) 1.828(2) 102.3(1)
SePPh3

[c] 2.106(1) 1.826(10) 105.7(7)[a]

5c [K(18-c-6)][TePPh2BH3] 2.398(1) 1.830(2) 102.5(1)
TePiPr3

[d] 2.363(1) – –
TePtBu3

[e] 2.368(4)

[a] Mean value. [b] Ref.[45] [c] Ref.[46] [d] Ref.[47] [e] Ref.[48]

NMR Spectroscopy

Characteristic NMR parameters of compounds 1–15
(Scheme 1) are compiled in Table 3. For comparability and
solubility reasons, all NMR spectra were recorded at 300 K
for thf solutions.

The phosphanylborohydrides K(PPh2BH3) (1) and
K(PtBu2BH3) (6) possess 31P NMR shifts of δ = –28.8 and
12.8 ppm, respectively, remarkably close to the values of the
isoelectronic triorganylphosphanes PPh2CH3 (11; δ =
–26.1 ppm[12]) and PtBu2CH3 (δ = 11.3 ppm). The pro-
nounced deshielding of the 31P NMR resonance upon going
from the phenyl to the tert-butyl derivatives is attributable
to the high steric demand of the alkyl substituents, which
enforces a widening of the C–P–C� angles by an increased
admixture of the 3s orbital to the P–C bond.[18] As a conse-
quence, the phosphorus lone-pair is depleted of s character
and, in turn, loses some of its shielding effect. In the case of
the tetra-coordinated chalcogen compounds the 31P NMR
resonances of the phenyl derivatives 2–5 also appear at
higher field than the signals of the corresponding tert-butyl
derivatives 7–10. The shift difference lies between 30.0 ppm
(2/7) and 64.6 ppm (5/10). We also note that varying the
chalcogeno substituent has a much more pronounced effect
on the resonance frequency of the 31P nucleus in the
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Table 3. Selected NMR parameters of compounds 1–15 in thf; upfield shifts are denoted by a minus sign and downfield shifts by a plus
sign.

δ [ppm] (1J [Hz])
Nucleus 31P 11B (1JP,B) E (1JPE) P-13Ci (1JP,C) P-13CH3 (1JP,C)

1 K(PPh2BH3) –28.8 –30.1 (32.1) – 150.2 (20.1) –
2 K(OPPh2BH3) 64.0 –35.7 (98.7) – 145.4 (54.0) –
3 K(SPPh2BH3) 42.1 –31.3 (78.2) – 143.3 (44.3) –
4 K(SePPh2BH3) 21.8 –30.3 (67.0) –264.5 (544) 141.3 (40.1) –
5 K(TePPh2BH3) –30.9 –28.1 (51.2) –509.3 (1249) 139.6 (35.5) –
6 K(PtBu2BH3) 12.8 –34.7 (33.8) – 32.4 (12.5) –
7 K(OPtBu2BH3) 94.0 –39.4 (100.6) – 34.8 (30.1) –
8 K(SPtBu2BH3) 76.6 –35.3 (80.8) – 35.2 (21.6) –
9 K(SePtBu2BH3) 68.4 –34.4 (72.9) –379.8 (514) 34.0 (17.0) –
10 K(TePtBu2BH3) 33.7 –32.2 (64.3) –782.0 (1170) 32.4 (12.5) –
11 PPh2CH3 –26.1 – – 140.8 (10.0) 12.9 (12.0)
12 OPPh2CH3 28.3 – – 135.8 (99.8) 16.2 (73.2)
13 SPPh2CH3 35.8 – – 135.7 (81.2) 21.4 (60.1)
14 SePPh2CH3 24.3 – –305.7 (744) 134.4 (73.1) 21.9 (53.3)
15 TePPh2CH3 25.6 – –554.5 (s) – –

borohydride derivatives 2–5 and 7–10 than in the triorgano-
phosphane chalcogenides 12–15 (Table 3).

The 11B NMR shifts of 1–10 range from δ = –28.1 (5)
to –39.4 ppm (7) and are typical of phosphane–borane ad-
ducts.[27]

1JP,X coupling constants are valuable diagnostic tools for
an assessment of the degree of s character in the P–X bond-
ing orbitals (X = B, C, Se, Te).[28] In many cases, linear
correlations between both parameters have been estab-
lished. This can easily be rationalised if we assume that
NMR coupling constants via a certain bond are governed
by the Fermi contact term, which increases with increasing
s orbital admixture to the respective bond.[28] Moreover, the
magnitude of 1JP,B coupling constants in phosphane–bo-
rane adducts serves as a qualitative measure of the strength
of the P–B bond.[13,29–31] Looking at the coupling constants
via the P–B (1JP,B), P–CH3 (1JP,C) and P–C(phenyl) bonds
(1JP,Ci), there is always the same qualitative trend: all these
coupling constants increase substantially upon attachment
of chalcogeno substituents to the phosphorus centres of the
parent molecules K(PPh2BH3) (1), K(PtBu2BH3) (6) and
PPh2CH3 (11). This effect is strongest for the oxo systems
2, 7 and 12 and decreases monotonously along the series O
� S � Se � Te. From these data it becomes evident that
P–E bond formation is accompanied by an increase in s
character of the P–BH3/P–CH3 and P–C(phenyl) bonds.
Concomitantly, the former phosphorus lone-pair gains p
character as it becomes involved in covalent bonding to the
chalcogen atom. In line with Bent’s rule,[25] this gain is most
pronounced for compounds containing the chalcogen atom
of highest electronegativity (O); it is intermediate for S and
Se and least pronounced for the chalcogen atom of lowest
electronegativity (Te). Interestingly, the 1JP,X values of the
sulfur derivatives 3, 8 and 13 are consistently larger than
those of the corresponding Se-containing species 4, 9 and
14 even though the electronegativity of S (χ = 2.44[23]) is
smaller than the electronegativity of Se (χ = 2.48[23]). It is
thus obvious that additional effects have to be taken into
account for a more detailed understanding of trends in the
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1JP,X constants and that the degree of E�P π backbonding
in particular must not be neglected. Differences in the 1JP,B

values of species K(EPPh2BH3) and K(EPtBu2BH3) bear-
ing the same kind of atom E become larger with increasing
atomic number of E. Thus, the influence of the organic sub-
stituents on the strength of the P–B bond is smallest in the
oxo derivatives and most pronounced in the tellurium spe-
cies.

The 77Se and 125Te NMR spectra of 4, 5, 9, 10, 14 and
15[32] were measured and the data included in Table 3.
Triorganophosphane selenides are known to possess 1JP,Se

coupling constants in the range between 700 and
1100 Hz.[28] For SePPh2CH3 (14) we have determined a
chemical shift value of –305.7 ppm with a 1JP,Se coupling
constant of 744 Hz. Formal replacement of CH3 by BH3

(14 � 4) leads to a downfield shift of the 77Se resonance
by 41.2 ppm (4: δ = –264.5 ppm) together with a decrease
of the absolute value of the coupling constant by 200 Hz
(4: 1JP,Se = 544 Hz).

Conclusions

Two complete series of chalcogenated phosphanyl-
borohydrides K(EPR2BH3) (E = O-Te; R = Ph, tBu) have
been synthesised and all compounds investigated by NMR
spectroscopy and X-ray crystallography (in the latter case
as 18-crown-6 adducts). In all cases the molecules contain
a P–B bond and there is no migration of BH3 from the
phosphorus to the chalcogen atom. A comparison of char-
acteristic structural [e.g. E–P bond lengths, C(phenyl)–P–
C�(phenyl) bond angles] and NMR spectroscopic (e.g. 1JP,X

coupling constants; X = B, C, Se, Te) parameters of the
isoelectronic and isostructural species [EPPh2BH3]– and
EPPh2CH3 leads to the conclusion that [PPh2BH3]– directs
a σ orbital of higher p character towards the respective
chalcogen atom than PPh2CH3. All trends in the above
mentioned parameters are nicely correlated to the changes
in the electronegativities of the atoms E, as predicted by
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Bent’s rule.[25] We have already found similar correlations in
pure σ adducts of [PPh2BH3]– and PPh2CH3,[12] which leads
us to the conclusion that no influence of E�P backbonding
is discernible in our study.

All structural and NMR spectroscopic data indicate the
E–P bonds to be stronger with [PPh2BH3]– than with
PPh2CH3 as ligand. This conclusion is supported by the
fact that the telluride K(TePPh2BH3) is isolable in good
yield whereas TePPh2CH3 forms from a thf solution of
PPh2CH3 and Te� only in trace amounts in a dynamic equi-
librium. Moreover, displacement experiments between
K(PPh2BH3) and EPPh2CH3 (E = S, Se) resulted in the
quantitative formation of K(EPPh2BH3) and PPh2CH3. A
similar reaction between K(PPh2BH3) and OPPh2CH3 does
not take place (thf, 65 °C, 18 h), most likely due to kinetic
rather than thermodynamic reasons. As in triorganylphos-
phanes the tert-butyl derivative [PtBu2BH3]– appears to be
an even better Lewis base than its counterpart [PPh2BH3]–,
most likely for both electronic (+I effect of alkyl substitu-
ents) and steric (widening of the C–P–C angle due to steric
crowding) reasons.

From an inspection of the molecular structures of [K(18-
c-6)][EPPh2BH3] it becomes evident that [EPPh2BH3]– li-
gands have to be considered as potentially chelating, with
one donor site being the chalcogen atom E and the second
the BH3 moiety, which can bind to a metal centre through
its hydride substituents. We are presently systematically ex-
ploring the potential of phosphanylborohydrides as anionic
analogues of triorganophosphanes in coordination chemis-
try.

Experimental Section
General Considerations: All reactions and manipulations of air-sen-
sitive compounds were carried out under an atmosphere of dry
nitrogen using standard Schlenk techniques. Solvents were freshly
distilled under argon from sodium/benzophenone (thf, diethyl
ether, toluene) or sodium-lead alloy (pentane, hexane) prior to use.
NMR spectra were recorded with Bruker AMX 250, DPX 250, AV
300 and AV 400 spectrometers. Approximately 0.1 mL of C6D6 was
added to all samples recorded in undeuterated thf (0.6 mL) to pro-
vide a lock signal. 1H and 13C NMR shifts are reported relative to
tetramethylsilane and were referenced against residual solvent
peaks (C6D5H: δ = 7.16, C6D6: δ = 128.06 ppm; CHCl3: δ = 7.26,
CDCl3: δ = 77.16 ppm).[33] 11B NMR spectra were referenced
against external BF3·OEt2, 31P NMR spectra against external
H3PO4 (85%) and 77Se NMR spectra against external concentrated
aqueous H2SeO3 (δ = 1300 ppm vs. Me2Se).[34] 125Te NMR spectra
were referenced against external concentrated aqueous H6TeO6 (δ
= 712 ppm vs. Me2Te).[35] Abbreviations: s = singlet, d = doublet, q
= quartet, dq = doublet of quartets, m = multiplet, n.r. = multiplet
expected in the NMR spectrum but not resolved, i = ipso, o =
ortho, m = meta, p = para. Elemental analyses were performed by
the microanalytical laboratory of the J. W. Goethe-University,
Frankfurt/Main, Germany.

Materials: Lithium, PPh3, PPh2CH3, PtBu2H, KH, N2O, S8, Se�,
Te�, BH3·THF solution (1  in thf) and 18-crown-6 were purchased
from Aldrich or Fluka and used as received. HPPh2 was obtained
by reductive cleavage of triphenylphosphane with lithium powder
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in thf and subsequent hydrolysis and distillation following a litera-
ture procedure.[36] The BH3 adduct HPPh2BH3 was synthesised as
described previously.[12] The same procedure was also used to make
HPtBu2BH3.[37] The phosphane chalcogenides EPPh2CH3 (12–15)
were synthesised by the reaction of PPh2CH3 with H2O2, S8, grey
Se� or Te� in thf at room temperature.[38–40] TePPh2CH3 could not
be obtained in pure form; the 31P NMR spectrum of the yellow
reaction mixture showed a yield of approximately 6% of the target
compound (dynamic equilibrium between TePPh2CH3, Te� and
PPh2CH3).

Synthesis of K(PPh2BH3) (1): A solution of HPPh2BH3 (2.29 g,
11.4 mmol) in thf (5 mL) was added to a suspension of KH
(480 mg, 12.0 mmol) in thf (10 mL) with stirring at –78 °C. The
mixture was then warmed to room temp. overnight. After filtration
from residual KH, all volatiles were removed in vacuo. The re-
sulting yellow oily residue solidified upon treatment with pentane.
Yield: 2.40 g (88%). 1H NMR (thf, 250.13 MHz): δ = 0.9 (m, 3 H,
BH3), 6.79–6.87 (m, 2 H, H-p), 6.90–6.98 (m, 4 H, H-m), 7.41–7.49
(m, 4 H, H-o) ppm. 11B NMR (thf, 128.38 MHz): δ = –30.1 ppm
(dq, 1JP,B = 32.1, 1JB,H = 89.9 Hz). 13C{1H} NMR (thf,
62.90 MHz): δ = 124.5 (n.r., C-p), 127.0 (d, 3JP,C = 5.1 Hz, C-m),
133.9 (d, 2JP,C = 14.0 Hz, C-o), 150.2 (d, 1JP,C = 20.1 Hz, C-i) ppm.
31P{1H} NMR (thf, 161.98 MHz): δ = –28.8 ppm (m).
C24H37BKO6P (502.42): calcd. C 57.37, H 7.42; found C 57.25, H
7.39.

Synthesis of K(OPPh2BH3) (2): A solution of 1 (479 mg,
2.01 mmol) in thf (5 mL) was stirred at room temp. under an atmo-
sphere of N2O until the gas evolution had entirely stopped and the
pale-yellow colour had disappeared (ca. 5 min). All volatiles were
then removed in vacuo to give a colourless crystalline solid. Yield:
500 mg (98%). 1H NMR (thf, 250.13 MHz): δ = 0.9 (m, 3 H, BH3),
7.03–7.13 (m, 6 H, H-m,p), 7.64–7.75 (m, 4 H, H-o) ppm. 11B{1H}
NMR (thf, 128.38 MHz): δ = –35.7 ppm (d, 1JP,B = 98.7 Hz).
13C{1H} NMR (thf, 62.90 MHz): δ = 127.8 (d, 3JP,C = 8.4 Hz, C-
m), 128.7 (n.r., C-p), 130.7 (d, 2JP,C = 9.9 Hz, C-o), 145.4 (d, 1JP,C

= 54.0 Hz, C-i) ppm. 31P{1H} NMR (thf, 101.25 MHz): δ =
64.0 ppm (m). C24H37BKO7P (518.42): calcd. C 55.60, H 7.19;
found C 55.65, H 7.20.

Synthesis of K(SPPh2BH3) (3): A solution of 1 (476 mg, 2.00 mmol)
in thf (5 mL) was added to a suspension of S8 (70 mg, 2.18 mmol
S1) in thf (6 mL) with stirring at –78 °C. The mixture was then
warmed to room temp. overnight. All volatiles were removed in
vacuo and the resulting pale-yellow solid was triturated with tolu-
ene (2�5 mL). Yield: 513 mg (95%). 1H NMR (thf, 250.13 MHz):
δ = 1.3 (m, 3 H, BH3), 7.20–7.30 (m, 6 H, H-m,p), 8.11–8.23 (m, 4
H, H-o) ppm. 11B{1H} NMR (thf, 128.38 MHz): δ = –31.3 ppm (d,
1JP,B = 78.2 Hz). 13C{1H} NMR (thf, 62.90 MHz): δ = 127.3 (d,
3JP,C = 9.6 Hz, C-m), 128.2 (d, 4JP,C = 2.4 Hz, C-p), 131.8 (d, 2JP,C

= 10.1 Hz, C-o), 143.3 (d, 1JP,C = 44.3 Hz, C-i) ppm. 31P{1H}
NMR (thf, 161.98 MHz): δ = 42.1 ppm (m). C24H37BKO6PS
(534.48): calcd. C 53.93, H 6.98; found C 53.34, H 6.52.

Synthesis of K(SePPh2BH3) (4): A solution of 1 (500 mg,
2.10 mmol) in thf (5 mL) was added with stirring at –78 °C to a
suspension of grey Se� (166 mg, 2.10 mmol Se1) in thf (2 mL). The
mixture was warmed to room temp. overnight whereupon the Se�

completely dissolved. All volatiles were then removed in vacuo. The
resulting pale-yellow solid was triturated with pentane (2 mL).
Yield: 613 mg (92%). 1H NMR (thf, 250.13 MHz): δ = 1.4 (m, 3
H, BH3), 6.95–7.11 (m, 6 H, H-m,p), 7.93–8.05 (m, 4 H, H-o) ppm.
11B{1H} NMR (thf, 128.38 MHz): δ = –30.3 ppm (d, 1JP,B =
67.0 Hz). 13C{1H} NMR (thf, 62.90 MHz): δ = 127.3 (d, 3JP,C =
9.6 Hz, C-m), 128.5 (n.r., C-p), 132.5 (d, 2JP,C = 10.0 Hz, C-o),
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141.3 (d, 1JP,C = 40.1 Hz, C-i) ppm. 31P{1H} NMR (thf,
161.98 MHz): δ = 21.8 ppm (m). 77Se NMR (thf, 47.69 MHz): δ
= –264.5 ppm (d, 1JP,Se = 544 Hz). C24H37BKO6PSe (581.38): calcd.
C 49.58, H 6.41; found C 49.11, H 6.03.

Synthesis of K(TePPh2BH3) (5): A solution of 1 (414 mg,
1.74 mmol) in thf (6 mL) was added to a suspension of Te�

(222 mg, 1.74 mmol Te1) in thf (4 mL) with stirring at –78 °C. The
mixture was then warmed to room temp. overnight. The resulting
yellow solution was filtered and all volatiles removed in vacuo. The
remaining yellow solid was triturated with pentane (2 mL). Yield:
605 mg (95%). 1H NMR (thf, 250.13 MHz): δ = 1.8 (m, 3 H, BH3),
6.93–7.09 (m, 6 H, H-m,p), 7.89–8.00 (m, 4 H, H-o) ppm. 11B{1H}
NMR (thf, 128.38 MHz): δ = –28.1 ppm (d, 1JP,B = 51.2 Hz).
13C{1H} NMR (thf, 62.90 MHz): δ = 127.3 (d, 3JP,C = 9.5 Hz, C-
m), 128.5 (n.r., C-p), 133.5 (d, 2JP,C = 9.6 Hz, C-o), 139.6 (d, 1JP,C

= 35.5 Hz, C-i) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ =
–30.9 ppm (m). 125Te{1H} NMR (thf, 78.88 MHz): δ = –509.3 ppm
(d, 1JP,Te = 1249 Hz). C24H37BKO6PTe (630.02): calcd. C 45.75, H
5.92; found C 45.53, H 5.65.

Synthesis of K(PtBu2BH3) (6): A solution of HPtBu2BH3 (1.14 g,
7.12 mmol) in thf (5 mL) was added to a suspension of KH
(290 mg, 7.23 mmol) in thf (6 mL) with stirring at –78 °C. The mix-
ture was then warmed to room temp. overnight. After filtration
from residual KH all volatiles were removed in vacuo. Yield: 1.15 g
(82%). 1H NMR (thf, 250.13 MHz): δ = 0.28 (q, 1JB,H = 88 Hz, 3
H, BH3), 1.16 (d, 3JP,H = 9.8 Hz, 18 H, CH3) ppm. 11B{1H} NMR
(thf, 128.38 MHz): δ = –34.7 ppm (d, 1JP,B = 33.8 Hz). 13C{1H}
NMR (thf, 62.90 MHz): δ = 29.6 (d, 2JP,C = 2.8 Hz, CH3), 32.4 (d,
1JP,C = 12.5 Hz, CCH3) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ
= 12.8 ppm (m). C20H45BKO6P (462.44): calcd. C 51.94, H 9.81;
due to the extreme air and moisture sensitivity of the compound
a decent elemental analysis was not obtained, even from a single
crystalline sample.

Synthesis of K(OPtBu2BH3) (7): A solution of 6 (240 mg,
1.21 mmol) in thf (3 mL) was stirred at room temp. under an atmo-
sphere of N2O until the gas evolution had entirely stopped (ca.
5 min). After all volatiles had been removed in vacuo, the product
was obtained as a colourless crystalline solid. Yield: 255 mg (98%).
1H NMR (thf, 250.13 MHz): δ = 0.4 (m, 3 H, BH3), 1.14 (d, 3JP,H

= 11.2 Hz, 18 H, CH3) ppm. 11B{1H} NMR (thf, 128.38 MHz): δ
= –39.4 ppm (d, 1JP,B = 100.6 Hz). 13C{1H} NMR (thf,
62.90 MHz): δ = 27.8 (d, 2JP,C = 2.3 Hz, CH3), 34.8 (d, 1JP,C =
30.1 Hz, CCH3) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ =
94.0 ppm (m). C20H45BKO7P (478.44): calcd. C 50.21, H 9.48;
found C 49.97, H 9.58.

Synthesis of K(SPtBu2BH3) (8): A solution of 6 (283 mg,
1.43 mmol) in thf (3 mL) was added to a suspension of S8 (48 mg,
1.50 mmol S1) in thf (3 mL) with stirring at –78 °C. The mixture
was then warmed to room temp. overnight. After all volatiles had
been removed in vacuo, the resulting colourless solid was triturated
with pentane (2�2 mL). Yield: 322 mg (98%). 1H NMR (thf,
300.03 MHz): δ = 0.52 (q, 1JB,H = 92 Hz, 3 H, BH3), 1.19 (d, 3JP,H

= 12.0 Hz, 18 H, CH3) ppm. 11B{1H} NMR (thf, 96.26 MHz): δ
= –35.3 ppm (d, 1JP,B = 80.8 Hz). 13C{1H} NMR (thf, 62.90 MHz):
δ = 28.5 (d, 2JP,C = 2.9 Hz, CH3), 35.2 (d, 1JP,C = 21.6 Hz, CCH3)
ppm. 31P{1H} NMR (thf, 121.46 MHz): δ = 76.6 ppm (q, 1JP,B =
80.8 Hz). C20H45BKO6PS (494.50): calcd. C 48.58, H 9.17; found
C 48.68, H 9.23.

Synthesis of K(SePtBu2BH3) (9): A solution of 6 (279 mg,
1.41 mmol) in thf (3 mL) was added to a suspension of grey Se�

(111 mg, 1.41 mmol Se1) in thf (2 mL) with stirring at –78 °C. The
mixture was then warmed to room temp. overnight, whereupon the
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Se� dissolved completely. The reaction mixture was evaporated to
dryness in vacuo and the resulting colourless solid triturated with
pentane (2 mL). Yield: 357 mg (91%). 1H NMR (thf, 250.13 MHz):
δ = 0.75 (q, 1JB,H = 93 Hz, 3 H, BH3), 1.27 (d, 3JP,H = 12.6 Hz, 18
H, CH3) ppm. 11B{1H} NMR (thf, 128.38 MHz): δ = –34.4 ppm
(d, 1JP,B = 72.9 Hz). 13C{1H} NMR (thf, 62.90 MHz): δ = 29.0 (d,
2JP,C = 3.0 Hz, CH3), 34.0 (d, 1JP,C = 17.0 Hz, CCH3) ppm.
31P{1H} NMR (thf, 161.98 MHz): δ = 68.4 ppm (m). 77Se NMR
(thf, 76.30 MHz): δ = –379.8 ppm (d, 1JP,Se = 514 Hz).
C20H45BKO6PSe (541.40): calcd. C 44.37, H 8.38; found C 44.35,
H 8.50.

Synthesis of K(TePtBu2BH3) (10): A solution of 6 (302 mg,
1.52 mmol) in thf (3 mL) was added to a suspension of Te�

(195 mg, 1.53 mmol Te1) in thf (3 mL) with stirring at –78 °C. The
mixture was then warmed to room temp. overnight. The resulting
yellow solution was filtered and all volatiles removed in vacuo. The
yellow solid residue was triturated with pentane (2�2 mL). Yield:
490 mg (99%). 1H NMR (thf, 250.13 MHz): δ = 1.2 (m, 3 H, BH3),
1.34 (d, 3JP,H = 12.8 Hz, 18 H, CH3) ppm. 11B{1H} NMR (thf,
128.38 MHz): δ = –32.2 ppm (d, 1JP,B = 64.3 Hz). 13C{1H} NMR
(thf, 62.90 MHz): δ = 29.6 (d, 2JP,C = 2.8 Hz, CH3), 32.4 (d, 1JP,C

= 12.5 Hz, CCH3) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ =
33.7 ppm (m). 125Te{1H} NMR (thf, 78.88 MHz): δ = –782.0 (d,
1JP,Te = 1170 Hz). C20H45BKO6PTe (590.04): calcd. C 40.71, H
7.69; found C 40.38, H 7.27.

OPPh2CH3 (12): 1H NMR (thf, 400.13 MHz): δ = 1.80 (d, 2JP,H =
13.4 Hz, 3 H, CH3), 7.20–7.30 (m, 6 H, H-m,p), 7.66–7.74 (m, 4 H,
H-o) ppm. 13C{1H} NMR (thf, 62.90 MHz): δ = 16.2 (d, 1JP,C =
73.2 Hz, CH3), 128.8 (d, 3JP,C = 11.7 Hz, C-m), 130.9 (d, 2JP,C =
9.6 Hz, C-o), 131.6 (d, 4JP,C = 2.8 Hz, C-p), 135.8 (d, 1JP,C =
99.8 Hz, C-i) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ = 28.3 ppm
(s).

SPPh2CH3 (13): 1H NMR (thf, 250.13 MHz): δ = 2.04 (d, 2JP,H =
13.3 Hz, 3 H, CH3), 7.19–7.30 (m, 6 H, H-m,p), 7.69–7.79 (m, 4 H,
H-o) ppm. 13C{1H} NMR (thf, 62.90 MHz): δ = 21.4 (d, 1JP,C =
60.1 Hz, CH3), 128.7 (d, 3JP,C = 12.1 Hz, C-m), 131.2 (d, 2JP,C =
10.6 Hz, C-o), 131.3 (d, 4JP,C = 2.7 Hz, C-p), 135.7 (d, 1JP,C =
81.2 Hz, C-i) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ = 35.8 ppm
(s).

SePPh2CH3 (14): 1H NMR (thf, 250.13 MHz): δ = 2.24 (d, 2JP,H =
13.6 Hz, 3 H, CH3), 7.21–7.28 (m, 6 H, H-m,p), 7.71–7.79 (m, 4 H,
H-o) ppm. 13C{1H} NMR (thf, 62.90 MHz): δ = 21.9 (d, 1JP,C =
53.3 Hz, CH3), 128.7 (d, 3JP,C = 12.1 Hz, C-m), 131.4 (d, 4JP,C =
2.9 Hz, C-p), 131.6 (d, 2JP,C = 10.8 Hz, C-o), 134.4 (d, 1JP,C =
73.1 Hz, C-i) ppm. 31P{1H} NMR (thf, 161.98 MHz): δ = 24.3 ppm
(s, 1JPSe = 744 Hz). 77Se NMR (thf, 76.31 MHz): δ = –305.7 ppm
(d, 1JP,Se = 744 Hz).

TePPh2CH3 (15): 31P{1H} NMR (thf, 161.98 MHz): δ = 25.6 ppm
(s). 125Te{1H} NMR (thf, 126.19 MHz): δ = –554.5 ppm (s).

X-ray Structural Characterisation: Data collections were performed
on a Stoe IPDS-II two-circle diffractometer with graphite-mono-
chromated Mo-Kα radiation (see Tables 4 and 5). Empirical absorp-
tion corrections were performed with the MULABS option[41] in
the program PLATON.[42] Equivalent reflections were averaged.
The structures were solved by direct methods[43] and refined with
full-matrix least-squares on F2 using the program SHELXL-97.[44]

Hydrogen atoms bonded to carbon and boron were placed at ideal
positions and refined with fixed isotropic displacement parameters
using a riding model.

CCDC-616914 (for 1c), -616915 (for 2c), -616916 (for 3c),
-616917 (for 4c), -616918 (for 5c), -616919 (for 6c), -616920 (for
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Table 4. Crystallographic data for compounds 1c–6c.

1c 2c 3c 4c 5c 6c

Formula C24H37BKO6P C24H37BKO7P C24H37BKO6PS C24H37BKO6PSe C24H37BKO6PTe C20H45BKO6P
FW 502.42 518.42 534.48 581.38 630.02 462.44
Colour, shape yellow, plate colourless, block colourless, block colourless, block pale brown, block colourless, block
Temp. [K] 173(2) 173(2) 173(2) 173(2) 173(2) 173(2)
Crystal system orthorhombic monoclinic monoclinic triclinic triclinic triclinic
Space group P212121 P21/n P21/n P1̄ P1̄ P1̄
a [Å] 9.3360(11) 10.5434(7) 8.5124(13) 9.1832(6) 9.2459(5) 9.1609(17)
b [Å] 10.3261(15) 14.2860(9) 30.376(4) 10.7869(7) 10.9071(6) 16.320(3)
c [Å] 28.178(3) 18.4297(11) 10.6730(17) 14.9362(10) 14.9509(9) 18.428(4)
α [°] 90 90 90 74.526(5) 74.104(5) 88.381(15)
β [°] 90 100.287(5) 99.230(13) 81.993(6) 83.045(5) 81.078(15)
γ [°] 90 90 90 86.034(5) 84.802(5) 86.627(15)
V [Å3] 2716.5(6) 2731.3(3) 2724.0(7) 1411.23(16) 1436.81(14) 2716.5(9)
Z 4 4 4 2 2 4
Dcalcd. [gcm–3] 1.228 1.261 1.303 1.368 1.456 1.131
F(000) 1072 1104 1136 604 640 1008
µ [mm–1] 0.289 0.292 0.366 1.569 1.270 0.283
Cryst. size [mm] 0.34�0.12�0.03 0.46�0.35�0.30 0.50�0.41�0.32 0.39�0.34�0.22 0.29�0.16�0.09 0.36�0.33�0.28
Reflections collected 19217 39345 37292 40557 54151 19270
Indep. reflns. (Rint) 4911 (0.1098) 5646 (0.0567) 5450 (0.1267) 7317 (0.0556) 5940 (0.0610) 9619 (0.0896)
Data/restraints/params. 4911/0/299 5646/0/307 5450/0/308 7317/6/326 5940/0/317 9619/0/526
GOOF on F2 0.884 0.969 1.101 1.023 0.955 1.146
R1, wR2 [I � 2σ(I)] 0.0586, 0.1148 0.0302, 0.0730 0.1773, 0.3039 0.033, 0.082 0.0195, 0.0435 0.1186, 0.3066
R1, wR2 (all data) 0.1020, 0.1304 0.0435, 0.0764 0.2006, 0.3155 0.0423, 0.0857 0.0259, 0.0468 0.1595, 0.3498
Largest diff. peak and 0.717 and –0.211 0.370 and –0.251 0.507 and –0.424 0.379 and –0.410 0.374 and –0.330 0.787 and –0.558
hole [eÅ–3]

Table 5. Crystallographic data for compounds 7c–10c and 12.

7c 8c 9c 10c 12

Formula C20H45BKO7P C20H45BKO6PS C20H45BKO6PSe C20H45BKO6PTe C13H13OP
FW 478.44 494.50 541.40 590.04 216.2
Colour, shape colourless, block colourless, block colourless, rod yellow, block colourless, plate
Temp. [K] 173(2) 173(2) 173(2) 173(2) 173(2)
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n P21/n P21/c
a [Å] 9.6648(13) 9.4050(7) 9.3016(8) 9.8710(7) 8.6344(8)
b [Å] 15.4313(16) 14.7442(8) 14.8982(10) 14.8400(9) 24.2057(18)
c [Å] 18.745(3) 19.9463(12) 20.0229(17) 19.1333(14) 5.6957(6)
α [°] 90 90 90 90 90
β [°] 100.420(11) 98.900(5) 97.485(7) 92.265(6) 108.067(7)
γ [°] 90 90 90 90 90
V [Å3] 2749.5(6) 2732.6(3) 2751.1(4) 2800.6(3) 1131.72(18)
Z 4 4 4 4 4
Dcalcd. [gcm–3] 1.156 1.202 1.307 1.399 1.269
F(000) 1040 1072 1144 1216 456
µ [mm–1] 0.284 0.359 1.604 1.297 0.212
Cryst. size [mm] 0.38�0.22�0.20 0.49�0.44�0.38 0.38�0.24�0.22 0.43�0.35�0.28 0.2�0.14�0.04
Reflections collected 29877 36838 32382 37620 9906
Indep. reflns. (Rint) 5204 (0.0913) 5498 (0.0698) 5213 (0.0936) 5609 (0.0450) 1994 (0.0380)
Data/restraints/params. 5204/0/272 5498/0/272 5213/0/272 5609/0/272 1994/46/150
GOOF on F2 0.785 1.036 0.860 0.866 1.033
R1, wR2 [I � 2σ(I)] 0.0374, 0.069 0.0369, 0.1059 0.0415, 0.0908 0.0197, 0.0419 0.0575, 0.1413
R1, wR2 (all data) 0.0845, 0.0776 0.0444, 0.1089 0.0718, 0.0979 0.0282, 0.0428 0.0642, 0.1457
Largest diff. peak and 0.394 and –0.289 0.305 and –0.580 0.569 and –0.720 0.493 and –0.344 0.821 and –0.497
hole [eÅ–3]

7c), -616921 (for 8c), -616922 (for 9c), -616923 (for 10c) and -616924
(for 12) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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A convenient synthesis of new chiral ferrocenene-bridged
phosphole–phosphane ligands in an enantiomerically pure
form has been developed. These new chiral P,P ligands have
been tested in a palladium-catalysed allylic substitution reac-
tion. High activities and moderate enantioselectivities (up to

Introduction

Considerable efforts have been devoted to the develop-
ment of new chiral ligands owing to the growing impor-
tance of transition-metal-catalysed asymmetric synthesis.[1]

Among these chiral ligands, ferrocene-containing ligands
are among the most interesting because of their stability,
easy introduction of planar chirality and special electronic
and stereoproperties of the ferrocene skeleton.[2] Amongst
the chiral ferrocene-based ligands, enantiopure 1,2-disubsti-
tuted ferrocene derivatives, especially ferrocenediyldiphos-
phane ligands, played a dominant role.[3] Typical examples
are Trap ligands,[4] and diphosphane Josiphos ligands,[5] in
particular the industrially important Xyliphos,[6] Tania-
phos[7] or Walphos-type ligands[8] (Figure 1). Common
characteristics of these ligands include the ferrocenylethyl
backbone and the presence of both planar and central chi-
ralities. Little attention has been paid to ligands based on
a ferrocenylmethyl backbone or more generally to those
having ferrocene possessing planar chirality as their only
element of chirality. Reported examples include Trap (I),[9]

Josiphos[10] analogues (II) or diphosphanes (III)[11] devel-
oped by Kagan et al. (Figure 2).

Recently, we have extended the family of 1,2-disubsti-
tuted planar-chiral ferrocene by introduction of a phos-
phole group leading to planar-chiral ferrocene-bridged
phosphole–amine ligands.[12] Chiral phosphole-based li-
gands[13] have been rather infrequently used for asymmetric
catalysis,[14] despite the fact that phospholes are efficient li-
gands in homogeneous transition-metal catalysis.[15] How-
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61%) were observed. A palladium(II) complex has been iso-
lated and its crystal structure established.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Figure 1. Well-known ferrocenyldiphosphane ligands combining
both planar and central chiralities.

Figure 2. Ferrocenyldiphosphane ligands possessing planar chiral-
ity as their only element of chirality.

ever, introduction of a phosphole group, which possesses
different steric and electronic effects with respect to phos-
phanes, may modulate the ligand properties. Other advan-
tages of this type of ligand are related to chiral flexibility
of unsymmetrically substituted phosphole due to the low
inversion barrier of the phosphorus atom in phosphole.[16]
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A chirally flexible phosphole can (i) adjust the configura-
tion to accommodate the metal centre and (ii) magnify the
chiral part of the catalytic system.[17]

As part of our continuing interest in ferrocene chemis-
try[18] and in the design and synthesis of new chiral phos-
phole-based ligands,[19] we were interested in ferrocene-de-
rived phosphole ligands with only planar chirality for asym-
metric catalysis. In this paper, we describe the synthesis of
new 1,2-disubstituted ferrocene-bridged phosphole–phos-
phane ligands involving the introduction of various phos-
pholyl groups on Kagan’s acetal derivatives. The coordina-
tion chemistry and the catalytic properties of these new chi-
ral ferrocene-bridged phosphole–phosphane ligands are
also reported.

Results and Discussion

The synthetic approach of 1,2-disubtituted ferrocene-
based phosphane by nucleophilic displacement of a leaving
group (Scheme 1), as described by Hayashi et al.[20] or
Togni et al.,[21] could be used to prepare the target mole-

Scheme 1. Retrosynthetic synthesis of ferrocene-bridged phos-
phole–phosphane ligands.

Scheme 2. Synthesis of 8: (i) tBuLi, –78 °C to room temperature; 1-cyanophosphole 2, –30 °C; S8, CH2Cl2, room temperature; (ii) H+,
H2O/CH2Cl2, reflux; (iii) NaBH4, room temperature; (iv) AcCl/NEt3, 0 °C to room temperature; CH2Cl2; (v) R2PH, toluene, reflux, S8,
CH2Cl2, room temperature; (vi) P(NMe2)3, toluene reflux; (vii) PdCl2(CH3CN)2, CH2Cl2, room temperature.
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cules. This strategy required the introduction of the planar
chirality in the first step by a stereoselective ortho metalla-
tion step, which required a chiral auxiliary to achieve ste-
reochemically controlled addition of the phospholyl group
on the ferrocene moiety. The stereoselective ortho metalla-
tions reported to date include cyclopalladation of [(dimeth-
ylamino)methyl]ferrocene, ortholithiation of ferrocenyl sulf-
oxides, dioxanes, amines, oxazolines, hydrazones or oxaza-
phospholidine oxides and so forth.[2c,22,23]

To control planar chirality, we chose Kagan’s method[24]

starting from a chiral dioxane. So, the synthetic pathway
used is based on six stereochemically controlled reactions,
as shown in Scheme 2. In the first step, diastereoselective
ortho lithiation of acetal 1 was achieved with tBuLi. The
lithio intermediate reacted cleanly with various 1-cyano-
phospholes (2a,[25] 2b[14k] and 2c) as electrophilic reagents
to afford the corresponding ferrocenylphosphole products.
To facilitate the purification and the characterisation of
these compounds, they were converted in situ into air-stable
sulfur derivatives 3a–c by using an excess of sulfur in
dichloromethane at room temperature. Compounds 3a, 3b
and 3c, isolated after column-chromatographic purification,
were obtained in each case as an enantiomerically pure dia-
stereoisomer as confirmed by 1H, 31P and 13C NMR analy-
sis and X-ray diffraction studies. The (S) configuration for
the planar chirality, which is expected from the literature,[24]

was confirmed by X-ray analysis on monocrystals in the
case of 3b. A molecular view of compounds (S)-3b is shown
in Figure 3 with the atom-labelling scheme. As expected,
the phosphole ring is planar, with the largest deviation
[0.028(2) Å] at C11. The phosphorus atom P1 deviates
slightly by 0.132(5) Å from the plane of the Cp ring to
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which it is attached, whereas the atom S1 is endo with re-
spect to this Cp ring. The phosphole and the Cp rings are
roughly perpendicular, with a dihedral angle of 83.1(1)°.
The dioxane ring is distorted and the puckering param-
eters[26] show that its conformation is close to that of a
chair: the θ and φ angles calculated for the atom sequence
C21–O22–C23–C24–C25–O26 are 177.2(3)° and 147(6)°,
respectively. Owing to steric hindrance, the dioxane ring is
twisted by 53.3(1)° with respect to the Cp ring. The two Cp
rings are nearly eclipsed, with a twisted angle of only 2.9°.

Figure 3. Molecular view of 3b with atom-labelling scheme. Ellip-
soids represent 50% probability. Selected bond lengths [Å] and
bond angles [°]: P(1)–S(1) 1.9487(11), P(1)–C(1) 1.790(3), P(1)–
C(11) 1.796(3), P(1)–C(14) 1.809(3), C(2)–C(21) 1.504(4), Fe(1)–
Cg(1) 1.645(9), Fe(1)–Cg(2) 1.660(9); Cg(1)–Fe(1)–Cg(2) 178.2(6).
Cg(1) and Cg(2) are the centroids of the (C1,C2,C3,C4,C5) Cp ring
and the (C6,C7,C8,C9,C10) Cp ring, respectively.

In the next step, the acid hydrolysis of the acetal (S)-3a–c
was performed with p-toluenesulfonic acid to quantitatively
yield the corresponding aldehydes (S)-4a–c. Reduction of
the crude aldehydes (S)-4a–c of low stabilities was then
readily achieved by using an excess of sodium tetrahydrobo-
rate. The corresponding alcohols (S)-5a–c were obtained in
good yields after column-chromatographic purification.
The (S) configuration of compound 5b was again confirmed
by X-ray diffraction analysis. A molecular view of alcohol
(S)-5b is shown in Figure 4 with the atom-labelling scheme.
As previously noticed, the phosphole ring is planar, with
the largest deviation [–0.022(1) Å] at C14 and a dihedral
angle of 89.93(7)° with the Cp ring to which it is attached.
The atom P1 deviates from the plane of the Cp ring by
0.223(3) Å, certainly minimising steric hindrance, whereas
the atom S1 is slightly endo by 0.341(4) Å with respect to
this Cp ring. The two Cp rings are twisted relative to each
other by 10.7°. An interesting feature is the occurrence of
an O–H···S intermolecular hydrogen bond [O–H = 0.84 Å,
H···S = 2.53 Å, O···S = 3.2700(15) Å, O–H···S = 147.3°]
linking the molecules to form a chain developing parallel
to the a-axis.

www.eurjic.org © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2006, 5148–51575150

Figure 4. Molecular view of 5b with atom-labelling scheme. Ellip-
soids represent 30% probability. Selected bond lengths [Å] and
bond angles [°]: P(1)–S(1) 1.9677(6), P(1)–C(1) 1.790(2), P(1)–C(11)
1.797(2), P(1)–C(14) 1.799(2), C(2)–C(21) 1.505(3), C(21)–O(21)
1.423(2), Fe(1)–Cg(1) 1.636(8), Fe(1)–Cg(2) 1.646(8), Cg(1)–Fe(1)–
Cg(2) 176.6(3). Cg(1) and Cg(2) are the centroids of the
(C1,C2,C3,C4,C5) Cp ring and the (C6,C7,C8,C9,C10) Cp ring,
respectively.

Alcohols (S)-5a–c were quantitatively transformed into
acetates (S)-6a–c by treatment with acetyl chloride. Subse-
quent nucleophilic substitution reactions with secondary
phosphanes followed by sulfuration reaction led to ferro-
cene-bridged phosphole–phosphanes as disulfide deriva-
tives 7a–c. Compounds (S)-7a, (S)-7b and (S)-7c, obtained
in 57%, 74% and 78% yield, respectively, were fully charac-
terised.

In the last step, deprotection was successfully achieved
with tris(dimethylamino)phosphane in refluxing toluene
providing the ferrocene-bridged phosphole–phosphanes
(S)-8b and (S)-8c. However, this procedure gave only low
yields of (S)-8a, which could not be isolated in a pure form
and was only identified by mass spectrometry. The structure
of (S)-8b was determined by X-ray diffraction analysis. A
molecular view of complex (S)-8b is shown in Figure 5. As
already observed in free phosphole ligands,[27] the phospho-
rus atom is located above the butadiene fragment [0.208
(5) Å]. The atom P1 deviates from the plane of the Cp ring
by 0.189(5) Å. The atom P2 is oriented exo with respect to
the Cp ring and is located 1.518(6) Å above it. The two Cp
rings are perfectly eclipsed with a twist angle of only 0.5°.
The two phenyl rings are roughly perpendicular with a dihe-
dral angle of 87.1(1)°. It is interesting to note that the lone
pairs of the two phosphorus atoms are in the correct ar-
rangement for chelating on a metal precursor.

The mode of complexation of new ligands 8 was checked
by forming palladium(II) complexes. Ligand 8b reacted
in dichloromethane at room temperature with
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Figure 5. Molecular view of 8b with atom-labelling scheme. Ellipsoids represent 30% probability. Selected bond lengths [Å] and bond
angles [°]: P(1)–C(1) 1.809(3), P(1)–C(11) 1.800(3), P(1)–C(14) 1.807(3), C(2)–C(21) 1.515(5), C(21)–P(2) 1.842(3), P(2)–C(211) 1.835(4),
P(2)–C(221) 1.842(3), Fe(1)–Cg(1) 1.6391(4), Fe(1)–Cg(2) 1.6587(4), Cg(1)–Fe(1)–Cg(2) 176.03(3). Cg(1) and Cg(2) are the centroids of
the (C1,C2,C3,C4,C5) Cp ring and the (C6,C7,C8,C9,C10) Cp ring, respectively.

[PdCl2(CH3CN)2] in 30 min to afford complex (S)-9b (80%
yield) of formula [PdCl2(8b)] as indicated by 1H, 13C and
31P NMR spectroscopy and mass spectrometry. The molec-
ular structure of complex (S)-9b was established by X-ray

Figure 6. Molecular view of 9b with atom labelling. Ellipsoids rep-
resent 30% probability. Selected bond lengths [Å] and bond angles
[°]: Pd–Cl(1) 2.347(3) [2.348(3)], Pd–Cl(2) 2.360(3) [2.363(3)], Pd–
P(1) 2.237(3) [2.245(3)], Pd–P(2) 2.261(3) [2.262(3)], P(1)–C(1)
1.791(10) [1.788(10)], C(2)–C(21) 1.487(15) [1.510(15)], P(2)–C(21)
1.828(10) [1.823(11)], Fe(1)–Cg(1) 1.656(3) [1.665(3)], Fe(1)–Cg(2)
1.669(3) [1.666(3)]; Cg(1)–Fe(1)–Cg(2) 174.8(4). Cg(1) and Cg(2)
are the centroids of the (C1,C2,C3,C4,C5) Cp ring and the
(C6,C7,C8,C9,C10) Cp ring, respectively. The values in square
brackets refer to molecule B.

Eur. J. Inorg. Chem. 2006, 5148–5157 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 5151

diffraction study. There are two molecules in the asymmet-
ric unit with nearly identical geometry. A view of molecule
A is depicted in Figure 6. If the phosphole and the Cp form
a dihedral angle of 86.3(4)° [88.5(4) for molecule B], a value
close to that observed in the free ligand, the atom P2 of the
diphenylphosphanyl group is now oriented endo with re-
spect to the Cp ring to accommodate the PdCl2 unit. The
geometry of the chelating group is closely related to the
recently reported structure of {1-(diphenylphosphanyl)-
2,1�-[(1-diphenylphosphanyl)butane-1,3-diyl]ferrocene}-
PdCl2.[28] As expected, the PdII atom is square-planar coor-
dinated, with the largest deviation from the least-squares
plane being 0.016(2) Å [0.010(2) Å for molecule B] at the
Pd atom. The chelating six-membered ring Pd1–P1–C1–
C2–C21–P2 is folded around the P1···C21 axis with a dihe-
dral angle of 30.0(4)° [32.8(3)° for molecule B]. The coordi-
nation results in a larger twist angle between the two Cp
rings of 10.8° (12.2° for molecule B).

The chiral ligands (S)-8b and (S)-8c were evaluated in
the palladium-catalysed asymmetric allylic substitution.[29]

The reaction of 1,3-diphenylprop-2-enyl acetate (10) with
the anion of dimethyl malonate (11) was carried out in the
presence of [Pd(C3H5)Cl]2 (1 mol-%) and the chiral ligands
8b,c (1 mol-%) (see Scheme 3). Using the ligand (S)-8b, the
allylic acetate 10 in CH2Cl2 was quantitatively converted
within 1 h at room temperature to the desired product (S)-
12 in 38% ee. Under similar conditions, the ligand (S)-8c

Scheme 3. Asymmetric allylic substitution reaction.
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led also to the quantitative conversion of 10 within 1 h to
(S)-12, but with a better enantioselectivity (61% ee).

Conclusions

A new and convenient preparation of ferrocene-bridged
phosphole–phosphane ligands in an enantiomerically pure
form has been achieved. Their coordination chemistry and
their abilities for catalysis in a palladium-catalysed asym-
metric allylic substitution reaction have been checked. Use
of these new unusual chiral P,P ligands in other asymmetric
catalytic reactions as well as optimisation of ligands by
modifying the phosphole ring part or the phosphane part
are currently being developed in our laboratories.

Experimental Section
General: All reactions were carried out under dry argon by using
Schlenk glassware and vacuum-line techniques. Solvents were
freshly distilled from standard drying agents. 1H, 13C{1H, 31P} and
31P{1H} NMR spectra were recorded with a Bruker WMX 400
instrument operating at 400, 162 and 100 MHz respectively. Chemi-
cal shifts are reported in ppm relative to Me4Si (1H and 13C) or
85% H3PO4 (31P). Mass spectra were obtained with a Nermag R10-
10 instrument (DCI, FAB) and with an Applied Biosystem API
365 instrument (APCI). Elemental analysis was performed by the
“Service d’Analyse du Laboratoire de Chimie de Coordination” at
Toulouse. Optical rotations were measured with a Perkin–Elmer
241 polarimeter. Acetal 1,[24b] 1-cyano-2,3,4,5-tetramethyl-
phosphole (2b),[14k] 1-phenyldibenzophosphole[30] and compounds
3a, 4a, 5a and 6a[12] were prepared as described in the literature.

1-Cyanodibenzophosphole (2c): A solution of 1-phenyldibenzophos-
phole (2 g, 7.7 mmol) in THF (15 mL) was added at room tempera-
ture to a suspension of lithium (0.16 g, 23 mmol) in THF (5 mL).
The reaction mixture was stirred at room temperature for 4 h. The
red suspension was filtered (to remove unreacted lithium) into an-
other Schlenk tube, cooled to –20 °C, and anhydrous AlCl3 (0.35 g,
2.6 mmol) was added. The reaction mixture was warmed to 0 °C,
stirred for 0.5 h and then transferred by cannula to a solution of
BrCN (1.63 g, 15.4 mmol) in THF (5 mL) cooled to –78 °C. The
mixture was stirred at –78 °C for 0.5 h, then warmed to room tem-
perature and stirred overnight. The mixture was concentrated to
dryness and the resulting residue was extracted with small portions
of diethyl ether. The combined diethyl ether extracts were filtered
through Celite and the solvents were evaporated to give crude com-
pound 2c as a white solid (0.93 g, 58%). This was used without
purification. 1H NMR (CDCl3): δ = 7.47 (m, 2 H, Ar), 7.59 (m, 2
H, Ar), 7.90 (m, 4 H, Ar) ppm. 31P NMR (CDCl3): δ = –51.6 ppm.

General Procedure for Synthesis of Dioxanes 3: In a Schlenk tube, a
1.5  solution of tert-butyllithium in pentane (8.1 mL, 12.1 mmol,
1.1 equiv.) was added dropwise, at –78 °C under argon, to a solu-
tion of acetal 1 (3.47 g, 11 mmol) in dry diethyl ether (40 mL). The
solution was stirred at –78 °C for 15 min, then at room temperature
for 2 h. The solution was cooled to –30 °C and a solution of 1-
cyanophosphole 2 (1.2 equiv.) in dry diethyl ether (20 mL) was in-
troduced by cannula. The reaction mixture was stirred at room
temperature overnight. Dry triethylamine (0.5 mL) was introduced
by syringe, followed by water (2 mL). Under argon, the reaction
mixture was extracted with diethyl ether and washed with brine.
The organic fraction was dried with sodium sulfate and the solvents
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were evaporated in vacuo to yield an orange oil. This oil was dis-
solved in dichloromethane (30 mL). Sulfur (5.7 equiv.) was added
and the mixture was stirred overnight. After concentration, the
mixture was chromatographed on silica gel using a pentane/dichlo-
romethane mixture (3:7, v/v).

(2S,4S,SFc)-2-[(2,3,4,5-Tetramethyl-1-thioxo-1H-1λ5-phosphol-1-yl)-
ferrocenyl]-4-(methoxymethyl)-1,3-dioxane (3b): Yellow-orange oil
(yield 68%). Crystals suitable for X-ray analysis were obtained by
diffusion of pentane into a dichloromethane solution. 1H NMR
(CDCl3): δ = 1.51 (br. d, J = 13.3 Hz, 1 H, CH2CH2CH), 1.83 (m,
1 H, CH2CH2CH), 1.85 (br. s, 3 H, CH3), 1.94 (br. s, 3 H, CH3),
2.01 (d, JH,P = 13.3 Hz, 3 H, CH3), 2.13 (d, JH,P = 12.8 Hz, 3 H,
CH3), 3.32 (s, 3 H, OCH3), 3.35 (dd, ABX system, J = 10.1 and
5.1 Hz, 1 H, CH2OCH3), 3.44 (dd, ABX system, J = 10.1 and
5.2 Hz, 1 H, CH2OCH3), 3.95–4.10 (m, 2 H, CH, OCH2CH2), 4.02
(m, 1 H, subst. Cp), 4.25–4.30 (m, 1 H, OCH2CH2), 4.27 (m, 1 H,
subst. Cp), 4.39 (s, 5 H, Cp), 4.76 (m, 1 H, subst. Cp), 6.15 (s, 1
H, OCHO) ppm. 13C NMR (CDCl3): δ = 10.5 (d, JC,P = 13.8 Hz,
CH3 α phosphole), 11.3 (d, JC,P = 13.1 Hz, CH3 α phosphole), 14.0
(d, JC,P = 15.3 Hz, CH3 β phosphole), 14.2 (d, JC,P = 15.3 Hz, CH3

β phosphole), 28.5 (CH2CH2CH), 59.6 (OCH3), 67.5 (OCH2CH2),
69.9 (d, JC,P = 10.2 Hz, subst. Cp), 71.2 (d, JC,P = 8.1 Hz, subst.
Cp), 71.4 (Cp), 71.5 (d, JC,P = 79.0 Hz, quat. Cp), 71.9 (d, JC,P =
10.5 Hz, subst. Cp), 75.7 (CH2OCH3), 76.0 (CH), 89.1 (d, JC,P =
10.5 Hz, quat. Cp), 98.8 (OCHO), 128.4 (d, JC,P = 84.0 Hz, CH3 α
phosphole), 132.3 (d, JC,P = 82.7 Hz, CCH3 α phosphole), 143.2
(d, JC,P = 27.1 Hz, CCH3 β phosphole), 145.8 (d, JC,P = 27.2 Hz,
CCH3 β phosphole) ppm. 31P NMR (CDCl3): δ = 57.0 ppm. [α]D
= 3.4 (c = 0.5, CHCl3). MS (DCI, NH3): m/z (%) = 487 (100) [M
+ 1]. C24H32FeO3PS (487.40): calcd. C 59.14, H 6.62; found 59.27,
H 6.42.

(2S,4S,SFc)-2-[(Dibenzo-1-thioxo-1H-1λ5-phosphol-1-yl)ferro-
cenyl]-4-(methoxymethyl)-1,3-dioxane (3c): Yellow solid (yield
64%). M.p. 78 °C. 1H NMR (CDCl3): δ= 1.48 (d of m, J = 13 Hz,
1 H, CH2CH2CH), 1.81 (br. q of d, J = 13 and 5 Hz, 1 H,
CH2CH2CH), 3.42 (dd, AB system, J = 10.3 and 3.9 Hz, 1 H,
CH2OCH3), 3.43 (s, 3 H, OCH3), 3.56 (dd, AB system, J = 10.3
and 6.3 Hz, 1 H, CH2OCH3), 3.59 (m, 1 H, subst. Cp), 4.00 (td, J
= 11.9 and 2.5 Hz, 1 H, OCH2CH2), 4.15 (m, 1 H, subst. Cp), 4.19
(m, 1 H, CH), 4.3–4.25 (m, 1 H, OCH2CH2), 4.50 (s, 5 H, Cp),
4.80 (m, 1 H, subst. Cp), 6.40 (s, 1 H, OCHO), 7.35 (tdd, J = 7.5
and 1.0 Hz, JH,P = 3.8 Hz, 1 H, Ar), 7.44 (tt, J = 7.5 Hz, J = JH,P

= 1.2 Hz, 1 H, Ar), 7.51 (tdd, J = 7.4 and 1.1 Hz, JH,P = 3.7 Hz, 1
H, Ar), 7.57 (tt, J = 7.5 Hz, J = JH,P = 1.3 Hz, 1 H, Ar), 7.69 (dd,
J = 7.6 Hz, JH,P = 3.1 Hz, 1 H, Ar), 7.78 (dd, J = 7.6 Hz, JH,P =
3.0 Hz, 1 H, Ar), 7.99 (ddd, J = 7.4 and 1 Hz, JH,P = 10.3 Hz, 1
H, Ar), δ = 8.27 (ddd, J = 7.5 and 1 Hz, JH,P = 9.7 Hz, 1 H, Ar)
ppm. 13C NMR (CDCl3): δ= 28.3 (CH2CH2CH), 59.6 (OCH3),
67.4 (OCH2CH2), 69.9 (d, JC,P = 10.9 Hz, subst. Cp), 71.4 (Cp),
71.7 (d, JC,P = 9.0 Hz, subst. Cp), 73.0 (d, JC,P = 14.1 Hz, subst.
Cp), 74.0 (d, JC , P = 90.0 Hz, quat. Cp), 75.8 (CH), 76 .0
(CH2OCH3), 89.4 (d, JC,P = 12.1 Hz, quat. Cp), 98.6 (OCHO),
121.3 (d, JC,P = 9.5 Hz, Ar), 121.8 (d, JC,P = 9.5 Hz, Ar), 129.5 (d,
JC,P = 11.5 Hz, Ar), 130.0 (d, JC,P = 12.1 Hz, Ar), 130.1 (d, JC,P =
10.4 Hz, Ar), 130.9 (d, JC,P = 11.3 Hz, Ar), 132.5 (d, JC,P = 2.3 Hz,
Ar), 133.1 (d, JC,P = 2.3 Hz, Ar), 135.7 (d, JC,P = 93.3 Hz, quat.
Ar), 138.1 (d, JC,P = 91.6 Hz, quat. Ar), 139.6 (d, JC,P = 19.7 Hz,
quat. Ar), 141.7 (d, JC,P = 19.7 Hz, quat. Ar) ppm. 31P NMR
(CDCl3): δ = 42.9 ppm. [α]D = –24 (c = 0.5, CHCl3). MS (DCI,
NH3): m/z (%) = 531 (100) [M + 1]. C28H28FeO3PS (531.42): calcd.
C 63.41, H 5.13; found C 63.43, H 5.07.

General Procedure for the Synthesis of Ferrocenecarbaldehyde 4:
Acetal 3 (7.3 mmol), dichloromethane (120 mL) and an aqueous
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solution (50 mL) of p-toluenesulfonic acid monohydrate (1.5 equiv.
for 3b or 2 equiv. for 3c) were introduced into a round-bottomed
flask equipped with a condenser and placed under argon. The reac-
tion mixture was stirred at reflux for 26 h (3b) or 54 h (3c). After
cooling to room temperature, the dark red solution was extracted
with dichloromethane, washed with distilled water, dried with so-
dium sulfate and the solvents were evaporated. Compounds 4, ob-
tained quantitatively as red oils, were only characterised by 31P and
1H NMR spectroscopy and used without purification.

(SFc)-2-(2,3,4,5-Tetramethyl-1-thioxo-1H-1λ5-phosphol-1-yl)ferro-
cenecarbaldehyde (4b): 1H NMR (CDCl3): δ = 1.89 (br. s, 3 H,
CH3), 1.95 (br. s, 3 H, CH3), 1.98 (d, JH,P = 13.7 Hz, 3 H, CH3),
2.07 (d, JH,P = 13.7 Hz, 3 H, CH3), 4.52 (s, 5 H, Cp), 4.61 (m, 1
H, subst. Cp), 4.72 (m, 1 H, subst. Cp), 5.16 (m, 1 H, subst. Cp),
10.58 (s, 1 H, CHO) ppm. 31P NMR (CDCl3): δ = 55.8 ppm.

(SFc)-2-(Dibenzo-1-thioxo-1H-1λ5-phosphol-1-yl)ferrocenecarb-
aldehyde (4c): 1H NMR (CDCl3): δ = 3.38 (m, 1 H, subst. Cp),
4.25 (m, 1 H, subst. Cp), 4.43 (s, 5 H, Cp), 5.56 (m, 1 H, subst.
Cp), 7.48–7.88 (m, 8 H, Ar), 10.57 (s, 1 H, CHO) ppm. 31P NMR
(CDCl3): δ = 38.6 ppm.

General Procedure for Synthesis of Alcohols 5: Crude compound 4
(7.3 mmol) was dissolved in methanol (200 mL) and an aqueous
solution (140 mL) of sodium borohydride (2.78 g, 18.3 mmol) and
sodium hydroxide (11.2 g, 280 mmol) was added. The solution
turned rapidly from red to orange. After 15 min of stirring at room
temperature, the reaction mixture was extracted with dichlorometh-
ane. The organic phase was washed with diluted hydrochloric acid,
then water, and finally dried with sodium sulfate. After evaporation
of the solvents, the crude material was purified by flash chromatog-
raphy on silica gel using a pentane/diethyl ether mixture (2:8, v/v).

(SFc)-[2-(2,3,4,5-Tetramethyl-1-thioxo-1H-1λ5-phosphol-1-yl)ferro-
cenyl]methanol (5b): Yellow-orange oil (yield 51% from 3b). Crys-
tals suitable for X-ray analysis were obtained by diffusion of pen-
tane into a dichloromethane solution. M.p. 85 °C. 1H NMR
(CDCl3): δ = 1.86 (br. s, 3 H, CH3 β), 1.93 (br. d, JH,P = 12.1 Hz,
3 H, CH3 α), 1.96 (br. s, 3 H, CH3 β), 2.15 (br. d, JH,P = 13.0 Hz,
3 H, CH3 α), 3.39 (dd, J = 7.8 and 5.9 Hz, 1 H, OH), 4.03 (m, 1
H, subst. Cp), 4.24 (m, 1 H, subst. Cp), 4.38 (s, 5 H, Cp), 4.47 (dd,
ABX system, J = 12.6 and 5.5 Hz, 1 H, CH2), 4.49 (m, 1 H, subst.
Cp), 4.59 (dd, ABX system, J = 12.8 and 7.8 Hz, 1 H, CH2) ppm.
13C NMR (CDCl3): δ = 10.6 (d, JC,P = 13.6 Hz, CH3 α), 11.3 (d,
JC,P = 13.3 Hz, CH3 α), 14.0 (d, JC,P = 15.1 Hz, CH3 β), 14.3 (d,
JC,P = 15.3 Hz, CH3 β), 59.4 (s, CH2), 69.3 (d, JC,P = 10.2 Hz,
subst. Cp), 70.7 (s, Cp), 71.8 (d, JC,P = 14.1 Hz, subst. Cp), 72.0
(d, JC,P = 80.2 Hz, quat. Cp), 74.4 (d, JC,P = 9.0 Hz, subst. Cp),
92.5 (d, JCP = 11.5 Hz, quat. Cp), 128.7 (d, JC,P = 84.2 Hz, CCH3

α), 131.5 (d, JC,P = 82.8 Hz, CCH3 α), 143.8 (d, JC,P = 26.9 Hz,
CCH3 β), 146.4 (d, JC,P = 27.1 Hz, CCH3 β) ppm. 31P NMR
(CDCl3): δ = 58.1 ppm. [α]D = –125 (CHCl3, c = 0.5). MS (DCI,
NH3): m/z (%) = 387 (100) [M + 1]. C19H23FeOPS (386.28): calcd.
C 59.07, H 6.00; found C 59.24, H 6.10.

(SFc)-[(Dibenzo-1-thioxo-1H-1λ5-phosphol-1-yl)ferrocenyl]-
methanol (5c): Yellow solid (yield 56% from 3c). M.p. 200 °C (de-
composition). 1H NMR (CDCl3): δ = 3.58 (br. t, J ≈ 6 Hz, 1 H,
OH), 3.72 (m, 1 H, subst. Cp), 4.18 (m, 1 H, subst. Cp), 4.24 (s, 5
H, Cp), 4.56–4.5 (m, 2 H, subst. Cp, CH2), 5.00 (dd, J = 12.6 and
5.7 Hz, 1 H, CH2), 7.44 (tdd, J = 7.5 and 0.9 Hz, JH,P = 3.8 Hz, 1
H, Ar), 7.62–7.55 (m, 2 H, Ar), 7.66 (m, 1 H, Ar), 7.82 (dd, J =
7.7 Hz, JH,P = 3.1 Hz, 1 H, Ar), 7.88 (dd, J = 7.6 Hz, JH,P = 3.1 Hz,
1 H, Ar), 7.94 (dd, J = 7.4 Hz, JH,P = 10.5 Hz, 1 H, Ar), 8.11 (dd,
J = 7.3 Hz, JH,P = 10.6 Hz, 1 H, Ar) ppm. 13C NMR (CDCl3): δ
= 59.9 (s, CH2), 69.5 (d, JC,P = 10.9 Hz, subst. Cp), 70.7 (s, Cp),
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73.3 (d, JC,P = 14.4 Hz, subst. Cp), 74.6 (d, JC,P = 9.8 Hz, subst.
Cp), 75.1 (d, JC,P = 90.4 Hz, quat. Cp), 92.0 (d, JC,P = 13.3 Hz,
quat. Cp), 121.7 (d, JC,P = 9.5 Hz, Ar), 121.9 (d, JC,P = 9.7 Hz,
Ar), 129.7 (d, JC,P = 11.7 Hz, Ar), 129.9 (d, JC,P = 10.7 Hz, Ar),
130.08 (d, JC,P = 11.8 Hz, Ar), 130.12 (d, JC,P = 10.6 Hz, Ar), 133.0
(d, JC,P = 2.3 Hz, Ar), 133.3 (d, JC,P = 2.3 Hz, Ar), 136.1 (d, JC,P

= 93.8 Hz, quat. Ar), 136.8 (d, JC,P = 91.5 Hz, quat. Ar), 140.2 (d,
JC,P = 19.5 Hz, quat. Ar), 141.5 (d, JC,P = 19.5 Hz, quat. Ar) ppm.
31P NMR (CDCl3): δ = 44.6 ppm. [α]D = –104.6 (CHCl3, c = 0.5).
MS (DCI, NH3): m/z (%) = 413 (100) [M – OH]+, 430 (15) [M]+.
C23H19FeOPS (430.29): calcd. C 64.20, H 4.45; found C 64.11, H
4.64.

General Procedure for Synthesis of Acetates 6: Alcohol 5 (0.7 mmol)
was dissolved in dry dichloromethane (7 mL) and anhydrous trieth-
ylamine (0.25 mL) in a Schlenk tube under argon. The solution
was then cooled to 0 °C and acetyl chloride (1.5 equiv.) was added
with a syringe. The solution was stirred at 0 °C for 30 min, then at
room temperature for 1 h. The solution was washed with diluted
hydrochloric acid then water and dried with sodium sulfate. After
evaporation of the solvents, crude compound 6 was quantitatively
obtained as an oil that was used without further purification in the
next step.

(SFc)-(Acetoxy)[2-(2,3,4,5-tetramethyl-1-thioxo-1H-1λ5-phosphol-1-
yl)ferrocenyl]methane (6b): Yellow-orange. 1H NMR (CDCl3): δ =
1.89 (d, J = 10 Hz, 6 H, CH3), 1.99 [s, 3 H, C(O)CH3], 2.04 (d, J
= 13 Hz, 6 H, CH3), 4.26 (m, 1 H, subst. Cp), 4.33 (m, 1 H, subst.
Cp), 4.40 (m, 5 H, Cp), 4.53 (m, 1 H, subst. Cp), 5.14 (d, J =
11.9 Hz, 1 H, CH2), 5.33 (d, J = 11.9 Hz, 1 H, CH2) ppm. 31P
NMR (CDCl3): δ = 53.9 ppm.

(SFc)-(Acetoxy)[2-(dibenzo-1-thioxo-1H-1λ5-phosphol-1-yl)ferro-
cenyl]methane (6c): Orange-red oil. 1H NMR (CDCl3): δ = 1.98 [s,
3 H, C(O)CH3], 4.02 (m, 1 H, subst. Cp), 4.26 (m, 1 H, subst. Cp),
4.48 (s, 5 H, Cp), 4.51 (m, 1 H, subst. Cp), 5.11 (d, J = 12.1 Hz, 1
H, CH2), 5.27 (d, J = 12.1 Hz, 1 H, CH2), 7.3–8.1 (m, 8 H, Ar)
ppm. 31P NMR (CDCl3): δ = 39.8 ppm.

General Procedure for Synthesis of Compounds 7: Diphenylphos-
phane (2.5 equiv.) was added at room temperature to a solution of
crude 6 (0.7 mmol) in degassed toluene (10 mL). The reaction mix-
ture was stirred under reflux for 24 h (7a, 7b) or 36 h (7c) and then
concentrated in vacuo to yield an orange oil. This oil was dissolved
in dichloromethane (10 mL). Sulfur (5 equiv.) was added and the
mixture was stirred overnight. After concentration, the mixture was
chromatographed on silica gel using a pentane/diethyl ether mix-
ture (80:20).

(SFc)-[2-(3,4-Dimethyl-1-thioxo-1H-1λ5-phosphol-1-yl)ferrocenyl]-
(diphenylthioxophosphanyl)methane (7a): Yellow solid (yield 57 %
from 5a). 1H NMR (CDCl3): δ = 1.95 (br. t, J = 3 Hz, 3 H, CH3),
2.09 (br. t, J = 3 Hz, 3 H, CH3), 4.11 (td, JH,H = 2.9 Hz, JH,P1 =
1.5 Hz, 1 H, subst. Cp), 4.31 (s, 5 H, Cp); 4.12 (t, JH,H = JH,P2 =
13.1 Hz, 1 H, CH2), 4.32–4.30 (m, 1 H, subst. Cp), 4.39 (t, JH,H =
JH,P2 = 13.1 Hz, 1 H, CH2), 4.48 (ddd, J = 4.1 and 2.4 Hz, JH,P1

= 2.8 Hz, 1 H, subst. Cp), 6.06 (br. d, JH,P = 30.5 Hz, 1 H, CH),
6.24 (br. d, JH,P = 30.6 Hz, 1 H, CH), 7.55–7.25 (m, 6 H, PPh2),
7.9–7.8 (m, 4 H, PPh2) ppm. 13C NMR (CDCl3): δ = 17.9 (d, JC,P1

= 17.8 Hz, CH3 phosphole), 18.0 (d, JC,P1 = 17.8 Hz, CH3 phos-
phole), 31.5 (d, JC,P2 = 5 Hz, CH2), 69.0 (d, JC,P1 = 87.5 Hz, quat.
Cp), 70.1 (d, JC,P1 = 11.1 Hz, subst. Cp), 71.2 (Cp), 73.7 (d, JC,P1

= 14.8 Hz, subst. Cp), 74.8 (d, JC,P1 = 8.9 Hz, subst. Cp), 87.2 (dd,
JC,P1 = 11.4 Hz, JC–P2 = 5.8 Hz, quat. Cp), 126.2 (d, JC,P1 =
71.7 Hz, CH phosphole), 126.6 (d, JC,P1 = 71.7 Hz, CH phosphole),
126.8 (d, JC,P2 = 13.4 Hz, PPh2), 129.1 (d, JC,P2 = 13.1 Hz, PPh2),
131.6 (d, JC,P2 = 11.3 Hz, PPh2), 132.1 (d, JC,P2 = 3.3 Hz, PPh2),
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132.2 (d, JC,P2 = 11.4 Hz, PPh2), 132.4 (d, JC,P2 = 3.2 Hz, PPh2),
134.0 (d, JC,P2 = 69.3 Hz, quat. PPh2), 134.8 (d, JC,P2 = 71.1 Hz,
quat. PPh2), 152.7 (d, JC,P1 = 18.7 Hz, CCH3 phosphole), 152.9 (d,
JC,P1 = 18.5 Hz, CCH3 phosphole) ppm. 31P NMR (CDCl3): δ =
48.1 (P1, phosphole), 66.7 (P2, PPh2) ppm. MS (DCI, NH3): m/z
(%) = 559 (100) [M + 1].

(SFc)-(Diphenylthioxophosphanyl)[2-(2,3,4,5-tetramethyl-1-thioxo-
1H-1λ5-phosphol-1-yl)ferrocenyl]methane (7b): Yellow oil (yield
74% from 5b). 1H NMR (CDCl3): δ = 1.85 (br. s, 3 H, CH3 β
phosphole), 1.91 (br. s, 3 H, CH3 β phosphole), 1.92 (br. d, 3 H,
JH,P1 = 12.4 Hz, CH3 α phosphole), 2.12 (br. d, 3 H, JH,P1 =
13.1 Hz, CH3 α phosphole), 3.95 (t, 1 H, JH,H = JH,P2 = 13.3 Hz,
CH2), 4.15 (t, 1 H, JH,H = JH,P2 = 13.3 Hz, CH2), 4.16 (m, 1 H,
subst. Cp), 4.27 (m, 1 H, subst. Cp), 4.34 (s, 5 H, Cp), 4.46 (m, 1
H, subst. Cp), 7.55–7.3 (m, 6 H, PPh2), 7.9–7.5 (m, 4 H, PPh2)
ppm. 13C NMR (CDCl3): δ = 10.4 (d, JC,P1 = 13.4 Hz, CH3 α
phosphole), 11.4 (d, JC,P1 = 13.6 Hz, CH3 α phosphole), 14.1 (d,
JC,P1 = 15.1 Hz, CH3 β phosphole), 14.5 (d, JC,P1 = 15.2 Hz, CH3

β phosphole), 31.3 (s, CH2), 70.3 (d, JC,P1 = 10.6 Hz, subst. Cp),
71.1 (Cp), 71.5 (d, JC,P1 = 79.0 Hz, quat. Cp), 73.3 (d, JC,P1 =
13.8 Hz, subst. Cp), 73.9 (d, JC,P1 = 7.9 Hz, subst. Cp), 85.9 (dd,
JC,P1 = 10.6 Hz, JC,P2 = 5.6 Hz, quat. Cp), 128.8 (d, JC,P2 =
13.3 Hz, PPh2), 128.9 (d, JC,P1 = 82.7 Hz, CH3 α phosphole), 129.1
(d, JC,P2 = 13.3 Hz, PPh2), 130.2 (d, JC,P1 = 82.7 Hz, CH3 α phos-
phole), 131.4 (d, JC,P2 = 11.1 Hz, PPh2), 132.2 (d, JC,P2 = 11.2 Hz,
PPh2), 132.3 (d, JC,P2 = 4.7 Hz, PPh2), 132.4 (d, JC,P2 = 3.1 Hz,
PPh2), 134.1 (d, JC,P2 = 71.4 Hz, quat. PPh2), 134.8 (d, JC,P2 =
71.1 Hz, quat. PPh2), 134.9 (d, JC,P2 = 73.5 Hz, quat. PPh2), 144.5
(d, JC,P1 = 26.7 Hz, CCH3 β phosphole), 147.1 (d, JC,P1 = 27.1 Hz,
CCH3 β phosphole) ppm. 31P NMR (CDCl3): δ = 56.7 (P1, phos-
phole), 66.7 (P2, PPh2) ppm. MS (APCI): m/z = 587 [M + 1].

(SFc)-(Diphenylthioxophosphanyl)[2-(dibenzo-1-thioxo-1H-1λ5-
phosphol-1-yl)ferrocenyl]methane (7c): Orange solid (yield 77 %
from 5c). 1H NMR (CDCl3): δ = 3.84 (dd, JH,H = 16.0 Hz and
JH,P2 = 11.8 Hz, 1 H, CH2), 4.06 (br. s, 1 H, subst. Cp), 4.19 (m,
1 H, subst. Cp), 4.27 (s, 5 H, Cp), 4.40 (dd, JH,H = 16.0 Hz and
JH,P2 = 10.8 Hz, 1 H, CH2), 4.81 (br. s, 1 H, subst. Cp), 7.65–7.3
(m, 12 H, Ar), 7.82–7.74 (m, 3 H, Ar), 7.95–7.85 (m, 3 H, Ar) ppm.
13C NMR (CDCl3): δ = 33.9 (d, JC,P2 = 54.1 Hz, CH2), 71.1 (d,
JC,P1 = 11.4 Hz, subst. Cp), 71.7 (Cp), 72.6 (d, JC–P1 = 15.0 Hz,
subst. Cp), 73.7 (d, JC–P1 = 7.8 Hz, JC,P2 = 4.4 Hz, subst. Cp), 74.2
(dd, JC,P1 = 78.9 Hz, JC,P2 = 6.1 Hz, quat. Cp), 82.6 (dd, JC,P1 =
12.1 Hz, JC,P2 = 1.8 Hz, quat. Cp), 121.7 (d, JC,P1 = 9.5 Hz, 2 C,
benzophosphole), 129.1 (d, JC,P1 = 12.1 Hz, 2 C, PPh2), 129.9 (d,
JC,P1 = 12 Hz, benzophosphole), 130.0 (d, JC,P1 = 11 Hz, 2 C,
benzophosphole), 130.3 (d, JC,P1 = 11.0 Hz, benzophosphole),
131.5 (d, JC,P2 = 10.1 Hz, PPh2), 131.8 (d, JC,P2 = 2.8 Hz, PPh2),
132.0 (d, JC,P2 = 10.3 Hz, PPh2), 132.1 (d, JC,P2 = 2.7 Hz, PPh2),
133.0 (d, JC,P1 = 2.2 Hz, benzophosphole), 133.1 (d, JC,P2 =
79.5 Hz, quat. PPh2), 133.2 (d, JC,P1 = 2.2 Hz, benzophosphole),
133.5 (d, JC,P2 = 78.0 Hz, quat. PPh2), 136.6 (d, JC,P1 = 92.7 Hz,
quat. benzophosphole), 136.8 (d, JC,P1 = 91.3 Hz, quat. benzophos-
phole), 140.7 (d, JC,P1 = 19.6 Hz, quat. benzophosphole), 141.0 (d,
JC,P1 = 19.4 Hz, quat. benzophosphole) ppm. 31P NMR (CDCl3):
δ = 41.7 (P2, PPh2), 43.4 (P1, phosphole) ppm. MS (DCI, NH3):
m/z (%) = 631 (80) [M + 1].

General Procedure for Desulfurisation of Compounds 7: Tris(dime-
thylamino)phosphane (0.2 mL, 1.2 mmol, 4 equiv.) was added at
room temperature to a solution of 7 (0.3 mmol) in toluene (10 mL).
The reaction mixture was stirred at reflux for 24 h. After concentra-
tion, the mixture was chromatographed on alumina using pentane
and then a pentane/diethyl ether mixture (90:10).
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(SFc)-[2-(3,4-Dimethyl-1H-1λ5-phosphol-1-yl)ferrocenyl](diphenyl-
phosphanyl)methane (8a): MS (DCI, NH3): m/z (%) = 495 (100)
[M + 1].

(SFc)-(Diphenylphosphanyl)[2-(2,3,4,5-tetramethyl-1H-1λ5-phosphol-
1-yl)ferrocenyl]methane (8b): Dark yellow solid (87 %). Crystals
suitable for X-ray analysis were obtained by diffusion of pentane
into a dichloromethane solution. 1H NMR (CDCl3): δ = 1.89 (br.
s, 3 H, CH3 β phosphole), 1.93 (br. s, 3 H, CH3 β phosphole), 2.11
(br. d, JH,P1 = 10.7 Hz, 3 H, CH3 α phosphole), 2.22 (br. d, JH,P1

= 10.6 Hz, 3 H, CH3 α phosphole), 3.15 (d, AB system, JH,P2 =
14.5 Hz, 1 H, CH2), 3.23 (dd, ABX system, JH,H = 1.4 Hz, JH,P2 =
14.5 Hz, 1 H, CH2), 3.86 (m, 1 H, subst. Cp), 3.97 (m, 1 H, subst.
Cp), 4.12 (t, J = 2.5 Hz, 1 H, subst. Cp), 4.24 (s, 5 H, Cp), 7.4–7.3
(m, 8 H, PPh2), 7.5–7.4 (m, 2 H, PPh2) ppm. 13C NMR (CDCl3):
δ = 14.0 (d, JC,P1 = 21.0 Hz, CH3 α phosphole), 14.3 (d, JC,P1 =
3.0 Hz, CH3 β phosphole), 14.5 (d, JC,P1 = 3.0 Hz, CH3 β phos-
phole), 14.6 (d, JC,P1 = 21.4 Hz, JC,P2 = 3.9 Hz, CH3 α phosphole),
28.6 (dd, JC,P1 = 4.6 Hz, JC,P2 = 15.4 Hz, CH2), 69.0 (d, JC,P1 =
5.3 Hz, subst. Cp), 70.2 (Cp), 71.4 (dd, JC,P1 = 2.0 Hz, JC,P2 =
7.0 Hz, subst. Cp), 72.0 (d, JC,P1 = 16.2 Hz, subst. Cp), 73.4 (dd,
JC,P = 3.9 Hz, JC,P = 12.8 Hz, CP), 88.7 (dd, JC,P = 9.5 Hz, JC,P =
16.8 Hz, CCH2), 128.6 (CHAr), 128.8 (d, JC,P = 5.7 Hz, CHAr),
128.9 (d, JC,P = 7.0 Hz, CHAr), 129.3 (CHAr), 132.5 (d, JC,P =
17.7 Hz, CHAr), 133.9 (d, JC,P = 20.0 Hz, CHAr), 134.6 (d, JC,P =
4.7 Hz, CCH3βP), 135.5 (CCH3βP), 139.8 (d, JC,P = 16.4 Hz, CArP),
140.0 (d, JC,P = 16.2 Hz, CArP), 142.3 (d, JC,P = 12.3 Hz, CCH3αP),
142.6 (d, JC,P = 12.5 Hz, CCH3αP) ppm. 31P NMR (CDCl3): δ =
–12.3 (P2, PPh2), 1.7 (P1, phosphole) ppm.

(SFc)-(Diphenylphosphanyl)[2-(dibenzo-1H-1λ5-phospholyl)ferro-
cen-1-yl]methane (8c): Yellow solid (94%). Crystals suitable for X-
ray analysis were obtained by diffusion of pentane into a dichloro-
methane solution. 1H NMR (CDCl3): δ = 3.38 (br. d, JH,H =
14.2 Hz, 1 H, CH2), 3.38 (br. s, 1 H, subst. Cp), 3.58 (br. d, JH,H

= 14.2 Hz, 1 H, CH2), 3.76 (br. s, 1 H, subst. Cp), 3.92 (br. s, 1 H,
subst. Cp), 4.26 (s, 5 H, Cp), 7.3–7. 55 (m, 14 H, Ar), 7.90 (br. d,
JH,H = 7.8 Hz, 1 H, Ar), 7.98 (br. d, JH,H = 7.4 Hz, 1 H, Ar), 8.02
(m, 1 H, Ar), 8.17 (m, 1 H, Ar) ppm. 13C NMR (CDCl3): δ = 29.3
(dd, JC,P2 = 15.7 Hz, JC,P1 = 8.1 Hz, CH2), 68.7 (d, JC,P1 = 2.0 Hz,
subst. Cp), 69.6 (s, subst. Cp), 69.8 (s, Cp), 71.6 (dd, JC,P2 = 5.2 Hz,
JC,P1 = 3.2 Hz, subst. Cp), 76.8 (quat. Cp), 89.3 (dd, JC,P1 =
23.0 Hz, JC,P2 = 16.2 Hz, quat. Cp), 121.1 (s, benzophosphole),
121.3 (s, benzophosphole), 126.9 (d, JC,P1 = 8.3 Hz, benzophos-
phole), 127.4 (d, JC,P1 = 7.4 Hz, benzophosphole), 128.26 (s, PPh2),
128.30 (s, PPh2), 128.4 (d, JC,P2 = 7.1 Hz, PPh2), 128.5 (d, JC,P2 =
5.7 Hz, PPh2), 128.6 (s, benzophosphole), 129.0 (s, benzophos-
phole), 130.9 (dd, JC,P1 = 21.0 Hz, JC,P2 = 11.8 Hz, benzophos-
phole), 131.1 (d, JC,P1 = 21.0 Hz, benzophosphole), 132.0 (d, JC,P2

= 17.3 Hz, PPh2), 133.9 (d, JC,P2 = 19.8 Hz, PPh2), 138.5 (d, JC,P2

= 15.7 Hz, quat. PPh2), 139.3 (d, JC,P2 = 15.3 Hz, quat. PPh2),
141.8 (s, quat. benzophosphole), 142.6 (d, JC,P1 = 3.7 Hz, quat.
benzophosphole), 144.4 (d, JC,P1 = 3.9 Hz, quat. benzophosphole),
144.8 (d, JC,P1 = 4.0 Hz, quat. benzophosphole) ppm. 31P NMR
(CDCl3): δ = –13.5 (d, JP,P = 6.4 Hz, P2, PPh2), –26.5 (d, JP,P =
6.4 Hz, P1, phosphole) ppm. MS (DCI, NH3): m/z (%) = 567 (100)
[M + 1].

Dichloro{(SFc)-(diphenylphosphanyl)[2-(2,3,4,5-tetramethyl-1H-1λ5-
phospholyl)ferrocen-1-yl]methane}palladium(II) (9b): Diphosphane
7b (0.025 g, 0.048 mmol) was dissolved in dry dichloromethane
(25 mL) in a Schlenk tube under argon and [PdCl2(CH3CN)2]
(0.015 mg, 0.058 mmol) was then added. The yellow solution
turned immediately orange then deep red and finally brown. After
30 min of stirring at room temperature, the solution was partially
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concentrated (10 mL) and dry pentane (5 mL) was added dropwise.
A brown precipitate appeared. The red solution was filtered and
concentrated with a high-vacuum pump to yield a red-orange solid
(28 mg) (yield 80%). Crystals suitable for X-ray analysis were ob-
tained by diffusion of pentane into a chloroform solution. 1H
NMR (CDCl3): δ = 2.00 (br. s, 3 H, CH3 β phosphole), 2.066 (br.
s, 3 H, CH3 β phosphole), 2.07 (br. d, JH,P1 = 13 Hz, 3 H, CH3 α
phosphole), 2.40 (br. d, JH,P1 = 13.8 Hz, 3 H, CH3 α phosphole),
3.40 (dd, JH,P1 = 2.3 Hz, JH,P2 = 10.5 Hz, 2 H, CH2), 3.95 (s, 5 H,
Cp), 4.13 (m, 1 H, subst. Cp), 4.26 (m, 1 H, subst. Cp), 4.34 (br.
s, 1 H, subst. Cp), 7.37 (m, 2 H, PPh2), 7.45 (m, 1 H, PPh2), 7.6–
7.5 (m, 3 H, PPh2), 7.75–7.65 (m, 2 H, PPh2), 8.1–8.0 (m, 2 H,
PPh2) ppm. 13C NMR (CDCl3): δ = 14.0 (d, JC,P1 = 15.3 Hz, CH3

α phosphole), 14.3 (d, JC,P1 = 12 Hz, CH3 β phosphole), 14.5 (d,
JC,P1 = 12 Hz, CH3 β phosphole), 14.7 (d, JC,P1 = 17 Hz, CH3 α
phosphole), 30.6 (dd, JC,P1 = 8.0 Hz, JC,P2 = 28.0 Hz, CH2), 63.2
(dd, JC,P1 = 63.1 Hz, JC,P2 = 13.4 Hz, quat. Cp), 69.1 (d, JC,P1 =
7.1 Hz, subst. Cp), 70.7 (s, Cp), 71.5 (d, JC,P1 = 5.7 Hz, subst. Cp),
73.0 (dd, JC,P1 = 6.7 Hz, JC,P2 = 4.7 Hz, subst. Cp), 85.8 (br. d,
JC,P1 = 18 Hz, quat. Cp), 128.9 (d, JC,P2 = 11.1 Hz, PPh2), 129.15
(s, CCH3 β phosphole), 129.22 (s, CCH3 β phosphole), 129.23 (d,
JC,P2 = 11.3 Hz, PPh2), 129.7 (d, JC,P2 = 55.8 Hz, quat. PPh2), 130.8
(d, JC,P2 = 55.3 Hz, quat. PPh2), 131.8 (d, JC,P2 = 2.7 Hz, PPh2),
132.2 (d, JC,P2 = 3.0 Hz, PPh2), 133.9 (d, JC,P2 = 10.4 Hz, PPh2),
134.7 (d, JC,P2 = 10.9 Hz, PPh2), 146.9 (d, JC,P1 = 17.8 Hz, CCH3

α phosphole), 148.7 (d, JC,P1 = 18.2 Hz, CCH3 α phosphole) ppm.
31P NMR (CDCl3): δ = 36.2 (P1, phosphole), 46.8 (P2, PPh2) ppm.
MS (FAB, MNBA): m/z (%) = 663 (100) [M – Cl]+.

General Procedure for Palladium-Catalysed Allylic Substitution: A
mixture of ligand 8, 1,3-diphenylprop-2-enyl acetate (10) (0.454 g,

Table 1. Crystal data and structure refinement.

3b 5b 8b 9b

Empirical formula C24H31FeO3PS C19H23FeOPS C31H32FeP2 C33H34Cl8FeP2Pd
Formula mass 486.37 386.25 522.36 938.39
Temperature [K] 180(2) 180(2) 180(2) 180(2)
Wavelength [Å] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21 P21 P212121 P21

a [Å] 8.4215(16) 8.1583(6) 11.0468(7) 9.7972(9)
b [Å] 11.1878(16) 11.0794(7) 14.4359(12) 18.2870(13)
c [Å] 12.490(2) 10.0725(7) 16.6373(13) 21.391(3)
α [°] 90 90 90 90
β [°] 95.92(2) 102.266(6) 90 98.487(13)
γ [°] 90 90 90 90
V [Å3] 1170.5(3) 889.66(11) 2653.2(3) 3790.5(6)
Z 2 2 4 4
Dcalcd. [Mg/m3] 1.380 1.442 1.308 1.644
µ [mm–1] 0.824 1.056 0.707 1.530
F(000) 276 404 1096 1880
Crystal size [mm] 0.76�0.34�0.16 0.64�0.54�0.31 0.38�0.31�0.28 0.4�0.32�0.12
θ [°] 2.43–26.11 3.46–28.28 2.21–26.04 2.22–24.05
Reflections collected 11372 6780 26463 30390
Unique reflections [R(int)] 4109 (0.0321) 4105 (0.0200) 5206 (0.0536) 11238 (0.0526)
Completeness [%] 99.2 99.3 99.3 93.9
Absorption correction multiscan multiscan empirical multiscan
Max./min. transmission 0.9247/0.8729 0.731/0.522 0.835/0.735 0.689/0.622
Refinement method F2 F2 F2 F2

Data/restraints/parameters 4374/3/313 4105/1/213 5206/0/311 11238/741/820
Gof on F2 1.118 1.053 1.047 1.109
R1, wR2 [I � 2σ(I)] 0.0293, 0.0792 0.0238, 0.0605 0.0381, 0.0937 0.0637, 0.1560
R1, wR2 (all data) 0.0306, 0.0804 0.0246, 0.0613 0.0500, 0.0985 0.0692, 0.1590
Absolute structure parameter –0.06(5) 0.000(10) –0.006(19) 0.06(3)
Largest diff. peak/hole [e/Å3] 0.326/–0.237 0.293/–0.318 0.999/–0.271 2.409/–1.177
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1.8 mmol) and [(Pd(C3H5)Cl)]2 (3.3 mg, 0.009 mmol) in dry dichlo-
romethane (20 mL) was stirred at room temperature for 2 h. Di-
methyl malonate (11) (0.411 mL, 3.6 mmol), potassium acetate and
BSA (0.880 mL, 3.6 mmol) were added to the resulting solution.
The reaction was carried out at room temperature and monitored
by TLC for the disappearance of the acetate. After the reaction was
complete, the resulting mixture was diluted with diethyl ether
(5 mL) and quenched with a saturated aqueous solution of ammo-
nium chloride (5 mL). The aqueous phase was extracted with di-
ethyl ether, the combined organic layers were dried with magnesium
sulfate, filtered and the solvents evaporated. The conversion was
calculated from the crude reaction mixture by 1H NMR spec-
troscopy. Subsequent purification by chromatography on silica
eluting with ethyl acetate/pentane (15:85) afforded the product as
a white solid. The enantiomeric excess was determined by 1H NMR
using the chiral shift reagent Eu(hfc)3.

X-ray Structure Determinations: A single crystal of each compound
was mounted under inert perfluoropolyether at the tip of a glass
fibre and cooled in the cryostream of a Stoe IPDS diffractometer
for 3b, 8b and 9b or an Oxford Diffraction XCALIBUR CCD dif-
fractometer for 5b. Data were collected using monochromatic Mo-
Kα radiation (λ = 0.71073). The structures were solved by direct
methods (SIR97[31]) and refined by least-squares procedures on F2

using SHELXL-97.[32] All H atoms were introduced in the calcula-
tion in idealised positions and treated as riding on their parent
atoms. The absolute configuration was confirmed by refinement of
the Flack’s enantiopole parameter[33] and careful examination of
sensitive reflections. Molecules were drawn with the help of OR-
TEP32.[34] Crystal data and refinement parameters are shown in
Table 1. CCDC-605992 to -605995 contain the supplementary crys-



E. Manoury, M. Gouygou et al.FULL PAPER
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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In order to gain a structural understanding of zinc enzyme
inhibition, the model complex TpPh,MeZn–OH was treated
with various diketo compounds. α-Keto carboxylic acids were
attached to the zinc ion as anionic O,O-chelate ligands, of
which benzoylformate was oxidatively decarboxylated in air
to form the benzoate complex. Two functionalized β-dike-
tones did not use their functionality in forming the β-diketon-
ate complexes. Of the α-diketones, 2,3-pentanedione formed
the α-keto enolate complex, while 1-phenyl-1,2-propane-

Introduction

The inhibition of zinc enzymes is an active field of drug
research, as it may be relevant for the treatment of such
diseases as arthritis, high blood pressure, multiple sclerosis,
and even cancer.[1,2] Studies towards this end can benefit
from the fact that not only are a large number of zinc en-
zymes known, but many of them have been fully charac-
terized by structure determinations.[3,4] Thus, there is an ex-
cellent basis for target-oriented drug design for zinc-en-
zyme-related diseases.

Despite this, development in this field is still mostly a
matter of trial and error, and the number of zinc-specific
inhibitor types is still relatively small.[2,5,6] The oldest of
them, which have been successful in various fields, are the
sulfonamides.[5] The best investigated are the hydroxam-
ates.[2] They are attractive because the hydroxamate func-
tion is a very good zinc-binding group, but until now none
of them has made it through all clinical tests, which is due
in part to their unsuitability for oral administration as well
as their potential chronic toxicity.[1,2,7]

It is therefore attractive to investigate inhibitors with
other zinc-binding groups.[1,2] Studies of this kind have been
reported for carboxylates,[8] β-keto enolates,[2,5] and some
thiolate-containing chelators.[2,9] Considering the state of
the art in the coordination chemistry of zinc and the large
number of well-established zinc-binding functions, one
must say that amazingly little of the knowledge accumu-
lated has reached the field of drug design.

[a] Institut für Anorganische und Analytische Chemie der Uni-
versität Freiburg,
Albertstr. 21, 79104 Freiburg, Germany
Fax: +49-761-203-6001
E-mail: vahrenka@uni-freiburg.de
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dione underwent oxidative C–C coupling resulting in a red
dinuclear bis(α-keto enolato) complex. Of the diaryl-α-dike-
tones, benzil did not react, but pyridil underwent hydrolytic
cleavage to pyridine-2-carbaldehyde and picolinate, of
which the latter was bound to the zinc ion as an N,O-chelate
ligand.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

We have tackled this subject sporadically. After some ba-
sic studies of zinc complexes of drug substances,[10–14] we
used our enzyme models, the TpZn–OH complexes, to
study the interactions between zinc and pharmaceutically
relevant substrates.[15–19] From these studies we found a
striking structural similarity between the geometries at the
zinc centers of the enzyme and the model complex in the
hydroxamate-bound state,[20] and this enabled our mechan-
istic proposal for the zinc-enzyme-catalyzed hydrolysis of
esters and peptides.[21,22]

Until recently, none of our investigations in this field was
focused on a systematic survey of zinc-binding groups
against a background of enzyme inhibition. Yet, one of our
enzyme models, the TpPh,MeZn–OH complex, was used by
Cohen et al. for studies of this kind, addressing the interac-
tions between zinc and hydroxamates, pyridinones, chelat-
ing Schiff bases, and various kinds of bidentate thio-
lates.[23–27] This provided quite a diverse structural chemis-
try and some important aspects of the stability of enzyme
model inhibitor complexes.

Independent of Cohen’s work, we also started a system-
atic study scanning potentially bidentate zinc-binding
groups and using the same enzyme model TpPh,MeZn–OH
(1). Fortunately, so far the parallel work in both groups
(with one exception, complex 11, see below) has not pro-
duced any overlap. After some variations of the theme of
hydroxamates and oximates,[28] we turned to zinc-binding
groups that should be expected to bind through oxygen
atoms only and which should be good chelators. This paper
describes our results with such ligands containing two car-
bonyl functions: α-keto carboxylates, β-diketonates, α-dike-
tones, and ligands derived from them.
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Results and Discussion

α-Keto Carboxylic Acids

After the hydroxamic acids, the carboxylic acids are the
second most investigated group of zinc enzyme inhibitors.[1]

However, at physiological pH the carboxylate function
binds 100–2000 times less efficiently to the zinc centers than
the hydroxamate function.[1,29] It therefore seems suitable to
enhance the carboxylates’ binding capacity by introducing
additional donor functions that make the carboxylate func-
tion part of a bidentate chelating ligand. With this in mind
we applied pyruvic acid, benzoylformic acid, and oxamidic
acid as inhibitor models.

The reaction between pyruvic acid and 1 was quantita-
tive and yielded the pyruvate complex 2. As expected, the
pyruvato ligand in 2 is bound in a bidentate fashion, form-
ing a five-membered chelate ring. This was already evident
from the 1H NMR spectrum, in which the pyruvate’s methyl
resonance experienced a high-field shift of 1 ppm upon co-
ordination, indicating that it was embedded between the
Tp’s phenyl rings. This was confirmed by the structure de-
termination (see Figure 1).

Figure 1. Molecular structure of complex 2. Selected bond lengths
[Å] and angles [°]: Zn–N1 2.020(3), Zn–N2 2.138(3), Zn–N3
2.017(3), Zn–O1 1.901(3), Zn–O3 2.397(3); O3–Zn–O1 75.6(1),
O3–Zn–N1 89.7(1), O3–Zn–N3 87.7(1), O3–Zn–N2 177.5(1).

The major zinc–pyruvate interaction lies in the Zn–O
bond to the carboxylate oxygen atom, which is 0.5 Å
shorter than the other Zn–O bond. In part, this lengthening
of the Zn–O3 bond can be ascribed to the fact that it repre-
sents the axis of a trigonal bipyramid around the zinc ion,
with the Zn–N2 bond, which has also been lengthened, as
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the other axis. According to the Holmes definition,[30] the
complex is 75% trigonal-bipyramidal and 25% square-py-
ramidal. Thereby 2 is one of the best examples of trigonal-
bipyramidal coordination in TpZn complexes.[21]

We are not aware of any other zinc complexes of α-keto
carboxylato ligands. There is, however, an iron–pyruvate
complex of the TpPh,Ph ligand, the geometry of which is
very similar to that of 2.[31]

The reactions of 1 with benzoylformic acid and oxamidic
acid proceeded equally straightforwardly and yielded com-
plexes 3 and 4. Their spectroscopic data indicate that their
α-keto carboxylate functions are bound to the zinc ion in a
chelating fashion, like in 2. The main pieces of evidence are
again the 1H NMR resonances of the phenyl group in 3
and one of the NH2 hydrogen atoms in 4, which have expe-
rienced significant high-field shifts. There is a second NH
signal for 4, 2 ppm down-field from the first one. We take
this as an indication that this second hydrogen atom is in-
volved in an N–H···O hydrogen bond, as indicated in the
formula drawing. Support for our structural assignments
comes from two structurally characterized related com-
plexes: a TpFe complex of benzoylformate[31] and an aqua–
zinc complex of oxamidate.[32]

When solutions of 3 were exposed to air they turned yel-
low. 1H NMR spectroscopy indicated that 3 was consumed
and replaced by another complex. Rigorous stirring in
dichloromethane completed this process within hours and
led to the isolation of the benzoate complex 5 in good
yields. Complex 5 was identified by a structure determi-
nation (see Exp. Sect.), which is not discussed here as it
revealed no unusual features.

The conversion of 3 to 5 is an oxidative decarboxylation,
a very typical reaction of α-keto carboxylic acids, which in
organic chemistry is performed in the presence of FeII and
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in biology by Fe-containing enzymes.[33] It is not known
whether zinc enzymes catalyze such a reaction. The model
complex TpPh,PhFe–benzoylformate, a close relative of 3,
was found, however, to undergo the same reaction with con-
comitant hydroxylation of one of the Tp’s phenyl groups.[31]

β-Diketones

Until now the reactions of TpZn complexes with β-dike-
tones have yielded, without exception, the expected TpZn–
β-diketonate complexes with the classical six-membered
chelate rings.[20,21,34,35] In the present work we tried to find
out whether additional functionality on the β-diketones
changes this picture. For this purpose we chose methyl 2,4-
dioxopentanoate, which is prone to ester cleavage by
TpPh,MeZn–OH, and 2-acetylcyclohexanone, which has an
unusually low pKa of the acidic CH function. Both dike-
tones, however, behaved conventionally toward 1, produc-
ing complexes 6 and 7 in good yields.

Both complexes were identified by structure determi-
nations, the results of which are summarized in Table 1. In
both cases the geometry around the zinc ion is square-py-
ramidal to a very high degree (96 and 93%, respectively,
according to Holmes’ definition[30]). In both cases the uni-
formity of the Zn–O bond lengths demonstrates the sym-
metrical attachment of the β-diketonates, despite their un-
symmetrical nature. This, together with the high stability
of the complexes, qualifies the β-diketones as particularly
reliable chelators for zinc ions, which deserve intensified use
in enzyme inhibitor studies.

Table 1. Structural details of 6 and 7.

6 7

Zn–O1 2.005(4) 1.988(5)
Zn–O2 2.039(4) 2.000(4)
Zn–N1 2.088(4) 2.133(6)
Zn–N2 2.137(5) 2.123(6)
Zn–N3 2.088(5) 2.079(5)
O1–Zn–N1 155.6(2) 158.2(2)
O2–Zn–N2 155.8(2) 155.6(2)
N3–Zn–O1 108.1(2) 106.3(2)
N3–Zn–O2 110.5(2) 111.0(2)
N3–Zn–N1 95.2(2) 94.9(2)
N3–Zn–N2 93.7(2) 93.0(2)
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Aliphatic α-Diketones

Unlike the β-diketones, the α-diketones cannot form res-
onance-stabilized anions after deprotonation, and their re-
active anionic four-electron three-center enolate systems are
not favorable as ligands. Accordingly, there seem to be no
zinc–α-keto enolate complexes so far. Nevertheless, the at-
tachment of both oxygen atoms of an α-keto enolate should
lead to a complex with a favorable five-membered chelate
ring. With this in mind we tested diacetyl, 2,3-pentane-
dione, and 1-phenyl-1,2-propanedione.

Diacetyl did not react with 1. However, in boiling meth-
anol, 1 and 2,3-pentanedione underwent the desired elimi-
nation of water and formation of the chelate complex 8.
Complex 8 could easily be identified by its 1H NMR spec-
trum (see Exp. Sect.), and its constitution was confirmed
by a structure determination (see Figure 2).

The enolate ligand in 8 is bound in a reasonably symmet-
rical five-membered chelate ring. Like in 2, the Zn–O bond
to the formally anionic oxygen atom is considerably shorter
than the other one. The geometry at the zinc center is half-
way between trigonal-bipyramidal and square-pyramidal
(52% according to the Holmes definition[30]). In the trigo-
nal bipyramid N2 and O2 would be the axial donor atoms,
and in the square pyramid N1 would be at the apex.

Figure 2. Molecular structure of complex 8. Selected bond lengths
[Å] and angles [°]: Zn–N1 2.067(4), Zn–N2 2.138(4), Zn–N3
2.064(4), Zn–O1 1.900(4), Zn–O2 2.255(4); N2–Zn–O2 169.0(1),
N3–Zn–O1 141.7(2).

The course of the reaction between 1 and 1-phenyl-1,2-
propanedione allows the assumption that its initial product
is complex 9, which is analogous to 8. However, 9 could
not be isolated, being consumed quickly by two consecutive
reactions.
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The reaction mixture turned red even in the absence of
air. In the presence of air the color quickly became red-
purple. Only after this could the two reaction products be
isolated by fractional crystallization. One of them is the
benzoate complex 5. Its formation requires the oxidative
cleavage of 9 with release of ketene, which is probably oxid-
ized at the same time.

The second product is the red dinuclear complex 10. Its
formation can also be described as an oxidation of 9: re-
moval of one hydrogen atom from the vinyl group leaves a
radical, the natural fate of which is dimerization leading to
10. Although organic chemistry knows many radical dimer-
izations, we are not aware of an oxidative one that compares
with this. Like in the formation of 5 from 4, zinc seems to
have a role here that is normally reserved for the redox-
active metals.

The identification of 10 came from a structure determi-
nation (see Figure 3). In 10, which is centrosymmetrical, the
ligand environment of the zinc ions and its geometry is
practically identical to that in 8: in both complexes the zinc
ions are attached to vinyl-substituted α-diketonato ligands.
The interesting part of 10 is the conjugated system of four
(E)-oriented double bonds (2 C=C and 2 C=O). Its eight
atoms are coplanar to a good approximation (maximum
deviation 0.18 Å), and the conjugation along the chain is

Figure 3. Molecular structure of the centrosymmetrical complex
10. Selected bond lengths [Å]: Zn–O1 1.934(2), Zn–O2 2.281(3),
Zn–N1 2.159(3), Zn–N2 2.078(3), Zn–N3 2.057(3), O1–C32
1.301(4), O2–C31 1.241(4), C31–C32 1.481(4), C32–C33 1.382(4),
C33–C33� 1.421(4).
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obvious from the slight shortening of the single bonds. This
delocalization is also the reason for the intense color of the
complex.

Aromatic α-Diketones

Unlike the aliphatic α-diketones, benzil and pyridil can-
not form enolates. If they react at all with a TpZn–OH
complex, they can either function as uncharged donor li-
gands or suffer nucleophilic attack by the strong Zn–OH
nucleophiles. It turned out that the former does not happen,
but the latter is the case.

There was no reaction between 1 and benzil. Complex 1
and pyridil did react in dichloromethane at room tempera-
ture. The isolated product of this reaction was the picolin-
ato complex 11, which was obtained previously directly
from 1 and picolinic acid.[9] The second product, pyridine-
2-carbaldehyde, was identified by 1H NMR spectroscopy in
the reaction solution. Thus, the course of the reaction is the
unusual hydrolysis of pyridil at its central C–C bond, dur-
ing which the oxygen atom of the Zn–OH function ends
up in the picolinate while the hydrogen atom becomes the
aldehydic hydrogen atom of the pyridinecarbaldehyde.
Again we are not aware that there is precedence for such a
hydrolytic reaction, and again it must be assumed that ini-
tial coordination of the substrate to the zinc ion (this time
through the pyridyl nitrogen atom) is an essential part of
its mechanism.

The favorable attachment of the picolinato ligand to the
zinc ion by a five-membered chelate ring was confirmed by
a structure determination (see Figure 4). The coordination
geometry of the zinc ion is very close to trigonal-bipyrami-
dal (73% according to the Holmes definition[30]) with the
pyridine nitrogen atom and one Tp nitrogen atom on the
axis. All atoms of the picolinato ligand are coplanar
(strongest deviation 0.12 Å), and the short Zn–O bond indi-
cates a quite strong zinc–picolinate interaction. Considering
this, it is somewhat surprising that 11 is the first TpZn che-
late complex of this kind, particularly as it is known that
the complex [TpCum,MeZn-Py]+ exists,[36] which demon-
strates the strength of the TpZn–pyridine interaction by be-
ing a rare example of the cationic TpZn–X complexes.
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Figure 4. Molecular structure of complex 11. Selected bond lengths
[Å] and angles [°]: Zn–N1 2.051(3), Zn–N2 2.226(3), Zn–N3
2.052(3), Zn–N7 2.193(3), Zn–O1 1.966(3); N2–Zn–N7 177.5(1).

Conclusions

A general rule for zinc complexes of 3,5-substituted Tp
ligands is that the Tp ligand is a “tetrahedral enforcer”, that
is, four-coordinate TpZn–X complexes are preferred. This
paper, however, has shown again that with suitable chelat-
ing ligands this rule is broken and very stable TpZn(X,Y)
complexes are obtained. In the present case the chelators
were mostly bidentate O,O donors forming five-membered
chelate rings.

In the context of zinc enzyme inhibition the new com-
plexes give further support to the hypothesis that the en-
zyme–inhibitor complexes are transition-state analogs, as
the transition state of a zinc-enzyme-catalyzed hydrolysis
has the zinc ion in a fivefold coordination with a geometry
halfway between trigonal-bipyramidal and square-pyrami-
dal.[22] As we have shown here and before,[21] the TpZn
complexes of O,O chelators are very variable in their geom-
etry, covering almost the whole range of geometries for
ZnL5 systems.

Of the chelate ligands employed here, the α-keto carbox-
ylates and the α-diketo enolates have not been used before
in zinc chemistry. Their stable TpZn complexes, and the
even more stable TpZn complexes of the β-diketonates and
the picolinate, indicate that it should be worthwhile study-
ing compounds with these donor groups more thoroughly
as potential inhibitors for zinc enzymes. It is altogether sur-
prising how few donor functions have been employed in
such studies so far.[1,2]

An unexpected, but welcome, byproduct of these investi-
gations were the three substrate cleavage reactions. Both the
two oxidative ones leading to 5 and 10 and the hydrolytic
one leading to 11 are unprecedented in zinc chemistry, and
one can only guess about their mechanisms. They please the
zinc chemist by demonstrating once again that the “boring
element” is not so boring after all.

Experimental Section
General: For general working and measuring procedures see ref.[37]

Complex 1 was prepared as described.[38] Organic reagents were
obtained commercially. All IR spectra were recorded from KBr pel-
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lets. All 1H NMR spectra were obtained from CDCl3 solutions.
The resonances of the TpPh,Me ligands in all complexes were ob-
served at practically identical positions: δ = 2.5 [s, 9 H, Me(pz)],
6.2 [s, 3 H, H(pz)], 7.2–7.4 [m, 9 H, Ph(3,4,5)], 7.5–7.7 [m, 6 H,
Ph(2,6)] ppm. Hence, only the 1H NMR resonances of the co-
ligands are reported here.

Complex 2: A solution of pyruvic acid (24 mg, 0.35 mmol) in meth-
anol (5 mL) was added to a solution of 1 (200 mg, 0.35 mmol) in
dichloromethane (20 mL). After stirring for 3 h, all volatiles were
removed in vacuo. Crystallization by slow concentration from
dichloromethane/methanol yielded 2 (199 mg, 81%) as colorless
crystals, m.p. 186 °C. C33H31BN6O3Zn (653.86): calcd. C 62.34, H
4.91, N 13.22; found C 62.10, H 5.02, N 13.22. IR (KBr): ν̃ = 2552
m (BH), 1701 s, 1687 s (CO) cm–1. 1H NMR: δ = 1.33 (s, 3 H,
CH3) ppm.

Complex 3: A solution of benzoylformic acid (80 mg, 0.53 mmol)
in methanol (20 mL) was added to a solution of 1 (300 mg,
0.53 mmol) in dichloromethane (20 mL). After stirring for 3 h, the
volume of the solution was reduced to one half in vacuo. The re-
sulting colorless precipitate was filtered off and washed with meth-
anol (5 mL). Crystallization by slow concentration from dichloro-
methane/methanol yielded 3 (314 mg, 85%) as colorless crystals,
m.p. 190 °C. C38H33BN6O3Zn (697.92): calcd. C 65.40, H 4.77, N
12.04; found C 65.23, H 4.85, N 11.94. IR (KBr): ν̃ = 2539 m (BH),
1676 vs, 1645 s (CO) cm–1. 1H NMR: δ = 7.01–7.18 [m, 12 H,
Ph(Tp) and Ph], 7.42–7.53 [m, 8 H, Ph(Tp) and Ph] ppm.

Complex 4: As for 3, from oxamidic acid (31 mg, 0.35 mmol) and
1 (200 mg, 0.35 mmol). Yield: 4 (161 mg, 72%) as colorless crystals,
m.p. 210 °C. C32H30BN7O3Zn (636.84): calcd. C 60.35, H 4.75, N
15.40; found C 59.51, H 4.84, N 15.18. IR (KBr): ν̃ = 2544 m (BH),
1666 vs (CO) cm–1. 1H NMR: δ = 4.45 (s, 1 H, NH), 6.51 (s, 1 H,
NH) ppm.

Complex 5: A solution of 4 (100 mg, 0.14 mmol) in dichlorometh-
ane (20 mL) was stirred in an open flask for 2 h. The solvent was
removed in vacuo and the residue crystallized by slow concentra-
tion from dichloromethane/methanol, yielding 5 (59 mg, 62%) as
yellowish crystals, m.p. 224 °C. C37H33BN6O2Zn (669.91): calcd. C
65.46, H 5.05, N 12.38; found C 65.36, H 5.06, N 12.37. IR (KBr):
ν̃ = 2541 m (BH), 1615 s, 1438 s (CO) cm–1. 1H NMR: δ = 7.12–
7.25 [m, 12 H, Ph(Tp) and Ph], 7.61–7.67 [m, 8 H, Ph(Tp) and Ph]
ppm.

Complex 6: As for 2, from methyl 2,3-dioxopentanoate (39 mg,
0.27 mmol) and 1 (150 mg, 0.27 mmol). Yield: 6 (155 mg, 83%) as
colorless crystals, m.p. 187 °C. C36H35BN6O4Zn (691.88): calcd. C
62.49, H 5.10, N 12.15; found C 62.19, H 5.39, N 12.03. IR (KBr):
ν̃ = 2540 m (BH), 1743 s, 1617 s (CO) cm–1. 1H NMR: δ = 1.09 (s,
3 H, CH3), 3.38 (s, 3 H, OCH3), 4.75 (s, 1 H, CH) ppm.

Complex 7: As for 3, from 2-acetylcyclohexanone (49 mg,
0.35 mmol) and 1 (200 mg, 0.35 mmol). Yield: 7 (161 mg, 67%) as
colorless crystals, m.p. 191 °C. C38H39BN6O2Zn·CH2Cl2 (687.97 +
84.93): calcd. C 60.61, H 5.35, N 10.87; found C 60.89, H 5.49, N
11.09. IR (KBr): ν̃ = 2541 m (BH), 1593 vs (CO) cm–1. 1H NMR:
δ = 1.11 (s, 3 H, CH3CO), 1.14–2.07 (m, 8 H, cyclohexyl), 5.29 (s,
2 H, CH2Cl2) ppm.

Complex 8: A solution of 2,3-pentanedione (44 mg, 46 µL,
0.44 mmol) in methanol (10 mL) was added to a suspension of 1
(250 mg, 0.44 mmol) in methanol (30 mL). After refluxing for 4 h,
all volatiles were removed in vacuo. Crystallization by slow concen-
tration from dichloromethane/methanol yielded 8 (225 mg, 79%)
as yellow crystals, m.p. 172 °C. C35H35BN6O2Zn (647.90): calcd. C
64.88, H 5.44, N 12.97; found C 64.29, H 5.51, N 12.85. IR (KBr):
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Table 2. Crystallographic details.

2 5 6 7 8 10 11

Empirical formula C33H31BN6O3Zn C37H33BN6O2Zn C36H35BN6O4Zn C39H41BN6O2Zn· C35H35BN6O2Zn C39H34BN6O2Zn· C36H32BN7O2Zn·
CH2Cl2 2.5CH2Cl2 CH3OH

Formula mass 635.85 669.91 691.88 772.90 647.98 907.27 702.94
Crystal size [mm] 0.35�0.12�0.12 0.32�0.17�0.09 0.14�0.12�0.03 0.24�0.14�0.05 0.32�0.22�0.18 0.5�0.4�0.4 0.30�0.18�0.10
Space group P21/n P21/c P1̄ P1̄ P21/c P1̄ P21/n
Z 4 4 2 2 4 2 4
a [Å] 10.209(2) 10.085(2) 9.941(1) 11.604(13) 14.824(9) 13.019(5) 15.537(2)
b [Å] 15.936(3) 23.410(3) 12.870(2) 11.803(13) 13.215(8) 13.715(5) 12.636(2)
c [Å] 18.995(4) 13.800(1) 13.877(2) 16.342(18) 16.998(10) 13.897(5) 17.607(3)
α [°] 90 90 101.062(2) 72.146(18) 90 106.341(7) 90
β [°] 93.393(4) 99.904(3) 100.023(2) 78.961(19) 105.09(1) 99.543(7) 93.361(3)
γ [°] 90 90 92.213(2) 60.974(16) 90 112.945(6) 90
V [Å3] 3085(1) 3209(1) 1711.0(4) 1860(16) 3215(3) 2083(1) 3451(1)
ρcalcd. [gcm–3] 1.37 1.39 1.34 1.38 1.34 1.45 1.34
µ(Mo-Kα) [mm–1] 0.84 0.81 0.77 0.85 0.81 0.95 0.76
h –13 to 14 –13 to 13 –12 to 12 –15 to 15 –20 to 19 –16 to 17 –21 to 14
k –13 to 21 –31 to 31 –16 to 17 –15 to 15 –17 to 17 –18 to 18 –16 to 17
l –22 to 26 –18 to 18 –18 to 17 –21 to 22 –22 to 22 –18 to 18 –21 to 22
Measured reflections 20403 28772 25879 16869 28147 18701 21303
Independent reflections 8437 7797 7996 8729 7819 9689 8241
Observed reflections 3482 4079 4574 1527 3513 6755 4051
[I � 2σ(I)]
Parameters 401 428 1089 464 410 508 447
Refined reflections 8437 7797 7996 8729 7819 9689 8241
R1 (observed reflections) 0.054 0.052 0.076 0.065 0.071 0.059 0.056
wR2 (all reflections) 0.161 0.151 0.179 0.126 0.204 0.178 0.165
Residual electron +0.6/–0.5 +0.5/–0.7 +0.7/–0.8 +0.4/–0.7 +0.6/–0.7 +1.2/–1.9 +0.9/–0.8
density [eÅ–3]

ν̃ = 2541 m (BH), 1635 vs (CO) cm–1. 1H NMR: δ = 1.11 (s, 3 H,
CH3CO), 1.83 (d, J = 7.0 Hz, 3 H, CH3), 5.27 (q, J = 7.0 Hz, 1 H,
CH) pm.

Complex 10: A solution of 1-phenyl-1,2-propanedione (52 mg,
47 µL, 0.35 mmol) in methanol (20 mL) was added to a solution of
1 (200 mg, 0.35 mmol) in dichloromethane (20 mL). After stirring
in an open flask for 6 h, all volatiles were removed in vacuo. The
residue was dissolved in a mixture of methanol (10 mL) and dichlo-
romethane (5 mL) and subjected to slow concentration until most
of the dichloromethane was evaporated. The resulting precipitate,
which was filtered off, washed with methanol (3 mL), and dried in
vacuo, consisted of 10 (78 mg, 32%) as a red powder, m.p. 230 °C.
C78H68B2N12O4Zn2·1.5CH2Cl2 (1389.88 + 127.40): calcd. C 62.93,
H 4.72, N 11.08; found C 62.52, H 4.62, N 11.15. IR (KBr): ν̃ =
2541 m (BH), 1613 vs (CO) cm–1. 1H NMR: δ = 5.29 (s, 3 H,
CH2Cl2), 6.73 (s, 2 H, CH) ppm.

Complex 11: A solution of pyridil (74 mg, 0.35 mmol) in dichloro-
methane (10 mL) was added to a solution of 1 (200 mg, 0.35 mmol)
in dichloromethane (10 mL). After stirring for 3 h, the mixture was
filtered and the filtrate treated dropwise with methanol until a pre-
cipitate started forming. After stirring for another 30 min, the pre-
cipitate was filtered off and washed with methanol (5 mL).
Recrystallization from hot methanol yielded 11 (132 mg, 56%) as
yellow crystals, m.p. 226 °C. C36H32BN7O2Zn·CH3OH (670.90 +
32.04): calcd. C 63.82, H 4.99, N 14.27; found C 63.21, H 4.75, N
13.97. IR (KBr): ν̃ = 2539 m (BH), 1665 m and 1646 vs (CO and
Py) cm–1. 1H NMR: δ = 3.48 (s, 3 H, CH3OH), 6.49 [t, J = 7.0 Hz,
1 H, Py(4)], 6.96 [d, J = 7.0 Hz, 1 H, Py(3)], 7.23 [t, J = 7.0 Hz, 1
H, Py(5)], 7.62 [d, J = 6.9 Hz, 1 H, Py(6)] ppm.

Structure Determinations: Crystals of 10 were obtained by
recrystallization from dichloromethane. All other crystals were ob-
tained as described above. Diffraction data were recorded at 240 K
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with a Bruker Smart CCD diffractometer with Mo-Kα radiation
and subjected to empirical absorption corrections (program SAD-
ABS). The structures were solved with direct methods and refined
anisotropically with the SHELX program suite.[39] Drawings were
produced with SCHAKAL.[40] Table 2 lists the crystallographic
data. CCDC-614607 (for 2), -614608 (for 5), -614609 (for 6),
-614610 (for 7), -614611 (for 8), -614612 (for 10), and -614613
(for 11) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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